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Abstract

As an example of acyclic P‐chiral phosphine oxides, the resolution of ethyl‐(2‐

methylphenyl)‐phenylphosphine oxide was elaborated with TADDOL deriva-

tives, or with calcium salts of the tartaric acid derivatives. Besides the study

on the resolving agents, several purification methods were developed in order

to prepare enantiopure ethyl‐(2‐methylphenyl)‐phenylphosphine oxide. It was

found that the title phosphine oxide is a racemic crystal‐forming compound,

and the recrystallization of the enantiomeric mixtures could be used for the

preparation of pure enantiomers. According to our best method, the (R)‐

ethyl‐(2‐methylphenyl)‐phenylphosphine oxide could be obtained with an

enantiomeric excess of 99% and in a yield of 47%. Complete racemization of

the enantiomerically enriched phosphine oxide could be accomplished via the

formation of a chlorophosphonium salt. Characterization of the crystal struc-

tures of the enantiopure phosphine oxide was complemented with that of the

diastereomeric intermediate. X‐ray analysis revealed the main nonbonding

interactions responsible for enantiomeric recognition.
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1 | INTRODUCTION

Since their first appearance, P‐stereogenic ligands form an
important class of compounds used in asymmetric cataly-
sis,1,2 and there is still a continuing interest for novel syn-
thetic methods, which can be applied for the preparation
of optically active P‐chiral derivatives.

The synthesis of optically active P‐chiral compounds
generally involves the preparation of the corresponding
phosphine boranes or phosphine oxides, as they are
regarded as bench stable precursors of phosphines.3,4

Moreover, a number of deoxygenation or deboronation
wileyonlinelibrary.com/jou
protocols were developed for the preparation of the
corresponding P(III) compounds, and the stereochemi-
cal outcome of those reactions was also studied in
detail.5,6

Enantioselective synthesis is one of the main sources
for optically active organophosphorus compounds.7-9 In
those reactions, (−)‐menthol and (−)‐ephedrine are fre-
quently used chiral templates,6,10-17 but other synthetic
derivatives were also used.18-21 Enantioselective synthesis
affords enantiomerically enriched or enantiopure com-
pounds. However, in this case, the purification of the
enantiomeric mixtures should be an integral part of
© 2018 Wiley Periodicals, Inc.rnal/chir 509
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these procedures. The self‐disproportion of enantiomeric
mixtures via achiral chromatography or sublimation is
receiving more and more attention,22-26 but the first
example of this phenomenon in the sphere of P‐stereo-
genic compounds is yet to be published.

The other main approach for the preparation of opti-
cally active P‐chiral compounds involves the separation
of racemic mixtures. One elegant possibility is preparative
chromatography on a chiral stationary phase.27 This
approach was used for the preparation of a few
enantiopure P‐chiral phosphine oxides on a multigram
scale.28-33 Moreover, the costs of such separations may
be decreased by using a supercritical fluid as the mobile
phase, which complements the time efficiency of chro-
matographic separations with cost efficiency.34 Optical
resolution via the formation of diastereomers is the most
common way for the separation of racemic mixtures into
enantiomers. Many methods based on the formation of
covalent diastereomers, diastereomeric salts, or diastereo-
meric complexes were elaborated for P‐chiral phosphine
oxides.3,4,35-39 In a few cases, dynamic resolutions were
also developed. These methods involved in situ racemiza-
tion of the phosphine oxide or its derivative under the res-
olution conditions. In this manner, the total amount of
the racemic starting material may be converted into a sin-
gle enantiomer.40-44 However, many enantioseparation
methods developed for chiral phosphine oxides comprise
classical resolutions. Although a number of methods were
elaborated over the decades, most of these resolutions
were individual examples, and a generally applicable
resolving agent for a wide variety of phosphine oxides is
still to be found.3,4 O,O′‐dibenzoyl‐tartaric acid was one
of the most commonly applied resolving agents, but the
main scope of substrates comprised a few P‐chiral
bis(phosphine oxides),30,45-47 and species bearing an axi-
ally dissymmetric element.48-53 Moreover, this resolving
agent could also be used for the enantioseparation of
tert‐butyl‐phenylphosphine oxide.44,54 Our research group
found that TADDOL derivatives and the Ca2+ salts of
tartaric acid derivatives were suitable resolving agents to
separate the enantiomers of several 5‐ and 6‐membered
P‐heterocyclic phosphine oxides having various substitu-
tion patterns.55-65

The aim of this study is to demonstrate that our
resolution methods can be applied to a wider substrate
scope. Herein, we report the resolution of ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide and the purifica-
tion strategies for the corresponding enantiomeric
mixtures, as a detailed example for the preparation of
optically active acyclic diaryl‐alkylphosphine oxides.
Moreover, the structures of the optically active phosphine
oxide prepared and one of its diastereomeric intermediate
were also elucidated by X‐ray crystallography.
2 | MATERIALS AND METHODS

2.1 | General (instruments)

The 31P, 13C, and 1H NMR spectra were taken on a Bruker
AV‐300 or DRX‐500 spectrometer operating at 121.5, 75.5,
and 300 or 202.4, 125.7, and 500 MHz, respectively. Cou-
pling constants are expressed in hertz.

The exact mass measurements were performed
using a Q‐TOF Premier mass spectrometer in positive
electrospray mode.

The enantiomeric excess (ee) values were determined
by chiral high‐performance liquid chromatography
(HPLC) on a PerkinElmer Series 200 instrument equipped
with chiral HPLC using Kromasil 5‐Amycoat column
(250 × 4.6‐mm ID, hexane/ethanol 85/15 as an eluent
with a flow rate of 0.8 mL/min, T = 20°C, UV detector
α = 254 nm). Retention times: 8.4 minutes for (S)‐3 and
12.6 minutes for (R)‐3.

