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Abstract Metal-catalyzed [2+2+2] cycloaddition is a powerful tool that allows
rapid construction of functionalized 6-membered carbo- and heterocycles in
a single step through an atom-economical process with high functional group
tolerance. The reaction is usually regio- and chemoselective although
selectivity issues can still be challenging for intermolecular reactions involving
the cross-[2+2+2] cycloaddition of two or three different alkynes and various
strategies have been developed to attain high selectivities. Furthermore,
enantioselective [2+2+2] cycloaddition is an efficient means to create central,
axial and planar chirality and a variety of chiral organometallic complexes can
be wused for the asymmetric transition metal-catalyzed inter- and
intramolecular reaction. This review summarizes the recent advances in the
field of [2+2+2] cycloaddition.

1 Introduction
2 Formation of Carbocycles
2.1 Intermolecular Reactions

2.1.1 Cyclotrimerization of Alkynes

2.1.2 [2+2+2] Cycloaddition of Two Different Alkynes
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1. Introduction

One of the most efficient routes to access highly substituted
six-membered ring systems undoubtedly relies on transition
metal-catalyzed [2+2+2] cycloaddition reaction of unsaturated
motifs. Among them, cyclotrimerization of alkynes is one of the
most useful and general method to produce benzene rings. After
Berthelot discovered the thermal cyclotrimerization of
acetylene to benzene in 1866,! Reppe and Schweckendiek?
reported the first transition metal-catalyzed [2+2+2]
cyclotrimerization of acetylenes using a nickel complex in 1948.
Rothwell and co-workers were the first to develop a
regioselective process which led to selective access to
symmetrical 1,3,5- and unsymmetrical 1,2,4-trisubstituted
aromatic compounds.3 Since then, the reaction has been
extensively studied and a range of transition metal catalysts,
mainly based on group 8-10 elements such as Ni, Co, Pd, Rh, Ru,
and Ir, have been developed.#28 Moreover, after the pioneering
work of Mori2? and Stary3? who used respectively chiral nickel
and cobalt complexes in this reaction, significant progress has
been made in asymmetric transition metal-catalyzed [2+2+2]
cyclotrimerization reactions over the past decades.3-38 This
highly atom-economical transformation allows the formation of
three new bonds in a single step and proceeds through either
intermolecular, partially  intramolecular  or  totally
intramolecular processes to furnish a variety of (poly)cyclic
skeletons with the latter strategy allowing for an excellent
control of the pair- and regioselectivity (Figure 1).
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Intermolecular [2+2+2] cycloaddition
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Figure 1

The general accepted mechanism for the transition metal-
catalyzed alkyne cyclotrimerization involves the initial
formation of a  metallacyclopentadiene B or a
metallacyclopentatriene B' complex after coordination of the
metal to two alkyne ligands and oxidative coupling (Figure 2).
Coordination of a third alkyne motif to this complex followed by
alkyne insertion can then produce either a
metallacycloheptatriene D or metallacycloheptatetraene D', or a
7-metallanorbornadiene complex E resulting from a Diels-Alder
cycloaddition, or a metallabicyclo[3.2.0]-heptatriene F formed
through a [2+2] cycloaddition. Subsequent reductive
elimination then affords the benzene product G while

regenerating the metal catalyst.

-
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Figure 2

Scheme 1 shows the rationalization of the regioselectivity
for the [2+2+2] cyclotrimerization of alkynes. The symmetrical
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1,3,5-trisubstituted aromatic is usually the minor product
although it is the less sterically hindered. The origin of the
preferred regioselectivity can be explained by analysis of the
potential metallacycle intermediates. The cyclotrimerization can
proceed via three distinct metallacycles, which all favor the
formation of the unsymmetrical product. However, only one of
these intermediates (III) gives access to the symmetrical

product.
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Scheme 1

Unsaturated motifs such as alkenes, allenes, nitriles,
cyanamides, isocyanates, imines, or carbonyl groups are
suitable for this transformation, enabling a practical access not
only to carbocycles but also to a range of heterocycles such as
pyridines, pyridones, thiopyridones, or pyrones.39-47

Some recent excellent reviews covering various aspects of
the [2+2+2] cyclotrimerization reactions, including stereo-,
chemo- and enantioselectivity as well as mechanistic aspects,
have been published.*8-61 The aim of this non-exhaustive review
is to summarize recent advances in the field of metal-catalyzed
[2+2+2] cycloaddition from 2017 to July 2021. Metal-free
[2+2+2] cycloaddition reactions will not be covered here.

2. Formation of Carbocycles

2.1. Intermolecular Reactions
2.1.1.  Cyclotrimerization of Alkynes

In 2017, Okamoto and co-workers demonstrated that low-
valent titanium species catalyzed the [2+2+2] cycloadditions of
alkynes using CpTi(O-i-Pr)s, CpTiCls, or Ti(O-i-Pr)s combined
with Mg or Zn powder as metal reductant in the presence of
MesSiCl that played a crucial role for the cycloaddition to
proceed. Inter-, partially intra- and intramolecular alkyne
cyclotrimerization can be accomplished in THF (0.5 M) at 40-45
°C for 12-20 h. Under these optimized reaction conditions, the
corresponding 1,3,5- and 1,2,4-trisubstituted benzenes were
obtained as a mixture of regioisomers (up to 41:59) in 16% to
85% yield (Scheme 2).62
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(R?) (R?)
Ti complex (5-10 mol%)
R Zn powder or Mg powder Rl R1
\ (0.3-1.0 eq)
R2 Me3SiCl (0.3-1.0 eq) (RY)
1,35i
Rl =n-Bu, n-Pr, THF, 40-45°C,12-20 h ,3,5 isomer
CoHs, SiMes Ti complexes Rl
R2 = H’ n-Pr . .
Ti(O-i-Pr)4 (R?) Rl
CpTi(O-i-Pr)3
Cp*TiCl
(R?) (R?)
RL
1,2,4 isomer
16-85% yield
rr = 16:84 to 41:59
Scheme 2

In 2019, Six and co-workers developed a convenient
cyclotrimerization of alkynes using the low-cost Ti(0-i-Pr)s/n-
BuLi system to generate the active species titanacyclopropane
(Scheme 3). The titanium-promoted cyclotrimerization process
of terminal alkynes required 0.6 eq of Ti(0-i-Pr)s and 0.9 eq of
n-BuLi with respect to the alkyne derivatives under microwave
irradiation at 100 °C for 15 min to produce the 1,2,4 adducts
with yields ranging from 7% to 92% and regioisomeric ratios
(rr) up to >98:2. The titanium-mediated cyclotrimerization of
disubstituted alkynes was also briefly studied. This practical
protocol allowed a significant improvement compared to the
previous developed reaction conditions (2.2 eq Ti(0-i-Pr)s and
3.3 eq of n-BuLi at room temperature).63

/\;Ti/on?r R R
“oipr

_ R
_ microwaves
fr— +
100 °C, 15 min
R R
R = 4-t-BUCgHy, 4-MeCgH,, t-Bu, 7-92% yield

4-MeOCgH,, 4-FCgH,, n-CsHy;
cyclopropyl

Scheme 3

rr= 86:14 to 98:2

In 2017, Jacobi von Wangelin and co-workers succeeded in
developing an iron-catalyzed cyclotrimerization of terminal
alkynes using 1 mol% of Fe(hmds) in toluene at 20 °C for 1 h.
No reducing reagent was required for such unprecedented
transformation involving an Fell catalyst although Fe(OTf)2,
FeClz, FeCl2(THF)1s, Fe(OAc)2 were not effective for the reaction.
Under optimized conditions, terminal alkynes underwent highly
efficient cyclotrimerization delivering the corresponding 1,2,4-
trisubstituted arenes with excellent level of regioselectivities
and isolated yields. Aryl substituted alkynes bearing isoprenyl,
tert-butyl, carboxymethyl and deuterium were also tolerated
(not shown). Of note, extremely high turnover frequency (TOF)
up to 180000 h™* was achieved for the cyclotrimerization of a
1M solution of phenylacetylene within <1 min at 20 °C using 1
mol% of Fe(hmds)z. Unfortunately, cyclotrimerization of
internal alkynes did not proceed under the standard conditions.
Alternatively, the mixture of inexpensive FeClz/LiHMDS can also
be used for the cyclotrimerization (Scheme 4).64
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Fe(hmds); (1 mol%)
Ar—— N
toluene, 20 °C, 1 h

Ar Ar
Ar = 4-NMe,CgH,4, 4-MeOCgH,, Ar
4-MeCgHy, 4-CICgH,, 4-FCgH,,
4-CF3CgHy, 2-MeCgHy, 3-MeOCgH,,

90-98% yield
rr =96:4 to 100:0

3-BnOCgHgy, 2—Me—4—MeOC6H3, \ / \ /
3-MeOCgH,, 3-BnOCgH,, _Si, Si—
3,4-(Me0),CgHa, 2,4,5-(Me)3CgH,, N—Fe—N\
6-MeO-2-naphthyl —gf Si—
I I
Fe(hmds),
Scheme 4

In 2020, Jacobi von Wangelin, Chakraborty and co-workers
reported a photo-organo-iron cyclotrimerization of alkynes
demonstrating the first dual catalytic protocol combining
organic photoredox catalysis and iron-catalysis for synthetic
applications (Scheme 5).65 A photostable organic dye 9,10-
diphenylanthracene (DPA) allowed the photo-catalytic
reduction of FeClz under visible light irradiation. The reaction
proceeded under mild conditions (Vis light, 22 °C, 1 h) in 48%-
99% yield with regiocontrol up to >99:1 to produce a broad
array of trisubstituted arenes when using 1-5 mol% of the three
inexpensive catalysts (dye, amine and FeClz) for this efficient
transformation. Mechanistic studies were also performed.

