
Subscriber access provided by HKU Libraries

ACS Catalysis is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Reversal of Regioselectivity in Catalytic Arene-Ynamide
Cyclization: Direct Synthesis of Valuable Azepino[4,5-

b]indoles and #–Carbolines and DFT Calculations
Long Li, Xiu-Mei Chen, Ze-Shu Wang, Bo Zhou, Xin Liu, Xin Lu, and Long-Wu Ye

ACS Catal., Just Accepted Manuscript • Publication Date (Web): 04 May 2017

Downloaded from http://pubs.acs.org on May 4, 2017

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



 

 

Reversal of Regioselectivity in Catalytic Arene-Ynamide Cyclization: 
Direct Synthesis of Valuable Azepino[4,5-b]indoles and � "
Carbolines and DFT Calculations  
Long Li,� Xiu-Mei Chen,Á�Ze-Shu Wang,� Bo Zhou,��Xin Liu,� Xin Lu,* ,Á and Long-Wu Ye*,�,§ 

�Collaborative Innovation Center of Chemistry for Energy Material, State Key Laboratory of Physical Chemistry of Solid 
Surfaces, and Fujian Provincial Key Laboratory of Chemical Biology, Department of Chemistry, College of Chemistry and 
Chemical Engineering, Xiamen University, Xiamen 361005, China. 
ÁCollaborative Innovation Center of Chemistry for Energy Material, State Key Laboratory of Physical Chemistry of Solid 
Surfaces, and Fujian Provincial Key Laboratory of Theoretical and Computational Chemistry, Department of Chemistry, 
College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China. 
§State Key Laboratory of Organometallic Chemistry, Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, 
Shanghai 200032, China. 

ABSTRACT: Ynamides are important building blocks in organic synthesis, and a variety of versatile synthetic methods have been 
developed in the past decade. Among these, catalytic cyclizations of �-tethered ynamides are particularly attractive since this ap-
proach enables facile access to a diverse array of synthetically useful nitrogen heterocycles. However, due to the fact that the nitro-
gen atom is able to impose an electronic bias, these cyclizations exclusively occur on the .�position of ynamides. Herein, we report 
the reversal of regioselectivity in arene-ynamide cyclization by copper catalysis, which represents the first catalytic �-tethered yna-
mide cyclization involving the reversal of regioselectivity. This strategy allows the expedient and practical synthesis of valuable 
azepino[4,5-b]indoles and �"carbolines in generally high yields under mild conditions. Moreover, the relevant mechanistic ra-
tionale for this cyclization, especially for the observed high regioselectivity, is strongly supported by density functional theory 
(DFT) calculations. The synthetic utility of this chemistry is also indicated by the synthesis of several biologically active com-
pounds and natural product bauerine A.                                                                                                                                                

KEYWORDS : copper, heterocycles, regioselectivity, homogeneous catalysis, synthetic methods 

INTRODUCTION  

Ynamides have proven to be privileged precursors for regio-
specific synthesis of synthetically highly versatile nitrogen-
containing molecules, and various efficient synthetic methods 
have been established in the past decade.1,2 Among these, cy-
cOL]DWLRQV�RI��-tethered ynamide derivatives using either tran-
siWLRQ�PHWDO��-acids3,4 or Brønsted acids5 are particularly attrac-
tive as this approach enables facile access to a diverse array of 
structurally complex nitrogen heterocycles. Due to the fact 
that the nitrogen atom is able to impose an electronic bias, the 
initial nucleophilic attack of these cyclizations is highly regi-
RVHOHFWLYH� DQG� H[FOXVLYHO\� RFFXUV� RQ�.� SRVLWLRQ� RI� \QDPLGHV�

(Scheme 1). For example, Hsung et al. demonstrated that the 
arene-ynamide cyclization via Brønsted acid catalysis could 
lead to efficient synthesis of various six-membered nitrogen 
heterocycles (Scheme 2a).5a Recently, Takasu et al. also re-
ported an elegant protocol for the construction of the 3H-
pyrrolo[2,3-c]quinolines involving a Brønsted acid-promoted 
DUHQHí\QDPLGH�F\FOL]DWLRQ��6FKHPH�2a).5b Reversing the regi-
RVHOHFWLYLW\�IURP�.�SRVLWLRQ�WR���IRU�WKHVH��-tethered ynamide 
cyclizations not only greatly enrichs the ynamide chemistry, 
but also represents an attractive method to build complex cy-

clic compounds with high skeletal diversity. However, this is 
highly challenging due to the inherent polarization nature of 
ynamides. To our best knowledge, examples of catalytic �-
tethered ynamide cyclizations involving the reversal of regi-
oselectivity have not been reported.6 

