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Enantioselective Synthesis of Phosphine Boranes via
Crystallization-Induced Dynamic Resolution of Lithiated
Intermediate by Understanding the Underlying Epimerization
Process
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Abstract: Described herein is the successful crystalliza-
tion-induced dynamic resolution (CIDR) of an α-
lithiated phosphine borane utilizing the easily accessible
and inexpensive ligand (R,R)-TMCDA. Starting from
the essential P-prochiral building block dimethyl phenyl
phosphine borane we were able to obtain phosphine
boranes in yields up to 80% and e.r. up to 98 :2 by
crystallization of the lithiated intermediate prior to the
trapping reaction. NMR-based deuterium labeling ex-
periments indicate that the epimerization in solution is
based on the intermolecular proton transfer between
nonlithiated phosphine borane and the corresponding
lithiated intermediate, rendering the presence of the
remaining starting compound in an optimized solvent
mixture the main factor for successful enantioselective
synthesis. Quantum chemical calculations using different
model systems based on solid state structures confirm
these experimental results. By gaining insights into the
epimerization mechanism, essential principles for CIDR
of lithiated phosphine boranes are elucidated that may
be expanded to other important P-stereogenic com-
pounds and simple chiral amines.

P-stereogenic compounds have seen widespread applica-
tions in various fields but particularly play an essential role
as ligands for asymmetric metal catalysis.[1] Their asymmetric
synthesis itself is thereby crucial and relies in most cases on
various resolution techniques, mostly in combination with
chiral auxiliaries.[1] Two of the most commonly used
protocols for the synthesis of P-stereogenic phosphines
utilize (� )-sparteine [(� )-sp] as chiral ligand (Scheme 1).[2]

Since Evans’s initial approach in 1995 to deprotonate
prochiral dimethyl phenyl phosphine borane (1) with s-BuLi
in the presence of (� )-sp at � 78 °C, this method of kineti-

cally controlled asymmetric lithiation-trapping at low tem-
peratures plays an important role in asymmetric synthesis of
P-stereogenic compounds. Livinghouse et al. described the
dynamic thermodynamic resolution of the secondary
phosphide borane 5 obtained after deprotonation of racemic
tert-butylphenyl phosphine borane 4 with n-BuLi in presence
of (� )-sp at 25 °C.[3] It was found that increased temper-
atures, elongated reaction times, and the formation of a
suspension during the reaction were crucial for successful
enantioenrichment.[4] For these kinds of resolution techni-
ques, one of the formed enantiomers must be preferred
either kinetically, thermodynamically, or by other means
and provide appropriate configurational stability.[5] In the
special case of the preferred crystallization of one intermedi-
ate, one can consider this process as crystallization-induced
dynamic resolution (CIDR).[6,7]
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Scheme 1. Literature known (� )-sparteine [(� )-sp] mediated synthesis
of P-stereogenic phosphines and our approach.

Angewandte
ChemieCommunications
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2024, 63, e202319665
doi.org/10.1002/anie.202319665

Angew. Chem. Int. Ed. 2024, 63, e202319665 (1 of 6) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

http://orcid.org/0009-0006-0118-8326
http://orcid.org/0000-0002-7189-0800
http://orcid.org/0000-0002-4787-2135
https://doi.org/10.1002/anie.202319665
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202319665&domain=pdf&date_stamp=2024-03-18


Even though the above mentioned approaches result in
highly enriched products and good yields, the purification of
stereoisomers can be challenging.[8] Also, for chelating
diastereomeric phosphorus ligands (e.g. MiniPHOS), higher
ee ratios in the preliminary compounds may be necessary, so
that the enhancement of stereoselectivity remains an
important goal, especially in simple, easy to functionalize
pro-P-stereogenic building blocks like 1 and 4.
Moreover, (� )-sp has experienced a very variable global

supply shortage during the last decades and still exhibits
scarce commercial availability and high cost.[9] Therefore,
the use of a more easily accessible and cheaper ligand in
these types of reactions is a clear advantage.
Here we present our results for the successful asymmet-

ric lithiation-trapping of the important P-prochiral building
block dimethyl phosphine borane (1) via the CIDR of its α-
lithiated derivative 7 utilizing the easily accessible and cheap
ligand (R,R)-TMCDA (8) (Scheme 1).[10] Additional quan-
tum chemical studies, deuterium labeling experiments and
X-ray structural analysis give insights into the underlying
epimerization mechanism. These insights prove our method
to be an interesting opportunity for enantioselective syn-
thesis of further phosphine boranes with various chiral
auxiliaries.
To start, the utilization of (R,R)-TMCDA for the

