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ABSTRACT: Dynamic kinetic resolution driven, asymmetric transfer hydrogenation of 4-substituted cyclic sulfamidate imine-
S-phosphonates produces the corresponding cyclic sulfamidate-S-phosphonates. The process employs a HCO,H/Et;N mixture
as the hydrogen source and the chiral Rh catalysts, (R.R)- or (S,S)-Cp*RhCI(TsDPEN), and it takes place at room temperature
within 1 h with high yields and high levels of stereoselectivity.

E nantiomerically enriched f-amino-a-hydroxy phospho-
nates, which are isosteres of the corresponding S-amino-
a-hydroxy carboxylates, have attracted great interest because of
their wide range of biological activities. > These substances are
also potentially important intermediates in the synthesis of renin
inhibitors, HIV protease inhibitors, and haptens in the develop-
ment of catalytic antibodies.”* Although a number of methods
have been described for the preparation of f-amino-a-hydroxy
phosphonates,"”® most procedures targeted at enantiomerically
enriched members of this family require the use of stoichiometric
amounts of chiral starting materials such as chiral amino acids,
amino aldehydes,” or aziridines.” Thus far, only a few catalytic
asymmetric methods have been described to prepare these sub-
stances, one of which is Sharpless asymmetric aminohydrox-
ylation (AA) of unsaturated phosphonates.” However, Sharp-
less AA of aryl-substituted unsaturated phosphonates proceeds in
low yields (21—53%) and with variable levels of stereoselectivity
(32—98% ee).’

Recently we described a new procedure for asymmetric
transfer hydrogenation (ATH) of prochiral cyclic sulfamidate
imines that uses HCO,H/Et;N as the hydrogen source and well-
defined chiral Rh catalysts (Scheme 1).”~"" In this early effort, we
showed that ATH of the 4,5-disubstituted cyclic sulfamidate
imine 2, possessing a configurationally labile stereogenic C-$
center, is accompanied by dynamic kinetic resolution (DKR).
It was also observed that DKR is caused by rapid racemization
at the acidic stereogenic C-5 position under the reaction con-
ditions.

We envisioned that introduction of a phosphonate group at
C-5 of the 4,5-disubstituted cyclic sulfamidate imine framework
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Scheme 1. Stereoselective Synthesis of 4,5-Disubstituted
Cyclic Sulfamidates 3 and §

(Previous work)
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would enhance the acidity of H-5 and, as a result, would promote
high levels of stereoselectivity in the ATH—DKR reaction. Im-
portantly, the cyclic sulfamidate-S-phosphonates § (Scheme 1)
produced in these reactions could be potentially valuable inter-
mediates in the synthesis of various chiral -amino-a-hydroxy
phosphonic acid derivatives. Below, we describe the results of a
study guided by these proposals, which led to the development of
a highly efficient ATH reaction of cyclic imine-5-phosphonates 4
that is accompanied by DKR and the application of this process
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to the preparation of stereochemically enriched, chiral cyclic
sulfamidate-5-phosphonates S.

The racemic cyclic imine-5-phosphonates 4 used in this study
were prepared from a-hydroxy-S-keto phosphonates (B) and
sulfamoyl chloride using a modification of a previously described
procedure (Scheme 2)."”

Scheme 2. Synthesis of 4-Substituted Sulfamidate Imine-5-
phosphonates 4
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In initial studies aimed at identifying ideal catalyst systems for
the ATH of these substrates, reaction of racemic 4-phenyl-cyclic
imine-S-phosphonate dimethyl ester (4a) was carried out at rt
using known chiral transition metal catalysts 1la—e (0.5 mol %),
HCO,H/Et;N (F/T = 5:2), as the hydrogen source and EtOAc
as solvent. The results (Table 1) show that ATH reactions of 4a

Table 1. Optimization of Chiral Catalysts 1 for ATH-DKR
Reactions of 42

O\S,/O O\\ /O o, 0

N o (RRO5mol %) S o, w0

2%»—{5 HCOZZ:/CEt3N 55 py - i
PH  P(OMe), PH ,P(OMe), PH , P(OMe),

0] (@) (e}

racemic-4a (4S,5R)-5a (4R,5S)-5a
entry cat-1 conv” (%) dr syn:anti ee” (%)

1 (RR)-1a >99 >25:1 98

2 (8,9)-1a >99 >25:1 97

3 (RR)-1b >99 >25:1 39

4 (RR)-1c >99 >25:1 96

S (RR)-1d >99 >25:1 92

6 (RR)-1e >99 >25:1 94

“Reaction conditions: 4a (0.5 mmol), cat-1 (0.5 mol %), HCO,H/
Et;N (F/T = 5:2, 0.5 mL), EtOAc (5 mL), at 25 °C. “Determined by
using "H NMR analysis of crude product mixture. “Only 4,5-cis pro-
ducts were detected by using '"H NMR analysis of crude product
mixtures. “Determined by usmg chiral HPLC analysls

ek %% ;E“’@

2
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(RR)}-1b:

OSO
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II II

promoted by most of the chiral transition-metal catalysts,
except Ir complex 1b," proceed rapidly and with high stereo-
selectivities. On the basis of the observation that the Rh catalyst
(RR)-1a'* displayed the highest stereoselectivity (98% ee), it
was used in further exploratory reactions. The influence of
solvent on the ATH reaction of 4a promoted by (RR)-1a was
investigated next (see the Supporting Information). In most of
the solvents tested (EtOAc, CH,Cl, CI(CH,),Cl, CHCl,,
toluene, DMF, MeOH, THF, and 2-propanol), ATH of 4a takes
place completely to form (4S,5R)-Sa with high levels of stereo-
selectivity (>25:1 dr, 89—98% ee). For experimental conven-
ience, all further ATH reactions were carried out in EtOAc as
solvent.
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The scope and limitations of the ATH—DKR reaction
were explored using a variety of cyclic sulfamidate imine
S-phosphonates 4 and optimized conditions involving (R,R)-1a
(0.5 mol %) as the catalyst, a 5:2 mixture of HCO,H/Et;N as the
hydrogen source, and EtOAc (25 °C) as the solvent. The results
(Table 2) show that ATH reactions of 4a catalyzed by (R,R)-1a
under the optimized reaction conditions produce a mixture of
stereoisomeric 4,5-cis sulfamidate S-phosphonates in which the
(4S,5R)-5a isomer predominates (98% ee, 99% yield, Table 2,
entry 1). In a manner that is similar to our previous findings” for
ATH of 4-substituted cyclic sulfamidate imine-5-carboxylates
(2, Scheme 1), 4,5-trans sulfamidate S-phosphonates are not
detected (by using '"H NMR analysis) in reactions of 4a. ATH
of 4-phenyl cyclic imine S-phosphonate diethyl ester (4b) also
produces the corresponding cyclic sulfamidates Sb with excellent
efficiency and stereoselectivity. The results also show that
most of the ATH reactions of 4-aryl-S-phosphonate cyclic imine
dimethyl esters take place completely at rt in short time periods.
For example, ATH—DKR of cyclic sulfamidate imines possessing
either electron-withdrawing or electron-donating groups at the
meta- or para-position on the phenyl ring afford the corre-
sponding sulfamidates in uniformly high yields and stereo-
selectivites. However, the ATH reaction of the cyclic imine 4i
containing an ortho-substituted phenyl group occurs slowly (50%
conversion, 24 h). Because the HCO,H/Et;N (F/T) ratio is
known to have a significant effect on both rates and enan-
tioselectivities of ATH reactions,">'° a 1:1 instead of 5:2 mixture
of F/T was employed as the hydrogen source. Under these
conditions, ATH of 4i is complete in 1 h (81% ee) (Table 2,
entries 10 and 11). That cyclic imines containing heteroaromatic
moieties are also suitable substrates for the ATH—DKR reaction
was demonstrated by the finding that with respective furan and
thiophene 4m and 4n derivatives participate in the process
(Table 2, entries 15 and 17). As in the reaction of 4i, employing a
1:1 instead of 5:2 mixture of F/T as the hydrogen source led to
ATH reactions of 4m and 4n that are complete within 1 h and
that take place with improved stereoselectivities (93 to 97% ee
for Sm and 97 to 99% ee for Sn, Table 2, entries 15—18). Impor-
tantly, ATH reaction of 4g under the optimized conditions,
except using (S,S)-1a as the catalyst, produces the antipodal
sulfamidate (4R,SS)-Sg with an efficiency and stereoselectivity
(98% ee, 97% vyield) that match those associated with the
reaction promoted by (R,R)-1a (Table 2, entry 8). We also ob-
served that the catalyst loading can be reduced to 0.1 mol %
(S/C =1000) in the ATH—DKR reaction of 4a, which requires
a longer time (3 h) for completion but has a high efficiency and
product enantiomeric purity (95% yield, 96% ee).

ATH reactions of 4-alkyl-substituted cyclic sulfamidate imine
S-phosphonates were explored. The results show that the effici-
encies and stereoselectivities of the ATH—DKR reactions of
these substrates are sensitive to the steric bulkiness of the 4-alkyl
group. For example, ATH reaction of less hindered 4-phenethyl
cyclic imine 40 under the optimized conditions is completed in
0.5 h with an excellent level of stereoselectivity (97% ee, Table 2,
entry 19) but that of the 4-isobutyl-cyclic imine 4p requires 12 h
for completion and occurs with a decreased level of stereo-
selectivity (75% ee, Table 2, entry 20). However, ATH reac-
tion of sterically more demanding 4-alkyl cyclic imines such as
4-isopropyl 4q, 4-cyclohexyl 4r, and 4-tert-butyl 4s is more
sluggish, resulting in only 35—39% conversions even after 24 h
(Table 2, entries 21—23). Since it is known that an attractive
interaction between the arene ligand of the catalyst and the aryl
substrate is of great importance in the favored transition state, ~
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Table 2. ATH Reactions of 4-Substituted Cyclic Sulfamidate Imine-S-phosphonates 4“

O, .0 O\\S/’ eNpe
s N |- . 9 7z N 7 N
N0 (R.R)-1a(0.5 mol %) N0 . NSO
A HCOzH/Et3N(5:%) —s NL:
EtOAc(0.1M), 25°C
Ry ,P(ORy), E1OAC-M) Ri ,POR2, Ry ,P(ORy)
o o o
racemic-4 (4S,5R)-5 (4R,5S)-5
substrate time conv |ee(syn) 4 substrate time conv |ee(syn) 4
Y s R, R | | @ | | [ R, R | ® | ) | @ |t
b|a @21 Me | 05 | >99(99) | 98 | 4S53R 1B | Kk Meozc@ Me | 0.5 | >9993) | 99 |45 5%
2 | b @ Et | 0.5 | >9996) | 98¢ | 485K
14 | 1 Me | 05 | >9997) | 97 |483R
Me
3| e \©)1 Me | 0.5 | >9994) | 96¢ | 45,58 o
15 | m (Y | Me| 15 | >9900) | 93¢ | 4s5R
4 | 4 B/©/\ Me | 05 | >9999) | 97 |453R 5 _ _
m 16 | m (Y | Me| 100 | >9900) | 97 | 4s5R
51 e /@25 Me | 1.0 | >9995) | 96 | 45,58 s
Meo 17 | n Me | 20 | >9994) | 97 |4s3R
6 | f ]i | Me | L5 | >9901) | 94" | 455k ) s ) _
18 | n (Y | Me | 100 | >9900) | 99 | 455R
7 | g Q/\ Me | 1.0 | >9996) | 97 |483R
cl 19| o PR~ | Me | 0.5 | >9999) | 97 | 4S5Rf
8 | g /@/g Me | 1.0 | >9997) | 98 |4R3S , ‘
ol 20 | p | s [ Me| 12 |>9950§ | 75" | ND
9 | n O)‘ Me | 05 | >9994) | 97 | 483R N ) )
F 21 q Me | 24 39 - ND™
n
10 | i Me | 24 50 2 | - 5 , .
! @A ¢ 2 | r O/ Me | 300 | 39 - | ND"
=
. . 2 . .
| i @A Me | 1.00 | >99(95y | 81 ; 23 | s > Me | 24 | 35 - | nDm
12| /©)L Me | 05 | >00095) | >00 | 455K
NC

“Reaction conditions: 4 (0.5 mmol), (R.R)-1a (0.5 mol %), HCO,H/Et;N (5:2, 0.5 mL), EtOAc (5 mL), rt. *Determined by 'H NMR analysis of
the crude groducts (isolated yields in parentheses). “Determined by using chiral HPLC. Only 4,5-cis products were detected in "H NMR of crude
products. “Absolute configurations of N-Boc-5b, Sk, and So were determined by using X-ray crystallographic analysis, and absolute configurations of
the other products were determined by analogy to N-Boc-Sb, 5k, and So. “ee of N-Boc-5b./Determined by using X-ray crystallographic analysis (see
the Supporting Information). ee of N-Boc-Sc. hee of N-Boc-5f. “(S,S)-1a (0.5 mol %) was used as catalyst. /1:1 mixture of HCO,H/Et;N was used
as the hydrogen source. Kee of N-Boc-Sm. ‘ee of ring-opened derivative derived from Sp (see the Supporting Information). "’ND: not determined.

low reactivity of 4-alkyl substrates which are absent from such
attractive interaction in the transition state is not surprising.
Next, the scope of the process was explored by employing the
4-styryl-substituted cyclic imine-S-phosphonate dimethyl ester
4t as the substrate (Scheme 3). ATH reaction of 4t under the

Scheme 3. ATH of 4-Styryl Cyclic Imine-5-phosphonate 4t

o, 0 o, 0O o, 0
°s? 0.5 mol % ,SC N
NT 0 (RR)-1a HN O ., MO
6 F/T=5:2 % %
Ph&)_fP(OMe)z EA, 25°C Ph&)_ip(owle)z Ph/\}_zP(OMe)z
o 98% o o
4t (4S,5R)-5t  (1:1)  (4S,5R)-50
99% ee 94% ee

optimized reaction conditions using (R.R)-1a as the catalyst
generates St as the expected C=N reduction product with high
enantiomeric purity (99% ee) along with the both C=N and
C=C reduction product (4S,5R)-50 (94% ee) (5t:50 = 1:1).
When St is subjected to the same ATH reaction conditions, the
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unconjugated C=C bond does not undergo reduction. It is well-
known that transfer hydrogenations promoted by Noyori-type
diamine—transition-metal complexes are highly chemoselective,
with C=0 reduction being favored over C=C reduction.'*"”
However, it was reported recently that the use of Ru- or Rh-
amido catalysts causes reversal of the typical C=0O over C=C
reduction selectivities in ATH reactions of a,f-unsaturated
carbonyl compounds when the C=C double bond is activated
by electron-withdrawing substituents or the reaction is
performed in an aqueous medium.””*" Similar to the known
transfer hydrogenation of substrates containing a C=C bond
conjugated to C=0 group with the Rh-amido catalysts,” the
C=C bond conjugated to C=N group in 4t is reduced under
the ATH reaction conditions to produce 4o, which is rapidly
reduced to form So (see entry 19 in Table 2 and Scheme 3).
The cyclic sulfamidate-S-phosphonates 5 produced in these
ATH reactions are valuable intermediates™” in the synthesis of
various chiral f-amino-a-hydroxy phosphonic acid deriva-
tives and 1,2-functionalized aminophosphonic acid derivatives.

