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In the present work, we describe in detail an efficient solution synthesis of norleucine-derived phos-
phonopeptides mimicking the peptide sequences Nle-Gly(Ala) and Nle-Gly(Ala)-Val. The most efficient
strategy involved use of the benzyl group. The synthesis was achieved through BOP-catalysed coupling of
the monobenzyl ester of the N-Cbz-protected phosphonate derivative of norleucine with the hydroxyl
moieties of derivatised L-lactic or glycolic acid. Subsequently, complete deprotection of the products was
achieved in good yields by one-step Pd-catalysed hydrogenolysis. We also prepared the Fmoc-Nle-
J[PO(OH)O]-CH2-COOH synthon and demonstrated that this precursor is a suitable building block for
the solid-phase synthesis of cysteine-containing phosphonopeptides.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Phosphinopeptides1,2 and phosphonamidopeptides3 belong to
the family of pseudopeptidic compounds, in which one peptide bond
is substituted by a non-hydrolysable phosphinate4 –PO(OH)–CH2– or
phosphonamidate3 –PO(OH)–NH– group. Phosphonopeptides,3,5

also called depsiphosphonopeptides,6 bearing the motif –PO(OH)–
O–, are another type of mimic in which a phosphonate ester replaces
the peptide bond. The resemblance of these phosphorus-containing
moieties to the structure of the peptide bond during enzyme-cata-
lysed hydrolysis enables effective mimicry of the structure of the
peptidic substrate in the transition state7–9 (TS). Thus, these com-
pounds may be potent inhibitors of peptidases.4 Phosphonopeptides
were found to be efficacious inhibitors of leucine aminopeptidase,10

pepsin,11,12 carboxypeptidase A9,13–15 and B,16 chymotrypsin,17 serine
proteases,18 thermolysin19 and penicillopepsin.20–22 Recently, it was
shown that vancomycin-resistant bacteria are able to produce D-Ala-
D-lactate dipeptide instead of D-Ala-D-Ala dipeptide. D-Ala-D-lactate
dipeptide binds much more weakly to vancomycin, and can be in-
corporated into the peptidoglycan layer. This resulted in the
imethylamino)phosphonium
mino)phosphonium hexa-

1,4-diazabicyclo[2.2.0]octane;
,Ń-dicyclohexylcarbodiimide;
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synthesis of new phosphonate dipeptides for use as inhibitors of
VanX D,D-dipeptidase.6,23–26 The preparations of some phosphonate
compounds designed as potential antihypertensive agents are pro-
tected by patents.27–31

The most common strategy to prepare depsiphosphonopeptides
of Structure I (see below) consists of two crucial steps: (i) elonga-
tion of the C- and/or N-terminus of mixed esters, followed by (ii)
selective cleavage of the protecting group R3.11,12
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R3 = methyl, benzyl
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The synthesis of the above-mentioned mixed diesters can be ac-
complished by the condensation of an N-protected phosphonate
monoester with the hydroxyl moiety of a derivative of a glycolic,
lactic or mandelic acid using coupling agents such as DIAD/PPh3,31–34

BOP or PyBOP.35,36 The same products have also been prepared from
phosphonochloridates by treatment of monoesters with thionyl
chloride10–12,14,23,24 or by oxidative chlorination with carbon tetra-
chloride.11,18 Next, the demethylation of unsymmetrical diesters us-
ing TMSBr,12,20,22,31,32,34,35 LiSPr,10,23,24 LiOH14,19 or by hydrogenolysis
of the protecting benzyl group6,29 led to the desired phosphonic acid
monoesters. Alternatively, direct monoesterification starting from
phosphonic acid using thionyl chloride,16,25,37 BroP, TPyClU38 or
DCC27,30 has also been reported. Similar results were obtained by the
esterification of the corresponding phosphorous acid with DCC fol-
lowed by oxidation with sodium periodate.28,39,40 A new approach to
the one-pot preparation of depsiphosphonopeptides involves
a multicomponent condensation of an aldehyde, benzylcarbamate and
carboethoxyalkyl phosphorodichloridate.41 However, this method
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is suitable only for aromatic aldehydes. Campagne et al.42 described
a methodology for the preparation of phosphonopeptides from N-
Fmoc-protected monoesters of phosphonic acids by solid-phase
synthesis using BOP as a condensation agent.

Herein, we present a detailed description of the synthesis of new
types of phosphonodepsipeptide, NleJ[PO(OH)O]-Gly(Ala) and
NleJ[PO(OH)O]-Gly(Ala)-Val, mimicking the peptide sequences
Nle-Gly(Ala) and Nle-Gly(Ala)-Val and, in all cases, having a phos-
phonate analogue of norleucine at the N-terminus. Recently, we
published43 a preliminary report of this synthesis. The presented
compounds may represent potential inhibitors of methionine or
leucine aminopeptidases. The proposed pseudopeptide sequences
should fulfil the structural requirements of methionine aminopep-
tidases; Nle or Met at P1 and a small aliphatic residue, such as Ala or
Gly, in the P1

0 position. The C-terminal Val at the P2
0 position was

chosen based on our recent results with statine pseudopeptides as
inhibitors of methionine aminopeptidases.44 We also prepared an
Fmoc-Nle-J[PO(OH)O]-CH2-COOH synthon. We used this building
block for the efficient solid-phase synthesis of Tyr-Nle-J[PO(OH)O]-
Gly-Cys-NH2 pseudopeptide, and demonstrated that this precursor
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Scheme 1. Reagents, conditions, yields: (a) AcOH, 80 �C, 2 h (75%); (b) NaOCH3, methano
(d) NaOH, water and methanol, 80 �C, 4 h (84%); (e) 10% Pd–C, H2, methanol, rt, 15 psi, o
1-methylimidazole, glycolyl-resin (Sieber Amide); (h) glycolamide, BOP, TEA, DMF, rt, o
glycolate, BOP, TEA, DMF, rt, overnight (89%); (k) TMSBr, dichloromethane, rt, 3 h; (l) 10% Pd
17a, BOP, TEA, DMF, rt, overnight (67%); (n) 10% Pd–C, H2, methanol, rt, 15 psi, overnigh
is a suitable building block for the solid-phase synthesis of cysteine-
containing phosphonopeptides.

2. Results and discussion

First, we decided to synthesise target compounds 6, 10 and 20a
using the methodology outlined in Scheme 1. The first step of our
effort consisted of the preparation of phosphonate monomethyl
ester 3, which was further transformed in three synthetic steps: (i)
condensation with benzyl glycolate followed by (ii) selective
demethylation or (iii) use in solid-phase synthesis.

Thus, diphenyl ester 1 was prepared through the one-pot con-
densation of valeraldehyde, triphenyl phosphite and benzyl carba-
mate according to the procedure described by Oleksyszyn et al.,45

followed by a slightly modified procedure of transesterification46

with sodium methanolate to yield dimethyl ester 2. Alternatively,
we also prepared compound 2 using a one-pot reaction of valer-
aldehyde, dimethyl phosphite and benzyl carbamate in acetyl
chloride,47 which gave a moderate yield of 36%. The procedure of
Oleksyszyn et al.45 is somewhat longer, but more convenient with
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l and dioxane, rt, overnight (77%); (c) AcCl, �5 to 0 �C, 1 h then rt overnight (36%);
vernight (87%); (f) Fmoc-OSu, NaHCO3, water and dioxane, rt, overnight; (g) TrisCl,
vernight (81%); (i) 10% Pd–C, H2, methanol, rt, 15 psi, overnight (59%); (j) benzyl
–C, H2, methanol, rt, overnight (3% over two steps); (m) HOCH2CONHCH(S-iPr)COOBn
t (50%).
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Scheme 3. Reagents, conditions, yields: (a) TEA, HBTA, DIC, dichloromethane, 0 �C, 1 h
then rt overnight R¼H (80%), R¼CH3 (88%); (b) DBU, HBTA, DIC, dichloromethane, 0 �C,
1 h then rt overnight R¼H (61%), R¼CH3 (69%); (c) NH3, CH3OH, rt, 6 days, R¼H (60%),
R¼CH3 (79%).
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regard to the yield (58% of 2 over two steps). The hydrolysis of 2 with
NaOH afforded the important monomethyl ester intermediate 3.

Coupling of 3 with benzyl glycolate afforded mixed diester 8,
which was treated with TMSBr. Subsequent hydrogenolysis gave
target compound 20a, but in an unsatisfactory yield (3% after RP-
HPLC purification). The main problem with this method was the
low selectivity of the demethylation agent (TMSBr) and difficulty in
purifying crude compound 20a by flash chromatography (due to
the presence of the polar P–OH group).

Concerning the solid-phase synthesis (SPS) pathway, removal of
the Cbz group through catalytic hydrogenation48 afforded zwit-
terion 4, which was converted into protected phosphonate 5 by
treatment with Fmoc-OSu.49 We tried to use phosphonate synthon
5 in a condensation reaction with the hydroxyl group of glycolic
acid attached via its carboxylic group to Sieber Amide resin using
a mixture of TrisCl and 1-methylimidazole,50 but all attempts failed.
Later, we found that compound 6 was easily available by coupling 3
with glycolamide followed by removal of the Cbz group. Phos-
phonate 10, having the Gly-Val dipeptide sequence at the C-ter-
minus, was obtained in a similar manner.

Taking into account the synthetic problems we encountered
with methyl ester protection of the phosphoryl moiety, we decided
to focus our next effort on the development of a new method, one
that would overcome the disadvantages of the synthetic pro-
cedures described above.

In this work, we modified previously published methodologies
for the preparation of phosphonodepsipetides reported by Cam-
pagne et al.42 and Isomura et al.6 Instead of a phosphonic methyl
ester moiety, which we used for compound 3, we introduced benzyl
ester protection, which is easily removable through one-step cat-
alytic hydrogenolysis together with the Cbz protecting group.
Scheme 2 describes the synthesis of key intermediate 16, which we
proposed as a precursor for the synthesis of the target compounds.

Diphenylester 11 was prepared as described by Kudzin and
Stec51 using a three-component condensation of valeraldehyde,
triphenyl phosphite and N-phenyl thiourea, which after heating in
concentrated hydrochloric acid afforded free 1-aminophosphonic
acid 12. Reaction of 12 with benzyloxycarbonyl chloride furnished
Cbz-protected acid 13, and after esterification52,53 proceeding un-
der mild conditions with 2 equiv of N,N-diisopropyl-O-benzyli-
sourea54 14, we isolated the corresponding dibenzyl ester 15. Key
intermediate 16 was obtained through the base-catalysed hydro-
lysis of 15 using DABCO.55 Surprisingly, the condensation of valer-
aldehyde, dibenzyl phosphite and benzyl carbamate performed
analogously to the standard method47 (Scheme 2, reaction f) fur-
nished dibenzyl ester 15 in only 5%.
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Scheme 2. Reagents, conditions, yields: (a) AcOH, 80 �C, 3 h (81%); (b) 35% HCl and AcOH, re
water and dioxane, 0 �C, 2 h then at rt overnight (88%); (d) N,N0-diisopropyl-O-benzylisoure
�5 to 0 �C, 1 h then rt overnight (5%).
Glycolic and L-lactic acid-derived dipeptides, necessary for
coupling with phosphonic acid 16, were synthesised as published
earlier56 (Scheme 3). Due to great differences in the reactivity
of amino and alcohol groups, the hydroxyl functions of glycolic and
L-lactic acids did not need to be protected. Glycolic or L-lactic acid
reacted with L-valine benzyl ester p-toluenesulfonate using DIC as
a coupling reagent to afford 17a or 17b, respectively. Compounds
18a and 18b were prepared in the same manner starting from
L-valine methyl ester hydrochloride, but DBU was used instead of
TEA for liberating the product from the salt. Aminolysis of 18a and
18b with ammonia in methanol afforded amides 19a and 19b,
respectively.
The key intermediate 16 and commercially available benzyl
glycolate, benzyl (S)-lactate, methyl glycolate, methyl (S)-lactate,
glycolamide or (S)-lactamide were coupled using BOP35 to afford
the corresponding mixed phosphonic acid diesters 20a, 20b, 22a,
22b, 24a and 24b, respectively (Scheme 4). Phosphonic acid di-
esters 26a, 26b, 28a, 28b, 30a and 30b were obtained by reaction of
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16 under the same conditions with dipeptides 17a, 17b, 18a, 18b,
19a and 19b, respectively. In all cases, the reactions proceeded
smoothly and in high preparative yields (72–86%). The final step of
the synthesis involved the removal of the benzyl and Cbz groups by
classical catalytic hydrogenation. The final target compounds 21a,
21b, 23a, 23b, 25a, 25b, 27a, 27b, 29a, 29b, 31a and 31b were pu-
rified using RP-HPLC in good yields.

To extend the versatility of our approach, we prepared N-pro-
tected phosphonate synthon 32 by hydrogenolysis of 20a followed
by reaction with Fmoc-OSu, as illustrated in Scheme 5. The pres-
ence of the lypophilic Fmoc group and free phosphonic acid in the
molecule resulted in a difficult purification and rather low pre-
parative yield. On the other hand, synthon 32 appeared to be a very
useful building block for the solid-phase synthesis of pseudo-
peptidic phosphonate inhibitors of various metallopeptidases. As
an example, using a protocol described by Raguin et al.,57 we suc-
cessfully prepared phosphonodepsipeptide 33, which mimics the
peptide sequence of Tyr-Nle-Gly-Cys-amide. Synthon 32 may be
useful in the synthesis of cysteine-containing pseudopeptides,
which are hardly accessible (due to the poisoning effect of sulfur)
by solution-synthesis approaches requiring a final catalytic
hydrogenolysis.

3. Conclusion

In conclusion, we present herein an efficient method for the
solution synthesis of phosphonodepsipeptides. In comparison to
previously published methods, our approach offers several im-
provements: (i) masking of the amino and hydroxyl moieties by
non-polar protecting groups permits convenient and simple work-
up of intermediates, (ii) the condensation of protected phosphonic
acid 16 with the hydroxyl moiety of glycolic or L-lactic acid de-
rivatives proceeds easily and without sensitivity to steric hindrance
and (iii) the final step of the synthesis, catalytic hydrogenation,
enables the complete removal of the protecting groups under mild
conditions. In addition, N-Fmoc-protected precursor 32 provides
a convenient building block for the solid-phase synthesis of pseudo-
peptide phosphonates without any restriction of sulfur-containing
amino acids.

