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Blood Coagulation and Related Serine Proteases 

Jozef Oleksyszyn,+ Bogdan Boduszek: Chih-Min Kam,t and James C. Powers*J 
School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, Georgia 30332-0400 

Received November 10, 19938 

A series of new peptidyl (a-aminoalky1)phosphonate diphenyl esters containing the 4-amidinophenyl 
group were synthesized and tested as irreversible inhibitors for thrombin and other trypsin-like 
enzymes. These phosphonates irreversibly inhibited several coagulation enzymes and trypsin. 
Boc-~-Phe-Pro-(4-AmPhGly)~(OPh)2 is the best human thrombin inhibitor in the series with a 
k,b$[I] value of 11 000 M-l s-l, and it inhibits thrombin more than 5-fold more effectively than 
the other enzymes tested. z-(4-AmPhGl~)~(OPh)2 is the best inhibitor for plasma kallikrein with 
akob$[I] value of 18 000M-'s-'. Generally, the (4-AmPhGl~)~(OPh)2 derivatives are better inhibitors 
of thrombin and trypsin than the corresponding (4-AmPhe)P( 0Ph)z derivatives which contain an 
extra CH2 separating the amidinophenyl group from the peptide backbone. The amidino 
phosphonates did not inhibit acetylcholinesterase and were chemically stable in neutral buffers. 
In addition, the inhibited trypsin derivative did not regain any enzyme activity after removal of 
excess inhibitor and incubation in a pH 7.5 buffer for 1 day. Boc-~-Phe-Pro-(4-AmPhGly)~(OPh)2 
and ~-Phe-Pro-(4-AmPhe)~(OPh)2 prolonged the prothrombin time ca. 2-fold and prolonged the 
activated partial thromboplastin time ca. 3-4-fold in human plasma a t  concentrations of 63 and 
125 pM, respectively. The novel amidine-containing peptidyl phosphonates reported here are 
thus effective anticoagulants in vitro, and they may have utility for use in vivo. 

Introduction 
Thrombin plays a pivotal role in blood coagulation since 

it cleaves fibrinogen to form the fibrin clot and can activate 
factor V, VIII, XIII, and protein C in processes which are 
essential for the control of thrombosis and hemostasis. 
Thrombin also stimulates platelet secretion and aggre- 
gation in blood; it is an important mediator of many 
nonhemostatic cellular events and is thought to play an 
important role in disease processes including restenosis 
following vascular surgery or tissue plasminogen activator 
treatment. Thrombin and other blood coagulation en- 
zymes (factor VIIa, IXa, Xa, XIa, XIIa, and protein C) are 
members of the trypsin family of serine proteases. Since 
thrombin is a powerful trigger for thrombus formation in 
the blood, it has been targeted along with other enzymes 
in the coagulation pathway in the design of new anti- 
thrombotic drugs.' Nonpeptidyl inhibitors of thrombin 
include the amidine NAPAP2 and the arginine derivative 
Argatroban which inhibit thrombin reversibly with KI  in 
the submicromolar range.3 Peptide inhibitors containing 
the chloromethyl ketone, aldehyde, boronic acid, or 
trifluoromethyl ketone functional groups and the thrombin 
specific D-Phe-Pro-Arg sequence or a related sequence are 
potent and specific transition-state analog inhibitors for 
t h r ~ m b i n . ~  

Peptidyl phosphonates where the scissile peptide bond 
of a peptide substrate is replaced by an (a-aminoalky1)- 
phosphonic acid residue have been previously reported as 
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inhibitors of serine proteases: and in particular, peptidyl 
derivatives of (a-aminoalky1)phosphonates diphenyl esters 
have been shown to be specific and potent irreversible 
inhibitors of elastases and various chymotrypsin-like 
enzymesS6 Good interactions of the amino acid side chain 
of the inhibitor with the SI pocket and with the extended 
substrate binding sites (S2, 53)' of the serine protease are 
essential for effective inhibition6 Recently, arginine and 
ornithine analogs and peptidyl phosphonates containing 
(a-amino-6-methoxybuty1)phosphonyl or (a-amino-n-hex- 
y1)phosphonyl residues at the PI site have been reported 
to be inhibitors of trypsin and thrombin.s Here we report 
a series of new phosphonate diphenyl esters with 4-ami- 
dinophenyl groups as arginine analogs (structures shown 
in Figure 1) as irreversible inhibitors for thrombin and 
related enzymes. 

Results and Discussion 
Chemistry. Peptide derivatives of 4-amidinophenyl- 

glycine phosphonate diphenyl ester were prepared using 
the reactions outline in Scheme 1. The parent compound 
Z(4-AmPhGly)P(OPh)2 (3) was prepared by a-amidoalky- 
lationg of triphenyl phosphite with 4-cyanobenzaldehyde 
and benzyl carbamate (60-90 "C, AcOH, 2 h) to give 244- 
C N - P ~ G ~ Y ) P ( O P ~ ) ~  (70%) which was converted to the 
imino ester (dry HC1 in CHCl~/ethanol) and then to the 
amidine derivative 3 (dry NH3 in methanol, 70-80%). 
Hydrogenolysis of Z-(4-AmPhGly)P(OPh)2 (3) gave H44- 
AmPhGly)P(OPh)2 (60-80 5% ) which was then coupled 
respectively with Z-Pro-OH, Boc-D-Phe-Pro-OH, and 
2-NpSOz-Gly-OH using CDI to give Z-Pre(4-AmPhGly)P- 
(OPh)2 (41, Boc-~-Phe-Pro-(4-AmPhGly)~(OPh)2 (29%, 
51, and 2-NpSOe-Gly-(4-AmPhGly)P(OPh)2 (30%, 7). 
Hydrogenolysis of 5 gave D-Phe-Pro- (4-AmPhGly)P(OPh)2 
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RC0-(4-A1nPhGly)~(0Ph), (1) R C O - ( C A I ~ P ~ ~ ) ~ ( O P ~ ) ~  (2) 