DOI: 10.1021/acs.joc.5b01434
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In order to demonstrate the utility of the methodology developed
in this study, the 4-phenyl cyclic sulfamidate-5-phosphonate Sa
was transformed to the corresponding 2-amino-1-hydroxy
phosphonate 7a and monoprotected 1,2-diamino phosphonate
9a (Scheme 4). Treatment of N-Boc-5a with PhCO,H in the

Scheme 4. Conversion of Cyclic Sulfamidate 5a to 1,2-
Functionalized Phosphonates 7a and 9a“”

O, 0 (ONpe]
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H5—5 — 4/"—‘\5 — 0 — 22—
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(e} O O (e)
(4S,5R)-5a N-Boc-(4S,5R)-5a (15,2S)-6a (15,2S)7a
d\* Boc Boc

HN N HN  NH,
1 — 27—

PH ,P(OMe), PH ,P(OMe
g ( )2 g ( )2

(18,25)-8a (18,25)-9a

“Reaction conditions: (a) (Boc),0, Et;N, cat. DMAP, CH,Cl,, 71%;
(b) PhCO,H, CsF, DMF, 60 °C, 3 h, 89%; (c) KCN, MeOH, rt, 3 h,
64%; (d) NaN,, DMEF, rt, 70%; (e) H,, Pd/C, MeOH, rt, 12 h, 60%.

presence of CsF leads to smooth formation of the ring-opened
product, O-benzoyl-N-Boc-6a, with inversion of configura-
tion at C-1.>* Selective removal of the O-benzoyl group in
6a using KCN'? in MeOH produces 2-(N-Boc-amino)-1-
hydroxyphosphonate 7a. Similarly, ring opening of N-Boc-
Sa with NaNj; produces 8a, which upon subsequent hydro-
genation forms the monoprotected 1,2-diaminophosphonate
9a (Scheme 4).

In summary, a convenient and highly stereoselective method-
ology for the preparation of 4-substituted cyclic sulfamidate
S-phosphonate esters $ has been developed. This process,
involving asymmetric transfer hydrogenation accompanied
by dynamic kinetic resolution (ATH—DKR), uses HCO,H/
Et;N as the hydrogen source and the well-defined chiral Rh
catalysts (S,S)- or (RR)-Cp*RhCI(TsDPEN). Most of the
4-substituted cyclic sulfamidate imine S-phosphonate esters
4 probed in the effort undergo efficient and highly stereo-
selective ATH—DKR reactions rapidly (within 1 h) under
mild and experimentally convenient conditions (room tem-
perature, without the need for solvent degassing or an inert
atmosphere).

B EXPERIMENTAL SECTION

General Methods. All commercial reagents were used as obtained
unless otherwise noted. Reactions were performed using oven-dried
glassware under an atmosphere of nitrogen. Dichloromethane (DCM),
ether, and THF were dried and purified using a solvent purification
system. Flash column chromatography was carried out on silica gel (38—
75 pm). Analytical thin-layer chromatography (TLC) was performed on
silica gel 60 F,s, plates. Preparative thin-layer chromatography (PLC)
was performed on silica gel 60 F,s, 2 mm plates. Visualization of the
developed chromatogram was accomplished with UV light and by
staining with ethanolic phosphomolybdic acid (PMA) solution or
ninhydrin solution followed by heating. Nuclear magnetic resonance
(NMR) spectra were recorded using 500 MHz NMR instrument ('H
NMR at 500 MHz and '3C NMR at 125 MHz) or 300 MHz NMR
instrument (*H NMR at 300 MHz and "*C NMR at 75 MHz). "H NMR
data are reported as follows: chemical shift (8, ppm), multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad),
integration, coupling constants (Hz). Data for *C NMR are reported in
terms of chemical shift (5, ppm). High-performance liquid chromatog-
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raphy (HPLC) was carried out on an HPLC system equipped with a
Chiralpak IA, Chiralpak IB, Chiralpak IC, Chiralpak ID, Chiralpak
AD-H, or Chiralpak OD-H column. HR-MS were measured with
electron impact (EI) ionization via a double-focusing mass analyzer
(magnetic and electric fields) or electrospray ionization (ESI) via time
of flight (TOF) analyzer. The formic acid/triethylamine mixtures
(molar ratio = 5:2 or 1:1) are commercially available. (RR)-1a'*
and (RR)-1b"® were prepared according to the literature procedures.
Chiral catalysts (RR)-1c, (RR)-1d, and (RR)-le are commercially
available.
1. Synthesis of a-Hydroxy-f-keto Phosphonates.

(Method A)
o % Ts-N e 9 Rh,(OAC) o 2
s
M_r-ome 3 P-OMe 2024 P-OMe
Ry \OMe K,CO, R1)H]/ \OMe H,O/THF — Ry \OMe
N, OH
(Method B)

o) (o]

1
PhI(OCOCF), R)S/P\_OMe
H,0 1 OMe
OH

1.1. Synthesis of a-Diazo-f-keto Phosphonates. a-Diazo-f-keto
phosphonates were prepared from the corresponding f-keto
phosphonates™* following the reported procedures.*

(1-Diazo-2-oxo-2-m-tolylethyl)phosphonic Acid Dimethyl Ester.

Q%
Me P(OMe),
N2

Purified by column chromatography on silica gel (n-hexane/
EtOAG, 1:2 to 1:3): yield 79% (0.87 g as a yellow oil); "H NMR
(500 MHz, CDCL,) § 7.42—7.44 (m, 2H), 7.31=7.32 (m, 2H),
3.81 (s, 3H), 3.79(s, 3H), 2.37(s, 3H); *C NMR (75 MHz,
CDCLy) 6 187.5 (d, Jop = 8.8 Hz), 138.7, 136.7 (d, Jop = 3.2 Hz),
133.2, 128.5, 127.9, 124.3, 62.7 (d, Jcp = 217.2 Hz), 54.1, 54.0,
21.3; HRMS (EI) m/z calcd for C;;H,3N,0,P 268.0613, found
268.0602.
(1-Diazo-2-oxo-2-p-tolylethyl)phosphonic Acid Dimethyl Ester.

o O
"
P-OMe
R1)J\/ ‘oMe

o}

o I
m P(OMe),
Me N2

Purified by column chromatography on silica gel (n-hexane/
EtOAG, 1:1 to 1:2): yield 71.6% (3.17 g as a yellow oil); '"H NMR
(300 MHz, CDCl;) 6 7.57-7.60 (m, 2H), 7.27-7.28
(m, 2H), 3.86 (s, 3H), 3.82 (s, 3H), 2.41(s, 3H); *C NMR
(75 MHz, CDCl,) & 187.0 (d, Jop = 8.9 Hz), 143.3, 134.0 (d,
Jep = 3.5 Hz), 129.3, 127.5, 64.2 (d, Jop = 217.0 Hz), 54.0, 53.9,
21.6; HRMS (EI) m/z calcd for C;;H;3N,0,P 268.0613, found
268.0611.

[1-Diazo-2-(4-methoxyphenyl)-2-oxoethyllphosphonic Acid Di-
methyl Ester.

0]

O 1
WP(OMe)Z
MeO N2

Purified by column chromatography on silica gel (n-hexane/
EtOAG, 1:2): yield 92% (0.92 g as a yellow oil); '"H NMR (300
MHz, CDCl;) 67.58 (d,2H, J= 8.5 Hz), 6.82 (d, 2H, ] = 8.6 Hz),
3.73 (s, 6H), 3.70 (s, 3H); *C NMR (75 MHz, CDCl,) 6§ 185.7
(d,Jep=9.2Hz), 163.0,129.7,129.1 (d, Jcp = 2.8 Hz), 113.8, 62.0
(d, Jep = 216.5 Hz), 55.4, 54.0, 53.8; HRMS (EI) m/z calcd for
C,1H;3N,0;P 284.0562, found 284.0554.

DOI: 10.1021/acs.joc.5b01434
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[2-(3-Chlorophenyl)-1-diazo-2-oxoethyllphosphonic Acid Di-
methyl Ester.

0O

O 1
cl P(OMe),
N2

Purified by column chromatography on silica gel (n-hexane/
EtOAg, 1:1 to 1:3): yield 73% (1.6 g as a yellow oil), '"H NMR
(500 MHz, CDCl,) 6 7.646—7.653 (m, 1H), 7.50—7.55 (m, 2H),
737-7.41 (m, 1H), 3.82 (s, 3H), 3.80 (s, 3H); 3C NMR
(125 MHz, CDCL,) & 185.9 (d, Jop = 10.0 Hz), 138.3, 134.8,
132.4, 129.9, 127.6, 125.4, 63.8 (d, Jcp = 217.9 Hz), 54.1, 54.0;
HRMS (EI) m/z caled for C;oH;,CIN,O,P 288.0067, found
288.0064.

[2-(4-Chlorophenyl)-1-diazo-2-oxoethyllphosphonic Acid Di-
methyl Ester.

O

o 1]
mP(OMe)Z
cl N2

Purified by column chromatography on silica gel (n-hexane/
EtOAG, 1:1 to 1:3): yield 69.2% (3.03 g as a yellow oil); '"H NMR
(300 MHz, CDCl;) 6 7.62—7.66 (m, 2H), 7.42—7.46 (m, 2H),
3.84 (s, 3H), 3.80 (s, 3H); *C NMR (75 MHz, CDCl,)  186.0
(d, Jop = 99 Hz), 1388, 135.06, 135.04, 128.9, 63.5 (d,
Jep = 217.0 Hz), 54.0, 53.9; HRMS (EI) m/z calcd for
C,oH,(CIN,O,P 288.0067, found 288.0065.

[1-Diazo-2-(4-fluorophenyl)-2-oxoethyllphosphonic Acid Di-
methyl Ester.

Purified by column chromatography on silica gel (n-hexane/
EtOAG, 1:1 to 1:3): yield 74% (0.81 g as a yellow oil); "H NMR
(300 MHz, CDCl,) 6 7.71-7.76 (m, 2H), 7.12—7.18 (m, 2H),
3.84 (s, 3H), 3.81 (s, 3H); *C NMR (75 MHz, CDCl,) 6 185.9
(d, Jep = 9.8 Hz), 165.1 (d, Jcg = 252.5 Hz), 133.0 (d, Jog =
5.6 Hz), 130.1 (d, Jcr = 9.0 Hz), 115.8 (d, Jop = 21.9 Hz), 63.3
(d, Jop = 218.6 Hz), 54.0, 54.0; HRMS (EI) m/z calcd for
C,oH;(FN,O,P 272.0362, found 272.0361.

[2-(4-Cyanophenyl)-1-diazo-2-oxoethyllphosphonic Acid Di-
methyl Ester.

o)

O I
WP(OMe)z
NC N2

Purified by column chromatography on silica gel (n-hexane/
EtOAg, 1:1 to 1:2): yield 50% (1.0 g as a yellow oil), 'H NMR
(500 MHz, CDCl;) & 7.77—7.78 (m, 4H), 3.82 (d, 3H, ] =
1.9 Hz), 3.79 (d, 3H, ] = 1.9 Hz); *C NMR (75 MHz, CDCl,)
5185.8 (d, Jcp = 10.8 Hz), 140.4, 132.3, 128.0, 117.7, 115.8, 64.8
(d, Jep = 217.6 Hz), 54.1, 54.0; HRMS (EI) m/z calcd for
C,1H;(N;O,P 279.0409, found 279.0410.

[1-Diazo-2-(4-methoxycarbonylphenyl)-2-oxoethyllphosphonic
Acid Dimethyl Ester.

8891

Purified by column chromatography on silica gel (CH,CL,/
MeOH, 10:1): yield 67% (1.83 g as a yellow oil), 'H NMR
(500 MHz, CDCL,) 6 8.13 (d, 2H, J = 8.5 Hz), 7.72 (d, 2H, ] =
8.4 Hz), 3.95(s, 3H), 3.82 (s, 3H), 3.80 (s, 3H); *C NMR
(125 MHz, CDCL,) 6 186.8 (d, Jop = 9.9 Hz), 166.0, 140.5, 133.4,
129.8, 127.3, 62.5(d, Jcp = 188.6 Hz), 54.1, 54.0, 52.5; HRMS
(EI) m/z caled for C;,H,3N,O6P 312.0511, found 312.0506.

(1-Diazo-2-furan-2-yl-2-oxoethyl)phosphonic Acid Dimethyl!
Ester.

o O

G)‘WE(OMe)z
N0 N,

Purified by column chromatography on silica gel (n-hexane/
EtOAG, 1:3 to 1:4): yield 84.2% (1.9 g as a dark-brown oil), 'H
NMR (300 MHz, CDCL,) § 7.56—7.57 (m, 1H), 7.26—7.28 (m,
1H), 6.58—6.60 (dd, 1H, ] = 1.74, 3.63 Hz), 3.91 (s, 3H), 3.87 (s,
3H); *C NMR (125 MHz, CDCL,) 6 172.5 (d, Jop = 8.2 Hz),
151.5, 145.3, 117.4, 112.6, 61.0 (d, Jop = 236.4 Hz), 54.3, 54.2;
HRMS (EI) m/z caled for CgHgN,OP 244.0249, found
244.0258.

(1-Diazo-2-oxo-2-thiophene-2-yl-ethyl)phosphonic Acid Dimeth-
yl Ester.

(0]

O I
G)H(P(OMe)z
\_s N,

Purified by column chromatography on silica gel (n-hexane/
EtOAG, 1:2 to 1:4): yield 62.8% (1.08 g as a yellow oil); '"H NMR
(300 MHz, CDCl,) 6 7.75—7.76 (m, 1H), 7.66—7.67 (m, 1H),
7.12—7.14 (m, 1H), 3.88 (s, 3H), 3.86 (s, 3H); *C NMR
(125 MHz, CDCl;) 6 177.2 (d, Jop = 9.7 Hz), 141.5(d, Jcp =
2.3 Hz), 133.5,131.1, 128.0, 62.5 (d, Jcp = 216.6 Hz), 54.1, 54.1;
HRMS (EI) m/z caled for CgHN,O,PS 260.0021, found
260.0019.
(1-Diazo-2-oxo-4-phenylbutyl)phosphonic Acid Dimethyl Ester.

o)

O 1
P(OMe),
N2

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 2:1): yield 63% (0.73 g as a yellow oil); '"H NMR
(500 MHz, CDCly) & 7.26—7.29 (m, 2H), 7.18—7.20 (m, 3H),
3.77 (s, 3H), 3.74 (s, 3H), 2.94—2.97 (m, 2H), 2.83—2.76 (m,
2H); *C NMR (125 MHz, CDCl;) § 191.7 (d, Jcp = 13.1 Hz),
140.5, 128.5, 128.4, 126.3, 63.5 (d, Jcp = 220.1 Hz), 53.56, 53.52,
40.9, 30.3; HRMS (EI) m/z calcd for C;,H;{N,0,P 282.0769,
found 282.0792.

(1-Diazo-2-oxo-4-phenylbut-3-enyl)phosphonic Acid Dimethyl
Ester.

