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for all fractions. The fractions were combined, and the solvent 
was removed in vacuo. Water was added several times and 
reevaporated to remove excess ammonium bicarbonate. The 
residue was dissolved in water and freeze-dried, giving 0.102 g, 
79% yield, of the title compound: ‘H-NMR (DMSO) 7.40 (s, 1 

4.3-4.15 (m, 1 H, H3’), 3.8-3.6 (m, 1 H, Ef4’), 2.45-2.15 (m, 4 H, 
H2’ and H6’), 1.78 (s, 3 H, 5-CH3), 1.6-1.25 (m, 2 H, H5’). Anal. 
(CiiHi6N506P) C, H, Ne 

(2R ,4S ,5R ) -  1-[ 4-Azidotetrahydro-5-( 2-triphosphono- 
ethyl)-2-furyl]thymine (7). Compound 6 (0.071 g, 0.17 mmol) 
was converted to the triethylammonium salt by evaporation from 
35 mL of 100 mM triethylammonium bicarbonate two times. 
Residual water was removed by coevaporation with acetonitrile. 
The triethylammonium salt was dissolved in 3.5 mL of 1,3-di- 
methyl-3,4,5,6-tetrahydropyrimidin-2( W-one that had been dried 
over calcium hydride. 1,l’-Carbonyldiimidazole (0.143,0.88 mmol) 
was added, and the reaction was stirred at  room temperature for 
45 min. Methanol (0.06 mL, 1.5 mmol) was added, and stirring 
was continued for 35 min. Tributylammonium pyrophosphate 
(0.404 g, 0.87 mmol) was added and stirring continued for an 
additional 65 min. The reaction was terminated by the addition 
of 30 mL of cold water. The entire mixture was diluted to 100 
mL with water and applied to a 2.5 X 15 cm column of DEAE 
Sephadex A-25 that had been equilibrated in 50 mM ammonium 
bicarbonate. The column was eluted with 300 mL of 50 mM 
ammonium bicarbonate followed by 1100 mL of 100 mM am- 
monium bicarbonate. A linear gradient of 1 L of ammonium 
bicarbonate (200-600 mM) was used to elute compound 7. The 
fractions containing 7 were combined, dried in vacuo, redissolved 
in water, and then dried and dissolved twice more to give 0.125 
mmol (73% yield) as the tetraammonium salt. Ammonia was 
determined by a previously published method.13 The purity of 
7 was determined to be 99.7% by analytical HPLC (strong an- 
ion-exchange column eluted with a gradient of 10 mM to 1 M 

(13) Chaney, A. L.; Marbach, E. P. Modified Reagents for Deter- 
mination of Urea and Ammonia. Clin. Chem. 1962,8,130-132. 

H, H6), 6.05 (dd, J1,,2tH, = 2.6 Hz, J1,,2,~ = 6.6 Hz, 1 H, Hl’), 

ammonium phosphate, pH 5.5) monitored at  266 nm: UV pH1 
HC1 A,, 266 nm, Ami, 234 nm, pH 7.0 potassium phosphate A, 
266 nm, A- 234 nm, pH 13 NaOH A, 266 nm, Ami, 244 nm; IH 
NMR (D,O) 6 7.4 (1 H, s, H6), 6.1 (1 H, t, Hl),  4.1 (1 H, m, H3’), 
3.8 (1 H, m, H4’), 2.4 (2 H, t, H6’), 1.8 (5 H, m, H2’, H5’, CH,); 
31P NMR (DzO, 1 mM EDTA) d 18.5 (d, a-P), -21.9 (dd, 8-P), 

An aliquot of 7 (12 mM) was treated with alkaline phosphatase 
(30 IU/mL) or snake venom phosphodiesterase I (30 IU/mL), 
and 33 mM 2-amino-2-methylpropanol (pH 9.5) at  room tem- 
perature. Samples were withdrawn a t  various times and chro- 
matography was performed on thin-layer PEI-cellulose (Brink- 
man) in 0.8 M LiC1/0.8 M formic acid 1:l (R, = 0.06 for 7, 0.37 
for the diphosphate analog, and 0.76 for 6). Over a 4-h period, 
sequential conversion of triphosphate to diphosphate to mono- 
phosphonate was observed in the alkaline phosphatase-treated 
samples. In the phosphodiesterase-treated samples, the tri- 
phosphate was cleaved directly to the monophosphonate. 

(E,2R ,4S ,5R)-l-[4-Azidotetrahydro-5-[2-( 0 -phenyl- 
phosphono)vinyl]-2-furyl]thymine (8). Compound 3 (0.25 g, 
0.51 mmol) was converted to the title compound in a manner 
analogous to the conversion of compound 4 to compound 5 (60% 
yield, 0.140 g): ‘H-NMR (DMSO) 7.38 (s, 1 H, H6), 7.2-6.85 (m, 
5 H, phenyl), 6.5-6.2 (m, 1 H, H5’), 6.1-5.85 (m, 2 H, H6’ and 
Hl’), 4.3-4.15 (m, 1 H, H3’), 4.15-4.05 (m, 1 H, H4’), 2.4-2.2 (m, 
2 H, H2’), 1.75 (9, 3 H, 5-CH3). Anal. (Cl7HI8N5O6P) C, H, N. 

