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d enantioselective diyne
cyclization via C(sp2)–O bond cleavage†

Ji-Jia Zhou,‡a Ya-Nan Meng,‡a Li-Gao Liu,a Yi-Xi Liu,a Zhou Xu, *b Xin Lu, *a

Bo Zhoua and Long-Wu Ye *ac

The functionalization of etheric C–O bonds via C–O bond cleavage is an attractive strategy for the

construction of C–C and C–X bonds in organic synthesis. However, these reactions mainly involve

C(sp3)–O bond cleavage, and a catalyst-controlled highly enantioselective version is extremely

challenging. Here, we report a copper-catalyzed asymmetric cascade cyclization via C(sp2)–O bond

cleavage, allowing the divergent and atom-economic synthesis of a range of chromeno[3,4-c]pyrroles

bearing a triaryl oxa-quaternary carbon stereocenter in high yields and enantioselectivities. Importantly,

this protocol not only represents the first [1,2]-Stevens-type rearrangement via C(sp2)–O bond cleavage,

but also constitutes the first example of [1,2]-aryl migration reactions via vinyl cations.
Introduction

The functionalization of etheric C–O bonds via C–O bond cleavage
is an attractive strategy for the construction of C–C and C–X bonds
in organic synthesis as ethers are stable and readily available
building blocks.1 Nevertheless, the functionalization of an etheric
C–O bond is extremely challenging because of its high bond
dissociation energy (BDE, 100–110 kcal mol−1, Scheme 1a).2

Currently, reactions involving C–O bond cleavage of ethers mainly
focus on C–O bond activation and formal C–O bond insertion.1,3

The C–O bond activation of ethers, rst realized in 1979 by E.
Wenkert,4 has been demonstrated to be an effective approach for
ether bond functionalization via transition metal (Ni, Pd, Ru, Fe,
Cr, and Rh) catalysis,1,5 but no direct catalytic asymmetric activa-
tion of aromatic C–O bonds has been reported to the best of our
knowledge.6 Formal C–O bond insertions, mainly involving [1,2]-
Stevens-type rearrangement reactions of oxonium ylides, have
received extensive attention in the past few decades. However,
these reactions generally involve the migration of the benzyl and
allyl groups via C(sp3)–O bond cleavage,3,7 and such a catalyst-
controlled highly enantioselective rearrangement is also highly
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challenging.8 Importantly, the related aryl migration reaction via
C(sp2)–O bond cleavage has not been explored yet (Scheme 1b).

Vinyl cations have proven to be versatile intermediates in
organic synthesis and have attracted particular attention over
the past decade due to their unique carbene-like reactivity.9
Scheme 1 Functionalization of etheric C–O bonds involving [1,2]-
Stevens-type rearrangement.
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Table 1 Optimization of reaction conditions for copper-catalyzed
cyclization of ynamide 1a a

Entry [Cu] Reaction conditions Yieldb (%)

1c Cu(CH3CN)4PF6 DCE, 40 °C, 2 h 62(15d)
2 Cu(CH3CN)4PF6 DCE, 40 °C, 2 h 87
3 Cu(CH3CN)4PF6 DCM, 40 °C, 2 h 86
4 Cu(CH3CN)4PF6 Toluene, 40 °C, 2 h 72
5 Cu(CH3CN)4PF6 PhCF3, 40 °C, 2 h 78
6 Cu(CH3CN)4PF6 Et2O, 40 °C, 2 h <10
7 Cu(CH3CN)4PF6 THF, 40 °C, 2 h <10
8 Cu(CH3CN)4BF4 DCE, 40 °C, 2 h 86
9 CuOTf DCE, 40 °C, 2 h 81
10 Cu(OTf)2 DCE, 40 °C, 2 h 32(40d)
11 CuBr DCE, 40 °C, 2 h 85
12 CuI DCE, 40 °C, 2 h <10
13e Cu(CH3CN)4PF6 DCE, 40 °C, 2 h 99
14e Cu(CH3CN)4PF6 DCE, 30 °C, 12 h 90
15e Cu(CH3CN)4PF6 DCE, 20 °C, 40 h 84

a Reaction conditions: 1a (0.05 mmol), [Cu] (0.005 mmol), NaBArF4
(0.006 mmol), solvent (1 mL), 20–40 °C, 2–40 h, in vials. b Measured
by 1H NMR using 1,3,5-trimethoxybenzene as the internal standard.
c Without NaBArF4.

