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pears that 4 equiv of the arylzinc, with respect to the iodo 
glucal5, is the ratio required for an optimum coupling 
reaction. When 1.3 or 2 equiv of 7e was utilized, there was 
incomplete consumption of 5 after 24 h. It is also note- 
worthy that these reactions could be monitored visually 
since the initially pale yellow solution turns a dark red to 
black when all of the iodo glucal5 is consumed. 

We were pleased to find that the extension of the re- 
action to substituted arylboronic acids and arylzinc chlo- 
rides was also possible (entries 8-13), Especially inter- 
esting, in terms of the potential for preparing sialic acid 
conjugates, is the facile preparation of the C-fury1 glucal 
11 (entry lo)." Furthermore, the reaction is not limited 
to the coupling of metalated aromatics since the coupling 
of 5 and tetravinyltin provided the C-vinyl glucal 15 (entry 
14).lk The isolated yields of the C-aryl glucals obtained 
under these mild reaction conditions were also superior 
to those that we had observed for every analogous example 
in our earlier work.lSb Previously, the poorest substrates 
in the coupling reaction represented by 2 to 6 (eq 1) had 
been electron-rich aromatics.' Thus, the improved yield 
in the coupling of the anisole derivative (entries 8 and 9)l" 
was gratifying since many of the naturally occurring C-aryl 
glycosides are oxygen-substituted aromatics.16 In addition, 
there was no evidence for the production of the glucal 

(14) Daniehefsky has demonetrated that the furan moiety of a C1-fury1 
glycal is a useful synthetic equivalent of a C1-carboxyl group. Danieh- 
efeky, S. J.; DeNmo, M. P.; Chen, S. J.  Am. Chem. Soc. 1988,110,3929. 

(15) (a) The yield of the C-vinyl glucall6 (67% entry 14) is contrasted 
to the yield of 22% observed by Beausb in the coupling of a l-stannyl 
glucal and vinyl bromide. (b) Compare, for example, the yields of com- 
pounds 9,10,13, and 14 (entries 7,9,12, q d  13, respectively) to the yields 
of 6 reported previously' that were obbned by using the stannylated 
glucal2 and aryl bromides in which R = H (70%), R = 4-Me0 @OW), 
Ar = l-naphthyl (59%), and R = 2-Me (49%). 

(16) Hacksell, U.; Daves, G. D., Jr. h o g .  Med. Chem. 1985, 22, 1. 

dimer 16 that previously had been the major byproduct 
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(up to 15%) in all of our coupling reactions with stannyl 
glucal2.l Finally, purification of the glucals 9-15 is more 
easily accomplished than in the original procedure since 
the presence of this dimer had, in some cases, hampered 
chromatographic isolation." 
As far as we are aware, this is the first example of the 

use of the enol ethers of acyl halides as the organic halide 
partner in a Stille-type coupling reaction with organo- 
metallics. We are continuing to explore the scope of this 
method in the synthesis of naturally occurring C-aryl 
glycosides as well as in the reactions of other non-carbo- 
hydrate derived l-alkoxy-l-iodoalkenes. 
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(17) For example, the C-naphthyl glucal produced in the reaction of 
2 and l-bromonaphthalene (eq 1) had previously been obtained in pure 
form only in small amounts due to this purification problem.' Thin result 
is in contrast to the reaction shown in entry 12 in which glucal 13 waa 
isolated in 75% yield. 
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Summary: A synthetic method for the construction of 
monofluoro ketone peptide isosteres has been realized. 
The methodology has been employed in a synthesis of the 
fluoro ketone replacement for the natural substrate for 
D,D-carboxypeptidase-transpeptidase. 

As part of an ongoing program designed to discover 
enzyme inhibitors that possess therapeutic potential we 
were interested in the synthesis of fluorinated ketone 
derivatives of bioactive peptides. The in vitro inhibition 
of serine proteases' by fluoro ketones that bear a structural 