(E,2R ,4S ,5R ) -I-[  4-Azidotetrahydro-5-[ 2-phosphono- 
vinyl]-2-furyl]thymine (9). Compound 8 was converted to the 
title compound in a manner analogous to the conversion of com- 
pound 5 to compound 6 (79% yield): ‘H-NMR (DMSO) 7.48 (s, 
1 H, H6), 6.2-5.9 (m, 3 H, Hl’, H6’, and H5’), 4.5-4.3 (m, 1 H, 
H3’), 4.2-4.1 (m, 1 H, H4’), 2.4-2.2 (m, 2 H, H29, 1.8 (s, 3 H, 
5-CH3). Anal. (CllHl4N5o6P) C, H, N. 
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The compound S-(5’-deoxy-5’-adenosy1)-l-ammonio-4-(methylsulfonio)-2-cyclopentene (AdoMac) was prepared and 
evaluated as an irreversible inhibitor of S-adenosylmethionine decarboxylase (AdoMet-DC). AdoMac was shown 
to inhibit AdoMet-DC in a time-dependent manner with a KI  of 18.3 pM and a kinact of 0.133 min-’. In addition, 
AdoMet-DC activity could not be restored following extensive dialysis of the enzyme-inhibitor complex, and the 
enzyme was protected from irreversible inactivation by the known competitive inhibitor methylglyoxal bis(gua- 
nylhydrazone). HPLC analysis of the enzymatic reaction products revealed a time-dependent decrease in the peak 
coeluting with AdoMac, and a corresponding increase in the peak coeluting with (methy1thio)adenosine (MTA), 
a byproduct of the irreversible binding of AdoMac to the enzyme. Thus, AdoMac appears to function as an 
enzyme-activated, irreversible inhibitor of AdoMet-DC. 

Introduction 
The polyamine pathway represents a logical target for 

chemotherapeutic intervention, since depletion of poly- 
amines results in the disruption of a variety of cellular 
functions, and ultimately in cell death.2 Inhibitors of the 

(1) Presented in part at the 203rd National Meeting of the Am- 
erican Chemical Society, April 5-10, 1992, San Francisco, CA 
(Abstract #MEDI 24). 

polyamine pathway, therefore, have traditionally been 
developed as potential antitumor or antiparasitic agenb. 
Such inhibitors also play a critical role as research tools 

(2) Sunkara, P. S.; Baylin, S. B.; Luk, G. D. Inhibitors of Poly- 
amine Biosynthesis: Cellular and in Viuo Effects on Tumor 
Proliferation. In Inhibition of Polyamine Metabolism: Bio- 
logical Significance and Basis for New Therapies McCann, P. 
P., Pegg, A. E., Sjoerdsma, A,, Eds.; Academic Press: New 
York, 1987; pp 121-140. 

0022-2623/92/1835-3196$03.00/0 0 1992 American Chemical Society 



Inhibitor of AdoMet-DC Journal of Medicinal Chemistry, 1992, Vol. 35, No. 17 3197 

1 R = C O O H  
2 R = H  

3 

to elucidate the cellular functions of the naturally occurring 
polyamines, especially if these agents are specific for a 
single enzyme in the pathway. However, a lack of infor- 
mation concerning the catalytic sites of the enzymes in- 
volved in polyamine biosynthesis, coupled with an incom- 
plete understanding of the metabolism and cellular func- 
tions of the individual polyamines, presents a formidable 
problem in terms of the rational design of novel inhibitor 
molecules. S-Adenosylmethionine decarboxylase (AdoM- 
et-DC) is a rate-controlling enzyme in polyamine biosyn- 
t h e ~ i s . ~  It catalyzes the decarboxylation of S-(5'-deoxy- 
5'-adenosyl)methionine, 1 (AdoMet, Chart I), to give de- 
carboxylated AdoMet, 2 (dc-AdoMet), which is the ami- 
nopropyl donor for the aminopropyltransferases spermi- 
dine synthase an spermine synthase. AdoMetrDC contains 
a covalently linked pyruvate which is essential for activity 
and participates in catalysis by formation of a Schiffs base 
with the substrata4 Danzin and co-workers have taken 
advantage of this mechanistic feature to synthesize a po- 
tent, enzyme-activated irreversible inhibitor of AdoMet- 
DCS6 As part of an ongoing program to develop re- 
stricted-rotation inhibitors of the polyamine biosynthetic 
pathway, we have designed the putative irreversible in- 
hibitor 3 (Chart I), a conformationally restricted analog 
of dc-AdoMet. Such an analog, if active, could prove to 
be of considerable value as a conformational active site 
probe for AdoMet-DC. It was proposed that compound 
3 would bind to the enzyme-linked pyruvoyl residue of 
AdoMetrDC in the same manner as the natural substrate, 
and would then form a highly reactive Michael acceptor 
at the active site by general-base catalysis, as shown in 
Scheme I. Attack by a nucleophile located on the surface 
of the enzyme would then lead to an irreversible binding 
of the inhibitor to the active site, resulting in a nonfunc- 
tional enzyme. In order to determine the feasibility of 
using compound 3 as an irreversible inhibitor of AdoM- 
et-DC, we have developed a synthetic route which affords 
the target molecule in good overall yield, and which is 
adaptable to the ultimate production of each of the four 
poesible diastereokomers of 3 in pure form. We now report 
the synthesis and enzymatic characterization of 2345'- 

(3) Pegg, A. E. Recent Advances in the Biochemistry of Poly- 
amines in Eukaryotes. Biochem. J. ,  1986, 234,249-262. 

(4) Wickner, R. B.; Tabor, C. W.; Tabor, H. Purification of Ade- 
nosylmethionine Decarboxylase from Escherichia coli W: 
Evidence for Covalently Bound Pyruvate. J.  Biol. Chem. 1970, 
245,2132-2139. (b) Recsei, P. A.; Snell, E. E. Pyruvoyl En- 
zymes. Annu. Reu. Biochem. 1984,53,357-387. 

(5) Casara, P.; Marchal, P., Wagner, J.; Danzin, C. 5'-([(2)-4- 
Amino-2-butenyl]methylamino)-5'-deoxyadenosine: A Potent 
Enzyme Activatad Irreversible Inhibitor of S-Adenosyl-L- 
methionine Decarboxytaae from Escherichia coli. J .  Am. 
Chem. SOC. 1989,111,9111-9113. 

Scheme I 

CH,-S-Ado b 
I 

ENZYME-NU II ENZYME-NU 1 0 

deoxy-5'-adenosyl)-l-ammonio-4-(methylsulfonio)-2- 
cyclopentene (AdoMac), 3, an enzyme-activated, irre- 
versible inhibitor of AdoMet-DC. 