4. Experimental

4.1. General

Reagents and solvents (Sigma–Aldrich–Fluka) used in this study
were of analytical grade. TLC on silica gel coated aluminium plates
(Fluka) was performed in the following systems (v/v): chloroform–
ethanol 98:2 (S1), chloroform–ethanol 95:5 (S2), isopropyl alcohol–
acetic acid–water 12:3:5 (S3), chloroform–ethanol 90:10 (S4),
isopropyl alcohol–concentrated aqueous ammonia–water 7:1:2
(S5). The compounds were visualised by exposure to UV light at
254 nm, by ninhydrin spraying (dark blue colour of amines) and by
spraying with a 1% (v/v) ethanolic solution of 4-(4-nitro-
benzyl)pyridine followed by heating and treating with gaseous
ammonia (blue colour of diesters of phosphonic acids or esters of
carboxylic acids). Dipeptides 19a and 19b were visualised by
spraying with a solution of 10% CuSO4 5H2O in 10% phosphoric acid
followed by heating at 200 �C. Flash chromatography purifications
were carried out on silica gel (40–63 mm, Fluka). Preparative RP-
HPLC chromatography was carried out on a C18 Luna column
(Phenomenex, 250�21.2 mm, 10 mm) at a flow rate 9 mL/min. Sol-
vent A: 0.1% TFA. Solvent B: 80% CH3CN, 0.1% TFA. The following
gradients were used; G1: t¼0–15 min (0% B), t¼30 min (20% B),
t¼40 min (40% B), t¼45 min (100% B); G2: t¼0–15 min (0% B),
t¼30 min (20% B), t¼40 min (80% B), t¼45 min (100% B). Analytical
RP-HPLC chromatography was carried out at a flow rate of 1 mL/
min on a C18 Nucleosil column (250�4 mm, 5 mm) from Watrex
(Praha) using the same gradients and solvents. Eluted compounds
were detected at 218 nm. Melting points were determined on
a Boetius block and are uncorrected. 1H and 13 NMR spectra were
measured on a Bruker AVANCE-600 spectrometer (1H at
600.13 MHz, 13C at 150.9 MHz) in CDCl3, DMSO-d6, CD3OD or D2O
solution at 300 K. The 2D-H,H-COSY, 2D-H,C-HSQC and 2D-H,C-
HMBC spectra were recorded and used for the structural assign-
ment of proton and carbon signals. IR spectra were recorded on
Bruker IFS 55 Equinox apparatus. HRMS spectra were obtained on
an FTMS mass spectrometer LTQ-orbitrap XL (Thermo Fisher, Bre-
men, Germany) in electrospray ionisation mode. Optical rotation
values were measured on polarimeter AUTOPOL IV (Rudolph Re-
search Analytical, USA) for the sodium D line at 20 �C.

4.2. Synthesis of compounds

4.2.1. Diphenyl [(R,S)-1-(benzyloxycarbonylamino)-
pentyl]phosphonate (1)

Benzyl carbamate (6.04 g, 0.04 mol), triphenyl phosphite
(12.41 g, 0.04 mol) and valeraldehyde (5.17 g, 0.06 mol) were stirred
for 2 h at 80 �C in glacial acetic acid (20 mL). The acetic acid
was evaporated in vacuo and the residue was dissolved in
15 mL of methanol. The solution was left to stand overnight at
5 �C to afford colourless crystals, which were filtered off and
washed with petroleum ether. The pure product was obtained
by recrystallisation from a mixture chloroform–methanol. Yield
13.5 g (75%). Colourless solid, mp 97–98 �C (lit.58 95–97 �C).
Rf¼0.62 (S1). 1H NMR (600 MHz, DMSO): 0.86 (3H, t, J¼7.3,
CH3), 1.26 and 1.34 (2H, m, CH2), 1.34 and 1.45 (2H, m, CH2),
1.80 and 1.90 (2H, m, CH2), 4.30 (1H, m, N–CH–P), 5.09 and 5.13
(2H, d, Jgem¼12.6, –CH2–O), 7.15–7.39 (15H, m, 3�C6H5), 8.08
(1H, d, J¼9.5, NH). 13C NMR (150.9 MHz, DMSO): 13.99 (CH3),
21.67 (CH2), 27.74 (d, J(C,P)¼14.4, CH2), 28.23 (d, J(C,P)¼3.3,
CH2), 48.48 (d, J(C,P)¼158.3, N–CH–P), 66.05 (O–CH2), 120.62 (d,
J(C,P)¼4.0, 2�Ar–CH), 120.83 (d, J(C,P)¼3.8, 2�Ar–CH), 125.38
(Ar–CH), 125.53 (Ar–CH), 127.93 (2�Ar–CH), 128.10 (Ar–CH),
128.57 (2�Ar–CH), 130.09 (2�Ar–CH), 130.13 (2�Ar–CH), 137.17
(Ar–C), 150.12 (d, J(C,P)¼9.6, Ar–C), 150.40 (d, J(C,P)¼9.7, Ar–C),
156.54 (d, J(C,P)¼5.0, O–CO–N). IR (KBr, nmax cm�1) 3270, 1711,
1591, 1544, 1491, 1455, 1253, 1218, 1201, 1163, 1071, 1028, 950,
772, 758, 701, 692, 688. HRMS (ESI) calcd for C25H28NNa O5P
[MþNa]þ 476.1603; found: 476.1597.

4.2.2. Dimethyl [(R,S)-1-(benzyloxycarbonylamino)-
pentyl]phosphonate (2)

Sodium methoxide (5.6 g, 0.011 mol) was added in one portion
to a stirred solution of compound 1 (9.5 g, 0.021 mol) dissolved in
100 mL of anhydrous methanol and 100 mL of dioxane. The flask
was equipped with a calcium dichloride tube and the reaction was
allowed to proceed at rt overnight. The solvents were evaporated in
vacuo, the residue was taken up in 100 mL of ethyl acetate and
washed with 100 mL of water and twice with 100 mL of a 1% so-
lution of NaOH. The organic layer was separated, dried over Na2SO4,
filtered and concentrated in vacuo. The crude product was purified
by flash chromatography on silica gel using elution with a linear
gradient of ethyl acetate in toluene. Yield 5.3 g (77%).

Alternatively, we also prepared compound 2 as follows. A mix-
ture of benzyl carbamate (6.05 g; 0.04 mol) and dimethyl phosphite
(4.4 g; 0.04 mol) in 50 mL of acetyl chloride was cooled to �5 �C,
and valeraldehyde (4.31 g, 0.05 mol) was added dropwise over
10 min. The reaction mixture was stirred for 1 h for at 0 �C and then
left to react at rt overnight. The acetyl chloride was evaporated in
vacuo and the crude product was purified by flash chromatography
on silica gel using elution with a linear gradient of ethyl acetate in
toluene. Yield 4.8 g (36%). Colourless oil. Rf¼0.67 (S2). 1H NMR
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(600 MHz, CDCl3): 0.89 (3H, t, J¼7.2, CH3), 1.32 (2H, m, CH2), 1.34
and 1.45 (2H, m, CH2), 1.57 and 1.84 (2H, m, CH2), 3.71 (3H, d,
J(H,P)¼10.6, OCH3), 3.75 (3H, d, J(H,P)¼10.6, OCH3), 4.10 (1H, m, N–
CH–P), 5.11 and 5.15 (2H, d, Jgem¼12.3, –CH2–O), 5.15 (1H, d, J¼9.5,
NH), 7.31–7.37 (5H, m, C6H5). 13C NMR (150.9 MHz, CDCl3): 13.79
(CH3), 22.12 (CH2), 27.78 (d, J(C,P)¼12.5, CH2), 29.34 (d, J(C,P)¼2.7,
CH2), 47.08 (d, J(C,P)¼156.0, N–CH–P), 52.93 (d, J(C,P)¼6.6, OCH3),
53.10 (d, J(C,P)¼7.2, OCH3), 67.07 (O–CH2), 127.94 (2�Ar–CH),
128.12 (Ar–CH), 128.44 (2�Ar–CH), 136.20 (Ar–C), 156.03 (d,
J(C,P)¼5.6, O–CO–N). IR (CHCl3, nmax cm�1): 3433, 3020, 2958, 1721,
1511, 1246, 1059, 1042, 836, 698. HRMS (ESI) calcd for C15H25NO5P
[MþH]þ 330.1470; found: 330.1467.

4.2.3. Methyl hydrogen [(R,S)-1-(benzyloxycarbonylamino)-
pentyl]phosphonate (3)

Phosphonate 2 (3.9 g; 0.012 mol) was dissolved in 25 mL of
methanol and 25 mL of 1 M NaOH. The reaction mixture was heated
for 4 h at 80 �C. The methanol was evaporated in vacuo and the
aqueous layer was extracted with 25 mL of ethyl acetate. The sep-
arated aqueous layer was acidified (pH¼1) using 1 M HCl. The
resulting clear oil was extracted twice with 25 mL of ethyl acetate
and the organic phase was dried over Na2SO4 prior to filtering and
evaporating under reduced pressure. The pure product was
obtained by trituration of the residue at �20 �C from a mixture of
ethyl acetate and petroleum ether. Yield 3.14 g (84%). Colourless
solid, mp 131–133 �C. Rf¼0.71 (S5). 1H NMR (600 MHz, CDCl3): 0.87
(3H, t, J¼7.2, CH3), 1.27 and 1.34 (2H, m, CH2), 1.32 and 1.42 (2H, m,
CH2), 1.52 and 1.87 (2H, m, CH2), 3.70 (3H, d, J(H,P)¼10.8, OCH3),
4.09 (1H, m, N–CH–P), 5.11 and 5.13 (2H, d, Jgem¼12.3, –CH2–O), 5.22
(1H, d, J¼10.2, NH), 7.29–7.35 (5H, m, C6H5). 13C NMR (150.9 MHz,
CDCl3): 13.84 (CH3), 22.17 (CH2), 27.87 (d, J(C,P)¼12.8, CH2), 29.23
(d, J(C,P)¼2.7, CH2), 47.32 (d, J(C,P)¼158.0, N–CH–P), 52.59 (d,
J(C,P)¼6.9, OCH3), 67.14 (O–CH2), 127.95 (2�Ar–CH), 128.13 (Ar–
CH), 128.48 (2�Ar–CH), 136.18 (Ar–C), 156.19 (d, J(C,P)¼5.7, O–CO–
N). IR (KBr, nmax cm�1): 3280, 2952, 1692, 1547, 1286, 1257, 1221,
1047, 1034, 978, 835, 754, 695. HRMS (ESI) calcd for C14H23NO5P
[MþH]þ 316.1314; found: 316.1323.

4.2.4. Methyl hydrogen [(R,S)-1-aminopentyl] phosphonate (4)
Monoester 3 (2 g, 0.006 mol) was dissolved in 80 mL of meth-

anol, and then 10% Pd–C (0.15 g) was added. The reaction mixture
was vigorously stirred and left to react under an atmosphere of
hydrogen (15 psi) at rt overnight. The catalyst was filtered off
through Celite and the filter was washed with 100 mL of methanol.
The solvent was evaporated in vacuo, and pure product was
obtained by crystallisation from a mixture of methanol and petro-
leum ether. Yield 1 g (87%). Colourless solid, mp 240–242 �C.
Rf¼0.75 (S3). 1H NMR (600 MHz, CD3OD): 0.96 (3H, t, J¼7.3, CH3),
1.40 (2H, m, CH2), 1.47 and 1.52 (2H, m, CH2), 1.71 and 1.94 (2H, m,
CH2), 3.09 (1H, m, N–CH–P), 3.64 (3H, d, J(H,P)¼10.3, OCH3). 13C
NMR (150.9 MHz, CD3OD): 14.15 (CH3), 23.55 (CH2), 29.50 (d,
J(C,P)¼8.5, CH2), 29.91 (d, J(C,P)¼2.0, CH2), 49.41 (d, J(C,P)¼145.6,
N–CH–P), 52.08 (d, J(C,P)¼6.2, OCH3). IR (KBr, nmax cm�1): 3008 br,
2959, 1645, 1539, 1469, 1205, 1087, 1039, 782. HRMS (ESI) calcd for
C6H17NO3P [MþH]þ 182.0946; found: 182.0941.

4.2.5. Methyl hydrogen [(R,S)-1-(9H-fluoren-9-
ylmethoxycarbonylamino)-pentyl] phosphonate (5)

Fmoc-OSu (1.63 g, 0.0048 mol) in 10 mL of dioxane was added
dropwise to a solution of monoester 4 (0.8 g, 4.4 mmol) in 15 mL of
saturated NaHCO3. The reaction mixture was left to react at rt
overnight, and then the dioxane was evaporated in vacuo and the
solution was acidified (pH¼1) using 1 M HCl. The resulting pre-
cipitate was decanted and stirred in 20 mL of ethyl acetate. The
crystals were filtered off and the pure product was recrystallised
from a mixture of methanol and ethyl acetate. Yield 0.95 g (51%).
Colourless solid, mp 176–178 �C. Rf¼0.59 (S5). 1H NMR (600 MHz,
DMSO): 0.84 (3H, t, J¼7.0, CH3), 1.22 and 1.29 (2H, m, CH2), 1.22 and
1.34 (2H, m, CH2), 1.56 and 1.68 (2H, m, CH2), 3.54 (3H, d,
J(H,P)¼10.5, OCH3), 3.73 (1H, m, N–CH–P), 4.26 (1H, dd, J¼10.4 and
6.8, –CHaHb-O), 4.28 (1H, dd, J¼10.4 and 7.8, –CHaHb–O), 4.31 (1H,
m, CH (Fmoc)), 7.31 (2H, m, Ar–H), 7.41 (2H, m, Ar–H), 7.56 (1H, d,
J¼9.6, NH), 7.74 (2H, m, Ar–H), 7.88 (2H, m, Ar–H). 13C NMR
(150.9 MHz, DMSO): 14.09 (CH3), 21.84 (CH2), 27.99 (d, J(C,P)¼13.1,
CH2), 28.57 (d, J(C,P)¼3.0, CH2), 46.91 (pCH– (Fmoc)), 47.64 (d,
J(C,P)¼154.7, N–CH–P), 52.20 (d, J(C,P)¼6.2, OCH3), 65.88 (O–CH2),
120.34 (2�Ar–CH), 125.61 (Ar–CH), 125.63 (Ar–CH), 127.25 (Ar–CH),
127.28 (Ar–CH), 127.88 (2�Ar–CH), 140.94 (2�Ar–C), 143.95 (Ar–C),
144.13 (Ar–C), 156.37 (d, J(C,P)¼5.1, O–CO–N). IR (KBr, nmax cm�1):
3285, 2957, 1688,1543, 1451, 1294, 1258,1216,1044, 756, 739. HRMS
(ESI) calcd for C21H27NO5P [MþH]þ 404.1627; found: 404.1612.

4.2.6. General procedure for the preparation of compounds
7, 8 and 9

Monoester 3 (0.5 g, 1.6 mmol), BOP (1.04 g, 2.4 mmol) and the
hydroxy component (2.4 mmol) were dissolved in 10 mL of dried
DMF and TEA (0.64 g, 6.3 mmol) was added in one portion. The
reaction mixture was allowed to react at rt overnight, and the
solvent was evaporated to provide a black oil that was purified by
column chromatography.

