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Synthesis of phosphinic analogs of sulfur-containing amino acids
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Phosphinic analogs of the key compounds of the metabolism of methionine were
synthesized. The compounds obtained were selectively oxidized cither at the phosphinic
group or at the sulfur-containing fragment.
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1-Amino-3-(methylthio)propylphosphinic acid (1a), phosphinic analogs of compounds involved in methion-
an analog of methionine, is one of the most biologically ine mectabolism were not investigated systematically be-
active compounds among phosphinic analogs of amino cause analogs were not obtained or remained unavail-
acids. This compound possesses high antibacterial activ- able.
ity ! peptides involving 1a have fungicidal activity,? and In the present work, the synthesis of phosphinic
1a itself inhibits the initial stage of protein biosynthesis.3 analogs of key compounds in the metabolism of me-

The structure—biological activity relationships of thionine is discussed.
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The known synthesis? of acid 1a (12.8% yicld) in-
cludes addition of H;PO, to a Schiff base (prepared
from 3-methylthiopropanal and diphenylaminomethane)
with subsequent elimination of the protecting group by
acidification. Another way,® viz., the reaction of
3-methylthiopropanal oxime with anhydrous H;PO; in
the absence of a solvent, also yields 1a, but our observa-
tions showed the process to be often out of control.

We found that 1a is smoothly formed in 33% vield in
the reaction of 3-methylthiopropanal oxime with H;PO,
in boiling alcohols. Similarly, compound 1b was synthe-
sized in 27% vield.

Aminophosphinic acid 1b was transformed into an
anatog of homocysteine 2 in 43% yield by the action of
sodium metal in liquid ammonia.

A phosphinic analog of S-adenosylhomocysteine 1d
was synthesized by alkylation of thiol 2 with 5 -chloro-
5'-deoxyadenosine in liquid ammonia or aqueous
DMSO; in the latter case, 1d was obtained in 90% yield.
Methylation of thiol 2 was carried out under conditions
similar to those for the synthesis of isotope-labeled (on
the methyl group) thioether la.

Methylation of 1a with MeOTs or Mel in AcOH ora
mixture of AcOH and HCOOH did not involve the
phosphinic fragment, resulting in the 3a- and 3b-
phosphinic analog of vitamin U.

Aminophosphinic acid 1d was transformed into 3b,
an analog of S-adenosylmethionine, which is the main
donor of Me-groups in biological methylation, by the
action of an excess of Mcl in AcOH—HCOOH or
HCOOH—dioxane at 20 °C with subsequent isolation
of the product by rton-exchange chromatography on
Dowex S0Wx8 cation exchanger in the H* form.

Oxidative transformations of phosphinic analogs were
performed so that both the hydrophosphoryl fragment
and the sulfur-containing group were selectively in-
volved. Under the conditions described earlier, an
ethanolic solution of I, and HI smoothly reacted with
acids la, 1b, and 1¢ to give the corresponding
aminophosphonic acids with retention of the thiocther
group. Under the standard conditions of thiol oxidation,
the mercapto group of phosphinic acid 2 was oxidized
with I, to disulfide without involving the P—H frag-
ment. Nor did the action of H,0, in AcOH on la
involve the P—H fragment during the oxidation of the
thioether group to the sulfoxide.

Thus, we synthesized polyfunctional phosphinic ana-
logs of the most important sulfur-containing amino
acids and developed methods for selective oxidation of
the compounds obtained.

