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Enantioselective aza-electrophilic
dearomatization of naphthalene derivatives

Jun Liu1,2,3, Haina Liu1,2, Meijuan Zhou4, Xiaolong Yu4, Gang Zhao3 &
Hongyu Wang 1,2,5

The catalytic asymmetric dearomatization of naphthalenes is a pivotal strategy
for generating enantioenriched three-dimensional aliphatic polycycles from
flat aromatic precursors. However, achieving such transformations involving
electronically unbiased naphthalenes remains a long-standing challenge. Here,
we describe a silver-mediated enantioselective aza-electrophilic dear-
omatization approach that couples readily accessible vinylnaphthalenes in
conjunction with azodicarboxylates to afford chiral polyheterocycles via for-
mal [4 + 2] cycloaddition reactions, yielding up to 99% yield and 99 : 1 e.r.
Central to the method is the formation of an aziridinium intermediate that
facilitates the subsequent dearomatization of naphthalenes. A 100mmol-scale
reaction and the divergent transformation of the products into enantioen-
riched aliphatic polycycles highlight their synthetic utility. Mechanistic
experiments and DFT calculations offer insights into the reaction mechanism
and the origin of the observed enantiocontrol outcome.

Enantioenriched aliphatic polycyclic scaffolds serve as key structural
cores for a broad range of drugs, materials, and biologically active
natural products. These three-dimensional (3D) frameworks increase
molecular complexity and profoundly impact their physicochemical
properties, biological activities, and toxicity profiles, however, they
engender several synthetic challenges such as multi-step sequences
and pre-functionalized substrates1,2. In this regard, catalytic asym-
metric dearomatization (CADA) of fused arenes offers a unique and
potent strategy for directly constructing enantioenriched, structurally
diverse 3D architectures3–6, enabling the generation of value-added
building blocks as well as facilitating late-stage functionalization of
drug candidates (Fig. 1A). While substantial progress was generally
focused on electronically biased aromatic compounds, such as
phenols7–10, naphthols11–15, naphthylamines16 and indoles17–21 over the
past decade, the applications of naphthalenes in CADA reactions
remains a significant challenge due to their pronounced aromaticity22.

In the context of CADA reactions of naphthalenes, two primary
strategies have recently emerged to promote efficient and

enantioselective transformations. (1) Arenophiles-mediated dear-
omatization pioneered by Sarlah and co-workers23–27, where the dear-
omatization of naphthalene facilitates subsequent enantioselective
transformations via transition-metal catalysis (Fig. 1A, top). (2) Sub-
strate control, in which precisely designed precursors drive CADA
reactions, offers an efficient approach (Fig. 1A, middle)22,28–31, however,
it limits the substrate scope due to their challenging synthetic steps.
Despite these remarkable advances, there remains a crucial demand
for a direct approach to CADA reactions that is compatiblewith readily
available naphthalenes (Fig. 1A, below), without relying on unique
structures or extra operations.

Vinylarenes belong to a kind of bulk and abundant feedstocks32,
such as vinylnaphthalene. It’s noteworthy that highly substituted
vinylarenes could be easily accessed from bulky feedstocks via
numerous methods, such as Wittig reactions33, Julia-Kocienski
reactions34, Heck reactions35, Suzuki-Miyaura reactions36,37, and
Still reactions38. As a result, the diverse transformations of vinylar-
enes into value-added products have garnered significant attention
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from both chemists and medicinal chemists over the past few dec-
ades. Notably, the asymmetric aza-electrophilic addition of vinylar-
enes provides a pivotal strategy for preparing nitrogen-containing
molecules39–41, which is highly important in pharmaceutical and
material sciences. Recently, Zhao and co-workers pioneered a
copper-catalyzed enantioselective aminative difunctionalization of
vinylarenes using dialkyl azodicarboxylates as electrophilic nitrogen
sources (Fig. 1B)42. Cai and co-workers subsequently reported that
Au(I)/NHC system could realize the enantioselective [2 + 2]
cycloaddition by the utilization of azodicarboxylates and
vinylarenes43. In which, the aziridinium intermediate B-1 generated
via the coordination of transition-metal complexes and

azodicarboxylates played a crucial role in enabling the following
transformations (Fig. 1B). Inspired by these precedents, we hypo-
thesized that the π-electrons of the aromatic ring could be pertur-
bated by the aziridinium intermediate B-1, thereby reducing its
aromaticity and facilitating the dearomatization process. However,
implementing this enantioselective aza-electrophilic dearomatiza-
tion presents many challenges on several fronts: (a) the competitive
difunctionalization of vinylarenes across C-C π-bonds must be
effectively suppressed, as prior studies have demonstrated the ease
of such difunctionalization42,43; (b) the energy barrier between
dearomatization and rearomatization must be sufficiently high to
prevent the undesired rearomatization of the products 344,45.

