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Abstract: (Phosphonomethyl)phenylalanine (Pmp) and (phosphonodifluoromethyl)phenylalanine (F,Pmp) as
well as their B-amino acid congeners were prepared as a protecting variant amenable to the peptide synthesis
from readily available 2-benzyl-1,3-propandiols possessing either a diethylphosphonomethyl- or
diethylphosphonodifluoromethyl functionality at the para-position via the lipase-catalyzed desymmetrization.
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INTRODUCTION

Phosphorylated tyrosine (pTyr) residues play an important role in protein-tyrosine kinase (PTKs) cellular
signaling cascades,' since they constitute a key recognition motif for the protein-protein associations mediated by
src-homology 2 (SH2) domains. A strategy based on interruption of interaction between PTKs with key signaling
proteins may hold therapeutic potential for the treatment of diseases mediated by this class of enzymes. The SH2-
related peptidmimetic ligands incorporating pTyr is of potential value for the strategy.’ To protect enzymatic
hydrolysis of the phosphate ester function and to increase the ligand affinity to the targeting proteins, various
chemical modifications of pTyr have been carried out in recent years.” With a rich history of nonhydrolyzable
phosphonate saving as a bioisostertic replacement for phosphate,’ the chemical modifications lead to development
of pTyr analogues such as (phosphonomethyl)phenylalanine (Pmp)® and the difluoromethylene analogue
(F,Pmp).° The chemical modifications of pTyr have been also devoted to synthesis of pTyr analogues modified at
the oi-amino acid residue.” The o carboxymethyl analogue 3 of pTyr was found to be a very useful component of
SH2-related peptidmimetic ligands.”

While extensive efforts have been devoted to stereoselective synthesis of protecting variants of Pmp® and
F,Pmp’ in recent years, methodology which allows ease of access to a variety of pTyr analogues modified at the
or-amino acid residue has not been reported. '
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We have been interested in the synthesis of Pmp and F,Pmp as well as in synthesis of novel pTyr analogues
such as 1 and 2, which are recognized to be the analogous compounds of Pmp and F,Pmp with a B-amino acid
structure, from readily available phosphonate synthons of high enantiomeric purity. In this paper, we describes
lipase-catalyzed desymmetrization of prochiral 2-benzyl-1,3-propanediols 4a-c and the diacetates Sa,b giving
the phosphonate containing chiral synthons 6a-c and ent-6a,b,'"'" which were successively converted to the
targeting pTyr analogues as a protecting variant amenable to automated solid-phase peptide synthesis.

Z-P(O)(OEt), Z-P(O)(OEY),
2 /‘ 2/
Y AN '
Lipased catalyzed
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Desymmetrization
OR OR
OH OAc a: Z=CHy, para-substituted
g b: Z=CF5, para-substituted
4a-c R=H ba-c ¢: Z=CH,, meta-substituted
S5a,b R=Ac

RESULTS

Lipase-catalyzed desymmetrization of prochiral 2-benzyl-1,3-propanediols 4a-c and the
corresponding diacetates 5a,b

The requisite diols 4a-c and the corresponding diacetates Sa,b were prepared as summarized in Scheme 1.
The known phosphonates 8a,c,'> prepared by Arbuzov reaction of the corresponding bromides and triethyl
phosphite, were brominated by treatment with NBS in the presence of AIBN to give the bromides 9a,c in good
yields. The difluoromethylene analogue 9b was prepared from 4-iodotoluene. According to the method reported
previously,” the zinc reagent 7, prepared from diethyl bromodifluoromethylphosphonate and zinc powder in
dimethylacetamide (DMA), was treated with 4-iodotoluene in the presence of a stoichiometric amount of CuBr
under ultrasound irradiation to give 8b in 80% yield. NBS-mediated bromination of 8b gave 9b in good yield."
The bromides 9a-c¢ were coupled with dimethyl malonate in the usual manner to give 10a-c. The reduction of
10a-¢ with excess amounts of NaBH, in MeOH gave diols 4a-c¢ in 64-90% yields. The alcohols 4a,b were
respectively acetylated to give 5a,b.
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Scheme 1
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The transesterification reaction of diols 4a-c with vinyl acetate was carried out in THF in the presence of lipase

PS from Pseudomonas cepacia ' at room temperature to give the mono acetates 6a-c (Eq. 1). The results are

summarized in Table 1
‘{/’\,1 f\\
[ 5 Z-PO)(0ED, [ 2—2zP(0)(OEY,

{

lipase PS / vinyl acetate

r i _ o
PN THF /25 °C ] \ a0

Table 1. Lipase PS-catalyzed transesterification of 4a-c to give 6a-c
Conditions? Z-P(O)OE), 6
Entry - .
vinyl acetate (equiv.) Z  positioning Yield (%) Ee (%) [al,?
1 1.0 CH, para 6a 66 96¢
2 2.0 CH, para 6a 97 99¢  +16.2 (c 1.0)
3 1.0 CF,  pam 6b 74 95d
4 2.0 CF, para 6b 82 994  +17.0 (c 1.0)
5 1.0 CH, mela 6c 84 85¢
6 2.0 CH, meta 6c 87 85¢ +13.5(c 1.1}

2 All reactions were carried out in THF on 10 mmol scale. b Measured in MeOH. € Determined by HPLC
analysis on Chiralcel OD (Daicel). d Determined by '"H NMR analysis of the corresponding MTPA esters
derived from (+)- and (-)-MTPA. € Detcrmined by HPLC analysis on Chiralpak AS (Daicel).

16.17

As expected, all reactions gave the desired optically active mono-acetates 6a-c with R-configuration in
good yield. In the case of the transesterification reaction of 4a and 4b, the yield and the enantiomeric purity of the
products 6a and 6b were found to be slightly dependent upon the amounts of vinyl acetate used. Excellent



9344 T. Yokomatsu et al. / Tetrahedron 54 (1998) 9341-9356

enantioselectivity (>99% ee) with high chemical yield was obtained, when the reaction was carried out in the
presence of 2 equiv. of vinyl acetate (entries 1,3 vs 2,4). The enantioselectivity for the transesterification of 4¢
under the conditions was determined to be 85% ee and it was verified that the diethoxyphophorylmethyl
functionality at the meia-position unfavorably affects the enantiodiscrimination (entries 5,6 vs 2).

In an effort to obtain enantiomeric isomers (ent-6a,b) of 6a,b, another versatile chiral synthons for the
preparation of novel pTyr analogues, lipase-catalyzed enantioselective hydrolysis of diacetates 5a and Sb was
carried out (Eq. 2 and Table 2). When the hydrolysis of 5a was carried out in the presence of lipase PS in a
phosphate buffer (pH 7.0, KH,PO, / K,HPO,) containing 30% THF, the hydrolysis required prolonged reaction
time (>120 h) to give ent-6a with a low enantioselectivity (40% ee) in low yield (entry 1). However, the
hydrolysis of 5a completed within 4 h in a phosphate buffer (pH 7.0, KH,PO, / K,HPO,) containing 30% i-Pr,0
to give ent-6a of 98% ee in 63% yield, along with an over-hydrolysis product 4a'® (entry 2). Usin

conditions, ent-6b of 95% ee was obtained in 65% yield (entry 3).

Z—P(O)(OEt), Z—P(O)(OEY),
lipase PS
P +  4ap (Eq. 2)
nhnonhata hifar
i i pHivSpIialc uulici ] |
OAc OAc OAc OH
5a,b ent-6a,b

Table 2. Lipase-PS catalyzed enantioselective hydrolysis of diacetates 5a,b

Entry Z Buffer conditions? Time(h) Product  Yield(%) Ee(%) [a]Db

1 CH, A 120 ent-6a 35¢ 404 NDe
2 CH, B 4 ent-6a 63 98d  —16.2 (c 1.0)
3  CF, B 4 ent-6b 65 95/ —146(c 1.1)

a4 All reactions were carried out at room temperature; condition A: 0.1 M phosphate buffer (pH 7.0,
KH,PO/K,HPO,): THF=70:30, condition B: 0.1 M phosphate buffer (pH 7.0, KH,PO/K,HPO,):i-Pr,0=70:30.
b Measured in MeOH at 25 °C. € Based on NMR analysis. d Determined by HPLC analysis (Chiralcel OD,
Daicel). ¢ Not determined. f Determined by 'H NMR analysis of the corresponding MTPA esters derived from
(+)- and (-)-MTPA.

Stereoselective synthesis of N-Boc-Pmp and N-Boc-F,Pmp derivatives

With chiral synthons 6a-¢ and enr-6a,b in hand, the transformations of 6a,b to N-Boc-Pmp(OEt),-OH 15a
and N-Boc- r?r'mp(unt)z OH 15b were next examined (DLHCII]C L) Oxidation of ua,u with Jomes reageii,
followed by Curtius rearrangement'® [diphenylphosphoryl azide (DPPA), PhCH,OH, refluxing benzene] of the
resulting carboxylate 11a,b gave N-Cbz aminoacetates 12a,b (12a: 52% yield for 2 steps; 12b: 52% yield for 2
steps). Catalytic hydrogenation of 12a and 12b over 10% Pd-C in EtOAc in the presence of Boc,0 gave the N-
Boc aminoacetates 13a and 13b in 88% and 83% yield, respectively.”®”' Hydrolysis of the acetates gave N-Boc
aminoalcohols 14a,b, which were oxidized with Jones reagent to give N-Boc-Pmp(OEt),-OH 15a ([a],” +24.0
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D
Ohfo}npd were identiral tn those report by

reswtive}“. The specific rotations of 15a and 15b thus obtained were identical to those reported by Roques
and TS PR T S Iy .. . g, baroumle non rhieal cxrmthhaaas =
and Burke,” respectively. At this stage, the absolute configuration of phosphonate chiral synthons 6éa.b was

unamblguously established to be R and it was confirmed that no racemization takes place during these
transformations.”

