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Copper-catalyzed asymmetric 1,3-dipolar cycloaddition of azomethine ylides and β-trifluoromethyl-substituted alkenyl het-
eroarenes was developed for the first time. A wide range of enantioenriched pyrrolidines containing both heteroarenes and
trifluoromethyl group with multiple stereogenic centers could be readily accessible by this method with good to high yields and
excellent levels of both stereo- and regioselectivity (up to 99% yield, >20:1 rr, >20:1 dr, and up to 95% ee). Notably, substrate-
controlled umpolung-type dipolar cycloaddition was also disclosed in this protocol to achieve regiodivergent synthesis with α-
aryl substituted aldimine esters as the dipole precursors. Systematic DFT studies were conducted to explore the origin of the
stereo- and regioselectivity of this 1,3-dipolar cycloaddition, and suggest that copper(II) salt utilized in this catalytic system
could be reduced in-situ to the active copper(I) species and might be responsible for the observed high stereo- and regios-
electivity.
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1 Introduction

Chiral pyrrolidines containing multiple stereogenic centers
as valuable scaffolds are not only commonly found in many
biologically active natural products, pharmaceuticals and
agricultural chemicals, but they also work as chiral organo-
catalysts, ligands and useful building blocks in asymmetric

synthesis [1–14]. In addition, heteroarenes (e.g., benzox-
azolyl, benzothiazolyl, pyridines, and others) [15–19] and
trifluoromethylated organic compounds [20–28] are fasci-
nating functional groups in biologically active compounds,
agrochemicals, pharmaceuticals, and functional materials.
The introduction of trifluoromethyl group into molecules
always has a profound effect on the parent molecules, in-
cluding the alteration of physicochemical and biological
properties [23,29–32]. Therefore, considerable attention has
been attracted in the last decades. Considering the im-
portance of these versatile building units, it is extremely
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necessary and in high demand to develop efficient synthetic
tactics to access chiral pyrrolidines containing both hetero-
arenes and trifluoromethyl groups. It would provide more
opportunities for the discovery of new promising agro-
chemical and pharmaceutical targets to a great extent
(Scheme 1a). However, successful examples involving the
related facile synthetic methods have been underdeveloped
until now.
On the other hand, azomethine ylides-involved transition

metal-catalyzed asymmetric 1,3-dipolar cycloadditions with
various strong electron-deficient alkenes have been regarded
as one of the most powerful strategies for the stereo-con-
trolled construction of chiral pyrrolidines [33–39]. To ad-
dress the above unsolved synthetic problem for the
preparation of high-value chiral pyrrolidines incorporating
heteroarene/trifluoromethyl groups with multiple stereo-
genic centers, we envisioned that the β-CF3-substituted al-
kenyl heteroarenes, a type of unsymmetrically 1,2-
disubstituted alkenes, could be utilized into enantioselective
1,3-dipolar cycloaddition of azomethine ylides to furnish a
wide range of these important pyrrolidines. In view of their
diversified reactivities, there are four challenging problems
needing to be addressed in this asymmetric catalytic trans-
formation: (1) The dipolarophiles of the 1,3-dipolar cy-
cloaddition of azomethine ylides are mainly relied on highly-
activated alkenes containing strong electron-withdrawing
substituted groups. The utilization of less reactive β-CF3-
substituted alkenyl heteroarenes may result in poor re-
activity. (2) The regioselectivity control of this 1,3-dipolar
cycloaddition. (3) The potential β-F-elimination of the tri-
fluoromethyl group in the reaction system. (4) How to