0]

1
N P(OMe),

N2

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:1): yield 68.8% (2.27 g as a yellow oil); "H NMR (500
MHz, CDCl;) 6 7.76 (d, 1H, J = 15.5 Hz), 7.58—7.60 (m, 2H),
7.41-7.42 (m, 3H), 7.12—-7.15 (d, 1H, J = 15.5 Hz), 3.90 (s, 3H),
3.87 (s, 3H); *C NMR (125 MHz, CDCl,) 6 181.8 (d, Jcp =
13.0 Hz), 143.2, 134.2, 130.8, 129.0, 128.6, 120.8, 64.2 (d, Jcp =
213.9 Hz), 53.6, 53.6; HRMS (EI) m/z caled for C;,H;3N,0,P
280.0613, found 280.0614.
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1.2. Synthesis of a-Hydroxy-f-keto Phosphonates. Method A.%°
(Method A)

o O o O
" )J\WP\_OR2 Rhy(OAc), P-OR,
1 OR, THFH,02:1) . R OR,
N, reflux OH

A solution of the diazo compound (1.0 equiv) in THF and H,0 (2:1
ratio) was refluxed with Rh,(OAc), (0.03 equiv) overnight and allowed
to cool to room temperature. The mixture was concentrated in vacuo,
and the aqueous residue was extracted with EtOAc (X3). The combined
organic layers were washed with water and brine, dried over MgSO,,
filtered, and evaporated to dryness. The residue was purified by chro-
matography to give the a-hydroxy-f-ketophosphonates.
Method B.”

(Method B)
o © o g
B_oRr, _Phl(OCOCFa) -OR
R1)J\/ VR, o - R g Ry

To a suspension of f-ketophosphonate in H,O was added PIFA
(2.0 equiv) portionwise within 10 min. The reaction mixture was stirred
at room temperature until TLC indicated the total consumption of the
P-ketophosphonate. The reaction mixture was treated with saturated
NaHCO; (aq) and extracted with EtOAc (X3). The combined organic
layers were washed with water and brine and dried over MgSO,. The
solvent was removed under vacuum, and the residue was purified by
chromatography to give the desired product.

(1-Hydroxy-2-oxo-2-phenylethyl)phosphonic Acid Diethyl Ester
(Method B).

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:4): yield 59% (1.30 g as a yellow oil); 'H NMR
(500 MHz, CDCl;) 66 8.02—8.03 (d, 2H, J = 7.35 Hz), 7.61—
7.64 (m, 1H), 7.47-7.50 (m, 2H), 5.52—5.56 (d, 1H, J =
16.15 Hz), 3.69—3.73 (m, 6H); *C NMR (125 MHz, CDCl,)
5195.0,134.7,133.5,129.5, 128.6, 72.6 (d, Jcp = 149.8 Hz), 54.3
(d, Jep = 7.1 Hz), 54.0 (d, Jcp = 7.1 Hz); HRMS(EI) m/z caled
for C,,H304P 244.0501, found 244.0489

(1-Hydroxy-2-oxo-2-phenylethyl)phosphonic Acid Diethyl Ester
(Method B).

o O

P(OEt),
OH

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:3): yield 37% (40 mg as a yellow oil); '"H NMR
(300 MHz, CDCl,) 6 8.03—8.06 (m, 2H), 7.61—7.64 (m, 1H),
7.48-7.53 (m, 2H), 5.53 (d, 1H, J = 16.2 Hz), 4.03—4.19 (m,
4H), 1.17—1.27 (m, 6H); *C NMR (75 MHz, CDCl,) § 195.2
(d, Jop = 2.0 Hz), 134.6, 133.8, 129.5, 128.5, 72.7 (d, Jep =
149.8 Hz), 63.8 (d, Jop = 7.1 Hz), 63.6 (d, Jop = 7.2 Hz), 16.2 (4,
Jcp = 6.0 Hz); HRMS (EI) m/z caled for C,H;,O,P 272.0814,
found 272.0813.

(1-Hydroxy-2-oxo-2-m-tolylethyl)phosphonic Acid Dimethyl Ester
(Method A).

(o}

o I
Me P(OMe),
OH

8892

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:2 to 1:3): yield 57% (0.47 g as a yellow oil); 'H NMR
(500 MHz, CDCl,) 6 7.83—7.86 (m, 2H), 7.45—7.46 (m, 1H),
7.38—7.41 (m, 1H), 5.55 (d, 1H, ] = 16.1 Hz), 3.75 (d, 3H, ] =
9.2 Hz), 3.73 (d, 3H, ] = 9.1 Hz), 2.43 (s, 3H); *C NMR
(75 MHz, CDCly) 6 195.1 (d, Jcp = 2.2 Hz), 138.7, 135.6, 133.6,
129.9, 128.6, 126.9, 72.6 (d, Jop = 150.1 Hz), 54.4 (d, Jop =
7.1 Hz), 542 (d, Jcp = 7.1 Hz), 21.4; HRMS (EI) m/z calcd for
C,1H,50,P 258.0657, found 258.0655.
(1-Hydroxy-2-oxo-2-p-tolylethyl)phosphonic Acid Dimethyl Ester

(Method A).
Il
/©)‘\(P(0Me)2
Ve OH

Purified by column chromatography on silica gel (n-hexane/
EtOAG, 1:2 to 1:3): yield 67% (0.75 g as a yellow oil); "H NMR
(500 MHz, CDCl;) 6 7.98 (d, 2H, ] = 8.3 Hz), 7.33 (d, 2H, ] =
8.12 Hz), 5.56 (d, 1H, J = 15.7 Hz), 3.79 (d, 3H, ] = 10.8 Hz),
3.74 (d, 3H, J = 10.8 Hz), 2.46 (s, 3H); *C NMR (75 MHz,
CDCLy) 6 197.5 (d, Jcp = 2.4 Hz), 139.4, 134.1, 132.8, 131.9,
129.5,125.5,74.0 (d, Jop = 152.7 Hz), 54.2 (d, Jop = 7.0 Hz), 53.6
(d, Jep = 7.0 Hz), 20.7; HRMS (EI) m/z calcd for C;;H;O,P
258.0657, found 258.0646.

[2-(4-Methoxyphenyl)-1-hydroxy-2-oxoethyljphosphonic Acid Di-
methyl Ester (Method A).

(0]

O 1
MeO OH

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:2 to 1:3): yield 44% (0.3 g as a yellow oil); '"H NMR
(500 MHz, CDCl;) 6 8.02 (d, 2H, J = 9.0 Hz), 6.93 (d, 2H, ] =
9.0 Hz), 5.48 (d, 1H, J = 15.2 Hz), 3.84 (s, 3H), 3.75 (d, 3H, | =
10.8 Hz), 3.67 (d, 3H, ] = 10.7 Hz); *C NMR (75 MHz, CDCI,)
5192.7 (d, Jop = 2.1 Hz), 164.8,132.5,126.2, 114.1,72.0 (d, Jop =
149.5 Hz), 55.6, 54.2 (d, Jcp = 7.1 Hz), 54.0 (d, Jcp = 7.1 Hz);
HRMS (EI) m/z caled for C;;H ;O P 274.0606, found
274.0602.

[2-(3-Chlorophenyl)-1-hydroxy-2-oxoethyllphosphonic Acid Di-
methyl Ester (Method A).

0]

O I
cl P(OMe),
OH

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:2): yield 99.2% (1.34 g as a yellow oil); 'H NMR
(300 MHz, CDCl;) 6 8.03—8.04 (m, 1H), 7.93—7.96 (m, 1H),
7.60—7.64 (m, 1H), 7.44—7.49 (m, 1H), 5.51 (d, 1H, J =
16.5 Hz), 3.79 (d, 3H, ] = 11.0 Hz), 3.75 (d, 3H, ] = 9.8 Hz); 1*C
NMR (75 MHz, CDCl,) 6 194.0 (d, Jcp = 2.1 Hz), 135.1, 135.0,
134.6,129.9,129.3,127.7,72.8 (d, Jcp = 150.0 Hz), 54.4 (d, Jop =
7.1 Hz), 542 (d, Jcp = 7.0 Hz); HRMS (EI) m/z calcd for
C,0H;,CIO P 278.0111, found 278.0100.

[2-(4-Chlorophenyl)-1-hydroxy-2-oxoethyllphosphonic Acid Di-
methyl Ester (Method A).

o O

WE(OMG)2
al OH
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Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:2): yield 62% (1.2 g as a yellow oil); 'H NMR
(500 MHz, CDCl;) 6 8.02 (d, 2H, ] = 8.7 Hz), 749 (d, 2H, ] =
8.7Hz),5.51 (d, 1H, J=16.2 Hz), 3.80 (d, 3H, ] = 10.9 Hz), 3.73
(d,3H, ] =10.8 Hz); *C NMR (75 MHz, CDCl,) 5 193.8, 141.5,
131.7, 130.9, 129.1, 72.6 (d, Jop = 149.6 Hz), 54.3 (d, Jop =
7.2 Hz), 54.2 (d, Jop = 7.2 Hz); HRMS (EI) m/z calcd for
C,oH,,ClO4P 278.0111, found 278.0130.

[2-(4-Fluorophenyl)-1-hydroxy-2-oxoethyllphosphonic Acid Di-
methyl Ester (Method A).

0]

O 1l
F OH

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:2): yield 91% (0.7 g as a yellow solid), mp =101.4—
102.9 °C; '"H NMR (500 MHz, CDCl,) § 8.10—8.12 (m, 2H),
7.16—7.19 (m, 2H), 5.48-5.52 (dd, 1H, J = 5.4, 16.0 Hz), 4.15—
4.16 (brs, 1H), 3.79 (d, 3H, J = 10.8 Hz), 3.71 (d, 3H, ] =
10.8 Hz); *C NMR (75 MHz, CDCl,) § 193.3 (d, Jcp = 2.1 Hz),
166.7 (d, Jop = 256.2 Hz), 132.4 (d, Jcr = 9.7 Hz), 129.8 (d, J o5 =
2.9 Hz), 115.9 (d, Jcg = 22.0 Hz), 72.5 (d, Jop = 149.5 Hz), 54.3
(d, Jep = 7.1 Hz), 54.1 (d, Jcp = 7.1 Hz); HRMS (EI) m/z caled
for C,,H,FO,P 262.0406, found 262.0396.

[2-(2-Fluorophenyl)-1-hydroxy-2-oxoethyllphosphonic Acid Di-
methyl Ester (Method B).

F (0]

O 1
P(OMe),
OH

Purified by column chromatography on silica gel (CH,CL,/
MeOH, 20:1): yield 42% (0.42 g as a yellow oil); '"H NMR (500
MHz, CDCL,) 6 7.90—7.93 (m, 1H), 7.60—7.94 (m, 1H), 7.28—
7.31 (m, 1H), 7.18—7.21 (m, 1H), 5.65 (d, 1H, J = 18.7 Hz),
3.88—3.92 (brs, 1H), 3.77 (d, 3H, ] = 10.7 Hz), 3.72 (d, 3H, ] =
11.0 Hz); *C NMR (125 MHz, CDCl,) § 193.5,162.0 (d, Jc5 =
254.4Hz), 136.1 (d, Jcg = 9.5 Hz), 131.0 (d, Jor = 1.9 Hz), 124.7
(d, Jog = 3.2 Hz), 1229 (d, Jor = 12.3 Hz), 116.6 (d, Jor =
23.4Hz),75.8 (dd, Jop = 10.7, 148.7 Hz), 54.4 (d, Jcp = 7.3 Hz),
53.9 (d, Jop = 7.3 Hz) ; HRMS (EI) m/z calcd for C,,H,,FO,P
262.0406, found 262.0405.

[2-(4-Cyanophenyl)-1-hydroxy-2-oxoethyllphosphonic Acid Di-
methyl Ester (Method A).

0O

O 1
/©)J\rP(OMe)2
NG OH

Purified by column chromatography on silica gel (n-hexane/
EtOAG, 1:2 to 1:3): yield 56% (0.53 g as a yellow oil); "H NMR
(500 MHz, CDCl;) 6 8.15 (d, 2H, ] = 8.0 Hz), 7.80 (d, 2H, ] =
8.0Hz),5.54 (d, 1H, J=17.2 Hz), 3.79 (d, 3H, ] = 10.9 Hz), 3.73
(d, 3H, J = 10.8 Hz); *C NMR (125 MHz, CDCl,) 6 194.3 (d,
Jep = 2.0 Hz), 136.6, 132.4, 129.9, 117.7, 117.6, 73.2 (d, Jcp =
149.4 Hz), 54.4 (d, Jcp = 7.3 Hz), 54.2 (d, Jcp = 7.1 Hz); HRMS
(EL) m/z caled for C;;H;,NOGP 269.0453, found 269.0441.

[2-[4-(Methoxycarbonyl)phenyl]-1-hydroxy-2-oxoethyl]-
phosphonic Acid Dimethyl Ester (Method A).

(0]

O I
/©)J\rp(0Me)2
MeO,C OH

8893

Purified by column chromatography on silica gel (CH,Cl, only): yield
42% (0.71 g as a yellow oil); "H NMR (500 MHz, CDCL,) § 8.15—8.17
(m, 2H), 8.09—8.11 (m, 2H), 5.73 (brs, 1H), 5.62 (d, 1H, ] = 16.9 Hz),
3.96 (s,3H),3.77 (d, 3H, ] = 7.5 Hz), 3.75 (d, 3H, J = 7.5 Hz); '>*C NMR
(125 MHz, CDCly) 5194.8, 165.9, 136.7, 135.2, 129.7, 129.4, 73.0 (d,
Jep = 150 Hz), 54.4 (d, Jop = 7.2 Hz), 54.2 (d, Jep = 7.2 Hz), 52.62;
HRMS (EI) m/z caled for C;,H,;50,P 302.05585, found 302.0551.

[2-(2-Naphthyl)-1-hydroxy-2-oxoethyl]phosphonic Acid Dimethyl
Ester (Method B).

O O
I

P(OMe)2

SOt

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:2): yield 88.9% (1.28 g as a yellow oil); 'H NMR
(500 MHz, CDCI,) 6 8.62 (s, 1H), 8.05—8.07 (m, 1H), 7.99—
8.01 (d, 1H, J = 8.15 Hz), 7.86—7.92 (m, 2H), 7.55—7.64 (m,
2H), 5.68—5.72 (m, 1H), 4.26—4.28 (m, 1H), 3.70—3.75 (m,
6H); *C NMR (125 MHz, CDCL,) & 194.72—194.74 (d, Jcp =
2.2 Hz), 136.3, 132.2, 132.2, 130.7, 130.0, 129.4, 128.6, 127.9,
127.1, 124.25, 72.1-73.3 (d, Jcp = 149.9 Hz), 54.26—54.32 (d,
Jep="7.15Hz), 54.08—54.13 (d, Jcp = 7.18 Hz); HRMS (EI) m/z
caled for C,H;sOsP 294.0657, found 294.0649.

(2-Furan-2-yl-1-hydroxy-2-oxoethyl)phosphonic Acid Dimethy!
Ester (Method A).

(0]

O Il
GHK(P(OMe)Z
\_0 OH

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:2 to 1:4): yield 42% (0.76 g as a dark-brown oil); '"H
NMR (500 MHz, CDCl,) §7.64 (d, 1H, J = 1.2 Hz), 7.44 (d, 1H,
J =3.7 Hz), 6.54 (dd, 1H, J = 1.7, 3.7 Hz), 527 (d, 1H, J =
16.2 Hz), 4.29 (brs, 1H), 3.74 (d, 3H, ] = 10.8 Hz), 3.69 (d, 3H,
J = 10.8 Hz); '*C NMR (75 MHz, CDCL,) § 182.6 (d, Jop =
1.6 Hz), 149.8, 148.1,121.3, 112.9, 72.3 (d, Jcp = 149.4 Hz), 54.2
(d, Jep = 7.0 Hz), 54.1 (d, Jcp = 7.0 Hz); HRMS (EI) m/z caled
for CgH,;O4P 234.0293, found 234.0293.

