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A general and efficient method for the preparation of
optically active Z,Z,P(O)Cl from the easily prepared
optically active H-phosphinates and H-phosphine oxides
was reported. H-Phosphinates and H-phosphine oxides
react stereospecifically with CuCl, to produce the corre-
sponding optically active Z,Z,P(O)CI with retention of
configuration at the phosphorus center. Optically active
7.,Z,P(0O)Cl reacts easily with a variety of nucleophiles to
produce other chiral organophosphorus acid derivatives
with inversion of configuration at phosphorus.

Optically active organophosphorus acid derivatives
7,Z>P(0)Nu' are important compounds that not only show
a diverse biological activities such as antibacterial, antipsor-
iatic, and anti-HIV effect’ but also are important chiral
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auxiliaries for asymmetric synthesis.> However, methods
for their preparation are rather limited.*

The highly reactive organophosphorus chlorides Z;Z,P(O)
Cl easily couple with a variety of nucleophiles (Nu) (eq 1).
They are among the most frequently used starting chemicals
for the preparation of organophosphorus derivatives.
Z]ZQP(O)NH (1)

Nucleophiles
S S—

7,Z,P(0)Cl

We assumed that if an optically active Z,Z,P(O)Cl could be
easily prepared and if Z,Z,P(O)Cl could react with a nucleo-
phile stereospecifically, a variety of optically active organo-
phosphorus acid derivatives Z,;Z,P(O)Nu would be readily
prepared (eq 2). However, a literature search showed that
although a racemic Z,Z,P(O)Cl was readily available,>® the
preparation of an optically active Z;Z,P(O)Cl was rather
difficult.® For example, optically active #-BuPhP(O)Br and r-
BuPhP(S)Cl were obtained from the reactions of optically
active --BuPhP(O)H with N-bromosuccinimide (NBS) and N-
chlorosuccinimide (NCS), respectively,*® whereas -BuPhP(O)
Cl was obtained from the reaction of an optically active z-
BuPhP(O)H with CH;S(0)Cl (ca. 50% ee),*® NCS,* or CCl,
and Et;N.% -Bu(MeO)P(O)Cl (ca. 66% ee) was obtained via
a similar reaction.® Recently, an optically active -BuPhP(Se)
Cl was prepared via the reaction of diastereomerically pure
phosphinoselenoic acid salt with oxalyl chloride.*"#

Herein we disclose our studies aiming at developing a
general way for the preparation of these optically active
7,7Z,P(0O)CI 2 and its conversion to other optically active
phosphorus compounds 3 via stereospecific nucleophilic
substitution reactions (eq 2).
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Our strategy for the preparation of 2 is to find an efficient
way for the stereospecific halogenation of the relatively easily
accessible secondary phosphine oxides and H-phosphinates’
under mild reaction conditions. Along this line, a few known
halogenation methods of P(O)-H racemates were tested.>
First, since phosphorochloridates (RO),P(O)Cl were prepared
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by reactions of (RO),P(O)H with CCl, in the presence of a
base (Atherton—Todd reaction),® we investigated the chlori-
nation of phosphinate (Rp)-1a under the Atherton—Todd
reaction conditions hoping that optically active phosphonic
chloride 2a could be obtained selectively. However, disap-
pointedly, compound (Rp)-la only sluggishly reacted with
CCl, to yield the corresponding phosphonic chloride 2a as a
mixture of diastereomers (eq 3). Therefore, it was concluded
that this reaction could not be applied to the preparation of
the optically active Z,Z,P(O)ClI 2.

CCly, NEt;

(Rp)-1a ((— )MenO)PhP(0)Cl

room temperature, 30 h 2a (3)
ca. 50% conversion of 1a

diastereomeric ratio of 2a = 70/30

We then turned our attention to another method for the
chlorination of (RO),P(O)H: the chlorination of (RO),P(O)H
with CuCl, described by Smith in 1962.” Smith reported that
(RO),P(O)H could be converted to (RO),P(O)Cl by CuCl, on
heating at 100 °C in CCly (eq 4). Because of the easy operation
and handling of the chemicals, this method is highly attractive.
However, it was realized that the harsh conditions used would
not be suitable for the preparation of optically active 2 because
the starting optically active compound H-P(O) 1 as well as the
products 2 might be racemized under such harsh conditions.”

