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ABSTRACT: Compared with chiral β3-amino phosphorus com-
pounds, which can be easily derived from natural optically pure α-
amino acids, obtaining chiral β2-amino phosphorus derivatives
remains a challenge. These derivatives, which cannot be derived
from chiral natural amino acids, possess unique biological activities
or potential catalytic activities. Herein, highly enantioselective
hydrogenation for the preparation of chiral β2-amino phosphorus
derivatives from E-β-enamido phosphorus compounds is reported
by using a green and low-cost earth-abundant metal nickel catalyst
(13 examples of 99% ee). In particular, this catalytic system
provides the same enantiomer product from the E- and Z-alkene
substrates, and the E/Z-substrate mixtures provide good results
(up to 96% ee). The products can be diversely derivatized, and the
derivatives exhibit good catalytic activities as novel chiral β2-aminophosphine ligands. Density functional theory calculations reveal
that the weak attractive interactions between the nickel catalyst and the substrate are crucial for achieving perfect enantioselectivities.
In addition, the different coordination modes between the E- or Z-substrates and the catalyst may result in the formation of the same
enantiomer product.

■ INTRODUCTION
Chiral β-amino phosphonic acids and their derivatives are
widely used in medicines and pesticides because of the high
biological activities of both the N and P groups (Scheme 1A,
top).1,2 For instance, replacing natural chiral amino acids in
proteins with corresponding amino phosphonic acids leads to
significant alterations in protein structures and properties.
Consequently, this modification opens up potential new drug
applications in biochemical and physiological processes.2 In
addition, chiral β-aminophosphine derivatives are also
recognized as effective chiral P,N ligands and organocatalysts
in asymmetric catalytic reactions because the N and P groups
can be modified sterically and electronically, respectively
(Scheme 1A, bottom).3 However, in contrast to β3-amino
phosphorus compounds, which can be derived from natural
sources,3b β2-amino phosphorus derivatives cannot be
synthesized from chiral natural amino acids (Scheme 1B).
This poses greater challenges in their preparation, resulting in a
significant lack of such chiral molecules in practical
applications.

To date, a few studies have successfully achieved the
asymmetric synthesis of β2-amino phosphorus derivatives
through Michael additions or hydrophosphination reactions
of P(O)−H or P−H groups with nitroalkenes, respectively.4

However, more efficient, convenient, and greener methods for
the asymmetric catalytic synthesis of such chiral molecules are
scarce and need further development.

Catalytic asymmetric hydrogenation has received significant
attention in the past few decades due to its high catalytic
efficiency and atom economy.5 The synthesis of chiral β3- and
β2,3-amino phosphorus derivatives by noble metal (Rh and Ir)-
catalyzed asymmetric hydrogenation has been studied, and
many excellent results have been achieved (Scheme 1C).6

However, the synthesis of β2-amino phosphorus derivatives by
asymmetric hydrogenation has not been reported. As
commonly recognized, the electronic properties of P and N
substituents on olefins contribute to the low hydrogenation
activity of β-enamido phosphorus substrates. Additionally, the
mixture of the E/Z configuration and their isomerization
further complicates matters. Typically, the enantioselectivities
of asymmetric hydrogenation with E- and Z-substrates differ,
generally resulting in opposite enantiomers. Consequently,
achieving high enantioselectivity with E- and Z-enamides
under the same catalytic conditions proves challenging.7

In recent years, there has been an increasing demand for the
development of asymmetric hydrogenation reactions with
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cheap and readily available earth-abundant metals as
catalysts.8−15 As one of the earth-abundant metals, nickel has
shown excellent catalytic potential due to its inherent
characteristics in this field.8d,f,10−15 Many excellent studies
regarding Ni-catalyzed asymmetric hydrogenation have been
reported by Hamada,10 Zhou,11 Chirik,12 Zhang,13 our
group,14 and other research groups.15 In recent years, we
reported the asymmetric hydrogenations of α-substituted vinyl
phosphorus derivatives, E/Z-imine, and enamide substrates
using nickel catalytic systems, in which the weak attractive
interactions between the Ni catalyst and substrate play key
roles in improving reactivities and generating high enantiose-
lectivities.14b,c,e,f Herein, we report highly enantioselective Ni-
catalyzed hydrogenation of E-β-enamido phosphine oxide, E-β-
enamido phosphonate, and E/Z-β-enamido phosphine oxide
substrates based on the weak attractive interaction strategy
(Scheme 1D).

