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Rapid Parallel Synthesis of Dipeptide Diphenyl Phosphonate Esters as
Inhibitors of Dipeptidyl Peptidases

Kristel Senter, Liesbeth Dariiks,” Pieter Van der Vekeh|ngrid De Meestef,
Anne-Marie Lambeif, Simon Scharfpé Achiel Haemer$,and Koen Augustyns*

Department of Medicinal Chemistry and Department of Medical Biochemistry,
University of Antwerp, Uniersiteitsplein 1, B-2610 Antwerp, Belgium

Receied October 24, 2002

In this paper, we present a parallel synthesis of several series of dipeptide diphenyl phosphonates that are
known to be irreversible inhibitors of serine proteases. Polymer-assisted solution-phase synthesis (PASP) is
used for the rapid and clean coupling between varimsninoalkyl diphenyl phosphonate ester building
blocks and commercially available or easily accessible amino acids. These compounds were used for the
rapid profiling of dipeptidyl peptidase Il (DPP I1) and the closely related dipeptidyl peptidase 1V (DPP V).

A highly selective DPP Il inhibitor was identifietN-cyclopentylglycyl-NHCH(GHs)PO(OPh) (9.35), that

will be useful to discriminate between DPP Il and DPP 1V in biological systems in order to further elucidate
the biological function of DPP II.

Introduction
Ser Ser

Serine proteases are a well-known group of enzymes that Oﬁl 0)
are involved in a variety of physiological and pathological ( — | gpOPh | —
processes. Development of specific inhibitors of this class R.' opnh (')?OPh
of enzymes is a valuable tool for understanding the contribu- 1 OPh
: L : ) 0
tion of individual enzymes to homeostasis and pathophysi-
ology and for the rational design of therapeutic drugs. A Ser Ser
variety of phophorus-containing compounds have been ) HyO )
reported to be inhibitors of proteases with a serine-type Q _a_g_iﬁgr Q _
mechanism. Diisopropyl phosphofluoridate (DFP) belongs R—g—oph R—g—o

to the class of fluorophosphates and is still one of the most _ R )
widely used broad-spectrum inhibitors of these enzykes; Figure 1. Proposed mechanism for the inhibition of serine
however, it has an extreme toxicity and low stability and is proteases by diphenyl phosphonates.
unable to discriminate between different subclasses of serine
proteases in biological studies. Oleksyszyn and Powers prepared a seriegs-aminoalkyl

An important progress to enhance the selectivity was the diphenyl phosphonate ester analogues of aromatic (Phe) and
development of peptidyl phosphonates in which the scissile aliphatic (Val, Leu, Nva, Met) amino acids as inhibitors of
peptide bond of a peptide substrate is replaced by a diphenylelastases and various chymotrypsin enzyffeBiphenyl
phosphonate residue. A variety of peptidyl diphenylphos- phosphonate esters of basic amino acids, such as lysine,
phonate esters based on sequences of known substrates féomolysine, ornithine, and arginine, have been incorporated
various serine proteases were reported to be excellentinto peptide sequences selective for trypsine-like serine
irreversible inhibitors. The proposed mechanism of inhibition Proteases, including thrombifi€Oleksyszyn et al. described
involves a nucleophilic substitution at the phosphorus atom @ series of diphenyl phosphonate esters containing 4-ami-
by the active-site serine to form a phosphonylated enzyme dinophenyl groups at the; Bite as irreversible inhibitors of
through a pentavalent intermediaend is accompanied by ~ thrombir? and related enzymes, including granzyme A and
the loss of one phenoxy group (Figure 1). The resulting K.8In addition, acidic amino acid (Asp, Glu) analogues have
enzyme-inhibitor complex may undergo slow aging to form been reported as inhibitors &taphylococcus aureus V8
a serine phosphonomonoester upon loss of the second’rotease and granzyme®B.
phenoxy groug.The irreversible character of these types of ~ We are particularly interested in dipeptidyl peptidases from
inhibitors and their discriminatory capabilities make them the serine protease family. A series of dipeptides that
useful in establishing the biological function of a specific contained phosphonate analogues of proline and homoproline
serine protease. have been described to irreversibly inhibit dipeptidyl pep-

tidase IV (DPP V)% 2Although the rates of inhibition of
t Department of Medicinal Chemistry. DPP IV by these compounds were moderate, the inhibitors
* Department of Medical Biochemistry. were shown to be quite specific for DPP IV and gave no
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Scheme 1. Synthesis ofr-Aminoalkylphosphonate (1) and Scheme 2. Synthesis ofN-Substituted Glycinds
2-Pyrrolidylphosphonate (2) Building Blocks

(o}
¢ rom + 8o gD e ooy S
@ﬁOJJ\NHZ 3 H O R Br-+H3N\|/P<O Ha
= XD
1 \I( (0] 5a: Y = cyclopentyl
_N. )J\ 5b: Y = cyclohexyl
@ Boc™ 'C" 'OH 5¢:Y =benzyl

5d: Y = sec-butyl

@ 5 5e: Y = isobutyl

aReagents: (a) ED, overnight, rt; (b) BogO, TEA, dioxane, HO, 5 h,

L CI‘*HZN?
VY7 + Heopn), 44, 1.0
O s

2

aReagents: (a) AcOH, 2h, 8C; (b) HBr/AcOH, 3 h, rt; (c) 85°C rt.
under N, 2h; (d) HCI gas/EO. (R: see Table 1).
Table 1. Synthesized Dipeptide Diphenyl Phosphonate

inhibition of trypsine; elastases, such as human leukocyte Analogues of Proline

elastase (HLE) and porcine pancreatic elastase (PPE); purity® (8)  purity® (10) yieldd (10)
acetylcholinesterase; papain; and cathepsin B. Some com-80r10 Y  Xa& % % %
pounds slowly inhibited chymotrypsin. 1 H Ala 58 96 36
Dipeptidyl peptidase 1l (DPP II), recently reported to be -2 H Asn 87 99 59
identical to quiescent cell proline dipeptidase (QPPj,is '2 H éf;’ gf gf gf
a very closely related enzyme. To further investigate the DPP 5 H His 31 106 7e
Il function, it is necessary to develop highly specific and .6 H Lys 66 106 51e
potent inhibitors that are able to differentiate between DPP -7 H Phe 83 95 58
Il and DPP IV in biological systems. To date, no specific 'g : ?ﬁiraPro ?f—, g‘é gg
and potent phosphorus-based inhibitor has been reported. 15 H val 69 90 41