Scheme 1. Catalytic �-tethered Ynamide Cyclizations: Re-
gioselective on .�Position of Ynamides 

 

In our recent study on the ynamide chemistry,7 we realized 
the  reversal of regioselectivity in the above arene-ynamide 
cyclization by copper catalysis, allowing the facile and practi-
cal synthesis of a wide range of azepino[4,5-b]indoles 
(Scheme 2b), which are important heterocyclic structural mo-
tifs found in an array of bioactive molecules and natural prod-
ucts (Fig. 1).8 In addition, this copper-catalyzed arene-
ynamide cyclization could also be extended to the highly effi-
cient synthesis of valXDEOH��-carbolines (Fig. 1). Furthermore, 
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a mechanistic rationale for the observed unique regioselectivi-
ty is also strongly supported by DFT calculations. In this paper, 
we wish to report the results of our detailed investigations of 
this copper-catalyzed reversal of regioselectivity in arene-
ynamide cyclization, including substrate scope, synthetic ap-
plications and mechanistic studies.  

Scheme 2. Catalytic Arene-Ynamide Cyclizations 

 

Figure 1. Representative biologically active molecules and natu-
ral products with Azepino[4,5-b]indole subunit and �-carboline 
subunit. 

 

RESULTS AND DISCUSSION  

1. Synthesis of Azepino[4,5-b]indoles through Copper-
Catalyzed 7-endo-dig Cycloisomerization. At the outset, the 
3-substituted indole-tethered ynamide 1a, easily prepared from 
the commercially available tryptamine, was chosen as the 
model substrate and some of the results are outlined in Table 1. 
Similar to Hsungcs protocol, enamide 2aa was obtained as the 
main product via a keteniminium Pictet-Spengler cyclization 

in the presence of TsOH or MsOH (Table 1, entries 1-2). No-
tably, spirocyclic compound 2ab was also detected in both 
cases presumably through an intramolecular formal [4+2] an-
nulation.3b,9 Gratifyingly, subsequent catalyst screening (Table 
1, entries 3-7) revealed that the desired 7-endo-dig cycliza-
tion10 could be observed by employing Fe(OTf)3 or Fe(OTf)2 
as the catalyst albeit still along with the byproduct 2aa and 
2ab (Table 1, entries 6-7). Finally, we were pleased to find 
that in the presence of Cu(OTf)2 or CuOTf as catalyst, the de-
sired azepino[4,5-b]indole 2a could be achieved in 81% or 
76% yield in only 1 h, and neither 2aa nor 2ab formation was 
observed (Table 1, entries 8-9). In addition, it was found that 
other Cu(II) and Cu(I) catalysts9 and typical gold catalysts 
such as Ph3PAuNTf2 and IPrAuNTf2 were not effective in 
promoting this reaction (Table 1, entries 10-11). 

Table 1. Optimization of Reaction Conditionsa  

 

 

aReaction conditions: reactions run in vials; [1a] =  0.05 M; DCE 
= 1, 2-dichloroethane. bMeasured by 1H NMR using diethyl 
phthalate as the internal standard. c50% of 1a remained unreacted. 
d20% of 1a remained unreacted. e5 mol % gold catalyst was used. 

