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catalyzed [2 + 2 + 2] cycloaddition
of nitrogen-linked 1,6-diynes: a straightforward
route to fused pyrrolidine systems

Mirzaagha Babazadeh, *a Somayeh Soleimani-Amiri,b Esmail Vessally, *c

Akram Hosseiniand and Ladan Edjlalia

Transition metal-catalyzed [2 + 2 + 2] cycloadditions of nitrogen-linked 1,6-diynes with unsaturated motifs,

such as alkynes, alkenes, nitriles, ketenes and isocyanates, have recently attracted more attention from

synthetic organic chemists because of their high efficiency in the construction of numerous pyrrolidine

based systems. Utilizing different chiral transition metal catalysts to access challenging chiral skeletons

has been extensively explored in recent years. We hope to highlight the power of [2 + 2 + 2]

cycloaddition chemistry to access a variety of fused pyrrolidine structures from inexpensive and easily

available nitrogen-linked 1,6-diynes. The literature has been surveyed until the end of 2016.
1. Introduction

The construction of carbo- and heterocyclic skeletons remains
a fertile active area of research because of their ubiquitous
occurrence in natural products1 and pharmaceutical agents.2

Transition metal-catalyzed [2 + 2 + 2] cycloadditions of
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unsaturated substrates, such as alkenes, alkynes, nitriles,
imines, and isocyanates, provide a straightforward route to the
synthesis of highly substituted carbo- and heterocyclic
compounds in one step with ideal atom economy (all the atoms
present in the starting materials are present in the product).3 In
addition, enantioselective cycloaddition using chiral transition
metal catalysts is a powerful synthetic tool for the construction
of chiral cyclic frameworks.4 The recent growth in [2 + 2 + 2]
cycloaddition reactions has led to a large number of excellent
reviews on this chemistry.3,4 However, most of them focused on
the general aspects of the eld and organization of the reactions
based on starting materials and desired products (to give the
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opportunity to compare the efficacy of procedures) are usually
ignored. The literature review reveals that alkynes are the most
popular substrates in this chemistry and 1,6-diynes are the most
common types of them. Despite great popularity of these
substrates in [2 + 2 + 2] cycloaddition reactions, no review in the
literature is available covering different aspects (scope, limita-
tions, advances, and so forth) of 1,6-diynes in [2 + 2 + 2] cyclo-
addition chemistry. Thus, considering the lack of such a review
in the literature and in continuation of our interest on N-
propargylamines chemistry,5 here we will focus exclusively on
transition metal-catalyzed [2 + 2 + 2] cycloaddition of nitrogen-
linked 1,6-diynes. The review is organized based on the desired
products (e.g. isoindolines, 2,3-dihydro-1H-pyrrolo[3,4-c]pyri-
dine, 2,3-dihydropyrano[4,3-c]pyrrol-6(1H)-ones, and 2,3-dihy-
dro-pyrrolo[3,4-c]pyridin-6-imines), type of reactions
(intermolecular and intramolecular), and metal catalysts (e.g.
rhodium, ruthenium, cobalt, and nickel). With this review, we
aim to inspire researchers to conduct more research in [2 + 2 +
2] cycloaddition of nitrogen-linked 1,6-diyne so that synthesis of
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important fused pyrrolidine-based natural products and phar-
maceuticals through this reaction can become a reality.
2. Isoindolines
2.1. Isoindoline derivatives from nitrogen-linked 1,6-diynes
and monoalkynes

2.1.1. Achiral isoindolines via intermolecular [2 + 2 + 2]
cycloadditions

2.1.1.1. Rhodium. Among all the available catalysts,
rhodium complexes have proved the most popular and efficient
reagents for the [2 + 2 + 2] cycloaddition reaction of nitrogen-
linked 1,6-diynes with alkynes. This ability of rhodium
complexes discovered by T. Kim nearly 20 years ago.6 In general,
Rh-catalyzed [2 + 2 + 2] cycloaddition reactions have been per-
formed in common organic solvents, water, and biphasic
systems at temperatures ranging from room temp. upwards.
The rst example of isoindoline synthesis through this strategy
in biphasic system has been reported by Kinoshita, Shinokubo,
and Oshima in 2003, when N-tosylated diyne 1 underwent
a cycloaddition reaction with propargyl alcohol 2 in the pres-
ence of the [RhCl(cod)]2/tppts (tris(m-sulfonatophenyl)-phos-
phine)/NaCl/HCl/H2O/Et2O system (Scheme 1a).7 Later, Wu's
group studied the scope of alkynes in this reaction. Thus,
a variety of mono and disubstituted isoindolines were synthe-
sized via selective [2 + 2 + 2] cyclization of 1 with both terminal
and internal alkynes 4 using the [Rh(cod)Cl2]/H2O/THF system
at room temperature. The results demonstrated that the
substrates with terminal alkyne unite gave higher yields than
those with internal unite, and arylacetylene derivatives gave
higher yields than alkylacetylenes (Scheme 1b).8 With the
objective of designing a greener procedure to isoindolines
through [2 + 2 + 2] cycloaddition strategy, Tsai and co-workers
were able to demonstrate that a series of 5-substituted iso-
indolines could be obtained from the reaction of 1 with
terminal alkynes 6 employing [RhCl(cod)]2/cationic 2,20-bipyr-
idyl 7 combination as the catalytic system in the most envi-
ronmentally benign solvent, water (Scheme 1c).9
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Scheme 1 Rh-catalyzed isoindoline synthesis from terminal dipropargyl amine and alkynes.
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In addition to terminal diyne 1, internal diynes were also
reacted with alkynes giving highly substituted isoindoline deriv-
atives. In 2007, Clayden and Moran investigated the reaction of
symmetric internal dipropargyl amines 9 with phenyl acetylenes
10 to 4,5,7-trisubstituted N-protected isoindolines 11. Aer
studying a number of solvents, such as heptane, d-chloroform,
dichloromethane, toluene, and THF, and catalyst, such as
CpCo(CO)2, Rh(cod)2BF4, Pd(PPh3)4, and Pd/C, the system DCM/
Scheme 2 (a) Synthesis of three substituted isoindolines 11 described by
Clayden.

