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Although enantioselective hydrofunctionalizations of nitrones are established for the synthesis of various
types of chiral hydroxylamines, the asymmetric catalytic hydrophosphinylation of nitrones remains highly
challenging. Herein, an efficient asymmetric hydrophosphinylation of nitrones, catalyzed by the dinuclear
zinc catalyst derived from ProPhenol, is presented, accommodating a variety of nitrones and phosphine
oxides. This approach successfully addresses the long-standing challenge of catalytic
hydrophosphinylation of the C=N bond, and offers an efficient and rapid access towards chiral a-
hydroxyamino-phosphine oxides. Control experiments suggest that the oxide anion in the nitrone motif
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Introduction

Chiral amino phosphorus compounds have garnered signifi-
cant attention due to their crucial roles in medicinal chemistry
and biochemistry,' as well as their applications as chiral P-N
ligands or catalysts in organic synthesis.> For example, certain
a- or B-amino-phosphorus compounds serve as antibacterial
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Fig. 1 Representative of chiral aminophosphorus compounds.
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agents, antibodies (Fig. 1a), or renin inhibitors (Fig. 1b),> while
other nitrogen-containing phosphorus compounds function as
efficient chiral ligands or catalysts in asymmetric catalysis
(Fig. 1c).* Specifically, a-hydroxyaminophosphine oxides are
valuable intermediates and building blocks in organic synthesis
and drug discovery,® with some exhibiting notable antitumor
activities (Fig. 1d).** Despite their importance, the effective
synthesis of chiral a-hydroxyaminophosphine oxides remains
challenging, with no suitable catalytic systems reported to date.
Therefore, a practical synthetic route towards enantioselective
a-hydroxyaminophosphine oxides is highly desirable. Nitrones
are ideal starting materials for constructing chiral a-hydrox-
yaminophosphine oxides due to their straightforward prepara-
tion through simple condensations and crystallizations.* They
are generally more stable and easier to handle than their cor-
responding imine motifs, and their configurational stability
enhances the stereoselectivities in reactions.’

Asymmetric hydrofunctionalization is a powerful tool for
introducing hydrogen and functional groups to C=C°® and C=N’
double bonds in an enantio- and regioselective manner. Elegant
examples of asymmetric hydrofunctionalization of nitrones have
been disclosed using carbon nucleophiles with organocatalysts,
photocatalysts, Lewis acid catalysts, or transition-metal catalysts
(Scheme 1a).® In 2008, Scheidt's group developed a chiral NHC-
catalyzed diastereo- and enantioselective hydrocarbonation of
nitrones with homoenolates.®” In 2018, Huang and co-workers
discovered an asymmetric hydrocarbonation of nitrones with
the combination of photocatalysts and chiral Lewis acids.®” Very
recently, Aponick's group reported a copper-catalyzed asymmetric
hydrofunctionalization of nitrones with alkyne nucleophiles
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nitrones.

using tunable axially chiral imidazole-based P,N-ligands.*
Compared to the hydrofunctionalization of C=C bonds, reac-
tions involving C=N bonds, particularly with heteroatoms
nucleophiles, are less developed. While there are limited exam-
ples of catalytic enantioselective addition of imine/iminium with
phosphonates” and phosphine oxides® using Lewis acid or
transition-metal catalysts, catalytic hydrophosphinylation of
nitrones is rare.

Therefore, developing an asymmetric hydro-
functionalization of nitrones with phosphorus nucleophiles
addresses an unmet need. As part of our long-term interest in
developing asymmetric hydrophosphination reactions,"” we
tackle the challenges of asymmetric hydrophosphinylation of
nitrones with the dinuclear zinc catalyst derived from ProPh-
enol (Scheme 1b).