(RO),P(O)H + CuCl, (RO),P(O)CI  (4)

CCly, 100 °C

We reinvestigated this chlorination reaction and found
that it was highly affected by the solvent used (Table 1).
Thus, although the reaction slowly proceeded in CH»Cl, or
CHCl; at room temperature, in solvents such as THF,
MeCN, acetone, and DMF, it completes rapidly to give a
quantitative yield of (i-PrO),P(O)CI.

Encouraged by the above results, the chlorination of
(Rp)-(L-menthyl phenylphosphinate (Rp)-la was studied.
Thus, a solution of (Rp)-1a (1 mmol in 4 mL of THF) was
added to a solution of CuCl, (2.1 mmol in 4 mL THF) at
0 °C. The mixture was stirred at room temperature for 10 min.
GC analysis showed the complete consumption of 1a. The
volatiles were removed under a reduced pressure, and the
residues were extracted with hexane (10 mL). Solvent was
removed to leave 2a in a quantitative yield (eq 5). In *'P NMR,
only one diastereomer of the product could be detected,
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TABLE 1.  Chlorination of (i-PrO),P(O)H with CuCl, at Room
Temperature

solvent 5 mL

(i-PrO),P(O)H + CuCl, (i-PrO),P(0)Cl

1 mmol 2 mmol

entry solvent time (h) GC yield (%)
1 acetone 0.5 quantitative
2 MeCN 0.5 quantitative
3 DMF 0.5 quantitative
4 THF 0.5 quantitative
5 Et,O 1 73
6 CH,Cl, 4 32
7 CHCl4 4 43

showing that this chlorination reaction took place highly
stereospecifically (vide infra). Similar stereospecific chlorina-
tion also took place efficiently with another optically active
phosphinate (Rp)-1b and an secondary phosphine oxide (Sp)-
1c to quantitatively produce the corresponding optically
active P(O)Cl compounds 2b and 2¢, respectively.

stereospecific chlorination
la—c 2a—c¢ (5)
CuCl,, THF, 0—25°C, <20 min quantitative

As to the stereochemistry, crystals suitable for X-ray
analysis were obtained by careful recrystallization of 2¢ from
hexane, which led to the successful determination of the
absolute configuration at phosphorus to be Rp, indicating
that the above chlorination reaction took place via retention
of configuration at phosphorus (Figure 1).

J | civP~tBy
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FIGURE 1. Single-crystal X-ray structure of compound (Rp)-2¢.

To our surprise, although-moisture sensitive, these opti-
cally active compounds 2 are rather stable toward racemiza-
tion. In hexane or CHCIl; no racemization took place at
room temperature for 1 week. Compound 2a in benzene is
stable even at 70 °C for 5 days.

As expected, these optically active P(O)Cl compounds are
versatile starting materials for the preparation of a variety of
optically active phosphorus compounds by a stereospecific
replacement of the chlorine atom with a nucleophile. Thus,
(Sp)-2a reacted stereospecifically (with inversion of the con-
figuration at phosphorus) with MeMgCl, i-PrMgCl,
PhCH,MgCl, CH,CHCH,MgCl, and TMSCH,MgCl to
give the corresponding optically active phosphinates in high
yields (Table 2, entries 1—5). The stereochemistry at phos-
phorus of the product ((—)MenO)PhMeP(O) (Table 2,
entry 1) was determined to be Sp by comparing its optical
rotation with that of the literature,'® showing the substitution
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TABLE 2.  Stereospecific Substitution Reaction of Optically Active
7,Z,P(0)Cl1 2 with C-, O-, S-, and N-Nucleophiles

entry Z,Z,P)CI

e
1 o-Puc CHzMgClI ; i

nucleophile product yield (%)?

