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Nickel/Bronsted acid dual-catalyzed regio- and
enantioselective hydrophosphinylation of 1,3-
dienes: access to chiral allylic phosphine oxidest
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While chiral allylic organophosphorus compounds are widely utilized in asymmetric catalysis and for

accessing bioactive molecules, their synthetic methods are still very limited. We report the development

of asymmetric nickel/Bronsted acid dual-catalyzed hydrophosphinylation of 1,3-dienes with phosphine

oxides. This reaction is characterized by an inexpensive chiral catalyst, broad substrate scope, and high
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regio- and enantioselectivity. This study allows the construction of chiral allylic phosphine oxides in

a highly economic and efficient manner. Preliminary mechanistic investigations suggest that the 1,3-
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Introduction

Chiral organophosphorus compounds are widely utilized as
synthetic building blocks for accessing bioactive molecules
and functional materials.” Indeed, as chiral ligands, they also
play significant roles in transition metal-catalyzed® and orga-
nocatalytic®*® asymmetric transformations (Fig. 1a). Chiral
allylic organophosphorus compounds contain pendant unsa-
turation that might be leveraged for downstream synthesis
applications. For instance, they could undergo hydrogena-
tion, hydrofunctionalization® or difunctionalization® to
deliver a series of structurally diverse chiral phosphines
(Fig. 1b). Despite the versatility of chiral allylic organophos-
phorus compounds, efficient methods for their preparation
are rather limited.” Asymmetric allylic substitution of P-H
with electrophiles containing a good leaving group was an
efficient strategy to deliver chiral allylic organophosphorus
compounds (Fig. 1c, left),””® wherein P-stereogenic organo-
phosphorus compounds are usually obtained.® Recently, the
enantioselective hydrofunctionalization of conjugated 1,3-
dienes, allenes and alkynes with C-,° N-,** or S-nucleophiles™*
has attracted broad attention and has been developed as
a powerful tool to synthesize chiral allylic compounds.*
Asymmetric ~ hydrophosphination  (including  hydro-
phosphonylation and hydrophosphinylation)** of 1,3-dienes
with P-H nucleophiles is undoubtedly a straightforward and
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diene insertion into the chiral Ni—H species is a highly regioselective process and the formation of the
chiral C-P bond is an irreversible step.
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Fig. 1 (a) Representative bioactive molecules and ligands bearing
a chiral phosphine; (b) applications of chiral allylic organophosphorus
compounds; (c) enantioselective synthesis of chiral allylic organo-
phosphorus compounds; (d) nickel/BA-catalyzed asymmetric hydro-
phosphinylation of 1,3-dienes (this work).
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atom-efficient approach to construct chiral allylic
organophosphorus compounds. A seminal study of enantio-
selective coupling of terminal 1,3-dienes and phosphine
oxides affording a series of chiral a-methyl allylic phosphine
oxides by palladium catalysis was demonstrated by Dong and
coworkers in 2018 (Fig. 1c, right)."* When we were preparing
this manuscript, an elegant example of Pd-catalyzed hydro-
phosphinylation of allenes with phosphine oxides producing
chiral allylic phosphine oxides was disclosed by Wang.** Given
their multifunctional utility, the development of new catalytic
systems based on inexpensive metal catalysts for the efficient

Table 1 Optimization of reaction conditions®
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synthesis of chiral allylic organophosphorus compounds not
only greatly benefits synthetic chemists and pharmacologists,
but also represents a significant advance in metal catalysis.
The past few decades have witnessed tremendous advances in
the nickel catalyst.'® Apart from low cost and ready avail-
ability, the nickel catalyst holds a unique reactivity profile."”
As a continuation of our previous studies on nickel-catalyzed
functionalization of alkenes,' particularly the asymmetric
hydroamination of 1,3-dienes and inspired by Dong's work,**
we speculated that the application of a smaller nickel catalyst
would allow the hydrophosphinylation reaction to occur