A parallel synthesis of dipeptide diphenyl phosphonates aSide chain protection for the synthesis ®fis as follows:

would be a valuable tool for the rapid profiling of serine  agn(Trt), Asp(QBU), His(Boc), Lys(Boc), SetBu). ® The HPLC
proteases, in particular, dipeptidyl peptidases. In this paper, purity of 8 at 214 nm before purification by preparative TLCThe
we present a polymer-assisted solution-phase synthesiHPLC purity of 10 at 214 nmThis is the total yield of both
(PASP) for the rapid and clean coupling between various COUp””%_ and deprgte%tion;:'rlgggwe casexffer F’(‘;“f'cat'on l?fY g
ccamineal dphery phosphonateeser bulding bocks and PP oSt pase HPKITee capeunds er e
commercially available or easily accessible amino acids. All

compounds were biochemically evaluated for their DPP I evaporation afforded the protected dipeptide diphengii-
and DPP IV inhibitory activity. noalkyl phosphonates7) and dipeptide diphenyl proline
phosphonates3j. Purity of crude7 and8 (Tables 1 and 2)
ranged from 50 to 98% at 214 nm and was usually above
Synthesis About 50 dipeptide diphenyl phosphonates were 80%. Impurities were mostly due to the presence of unscav-
synthesized using a polymer-assisted solution phase protoenged HOBt and phenol that can be explained by the low
col'® by coupling diphenyle-aminoalkyl phosphonated ( stability of the phosphonates. Only BocHis(Boc)OH as
and?2) with amino acids 4 and5). Building blocks1 were N-terminal building block and diphenyl phosphonate building
obtained as a mixture of enantiomers using an amidoalky- blocks carrying cyano-substituted phenyl side chains gave
lation reaction, starting from triphenyl phosphite, benzyl- lower purities. An intermediate purification of the protected
carbamate, and the corresponding aldehyde, as described bgipeptides by preparative TLC was carried out in order to
Oleksyszyn et al! Diphenyl pyrrolidine-2-phosphonate  ensure the 9995% purity needed for biological evaluation
hydrochloride 2) cannot be obtained using the previous of the final compounds. Deprotection using 50% trifluoro-
synthesis and was prepared from 1-pyrroline trimer and acetic acid (TFA) in dichloromethane yielded the target
diphenyl phosphite to yield the phosphonate building block compound® and10in good purity. Only a few compounds
2 in an enantiomeric mixture (Scheme1}8 needed a final purification after deprotection by preparative
The N-terminal building blocks4) are commercially HPLC (Tables 1 and 2).
available N-tert-butyloxycarbonyl (Boc)-protected amino Biochemical Evaluation. Initially, dipeptide diphenyl
acids with acid-labile side chain protection. To increase the phosphonates analogues of proline and alanine were evalu-
diversity, a set of Boc-protected N-substituted glyci(®s ated because of the reported substrate specificity of DPP |l
were prepared by reaction of bromoacetic acid and an amineand DPP |V for peptides containing proline or alanine at
followed by Boc-protection of the-amino function (Scheme  the penultimate position.
2).19 Dipeptide Phosphonate Analogues of Proline (10, Table
Building blocks @) or (5) reacted with hydroxybenzot- 3). These compounds have a DPP |V inhibitory activity as
riazole (HOBLt) and a polymer-bound carbodiimide to afford expected? comparable to previous resutfdHowever, these
the activated ester$) (Scheme 3). A limiting amount of  compounds are not very promising as DPP Il inhibitors: Gly-
building blocks () or (2) was then added, and after reaction Prd’(OPh) (10.4 and His-Pr6(OP), (10.5 are the most
overnight, addition of polymer-bound polyamine captured active DPP Il inhibitors, but with low selectivity with respect
the excess of activated estd) @nd HOBt. Filtration and  to DPP IV.

Results and Discussion
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Table 2. Synthesized Dipeptide-Aminoalkyl Diphenyl Phosphonates

purity? (7) purity© (9) yield? (9)
70r9 Y R Xaat % % %

1 H CHs Ala 76 91 51
2 Asn 80 77 23
3 Asp 53 91 32
4 Cha
5 Achf 89 99 82
6 Acp? 76 100 66
7 Gly 78 94 60
8 His 30 100 27
9 lle 85 97 21
.10 Leu 80 99 77
11 Lyd

12 Phe 89 97 13
13 Pro 90 95 55
14 Ser 56 83 18
15 Tyr 90 95 65
.16 Val 94 95 13
A7 H CHCHs Cha 91 100 58
.18 lle 97 98 59
.19 H CHCH,CH;s Cha 98 85 52
.20 lle 93 100 6
21 Lys 97 90 56
.22 H CH(CH), lle 83 85 39
.23 H CH(CH)CH,CHjs lle 84 100 36
.24 H CHCH(CHs) lle 77 94 59
.25 H CH(CHCHa), lle 87 89 60
.26 H GHi1 Cha 98 100 73
27 Dab 72 95 54
28 His 72 99 58
.29 lle 92 90 35
.30 GHs lle 92 99 51
31 H CHCsHg lle 69 100 42
.32 H GsHa(4-CN) lle 48 96 28
.33 H GHa(3-CN) lle 43 74 14
.34 GHo CgH11 Gly 96 96 51
.35 GHs Gly 93 98 55
.36 CﬁHll C6H11 GIy 97 99 54
.37 Cl‘szHa C6H11 GIy 92 98 63
.38 CH(CH)CH,CHs CgH11 Gly 97 98 57
.39 CHCH(CH), CgH11 Gly 96 97 53

aSide chain protection for the synthesis divas as follows: Asn(Trt), Asp(Bu), His(Boc), Lys(Boc), SetBu), Tyr({Bu). ® HPLC
purity of 7 at 214 nm before purification by preparative TLG4PLC purity of9 at 214 nm; in one cadeafter purifacation by preparative
reversed-phase HPL®@ Total yield of both coupling and deprotectiohCyclohexylalanine. This compound was not synthesized using the
PASP protocolf 1-Amino-1-cyclohexanecarboxylic aciél1-Amino-1-cyclopentanecarboxylic aciiThis compound was purified by
preparative reversed-phase HPLC after final deprotectibhis compound was not synthesized using the PASP protocol.

Dipeptide Phosphonate Analogues of Alanine (9-1 inhibition. This increase, however, was observed only with
9.16, Table 4, Figure 2).These compounds afforded only Cha ©.26 and not with lle 9.29 as N-terminal building
minimal inhibition of DPP Il as well as of DPP IV. Data block (Figure 2). Compound Cha-NHCH{d,;)PO(OPh)
obtained for DPP IV inhibition were comparable to previous (9.26) exhibited an |G value of 30uM and gave practically
results?® Only Cha-Al&(OPh} (9.4) and lle-Al&(OPh}) (9.9 no DPP IV inhibition. In addition, aromatic side chains were
exhibited a moderate Kgvalue for DPP I, respectively 47  introduced 9.30-9.33: lle-NHCH(CsHs)PO(OPh) (9.30
and 116uM, combined with a promising selectivity with  containing a phenyl side chain was 8 times more active than
respect to DPP IV (Figure 2). Therefore, Cha and lle were 9.29with a cyclohexyl side chain and had ans@alue of
retained for further investigation with other dipheiyami- 18 uM for DPP II; however, introduction of benzyl9(31)
noalkyl phosphonates. or cyano-substituted phenyl side chai®8¢ 9.33 decreased

Variation of the Diphenyl a-aminoethyl Phosphonate activity.

Side Chain (Table 4, Figure 2).Elongation or branching N-Terminal Building Block Variation (Table 4, Figure

of the diphenyki-aminoalkyl phosphonate side chath7— 2). Recently, our laboratory identified 2,4-diaminobutyric
9.25 in general did not improve the DPP Il inhibition. acid (Dab) and histidine (His) as very interesting N-terminal
However, Cha-NHCH(CKCH3)PO(OPh) (9.17) with an building blocks in a series of dipeptide piperidides leading
ethyl side chain had an kgvalue in the same range as to highly active and selective, reversible DPP Il-inhibit&rs.
compound®.4bearing a methyl side chain (Figure 2). Further Therefore, the potential of these amino acids as N-terminal
elongation did not favor the DPP Il inhibition. building blocks in the series of diphenyl phosphonates was

Interestingly however, introduction of a cyclohexyl side studied. Both were combined with a cyclohexyl side chain
chain in the phosphonate building block increased DPP Il containing phosphonate, leading to compout@3and9.28
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Scheme 3. Parallel Synthesis of Dipeptide DiphenytAminoalkylphosphonates (9) and Diphenyl Phosphonate Analogues of

Proline (10) Using Polymer-Bound Reagénts
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aX represents the side chain of the amino acid Xaa in Tables 1 and 2.

