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ABSTRACT An improved method, which is highly reproducible, was developed for the
enantioseparation of racemic O-ethyl phenylphosphonothioic acid (1a) with brucine by
introducing seeding to a supersaturated solution of the diastereomeric salt mixture. The present
method gave both diastereomeric salts in high yields with a diastereomeric ratio of >99.5:0.5
upon choosing the crystallization solvent (MeOH for the (R)-1a salt and MeOH/H,O for the
(S)-1a salt). The enantiopure acid 1a showed a good chirality-recognition ability for not only
strong bases, such as amines and amino alcohols, but also weakly basic alcohols and was
applicable as a solvating agent to the 'H NMR determination of the enantiomeric excess of

chiral amines, amino alcohols, and alcohols, including aliphatic substrates.
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INTRODUCTION
The increasing demand for enantiopure compounds in pharmaceutical, agricultural, and
material science/technology has stimulated the development of not only efficient strategies for
asymmetric synthesis but also fast and accurate analytical methods for the determination of
their enantiomeric excess (ee). Methods for the determination of ee are mainly classified into
two categories, chromatographic and spectroscopic methods.  Among them, NMR
spectroscopy has emerged as one of convenient tools for the determination of ee as well as for
the prediction of absolute configuration, in which target chiral compounds are covalently
modified with an enantiopure derivatizing agent or are solvated with an enantiopure solvating
agent; the resultant diastereomeric species are analyzed by NMR spectroscopy.'” In general,
enantiopure carboxylic, sulfonic, and phosphonic acids are used as acidic derivatizing/solvating
agents. These acids have a stereogenic center nearby their acidic functional groups, conversely,
the acidic functional groups of these acids are achiral. In contrast, the acidic functional group in
phosphinothioic and phosphonothioic acids is surely chiral (Figure 1). The fundamental
difference in chiral environment between the two classes made us to anticipate that enantiopure
phosphinothioic and phosphonothioic acids would recognize the chirality of chiral compounds
more efficiently than enantiopure carboxylic, sulfonic, and phosphonic acids. Indeed, several

groups have intensively studied the application of enantiopure z-butylphenylphosphinothioic

acid as a solvating agent.*'*
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Fig 1. Chemical structures of carboxylic sulfonic, phosphonic, phosphinothioic, and

phosphonothioic acids.

Recently, we have found that enantiopure O-substituted ary/alkylphosphonothioic acids were
good to excellent resolving agents for racemic amines and amino alcohols.””'® Among the
O-substituted ary/alkylphosphonothioic acids we examined, O-ethyl phenylphosphonothioic
acid (1a) was found to be the most excellent. In the diastereomeric salt formation using

enantiopure la, one of the diastereomeric pair formed a 2, column-type crystal, as was



generally observed for the diastereomeric salts of enantiopure carboxylic acids with racemic
amines/amino alcohols, while the other afforded a very rare cluster-type crystal; excellent
chirality-recognition was always achieved, when the less-soluble diastereomeric salt was a
cluster-type crystal.'”?® The formation of the characteristic cluster-type crystal and the
distinguished chirality-recognition ability would arise from the unique structural feature of
enantiopure la that the phosphorus atom in la is chiral. On the basis of the result, we
considered that enantiopure O-substituted ary/alkylphosphonothioic acids such as 1a would
possess an efficient chirality-recognition ability even in solutions to act as a sufficient solvating
agent for chiral compounds.

Herein, we report the capability of the enantiopure O-ethyl phenylphosphonothioic acid (1a) as
a solvating agent for the chiral compounds 2 and a reproducible method for the

enantioseparation of racemic 1a.

MATERIALS AND METHODS
General Information

All reagents were purchased from Tokyo Chemical Industry Co., Ltd. except for racemic
I-phenylethylamine, enantiopure 1-phenylethylamine, and enantiopure
erythro-2-amino-1,2-diphenylethanol. Racemic 1-phenylethylamine was purchased from
Nakalai Tesque Inc., and enantiopure I-phenylethylamine and
erythro-2-amino-1,2-diphenylethanol were gifted by Yamakawa Chemicals Co., Ltd. The
reagents used as received. The 'H and *'P NMR spectra were recorded on a Bruker Ascend 400
spectrometer operating at 400 MHz and 162 MHz, respectively. The chemical shifts are given
in ppm relative to the singlet at 0.000 ppm of Me,Si for '"H NMR and 2.100 ppm of (MeO);PO
for *'P NMR, respectively. The differences in chemical shift (A5) between the diastereomers of
enantiopure O-ethyl phenylphosphonothioic acid (1a) with the chiral compounds 2 are reported
in ppm. The IR spectra were recorded on a JASCO model FT/IR-480plus.