FeCl, (1-5 mol%) R
DPA (0.4-1 mol%) R
DIPEA (2-10 mol%)

395-410 nm,
CH3CN, 1h,22°C

48-99% yield

R = 4-MeOCqH, 4 AcOCetla, T = 40:60 to >99:1

4-MeCgHy, 4-CICgHy, 4-BrCgHy,
4-FCgHy, 4-CF3CgHy4, 4-pinBCgHy,
4-n-BuCgHy, 3-FCgHy, 3-CICgH,,
3-MeCgHy,, 3-MeOCgHy, cyclopropyl,
2,3,5-(Me)3CgH,, 2-Me-3-MeOCgH3.
cyclohexyl, TMS, t-Bu, n-C¢H13, CH,Ph,
CI(CHy)g4, 2-thienyl

Scheme 5

In 2019, Gunanathan and co-workers accomplished the
regioselective [2+2+2] cyclotrimerization of terminal aryl and
alkyl alkynes at room temperature upon activation of Fe-
catalyst by a Grignard reagent to access 1,2,4-trisubstituted
benzene derivatives by using simple well defined and easy
accessible  di(aminomethyl)pyridine ligated iron-pincer
complexes (Scheme 6).66 Terminal aryl alkynes were cyclized to
provide the corresponding 1,2,4-trisubstituted isomers in 51-
76% yield and up to 97:3 regioselectivities while aliphatic
terminal alkynes led to 36-80% yield with poor
regioselectivities. Hexa-substituted benzenes were obtained
regioselectively as well through cyclotrimerization of the
corresponding aryl alkyl internal alkynes although increasing
the steric bulk on pincer Fe ligands decreased the
regioselectivity for the cycloaddition reaction. A catalytic cycle
for the Fe-catalyzed [2+2+2] cycloaddition reaction was
proposed and mechanistic studies were investigated.
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Ar Ar
Fe-complex (4 mol%) A
EtMgBr (9 mol%) d
Ar—— +
THF, rt Ar Ar
Ar

51-76% yield
m=92:8t0 97:3

1
grae
Q Cl

Fe-complex

Ar = CgHs, 4-MeOCgHg, 4-MeCgHg, 2-MeOCgHj,
3-MeCgHy, 4-FCgHj, 2-CF3CgHa,
3,5-(CF3),CeHs, 2.4,5-(Me)3CeHy =
\

Scheme 6

In 2018, Sasamori and co-workers explored the scope of
regioselective germanium-catalyzed cyclotrimerization of
terminal arylacetylenes at 60 °C for 8 h in CéDs using 4 mol% of
an isolable digermyne pre-catalyst TbbGeGeTbb, enabling the
formation of C-C bonds in the absence of a transition-metal
catalyst, to provide the corresponding 1,2,4-triarylbenzenes in
74-95% yield with complete regioselectivity and no 1,3,5-
Ar3CeHs byproducts (Scheme 7).67 Unfortunately, the reaction
did not occur with internal alkynes. A reaction mechanism for
the cyclotrimerization of terminal arylacetylenes was proposed.

: :Ar
Ar Ar

74-95% yield

Thb
SGe=Ge

Tbb
(4 mol%)

Ar——

CeDs, 60 °C, 8 h

Ar = Ph, 4-MeOCgHy, 4-BrCgHy, 4-MeCgHy,
2-MeCgHy, 2-thienyl

.~ SiMeg
Me;Si
Tob=  §
Me;3Si
SiMe3

Scheme 7

In 2017, Hor, Zhao and co-workers described a catalytic
[2+2+2] cyclotrimerization of unactivated internal alkynes by
using a catalyst system combining Ni(acac)z, IBz.HBr or IMes-
HCI (1 mol%) as an imidazolium salt and n-BuMgCl (Scheme
8).68 Unactivated alkyl(aryl)acetylenes and diarylacetylenes
bearing either electron-donating or withdrawing substituents
on the aryl ring were tolerated for this transformation although
no reaction was observed with dialkylalkynes. The reaction
proceeded at room temperature or 60 °C for 20 min or 1 h
offering a practical synthetic route to access polysubstituted
benzenes in 86-99% yield with regioselectivities up to 99:1.

Ni(acac), (1 mol%) Ar Ar
IBz.HBr (1 mol%)

n-BuMgCl (20 mol%) R R R
Ar————R +
THF/toluene
60°C,1h R R Ar Ar

Ar
86-99% yield
rr=97:3t0 99:1

Ar = 4-MeCgHy, 4-MeOCgHy, 4-t-BuCgHy,
4-FCgHy, 4-PhOCgH,, 3-MeCgHy,
3-MeOC¢Hy, 3-FCgH,4, Ph, 6-MeONaphthyl

R = Me, n-Bu, Et

Scheme 8
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In 2018, Konno and co-workers realized the cobalt-
catalyzed [2+2+2] cycloaddition of an array of fluorine-
containing alkynes using 3 mol% of CoClz(dppb) in CH3CN at 80
°C for 3 h delivering the corresponding benzene derivatives in
56-95% yield with regioselectivities up to 98:2 (Scheme 9).6
Additionally, [2+242] cycloaddition of
fluorinated alkynes with non-fluorinated diynes proceeded in
the presence of 3 mol% of CoClz/(S)-BINAP, Zn metal and Znl»
to afford the desired fluorinated cycloadducts in 46-83% yield
(not shown).

intermolecular

Ry Ry
CoCl,y(dppb) (3 mol%) Ry R R R
Zn (1 eq)
Ri———R +
CH3CN, 80 °C, 3 h R R R Ry
R¢ = CF3, n-C4Fg R¢

R = 4-CICgH,, 4-PhCgH,,
4-MeCgHy, 3-CICgHj, 2-CICgH,,
4-Et0,CCgHy4, PhMe,Si, 4-CICgH,

56-95% yield
m=95:51t0 98:2

Scheme 9

In 2018, Pérez-Castells, Blanco-Urgoiti and co-workers
reported cobalt-catalyzed scalable terminal and internal alkyne
cyclotrimerizations and [2+2+2] cycloadditions of diynes and
alkynes as well in a plug flow reactor (PFR) using 5-10 mol% of
the inexpensive cobalt catalyst Co2(CO)s (Scheme 10).70 The
reactions showed a broad scope and was an interesting
alternative for scale-up applications. Cyclotrimerization of seven
terminal alkynes was carried out in PFR in toluene in 3.5-60 min
reaction time and 150-230 °C to provide the cyclized products
in 83-99% yield with up to 99:1 regioselectivity. The procedure
was scaled-up with 10 g of phenylacetylene using a total
reaction time of 105 min at 180 °C in the presence of 2 mol% of
Co2(CO)s to give the corresponding 1,2,4 isomer in 92% yield
and 99:1 regioselectivity. The kinetics and the selectivities of the
reaction were probably influenced by the intensification
conditions used in microreactors. The highly regioselective
cyclotrimerization of internal alkynes was also studied in the
presence of 5-10 mol% of Co2(CO)s to give the hexasubstituted
products in 60-99% yield. Finally, [2+2+2] cycloaddition of o,®-
diynes and alkynes was achieved using Mo(CO)s, Co4(CO)12,
Rh2(C0)4Clz, Rus(CO)12, CpCo(CO)2, Cr(CO)¢, and Coz(CO)s with
variable yields ranging from 21 to 85% by utilizing a careful
selection of reaction conditions

(alkyne equivalents,

temperature, and residence time) to favor the cycloaddition.

R
R R
_ C0,(CO)g (2-5 mol%)
— +
toluene, 150-230 °C
plug flow reactor R
R = Ph, n-C4Hg, 4-MeCgHy, R 39-99% yield

4-FCgH,, 4-BrCgH,,
4-Me,NCgH,, 4-NO,CeHy, Cy

rr = 90:10-100:0

R
R
. C0,(CO)g (5-10 mol%%s)
toluene, 180-230 °C
plug flow reactor R R
R = (CH,),CHs, Ph R _
CH,OCH3, CO,CH3 60-99 % yield
Scheme 10
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In 2018, Spencer and co-workers disclosed the
cyclotrimerization of a range of internal and terminal alkynes
catalyzed by rhodadecaborane [6-(CsMes)-nido-6-RhB9H13] in
xylene for 2 h yielding a mixture of 1,3,5- and 1,2,4-
trisubstituted benzene derivatives in 36-74% yield with 1:2-1:4
ratio respectively (Scheme 11).71 These results showed that
large-vertex metallaborane can be a useful catalyst for [2+2+2]
cycloaddition of alkynes.

Rl
RZ R
R2 R? R2
/ [6-(CsMes)-nido-6-RhBgH,3) R
RY xylene, reflux +
. 1
R® = n-Bu, n-Pr, Et, Me;Si, R
CgHs, CeHsCH,CH, R R2
R2 = H, Et, Me3Si, CgHs
RY R!
RZ
36-74% yield
m=12to 14

Scheme 11

In 2017, Fiksdahl and co-workers published the regio- and
chemoselective Au(I)-nitrone-catalyzed [2+2+2]
cyclotrimerization of 1,3-diarylpropargyl acetals (Scheme 12).72
This intermolecular regioselective [2+2+2] cyclotrimerization of
propargyl  substrates led to highly functionalized
cyclohexylidene  products in 27-74%  yield.  The
cyclotrimerization is suggested to proceed through allenic
intermediates via gold-catalyzed 1,3-alkoxy rearrangement. The
authors demonstrated that catalytic amounts of nitrone was
crucial to achieve selective cyclotrimerization. In this context,
the crystalline phosphane-Au(I)-nitrone complex showed
comparable catalytic performance compared to Au(l)-nitrone
complex prepared in situ. X-ray analysis of the Au(I)-nitrone
catalyst confirmed the linear nitrone-O-Au(I)-P coordination
mode of the catalyst.