Experimentat

Thin-tayer chromatography was performed on Kieselgel
G0Fyqy plates (Merck) in PPOH—25% NH,OH-H,O0,
7020 HA), and BuPOH—ACOH—-H,0, 12 : 3 : 5(B), and
on Cellidose Fasy plates (Merek) in Bu"OH—AcOH—-H,0.
12 -3 05 1Cy spots were visualized by color reactions with

ninhydrin, ammonium molybdate, and sodium nitroprusside.
lon-exchange chromatography was performed on Dowex-
S0Wx8 cation exchanger (100~200 mesh) in the H* and
PyH' forms (BioRad, USA). HPLC was carried out according
to the known procedure” on a Hypersil ODS column (Hewlett-
Packard, 5 ym, 2.1x100 mm), UV detector, 1 = 257 nm.
The following bufler solutions were used: (4) 0.1 M KH,PO,
(pH 2.5)—0.008 Af C4H;;50;Na—H,0/CH;CN, 94 : 6 (by
volume) and (B) 0.1 M KH,PO; (pH 3.2)—0.008 M
CgH,;75803Na—H,0/CH;CN, 70 : 30 (by volume). A mixture
of buffers A and 8 was used as the eluent (a gradient of buffer
Bin buffer A from 10 to 85% was varied as follows: 0% (0 to
2 min), 10585% (2 to 17 min), 85% (17 to 19 min), and
85->10% (19 to 20 min)), flow ratc 0.5 mL min~!. Melting
points (decomp.) were measured on an Electrothermals instru-
ment (UK) and are given noncorrected. 'H NMR specira
were recorded on a Varian XL-100-15 instrument (100 MHz)
in D,0 (relative to Bu'OH); the chemical shifts are given with
respect 0 Me Si. UV specira were recorded on a Beckman 25
instrument.  S-Alkylthiopropanal oximes were prepared ac-
cording to the known procedure.$

1-Amino-3-(methylthio)propylphesphinic acid (1a). 4. A
solution of 3-methylthiopropanal oxime8 (119 g, 1.0 mol) in
100 mL of MeOH was added with stirring in an atmosphere of
Nj to a boiling solution of anhydrous H3PO, ? (132 g, 2.0 mol)
in 320 mL of MeOH over | h. The reaction mixture was
refluxed for 4 h, and 150 mL of MeOH was removed. Et;N
(to pH ~ 4) and then 500 mL of boiling PPOH were added to
the residue. The resulting solution was kept at +4 °C for 16 h.
The crystals that formed were filtered off, washed with PriOH,
and dried in air. The crude product (yield 77.6 g) was recrys-
tallized from aqueous PriOH to give 1a (58.5 g, 34.6%), m.p.
229 °C (¢f Ref. 4 231 °C (decomp.)). R; 0.53 (A), Ry 0.36
(B), R 0.55 (O). 'H NMR (D,0), & 1.80—2.30 (m, 2 H,
CH,CH); 2.14 (s, 3 H, MeS); 2.57—2.85 (m, 2 H, CH,S):
312344 (m, 1 H, CH); 7.02 (dd, t H, PH, J = 3528 Hz,
J = 1.5 Hz).

B. Sodium metal was added to a solution of compound 2
(1.55 g, 0.01 mol) in 40 mL of liquid NH; until a blue color
persisted, and then freshly distilled Mel (1.9 mL, 0.03 mol)
was added. The ammonia was allowed to evaporate, and the
residue was concentrated in vacuo with water. Compound la
was isclated on a 75-mbL column with Dowex 50W resin
(H* form) by elution with a 15% aquecous solution of PriOH.
The fractions containing 1a were concentrated in vacuo to
dryness to give la (1.5 g, 89%) that is identical with an
authentic sample.

C. MeOH (1.8 mL) and Mel (0.012 mL) were added to a
solution of compound 2 (31 mg, 0.2 mmol) in 0.2 mL of 2 M
NaOH. The mixture was left for 16 h and concentrated in vacuo
to dryness. Compound ta (32 mg, 95%) was isolated as de-
scribed above to give a product identical with an authentic
sample.