43718 | RSC Adv., 2017, 7, 43716–43736
Rh(cod)2BF4/rac-BINAP at room temperature was found to be
optimum with respect to the yield of product isolated
(Scheme 2a). The authors also examined the cyclization of 9 with
(2-ethoxyethynyl)trimethylsilane 12 under the standard reaction
conditions. However, poor results were obtained (Scheme 2b).10

Roglans's group improved the efficiency of these reactions by
using rhodium complexes of N-heterocyclic carbenes
Clayden; (b) synthesis of four substituted isoindolines 13 developed by

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Chemical structures of 14 and 15.

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 3

0-
01

-2
02

6 
10

:4
2:

52
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
[RhCl(IPr)(cod)] 14 and [RhCl(IMes)(cod)] 15 as catalyst in
ethanol or toluene (Fig. 1).11

The possibility of solid-support [2 + 2 + 2] cycloaddition
reaction of dipropargyl amines with alkynes in the presence of
Wilkinson's catalyst was rst realized by Sun and co-workers,
who synthesized a series of NH-free isoindolines 17 from resin-
bound dipropargyl amines 16 and terminal alkynes 6 in good
yields (Scheme 3). It should be mentioned that the internal
alkynes do not give good yields under this reaction conditions.12

Later, the group of Deiters improved the efficiency of this
protocol using [RhCl(PPh3)3] as the catalyst.13

Along this line, recently Roglans and co-workers developed
a beautiful rhodium–NHC hybrid silica material, which effi-
ciency catalyzed both inter and intramolecular [2 + 2 + 2]
cycloaddition of nitrogen-linked 1,6-diynes. This catalyst was
prepared in two steps from silylated imidazolium salt 18:
treatment of imidazolium salt 18 with [Rh(m-OEt)(cod)]2 in
anhydrous dichloromethane at room temperature for 4 hours
led to the desired monosilylated rhodium complex 19 in a 91%
isolated yield. The rhodium–NHC hybrid silica catalyst 20 was
then obtained in high yield by graing of 19 to the mesostruc-
tured silica SBA-15 in reuxing anhydrous toluene under N2

atmosphere over the course of 24 hours (Scheme 4).14

The documented mechanism for Rh-catalyzed [2 + 2 + 2]
cycloaddition reaction of dipropargyl amines with alkynes in
intermolecular as well as intramolecular fashion is rare, possibly
Scheme 3 Solid-phase synthesis of isoindolines 17.

Scheme 4 Synthesis of rhodium–NHC hybrid silica material 20.

This journal is © The Royal Society of Chemistry 2017
due to the difficulty associated with the presence of paramagnetic
species which made impossible the following by NMR. Recently,
the groups of A. Roglans were able to detect of key intermediates
in Rh(I)-catalyzed [2 + 2 + 2] cycloaddition of dipropargyl amines
with alkynes by electrospray ionization mass spectrometry (ESI-
MS) and DFT calculations. The authors proposed the mecha-
nistic pathway shown in Scheme 5 that starts with the coordi-
nation of the rhodium(I) catalyst to the dipropargyl amine 1,
leading to the formation of intermediate A, which undergoes
oxidative addition–cyclization to furnish the rhodacyclopenta-
diene complex B. Its coordination to monoalkyne 6 yields
complex C which undergoes monoyne insertion to give the rho-
dabicyclo[3.2.0]heptatriene intermediate D and then the cyclo-
heptatriene intermediate E. Its reductive elimination yields the
complex F, which nally furnishes the nal product 8 and
regenerates the Rh(I) catalytic species.15

2.1.1.2. Ruthenium. The regioselective Ru(II)-catalyzed [2 + 2 +
2] cycloaddition of dipropargyl amines with alkynes was rst re-
ported by Itoh and co-workers. They showed that unsymmetrical
dipropargyl amine 21 underwent chemo- and regio-selective [2 +
2 + 2] cycloaddition with hex-1-yne 22 in the presence of
[Cp*Ru(cod)Cl] in 1,2-dichloroethane and gave the desired
product 23 in good yield and excellent regioselectivity (Scheme 6).
According to the mechanistic pathway proposed by the authors,
the sterical repulsion between bulky Cp* ligand and butyl group
in the ruthenacycloheptatriene intermediate A0 is responsible for
the regioselectivity (Scheme 7).16

Inspired by this work, Witulski and co-workers compared the
Ru-mediated [2 + 2 + 2] cycloaddition reaction of unsymmetrical
dipropargyl amine 21 with a series of terminal alkynes 6 with
Rh-mediated reaction of the same set of compounds. The
results showed that the regioselectivity of the products were
drastically changed by changing the catalysts. When [RuCl2(-
NCHPh)(PCy3)2] was applied as the catalyst, 4,6-disubstituted
isoindolines (meta) were obtained as major product, whereas
when [RhCl(PPh3)3] is used the yield of 4,6-disubstituted
RSC Adv., 2017, 7, 43716–43736 | 43719
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Scheme 5 Mechanism of the rhodium-catalyzed isoindoline synthesis from dipropargyl amines and alkynes.

Scheme 6 Regioselective Ru(II)-catalyzed [2 + 2 + 2] cycloaddition of 1,6-diyene 21 with hex-1-yne 22.
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isoindolines are decreased in favor of the 4,5-disubstituted
isoindolines (ortho) (Table 1).17

Deiters groups have applied microwave heating for
ruthenium-catalyzed [2 + 2 + 2] cycloaddition of polymer sup-
ported dipropargyl amines with both terminal and internal
alkynes, generally reporting improved yields in shorter reaction
times, with no effect on the regioselectivities.18 More recently it
was found that the use of commercially available ruthenium
Scheme 7 Mechanistic proposal for the reaction in Scheme 6.