Figure 1. Structures of phosphonate derivatives of 4-amidi- 
nophenylglycine [diphenyl amino(4-amidinopheny1)methane- 
phosphonate, RCO-(4-AmPhGly)P(OPh)z, 11 and I-amidinophe- 
nylalanine [diphenyl l-amino-2-(4-amidinophenyl)ethane- 
phosphonate, RCO-(4-AmPhe)*(OPh)$, 23. 

Scheme 1. 
CN 

CN 
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BzlOKN g -  'OPh OPh 

b, c 

0 

dp\OPh 

Z-(4-AmPhGly)P(OPh)z (3) 

e - 
0 Reagents: (a) AcOH,6WO°C,2h; (b) dryHC1inCHCldethanol; 

(c) dry NHs in CHSOH (d) 2 N HC1 in CHsOH, Pd/C; (e) RCOOH, 
CDI. 
(24%, 6). The 4-amidinophenylalanine phosphonate 
diphenyl ester derivative Z-(4-AmPhe)P(OPh)2 (8) was 
synthesized from 4-cyanophenylacetaldehyde using the 
same &action scheme with slightly modified conditions 
(a-amidoalkylation, 25-35 % ; amidination sequence, 50- 
70%). Hydrogenolysis produced H-(4-AmPhe)P(OPh)2 
(85-90%, 9) which was coupled with Boc-D-Phe-Pro-OH 
to give Boc-~-Phe-Pro-(4-AmPhe)~(OPh)z (59 % , 11). 
Z-Pr0-(4-AmPhe)~(OEt)z (10) was obtained as a transes- 
terification product during the amidination of Z-Pro-(4- 
CN-Phe)P(OPh)z (50%). Deblocking of 11 with dry HC1/ 
CHC13produced~-Phe-Pro-(CAmPhe)~(OPh)2 (80%, 12). 

Inhibition Kinetics. Acyl and peptidyl derivatives of 
the diphenyl esters of 4-amidinophenylglycine phospho- 
nate and 4-amidinophenylalanine phosphonate are effec- 
tive irreversible inhibitors of human thrombin and human 
plasma kallikrein (Table 1). The best human thrombin 
inhibitor is Boc-~-Phe-Pro-(4-AmPhGly)~(OPh)2 (5) with 
asecond-order inhibition rate constant (kO~/[I1) of 11 000 
M-' s-l which is more than 1 order of magnitude better 
than any of the other compounds teated with human 
thrombin. This inhibitor is also quite specific since only 
trypsin is effectively inhibited by 5 (at 1/5 the rate). The 
Boc group is clearly making significant interactions with 
human thrombin's extended substrate binding site since 
the deblocked derivative 6 and the parent Z-derivative 3 
are substantially poorer inhibitors than 5 by 16- and 140- 
fold, respectively. The 2-NpS02-Gly-(4-AmPhGly)P- 
(0Ph)z derivative 7, which has the same NpSO2-Gly moiety 
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as NAF'AP, also inhibits bovine thrombin poorly. Un- 
expectedly, the 4-amidinophenylglycine derivatives are 
better inhibitors of both trypsin and thrombin than the 
corresponding 4-amidinophenylalanine derivatives [RCO- 
(4-AmPhe)P(OPh)21 which contain an extra methylene 
group in the side chain, and they also appear to be more 
effective than the recently reported arginine derivative 
Ac-~-Phe-Pro-Arg~(OPh)2.~ The higher thrombin inhib- 
itory potency of the Boc derivative 5 (relative to 6) and 
of the AmPhGly derivatives (relative to AmPhe deriva- 
tives) may indicate that there are substantial differences 
in the binding mode of these phosphonates to thrombin 
relative to other peptide-based inhibitors.1° As expected, 
the diethoxy derivative 10 is not an inhibitor of thrombin 
or trypsin. Both human plasma kallikrein and bovine 
trypsin are effectively inhibited by the Z-derivative 3, 
which indicates that even more potent inhibitors could be 
prepared by the introduction of more appropriate peptide 
sequences for these two enzymes. It is also likely that 
more potent inhibitors for human factor XIIa could be 
produced by changes in the tripeptide sequence of 5. 

