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Abstract

Both enantiomers of 2-benzyl-3-formylpropanoic acid were synthesized in five steps starting with hydrocinna-
mic acid and each enantiomer assayed for inhibitory activity against carboxypeptidase A to find tRtftmen(
is 674-fold more potent than its enantiomer. The finding that Ryddrm which belongs to the-series is mostly
responsible for the inhibitory activity accords with the explanation that the present inhibitor is a transition state
analog inhibitor because, as such, its stereochemistry should belong to the same series as that of the substrate, i.e.,
theL-series. Thgemdiol form of the inhibitor generated in situ mimics the transition state in the catalytic process.
© 1999 Published by Elsevier Science Ltd. All rights reserved.

1. Introduction

Enzyme inhibitors are compounds that bind enzymes at the active site but fail to undergo the chemical
reaction that substrates would. Design of enzyme inhibitors has been the subject of intensive research
especially in reference to the discovery of lead compounds as new therapeutic'aGatasdy and
Kortylewicz? reported that 2-benzyl-3-formylpropanoic acid in the racemic form is a potent competitive
inhibitor for CPA2 a much studied prototypic zinc-containing protease which catalyzes the cleavage of
the C-terminal amide bond of peptide substrate. The enzyme shows specificity for peptides having the C-
terminal amino acid residue with a hydrophobic side chain such as Phe. In connection with our ongoing
efforts directed to define the stereochemistry associated with inhibition of enAjibveas thought to be
of interest to find which enantiomeric form of the inhibitor is responsible for its CPA inhibitory activity.
This paper describes efficient syntheses of both enantiomers of 2-benzyl-3-formylpropanoic acid in an
enantiomerically pure form and their evaluation as inhibitors for CPA.
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2. Results and discussion

Scheme 1 outlines the synthetic route for the preparatiorRp2{benzyl-3-formylpropanoic acid.
2-Allyl-3-phenylpropanoic acid obtained by allylation of hydrocinnamic acid was tethereR)4-(
benzyl-2-oxazolidinone, an Evans chiral auxiliary, to gd/as a diastereoisomeric mixture (Scheme 1).
The mixture was readily separated by column chromatography to give a crystalline product and an
oil in the ratio of 1:1. The crystalline product, the stereochemistry of which was assigned to be
(27S4R) (see Scheme 1), was converted into the benzyl ester of 2-allyl-3-phenylpropanoicSkcid, (
4, by treatment with BnOLi. Ozonolysis ofS5[-4 followed by treatment with thiourea according to
the method reported by Gupta et®atansformed the olefinic moiety to a formyl group, giving){

5. Hydrogenolysis of the methanolic solution d®){5 in the presence of Pd/C removed the benzyl
group to give R)-1 as a hydroxylactone. Treatment of the latter with aqueous KOH afforded the target
compound ofR-configuration as a potassium saR){la (Scheme 2). Treatment of the hydroxylactone
with dicyclohexylamine afforded a crystalline sdR){1b.
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Scheme 1. Reagents, conditions, and yields: (a) LDA (2.1 equiv.), allyl bromide (1.1 equiv.), 0°C, THF (84%); (b) i.,(COCI)
CH,Cly; ii. n-BuLi (1.0 equiv.), R)-(+)-4-benzyl-2-oxazolidinone, -78°C, THF (86%)

Ph Ph
d
(2'S,4R)-3 ——— /\/( — j\/(
=z CO.Bn H CO,Bn
(S)-4

RS

(R)»1
Scheme 2. Reagents, conditions, and yieldsn{BuLi (1.5 equiv.), BnOH, 0°C, THF (84%); (d) i. £ MeOH; ii. thiourea
(60%); (e) i. H, Pd/C, MeOH; ii. fora, aq. KOH (1.0 equiv.) (92%), fdo, dicyclohexylamine, EO (96%)

The assigned stereochemistry was ascertained by oxidig)abh(to give known R)-2-benzylsuccinic
acid (Scheme 3). Thus, the]p value of 2-benzylsuccinic acid obtained from oxidizirig)-(Lb by the
method of Kraus and Taschfevas +26.5 which is in good agreement with the literature Vatdie-27.2
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for (R)-2-benzylsuccinic acid. In a similar sequence of reactions, we obta)edffom (2 R,4R)-3 as
an oil after chromatographic separation of the diastereoisomeric mixt@&e of

