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P-chirogenic phosphorus compounds by
stereoselective Pd-catalysed arylation of
phosphoramidites
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The phosphorus stereocentre, present in a diversity of compounds ranging from phosphonates to phosphines, plays a crucial
role in various fields, in particular catalysis, materials science, agrochemistry and drug development. The unique structural
and stereochemical features of intrinsically homochiral phosphorus units form the incentive for major current efforts towards
developing stereoselective synthesis methodology of P-chirogenic compounds. Despite advances in metal-catalysed C-P bond
formation, generating homochiral phosphorus stereocentres remains challenging. Here we present an efficient and flexible
method for the synthesis of various classes of P-chirogenic compounds through the functionalization of phosphonamidates
with excellent stereoselectivity. Key to this is an asymmetric C-P cross-coupling reaction between phosphoramidites and aryl
halides with axial-to-central transfer of chirality and the use of 1,1'-bi-2-naphthol as an inexpensive chiral auxiliary. Preliminary
mechanistic studies revealed the formation of an unexplored chiral amino-phosphonium intermediate. This transformation

sets the stage for ready access to P-chirogenic phosphinates, phosphine oxides and phosphines.

ric hydrogenations in the 1960s utilizing chiral monodentate

tertiary phosphines as ligands, P-chirogenic compounds have
emerged as key components in a range of asymmetric transforma-
tions® including enantioselective transition-metal-catalysed hydro-
genations®, cross-couplings™®, atroposelective C-H activation’ and
various organocatalytic reactions'’. Despite an early focus on biden-
tate chiral phosphines, at the start of the new millennium Kagan
initiated the renaissance of monodentate P-chirogenic ligands in
asymmetric catalysis”''~'*. In addition to their prominent use in
enantioselective catalytic transformations, other P-chirogenic com-
pounds including phosphonates and phosphoramidates have also
found widespread applications in materials science', agrochem-
istry'® and drug development'”'* with a major role in the area of
oligonucleotide chemistry”. Phosphorus stereogenic centres can
be found in the structures of prodrugs or pharmaceutically active
compounds, an illustrative example of which is remdesivir, a drug
that has recently gained major interest in light of the COVID-19
pandemic®*?'. For many years, the synthesis of P-chiral compounds
has relied heavily on the resolution of racemates®-**. The introduc-
tion of chiral auxiliaries allowed some of the intrinsic limitations
of chiral resolution to be addressed. Methods based on the use of
P-resolved precursors with one or more leaving groups were devel-
oped initially using menthol”, ephedrine’**' and subsequently ter-
penoid derivatives like camphor or recently trans-(+)-limonene
oxide*>* as chiral auxiliaries. We envisioned that advances in
metal-catalysed C-P cross-coupling reactions in recent years
and their use in the preparation of non-chiral phosphines and
phosphine oxides***’ provides an attractive starting point to
develop general catalytic methodology to access enantioenriched
P-chirogenic compounds. To the best of our knowledge, a general
and flexible method for an asymmetric C-P coupling, starting from
stable phosphorus(III) compounds remains challenging* . So far
only one example, starting form chiral phosphine-boranes* and a

f ince the pioneering work by Knowles"? on catalytic asymmet-

few studies using racemic secondary phosphine oxide (P(V)) have
been reported*’*.

Following the introduction of chiral phosphoramidites by our
group, and building on our longstanding efforts exploring these
new classes of chiral ligands in asymmetric transformations®!,
we devised a general and divergent strategy for the preparation of
P-chirogenic compounds based on the transition-metal-catalysed
C-P cross-coupling involving P-arylation of phosphoramidites
(Fig. 1a). Advantageous is the ready access to chiral phosphora-
midites, the use of the cheap and recyclable 1,1’-bi-2-naphthol
(BINOL) chiral auxiliary, commercial aryl halides and triflates as
coupling partners, common Grignard or organolithium reagents,
high functional-group tolerance and the divergent and flex-
ible nature of the protocol to provide a variety of chiral phospho-
rus compounds. We take into consideration that a Pd-catalysed
P-arylation of BINOL-containing phosphoramidites will be likely
to benefit from excellent stereocontrol, due to the proximity of
the BINOL chiral auxiliary to the P-reaction centre taking advan-
tage of axial-to-central chirality transfer. It is envisioned that C-P
cross-coupling by coordination of the phosphoramidite A to Pd(0)
and subsequent oxidative addition of an aryl halide could gener-
ate key P-stereogenic aryl phosphoramidate B (Fig. 1a). In other
words, we expect the axial chirality from BINOL to be transferred
to central chirality located at phosphorus with high stereocontrol,
avoiding the requirement of a chiral Pd catalyst. Next, sequential
solvolysis to arylphosphonate C and P-arylation/P-alkylation will
remove the amine and BINOL auxiliary and provide chiral phos-
phine oxides allowing a divergent approach to various enantiomers
(Fig. 1a). Mechanistically, following coordination of phosphorami-
dite and oxidative addition of aryl halide to Pd(0), reductive elimi-
nation of aryl Pd(II)-complex II could form an as yet unexplored
phosphonium salt III (ref. **) (P(III) to P(V) transformation), as
a result of new C-P bond formation (Fig. 1b). The newly formed
phosphonium cation III would be electrophilic in nature at the
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Fig. 1] Blueprint for the generation for P-stereogenic centres. a, C-P cross-coupling and axial-to-central chirality transfer towards the synthesis of
P-chirogenic compounds. b, Proposed reaction mechanism: cross-coupling and hydrolysis of phosphonium salt. L, Ligand.