Table 3. Inhibitory Activities and Selectivity Index for
Diphenyl Phosphonate Analogues of Prolid®)g¢

I1Cs0 (uM)

10 DPP IV inhibition DPP Il inhibition St
1 >1000 >1000 1
2 c >125

3 >1000 no inhibition

4 16+ 1.6 79+ 48 0.2
5 3264 40 60+ 7.5 5.4
.6 117+ 21 >1000 <0.12
7 142+ 16 >1000 <0.14
.8 503+ 55 >1000 <0.5
9 >1000 no inhibition

.10 89+ 6 no inhibition

NH; 1 2

y

X
BOC\N)WN B/@
0
Y O _pr-

TFA/CH,Clp (111)

8

increase of the DPP Il inhibition (K5 value = 8 uM)
compared to Cha-NHCHEi1,))PO(OPh) (9.26) (Figure 2).
N-Cyclohexylglycine 9.36) and other N-substituted glycines
(9.37t0 9.39 were less active as N-terminal building blocks.
Finally, combination oN-cyclopentylglycine and a phos-
phonate building block containing the phenyl side chain
yielded the most active compoun@.85 synthesized, with
an 1Gs value for DPP 1l of 3.8«M and with high selectivity
with respect to DPP IV (SI much higher than 33). After initial
screening of a series of potential inhibitors, followed by an
extensive investigation of the structtactivity relationship,
we were able to identifiN-cyclopentylglycyl-NHCH(GHs)-
PO(OPh) (9.35 as a potent and selective DPP Il inhibitor

2In a standard assay, the highest concentration of test compoundn a limited time period.

was 1000uM. Because of solubility problems, the highest
concentration measured was sometimes limited to:d25In case

of enzyme activity>50% in the presence of the highest concentra-
tion tested, the 16 value is reported as 125.P S| = selectivity
index = ICsq value for DPP 1V divided by Ig value for DPP II.
¢No data due to solubility problems.

Conclusions

With parallel synthesis, we were able to investigate in a
short time the structureactivity of these dipeptide diphenyl
phosphonates as inhibitors of DPP II. In a three-step
(Figure 2). Results of biochemical evaluation again show synthesis, we prepared a large number of potential DPP I
the interesting characteristics of Dab {¢®@alue 0f9.27= inhibitors without difficult purification steps. The importance
21 uM) as N-terminal building block; His9.28, however, of both the N-terminal and diphengt-aminoalkyl phospho-
gave only moderate DPP Il inhibition. nate building blocks could be evaluated. Cyclohexylalanine

A series of N-substituted glycine amino acids (vere (Cha) and, more importantly\N-cyclopentylglycine were
synthesized containing hydrophobic side chains (cyclopentyl, selected as the most promising N-terminal building blocks
cyclohexyl, benzyl, ...) to mimic cyclohexylalanine. Com- with respect to DPP Il inhibition and selectivity. In evaluating
pound9.34with N-cyclopentylglycine gave an almost 4-fold  the phosphonate building blocks, the phenyl side chain was
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Table 4. Inhibitory Activities and Selectivity Index for the-aminoalkyl Diphenyl Phosphonates Compoun@s (

ICs0 (uM) ICs0 (uM)
9 DPP IV inhibition DPP Il inhibition S 9 DPP IV inhibition DPP Il inhibition St
1 >500 <1000 >0.1 21 >1000 >1000 1
2 c 2864+ 27 22 >1000 +1000 >5
3 >500 no inhibition .23 >1000 414 >12.1
4 >500 47+ 8 >10.6 24 >1000 286 >17.5
5 >1000 >1000 1 .25 >1000 >1000 5
6 >500 >500 1 26 >250 30+2 >8.5
7 >500 >1000 >0.5 27 1000 281 47.6
8 >500 >500 >1 .28 >1000" 2414 30 >4.2
9 >500 116+ 10 >4.3 29 >1000 148 >34
.10 >1000 >500 2 .30 > 250 18+1 >13.7
A1 >500 >1000 >0.5 31 >1259 288+ 28 >0.4
A2 >500 <1000 >0.5 .32 >250 150+ 30 >1.7
13 >500 <1000 >0.1 .33 >1259 509+ 22 >0.3
14 >500 >1000 >0.5 34 >125 8.0+ 0.5 >17
15 >500 >500 1 .35 >125 3.8+0.1 >33.2
.16 >500 <1000 >0.5 .36 >129 67+10 >1.9
A7 >1000 62+ 12 >16.1 .37 >125 43+ 7 >2.9
.18 >1000 +1000 >5 .38 >1000 109+ 7 >9.2
19 >250 5004+ 100 >0.5 .39 >125 158+ 18 >0.8
.20 >1000 +1000 >5

a|n a standard assay, the highest concentration of test compound wagNIOB@cause of solubility problems, the highest concentration
measured was sometimes limited to 125, 250, or/@d01In the case of enzyme activity50% in the presence of the highest concentration
tested, the 16 value is reported as 125, >250, or>500uM, respectively? SI = selectivity index= 1Cs, value for DPP 1V divided by
ICso value for DPP 1. No data due to solubility problem$Enzyme activity at the highest concentration was more than 80%.

discovered to give interesting resulkéCyclopentylglycyl- chromogenic substrates Gly-Ppeaitroanilide at pH 8.3 and
NHCO(GHs)PO(OPH) (9.39 will be used as an active and  Lys-Ala-p-nitroanilide at pH 5.5 for DPP IV and DPP I,
selective inhibitor in biological studies to further elucidate respectively. Test compounds were dissolved and diluted in
the DPP Il function. DMSO (final concentration DMSO during assay, 5% v/v).
The highest concentration of compounds tested was 1 mM.
ICso value was defined as the inhibitor concentration that
Materials. Parallel synthesis was performed using the caused a 50% decrease of the activity under assay conditions.
Quest 210 Organic Synthesizer (Argonaut Technologies). Synthesis. Diphenyl a-aminoalkyl phosphonate hydro-
Boc-protected amino acid#y-cyclohexycarbodiimideN'- bromidé”’ (1) and diphenyl pyrrolidine-2-phosphonate hy-
methylpolystyrene resin (PS-carbodiimide) and tris-(2-ami- drochloridé® (2) were synthesized as described earlier.
noethyl)-amine polystyrene resin were purchased from Coupling of the Building Blocks Using Polymer-
Novabiochem. Other reagents were obtained from Sigma- Assisted Solution-Phase Synthesfs Protected amino acids
Aldrich or Acros. (4 or 5) (0.375 mmol), HOBt (0.425 mmol), and PS
Analysis. Characterization of all compounds was done carbodiimide (0.75 mmol) were added to a dry reaction
with 'H NMR, mass spectrometry, and analytical reversed- vessel. Dichloromethane (4 mL) was added, and the mixture
phase HPLC!H NMR results were recorded on a Bruker was stirred for 10 min prior to the addition of the phospho-
Avance DRX-400 spectrometer (400 MHz). Fast atom nate building block 1 or 2) (0.25 mmol), dissolved in 1 mL
bombardment (FAB) mass spectra were obtained on a VG of dichloromethane. Diphenyii-aminoalkyl phosphonate
70-SEQ hybrid mass spectrometer (Micromass, Manchesterhydrobromide {) was prior to its use converted to the free-
U.K.), equipped with a cesium ion gun. Electrospray {ES base form by basic extraction. Diphenyl pyrrolidine-2-
mass spectra were acquired on a Autospec-ao-TOF masghosphonate hydrochlorid@)(was used as such: coupling
spectrometer (Micromass, Manchester, U.K.) or a tripple was mediated by adding an equivalent amount of triethy-
quadrople mass spectrometer (Quattro I, Micromass, lamine to the reation mixture. After stirring at room
Manchester, U.K.) or a Bruker Esquire 3000 plus. Analytical temperature overnight, the polymer-bound polyamine (1.5
HPLC was run on a Gilson instrument (Viliers-le-bel, France) mmol) was added, and stirring was continued for 5 h. The