4.2.6.1. {[(R,S)-1-(Benzyloxycarbonylamino)-pentyl(methoxy)phosphoryl]-
oxy}acetamide (7). Compound 7 was prepared by the reaction of 3 with
glycolamide. Flash chromatography: linear gradient of ethanol in chlo-
roform. Yield 0.49 g (81%). Colourless oil, Rf¼0.47 (S4). 1H NMR
(600 MHz, CDCl3): mixture of diastereoisomers (w3:2), only signals of
the major isomer are given: 0.90 (3H, t, J¼7.2, CH3),1.30 and 1.36 (2H, m,
CH2), 1.34 and 1.47 (2H, m, CH2), 1.58 and 1.92 (2H, m, CH2), 3.75 (3H, d,
J(H,P)¼10.6, OCH3), 4.11 (1H, m, N–CH–P), 4.36 (1H, dd, J¼15.3 and 3.8,
O–CHaHb–CO), 4.65 (1H, dd, J¼15.3 and 8.0, O–CHaHb–CO), 5.10 and
5.13 (2H, d, Jgem¼12.2, –CH2–O), 5.94 (1H, d, J¼9.8, NH), 6.07 and 6.98
(2H, br, CONH2), 7.31–7.37 (5H, m, C6H5). 13C NMR (150.9 MHz, CDCl3):
13.76 (CH3), 22.02 (CH2), 27.86 (d, J(C,P)¼13.3, CH2), 28.70 (d, J(C,P)¼2.9,
CH2), 48.22 (d, J(C,P)¼156.6, N–CH–P), 53.33 (d, J(C,P)¼7.4, OCH3), 63.78
(d, J(C,P)¼7.4, O–CH2–CO), 67.37 (O–CH2–C), 128.02 (2�Ar–CH), 128.33
(Ar–CH), 128.53 (2�Ar–CH), 136.09 (Ar–C), 156.56 (d, J(C,P)¼4.1, O–CO–
N), 170.14 (d, J(C,P)¼7.5, N–CO–C). IR (KBr, nmax cm�1) 3470, 3410, 3279,
3220, 1716, 1696, 1685, 1662, 1545, 1498, 1456, 1377, 1246, 1071, 1033,
982, 753, 701. HRMS (ESI) calcd for C16H25N2NaO6P [MþNa]þ 395.1348;
found: 395.1343.

4.2.6.2. Benzyl {[(R,S)-1-(benzyloxycarbonylamino)-pentyl(methoxy)-
phosphoryl]oxy}acetate (8). Compound 8 was prepared by the re-
action of 3 with benzyl glycolate. Flash chromatography: linear
gradient of ethyl acetate in toluene. Yield 0.64 g (89%). Colourless
oil, Rf¼0.67 (S2). 1H NMR (600 MHz, CDCl3): mixture of di-
astereoisomers (59:41), only signals of the major isomer are given:
0.88 (3H, t, J¼7.2, CH3), 1.28 and 1.34 (2H, m, CH2), 1.34 and 1.43 (2H,
m, CH2), 1.57 and 1.87 (2H, m, CH2), 3.76 (3H, d, J(H,P)¼10.9, OCH3),
4.18 (1H, m, N–CH–P), 4.63 (1H, dd, J¼16.2 and 11.0, O–CHaHb–CO),
4.67 (1H, dd, J¼16.2 and 11.5, O–CHaHb–CO), 5.09 and 5.13 (2H, d,
Jgem¼12.2, –CH2–O), 5.19 and 5.21 (2H, d, Jgem¼12.0, –CH2–O), 5.25
(1H, d, J¼9.5, NH), 7.17–7.37 (10H, m, 2�C6H5). 13C NMR
(150.9 MHz, CDCl3): 13.83 (CH3), 22.16 (CH2), 27.89 (d, J(C,P)¼12.5,
CH2), 29.53 (d, J(C,P)¼2.3, CH2), 47.90 (d, J(C,P)¼156.8, N–CH–P),
52.78 (d, J(C,P)¼7.5, OCH3), 62.37 (d, J(C,P)¼6.0, O–CH2–CO), 67.09
(O–CH2–C), 67.36 (O–CH2–C), 127.97 (Ar–CH), 128.10 (Ar–CH),
128.45 (2�Ar–CH), 128.46 (2�Ar–CH), 128.51 (2�Ar–CH), 128.64
(2�Ar–CH), 134.75 (Ar–C), 136.27 (Ar–C), 156.14 (d, J(C,P)¼5.7, O–
CO–N), 168.55 (d, J(C,P)¼4.2, O–CO–C). IR (CHCl3, nmax cm�1) 3431,
3068, 3031, 1758, 1721, 1511, 1456, 1240, 1099, 1046, 698. HRMS (ESI)
calcd for C23H30NNaO7P [MþNa]þ 486.1658; found: 486.1652.



J. Pı́cha et al. / Tetrahedron 65 (2009) 6090–61036096
4.2.6.3. Benzyl (2S)-2-[({[((R,S)-1-benzyloxycarbonylamino)-pentyl-
(methoxy)phosphoryl]oxy}acetyl)amino]-3-methylbutanoate (9).
Compound 9 was prepared by the reaction of 3 with dipeptide 16a.
Flash chromatography: linear gradient of ethyl acetate in toluene.
Yield 0.70 g (79%). Pale yellow oil, Rf¼0.33 (S2). Mixture of four
diastereomers; assignment of individual isomers was not possible;
only groups and/or regions of signals are given: 1H NMR (600 MHz,
CDCl3): 0.88–0.90 (3H, t, J¼7.3, CH3), 0.91–0.94 (6H, d, J¼7.0, 2�CH3

(Val)), w1.29 and w1.36 (2H, m, CH2), w1.36 and w1.46 (2H, m,
CH2), w1.60 and w1.87 (2H, m, CH2), 2.20–2.25 (1H, m, CH (Val)),
3.75, 3.755, 3.79 and 3.80 (3H, d, J(H,P)¼10.7, OCH3), 4.14–4.19 (1H,
m, N–CH–P), 4.47–4.65 (2H, m, O–CH2–CO), 4.59–4.61 (1H, dd, N–
CH–CO), 5.09–5.19 (4H, m, 2�O–CH2), 5.19, 5.23, 5.34 and 5.38 (1H,
d, J¼10.0, O–CO–NH), 7.11, 7.13 and 7.22 (1H, d, J¼8.5, CO–NH), 7.15–
7.36 (10H, m, 2�C6H5). 13C NMR (150.9 MHz, CDCl3): 13.76 (CH3),
17.52–17.88 and 18.83–18.94 (2�CH3 (Val)), 22.03–22.06 (CH2),
27.33–27.85 (CH2), 28.72–29.13 (CH2), 30.96–31.22 (CH (Val)),
47.02–48.46 (N–CH–P), 53.34–53.66 (OCH3), 56.78–56.98 (N–CH–
CO), 63.90–64.19 (O–CH2–CO), 66.95–67.36 (2�O–CH2–C6H5),
127.86–137.79 (2�C6H5), 156.02–156.19 (O–CO–NH), 167.10–167.25
(CO–NH), 171.22–171.34 (CO–O). IR (CHCl3, nmax cm�1) 3431, 1722,
1685, 1511, 1456, 1393, 1382, 1235, 1069, 1043, 978, 698. HRMS (ESI)
calcd for C28H39N2NaO8P [MþNa]þ 585.2342; found: 585.2338.

4.2.7. Diphenyl [(R,S)-1-(3-phenylthioureido)-pentyl]-
phosphonate (11)

The compound was prepared according to Kudzin and Stec.51 A
solution of triphenyl phosphite (37.2 g, 0.12 mol), valeraldehyde
(12.9 g, 0.15 mol) and N-phenyl thiourea (18.2 g, 0.12 mol) was
heated for 4 h at 80 �C in 100 mL of glacial acetic acid. After cooling
to rt, water was added (20 mL) and the solution was allowed to
stand overnight at rt. The precipitate was filtered off, washed with
a mixture of acetic acid–water (40 mL, 1:1) and dried over P2O5.
Recrystallisation from a mixture of chloroform and methanol yiel-
ded pure product. Yield 44 g (81%). Colourless solid, mp 174–175 �C
(lit.51 161–162 �C). Calcd for C24H27N2O3PS (454.52): C 63.24%, H
5.99%, N 6.16%. Found: 63.37%, 6.03%, 6.08%. Rf¼0.48 (S1). 1H NMR
(600 MHz, DMSO): 0.87 (3H, t, J¼7.2, CH3), 1.31 and 1.47 (2H, m,
CH2), 1.40 (2H, m, CH2), 1.84 and 1.98 (2H, m, CH2), 5.63 (1H, m, N–
CH–P), 7.13, 7.33 and 7.49 (1H, 2H and 2H, m, N–C6H5), 7.19, 7.23 and
7.39 (2H, 1H and 2H, m, O–C6H5), 7.24 and 7.41 (3H and 2H, m, O–
C6H5), 8.25 (1H, d, J¼9.8, NH), 9.72 (1H, s, NH). 13C NMR (150.9 MHz,
DMSO): 14.02 (CH3), 22.08 (CH2), 27.48 (d, J(C,P)¼12.8, CH2), 29.31
(d, J(C,P)¼3.2, CH2), 50.58 (d, J(C,P)¼155.1, N–CH–P), 120.70 (d,
J(C,P)¼3.8, 2�Ar–CH), 120.87 (d, J(C,P)¼3.9, 2�Ar–CH), 123.20
(2�Ar–CH), 124.65 (Ar–CH), 125.58 (Ar–CH), 125.68 (Ar–CH),
128.79 (2�Ar–CH), 130.11 (2�Ar–CH), 130.21 (2�Ar–CH), 139.48
(Ar–C), 150.00 (d, J(C,P)¼9.6, Ar–C), 150.26 (d, J(C,P)¼9.7, Ar–C),
181.79 (d, J(C,P)¼8.1, N–CS–N). IR (KBr, nmax cm�1) 3291, 3070, 3057,
3041, 1597, 1589, 1488, 1337, 1235, 1209, 1159, 955, 945, 767, 709,
691, 487. HRMS (ESI) calcd for C24H27N2NaO3PS [MþNa]þ 477.1378;
found: 477.1364.

4.2.8. [(R,S)-1-Aminopentyl]phosphonic acid (12)
The compound was prepared according to Kudzin and Stec.51

Ester 11 (44 g, 0.10 mol) was heated for 20 h at reflux with 200 mL
of 35% HCl and 30 mL of glacial acetic acid. The solvents were
evaporated under reduced pressure and the oily residue was taken
up in 200 mL of ethanol. The ethanolic solution of the crude
product was treated with methyloxirane until pHz6 was reached.
The precipitate of the product was filtered off, and then washed
with ethanol and diethyl ether. Yield 9.4 g (58%). Colourless solid,
mp 260–264 �C (lit.51 262–264 �C). Rf¼0.68 (S3). 1H NMR (600 MHz,
D2OþNaOD): 0.89 (3H, t, J¼7.0, CH3), 1.28–1.36 (2H, m, CH2), 1.30
and 1.49 (2H, m, CH2), 1.32 and 1.74 (2H, m, CH2), 2.49 (1H, td,
J¼10.4, 10.4 and 3.3, N–CH–P). 13C NMR (150.9 MHz, D2OþNaOD):
14.06 (CH3), 22.74 (CH2), 29.52 (d, J(C,P)¼12.5, CH2), 31.89 (CH2),
50.61 (d, J(C,P)¼138.7, N–CH–P). IR (KBr, nmax cm�1)z3000 br, 2295
br, 1650, 1601, 1530, 1469, 1178, 1032, 924, 564, 511, 493. HRMS (ESI)
calcd for C5H15NO3P [MþH]þ 168.0790; found: 168.0782.

4.2.9. [(R,S)-1-(Benzyloxycarbonylamino)-pentyl]phosphonic
acid (13)

Phosphonic acid 12 was dissolved in a 20% aqueous solution of
sodium carbonate (150 mL) and a solution of benzyloxycarbonyl
chloride (11.46 g, 0.067 mol) in 50 mL of dioxane was added
dropwise at 0 �C over 1 h. After stirring for 2 h at 0 �C, the mixture
was allowed to stand overnight at rt. The dioxane was evaporated
under reduced pressure and the acidity of the aqueous solution was
adjusted to pH¼1 while efficiently ice-cooling. The solution was
extracted three times with 200 mL of ethyl acetate, and the com-
bined organic layers were dried over Na2SO4 before filtering and
removing the solvent in vacuo. Trituration of the residue from
a mixture of ethyl acetate and petroleum ether at �20 �C afforded
the pure product. Yield 14.9 g (88%). Colourless solid, mp 100–
102 �C. Rf¼0.45 (S5). 1H NMR (600 MHz, D2OþNaOD): 0.85 (3H, t,
J¼7.0, CH3), 1.21–1.37 (4H, m, 2�CH2), 1.52 and 1.82 (2H, m, CH2),
3.69 (1H, ddd, J¼15.8, 11.5 and 3.0, N–CH–P), 5.04 and 5.19 (2H, d,
Jgem¼12.6, –CH2–O), 7.37–7.43 (5H, m, C6H5). 13C NMR (150.9 MHz,
D2OþNaOD): 14.03 (CH3), 22.20 (CH2), 28.55 (d, J(C,P)¼12.8, CH2),
29.90 (d, J(C,P)¼2.1, CH2), 50.29 (d, J(C,P)¼149.9, N–CH–P), 67.51
(O–CH2), 128.16 (2�Ar–CH), 128.90 (Ar–CH), 129.38 (2�Ar–CH),
137.25 (Ar–C), 158.79 (d, J(C,P)¼6.0, O–CO–N). IR (KBr, nmax cm�1)
3343, 3282, 2900 br, 1694, 1531, 1456, 1378, 1277, 1040, 736, 699.
HRMS (ESI) calcd for C13H19NO5P [M�H]þ 300.1001; found:
300.1007.

4.2.10. N,N0-Diisopropyl-O-benzylisourea (14)
The compound was prepared according to Mathias et al.54

Benzyl alcohol (17.95 g, 0.17 mol) was added dropwise to a stirred
mixture of N,N0-diisopropylcarboimide (20.9 g, 0.17 mol) and CuCl
(0.5 g) at 0 �C over a period of 30 min. The cooling was removed and
then stirring was continued overnight at rt. Thereafter, the reaction
mixture was taken up in 100 mL of hexane and the cuprous salts
were filtered off over a pad of neutral alumina. The solvent was
evaporated under reduced pressure and the rest of the hexane was
removed under high vacuum. Yield 37 g (95%). Colourless oil,
Rf¼0.30 (S4). 1H NMR (600 MHz, CDCl3): 1.12 (12H, d, J¼6.5,
4�CH3), 3.20 and 3.47 (2H, m, 2�pCH–N), 5.10 (2H, s, –CH2–O), 7.28
(1H, m, Ar–H), 7.34 (2H, m, Ar–H), 7.38 (2H, m, Ar–H). 13C NMR
(150.9 MHz, CDCl3): 24.00 (2�CH3), 24.25 (2�CH3), 43.42 (pCH–N),
46.24 (pCH–N), 66.66 (O–CH2), 127.32 (Ar–CH), 127.56 (2�Ar–CH),
128.19 (2�Ar–CH), 137.89 (Ar–C), 151.50 (N–C(O)]N). IR (CCl4, nmax

cm�1) 3446, 3091, 3067, 3034, 2967, 1669, 1467, 1388, 1366, 1320,
1306, 1124, 1029, 732, 696. HRMS (ESI) calcd for C14H23N2 [MþH]þ

235.1810; found: 235.1805.

