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ABSTRACT: The practical synthesis of C-stereogenic c-aminophosphine oxides, which exhibit a wide range of applications in
medicinal chemistry, biochemistry, material science and asymmetric catalysis, represents an unmet need. Herein is developed a
unique Ni/(S,S)-BenzP* catalyst system for asymmetric synthesis of branched ci-aminophosphine oxides through an enantioselective
Markovnikov addition of H-phosphine oxides to 2-azadienes. A variety of readily available 2-azadienes and H-phosphine oxides,
undergo hydrophosphinylation with high enantioselectivities (up to 99%) and good yields (up to 96%). These products can be readily
hydrolyzed to afford synthetically valuable chiral c.-aminophosphine oxides, which are key building blocks for the synthesis of bio-
active compounds (such as phospholeucine synthesized herein), organocatalysts and ligands. Mechanistic studies suggest a hydro-

functionalization process.
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1. INTRODUCTION

Enantioenriched phosphine oxides are an important class
of organophosphorus compounds that exhibit a wide
range of biological properties,! such as antiviral, anti-
tumor, antibacterial, and antituberculosis activities.” They
are also important intermediates in organic chemistry®
and have been widely used as enantioenriched catalysts*
and ligands® in asymmetric catalysis.® More elaborate en-
antioenriched c-aminophosphine oxides are attracting
growing attention due to their use as P,N-ligands in coor-
dination chemistry’ and their significant biological and
pharmacological properties.® Consequently, much effort
has been devoted to developing efficient approaches for
the construction of enantioenriched c-aminophosphine
oxides bearing various functional groups.

The addition of H-phosphine oxides to C=X (X =0 or
N) or C=C double bonds provides an atom-economic
method for the synthesis of organophosphorus deriva-
tives.” In particular, traditional methods for constructing
a-aminophosphine oxides are mainly based on the nucle-
ophilic addition of H-phosphine oxides to imines cata-
lyzed by Lewis acids or bases, transition metals and pho-
toredox catalysis. These include the Pudovik'® and
Kabachnik-Fields reactions'! (Scheme 1a), which provide
an efficient route to a-aminophosphine oxides. These tra-
ditional methods are generally limited in scope or are

challenging because of the poor availability and stability
associated with some imines. '?

In recent years, transition-metal-catalyzed dehydro-
genative cross-coupling of tertiary amines with H-phos-
phone oxides has been developed as an alternative ap-
proach toward phosphinoylation. This strategy represents
a direct protocol for the preparation of a-aminophosphine
oxides (Scheme 1b)."* The utility of these reactions is bal-
anced by their harsh reaction conditions, including high
temperatures and stoichiometric quantities of oxidants.
To address these limitations, an impressive c-amination
of phosphonates was reported by Wang’s group' who
employed a-phosphonate zincates and O-acyl hydroxyl-
amines in the presence of a copper-catalyst to form C—N
bonds (Scheme 1c¢).

Scheme 1. Approaches to the synthesis of a-amino-
phosphine oxide derivatives
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The second common approach is the enantioselective
hydrofunctionalization of alkynes,'> olefins,'® 1,3-
dienes'” and allenes,'® which represent an efficient and
atom-economic strategy for uniting functional groups
with organic frameworks.!? These approaches are attrac-
tive because they have the potential to convert unsatu-
rated hydrocarbons into polyfunctional molecules.? Re-
ported methods for the construction of C—P bonds by hy-
drophosphinylation, however, are rare.?! In 2018, pio-
neering work by Dong and coworkers®* reported the Pd-
catalyzed enantioselective addition of H-phosphine ox-
ides to 1,3-dienes, providing enantioenriched allylic
phosphine oxides (Scheme 2a). Wang's group® recently
described an efficient hydrophosphinylation of alkyl and
aryl-oxyallenes with H-phosphine oxides using a Pd/R-
Difluorphos-based catalyst (Scheme 2b). Related meth-
ods for the synthesis of amino-containing phosphine ox-
ides have yet to be documented.