(1) (a) Brady, K.; Abelw, R. H. Biochemistry 19.g0, 29(33), 7608. (b) 
Govardhan, C. P.; Abelw, R. H. Arch. Biochem. Biophys. ISSO, 280(1), 
137. (c) Peet, N. P.; Burkhart, J. P.; Angelaetro, M. R.; Giroux, E. L.; 
Mehdi, S.; Bey, P.; Kolb, M.; N e h ,  B.; Schiilin, D. J. Med. Chem. 1990, 
33(1), 394. (d) Ueda, T.; Kam, C.; Powern, J. C. Biochem. J. ISSO, 256(2), 
639. (e) Allen, K. N.; Abelea, R. H. Biochemistry 1989,28(21) 8466. (0 
Imperiali, B.; Abeles, R. H. Biochemistry l987,-%(14), 4474. (g) Stein, 
R. L.; Strimpler, A. L.; Edwards, P. D.; Lewis, J. J.; Mauger, R. C.; 
Schwartz, J. A.; Stein, M. M.; Trainor, D. A.; Wildonger, R. A,; Zottola, 
M. A. Biochemistry 1987, %(lo), 2682. (h) Imperiali, B.; Abeles, R. H. 
Biochemistry 1986,25(13), 3760. (i) Gelb. M. H.; Svaren, J. P.; Abelea, 
R. H. Biochemistry, 1986,24(8), 813. 

resemblance to the natural substrates is well-documented. 
Fluoro ketone isosteres owe their inhibitory capacity to 
transition-state stabilization principles2 that suggest that 
an enzyme binds the transition state much more strongly 
than the substrate itself. Similar to the hemiacetal formed 
by aldehyde inhibitors? fluoro ketonea are thought to form 
a stable hemiketal upon reaction with the active-site se- 
rine.' In theory, any serine protease can be targeted for 
inhibition by replacing the amide (Figure 1) located at the 
scissile bond site of the natural substrate with the keto- 
fluoromethyl group [ C( 0) CFS: C ( O)CF2,C (O)CFH] , while 
maintaining the .appropriate amino acid residues at adja- 

(2) (a) Wolfenden, R. Annu. Rev. Biophys. Bioeng. 1976,5,271. (b) 
Pauling, L. Chem. Eng. News 1946,263; 294. 

(3) (a) Thompson, R. C. Biochemistry 1971,12,47. (b) Weaterik, J. 
0.; Wolfenden, R. J. Biol. Chem. 1972,247, 8196. (c) Evidence for a 
bound hemiacetal has been provided by X-ray cryetallography: Delbaere, 
L. T. J.; Brayer, G. D. J. Mol. Biol. 1986, 189, 89. 

(4) Brady, K.; Anzhi. W.: Ringe, D.; Abeles, R. H. Biochemistry 1990, 
29(33), 7606. 

- 
(5) Although not shown in F m e  1 trifluoromethyl ketonea have 

demonstrated significant potentid aa inhibitors of serine proteam. 
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cent sites to ensure adequate primary and secondary 
binding interactions. Imperiali and Abeles'" have dem- 
onstrated the inherent variability in binding to chymo- 
trypsin and porcine pancreatic elastase by peptidyl fluo- 
romethyl ketones as a function of the number of fluorine 
atoms present. Moreover, the type of inhibitory behavior 
exhibited was also directly related to the degree of fluo- 
rination." 

Our intereat in the antiinfective area led us to inveatigate 
the synthesis of fluoro ketone analogues' of the peptidyl 
substrate for D,Pcarboxypeptidase-transpeptidase (D ,D 
CPTPase)? In this paper, we discuss the construction of 
the molecular framework of the monofluoro ketone peptide 
isostere 1. 

Communications 

1 a - X  F, Y z H 
1 b - X L H, Y = F 

No general method to synthesize peptidyl mono- 
fluorinated ketones with chiral centers intact and the 
peptide backbone spacing maintained has appeared in the 
literature.1° Despite the allure of a 1,4-stereocontrolled 
approach to the chiral centers embodied in the target 
isostere la,b, we imagined the combination of two enan- 
tiomerically pure pieces might offer the least resistance 
to the constmction of this deceptively simple molecule. An 
integral part of this plan is the ready access to the reaction 
partners. The reaction of an N-trityl amino acid thio- 
pyridyl ester 2 with an appropriate chiral Grignard reagent 
3 seemed to offer the best solution." 

2 3 

The preparation of bromide 512 from the commercially 
available (R)-(-)-3-hydroxy-zmethylpropionic acid methyl 
ester (4) was straightforward and proceeded as follows 
(Scheme I). Acid-catalyzed benzylationls of 4, followed 
by lithium aluminum hydride reduction of the methyl eater 
and subsequent bromination14 of the resulting primary 
alcohol, afforded the chiral bromide 5 in good overall yield. 
Distillation of the crude product from calcium hydride gave 
the bromide in suitable form for Grignard formation.16 
With the reaction partners in hand the magnesium-me- 
dieted coupling proceeded cleanly to afford the ketone 6 
in 78% yield16 without notable ra~emization.'~ 

(6) While monofluoro ketonea typically exhibit leu impmsive b's 
than their multiply fluorinated mterpartr, they mmti" p" the 
intereating pmpemity for exhibiting both competitive, revenible inhib- 
ition and irrevenible inhibition. 