■ RESULTS AND DISCUSSION
Hydrogenation was initiated by exploring the chiral diphos-
phine ligands using E-N-(2-(diphenylphosphoryl)-2-
phenylvinyl)benzamide (E-1a) as a model substrate (Table
1). With (R)-SegPhos (5.0 mol %) as the ligand, Ni(OAc)2·
4H2O (5.0 mol %) as the nickel source, and TFE (2,2,2-
trifluoroethanol) as the solvent, the reaction was not successful
under 40 bar H2 at 80 °C over 24 h (entry 1). Changing (R)-
SegPhos to its highly substituted phenyl ring analogue (R)-
DTBM-SegPhos, whose eight t-butyl groups can usually
produce weak attractive interactions with the substrate, the
conversion increased to 11% (entry 2). The more electron-rich

P-chiral ligand (R,R)-QuinoxP*, commonly used in nickel
catalysts, did not provide any of the desired products (entry 3).
To our delight, when using the electron-rich chiral ligand
(S,Rp)-JosiPhos-1, the reaction afforded good enantioselectiv-
ity and excellent reactivity (>99% conversion, 80% ee, entry 4).
Further screening of (S,Rp)-JosiPhos-2 and (S,Rp)-JosiPhos-3
with different substituents (entries 5 and 6) showed that the
latter produced the desired product with excellent enantiose-
lectivity (97% ee) but only 27% conversion. This result
prompted us to further optimize the conditions using (S,Rp)-
JosiPhos-3 as the ligand. In the screening of nickel(II)
precursors, changing the Ni(OAc)2·4H2O to nickel salts of
strong acids, Ni(ClO4)2·6H2O and Ni(OTf)2, the conversions
were increased to 74% and 80%, respectively (entries 7 and 8,
97% ees). We were delighted to find that by employing
Ni(OTf)2 and switching the solvent from TFE to HFIP
(hexafluoroisopropanol), the conversion increased to 89% with
excellent enantioselectivity (99% ee, entries 9 vs 8). This is
likely due to the increased positive charge on the Ni atom,
which enhances its coordination ability with the polar groups
in the substrate, leading to higher reactivity in the hydro-
genation (conversions changed from 27 to 74/80%, from
acetate to perchlorate/triflate). Increasing the solvent polarity
has a similar effect (conversions changed from 80% in TFE to
89% in more polar HFIP).16 Subsequently, the substrate can
be converted completely when the ratio of nickel salt to ligand

Scheme 1. β-Amino Phosphorus Derivatives and Their
Synthesis Methods

Table 1. Optimization of the Reaction Conditionsa

entry Ni salt ligand sol.
conv.
(%)b

ee
(%)c

1 Ni(OAc)2·
4H2O

(R)-SegPhos TFE <5

2 Ni(OAc)2·
4H2O

(R)-DTBM-
SegPhos

TFE 11

3 Ni(OAc)2·
4H2O

(R,R)-QuinoxP* TFE <5

4 Ni(OAc)2·
4H2O

(S,Rp)-JosiPhos-1 TFE >99 80

5 Ni(OAc)2·
4H2O

(S,Rp)-JosiPhos-2 TFE 13 -

6 Ni(OAc)2·
4H2O

(S,Rp)-JosiPhos-3 TFE 27 97

7 Ni(ClO4)2·
6H2O

(S,Rp)-JosiPhos-3 TFE 74 97

8 Ni(OTf)2 (S,Rp)-JosiPhos-3 TFE 80 97
9 Ni(OTf)2 (S,Rp)-JosiPhos-3 HFIP 89 99
10d Ni(OTf)2 (S,Rp)-JosiPhos-3 HFIP >99 99