Sp-2a o)
1
40
5 Sp-2a PhCH,MgCl /_ CH2 85°
o)
"
\ 0B
3 Sp-2a —/S:-CHZMgCI CH, 59°
3 C
7 AN
2
4 Sp-2a A~ MgCl 2 96
/ <\
?
5 Sp-2a MgCl O,p.l,© 68>
? /
o-Prcy
6 4 CHzMgCl Q /@ o1b
Vau 0P
4 )
Sp-2b /_
L o)
civ P~y i n b
7 i CHali Pn"'F" 95
Rp-2¢
Q
8 Sp-2a CH4OH o-F o8
>, o)
7 |
2
OH P,
9 Sp-2a /~© & @ 90°
Q
10 Sp-2a PhOH o-Pu 97°
% OPh
Q
” Sp-2a PhSH P 98°
", SPh
2
12 Sp-2b PhSH ok o4°
%, SPh
Q
13 Sp-2a ~o~NH, o—?"'© o7
& N
P
14 Sp-2a HQN\/\NH2 Ph--»}lf” \/\H,E-huO(-)Men 85¢
()Mend

“Isolated yield. “Reaction conditions: 2 (1 mmol), nucleophile (1.1
mmol) in dry THF (5 mL), —78 °C. ‘Reaction conditions: 2 (1 mmol),
nucleophile (2 mmol), Et;N (2 mmol) in dry THF (5 mL), 0 °C.

took place at phosphorus via inversion of configuration.
(Sp)-2a also reacted efficiently with other nucleophiles
such as MeOH, i-PrOH, PhOH, PhSH, n-BuNH,, and
H,NCH,CH,NH; to give the corresponding optically active
phosphorus acid derivatives highly selectively in high yields.
These compounds are known compounds, and the absolute
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configurations around phosphorus were easily determined by
comparing with authentic samples.”® The above substitution
reactions also proceeded smoothly with (Sp)-2b and (Rp)-2c.
To the best of our knowledge, there were no precedents of
preparation of optically active organophosphorus acid deri-
vatives by the stereospecific nucleophilic substitution of opti-
cally active P(O)Cl compounds.®

The stereospecific features of the halogenation of 1 by
CuCl, forming 2 and the substitution reactions of 2 with
nucleophiles forming 3 are confirmed by the following
experiments using diastereomeric mixtures of la and 2a as
substrates, respectively. Thus, reaction of 1a (Rp/Sp = 64/
36) with CuCl, produced a diastereometric mixture of 2a
with the same ratio of Sp/Rp = 64/36. Similarly, the substitu-
tion reaction of a diastereomeric mixture of 2a (Sp/Rp = 64/
36) with MeMgCl gave a diastereometric mixture of 3a (Sp/
Rp = 64/36)'° with inversion of configuration at the phos-
phorus atom.

In summary, we have demonstrated that optically pure
phosphorus chlorides Z,Z,P(O)Cl can be simply prepared
via a stereospecific (retention of configuration) halogena-
tion of the corresponding P(O)H compounds with CuCl,
under mild conditions. These compounds are versatile
starting materials for the preparation of other optically
pure phosphorus acid derivatives, i.e., Z;Z,P(O)CI reacts
with C-, O-, S-, and N-nucleophiles to produce the corre-
sponding optically active phosphorus compounds via
stereospecific replacement of the chlorine atom (inversion of
configuration).