— ph
[Au-(]"] X~ (5 Mol%)  \eo

CH,Cl,, nitrone

Ph Ar OMe
27-74% yield

R =H, OMe, CF3, Cl
X= SbFe' AgNTf,, AgSbFg
[Au] : [JohnPhos-Au(l)], [PhzPAuCI], [NHC-AuCI]

nitrones : K\J,/Me | . | +
i \ i
o o o

Scheme 12

In 2017, Sivasankar and co-workers accomplished the
[2+2+2] Ni(Il)-catalyzed cycloaddition of alkynes in the
presence of 5 mol% of zinc at 40 °C for 4 h using 2.5 mol% of
[(PNP)NiICI]Cl complexes (Scheme 13).73 Optimization of the
reaction conditions showed that the use of Zn in CH3CN as a
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reductant, which allowed the reduction of Ni(II) in Ni(0), gave
better results compared to Sn and Mg. The solvent also
influenced the selectivity: dichloromethane and THF afforded
the dimerized product as a major product in low yields. Finally,
the electronic nature of the alkynes played a role in controlling
the selectivity: electron-rich alkynes such as alkyl-substituted
alkynes led to the 1,3,5-substituted benzene derivatives as the
major products in 70-86% yield with a regioisomeric ratio of
75:25 to 90:10 while the electron-deficient alkynes furnished
the 1,2,4-substituted benzene derivatives as the major products
in 65-95% yield with a regioisomeric ratio of 5:95.

Ni-complex (2.5 mol%) R
_ Zn (5 mol%)
R——— +
CH3CN, 40°C, 4 h R R

R = CgHs, 3-MeCgH,, CaHs, CgHiz,
CyCHy, Me3Si, 3,5-(CF3),CeHs,
MeO,C, EtO,C

60-95% yield
Ir = 5:95 to 90:10

+
(\P(t'Buz) _

. _~N=n! C

Ni-complex = I\{I~C|
Q/P(I'B'Jz)

Scheme 13

In 2017, Chen and co-workers studied the operationally
simple cobalt-catalyzed cyclotrimerization of a series of
unsymmetrical diarylalkynes using Co2(CO)s as catalyst to
access 1,2,4-regioisomer and 1,3,5-regioisomer in 52-97% yield
with specific regioselectivity by choosing the appropriate
electron withdrawing groups (EWGs) and donating groups
(EDGs) on the aryl ring of the alkyne (Scheme 14).7¢ The role of
some electron EWGs and EDGs in diaryl-substituted alkynes was
investigated to access the desired regioisomer allowing to
control the chemo- and regioselectivity of the cyclotrimerization
of unsymmetrical diarylalkynes. Indeed, the authors established
a selection of substituents in diaryl-substituted alkynes for the
preparation of 1,2,4-regioisomer and 1,3,5-regioisomer. When
both side of the diarylalkyne were substituted with various
alkoxy groups, exclusive formation of 1,3,5-regioisomer was
observed in 64-91% whereas the appropriate electron-deficient
substituent at the aryl ring promoted the formation of 1,2,4-
regioisomer in 20-72% yield.
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Py
=

R!

R

l ‘ C0,(CO)g (3 Mol%)

dioxane, reflux

O R2

R2

Py Py
= \m

+ D
N

C1oH50, C4HgO

Rl
.
R1=H, F, Br, NH,, CO,Et, O
CeH130, C4HoO,
C10H210, C14H290
R2 = CyHas, C4Hg, RY O R1

R2
52-97% vyield

Scheme 14

In 2019, Hilt and co-worker investigated a chemoselective
cobalt(I)-catalyzed [2+2+2] cyclotrimerization of symmetrical
and unsymmetrical 1,4-disubstituted 1,3-butadiynes. The
reaction was achieved in the presence of 5 mol% of CoBrz(dppe)
with 10 mol% of Zn and 10 mol% of Znl; in THF at 60 °C for 18
h (Scheme 15).75 With respect to unsymmetrical 1,3-butadiynes,
a single 1,2,4-substituted isomer was obtained in 15-97% yield
and >99:1 regioselectivities (not shown). Nevertheless, a steric
effect of the alkyne residue was observed toward the chemo-
and regioselectivity of the cycloisomerization (R? = 4-F-CsH4, R!
= t-Bu, >99:1 rr, R! = Et, i-Pr, 7 detectable isomers). When
symmetrical aryl-substituted 1,3-butadiynes bearing electron-
donating or -withdrawing groups on the aryl ring were
cyclotrimerized, 73-99% yields were obtained with
regioselectivities varying from 68:32 to >99:1 rr (not shown). A
broad range of 1,2,4 regioisomers were prepared.

R R
R =
Z R
R
CoBr,(dppe) (5 mol%) | |
| | Zn (10 mol%)
Znl, (10 mol%) R
"
| | THF, 60 °C, 18h R R R
A =
R
R R
R = CgHs, 4-FCgHy, 4-CICgH,4, 4-MeOCgHy,
4-MeOCgH,, 4-MeCgH,, 4-NO»CgHy, | |
3-MeCgHy, 3-MeOCgH,, 2-MeCgHa,
2-MeOCgH, R

73-99% yield
rr =68:32t097:3

Scheme 15
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In 2021, Rosca and co-workers developed the first iron-
based catalytic intermolecular cyclotrimerization of terminal
aliphatic alkynes in 35-97% yield. In the presence of 5 mol % of
precatalyst (‘BuP~mDI)FeClz and 10 mol % of NaBEt3H in toluene
at room temperature, 1,3,5-substituted arenes were
regioselectively produced with 1,3,5/1,2,4 ratios up to >95:5
(Scheme 16). Preliminary mechanistic investigations suggested
that the enhanced m-acidity of the pyrimidine ring, combined
with the hemilability of the imine groups coordinated to the iron
center, facilitated this transformation. It is noteworthy that the
precatalyst was sufficiently stable to allow weighing without
exclusion of air/ moisture. Although the reaction tolerated a
great variety of substituents on the alkyne, the regioselectivity
decreased for alkynes with electron-withdrawing groups.”¢

R R
Precatalyst (5 mol%) R
R — NaBEtzH (10 mol%) +
toluene (0.1 M), rt, 16 h R R
R
R = CgHy1, cyclopropyl, (CHy),-CeHs,
(CH2)z-F, (CH2)3-OMs, (CH,)3-OTs,
(CH,)s-OTBS, (CH)CH3;0TBS, n-Bu,
(CH,)3-Bpin, (CH,)s-dioxolane,
(CH3)3-CH=C(CHa)3, (CH2),-CO,Me,
(CH3),.3C=CTIPS, (CH,),-4-Br-CgHy,
(CO)CgHs, HC_EC—n—hex,_ C=C-n-pent, . g /N tBu
4-F-CgH,, 2-thienyl, 3-thienyl, CO,Et, D'DP‘N\ |
(CO)CHg, CH,CgHs, CeHs Cl—ge—N&

7\
a’ N

1,3,5-isomer 1,2,4-isomer
35-97% yield
1,3,5/1,2,4 isomeric
ratio from >95:5 to 6:94

iPr

iPr

Precatalyst (BUPPYMDI)FeCl,

Scheme 16

In 2021, Yang and co-workers reported a synthesis of a
structurally unusual furan-based triple oxa[7]helicene involving
a [2+2+2] cycloaddition. The cyclotrimerization of 1,2-
di(benzofuran-3-yl)ethyne in the presence of 20 mol% of
Co2(CO)s afforded the cycloadduct in 56% yield. This
intermediate underwent an intramolecular dehydrogenative
annulation to furnish the triple oxa[7]helicene in 49 % yield
(Scheme 17).77
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C0,(CO)g (20 mol%)

dioxane, 140 °C
24 h, 56%

FeCls, DDQ
—_—
DCM, 60 °C,
1h, 49%

Scheme 17

2.1.2. [2+2+2] Cycloaddition of Two Different Alkynes

In 2017, Tanaka and co-workers displayed that 10 mol %
of BIPHEP Rh(I) complex enabled the chemo and regioselective
intermolecular  cross-cyclotrimerization of nonactivated
terminal and internal alkynes at room temperature in CH2Cl: for
1 h using arylacetylenes and 1,4-butynediol derivatives
respectively to access (3,6-diaryl-1,2-phenylene)-dimethanol
derivatives in 55-90% yield with up to 96:4:0 rr (Scheme 18).78
Indeed, Biphep led to the slightly highest yield whereas MeO-
Biphep, Difluorphos, Segphos, Binap, Hs-Binap were also tested
with no significant difference on the chemo- and
regioselectivities of the transformation. The substrate scope
demonstrated that wusing sterically demanding 1,4-
dibenzoyloxy-2-butyne instead of 1,4-diacetoxy-2-butyne
increased the yield (84% vs 64%) and the regioselectivity as
well (87:6:7 vs 82:7:11) whereas the use of electron-deficient
penta-fluorophenyl derivative decreased the yield to 68% while
maintaining similar regioselectivity (86:6:8). With respect to
terminal alkynes, non-substituted phenylacetylene, para-
substituted phenylacetylenes and 3,5-dimethoxy-
phenylacetylene  furnished the corresponding cross-
cyclotrimerized products in 68-90% yield with up to 89:7:4
regioselectivity. The authors clearly established that
electronically biased combination of nonactivated and electron-
deficient alkynes required for other transition-metal complexes,
such as iridium, ruthenium, nickel, and palladium was not
crucial to achieve good chemo- and regioselectivity in the
cationic Rh(I)-catalyzed intermolecular Cross-
cyclotrimerization.
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Rl
OR?2
OR?
Rl
.
Rl OR? R
A [Rh(cod),]BF
// | BIPHEP (10 mol%) OR2
+ _—
\\ CH,Cly, 1t, 1 h - OR?
1
R OR2 +

R! = CgHs 4-MeCgH,, 4-MeOCgHy,
4-CF3CgHj, 3,5-(Me0),CgHs,
2,5-(Me0),CgH3, 2-MeCgHa,
1-cyclohexenyl, Me3Si, n-CqoHyq

R2 = Ac, Bz, COCgFs, CO,Me, CgHs

Rl
2
R OR
55-90% yield
rrup to 96:4:0

Scheme 18

Because naphthalenes present broad applications in the
photovoltaics, electronics and pharmaceutical industries,
practical economical routes to prepare such compounds are
highly desirable. In 2019, Tonks and co-workers described the
Ti-catalyzed [2+2+2] cycloaddition of arynes and alkynes using
Cp*2ZrPhz to access highly substituted naphthalene derivatives
in 86-95% yield (Scheme 19).79 The reaction was performed in
the presence of 1 mol% of Til+(THF)2 with 1-5 mol% of Zn° in
CeHsBr at 115 °C for 3 h using Cp*2ZrPh; and the corresponding
alkynes. The authors demonstrated that bulky Cp* rings were
essential to suppress the formation of parasitic metalloindane
byproducts. Various potential alkyne coupling partners were
tested showing that the formation of the desired naphthalene
products was best correlated to alkyne steric rather than
electronic properties. Considering the product selectivity
toward naphthalenes over alternative possible coupling
products including triphenylene or phenanthrene derivatives, a
mechanism in which a titanacyclopentadiene was intercepted
by a Zr-benzyne adduct was suggested.

