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ABSTRACT: We report the chiral phosphoric acid catalyzed
formal (3 + 2) cycloaddition of 3-substituted 1H-indoles and
propargylic alcohols containing a functional directing group (p-
NHAc or p-OH). This work represents a straightforward method
to synthesize chiral pyrrolo[1,2-a]indole bearing a tetrasubstituted
carbon stereocenter. The reaction proceeds smoothly with a wide
array of substrate tolerance to deliver various chiral pyrrolo[1,2-
a]indoles in up to 93% yield and 98% ee. The utility of this method is highlighted by the diverse transformations of the products into
various indole derivatives.

Chiral pyrrolo[1,2-a]indole scaffolds are key skeletons
found in a range of natural products and pharmaceut-

icals.1 As representative examples shown in Figure 1, such

compounds exhibit antitumor, analgetic, or anticancer proper-
ties and have attracted much attention in medicinal chemistry.2

Thus, developing efficient catalysis methodologies for enantio-
enriched pyrrolo[1,2-a]indoles is highly desirable. In recent
decades, a number of seminal studies were conducted for the
construction of chiral pyrrolo[1,2-a]indoles, including cycliza-
tion of N-substituted indoles, (3 + 2) cycloaddition of
nitrovinylindoles or 1H-indole-2-carbaldehyde, and a C-2
functionalization and annulation sequence of indoles.3,4

Despite the significance of these approaches, most of these
strategies utilize prefunctionalized substrates or require
multiple steps, and the direct asymmetric catalytic function-
alizations of indoles to pyrrolo[1,2-a]indoles bearing the
tetrasubstituted carbon stereocenter remains rare.

It is generally considered that indoles are nucleophilic at the
C3, C2, and N1 positions, and this unique property provides
the possibility to regioselectively functionalize indole-contain-
ing substrates by cascade reaction sequences, thus resulting in
chiral polycyclic indole derivatives.5 Clearly, the key to
synthesize pyrrolo[1,2-a]indoles directly from indoles is to
rationally employ proper electrophiles, which could regiose-
lectively react with the C2- and/or N1-position of indoles. In
2013, Xiao et al. reported a Cu-catalyzed asymmetric Friedel−
Crafts alkylation/N-hemiacetalization cascade reaction be-
tween 3-substituted indoles and β,γ-unsaturated α-ketoesters
(Scheme 1a).4b The process enables the efficient construction
of diversely functionalized pyrrolo[1,2-a]indoles with a N-
hemiacetal group. Shortly thereafter, Wang et al. described a
Pd-catalyzed cascade reaction of 3-alkylindoles with oxindolyl
β,γ-unsaturated α-ketoesters to synthesize various spiro-
polycyclic indole derivatives (Scheme 1b).4h In light of the
importance of pyrrolo[1,2-a]indoles with a tetrasubstituted
carbon stereocenter, it is still highly desirable and challenging
to develop methods for rapid construction of pyrrolo[1,2-
a]indole skeletons with novel and complex structures under
mild conditions.
On the other hand, propargylic alcohols are easily available

building blocks and have been extensively applied in the
construction of heterocyclic compounds.6 However, it remains
difficult to control the enantioface selection of propargylic
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Figure 1. Representative examples of natural and biologically active
products containing the pyrrolo[1,2-a]indole core.
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cation species which are generated in situ by elimination of the
hydroxy group, leaving catalytic asymmetric cycloaddition of
propargylic alcohols to indoles uncertain. On the basis of our
continuing interest in asymmetric synthesis, herein we report
an organocatalytic enantioselective synthesis of chiral pyrrolo-
[1,2-a]indoles using 3-substituted 1H-indoles and propargylic
alcohols containing functional directing groups (NHAc or OH;
Scheme 1).7,8 Therefore, the stereochemistry of the
propargylic carbocation intermediate could be controlled via
hydrogen bonding of the p-acetamido/hydroxy group with a
chiral Brønsted acid catalyst.
We initiated our investigation by using 3-methyl-1H-indole

1a and propargylic alcohol 2a as model substrates, with 5 mol
% of chiral phosphoric acids or phosphoramides as catalyst.9