Chemistry 
The synthetic route leading to compound 3 is outlined 

in Scheme 11. (+)-(1R,4S)-cis-l-Acetoxy-4-hydroxy-2- 
cyclopentene (6) was synthesized from the corresponding 
meso-diacetate6J by lipase-mediated cleavage of the 
pro-(S)-acetate.8 The desired enantiomer of 6 is deter- 
mined to be present in 97% enantiomeric excess by optical 
rotation, and by NMR analysis of the corresponding 
Mosher ester.g Substitution of phthalimide at the free 
hydroxyl under Mitsunobu conditions1° produces the 
N-phthalimidoamino ester 7 with 100% inversion of con- 
figuration. Compound 7 is then subjected to hydrazinolysis 
to afford the amino ester 8. The amine is Boc protected 
(di-tert-butyl dicarbonate") to yield 9, followed by hy- 
drolysis of the acetate (LiOH) to afford the free alcohol 
10. The desired enantiomer of 10 is found to be present 
in 97% ee by NMR analysis of the Mosher ester? con- 
firming that no racemization has occurred during the 
synthesis. The N-Boc-protected amino alcohol 10 is then 
converted to the corresponding chloride 11 (MsC1, LiC112). 
During this conversion of an allylic alcohol to the corre- 
sponding chloride, the stereochemical control is lost at 
position 1, but retained at position 4 of compound 11. 
Thus the cyclopentenyl synthon 11 is isolated as a 64:36 
mixture of the cis and trans diastereoisomers, respectively, 
as determined by NMR analysis. Our attempts to separate 

(6) Kaneko, C., Sugimoto, A.; Tanaka, S. A Facile One-Step Syn- 
thesis of cis-2-Cyclopentene and cis-2-Cyclohexene-l,4-diols 
from the Corresponding Cyclodienes. Synthesis 1974,876877. 

(7) Johnson, C. R.; Penning, T. D. Triply Convergent Synthesis 
of (-)-Prostaglandin E& Methyl Ester. J .  Am. Chem. SOC. 1988, 
110,4726-4735. 

(8) Laumen, K.; Schneider, M. P. A Facile Chemoenzymatic Route 
to Optically Pure Building Blocks for Cyclopentanoid Natural 
Products. J.  Chem. SOC. Chem. Commun. 1986, 1298-1299. 

(9) Dale, J. A., Dull, D. L.; Mosher, H. S. a-Methoxy-a-trifluoro- 
methylphenylacetic Acid, a Versatile Reagent for the Deter- 
mination of Enantiomeric Composition of Alcohols and 
Amines. J.  Org. Chem. 1969, 34, 2543-2549. 

(10) Mitsunobu, 0. The Use of Diethyl Azodicarboxylate and Tri- 
phenylphosphine in Synthesis and Transformation of Natural 
Products. Synthesis 1981, 1-28. 

(11) Keller, 0.; Keller, W. E.; van Look, G.; Wersin, G. tert-But- 
oxycarbonylation of Amino Acids and their Derivatives: N- 
tert-Butoxycarbonyl-L-phenylalanine. Org. Synth. 1985,63, 
160-171. 

(12) Collington, E. W.; Meyers, A. I. A Facile and Specific Con- 
version of Allylic Alcohols to Allylic Chlorides Without Rear- 
rangement. J .  Org. Chem. 1971,36, 3044-3045. 
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Scheme I1 
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this mixture by careful flash column chromatography have 
been unsuccessful. 

Coupling of the substituted cyclopentenyl ring 11 to 
5'-(thioacetyl)-2',3'-isopropylideneadenosine 12 (synthes- 
ized by a literature pr~cedure '~J~)  is accomplished in a 
5050 mixture of methanol and DMF in the presence of 
sodium methoxide15 (Scheme II), resulting in the formation 
of the fully protected thionucleoside 13. Rigorous exclusion 
of oxygen is ensured during this procedure by freezing and 
thawing the mixture five times under a vigorous stream 
of argon, since even a trace of oxygen catalyzes the rapid 
dimerization of the thiolate derived from 12 in the presence 
of sodium methoxide. As was the case with compound 11, 
we have been unable to resolve the mixture of diastereo- 
mers of compound 13 on a preparative scale by either flash 
chromatography or HPLC. Thus, subsequent steps in the 
synthesis are carried out on the diastereomeric mixture. 
Simultaneous removal of both the N-Boc and 2',3'-iso- 
propylidene protecting groups in 13 (88% formic acid) 
yields thioether 14, which is methylated using a modifi- 
cation of the method of Samejima16 (CHJ, AgClO,, 
AcOH/HCOOH) to provide the desired target compound 
3. 

Biological Results 
A series of experiments were conducted to determine 

whether compound 3 produces time-dependent inactiva- 
tion of AdoMet-DC. The time-dependent decrease in 

(13) Coward, J. K.; Anderson, G. L.; Tang, K.-C. Aminopropyl- 
transferase Substrates and Inhibitors. Methods Enzymol. 

(14) Woster, P. M.; Black, A. Y.; Duff, K. J.; Coward, J. K.; Pegg, 
A. E. Synthesis and Biological Evaluation of S-Adenosyl-1,12- 
diamino-3-thio-9-azadodecane, a Multisubstrate Adduct In- 
hibitor of Spermine Synthase. J.  Med. Chem. 1989, 32, 
1300-1307. 

(15) Douglas, K. A.; Zormeier, M. M.; Marcolina, L. M.; Woster, P. 
M. Restricted Rotation Analogs of Decarboxylated S- 
Adenosylmethionine as Inhibitors of Polyamine Biosynthesis. 
Bioorg. Med. Chem. Lett. 1991, 1 ,  267-270. 

(16) Samejima, K.; Nakazawa, Y.; Mataunaga, I. Improved Syn- 
thesis of Decarboxylated S-Adenosylmethionine and Related 
Sulfonium Compounds. Chem. Pharm. Bull. 1978, 26, 
148C-1485. 