4.2.11. Dibenzyl [(R,S)-1-(benzyloxycarbonylamino)-
pentyl]phosphonate (15)

Phosphonic acid 13 (14.9 g, 0.049 mol) and isourea 14 (23.19 g,
0.099 mol) were heated at 80 �C in a mixture of benzene (200 mL)
and DMF (60 mL) over a period of 12 h. The solvents were evapo-
rated in vacuo to afford the crude product, which was purified by
flash chromatography on silica gel using elution with a linear gra-
dient of ethyl acetate in toluene. Trituration at �20 �C from a mix-
ture of ethyl acetate and petroleum ether furnished pure product.
Yield 17.9 g (75%). Colourless solid, mp 65–67 �C. Rf¼0.64 (S2). 1H
NMR (600 MHz, CDCl3): 0.85 (3H, t, J¼7.2, CH3), 1.24 and 1.30 (2H,
m, CH2), 1.32 and 1.42 (2H, m, CH2), 1.53 and 1.84 (2H, m, CH2), 5.63
(1H, dtd, J¼16.4, 10.6, 10.6 and 3.8, N–CH–P), 4.95 (1H, d, J¼10.6,
NH), 4.97 (2H, m, O–CH2), 4.98 (1H, dd, J¼11.7 and 7.4, O–CHaHb),
5.03 (1H, dd, J¼11.7 and 8.5, O–CHaHb), 5.06 (2H, s, O–CH2), 7.29–
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7.33 (15H, m, 3�C6H5). 13C NMR (150.9 MHz, CDCl3): 13.80 (CH3),
22.12 (CH2), 27.80 (d, J(C,P)¼12.5, CH2), 29.45 (d, J(C,P)¼2.9, CH2),
47.78 (d, J(C,P)¼155.4, N–CH–P), 67.05 (O–CH2), 67.75 (d, J(C,P)¼6.5,
O–CH2), 67.86 (d, J(C,P)¼7.1, O–CH2), 127.96 (6�Ar–CH), 128.13
(2�Ar–CH), 128.40 (Ar–CH), 128.42 (Ar–CH), 128.46 (2�Ar–CH),
128.52 (Ar–CH), 128.54 (2�Ar–CH), 135.98 (d, J(C,P)¼6.0, Ar–C),
136.04 (d, J(C,P)¼5.7, Ar–C), 136.18 (Ar–C), 155.97 (O–CO–N). IR
(KBr, nmax cm�1): 3208, 3063, 3048, 1722, 1550, 1497, 1455, 1290,
1260, 1222, 1215, 1046, 1018, 748, 732, 701, 696, 548, 536, 461, 456.
HRMS (ESI) calcd for C27H32NNaO5P [MþNa]þ 504.1916; found:
504.1908.

Alternatively, compound 15 was prepared as follows. A mixture
of benzyl carbamate (3.02 g, 0.02 mol) and dibenzyl phosphite
(5.25 g, 0.02 mol) in 50 mL of acetyl chloride was cooled to �5 �C
and valeraldehyde (2.15 g, 0.025 mol) was added dropwise over
10 min. The reaction mixture was stirred for 1 h at 0 �C and left to
react at rt overnight. The acetyl chloride was evaporated in vacuo
and the crude product was purified by flash chromatography on
silica gel using elution with a linear gradient of ethyl acetate in
toluene. Yield 0.45 g (5%).

4.2.12. Benzyl hydrogen [(R,S)-1-(benzyloxycarbonylamino)-
pentyl]phosphonate (16)

Dibenzyl ester 15 (17.9 g, 0.037 mol) and DABCO (6.23 g,
0.055 mol) in toluene (150 mL) were heated at 80 �C over a period
of 12 h. The solvent was removed in vacuo, and the residue was
taken up in 100 mL of ethyl acetate and washed with 30 mL of 1 M
HCl. The organic phase was dried over Na2SO4 prior to filtration
and removal of the solvent in vacuo. Trituration of the crude
compound at �20 �C from a mixture of ethyl acetate and petro-
leum ether afforded pure product. Yield 13.4 g (92%). Colourless
solid, mp 98–100 �C. (lit.39 154–156 �C). Calcd for C20H26NO5P
(391.39): C 61.37%, H 6.70%, N 3.58%. Found: 61.48%, 6.80%, 3.53%.
Rf¼0.86 (S5). 1H NMR (600 MHz, DMSO): 0.83 (3H, t, J¼7.1, CH3),
1.22 and 1.29 (2H, m, CH2), 1.22 and 1.35 (2H, m, CH2), 1.55 and
1.70 (2H, m, CH2), 3.80 (1H, dddd, J¼15.3, 11.6, 9.7 and 3.4, N–CH–
P), 4.91 (1H, dd, J¼12.1 and 7.1, O–CHaHb), 4.95 (1H, dd, J¼12.1
and 6.9, O–CHaHb), 5.04 (2H, s, O–CH2), 7.30–7.35 (10H, m,
2�C6H5), 7.49 (1H, d, J¼9.7, NH). 13C NMR (150.9 MHz, DMSO):
14.08 (CH3), 21.82 (CH2), 28.03 (d, J(C,P)¼13.3, CH2), 28.55 (d,
J(C,P)¼3.0, CH2), 48.09 (d, J(C,P)¼155.3, N–CH–P), 65.63 (O–CH2),
66.35 (d, J(C,P)¼5.7, O–CH2), 127.57 (2�Ar–CH), 127.77 (2�Ar–
CH), 127.89 (Ar–CH), 128.04 (Ar–CH), 128.54 (2�Ar–CH), 128.56
(2�Ar–CH), 137.44 (Ar–C), 137.60 (d, J(C,P)¼6.5, Ar–C), 156.49 (d,
J(C,P)¼5.0, O–CO–N). IR (KBr, nmax cm�1) 3291, 2800–2500 br,
1724, 1711, 1685, 1541, 1497, 1456, 1244, 1218, 1052, 1035, 1025,
737, 697. HRMS (ESI) calcd for C20H25NO5P [M�H]þ 390.1470;
found: 390.1478.

4.2.13. Benzyl (2S)-2-[(hydroxyacetyl)amino]-3-methyl-
butanoate (17a)

A mixture of glycolic acid (0.52 g, 6.8 mmol), L-valine benzyl
ester p-toluensulfonate (2.58 g, 6.8 mmol), 1-hydroxybenzotriazole
(0.91 g, 6.8 mmol) and triethylamine (0.69 g, 6.8 mmol) in 50 mL of
dichloromethane was cooled to 0 �C and DIC (1.72 g, 13.6 mmol)
was added dropwise. The reaction mixture was stirred at 0 �C for
2 h and then at rt overnight. The solvent was removed in vacuo and
the residue was dissolved in 50 mL of cold ethyl acetate. Crystals of
diisopropylurea were filtered off and the filtrate was washed suc-
cessively with a saturated solution of citric acid and then with
a saturated solution of sodium hydrogencarbonate. The separated
organic layer was dried over Na2SO4 and concentrated to dryness.
The crude product was purified by flash chromatography on silica
gel using elution with a linear gradient of ethyl acetate in toluene.
Yield 1.45 g (80%). Semisolid, Rf¼0.31 (S2). 1H NMR (600 MHz,
CDCl3): 0.88 (3H, d, J¼6.8, CH3), 0.93 (3H, d, J¼6.8, CH3), 2.22 (1H,
m, J¼6.8(6�) and 4.9, pCH–), 4.13 (2H, s, O–CH2–CO), 4.62 (1H, dd,
J¼9.2 and 4.9, N–CH–CO), 5.16 and 5.20 (2H, d, Jgem¼12.2, O–CH2),
7.13 (1H, br d, J¼9.2, NH), 7.32–7.38 (5H, m, C6H5). 13C NMR
(150.9 MHz, CDCl3): 17.53 (CH3), 18.93 (CH3), 31.18 (pCH–), 56.60
(N–CHo), 62.06 (CH2OH), 67.11 (O–CH2), 128.32 (2�Ar–CH), 128.46
(Ar–CH), 128.57 (2�Ar–CH), 135.13 (Ar–C), 171.73 (CO–O), 172.08
(CO–N). IR (CHCl3, nmax cm�1) 3410, 2970, 1736, 1674, 1526, 1500,
1456, 1393, 1384, 1196, 1071, 1003, 698. HRMS (ESI) calcd for
C14H19NNaO4 [MþNa]þ 288.1212; found: 288.1207. [a]D

20 �3.0 (c
0.710, CHCl3).

4.2.14. Benzyl (2S)-2-{[(2S)-2-hydroxypropanoyl]amino}-3-
methylbutanoate (17b)

Dipeptide 17b was prepared in the same manner as 17a by the
reaction of L-lactic acid (0.28 g, 3.1 mmol), L-valine benzyl ester p-
toluensulfonate (1.17 g, 3.1 mmol), 1-hydroxybenzotriazole (0.42 g,
3.1 mmol), triethylamine (0.31 g, 3.1 mmol) and DIC (0.78 g,
6.2 mmol). Yield 0.76 g (88%). Semisolid, Rf¼0.40 (S2). 1H NMR
(600 MHz, CDCl3): 0.87 (3H, d, J¼6.9, CH3), 0.92 (3H, d, J¼6.9, CH3),
1.43 (3H, d, J¼6.8, CH3), 2.22 (1H, m, J¼6.9(6�) and 4.9, pCH–), 3.37
(1H, d, J¼4.8, OH), 4.27 (1H, qd, J¼6.8(3�) and 4.8, pCH–), 4.59 (1H,
dd, J¼9.1 and 4.9, N–CH–CO), 5.14 and 5.20 (2H, d, Jgem¼12.3, O–
CH2), 7.09 (1H, br d, J¼9.1, NH), 7.32–7.38 (5H, m, C6H5). 13C NMR
(150.9 MHz, CDCl3): 17.48 (CH3), 18.95 (CH3), 21.27 (CH3), 31.22
(pCH–), 56.54 (N–CHo), 67.08 (O–CH2), 68.48 (pCH–O), 128.32
(2�Ar–CH), 128.45 (Ar–CH), 128.58 (2�Ar–CH), 135.18 (Ar–C),
171.87 (CO–O), 174.70 (CO–N). IR (CHCl3, nmax cm�1) 3413, 2970,
1736, 1672, 1522, 1456, 1392, 1382, 1374, 1265, 1195, 1082, 1030,
1002, 698. HRMS (ESI) calcd for C15H21NNaO4 [MþNa]þ 302.1368;
found: 302.1362. [a]D

20 �12.5 (c 0.584, CHCl3).

4.2.15. Methyl (2S)-2-[(hydroxyacetyl)amino]-3-methyl-
butanoate (18a)

Dipeptide 18a was prepared in the same manner as dipeptide
17a by the reaction of glycolic acid (0.52 g, 6.8 mmol), L-valine
methyl ester hydrochloride (1.14 g, 6.8 mmol), 1-hydroxybenzo-
triazole (0.92 g, 6.8 mmol), DBU (1.03 g, 6.8 mmol) and DIC
(1.03 g, 8.2 mmol). Yield 0.79 g (61%). Semisolid, Rf¼0.40 (S4). 1H
NMR (600 MHz, CDCl3): 0.94 (3H, d, J¼6.8, CH3), 0.96 (3H, d,
J¼6.8, CH3), 2.20 (1H, m, J¼6.8(6�) and 5.1, pCH–), 3.75 (3H, s,
OCH3), 4.12 (1H, dd, J¼15.0 and 5.5, O–CHaHb), 4.15 (1H, dd,
J¼15.0 and 5.0, O–CHaHb), 4.22 (1H, br t, J¼5.5 and 5.0, OH), 4.56
(1H, dd, J¼9.1 and 5.1, N–CH–CO), 7.21 (1H, br d, J¼9.1, NH). 13C
NMR (150.9 MHz, CDCl3): 17.69 (CH3), 18.90 (CH3), 31.12 (pCH–),
52.19 (OCH3), 56.63 (N–CHo), 62.02 (O–CH2), 172.26 and 172.27
(CO–O and CO–N). IR (CHCl3, nmax cm�1) 3409, 2970, 1739, 1673,
1527, 1439, 1393, 1374, 1272, 1153, 1074. HRMS (ESI) calcd for
C8H15NNaO4 [MþNa]þ 212.0899; found: 212.0893. [a]D

20 þ13.0 (c
0.432, CHCl3).

4.2.16. Methyl (2S)-2-{[(2S)-2-hydroxypropanoyl]amino}-3-
methylbutanoate (18b)

Dipeptide 18b was prepared in the same manner as dipeptide
18a by the reaction of L-lactic acid (0.61 g, 6.8 mmol), L-valine
methyl ester hydrochloride (1.14 g, 6.8 mmol), 1-hydroxybenzo-
triazole (0.92 g, 6.8 mmol), DBU (1.03 g, 6.8 mmol) and DIC (1.03 g,
8.2 mmol). Yield 0.95 g (69%). Semisolid, Rf¼0.47 (S4). 1H NMR
(600 MHz, CDCl3): 0.92 (3H, d, J¼6.9, CH3), 0.95 (3H, d, J¼6.9, CH3),
1.45 (3H, d, J¼6.9, CH3), 2.20 (1H, m, J¼6.9(6�) and 5.0, pCH–), 3.75
(3H, s, OCH3), 4.28 (1H, q, J¼6.9(3�), pCH–O), 4.54 (1H, dd, J¼9.1
and 5.0, N–CH–CO), 7.10 (1H, br d, J¼9.1, NH). 13C NMR (150.9 MHz,
CDCl3): 17.64 (CH3), 18.92 (CH3), 21.25 (CH3), 31.17 (pCH–), 52.21
(OCH3), 56.57 (N–CHo), 68.48 (O–CHo), 172.52 (CO–O), 174.74 (CO–
N). IR (CHCl3, nmax cm�1) 3413, 2970, 1738, 1672, 1523, 1439, 1373,
1270, 1154, 1119. HRMS (ESI) calcd for C9H17NNaO4 [MþNa]þ

226.1055; found: 226.1050. [a]D
20 þ3.2 (c 0.437, CHCl3).
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4.2.17. (2S)-2-[(Hydroxyacetyl)amino]-3-methylbutanamide (19a)
Compound 18a (1.5 g, 7.9 mmol) was stirred over one week in

50 mL of a saturated solution of ammonia in methanol. The solvent
was evaporated in vacuo and the crude product was purified by flash
chromatography on silica gel using elution with a linear gradient of
ethanol in chloroform. Yield 0.83 g (60%). Colourless solid, mp 148–
151 �C. Rf¼0.22 (S4). 1H NMR (600 MHz, DMSO): 0.80 (3H, d, J¼6.7,
CH3), 0.85 (3H, d, J¼6.7, CH3), 1.96 (1H, m, J¼6.7(6�) and 6.1, pCH–),
3.81 (1H, dd, J¼16.0 and 5.8, O–CHaHb), 3.86 (1H, dd, J¼16.0 and 5.8,
O–CHaHb), 4.17 (1H, dd, J¼9.2 and 6.1, N–CH–CO), 5.66 (1H, t, J¼5.8,
OH), 7.42 (1H, d, J¼9.2, NH), 7.14 and 7.56 (2H, d, Jgem¼1.8, CONH2).
13C NMR (150.9 MHz, DMSO): 18.01 (CH3),19.56 (CH3), 31.32 (pCH–),
56.73 (N–CHo), 61.55 (CH2–OH), 171.75 (CO–NH), 173.02 (CO–NH2).
IR (KBr, nmax cm�1) 3370, 3206, 2973, 2965, 1680, 1617, 1550, 1426,
1390, 1372,1252, 1230, 1082, 666. HRMS (ESI) calcd for C7H14N2NaO3

[MþNa]þ 197.0902; found: 197.0897. [a]D
20 þ3.2 (c 0.495, CH3OH).