Our journey toward the synthesis of amino-containing
phosphine oxides began with the synthesis of amines. To
prepare amines, our team?* and other groups® have fo-
cused on the umpolung reactivity of ketimines and
aldemines, which upon deprotonation give nucleophilic
2-azaallyl anions. Another layer of complexity, however,
is introduced, in the asymmetric synthesis of heteroatom-
containing enantioenriched amines via 2-azaallyl chemis-
try.2® The increased functionality of such products fur-
thers their synthetic utility.

2-Azaallyl anion intermediates have also been em-
ployed in a related approach for the synthesis of heteroa-
tom-functionalized amines.”” Malcolmson has success-
fully developed the chemistry of 2-azadienes for the syn-
thesis of enantio- and diastereoenriched amino alcohols®®
or diamines.” The key step in this chemistry is an enanti-
oselective hydrocupration, in which a Cu—H intermediate
inserts the 2-azadiene to give a Cu-bound 2-azaallyl an-
ion. This reactive intermediate adds in an enantio- and di-
astereoselective fashion to ketones and aldimines
(Scheme 2b). Inspired by Malcolmson’s elegant studies
we investigated the radical carbocyanation of 2-azadi-
enes. In that study,*® 2-azadienes acted as radical accep-
tors to capture alkyl radicals and generate 2-azaallyl rad-
ical intermediates. Oxidative capture by a L,Cu—CN and

subsequent reductive elimination produced rac-o-ami-
nonitriles (Scheme 2b).3° Based on these studies, we were
curious if 2-azadienes could be hydrofunctionalized in the
presence of an enantioenriched metal catalyst toward the
synthesis of enantioenriched c-aminophosphine oxides.

Herein, we disclose the first asymmetric addition of H-
phosphine oxides to 2-azadienes (Scheme 2¢). This mild
hydrophosphinylation tolerates a variety of functional
groups that are frequently found in bioactive molecules.
This hydrofunctionalization method can also be extended
to the synthesis of enantioenriched c.-aminophosphonates
from commercially available H-phosphates. Key to the
success of these processes is the Ni/(S,S)-BenzP* catalyst
system that mediates the hydrophosphorylation with high
chemo-, regio-, and enantioselectivities (46 examples, up
to 96% yield and 99% ee).

Scheme 2. Hydrophosphinylation of C=C double
bonds and reactivity of 2-azadienes
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2. RESULTS AND DISCUSSION

Reaction development and optimization. To optimize the
reaction conditions, we began with 1,1-diphenyl-N-vinyl-
methanimine (1a) and diphenylphosphine oxide (2a) as
the model substrates in the presence of 10 mol%
Ni(COD), in PhCF3 at room temperature for 12 h. First,
various classes of commercially available ligands were
evaluated (including BOX ligands and mono- and biden-
tate phosphine ligands, see Supporting Information for
full details). Fortunately, many enantioenriched bisphos-
phine ligands were effective in this transformation (L1-
L6, 12 mol%, Table 1). In terms of chelating bisphos-
phine ligands with P-stereogenic centers, (S,S)-BenzP*
(L1) generated the desired product 3aa in 99% assay



yield (AY, determined by 'H NMR integration against an
internal standard) with 98% ee (entry 1, Table 1). In sharp
contrast, structurally similar (S,5)-QuinoxP* (L2)
showed poor reactivity and enantioselectivity (entry 2,
Table 1). It is gratifying that C-stereogenic bisphosphine
ligands showed efficiency as well. For example, the use
of (§,5)-Me-DuPhos (L3) also afforded 3aa in 99% AY
with 93% ee (entry 3, Table 1). (S,5)-ChiraPhos (L4) and
(R,R)-BDPP (L5) exhibited good reactivities, yet only
moderate enantioselectivities were observed (entries 4
and 5, Table 1). In particular, (S,5)-Ph-BPE (L6) deliv-
ered 3aa in 95% AY with 96% ee, exhibiting only a small
difference compared with L1 (entry 6 vs. entry 1, Table
1). Further optimization with ligand L1 was conducted.