phosphorus centre and could therefore undergo attack by H,O to
afford hydroxyphosphorane intermediate IV. Finally, this interme-
diate is converted into the thermodynamically more stable prod-
uct V via a stereospecific cleavage of one of the P-O bonds from
BINOL. The stereoselective formation of a P-stereogenic centre in
the catalytic P-arylation and the flexibility in the subsequent steps
from arylphosphonate C (Fig. 1a) allows the formation of a variety
of P-chiral compounds governed by the sequence of Grignard or
organolithium additions.

In this Article, we report the realization of this methodology
for the synthesis of a wide range of P-chirogenic phosphinates
and phosphine oxides (common precursors to phosphines) via
a palladium-catalysed stereoselective C-P cross-coupling reac-
tion followed by hydrolysis and subsequent functionalization with
Grignard reagents.

Results

Preliminary studies and optimization. The feasibility of the ste-
reoselective catalytic P-arylation was investigated by the C-P cou-
pling of phosphoramidite (R)-1a with p-iodoanisole in the presence
of Pd,(dibenzylideneacetone (dba)), as the catalyst and Cs,CO,
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as the base (Table 1). To our delight, preliminary studies revealed
quantitative formation of phosphonamidate (R,S;)-2aa, with 85%
isolated yield when the reaction was conducted in the presence of
10mol% Pd,(dba),, 3 equiv. (equivalent) of p-iodoanisole and 2
equiv. of Cs,CO; at 50°C in toluene under a nitrogen atmosphere
(Table 1, entry 1. Note: R and S, indicate configuration of BINOL
and phosphorus centre, respectively). This transformation proceeds
with near complete chemo- and diastereo-selectivity (98:2 diaste-
reomeric ratio, d.r.), showing no evidence of P-N bond cleavage
(see Supplementary characterization of C-P coupling products for
detailed reaction conditions, experimental details and full charac-
terization of (R,S,)-2aa). Importantly, lowering the catalyst load-
ing from 10 to 1 mol% had a negligible effect on the efficiency of
the reaction, as is evident from the excellent yield (92%) obtained,
without compromising stereoselectivity (Table 1, entry 2). No con-
version was observed without base (Table 1, entry 3), while the
use of equimolar amounts of aryl iodide did not affect the yield
of this transformation (Table 1, entry 4). The use of only 1 equiv.
of base led to a decrease in the conversion (41%, Table 1, entry 5),
although quantitative conversion was restored by simply running
the reaction in more concentrated solution (>95%, Table 1, entry 6).
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Table 1| Conditions for the C-P cross-coupling?

PN

= +

o~ \RZ

C OMe
R'=R2=Pr  (R)}-1a
R'=R?=Me (R)-1b

R'=Pr, R? = Me (R)-1c

X mol% Pdy(dba)s
X equiv. Cs,CO3

Toluene, 50 °C
16 h, then hydrolysis

R'=R2=Pr
R'=R?=Me

(R, Sp)-2aa
_ (R,Sp)-2ba
R'= 'Pr, R%=Me (R,Sp)-2ca

Entry Pd,(dba), (mol%) Cs,CO; (equiv.) ArX (equiv.) Concentration (M) Conversion into (R,S;)-2aa (yield d.r.
(%))
1 10 2 3(X=D 0.05 >95 (85) >98:2
2 1 2 3(X=D 0.05 >95(92) >98:2
3 1 0 3(X=D 0.05 0 (only SM) n.d.
4 1 2 1(X=D 0.05 >95 (89) >98:2
5 1 1 1(X=D 0.05 11 >98:2
6 1 1 1(X=1) 0.1 >95 >98:2
7° 1 1 1(X=D 0.1 >95 >98:2
8¢ 1 1 1(X=1D) 0.1 26 >98:2
9¢ 1 1 1(X=1) 0.1 ~10 n.d.
10¢ 1 1 1(X=Br) 0.1 (76) 91:9
e 1 1 1(X=0Tf) 0.1 (78) 90:10
< O O\\PA\NMeQ OO O\\P.\N("Pr)Me
o~ o~

OH

Q

OMe

(R, Sp)-2bald!
55%, >98:2 d.r.
at 70 °C from (R)-1b

Q

OMe

5

(R, Sp)-2cal¥!
78%, 85:15 d.r.
at 70 °C from (R)-1c

2All reactions were performed with (R)-1a (0.12 mmol), Pd,(dba); (10-1mol%), ArX (1-3 equiv.), Cs,CO; (1-2 equiv.) reacted in toluene at 50 °C for 16 h, conversion and d.r. determined by *'P NMR of the
crude reaction mixture. °Reaction performed with 5 equiv. of deoxygenated H,O. “Reaction performed under air. “Reaction performed at room temperature. *Reactions were performed at 100 °C. fIsolated
yield. #Reactions performed with (R)-1b,c (0.3 mmol), Pd,(dba); (Tmol%), Arl (1 equiv.), Cs,CO; (1 equiv.). SM, starting material; n.d., not detected.