Inhibition Mechanism. The inhibition mechanism 
of serine proteases by peptidyl phosophonates involves 
phosphonylation of the active-site serine via a pentaco- 
valent intermediate with loss of one phenoxy group to 
form a stable phosphonylated derivative which may 
undergo slow aging to form a serine phosphonomonoester 
upon loss of the second phenoxy group. The serine 
phosphonate derivative has a tetrahedral geometry similar 
to the tetrahedral intermediate formed in peptide bond 
hydrolysis. The 31P NMR of a freshly prepared complex 
of trypsin inhibited by 3 showed a broad signal at  25.55 
ppm (downfield relative to H3P04), while 3 alone gave a 
signal a t  14.87 ppm. Similar results are also observed in 
the complex of chymotrypsin inhibited by Suc-Val-Pro- 
PheP(OPh)2, which has a chemical shift of 25.98 ppm.6 
The more than 10 ppm difference in chemical shift is 
consistent with a tetrahedral geometry at  the phosphorus 
atomll and is similar to the chemical shift observed in 
simple (a-aminoalky1)phosphonate diethyl esters.12 The 
two bulky phenoxy group in the inhibitor molecule result 
in a change in the 0-P-0 angle to a value larger than 109O 
with a resulting upfield chemical shift. 

The phosphonates and phosphonylated enzyme deriv- 
atives are remarkably stable. The UV spectrum of 3 
showed maximum absorbance at  246 nm at neutral pH in 
0.1 M Hepes, 0.5 M NaCl, pH 7.5 buffer and no change 
was observed after incubation for 3 days at  room tem- 
perature. Trypsin inactivated by 3, 5, 6, and 7 did not 
regain any activity after incubation for 24 h in the pH 7.5 
buffer. None of the derivatives (3,4,5,6, and 7) inhibited 
acetyl~holinesterase.~~ 

Anticoagulant Activity. Compounds 3,5,6, and 12 
were tested in human plasma with the prothrombin (PT) 
and activated partial thromboplastin time (APTT) co- 
agulant assays, and the PT was prolonged from 14.6 s to 
17.0,19.8,29.3, and 28.0 s in the presence of 125 p M  of 3, 
6, and 12 and 63 p M  of 5, respectively. At the same 
inhibitor concentrations, the APTT was prolonged from 
34.0 s to 61.2,73.0, 106, and >140 s, respectively for 3,6, 
12, and 5. Both compounds 5 and 12 prolonged the PT 
ca. 2-fold and prolonged the APTT ca. 3-4-fold although 
their thrombin inhibition rates differed by over 200-fold. 
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Table 1. Rates of Inhibition of Thrombin and Other Trypsin-like Serine Proteases by Peptide Phosphonate Derivatives of 
4-Amidininophenylglycine and 4-Amidin~phenylalanine~ 

Oleksyszyn et al. 

no. inhibitor 
human bovine human human plasma bovine 

thrombin thrombin factor XIIa kallikrein trypsin 
3 
4 
6 
6 
7 
8 
9 

10 
11 
12 

80 
20 

11000 
700 

0.2 
2.2 

0.7 
NI 

54 
1200 

170 20 1 so00 2000 
70 2.6 60 100 

12000 52 160 2200 
730 2.8 250 110 
170 25 960 470 

24 
32 
NI 
130 
50 

0 Enzyme (0.03-2.3 pM) was incubated with the inhibitor (1.7-420 pM) in 0.3-0.6 mL of 0.1 M Hepes, 0.01 M CaCl2 (0.5 M NaCl for human 
thrombin), pH 7.5, &12% Me2SO at 25 "C. Aliquots (26150 pL) were withdrawn at various intervals and the residual enzymatic activity 
were measured. Residual activity of trypsin and other coagulation enzymes were assayed with Z-Phe-Gly-Arg-NA (100-120 pM) and ZArg- 
SBzl (80-90 pM), respectively. The kob values were calculated from pseudo-first-order plots. kOd[I1 value was calculated from the data 
obtained from ref 8c. 

Conclusion 
The 4-amidinophenylglycine and 4-amidinophenylala- 

nine phosphonate derivatives which we have synthesized 
are stable in neutral pH buffer, are potent inhibitors of 
thrombin and other coagulation serine proteases, are 
inactive toward acetylcholinesterase, and form stable 
enzyme-inhibitor complexes. In addition, they appear to 
be more easily synthesized and more potent than the 
recently reported ornithine and arginine phosphonate 
derivatives. The stability of the inhibitors make them 
suitable for in vivo studies, and preliminary experiments 
indicate that some of the compounds are active in arabbit 
model of coagulation. The stability of the enzyme- 
inhibitor complex makes these compounds suitable for 
crystallographic investigations. Molecular modeling stud- 
ies and experiments aimed at  extending these 4-amind- 
inophenyl derivatives to other trypsin-like enzymes are in 
progress. 

Experimental Section 
Synthesis of Inhibitors. Benzyl carbamate, triphenyl phos- 

phite, 4-cyanobenzaldehyde, 1 , 1'-carbonyldiimidazole (CDI) , 1,3- 
dicyclohexylcarbodiimide (DCC), and all common chemicals were 
obtained from the Aldrich Co., Milwaukee, WI. Blocked amino 
cid derivatives were obtained from Aldrich or Bachem Bioscience 
Inc., Philadelphia, PA. The NMR spectra were recorded on a 
Varian Gemini 300 MHz instrument. 3lP NMR spectra were 
obtained at  161.895 MHz using broad-band lH decoupling on a 
Varian XL-400 instrument; chemical shifts were reported relative 
to 85% phosphoric acid (sealed capillary) at O.OO0 ppm with 
positive values downfield. Elemental analyses were performed 
by Atlantic Microlabs of Atlanta, GA. 