The impact of solvent was next explored. A solvent
screen (PhMe, PhCl, THF, Dioxane, MeCN, DCM and
DCE) revealed that other than DCM and DCE, the other
solvents gave very good results (85-96% AY, 93-97% ee;
entries 7—13, Table 1), but not reaching the level of
PhCF3. Reducing the loading of Ni(COD), catalyst from
10 mol% to 7.5 mol% furnished 3aa in 99 % AY and 95%
isolated yield with 98% ee (entry 14, Table 1). Reducing
the catalyst loading to 5 mol%, however, resulted in a de-
crease in product yield and enantioselectivity (entry 15,
Table 1). Notably, under otherwise identical conditions to
entry 14, switching from Ni(COD); to other metal cata-
lysts [Pd(OAc),, Cu(OAc), and Col:] as well as other Ni
sources provided the desired product 3aa in low to mod-
erate AY but without any enantioselectivities (entries 16—
18, Table 1; see Supporting Information for full details).

Tablel. Optimization of hydrophosphinylation of 2-
azadiene 1a“
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Entry L Ni/L ( mol%) Solvent 3aa (%)’ ee (%)°
1 L1 10/12 PhCF3 99 98
2 L2 10/12 PhCF3 32 50
3 L3 10/12 PhCF3 99 93
4 L4 10/12 PhCF3 80 70
5 L5 10/12 PhCF3 99 50
6 L6 10/12 PhCF3 95 96
7 L1 10/12 PhMe 85 96
8 L1 10/12 PhCI 95 95
9 L1 10/12 THF 95 97
10 L1 10/12 Dioxane 89 93
11 L1 10/12 MeCN 96 94

12 L1 10/12 DCM <5

13 L1 10/12 DCE <5 -

14 L1 7.5/9 PhCF3 99(95)¢ 98
15 L1 5/6 PhCF3 86 94
16 L1 7.5/9 PhCF3 32 0

177 L1 7.5/9 PhCF3 66 0

18¢ L1 7.5/9 PhCF3 75 0

“Reactions conducted on a 0.1 mmol scale using 1.5 equiv. of
1a, 1.0 equiv. of 2a.”Assay yields (AY) were determined by 'H
NMR spectroscopy with C;H,Cly as internal standard. “Enanti-
omeric excesses (ee) of 3aa was determined by chiral-phase
HPLC. “Isolated yield (IY) of 3aa after chromatographic puri-
fication. “Pd(OAc), instead of Ni(COD),./Cu(OAc), instead of
Ni(COD),. #Col; instead of Ni(COD)..

Scope of the phosphine oxides. With a concrete set of
conditions in hand using L1 (entry 14, Table 1), as well
as two highly enantioselective backup ligands, the sub-
strate scope of H-phosphine oxides was initially explored
(Scheme 3). Under the standard reaction conditions, a
broad array of diarylphosphine oxides were tolerated in
the reaction with excellent yields and enantioselectivities
(3aa—3ag). In general, substituents at different positions
on the P—Ar groups, or with different electronic proper-
ties, had no significant effect on the reaction. Substrates
with methyl, fert-butyl and phenyl groups at the 4-posi-
tion were transformed into the corresponding products in
92-94% yields with 95-97% ee values (3ab—3ad). 4-
Methoxy-substituted diarylphosphine oxide 2e afforded
the desired product 3ae in 90% yield and 96% enantiose-
lectivity, which was close to the values observed for 4-
methylthio-substituted diarylphosphine oxide 3af (88%
yield, 98% ee). A substrate with a 4-fluoro phenyl group
reacted under the standard conditions to afford the prod-
uct 3ag in 95% yield with 90% ee. With substrates bear-
ing 4-Cl and 4-CF3, L1 furnished the products in 90-95%
yields but with reduced enantioselectivities (75-85% ee).
In contrast, using L6 in place of L1 provided 4-Cl and 4-
CF; containing products in 94-96% yields with 92-98%
ee.