4.2.18. (2S)-2-{[(2S)-2-Hydroxypropanoyl]amino}-3-
methylbutanamide (19b)

Dipeptide 19b was prepared from compound 18b (1.5 g,
7.3 mmol) in the same manner as compound 19a. Yield 1.1 g (79%).
Colourless solid, mp 140–143 �C. Rf¼0.25 (S4). 1H NMR (600 MHz,
DMSO): 0.79 (3H, d, J¼6.7, CH3), 0.84 (3H, d, J¼6.7, CH3), 1.22 (3H, d,
J¼6.8, CH3), 1.94 (1H, m, J¼6.7(6�) and 6.2, pCH–), 3.97 (1H, qd,
J¼6.8(3�) and 5.2, O–CH–CO), 4.16 (1H, dd, J¼9.4 and 6.2, N–CH–
CO), 5.72 (1H, d, J¼5.2, OH), 7.40 (1H, d, J¼9.4, NH), 7.14 and 7.55
(2H, d, Jgem¼1.8, CONH2). 13C NMR (150.9 MHz, DMSO): 17.89 (CH3),
19.53 (CH3), 21.56 (CH3), 31.48 (pCH–), 56.54 (N–CHo), 67.67 (O–
CHo), 173.03 (CO–NH2), 174.41 (CO–NH). IR (KBr, nmax cm�1) 3389,
3361, 3300, 3201, 2976, 2961, 1667, 1648, 1625, 1550, 1432, 1236,
1142, 1125, 661. HRMS (ESI) calcd for C8H16N2NaO3 [MþNa]þ

211.1059; found: 211.1053. [a]D
20 �13.2 (c 0.608, CH3OH).

4.2.19. General procedure for the preparation of compounds 20a,
20b, 22a, 22b, 24a, 24b, 26a, 26b, 28a, 28b, 30a and 30b

Monoester 16 (0.5 g, 1.3 mmol), the hydroxy component
(1.95 mmol) and BOP (0.86 g, 1.95 mmol) were dissolved in 10 mL
of dry DMF, and TEA (0.53 g, 5.2 mmol) was added in one portion.
The reaction mixture was stirred at rt overnight, the solvent was
evaporated and the resulting black oil was purified by flash chro-
matography on silica gel.

4.2.19.1. Benzyl {[(R,S)-1-(benzyloxycarbonylamino)-pentyl(benzyloxy)-
phosphoryl]oxy}acetate (20a). Compound 20a was prepared by the
reaction of 16 and benzyl glycolate (0.32 g, 1.95 mmol). Flash
chromatography: linear gradient of ethyl acetate in toluene. Yield
0.60 g (88%). Colourless oil, Rf¼0.76 (S2). 1H NMR (600 MHz, CDCl3):
mixture of diastereoisomers (w2:1), only signals of the major iso-
mer are given: 0.86 (3H, t, J¼7.1, CH3), 1.25 and 1.32 (2H, m, CH2),
1.32 and 1.42 (2H, m, CH2), 1.56 and 1.87 (2H, m, CH2), 4.18 (1H, m,
N–CH–P), 4.50 (1H, dd, J¼16.3 and 10.8, O–CHaHb–CO), 4.62 (1H,
dd, J¼16.3 and 11.5, O–CHaHb–CO), 5.06–5.19 (6H, m, 3�–CH2–O),
5.18 (1H, d, J¼9.5, NH), 7.29–7.36 (15H, m, 3�C6H5). 13C NMR
(150.9 MHz, CDCl3): 13.84 (CH3), 22.15 (CH2), 27.85 (d, J(C,P)¼12.8,
CH2), 29.56 (d, J(C,P)¼2.1, CH2), 48.21 (d, J(C,P)¼156.3, N–CH–P),
62.21 (O–CH2–CO), 67.08 (O–CH2), 67.36 (O–CH2), 67.80 (d,
J(C,P)¼7.4, O–CH2), 127.99–128.67 (15�ArCH), 125.85 (d, J(C,P)¼5.9,
Ar–C), 136.30 (2�Ar–C), 156.14 (d, J(C,P)¼5.7, O–CO–N), 168.57
(–CO–O). IR (CHCl3, nmax cm�1) 3431, 3034, 1759, 1721, 1510, 1456,
1381, 1252, 1098, 1039, 1010, 1002, 698. HRMS (ESI) calcd for
C29H34NNaO7P [MþNa]þ 562.1971; found: 562.1964.

4.2.19.2. Benzyl (2S)-2-{[(R,S)-1-(benzyloxycarbonylamino)-pentyl-
(benzyloxy)phosphoryl]oxy} propanoate (20b). Compound 20b was
prepared by the reaction of 16 and benzyl (S)-lactate (0.39 g,
1.95 mmol). Flash chromatography: linear gradient of ethyl acetate
in toluene. Yield 0.64 g (86%). Colourless oil, Rf¼0.84 (S2). 1H NMR
(600 MHz, CDCl3): mixture of four diastereomers, assignment of
individual isomers was not possible, only regions of signals are
given: w0.85 (3H, t, J¼7.3, CH3), 1.42–1.44 (3H, d, J¼7.0, CH3), w1.25
(2H, m, CH2), 1.30–1.40 (2H, m, CH2), w1.55 and w1.85 (2H, m, CH2),
4.10–4.25 (1H, m, N-CH-P), w4.32 (1H, br q, J¼7.0, O–CH–CO), 4.10–
4.25 and 5.05–5.45 (4H, m, 2�O–CH2–CO), 4.92–5.00 (2H, m, P–O–
CH2), 4.90, 5.21, 5.28 and 5.45 (1H, br dd, NH–CO), 7.29–7.39 (15H,
m, 3�C6H5). 13C NMR (150.9 MHz, CDCl3): w13.8 (CH3), 18.9–20.3
(CH3), w22.1 (CH2), 27.7–28.0 (CH2), 29.3–29.8 (CH2), 47.6–48.9 (N–
CH–P), 66.77 (O–CH–CO), 66.9–68.0 (2�O–CH2), 70.54, 70.71, 70.88
and 71.06 (P–O–CH2), 127.79–128.62 (15�Ar–CH), 134.9–136.4
(3�Ar–C), 155.9–156.25 (O–CO–NH), 175.5 and 170.75–171.1 (CO–
O). IR (CHCl3, nmax cm�1) 3430, 3033, 1757, 1729, 1510, 1456, 1380,
1250, 1098, 1041, 999, 698. HRMS (ESI) calcd for C30H36NNaO7P
[MþNa]þ 576.2127; found: 576.2121.

4.2.19.3. Methyl {[(R,S)-1-(benzyloxycarbonylamino)-pentyl(benzyloxy)-
phosphoryl]oxy}acetate (22a). Compound 22a was prepared by the
reaction of 16 and methyl glycolate (0.18 g, 1.95 mmol). Flash chro-
matography: linear gradient of ethyl acetate in toluene. Yield 0.51 g
(85%). Colourless oil, Rf¼0.54 (S2). 1H NMR (600 MHz, CDCl3): mixture
of diastereoisomers w2:1, only signals of the major isomer are given:
0.87 (3H, t, J¼7.1, CH3),1.27 and 1.34 (2H, m, CH2),1.34 and 1.44 (2H, m,
CH2),1.57 and 1.88 (2H, m, CH2), 3.75 (3H, s, OCH3), 4.20 (1H, m, N–CH–
P), 4.47 (1H, dd, J¼16.2 and 11.0, O–CHaHb–CO), 4.60 (1H, dd, J¼16.2
and 11.7, O–CHaHb–CO), 5.08 and 5.12 (2H, d, Jgem¼12.2, OCH2), 5.13
(2H, m, OCH2), 5.24 (1H, br dd, J¼10.2 and 1.5, NH), 7.30–7.38 (10H, m,
2�C6H5). 13C NMR (150.9 MHz, CDCl3): 13.81 (CH3), 22.14 (CH2), 27.84
(d, J(C,P)¼12.8, CH2), 29.54 (CH2), 48.17 (d, J(C,P)¼156.2, N-CH-P),
52.39 (OCH3), 62.07 (d, J(C,P)¼6.3, O–CH2), 67.04 (O–CH2), 67.79 (d,
J(C,P)¼7.4, O–CH2), 127.92–128.59 (10�Ar–CH), 135.85 (d, J(C,P)¼5.9,
Ar–C), 136.28 (Ar–C), 156.14 (d, J(C,P)¼5.9, O–CO–N), 169.10 (d,
J(C,P)¼4.4, O–CO). IR (CHCl3, nmax cm�1) 3431, 3031, 1762, 1721, 1510,
1456, 1442, 1384, 1234, 1101, 1039, 1010, 697. HRMS (ESI) calcd for
C23H29NO7P [M�H]þ 462.1682; found: 462.1674.

4.2.19.4. Methyl (2S)-2-{[(R,S)-1-(benzyloxycarbonylamino)-pentyl-
(benzyloxy)phosphoryl]oxy} propanoate (22b). Compound 22b was
prepared by the reaction of 16 and methyl (S)-lactate (0.20 g,
1.95 mmol). Flash chromatography: linear gradient of ethyl acetate
in toluene. Yield 0.50 g (82%). Colourless oil, Rf¼0.61 (S2). 1H NMR
(600 MHz, CDCl3): mixture of four diastereomers, assignment of
individual isomers was not possible, only regions of signals are
given: 0.86–0.87 (3H, t, J¼7.0, CH3), 1.41–1.49 (3H, d, J¼7.0, CH3),
1.25–1.33 (2H, m, CH2), 1.33–1.43 (2H, m, CH2), w1.55 and w1.85
(2H, m, CH2), 3.67–3.74 (3H, s, OCH3), 4.12–4.25 (1H, m, N–CH–P),
4.88–4.98 (1H, m, O–CH–CO), 5.05–5.21 (4H, m, 2�O–CH2), 4.88,
5.16, 5.29 and 5.44 (1H, dd, NH–CO), 7.30–7.37 (10H, m, 2�C6H5).
13C NMR (150.9 MHz, CDCl3): 13.81–13.84 (CH3), 18.96, 19.02, 19.08
and 19.37 (CH3), 22.0–22.2 (CH2), 27.7–28.0 (CH2), 29.3–29.9 (CH2),
47.6–48.8 (N-CH-P), 52.6–52.4 (OCH3), 66.9–68.1 (2�O–CH2),
70.49, 70.67, 70.81 and 70.93 (d, Jw6.5, O–CH–CO), 127.8–128.6
(10�Ar–CH), 135.8–136.4 (2�Ar–C), 155.9–156.2 (O–CO–NH),
171.4–171.7 (CO–O). IR (CHCl3, nmax cm�1) 3430, 3031, 1751, 1721,
1511, 1456, 1439, 1380, 1247, 1055, 1041, 997, 697. HRMS (ESI) calcd
for C24H32NNaO7P [MþNa]þ 500.1814; found: 500.1807.

4.2.19.5. {[((R,S)-1-Benzyloxycarbonylamino)-pentyl(benzyloxy)-
phosphoryl]oxy}acetamide (24a). Compound 24a was prepared by
the reaction of 16 and glycolamide (0.15 g, 1.95 mmol). Flash
chromatography: linear gradient of ethanol in chloroform. Yield
0.42 g (74%). Pale yellow oil, Rf¼0.23 (S2). 1H NMR (600 MHz,
CDCl3): mixture of diastereoisomers w2:1, only signals of the major
isomer are given: 0.87 (3H, t, J¼7.3, CH3), 1.24–1.32 (2H, m, CH2),
1.31–1.44 (2H, m, CH2), 1.49 and 1.89 (2H, m, CH2), 4.11 (1H, m, N–
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CH–P), 4.14 (1H, dd, J¼15.2 and 5.6, O–CHaHb–CO), 4.53 (1H, dd,
J¼15.2 and 7.8, O–CHaHb–CO), 5.08 (4H, m, 2�O–CH2), 5.93 (1H, d,
J¼9.8, NH), 5.96 and 6.88 (2H, br, CONH2), 7.30–7.36 (10H, m,
2�C6H5). 13C NMR (150.9 MHz, CDCl3): 13.74 (CH3), 21.99 (CH2),
27.82 (d, J(C,P)¼13.4, CH2), 28.55 (d, J(C,P)¼3.0, CH2), 48.41 (d,
J(C,P)¼156.4, N–CH–P), 63.42 (d, J(C,P)¼7.6, O–CH2), 67.33 (O–CH2),
68.51 (d, J(C,P)¼7.2, O–CH2), 127.93–128.92 (10�Ar–CH), 135.57 (d,
J(C,P)¼4.6, Ar–C), 136.08 (Ar–C), 156.37 (d, J(C,P)¼3.5, O–CO–N),
169.86 (d, J(C,P)¼8.8, CO–NH2). IR (CHCl3, nmax cm�1) 3484, 3431,
1718, 1694, 1579, 1511, 1456, 1403, 1380, 1241, 1066, 1037, 970, 698.
HRMS (ESI) calcd for C22H29N2NaO6P [MþNa]þ 471.1661; found:
471.1651.

4.2.19.6. (2S)-2-{[((R,S)-1-Benzyloxycarbonylamino)-pentyl(benzyloxy)-
phosphoryl]oxy} propionamide (24b). Compound 24b was prepared
by the reaction of 16 and (S)-lactamide (0.17 g, 1.95 mmol). Flash
chromatography: linear gradient of ethanol in chloroform. Yield
0.45 g (70%). Pale yellow oil, Rf¼0.29 (S2). 1H NMR (600 MHz,
DMSO): mixture of four diastereomers, assignment of individual
isomers was not possible, only regions of signals are given: 0.82–
0.83 (3H, t, J¼7.3, CH3), w1.22 (2H, m, CH2), 1.28–1.35 (3H, d, J¼6.8,
CH3), w1.32 (2H, m, CH2), 1.55 and 1.69 (2H, m, CH2), 3.90–4.02 (1H,
m, N–CH–P), 4.57–4.66 (1H, m, O–CH–CO), 5.01–5.09 (4H, m, O–
CH2), 7.30–7.38 (10H, m, 2�C6H5), 7.40–7.46 (2H, CO–NH2), 7.72–
7.78 (1H, d, J¼9.5, NH). 13C NMR (150.9 MHz, DMSO): 14.01–14.03
(CH3), 19.98–20.32 (CH3), w21.70 (CH2), 27.76–28.22 (2�CH2),
47.11–48.39 (N–CH–P), 65.84–66.02 (O–CH2), 67.16–67.36 (O–CH2),
71.70–72.16 (O–CH–CO), 127.77–128.68 (10�Ar–CH), 136.66–137.23
(2�Ar–C), 156.46–156.67 (O–CO–NH), 172.43–172.66 (CONH2). IR
(CHCl3, nmax cm�1) 3430, 1712, 1697, 1587, 1511, 1456, 1378, 1088,
1038, 1007, 999, 980, 698. HRMS (ESI) calcd for C23H31N2NaO6P
[MþNa]þ 485.1817; found: 485.1810.