Synthesis of racemic O-ethyl phenylphosphonothioic acid (racemic la)
A solution of NaOEt in EtOH (20 w%, 50 mL, 128 mmol) was added dropwise to a solution of
phenylphosphonothioic dichloride (12.5 g, 62 mmol) in dry EtOH (30 mL) at 0 °C, and the
mixture was stirred for 3 h at the temperature. After the solution was diluted with EtOH (30
mL), 5 M NaOH aq. (60 mL) was added dropwise at room temperature, and the mixture was
heated under reflux for 9 h. The reaction mixture was concentrated to ca. 50 mL under reduced
pressure and diluted with H,O (100 mL), and then the resultant solution was extracted with

CHCI; (4 x 50 mL). 6 M HCl aq. (90 mL) was added dropwise to the aqueous layer at 0 °C,



and the mixture was extracted with CH,Cl, (4 x 50 mL). The extracts were combined, washed
with brine (150 mL), dried over Na;SO,, filtrated, and concentrated to dryness under reduced
pressure to give crude racemic 1a (11.2 g, 55 mmol). A solution of dicyclohexylamine (11.8 g,
65 mmol) in Et,O (50 mL) was added dropwise to a solution of the crude racemic 1a (11.2 g, 55
mmol) in Et,O (100 mL) with vigorous stirring at room temperature, and stirring was continued
for 3 h. The precipitates deposited was collected by using a membrane filter and dried under
reduced pressure to give the corresponding salt (17.7 g, 44 mmol, 80%). 5 M NaOH aq. (100
mL) was added dropwise to a solution of the salt (17.7 g, 44 mmol) in CHCI; (150 mL) at room
temperature, and the mixture was stirred for 10 min. After the organic and aqueous layers were
separated, the aqueous layer was extracted with CHCl; (3 x 80 mL), acidified with 6 M HCl aq.
(100 mL), and extracted with CHCI; (3 x 120 mL). The combined extracts were washed with
brine (150 mL), dried over Na,SO,, filtrated, and concentrated to dryness under reduced
pressure to give chemically pure racemic 1a (8.90 g, 44 mmol, 71%).

IR (neat): v 3000, 2380, 1440, 1120, 1020, 760, 730 cm™. 'H NMR (400 MHz, CDCl3): & 1.33
(t, J = 6.8 Hz, 3H), 4.19 (q, J = 6.8 Hz, 2H), 7.42-7.55 (m, 3H), 7.88-7.92 (m, 2H) ppm. °'P
NMR (162 MHz, CDCls): 6 80.06 ppm.

Enantioseparation of racemic O-ethyl phenylphosphonothioic acid

At first, seeds for the present enantioseparation ((R)-1a-3 and (S5)-1a-3 salts) were prepared
from enantiopure (R)- and (S)-1a, obtained by the procedure in a literature’ with some
modifications, and an equimolar amount of 3, respectively.

A solution of brucine (3) (7.95 g, 20 mmol) in dry MeOH (40 mL) was added to a solution of
racemic 1a (4.00 g, 20 mmol) in dry MeOH (150 mL) at room temperature with vigorous
stirring to give a suspension of white precipitates. The suspension was warmed up to 60 °C to
afford a clear solution. Upon standing, the solution was cooled to 40 °C with maintaining the
solution clear, seeded with a very small amount of finely powdered (R)-1a-3 salt crystals,
cooled to room temperature, and kept at the temperature overnight to give white precipitates.
The precipitates were collected with a membrane filter and recrystallized from MeOH (140
mL) to give (R)-1a-3 salt (5.36 g, 9.0 mmol, 90% yield based on a half amount of racemic 1a
used) with a diastereomeric ratio of >99.5:0.5. A solution of the (R)-1a-3 salt (5.36 g, 9.0
mmol) in CHCI; (50 mL) was treated with 2 M NaOH aq. (75 mL), and the aqueous solution
was extracted with CHCI; (5 x 50 mL). 6 M HCl aq. (50 mL) was added to the aqueous solution,
and the aqueous mixture was extracted with CHCl; (3 x 60 mL) The extracts were combined,
dried over Na,SOy, filtrated, and concentrated to dryness under reduced pressure to give (R)-1a

(1.59 g, 8.0 mmol, 80% yield based on a half amount of racemic 1a used) with >99.5% ee.