achieve the regio- and stereoselective diversity, which is an
important objective of chemical synthesis to support the re-
search on structure-activity relationship in the fields of
pharmaceuticals, agrochemicals and functional materials.
The switch of the nucleophilic position of metallated-azo-
methine ylides at C1 or C2 would be very useful in asym-
metric 1,3-dipolar cycloaddition, but only scarce examples
have fulfilled this regioselectivity-control reaction (Scheme
1b) [40–47]. Xiao and Singh’s group [44,47] recently dis-
covered a substrate-controlled regiodivergent 1,3-dipolar
cycloaddition of nitroolefins, in which the nucleophilic po-
sition of aldimine esters changed from C1 to C2 position
when α-aryl substituted aldimine esters were employed as
the dipole precursors. Alternatively, regioselective control in
transition metal-catalyzed asymmetric 1,3-dipolar cycload-
dition of azomethine ylides could be enabled by switching
different chiral ligands [45,46]. In this study, β-CF3-sub-
stituted alkenyl heteroarenes, a type of unsymmetrically 1,2-
disubstituted alkenes bearing two different electron-deficient
groups, was employed as the dipolarophiles for the first time,
which should cause the challenging regioselective issue [48–
51], and we serendipitously disclosed that higher tempera-
ture could afford better enantioselectivity without erosion of
the diastereoselectivity. Meanwhile, a regioselective-con-
trolled 1,3-dipolar cycloaddition was also achieved in this
catalytic system (Scheme 1c).

2 Experimental

General procedure for Cu-catalyzed asymmetric 1,3-dipolar

Scheme 1 Modular access to biologically active enantioenriched pyrrolidine derivatives containing heteroarene and CF3 moieties via Cu-catalyzed
asymmetric 1,3-DC reaction of azomethine ylides with β-CF3-substituted alkenyl heteroarenes (color online).
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cycloaddition of imino esters with β-substituted alkenyl
heteroarenes. A flame dried seal tube was cooled to rt and
evacuated and backfilled with nitrogen three times. Under
nitrogen atmosphere, L5 (3.9 mg, 0.005 mmol) and
Cu(OAc)2 (0.9 mg, 0.005 mmol) were dissolved in 1.0 mL
PhF, which were stirred at appropriate temperature (R′ = H,
reflux; R′ ≠ H, 60 °C) for about 30 min. Then the imino ester
2/4 (0.15 mmol) and Et3N (0.02 mmol) were added sequen-
tially. Then, β-substituted alkenyl heteroarenes 1 (0.1 mmol)
was added. When the reaction was completed (monitored by
thin layer chromatography (TLC)), the organic solvent was
removed and the residue was purified by column chroma-
tography to give the desired cycloadducts, which were then
directly analyzed by chiral high performance liquid chro-
matography (HPLC) to determine the enantiomeric excess.

3 Results and discussion

3.1 Condition optimization

Initially, the aldimine ester 2a and β-CF3-substituted alkenyl
heteroarene 1a were selected as the model substrates to in-
vestigate this catalytic asymmetric 1,3-dipolar cycloaddition
using Et3N as the base. Under the guidance of dual activated
model [52], the readily available chiral phosphoramidite li-
gand (Sa,S,S)-L1 was firstly examined and the desired nor-
mal product 3a was obtained with perfect regioselectivity
and diastereoselectivity albeit with moderate enantioselec-
tivity (Table 1, entry 1). To further improve the level of the
enantioselectivity, other kinds of chiral ligands which are
often used in the asymmetric 1,3-dipolar cycloaddition were
then screened (Table 1, entries 2–5). Ligand (Sa,Sa,Sa)-L5
was proven to be optimal and gave rise to the cycloadduct 3a
in 95% yield and 70% ee at the room temperature. Since
decreasing the reaction temperature was viewed as the direct
and easy way to improve the enantiomeric excess in asym-
metric catalysis, this Cu-catalyzed asymmetric 1,3-dipolar
cycloaddition was performed at lower temperature condition.
However, to our surprise, the enantioselectivity of the pro-
duct 3a was reduced to 58% at 10 °C (Table 1, entry 6). This
unusual phenomenon instigated us to increase the reaction
temperature. Gratifyingly, it was found that the higher tem-
perature led to the better enantioselectivity, and up to 87% ee
was obtained when the reaction was carried out at 100 °C
(Table 1, entries 7–10). In addition, we also investigated the
impact of metal salts and solvents (Table 1, entries 11–17),
and found that Cu(OAc)2 and fluorobenzene could further
improve the enantioselectivity from 87% ee to 92% ee,
which was determined as the optimal reaction condition
(Table 1, entry 15). Finally, control experiments revealed that
the cycloaddition still proceeded smoothly in the absence of
the chiral ligand or the metal-complex catalyst (Table 1,
entries 18–19), which demonstrates the background reaction

can be efficiently suppressed by chiral Cu/(Sa,Sa,Sa)-L5
catalyst system even at high temperature and displayed ex-
cellent catalytic efficiency with high reactivity and stereo-
selective control.

