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Pd(II)-Catalyzed enantioselective C–H olefination
toward the synthesis of P-stereogenic
phosphinamides†

Zi-Jia Chen, ‡a Ling-Jie Fan,‡b Pei-Pei Xie,a Pu-Fan Qian, a Xinquan Hu, b

Tao Zhou *ac and Bing-Feng Shi *acd

P-Stereogenic phosphorus compounds are important structural

elements in chiral ligands or organocatalysts. Herein, we report a

Pd(II)-catalyzed enantioselective C–H olefination toward the synth-

esis of P-stereogenic phosphinamides using cheap commercially

available L-pGlu-OH as a chiral ligand. A broad range of P-

stereogenic phosphinamides were gained in good yields with high

enantioselectivities (33 examples, up to 77% yield, 99% ee) via

desymmetrization and kinetic resolution.

Chiral phosphorus compounds play an important role in both
laboratory and industrial synthesis due to their extensive applica-
tions in asymmetric synthesis as chiral ligands or organocatalysts.1

However, most of them have chirality located in their backbones,
such as a chiral axis, planar-chirality, or a stereogenic carbon
center (Scheme 1a). Although better chiral induction may be
gained during the transformation because the stereogenic phos-
phorus atom is coordinated in closer proximity to the catalytic
center,2 the application of P-stereogenic phosphorus compounds
is less described due to the lack of general and efficient methods
for their enantioselective preparation.3 Classical synthetic methods
usually rely on resolution processes or the use of chiral auxiliaries.4

In recent years, more and more approaches including desymme-
trization reactions5 and catalytic asymmetric methods have been
developed.6

In the past decade, transition metal-catalyzed asymmetric
C–H functionalization has been developed rapidly and proved
to be a powerful strategy to access chiral building blocks from
simple starting materials.7 In particular, Pd(II)/mono-N-protected
amino acid (MPAA)-catalyzed enantioselective C–H activation
developed by Yu and coworkers has received extensive attention
for the diverse reactivities of palladacycles and the use of cheap
and commercially available ligands.8 In 2015, Han and coworkers
successfully applied this catalytic system for the synthesis
of P-stereogenic phosphinamides using Boc-Tyr(tBu)-OH as a
chiral ligand (Scheme 1b).9 Phosphinamide bearing a 2,3,5,6-
tetrafluoro-4-cyanophenylamino (ArF) directing group was impor-
tant for this transformation. And it also should be noted that the
arylation products could be used as chiral organocatalysts in the
desymmetric enantioselective reduction of cyclic 1,3-diketones.10

Since then, efficient synthesis of P-stereogenic phosphorus com-
pounds via asymmetric C–H functionalization has been devel-
oped enabled by different catalytic systems.11 However, until

Scheme 1 Asymmetric synthesis of P-stereogenic phosphinamides via
enantioselective C–H activation.
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recently, another Pd(II)/MPAA-catalyzed enantioselective C–H acti-
vation towards the synthesis of chiral phosphorus compounds
was reported by our group using cheap and commercially avail-
able L-pyroglutamic acid (L-pGlu-OH) as a chiral ligand.12 A newly
developed N-ethyl-N-(3-methylpyridin-2-yl)amino directing group
was crucial for the reactivity. Herein, we report the synthesis of
P-stereogenic phosphinamides via Pd(II)-catalyzed enantioselective
C–H olefination (Scheme 1c). A broad range of P-stereogenic
phosphinamides were gained in good yields with high enantio-
selectivities (33 examples, up to 77% yield and 99% ee) via
desymmetrization and kinetic resolution. The P-stereogenic
phosphinamide products could be easily transformed to
P-chiral phosphine oxides.