d Yield of 2a′. e With (±)-BINAP (0.006 mmol). Ms
= methanesulfonyl, PMP = 4-methoxyphenyl, NaBArF4 = sodium
tetrakis[3,5-bis(triuoromethyl)phenyl]borate, DCE = 1,2-
dichloroethane.
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However, successful examples of asymmetric catalysis based on
vinyl cation intermediates have been scarcely reported. Very
recently, we have developed a facile copper-catalyzed diyne
cyclization for the generation of vinyl cations,10,11 and achieved
a series of asymmetric reactions by this strategy via a remote
control of enantioselectivity, including intramolecular aromatic
C(sp2)–H functionalization,10e vinylic C(sp2)–H functionaliza-
tion,10c cyclopropanation,10e [1,2]-Stevens-type rearrangement10b

and intermolecular annulations with styrenes10d and ketones.10a

Inspired by the above results and by our recent study on
developing ynamide chemistry for heterocycle synthesis,12,13 we
envisioned that replacing the benzyl group with an aryl group
may lead to C(sp2)–O bond cleavage by employing this asym-
metric copper catalysis. Herein, we describe the realization of
such a copper-catalyzed enantioselective cascade cyclization via
C(sp2)–O bond cleavage, allowing the divergent and atom-
economic synthesis of various chromeno[3,4-c]pyrroles
bearing a triaryl oxa-quaternary carbon stereocenter in generally
moderate to excellent yields with high enantioselectivities
(Scheme 1c). Of note, structural motifs containing a triaryl oxa-
quaternary carbon are widely present in natural products and
drug molecules.14 To the best of our knowledge, this protocol
not only represents the rst [1,2]-Stevens-type rearrangement
via C(sp2)–O bond cleavage, but also constitutes the rst
example of [1,2]-aryl migration reactions via vinyl cations.

Results and discussion

We started our investigations by using OPh-substituted N-prop-
argyl ynamide 1a as the model substrate, and selected results are
listed in Table 1. To our delight, the desired chromeno[3,4-c]
pyrrole 2a bearing an oxo-quaternary carbon stereocenter could be
obtained in 62% yield in the presence of Cu(CH3CN)4PF6
(10 mol%) as the catalyst according to our designed [1,2]-aryl
migration, albeit together with a signicant amount of seven-
membered product 2a′ via a Cu-catalyzed 7-endo-dig cyclization
(Table 1, entry 1). Further studies revealed that the use of NaBArF4
(12 mol%)15 as the additive completely prohibited the formation of
byproduct 2a′, and the expected 2a was delivered in 87% yield
(Table 1, entry 2). Of note, NaBArF4 has been widely used as an
additive in transition-metal catalysis to enhance the acidity and/or
solubility of metal catalysts, thus leading to signicantly improved
reactivity and selectivity.10d Next, various typical solvents including
DCM, toluene, PhCF3, Et2O and THF were screened, but failed to
give better results (Table 1, entries 3–7). Subsequently, several
copper catalysts were also evaluated, and it was found that the use
of Cu(CH3CN)4BF4, CuOTf or CuBr as the catalyst led to a slightly
decreased yield (Table 1, entries 8, 9, and 11), whereas CuI could
not catalyze this cascade cyclization (Table 1, entry 12). When
Cu(OTf)2 was used as the catalyst, 2a′ was obtained as the main
product in 40% yield (Table 1, entry 10). Gratifyingly, the desired 2a
could be formed in nearly quantitative yield by employing 12mol%
(±)-BINAP as the ligand (Table 1, entry 13). Finally, decreasing
the reaction temperature to 30 °C or 20 °C led to slightly
decreased yields (Table 1, entries 14 and 15). Notably, no back-
ground benzofuran formation was observed via a direct 5-endo-dig
cyclization in all cases under these Cu-catalyzed conditions.
3494 | Chem. Sci., 2023, 14, 3493–3500
Having established the optimal reaction conditions (Table 1,
entry 13), we next sought to explore the scope of this cascade
reaction. As shown in Table 2, we initially investigated the scope
of different N-protecting groups of the N-propargyl ynamides.
Apart from the Ms-protected ynamide, the reaction proceeded
smoothly with other alkyl sulfonyl groups, providing the corre-
sponding chromeno[3,4-c]pyrroles 2b and 2c bearing an oxo-
quaternary carbon stereocenter in 82–85% yields. Then, diynes
with a diverse array of aryl sulfonyl groups, such as Bs (4-bro-
mobenzenesulfonyl), Ts, and MBS were suitable substrates for
this cascade cyclization, affording the desired products 2d–2h in
generally good to excellent yields. The role of the electronic
properties of the aromatic ring was next studied, and it was found
that substitutions including both electron-donating and -with-
drawing groups on the aromatic ring occurred efficiently, deliv-
ering the corresponding products 2i–2mwith yields ranging from
88% to 93%. Substitutions with various electronic properties at
the different positions of the phenyl ring had little effect on this
protocol, and the expected chromeno[3,4-c]pyrroles 2n–2s were
obtained in 54–92% yields. In addition, different aryl-substituted
diynes on N-propargyl moieties (Ar2) proved to be applicable
substrates for this reaction, thus leading to anticipated products
2t–2w in high yields. Ynamides bearing disubstituents on the
aryl ring could participate in this transformation as well to give
rise to 2x–2z in 83–95% yields. Furthermore, the reaction was
also extended to naphthyl- and thienyl-substituted diynes,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Reaction scope for the formation of chromeno[3,4-c]
pyrroles 2 a