' Os_-Ph Os,.Ph Osp-Ph ;
PNy, /ﬁ\ NCODRL1 (5mot%) | Een, e on S\F’h Ph):'\/\?\};;g:
Me Ph” [, Ph A1 (5 mol %) ; P2, PR S i =
THF, 100 °C, 24 h ! Me Me Me :
1a 2a A 3aa 4aa 5aa 6aa .
1,2-product 1,4-product 4,3-product 4, 1-product
rr (3aa : 4aa
Entry Deviation from standard conditions Yield (%) + 5aa + 6aa) ee (%)
1 None 9g” >20:1 >99
2 L2 instead of L1 35 >20:1 —47
3 L3 instead of L1 6 ND ND
4 L4 instead of L1 67 >20:1 61
5 L5 instead of L1 24 >20:1 —68
6 L6 instead of L1 16 >20:1 15
7 L7 instead of L1 62 >20:1 93
8 L8 instead of L1 31 >20:1 36
9 A2 instead of A1 Trace ND ND
10 A3 instead of A1 Trace ND ND
11 A4 instead of A1 Trace ND ND
12 A5 instead of A1 Trace ND ND
13 Without A1 NP — —
14 Toluene instead of THF 68 >20:1 >99
15 EtOAc instead of THF 71 >20:1 95
16 DCE instead of THF 6 ND ND
17 DMF instead of THF 9 ND ND
18 1,4-Dioxane instead of THF 59 >20:1 98
19 MTBE instead of THF 38 >20:1 94
20 80 °C 92 >20:1 >99
21 50 °C 33 >20:1 >99
22 25 °C Trace ND ND
Me,
CO P o, O DO
o S, C Xl
OO Fe ROHP 5
@ tBu t-Bu e
L1: (S)-BINAP L2 L3: (R)-SDP L4: (Re,Sp)-DuanPhos L5: (S,S)-Me-DuPhos L6: (R)-DIOP
Ph,, O
Ph Q Me Me P \\/OH CO,H @ECOZH CO,H Q
{j o Ph thp)\)‘"Pth /©/ © ©/ COH COH o cF';HOH
“oh Me’ O
L7: (S,S)-Ph-BPE L8: (S,S)-BDPP A1 A2 A3 A4 A5

¢ Unless otherwise noted, all reactions were carried out with 0.24 mmol 1a (E,Z : E,E = 3.0 : 1), 0.20 mmol 2a, 5.0 mol% Ni(COD),, 5.0 mol% ligand,
and 5.0 mol% acid in 1 mL solvent at 100 °C for 24 h. Yields were determined by gas chromatography analysis, using naphthalene as the internal
standard. The rr (regioisomer ratio) was determined by *'P NMR analysis of the reaction mixture. The ee (enantiomeric excess) values were
determined by HPLC analysis using a chiral stationary phase. ND, not determined. NP, no product. ? Isolated yield.
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under milder conditions and has better stereocontrol, leading
to the development of a highly enantioselective nickel-
catalyzed reaction. Herein we describe our success in the
above speculations, resulting in the development of asym-
metric nickel/Brgnsted acid-catalyzed hydrophosphinylation
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methodology tolerates both 1,4-disubstituted acyclic dienes
and terminal 1,3-dienes, and is characterized by an inexpen-
sive catalyst and high regio- and enantioselectivity. This study
provides an efficient access to a diversity of chiral allylic
organophosphorus compounds from readily available starting

of 1,3-dienes with secondary phosphine oxides (Fig. 1d). This

Table 2 Substrate scope”

materials.

o
RNV, . efe

Ni(COD),/L1 (5 mol %)