Scheme 2 (\n/ Z—P(O)(OEt), m, Z—-P(O)(OEY),
'/‘\/ o (“\/ o

Jones oxidn. DPPA / PhCHoOH KoCO4
6a,b o ,J\/QAC viin .,/LV,OAc T
HO,C benzene / reflux XHN aqMeUH
iia,b Hy / Boc,O |— iza,b X=Cbz
Pd-C/EtOAc | 13ab X=Boc
% Z—P(O)(OEt), Z—-P(O)}{OEt)2
X Jones oxidn. /©/ [ \
' ' a: Z=CHp; b: Z=CF; l
{ J
ngHN&/OH BOCHNACOQH
14a,b 15a,b

peptidemimetic ligands might be useful to find novel SH2-ligands with significant biological activities.
Accordingly, phosphonate chiral synthons 6a-c prepared in the previous section were transformed toward pTyr
analogues 18a-c with a f-amino acid structure (Scheme 3).

Scheme 3 ~
=
~ L 7-P(O)(OEN), ZN oo
N : - £ P(O)(OEl)2
1) HN3 / DIAD / PhsP Jones oxidn. A
2) Hp / Bocy0 / Pd-C \/k/
) Ha 2 BocHN OR BocHN\/L
COH
16a-c H=Ac i8a-c
17a-c R=H

a: Z=CHpy; para-substituted; b: Z=CF,; para-substituted; c: Z=CHp; meta-substituted

Reaction of 6a-¢ with hydorazoic acid under the Mitsunobu conditions,” followed by hydrogenation over
10% Pd-C in the presence of Boc,0 in EtOAc,” gave N-Boc aminoacetates 16a-c in good overall yields (16a:
98%:; 16b: 68%; 16¢: 86%). After hydrolysis of the acetates with potassium carbonate in aqueous MeOH, the
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resulting N-Boc aminoalcohols 17a-¢ were oxidized with Jones reagent to give 18a-c in good yields (18a: 91%
18b:89%; 18c: 84%). Using these synthetic sequences, novel pTyr analogues 18a-c with a B-amino acid

structure, amenable to automatic solid-phase peptide synthesis, were obtained in multi-gram quantities.

ny

CON

CLUSION

In conclusion, we have developed a facile method for the preparation of protecting derivatives of Pmp and
F,Pmp, hydrolytically stable pTyr analogues, from readily available 2-benzyl-1,3-propanediols 4a-c¢ through
chemoenzymatic sequences. The methodology was also applicable to an enantioselective synthesis of novel pTyr
analogues 18a-c having a B-amino acid structure.

EXPERIMENTAL

General. All reactions were carried out under nitrogen atmosphere, unless otherwise specified. Al NMR data
i rmiker AM 400 or DPX 400. '"H NMR data were collected

were recorded in CDCL, unless othery

VEW AWAW\ASWAS L 'VU\,"; WALIAWID LAAWE Y 3 l 2ATE TV ASA L£n W AR 4 Vivaan NN AW VAN

| Aevasabieme ANN AALT., Tha ~hamaisn o atn Fre an~ oI M

by operating at 400 MHz. The chemical shift data for each sig 13} are given in units of § relative t
noAn 11 I oA l? U R AT N 1 h\!lln /1//\ \I' N

[e[rmmylsuaﬂe (O U. UU) or CmOfOIOfm (O /. LO) - (1O MiHz) anﬂ ‘rI K (104 MRnz) were taken with

broad-band 'H decoupling. The chemical shifts of "*C are reported relative to CDCI, (8 77.0). The chemical shifts
of *'P are recorded relative to external 85% H,PO,. "F NMR (376 MHz) spectra were measured using
benzotrifluoride (BTF) as an internal reference. IR spectra were recorded as film or KBr disc on a Perkin-Elmer
1710 FTIR spectrometer. Mass spectra were measured on a Hitachi M-80 or a VG Auto Spec spectrometer.
Optical rotations were measured with a JASCO DIP-360 digital polarimeter. Lipase PS was purchased from
Amano Pharmaceutical Co., Ltd.

ren p vl 10 B v L1l el 3] fERAE% 1

mmol) ' and NBS (8.9 g, 50 mmol) in CCl, (100 mL) containing AIBN (164 mg,

for 3h. Afier oemg cooied to -15 C, the pl“cip‘ita‘es were fi

General nrncndnrn of NBS-mediated bromination of 8a-c. The mixtu
14

and the corresponding o, o-dibromides. These oils were used for the next reactions without purincanon
4-(Diethoxyphosphorylmethyl)benzyl bromide 9a. An analytical sample was obtained by column
chromatography on silica gel (hexane:EtOAc=6:1). 'HNMR &8 7.31-7.23 (4H, m), 4.44 (2H, s), 4.04-3.94 (4H,
m), 3.11 (2H, d, J = 21.8 Hz), 1.22 (3H, d, J = 7.0 Hz), 1.21 (3H, d, J = 7.0 Hz); "C NMR 3 136.3 (d, J, =
3.2 Hz), 131.9 (d, J,. = 9.2 Hz), 130.1 (d, J, = 6.3 Hz), 129.1 (d, J,c = 2.4 Hz), 62.1 (d, J,. = 6.7 Hz), 33.4
(d, Joe = 138.3 Hz), 33.1, 16.2 (d, J,c = 5.8 Hz); *'P NMR & 25.70; IR (film) 1230 cm’; EIMS m/z 322 (M",

7
Br), 320 (M*, Br).
4-{(Diethoxyphosphoryl)(difluero)methyl}benzyl bromide 9b. An analytical sample was obtained by
column chromatography on silica gel (hexane:EtOAc=15:1 to 9:1). '"H NMR 8 7.59 (2H, d, J = 7.9 Hz), 7.48

~ v P 1 7YY

(ZH, d, /= 7.9 Hz), 4.49 (2H, s), 4.27-4.11 (4H, m), 1.32 (6H, t, /= 7.1 Hz); ' 6
Joo = 13.8, Joo = 22.0 Hz), 129.0, 126.7-126.6 (m), 117.8 (dt, J,e = 218.3 Hz, J,. = 263.3 Hz), 64.8 (d, Jyc =
6.7 Hz), 32.1, 16.2 (d, J,. = 5.5 Hz); F NMR & -45.8 (d, Jop = 115.6 Hz); TP NMR § 7.30 (t, Jop = 115.2
Hz); IR (film) 1272 cm’; EIMS m/z 358 (M*, ®'Br), 356 (M*, "Br). The spectral data were identical to those
reported by Solas ef al.*
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3-(Diethoxyphosphorylmethyl)benzyl bromide 9c. An analytical sample was obtained by column

chromatography on silica gel (hexane:EtOAc=6:1). 'HNMR 8 7.31-7.20 (4H, m), 445 (2H, ), 4.05-3.95 (4H,

m), 3.12 (2H, d, J = 21.7 Hz), 1.23 (6H, t, J = 7.0 Hz); "C NMR 8 138.0 (d, Joc = 2.9 Hz), 132.3 (d, Jpc =
e e 20 5 PN 12N A 73 ¥ — & £ TT N 1N O 71 ¥ — TX N\ 10 N A 7 Lo 3 2 TR 8 PN 1N £ 73 ¥ 77 TI_N
9.2 Hzj, 130.4 (4, Jpc = 6.5 Hz), 125.8 (d, J,. = 6.4 Hz), 128.9 (d, Jpc = 2.9 Hz), 127.5 (4, J,c = 3.3 Hz),
1 J T (d, J, i H 2, 163 (d j Hz); *’P NMR & 25.61; EIMS m/z

322 (M*, ¥ Br). 320 (M*, “Br).