a Reaction conditions: 1 (0.1 mmol), Cu(CH3CN)4PF6 (0.01 mmol),
NaBArF4 (0.012 mmol), (±)-BINAP (0.012 mmol), DCE (2 mL), 40 °C,
12 h, in vials; yields are for the isolated products. b Formed from
ynamide substrate 1ag. Ts = p-toluenesulfonyl. MBS = 4-
methoxybenzenesulfonyl.
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enabling an approach to the expected products 2aa in 87% yield
and 2ab in 71% yield, respectively. Finally, we examined the effect
of the migratory aryl groups, and found that the reaction of 4-Me,
© 2023 The Author(s). Published by the Royal Society of Chemistry
4-OMe, 4-Ph and 4-Cl substituted diynes was also well compatible
with the established conditions, thus providing the desired
chromeno[3,4-c]pyrroles 2ac–2af in 52–90% yields. Of note, the
synthesis of product 2a could also be achieved in 77% yield from
ynamide substrate 1ag.15 Attempts to extend the reaction to
ynamide 1ah bearing a substituent at the ortho position of the
aryl group of Ar2 and ynamide 1ai with an alkyl group only gave
a complex mixture of products.15

Aer accomplishing the above copper-catalyzed cascade
cyclization/[1,2]-aryl migration reaction of N-propargyl yna-
mides, we attempted to establish the catalytic asymmetric
version of this reaction (for more details see ESI Tables 1 and
2).† As summarized in Table 3, we were pleased to nd that the
expected chiral chromeno[3,4-c]pyrrole (+)-2a bearing a oxo-
quaternary carbon stereocenter could be furnished in 75%
yield with 75% ee by the use of phenyl-substituted BOX
(bisoxazoline) ligand L1 (Table 3, entry 1). Encouraged by this
preliminary result, we next investigated assorted types of chiral
BOX ligands. However, employing several typical chiral BOX
ligands L2–L6 led to diminished yields and enantioselectivities
(Table 3, entries 2–6). In view of the fact that BOX ligands could
be readily modied with the side-arm strategy established by
Tang's group,16 we attempted to alter the dibenzyl group of the
BOX ligand. Gratifyingly, the enantioselectivity was signicantly
improved by employing 3,5-diethyoxyl benzyl-substituted BOX
ligand L14 aer a large amount of explorations (Table 3, entries
7–17), and the desired chiral chromeno[3,4-c]pyrrole (+)-2a was
delivered in 82% yield with 92% ee (Table 3, entry 14). Among
various typical organic solvents screened for this cascade
cyclization (Table 3, entries 18–21), PhCF3 was found to be
optimal, providing the anticipated (+)-2a in 92% yield with 94%
ee (Table 3, entry 19).