1-Amino-3-(benzylthio)propylphasphinic acid. (1b). A solu-
tion of 3-benzylthiopropanal oxime® (104.4 g, 0.53 mol) was
added with stirring in an atmosphere of N, to a boiling
solution of anhydrous H;PO, 9(69.3 g, 1.05 mol) in 400 mL
of anhvdrous Pr'OH over | h. The reaction mixture was
refluxed for 3 h and cooled. The precipitate that formed was
filtered off, washed with Pr'OH, and dried in air to give crude
product b (35.1 g, 27%). The filtrates were combined and.
after addition of EtzN to pH ~4.5. {feft at 20 °C for 16 h to
give an additional amount of 1b (6.36 g. 4.9%). Recrystaltiza-
don from H,0 aftorded 1b (36.4 g. 28%), m.p. 221 °C. R; 0.6l
(A), Ry 0.46 (B). '"H NMR (0.25 A7 NaOD in D,0), & 1.72—
2220 (. 2 HO CHLCOHD: 238286 (my, 3 H, SCHLCH, and
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CH); 3.86 (s, 2 H, CH,C¢Hs): 660 (dd, | H, PH, J =
486 Hz, J = 1.8 Hz); 7.21 (m, S H. CqHs). Found (%):
C, 48.75; H, 6.81: N, 5.43. CyH ;4NO,PS. Calculated (%):
C. 4897, H, 657, N, 5.71.
1-Amino-3-(ethylthio)propylphosphinic acid (1c¢). 3-Ethyl-
thiopropanal oxime3 (33 g, 0.25 mol) was added with stirring
in an atmosphere of N, to a boiling solution of anhydrous
H,PO, 9 (33 g, 0.5 mol) in 100 mL of Pr'OH over 30 min.
The reaction mixture was refluxed for 3.5 h, concentrated
in vacuo, and washed with ether (4x150 mL). The residue was
dissolved in 100 mL of MeOH, and E3N (to pH ~ 4.5) and
then boiling PrOH (250 mL) were added. The resulting solu-
tion was kept at +4 °C for 12 h. The crystals that formed were
filtered off, washed with cold PrfiOH, and dried in air to give
crude product 1c (18.3 g, 40%). The product was purified on a
1.2-L column with Dowex 50W resin (H* form) by elution
with a 15% aqueous solution of PriOH. Recrystallization from
aqueous Pr'OH gave le (14.0 g, 30%), m.p. 238 °C. R; 0.64
(A), R;0.44 (B). 'H NMR, 8: 1.28 (m, 3 H, CH;); 1.85-2.29
(m, 2 H, CH,CH); 2.60 (q. 2 H, CH3CH,S, /= 7 Hz);
265—-287 (m, 2 H, SCH,); 6.98 (dd, I H, PH, J = 324 Hz,
J = 1.5 Hz). Found (%): C, 32.43; H, 798, N, 7.42.
CqHHNOzPS Calculated (%) C, 3278, H, 770, N, 7.65.
1-Amino-3-mercaptopropylphosphinic acid (2). Sodium
metal (2.42 g, 0.105 mol) was added portionwise to a solution
of compound 1b (12.3 g, 0.05 mel} in 200 mL of boiling
tiquid NH; until a blue color persisted. The reaction mixture
was stirred for 30 min, and then solid NH4Cl was added until
the blue color disappeared. The ammonia was allowed to
evaporate, and the residue was concentrated with H;0 in vacuo.
Thiol 2 was isolated on a $50-mL column with Dowex 30W
resin (H* form) by elution with a 15% aqueous solution of
PrOH. The fractions containing 2 were concentrated in vacuo
1o dryness. The residue was dried in vacuo over P,O5/KOH to
give compound 2 (3.63 g, 43.4%). Ry 0.39 (A), R; 0.23 (B).
'H NMR, & 1.72—-2.26 (m, 2 H, CH,;CH); 2.40—2.78 (m,
2 H, SCH»); 3.04—3.40 (m, 1 H, CH), 6.92 (dd. | H, PH,
J =527 Hz, J = 1.5 Hz). The content of HS groups in the
sample was found by the method!? to be cqual to 98.7% (with
respect to the theoreticsi vield).
1-Amino-3-(dimethylthionia)propylphosphinic acid iodide
(3a). Anhydrous H3PO; (0.12 g) and Mel (5.0 mL) were
added to a solution of compound la (1.69 g, 0.01 mol) in
10 mL of AcOH. The reaction mixture was left in the dark at
20 °C for days with periodic stirring. The precipitate that
formed was filtered off and washed successively with an AcOH—
Et;O (1 : 1) mixture and Et,O. The crude product (3.03 g)
was recrystallized from aqueous etitanol to give compound 3a
(2.54 g, 81.5%), m.p. 208209 °C. R;0.12 (A). R, 0.08 (B),
R;0.31 (C). '"H NMR, 4: 2.11-2.56 (m, 2 H, CH,CH); 2.96
and 2.97 (both s, 6 H, Me,S); 3.13~3.44 (m, | H, CH): 3.51
(t, 2H, SCH,, J =735 Hz); 7.07 (dd, | H, PH, J =521 Hgz,
J = 1.5 Hz). Found (%). C. 1954; H, 454; N, 4.22.
C5H\ sINO,PS. Calculated (%): C, 19.30; H, 4.86; N. 4.50.

