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Abstract: The catalytic asymmetric synthesis of P-chiral
phosphorus compounds is an important way to construct P-
chiral ligands. Herein, we report a new strategy that adopts the
pyridinyl moiety as the coordinating group in the cobalt-
catalysed asymmetric nucleophilic addition/alkylation of sec-
ondary phosphine oxides. A series of tertiary phosphine oxides
were generated with up to 99% yield and 99.5% ee, and with
broad functional-group tolerance. Mechanistic studies reveal
that (R)-secondary phosphine oxides preferentially interact
with the cobalt catalysts to produce P-stereogenic compounds.

Chiral phosphorus compounds play important roles as
ligands[1] or organic catalysts[2] in asymmetric catalysis.
Compared to the synthesis of axial-, planar-, and carbon-
centered chiral phosphorus compounds, the synthesis of P-
stereogenic phosphines has been less investigated. The main
recent strategies for the preparation of P-chiral compounds
involve the use of chiral auxiliary materials or the resolution
of racemates.[3] These classical methods require stoichiomet-
ric chiral agents or generate an equivalent amount of
compound with an opposite configuration.[4] Recently, several
asymmetric catalytic methods were developed based on the
desymmetrization of phosphine oxides via C�H bond activa-
tion,[5] asymmetric addition,[6] ring-closing metatheses,[7] and
[2+2+2] cycloaddition processes.[8] In addition, secondary
phosphines have been used as nucleophiles in asymmetric
conjugate addition,[9] alkylation,[10] and arylation reactions.[11]

However, in this process, the strong coordination ability of the
secondary phosphines may lead to deactivation of the metal
catalyst, thereby reducing the enantioselectivity. Therefore,
the development of alternative methods for the synthesis of
P-chiral compounds is still highly necessary.

Compared with secondary phosphines, secondary phos-
phine oxides (SPOs) are more stable in air and have low
toxicity to metal catalysts. Nonetheless, only a few synthetic
examples have been reported for the preparation of optically
active tertiary phosphine oxides (TPOs) from SPOs. In 2016,

Gaunt and co-workers reported a new strategy in which Cu
combined with chiral pyridine-2,6-bis(oxazolines) ligand
(pybox) was applied for the enantioselective arylation of
SPOs with diaryliodonium salt, affording P-chiral tertiary
phosphorus compounds with up to 98% ee (Scheme 1 a).[12]

The Cai group reported a Pd-catalysed arylation of SPOs with
aryl iodides with moderate to high ee (Scheme 1b).[13]

Recently, Zhang and co-workers also reported Pd-catalysed
asymmetric arylation and alkenylation reactions of SPOs
(Scheme 1c), in which products were obtained in up to 99%
ee.[14] In addition to the above examples, the Qing-Wei Zhang
group developed a Ni-catalysed kinetic resolution of SPOs via
an allylic substitution process, providing a series of P-
stereogenic compounds with high enantioselectivity
(Scheme 1d).[15] However, the SPOs in the abovementioned
examples usually contain one aryl and one alkyl group.
Substrates bearing two similar aryl moieties on the phospho-
rus atom are rarely explored due to the obvious difficulty in
distinguishing two aryl groups of similar size. Hence, we
envisioned that introducing a 2-pyridinyl moiety into the
SPOs could cause the phosphine oxide to coordinate to the
metal catalyst in a bidentate chelating form, which will make
it easier to distinguish two aromatic rings on the SPO and
achieve high stereoselectivity control. It is worth pointing out

Scheme 1. Reported examples of catalytic asymmetric coupling of
secondary phosphine oxides.
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that according to the work of Beller�s group in recent years,
tertiary-substituted phosphorus compounds containing a 2-
pyridinyl group have great potential in catalysis.[16] 2-Pyridinyl
has been introduced into the bisphosphine ligand to achieve
remarkable selectivity in the carbonylation of alkenes and
alkynes.[16] For example, pyridyl-substituted bidentate phos-
phine ligands were used not only to enable the formation of
adipate diesters with 97% selectivity and 100 % atom
economy under industrially viable and scalable conditions
but also for the first time to realize the stereoselective
synthesis of conjugated dienes via the alkoxycarbonylation of
easily available 1,3-diynes.[16h,i] Based on the above proposal,
we reported a cobalt-catalysed pyridinyl-directed enantiose-
lective nucleophilic addition and alkylation reaction, provid-
ing a new pathway for the synthesis of novel pyridyl-
substituted bidentate phosphorus ligands.