Under the optimized conditions for the asymmetric version of
this cascade cyclization (Table 3, entry 19), the substrate scope for
synthesis of enantioenriched chromeno[3,4-c]pyrroles was then
examined. As depicted in Table 4, except for the Ms-protected
ynamide 1a, this enantioselective cyclization is remarkably
tolerant of various N-protected ynamides, including nPrSO2-,
iPrSO2-, Bs-, 4-NO2-C6H4SO2-, 4-CF3-C6H4SO2-, Ts- and MBS-
protected N-propargyl ynamides, thus affording the correspond-
ing chiral chromeno[3,4-c]pyrroles (+)-2b–(+)-2h in 60–99% yields
and 78–94% ees. Furthermore, this asymmetric process readily
accommodated substitution at the 3- or 4-position of the phenyl
ring with electron-decient and -rich substituents comprising Me,
OMe, F, Cl, and Br, enabling the assembly of the expected enan-
tioenriched chromeno[3,4-c]pyrroles (+)-2i–(+)-2n in generally
excellent yields with excellent enantioselectivities. Additionally,
switching the PMP-substituent of diyne to other electron-rich
substituents such as OBn-, OPh-, Me-, and tBu-substituted diynes
led to the asymmetric rearrangement process to furnish the
desired products (+)-2t–(+)-2w in high yields and enantiopurities.
Of note, the reaction time was considerably prolonged on
decreasing the electronic density of the phenyl groups, such asMe-
and tBu-substituted ynamides 1v and 1w, which is similar to our
previous reports.10 What's more, diynes bearing different dis-
ubstituents on the phenyl ring were accommodated to provide the
expected products (+)-2x–(+)-2z in 95–99% yields and 93–96% ees.
Chem. Sci., 2023, 14, 3493–3500 | 3495
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Table 3 Optimization of reaction conditions for asymmetric copper-
catalyzed cyclization of ynamide 1a a

Entry L Reaction conditions Yieldb (%) eec (%)

1 L1 DCE, 40 °C, 12 h 75 75 (+)
2 L2 DCE, 40 °C, 18 h <10 —
3 L3 DCE, 40 °C, 24 h 42 10 (+)
4 L4 DCE, 40 °C, 12 h 71 58 (+)
5 L5 DCE, 40 °C, 12 h 74 74 (+)
6 L6 DCE, 40 °C, 12 h 72 69 (+)
7 L7 DCE, 40 °C, 12 h 74 75 (+)
8 L8 DCE, 40 °C, 12 h 73 72 (+)
9 L9 DCE, 40 °C, 12 h 71 72 (+)
10 L10 DCE, 40 °C, 12 h 71 70 (+)
11 L11 DCE, 40 °C, 18 h 72 58 (+)
12 L12 DCE, 40 °C, 12 h 75 77 (+)
13 L13 DCE, 40 °C, 12 h 80 91 (+)
14 L14 DCE, 40 °C, 12 h 82 92 (+)
15 L15 DCE, 40 °C, 16 h 80 92 (+)
16 L16 DCE, 40 °C, 16 h 79 92 (+)
17 L17 DCE, 40 °C, 30 h 65 <10 (+)
18 L14 Toluene, 40 °C, 10 h 82 93 (+)
19 L14 PhCF3, 40 °C, 12 h 92 94 (+)
20 L14 PhF, 40 °C, 10 h 85 92 (+)
21 L14 PhCl, 40 °C, 10 h 84 92 (+)

a Reaction conditions: 1a (0.05 mmol), Cu(CH3CN)4PF6 (0.005 mmol), L
(0.006 mmol), NaBArF4 (0.006 mmol), solvent (1 mL), in vials.
b Measured by 1H NMR using 1,3,5-trimethoxybenzene as the internal
standard. c Determined by HPLC analysis.