4.2.19.7. Benzyl (2S)-2-[({[((R,S)-1-benzyloxycarbonylamino)-pentyl-
(benzyloxy)phosphoryl]oxy} acetyl)amino]-3-methylbutanoate (26a).
Compound 26a was prepared by the reaction of 16 and dipeptide
17a (0.51 g, 1.95 mmol). Flash chromatography: linear gradient of
ethyl acetate in toluene. Yield 0.58 g (70%). Colourless oil, Rf¼0.43
(S2). 1H NMR (600 MHz, CDCl3): mixture of four diastereomers, as-
signment of individual isomers was not possible; only regions of
signals are given: w0.87 (3H, t, J¼7.0, CH3), 0.84–0.93 (6H, d, J¼7.0,
CH3), w1.26 and w1.32 (2H, m, CH2), w1.33 and w1.44 (2H, m, CH2),
w1.82 and w1.89 (2H, m, CH2), 2.17–2.24 (1H, m, –CHo), 4.15–4.20
(1H, m, N–CH–P), 4.25–4.43 (2H, O–CH2–CO), w4.57 (1H, m, N–CH–
CO), 4.93–5.12 (1H, br d, CO–NH), 5.06–5.18 (6H, m, O–CH2–CO),
7.07–7.23 (1H, br d, CO–NH), 7.30–7.37 (15H, m, 3�C6H5). 13C NMR
(150.9 MHz, CDCl3): w13.8 (CH3), 17.6–19.0 (2�CH3), 22.0–22.1
(CH2), 27.7–27.9 (CH2), 28.7–29.2 (CH2), 30.9–31.2 (–CHo), 47.4–48.0
(N–CH–P), 56.9–57.1 (N–CH–CO), 63.6–64.0 (O–CH2–CO), 66.9–68.9
(3�O–CH2), 127.9–129.0 (15�Ar–CH), 135.2–136.1 (3�Ar–C), 156.0–
156.2 (O–CO–NH), 167.1–167.2 (CO–NH), 171.2–171.4 (CO–O). IR
(CHCl3, nmax cm�1) 3431, 1735, 1723, 1685, 1510, 1456, 1393, 1376,
1247, 1198, 1148, 1067, 1040, 1009, 1000, 970, 698. HRMS (ESI) calcd
for C34H43N2NaO8P [MþNa]þ 661.2655; found: 661.2650.

4.2.19.8. Benzyl (2S)-2-{[(2S)-2-{[((R,S)-1-benzyloxycarbonylamino)-
pentyl(benzyloxy) phosphoryl]oxy}propanoyl]amino}-3-methylbutanoate
(26b). Compound 26b was prepared by the reaction of 16 and di-
peptide 17b (0.55 g, 1.95 mmol). Flash chromatography: linear
gradient of ethyl acetate in toluene. Yield 0.60 g (72%). Colourless
oil, Rf¼0.33 (S2). 1H NMR (600 MHz, CDCl3): mixture of four di-
astereomers, assignment of individual isomers was not possible;
only regions of signals are given: 0.80–0.83 (3H, t, J¼7.0, CH3), 0.83–
0.85 (6H, d, J¼7.0, CH3), 1.27–1.31 (3H, d, J¼6.8, CH3), w1.22 (2H, m,
CH2), w1.19 and w1.33 (2H, m, CH2), w1.57 and w1.68 (2H, m, CH2),
2.05–2.12 (1H, m, –CHo), 3.88–3.99 (1H, m, N–CH–P), 4.20–4.26
(1H, m, N–CH–CO), 4.86–4.90 (1H, m, O–CH–CO), 5.00–5.17 (6H, m,
3�O–CH2), 7.30–7.39 (15H, m, 3�C6H5), 7.60, 7.70, 7.72 and 7.73
(1H, d, Jw9.5, CO–NH), 8.16, 8.21, 8.23 and 8.28 (1H, d, Jw8.2, CO–
NH). 13C NMR (150.9 MHz, CDCl3): 14.0–14.3 (CH3), 18.1–19.1
(2�CH3), 19.8–20.2 (CH3), w21.7 (CH2), w27.9 (CH2), w28.2 (CH2),
30.0–30.4 (–CHo), 47.2–48.7 (N–CH–P), 56.87, 57.52, 57.60 and
57.68 (N–CH–CO), 65.8–67.2 (3�O–CH2), 71.3–71.7 (O–CH–CO),
127.7–128.7 (15�Ar–CH), 136.0–137.2 (3�Ar–C), 156.4–156.6 (O–
CO–NH), 170.7–171.5 (CO–NH and CO–O). IR (CHCl3, nmax cm�1)
3429, 3033, 1736, 1724, 1682, 1514, 1456, 1392, 1376, 1247, 999, 698.
HRMS (ESI) calcd for C35H45N2NaO8P [MþNa]þ 675.2811; found:
675.2808.

4.2.19.9. Methyl (2S)-2-[({[((R,S)-1-benzyloxycarbonylamino)-pentyl-
(benzyloxy)phosphoryl]oxy} acetyl)amino]-3-methylbutanoate (28a).
Compound 28a was prepared by the reaction of 16 and dipeptide 18a
(0.37 g, 1.95 mmol). Flash chromatography: linear gradient of ethyl
acetate in toluene. Yield 0.60 g (83%). Colourless oil, Rf¼0.36 (S2). 1H
NMR (600 MHz, CDCl3): mixture of four diastereomers, assignment
of individual isomers was not possible, only regions of signals are
given: 0.86–0.89 (3H, t, J¼7.3, CH3), 0.89–0.96 (6H, d, J¼7.0, CH3),
w1.26 and w1.33 (2H, m, CH2), w1.33 and w1.45 (2H, m, CH2), 1.56–
1.60 and 1.82–1.90 (2H, m, CH2), 2.15–2.23 (1H, m, –CHo), 3.70–3.72
(3H, s, OCH3), 4.15–4.20 (1H, m, N–CH–P), 4.25–4.57 (2H, dd, J w 15.0
and 8.0, O–CH2–CO), 4.47–4.52 (1H, N–CH–CO), 5.06–5.17 (4H, m,
2�O–CH2), 4.96, 5.01 and 5.13 (1H, br d, Jw10.0, O–CO–NH), 7.06,
7.07, 7.17 and 7.21 (1H, br d, Jw9.0, CO–NH), 7.31–7.39 (10H, m,
2�C6H5). 13C NMR (150.9 MHz, CDCl3): 13.75–13.83 (CH3), 17.79–
18.07 and 18.84–19.01 (2�CH3), 22.06–22.13 (CH2), 27.75–27.87
(CH2), 28.74–29.15 (CH2), 30.87–31.11 (–CHo), 47.44–48.75 (N–CH–
P), 52.08–52.18 (OCH3), 56.89–57.14 (N–CH–CO), 63.57–64.00 (O–
CH2–CO), 67.25–67.45 and 68.61–68.87 (2�O–CH2), 127.94–128.92
(10�Ar–CH), 135.46–136.05 (2�Ar–C), 156.00–156.20 (O–CO–NH),
167.03–167.20 (CO–NH), 171.80–171.99 (CO–O). IR (CHCl3, nmax cm�1)
3431, 1740, 1722, 1684, 1510, 1456, 1439, 1375, 1067, 1039, 1009, 1000,
698. HRMS (ESI) calcd for C28H38N2O8P [M�H]þ 561.2366; found:
561.2355.

4.2.19.10. Methyl (2S)-2-{[(2S)-2-{[((R,S)-1-benzyloxycarbonylamino)-
pentyl(benzyloxy) phosphoryl]oxy}propanoyl]amino}-3-methylbutanoate
(28b). Compound 28b was prepared by the reaction of 16 and di-
peptide 18b (0.39 g, 1.95 mmol). Flash chromatography: linear
gradient of ethyl acetate in toluene. Yield 0.58 g (78%). Colourless
oil, Rf¼0.44 (S2). 1H NMR (600 MHz, CDCl3): mixture of four di-
astereomers, only regions of signals are given: w0.86 (3H, t, J¼7.3,
CH3), 0.88–0.94 (6H, d, J¼7.0, CH3), 1.54, 1.48, 1.45 and 1.40 (3H, d,
J¼7.0, CH3), w1.25 and w1.33 (2H, m, CH2), w1.32 and w1.46 (2H,
m, CH2), w1.50 and w1.83 (2H, m, CH2), 2.15–2.22 (1H, m, –CHo),
3.72, 3.70, 3.68 and 3.66 (3H, s, OCH3), 4.15–4.22 (1H, m, N–CH–P),
4.46–4.50 (1H, m, N–CH–CO), 4.81–4.90 (1H, br d, O–CH–CO), 5.05–
5.15 (4H, m, O–CH2), 5.05, 5.10, 5.25 and 5.45 (1H, br d, J w 10.0,
O–CO–NH), 6.99, 7.06, 7.09 and 7.39 (1H, br d, Jw9.0, CO–NH), 7.30–
7.38 (10H, m, 2�C6H5). 13C NMR (150.9 MHz, CDCl3): 13.74–13.78
(CH3), 17.67–17.89 and 18.86–18.95 (2�CH3), 19.86–20.17 (CH3),
22.02–22.08 (CH2), 27.73–27.93 (CH2), 28.84–29.44 (CH2), 30.90–
31.19 (–CHo), 47.61–49.14 (N–CH–P), 52.09–52.25 (OCH3), 56.74–
57.03 (N–CH–CO), 67.12–67.25 and 68.25–68.64 (2�O–CH2),
72.95–73.35 (O–CH–CO), 127.91–128.72 (10�Ar–CH), 135.61–
136.22 (2�Ar–C), 155.94–156.22 (O–CO–NH), 170.20–170.47 (CO–
NH), 171.93–172.39 (CO–O). IR (CHCl3, nmax cm�1) 3430, 1741, 1722,
1684, 1512, 1456, 1439, 1375, 1088, 1026, 998, 697. HRMS (ESI) calcd
for C29H41N2NaO8P [MþNa]þ 599.2498; found: 599.2492.

4.2.19.11. (2S)-2-[({[((R,S)-1-Benzyloxycarbonylamino)-pentyl(ben-
zyloxy)phosphoryl]oxy}acetyl) amino]-3-methylbutanamide (30a).
Compound 30a was prepared by the reaction of 16 and dipeptide
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19a (0.34 g, 1.95 mmol). Flash chromatography: linear gradient of
ethanol in chloroform. Yield 0.53 g (76%). Semisolid, Rf¼0.40 (S4).
1H NMR (600 MHz, DMSO): mixture of four diastereomers, as-
signment of individual isomers was not possible, only regions of
signals are given: 0.80–0.86 (9H, m, 3�CH3), w1.22 (2H, m, CH2),
w1.22 and w1.34 (2H, m, CH2), w1.58 and w1.71 (2H, m, CH2),
1.97–2.02 (1H, m, –CHo), 3.95–4.02 (1H, N–CH–CO), 4.16–4.20 (1H,
m, N–CH–P), 4.40–4.50 (2H, dd, O–CH2–CO), 5.03–5.11 (4H, m,
2�O–CH2), w7.14 and w7.52 (2H, d, J¼1.8, CONH2), 7.30–7.38 (10H,
m, 2�C6H5), 7.73, 7.74, 7.75, 7.76, 7.81, 7.83, 7.84 and 7.88 (2H, d,
2�CO–NH). 13C NMR (150.9 MHz, DMSO): 14.01–14.02 (CH3),
17.95–18.03 and 19.49 (2�CH3), 21.74 (CH2), 27.89–28.39 (2�CH2),
30.62–30.68 (–CHo), 47.84, 47.88, 47.90 and 47.96 (d, J(C,P)w156,
N–CH–P), 57.36 and 57.39 (N–CH–CO), 63.80–63.97 (O–CH2–CO),
65.89–65.96 and 67.11–67.28 (2�O–CH2), 127.83–128.67 (10�Ar–
CH), 136.68–137.23 (2�Ar–C), 156.44–156.50 (O–CO–NH), 167.25–
167.43 (CO–NH), 172.74 and 172.76 (CO–NH2). IR (CHCl3, nmax cm�1)
3428, 3410, 3323, 1717, 1695, 1676, 1593, 1512, 1456, 1391, 1375,
1066, 1041, 1009, 1000, 698. HRMS (ESI) calcd for C27H37N3O7P [M-
H]þ 546.2369; found: 546.2375.

4.2.19.12. (2S)-2-{[(2S)-2-{[((R,S)-1-Benzyloxycarbonylamino)-pentyl-
(benzyloxy)phosphoryl]oxy} propanoyl]amino}-3-methylbutanamide
(30b). Compound 30b was prepared by the reaction of 16 and di-
peptide 19b (0.37 g, 1.95 mmol). Flash chromatography: linear
gradient of ethanol in chloroform. Yield 0.59 g (82%). Semisolid,
Rf¼0.21 (S2). 1H NMR (600 MHz, DMSO): mixture of four di-
astereomers; assignment of individual isomers was not possible,
only regions of signals are given: w0.82 (3H, t, J¼7.3, CH3), 0.81–
0.86 (6H, d, J¼7.0, CH3), w1.22 (2H, m, CH2), w1.21 and w1.33 (2H,
m, CH2), 1.30–1.35 (3H, d, J¼6.8, CH3), 1.50–1.69 (2H, m, CH2), 1.95–
2.01 (1H, m, –CHo), 3.90–4.01 (1H, m, N–CH–P), 4.15 (1H, dd, J¼9.0
and 6.4, N–CH–CO), 4.82 (1H, m, O–CH–CO), 5.01–5.09 (4H, m, O–
CH2), 7.11–7.15 and 7.47–7.51 (2H, d, Jw2.0, CONH2), 7.30–7.38 (10H,
m, 2�C6H5), 7.64, 7.68, 7.70, 7.72, 7.73, 7.74, 7.75 and 7.79 (2H, d,
Jw9–10, O–CO–NHþCO–NH). 13C NMR (150.9 MHz, DMSO): 13.98–
14.05 (CH3), 17.99–18.15 and 19.46–19.51 (2�CH3), 19.92–20.29
(CH3), 21.69–21.74 (CH2), 27.72–28.40 (2�CH2), 30.72–30.97
(–CHo), 47.28–48.57 (N–CH–P), 57.24–57.45 (N–CH–CO), 65.86–
65.98 and 67.02–67.34 (2�O–CH2), 71.95–72.43 (O–CH–CO),
127.72–129.16 (10�Ar–CH), 136.75–137.61 (2�Ar–C), 156.43–
156.51 (O–CO–NH), 170.10–170.26 (CO–NH), 172.69–172.75 (CO–
NH2). IR (CHCl3, nmax cm�1) 3430, 3410, 3329, 1717, 1691, 1680, 1512,
1456, 1392, 1375, 1242, 1086, 1038, 1025, 1007, 999, 697. HRMS (ESI)
calcd for C28H40N3NaO7P [MþNa]þ 584.2502; found: 584.2502.

