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Tailored chiral phosphoramidites support
highly enantioselective Pd catalysts for
asymmetric aminoalkylative amination

Suchen Zou1,3, Zeyu Zhao1,3, Guoqing Yang1 & Hanmin Huang 1,2

Even though tuning electronic effect of chiral ligands has proven to be a
promising method for designing efficient catalysts, the potential to achieve
highly selective reactions by this strategy remains largely unexplored.Here,we
report a palladium-catalyzed enantioselective ring-closing aminoalkylative
amination of aminoenynes enabled by rationally tuning the remote electronic
property of 1,1’-binaphthol-derived phosphoramidites. With a tailored 6,6’-CN-
substituted 1,1’-binaphthol-derivedphosphoramidite as a ligand, a broad range
of aromatic amines are compatible with this reaction, allowing the efficient
synthesis of a series of enantioenriched exocyclic allenylamines bearing
saturated N-heterocycles with up to >99% enantiomeric excess. Remarkably, a
one-pot aminoalkylative amination/hydroamination process for the rapid
synthesis of chiral spirodiamines promoted by this catalytic system is also
established. Detailed mechanistic studies provide solid evidence to support
that the remote electronic character of these chiral ligands can efficiently
tuning the enantioselectivity by altering the length of the allylic C-Pd bond of
the key catalytic intermediate.

Transition metal-catalyzed asymmetric synthesis is one of the most
efficient methods for accessing chiral compounds, and it has found
extensive applications in natural product synthesis, medicinal chem-
istry, and other areas1–3. The designing of efficient chiral ligands and
the development of new reactions, which can enrich the toolbox of
asymmetric synthesis, are core research areas in modern synthetic
chemistry. By introducing steric hindrance groups into the coordina-
tion center to regulate the chiral ligand’s steric environment4,5, a pri-
mary strategy for catalyst design, chemists have achieved numerous
highly efficient reactions. On the other hand, the remote electronic
modulation under appropriate steric hindrance has been demon-
strated to be another vital handle on catalyst design. In a seminal
report in 1991, Jacobsen and co-workers unveiled a strong linear free
energy relationship between the enantiomeric excess (ee) of epox-
idation products and the electronic property of the para-substituents
of (salen)-Mn catalysts, demonstrating that introducing strong

electron-donating substituents could ensure excellent ee values
(Fig. 1a)6,7. Thereafter, the importance of remote electronic effects in
synthetic chemistry, such as asymmetric epoxidation, hydro-
functionalization of alkene, hydrogen bond-catalyzed reaction, site-
selective acylation and others8–13, has been increasingly appreciated.
Nevertheless, the potential applications of remote electronic effect in
Pd-catalyzed asymmetric transformations have remained largely
unexplored14,15, partly because the known effective chiral catalysts are
not well-suited to remote electronic tuning either synthetically or
structurally.

Among numerous privileged chiral ligands, 1,1’-binaphthol
(BINOL)-derived phosphoramidites are one of the most widely used
ligands in transition metal-catalyzed asymmetric reactions16. In addi-
tion to enabling the adjustment of the steric demand of the catalyst at
the 3,3’-positions, the BINOL scaffold also provides us an opportunity
to systematically turn the remote electronic feature by introducing
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different substituents at 6,6’-positions17–19. For instance, by introducing
–CF3 into the 6,6’-positions of BINOL, Kobayashi and co-workers
achieved a highly enantioselective Mannich-type reaction of silyl enol
ethers with aldimines, catalyzed by (6,6’-(CF3)2BINOL)-Zr, with a high
level of TON (Fig. 1a)20. Despite these advances, most BINOL-derived
phosphoramidites designed for Pd-catalyzed reactions relied on tun-
ing the substituents at the 3,3’-positions of the BINOL-skeleton, ren-
dering scant attention paid to achieving highly selective reactions by
remote electronic tuning5,16. Hence, the investigation of the remote
electronic effect in Pd-catalyzed asymmetric transformation by taking
advantage of the BINOL-derived phosphoramidites holds great sig-
nificance. In line with our continuous interest in designing chiral
ligands21,22 and developing asymmetric reactions based on aminoalk-
ylation chemistry23–27 herein, we report a Pd-catalyzed highly enantio-
selective ring-closing aminoalkylative amination of enynes, which was
enabled by a remote –CN group decorated phosphoramidite
ligand (Fig. 1).