Table 4 Reaction scope for the formation of chiral chromeno[3,4-c]
pyrroles (+)-2 a

a Reaction conditions: 1 (0.1 mmol), Cu(CH3CN)4PF6 (0.01 mmol),
NaBArF4 (0.012 mmol), L14 (0.012 mmol), PhCF3 (2 mL), 40 °C, 12–
96 h, in vials; yields are for the isolated products; ees are determined
by HPLC analysis. b (R)-L14 instead of L14.
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Next, naphthyl- and thienyl-substituted N-propargyl ynamides
performed well in this asymmetric tandem reaction, and the cor-
responding products (+)-2aa and (+)-2abwere isolated in 86% yield
with 93% ee and 93% yield with 95% ee, respectively. Further
modications on the substituents of themigratory aryl group such
as 4-Me, 4-Ph and 4-Cl substituents were also accomplished to
furnish the desired products (+)-2ac, (+)-2ae and (+)-2af in excellent
yields with remarkably high enantioselectivities. Finally, the reac-
tion occurred smoothly by employing a chiral catalyst with the
opposite conguration, and delivered the desired (−)-2a with the
3496 | Chem. Sci., 2023, 14, 3493–3500
opposite conguration in 96% yield with 94% ee. The absolute
conguration of (+)-2a was conrmed by X-ray diffraction analysis
(Fig. 1)17

Gram-scale reactions and further synthetic applications of
the as-synthesized tricyclic heterocycles were then explored
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure of compound (+)-2a in its crystal form.
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(Scheme 2). First, the Ms protecting group in chromeno[3,4-c]
pyrrole 2a, which could be synthesized on the gram scale in 73%
yield under standard conditions, was readily removed by treat-
ment with KOH, followed by protection with the Boc group, site-
selective bromination by NBS (N-bromosuccinimide) and
oxidation by the UHP (urea-hydrogen peroxide complex) to lead
to the corresponding products 3a (90%, 2 steps), 4a (65%, 2
steps) and 5a (60%, 2 steps), respectively (Scheme 2a). More-
over, the asymmetric cyclization reaction of 1a on the gram
scale under standard conditions was also performed, and the
Scheme 2 Scale-up reaction and product elaboration. Reagents and
conditions: (i) KOH (5 equiv.), THF : MeOH/1 : 1, 50 °C, 2 h. (ii) 4-DMAP
(20mol%), (Boc)2O (3 equiv.), Et3N (4 equiv.), DCM, rt, 2 h. (iii) NBS (1.05
equiv.), THF, −78 °C, 1 h. (iv) UHP (5 equiv.), HFIP (hexa-
fluoroisopropanol), 45 °C, 24 h. (v) H2 (7 Mpa), Pd/C (20 mol%), EtOH :
AcOH/10 : 1, 100 °C, 3.5 h.

© 2023 The Author(s). Published by the Royal Society of Chemistry
desired (+)-2a was formed in 99% yield and 94% ee, which could
be reduced into the pyrrolidine-fused product (−)-6a containing
three contiguous stereocenters in 63% yield with 94% ee and 3 :
1 dr (Scheme 2b).

Based on the above experimental observations, our previ-
ously published results10 and present density functional theory
Scheme 3 (a) Mechanism for the synthesis of chromeno[3,4-c]pyrrole
(+)-2a from diyne substrate 1a. (b) Free energy profile for the synthesis
of chromeno[3,4-c]pyrrole (+)-2a from diyne substrate 1a. Relative
free energies (DG, in kJ mol−1) of all the transition states and inter-
mediates were computed at the SMD(PhCF3)-M06/6-31G(d,p)
&LANL2DZ level of theory, with the electronic energy of all the tran-
sition states and intermediates recomputed at the SMD(PhCF3)-M06-
D3/def2-TZVPP level of theory. Color code: red = O; white = H; gray
= C; yellow = S; blue = N; brown = Cu.