Ph
f
(R HOZC\/(
CO,H

(R)-6
Scheme 3. Reagents, conditions, and yields: (f) NaCkmethyl-2-butene, NadP Oy, t-BUOH-H,O (72%)

Each enantiomer dfthus synthesized was assayed as the potassium salt for its CPA inhibitory activity
according to the method reported by Galardy and KortylevioZind that the inhibitory activity resides
mostly with (R)-1 having theK; value of 0.38-0.03 uM for the potassium salt (Fig. 1). THg value of
(9-1awas shown to be 25619 uM. Racemicl was reported to have thg value of 0.48-0.1 uM.2
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Figure 1. The Dixon plot for the inhibition of CPA with potassiuR){2-benzyl-3-formylpropanoatd=}-1a(substrate, CI-CPL;
Tris buffer of pH 7.5; 25°C)

When the inhibitors were assayed as dicyclohexylamine salts, the inhibitory potencies were consider-
ably reduced as can be seen from Table 1, which is probably due to lowered solubility of these organic
salts in the assay medium.

Previously, Galardy and Kortylewicz proposed that the high binding affinity of 2-benzyl-3-
formylpropanoic acid is due to the facile tendency of its formyl moiety, in an aqueous solution, to form a
gemdiol that mimics the tetrahedral transition state generated in the CPA-catalyzed proteolytic process
(Fig. 2)2 In the CPA-catalyzed peptide cleavage, the active site water molecule that is activated dually
by the active site zinc ion and the carboxylate of Glu-270 attacks the carbonyl carbon of the scissile
peptide bond to form a tetrahedral transition state (Fig2ZEnsition state analogs in the enzymic
reaction have been known to bind the active site with high affthitire present observation th&)¢1,
which belongs to the-series, is mostly responsible for the observed inhibitory activityt atcords
with the proposition, since the stereochemistry of the substrate is retained at the transition state.

3. Conclusion

Although the role of the chirality of the inhibitor in enzyme inhibitions is of utmost importance
especially in the design of therapeutically useful inhibitors, the factors controlling and determining the
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Table 1
Inhibition of CPA-catalyzed hydrolysis @-(trans-pchlorocinnamoyl): -B-phenyllactate

Inhibitor K; (uM)
(R, S)-2-Benzyl-3-formylpropanoic acid a
(potassium salt) 0.480.1
(R)-2-Benzyl-3-formylpropanoic acid
(potassium salt) ((R)-1a) 0.38+0.03
(R)-2-Benzyl-3-formylpropanoic acid
(dicyclohexylamine salt) ((R)-1b) 15£2
(S)-2-Benzyl-3-formylpropanoic acid
(potassium salt) ((S)-1a) 25619
(S)-2-Benzyl-3-formylpropanoic acid
(dicyclohexylamine salt) ((S)-1b) 28326

Galardy, R.E.; Kortylewicz, Z.P. Biochemistry, 1984, 23, 2083
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Figure 2. (a) Schematic representation that shows the general-base pathway of CPA-catalyzed hydrolysis of peptide substrate.
A tetrahedral transition state that is generated by the attack of the activated water molecule at the active site on the scissile
carbonyl carbon of the substrate collapses to products; (b) 2-benzyl-3,3-dihydroxypropanoic acid that is generated from
2-benzyl-3-formylpropanoic acid in aqueous solution resembles structurally the tetrahedral transition state in the enzymic
reaction and binds the active site of CPA with high affinity

inhibitor stereospecificity are still poorly understood. We hope that the present observation will be of
value for designing transition state analog inhibitors of pharmacologically important zinc-containing
proteases such as angiotensin converting enzyme and matrix metalloproteases. Inhibitors of these
enzymes are valuable as potential therapeutic agents.
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4. Experimental

Melting points were taken on a Thomas—Hoover capillary melting point apparatus and are uncorrected.
IH NMR and *3C NMR spectra were recorded on a Bruker AM 300 (300 MHz) instrument using
tetramethylsilane as the internal standard. IR spectra were recorded on a Bruker Equinox 55 FT-
IR spectrometer. Flash chromatography was performed on silica gel (230—400 mesh) and thin layer
chromatography (TLC) was carried out on silica coated glass sheets (Merck silica gel 60 F-254). Optical
rotations were measured on a Rudolph Research Autopol Ill digital polarimeter. Elemental analyses were
performed at the Center of Biofunctional Molecules, Pohang University of Science and Technology,
Pohang, Korea.

