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N-(tert-Butoxycarbonyl)- O-(dimethylthiophosphono)-L-tyrosine (6) and N-(tertbutoxycarbony)-
C-(dicyanoethylthiophosphono)-L-tyrosine (15) were prepared as intermediates for the syn-
thesis of thiophosphotyrosine-containing peptides. The reactivity and suitability of two com-
pounds for the solid phase or solution phase peptide synthesis utilizing #Boc chemistry were

examined.
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INTRODUCTION

Phosphorylation or dephosphorylation of proteins on
tyrosine residues in signal transduction pathways plays
an important role in the regulation of cell growth and
transformation (Cantly et al, 1991). The protein tyro-
sine kinases (PTK's) specifically catalyze tyrosine phos-
phorylations in substrate proteins or peptides (Hunter
et al, 1985). Tyrosine phosphorylation regulates the
activities of the c¢-src family PTK's and the associations
of PTK's with cytosolic proteins such as phosphatidy-
linositol 3-kinase or phospholipase C-y, which med-
itate further signal transduction. Such regulations are
thought to be performed by binding of phosphotyro-
sine residues to the src homology region 2 (SH-2)
domain in proteins (Koch et al, 1991). The activities
of the c-src family PTK's can also be regulated by the
specific protein tyrosine phosphatases (PTPases) which
specifically catalyze the dephosphorylation of phos-
photyrosine residues in the regulatory domains of the
c-src family PTK's (Hunter et a/, 1989; Tonks et al.,
1989).

The design and synthesis of analogs of thiophos-
photyrosine-containing peptides as PTK inhibitors, as
blocking agents of the association of PTK's with cyto-
solic proteins, or as PTPase inhibitors offers a strategy
for the development of potential anticancer agents as
well as a tool for investigation of mechanism of sig-
nal transduction pathways. Also the thiophosphotyro-
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Fig. 1. Thiophosphotyrosine-containing peptide.

sine-containing peptides are expected to be stable to
the action of non-specific cellular phosphatases.

In this research, we designed and prepared £Boc di-
methyl thiophosphonotyrosine and tBoc dicyanoethyl
thiophosphonotyrosine as key intermediates for the pe-
ptide synthesis, and we examined the reactivity and/or
suitability of each compounds for the solid or solution
phase peptide synthesis.

MATERIALS AND METHODS

All reactions were performed under nitrogen or ar-
gon, unless stated otherwise, or unless an aqueous
reaction medium was employed. Melting points were
determined on a Thomas-Hoover Unimelt or Mel-
Temp apparatus and are uncorrected. Analytical thin-
layer chromatography was performed on Merck Kiesel-
gel 60 F,, plates, 0.25 mm thickness. Column chro-
matography was performed on silica gel, 230~400
mesh. '"H NMR spectra were recorded on a Brucker
ARX 300 spectrometer. *C NMR spectra were record-
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ed on a Brucker ARX 300 spectrometer operating at
75 MHz. IR spectra were recorded on a Perkin Elmer
1600 FTIR spectrometer. Fast atom bombardment (FAB)
mass spectra were recorded on a Kratos MS25 spec-
trometer, using a glycerol/thioglycerol or dithiothreitol/
dithioerythritol (DTT/DTE) matrix. HPLC works were
performed on a Beckman HPLC system.

Tetrahydrofuran was distilled from sodium metal and
benzophenone or from calcium hydride. Diethyl ether
was distilled from lithium aluminum hydride. Methy-
lene chloride and N, N-dimethylformamide were dis-
tilled from calcium hydride. For all analytical and semi-
preparative HPLC works, double distilled water and
HPLC grade acetonitrile were used.

N, N-Diethylphosphoroamidous dichloride (1)

Diethylamine (36.5 g, 51.6 ml, 0.50 mol} was add-
ed dropwise to a vigorously stirred solution of phos-
phorus trichloride (34.4 g, 21.9 ml, 0.25 mol) in dry
diethyl ether (150 ml) such that the reaction tem-
perature was kept below 0°C. On completion of ad-
dition (ca. 1.5 h) the mixture was allowed to warm to
20°C and stirred for 3 h (white precipitation was form-
ed during reaction). The mixture was then filtered
through a large, sealable sintered funnel and the
diethylamine-HC! sludge was rigorously washed with
dry diethyl ether (4% 50 ml). Evaporation of the com-
bined ethereal solution at reduced pressure, followed
by vacuum distillation of the crude liquid residue gave
the product as a clear liquid (33.41 g, 76.9%): bp 72~
75°C/14 mmHg (lit. (Perich et al., 1988) 62°C/7 torr).