Optical rotations were determined on a PerkinElmer
241 polarimeter.

Differential scanning calorimetry (DSC) curves were
recorded by using a PYRIS Diamond Differential Scanning
Calorimeter (PerkinElmer). The measurements were per-
formedon~10‐mgsamples inN2atmospherewithaheating
rate of 10°C/min between 30°C and 200°C. The tempera-
tures at the minimum of the endotherms were referred to
as the melting points of the enantiomeric mixtures.

Melting points were determined in capillary tubes by
using a Gallenkamp melting point apparatus.

The microwave reaction was conducted in a 300 W
CEM Discover focused microwave reactor equipped with
a pressure controller using 20 to 30 W irradiation under
isothermal conditions.

The (−)‐(4R,5R)‐4,5‐bis(diphenylhydroxymethyl)‐2,2‐
dimethyldioxolane [(−)‐4], (−)‐(2R,3R)‐α,α,α′,α′‐tetraphenyl‐
1,4‐dioxaspiro[4.5]decan‐2,3‐dimethanol [(−)‐5] were
synthesized as described earlier.66 The (−)‐O,O′‐dibenzoyl‐
and (−)‐O,O′‐di‐p‐toluoyl‐(2R,3R)‐tartaric acid were pur-
chased from Sigma Aldrich.
2.2 | The preparation of ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide (3)

To the solution of 9.0 g (46 mmol) phenylphosphonic
dichloride (1) in 75 mL of diethyl ether was added
dropwise 51 mmol of 2‐methylphenylmagnesium bromide
in 35mL of diethyl ether [prepared from 1.3 g (53 mmol) of
magnesium and 6.1 mL (51 mmol) of 2‐bromotoluene]
over 30 minutes at −78°C. After the addition, the reaction
mixture was allowed to warm slowly to 26°C, and the mix-
ture was stirred further for 1 hour. Then, the reaction
mixture was cooled to −78°C, and 58 mmol of



TABLE 1 Resolution of ethyl‐(2‐methylphenyl)‐phenylphosphine oxide (3) with TADDOL derivatives (−)‐4 and (−)‐5

Entry
Resolving
Agent Eq. Solventsa

Diastereomer
complexb

Yieldc,f

(%)
eed,f

(%) Se,f (−)
Abs.
Config.g

1 TADDOL 0.5 2 × EtOAc/10 × hexane (3)·(TADDOL) (103) 74 (4) 3 (0.04) 0.02 (S)

2 spiro‐TADDOL 0.5 2 × EtOAc/10 × hexane (3)·(spiro‐TADDOL) (86) 35 (6) 66 (0.05) 0.23 (R)

3 spiro‐TADDOL 0.5 4 × iPrOH (3)·(spiro‐TADDOL) (117) 43 (19) 89 (0.22) 0.38 (R)

4 spiro‐TADDOL 1 4 × iPrOH (3)·(spiro‐TADDOL) (148) 42 (11) 90 (0.17) 0.38 (R)

Abbreviation: ee, enantiomeric excess.
aMixture of solvents for the crystallization and recrystallizations [milliliter of solvent/g of resolving agent].
bThe ratio of (3) and the resolving agent was determined by 1H NMR.
cThe yield of the diastereomer was calculated based on the half of the racemate (3) that is regarded to be 100% for each antipode.
dDetermined by chiral HPLC.
eResolving capability, also known as the Fogassy parameter [S = (Yield/100) × (ee/100)].67

fThe results obtained after the first crystallization are shown in parentheses, while the results obtained after 2 recrystallizations are shown in boldface.
gThe absolute configuration of (3) was determined by X‐ray analysis (vide infra).
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ethylmagnesium bromide in 50 mL of diethyl ether [pre-
pared from 1.5 g (60 mmol) of magnesium and 4.3 mL
(58 mmol) of bromoethane] was added dropwise over
30 minutes. Then, the reaction mixture was allowed to
warm to 26°C, and the mixture was stirred overnight.
The reaction was then quenched with 80 mL of saturated
NH4Cl solution at 0°C. The 2 phases were separated, the
aqueous layer was extracted with diethyl ether. The
organic layers were washed with brine, and then dried
(Na2SO4). The crude product obtained after evaporating
the solvent was purified by column chromatography (silica
gel, 5% methanol in ethyl acetate) to give 5.5 g (49%) of
ethyl‐(2‐methylphenyl)‐phenylphosphine oxide (3) as a
white solid. Mp 87–88 °C; 31P NMR (121.5 Hz, CDCl3, δ):
36.2 (δlit 35.5)

42; 1H NMR (500 MHz, CDCl3, δ): 7.67–7.60
(m, 3H, Ar‐H), 7.50–7.39 (m, 4H, Ar‐H), 7.30–7.26 (m,
1H, Ar‐H), 7.22–7.20 (m, 1H, Ar‐H), 2.43–2.19 (m, 5H,
CH2CH3 and Ar‐CH3), 1.19 (dt, J = 16.9 and 7.6, 3H,
CH2‐CH3);

13C NMR (125.7 Hz, CDCl3, δ): 142.7 (2JP‐C
= 7.6, C2’), 133.7 (1JP‐C = 96.5, C1), 132.1 (3JP‐C = 10.2,
C3’), 132.0 (4JP‐C = 2.6, C4’), 131.6 (2JP‐C = 11.1, C6’),
131.5 (4JP‐C = 3.1, C4), 130.9 (2JP‐C = 9.5, C2), 130.2 (1JP‐C
= not visible, C1’), 128.6 (3JP‐C = 11.6, C3), 125.5 (3JP‐C
= 11.8, C5’), 22.7 (1JP‐C = 73.4, CH2), 21.5 (2JP‐C = 4.3,
Ar‐CH3), 5.8 (2JP‐C = 4.9, CH2CH3); HRMS (ESI, m/z):
[M + H]+ calcd for C15H17OP 245.1090; found, 245.1085.
2.3 | Resolution of ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide
(3) with spiro‐TADDOL [(−)‐5]
(Representative Procedure I)