4.1. 2-Allyl-3-phenylpropanoic acid

To an ice-chilled solution of diisopropylamine (9.2 mL, 70.2 mmol) in dry THF (50 mL) was slowly
addedn-butyllithium (28.1 mL of 2.5 M solution im-hexane, 70.2 mmol) under a nitrogen atmosphere.
After the mixture was stirred for 30 min, hydrocinnamic acid (5.0 g, 33.3 mmol) in dry THF (30 mL)
was added dropwise over a period of 20 min. The resulting yellowish solution was stirred for 40 min,
and then allyl bromide (3.2 mL, 37.0 mmol) was added dropwise. The reaction mixture was stirred for
3 h to give a colorless solution. The pH of the solution was adjusted to 2.5 with 3N HCI solution. The
organic layer was separated and extracted with saturated sodium bicarbonate solution. The aqueous layer
was acidified with 3N HCI solution to pH 2, saturated with sodium chloride, and extracted with ethyl
acetate (50 mk3). The combined extracts were dried over anhydrous Mg3$I@ered, and evaporated
under reduced pressure. The residue was purified by column chromatography, eluting with a solution of
ethyl acetate and-hexane (1:3) to givé (5.3 g, 84%) as a colorless oil. IR (neat) 1712 ¢éntH NMR
(CDClg): 6 2.29-2.46 (m, 2H), 2.75-2.85 (m, 2H), 2.97-3.05 (m, 1H), 5.08-5.15 (m, 2H), 5.74-5.88 (m,
1H), 7.19-7.34 (m, 5H):3C NMR (CDCk): 6 36.0, 37.7, 47.4, 117.9, 126.9, 128.9, 129.3, 135.1, 139.2,
181.2.

4.2. (2R,4R)- and (2 S,4R)-N-(2’-Allyl-3’-phenylpropanoyl)-4-benzyl-1,3-oxazolidin-2-oneR 2R)-3
and (Z2S,4R)-3

To an ice-chilled solution o2 (5.2 g, 27 mmol) in dry CHCl, was added dropwise oxalyl chloride
(2.4 mL, 27 mmol). The reaction mixture was refluxed for 2 h, and then concentrated in vacuo to give
acyl chloride as a colorless oil. A solution dR)¢(+)-4-benzyl-2-oxazolidinone (4.8 g, 27 mmol) in
dry THF, stirred at —78°C under a nitrogen atmosphere, was treated dropwise-kuitigllithium (11
mL of 2.5 M solution inn-hexane, 27 mmol). After the mixture was stirred for 30 min, the above acyl
chloride dissolved in dry THF was added dropwise. The resulting mixture was stirred at —78°C for 30
min, then quenched with saturated ammonium chloride solution and partitioned between ether and water.
The combined ether extracts were washed with 5% sodium bicarbonate solution and brine, then dried
over anhydrous MgSg) filtered, and evaporated under reduced pressure. The resulting diastereomeric
mixture (1:1) was separated by column chromatography, eluting with ethyl acetatehaxdne (1:30)
to give (2S4R)-3 (4.1 g, 43%) as a pale yellow oil and’'R4R)-3 (4.1 g, 43%) as a white crystalline
solid.

Compound (2R4R)-3: [x]p=-114.5 € 0.7, CHC}); IR (neat) 3062, 1779, 1697 ¢ H NMR
(CDClg): 6 2.36 (m, 1H), 2.54-2.58 (m, 1H), 2.60-2.68 (dd, 1H), 2.80-2.99 (m, 2H), 3.20-3.26 (dd,
1H), 3.82 (t, 1H), 3.99-4.03 (dd, 1H), 4.33 (m, 1H), 4.45 (m, 1H), 5.06-5.16 (m, 2H), 5.82-5.87 (m,
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1H), 7.18-7.34 (m, 10H)*3C NMR (CDCk): § 36.7, 38.4, 38.7, 44.4, 55.9, 66.3, 117.8, 126.8, 127.7,
128.8, 129.3, 129.5, 129.8, 135.5, 135.8, 139.3, 153.4, 175.7.