aReaction conditions: 1a (0.10 mmol), Ni(OAc)2·4H2O (5.0 mol %),
ligand (5.0 mol %), TFE (1.5 mL), H2 (40 bar), 80 °C, 24 h. bThe
conversions were calculated from 1H NMR spectra. cThe ee values
were determined by HPLC using chiral columns. dNi(OTf)2 (7.5 mol
%), (S,Rp)-JosiPhos-3 (5.0 mol %), M/L = 1.5/1. TFE = 2,2,2-
trifluoroethanol, HFIP = 1,1,1,3,3,3-hexafluoro-2-propanol.
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(M/L) is 1.5/1 (entries 10 vs 9). Other condition
optimizations, including ligands, solvents, H2 pressure, and
the M/L ratio, did not improve the reaction (Tables S1 and
S2). Therefore, the use of (S,Rp)-JosiPhos-3 (5.0 mol %) as
the ligand and Ni(OTf)2 (7.5 mol %) as the nickel source
under 40 bar H2 in HFIP at 80 °C for 24 h was selected as the
standard reaction conditions. The absolute configuration of
product 2a was assigned to be R by X-ray crystallographic
analysis (CCDC 2263840; see the Supporting Information for
details).

During the initial substrate exploration, some substrates
could not be fully transformed within 24 h. Therefore, a wide

scope of E-enamide phosphine oxides was tested with 48 h of
reaction time (Scheme 2, top). At first, various α-aryl (Ar1)
substituted E-substrates (1a−1o) were submitted to hydro-
genation, and most of them provided the corresponding
products with excellent results (92−99% yields, with 2a, 2c,
2d, 2h, 2j, 2l, 2m: 99% ees; 2b, 2e, 2i: 98% ees; 2o: 97% ee;
2k: 93% ee), with 1d (p-F) and 1m (o-F) substrates requiring
high catalyst loading (10 mol %) to ensure excellent yields.
However, under standard hydrogenation conditions using 10%
Ni catalyst, substrates 1f (p-Br), 1g (p-Ac), and 1n (α-thienyl)
gave the corresponding products with moderate to good results
(2f: 17% conversion and 98% ee; an interesting deoxidized
product 2g: 81% yield and 97% ee; 2n: 93% yield and 67% ee,
respectively). Other functional group substrates (p-I, p-CN in
Ar1 and tetrasubstituted alkenes) were also tried but with poor
results, as detailed in Scheme S1. Subsequently, substrates with
different benzoyl groups (Ar2) were also investigated (1p−1v).
Besides the p-CF3 (1p) and p-Me (1s) substrates only giving
98% ees (2p and 2s), all other substrates (1q−1r, 1t−1v)
bearing different substituents at the p-, m-, or o-positions of the
benzoyl group could furnish the hydrogenation products with
99% ee. Furthermore, 99% ee of the corresponding product
(2w) was achieved using the substrate when Ar2 was a β-
naphthyl group (1w). Then, substrates with different R groups
were also explored. When R changed to p-OMe-C6H4 (1x) and
a β-naphthyl group (1y), the corresponding products were
obtained with 98 and 97% ees, respectively.

After the exploration of the E-β-enamido phosphine oxides,
we turned our attention to the asymmetric hydrogenation of E-
enamido phosphonates (Scheme 2, bottom), which required
increasing the catalyst loading to 10 mol % for full conversions

Scheme 2. Substrate Scopea

aConditions: 1 (0.15 mmol), Ni(OTf)2 (7.5 mol %), (S,Rp)-
JosiPhos-3 (5.0 mol %), H2 (40 bar), HFIP (2.5 mL), 80 °C, 48 h.
aNi(OTf)2 (15 mol %), (S,Rp)-JosiPhos-3 (10 mol %). bNi(OTf)2
(22.5 mol %), (S,Rp)-JosiPhos-3 (15 mol %).

Scheme 3. Ni-Catalyzed Asymmetric Hydrogenation of Z/E
Isomeric Mixtures of β-Enamido Phosphine Oxidesa

aConditions: 1 (0.15 mmol), Ni(OTf)2 (15 mol %), (S,Rp)-JosiPhos-
3 (10 mol %), H2 (40 bar), HFIP (2.5 mL), 80 °C, 48 h. a Ni(OTf)2
(22.5 mol %), (S,Rp)-JosiPhos-3 (15 mol %).
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(93−98% yields). Methyl, ethyl, and isopropyl phosphonates
(1z−1ab) were tolerated, providing the desired products with
86, 92, and 95% ees, respectively. Next, different α-phenyl
substituted E-enamide isopropylphosphates (1ac−1ah) were
explored, and all desired products exhibited good enantiose-
lectivities (92−97% ees), although 1ae required increasing the
catalyst to 15 mol %.

