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Synthesis and Phosphorylating Properties of Hydroxyamino Acid Phosphoramidites
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The preparation of N-(benzyloxycarbonyl)-O-[(benzyloxy)(diiso-
propylamino)phosphino]serine [-threonine, -tyrosine and -hydr-
oxyproline] benzyl esters using the versatile phosphitylating reagent
benzyl N,N,N',N'-tetraisopropylphosphorodiamidite [benzyloxy-
bis(diisopropylamino)phosphine] is described. The application of
the benzyl (hydroxyamino acid) phosphoramidites is illustrated in
the synthesis of several phosphate diesters.

Phosphate diesters are essential structural elements of
nucleic acids i.e. DNA and RNA. Apart from this, it is
well established that formation of phosphate diesters in
proteins is a reversible post-translational modification.
The latter process may result in nucleoproteins® in which
the hydroxy groups of the L-amino acids serine, threonine
or tyrosine are covalently attached via a phosphate diester
bond to the 5-end of the nucleic acids. Recently, the
presence of a phosphate diester between a serine residue
and a threonine residue in the protein Azotobacter
flavodoxin® has been proposed. It has further been
suggested that this unusual linkage retains or stabilizes
the three-dimensional structure of the protein® in a
similar fashion as the well-known disulfide bridge.*
Another well-known post-translational modification is
the reversible formation of phosphate monoesters of
hydroxyamino acids in proteins.®

In order to get a deeper insight into the biological and
chemical properties of biomolecules containing phospha-
te mono- and diesters, the availability of well-defined
model compounds is of great significance.®

At present several phosphorylation methods for the
synthesis of phosphopeptides’ and nucleopeptides® in
solution as well as on solid support have been developed.
In a preliminary paper® we showed that seryl threonyl
phosphate (6 Ab) could be prepared using the bifunctional
phosphitylating reagent benzyloxybis(diisopropylami-
no)phosphine.*®
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We here report in full that the latter phosphoramidite
approach is not only suitable for the introduction of a
phosphate diester union between a hydroxyamino acid
and a nucleoside, i.e. 6Ae, or ethanolamine, i.e. 6Af,
individual hydroxyamino acids (i.e. 6Ab, 6 Ac, 6Da and
6Bg), but also for the preparation of phosphate mono-
esters of hydroxyamino acids (i.e. 6Ad, 6Cd and 6 Dd).

The synthetic route to the benzyl N,N-diisopropylphos-
phoramidites of the hydroxyamino acids serine, threoni-
ne, tyrosine and hydroxyproline is depicted in Scheme 1.
Thus, the N-(benzyloxycarbonyl)hydroxyamino acid
benzyl esters 1A-D!! were phosphitylated with benzyl-
oxybis(diisopropylamino)phosphine (2)'° in the presence
of 1H-tetrazole to give the phosphoramidites 3A-D.
Work up and purification by silica gel column chromatog-
raphy afforded the homogeneous phosphoramidites
3A-D, as evidenced by TLC analysis and *'P NMR
spectroscopy, in high yield (Table 1). The resulting
phosphoramidites 3A-D can be stored for several weeks
at — 20°C without any detectable decomposition.

The successful synthesis of the phosphoramidites 3A-D
urged us to explore their phosphitylating properties. To
this end, O-[(benzyloxy)(diisopropylamino)phosphino]-
serine 3A was employed for the synthesis of fully
protected seryl threonyl phosphate 5 Ab. Thus, 1 H-tetra-
zole mediated coupling of 3 A (Scheme 2) with N-(benzyl-
oxycarbonyl)threonine benzyl ester (4b or 1B) resulted in
the rapid formation of an intermediate phosphite triester.
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Table 1. Preparation of Phosphoramidites 3 and Benzyl (Hy-
droxyamine Acid) Phosphate Triesters §