Experimental Section

equipped with an Ultrasphere ODS column (4.&50 mm, reaction mixture was filtered, and the amide producbl
5 um, Beckman, Fullerton, CA). Preparative TLC was 8) was collected in the filtrate. The resins are washed two
performed on Silicagel 60RB& containing gypsum. times with 4 mL of dichloromethane, and the combined

Biochemical Evaluation. DPP IV was purified from fractions were evaporated under reduced pressure. The purity
human seminal plasma as described previotBPP Il was of the compounds7(or 8) was checked by TLC and reverse-
isolated from the same source using techniques describedohase HPLC. Compounds were purified by preparative TLC
previously for purification of the enzyme from porcine using a mixture of EtOAc and hexane (usually 40/60) as
seminal plasm& supplemented with adenosine deaminase eluent. Deprotection was done by dissolvihgr 8 in 4 mL
affinity chromatography to eliminate contaminating DPP of a TFA/dichloromethane (1:1) mixture. The solution was
IV.22 Enzyme activity was measured kinetically with the stirred for 3 h, and the volatile part was removed under
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0 0
il_OPh
HzNJ HN ~OPh

O

9.4 9.9 9.17
ICs0 = 47 UM ICs0=116 uM ICs0 = 62 uM
S1>10.6 SI>43 Sl >16.1

i _OPh i _OPh i _OPh
H N I H N [ H N [
2 %HN “oph - %HN ~oPh 2 %HN ~oph
T
NH, >N
9.26 9.27 9.28
IC50 =30 UM ICsp =21 pM ICs0 = 241 uM
i _OPh i _OPh
HoN 5 HoN 5
2 \HLHN ~OPh 2 %HN ~OPh
9.29 9.30
ICs0 = 148 UM ICs0= 18 uM
SI>34 Sl >13.7
o)
N 5. OPh 2 oph
O/ JHN “OPh UNJHN ~OPh
9.34 9.35
|C50 =8 uM |C50 =3.8uM
SI>17 SI >33

Figure 2. 1Cso values for DPP Il inhibition of the most potent inhibitors.

reduced pressure. After coevaporating several times with3.13-3.19 (m, 1H, CH), 4.42 (t, 0.5Ha-CH), 4.48 (t, 0.5H,

ether, the residues were lyophilised froent-butyl alcohol/
water (4:1) to yield compoundsor 10. All compounds were

0-CH), 4.73-5.02 (m, 1H,a-CH), 7.14-7.25 (m, 4H,
0-Haron), 7.31-7.38 (M, 2H,p-Haron), 7.43-7.58 (m, 4 H,

evaluated and analyzed as a mixture of diastereomers of then-Harom); MS (ES") m/z 393 (M + H)™ .

diphenyl phosphonate esters.

Diphenyl1(R,S)-[(L-Alanyl)amino]ethylphosphonate Tri-
fluoroacetate (9.1).'H NMR (D0, 400 MHz)6 1.58 (d,J
= 7.2 Hz, 1.5H, CH), 1.60 (d,J = 7.2 Hz, 1.5H, CH),
1.71, (dd,Jun = 7.2 Hz, Jpny = 18.4 Hz, 1.5H, Ch) 1.72
(dd, dun = 7.2 Hz,Jpn = 18.4 Hz, 1.5H, CH), 4.14-4.23
(m, 1H, o-CH), 4.95-5.02 (m, 1H,a-CH), 7.18-7.24 (m,
4H, 0-Harom), 7.35-7.38 (m, 2H,p-Haron), 7.45-7.56 (m,
4H, m-Harom); MS (ES") mz 349 (M + H)™.

Diphenyl 1(R,S)-[(L-Asparaginyl)amino]ethylphospho-
nate Trifluoroacetate (9.2).*H NMR (D,0O, 400 MHz) o
1.73 (dd,dun = 7.2 Hz,Jpyy = 18.4 Hz, 3H, CH), 2.94-

2.97 (m, 1H, CH), 3.06-3.16 (t, 1H, CH), 4.41 (t, 0.5H,

o-CH), 4.47 (t, 0.5H,a-CH), 4.92-5.04 (m, 1H,a-CH),
7.17-7.28 (m, 4H,0-Haron), 7.35-7.42(m, 2H, p-Haron),
7.46-7.54 (M, 4HM-Haror{m, 1H,a-CH),); MS (ES) m/z
392 (M + H)*.

Diphenyl 1(R,S)-[(L-Aspartyl)amino]ethylphosphonate
Trifluoroacetate (9.3). 'H NMR (D,0, 400 MHz)6 1.70

(dd, Juy = 7.2 Hz, Jpy = 18.8 Hz, 1.5H, Ch), 1.69 (dd,

Jun = 7.2 Hz,Jpy = 18.8 Hz, 1.5H, CH), 3.05 (d, 1H, CH)),

Diphenyl 1(R,9)-[(S-Cyclohexylalanyl)amino]ethylphos-
phonate Trifluoroacetate (9.4).'H NMR (D,0O, 400 MHz)
0 0.99-1.72 (m, 13H, CH, CH), 1.54 (dd, 3H, Ch), 3.85
(t, 1H, a-CH), 4.74-4.83 (m, 1H,a-CH), 7.01-7.04 (m,
2H, Haom), 7.11=7.16 (m, 4H, Hion), 7.23-7.32 (m, 4H,
Harom); MS (ESY) mVz 431 (M + H)*.

Diphenyl 1(R,S)-[(S-1-Amino-1-cyclohexylcarbonyl)-
amino]ethylphosphonate Trifluoroacetate (9.5)H NMR
(CDCls, 400 MHz)¢ 1.30-1.61 (m, 9H, CH, CH,), 1.69-
2.99 (m, 4H, CH), 4.85-4.93 (m, 1H,a-CH), 7.077.20
(m, 6H, Hyon), 7.26-7.32 (M, 4H, Hon); MS (ES") m/z
403 (M + H)*.

Diphenyl 1(R,S)-[(S-1-Amino-1-cyclopentylcarbonyl)-
amino]ethylphosphonate Trifluoroacetate (9.6)H NMR
(D20, 400 MHz)6 1.69 (dd, 3H, CH), 1.91-2.21 (m, 7H,
CHy), 2.32-21.37 (m, 1H, CH), 4.94-5.00 (m, H,o-CH),
7.13-7.19 (m, 4H, Hrom), 7.29-7.34 (M, 2H, Hon), 7.40-
7.46 (M, 4H, Hion); MS (ESH) mVz 389 (M + H)*.