Dimethyl N, N-diethylphosphoramidite (2)

A solution of methanol (12.36 g, 15.63 ml, 0.39
mol) and triethylamine (42.87 g, 59.05 ml, 0.42 mol)
in dry diethyl ether (140 ml) was added to a stirred
solution of N,N<diethylphosphoroamidous dichloride
(1, 33.41 g, 0.19 mol) in dry diethyl ether (60 ml) such
that the reaction temperature was kept below 0°C.
On completion of addition (ca. 40 min), the mixture
was allowed to warm to 20°C and was stirred for 3 h.
A solution of 5% aqueous NaHCQO, (70 ml) was then
added, the mixture was transferred to a separating fun-
nel, and the aqueous phase was discarded. The eth-
ereal phase was washed with 5% aqueous NaHCO,
solution (2x60 ml), saturated sodium chloride solu-
tion (60 ml) and dried with magnesium sulfate. Eva-
poration of solvent at reduced pressure, followed by
distillation of the crude residue gave a clear liquid (20.
83 g 66.4%): bp 38°C/5 mmHg; 'H NMR (300 MHz,
CDCly) § 112 (t, 6 H, -CH,), 3.13 (d of q, 4 H, Jppcrm
12 Hz, -CH,»), 3.45 d, 6 H, Jps,=12 Hz, -OCH,).

N-(tert-Butoxycarbonyl)- O-(dimethylthiophosphono)-
L-tyrosyl p-nitrobenzyl ester (5)
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1 H-tetrazole (2.3 g, 33 mmol) was added in one por-
tion to a stirred solution of £Boc-L-tyrosyl p-nitrobenz-
yl ester (3, 5.0 g, 12 mmol) and dimethyl N, N-diethyl-
phosphoramidite (2, 2.13 g, 13 mmol) in dry THF (40
ml) and the mixture was stirred for 15 min at 20°C.
The mixture was then cooled to 0°C and a solution of
sulfur (1.4 g, 44 mmol) in CS, (40 ml) was added. Aft-
er stirring for 2 h at 20°C, 10% aqueous NaHSO, (70
ml) was added and the mixture was stirred for a furth-
er 10 min. The mixture was then transferred to a se-
paratory funnel and the organic phase was decanted,
evaporated at reduced pressure and dissolved in ethyl
acetate (20 ml). The aqueous phase was extracted with
ethyl acetate (3x 30 ml). The combined ethyl acetate
solution was washed with 10% aqueous NaHSO, solu-
tion (2x 20 ml), 5% aqueous NaHCO, solution (2 20
ml), saturated sodium chloride solution and dried with
magnesium sulfate. Evaporation of solvent at reduced
pressure gave a mixture of sulfur and the product. The
sulfur was removed by washing with hexane several
times (3x 20 ml) to give a yellow oil (5.78 g, 89.1%)
which was purified by column chromatography, elut-
ing with EtOAc/hexane (1:4) to yield a light yellow oil
(5.38 g, 83.0%): TLC (silica gel, EtOAc/hexane=1:1, v:
v), R 0.48; '"H NMR (300 MHz, CDCl,) § 1.40 (s, 9 H,
CH,), 3.03 (d, 2 H, CH,), 3.83 (d, 6 H, Jpoc,=13.7 Hz,
-OCH,), 4.57 (m, 1 H, CH), 4.96 (d, 1 H, NH), 5.16 (s, 2
H, CH,), 7.04 (s, 4 H, aromatic), 7.37 (d, 2 H, aroma-
tic), 8.18 (d, 2 H, aromatic).

N-(tert-Butoxycarbonyl)- O-(dimethylthiophosphono)-
L-tyrosine (6)

N-(tert-Butoxycarbonyl)- O-(dimethylthiophosphono)-
L-tyrosyl p-nitrobenzyl ester (5, 1.15 g, 2.1 mmol) was
dissolved in methanol (40 ml) containing acetic acid
(3.0 ml) and hydrogenolyzed at room temperature us-
ing 10% Pd/C (400 mg) at atmospheric pressure for 5
h. After filtration of the Pd/C residue and removal of
solvent by evaporation at reduced pressure, the crude
product was dissolved in ethyl acetate (30 ml) and
washed with 1 N hydrochloric acid (2x 15 ml), water
(2x 15 ml) and then extracted with 0.5 N aqueous
NaOH solution (3x10 ml). The aqueous extract was
washed with diethyl ether (15 ml) and ethyl acetate
(20 ml) and acidified to pH 3 at 0°C with 1 N hy-
drochloric acid and extracted with ethyl acetate (3x
15 ml). The combined ethyl acetate solution was wash-
ed with saturated sodium chloride solution and dried
with magnesium sulfate. Evaporation of solvent at re-
duced pressure afforded a light yellow oil (0.64 g, 73.
9%): TLC (silica gel, EtOAc/hexane=1:1, vv), R 0.28;
"H NMR (300 MHz, CDCl,) 8 1.40 (s, 9 H, CH,), 3.14
(m, 2 H, CH,), 3.83 (d, 6 H, Joo/=13.7 Hz, -OCH,),
4.53 (m, 1 H, CH), 492 (d, 1 H, NH), 7.12 (g, 4 H,
aromatic).
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N~(tert-Butoxycarbonyl)- O-(dimethylthiophosphono)-
L-tyrosine-A-methylamide (7)