General procedure for the synthesis of dimethyl 2-benzylmalonates 10a-c. To a stirred suspension
of NaH (2.16 g of a 60% suspension in mineral oil, 90 mmol; prewashed with hexane) in THF (60 mL) was
added a solution of dimethyl malonate (11.9 g, 90 mmol) in THF (120 mL) over 30 min under ice cooling. After
being stirred for 30 min at room temperature, a solution of crude 9a-¢ (60 mmol) in THF (120 mL) was added
over 30 min. The mixture was stirred for 2 h at room temperature. The reaction was quenched with sar. NH,CI

otil J11 1 LIl IC

(30 mL) and the oanic laver was senarated. The senarated agueous laver wag extract wit]

(20 ml) and the organic layer was separated. 1he s¢paraled aqueous layer was extracted with AC, 11X
mhinad Aroaanmis avirante ara vwachad writh hrina Ariad IMaCNY )Y and Annoantratad ta otuas Armada santasial

COMIoINeaG OrganiC eXwacls were wasnea wilil orine, Grieag (MgoU,), ana Concentralea o give a Cruae imatcria,

' a

which was purified by column chromatography on silica gel. The yield and physical data of 10a-c¢ are listed
below:

Dimethyl 2-[(4-diethoxyphosphorylmethyl)benzyllmalonate 10a. Obtained as an oil in 76% yield
after column chromatography on silica gel (hexane:EtOAc = 4:1 to 1:1). '"H NMR & 7.20 (2H, dd, /= 2.4, 8.0
Hz), 7.13 (2H, d, J = 8.0 Hz), 4.05-3.91 (4H, m), 3.68 (6H, s), 3.64 (1H, t,J = 7.8 Hz), 3.18 (2H, d,J = 7.8
Hz), 3.10 (2H, d, J = 21.6 Hz), 1.22 (6H, t, J = 7.1 Hz); "C NMR & 169.0, 136.3 (d, J, = 3.7 Hz), 130.0 (d,
Joe = 9.4 Hz), 1299 (d, J,. = 6.5 Hz), 128.8 (d, J, = 2.8 Hz), 62.0 (d, J,. = 6.8 Hz), 53.4, 52.4, 34.2, 33.2
(d, Joc = 138.2 Hz), 16.2 (d, J,c = 5.9 Hz); *'P NMR § 27.6, IR (film) 1714, 1230 cm; MS m/z 372 (M*);

Anal. Caled for C._ H..QO.P: C.54.84: H 6.77. Found: C. 54.99: H 6.84
P 8 o 178453072 Ny JTLOTT, 2R, T B VGG Ny JTLT T, 11, ULOT,
TNieenntbhue,d P (A [Miath e haoacmh g\ diflesnmenlseendher il Th nseme, Tlawvealnsatn TNRh Nhkicsoand oo Armgotalc
LINCLlY]l &9\ MITLHUAY DPDHUPINUL Y1) UITTUUL U )HITLNYHUCBLY 1 P IIAIUIALC 1UD. UDWITUA asy Crystdly
fammam LAY £ O S VLT 2 nl A ol b Lt by i ST LT oo Tle A e L1 s ALY 1T ATRATD ©
(HIP OU-01 L)1 /170 yiCId altCl COuIm Cinomdatogt i1y OI1 SlliCd ZCl (LCAdIC. LEIUAC = 01 10 £ 1). 1 INIVIK O

a :
7.53 (2H, d, J =7.8 Hz), 7.28 (2H, d, J = 8.0 Hz), 4.24-4.07 (4H, m), 3.69 (6H, s), 3.66 (1H, t, J = 7.8 Hz),
3.25 (2H, d, J = 7.8 Hz), 1.29 (6H, t, J = 7.1 Hz); C NMR & 168.8, 140.7, 131.1 (dt, Jo. = 13.7 Hz, Jy. =
22.0 Hz), 128.8, 126.4, 117.9 (dt, J, = 218.5 Hz, J.. = 263.1 Hz), 64.6 (d, J,. = 6.8 Hz), 53.1, 52.5, 34.3,
16.2 (d, Jpc = 5.4 Hz); ”F NMR 8 -45.5 (d, J, = 116.3 Hz); *'P NMR § 7.52 (t, J, = 116.7 Hz), IR (film)
1737, 1271 em™; EIMS m/z 408 (M"). Anal. Calced for C,;H,,F,0,P: C, 50.00; H, 5.68. Found: C, 50.02; H,
5.93.

Dimethyl 2-[(3-diethoxyphosphorylmethyl)benzylmalonate 10c. Obtained as an oil in 56% yield
after column chromatography on silica gel (hexane:EtOAc = 3:1 to 1:1). '"H NMR 8 7.23-7.06 ( 4H, m), 4.05-
3.92 (4H, m). 3.69 (6H. s). 3.65 (1H. t. J=7.7 Hz), 3.19 ?H.d, J=7.8 Hz), 3.10 2H, d, J = 21.6 Hz), 1.23
3.92 (4H, m), 3.69 (6H, s), 3.65 (1H, ¢, J=7.7 Hz), 3.19 (2H, d, J=7.8 Hz), 3.10 (2H, d, J = 21.6 Hz), 1.23
(6H.t. J=7.1 Hz): B*C NMR & 169.0. 1379 (d. J..=3.0 Hz). 1318 (d. J..=92 Hz). 130.1 (d. J..= 6.5
\VULEy Ly, v FoR RRLiJ, S LNIVAIN W LU ZWY, LI 17 My Jdpe SV LALf, 11,0 \Uy Jpt Tk KALj, LIVU.R M, Jpo AV Y4
- 172 A /A T 20 H2Y 19 92 (A 1 —_ AA Y 172777271 T =24 HaN\ 9N (A T (7 Uy &2 4
1iL4), 1&40.U (U, JPC‘— L7 11L)y, 1&O.& \M\D, JPC e AT LML), L& . \My JPC = J.,ST 114}, V&V U, JPC - .7 11L)}y JI.E,
52.4, 34.5, 33.5 (d, J,. = 138.0 Hz), 16.2 (d, J,c = 5.8 Hz); *'P NMR § 27.50; IR (film) 1737, 1246 cm’';
TITRAQ ___7_ 73777 /R A+ Aandl M1 .1 L M IT MDD M EAQA. TIY £7717 Doaeaead ™ 4 AN. YT £ 00

DLVID> my/Z 574 (VD). Alldl. LdiCd 101 U .11, 0, U, 4,04, I, O./ /. rOould. L, o4.4y, 11, V.00

Genrai procedure for the preparation of 2-benzyipropanedioi derivatives 4a-c. To a stirred
solution of diesters 10a-c¢ (30 mmol) in MeOH (120 mL) was added NaBH, (6.81 g, 180 mmol) under ice-
cooling. The mixture was stirred at room temperature for 2 h. The volatile component of the mixture was

u—-

evaporated. The residue was portioned into water and CHCI,. The aqueous layer was extracted with CHCl,. The
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combined extracts were washed with brine, dried (MgSO,), and evaporated to give a crude material, which was
nurified by column chromatoe hv on silica eel to oive da-¢. The vield and nhvcmal data are as follows:

AVAR U CASEWBLLRLE \duuluau.vsluyu] L/iE Jillwid 5\/1 W 6 TWEST V. AN AULU u. FLV Y AALRE GRA W W ANSEAN
Diethyl {4-[3-hydroxy-2-(hydroxymethyl)propyl]phenyl}methylphosphonate 4a. Obtained as

u
l B"

o B e d’a SR V7 W a2 VLN

crystals (mp 83-87 vL,) in 79% y1€lﬂ aIIEI' column cnromatograpny on silica gCI (Ll‘l(,lq MeOH = LW 1 to 100: 1).
'"H NMR & 7.17 (2H, d, J = 7.8 Hz), 7.10 (2H, d, J= 7.8 Hz), 4.05-3.91 (4H, m), 3.69 (2H, broad d, J = 10.6
Hz), 3.56 (2H, dd, J = 6.9, 10.6 Hz), 3.08 (2H, d, J = 21.5 Hz), 2.89 (2H, broad s), 2.55 (2H, d, J = 7.5 Hz),
2.02-1.90 (1H, m), 2.02-1.90 (1H, m), 1.21 (6H, t, J = 7.1 Hz); °C NMR & 138.9 (d, J,. = 3.8 Hz), 129.7 (d,
Joo = 6.6 Hz), 129.2 (d, Jo = 2.8 Hz), 128.7 (d, Jpo = 9.2 Hz), 64.7, 62.2 (d, Joc = 6.7 Hz), 43 8, 33.8, 32.6
(d, Jo = 138.2 Hz), 16.3 (d, J,c = 6.0 Hz); *'P NMR & 28.20; IR (KBr) 3401, 1229 cm'; EIMS m/z 316 (M").

Anal. Calcd for C,;H,,O.P: C, 56.95; H, 7.97. Found: C, 56.45; H, 7.78.

Diethvl difluoro{4-[3- hydroxy-2-(hydroxymeth vhpropyllphenvllmethylnhosphonate 4h.
bt ™ = L e o SJ ES of FJ RapFEssv==g <y v r

Ohtainad ac an nil in B4 viald aftar caohimn chromataoran an cilica gal (CHOCD Ao - U1 tn M1 K4
LOMAUIICa a5 all Ol 1l O4 70 YiGiG ancl COiumn CromdiOgrdpiy O SuliCd gO1 (L1l Ut = Suvil 10 suvii). 11
ARAD ST &I /MNIT A T __ T 7 IIy "779Q /MAIT A T 77 1IN AAA AND (ALY .\ 2 7£ (AIY 11 T 7270 1”7y
NIVIRKN O 7,03 e, A, J = /./ 1Z), 1.0 \L, O, J = /.7 L), 4.494-4.U7 (411, 1I1), 3./0 (<11, 4G, J = 13.Y, 1U./
Hz), 3.63 (2H, dd, J = 6.6, 10.7 Hz), 2.66 (2H, d, J = 7.5 Hz), 2.62 (2H, broad s), 2.07-1.98 (1H, m), 1.31

(6H, t, J = 7.1 Hz); "C NMR § 143.4, 130.0 (dt, J, = 13.8 Hz, Ji- = 22.0 Hz), 129.1, 126.1 (m), 118.0 (dt,

Joe =219.9 Hz, J. = 262.8 Hz), 64.9 (d, J,. =6.6 Hz), 64.3, 43.7, 33.9, 16.2 (d, J, =5.0 Hz); °’F NMR §

-45.1 (d, Jpr = 117.6 Hz); P NMR 3 6.18 (t, J;, = 117.6 Hz); IR (film) 3408, 1262 cm™; EIMS m/z 352 (M*).

Anal. Calcd for C,;H,,F,0.P: C, 51.14; H, 6.58. Found: C, 50.91; H, 6.63.