(7) The syntheak of novel dffluoro ketone htem of the natural 
rutmtrata for thin enzyme rwntl appeared in a patent application. 
Schirlin, D.; Jung, M. European &tent Appl. SelOOra2.7,1987. 

(8) Much  ha^ often been made of the importana of the tetrahedral 
eometry m tramition-rtab rtabbtion. We prefer to draw the tetra- 

tenti0n.b the rometimcw overlooked importance of the oxyanion hole in 

rtakRx enzyme catalyzea the T i  step in the formation of the peg 
tidqlycanmmponentofthebactdalcellwall. Thepeptid ycanirthe 

a %& ~ ~ p e c i f l c  I t h d  of the difl-%tone peptide im~tare 
k reportd Damon, D. B.; g-r, D. J. J. Am. Chem. Soc. 1990,112(17), 
8439. 

% edral intarmediata with a full negative charge on oxygen to draw at- 

m+r d t w n t  ofthe cell wall in gram-- bactda ~ C O M t i t u t e a  

the transition rtate. 

rtion of the cell wall in mort gram-n ative o ~ a n b m .  

Sclaalle bond 

P = poptlde 

t 
Stablllrrd tetrahedral 

Intermodlate 

X = Y = F  
X H,Y = F 

Figure 1. Transition-state stabilization* of serine protease. 

Scheme Io 

4 5 

a Key: (a) BnOC(NH)CCla, CFa08H, pentane/CH2C12, 75%; 
(b) LAH, EBO, 0 OC; (c) PhQ, NBS, CH2C12, 0 OC, combined yield 
(b + c), 59%. 

Critical to the success of our plan was the ability to 
selectively deprotonate the d position of 6 to form the enol 
ether 7 (Scheme 11). The enol ether would function as 
a protecting group for the ketone during several of the 
successive reaction steps and also serve as a template for 
an electrophilic fluorination later in the synthesis. At the 
outset of this work, conditions necessary to selectively 
deprotonate the a' position were not known.'* Initial 
attempts utilizing lithium diisopropylamide (LDA), lithium 
bis(trimethylsily1)amide (LBTMSA), and lithium tetra- 
methylpiperidide (LTMP) with a trimethylsilyl chloride 
(TMS) quench gave varying degrees of both regioisomeric 
and stereoisomeric products. In contrast, potassium 
hexamethyldisilazide (KHMDS) afforded a single com- 
pound 7a. To guard against hydrolytic lability we opted 

(11) Johnaon, R. L.; Miller, R. B. Int. J.  Peptide Protein Rea. 190,  
23,681. 

(12) The enantiomer of this ent has previously been prepad via 
asymmetric eyntheais. Holladw? . W.; Salituro, F. G.; Rich, D. H. J.  
Med. Chem. 1987, 90(2), 374. 

(13) Ivexwn, T.; Bundle, D. R. J.  Chem. Soc., Chem. Commun. 1981, 
1240. 

(14) Branca, Q.; Fi~chli, A. Helu. Chim. Acta 1977,60,926. 
(16) Grignnrd reaction with 8 hae previously been performed on an 

amino acid aldehyde. See ref 12. 
(16) Yieldn refer to compoundn p d i e d  by chromatograp (held or 

distillation unlea otherwire noted. Satisfactory nnalytiadata ('H 
NMR, lF NMR, lgF NMR (when a plicabb), FAB-MS) were obtained 
for each new compound ~ p t h d .  

(17) An examination of the crude 9oo-MHr lH NMR of the reaction 
between 2 and 8 revealed the mdting product 6 to be >BS% dmb- 
reomeridy pure, thereby providing a clear indication of the d d e r a b l e  
enantiomericpwi~ofthertarting bromide Sand thelackofracsmirrtion 
in the ensuing orga"etallic reaction. 

(18) In a related rtudy rimilar re~ulta were obtained. Lubell, W. D.; 
Rapoport, H. J.  Am. Chem. SOC. 1988,110(22), 7447. 
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11 - R = fluorenylmethoxy 

12 - R = methyl 

1 3 a  X r H , Y = F  

0 CH$ 

14 a X = F, Y = H, a-OH 

14 c X I H, Y F, a-OH 
14 b X = F, Y = H, B-OH 

14 d X = H, Y = F, B-OH 

OKey: (a) KHMDS, -78 - 0 OC, then TBSCl, -78 OC (88%); (b) silica gel, (C02H)2, CHzC12, then TEA; (c) Fmoc-L-Leucine, diethyl 
cyanophosphonate (DEPC), TEA, 66%, steps b + c); (d) piperidine; (e) AcOH, DEPC, TEA, (83% steps d + e); ( f )  XeF2, 1,1,2-trichloro- 
trifluoroethane, (71 %); (g) palladium (carbon), ammonium formate, i-prOH/AcOH (1:l) (92%). 