In 0.31 mL of hot ethyl acetate were dissolved 0.15 g
(0.61 mmol) of racemic ethyl‐(2‐methylphenyl)‐phenyl-
phosphine oxide (3) and 0.16 g (0.31 mmol) of spiro‐
TADDOL [(−)‐5], and then, 1.6 mL of hexane was
added. Colorless crystalline diastereomeric complex of
(R)‐3·(spiro‐TADDOL) appeared immediately. After
standing at 26°C for 3 hours, the crystals were separated
by filtration to give 0.20 g (86%) of (R)‐3·(spiro‐TADDOL)
with a diastereomeric excess (de) of 6%. The diastereo-
meric complex (R)‐3·(spiro‐TADDOL) was purified fur-
ther by 2 recrystallizations from a mixture of 0.31 mL of
ethyl acetate and 1.6 mL of hexane to afford 0.081 g
(35%) of the complex (R)‐3·(spiro‐TADDOL) with a de of
66% (Table 1, entry 2). The ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide [(R)‐3] was recovered from the
diastereomer by column chromatography (silica gel,
dichloromethane‐methanol 97:3) to give 0.023 g (31%) of
phosphine oxide (R)‐3 with an ee of 66%. The resolution
of racemic ethyl‐(2‐methylphenyl)‐phenylphosphine
oxide (3) was also elaborated with spiro‐TADDOL [(−)‐5]
using isopropyl alcohol. According to this variation,
the mixture of the racemic compound (3) and spiro‐
TADDOL [(−)‐5] was dissolved in hot isopropyl al-
cohol, and the corresponding diastereomeric complex
(R)‐3·(spiro‐TADDOL) precipitated on cooling the mix-
ture to 26°C (Table 1, entries 3 and 4). Resolution of race-
mic ethyl‐(2‐methylphenyl)‐phenylphosphine oxide (3)
was also accomplished with TADDOL [(−)‐5] according
to the Representative Procedure I. (Table 1, entry 1). Mp
of (R)‐3·(spiro‐TADDOL) (de: 89%): 155°C to 157°C.
2.4 | Resolution of ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide (3)
with calcium hydrogen O,O′‐dibenzoyl‐
(2R,3R)‐tartrate [(−)‐6] (Representative
Procedure II)

To 0.23 g (0.61 mmol) of DBTA·H2O in a mixture of
0.74 mL of ethanol and 0.075 mL of water was added
0.017 g (0.31 mmol) of CaO, and the mixture was heated



TABLE 2 Resolution of ethyl‐(2‐methylphenyl)‐phenylphosphine oxide (3) with Ca(H‐DBTA)2 or Ca(H‐DPTTA)2 [(−)‐6 or (−)‐7]

Entry
Resolving
Agent Eq. Solventsa

Diastereomer
Complexb

Yieldc,f

(%)
eed,f

(%) Se,f (−)
Abs.
Config.g

1 Ca(H─DBTA)2 0.25 3 × EtOAc/3 × EtOH/ 10%H2O Ca(3)2(H─DBTA)2 (61) 25 (61) 94 (0.37) 0.23 (R)

2 Ca(H─DBTA)2 0.5 3 × EtOAc/3 × EtOH/ 10%H2O Ca(3)2(H─DBTA)2 (79) 14 (82) 87 (0.64) 0.12 (R)

3 Ca(H─DBTA)2 0.5 3 × MeCN/3 × EtOH/ 10%H2O Ca(3)(H─DBTA)2 (57) 15 (64) 94 (0.36) 0.14 (R)

4 Ca(H─DPTTA)2 0.25 3 × EtOAc/3 × EtOH/ 10%H2O Ca(3)2(H─DPTTA)2 (63) 18 (58) 82 (0.36) 0.15 (R)

5 Ca(H─DPTTA)2 0.5 3 × EtOAc/3 × EtOH/ 10%H2O Ca3(3)4(H─DPTTA)6 (59) 8 (69) 83 (0.41) 0.07 (R)

6 Ca(H─DPTTA)2 0.5 3 × MeCN/3 × EtOH/ 10%H2O Ca(3)2(H─DPTTA)2 (76) 14 (76) 88 (0.54) 0.13 (R)

Abbreviation: ee, enantiomeric excess.

See Table 1 for footnotes.
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at the boiling point until it became clear. To the solution of
the in situ formed resolving agent Ca(H‐DBTA)2 [(−)‐6]
was then added 0.15 g (0.61 mmol) of racemic ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide (3) in 0.74 mL of
ethyl acetate. After the addition, the solution was allowed
to cool down to 26°C,whereupon colorless crystals appeared.
After standing at 26°C for 24 hours, the crystals were
filtered off to give 0.15 g (79%) of Ca[(R)‐3)2(H‐DBTA)2]
with a de of 82% (Scheme 4, I). The diastereomeric
complex was purified further by stirring the diastereomer
in a mixture of 0.74 mL of ethanol and 0.74 mL of
ethyl acetate at 26°C for 24 hours to give 0.096 g (50%)
Ca[(R)‐3)2(H‐DBTA)2] with a de of 86% (Scheme 4, II).
The diastereomer was purified again as described above
to afford 0.027 g (14%) Ca[(R)‐3)2(H‐DBTA)2] with a de
of 87% (Table 2, entry 2). The (R)‐ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide [(R)‐3] was recovered from
the diastereomer by treating the 2 mL dichloromethane
suspension of Ca[(R)‐3)2(H‐DBTA)2] with 2 mL of 10%
aqueous ammonia. The organic layer was washed with
0.5 mL of water, dried (Na2SO4), and concentrated to give
0.008 g (11%) of (R)‐ethyl‐(2‐methylphenyl)‐phenylphosphine
oxide [(R)‐3] with an ee of 87% (Scheme 4, III). All resolution
experiments of ethyl‐(2‐methylphenyl)‐phenylphosphine
oxide (3) with Ca(H─DBTA)2 and Ca(H─DPTTA)2
[(−)‐6 and (−)‐7] were performed according to Repre-
sentative Procedure II. The conditions and the results
are shown in Table 2.
(B)