(1-Hydroxy-2-oxo-2-thiophene-2-yl-ethyl)phosphonic Acid Di-
methyl Ester (Method A).

o O

®)\/E’(OM9)2
\_s o

Purified by column chromatography on silica gel (n-hexane/
EtOAG, 1:3): yield 93.3% (0.7 g as a dark-brown oil); '"H NMR
(300 MHz, CDCL,) 6 8.01 (d, 1H, J = 3.6 Hz), 7.81 (d, 1H, ] =
S.1Hz), 721 (t, 1H, ] = 4.8 Hz), 5.35 (d, 1H, J = 15.0 Hz), 3.86
(d, 3H, J = 10.8 Hz), 3.77 (d, 3H, ] = 10.8 Hz), 2.05—2.54 (brs,
1H); *C NMR (75 MHz, CDCl,) 6 187.0 (d, Jop = 1.8 Hz),
139.6,136.1,135.6,128.6, 73.1 (d, Jcp = 149.8 Hz), 54.3 (d, Jop =
6.7 Hz), 54.2 (d, Jop = 6.6 Hz); HRMS (EI) m/z calcd for
CgH,,04PS 250.0065, found 250.0063.

(1-Hydroxy-2-oxo-4-phenylbutyl)phosphonic Acid Dimethyl Ester
(Method A).

Purified by column chromatography on silica gel (n-hexane/
EtOAG, 1:1 to 1:3): yield 87.6% (1.86 g as a pale yellow oil); 'H
NMR (500 MHz, CDCl;) 6 7.26—7.29 (m, 2H), 7.17—7.21 (m,
3H), 4.65 (d, 1H, J = 18.4 Hz), 3.83 (d, 3H, J = 10.9 Hz), 3.73
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(d, 3H, J = 10.7 Hz), 3.21-3.26 (m, 1H), 2.90—2.99 (m, 3H);
BCNMR (125 MHz, CDCl,) §204.5, 140.2, 128.5, 128.4, 126.3,
75.5 (d, Jep = 150.6 Hz), 54.2 (d, Jop = 7.3 Hz), 54.0 (d, Jcp =
7.3 Hz), 40.9, 29.4; HRMS (EI) m/z caled for C,,H;,0P
272.0814, found 272.0821.

Dimethyl (1-Hydroxy-4-methyl-2-oxopentyl)phosphonate

(Method B).
O O
I
)\)J\gP(OMe)z
H

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:2): yield 70.6% (756 mg as a yellow oil); '"H NMR
(500 MHz, CDCl,) 6 4.64 (d, 1H, ] = 18 Hz), 3.88 (d, 3H, ] =
10.9 Hz), 3.8 (d, 3H, J = 10.65 Hz), 2.70-2.75 (m, 1H), 2.54—
2.59 (m, 1H), 2.22—2.26 (m, 1H), 0.95 (d, 6H, ] = 6.75 Hz); °C
NMR (125 MHz, CDCl;) 6 204.7 (d, Jcp = 1.5 Hz), 128.1, 75.7
(d, Jop = 125 Hz), 54.2 (d, Jcp = 7.3 Hz), 54.0 (d, Jcp = 7.0 Hz),
482, 24.7, 22.4 (d, Jcp = 30 Hz); HRMS (EI) m/z calcd for
CgH,,0,P 224.0814, found 224.0808.

Dimethy!l (1-Hydroxy-3-methyl-2-oxobutyl)phosphonate
(Method B).

O O

WIFI’(OMe)z
H

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:2): yield 52.2% (1.18 g as a yellow oil); 'H NMR
(500 MHz, CDCl,) § 4.84 (d, 1H, J = 18.15 Hz), 3.88 (d, 3H, ] =
10.85 Hz), 3.8 (d, 3H, J = 10.65 Hz), 3.20—3.25 (m, 1H), 1.16—
1.2 (m, 6H); ®C NMR (125 MHz, CDCL,) 6 209.6 (d, Jop =
2.1Hz),73.9 (d, Jcp = 151 Hz), 54.2 (d, Jcp = 7.25 Hz), 54.0 (4,
Jep = 6.95 Hz), 37.5, 19.7, 17.3; HRMS (EI) m/z caled for
C,H,sOsP 210.0657, found 210.0617

(2-Cyclohexyl-1-hydroxy-2-oxoethyl)phosphonic Acid Dimethy!
Ester (Method B).

O O

lIé’(OMe)z
H

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:2 to 1:4): yield 74.3% (288.1 g as a yellow oil); 'H
NMR (500 MHz, CDCl,) & 4.78—4.82(d, 1H, ] = 17.95 Hz),
3.86—3.88 (d, 3H, J = 10.85 Hz), 3.77—3.79(d, 3H, ] = 10.8 Hz),
2.93-2.98 (m, 1H), 1.32—1.89 (m, 10H), 5.68—5.72 (m, 1H),
426-4.28 (m, 1H), 3.70—3.75 (m, 6H); °C NMR (125 MHz,
CDCL,) §208.37,73.35—74.56 (d, Jop = 151.1 Hz), 54.16—54.22
(d, Jop = 7.3 Hz), 53.93—53.98 (d, Jop = 6.91 Hz), 47.2, 30.1,
27.2, 25.8, 25.6, 24.9; HRMS (EI) m/z caled for C,,H;jO<P
250.0970, found 250.0961.

Dimethyl (1-Hydroxy-3,3-dimethyl-2-oxobutyl)phosphonate

(Method B).
2 9
>‘)%P(0Me)2
H

Purified by column chromatography on silica gel (n-hexane/
EtOAg, 1:2): yield 40.1% (771 mg as a yellow oil); '"H NMR
(500 MHz, CDCl,) 6 5.01 (d, 1H, J = 15.4 Hz), 3.87 (d, 3H, ] =
10.9 Hz), 3.8 (d, 3H, J = 10.85 Hz), 1.29 (s, 9H); *C NMR
(125 MHz, CDCL,) & 212.2, 71.6 (d, Jop = 147.1 Hz), 54.2
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(d, Jep = 7.4 Hz), 53.9 (d, Jcp = 7.0 Hz), 43.8, 26.7; HRMS (EI)
m/z caled for CgH;,O4P 224.0814, found 224.0801.
(1-Hydroxy-2-oxo-4-phenylbut-3-enyl)phosphonic Acid Dimethy!

Ester (Method A).
I
N P(OMe),
OH

Purified by column chromatography on silica gel (n-hexane/
EtOAc, 1:1): yield 66.2% (1.27 g as a yellow oil); '"H NMR
(500 MHz, CDCL,) 5 7.82 (d, 1H, ] = 15.9 Hz), 7.58 (d, 2H, ] =
7.3 Hz), 7.35—7.40 (m, 3H), 7.18 (d, 1H, ] = 15.9 Hz), 4.92 (d,
1H, ] = 17.7 Hz), 4.26 (brs, 1H), 3.86 (d, 3H, J = 10.8 Hz), 3.76
(d, 3H, J = 10.8 Hz); *C NMR (125 MHz, CDCl;) 6 192.9 (d,
Jep = 1.9 Hz), 145.6, 133.9, 1314, 129.0, 120.6, 75.1 (d, Jop =
150.7 Hz), 54.3 (d, Jop = 7.3 Hz), 54.1 (d, Jcp = 6.6 Hz); HRMS
(EI) m/z caled for C,,H;s0<P 270.0657, found 270.0659.

2. Typical Procedure for the Synthesis of 4-Substituted Cyclic

Imine-5-phosphonates 4 from a-Hydroxy-fi-keto Phospho-
nates.’

o o ENPS
1] 7N,
P(OMe)2 1. CISO,NH,/DMA N\ o)
H 2. TsOH, Toluene, reflux 4 S
P(OMe)2
d
B 4a

To the solution of 2-phenyl-1-hydroxy-2-oxoethylphosphonic acid
dimethyl ester (B, 1.3 g, 5.32 mmol) in DMA (N,N-dimethylacetamide,
20 mL) was added chlorosulfamide'” (1.3 g, 10.64 mmol) at 0 °C. The
reaction mixture was stirred at room temperature for 2 h. The reaction
mixture was diluted with EtOAc (30 mL) and washed with brine. The
organic layer was dried over anhydrous MgSO,, and the solvent was
removed. The residue was redissolved in toluene (10 mL), and a
catalytic amount of PTSA (p-toluenesulfonic acid) was added. The
reaction mixture was heated to reflux for 2 h and cooled to room
temperature. The solvent was removed, and the reaction mixture was
diluted with EtOAc (30 mL) and washed brine. The organics were dried
over MgSO, and evaporated. The residue was recrystallized from
EtOAc/n-hexane to give the desired imine as white crystals 4a (0.85 g
54% yield).
Dimethyl 4-Phenyl-5H-1,2,3-oxathiazole-5-phosphonate 2,2-Di-

oxide, 4a. Recrystallized from EtOAc/n-hexane:

(ONJ®)

N0

\
,P(OMe),
o]

yield 54% (0.86 g as a white solid); mp = 160.5—162.7 °C; 'H NMR
(500 MHz, CDCl,) § 8.14—8.16 (m, 2H), 7.74—7.76 (m, 1H), 7.59—
7.62 (m, 2H), 6.19 (d, 1H, ] = 10.8 Hz), 3.95 (d, 3H, ] = 11.1 Hz), 3.71
(d,3H, J= 11.1 Hz); 3C NMR (75 MHz, CDCl,) § 173.5, 136.0, 130.7,
129.2, 126.9, 82.7 (d, Jcp = 155.3 Hz), 55.4 (d, Jcp = 7.0 Hz), 55.3 (4,
Jep = 6.1 Hz); HRMS (EI) m/z caled for C,oH;,NO4PS 305.0123, found
305.0096.

Diethyl 4-Phenyl-5H-1,2,3-oxathiazole-5-phosphonate 2,2-Diox-
ide, 4b. Recrystallized from EtOAc/n-hexane:

o, 0

N0

\
P(OEY),
0

yield 57% (0.41 g as a white solid); mp = 146.8—147.6 °C; '"H NMR
(500 MHz, CDCl;) § 8.01—8.12 (m, 2H), 7.69—7.72 (m, 1H), 7.53—
7.56 (m, 2H), 6.10 (d, 1H, ] = 10.7 Hz), 4.16—4.25 (m, 2H), 3.88—4.09
(m, 2H), 1.37 (t, 3H, ] = 7.2 Hz), 1.16 (t, 3H, ] = 7.1 Hz); *C NMR
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(75 MHz, CDCl,) & 173.8, 135.8, 130.7, 129.1, 127.1, 83.2 (d, Jcp =
154.5 Hz), 65.4 (d, Jcp = 7.1 Hz), 65.2 (d, Jop = 7.3 Hz), 16.3 (d, Jcp =
5.7Hz),16.0 (d, Jcp = 5.8 Hz); HRMS (EI) m/z calcd for C;,H;{NOGPS
333.0436, found 333.0434.
Dimethyl 4-(3-Methylphenyl)-5H-1,2,3-oxathiazole-5-phospho-
nate 2,2-Dioxide, 4c. Recrystallized from EtOAc/n-hexane:
[ONgye]

N\’
NN
N

O
\

JP(OMe),
Me 0

yield 55% (0.66 g as a white solid); mp = 155.4—157.5 °C; "H NMR
(500 MHz, CDCl;) § 7.95 (s, 1H), 7.89 (d, 1H, J = 7.9 Hz), 7.52 (d, 1H,
J=7.7Hz), 745 (t, 1H, ] = 7.8 Hz), 6.12 (d, 1H, ] = 10.7 Hz), 3.91 (d,
3H, J = 11.1 Hz), 3.71 (d, 3H, J = 11.1 Hz), 2.45 (s, 3H); *C NMR
(75 MHz, CDCl,) 6 173.8,139.3, 136.9, 130.9, 129.0, 128.0, 126.8, 82.8
(d, Jop = 155.4 Hz), 55.3 (d, Jep = 7.0 Hz), 55.2 (d, Jcp = 7.3 Hz), 21.3;
HRMS (EI) m/z calcd for C;;H;,NOGPS 319.0279, found 319.0284.

Dimethyl 4-(4-Methylphenyl)-5H-1,2,3-oxathiazole-5-phospho-
nate 2,2-Dioxide, 4d. Recrystallized from EtOAc/n-hexane:

o. 0

N
/S\
O

Me

yield 73% (0.42 g as a white solid); mp = 208.8—211.5 °C; '"H NMR
(300 MHz, acetone-dg) & 8.10 (d, 2H, J = 7.8 Hz), 7.48 (d, 2H, ] =
7.9Hz),6.97 (d,1H, J = 11.3 Hz), 3.87 (d, 3H, = 11.1 Hz), 3.73 (d, 3H,
J =111 Hz), 2.49 (s, 3H); *C NMR (75 MHz,, acetone-dg) & 175.4,
147.3, 130.7, 129.7, 123.9, 83.7 (d, Jcp = 151.1 Hz), 54.7 (d, Jep =
6.9 Hz), 54.6 (d, Jop = 6.6 Hz), 21.5; HRMS (EI) m/z calcd for
Cy;H,NOGPS 319.0279, found 319.0300.

Dimethyl 4-(4-Methoxyphenyl)-5H-1,2,3-oxathiazole-5-phospho-
nate 2,2-Dioxide, 4e. Recrystallized from EtOAc/n-hexane:

o, 0

N
N O
\
,P(OMe),

MeO

yield 75% (1.185 g as a white solid); mp = 178.8—180.3 °C; '"H NMR
(500 MHz, CDCL,) 6 8.17 (d, 2H, ] = 9.0 Hz), 7.06 (d, 2H, ] = 9.0 Hz),
6.12 (d, 1H, ] = 10.1 Hz), 3.98 (d, 3H, J = 11.1 Hz), 3.95 (s, 3H), 3.74 (d,
3H,] = 11.0 Hz); 3C NMR (75 MHz, DMSO-dy) 5 174.2, 165.6, 133.4,
118.7,114.7, 83.4 (d, Jcp = 151.0 Hz), 56.0, 54.7 (d, Jcp = 7.0 Hz), 54.6
(d, Jp = 6.8 Hz); HRMS (EI) m/z caled for C,,H,,NO,PS 335.0229,
found 335.0234.