Gratifyingly, the reaction proceeded smoothly in dichloro-
methane at room temperature in the presence of catalyst 4a,
and the desired pyrrolo[1,2-a]indole 3a was obtained in 51%
yield with 41% ee (Table 1, entry 1). Screening of other
catalysts with different backbones and steric environments
(Table 1, entries 2−11) showed that catalyst 5c with chiral
spirocyclic skeleton was suitable, affording 3a in 78% yield with
87% ee (Table 1, entry 10). Therefore, we chose 5c as the
catalyst for further optimizations. The addition of 4 Å
molecular sieves improved the enantioselectivity, albeit with
a slightly lower yield (Table 1, entry 12). Furthermore, solvent
screening was carried out in the hope of improving the reaction
yield. Disappointingly, no better results were obtained (Table
1, entries 13−17). Different Brønsted acids with varying acidity
were also evaluated as additives (Table 1, entries 18−19; for
more examples, see the Supporting Information (SI)).10 While
stronger acids led to lower enantioselectivities, boronic acids

with weaker acidity appear to be suitable and act as a hydrogen
bond donor providing enhanced reactivity without detrimental
effect on enantioselectivity. To our delight, the addition of 4-
fluorophenylboronic acid increased the yield of 3a to 83% with
90% ee (Table 1, entry 19). Subsequently, it was found the
optimized reaction conditions required catalyst 5c (5 mol %),
4-fluorophenylboronic acid (20 mol %), and 4 Å molecular
sieves in C6H5Cl/CH2Cl2 mixed solvents (Table 1, entry 20).
In addition, with H8-BINOL-derived catalyst 4f in CHCl3, the
product 3a could also be obtained in similar yield and
enantioselectivity (Table 1, entry 21 vs 20; see the SI for
details).
With the optimized conditions in hand, the reaction scope

was initially assessed using a range of 3-substituted 1H-indoles
1 with propargylic alcohol 2a (Scheme 2, 3a−3o). All 3-
methyl-1H-indoles showed excellent reactivity with either
electron-withdrawing groups (Cl or Br) or electron-donating
groups (Me or OMe) on the phenyl ring, generating the
products in 64−81% yields with 87−98% ee (3b−3m).

Scheme 1. Asymmetric Synthesis of Pyrrolo[1,2-a]indoles
Bearing the Tetrasubstituted Carbon Stereocenter

Table 1. Optimization of the Reaction Conditionsa

Entry Catalyst Solvent Yield (%)b ee (%)c

1 4a CH2Cl2 51 −41
2 4b CH2Cl2 70 −66
3 4c CH2Cl2 16 −51
4 4d CH2Cl2 65 −77
5 4e CH2Cl2 75 −17
6 4f CH2Cl2 70 81
7 4g CH2Cl2 79 22
8 5a CH2Cl2 42 24
9 5b CH2Cl2 75 77
10 5c CH2Cl2 78 87
11 5d CH2Cl2 72 84
12d 5c CH2Cl2 73 90
13d 5c CHCl3 61 81
14d 5c toluene 69 86
15d 5c C6H5Cl 73 90
16d 5c C6H5CF3 78 87
17d 5c CH3CN 51 3
18d,e 5c CH2Cl2 81 90
19d,f 5c CH2Cl2 83 90
20d,f,g 5c C6H5Cl/CH2Cl2 85 91
21d,f 4f CHCl3 86 90

aUse of 1a (0.06 mmol), 2a (0.066 mmol), a catalyst (0.003 mmol),
and a solvent (0.6 mL), room temperature (RT), 48 h. bDetermined
by 1H NMR with 1,2-dichloroethane as internal standard.
cDetermined by chiral HPLC. d4 Å Molecular sieves (50 mg) was
used. ePhenylboronic acid (20 mol %) was used. f4-Fluorophenylbor-
onic acid (20 mol %) was used. gC6H5Cl/CH2Cl2 = 0.4/0.2 mL.
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However, 7-bromo and 7-methyl substituted 1H-indoles
reacted with relatively lower yields due to steric hindrance
(3d and 3m). The 3-substituted group of 1H-indole appears to
have less effect on the reaction, and both 3-ethyl and 3-phenyl
1H-indoles afforded the cyclic adduct 3 in good yields and
enantioselectivities (3n−3o). Next, we explored the scope of
propargylic alcohols. A number of propargylic alcohols 2
having aryl, heteroaryl, and alkyl groups were well tolerated
under optimized conditions (Scheme 2, 3p−3ab). In addition,
the electronic properties of the substituents on terminal aryl
groups of alkynes have little effect on the reaction. Both

