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Abstract—The amidoalkylation reactions of a phosphonous acid containing a structural isostere of leucine in
acetyl chloride and(or) acetic anhydride were studied under conditions of acid catalysis. A two-component method
for the synthesis of a phosphinic analogue of alanylleucine using ethylidenebis(benzylcarbamate) was proposed.
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Phosphinic structural analogues of natural peptides
are included in promising radiopharmaceuticals as
ligand components [1]. They are also inhibitors of
matrix metalloproteinases (MMPs), which are a family
of zinc-containing endoproteases involved into various
biological processes [2, 3]. Metalloproteinases of types
2 and 9 (MMP-2 and MMP-9), called gelatinases,
play an important role in post-infarction myocardial
remodeling [4]. Undesirable activity of gelatinases, which
manifests itself in a negative effect on the tissues of the
cardiovascular system, can be reduced or eliminated using
inhibitors containing function that chelates zinc cation
[5, 6]. Effective inhibitors of zinc-metalloproteinases are
phosphinic pseudopeptides, structural isosteres of peptides
in the molecule of which two amino acid components of
the dipeptide are linked by a zinc chelating phosphinic
fragment [2, 7]. In this case, methylenephosphorylic
CH,P(O)(OH) fragment imitates a natural peptide bond
with a tetra-coordinated carbon atom in the transition
state of peptide hydrolysis (Scheme 1).

A widely used approach to the phosphinic modification
of the peptide bond is the synthesis of the N,P-protected
derivative 1, the phosphorous isoster of the corresponding
amino acid, developed by Ciba-Geigy company [8, 9]
with its subsequent conversion to the silylic ether of the
P'"_phosphonous analog of the amino acid and addition to
corresponding a-substituted acrylates 2 (Scheme 2) [2, 7].
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We have proposed a shorter synthesis with the reverse
construction of the desired pseudopeptide 3 molecule.
It consists in the initial addition of the in situ generated
hypophosphite 4 to the corresponding a-R?-substituted
acrylates 2 with the formation of phosphonous acids
5 containing a structural isostere fragment of the
corresponding amino acid, which is determined by the
corresponding substituent (R?) in the a-position of the
acrylic system [ 10—13]. Amidoalkylation of phosphonous
acids 5 using alkyl carbamates 6 and the corresponding
carbonyl compounds 7 leads to target pseudopeptides 3
(Scheme 2) [11-13].

This work is a further development of the pre-
viously proposed methodology for the synthesis of
phosphoisosteres of peptides from hypophosphites
[10-13] and is devoted to the synthesis of pseudoalanyl-
y[P(O)(OH)CH,]-leucine 8, which is a promising type
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9 matrix-zinc metalloproteinase (MMP-9) inhibitor [14]
(Scheme 3).

The process of amidoalkylation of phosphonous acid 9
containing structural leucine isostere was performed using
benzyl carbamate and acetic aldehyde in acetyl chloride
and (or) acetic anhydride as a three-component carbamate
version of the Kabachnik—Fields reaction [11-13] for the
synthesis of phosphinic acid 11, which is ethyl ester of
N-protected phosphinic pseudoalanylleucine N-Cbz-Ala-
y[P(O)(OH)CH,]-Leu-OEt. As an alternative method,
a two-component synthesis was performed by reaction
of the phosphonous component 9 with pre-synthesized
N,N'-ethylidenebis(benzylcarbamate) 10 [12].

The reaction progress was monitored using 3'P
NMR spectroscopy by the ratio of the intensities of
the signals of phosphinic acid 11 (3p ~55 ppm) and the
starting phosphonous component 9 (6, ~32-33 ppm)
in the spectrum of the reaction mixture. It was found
that the process of amidoalkylation of phosphonous
acid 9 proceeds rather quickly in acetyl chloride or in a
mixture with acetic anhydride. However, in this case, side
processes occur, associated with partial dealkylation of the
ester fragment of acid 11 during the amidoalkylation of
phosphonous acid 9. Side reactions with the participation
of acetaldehyde and the formation of phosphorus-free
compounds are also observed. This leads to the fact that
phosphonous component 9 is partially remains unchanged
in the reaction mixture.