synthesis of P-stereogenic compounds was tested following
Evans’ approach of asymmetric lithiation of 1 by using
different alkyl lithium reagents in presence of 8 and
subsequent trapping with benzophenone (Table 1, entry 1–
3). The results indicate that the degree of asymmetric
induction afforded by 8 is low. Lowering the temperature, as
expected for a kinetically controlled process, enhances the
selectivity slightly (Table 1, entry 4). Density functional
theory (DFT) calculations of the diastereomeric transition
states (TS) for the deprotonation of 1 show no energetic
preference, which reflects the experimental findings (for
details, see the Supporting Information).[11] In conclusion, 8
did not lead to a sufficient kinetical preference in enantiose-
lective deprotonation.
During the X-ray structural studies of several single

crystals of the intermediate α-lithiated phosphine borane, we
observed only the diastereomer (RP)-7 in the solid state

(Scheme 2). Based on this, it seems that 8 does favor the
predominant crystallization of one lithiated diastereomeric
intermediate 7, which paves the way for CIDR techniques.
With these assumption in hand, further stereochemical

studies were carried out. Subsequently, two different trap-
ping experiments by reaction with benzophenone were
conducted after cooling the reaction mixture to � 80 °C: once
before and once after separation of the crystals and the
mother liquor. The first experiment provided (RP)-3 and
(SP)-3 in a high e.r. of 84 :16, already indicating an enrich-
ment by crystallization (Table 2, entry 1). By trapping the
isolated crystals, highly enriched (RP)-3 with e.r.=98 :2 and
60% yield was obtained (Table 2, entry 2). Trapping the
mother liquor resulted in an e.r. of 56 :44 (Table 2, entry 3),
displaying an epimerization process of (SP)-7 in solution
reproducing (RP)-7 that is crystallizing continuously. The
trapping reaction of the isolated crystals was repeated
multiple times to determine the stereoselectivity using
different trapping electrophiles. High enantioselectivity with
e.r. from 96 :4 to 98 :2 and up to 80% yield was achieved
(Table 2, entries 4–5).
While the isolated crystals provided very good enantio-

meric ratios, little to no stereoenrichment could be observed
in the mother liquor (Table 2, entry 3). To verify this
observation, we investigated the deprotonation of 1 at
higher temperatures and in the presence of an excess
respectively deficient amount of 1, experimentally (Table 3)
and theoretically. Quantum chemical calculations showed no
thermodynamic preference for the computed energy differ-
ence of the intermediates (SP)-7 and (RP)-7, so that no
distinct stereoselectivity was predicted for the deprotonation
of 1 at higher temperatures (for details, see the Supporting
Information).

Table 1: Kinetically controlled lithiation-trapping of phosphine borane
1.

entry RLi equiv. RLi T [°C] e.r. (R :S)[a]

1 t-BuLi 1.1 � 80 °C 38 :62
2 s-BuLi 1.1 � 80 °C 33 :67
3 n-BuLi 1.1 � 80 °C 30 :70
4 n-BuLi 1.1 � 100 °C 25 :75

The absolute configuration of 3 was determined by X-ray diffraction
combined with CSP-HPLC (for details, see the Supporting
Information). [a] Determined by CSP-HPLC.

Scheme 2. Crystal structure of (RP)-7 and interconversion of the
lithiated intermediates (SP)-7 and (RP)-7.

Table 2: Trapping experiments after lithiation of phosphine borane 1
and subsequent crystallization of 7 according to Scheme 1 (cr.=
isolated crystals; ml.=separated mother liquor).

entry E experiment product yield [%][a] e.r. (R :S)[c]

1 Ph2CO cr. and ml. 3 95[b] 84 :16
2 Ph2CO cr. 3 60 98 :2
3 Ph2CO ml. 3 16[b] 56 :44
4 n-Bu3SnCl cr. 14 43[b] 2 : 98[d]

5 PhSSPh cr. 15 80 4 :96[d]

[a] Isolated yield. [b] Determined by NMR. [c] Determined by CSP-
HPLC. [d] Configuration inverts due to a Cahn-Ingold-Prelog priority
change.
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As expected from the trapped mother liquor reaction,
we observed little to no stereoselectivity, but lithiated 1 did
show inverted selectivity—although marginal as expected
regarding the DFT calculations—in dependency of excess/
deficient nonlithiated 1 (Table 3, entry 1–4). The epimeriza-
tion process seemed to be dependent on excess non-lithiated
species 1. An analogous behavior for dimethyl phosphine
sulfides was reported by O’Brien et al. and our group.[12]