Diphenyl [N-(Benzyloxycarbonyl)amino](4-cyanophe- 
ny1)methanephosphonat.a [Z-(4CN-PhGly)*(OPh)a, 3al. This 
compound was synthesized from 9.75 g of 4-cyanobenzaldehyde, 
7.65 g of benzyl carbamate, and 13.5 mL of triphenyl phosphite 
in 20 mL of glacial acetic acid using the a-amidoalkylation 
procedure described previously? yield 70 % ; mp 135-138 "C. Anal. 

Diphenyl [ N-( Ben zy loxy carbonyl)amino] (4-amidinophe- 
ny1)methanephosphonat.a Hydrochloride [ 2-(4-A1nPhGly)~- 
(OPh)z, 31. A solution of 7 g of the cyano derivative Z-(4-CN- 
PhGly)P(OPh)~in 150mLofdrychloroformand 15mLofabsolute 
ethanol was saturated with dry HCl at  0 "C and was kept in the 
refrigerator until no starting materials were present (checked 
periodically by TLC, ca. 24 h required). An excess of pentane 
was added, and the precipitate was removed by filtration and 
dried in uacuo. The solid was then dissolved in 200 mL of dry 
methanol, and dry ammonia (one equivalent is required) was 

(C=HSN~O~P*O.~H~O) C, H, N. 

passed through the solution for ca. 20 min. Methanol and excess 
ammonia were evaporated as fast as possible. Fresh methanol 
(100 mL) was added, and the solution was heated at  50 "C for 
8 h until TLC shows the absence of the imino ether. The solvent 
was evaporated, and the resulting oil was dissolved in chloroform. 
Addition of ether caused the oil to solidify. The solid was again 
dissolved in chloroform and precipitated with ether to give the 
product: yield 70-80%; mp 154-158 OC dec; 31P NMR 14.87 
ppm. Anal. (C&nN30&lP-O.3NH&l.H20) C, H, N, C1. 

An improved amidination procedure was developed subse- 
quently and should be used in future syntheses. The imino ester 
is dissolved in a freshly prepared solution of ammonia (1.5 equiv) 
in methanol, ammonium chloride (1 equiv) is added, and the 
mixture is then stirred at room temperature for 1 day. 

Diphenyl Amino(4-amidinopheny1)methanephosphonate 
Dihydrochloride [ (4-AmPhGly)p(OPh)z, 3b]. A sample (1.8 
g) of compound 3 was dissolved in 150 mL of 2 N HCl in methanol 
and stirred under 1 atm of hydrogen in the presence of 5 % Pd/C 
catalyst. After hydrogenolysis, the catalyst was removed and 
the solvent was evaporated. The residue was crystallized from 
ethanol-ether to give the product: yield 6040%;  mp 213-215 

Diphenyl [N-(Benzyloxycarbonyl)-~-prolylamino]( &ami- 
dinopheny1)methanephosphonate Hydrochloride [Z-Pro- 
(4-AmPhGly)P(OPh)z, 41. To 0.5 g of Z-proline (2 "01) in 3 
mL of dry DMF at 0 "C was added 0.45 g of CDI (2.77 mmol), 
and the mixture was kept at 0 OC for 1 h. Then 0.9 g of compound 
3b (2 mmol) was added. After the mixture was stirred for 18 h 
at  0-5 OC, 10 mL of water was added. The oily residue was 
washed with water and solidified by washing with cold 0.1 N 
HCl. One gram of the compound was obtained and used for next 
step without purification: 3lP NMR spectra, 12.31, 12.62 (free 
base) and 15.11, 15.41 ppm (hydrochloride). [After addition of 
one drop of concentrated HC1 to the NMR tube, 14.22, 14.54 
ppm (ratio l:l), the chemical shift difference is caused by a solvent 
effect due to the excess concentrated HC1.1 

Boc-D-Phe-L-Pro-OH (4a). Boc-D-Phe-OH (2.66g, 10 mmol) 
and L-Pro-OBzl (2.42 g) were coupled using DCC, and BOC-D- 
Phe-Pro-OBzl was obtained in 83% yield IH NMR (CDCh) 6 
7.34 (8, 5H), 7.23 (m, 5H), 5.4 (d, lH), 5.15 (q,2H), 4.65 (m, lH), 
4.35 (m, lH), 3.5 (m, lH), 3.1-2.9 (m, 2H), 2.6 (m, lH), 2.0-1.7 
(m, 4H), 1.43 (8, 9H). 

Hydrogenolysis was performed in methanol with 5 %  water 
using 5 %  Pd/C as a catalyst. The product was obtained as a 
white solid and recrystallized from aqueous methanol: yield 86 % ; 
mp 173-174 OC; 1H NMR (DMSO) 6 7.3-7.15 (m, 5H), 7.0 (d, 
lH), 4.45 (m, lH), 4.10 (m, lH), 3.6-2.7 (m,4H), 2.2-1.6 (m,4H), 
1.30 (s,9H); MS (FAB+) m/e 363 (M + 1); [ala0~ = -91.5" (0.14 
g/mL in methanol). Anal. (C1sHaN205) C, H, N. 

