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Chiral bisphosphine ligands are of key importance in transition-metal-catalyzed asymmetric synthesis of

optically active products. However, the transition metals typically used are scarce and expensive noble

metals, while the synthetic routes to access chiral phosphine ligands are cumbersome and lengthy. To

make homogeneous catalysis more sustainable, progress must be made on both fronts. Herein, we

present the first catalytic asymmetric hydrophosphination of a,B-unsaturated phosphine oxides in the
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presence of a chiral complex of earth-abundant manganese(). This catalytic system offers a short two-

step, one-pot synthetic sequence to easily accessible and structurally tunable chiral 1,2-bisphosphines in

DOI: 10.1039/d1sc06694c

high yields and enantiomeric excess. The resulting bidentate phosphine ligands were successfully used in

rsc.li/chemical-science asymmetric catalysis as part of earth-abundant metal based organometallic catalysts.

The vast majority of important catalytic transformations make
use of very effective catalysts based on scarce, expensive and
toxic noble transition metals and phosphine containing ligands
that, especially when chiral, are often as expensive as the noble
metals themselves due to their cumbersome synthetic accessi-
bility.* The past decade has witnessed significant progress
towards the development of competitive catalysts that contain
earth-abundant transition metals instead. These catalysts,
however, still frequently rely on the use of chiral phosphine
ligands. Bisphosphine ligands (Scheme 1A) for instance Pyr-
phos,?* Chiraphos,? as well as Josiphos* are among the most
successful chiral ligands used in homogeneous catalysis. In
recent years, bis(phosphine) monoxide compounds such as
Bozphos,* and Binap(0)* have been shown to be powerful
ligands in asymmetric catalysis as well. Unfortunately, the
synthesis of these frequently and successfully used chiral
phosphine-based ligands often requires stoichiometric
amounts of chiral auxiliaries, enantiopure substrates, or sepa-
ration by resolution to obtain them enantiomerically pure.**¥
Catalytic asymmetric hydrophosphination is one of the most
straightforward approaches for generating optically active P-
chiral or C-chiral phosphines, from which chiral ligands can
be derived.® The potential of hydrophosphination reactions to
access enantioenriched chiral phosphines catalytically was
demonstrated for the first time by Glueck and coworkers in 2001
using a catalytic system based on Pt and the chiral bisphos-
phine ligand Me-DuPhos.* Following the publication of this
initial work, precious noble metal complexes such as chiral Pd

Stratingh Institute for Chemistry, University of Groningen Institution, Nijenborgh 4,
9747 AG, Groningen, The Netherlands. E-mail: s.harutyunyan@rug.nl

t Electronic ~ supplementary information (ESI) available. See DOIL
10.1039/d1sc06694c

© 2022 The Author(s). Published by the Royal Society of Chemistry

or Pt catalysts have been widely used in the field of asymmetric
hydrophosphination (Scheme 1B).? Only few examples utilizing
earth-abundant metals such as Ni,® Cu” and very recently Mn®
have been reported to date for catalytic asymmetric hydro-
phosphination. Apart from metal based catalytic systems,
examples of asymmetric organocatalytic hydrophosphination
reactions were also presented in the literature.” So far, all
successful methods that rely on the addition of phosphines to
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Scheme 1 (A) Examples of phosphine ligands commonly used in
homogeneous catalysis. (B) Catalytic asymmetric hydrophosphination
of various Michael acceptors. (C) This work: Mn ()-catalyzed access to
chiral 1,2-bisphosphines.
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a,B-unsaturated conjugated systems provide chiral mono-
phosphines.® Interestingly, the only reported example of cata-
lytic hydrophosphination that allows access to chiral 1,2-
bisphosphine ligands utilizes a Michael acceptor with a P-
containing electron-withdrawing group.”

While o,B-unsaturated phosphine oxides are bench stable
and readily available Michael acceptors, their application is less
common when compared to conventional carbonyl based
Michael acceptors, which is in part due to their lower reac-
tivity.’ Yin and co-workers found an elegant solution to this
problem by transforming o,B-unsaturated phosphine oxides
into phosphine sulphides. This allows a ‘soft-soft’ interaction
to be established between the Cu(r) atom of the chiral Cu(i)-
catalyst and the S atom of the phosphine sulphide, enabling
catalytic hydrophosphination towards the synthesis of chiral
bisphosphines.”” While successful in applying this strategy for
catalytic synthesis of variety of chiral bisphosphines, neverthe-
less it requires 6-steps synthetic sequence starting from a,f-
unsaturated phosphine oxides (Scheme 1C).””