Initially, we investigated the addition reaction of 1 a to
ethyl acrylate 2a in the presence of copper salt and nitrogen-
or phosphorus-based chiral ligand (Table 1). The use of
a bidentate or tridentate oxazoline ligand, (S,S)-L1 or (S,S)-
pybox L2, afforded only the racemic product 3aa in 16 % and
62% yields, respectively (entries 1 and 2). In addition to the
screening of oxazoline ligands, chiral bisphosphine ligands,
such as (R)-binap L3, were examined to generate 3aa with
21% ee (entry 3). In further exploration of the reaction, the
copper complex of boxmi[17] ligand 4 designed by the Gade

group was found to be an effective catalyst for the formation
of 3aa with 43% ee, albeit with a low yield (12 %) (entry 4).
Then, changing the metal to cobalt increased the enantiose-
lectivity to 71% (entry 5).[18] Moreover, the different sub-
stituent groups on the ligand framework were further inves-
tigated, and the Ph group was found to be the best one for the
control of enantioselectivity (compared to iPr, tBu, and Bn)
(entries 6–8). In addition, the chiral salen cobalt complex 9
was examined, and the desired product was formed in high
yield but with low ee (entry 9). Next, changing the solvent to
methanol significantly improved the enantioselectivity, gen-
erating 3aa in 89% ee and 92% yield (entry 10). By changing
the base in the reaction to DIPEA, the ee of product 3aa was
further increased to 92 % (entry 11). Moreover, lowering the
reaction temperature from room temperature to 0 8C and
using EtOH as the solvent further increased ee to 96%
(entry 12).

The substrate scope was examined under the optimized
conditions obtained (Table 2). First, different substituents on
the pyridinyl groups of the phosphine oxides were inves-
tigated. Electron-rich or electron-deficient moieties were all
tolerated well, affording products 3aa–3ha in high yields (87–
99%) and excellent enantioselectivities (91–99 % ee). A

Table 1: Optimization of the enantioselective addition of 1a to 2a.[a]

Entry Cat Base Solvent Yield [%][b] ee [%][c]

1 Cu(OTf)2/L1 Et3N THF 16 –
2 Cu(OTf)2/L2 Et3N THF 62 –
3 Cu(MeCN)4BF4/L3 Et3N Toluene 40 21
4 (S,S)-4 Et3N Toluene 12 43
5 (S,S)-5 Et3N Toluene 83 71
6 (S,S)-6 Et3N Toluene 99 5
7 (S,S)-7 Et3N Toluene 99 23
8 (S,S)-8 Et3N Toluene 99 17
9 (R,R)-9 Et3N Toluene 99 13
10[d] (S,S)-5 Et3N MeOH 92 89
11[d] (S,S)-5 iPr2NEt MeOH 70 92
12[e] (S,S)-5 iPr2NEt EtOH 99 96

[a] Reaction conditions unless otherwise noted: 1a (0.25 mmol), 2a
(0.10 mmol), catalyst (0.01 mmol), base (0.15 mmol), solvent (3 mL)
under a N2 atmosphere at room temperature for 48 h. [b] Yield was
determined by 1H NMR using CH2Br2 as the internal standard.
[c] Determined by chiral HPLC. [d] 96 h. [e] Yields of isolated products, at
0 8C for 60 h monitored by TLC.

Table 2: Substrate scope for the addition reaction.[a]

[a] Reaction conditions unless otherwise noted: 1 (0.25 mmol), 2
(0.10 mmol), (S,S)-5 (0.01 mmol), iPr2NEt (0.15 mmol), in EtOH (3 mL)
under a N2 atmosphere at 0 8C. Yields of isolated products and the ee
were determined by chiral HPLC. dr were determined by 31P NMR
analysis of the crude reaction mixture. [b] �20 8C. [c] RT. [d] �30 8C.
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substrate bearing an electron-rich group (Me) at the ortho-
position of the pyridinyl ring needed a longer reaction time
(72 h) than a substrate with no substituent or electron-
withdrawing group (F) due to the steric hindrance effect (1b–
1d). The substrates containing the F group on the pyridyl ring
at the 3- and 6-positions (1c, 1h) exhibited lower enantiose-
lectivity than the others, affording products 3ca and 3ha in
93% and 91% ee. The substrate scope of the SPOs on the
aromatic ring was further investigated, and all moieties, such
as o-OMe, p-Me, m-Me, and p-Cl, were compatible with
excellent yield and enantioselectivity (3 ia–3 la, 96–99 %).
After that, different electrophiles (2) were explored. In
addition to acrylate ester, acrylonitrile 2b and acrylamide 2c
were smoothly converted to the corresponding products (3ab,
3ac) with good yields (84 %, 99%) and ee values (92%, 90%)
under standard conditions. For other electron-deficient
alkenes, such as sulfonate, arylsulfoxide, phosphine oxide,
and phosphinate, the reaction was carried out at a lower
temperature (�20 8C), furnishing the desired products with
high enantioselectivity (86 to 94 % ee). It is worth pointing out
that the absolute configuration of product 3bg was deter-
mined to be R by single-crystal XRD analysis.[19] In addition,
substituted styrene 2h was also found to be reactive,
generating product 3ah with 91% ee at �30 8C. b-Methyl-
substituted acrylate was also examined, and the desired P-
chiral compound 3bi was obtained with excellent diastereo-
and enantioselectivity (> 20:1 dr and > 99.5% ee).

