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ABSTRACT: Highly effective asymmetric hydrogenation of
f-ketophosphonates in the presence of Ru—(S)-SunPhos as
catalyst was realized; good to excellent enantioselectivities (up
to 99.9% ee) and excellent diastereoselectivities (96:4) were
obtained.

B INTRODUCTION

Chiral p-hydroxyphosphonates have attracted considerable
attention in recent years because of their wide biological
applications as well as their ability to mimic the corresponding
hydroxyl carboxylic acids or amino acids." They are also
intermediates in the syntheses of potentially significant
antibacterial agents, enzyme inhibitors, peptide analogues, and
phosphonic acid-based antibiotics (Figure 1).*> Chiral p-
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Figure 1. Chiral f-hydroxyphosphonates in pharmaceuticals.

hydroxyphosphonates have been previously produced by either
enzymatic, nonenzymatic kinetic resolution of the racemates or
oxazaborolidine-catalyzed reduction of ketones.” However,
these synthetic routes suffered from either low enantioselectiv-
ity or poor efliciency. Accordingly, the need for the
development of versatile and efficient methods for the
preparation of enantiopure S-hydroxyphosphonates is of great
significance.
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Investigation of catalytic procedures mainly focused on the
hydrogenation reactions using chiral ruthenium catalysts. In the
1990s, Noyori and co-workers first reported the asymmetric
hydrogenation of several -ketophosphonates with Ru—BINAP
systems and applied this method to furnish a facile synthesis of
fosfomycin.* Genét et al. also hydrogenated several f-
ketophophonates including a p-(3-thienyl) derivative with
Ru—MeO-Biphep systems.” Recently, Pizzano et al. reported
the highly enantioselective hydrogenation of enol phosphonates
to give masked (or protected) chiral ﬂ-hydroxyphosphonates.6
This feature is of much practical interest because the separation
of geometric isomers is avoided and it confers a challenging
aspect to the hydrogenation of these olefins, since structurally
related Z isomers usually undergo slower and less enantiose-
lective reactions than their E counterparts.7 In addition, steric
effects, resulting from the size of the phosphonate group, can
further reduce the reactivity of these alkenes.® Therefore,
further study of f-ketophosphonates hydrogenation is still of
considerable interest.

In the past few years, our group has studied asymmetric
hydrogenation of various functionalized ketones and applied
the Ru—(S)-SunPhos catalytic system in the synthesis of some
useful chiral blocks.” In this paper, we will disclose a general
and highly enantioselective hydrogenation reaction of f-
ketophosphonates.

B RESULTS AND DISCUSSION

It has been well-known that subtle changes in geometric, steric,
and/or electronic properties of chiral ligands can lead to
dramatic variations of reactivity and enantioselectivity,'® thus
the ligands (L1—L10, Figure 2) effects were examined initially
with dimethyl (2-oxo-2-phenylethyl)phosphonate (1a) as the
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Figure 2. Structures of chiral bidentate ligands.

standard substrate. The catalyst was prepared from
[RuCl,(benzene)], and a diphosphine ligand by refluxing
them in degassed dichloromethane/ethanol (v/v = 1:1) for 1.5
h and then dried under reduced pressure.”® The reaction was
carried out with an S/C = 200:1 under 10 bar of hydrogen
pressure at 50 °C in MeOH for 19 h. All of the tested ligands
show similar activity, but the enantioselectivity varied to some
extent. As illustrated in Table 1, (R)-BINAP, (S)-SegPhos, (S)-

Table 1. Screening of Ligands in Asymmetric Hydrogenation

of 1a®
&ﬁpm [RuCl(benzene)LICI ©ﬁi§,ow|e
“OMe “OMe
Ha
1a 2a
entry ligand ee? (%) conﬁgh

1 L1 99.7 S

2 L2 97.7 R

3 L3 92.3 R

4 L4 91.8 R

S LS 49.7 R

6 L6 94.5 R

7 L7 94.9 S

8 L8 94.1 S

9 L9 96.5 R

10 L10 209 R

“All reactions were carried out with a substrate (1 mmol)
concentration of 0.5 M in MeOH under 10 bar of H, at 50 °C for
19 h, S/C = 200:1. Conversion: >99%. "ee values were determined by
HPLC on a Chiralpak OB-H column; absolute configuration was
assigned on the basis of its optical rotation or HPLC.

MeO-Biphep, and (R)-SynPhos were workable ligands;
however, they are inferior to (S)-SunPhos (Table 1, entries 1,
6—9, 94.1-96.5% ee vs 99.7% ee). (R)-4-CF;-SynPhos, a less
electron-rich ligand, resulted in only a 20.9% ee of 2a. When
L2—LS were used as ligands, corresponding ee values of 97.7%,
92.3%, 91.8%, and 49.7% were achieved (Table 1, entries 2—5),
revealing that the modifications of SunPhos on P atom did
impose remarkable changes in enantioselectivity of the
asymmetric hydrogenation of f-ketophosphonates (la):
substituents on the phenyl appendages of the ligands had an
adverse effect on the ee’s, which might have resulted from the
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steric effect. On the basis of the above results, (S)-SunPhos was
the ligand of choice.

Optimization of solvents, hydrogen pressure, and reaction
temperatures are summarized in Table 2. Enantioselectivity in

Table 2. Optimization of Solvent, Pressure, and

Temperature®
o 'CBI),OMe [RuCl(benzene)L1]CI O»!-I E/OMe
“~OMe “OMe
Hy
1a 2a

entry solvent P (bar) T (°C) ee” (%)
1 MeOH 10 50 99.7
2 EtOH 10 S0 97.5
3 i-PrOH 10 S50 97.9
4 n-PrOH 10 50 99.1
S MeOH 30 50 97.3
6 MeOH 50 50 95.4
7 MeOH 10 30 89.5
8 MeOH 10 70 99.1

“All reactions were carried out with a substrate (1 mmol)
concentration of 0.5 M in solvent for 19 h. S/C = 200:1. Conversion:
> 99%. Pee values were determined by HPLC on a ChiralPak OB-H
column.

MeOH (entry 1, 99.7% ee) was superior to that in EtOH (entry
2, 97.5% ee) or i-PrOH (entry 3, 97.9% ee). The results
depicted in Table 2 showed that the stereochemical outcome of
the hydrogenation was dependent on the hydrogen pressure
(entries S and 6, 97.3% at 30 bar vs 95.4% at S0 bar), higher
hydrogen pressure decreased the enantioselectivity. Temper-
atures also influenced the enantioselectivities (entry 1 vs 7, 8).
Lower reaction temperature remarkably decreased the
enantioselectivity and reaction rate while higher reaction
temperature increased the reaction rate with slightly decreased
enantioselectivity.'' Reaction time remarkably influenced the
conversion and enantiomeric excesses (Table S, see the
Supporting Information). Lower conversion and enantioselec-
tivity were obtained when the reaction time was shortened
(entries 1 and 2), and the enantioselectivity remained
unchanged when longer reaction times were tested (entry 4).

On the basis of these results, the optimized reaction
conditions were therefore set as follows: 0.5 mol % of
[RuCl(benzene)(S)-SunPhos]Cl as the catalyst, MeOH as the
solvent with a substrate concentration of 0.5 M, and 10 bar of
H, at 50 °C.

Under the optimized reaction conditions, a variety of f-
ketophosphonates were hydrogenated, and the results are
presented in Table 3. When a series of alkyl (2-oxo-2-
phenylethyl)phosphonates were hydrogenated at the optimized
reaction conditions, methyl, ethyl, and isopropyl (2-oxo-2-
phenylethyl)phosphonates afforded the corresponding alcohols,
2a, 2b, and 2c in 99.7, 95.5, and 90.0% ee, respectively.
Obviously, the bulkiness of the alcohol plays an important role
in achieving good enantioselectivity. Because methyl phospho-
nate is superior to ethyl or isopropyl phosphonate (Table 3,
entry 1 vs 3 or 4), methyl phosphates were chosen in the
following investigation. Most methyl (2-oxo-2-phenylethyl)-
phosphonates gave excellent enantioselectivities (entries 1—
12). Furthermore, the reaction proceeded smoothly on
multigrams scale with excellent enantiofacial discrimination,
up to 99.3% ee under 15 bar of hydrogen pressure and 50 °C
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Table 3. Asymmetric Hydrogenation of -