Herein, we present a highly efficient, short and scalable
catalytic protocol for the synthesis of chiral 1,2-bisphosphines
from readily available, bench stable a,B-unsaturated phosphine
oxides employing Mn(i)-catalyzed hydrophosphination as its
core transformation (Scheme 1D).

The last five years witnessed remarkable success of Mn(i)-
complexes as catalysts for reductive transformations of carbonyl
compounds including asymmetric variants."'"* Next to these
reports, we have recently demonstrated that such complexes are
capable of catalytic H-P bond activation of diarylphosphines.®
Based on these findings we hypothesised that Mn(1)-complexes
should be able to bring the phosphine oxide and the phosphine
reagents into closer proximity thus allowing the hydro-
phosphination reaction to take place directly with o,B-unsatu-
rated phosphine oxides. This approach would avoid the
additional synthetic steps and purifications procedures neces-
sitated by the installation and removal of the sulphur atom that
are intrinsic to the method utilising phosphine sulphides.

At the outset of this work, bench-stable a-substituted a,f3-
unsaturated phosphine oxide 1a was chosen as the model
substrate in the reaction with HPPh, (Table 1). Chiral Mn(1)-
complex, Mn(1)-L, developed by Clark and co-workers***¢ for
hydrogenation and transfer hydrogenation of carbonyl
compounds, was selected as the chiral catalyst. After extensive
optimization, the reaction with 5 mol% ¢PentOK, 2.5 mol%
Mn(1)-L, 1.05 equiv. of HPPh, in toluene at room temperature
for 16 hours was found to be optimal. Under these conditions,
the product 3aa was obtained with 96% isolated yield and over
99% ee (entry 1).

In the absence of both the base and the catalyst, as well as in
the presence of only Mn(i)-L, no reaction occurs at room
temperature (entries 2 and 3). In the presence of only the base
(5 mol% of #PentOK), however, 99% conversion towards the
phosphine product 3aa was observed (entry 4).**

The screening of various solvents (entries 5-8) revealed
excellent yields and enantiomeric ratios when using any of the
following solvents: toluene, THF, and 1,4-dioxane. Given that
the stereocenter in this reaction is generated upon formal
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Table 1 Optimization of the reaction conditions®

HPPh; (2a) ' H - ;
. Ph,P ; LN
o Mn(l)-L (2.5 mol%) ' N, N co |
= t-PentOK (5 mol%) o | W0
A = e —— P ' Mn '
Ph Toluene, rt, 16h p Ph Y P + o !
Fe Ph, o
1a 3aa = Br

Entry Deviation standard conditions Conv.” (%) Ee® (%)
1 None >99 (96)¢ >99
2 Without Mn(1)-L and #-PentOK 0 —
3 Without ¢-PentOK 0 —
4 Without Mn(1)-L 99 —
5 THF instead of toluene 99 96
6 1,4-Dioxane instead of toluene 98 97
7 i-PrOH instead of toluene 75 95
8 MeOH instead of toluene 90 52
9 t-BuOK instead of t-PentOK 99 97
10 Barton's base instead of -PentOK 98 98
11 t-PentOK (2.5 mmol%) 56 99
12 t-PentOK (7.5 mmol%) 99 95

“ General conditions: 1a (0.1 mol), Mn(1) (2.5 mol%), &-PentOK (5 mol%),
2a (0.105 mol) in toluene (1.0 ml) at rt for 16 h. * Determined by "H NMR
of reaction crude. ¢ Determined by HPLC on a chiral stationary phase.
“ Isolated yield.

stereospecific protonation, it was surprising that only a slight
decrease in enantiomeric purity of the final product was
observed in protic solvents, such as i-PrOH. On the other hand,
running the reaction in MeOH led to a significant decrease in
both substrate conversion and product ee.

As for the nature of the base we discovered that alkoxides
and Barton's base provide the best results regarding the product
yield and enantiopurity. The optimal performance of the base in
the Mn(1)-catalyzed reaction is achieved with between 1.5 and 2
equivalents of the base with respect to the catalyst. A higher or
lower amount of the base results in lower enantioselectivity or
lower yield, respectively (compare entries 1, 11 and 12).