Rl
R2
OO R2
R
““““ Ph R2

Ph Til,(THF), (1 mol%) R
Zn° (15 mol%) OO
+ —_—

CgHsBr, 115 °C, 3 h Rt
R e LT R2
RL

Rl=R2=Et, n-Pr,
R1=TMS, R2=H,

E s R2
R!=CgHs, R?=H, RY2!
RI=i-PLR2=Me, | cpizr—// :
Rl= CgHs, R2=Me ! ! Rl
N R?
86-95% yield

Scheme 19

In 2020, Oakdale and co-worker developed a highly regio-
and chemoselective intermolecular cyclotrimerization to access
dihalogenated isophthalimides. Symmetrical internal alkynes
and 3-halopropiolamides led to the desired cycloadducts in the
presence of 1-10 mol% of CpRuCl(cod) as a catalyst. When
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instead of CH:Clz as a solvent, the
regioselectivity of the reaction was improved to >95:5. Despite
the high amount of catalyst required for some substrates (up to
10 mol %), the reaction occurred at room temperature with no
need of inert atmosphere in 61-94% yield. The authors
demonstrated the robustness of the reaction and its versatility
by establishing a novel synthetic way to phthalimide
pharmacophores (Scheme 20).80

ethanol was used

2 Br 2
RZN)\ NR NR
2,4-dibromo isomer

Br  CpRuCl(cod) (1-10 mol%)

+ +
EtOH (0.1 M), rt Rl
1= g1 open flask
R— RY Br
O
R! = H, Me, n-Bu, CH,OMe, CH,F, Br
CH,Cl, CgHs, 4-MeOCgHy, NRZ
4-CNCgHy, C1gHog, 3-thienyl R2N (@]

R2N = Me,N, ELN, i-ProN, 4-CO,EtCsHgN,

4-C7H15NOZC5H9N, C4H8NO 3,6-dibrom0 isomer

61-94% yield
2,4/3,6 isomeric ratio > 95:5

Scheme 20

In 2021, Wang and co-workers reported a regioselective
tetrahydroxydiboron and nickel-catalyzed cyclotrimerization
occurring in acetonitrile at 100 °C giving 1,3,5-trisubstitued
benzenes in 65-80% yield and isomeric purity above 98%. The
Ni-B(OH)2 catalyst was generated in situ by transmetalation in
the presence of 10 mol% of NiCl..DME and 30 mol% of B2(OH)a.
To explain the high regioselectivity of this reaction, the authors
proposed a mechanism involving nickel-boronic acid derivative
interaction and hydrogen bonding between the terminal alkyne
and the hydroxyl groups on the boron. The 1,3,5-regioselectivity
was observed either with one or with two different terminal
alkynes (Scheme 21).81

Rl
B2(OH)4 (0.3 eq)
NiCl,.DME (0.1 eq)

RI— + RZ—
CH4CN, 100 °C, 12 h
R R2
R!=n-Bu, CgHs, 4-MeOCgH,, 4-BrCgHy,,
4-CICgHy, 4-n-PrCgH,
R? = 3-MeOCgH,, n-Bu, TMS, CO,Et, CH3(C)=CH,

65-80% yield
>98% isomeric purity

Scheme 21

In 2017, Tanaka and co-workers disclosed the synthesis of C4-
and C2-symmetrical [8]CPP-octacarboxylates via
macrocyclization through Rh-catalyzed intermolecular stepwise
cross-cyclotrimerizations and subsequent reductive
(not shown) (Scheme 22).82 The first
intermolecular cross-cyclotrimerization of diyne (R = Me, t-Bu)
in which one terminal position is protected with the
triisopropylsilyl group, and di-tert-butyl acetylenedicarboxylate
was performed in the presence of 10 mol% of cationic
Rh(I)/Hs-BINAP catalyst at room temperature in CH2Clz for 16 h
to give the protected diyne that was deprotected with TBAF to
access the terminal diyne (R = Me, t-Bu 60% and 65% yields,

aromatization
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respectively). The second intermolecular
cyclotrimerization of the terminal diyne proceeded by using 20

mol% of Rh(I)/Hs-BINAP at room temperature in CH2Clz for 24

h to provide [8]CPP precursor in 24% yield.

Cross-

i-Pr_
i- Pr’/S'
AN
e \\ £ 1) [Rh(cod),IBF. COOR
P Hg-BINAP (10 mol%)
MeO! oM HeBINAP (10 mol%)
2) TBAF/ THF COOR
N
OMe
RO,C CO,R Q
—
R=tBu, 65%yield = &\
R = Me, 60% yield
[Rh(cod),]BF4/Hg-BINAP |RO ,C—=—=—CO,R
(20 mol%)
CH,Cly, 1t, 24 h
RO,C
OMe COZ
MeO """
RO,C 3
T~OMe
RO,C : CO,R
MeO~ss @
CO,R
t~OMe
MeO
MeO
RO,C Co,R
R = t-Bu, 24% yield
Scheme 22
2.1.3. [2+42+2] Cycloaddition of Alkynes/Alkenes with
Alkenes/Enamides

In 2018, Pefia and co-workers reported the Pd-catalyzed
[2+2+2] cocycloaddition of arynes with pyramidalized non
conventional alkene derivatives (Scheme 23).83 Different
conditions and metal complexes such as Pdz(dba)s, Pt(PPhs)s,
AuClPPhs, Ni(PPhs)s and Pd(PPhs)s have been tested for the
reaction. The cyclotrimerization reactions have been realized
using 5 mol% of Pd(PPhs)+ and Na/Hg combined with CsF in
THF at room temperature for 16 h yielding the corresponding
adducts in 15-53% yield with several substituted aryne
precursors. In this context, five different substituted or
polycyclic arynes successfully reacted with the pyramidalized
alkene via Pd-catalysis demonstrating the generality of the
reaction.
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R : jOTf R
R TMS  Na/Hg (8 eq), CsF (12 eq) @|

Pd(PPha)s (5 mol%)

18-crown-6, r
THF, rt, 16 h

R =F, OCgHj3

R = F, 53% yield
R = OCgH13, 42% yield

Scheme 23

In 2019, Tang, Wang and co-workers examined [2+2+2]
cycloaddition reactions of N-sulfonyl enamides and dimethyl
methylenemalonate (Scheme 24).8¢+ Under the optimal
conditions, the reaction proceeded smoothly at -20 °C in CHzCl2
using 5 mol% of In(OTf)3 in the presence of 4 A MS to provide
the cyclohexane derivatives in 55-93% yield. No improvement
of the cyclization was observed either when using copper salts
such as Cu(NTfz)2, Cu(ClO4)2:6H20 or metal chloride (FeCls and
InCls) while Ni(OTf)3 and Yb(OTf)3 were inactive. A lower yield
was obtained with Fe(OTf)s. Finally, the reaction catalyzed by
In(OTf)3 was completed in a shorter time and led to the best
results. Different N-protecting groups such as electron-
withdrawing p-fluorotosyl (FTs), p-methoxy benzene sulfonyl
(Mbs) and tosyl (Ts) groups were tested for the cycloaddition.
N-Ts 2,3-dihydropyrroles bearing 4-alkyl substituents (Me, n-Pr,
Bn, allyl, and propargyl) were efficiently cyclized to the
corresponding octahydroindole derivatives in 80%-93% yield in
12 h whereas N-Mbs 4-aryl 2,3-dihydropyrroles produced the
arylated octahydroindoles in 55-61% yield with a longer
reaction time of 60 h (not shown).