Results and discussion

The nitrogen atom in nitrone cannot directly interact with
transition-metal catalysts due to the lack of the lone pair elec-
trons,” which impairs the enantioselectivity of the reaction.
Nevertheless, Lewis acid catalysts, such as the Zn-ProPhenol, may
provide metal binding sites and create a chiral pocket to activate
both the electrophile and the nucleophile.” It is hypothesized
that the Bronsted basic site binds to phosphine oxide, while the
Lewis acidic site coordinates with the oxide anion of the nitrone,
thereby promoting enantioselective C-P bond formation. Based
on this hypothesis, we started our investigation using nitrone 1a
and diphenyl phosphine oxide 2a as model substrates, with
diethyl zinc and the (S,S)-ProPhenol ligand as the chiral catalytic
system (Table 1). Without additives, the expected product 3aa was
obtained in racemic form along with byproduct 4aa (Table 1,
entry 1). Pyridine is well known to accelerate reaction rates and
enhance enantioselectivities in Lewis acid-catalyzed asymmetric
reactions." To our delight, the addition of pyridine did increase
the ee value from 0% to 63% dramatically (Table 1, entry 2).
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Table 1 Optimization of reaction conditions®

h Ph
Ph OH HO.ZPh
= A

0.+.Bn EtzZn HO. _.Bn H. _Bn
JN + HP(O)Ph, m%. )N\ + /Nk N QHN
Ph T°C,3h Ph”” ~P(0)Ph, Ph”” ~P(O)Ph,
1a 2a 3aa 4aa Me
(S,S)-ProPhenol
Entry  Solvent T(°C) Yield’ (%) 3aa:4aa’ ee of 3aa%(%)
1°¢ Toluene 0 70 11:1 rac
2 Toluene 0 73 14:1 63
3 MeCN 0 68 8:1 91
4 1,4-Dioxane 0 98 14:1 86
5 Anisole 0 81 5:1 92
6 THF 0 87 (80) 10:1 93
78 THF 0 90 11:1 80
8" THF 0 89 11:1 86
9 THF rt 59 2:1 84

“ Reaction conditions: 1a (0.1 mmol), 2a (0.15 mmol), Et,Zn (40 mol%),
ligand (20 mol%) solvent (2 mL), under N,, 3 h. ” Ylelds are detected by
3'P NMR using P(O)(OMe)3 as the internal standard. ¢ The ratios are
detected by 'H NMR. ? Determined by HPLC analy51s with a Chlralcel
ID column (hexane/2- fpropanol 60:40, 1.0 mL min" ', 210 nm). ¢ No
pyridine was added. ’ Isolated yield for 3aa. £5.0 equlv of pyridine
was added. * 8.0 equiv. of pyridine was added.

Further investigation of various solvents revealed that ether
solvents consistently gave both good yields and high ee values
(Table 1, entries 4-6). Reducing the amount of pyridine slightly
decreased the ee values compared to the standard condition
(Table 1, entries 6-8). The reaction temperature also played
a crucial role in minimizing the side product 4aa, with the ratio of
product 3aa to side product 4aa increasing to 10:1 at 0 °C
(Table 1, entry 9 vs. 6). Thus, the optimal conditions were
determined to be 10.0 equiv. of pyridine in THF under 0 °C for 3 h
(Table 1, entry 6, 80% yield, 93% ee).

With the optimized conditions in hand, we then investigated
the substrate scope of nitrones (Table 2). Generally, nitrones
with both electron-withdrawing and electron-donating groups
at various positions on the phenyl ring were compatible,
yielding the corresponding hydroxyamino phosphine oxides in
good yields and high ee values. Nitrone with strong electron-
withdrawing substituents (3ea, CF3) on the aromatic ring was
also compatible, although with lower conversion. The 1-napthyl
nitrone substrate, despite its steric hindrance, also yielded
corresponding product in moderate yield and good ee (3ja, 50%
yield and 75% ee). After that, we further explored the reaction's
compatibility with more valuable and complex substrates
(3na-3ra). For example, the substrate 3n, derived from salicy-
laldehyde and featuring a free hydroxyl group, performed well,
giving the expected product 3na in 52% yield with 68% ee.
Heteroaromatic compounds were also well tolerated, providing
the desired products 30a and 3pa with good yields and enan-
tioselectivities. Additionally, the derivative of 2,4,5-TMBA,
a known COX-2 inhibitor," was produced in 48% yield and 62%
ee (3qa). The derivative of retinal, an essential chemical for
visual phototransduction,'® gave the product in 34% yield, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope of nitrones”
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Table 3 Substrate scope of phosphine oxides®