electron-withdrawing (Br or Cl) and electron-donating (Me or
OMe) groups were compatible, and the reactions produced the
desired products in moderate to good yields (63−80%) and
high enantioselectivities (90−95% ee, 3p−3x). Propargylic
alcohols with a 2-naphthyl or 3-thienyl group also gave good
yields (71−73%) and excellent enantioselectivities (91−92%
ee, 3y−3z). In addition, alkyl (R4 = benzyl and cyclohexyl)
substituted propargylic alcohols 2 proceeded smoothly to
afford the desired products in moderate yields and relatively
low enantioselectivities (3aa−3ab). Encouraged by these
results, propargylic alcohols 6 (R3 = Ph) with pronounced

Scheme 2. Scope of 3-Substituted 1H-Indoles and Propargylic Alcoholsa

aConditions A: Use of indole 1 (0.13 mmol), propargylic alcohol 2 or 6 (0.12 mmol), 5c (0.006 mmol), 4-F-C6H4B(OH)2 (0.024 mol), and 4 Å
molecular sieves (100 mg) in C6H5Cl/CH2Cl2 (0.8/0.4 mL) at RT for 48 h. Yields of isolated products are reported. The enantiomeric excess was
determined by chiral HPLC methods. bConditions B: Use of 1 (0.13 mmol), propargylic alcohol 2 or 6 (0.12 mmol), 4f (0.006 mmol), 4-F-
C6H4B(OH)2 (0.024 mmol), and 4 Å molecular sieves (100 mg) in CHCl3 (1.2 mL) at RT for 48 h.
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steric hindrance were also investigated. The reaction gave
desired adducts in higher yields compared with propargylic
alcohol 2 (3ac−3ag). Various substituted 1H-indoles reacted
with propargylic alcohols 6 and afforded cyclic products in
good to excellent yields (71−93%) and enantioselectivities
(88−92% ee). The absolute configuration of 3ag was
determined to be (R) by X-ray crystallographic analysis, and
the configuration of other pyrrolo[1,2-a]indoles 3 were
assigned by analogy.
To probe the reaction mechanism, several control experi-

ments were carried out (Scheme 3). N-Methylated propargylic

alcohols (7a and 7b) and 2,4-diphenylbut-3-yn-2-ol (7c)
reacted with indole 1a giving no adducts 8 under the
optimized conditions (Scheme 3a). The application of the
present method to a propargylic alcohol with a p-
hydroxyphenyl substituent (7d) also provided the desired
product in 62% yield and 87% ee. The reaction of propargylic
alcohol 7e with the acetamido group at the ortho-position gave
cyclic product 8e in 14% yield and 6% ee. These results
indicate that a hydrogen-bond donor at the para-position of
propargylic alcohols is essential for activation and chiral
induction.
With respect to the mechanism of formation of pyrrolo[1,2-

a]indole skeletons, we considered that it may proceed through
two pathways: the first pathway could involve the attack of aza-
quinone methides (aza-p-QMs) by the C2 of indoles through
1,8-addition to generate allene followed by intramolecular N−
C bond formation, while the second pathway is the attack of N
in indoles to aza-p-QMs through 1,6-addtion to generate N-
propargyl indole followed by intramolecular C−C bond
formation. To better understand the reaction pathway, density
functional theory (DFT) calculations were carried out, which
revealed that the 1,8-addition to generate tetrasubstituted
allene has a lower energy barrier than 1,6-addition (5.5 vs 19.8
kcal/mol; for details see SI).11 In order to validate the
mechanism on the generation of tetrasubstituted allene