Chiral allenes are an important class of molecules that not only
exist in numerous natural and biologically important synthetic
molecules28 but also serve as useful building blocks for the efficient
synthesis of diverse intricate molecules29–31. Specifically, densely
functionalized 2,3-allenylamines are remarkably versatile due to the
incorporation of two important transformable functional groups
(allene and amine)32–34, and they have found particularly elegant

applications in the synthesis of natural products35–37. Accordingly,
there are enduring endeavors to devise efficient methods for synthe-
sizing these targets38–49. Of the many sophisticated catalytic methods,
the Pd-catalyzed asymmetric two-component 1,4-hydro/carboamina-
tion of unactivated enynes constitutes the most atom- and step-
economic routes for the rapid assembly of chiral allenylamines
(Fig. 1b). However, relevant reports on this area remain scarce27,50,51.
Furthermore, while the documented 1,4-functionalization of enynes
can yield a range of enantioenriched allenylamines, they typically
require the use of secondary alkylamines50 or secondary alkylamine-
derived aminals27 to achieve acceptable enantioselectivities ((39–91%
ee),50 (67–93% ee)27). Aromatic amines, on the other hand, are omni-
present in natural products and bioactive compounds52. These com-
pounds often exhibit enhanced stability, and their aryl groups can
influence reactivity and selectivity in synthetic transformations.
Expanding the nucleophiles from alkylamines to aromatic amines
could further advance this field by enabling the synthesis of more
complex and potentially bioactive molecules. However, extending
these methods to the less nucleophilic aromatic amines remains a
significant challenge.

Recently, we have disclosed a more atom-economic and envir-
onmentally benign three-component reaction towards racemic
allenylamines27, where the putative aminoalkyl cyclopalladated com-
plex B was produced from the N,O-acetals that were generated in situ

Fig. 1 | Pd-catalyzed enantioselective carboamination of unactivated enynes.
a Ligand remote electronic tuning for asymmetric metal catalysis. b The current
state-of-the-art of palladium-catalyzed asymmetric hydro/carboamination of

enynes. c Tailored chiral phosphoramidite enables palladium-catalyzed asym-
metric ring-closing aminoalkylative amination of aminoenynes.
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via condensation of aminoenynes and aldehydes, with H2O as the sole
by-product (Fig. 1c). In light of the above-mentioned challenges and
with this efficient three-component protocol in hand, we embarked on
developing amore practical asymmetric variant to be compatible with
aromatic amines. Mechanistically, the asymmetric allylic amination of
allene acetates46 and the asymmetric hydroamination of enynes,50

which share the same vinyl η3-allylic palladium A,53 proceeded under
the control of Curtin-Hammett principle with the amination of
palladium-complex A being the stereo-determining step. As such, we
surmised that the rationally designed chiral ligands, by fine-tuning
their electronic properties, would potentially facilitate the desired
carboamination with aromatic amines. If achievable, this protocol
would offer an expedient approach to chiral exocyclic allenylamines
bearing a saturated N-heterocycle (Fig. 1c). Moreover, primary aro-
matic aminesmayundergo a one-pot carboamination/hydroamination
reaction, hopefully enabling the straightforward synthesis of chiral
spirodiamines featured in many biologically active compounds54.
These chiral spirocyclic structures are currently not easily accessible
through other strategies54–56.

Results
Preliminary results
Initially, the reaction of N-benzylhept-6-en-4-yn-1-amine 1a, poly-
formaldehyde 2a, and N-methylaniline 3a was selected as the model
system. The chiral ligand screening was performed in CH2Cl2 at −10 °C
with 2.5mol% of [Pd(π-cinnamyl)Cl]2 as catalyst precursor and 8mol%
of AgClO4 as an additive. Employing the common chiral ligands uti-
lized in Pd-catalyzed asymmetric reaction achieved limited success
(for the details, see Supplementary Table 1). Aftermany trials, it turned
out that the reaction could proceed smoothly with phosphoramidite
L1, previously reported in our previous work27, as the chiral ligand and
the target product 4 were obtained in 75% yield with 59% ee (Fig. 2a).
To our delight, the chiral product4was obtained in 79% yieldwith 76%
ee by lowering the reaction temperature to −30 °C.