Reactants Prod- Yield R/ 3'p NMR®
uct (%) 0
1A +2 3A  88° 048 (A) 149.23/149.96
1B +2 3B 91°  0.53(A) 148.41/147.84
1IC+2  3C 86  035(A) 146.54
1D +2 3D 85¢ 040 (A) 148.05/148.16/148.26
3JA+4b  5Ab 90 0.34 (B) —1.56/—1.58
3A+4¢  5Ac 75% 016 (C) —6.07
3A+4d 5Ad 75¢ 037 (B) —0.54
3A+4e  S5Ae 954 0.38(D) —-0.62
3A+4f  SAf 89° 038 (B) —047
3B+4g SBg 87 0.29/0.43 (C) —145/—2.15
3C+4a 5Ca 85 0.16 (C) —6.06
3C+4d 5Cd 72¢ 034 (C) —6.03
3D+4a 5Da 97° 0.24(B) —1.49
3ID+4d 5Dd 94° 0.34(B) —1.27

* TLC solvent systems; A: Et;N/hexane/EtOAc (1:4:35); B:
hexane/EtOAc (2:3); C: hexane/EtOAc (3:7); D: acetone/
CH,CI, (1: 4).

Spectra were recorded in CH,Cl, with 85% H,PO, as external
standard.

Based on 1.

¢ Based on 3.

Subsequent in situ oxidation of the latter with ters-butyl
hydroperoxide!? afforded, as monitored by *'P NMR
spectroscopy, the phosphate triester SAb (as a pair of
diastereoisomers) without concomitant formation of
other phosphate containing products. Work up and
purification by silica gel column chromatography, gave
the homogeneous phosphate triester SAb in excellent
yield (Table 1).

The scope of the reaction was further extended by the
synthesis of fully protected phosphoserine 5Ad, seryl
thymidinylate 5 Ae and aminoethyl seryl phosphate 5 Af.
In a similar fashion, as mentioned above for compound
5Ab, coupling of 3A with benzyl alcohol (4d), 3-O-
acetyldeoxythymidine (4e) and 2-(benzyloxycarbonyl-
amino)ethanol (4f), gave fully protected 5Ad, 5Ae and
5 Af, respectively. In addition, more hindered alcohols
could also be effectively coupled via the same two-step
phosphoramidite method. For instance, phosphinothreo-
nine 3B reacted smoothly with N,-(benzyloxycarbo-
nyl)valylserylisoleucyl C,_ ;-benzyl ester 4g to give, after
oxidation, fully protected valylserylisoleucyl threonyl
phosphate SBg in an excellent yield.

The versatility of the amidite approach was further
illustrated by the preparation of nonaliphatic phosphate
esters e. g. seryl tyrosyl phosphate 5 Ca, phosphotyrosine
5Cd, hydroxyprolyl seryl phosphate SDa and phospho-
hydroxyproline 5 Dd starting with the respective tyrosine
and hydroxyproline phosphoramidites 3C and 3D.

Hydrogenolysis of the benzyloxycarbonyl and benzyl
protecting groups from § was easily effected over palla-
dium on activated charcoal. The resulting completely
deblocked phosphate esters 6 (R®* = R* = H) were con-
verted into the corresponding sodium salts by ion-ex-
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change column chromatography (SP Sephadex C25), to
give the homogeneous compounds 6 in high yield.
Finally, nucleopeptide 5 Ae was fully deprotected by mild
basic hydrolysis (triethylamine/water)'* and purified by
anion-exchange column chromatography to afford ho-
mogeneous 6Ae (R* = R* = R® = H). Yields and NMR
data pertaining to compounds 6 are summarized in
Table 2.

In conclusion, the results presented in this paper indicate
that the phosphitylating reagent 2 proves to be a valuable
tool in the preparation of the benzyl (hydroxyamino acid)
phosphoramidites 3A—D which, in turn, can be used in
the synthesis of biologically important model compounds
containing either a phosphomono- or diester of a hydr-
oxyamino acid. For instance, aminoethyl seryl phosphate
ester 6 Af has been found in earthworm tissue.!?