intermediates, the racemic allene 11 was synthesized and
fully characterized. It was further discovered that, in the
presence of catalyst 5c under optimized reaction conditions, 11
was smoothly converted into the corresponding product 3a in
95% yield and 80% ee, and the ee of 11 continued to increase
to >99% as the reaction proceeded further (Scheme 3b).
Based on these results and previous reports, we proposed the

following plausible reaction mechanism for the formation of
3ac (Figure 2). Firstly, the in situ dehydration of the

propargylic alcohol generates the aza-p-QMs intermediate in
the presence of chiral phosphoric acid (CPA). CPA serves as a
bifunctional catalyst to activate both the aza-p-QMs
intermediate and 1a by hydrogen bonding (TS1). Due to
the steric hindrance of aza-p-QMs at the 6-position, the
reaction prefers kinetically the 1,8-conjugate addition of the
C2-position of indole 1a to generate the chiral tetrasubstituted
allene (TS2). Finally, the hydrogen-bonded chiral allene is
protonated to generate the benzylic cation (TS3),12 which
undergoes intramolecular cyclization to provide the cyclic
product 3ac. The presence of the N−H moiety in propargylic
alcohols is pivotal, which not only accelerates the dehydration
of propargylic alcohol to form aza-p-QMs but also interacts
with the catalyst to control chiral induction during dynamic
kinetic resolution of the allene intermediate.
To demonstrate the synthetic value of these pyrrolo[1,2-

a]indole derivatives, further transformations of 3a were carried
out (Scheme 4).13,14 Dihydropyrroloindole 9a was formed by
hydroboration of 3a followed by oxidation in good yield (71%)
with excellent diastereoselectivity (d.r. > 20/1). This sequence
provided an expeditious access to indole derivatives possessing
three contiguous stereocenters.13a The brominated product 9b
could be obtained in 84% yield by the reaction of 3a with
bromine, which can be used as a versatile intermediate for
further modifications. The acetamido group of 3a was
hydrolyzed to an amino group after being treated with 4 N
HCl,8g and the amine was further converted into the
corresponding halide derivative 9c in 82% yield.13b In addition,
indole 1p reacted smoothly with propargylic alcohol 10 under
the optimized conditions to give pyrrolo[1,2-a]indole 9d in
47% yield with 94% ee.14

Scheme 3. Several Control Experiments

Figure 2. Plausible reaction mechanism.
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In conclusion, we have developed the first organocatalytic
asymmetric formal (3 + 2) cycloaddition of 3-substituted 1H-
indoles with readily available propargylic alcohols containing a
functional directing group (p-NHAc or p-OH). Under mild
reaction conditions, a variety of valuable chiral pyrrolo[1,2-
a]indoles bearing the tetrasubstituted carbon stereocenter were
conveniently constructed with excellent reactivity, regioselec-
tivity, and enantioselectivity. In this system, an acetamido
group that acts as both the activating and directing group is
crucial for the cycloaddition and favorable for hydrogen
bonding and chiral induction with chiral phosphoric acid
catalysts. Besides, chiral pyrrolo[1,2-a]indoles were amenable
to further transformations and enabled convenient synthesis of
indole derivatives. This protocol provided a potentially
effective method for the construction of various chiral cyclic
compounds from propargylic alcohols. Further studies of this
process with respect to other nucleophiles are currently
underway.
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S.; Alemań, J. Visible light photocatalytic asymmetric synthesis of
pyrrolo[1,2-a]indoles via intermolecular [3 + 2] cycloaddition. Chem.
Commun. 2019, 55, 11303−11306. (j) Zeng, M.; Zhang, W.; You, S.
One-Pot Synthesis of Pyrrolo[1,2-a]indoles by Chiral N-Triflyl
Phosphoramide Catalyzed Friedel-Crafts Alkylation of 4,7-Dihydroin-
dole with β,γ-Unsaturated α-Keto Esters. Chin. J. Chem. 2012, 30,
2615−2623.
(5) For selected examples: (a) Lakhdar, S.; Westermaier, M.;
Terrier, F.; Goumont, R.; Boubaker, T.; Ofial, A. R.; Mayr, H.
Nucleophilic Reactivities of Indoles. J. Org. Chem. 2006, 71, 9088−
9095. (b) Joucla, L.; Djakovitch, L. Transition Metal-Catalysed,
Direct and Site-Selective N1-, C2- or C3-Arylation of the Indole
Nucleus: 20 Years of Improvements. Adv. Synth. Catal. 2009, 351,
673−714. (c) Bandini, M.; Eichholzer, A. Catalytic Functionalization
of Indoles in a New Dimension. Angew. Chem., Int. Ed. 2009, 48,
9608−9644. (d) Bartoli, G.; Bencivenni, G.; Dalpozzo, R. Organo-
catalytic strategies for the asymmetric functionalization of indoles.
Chem. Soc. Rev. 2010, 39, 4449−4465. (e) Cerveri, A.; Bandini, M.