Mechanistic investigations and reaction optimization
With these preliminary results in hand, we next sought to investigate
the reactionmechanism, whichmay, in turn, guide the optimization of
reaction conditions. The kinetic studies were carried out based on the
initial reaction rate and demonstrated first-order dependence on the
concentrations of the palladium catalyst, isolated N,O-acetal, and N-
methyl aniline species (Fig. 2b). These results suggested that these
three species were involved in the turnover-limiting step. Previous
research has shown that electron-rich alkyl amines exhibit higher
enantioselectivity compared to less nucleophilic aromatic amines50.
This finding led us to hypothesize that the nucleophilicity of the
nitrogen nucleophile could directly impact the stereoselectivity of the
reaction. To this end, we used 1a and formaldehyde 2a as the standard
substrates to react with a series of N-methyl anilines bearing different
para-substituents under Pd/L1 catalysis at −30 °C (Fig. 2c). The
experimental results indicated that the ee value of the product
increased with the increase of nucleophilicity of aromatic amine.
Moreover, a linear free-energy relationship with good correlation
(R2 = 0.95) was observed in a plot of lg(er) against σp. The negative
slope (ρ = −0.69) indicates that ee was highly sensitive to the nucleo-
philicity of the substrates. Collectively, these results suggest that the
amination of vinyl η3-allylpalladium complex Cmight be the turnover-
limiting and stereo-determining step (Fig. 1c). In addition to these
experiments,we investigatedwhether catalyst deactivation or product
inhibition existed in this reaction. Firstly, we conducted a same-excess
experiment (Fig. 2d, entries 1 and 2). Based on the first-order kinetic
results from the initial rate experiments, we performed data fitting
using variable time normalization analysis57 (Figs. 2d-1, inset) and
found that the plot fits well at lower conversions (around 20%). How-
ever, lower normalized rates were observed for lower catalyst loadings

in the later stages of the reaction, suggesting potential product inhi-
bition or catalyst deactivation. An additional control experiment with
the product as an additive was performed (Fig. 2d, entries 1 and 3). The
results showed that adding 25% of the product led to a decrease in the
initial reaction rate (Fig. 2d-2), indicating that the reaction suffers from
product inhibition. This inhibition may be caused by the coordination
of the allene to the low-valent palladium species58 (for the proposed
reaction mechanism, see Supplementary Fig 21). Therefore, it is also
important to ensure that the catalyst remains active throughout the
reaction during the optimization process.

Encouraged by these results, we envisioned that improving the
electrophilicity of vinyl η3-allylic palladium intermediate byminimizing
the electron-donating ability of ligands could improve the catalytic
efficiency and lead to higher enantioselectivity. Modification of the
phosphoramidite ligand L1 was then conducted to improve the per-
formance of the asymmetric catalytic system. As shown in Fig. 3a,
variation of the chiral amine unit of the ligand L1 revealed that the
more electron-rich the ligand used, the lower the enantioselectivity of
the products was observed, whereas the yield remained unaffected
(Fig. 3a, L1–L4). Inspired by these and our previous results27 that the
introduction of substituents at the 3,3’-position of the chiral BINOL-
framework resulted in a significant decrease in reaction efficiency, we
turned to modify the ligand L1 with different substituents at the 6,6’-
position of the BINOL-skeleton. This allows for tuning the remote
electronicproperties of the ligandwithout altering its steric hindrance.
Along this line, five new phosphoramidite ligands (L5–L9) with dif-
ferent substituents, including –tBu, –Cl, –Br, –CO2Me, and –CF3 were
successfully prepared. The structure of ligand L6was characterized by
X-raycrystallography analysis. As expected, the ee value of theproduct
gradually increased along with the decrease of the electron-donation
ability of the ligand (Fig. 3a,L5–L9), and91%eewasobtainedwithL9 as
the ligand. Bolstered by these promising results, we next synthesized a
more electron-deficient ligand L10 bearing—CN substituent at the 6,6’-
position of the BINOL-skeleton and investigated its catalytic perfor-
mance. As expected, the corresponding product 4 was obtained in
good yield (78%) with excellent ee value (97%). Further screening of
other parameters with L10 as the ligand indicates that the current
reaction conditions are optimal (for details, see Supplementary
Tables 8 and 9).

