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Scalable Enantiomeric Separation of Dialkyl-Arylphosphine
Oxides Based on Host–Guest Complexation with TADDOLDerivatives, and their Recovery
Bence Varga,[a] Réka Herbay,[a] György Székely,[b,c] Tamás Holczbauer,[d] János Madarász,[e]
Béla Mátravölgyi,[a] Elemér Fogassy,[a] György Keglevich,[a] and Péter Bagi*[a]
Abstract: Several dialkyl-arylphosphine oxides were prepared,
and the enantioseparation of the corresponding racemates was
elaborated with host–guest complexation using TADDOL-derivatives. The crystallization conditions were optimized and two
separate crystallization methods, one in organic solvent, and
the other in water, were found to yield five examples of phosphine oxides with enantiomeric excess values higher than 94 %.
A gram scale resolution was performed, and both enantiomers
of the methyl-phenyl-propyl-phosphine oxide were separated
with (R,R)- or (S,S)-spiro-TADDOL. The intermolecular interac-

tions responsible for the enantiomeric recognition between the
chiral host and guest molecules were investigated by singlecrystal X-ray diffractional structural determinations. The similarities in the structural patterns of a few diastereomeric crystals
were checked by powder X-ray diffraction, as well. Organic solvent nanofiltration (OSN) was used as a scalable technique for
the decomposition of the corresponding phosphine oxide–
spiro-TADDOL molecular complexes, and for the recovery of the
phosphine oxide enantiomers and resolving agents.

Introduction

of novel chiral organophosphorus scaffolds is still of great interest.
Among the methods developed for the preparation of
P-stereogenic compounds, there is not a universal one, and
every method has its own scope and limitations.[1,4] In these
methods, the P-chiral compounds are usually prepared as
bench stable phosphine boranes or oxides, and the air sensitive
PIII-derivatives are liberated prior to the application.[1a,5] The
methods developed for the preparation of P-stereogenic
enantiomers include: stereoselective syntheses using chiral catalysts[6] bi-,[7] or monofunctional auxiliaries,[8] stereoselective
transformation of >P(O)H species,[9] kinetic[10] or dynamic kinetic resolutions,[11] and classical resolutions (Figure 1).[12]
Several strategies require the manipulation with air- and
moisture sensitive reagent(s) or intermediate(s), which makes
these processes less suitable for scale up and industrial use.
Many methods rely on the formation of covalent P-stereogenic
intermediates with the usage of commercially available, but often expensive chiral auxiliaries.[7b–7e] However, the recycling of
those chiral auxiliaries is sometimes neglected in those technologies,[8a–e,11f ] or even involve the loss of the auxiliary as it is
transformed into an unreactive derivative that cannot be reused.[11a,11c,11d]
The classical resolution of phosphine boranes or oxides is
another alternative for the preparation of the corresponding
P-stereogenic species in optically active form.
The optical resolution of phosphine oxides is a bench stable
process, and the potential scalability, robustness and the
recyclability of the resolving agents are the key advantages of
such procedures. One drawback of the classical resolutions is

The chiral organophosphorus compounds, in particular the
ones bearing a P-stereogenic center, form an interesting class,
and the preparation of P-stereogenic enantiomers became an
emerging area in the last decades.[1] Although many privileged
P-ligands have been synthesized,[2] the number of chiral
phosphines, phosphine oxides or phosphonium salts used as
organocatalysts is constantly increasing.[3] Thus, the preparation
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Figure 1. Selected examples showing the main strategies for the preparation of optically active tertiary phosphine oxides.

the 50 % limit in theoretical yield, which can be increased by
the recycling and racemization of the undesired enantiomer.[12f,13] In general, resolution technologies utilize (relatively)
inexpensive and commercially available acidic or basic resolving
agents. In those instances, the ionic interactions are responsible
for the enantiomeric recognition. The recovery of the pure
enantiomer and the resolving agent can be accomplished by
acid-base extractions, which are preferred in the industry.[14]
However, the optical resolution becomes challenging for the
non-acidic or non-basic racemates. For such substrates, the resolving agent classes capable of the formation of second order
Eur. J. Org. Chem. 2020, 1840–1852
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interactions (e.g. H-bonds, π–π interactions etc.) have great potential. BINOL- and TADDOL-type compounds meet the above
mentioned criterion, and these resolving agent classes were
used for the preparation of various enantiomers having neutral
character based on host–guest complexations.[15] However, decomposition of the diastereomers, the recovery of the enantiopure product, and the recycling of the rather expensive resolving agents are the key challenges of such resolution procedures.[15c]
The optical resolution of P-stereogenic phosphine oxides
may serve as a representative example of enantioseparations
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based on host–guest complexation. The number of successful
resolution methods for these organophosphorus compounds is
limited.[16] A few commercially available chiral acids (e.g. camphorsulfonic acid, tartaric acid derivatives, mandelic acid) were
applicable resolving agents, but those were rather individual
examples with small scope, especially for secondary phosphine
oxides.[12b–d,17] BINOL and the TADDOL derivatives were found
to be efficient resolving agents for many cyclic and an acyclic
P-stereogenic phosphine oxides.[12a,b,e,f ] However, the scalable
recovery of the phosphine oxide enantiomers and the resolving
agents remained unresolved challenges of such resolution procedures. Distillation can be used for this separation, if the boiling point of the separated enantiomer is low, but column chromatography is used in most of the instances for the recovery of
the enantiopure phosphine oxide and the resolving agent.[12e]
However, the scalability of the column chromatography is limited. Separation of the enantiopure products and the resolving
agents can be performed using organic solvent nanofiltration
(OSN). OSN is a sustainable, pressure-driven membrane-based
technology that is capable of distinguishing compounds between 50 and 2000 g mol–1 in organic media.[18] OSN processes
developed for chiral molecules include enantioseparation,[19]
asymmetric membrane reactor,[20] and continuous asymmetric
catalyst recycling.[21]
In our earlier study, one optically active diaryl-alkylphosphine oxide was prepared, and those results suggested that
TADDOL derivatives may be generally applicable resolving
agents for acyclic phosphine oxides.[12f ] Thus, the current study