Ketophosphonates®
Q E,OR3 [RuCl(benzene)L1]CI 01-1 ﬁ,OR:*
RJk( SoR? ————————————= R1)\*( “OR?
R2 H, R2
1 2
2

entry 1 R! R? R® ee? (%) conﬁgb

1 1a CeHj H Me 99.7 S

2 1a CHs H Me 99.3 S

3 1b CeH, H Et 95.5 S

4 1c CeHj H i-Pr 90.0 S

5 1d 0-OMe-CH, H Me 96.6 S

6 le o-Me-CiH, H Me 85.5 S

7 1f m-Me-C¢H, H Me 99.8 S

8 1g p-Me-CH, H Me 99.8 S

9 1h  pOMeCH, H Me 99.6 S

10 1i p-F-CgH, H Me 88.7 S

11 1j p-Cl-CH, H Me 98.7 S

12 1k p-Br-CeH, H Me 99.9 S

13 11 p-CF,-C¢H, H Me 96.7 S

14 Im CH, H Me 97.2¢ S

15 In C,H; H Me 95.3¢ S

16 1o CH(CH,), H Me 95.7° S

17 1p CHy, H Me 96.3° S

18 1q C, Hys H Me 94.1° S

19 1r Cy H Me 96.4° S

20 1s BocNHCH, H Me 97.3¢ S

21 1t CH, Me  Me 98.6° (1R, 25)
22 1u CH, Et Me 99.8° (1R, 25)
23 1v CH, Me Et 99.5¢ (1R, 28)
24° 1w CH, Br Me 99.7° (1R, 25)

“Unless otherwise stated, all reactions were carried out with a substrate
(1 mmol) concentration of 0.5 M in MeOH under 10 bar of H, at 50
°C for 19 h, S/C = 200:1. Conversion: > 99%. Yee values were
determined by HPLC on a Chiralpak OB-H column or AD-H column;
absolute configuration was assigned on the basis of its optical rotation
or HPLC. “ee values were determined through their corresponding p-
nitrobenzoyl derivatives 3m—w. “Reaction using 23.0 g of 1a at 15 bar
of H, for 48 h at 50 °C. S/C = 10000:1. “An 87:13 mixture of 2u and
2m, syn/anti = 96:4. (The optimization of the reaction conditions is
provided in the Supporting Information.)

using a low catalyst loading of 0.01 mol % of [RuCl(benzene)-
(S)-SunPhos]Cl (entry 2) were obtained. For the phospho-
nates possessing an ortho substituent on the aromatic ring, the
hydrogenation results were dependent on the nature of the
substituents: for a noncoordinating ortho-substituent, the ee
dropped dramatically (entry S vs 1, 85.5 vs 99.7% ee); for a
coordinating ortho-substituted substrate, the ee dropped slightly
(entry 4 vs 1, 96.6 vs 99.7% ee). A range of para-substituted
aryl substrates were also studied, and the results showed that
the electron density of the aromatic ring also had a dramatic
effect on the enantioselectivity. Substrates with electron-
donating groups on the aromatic rings usually gave higher ee
values (entries 7—11, 98.7—99.9% ee), while substrates with an
electron-withdrawing substitution group, such as the fluoro in
1i, the ee of hydrogenation product 2i (88.7% ee), which is an
important intermediate of the synthesis of cholesterol inhibitor,
was drastically decreased.”® Enantioselective hydrogenation of
dimethyl 2-(p-trifuoromethylphenyl)-2-oxoethylphosphonate
(11) afforded the corresponding alcohol (21) in 96.7% ee
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(entry 12). Electronic influences of the para substituents were
presumed to affect the coplanarity of the benzene rings with
C=O0 in the transition state,'” thereby generating an
asymmetric bias. Simple meta-substituted substrates gave
excellent enantiomeric excesses up to 99.8% (entry 6).

Hydrogenation of aliphatic analogues also gave excellent
enatioselectivities (entry 13, 97.2% ee, R' = Me), even for the
more hindered carbonyl groups (entry 15, 95.7% ee, R' = i-Pr
and entry 18, 96.4% ee, R' = Cy).

Our catalyst was also fruitful in the asymmetric hydro-
genation of N-Boc-y-amino substituted p-ketophosphonate
(1s), giving excellent ee values of 2s (entry 19, 97.3% ee).
When three -ketophosphonates with a alkyl substituent at the
a-position were used, syn/anti ratio ca. 94:6 to 96:4 were
observed with the acyclic substrate (entries 21-23)."?
Asymmetric hydrogenation of dimethyl 1-bromo-2-oxopropyl-
phosphonate (1u) afforded the corresponding alcohol (2u) in
99.7% ee and a syn/anti ratio of 96:4. Enantiopure 2u has been
applicated in the practical synthesis of fosfomycin."*

B CONCLUSION

In conclusion, we have developed a convenient and general
protocol for the asymmetric hydrogenation of a variety of alkyl-
and aryl-substituted fB-ketophosphonates with excellent enan-
tioselectivities. SunPhos was the best chiral ligand among
screened all ligands, while electron-withdrawing ligands
remarkably decreased the enantiomeric excesses. An ortho
substituent on the aromatic rings had a negative effect on the
enantioselectivity of the phenyl phosphonates. Electron-
donating groups on the para-positions of the phenyl rings
usually led to higher ee values, while electron-withdrawing
groups drastically decreased the enantioselectivities of the
hydrogenation products. Notably, a-alkyl- or bromo-substituted
P-ketophosphonates can be hydrogenated through DKR to
produce the corresponding syn products with excellent
diastereo- and enantioselectivity.

B EXPERIMENTAL SECTION

General Methods. Commercially available reagents were used
throughout without further purification other than those detailed
below. The solvents used in catalyst preparation and hydrogenation
reactions were pretreated by the following procedures: MeOH and
EtOH were distilled over magnesium under nitrogen. i-PrOH was
distilled over calcium hydride. All reactions were carried out under an
atmosphere of nitrogen using standard Schlenk techniques or in a
nitrogen-filled glovebox, unless otherwise noted. '"HNMR spectra were
recorded at 400 MHz, with TMS as internal standard. *CNMR
spectra were obtained at 101 MHz and referenced to the central peak
of 77.0 ppm for CDCl;. Coupling constants (J) are reported in hertz
and refer to apparent peak multiplications. Mass spectroscopy data
were collected on an HRMS-EI instrument. Flash column chromatog-
raphy was performed on silica gel (300—400 mesh).

Typical Procedure for the Preparation 1a—r."”> A three-necked,
round-bottomed flask equipped with a nitrogen inlet adapter, addition
funnel, thermocouple, and mechanical stirrer was charged with the
ester (1.0 equiv), dimethyl or diethyl or diisopropyl methylphosph-
onate (1.2 equiv), and THF. The reaction mixture was cooled at —$
°C while LDA (2.1 equiv) was added dropwise via addition funnel
keeping the internal temperature below 0 °C. After complete addition,
the reaction mixture was stirred at 0 °C until complete consumption of
the ester as determined by TLC analysis. The reaction mixture was
then carefully quenched with 6 M HCI to adjust the pH to ca. 4—5 and
diluted with CH,Cl,. The aqueous layer was separated and extracted
with CH,Cl,. The combined organic layers were washed with water
and brine, dried over Na,SO,, filtered, and evaporated in vacuo. The
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residue was purified by column chromatography with petroleum ether
and ethyl acetate.

Dimethyl (2-Oxo-2-phenylethyl)phosphonate (1a).'® The
crude material was purified by column chromatography on silica gel
(eluting with ethyl acetate/petroleum ether 1:1) to give la (122 g,
86.7%) as a colorless liquid: "H NMR (400 MHz, CDCl;) § 8.02 —
7.89 (m, 2H), 7.58—7.50 (m, 1H), 7.36—7.45 (m, 2H), 3.74 (s, 1H),
3.70 (s, 3H), 3.59 (d, ] = 22.6 Hz, 2H); *C NMR (101 MHz, CDCl,)
6 191.7, 136.3, 133.7, 128.9, 128.6, 53.0, 38.0, 36.7.

Diethyl (2-Oxo-2-phenylethyl)phosphonate (1b).'® The crude
material was purified by column chromatography on silica gel (eluting
with ethyl acetate/petroleum ether 1:4) to give 1b (5.7 g, 82.2%) as a
colorless liquid: '"H NMR (400 MHz, CDCl,) & 8.01—7.96 (m, 2H),
7.59—7.53 (m, 1H), 7.54—7.26 (m, 2H), 4.15—4.06 (m, 4H), 3.60 (d, J
= 23.6 Hz, 2H), 1.27—1.22 (m, 6H); *C NMR (101 MHz, CDCl,) &
143.9, 127.8, 126.9, 125.3, 68.2, 61.3, 61.1, 362, 34.8, 15.8.

Diisopropyl (2-Oxo-2-phenylethyl)phosphonate (1c).'” The
crude material was purified by column chromatography on silica gel
(eluting with ethyl acetate/petroleum ether 1:2) to give lc (6.8 g,
83.7%) as a colorless liquid: "H NMR (400 MHz, CDCl;) § 7.95—7.99
(m, 2H), 7.58—7.51 (m, 1H), 7.47—7.40 (m, 2H), 4.75—4.64 (m, 2H),
3.54 (d, ] = 26.0 Hz, 2H), 1.24 (dd, ] = 6.1, 3.0 Hz, 12H); *C NMR
(101 MHz, CDCl,) & 192.1, 136.6, 133.5, 129.1, 128.5, 71.5, 40.3,
39.0, 24.0, 23.8.