‘O_+_Bn Et,Zn HO. _Bn

N + HP(O)Ph (S,S)-Prophenol N

J 2 THF, pyridine, 0 °C, 3 h /k

R R™ "P(O)Ph,

1 2a 3

HO\N,Bn HO. ,Bn
©)\p(0)th P(O)Ph, P(O)Ph,
F cl
3ba 3ca

80% yield, 93% ee 86% yield, 94% ee 75% yield, 96% ee

ﬁP(O)PhZ =

69% yleld, 93% ee

HO\N,Bn HO___Bn
/©/kP(O)Ph2 /@*P(O)th P(O)Ph,
MeO
3ea fa 3ga
38% vyield, 77% ee 81% vyield, 91% ee 87% yield, 90% ee
HO.__Bn HO. \-Bn
N
/@)\p(o)th @P(O)th P(O)Ph,
F .
3ha 3ia 32

50% vyield, 75% ee

50% vyield, 91% ee
36% yield, 87% eel®

54% yield, 89% ee

HO. . HO. .
N Bn N Bn
POPh, M© P(O)Ph,
So e
Me Me

3ma
73% yield, 76% ee
48% yield, 90% eell

ka la
80% yleld, 71% ee 89% yield, 85% ee

e% yield 87% eel

HO. .
N Bn HO\N,Bn
dP(O)th 7y PP, @)\P(O)th
o} S
3nal®! 30al’! 3pal®]

52% yield 68% ee 67% yield, 75% ee 65% yield, 74% ee

OH
P(O)Ph, P f“l
“Bn

P(O)Ph
3qalb1 (O)Ph,

48% yield, 62% ee

3ral]
34% yield, 69% ee

“ Reaction conditions: 1la-1m (0.1 mmol), 2a (0.15 mmol), Et,Zn
(40 mol%), ligand (20 mol%), pyridine (10.0 equiv.), THF (2 mL),
under Ny, 3 h. Y1elds are isolated ylelds ee Values are determined by
HPLC analysis. ? Reacted for 24 h. © Reacted under —10 °C.

69% ee (3ra) under 0 °C for 24 hours, despite its structural
complexity. The absolute configuration of 3da was confirmed as
(S) by X-ray crystallographic analysis."”

© 2025 The Author(s). Published by the Royal Society of Chemistry

EtoZn .
(S,S)-Prophenol N
THF, pyridine, 0 °C, 3 h

'O\ﬁ,Bn
J + HP(O)R,

Ph Ph
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ofo o o8
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Me tBu OMe

3af
63% yield 98% ee

75% yleld 98% ee

3ad 3ae
76% yield, 95% ee 50% yield, 94% ee

HO\ .Bn HO. ,B
3ai
57% yleld 97% ee 49% yleld 94% ee 41% yield, 95% ee
HO\N,Bn Me
L2
P
© Q e
Me’ Me
3al
72% yleld 93% ee 39% yleld 31% ee 68% yield, 97% ee
HO_ .Bn M HO_ .Bn
N~ . N~ H
; ;
P OMe P—@—Ph S
Y
Me
N 90
OMe
3am 3an 3ao

90% yield, 96% ee

HO_ .B
N n

56% yield, 96% ee

36% yield, 96% ee

HO., . HO_ ..

N Bn N Bn
(o] (o]
/7 7
F"*Bn T*OBn
Bn OBn

3aq 3ar
36% yield, 99% ee 24% vyield, 99% ee

50% yield, 71% ee

“ Reaction conditions: 1a (0.1 mmol), 2a-2r (0.15 mmol), Et,Zn
(40 mol%), ligand (20 mol%), pyridine (10.0 equiv.), THF (2 mL),
under N, 3 h. Ylelds are isolated yields. ee Values are determined by
HPLC analysis. ” Reacted for 24 h.