[a]*p =+17.2° (¢ 1.00, i-Pr,0) [its dicyclohexylamine salt [a]*p = +8.1° (¢ 1.00, MeOH)]. IR
(neat): v 3000, 2380, 1440, 1120, 1020, 760, 730 cm™. 'H NMR (400 MHz, CDCl3): & 1.35 (t,
J=6.8 Hz, 3H), 4.20 (q, J = 6.8 Hz, 2H), 7.41-7.54 (m, 3H), 7.87-7.93 (m, 2H) ppm. *'P NMR
(162 MHz, CDCls): & 80.37 ppm.

The antipode, enantiopure (S)-1a, was obtained by a very simple operation. The filtrate,
obtained in the above procedure for the enantioseparation, was concentrated under reduced
pressure, and the resultant solid mass was solved in MeOH/H,O (90:10, v/v; 45 mL) at 80 °C to
afford a clear solution. Upon standing, the solution was cooled to 40 °C with maintaining the
solution clear, seeded with a very small amount of finely powdered (S)-1a-3 salt precipitates,
cooled to room temperature, and kept at the temperature overnight to give white crystals of
(S)-1a-3 salt (4.45 g, 7.4 mmol, 74% yield based on a half amount of racemic 1a used) with a
diastereomeric ratio o >99.5:0.5. A similar treatment of the salt gave (S)-1a(1.38 g, 7.4 mmol,
70% yield based on a half amount of racemic 1a used) with >99.5% ee. [o]*’p=-17.2° (¢ 1.00,
i-Pr,0) [its dicyclohexylamine salt [a]*p = —8.1° (¢ 1.00, MeOH)]. The IR spectrum and 'H
and *'P NMR spectra were identical to those of (R)-1a.

Standard conditions for the determination of the ee of the chiral compounds 2 by "H NMR
spectroscopy

To an NMR tube, the chiral compound 2 (50 mM in CDCls, 400 uL) and enantiopure 1a (100
mM in CDCls, 200 uL) were successively added, and "H NMR spectrum was recorded at room
temperature, in which the signals were accumulated for 128 times with a pulse interval of 4 sec.
The ee of 2 was calculated on the basis of the integral ratio of two sets of signals of a pair of
diastereomers in the CDCl; solution. The integral ratio was determined by using the integration
of the signal at a lower magnetic field as a reference. When the integral ratio was difficult to

calculate due to the overlap with other peak(s), we applied the "H homo-decoupling technique.

RESULTS AND DISCUSSION
Selection of a suitable phosphonothioic acid as a solvating agent
We at first examined the solvating ability of enantiopure O-ethyl, O-methyl, and O-phenyl
phenylphosphonothioic acids (1a-¢)" for racemic 1-phenylethylamine (2a) in CDCls; other
than enantiopure 1a, we used enantiopure 1b,c with expectations that the signal of the methyl
group in enantiopure 1b would be simpler than those of the ethyl group in enantiopure 1a and
that the phenyl group of enantiopure 1¢ would show some shield/deshield effect to 2a, which
could not expect for the ethyl group in enentiopure 1a. Contrary to our anticipation, however,

enantiopure la was found to be the most effective among the three O-substituted



phenylphosphonothioic acids from the viewpoint of the number of non-equivalent proton pairs
(TABLE I).
TABLE 1. Non-equivalence in proton signals between the diastereomers of the amine 2a

with enantiopure 1a-c and ee determined by "H NMR spectroscopy

1
Ph\?
NH»,

2a

Entry Phosphonothioic Acid in ppm2 eeb

1.1 1a 1:0.025 O
(0)
2:0.033 0
1.2 1b 1:sn
(0)
2:0.025 0
1.3 1c 1:sn
(0)
2:0.027 0

%sn, slightly non-equivalent. °Values in parentheses are the (ee)s determined with chiral HPLC.