Diethyl {3-[3-hydroxy-2-(hydroxymethyl)propyllphenyl}methylphosphonate 4c. Obtained as an

oil in 90% yield after column chromatography on silica gel (CHCI;:MeOH = 200:1 to 100:1). '"H NMR § 7.26-
,dd, J=6.5, 10.8 Hz), 3.12 (2H,
o .

P | A D 2\ D NA 1 AY £ 7 ©
s = 210X . {in, ofoaa 64 (2 , nzZj, 2.U4-1 10, ij, 5 (1H, broad s), 1.24
fLTT 7 ot Y¥_ N, 13 nTrA S 1 AN L 1N 7 T o LY AnNE 731 T L £ IXT. N 1nC 4 i IS T 4
o, L, Js=7.1nz), U NNMRKO 14U.0, 1507 (Q, Jp = 0.7 NZ), 150V.0 (4, J C=DO Z), 148.4, 14/7.7 (4, JPC—
2.7 Hz), 127.2 (d, J,c = 6.1 Hz), 63.8, 62.3 (d, J, = 6.7 Hz), 44.0, 33.9, 33.4 (d, J,. = 137.9 Hz), 162 (d,

Joe = 5.4 Hz); *'P NMR § 28.09; IR (film) 3402, 1236 cm’'; EIMS m/z 317 (M*+1). Anal. Calcd for C;H,,0.P:
C, 56.95; H, 7.97. Found: C, 56.46; H, 7.83.
3-(Acetyloxy)-2-{4-[(diethoxyphosphoryl)methylibenzyl}propyl acetate Sa. Diol 4a (4.7 g, 15
mmol) was treated with Ac,0 (4.6 g, 45 mmol), Et;N (4.6 g, 45 mmol), and N,N-dimethylaminopyridine (366
mg, 3mmol) at room temperature for 2 h. The mixture was diluted with IN HCI and extracted with ether. The
extracts were washed with sar. NaHFﬂ dried (MQQO ), and evaporated. The _N_d > was pu ified bv column

AL Waallo cAQIILYS .. .. 221208 V) MeLaaia

H NMR 8 7.22 (2H, dd, J
6

i g P ~ "

IY
i1, Q, J=17.2

chromatography on silica gel (hexane:EtOAc=1:1) to give 5a (5.5 g, 92%) as an

7‘\A Of\IT— e AT ' W Es )0 |

— /=80 Hz). 4.14-3.95 (SH. m). 3.11
- 4.4, 0.V INL IU’\LIIUJ—O} .

1T~ /Y ) 1
nzj, 4 3.95 (on, mj, 5.11 {4, g, J =
12~ o~

Hz), 2.6
Hz), 2.34-2.25 (IH, m), 2.05 (6H, s), 1.23 (6H, t, J= 7.1 Hz); “"C NMR 9 170.7, 137.1 (d, Joc = 3.6 Hz),
129.8 (d, Jpc = 6.5 Hz), 129.5 (d, Jp = 9.1 Hz), 129.0 (d, J,c = 2.5 Hz), 63.5, 61.9 (d, J,. = 6.7 Hz), 38.9,
34.0, 33.1 (d, J, = 138.2 Hz), 20.6, 16.2 (d, J,. = 5.9 Hz); *'P NMR & 27.60; IR (film) 1739, 1230 cm;
EIMS m/z 400 (M"). Anal. Calcd for C,,H,,0,P: C, 56.99; H, 7.30. Found: C, 56.72; H, 7.26.

3-(Acetyloxy)-2-{4-[(diethoxyphosphoryl)(difluoro)methyl]benzyl}propyl acetate 5b. Obtained
as an oil in 84% yield by diacetylation of 4b in an analogous manner to that for the preparation of 5a. '"H NMR &
7.55 (2H, d, J = 7.7 Hz), 7.25 (2H, d, J = 7.7 Hz), 4.28-4.10 (4H, m), 4.07 (2H, dd, J = 5.3, 11.2 Hz), 4.00
J=6.1,11.2 Hz), 2.74 (2H, d, J = 7.4 Hz), 2.43-2.29 (1H, m), 2.05 (6H, s), 1.31 (6H

&~ Kxdij, \~ii, G, v izl 1L 8 5 LIS VAR, Sy, i Ay by iea
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Hz): BC NMR 8 170.5. 141.6. 130.5 (dt =138 J =222 Hz) 128R8. 1262 (. J.. =56 Hz), 117.8 (dt
'z e AWAVAEN W 17 Vedy 17TL.Vy LIV AL Jpe LUy VEC sl ¢ B A ? 3 AF T RO 7 AN

I 21986 I —_"EINMN £AK (A T &7 W 272 1R7 2497 9085 160(d 7 =54 Hz)» F NMR
Jpo T L1101, Jge = LU3.V IRZL), U440 \U, Jpe = U.7 11L), UJ.J, JO.7, JF.&, LULJ, 1U.U Y, Jpe L5 f24), & ANIVUAN
o A=~ 31 7 44 m AT N MM NTR AT S 7 AL s 11£ 7 I\, T /78117741 13121 1NA2 10N Al CTAAQ
0423 (4, Jpg = 0.7 HZ); "P NMK 0 /.40 (I, Jpp = 110./ NZ); IK {(ILUM)17/41, 1251, 1U%0, 1VULV LIl , EiVES

i .

m/z 436 (M*). Anal. Calcd for C,H,,F,O,P: C, 52.30; H, 6.24. Found: C, 52.34; H, 6.12.
General procedure for lipase PS-catalyzed acetylation of 4a-c. A mixture of substrate (10 mmol),
vinyl acetate (1.7 g, 20 mmol) and lipase PS (1 g per 1 g of the substrate) in THF (50 mL) was stirred at 25 C
for 2 h. The reaction was terminated by filtering off the enzyme. After removal of the filtrate in vacuo, the residue
was purified by column chromatography on silica gel to give the mono-acetate 6a-c as oils. The yields and
specific rotations are summarized in Table 1. The physical data of 6a-c are as follows:

(2R)-2-[(4-Diethoxyphosphorylmethyl)benzyl]-3-hydroxypropyl acetate 6a Obtained after column

Diethox sphorylmethyl)benzy hydroxy acetat ed
chromatography on silica gel (hexane:EtOAc = 1:2 to 1:4). 'H NMR 8 7.21 (2H, dd, J = 2.4, 8.0 Hz), 7.12 (2H,
A T 0N LIy A 1& /10X A4 T A7 1172 U=\ ANKS (110 A | . | 11 2 LI /Iﬂ’l_’l(‘)(/[]m\ 1 89
a,J =0V nZj 4.10 (i, QQ, vy = 4./, 11.0 n1Z), 4.U5 (111, 44, J = V.4, 11.0 112}, 4.U5-3.5J \+11, iy, J.5&
H .8, 11.1 Hz), 3.45 (iH, dd, J = 6.1, 11.1 Hz), 3.11 (ZH J Hz), 2.66 (IH, dd, J = 7.4,

PN
)

n

13.4 Hz), 2.59 (1H, dd, J = 7.6, 13.7 Hz), 2.20 (1H, broad s), 2.14-2.05 (1H. m), 2.07 (3H, s), 1.23 (6H, t, J
= 7.1 Hz); "C NMR 8 171.5, 138.0, 129.8 (d, J,. = 6.2 Hz), 129.4 (d, Jpc = 9.1 Hz), 129.2, 64.0, 62.1 (d,
Joe = 6.6 Hz), 61.9, 42.3, 33.9, 32.6, 20.8, 16.3 (d, Jyc = 5.9 Hz); *'P NMR & 27.85; IR (film) 1737, 1244
cm’'; EIMS m/z 358 (M*). Anal. Caled for C,,;H,,0,P: C, 56.98; H, 7.59. Found: C, 56.89; H, 7.73. The
enantiomeric purity of 6a was determined by HPLC analysis on a chiral phase [Chiralcel OD (Daicel),

hexane:EtOH=90:10, flow rate=0.5 ml/min, UV detector (254 nm), Rt=21.8 min and 24.1 min for 6a and the

corresnonding enantiomer. resnectivelvl

corresponding enantiomer, respectively|.

(YDA Y A TiMathavvnhaenharvihV/diflnaralmat ‘lr"\nnr1v|1=1= vdravvnranvl arafata I 4
\hl\] rd “ l\ulclllul\’ylluﬂl’llul I}\ull ERERFR “’ll.‘{... IJUI—IIIJ ll [ Al § 4 AL W Jl-'l "ll ) AL L VLN W R

Obtained after column chromatography on silica gel (hexane:EtOAc = 1:1 to 1:2). 'H NMR 8 7.54 (2H, d, J =
7.8 Hz), 7.27 (2ZH, d, J = 7.8 Hz), 4.26-4.04 (6H, m), 3.58 (iH, dd, J=4.5, ii.2 Hz), 3.49 (iH, dd, j = 6.4,
11.2 Hz), 2.74 (1H, dd, J = 7.6, 13.7 Hz), 2.66 (1H, dd, J = 7.5, 13.7 Hz), 2.17-2.09 (1H, m), 2.08 (3H, s),
1.31 (6H, t, J = 7.1 Hz); *C NMR & 171.3, 142.6, 130.2 (dt, J,. = 13.9 Hz, J,. = 22.2 Hz), 129.0, 126.2-
126.1 (m), 117.9 (dt, J,. = 219.5 Hz, J,. = 263.0 Hz), 64.7 (d, J.. = 6.8 Hz), 63.8, 61.3, 42.0, 33.9, 20.9,
16.1 (d, J,. = 5.4 Hz); "’"F NMR 8 —45.3 (d, J,, = 117.5 Hz); *'P NMR 8 7.59 (t, J,, = 117.5 Hz); IR (film)
3452, 1739, 1261 cm’'; EIMS m/z 394 (M"). Anal. Calcd for C,;H,.F,0OP: C, 51.78; H, 6.39. Found: C, 51.84;

H, 6.57. The enantiomeric purity of 6b was determined by NMR (300 MHz) analysis of the corresponding
A

M‘P‘ \ esters uernled rom {(+)- and (D-MTPA

\ 34 Iy Iroim (+;- and VITTA.