In this regard, we have studied the amidoalkylation of
acid 9 in acetic anhydride under milder acid catalysis using
p-toluenesulfonic acid. The side process of dealkylation
of ester fragments in this case is absent, however, the
amidoalkylation reaction proceeds noticeably slower.
A high yield of target acid 11 was achieved using a
two-component version of amidoalkylation using
ethylidenebis(benzylcarbamate) 10, which combines
carbonyl and carbamate components in the molecule,
since this avoids side processes involving acetaldehyde.

Ethylidenebis(benzylcarbamate) 10 was previously
synthesized in accordance with our previously proposed
procedure [12]. The synthesis of phosphonous acid 9
was carried out in accordance with the modified method
proposed by us earlier [11]. In this case, it was also possible
to isolate the product of double addition, phosphinic acid
9a. Synthesis of ethyl ester of a-isobutylacrylic acid was
carried out in accordance with a previously published
procedure [15].

2-(Ethoxycarbonyl)-4-methylamylphosphonic
acid (9). Yield 81%, oily substance. 'H NMR spectrum
(CC1,—CDs0D), 8, ppm: 0.97-1.05 br. t (3H, CH;), 1.35d
(6H, CHs, 3J;y;= 7.0 Hz), 1.48 m (1H, CH), 1.65 m (2H,
CH,CH),2.10m (2H, CH,P),2.83m[1H, CHC(0)],4.17m
(2H, CH,0), 7.05 d (1H, PH, 'Jpy = 560.0 Hz),
12.68 br. s (1H, POOH). 3'P NMR spectrum (CCl,—
CD;0D): 6p 31.1 ppm. Mass spectrum (ESI), m/z: 223.4
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[M + H]" (caculated for CoH,O,P: 223.2). Found P, %:
13.63, 13.43. C4H,40,P. Calculated P, %: 13.94.

Bis[2-(ethoxycarbonyl)-4-methylamyl]phosphinic
acid (9a) was obtained as a pale yellow oily substance.
"H NMR spectrum (CCl,~CD;0D), §, ppm: 0.85-0.95 m
(6H, CHj3), 1.25-1.35 m (12H, CHj;), 1.43 m (2H, CH),
1.60 m (4H, CH,CH), 2.05 m (4H, CH,P), 2.76 m [2H,
2CHC(0)], 4.12 m (4H, CH,0). *'P NMR spectrum
(CCl1,~CD;0D): 8p47.1 ppm. Found, %: C 56.95, 57.05;
H 9.45,9.50; P 8.33, 8.21. C,gH;504P. Calculated, % C:
57.13; H9.32; P 8.18.

2-(Ethyloxycarbonyl)-4-methylamyl-1-(/V-
benzyloxycarbonyl)aminoethylphosphinic acid (11).
a. To a mixture of 4.4 g (20 mmol) of pre-dried
phosphonous acid 9 and 3.0 g (20 mmol) of benzyl
carbamate in 25 mL of acetyl chloride, cooled to 5°C,
was added in portions 1.4 mL (25 mmol) of acetaldehyde.
The resulting mixture was stirred at room temperature
for several hours, then poured into 70 mL of ice water
and evaporated in vacuum at a bath temperature of not
higher than 35°C. The residue was treated with 70 mL
of saturated sodium bicarbonate solution. The aqueous
phase was washed with diethyl ether (2 x 10 mL),
carefully acidified with a solution of 1 N HCI to pH ~
2 and then extracted with chloroform (3 x 10 mL) or
ethyl acetate. The combined organic extract was dried
with magnesium sulfate and evaporated in vacuum. The
residue was chromatographed on silica gel [eluent—
chloroform, chloroform—isopropanol (5-7%)]. The
eluate was evaporated in vacuum, the residue crystallized
spontaneously, and also after treatment with diethyl or
petroleum ether (40/70). Phosphinic acid 11 was isolated
after additional crystallization from petroleum ether. Yield
4.1 g (51%), mp. 74-77°C.