After exploring the nitrone substrates, we turned our atten-
tion to various phosphine oxides (Table 3). Both di-m-tolyl-
phosphine oxide and di-p-tolylphosphine oxide gave the desired
products in good yield with excellent ee values (3ac, 3ad). Di-o-
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tolylphosphine oxide, despite its steric hindrance, also yielded
the corresponding product in lower yield and ee (3ab 64% yield,
46% ee, 24 h). Phosphine oxides with electron-donating groups
on the phenyl ring consistently delivered high yields and
excellent ee values (3ac-3ag, 3al-3am, 94-98% ee). In contrast,
strong electron-withdrawing groups reduced the ee dramatically
(3ak, 39% yield, 31% ee). 3,5-disubstituted and 3,4,5-trisubsti-
tuted phenyl phosphine oxides performed remarkably well (3al
and 3am, 68-90% yield, 96-97% ee). After that, we further
investigated diaryl phosphine oxide with a m-extended conju-
gated system (3an, 3ao, and 3ap). The 1-napthyl phosphine
oxide substrate produces 3ao in 50% yield and 71% ee due to
the steric effect, while 3an and 3ap could be generated in very
high ee values (96%, 96%). To our delight, dialkyl phosphine
oxides and phosphonates also excelled under the standard
reaction conditions, achieving extremely high ee values (3aq,
99% ee, 3ar, 99% ee). While the reactivity of the substrates other
than the diaryl phosphine oxide is low, this aligns with previous
findings that the reactivity order toward electrophiles is Ar,P(O)
H > (RO),P(O)H > R,P(O)H."*»*

A scale-up reaction using 0.5 mmol of nitrone as the starting
material under the standard conditions was performed. The
isolated yield remained at 80%, but there was a decrease in
enantioselectivity to 81% (Scheme 2a). Additionally, the by-
product 4aa was obtained in trace amount with 81% ee. To
further elucidate the mechanism and the formation of the by-
product 4aa, we conducted several control experiments
(Scheme 2b). Diphenylphosphinic acid was detected in the
reaction system from HRMS (Fig. S17) and *'P NMR spectra (Fig.
S27). We hypothesized that product 3aa underwent reduction to
form diphenylphosphinic acid and imine 5, which subsequently
transformed into 4aa. Therefore, we conducted the reaction
using 5 and 2a as starting materials (Scheme 2b, eqn (1)).
Surprisingly, the reaction yielded the product in its racemic
form, even with or without the addition of pyridine. This
suggests that the oxide anion in the nitrone motif is crucial for
forming a stronger bond with the zinc atom. Previous reports'®
indicated that product 4aa can be generated by the reduction of
3aa via zinc metal present in the catalytic system. However, 3aa
did not react with zinc under the reaction conditions (Scheme
2b, eqn (2)). The significant loss of substrate 2a in the reaction
reminded us the possibility of 2a as a reducing agent in the
catalytic system. We then mixed 3aa with 2a under standard
conditions (Scheme 2b, eqn (3)). To our delight, 4aa was
produced in 15% yield with 82% ee, with the recovery of 3aa
(20% yield, 78% ee). This suggests that the Zn-ProPhenol cata-
lytic system can activate the product 3aa, leading to a nucleo-
philic attack by diphenyl phosphine oxide, which results in N-O
bond cleavage and the formation of 4aa and diphenylphos-
phinic acid.