Diphenyl 1(R,9)-[(Glycyl)amino]ethylphosphonate Tri-
fluoroacetate (9.7).'H NMR (D0, 400 MHz)6 1.69 (dd,
3H, Jun = 7.2 Hz,Jpy = 18.4 Hz, CH), 3.82-4.00 (m, 2H,
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CH,), 4.94-5.01 (m, 1H,a-CH), 7.20 (d, 4H,0-Harom),
7.33-7.37 (M, 2H,p-Harom), 7.40-7.49 (M, 4H,m-Haron);
MS (ES") m/z 335 (M + H)™.

Diphenyl 1(R,S)-[(L-Histidyl)amino]ethylphosphonate
Trifluoroacetate (9.8). 'H NMR (D,0, 400 MHz)6 1.51
(dd, Jun = 7.2 Hz,Jpyy = 18.8 Hz, 1.5 H, ChH), 1.62 (dd,
Jun = 7.2 Hz,Jpn = 18.8 Hz, 1.5H, Ch), 3.30-3.44 (m,
2H, CH,), 4.29 (t, 0.5Hp-CH), 4.36 (t, 0.5Hp-CH), 7.00-
7.16 (M, 5H,0-Harom 4-Haron), 7.25-7.36 (M, 2H,p-Haron),
7.37-7.47 (M, 4H,m-Haron), 8.38 (s, 0.5H, 2-Hon), 8.71
(s, 0.5H, 2-Hiom); MS (ESF) m/z 415 (M + H)™.

Diphenyl 1(R,S)-[(L-Isoleucyl)amino]ethylphosphonate
Trifluoroacetate (9.9). 'H NMR (DO, 400 MHz)6 0.90
(t, J = 7.2 Hz, 1.5H,0-CHjs), 1.00 (t,J = 7.2 Hz, 1.5H,
0-CHjg), 1.06 (d,J= 7.2 Hz, 1.5H,y-CH3), 1.12 (d,J = 7.2
Hz, 1.5H,y-CHjy), 1.23-1.36 (m, 1H, CH), 1.53-1.65 (m,
1H, CH,), 1.72 (dd, 3HJun = 7.2 HZ,Jpyy = 18.4 Hz, CH}),
2.00-2.54 (m, 1H$-CH), 3.96 (dJ = 5.8 Hz, 0.5H0-CH),
4.03 (d,J=4.9 Hz, 0.5H0-CH), 4.79-5.05 (m, 1Ha-CH),
7.12-7.28 (m, 4H, Hrom), 7.30-7.40 (m, 2H, Hiom), 7.41—
7.52 (M, 4H, Hion); MS (ES") m/z 391 (M + H)*.

Diphenyl 1(R,S)-[(L-Leucyl)amino]ethylphosphonate Tri-
fluoroacetate (9.10)H NMR (CDCls, 400 MHz)6 0.71—
0.89 (m, 6H, CH), 1.44-1.62 (m, 6H, CH, CH CHjy),
4.05-4.21 (m, 1H0-CH), 4.706-4.81 (m, 1Ho-CH), 7.01-
7.16 (m, 6H, Hron), 7.25-7.27 (M, 4H, Hiom); MS (ES')
m/z 391 (M + H)™.

Diphenyl 1(R,S)-[(L-Lysyl)amino]ethylphosphonate Tri-
fluoroacetate (9.11)H NMR (CDCl;, 400 MHz)d 1.36—
1.46 (m, 1H, CH), 1.49-1.62 (m, 2H, CH), 1.68 (dd, 3H,
CHy), 1.74-1.84 (1, 1H, CH), 1.99-2.08 (m, 1H, CH),
2.68 (t, 1H,e-CH,), 3.06 (t, 1H,e-CHy), 4.10-4.15 (m, 1H,
o-CH), 4.84-5.00 (m, 1H,o-CH), 7.09-7.21 (m, 4H,
0-Harom), 7.24-7.33 (M, 2H,m-Harom), 7.36-7.46 (M, 4H,
p-Harom); MS (ES") m/z 406 (M + H)*.

Diphenyl 1(R,S)-[(L-Phenylalanyl)amino]ethylphospho-
nate Trifluoroacetate (9.12).*H NMR (D;0O, 400 MHz)6
1.44 and 1.69 (ddJyy = 7.2 Hz,Jpy = 18.4 Hz, 3H, CH),
3.17-3.20 (m, 2H, CH)), 4.30-4.42 (m, 1H,a-CH), 4.89-
4.99 (m, 1H,0-CH), 7.10-7.23 (m, 5H, Hron), 7.29-7.42
(m, 5H, Hyon), 7.45-7.54 (m, 5H, Hon); MS (ESH) miz
425 (M + H)*.

Diphenyl 1(R,S)-[(L-Prolyl)amino]ethylphosphonate Tri-
fluoroacetate (9.13)*H NMR (D,0O, 400 MHz)¢ 1.71 (dd,
Jhn = 7.6 Hz,Jpyy = 18.8 Hz, 3H, CH), 1.92-2.02 (m, 1H,
B-CHy), 2.05-2.19 (m, 2H,y-CHy), 2.44-2.57 (m, 1H,
B-CHy), 3.44-3.57 (m, 2H,0-CH,), 4.38 (t, 0.5H,a-CH),
4.50 (t, 0.5H-CH), 4.79-5.01 (m, 1Ho-CH), 7.177.25
(m, 4H, 0-Haron), 7.34-7.39 (M, 2H,p-Hawon), 7.45-7.51
(m, 4H, mHarom); MS (EST) m/z 375 (M + H)™.

Diphenyl 1(R,S)-[(L-Seryl)amino]ethylphosphonate Tri-
fluoroacetate (9.14).*H NMR (D;0O, 400 MHz)6 1.72+
1.73 (dd, 3H,Juy = 7.2 Hz,Jpy = 18.4 Hz, CH), 3.87—
4.12 (m, 2H, CH), 4.22-4.26 (m, 1H,a-CH), 4.97-5.02
(m, 1H,a-CH), 7.21-7.25 (m, 4H,0-Haron), 7.36-7.40 (m,
2H, p-Harom), 7.47-7.52 (m, 4H,m-Haom); MS (ES") mvz
365 (M + H)*.

Diphenyl 1(R,S)-[(L-Tyrosyl)amino]ethylphosphonate
Trifluoroacetate (9.15).*H NMR (D0, 400 MHz)¢ 1.41
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(dd, Jyn = 7.6 Hz,Jpy = 18.4 Hz, 1.5H, CH), 1.65 (dd,
Jun = 7.6 Hz,Jpy = 18.4 Hz, 1.5H, Ch), 3.13-3.18 (m,
1H, CH,), 3.26-3.31 (m, 1H, CH), 4.24 (t, 0.5H,0-CH),

4.33 (t, 0.5H,a-CH), 4.90-4.95 (m, 1H,0-CH), 6.72 (d,
1H, 3,5-Hyon), 6.97 (d, 1H, 3,5-Kom), 7.06 (d, 1H, 2,6-
Harom), 7.14-7.18 (M, 4H,0-Haon), 7.24 (d, 1H, 2,6-lFon),

7.33-7.39 (M, 2H,p-Harom), 7.43-7.52 (M, 4H,m-Harom);

MS (ESY) miz 441 (M + H)*.