FIGURE 1 A, The binary melting point and B, the ee0‐ee diagram

for ethyl‐(2‐methylphenyl)‐phenylphosphine oxide (3)
2.5 | Preparation and recrystallization of
the enantiomeric mixtures of ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide (3)

Racemic and enantiopure (R)‐ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide [3 and (R)‐3] were mixed to pro-
vide a total amount of 0.10 g of the given enantiomeric
mixture. The exact enantiomeric composition of that given
enantiomeric mixture was determined by HPLC. In
0.15mL of diethyl ether was dissolved 0.015 g (0.041mmol)
of the corresponding enantiomeric mixture of (R)‐ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide [(R)‐3]. The crys-
tals that appeared on cooling the solution to 26°C were col-
lected by filtration after 15 minutes of crystallization.
Results: ee0: 23%: ee: 3% and yield: 57%; results: ee0: 41%:
ee: 6% and yield: 41%; results: ee0: 58%: ee: 61% and yield:
41%; results: ee0: 82%: ee: 97% and yield: 46% (Figure 1B).
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2.6 | Comparative study on the
purification of non‐racemic mixtures of
ethyl‐(2‐methylphenyl)‐phenylphosphine
oxide (3)

2.6.1 | Repeated resolution according to
the half‐equivalent method

To obtain 0.16 g (71%) (R)‐ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide [(R)‐3] with an ee of 82%
(Scheme 4, IV), 0.45 g of Ca(R)‐3)2(H‐DBTA)2 (yield:
79%, de: 82%) prepared from 0.45 g (1.8 mmol) of racemic
ethyl‐(2‐methylphenyl)‐phenylphosphine oxide (3), 0.69 g
(1.8 mmol) of DBTA·H2O, and 0.051 g (0.92 mmol) of CaO
as described in the Representative Procedure II was
decomposed by extraction with dichloromethane and
10% aqueous ammonia. The enantiomeric mixture so
obtained was resolved with 0.22 g (0.59 mmol) of
DBTA·H2O and 0.017 g (0.30 mmol) of CaO in a mixture
of 0.72 mL of ethyl acetate, 0.72 mL of ethanol, and
0.07 mL of water according to Representative Procedure
II. After the decomposition of Ca[(R)‐3)2(H‐DBTA)2]
diastereomer (Scheme 4, V), 0.084 g (38%) of (R)‐ethyl‐
(2‐methylphenyl)‐phenylphosphine oxide [(R)‐3] was
obtained with an ee of 96%.
2.6.2 | Repeated resolution according to
the equivalent method

(R)‐ethyl‐(2‐methylphenyl)‐phenylphosphine oxide [(R)‐3]
(0.16 g, ee: 82%) prepared as described in Section 2.6.1
was resolved with 0.25 g (0.65 mmol) of DBTA·H2O
and 0.018 g (0.33 mmol) of CaO in a mixture of 0.79 mL
of ethyl acetate, 0.79 mL of ethanol and 0.08 mL of
water according to Representative Procedure II. After
the decomposition of Ca[(R)‐3)2(H‐DBTA)2] diastereo-
mer, 0.093 g (42%) of (R)‐ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide [(R)‐3] was obtained with an ee
of 96% (Scheme 4, VI). Mp of Ca[(R)‐3)2(H‐DBTA)2] (de:
96%): 169°C to 170°C.
2.6.3 | Recrystallization of the enantio-
meric mixture of (R)‐ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide
[(R)‐3]

(R)‐ethyl‐(2‐methylphenyl)‐phenylphosphine oxide [(R)‐3]
(0.16 g, ee: 82%) prepared as described in Section 2.6.1
was recrystallized from 0.40 mL of diethyl ether to
give 0.13 g (57 %) (R)‐ethyl‐(2‐methylphenyl)‐phenylphos-
phine oxide [(R)‐3] with an ee of 96%. Another recrystalli-
zation of this enantiomeric mixture from 0.40 mL of
diethyl ether afforded 0.10 g (47%) enantiopure (R)‐ethyl‐
(2‐methylphenyl)‐phenylphosphine oxide [(R)‐3] (ee> 99%)

(Scheme 4, VII) [α]D
25 = α½ �25D +32.6 (c = 1.2 in CHCl3). Mp

94°C to 95°C.
2.6.4 | Racemization of (R)‐ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide
[(R)‐3] via chlorophosphonium salt (8)

To the solution of 0.10 g (0.42 mmol) (R)‐ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide [(R)‐3] (ee: 99%)
in 2 mL of dry dichloromethane was added dropwise
0.053 mL (0.62 mmol) of oxalyl chloride at 0°C over
10 minutes. The mixture was then allowed to warm to
26°C, and it was stirred under a nitrogen atmosphere for
2 hours. The solvent and the excess of the
reagent was removed under reduced pressure. The
chlorophosphonium salt so obtained was dissolved in
2 mL of dichloromethane. The mixture was cooled to
0°C, and 0.5 mL of water was added to the reaction
mixture over 10 minutes. The emulsion was stirred for
2 hours at 0°C. The 2 phases were separated, and the
aqueous layer was extracted with dichloromethane. The
organic layers were combined, and the resulting solution
was dried (Na2SO4); the solvent was evaporated, and the
crude product was passed through a silica gel column
(5% methanol in dichloromethane) to afford 0.082 g
(80%) of racemic ethyl‐(2‐methylphenyl)‐phenylphos-
phine oxide (3).
2.7 | X‐ray measurements (general)