Enantioseparation of racemic O-ethyl phenylphosphonothioic acid (racemic 1)
Thus, enantiopure 1a was found to have potential as a solvating agent for the determination of
the ee of chiral compounds by 'H NMR spectroscopy. Four groups have been reported the
enantioseparation of racemic 1a by using brucine (3) as a resolving agent through almost the
same procedure.””* However, the reproducibility of the method was very poor, although we
tried the enantioseparation of racemic 1a with 3 with an all-out effort. Moreover, the groups

have guaranteed the optical purities of the enantiomers of 1a only on the basis of their specific

22,23 24,25

rotations or those of the salts of 1a with dicyclohexylamine, and opposite signs have
been also reported for (R)-1a-dicyclohexylamine and (S)-1a-dicyclohexylamine. On the other
hand, Lewis et al. have established a method for the enantioseparation of racemic 1la with
enantiopure 1-phenylethylamine.”’ However, the method requires recrystallization for six
times to lower the yield of enantiopure 1a. Thus, in the application of enantiopure la as a
derivatizing/solvating/resolving agent, there is a serious drawback in the efficiency of the
enantioseparation of racemic 1a.

The situation prompted us to develop an efficient method for the enentioseparation of racemic
la. We applied several kinds of enantiopure amines, amino alcohols, and alkaloids as a

resolving agent for racemic la. Among them, 3 gave the most feasible result: The



diastereomeric ratio of the deposited salt 1a-3 could be improved by recrystallization, when the
ratio was rather high. In contrast, the ratio could not be improved by recrystallization, when the
ratio was moderate. Then, we thoroughly investigated the conditions for the crystallization of
1a-3 salt and finally found that the selection of the solvent was critical and that seeding was
very effective, as shown Scheme 1. Thus, we could developed a reproducible method for the

enantioseparation of racemic 1a with 3.

i
QPWOH + Brucine
I
OEt
racemic 1 3

1) Solved in MeOH at 60 °C
2) Cooled tort

3) Seeded fine (R)-1-3 crystals L
Filtrate

}—> Crystals

R t.

ecrys ()13

MeOH 90% yield

dr=>99.5:0.5

1) Concentrated
2) Solved in MeOH/H,0 at 80 °C_ S)-1-3
3) Cooled to rt - \74% yield
4) Seeded fine (S)-1-3 crystals  gr = >99.5:0.5

Scheme 1. Procedure for the enantioseparation of racemic 1a.

Determination of the ee of the chiral compounds 2 by "H NMR spectroscopy
With enantiopure la easily in hand, we tried to apply enantiopure la as an enantiopure
solvating agent for typical chiral compounds, the chiral amines 2a-f. As can be seen from
TABLE II showing the non-equivalence of proton signal(s) in the "H NMR spectra, enantiopure
1a could recognize the chirality of the amines 2a-d. Contrary to our expectation, however, the
chirality of the amines 2e,f having a stereogenic center at the B-position of the amino group
could not be recognized, most likely due to the insufficient conformational fixation of the

complexes of enentiopure 1a with the amines 2e,f.



TABLE II. Non-equivalence in proton signals between the diastereomers of the amines

2a-f with enantiopure 1a and ee determined by "H NMR spectroscopy

Entry  Substrate inppma  eeP
2 1
Ph 1:0.025 0O
2.1 \{ 0)
NH, 2:0.033 0
2a 1 47
:0.035 “7)
2:0.026 47
Napht-"€ _2 ! 1:0.070 52
2.2 \é/ (52)
2:0.072 51
NH,
2b
3 1 1:0.008 0
23 2
' 4/§/ 2:0012 0
0)
2¢ NH, 3:nd
4:0030 0
4 , 1:0010 1
24 78 2:0.027 1
(0)
2d NH, 3:0.016 1
4:eq
]
Ph. 2
25 \é/\NHz 1-3: eq
2 3
4 1
2
26 5/\§ANH2 15 eq
2f 3

*nd, could not determined due to complicated signal splitting arising from germinal
non-equivalence so on; eq, equivalant,. "Values in parentheses are the (ee)s determined with
chiral HPLC.

On the basis of these results, we next applied enantiopure 1a as an enantiopure solvating agent
for the amino alcohols 2g-n with an expectation that enantiopure 1a would also interact with the
hydroxy group in 2g-n to bring non-equivalence in proton signals larger than those of 2a-d in
their '"H NMR spectra. As shown in TABLE III, enantiopure 1a showed a good

chirality-recognition ability for 2g-n.