Diphenyl [N-[ (tert-Butyloxycarbonyl)-D-phenylalanyl- 
~-prolyl]amino](4-amidinophenyl)methanephosphonate By- 
droc hloride [ Boc-r+Phe-~-Pro-( 4 -AmPhGl~)~(  OPh),, 61. CDI 
(0.17 g, 1.05 m o l )  was added to a solution of 0.36 g (1.0 mmol) 

"C. Anal. ( C N H ~ ~ N ~ O & ~ ~ P . O . ~ H ~ O )  C, H, N, C1. 
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7.35 (d, 2H), 3.84 (8, 2H); MS m/e 146 (M + 1). Anal. (CeH7- 

Diphenyl l-[N(Benzyloxycarbonyl)~no]-2-(4-cyanophe- 
ny1)ethanephosphonate [Z-(4-CN-Phe)p(OPh),, Sb]. This 
compound was synthesized from crude 4-cyanophenylacetalde- 
hyde, benzyl carbamate, and triphenyl phosphite using a mod- 
ification of the previously described amidoalkylation procedure.@ 
Benzyl carbamate (6.1 g, 40 mmol) and 4-cyanophenylacetal- 
dehyde (4.7 g, 32 mmol) were dissolved in 50 mL of toluene and 
refluxed for 1 h. The toluene was evaporated, glacial acetic acid 
(10 mL) and triphenyl phosphite (8.5 mL, 32 mmol) were added 
to the residue, and the mixture was heated at 80 "C for 2 h. The 
volatile materials were removed by evaporation in uacuo, and 
the resulting oil was dissolved in 50 mL of methanol. The solution 
was refrigerated overnight, and the white precipitate was fiitered, 
dried, and recrystallized from 50 mL of hot methanol. The 
undissolved product was discarded, and the filtrate was cooled 
down to give white crystals: yield 25-35%; mp 136-137 "C; 'H 
NMR(DMS0) S 8.20(d,lH),7.75 (d,2H),7.54 (d,2H),7.35 (m, 
5H), 7.3-7.1 (m, lOH), 4.95 (q,2H),4.60 (m, lH), 3.4-3.0 (m, 2H); 
MS (FAB+) m/e 513 (M + 1). Anal. (C=H&JzO&') C, H, N. 

Diphenyl l-Amino-2-(4-cyanophenyl)ethanephosphonate 
Hydrobromide [4-CN-PheP(OPh)z.HBr, Sc]. Z-(4-CNPheIP- 
(0Ph)n (0.57 g, 1.1 mmol) was mixed with 1.0 mL of 30% HBr 
in acetic acid. The mixture was protected against moisture and 
kept at room temperature for 1 h. Addition of 50 mL of dry ether 
and stirring for several hours resulted in formation of a yellow 
brownish solid which was filtered, washed with ether, and dried 
to give the product (0.48 g, 95%): mp 197-199 "C; lH NMR 
(DMSO) 6 9.0 (b, 3H), 7.85 (d, 2H), 7.65 (d, 2H), 7.4-7.0 (m, lOH), 
4.7 (m, 1H), 3.4 (m, 2H); MS (FAB+) m/e 379 (M - Br). 

Diphenyl l-[N-(Benzyloxycarbonyl)amino]-2-(4-amidi- 
nopheny1)ethanephosphonate [Z-(4-AmPhe)P(OPh)a, 81. 
Z-(4-CNPhe)P(OPh)z (1.03 g, 2.0 mmol) wasdissolved in amixture 
ofmethanolandchloroform (Ll, 20mL). Thesolutionwascooled 
to 0 "C, saturated with dry HC1, and kept at  5 "C for 48 h, and 
then the solvent was evaporated at  room temperature in uacuo. 
The resulting semisolid was treated with 50 mL of dry ether, 
filtered, washed with dry ether, and dissolved in 10 mL of 
methanol containing 51 mg (3.0 mmol) ammonia. Ammonium 
chloride (107 mg, 2.0 mmol) was added, the mixture was stirred 
at  room temperature for 1 day, the solvent was removed at  room 
temperature in uacuo, the resulting semisolid was dissolved in 
50 mL of chloroform and filtered, and the filtrate was evaporated 
to give the crude product. The crude product was treated with 
50 mL of dry ether and stirred, and the undissolved solid collected, 
washed with ether, and dried to give the amidine product 8 as 
a yellow powder: yield 50-70%; mp >140 "C dec; 'H NMR 

7.38 (m, 5H), 7.3-7.1 (m, lOH), 4.95 (q,2H), 4.6 (m, lH), 3.4-3.1 
(m, 2H); MS (FAB+) m/e 530 (M - Cl). Anal. (CaH=NsO&lP) 
C, H, N. 

Diphenyl l-Amino-2-(4-amidinophenyl)ethanephospho- 
nate [(4-AmPhe)P(OPh)~.2HC1, 91. The amidine 8 (1.0 g, 1.76 
mmol) was dissolved in 150 mL of methanol containing 2 mmol 
of HCl, a catalyst (0.5 g of 5% Pd/C) was added, and the mixture 
was hydrogenated. After hydrogenolysis, the catalyst was 
removed by filtration and the filtrate was evaporated to give a 
near white crystalline product: yield 85-90%; mp >180 "C dec; 
1H NMR (DMSO) S 9.5-9.3 (d, 4H), 9.2-9.0 (m, 3H), 7.9-7.1 (m, 
14H), 4.55 (m, 1H), 3.2-3.5 (m, 2H); MS (FAB+) m/e 396 (M + 
1 - 2HC1). Anal. (C21HuNsOsC12P) C, H, N. 