O N

O

R

H
N

CO2R'

NN
R'O2C CO2R'

N

OMe

NC

N N ArAr

R

N N
R''O2C

CO2R''

+R' N
N CO2R''

CO2R''

R

R''

OMe

PPh2

with

N
CO2Et

N
Ag CO2Et

Me

L

Me

N
N CO2Et

CO2Et
Ag

L

TS - 1
(favored)

TS - 2
(disfavored)

�Gsol = 0.0 kcal/mol �Gsol = 7.6 kcal/mol

vs

X

R N N
R'O2C

CO2R'

R

Lewis acids
chiral ligands

N
R'O2C N

CO2R'

R

M

X = N, O, S, etc.

Well-developed

Less-developed

G

N

N
N

O

O

Me

transition-metal catalyzed 
enantioselective desymmetrization

Precise design

arene-arenophile 
cycloadduct

with N-N arenophile
under visible light

(unavailable substrates)

(limited to naphthalene)

x

y

z

R

value-added 
chiral 3D polycycles

High enantioselectivity Broad substrate scope Tri- & tetrasubstituted stereocentresHigh regioselectivity

H

R''
R'

G

G

2

1 2 3

L*

Cu(NTf2)2
and L1*, by Zhao ref. 42

AuNTf2
and L2*, by Cai ref. 43

L1*

L2*

Ag

CADA

A

R

R'

R''

Vinylarenes
(bulk feedstocks, readily accessible)

unknown

1 B-1
(key intermediates)

O N

Me Br
CO2R

N2

representative examples:

N

O

Me Br

Br

G
=

O
N

OH

NH2

B

C

Fig. 1 | The state-of-the-art asymmetric dearomatization of naphthalenes and
asymmetric aza-electrophilic addition of vinylarenes. A Asymmetric dear-
omatization of fused arenes.B Enantioselective aza-electrophilic difunctionalization

across C=C bonds. C Enantioselective aza-electrophilic dearomatization of naph-
thalene derivatives (this work) G, functional groups; R, R’, R”, alkyl, aryl;M, transition
metals; L*, chiral ligands.
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As illustrated in Fig. 1C, DFT calculations revealed that the tran-
sition state TS-1, formed through the silver-catalyzed aza-electrophilic
addition of vinylnaphthalene with azodicarboxylates, is more favor-
able than the transition stateTS-2 (ΔGsol = 7.6 kcal/mol). This facilitates
a 6-endo-trig process to form the dearomatization product 3, thereby
motivating further exploration of the reaction in our lab. We herein
report a versatile silver-catalyzed approach that is broadly applicable
to the enantioselective dearomatization of vinylnaphthalenes with
azodicarboxylates (Fig. 1C), enabling the direct synthesis of a diverse
array of enantioenriched polyheterocycles with high regioselectivity
and enantioselectivity.

Results and discussion
Identification of an effective catalytic system
We initially examined chiral phosphine ligands by selecting 1a and
diethyl azodicarboxylate 2a as the model reaction in CH2Cl2 at
−40 °C46. The desired dearomatization product 3a was obtained with
84% yield, despite low enantioselectivity being observed (55: 45 e.r.)
using BINAP (L1). Replacingonediphenylphosphinyl groupofL1with a
methoxyl group (L2) could significantly improve the enantioselectivity
to 93:7 e.r. with 96% yield, the structure of which was ascertained by
X-ray crystallographic analysis. Inspired by the result, various

monodentate phosphine ligandswere further screened. As depicted in
Table 1 (entries 3–7, L3–L7), high yields were successfully obtained,
but all failed to improve the enantioselectivity of the reaction
(56: 44–83: 17 e.r.). N-heterocycle carbene (NHC) (L8) was also exam-
ined for the model reaction, 78% yield and 74:26 e.r. were obtained
after prolonging the reaction time to 12 h (Table 1, entry 8). It’s worth
noting that Au-NHCwas applied for promoting enantioselective [2 + 2]
cycloaddition reactions in previous work43, which revealed the differ-
ent chemical properties in the functionalization of alkenes between
silver salts and gold salts. To our delight, reducing the reaction tem-
perature from −40 °C to −78 °C was beneficial for this reaction,
improving the enantioselectivity to 98: 5 e.r. and obtaining 97% yield
(Table 1, entry 9). Subsequently, further investigations on the influ-
ences of anions of silver salts were performed (Table 1, entries 10–13),
and only slightly diminished enantioselectivities were observed for 3a.
In addition, conducting the electrophilic dearomatization with other
solvents such as THF and toluene or changing the Lewis acids gave
inferior yields and enantioselectivities.