Intensity data were collected for the crystals of racemic
and the enantiopure (R)‐ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide [3 and (R)‐3] on an Xcalibur,
Sapphire3 diffractometer (graphite monochromator;
Mo‐Kα radiation, λ = 0.71069 Å) at 123(2)K. The data
collection was performed for the 1:1 molecular complex
of (R)‐3: spiro‐TADDOL on a D8 Venture diffractometer
(Mo‐Kα radiation, λ = 0.71069 Å) at 100 (2)K. All crys-
tals were mounted on glass fibers. Multiscan absorption
corrections were applied to the data in all cases. All ini-
tial structure models were obtained by direct methods
and subsequent difference syntheses.68 Models were then
refined by full‐matrix least squares procedures69 using
anisotropic displacement parameters for all non‐H
atoms. The standard treatment for hydrogen atomic
positions was calculations from assumed geometries,
unless indicated otherwise. Hydrogen atoms were
included in structure factor calculations, but they were
not refined, unless noted. The isotropic displacement
parameters of the hydrogen atoms were approximated
from the U(eq) value of the atom they were bonded.
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Geometry calculations and validations were done.70 Part
of the drawings used in this work were made by the
perusal of DIAMOND71 and MERCURY.72

Final crystal structure model data are deposited with
the Cambridge Crystallographic Data Centre under
CCDC 1572195–1572197 and can be obtained free of
charge upon contacting.
3 | RESULTS AND DISCUSSION

3.1 | Preparation of racemic ethyl‐
(2‐methylphenyl)‐phenylphosphine
oxide (3)

The ethyl‐(2‐methylphenyl)‐phenylphosphine oxide (3)
was chosen as an air stable model compound having a
diaryl‐alkyl substitution pattern, as this organophospho-
rus compound (3) shows structural similarity to a
few P(III) ligands used in asymmetric syntheses.9,73

The title compound (3) was prepared by reacting
phenylphosphonic dichloride (1) with 2‐methylphenyl-
magnesium bromide. The phosphinic chloride intermediate
(2) was reacted further without isolation with ethyl-
magnesium bromide to afford ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide (3) in a yield of 49% after the
work‐up and purification by column chromatography
(Scheme 1).
SCHEME 2 General resolution procedure for racemic ethyl‐(2‐methyl

and (−)‐5
3.2 | Resolution of ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide (3) with TADDOL
derivatives (−)‐4 and (−)‐5

The resolution of ethyl‐(2‐methylphenyl)‐phenylphosphine
oxide (3) was first attempted with TADDOL derivatives
(−)‐4 and (−)‐5. The phosphine oxide (3) and the corre-
sponding TADDOL derivative (−)‐4 or (−)‐5 were dis-
solved in boiling ethyl acetate. The precipitation of the
diastereomeric complexes having the composition of
(3)·(TADDOL) or (3)·(spiro‐TADDOL) was observed upon
the addition of hexane to the solution. The crystalline dia-
stereomers were separated by filtration after 3 hours, and
they were purified further by 2 recrystallizations. The
optically active ethyl‐(2‐methylphenyl)‐phenylphosphine
oxide [(R)‐3 or (S)‐3] could be liberated from the
corresponding diastereomer by column chromatography
(Scheme 2). The composition of the diastereomers was
determined by 1H NMR, whereas the ee values of the
ethyl‐(2‐methylphenyl)‐phenylphosphine oxide (3) were
monitored by HPLC using a chiral stationary phase. The
results were collected in Table 1.

Despite our previous success,65 TADDOL [(−)‐4] was
not a suitable resolving agent for the enantioseparation
of the ethyl‐(2‐methylphenyl)‐phenylphosphine oxide
(3) as the overall efficiency for the resolution of phos-
phine oxide (3) remained low and the maximal ee was
only 3% (Table 1, entry 1). Although our initial
SCHEME 1 Synthesis of racemic

ethyl‐(2‐methylphenyl)‐phenylphosphine

oxide (3)

phenyl)‐phenylphosphine oxide (3) using TADDOL derivatives (−)‐4



BAGI ET AL. 515
experiments with TADDOL [(−)‐4] remained
unsuccessful, the resolution of ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide (3) was also attempted with
spiro‐TADDOL [(−)‐5], which is the structural analogue
of TADDOL [(−)‐4]. Applying half equivalent of spiro‐
TADDOL [(−)‐5] in the mixture of ethyl acetate and
hexane, the (R)‐ethyl‐(2‐methylphenyl)‐phenylphosphine
oxide [(R)‐3] could be obtained in an ee of 66% after
purification and decomposition of the corresponding dia-
stereomer (Table 1, entry 2).

Previously, we found that alcohols may also be suit-
able solvents for resolutions with TADDOL‐derivatives
(−)‐4 or (−)‐5, especially in the case of spiro‐TADDOL
[(−)‐5].65 Thus, the resolution of racemic phosphine oxide
(3) was also accomplished with 0.5 equivalents or 1 equiv-
alent of spiro‐TADDOL [(−)‐5] in isopropyl alcohol.
These experiments led to the best results (ee: 89%,
S = 0.38 and ee: 90%, S = 0.38) (Table 1, entries 5 and
6). Interestingly, the results obtained with the half equiv-
alent or the equivalent method showed parity.
3.3 | Resolution of ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide (3) with calcium
salts of the (−)‐O,O′‐dibenzoyl‐ or (−)‐O,O′‐
di‐P‐toluoyl‐(2R,3R)‐tartaric acids (−)‐4 or
(−)‐5