Investigations on ligand electronic effect
During the above ligand screening process, we observed an intriguing
relationship between the enantioselectivity of product 4 and the σp
parameter of the substituents at the C-6 position of the ligand
(Fig. 3b)59. A linear free-energy relationship with good correlation
(R2 = 0.92)was observed in aplot of lg(er) against σp. Thepositive slope
(ρ = 1.35) indicated that the ee was highly sensitive to the remote
electronic nature of the ligand used here. To probe the electronic
effect and to deeply understand the behavior of L10 in controlling the
enantioselectivity, a series of experiments were conducted. A non-
linear effect experiment was conducted and showed a linear relation-
ship, indicating that the palladium-to-ligand ratio in the stereo-
determining step is most likely 1:1 (Fig. 3c). The reaction rates were
compared using different ligands at room temperature. As shown in
Fig. 3d, reactions with ligands bearing electron-withdrawing groups
exhibited a faster rate compared to those with electron-donating
groups, with the reaction rate order as follows: L10 > L6 > L5.
According to previous reports60,61, electron-deficient ligands facilitate
the reductive elimination step from higher oxidation state metals to
lower oxidation states. Thus, by combining the results from the non-
linear effect experiments and kinetics results, we tentatively conclude
that the allylic substitution process from Pd(II) to Pd(0) is most likely
to be the turnover-limiting step, with only monomeric palladium cat-
alysts involved in this process. DOSY NMR of the cationic Pd/L10
complex revealed that a single complex formswhen palladium and the

Article https://doi.org/10.1038/s41467-024-54328-5

Nature Communications |        (2024) 15:10477 3

www.nature.com/naturecommunications


ligand are combined in a 1:1 ratio, with no oligomeric allyl species
detected, whichmight further support our hypothesis (for details, see
Supplementary Table 12). During the optimization of the reaction
conditions, we observed that varying the ratio of Pd/L10 from 1:2 to 1:1
had no influence on the enantioselectivities of this reaction, but it
conspicuously attenuated the reactivity (for details, see Supplemen-
tary Table 8). Given the presence of catalyst deactivation and product
inhibition in this reaction (Fig. 2d), this result suggests that an
appropriate excess of ligand would mitigate catalyst deactivation62.
Additionally, we performed DFT calculations to investigate the effect
of substituents on the electron density of the palladium center. The
results indicated that, in the allylic cationic palladium complex, the
electron density at the palladium center is directly influenced by the
remote substituents of the ligand, with electron-withdrawing groups
rendering the palladium center more electron-deficient (for details,
see Supplementary Table 13). Accordingly, we assumed that the η3-

allylic moiety of the complex would be closer to the more electron-
deficient palladium center, which thus enhances its electrophilicity to
facilitate the desired reaction. To validate this hypothesis, three new
palladium–phosphoramidite complexes, Pd(allyl)L5Cl (Pd-1), Pd(allyl)
L6Cl (Pd-2) and Pd(allyl)L10Cl (Pd-3) were prepared and characterized
by X-ray crystallography analysis (Fig. 3e). The X-ray structures of
[Pd(allyl)L*Cl] illustrated the order of bond lengths of allylic-C-Pd at
the trans-position of P-Pd as follows: Pd-1 (2.203 Å) >Pd-2
(2.187 Å) >Pd-3 (2.177 Å). These results confirmed that reducing the
electron-donating ability of ligands could increase the electrophilicity
of vinyl η3-allylic palladium species, thereby increasing the reaction
rate. Moreover, the allyl group closer to the palladium center can
amplify the discriminating interaction between the diastereotopic
vinyl η3-allylic palladium complex and amine, thus improving the
kinetic selectivity at the amination step and resulting in higher levels of
enantioselectivity.

+

N
CH2

•
N

Bn1a 4

(HCHO)n

NHBn

2a Ph

Me

[Pd(�-cinnamyl)Cl]2 (2.5 mol%)
AgClO4 (8 mol%), L1 (11 mol%)

PhNHMe

3a

H

CH2Cl2, T, 24 h

L1

+
N

CH2

•
N

Bn
1a

(HCHO)n

NHBn

2a
Ar

Me

[Pd(�-cinnamyl)Cl]2 (2.5 mol%) 
AgClO4 (8 mol%), L1 (11 mol%)

ArNHMe

3

H

CH2Cl2, -30 ° C, 24 h

entry

1

2

3

4

4-MeOPh-

 4-MePh-

4-BrPh-

Ar

Ph-

product

5, 90% yield, 81% ee

6, 80% yield, 80% ee

4, 79% yield, 76% ee

7, 84% yield, 63% ee

�para

-0.27

-0.17

0

0.23

T (°C)

-10

-30

4

75% yield, 59% ee

79% yield, 76% ee

a.

c.

b.