3.2 Substrate scope study

With the optimal reaction condition in hand, we explored the
substrates scope of this 1,3-dipolar cycloaddition by treating
(E)-2-(3,3,3-trifluoroprop-1-en-1-yl)benzo[d]oxazole 1a
with a variety of aldimine esters 2. As shown in Table 2,
when a series of electron-withdrawing groups were in-
troduced in different positions of the aryl ring of aldimine
esters, the catalytic asymmetric cycloaddition could undergo
smoothly to deliver the desired cycloadducts 3a–3f in good
to high yields (89%–98%) with excellent enantioselectivities
(89%–95% ee) and diastereoselectivity (>20:1 dr) (Table 2,
entries 1–6). Switching the electron-withdrawing groups to
electron-donating methyl or methoxyl group, the enantios-
electivity of the cycloadducts 3g–3j had a slight decline,
probably due to the disfavored background reaction (Table 2,
entries 7–10). The benzaldehyde-derived aldimine ester 2k
could work as a good reaction partner to give the corre-
sponding product 3k in high yield with good enantioselec-
tivity (98% yield, 89% ee, Table 2, entry 11). Notably, the
aldimine esters containing 1-naphthyl group (2l) or 2-furyl
group (2m) were also feasible, leading to the expected pro-
ducts (3l–3m) in good reaction results (Table 2, entries 12–
13). In addition, the generality of β-CF3-substituted alkenyl
heteroarenes was then investigated (such as benzothiazole
(1b) and 1,3-benzoxazole (1c) ring), and was well tolerated
in the current catalytic system. The desired cycloaddition
products (3n–3o) could be obtained in moderate to excellent
results (95% yield, 90% ee; 79% yield, 87% ee, respectively,
Table 2, entries 14–15). The absolute configuration of N-
benzoylated 3a was unambiguously determined as
(2R,3R,4R,5S) by the X-ray diffraction analysis (CCDC
2266092, Figure 1).
Encouraged by the good performance of the glycine-de-

rived aldimine esters at high temperature, we wondered
whether this protocol is compatible with the less reactive α-
substituted aldimine esters, which is a drawback in our
previous work [52]. The experimental results are summar-
ized in the Table 3. As expected, high temperature not only
enhanced the reactivity, but also induced excellent en-
antioselectivity for most of the α-substituted aldimine esters
with different alkyl substituents, including methyl (4a), n-
propyl (4b), i-butyl (4c), benzyl (4d), homobenzyl (4e), and
allyl (4f). The expected products 5a–5f were successfully
achieved in moderate to high yields (77%–97%) with good to
excellent enantioselectivities (86%–95%) and diastereos-
electivity (>20:1 dr; Table 3, entries 1–6). Other functiona-
lized groups such as ether, thioether, ester groups (4g–4j)
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could be well tolerated under this condition, leading to the
corresponding α-substituted cycloadducts (5g–5j) in 80%–
98% yields with 84%–95% ee. The cyclic aldimino ester 4k
derived from (±)-homoserine was also compatible, affording
the target compound 5k containing a unique spiro N-qua-
ternary stereocenter in 98% yield with 91% ee. Notably, the
challenging alkyl substrate cyclohexanecarboxaldehyde de-
rived α-methyl aldimine ester (4l) was also feasible. The
expected product 5l could be formed in 97% yield with 88%
ee (Table 3, entry 12).
On the basis of these promising results, we next turn our

attention to α-aryl substituted aldimine esters as the pre-
cursors of azomethine ylides. As shown in Scheme 2, three

Table 1 Optimization of reaction conditionsa)

entry [M] L* solvent base T (oC) yield (%)b) ee (%)c)

