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Angiotensin-converting enzyme 2 (ACE2), a recently identified human homologue of angiotensin-converting
enzyme, is a zinc metallocarboxypeptidase which may play a unique role in cardiovascular and renal function.
Here we report the discovery of potent and selective inhibitors of ACE2, which have been identified by
evaluating a series of phosphinic di- and tripeptides of the general formula: Z-Xaa(PO2-CH2)YaaOH and
Ac-Zaa-Xaa(PO2-CH2)YaaOH. The most potent inhibitor in this series is a tripeptide that displays a Ki

value of 0.4 nM toward ACE2 and is 3 orders of magnitude less potent toward carboxypeptidase A. Phosphinic
tripeptides exhibit high potency exclusively when the Xaa position is occupied by a pseudoproline. A model
of interaction between one inhibitor of this series and ACE2 suggests that the critical role played by a
proline in inhibitors, but also for substrates hydrolysis, may rely on the presence of Tyr510 in the ACE2
active site.

Introduction

Angiotensin-converting enzyme (ACEa), a zinc dipeptidyl
carboxypeptidase, is a key enzyme in the renin-angiotensin
system (RAS), which cleaves the inactive angiotensin I de-
capeptide into the potent vasoconstrictor angiotensin II octapep-
ide and inactivates the vasodilator bradykinin.1,2 Over the last
two decades, inhibitors of ACE have emerged as first-line
therapy for a range of cardiovascular and renal diseases,
including hypertension, congestive heart failure, myocardial
infarction, and diabetic nephropathy.3,4 Recently, the classic
view of the RAS has been challenged by the discovery of ACE2,
the first known human homologue of ACE.5,6 ACE2 has
significant sequence similarity to ACE, but also displays several
key functional differences: it contains a single zinc active site,
it functions as a carboxypeptidase, and is not affected by classic
ACE inhibitors. Based on the study of a panel of 126 biological
peptides, ACE2 was shown to hydrolyze with high catalytic
efficiency the C-terminal residue of angiotensin II, apelin-13,
and dynorphin A 1–13 (kcat/Km of about 2 × 106 M-1 s-1 for
these peptides).7 Based on its high catalytic efficiency in
cleaving angiotensin II, it has been suggested that ACE2
counterbalances ACE function by regulating the level of
angiotensin II produced by ACE.8–11

Physiological roles of ACE2 have been assessed by studying
the effects of targeted disruption of the ACE2 gene in mice. In
a first report, ACE2-deficient mice were reported to develop

abnormal heart function.12 In contrast, in a more recent study,
no evidence was found for a role of ACE2 in the regulation of
cardiac structure or function.13 In this study, ACE2 was
suggested to be a functional component of the RAS, contributing
to the blood pressure regulation by modulation of angiotensin
II levels in the kidneys. Differences in genetic backgrounds and
the effects of general anesthesia on cardiac function have been
proposed as possible causes for the observation of variable
phenotypes between these two studies. The above results suggest
that the complex interplay between ACE and ACE2 might be
difficult to decipher using only genetic approaches. In addition
to ACE2’s role counterbalancing ACE function, through cleav-
age of the angiotensin II vasoconstrictor, the fact that vasodi-
lators such as apelin might also be cleaved in vivo by ACE2
adds to the growing complexity of blood pressure regulation
via RAS and other peptide signaling pathways.14–16 The
hypotensive response of apelin injection in rats was only
transient, reflecting a rapid degradation of this peptide in the
bloodstream, probably by ACE2.17 In this regard, the deletion
of the C-terminal phenylalanine residue of apelin 1–17 abolishes
the hypotensive effect of this peptide, pointing out the crucial
role played in vivo by a carboxypeptidase able to cleave this
phenylalanine C-terminal residue.17

To clarify the functional roles of ACE2, it will be mandatory
to identify its in vivo substrates. This objective can be
approached by administration of selective ACE2 inhibitors to
animals and screening for those peptides or the peptidome that
are modified by specific ACE2 blockade. Millenium Pharma-
ceuticals has developed the first potent nonpeptide inhibitor of
ACE2 (MLN-4760, IC50 ) 0.44 nM, compound I in Scheme
1), which exhibits high selectivity (>5000) toward carboxypep-
tidase A (CPA).18 The presence of two carboxylate groups in
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Scheme 1. Chemical Structure of Compound I
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I, which can interact with the zinc atom of the ACE2 active
site, may lead to two binding modes of this inhibitor to ACE2
and may favor its interaction with other zinc metalloproteinases.
In fact, in the crystal structure of I interacting with ACE2,19

the experimental binding mode was opposite to that predicted,18

with the substituted imidazole side chain pointing into the S1′
pocket and the Leu one into the S1 subsite.

In vivo, full blockade of ACE2 required high doses of I (40
to 80 mg/kg/day in mice), suggesting low bioavailability of this
compound.20 This is in contrast to the phosphinic peptide ACE
inhibitor dose of 10 mg/kg in mice, respectively, N- and
C-domain selective ACE inhibitors, generally used to observe
full blockade of angiotensin I conversion in vivo.21 These
observations on I led us to consider the development of potent
and selective ACE2 inhibitors, based on phosphinic peptide
chemistry. Previous studies have shown that phosphinic peptides,
besides providing highly potent and selective zinc proteinase
inhibitors, exhibit good bioavailability and are recovered intact,
either in urine or feces.21–23 Furthermore, crystal structures of
these transition-state analogs interacting with their targeted zinc
proteinases provide important clues about the active site residues
that are critical for enzyme catalysis.24–27

Herein, we report the development of new class of potent
ACE2 inhibitors, which are pseudopeptides containing a phos-
phinic moiety that mimics the structure of ACE2 peptide
substrates in their transition states. After a first optimization
step leading to potent ACE2 inhibitors, selectivity of the
developed compounds was assessed by testing their potency
toward CPA and ACE. The second step of optimization relied
on the development of a model of interaction between one
phosphinic peptide of this series and ACE2. This model enabled
development of a compound exhibiting high selectivity toward
CPA, while maintaining nanomolar potency toward ACE2.
Other classes of ACE2 inhibitors have been reported, but the
compounds identified either display low potency toward ACE2

(IC50 in the µM range)28,29 or are not suitable for in vivo
experiments (peptides identified by phage-display).30

Results

Chemistry. Simple phosphinic pseudodipeptides were first
synthesized to identify potent ACE2 inhibitors, among which
compound 12 incorporates pseudoproline residue in the P1

position (Table 1), as observed in the preferred peptide substrates
of ACE2, angiotensin II, and apelin, where hydrolysis occurs
between proline and phenyalanine. Phosphinic peptides contain-
ing a pseudoproline analogue in P1 position were obtained using
two methods, according to disconnections a and b (Scheme 2).
By using method a, phosphinic blocks 3–5 were synthesized,
from which compounds 12–14 (Scheme 3) were prepared, after
removal of the X2 protecting groups, in relatively low yields.
Substantial improvement in yield was achieved by using method
b (scheme 2), allowing the preparation of compound 3 in high
yield (Scheme 4), which is also the basic precursor of phosphinic
tripeptide inhibitors 27–34 (Scheme 5). Method b has also been
used for the synthesis of the block that bears the propargyl side
chain at P1′ position (compound 38, Scheme 7), the precursor
for the introduction of substituted isoxazole rings at this position
(compound 39, Scheme 7). Phosphinic inhibitors 15–17, bearing
the side chains of pseudo-Ala, -Phe, and - Leu, respectively,

Table 1. Potency of Phosphinic Peptide Inhibitors toward ACE2, CPA, and ACE

No. compounds ACE2 Ki nM CPA Ki nM ACE Ki

12 Cbz-ProΨ (PO2-CH2)Phe-OH 300
13 Cbz-ProΨ (PO2-CH2)Leu-OH 300
14 Cbz-ProΨ (PO2-CH2)Ala-OH 3000
15 Cbz-AlaΨ(PO2-CH2)Phe-OH >10000
16 Cbz-PheΨ (PO2-CH2)Phe-OH >10000
17 Cbz-LeuΨ (PO2-CH2)Phe-OH 8000
18 AlaΨ (PO2-CH2)Phe-OH >10000
19 PheΨ (PO2-CH2)Phe-OH >10000
20 LeuΨ (PO2-CH2)Phe-OH >10 000
26 ProΨ (PO2-CH2)Phe-OH >10000
27 Ac-Ala-ProΨ (PO2-CH2)Phe-OH 7.5
28 Ac-Leu-ProΨ (PO2-CH2)Phe-OH 0.35
28FII Ac-Leu-ProΨ (PO2-CH2)Phe-OH, FII 0.13 0.5 >10 µM
29 Ac-Lys-ProΨ (PO2-CH2)Phe-OH 6.5
30 Ac-Glu-ProΨ (PO2-CH2)Phe-OH 7
31 Ac-Tyr-ProΨ (PO2-CH2)Phe-OH 5.2
32 Ac-Phe-ProΨ (PO2-CH2)Phe-OH 5.2
33 Ac-Val-ProΨ (PO2-CH2)Phe-OH 6.6
34 Ac-His-ProΨ (PO2-CH2)Phe-OH, FII 2.1
34FII Ac-His-ProΨ (PO2-CH2)Phe-OH, FII 0.7 60 >10 µM
35 Ac-Leu-PheΨ (PO2-CH2)Phe-OH 920 0.3
36 Ac-His-LeuΨ (PO2-CH2)Phe-OH 800 175
40FII Ac-Leu-ProΨ (PO2-CH2)Isoxa(Phe)a-OH 1.25 35 >10 µM
41FII Ac-His-ProΨ (PO2-CH2)Isoxa(Phe)a -OH 0.4 1050 >10 µM
44FII Ac-His-LeuΨ (PO2-CH2)Isoxa(Phe)a -OH 220 >10 µM

a Isoxa(Phe): 2-(3-phenyl-isoxazol-5-ylmethyl)-propionic acid.