BnN OMe

N
CH2

•
N

Bn
1a' 4

+

3a

Ph

Me

 [Pd(�-cinnamy)Cl]2 (2.5 mol%)
AgClO4 (8 mol%)

PhNHMe

H

L1 (11 mol%), CH2Cl2, rt

O

O
P N

CF3

d.

entry

1

2

3

[Pd] (M) [sm 1a'] (M) [sm 3a] (M) [4] (M)

0.0015

0.001875

0.0015

0.03

0.03

0.03

0.045

0.045

0.045

0

0

0.0075

BnN OMe

1a'

4+

3a

PhNHMe

CH2Cl2, rt

2) entry 1 vs entry 31) entry 1 vs entry 2

[Pd]

y = 2.6521x - 0.0062
   R² = 0.986

y = 1.7706x + 0.0035
    R² = 0.9549

y = 1.398x - 0.0008
    R² = 0.9984

y = -0.6902x + 0.8237
R² = 0.9522

Fig. 2 | Preliminary results and mechanistic investigations. a Preliminary results with phosphoramidite L1 as the ligand. b Kinetic analysis. c Hammett plot for the
enantiomeric ratio of products using para-substituted anilines. d Experiments designed to identify the potential product inhibition or catalyst deactivation.
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Substrate scope exploration
With this catalytic system in hand, we set out to investigate the sub-
strate generality of this Pd-catalyzed three-component ring-closing
reaction. First, the influence of various substituents on the phenyl
group ofN-methyl anilines was explored (Fig. 4A). To our delight, both
electron-withdrawing group (–Cl, –Br, –CO2Me) and -donating groups
(–OMe, –Me) were all compatible with this reaction and afforded the
desired products (4-12) in 65–85% yields with 75–99% ee values.
Notably, with the catalyst loading reduced to 1mol%, the desired
product 4 could still be obtained in 67% isolated yield with 94% ee,
demonstrating the robustness and efficiency of this protocol. More-
over, the electronic nature of the phenyl ring of the N-methylanilines
had a strong influence on the enantioselectivities. The N-methylani-
lines bearing mono-halide furnished the corresponding chiral allenes
(7 and 8) in good yields with excellent ee. However, the reaction with
strong electron-withdrawing group substitutedN-methylanilines, such
as ester or di-chlorine substituted substrates, provided lower

enantioselectivities, while the yield remained unaffected (10 and 11).
Compared with the results of the substrates bearing an electron-
withdrawing group, the presence of an electron-donating group led to
good yields with excellent enantioselectivities (5, 6, 9, and 12). Fur-
thermore, N-methyl naphthylamine showed good compatibility to
produce the corresponding product 13 in 74% yield with 96% ee. In
addition to N-methylanilines, other N-substituted anilines, such as
ethyl, benzyl, allyl, and siloxane are amenable to this reaction, deli-
vering the target product (14-17) with high to excellent ee values. For
aniline tetheredwith a cyano group, a good yieldwas obtained (18) but
with a lower ee value, which might be ascribed to its increased steric
hindrance and potential coordination ability with the catalyst.
Delightfully, 1,2,3,4-tetrahydroquinoline underwent the reaction effi-
ciently, affording the target product 19 in 73% yieldwith 98% ee. TheN-
Ts-protected arylamine was also compatible with this transformation,
affording the corresponding product 20 in 50% yield with excellent
enantioselectivity (95% ee). However, an elevated temperature was
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required for diarylamine to obtain the desired product, but the enan-
tioselectivity was lower (21). Compared to our previous reaction
system27, this catalytic system can convert secondary alkylamine-
derived aminals to the corresponding product with better ee under
milder conditions but with a lower yield (for details, see Supplemen-
tary Fig 34).