Compound (254R)-3: mp 86-88°C; ]p=-30.7 € 0.5, CHC}); IR (neat) 3027, 1777, 1696 ¢
1IH NMR (CDCl): § 2.30 (m, 1H), 2.40-2.49 (m, 2H), 2.79-2.86 (dd, 1H), 2.97-3.10 (m, 2H), 4.03-4.13
(m, 2H), 4.33 (m, 1H), 4.64 (m, 1H), 5.01-5.10 (m, 2H), 5.75-5.81 (m, 1H), 6.99-7.29 (m, 1%W);
NMR (CDCl): 6 36.7, 38.0, 38.5, 44.7, 55.5, 66.2, 117.7, 126.9, 127.6, 128.8, 129.3, 129.8, 135.6,
139.3, 153.5, 175.7. Anal. calcd forf,3NO3: C, 75.62; H, 6.63; N, 4.01. Found: C, 75.87; H, 6.52;
N, 3.61.

4.3. Benzyl$)-2-allyl-3-phenylpropanoateS)-4

To an ice-chilled solution of benzyl alcohol (2.1 g, 19.4 mmol) in dry THF (50 mL) was slowly
addedn-butyllithium (5.7 mL of 2.5 M solution im-hexane, 14.3 mmol) under a nitrogen atmosphere.
After the mixture was stirred for 1 h, a solution of §4R)-3 (3.3 g, 9.4 mmol) in dry THF (20 mL)
was added dropwise over a period of 30 min. The resulting mixture was stirred at —78°C for 30 min,
then quenched with saturated ammonium chloride solution and partitioned between ether and water. The
combined ether extracts were washed with 5% sodium bicarbonate solution and brine, then dried over
anhydrous MgS@) filtered, and evaporated under reduced pressure. The residue was purified by column
chromatography, eluting with a solution of ethyl acetate atnéxane (1:10) to give§-4 (2.2 g, 84%)
as a colorless oil.§]p=+25.8 € 0.5, CHC}); IR (neat) 3029, 1731, 1496 ct) 1H NMR (CDCL): §
2.32-2.46 (m, 2H), 2.80-2.91 (m, 2H), 2.94-3.03 (m, Q% NMR (CDCk): & 36.5, 38.2, 47.7, 66.5,
117.5,126.7,128.4, 128.6, 128.8, 129.3, 135.5, 136.4, 139.5, 175.0.

4.4. BenzylR)-2-allyl-3-phenylpropanoateR)-4

This compound was synthesized fromR2IR)-3in a manner analogous to that used for its enantiomer.
[®]p=—24.2 € 0.6, CHC}).

4.5. BenzylR)-2-benzyl-3-formylpropanoatdr}-5

Ozonized oxygen was bubbled through a solutionSp4((0.5 g, 1.8 mmol) in anhydrous MeOH (10
mL) at —10°C for 30 min. Nitrogen was then bubbled through the solution to displace any remaining
ozone and the solution was added to a solution of thiourea (70 mg, 0.9 mmol) in anhydrous MeOH at
0°C under stirring. Thioure&dioxide started depositing as white crystals within 15 min. After stirring
for another 40 min, the reaction mixture was filtered and evaporated under reduced pressure. The residue
was diluted with ether and washed with 5% sodium bicarbonate and water. The resulting solution was
evaporated under reduced pressure and purified by flash column chromatography ®R)-Gives (a
colorless oil (0.3 g, 60%).0f]p=+16.1 € 0.6, CHC}); IR (neat) 3030, 1778, 1731 ¢ H NMR
(CDCl3): 6 2.52—-2.60 (dd, 1H), 2.77-2.93 (m, 2H), 3.06—3.13 (dd, 1H), 3.25-3.31 (m, 1H), 5.13 (s, 2H),
7.13-7.39 (m, 5H), 9.72 (s, 1HYC NMR (CDCk): § 38.0, 41.3, 44.8, 67.1, 127.2, 128.7, 129.0, 129.1,
129.4,136.1, 138.4, 174.4, 200.3.