Diphenyl 1(R,S)-[(L-Valyl)amino]ethylphosphonate Tri-
fluoroacetate (9.16).*H NMR (D0, 400 MHz)¢ 1.08-
1.16 (m, 6H, CH), 1.73+ 1.74 (dd, 3HJun = 7.2 Hz,Jpn
= 18.4 Hz, CH), 2.25-2.40 (m, 1H,-CH), 3.92 (dJ =6
Hz, 0.5H,a-CH), 3.96 (d,J = 6 Hz, 0.5H,0-CH), 4.93-
5.08 (m, 1H,a-CH), 7.15-7.27 (m, 4H,0-Haron), 7.35—
7.40 (m, 2H,p-Haromy), 7.44-7.53 (m, 4H,m-Harom); MS
(ES") m/z 377 (M + H)*.

Diphenyl 1(R,9-[(S-Cyclohexylalanyl)amino]propy-
Iphosphonate Trifluoroacetate (9.17).!H NMR (CDCls,
400 MHz) 6 0.68-1.15 (m, 8H, CH, CHy), 1.271.74 (m,
8H, CH,, CH), 1.8%+-1.98 (m, 1H,3-CH,), 2.02-2.13 (m,
1H, f-CH,), 4.20-4.32 (m, 1H,a-CH), 4.53-4.66 (m, 1H,
a-CH), 7.05-7.33 (M, 10H, Hom); MS (FAB*) mVz 445 (M
+ H)™.

Diphenyl 1(R,9-[(L-Isoleucyl)amino]propylphospho-
nate Trifluoroacetate (9.18).'H NMR (CDCls, 400 MHz)
0 0.75-1.06 (m, 9H, CH), 1.11-1.57 (m, 2H,y-CH,),
1.81-2.15 (m, 3H, 8-CH, -CHp), 4.15-4.24 (m, 1H,
o-CH), 4.574.67 (m, 1H,0-CH), 7.05-7.33 (m, 10H,
Harom); MS (FAB') m/z 405 (M + H)™.

Diphenyl 1(R,9-[(S-Cyclohexylalanyl)amino]butylphos-
phonate Trifluoroacetate (9.19).'*H NMR (CDCls, 400
MHz) 6 0.71-1.43 (m, 11H, CH, CH,), 1.49-2.03 (m, 9H,
pB-CH,, B-CH, CH,), 4.18 (t, 0.5H,a-CH), 4.27 (t, 0.5H,
a-CH), 4.68-4.79 (m, 1H,0a-CH), 7.06-7.31 (m, 10H,
Harom); MS (FAB™) mVz 459 (M + H)*.

Diphenyl 1(R,9-[(L-Isoleucyl)amino]butylphosphonate
Trifluoroacetate (9.20).. 'H NMR (CDCl;, 400 MHz) ¢
0.70-0.96 (m, 9H, CH), 1.04-1.17 (m, 1H, CH), 1.30~
1.57 (m, 3H, CH), 1.81—2.00 (m, 3H, CHS-CHy), 4.12—-
4.20 (m, 1H,0-CH), 4.66-4.78 (m, 1H,a-CH) 7.04-7.30
(m, 10H, Hyom); MS (FABY) m'z 419 (M + H)*.

Diphenyl 1(R,9-[(L-Lysyl)amino]butylphosphonate Tri-
fluoroacetate (9.21).*H NMR (D0, 400 MHz)¢6 0.90-
0.94 (t, 3H, CH), 1.33-1.56 (m, 5H, CH), 1.68-1.72 (m,
1H, CH,), 1.82-1.88 (m, 1H, CH), 1.93-2.07 (m, 2H,
CH,), 2.54-2.58 (t, 1H,e-CH,), 2.95-2.98 (t, 1H,e-CHy),
4.05-4.07 (m, 1Ho-CH), 4.74-4.82 (m, 1Ha-CH), 7.06-
7.19 (m, 4H, Hion), 7.26-7.33 (M, 2H, Hron), 7.38-7.46
(M, 4H, Hyon); MS (FABY) mVz 434 (M + H)*.

Diphenyl 1(R,9-[(L-Isoleucyl)amino]-2-methylpropy-
Iphosphonate Trifluoroacetate (9.22).!H NMR (CDCls,
400 MHz)6 0.74-0.78 (t, 1.5H©-CHjs), 0.82-0.86 (t, 1.5H,
0-CHz), 0.93-0.97 (m, 3H,y-CHg), 1.09-1.14 (m, 6H,
CHg), 1.15-1.59 (m, 2H,y-CH,), 1.89-2.01 (m, 1H3-CH),
2.38-2.49 (m, 1H$-CH), 4.18-4.27 (m, 1Ho-CH), 4.6 7+
4.77 (m, 1Ho-CH), 7.05-7.31 (m, 10H, H,om); MS (FAB™)
m'z 419 (M + H)™.

Diphenyl 1(R,9-[(L-Isoleucyl)amino]-2-methylbutylphos-
phonate Trifluoroacetate (9.23).*H NMR (CDCl;, 400
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MHz) 6 0.75-1.00 (m, 9H, CH), 1.07~1.53 (m, 7H, CH,
CHs), 1.88-2.00 (m, 1H3-CH), 2.12-2.22 (m, 1H3-CH),
4.15-4.22 (m, 1H0-CH), 4.90-5.02 (m, 1Ha-CH), 7.02-
7.36 (M, 10H, Hon); MS (FABY) miz 433 (M + H)*.

Diphenyl 1(R,9-[(L-Isoleucyl)amino]-3-methylbutylphos-
phonate Trifluoroacetate (9.24).*H NMR (CDCls, 400
MHz) 6 0.70-0.1.29 (m, 14H, Chl CH,), 1.49-1.51 (m,
1H, y-CH), 1.65-2.00 (m, 3H,3-CH, 5-CH,), 4.10-4.24
(m, 1H,a-CH), 4.75-4.88 (m, 1H,a-CH), 7.05-7.31 (m,
10H, Hiom); MS (FAB') m/z 433 (M + H)*.

Diphenyl 1(R,9-[(L-Isoleucyl)amino]-2-ethylbutylphos-
phonate Trifluoroacetate (9.25).'H NMR (CDCl;, 400
MHz) 6 0.76-1.00 (m, 12H, CH), 1.03-1.98 (m, 8H,
y-CHa, -CH), 4.16-4.23 (m, 1H,a-CH), 4.95-5.08 (m,
1H, a-CH), 7.077.32 (m, 10H, Hion); MS (FAB*) m'z 447
M + H)*.

Diphenyl (R,9-[(S-Cyclohexylalanyl)amino](cyclohexyl)-
methylphosphonate Trifluoroacetate (9.26)*H NMR(CDs-
OD, 400 MHz)6 0.85-1.46 (m, 11H, CH), 1.58-1.83 (m,
10H, CH,), 1.94-2.19 (m, 3H, CH, CH), 3.98-4.08 (m,
1H, o-CH), 4.68-4.78 (dd, 1H0-CH), 7.06-7.09 (m, 1H,
Harom), 7.14-7.28 (M, 5H, Hron), 7.32-7.42 (m, 4H, Hion);
MS (FAB") m/'z 499 (M + H)*.

Diphenyl (R,9-Cyclohexyl[(S-2.4-diaminobutanoyl)-
amino]methylphosphonate Ditrifluoroacetate (9.27).H
NMR (D,O, 400 MHz)6 1.11—1.34 (m, 5H, CH), 1.58-
1.79 (m, 3H, CH), 1.83-1.96 (m, 2H, CH), 2.08-2.36 (m,
3H, CH,, CH), 3.03-3.16 (m, 2H,y-CHy), 4.21 (s, 1H,
o-CH), 4.62-4.81 (m, 1Ha-CH), 7.04-7.20 (m, 4H, Hron,
7.25-7.40 (M, 6H, Hrom); MS (FABY) 446 m/z (M + H)*.