We initiated our investigation by optimizing the Pd(II)-
catalyzed C–H olefination of phosphoramide 1a with butyl
acrylate 2a. To our delight, the product 3a was obtained in
54% yield with 93% ee in the presence of Pd(OAc)2 (10 mol%),
L-pGlu-OH (20 mol%), Ag2CO3 (0.05 mmol), and benzoquinone
(0.1 mmol) in tBuOH for 12 h under air (Table 1). Next, we
screened the solvents such as PhCl, dioxane and t-AmylOH, and
t-AmylOH gave the desired product in a higher yield and
enantioselectivity. Other silver salts were also investigated,
and no better result was observed (entries 5–7). Increasing
the temperature to 70 1C or decreasing the temperature to
50 1C resulted in a lower yield (entries 8 and 9). Control
experiments showed that L-pGLu-OH and silver salt were crucial
to this reaction (entries 10 and 11). In fact, the phosphinamide
bearing a 2,3,5,6-tetrafluoro-4-cyanophenylamino directing
group (ArF), which was used in Han’s work, could not afford
the olefination product (entry 12).

With the optimal reaction conditions in hand, we then
investigated the scope of this enantioselective transformation
(Table 2). Diaryl-phosphinamides with electron-donating groups

(Me, tBu, Ph and OMe) or electron-withdrawing groups (OCF3, F,
and Cl) on the para-position gave the corresponding olefination
products in moderate to good yields with high enantioselectiv-
ities (3b–3h, 50–77% yield, 88–96% ee). meta-Me diarylphosphi-
namide 1i gave the corresponding product 3i in 62% yield with
96% ee. Diaryl-phosphinamides with steric properties were also
tolerated well, and ortho-Me, 1-naphthyl phosphinamide and
2-naphthyl substituted phosphinamide afforded the respective
olefination products in good yields with good to high enantio-
selectivities (3j–3l, 88–92% ee). The scope of the coupling partner,
olefins, was also evaluated (Table 2b). A broad range of acrylates
bearing Me, tBu, Ph, Bn and hydroxyethyl worked well, giving the
desired olefination products in good yields with high ee values
(3m–3q, 93–95% ee). In addition, acrylates with useful functional
groups, trifluoromethyl and hydroxyl, were still compatible and
gave 3r in 60% yield with 95% ee and 3s in 59% yield with 94%
ee. Other electronically biased olefins, such as acrylaldehyde, a,b-
unsaturated ketone, and acrylamide proceeded well to give the
corresponding products in good results (3t–3v, 54–58% yield, 94–
95% ee). Various styrenes also reacted smoothly using Ag2SO4 as
an oxidant, affording the desired products in moderate yields
with high enantioselectivities (3w–3aa, 48–57% yield, 91–94% ee).
What’s more, chiral phosphinamide bearing core structures of
natural products, including L-menthol, tyrosine and estrone, were
also obtained in good yields with high enantioselectivities (3ab–
3ad, 54–69% yield, 95% ee). The absolute configuration of 3a was
ascribed by X-ray diffraction analysis and extrapolated to the
other products.13

To our delight, kinetic resolution was also compatible under
the same conditions (Table 3). Racemic phosphinamides rac-4
with Me, Et and iPr substituted afforded the olefination products
(R)-5 and unreacted (S)-4 in good to excellent enantioselectivities.

We then conducted gram-scale preparation and derivatiza-
tions to demonstrate the synthetic utility of this protocol. The
olefination of 1a on a 3.0 mmol scale with 2a afforded 3a in
66% yield (920.8 mg) with 90% ee (see the ESI† for details). The
directing group of olefination product 3w could be removed in
TfOH, giving product 6w in 72% yield with 92% ee (Scheme 2).
The reaction of 6w with Grignard reagents afforded the desired
chiral phosphine oxides 7a to 7d in good yields with minimum
enantiomeric loss.