Dimethyl [2-(o-Methoxyphenyl)-2-oxoethyllphosphonate
(1d)."® The crude material was purified by column chromatography
on silica gel (eluting with ethyl acetate/petroleum ether 1:1) to give
1d (12.0 g, 88.5%) as a yellow liquid: "H NMR (400 MHz, CDCl;) §
773 (dd, J = 7.8, 1.7 Hz, 1H), 7.49 (dd, ] = 7.8, 1.7 Hz, 1H), 6.99
(ddd, J = 12.0, 9.2, 4.7 Hz, 2H), 3.93 (s, 3H), 3.80 (d, ] = 21.6 Hz,
2H), 3.75 (s, 3H), 3.72 (s, 3H); *C NMR (101 MHz, CDCl;) §
192.9, 158.6, 134.4, 130.9, 127.2, 120.7, 111.5, 55.5, 52.7, 42.2, 40.9.

Dimethyl [2-(o-Methylphenyl)-2-oxoethyllphosphonate
(1€).”® The crude material was purified by column chromatography
on silica gel (eluting with ethyl acetate/petroleum ether 1:2) to give le
(6.7 g, 85.2%) as a light yellow liquid: '"H NMR (400 MHz, CDCl,) §
7.74 (d, ] = 7.8 Hz, 1H), 7.42—7.38 (m, 1H), 7.31-7.25 (m, 2H), 3.77
(s, 3H), 3.74 (s, 3H), 3.60 (d, J = 22.4 Hz, 2H), 2.52 (s, 3H); *C
NMR (101 MHz, CDCl,) § 194.5, 138.7, 136.7, 131.8, 129.3, 125.5,
52.7, 404, 21.0.

Dimethyl [2-(m-Methylphenyl)-2-oxoethyllphosphonate
(1f). The crude material was purified by column chromatography on
silica gel (eluting with ethyl acetate/petroleum ether 1:2) to give 1f
(4.6 g, 86.7%) as a yellow liquid: '"H NMR (400 MHz, CDCL;) § 7.87
(d, J = 8.3 Hz, 2H), 7.28—7.21 (m, 2H), 3.76 (s, 3H), 3.73 (s, 3H),
3.59 (d, J = 22.6 Hz, 2H), 2.39 (s, 3H); *C NMR (101 MHz, CDCl,)
5 1915, 138.1, 136.6, 134.1, 1289, 1282, 1259, 52.7, 37.6, 20.8;
HRMS (collected on an UPLC and Q-TOF MS spectrometer) calcd
for C;;H;50,P (M + Na)* 265.0606, found 265.0612.

Dimethyl [2-(p-Methylphenyl)-2-oxoethyl]phosphonate
(19)."® The crude material was purified by column chromatography
on silica gel (eluting with ethyl acetate/petroleum ether 1:1) to give 1g
(12.2 g, 86.5%) as a light yellow liquid: "H NMR (400 MHz, CDCl,)
57.87 (d, ] = 8.0 Hz, 2H), 7.25 (d, ] = 8.0 Hz, 2H), 3.76 (s, 3H), 3.73
(s, 3H), 3.59 (d, J = 22.6 Hz, 2H), 2.38 (s, 3H); *C NMR (101 MHz,
CDCly) 6 191.2, 144.8, 133.9, 129.4, 129.3, 53.1, 38.1, 21.7.

Dimethyl [2-(p-Methoxyphenyl)-2-oxoethyllphosphonate
(1h)."® The crude material was purified by column chromatography
on silica gel (eluting with ethyl acetate/petroleum ether 1:1) to give
1h (10.1 g, 78.9%) as a colorless liquid: "H NMR (400 MHz, CDCl,)
5798 (d, ] = 8.8 Hz, 2H), 6.95 (d, ] = 8.8 Hz, 2H), 3.87 (s, 3H), 3.78
(s, 3H), 3.75 (s, 3H), 3.58 (d, J = 22.6 Hz, 2H); '3C NMR (101 MHz,
CDCly) 6 189.7, 163.7, 131.0, 129.1, 113.5, 55.1, 52.7, 37.4, 36.4.

Dimethyl [2-(p-Fluorophenyl)-2-oxoethyllphosphonate
(1i)."° The crude material was purified by column chromatography
on silica gel (eluting with ethyl acetate/petroleum ether 1:3) to give 1i
(6.3 g, 88.0%) as a light yellow liquid: '"H NMR (400 MHz, CDCl;) §
8.06—8.02 (m, 2H), 7.18—7.13 (m, 2H), 3.80 (s, 3H), 3.77 (s, 3H),
3.60 (d, J = 22.8 Hz, 2H); *C NMR (101 MHz, CDCl;) § 190.0,
167.2, 132.7, 131.6, 115.5, 52.9, 38.0, 36.7.
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Dimethyl [2-(p-Chlorophenyl)-2-oxoethyllphosphonate
(1j)."° The crude material was purified by column chromatography
on silica gel (eluting with ethyl acetate/petroleum ether 1:2) to give 1j
(7.5 g, 88.9%) as a yellow liquid: '"H NMR (400 MHz, CDCL;) § 7.95
(d, J = 8.8 Hz, 2H), 7.46 (d, ] = 8.8 Hz, 2H), 3.79 (s, 3H), 3.76 (s,
3H), 3.60 (d, ] = 22.8 Hz, 2H); *C NMR (101 MHz, CDCl,) 6 190.3,
140.8, 134.8, 130.2, 1287, 52.9, 37.9, 36.6.

Dimethyl [2-(p-Bromophenyl)-2-oxoethyllphosphonate
(1k)."” The crude material was purified by column chromatography
on silica gel (eluting with ethyl acetate/petroleum ether 1:1) to give 1k
(10.8 g, 86.3%) as a yellow liquid: "H NMR (400 MHz, CDCL,) & 7.87
(d, J = 8.6 Hz, 2H), 7.63 (d, ] = 8.6 Hz, 2H), 3.79 (s, 3H), 3.76 (s,
3H), 3.60 (d, J = 22.8 Hz, 2H); *C NMR (101 MHz, CDCl,) 6 190.6,
134.9, 131.8, 130.4, 129.0, 53.0, 38.0, 36.7.

Dimethyl [2-(P-Triﬂuoromethylphenyl)-2-oxoethy|]-
phosphonate (1l). 8 The crude material was purified by column
chromatography on silica gel (eluting with ethyl acetate/petroleum
ether 1:1) to give 11 (8.2 g, 91.0%) as a yellow liquid: "H NMR (400
MHz, CDCL,) 6 7.97 (t, ] = 1.7 Hz, 1H), 7.88 (ddd, J = 8.0, 2.1, 1.1
Hz, 1H), 7.57 (ddd, J = 8.0, 2.1, 1.1 Hz, 1H), 7.44 (t, ] = 1.7 Hz, 1H),
3.80 (s, 3H), 3.77 (s, 3H), 3.60 (d, J = 22.8 Hz, 2H); '3C NMR (101
MHz, CDCL,) & 190.8, 138.8, 134.9, 134.6, 134.3, 133.9, 129.8, 129.1,
125.4, 121.9, 52.9, 38.2.

Dimethyl (2-oxopropyl)phosphonate (1m).** The crude
material was purified by column chromatography on silica gel (eluting
with ethyl acetate/petroleum ether 1:5) to give 1m (26.7 g, 56.7%) as
a colorless liquid: "H NMR (400 MHz, CDC;) 6 3.79 (s, 3H), 3.77 (s,
3H), 3.09 (d, ] = 22.8 Hz, 2H), 2.32 (s, 3H); 3*C NMR (101 MHz,
CDC13) 6 199.2, 52.6, 42.3, 37.6, 30.9.

Dimethyl (2-Oxobutyl)phosphonate (1n).2° The crude material
was purified by column chromatography on silica gel (eluting with
ethyl acetate/petroleum ether 1:5) to give In (7.5 g 67.0%) as a
colorless liquid: 'H NMR (400 MHz, CDCl,) 6 3.62 (s, 3H), 3.59 (s,
3H), 2.93 (d, J = 22.8 Hz, 2H), 2.47 (q, ] = 7.2 Hz, 2H), 0.88 (t, ] =
7.2 Hz, 3H); *C NMR (101 MHz, CDCl;) 6 201.9, 59.8, 52.6, 41.1,
7.1.

Dimethyl (3-Methyl-2-oxobutyl)phosphonate (10).>' The
crude material was purified by column chromatography on silica gel
(eluting with ethyl acetate/petroleum ether 1:5) to give 1lo (7.9 g,
88.0%) as a colorless liquid: "H NMR (400 MHz, CDCl,) 6 3.79 (s,
3H), 3.76 (s, 3H), 3.12 (d, ] = 22.4 Hz, 2H), 2.81 (dd, ] = 13.8, 6.9 Hz,
1H), 1.12 (s, 3H), 1.11 (s, 3H); *C NMR (101 MHz, CDCl;) &
2057, 52.9, 41.7, 39.5, 17.7.