Dimethyl 4-(3-Chlorophenyl)-5H-1,2,3-oxathiazole-5-phospho-
nate 2,2-Dioxide, 4f. Recrystallized from EtOAc/n-hexane:

O, .0

N’
N0
\

P(OMe
cl P )2

yield 78% (0.94 g as a white solid); mp = 176.7—180.8 °C; 'H NMR
(300 MHz, CDCl;) 6 8.14—8.15 (m, 1H), 8.00—8.03 (m, 1H), 7.68—
7.71 (m, 1H), 7.53 (t, 1H, J = 7.9 Hz), 6.10 (d, 1H, J = 10.9 Hz), 3.94 (4,
3H, J = 112 Hz), 3.76 (d, 3H, J = 11.1 Hz); 3*C NMR (75 MHz,
acetone-dg) 6 179.7, 140.4, 139.6, 136.0, 135.5, 134.5, 134.3, 88.9 (d,
Jep = 152.8 Hz), 59.7 (d, Jop = 9.3 Hz), 59.6 (d, Jcp = 6.7 Hz); HRMS
(EI) m/z calcd for CoH,;,CINOGPS 338.9733, found 338.9734.
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Dimethyl 4-(4-Chlorophenyl)-5H-1,2,3-oxathiazole-5-phospho-
nate 2,2-Dioxide, 4g. Recrystallized from EtOAc/n-hexane:
O, 0O
N0
\
,P(OMe),
(6]

Cl

yield 83.3% (1.0 g as a white solid); mp = 174.7—177.7 °C; '"H NMR
(500 MHz, CDCl;) 6 8.01 (d, 2H, J = 8.7 Hz), 7.54 (d, 2H, ] = 8.7 Hz),
6.10 (d, 1H, J = 10.7 Hz), 3.94 (d, 3H, ] = 11.1 Hz), 3.72 (d, 3H, ] =
11.1 Hz); °C NMR (75 MHz, CDCL,) § 172.6, 142.9, 132.0, 129.6,
1252, 82.6 (d, Jcp = 154.9 Hz), 55.4 (d, Jop = 7.0 Hz), 55.3 (d, Jep =
7.4 Hz); HRMS (EI) m/z caled for C,yH,;,CINO(PS 338.9733, found
338.9737.

Dimethyl 4-(4-Fluorophenyl)-5H-1,2,3-oxathiazole-5-phospho-
nate 2,2-dioxide, 4h. Recrystallized from EtOAc/n-hexane:

o, 0

29N

N O
\

P(OMe),
o]

F

yield 67% (0.98 g as a white solid); mp = 138.4—142.9 °C ; '"H NMR
(500 MHz, CDCl,) & 8.21—8.24 (m, 2H), 7.27—7.30 (m, 2H), 6.15 (d,
1H,]=10.6 Hz),3.98 (d, 3H, = 11.2 Hz), 3.77 (d, 3H, ] = 11.1 Hz); *C
NMR (75 MHz, CDCL,) & 172.1, 167.4 (d, Jor = 259.5 Hz), 133.7 (d,
Jer =99 Hz), 123.1 (d, Jop = 3.0 Hz), 116.8 (d, ] = 22.3 Hz), 82.5 (d,
Jep = 154.7 Hz), 55.4 (d, Jop = 7.1 Hz), 55.3 (d, Jcp = 7.3 Hz); HRMS
(EI) m/z caled for C,oH,;FNOGPS 323.0029, found 323.0033.

Dimethyl 4-(2-Fluorophenyl)-5H-1,2,3-oxathiazole-5-phospho-
nate 2,2-Dioxide, 4i. Recrystallized from EtOAc/n-hexane:

o0

N
N0
E \

,P(OMe),

yield 60% (1.19 g as a white solid); mp = 117.9—118.6 °C; '"H NMR
(500 MHz, CDCl;) 6 8.03—8.06 (m, 1H), 7.69—7.74 (m, 1H), 7.35—
7.38 (m, 1H), 7.23—2.27 (m, 1H), 6.30 (dd, 1H, ] = 1.4, 151.2 Hz), 3.87
(d, 3H, J = 11.3 Hz), 3.74 (d, 3H, J = 11.1 Hz); '*C NMR (125 MHz,
CDCly) 6 171.6, 162.4 (d, Jcr = 256.0 Hz), 137.5 (d, Jor = 9.6 Hz),
131.5,125.4 (d, Jcg = 3.1 Hz), 116.7 (d, Jop = 21.6 Hz), 1164 (d, Jc =
11.0 Hz), 84.4 (dd, Jop = 11.1, 156.1 Hz), 55.2 (d, Jcp = 7.3 Hz), 55.2 (d,
Jep = 74 Hz); HRMS (EI) m/z caled for C,oH;;FNOPS 323.0029,
found 323.0029.
Dimethyl 4-(4-Cyanophenyl)-5H-1,2,3-oxathiazole-5-phospho-

nate 2,2-Dioxide, 4j. Recrystallized from EtOAc/n-hexane:

o, 0

N0

\
é{P(OMe)z

NC

yield 78% (1.12 g as a white solid); mp = 158.5—161.3 °C; 'H NMR
(500 MHz, CDCl;) 6 8.27 (d, 2H, J = 7.9 Hz), 7.88 (d, 2H, J = 7.9 Hz),
6.17 (d, 1H, J = 11.1 Hz), 3.97 (d, 3H, J = 11.1 Hz), 3.76 (d, 3H, ] =
11.1 Hz); 3C NMR (125 MHz, CDCL,) § 172.2, 132.7, 131.0, 130.5,
118.9, 117.2, 82.7 (d, Jcp = 154.8 Hz), 55.5 (d, Jcp = 7.2 Hz), 55.4 (4,
Jcp = 7.4 Hz); HRMS (EI) m/z caled for C;;H;;N,O4PS 330.0075,
found 330.0088.
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Dimethyl 4-[4-(Methoxycarbonyl)phenyl]-5H-1,2,3-oxathiazole-
5-phosphonate 2,2-Dioxide, 4k. Recrystallized from EtOAc/
n-hexane:

o.. 0O

N
N ©O

29N

\
,P(OMe),
o

MeO,C

yield 44.4% (0.4 g as a white solid); mp = 149.5-152.9 °C; '"H NMR
(500 MHz, CDCl,) 6 8.16—8.17 (m, 4H), 6.14 (d, 1H, J = 11.1 Hz),
3.94 (s, 3H), 3.89 (d, 3H, ] = 11.2 Hz), 3.69 (d, 3H, J = 11.1 Hz); '*C
NMR (75 MHz, CDCL,) § 173.0, 165.5, 136.2, 130.6, 130.4, 130.0,
82.9 (d, Jop = 155.3 Hz), 55.4 (d, Jcp = 6.9 Hz), 55.2 (d, Jep = 7.2 Hz),
52.8; HRMS (EI) m/z caled for C;,H;,NOgPS 363.0178, found
363.0159.
Dimethyl [4-(Naphthalen-2-yl)-5H-1,2,3-oxathiazol-5-yl]-
phosphonate 2,2-Dioxide, 4l. Recrystallized from EtOAc/n-hexane:
O:\S//O
N” ~O

\
P(OMe)2
YA

yield 43% (681.7 mg as aivory solid); mp = 219.3—220.6 °C; '"H NMR
(500 MHz, CDCl,) & 8.11-8.13 (m, 1H), 7.90—8.02 (m, 3H),
7.60—7.71 (m, 2H) 6.27 (d, 1H, J = 10.45 Hz), 3.95 (d, 3H, ] =
11.1 Hz), 3.69 (d, 3H, J = 11.1 Hz); *C NMR (125 MHz, CDCl,)
§173.2,136.8, 134.1, 132.2, 130.3, 130.1, 129.3, 128.1, 127.7, 124.7,
124.1,82.8 (d, Jcp = 29.88 Hz), 55.44 (d, Jcp = 7.16 Hz), 55.22 (d, Jcp =
7.17 Hz); HRMS (EI) m/z calcd for C,,H,;,NOPS 355.0279, found
355.0248.

Dimethyl 4-(Furan-2-yl)-5H-1,2,3-oxathiazole-5-phosphonate
2,2-Dioxide, 4m. Recrystallized from EtOAc/n-hexane:

o 0

N
7N
(0]

N
\

NGO

P(OMe),
0

yield 48.4% (0.61 g as a ivory solid); mp = 138.0—142.3 °C; '"H NMR
(500 MHz, CDCl;) 5 7.85 (d, 1H, J = 1.3 Hz), 7.82 (d, 1H, ] = 3.8 Hz),
6.72 (dd, 1H,J = 1.7, 3.8 Hz), 5.87 (d, 1H, ] = 10.1 Hz), 3.94 (d, 3H, ] =
11.2 Hz), 3.77 (d, 3H, ] = 11.0 Hz); *C NMR (75 MHz, CDCl;) §
160.7,150.8, 143.1, 126.1, 114.3, 81.4 (d, Jcp = 155.9 Hz), 55.4 (d, Jcp =
3.9 Hz), 55.3 (d, Jcp = 3.7 Hz); HRMS (EI) m/z caled for CgH,;,NO,PS
294.9916, found 294.9918.
Dimethyl 4-(Thiophene-2-yl)-5H-1,2,3-oxathiazole-5-phospho-

nate 2,2-Dioxide, 4n. Recrystallized from EtOAc/n-hexane:

o:\S,:o

NTO

S

,P(OMe),
o}

yield 43% (73.6 mg as a ivory solid); mp = 145.3—146.7 °C; '"H NMR
(500 MHz, acetone-dg) & 8.40—8.41 (m, 1H), 8.29—8.30 (m, 1H),
7.42—7.44 (m, 1H), 6.87 (d, 1H, J = 10.6 Hz), 3.96 (d, 3H, ] = 11.1 Hz),
3.79 (d, 3H, J = 11.0 Hz); *C NMR (75 MHz, acetone-dy) § 173.0,
145.5, 144.1, 135.5, 134.9, 88.2 (d, Jcp = 153.2 Hz), 59.8 (d, Jep =
7.1 Hz), 59.7 (d, Jcp = 6.6 Hz); HRMS (EI) m/z calcd for CgH;;NOGPS,
310.9687, found 310.9689.
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Dimethyl 4-Phenethyl-5H-1,2,3-oxathiazole-5-phosphonate 2,2-
Dioxide, 40. Recrystallized from EtOAc/n-hexane:
(NP V)
N/ N\,

O
\

,P(OMe),
o

yield 67% (1.8 g as a white solid); mp = 100.5—101.4 °C; "H NMR (500
MHz, CDCL,) § 7.23—7.33 (m, SH), 5.33 (d, 1H, J = 12.5 Hz), 3.91 (d,
3H,J=11.2 Hz), 3.80 (d, 3H, J = 11.0 Hz), 3.24—3.31 (m, 1H), 3.03—
3.18 (m, 3H); '*C NMR (125 MHz, CDCl;) § 181.1, 138.8, 128.8,
128.5, 126.9, 83.9 (d, Jcp = 157.4 Hz), 55.3 (d, Jcp = 7.4 Hz), 55.1 (d,
Jep = 6.9 Hz), 33.7, 31.4; HRMS (EI) m/z calcd for C;,H;{NOGPS
333.0436, found 333.0436.

Dimethyl (4-Isobutyl-2,2-dioxido-5H-1,2,3-oxathiazol-5-yl)-
phosphonate, 4p. Purified by column chromatography on silica
gel (n-hexane/EtOAc, 1:4):

N

N“"0

\
>\)_<ﬁ’(OMe)2
o)

yield 20% (180 mg as a yellow oil); "H NMR (500 MHz, CDCl,) & 5.42
(d, 1H, J = 12.4 Hz), 3.95 (d, 3H, J = 11.1 Hz), 3.89 (d, 3H, ] = 11 Hz),
2.76—-2.8 (m, 1H), 2.63—2.68 (m, 1H), 2.29—2.30 (m, 1H), 1.03—1.06
(m, 6H); *C NMR (125 MHz, CDCL,) § 180.9, 83.9 (d, Jcp = 158 Hz),
554 (d, Jop = 7.4 Hz), 55.2 (d, Jcp = 6.8 Hz), 40.5, 26.3, 22.6, 22.0;
HRMS (EI) m/z calcd for CgH,;(NOGPS 285.0436, found 285.0422

Dimethyl (4-Isopropyl-2,2-dioxido-5H-1,2,3-oxathiazol-5-yl)-
phosphonate, 4q. Purified by column chromatography on silica
gel (n-hexane/EtOAc, 1:4):

So”

N’S\O

\
\{_g?(owle)z
(0]

yield 9.8% (324 mg as a yellow oil); "H NMR (500 MHz, CDCl,) 6 5.58
(d, 1H,J=12.45Hz),3.94 (d,3H,J= 11.15Hz), 3.83 (d, 3H, ] = 11 Hz),
3.19-3.24 (m, 1H), 1.32—1.36 (m, 6H); 3C NMR (125 MHz, CDCl,)
5186.2, 82.8 (d, Jop = 158 Hz), 55.4 (d, Jep = 7.5 Hz), 55.1 (d, Jep =
6.8 Hz), 31.7, 20.7, 18.9; HRMS (EI) m/z calcd for C,H,NO4PS
271.0279, found 271.0264

Dimethyl (4-Cyclohexyl-5H-1,2,3-oxathiazol-5-yl)phosphonate
2,2-Dioxide, 4r. Purified by column chromatography on silica gel
(n-hexane/EtOAc, 1:4):

N’S\O
\
OUP(OMe)z

yield 48.45% (1.25 g as a yellow oil); "H NMR (500 MHz, CDCL,) §
5.53—5.56 (m, 1H), 3.83—3.93 (m, 6H), 2.87—2.89 (m, 1H), 1.26—2.01
(m, 10H); 3C NMR (125 MHz, CDCL;) 6 185.17 (d, Jcp = 5.3 Hz),
82.74 (d, Jp = 157.8 Hz), 55.32—55.37 (d, Jcp = 7.37), 55.08 (d, Jcp =
6.7), 40.6, 31.5, 25.7, 28.8, 25.3, 24.8; HRMS (EI) m/z calcd for
C,oH,sNOGPS 311.0592, found 311.0583.

Dimethyl (4-tert-Butyl-2,2-dioxido-5H-1,2,3-oxathiazol-5-yl)-
phosphonate, 4s. Purified by column chromatography on silica
gel (n-hexane/EtOAc, 1:4):

N’S\O

\
P(OMe),
O
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yield 36% (348 mg as a yellow oil); "H NMR (500 MHz, CDCL;) & 5.61
(d, 1H, J = 12.15 Hz), 3.95 (d, 3H, J = 11.1 Hz), 3.89 (d, 3H, ] =
11.1 Hz), 1.44 (s, 9H); *C NMR (125 MHz, CDCl,) 6 188.4, 83.5 (d,
Jep = 156 Hz), 55.3 (d, Jcp = 7.8 Hz), 55.0 (d, Jcp = 7.0 Hz), 38.2, 28.0;
HRMS (EI) m/z calcd for CgH,;sNOGPS 285.0436, found 285.0427.

Dimethyl 4-(E)-Styryl-5H-1,2,3-oxathiazole-5-phosphonate 2,2-
Dioxide, 4t. Recrystallized from EtOAc/n-hexane:

o, 0

N’
N@e}
\

P(OMe),
o}

yield 67% (0.57 g as a ivory solid); mp = 157.0—158.4 °C; '"H NMR
(500 MHz, CDCl,) 6 8.13 (d, 1H, J = 16.0 Hz), 7.63—7.65 (m, 2H),
7.44—7.49 (m, 3H), 7.09 (d, 1H, J = 16.0 Hz), 5.69 (d, 1H, J = 11.3 Hz),
3.97 (d,3H, ] = 11.1 Hz), 3.84 (d, 3H, J = 11.0 Hz); *C NMR (75 MHz,
CDCly) § 171.9, 150.3, 133.5, 132.5, 129.4, 129.3, 114.2, 82.6 (d, Jcp =
155.9 Hz), 55.5 (d, Jcp = 7.2 Hz), 55.3 (d, Jcp = 7.0 Hz); HRMS (EI)
m/z caled for C,H,,NOPS 331.0279, found 331.0282.