A solution of ALtertbutoxycarbonyl)-O-(dimethylthio-
phosphono)-L-tyrosine (6, 1.25 g, 3.07 mmol) in dry
tetrahydrofuran (8 ml) was cooled to -20°C and N-me-
thylmorpholine (0.34 ml, 0.31 g, 3.07 mmol) was add-
ed. After T min, isobutylchloroformate (0.40 ml, 0.42
g, 3.07 mmol) was added and after 2 min at -20°C,
methylamine (2.3 ml, 40% w/w aqueous solution)
was added and stirring was continued at - 20°C for 90
min. A 2 M aqueous solution of potassium bicarbo-
nate (2.0 ml) was added and the mixture was stirred
at 0°C for 30 min. After evaporation of solvent at re-
duced pressure, the residue was partitioned between
ethyl acetate (60 ml) and water (20 ml). The organic
layer was washed with 1 N hydrochloric acid (2x 10
ml), water (10 ml), saturated sodium chloride solution
(10 ml) and dried with magnesium sulfate. Evapora-
tion of solvent at reduced pressure afforded a pale
vellow solid (1.01 g, 78.7%) which was homoge-
neous in TLC and 'H NMR: mp 97°C; TLC (silica gel,
EtOAc/hexane=1:1, viv), R, 0.17; FABMS m/e 419 (MH");
"H NMR (300 MHz, CDCL,) § 1.38 (s, 9 H, CH,), 2.68
(d, 3 H, N-CH,), 3.00 (d, 2 H, CH,), 3.82 (d, 6 H, Jrcor
=13.7 Hz, -OCH,), 4.24 (g, 1 H, C-H), 5.02 (bs, 1 H,
NH), 5.80 (bs, T H, NH), 7.11 (q, 4 H, aromatic).

N*-Acetyl- O-(dimethylthiophosphono)-L-tyrosine- N-
methylamide (9)

To N-(tertbutoxycarbonyl)-O-(dimethylthiophosphono)-
L-tyrosine-N-methylamide (7, 0.21 g, 0.50 mmol), 4
M HCI solution in dioxane (0.5 ml, 2 mmol) and m-
cresol (0.05 ml) were added and the mixture was stirr-
ed for 30 min at room temperature. Diethyl ether (5
ml) was added to induce precipitation of the depro-
tected compound 8. The precipitate was filtered and
washed with diethyl ether (3x 10 ml). After the resi-
due was dried under vacuum, compound 8 was treat-
ed with N-methylmorpholine (3.0 ml) for 30 min at
room temperature. After N-methylmorpholine was eva-
porated at reduced pressure, the free amine of com-
pound 8 was acylated by mixed anhydride generated
from acetic acid and isobutylchloroformate. To a stirr-
ed solution of acetic acid (30 mg, 32 ml, 0.50 mmol)
in dry tetrahydrofuran (1 ml) at -20°C, Amethylmorpho-
line (62 ml, 0.5 mmol) followed by isobutylchlorofor-
mate (65 ml, 0.5 mmol) were added. After 2 min at
-20°C, a solution of free amine-containing compound
8 in tetrahydrofuran (2 ml) was added and the mix-
ture was stirred for 90 min at -20°C. 2 M Aqueous po-
tassium bicarbonate solution (0.5 ml) was added and
the mixture was stirred for a further 30 min at 0°C.
After evaporation of soivent at reduced pressure, the
residue was partitioned between ethyl acetate (15 ml)
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and water (5 ml). The organic phase was washed
with 1 N hydrochloric acid (2x 5 ml), water (5 ml), sa-
turated sodium chloride solution (5 ml) and dried
with magnesium sulfate. Evaporation of solvent at re-
duced pressure afforded product 9 as a pale yellow
oil (56 mg, 31.1%) which was homogeneous in TLC
and 'H NMR: TLC (silica gel, FtOAc/MeOH=2:1, v:v),
R.0.74; "H NMR (300 MHz, CDCl;) § 1.99 (s, 3 H, C-
CH,), 2.71 (d, 3 H, N-CH;), 3.04 (m, 2 H, CH,), 3.86
d, 6 H, Jyco~13.8 Hz, O-CH,), 4.58 (q, 1 H, CH),
6.01 (bs, 1 H, NH), 6.53 (bs, 1 H, NH), 7.09 (d, 2 H,
aromatic), 7.18 (d, 2 H, aromatic).