Dimethyl (2-Oxoheptyl)phosphonate (1p).?° The crude ma-
terial was purified by column chromatography on silica gel (eluting
with ethyl acetate/petroleum ether 1:5) to give 1p (7.9 g, 87.1%) as a
colorless liquid: 'H NMR (400 MHz, CDCl;) 6 3.79 (s, 3H), 3.77 (s,
3H), 3.08 (d, J = 22.5 Hz, 2H), 3.05 (s, 1H), 2.60 (t, ] = 7.3 Hz, 2H),
1.62—1.54 (m, 2H), 1.34—1.22 (m, SH), 0.88 (t, ] = 6.9 Hz, 3H); °C
NMR (101 MHz, CDCl;) § 201.9, 52.8, 43.9, 41.7, 40.4, 30.8, 22.8,
222, 137.

Dimethyl (2-Oxotridecyl)phosphonate (1q).>> The crude
material was purified by column chromatography on silica gel (eluting
with ethyl acetate/petroleum ether 1:5) to give 1q (5.4 g, 78.1%) as a
colorless liquid: "H NMR (400 MHz, CDCl,) & 3.66 (s, 3H), 3.63 (s,
3H), 2.95 (d, J = 22.7 Hz, 2H), 2.47 (t, ] = 7.3 Hz, 2H), 1.11 (s, 18H),
0.73 (t, J = 6.6 Hz, 3H); *C NMR (101 MHz, CDCL,) § 201.6, 52.7,
52.6,43.8, 41.5, 402, 31.5, 29.3, 29.2, 29.1, 29.0, 28.6, 23.6, 22.6, 13.8.

Dimethyl (2-Cyclohexyl-2-oxoethyl)phosphonate (1r).2° The
crude material was purified by column chromatography on silica gel
(eluting with ethyl acetate/petroleum ether 1:4) to give 1r (5.6 g
87.0%) as a yellow liquid: '"H NMR (400 MHz, CDCL;) § 3.79 (s,
3H), 3.77 (s, 3H), 3.12 (d, ] = 22.2 Hz, 2H), 2.60-2.51 (m, 1H),
1.89—1.83 (m, 2H), 1.81-1.75 (m, 2H), 1.38—1.14 (m, 6H); *C
NMR (101 MHz, CDCl;) § 204.2, 52.0, 50.6, 38.9, 27.4, 25.1, 24.7.

Dimethyl [2-Oxo-3-(N-tert-butoxycarbonylamino)propyl]-
phosphonate (1 s).2> The crude material was purified by column
chromatography on silica gel (eluting with ethyl acetate/petroleum
ether 1:1) to give 1s (7.8 g, 89.0%) as a colorless liquid: "H NMR (400
MHz, CDCl,) 6 5.27 (s, 1H), 4.13 (d, J = 5.2 Hz, 2H), 3.80 (s, 3H),
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3.77 (s, 3H), 3.73 (d, ] = 10.7 Hz, 1H), 3.12 (d, ] = 22.8 Hz, 2H), 1.43
(s, 9H); *C NMR (101 MHz, CDCl,) § 197.7, 155.5,79.9, 53.1, 51.1,
39.2, 37.9, 28.1.

Dimethyl (1-Methylacetonyl)phosphonate (1t).* Iodome-
thane (4.7 g, 33.11 mmol) was added to a mixture of potassium
carbonate (5.4 g, 39.13 mmol) and dimethyl (2-oxopropyl)-
phosphonate (5.0 g, 30.10 mmol) in acetone (20 mL) at 0 °C. The
mixture was stirred at 0 °C for 1 h, allowed to warm to room
temperature, and stirred for a further 19 h. Aqueous saturated
ammonium chloride solution (15 mL) was added, the organic solvents
were removed by rotary evaporation, and the aqueous phase was
extracted with ethyl acetate (4 X 30 mL). The combined organic
solvents were dried over Na,SO,, filtered and concentrated in vacuo.
The residue was purified by column chromatography with petroleum
ether and ethyl acetate to afford 1t (4.1 g, 75.2%) as a light yellow oil:
'H NMR (400 MHz, CDCL,) 6 3.76 (d, J = 11.0 Hz, 3H), 3.74 (d, ] =
11.0 Hz, 3H), 3.30—-3.11 (m, 1H), 2.31 (s, 3H), 1.45—1.32 (m, 3H);
3C NMR (101 MHz, CDCl;) § 203.5, 53.2, 47.3, 30.2, 10.7.

Dimethyl (1-Ethylacetonyl)phosphonate (1u). The crude
material was purified by column chromatography on silica gel (eluting
with ethyl acetate/petroleum ether 2:1) to give 1u (4.5 g, 68.2%) as a
light yellow oil: '"H NMR (400 MHz, CDCL;) 6 3.75 (d, J = 11.0 Hz,
3H), 3.72 (d, J = 11.0 Hz, 3H), 3.21-3.06 (m, 1H), 2.29 (s, 3H),
142-1.35 (m, 2H), 1.34—122 (m, 3H); *C NMR (101 MHz,
CDCl,) 6 203.5, 53.0, 47.3, 30.0, 20.2, 10.7; HRMS (collected on an
UPLC and Q-TOF MS spectrometer) caled for C;H;;O,P (M + H)*
195.0786, found 195.0786.

Diethyl (1-Methylacetonyl)phosphonate (1v).>® The crude
material was purified by column chromatography on silica gel (eluting
with ethyl acetate/petroleum ether 1:1) to give 1v (3.5 g, 65.2%) as a
light yellow oil: '"H NMR (400 MHz, CDCL,) & 4.09—4.02 (m, 4H),
3.20-3.07 (m, 1H), 2.27 (d, ] = 4.3 Hz, 3H), 1.31-1.23 (m, 9H); *C
NMR (101 MHz, CDCL,) & 203.6, 62.4, 47.9, 46.6, 30.2, 162, 10.6.

Dimethyl 1-Bromo-2-oxopropylphosphonate (1w).** A 500
mL, three-necked, round-bottomed flask equipped with a Teflon-
coated stirring bar, two pressure-equalizing dropping funnels was
charged with dimethyl 2-oxopropylphosphonate (1m) (20.0 g, 0.12
mol) and THF (350 mL). The funnels were filled with 30% aqueous
hydrogen peroxide (13.7 mL, 0.12 mol) and 40% aqueous hydrogen
bromide (12.3 mL, 0.12 mol). The two solutions were then added to
the THF solution of 1m at 25 °C during 4 h. After the mixture was
stirred at 25 °C for another 2 h, the solvent was evaporated under
reduced pressure. The resulting residue was partitioned between ether
(80 mL) and water (50 mL). The organic layer was extracted with four
portions of water (50 mL). The combined aqueous layer were washed
with ether (80 mL) and then partially saturated with sodium chloride
(ca. 10.0 g). After being successively washed with hexane (80 mL) and
a 1:1 hexane—ether mixture (80 mL) and then saturated with sodium
chloride (ca. 10.0 g), the aqueous layer was extracted with five S0-mL
portions of ether. Drying of the combined organic layers over
anhydrous sodium sulfate and evaporation of the solvent afforded a
yellow oil. Distillation (95—100 °C/0.01 mmHg) gave 1w (17.5 g,
59.3%) as a light yellow oil: '"H NMR (400 MHz, CDCL;) § 4.36 (d, |
= 15.1 Hz, 1H), 3.76 (s, 3H), 3.73 (s, 3H), 2.33 (s, 3H); 3*C NMR
(101 MHz, CDCL,) & 196.5, 54.7, 54.5, 44.0, 27.5, 13.8.

Typical Procedure for the Asymmetric Hydrogenation. To a
20 mL Schlenk tube were added [RuCl,(benzene)], (5.0 mg, 0.01
mmol) and (S)-SunPhos (15.0 mg, 0.02 mmol). The tube was
vacuumed and purged with nitrogen three times before addition of
freshly distilled and freeze—thaw—degassed EtOH/CH,Cl, (2 mL/2
mL). The resulting mixture was heated at 50 °C for 1.5 h and then
cooled to room temperature. The solvent was removed under reduced
pressure to give the catalyst as a yellow solid. The catalyst was
dissolved in degassed MeOH (8 mL), and then the solution was
equally divided into four vials. The f-ketophosphonates (1.00 mmol)
were added to these vials, respectively, and were transferred to an
autoclave. The autoclave was purged five times with H, and the
required pressure of H, was set. The autoclave was stirred under
specified reaction conditions. After being cooled to ambient
temperature and careful release of the hydrogen, the autoclave was
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opened and the solvent was evaporated. The enantiomeric excess was
determined by HPLC after passing the residue through a short pad of
silica gel column with petroleum ether and ethyl acetate.