MeCN, CH,Cl, and dioxane were dried by refluxing with CaH,
(5 g/L), distilled and stored over molecular sieves (4 A). Dioxane was
redistilled prior to use from LiAIH, (5 g/L). Et,O was distilled from
P,0; and stored over Na wire. BnOH was distilled prior to use. Et;N
was distilled from KOH. Et;NHCO, buffer (TEAB, 2 M): a mixture
of freshly distilled Et,N (825 mL) and H,O (2175 mL) was saturated
with CO, gas at 0°C until pH 7.0. 1 H-Tetrazole was purchased from
Janssen (Belgium). Compounds 1 A-D were purchased from Nova-
biochem (Switzerland). Pd—C (10%) was purchased from Fluka
(Switzerland). 3'0-Acetyl-2"-deoxythymidine,!* 2-(benzyloxycarbo-
nylamino)ethanol'® and N,-(benzyloxycarbonyl)valylserylisoleucyl
C,_ -benzyl ester!” were prepared according published procedures.
TLC analysis was performed on Schleicher & Schiill (Germany) DC
Fertigfolien F 1500 LS 254. Short column chromatography was
performed on Merck Kieselgel 60 (230-400 mesh, ASTM). SP
Sephadex C25 and DEAE Sephadex A25 were purchased from
Pharmacia (Sweden). '"H NMR spectra were recorded on a Bruker
WM-300 spectrometer, equipped with an ASPECT-2000 computer
operating in the Fourier transform mode at 300 MHz. !3C and 3'P
NMR spectra were recorded on a Jeol INM-FX 200 spectrometer on
line with a JEC 980B computer at 50.1 and 80.7 MHz, respectively.
FPLC analysis was carried out on a Pharmacia LCC-500 liquid
chromatograph using a Mono Q HR (5/5) column. Gradient elution
was performed at 20°C, by building up a gradient, starting with
buffer A (0.05 M NaH,PO,, pH 6.0) and applying buffer B (0.05 M
NaH,PO,, 1.2 M, NaCl, pH 6.0) with a flow rate of 2.0 mL/min.

Benzyloxybis(diisopropylamino)phosphine (2):

A solution of BnOH ({.1mL, 10mmol) and Et,N (1.4mL,
10 mmol) in Et,0 (25 mL) was added dropwise to a cooled (0°C)
solution of chlorobis(N,N-diisopropyl)phosphoramidite (2.7 g,
10 mmol) in Et,0 (25 mL). The solution was stirred for 1 h at 20°C
and the salts are removed by filtration. The filtrate was concentrated
in vacuo and stored at — 20°C.

31p NMR (CH,Cl,): § = 123.3.

N-(Benzyloxycarbonyl)-O-j(benzyloxy)(diisopropylamino)phosphi-
nojhydroxyamino Acid Benzyl Esters (Phosphoramidites) 3; General
Procedure:

A solution 0f 2 (3.6 mL, 1.0 M) in CH,Cl, was added to amino acid 1
(3.0 mmol) in CH,Cl, (5mL), which had been dried by repeated
coevaporation with dioxane (2 x 10 mL). To the stirred solution was
added a solution of 1H-tetrazole (6.0 mL, 0.5 M) in MeCN. The
mixture was stirred for 15 min at 20°C. After the addition of 2M
TEAB (5 mL), the mixture was diluted with CH,Cl, (100 mL) and
washed with H,0 (5mL), 1 M TEAB (20 mL) and H,O (20 mL).
The organic phase was dried (MgSO,) and concentrated in vacuo.
Silica gel column chromatography (40 g, clution: hexane/EtOAc/
Et,N,37:2:1t035:4:1, v/v) of the crude product afforded the pure
phosphoramidite 3, as an oil.
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Table 2. Relevant Data of Hydroxyamino Acid Phosphate Ester and Diesters 6 (R* =

R* = R® = H)