4.2.20. General procedure for the preparation of compounds 6, 10,
21a, 21b, 23a, 23b, 25a, 25b, 27a, 27b, 29a, 29b, 31a and 31b

The protected precursor was dissolved in 80 mL of methanol
and then 10% Pd–C (0.15 g) was added. The mixture was vigorously
stirred and allowed to react under an atmosphere of hydrogen
(15 psi) at rt overnight. The catalyst was filtered off through Celite
and the filter was washed with 100 mL of methanol. The filtrate was
concentrated in vacuo and the crude product was purified using
preparative RP-HPLC. Finally, the target compounds were lyophi-
lised from water.

4.2.20.1. {[(R,S)-1-Aminopentyl(methoxy)phosphoryl]oxy}acetamide
(6). Phosphonate 6 was prepared by hydrogenolysis of 7 (0.3 g,
0.81 mmol). Yield 113.5 mg (59%). Semisolid, tR¼34.8 min, G1. 1H
NMR (600 MHz, DMSO): mixture of diastereoisomers (w2:1), only
signals of the major isomer are given: 0.87 (3H, t, J¼7.3, CH3), 1.29
(2H, m, CH2), 1.37 and 1.43 (2H, m, CH2), 1.68 and 1.79 (2H, m, CH2),
3.74 (1H, m, N–CH–P), 3.78 (3H, d, J(H,P)¼10.9, OCH3), 4.50 (2H, m,
CO–CH2–O), 7.58 and 7.72 (2H, br, CONH2), 8.47 (2H, br, NH2). 13C
NMR (150.9 MHz, DMSO): 13.83 (CH3), 21.92 (CH2), 27.37 (d,
J(C,P)¼8.6, CH2), 27.76 (d, J(C,P)¼2.2, CH2), 46.34 (d, J(C,P)¼154.0,
N–CH–P), 53.50 (d, J(C,P)¼7.0, OCH3), 64.26 (d, J(C,P)¼6.5, O–CH2–
CO), 169.80 (d, J(C,P)¼4.4, N–CO–C). IR (KBr, nmax cm�1) 3190, 1685,
1627, 1205, 1178, 1044, 801. HRMS (ESI) calcd for C8H19N2NaO4P
[MþNa]þ 261.0980; found: 261.0974.

4.2.20.2. (2S)-2-[({[(R,S)-1-Aminopentyl(methoxy)phosphoryl]oxy}
acetyl)amino]-3-methylbutanoic acid (10). Phosphonate 10 was
prepared by hydrogenolysis of 9 (0.6 g, 1.1 mmol). Yield 179.7 mg
(50%). Semisolid, tR¼43.4 min, G1. 1H NMR (600 MHz, CDCl3):
Mixture of four diastereomers, assignment of individual isomers
was not possible, only regions of signals are given: 0.90–0.91 (3H,
t, J¼7.3, CH3), 0.94–0.99 (6H, d, J¼7.0, 2�CH3), w1.35 (2H, m, CH2),
1.43–1.58 (2H, m, CH2), 1.87–2.00 (2H, m, CH2), 3.60–3.70 (1H, m,
N–CH–P), 3.82–3.89 (3H, d, J(H,P)w11.0, OCH3), 4.28–4.43 (1H, m,
N–CH–CO), 4.63–5.03 (2H, m, O–CH2–CO), 7.51, 7.61, 7.93 and 8.04
(1H, br d, Jw7.5, CO–NH). 13C NMR (150.9 MHz, CDCl3): w13.3
(CH3), 17.5–18.8 (2�CH3), w21.8 (CH2), w27.3 (CH2), w27.6 (CH2),
47.2–48.2 (N–CH–P), 53.0–54.1 (OCH3), 57.7–58.8 (N–CH–CO),
64.0–66.0 (O–CH2), 168.5–170.0 (CO–NH), w175.0 (COOH). IR
(KBr, nmax cm�1) 3300, 3185, 1730, 1670, 1554, 1203, 1047, 799.
HRMS (ESI) calcd for C13H28N2O6P [MþH]þ 339.1685; found:
339.1679.

4.2.20.3. {[(R,S)-1-Aminopentyl(hydroxy)phosphoryl]oxy}acetic acid
(21a). Phosphonate 21a was prepared by hydrogenolysis of 20a
(0.35 g, 0.81 mmol). Yield 102.3 mg (70%). Colourless powder,
tR¼28.4 min, G1. 1H NMR (600 MHz, DMSO): 0.86 (3H, d, J¼7.3,
CH3), 1.26 (2H, m, CH2), 1.36 and 1.42 (2H, m, CH2), 1.59 and 1.77
(2H, m, CH2), 3.07 (1H, m, N–CH–P), 4.40 (2H, d, J¼10.9, O–CH2–CO),
8.02 (2H, br, NH2). 13C NMR (150.9 MHz, DMSO): 14.01 (CH3), 22.22
(CH2), 27.95 (d, J(C,P)¼8.1, CH2), 28.55 (CH2), 47.79 (d, J(C,P)¼145.2,
N–CH–P), 61.91 (O–CH2), 172.35 (COOH). IR (KBr, nmax cm�1) 3265,
3200–2700 br, 2658, 2568, 1720, 1620, 1535, 1204, 1180, 1058, 1012,
949, 893, 817. HRMS (ESI) calcd for C7H15NO5P [M�H]þ 224.0688;
found: 224.0693.

Alternatively, phosphonate 21a was prepared from diester 8.
Compound 8 (0.5 g, 1.2 mmol) was dissolved in 5 mL of dry
dichloromethane and TMSBr (0.59 g, 3.9 mmol) was added in one
portion. The reaction mixture was stirred for 3 h at rt until the
starting material disappeared (TLC monitoring). The reaction was
quenched by adding 5 mL of 1 M HCl. The organic phase was sep-
arated, washed with brine and dried over Na2SO4. The solvent was
removed in vacuo to give 0.5 g of an oil, which was hydrogenated
according to the method described above. The crude product was
purified by RP-HPLC. Yield 2.8 mg (3% over two steps).

4.2.20.4. (2S)-2-{[(R,S)-1-Aminopentyl(hydroxy)phosphoryl]oxy}pro-
panoic acid (21b). Phosphonate 21b was prepared by hydro-
genolysis of 20b (0.25 g, 0.45 mmol). Yield 74.5 mg (69%). Colourless
powder, tR¼31.5 min, G1. 1H NMR (600 MHz, D2O): 0.90 (3H, d,
J¼7.3, CH3), 1.53 (3H, d, J¼7.0, CH3), 1.36 (2H, m, CH2), 1.38 and 1.48
(2H, m, CH2), 1.73 and 1.92 (2H, m, CH2), 3.33 (1H, m, N–CH–P), 4.86
(1H, dq, J¼8.3 and 7.0(3�), O–CH–CO). 13C NMR (150.9 MHz, D2O):
15.67 (CH3), 22.03 (d, J¼4.4, CH3), 24.32 (CH2), 30.24 (d, J¼9.2, CH2),
30.28 (CH2), 51.32 (d, J¼148.7, N–CH–P), 72.11 (d, J¼6.0, O–CHo),
179.21 (d, J¼4.3, COOH). IR (KBr, nmax cm�1) 3200–2700 br, 2629,
2594, 1719, 1699, 1639, 1536, 1190, 1177, 1049, 989, 806. HRMS (ESI)
calcd for C8H17N2O5P [M�H]þ 238.0844; found: 238.0849.

4.2.20.5. Methyl {[(R,S)-1-Aminopentyl(hydroxy)phosphoryl]oxy}acetate
(23a). Phosphonate 23a was prepared by hydrogenolysis of 22a
(0.45 g, 0.97 mmol). Yield 182 mg (78%). Colourless powder,
tR¼33.2 min, G1. 1H NMR (600 MHz, DMSO): 0.86 (3H, t, J¼7.3, CH3),
1.25 (2H, m, CH2),1.25 and 1.42 (2H, m, CH2),1.55 and 1.74 (2H, m, CH2),
2.91 (1H, m, N–CH–P), 3.65 (3H, s, OCH3), 4.41 (1H, dd, J¼16.4 and 9.8,
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O–CHaHb–CO), 4.43 (1H, dd, J¼16.4 and 9.8, O–CHaHb–CO), 7.83 (2H,
br, NH). 13C NMR (150.9 MHz, DMSO): 14.04 (CH3), 22.28 (CH2), 28.11
(d, J(C,P)¼8.0, CH2), 28.85 (CH2), 48.25 (d, J(C,P)¼141.3, N–CH–P), 51.95
(OCH3), 61.62 (d, J(C,P)¼5.3, O–CH2), 171.43 (d, J(C,P)¼4.6, O–CO). IR
(KBr, nmax cm�1) 3200–2700 br, 2647,1759,1735,1630,1536,1230,1107,
1073. HRMS (ESI) calcd for C8H19NO5P [MþH]þ 240.1001; found:
240.0996.

4.2.20.6. Methyl (2S)-2-{[(R,S)-1-aminopentyl(hydroxy)phosphoryl]-
oxy}propanoate (23b). Phosphonate 23b was prepared by hydro-
genolysis of 22b (0.4 g, 0.84 mmol). Yield 154.2 mg (73%).
Colourless powder, tR¼36.6 min, G1. 1H NMR (600 MHz, CDCl3):
mixture of diastereoisomers w3:2, only signals of the major isomer
are given: 0.90 (3H, t, J¼7.3, CH3), 1.36 (2H, m, CH2), 1.40–1.48 (2H,
m, CH2), 1.51 (3H, d, J¼7.0, CH3), 1.74 and 1.91 (2H, m, CH2), 3.29 (1H,
ddd, J¼13.2, 9.0 and 5.2, N–CH–P), 3.79 (3H, s, OCH3), 4.88 (1H, m,
O–CH–CO). 13C NMR (150.9 MHz, CDCl3): 15.69 (CH3), 21.80 (d,
J(C,P)¼4.7, CH3), 24.35 (CH2), 30.30 (d, J(C,P)¼8.9, CH2), 30.44 (d,
J(C,P)¼1.9, CH2), 51.24 (d, J(C,P)¼146.6, N–CH–P), 55.73 (OCH3),
72.69 (d, J(C,P)¼6.0, O–CHo), 177.70 (d, J(C,P)¼3.8, O–CO). IR (KBr,
nmax cm�1) 3200–2700 br, 2608, 1755, 1739, 1638, 1532, 1439, 1380,
1212, 1162, 1072, 1057, 982. HRMS (ESI) calcd for C9H20NNaO5P
[MþNa]þ 276.0977; found: 276.0972.

4.2.20.7. {[(R,S)-1-Aminopentyl(hydroxy)phosphoryl]oxy}acetamide
25a. Phosphonate 25a was prepared by hydrogenolysis of 24a
(0.25 g, 0.56 mmol). Yield 95.1 mg (77%). Colourless powder,
tR¼21.5 min, G1. 1H NMR (600 MHz, DMSO): 0.86 (3H, t, J¼7.4, CH3),
1.27 (2H, m, CH2), 1.37 and 1.43 (2H, m, CH2), 1.60 and 1.77 (2H, m,
CH2), 3.14 (1H, m, N–CH–P), 4.29 (2H, d, J¼9.6, O–CH2–CO), 7.52 and
7.66 (2H, br, CONH2), 8.16 (2H, br, NH2). 13C NMR (150.9 MHz,
DMSO): 13.95 (CH3), 22.13 (CH2), 27.82 (d, J(C,P)¼8.4, CH2), 28.30
(CH2), 47.52 (d, J(C,P)¼146.4, N–CH–P), 67.20 (d, J(C,P)¼5.9, O–CH2),
172.11 (d, J(C,P)¼5.3, CO–NH2). IR (KBr, nmax cm�1) 3383, 3238,
3205, 3200–2700 br, 2694, 2621, 2584, 1677, 1639, 1541, 1213, 1166,
1088, 1060. HRMS (ESI) calcd for C7H16N2O4P [M�H]þ 223.0848;
found: 223.0852.

4.2.20.8. (2S)-2-{[(R,S)-1-Aminopentyl(hydroxy)phosphoryl]oxy}-
propionamide (25b). Phosphonate 25b was prepared by hydro-
genolysis of 24b (0.4 g, 0.87 mmol). Yield 128.2 mg (64%).
Colourless powder, tR¼29.4 min, G1. 1H NMR (600 MHz, DMSO):
0.86 (3H, t, J¼7.3, CH3),1.27 (2H, m, CH2), 1.39 (2H, m, CH2), 1.39 (3H,
d, J¼6.8, CH3), 1.61 and 1.77 (2H, m, CH2), 3.26 (1H, m, N–CH–P),
4.67 (1H, qd, J¼6.8(3�) and 6.6, O–CH–CO), 7.47 and 7.58 (2H, br,
CONH2), 8.28 (3H, br, NH3). 13C NMR (150.9 MHz, DMSO): 13.92
(CH3), 20.46 (d, J(C,P)¼4.0, CH3), 22.07 (CH2), 27.67 (d, J(C,P)¼9.2,
CH2), 28.00 (CH2), 47.54 (d, J(C,P)¼150.7, N–CH–P), 70.63 (d,
J(C,P)¼6.3, O–CHo), 174.31 (d, J(C,P)¼4.3, CO–NH2). IR (KBr, nmax

cm�1) 3389, 3242, 3200–2700 br, 2696, 2615, 1679, 1655, 1607,
1530, 1205, 1072, 973. HRMS (ESI) calcd for C8H19N2NaO4P
[MþNa]þ 261.0980; found: 261.0975.

4.2.20.9. (2S)-2-[({[(R,S)-1-Aminopentyl(hydroxy)phosphoryl]oxy}ac-
etyl)amino]-3-methylbutanoic acid (27a). Phosphonate 27a was
prepared by hydrogenolysis of 26a (0.3 g, 0.47 mmol). Yield 99 mg
(65%). Colourless powder, tR¼39.7 min, G1. 1H, 13C NMR and HRMS
see lit. 18. IR (KBr, nmax cm�1) 3360, 3200–2700 br, 2659, 1714, 1648,
1542, 1224, 1203, 1072.