The TADDOL derivatives (−)‐4 or (−)‐5 were promising
resolving agents, as the (R)‐ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide [(R)‐3] could be prepared with
an ee of 90%, but the overall efficiency of that resolution
experiment was moderate (S = 0.38) (Table 1, entry 4).
As the next step of this study, we turned our attention to
the application of the acidic calcium salts of the (−)‐O,O′‐
dibenzoyl‐ or (−)‐O,O′‐di‐p‐toluoyl‐(2R,3R)‐tartaric acid
[Ca(H‐DBTA)2 or Ca(H‐DPTTA)2; (−)‐6 or (−)‐7] for the
SCHEME 3 General resolution procedure for racemic ethyl‐(2‐m

Ca(H‐DPTTA)2 [(−)‐6 or (−)‐7]
resolution of the title phosphine oxide (3). Both resolving
agents were prepared in situ by the reaction of (−)‐O,O′‐
dibenzoyl‐ or (−)‐O,O′‐di‐p‐toluoyl‐(2R,3R)‐tartaric acid
with CaO in a boiling mixture of ethanol and water.
To this solution was added ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide (3) in ethyl acetate or in acetoni-
trile. The corresponding diastereomers precipitated from
the solution on cooling. After 24 hours, the crystals were
collected by filtration, and then they were purified further
by stirring the solid diastereomer in the corresponding
solvent mixture. The enantiomeric mixture of the phos-
phine oxide (3) could be liberated by adding aqueous
NH4OH to the diastereomeric mixture followed by extrac-
tion with dichloromethane (Scheme 3). The composition
of the diastereomers was analyzed by 1H NMR. The enan-
tiomeric purity was monitored by chiral HPLC. The
results are summarized in Table 2.

The resolution of ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide (3) was first attempted with 0.25
or 0.5 equivalent of Ca(H‐DBTA)2 [(−)‐6] in a mixture of
ethyl acetate, ethanol, and water (Table 2, entries 1 and
2). In these experiments, coordination complexes with a
composition of Ca(3)2(H‐DBTA)2 were formed. In this
manner, resolutions were conducted according to the half
equivalent or the equivalent method, respectively (Table 2,
entries 1 or 2). The results obtained after the first crystal-
lization were promising, as the ee of (R)‐3 was 61%, and the
resolving capability was 0.37, when 0.25 equivalents of the
resolving agent [(−)‐6] were applied (Table 2, entry 1).
When both enantiomers were converted to the corre-
sponding diastereomer (ie, the resolution was conducted
according to the equivalent method), the enantiomeric
purity (ee) and the overall efficiency values increased to
82% and 0.64, respectively (Table 2, entry 2). After recrys-
tallizations, the purity of the diastereomers obtained in
these 2 experiments increased to 94% or 87%, respectively,
ethylphenyl)‐phenylphosphine oxide (3) using Ca(H‐DBTA)2 or
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but the resolving capability values decreased significantly
to 0.23 or 0.12, respectively (Table 2, entries 1 and 2),
which in fact is the consequence of the low yields (25%
or 14%, respectively) caused by the inefficient purification.

The enantioseparation of the title phosphine oxide (3)
was also attempted with Ca(H‐DBTA)2 [(−)‐6] in a mix-
ture of acetonitrile, ethanol, and water. However, this
change in the solvent mixture did not have a positive
impact on the results, as the enantiomeric excess values
showed parity, but the overall efficiency decreased (ee:
94%, S = 0.14) (Table 2, entry 3). The resolution of ethyl‐
(2‐methylphenyl)‐phenylphosphine oxide (3) was also
attempted with Ca(H‐DPTTA)2 [(−)‐7] using similar
molar ratios and solvents, as in the case of Ca(H‐DBTA)2
[(−)‐6]. Probably, as a consequence of the structural sim-
ilarity of the 2 resolving agents [(−)‐6 and (−)‐7], the
purity of the enantiomeric mixtures, as well as the overall
resolution efficiency could not be improved further with
Ca(H‐DPTTA)2 [(−)‐7], as the ee values fell in the range
of 82% to 88%, and the resolving capability values
were between 0.07 and 0.15 after purification (Table 2,
entries 4‐6).
3.4 | Purification of the enantiomeric
mixture of (R)‐ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide [(R)‐3]

Considering all of the results discussed in the previous
sections, we found that efficient enantiomeric separation
could be accomplished with Ca(H‐DBTA)2 [(−)‐6], but
pure enantiomers could not be obtained by the recrystalli-
zations of the corresponding diastereomers. Thus, other
purification strategies74,75 (eg, repeated resolution or
purification of enantiomeric mixtures) were evaluated
to prepare enantiopure (R)‐ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide [(R)‐3]. In our opinion, these
approaches are less discussed in the sphere of P‐stereo-
genic organophosphorus compounds.

First, the solid state behavior of the enantiomeric mix-
tures of ethyl‐(2‐methylphenyl)‐phenylphosphine oxide
(3) was investigated, as this information is essential to
design a proper purification method.75-77 Binary melting
point diagrams can be used to determine whether a given
enantiomeric mixture forms a conglomerate, racemic
crystals, or solid solution. Differential scanning calorime-
try measurements of the racemic compound and the pure
enantiomer were accomplished to determine the corre-
sponding melting point and heat of fusion values (See
Supporting Information), and the binary melting point
diagram was constructed using the simplified Schröder‐
van Laar and Prigogine‐Defay equations.76,77 The
results indicated that the ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide (3) is a racemic crystal‐forming
compound having a eutectic composition (eeeu) of 52%
(Figure 1a).

To verify the accuracy of the calculated melting point
diagram, enantiomeric mixtures having the ee values of
approximately 20% to 40% to 60% to 80% were prepared,
and these samples were also subjected to DSC analysis
(See Supporting Information). The experimental melting
points of the enantiomeric mixtures showed good agree-
ment with the calculated values (Figure 1A).