- 1= Amino-3-(dimethylthioniajpropyiphosphinic acid tesylate -

(3b). McOTs (3.38 g, 0.03 mol) was added to a solution of
compound 1b (3.28 g. 0.02 mol) in a mixture of 25 mL of
AcOH and 25 ml of HCOOH. The reaction mixture was [eft
at 20 °C for two weeks and then concentrated in vacuo to
drvness. To the residue 35 mbL of PrfOH was added and
concentrated. The residue was dissolved in 10 mL of PriOH
and poured into 150 mi. of £t,0. The precipitate that formed
was washed with E6O and dried in vacno over P2Og/KOH.
The crude product (7 g) was recrystallized from McOH —
PeOl o give compound 3b (388 g, 83%). m.p. 194 °C
Ry 012 (A), Ry 0.08 (B). Re 031 (O). tH NMR_ & 2.09-2.56

(m, 2 H, CH,CH); 2.39 (s, 3 H, McPh); 294 and 2.95
(both s, 6 H, Me,S); 3.14—3.45 (i, 1 H, CH); 3.50 (t.
2 H, SCH,,J =8 Hz); 706(dd, 1 H, PH,/ =522 Hz,J =
1.5 Hz); 7.09—7.26 and 7.39—-7.54 (both m, 4 H, CcHy).
Found (9{)) C, 4083‘ H, 609, N. 3.58. C|2H12NOSPSE‘ Cal-
culated (%): C, 40.55; H, 6.24; N, 3.94.
5'-[3-Amino-3-(hydrohydroxyphesphoryl)propylthio]-5 -
deoxyadenosine (1d). DMSO (18 mL) and a solution of
5’-chloro-5"-deoxyadenosinel! (1.0 g, 3.5 mmol) in 6 mL of
DMSO were successively added to a solution of compound 2
(0.89 g, 5.75 mmol).in 5.8 mL of 2 Af NaOH at 20 °C. The
reaction mixture was left at 20 °C for 18 h and then pouced
into 150 mL of water. Crude 1d was isolated on a 55-mL
column with Dowex 30W resin (H* form) by washing with
water (400 mL) and elution with 1 M NH4OH. The fractions
containing 1d were concentrated in vacuo. The residue was
dissolved in 1% aqueous Py. The product was isolated on a
200-mL column with Dowex 50W resin (Py* form) by elution
with 1% aqucous Py. The fractions containing Id were con-
centrated in vacuo. To the residue water (4x5 mL) was added
and concentrated and then EtOH (3x30 mL) was added and
concentrated. The restdue was dried in vacuo over P,Os/KOH
to give compound kd (1.3 g, 92%). Ry 0.47 (A), R; 0.17 (B),
Rr 0.26 (C). 'H NMR, & 1.82—2.29 (m, 2 H, CH,CH);
2.67—-2.87 (m, 2 H, SCH,CH3); 2.95-3.07 (m, 2 H,
5°-CH,S): 3.10—3.40 (m, | H, CHCH,); 596 (m, | H,
H-17),7.00(dd, 1 H, PH, J =523 Hz, /= 1.5 Hz): 8.08 (s,
1 H, H-2); 8.19 (s, | H, H-8). The sample obtained was of
99.9% purity (HPLC), elution time 2.51 min.
5°-{S§-[3-amino-3-(hydrohydroxyphesphoryl)propyl}-S-
methylthionia}-5 -deoxyadenosine chloride (3¢). A mixture of