4.2.20.10. (2S)-2-{[(2S)-2-{[(R,S)-1-Aminopentyl(hydroxy)phosphoryl]-
oxy}propanoyl]amino}-3-methylbutanoic acid (27b). Phosphonate
27b was prepared by hydrogenolysis of 26b (0.35 g, 0.54 mmol).
Yield 101.6 mg (56%). Colourless powder, tR¼42.3 min, G1. 1H, 13C
NMR and HRMS see lit. 18. IR (KBr, nmax cm�1) 3419, 3200–2700 br,
2587, 1723, 1665, 1538, 1394, 1376, 1209, 1168, 1055, 1029, 989.
4.2.20.11. Methyl (2S)-2-[({[(R,S)-1-aminopentyl(hydroxy)phosphoryl]-
oxy}acetyl)amino]-3-methylbutanoate (29a). Phosphonate 29a was
prepared by hydrogenolysis of 28a (0.4 g, 0.71 mmol). Yield 158.7 mg
(66%). Colourless powder, tR¼43.3 min, G1. 1H NMR (600 MHz,
DMSO): two diasteroisomers ca. 1:1: 0.86 (3H, t, J¼7.3, CH3), 0.88 and
0.89 (6H, d, J¼7.0, CH3), 1.27 (2H, m, CH2), w1.40 (2H, m, CH2), 1.59
and 1.77 (2H, m, CH2), 2.06 (1H, m, –CHo), 3.13 (1H, m, N–CH–P), 3.65
(3H, s, OCH3), 4.21 and 4.22 (1H, dd, Jw8.0 and 6.2, N–CH–P), 4.44
(2H, d, J¼10.8, O–CH2–CO), 8.09 (2H, br, NH2), 8.52 and 8.53 (1H, br d,
Jw8.0, CO–NH). 13C NMR (150.9 MHz, DMSO): 13.96 (CH3), 18.32 and
19.14 (2�CH3), 22.16 (CH2), 27.86 (d, J(C,P)¼8.1, CH2), 28.36 and 28.38
(CH2), 30.22 and 30.23 (–CHo), 47.67 (d, J(C,P)¼145.2, N–CH–P), 52.14
(OCH3), 57.59 and 57.61 (N–CH–CO), 62.95 (d, J(C,P)¼5.6, O–CH2–CO),
w170.48 (CO–NH), 171.85 (CO–O). IR (CHCl3, nmax cm�1) 3420, 3200–
2700 br, 2565, 1736, 1674, 1534, 1440, 1394, 1376, 1171, 1057, 985.
HRMS (ESI) calcd for C13H27N2NaO6P [MþNa]þ 361.1504; found:
361.1498.

4.2.20.12. Methyl (2S)-2-{[(2S)-2-{[(R,S)-1-aminopentyl(hydroxy)-
phosphoryl]oxy}propanoyl] amino}-3-methylbutanoate (29b). Phos-
phonate 29b was prepared by hydrogenolysis of 28b (0.4 g,
0.6 mmol). Yield 188.1 mg (77%). Colourless powder, tR¼44.7 min,
G1. 1H NMR (600 MHz, DMSO): two diasteroisomers ca. 1:1: 0.85
(3H, t, J¼7.3, CH3), 0.87–0.89 (6H, d, J¼7.0, CH3), 1.26 (2H, m, CH2),
1.36 and 1.41 (2H, m, CH2), 1.38 (3H, d, J¼6.8), 1.61 and 1.76 (2H, m,
CH2), 2.07 (1H, m, –CHo), 3.10 and 3.21 (1H, m, N–CH–P), 3.64 (3H,
s, OCH3), 4.17 and 4.18 (1H, dd, Jw8.0 and 6.5, N–CH–CO), 4.85 (1H,
m, O–CH–CO), 8.09 and 8.16 (2H, br, NH2), 8.35 and 8.37 (1H, br d,
Jw8.0, CO–NH). 13C NMR (150.9 MHz, DMSO): 13.91 and 13.92
(CH3), 18.45, 18.46 and 19.17 (2�CH3), 20.35 and 20.38 (d,
J(C,P)¼2.0, CH3), 22.08 and 22.10 (CH2), 27.72 and 27.77 (d,
J(C,P)w5.0, CH2), 28.14 and 28.32 (d, J(C,P)¼1.8, CH2), 30.13 and
30.15 (–CHo), 47.62 (d, J(C,P)¼148.3, N–CH–P), 52.10 (OCH3), 57.72
and 57.73 (N–CH–CO), 70.34 and 70.84 (d, J(C,P)w6.0, O–CH–CO),
171.84 and 171.88 (CO–O), 172.33 and 172.43 (d, J(C,P)w3.8, CO–
NH). IR (CHCl3, nmax cm�1) 3420, 3200–2700 br, 2565, 1736, 1674,
1534, 1440, 1394, 1376, 1171, 1057, 985. HRMS (ESI) calcd for
C14H29N2NaO6P [MþNa]þ 375.1661; found: 375.1655.

4.2.20.13. (2S)-2-[({[(R,S)-1-Aminopentyl(hydroxy)phosphoryl]oxy}-
acetyl)amino]-3-methylbutanamide (31a). Phosphonate 31a was
prepared by hydrogenolysis of 30a (0.25 g, 0.46 mmol). Yield
91.5 mg (62%). Colourless powder, tR¼23.4 min, G2. 1H NMR
(600 MHz, DMSO): mixture of two diastereomers (1:1), some sig-
nals were doubled: 0.835 and 0.865 (6H, d, J¼6.8, 2�CH3), 0.86 (3H,
t, J¼7.3, CH3), 1.27 (2H, m, CH2), 1.38 and 1.42 (2H, m, CH2), 1.60 and
1.77 (2H, m, CH2), 2.01 (1H, m, –CHo), 3.16 (1H, br, N–CH–P),
4.155þ4.165 (1H, dd, J¼9.2 and 6.1, N–CH–CO), 4.41 (1H, dd, J¼15.4
and 10.9, O–CHaHb–CO), 4.46 (1H, dd, J¼15.4 and 10.9, O–CHaHb–
CO), 7.14 and 7.60 (2H, d, J¼1.5, CONH2), 8.11þ8.12 (1H, d, J¼9.0, CO–
NH), 8.17 (3H, br, NH3). 13C NMR (150.9 MHz, DMSO): 13.94 (CH3),
17.90þ17.93 and 19.49þ19.52 (2�CH3), 22.14þ22.15 (CH2), 27.84 (d,
J(C,P)¼8.1, CH2), 28.38 (CH2), 30.56þ30.63 (–CHo), 47.54þ47.58 (d,
J(C,P)¼146.2þ146.4, N–CH–P), 57.54þ57.56 (N–CH–CO), 63.14 (d,
J(C,P)¼5.0, O–CH–CO), 169.89þ169.91 (d, J(C,P)¼7.4þ7.2, CO–NH),
172.70 (CO–NH2). IR (KBr, nmax cm�1) 3333, 3195, 3200–2700 br,
1671, 1540, 1431, 1207, 1172, 1071, 981. HRMS (ESI) calcd for
C12H26N3NaO5P [MþNa]þ 346.1508; found: 346.1502.

4.2.20.14. (2S)-2-{[(2S)-2-{[(R,S)-1-Aminopentyl(hydroxy)phosphoryl]-
oxy}propanoyl]amino}-3-methylbutanamide (31b). Phosphonate 31b
was prepared by hydrogenolysis of 30b (0.25 g, 0.44 mmol). Yield
106.6 mg (71%). Colourless powder, tR¼25.7 min, G2. 1H NMR
(600 MHz, DMSO): mixture of two diastereomers (1:1), most of the
signals were doubled: 0.835þ0.866 (6H, br d, J¼6.8, 2�CH3),
0.854þ0.856 (3H, t, J¼7.3, CH3), 1.26 (2H, m, CH2), 1.36 (3H, d, J¼6.8,
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CH3), 1.38 and 1.42 (2H, m, CH2), 1.60 and 1.76 (2H, m, CH2), 2.05
(1H, m, –CHo), 3.05þ3.13 (1H, br, N–CH–P), 4.11þ4.115 (1H, dd,
J¼9.2 and 5.9, N–CH–CO), 4.73þ4.735 (1H, p, J¼6.8 (O–CH–CO)),
7.12þ7.135 and 7.715þ7.73 (2H, d, J¼1.7, CONH2), 7.82þ7.83 (1H, d,
J¼9.2, CO–NH), 8.05þ8.085 (3H, br, NH3). 13C NMR (150.9 MHz,
DMSO): 13.92þ13.94 (CH3), 17.82þ17.83 and 19.52 (2�CH3),
20.46þ20.49 (d, J(C,P)¼5.0, CH3), 22.10þ22.12 (CH2), 27.82þ27.85
(d, J(C,P)¼7.5þ8.4, CH2), 28.48þ28.58 (CH2), 30.48þ30.49 (–CHo),
47.71þ47.74 (d, J(C,P)¼147.3þ145.8, N–CH–P), 57.47þ57.48 (N–CH–
CO), 70.64þ71.07 (O–CH–N), 172.07þ172.09 (d, J(C,P)¼3.8, CO–NH),
172.96þ173.00 (CO–NH2). IR (KBr, nmax cm�1) 3406, 3194, 3200–
2700 br, 1671, 1533, 1206, 1171, 1071, 982. HRMS (ESI) calcd for
C13H28N3NaO5P [MþNa]þ 360.1664; found: 360.1660.

4.2.21. {[(R,S)-1-(9H-Fluoren-9-ylmethoxycarbonylamino)-
pentyl(hydroxy)phosphoryl]oxy} acetic acid (32)

Compound 22a (1 g, 1.85 mmol) was dissolved in 80 mL of
methanol and then 10% Pd–C (0.15 g) was added, and the reaction
mixture was vigorously stirred and allowed to react at rt overnight
under an atmosphere of hydrogen (15 psi). The catalyst was filtered
off through Celite and the filter was washed with 100 mL of
methanol. The filtrate was evaporated in vacuo to give 400 mg of
crude compound 21a, which was directly used for the next reaction
without further purification. Compound 21a (0.4 g, 1.8 mmol) was
dissolved in 5 mL of saturated NaHCO3 and Fmoc-OSu (0.61 g,
1.8 mmol) in 10 mL of dioxane was added dropwise. The reaction
mixture was allowed to react at rt overnight, the dioxane was
evaporated in vacuo and the solution was acidified (pH¼1) using
1 M HCl. The separated semisolid was extracted with 2�20 mL of
ethyl acetate. The combined organic layers were dried over Na2SO4

before filtration and removal of the solvent in vacuo, which gave an
oil that was purified by reverse-phase chromatography. Yield
183.5 mg (22%). Colourless powder, tR¼46.9 min, G2. 1H NMR
(600 MHz, DMSO): 0.85 (3H, t, J¼7.1, CH3), 1.23 and 1.30 (2H, m,
CH2), 1.22 and 1.35 (2H, m, CH2), 1.55 and 1.72 (2H, m, CH2), 3.76
(1H, dtd, J¼16.0, 9.6(2�) and 3.2, N–CH–P), 4.21 (1H, m, CH (Fmoc)),
4.24 (1H, dd, J¼10.2 and 5.4, –CHaHb–O), 4.27 (1H, dd, J¼10.2 and
8.0, –CHaHb–O), 4.38 (1H, dd, J¼16.2 and 9.4, CO–CHaHb–O), 4.43
(1H, dd, J¼16.2 and 9.4, CO–CHaHb–O), 7.31 (1H, m, Ar–H), 7.33 (1H,
m, Ar–H), 7.41 (2H, m, Ar–H), 7.52 (1H, d, J¼9.6, NH), 7.72 (1H, m,
Ar–H), 7.74 (1H, m, Ar–H), 7.89 (2H, m, Ar–H). 13C NMR (150.9 MHz,
DMSO): 14.08 (CH3), 21.83 (CH2), 27.98 (d, J(C,P)¼13.4, CH2), 28.59
(d, J(C,P)¼2.3, CH2), 46.89 (pCH– (FMOC)), 48.16 (d, J(C,P)¼155.9,
N–CH–P), 61.83 (d, J(C,P)¼5.3, O–CH2), 65.98 (O–CH2), 120.35
(2�Ar–CH), 125.59 (Ar–CH), 125.64 (Ar–CH), 127.26 (Ar–CH), 127.31
(Ar–CH), 127.89 (2�Ar–CH), 140.93 (Ar–C), 140.94 (Ar–C), 143.92
(Ar–C), 144.19 (Ar–C), 156.39 (d, J(C,P)¼5.3, O–CO–N), 170.28 (d,
J(C,P)¼5.4, COOH). IR (KBr, nmax cm�1) 3394, 3299, 3200–2700 br,
3042, 1725, 1537, 1451, 1295, 1243, 1214, 1098, 1033, 993, 759, 740.
HRMS (ESI) calcd for C22H25NO7P [MþNa]þ 446.1369; found:
446.1365.

4.2.22. Phosphonodepsipeptide 33
Compound 32 (49 mg, 0.11 mmol) was added to a mixture of

Cys(Trt)-resin (Sieber Amide, Merck Novabiochem, 0.1 mmol) and
BOP (89 mg, 0.2 mmol) in DMF (1 mL). The reaction was initiated by
the addition of DIPEA (51 mg, 0.4 mmol). The reaction was allowed
to proceed at rt overnight and for 8 h under the same conditions.
The resin was filtered and washed, and the N-terminal Fmoc group
was cleaved off with 30% (v/v) piperidine in DMF (1 mL for 5 and
20 min). Fmoc-Tyr(OtBu) (138 mg, 0.3 mmol) was added to the
mixture of resin and BOP (0.133 g, 0.3 mmol) in DMF (1 mL). The
reaction was initiated by the addition of DIPEA (76 mg, 0.6 mmol).
The reaction was allowed to proceed at rt for 2 h and for 1 h under
the same conditions. The resin was filtered and washed, and the N-
terminal Fmoc group was cleaved off with 30% (v/v) piperidine in
DMF (1 mL for 5 and 20 min). The resin was thoroughly washed
with dichloromethane. Then, a mixture (2 mL) of TFA (2%), etha-
nedithiol (2%), water (1%), and triisopropylsilane (2%) in dichloro-
methane was added for 20 min at rt. The resin was filtered and
washed, and the filtrate was evaporated to dryness. A mixture
(2 mL) of TFA (95%), ethanedithiol (2%), water (1%) and triisopro-
pylsilane (2%) was added to the filtrate for 1 h at rt. The reaction
mixture was evaporated to dryness. The crude compound was
triturated repeatedly in diethyl ether. The diethyl ether was re-
moved and compound 33 purified with RP-HPLC at a flow rate of
3 mL/min on a C18 Nucleosil column (250�8 mm, 5 mm) from
Watrex (Praha) using the following gradient (solvents are the same
as described above): t¼0 min (0% B), t¼35 min (50% B), t¼40 min
(100% B), t¼41 min (0% B). Yield (20 mg, 45%, for a mixture of two
diastereoisomers). Colourless powder. HRMS (ESI) calcd for
C19H32N4O7PS [MþH]þ 491.1729; found: 419.1727.
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