R' Iii A1 (5 mol %)
THF, 100 °C, 24 h R
1 2 3
Scope of 1,3-Dienes
o P

O __Ph Os_.Ph O‘E\ dy Os..Ph Os..Ph Oy, -Ph

Spr PZ = Ph P 26 B
= Ph i g « _LPh i < 2
WEI /@/V\Et ©/V\ ©f\/\a J©/V\Et WEI

MeO OM F FaC
OMe © s
3aa 3ba 3ca 3da 3ea 3fa
>20:1rr >20:1rr >20:1rr >20:1rr >20:1rr >20:1rr

98% yield, > 99% ee 75% yield, 97% ee 86% yield, 95% ee 80% yield, 96% ee 86% yield, 95% ee 73% yield, 95% ee
OspPh Os,-Ph

Os__Ph P ph Os,Ph Os,..Ph Os,,.Ph Spe
Ben X » Bpn i Bpn & Bph PN
Wa s la Mo M

\
COOEt OoTBS MeO
3ga 3hat 3ia 3ja 3ka 3la
>20:1rr >20:1rr >20:1 1 >20:1 >20:1 1 >20:1rr

55% yield, > 99% ee

35% yield, 83% ee

59% yield, 94% ee

75% yield, 94% ee

= N N Oy -Ph
E‘\Ph O\E':Ph O\P(Ph PZ
X Me Sk Ph < z Ph - Ph
Q/\/\ mMe Me /@/v\Me
OMe F F3C
OM:
e3ma 3na 3oa 3pa
>20:1 rr >20:1 rr >20:1 rr >20:1rr

88% vyield, 94% ee

98% vyield, 95% ee

81% yield, 94% ee

3ah

>20:1
63% vyield, 94% ee

Cl CF3
Cl
OMe
3ke 3kf° 3kg® 3kk°® 3kh
>20:1 >20:1 >20:1rr >20:1 >20:1rr

83% vyield, 92% ee

Me
3ab

>20:1rr
97% vyield, 94% ee

3ai

>20:1
40% yield, 93% ee

39% yield, 95% ee

3ac

>20:1rr
74% yield, 96% ee

>20:1rr
50% yield, 94% ee

64% yield, 84% ee

Scope of symmetric phosphine oxides

>20:1
78% vyield, 96% ee

54% yield, 94% ee

Scope of unsymmetric phosphine oxides

76% vyield, 94% ee

94% yield, 96% ee

3qa
>20:1 rr
49% yield, 93% ee

83% yield, >99% ee

>20:1 1T
35% yield, 96% ee

e
OMe
3ae

>20:1rr

3ad

>20:1rr

70% vyield, 95% ee

66% vyield, 95% ee

M
3kb

83% vyield, 93% ee

3af®

>20:1rr
27% yield, 94% ee

= OMe
3kc

>20:1rr
62% yield, 95% ee

3ki

>20:1rr
77% yield, 95% ee

CF3
3ag®

>20:1rr
28% yield, 92% ee

OMe
3kd

>20:1rr
91% vyield, 95% ee

=0
3kj?

>20:1rr
45% yield, 93% ee

OMe CF3 OMe
Os__Ph
O\\P o\\P l;)\ Os
< _iPh P P XA"gy P
PRt =" P "Me
3al° 3am® 3an® 3kI°
>20:1rr >20:1rr >20:1 >20:1rr

74% yield, dr = 1.1:1
97% ee; 98% ee

73% yield, dr =1

95% ee; 95% ee

A1
97% ee; 96% ee

53% yield, dr = 1.3:1

55% yield, dr = 1.3:1
95% ee; 92% ee

3km®
>20:1rr
90% vyield, dr = 1.3:1
91% ee; 94% ee

3kn®
>20:1rr
35% yield, dr=1.1:1
96% ee; 94% ee

“ See the ESI for details. Data are presented as mean values from two experiments. Isolated yields are reported. The rr was determined by *'P NMR
analysis of the reaction mixture. The dr (diastereomer ratio) was determined by "H NMR or *'P NMR analysis. ee values were determined by HPLC

analysis using a chiral stationary phase. ” 48 h. © 80 h.
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Results and discussion