Diphenyl (R,S-Cyclohexyl[(L-histidyl)amino]methylphos-
phonate Ditrifluoroacetate (9.28).'H NMR (DO, 400
MHz) 6 0.65-0.86 (m, 1H, CH), 0.94-1.28 (m, 4H, CH),
1.58-1.70 (m, 4H, CH), 1.82-1.89 (m, 1H, CH), 1.96—
2.09 (m, 1H, CH), 3.243.42 (m, 2H, CH), 4.40+ 4.46 (t,
0.5H,0-CH), 6.97 (d, 1H, Harom), 6.94 (d, 1Hakkh), 7.10—
7.14 (M, 2H, Hion), 7.22-7.47 (M, 7H, Hiom 4H—His), 8.33
+ 8.72 (s, 0.5H, 2HHis); MS (FAB") mVz483 (M + H)*.

Diphenyl (R,9-Cyclohexyl[(L-isoleucyl)amino]meth-
ylphosphonate Trifluoroacetate (9.29)!H NMR (CDCls,
400 MHz)6 0.74-0.87 (m, 3H, CH), 0.93 (d, 1.5Hy-CH),
0.97 (d, 1.5H;y-CHjs), 1.04-1.31 (m, 6H, CH), 1.58-2.12
(m, 8H, CH, CH), 4.16-4.24 (m, 1H,a-CH), 4.68-4.82
(m, 1H,a-CH), 7.05-7.32 (m, 10H, Hom); MS (FAB') m/z
459 (M + H)*.

Diphenyl (R,9-[(L-Isoleucyl)amino](phenyl)methylphos-
phonate Trifluoroacetate (9.30).'H NMR (CDCl,;, 400
MHz) 6 0.59-0.88 (m, 6H, CH), 1.15-1.55 (m, 2H, CH),
1.74-1.95 (m, 1H, CH), 4.15 (s, 1Hy-CH), 5.91 (dd, 1H,
o-CH), 6.76-6.73 (m, 2H, Hon), 7.02-7.16 (M, 6H, Hron),
7.24-7.32 (M, 5H, Hron), 7.48-7.50 (M, 2H, Hiom); MS
(FAB*) m/z 453 (M + H)*.

Diphenyl 1(R,9-[(L-Isoleucyl)amino]-2-phenylethylphos-
phonate Trifluoroacetate (9.31).*H NMR (CDCls, 400
MHz) 6 0.50-0.75 (m, 6H, CH), 0.83-1.04 (m, 1.5H, CH),
1.24-1.38 (m, 0.5H, CH), 1.54-1.62 (m, 0.5H,5-CH),
1.71-1.81 (m, 0.5H3-CH), 3.05-3.5 (m, 2H, CH), 3.79-
3.84 (m, 0.5H-CH), 3.98-4.05 (m, 0.5Ha-CH), 4.49-
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5.12 (m, 1Ha-CH), 7.05-7.32 (m, 15H, Hm); MS (FABY)
m'z 467 (M + H)™.

Diphenyl (R,9-[(L-Isoleucyl)amino](4-cyanofenyl)meth-
ylphosphonate Trifluoroacetate (9.32)*H NMR (CD;OD,
400 MHz) 6 0.83-1.11 (m, 6H, CH), 1.24-1.46 (m, 2H,
y-CHy), 1.62-1.67 (m, 0.5H-CH), 1.92-2.07 (m, 0.5H,
p-CH), 3.92-3.94 (m, 1H, a-CH), 4.82-4.88 (m, 1H,
o-CH), 6.91-7.38 (m, 10H, Hwon), 7.75-7.85 (m, 4H,
Harom); MS (FAB') m/z 478 (M + H)™.

Diphenyl (R,9-[(L-Isoleucyl)amino](3-cyanophenyl)m-
ethylphosphonate Trifluoroacetate (9.33)MS (FAB") m/z
478 (M + H)".

Diphenyl (R,9-(Cyclohexyl)[(N-cyclopentylglycyl)ami-
no]methylphosphonate Trifluoroacetate (9.34)!H NMR
(CDCl3;, 400 MHZz)6 1.13-1.28 (m, 6H, CH), 1.45-2.10
(m, 13H, CH, CH), 3.39-3.48 (m, 1H, CH), 3.84 (s, 2H,
CHy,), 4.63-4.77 (m, 1H,0-CH), 7.09-7.31 (m, 10H, Hon);
MS (ES") m/z 471 (M + H)*.

Diphenyl (R,9-[(N-Cyclopentylglycyl)amino](phenyl)-
methylphosphonate Trifluoroacetate (9.35).'H NMR
(CDCl3;, 400 MHZz)6 1.47-1.71 (m, 6H, CH), 1.84-1.93
(m, 2H, CH), 3.29 (m, 1H, CH), 3.333.40 (m, 1H, CH),
3.65-3.78 (m, 1H, CH)), 6.76-6.79 (m, 2H, Hron), 6.98—
7.01 (m, 2H, Hrom): 7.03-7.27 (m, 8H, Hrorr)a 7.29-7.35
(m, 3H, Hyon), 7.45-7.48 (M, 2H, Hiom); MS (FAB') m/z
465 (M + H)".

Diphenyl (R,9-(Cyclohexyl)[(N-cyclohexylglycyl)ami-
no]methylphosphonate Trifluoroacetate (9.36)H NMR
(CDCls, 400 MHz)¢6 1.06-1.38 (m, 12H, CH), 1.57-2.10
(m, 9H, CH, CH), 2.96-3.00 (m, 1H, CH), 3.87 (dd, 2H,
CH,), 4.65-4.78 (m, 1H,0-CH), 7.08-7.34 (m, 10H, Hon);
MS (ES") m/z 485 (M + H)*.

Diphenyl (R,9-[(N-Benzylglycyl)amino](cyclohexyl)-
methylphosphonate Trifluoroacetate (9.37).'H NMR
(CDCl, 400 MHz) 6 1.09-1.28 (m, 6H, CH), 1.51-2.09
(m, 5H, CH, CH), 3.69 (dd, 2H, CHh), 4.10 (s, 2H, Ch),
4.64-4.71 (m, 1H,0-CH), 7.077.32 (m, 10H, Hon); MS
(ESY) m'z 493 (M + H)*.

Diphenyl (R,9-[(N-secButylaminoglycyl)amino](cyclo-
hexyl)methylphosphonate Trifluoroacetate (9.38)'H NMR
(CDCls, 400 MHz)6 0.91 (t, 3H, CH), 1.05-1.32 (m, 8H,
CHp), 1.42-2.12 (m, 8H, CH,CH), 2.99-3.13 (m, 1H, CH),
3.74-3.97(m, 2H, CH), 4.65-4.79 (m, 1H,a-CH), 7.0+~
7.34 (m, 10H, Hwom); MS (ESY) Mz 459 (M + H)™.

Diphenyl (R,9-(Cyclohexyl)[(N-isobutylaminoglycyl)-
amino]methylphosphonate Trifluoroacetate (9.39).H
NMR (CDCl;, 400 MHz) ¢ 0.93 (d, 6H, CH), 1.05-1.31
(m, 6H, CH), 1.59-2.09 (m, 6H, CH,CH), 2.67-2.79 (m,
2H, CH,), 3.82 (s, 2H, CH), 4.69-4.77 (m, 1H,a-CH),
7.08-7.33 (M, 10H, Hon); MS (ES") m/iz 459 (M + H)™.