Beside the ternary solubility diagrams, the ee0‐ee dia-
gram is a simple model to predict how a given enantio-
meric mixture behaves during crystallization.75 Thus, the
behavior of the enantiomeric mixtures of phosphine oxide
(3) was also elucidated by an ee0‐ee diagram. Separate
samples of enantiomeric mixtures prepared for DSC
measurements were recrystallized from diethyl ether. The
ee0‐ee diagram (Figure 1B), which was constructed by
plotting the enantiomeric excess after the recrystallization
(ee) against the initial enantiomeric purity (ee0) confirms
that the ethyl‐(2‐methylphenyl)‐phenylphosphine oxide
(3) is a racemic crystal‐forming compound, and the eutec-
tic composition determined by these recrystallization
experiments (eeeu: 56%) is also in good agreement with
the value suggested by the DSC measurements (eeeu: 52%).

Having all these results in hand, we wished to find the
most suitable method for the preparation of pure enantio-
mers. In the study of the resolving agents, the stirring of
the solid diastereomers in a given solvent mixture was
the purification method used. However, the purity of the
diasteremeric mixtures could only be improved by losing
a large amount of diastereomers during the purification,
which resulted in low yields, and consequently low effi-
ciency values (S). Besides the purification of diastereo-
mers used earlier (Table 2, entry 2), the repeated
resolution according to the half equivalent or the equiva-
lent method, or the recrystallization of the enantiomeric
mixtures was also considered as an option. The results
are summarized in Scheme 4. For comparable results, a
diastereomeric mixture obtained by the resolution with
Ca(H‐DBTA)2 according to the optimum conditions was
considered as the starting material (Table 2, entry 2).
Scheme 4 also illustrates the results shown in Table 2,
entry 2, and the corresponding enantiomeric mixture of
(R)‐3 could be obtained in a yield of 11% and with an ee
of 87% after decomposition of the diastereomer (Scheme 4,
III). In a separate experiment, the diastereomeric mixture
obtained after the first crystallization (Scheme 4, I) was
decomposed by extraction to obtain the enantiomeric
mixture of (R)‐ethyl‐(2‐methylphenyl)‐phenylphosphine
oxide [(R)‐3] in a yield of 71% and with an ee of 82%
(Scheme 4, IV). The purification of this enantiomeric
mixture was attempted by repeated resolution accor-
ding to the half equivalent or the equivalent method
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(Scheme 4, V or VI). The enantiomeric purity obtained
after the crystallization and decomposition of the diaste-
reomer was improved to 96% in both instances, but the
yields were moderate 38% or 42%, respectively (Scheme 4,
V or VI). Finally, the enantiomeric mixture was purified
without any chiral auxiliary, by a simple recrystallization
in diethyl ether. In this manner, enantiopure (R)‐ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide [(R)‐3] (ee > 99%)
could be obtained in a yield of 47% (Scheme 4, VII). To
the best of our knowledge, despite the simplicity of this
method, only a few examples can be found in the litera-
ture, when the recrystallization of the enantiomeric mix-
tures was suitable for the preparation of enantiopure
P‐stereogenic organophosphorus compounds.21,44,78,79
3.5 | Racemization of optically active
ethyl‐(2‐methylphenyl)‐phenylphosphine
oxide (3)

After a thorough investigation of the resolution of
ethyl‐(2‐methylphenyl)‐phenylphosphine oxide (3), the
racemization of phosphine oxide (3) was investigated as
the last step of this study. The racemic phosphine oxide
(3) so obtained from the undesired enantiomer could be
used as starting material in subsequent optimized resolu-
tion experiments, and hence, it may increase the overall
yield of a given resolution protocol.

In this study, the enantiopure (R)‐ethyl‐(2‐methylphenyl)‐
phenylphosphine oxide [(R)‐3] was considered as the
model compound.

First, the racemization of the enantiopure phosphine
oxide [(R)‐3] was attempted under thermal or microwave
conditions in a dimethylformamide solution or as a melt.
However, these racemization attempts were inefficient, as
enantiomeric mixtures of phosphine oxide (3) having an
ee of 95% could be obtained upon heating for extended
time (See Supporting Information). Recently, Gilheany
et al demonstrated that chlorophosphonium salts that
can be prepared from phosphines or phosphine oxides in
a single quantitative reaction step, racemize spontane-
ously, even at a low temperature.80 The racemization of
P‐stereogenic phosphine oxides via chlorophosphonium
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salt intermediates has already been used to epimerize the
undesired enantiomer obtained from a resolution process.81

Thus, the (R)‐ethyl‐(2‐methylphenyl)‐phenylphosphine
oxide [(R)‐3] was reacted with oxalyl‐chloride at 0°C
(Scheme 5), and then the chlorophosphonium salt (8)
so obtained was hydrolized to afford racemic ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide (3) in a yield
of 80%.
FIGURE 2 Asymmetric unit structure of the (R)‐3‐spiro‐
TADDOL 1:1 complex in the crystal. Non‐H atoms are shown in

50% probability of atomic displacement values

TABLE 3 Selected O—H … O and C—H … O short contact

dimensions (in Å and in °) with their standard deviations (σ) in
parentheses in the crystal structure of the (R)‐3‐spiro‐TADDOL 1:1

complex

Short Contacts
Length,
Å

Length,
Å

Length,
Å

Angle,
°

O2—H2 … O3 0.91(3) 1.80(3) 2.706(2) 176(2)

O3—H3 … O1(x,y,z + 1) 0.91(3) 1.74(3) 2.633(2) 167(3)

C27—H27 … O4 0.92(1) 2.41(1) 2.964(2) 119(1)

C33—H33 … O3 0.96(2) 2.41(1) 2.749(2) 100(1)