.~ _R! o~
(:‘)n J/ , COOMe | 9Tf), (5 molos) (r)n
R2 + =< _— Il?z
“N coome CH:Clz 4AMS RSy
IIDg -20°C

n=1,23

Pg =Ts, Mbs

R?=CHj Bn, Ph

R1=H, Me, n-Pr, Bn, CH,CH,=CH.,,
4-MeCgH,, 4-MeOCgHy, 3,4-(MeO),CgH,

Scheme 24

55-93% yield

In 2019, Maji and co-workers displayed the Mn-catalyzed
[2+2+2] cycloaddition of various [-ketoesters with readily
available unactivated terminal alkynes via domino-Markovnikov
anti-Markovnikov fashion, in the presence of 5 mol % of
Mn(CO)sBr at 100 °C in toluene for 24 h to access a tricyclic
framework as a single diastereoisomer (Scheme 25).85 This
atom-economical and environmentally sound method enabled
an efficient approach for the construction of all-carbon
quaternary centers and polycyclic hydrocarbon scaffolds
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allowing the formation of new C-C single bonds in a regio- and
stereoselective manner. The electronic influence of the arene
substituents (MeO, Ph, F, Br) of the p-ketoesters had no
significant influence on the domino reaction and the
cycloadducts were prepared as single regio- and
diastereoisomers in 70-80% yield. However, the reaction of
dimethoxysubstituted (3-ketoester with phenylacetylene yielded
the tricyclic carbocycle in 45% yield. Additionally, other
substituted aryl acetylenes were good coupling partners to
access the carbocycles in 56-78% yield. Unfortunately, the alkyl
alkynes remained unreacted under the optimized reaction
conditions. Experiments involving deuterium labeling, Kinetic,
catalyticc, and stoichiometric reactions with plausible
intermediates were conducted to elucidate the reaction

mechanism.
Ar
2 A—= Mn(CO)sBr
(5 mol%)
—_—
* toluene, 100 °C,24h  gufi_ =
0 ! N
N 0 CO,R?
Rl_: 45-97% yield
OR?2

R!=H, 4-MeO, 4-Ph, 4-F, 4-Br, 3,4-(MeO),
R2 = Et, Me

Ar = Ph, 4-MeCgH,, 4-MeOCgH,, 3-MeCgH,
Scheme 25

2.2. Partially Intramolecular [2+2+2] Cycloaddition
Reactions

2.2.1. Rhodium-Catalyzed [2+2+2] Cycloaddition

In 2018, our group developed the cationic Rh/Binap
[2+42+2] cycloaddition of diversely substituted triynes with
internal functionalized alkynes. The optimization of the
conditions enabled to access 1,1-disubstituted 1,3-
dihydrobenzo[c]furans containing quaternary carbon
stereogenic centers in yields up to 63% and moderate 24-51%
ee (Scheme 26).86 A plausible reaction mechanism for the
formation of chiral 1,3-dihydrobenzo[c]furans was proposed
involving two different pathways.

[Rh(cod)BFy 2
R2 . (5 mol%) )
o R*  (R)-BINAP N\ REOR
(5 mol%) R4
+ _—
Il CH,Clp 40°C,  ©
R4 20-24 h R4
RZ RS R3
R! = Me, CgHs, n-Pr, t-Bu 26-63% yield
R? = CgHs, n-Bu 24-51% ee
R = Me, TMS
R* = CH,0Ac, CH,0COCgHs, CH,OCOt-Bu,
CH,OMe, CO,Me

Scheme 26

In 2018, Tanaka and co-workers established that 5 mol% of
cationic Rh-(I)/(R)-Binap complex catalyzed the [2+2+2]
cycloaddition of unsymmetrical a,®-diynes with acenaphthylene
at room temperature in CH2Clz for 16 h leading to pentacyclic
1,3-cyclohexadienes in up to 92% yield with up to 92% ee (not
shown) values (Scheme 27).87 It should be noted that
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enantioselectivity highly depended on the structures of the o,®-
diynes involved in the cyclization. Interestingly, the structural
features of a,m-diynes to reach high enantioselectivity were
opposite to those previously developed by the authors in
cationic rhodium(I)-catalyzed asymmetric [2+2+2]
cycloaddition of o,m-diynes with indene, using the (R)-
Difluorphos ligand developed in our group.88 A possible
mechanism for Rh-catalyzed asymmetric [2+2+2] cycloaddition
of a,m-diynes with acenaphthylene was proposed. The authors
invoked several possible hapticities (2, n3, and n° modes) in the
coordination of acenaphthylene to the cationic Rh that might
possibly affect stereoselectivities of the enantiodetermining
steps. It should be mentioned that non asymmetric version of
the [2+2+2] cycloaddition can be performed by using
commercially available Biphep as a ligand with comparable
yield to those observed with Binap.

[Rh(cod),]BF4/
(R)-BINAP
(5 mol%)

CH2CI2 mi6h Ny

Rl = CO,Et, CO,Me, Me, Ac,
4-BrCgH,CO

R2 = Me, 4-MeCgHy, 3-MeCgHy,
4-MeOCgHj, 4-CICgH,,
3,5-MeCgHy, 3-Cl-4-MeCgHy

X = (MeO,C),C, O, CH,

X = (MeO,C),C,

65-87% yield, 33-90% ee

R! = CO,Et,R2=Ph, X =0
50% yield, 6% ee

R! = CO,Et, RZ2=Ph, X = CH,
29% yield, 7% ee

Scheme 27

In 2020, Bower, Junior and co-workers outlined a Rh-
catalyzed [2+2+2] cycloaddition between 1,6-diynes and
benzoquinones (Scheme 28).89 Optimization of the reaction
showed that [Cp*Ru(MeCN)3]PF6/EtsNCl and Rh-based catalytic
systems such as [Rh(cod)2]OTf or [Rh(cod)Cl]: led to low yields,
CoClz and NiClz being ineffective for the cyclization. Best results
were achieved in the presence of [Rh(coe)Cl]2 combined with 4-
(NCCeH4)3P at 70 °C in dichloroethane for 18 h to access
challenging naphthoquinones in up to 91% yield. In general,
benzoquinones with electron-donating substituents were highly
effective. The reaction accommodated halogen substituents on
the benzoquinone wunit. The protocol also tolerated
naphthoquinones as a coupling partner. Alternatively, electron-
deficient benzoquinones were not suitable substrates and led to
decomposition products. Considering the 1,6-diynes: terminal
1,6-diynes with different linkers were effective partners as well
as internal alkyl-substituted alkynes and aryl-substituted
alkynes. More elaborate 1,6-diynes containing indole and furan-
based systems can be employed as well. Finally, application to a
short total synthesis of the lignan natural product justicidone
demonstrated the utility of the method.
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X 0 R® O

R! [Rh(coe),Cl] (3.75 mol%) I | =38

(4-NCCgHa)gP (15 moi%)
R2

R? DCE, 70 °C, 18 h

(o) R4 O
R! = H, Me, MeO, Cl, Br, I, 2-MeOCgH., 30-91% yield
2-BrCgHy, 4-CF3CgH; MeNCgHs
R? = H, Me
R =R4=H
= (CO,Me),C

Scheme 28

In 2020, Amatore and Commeiras reported Rh-catalyzed
[2+2+2] cycloaddition reaction of a,m-diynes with 3-acetoxy or-
3-alkoxyindenones as surrogates of the highly reactive
benzocyclopentynone 21 partner, in the presence of 10 mol% of
[Rh(C6H10)Cl]2 and racemic Binap combined with AgBF: with
CaHz as an hydride source additive at 80 °C in anhydrous 1,2-
dichloroethane for 12 h to provide the desired substituted
fluorenones in 36-81% yield (Scheme 29).90 Optimization of the
reaction indicated that cycloaddition carried out in the presence
of AgSbFs or AgOTf led to side reactions. Variable yields were
obtained with diynes bearing different tethers (up to 81% with
a gem-biscyano tether). Non-substituted diynes at the alkyne
termini, diynes bearing different terminal groups such as phenyl
and p-substituted phenyl with electron-donating and with-
drawing substituents on the aryl ring led to a regioselectivity of
1:1, whereas diynes having at least one methylester group at the
alkyne provided complete regioselectivity. However, the
reaction of unsymmetrical diyne with indenone did not occur
and gave a complex mixture. Finally, the method was also
extended to the synthesis of an anthracene type derivative in
91% yield. This [2+2+2] cycloaddition offered an
straightforward and tunable method to access challenging
fluorenone-type derivatives.

X [Rh(CgH10)Cl]» (10 mol%)
N g2 ' (+/)BINAP (20 mol%)

o R4 AgBF, (20 mol%)

CaH; (2.0 eq)

R4
CO DCE, 80 °C, 12 h

RSO

R! 0o
g, R
2
36-81% yield

X= COzMe, COzEI, TsN, (CN)zC

R =Me, H

R2 = Me, Ph, 4-MeOCgHj, 4-NO,CgHy,
COzMe, H

R3 = Ac, Me

R*=H, Me

Scheme 29

In 2018, Lledo, Roglans, Sola, and co-workers showed an
expeditious preparation of open-cage fullerenes employing
Rh(I)-catalyzed cycloaddition of diynes and C60 to provide a
cyclohexadiene-fused fullerene, which concomitantly
underwent a formal [4+4] photocyclisation and retro-
[2+2+2] rearrangement to access open-cage fullerenes. This
modulate efficient cascade process was performed using 10
mol% of cationic [Rh(cod)2]BF4/Tol-Binap to produce the
open-cage fullerene in 10-61% yield (Scheme 30).91 DFT
calculations demonstrated that the transformation occurred
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through a Rh-catalyzed [2+2+2] cycloaddition via a
rhodabicyclo[3.2.0]heptadiene intermediate to provide a
cyclohexadiene-fused Ceo intermediate. The initial oxidative
coupling step of the rhodium-catalyzed [2+2+2]
cycloaddition is the rate-determining step of the whole
reaction pathway.

[Rh(cod),]BF4 (10 mol%)
Tol-BINAP (10 mol%)

Hy CH,Cly, 1t
0-DCB, 90°C, 4 h

10-61% yield

X= NSOZ-4-N02C6H4I N502-4-BI’C6H4| CH,, O
NSO,-4-ICeH,, NSOp-4-MeCgH,, C(COREM),,
NSO,-2,4,6-(i-Pr)3CsHa, NSO,-(CH,),-SiMes,

R%, R? = Me, H

Scheme 30

In 2019, Tanaka and co-workers succeeded in developing
Rh(I)/Segphos [2+2+2] cycloaddition of biphenyl-linked 1,7-
diynes with 1,4-naphthoquinone and anthracene-1,4-dione
(Scheme 31).92 In the presence of 5-20 mol% of the Rh-complex,
spontaneous aromatization occurred upon removal of the
cationic Rh-complex as well as the desired [2+2+2]
cycloaddition to provide dibenzotetracenediones (11-86%
yield) and dibenzopentacenediones (24-76%  yield),
respectively. In addition to unsymmetrical diynes, symmetrical
diynes reacted in 56% yield. Cycloaddition with malonate-
linked 1,6 worked as well. Interestingly, dibenzotetracene
showed blue fluorescence with a good quantum yield.

