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We present herein a straightforward synthesis of N-Fmoc-protected synthons derived from a phosphinic
analogue of methionine. These precursors were used successfully for the solid-phase synthesis of methio-
nine-mimic phosphinopeptides using BOP-catalyzed coupling without protection of the phosphoryl
moiety. We also prepared a new type of pseudopeptide derived from a phosphinic analogue of norleucine
with a –PO(OH)–CH2–COOR moiety.

� 2008 Elsevier Ltd. All rights reserved.
Phosphinopeptides1,2 (or phosphinic pseudopeptides) have
found important applications in biology and medicine, primarily
as inhibitors of metalloenzymes.3,4 The replacement of a hydrolyz-
able peptide bond by a non-hydrolyzable phosphinate moiety
mimics the hypothetical transition state of the native substrate
during hydrolysis and may result in a potent inhibition of the
respective peptidases.5

First, we present an efficient synthesis of a novel type of
pseudopeptides of formulas Met-w[PO(OH)CH2]-Ala(Gly), Met-
w[PO(OH)CH2]-Ala(Gly)-Val, and Met-w[PO(OH)CH2]-Ala(Gly)-Cys
that mimic the sequences Met-Ala(Gly), Met-Ala(Gly)-Val, and
Met-Ala(Gly)-Cys, but contain the phosphinate analogue of methio-
nine at the N-terminus (Scheme 1). Second, we demonstrate the
preparation of a new type of pseudopeptides of formula Nle-
w[PO(OH)]-Gly derived from the phosphinate analogue of norleu-
cine (Scheme 2). Both types of compounds represent potential
inhibitors of methionine or leucine aminopeptidases. The proposed
pseudopeptide sequences should fulfill the structural require-
ments of methionine aminopeptidases with Met or Nle at the P1

position and a small aliphatic residue, such as Ala or Gly, at the
P01 position. The C-terminal Val and Cys at the P02 position of the
methionine-derived phosphinates were chosen based on our re-
cent results with statin pseudopeptides as inhibitors of methionine
aminopeptidases.6

The synthesis of the methionine-derived phosphinates (Scheme
1) began with the addition of methanethiol to acrolein7 followed
by reaction of the aldehyde 1 with hydroxylamine hydrochloride
in pyridine to give oxime 2 in good yield. The phosphinate interme-
diate 3 was prepared according to Zhukov et al.8 by refluxing
oxime 2 with anhydrous hypophosphorus acid in dry methanol un-
der an argon atmosphere. The previously published8 procedures
for the isolation of phosphinic acid 3, such as crystallization from
2-propanol or chromatography (on cellulose or Dowex), afforded
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rather poor yields (about 30–35%). We were unable to prepare
synthon 4, which contains a phosphinyl moiety protected by an
adamantyl group (Ad). However, similar compounds were used
previously for the solid-phase synthesis of phosphinic pseudopep-
tides.9,10 The preparation of compound 4 failed due to low yields in
the adamantylation step and especially in the final catalytic hydro-
genation. This difficulty was probably caused by the hydrogena-
tion-poisoning effect of the sulfur atom present in our
compounds. Therefore, we returned to phosphinic acid 3 and in-
stead of further difficult purification attempts, we neutralized the
redundant phosphorus acid and its phosphoric acid oxidation
product with sodium carbonate, partially removed the methanol
in vacuo, and protected the amino group of crude compound 3
with di-tert-butyl dicarbonate in aqueous sodium carbonate/1,4-
dioxane mixture. The N-Boc-protected product was extracted from
the acidified (pH � 2) reaction mixture, and column chromatogra-
phy on silica gel gave a good yield of compound 5. P–C bond forma-
tion was performed according to Georgiadis et al.10 via silylation of
5 with chlorotrimethylsilane in dichloromethane/DIPEA followed
by addition of ethyl acrylate or ethyl methacrylate to give com-
pounds 6a (R = H) or 6b (R = CH3), respectively. Extraction of these
compounds into ethyl acetate after careful acidification and final
silica gel chromatography afforded pure compounds 6a and 6b in
good yields. Unprotected C-terminal amides 7a and 7b were pre-
pared from 6a and 6b, respectively, using a 20% (w/w) solution
of ammonia in anhydrous ethanol heated to 55 �C for 48 h in a
sealed container. Alternatively, the use of aqueous ammonia
yielded mainly the free acid. The solution was evaporated to dry-
ness in vacuo and the N-Boc-protecting group was cleaved with
TFA (100%, rt, 4 h). Finally, compounds 7a and 7b were purified
by RP-HPLC (Phenomenex Luna C-18). If the N-terminal Boc group
was removed prior to the ammonolysis of the C-terminal ethyl
ester, the lactams 8a and 8b were formed. Similar reactivity was
observed previously by Yiotakis et al.9 The unprotected phosphinic
amino acids 9a and 9b were prepared in two steps; alkaline hydro-
lysis (4 M aq NaOH) of the ethyl esters 6a or 6b was followed, after
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Scheme 1. Reagents, conditions, and yields: (a) MeSH, 0 �C (41%); (b) NH2OH�HCl, pyridine, 14 h rt (80%); (c) anhydrous H3PO2 (1 M) in methanol, reflux for 6 h; (d) Boc2O,
Na2CO3, water/1,4-dioxane, 0 �C for 1 h then 2 h rt (79%, calculated from 2); (e) ethyl acrylate, or ethyl methacrylate, TMSCl, DIPEA, rt overnight R = H (88%), R = CH3 (82%); (f)
(i) NH3/EtOH, 20% (w/w), 55 �C, 48 h; (ii) TFA, 100%, 4 h rt, R = H (46%, after HPLC), R = CH3 (42% after HPLC); (f0) (i) TFA (100%), 24 h rt; (ii) NH4OH (25%), 55 �C, 16 h, or aq
NaOH (4 M), 4 h rt. The yields of products 8a and 8b have not been determined; (g) (i) aq NaOH (4 M), rt overnight; (ii) TFA (100%), 4 h rt, R = H (78%), R = CH3 (74%); (h)
FmocOSu, Na2CO3, water/dioxane, 3 h rt R = H, CH3 (28–92%); (i) (i) Cys(Trt)-Rink Amide AM resin or Val-Rink Amide AM resin (1 equiv), 10a or 10b (1.5 equiv), BOP (3 equiv)/
DIPEA (5 equiv) in DMF, rt overnight and 6 h; (ii) piperidine/DMF; (iii) TFA (95%), ethanedithiol, water, triisopropylsilane, 2 h, rt (11a 21%, 11b 25%, 12a 23%, 12b 30%, yields
are given for compounds purified by RP-HPLC as mixtures of diastereoisomers).
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removal of sodium ions using Dowex 50W (H+), by treatment with
TFA (100%, rt, 4 h). The products 9a and 9b were purified using sil-
ica gel chromatography. In order to prepare N-Fmoc-protected syn-
thons 10a and 10b, convenient precursors for the solid-phase
synthesis of phosphinic pseudopeptides, compounds 9a and 9b
were treated with 9-fluorenylmethyl N-succinimidyl carbonate
(FmocOSu) in aqueous sodium carbonate/1,4-dioxane. After com-
pletion of the reactions (monitored by TLC) and removal of the
dioxane, the reaction mixture was acidified with 1 M HCl, and
the product was taken up into ethyl acetate and purified by silica
gel chromatography. The irreproducible yields of compounds 10a
and 10b were due to the very low solubility of the products in
the available chromatography eluents. As an example, the NMR
spectral data for compounds 10 are given.11 We applied the tech-
niques of solid-phase synthesis for the preparation of pseudopep-
tides 11 and 12. The C-terminal valine and cysteine residues
were attached to Rink Amide AM resin using an Fmoc/HBTU/DIPEA
strategy.12 The subsequent coupling of the phosphinic synthons
10a or 10b was achieved with BOP/DIPEA reagents according to
Raguin et al.13 After the N-terminal deprotection, the pseudopep-
tides 11 and 12 were cleaved from the resin with a mixture of
TFA and scavengers, and purified by RP-HPLC in low yields.