Dimethyl 2-Hydroxy-2-phenylethylphosphonate (2a).>® The
crude material was purified by column chromatography on silica gel
(eluting with ethyl acetate/petroleum ether 2:1) to give 2a (226.0 mg,
98.3%) as a colorless liquid: "H NMR (400 MHz, CDCl,) § 7.29—7.11
(m, SH), 4.97 (t, ] = 9.7 Hz, 1H), 4.57 (d, J = 3.6 Hz, 1H), 3.56 (s,
3H), 3.50 (s, 3H), 2.22—1.97 (m, 2H); *C NMR (101 MHz, CDCl,)
5 144.0, 1282, 127.3, 125.4, 68.4, 52.3, 35.5; HPLC (Chiralcel OB-H
column, hexane/i-PrOH 96/4, 1.0 mL min~!, 220 nm): t, = 17.9 min
(major), t, = 26.9 min (minor).

Diethyl 2-Hydroxy-2-phenylethylphosphonate (2b).?® The
crude material was purified by column chromatography on silica gel
(eluting with ethyl acetate/petroleum ether 3:1) to give 2b (250.0 mg,
97.0%) as a colorless liquid: "H NMR (400 MHz, CDCL,) 6 7.19 (d, ]
= 7.5 Hz, 2H), 7.13 (d, ] = 7.5 Hz, 2H), 7.05 (dd, J = 10.3, 4.2 Hz,
1H), 4.92—4.84 (m, 1H), 475 (d, ] = 3.4 Hz, 1H), 3.85-3.70 (m,
4H), 2.13—1.87 (m, 2H), 1.04 (t, ] = 7.1 Hz, 6H); *C NMR (101
MHz, CDCL,) & 1439, 127.8, 1269, 1253, 682, 61.3, 362, 15.8;
HPLC (Chiralcel AS-H column, hexane/i-PrOH 90/10, 0.6 mL min ™",
220 nm) t; = 12.3 min (major), £, = 13.9 min (minor).

Diisopropyl 2-Hydroxy-2-phenylethylphosphonate (2¢).3"
The crude material was purified by column chromatography on silica
gel (eluting with ethyl acetate/petroleum ether 3:1) to give 2c (280.0
mg, 98.0%) as a colorless oil: 'H NMR (400 MHz, CDCl;) 6 7.40—
7.24 (m, SH), 5.07 (ddd, J = 12.8, 6.3, 2.3 Hz, 1H), 4.80—4.64 (m,
2H), 423—4.19 (m, 1H), 2.17-2.10 (m, 2H), 1.32 (ddd, J = 237,
11.9, 5.1 Hz, 12H); 3C NMR (101 MHz, CDCl,) § 143.5, 128.4,
127.5, 125.4, 70.8, 70.7, 70.6, 68.7, 37.7, 36.4, 24.0; HPLC (Chiralcel
AD-H column, hexane/i-PrOH 97/3, 0.4 mL min~?, 220 nm) t, = 50.3
min (minor), t, = 54.9 min (major).

Dimethyl [2-H¥droxy-2-(2-methoxyphenyl)ethyl]-
phosphonate (2d).?” The crude material was purified by column
chromatography on silica gel (eluting with ethyl acetate/petroleum
ether 3:1) to give 2d (256.0 mg, 98.5%) as a light yellow oil: '"H NMR
(400 MHz, CDCl;) 6 7.47 (dd, ] = 7.6, 1.4 Hz, 1H), 7.23 (ddd, ] = 9.5,
6.8, 2.8 Hz, 1H), 6.96 (td, ] = 7.5, 0.8 Hz, 1H), 6.84 (d, ] = 8.2 Hz,
1H), 5.36—5.26 (m, 1H), 3.82 (s, 3H), 3.74 (s, 3H), 3.71 (s, 3H),
2.39-2.13 (m, 2H); *C NMR (101 MHz, CDCL;) § 143.5, 128.4,
127.5, 1254, 70.8, 70.7, 68.7, 37.7, 36.4, 24.0; HPLC (Chiralcel AD-H
column, hexane/i-PrOH 97/3, 0.4 mL min~’, 220 nm) ¢, = 27.7 min
(minor), £, = 35.2 min (major).

Dimethyl [2-Hydroxy-2-(2-methylphenyl)ethyl]-
phosphonate (2€).3" The crude material was purified by column
chromatography on silica gel (eluting with ethyl acetate/petroleum
ether 2:1) to give 2e (240.0 mg, 98.4%) as a light yellow oil: '"H NMR
(400 MHz, CDCl,) 6 7.43 (d, ] = 7.6 Hz, 1H), 7.14—6.97 (m, 3H),
5.24-5.15 (m, 1H), 440 (d, ] = 3.5 Hz, 1H), 3.59 (s, 3H), 3.54 (s,
3H), 2.23 (s, 3H), 2.12—1.90 (m, 2H); *C NMR (101 MHz, CDCl,)
51423, 134.0, 130.4, 127.4, 126.4, 125.3, 65.2, 52.7, 34.7, 19.0; HPLC
(Chiralcel OB-H column, hexane/i-PrOH 90/10, 1.0 mL min™', 220
nm) £, = 7.5 min (major), t, = 23.5 min (minor).

Dimethyl [2-Hydroxy-2-(3-methylphenyl)ethyl]-
phosphonate (2f).3h The crude material was purified by column
chromatography on silica gel (eluting with ethyl acetate/petroleum
ether 3:1) to give 2f (238.0 mg, 97.5%) as a light yellow oil: '"H NMR
(400 MHz, CDCl;) 6 6.91 (ddd, ] = 18.9, 14.1, 7.7 Hz, 4H), 4.80 (dd,
J = 44.1, 7.6 Hz, 2H), 3.46—3.18 (m, 6H), 2.04 (d, ] = 14.6 Hz, 4H),
1.88—1.71 (m, 1H); *C NMR (101 MHz, CDCL) § 141.0, 140.9,
136.1, 128.1, 124.9, 67.5, 51.6, 35.1, 20.2; HPLC (Chiralcel OB-H
column, hexane/i-PrOH 98/2, 0.4 mL min~?, 220 nm) ¢, = 65.4 min
(major), £, = 76.2 min (minor).

Dimethyl [2-Hydroxy-2-(4-methylphenyl)ethyl]-
phosphonate (2g).3" The crude material was purified by column
chromatography on silica gel (eluting with ethyl acetate/petroleum
ether 2:1) to give 2g (240.0 mg, 98.5%) as a light yellow oil: '"H NMR
(400 MHz, CDCl;) § 7.10~7.01 (m, 2H), 6.92 (d, ] = 6.5 Hz, 2H),
4.91-4.69 (m, 2H), 345—3.36 (m, 6H), 2.12 (d, J = 2.1 Hz, 3H),
2.09—1.83 (m, 2H); *C NMR (101 MHz, CDCL;) § 141.0, 136.3,
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128.4, 125.0, 67.7, 51.9, 35.2, 20.4; HPLC (Chiralcel OB-H column,
hexane/i-PrOH 98/2, 0.4 mL min~', 220 nm) #, = 66.8 min (major), t,
= 77.6 min (minor).

Dimethyl [2-H|¥droxy-2-(4-methoxyphenyl)ethyl]-
phosphonate (2h).3® The crude material was purified by column
chromatography on silica gel (eluting with ethyl acetate/petroleum
ether 3:1) to give 2h (258.0 mg, 99.2%) as a light yellow oil: 'H NMR
(400 MHz, CDCl,) & 7.33=7.27 (m, 2H), 6.90—6.84 (m, 2H), 5.07 (t,
J=10.2 Hz, 1H), 3.79 (d, ] = 1.1 Hz, 3H), 3.76—3.70 (m, 6H), 2.30—
2.10 (m, 2H); '*C NMR (101 MHz, CDCl;) § 158.5, 135.9, 126.4,
113.2, 67.7, 54.7, 52.0, 35.3; HPLC (Chiralcel OB-H column, hexane/
i-PrOH 96/4, 0.3 mL min~', 220 nm) ¢, = 63.5 min (major), t, = 75.1
min (minor).

Dimethyl [2-hydroxy-2-(4-fluorophenyl)ethyllphosphonate
(2i).3" The crude material was purified by column chromatography
on silica gel (eluting with ethyl acetate/petroleum ether 2:1) to give 2i
(240.0 mg, 96.8%) as a light yellow oil: '"H NMR (400 MHz, CDCl,)
§7.33—7.27 (m, 2H), 6.96 (td, ] = 8.7, 1.6 Hz, 2H), 5.02 (dd, ] = 11.6,
8.0 Hz, 1H), 4.46 (s, 1H), 3.66—3.61 (m, 6H), 2.25—2.02 (m, 2H);
BC NMR (101 MHz, CDCl;) § 163.4, 160.9, 139.7, 139.6, 127.5,
127.3, 1153, 115.1, 68.1, 68.0, 52.6, 35.8; HPLC (Chiralcel OB-H
column, hexane/i-PrOH 96/4, 1.0 mL min~', 220 nm) ¢, = 19.8 min
(major), t, = 32.6 min (minor).