Remarkably the addition of 5 equiv. of deoxygenated water had
no effect and gave (R,S;)-2aa in high conversion (>95%, Table 1,
entry 7). By contrast, running the reaction under air led to 26%
conversion to (R,S;)-2aa with substantial amounts of a by-product
(45%), resulting from oxidation of phosphoramidite (R)-1la
(Table 1, entry 8) highlighting the oxygen-sensitive nature of this
transformation. Further optimization of the reaction conditions
and initial scaling up of experiments revealed 70 °C as the preferred
reaction temperature while the use of different bases showed no
significant influence on the reaction outcome (see Supplementary
Table 1 for further details). We next evaluated the use of other
arene electrophilic partners (Table 1, entries 10 and 11). Aryl bro-
mides and triflates, although less reactive, reacted smoothly with
phosphoramidite (R)-1a at 100°C instead of 70°C, forming the
corresponding C-P coupling product (R,S;)-2aa in good yields
(76-78%). The slightly diminished diastereomeric ratios observed
in both cases (91:9 and 90:10) could be attributed to the required
increased reaction temperature, as the reaction of (R)-la with
p-iodoanisole at 100°C provided (R,S;)-2aa in a lower d.r.
(93:7) compared to the reaction conducted at 70 °C (>98:2 d.r.).
Nevertheless, an effect of the counterion on the lower diastereomeric
ratios observed cannot be excluded. Studying the influence of the
steric effect of the amine moiety at the phosphoramidite, an appar-
ent key parameter with respect to chemo- and stereo-selectivity,

12

phosphoramidites (R)-1b and (R)-1c, with distinct sizes of alkyl
groups at the nitrogen (Me and ‘Pr) were used. MonoPhos ((R)-1b)
reacted smoothly at 70 °C with p-iodoanisole, although due to com-
peting P-O/P-N bond cleavage, the by-product that results from
the elimination of the amine fragment was observed together with
55% of the desired product (R,S;)-2ba. By contrast, phosphorami-
dite (R)-1c containing an unsymmetrical amine afforded (R,S;)-2ca
in 78% yield and a slightly diminished d.r. of 85:15, with no signs of
P-N cleavage (see Supplementary Note 1 for an explanation of the
lower d.r. observed for (R)-1c).

Scope of aryl iodide and functional group tolerance. Given the
superior results obtained using (R)-1a, this phosphoramidate was
selected to evaluate the scope of aryl iodides in the transforma-
tion (Fig. 2). However, in a few cases (R)-1b was used because of
its improved performance especially with sterically hindered aryl
iodides. Aryl iodides substituted with a range of electron-donating
and electron-withdrawing groups reacted smoothly to furnish the
corresponding P-chiral phosphonoamidates with, in most cases,
excellent yields and diastereoselectivity. Both phosphoramidites
(R)-1a and (R)-1b reacted with phenyl iodide in a completely stere-
oselective C-P coupling (>98:2 d.r) to afford (R,S;)-2ab and (R,S;)-
2bb, respectively. Aryl iodides with electron-donating groups at
different positions at the aromatic ring (ortho, meta, para) readily
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1 mol% Pdy(dba)s
1 equiv. Cs,CO3

R='Pr (R)-1a

R = Me (R)-1b 1 equiv.

o
o

(R, Sp)-2ab, 81%, >98:2 d.r.1b! (R, Sp)-2ac, 92%, >98:2 d.r.

(R,Sp)-2bb, 55%, >98:2 d.r.

OMe

OMe

o
or

(R, Sp)-2af, 82%, >98:2 d.r. (R,Sp)-2bc, 52%, >98:2 d.r.

o
Ao
Lo

Cl OH

(R, Sp)-2aj, 53%, >98:2 d.r. (R, Sp)-2ak, 60%, >98:2 d.r.

Lo

COMe \\

TMS

(R,Sp)-2an, 54%, 87:13 d.r.lal (R,Sp)-2a0, 35%, 97:3 d.r.

[

\

N=,

(R,Sp)-2as, 57%, 98:2 d.r. (R, Sp)-2at, 84%, 86:14 d.r.

Toluene, 70 °C or 100 °C
16 h, then hydrolysis

o

(R.Sp)-2ad, 83%, 98:2 d.r.

&

(R, Sp)-2ag, 86%, 98:2 d.r.

(R,Sp)-2al, 64%, >98:2 d.r.

or

(R, Sp)-2ap, 65%, >98:2 d.r.l3l

R = Pr (R,Sp)-2aa-t
R = Me (R, Sp)-2ba-e

OMe

(R,Sp)-2ae, 90%, 97:3 d.r.

s,

(R, Sp)-2ah, <5% conversion
(R, Sp)-2bd, 66%, >98:2 d.r.

(R, Sp)-2aa, 90%, >98:2 d.r.

F

(R, Sp)-2ai, 48%, >98:2 d.r.
75%, 94:6 d.r.12]

NH,

(R,Sp)-2am, 71%, 95:5 d.r.