43720 | RSC Adv., 2017, 7, 43716–43736
trichloride allowed to catalyze this process at loadings as low as
2 mol% under solvent-free conditions. This system has several
advantages such as environmentally friendly processes (Green
Chemistry), good to high yields and number of functional
groups tolerance (Scheme 8). This procedure was applied on the
gram-scale without sacricing the yield or outcome of the
methodology.19 Other applications of Ru catalysts in [2 + 2 + 2]
cycloaddition of di(3-iodopropargyl)amine with alkynes to
afford 4,7-diiodoisoindoline derivatives are also known.20

Yamamoto and co-workers were able to demonstrate that
a series of regioisomeric isoindolinones 28 and 29 be efficiently
synthesized from the cyclization of amide-tethered diynes 27with
terminal alkynes 6 by treatment with [Cp*Ru(cod)Cl] in DCM.
The results showed that the regiochemical effect of the reaction
was strongly dependent on the substitution pattern of 27. Thus,
when R1 ¼ R2, the cyclization afford isomer 28 as major product,
whereas when R1 s R2, isomers 29 are regioselectively formed in
higher yields than isomer 28 (Scheme 9).21 The regioselectivity of
this process also depended on the solvent employed in the
reaction. The use of cyclopentyl methyl ether (CPME) as the
This journal is © The Royal Society of Chemistry 2017
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Table 1 Cycloaddition of 1,6-diyne 21 with alkynes 6 catalyzed by Grubbs'catalyst or Wilkinson's catalyst

Entry R Reaction conditions Yield (%) Meta : ortho

1 Ph A 82 5 : 1
2 C3H7 A 92 6 : 1
3 CH2OH A 81 6 : 1
4 (CH2)2OH A 89 6 : 1
5 Ph B 52 1 : 8
6 C3H7 B 61 1 : 4
7 CH2OH B 90 1 : 10
8 (CH2)2OH B 97 1 : 1.5

Scheme 8 Solvent-free Ru-catalyzed synthesis of isoindolines 26
reported by Ratovelomanana-Vidal.
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solvent afforded better regioselectivity and a higher yield than
DCM for isomers 28.22

2.1.1.3. Molybdenum. Mori and co-workers showed that the
reaction of dipropargyl amine 9a with terminal alkynes 4 in the
presence of Mo(CO)6/p-ClPhOH as the catalytic system afforded
highly substituted isoindolines 30 via formal [2 + 2 + 2] cyclo-
addition together with 3,4-diethylidenepyrrolidine 31 through
a metathesis-type reaction. They found that the use of a large
amount of alkyne 4 greatly favored the trimerization. However,
pyrrolidine derivative 31 has always obtained as a by-product
(Table 2). The author proposed mechanism for this trans-
formation is depicted in Scheme 10.23

2.1.1.4. Iridium. One of the latest catalysts to join the [2 + 2 +
2] cycloaddition story is a iridium(III) complex. In 2012,
Scheme 9 Regioselective Ru(II)-catalyzed cycloaddition of 27 with term

This journal is © The Royal Society of Chemistry 2017
Ratovelomanana-Vidal et al. have shown that the Ir(III) complex
{[Ir(H)[rac-BINAP]}2(m-I)3]I effectively catalyzes the [2 + 2 + 2]
cycloaddition of dipropargyl amines 32 to alkynes 4 via iridium–

cycloheptadiene intermediates. These reactions were run in
isopropyl alcohol, tolerated various functional groups, and
generally provided mono, di, tri, and tetrasubstituted isoindo-
lines 33 in good yields and high regioselectivity (Scheme 11).24,25

2.1.1.5. Titanium. In 2014, Y. Six and co-workers reported an
example of isoindoline preparation through a titanium-
mediated intermolecular [2 + 2 + 2] cycloaddition strategy.
They found that dipropargyl amine 1 underwent cyclization
with 1,2-diphenylethyne 34 in the presence of Ti(OiPr)4/

nBuLi as
the catalytic system in THF at 0 �C. The corresponding 5,6-
diphenylisoindoline 36 was obtained in yield of 49%. According
to the author proposed mechanism, the key step of the reaction
involve generation of titanacyclopropene intermediate 35 by
reaction of in situ generated complex A with 1,2-diphenylethyne
34 (Scheme 12).26

2.1.2. Achiral isoindolines via intramolecular [2 + 2 + 2]
cycloadditions. Isoindoline derivatives can also be synthesized
by completely intramolecular fashion of [2 + 2 + 2] cycloaddition
reaction of three alkyne functionalities. The possibility of this
reaction using triyne 37 in the presence of a Mo(CO)6/p-ClPhOH
catalyst was rst realized by Mori and co-workers, who
inal alkynes 6.

RSC Adv., 2017, 7, 43716–43736 | 43721
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Table 2 [2 + 2 + 2] Cycloaddition of dipropargyl amine 9a with internal alkynes 4 using Mo(CO)6/p-ClPhOH

Entry R1 R2 Equiv. 30 (%) 31 (%)

1 Et Et 2 10 8
2 Et Et 5 25 6
3 Et Et 8 34 3
4 Et Et 15 44 5
5 Et Et 15 43 7
6 Ph Ph 15 43 5
7 Ph Me 15 49 3

Scheme 10 Mechanism that accounts for the formation of 30 and 31.
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synthesized highly substituted isoindolines 38 in moderate
yields (Scheme 13).23

A method involving the microwave-assisted intramolecular
cyclization of N-(prop-2-ynyl)octa-2,7-diyn-1-amine 39 was also
developed, leading to the formation of 6,7,8-trihydrocyclopenta
[e]isoindoline 40 in 48% yield (Scheme 14). The reaction was
Scheme 11 Iridium(III)-catalyzed synthesis of highly substituted isoindoli

43722 | RSC Adv., 2017, 7, 43716–43736
performed under metal-free conditions using focused micro-
wave heating in DMF.27

Recently, an excellent method for the generation of furo-
isoindoline 42a and pyrrolo-isoindoline 51 from triynes 41a
and 41b have been reported by Roglans and co-workers using
hybrid silica material 20 as a catalyst in reuxing ethanol
nes 33.

This journal is © The Royal Society of Chemistry 2017
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Scheme 12 Formation of isoindoline 36 by the Ti(OiPr)4/
nBuLi-mediated cycloaddition of dipropargyl amine 1 with internal alkyne 34.

Scheme 13 Mo-catalyzed synthesis of isoindolines 38 through intra-
molecular cycloaddition reaction.