4-Trifluoromethoxy-substituted diarylphosphine oxide
2j performed well with L1, giving the corresponding
product (3aj) in 72% yield with 97% ee. Similarly, the 3-
fluoro phenyl substrate 2k also furnished the desired
product 3ak with the use of ligand L6 (91% ee with 95%
yield). Diarylphosphine oxides with 3,5-dimethyl phenyl
or 2-naphthyl groups (21 and 2m) provided the expected
products (3al and 3am) with good enantioselectivities
(93% and 92% ee, respectively). Additionally, 2-methyl
substituted diarylphosphine oxide, possessing increased
steric hindrance, was effective as well, providing the de-
sired product 3an with 96% ee (73% yield). The configu-
ration of product 3an was determined to be (R) by X-ray
crystallography (Scheme 3, CCDC 2254462; see Sup-
porting Information for full details). In terms of heterocy-
clic groups, benzofuranyl and piperonyl substituted phos-
phine oxides were viable in this reaction, affording the
products 3ao and 3ap in 87-92% yields with 95-98% ee.



We next turned our attention to alkyl-substituted H-
phosphine oxides and phosphonates. We were pleased to
find that alkyl substituted phosphine oxides reacted
smoothly with good efficiency, giving products 3aq and
3ar in 96-98% ee, albeit with somewhat diminished
yields (62—-69%). Importantly, phosphonates with various
substituents (2s—2x) were also competent to afford related
products (3as—3ax) in moderate yields when using MeCN
in place of PhCF3, leading to satisfying enantioselectivi-
ties (85-99% ee). We next examined racemic phosphine
oxides. The benzyl phenyl or ethoxy phenyl substituted
phosphine oxides 2y and 2z were converted to products
3ay or 3az with very good yields and enantioselectivities
(84-95% yields, 98-99% ee). Not surprisingly, there was
next to no diastereoselectivity in these processes.

Scheme 3. Scope of phosphine oxides®
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1.0 equiv. 2 at 0.1 M. Isolated yields after chromatographic pu-
rification. Ee determined by HPLC analysis. ’LL6 was used as
the ligand. “MeCN was used as the solvent.

Scope of the 2-azadienes coupling partners. For fur-
ther substrate expansion, we introduced different substit-
uents (R) into the 1-position of 2-azadiene coupling part-
ners (Scheme 4). Given the increase steric hindrance

about the 2-azadienes, longer reaction time (2448 h)
were required than with substrates with no substituent
(1a). In some cases, (S,5)-Ph-BPE (L6) was superior to
(8,5)-BenzP* (L1) in terms of enantioselectivity and
served as the ligand of choice. Overall, 2-azadienes en-
compassing a range of functional groups could be em-
ployed. With simple primary aliphatic groups, moderate
yields (63-73%) and excellent enantioselectivities (90—
99% ee) of the products (3ba—3ga) were afforded. Sub-
strates containing ether groups (1h and 1i) gave the de-
sired products (3ha and 3ia) in moderate to good yields
with very high enantioselectivities (97-99% ee). Ester 1j
and alkyl chloride 1k were also compatible coupling part-
ners, furnishing products with good yields (85% and
61%) and high ee values (96% and 94%). 2-Azadienes
containing pendent aryl groups were smoothly converted
to the related products 3la and 3ma with ee values up to
96%. It is noteworthy that substrates containing second-
ary aliphatic groups, such as i-Pr, cyclic and heterocyclic
groups, including 3-, 4-, 5- and 6-membered ring systems
(1n—1t) were all suitable and furnished the expected prod-
ucts with 84-99% ee. Among them, the ee value of 3ta
could be increased to >99% by recrystallization. X-ray
crystallography was conducted to confirm the structure of
3ta (Scheme 4, CCDC 2256709; see Supporting Infor-
mation for full details).