Treatment of compound 9 with TFMSA/TFA/DMS/m-
cresol (10)

To N-acetyl-O-(dimethylthiophosphono)-L-tyrosine-
N-methylamide (9, 0.391 g, 1.08 mmol) was added a
mixture of TFMSA/TFA/DMS/m-cresol (2.5 ml, 10:50:
30:10, v:v) and the mixture was stirred for 8 h at room
temperature. Diethyl ether (10 ml) was added to in-
duce formation of precipitate, which was filtered and
washed with diethyl ether several times (3x10 ml).
The filtrate was dissolved in 5% aqueous acetonitrile (2
ml) and purified by semi-preparative HPLC on a Beck-
man column (Dynamax-300A, C-18, 12 pu, 10x250
mm) with a gradient elution of 10% to 70% aqueous
acetonitrile in 0.1% TFA in 20 min at a flow rate of 3
ml/min. The fractions corresponding to the peak (UV
detector 254 nm) of retention time 8.9 min were col-
lected and lyophilized to yield a white solid (0.15 g,
59.8%): 'H NMR (300 MHz, acetone-d) & 1.86 (s, 3
H, C-CH,), 2.65 {d, 3 H, N-CH,), 2.98 (m, 2 H, CH)),
4.52 (q, 1 H, CH), 6.72 (d, 2 H, aromatic), 7.03 d, 2
H, aromatic), 7.20 (bs, T H, NH), 7.30 (d, 1 H, NH).

Treatment of compound 9 with 10% TMSBr in ace-
tonitrile (11)

To A-acetyl-O(dimethylthiophosphono)-L-tyrosine-
N-methylamide (9, 43.5 mg, 0.12 mmol) was added
10% TMSBr in acetonitrile (5.0 ml) and the mixture
was stirred for 5.5 h at room temperature. After eva-
poration of solvent at reduced pressure, water (5 ml)
was added and the mixture was stirred for 30 min at
room temperature. Evaporation of solvent at reduced
pressure afforded a light yellow oil which was pu-
rified by column chromatography with a gradient elu-
tion of EtOAc/MeOH/acetic acid (80:20:1) to EtOAc/
MeOHy/acetic acid (66:33:1) to yield a colorless oil (8.5
mg, 20.8%): TLC (silica gel, EEOAc/MeOH/acetic acid=
66:33:1, viv), R, 0.33; '"H NMR (300 MHz, DMSO-d)
6 1.752 (s, 3 H, COCH,), 2.540 (d, 3 H, N-CH,), 2.641
(@, 1 H, CH), 2.850 (q, 1 H, CH), 3.410 (d, 3 H, Jpocy
=12.91 Hz, POCH,), 4.320 (m, 1 H, CH), 7.015 (q, 4
H, aromatic), 7.925 (g, 1 H, NH), 8.122 (d, 1 H, NH).
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Dicyanoethyl N,N-diethylphosphoramidite (12)

A solution of 3-hydroxypropionitrile (25.58 g, 24.60
ml, 0.360 mol) and triethylamine (38.64 g, 53.22 ml,
0.382 mol) in dry diethyl ether (150 ml) was added to
N, N-diethylphosphoroamidous dichloride 1 (30.517 g, 0.
175 mol) in dry diethyl ether (100 ml) such that the
reaction temperature was kept below 0°C. On com-
pletion of addition (ca. 40 min), the mixture was al-
lowed to warm to room temperature and stirred for 3
h. 5% Aqueous sodium bicarbonate solution (70 ml)
was added, then the mixture was transferred to a se-
paratory funnel and the aqueous layer was discarded.
The ethereal phase was washed with 5% aqueous so-
dium bicarbonate (2x 60 ml), saturated sodium chlo-
ride solution (60 ml) and dried with magnesium sul-
fate. Evaporation of solvent at reduced pressure af-
forded a colorless oil (37.93 g, 89.1%) which was
used in the next step without further purification: 'H
NMR (300 MHz, CDCl,) 6 1.08 (t, 6 H, ),=7.5 Hz), 2.
67 (t, 4 H, J,=6.5 Hz, -CH,-CN), 3.09 (m, 4 H, },=7.5
Hz, Jones=10.0 Hz, N-CH,), 3.87 (m, 4 H, },=6.5 Hz,
),=7.5 Hz, Jpocs=10.5 Hz, O-CH,).