aims the enantioseparation of a series of dialkyl-arylphosphine
oxides (1–7) by resolution based on host–guest complexation.
The model phosphine oxides (1–7) incorporate one phenyl- and
one methyl-group, which are common in most P-stereogenic
ligands or organocatalysts.[2a,3c] Moreover, the methyl-group
can be used for the construction of an ethylene bridge between
two P-chiral centers.[22] Target phosphine oxides (1–7) are challenging, as the two alkyl groups may hinder the interactions
between the chiral host and the guest molecules. This might
be the reason why the literature lacks an efficient resolution
method for dialkyl-arylphosphine oxides,[12a] and the stereoselective syntheses have their own scope and limitations.[7c,d,8c,d,9a,10e,23] TADDOL derivatives [(R,R)-8–(R,R,R,R)-11]
were chosen for the resolution of these P-stereogenic dialkylarylphosphine oxides (1–7) (Figure 2.). The intermolecular interactions between the chiral host and guest molecules were investigated by single crystal or powder X-ray crystallography to
gain some insight of the secondary interactions responsible for
the enantiomeric recognition. The applicability of the OSN was
also tested for the decomposition of the diastereomers, and for
the recovery of the enantiomers and resolving agents.

Results and Discussion
Preparation of Racemic Dialkyl-Arylphosphine Oxides (1–7)
The methyl methylphenylphosphinate (12a) and ethyl ethylphenylphosphinate (12b) were used as starting materials in our

Figure 2. The racemic compounds (1–7) and the resolving agents [(R,R)-8–(R,R,R,R)-11] used in this study.
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procedure. The corresponding phosphinates (12) were treated
with the excess of the Grignard-reagent to give phosphine oxides (1–6) (Scheme 1). The advantage of this method is that it
directly transforms the phosphinates (12) to the corresponding
phosphine oxides (1–6) without the formation of the phosphinic chloride intermediates.[11a] The reactions with ethyl-,
propyl- and butyl-magnesium bromides gave the phosphine
oxides (1–4) in yields of 62–88 %. However, the reaction of
methyl methylphenylphosphinate (12a) with iPrMgBr or
c-HexMgBr afforded the corresponding phosphine oxides (5
and 6) with rather diminished yields (36 % and 35 %, respectively), which may be attributed to the increased steric bulk,
and the higher basicity of the Grignard-reagents causing side
reactions.

Scheme 1. Preparation of racemic phosphine oxides (1–6).

In order to prepare the tert-butyl-methyl-phenyl-phosphine
oxide (7) phenylphosphonic dichloride (13) was treated with
tBu-MgCl and Me-MgCl in consecutive reactions. The phosphine
so obtained was oxidized by H2O2 to give tert-butylmethylphenylphosphine oxide (7) in a yield of 67 % (Scheme 2). The
tert-butylmethylphenylphosphine oxide (7) could not be prepared by the reaction of methyl methylphenylphosphinate
(12a) with tBu-MgCl due to the increased steric bulk of the
organometallic reagent.

Scheme 2. Preparation of tert-butyl-methyl-phenyl-phosphine oxide (7).

Resolution of Methylphenylpropylphosphine Oxide (2)
with TADDOL Derivatives [(R,R)-8–(R,R,R,R)-11]
The methylphenylpropylphosphine oxide (2) and spiro-TADDOL
[(R,R)-9] were considered as model compounds, for our optimization study, as they both have “average” size within the scope
of racemic compounds (1–7) and resolving agents [(R,R)-8–
(R,R,R,R)-11] used (Scheme 3).
In our experiments, the racemic compound (2) and the resolving agent [(R,R)-9] were dissolved in the corresponding hot
solvent, and the diastereomeric complexes appeared upon
cooling, or by the addition of a co-solvent. In our preliminary
studies, the amount of resolving agent [(R,R)-9] was adjusted to
perform the resolutions according to the half-equivalent
method. The temperature of the crystallization was set to 25 °C,
and the crystallization time was 3 h. The crystalline intermediates separated by filtration were purified by additional crystallization(s).
A series of solvents and solvent mixtures were tested (See
Supporting Information for the complete list of solvents). Interestingly, the enantiomeric selectivity of the spiro-TADDOL [(R,R)9] was rather low in alcohols, despite the fact that these solvents were the most suitable ones in our previous studies
(Table 1, Entry 1).[12e,12f ] The results were improved when the
diastereomers were precipitated by the addition of alkanes
(hexane or heptane). A mixture of toluene and heptane was
one of the most suitable medium affording the (R)-methylphenylpropylphosphine oxide [(R)-2] with an ee of 96 %, and in
a yield of 25 % (Table 1, Entry 2). Other solvent mixtures, such
as ethyl acetate and heptane or cymene and heptane led to low
yield and ee values (Table 1, Entry 3; Supporting Information). A
series of “green solvents”, such as cymene, cyrene, cyclopentyl
methyl ether, 2-Me-THF and ethyl lactate were also tested without success. The work of Matsumoto et al.[24] and Tsunoda
et al.[25] prompted us to attempt the precipitation-mediated
resolution in a mixture of methanol and water. To our delight,
the (R)-methylphenylpropylphosphine oxide [(R)-2] was obtained with an ee of 80 %, and in a yield of 59 % after the first
crystallization, and these results could be increased by recrystallization to afford (R)-2 with an ee of 98 %, and in a yield of
48 %. Our efforts to improve these results with different molar
ratios of spiro-TADDOL [(R,R)-9], ratios of MeOH and water, or
with the applications of various alcohols failed (See Supporting
Information for details). Moreover, a change in the reaction conditions often involved a change in the composition of the dia-

Scheme 3. General procedure for the optimization of the resolution of methyl-phenyl-propyl-phosphine oxide (2) with spiro-TADDOL derivative [(R,R)-9].
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Table 1. Resolution of methylphenylpropylphosphine oxide (2) with spiro-TADDOL [(R,R)-9].
Entry

Equiv. of
(R,R)-9

Solvents[a]

Diastereomeric
Complex[b]

Yield[c,f ]
(%)

ee[d,f ]
(%)

S[e,f ]
(–)

Abs.
Config.[g]