In subsequent attempts, substituted alkyl bromides were
used as reaction partners with SPOs to obtain the corre-
sponding nucleophilic substitution products (Table 3). When
benzyl bromide was involved in the reaction, either template
substrates 1a or the substrate with methyl substituents on the
pyridine rings of phosphine atoms afforded the products 3aj,
3bj, and 3gj with high efficiency (88–99%) and excellent
enantioselectivity (> 95 % ee). For substituents on the benzyl
bromides, both the electron-donating and electron-withdraw-
ing groups were well tolerated, delivering the products (3ak–
3bp) in good yield (71–99%) with high ee (90–99.5%). It is
particularly noteworthy that benzyl bromides containing
coordinating pyridinyl groups are also tolerated to obtain
the product (3aq–3ar) in more than 80% yield with 95% and
93% ee. We next investigated alkyl halides and found that
iodomethane was also a suitable electrophilic reagent, and the
target product 3as could be obtained with excellent yield and
enantioselectivity (92 % ee). Finally, o-dibenzyl bromide was
used as the substrate to synthesize the corresponding
bisphosphine oxides (3at and 3gt) with remarkably high
diastereoselectivity and enantiomeric excess (dr = 20:1,
> 99% ee).

To demonstrate the utility of the obtained product, the
phosphine oxide 3bg was reduced to the trivalent phosphorus
compound, followed by protection with borane. A bisphos-
phine borane complex was obtained in good yield with almost
the same level of ee (Scheme 2a).[20] The success of this
transformation revealed that a series of pyridinyl substituted
P-chiral phosphine compounds can be readily prepared via
the current protocol. In addition, the pyridinyl moiety in the
product can be removed by nucleophilic attack of MeMgBr or
MeLi in the presence of additives, or through a Ni-catalysed

cross-coupling reaction. The corresponding products were
obtained in moderate yields with a partial loss of enantiose-
lectivity (Scheme 2b–d).

Table 3: Substrate scope for the substitution reaction.[a]

[a] Reaction conditions unless otherwise noted: 1 (0.25 mmol), alkyl
bromide (0.10 mmol), (S,S)-5 (0.01 mmol), iPr2NEt (0.25 mmol), in
EtOH (3 mL) under a N2 atmosphere at 0 8C. Yields of the isolated
products and the ee were determined by chiral HPLC. dr were determined
by 31P NMR analysis of the crude reaction mixture. [b] iPr2EtN
(0.35 mmol). [c] Methyl iodide was used. [d] alkyl bromide (0.05 mmol).

Scheme 2. The product transformation.
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To understand the reaction mechanism, diphenylphos-
phine oxide was used as the reactant instead of 1a, and the
corresponding product was not generated at all (Scheme 3a).
The results indicated that the presence of a pyridinyl group is
essential for the progress of the reaction. It was obvious that
this reaction involved a kinetic resolution process, while the

configuration of the product was determined to be R. The
three reactions were conducted to determine the selectivity
factors of the reaction and which configuration of 1a is
preferentially transformed (Scheme 3b–d). The remaining
substrate 1a with the S-configuration[21] was isolated in low
yields due to its partial decomposition under reaction
conditions and during the purification step. The s values[22]

were in the range of 83–371, which indicates (R)-1a reacts
much faster than (S)-1a. Based on the above results,
a proposed catalytic cycle is shown in Scheme 4. First, (R)-
1a preferentially coordinates with cobalt catalyst (S,S)-5 to
generate PV intermediate A. Then, the presence of the base
enables the formation of PIII intermediate B. To avoid the
steric repulsion between the Ph group on the P-atom and the
Ph ring in the oxazolinyl unit, nucleophilic addition to alkenes
preferentially occurs via B (left), followed by a protonolysis
process, releases the product with (R)-configuration and
regenerates the original Co catalyst.

In summary, we have developed a method for the
synthesis of P-chiral phosphine oxides (TPOs) using secon-
dary phosphine oxides (SPOs) as substrates with high
enantioselectivities. The strategy of using pyridine-assisted
coordination effectively distinguishes two aryl groups on the
phosphorus atom, realizing a highly stereoselective trans-
formation and affording a series of pyridinyl group-containing
P-chiral compounds. Further expansion of this method and
application of synthesized chiral phosphorus compounds in
catalysis is underway.
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