Dimethyl [2-Hydroxy-2-(4-chlorophenyl)ethyl]phosphonate
(2j).3" The crude material was purified by column chromatography on
silica gel (eluting with ethyl acetate/petroleum ether 3:1) to give 2j
(260.0 mg, 98.5%) as a light yellow oil: '"H NMR (400 MHz, CDCl,)
57.17 (dd, ] = 5.6, 2.9 Hz, 4H), 4.92 (d, ] = 3.4 Hz, 1H), 4.79 (s, 1H),
3.61-3.43 (m, 6H), 2.19-1.88 (m, 2H); *C NMR (101 MHz,
CDCL,) & 142.6, 132.9, 12822, 126.8, 67.7, 52.4, 35.4; HPLC (Chiralcel
OB-H column, hexane/i-PrOH 96/4, 1.0 mL min™, 220 nm) ¢, = 19.5
min (major), t, = 25.7 min (minor).

Dimethyl [2-Hydroxy-2-(4-bromophenyl)ethyl]phosphonate
(2k).3" The crude material was purified by column chromatography on
silica gel (eluting with ethyl acetate/petroleum ether 3:1) to give 2k
(306.0 mg, 99.5%) as a light yellow oil: '"H NMR (400 MHz, CDCl,)
§7.26—7.21 (m, 2H), 7.06 (d, J = 8.4 Hz, 2H), 4.99 (s, 1H), 4.82 (t, ]
= 9.2 Hz, 1H), 3.45—3.38 (m, 6H), 2.09—1.84 (m, 2H); *C NMR
(101 MHz, CDCL) § 1432, 131.0, 127.1, 120.8, 67.5, 52.4, 35.2;
HPLC (Chiralcel OB-H column, hexane/i-PrOH 97/3, 1.0 mL min ™},
220 nm) t; = 28.8 min (major), t, = 37.4 min (minor).

Dimethyl [2-Hydroxy-2-(4- trifuoromethylphenyl)ethyl]-
phosphonate (2I). The crude material was purified by column
chromatography on silica gel (eluting with ethyl acetate/petroleum
ether 5:1) to give 21 (290.0 mg, 97.3%) as a light yellow oil: 'H NMR
(400 MHz, CDCl,) 6 7.60 (d, ] = 8.2 Hz, 2H), 7.52—7.46 (m, 2H),
5.17 (dt, ] = 14.4, 3.4 Hz, 1H), 4.35—4.29 (m, 1H), 3.76—3.69 (m,
6H), 2.26—2.09 (m, 2H); C NMR (101 MHz, CDCl,) § 147.7,
130.2, 129.9, 129.5, 1259, 125.7, 125.6, 68.3, 52.9, 35.7; HRMS
(collected on an UPLC and Q-TOF MS spectrometer): calcd for
C1,H,,F;0,P (M + Na)* 321.0479, found 321.0480; HPLC (Chiralcel
OD-H column, hexane/i-PrOH 90/10, 0.8 mL min~’, 220 nm) t,
19.8 min (minor), t, = 24.5 min (major).

Dimethyl (2-Hydroxypropyl)phosphonate (2m).** The crude
material was purified by column chromatography on silica gel (eluting
with ethyl acetate/petroleum ether 2:1) to give 2m (160.0 mg, 95.3%)
as a light yellow oil: '"H NMR (400 MHz, CDCL;) § 4.20 (s, 1H),
3.82—3.69 (m, 6H), 3.36 (s, 1H), 1.99—1.89 (m, 2H), 1.32—1.25 (m,
3H); ®C NMR (101 MHz, CDCl,) § 62.0, 51.9, 34.4, 23.9.

Dimethyl (2-Hydroxybutyl)phosphonate (2n).?® The crude
material was purified by column chromatography on silica gel (eluting
with ethyl acetate/petroleum ether 2:1) to give 2n (178.0 mg, 97.8%)
as a light yellow oil: "H NMR (400 MHz, CDCL,) & 3.80 (s, 2H), 3.65
(s, 3H), 3.62 (s, 3H), 1.88—1.76 (m, 2H), 1.48—1.38 (m, 2H), 0.82
(dd, J = 12.3, 4.9 Hz, 3H); *C NMR (101 MHz, CDCl,) 6 67.3, 52.0,
32.5, 30.9, 30.7, 9.4.

Dimethyl (2-Hydroxy-3-methylbutyl)phosphonate (20
The crude material was purified by column chromatography on silica
gel (eluting with ethyl acetate/petroleum ether 3:1) to give 20 (190.0
mg, 97.0%) as a light yellow oil: "H NMR (400 MHz, CDCl,) § 3.78—
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3.74 (m, 6H), 3.26 (d, ] = 3.0 Hz, 1H), 1.99—1.80 (m, 3H), 1.73 (dd, J
= 12.9, 6.6 Hz, 1H), 0.92 (dd, J = 6.7, 5.8 Hz, 6H); >*C NMR (101
MHz, CDCl;) § 70.8, 52.4, 34.2, 29.9, 17.9, 17.3.

Dimethyl (2-Hydroxyheptyl)phosphonate (2p).** The crude
material was purified by column chromatography on silica gel (eluting
with ethyl acetate/petroleum ether 3:1) to give 2p (220.0 mg, 98.2%)
as a light yellow oil: "H NMR (400 MHz, CDCL,) § 4.10-3.90 (m,
1H), 3.78—3.74 (m, 6H), 3.26 (d, J = 3.2 Hz, 1H), 2.02—1.96 (m,
2H), 1.60—1.54 (m, 1H), 145 (dd, J = 9.5, 3.9 Hz, 2H), 1.36—1.28
(m, 6H), 0.90 (d, ] = 6.8 Hz, 3H); *C NMR (101 MHz, CDCl,) §
66.2, 52.2, 38.2, 33.1, 31.5, 24.9, 22.4, 13.8.

Dimethyl (2-Hydroxytridecyl)phosphonate (2q).>> The crude
material was purified by column chromatography on silica gel (eluting
with ethyl acetate/petroleum ether 3:1) to give 2q (304.0 mg, 98.7%)
as a light yellow oil: '"H NMR (400 MHz, CDCL;) & 3.99 (s, 1H),
3.77-3.74 (m, 6H), 3.29 (s, 1H), 1.99—1.84 (m, 2H), 1.66—1.38 (m,
4H), 1.25 (s, 19H), 0.87 (s, 3H); 3C NMR (101 MHz, CDCL,) §
66.5, 52.4, 383, 38.1, 33.1, 31.8, 29.6, 29.5, 29.4, 29.3, 25.3, 22.6, 14.0.

Dimethyl (2-Hydroxycyclohexyl)phosphonate (2r).>? The
crude material was purified by column chromatography on silica gel
(eluting with ethyl acetate/petroleum ether 3:1) to give 2r (230.0 mg,
97.5%) as a light yellow oil: 'H NMR (400 MHz, CDCL;) § 3.78 (s,
3H), 3.75 (s, 3H), 3.21 (d, ] = 3.1 Hz, 1H), 2.02—1.88 (m, 2H), 1.87—
1.73 (m, 4H), 1.44—1.35 (m, 1H), 1.26—0.98 (m, 6H); *C NMR
(101 MHz, CDCL,) 5 69.8, 52.0, 51.9, S1.8, 51.7, 44.0, 43.8, 29.9, 28.2,
27.3, 26.0, 25.7, 25.6.

Dimethyl 2-Hydroxy-3-(N-tert-butoxycarbonylamino)-
phosphonate (25).6® The crude material was purified by column
chromatography on silica gel (eluting with ethyl acetate/petroleum
ether 3:1) to give 2s (280.0 mg, 98.9%) as a light yellow oil: '"H NMR
(400 MHz, CDCl,) 6 5.26 (s, 1H), 4.09—4.04 (m, 1H), 3.74—3.69 (m,
6H), 3.30 (s, 1H), 3.11 (dd, J = 13.4, 6.4 Hz, 1H), 2.01—1.88 (m, 3H),
1.40 (s, 9H); *C NMR (101 MHz, CDCl;) § 156.5, 79.4, 66.0, 52.5,
46.7, 30.4, 29.0, 28.2.