Scheme 2. Possible Disconnections for Synthesis of
Pseudoproline Containing Phosphinic Peptides
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were synthesized using method a, which relies on well-
established procedures developed previously.31

The assembly of tripeptide phosphinic inhibitors 27-36, 40,
41, and 44 was achieved by coupling of L-amino acids with the
suitable phosphinic dipeptide block, using the method of
activated (nitrophenyl) esters, NR-deprotection and acetylation,
in such conditions that acetylation of the P-OH group did not
happen. Because activation of fully deprotected phosphinic
dipeptide blocks of type 18–20 would lead to autocondensation
products, the nitrophenylester activation of the L-amino acids
was the method of choice.

In detail, the proline-phosphinic acid analogue 1 was syn-
thesized according to known procedures32 and protected to give
2. Michael-type addition of 2 to acrylates33 led to compounds
3–5 in moderate to good yields. Accordingly, alanine, pheny-
lalanine, and leucine-phosphinic acid analogues 6, 7, and 8 were
added to the phenylalanine-like acrylate, leading to compounds
9, 10, and 11, respectively. Saponification of compounds 3–5
and 9–11 afforded phosphinic peptides 12–17 in excellent yields.
Catalytic hydrogenation of compounds 15–17 provided the
unprotected analogues 18–20 in excellent yields, as shown in
Scheme 3.

The key synthon 3 was alternatively synthesized by applying
a “reverse” methodology (method b). Phosphinic acid 22 was
used to attack 1-pyrroline trimer 21′, thus leading to 3 after
protection of the amino group.34 This two-step approach proved
to be much more convenient and high-yielding (52% overall)
than method a, which applied the four-step synthesis of proline-
phosphinic acid analogue 2 and its subsequent attack on acrylates
with an overall yield of 6%.

Removal of the Cbz-group from compound 12 under catalytic
hydrogenation conditions afforded 26 in 95% yield (Scheme

5). Coupling of 26 with the suitably protected natural amino
acids Ala, Val, Lys, Glu, Tyr, Phe, Leu, and His was performed
by using their corresponding reactive nitrophenyl esters. Re-
moval of the NR-protecting group, subsequent acetylation, and
finally, deprotection of side chains provided inhibitors 27–34.

Scheme 3. Synthesis of Phosphinodipeptide Inhibitors 12–20a

a Reagents, conditions, and yields: (a) aq Na2CO3, CbzCl (1.8 equiv), 0
°C to room temperature, 12 h, 80%; (b) HMDS (5 equiv), 110 °C, 1 h,
under argon, CH2dC(R1′)COOEt, (1.2 equiv), 4 h, then EtOH, 3 52%, 4
47%, 5 49%, 9 72%, 10 81%, 11 74%; (c) 1 M NaOH in MeOH, rt, 12 h,
12 95%, 13 96%, 14 92%, 15 88%, 16 90%, 17 95%; (d) H2, 10% Pd/C in
MeOH/H2O ) 4/1, rt, 2 h, 18 92%, 19 95%, 20 94%.

Scheme 4. Improved Synthetic Procedure for 3a

a Reagents, conditions, and yields: Method B, (a) 25% Na2S2O4 (1 equiv),
NaOH (2 equiv), AgNO3 (0.05 equiv) in H2O, 0 °C to rt, 3 h, 60%; (b)
HMDS (1 equiv), 110 °C, 1 h, under argon, CH2dC(CH2Ph)COOEt, (0.2
equiv) in DCM, 0 °C to rt, 12 h, then EtOH, 89%; (c) TMSCl (4 equiv),
Et3N (4 equiv) in DCM, 0 °C to rt, 3 h, under argon, 21 (1.1 equiv) in
DCM, 0 °C to rt, 12 h, then EtOH; (d) MgO (3 equiv), CbzCl (1.5 equiv)
in H2O/Et2O, 0 °C to rt, 12 h, 52% for two steps; Method A, (e) HMDS (5
equiv), 110 °C, 1 h, under argon, CH2dC(CH2Ph)COOEt, (1.2 equiv), 4 h,
then EtOH, 52%; (f) aq Na2CO3, CbzCl (1.8 equiv), 0 °C to rt, 12 h, 80%;
(g) N,N-dimethyldodecylamine (2 equiv), tetrabutylammonium hydroxide
40% (2 drops) in DCM/H2O ) 1/1, rt, 12 h, 71%; (h) aq HBr 47%, reflux,
3 h, 74%; (i) DPM ·H3PO2 (1 equiv) in 1,4 dioxane, reflux, 5 h, 48%.

Scheme 5. Synthesis of Phosphinotripeptide Inhibitors 27–34a

a Reagents, conditions, and yields: (a) H2, 10% Pd/C in MeOH/H2O )
4/1, rt, 2 h, 95%; (b) P1NHCH(R2)COONp (1.5 equiv), Et3N (2 equiv) in
DMF, rt, 12 h, 70–80%; (c) TFA/DCM, 50%, rt, 1 h, 90–95% or H2, 10%
Pd/C in MeOH/H2O ) 4/1, rt, 2 h, 90–95% or HCOOH/DCM, 5%, rt, 10
min, 95%; (d) Ac2O (3 equiv) in pyridine, rt, 12 h, 70–75%; (e) TFA/
DCM, 50%, rt, 1 h, 90–95% when R2 side chains correspond to those of
alanine (27), leucine (28), lysine (29), glutamic acid (30), tyrosine (31),
phenylalanine (32), valine (33), and histidine (34).
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When a similar methodology was used, phosphinic inhibitors
35 and 36 were synthesized (Scheme 6). Coupling of 19 and
20 with the suitably protected derivative of Leu and His,
respectively, removal of the NR-protecting group, subsequent
acetylation, and finally, deprotection of side chains provided
inhibitors 35 and 36.

Isoxazole-containing phosphinic peptides were synthesized
by applying two different methodologies (Schemes 7 and 8).
Compound 38 (Scheme 7) was synthesized according to the
improved strategy described in Scheme 4, whereas 42 (Scheme
8) was synthesized by standard methods. In both cases, 1,3-
dipolar cycloadditions were achieved by similar procedures,

leading to 39 and 43 in very good yields. Deprotection of the
carboxylate and R-amino protecting groups, coupling with the
natural amino acids (Leu for 40 and His for 41 and 44), removal
of the NR-protecting group, subsequent acetylation, and finally,
deprotection of side chains provided inhibitors 40 and 41
(Scheme 7) and 44 (Scheme 8).

ACE2 Inhibition. Phosphinic Dipeptides. Compound 12,
which mimics the Pro-Phe cleavage site observed in angiotensin
II and apelin, behaved as a weak ACE2 inhibitor (Table 1, at
this stage phosphinic peptides were tested as a mixture of four
diastereoisomers). The potency displayed by compound 13
demonstrates that phenylalanine and leucine side chains are
equally accepted by the ACE2 S1′ subsite. However, the
presence of a small side chain like a methyl in the S1′ subsite
(compound 14) reduced the inhibitor affinity 10-fold. Substitu-
tion of the P1 pseudoproline by pseudoalanine (15), pseudophe-
nylalanine (16), or pseudoleucine (17) resulted in a marked
affinity decrease, a result in agreement with the ACE2 preference
to cleave substrate with a proline in the P1 position. The low
potency displayed by compounds 18, 19, 20, and 26 reveals a
key role of the Z group in potency, either through the phenyl
ring or the oxycarbonyl group of this protecting function.

Phosphinic Tripeptides. The presence of a residue in the
P2 position of phosphinic compounds has a dramatic impact on
potency, as compounds 27 to 34 all exhibited nanomolar
potency. Elongation of 12 with Ac-Ala (27) increased the affinity
by almost 2 orders of magnitude. ACE2 was observed to
accommodate several residues in the P2 position (27–34), as
only a slight preference was observed for Leu and His residues
at this position (28 and 34). Compounds 28 and 34 were resolved
into four single diastereoisomers by HPLC purification. Testing
the activity of these HPLC fractions revealed that only a single
fraction exhibited inhibitory potency toward ACE2. The FII
subscript reported in Table 1 indicates that the active diastere-
oisomer is the second fraction of the HPLC chromatogram.
Substitution of the pseudoproline in P1 position by Phe in this
tripeptide series resulted in marked affinity reduction (28 vs
35). A similar decrease in affinity was observed when the
pseudoproline in P1 position of 34 was replaced by a leucine

Scheme 6. Synthesis of Inhibitors 35 and 36a

a Reagents, conditions, and yields: (a) BocLeuONp (1.5 equiv), Et3N (2
equiv) in DMF, rt, 12 h, 75% for 19 and TrtHis(Trt)Onp 72% for 20; (b)
TFA/DCM, 50%, rt, 1 h, 90–95% for 19 and HCOOH/DCM 5% 10 min
90% for 20; (c) Ac2O (3 equiv) in pyridine, rt, 12 h, 70–75%; (d) TFA/
DCM, 50%, rt, 1 h, 90% for 20.

Scheme 7. Synthesis of Inhibitors 40 and 41a

a Reagents, conditions and yields: (a) HMDS (1 equiv), 110 °C, 1 h,
under argon, CH2dC(CH2C≡CH)COOEt, (0.2 equiv) in DCM, 0 °C to rt,
12 h, then EtOH, 88%; (b) TMSCl (4 equiv), Et3N (4 equiv) in DCM, 0 °C
to rt, 3 h, under argon, 21 (1.1 equiv), 0 °C to rt, 12 h, then EtOH; (c)
MgO (3 equiv), CbzCl (1.5 equiv) in H2O/Et2O, 0 °C to rt, 12 h, 54% for
two steps; (d) XCH)NOH (3 equiv), NCS (3 equiv), pyridine (0.74 equiv)
in CHCl3, 45 °C, 3 h, then 38, Et3N (3 equiv), 45 °C, 3 days, repeat 3
times, 80%; (e) 1 M NaOH in MeOH, rt, 12 h, 90%; (f) H2, 10% Pd/C in
MeOH/H2O)4/1, rt, 2 h, 90%; (g) TrtHis(Trt)Onp 72% or BocLeuONp
75% (1.5 equiv), Et3N (2 equiv) in DMF, rt, 12 h; (h) TFA/DCM, 50%, rt,
1 h, 90% or HCOOH/DCM 5%, rt, min, 92%; (i) Ac2O (3 equiv) in pyridine,
rt, 12 h, 70–75%; (j) TFA/DCM, 50%, rt, 1 h 90% for 41.