With the best conditions in hand, we then examined the 
scope of this copper-catalyzed 7-endo-dig cycloisomerization 
reaction. A variety of indolyl ynamides 1, readily prepared 
from the corresponding tryptamines, were employed to gener-
ate the desired azepino[4,5-b]indoles 2 in generally moderate 
to good yields. Notably, no 6-exo-dig cycloisomerization was 
detected in all cases. Initial investigation of N-protecting 
groups demonstrated that the Ts or Bs (p-
bromobenzenesulfonyl) protected ynamides gave a slightly 
decreased yield (Table 2, entries 1-3). In the case of ynamides 
with different aryl groups (R2 = aryl), the reaction worked well 
to deliver the desired 2d-2j in 72-83% yields, and importantly, 
no spirocyclic byproduct was detected in these cases (Table 2, 
entries 4-10). This new reaction was also extended to het-
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eroaryl-substituted ynamide 1k and alkyl-substituted ynamide 
1l, affording the corresponding 2k and 2l in 71% and 63% 
yield, respectively (Table 2, entries 11-12). Moreover, this 
transformation was generally tolerant of various functional 
groups such as OAc, OBoc and Cl (Table 2, entries 13±15). In 
addition, ynamides containing different substituents or protect-
ing groups on the indole ring could also undergo smooth cy-
cloisomerization to produce the desired 2p-2s in moderate to 
good yields (Table 2, entries 16-19). The molecular structure 
of 2a was further confirmed by X-ray diffraction (Fig. 2).11 To 
test the practicality of the current catalytic system, the reaction 
was carried out on a gram scale (5 mmol, 1.762 g) in the pres-
ence of 5 mol % of Cu(OTf)2, and the desired product 2a was 
afforded in 73% yield (1.286 g), highlighting the synthetic 
utility of this chemistry (Table 2, entry 1). Considering that the 
chiral indolyl ynamides 1 could be prepared with excellent 
enantiomeric excesses (95-99% ee)9 by starting from readily 
available indolyl aldehydes and (S)-(+)-tert-butylsulfinamide 
according to Ellman's tert-butylsulfinimine chemistry,12 we 
also investigated chiral indolyl ynamides 1t-w and found that 
all of the reactions took place smoothly to afford the expected 
chiral azepino[4,5-b]indoles 2t-w in moderate to good yields 
under the optimal reaction conditions (Table 2, entries 20-24). 
It should be mentioned that in these cases, it is necessary to 
add NaBARF as additive to generate in situ the corresponding 
Cu(BARF)2 so as to promote this copper catalysis. Importantly, 
excellent enantioselectivities were achieved in all cases, and 
essentially no epimerization was observed. In addition, (R)-
(+)-tert-butylsulfinamide-derived 1tc�could also undergo 
smooth cyclization to deliver 2tc�with the opposite enantiose-
lectivity (Table 2, entry 24). Of note, attempts to prepare the 
indolyl ynamide tethered with one carbon (1ac) failed.9 

Figure 2. Crystal structure of compound 2a. 

 

Table 2. Reaction Scope for the Formation of Azepino[4,5-
b]indoles 2a  

 

 
aReactions run in vials; [1] =  0.05 M; yields are those for the 
isolated products. b5.0 mmol scale, 5 mol % Cu(OTf)2 was used, 8 
h. c80 oC, 1 h. d10 mol % Cu(OTf)2 and 20 mol % NaBARF were 
used, 80 oC, 1 h; NaBARF = sodium tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate. eUsing (R)-(+)-tert-
butylsulfinamide-derived indolyl ynamide 1tc as the substrate. 

Synthetic applications of this copper-catalyzed cycloisomer-
ization reaction were also explored (Scheme 3). For example, 
2a could be readily oxidized into the indole-fused azepine 2ac 
in 85% yield by DDQ. In addition, hydrogenation of 2a, fol-
lowed by deprotection and N-methylation, could afford the 
final 2ae as dopamine receptor and potential neuroleptic agent 
(68% three-step overall yield).13 Importantly, hexahydroaze-
pino[4,5-b]indole is a ubiquitous heterocyclic structural motif 
found in an array of natural products and other biologically 
relevant molecules.8 Of note, hydrogenation of chiral 2t could 
lead to the formation of 2ta in 72% yield with high diastere-
oselectivity and well-maintained enantioselectivity. The con-
figuration of 2ta was confirmed by X-ray diffraction (Fig. 3).11 

Scheme 3. Synthetic Applications 
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Figure 3. Crystal structure of compound 2ta. 