N-(fert-Butoxycarbonyl)- O-(dicyanoethylthiophos-
phono)-L-tyrosyl p-nitrobenzyl ester (14)

1 H-tetrazole (2.30 g, 32.83 mmol) was added to a
stirred solution of #Boc-L-tyrosyl p-nitrobenzyl ester (3,
5.00 g, 12.01 mmol) and dicyanoethyl N, N-diethylphos-
phoramidite (12, 3.14 g, 12.91 mmol) in dry tetrahy-
drofuran (40 ml) and the mixture was stirred for 15
min at room temperature. The mixture was cooled to
0°C and a solution of sulfur (0.42 g, 13.13 mmol) in
carbon disulfide (40 ml) was added. After stirring for 2
h at room temperature, 10% aqueous NaHSO; (70 ml)
was added and the mixture was stirred for further 10
min. The mixture was transferred to a separatory fun-
nel and the organic phase was evaporated at reduced
pressure and dissolved in ethyl acetate (20 ml). The
aqueous phase was extracted with ethyl acetate (3%
20 ml). The combined ethyl acetate solution was suc-
cessively washed with 10% aqueous NaHSO; (2% 20
ml), 5% aqueous NaHCO; (2x 20 ml), water (20 ml),
saturated sodium chioride solution (20 ml) and dried
with magnesium sulfate. Evaporation of solvent at re-
duced pressure gave an oil (6.56 g) which was purifi-
ed by column chromatography with an elution of EtOAc/
hexane (1:2, viv) to afford a light yellow oil (4.87 g,
65.6%): TLC (silica gel, EtOAc/hexane=1:1, viv), R, 0.27;
"H NMR (300 MHz, CDCl,) § 1.43 (s, 9 H), 2.81 (m, 4
H, CH,-CN), 3.08 (d, 2 H, CH,-C), 4.38 (m, 4 H, CH,-
0), 4.62 (q, 1 H, CH), 5.07 (d, 1 H, NH), 5.20 (q, 2
H, -CH,-O), 7.09 (s, 4 H, aromatic), 7.40 (d, 2 H, aro-
matic), 8.21 (d, 2 H, aromatic).

N-(tert-Butoxycarbonyl)-O-(dicyanoethylthiophosphono)-
L-tyrosine (15)
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N tertButoxycarbonyl)- O-(dicyanoethylthiophosphono)-
L-tyrosyl p-nitrobenzyl ester (14, 1.26 g, 2.04 mmol)
was dissolved in methanol (40 ml) containing acetic
acid (3.0 ml) and the mixture was hydrogenolyzed at
atmospheric pressure with 10% Pd/C (0.57 g) for 12
h at room temperature. After filtration of the Pd/C resi-
due and evaporation of solvent at reduced pressure,
the residue was dissolved in ethyl acetate (50 ml). The
solution was washed with 1 N hydrochloric acid (2%
15 ml), water (15 ml) and extracted with 5% aqueous
sodium bicarbonate (3x15 ml). The aqueous extract
was washed with diethyl ether (15 ml), ethyl acetate
(15 ml) and acidified to pH 2 at 0°C with 1 N hydro-
chloric acid and extracted with ethyl acetate (3x 15
ml). The combined organic phase was washed with 1
N hydrochloric acid (15 ml), water (15 ml), saturated
sodium chloride solution (10 ml) and dried with mag-
nesium sulfate. Evaporation of solvent at reduced pres-
sure afforded an oil which was purified by column
chromatography with an elution of EtOAc/hexane/AcOH
(60:30:5) to yield a colorless oil (0.50 g, 50.7%): TLC
(sitica gel, EtOAc/hexane/acetic acid=60:30:5, viv), R,
0.35; 'H NMR (300 MHz, CDCl,) § 1.44 (s, 9 H), 2.79
(g, 4 H), 311 (m, 2 H), 439 (m, 4 H), 459 (g, T H),
5.08(d, 1 H), 7.18 (m, 4 H).

N-(tert-Butoxycarbonyl)-thiophosphono-L-tyrosine
ammonium salt (16)

To a stirred solution of concentrated ammonium hy-
droxide (10 ml) was added N-(tertbutoxycarbonyl)-O-
(dicyanoethylthiophosphono)-L-tyrosyl p-nitrobenzyl est-
er (14, 0.1 g, 0.16 mmol) at room temperature. The
temperature was increased to 55°C and stirred for 12
h. The reaction mixture was washed with diethyl eth-
er (2x10 ml) and concentrated at reduced pressure.
The residue was washed with diethyl ether (2x 10 ml)
and dried at high vacuum. The crude product was
analyzed by "H NMR without further purification: 'H
NMR (300 MHz, DMSO-d)) 8 1.30 (s, 9 H), 2.60 (m,
2 H), 401 (m, 1 H), 6.04 (bs, 12 H), 6.78 (d, 1 H), 7.
04 (m, 4 H).