Scheme 14 Formation of 6,7,8-trihydrocyclopenta[e]isoindoline 40
through non-metal-catalyzed intramolecular alkyne cyclo-
trimerization reaction promoted by focussed microwave heating.
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(Scheme 15).14 Previously, the group of Aubert applied this
methodology to the preparation of 42b using [Co(H)(PMe3)4]/
THF system.28 The same authors also synthesized 4,5-dichlori-
nated analogue of 42b form the corresponding triyne using
Cp*Ru(cod)Cl/DCE and CpCo(CO)(dimethylfumarate)/toluene
systems.29

2.1.3. Chiral isoindolines. Mori and co-workers were the
rst to describe a Ni(0)-catalyzed enantioselective [2 + 2 + 2]
cycloadditions of dipropargyl amines with alkynes for the
synthesis of chiral isoindolines. They showed that the reaction
of unsymmetrical N-(prop-2-ynyl)penta-1,4-diyn-3-amines 43
and acetylene in the presence of Ni(cod)2 as the catalyst and
(S,S)-BPPM as the ligand furnishes 1,7-disubstituted isoindo-
lines 44 in good yields with moderate enantioselectivity
(Scheme 16).30
Scheme 15 Rh-catalyzed synthesis of furo-isoindoline 42a and pyr-
rolo-isoindoline 42b from triynes 41a and 41b, respectively.

This journal is © The Royal Society of Chemistry 2017
Along this line, Tanaka's group reported the enantioselective
synthesis of axially chiral biaryl diphosphonates 47 and dicar-
boxylate 49 by cationic rhodium(I)/Segphos complex catalyzed [2
+ 2 + 2] cycloaddition of internal di(but-2-ynyl)amines 9a (and
45) with a phosphonate- 46 and ester-substituted 1,3-butadiyne
48, respectively. The desired double-annulation products were
obtained in moderate to good yields and outstanding enantio-
meric excesses (Scheme 17). It is noted that the use of electron-
decient phosphonate- or ester-substituted 1,3-butadiyne as
a cycloaddition partner is crucial for the success of this
reaction.31

In 2009, Shibata and co-workers were able to synthesize the
chiral tetraphenylenes 51 by the consecutive inter- and intra-
molecular cycloadditions of two N-(3-(2 ethynylphenyl)prop-2-
ynyl)-3-phenylprop-2-yn-1-amines 50 using [Rh(cod)2]BF4 as
the catalyst and Cy-BINAP as the chiral ligand (Scheme 18).32

Asymmetric Ir-catalyzed [2 + 2 + 2] cycloaddition of dipropargyl
amines in both inter- and intramolecular fashions to isoindo-
line derivatives has also been well documented in the literature
by the same research team.33–35

2.2. Isoindoline derivatives from nitrogen-linked 1,6-diynes
and alkenes

2.2.1. Achiral isoindolines via intermolecular [2 + 2 + 2]
cycloadditions

2.2.1.1. Rhodium. Rh-catalyzed intermolecular [2 + 2 + 2]
cyclization of nitrogen-linked 1,6-diynes with olens is
a straightforward rout to the isoindoline cores. One of the
earliest report of the applicability of these reactions, has been
reported by Hara, Hirano, and Tanaka in 2008. They showed
that intermolecular [2 + 2 + 2] cycloaddition of internal dipro-
pargyl amine 9a with enol ethers 52 in the presence of
[Rh(cod)2]BF4 as the catalyst and ras-BINAP as a biphosphine
ligand in DCM led to the corresponding di- and trisubstituted
isoindolines 53 in good to excellent yields (Scheme 19a). The
mechanistic course of this reaction sequence is shown in
Scheme 19b, and involves the initial formation of the rhodacy-
clopentadiene A from the reaction of diyne 9a with rhodium.
Insertion of 52 into one of the Rh–C bonds gives intermediate C
through intermediate D. Finally, reductive elimination of
rhodium affords the observed isoindolines 53 (Scheme 19b).36,37

They also showed that treatment of diyne 9a with vinylene
carbonate 54 under the aforementioned rhodium catalyst gave
the corresponding 4,7-dimethyl-2-tosylisoindolin-5-ol 55 in
yield of 82% (Scheme 20).38 More recently, the same authors
RSC Adv., 2017, 7, 43716–43736 | 43723
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Scheme 16 Ni(0)-catalyzed enantioselective [2 + 2 + 2] cycloadditions of dipropargyl amines 43 with acetylene.

Scheme 17 (a) Formation of axially chiral biaryl diphosphonates 47 through Rh(I)-catalyzed [2 + 2 + 2] cycloaddition; (b) synthesis of axially chiral
biaryl dicarboxylate 49 from 9a and ester-substituted 1,3-butadiyne 48.
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extended their methodology to cyclization of dipropargyl
amines with 2,3-dihydofuran to 2-(isoindolin-6-yl)ethanol
derivatives.39

To develop an new protocol for the synthesis of isoindoline
derivatives via [2 + 2 + 2] cycloaddition reaction, Tong and co-
workers have investigated the cyclization of dipropargyl
amines 56 with potassium (Z)-(2-bromovinyl)triuoroborates 57
in the presence of Rh(OH)(cod)/PPh3/CsF system in dioxin/
Scheme 18 Shibata's synthesis of chiral tetraphenylenes 51.

43724 | RSC Adv., 2017, 7, 43716–43736
water, and moderate to good yields of desired products 58
were obtained (Scheme 21). The reaction scope appears that the
diynes with internal alkene units are more reactive than those
with terminal alkene units. A plausible catalytic cycle is depic-
ted in Scheme 22.40

2.2.1.2. Cobalt. The utility of CoI2(PPh3)2/Zn system in the [2
+ 2 + 2] cycloaddition of dipropargyl amines with allenes has been
described by Cheng et al. They showed that N-propargyl amine 1
This journal is © The Royal Society of Chemistry 2017
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Scheme 19 (a) Rh(I)-catalyzed [2 + 2 + 2] cycloaddition of 9a with enol ethers 52 to isoindolines 53; (b) mechanism proposed to explain the
isoindolines 53 synthesis developed by Tanaka.

Scheme 20 Tanaka's synthesis of isoindoline 55 from 9a and vinylene carbonate 54 in the presence of Rh(I)/ras-BINAP.
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in the treatment with allenes 59 in the presence of CoI2(PPh3)2
and zinc powder in 1,2-dichloroethane at 80 �C, underwent a [2 +
2 + 2] cycloaddition to afford cyclohexadiene intermediates A,
that aer isomerization led to the 5-substituted isoindolines 60
in good yields (Scheme 23).41 It is noted that in the absence of
zinc powder, no reaction occurred. To the best of our awareness
this is the only example of isoindolines synthesis from dipro-
pargyl amines and allenes reported so far.
Scheme 21 Synthesis of highly substituted isoindolines 58 through
Rh(I)-catalyzed [2 + 2 + 2] cycloadditions of 1,6-diynes 56 with
potassium (Z)-(2-bromovinyl)trifluoroborates 57.