Dimethyl (3-Hydroxybut-2-yl)phosphonate (2t). The crude
material was purified by column chromatography on silica gel (eluting
with ethyl acetate/petroleum ether 4:1) to give 2t (178.0 mg, 97.8%)
as a light yellow oil: "H NMR (400 MHz, CDCL,) 6 3.93 (ddd, J =
10.6, 8.1, 4.5 Hz, 1H), 3.90—3.74 (m, 6H), 2.05—1.88 (m, 1H), 1.80
(s, 1H), 1.24 (dd, ] = 9.1, 3.1 Hz, 3H), 1.15—-1.09 (m, 3H); *C NMR
(101 MHz, CDCl,) § 67.7, 66.0, 52.9, 21.1, 11.0; HRMS (collected on
an UPLC and Q-TOF MS spectrometer) calcd for C¢H;sO,P (M +
Na)* 205.0606, found 205.0606.

Dimethyl (2-Hydroxypentan-3-yl)phosphonate (2u). The
crude material was purified by column chromatography on silica gel
(eluting with ethyl acetate/petroleum ether 4:1) to give 2u (185.0 mg,
94.4%) as a light yellow oil: 'H NMR (400 MHz, CDCl;) & 4.20 (s,
1H), 4.00—3.88 (m, 1H), 3.78 (s, 3H), 3.76 (s, 3H), 1.24 (dd, ] = 8.8,
3.2 Hz, 3H), 1.18 (d, ] = 18.6 Hz, 3H), 1.13—1.06 (m, 3H); *C NMR
(101 MHz, CDCl,) & 67.4, 65.8, 524, 392, 29.6, 10.7; HRMS
(collected on an UPLC and Q-TOF MS spectrometer) calcd for
C,H,,0,P (M + Na)* 219.0762, found 219.0762.

Diethyl 3-Hydroxybut-2-ylphosphonate (2v).*° The crude
material was purified by column chromatography on silica gel (eluting
with ethyl acetate/petroleum ether 3:1) to give 2v (206.0 mg, 98.1%)
as a light yellow oil: '"H NMR (400 MHz, CDCL,) § 4.13—4.05 (m,
4H), 3.90 (d, ] = 4.7 Hz, 1H), 2.42 (s, 1H), 1.95—1.77 (m, 1H), 1.33—
1.26 (m, 6H), 1.19 (dd, J = 9.7, 6.0 Hz, 3H), 1.12—1.02 (m, 3H); °C
NMR (101 MHz, CDCl,) 6 67.2, 61.8, 38.2, 20.6, 16.3, 7.0.

Dimethyl 1-Bromo-2-hydroxypropylphosphonate (2w).*?
The crude material was purified by column chromatography on silica
gel (eluting with ethyl acetate/petroleum ether 3:1) to give 2w (210.0
mg, 85.0%) as a light yellow oil: "H NMR (400 MHz, CDCl;) § 4.16
(dt, J=11.9, 6.2 Hz, 1H), 3.74 (t,] = 1.8 Hz, 1H), 3.73—3.70 (m, 6H),
1.25 (dd, J = 6.2, 2.3 Hz, 3H); '3C NMR (101 MHz, CDCl;) § 62.1,
51.9, 34.7, 24.0.

Typical Procedure for the Preparation 3m—u. A 25 mL round
flask was charged with 2m (168.0 mg, 1.0 mmol), triethylamine (303.2
mg, 3.00 mmol), 4-nitrobenzoyl chloride (185.6 mg, 1.50 mmol),
DMAP (24.4 mg, 0.20 mmol), and CH,Cl, (10 mL). The mixture was
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stirred at 26—30 °C for 8 h, saturated aqueous NaHCOj solution (6
mL) was added, and the organic layer was separated. The organic layer
was washed with water and brine, dried over Na,SO,, filtered, and
evaporated in vacuo. The residue was purified by column
chromatography with petroleum ether and ethyl acetate to give
compound 1-(dimethoxyphosphoryl)propan-2-yl 4-nitrobenzoate
(3m, 254.0 mg, 80.1%) as a light yellow oil: '"H NMR (400 MHg,
CDCl,) 6 8.29-8.24 (m, 2H), 8.23—8.16 (m, 2H), 5.45—5.42 (m,
1H), 3.73—3.68 (m, 6H), 2.36—2.10 (m, 2H), 1.52 (dd, ] = 6.3, 0.9
Hz, 3H); 3C NMR (101 MHz, CDCL;) 6 163.7, 150.4, 135.5, 130.7,
123.4, 67.8, 52.5, 32.4, 31.0, 21.1; HRMS (collected on an UPLC and
Q-TOF MS spectrometer) calcd for C;,H;(NO,P (M + H)* 318.0743,
found 318.0743; HPLC (Chiralcel AD-H column, hexane/i-PrOH 85/
15, 1.0 mL min~', 254 nm) ¢, = 14.6 min (major), t, = 16.1 min
(minor).

1-(Dimethoxyphosphoryl)butan-2-yl 4-Nitrobenzoate (3n).
The crude material was purified by column chromatography on silica
gel (eluting with ethyl acetate/petroleum ether 1:8) to give 3n (258.0
mg, 77.9%) as a light yellow oil: '"H NMR (400 MHz, CDCl,) & 8.30—
8.26 (m, 2H), 8.22 (d, J = 9.0 Hz, 2H), 5.42—5.31 (m, 1H), 3.73-3.67
(m, 6H), 2.35—2.13 (m, 2H), 1.88 (dd, ] = 14.4, 7.2 Hz, 2H), 0.98 (t, ]
= 7.4 Hz, 3H); 3C NMR (101 MHz, CDCl;) § 163.9, 150.4, 135.6,
130.7, 123.5, 115.8, 52.5, 30.2, 28.8, 28.0, 9.3; HRMS (collected on an
UPLC and Q-TOF MS spectrometer): calcd for C;;H;{NO,P (M +
Na)" 354.0719, found 354.0719; HPLC (Chiralcel AD-H column,
hexane/i-PrOH 90/10, 1.0 mL min~", 254 nm) ¢, = 20.0 min (major),
t, = 25.5 min (minor).

1-(Dimethoxyphosphoryl)-3-methylbutan-2-yl 4-Nitroben-
zoate (30). The crude material was purified by column chromatog-
raphy on silica gel (eluting with ethyl acetate/petroleum ether 1:8) to
give 30 (260.0 mg, 74.7%) as a light yellow oil: '"H NMR (400 MHz,
CDCL,) & 8.30-8.23 (m, 2H), 8.23—8.17 (m, 2H), 5.33—-5.30 (m,
1H), 3.73—3.57 (m, 6H), 2.29—2.05 (m, 3H), 0.97 (td, ] = 7.9, 2.8 Hz,
6H); 3C NMR (101 MHz, CDCl;) § 163.8, 150.1, 135.6, 130.6,
123.4, 742, 52.5, 32.2, 32.1, 27.6, 26.2, 18.1, 17.0; HRMS (collected
on an UPLC and Q-TOF MS spectrometer): caled for C,,H,(NO,P
(M + H)* 346.1056, found 346.1056; HPLC (Chiralcel AD-H column,
hexane/i-PrOH 85/15, 1.0 mL min™", 254 nm) ¢, = 12.3 min (major),
t, = 13.9 min (minor).

1-(Dimethoxyphosphoryl)heptan-2-yl 4-Nitrobenzoate (3p).
The crude material was purified by column chromatography on silica
gel (eluting with ethyl acetate/petroleum ether 1:8) to give 3p (250.0
mg, 67.0%) as a light yellow oil: '"H NMR (400 MHz, CDCl;) & 8.25
(d, J = 9.0 Hz, 2H), 8.19 (d, ] = 9.0 Hz, 2H), 5.43—5.33 (m, 1H),
3.70-3.64 (m, 6H), 2.26-2.16 (m, 2H), 1.87—1.74 (m, 2H), 1.40—
1.24 (m, 6H), 0.86—0.80 (m, 3H); *C NMR (101 MHz, CDCl;) §
163.9, 150.3, 135.5, 130.6, 123.4, 70.7, 52.4, 52.3, 34.9, 31.2, 30.5, 29.1,
24.6, 22.3, 13.8; HRMS (collected on an UPLC and Q-TOF MS
spectrometer) caled for C;sH,,NO,P (M + H)* 374.1369, found
374.1369; HPLC (Chiralcel AD-H column, hexane/i-PrOH 90/10, 0.6
mL min~}, 254 nm) t; = 29.6 min (major), t, = 33.6 min (minor).