Recent Advances in the Catalytic Functionalization of “Electrophilic”
Indoles. Chin. J. Chem. 2020, 38, 287−294.
(6) (a) Qian, H.; Huang, D.; Bi, Y.; Yan, G. 2-Propargyl Alcohols in
Organic Synthesis. Adv. Synth. Catal. 2019, 361, 3240−3280. (b) Zhu,
Y.; Sun, L.; Lu, P.; Wang, Y. Recent Advances on the Lewis Acid-
Catalyzed Cascade Rearrangements of Propargylic Alcohols and Their
Derivatives. ACS Catal. 2014, 4, 1911−1925.
(7) Hao, L.; Pan, Y.; Wang, T.; Lin, M.; Chen, L.; Zhan, Z.
Chemoselective Cascade Synthesis of N-Fused Heterocycles via
Silver(I) Triflate-Catalyzed Friedel-Crafts/N-C Bond Formation
Sequence. Adv. Synth. Catal. 2010, 352, 3215−3222.
(8) For selected reviews and pioneering examples of catalytic
asymmetric reactions of p-QM and aza-QMs: (a) Chu, W.-D.; Zhang,
L.-F.; Bao, X.; Zhao, X.-H.; Zeng, C.; Du, J.-Y.; Zhang, G.-B.; Wang,
F.-X.; Ma, X.-Y.; Fan, C.-A. Asymmetric Catalytic 1,6-Conjugate
Addition/Aromatization of para-Quinone Methides: Enantioselective
Introduction of Functionalized Diarylmethine Stereogenic Centers.
Angew. Chem., Int. Ed. 2013, 52, 9229−9233. (b) Caruana, L.; Kniep,
F.; Johansen, T. K.; Poulsen, P. H.; Jørgensen, K. A. A New
Organocatalytic Concept for Asymmetric α-Alkylation of Aldehydes.
J. Am. Chem. Soc. 2014, 136, 15929−15932. (c) Parra, A.; Tortosa, M.
para-Quinone Methide: a New Player in Asymmetric Catalysis.
ChemCatChem 2015, 7, 1524−1526. (d) Wang, Z.; Wong, Y. F.; Sun,
J. Catalytic Asymmetric 1,6-Conjugate Addition of para-Quinone
Methides: Formation of All-Carbon Quaternary Stereocenters. Angew.
Chem., Int. Ed. 2015, 54, 13711−13714. (e) Qian, D.; Wu, L.; Lin, Z.;
Sun, J. Organocatalytic synthesis of chiral tetrasubstituted allenes from
racemic propargylic alcohols. Nat. Commun. 2017, 8, 567−575.
(f) Chen, M.; Qian, D.; Sun, J. Organocatalytic Enantioconvergent
Synthesis of Tetrasubstituted Allenes via Asymmetric 1,8-Addition to
aza-para-Quinone Methides. Org. Lett. 2019, 21, 8127−8131. (g) Bai,
J.-F.; Yasumoto, K.; Kano, T.; Maruoka, K. Asymmetric Synthesis of
Chiral 1,4-Enynes through Organocatalytic Alkenylation of Propargyl
Alcohols with Trialkenylboroxines. Angew. Chem., Int. Ed. 2019, 58,