Treatment of compound 14 with 10% DIEA in DMF

To a stirred solution of 10% N, N-diisopropylethyla-
mine (DIEA) in DMF (5 ml) was added A-(fert-butoxy-
carbonyl)-O-(dicyanoethylthiophosphono)-L-tyrosyl  p-
nitrobenzyl ester (14, 80 mg, 0.13 mmol) and the mix-
ture was stirred for 1 h at room temperature. After
evaporation of solvent at high vacuum, the crude resi-
due was analyzed by 'H NMR without further purifi-
cation: 'H NMR (300 MHz, CDCl,) & 1.43 (s, 9 H),
2.81 (m, 4 H), 3.08 (d, 2 H), 4.38 (m, 4 H), 4.62 (q, 1
H), 5.07 (d, T H), 5.20 (g, 2 H), 7.09 (s, 4 H), 7.40 ,
2 H), 8.21 (d, 2 H).
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N-(fert-Butoxycarbonyl)-O-(dicyanoethylthiophosphono)-
L-tyrosyl-L-leucyl-Pam resin (17)

The dipeptide resin 17 was prepared by solid phase
synthesis. #Boc-L-leucine-Pam resin (0.23 g, 0.11 mmol)
was treated with 10 mL of 33% trifluoroacetic acid
(TFA) in dichloromethane (DCM) containing 5% mr-cre-
sol for 30 min at room temperature. After washing with
dichloromethane (15 ml) and DMF (15 ml), the resin
was treated with 10% N, N-diisopropylethylamine (DIEA)
in DMF (10 ml) for 3 min at room temperature. The
resin was washed with DMF (15 ml), DCM (15 ml)
and treated with a solution of N-(tertbutoxycarbonyl)-
O-(dicyanoethyithiophosphono)-L-tyrosine (15, 0.16 g,
0.33 mmol) in DCM (2 ml) and 0.5 M DCC solution
in DCM (0.66 ml, 0.33 mmol) for 2 h at room tem-
perature. The resin (0.22 g) was washed with DCM
(15 ml) and dried at high vacuum. The ninhydrin test
indicated that more than 99% of coupling was com-
pleted: IR (KBr) 2255 cm™ (-CN). The solid phase syn-
thesis was performed on the same method reported in
the literature (Stewart et al., 1984).

Treatment of resin 17 with 10% DIEA in DMF (18)

The resin 17 (0.22 g) was treated with 10% N, N-di-
isopropylethylamine (DIEA) in DMF (5 mL) 30 times.
The treatment was performed on the same method re-
ported in the literature (Stewart et al., 1984): IR (KBr)
2255 cm’ (-CN).

Conversion of peptide-resin 18 to L-tyrosyl-L-leucine
19

The crude dipeptide 19 (16 mg) obtained from HF
cleavage of the peptide-resin 18 was purified by HPLC
on a Beckman column (Dynamax-300A, C-18, 12 y,
10X 250 mm). A gradient elution of 10% to 40%
aqueous acetonitrile in 0.1% TFA in 15 min at a flow
rate of 4.5 ml/min was used. Fractions corresponding
to the peak (UV detector at 230 nm) of retention time
9.10 min were collected. The combined fractions were
lyophilized to yield a white solid (13.2 mg, 82.5%):
FABMS m/e 295 (MH"); 'H NMR (300 MHz, D,0) &
0.667 (d, 3 H, -CH,), 0.710 (d, 3 H, -CH,), 1.313 (p, 1
H), 1.428 (m, 2 H), 2.923 (g, 1 H), 2.990 (g, 1 H), 4.020
(t, 1T H), 4.097 (d of d, T H), 6.687 (d, 2 H), 6.982 (d,
2 H).

RESULTS AND DISCUSSION

The general synthetic strategy for the preparation of
thiophosphonotyrosine-containing peptides involved the
utilization of +Boc chemistry and the thiophosphoryla-
tion to tyrosine derivatives and the utilization of the
dialkyl protecting group on the thiophosphate moiety
(Stewart et al, 1984).
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Methyl protecting group approach

The preparation of protected thiophosphonotyrosine
compound 5 was performed by the phosphorylation
of protected tyrosine utilizing a phosphoramidite as the
phosphorylating agent (Perich et al., 1988a; Perich et
al., 1988b), followed by the oxidation of phosphite
with sulfur (Agrawal et a/, 1989) (Scheme 1). The key
reagent, dimethyl N, A-diethylphosphoramidite (2) as a
phosphorylating agent was prepared in 66.4% vyield
by addition of methanol and triethylamine to N, N-di-
ethylphosphoroamidous dichloride (1), which was pre-
pared from diethylamine and phosphorus trichloride
(Perich et al.,, 1987). tBoc-L-Tyrosyl p-nitrobenzyl est-
er 3 which was previously reported in the literature
for the synthesis, was phosphorylated by treatment of
phosphoamidite 2 and 1H-tetrazol to form intermedia-
te 4, followed by the oxidation of the phosphite moiety
with sulfur in carbon disulfide (Agrawal et al., 1989)
to afford £Boc-dimethylthiophosphono-L-tyrosyl p-ni-
trobenzyl ester 5 in 83.0% vyield after purification by
gel chromatography. The '"H NMR spectrum display-
ed a new resonance at 3.83 ppm with coupling con-
stant of 13.7 Hz (P-O-C-H) corresponding to the meth-
yl protecting group on the thiophosphate moiety there-
by conforming its structure. #Boc-Dimethyithiophospho-
no-L-tyrosine 6 was prepared by hydrogenolysis of
compound 5 in 73.9% yield. The 'H NMR spectrum
of compound 6 displayed a doublet peak at 3.83
ppm with coupling constant of 13.7 Hz. Because the
thiophosphate moiety possibly acted as a catalyst po-
ison (House et al, 1972), prolonged reaction time
was required and the product yield was relatively low
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Scheme 1. Synthesis of compound 6
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compared to that of common hydrogenolysis reaction.