[Rh(cod),]BF/ 11.86% vield
SEGPHOS (5 mol%) oyie
—_—

CH,Cly, rt or

R! = Me, Ph, CO,Me
R? = CO,n-Bu, CO,Me, CO,Et, Ac

Scheme 31

24-76% yield
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In 2020, Shintani and co-workers developed the synthesis of
7H-benzo[e]naphtho[1,8-bc]silines through Rh-catalyzed
[2+2+2] cycloaddition of alkynyl(8-alkynyl-1-naphthyl)silanes
with internal alkynes by using P(2-MeOC¢Hs)3 as a ligand
yielding a range of benzonaphthosilines in 58-96% yield and
regioselectivity up to >99:1 (Scheme 32).98 An asymmetric
version of this process has been investigated using
Rh/3’'methylated (R)-MeO-mop to provide silicon-stereogenic
benzonaphtosiline in 62% yield with 80% ee.

/
RL[RNCI(C,H,),], (8 mol%) O si—Me 1
P(2-MeOCgH,)3
NaBArF, (16 mol%) O O
_ > R3
toluene, 100 °C, 18 h

58-96% vyield
rsupto>99:1

R! = RZ = Ph; R;= 4-MeOCgHy4, R,= Me;
R!= Ph, R?= Me; R! = Ph, R? = n-Pr;
R!= 3-BrCgHy, R2= Ph

R3, R* = Ph, 4-MeOCgH,, 4-CICgHy,,
4-MeO,CCgHy, 3,5-(Me),CgHs,

Et, CH,OMe, SiMe3, CO,Me, Me

Scheme 32

In 2020, Tanaka and co-workers displayed the successful
enantioselective [2+2+2] cycloaddition of bi-phenyl linked
internal 1,7-diyne (2,2’-di(prop-1-yn-1-yl)-5,5'-
bis(trifluoromethyl)-1,1’-biphenyl) with 1,2-dihydronaphtalene
(6-methoxy-1,2-dihydronaphthalene) followed by  the
diastereoselective Diels-Alder reaction and aromatization. The
reaction proceeded using cationic Rh(I)/(R)-Segphos complex to
access distorted m-extended chiral triptycenes, consisting of
three distinct aromatic rings, in 63->99% yield and up to 88%
ee values (Scheme 33).94 In this approach, the use of the
electron-deficient diyne and the electron-rich alkene was
essential to suppress the undesired carbocation rearrangement
and stabilize the distorted triptycene structure.

Rl
Me
Me  [Rh(cod)]BARF/ N\ AN~

(R)-SEGPHOS

5 mol%
Me ¢ )
CH,Cly, rt Me
R?2 R!
63-99% yield

O 78-88% ee

R2

Scheme 33

In 2018, Mata, Mischne and co-workers reported the
[2+2+2] cycloaddition reactions utilizing immobilized alkynes
with soluble 1,6-diyne-esters to access the simultaneous
preparation of soluble and solid-supported phthalides (Scheme
34).95 The reactions were performed with 5 mol% of
RhCI(PPhs)s in toluene at reflux for 2 h. This approach was
applied to generate soluble and immobilized substituted
phthalides by means of a process integrating solution and solid-
phase synthesis. To face limitations of the formation of
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homodimers, the authors immobilized the monoalkynes to a
solid support, prepared from Merrifield resin, to form
homodimers in solution-phase which can be easily separated by
simple filtration. Resin-bound cross-cycloadducts can be cleaved
from the solid support by an appropriate reagent. Side by side
solid and solution-phase synthesis of phthalides via [2+2+2]-
cycloadditions were performed with moderate regioselectivities
comparable to those obtained in homogeneous media but with a
better separation of the cycloadducts. Released products
cleaved from immobilized phthalides were prepared in 40-70%
overall yield. Better regioselectivities were reached by using 20
mol% of Cp*RuCl(cod) at 128 °C for 4 h with regioselectivities
up to 14:1 for resin-bound products vs up to 13:1 for solution-
base products.

R! o
o}

N/Ts
: s
N/S I =
{ N —
— RZ

RhCI(PPh3)3 (5 mol%) resin-bound products

+ toluene, reflux, 2 h 50-70% vyield
rrupto 14:1
o or
Cp*RuCl(cod) (20 mol%) * R?
(@) 4h,128 °C
Z %
RY _ (@) =3 o
2 7
R (o] X
] O
=
R!=Ph, Et, Me solution-phase products
RZ=H, Ph 26-65% yield
rrupto 13:1
Scheme 34

In 2019, Fan, Zhou and co-workers established the Rh-
catalyzed asymmetric [2+2+2] cycloaddition of 1,6-enynes and
oxabenzonorbornadienes to access polycyclic compounds in 12-
66% yield and 60-99% ee (Scheme 35).9 The reaction was
carried out in the presence of [Rh(cod)2]BF4 (0.5 mol%) as the
rhodium precursor and (R)-Xyl-P-Phos as a ligand in 1,4-
dioxane at 40 °C, and delivered a range of polycyclic
cycloadducts bearing quaternary stereocenters. 1,6-Enynes
having a nitrogen- or oxygen-tether were well tolerated
whereas carbon-linked 1,6-enyne or 1,7-enyne failed to afford
the expected cycloadducts, and the use of internal alkynes and
alkenes led to lower yields. A range of oxabenzonorbornadienes
with electron-donating or withdrawing groups in various
positions of the aryl ring could be used in the reaction, affording
enantioselectivities of 84-99%.
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——~R!
z R2 [Rh(cod),]BF4/(R)-
Xyl-P-phos
\ (0.5 mol%) 7
_——
R3 1,4-dioxane, 40 °C

12-66% yield
60-99% ee

Z=TsN, MsN, NsN, O, PhS(O),N

R =H, Me
R2= Me, H
R3=H, Ph
NsN [Rh(cod),]BF4/(R)-
\_< Xyl-P-phos
(0.5 mol%)
— » NsN
+ Rl 1,4 dioxane, 40 °C

55-93% yield
R2 84-99% ee

R1=H, Me, MeO
R2= Me, H, MeO, OCH,0, O(CH,),0

Scheme 35

In 2020, Xu and co-workers developed an enantioselective
Rh(I)-catalyzed [2+2+2] cycloaddition of cyclic 1,6 enynes with
terminal alkynes to provide fused tricyclic hydronaphthofuran
scaffolds having three contiguous stereocenters (Scheme 36).97
The reaction was best performed with [Rh(cod)z]BF4/(S)-BINAP
(5 mol%) as a catalyst at 40 °C in DCE for a range of terminal
alkynes and enynes having aliphatic or phenyl groups on the
quaternary  carbon center to afford the desired
hydronaphthofuran derivatives in 10-84% yield and
enantiomeric excess values ranging from 96% to >99%. This
desymmetric [2+2+2] cycloaddition was sensitive to steric
hindrance that governed both the regioselectivity and the
reactivity, with the formation of the other regioisomer observed
when replacing the methyl group on the quaternary carbon
center of the enyne with an ethyl substituent, whereas a lower
yield of 10% was obtained when a phenyl-substituted enyne
was used. Nitrogen-tethered enynes were also efficient for this
reaction (not shown).

0
RZ
_/ [Rh(cod),]BF 4/ H
R O (S)-BINAP (5 molo) © .
S
+ DCE, 40 °C
__
R3//

R = Et, i-Pr, (CH,),0Me, (CH,),0Ac,
(CH,),Br, Ph, Me, n-Bu

R?= Me, Et, Ph

R3 = Ph, 4-MeCgH,, cyclopropyl, 4-CF3CgHy,
4-CNCgHy, 4-NO,CgHy, 4-MeO,CCgHy,
3-MeCgHy, 3-HOCgHy,, naphthyl,
2-thienyl, 1-cyclohexenyl, n-Bu, CH,0OH,
(CH,),0H, (CH,)3Cl, CH,NHBocC

rr=1:1.6to 20:1
10-84% yield
ee = 96->99%

Scheme 36
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In 2020, Tanaka and co-workers described the rhodium-
catalyzed asymmetric [2+2+2] cycloaddition of 1,6-enynes with
racemic secondary allylic alcohols. The reaction of various
enynes with 5 equiv of a racemic secondary allylic alcohol
proceeded at room temperature in the presence of
[Rh(cod)z]BF4 as the rhodium source and (R)-P-phos as a ligand
to afford, through a kinetic resolution of the alcohol, the
corresponding  bicyclic  cyclohexenes  bearing  three
stereocenters, as single diastereomers in 20-79% yield and 90-
>99% ee (Scheme 37).98 Various alkyl or aryl substituents were
tolerated on the enyne partner whereas for the allylic alcohol, 1-
phenyl-prop-2-en-1-ol derivatives having electronically and

sterically diverse substituents on the benzene ring were

suitable.
S—R!
X R OH
\4 [Rh(cod),]BF/ :
R? (R)-P-phos (10 mol%) ¥
.
oH CH,Cly, 1t, 1 h

ﬁ\m 20-79% yield
90->99% ee

X =TsN, (BnO,C),C, O

R!=Me, n-CsHy; Ph

R?=H, Me

R3 = Ph, 4-CICgHy, 4-CF3CgH,, 2-furan, 2-MeOCgH,,
3-MeOCgHj,, naphthyl, Me, n-Bu, t-Bu, cyclohexyl

Scheme 37

In 2020, Agou, Fukumoto, Kubota and co-workers reported
the preparation of a,w-diynes bearing a perfluoroalkylene linker
and their use in Co- or Rh-catalyzed [2+2+2] cycloaddition
reactions. The -(CF2)s- tethered o,w-diyne reacted with
diversely substituted alkynes in the presence of [CoClz] (3-100
mol%), Zn (1 equiv) and Znlz (10 mol%) at 80 °C to provide
benzene derivatives fused with an octafluorocyclohexene
moiety in 23-78% yield (Scheme 38).9° Trimerization of this
o,®-diyne could also be performed in 75% yield with 3 mol% of
the catalyst. On the other hand, the -(CF2)s- tethered o,m-diyne
was polymerized in the presence of [RhCl(cod)]2.
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o