Scheme 8. Synthesis of Compound 44a

a Reagents, conditions, and yields: (a) HMDS (5 equiv), 110 °C, 1 h,
under argon, CH2dC(CH2CtCH)COOEt (1.2 equiv), 4 h, then EtOH, 98%;
(b) PhCHdNOH (3 equiv), NCS (3 equiv), pyridine (0.74 equiv) in CHCl3,
45 °C, 3 h, then 42, Et3N (3 equiv), 45 °C, 3 days, repeat 3 times, 83%; (c)
1 M NaOH in MeOH, rt, 12 h, 92%; (d) H2, 10% Pd/C in MeOH/H2O )
4/1, rt, 2 h, 95%; (e) TrtHis(Trt)ONp (1.5 equiv), Et3N (2 equiv) in DMF,
rt, 12 h, 78%; (f) HCOOH/DCM, 5%, rt, 1 h, 93%; (g) Ac2O (3 equiv) in
pyridine, rt, 12 h, 75%; (h) TFA/DCM, 50%, rt, 2 h, 90%.
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(36). These results confirm the preference of ACE2 for a proline
at this position, either in substrates or transition-state inhibitors.
However, compounds 28 and 34 also turned out to be potent
inhibitors of CPA (as other tripeptides in this series, data not
shown). Interestingly, compound 34 with a histidine in P2

position was less potent toward CPA, a result suggesting that
this particular residue in the P2 position can be used to control
inhibitor selectivity toward ACE2.

Exploitation of the ACE2 S1′ Pocket. Analysis of the ACE2
three-dimensional structure in complex with compound I
(Scheme 1) indicates that the S1′ pocket is a very large cavity,
formed by the lengthwise channel between the two ACE2
subdomains. This observation partly explains the unanticipated
binding mode of compound I that places the bulky dichloroben-
zyl imidazole side chain in the S1′ cavity and the isobutyl group
in the narrower S1 pocket of ACE2.5 The particular size of the
ACE2 S1′ cavity led us to develop phosphinic peptides compris-
ing longer side chains in their P1′ position as a way to restrict
their potency toward ACE2. The potential interest in such
compounds was further supported by the fact that, in contrast
to ACE2, CPA contains a much smaller S1′ cavity. Modeling
studies with different phosphinic compounds harboring long side
chains in their P1′ position led us to select compounds containing
an isoxazole ring substituted by a phenyl in the P1′ position,
like in compound 40 (Scheme 7). As illustrated in Figure 1,
such a side chain fills part of the S1′ cavity of ACE2, with no
apparent steric clash. In agreement with this model, compound
40, as compared with compound 28, behaved as a potent ACE2
inhibitor. In contrast, for CPA, the replacement of a phenyl by
a phenyl-isoxazole side chain reduced inhibitory potency 70-
fold (compound 28 vs 40). The same trends were observed for
compound 41, a potent inhibitor of ACE2 (Ki ) 0.4 nM) able
to discriminate ACE2 from CPA with a selectivity factor higher
than 3 orders of magnitude. Replacing the pseudoproline of 41
with a leucine in 44 resulted in marked affinity decrease, a result
pointing out again the critical importance of this residue for
good ACE2 inhibitory potency.

Finally it is worth noting that compounds 28, 34, and 41
display no potency toward ACE when tested at concentration
of 10 µM, an expected result, as the presence of a P2′ residue

is a strict requirement for potent inhibition of this dipeptidyl
carboxypeptidase enzyme.

Discussion

In this study, we demonstrate that phosphinic peptides with
optimal side-chain content behave as highly potent inhibitors
of ACE2. High potency was observed to depend on some key
structural features of these phosphinic peptides. In the following,
the role of these structural features is tentatively discussed in
the light of the X-ray structure of ACE2 in interaction with
compound I, and the predicted model of interaction of com-
pound 40 with ACE2. The X-ray structure of the ACE2 complex
reveals that the S1 subsite of this enzyme is a small pocket,
defined by the side-chain of four residues The347, Phe504, Tyr510,
and Arg514.5 Based on this structure, both leucine and proline
side chains were proposed to ideally fit with the S1 subsite of
ACE2. While the high potency displayed by compounds
containing a pseudoproline in the inhibitor P1 position (34 and
41) fits well with this proposal, the dramatic loss of potency
observed when the P1 proline is replaced by a leucine (com-
pounds 34 vs 36 and 40 vs 44) is more unexpected. The
conformational restriction imposed by the presence of a
pseudoproline in these inhibitors may account for their greater
potency than inhibitors containing a leucine in the P1 position.
However, less optimal van der Waals contacts associated with
the binding of inhibitors containing a leucine in the P1 position
cannot be completely excluded. In fact, in our model between
the ACE2 and compound 40, the proline side chain is in close
contact with Phe504 and Tyr510, in a binding mode that should
provide tight van der Waals interactions. Based on this model,
proline substitution by leucine in a phosphinic peptide would
imply a steric clash between the δCH3 of leucine side chain
and the phenolic side chain of Tyr510 and, thus, an energetic
cost to move Tyr510. It should be kept in mind that compound
I is not a transition-state analog, so, in contrast with phosphinic
peptides, the topology of the leucine side chain, as observed in
the X-ray structure of this inhibitor, is not expected to reflect
exactly the topology assumed by the P1 side chain of a substrate
in the transition state. Overall, the nice fit observed in our ACE2
model between the proline residue and the S1 pocket of ACE2
may explain the critical role of this residue in the potency of
phosphinic inhibitor, as well as substrate specificity reported
for ACE2. Interestingly, the Tyr510 in ACE2 is replaced by a
smaller side chain in ACE (Val518), a mutation probably
explaining the unique P1 specificity of ACE2.

Acylation of proline by a benzyloxycarbonyl group signifi-
cantly improves inhibitor potency (compound 12 vs 26). Based
on our model, it can be predicted that in the bound state the
carbonyl oxygen of this group should be within H-bond distance
of the NH backbone of Ala348. Interestingly, the same interaction
is also observed in the X-ray structure of ACE in complex with
the RXPA380 inhibitor, between the Z-group of the inhibitor
P1 residue (Z-Phe) and NH of Ala356 in ACE.26 The topology
of this alanine residue is strictly conserved between ACE and
ACE2. Finally, high potency in this series requires the presence
of a residue in the P2 position of the inhibitors. In our model,
the inhibitor P2 side chain points toward a large cavity defined
by His378, His401, and Asp382 residues. No specific interactions
between the inhibitor P2 side chain and ACE2 residues could
be predicted according to our model. This observation fits with
our results showing that various inhibitor P2 side chains are well
tolerated by ACE2. In contrast, two specific interactions
involving P2 backbone atoms are observed in the model. Indeed,
the NH of Leu and the carbonyl of the acetyl group are

Figure 1. Surface representation of the ACE2 active site illustrating
how the isoxazole-phenyl and the proline residues of compound 40
(yellow stick) fit into, respectively, the S1′ and S1 subsites of ACE2.
Tyr510 and Phe504 shaping the S1 pocket appear in blue sticks under
the inhibitor proline. The zinc atom is represented as a pink sphere.
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H-bonded to, respectively, the carbonyl of Ala348 and the
hydroxyl of Tyr510. These H-bonding interactions may account
for the dramatic difference in potency observed between
pseudodipeptides and pseudotripeptides in this series of inhibitors.

Despite the presence of a pseudoproline in most inhibitor
structures, CPA also was observed to bind such unusual proline-
containing inhibitors with high potency. Selectivity for ACE2
was achieved, on the one hand, by exploiting the unusual size
of the S1′ subsite of ACE2 and, on the other hand, by exploiting
the nature of the P2 residue. While ACE2 was observed to
accommodate several residues in the P2 position, the presence
of a histidine in this position produces inhibitors (34 and 41)
displaying reduced potency toward CPA. The high selectivity
of compound 41 was obtained by combining both a histidine
in the P2 position and a long side chain in the P1′ position
pointing into the unusual large S1′ cavity of ACE2.

Previous studies have demonstrated that phosphinic peptide
inhibitors, due to remarkable in vivo stability, can be used to
probe the in vivo function of zinc metalloproteinases.21–23 Thus,
compound 41 developed in this study should be a suitable tool
to define the physiological substrates of ACE2. Numerous
natural peptides have been proposed as physiological substrates
of ACE2, like angiotensin II and apelin; however, up to now,
the effect of ACE2 blockade by specific inhibitors on the levels
of these peptides in animal models has never been studied
quantitatively. Such studies are mandatory to improve our basic
knowledge of ACE2 and to define pharmacological applications
for ACE2 specific inhibitors, as those reported here.

Experimental Section

General Procedures. All of the compounds, for which analytical
and spectroscopic data are quoted, were homogeneous by TLC.
TLC analyses were performed using silica gel plates (E. Merck
silica gel 60 F-254) and components were visualized by the
following methods: ultraviolet light absorbance, charring after
spraying with a solution of (NH4)HSO4, ninhydrin, and Pauli tests.
The solvent systems used for TLC developments were (a)
CHCl3-MeOH-AcOH (7:2:1) and (b) CHCl3-MeOH-AcOH (7:
0.5:0.5). Column chromatography was carried out on silica gel (E.
Merck, 70-230 mesh), height 35 cm, diameter 1.2 cm.

Phosphinic peptide purity was established by analytical HPLC
and mass spectrometry. ESI mass spectral analysis was performed
either on a mass spectrometer MSQ Surveyor, Finnigan at the
Laboratory of Organic Chemistry, University of Athens, using direct
sample injection, or on a Micromass Platform II instrument, Atheris
Laboratories, Geneva, Switzerland. Negative or positive ion ESI
spectra were acquired by adjusting the needle and cone voltages
accordingly. HPLC analyses and preparative purifications were
carried out on a MZ-analytical column 250 × 4 mm, Kromasil,
100, C18, 5 µm, at a flow rate of 0.5 mL/min. Solvent A: 10%
CH3CN, 90% H2O, 0.1% TFA. Solvent B: 90% CH3CN, 10% H2O,
0.09% TFA.. Eluted peaks were detected at 254 nm. Given times
correspond to one or two diastereoisomeric forms and are counted
in minutes.