We began our studies by carrying out reactions of the E,Z/E,E
mixture of 1,4-disubstituted 1,3-diene 1a** with commercially
available diphenylphosphine oxide 2a (Table 1). After careful
evaluation of all reaction parameters, we found that a combi-
nation of 5 mol% Ni(COD),, 5 mol% (S)-BINAP (L1), and 5 mol%
TsOH-H,O0 (A1) in tetrahydrofuran (THF) at 100 °C provided the
1,2-hydrophosphinylation product 3aa in high yield with
excellent enantioselectivity (98% yield and >99% ee, entry 1).
The use of plane chiral ligand L2, spiro ligand (R)-SDP (L3), P
chiral ligand (Rc,Sp)-DuanPhos (L4), rigid ligand (S,S)-Me-
DuPhos (L5), flexible ligand (R)-DIOP (L6), (S,S)-Ph-BPE (L7),
or (S,5)-BDPP (L8) instead of axially chiral biaryl bisphosphorus
ligands (S)-BINAP (L1) provided the 1,2-hydrophosphinylation
product 3aa with either low yield or poor enantioselectivity
(entries 2-8). Control experiments indicated that the acid
cocatalyst TSOH-H,O (A1) was essential for the success of this
hydrophosphinylation reaction; when switching from
TsOH-H,O (A1) to other Brgnsted acids, the reaction was almost
inert (entries 9-13). In addition, the choice of the solvent had an
obvious effect on the yield, but little effect on the enantiose-
lectivity (entries 14-19). The reaction activity decreased obvi-
ously when the temperature was lowered (entries 20-22).
Specifically, no other regioisomers (4aa, 5aa or 6aa) were
detected in these reactions (entries 1-22).

With the optimal conditions in hand, we shifted our atten-
tion to investigate the generality of this nickel/Brgnsted acid-
catalyzed asymmetric hydrophosphinylation reaction. Utilizing
2a, we initially examined the scope of the internal 1,3-dienes. As
shown in Table 2, we began with a series of 1-methyl-4-
substituted phenyl-1,3-butadiene substrates. Regardless of the
electronic properties or the position of the substituent on the
benzene ring, all the tested aryl-alkyl-substituted 1,3-dienes
could be transformed into the desired chiral allylic phosphine
oxides in high yields with excellent regio- and enantioselectivity
(3aa-3fa). 1,3-Dienes with a furan ring substituent also gave the
corresponding  hydrophosphinylation product (3ga) in
moderate yield with perfect regio- and enantioselectivity (55%
yield, >20 : 1 rr and >99% ee). In particular, symmetric aryl-aryl-
substituted 1,3-diene, which is a challenging substrate in
transition metal-catalyzed hydrofunctionalizations," reacted
smoothly with diphenylphosphine oxides to give the desired

View Article Online
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product 3ha with >20 : 1 rr and 83% ee, although in low yield. In
addition, the substrate bearing an alkyl chain with a terminal
ethyl ester (COOEt) or silyl ether (OTBS) group afforded the
desired products 3ia and 3ja in 59% and 75% yields respec-
tively, both with >20 : 1 rr and 94% ee. We also investigated the
hydrophosphinylation of various terminal 1,3-dienes with
phosphine oxide 2a. We found that a variety of aryl-substituted
dienes could be transformed into chiral allylic phosphine oxide
products 3ka-3ra with moderate to high reactivity (35%-98%
yield) and excellent selectivity (>20 : 1 rr, 93-99% ee). Unfortu-
nately, alkyl-alkyl-substituted 1,3-dienes gave the correspond-
ing hydrophosphinylation products with poor regioselectivity
(see the ESIT for details).