3. Typical Procedure for the ATH-DKR of 4,5-Disubstituted
Cyclic Imine 4.

\\S// Na”
N( 0 (RR)-Rh-1a HN" 0
P HCO,H/Et;N(5:2 or 1:1), 4—5
,P(OMe), EtOAc, rt ,P(OMe),
o) o)
4a 5a

To the solution of 4,5-disubstituted cyclic imine 4a (70 mg, 0.23 mmol)
in EtOAc (2.3 mL) was added (R,R)-Cp*RhCI(TsDPEN) (1a) catalyst
(0.5 mol %) and then HCO,H/Et;N (5:2 azeotropic mixture, 0.23 mL)
via a syringe, and the reaction mixture was stirred for 0.5 h at room
temperature and diluted with EtOAc. The reaction mixture was washed
with water and brine. The organic layer was dried over anhydrous
MgSO, and evaporated under reduced pressure. The residue was puri-
fied by column chromatography on silica gel (CH,Cl,/MeOH, 20:1) to
give a white solid 5a (69.5 mg, 98.6%).

Dimethyl (4S,5R)-4-Phenyl-1,2,3-oxathiazolidine-5-phosphonate
2,2-Dioxide, 5a. Purified by column chromatography on silica gel
(CH,Cl,/MeOH, 20:1):

o_ 0O

N
S

HN” \9

i s

d\y(om%
o

yield 98.6% (69.5 mg as a white solid); mp = 166.8—170.8 °C; 98% ee;
Chiralpak IB, 20% ethanol/n-hexane, 1.0 mL/min, 215 nm tz(minor) =
8.9 min, ty(major) = 9.9 min; [a]*p = +8.49 (¢ 0.8, CHCL,); '"H NMR
(500 MHz, CDCl,) 6 7.23—7.43 (m, SH), 5.69 (brs, 1H), 5.33 (d, 1H,
] =264 Hz),5.12 (dd, 1H, ] = 2.3, 6.2 Hz), 3.71 (d, 3H, ] = 10.7 Hz),
3.17 (d, 3H, J = 11.1 Hz); *C NMR (125 MHz, CDCl,) § 131.2 (4,
Jep = 6.0 Hz), 129.3, 128.8, 127.1, 162.8, 61.0, 55.1 (d, Jcp = 6.5 Hz),
52.7 (d, Jop = 6.8 Hz); HRMS (EI) m/z caled for C,,H;,NOGPS
307.0279, found 307.0276.

Diethyl (4S,5R)-4-Phenyl-1,2,3-oxathiazolidine-5-phosphonate
2,2-Dioxide, 5b. Purified by column chromatography on silica gel
(CH,Cl,/MeOH, 20:1):

o, 0
HN’S‘O
i 5

@jIIP(OEt)2
(0]

yield 95% (31.9 mg as a white solid); mp = 172.9—176.0 °C; [a]*p
+116.61 (¢ 0.33, CHCL); "H NMR (500 MHz, CDCL,) § 7.36—7.46
(m, SH), 6.27—6.29 (m, 1H), 5.27—5.36 (m, 1H), 5.07 (dd, 1H, ] = 2.4,
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64 Hz), 401-4.12 (m, 2H), 3.71-3.76 (m, 1H), 3.42—3.47 (m,
1H).1.21 (t,3H, J = 7.0 Hz), 0.92 (t, 3H, J = 7.1 Hz); *C NMR (75
MHz, CDCl,) 6 131.5 (d, Jep = 2.6 Hz), 129.1, 128.6, 127.3, 81.3 (d,
Jep = 168.6 Hz), 64.9 (d, Jop = 6.7 Hz), 62.7 (d, Jop = 7.0 Hz), 61.2, 16.3
(d, Jep = 5.5 Hz), 15.9 (d, Jcp = 6.0 Hz); HRMS (EI) m/z calcd for
C1,H,sNOGPS 335.0592, found 335.0591.

Diethyl (4R,5S)-4-Phenyl-1,2,3-oxathiazolidine-5-phosphonate
2,2-Dioxide, ent-5b. Purified by column chromatography on silica
gel (CH,Cl,/MeOH, 20:1):

HN- 0
v\ -
d{P(OEt)z

yield 92.2% (28.39 mg as a white solid); mp = 173—174.2 °C; [a]®p, =
—92.26 (¢ 0.6, CHCl,); "H NMR (500 MHz, acetone-dy) 6 7.65—7.67
(m, 2H), 7.44—7.46 (m, 3H), 5.45—5.51 (m, 2H), 3.65—4.01 (m, 4H),
1.09 (m, 3H), 1.07 (m, 3H); *C NMR (75 MHz, acetone-dg) § 134.7
(d, Jop = 2.9 Hz), 129.5, 129.0, 129.0, 81.3 (d, Jop = 168.4 Hz), 64.1 (d,
Jop = 6.6Hz),63.1 (d, Jcp = 6.6 Hz), 61.9, 16.5 (d, Jop = 5.5 Hz), 16.3 (d,
Jcp = 5.9 Hz).

(4S,5R)-N-Boc-4-phenyl-1,2,3-oxathiazolidine-5-phosphonate
2,2-Dioxide Diethyl Ester, (45,5R)-N-Boc-5b.

°N //O

S
BocN” O
4: :5

To a stirred mixture of (45,5R)-Sb (41 mg, 0.12 mmol) and
triethylamine (0.05 mL, 0.36 mmol) in anhydrous CH,Cl,
(2 mL) at 0 °C were added di-tert-butyl dicarbonate (49 mg,
0.18 mmol) and DMAP (cat). The mixture was stirred for 2 h at
room temperature, diluted with diethyl ether (10 mL), and
washed successively with cold 1 N HCI, aqueous saturated
NaHCO; solution, and brine. The organic layer was dried over
anhydrous MgSO,, and the solvent was evaporated. The residue
was purified by preparative TLC (CH,Cl,/MeOH = 20:1) to
give 50.1 mg (96% yield) as a white solid: yield 96% (50 mg as a
white solid); mp = 127.2—127.5 °C; [a]?p = —11.17 (¢ 0.17,
CHCl,); 97.8% ee; Chiralcel OD-H, 10% 2-propanol/n-hexane,
1.0 mL/min, 215 nm, tz(minor) = 11.0 min, fz(major) =
16.1 min; "H NMR (500 MHz, acetone-dg) & 7.43—7.56 (m,
SH), 5.67 (d, 1H, J = 5.8 Hz), 5.54—5.57 (m, 1H), 4.06—4.12 (m,
2H), 3.69—3.75 (m, 1H), 3.38—3.48 (m, 1H), 1.39 (s 9H), 1.3 (t,
3H,J = 7.1 Hz), 1.04 (t, 3H, ] = 7.1 Hz); *C NMR (125 MHz,
CDCl,) 6 147.6, 134.4, 129.3, 128.5, 128.2, 86.0, 75.2 (d, Jcp =
172.6 Hz), 63.8 (d, Jop = 4.5 Hz), 63.8 (d, Jop = 4.1 Hz), 63.0,
27.8,16.3 (d, Jop = 5.9 Hz), 16.1 (d, Jop = 5.6 Hz); HRMS (EI)
m/z caled for C;H,(NOgPS 435.1117, found 435.1118.

Dimethyl (4S,5R)-4-(3-Methylphenyl)-1,2,3-oxathiazolidine-5-
phosphonate 2,2-Dioxide, 5c¢. Purified by column chromatography
on silica gel (n-hexane/EtOAc, 1:2):

N
HN/S\Q
e

5
Me{ﬁg”"“”%

yield 94.17% (47.19 mg as a white solid); mp = 163.3—164.4 °C;
[a]*p = +125.40 (c 0.33, CHCl;); "H NMR (500 MHz, acetone-dg) 6
7.44—7.48 (m, 2H), 7.35 (t, 1H, ] = 7.6 Hz), 7.24 (d, 1H, J = 7.6 Hz),
5.50—5.52 (m, 1H), 5.41—5.46 (m, 1H), 3.52 (d, 3H, ] = 10.8 Hz), 3.40
(d, 3H, J = 11.0 Hz), 2.40 (s, 3H); *C NMR (75 MHz, acetone-d)
5 1387, 1344 (d, Jop = 3.2 Hz), 130.2, 1294, 129.0, 125.9, 81.2
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(d, Jep = 169.0 Hz), 61.7, 54.2 (d, Jop = 6.7 Hz), 53.2 (d, Jp = 6.6 Hz),
21.4; HRMS (EI) m/z caled for C;;H;(NOGPS 321.0436, found
321.0426.
N-Boc-(4S,5R)-4-(3-methylphenyl)-1,2,3-oxathiazolidine-5-phos-
phonate 2,2-Dioxide Dimethyl Ester, N-Boc-5c. Purified by column
chromatography on silica gel (n-hexane/EtOAc, 1:3):
o_ 0

N
S
BocN’ 0
4=

35
,P(OMe),

yield 98.4% (62.2 mg as a yellow oil); 96.4% ee; Chiralpak AD-H, 10%
2-propanol/n-hexane, 1.0 mL/min, 215 nm tx(minor) = 9.9 min,
tg(major) = 11.5 min; [a]?p = +599 (¢ 0.5, CHCL); 'H NMR
(500 MHz, acetone-dg) 6 7.36—7.38 (m, 3H), 7.26—7.28 (m, 1H),
5.29—-5.64 (m, 2H), 3.73 (d, 3H, J = 11.1 Hz), 3.20 (d, 3H, J = 11.0 Hz),
241 (s, 3H), 1.40 (s, 9H); 3C NMR (75 MHz, acetone-ds) & 148.5,
138.7, 1362, 130.5, 129.8, 129.1, 126.2, 85.8, 76.1 (d, Jcp = 172.6 Hz),
64.0, 53.9 (q, Jcp = 6.4 Hz), 27.9, 21.4; HRMS (EI) m/z calcd for
C,6H,,NOGPS 421.0960, found 421.0968.

Dimethyl (4S,5R)-4-(4-Methylphenyl)-1,2,3-oxathiazolidine-5-
phosphonate 2,2-Dioxide, 5d. Purified by column chromatography
on silica gel (n-hexane/EtOAc, 1:2):

o_ 0

N\

yield 99.6% (32 mg as a white solid); mp = 134.5—136.0 °C; 96.7% ee;
Chiralpak AD-H, 20% 2-propanol/n-hexane, 1.0 mL/min, 215 nm
tp(major) = 9.2 min, ty(minor) = 11.8 min; [a]*'y, = +126.27 (¢ 0.3,
CHCL;); '"H NMR (500 MHz, acetone-dy) 6 7.55 (d, 2H, J = 8.2 Hz),
7.30 (d, 2H, J = 8.0 Hz), 7.15=7.20 (brs, 1H), 5.50—5.52 (m, 1H),
5.43—5.48 (m, 1H), 3.53 (d, 3H, J = 10.8 Hz), 3.43 (d, 3H, ] = 1.6 Hz),
240 (s, 3H); *C NMR (75 MHz, acetone-ds) & 139.4, 131.6, 129.7,
128.8,81.2 (d, Jop = 169.0 Hz), 61.6, 54.2 (d, Jcp = 6.6 Hz), 53.2 (d, Jop =
6.6 Hz), 21.1; HRMS (EI) m/z calcd for C;;H;{NO4PS 321.0436, found
321.0408.

Dimethyl (4S,5R)-4-(4-Methoxyphenyl)-1,2,3-oxathiazolidine-5-
phosphonate 2,2-Dioxide, 5e. Purified by column chromatography
on silica gel (n-hexane/EtOAc, 1:2):

HN’S\O

& 35
,P(OMe),

(0]

MeO

yield 96% (33 mg as a white solid); mp = 132.5—134.1 °C; 96% ee;
Chiralpak AD-H, 20% 2-propanol/n-hexane, 1.0 mL/min, 215 nm
tg(major) = 10.5 min, tp(minor) = 15.0 min; [a]*' = +107.68 (c 0.44,
CHCL,); '"H NMR (500 MHz, CDCl;) § 7.56 (d, 2H, ] = 8.7 Hz), 7.00
(d, 2H, J = 8.8 Hz), 5.45 (dd, 1H, J = 3.4, 6.5 Hz), 5.40 (dd, 1H, ] = 6.5,
17.2 Hz), 3.84 (s, 3H), 3.52 (d, 3H, ] = 10.8 Hz), 344 (d, 3H, ] =
11.0 Hz); *C NMR (75 MHz, CDCl,) § 160.1, 128.7, 123.8, 114.0, 80.9
(d, Jep = 169.8 Hz), 60.7, 55.4, 54.8 (d, Jcp = 6.6 Hz), 53.0 (d, Jcp =
6.9 Hz); HRMS (EI) m/z calcd for C,;H,;(NO,PS 337.038S, found
337.0383.

Dimethyl (4S,5R)-4-(3-Chlorophenyl)-1,2,3-oxathiazolidine-5-
phosphonate 2,2-Dioxide, 5f. Purified by column chromatography
on silica gel (n-hexane/EtOAc, 1:2):

HN’S\O
YA

5
cw@jdp(om)z
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yield 90.9% (31 mg as a white solid); mp = 96.8—98.5 °C; [a]*'}, =
+118.13 (¢ 0.33, CHCL,); 'H NMR (500 MHz, acetone-dy) & 7.74 (s,
1H), 7.60—7.62 (m, 1H), 7.47—7.51 (m, 2H), 5.50—5.56 (m, 2H), 3.56
(d, 3H, J = 3.6 Hz), 3.53 (d, 3H, ] = 3.4 Hz); *C NMR (75 MHz,
acetone-dg) 6 137.7, 134.5, 130.7, 129.6, 129.1, 127.7, 80.3 (d, Jcp =
169.3 Hz), 61.1, 54.2 (d, Jcp = 6.7 Hz), 53.5 (d, Jcp = 6.6 Hz); HRMS
(EI) m/z calcd for CoH,3CINOGPS 340.9890, found 340.9895.
N-Boc-(4S,5R)-4-(3-chlorophenyl)-1,2,3-oxathiazolidine-5-phos-
phonate 2,2-Dioxide Dimethyl Ester, N-Boc-5f. Purified by column
chromatography on silica gel (CH,Cl,/MeOH, 20:1):
Bocl\!’s‘p
435

,P(OMe),

yield 88.7% (78 mg as a white solid); mp = 106.7—108.4 °C; 94% ee;
Chiralpak AD-H, 20% 2-propanol/n-hexane, 1.0 mL/min, 215 nm
tp(minor) = 10.4 min, ty(major) = 13.2 min; [a]?, = +6.85 (c 0.35,
CHCL,); "H NMR (500 MHz, acetone-dg) 6 7.59—7.60 (m, 1H), 7.49—
7.55 (m, 3H), 5.73 (d, 1H, J = 5.9 Hz), 5.64—5.67 (m, 1H), 3.77 (d, 3H,
J=11.1Hz),3.37 (d,3H, = 11.0 Hz), 1.42 (s, 9H); ">*C NMR (75 MHz,
acetone-dg) 6 148.1, 138.5, 138.5, 131.0, 130.0, 129.1, 127.6, 86.2, 75.7
(d, Jep = 173.0 Hz), 62.2, 54.2 (d, Jop = 2.7 Hz), 54.1 (d, Jcp = 2.9 Hz),
27.9; HRMS (EI) m/z caled for C;sH,,CINOgPS 441.0414, found
441.0383.