These lithiated sulfide species have proven to be configura-
tionally unstable and show a selectivity change at temper-
atures above � 20 °C. This only occurred in the presence of
remaining starting material, indicating a non-selective pro-
ton transfer between the latter species and the lithiated
intermediate as one of the plausible reaction steps suggested
for this process.[12] However, in similar initial studies
phosphine boranes like t-butyl-dimethylphosphine borane
turned out to be configurationally stable and thus seemed to
behave differently from the sulfides.[13]

To further review this assumption, we performed
deuterium labeling experiments to probe the nonselective
proton transfer between the lithiated intermediate 7 and
non-lithiated substrate 1. Deuterated dimethyl phenyl
phosphine borane (9) was added to a solution of lithiated
intermediate 7 in diethyl ether and stirred at room temper-
ature for several hours. The course of the reaction was
followed by 31P NMR and mass spectrometry (EI-MS)
analysis. Scheme 3 (top) shows the related reaction scheme
and essential spectra before and after completion of the
reaction. An initially nearly equimolar mixture of 1 and 9
results in a distribution of different partially deuterated
dimethyl phosphine boranes (10a) after the reaction, clearly
indicating a H/D exchange between these species. Subse-
quently, the same procedure was repeated multiple times
while omitting the amine ligand at � 80 °C and using a
deficient amount of 1. An analogous intermolecular H/D
exchange occurs in thf, diethyl ether, toluene (in the
presence of amine ligand), but neither at � 80 °C (10b) nor
without the presence of excess reactant (10c) (Scheme 3,
bottom; for experimental details and further spectra see the
Supporting Information).
To further strengthen these results, DFT calculations of

the intermolecular deprotonation were performed. Suitable
model systems for the calculations were derived from X-ray
structural analysis of several adducts of lithiated dimeth-
ylphenyl phosphine borane (1). We observed three different
types of aggregates: with TMEDA a polymeric species (11),

in diethyl ether (12) or mtbe (13) a dimeric species and with
the sterically demanding 8 the monomeric species (RP)-7 is
formed (Scheme 2, for details, see Supporting Information).
In all molecular structures the lithium center is coordi-

nated by borane hydrides in both an intra- and intermolec-
ular fashion, which is typical for this class of compounds.[14]

Based on this information, it is reasonable to assume the
formation of a precoordination complex of the nonlithiated
phosphine 1 with the lithiated intermediate 7 via the borane
unit bringing the methyl groups into proximity prior to
deprotonation. Based on this, two simplified model systems
were chosen for the DFT calculations: the deprotonation of
nonlithiated phosphine borane via precoordination to a
monomeric (TS1) and a dimeric (TS2) lithiated intermediate
(Figure 1).[11] The lithium center is coordinatively saturated
by TMEDA (shown here) for the monomeric structure
motif as well as by dimethyl ether molecules for both
monomeric and dimeric systems (for further details, see
Supporting Information).The calculations show that TS1 is
7 kJ ·mol� 1 lower in energy than TS2. With calculated
barriers of 84 kJ ·mol� 1 for TS1 and 91 kJ ·mol� 1 for TS2
respectively, the intermolecular deprotonation should only
proceed at elevated temperatures, thus further confirming
the experimental findings described above.
Supported by our studies we conclude that the inter-

conversion of lithiated P-stereogenic dimethyl phosphine
boranes can be attributed to the intermolecular proton
transfer between nonlithiated methyl phosphine boranes
and their lithiated counterparts. This reaction only occurs at
elevated temperatures and in the presence of an excess
amount of the nonlithiated species, rendering the config-
uration of the here used α-lithiated phosphine borane not
stable, in contrast to the initial observations by Evans et al..
The interconversion of the target intermediates (SP)-7 and
(RP)-7 in solution constitutes one basic requirement for a
successful CIDR process, together with the preferred

Table 3: Lithiation-trapping of phosphine borane 1 at elevated temper-
atures.

entry RLi equiv. RLi T [°C] e.r. (R :S)[a]

1 n-BuLi 0.4 0 °C 55 :45
2 n-BuLi 1.6 0 °C 39 :61
3 n-BuLi 0.4 25 °C 55 :45
4 n-BuLi 1.6 25 °C 41 :59

The absolute configuration of product 3 was determined by X-ray
diffraction combined with CSP-HPLC (for details, see the SI).
[a] Determined by CSP-HPLC.