Several experiments were conducted to gain mechanistic
insights. The H/D exchange experiment was carried out firstly.
The recovered 1a was incorporated with no deuterium when 1a
reacted in the absence of 2a. The kinetic isotope effect (KIE)
experiments were then conducted and a KIE value of kH/kD =
2.38 was obtained. These results indicate that the C–H cleavage
step is irreversible and likely the rate-determining step (see the
ESI† for details). We then revealed the chiral induction model
through DFT calculations. The C–H bond activation transition
states of the two phenyl groups (colored by blue and black) of
phosphonamide are located (Fig. S2a, ESI†). In TS2-R, there is a
significant steric repulsion between the methyl group on the
directing group and the phenyl group of phosphamide, so the
favorable conformer for generating the R enantiomer is TS1-R.
In the transition states that generate the S enantiomer, due to

Table 1 Optimization of the reaction conditionsa

Entry Solvent [Ag] T (1C) Yield of 3ab (%) ee of 3ac (%)

1 t-BuOH Ag2CO3 60 54 93
2 PhCl Ag2CO3 60 20 81
3 Dioxane Ag2CO3 60 63 89
4 t-AmylOH Ag2CO3 60 66 95
5 t-AmylOH Ag2SO4 60 32 92
6 t-AmylOH AgOAc 60 41 92
7 t-AmylOH Ag3PO4 60 47 95
8 t-AmylOH Ag2CO3 50 43 94
9 t-AmylOH Ag2CO3 60 57 94
10 t-AmylOH No [Ag] 60 10 53
11d t-AmylOH Ag2CO3 10 4 0
12e t-AmylOH Ag2CO3 70 nr —

a Reaction conditions: 1a (0.1 mmol), 2a (0.2 mmol), Pd(OAc)2
(0.01 mmol), [Ag] (0.05 mmol), L-pGlu-OH (0.02 mmol), BQ (0.1 mmol),
solvent (1.0 mL), air for 12 h. b Isolated yield. c The ee was determined by
chiral HPLC. d Without L-pGlu-OH. e 2,3,5,6-Tetrafluoro-4-cyanophenylamino
(ArF) directing group was used.
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the favorable p–p stacking in TS1-S, its energy is 1.6 kcal mol�1

lower than that of TS2-S. Therefore, the enantioselectivity is deter-
mined by TS1-R and TS1-S. The energy difference of 1.9 kcal mol�1

is consistent with the high ee value in the experiment. We also

calculated the stereoselective outcome for the kinetic resolution
result when one of the phenyl is replaced with methyl. The
energy span that determines the enantioselectivity is reduced to
0.9 kcal mol�1 (TS1-R-(Me) vs. TS1-S-(Me)), which is consistent with
the experimental results (71% ee).

In summary, we have developed the efficient synthesis of
P-stereogenic phosphinamides via Pd(II)-catalyzed enantioselective
olefination. A broad range of P-stereogenic phosphinamides were

Table 2 Scope of Pd(II)-catalyzed C–H olefinationa

a Reaction conditions: 1 (0.1 mmol), 2 (0.2 mmol), Pd(OAc)2 (0.01 mmol), L-pGlu-OH (0.02 mmol), Ag2CO3 (0.05 mmol), BQ (0.1 mmol), t-AmylOH
(1.0 mL) for 12 h at 60 1C in a sealed reaction tube, isolated yield. b Ag2SO4 (0.05 mmol) was used.

Table 3 Kinetic resolutiona

a Reaction conditions: rac-4 (0.2 mmol), 2a (0.4 mmol), Pd(OAc)2

(0.02 mmol), L-pGlu-OH (0.04 mmol), Ag2CO3 (0.1 mmol), BQ (0.2 mmol),
t-AmylOH (1.0 mL) at 60 1C for 12 h under air in a sealed reaction tube,
isolated yield. Selectivity factors: s = ln[(1 � C)(1 � ee4)]/ln[(1 � C)(1 +
ee4)], C = (ee4)/(ee4 + ee5).

Scheme 2 Synthetic applications.
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gained in moderate to good yields with high enantioselectivities via
desymmetrization and kinetic resolution (33 examples, up to 77%
yield, 99% ee). Gram-scale preparation was also compatible with
good yield and high ee value. And the olefination P-stereogenic
phosphinamide products could be transformed to potentially useful
P-chiral phosphine oxides. The practical applications of these new P-
stereogenic phosphinamides are currently being explored.
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A. Panossian and A. Vidal-Ferran, Chem. Rev., 2011, 111, 2119;
(d) P. W. N. M. van Leeuwen, P. C. J. Kamer, C. Claver, O. Pàmies and
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