CO,Me

CHO

0]

R

(R,Sp)-2ar, 50%, 95:5 d.r.
76%, 94:6 d.r.l2l

(R,Sp)-2aq, <5% conversion
(R,Sp)-2be, 23%, >98:2 d.r.[2llc]

Fig. 2 | Scope for the synthesis of P-chiral phosphonamidates via a C-P coupling reaction. All reactions were performed with 0.3 mmol of phosphoramidite
(R)-1a or (R)-1b, Pd,(dba); (1mol%), Arl (1 equiv.), Cs,CO; (1 equiv.) in toluene at 70 °C for 16 h. Yields are reported as isolated yield; d.r. values were
determined using 3P NMR of the crude reaction mixture. [a] Reaction at 100 °C. [b] Reaction was also performed on 5g scale (83% vyield). [c] NMR yield.
See Supplementary characterization of C-P coupling products for detailed reaction conditions.

participated in the reaction to give (R,S;)-2ac-2af and (R,S;)-2bc
in 52—92% yield, again with excellent diastereoselectivity (>97:3
d.r.). A notable difference in reactivity was observed between 1- and
2-jodonaphthalene. While phosphoramidite (R)-1a reacted read-
ily with 2-iodonaphthalene to afford (R,S,)-2ag in 86% isolated
yield, no conversion was observed with 1-iodonaphthalene, which
is attributed to increased steric hindrance. The decreased reactiv-
ity observed for more hindered aryl coupling partners can be eas-
ily compensated by switching to phosphoramidite (R)-1b instead
of (R)-1a, as observed in the formation of (R,S;)-2bd. In general,
aryl iodides containing electron-withdrawing groups reacted more

NATURE CATALYSIS | VOL 5 | JANUARY 2022 | 10-19 | www.nature.com/natcatal

slowly under the standard reaction condition (70 °C), but increasing
the reaction temperature to 100 °C significantly enhanced the prod-
uct yield, that is, (R,Sp)-2ai and (R,S,)-2ap. Aryl iodides substituted
with various halogens (-F, -Cl, -Br) were also tolerated, providing
the corresponding products ((R,S;)-2ai-2ak) in 53-75% yield and
high diastereoselectivity (>94:6 d.r.). It is remarkable that in the pres-
ence of both Csp?>-Br and Csp-I, only the aryl iodide participates in
the C-P coupling event, leaving the aryl bromide ((R,S,;)-2ak) intact.
This chemoselectivity provides an additional and versatile means for
subsequent functionalizations of the chiral product. To gain more
insight into the compatibility of various functional groups with the
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5 mol% Pdy(dba)z
1 equiv. KOTf

1 equiv. Phl
_——

Toluene, 70 °C
16 h, hydrolysis
71% conversion

Standard conditions

1 mol% Pdy(dba)s

1 equiv. Cs, CO3

1 equiv. Phl
—_—

Toluene, 70 °C
16 h, hydrolysis

Stabilization by a triflate anion

5 mol% Pdy(dba)s
1 equiv. (Ph),IOTf

Toluene, 100 °C
16 h

[(R,Sp)-2ab-Int]OTY, 70%

[(R, Sp)- 2ab-Int]OTf

(39:61 ratio) 3P NMR 55 ppm

(] .
N\ (N'Pr,
b
<%
0" ¥pp
OH

(R, Sp)-2ab, 85%, >98:2 d.r.

THF/H,0 = 3:1
rt,12h

[(R,Sp)-2ab-Int]OTf
X-ray

"H NMR, 3'P NMR,'°F NMR, 2D NMR, HRMS

Fig. 3 | Investigation of the possible phosphonium intermediate. a, Transformation of phosphoramidite (R)-1a to the phosphonium intermediate
[(R,S;)-2ab-Int]OTf in the presence of KOTf as an additive. b, Isolation and characterization of [(R,S,)-2ab-Int]OTf, followed by transformation to

(R,Sp)-2ab by hydrolysis.

conditions for this stereoselective C-P cross-coupling reaction, aryl
iodides bearing reactive functional groups were examined. Besides,
halides, aniline, phenol, ester (-CO,Et), ketone (-COMe) and alkyne
were tolerated, providing products (R,Sy)-2al-2ar and (R,S;)-2be
with good yields and excellent diastereoselectivity (>98:2-95:5 d.r.)
(only in the case of ketone (R,S,)-2an a slightly diminished d.r. of
87:13 was found). Remarkably, an unprotected aldehyde can take
part in our C-P coupling event providing the product (R,S;)-2be
(full conversion of (R)-1b and 23% yield based on NMR analysis,
>98:2 d.r.). although it was found to be extremely unstable dur-
ing the purification step (see Supplementary characterization of
C-P coupling products for detailed reaction conditions). However,
using a dioxolane-substituted aryl iodide, protected aldehyde
(R,Sp)-2ar was isolated in 76% yield with excellent diastereoselec-
tivity. Finally, heteroaromatic iodides, such as 6-iodoquinoline and
3-iodothiophene, were successfully converted into the correspond-
ing products (R,Sy)-2as and (R,S;)-2at. To evaluate the scalability of
this methodology, the transformation was performed on a multi-
gram scale (5g) and after easy purification (R,S;)-2ab (83%, >98:2
d.r.) was obtained with excellent chemo- and stereo-selectivity. The
d.r. values were determined by NMR analysis and the absolute con-
figurations of all products were based on the known configuration
of the BINOL moiety in the phosphoramidite and X-ray crystallo-
graphic analysis of (R,S,)-2am.