1

1

6 × 2-PrOH

(2)·spiro-TADDOL2

0.5

5 × toluene/5 × heptane

(2)·spiro-TADDOL

3

0.5

2 × EtOAc/10 × heptane

(2)·spiro-TADDOL

4

1

4 × MeOH/16 × H2O

(2)·spiro-TADDOL3

5[h]
6[i]

1
1

15 × H2O
15 × H2O

(2)·spiro-TADDOL2
(2)·spiro-TADDOL2

(35)
33
(53)
96
(10)
31
(80)
98
(88)
(87)
98

(0.22)
0.07
(0.30)
0.24
(0.12)
0.20
(0.47)
0.45
(0.69)
(0.77)
0.65

(R)

2

(64)
20
(56)
25
(121)
65
(59)
46
(79)
(88)
66

(R)
(R)
(R)
(R)
(R)

[a] Mixture of solvents for the crystallization and recrystallizations [mL of solvent/g of resolving agent]. [b] The ratio of phosphine oxide (2) and the resolving
agent was determined by 1H NMR. [c] The yield of the diastereomer was calculated based on the half of the racemic phosphine oxide (2) that is regarded to
be 100 % for each enantiomer. [d] Determined by HPLC using a chiral stationary phase. [e] Resolving capability, also known as the Fogassy parameter
[S (–) = (Yield [%]/100) × (ee [%]/100)]. [f] The results obtained after the first crystallization are shown in parentheses, while the results obtained after
purification(s) are shown in boldface. [g] Absolute configuration of the phosphine oxide (2) was determined by X-ray analysis (vide infra). [h] The temperature
was 50 °C, and the crystallization time was 48 h. [i] The temperature was 50 °C, and the crystallization time was 168 h.

stereomer, indicating that the diastereomeric complex was unstable in that solvent mixture. This fact might be attributed
to a competitive complexation of spiro-TADDOL [(R,R)-9] with
alcohols, which was observed in our previous studies.[12e,26]
Then, the resolution of racemic phosphine oxide 2 was also
attempted in water. In order to avoid some issues caused by
the low solubility, the resolution was accomplished at 50 °C,
which gave us the best results after the first crystallization (ee:
88 %, yield: 79 %; Table 1, Entry 5). Such suspension-based resolution procedures can be found in the literature, but these results were somewhat unexpected, as either the racemic compound (2), or the resolving agent [(R,R)-9] is only partially solu-

ble in water, and the reaction mixture was heterogeneous
throughout the resolution process. However, we postulate that
the hydrophilic media forcing the two lipophilic molecules together is responsible for the host–guest complexation, and consequently the enantiomeric recognition. With this promising
preliminary result in hand, the reaction conditions, such as ratio
of the racemic compound (2) and the spiro-TADDOL [(R,R)-9],
ratio of the resolving agent [(R,R)-9] and water, temperature
and time of the crystallization were optimized (See Supporting
Information). It was found that crystallization at 50 °C for 168 h
in the presence of 1 equivalent of spiro-TADDOL [(R,R)-9] (halfequivalent method) gave us the best results, and the diastereo-

Figure 3. Comparison of the resolution of methyl-phenyl-propyl-phosphine oxide (2) with TADDOL-derivatives [(R,R)-8–(R,R,R,R)-11] (See Supporting Information
Supplementary Table S4 for full details; “no complex” – no crystalline diastereomer was formed; “TADDOL” – the resolving agent precipitated, but no host–
guest complex was formed).
Eur. J. Org. Chem. 2020, 1840–1852

www.eurjoc.org

1844

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Full Paper
meric complex could be purified by one recrystallization to give
the (R)-methylphenylpropylphosphine oxide [(R)-2] with an ee
of 98 % and in a yield of 66 %.
Having the suitable conditions in hand, we tested the applicability of other TADDOL-derivatives [(R,R)-8, (R,R)-10 and
(R,R,R,R)-11] for the enantiomeric separation of methylphenylpropylphosphine oxide (2). In our solvent and parameter optimization study, the best results (ee of 98 %) were obtained in
water, and a high ee (96 %) could be obtained in a mixture of
toluene and heptane (Table 1, Entries 2 and 6). Moreover, 2propanol or a mixture of ethyl acetate and heptane led also to
satisfactory results (Table 1, Entries 1 and 3).
Different resolving agents [(R,R)-8, (R,R)-10 and (R,R,R,R)-11]
were involved in this study to investigate whether the overall
efficiency of the resolution can be improved by changing the
structure of the resolving agent. Owing to the size-exclusion
nature of OSN, the enlargement of the resolving agents [(R,R)10 and (R,R,R,R)-11] was explored to increase the molecular
weight gap between the species to be separated, and to have
more ideal separation with OSN (vide infra). The results are
summarized in Figure 3, which also contains the results obtained with spiro-TADDOL [(R,R)-9].
Interestingly, the change in the structure of the resolving
agent has an unexpectedly significant impact on the resolution
efficiency. By changing the spiro-scaffold [(R,R)-9] to a dimethylketal [(R,R)-8] protecting group, the crystalline diastereomeric
complexes could be obtained from toluene/heptane, EtOAc/
heptane and 2-PrOH. However, the yields were low, and the
maximum ee was 87 %. Changing the aromatic groups from
phenyl to naphthyl had an even more pronounced effect,
namely no diastereomers were formed with naphthyl-spiroTADDOL [(R,R)-10] in most of the instances. Interestingly, water
was the only solvent from which crystalline diastereomers were
obtained, but the ee and efficiency remained low (ee: 9 %,
S=0.04). The enantiomeric separation was also rather low with