23-78% yield
R? = CgHs, CgHsCH,CHo, 4-BrCgHy, 4-MeOCgH,, 2-pyridinyl
R2=H, CgHs

I [CoCl @mole) R F RS e
Zn (1 eq) E
Znl, (10 mol%)  F
CFR)y ———— > ¢ =
MeCN, 80 °C C -
3d F Fa/4 FF

[CoCl,] (3-100 mol%)
l ' RY Zn (1 eq)
anz (10 mol%)

(CF2)s * | | -
MeCN, 80 °C
Il L 234

Il FF
75% yield
F) CF
l l [RhCl(cod)], -C
(1 mol%)
CRYe — = .t
7% diglyme, 80°C  {1.c )

' l 3d (F 3 F2 3 F 3

m n

100% yield

Scheme 38

In 2021, Kotora and co-workers described an efficient
route to access the selaginpulvilins scaffold through a [2+2+2]
cyclotrimerization reaction. The reaction was performed with a
triyne in the presence of 10 mol % of RhCI(PPhs)s in DCE at 90
°C in 12-64% yield (Scheme 39). The scope of the cycloaddition
of triynes with diversely functionalized internal alkynes was
examined. The cycloaddition proceeded with a high ortho
regioselectivity up to 13.1:1 in reasonable yields. Internal
alkynes such as 3-hexyne, diphenylethyne, but-2-yn-1-ol and
but-2-yne did not react. This strategy allowed to access the key
intermediates having the 1-alkynylfluorenone scaffold of
selaginpulvilins. A mechanistic rationale was proposed to
explain the regioselectivity.100

OH
MeO.
N + =R
X
A 4-MeO-CgHy

RhCI(PPhs); (10 mol%)
DCE, 90 °C, 90 min

4-MeO-CqHy 4-MeO-Cefy

oH + on
eo 0.0 R MeO 0.0

R = CH,OH, CH,0TMS, CH,OBz,
C(Me),0H, (CH,),0H, (CH>)30H,
CH,NH,, CHoNHBz, CO,Et, SiMe;

12-64% yield
ortho/meta ratio = 1.4:1 to >99:1

Scheme 39

2.2.2. Molybdenum-Catalyzed [2+2+2] Cycloaddition

In 2018, Kotha and co-worker described the Mo-catalyzed
[2+2+2] cycloaddition of propargyl halides with 1,6-diynes to
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prepare benzyl halide derivatives of barbituric acid and
Meldrum’s acid derivatives containing a spiro linkage (Scheme
40).101 The authors used Mo(CO)s (5 mol%) as a catalyst under
microwave irradiation in acetonitrile at 90 °C to access the
desired halomethyl benzene derivatives in 70-75% yield. On the
other hand, Meldrum’s acid derived cycloadducts were formed
in 38-49% yield along with the self-dimerized product (12-15%

yield).
(0]
\N -
o=
N R2
/ (e]
Mo(CO)s (5 moloe) 70-75% yield

_— or
MeCN, MW, 90 °C

v O
15 min ><0 R!
(0] R2

(6]

38-49% yield

R =H, R? = CH,Br
R! = R? = CH,Br
R1=CH,Br,R2=H
Rl =CH,Cl,R2=H
R1=R2=CH,CI

Scheme 40

The same authors extended this Mo-catalyzed [2+2+2]
cyclotrimerization to the synthesis of spirorhodanines by using
dipropargyl derivatives with propargyl halides as partners
under microwave irradiation The corresponding spirocyclic
compounds were obtained in 69-81% yield (Scheme 41).102

R'——R?
R
+ Mo(CO)s (5 mol%) N
—_—
MeCN, MW, 90 °C S IS

0]
RE\NJg<:: 10 min
TX

IS —

RQ
69-81% vyield

R'=H, R? = CH,Br
R'=R2 = CHyBr
R"=H, R? = CH,CI
R3 = t-Bu, Me

Scheme 41

2.2.3.  Cobalt-Catalyzed [2+2+2] Cycloaddition

In 2018, Du, Liu and co-workers developed a cobalt-based
metal-organic framework (MOF) catalyst for the [2+2+2]
cycloaddition of diynes and alkynes to access highly substituted
benzenes (Scheme 42).193 The reaction proceeded in the
presence of the Co-MOF catalyst (10 mg), dppp (6 mol%) and Zn
powder (10 mol%) in DCE at 80 °C for a range of phenyl
acetylenes bearing electron-donating or -withdrawing groups,
and nitrogen-, carbon- or oxygen-tethered diynes to give the
substituted benzene derivatives in 84-95% yield. The Co-MOF
heterogeneous catalyst could be recycled five times without loss
of activity.
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_ R? Co-MOF (10 mg), -
/— R | | dppp (6 mol%)/ Zn (10 mol%) y
X +
N — R DCE, 80 °C R
= I8
R
Rl=H, Me 84-95% yield

R2 = Ph, 2-MeCgH,, 4-MeOCgH,, 4-EtOCgH,,
4-MeCgHy, 4-FCgH,, 4-CICgH,, 3-FCgHy

R =H, Me

X =TsN, PhS(O),N, 2-CICH,S(0),N, 2-FCgH4S(O),N,
PhCH,N, MsN, PhC(O)N, (CO,Me),C, O

Scheme 42

In 2018, Konno and co-workers described a cobalt-
catalyzed [2+2+2] cycloaddition of fluorinated internal alkynes
with 1,6 diynes to access variously substituted fluoroalkylated
benzene derivatives (Scheme 43).104 The reaction was best
carried out in the presence of CoClz/(S)-BINAP (3 mol%), Zn
(100 mol%), Znlz (10 mol%) at 80 °C in acetonitrile to provide
the desired bicyclic aromatic compounds in 43-88% yield.

R2
R o CoCl,/(S)-BINAP) (3 mol%) F.c
I ' . REI—"\ y Zn (100 mol%) X
R2—=— / Znl, (10 mol%) R
CE — CH4CN, 80 °C, 3 h
3 R2

R' = 4-CICgHy, 4-PhCgH,, 4-MeOCgH,, 2-CICgH,,
4-EtO,CCgHy4, PhMe,Si, 3-CICgH,, 1-cyclohexanol

R2=H, Ph

X = (CO,Et),C, (CO,Bn),C, CH,, O, NTs

43-88% vyield

Scheme 43

In 2020, Savela and co-workers reported the preparation of
isobenzofuranones and isoindolinones through cobalt-catalyzed
[2+2+2] cycloaddition of diynes with alkynes (Scheme 44).105
The reaction used [CoClz] (10 mol%) and a sterically hindered
tridentate pyridine-2,6-diimine, iPrPDI, as a ligand, in the
presence of Zn (0.2 equiv), Znlz (0.3 equiv) at 100 °C in THF.
Ester, methyl, phenyl and alkyl substituents on the alkynes were
well tolerated for this cobalt-catalyzed [2+2+2] cycloaddition of
ester or amide tethered 1,6-diynes, delivering the
corresponding isobenzofuranones and isoindolinones in 4-88%
yield and regioselectivities varying from >99:1 to >1:99. The
regioselectivities observed for the formation of isoindolinones
were higher with an amide link as compared to an ester tether,
and the preferred regioisomers were mainly the ones having the
bulky substituent in ortho position to the most electron-
withdrawing group.
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= X
X ' )
_ ) [CoCly/i-PrPDI] (10 mol%)
— R Zn (0.2 eq)
o)
+

R2 R3

Znl; (0.3 eq) 33-88% yield

rr=>99:1 to >1:99
+

THF, 3 h, 100 °C

R? o
X =0, NH R2
R! = Ph, Me, H X
R2=H, Ph, TMS R
R3=H, Me s
R*= H, CO,E, Ph, Pr, CH,0AC R2
RS = H, CO,Et, Ph, CFg 4-30% yield

Scheme 44

In 2020, Kabe and co-workers described the [CpCo(CO)z]
and [Cp*Ru(cod)Cl]-catalyzed [2+2+2] cycloaddition of
bispropargyl silanes and disilanes with alkynes to form benzo-
2-silaindanes and benzo-2,3-disilatetralines, respectively
(Scheme 45).106 The low reactivity of these diynes led to poor
yields and competitive dimerization and trimerization of the
alkynes were mainly observed. The use of [CpCo(CO)2] led to
low yields for both electron-rich and electron-deficient alkynes
whereas [Cp*Ru(cod)Cl] gave moderate yields for electron-
deficient partners and no reaction or low yields for electron-rich
alkynes. Based on these results, the authors suggested different
mechanistic pathways were involved for the CpCo(I)- and
Cp*Ru(II)Cl-catalyzed cycloadditions of siladiynes with alkynes:
[CpCo(CO)2] proceeded via a heterolytic coupling pathway to
form cobaltacyclopentadiene and [Cp*Ru(cod)Cl] proceeded via
a homolytic coupling pathway to give ruthenacyclopentatriene.