Apart from secondary amines, primary arylamines are also com-
petent. Only minor adjustments to the reaction conditions were nee-
ded to achieve the efficient cross-coupling with aniline, delivering the
corresponding allene 22 in 65% yield with 96% ee (Fig. 4B). Similar to
the reaction with secondary anilines, substrates bearing either
electron-donating groups or electron-withdrawing groups on the

phenyl ring all proceeded in high enantioselectivities (84–>99% ee)
andmoderate to good yields (51–74%). In particular, the reaction could
tolerate sensitive functional groups, including Br (30) and I (31), which
are useful features for further synthetic transformations. Moreover,
naphthylamine and 6-azaindole were also suitable for delivering the
corresponding products (36 and 37). Most intriguingly, diaryl sulfox-
imine, as an excellent ammonia surrogate and also an important
pharmacophore in its own right63 was compatible with this catalytic
process, converting to corresponding product 38 in acceptable yield
with good ee. Unfortunately, no desired products were detected when
other amine sources, such as TsNH2, BocNH2, Boc2NH, and BnNH2,

were subjected to the reaction. Encouraged by the good functional
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Fig. 4 | Substrate scope of amines. aConditions: 1a (0.3mmol), 2a (0.45mmol), 3
(0.45mmol), [Pd(π-cinnamyl)Cl]2 (2.5mol%), AgClO4 (8mol%), L10 (11mol%),
CH2Cl2 (1.5mL), −30 °C, 24 h, isolated yield. b[Pd(π-cinnamyl)Cl]2 (0.5mol%),
AgClO4 (8mol%), L10 (2.2mol%). c40 °C. d1a (0.3mmol), 2a (0.45mmol), 3

(0.6mmol), Pd(CH3CN)2Cl2 (5mol%), AgClO4 (30mol%), L10 (11mol%), CH2Cl2
(1.5mL), −10 °C, 20h, isolated yield. Ts p-toluenesulfonyl, PMP p-methoxyphenyl,
Boc t-butyloxy carbonyl.
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group compatibility of this reaction, we subsequently assessed its
applicability to a biologically active compound. As shown in Fig. 4B,
Lapatinib intermediate was subjected to this protocol, delivering the
target product 39 in 54% yield with 96% ee.

We next turned our attention to investigating the substrate scope
of aminoenynes and aldehydes. As demonstrated in Fig. 5, a variety of
hept-6-en-4-yn-1-amines with different substituents on the nitrogen
atom reacted smoothly to furnish the corresponding products (40-
44) in 65–74% yields with excellent enantioselectivities (80–97% ee).
Extending the tether length provided the exocyclic chiral allenyla-
mines bearing a 7-membered ring in good yields with excellent ee
values (45 and 46). However, no target product was detected when
introducing substituents into the alkene group of aminoenynes. In
addition to polyformaldehyde, we also investigated the compatibility
of substituted aldehydes. To our delight, this three-component one-
pot reaction was amenable to a wide range of aliphatic aldehydes
bearing phthalimide, phenyl, alkenyl, and chlorine functional groups,
affording the chiral exocyclic allenes (47-50) in moderate yields with
high ee values, albeit with low diastereoselectivities. Moreover, α,β-
unsaturated aldehyde also underwent the reaction smoothly (51).
However, the current reaction conditions fail to convert aromatic
aldehydes into the correspondingproducts, whichmight be attributed
to the difficulty in forming the key aminoalkyl cyclopalladated com-
plex B due to the large steric hindrance of the aryl group.

Construction of chiral spirodiamines
Over the last decades, there has been a growing recognition of spir-
ocyclic scaffolds as promising building blocks in medicinal
chemistry64. Moreover, recent research has demonstrated that repla-
cing traditional flat aromatic cores of drug candidates with sp3-rich
templates can be highly beneficial.65 In this respect, spirocyclic scaf-
folds bearing saturated N-heterocycles and a chiral spiro quaternary
carbon are particularly attractive54,66–68. However, despite great efforts
in this area, the catalytic enantioselective synthesis of this type of
skeleton is still a daunting challenge. As shown in Fig. 6, with primary
amines as the reaction partners, we can handily get the chiral spir-
odiamines through subsequent axial-to-center transfer by treating the
reaction mixture with the catalytic amount AgNO3. A series of aryla-
mines were successfully employed in our process by using the tailored

phosphoramidite ligand L10, providing chiral spirodiamines 52–58 in
moderate yields along with good to excellent ee values (85–97% ee).
Notably, the introduction of 6-azaindole could be accomplished and
the chiral product 59 was obtained smoothly with high enantioselec-
tivity. Finally, the structure of chiral spirodiamine 59 was unambigu-
ously confirmed by X-ray analysis.