(IDY Y (Y Minthnwure hoacmhnwolmmaathollhaseose 11T 2 huodmnverrmenme o i‘nin K n Nhtatmad afiar ~Anlizemam
[m}-‘-l[q’-ulclllulyPIIUDPIIUIyllllc‘ll’ l}u‘:llbylj';"ll’u UJ"'PI U‘J!l ALTLALT UL, Uuallicu allcl Cuiuiligg
1 1 71 A\ A a 1. AN ]' AT ~ N /AYTY Y A NN DY N1 FLYTY AN

Cnrornalograpny on silica gel {nexane: EiOAc = 1:2 10 1:4). H NMR 0 7.26-7.05 (4, mj, 4.£U-3.Y1 (OH, mj,
3.56 (1H,dd, J=4.6 Hz), 3.46 (1H, dd, J=5.9, 11.3 Hz), 3.11 (2H, d, J=21.6 Hz), 2.66 (1H, dd, J = 7.7,

13.7 Hz), 2.63 (1H, dd, J = 7.2, 13.7 Hz), 2.17-2.07 (1H, m), 2.07 (3H, s), 1.23 (3H, t, J = 7.0 Hz), 1.22
(3H,t,J=7.1 Hz); "CNMR § 171.3, 139.7 (d, Joe = 2.9 Hz), 131.3 (d, Jpc = 9.2 Hz), 130.5 (d, Jp- = 6.4
Hz), 128.4 (d, Jo = 2.4 Hz), 127.5 (d, Jpc = 3.5 Hz), 127.4 (d, Jpc = 6.6 Hz), 64.1, 62.0 (m), 61.3, 42.1,
34.0, 33.4 (d, Jpc = 1379 Hz), 20.7, 16.2 (d, Joc = 5.9 Hz), ’'P NMR § 27.81; IR (film) 3398, 1738, 1240
cm’'; EIMS m/z 358 (M*). Anal. Caled for C,,;H,,O,P: C, 56.98; H, 7.59. Found: 56.56; H, 7.55. The
enantiomeric purity of 6¢ was determined by HPLC analysis on a chiral phase [Chiralpak AS (Daicel),

2 < 1 o Uy 4 chiral phas 2 e My (AUl
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m), Rt=20.4 min and 21.8 min for 6c and the

2. 5 AN L+ 111111 dlX

s Cev e - A t- -

corresponding enantiome
Lipase PS-catalyzed enantioselective hydrolysis of diacetates Sa,b. Diacetate Sa (400 mg, Immol)
or 5b (436 mg, immol) was suspended in a 70:30 mixture (10 mL) of 0.1 M phosphate buffer (pH 7.0, KH,PO,
/ K,HPO,) and i-Pr,0. The mixture was treated with lipase PS (400 mg for 5a; 436 mg for 5b) at room
temperature. The reaction was monitored by pH meter, and the medium was manually adjusted to pH 7.0 by
adding the buffer. Afier being stirred for 4 h, the reaction was terminated by filtration of the lipase. The filtrate
was extracted with ether. The extracts were washed with brine, dried (MgSO,), and concentrated to give a
residue. Purification by column chromatography on silica gel gave ent-6a (227 mg, 63%) and ent-6b (256 mg,

65%) as oils, respectively. The physical data were identical to those of 6a and 6b except the specific rotation

(Table 2)
(Table 2)
(25)-3-Acetyloxy-2-{4-[(diethoxyphosphoryl)methyl]benzyl}propancic acid 11a. To a solution
of 6a (3.58 g, 10 mmol) in acetone (25 mi.) was added jones reagent (10 mL) under ice-cooling. The mixiure

was stirred at room temperature for 4 h. The reaction was quenched with 2-propanol (5 mL) and the mixture was
extracted with ether. The extracts were washed with brine, dried (MgSO,), and concentrated to give crude 11a
(3.83 g) as an oil. This was used for the next reaction without purification. An analytical sample was obtained by
column chromatography on silica gel (hexane:EtOAc=1:2 to 1:4). [a],” +3.07 (¢ 1.0, MeOH), 'H NMR § 7.19
(2H, dd, J = 2.3, 8.2 Hz), 7.15 (2H, d, J = 8.2 Hz), 4.22 (2H, d, J = 6.0 Hz), 4.06-3.89 (4H, m), 3.74-2.82
(3H, m), 3.11 (2H, dd, J = 1.7, 21.7 Hz), 2.04 (3H, s), 1.22 (3H, t,J = 7.0 Hz), 1.20 (3H, t, J = 7.0 Hz), °C
NMR 8 175.1, 170.6, 136.8 (d, J,. = 3.8 Hz), 129.7 (d, Jpc = 6.4 Hz), 129.2 (d, J, = 9.4 Hz), 128.9 (d, J, =

2.6 Hz), 63.7, 62.4 (1, J,. = 5.7 Hz), 46.0, 34.0, 32.8 (d, J,c = 138.4 Hz), 20.5, 16.0 (d, J,c = 5.9 Hz); *'P
. At

NMD £79Q 70 TR (1) 1741 1940 ~male ETMC 50272 279 (M™Y Anal OCalad far . .

INIVIRK © 206,27, 1IN (T1I0T1) 1741, 124U Cill , CLVLD A/Z 574 (ivL ). Andl. Calcd for C]7H2507P. C, 5484, H, 6.77.
= N oEA I £ OA

round:; U, 2>4./1; H, 0.74.

(25)-3-Acetyloxy-2-{4-[(diethoxyphosphoryl)(difluoro)methyljbenzyl}propaneic acid 11b. This
compound was prepared as an oil from 6b in an analogous manner to that for the preparation of 11a and used for
the next reaction without purification. An analytical sample was obtained by column chromatography on silica gel
(hexane:EtOAc=1:1). [a],” —=5.37 (c 1.0, MeOH). 'H NMR 3 7.95 (1H, broad s), 7.53 (2H, d, J = 7.7 Hz),
7.28 (2H, d, J = 7.7 Hz), 4.29-3.96 (6H, m), 3.10-2.99 (2H, m), 2.88 ( 1H, dd, J = 6.0, 12.5 Hz), 2.03 (3H,
s), 1.29 (3H, t, J= 7.0 Hz), 1.28 (3H, t, /= 7.0 Hz); "C NMR § 175.1, 170.6, 141.1, 130.9-130.2 (m),

17.7 (dt, 1. = 2205

1289 126.2. 1 20.5 Hz, J.. = 263.2 Hz), 64.9 (d, J,. = 6.6 Hz), 63.5, 45.7, 34.0, 20.4, 16.0;
‘‘‘‘‘ , 126.2, 117.7 (dt, J,e = 220.5 Hz, J. = 267 ), d, Joc 20.4, 16.0;
9 31 -1,

F NMR 6 —45.6 (d, Jop = 117.5 Hz); P NMR 8§ 7.36 (1, Jp = 118.4 Hz); IR (film) 1746, 1245 cm™; EIMS

m/z 408 (M*). High resolution MS m/z caled for C;H,,F,0,P (M"): 408.1149. Found: 408.1132.

(25)-2-{[(Benzyloxy)carbonyl]amino}-3-{4- i(memoxypnospnoryumemyupnenyl;propyl
acetate 12a. A solution of crude 11a (4.0 g, ca. 10 mmol) and Et;N (1.39 mL, 10 mmol) in benzene (50 mL)
was treated with DPPA (2.75 g, 10 mmol) at room temperature for 30 min. After addition of benzyl alcohol (1.03
mL, 10 mmol), the mixture was heated under reflux for 24 h. After being cooled to room temperature, the
reaction was quenched with 5% aqueous citric acid. The organic layer was separated and washed with brine. The
extracts were dried over MgSO,, and concentrated. The residue was purified by column chromatography on silica

gel (hexane:EtOAc = 1:2 to 1:4) to give 12a (2.48 g, 52% from 6a) as an oil. [a],” —16.3 (¢ 1.3, MeOH), 'H
NMR § 7.38-7.29 (5H, m), 7.22 (2H, dd, J = 2.2, 7.6 Hz), 7.16 (2H, d, J = 7.6 Hz), 5.06 (1H, J = 12.2 Hz),