Subsequently, the scope of secondary phosphine oxides was
studied. A set of symmetric secondary phosphine oxides were
examined with both internal and terminal dienes under the
optimal conditions. As shown in Table 2, this hydro-
phosphinylation tolerates both aryl and benzyl phosphine oxides,
thus produced a series of structurally and electronically different
chiral allylic phosphine oxides (3ab-3aj and 3kb-3kk). Overall,
electron-deficient phosphine oxides provided lower yields than
electron-rich ones (3af, 3ag, 3kf, 3kg and 3kk vs. 3ac-3ae and 3ke-
3ke), probably due to their weaker nucleophilicity. Notably, fused
ring motifs, which are the basis of a large class of ligand scaf-
folds,* can also be incorporated in the phosphine oxide partner
to generate 1,2-hydrophosphinylation products (3ah, 3ai, 3kh,
and 3ki). Regrettably, dialkyl phosphine oxides were scarcely
tolerated in the transformation (see the ESIt for details). We also
studied the dynamic kinetic asymmetric transformation of
unsymmetric secondary phosphine oxides under the standard
conditions, which could construct vicinal C-stereogenic and P-
stereogenic synthons simultaneously. The hydro-
phosphinylation of 1,4-disubstituted 1,3-diene 1a with racemic
unsymmetric phosphine oxides (+)-21, (£)-2m, and (+)-2n gave
the expected products in moderate to good yield (53-74% yield)
with excellent regio- and enantioselectivity (>20 : 1 rr, 95-98% ee),
but with no diastereocontrolling (dr = 1.1: 1-1.3 : 1) (3al-3an).
The similar results were obtained in the transformation of
terminal 1,3-diene 1k with unsymmetric phosphine oxides (3kl-
3kn). To further determine whether the reaction undergoes
kinetic resolution or dynamic kinetic resolution,” the hydro-
phosphinylation of model 1,3-diene substrates 1a and 1k with an
excess of unsymmetric secondary phosphine oxide (+)-2n was

S o " Os__Ph o
Phw\g N i '!’\B Standard conditions '?D\Bn i E’\B
I I
Me o PR N Rt HO
1a (+)-2n 3an recovered 2n
0.2 mmol 2.0 equiv 27% yield, dr = 1.4:1 67% vyield, racemic
97% ee; 97% ee
" Os_.Ph
Tl Standard conditions SPL Il
PSS ' pren e T prhen
H P ""Me H
1k (#)-2n 3kn recovered 2n
0.2 mmol 2.0 equiv 28% yield, dr = 1.1:1 64% yield, racemic

Fig. 2 Kinetic resolution/dynamic kinetic resolution investigations.
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Os,Ph
PN, i Ni(COD),/L1 (5 mol %) - - !
Me Ph” 1 Ph A1 (5 mol %) P
1a 2n THF, 100 °C, 48 h saa Ve w
4 mmol 125¢ = J
90% yield, > 99% ee \ J
OspcPh OgpcPh
« o Ph PAIC, H, P
PR MeOH, rt, 20 h Py
3aa Me 3aaa Me

Fig. 3 Scale-up reaction and derivatization of the product.

conducted under the standard reaction conditions respectively.
The desired chiral allylic phosphine oxide products 3an and 3kn

> 99% yield, > 99% ee

recovered 2n was totally racemic in both cases (Fig. 2). Thus,
neither the kinetic resolution nor dynamic kinetic resolution

were obtained with a diastereomeric ratio close to 1 : 1, and the

(a) Deuterium-labeling study

(d) Proposed catalytic cycle for the hydrophosphinylation of 1,3-dienes
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Fig. 4 Mechanistic investigations: (a) deuterium-labeling study; (b) cross-over study; (c) reaction profiles; (d) proposed catalytic cycle for the
hydrophosphinylation of 1,3-dienes; (e) stereochemical model.
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phenomenon exists in this nickel/Brgnsted acid dual-catalyzed
hydrophosphinylation.