8898−8901.
(9) For selected reviews and pioneering examples on chiral
phosphoric acid catalysis: (a) Akiyama, T.; Itoh, J.; Yokota, K.;
Fuchibe, K. Enantioselective Mannich-Type Reaction Catalyzed by a
Chiral Brønsted Acid. Angew. Chem., Int. Ed. 2004, 43, 1566−1568.
(b) Uraguchi, D.; Terada, M. Chiral Brønsted Acid-Catalyzed Direct
Mannich Reactions via Electrophilic Activation. J. Am. Chem. Soc.
2004, 126, 5356−5357. (c) Akiyama, T. Stronger Brønsted Acids.
Chem. Rev. 2007, 107, 5744−5758. (d) Terada, M. Chiral Phosphoric
Acids as Versatile Catalysts for Enantioselective Transformations.
Synthesis 2010, 2010, 1929−1982. (e) Parmar, D.; Sugiono, E.; Raja,
S.; Rueping, M. Complete Field Guide to Asymmetric BINOL-
Phosphate Derived Brønsted Acid and Metal Catalysis: History and
Classification by Mode of Activation; Brønsted Acidity, Hydrogen
Bonding, Ion Pairing, and Metal Phosphates. Chem. Rev. 2014, 114,
9047−9153. (f) Zhu, S.-F.; Zhou, Q.-L. Transition-Metal-Catalyzed
Enantioselective Heteroatom-Hydrogen Bond Insertion Reactions.
Acc. Chem. Res. 2012, 45, 1365−1377.
(10) (a) Mo, X.; Hall, D. G. Dual Catalysis Using Boronic Acid and
Chiral Amine: Acyclic Quaternary Carbons via Enantioselective
Alkylation of Branched Aldehydes with Allylic Alcohols. J. Am. Chem.
Soc. 2016, 138, 10762−10765. (b) Chen, M.; Sun, J. How
Understanding the Role of an Additive Can Lead to an Improved
Synthetic Protocol without an Additive: Organocatalytic Synthesis of
Chiral Diarylmethyl Alkynes. Angew. Chem., Int. Ed. 2017, 56, 11966−
11970.
(11) Density functional theory (DFT) calculations were performed
employing Gaussian 16 software package. The geometry optimization
was performed using the M06-2X functional combined with the 6-
31G(d) basis set: Zhao, Y.; Truhlar, D. G. The M06 suite of density
functionals for main group thermochemistry, thermochemical
kinetics, noncovalent interactions, excited states, and transition
elements: two new functionals and systematic testing of four M06-
class functionals and 12 other functionals. Theor. Chem. Acc. 2008,
120, 215−241. The optimized geometries were further confirmed by a