1 CuBF4 (Sa,S,S)-L1 Toluene Et3N 25 26 64

2 CuBF4 (S)-L2 Toluene Et3N 25 5 20

3 CuBF4 (S,Sp)-L3 Toluene Et3N 25 98 44

4 CuBF4 (S)-L4 Toluene Et3N 25 93 63

5 CuBF4 (Sa,Sa,Sa)-L5 Toluene Et3N 25 95 70

6 CuBF4 (Sa,Sa,Sa)-L5 Toluene Et3N 10 96 58

7 CuBF4 (Sa,Sa,Sa)-L5 Toluene Et3N 50 95 77

8 CuBF4 (Sa,Sa,Sa)-L5 Toluene Et3N 90 93 84

9 CuBF4 (Sa,Sa,Sa)-L5 Toluene Et3N 100 95 87

10 CuBF4 (Sa,Sa,Sa)-L5 Toluene Et3N 120 87 83

11 CuPF6 (Sa,Sa,Sa)-L5 Toluene Et3N 100 97 77

12 CuOAc (Sa,Sa,Sa)-L5 Toluene Et3N 100 98 89

13 AgOAc (Sa,Sa,Sa)-L5 Toluene Et3N 100 98 53

14 Cu(OAc)2 (Sa,Sa,Sa)-L5 Toluene Et3N 100 98 89

15 Cu(OAc)2 (Sa,Sa,Sa)-L5 Fluorobenzene Et3N reflux 98 92

16 Cu(OAc)2 (Sa,Sa,Sa)-L5 1,4-Dioxane Et3N reflux 93 4

17 Cu(OAc)2 (Sa,Sa,Sa)-L5 1,2-dichloroethane Et3N reflux 88 89

18 Cu(OAc)2 – Fluorobenzene Et3N reflux 90 –

19 – – Fluorobenzene Et3N reflux 62 –

a) All reactions were carried out with 0.10 mmol of 1a, 0.15 mmol of 2a,0.005 mmol of M/L and 0.02 mmol of the base in 1 mL of solvent for 8–12 h.
CuBF4 = Cu(MeCN)4BF4. dr was determined by crude

1H NMR. b) Isolated yield. c) ee was determined by HPLC analysis.

Figure 1 X-ray structure of benzoylated (2R,3R,4R,5S)-3a (color online).
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Table 3 Substrate scope of α-alkyl-substituted imino estersa)

entry R R′ 5 yield (%)b) ee (%)c)

1 p-ClC6H4 Me (4a) 5a 95 95
2 p-ClC6H4 n-Pr (4b) 5b 89 92
3 p-ClC6H4 i-Bu (4c) 5c 77 91
4 p-ClC6H4 PhCH2 (4d) 5d 97 94
5 p-ClC6H4 PhCH2CH2 (4e) 5e 87 86
6 p-ClC6H4 allyl (4f) 5f 96 86
7 p-ClC6H4 tBuOCH2 (4g) 5g 98 84
8 p-ClC6H4 MeSCH2CH2 (4h) 5h 80 93
9 p-ClC6H4 MeO2CCH2 (4i) 5i 99 92
10 p-ClC6H4 MeO2C(CH2)2 (4j) 5j 86 95

11d) 5k 98 91

12e) Cy Me (4l) 5l 97 88

a) All reactions were carried out with 0.1 mmol of 1, 0.15 mmol of 4, 0.005 mmol of Cu/(Sa,Sa,Sa)-L5 and 0.02 mmol of Et3N in 1 mL of PhF for 8–12 h.
b) Yields refer to the isolated products after chromatographic purification. c) The dr value was determined by crude 1H NMR, and the ee value was
determined by HPLC analysis. d) tBuOK was used instead of Et3N. e) R = Cyclohexyl.

Table 2 Substrate scope of imino esters and β-substituted alkenyl heteroarenesa)

entry R X 3 yield (%)b) ee (%)c)

1 p-ClC6H4 (2a) O (1a) 3a 98 92
2 o-ClC6H4 (2b) O (1a) 3b 89 89
3 m-ClC6H4 (2c) O (1a) 3c 93 89
4 p-BrC6H4 (2d) O (1a) 3d 90 89
5 p-CNC6H4 (2e) O (1a) 3e 97 95
6 p-NO2C6H4 (2f) O (1a) 3f 96 92
7 p-MeC6H4 (2g) O (1a) 3g 95 80
8 o-MeC6H4 (2h) O (1a) 3h 94 79
9 m-MeC6H4 (2i) O (1a) 3i 86 73
10 p-MeOC6H4 (2j) O (1a) 3j 87 75
11 Ph (2k) O (1a) 3k 98 89
12 1-naphthyl (2l) O (1a) 3l 95 80
13 2-furyl (2m) O (1a) 3m 72 89
14 p-ClC6H4 (2a) S (1b) 3n 95 90
15 p-ClC6H4 (2a) NMe (1c) 3o 79 87

a) All reactions were carried out with 0.10 mmol of 1, 0.15 mmol of 2, 0.005 mmol of Cu/L5 and 0.02 mmol of the Et3N in 1 mL of PhF at 100 °C for 8–
12 h. Cu(II) = Cu(OAc)2. dr was determined by crude