1H, 13C, and 31P NMR spectra were recorded on a 200 MHz
Mercury Varian spectrometer. All NMR experiments were carried
at 298 K. 13C and 31P NMR spectra are fully proton decoupled.
31P chemical shifts are reported on δ scale, in ppm, downfield from
85% H3PO4.

Detailed experimental procedures leading to compounds 1, 6–8,
23–25,17 and 2220 have been described elsewhere.

Chemistry. 2-Hydroxyphosphinoyl-pyrrolidine-1-carboxylic
Acid Benzyl Ester (2). CbzCl (5.7 mmol, 0.97 g, 0.82 mL) was
added dropwise at 0 °C to a solution of 1 (5.2 mmol, 0.7 g) in
10% aq Na2CO3 (10 mL). The reaction mixture was stirred for 10 h
at rt and another 0.6 equiv of CbzCl was added and stirred at rt for
2 h. NaOH (4 M) was added to bring the pH to 12 and the reaction
mixture was washed with Et2O (2 × 10 mL). Acidification with 2

M HCl to pH ) 1, extraction with AcOEt (2 × 30 mL), and removal
of solvent afforded the product as colorless oil. Yield: 80%. TLC
Rf (a) 0.37. HPLC (Gradient: t ) 0 min 0% B, t ) 10 min 25% B,
t ) 45 min 75% B, t ) 50 min 100% B) tR ) 18.22 min. 1H NMR
(200 MHz, CDCl3) δ 1.73–2.24 (m, 4H), 3.23–3.54 (m, 2H),
3.88–3.98 (m, 1H), 5.04–5.13 (m, 2H), 6.96 (d,1JPC ) 540 Hz, 1H),
7.10 (d, 1JPC ) 540 Hz, 1H), 7.28–7.44 (m, 5H); 13C NMR (50
MHz, CDCl3) δ 23.81, 24.15, 24.75, 29.46, 46.81, 47.13, 55.25
(d, 1JPC ) 110.12 Hz), 55.98 (d, 1JPC ) 110.12 Hz), 67.23, 127.68,
127.9, 128.3, 136.07, 155.37; 31P NMR (81 MHz, CDCl3) δ 30.05,
31.09; ESMS m/z calcd for C12H17NO4P (M + H)+, 270.1; found,
270.1.

2-[(2-Ethoxycarbonyl-3-phenyl-propyl)-hydroxy-phosphinoyl]-
pyrrolidine-1-carboxylic Acid Benzyl Ester (3). Method A
(Scheme 1): A suspension of 2 (2.6 mmol, 0.7 g) and HMDS (13
mmol, 2 g, 2.56 mL) was heated at 110 °C for 1 h under an argon
atmosphere. Acrylate CH2dC(CH2Ph)COOEt (3.12 mmol, 0.58 g)
was added at this temperature dropwise for 15 min, and the reaction
mixture was stirred for 4 h. Then, absolute EtOH (5 mL) was added
dropwise at 70 °C. After cooling at room temperature, the mixture
was evaporated in vacuo. The residue was dissolved in AcOEt (30
mL), and the resulting suspension was washed with 1 M HCl (2 ×
10 mL). Purification by column chromatography, using
CHCl3-MeOH-AcOH (7:0.3:0.3) as eluent, afforded the product
as white foam. Yield: 52%. Method B (Scheme 2): Et3N (108 mmol,
10.9 g, 15.25 mL) and TMSCl (108 mmol, 11.7 g, 13.7 mL) were
added to a solution of 16 (27 mmol, 7 g) in dry DCM (180 mL) at
0 °C under an argon atmosphere. After 3 h at rt, the reaction mixture
was cooled to 0 °C and 15 (30 mmol, 6.2 g) in dry DCM (20 mL)
was added dropwise. The reaction mixture was stirred at rt for 12 h
and then abs. EtOH (15 mL) was added dropwise. Removal of
solvent afforded crude 20, which was dissolved in H2O/Et2O (80/5
mL), and MgO (81 mmol, 3.26 g) was added. After cooling to 0
°C, CbzCl (40.5 mmol, 6.91 g, 5.8 mL) was added dropwise and
the reaction mixture was stirred for 12 h at rt. Acidification with 2
M HCl to pH ) 1, extraction with AcOEt (3 × 200 mL), drying
over Na2SO4, and removal of solvent afforded the crude product.
Purification by column chromatography, using CHCl3-MeOH-
AcOH (7:0.3:0.3) as eluent, afforded the product as white foam.
Yield: 52%. TLC Rf(b) 0.52. HPLC (gradient t ) 0, 0% B; t ) 10,
35% B; t ) 35, 100% B) tR ) 26.26, 26.63 min. 1H NMR (200
MHz, CDCl3) δ 0.97–1.14 (m, 3H), 1.67–2.44 (m, 6H), 2.68–3.23
(m 3H), 3.35–3.68 (m, 2H), 3.87–4.24 (m, 3H), 5.02–5.20 (m, 2H),
6.99–7.47 (m, 10H); 13C NMR (50 MHz, CDCl3) δ 13.84, 23.54,
24.50, 25.16, 25.91, 29.62 (d, 1JPC ) 91.86 Hz), 39.50, 40.87, 47.06,
55.84 (d, 1JPC ) 107.7 Hz), 56.59 (d, 1JPC ) 107.7 Hz), 60.37,
67.34, 126.37, 127.77, 128.01, 128.2, 128.40, 129.0, 136.10, 138.03,
155.70, 173,4; 31P NMR (81 MHz, CDCl3) δ 56.15, 56.01; ESMS
m/z calcd for C24H31NO6P (M - H)–, 458.2; found, 458.5.

2-[(2-Ethoxycarbonyl-4-methyl-pentyl)-hydroxy-phosphinoyl]-
pyrrolidine-1-carboxylic Acid Benzyl Ester (4). Same experi-
mental procedure as for 3, method A, using CH2dC(CH2CH-
(CH3)2)COOEt, afforded product as white foam. Yield 47%. TLC
Rf (b) 0.48. HPLC (t ) 0 min, 0% B; t ) 10 min, 25% B; t ) 45
min, 75% B; t ) 50 min, 100% B) tR ) 38.08, 38.80 min. 1H
NMR (200 MHz, CDCl3) δ 0.74–1.02 (m, 6H), 1.07–1.72 (m, 6H),
1.78–2.47 (m 6H), 2.71–3.02 (m, 1H), 3.37–3.71 (m, 2H), 4.01–4.22
(m, 3H), 5.05–5.23 (m, 2H), 7.22–7.48 (m, 10H); 13C NMR (50
MHz, CDCl3) δ 13.92, 21.69, 22.64, 23.47, 24.50, 25.17, 25.65,
30.35 (d, 1JPC ) 88.9 Hz), 30.60 (d, 1JPC ) 88.9 Hz), 36.94, 43.46,
46.99, 55.92 (d, 1JPC ) 106.34 Hz), 56.64 (d, 1JPC ) 106.34 Hz),
60.33, 67.24. 127.73, 127.99, 128.33, 136.33, 155.54, 174.86; 31P
NMR (81 MHz, CDCl3) δ 56.53, 56.06; ESMS m/z calcd for
C21H33NO6P (M - H)–, 424.2; found, 426.4.

2-[(2-Ethoxycarbonyl-propyl)-hydroxy-phosphinoyl]-pyrro-
lidine-1-carboxylic Acid Benzyl Ester (5). Same experimental
procedure as for 3, method a, using CH2dC(CH3)COOEt, afforded
product as white foam. Yield 49%. TLC Rf (b) 0.36. HPLC (gradient
t ) 0, 0% B; t ) 10, 35% B; t ) 35, 100% B) tR ) 21.02, 20.90
min. 1H NMR (200 MHz, CDCl3) δ 1.13–1.37 (m, 6H), 1.77–2.51
(m, 6H), 2.73–3.01 (m 1H), 3.39–3.72 (m, 2H), 4.06–4.25 (m, 3H),
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5.03–5.26 (m, 2H), 7.18–7.53 (m, 5H); 13C NMR (50 MHz, CDCl3)
δ 13.96, 19.19, 23.56, 24.54, 25.26, 25.83, 31.00 (d, 1JPC ) 89.98
Hz), 31.30 (d, 1JPC ) 89.98 Hz), 33.61, 47.13, 56.13 ((d, 1JPC )
107.12 Hz), 56.61 (d, 1JPC ) 107.12 Hz), 60.64, 67.38, 127.80,
128.05, 128.44, 136.35, 155.74, 175.31; 31P NMR (81 MHz, CDCl3)
δ 56.13, 55.90; ESMS m/z calcd for C18H27NO6P (M + H)+, 384.1;
found, 384.1.

2-Benzyl-3-[(1-benzyloxycarbonylamino-ethyl)-hydroxy-phos-
phinoyl]-propionic Acid Ethyl Ester (9). Same experimental
procedure as for 3, method a, using 6, afforded product as white
solid. Yield 72%. TLC Rf (b) 0.64. HPLC (gradient t ) 0, 0% B;
t ) 10, 35% B; t ) 35, 100% B) tR ) 24.51, 24.67 min. 1H NMR
(200 MHz, CDCl3) δ 0.98–1.12 (m, 3H), 1.18–1.42 (m, 3H),
1.68–1.97 (m 1H), 2.02–2.29 (m, 1H), 2.74–3.17 (m, 3H), 3.88–4.11
(m, 3H), 4.97–5.18 (m, 2H), 6.99–7.43 (m, 10H); 13C NMR (50
MHz, CDCl3) δ 13.93, 14.07, 27.73 (d, 1JPC ) 91.9 Hz), 39.64,
40.83, 45.06 (d, 1JPC ) 104.64 Hz), 45.80 (d, 1JPC ) 104.64 Hz),
60.84, 67.20, 126.72, 128.05, 128.08, 128.18, 128.41, 128.50,
129.04, 136.18, 137.72, 155.84, 174.05; 31P NMR (81 MHz, CDCl3)
δ 54.42, 54.68; ESMS m/z calcd for C22H29NO6P (M + H)+, 434.2;
found, 434.3.