the bis-spiro-TADDOL [(R,R,R,R)-11], despite the fact that its
structure shows a close resemblance to the structure of spiroTADDOL [(R,R)-9]. The maximal ee was 29 % performing the
crystallization of phosphine oxide (2) with bis-spiro-TADDOL
[(R,R,R,R)-11] in a mixture of ethyl acetate and heptane. Using
other solvents, either racemic phosphine oxide (2) was obtained, or no diastereomers were formed.
Resolution of Dialkyl-Arylphosphine Oxides (1–7) with
spiro-TADDOL [(R,R)-9] Under Optimized Conditions
In our initial studies, the spiro-TADDOL [(R,R)-9] was selected as
the most suitable resolving agent. The best results were obtained in water, in a mixture of toluene/heptane or ethyl
acetate/heptane, and the conditions for crystallization were also
established. In the next step, the substrate scope of this resolution procedure was investigated in the sphere of various dialkylarylphosphine oxides (1–7). The results are summarized in Figure 4.
The experiments indicated that the structure of the racemic
compound (1–7) has also a significant impact on the overall
efficiency of the optical resolution. Using water as the solvent,
the (R)-enantiomer of the methyl-propyl-, ethyl-propyl- and the
butyl-methyl- phenylphosphine oxides (2–4) was prepared with
an ee of 95–98 %, and in a yield of 51–66 %. Interestingly, the
efficiency of the resolution was significantly lower for these
phosphine oxides (2–4), when the diastereomers were crystallized from toluene/heptane or ethyl acetate/heptane mixtures.
This trend turned for the ethyl-methyl-, methyl-isopropyl- and
the c-hexyl-methyl- phenylphosphine oxide (1, 5 and 6) as the
enantiomers or the enantiomeric mixture could be prepared
only in the mixture of the organic solvents (ee: 31–99 %, yield:
21–56 %), whereas the application of water prevented the
diastereomeric complex formation, or led to racemic phosphine
oxide. Overall, the tert-butyl-methyl-phenylphosphine oxide (7)

Figure 4. Comparison of the optical resolution of phosphine oxides (1–7) with spiro-TADDOL [(R,R)-9] under the optimized conditions.
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was the only derivative, which could not be separated effectively into its enantiomers with spiro-TADDOL [(R,R)-9]. Moreover, the maximal enantiomeric purity reached for ethyl-methylphenylphosphine oxide [(R)-1] was only 31 %. These results
might be attributed to steric factors, as the molecular size of
the MeEtPhP(O) (1) might be too small for sufficient interaction
between the host and the guest molecules, which is a prerequisite for a good enantiomeric recognition. Whereas, the increased steric bulk might be the reason for the inefficient resolution of tBuMePhP(O) (7).
On the other hand, the enantiomers of phosphine oxides
2–6 could be effectively separated by resolution with spiro-TADDOL [(R,R)-9] regardless of the size or the degree of branching
of the alkyl chains, and the corresponding enantiomers were
obtained with an ee of 94–99 % and in a yield of 21–65 %.
The optical resolutions with spiro-TADDOL [(R,R)-9] afforded
the corresponding phosphine oxides enantiomers with (R) absolute configuration [(R)-1–(R)-5] in most of the instances regardless of the crystallization parameters. Interestingly, the (S)
enantiomer could be prepared exclusively for c-hexyl-methylphenyl-phosphine oxide [(S)-6]. Moreover, the solvent had a
great influence on the selection of the ethyl-phenylpropylphosphine (3) enantiomers incorporated into the diastereomeric complexes. The (R) enantiomer [(R)-3] could be prepared
with spiro-TADDOL [(R,R)-9] in water, whereas enantiomeric
mixtures containing the (S)-3 enantiomer in excess could be
prepared in toluene/heptane and ethyl acetate/heptane mixtures. The absolute configuration of the guest phosphine oxides
(1–7) was determined by comparing the specific optical
rotations with literature data. The absolute configuration of

methylphenylpropylphosphine oxide and ethylphenylpropylphosphine oxide (2 and 3) was elucidated by X-ray crystallography (vide infra).
Complete Gram-Scale Optical Resolution Process for the
Preparation of Both Enantiomers of Methylphenylpropylphosphine Oxide [(R)- and (S)-2] with (R,R)- and (S,S)-spiroTADDOL [(R,R)- and (S,S)-9]
The optimization experiments were conducted on a millimolar
scale, and as the next step, the resolution of methyl-phenylpropyl-phosphine oxide (2) with (R,R)-spiro-TADDOL [(R,R)-9]
was also accomplished on a gram scale. Besides demonstrating
the scalability, the other aim of ours was to prepare both
enantiomers of methylphenylpropylphosphine oxide [(R)- or
(S)-2] (Scheme 4). The racemic methylphenylpropylphosphine
oxide (2) was resolved with (R,R)-spiro-TADDOL [(R,R)-9] in water
under the optimized conditions. After the purification and decomposition of the diastereomeric complex [(R)-2]·(spiro-TADDOL)2, the (R)-enantiomer [(R)-2] was prepared with an ee of
98 % and in a yield of 72 %. To prepare the other enantiomer
(S)-2, the mother liquors of the crystallization and recrystallization were combined, and the enantomeric mixture of (S)-2 was
separated from the traces of (R,R)-spiro-TADDOL [(R,R)-9]. The
enantiomeric mixture of (S)-2 (ee: 71 %) so obtained was resolved with (S,S)-spiro-TADDOL [(S,S)-9] in water, and the (S)methylphenylpropylphosphine oxide [(S)-2] could be obtained
with an ee of 98 % and in a yield of 45 % after one crystallization followed by the decomposition of the corresponding diastereomer. These results indicate that the optimized resolution

Scheme 4. Gram-scale preparation of both enantiomers of methylphenylpropylphosphine oxide [(R)- or (S)-2] on with (R,R)- and (S,S)-spiro-TADDOL [(R,R)-9
and (S,S)-9].
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procedures for phosphine oxides 1–6 can be accomplished on
gram scale with similar efficiency. Moreover, the other enantiomer of the target phosphine oxide (1–6) can be obtained from
the mother liquor using the (S,S) enantiomer of spiro-TADDOL
[(S,S)-9] under similar crystallization conditions.