Furthermore, to demonstrate the practicability of this
protocol, a scale-up experiment was performed next. The
product 3aa was obtained in the same level of yield and enan-
tioselectivity (90% yield with >99% ee) from a gram-scale
experiment of the model reaction (Fig. 3). The chiral allylic
phosphine oxide product could be further manipulated to
access various useful functionalities. Then derivatization of the
product was conducted. Upon exposure of 3aa to a H, atmo-
sphere with the Pd/C catalyst, the hydrogenation product 3aaa
obtained in quantitative yield without loss of
enantioselectivity.

To obtain further information on this transformation,
mechanistic investigations were conducted. First, we performed
hydrophosphinylation of internal diene 1b with deuterium-
labeled phosphine oxide d-2a under standard reaction condi-
tions, which afforded d-3ba with deuterium only at the C1
position; similar results were obtained when the terminal diene
11 was used (Fig. 4a). These results disclosed that the hydrogen
source is from the secondary phosphine oxide, and no revers-
ible 1,4-addition occurs in this nickel-catalyzed hydro-
phosphinylation, which is inconsistent with the Pd-catalyzed
system.'* To determine if C-P bond formation is a reversible
step in this reaction, we conducted the cross-over experiments
by subjecting a mixture of 3aa and 2b or 3ab and 2a to the
standard conditions. However, possible crossover products 3ab
and 3aa were not observed (Fig. 4b). These experiments suggest
that this nickel/Brensted acid-catalyzed hydrophosphinylation
reaction is not a reversible transformation. Furthermore, the
results of time-course experiments (Fig. 4c) showed that there
was no alteration of enantioselectivity during the reaction. This
result further indicates that the formation of C-P bonds is
irreversible, which is inconsistent with a previous report on the
nickel-catalyzed hydroamination reaction.™

On the basis of our observations and previous reports,*** we
proposed a catalytic cycle for this nickel-catalyzed hydro-
phosphinaylation reaction, as depicted in Fig. 4d. The Ni(0)
precatalyst undergoes ligand substitution with (S)-BINAP to
form chiral monomeric species I, and subsequent oxidative
addition to TsOH-H,O (HX) forms Ni-H species II. Then,
selective insertion of 1,3-diene 1 provides the key 7t-allyl nickel
intermediate IV via species III. Species IV then undergoes
a ligand exchange or nucleophilic attack with secondary phos-
phine oxide 2 to form species V. Finally, species V undergos
reductive elimination to furnish allylic phosphine oxide 3 and
regenerates the Ni-catalyst I. To explore the stereochemical
control of the reactions, we proposed a stereochemical model of
the transition states of the diene insertion step, as shown in
Fig. 4e. Because of Ph/Ph repulsion, model B is favored to afford
the R configuration product.

In this hydrophosphinylation reaction, high
enantioselectivity was observed regardless of the E,Z/E,E ratio of
the starting 1,3-dienes. To explore the origin of the
enantioselectivity, we also calculated the energies of the tran-
sition states of the diene insertion step for the reaction of (E,2)-
1a and (E,E)-1a to afford (R)-3aa and (S)-3aa, respectively (see the

was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ESIT for details). The results suggested that both (E,Z)-1a and
(E,E)-1a underwent an enantiodetermining step to give (R)-3aa
as the predominant product.

Conclusions

In summary, we have developed an asymmetric nickel/Brgnsted
acid-catalyzed hydrophosphinylation reaction of 1,3-dienes
with secondary phosphine oxides, featuring highly regio- and
enantioselective control with an inexpensive chiral catalyst.
This protocol allows the synthesis of a broad range of chiral
allylic phosphine oxides in a step and atom-economical fashion
from easily accessible materials. Good functional group toler-
ance and scalability demonstrate the potential of this method in
synthesis. Preliminary mechanistic studies indicate that C-P
bond formation is an irreversible step. We believe that this
chemistry will greatly benefit the biomedical chemistry and
chiral ligand development.
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