Experimental Section

Typical Procedure for the Synthesis of 2. To a solution of
CuCl, (10.5mmol in 10 mL THF) was added (Rp)-1b (5 mmol in
10 mL THF) at 0 °C. The cooling bath was removed, and the
mixture was stirred at room temperature for 10 min. The
volatiles were removed under vacuum. The residue was ex-
tracted with 30 mL of hexane and filtered. After evaporating
the solvent, the desired product (Sp)-2b was obtained as a white
solid in quantitative yield. Mp: 64—65 °C; [0]*’p = —93.9
(CHCl;, ¢ 0.986). "H NMR (400 MHz, CDCl5): 6 7.36—7.28
(m, 5H), 4.42—4.33 (m, 1H), 3.60—3.45 (m, 2 H), 2.08 (d, J=12.0
Hz, 1H), 1.93—1.88 (m,1H), 1.68—1.62 (m, 2H), 1.42—1.25 (m,
2H), 1.11-0.94 (m, 2H), 0.88—0.78 (m, 7H), 0.74 (d, J=6.8 Hz,
3H). 3C NMR (100 MHz, CDCls): 6 130.2 (d, Jp_c=7.6 Hz),
129.8 (d, Jp_c=11.4Hz), 128.6 (d, Jp_c=3.9Hz), 127.6 (d, Jp_c=
4.7 Hz), 80.9 (d, Jp—c = 9.5Hz), 48.3 (d, Jp_c = 6.7 Hz), 42.8,
42.0 (d, Jp_c=121.0 Hz), 33.9, 31.6, 25.5, 22.8, 21.8, 21.0, 15.7.
3P NMR (162 MHz, CDCl;): 6 37.8. Anal. Caled for
C17H,6CIO,P: C, 62.10; H, 7.97. Found: C, 62.29; H, 8.08.

Typical Procedure for the Stereospecific Substitution Reaction
of 2. A solution of methylmagnesium chloride (1.1 mmolin2mL
THF) was added to a solution of (Sp)-2a (1.0 mmol in 3 mL of
THF) at —78 °C and stirred for 2 h, and then the reaction
mixture was slowly warmed to —40 °C. The reaction mixture
was quenched with saturated NH4Cl solution, and the product
was extracted with CHCls, dried over MgSQO,, and concentrated
under vacuum to give NMR spectroscopically pure prod-
uct (Sp)-((—)MenO)PhMeP(0) in 98% yield.'® White solid.
Mp: 80—81 °C; [a]*p = —92.6 (benzene, ¢ 0.760). '"H NMR
(500 MHz, CDCl;): 6 7.82—7.78 (m, 2H), 7.54—7.51 (m, 1H),

(10) (a) Nudelman, A.; Cram, D. J. J. Org. Chem. 1971, 36, 335. (b)
Korpiun, O.; Lewis, R. A.; Chickos, J.; Mislow, K. J. Am. Chem. Soc. 1968,
90, 4842. (c) Dabkowski, W.; Ozarek, A.; Olejniczak, S.; Cypryk, M.;
Chojnowski, J.; Michalski, J. Chem.—Eur. J. 2009, 15, 1747.
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7.47—7.45 (m, 2H), 3.97—3.93 (m, 1H), 2.37 (d, /=12.0 Hz, 1H),
1.93—1.87 (m, 1H), 1.70 (d, J=15.0 Hz, 3H), 1.62—1.57 (m, 2H),
1.44—1.37 (m, 1H), 1.32—1.19 (m, 2H), 0.90 (d, J= 6.0 Hz, 3H),
0.88—0.83 (m, 2H), 0.81 (d,J = 6.5Hz,3H),0.31 (d,J = 7.0 Hz,
3H). '*C NMR (125 MHz, CDCl3): 0 133.4(d, Jp_c=128.8 Hz),
132.0(d, Jp_c=3.1Hz), 131.1(d, Jp_c= 10.3Hz), 128.4(d, Jp_c=
12.3 Hz), 76.8 (d, Jp_c = 7.3 Hz), 48.8 (d, Jp_c = 6.3 Hz), 43.8,
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34.1,31.5,25.4,22.7,21.9, 21.0, 16.5 (d, Jp_c = 102.0 Hz), 15.2.
3P NMR (202 MHz, CDCl5): 6 40.6.

Supporting Information Available: General experimental
procedures, spectroscopic data for compounds 2 and 3, and
X-ray data for compound (Rp)-2¢ in CIF format. This material
is available free of charge via the Internet at http://pubs.acs.org.
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