b. Amidoalkylation of phosphonous acid 9 in a mixture
of acetyl chloride and acetic anhydride allowed to isolate
the target product 11 with a yield of 58%, mp 77-78°C.

c. The synthesis in the medium of acetic anhydride
with the addition of p-toluenesulfonic acid (3 mol %)
made it possible to obtain acid 11 with a yield of 71%,
mp 78-80°C.

The two-component synthesis was carried out using
pre-synthesized N,N'-ethylidenebis(benzylcarbamate)
10 [12] also using p-toluenesulfonic acid (3 mol %).
To a stirred mixture of 2.2 g (10 mmol) of anhydrous
phosphonous acid 9 and 3.3 g (10 mmol) of N,N'-
ethylidenebis(benzylcarbamate) 10 in 20 mL of
acetic anhydride was added 0.05 g (0.3 mmol) of

p-toluenesulfonic acid. The reaction mixture was stirred
at room temperature, monitoring the reaction progress by
3P NMR. Upon completion of the reaction, the mixture
was filtered, the filtrate was treated similarly to procedure
a. Yield 3.3 g (83%), mp 80-81°C, Ry ~ 0.20-0.35
(CHCl, : EtOH =5 : 1) (two spots due to the presence
of diastereomers). 'H NMR spectrum (CDCI;), §, ppm:
0.84 d (3H, CH;, 3Jyy; = 6.4 Hz), 0.88 d (3H, CH;, 3Jyyyy =
7.5 Hz), 1.21 t 3H, CHj, 3/, = 7.0 Hz), 1.34 d. d (3H,
CH,;CH, 3Jyy = 6.5, 3Jpy = 14.5 Hz), 1.45-1.80 m (4H,
PCH, + CHCH,CH), 2.00-2.27 m (1H, CHCHy), 2.70—
2.92 m [1H, CHC(O)], 3.90-4.05 m (1H, PCHN), 4.11 q
(2H, CH,0, 3Jyyy = 7.0 Hz), 5.10 br. s (2H, OCH,Ph),
5.38 br. d (1H, NH, *J;; = 8.6 Hz), 6.50 br. s (1H, POOH),
7.33 s (5H, Ph). '*C NMR spectrum (CDCl;), 8., ppm:
13.84* (hereafter, an asterisk indicates the signal of a
minor diastereomer), 14.05, 20.88%, 21.84, 22.32*,22.67,
25.06*,25.73,28.67d ("Jpc = 95.1 Hz), 28.96* d (\Jpc =
91.6 Hz), 37.12,43.17* d *Jpc = 8.8 Hz), 43.37 d (CJpc =
11.1 Hz), 45.10* d ("Jpc = 103.5 Hz), 45.85 d (\Jpc =
104.3 Hz), 60.71, 67.04, 127.97, 128.09, 128.44, 136.18,
155.86 d (*Jpc = 5.0 Hz), 175.1. 3'P NMR spectrum
(CDCly), op, ppm: 54.7*, 55.0. Mass spectrum (ESI),
m/z: 400.5 [M +H]" (caculated for C;oH;)NO4P: 400.4).
Found, %: C 56.68, 56.92; H 7.78, 7.87. C;oH;,NO¢P.
Calculated, %: C 57.13; H 7.57.
2-(Hydroxycarbonyl)-4-methylamyl-1-amino-
ethylphosphinic acid (pseudo-alanylleucine) (8).
Phosphinic acid 11 (1.1 g, 2.8 mmol) was boiled in 15 mL
of 6 N HCl for 17 h. The cooled solution was treated with
chloroform (2 x 5 mL). The aqueous phase was evaporated
in vacuum and the residue was chromatographed on
cation exchange resin (eluent—water, then 0.5 N HCI).