INIVIEN U v P A\ ELy ML)y [ edede \dmk Ry v ;X7 X3l ok, Gy F.0 R4 ), 200 A1k
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4.91 (1H, d, J = 8.0 Hz), 4.06-3.95 (6H, m), 3.10 (2H, d, J = 21.6 Hz), 2.86 (1H, dd, J = 5.5, 13.6 Hz), 2.79
(1H, dd, J = 7.5, 13.6 Hz), 2.05 (9H, s), 1.23 (6H, t, J=7.1 Hz). °C NMR § 170.6, 155.6, 136.2, 135.5,
129.8 (d, Jo. = 5.9 Hz), 129.2 (d, J,c = 2.2 Hz), 128.3, 127.9, 66.5, 65.6, 64.7, 61.9 (d, J,c. = 6.5 Hz), 51.1,
37.2, 36.9, 33.1 (d, J,c = 138.0 Hz), 20.6, 16.2 (d, J,c = 5.9 Hz); *'P NMR & 27.55; IR (film) 3260, 1740,
1718, 1232 cm *; EIMS m/z 477 (M*). High resolution MS m/z caled for C,,H,,NO,P (M"): 477.1916. Found
477.1932

(25)-2-{[(Benzyloxy)carbonyl]lamino}-3-{4-[(diethoxyphosphoryl)(difluoro)methyljphen-

yl}propyl acetate 12b. Obtained in 52% yield from 6b in an analogous manner to that for the preparation of
12a after column chromatography on silica gel (hexane:EtOAc=3:1 to 2:1). Yield: 52% from 6b; an oil; [a]n25
-15.1 (¢ 1.0, MeOH); '"H NMR & 7.55 (2H, d, J = 7.6 Hz), 7.39-7.26 (7H, m), 5.07 (1H, s), 4.96 (1H, d, J =
8.6 Hz), 4.25-4.03 (6H, m) t, J= 7.1 Hz); ®C NMR § 170.7,

219.1 Hz, /.. =
FC

-

.._.n

.5, 20.

(d, JH,- 116.6 Hz) ”P NMR § 7.50 (t, Jg = 116.6 Hz); IR (ﬁlm) 3308, 1743 1721, 1537, 1261, 1044 cm’
MS m/z 513 (M"). High resolution MS m/z calcd for C,,H,,F,NO,P: 513.1728. Found: 513.1720.
(25)-2-[tert-Butoxycarbonyl)amino]-3-{4-[(diethoxyphosphoryl)methyl]phenyl}propyl acetate
13a. A solution of 12a (955 mg, 2.0 mmol) and Boc,0O (524 mg, 2.4 mmol) in EtOAc (20 mL) was
hydrogenated over 10% Pd-C (100 mg) for 12 h at room temperature under atmospheric pressure. The catalyst

'y
n K Ag A
NIVEIN O -40.4
-1,
k]

was removed through Celite, and the filtrate was concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane:EtOAc = 2:1 to 1:1) to give 13a (779 mg, 88%). Mp 77-80 °C; [a],> -5.51
¢ 1.5, MeOH); 'HNMR §7.22 2H dd, J= 24, 8.0 Hz), 7.12 (’)I—I d, J=8.0 Hz)

a.y WMD) 51 LRy i 1y Nay Oz

d J=
road @, J

a

a

"TH A
i, G

-\
LiL ),
¥

o

7 1 A | g
Y in, aa, v =

—~ b
N =

/\ 1

Py "’
H i,/=7

=1

LJ.)

o} 3 N1 A1 IO PERY
(3H, s), 1.41 (9H, s),

-
o~
[=N
-
y
&

(d, Jpcz 138.2 Hz), 28.3, 20.8, 16.3 (d, JPC =58 Hz), Sip NMR b 27.57, IR (ﬁlm) 1742, 1713, 1240 cm’;
EIMS m/z 443 (M"). Anal. Calcd for C, H,,NO,P: C, 56.88; H, 7.73; N, 3.16. Found: C, 56.60; H, 7.65; N,
3.26.
(25)-2-[tert-Butoxycarbonyl)amino]-3-{4-[(diethoxyphosphoryl)(difluoro)methyl]phenyl}pr-
opvl acetate 13b. This compounds was prepared in 83% yield from 12b in an analogous manner to that for the
tion of 13a. An oil; [a],” —9.03 (¢ 0.9, MeOH); 'HNMR 8 7.55 (2H, d, J= 7.8 Hz), 7.28 (2H, d, J =

% VL A Y% FAS L ) B § VAVAIN Q70 &2, i34 V&1, 4y

z), 5.07 (broad s), 4 .05 (5H, m), 4.06-4.01 (2H, m), 2.90-2.81 (2H m), 2.08 (3H, s), 1.40 (9H,
J

32

ren

NA 1840 14072 1')11'\1'"\11/
U.4, 104.7, 14U.0, 101.U-10U.£L (1
.8,

vl

e
<
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NN\

n I(L! il o wlieo
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1),
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s), 1.3 ls R m 0, 1
127.6, 117.7 (dt, J.. = 278.8 Hz, . 64.4 (d, J,. = 6.6 Hz), 50.2, 37.2, 27.9,
15.9 (d, J = 5.3 Hz); °F NMR8453 (d, Jop = 116.6 Hz) *'P NMR 8 7.36 (d, J, = 116.6 Hz); IR (ﬁ]m)
3328, 1744, 1712, 1261, 1044 cm™'; EIMS m/z 479 (M*); High resolution MS m/z caled for C, H,,F,NO,P:
479.1884. Found: 479.1873.

Diethyl [(4-{(25)-2-[(tert-butoxycarbonyl)amino]-3-hydroxypropyl}phenyl)meth-
yllphsphonate 14a. A solution of 13a (444 mg, 1 mmol) in 90% MeOH (10 mL) was treated with K,CO, (for
1 h. The volatile component of the mixture was evaporated, and the residue was portioned into water and CHCI,.
cts were washed with brine, dried (MoQﬂ ),

(518 e L3 SN

]

&.,
l |
[ ]
~I
191
Eﬂ
N
=
~]
\CJ
CJ
N
+

neous laver was extracted with (“H("I . The combined ext

The aqueous layer wa cte CHC!I
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and concentrated. The residue was purified by column chromatography on silica gel (hexane:EtOAc=1:4) to give
a e . ot ~1 25 P a 1 -

14a (307 mg, 77%) as an oil. [a],™ -14.9 (c 0.9, MeOH); '"H NMR 8 7.22 (2H, dd, J = 2.3, 8.0 Hz), 7.16

(2H, d, J= 8.0 Hz), 483 (1H, d, J=5.7 3

- ~ AT

3.55-3.49 (1H, m), 3.11 (2H, d, J = 21.6 Hz), 2.82 (2H, t, J = 6.1 Hz), .41 (9H, s), 1.23 (3H, t with small
splits, J = 7.1 Hz), 3BC NMR & 155.8, 136.9, 129.6 (d, Joc = 9.2 Hz), 129.4 (d, Jp¢ = 2.5 Hz), 129.1 (d, J
9.2 Hz), 79.1, 63.1, 62.1 (d, J,. = 6.7 Hz), 53.5, 36.8, 33.0 (d, Jp. = 138.3 Hz), 28.2, 16.2 (d, J,c = 5.9 Hz);
3P NMR & 27.86; IR (film) 3344, 1709, 1247 cm; EIMS m/z 401 (M"). High resolution MS m/z calcd for
CH,,NO[P (M*): 401.1967. Found: 401.1953.

Diethyl [(4-{(25)-2-[(tert-butoxycarbonyl)amino]-3-hydroxypropyl}phenyl)(difluoro)meth-
yliphsphonate 14b. This compound was prepared as an oil from 13b in an analogous manner to that for the

. 25 1 —
preparation of 14a. Yield: 64%; [t],” -13.2 (c 1.1, MeOH); HNMR 67.54 (2H, d, /=79 Hz), 7.31 (2H, d,
J =79 Hz), 4.80 (1H, broad d, /= 7.1 Hz), 4.25-4.09 (4H, m), 3.84 (1H, broad s), 3.66 (1H, dd, J=3.7,
i0.9 Hz), 3.55 (iH, dd, /= 5.0, 10.9 Hz), 2.89 (CH, d, J = 6.7 Hz), 1.40 (SH, s), 1.31 (6H, &, /= 7.1 Hz);

C NMR § 155.8, 141 4, 130.2 (dt, J,- = 13.8 Hz, J,. = 22.1 Hz), 1294, 126.1, 118.
Jre = 262.7 Hz), 79.2, 64.7 (d, J,c = 6.7 Hz), 63.0, 53.3, 37.0, 28.2, 16.1 (d, Jpc = 5.3 Hz). F NMR &
-45.22 (d, Jop = 116.9 Hz); *'P NMR 8 6.78 (1, Jo = 116.9 Hz); IR (film) 3441, 3330, 1708, 1261 cm’'; EIMS
m/z 437 (M*). Anal. Calcd for C,,H,,F,NOP: C, 52.17; H, 6.93; N, 3.20. Found: C, 51.88; H, 6.86; N, 3.33.
(2S5)-2-[(tert-Butoxycarbonyl)amino]-3-{4-[(diethoxyphosphoryl)methyl]phenyl}propanoic
acid 15a. A solution of 14a (602 mg, 1.5 mmol) in acetone (30 mL) was added Jones reagent (3 mL) under ice-
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M
K(
|
[ ]
ot
o
W
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cooling. The mixture was stirred at room temperature for 1 h. The reaction was quenched with 2-propanol (5

mL). The mixture was extracted with ether. The extracts were washed with brine, dried (MgSO,), and

S R, Sy wexl FOVLIAT RAMIT_IN 1Y 4
HatvgiIapily O1n blll(.d. ECl (LU VICUTT=LU ) {0 glVC