C43—H43 … O2 0.95(1) 2.48(1) 2.808(2) 101(1)

C45—H45 … O5 0.99(2) 2.37(1) 2.914(2) 114(1)
3.6 | Single crystal X‐ray analysis of
the racemic and enantiopure ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide
[3 and (R)‐3], as well as the (R)‐3‐spiro‐
TADDOL 1:1 complex

X‐ray quality crystals could be grown from racemic and
enantiopure ethyl‐(2‐methylphenyl)‐phenylphosphine
oxide [3 and (R)‐3], as well as a diastereomeric complex
having the composition of (3)·(spiro‐TADDOL). The
crystallographic measurements enabled us to assign
the (R) absolute configuration to the (+)‐ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide [(+)‐3]. Crystal
structure models of both the racemic 3 (Figure S1) and
the enantiopure (R)‐3 (Figure S2) show practically identi-
cal shape and conformation of the 2 independent molecu-
lar structures (Figure S3).

The crystal structure of the (R)‐3‐spiro‐TADDOL com-
plex corroborates a 1:1 composition of the acyclic phos-
phine oxide with the spiro‐TADDOL host molecule
(Figure 2).

The comparison of the 2 (R)‐3 molecules observed in
the enantiopure phosphine oxide crystal and the one in
the 1:1 assembly with the spiro‐TADDOL [(−)‐5] host
shows only 1 marked difference (See Figure S4). Methyl
termini of the ethyl group is placed in an alternative
gauche position. Otherwise, the atomic positions more
or less coincide with the o‐methyl group exhibiting the
largest (approximately 0.6 Å) deviation. As this value is
below the experimental resolution, one may practically
take all atomic positions alike less the quoted methyl
termini.

The asymmetric unit drawing also shows the charac-
teristic intramolecular OH … O hydrogen bridge linking
the 2 ─OH functions. The only free ─OH acts as donor
to the O═P group, thus providing a basis for the host‐
guest assembly. This classical H‐bonding scheme is
complemented then by 4 short C—H … O contacts
(Table 3).

As an attempt to assess the relative interaction
strengths in the crystal, intermolecular potentials were
calculated,82,83 of which only the top 5 are shown
(Table 4). These identify that the principal interaction is
indeed between the ─OH acting as donor to the O═P
group of the target phosphine oxide (3). As these values
do not contain any error estimates, one can assume that
they are merely approximating the reality, and thus, serve
only as a guide. Nevertheless, as Figure S5 indicates, these
comply with the shortest interactions listed above,
and support their interpretation as the structure
directing ones. The calculated density of the complex
SCHEME 5 The racemization of (R)‐

ethyl‐(2‐methylphenyl)‐phenylphosphine

oxide [(R)‐3] via chlorphosphonium

salt (8)



TABLE 4 Calculated intermolecular potentials (packing energy)

rounded to integer numbers

Mol 1 Mol 2 Distance Energy, kJ/mol

0 1 7.13249 −56

2 3 7.13249 −56

0 4 8.621 −39

0 5 8.621 −39

0 6 8.91578 −36
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(1.24 Mg/m3) gets closer to that of the racemic crystal, yet
another indication of the importance of attractive
interactions.
4 | CONCLUSIONS

In summary, a detailed study was conducted to investi-
gate all main aspects of the resolution procedures of
acyclic diaryl‐alkylphosphine oxides. The ethyl‐(2‐
methylphenyl)‐phenylphosphine oxide (3) was considered
as the model compound, and the resolution of phosphine
oxide (3) was elaborated with TADDOL derivatives [(−)‐4
or (−)‐5] and the acidic calcium salt of the (−)‐O,O′‐
dibenzoyl‐ or (−)‐O,O′‐di‐p‐toluoyl‐(2R,3R)‐tartaric acid
[(−)‐6 or (−)‐7]. Both resolving agent classes were
applicable for the enantiomeric separation of phosphine
oxide (3), and the best results could be obtained using
Ca(H‐DBTA)2 (−)‐6. The purification strategies of the
enantiomerically enriched phosphine oxide (3) were
investigated in detail. We found that enantiopure (R)‐
ethyl‐(2‐methylphenyl)‐phenylphosphine oxide [(R)‐3]
could be prepared by resolution with Ca(H‐DBTA)2 [(−)‐6]
followed by recrystallization of the partially enantioen-
riched phosphine oxide (3). An efficient racemization of
ethyl‐(2‐methylphenyl)‐phenylphosphine oxide (3) enan-
tiomers via the formation of chlorophosphonium salt (8)
was also elaborated. In this manner, the undesired enan-
tiomer of the phosphine oxide (3) may be converted into
racemic 3 that can be used in subsequent resolution
experiments as a starting material. Single crystal X‐ray
analysis of the 1:1 diastereomeric coordination complex
(R)‐3 : spiro‐TADDOL point to the fact that the principal
molecular recognition events are affected by the ─OH
group acting as donor to the O═P group of the target
phosphine oxide (3).

This study is the first example for the application of
TADDOL derivatives [(−)‐4 or (−)‐5] and the calcium
salts of tartaric acid derivatives [(−)‐6 or (−)‐7] for the res-
olution of an acyclic phosphine oxide. Our experience
indicates that these enantiomeric separation methods
may have a more general value during classical resolution
of P‐stereogenic phosphine oxides. Moreover, we also
demonstrated that the enantiomeric mixtures of P‐chiral
phosphine oxides can be purified efficiently by a simple
recrystallization, which method is rarely used in the
sphere of P‐chiral compounds. This approach requires
the knowledge of the solid state behavior of the particular
chiral compound. However, this rather simple purifica-
tion can serve as a supplementary method to purify
non‐racemic mixtures of phosphine oxides obtained by
inefficient resolution methods or asymmetric syntheses.
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