This journal is © The Royal Society of Chemistry 2017
2.2.2. Achiral isoindolines via intramolecular [2 + 2 + 2]
cycloadditions. The reported methods for the synthesis of iso-
indoline cores via intramolecular cyclization of dipropargyl
amines with olens are very scarce and to the best of our
knowledge there is only one example for such reactions. A Rh-
catalyzed polycyclization of liner diyne-enones 61 has been
developed for construction of fused isoindolines 62 in two steps
under microwave irradiation. The polycyclization takes place
through Rh-catalyzed intramolecular [2 + 2 + 2] cycloaddition of
vinyl ketone with the diyne followed by aromatization to give
observed products in moderate yields (Scheme 24a).42 Co/Mn-
catalyzed intramolecular [2 + 2 + 2] cycloaddition of enediynes
63, provided unsaturated isoindolines 64 instead (Scheme
24b).43

2.2.3. Chiral isoindolines. Shibata and co-workers were the
rst to use a chiral rhodium complex-catalyzed intermolecular
[2 + 2 + 2] cycloaddition of dipropargyl amines with olens, to
generate chiral isoindoline derivatives. In their investigations
they reacted different unsymmetrical dipropargyl amines 65
with norbornene 66 in the presence of Rh–diuorphos complex,
RSC Adv., 2017, 7, 43716–43736 | 43725
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Scheme 22 Mechanism that accounts for the formation of 58.

Scheme 23 Synthesis of isoindolines 60 described by Cheng.
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and obtained tetracyclic products 67 in moderate to high yields
with good to excellent enantioselectivity. As shown in Table 3
the reaction was more efficient for diynes possessing an ester
functionality at their alkyne terminus.44

In another interesting report, Roglans and co-workers
utilized rhodium complex A in the enantioselective intra-
molecular [2 + 2 + 2] cycloaddition of enediynic macrocycles 68
to prepare fused tetracycles 69 (Scheme 25).45 Interestingly,
using PNSO (N-phosphino tert-butylsulnamides)/Rh complex
Scheme 24 (a) Microwave-assisted polycyclization of liner diyne-
enones 61; (b) Co-catalyzed intramolecular [2 + 2 + 2] cycloaddition of
enediynes 63.

43726 | RSC Adv., 2017, 7, 43716–43736
A combination as catalyst, the reaction afforded 69 in opposite
enantioselectivity to that obtained with complex A.46
2.3. Isoindoline derivatives from nitrogen-linked 1,6-diyenes
and arynes

The intermolecular [2 + 2 + 2] cocyclotrimerization of arynes
with diynes represents an interesting method to prepare
naphthalene ring systems. The use of this protocol in the
synthesis of benzene fused isoindolines has been scarcely
studied; in fact, only one example of such a reaction was re-
ported in the literature by Hsieh and Cheng. They observed that
treatment of dipropargyl amine 1 with 2-(trimethylsilyl)phenyl
triuoromethanesulfonate 70 (as benzyne precursor) in the
presence of NiBr2(dppe)/CsF/Zn system gave 2,3-dihydro-1H-
benzo[f]isoindole 71 in yield of 74% (Scheme 26).47
3. 2,3-Dihydro-1H-pyrrolo[3,4-c]
pyridine derivatives from nitrogen-
linked 1,6-diyenes and nitriles
3.1. Achiral 2,3-dihydro-1H-pyrrolo[3,4-c]pyridines via
intermolecular [2 + 2+ 2] cycloadditions

3.1.1. Cobalt. Aer the pioneering work of Chiusoli and
Costa, in 1989,48,49 who showed that dicobalt octacarbonyl
complex could catalyze intermolecular [2 + 2 + 2] cycloaddition
of dipropargyl amines with nitriles to give 2,3-dihydro-1H-pyr-
rolo[3,4-c]pyridines, this methodology has developed into
a general powerful tool for the synthesis of a wide range of 2,3-
This journal is © The Royal Society of Chemistry 2017
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Table 3 Rh-catalyzed asymmetric cycloaddition of nitrogen-linked 1,6-diyenes 65 with norbornene 66a

Entry R1 R2 Yield (%) ee (%)

1 Ph CO2Me 83 96
2 Ph Me 34 69
3 Ph COMe 56 95
4 Ph CH2OMe 70 69
5 4-OMe-Ph CO2Me 90 95
6 4-(CO2Et)-Ph CO2Me 93 96

a 5,50-Bis(diphenylphosphino)-2,2,20,20-tetrauoro-4,40-bi-1,3-benzodioxole.

Scheme 25 Rh(I)-catalyzed [2 + 2 + 2] cycloisomerization of enediyne macrocycles 68.

Scheme 26 Single example of a Ni-catalyzed [2 + 2 + 2] cycloaddition
of dipropargyl amine 1 with 2-(trimethylsilyl)phenyl tri-
fluoromethanesulfonate 70.
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dihydro-1H-pyrrolo[3,4-c]pyridine derivatives. Thus, numerous
cobalt-based catalytic system have been developed (Table 1).
These include: CpCo(PPh3)2,50 dppe/CoCl2–6H2O/Zn,51 [CpCo(-
CO)(fumarate)],52 [CpCo(cod)],53 and (1-neomenthylindenyl)
Co(cod).54 An important study on this interesting eld was
carried out by Young and Deiters, in which solid-supported N-
trityl dipropargyl amine 72 were transformed into 2,3-dihydro-
1H-pyrrolo[3,4-c]pyridine derivatives 74 by the treatment with
nitriles 73 in the presence of CpCo(CO)2 under microwave
irradiation (300 W) for 10 min, and then deprotection of trityl
group with triuoroacetic acid. The reaction tolerates both
aromatic and aliphatic nitriles and gave nal product in excel-
lent yields (Scheme 27).55 DFT calculations suggest that this
transformation takes place through cobaltacyclopentadiene
intermediate.56
This journal is © The Royal Society of Chemistry 2017
3.1.2. Rhodium. A preliminary example of Rh-catalyzed [2 +
2 + 2] cycloaddition of dipropargyl amines with nitriles has been
reported by Tanaka et al., in 2006. They showed that treatment
of diyne 9a with ethyl cyanoformate 75 in the presence of
[Rh(cod)2]BF4/BINAP system afforded the corresponding 2,3-
dihydro-1H-pyrrolo[3,4-c]pyridine 76 in a 99% isolated yield
(Scheme 28a).57 Shortly aerwards, the same group has inves-
tigated the cycloaddition of 9a with peruoroalkylacetylene 77
under the aforementioned rhodium catalyst but using a higher
catalyst loading (Scheme 28b).58 The authors also reported an
example of pyrrolidine-fused pyridine 80 preparation from 9a
and diethyl phosphorocyanidate 79 (Scheme 28c).59