1H NMR. b) Isolated yield. c) ee was determined by HPLC analysis.
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α-aryl substituted aldimine esters 6a–6c were employed as
the dipole precursors under the standard reaction condition.
To our delight, the umpolung cycloadducts U-(7a–7c) could
be obtained smoothly in moderate yield with good en-
antioselectivity and excellent regioselectivity and diaster-
eoselectivity (35%–47% yields, 83%–86% ee, >20:1 dr,
>20:1 rr). The delocalization of negative charge would mi-
grate from the C1 position of the azomethine ylides to C2
position, and thus furnishing umpolung reactivity and re-
gioselectivity with the enhanced steric hindrance at C1-po-
sition (vide infra). The relative configuration of the racemic
U-7a was determined by the X-ray diffraction analysis,
which could further verify the umpolung reactivity at high
reaction temperature (CCDC 2266096, Figure 2).

3.3 A computational study on the reaction mechanism
catalyzed by the Cu(I) species

To shed more mechanistic insight on the Cu-catalyzed en-
antio- and regioselective cycloaddition reaction with the
substrate 2a or 6a to form 3a or umpolung-typeU-7a (Figure
3a), respectively, systematic DFT calculations (mainly M06-
L method with mixed basis sets (SDD plus its effective core
potentials for Cu and 6-31G* for the other atoms)) were
carried out [52–75]. We first discuss our results using the
neutral Cu(I)-azomethine ylide complex Cu(I)-L5 (contain-
ing L5 and deprotonated 2a) with dipolarophile 1a as the
computational model, whereas the discouraging enantio- and
regioselective results were computed to be achieved by the
corresponding neutral Cu(II)-L5-catalyzed system (vide in-
fra).
As shown in our previous work [52] and Figure 3b, the

Cu(I)-L5 complex has two possible three-coordinate isomers
(L52a1 and L52a2). The isomer L52a1 was computed to be 1.8
kcal/mol lower in free energy than L52a2, due to larger steric
repulsion between the extended p-ClC6H4 and bulky amido
moieties in L52a2. In addition, the reacting C1 atom in L52a1

and L52a2 has a more negative charge (−0.22) than the other
reacting C2 atom (0.01), which suggests a higher nucleo-
philic character for C1 atom than C2 atom (Scheme 1b).
Our DFT results further show that this Cu(I)-L5 catalyzed

model follows the two-step mechanism. For the normal re-
gioselective cycloaddition pathway forming the cycload-
ducts 3a and 3aent (Figure 4a), the dipolarophile N atom was
first coordinated to the Cu(I) center to form four-coordinate
intermediates IN13a and IN13aent. The rigid and bulky
phospxhoramidite ligand offers a chiral pocket around the
metal center along with one vacant zone for the coordination
and stacking of the two substrates (Figure 3d). Then, the C1–
C3 bond was initially formed to give zwitterionic inter-
mediates IN23a and IN23aent via Michael-addition transition
states TS13a and TS13aent, respectively. Afterward, the sec-
ond C2–C4 bond completed and formed the cycloaddition
product via the rate-determining cyclization transition states
TS23a and TS23aent. The overall barrier for this process
forming the major product 3a is lower than its enantiomeric
product 3aent by approximately 3.1 kcal/mol (by the SMD
M06-L//M06-L method), which is qualitatively consistent
with the experiment.
As depicted in Figure 4b, 1a attacks from the upper side of

the azomethine ylide in TS23a leading to the major product
3a. However, the formation of the minor product 3aent re-
quires the downward attack of the ylide in TS23aent, which
experiences more steric repulsion between the larger benzo
[d]oxazole and H4-naphthol groups. This is also verified by a
much larger change of a key dihedral angle 1 (−66° in
TS23aent vs. −125° in L52a1). Finally, ligand exchange of the
product 3a or 3aent by another azomethine molecule (2a)
completes the catalytic cycle and regenerates the active
species L52a1. The overall reaction was found to be exergonic
by about 0.1 kcal/mol.
Whereas, for the formation of the reversal regioselective