Preliminary mechanistic studies. In order to obtain detailed
insight into the highly selective aryl coupling leading to the for-

mation of P-chirogenic product (R,S;)-2ab, we focused on the key

14

phosphonium intermediate (III, Fig. 1b). Under standard reaction
conditions we were unable to observe any other species except the
hydrolysed products (as shown in Fig. 2) either before or after the
aqueous workup, suggesting that the anticipated phosphonium
intermediate formed in the Pd-catalysed coupling with phenyl
iodide (where I" is the counter anion) is highly susceptible to hydro-
lysis by trace amounts of water. Hence, we performed a reaction in
the presence of potassium triflate (KOTf) as an additive in order to
stabilize the phosphonium salt formed in situ by exchanging the I~
with an OTf~ anion (see Supplementary Note 2 for an explanation of
the stability of the phosphonium triflates). Indeed, full conversion
of the phosphoramidite (R)-1a was observed towards the formation
of a new species at §=>55.4 ppm in *'P NMR (ref. ) suggesting the
formation of [(R,S,)-2ab-Int]OTf (Fig. 3a), alongside substantial
amounts of hydrolysed product (R,S;)-2ab (Fig. 3a). The obser-
vation of the hydrolysed product (R,S;)-2ab indicates that anion
exchange and hydrolysis are competing reactions (similar results
were observed using KPF,, see Supplementary Fig. 3). In parallel
experiments, the independent synthesis of the postulated interme-
diate phosphonium salt [(R,S;)-2ab-Int]OTf was performed using
diphenyliodonium triflate’” instead of phenyl iodide as the electro-
phile in order to stabilize the phosphonium salt without the need
of an anion exchange reaction (Fig. 3b). Full conversion of (R)-1a
was observed with 70% isolated yield to the [(R,S;)-2ab-Int]OTf
and the structure of the phosphonium triflate [(R,S;)-2ab-Int]
OTf was unequivocally established using NMR spectroscopy,
high-resolution mass spectrometry (HRMS) and single crystal
X-ray analysis (see Supplementary Fig. 19 for details). The observed
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Table 2 | Stereospecific nucleophilic substitution of (R,S;)-3 and (R,S;)-4a-c?

MgBr

0
L, o -
0 Ph
X o~ RPh 2 equiv. I OMe
o OMe g——=|Ph=D +
OO Solvent, r.t. MeO OMel
OMe
(R, Sp)-3,4a,4b (Rp)-5a 6a
Entry R Solvent Time Concentration (M) Conversion® 5a:6a® e.r.c (yield (%))
1 Me (4a) THF 3h 0.1 Full 92:8 86:14 (87)
2 H(3) THF 3h 0.1 13% 100:0 81:19
3 TBDMS (4b) THF 3h 0.1 70% 98:2 88:12
4 TBDMS (4b) PhMe 3h 0.1 80% 97:3 88:12
5 TBDMS (4b) Dioxane 3h 01 Full 68:32 91:.9
6 TBDPS (4c) Dioxane 2h 0.1 Full 73:27 96:4
7 TBDPS (4c) Dioxane 2h 0.05 Full 74:26 96:4
8 TBDPS (4c) Dioxane/Et,0 2h 0.05 95% 82:18 96:4 (73)

2All reactions were performed with 0.06 mmol of the corresponding phosphonate. °Conversion was monitored using 'P NMR. “The e.r. value was determined by chiral stationary phase HPLC.

chirality at phosphorus indicates that the Pd-catalysed C-P cou-
pling reaction proceeds with excellent stereocontrol, providing the
homochiral P-chirogenic intermediate which, upon hydrolysis, pro-
vides product (R,S;)-2ab. This finding supports the hypothesis that
the quaternary phosphonium salt [(R,S;)-2ab-Int]X (X=1, OTf)
is the key intermediate during the Pd-catalysed arylation and that
both the aryl coupling and water addition steps (the latter cleaving
exclusively one of the two phenolate P-O bonds) occur with excel-
lent stereocontrol at the phosphorus centre. This study provides the
asymmetric synthesis of a chiral phosphonium salt starting from an
achiral phosphorus compound.