With the optimized conditions in hand, we moved to explore
the scope of this methodology, first concentrating on the R
substituent on the phosphine oxide. Various substitutions with
aryl or alkyl groups led to excellent results in all cases (Scheme
2). Substrates with either an electron-donating group (3ba and
3ca) or an electron-withdrawing group (3da, 3ea, and 3fa) at the
para-position of the phenyl ring led to the corresponding
products with over 98% ee. The phenyl and ester functional
groups at the para-position were also well tolerated, providing
products 3ga and 3ha with high yields and enantiopurities.
Similar results were obtained for substrates containing methyl-
(3ia), chloro- (3ja) or methoxy- (3ka) substituents at the meta-
position of the phenyl ring.

a,B-Unsaturated phosphine oxides containing a heteroaryl
moiety, such as 2-naphthyl (3ma), 3-thienyl (3na), and 3-pyr-
idinyl (30a), were well applicable in our catalytic system. We
were pleased to see that substrate 3pa, bearing a ferrocenyl
substituent - an essential structural component for many

© 2022 The Author(s). Published by the Royal Society of Chemistry
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B-substituted o,B-unsaturated phosphine oxides
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Scheme 2 Product scope of Mn()-catalyzed asymmetric hydrophosphination of a,B-unsaturated phosphine oxides® “Reaction conditions: 0.1 M
of 1in toluene, Mn()-L (2.5 mol%), t-PentOK (5 mol%), HP(Ar), (1.05 equiv) at rt. Isolated yields reported. For products 3aa and 3za the absolute
configurations were determined by transforming them into the corresponding known compounds 6aa and 6da and for the remainder of the
products by analogy (for details see ESI); °5 mol% Barton's base used; 5 mol% Mn()-L,10 mol% t-PentOK used and reaction was carried out at rt
for 72 h; 95 mol% Mn()-L,10 mol% t-PentOK used and reaction was carried out at rt for 5 days; °5 mol% Mn()-L,10 mol% t-PentOK used and
reaction carried out at 60 °C; "the reaction quenched with H,O,; 9for the absolute configuration of 3za, see the ESI.+
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successful chiral ligands - can also be hydrophosphinated with
excellent results. Next, o-alkyl substituted substrates were
evaluated. The enantioselectivities observed for substrates with
linear (3qa) and branched aliphatic substituents (3ra and 3sa)
were in line with the results obtained for their aromatic coun-
terparts. Substrates bearing functional groups amenable to
further transformations, namely hydroxyl- (3ta), cyano- (3ua) or
chloro-substituents provided the corresponding phosphine
products with equally good results. We then move to study the
effect of varying the substituents at the phosphorus atom.
Various unsaturated diaryl phosphine oxides are compatible
with this catalytic system and afford the corresponding prod-
ucts 3wa, 3xa, and 3ya with excellent enantiomeric excess and
high isolated yield.

The relatively less reactive B-butyl-substituted o,B-unsatu-
rated phosphine oxide is well tolerated as well, providing the
corresponding enantioenriched oxide product 3za with 87% ee.
On the other hand, no conversion to the product 3a’a was
observed with B-phenyl-substituted a«,B-unsaturated phosphine
oxide. Interestingly, this catalytic system also supports a,f-
unsaturated phosphonates, generating the corresponding final
products (4a’a, 4b'a, 4c’a, and 4d'a) with enantiomeric excesses
in the range of 89-95%. The catalytic protocol was also applied
to a phosphinate substrate, allowing access to the product 4e’a
with two chiral centers (dr 1 : 1) with high ee. Finally, screening
of various phosphine reagents revealed some limitations of the
protocol. Hydrophopshination with (p-Me-C¢H,),PH and (p-
MeO-C¢H,4),PH led to the corresponding products 5ab and 5ac
with good yields and good to excellent enantioselectivities.
However, no conversion was obtained with the sterically more
demanding (0-Me-C¢H,),PH, (3,5-CF3;-C¢H3),PH, nor with
Cy,PH and (p-CF;-C¢H,),PH. Attempts to access P-chiral phos-
phine product via addition of racemic diarylphosphine to a, B-
unsaturated phosphine oxides led to the racemic P-chiral
phosphine 5a’h.

To demonstrate the potential application of our catalytic
protocol in chiral phosphine ligand synthesis, we performed
a gram-scale reaction between 1b and 2a (Scheme 3A). To our
delight, the catalyst loading could be decreased to 0.5 mol%,
leading to the product 3ba without deterioration of the yield
(91%) or the enantioselectivity (98%).

Building on these results, we then developed a highly effi-
cient one-pot method for the synthesis of four different chiral
phosphine boranes (6aa-6da) (Scheme 3B) that yield the cor-
responding chiral 1,2-bisphosphine ligands (7aa-7da) in
a single deprotection step (Scheme 3C). As is typical of any
phosphines, the 1,2-bisphosphines 7 prepared in this study can
easily oxidize during chromatographic purifications.”