In order to avoid the wastage of substrates and the hassle of
separating β-enamido phosphine oxide isomers with different

configurations, the compatibility of the Ni-catalytic system was
investigated by using the synthesized E/Z isomeric mixtures
(Scheme 3). Due to the relatively low activities of the Z-
substrates, the catalyst loading was increased to 10 mol % to
achieve full conversion. First, Z-1a was tested in this system to
offer 2a with 74% ee over 48 h. To our delight, the product
from Z-1a has the same absolute configuration compared with
E-1a. This implies that hydrogenation of substrates with
different configurations could give the same enantiomer
product.7 The synthesized E/Z-1a mixture (E/Z = 2.3:1)
was then hydrogenated, resulting in product 2a with 92% ee.
Next, several substrates bearing different Ar1 (1c−1e) with
different E/Z ratios were tested, and the desired products (2c−
2e) were obtained in 91−96% ees. Subsequently, substrates
with different Ar2 (p-, m-, o-chloro phenyl (1r, 1u, 1v) and β-
naphthyl group (1w)) were examined, yielding 93−96% ees.
When R was changed to p-OMe-C6H4 (1x), the product 2x
was obtained with 91% ee. Among them, p-F-Ar1 (1d), p-Cl-
Ar2 (1r), and m-Cl-Ar2 (1u) substituted substrates and the
substrate (1w) with an β-naphthyl group require 15 mol %
catalyst for full conversion. These results indicate that the E/Z
isomeric mixture of β-enamido phosphine oxides can also
perform well in this Ni/JosiPhos catalytic system.

To demonstrate the potential synthetic application of this
method (Scheme 4), a gram-scale experiment was performed
with E-1a. The hydrogenation proceeded smoothly and gave
2a in 98% yield with 99% ee using 2.0 mol % Ni catalyst
(Scheme 4A). The benzoyl group in 2a could be removed in a
mixture of aq. HCl/dioxane to afford β-aminophosphine oxide
3, which can undergo methylation, reduction, and borane
protection to give β-aminophosphine 4 without any loss of
enantioselectivity (Scheme 4B). β-Aminophosphine oxide 3
could also be used to synthesize the phosphine-thiourea
catalyst precursor 5 and the Schiff base-derived phosphine
oxide 6 in good results (Scheme 4B, 5: 75% yield and 99% ee,
6: 62% yield and 98% ee). As a precursor of the ligand, β-
aminophosphine 7 could also be obtained from 2k with 99% ee
(Scheme 4C). β-Amido phosphonate 2ab was easily converted
into β-aminophosphonic acid 8 using 8 M HCl in 83% yield
and 95% ee, which can be further transformed to hFPPS
allosteric inhibitors (Scheme 4D).1f As distinctive P,N ligands,
chiral β2-amino phosphines have been underutilized in
asymmetric catalytic reactions due to their challenging
synthesis. Therefore, a Pd-catalyzed enantioselective alkylation
reaction of allyl acetate was investigated using the novel chiral
β2-amino phosphine ligands L1 and L2, which were obtained
by in situ removal of the borane protection group from 4 and
7, respectively (Scheme 4E). The desired product 9 was
obtained in 77% yield, 70% ee and 85% yield, 71% ee using L1
and L2, respectively. Subsequently, L1 and L2 were used in
our previously reported challenging Pd/Cu catalysis for the
dynamic kinetic asymmetric transformation of racemic unsym-
metrical 1,3-disubstituted allyl acetates. The reaction gave the
desired product 10 in 68% yield, 92% ee, 1.1:1 dr and 64%
yield, 92% ee, 1.5:1 dr by using L1 and L2, respectively
(Scheme 4F). These reactions demonstrate the catalytic
potential of β2-aminophosphine as a ligand.
Mechanistic Studies. In general, two strategies have been

used to achieve the same enantiomer of product from both E-
and Z-alkene substrates in catalytic hydrogenation.7 The most
common method involves the rapid isomerization of the E-
and Z-isomers, leading to dynamic kinetic resolution. Another
less-common approach is to investigate a suitable catalytic