To determine the suitability of the methyl protected
(O-thiophosphonotyrosine derivative 6 for use in stan-
dard solid phase peptide synthesis methodology, it was
necessary to investigate its facile removal and stability
of the thiophosphate moiety to reagents commonly em-
ployed in deprotection. To facilitate an investigation of
the removal of the methyl protecting groups, the model
derivative, A-acetyl-O{dimethylthiophosphono)-L-tyro-
sine-N-methylamide 9 was prepared (Valerio et al.,
1989) (Scheme 2). It was conceived that the mode of
deprotection of the model derivative should be re-
presentative of that of deprotection of methyl protect-
ed (thiophosphonotyrosine residues in peptide sequ-
ences. The protected derivative 6 was converted to N-
methyl amide 7 by reaction of its corresponding mix-
ed anhydride intermediate with A-methylamine. After
selective deprotection of the £Boc group of compound
7 by treatment with 4 N HC! in dioxane, the desired
compound 9 was prepared by the mixed anhydride
method using acetic acid and isobutylchloroformate
in the presence of AN-methylmorpholine. The acetyl
derivative 9 was recovered in overall yield 24.5% as
a light yellow oil after purification by gel chromato-
graphy. The '"H NMR spectrum of compound 9 indi-
cated the doublet peak of P-O-CH, at 3.86 ppm with
coupling constant of 13.8 Hz.

In order to investigate facile removal of the methyl
protecting group on the thiophosphate moiety, the mo-
de! compound 9 was treated with a mixture of TFMSA/
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%,o\n,n on 1. BCE/NMM/THF %/Oer %gxm
o HE 2. Methylamine JHE
i 3
6 0—P—0CH;, , o—P—ocH,
OCH, e,
0
c1'I-I;I~I“‘>/J\N,c1-I3
4 N HCVdioxane H”= H 1. NMM
—_— e ——
m-cresol s 2. CH;COOH/NMM
s O‘i.’l—oms 3. IBCF/THF
OCH;
u @
TPMSA/TFA/DMS/m-cresol . N>)j\ .CH,
> X N
a 0 (10:50:30:10, viv) \([)rH : H
H3C\rrN CHs
JHE H 10 oH
o—ﬁ OCH i §
9 Sors H3C\n,N>)j\N,CH3
3 10% TMSBr IS
CHyCN s
0-P—0CH,

11

Scheme 2. Synthesis of model compound 9
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TFA/DMS/mcresol (10:50:30:10, v:v) for 8 h at room
temperature (Cushman et al, 1992; Lee ef al, 1994).
Although the common reaction time for this reagent
was within 2 h, the deprotection did not proceed well
for compound 9 according to monitoring of the reac-
tion by HPLC. So it was necessary to extend the reac-
tion time. Crude product was analyzed by HPLC and
the major product was separated by semi-preparative
HPLC with a gradient elution of 10% to 70% aqueous
acetonitrile in 0.1% TFA in 20 min at a flow rate of 3
mL/min. The '"H NMR analysis of the isolated product
determined that the product was the dephosphorylat-
ed compound 10. Deprotection of the model com-
pound 9 with an alternative reagent, 10% TMSBr in a-
cetonitrile (Valerio et al, 1989), did not proceed well
either. With prolonged reaction time (5.5 h) at room
temperature, only a small amount of product was de-
tected by TLC. After separation of a major product by
gel chromatography, it turned out to be monomethyl-
containing compound 11 in 20.8% yield, while most
of the starting material was remained unreacted. It
was concluded that the methyl group was not suitable
for the protection of thiophosphonotyrosine derivative.

Cyanoethyl protecting group approach

We next considered the application of the cyanoe-
thyl protecting group (Reese et al, 1987; Tener et al.,
1961) for the protection of the (O-thiophosphonoty-
rosine derivative in peptide synthesis. The cyanoethyl
group has been widely utilized for the protection of
the phosphate group in DNA synthesis (Hsiung et al.,
1983; Sinha et a/, 1984). The facile removal of the
cyanoethyl group under mild basic conditions and re-
liable stability in acidic conditions encouraged its a-
doption for thiophosphonotyrosine-containing peptide
synthesis. The cyanoethyl protected compound 15 was
prepared as reported in the literature (Kim et al., 1997).