Diphenyl 1-[ [K(Benzyloxycarbonyl)-~-prolyl]amino]-2- 
(4-cyanopheny1)ethanephosphonate [z-Pr0-(4-CN-Phe)~- 
(OPh),, loa]. To a cooled solution of the phosphonate 8c (0.41 
g, 0.9 mmol) and Z-Pro-OH (0.25 g, 1.0 mmol) in 20mL of CH2Cl2 
was added 0.14mL of triethylamine. After the solution was stirred 
for 10 min, DCC (0.21 g, 1.0 mmol) was added and the mixture 
was stirred at  0 "C for 2 h and at  room temperature for 24 h. 
During this period, dicyclohexylurea (DCU) formed and was 
removed by filtration, and the filtrate was evaporated. The 
residue was dissolved in 50 mL of ethyl acetate and filtered, and 
the filtrate was washed with 50 mL of 1 N HC1, water, 6% 
NaHCOs, and water. The organic layer was dried, fiitered, and 
evaporated to give crude product which was then recrystallized 
from ether to give white crystals: yield 52 5% (0.29 9); mp 131-132 

NO.0.5H20) C, H, N. 

(DMSO) S 9.4-9.2 (d,4H),8.25 (d,lH),  7.8 (d,2H),7.6 (d, 2H), 

of Boc-D-Phe-Pro-OH in 2 mL in dry DMF at 0 "C. After the 
mixture was stirred at  0 "C for 1 h, 0.45 g (1.0 mmol) of the 
dihydrochloride 3b was added, and the solution was stirred at  
0 "C for 48 h. Water (10 mL) was added, and the oil residue was 
decanted and washed with distilled water. The oil residue was 
dissolved in chloroform, and the solution was washed with 4% 
NaHCOa, water, and 0.05 N HC1. After drying with MgSO4 and 
removal of the solvent, the resulting oil was dried in uacuo for 
a few hours to give 0.22 g of product: yield 29% ; mp 185-190 "C; 
3lP NMR, 12.42,12.66,12.79 ppm (stereoisomers and conformers, 
free base); 15.12, 15.38, 15.58 (hydrochloride); MS (FAB+) mle 
726 (M - Cl). Anal. (CssHyN6O.rClP.O.5H20) C, H, N, C1. 

Diphenyl [N-(~-Phenylalanyl-~-prolyl)amino](4-amidi- 
nopheny1)methanephosphonate Dihydrochloride [D-Phe- 
Pro-(4-AmPhGly)P(OPh)~, 61. The Z group in compound 4 
was deblocked by hydrogenolysis in 1 N HCl in methanol with 
0.1 g of 5% Pd/C. The catalyst was removed by filtration, the 
solvent was evaporated, and the oily residue (2HClaPro44- 
AmPhGl~)~(oPh)z) was dried in uacuo. A solution of 0.43 g of 
Boc-D-Phe-OH (1.64 mmol) and 0.34 g of CDI (2 mmol) in 2 mL 
of dry DMF was kept at 0 "C for 1 h, and a sample of the 
dihydrochloride (0.9 g, 1.64 mmol) was added. After incubation 
for 24 h, 10 mL of water was added and the oil which formed was 
decanted. After washing with 0.1 N HCl, the oil was solidified 
and dried in uacuo. The dry solid was dissolved in 1 N HC1/ 
methanol and stirred for 1 h. The solvent was removed by 
evaporation to give an oil which was dried in uacuo to give 0.3 
g of product: yield 24%; mp 220-224 "C; 3lP NMR 16.95,17.25, 
17.60 ppm (stereoisomers and conformers); MS (FAB+) m/e 626 
(M + 1 - 2HC1). Anal. (C~H&.06C12P.5H20) C, H, N, C1. 

Diphenyl [ N- [ (2-Nap h t  hy lsul fon y1)glycy l]amino] (4-ami- 
dinopheny1)methanephosphonate Hydrochloride [2-Np- 
S02-Gly-(4-AmPhGly)P(OPh)z, 71. This compound was pre- 
pared in the same manner as 6 from 0.3 g (1.13 mmol) of (2- 
naphthylsulfonyl)glycine, 0.2 g (1.23 mmol) of CDI, and 0.45 g 
(1.0 mmol) of dihydrochloride 3b to give the product: yield 30% 
(0.21 9); mp 205-210 "C dec; 31P NMR 11.76 (free base), 14.74 
ppm (hydrochloride). Anal. (C32H&O&lPS.H20) C, H, N, S. 
4-Cyanophenylacetaldehyde (Sa). This compound was 

prepared from 4-cyanobenzaldehyde using a modification of a 
procedure previously used in the multistep synthesis of 2-phe- 
ny1pr0panal.l~ 

Et hy 1 3- (4-Cyanophenyl) -2,3-epoxypropionate. Ethyl chlo- 
roacetate (6.2 g, 50 mmol) and 4-cyanobenzaldehyde (6.6 g, 50 
mmol) were dissolved in 100 mL of dry benzene. Freshly prepared 
sodium ethoxide solution in absolute ethanol (1.3 g sodium in 25 
mL ethanol) was added, and the mixture was stirred at  room 
temperature for 20 h. Water (100 mL) was added with stirring, 
and after several minutes the organic layer was separated, washed 
with water, dried (MgSOI), filtered, and evaporated to give the 
desired epoxy product as a yellow oil: yield 70-80 % ; 'H NMR 
(CDCls) 6 7.68 (d, 2H), 7.43 (d, 2H), 4.30 (m, 2H), 4.16 (d, lH), 
3.48 (d, lH), 1.34 (t, 3H). 