Scheme 4. Gram-Scale Synthesis of 2a and the Synthetic
Applicationsa

aReaction conditions: (i) aq. HCl:1,4-dioxane (v:v) = 1:1, 120 °C.
(ii) 1, HCOOH, HCHO, reflux; 2, HSi(OEt)3, Ti(OiPr)4, toluene,
120 °C, then BH3/THF, rt. (iii) 3,5-Bistrifluoromethylphenyl
isothiocyanate, DCM, rt. (iv) 3,5-Di-tert-butylsalicylaldehyde, EtOH,
reflux.
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system capable of producing the same enantiomer product
from both E- and Z-isomers. To validate this type of catalytic
hydrogenation process in this Ni-catalytic system, the reaction
was monitored, and almost no isomerization was observed for
either the E- or Z-1a substrates under the standard reaction
conditions (Figure S1). Next, a series of deuterium-labeling
experiments were conducted (Figure 1A). Hydrogenation of E-
1a under 40 bar D2 in HFIP gave the product with full
deuterium incorporation (>95%) at the α-position of the
phosphine oxide group (Figure 1A, eq 1). When the reaction
was carried out with H2 and HFIP-D1, the β-position of the
phosphine oxide group was deuterated partially (35%, Figure
1A, eq 2). Switching the substrate to Z-1a, employing D2 and
conventional HFIP resulted in full deuterium incorporation
(>95%) at the α-position and partial deuteration at the β-
position (78%, Figure 1A, eq 3). Conversely, when the
experiment was conducted under a H2 atmosphere in HFIP-
D1, partial deuterium incorporation was observed at the β-
position (12%, Figure 1A, eq 4). According to deuteration
experiments (Figure 1A), it can be seen that the α-H of all
products originates from H2. However, the β-H of (S,R)-d1-2a
originates from the solvent (>95% H, Figure 1A, eq 1) and the
β-D of (R,R)-d1-2a mainly originates from D2 (78% D, Figure
1A, eq 3). Therefore, when HFIP-D1 and H2 (Figure 1A, eq 2
and eq 4) were used, D incorporation at the β-position to the

Figure 1. Control experiments. (A) Deuterium-labeling experiments. (B) H2/D2 mixture experiments. (C) KIE experiments. (D) Control
experiment and proposed equilibrium.

Scheme 5. Proposed Mechanism
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phosphine oxide enhanced in (S,R)-d2-2a (35% D, Figure 1A,
eq 2) compared to (R,R)-d2-2a (12% D, Figure 1A, eq 4). The
decrease of β-D in (S,R)-d2-2a and (R,R)-d2-2a may be due to
the higher activity of H+ compared to D+, which is produced
by heterolysis of H2 in the D-solvent (35% vs >95%, Figure 1A,
eq 2 vs eq 1; 12% vs 22%, Figure 1A, eqs 4 vs 3). The
formation of different diastereoisomers, (S,R)-d1-2a, (S,R)-d2-
2a, (R,R)-d1-2a, and (R,R)-d2-2a, further suggests an absence
of isomerization for both E- and Z -isomers.

To verify the rate-determining step of the reaction,
hydrogenation of E- or Z-1a with a H2/D2 mixture and KIE
experiments were conducted (Figure 1B,C). The H2/D2
mixture result of E-1a shows that the rate-determining step
of the reaction is independent of hydrogen (Figure 1B, eq 1,
KαH/αD = 1.2). However, the reaction of Z-1a suggests that
the addition of hydrogen atoms from H2 to the β-position is
the rate-determining step (Figure 1B, eq 2, KβH/βD = 3.1).
Next, according to Figure 1C, it was found that different KIEs
of E-1a were observed when using H2/D2 in HFIP (KIE1 =
1.4) and H2 in HFIP/HFIP-D1 (KIE2 = 2.2). The results
indicate that the protonation step with solvent participation
should be the rate-determining step.