Application. With a robust method for the stereoselective syn-
thesis of P-chiral phosphonamidates in hand, the formation of
P-chiral phosphonates and phosphine oxides was investigated
(Fig. 4). Facing the challenge of sequential replacement of amine
and naphthol moieties in (R,S;)-2ab using aryl and alkyl organome-
tallic reagents retaining full stereocontrol at the P-chirogenic cen-
tre, initially organolithium substitution reactions were examined.
Surprisingly, the use of an organolithium reagent ("BuLi or PhLi) at
—78 °C with (R,S;)-2ab led to the stereoselective formation of phos-
phinic amide (R,S;)-2ab-1 in almost quantitative yield as a result
of an anjonic phospho-Fries rearrangement™ (see Supplementary
Fig. 4 for details). Phosphinic amide (R,S;)-2ab-1 (Supplementary
Fig. 4) featuring axial chirality and a P-stereogenic centre offers
an attractive scaffold for PO-donor ligands, particularly useful in
asymmetric organocatalysis™. In order to facilitate P-C bond for-
mation, the amine moieties in (R,S;)-2ab and (R,S;)-2bb were che-
moselectively exchanged for a methoxy group by an acid-catalysed
methanolysis reaction, affording phosphonate (R,S;)-3 in 80 and
98% yield, respectively (Fig. 4a). This reaction proceeded with
complete inversion of configuration at the phosphorus stereocen-
tre, as confirmed by X-ray crystallographic analysis of (R,S;)-3 (see
Supplementary Fig. 21 for details). Homochiral phosphonate (R,S;)-
3 provides an excellent starting point for the preparation of a variety
of P-chiral compounds (Fig. 1a). However, some practical chal-
lenges need to be taken into consideration. First, the chiral auxiliary
BINOL needs to be replaced without compromising the chirality
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at phosphorus. Second, deprotonation of the phenolic hydroxyl
group with an organometallic reagent might result in the forma-
tion of a pentavalent hydroxyphosphorane intermediate, leading to
a decrease in reactivity towards substitution at the phosphorus cen-
tre. Third, sequential substitution at phosphonates has been found
to be challenging due to the preferred formation of double addi-
tion products in most cases™. In order to avoid the formation of a
hydroxyphosphorane intermediate, the hydroxyl group in (R,S;)-3
was equipped with various protecting groups to form (R,S;)-4a—c
maintaining the stereochemical integrity (Fig. 4b, as confirmed
by X-ray analysis of (R,S;)-4¢, see also Supplementary Fig. 22 for
crystal data). Initial treatment of a solution of methyl-protected
compound (R,S;)-4a in THF at room temperature (r.t.) in the pres-
ence of 2 equiv. of p-methoxyphenylmagnesium bromide resulted
in substitution of the BINOL unit providing mono-addition prod-
uct diarylphosphonate (R,)-5a with full conversion (isolated yield
87%), excellent chemoselectivity and 86:14 enantiomeric ratio (e.r.,
Table 2, entry 1). The diminished stereospecificity is most likely
to be due to a partial epimerization at the P-stereogenic centre,
induced by the metalated BINOL leaving group entering a nucleo-
philic substitution with unreacted starting phosphonate (R,S,)-4a
(ref. °). To further confirm this hypothesis, we compared the reac-
tions with p-anisylmagnesium bromide in THF of unprotected
phosphonate (R,S;)-3 and bulky silicon-protected phosphonate
(R,Sp)-4b. Unprotected phosphonate (R,S;)-3 reacted slowly show-
ing only 13% conversion towards (R;)-5a with a decrease in enan-
tiomeric ratio (81:19 e.r., Table 2, entry 2). On the contrary, the
same reaction with phosphonates (R,S;)-4b and (R,S;)-4c, featur-
ing a tert-butyldimethylsilyl (TBDMS) or tert-butyldiphenylsilyl
(TBDPS) protecting group, resulted in higher enantioselectivity
(88:12-96:4 e.r., respectively, Table 2, entries 3-8). The increased
steric hindrance of the leaving group due to the silicon protecting
group (TBDMS or TBDPS) compared to the [1,1’-binaphthalene]-
2,2'-bis(olate), leads to the suppression of the epimerization at the
phosphorus stereocentre. Exploring different solvents and pro-
tecting groups revealed that double addition could be largely sup-
pressed and high stereocontrol was achieved using a solvent mixture
of 1,4-dioxane/diethyl ether (2:1); the mono-addition product
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O’P\ ‘R Methanolic H,SO, (0.25 M) o,p\ Ph
soml soA
(R,Sp)-3
(R, Sp)-2ab, >98:2d.r. R ='Pr, 80%, >98:2d.r, 48 h

(R,Sp)-2bb, >98:2d.r.

SO
W \Ph
O’P\ Conditions

R = Me, 98%, >98:2d.r,, 1 h

(R.Sp)-3,>98:2d.r. R =Me (R,Sp)-4a, 98%, >98:2 d.r.1?
R =TBDMS (R,S;)-4b, 93%, >98:2 d.r.”)

R=TBDPS (R,Sp)-4c, 84%, 98:2d.r.%

X-ray of (R,Sp)-3

X-ray of (R,Sp)-4¢

Fig. 4 | Synthetic application of phosphonamidate (R,S;)-2ab.

a, Installation of methoxy leaving group. b, Protection of phenolic hydroxyl
group with various protecting groups. [a] (R,S,)-3 (1 equiv.), Mel (4 equiv.)
and K,CO; (4 equiv.) stirred overnight at rt. [b] (R,S;)-3 (1 equiv.), Et;N

(2 equiv.), tert-butyldimethylsilyl chloride (TBDMSCI) (2 equiv.) stirred
overnight at rt. [c] (R,Sp)-3 (1 equiv.), 4-dimethylaminopyridine (DMAP)

(2 equiv.), tert-butylchlorodiphenyl silane (TBDPSCI) (2 equiv.), 35 °C for 6 h.