Sodium 3-(4-Cyanophenyl)-2,3-epoxypropionate. Ethyl 
3-(4-cyanophenyl)-2,3-epoxypropionate (10.9 g, 50 mmol) was 
dissolved in 50 mL of absolute ethanol and cooled with an ice 
bath. A freshly prepared sodium ethoxide solution (1.2 g of 
sodium in 25 mL of ethanol) was added dropwise during a 10- 
min period. Dropwise addition of 1 g of water to the stirred 
mixture caused separation of the sodium salt of the epoxy 
compound. The mixture was stirred for 3 h, and the salt was 
collected by filtration, washed with 50 mL ethanol and ether 
several times, and dried: yield 75-85%; 1H NMR (D2O) 6 7.58 
(d, 2H), 7.33 (d, 2H), 3.93 (d, lH), 3.39 (d, 1H). 

A 1 N HC1 solution (50 mL, 50 mmol) was added to the sodium 
salt of the epoxy compound (10.6 g, 50 mmol) dissolved in 50 mL 
of water. This resulted in the separation of an oil which solidified 
after a short time. This material was refluxed with 100 mL of 
toluene for 2.5 h to effect decarboxylation. The organic layer 
was separated, washed with water, dried (NazSO,), filtered, and 
evaporated to give 4-cyanophenylacetaldehyde as a yellow 
brownish oil which solidified after several hours, yield 35-45%. 
This product is unstable and was used immediately for next step; 
otherwise, polymerization occurs. A sample of the crude product 
was purified by recrystallization from ether-hexane to give white 
crystals: mp 63-65 "C; NMR (CDCla) 6 9.81 (8, lH), 7.65 (d, 2H), 
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OC; 1H NMR (DMSO) 8 8.75 (m, lH), 7.8-7.2 (m, 19H), 5.06 (m, 
2H),4.95 (m, 1H),4.6 (9, 1H),4.2 (m,lH),3.5-3.1 (m, 3H), 2.0- 
1.4 (m, 4H); MS (FAB+) m/e 610 (M + 1). Anal. (CsrHazNaOeP) 
C, H, N. 

Diethyl 1-[ [N-(Benzyloxycarbonyl)-cprolyl]amino]-2-(4- 
amidinopheny1)ethanephosphonat.e [ Z-Pr0-(4-AmPhe)~(0- 
Et)a, 101. This c o m p o ~ d  was obtained during the amidination 
procedure of dipeptide 10a when ethanol was used instead of 
methanol. Transesterification occurred, and the phenyl groups 
were replaced by ethyl groups: yield 50% (0.11 9); mp >130 OC 
dec;lHNMR(DMSO)69.4-9.2(m,4H),8.4(m,lH),7.&7.1(m, 
9H), 5.0 (8,  2H), 4.5 (m, lH), 4.2 (m, lH), 4.0 (m, 4H), 3.5-2.9 (m, 
4H), 2.1-1.4 (m, 4H), 1.25 (m, 6H); MS (FAB+) m/e 531 (M - Cl). 
Anal. ( C ~ H ~ N ~ O & I P )  C, H, N. 

Diphenyl 1-[ [N-( tert-Butyloxycarbony1)-Dphenylalanyl- 
~-prolyl]amino]-2-(4-cyanophenyl)ethanephoephonat.e [ Boc- 
~-Phe-Pro-(4-CN-Phe)~(OPh)z, lla]. The phosphonate 8c 
(0.46 g, 1 mmol) was coupled with Boc-D-Phe-Pro-OH (0.36 g, 1.0 
mmol) using DCC. The product was obtained as a glass-like 
solid: yield 86% (0.62 g); mp 85-90 OC; 'H NMR (DMSO) 6 8.25 
(2d, lH), 7.8-7.0 (m, 19H),4.8 (m, lH), 4.4 (m, lH), 4.3 (m, lH), 
4.2 (m, lH), 3.5-2.8 (m, 4H), 2.0-1.4 (m, 4H), 1.3 (m, 9H); MS 
(FAB+) m/e 723 (M + 1). Anal. (CaHaN,O,P.0.25H20) C, H, 
N. 

Diphenyl 1-[ [N-( tert-Butyloxycarbony1)-Dphenylalanyl- 
~-prolyl]amino]-2-(4-amidinophenyl)ethanephosphonate 
[Boc-~-Phe-Pro-(4-AmPhe)~(OPh)t, 111. CDI (0.13 g, 0.8 
mmol) was added to Boc-D-Phe-Pro-OH (0.24 g, 0.67 mmol) in 
2 mL of DMF. A solution of amidine 9 (0.31 g, 0.67 mmol) in 
2 mL of DMF was added to a cooled solution (0 "C) of the peptide, 
and the mixture was incubated at  0 OC for 2 h and room 
temperature for 48 h. DMF was removed in uacuo, the residue 
oil was dissolved in 100 mL of CHCla and filtered, and the organic 
layer was washed subsequently with 50 mL of 0.05 M HCl, 10 % 
KCl, 6% NaHCO3, and water. The organic layer was dried, 
filtered, and evaporated to give a crystalline product which was 
then dried in uacuo: yield 59% (0.31 g); mp 145-155 OC dec; lH 
NMR (DMSO) 8 10.1-9.7 (m, 2H), 9.4-9.0 (m, 3H), 8.0-7.0 (m, 
19H), 6.75 (m, lH), 4.9-4.0 (m, 3H), 3.5-2.6 (m, 6H), 2.0-1.4 (m, 
4H), 1.3 (8, 9H); MS (FAB+) m/e 740 (M - Cl). Anal. 