4.6. Benzyl $)-2-benzyl-3-formylpropanoaté&)-5

This compound was synthesized froRR)44 in a manner analogous to that used for its enantiomer.
[#]p=—15.3 € 0.5, CHC}).
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4.7. PotassiumR)-2-benzyl-3-formylpropanoatdr}-1la

To a solution of R)-5 (200 mg, 0.7 mmol) in anhydrous methanol (3 mL) was added a catalytic
amount of 10% Pd/C and the resulting suspension was stirred under hydrogen gas for 1 h. The catalyst
was removed by filtration and the filtrate was evaporated under reduced pressure to give hydroxylactone.
To 130 mg of hydroxylactone was added 0.68 mL of 1N KOH solution, and this mixture was stirred at
ambient temperature until the organic layer had disappeared. Lyophilizationijate (150 mg, 92%)
as a white solid: mp 155-158°Cx]p=-8.1 € 0.5, CHC}); 'H NMR (DMSO-dg): & 1.87—1.94 (dd,
1H), 2.08-2.22 (m, 1H), 2.46-2.65 (m, 2H), 3.05-3.11 (dd, 1H), 7.08-7.26 (m, 5H), 9.49 (S3CH);

NMR (DMSO-ds): 6 39.4, 47.4,50.2, 126.3, 128.9, 129.8, 142.8, 196.5.

4.8. PotassiumS)-2-benzyl-3-formylpropanoaté)-1a

This compound was synthesized fro®-6 in a manner analogous to that used for its enantiomer.
[®]p=+7.5 € 0.5, CHCE).

4.9. R)-2-Benzyl-3-formylpropanoic acid, dicyclohexylamine sgjt{b

To a soluton of the above hydroxylactone (100 mg, 0.5 mmol) in ether was added dicyclohexylamine
(0.2 mL). The resulting salt was filtered and recrystallized fromClp-hexane to giveR)-1b (190 mg,
96% for two steps) as white crystals: mp 129-130%]pE-11.3 € 0.4, CHC}); IR (neat) 3500, 2939,
1715, 1561 cmt; 'H NMR (CDCl): § 1.18-1.36 (m, 10H), 1.62-1.97 (m, 10H), 2.29-2.31 (dd, 1H),
2.45-2.58 (ddd, 1H), 2.66-2.74 (dd, 1H), 2.85 (m, 2H), 3.00 (m, 1H), 3.17-3.24 (dd, 1H), 7.15-7.29 (m,
5H), 9.16 (s, 1H)X3C NMR (CDCh): § 25.3, 25.7, 30.2, 39.0, 44.8, 44.9, 52.9, 126.5, 128.7, 129.5,
140.7, 179.1. Anal. calcd for£H23NOs: C, 73.95; H, 9.44; N, 3.75. Found: C, 73.77; H, 9.29; N, 3.69.

4.10. ©)-2-Benzyl-3-formylpropanoic acid, dicyclohexylamine s8)t1b

This compound was obtained fror8){5 in a manner analogous to that for its enantiometpfE+12.4
(c 0.5, CHCB).

4.11. R)-2-Benzylsuccinic acidR)-6

To a solution of R)-1b (50 mg, 0.13 mmol) and 2-methyl-2-butene (60, 0.57 mmol) int-BuOH
(2 mL) was added dropwise a solution containing sodium chlorite (73 mg, 0.80 mmol) and sodium
dihydrogen phosphate monohydrate (74 mg, 0.54 mmol) in water (3 mL). The resulting pale yellow
solution was stirred at room temperature for 30 min, concentrated in vacuo, and diluted with water (5
mL). The aqueous solution was acidified to pH 2 with 3N HCI and extracted with three 5 mL portions
of ethyl acetate. The ethyl acetate layers were combined, dried with YJg8@centrated under reduced
pressure, and the residue was recrystallized from ether—hexane td_Jig€20 mg, 72%) as a white
crystalline solid: mp 165-166°C [lit.: mp 161-163°Ck]p=+26.5 € 0.7, ethyl acetate) [lit.:¢]p=+27.2
(c 2.9, ethyl acetate)*H NMR (DMSO-dg): § 2.18-2.25 (dd, 1H), 2.35-2.44 (dd, 1H), 2.70-2.75 (q,
1H), 2.84-2.91 (m, 2H), 7.15-7.29 (m, 5H).
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4.12. General remarks for kinetic experiment