Table I. Measured Interproton Distances (A) 
I 

NMR X-ray 
H4a-H4b 1.76 1.76 
H2-H3 2.38 2.46 
H4b-H3 2.31 2.36 
H4a-H3 -3 3.00 

for the more stable tert-butvldimethvlsilvl (TBS) enol 

Figure 2. Molecular structure and atomic labe scheme in 
the crystal structure of 1 Id. Thermal ellipeoida are wn at the 
30% probability level. 

% 
ether for the remainder of the synth&- AS expected, was and utilizing 
reaction of the potassium enolate of 6 with TBSCl also coupling of the mdw free 
from 7b was accomplished with silica gel and oxalic acid 
in CHzClz. For sensitive substrates, this would appear to 
be the method of choice for removal of tritylamines. Our 

amino terminus, and annexation of this portion of the 

peptide 

removal and acetylation provided the entire 
framework 12.20 

gave a single compound 7b*'9 Removal Of the trityl goup amine with Fmoc-~-leucine followed by pro&ting-group 

We considered several of the existing reagents currently 

however, XeFz the safety and ease of handling 
that we desired. The reaction of XeF9 with TMS enol 

m e t  contained an N-acetyl-L-leucine moiety at the utilized for fluorination21 of enol ethers; 

ethers and enol acetates has been kno& to give the a- 
fluoro ketones for some time but has experienced limited 
utility.22 We have discovered that this reaction affords 
superior yields and cleaner reactions with the TBS enol 
ether. Reaction Of l2 with XeFz in a mixture Of acetonitde 
and 1,1,2-trichlorotrifluoroethane gave the fluoro ketonee 
13a,b as a 1:l mixture of diastereomers in 71% yield." 

(19) The stereochemiatry of 7 WM determined by a difference NOE 
expehent. N O E ~  wer(l oh,d beww,, the vinyl proton at 6.23 ppm 
and the aromatic protolll, of the triphenylmethyl group (7.80 ppm) and, 
mort, ~ P O ~ t l Y ~  t he  methine Proton at 2.88 PPm. ThW data are quite 
combtent with the bomer &own and ague against the eltemative dou- 
ble-bond geometry where the vinyl proton should not be clow enough to 
the proton at  2.88 ppm to observe an NOE. n e  authors in ref 18 
obtained the 2 enol ether. 

(20) An examination of the crude 300-Mfi lH NMR indicated the 

(21) For a review, eee:%n, 5.; Filler, R. Tetrahedron 1986,42(7), 

(22) Tauhima, T.; Kawada, K.; Tauji, T. Tetrahedron Lett. 1982, 

resulting tripeptide anal 

1111. 

23(11), 1166. 

e WM >Mi% dbt"eriuUy pure. 
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Hydrogenolysis of the benzyl ether affords four com- 
pounds, (14a-d), two seta of which could be separated 
chromatographically. The 'W, 'H, and '@l? NMR of the 
compounds obtained by chromatography indicated the 
more polar spot (TLC) contained a 2.5:l mixture of dia- 
stereomers while the more rapid moving spot existed as 
a 1:l mixture. Although we were unable to solve the 
stereochemistry through conventional NMR techniques, 
we were s u c d  in assigning the relative stereochemistry 
of a single diastereomer by employing a phase-sensitive 
2-D NOESY.% This experiment allows for the quanti- 
tation of interproton distances by calculating the 3-D 
volume integrals of the NOESY cross peaks.26 The cal- 
culated interproton distances of the major isomer associ- 
ated with the more slowly moving pair of diastereomers 
revealed H2 is cis to Ha, thus establishing the cis nature 
of the fluorine/methyl stereochemical relationship. We 
were able to selectively crystallize a single diastereomer 
~ 

(23) Enol ether 7b can ab0 be fluorinated with thie technique to afford 
the monofluoro ketone 8. However, we were unsure of the compatibility 
of thie functionality with the required subsequent reactions and therefore 
opted for the reported sequence. Interestingly, we were also able to form 
the fluoroenol ether 9 from 8 and fluorinate once again to afford the 
difluoro ketone 10. lM&oa - KHMDS 

c y r  TBSCI 

8 

9 

10 

(24) We had not actually separated l4c from 14d at thie point but the 
pertinent remnances were resolved in the 'H NMR spectrum. 