 

2. Synthesis of �-Carbolines through Copper-Catalyzed 
6-endo-dig Cycloisomerization. We then considered the pos-
sibility of extending the above protocol to 2-substituted in-
dole-tethered ynamides 3. Although our attempts to expand 
this chemistry to indolyl ynamide 3ac (n = 2) only led to the 
formation of complicated mixtures, indolyl ynamide 3a (n = 1) 
could undergo the smooth 6-endo-dig cycloisomerization and 
the subsequent demesylation/aromatization to deliver the cor-
UHVSRQGLQJ� �-carboline 4a in almost quantitative yield under 
the optimized reaction conditions (eq 1).9 Again, no 5-exo-dig 
cycloisomerization was observed. 

 

Next we also investigated the scope of this transformation. 
As summarized in Table 3, the reaction proceeded smoothly 
with various 2-substituted indole-tethered ynamides 3, and the 
yields ranged from 78% to 99%. Ynamides with various aryl 
groups were first examined (R2  � DU\O��� DQG� WKH� GHVLUHG� �±
carbolines 4a±4g could be formed in 83±99% yields (Table 3, 
HQWULHV��í����7KH�UHDFWLRQ�DOVR�ZRUNHG�VDWLVIDFWRULO\�ZLWK�KHW�

eroaryl-substituted ynamide, providing the desired 4h in 88% 
yield (Table 3, entry 8). In addition, styryl-substituted yna-
mide and even terminal ynamide turned out to be suitable sub-

strates as well, leading to the corresponding 4i (81%) and 4j 
(78%) respectively (Table 3, entries 9-10). In particular, this 
chemistry worked well to convert alkyl-substituted ynamides 
to the desired 4k-4m in excellent yields (Table 3, entries 11±

13). It is noteworthy that the preparation of alkyl-substituted 
�±carbolines conventionally suffers from multistep tedious 
synthesis processes.14 Furthermore, substituents with different 
electronic nature on the indole ring were also readily tolerated, 
thus allowing the facile synthesis of products 4ní4q in almost 
quantitive yields (Table 3��HQWULHV���í�����,Q�WKH�FDVH�RI�\Qa-
mides bearing different protecting groups, the reaction also 
worked well to deliver the anticipated 4r-4s in excellent yields 
(Table 3��HQWULHV���í�����Finally, it was found that the reaction 
also proceeded well with methyl substituted ynamide (R1= Me) 
but requiring the use of NaOH instead of Et3N as the base to 
facilitate the demesylation (Table 3, entry 20). Of note, slight-
ly improved yields could be achieved in some cases by using 
20 mol % NaBARF as the additive (Table 3, entries 9±11). 
Again, a gram scale synthesis was also feasible (Table 3, entry 
1). Thus, this protocol provides a highly efficient and practical 
route for the construction of the synthetically useful �±

carboline scaffold. 

Table 3. Reaction Scope for the Formation of � "
carbolines 4a  

 

 
aReactions run in vials; [3] =  0.05 M; silica gel (100 mg/0.1 
mmol) and Et3N (2 equiv) were added after 10 min; yields are 
those for the isolated products. b5.0 mmol scale, 5 mol % 
Cu(OTf)2 was used, 30 min. c20 mol % NaBARF was used as the 
additive; NaBARF = sodium tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate. d3 equiv of NaOH in 
DMSO/H2O (1/1) was added and the reaction was stirred at 125 
oC for another 3 h. 
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Further synthetic applications of this copper-catalyzed cy-
cloisomerization reaction were demonstrated in the concise 
and efficient synthesis of the Ca+2 influx and IL-2 production 
inhibitor (4u)14 and natural product bauerine A (4v).15 Notably, 
starting from the same LQGRO\O� \QDPLGHV�� WKHVH� YDOXDEOH� �±
carbolines previously demanded rather lengthy synthesis (4 
steps), especially including the additional necessary deprotec-
tion and dehydrogenative stages of the sequence (Scheme 4).7g 

Scheme 4. Synthetic Applications 

 

3. Mechanistic Study. To understand the mechanism of this 
novel cyclization, a radical trapping experiment was first con-
ducted. It was found that the radical scavengers such as BHT 
(butylated hydroxytoluene) and TEMPO have no apparent 
inhibiting effect on this cyclization reaction (eq 2a-b),9 indicat-
ing that a radical chain reaction mechanism can be ruled out.  