2-Benzyl-3-[(1-benzyloxycarbonylamino-2-phenyl-ethyl)-hy-
droxy-phosphinoyl]-propionic Acid Ethyl Ester (10). Same
experimental procedure as for 3, method a, using 7, afforded product
as white solid. Yield 81%. TLC Rf (b) 0.58. HPLC (gradient t ) 0,
0% B; t ) 10, 25% B; t ) 45, 75% B; t ) 50, 100% B) tR )
41.96, 42.31 min. 1H NMR (200 MHz, CDCl3) δ 0.95–1.19 (m,
3H), 1.69–1.98 (m, 1H), 2.03–2.29 (m, 1H), 2.68–2.96 (m, 3H),
3.01–3.35 (m, 2H), 3.88–4.15 (m, 2H), 4.15–4.39 (m, 1H),
4.78–5.09 (m, 2H), 6.94–7.43 (m, 15H); 13C NMR (50 MHz,
CDCl3) δ 13.74, 28.21 (d, 1JPC ) 96.66 Hz), 33.87, 39.59, 40.86,
50.77 (d, 1JPC ) 109.39 Hz), 51.70 (d, 1JPC)109.39 Hz), 60.84,
66.74, 126.53, 127.62, 127.87, 128.29, 128.95, 129.11, 136.27,
136.66, 137.65, 156.45, 174.10; 31P NMR (81 MHz, CDCl3) δ
53.79, 54.25; ESMS m/z calcd for C28H33NO6P (M + H)+, 510.2;
found, 510.1.

2-Benzyl-3-[(1-benzyloxycarbonylamino-3-methyl-butyl)-hy-
droxy-phosphinoyl]-propionic Acid Ethyl Ester (11). Same
experimental procedure as for 3, method a, using 8, afforded product
as white solid. Yield 81%. TLC Rf (b) 0.58. HPLC (gradient t ) 0,
0% B; t ) 10, 25% B; t ) 45, 75% B; t ) 50 100% B) tR ) 39.42,
39.83 min. 1H NMR (200 MHz, d6-DMSO) δ 0.68–1.11 (m, 9H),
1.32–2.15 (m, 5H), 2.64–3.15 (m, 3H), 3.62–4.08 (m, 3H),
4.94–5.19 (m, 2H), 7.04–7.46 (m, 10H); 13C NMR (50 MHz,
CDCl3) δ 13.86, 21.00, 23.46, 24.39, 27.88 (d, 1JPC ) 94.94 Hz),
36.18, 39.62, 40.76, 47.73 (d, 1JPC ) 106.75 Hz), 48.60 (d, 1JPC )
106.75 Hz), 60.69, 67.13, 126.57, 127.89, 128.07, 128.35, 128.46,
129.09, 136.29, 137.80, 156.11, 174.07; 31P NMR (81 MHz, d6-
DMSO) δ 46.37, 46.25; ESMS m/z calcd for C25H35NO6P (M +
H)+, 476.2; found, 476.3.

2-[(2-Carboxy-3-phenyl-propyl)-hydroxy-phosphinoyl]-pyr-
rolidine-1-carboxylic Acid Benzyl Ester (12). NaOH (4 M, 6 mL)
was added to a solution of 3 (1.52 mmol, 0.7 g) in MeOH (16
mL), and the reaction mixture was stirred at rt for 12 h. Removal
of MeOH, dilution with H2O (10 mL), washings with Et2O (2 ×
10 mL), acidification with 2 M HCl to pH ) 1, extraction with
AcOEt (2 × 20 mL), and removal of solvent afforded the product
as white solid. Yield: 74%. TLC Rf (b) 0.27. HPLC (gradient t )
0, 0% B; t ) 10, 25% B; t ) 45, 75% B; t ) 50, 100% B) tR )
29.50, 30.01 min. 1H NMR (200 MHz, CDCl3) δ 1.62–2.41 (m,
6H), 2.68–3.19 (m, 3H), 3.24–3.66 (m 2H), 3.95–4.20 (m, 1H),
4.92–5.19 (m, 2H), 6.91–7.55 (m, 10H); 13C NMR (50 MHz,
DMSO) δ 23.38, 24.28, 24.99, 25.74, 29.86 (d, 1JPC ) 80.84 Hz),
46.79, 56.18 (d, 1JPC ) 106.1 Hz), 66.44, 126.34, 127.71, 127.91,
128.25, 128.48, 129.05, 136.97, 138.90, 154.78, 175.29; 31P NMR
(81 MHz, DMSO-d6) δ 46.23, 47.17; ESMS m/z calcd for
C22H25NO6P (M - H)–, 430.1; found, 430.0.

2-[(2-Carboxy-4-methyl-pentyl)-hydroxy-phosphinoyl]-pyrro-
lidine-1-carboxylic Acid Benzyl Ester (13). Same experimental
procedure as for 12 using 4, afforded product as white solid. Yield
96%. TLC Rf (b) 0.36. HPLC (gradient t ) 0, 0% B; t ) 10, 25%

B; t ) 45, 75% B; t ) 50, 100% B) tR ) 28.31, 29.79 min. 1H
NMR (200 MHz, DMSO-d6) δ 0.65–0.97 (m, 6H), 1.04–1.23 (m,
1H), 1.27–1.56 (m 3H), 1.67–2.25 (m, 6H), 2.56–2.80 (m, 1H),
3.12–3.37 (m, 1H), 3.42–3.62 (m, 1H), 3.88–4.09 (m, 1H),
4.97–5.18 (m, 2H), 7.23–7.46 (m, 5H); 13C NMR (50 MHz, DMSO-
d6) δ 21.78, 23.03, 24.28, 24.96, 25.48, 30.97 (d, 1JPC ) 86.39
Hz) 36.98, 42.81, 46.88, 56.19 (d, 1JPC ) 107.34 Hz), 66.35, 127.61,
127.91, 128.50, 136.99, 154.77, 176.42; 31P NMR (81 MHz,
DMSO-d6) δ 46.29, 47.11; ESMS m/z calcd for C19H27NO6P (M
- H)–, 396.2; found, 396.5.

2-[(2-Carboxy-propyl)-hydroxy-phosphinoyl]-pyrrolidine-1-
carboxylic Acid Benzyl Ester (14). Same experimental procedure
as for 12 using 5, afforded product as white solid. Yield 92%. TLC
Rf (b) 0.28. HPLC (gradient t ) 0, 0% B; t ) 10, 25% B; t ) 45,
75% B; t ) 50, 100% B) tR ) 20.11, 20.35 min. 1 H NMR (200
MHz, DMSO-d6) δ 0.97–1.30 (m, 3H), 1.53–2.31 (m, 6H),
2.57–2.81 (m 1H), 3.15–3.61 (m, 2H), 3.91–4.12 (m, 1H), 4.93–5.20
(m, 2H), 7.18–7.49 (m, 5H); 13C NMR (50 MHz, DMSO-d6) δ
18.75, 23.31, 24.30, 24.96, 25.82, 31.56 (d, 1JPC ) 89.65 Hz), 33.22,
46.69, 56.15 (d, 1JPC ) 105.44 Hz), 56.55 (d, 1JPC ) 105.44 Hz),
66.36, 127.58, 127.89, 128.45, 136.88, 154.76, 176.72; 31P NMR
(81 MHz, d6-DMSO) δ 46.28, 47.17; ESMS m/z calcd for
C16H21NO6P (M - H)-, 354.1; found, 354.3.

2-Benzyl-3-[(1-benzyloxycarbonylamino-ethyl)-hydroxy-phos-
phinoyl]-propionic Acid (15). Same experimental procedure as
for 12 using 9, afforded product as white solid. Yield 88%. TLC
Rf (b) 0.33. HPLC (gradient t ) 0, 0% B; t ) 10, 25% B; t ) 45,
75% B; t ) 50, 100% B) tR ) 26.73, 26.95 min. 1H NMR (200
MHz, DMSO-d6) δ 1.07–1.33 (m, 3H), 1.59–1.82 (m, 1H),
1.88–2.10 (m, 1H), 2.78–3.08 (m, 3H), 3.67–3.92 (m, 1H),
4.96–5.12 (m, 2H), 7.06–7.41 (m, 10H); 13C NMR (50 MHz,
DMSO-d6) δ 13.98, 27.36 (d, 1JPC ) 89.04 Hz), 27.74 (d, 1JPC )
89.04 Hz), 46.70 (d, 1JPC ) 106.14 Hz), 46.18 (d, 1JPC ) 106.14
Hz), 65.66, 126.38, 127.68, 127.77, 127.88, 128.26, 128.45, 129.08,
129.12, 137.15, 138.93, 155.96, 175.33; 31P NMR (81 MHz,
DMSO-d6) δ 46.83; ESMS m/z calcd for C20H23NO6P (M - H)–,
404.1; found, 404.3.

2-Benzyl-3-[(1-benzyloxycarbonylamino-2-phenyl-ethyl)-hy-
droxy-phosphinoyl]-propionic Acid (16). Same experimental
procedure as for 12 using 10, afforded product as white solid. Yield
90%. TLC Rf (b) 0.38. HPLC (gradient t ) 0, 0% B; t ) 10, 25%
B; t ) 45, 75% B; t ) 50, 100% B) tR ) 34.45, 34.67 min. 1H
NMR (200 MHz, DMSO-d6) δ 1.59–1.85 (m, 1H), 1.87–2.13 (m,
1H), 2.60–3.15 (m, 5H), 3.76–3.99 (m, 1H), 4.88–4.96 (m, 2H),
7.02–7.42 (m, 15H); 13C NMR (50 MHz, DMSO-d6) δ 28.06 (d,
1JPC ) 88.47 Hz), 27.68 (d, 1JPC ) 88.47 Hz), 32.78, 52.07 (d,
1JPC ) 104.56 Hz), 52.63 (d, 1JPC ) 104.56 Hz), 65.18, 126.27,
126.36, 127.02, 127.08, 127.60, 128.20, 128.27, 129.10, 137.31,
138.49, 138.88, 156.16, 175.34; 31P NMR (81 MHz, DMSO-d6) δ
45.96; ESMS m/z calcd for C26H27NO6P (M - H)–, 480.2; found,
480.4.