1984, 94, 286-294. 
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Figure 1. Time-dependent inactivation of AdoMet-DC by 3 a t  
concentrations of I ,  10, 20, and 30 fiM. 
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Figure 2. Results of Kitz-Wilson analysis for compound 3. 

enzyme activity was monitored at 7, 10, 20, and 30 pM 
concentrations of 3 over a period of 20 min. In each case, 
the decrease in activity is linear (Figure l), and a rate 
constant was derived from each line. The resulting data 
was then replotted using the Kitz-Wilson method" (Figure 
2). This plot indicates that compound 3 has a KI value 
of 18.3 pM for AdoMet-DC and exhibits a kinact value of 

(17) Kitz, R.; Wilson, I. B. Esters of Methanesulfonic Acid as Ir- 
reversible Inhibitors of Acetylcholinesterase. J. Eiol. Chem. 
1962, 237, 3245. 
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0.133 min-’. Two additional studies suggest that 3 is an 
active-site-directed, irreversible inhibitor of AdoMet-DC. 
When the enzyme is incubated with 100 rM MGBG (a 
known inhibitor of AdoMet-DC) for 10 min and then ex- 
posed to 3 for 10 min and assayed, 84.6% of the AdoM- 
et-DC activity is retained. Under the same reaction con- 
ditions (except for the exclusion of MGBG), only 20% of 
the activity remains after 10 min, suggesting that 3 is an 
active-site-direded agent. In addition, compound 14, the 
thioether precursor to target compound 3, was evaluated 
as an inhibitor of AdoMet-DC and found to be inactive. 
Presumably, the lack of a charged sulfonium center in 14 
diminishes ita affinity for the active site of AdoMet-DC, 
and thus it is unable to interact with the terminal pyruvate 
of the catalytic subunit. The irreversibility of 3 is dem- 
onstrated by the inability to dialyze away the inhibitor 
following binding to AdoMet-DC. AdoMet-DC is incu- 
bated with 50 r M  3 for 30 min and then assayed (22% 
activity remaining). The sample is then dialyzed overnight 
(62.5 mM Tris-HCl/lOO mM MgSO,, pH 7.4, four buffer 
changes) and reasaayed. There is no change in the activity 
level of AdoMet-DC following dialysis, suggesting that the 
binding of 3 to AdoMet-DC is irreversible. 

HPLC analysis of the product mixture after quenching 
the enzymatic reaction at various times is accomplished 
using the reverse-phase, ion pairing assay system to Dan- 
zin.18 This experiment reveals the time-dependent ap- 
pearance of a peak which coeluted with MTA ( t R  = 18.27 
min), and the corresponding disappearance of the peak 
coeluting with 3 ( t R  = 23.26 min, data not shown), sug- 
gesting that MTA is generated from 3 in the enzymatic 
reaction as predicted. 
Discussion 

The purpose of this preliminary study was 2-fold: (1) 
to determine whether a cyclopentenyl restricted-rotation 
analog of AdoMet such as 3 would serve as an enzyme- 
activated, irreversible inhibitor of AdoMet-DC and (2) to 
develop a synthetic route which would be adaptable to the 
production of all of the possible pure diastereoisomers. 
The data presented indicates that compound 3 is indeed 
a potent, irreversible, enzyme-activated inhibitor of 
AdoMet-DC. In addition, the synthetic route leading to 
3 can be readily adapted to the production of all four 
possible diastereomers of 3. 

Although the primary amino acid sequence of AdoM- 
et-DC is known, there is little information available re- 
garding the three-dimensional structure of the enzyme, and 
in particular, the amino acid residues present in the cat- 
alytic site. Diaz and AntonlS have recently proposed the 
existence of an active site cysteinyl residue which is al- 
kylated during the substrate-dependent inactivation of the 
enzyme. This cysteine residue is proposed to react with 
an acrolein-like substance which is generated once every 
6000-7000 turnovers as a result of transamination of the 
terminal pyruvate. The driving force for transamination 
of the terminal pyruvate is enzyme-assisted decarboxyla- 
tion, followed by incorrect protonation of the enolate in- 
termediate and then hydrolysis of the resulting imine. 
Although the proposed adduct generated from imine for- 
mation between AdoMac and the terminal pyruvate of 
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AdoMet-DC does not possess a carboxylate moiety (see 
Scheme I), the elimination of MTA is a sufficient driving 
force for generation of the proposed latent electrophile. 
A nucleophilic amino acid residue may then be envisioned 
as adding to this conjugated system by either a 1,4- or 
1,Gaddition mechanism. A mechanism for transamination 
of the terminal pyruvate of AdoMet-DC by 3 following 
formation of the imine linkage may also be envisioned, 
although it is probably less likely than elimination of MTA 
and conjugate addition of a nucleophilic residue. Since 
MTA generation is observed during inactivation of 
AdoMet-DC by 3, it is reasonable to assume that the latent 
electrophile shown in Scheme I is formed and that inac- 
tivation of the enzyme is m a t  likely the result of cross-link 
formation with a neighboring nucleophilic residue. Ad- 
ditional experiments are required to support this hy- 
pothesis and to rule out the possibility of inactivation of 
AdoMet-DC by transamination in the presence of 3. Due 
to the similarity between the latent electrophile produced 
during substrate-dependent inactivation and that produced 
by interaction of AdoMet-DC with 3, we postulate that 
AdoMac could react with a nucleophilic residue such as 
the cysteine proposed by Diaz and Anton, resulting in the 
formation of a modified amino acid residue in the catalytic 
site. Treatment of the alkylated enzyme adduct shown in 
Scheme I with NaBH4 would then trap this cross-linked 
enzyme species, resulting in a stable adduct which could 
be analyzed by sequencing the modified protein. Infor- 
mation of this type would be valuable in terms of eluci- 
dating specific active-site amino acid residues, and these 
experiments are currently in progress. 
As stated above, one purpose of this preliminary study 