To determine the suitability of the protected (O-thio-
phosphonotyrosine derivative 15 for utilization in ex-
isting peptide synthesis procedures, it was necessary
to determine its stability to a variety of reagents com-
monly employed in peptide synthesis and to develop
suitable conditions for removal of the protecting groups
on the thiophosphate moiety. The investigation for the
facile removal of the cyanoethyl protecting group was
performed by treatment of compound 14 with a con-
centrated ammonium hydroxide solution at 55°C for
12 h to vield the deprotected compound 16 in satis-
factory result (Scheme 3).

It was necessary to determine the stability of the cy-
anoethyl protecting group to 10% diisopropylethyla-
mine (DIEA), which served as a neutralizing agent in
standard solid phase peptide synthesis, because the
cyanoethyl group was reported to be labile under
basic conditions (UhiMann et a/., 1986). The initial in-



336
Chp_Calls HO~CH,CH,CN NCCH,CH,0,\.CH,CH,
cr CyHs BN NCCH,CH,0 CH,CH,
3
1 12
v ¢ l
7OYN>:)\ 0/\©
o H = ——
\©\ NO, 1H-tetrazol
OH

3

\©\ NO, —

_OCH,CH,CN

0P
OCH,CH,CN

13

a0 H 9
N
%/O\n/ k)j\o/\©\ H, %/O\H’Nk)LOH
H = — H =
o NO, PAC o
$ 3
0—-P—OCH,CHyCN 0—P—OCH,CH,CN

14 15

OCH,CH,;CN OCH,CH,CN
4 ©
N>/U\ o,
NH,OH %/ N O,
55°¢C o
§
14 — ] O—P—ONH *
16 ONH,*
10% DIEA
> 14 D
DMF, 1hr

Scheme 3. Synthesis of compound 15

vestigation was conducted by treatment of compound
14 with 10% DIEA in DMF at room temperature for 1
h which was equivalent to 20 cycles of coupling steps
in solid phase peptide synthesis. The product was
analyzed by 'H NMR, which indicated compound 14
remained stable under these conditions. To confirm
the stability of the protecting group and other func-
tional groups in thiophosphonotyrosine derivatives, di-
peptide-Pam resin containing the dicyanoethylthiophos-
phonotyrosine residue was synthesized by the solid
phase method (Stewart et a/., 1984) and treated with
reagents employed in peptide synthesis, including HF
treatment for peptide-resin cleavage (Scheme 4).
tBoc-L-Leu-Pam resin was treated with 33% TFA in
dichloromethane containing 5% mcresol for 30 min
to cleave the £Boc group, followed by treatment of
10% DIEA in DMF to generate free amine, and coupl-
ed with compound 15 in the presence of DCC in di-
chloromethane for 2 h to yield dipeptide-Pam resin 17.
The coupling was monitored by ninhydrin test which
indicated more than 99% of completion. The IR spec-
tra of dipeptide-Pam resin 17 showed that a new ab-
sorption of the nitrile functional group appeared at
2255 cm’ compared to that of uncoupled resin, £Boc-
L-Leu-Pam resin. Peptide-resin 17 was treated with 10
% DIEA in DMF 30 times, which was equivalent to
10 cycles of coupling steps, to confirm the stability of
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Scheme 4. Synthesis and model study of dipeptide-resin 17

the cyanoethyl protecting group in solid phase syn-
thesis. The crude resin 18 was analyzed by IR, which
indicated that the absorption of the nitrile functional
group at 2255 cm’ existed with similar intensity. Resin
18 was treated with HF for peptide-resin cleavage.
The crude dipeptide obtained from the resin was an-
alyzed by HPLC with a gradient elution of 10% to
50% aqueous acetonitrile in 0.1% TFA in 20 min at a
flow rate of T ml/min. The analytical HPLC tracing of
crude product indicated the presence of one major pro-
duct having retention time of 8.310 min. After separa-
tion of the product on the semi-preparative scale,
structure of the product was determined by 'H NMR
to be the unexpected compound 19 whose thiophos-
phate group was completely dephosphorylated. This
result was quite unexpected because the phosphate
groups in dialkylphosphonotyrosine derivatives were
quite stable to HF treatment. FABMS analysis confirm-
ed the dephosphorylated structure. It was concluded
that the cyanoethyl protecting group on the thiophos-
phate moiety was not suitable for solid phase peptide
synthesis using £Boc chemistry methodology. But it
would be possible to utilize cyanoethyl protecting group
for the solution phase peptide synthesis which was not
required the strong condition such as HF treatment for
the cleavage between residue and peptide bond. For
the future studies, the application of Fmoc chemistry
methodology in solid state peptide synthesis which re-
quired milder conditions for peptide-resin cleavage,
and utilization of the tbutyl protecting group on the
thiophosphate moiety could be considered (Fields et
al., 1990).
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