phosphinate (R;)-5a was favoured while retaining excellent enan-
tioselectivity (96:4 e.r., Table 2, entry 8). The addition proceeded
as expected with inversion of configuration at the phosphorus
centre, as confirmed by the single crystal X-ray analysis of (R;)-5a
(Fig. 5a, see also Supplementary Fig. 23 for more details). Moreover,
BINOL could be recovered from the reaction mixture in high
yield with total retention of its enantiopurity (see Supplementary
additional experiments for details). Having established the opti-
mized reaction conditions for the preparation of phosphinates
from the phosphonamidates obtained through our Pd-catalysed
asymmetric arylation methodology, a series of Grignard reagents
was used for the synthesis of various P-chiral phosphinates
(Fig. 5a). Both p-tolyl- and p-dimethylaniline-magnesium bro-
mides reacted readily to afford (R;)-5b and (R;)-5¢, respectively,
in good yields, with excellent enantiomeric purities (95:5 and
96:4 e.r.). Additionally, treatment of (R,S;)-4c with the hindered
2-methoxyphenylmagnesium bromide successfully delivered the
corresponding phosphinate with only slightly lower enantiopurity
(92:8 e.r.). 2,4-Dimethoxyphenylmagnesium bromide reacted much
faster compared to mono-substituted aryl Grignard reagents (20 min
for (Rp)-5e versus 2h for (R,)-5a), providing (R,)-5e with excellent
yield and stereoselectivity. It should be noted that the first displace-
ment reaction with organolithium reagents (MeLi, PhLi) instead
of organomagnesium reagents resulted mainly in the formation of
double displacement products (see Supplementary Limitations of
the reported method). To obtain the final target homochiral phos-
phine oxides by stereospecific substitution of the methoxy group in
(Rp)-5a, a second displacement reaction, using both Grignard and
organolithium reagents, was performed (Fig. 5b).
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Fig. 5 | Stereospecific nucleophilic substitutions of P-chiral compounds.
a, Preparation of enantioenriched phosphinates. b, Preparation of
enantioenriched phosphine oxides. The e.r. value was determined

by chiral stationary phase HPLC. See Supplementary preparation of
phosphinates and Supplementary preparation of phosphine oxides for
detailed reaction conditions.

The formation of P-stereogenic tertiary phosphine oxides (TPOs)
was straightforward upon treatment of (R,)-5a with Grignard
reagents in 1,4-dioxane. It is interesting to note that, on applying
p-tolyl, p-dimethylaniline and o-methoxyphenyl Grignard reagents,
highly selective formation of the corresponding triarylphosphine
oxides (S;)-7aa, (S;)-7ab and (R;)-7ac featuring three distinct aryl
moieties is seen. The sequence of introduction of the different aryl
moieties is entirely dependent on the nature of the aryl iodide and
aryl Grignard reagents used in the sequential steps from 1a to 7a
(Figs. 2-5). Alkyl-substituted phosphine oxides (R;)-7ad and (R;)-
7ae were also obtained with excellent yields and enantioselec-
tivities (85—98%, 95:5-96:4 e.r.) when alkylmagnesium bromide
reagents were used. Gratifyingly, in the final C-P bond formation,
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Fig. 6 | Enantiodivergent synthesis of P-stereogenic phosphine oxides. a, Sequence-specific formation of both enantiomers of 7ab. b, Phosphine oxide

reduction using sodium borohydride. DME, dimethoxyethane.

organolithium can successfully be applied, giving thiophene- and
t-butyl-substituted phosphine oxides (R;)-7af and (R;)-7ag in good
yields and excellent enantioselectivity (75%, 96:4 e.r. and 82%, 94:6
e.r., respectively). It should be noted that, in the case of sterically
demanding #-Buli, a slightly diminished enantioselectivity was
observed (92:8 e.r.), which is attributed to epimerization of phos-
phinate by lithium methoxide generated as a by-product of the
substitution reaction. However, using a reverse addition protocol,
phosphine oxide (R;)-7ag was obtained with 94:6 e.r, opening
a route to challenging homochiral bulky phosphines, which are
highly privileged ligands in catalysis®®. Although reduction pro-
tocols for phosphine oxides to phosphines are well established, we
have shown that phosphine oxide (R;)-7ae was readily reduced to
the corresponding phosphine isolated as the borane complex (R,)-
8a-BH,, without compromising its stereochemical integrity (72%,
94:6 e.r., Fig. 6b), using Meerwein’s salt and NaBH, (ref. **). Finally,
we also demonstrated that, by simply switching the order of addi-
tion of the Grignard nucleophiles, this method could be used for
the stereodivergent preparation of both enantiomers of P-chiral
phosphine oxides starting from the same phosphonate enantiomer
(Fig. 6a). For instance, each enantiomer of chiral phosphine oxide
7ab is generated from (R,S;)-4c with excellent enantioselectivities
(4:96 e.r. and 95:5 e.r.) by altering the addition sequence, illustrating
the versatility and in particular flexibility to readily access various
homochiral P-stereogenic phosphorus compounds.