Synthetic transformations
The efficiency and practicality of the reaction were further demon-
strated by the large-scale experiments and functional group trans-
formations. As shown in Fig. 7a, under the standard reaction
conditions, products 4 and 22 were smoothly obtained on a gram
scale (0.89 and 0.66 g, respectively) in good yields with excellent ee
values. Several transformations of chiral allene 22 were carried out
(Fig. 7b). Treatment of 22 with 2.2 equivalents of NBS yielded
dibrominated spirocyclic product 60 in 79% yield with 92% ee. When
22wasmixedwith NIS at 0 °C for 12 h, the iodinated spiro-product 61
was formed in 77% yield with 90% ee. Through a Pd-catalyzed aryla-
mination of allene, a phenyl group could be introduced into product
22 to produce product 62 in high yield with excellent enantioselec-
tivity. Moreover, treating 22 with benzoyl chloride afforded the
corresponding amide 63 in 91% yield. Furthermore, product 22 can
be easily converted to spirodiamine 52 in good yield with a slight loss
of enantiopurity under AgNO3 catalysis. Selective hydrogenation of
the double bond of 52 under PtO2 catalysis in a hydrogen atmo-
sphere afforded compound 64 in nearly quantitative yield. Addi-
tionally, the benzyl group in compound 52 could be readily removed
using 1-chloroethyl chloroformate, and the resulting secondary
amine could be transformed into sulfonamide 65 through sub-
sequent sulfonation in 73% overall yield.

Discussion
In summary, we have demonstrated that the manipulation of electro-
nic properties of remote substituents on BINOL-derived phosphor-
amidite ligands enables the optimization of Pd-catalyzed asymmetric
ring-closing carboamination of enynes. With a tailored electron-
deficient chiral phosphoramidite ligand, a broad range of aromatic
amines can be compatible with this reaction, yielding a variety of
enantiomerically enriched exocyclic allenylamines bearing saturated

Fig. 5 | Substrate scope of aminoenynes and aldehydes. aConditions: 1 (0.3mmol), 2 (0.45mmol), 3 (0.45mmol), [Pd(π-cinnamyl)Cl]2 (2.5mol%), AgClO4 (8mol%), L10
(11mol%), CH2Cl2 (1.5mL), −30 °C, 24 h, isolated yield. b−30 °C, 36h. PMP p-methoxyphenyl, PMB p-methoxybenzyl, NPhth phthalimide.
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N-heterocycles. Additionally, employing this catalytic system, a one-
pot axial-to-central chirality transfer process was devised, which
enables the expedient construction of valuable chiral spirodiamines.
The robustness and efficiency of our approach should hold potential

for applications in complex molecule synthesis and drug discovery.
More broadly, we anticipate that this study may inspire further
exploration of remote electronic effects of chiral ligands to address
other untapped catalytic asymmetric reactions.

Fig. 6 | Access to chiral spirodiamines. Conditions: (1) 1a (0.3mmol), 2a (0.45mmol), 3 (0.6mmol), Pd(CH3CN)2Cl2 (5mol%), AgClO4 (30mol%), L10 (11mol%), CH2Cl2
(1.5mL), −10 oC, 24 h. (2) AgNO3 (10mol%), rt, 4 h, isolated yield. Boc t-butyloxy carbonyl.
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Methods
General procedure for the asymmetric reactions of aminoe-
nynes, paraformaldehyde and secondary amines
Step 1. To a Young-type tube equipped with a magnetic stirrer was
added 1 (0.3mmol), paraformaldehyde 2a (10.8mg, 0.45mmol),
K2CO3 (8.3mg, 20mol%), anhydrous Na2SO4 (8.5mg, 20mol%) and
MeOH (1.0mL). The reactionmixture was stirred at 40 °C for 2 h. After
evaporation of the solvent under reduced pressure, CH2Cl2 (1.0mL)
was added under the N2 atmosphere and used directly for the
next step.

Step 2. In an N2-filled glove box, [Pd(π-cinnamyl)Cl]2 (3.9mg,
2.5mol%), AgClO4 (5.0mg, 8mol%), L10 (23.3mg, 11mol%) and CH2Cl2
(0.5mL) were added to a flame-dried Young-type tube (25mL). The
mixture was stirred at room temperature for 30min. After that, 3
(0.45mmol) and the crude product of Step 1 in CH2Cl2 were added to
the mixture under the N2 atmosphere. The reaction mixture was
degassed with freeze–thaw method for one time and stirred at −30 °C
for 24 h. After evaporation of the solvent under reduced pressure, the
residue was purified by flash column chromatography on silica gel to
give the desired product. The ee value was determined by HPLC ana-
lysis with the chiral column.