Dimethyl (4S,5R)-4-(4-Chlorophenyl)-1,2,3-oxathiazolidine-5-
phosphonate 2,2-dioxide, 5g. Purified by column chromatography
on silica gel (CH,Cl,/MeOH, 20:1) and recrystallized from EtOAc/n-
hexane:

N
H,\!,S\\o
435
,P(OMe),
(o]

cl

yield 95.6% (65.5 mg as a white solid); mp = 128.7—130.8 °C; 96.8% ee;
Chiralpak AD-H, 20% 2-propanol/n-hexane, 1.0 mL/min, 215 nm
tg(major) = 10.0 min, ty(minor) = 13.9 min; [@]*p = +60.54 (c 0.52,
CHCL;); 'H NMR (500 MHz, CDCl;) 6 7.40 (m, 4H), 5.29 (dd, 1H, J =
6.4,22.0 Hz), 5.16 (dd, 1H, J = 3.1, 6.3 Hz), 3.65 (d, 3H, ] = 10.8 Hz),
3.37 (d, 3H, ] = 10.8 Hz); '*C NMR (75 MHz, CDCl,) 6 135.3, 130.5,
128.8, 128.8, 80.5 (d, Jop = 169.8 Hz), 60.5, 55.0 (d, Jcp = 6.8 Hz), 53.0
(d, Jep = 7.0 Hz); HRMS (EI) m/z caled for C,oH,;;CINO-PS 340.9890,
found 340.9898.

Dimethyl (4R,5S)-4-(4-Chlorophenyl)-1,2,3-oxathiazolidine-5-
phosphonate 2,2-Dioxide, ent-5g. Purified by column chromatog-
raphy on silica gel (CH,Cl,/MeOH, 20:1):

HNS 0
A L5
d/P(OMe)Z

Cl

yield 97% (27.4 mg as a white solid); mp = 132—133.2 °C; 97.9% ee;
Chiralpak AD-H, 20% 2-propanol/n-hexane, 1.0 mL/min, 215 nm
tx(minor) = 10.1 min, ty(major) = 12.9 min; [a]*’p, = —86.26 (¢ 0.5,
CHCL;); 'H NMR (500 MHz, CDCl;) § 7.39 (m, 4H), 6.20 (brs, 1H),
5.29 (dd, 1H, J = 6.4, 22.1 Hz), 5.16 (dd, 1H, ] = 3.1, 6.3 Hz), 3.65 (d,
3H,J=10.8 Hz), 3.37 (d, 3H, J = 10.8 Hz); *C NMR (75 MHz, CDCl;)
5135.3,130.5, 128.9, 128.8, 80.6 (d, Jop = 169.7 Hz), 60.5, 55.0 (d, Jcp =
6.8 Hz), 53.0 (d, Jop = 7.0 Hz); HRMS (EI) m/z caled for
C,oH,3CINOPS 340.9890, found 340.9889.
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Dimethyl (4S,5R)-4-(4-Fluorophenyl)-1,2,3-oxathiazolidine-5-
phosphonate 2,2-Dioxide, 5h. Purified by column chromatography
on silica gel (CH,Cl,/MeOH, 20:1):

HN/S\Q

£ 5
P(OMe),

o

F

yield 94% (30.5 mg as a white solid); mp = 181.0—185.4 °C; 96% ee;
Chiralpak AD-H, 20% 2-propanol/n-hexane, 1.0 mL/min, 215 nm
tg(major) = 9.2 min, tp(minor) = 11.8 min; [a]?, = +100.22 (c 0.38,
CHCl,); "TH NMR (500 MHz, acetone-dg) & 7.68—7.72 (m, 2H), 7.40—
7.41 (brs, 1H), 7.20—7.25 (m, 2H), 5.49-5.52 (m, 2H), 3.54 (d, 3H, ] =
8.7 Hz), 3.45 (d, 3H, ] = 8.8 Hz); *C NMR (75 MHz, acetone-dy) &
1654, 162.1, 1313 (q, Jcg = 8.5 Hz), 115.8 (d, Jcr = 21.6 Hz), 80.6 (d,
Jep = 169.9 Hz), 61.1, 54.2 (d, Jep = 6.6 Hz), 53.4 (d, Jcp = 6.6 Hz);
HRMS (EI) m/z calcd for C,oH;;FNOGPS 325.0185, found 325.0195.

Dimethyl (4S,5R)-4-(2-Fluorophenyl)-1,2,3-oxathiazolidine-5-
phosphonate 2,2-Dioxide, 5i. Purified by column chromatography
on silica gel (n-hexane/EtOAc, 1:4) and recrystallized from EtOAc/n-
hexane:

o_ 0O

N\

S
HN"~0
F &3

5
,/P(OMe)z
(0]

yield 95.4% (47.19 mg as a ivory solid); mp = 173.1-175.8 °C; 81.4%
ee; Chiralpak AD-H, 10% 2-propanol/n-hexane, 1.5 mL/min, 215 nm
t(major) = 9.6 min, tx(minor) = 13.1 min; [@]?y = +117.6 (¢ 0.3,
CHCL,); '"H NMR (500 MHz, CDCl,) & 7.41—7.48 (m, 2H), 7.27—7.30
(m, 1H), 7.14—7.18 (m, 1H), 6.14 (brs, 1H), 5.58 (dd, 1H, ] = 6.2,
30.0 Hz), 5.29—5.31 (m, 1H), 3.88 (d, 3H, ] = 10.6 Hz), 3.21 (d, 3H, ] =
11.0 Hz); *C NMR (125 MHz, CDCl;) 6 160.2 (d, Jcr = 245.7 Hz),
131.0 (d, Jer = 8.4 Hz), 127.5 (d, Jog = 3.1 Hz), 124.7 (d, Jor = 3.2 Hz),
118.5 (d, Jog = 13.9 Hz), 115.2 (d, Jcg = 20.9 Hz), 81.0 (dd, Jcp = 3.4,
168.1 Hz), 55.9 (d, Jcp = 4.2 Hz), 55.5 (d, Jep = 6.4 Hz), 52.6 (d, Jcp =
7.1 Hz); HRMS (EI) m/z caled for C,oH;3FNO(PS 325.0185, found
325.0171.

Dimethyl (4S,5R)-4-(4-Cyanophenyl)-1,2,3-oxathiazolidine-5-
phosphonate 2,2-Dioxide, 5j. Purified by column chromatography
on silica gel (CH,Cl,/MeOH, 20:1):

HN’S\O

£ 35
NP(OMe)z

(6]

NC

yield 95% (31.5 mg as a white solid); mp = 188.1—189.0 °C; 100% ee;
Chiralpak AD-H, 20% 2-propanol/n-hexane, 1.5 mL/min, 215 nm
tg(minor) = 9.2 min, tz(major) = 13.8 min; [a]*’y = +110.79 (¢ 0.3,
CHCL;); 'H NMR (500 MHz, CDCL;) § 7.73 (d, 2H, ] = 8.0 Hz), 7.56
(d,2H, J = 8.0 Hz), 6.02 (brs, 1H), 5.36 (dd, 1H, J = 6.2,21.7 Hz), 5.19—
5.21 (m, 1H), 3.69 (d, 3H, J = 10.7 Hz), 3.39 (d, 3H, ] = 11.0 Hz); *C
NMR (125 MHz, CDCl,) § 137.0, 132.3, 128.2, 117.9, 113.3, 80.3 (d,
Jep = 169.1 Hz), 60.6, 55.3 (d, Jcp = 6.5 Hz), 53.0 (d, Jop = 6.9 Hz);
HRMS (EI) m/z calcd for C;;H;3N,0O4PS 332.0232, found 332.0232.
Dimethyl (4S,5R)-4-[4-(Methoxycarbonyl)phenyl]-1,2,3-oxathia-
zolidine-5-phosphonate 2,2-Dioxide, 5k. Purified by column
chromatography on silica gel (CH,Cl,/MeOH, 20:1):
HN’S\O
i
,/P(OMe)z
O

MeOZC
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yield 93.4% (46.7 mg as a white solid); mp = 153.5—156.1 °C; 99.2% ee;
Chiralpak AD-H, 20% 2-propanol/n-hexane, 1.0 mL/min, 215 nm
tr(major) = 12.9 min, ty(minor) = 15.2 min; [a]*°y = +91.05 (¢ 0.33,
CHCL,); '"H NMR (500 MHz, acetone-dy) & 8.07 (d, 2H, ] = 8.5 Hz),
7.77 (d, 2H, J = 8.4 Hz), 7.45 (brs, 1H), 5.56—5.61 (m, 2H), 3.91
(s,3H),3.50 (d,3H, J=10.8 Hz), 3.47 (d, 3H, ] = 11.0 Hz); *C NMR
(125 MHz, acetone-dy) § 166.8, 140.2, 131.4, 129.9, 129.3, 80.4
(d, Jep=169.0 Hz), 61.4,54.2 (d, Jcp = 6.8 Hz), 53.4 (d, Jcp = 6.6 Hz),
52.5; HRMS (EI) m/z caled for C,H;(NOgPS 365.0334, found
365.0334.

Dimethyl (4S,5R)-4-(Naphthalen-2-yl)-1,2,3-oxathiazolidine-5-
phosphonate 2,2-Dioxide, 5I. Purified by column chromatography
on silica gel (n-hexane/EtOAc, 1:4):

O\\ ,/O
HN 0
4‘. :5

O P(OMe),

(6]

yield 96.6%; mp = 60.5 °C, 96.6% ee; Chiralpak IB, 20% ethanol/n-
hexane, 1.0 mL/min, 215 nm, f(minor) = 14.8 min, fz(major) = 18.3
min; [a]*'p = +57.9 (¢ 1.0, CHCL,); '"H NMR (500 MHz, CDCl,) §
7.83—7.89 (m, 4H), 7.53(m, 3H), 6.19 (d, 1H, ] = 9.5 Hz) 5.44—5.53
(m, 1H), 5.22—5.24 (m, 1H), 3.64 (d, 3H, J = 10.7 Hz), 3.05 (d, 3H, J =
11.05 Hz); 3C NMR (125 MHz, CDCl;) § 133.3, 132,8,128.5, 128.2,
127.7,127.1,126.9, 128.4,126.5, 124.2, 81.51 (d, Jcp = 76.01 Hz), 61.2,
55.15 (d, Jop = 6.46 Hz), 52.65 (d, Jcp = 6.8 Hz); HRMS (EI) m/z caled
for C,,H,;(NOPS 357.0436, found 357.0467.

Dimethyl (4S,5R)-4-(Furan-2-yl)-1,2,3-oxathiazolidine-5-phos-
phonate 2,2-Dioxide, 5m. Purified by column chromatography on
silica gel (CH,Cl,/MeOH, 20:1) and recrystallized from EtOAc/n-
hexane:

o_ 0O

N\o”

H"!'S\P

4735
— ,/P(OMe)z
O ©

yield 90% (45 mg as a white solid); mp = 98.0—100.2 °C, [a]*', = +45.2
(c 025, CHCl,); '"H NMR (500 MHz, acetone-dg) & 7.63—7.64 (m,
1H), 6.70 (d, 1H, ] = 3.4 Hz), 6.49—6.50 (m, 1H), 5.45 (dd, 1H, ] = 6.3,
13.2 Hz), 5.39 (dd, 1H, J = 4.2, 6.3 Hz), 3.69 (d, 3H, ] = 10.9 Hz), 3.67
(d, 3H, ] = 10.9 Hz); 3C NMR (75 MHz, acetone-dy) 6 148.1, 144.2,
111.5, 111.1,79.7 (d, Jcp = 169.8 Hz), 55.9, 54.4 (d, Jcp = 6.6 Hz), 53.9
(d, Jep = 6.6 Hz); HRMS (EI) m/z calcd for CgH;,NO,PS 297.0072,
found 297.0076.

N-Boc-(4S,5R)-4-(furan-2-yl)-1,2,3-oxathiazolidine-5-phospho-
nate 2,2-Dioxide Dimethyl Ester, N-Boc-5m. Purified by column
chromatography on silica gel (n-hexane/EtOAc, 1:1):

BocN” ~O
43

5
— P(OMe),
O O

yield 90% (35.1 mg as a brown oil); 97.2% ee: Chiralpak IB-H, 30% 2-
propanol/n-hexane, 1.0 mL/min, 215 nm, tx(minor) = 7.0 min,
tg(major) = 8.4 min; [a]*'p = +7.8 (c 0.9, CHCl,); 'H NMR (500 MHz,
acetone-dg) & 7.653—7.651 (m, 1H), 6.58 (d, 1H, J = 3.3 Hz), 6.51—
6.52 (m, 1H), 5.76 (d, 1H, J = 5.5 Hz), 5.53 (dd, 1H, J = 5.6, 8.2 Hz),
3.78 (d, 3H, J = 11.0 Hz), 3.62 (d, 3H, J = 11.0 Hz), 1.45 (s, 9H);
13C NMR (75 MHz, acetone-dg) & 148.6, 148.4, 144.4, 111.6, 111.3,
86.0,75.3 (d, Jcp = 174.0 Hz), 57.5,54.5 (d, Jcp = 6.6 Hz), 54.3 (d, Jcp =
6.2 Hz), 27.9; HRMS (EI) m/z calcd for C,3H,,NO,PS 397.0596,
found 397.0599.
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Dimethyl (4S,5R)-4-(Thiophene-2-yl)-1,2,3-oxathiazolidine-5-
phosphonate 2,2-Dioxide, 5n. Purified by column chromatography
on silica gel (CH,Cl,/MeOH, 20:1):

HN’S‘Q
435

,P(OMe),
(0]

S

yield 93.9% (29.4 mg as a white solid); mp = 130.1—-134.6 °C; 99% ee:
Chiralpak AD-H, 20% 2-propanol/n-hexane, 1.0 mL/min, 215 nm,
tp(major) = 10.1 min, tx(minor) = 11.1 min; [a]*'p = +106.04 (c 0.46,
CHCL,); "TH NMR (500 MHz, acetone-dg) & 7.53—7.54 (m, 1H), 7.41—
7.42 (m, 1H), 7.08—7.10 (m, 1H), 5.70 (dd, 1H, ] = 6.2, 12.8 Hz), 5.44
(dd, 1H, J = 5.0, 6.2 Hz), 3.60 (d, 3H, J = 11.0 Hz), 3.55 (d, 3H, J =
10.8 Hz); *C NMR (75 MHz, acetone-dg) & 137.6, 129.0, 127.7, 127.5,
80.7 (d, Jep = 170.0 Hz), 57.9, 54.3 (d, Jcp = 6.8 Hz), 53.5 (d, Jop =
6.6 Hz); HRMS (EI) m/z calcd for CgH;,NOPS, 312.9844, found
312.9835S.