Conclusions

Homochiral stereogenic phosphorus compounds are obtained
through a Pd-catalysed asymmetric C-P coupling reaction of aryl
halides and phosphoramidites, by virtue of axial-to-central trans-
fer of chirality involving the stereoselective formation of a unique
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phosphonium salt. The protocol uses readily available reagents
and simple conditions and provides a flexible platform for the con-
struction of a broad array of chiral P compounds. Cheap BINOL
derivatives, used to achieve excellent stereocontrol, can be readily
recovered with high enantiopurity. The isolation of a key interme-
diate revealed axial-to-central transfer of chirality involving the
stereoselective formation of a unique phosphonium salt. The ste-
reodivergent nature of the methodology was demonstrated by the
preparation of both enantiomers of a phosphine oxide from a single
phosphonate enantiomer by simply altering the addition sequence
of organomagnesium reagents. We also solved some of the exist-
ing problems associated with the P-chiral compounds during a
sequential substitution event with organolithium and organomag-
nesium reagents, such as complete double substitution of phosphi-
nates and decrease of stereoselectivity during the substitution at P
stereocentres. The methodology presented here to access various
P-chirogenic compounds, in particular phosphines and phospho-
nates, could accelerate future developments in the fields of asym-
metric catalysis and drug development.

Methods

General procedure for C-P coupling. A flame-dried Schlenk tube was charged
with phosphoramidite (R)-1a (0.13 g, 0.30 mmol, 1.0 equiv.) or (R)-1b (0.11g,

0.30 mmol, 1.0 equiv.), Pd,(dba), (3.1 mg, 3.0 umol, 1.0 mol%), Cs,CO, (98 mg,

0.30 mmol, 1.0 equiv.) and the corresponding aryl iodide (0.30 mmol, 1.0 equiv.).
After three vacuum-nitrogen cycles, anhydrous toluene (3.0 ml) was added and the
reaction mixture was heated to 70 or 100 °C for the appropriate time. Subsequently,
the reaction mixture was cooled to room temperature and water (3.0 ml) was
added. After stirring for 10 min, ethyl acetate (3.0 ml) was added. The aqueous
phase was extracted with ethyl acetate (3 X 1.5ml). The combined organic phases
were dried over MgSO, and all volatiles were removed under reduced pressure. The
crude product was purified using medium presure liquid chromatography (MPLC)
with n-pentane/ethyl acetate as eluent.
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General procedure for the preparation of phosphinates 5a-e. A flame-dried
Schlenk tube was charged with phosphonate (R,S;)-4¢ (100 mg, 0.147 mmol, 1.0
equiv.). After three vacuum-nitrogen cycles, a mixture of 1,4-dioxane/diethyl
ether (2:1, 2.9ml) was added. Subsequently, the appropriate Grignard solution
(0.30mmol, 2.0 equiv., 0.5 M) was added dropwise and the reaction mixture

was stirred for the appropriate time at room temperature. After full conversion
was observed by thin-layer chromatography (TLC), saturated aqueous NH,Cl
solution (2 ml) was added and the aqueous phase was extracted with ethyl acetate
(3% 1.5ml). The combined organic phases were dried over MgSO, and all volatiles
were removed under reduced pressure. The crude product was purified using
MPLC with dichloromethane/ethyl acetate as eluent.

General procedure for the preparation of phosphine oxides using Grignard
reagents 7aa-ae. A flame-dried Schlenk tube was charged with the phosphinate
(Rp)-5a (20mg, 76 umol, 1.0 equiv.). After three vacuum-nitrogen cycles, 1,4-dioxane
(0.8 ml) was added. Subsequently, the appropriate Grignard solution (0.30 mmol, 4.0
equiv.) was added dropwise and the reaction mixture was stirred for the appropriate
time at room temperature. After full conversion was observed by TLC, saturated
aqueous NH,Cl solution (2ml) was added and the aqueous phase was extracted with
ethyl acetate (3 1.5ml). The combined organic phases were dried over MgSO, and
all volatiles were removed under reduced pressure. The crude product was purified
using MPLC with dichloromethane/ethyl acetate (80%) as eluent.

General procedure for the preparation of phosphine oxides using
organolithium reagents 7af and 7ag. A flame-dried Schlenk tube was charged
with phosphinate (R;)-5a (20 mg, 76 umol, 1.0 equiv.). After three vacuum-
nitrogen cycles, THF (0.8 ml) was added. Subsequently, the appropriate
organolithium reagent (0.30 mmol, 4.0 equiv.) was added dropwise at =78 °C and
the reaction mixture was stirred for the appropriate time. After full conversion
was observed by TLC, saturated aqueous NH,Cl solution (2 ml) was added and the
aqueous phase was extracted with ethyl acetate (3 x 1.5ml). The combined organic
phases were dried over MgSO, and all volatiles were removed under reduced
pressure. The crude product was purified using MPLC with dichloromethane/ethyl
acetate (80%) as eluent or preparative TLC using the same eluent.

Data availability

Additional data can be found in the Supplementary Information. All data needed
to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Information. Additional data related to this paper may be requested
from the authors upon reasonable request. Crystallographic data for the structures
reported in this Article have been deposited at the Cambridge Crystallographic
Data Centre, under deposition numbers CCDC 2086071 ((R,S;)-2am), CCDC
2086073 ((R,Sp)-3), CCDC 2086072 ((R,S,)-4c), CCDC 2086068 ((R,)-5a), CCDC
2086069 ((Sp)-7ab), CCDC 2086070 ([(R,S;)-2ab-Int]OTf). Copies of the data can
be obtained free of charge via https://www.ccdc.cam.ac.uk/structures/.
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