was tb demonstrate the feasibility of using a restricted- 
rotation analog of AdoMet such as 3 as an irreversible 
inhibitor of AdoMet-DC. Although it is beyond the scope 
of this preliminary investigation, it may prove valuable to 
isolate each of the four possible diastereomeric forms of 
3 for use as conformational active-site probes. A procedure 
is available to synthesize (-)-(lR,4S)-cis-l-hydroxy-4- 
acetoxy-2-cyclopentene, the enantiomer of compound 6, 
via selective cleavage of the pro-(R)-acetate of meso-di- 
acetate Elaboration of this intermediate via the 
synthetic pathway outlined in Scheme 11 should then yield 
a mixture of the other two diastereomers of inhibitor 3. 
Adaptation of the synthesis as described above, as well as 
development of a method for the resolution of the pure 
diastereomers of 3, are ongoing concerns in our labora- 
tories. 
Experimental Section 
cis-2-Cyclopentene-1,4-diol(4) and cis-1,4-diacetoxy-2-cyclo- 

pentene (5) were synthesized according to the procedure of Ka- 
neko6 as modified by J ~ h n s o n . ~  Compound 6 was synthesized 
from cis-1,4diacetoxy-2-cyclopentene (5) as described by Laumen 
and Schneider! 5’-(Thioa~ety1)-2’,3~-ipropylideneadenosine 12 
was synthesized from 2’,3’-isopropylideneadenosine in two steps 
as previously described.13J4 Porcine lipase (Type 11, EC 3.1.1.3) 
was purchased from Sigma Chemical Co. (St. Louis, MO). All 
other reagents were purchased from Aldrich Chemical Co. 
(Milwaukee, WI) or Sigma Chemical Co. and were used without 
further purification except as noted below. Pyridine was dried 
by passing it through an aluminum oxide column and then stored 
over KOH. Triethylamine was distilled from potassium hydroxide 
and stored under a nitrogen atmosphere. Methanol was distilled 
from magnesium and iodine under a nitrogen atmosphere and 

(20) Laumen, K.; Schneider, M. Enzymatic Hydrolysis of Prochiral 
cis-l,4-Diacyl-2-cyclopentenediols: Separation of (1S,4R) and 
(1R,4S)-4-Hydroxy-2-cyclopentnyl Derivatives, Versatile 
Building Blocks for Cyclopentanoid Natural Products. Tet- 
rahedron Lett. 1984,25, 5875-5878. 

(18) Wagner, J.; Danzin, C.; Mamont, P. Reversed-Phase Ion Pair 
Liquid Chromatographic Procedure for the Simultaneous 
Analysis of S-Adenosylmethionine, Ita Metabolites and the 
Natural Polyamines. J.  Chromatogr. 1982,227, 349-368. 

(19) Diaz, E.; Anton, D. L. Alkylation of an Active-Site Cyeteinyl 
Residue during Substrate-Dependent Inactivation of Escher- 
ichia coli S-Adenosylmethionine Decarboxylase. Biochemistry 
1991,30,4078-4081. 
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stored over molecular sieves. Methylene chloride was distilled 
from phosphorus pentoxide, and chloroform was distilled from 
calcium sulfate. Tetrahydrofuran was purified by distillation from 
sodium and benzophenone. Dimethyl formamide was dried by 
distillation from anhydrous calcium sulfate and was stored under 
nitrogen. Preparative-scale chromatographic procedures were 
carried out using E. Merck silica gel 60,230-440 mesh. Thin-layer 
chromatography was conducted on Merck precoated silica gel 60 

All ‘H- and 13C-NMR spectra were recorded on a General 
Electric QE-300 spectrometer, and all chemical shifts are reported 
as 6 values referenced to TMS. Infrared spectra were recorded 
on B Nicolet 5DXB-FT-IR spectrophotometer and are referenced 
to polystyrene. Ultraviolet spectra were recorded on a Beckman 
DU-8B spectrophotometer. In all cases, ‘H-NMR, l3C-NMR, IR, 
and UV spectra were consistent with assigned structures. Mi- 
croanalyses were performed by Galbraith Laboratories, Knoxville, 
TN, and are within 0.4% of the calculated values. 

(1R ,4R )-trans - l-Acetoxy-4-(N-phthalimidoamino)-2- 
cyclopentene (7). A 2.0-g portion (0.014 mol) of 6 was dissolved 
in 14 mL of dry THF under a nitrogen atmosphere along with 
3.69 g (0.014 mol) of triphenylphosphine and 2.07 g (0.014 mol) 
of phthalimide. Diethyl azodicarboxylate (2.45 g, 0.014 mol) 
dissolved in 6 mL of THF was added slowly via syringe, and the 
reaction was allowed to stir at room temperature overnight under 
nitrogen. A 10-mL portion of ether was added to precipitate the 
triphenylphosphine oxide, the mixture was fitered, and the filtrate 
was concentrated in vacuo. The residue was purified on silica 
gel (hexane/ethyl acetate 6:4) to afford 3.16 g (83.2% yield) of 
7 as a white solid ‘H NMR (CDCI,) 6 7.82 (m, 2 H, aromatic H-3 
and H-6), 7.73 (m, 2 H, aromatic H-4 and H-5), 6.15 (m, 1 H, H-3), 
6.05 (m, 1 H, H-l), 5.98 (m, 1 H, H-2), 5.56 (m, 1 H, H-4), 2.55 
(m, 1 H, H-5 cis to OH), 2.27 (m, 1 H, H-5 trans to OH), 2.07 (s, 
3 H, CH,); 13C NMR (CDC1,) 6 170.9 (ester C=O), 167.9 
(phthalimide C=O), 134.8 (C-2), 134.1 (aromatic C-1 and C-2), 
133.6 (aromatic C-3 and C-S), 131.9 (C-41, 123.2 (aromatic C-4 
and C-5), 79.6 (C-1), 54.3 (C-4), 35.5 (C-5), 21.2 (CH,); IR (KBr) 
2944 (aliphatic C-H), 1728 (phthalimido C=O), 1709 (ester 
C=O), 1470, 1383 (C=H) cm-’. Anal. (C15H13N04), C, H, N. 