General procedure for the asymmetric reactions of aminoe-
nynes, paraformaldehyde, and primary amines
Step 1. To a Young-type tube equipped with a magnetic stirrer was
added 1 (0.3mmol), paraformaldehyde 2a (10.8mg, 0.45mmol),
K2CO3 (8.3mg, 20mol%), anhydrous Na2SO4 (8.5mg, 20mol%), and
MeOH (1.0mL). The reactionmixture was stirred at 40 °C for 2 h. After
evaporation of the solvent under reduced pressure, CH2Cl2 (1.0mL)
was added under the N2 atmosphere and used directly for the
next step.

Step 2. In an N2-filled glove box, Pd(CH3CN)2Cl2 (3.9mg, 5mol%),
AgClO4 (18.6mg, 30mol%), L10 (23.3mg, 11mol%), and CH2Cl2
(0.5mL) were added to a flame-dried Young-type tube (25mL). The
mixture was stirred at 40 °C for 30min. After cooling to room tem-
perature, 3 (0.6mmol) and the crude product of Step 1 in CH2Cl2 were
added to the mixture under an N2 atmosphere. The reaction mixture
was degassed with freeze–thaw method for one time and stirred at
−10 °C for 20 h. After evaporation of the solvent under reduced pres-
sure, the residue was purified by flash column chromatography on
silica gel to give the desired product. The ee value was determined by
HPLC analysis with the chiral column.

General procedure for the asymmetric reactions of aminoe-
nynes, substituted aldehyde and amines
In an N2-filled glove box, [Pd(π-cinnamyl)Cl]2 (3.9mg, 2.5mol%),
AgClO4 (5.0mg, 8mol%), L10 (23.3mg, 11mol%) and CH2Cl2 (1.5mL)
were added to a flame-dried Young-type tube (25mL). Themixturewas
stirred at room temperature for 30min. After that, 1 (0.3mmol),
aldehyde 2 (0.45mmol), and 3 (0.45mmol) were added to themixture
under N2 atmosphere. The reactionmixture was degassed with freeze-
thaw method for one time and stirred at −30 °C for 36 h. After eva-
poration of the solvent under reduced pressure, the residue was pur-
ified by flash column chromatography on silica gel to give the desired
product. The ee value was determined by HPLC analysis with the chiral
column.

General procedure to access chiral spirodiamines
Step 1. To a Young-type tube equipped with a magnetic stirrer was
added 1 (0.3mmol), paraformaldehyde 2a (10.8mg, 0.45mmol),
K2CO3 (8.3mg, 20mol%), anhydrous Na2SO4 (8.5mg, 20mol%) and
MeOH (1.0mL). The reaction mixture was stirred at 40 °C for 2 h.
After evaporation of the solvent under reduced pressure, CH2Cl2
(1.0mL) was added under N2 atmosphere and used directly for
next step.

Step 2. In an N2-filled glove box, Pd(CH3CN)2Cl2 (3.9mg, 5mol%),
AgClO4 (18.6mg, 30mol%), L10 (23.3mg, 11mol%), and CH2Cl2
(0.5mL) were added to a flame-dried Young-type tube (25mL). The
mixture was stirred at 40 °C for 30min. After cooling to room tem-
perature, 3 (0.6mmol) and the crude product of Step 1 in CH2Cl2 were
added to the mixture under an N2 atmosphere. The reaction mixture
was degassed with freeze–thaw method for one time and stirred at
−10 °C for 24 h.

Step 3. To the above reaction mixture was added AgNO3 (5.1mg,
10mol%), then stirred at rt for 4 h. After evaporation of the solvent
under reduced pressure, the residue was purified by flash column
chromatography on silica gel to give the desired product. The ee value
was determined by HPLC analysis with chiral column.

Data availability
All data supporting the findings of this study are available within the
article and its Supplementary Information files or from the corre-
sponding author upon request. Crystallographic data for the struc-
tures reported in this article have been deposited at the Cambridge
Crystallographic Data Centre, under deposition numbers CCDC
2262824 (L6), 2335182 (Pd-1), 2335183 (Pd-2), 2335184 (Pd-3), and
2335185 (59). Copies of the data can be obtained free of charge via
https://www.ccdc.cam.ac.uk/structures/. Source data are provided
with this paper.
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