Single Crystal and Powder X-ray Analysis of a Few
Diastereomeric Complexes
Crystallinity of the diastereomers prepared from the corresponding phosphine oxide (1–7) and spiro-TADDOL [(R,R)-9]
was checked by powder X-ray diffraction. Additionally, single
crystals were successfully grown from the diastereomers containing spiro-TADDOL [(R,R)-9] and (R)-methylphenylpropylphosphine oxide [(R)-2] or (S)-ethyl-phenylpropylphosphine
oxide [(S)-3] allowing us to investigate the second order interactions responsible for the enantiomeric recognition. Moreover,
the direct comparison of the two crystals gave some insight
how the crystal structures and the interactions may alter when
phosphine oxides [(R)-2 and (S)-3] with different structure and
absolute configuration are present.
The single-crystal X-ray analysis confirmed that the diastereomers contained the spiro-TADDOL [(R,R)-9] and the corresponding phosphine oxide [(R)-2 or (S)-3] enantiomer in a 1:1
ratio, which was in accordance with the NMR studies. ORTEP
style molecular structure diagram can be found in Figure 5.
Similar unit cell parameters were measured for the two selected
crystals indicating similarities of the (R,R)-spiro-TADDOL [(R,R)9], the (R)-2 or (S)-3 guest molecules and hydrogen bond systems within. The Cell Similarity Index is (ΠI) 0.10901.

Figure 5. The crystallographically independent molecules in the asymmetric
unit of the crystal a.) [(S)-3]·spiro-TADDOL and b.) [(R)-2]·spiro-TADDOL
without the atomic labelling. Displacement ellipsoids are drawn at the 30 %
probability level for clarity. The observable voids in the crystal lattices c.)
[(S)-3]·spiro-TADDOL and d.) [(R)-2]·spiro-TADDOL. Two small voids in the crystal lattice are displayed in orange colour in the case of [(S)-3]·spiro-TADDOL.

The density is 1.244 for the [(R)-2]·spiro-TADDOL and 1.210
for the [(S)-3]·spiro-TADDOL diastereomer. The Kitaigorodsky
Packing Index (K.P.I)[27] values were also similar {67.9 % and
66.4 % for the [(R)-2]·spiro-TADDOL and [(S)-3]·spiro-TADDOL,
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respectively}. However, despite these similar density and K.P.I.
values, the two crystals are not isostructural, as the guest phosphine oxides [(R)-2 or (S)-3] have different places in the unit cell.
Moreover, two small voids were found in the crystal structure
of the [(S)-3]·spiro-TADDOL complex, which were not present in
the crystal structure of the [(R)-2]·spiro-TADDOL diastereomer
(Figure 5.). These voids have a volume of ca. 2 × 33 Å3, which
size is not enough for the incorporation of smaller solvent molecules (e.g. water needed 40 Å3).
Intriguingly, the absolute configuration of the phosphine oxide guest molecules [(R)-2 or (S)-3] is the opposite, despite the
structural similarity and the same configuration of the host
spiro-TADDOL [(R,R)-9] molecule.
The interactions between the (R)-2 or (S)-3 phosphine oxides
and the spiro-TADDOL [(R,R)-9] were investigated with Hirshfeld
surface by the Crystal Explorer program (See Supporting Information for details). The Hishfeld surface fingerprints indicated
that the short and strong intermolecular interactions (i.e. hydrogen bonds) are similar, and the main differences could be found
in the weaker interactions. More longer and weaker contacts
can be found in the crystal structure of the [(S)-3]·spiro-TADDOL
diastereomer than in the crystal lattice of [(R)-2]·spiro-TADDOL.
Moreover, the atom-type Hirshfeld interpretations also showed
significant dissimilarities within the weak intermolecular interactions between specific atomic types. The Hirshfeld fingerprint
interpretation shows the difference in atomic position and distances, but it is unable to characterize the energies associated
with these contacts. Thus, some DFT calculations were made by
the Crystal Explorer12 program on the B3LYP/6-31G(d,p) level
of theory for better understanding the interactions between
the host and guest molecules.
The crystal structures and the DFT calculations revealed several contacts. The most relevant atomic distances, as well as the
results of the calculations are summarized in Figure 6. The two
OH groups of the spiro-TADDOL [(R,R)-9] form an intramolecular
H-bond, which is characteristic to the TADDOL-type molecules.[12f ] Thus, one hydroxyl group of (R,R)-9 is capable of the
formation of an intermolecular H-bridge with the corresponding phosphine oxide enantiomer [(R)-2 or (S)-3]. The atomic distances indicate (2.686 Å and 2.634 Å) that this H-bridge is the
strongest intermolecular contact. CH···π interactions can also
be observed, but there are differences in the two crystal lattices.
In case of the (S)-ethyl-phenylpropylphosphine oxide [(S)-3], a
CH2···π interaction is present, whereas a T-spape π···π contact
can be observed between the aryl groups of the methylphenylpropylphosphine oxide [(R)-2] and the spiro-TADDOL [(R,R)-9].
The interactions formed between the two phosphine oxide molecules are also different. There is a CH··· π contact between
the two MePrPhP(O) molecules [(R)-2], whereas a CH···O=P contact can be found between the two (S)-ethyl-phenylpropylphosphine oxides [(S)-3].
The DFT results also confirmed that the strongest force is
a coulomb interaction between the hydrogen bridge acceptor
phosphine oxides [(R)-2 or (S)-3] and the hydrogen-bond donor
(R,R)-spiro-TADDOL [(R,R)-9] in both crystal structures. The
second strongest interaction is within two neighbouring phosphine oxide moieties [(R)-2 or (S)-3] caused by the polarization
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Figure 6. A few representative atomic distances and the strongest total energies among the neighbouring molecules for the [(S)-3]·spiro-TADDOL (a) and
[(R)-2]·spiro-TADDOL (b). The yellow highlight represents the selected phosphine oxide [(R)-2 or (S)-3] for the calculation of interaction energies.