(1R,4R )-trans -1-Acetoxy-4-amino-2-cyc1opentene (8). 
Compound 7 (0.856 g, 0.0032 mol) was dissolved in 20 mL of 0.2 
M methanolic hydrazine and allowed to reflux for 7 h. After 
cooling, a white precipitate was filtered off, and the solvent was 
removed in vacuo. The solid, light yellow residue was dissolved 
in 25 mL of dichloromethane, refiltered, and washed with two 
25-mL portions of water. The organic layer was then evaporated 
to afford relatively pure 8 (estimated by NMR) as a yellow oil 
(0.375 g, 82.9%) which was immediately used in the subsequent 
step without further purification: ‘H NMR (CDC1,) 6 6.04 (m, 
1 H, H-2), 5.87 (m, 1 H, H-3), 5.73 (m, 1 H, H-l), 4.16 (m, 1 H, 
H-4), 2.25 (m, 1 H, H-5 cis to OH), 2.00 (s, 3 H, CH,), 1.83 (m, 
1 H, H-5 trans to OH), 1.62 (broad s, 2 H, NH,); 13C NMR 6 

(C-4), 41.4 (C-5), 21.2 (CH,); IR (KBr) 3340 (N-H), 1713 (ester 
C=O), 1460, 1371 (C=H) cm-’. 
(lR,4R)-trans-l-Acetoxy-4-[ [ (tert -butyloxy)carbonyl]- 

amino]-2-cyclopentene (9). To a solution of NaHCO, (0.361 
g, 0.0043 mol) and NaCl (0.643 g, 0.011 mol) in 10 mL of water 
was added 0.600 g (0.0043 mol) of compound 8 in 10 mL of CHCl,, 
and the reaction mixture was cooled to 0 “C in an ice bath. A 
0.938g portion (0.0043 mol) of di-tert-butyl dicarbonate was added 
slowly, and the two-phase mixture was allowed to warm to room 
temperature. The reaction mixture was then refluxed for 2.5 h, 
cooled, and the chloroform was removed with a rotary evaporator. 
The aqueous layer was diluted to 25 mL and washed with three 
25-mL portions of CHC1,. The combined organic layers were then 
washed with 25 mL each of 5% NaHSO,, water, and saturated 
NaCl and then dried over anhydrous MgS04. Filtration and 
removal of the solvent in vacuo afforded a clear oil which was 
chromatographed on silica gel (hexane/ethyl acetate 6:4) to give 
1.01 g (96.5%) of 9 as a white solid: ‘H NMR (CDCI,) 6 6.07 (m, 
1 H, H-2), 5.98 (m, 1 H, H-3), 5.77 (m, 1 H, H-l) ,  4.94 (m, 1 H, 
H-4), 4.53 (m, 1 H, NH), 2.35 (m, 1 H, H-5 cis to OH), 2.05 (s, 
3 H, CH,), 1.94 (m, 1 H, H-5 trans to OH), 1.47 (s, 9 H, C-CH,); 
13C NMR (CDCl,) 6 173.2 (ester C=O), 155.3 (carbamate C=O), 

F-254. 

(CDC1,) 170.9 (C=O), 142.8 (C-2), 130.0, (C-3), 79.4 (C-1), 56.6 

138.5 (C-2), 132.2 (C-3), 79.6 (C-1), 55.6 (C-4), 38.8 (C-5), 27.1 
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(C-CH,), 21.1 (ester CH,); IR (KBr) 3367 (N-H), 2924 (aliphatic 
C-H), 1728 (ester C=O), 1679 (carbamate C=O), 1461, 1377 
(C=C) cm-’. Anal. (Cl2HlgNO4) C, H, N. 

(1R ,4R)-trans - 1-Hydroxy-4-[ [ (tert -butyloxy)carbonyl]- 
amino]-2-cyclopentene (10). A 0.500-g portion of compound 
9 (0.0021 mol) was dissolved in 25 mL of 75% ethanol along with 
0.130 g (0.0031 mol) of LiOH.H,O, and the mixture was allowed 
to stir at  room temperature overnight. The reaction mixture was 
then evaporated, and the residue was partitioned between 25 mL 
each of water and ethyl acetate. The aqueous layer was washed 
with two additional 25-mL portions of ethyl acetate, and the 
combined organic layers were washed with 25 mL each of 5% 
NaHSO,, water, and saturated NaCl and then dried over an- 
hydrous MgS0,. Filtration and removal of the ethyl acetate in 
vacuo then afforded the crude product, which was purified on 
silica gel (hexane ethyl acetate 46) to yield pure 10 (0.403 g, 96.3%) 
as a white solid {[aIz0~ 182.1’ (c 10.0, CHC1, + 1% EtOHJ. 
Analysis of the product by the Mosher procedureg confirmed an 
enantiomeric excess of >99%: ‘H NMR (CDC1,) 6 5.97 (complex 
m, 2 H, H-2 and H-3), 4.96 (complex m, 2 H, H-1 and H-4), 4.43 
(m, 1 H, NH), 2.18 (m, 1 H, H-5 cis to OH), 1.94 (m, 1 H, H-5 
trans to OH), 1.45 (s, 9 H, CCH,); 13C NMR (CDCl,) 6 155.5 

28.6 (C-CH,); IR (KBr) 3339,3186 (N-H, 0-H), 2959 (aliphatic 
C-H), 1695 (C==O), 1461,1380 (C=C) cm-’. Anal. (C1JI17NO3) 
C, H, N. 