Furthermore, nonlinear effects of the catalyst were observed
(Scheme 2c), suggesting the aggregation of the zinc complex.*
Notably, the dimeric assembly 7 was detected by HRMS during
the reaction of 1a and 2a under standard conditions for 1 hour
(Fig. S3,} the reaction solution was diluted in MeOH before
HRMS analysis). Another dimeric assembly 8 was also detected
by HRMS when diethylzinc, the (S,S)-ProPhenol ligand and
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a) scale-up reaction
Et,Zn (Zn:L=2:1) HO. _Bn H. .Bn
0.+ _Bn N + N
N, HP(O)Ph (S,S)-Prophenol )\
B 2 ————  Ph” “P(O)Ph, P(O)Ph,
Ph THF, 0°C,3h 222 422
idine (1 iv.
1a 2a  Pyridine (10quiv) goo iols 81% o6 trace, 81% ee

0.5 mmol

b) control experiment EtyZn (ZniL = 2:1)

-Bn S,S)-Prophenol H.-Bn
)NI + HP(O)ph, SrProphenol l M
THF, 0°C,3h
Ph pyridine (10 equiv.) Ph™ "P(O)Ph,
0.1 mmol 1.5 equiv. daa
5 2a +pyridine: 100% nmr yield, racemic
-pyridine:  71% nmr yield, racemic
Ety;Zn (Zn:L = 2:1)
HO.\-Bn (S,5)-Prophenol H.y-B"
)\ o THF, 0°C,3h /k @
Ph™ “P(0)Ph, pyridine (10 equiv.) Ph™ "P(O)Ph;,
0.1 mmol 5.0 equiv.
3aa 6 4aa N.R.
HO. _Bn EtyZn (ZniL = 2:1) H. _Bn
N + HP(O)Ph (S,S)-Prophenol
)\ (O)Ph, THE 0°C 241 + HOP(O)Ph, (3)
Ph™ "P(0)Ph, pyridine (10 equivy PN~ P(O)Phy
0.1 mmol 1.5 equiv. 4aa

3aa 2a
original 3aa: 81% ee
recovery of 3aa: 20% yield, 78% ee

15% vyield, 82% ee

c) Nonlinear effect 1004

ee value of 3aa (%)

T T T
0 50 100

ee value of ligand (%)
d) Possible dimeric intermediates detected by HRMS
M

p KEQ\
N
N /O pyf
AN Ph
epyr W
pagiad Vi Ph

o N
N/ Ph EP
Zn OPh Ph=~0" | 7

Zn—

Ph=~0" F S ]

PR {/ Ph Et L/ pyr
o

Ny Ph, 70 o._.Ph
h -P,Qh phedd ZNEL 72 NpPh
/ LA
N O N

m/z [M+Na]* 1549, 36\©/

e}

ESI-HRMS: ESI-HRMS:

m/z [M+H]* 922.2753 (1844.5506) Me

Scheme 2 Scale-up reaction and mechanistic study. “Reaction
conditions: unless indicated, 1la (0.1 mmol), 2a (0.15 mmol), Et,Zn
(40 mol%), ligand (20 mol%), pyridine (10.0 equiv.), THF (2 mL), under
N>, 3 h. Yields are isolated yields. ee Values are determined by HPLC
analysis.

pyridine were mixed in THF (Fig. S4t). Additionally, a Job Plot
with UV-vis spectra indicating the complexation*® between zinc
and pyridine is presented in Fig. S5.7 While the presence of
supramolecular species cannot be ruled out, we believed that
a dimeric zinc complex 8 is possible to be the active catalyst
based on the experimental results and previous reports on
dinuclear zinc catalyzed reaction systems.*#2*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, we have developed an asymmetric pathway for
accessing chiral a-hydroxyaminophosphine oxides using
a Lewis acid catalytic system. A wide range of nitrones with
various substitutions successfully underwent the reaction,
giving the corresponding products in moderate to good yields,
and good to excellent ee values. Also, yields of up to 90% and
enantioselectivities of up to 99% ee were achieved when
employing different types of diaryl phosphine oxides as nucle-
ophiles. The catalytic system also demonstrated compatibility
with structurally diverse and complex molecules. Furthermore,
the plausible reaction mechanism and the formation of by-
product are discussed to understand more about this novel
reaction system. Many of the chiral a-hydroxyaminophosphine
oxides delivered by this methodology are untouched scaffolds
with potential bio-activities, and further studies on their prop-
erties are currently underway in our lab.
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