(26) The phaw-sensitive NOFSY spectnun data set waa recorded into 
2048 time-domain data pointa for 612 t i  experiments. A mixing time of 
2150 me and recycle delay of 6 s were used. A Gawian multiplication 
function of 6 Hz was used in the t l  dimension, while a Gawian multi- 
plication of 11 Hz and a trapezoidal function of the last 128 points of the 
free induction decay were applied in the tg dimension before Fourier 
transformation. The final data matrix wan 1KXlK. 

from the 14c/14d mixture and obtain confirmation of our 
stereochemical assignment. X-ray crystallographic anal- 
ysis= (Figure 2) of this diastereomer (14d) revealed (Table 
I) a reassuring agreement in the interproton distances. 

Subsequent confirmation of our successful separation 
of the fluorine diastereomers was provided by execution 
of the final step of the synthesis. Oxidation of 14a,b with 
R U O , ~  afforded the target isostere la (56%) as a single 
diastereomer. Likewise, oxidation of 14c,d under identical 
conditions provided the diastereomeric target isostere lb. 

l&,b RuOi ~ la ,  R t N-acotyl-L-lruclnr 

14c,d RuOi ~ 1 b, R IC N-acotyl-L-lrucine 

The synthetic blueprint outlined in this report repre- 
sents the first methodology available to construct mono- 
fluoro ketone peptide isosteres with chiral centers intact 
and the peptide backbone spacing maintained. This me- 
thod,% in addition to novel construction strategies for the 
synthesis of both difluoro ketone and trifluoromethyl ke- 
tonea isosteres recently developed in our laboratory, 
should expedite access to a variety of potent inhibitors and 
facilitate our understanding of the inhibitory mecha- 
nismsla*b*f of this interesting class of molecules. 
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(26) Single-cytal X-ray +action data for lad, C a , & N 4 0 8 ,  were 
collectad on a Siemens R3m/E -meter with y = 1.6418 A (gmphita 
monochromatized), T = d6 K, o-scan mode (l.Oo ranges, 4-$0°'min 
speeds), 3" 5 28 s l l O o .  Cell data: a = 10.718 4) A, b = 17.142 b A, 
monoclinic, space group R1, 2 = 2; clear, hexagonal rod crystal 0.12 X 
0.16 x 0.24 mm. A total of 4909 reflections gave 2399 unique data (R 
= 0.02) of which 2033 were observed (F > 4u), absorption corrected 6 
= 0.709 mm-l, T& = 0.87, T- = 0.92), and used in the structural 
refinement, yielding R = 0.037 (396 refined parameters), Rw = 0.044 
(weighta w = [ZQ + 0.000W]1/2), GOF = 1.16, and difference-map 
resid& of -0.12 to +0.16 eA4. 

(27) Carlaen, P. H. J.; Katauki, T.; Martin, V. S.; Sharpleas, K. B. J.  
Org. Chem. 1981, 46(19), 3936.. . 

(28) Given the ready a d a b i h t y  of reaction partners similar to 2 and 
3 (ref 12), it is not difficult to accept the potential generality of this 
method for the synthesis of altemative monofluoro ketone isosteric re- 
placements. 

(29) New methode for the synthesis of difluoro ketonee and tdluoro- 
methyl ketones have been developed in our lab. The synthesis of novel 
inhibitors of a variety of proteolytic enzymes utilizing this methodology 
will be reporbd in due course. 

c = 11.220 (2) A, B 115.88 (2)O, V 1854.7 (9) 6 ', D d  = 1.140 g / d  
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Summary: The reaction of sodium dithionite activated 
mitomycin C with guanine at non-croes-linkable sequences 
in oligonucleotides (as well as DNA) yielded a mixed 1"- 
deoxyguanoeine, 10"sulfonate mitoeene derivative, which 
has impli~t iom for publighed model advation and DNA 

alkylation studies of this antitumor antibiotic as well as 
ita in vivo mode of action. 

The chemotherapeutic agent mitomycin C (MC, 1) must 
be reduced before it alkylates ita putative farget, the DNA 
of a tumor cell.' The understanding of the reductive 

+ Columbia University. 
*Hunter College, City University of New York. (1) Szybaleki, W.; Iyer, V. N. Fed. Proc. 1964,23,946. 
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