1-(Dimethoxyphosphoryl)tridecan-2-yl 4-Nitrobenzoate
(3q). The crude material was purified by column chromatography
on silica gel (eluting with ethyl acetate/petroleum ether 1:6) to give
3q (289.0 mg, 63.2%) as a light yellow oil: '"H NMR (400 MHz,
CDCly) § 8.29—8.26 (m, 2H), 8.21 (d, J = 8.9 Hz, 2H), 5.40 (dt, ] =
12.2, 6.2 Hz, 1H), 3.72—3.67 (m, 6H), 2.33—2.23 (m, 2H), 1.87—1.79
(m, 2H), 1.25 (d, J = 18.6 Hz, 18H), 0.85 (t, ] = 6.9 Hz, 3H); *C
NMR (101 MHz, CDCL,) § 163.9, 150.5, 135.6, 130.7, 127.3, 123.5,
70.9, 52.5, 35.0, 34.9, 31.8, 30.6, 29.5, 29.4, 29.3, 29.2, 29.1, 25.0, 22.6,
14.0; HRMS (collected on an UPLC and Q-TOF MS spectrometer)
caled for CpHiNO.P (M + H)* 458.2308, found 458.2308; HPLC
(Chiralcel AD-H column, hexane/i-PrOH 90/10, 0.6 mL min™', 254
nm) t; = 17.6 min (major), £, = 20.2 min (minor).

1-Cyclohexyl-2-(dimethoxyphosphoryl)ethyl 4-Nitroben-
zoate (3r). The crude material was purified by column chromatog-
raphy on silica gel (eluting with ethyl acetate/petroleum ether 1:6) to
give 3r (301.0 mg, 78.2%) as a light yellow oil: "H NMR (400 MHz,
CDCL,) 6826 (d, ] = 9.0 Hz, 2H), 8.19 (d, J = 9.0 Hz, 2H), 5.31 (ddd,
] = 85, 6.5, 3.9 Hz, 1H), 3.75 (s, 3H), 3.72 (s, 3H), 2.20 (s, 2H),
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1.90—1.80 (m, 4H), 1.36—1.34 (m, 1H), 1.06 (ddd, J = 22.5, 12.3, 3.2
Hz, 6H); *C NMR (101 MHz, CDCl;) § 163.8, 159.5, 150.3, 135.6,
130.7, 1234, 73.7, 703, 52.4, 44.2, 42.1, 30.1, 28.7, 28.6, 28.5, 27.8,
27.7, 27.6, 26.3, 26.0, 25.9, 25.7; HRMS (collected on an UPLC and
Q-TOF MS spectrometer) calcd for C;,H,,NO,P (M + H)* 386.1369,
found 386.1369; HPLC (Chiralcel AD-H column, hexane/i-PrOH 90/
10, 0.6 mL min~, 254 nm) t, = 29.6 min (minor), t, = 32.8 min
(major).

1-[(tert-Butoxycarbonyl)amino]-3-(dimethoxyphosphoryl)-
propan-2-yl 4-Nitrobenzoate (3s). The crude material was purified
by column chromatography on silica gel (eluting with ethyl acetate/
petroleum ether 1:6) to give 3s (320.0 mg, 75.8%) as a light yellow oil:
"H NMR (400 MHz, CDCL,) 6 821 (dd, J = 9.7, 7.5 Hz, 4H), 5.39
(dd, J = 104, 5.4 Hz, 1H), 5.09 (s, 1H), 3.72—3.64 (m, 6H), 3.61 (dd,
J =93, 5.3 Hz, 1H), 3.51 (dd, J = 13.7, 7.3 Hz, 1H), 2.37—2.20 (m,
2H), 1.36 (s, 9H); '*C NMR (101 MHz, CDCl;) § 163.8, 155.8,
150.5, 135.1, 130.8, 123.4, 79.6, 70.1, 52.5, 43.5, 28.1, 26.5; HRMS
(collected on an UPLC and Q-TOF MS spectrometer): calcd for
C,;H,sN,04P (M + H)* 433.1376, found 433.1389; HPLC (Chiralcel
AD-H column, hexane/i-PrOH 85/15, 0.5 mL min™', 254 nm)
36.9 min (minor), t, = 40.8 min (major).

3-(Dimethoxyphosphoryl)butan-2-yl 4-Nitrobenzoate (3t).
The crude material was purified by column chromatography on silica
gel (eluting with ethyl acetate/petroleum ether 1:8) to give 3t (310.0
mg, 93.8%) as a light yellow oil: 'H NMR (400 MHz, CDCl;) & 8.28—
8.24 (m, 2H), 8.21 (dd, ] = 9.0, 2.0 Hz, 2H), 5.45 (ddd, J = 9.2, 6.5, 4.8
Hz, 1H), 391 (dd, J = 12.8, 5.8 Hz, 1H), 3.78 (d, J = 11.0 Hz, 3H),
3.76 (d, J = 11.0 Hz, 3H), 2.45 (ddd, ] = 22.4, 7.4, 4.8 Hz, 1H), 1.27
(s, 3H), 1.15 (d, J = 10.0 Hz, 3H); *C NMR (101 MHz, CDCL,)
163.9, 150.4, 135.6, 130.7, 123.5, 71.9, 52.5, 28.8, 17.9, 9.3; HRMS
(collected on an UPLC and Q-TOF MS spectrometer) calcd for
C15H;NO,P (M + H)* 332.0899, found 332.0899; HPLC (Chiralcel
IC-3 column, hexane/i-PrOH 85/15, 1.0 mL min~', 254 nm): ¢,
11.8 min (minor), t, = 12.9 min (minor), t; = 16.7 min (major), t, =
22.4 min (minor).

3-(Dimethoxyphosphoryl)pentan-2-yl 4-Nitrobenzoate (3u).
The crude material was purified by column chromatography on silica
gel (eluting with ethyl acetate/petroleum ether 1:6) to give 3u (312.0
mg, 90.1%) as a light yellow oil: "H NMR (400 MHz, CDCl;) & 8.28
(d, J = 9.0 Hz, 2H), 8.22 (d, ] = 9.0 Hz, 2H), 5.35 (dd, ] = 11.5, 5.6
Hz, 1H), 3.76 (d, ] = 7.6 Hz, 1H), 3.70 (s, 3H), 3.68 (s, 3H), 1.88 (d, J
= 7.2 Hz, 3H), 1.33—1.00 (m, 2H), 0.98 (t, J = 7.4 Hz, 3H); 3*C NMR
(101 MHz, CDCl,) § 163.9, 150.5, 135.6, 130.7, 123.5, 71.9, 52.6,
30.2, 28.8, 17.4, 9.4; HRMS (collected on an UPLC and Q-TOF MS
spectrometer) caled for C;,H,)NO,P (M + H)* 346.1056, found
346.1056; HPLC (Chiralcel IC-3 column, hexane/i-PrOH 85/15, 1.0
mL min~, 254 nm) ¢, = 20.6 min (minor), t, = 23.1 min (minor), t; =
33.9 min (minor), t, = 40.8 min (major).

3-[(Diethoxyphosphoryl)butyl]-2-nitrobenzoate (3v). The
crude material was purified by column chromatography on silica gel
(eluting with ethyl acetate/petroleum ether 1:8) to give 3v (301.0 mg,
83.8%) as a light yellow oil: '"H NMR (400 MHz, CDCL;) & 8.09 (d,
= 8.8 Hz, 2H), 8.04 (d, ] = 8.8 Hz, 2H), 4.11 (s, 1H), 3.92—3.79 (m,
6H), 1.12 (s, 6H), 1.04 (s, 3H), 0.97 (s, 3H); 3C NMR (101 MHz,
CDCL,) § 163.2, 150.1, 135.4, 130.3, 123.0, 66.5, 61.3, 39.1, 20.0, 16.0,
9.5; HRMS (collected on an UPLC and Q-TOF MS spectrometer)
caled for C;sH,NO,P (M + H)* 360.1212, found 360.1220; HPLC
(Chiralcel AD-H column, hexane/i-PrOH 95/S, 1.0 mL min~’, 254
nm) t; = 20.0 min (minor), t, = 25.4 min (minor), ¢, = 26.7 min
(major), t, = 39.8 min (minor).

Bromo 1-[(Dimethoxyphosphoryl)propan-2-yl]-4-nitroben-
zoate (3w). The crude material was purified by column
chromatography on silica gel (eluting with ethyl acetate/petroleum
ether 1:8) to give 3w (321.0 mg, 81.5%) as a light yellow oil: '"H NMR
(400 MHz, CDCL,) § 8.25—8.20 (m, 2H), 8.18—8.12 (m, 2H), 5.44—
5.42 (m, 1H), 3.72—3.68 (m, 6H), 2.40—2.30 (m, 1H), 2.17—2.10 (m,
1H), 1.50 (dd, J = 6.3, 0.9 Hz, 3H); 3*C NMR (101 MHz, CDCl;) §
163.7, 1504, 135.5, 130.7, 123.4, 67.8, 52.5, 32.4, 31.0, 21.1; HRMS
(collected on an UPLC and Q-TOF MS spectrometer): calcd for
C,HBrNO-P (M + H)* 395.9848, found 395.9870; HPLC
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(Chiralcel AD-H column, hexane/i-PrOH 80/20, 0.4 mL min™', 254
nm) t; = 18.0 min (minor), ¢, = 20.3 min (major), t; = 22.5 min
(minor), t, = 27.6 min (minor).
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