HCOOH (1.5 mL) and dioxane (4.5 mL), anhydrous H;PO,
(110 mg), and Mel (1.5 mL) were added 1o a solution of
compound Id (315 mg, 0.78 mmol) in 5 mL of anhvdrous
HCOOH. The reaction mixture was stirred in the dark at
20 °C for 2 days and then concentrated in vacuo 1o dryness.
The residue was dissolved in 0.05 M HCI and applied on a
5.5-mL column with Dowex SOW resin (H* form). The col-
umn was washed with 0.5 A/ HCI (500 mL) and 1.0 M HCI
{300 mL). and the product was eluted with 2.0 M HC! The
fractions containing 3¢ were concentrated in vacuo to dryness.
To the residue water and EtOH were added and concentrated.
The residue was dried in vacuo over P,0s/KOH to give com-
pound 3¢ (176 mg, 50%). R 0.12 (A), R;0.04 (B), R;0.17 (C).
uv (H;O), l,,,u,,/llniz 259, M,,i,,/nm: 228, X280/>‘Z60: 0.21.
'H NMR, & 2.07—2.54 (m, 2 H, CH,CH); 2.96 and 2.99
(both s, 6 H, Me,S); 3.13—3.30 (m, ! H, CHCH,); 3.45—
372 (m, 2 H, SCH,CH;); 3.84—3.99 (m, 2 H, 5'-CH,S);
604 (m, 1 H, H-1"); 694 (dd, | H, PH, J = 531 Hz, J =
1.5 Hz); 8.24 and 8.26 (both s, 1 H, H-2and | H, H-8). The
sample obtained was of 99.7% purity (HPLC), elution time
4.99 min.
1,1’ -Diamino-3,3 " -(dithiobis)dipropylphosphinic acid (4).
4. 0.3 M 1, in Pr'OH was added to a solution of compound 2
(031 g, 2 wniol) in 4 'mL of H,0 ‘at 20 °C until the HS
groups disappeared (negative reaction with sodium nitroprus-
side). Then propylene oxide was added to pH ~ 5. The
precipitate that formed was filtered off, washed with PrOH,
and dried in vacuo over P,05/KOH to give disulfide 4 (240 mg.
78%), decomp.p. 216 °C. R; 0.38 (A), R;0.11 (B). 'H NMR,
3:1.93--2.49 (m, 2 H. CH,CH); 2.74—3.07 (m, 2 H. CH,S).
3.09—-3.47 (m, ! H. CH); 7.04 (dd, ' H, PH, J = 527 Ha2,
J = 1.5 Hz). Found (%): C, 23.16; H, 6.11; N, 3.78.
CeH 1xN204P5S,. Calculated (%) C, 23.38; H, 5.89; N, 9.09.
B. A weak flow of air was passed at pH ~ 8 through a
solution of compound 2 (135 mg. | mmol) in 5 mL of H:0
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with one drop of 0.5% FeCl;y for 5 h until the HS groups
disappeared. The reaction mixture was filtered, and the filtrate
was concentrated in vacuo and applied on a 5-mL column
with Dowex 50W resin (H* form). The column was washed
with water, and the product was eluted with 1 M NH,OH. The
fractions containing disulfide 4 were concentrated in vacuo
and dried in vacuo over P;03;/KOH to give compound 4
(146 mg, 95%).