(umpolung-type) product U-3a, the initial C2−C3 bond-
forming step via U-TS13a2 was computed to be the rate-
determining step with the barrier of about 17.1 kcal/mol,
which is higher than the favorable major pathway via TS23a
by 5.6 kcal/mol (Figure 4a), mainly due to the formation of
less stable zwitterionic intermediate U-IN23a2 (ΔGsoln = 10.6
kcal/mol vs. 5.0 kcal/mol for IN23a). A lower thermostability

Figure 2 X-ray structure of rac-U-7a (relative configuration) (color on-
line).

Scheme 2 Substrate scope of α-aryl-substituted imino esters (color on-
line).
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in U-IN23a should partly attribute to the missing π-π stacking
between the heteroarene rings of the two substrates. There-
fore, the thermostability of the zwitterionic intermediates
IN2 derived from the first-addition step plays a vital role in
the regioselectivity.
Interestingly, when the H atom on the C1 atom of the

dipole substrate was replaced by one Ph group in substrate
6a, our DFT results reveal that both electronic and steric
effects by the new Ph group alter the reaction energetics and
outcomes. Notably, the computed atomic NPA charge on the
reacting C1 atom in L56a1 and L56a2 becomes much less
negative (−0.02−−0.03 vs. −0.22 in L52a1 and L52a2, Figure
3b, c), due to additional delocalization to the Ph group.
Whereas, the computed atomic NPA charge on the other
reacting C2 atom is the same (0.01) in L52a1, L52a2, L56a1 and
L56a2. As a result, the computed atomic NPA charges be-
tween the C1 and C2 atoms (involving the first addition step
in the normal and reversal regioselective pathways, respec-
tively) become very small in L56a1 and L56a2. These results

suggest that the introduction of the new Ph group on C1
should significantly reduce nucleophile character for the C1
atom of the dipole part and render similar reactivity/nu-
cleophilic character for both the reacting C1 and C2 atoms
responsible for the two different regioselective pathways.
Our results also support that the reaction preferentially

gives the reversal regioselective cycloaddition product U-7a.
This umpolung-type pathway has a lower reaction barrier
than the normal pathway to form 7a by 7.1 kcal/mol (Figure
5a, b). The final cyclization step in the normal and reversal
pathways via TS27a and U-TS27a2, respectively, become the
rate-determining step. Moreover, the reaction barrier via
U-TS27aent forming U-7aent (the enantiomeric product of
U-7a) is about 21.6 kcal/mol, higher than U-TS27a2 by 5.7
kcal/mol, due to the increased steric repulsion between the
larger benzo[d]oxazole and H4-naphthol groups.
In comparison with the reaction of 2a, several key en-

ergetic changes for the reaction of 6a were also noticed. (1)
The first-step barrier for the normal pathway via TS1 is

Figure 3 Structural models. (a) Different possible products for the Cu-catalyzed dipolar cycloaddition with the substrate 2a or 6a. (b) Two possible
coordination isomers in the Cu(I)-azomethine ylide complex (L52a1 and L52a2; L56a1 and L56a2). The relative free energies (in kcal/mol) in fluorobenzene
solution by the SMD M06-L//M06-L method, key bond lengths (in Å) and NPA charge (underlined) of the two reacting carbon (C1 and C2) atoms in gas
phase are given. (c) Steric map (left; red (more bulky) and blue (less bulky)) and VDW structure of the optimized intermediate L52a1 with omission of the
substrate (color online).
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raised (10.1→16.5 kcal/mol), while that for the reversed
pathway is slightly decreased (17.1→15.9 kcal/mol). (2) The
first-addition intermediate IN2 also becomes unstable
(5.0→14.6 kcal/mol) for the normal pathway, but becomes
more stable for the reversed pathway (10.6→8.9 kcal/mol).