of the P=O moiety. The third strongest interaction is observed
between the other spiro-TADDOL molecule and the corresponding methylpropyl- and ethylpropyl-phenyl-phosphine oxide
[(R)-2 or (S)-3]. These weak London dispersion forces are caused
by the high overlapping surfaces of the (R)-2 or (S)-3 guest and
the (R,R)-9 host molecule. However, the calculations revealed
that the energetics of these interactions are rather different in
the two crystal lattices (Figure 6.). Thus, despite the structural
similarities of the two phosphine oxides [(R)-2 or (S)-3], significant differences were found both in the nature and the strength
of these second order interactions, which may be an underlying
reason for the different enantiopreference in case in the two
crystal structures.
We were unable to grow X-ray quality crystals from the diastereomers prepared in aqueous media. Thus, these crystalline
samples were subjected to powder X-ray measurements along
with a few crystals prepared in organic solvents in order to seek
for structural similarities between the diastereomeric molecular
complexes. First, the [(R)-2]·spiro-TADDOL diastereomer was investigated, and the powder XRD-pattern measured at room
temperature has been compared with that of generated from
the atomic coordinates obtained by the single crystal structural
determination at temperature of 148 K (Figure 7a and Figure 7b). The series of diffraction peak positions are in good
agreement considering the experimental profile and the corresponding simulated pattern, which indicates that the measured
single crystal was representative for the solid state obtained by
optical resolution. Slight differences are arising from the temperature difference of XRD-measurements resulting in extension or contraction of the crystal lattice as a whole, and its
interplanar lattice distances, as well. There is a considerable alteration in the relative intensity of diffraction peaks, probably
because of a kind of preferred orientation of sample crystal
set at the measurement of powder profile. Despite the latter
observation, an indexing of the room temperature powder pattern shows very similar, but increased unit cell parameters to
those obtained by the single crystal measurement (See Supporting Information, Supplementary Table S13 for details).
Eur. J. Org. Chem. 2020, 1840–1852
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Figure 7. Comparison of powder XRD profiles of a few selected diastereomeric
complexes.

Figure 7 c also shows that the [(R)-2]·spiro-TADDOL2 diastereomer prepared from aqueous media exhibited a powder
XRD profile quite different from that prepared from a mixture
of toluene and heptane (Figure 7a and Figure 7b). There are
significant differences in the positions of the diffraction peaks
referring to different dominating crystalline structures. The
reason for the different powder XRD profiles is the different
stoichiometric molar ratio of the (R)-methylphenylpropyl-
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phosphine oxide [(R)-2] and the (R,R)-spiro-TADDOL [(R,R)-9],
which also results in different orientations and interactions
among the host and the guest molecules. The enantiopure
(R)-ethylpropyl- or the (R)-butylmethyl-phenylphosphine oxides
[(R)-3 or (R)-4] could also be prepared with (R,R)-spiro-TADDOL
[(R,R)-9] in water. Thus, the host–guest complexes of [(R)3]·spiro-TADDOL2 or [(R)-4]·spiro-TADDOL2 were also subjected
to powder XRD analysis. Surprisingly, the X-ray diffraction profiles of the [(R)-2]·spiro-TADDOL2 and [(R)-4]·spiro-TADDOL2 diastereomers prepared in aqueous media showed similar pattern
(Figure 7c and Figure 7e). Despite the different guest molecules
[(R)-2 or (R)-4], these two diastereomeric co-crystals may be
considered isomorphic, or at least isostructural ones, indicating
similar mode and spatial arrangements of binding and interactions between the given phosphine oxides [(R)-2 or (R)-4] and
the (R,R)-spiro-TADDOL [(R,R)-9]. Interestingly, these two diffraction profiles were different from that of [(R)-3]·spiro-TADDOL2
(Figure 7d), indicating that changing a methyl group to ethyl
group may significantly alter the interactions within the diastereomeric complex resulting in a different crystal structure. It
is noteworthy, that an increased peak broadening also occurred
in all the samples of aqueous origin, probably because of their
lowered crystallinity or microcrystalline feature.

was above 96 % in all cases (Figure 8.). Considering the two
column chromatographic methods, 370 or 310 mL of solvent
was used for the decomposition of 600 mg of diastereomers,
as well as for the recovery of ca. 500 mg of the resolving agent
[(R,R)-9] and 100 mg of the (R)-methylphenylpropylphosphine
oxide [(R)-2]. As 6 empty fractions were collected in both cases,
one may argue that the solvent consumption can be lowered
by ca. 50 mL using a more optimized gradient.

Comparison of the Column Chromatographic and
Nanofiltration-Enabled Decomposition of Diastereomeric
Complexes and Recovery of Phosphine Oxide (1–7)
Enantiomers and Resolving Agents [(R,R)-9–(R,R,R,R)-11]
As the volatility of the phosphine oxides (1–7) is low, column
chromatography is used for the decomposition of the corresponding diastereomeric complexes and for the recovery of the
(R)-methylphenylpropylphosphine oxide [(R)-2] and (R,R)-spiroTADDOL [(R,R)-9]. Several solvents were tested for the chromatographic separation (See Supporting Information for the complete list). Our goal was to find a solvent or solvent system,
which allows complete separation of the two compounds
[(R)-2 and (R,R)-9] without obtaining mixed fractions. The DCM
to DCM/MeOH mixture was our choice in our previous studies,[12e,12f ] and this solvent system seemed suitable based on
the TLC analysis. However, we intended to choose other solvents, which met more criteria of green chemistry and suitability for industrial use.[28] Thus, we chose a EtOAc to EtOAc/2PrOH gradient elution based on our TLC tests.
For comparison, the same sample was separated under same
flash chromatographic conditions (stationary phase; flow rate;
fraction volume etc.). To our delight both solvent systems (DCM
to DCM/MeOH or EtOAc to EtOAc/2-PrOH) were appropriate for
separation with flash chromatography. The advantages of these
solvents is that the resolving agent [(R,R)-9] could be removed
completely under isocratic conditions using pure DCM or
EtOAc.
Then, the (R)-2 phosphine oxide enantiomer could be eluted
from the column applying a DCM/MeOH or EtOAc/2-PrOH gradient. In this manner no mixed fractions containing both (R)-2
and (R,R)-9 were obtained. The recovery of (R)-methyl-phenylpropyl-phosphine oxide [(R)-2] and (R,R)-spiro-TADDOL [(R,R)-9]
Eur. J. Org. Chem. 2020, 1840–1852
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Figure 8. Evaluation of the recovery of (R)-methylphenylpropylphosphine oxide [(R)-2] and (R,R)-spiro-TADDOL [(R,R)-9] from the corresponding diastereomer by flash chromatography [The bars show the recovery of (R)-2 and
(R,R)-9, while the area-chart show the change in eluent composition].