Recently, Wan and co-workers described a general and effi-
cient synthesis of 4,6,7-trisubstituted 2,3-dihydro-1H-pyrrolo
[3,4-c]pyridines 83 by the [2 + 2 + 2] cycloaddition of corre-
sponding dipropargyl amines 81 with ethyl 2-(hydroxyimino)
acetate 82 employing a Rh(NBD)2BF4/MeO-biphep combination
as the catalytic system in reuxing ethanol. This process toler-
ated various sensitive functional groups and generally provided
83 in good to excellent yields (Scheme 29). However, dipropargyl
amines derived from 4-bromobenzene-sulfonamide don't work
well under this reaction conditions. The results also demon-
strate that the reaction do not give good yields with aromatic
aldoximes, and aliphatic aldoximes failed to participate in the
reaction.60 The mechanism proposed by the authors to explain
RSC Adv., 2017, 7, 43716–43736 | 43727
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Scheme 27 Microwave-mediated solid-supported formation of 2,3-dihydro-1H-pyrrolo[3,4-c]pyridine derivatives 74.

Scheme 28 Rh-catalyzed [2 + 2 + 2] cycloaddition of nitrogen-linked 1,6-diyene 9a with nitriles developed by Tanaka.

Scheme 29 Rhodium-catalyzed [2 + 2 + 2] cycloaddition of 1,6-diyenes 81 and ethyl 2-(hydroxyimino)acetate 82 developed by Wan.

Scheme 30 Ruthenium catalyzed [2 + 2 + 2] cycloadditions of
dipropargyl amines 84 with nitriles 85.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 3

0-
01

-2
02

6 
10

:4
2:

52
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
this reaction is based on the formation of hydroxylpyridine
derivatives A as intermediates from the starting dipropargyl
amines and oximes, followed by their spontaneous
dehydration.61

3.1.3. Ruthenium. Although, ruthenium catalyzed [2 + 2 +
2] cycloadditions of nitrogen-linked 1,6-diyne with nitriles are
extremely efficient, they has received scarce attention. The most
commonly used Ru-complex in general, and particularly in this
chemistry, are commercially available Cp*Ru(cod)Cl, though
only a few synthetic applications were reported (Scheme 30).62–67

3.1.4. Iron. In 2011, B. Wan and co-workers demonstrated
for the rst time the usefulness of iron catalysts for the
construction of 2,3-dihydro-1H-pyrrolo[3,4-c]pyridines. Thus, in
the presence of FeI2/dppp/Zn as catalytic system in anhydrous
tetrahydrofuran at room temperature, cycloaddition of dipro-
pargyl amines 87 with nitriles 88 furnished corresponding
43728 | RSC Adv., 2017, 7, 43716–43736 This journal is © The Royal Society of Chemistry 2017
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Scheme 31 Cycloaddition of 1,6-diyenes 87 with nitriles 88 catalyzed by FeI2/dppp/Zn system.

Scheme 32 (a) Iron-catalyzed cycloaddition reaction of diynes 90 and dimethylcyanamide 91 developed by Louie; (b) iron-catalyzed cyclo-
addition reaction of diyne 90a and dimethylcyanamide 91 developed by Wan.
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pyrrolidine-fused pyridines 89 via azaferracyclopentadiene
intermediates A (Scheme 31). The results showed that propargyl
amines with internal alkyne unite gave higher yields than those
with terminal unite, and aryl nitriles are slightly more reactive
than alkyl nitriles.68 Shortly aer, the same author showed that
their catalytic system could effectively catalyze the cycloaddition
of dipropargyl amines with cyanamides.69

Along this line, Louie and co-workers reported an elegant
regioselective iron-catalyzed [2 + 2 + 2] cycloaddition between
unsymmetrical dipropargyl amines 90 and dimethylcyanamide
91 employing 5 mol% FeCl2 as catalyst, 10 mol% bis-(imino)
pyridine as ligand, and 10 mol% Zn dust as reductant in
benzene. Although both of possible regioisomers of the
Fig. 2 Mechanistic proposal for the reactions in Scheme 32.

This journal is © The Royal Society of Chemistry 2017
pyrrolidine-fused pyridines 92 and 93 are produced, their
combined yields are good. Interestingly, in all cases the isomer
that the larger alkyne substituent is placed next to the pyridine
nitrogen has highest yield (Scheme 32a).70 In sharp contrast, the
same reaction using Wan's catalytic system shows a strong
preference to place the smaller substituent next to the pyridine
nitrogen (Scheme 32b).69,70 The author proposed mechanism to
explain this different reaction patterns is depicted in Fig. 2.

3.1.5. Nickel. Nickel catalyzed [2 + 2 + 2] cycloaddition of
dipropargyl amines with nitriles has been scarcely studied; in
fact, only three examples of such a reaction were reported in the
literature (Scheme 33). In 2005, the group of J. Louie presented
an example of Ni-catalyzed [2 + 2 + 2] cycloaddition between
RSC Adv., 2017, 7, 43716–43736 | 43729
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Scheme 33 Nickel catalyzed [2 + 2 + 2] cycloaddition reactions of dipropargyl amine 9a with nitriles.