Substrate scope
With the optimized conditions in hand, the generality of themethodwas
first evaluated using diverse 1,1-disubstituted vinylnaphthalene 1 and

Table 1 | Evaluation of the reaction conditionsa

Entry Ligand AgX T (°C) Time (h) Yield (%)b e.r.c

1 L1 AgSbF6 −40 2 84 55:45

2 L2 AgSbF6 −40 2 96 93:7

3 L3 AgSbF6 −40 2 98 77:23

4 L4 AgSbF6 −40 2 99 82:18

5 L5 AgSbF6 −40 2 98 83:17

6 L6 AgSbF6 −40 2 80 56:44

7 L7 AgSbF6 −40 2 75 76:24

8 L8 AgSbF6 −40 12 78 74:26

9 L2 AgSbF6 −78 0.5 97 98.5:1.5

10 L2 AgOTf −78 0.5 96 98:2

11 L2 AgBF4 −78 0.5 98 98:2

12 L2 AgN(Tf)2 −78 0.5 99 97.5:2.5

13 L2 AgPF6 −78 0.5 98 97.5:2.5

14d L2 AgSbF6 −78 2 80 98:2

15e L2 AgSbF6 −78 0.5 95 96:4

16f L2 AgSbF6 −78 12 90 97:3
a Unless otherwise noted, all the reactions were carried out with 1a (0.24mmol, 1.2 equiv.), 2a (0.2mmol, 1.0 equiv.), AgX (5.0mol%) and ligand (5.0mol%) in CH2Cl2 (1.0mL).
b Yield of isolated and purified product.
c Determined by chiral HPLC analysis.
d The reaction was carried out in THF.
e The reaction was carried out in toluene.
f The reaction was carried out with 1a (1.2mmol), 2a (1.0mmol), L2 (0.5mol%), AgSbF6 (0.5mol%) in CH2Cl2 (5.0mL).
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azodicarboxylates 2 catalyzed by the silver complex. As shown in Fig. 2,
azodicarboxylates bearing Bn, iPr, Fmoc, Troc, and MOM as protecting
groups were found to serve as effective partners, furnishing the desired
dearomatization products in high yields and enantioselectivities (3b–3f,
up to 98: 2 e.r. and96% yield). However, no substrate conversion and the
dearomatization product were observed by GC-MS analysis when tet-
ramethyldiazene-1,2-dicarboxamide was used under the optimized

conditions. Subsequently, 2-vinylnaphthalenes with various substituents
(3g–3i) were also examined, giving the corresponding products high
yields and e.r. values. Furthermore, the established methods exhibited
excellent functional group compatibility confirmed by a wide array of
1,1-disubstituted vinylnaphthalenes (3k–3w), such as alkyl, cyclopropyl,
cyclopentyl, alkenyl, halides, hydroxyl, carboxylic acids as well as tri-
fluoromethyl groups, all gave the correspondingproductswith excellent

Fig. 2 | Substrate scope of 1,1-disubstituted alkenes and azodicarboxylates.
Yields are for isolated and purified products. e.r. is determined by HPLC analysis.
See the supplementary materials for detailed procedures. a The reaction was

carried out at −78 °C ~ −20 °C. Fmoc 9-fluorenylmethyloxycarbonyl, Troc 2,2,2-tri-
chloroethoxycarbonyl, MOM methoxyethyl.
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results (up to 98% yield, up to 98: 2 e.r.). Notably, 1,1-diaryl alkenes with
high aromaticity could also be well tolerated under standard conditions
(3x–3aa), which further illustrates the general applications of asym-
metric electrophilic dearomatization. In particular, this methodwas also
compatible with the late-stage functionalization of bioactive com-
pounds as demonstrated by the synthesis of 3ab (from Bezafibrate) and
3ac (from Indometacin). Monosubstituted vinylnaphthalenes also
proved compatible under the standard conditions, affording the dear-
omatization products 3ad and 3ae in high yields and excellent enan-
tioselectivities. In addition, additive studies for further exploring
functional-group compatibility establish that acid, hydroxyl, phenol,
thiol, ketone, amide, aryl chloride, and aryl bromide are well tolerated
under the standard conditions (see the Supplementary Information
Fig. 1), which fully illustrate the generality of the method.