2-Benzyl-3-[(1-benzyloxycarbonylamino-3-methyl-butyl)-hy-
droxy-phosphinoyl]-propionic Acid (17). Same experimental
procedure as for 12 using 11, afforded product as white solid. Yield
95%. TLC Rf (b) 0.38. HPLC (gradient t ) 0, 0% B; t ) 10, 25%
B; t ) 45, 75% B; t ) 50, 100% B) tR ) 34.77 min. 1H NMR (200
MHz, DMSO-d6) δ 0.68–1.00 (m, 6H), 1.30–1.77 (m, 4H),
1.82–2.09 (m, 1H), 2.74–3.03 (m, 3H), 3.64–3.86 (m, 1H),
4.98–5.19 (m, 2H), 7.07–7.42 (m, 10H); 13C NMR (50 MHz,
DMSO-d6) δ 20.88, 23.37, 24.08, 27.41 (d, 1JPC ) 87.28 Hz), 27.8
(d, 1JPC ) 88.6 Hz), 35.75, 48.53 (d, 1JPC ) 107.12 Hz), 49.01 (d,
1JPC ) 107.12 Hz), 65.57, 126.33, 127.49, 127.59, 127.82, 128.23,
128.39, 129.08, 137.27, 156.40, 175.31; 31P NMR (81 MHz,
DMSO-d6) δ 46.96; ESMS m/z calcd for C23H31NO6P (M + H)+,
448.2; found, 448.1

3-[(1-Amino-ethyl)-hydroxy-phosphinoyl]-2-benzyl-propion-
ic Acid (18). Pd/C (10%, 120 mg) was added to a solution of 15
(1 mmol, 405 mg) in MeOH/H2O (20/5 mL) and AcOH (2 drops)
at 0 °C. The reaction mixture was stirred for 2 h under H2, at rt
and 1 atm, and then filtered through a pad of celite. Removal of
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solvents afforded the product as white solid. Yield: 92%. TLC Rf

(a) 0.27; ESMS m/z calcd for C12H19NO4P (M + H)+, 272.2; found,
272.3.

3-[(1-Amino-2-phenyl-ethyl)-hydroxy-phosphinoyl]-2-benzyl-
propionic Acid (19). Pd/C (10%, 120 mg) was added to a solution
of 16 (1 mmol, 480 mg) in MeOH/H2O (20/5 mL) and AcOH (2
drops) at 0 °C. The reaction mixture was stirred for 2 h under H2,
at rt and 1 atm, and then filtered through a pad of celite. Removal
of solvents afforded the product as white solid. Yield: 95%. TLC
Rf (a) 0.27; ESMS m/z calcd for C18H23NO4P (M + H)+, 348.1;
found, 348.1

3-[(1-Amino-3-methyl-butyl)-hydroxy-phosphinoyl]-2-benzyl-
propionic Acid (20). Pd/C (10%, 120 mg) was added to a solution
of 17 (1 mmol, 450 mg) in MeOH/H2O (20/5 mL) and AcOH (2
drops) at 0 °C. The reaction mixture was stirred for 2 h under H2,
at rt and 1 atm, and then filtered through a pad of celite. Removal
of solvents afforded the product as white solid. Yield: 94%. TLC
Rf (a) 0.27; ESMS m/z calcd for C15H25NO4P (M + H)+, 314.1;
found, 314.2

Dodecahydro-3a,6a,9a-triaza-trindene (21′). In a round-bottom
flask covered with aluminum foil, AgNO3 (0.74 mmol, 126 mg)
was added to a solution of pyrrolidine (0.15 mol, 10.65 g, 12.5
mL) in H2O (140 mL) plus NaOH pellets (0.3 mol, 12 g). To this
mixture, a solution of 25% Na2S2O8 (0.15 mol, 35.7 g, 142 mL)
was added dropwise at 0 °C. The reaction mixture was stirred at rt
for 3 h and then extracted with DCM (2 × 200 mL), after having
added NaCl to the aqueous phase to saturation. Drying over Na2SO4,
removal of solvent, solvation in Et2O (200 mL), filtration through
neutral alumina, and evaporation to dryness afforded the product
as a faint orange oil. Yield: 60%. 13C NMR (50 MHz, CDCl3) δ
19.9, 27.5, 45.5, 81.6.

2-Benzyl-3-(hydroxy-pyrrolidin-2-yl-phosphinoyl)-propion-
ic Acid (26). Pd/C (10%, 1.3 g) was added to a solution of 12 (12
mmol, 5.2 g) in MeOH/H2O (145/35 mL) and AcOH (5 drops) at
0 °C. The reaction mixture was stirred for 2 h under H2, at rt and
1 atm, and then filtered through a pad of celite. Removal of solvents
afforded the product as white solid. Yield: 95%. TLC Rf (a) 0.27;
ESMS m/z calcd for C14H21NO4P (M + H)–+, 298.1; found, 298.2.

3-{[1-(2-Acetylamino-propionyl)-pyrrolidin-2-yl]-hydroxy-
phosphinoyl}-2-benzyl-propionic Acid (27). Et3N (2 mmol, 202
mg, 0.28 mL) and BocAlaONp (1.5 mmol, 465 mg) were added to
a solution of 26 (1 mmol, 0.3 g) in DMF (2 mL). The reaction
mixture was stirred at rt for 12 h, concentrated in vacuo, dissolved
in AcOEt (50 mL) and washed with 1 M HCl (3 × 20 mL),
concentrated in vacuo, dissolved in 5% NaHCO3 (50 mL) and
AcOH to pH ) 6–6.5, and washed with Et2O (5 × 5 mL), acidified
with 1 M HCl to pH ) 1, and extracted with AcOEt (3 × 50 mL).
Drying over Na2SO4 and evaporation of solvent afforded the
protected tripeptide as white solid. Yield: 48%. Boc removal: The
product (1 mmol, 468 mg) was dissolved in DCM (3 mL), TFA (3
mL) was added, and the reaction mixture was stirred at rt for 1 h
and then evaporated to dryness. Acetylation: The reaction mixture
was dissolved in pyridine (10 mL) and Ac2O (3 mmol, 306 mg,
283 mL) was added and stirred at rt for 12 h. Dilution with H2O
and acidification with 1 M HCl to pH ) 1, extraction with AcOEt
(2 × 40 mL), drying over Na2SO4, evaporation of solvents, and
trituration with Et2O afforded the product as white solid. Overall
yield (3 steps): 74%. HPLC (gradient 1 t ) 0, 0% B; t ) 10, 10%
B; t ) 45, 60% B; t ) 50, 100% B) tR ) 21.62, 21.94, 22.48 min;
(gradient 2, t ) 0, 0% B; t ) 10, 15% B; t ) 40, 15% B; t ) 45,
100% B) tR ) 19.29, 19.81, 20.53 min; ESMS m/z calcd for
C19H27N2O6P (M - H)–, 409.2; found, 409.4.

3-{[1-(2-Acetylamino-3-methyl-butyryl)-pyrrolidin-2-yl]-hy-
droxy-phosphinoyl}-2-benzyl-propionic Acid (28). Same experi-
mental procedure as for 27, using BocLeuONp, afforded the product
as white solid. Overall yield (3 steps): 45%. HPLC (gradient 1, t
) 0, 0% B; t ) 15, 23% B; t ) 30, 23% B; t ) 40, 40% B; t )
45, 100% B) tR ) 27.35, 29.33, 32.49, 33.21 min; (gradient 2, t )
0, 15% B; t ) 20,15% B; t ) 40, 100% B) tR ) 29.82, 30.29,
30.98 min; ESMS m/z calcd for C22H34N2O6P (M + H)+, 453.2;
found, 453.1.

3-{[1-(2-Acetylamino-6-amino-hexanoyl)-pyrrolidin-2-yl]-hy-
droxy-phosphinoyl}-2-benzyl-propionic Acid (29). Same experi-
mental procedure as for 27, using CbzLys(Boc)ONp. Cbz removal:
The product (1 mmol, 660 mg) was dissolved in MeOH/H2O (20/5
mL) and AcOH (2 drops) 10% Pd/C (200 mg) was added at 0 °C.
The reaction mixture was stirred for 2 h under H2, at rt and 1 atm,
and then filtered through a pad of celite. Removal of solvents,
acetylation, and removal of the side-chain Boc group afforded the
product as white solid. Overall yield (4 steps): 45%. HPLC (gradient
1, t ) 0, 0% B; t ) 20, 15% B; t ) 40, 60% B; t ) 50, 100% B)
tR ) 21.42, 21.98, 22.81 min; (gradient 2, t ) 0, 0% B; t ) 10,
20% B; t ) 30, 100% B) tR ) 14.38, 14.64, 14.92 min; ESMS m/z
calcd for C22H35N3O6P (M + H)+, 468.2; found, 468.2.

4-Acetylamino-5-{2-[(2-carboxy-3-phenyl-propyl)-hydroxy-
phosphinoyl]-pyrrolidin-1-yl}-5-oxo-pentanoic Acid (30). Same
experimental procedure as for 29, using CbzGlu(t-Bu)ONp afforded
the product as white solid. Overall yield (4 steps): 42%. HPLC
(gradient 1, t ) 0, 0% B; t ) 20, 15% B; t ) 40, 15% B; t ) 45,
100% B) tR ) 24.89, 25.47, 26.73 min; (gradient 2, t ) 0, 0% B;
t ) 10, 25% B; t ) 45, 75% B; t ) 50, 100% B) tR ) 14.31,
14.53, 14.95 min; ESMS m/z calcd for C21H30N2O8P (M + H)+,
469.2; found, 469.2.