Therefore, to minimise chromatographic purification, as
well as to facilitate product separation, degassed water was used
to wash the reaction mixture, followed by the removal of vola-
tiles under high vacuum. The free ligands 7 were obtained in
good yields and high purity. Importantly, the 1,2-bisphosphine
7aa is a known, efficient chiral ligand for Rh-catalyzed asym-
metric hydrogenation of a-amino-o,B-unsaturated esters.”” We
also examined our bisphosphine ligand 7ca in the Cu-catalyzed
hydrophosphination of a,B-unsaturated phosphine oxide 1a

1310 | Chem. Sci, 2022, 13, 1307-1312
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A. Gram-scale Mn(l)-catalyzed reaction using 0.5 mol% Mn(l)-L

Ph,P.
o Mn(l)-L (0.5 mol%) o
4 t-PentOK (1 mol% 4
Plpy * HPPh, LPentOK (1 mol%) Ppn
Ph Toluene, rt, 48h Ph
MeO MeO

1b,1.0g 3ba
91%, 98% ee

B. One-pot synthesis of chiral 1,2-bisphosphine boranes

a) HPPh,, Mn(l)-L (2.5 mol%), R
t-PentOK (5 mol%), Toluene, rt
R P,,O (5 mot%) HsB. >\ _BH,
pi/ “Ph B) TI(OPr); (0.3 eq), HSI(OE); (3.0 €q), 120 °C; Ehz Ehz
1 ¢) BH;THF (3.0 eq), 1t, 6
MeQ
WP’BHs
H Fo Ph,
3 HaB\P P'BHS HSB\P P’BH3 éF’hZF’\BH3 H3B\P P,BHS
! Ph, Ph, Ph, Ph, = Phy  Ph,
6aa 6ba 6C: 6da

H a
| 86% yield, 96% ee  80% yield, 97% ee 81% yield, 98% ee /6% yield, 98% ee
: :

DABCO (4 equiv)

__DABCO (dequiv)
Phy Phy Toluene, 50°C, 12h Ph,P  PPh,
6 7

3 MeQ ;
3 PPh,

; Fe  pph, ;
PP PPh  ppp’ hpn, PhoP PPh, |
i 7aa, 92% 7ba, 95% 7ca, 98% 7da, 96%

D. Application of bisphosphine 7ca in Cu(l)-catalyzed hydrophosphination

7ca (6 mol%), Ph,P.
J\ o Cu(CH3CN)4PFg (5 mol%), l o
. o S
Ph /P//\ + HPPh, Barton's base (10 mol%) Ph /P/\ph
Ph THF, it Ph
1a 3aa

90%, 92% ee
7ca (6 mol%), o
o] Cu(CH3CN)4PFg (5 mol%), ~PPh,0
PhA)LN/+ HPPh Barton's base (10 mol%) * _
I * THF, i, quenched with H,0, " g |
8 82%, 52% ee

Scheme 3 (A) Gram-scale Mn()-catalyzed reaction using 0.5 mol%
Mn()-L. (B) One-pot synthesis of chiral 1,2-bisphosphine boranes. (C)
Synthesis of chiral 1,2-bisphosphines. (D) Application of
bisphosphine 7ca in Cu(l)-catalyzed hydrophosphination.

(Scheme 3D), obtaining the desired product 3aa in good yield
(90%) and high enantioselectivity (92%). Similarly, «,B-unsatu-
rated carboxamide 8 was investigated,” providing the corre-
sponding product 9 in good yield (82%) and moderate ee (52%).

From a mechanistic point of view, we wondered whether our
base activated Mn-catalyst I is involved in the activation of the
phosphine reagent 2a via ligand-metal cooperation, as
proposed in our previous work on a,B-unsaturated nitriles,® or
whether it also plays a role in the activation of the phosphine
oxide substrate 1. Preliminary NMR spectroscopic studies did
not reveal any interaction between I and 1 (see ESIT) leading us
to hypothesise that the current transformation might follow
a mechanistic path that primarily involves phosphine activa-
tion, as depicted in Scheme 4. Additional interaction between
the NH and P=0 moieties of the catalyst and phosphine oxide

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Hypothetical catalytic cycle.

respectively is also possible and cannot be excluded at this
stage. Detailed mechanistic studies are currently underway.

In summary, we have developed the first manganese(i)
catalyzed enantioselective strategy for the hydrophosphination
of o, B-unsaturated phosphine oxides. This methodology allows
a high-yielding, catalytic, two-step sequence for the synthesis of
enantiopure chiral 1,2-bisphosphine ligands, that were
successfully applied in asymmetric catalysis. Since manganese
is the third most abundant transition metal in the Earth's crust,
a general catalytic method to access chiral bisphosphine
ligands using this metal is further step towards more sustain-
able homogeneous catalysis. Further work is currently
underway in order to unravel the mechanism of this
transformation.
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