To further explore the generality of themethod in the asymmetric
dearomatization of naphthalenes, 1,2-disubstituted vinylnaphthalenes
were then investigated under the standard conditions. As depicted in
Fig. 3A, (Z)-1,2-disubstituted vinylnaphthalenes bearing alkyl, ester,
halides, and ether groups were well tolerated to furnish the corre-
sponding products with high diastereoselectivities and enantioselec-
tivities. Meanwhile, replacing (Z)-1,2-disubstituted vinylnaphthalenes
with (E)-1,2-disubstituted vinylnaphthalenes could also furnish the
corresponding products without diminution in yields and enantios-
electivities, whichprovides a simple approach for screening the effects
of absolute configurations in drug discovery in the future. Notably,
trisubstituted alkenes occur widely in natural products and bioactive
molecules, however, transformations involving C=C bonds for con-
structing C–C/X bonds remain a significant challenge due to their
inherent inertness. In this silver-catalyzed system, 1,1,2-trisubstituted
vinylnaphthalenes with ring strains including cyclopropane, butane,
azetidine, and oxetane could be well tolerated to furnish enantio-
enriched spirocycles with high yields and enantioselectivities (Fig. 3C),
however, 3ar and 3aw were not observed under the standard condi-
tions by GC-MS analysis. Further investigations on the mechanism are
necessary for promoting the exploration of ring-strained alkenes,
which is an ongoing project in our lab. When the α-site of naphthalene
was substituted with alkyl and alkynyl groups, as shown in Fig. 3D,
chiral tetra-substituted stereocenters (3ax–3aab) could be efficiently
constructed with high yields and enantioselectivities. However,
replacing the alkyl groups at theα-site of naphthalenewith aryl groups
failed to realize the dearomatization reaction, and only [2 + 2]
cycloaddition products were generated with moderate enantioselec-
tivities (4a–4d), thus it further confirmed the competing TS-2 inter-
mediate in the reaction (Fig. 1C). Based on the X-ray crystallographic
analysis of the product4a, the phenyl substituent and the naphthalene
ring are not coplanar; instead, they adopt a tangential spatial con-
formation. Due to this spatial arrangement, we speculate that the azo-
dicarboxylate encounters significant steric hindrance when attacking
the α-position of the naphthalene, thereby suppressing the formation
of the [4 + 2] cyclization product.

Divergent transformations and mechanistic evaluation
Further investigation of the application of the method was carried out
sequentially, including the gram-scale synthesis and diverse transfor-
mations. As depicted in Fig. 4A, a gram-scale experiment using 1a and
2a was carried out at 100mmol, yielding 31.2 g of 3a with a 91% yield
and a 98: 2 enantiomeric ratio. In addition, the hydrogenation of 3a
could be successfully realized by the Pd/C catalyst to give 5 under a H2

atmosphere with high enantioselectivity. Meanwhile, a neat oxidation
of 3a using O2 in the air irradiated by Blue LED successfully furnished
the enantioenriched heterocycle 6, and the X-ray crystallographic
analysis ascertained its absolute configuration. The transformation 3u
to the aliphatic polycycle 7was also realized via an electrophilic alkene
halogenation using an NBS reagent, meanwhile, the absolute config-
uration of 7 was determined by its X-ray crystallographic analysis.