3-({1-[2-Acetylamino-3-(4-hydroxy-phenyl)-propionyl]-pyrro-
lidin-2-yl}-hydroxy-phosphinoyl)-2-benzyl-propionic Acid (31).
Same experimental procedure as for 29, using CbzTyr(But)ONp,
afforded the product as white solid. Overall yield (4 steps): 50%.
HPLC (gradient 1, t ) 0, 0% B; t ) 15, 20% B; t ) 40, 60% B;
t ) 50, 100% B) tR ) 31.65, 32.48 min; (gradient 2, t ) 0, 0% B;
t ) 10 15% B; t ) 45, 60% B; t ) 50, 100% B) tR ) 22.63, 23.59,
23.81 min; ESMS m/z calcd for C25H32N2O7P (M + H)+, 503.2;
found, 503.2.

3-{[1-(2-Acetylamino-3-phenyl-propionyl)-pyrrolidin-2-yl]-hy-
droxy-phosphinoyl}-2-benzyl-propionic Acid (32). Same experi-
mental procedure as for 27, using BocPheONp, afforded the product
as white solid. Overall yield (3 steps): 48%. HPLC (gradient 1, t
) 0, 0% B; t ) 10, 20% B; t ) 45, 20% B; t ) 50 100% B) tR )
34.3, 37.2, 40.8, 42.02 min; (gradient 2, t ) 0, 0% B; t ) 10, 30%
B; t ) 30, 30% B; t ) 35, 100% B) tR ) 20.65, 21.26, 23.01,
23.28 min; ESMS m/z calcd for C25H32N2O6P (M + H)+, 487.2;
found, 487.2.

3-{[1-(2-Acetylamino-4-methyl-pentanoyl)-pyrrolidin-2-yl]-
hydroxy-phosphinoyl}-2-benzyl-propionic Acid (33). Same ex-
perimental procedure as for 27, using BocValONp, afforded the
product as white solid. Overall yield (3 steps): 52%. HPLC (gradient
1, t ) 0, 15% B; t ) 20, 15% B; t ) 40, 100% B) tR ) 24.22,
27.09, 28.37, 28.86 min; (gradient 2, t ) 0, 0% B; t ) 20, 15% B;
t ) 40, 60% B; t ) 45, 100% B) tR ) 31.13, 31.44, 32.16, 32.40
min; ESMS m/z calcd for C21H30N2O6P (M - H)–, 437.2; found,
437.3.

3-({1-[2-Acetylamino-3-(1H-imidazol-4-yl)-propionyl]-pyrro-
lidin-2-yl}-hydroxy-phosphinoyl)-2-benzyl-propionic Acid (34).
Same experimental procedure as for 27, using TrtHis(Trt)ONp
afforded the protected tripeptide as white solid. Yield: 40%. N-R-
Trt removal: The product (1 mmol, 920 mg) was dissolved in DCM
(9.5 mL), HCOOH (0.5 mL) was added, and the reaction mixture
was stirred at rt for 10 min and then evaporated to dryness.
Acetylation and removal of the side chain Trt group afforded the
product as white solid. Overall yield (4 steps): 64%. HPLC (gradient
1, t ) 0, 0% B; t ) 5, 5% B; t ) 20, 5% B; t ) 30, 50% B; t )
40, 100% B) tR ) 29.01, 29.30, 29.49, 29.68 min; (gradient 2, t )
0, 0% B; t ) 10, 10% B; t ) 45, 35% B; t ) 50, 100% B) tR )
20.26, 21.10, 21.72, 22.21 min; ESMS m/z calcd for C22H28N4O6P
(M - H)–, 475.2; found, 475.5.

3-{[1-(2-Acetylamino-4-methyl-pentanoylamino)-2-phenyl-
ethyl]-hydroxy-phosphinoyl}-2-benzyl-propionic Acid (35). Same
experimental procedure as for 33, using the phosphinic dipeptide
19, afforded the product as white solid. Overall yield (3 steps):
52%. HPLC (gradient 1, t ) 0, 0% B; t ) 10, 25% B; t ) 45, 75%
B; t ) 50, 100% B) tR ) 31.39, 31.88, 32.86 min; (gradient 2, t )
0, 0% B; t ) 10, 35% B; t ) 45, 35% B; t ) 50, 100% B) tR )
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22.45, 22.89, 24.34 min; ESMS m/z calcd for C26H36N2O6P (M +
H)+, 503.2; found, 503.2.

3-({1-[2-Acetylamino-3-(1H-imidazol-4-yl)-propionylamino]-
3-methyl-butyl}-hydroxy-phosphinoyl)-2-benzyl-propionic Acid
(36). Same experimental procedure as for 34, using the phosphinic
dipeptide 20, afforded the product as white solid. Overall yield (3
steps): 42%. HPLC (gradient 1, t ) 0, 0% B; t ) 20, 15% B; t )
40, 60% B; t ) 50, 100% B) tR ) 28.80, 29.90, 30.85, 31.70 min;
(gradient 2, t ) 0, 0% B; t ) 10, 25% B, t ) 45, 75% B; t ) 50,
100% B) tR ) 15.65, 16.27, 16.96, 17.86 min; ESMS m/z calcd for
C23H34N4O6P (M + H)+, 493.2; found, 493.2.

2-Hydroxyphosphinoylmethyl-pent-4-ynoic Acid Ethyl Ester
(37). Ammonium hypophosphate salt H2P(O)(O-NH4

+) is produced
by mixing equimolecular quantities of commercially available
aqueous solutions of 50% H3PO2 and 25% NH3 at 0 °C, evaporation
of water, and drying over P2O5 to constant weight. A suspension
of dry H2P(O)(O-NH4

+) (0.17 mol, 14.11 g) and HMDS (0.17
mol, 27.41 g, 35 mL) was heated at 110 °C for 3 h under argon
atmosphere. The reaction mixture was then cooled to rt, 200 mL
of dry DCM was added, and after cooling, to 0 °C,
CH2dC(CH2CtCH)COOEt (34 mmol, 4.69 g) in DCM (35 mL)
was added at this temperature dropwise for 15 min and the reaction
mixture was stirred for 12 h at rt. Then absolute EtOH (35 mL)
was added dropwise. The reaction mixture was evaporated in vacuo,
then dissolved in 5% NaHCO3 (200 mL), washed with Et2O (2 ×
100 mL), acidified with 6 M HCl to pH ) 1, and extracted with
AcOEt (3 × 150 mL), dried over Na2SO4, and evaporation to
dryness afforded the product as viscous colorless oil. Yield: 88%.
TLC Rf (CHCl3/MeOH/AcOH ) 7/2/1) 0.59. 1H NMR (200 MHz,
CDCl3) δ 1.28 (t, J ) 7.2 Hz, 3H), 1.98–2.4 (m, 3H), 2.63–2.66
(m, 2H), 4.20 (q, J ) 7.2 Hz, 2H), 7.27 (d, J ) 568.37 Hz, 1H);
13C NMR (50 MHz, CDCl3) δ 14.31, 22.19 (d, 3JPC ) 12.03 Hz)
29.9 (d, 1JPC ) 97.57 Hz), 37.91 (d, 1JPC ) 98.9 Hz), 61.54, 71.32,
79.66, 172.27; 31P NMR (81 MHz, CDCl3) δ 34.62; ESMS m/z
calcd for C8H12O4P (M - H)–, 203.1; found, 203.2.

2-[(2-Ethoxycarbonyl-pent-4-ynyl)-hydroxy-phosphinoyl]-
pyrrolidine-1-carboxylic Acid Benzyl Ester (38). Same procedure
as for 3 (method b), starting from 37. Yield: 54%. TLC Rf (CHCl3/
MeOH/AcOH ) 7/0.5/0.5) 0.59. 1H NMR (200 MHz, CDCl3) δ
1.16–1.34 (m, 3H), 1.79–2.70 (m, 9H), 2.84–3.10 (m, 1H),
3.38–3.68 (m, 2H), 4.02–4.27 (m, 3H), 5.05–5.20 (m, 2H),
7.22–7.41 (m, 5H); 13C NMR (50 MHz, CDCl3) δ 14.09, 22.34,
23.45, 24.65, 25.37, 26.05, 28.53 (d, 1JPC ) 94.57 Hz), 38.04, 47.18,
56.05 (d, 1JPC ) 108.33 Hz), 56.46 (d, 1JPC ) 108.33 Hz), 60.97,
67.39, 70.74, 80.09, 127.79, 128.05, 128.44, 136.20, 155.69, 172.93;
31P NMR (81 MHz, CDCl3) δ 55.84, 55.70, 55.42; ESMS m/z calcd
for C20H25NO6P (M - H)–, 406.2; found, 406.3.

2-{[2-Ethoxycarbonyl-3-(3-phenyl-isoxazol-5-yl)-propyl]-hy-
droxy-phosphinoyl}-pyrrolidine-1-carboxylic Acid Benzyl Ester
(39). NCS (1.27 mmol, 170 mg) and pyridine (0.94 mmol, 74 mg,
76 µL) were added to a solution of benzaldehyde oxime (1.27 mmol,
154 mg) in CHCl3 (7 mL). The reaction mixture was stirred at 45
°C for 3 h and then 38 (0.42 mmol, 160 mg) dissolved in CHCl3

(250 µL) and Et3N (1.68 mmol, 170 mg, 232 µL) were added in
five portions. The reaction mixture was stirred at 45 °C for 3 days.
Removal of solvents, solvation in NaHCO3 5% (50 mL), washings
with Et2O (3 × 5 mL), acidified with 2 M HCl to pH ) 1, and
extracted with AcOEt (3 × 30 mL), dried over Na2SO4, and
evaporation to dryness afforded the crude product. The reaction
was repeated three times until consumption of 38, as shown by
31P NMR. Purification by column chromatography, using CHCl3/
MeOH/AcOH (7/0.3/0.3) as eluent, afforded the product as oyster-
white foam. Yield: 80%. TLC Rf (CHCl3/MeOH/AcOH ) 7/0.5/
0.5) 0.59. HPLC (gradient t ) 0, 0% B; t ) 10, 25% B; t ) 45,
75% B; t ) 50, 100% B) tR ) 38.71, 38.98 min; 1H NMR (200
MHz, CDCl3) δ 1.00–1.32 (m, 3H), 1.72–2.53 (m, 6H), 3.01–3.69
(m, 5H), 4.00–4.25 (m, 3H), 6.26–6.49 (m, 1H), 7.16–7.85 (m,
10H); 13C NMR (50 MHz, CDCl3) δ 13.9, 24.66, 25.43, 28.45,
30.04, 37.83, 47.16, 56.06 (d, 1JPC ) 110.78 Hz), 56.59 (d, 1JPC )
110.78 Hz), 61.16, 67.53, 100.52, 126.67, 127.81, 128.10, 128.46,
128.78, 129.81, 136.09, 155.76, 162.31, 170.12, 172.97; 31P NMR

(81 MHz, CDCl3) δ 55.17; ESMS m/z calcd for C27H29N2O7P (M
- H)–, 525.2; found, 525.3.