Organic solvent nanofiltration could serve as a scalable technique for the decomposition of the diastereomeric complexes,
and the recovery of the phosphine oxide enantiomers. First, the
use of organic solvent nanofiltration was explored using
NP030P membrane by Nadir and methanol as the solvent. The
molecular weight cut-off (MWCO) curve of the membrane was
determined for the dialkyl-arylphosphine oxides (1–7), and the
resolving agents incorporating the spiro-TADDOL scaffold [(R,R)9–(R,R,R,R)-11] (Figure 9). In order to maximize the rejection of
the resolving agents [(R,R)-9–(R,R,R,R)-11], the membrane was
treated with branched polyethylene glycol (PEG) having
2,600 g mol–1 molecular weight.
The PEG treatment resulted in tighter membranes with increased rejections (Figure 9). This change was beneficial for the
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Figure 9. Molecular weight cut-off (MWCO) curve for Nadir NP030P membrane with and without treatment with branched PEG in methanol at 40 bar
pressure.

resolving agents [(R,R)-9–(R,R,R,R)-11], which are to be retained
by the membrane during diafiltration. The most prominent increase in rejection from 86.2 ± 2.7 % to 100 % was obtained for
the best resolving agent, spiro-TADDOL [(R,R)-9]. Figure 9. also
shows that the rejection values for the dialkyl-arylphoshine oxides (1–7) were in the range of 13.8 ± 2.0 % – 34.0 ± 2.6 % with
the original Nadir NP030P membrane, and these values slightly
increased to 21.4 ± 1.5 % – 43.9 ± 1.8 % after the PEG treatment. The low rejection values of the phosphine oxide (1–7)
compared to complete rejection of the resolving agents
[(R,R)-9–(R,R,R,R)-11] were sufficient for a nanofiltration-based
separation strategy.
Based on the rejection results, the [(R)-2]·(spiro-TADDOL)2
molecular complex was selected for the decomposition of the
diastereomer, as well as for the recovery of (R)-methylphenylpropylphosphine oxide [(R)-2] and (R,R)-spiro-TADDOL [(R,R)-9]
using the PEG-treated NP030P membrane. The simulated diafiltration separation (lines) and the experimental data (symbols)
for processing the diastereomeric complex [(R)-2]·(spiroTADDOL)2 are shown in Figure 10. The (R)-2 phosphine oxide
was purged out of the system and virtually 100 % purity of the
spiro-TADDOL [(R,R)-9] was achieved within less than 8 diavolumes (Figure 10a). In this experiment, ca. 1.3 g of (R)-2·(spiroTADDOL)2 diastereomeric complex was decomposed. As nearly
complete separation of (R)-2 phosphine oxide and spiroTADDOL [(R,R)-9] was achieved in 6–7 diavolumes, the solvent
consumption was in the range of 470–550 mL of solvent per
gram of diastereomer. The robustness of the purification methodology was investigated through varying the theoretical rejection of (R,R)-9 from 99.5 % to 100 % (Figure 10b). As the rejection decreases, the purity of (R)-methylphenylpropylphosphine
oxide [(R)-2] significantly decreases due to the fact that the concentration of spiro-TADDOL [(R,R)-9] in the feed stream is considerably higher. Even a small leakage of the resolving agent
through the membrane (i.e. incomplete rejection) results in a
significant contamination of (R)-2 in the permeate stream. On
the contrary, the increase in the loss of (R,R)-9 as a function of
its rejection (100 % → 99.5 %) is less pronounced (0 % → 5 %).
These results show the importance of obtaining complete rejection of the resolving agents, which is easier to achieve by having large molecular weights.
Eur. J. Org. Chem. 2020, 1840–1852
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Figure 10. Concentration profiles during the diafiltration of the [(R)-2]·(spiroTADDOL)2 diastereomer and the purity of the resolving agent in the retentate
stream (a); and the effect of (R,R)-9 rejection (see values in brackets) on the
purity of (R)-2 in the permeate stream caused by the loss of (R,R)-9 from the
retentate (b).

Conclusion
In this paper, the resolution of a series of phosphine oxides was
investigated with TADDOL-derivatives [(R,R)-8–(R,R,R,R)-11]. It
was demonstrated, that this resolving agent class, especially the
spiro-TADDOL [(R,R)-9] is applicable for the enantioseparation
of these challenging substrates, which have limited capabilities
to form second order interactions due to the presence of two
alkyl groups. The results showed that there is an ideal molecular
size for the sufficient enantioseparation. The MeEtPhP(O) (1)
have small molecular size, whereas the increased steric
bulk might be the reason for the inefficient resolution of
tBuMePhP(O) (7). The enantiomers of other five dialkyl-arylphosphine oxides (2–6) were prepared with enantiomeric excess values greater than 94 %. During the optimization of the
crystallization conditions, two separate crystallization methods
were developed, one utilized organic solvent and the other one
used water. This is one of the handful successful examples for
performing enantioseparations with TADDOL-derivatives in
aqueous media. A gram-scale resolution was performed demonstrating the scalability of this method, and both enantiomers
of the methylphenylpropylphosphine oxide (2) were prepared
with (R,R)- or (S,S)-spiro-TADDOL [(R,R)- or (S,S)-9]. The structure
of a few diastereomeric complexes were investigated by single
crystal or powder X-ray crystallography, and the main secondary interactions responsible for the enantiomeric recognition
were also identified. Nadir NP030P membrane was successfully
employed in a diafiltration process for the gram-scale separa-
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tion of the enantiopure (R)-methylphenylpropylphosphine
oxide [(R)-2], and the TADDOL-based resolving agent [(R,R)-9].
The use of a branched PEG for the preconditioning of the membrane was found to be a useful tool to tighten the membrane
and increase solute rejection. The presented OSN methodology
could be further exploited for the recovery of other resolving
agents, and the parallel isolation of enantiopure products.