We then studied the real catalytic species for this copper ca-
talysis. Interestingly, when catalyst loading was reduced to 1 
mol % or 2 mol %, yields of 2a significantly decreased in the 
case of using CuOTf as catalyst, but remain to be high by em-
ploying Cu(OTf)2 as catalyst (eq 2c-d). These results suggest-
ed that Cu(OTf)2 was most likely the real catalytic species, and 
CuOTf could be slowly oxidized into the catalytically active 
Cu(OTf)2 by the trace air in the reaction system. Indeed, pre-
liminary DFT calculations revealed that the first step of the 
cyclization catalyzed by Cu(OTf)2 or CuOTf tended to gener-
ate six-membered ring intermediate B or 1B, and the Cu(II)-
catalyzed one was favorable kinetically and thermodynamical-
ly over the Cu(I)-catalyzed one (Scheme 5).9 

 

Scheme 5. M06(SMD, DCE)/6-31G(d,p)/LanL2DZ Level 
Free Energies for the Formation of 2a by Comparing 
Cu(II)(OTf)2 with Cu(I)OTf  

 
Further DFT computations, together with detailed analyses 

on the electronic structures of the precursors, intermediates 

and transition states involved in the cyclization processes,9 
disclosed a plausible mechanism (Scheme 6) to rationalize the 
formation of 2a from ynamide 1a. Ligation of ynamide 1a to 
the Cu(II)-catalyst spontaneous triggers intramolecular elec-
tron transfer (IET). The as-formed Cu(I)-bound alkyne A is 
attacked by the electrophilic C-3 atom of the tethered indolium 
radical to form either a 6- or 5-membered ring intermediate B 
or Bc, both resuming Cu(II).16 Then both B and Bc�are subject-
ed sequentially to 1,2-alkenyl migration (with ring expansion), 
1,3-proton migration and demetallation to furnish 2a and 2aa, 
respectively. Clearly, the regioselectivity of the whole process 
is determined by the kinetics of the cyclization step; the DFT-
predicted free energy barrier is 7.1 kcal/mol (at TSB) for the 
pathway to 2a, by 2.0 kcal/mol lower than that (at TSBc) for 
the pathway to 2aa, most likely due to smaller steric strain in 
6-membered ring than in 5-membered ring. Accordingly, the 
whole process affords regioselectively 2a, not 2aa, with free 
energy release amounting to 32.2 kcal/mol. However, a 
Brønsted acid catalyzes ynamide 1a to form 6-membered ring 
intermediate, which is attributed to the preferential formation 
of keteniminium precursor.9 

Scheme 6. Free-Energy Profile for the Regioselective For-
mation of 2a in DCE Predicted at the SMD-M06/DZP Lev-
el of Theory 

 

The origin of regioselectivity for 6-endo-dig cycloisomeri-
zation was also disclosed by DFT calculations.9 As shown in 
Scheme 7, the formation of 6-membered ring intermediate G 
is kinetically and thermodynamically more favorable than that 
of 5-membered intermediate Gc, likely due to smaller strain in 
6-membered ring. The former passes through base-assisted 
demesylation/aromatization17 to delLYHU� WKH� ILQDO� �-carboline 
4a. 

Scheme 7. M06(SMD, DCE)/6-31G(d,p)/LanL2DZ-
Predicted Relative Free Energies for Precursors and Key 
Transition States Responsible for the Regioselective For-
mation of 4a in DCE 
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CONCLUSIONS  

In summary, reversal of regioselectivity in arene-ynamide 
cyclization by copper catalysis has been achieved, providing 
straightforward and practical access to structurally diverse 
azepino[4,5-b]LQGROHV� DQG� �-carbolines in generally good to 
excellent yields under mild reaction conditions. Importantly, 
this protocol represents the first catalytic �-tethered ynamide 
cyclization involving the reversal of regioselectivity. In addi-
tion, the synthetic utility of this methodology has also been 
demonstrated in the synthesis of several biologically active 
compounds and natural product bauerine A. Moreover, de-
tailed theoretical calculations have been carried out to under-
stand the experimentally observed regioselectivity. In other 
words, the unique �-acidic property of Cu(II) catalyst together 
with the dual ion precursor generated from intramolecular 
electron transfer (IET) plays a key role in such an exclusive 
cyclization. The development of novel catalytic reactions in-
volving the reversal of ynamide regioselectivity and mechanis-
tic investigations are the subjects of ongoing research in our 
laboratory. 
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