The mechanistic underpinnings governing the efficiency of the
silver-catalyzed electrophilic dearomatization are further deliberated
in Fig. 4. Radical quenching experimentswere initially conductedusing
1a and 2a as model substrates under optimized conditions. The addi-
tion of radical quenchers such as TEMPO, BHT, or DMPOdid not affect
the reaction outcome, indicating that a radical pathway is likely not
involved. In addition, no formation of cycloaddition product 5 was
detected by GC-MS analysis when α-substituted vinylnapthalene 9 and
2a were subjected to the silver-catalyzed system, illustrating that the
silver-catalyzed dearomatization was different from the previous
synergistic cycloaddition reactions47. The introduction of electron-
withdrawing groups across the C=C bonds negatively impacts the
reaction, as no conversion was observed by GC-MS analysis when 11 or
13 were employed. This observation is likely due to the electron-
deficient nature of these substrates. To further probe the mechanism
of the reaction, the 31P-NMR spectroscopy analysis was then con-
ducted. As shown in Fig. 4D, the chemical shift of L2was observed at δ
-14.14 ppm (Fig. 4D, D-1). Upon mixing AgSbF6 and L2 in CD2Cl2 at
room temperature, two phosphine peaks emerged (Fig. 4D, D-2: δ
14.10 ppm, 10.75 ppm; δ 8.81 ppm, 3.79 ppm), consistent with the
formation of an Ag-MOP(L2) as previously reported46,48,49. Notably, the
addition of 1a did not alter the 31P-NMR chemical shift. The introduc-
tion of azodicarboxylates 2a caused a significant shift, with a new
phosphine peak appearing at δ 52.96 ppm (Fig. 4D, D-4), which con-
firmed the coordination of Ag-MOPwith 2a, but notwith the alkene 1a.
Further analysis of the L2/1a and L2/2a systems highlighted the
essential role of AgSbF6 in the reaction (Fig. 4D, D-5,6). A new phos-
phine signal observed at δ 27.76 ppm in the 31P-NMR spectrum is
assigned to the reaction between 1a and L2 to generate a zwitterionic
intermediate (see Supplementary Information Table 1), which pre-
vented AgSbF6 from coordinating with the phosphine ligand L2. And it
was confirmed by the GC-MS analysis that no product formation or
substrate conversion occurred when the reaction was performed by
pre-stirring L2 and 2a before further steps. Finally, the linear effect
experiments with 1a and 2a under the standard conditions revealed a
strong correlation between the ee of the chiral ligand L2 and the ee of
the product 3a (Fig. 4E), suggesting a first-order dependence of
enantioselective dearomatization on the catalyst.

In addition, DFT calculations were carried out to elucidate the
mechanisms for the Ag-mediated aza-electrophilic dearomatization
reactions of 1a with azodicarboxylate, which exhibited excellent per-
formance in the experiments (see Supplementary Information
Figs. 4–9 and Supplementary Data 1). The energy profiles for the for-
mation processes of the R- and S-product are shown in Fig. 5 (Sup-
plementary Information, Fig. 5, Fig. 6, and Fig. 7). At the beginning of
the reaction, there are two possibilities for the combination of the Ag-
catalyst ([Cat-Ag]+) and reactant molecule (Sub-1 [2a] and Sub-2 [1a]).
By comparing the binding energies of the two complexes, it is found
that the Ag-catalyst ([Cat-Ag]+) prefers to bind to Sub-1 to form a stable
intermediate structure Int0 ([Cat-Ag-Sub-1]+), which is 4.6 kcal/mol
lower in energy than that of the complex of [Cat-Ag-Sub-2]+. Based on
this, it is seen in Fig. 1 that the formation of the first intermediate Int0
([Cat-Ag-Sub-1]+) is exothermic by 7.0 kcal/mol. In which, the Ag atom
of [Cat-Ag]+ coordinates with the azo and carbonyl groups of 2a
leading to a stable structure.

Subsequently, there are two routes for 2a to get close to 1aof Int0,
as shown in Fig. 5, and generate the intermediates Int1S or Int1R. The
formation of Int1 is exothermic by 0.1 kcal/mol for Int1s and endo-
thermic by 1.3 kcal/mol for Int1R. The main reason that Int1s is 1.4 kcal/
mol more stable than Int1R is the existence of one more edge-to-face
(C-H…π) interaction as shown in Supplementary Information Fig. 7.
For the first C-N1 bond formation process, the intermediate Int2S is
formed via an energy barrier of 6.7 kcal/mol involving the bonding of
the terminal alkenyl carbon atom of 1a and the N1 atom of 2a (Fig. 1).
Then, the formation of the second C-N2 bond needs to undergo the
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Fig. 3 | Substrate scope of vinylnaphthalenes. A Investigations on (Z)-1,2-dis-
ubstituted vinylnaphthalenes. B Investigations on (E)−1,2-disubstituted vinyl-
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D Construction of tetrasubstituted stereocenters. a The reaction was carried out at
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cyclization process of Int2S→TS2S-3S→ Int3S via an energy barrier of
4.7 kcal/mol. At the end of the process of the dearomatization of the S-
product, the target product S-product is released from the catalyst
[Cat-Ag]+. In this process, the dearomatization S-product is formed via
the overall energy barrier of 6.7 kcal/mol involving the formation
reaction of Int0 and a two-step (formation of two C-N bonds) cycliza-
tion reaction. Therein, the formation of the first C-N1 bond is the rate-
limiting step.