Scheme 34 Synthesis of pyrrolidine-fused pyridines 97 and 99 described by Takeuchi.
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internal dipropargyl amine 9a and benzonitrile employing 3
mol% of Ni(cod)2 as catalyst and 6 mol% of SIPr as ligand in
toluene at room temperature. The corresponding pyrrolidine-
fused pyridines 94 was obtained in yield of 78%.71 Subse-
quently, the same group reinvestigated this reaction using
Ni(acac)2/SIPr$HCl/nBuLi/benzene system but lower yield than
previously reported was obtained.72 Ni-catalyzed cycloaddition
of 9a and pyrrolidine-1-carbonitrile, was also reported by the
same authors.73

3.1.6. Iridium. The [2 + 2 + 2] cycloaddition of dipropargyl
amines with nitriles can also be carried out efficiently by iri-
dium(I) complex of [Ir(cod)Cl]2 (Scheme 34).74,75 However, the
number of reported examples are very scarce and there is an
urgent need to study the scope and limitations of this chemistry.
Scheme 35 (a) Synthesis of pyrrolidine-fused pyridine derivatives 101
through Co-catalyzed intramolecular cycloaddition of dipropargyl
amine-nitriles 100; (b) microwave-assisted intramolecular cycloaddi-
tion of dicyanotetrayne 102.
3.2. Achiral 2,3-dihydro-1H-pyrrolo[3,4-c]pyridines via
intramolecular [2 + 2 + 2] cycloadditions

To develop a new protocol for the construction of 2,3-dihydro-1H-
pyrrolo[3,4-c]pyridines via [2 + 2 + 2] cycloaddition reaction,
Cheng and co-workers have investigated the purely intra-
molecular cycloaddition of dipropargyl amine-nitriles 101 in the
presence of CoI2(dppe)/Zn system in reuxing acetonitrile, and
43730 | RSC Adv., 2017, 7, 43716–43736 This journal is © The Royal Society of Chemistry 2017
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Scheme 36 Enantioselective synthesis of planar-chiral macrocyclic tripodal cage compounds 105 described by Shibata.
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good yields of polycyclic products 102 was obtained
(Scheme 35a).76 The intramolecular cycloaddition of dipropargyl
amine-nitriles was also performed under microwave-assisted
conditions.77,78 For example, 2-(pyridin-2-yl)pyridine 103 was
prepared in yield of 88% via Rh(I)-catalyzed double cocyclization
of 102 under microwave irradiation at 90 �C (Scheme 35b).78
3.3. Chiral 2,3-dihydro-1H-pyrrolo[3,4-c]pyridines

There has been a recent increase in the use of chiral substrates
or ligands in the [2 + 2 + 2] cycloaddition of dipropargyl amines
with nitriles for the construction of chiral cycloadducts. In an
elegant study, shibata's group disclosed the catalytic enantio-
selective synthesis of planar-chiral macrocyclic tripodal cage
compounds 105 via rhodium(I)/(R)-Cy-BINAP complex-catalyzed
intramolecular cycloaddition of 2-aminophenol-tethered
dipropargyl amine-nitriles 104 (Scheme 36).79,80 Under opti-
mized conditions, cycloadducts 105 were obtained in high
yields and excellent enantiomeric excess up to 99% ee. However,
very poor enantioselectivities were achieved with diyne-nitriles
possessing very long ansa chains (n ¼ 11). To solve the
problem, the authors replaced Cy-BINAP with BINAP. Along this
line, Tanaka and co-workers reported an example of regio- and
enantioselective synthesis of axially chiral 7-(2-chlorophenyl)-
pyrrolidinopyridine 107 by cationic rhodium(I)/(S)-H8-BINAP
complex catalyzed atroposelective [2 + 2 + 2] cycloaddition of
unsymmetrical dipropargyl amine 106 with ethyl cyanoformate
85a (Scheme 37a)81 and Tan's group performed Rh-catalyzed [2 +
Scheme 37 (a) Rh-catalyzed atroposelective [2 + 2 + 2] cycloaddition o
Tanaka; (b) Rh-catalyzed cycloaddition of chiral tert-butylsulfinamidated

This journal is © The Royal Society of Chemistry 2017
2 + 2] cycloaddition of chiral tert-butylsulnamidated N-prop-
argyl amines 108 with 85a to prepare chiral pyrrolidine-fused
pyridine 109 (Scheme 37b).82
4. 2,3-Dihydro-1H-pyrrolo[3,4-c]
pyridin-6(5H)-one derivatives from
nitrogen-linked 1,6-diyenes and
isocyanates
4.1. Achiral 2,3-dihydro-1H-pyrrolo[3,4-c]pyridin-6(5H)-ones

The rst mention of the synthesis of 2,3-dihydro-1H-pyrrolo[3,4-
c]pyridin-6(5H)-ones through a ruthenium(II)-catalyzed [2 + 2 +
2] cycloaddition between dipropargyl amines and isocyanates
can be found in a 2001 paper by Itoh, although only one
example was described (Scheme 38a).83 Louie and co-workers
have subsequently shown that Ni(cod)2/SIPr system can also
efficiency catalyze this reaction (Scheme 38b).84 Later, the group
of Tanaka extended the scope of isocyanates to benzyl and alkyl
isocyanates employing a cationic rhodium(I) catalytic system
(Scheme 38c)85 and Takeuchi's group improved the efficiency of
this reaction in terms of yield and reaction time by performing
the process in reuxing 1,2-dichloropropane using [Ir(cod)Cl]2
as the catalyst (Scheme 38d).86

Recently, Pérez-Castells et al. described the preparation of 2,3-
dihydro-1H-pyrrolo[3,4-c]pyridin-6(5H)-ones 117 in moderate
yields via [2 + 2 + 2] cycloaddition of isocyanates 116 with both
symmetrical and unsymmetrical dipropargyl amines 115 in the
f unsymmetrical diyene 106 with ethyl cyanoformate 85a described by
N-propargylamines 108 with 85a reported by Tan.
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Scheme 38 Synthesis of pyrrolidine-fused pyridones via transition metal catalyzed [2 + 2 + 2] cycloaddition of nitrogen-linked 1,6-diyenes with
isocyanates.