(4R )- 1-Chloro-4-[ [ ( ter t  -butyloxy)carbonyl]amino]-2- 
cyclopentene (11). A 0.500-g portion of compound 10 (0.0025 
mol) was dissolved in 10 mL of dry DMF along with 0.293 g (0.0029 
mol, 0.404 mL) of triethylamine and 0.123 g (0.0029 mol) of LiCl 
under a nitrogen atmosphere. The reaction was cooled to 0 “C 
and methanesulfonyl chloride (0.332 g, 0.0029 mol, 0.225 mL) was 
added dropwise. The reaction was allowed to stir a t  0 “C over- 
night. The DMF was removed (rotary evaporator, 0.2 mmHg) 
and the dark residue was dissolved in 25 mL of chloroform. The 
chloroform solution was washed with two 25-mL portions of cold 
1 N HCl, 25 mL of cold water, and 25 mL of cold saturated NaCl 
and then dried over anhydrous MgSO,. Filtration, removal of 
the solvent in vacuo, and chromatography on silica gel (hexane- 
/ethyl acetate 46) then afforded pure 11 (64:36 ratio of cis to trans 
isomers as determined by ‘H NMR) as a pale yellow oil: ‘H NMR 
(CDCl,) 6 6.01 (complex m, 2 H, H-2 and H-3), 5.05 (m, 0.5 H, 
H-l), 4.95 (m, 0.5 H, H-4), 4.85 (m, 0.5 H, H-l), 4.75 (m, 0.5 H, 
H-4), 4.43 (m, 1 H, NH), 2.93 (m, 0.5 H, H-5 of cis isomer cis to 
Cl), 2.64 (m, 0.5 H, H-5 of trans isomer cis to Cl), 2.05 (m, 0.5 
H, H-5 of trans isomer trans to Cl), 1.97 (m, 0.5 H, H-5 of cis 
isomer trans to Cl), 1.45 (s,9 H, CH,); 13C NMR (CDCl,) 6 137.0, 
135.1, 134.9, 131.3 (C-2 and C-3), 62.2 and 61.4 (C-l), 55.1 (C-4), 
43.1 and 42.7 (C-5),28.4 (C-CHJ; IR (neat) 2944 (aliphatic C-H), 
1675 (C=O), 1456, 1370 (C=C), 666 (C-Cl) cm-’. Although 
reasonably stable for short periods at  low temperature, compound 
11 proved to be too unstable to obtain a suitable combustion 
analysis, and was used immediately in the subsequent step. 

S -(2’,3’-Isopropylidene-5’-deoxy-5’-adenosyl)- 1-[ [ (tert - 
butyloxy)carbonyl]amino]-4-mercapto-2-cyclopentene ( 13). 
A 0.280-g portion (0.0013 mol) of compound 11 and 0.759 g (0.0019 
mol) of 5’-deoxy-~-formyl-2’,3’-isopropylidene-5’-(thioacetyl)- 
adenosine (12) were dissolved in 20 mL of a 1:l mixture of dry 
DMF and dry methanol under an argon atmosphere. The solution 
was then frozen and thawed five times in succession with liquid 
nitrogen while a vigorous stream of argon bubbled through the 
solution, and then 0.208 g (0.0039 mol) of sodium methoxide 
powder was added through the condenser. The reaction was then 
allowed to stir under argon, protected from light, for 3 days. The 
solvent was then removed (rotary evaporator, 0.2 mmHg), and 
the residue was partitioned between 50 mL each of water and 
chloroform. The aqueous layer was washed with two additional 
50-mL portions of CHCl,, and the combined organic layers were 
washed with 50 mL of saturated sodium chloride and dried over 
anhydrous MgS0,. Filtration, removal of the chloroform, and 
chromatography on silica gel (ethyl acetate/2-propanol 24:l) 
afforded 13 as a pale yellow foam (0.356 g, 54.3% yield): ‘H NMR 

5.95-5.45 (m, 3 H, H-2’, H-2”, H-3”), 5.66 (br s, 2 H, NHJ, 5.10 
(m, 1 H, H-3’), 4.78 (m, 0.5 H, H-l”), 4.73 (m, 0.5 H, H-4’9, 
4.55-4.30 (m, 2 H, H-4’, NH-Boc), 3.84 (m, 2 H, H-5‘), 3.74 (m, 

( C d ) ,  136.4 (C-2), 136.2 (C-3), 76.2 (C-l), 56.0 (C-4), 42.4 (C-5), 

(CDCl,) 6 8.36 (9, 1 H, H-2), 7.92 (9, 1 H, H-8), 6.07 (d, 1 H, H-1’), 



J. Med. Chem. 1992,35,3201-3207 3201 

0.5 H, H-4’7, 3.70 (m, 0.5 H, H-l”), 3.00-2.50 (complex m, 1 H, 
H-5” of cis isomer cis to S and H-5” of trans isomer cis to S), 2.29 
(m, 0.5 H, H-5” of trans isomer trans to S), 1.93 (m, 0.5 H, H-5” 
of cis isomer trans to S), 1.61 (acetonide CH3), 1.44 (8 ,  9 H, 
Boc-CH3), 1.41 (a, 3 H, acetonide CHJ; IR (neat) 3329 (N-H), 
2888 (diphatic C-H), 1679 (M), 1463,1385 (M) an-’. Anal. 
(CZ~H~J’WSS) C, H, N. 

S -(5’-Deoxy-5’-adenosyl)- 1 -amino-4-mercapto-2-cyclo- 
pentene (14). A 0.150-g portion of 13 was dissolved in 3 mL of 
88% formic acid and allowed to stir a t  room temperature for 2 
days. The reaction mixture was then diluted to 25 mL with water, 
and the aqueous layer was extracted with three 25-mL portions 
of ether and lyophilized to yield a pale yellow solid. The solid 
was then purified by chromatography on silica gel (CHC13/ 
MeOH/NH,OH 921); fractions containing the product (R, = 0.52) 
were pooled, 50 mL of water was added, and the mixture was 
concentrated on a rotary evaporator until the pH of the aqueous 
layer was neutral. The aqueous solution was lyophilized to afford 
pure 14 (0.093 g, 86.2% yield) as a white solid ‘H NMR (CD30D) 

(m, 1 H, H-2”),5.80 (m, 1 H, H-3”),5.02 (m, 1 H, H-2’),4.79 (m, 
1 H, H-39, 4.32 (m, 1 H, H-49, 4.18 (m, 1 H, H-1”), 4.06 (m, 1 
H, H-4’7, 3.30 (m, 2 H, H-59, 2.97 (complex m, 2 H, H-5”); IR 
(KBr) 3336 (N-H), 3192 (0-H), 2917 (aliphatic C-H) cm-’. 
Anal. (C15H20N603S) C, H, N. 