All solutions were prepared by dissolving in doubly distilled and deionized water. Stock assay
solutions were filtered before use. Carboxypeptidase A was purchased from Sigma Chemical Co. (Allan
form, twice crystallized from bovine pancrease, aqueous suspension in toluene) and used without further
purification. CPA stock solutions were prepared by dissolving the enzyme in 0.05 M Tris/0.5 M NacCl,
pH 7.5 buffer solution. In the kinetic stud@®-(trans-p-chlorocinnamoyl):-B-phenyllactate (CI-CPL)
purchased from Sigma Chemical Co. was used as substrate and the decrease in the absorbance at 320 nm
was followed using a Perkin—Elmer HP 8453 UV/vis spectrometer at 25°C.

4.13. Determination oK

Initial velocities were calculated from the linear initial slopes of the change in absorbance where
the amount of substrate consumed was less than 10% K7 walues were then estimated from the
semireciprocal plot of the initial velocity versus the concentration of the inhibitors according to the
method of Dixon. Two concentrations of the substrate of CI-CPL were used. Typically, enzyme stock
solution was added to various concentrations of inhibitors in 0.05 M Tris/0.5 M NaCl, pH 7.5 buffer (1
mL cuvette), and the initial rates were measured immediately.

Acknowledgements

The authors wish to express their appreciation to the Korea Science and Engineering Foundation for
the financial support of this work.

References

. Walpole, C. S. J.; Wrigglesworth, Ratural Product Report4989 311-346.

. Galardy, R. E.; Kortylewicz, ZBiochemistryl984 23, 2083—2087.

. Christianson, D. W.; Lipscomb, W. Mcc. Chem. Re4.989 22, 62—-69.

. (a) Yun, M.; Park, C.; Kim, S.; Nam, D.; Kim, S. S.; Kim, D. B. Am. Chem. S0d.992 114, 2281-2282. (b) Lee, S.
S.; Li, Z.-H.; Lee, D. H.; Kim, D. HJ. Chem. Soc., Perkin Trans1995 2877-2882. (c) Kim, D. H.; Kim, Y. Bioorg.
Med. Chem. Lett1993 3, 2681-2684. (d) Ryu, S.-E.; Choi, H.-J.; Kim, D. .Am. Chem. S0d.997 119, 38-41. (e)
Kim, D. H.; Jin, Y.Bioorg. Med. Chem. Letl.996 6, 153-156. (f) Jin, Y.; Kim, D. HBioorg. Med. Chem. Letl.998 8,
3515-3518. (g) Jin, Y.; Kim, D. HTetrahedron: AsymmetrdQ97, 8, 3699-3702.

. Gupta, D.; Soman, R.; Dev, $etrahedronl982 38, 3013-3018.

. Kraus, G. A.; Taschner, M. J. Org. Chem198Q 45, 1175-1176.

. Byers, L.; Wolfenden, RBiochemistryl973 12, 2070-2078.

. (a) Breslow, R.; Schepartz, £&hem. Lett1987 1-4. (b) Breslow, R.; Wernick, D. LProc. Natl. Acad. Sci. USA977,
107, 1303-1307. (c) Galdes, A.; Auld, D. S.; Vallee, B.Riochemistryl986 25, 646—651. (d) Kim, H.; Lipscomb, W.
N. Biochemistry1l99Q 29, 5546—5555.

9. (a) Pauling, LNature1948 161, 707—-709. (b) Wolfenden, RNature1969 223 704-705. (c) Wolfenden, Rcc. Chem.

Res.1972 5, 10-18. (d) Leinhard, G. ESciencel973 180, 149-154.

A WONBRE

o ~N O Ul