1
25 N . -

c
15a (471 mg, 75%) as amorphous powder. [aj,™

—_ A wac Ao w1 gy

onceniraied. The residie was punucu vy column chro

+24.0 (¢ 0.97, EtOAc), lit..*® [ouD +26.2 (c 1.0, EtOAc); 'H
NMR 8 7.19 (2H, broad d, J= 7.9 Hz), 7.12 (2H, broad d, J = 7.9 Hz), 5.08 (2H, broad d, J = 7.9 Hz), 4.59-
4.53 (1H, m), 4.02-3.87 (4H, m), 3.24-3.04 (2H, m), 1.40 (9H, s), 1.20 (3H, t with small splits, J = 7.0 Hz),
1.17 (3H, t, J = 7.0 Hz); "C NMR & 173.1, 154.9, 134.9 (d, J,c = 3.4 Hz), 129.2-129.1 (m), 79.2, 62.3 (d,
Joc = 3.2 Hz), 53.9, 37.1, 32.7 (d, J,. = 137.4 Hz), 28.0, 16.0 (d, J,c = 9.2 Hz); 'P NMR 3 28.8; IR (film)
3700-2080, 1714, 1168, 1054, 1025 cm™; EIMS m/z 416 (M'+1), 359 (M'—fert-Bu). High resolution MS m/z

134. Found: 359.1138.

it.,” [o],” +8.06 (c 1.08, MeOH); 'H NMR & 7.53 (2H, d, J
=17. HZ), 5.08 (IH, d, =7.5 Hz), 4.65-4.55 (1H, m), 3.23 (1H, dd, J = 5.3, 13.5 Hz), 3.12 (IH, dd, J =
5.4, 13.5 Hz), 1.42 (9H, s), 1.33-1.25 (6H, m); °C NMR § 173.4, 155.2, 139.5, 131.5-130.4 (m), 129.5,
126.0, 117.8 (dt, J, = 219.1 Hz, J.. = 261.5 Hz), 79.8, 63.6 (d, J, = 6.7 Hz), 53.9, 37.6, 28.1, 16.0 (d, Jyc
=5.3 Hz); "’F NMR & -45.6 (d, J,. = 117.9 Hz); *'P NMR § 6.67 (t, Jp, = 117.9 Hz); IR (film) 1714, 1260
cm’'; EIMS m/z 452 (M*+1), 395 (M*—tert-Bu). High resolution MS m/z caled for C,H,,F,NO.,P (M*~tert-Bu):
395.0945. Found: 395.0940.

(2R)-3- [(tert-Butoxycarbonyl)ammo] -2-{4-(diethoxyphosphoryl)methyl]benzyl}propyl acetate
10 rpmnl) axnd Dl’\ P 15 s "’ mmnl\ |n ‘THF {1(’]() m] \ \XIQQ

Titinn
U 4 1L \J. & 11811IUR) 4111 4
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successively added HN, [30 mL of benzene solution of HN, prepared from NaN, (3.00 g, 46 mmol) and 50%
H,SO, (20 mL) in benzene (60 mL) ] nd diisopropyl azodicarboxylate (2.4 mL, 12 mmol) at -35 °C. The mixture

was stirred at the same temperature for 30 min, and allowed to warm to room temperature. After being stirred for

o] he v snlatila component Af tha mivhiera wae avanmnrata Tha ragidnae wae dicgnlvad in athar {20 mI Y and
< Il, um VUOULALLIC AL HICLHIL UL LL HIHAWIILG wad EValJUlCllbU. LI TUSIUUL WaAdD WIDWVIVYLAL L VUL \JU 1L, alig

4y Q8 £ ot . et . ,,,Aﬁrl‘u,_;‘._“u“r‘ o 1 ~ i amiAds (€ £ 2% bl
COOICO at 40 " 1or l . 1 0C precipiale was riterea anag uic 1iir rate was CVdefdlCU io gl € an aziac (0.0 g), wnmicn

was used for the next reaction without purification. A solution of the azide and Boc,0 (2.26 g, 12 mmol) in
EtOAc (100 mL) was hydrogenated over 10% Pd-C (250 mg) for 2 h at room temperature under atmospheric
pressure. The catalyst was removed through Celite, and the filtrate was concentrated in vacuo. The residue was
purified by column chromatography on silica gel (hexane:EtOAc = 2:1 to 1:2) to give 16a (4.48 g, 98%) as an
oil. [at], +4.54 (¢ 1.0, MeOH); 'H NMR & 7.12 (2H, dd, J = 2.3, 8.0 Hz), 7.05 (2H, d, J = 8.0 Hz), 4.87
(1H, broad s), 4.01 (1H, dd, J = 4.5, 11.2 Hz), 3.98-3.90 (4H, m), 3.84 (1H, dd, /=54, 11.2 Hz), 3.1

3.10 (1H, m), 3.05 (2H, d, J .5 Hz), 3.04-2.97 (1H, m), 2.60 (3H, s), 1.38 (9H, s), 1.18 (6H, t, /= 17.1
Hz» BC NMR 8§ 1709 1559 1376 (d. J. . =20Hz). 1298 ¢d. J.. =65 Hz). 1204 (4. J. . =91 z)
AR}, o ANAR U RS, 1JdJ. 7, 1200 (N4, dpe &7 XRLjy 1LT7.0 Uy vpe Ve Xidijy 2k \My vpC 7.1 Xadij,
129.0, 79.0, 63.9, 61.9 (d, Joo = 6.5 Hz), 41.4, 40.1, 34.9, 33.2 (d, J,. = 138.1 Hz), 28.2, 20.7, 162 (d, J,c
£ u¥ 3l amax < ™ /1N 1mAn 1AL 1 A V1 VAR A [ PR P )
K 440 )

= 5.7 Hz); " P NM
C,,H,(NO,P: C, 57.76; H, 7.93; N, 3.06. Found: C, 57.40; H, 7.99; N, 3.11.

(2R)-3-[(tert-Butoxycarbonyl)amino]-2-{4-(diethoxyphosphoryl)(difluoro)methyl]benzyl}pro-
pyl acetate 16b. This compound was prepared in 68% yield from 6b in an analogous manner to that for the
preparation of 16a. An oil; [a],” +2.99 (c 1.0, MeOH); '"H NMR & 7.54 (2H, d, J = 7.8 Hz), 4.77 (1H, broad
s), 4.25-4,07 (SH, m), 3.92-3.88 (1H, m), 3.25-3.17 (1H, m), 3.10-3.02 (1H, m), 2.71 (1H, dd, J = 6.3, 14.1
Hz), 2.63 (1H, dd, J = 8.9, 14.1 Hz), 2.22-2.12 (1H, m), 2.06 (3H, s), 1.43 (9H, s), 1.30 (6H, t, J = 7.1 Hz);
C NMR § 170.9, 155.9, 142. m), 128.9, 128.3, 126.2, 117.9 (dt, .

I zj
<

' [\
[o2
=
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2673 1 “'1 "IQ{\ A/lﬂ(d 4

-45.3 (d, J, = 117.0 Hz); >'P NM
m/z 494 (M (‘ +1). Anal. Calcd for
2.95.

(2R)-3-[(tert-Butoxycarbonyl)amino]-2-{3-(diethoxyphosphoryl)methyl]benzyl}propyl acetate
16¢. This compound was prepared in 86% yield from 6¢ in an analogous manner to that for the preparation of
16a. An oil; [a],” +1.99 (c 1.0, MeOH); 'H NMR § 7.26-7.02 (4H, m), 4.80 (1H, broad s), 4.13-3.88 (6H,
m), 3.21-3.01 (2H, m), 3.10 (2H, d, J = 21.6 Hz), 2.64 (1H, dd, J = 6.5, 13.8 Hz), 2.57 (1H, dd, J = 8.3,

m'ﬁ
(o]
~
LA
@)}

o

13.8 Hz), 2.17-2.08 (1H, m), 2.05 (3H, s), 1.42 (OH, s), 1.22 (6H, t, J = 7.1 Hz); *C NMR & 170.9, 155.8,
139.2 (d, Joo = 2.7 Hz), 131.5 (d, J,. = 9.1 Hz), 130.2 (d, J,c = 6.5 Hz), 128.4, 127.5 (d, J,. = 6.4 Hz),
127.3, 78.8, 63.8, 61.8 (d, ,'PC = 6.7 Hz), 41.2, 40.0, 35.1, 33.3 (d, Jpe = 137.9 Hz), 28.1, 20.6, 16.1 (d, J»c
= 5.9 Hz); "'P NMR § 27.6; IR (film) 3303, 1738, 1713, 1245 cm’; EIMS m/z 457 (M*). Anal. Calced for
C,,H, ,NO.P: C, 57.76; H, 7.93; N, 3.06. Found: C, 57.79; H, 7.88; 3.13.