Scheme 3. Deuterium labeling experiments for the intermolecular
proton transfer between lithiated intermediate 7 and nonlithiated
deuterated 9.

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2024, 63, e202319665 (3 of 6) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 19, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202319665 by T

echnische U
niversitaet D

ortm
und, W

iley O
nline L

ibrary on [14/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



crystallization of one diastereomer, brought about by the
ligand (R,R)-TMCDA.
Although the crystallization of (RP)-7 at � 30 °C over-

night is easy to carry out, a synthetic protocol for the CIDR-
process realized at ambient temperature would be an even
more desirable alternative. Since the lithiated intermediate 7
is soluble in diethyl ether at room temperature, we decided
to use n-pentane to reduce its solubility. Thus, after
lithiation of 1 in diethyl ether the solvent was removed and
n-pentane was added. The obtained suspension was stirred
at room temperature overnight and subsequently trapped
with benzophenone.
Initially, the resolution did not occur as expected and

gave (RP)-3 with an e.r. of 65 :35, presumably because the
low solubility of 7 slows down the epimerization process
(Table 4, entry 1). However, the addition of small amounts
of diethyl ether (3–5%) to n-pentane proved to be sufficient
in order to maintain a fast interconversion process under the
same conditions. Subsequent trapping of the suspension
provided (RP)-3 and (SP)-3 in an e.r. of 81 :19 (Table 4,
entry 2). Highly enriched (RP)-3 with e.r.=96 :4 and in 52%

yield was generated by trapping the isolated solid in diethyl
ether (Table 4, entry 3). In this way, the CIDR of inter-
mediate 1 is also viable at room temperature just by
optimizing the solvent mixture to n-pentane/diethyl ether.
By this means, a more convenient method also leads to a
comparably good stereoselectivity.
In conclusion, we reported the successful enantioselec-

tive synthesis of phosphine boranes in satisfactory yields via
CIDR of the α-lithiated phosphine borane intermediates
with the inexpensive ligand (R,R)-TMCDA. Due to the
obtained mechanistic insights into the underlying epimeriza-
tion process in solution, the reaction conditions were
determined: the presence of remaining starting material, the
correct solvent-mixture, and the configurational instability
of the α-lithiated phosphine borane at elevated temperatures
became the relevant reaction conditions for a successful
dynamic resolution process. Usual kinetic deprotonation
conditions for the used dimethyl phenyl phosphine borane
do not need to be applied, as higher enantioselective ratios
can be obtained by our CIDR method. Our studies
demonstrate the importance of focusing on the isolation and
careful study of the reactive intermediate as part of chiral
resolution. Dimethyl phosphine boranes have been thor-
oughly studied in the past with regard to asymmetric
lithiation-trapping, where (� )-sparteine and its surrogates
have been applicated successfully.[4b,15] In contrast, many
other easily-prepared chiral amines were not very
effective.[15d,g,i] However, during the studies with these
ligands little or no attention has been given to the isolation
and/or CIDR of the lithiated intermediates. We believe that
there is still much hidden potential to enhance stereo-
selectivity as demonstrated in the present work with the
example of 8. Our current focus is on the utilization of 8 and
other easily accessible ligands for the CIDR of lithiated
secondary phosphine boranes including 5.
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Figure 1. Calculated transition states for the deprotonation of a methyl
phosphine borane by a monomeric (A) and dimeric (B) lithiated
intermediate [M062X/6-311+ +G(d,p)/PCM(THF)].[10]

Table 4: Trapping experiments after lithiation of phosphine borane 1
and subsequent crystallization of 7.

entry diethyl ether
(%)

E experiment yield
[%]

e.r.
(R :S)[b]

1 – Ph2CO cr. and ml. nd 65 :35
2 5 Ph2CO cr. and ml. nd 81 :19
3[c] 3 Ph2CO cr. 52[a] 96 :4

cr.= isolated crystals; ml.=separated mother liquor. [a] Determined by
NMR. [b] Determined by CSP-HPLC. [c] trapping in diethyl ether.
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