Diphenyl 1 - [ N- (~-Phenylalanyl-~-prolyl )amino]-2- (4- 
amidinopheny1)ethanephosphonat.e Dihydrochloride [DPhe- 
Pro-(4-AmPhe)P(OPh)a, 121. Compound 11 (0.11 g) was 
dissolved in 2 mL CHCla and the solution was saturated with dry 
HC1. An oily precipitate formed, and the mixture was kept at  
room temperature for 2 h before evaporating to dryness to obtain 
the crystalline product: yield 80% (0.08 g); mp >165 OC dec; lH 
NMR (DMSO) 8 9.4-9.2 (d, 4H), 8.5 (m, 3H), 8.2 (m, lH), 7.9-7.0 
(m, 19H), 4.8-3.9 (m, 3H), 3.5-2.8 (m, 6H), 2.0-1.1 (m, 4H); MS 
(FAB+) m/e 640 (M + 1 - 2C1); exact mass calcd for C35H&J50$ 
(M + 1 - 2HC1) 640.2689, found 640.2786. 

Enzyme Inactivation. Hepes and Mes were purchased from 
Research Organics Inc., Cleveland, OH, and 4,4'-dithiodipyridine 
waa purchased from AldrichChemicalCo., Milwaukee, WI. Bovine 
and porcine pancreatic trypsin, bovine thrombin, and human 
erythrocyte acetylcholinesterase were obtained from Sigma 
Chemical Co., St. Louis, MO. Human plasma kallikerin and 
factor XIIa were generous gifts of Dr. Kazuo Fujikawa of the 
University of Washington. Human thrombin was kindly provided 
by Dr. S. Krishnaswamy of Emory University. The substrates 
Z-Arg-SBzl-HC1 and 2-Phe-Gly-Arg-NA.HC1 were prepared as 
previously described.lbJ* 

Incubation Method. An aliquot of inhibitor (25 or 50 pL) 
in MezSO was added to 0.28-0.55 mL of a buffered enzyme 
solution (0.03-2.3 pM) to initiate the inactivation. Aliquots (25- 
150 p L )  were withdrawn at various intervals, and the residual 
activity was measured as described below. A 0.1 M Hepes, 0.01 
CaCl2, pH 7.5 buffer was utilized for all enzymes except for human 
thrombin which was assayed in 0.1 M Hepes, 0.5 NaCl, p.H 7.5 
buffer. Inhibitors concentrations were 1.7-420 pM. Trypsin was 
assayed with Z-Phe-Gly-Arg-NA-HC1 (100-120 pM),16 and the 
hydrolysis rates of the 4-nitroanilides were measured at  410 nm 
(adlo = 8800 M-1 cm-l)." Other enzymes were assayed with Z-Arg- 
SBzl (80-90 pM), and the hydrolysis rates of thioesters were 
measured with assay mixtures containing 4,4'-dithiodipyridine 

(C~&J~07P*0.3HC1*1.5H~O) C, H, N. 

Oleksyezyn et ai. 

(SaN = 19 800 M-l cm-1).18 Acetylcholinesterase was assayed with 
acetylthiocholine (0.36 mM) in 0.1 M phosphate, pH 8.0 buffer 
in the presence of 0.47 mM 5,5'-dithiobis(2-nitrobenzoic acid).'@ 

Pseudo-fiit-order inhibition rate constants (ked were ob- 
tained from plots of In uJuo VB time. The apparent second-order 
inhibition rate constants (k&[I]) shown in Table 1 are typically 
the average of duplicate or triplicate experiments. 

Stability of Inhibited Trypsin. Reactivation of inhibited 
trypsin was measured after the removal of excess inhibitor from 
the reaction mixture by centrifugation twice at  0 OC for 1 h using 
Amicon Centricon-10 microconcentrators. The enzymatic ac- 
tivity of the solution was assayed at various times as described 
above. 

*lP NMRof theComplexofTrypsinand Z-(a-AmPhGly)P- 
(0Ph) t  (3). A solution of 3 (10% solution in MeaO) was added 
in 25-pL portions to 100 mg of porcine pancreatic trypsin in 75 
mL of Hepes buffer, pH 7.5, with stirring at  room temperature 
until the solution shows no enzymatic activity. The solution was 
adjusted to pH 4 and then concentrated at 4 OC through an 
Amicon UM membrane (M, cutoff 10 OOO) at 80 psi of nitrogen 
over a period of 0.5 h until 5-7 mL of solution remained. Fresh 
Mes buffer (75 mL, 0.1 M Mea, 0.1 M CaCls, pH 5.5) was added 
and the concentration process repeated three times before the 
residual solution was transfered to a 10"  NMR tube. After 
addition of ca. 15% v/v of D20, the spectrum was run at  161.895 
MHz using broad lH decoupling on a Varion XL-400 instrument 
at room temperature. The solution was freshly prepared and 
the spectrum run almost immediately. Chemical shift data are 
reported relative to 85% phosphoric acid (sealed capillary) at  
0.OOO ppm with positive values downfield. The trypsin-inhibitor 
complex showed one broad signal at  25.55 ppm, and compound 
3 showed a signal at 14.87 ppm under similar conditions. 
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