Diethyl [{4-[(2R)-3-[(tert-butoxycarbonyl)amino]}-2-(hydroxymethyl)propyllphenyl}-
methyl]lphosphonate 17a. A solution of 16a (4.57 g, 10 mmol) in 5% aqueous MeOH (100 mL) was treated
with K,CO, (2.76 g, 20 mmol) at 25 °C for 1 h. The solvent was evaporated and the residue was portioned
between water and CHCI,. The aqueous layer was extracted with CHCl,. The extracts were washed with brine,
dried (MgS0,), and evaporated. The residue was purified by column chromatography on silica gel (hexane:EtOAc
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= 1:2 to 1:4) to give 17a (3.8 g, 92%) as an oil. [0],* ~9.59 (¢ 1.0, MeOH); 'H NMR 8 7.14 (2H, dd, J = 2.3

8.0 Hz), 7.06 (2H, d, J = 8.0 Hz), 5.18 (1H, broad s), 4.00-3.87 (4H, m), 3.53-3.46 (1H, m), 3.35-3.28 (1H,

m), 3.19-3.13 (1H, m), 3.04 (21—1 d,J=214 Hz) 3.06-2.98 (1H, m), 2.54 (1H, dd, J = 7.7, 13.5 Hz), 2.44
H 5 H, s), | H .1 Hz); C NMR § 157

138.6 (d, Jpe = 3.2 Hz), 129.6 (d, Jo. = 6.8 Hz), 129.0 (d, J,. = 1.9 Hz), 128.9 (d, J,c = 9.3 Hz), 79.3, 62.0
(d, J,c = 7.0 Hz), 61.7, 43.1, 40.6, ~4.8, 33.0 (d, Jpc = 138.3 Hz), 28.2, 16.1 (d, Joc = 5.8 Hz); *'P NMR 8
26.43; IR (film) 3369, 1710, 1251 cm’; EIMS m/z 416 (M*+1). Anal. Caled for C,,H,,NOP: C, 57.82; H
8.25; N, 3.37. Found: C, 57.48; H, 8.14; N, 3.39.

Diethyl [{4-[(2R)-3-[(tert-butoxycarbonyl)amino]-2-(hydroxymethyl)propyl]lphenyl}-
(dlﬂuom)methyl]phosphonate 17b. This compound was prepared in 88% yield from 16b in an analogous

i 1.8

.30 (6H, t, J = 6.7 Hz); >C NMR 8 157.4, 143.1, 130.5-130.0 (m), 129.0, 128.4 (d, J,c = 12.4 Hz),
126.2 (m), 118.0 (dt, Jp- = 219.1 Hz, J.. = 263.1 Hz), 79.7, 64.7 (d, J,c = 6.7 Hz), 61.4, 43.2, 40.5, 35.0,
28.2, 16.2 (d, Jp. = 5.4 Hz); "°F NMR 8 -45.2 (d, J;z = 117.1 Hz); *'P NMR & 7.59 (t, J = 117.1 Hz); IR
(film) 1690, 1262 cm'; EIMS m/z 452 (M*+1). Anal. Caled for C,H,,F,NOP: C, 53.21; H, 7.14; N, 3.10.
Found: C, 53.45; H, 7.17; N, 3.17.

Diethyl [{3-[(2R)-3-[(tert-butoxycarbonyl)amino]-2-(hydroxymethyl)propyllphenyl}-
methyllphosphonate 17¢. This compound was prepared in 84% vield from 16c¢ in an analogous manner to

et JALIW 11UVI 1

that for the preparation of 17a. An oil; [a],” -8.84 (¢ 1.0, MeOH); 'H NMR & 7.26-7.04 (4H, m), 4.90 (1H,

broad s). 4.06-3.92 (44 m). 3.57-2353 (1H. m). 327321 {1H m) 311 2H 4. J=216 Hz). 3.07-3.01
010ad §), 4.u0-3.YL (411, i), 5.5/-32.05 (10, My, 5.47-3.21 (11, M), .11 (11, G, v = £1.,0 112}, 3, U/-5.U1L
/1TTX ~= ) N LY ST EY 1.1 ' 4 ~1 A 19 £ TT_N\ N AN 1YY 11 T ~ N 1" £ YY¥_\ 1. 0" 1 O /1TX Y 1 A A /I‘Yl‘ N
(IH, m), £.0£ (i, A4,y = /.4, 13.0 1Z), £24Y (i1, 44, J = /.Y, 15,0 11Z), 1.Y4-1.%J {ll‘l, m), 1.44 (Y11, §),
i 9& /L i T TTmye I RIRAD S iST7 73 TANT 74 51

1.25 (3H, t, J = 7.2 Hz); "C NMR 0 157.3, 140.2 (d, J,. = 2.5 Hz), 131.3 (d, J,c Hz), i28.4 (d, J

2.2 Hz), 127.5 (d, Joc = 3.1 Hz), 127.3 (d, J, = 6.6 Hz), 79.3, 62.0 (d, J = 6.7 Hz) 61.7, 43.2, 404, 350
33.4 (d, Jpe = 137.8 Hz), 28.2, 16.2 (d, J, = 5.8 Hz); *'P NMR & 27.88; IR (film) 3371, 1709, 1246 cm’;
EIMS m/z 415 (M*). High resolution MS m/z caled for C,,H,,NOP (M"): 415.2124. Found: 415.2105.
(2R)-3-[(tert-Butoxycarbonyl)amino]-2-{4-[(diethoxyphosphory!)methyllbenzyl}propanoic
acid 18a. To a solution of 17a (2.63 g, 6.3 mmol) in acetone (126 mL) was added Jones reagent (13 mL)

under lC{_’,‘-{_(}Qlingi After bgmg stirred er 40 min at room temperature, the reaction was quenc ched with 2-
nranannl Tha mivhire wace diliited in watar and pvtranh:rl unﬂ'\ athar The avtrarte were wachs hnno Armad
lll\lllull\.’.l ALIw LIUALULLW YYFADS ULIUILVU Q1L VY alvil, ddiu vAauav IULl wliswvid . i1 . L A2 Sl LY L ELiNW,y AR AW

(MgS0,), and concentrated. The residue was chromatographed on silica ge 0 200:1) to

H, broad 4, J =

YTy

give i8a (2.46 g, 91%) as amorphous powder. {oj,” +2.04 (0.98, MeOH); 'H N 7.18
8.2 Hz), 7.14 (2H, d, J = 8.2 Hz), 5.03 (1H, broad s), 4.05-3.89 (4H, m), 3.43-3.33 (1H, m), 3.29-3.16 (1H,
m), 3.11 (2H, d, J = 21.6 Hz), 3.00-2.81 (2H, m), 1.42 (9H, s), 1.22 (6H, t, J = 5.9 Hz); *C NMR & 176.8,
155.9, 137.2, 129.8 (d, Joc = 6.4 Hz), 129.1, 80.9, 62.4 (d, J,c = 7.1 Hz), 47.1, 41.1, 35.4, 33.1 (d, Jpc =
138.2 Hz), 28.3, 16.2 (d, J,c = 5.9 Hz); *'P NMR & 28.68; IR (film) 1714, 1251 cm'; EIMS m/z 430 (M*+1),
429 (M"). High resolution MS m/z calcd for C,(H,,NO,P (M*~tert-Bu): 373.1290. Found: 373.1290.
(2R)-3-[(tert-Butoxycarbonyl)amino]-2-{4-[(diethoxyphosphoryl)(difluoro)methyl]benzyl}-

]

propancic acid 18h, Obtained in 89% yield by Jones oxidation of 17bh in an analogous manner to that for the
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preparation of 18a after column chromatography on silica gel (hexane:EtOAc = 1:1 to 1:4). An oil; [a];” +2.04
(c 1.07, MeOH); '"H NMR § 7.53 (2u, d,J=79Hz), 729 (2H,d, J =79 Hz), 502 (1H, m), 4.25-407 (4H,
m), 3.43-2.73 (5H, m), 1.47 (9H, s), 1.30 (6H, t, J = 7.0 Hz); *C NMR & 177.0, 155.9, 141.5, 132.1 (d, bC
= 10.2 Hz), 130.9-130.3 (m), 129.0, 126.4, 117.9 (dt, J,c = 219.4 Hz, J = 263.0 Hz), 79.5, 64.9, 46.9,
41.4,35.3,28.3, 16.2 (d, Jo = 5.4 Hz); *'P NMR § 7.48 (t, J., = 117.8 Hz); IR (fiim) 1713, 1261 cm®; EIMS

m/z 466 (M*+1). High resolution MS m/z calcd for C,;H,,F,NO,P(M'-C,H,): 437.1415. Found: 437.1425.
(2R)-3-[(tert-Butoxycarbonyl)amine]-2-{3-[(diethoxyphosphoryl)methyl]benzyl}propanoic
acid 18c. Obtained in 84% yield by Jones oxidation of 17¢ in an analogous manner to that for the preparation
of 18a after column chromatography on silica gel (CHC1,:MeOH=500:1 to 200:1). An oil; [a],** +0.60 (c 1.01,
MeOH); 'H NMR § 7.26-7.08 (4H, m), 5.12 (broad s), 4.05-3.90 (4H, m), 3.40-3.31 (1H, m), 3.28-3.18 (1H,

m), 3.11 (2H, d, J = 21.7 Hz), 2.98-2.79 (3H, m), 1.40 (9H, s), 1.20 (6H, t, J = 7.0 Hz); "C NMR § 176.3,
155.7, 138.7 (d, J,c = 2.5 Hz), 1309 (d, J,. = 9.3 Hz), 130.2 (d, J,c = 6.3 Hz), 1284, 127.7 (d, J,. = 6.3
Hz), 127.5,79.0, 623 (d, J,- = 6.2 Hz}, 46.9,41.1, 35.4,33.2 (d, J,. = 138.2 Hz), 28.1, 16.0 (d, /.= 5.8
Hz); *'P NMR § 28.04; IR (film) 1714, 1249 cm’; EIMS m/z 430 (M*+1), 429 (M"). High resolution MS m/z
calcd for C,(H,,NO,P: (M*-tert-Bu): 373.1290. Found: 373.1311.
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