TABLE III. Non-equivalence in proton signals between the diastereomers of the amino

alcohols 2g-n with enantiopure 1a and ee determined by "H NMR spectroscopy

Entry Substrate inppma  eeP
Ph
3.1 2 1 1: 0l
' )
HoN OH 2:0.070 0
29
1: 0l
(46)
2:0.059 46
3.2 2 2:0037 5
H,N OH
2h
1: 0.047 68
(69)
2:0.062 68
3
1:nd
Ph 5 1
3.3 2:0.070 1 (0)
HoN OH
2 2j 3: 0l
3 \S 2 1 1:0l
3.4
2:nd (0)
HN . OH
] 3:0.042 0
4 1: 0l
3
4 2 1 2:0.060 0
3.5 3: )
H,N OH -4
2k 4:eq
4 3 1: 0l
2 1 .
36 ‘E_\ 2:0070 0 o
HoN OH 3:sn
2|
4:0.016 0
1: nd
1 2/3
3.7 2:0l (0)
HN o O 3:0.050 0
2m o ®ol, overlapped with the protons of 1a; nd,
1:nd could not determined due to complicated signal
2: ol (33) . . :
splitting arising from germinal
3:0.040 32 .
non-equivalence so on; eq, equivalant, sn,
1: ol . . .
1 s ¢4 slightly non-equivalent. "Values in parentheses
2 2:nd
38 /_f (0)  are the (ee)s determined with chiral HPLC.
H,N  OH 3: ol
2n
4:0.050 0




The AS (0.070 ppm) for the proton at the stereogenic carbon of 2g is obviously larger than that
of 2a (0.033 ppm), even though the difference in structure between 2g and 2a is an additional
hydroxy group in 2g. This means that the hydroxy group also sufficiently contributes to the
complex formation of 2g with 1a, as we expected.

This result prompted us to apply 1a for the determination of the ee of chiral alcohols. As
anticipated, 1a showed the chirality-recognition ability for the alcohols 20-q, although the
ability was lower than that for the amines and amino alcohols to some extent (TABLE IV). The
observed non-equivalence in proton signals for the alcohols 20-q strongly indicates that
enantiopure la can form diastereomeric complexes with the alcohols by hydrogen bond(s),

owing to the very high hydrogen-donating ability of the phosphonothio group in 1a.

TABLE IV. Non-equivalence in proton signals between the diastereomers of the alcohols

20-q with enantiopure 1a and ee determined by "H NMR spectroscopy.

Entry  Substrate inppma  eeP
Ph. 2 ! 1: 0.004 1
4.1 \§/ - (0)
OH €4
20
1: 0.004 2
8 o 1 2:sn
4.2 /\{ 0)
4 3:sn
OH
2p 4:0.003 1
Ph
2 1 1:sn
HO  OH 2:0040 2
2q

“ns, not shifted, ss, slightly shifted. °Values in parentheses are the (ee)s determined with chiral
HPLC.

In the determination of the ee of the amines, amino alcohols, and amino alcohols 2a-q, worth to
note is that signal non-equivalences, applicable to the determination of the ee, were observed
for protons not only at the stereogenic carbon but also at the a-position (entries 2.1, 2.2, 2.3,
2.4,34,3.7,4.1,4.2, and 4.3) and even at the B-position (entries 2.3, 3.6, 3.7, and 4.2) of the

stereogenic carbon.



In contrast to the HPLC method, the present NMR method by using enantiopure l1a as a
solvating agent has a characteristic feature that the method is applicable to the direct
determination of the ee of amines, amino alcohols, and alcohols having no UV absorbable
group (entries 2.3, 2.4, 3.4, 3.5, 3.6, 3.7, 3.8, and 4.2); in the HPLC method, such substrates are
usually converted to their derivatives with an achiral modifying agent having a UV absorbable

group in order to detect the peaks of their enantiomers with a UV detector in a HPLC system.

CONCLUSION
A highly reproducible and efficient method was developed for the enantioseparation of racemic
O-ethyl phenylphosphonothioic acid (1a) with brucine (3); (R)-1a-3 and (S)-1a-3 were easily
obtained by seedings to a supersaturated solution of the diastereomeric salt mixture in MeOH
and to a supersaturated solution of the residue, recovered from the filtrate, in MeOH/H,O,
respectively (diastereomeric ratios, >99.5:0.5). Enantiopure 1a was successfully applied as a
solvating agent to the determination of the enantiomeric excess (ee) of not only chiral amines
and amino alcohols but also chiral alcohols by 'H NMR spectroscopy. Diastereomeric signal
non-equivalences were observed for the proton(s) at the a- and B-positions of a stereogenic
carbon as well as that of the stereogenic carbon. The 'H NMR spectroscopy using enantiopure
1a was found to be applicable to the direct determination of the ee of chiral substrates having no

UV absorbable group.
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