In the control experiments, no desired product was detected
when 5.0 mol % Ni(OTf)2 and 10 mol % (S,Rp)-JosiPhos-3
were used for the reaction. However, an additional 5.0 mol %

Ni(OTf)2 was added to the catalytic system, resulting in the
complete conversion of 1a (Figure 1D, eq 1). This result
demonstrates that inactive Complex 1 (M/L = 1/2) is likely
generated at first, and Complex 1 can be reactivated to
generate Complex 2 (M/L = 1/1) when additional nickel salt
is added (Figure 1D, eq 2). The coordination behavior of
(S,Rp)-JosiPhos-3 with Ni(OTf)2 in (CF3)2CDOD with
various ratios was then studied and analyzed using 1H and
31P NMR spectroscopies, along with HRMS analysis, to
confirm the presence of the aforementioned complex
structures (Figures S2−S5). We also detected the possible
signal of the [Ni]+−H complex in HRMS analysis when M/L
was 1/1 (Figure S4).

Based on the above mechanistic experiment results (Figure
1), two possible catalytic cycles, path a and path b, are
proposed in Scheme 5. The catalyst is monohydride cationic
Ni(II) complex II ([Ni]+−H), which forms during the initial
stages of the reaction through the interaction of nickel complex
I ([Ni]+−OTf) with high-pressure hydrogen. The polar group
of the substrate (P=O or C=O) coordinated to complex II to
produce III, and subsequently, the double bond approaches
the Ni atom and then migratory insertion occurs to form the
chiral complex IV. Delivery of the second hydrogen atom can
proceed via two different pathways. Thus, one could consider

Figure 2. Computed Gibbs free energy profiles for the asymmetric hydrogenation of 1a catalyzed by the Ni complex of (S,Rp)-JosiPhos-3. The free
energies are obtained by adding the free energy corrections obtained in the ωB97XD/6-31G(d,p)/SMD(2,2,2-trifluoroethanol) optimizations to
the single point energies computed at the ωB97XD/6-311G++(d,p)/SMD(2,2,2-trifluoroethanol) level of theory, 298.15 K, 1 bar.
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hydrogen metathesis, either assisted by the protonic solvent/
acid (H+) (path a)14b,g or H2 (path b).14b,c,e,f

To investigate the mechanism of hydrogenation of E-1a,
DFT calculations were also conducted. Considering the non-
C2-symmetric ligand, four major possible reaction pathways are
conceivable (Figure 2). In the beginning, two kinds of
intermediates of Ni−H with a substrate (III-A and III-B)
can be formed. It is worth noting that the formation of Ni−H
complex II and the coordination step are reversible; therefore,
these two intermediates (III-A and III-B) can be easily
interconverted. Then, during the approach toward Ni, the
double bond of E-1a is inserted by the hydrogen atom
simultaneously via TS1. A similar phenomenon was observed
in previous studies, especially in substrates with large steric
hindrance.14a,c,e After TS1, chelated intermediates IV with a
five-membered ring are generated, and this whole coordina-
tion/migratory insertion step is exergonic. In the next step, the
protonation of the C−Ni bond occurs with a molecule of HFIP

via TS2, leading to the formation of the corresponding
products.

Next, the energies in the Gibbs free energy profile were
focused on. Since the first step is exergonic, the activation
energy of the second step was calculated from the difference
between TS2 and IV. Hence, for the first step, the activation
energies are 17.6−23.2 kcal/mol, while for the second step, the
activation energies are 18.7−33.3 kcal/mol. These results
suggest that the protonation step should be the rate-
determining step, consistent with the KIE experiment (Figure
1C). However, when considering the stereo-determining step,
the situation becomes more complex. In the gray pathways
starting from III-B, the energies of TS2B(R) (24.7 kcal/mol)
and TS2B(S) (21.5 kcal/mol) are significantly higher than
those of TS1B(R) (17.6 kcal/mol) and TS1B(S) (17.8 kcal/
mol), respectively. This suggests the reaction may stop at IV-
B(R) and IV-B(S), and the first step should be reversible
because of the lower activation energies of the reverse reaction
(26.1 and 29.6 kcal/mol) compared to the subsequent one
(both are 33.3 kcal/mol). On the contrary, for the colored (red
and blue) pathways, the first step should be irreversible
because of the higher activation energies of the reverse reaction
(26.5 and 32.1 kcal/mol) compared to the subsequent one
(18.7 and 27.4 kcal/mol). In this case, the colored pathway
should be the major pathway, and the first step should be the
stereo-determining step due to its irreversibility. As a result, the
calculated major configuration of the product is R and the
calculated ee based on the energy difference between TS1A(R)
and TS1A(S) (ΔΔG‡ = 4.8 kcal/mol) is 99.8%, which matches
the experimental data (99% ee, Table 1, entry 10).