Dimethyl (4S,5R)-4-Phenethyl-1,2,3-oxathiazolidine-5-phospho-
nate 2,2-Dioxide, 50. Purified by column chromatography on silica
gel (CH,Cl,/MeOH, 20:1):

O\\ /,O

HN/S\O

PO
,P(OMe),

o}

yield 99.4% (49.7 mg as a ivory solid); mp = 134.9—138.8 °C; 96.5% ee;
Chiralpak AD-H, 10% 2-propanol/n-hexane, 1.5 mL/min, 215 nm,
tg(minor) = 10.3 min, ty(major) = 12.7 min; [a]p® + 67.61 (c 0.6,
CHCL;); 'H NMR (500 MHz, CDCl;) § 7.22—7.34 (m, SH), 5.48 (brs,
1H), 4.84 (d, 1H, J = 6.2 Hz), 4.10—4.13 (m, 1H), 3.94 (d, 3H, ] =
10.5 Hz), 3.84 (d, 3H, J = 10.9 Hz), 2.89—2.95 (m, 1H), 2.74—2.80 (m,
1H), 2.30—2.37 (m, 1H), 2.13—2.20 (m, 1H); *C NMR (125 MHz,
CDCly) § 139.7, 128.7, 128.5, 126.6, 80.8 (d, Jcp = 166.3 Hz), 57.7, 55.6
(d, Jep = 6.7 Hz), 53.1 (d, Jcp = 6.8 Hz), 32.6, 30.1 (d, Jcp = 1.8 Hz);
HRMS (EI) m/z calcd for C;,H;sNOGPS 335.0592, found 335.0593.

Dimethyl (4-Isobutyl-2,2-dioxido-1,2,3-oxathiazolidin-5-yl)-
phosphonate, 5p. Purified by column chromatography on silica
gel (n-hexane/EtOAc, 1:4):

So”

HN’S\O

)~ pioue),
(0]

yield 50% (90 mg as a colorless oil); [a]**p = +57.2 (¢ 0.23, CHCL;); 'H
NMR (500 MHz, CDCl,) 6 5.00 (d, 1H, J = 12.7 Hz), 479 (d, 1H, ] =
6.2 Hz), 4.14—4.23 (m, 1H), 3.95 (d, 3H, J = 13.5 Hz), 3.83 (d, 3H, ] =
11 Hz), 1.78—1.91 (m, 2H), 1.33—1.40 (m, 1H), 0.96—1.00 (m, 6H);
BBC NMR (125 MHz, CDCl,;) 6 81.5 (d, Jop = 166 Hz), 57.1, 55.7 (d,
Jep = 6.6 Hz), 52.9 (d, Jop = 7.4 Hz), 36.9, 25.8, 22.9, 21.8; HRMS (EI)
m/z caled for CgH;{NOGPS 287.0592, found 287.0574.

Dimethyl (4-Isopropyl-2,2-dioxido-1,2,3-oxathiazolidin-5-yl)-
phosphonate, 5q. Prepared from 4q by employing NaBH, reduction
in MeOH/H,O at rt and purified by column chromatography on
silica gel (n-hexane/EtOAc, 1:4):

o O

N’

HN’S\O

\€_<E’(OM9)2
(0]

racemic-5q

yield 60.4% (33 mg as a colorless oil); '"H NMR (500 MHz, CDCL,) &
545 (d, 1H, J = 12.9 Hz), 4.88 (d, 1H, J = 5.65 Hz), 3.94 (d, 3H, ] =
10.5Hz), 3.82 (d, 3H, J = 11 Hz), 3.73—3.79 (m, 1H), 2.2—2.3 (m, 1H),
1.13 (d, 3H, J = 6.5 Hz), 1.04 (d, 3H, ] = 6.5 Hz); *C NMR (125 MHz,
CDCl,) 6 82.0 (d, Jcp = 164 Hz), 65.7, 55.8 (d, Jcp = 6.6 Hz), 52.8
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(d, Jep = 7.5 Hz), 27.8 (d, Jcp = 2.2 Hz), 21.3, 19.2; HRMS (EI) m/z
caled for C;H (NOPS 273.0436, found 273.0408.

Dimethyl 4-Cyclohexyl-1,2,3-oxathiazolidine-5-phosphonate 2,2-
Dioxide, 5r. Prepared from 4r by employing NaBH, reduction in
MeOH/H,0 at rt and purified by column chromatography on silica
gel (n-hexane/EtOAc, 1:4):

HN’S\O

4 {5
P(OMe),

(0]

racemic-5r

yield 13% (24 mg as a colorless oil); "H NMR (500 MHz, CDCl,) 6 5.21
(d, 1H,J=13.1 Hz),4.89 (d, 1H, ] = 5.4 Hz), 3.82—3.96 (m, 6H), 0.86—
2.04 (m, 11H); *C NMR (125 MHz, CDCl,) 6 82.0 (d, Jcp = 164 Hz),
64.4,56.0 (d, Jop = 6.5 Hz), 52.9 (d, Jop = 7.4 Hz), 36.8, 31.2,29.8, 25.9,
25.2, 25.1; HRMS (EI) m/z calcd for C,oH,sNOGPS 313.0749, found
313.072S.

Dimethyl (4-tert-Butyl-2,2-dioxido-1,2,3-oxathiazolidin-5-yl)-
phosphonate, 5s. Prepared from 4s by employing NaBH,, reduction
in MeOH/H,0 at rt and purified by column chromatography on
silica gel (n-hexane/EtOAc, 1:4):

Ne”

HN’S\O

P(OMe)
76—2 2

racemic-5s

yield 86% (47 mg as a colorless oil); "H NMR (500 MHz, CDCl,) 6 5.09
(d, 1H, J = 14 Hz), 4.85—4.86 (m, 1H), 3.92 (d, 3H, ] = 10.8 Hz), 3.83
(d,3H,J=11Hz), 1.15 (s, 9H); *C NMR (125 MHz, CDCl,) § 82.4 (d,
Jep = 163.1 Hz), 69.1, 55.4 (d, Jcp = 7.0 Hz), 53.3 (d, Jcp = 7.4 Hz), 32.3,
26.8; HRMS (EI) m/z calcd for CgH;sNOGPS 287.0592, found
287.0621

Dimethyl (4-(E)-Styryl)-1,2,3-oxathiazolidine-5-phosphonate 2,2-
dioxide, 5t. Prepared from 4t by employing NaBH, reduction in
MeOH at rt and purified by column chromatography on silica gel (n-
hexane/EtOAc, 1:1):

o_ 0O

N
HN "0
45
,P(OMe),
o]

racemic-5t

yield 42% (14 mg as a ivory solid); mp = 130.1-134.6 °C; '"H NMR
(500 MHz, CDCl;) 6 7.30—7.45 (m, SH), 6.80 (d, 1H, J = 15.8 Hz), 6.43
(dd, 1H, ] = 8.1, 15.7 Hz), 4.92—4.93 (m, 1H), 4.77—4.89 (m, 1H), 3.90
(d, 3H, J = 10.6 Hz), 3.73 d, 3H, ] = 11.0 Hz); *C NMR (125 MHz,
CDCL,) 6 137.4, 135.0, 129.0, 128.9, 126.9, 118.5 (d, Jop = 3.5 Hz), 80.7
(d, Jop = 168.8 Hz), 60.1, 55.5 (d, Jcp = 6.6 Hz), 53.2 (d, Jcp = 7.1 Hz);
HRMS (EI) m/z caled for C,H,(NOPS 333.0436, found 333.0441.

4. ATH Reactions of Dimethyl 4-(E)-Styryl-1,2,3-oxathiazoli-
dine-5-phosphonate 2,2-Dioxide, 4t. To the solution of 4t (35 mg,
0.1 mmol) in EtOAc (1.0 mL) was added (R,R)-1a (0.5 mol %) and then
HCO,H/Et;N (5:2, 0.1 mL) via a syringe, and the reaction mixture was
stirred at room temperature for 0.5 h. The reaction mixture was diluted
with EtOAc and washed with brine. The organic layer was dried over
anhydrous MgSO, and concentrated to produce a mixture of St and So
which were inseparable by silica gel column chromatography. Analyis of
"H NMR and chiral HPLC of the crude product revealed that the ratio of
St and So was 1:1 (see the Supporting Information). Combined yield
97.8 mg (97.5%). St: 99% ee; Chiralpak AD-H, 10% 2-propanol/
n-hexane, 1.5 mL/min, 215 nm, fz(minor) = 15.2 min, ty (major) = 16.9 min.
So0: 94.4% ee; Chiralpak AD-H, 10% 2-propanol/n-hexane, 1.5 mL/min,
215 nm, tz(minor) = 10.2 min, fp(major) = 12.5 min.

5. Conversion of Cyclic Sulfamidate 5a to 1,2-Functionalized
Phosphonates 7a and 9a. Dimethyl N-Boc-(4S,5R)-4-phenyl-1,2,3-
oxathiazolidine-5-phosphonate, N-Boc-(4S,5R)-5a. Prepared from

DOI: 10.1021/acs.joc.5b01434
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(4S,5R)-5a by using the procedure for (4S,5R)-5b from (4S,5R)-5b
and purified by preparative TLC (CH,Cl,/MeOH = 20:1):
BocN” 0O
&35

@ﬁ// P(OMe),
o)

yield 70.83% (101 mg as colorless oil); []**, = +4.8 (c 0.65, CHCL,);
'H NMR (500 MHz, CDCl,) 6 7.52 (d, 2H, J = 7.1 Hz), 7.37—7.41 (m,
3H), 543 (s, 1H), 5.2—5.23 (m, 1H), 3.71 (d, 3H, J = 11 Hz), 3.09 (d,
3H, J = 11 Hz), 140 (s, 9H); *C NMR (125 MHz, CDCl;) § 147.6,
134.4, 129.4, 128.7, 128.1, 86.1, 74.9 (d, Jcp = 175 Hz), 62.8, 53.8 (d,
Jep = 6.9 Hz), 53.7 (d, Jcp = 6.7 Hz), 27.8; HRMS (EI) m/z calcd for
C,sH,,NOPS 407.0804, found 407.0804.

(15,25)-2-(N-Boc-amino)-1-(dimethoxyphosphoryl)-2-phenylethyl!
Benzoate, (15,25)-6a.

BOC~NH 0Bz
27—1

Benzoic acid (30 mg, 0.25 mmol, 2.0 equiv) and CsF (37.2 mg
0.25 mmol, 2.0 equiv) were added to a solution of (4S,5R)-
N-Boc-5a (50 mg, 0.12 mmol) in dry DMF (3 mL). The solu-
tion was heated to 60 °C for 3 h. Upon completion, the
reaction mixture was poured into saturated NaCl solution
and extracted with Et,0. The combined organic layer was
dried (MgSO,) and concentrated. The resulting colorless
oil was purified by flash column chromatography (silica gel,
n-hexane/EtOAc, 1:2): yield 88.82% (49.1 mg as colorless oil);
[a]**, = +31.8 (c 0.5, CHCL,); '"H NMR (500 MHz, CDCl,)
5 8.04 (d, 2H, J = 1.9 Hz), 7.25—7.61 (m, 8H), 5.78—5.81
(m, 1H), 5.68 (d, 1H, J = 8.6 Hz), 5.35 (brs, 1H), 3.7 (d, 3H,
J=10.85Hz), 3.6 (d, 3H, J = 10 Hz), 1.35 (s, 9H); '*C NMR
(125 MHz, CDCLy) & 164.9, 154.9, 138.1, 133.7, 130.1,
130.0, 128.7, 128.6, 128.4, 128.0, 127.1, 79.9, 702 (d, Jep =
160 Hz), 53.4 (d, Jop = 108 Hz), 53.3 (d, Jop = 6.3 Hz), 28.2;
HRMS (EI) m/z caled for C,,H,sNO,P 449.1603, found
449.1603.

Dimethyl (1S,2S)-[2-(N-Boc-amino)-1-hydroxy-2-phenylethyl]-
phosphonate, (15,25)-7a.

BoC~NH OH
2—{1

Potassium cyanide (11.6 mg, 0.2 mmol) was added to a
stirred solution of (15,25)-6a (160 mg, 0.36 mmol) in MeOH
(3 mL). The resulting mixture was stirred at 25 °C for 3 h.
After removal of the solvent, the residue was dissolved in
CH,Cl, and then washed with brine. The combined organic
layer was dried over anhydrous MgSO,, filtered, and concen-
trated under reduced pressure. The residue was purified by
column chromatography on silica-gel (n-hexane/EtOAc, 1:2):
yield 64% (80 mg as colorless oil); [a]®, = +1.2 (c 0.5,
CHCL,); 'H NMR (500 MHz, CDCL,) & 7.25—7.39 (m, SH),
6.01-6.08 (m, 1H), 5.1(brs, 1H), 4.37 (d, 1H, J = 39 Hz),
3.72—3.79 (m, 6H), 3.36 (d, 1H, J = 9 Hz), 1.45 (s, 9H); 1C
NMR (125 MHz, CDCl,) 6 155.6, 128.5, 127.8, 127. 6, 126.9,
84.3,72.1,53.5(d, Jcp =32 Hz), 53.3 (d, Jop = 7 Hz), 29.7, 28.3;
HRMS (EI) m/z calcd for C;sH,,NOP 345.1341, found
345.1350
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Dimethyl (1S,25)-[2-(N-Boc-amino)-1-azido-2-phenylethyl]-
phosphonate, (15,25)-8a.

BOC\NH N3

21 P(OM )
e)2
d/

NaN; (40 mg, 0.61 mmol, 5.0 equiv) was added in a single
portion to a solution of (45,5R)-N-Boc-5a (50 mg, 0.12 mmol,
1.0 equiv) in DMF (3 mL) at 25 °C. The resulting mixture was
stirred for 3 h. Upon completion, the reaction mixture was
poured into saturated NaCl solution and extracted with Et,O.
The combined organic layer was dried (MgSO,) and concen-
trated. The resulting colorless oil was purified by flash column
chromatography (silica gel, CH,Cl,/MeOH, 20:1): yield 70.1%
(26.5 mg as colorless oil); [a]*p = +10.4 (¢ 1.0, CHCL,); IR
3409, 2108, 1683, 1507, 1247, 1033 cm™'; 'H NMR (500 MHz,
CDCl,) §7.31=7.39 (m, SH), 5.61 (brs, 1H), 5.26 (s, 1H), 4.00
(d, 1H, J = 12 Hz), 3.76—3.86 (m, 6H), 1.44 (s, 9H); *C NMR
(125 MHz, CDCL,) 6 154.7, 139.4, 128.7, 128.0, 126.5, 80.0, 62.5
(d, Jep =158 Hz), 53.5 (d, Jop = 16.3 Hz), $3.0, 28.3, 28.0; HRMS
(EI) m/z caled for C,sH,3N,O4P 370.1406, found 370.1400.

Dimethyl (1S,2S)-[2-(N-Boc-amino)-1-amino-2-phenylethyl]-
phosphonate, (15,25)-9a.

BOC~NH NH,
27 1

A mixture of (15,25)-8a (55 mg, 0.15 mmol) and 10% palladium
on carbon (55.3 mg) in MeOH (1 mL) was stirred under an
atmosphere of H, for 12 h. The reaction mixture was filtered
over Celite and washed three times with dichloromethane. After
concentration of the solution under reduced pressure, the crude
product was purified by silica gel column chromatography
(n-hexane/EtOAc, 2:1): yield 60% (31 mg as colorless oil);
[a]®p = +4.1 (¢ 1.4, CHCL,); '"H NMR (500 MHz, CDCl,) §
7.24—7.35 (m, SH), 6.04 (brs, 1H), 5.06(brs, 1H), 3.63—3.83
(m, 6H), 3.26 (brs, 1H), 1.41 (s, 9H); *C NMR (125 MHz,
CDCl,) 6 155.2, 128.6, 128.4, 127. 6, 126.8, 126.6, 79.6, 53.1 (d,
Jep =24 Hz),29.7,28.3; HRMS (EI) m/z caled for C,sH,N,OP
344.1501, found 344.1482.
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