Scheme 39 Ruthenium–alkylidene complex 118 catalyzed cycload-
dition of 1,6-diyenes 115 with isocyanates 116 described by Pérez-
Castells.
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presence of catalytic amounts of ruthenium–alkylidene complexe
118 (Scheme 39). The reaction of unsymmetrical dipropargyl
amines exhibits remarkable regioselectivity, and the substituent
is located exclusively next to the 2-pyridone nitrogen. The
proposed mechanism is outlined in Fig. 3.87
4.2. Chiral 2,3-dihydro-1H-pyrrolo[3,4-c]pyridin-6(5H)-ones

In 2008, Tanaka and co-workers reported an example of axially
chiral 2,3-dihydro-1H-pyrrolo[3,4-c]pyridin-6(5H)-one preparation
through a cationic rhodium(I)-catalyzed [2 + 2 + 2] cycloaddition
strategy. They showed that dipropargyl amine 9a underwent
cyclization with 2-methoxybenzene-isocyanate 119 in the presence
Fig. 3 Mechanism that accounts for the formation of 117a.

43732 | RSC Adv., 2017, 7, 43716–43736
of [Rh(cod)2]BF4/(R)-BINAP as catalytic system in DCM at room
temperature and gave the corresponding pyrrolidine-fused pyr-
idinone 120 in good yield (70%), although in low enantiomeric
excess (34%) (Scheme 40, conditions A).88 ve years later, the
group of Aubert reinvestigated this reaction employing [Rh(cod)
Cl]2/(R)-BINAP/AgBF4 combination as the catalytic system. Under
these conditions, the cycloadduct 120 was obtained in good
enantiomeric excess, although in low yield (Scheme 40, conditions
B).89 This drawback was signicantly improved by replacing of (R)-
BINAP with (R)-DM-BINAP (Scheme 40, conditions C).90
5. 2,3-Dihydropyrano[4,3-c]pyrrol-
6(1H)-ones from nitrogen-linked 1,6-
diyenes and carbon dioxide

An interesting and rare example for the synthesis of 2,3-dihy-
dropyrano[4,3-c]pyrrol-6(1H)-ones was reported by Saegusa et al.
in 1988. Thus, in reuxing benzene, Ni(0)-catalyzed [2 + 2 + 2]
cycloaddition between dipropargyl amine 121 and carbon
dioxide, furnished -dihydropyrano[4,3-c]pyrrol-6(1H)-one 122 in
yield of 78% (Scheme 41a). The mechanism proposed by the
authors to explain this reaction is depicted in Scheme 42.91 26
years later, Tanaka and co-workers reinvestigated this reaction
employing [Rh(cod)2]BF4/H8-BINAP/DCE system, but the corre-
sponding 2-pyranone 123 was isolated in only 14% yield
(Scheme 41b).92
6. 2,3-Dihydro-pyrrolo[3,4-c]pyridin-
6-imines from nitrogen-linked 1,6-
diyenes and carbodiimides

Young and Deiters have also developed a novel method for the
preparation of 2,3-dihydro-pyrrolo[3,4-c]pyridin-6-imines 125
involving Co(II)-catalyzed [2 + 2 + 2] cycloaddition of resin-
bound N-trityl dipropargyl amine 72 with carbodiimides 124
under microwave irradiation conditions, followed by depro-
tection of trityl group with triuoroacetic acid (Scheme 43a).
The authors found that microwave irradiation play a crucial role
for the success of the reaction. When the same
This journal is © The Royal Society of Chemistry 2017
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Scheme 40 Atroposelective [2 + 2 + 2] cycloaddition of dipropargyl amine 1 with 2-methoxybenzene-isocyanate 2.

Scheme 41 (a) Synthesis of dihydropyrano[4,3-c]pyrrol-6(1H)-one
122 developed by Saegusa; (b) Tanaka's synthesis of dihydropyrano
[4,3-c]pyrrol-6(1H)-one 123.

Scheme 44 Ni-catalyzed [2 + 2 + 2] cycloaddition of dipropargyl
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cyclotrimerization was conducted without microwave irradia-
tion, no product formation was observed, even aer a prolonged
reaction time of 24 h at 110 �C.55 In a closely related investiga-
tion Tanaka and co-workers reported a cationic rhodium(I)
catalytic system to get access to 2,3-dihydro-pyrrolo[3,4-c]
pyridin-6-imines 127 (Scheme 43b).92
Scheme 43 (a) Synthesis of 2,3-dihydro-pyrrolo[3,4-c]pyridin-6-imines
pyridin-6-imines 127 reported by Tanaka.

Scheme 42 Mechanistic proposal for the reaction in Scheme 41a.

This journal is © The Royal Society of Chemistry 2017
7. 2,3-Dihydro-1H-isoindol-5-ones
from nitrogen-linked 1,6-diyenes and
ketenes

Ketenes are one of the latest coupling partners to join the [2 + 2
+ 2] cycloaddition story of dipropargyl amines. In 2011, Louie
et al. successfully prepared 2,3-dihydro-1H-isoindol-5-ones 129
utilizing cycloaddition of dipropargyl amine 9a and 1.2 equiv-
alents of ketenes 128 in the presence of Ni(cod)2/DPPB system
in moderate yields (Scheme 44).93 Interestingly, under this
reaction conditions no pyran product was observed, it means
125 developed by Deiters; (b) synthesis of 2,3-dihydro-pyrrolo[3,4-c]

amine 9a with ketenes 128 to 2,3-dihydro-1H-isoindol-5-ones 129.
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that exclusively the C]C bonds in the ketenes participated in
the reactions.

8. Outlook and conclusion

Transition metal catalyzed [2 + 2 + 2] cycloaddition of nitrogen-
linked 1,6-diynes with unsaturated motifs, have drawn much
interest from organic chemists because of their high efficiency
in the construction of various pyrrolidine-fused systems. This
method offers the opportunity to synthesis of complex frame-
works, which may be difficult or impossible by other means. It
also offers the possibility for the rapid synthesis of potential
drugs from cheap and easily available dipropargyl amines in
one step with ideal atom economy.

Despite the signicant achievements during the past few
years in this eld, many challenges still remain to be overcome:
(a) most of the [2 + 2 + 2] cycloadditions using nitrogen-linked
1,6-diyne reagents are limited to the use of expensive transi-
tion metal catalysts. Thus the exploration of cheaper transition
metal catalysts (such as Fe and Cu catalysts) are highly desirable
in terms of cost and availability; (b) generally, the number of
reported examples are narrow and there is an urgent need to
study the scope and limitations of reagents; (c) and nally, the
mechanism of the reactions remains elusive, though some
mechanistic courses were proposed based on DFT calculations.
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