P NMR™*

'H NMR*®
0

13C NMR (50.3 MHz, D,0)
8, J (Hz)

Prod- Yield® Molecular

uct (%) Formula 0

6Ab 90  C,H,N,NaO,P —128
(310.2)

6Ac/ 88 C,HgN,NaO;P —4.08

Ca (372.25)

6Ad 80 C;H NNaO.P 2.83
(206.0)

6Ae 60  C,3H,oN,NaO,P 0.14
(432.3)

6Af 93 CsH ,N,NaO,P 0.03
(252.1)

6Bg 70  C,gH,N,NaO,,P —1.00
(522.5)

6Cd 71 CoH \NNaO,P  0.70

(283.15)

6Da 95  CgH,N,NaO,P —098
(321.2)

6Dd 85  C,H,NNaOLP  —0.05

(233.1)

1.42 [d, Hy (Thr), Jy, yp = 6-6]; 3.70 [dd,
Ha (Thr), Jy,up= 3.3, Jyep=19); 3.95
[m, Ha (Ser), Ju,up, = 6-3, Juanpe= 3-6,
Jup=12]; 414 [m, Hpa (Ser),
Jupaypy = 11.3, Jyg p = 5.0]; 4.22 [m, HBb
(Ser) Jugop= 5.11; 474 [m, Hp (Thr),
Jypp=14]
3.04 [dd, Hpa (Tyr), Jyg, 1a = 8.4, Juga gy
=14.6]; 3.25 [dd, HBb (Tyr), Jypppn, =
4.91;3.93[dd, Ha (Tyr)]; 3.97 [m, Ha (Ser),
Juanpa =46, Jyoppe= 39, Jip=191;
4.30 [m, Hpa (Ser), Jyguupp =114, Jygup
=4.9]; 435 [m, Hpb (Ser), Jygpp = 5.7);
714 [dd, 2xHe (Tyr), Jyus=8.7,
Jyep= 1.31;7.26 [d, 2% Hé (Tyr)]
3.94 (dd, Ha, Jy, ppa= 6.2, g pup = 3.5);
4.10 (m, Hpa, Jyg, upr = 11.6, Jyg, p = 6.1);
4.19 (m, HBb, Jyp, p= 3.5)
1.89 [t, CH; (dT)], Jey, ue = 1.2); 2.35 [m,
H2, H2" (dT), Jyy iy =69, Juz ma
4.6]; 3.95 [ddd, Ha (Ser), Jy, g = 3- 7
Jhapgp= 30, Ju,p=1.5]; 404 [m, HY
dT), Jys pus-=11.8, Jys p=42]; 4.10
[m, H5" (dT), Jys-p= 3.1];4.21 [m, Hfa
(Ser), Jypayps =113, Jyp.p= 5.0]; 4.26
[m, Hb (Ser), Jygp = 4.51; 4.56 [m, HY’
(dT), Jys pe =1.8]; 6.33 [t, H1' (dT)];
7.68 [d, H6 (dT)]
3.27 [m, H2 (BA), Jyp 1= 5.1, Jypp=
1.1]; 3.99 [m, Ha (Ser), Jyyup.= 3.1,
Jranpy =44, Jy,p=191; 408 [m, H1
(EA), Jy,p=44]; 423 [m, Hpa (Ser),
Jiigange = 11.4, Jyp, p= 3.1]; 4.30 (m, HBb
(Ser), Jygp=4.4]
0.88 [t, Hé (lle), Jys nycny = 7-41; 0.90 [d,
Hy (CH;) (lle), Jy, up = 6.9]; 1.06 [d, Hy
(Val), Jy,up=6.91; 1.45 [d, Hy (Thr),
Jyuyup= 6.6]; 1.14 [m, Hy (CH,a)]; 1.41
[m, Hy (CH,b)]; 1.85 [m, Hf (Ile), Jyp ,
= 6.1]; 2.28 [m, Hf (Val), Jyp y, = 6.3];
3.72 [dd, Ha (Thr), Jy,up= 4.2, Jyp =
1.6]; 3.94 [d, Ha (Val)]; 4.09 [dd, Hpa
(Ser), Jugamgo=10.9, Jugania= 7.2, Jupap
= 6.9]; 4.14 [d, Ha (lle)]; 4.17 [m, HBb
(Ser), Jugp,ua= 4.6, Jygp p = 4.61; 4.72 [m,
HB (Thr), Jy, p = 6.8]; 4.77 [dd, Ha (Ser)]
3.01 (dd, Hfa, Jyp, upe =147, Jypope=
4.7);3.27(dd, Hpb, JHﬁ,, e =8.7);3.94(dd,
Ha); 7.16 (dd, He, Jy, 5 = 8.7, Jyy, p = 1.0);
7.22 (d, Hé)
222 [m, Hpa (Hypro), Jyg, s = 14.5,
Igaa = 10.5, Jygou, =38, Jypp<1}
2.66 [bdd, Hﬁb (Hypro) Tugona= 1.9,
Jugoty <L Jupop <11; 3.53 [bdd, Héa
(Hypro), Jysaman=13.0, Jysun,=3.3);
3.60 [m, Héb (Hypro), Jys,u, < 11; 4.00
[m, Ha (Ser), Jy,u. = 34, g = 44,
Juap<1l; 424 [m, Hpa (Ser),
ipayipn = 11.4, Jyp, p= 4.13;4.27 {m, HBb
(Ser), Jyppp = 5.4];4.39 [dd, Ha (Hypro)J;
4.96 [quint, Hy (Hypro), Jy, p = 3.6]
219 (m, Hfa, Jyp, upe=14.5, Jugapa=
10.5, Jygp,= 4.0, Jyp,p=12); 2.64 (m,
HBb, Jupoe= 79, Jypuy=1.0, Jyppp=
1.7); 3.52 (m, Héa, Jyg uoo = 12.7, Jysany
= 3.4, Jysop=1.0); 3.59 (m, Hob, Jys, i,
1.2, Jusup < 1); 4.38 (dd, Ha); 4.96 (m,
Hy, Jy,p=3.8)