S -(5’-Deoxy-5’-adenosyl)-l-ammonio-4-(methyl- 
sulfonio)-2-cyclopentene Disulfate (3). Compound 14 (0.093 
g, 0.00026 mol) was dissolved in 2 mL of a 5050 mixture of formic 
acid and acetic acid along with 0.148 g (0.065 mL, 0.001 mol) of 
iodomethane. A 0.108-g (0.00052 mol) portion of silver perchlorate 
dissolved in 1.08 mL of 5050 formic acid/acetic acid (10% w/v) 
was then added. The reaction mixture was allowed to stir at room 
temperature overnight, after which the yellow precipitate was 
removed by centrifugation. The clear solution was diluted to 50 
mL with water and extracted with three 25-mL portions of ether, 
and the aqueous layer was lyophilized to afford a light yellow solid. 
The solid residue was chromatographed on silica gel (butanol/ 
acetic acid/water l:l:l), and the produd-containing fractions were 
pooled and diluted to 50 mL with water. The aqueous layer was 
washed with 25 mL of ether and lyophilized to give a white solid. 
The solid was dissolved in 0.1 N HzS04, and ethanol was added 
to precipitate the product as a white solid (0.107 g, 71.6%): lH 
NMR (CD30D) 6 8.49 (8,  1 H, H-2), 8.47 (8,  1 H, H-8), 6.46 (m, 
1 H, H-2’9, 6.40 (m, 1 H, H-3’9, 6.12 (d, 1 H, H-1’), 5.08 (m, 1 
H, H-2’),4.75 (m, 1 H, H-39, 4.58 (m, 1 H, H-49, 3.91 (complex 
m, 2 H, H-1” and H-4”), 2.90 (complex m, 2 H, H-5’9, 2.82 ( 8 ,  
3 H, CH,); IR (KBr) 3536,3403 (N-H, 0-H), 2935 (aliphatic 
C-H) cm-’. Anal. (C16Hz4N603S.2HS04.0.5EtoH) C, H, N. 

Enzyme Purification. AdoMet-DC is isolated from Es- 
cherichia coli using a modification of the methylglyoxal bis(gu- 
anylhydrazone) (MGBG) Sepharose affinity column procedure 
of Anton and Kutny.21 The column is prepared by incubating 

6 8.31 (8 ,  1 H, H-2), 8.21 (8,  1 H, H-8), 6.17 (d, 1 H, H-l’), 5.97 

MGBG with epoxy-activated Sepharose 4B at pH 11 as described. 
E. coli (3/4 log phase, Grain Processing Co., Ames, IA) are lysed 
in 5 volumes of 10 mM Tris-HC1,0.5 mM EDTA, and 0.5 mM 
dithiothreitol, pH 8.0, by a single pass through a French press. 
A 5% solution of streptomycin sulfate is then added to give a final 
concentration of 1%, and the cell debris is removed by centri- 
fugation at 2oooOg for 2 h. AdoMet-DC is allowed to adsorb to 
the gel by stirring the gel and the lysate supernatant together for 
1 h after bringing the MgClz concentration to 10 mM. Binding 
is considered complete when residual AdoMet-DC activity in the 
supernatant is determined to be 1-3% of the original value. The 
gel is then packed into a column and washed (20 mM Tris-HC1, 
10 mM MgClz, 0.6 M KC1,0.5 mM EDTA, and 0.5 mM dithio- 
threitol, pH 8.0) until UV absorption reaches baseline. AdoM- 
et-DC is then eluted using 20 mM potassium phosphate, 0.6 M 
KC1,0.5 mM EDTA, and 0.5 mM dithiothreitol, pH 7.0, and the 
fractions of highest activity are pooled and concentrated (Amicon 
ultrafiltration cell, PM-30 membrane). Protein is measured by 
the method of Bradford.22 With this method enzyme purity is 
greater than 90%, and the specific activity is determined to be 
0.80 pmol/min per mg of protein at  37 OC. 
Enzyme Assay. AdoMet-DC activity is monitored by following 

the evolution of [‘4ClCOz from S-adenoeyl-~-[carboxy-~~C]- 
methionine using a modification of the method of MarkhamqU 
Each reaction mixture contains 50 pg of AdoMet-DC, 40 pL of 
S-adenosyl-~-[carboxy-’4C]methionine (0.9 mCi/mmol, 20 pM final 
concentration) in 62.5 mM Tris-HC1/100 mM MgS04, pH 7.4, 
with a final volume of 2 mL. Radiolabeled COz is trapped on a 
filter disk in a vial cap soaked with 40 pL of hyamine. After 15 
min the reaction is quenched, and the disk is placed in a scin- 
tillation vial with 10 mL of scintillation cocktail and counted 
(counting efficiency 95% or greater). Each data point represents 
the average of two determinations, which in each case differ by 
less than 5%. 
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A comparative study of quantitative structure-activity relationships involving diaminopyrimidines as DHFR inhibitors 
using regreasion analysis and the neural-network approach suggests that the neural network can outperfom traditional 
methods. The technique permits the highlighting the functional form of those parameters which have an influence 
on the biological activity. 

Introduction 
The formulation of quantitative structureactivity re- 

lationships (QSAR) has had a momentous impact upon 
medicinal chemistry for the p u t  30 years. Hans& den- 
onstrated that the biological activities of drug molecules 
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can be correlated by a linear combination of the physico- 
Chemical Pmametem Of the c o ~ ~ p o n d i n g  drug. since then 
there have been many attempts to include cross-product 
terms in the regression analysis, but this only added com- 
plexity to the study and resulted in no significant im- 