Experimental Section
Materials and Apparatus: The details of the chemicals, the instruments used in this study, as well as the synthetic procedures for
the preparation of phosphine oxides (1–7) and resolving agents
[(R,R)-8–(R,R,R,R)-11] can be found in the Supporting Information.
Representative Resolution Procedures
Resolution of Methylphenylpropylphosphine Oxide (2) with
spiro-TADDOL [(R,R)-9] Using the Crystallization Method
(Method I): 0.10 g (0.55 mmol) of Racemic methylphenylpropylphosphie oxide (2) and 0.28 g (0.55 mmol) of spiro-TADDOL
[(R,R)-9] were dissolved in 1.7 mL of hot isopropyl-alcohol. Colorless
crystalline diastereomeric complex of (R)-2·(spiro-TADDOL)2 appeared after cooling the mixture to 25 °C. After standing at 25 °C
for 3 hours, the crystals were separated by filtration to give 0.21 g
(64 %) of (R)-2·(spiro-TADDOL)2 with a de of 35 %. The diastereomeric complex (R)-2·(spiro-TADDOL)2 was purified by recrystallization according to the procedure described above from 1.7 mL of
isopropyl-alcohol to afford 0.066 g (20 %) of the (R)-2·(spiroTADDOL)2 with a de of 33 % (Table 1, Entry 1). The (R)-methylphenylpropylphosphine oxide [(R)-2] was recovered from the diastereomer
by flash column chromatography (silica gel, gradient elution, ethyl
acetate to ethyl acetate/isopropyl-alcohol, 80:20) to give 0.009 g
(18 %) of (R)-methylphenylpropylphosphine oxide [(R)-2] with an ee
of 33 %.
Resolution of Methylphenylpropylphosphine Oxide (2) with
spiro-TADDOL [(R,R)-9] Using the Precipitation Method (Method
II): 0.051 g (0.28 mmol) of Racemic methylphenylpropylphosphine
oxide (2) and 0.071 g (0.14 mmol) of spiro-TADDOL [(R,R)-9] were
dissolved in 0.35 mL of hot toluene, and then 0.35 mL of heptane
was added. Colorless crystalline diastereomeric complex of
(R)-2·(spiro-TADDOL) appeared immediately. After standing at 25 °C
for 3 hours, the crystals were separated by filtration to give 0.054 g
(56 %) of (R)-2·(spiro-TADDOL) with a de of 53 %. The diastereomeric
complex (R)-2·(spiro-TADDOL) was purified by two recrystallizations
according to the procedure described above from a mixture of
0.35 mL of toluene and 0.35 mL of heptane to afford 0.024 g (25 %)
of the (R)-2·(spiro-TADDOL) with a de of 96 % (Table 1, Entry 2). The
(R)-methylphenylpropylphosphine oxide [(R)-2] was recovered from
the diastereomer by flash column chromatography (silica gel, gradient elution, ethyl acetate to ethyl acetate/isopropyl-alcohol, 80:20)
to give 0.0057 g (22 %) of (R)-methylphenylpropylphosphine oxide
[(R)-2] with an ee of 96 %.
Resolution of Methylphenylpropylphosphine Oxide (2) with
spiro-TADDOL [(R,R)-9] Using the Suspension Method (Method
III. ): A suspension of 0.052 g (0.28 mmol) of racemic methylphenylpropylphosphine oxide (2) and 0.14 g (0.28 mmol) spiro-TADDOL
[(R,R)-9] was stirred in 2.2 mL of water at 50 °C for 1 week. The
crystals were then separated by filtration to give 0.15 g (88 %) of
(R)-2·(spiro-TADDOL)2 with a de of 87 %. The diastereomeric complex (R)-2·(spiro-TADDOL)2 was purified by stirring the crystals in
2.2 mL of water at 50 °C for 1 week to afford 0.11 g (66 %) of
Eur. J. Org. Chem. 2020, 1840–1852
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(R)-2·(spiro-TADDOL)2 with a de of 98 % (Table 1, Entry 6). The (R)methylphenylpropylphosphine oxide [(R)-2] was recovered from the
diastereomer by flash column chromatography (silica gel, gradient
elution, ethyl acetate to ethyl acetate/isopropyl-alcohol, 80:20) to
give 0.015 g (60 %) of (R)-methylphenylpropylphosphine oxide
[(R)-2] with an ee of 98 %.
Separation of the Phosphine Oxides (1–7) and the Resolving
Agents [(R,R)-9–(R,R,R,R)-11] Organic Solvent Nanofiltration:
The feed solution for the molecular weight cut-off (MWCO) determination comprised a single-solute phosphine oxide (1–7) or resolving agent [(R,R)-9–(R,R,R,R)-11] at 0.1 g L–1 concentration in methanol at 40 bar. The Nadir NP030P membrane with an area (A) of
52.8 cm2 was used with and without treatment with a 1 g L–1
branched PEG having a molecular weight of 2,600 g mol–1 for 24 h.
The membrane were conditioned in methanol at 40 bar for 24 hours
in a cross-flow nanofiltration rig (Supplementary Figure 1.) as described earlier.[21] A recirculation gear pump was set at 1 L min–1 to
ensured homogeneous solute concentration and mitigate concentration polarization in the retentate loop. The mathematical framework for the diafiltration modeling of the concentration profiles and
purities were previously reported.[29] The solute rejections (R) were
determined as the ratio of the permeate (Cp) and retentate (Cr)
concentrations [Equation (1)]:

R [%] = (1 –

Cp
) × 100
Cf

(1)

The reported results are averages of two independently performed
experiments. The permeance (P) was determined as the volume of
permeate divided by the applied pressure (ΔP), membrane area (A)
and time (t) [Equation (2)]:

P [Lm–2h–1 bar–1] =

V
ΔP·A·t

(2)

During the diafiltration 1.27 g of diastereomer complex (R)-2·(spiroTADDOL)2 was loaded onto the membrane in 100 mL of methanol.
The filtration was performed at 40 bar, and fresh solvent was continuously added in order to compensate the permeate volume leaving
the system, keeping the system volume constant at 100 mL. The
filtration was performed up to 10 diavolumes [D, Equation (3)],
which is defined as the ratio of added solvent volume (Vadd) and
system volume (Vsystem):

D=

Vadd
Vsystem

(3)

X-ray Measurements: Summary of crystallographic data, data
collections, structure determination and refinement for [(R)-2]·spiroTADDOL and [(S)-3]·spiro-TADDOL is listed in Supplementary Table S9.
CCDC 1957408 {for [(R)-2]·spiro-TADDOL}, and 1957409 {for [(S)-3]·
spiro-TADDOL} contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.
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