EDA was then employed to quantitatively measure the
strength of the interactions between the substrate and the Ni
catalyst (Figure 3A). It was found that the electrostatic energy,
induction energy, and distortion energies in TS1A(R) are
lower than those in TS1A(S). However, the exchange-
repulsion energy is higher than that in TS1A(S). In total,
TS1A(R) has a lower interaction energy compared to
TS1A(S), which is consistent with the experimental config-
uration. The lower distortion energy suggests that the skeleton

Figure 3. (A) Energy decomposition analysis (EDA). left: TS1A(R),
right: TS1A(S). (B) Independent gradient model based on Hirshfeld
partition (IGMH) analysis. (C) Optimized structures of TS1A(R)
and TS1A(S). The weak attractive interactions (length in Å) in the
range of 1.9−3.0 Å: red, CH···HX (X = C, N, Ni); blue, CH···Y (Y =
O or N); green, CH···π.

Figure 4. Possible modes of coordination of the Z-1a transition states.
The weak attractive interactions (length in Å) in the range 1.9−3.0 Å
are as follows: red, CH···HX (X = C, N, Ni); blue, XH···Y (X = C or
Ni, Y = O or N); green, CH···π.
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of the ligand enhances the enantioselectivity of the reaction.
Additionally, other energy items suggest that the secondary
interactions between the substrate and the Ni catalyst enhance
the enantioselectivity of the reaction as well. The following
IGMH analysis clearly exhibited these secondary interactions
(Figure 3B), which are marked in the schematic diagram
below. It can be observed that there are more CH···π and
CH···O/N interactions in TS1A(R) than those in TS1A(S)
(green and blue dashed lines in Figure 3C). These analyses
demonstrated how the secondary interactions between the
substrate and the Ni catalyst contribute to the enantioselec-
tivity of the reaction.

Although in most cases, the resulting enantioselectivities are
high enough (>90% ee) with E/Z-isomer mixtures, the
enantioselectivity of the reaction is relatively low when using
the Z-substrate (74% ee for 2a from Z-1a). This level of
enantioselectivity increases the difficulty of calculating the
accuracy. In addition, the catalytic cycle of the Z-substrate may
proceed through two pathways using solvent and H2
dissociation, respectively (path A and path B, Figure 1A and
Scheme 5). Thus, DFT calculations were conducted on the key
transition states TS1-Z of Z-1a based on the E-1a catalytic
cycle mentioned above (Figure 2). These calculations showed
a significant preference for TS1(R)-Z over TS1(S)-Z, which is
consistent with the R-products observed in the experiments.
Interestingly, computations showed that in the transition state
of hydride transfer, the carbonyl group is coordinated to nickel
instead of the P=O group as observed in the transition states
for the hydrogenation of E-substrates. This kind of
coordination leads to a cascade of CH···O, NiH···O, and
CH···π weak attractive interactions (blue and green dashed
lines in Figure 4), which enhance the stability of TS1(R)-Z. In
contrast, TS1(S)-Z lacks most of these interactions (Figure 4).

■ CONCLUSIONS
In conclusion, a novel method for the synthesis of chiral β2-
amino phosphorus derivatives has been achieved using an
earth-abundant metal nickel catalyst in asymmetric hydro-
genation. E-β-enamido phosphorus substrates exhibit perfect
enantioselectivities, with most products (13 examples)
achieving up to 99% ee. Even E/Z-substrate mixtures also
yield good enantioselectivities (91−96% ees). These products
can be further transformed to various valuable bioactive
molecules, chiral organic catalysts, and chiral ligands. The
possible reaction mechanism is elucidated through experiments
and DFT calculations along with IGMH and EDA analyses.
These findings suggest that the stable weak attractive
interactions between the Ni catalyst and the substrate in the
transition states are crucial for achieving excellent enantiose-
lectivities. The DFT calculations also show that the formation
of the same enantiomer product from the asymmetric
hydrogenation of the E- or Z-substrate may arise due to
their different coordination modes with the catalyst.
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