Consequently, the normal first-addition intermediate IN27a
becomes less stable than the abnormal intermediate U-IN27a2
by 5.7 kcal/mol. (3) The second-step barrier for the reversed
pathway (via U-TS2) is only slightly increased (15.8→15.9
kcal/mol), while that for the normal pathway (via TS2) is

Figure 4 Key reaction pathways and stereo-induction models. (a) Free-energy profile for the key pathways to form 3a, 3aent and U-3a in solution by the
SMD M06-L//M06-L method. (b) key structural models with key bond lengths (in Å), NPA charge (underlined) of the two carbon atoms, key dihedrals, steric
parameters (L and B5 by sterimol) of the heteroarene rings and relative free energies (in kcal/mol) in the solution by the SMDM06-L//M06-L method are also
given (color online).
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considerably increased (11.5→23.0 kcal/mol). (4) The cy-
clization intermediate IN3 for the reversal pathway becomes
less unstable (9.2→11.9 kcal/mol), while it becomes much
more unstable for the normal pathway (9.3→19.1 kcal/mol).
In addition, the thermostability of the cycloadducts (3a→7a)
for the normal pathway becomes less favorable (−0.1→2.2

kcal/mol), but those for the reverse pathway (i.e., U-3a→U-
7a) becomes slightly more favorable (1.7→−1.1 kcal/mol).
The normal pathway obviously destabilized by the in-
troduction of the Ph group should be resulted from the lower
nucleophilic character for the C1 atom (vide supra) as well as
more steric repulsion (vide infra). Again, the thermostability

Figure 5 Key pathways and stereo-induction models. (a) Free-energy profile for the key pathways to form 7a, U-7a and U-7aent in the solution by the
SMD M06-L//M06-L method. (b) Key structural models with key bond lengths (in Å), NPA charge (underlined) of the two carbon atoms and relative free
energies (in kcal/mol) in the solution by the SMD M06-L//M06-L method are also given (color online).

3201Cheng et al. Sci China Chem November ( 2023) Vol. 66 No. 11



of the zwitterionic intermediates IN2 derived from the first
C−C forming step or the cycloadducts (3 or 7) is the key
factor in determining the regioselectivity.

3.4 Analysis of the enantioselectivity and
regioselectivity

To further understand the origin of these enantio- and re-
gioselectivity, relative distortion/interaction analysis [70,76–
79] of the critical enantio- and regio-determining transition
states was performed (Figure 6). Our results indicated that
TS23aent (forming the minor product 3aent) has a slightly
larger interaction energy than TS23a (giving the major pro-
duct 3a (ΔΔG±

int = 0.5 kcal/mol), but its higher distortion
energy in TS23aent (ΔΔG

±
dist = 2.7 kcal/mol) is the crucial

factor in dictating the enantioselectivity. As shown in Figure
4b, the higher distortion energy should relate to the more
steric repulsion between the large benzo[d]oxazole and H4-
naphthol parts (the dihedral angle 1: from −125° in L52a1 to
−66° in TS23aent (−114° in TS23a)). These results showed that
the steric effect plays a key role in controlling the en-
antioselectivity for the formation of 3a. Additionally, al-
though lower distortion energy was found in the reversal
pathway via U-TS13a2 (ΔΔG

±
dist = 1.4 kcal/mol), its smaller

interaction energy than the major pathway via TS13a by 7.5
kcal/mol is the major factor to disfavor the reversal pathway.
The diminished interaction energy in U-TS13a2 can partially
attribute to the absence/missing of π-π stacking between the
benzo[d]oxazole and p-ClC6H4 rings on the two substrates in
the reversal pathway.
For the reaction with 6a, even though TS27a has a higher

interaction energy than U-TS27a2 (ΔΔG
±
int = 7.1 kcal/mol),

its distortion energy is also higher than U-TS27a2 (ΔΔG
±
dist =

7.3 kcal/mol) and TS23a (by 9.7 kcal/mol). Such increasing
distortion energy in TS27a should be resulted from more
repulsion between the new Ph and tertiary CF3 groups as well

as the Ph ring and amido group on L56a1 (Figure 5b). Overall,
our results also showed that both steric and electronic effects
control the enantio- and regioselectivity for this 1,3-dipolar
addition. The introduction of the Ph group on the C1 atom of
the dipole not only decreases its nucleophilic character for
the normal regioselective pathway, but also creates severe
steric congestion between the Ph and CF3 groups. Hence, the
normal regioselective pathway has to overcome a higher
reaction barrier and decrease the stability of the cycloadduct,
which switches to undergo the reversal regioselectivity.
These computational results are qualitatively consistent with
the observed enantio- and regioselectivity in the experiment
(entry 1 in Table 2 and Scheme 2). Notably, the other com-
mon DFT methods (PBE0-D3, B3LYP-D3, M06-D3) also
supported the above-mentioned computational results.