Scheme 4. Scope of 2-azadienes”
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Gram scale synthesis and product derivatization. The
preparation of 3aa was accomplished on gram-scale (3.0
mmol) demonstrating the robustness and scalability of the
hydrophosphinylation protocol. Under the standard con-
ditions, 2-azadiene la coupled smoothly with diphe-
nylphosphine oxide 2a to provide 1.12 g of 3aa in 91%
isolated yield and 98% ee (Scheme 5a). These values are
very close to those achieved on 0.4 mmol scale (95%
yield, 98% ee, Scheme 3). The hydrolysis of 3aa was con-
ducted by adding 1N HCI in an ice-water bath with stir-
ring at room temperature for 1 h. Neutralization with 1N
NaOH successfully afforded c-aminophosphine oxide
4aa as a white solid in 96% isolated yield with 98% ee
(Scheme 5b). The abovementioned experiments establish
the potential of the hydrophosphinylation protocol devel-
oped herein for applications in organic synthesis.

In order to demonstrate the synthetic utility of our
method toward drug-like molecules, we carried out a two-
step transformation to synthesize phospholeucine, an ef-
fective inhibitor of leucine aminopeptidase.’! Commer-
cially available diethylphosphite 2t reacted smoothly
with the substrate 1n under otherwise identical condi-
tions, providing the corresponding product 3nt in 58%
isolated yield with 91% ee. Next, 10 N HCI was added
slowly to 3nt in an ice-water bath followed by reflux at
110 °C for 20 h. The phospholeucine was obtained in
95% yield (Scheme 5c¢).

Scheme 5. Gram-scale synthesis of 3aa, product hy-
drolysis, and synthesis of phospholeucine.
a. Gram-scale synthesis of 3aa.
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Deuterium labeling experiment. To obtain further in-
formation on this transformation, we employed a deuter-
ium-labeling experiment with 2-azadiene la with D-
phosphine oxide d-2a under the standard reaction condi-
tions. This experiment afforded d-3aa with 63% yield of
product deuterated at C1 (Scheme 6) which is comparable
with the results of 51-80% deuterium in previous works

deuteration studies.’>?**2 A H NMR experiment was

conducted to support deuteration tests, and only a single
deuterium was found in each product by MS, suggesting
that the insertion step is irreversible (see Supporting In-
formation for full details).

Scheme 6. Deuterium labeling.
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Based on the above experiment and previous works on
hydrofunctionalizations of unsaturated substrates,” a
working mechanism for the nickel catalyzed hydrophos-
phinylation of 2-azadienes is presented (Figure 1). The
Ni(0) precatalyst undergoes ligand substitution with the
bisphosphine to form the chiral Ni® complex I. The enan-
tioenriched Ni® complex I undergoes oxidative addition
of the P-H bond, to give II as has been demonstrated by
Garcia and coworkers®* in the hydrophosphonation of al-
kynes and as observed in many other transition metal
complexes as summarized by Glueck.* Binding of the 2-
azadiene la generated the 2-azadiene-complex III. The
2-azadiene undergoes insertion into the Ni—H bond at the
least hindered site to form the delocalized 2-azaallyl an-
ion, Ni(2-azaallyl) intermediate IV. It is not clear if this
intermediate is n'- or n-bound. Reductive elimination
then takes place at the least hindered carbon, preserving
the conjugated benzophenone imine 3.
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Figure 1. Proposed Mechanism.

3. CONCLUSION

In summary, we have successfully developed a nickel-cat-
alyzed chemo-, regio- and enantioselective hydrophos-
phinylation of 2-azadienes with H-phosphine oxides,
providing an efficient and mild approach for the synthesis
of enantioenriched a-aminophosphine oxides and related
derivatives. A wide range of functionalized H-phosphine



oxides and 2-azadienes can be employed to afford prod-
ucts in this unique nickel catalyzed process with good
yields and high enantioselectivities (46 examples, up to
96% yield and 99% ee). The potential synthetic utility of
this chemistry has been demonstrated by the gram scale
synthesis and facile hydrolysis of the products. The pro-
posed mechanism consists of a key oxidative addition of
the H-phosphine oxide, Ni—H insertion into the olefin to
give the 2-azaallyl anion, and P—C reductive elimination.
Efforts are underway to expand the synthetic utility of the
2-azaallyl intermediates in enantioselective C—element
bond-forming reactions to afford functionalized amines.
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