3-{[1-(2-Acetylamino-4-methyl-pentanoyl)-pyrrolidin-2-yl]-
hydroxy-phosphinoyl}-2-(3-phenyl-isoxazol-5-ylmethyl)-propi-
onic Acid (40). Same procedure as described for 33, using the
hydrogenated derivative of phosphinic dipeptide 39, afforded the
product as white solid. Overall yield (3 steps): 51%. HPLC (gradient
1, t ) 0, 0% B; t ) 10, 25% B; t ) 45, 75% B; t ) 50, 100% B)
tR ) 22.67, 22.98, 25.15 min; (gradient 2, t ) 0, 0% B; t ) 15,
25% B; t ) 30, 25% B; t ) 40, 45% B; t ) 50, 100% B) tR )
35.82, 37.31, 41.50 min; ESMS m/z calcd for C25H33N3O7P (M -
H)–, 518.2; found, 518.3.

3-({1-[2-Acetylamino-3-(1H-imidazol-4-yl)-propionyl]-pyrro-
lidin-2-yl}-hydroxy-phosphinoyl)-2-(3-phenyl-isoxazol-5-ylmethyl)-
propionic Acid (41). Same procedure as described for 34, using
the hydrogenated derivative of phosphinic dipeptide 39, afforded
the product as white solid. Overall yield (4 steps): 42%. HPLC
(gradient 1, t ) 0, 0% B; t ) 20, 15% B; t ) 40, 60% B; t ) 45,
100% B) tR ) 28.09, 28.67, 29.29, 29.88 min; (gradient 2, t ) 0,
0% B; t ) 10, 10% B; t ) 20, 10% B; t ) 30, 100% B) tR )
27.49, 28.04 min; ESMS m/z calcd for C25H31N5O7P (M + H)+,
544.2; found, 544.1.

2-[(1-Benzyloxycarbonylamino-3-methyl-butyl)-hydroxy-phos-
phinoylmethyl]-pent-4-ynoic Acid Ethyl Ester (42). Same ex-
perimental procedure as for 3, method A, using 7 and
CH2dC(CH2CtCH)COOEt product afforded as white solid. Yield
98%. TLC Rf (CHCl3/MeOH/AcOH ) 7/0.5/0.5) 0.59. 1H NMR
(200 MHz, DMSO-d6) δ 0.63–0.97 (m, 6H), 1.02–1.28 (m, 3H),
1.31–2.13 (m, 5H), 2.69–2.94 (m, 2H), 3.61–3.86 (m, 1H),
3.92–4.19 (m, 2H), 4.88–5.19 (m, 2H), 7.20–7.42 (m, 5H); 13C
NMR (50 MHz, CDCl3) δ 14.03, 20.98, 22.26, 23.36, 24.27, 26.75
(d, 1JPC ) 91.78 Hz), 36.10, 37.89, 47.92 (d, 1JPC ) 105.56 Hz),
48.46 (d, 1JPC ) 105.56 Hz), 61.18, 67.05, 71.00, 79.94, 127.85,
128.03, 128.40, 136.24, 156.09, 172.82; 31P NMR (81 MHz,
DMSO-d6) δ 46.23, 46.44; ESMS m/z calcd for C21H31NO6P (M
+ H)+, 424.2; found, 424.3.

3-[(1-Benzyloxycarbonylamino-3-methyl-butyl)-hydroxy-phos-
phinoyl]-2-(3-phenyl-isoxazol-5-ylmethyl)-propionic Acid Eth-
yl Ester (43). Same experimental procedure as described for 41,
using the phosphinic dipeptide 39, afforded the product as white
solid. Yield: 83%. HPLC (gradient, t ) 0, 0% B; t ) 10, 35% B;
t ) 35, 100% B) tR ) 29.54 min. 1H NMR (200 MHz, CDCl3) δ
0.82–0.96 (m, 6H), 1.09–1.28 (m, 3H), 1.45–1.77 (m, 5H),
1.81–2.04 (m, 1H), 2.14–2.38 (m, 1H), 3.07–3.35 (m, 3H),
4.00–4.20 (m, 3H), 5.05–5.11 (m, 2H), 6.34–6.38 (m, 1H),
7.24–7.45 (m, 10H); 13C NMR (50 MHz, CDCl3) δ 13.96, 20.91,
23.32, 24.31, 26.75, 28.25, 28.54, 29.64, 29.82, 30.02, 30.23, 35.95,
37.85, 47.96 (d, 1JPC ) 106.25 Hz), 48.61 (d, 1JPC ) 106.25 Hz),
61.48, 67.20, 100.68, 126.05, 126.71, 127.87, 127.94, 128.14,
128.45, 128.83, 129.92, 136.16, 156.29, 162.28, 169.96, 173.05;
31P NMR (81 MHz, d6 CDCl3) δ 53.62; ESMS m/z calcd for
C28H36N2O7P (M + H)+, 543.2; found, 543.2.

3-({1-[2-Acetylamino-3-(1H-imidazol-4-yl)-propionylamino]-
3-methyl-butyl}-hydroxy-phosphinoyl)-2-(3-phenyl-isoxazol-5-
ylmethyl)-propionic Acid (44). Same experimental procedure as
described for 41, using the hydrogenated derivative of phosphinic
dipeptide 43, afforded the product as white solid. Overall yield (4
steps): 49%. HPLC (gradient 1, t ) 0, 0% B; t ) 45, 100% B) tR

) 19.11, 19.41, 20.08, 20.54 min; (gradient 2, t ) 0, 0% B; t )
20, 20% B; t ) 40, 60% B; t ) 50, 100% B) tR ) 31.40, 31.80,
32.47, 33.03 min; ESMS m/z calcd for C26H35N5O7P (M + H)+,
560.2; found, 560.3.

Inhibitor Potency

ACE2. Ki values reported in Table 1 were determined using,
respectively, ACE2 (0.3 nM final from R&D systems) and Mca-
APK(Dnp) as substrate (35 µM final) from R&D systems.
Enzyme and inhibitors were incubated for 45 min before the
initiation of the reaction by substrate addition. Assays were
carried out at 25 °C in 50 mM Hepes (pH 6.8), 1 M NaCl, 10
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µM ZnCl2. Continuous assays were performed by recording the
fluorescence increase at 405 nm (εex ) 320 nm) induced by the
cleavage of Mca-APK(Dnp)OH by ACE2, using black, flat-
bottomed, 96-well nonbinding surface plates (Corning-Costar,
Schiphol-RijK, The Netherlands). Fluorescence signals were
monitored using a Fluoroscan Ascent photon counter spectro-
photometer (Thermo-Labsystems, Courtaboeuf, France) equipped
with a temperature control device and a plate shaker. The
substrate and enzyme concentrations for the experiments were
chosen so as to remain well below 10% of substrate utilization
and to observe initial rates. For each inhibitor, percentage
inhibition was determined in triplicate experiments at five
inhibitor concentrations, chosen to observe a 20–80% range of
inhibition. Ki values were determined using the method proposed
by Horovitz and Leviski.35

ACE. Assays were performed as described for ACE2, using
Mca-Ala-Ser-Asp-Lys-Dpa-OH, as substrate (15 µM) and
somatic ACE (0.5 nM) from R&D systems.

CPA. inhibitor potencies toward bovine carboxypeptidase A
(Sigma-Aldrich Co) were determined, as described previously.18

Inhibitors were added to 0.5 nM bovine pancreatic CPA (Sigma-
Aldrich) in assay buffer (50 mM Tris-HCl, 1 M NaCl, pH 7.5).
Furylacryloyl-Phe-Phe substrate (50 µM) was added to start the
reaction. Activity was monitored by measuring decrease in
absorbance (328 nm).

Molecular Modeling

The molecular model of the interaction of compound 40 with
ACE2, based on the crystal structure of ACE2 in interaction
with MLN-4760 (PDB code 1R4L), was achieved with program
CHARMM (version 27), using version 22. The geometrical and
nonbonded parameters for compound 40 were derived from ab
initio quantum calculations with the program Gaussian98. These
calculations were done at the MP2 level of theory using a
6-31+G(d,p) basis set. An initial model of compound 40 was
built with the Insight software (Accelrys Inc.). The initial
position of compound 40 in the ACE2 active site was obtained
by superimposition of the main chain atoms of compound 40
on the corresponding atoms of the phosphinic peptide RXPA380,
as observed in the crystal structure of this inhibitor with the
germinal form of ACE (PDB code 2oc2). This starting structure
was then refined by energy minimization and molecular dynam-
ics with CHARMM. To preserve the structure of the protein
during relaxation of the complex, harmonic restraints were
applied to the atomic positions of several sets of atoms. The
harmonic constants were set to 100, 5, and 0.5 kcal-1 Å-2 for
the ions and their chelating residues, the atoms and the residues
of the protein located at a distance greater than 5 Å, respectively.
The initial step of the relaxation protocol consists of an initial
2000 cycles of adopted basis Newton–Raphson energy mini-
mization. Then 100000 steps of molecular dynamics using the
Verlet algorithm were undertaken. The integration step was set
to 0.0005 ps. The temperature was gradually increased by 25
K each 1000 steps to reach 300 K. This molecular dynamics
run was followed by 5000 cycles of energy minimization. The
resulting structure was then analyzed. During the calculations,
the nonbonded interactions were modeled using a Lennard-Jones
function and a Coulombic electrostatic term with a nonbonded
cutoff of 13 Å. The dielectric constant was set to 1.
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