Chem. Sci., 2023, 14, 3493–3500 | 3497
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Scheme 4 The geometries and relative free energies (DG, in kJ mol−1)
of the transition state [CuL14]-R TSB-C and [CuL14]-S TSB-C with the
chiral ligand. Relative free energies (DG, in kJmol−1) of all the transition
states and intermediates were computed at the SMD(PhCF3)-M06/6-
31G(d,p)&LANL2DZ level of theory, with the electronic energy of all the
transition states and intermediates recomputed at the SMD(PhCF3)-
M06-D3/def2-TZVPP level of theory. Color code: red =O; white = H;
gray = C; yellow = S; blue = N; brown = Cu.
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(DFT) calculations (for more details see the ESI†), a plausible
mechanism involving vinyl cation intermediates11 for the
formation of chiral chromeno[3,4-c]pyrrole (+)-2a from diyne 1a
is displayed in Scheme 3. The CuI catalyst rst preferentially
coordinates to the electron-richer amide-tethered C^C bond of
1a to form precursor A, followed by intramolecular trapping by
the N-propargyl moiety, affording the vinyl cation intermediate
B. Subsequent intramolecular trapping of intermediate B by the
phenoxy group leads to the chiral oxonium intermediate C with
a free energy barrier of 51.6 kJ mol−1. Next, a [1,2]-Stevens-type
rearrangement within the oxonium cation C affords the copper
carbene intermediate D via a stereospecic one-step [1,2]-aryl
migration pathway with a free energy barrier of 111.0 kJ
mol−1. Finally, the same as our previous ndings,10 a formal
[1,4]-H migration assisted by trace H2O in the reaction system
via two consecutive steps of proton transfer and demetallation
occurs to deliver the nal chiral product (+)-2a, with a free
energy barrier of 120.3 kJ mol−1. As alluded above, the reaction
can smoothly occur under the experimental conditions, with
the H2O-assisted 1,4-H migration being the rate-determining
step.

The origin of enantioselective synthesis of chiral (+)-2a is also
theoretically unraveled with the chiral L14 ligated to the CuI

center in the process of intramolecular trapping of the vinyl
cation by the phenoxy group (B / C), as the O atom orientation
of the phenoxy group separates the conguration of the nal
chiral product in the process of intramolecular cyclization. More
importantly, the difference in barrier heights of the subsequent
rate-determining step, i.e. the H2O-assisted 1,4-H migration
process helps maintain the enantioselectivity in a kinetic control
manner, although it is unraveled by DFT computations that the
chiral oxonium cation generated in the aforementioned chirality-
originated step easily undergoes an inversion in the reaction.

The free energy of the transition state [CuL14]-R TSB-C is
predicted to be 8.6 kJ mol−1 lower than that of [CuL14]-S TSB-C,
which is well in line with the experimental ee value of 94%. Also,
the difference in free energies (10.3 kJ mol−1) of the two
3498 | Chem. Sci., 2023, 14, 3493–3500
transition states in the rate-determining step, i.e. the H2O-
assisted H-migration process (TSD and TS′D) again supports
the experimental ee value of 94%, which shows that there is no
loss of enantioselectivity in the process from C to 2a attributed
to the kinetic control of the subsequent rate-determining step
as well. Further observation on their stereogenic congurations
indicates that the steric repulsion between the bulky chiral
ligand L14 and the branched groups in the substrate is critical
to the generation of enantioselectivity in a remote control
manner (Scheme 4).

Conclusions

In summary, we have developed a copper-catalyzed asymmetric
cascade cyclization via C(sp2)–O bond cleavage, which not only
represents the rst [1,2]-Stevens-type rearrangement via C(sp2)–O
bond cleavage, but also constitutes the rst example of [1,2]-aryl
migration reactions via vinyl cations. This method enables the
divergent, practical and atom-economic synthesis of a range of
chromeno[3,4-c]pyrroles bearing a triaryl oxa-quaternary carbon
stereocenter in high yields and enantioselectivities (up to 96% ee)
under mild conditions. Moreover, theoretical calculations provide
further evidence for this vinyl cation involved cyclization/
rearrangement and the origin of enantioselectivity. We envision
that the above ndings will open up new horizons in the eld of
catalytic asymmetric reactions based on etheric C–O bond func-
tionalization, [1,2]-Stevens-type rearrangement and vinyl cations.
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