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c01812
Org. Lett. XXXX, XXX, XXX−XXX

F

https://dx.doi.org/10.1055/s-1995-5299
https://dx.doi.org/10.1021/cr010046q
https://dx.doi.org/10.1021/cr010046q
https://dx.doi.org/10.1016/j.ejmech.2007.01.027
https://dx.doi.org/10.1016/j.ejmech.2007.01.027
https://dx.doi.org/10.1039/C4NJ02308K
https://dx.doi.org/10.1039/C4NJ02308K
https://dx.doi.org/10.1039/C4NJ02308K
https://dx.doi.org/10.1002/jhet.2312
https://dx.doi.org/10.1002/ejoc.201900626
https://dx.doi.org/10.1002/ejoc.201900626
https://dx.doi.org/10.1002/jhet.3661
https://dx.doi.org/10.1002/jhet.3661
https://dx.doi.org/10.1055/s-0030-1259326
https://dx.doi.org/10.1055/s-0030-1259326
https://dx.doi.org/10.1055/s-0030-1259326
https://dx.doi.org/10.1002/anie.201209998
https://dx.doi.org/10.1002/anie.201209998
https://dx.doi.org/10.1002/anie.201305957
https://dx.doi.org/10.1002/anie.201305957
https://dx.doi.org/10.1002/anie.201305957
https://dx.doi.org/10.1039/C4CC00210E
https://dx.doi.org/10.1039/C4CC00210E
https://dx.doi.org/10.1002/chem.201601020
https://dx.doi.org/10.1002/chem.201601020
https://dx.doi.org/10.1002/chem.201601020
https://dx.doi.org/10.1002/chem.201601020
https://dx.doi.org/10.1021/acs.orglett.6b02898
https://dx.doi.org/10.1021/acs.orglett.6b02898
https://dx.doi.org/10.1021/acs.orglett.6b02898
https://dx.doi.org/10.1039/C6QO00446F
https://dx.doi.org/10.1039/C6QO00446F
https://dx.doi.org/10.1039/C6QO00446F
https://dx.doi.org/10.1021/acs.orglett.7b00368
https://dx.doi.org/10.1021/acs.orglett.7b00368
https://dx.doi.org/10.1021/acs.orglett.7b00368
https://dx.doi.org/10.1039/C9CC05838A
https://dx.doi.org/10.1039/C9CC05838A
https://dx.doi.org/10.1002/cjoc.201200759
https://dx.doi.org/10.1002/cjoc.201200759
https://dx.doi.org/10.1002/cjoc.201200759
https://dx.doi.org/10.1021/jo0614339
https://dx.doi.org/10.1002/adsc.200900059
https://dx.doi.org/10.1002/adsc.200900059
https://dx.doi.org/10.1002/adsc.200900059
https://dx.doi.org/10.1002/anie.200901843
https://dx.doi.org/10.1002/anie.200901843
https://dx.doi.org/10.1039/b923063g
https://dx.doi.org/10.1039/b923063g
https://dx.doi.org/10.1002/cjoc.201900446
https://dx.doi.org/10.1002/cjoc.201900446
https://dx.doi.org/10.1002/adsc.201801719
https://dx.doi.org/10.1002/adsc.201801719
https://dx.doi.org/10.1021/cs400922y
https://dx.doi.org/10.1021/cs400922y
https://dx.doi.org/10.1021/cs400922y
https://dx.doi.org/10.1002/adsc.201000525
https://dx.doi.org/10.1002/adsc.201000525
https://dx.doi.org/10.1002/adsc.201000525
https://dx.doi.org/10.1002/anie.201303928
https://dx.doi.org/10.1002/anie.201303928
https://dx.doi.org/10.1002/anie.201303928
https://dx.doi.org/10.1021/ja510475n
https://dx.doi.org/10.1021/ja510475n
https://dx.doi.org/10.1002/cctc.201500176
https://dx.doi.org/10.1002/anie.201506701
https://dx.doi.org/10.1002/anie.201506701
https://dx.doi.org/10.1038/s41467-017-00251-x
https://dx.doi.org/10.1038/s41467-017-00251-x
https://dx.doi.org/10.1021/acs.orglett.9b03224
https://dx.doi.org/10.1021/acs.orglett.9b03224
https://dx.doi.org/10.1021/acs.orglett.9b03224
https://dx.doi.org/10.1002/anie.201904520
https://dx.doi.org/10.1002/anie.201904520
https://dx.doi.org/10.1002/anie.201904520
https://dx.doi.org/10.1002/anie.200353240
https://dx.doi.org/10.1002/anie.200353240
https://dx.doi.org/10.1021/ja0491533
https://dx.doi.org/10.1021/ja0491533
https://dx.doi.org/10.1021/cr068374j
https://dx.doi.org/10.1055/s-0029-1218801
https://dx.doi.org/10.1055/s-0029-1218801
https://dx.doi.org/10.1021/cr5001496
https://dx.doi.org/10.1021/cr5001496
https://dx.doi.org/10.1021/cr5001496
https://dx.doi.org/10.1021/cr5001496
https://dx.doi.org/10.1021/ar300051u
https://dx.doi.org/10.1021/ar300051u
https://dx.doi.org/10.1021/jacs.6b06101
https://dx.doi.org/10.1021/jacs.6b06101
https://dx.doi.org/10.1021/jacs.6b06101
https://dx.doi.org/10.1002/anie.201706579
https://dx.doi.org/10.1002/anie.201706579
https://dx.doi.org/10.1002/anie.201706579
https://dx.doi.org/10.1002/anie.201706579
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.1007/s00214-007-0310-x
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c01812?ref=pdf