1-Amino-3-(methylsulfinyl)propylphosphinic acid (5). 30%
aqueous H,0; (0.7 mL) was added with stirring to a suspen-
sion of compound la (0.91 g. 5.4 mmol) in 10 mL of AcOH
at +4 °C for 15 min. The reaction mixture was stirred at this
temperature for an additional 10 min and concentrated
in vacuo. To the residue toluene was added and twice concen-
trated in vacuo. The residue was dissolved in McOH, and
acetone was added. The precipitate that formed was filtered
off, washed with acetone, and dried in air to give crude §
(0.95 g). Recrystallization from a H,O—EtOH—PrOH mix-
ture gave compound 5 (0.82 g. 82%), m.p. 201—201.5 °C.
Ry 0.41 (A), R 0.t (B). '"H NMR, 5: 2.01—2.49 (m, 2 H,
CH,CH); 2.74 and 2.75 (both s, 3 H, MeSO); 2.96—-3.44 (m,
3 H, CH,S and CH); 7.04 (dd, 1 H, PH, J =532 Hz, J =
1.5 Hz). Found (%): C, 25.68; H, 6.83; N, 7.21.
C4H3NO5PS. Calculated (%): C, 25.94; H, 6.53; N, 7.56.

1-Aminoalkylphosphonic acids (6a—c¢). | ¥ [, in EtOH
(10.5 mL) was added dropwise with stirring to a solution of
compounds 1a—c¢ (10 mmol} in a mixture of conc. HI (2.5 mL)
and EtOH (10 mL). The reaction mixture was stirred at 20 °C
for | h and. after addition of propylene oxide, kept at +4 °C
for 2 h. The precipitate that formed was filtered off, washed
with EtOH, and recrystallized from aqueous EtOH to give
acids 6a—c, in 80—95% yiclds, that are identical with authen-
tic samples.

This work was financially supported by the Interna-
tional Association for the Promotion of Cooperation of

Scientists from the New Independent States of the
Former Soviet Union (INTAS, Grant 93-0119-ext) and
the Russian Foundation for Basic Research (Project
Nos. 96-15-97699 and 97-04-48709a).

References

t.J. G. Dingwall, in Proc. [ int. Conf. Chem. and Biotech.
Biol. Active Compds., Sofia, 1985, 1, 87—103.

2 E. K. Baylis and E. Keith, Eur. Pat. Appl., 0002039 (Int.
Ci.3: C 07 F 9/48).

3. A. | Biryukov, T. . Osipova, and R. M. Khomutov, FEBS
Letr., 1978, 91, 246.

4. E. K. Baylis, C. D. Campbell, and J. G. Dingwall, /. Chem.
Soc., Perkin Trans. 1, 1984, 1, 2845.

S. R. M. Khomutov and T. I. Osipova. fzv. Akad. Nauk SSSR,
Ser. Khim., 1978, 1954 (Bull. Acad. Sci. USSR, Div. Chem
Sci.. 1978, 27, 1722 {Engl. Transl.}|.

6.T. 1. Osipova, A. V. Belyankin, A. R. Khomutov, Yu. N,
Zhukov, E. N. Khurs, and R. M. Khomutov, fzv. Akad.
Nauk, Ser. Khim., 1996, 2729 [Russ. Chem. Bull., 1996, 45,
(Engl. Transl.)).

7. E. O. Kajander, R.-L. Pajula, R. J. Harvima. and T. O.
Eloranta, Anal. Biochem., 1989, 179, 396.

8. H. Metzger, in Methoden der Organischen Chemie (Houbeu-
Weyl), Thieme Verlag, Stuugarn, 1971, 10, No. 4.

9. P. Y. Fitch, J. Am. Chem. Soc., 1964, 86, 61.

10. G. H. Ellman, Arch. Biochem. Biophys., 1959, 82, 70.

11. K. Kikugawa and M. Ichino, Tetrahedron Ler.. 1971, 87.

Received Julv 29, 1998;
in revised form February 12, 1999