The ninhydrin-positive eluate was evaporated in vacuum.
The residue (~ 0.6 g) was dissolved in 5.5 mL of aqueous
alcohol (~ 1 : 10), treated with 0.5 mL (7 mmol) of
propylene oxide, and 0.4 g (62%) of aminophosphinic
acid 8 was isolated. Amino acid 8 is a crystalline powder,
sparingly soluble in water; therefore, the spectral data
are given below in an acidic and alkaline medium; in the
latter case, the presence of diastereomers manifests to a
greater extent. Yield 62%, mp 197-199°C (decomp.). 'H
NMR spectrum (D,0-DCI, pH =1), 5, ppm: 0.48 d (3H,
CH;CHC, *Jyy; = 5.9 Hz), 0.52 d (3H, CH;CHC, *Jyyy =
6.5 Hz), 1.08 d. d (3H, CH;CHP, *Jpy = 14.7, 3Jyyy =
7.1 Hz), 1.14-1.32 m [3H, CH,CH(CHj;),], 1.56-1.74 m
(1H, PCH,), 1.78-1.98 m (1H, PCH,), 2.35-2.57 m [1H,
CHC(0)], 3.10-3.30 m (1H, CHN). '"H NMR spectrum
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(D,0-NaOD, pH ~9), §, ppm: 0.78 d (3H, CH;CHC,
3Jun = 5.9 Hz), 0.82 d (3H, CH;CHC, *J; = 5.3 Hz),
1.12 d. d (3H, CH;CHP, *Jpy = 14.7, 3Jyyy = 7.1 Hz),
1.14* d. d (3H, CH;CHP, 3Jpy = 13.5, 3Jyy = 7.1 Hz),
1.25-1.60 m [4H, PCH, + CH,CH(CHj),], 1.71-1.99 m
(1H, PCH,), 2.42-2.60 m [1H, CHC(O)], 2.68-2.87 m
(1H, CHN). 3C NMR spectrum (D,0-DCI, pH = 1), 5,
ppm: 12.24*,12.30,21.29,21.86%,21.93, 25.3,28.50* d
("Upc=92.7Hz),28.64 d ("Jpc=93.1 Hz),37.20d (*Jpc =
4.8 Hz), 42.61 d (3Jpc = 11.6 Hz), 45.28* d (\Jpc =
97.0 Hz), 45.35 d ("Jpe = 96.6 Hz), 179.44 d (CJpc =
5.2 Hz). *C NMR spectrum (D,0-NaOD, pH ~9), 3,
ppm: 13.18*,14.24,21.41,21.60%,22.62*,22.86, 25.94%*,
26.10,31.16* d ("Jp=90.9 Hz), 31.56 d (\Jp = 90.9 Hz),
41.42d (%Jpc=2.7Hz),43.74 d CJpc=7.7Hz), 43.91 d
(Jpc=9.6 Hz), 45.66* d (\Jpc=93.2 Hz),46.16 d (! Jpc =
92.8 Hz), 184.92 d (*Jpc = 8.4 Hz), 185.02* d (PJpc =
6.5 Hz). 3'P NMR spectrum (D,0-DCI, pH = 1): §;
44.3 ppm. 3'P NMR spectrum (D,0-NaOD, pH ~9),
Op, ppm: 43.1, 43.5*. Found,%: C 45.35, 45.26; H 9.02,
9.17; N 6.04, 6.13. CoH,,NO,P. Calculated, %: C 45.57,
H 8.50; N 5.90.

'H, 3'P, and '*C NMR spectra were recorded on a
Bruker DPX-200 Fourier spectrometer. For ion exchange
chromatography, Purolite C100E (H) cation exchanger
was used. Melting points were determined in a block in an
open capillary. Chromatographic analysis was performed
on an Agilent 1100 Series LC/MSD system equipped
with DAD, ELSD and a single quadrupole mass-selective
electrospray ionization detector.
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