Diphenyl 1-L-Alanylpyrrolidine-2( R,9-phosphonate Tri-
fluoroacetate (8.1).'H NMR (D0, 400 MHz)6 1.48 (dd,
3H, CHg), 2.05-2.58 (m, 4H,5-CH,, y-CH,), 3.66-3.82
(m, 2H, 6-CH,), 4.35-4.43 (m, 1H,0-CH), 4.89-4.95 (m,
0.5H, o-CH), 5.00-5.05 (m, 0.5H,a-CH), 7.07-7.12 (m,
4H, 0-Haon), 7.23-7.27 (M, 2H,p-Haon), 7.34-7.39 (m,
4H, mHarom); MS (ES") m/iz 375 (M + H)*.

Diphenyl 1-L-Asparaginylpyrrolidine-2( R,S)-phospho-
nate Trifluoroacetate (8.2).*H NMR (D,0, 400 MHz)d
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2.09-2.51 (m, 4HS-CHjy, y-CHy), 2.67-2.94 (m, 2H, CH),
3.65-3.78 (m, 2H,-CHy), 4.58-4.63 (m, 1H, a-CH),
4.97-5.04 (m, 1H,a-CH), 7.07~7.11 (m, 4H, 0-Harwon),
7.21-7.25 (m, 2H,p-Harom), 7.33-7.37 (M, 4H,m-Harom);
MS (ES") m/iz 418 (M + H)™.

Diphenyl 1-L-Aspartylpyrrolidine-2( R,S-phosphonate
Trifluoroacetate (8.3).'H NMR (D,0, 400 MHz)6 2.12—
2.61 (m, 4HB-CH,, y-CHy), 2.81-3.12 (m, 2H, CH), 3.7—
3.84 (m, 2H,0-CH,), 4.66-4.69 (m, 1H,a-CH), 4.92-4.97
(m, 0.5H,0-CH), 5.02-5.08 (m, 0.5H,0-CH), 7.08-7.13
(m, 4H, 0-Haom), 7.26 (t, 2H,p-Harom), 7.35-7.39 (m, 4H,
M-Harom); MS (ESH) mVz 419 (M + H)™.

Diphenyl 1-L-Glycylpyrrolidine-2( R,9-phosphonate Tri-
fluoroacetate (8.4).1H NMR (D20, 400 MHz)d 2.11-2.61
(m, 4H, 8-CHa, y-CHy), 3.59-3.63 (m, 2H,0-CH,), 3.90—
4.04 (m, 2H, CH), 7.04-7.12 (m, 4H,0-Haron), 7.23-7.39
(m, 2H, p-Harom), 7.34-7.39 (M, 4H,m-Haron); MS (ES')
m/z 361 (M + H)™.

Diphenyl 1-L-Histidylpyrrolidine-2( R,S-phosphonate
Trifluoroacetate (8.5). 'H NMR (D,0, 400 MHz)6 2.16—
2.69 (m, 4H,3-CH,, y-CH,), 3.45-4.04 (m, 4H, CH,
0-CHy), 5.03-5.10 (m, 1H, o-CH), 5.06-5.18 (m, 1H,
a-CH), 7.19-7.22 (m, 4H,0-Hawon), 7.36-7.39 (m, 2.H,
P-Harom 4H—His), 7.47-7.54 (m, 4.5H,m-Haom 4H-His),
8.52 (s, 0.5H, 2H-His), 8.75 (s, 0.5H, 2H-His); MS (BS
m'z 441 (M + H)".

Diphenyl 1-L-Lysylpyrrolidine-2( R,9-phosphonate Tri-
fluoroacetate (8.6).1H NMR (D0, 400 MHz)d 1.31-1.41
(m, 1H), 1.45-1.56 (m, 2H), 1.661.76 (m, 1H), 1.83
1.99 (m, 2H), 2.1+2.99 (m, 6H,5-CH,, v-CH,, e-CHy),
3.71-3.86 (m, 2H,5-CHy), 4.36-4.44 (m, 1H, a-CH),
4.93-4.98 (m, 0.5H,0-CH), 5.05-5.10 (m, 0.5H,a-CH),
7.11-7.14 (m, 4H,0-Haron), 7.26-7.30 (M, 2H,p-Harom),
7.37-7.42 (M, 4HmM-Haon); MS (ESY) mz432 (M+ H)*.

Diphenyl 1-L-Phenylalanylpyrrolidine-2(R,S-phospho-
nate Trifluoroacetate (8.7).'H NMR (D,0O, 400 MHz) 6
1.83-2.41 (m, 4H3-CH,, y-CHy), 3.05-3.16 (m, 2H, CH)),
3.40-3.59 (m, 2H,0-CH,), 4.46-4.54 (m, 1H, a-CH),
4.71-4.94 (m, 1H,0-CH), 6.99-7.07 (M, 4H, Hron), 7.15—
7.35 (m, 11H, Hion); MS (ESY) m/z 451 (M + H)*.

Diphenyl 1--Serylpyrrolidine-2(R,S-phosphonate Tri-
fluoroacetate (8.8).*H NMR (D,0O, 400 MHz)d 2.09-2.59
(m, 4H, B-CH,, v-CHy), 3.67-4.03 (m, 4H,0-CH,, CHy),
4.46 (t, 1H,a-CH), 4.91-4.96 (m, 0.5Hp-CH), 5.01-5.06
(m, 0.5H,0-CH), 7.077.12 (m, 4H,0-Haron), 7.23-7.27
(m, 2H, p-Harom), 7.34-7.38 (M, 4H,m-Haron); MS (ES')
m/z 391(M + H)*.

Diphenyl 1-S-Thiaprolylpyrrolidine-2( R,9-phospho-
nate Trifluoroacetate (8.9).*H NMR (D,O, 400 MHz) 6
2.09-2.56 (m, 4H,B3-CH,, y-CH,), 2.94-2.99 (m, 0.5H,
p-CHy) 3.14-3.19 (m, 0.5H,5-CH,), 3.56-3.77 (m, 3H,
0-CH,, B-CHy,), 4.35-4.46 (m, 2H,0-CH,), 4.87-5.02 (m,
2H, a-CH), 7.03-7.10 (m, 4H,0-Haron), 7.20-7.23 (m, 2H,
p-Harom), 7.31=7.35 (M, 4H,m-Hgaom); MS (ESY) mvz 419
(M + H)*.

Diphenyl 1-L-Valylpyrrolidine-2( R,9-phosphonate Tri-
fluoroacetate (8.10).'"H NMR (DO, 400 MHz)¢ 1.00-
1.09 (m, 6H, CH), 2.09-2.59 (m, 5H, 8-CH,, y-CH,,
pB-CH), 3.73-3.88 (m, 2H,0-CH,), 4.22 (d, 0.5H,a-CH),

Senten et al.

4.27 (d, 0.5H,0-CH), 4.94-5.00 (m, 0.5H,a-CH), 5.05-
5.11 (m, 0.5H@E-CH), 7.08-7.14 (m, 4H,0-Harom), 7.27 (t,
2H, p-Harom), 7.35-7.41 (m, 4H,m-Haron); MS (ESH) m/z
403 (M + H)".
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