3.5 Reaction mechanism catalyzed by the Cu(II)
species

Extensive DFT calculations were also carried out for the
mechanism catalyzed by the neutral Cu(II) species (con-
taining L5, deprotonated 2a and one CH3CO2

− molecular)
[64,80]. The Cu(II)-L5 complex has four possible five-co-
ordinate isomers (2L52a1,

2L52a2,
2L52a3 and

2L52a4, see Fig-
ure S7, Supporting Information online) in our calculations.
As shown in Figures S8–S12 and Table S3 (Supporting In-
formation online), we have explored different conformations
or coordination modes for the cycloaddition steps. However,
different DFT methods for the Cu(II) catalytic model prefer
to give the minor product 3aent over the major product 3a
(Table 4), which is inconsistent with the experimental results.
Furthermore, different DFT methods also suggested that this
Cu(II) reaction tends to give the product 7aent or 7a (Table
S4), instead of the desired uncommon productU-7a (Scheme
2). Therefore, our calculations suggest that the mechanism
catalyzed by the Cu(II)-L5 model should be excluded in this

Figure 6 Relative distortion-interaction energy analysis for the key enantio- and regio-determining transition states for the two different substrates (relative
to their precursor intermediates, except for TS13a and U-TS13a2; E

‡
dist: total distortion energy; E

‡
int: interaction energy) by the SMD M06-L//M06-L method.

All values are the relative electronic energy in the solution except the values in square brackets, which are the relative free energies (kcal/mol) (color online).
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1,3-dipolar addition and the Cu(II)-L5 is possibly reduced to
Cu(I)-L5 by electron-rich molecules during the reaction
process [81–83]. A higher temperature might facilitate such
metal reduction and selectivity, which a more in-depth me-
chanistic study is required.

3.6 Synthetic elaborations

In order to demonstrate the synthetic potential of this pro-
tocol, a series of synthetic transformations of the cycloadduct
products were performed. As shown in Scheme 3, utilizing
m-CPBA (m-chloroperbenzoic acid) or DDQ (2,3-dichloro-
5,6-dicyano-1,4-benzoquinone) as the oxidant, N-hydroxyl
pyrolidine 8 and cyclic imine 9 could be respectively
obtained without loss of diastereo- and enantiomeric ex-
cess. Reduction of 5a with NaBH4 would deliver the cor-
responding amino alcohol 10 in 70% yield with maintained
enantio- and diastereoselectivity. Treating 5j with AcOH
could efficiently prepare tetrahydro-1H-pyrrolizine deri-
vative 11 in 99% yield and without erosion of stereo-
selectivity.

4 Conclusions

In conclusion, we have developed a temperature-dependent
Cu-catalyzed enantioselective 1,3-dipolar cycloaddition of
azomethine ylides with β-CF3-substituted alkenyl hetero-
arenes, affording a variety of chiral pyrrolidine derivatives
containing both heteroarenes and trifluoromethyl group with
multiple stereogenic centers in high yield with exclusive
diastereoselectivity and excellent enantioselectivity. The
unique phenomenon that the higher reaction temperature led
to better asymmetric induction was intriguing, which effi-
ciently extended the substrate scope to the less reactive α-
substituted aldimine esters. Meanwhile, umpolung-type (3
+2)-cycloaddition could be realized with α-aryl substituents
aldimine esters with the current protocol. Our systematic
DFT investigation revealed that the thermostability of the
cycloadducts determines the origin of stereo- and regios-
electivity of this 1,3-dipolar cycloaddition, and suggested
that copper(I) might be responsible for the catalytic system,
although copper(II) salt was utilized.
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