194 [Cy (Thr); 557 [d, Cx (Ser),
Jeap= 881, 601 [d, Ca (Thr),
Jep=88]; 648 [d, CB (Sen)
Jopp=44% 725 [d, CB (Th),
JC”_44] 172.1, 172.8 [C=O (Ser and
Thr)]

36.5 [CS (Tyr)}; 55.7 {d, Ca (Ser),
Jeap= 8.8]; 56.9 [Ca (Tyr)]; 65.4 [d,
CB (Ser), Jogp= 4.4]; 121.6 [d, Ce (Tyr),
Jeep= 441 131.5 [C (Tyn)]; 132.0
[Cq (Tyr); 174.8, 172.0 [C=0 (Ser and
Tyr)]

559 (d, Ca, Je,p=192); 644 (d, CB,
Jegp= 44); 1724 (C=0)

12.2 [CH, (dT)]; 392 [C2 (dT)]; 55.5
[d, Ca (Ser), Jo,p=44]; 648 [d, C5
(dT), Jes p=98]; 658 [d, CB (Ser),
Jopp= 591715 [C1 (dT)];85.6[d, C4
(dT), Jegp = 441 85.9 [C3 (dT)]; 112.2
[CS5 (dT)] 1379 [C6(dT)]; 152.3[C=0
dD); 167.1 [C=0 @T)]; 171.8 [C=0
(Ser)]

40.4 [C2 (BA), Je,p=13]; 55.2 [Ca
(Ser), Jp p = 8.81;62.5 [C1 (EA), Je, p =
4.47; 64.8 [CB (Ser)]; 172.0 (C=0)