In the second part of our study, we prepared a new type of
phosphinate with a –PO(OH)–CH2–COOR moiety. Similar com-
pounds were previously prepared by Allen et al.14 The above-
described difficulties with methionine-mimic phosphinic
pseudopeptides led us to abandon the methionine side chain and
to introduce the analogous norleucine-derived side chain.15 (1-
Benzhydrylamino)pentylphosphinic acid 13 was synthesized by
heating valeraldehyde and diphenylmethylamine hypophosphite
in THF according to the procedure of Baylis et al.16 The phosphinic
acid 13 was converted to (R,S)-1-aminopentylphosphonic acid by
refluxing with concentrated hydrobromic acid followed by treat-
ment with propylene oxide. Reaction of the free phosphinic acid
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Scheme 2. Reagents, conditions, and yields: (a) valeraldehyde, THF, reflux for 2 h (75%); (b) 48% HBr, reflux for 8 h, then propylene oxide, ethanol (69%); (c) benzyl
chloroformate, Na2CO3, water and dioxane, 0 �C 2 h then rt overnight (93%); (d) TMSCl, TEA, methyl bromoacetate, rt overnight (80%); (e) HCOO�NH4

þ , 10% Pd/C, methanol, rt
overnight (20% for 16); (f) NaOH, methanol and water, rt overnight (79%); (g) HCOO�NH4

þ , 10% Pd/C, methanol, rt overnight (48%).
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with benzyl chloroformate afforded the Z-protected derivative 14,
which gave intermediate 15 upon Arbuzov reaction14 with methyl
bromoacetate. For reference, the NMR spectral data for compound
15 are provided.11 The analogous Arbuzov reaction was also per-
formed with the methionine analogue of 14 but this attempt was
unsuccessful, probably due to the presence of a sulfur atom. Cata-
lytic transfer hydrogenation17 of 15 afforded the desired methyl
ester 16 along with a considerable amount of cyclic by-product
17. However, alkaline hydrolysis of 15 followed by catalytic trans-
fer hydrogenation afforded target compound 18.

The synthesis of methionine-derived phosphinic pseudopep-
tides is difficult due to the presence of a side-chain sulfur atom.
However, phosphinopeptides and phosphonopeptides can be pre-
pared by BOP-catalyzed coupling using N-protected synthons
without protection of the phosphoryl moiety. We successfully used
this strategy for the synthesis of several methionine-derived phos-
phinic pseudopeptides as potential inhibitors of aminopeptidases.
We also prepared a new type of pseudopeptide derived from the
phosphinic analogue of norleucine with a –PO(OH)–CH2–COOR
moiety. The target compounds 7, 9, 11, 12, 16, and 18 will be tested
for their inhibitory activities toward leucine and methionine
aminopeptidases.
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