Compared to the pathway of S-product, the formation process of
R-product is different. After forming the intermediate structure of
Int1R, the subsequent cyclization reaction is done in one step for the R-
product, i.e., it is a synergistic reaction (Fig. 5, Supplementary Infor-
mation Fig. 6 and Supplementary Information Fig. 7). This synergistic
process of Int1R→ Int2R via TS1R-2R has to overcome an energy barrier of
11.5 kcal/mol, which is about 4.8 kcal/mol larger than that for the for-
mation of S-product. By comparing the intermediate structures gen-
erated in the processes (Supplementary Information Fig. 7), the weak
interaction plays an important role in the stability of the key transition
state structures in the pathway. There are two edge-to-face (C-H…π)
interactions formed between [Cat-Ag]+ and 1a in TS1S-2S, and only one
edge-to-face (C-H…π) interaction in TS1R-2R, which confirms that the
silver-mediated aza-electrophilic dearomatization reaction tends to

follow the formation process of the S-product. The results are con-
sistent with the experimental data.

Furthermore, the mechanism of the [2 + 2] cycloaddition reaction
is also explored in this work, as shown in Supplementary Information
Fig. 8 and Supplementary Information Fig. 9. Based on the inter-
mediate structure of Int0, the second C-N2 bond formation is the
process Int2S→TS2S-3’→ Int3’ via an energy barrier of 12.3 kcal/mol as
shown in Supplementary Information Fig. 8. For the [2 + 2] cycloaddi-
tion reaction, the second C-N2 bond formation is the key step. Com-
pared with the overall energy barrier of the [4 + 2] cycloaddition
reaction, the [2 + 2] cycloaddition reaction has to overcome an energy
barrier that is 5.6 kcal/mol higher due to the presence of the high
tension of the four-membered ring in the transition state structure of
TS2S-3’. The existence of the weak interactions is further analyzed for
transition state structuresofTS2S-3S andTS2S-3’, respectively. It is shown
that themore favorablenon-covalent interactions (edge-to-face (C-H…
π) and H-bond) formed between catalyst and reactant molecules also
contribute to the stability of the transition state structures.

In conclusion, the silver-catalyzed system we have developed is
capable of mediating enantioselective aza-electrophilic dearomatiza-
tion of readily available vinylnaphthalenes in conjunction with azodi-
carboxylates, yielding enantioenriched polyheterocycles with
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excellent enantioselectivity and efficiency under mild conditions,
exhibiting outstanding functional group compatibility. Furthermore,
divergent aliphatic polycycles could be generated via simple trans-
formation, which was challenging to synthesize by traditional meth-
ods. Control experiments, linear effect investigations, and DFT
calculations offered detailed insights into the mechanism, paving the
way for further advancements in asymmetric dearomatization of
naphthalene derivatives. Further exploration of the catalytic system in
the asymmetric dearomatization reactions is ongoing inour laboratory
and will be reported in due course.

Methods
General procedure for the asymmetric dearomatization of vinyl-
naphthalenes: A flame-dried sealed tube was cooled to room tem-
perature and filled with argon. To this flask was added (S) - MOP
(4.7mg, 0.01mmol, 0.5mol%), AgSbF6 (3.4mg, 0.01mmol, 0.5mol%),
and distilled CH2Cl2 (5.0mL). The mixture was stirred at room tem-
perature for 15–30min and then cooled to −78 °C. After that, 1
(2.4mmol, 1.2 equiv.) and 2 (2.0mmol, 1.0 equiv.) were added to the
mixture, and the reaction was sealed with a Teflon plug stirring at
−78 °C. When the reaction finished, which was monitored by TLC, the
mixturewas concentrated by rotary evaporation. Then the residuewas
purified by silica gel column chromatography (Petroleum Ether/
EtOAc) to afford the desired product 3.

Data availability
All data generated in this study are provided in the Supplementary
Information, and the data from the corresponding authors are avail-
able upon request. An X-ray crystal structure data file (CCDC 2409250
(3a), 2444389 (3af), 2409260 (4a), 2443847 (5), 2412710 (6), 2409261
(7)) has been deposited with the Cambridge Crystallographic Data
Centre and is available free of charge from www.ccdc.cam.ac.uk/data_
request/cif.
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