11.4 [Cy (Tle)]; 15.9 [Cd (Hle)]; 17.6 and
18.4 [Cy (Val)]; 19.2 [Cy (Thr)]; 25.2[Cy
(Ile)]; 30.7 [CB (Val]; 37.8 [CB (Ile)];
54.8 [d, Ca (Ser), Jo,p= 8.8]; 59.3 [Cu
(Ile)]; 60.1 [d, Coe (Thr), J, p= 7.3]; 60.8
[Ca(Val)]; 64.9 [d, CB (Ser), Jegp = 5.8];
72.3 [d, CB (Thr), Jeyp=5.8]; 182.1-
170.1 (4 x C=0, lle, Ser, Thr and Val)

36.4 (CP); 56.8 (Ca); 121.7 (d, Ce, Jo, p =
4.4);131.3 (C5); 152.3 (Cq); 174.8 (C=0)

37.1 [CB (Hypro), Jegp= 2.9]; 52.9 [Cd
(Hypro), Jgsp= 441 549 {Cx (Ser)];
59.9 [Ca (Hypro)]; 64.5 (CB (Ser), Jepp
=4.5]; 75.6 [Cy (Hypro), J,p= 4.4];
171.4 [C=0 (Ser)}; 173.9 [C=0 (Hy-
pro)]

36.7 (CB, Jegp=3.1); 53.1 (CS, Jsp=
5.4); 59.0 (Ca); 74.6 (Cy, Je,p=54);
172.3 (C=0)

* Based on 5.
® With 85% H,PO, as external standard.

¢ Spectra were recorded in D,0 (pD 7.0)
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Benzyl (Hydroxyamino Acid) Phosphate Triesters 5; General Proce-
dure:

A solution of 1 H-tetrazole (5.5 mL, 0.5 M) in MeCN was added to a
solution of 3 (1.0 mmol) and the appropriate alcohol 4 (1.0 mmol,
except 4d: 5.0 mmol), which had been dried by repeated coevapora-
tion with dioxane or MeCN (2 x 5mL), in CH,Cl, (2.5mL). The
mixture was stirred for 25 min at 20°C. Subsequently -BuOOH
(0.5mL, 4.0 mmol) was added and the mixture was stirred for
another 15 min at 20°C. The mixture was diluted with CH,Cl,
(50 mL) and washed with brine (2 x 10 mL). The organic layer was
dried (MgSO,) and concentrated in vacuo. Silica gel column
chromatography (12 g, elution: hexane/EtOAc, 3:2 to 2:3, v/v;
except 5Ag: acetone/CH,Cl,, 1:9 to 1:4, v/v) afforded pure 5, as a
colorless oil.

Amino Acid Phosphate Esters and Diesters 6; General Procedure:
The benzyl phosphate 5 (150-200 mg) was dissolved in i-PrOH/
H,0/AcOH (10.0 mL, 6:3:1, v/v) and Pd—C (100 mg, 10 %) was
added. The solution was placed under an H, atmosphere (500 KPa)
for 4-6 h. The catalyst was removed by filtration and rinsed with
i-PrOH/H,0 (100 mL, 1:3 to 1:10, v/v). The filtrate and washings
were concentrated in vacuo and lyophilized (3 x 10 mL). The
product was passed over a SP Sephadex C25(Na™* form) column and
lyophilized.

Seryl (Valylserylisoleucyl) Phosphate 6 Ag:

The phosphate triester 5 Ag (150 mg) was hydrogenated as described
above. After lyophilization the diester was dissolved in H,O/MeOH
(20mL, 1:1, v/v) and Et;N (0.09 mL) was added. After 3h at 0°C
the solution was neutralized by the addition of AcOH. The solvents
were evaporated and the residue was lyophilized (3 x 5.0 mL). The
crude product was purified by DEAE Sephadex A25 anion exchange
chromatography (25 cm, 0.05 M to 1.0 M TEAB in 24 h). Finally the
phosphate diester 6Ag was passed over a SP Sephadex C25 (Na”*
form) column and lyophilized.
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