single-point energy calculation with a def2-TZVPP basis set:
Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence, triple
zeta valence and quadruple zeta valence quality for H to Rn: Design
and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297−
3305.
(12) For protonation of allenes to form tertiary carbocation, which is
attacked in an intramolecular manner to produce cyclic compounds,
see: (a) Liu, Y.; Barry, B.-D.; Yu, H.; Liu, J.; Liao, P.; Bi, X.
Regiospecific 6-Endo-Annulation of in Situ Generated 3,4-Dien-
amides/Acids: Synthesis of δ-Lactams and δ-Lactones. Org. Lett.
2013, 15, 2608−2611. (b) Song, X.-R.; Qiu, Y.-F.; Song, B.; Hao, X.-
H.; Han, Y.-P.; Gao, P.; Liu, X.-Y.; Liang, Y.-M. BF3·Et2O-Promoted
Cleavage of the Csp−Csp2 Bond of 2-Propynolphenols/Anilines:
Route to C2-Alkenylated Benzoxazoles and Benzimidazoles. J. Org.
Chem. 2015, 80, 2263−2271. (c) Li, X.-S.; Han, Y.-P.; Xu, D.-T.; Li,
M.; Wei, W.-X.; Liang, Y.-M. Silver Trifluoromethanesulfonate-
Catalyzed Annulation of Propargylic Alcohols with 3-Methylenei-
soindolin-1-one. J. Org. Chem. 2020, 85, 2626−2634.
(13) (a) Ghosh, A.; Bainbridge, D. T.; Stanley, L. M.
Enantioselective Model Synthesis and Progress toward the Putative
Structure of Yuremamine. J. Org. Chem. 2016, 81, 7945−7951.
(b) Naveen, K.; Perumal, P. T.; Cho, D.-H. Domino Palladium-
Catalyzed Double Norbornene Insertion/Annulation Reaction:
Expeditious Synthesis of Overcrowded Tetrasubstituted Olefins.
Org. Lett. 2019, 21, 4350−4354.
(14) (a) Dethe, D. H.; Erande, R. D.; Ranjan, A. Biomimetic Total
Syntheses of Flinderoles B and C. J. Am. Chem. Soc. 2011, 133, 2864−
2867. (b) Zeldin, R. M.; Toste, F. D. Synthesis of flinderoles B and C
by a gold-catalyzed allene hydroarylation. Chem. Sci. 2011, 2, 1706−
1709.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c01812
Org. Lett. XXXX, XXX, XXX−XXX

G

https://dx.doi.org/10.1039/b508541a
https://dx.doi.org/10.1039/b508541a
https://dx.doi.org/10.1039/b508541a
https://dx.doi.org/10.1021/ol4007772
https://dx.doi.org/10.1021/ol4007772
https://dx.doi.org/10.1021/jo502761x
https://dx.doi.org/10.1021/jo502761x
https://dx.doi.org/10.1021/jo502761x
https://dx.doi.org/10.1021/acs.joc.9b02533
https://dx.doi.org/10.1021/acs.joc.9b02533
https://dx.doi.org/10.1021/acs.joc.9b02533
https://dx.doi.org/10.1021/acs.joc.6b01730
https://dx.doi.org/10.1021/acs.joc.6b01730
https://dx.doi.org/10.1021/acs.orglett.9b01543
https://dx.doi.org/10.1021/acs.orglett.9b01543
https://dx.doi.org/10.1021/acs.orglett.9b01543
https://dx.doi.org/10.1021/ja1116974
https://dx.doi.org/10.1021/ja1116974
https://dx.doi.org/10.1039/c1sc00290b
https://dx.doi.org/10.1039/c1sc00290b
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c01812?ref=pdf