RE —= Ri R!
A\ — Rl /
R3 — [CpCo(CO),] R3 R2

or + || or | 17-56% yield
R3 [Cp*Ru(cod)Cl]
N\, —— R?
R3—Si R®

| 3\ R?
) R3—&;
33—
) /SI R —?ICE:[
3 — s
R /SI )

Rl = CO,Me, Ph, Ts R®
RZ = CO,Me, Ph, H
R® = Me, Ph

or

4-76% yield

Scheme 45

Vollhardt and co-workers studied the CpCo-mediated
[2+2+2] cycloaddition of alkynes to the 2,3-double bond of
benzo[b]furans to prepare Co-complexed
tetrahydrophenanthro[4,5-bcd|furans as a potential route
toward morphinan substructures (Scheme 46).197 The reaction
proceeded with high levels of diastereoselectivity but lacked
regioselectivity when unsymmetrical alkynes were used instead
of bis(trimethylsilyl)acetylene. The authors also showed that
the [2+2+42] cycloaddition of benzo[b]thiophenes with
CpCo(CH2=CHz)2 led to the corresponding Co-complexed
tetrahydrophenanthro[4,5-bcd|thiophens in moderate yields.
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HO o OR HO, OR
X CpCo(CH,=CH,), CoCp
(1.0-1.3¢eq) N
N\ SiMe3
Et,0 or THF, rt
(¢]
MeO 0" H SiMe,
OMe +
o R= TIPS, 54% yield
MezSi——=——SiMe3 R= TBDMS, 38% yield
Scheme 46

2.2.4. Ruthenium-Catalyzed [2+2+2] Cycloaddition

Kotora and co-workers reported the synthesis of tri- and
disubstituted fluorenols through [2+2+2] cyclotrimerization of
mono- and disubstituted diynes with terminal alkynes. For the
formation of disubstituted fluorenols, the authors showed that
the 2,4-regioisomers were preferentially formed with
[Cp*Ru(cod)Cl] as a catalyst whereas Rh complexes led to the
3,4-regioisomers as the major products. The use of Wilkinson's
catalyst [RhCI(PPhs)s] in the presence of Ag2CO3 under
microwave irradiation allowed, after oxidation of the crude
fluorenols with PCC, the preparation of the corresponding
fluorenones in 15-43% yield, with regioisomeric ratios (rr) of
1:07 to 1:3.2 (Scheme 47). On the other hand, a range of 2,4-
disubstituted fluorenols were prepared through Ru-catalyzed
[2+2+2] cyclotrimerization under mild reaction conditions and
high functional group tolerance by using [Cp*Ru(cod)Cl] (10
mol%) as a catalyst in dichloromethane at 20 °C. The desired
products were obtained in 14-62% yield with rr values varying
from 3:1 to 25:1. These compounds were further converted in
three steps into the corresponding spirobifluorenes (not
shown).108

S 1. [RhCI(PPh3)3] (3 mol%)
A AgCOg3, THF
p-Tol MW, 180 °C, 1 h

2. PCC, celite,CH,Cl,

p-Tol

(s
(]

p-Tol

-Tol
p-to p-Tol

'
J
S

-Tol R

15-43% yield
rr=1:0.7 to 1:3.2

R = 4-MeOCgH,, 4-MeCgH,,
4-PhCgHy, CgHs, 4-CF3CgHy,
3-thienyl, n-Pr, Me;3Si

OH
OH O’Q
A

RZ
[Cp*Ru(cod)Cl]
| | (10 mol%) Rl
+ —_—
X CH,Cly, 20 °C, 5 h OH
\ )
v O’

R! = H; R? = 4-CF3CgH,, 4-MeOCgH, {

R? = 4-NO,CgHy, 4-CNCgH,, 4-CF3CgH,, R R2
4-BrCgHy, CgHs, PNCgHy, 4-MeCgHy, 14-62% vyield
4-MeOCgHy, 3,4,5-(Me0)3CgH,, 4-(Me);NCgH, r=3:1to 251
Scheme 47
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In 2019, Cramer, Severin and co-workers developed an
efficient divergent synthesis of densely substituted aryl and
Cp*Ru-catalyzed [2+2+2]
cyclotrimerization reactions of both simple alkynyl triazenes
and tethered 1-diynyl triazenes (Scheme 48).109 The triazenyl

pyridyl triazenes via

group induced a high regioselectivity and the [Cp*RuClz]z-
catalyzed reaction generally afforded the more sterically
hindered product (up to >20:1 rr) in yields ranging from 20 to
93%. Interestingly, replacing an alkyne with a nitrile allowed
formation of the pyridine derivatives (not shown). The
substituted fused aromatic triazenes thus obtained could be
readily functionalized through the versatile triazene group
installed on the aryl or pyridyl ring whereas intramolecular
reactions afforded a variety of valuable heterocycles.

R\IYI/R Rl
— Rt N N3R'
x/ RY N [(Cp*RUCL),] (5 mol%) sn2
—_—
= R || THF, 23 °C, 10 h R3
RZ

R3

X = NTs, NBn, O, (CO,Me),C, S(O),, 51-84% yield

anthracen-9(10H)-one m4:lto9:1
R!=H, Me, Ph
R?=H, Me
RS = Me, n-Bu, Ph, cyclopropyl
R'=i-Pr, cy,
R2 N3i-Pr;
J— R 2
/= Nai-Pr [(CP*RUCL,),] (5 mol%) R
X + — > X
= g THF, 23°C,2h i
R3
Rl
X =NTs, O 20-93% yield
R1= Me, Ph rr2.3:1 to >20:1

R2= n-Pr, CH,ClI, Ph, Tol, 4-MeO,CCgHy, 3-methylthiophen,
2-HOCgHy, 2-MeSCgHy, 2-MeCO,CgH,
RS = H, CO,Me, Nsi-Pr,, ethynylbenzene, ethynyltrimethylsilane

Scheme 48

Tenaglia and co-workers described the crossed
[Cp*Ru(cod)Cl]-catalyzed [2+2+2]
carbocyclization reactions of 1,6-enynes with unactivated

intermolecular

alkynes to prepare bicyclohexa-1,3-dienes containing a
quaternary center at the ring junction (Scheme 49).110 Using 5-
10 mol% of [Cp*Ru(cod)Cl], the reaction of 1,6-enynes with
internal alkynes afforded the ring-fused cyclohexadienes in 62-
98% yields and was tolerant to a wide range of functional
groups. Terminal alkynes could be used in this transformation
as well and the regioselectivity of the reaction was controlled by
increasing the steric bulk at the propargyl carbon atom(s) of the
reactants.
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RY Rl
- RY
Rjji a CPRuGod)CI (B mol”) OAc
\ { THF, 60 °C, 3 h OAc
RZ

R?  AcO
X = NTs, NMs, NBz, O, C(CO,Et),
R = Me, (CHy)s
R2 = Me, Ph, CH,CI, CH,TMS, H

62-98% yield

R

. ' Cp*Ru(cod)ClI (5 mol%)

TsN | ————— ™
\_.{ THF, 60 °C, 3 h R
R

81-98% yield

R = CH,OCO,Me, CH,0OMe, CH,0Bn,
CH,0Boc, CH,OCBz, CH,0H, CH,ClI, Et
Cp*Ru(cod)CI

; — 10 mol%
TsN + l‘l _{qomobe) TsN
\ < r THR60°C,24h
R

R = C(OH)Me,, C(OH)PhMe, cyclohexanol,
C(OH)Ph,, TMS, C(CH3),NHTS

64-91% yield
regioselectivity 50-91%

Scheme 49

In 2019, Tam and co-workers reported the Ru-catalyzed
[2+42+2]  bis-homo-Diels-Alder  cycloaddition  of  1,5-
cyclooctadiene  with alkynyl phosphonates to access
tricyclo[4.2.2.0]dec-7-ene tricyclic compounds (Scheme 50). In
the presence of [Cp*Ru(cod)Cl] or [CpRu(CH3CN)s3]PFe, the
reaction afforded the desired cycloadducts in 46-97% yield and
was tolerant to steric bulk on both the phosphonate and the
alkynyl moieties.!11

[e) Cp*RuCl(cod) or
1l
R—np2 LCPRU(CH3CN)s]PFg
+ \"OR
V7 Y7 P B
Zor EtOH, 70 °C, 72 h P
Rl Rl p\
RZOI OR?

RL = n-Bu, Cy, Ph, BROCH,, BNOCH,CH,,
4-CF3CgHy, 3-CF3CgHa, 3-CICqH,
R2 = Me, Et, Ph

Scheme 50

46-97% vyield

Tomdés-Gamasa, Mascarefias and co-workers reported in
2020 the intracellular  ruthenium-catalyzed (2+2+2)
intramolecular and intermolecular cycloadditions of diynes with
alkynes.!2 The authors showed for the first time the feasibility
of multicomponent alkyne cycloaromatizations inside live
mammalian cells with Ru-catalysts and were able to synthesize
biorelevant polycyclic compounds such as anthraquinone
skeletons from simple precursors inside cells.

2.2.5.  Other Metal-Catalyzed [2+2+2] Cycloaddition

In 2018, Shishido, Miura and co-workers reported the
[2+2+42] cycloaddition reaction of substituted alkynes over
supported Pd-Au alloy catalysts prepared through a sol-
immobilization method (Scheme 51).113 The authors showed
that the Pd/Au ratio was a crucial factor for the catalytic activity
and the compatibility of this catalyst with open-air conditions.
Notably, the 1Pd4Au/TiO2 catalyst was highly air-tolerant and
allowed the [2+2+2] cross-cycloaddition of 1,6-diynes with
alkynes on a wide substrate scope with yields ranging from 59%
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to 90%. Intramolecular cycloaddition of triynes was also
performed using 1Pd3Au/TiOz catalyst. High reusability was
observed for the supported Pd-Au alloy catalyst which could be
reused in four consecutive catalytic tests without significant
decreases in yields.

R 1Pd4AUITIO, Rl
/—: (3 mol% as metal)
X |l X
— 100 °C, toluene, argon R?
- 2
R 37-90% yield
R1=H, Ph

R2 = CgHs, 4-MeCgHg, 2-MeCgH,, 4-MeOCgH,,
4-FCgHy, 4-CICgH,, 3-CICgH,, 4-BrCgHg,
3,5-(CF3),CgH3, 2-thienyl, CH,OMe,
(CH,)30H, (CH,)4Cl, CO,t-Bu

X = C(CO,Me),, C(CO,EL),, NTs

Scheme 51

Obora and co-workers developed a NbCls, Zn, and PCys
catalytic system for the [2+2+2] cycloadditions of diynes and
simple alkynes to form bicyclic cyclohexadienes without C=C
bond migration, in yields ranging from 42% to 90% (Scheme
52).114 The reaction was catalyzed by low-valent Nb species
generated in situ and the authors showed that the presence of a
phosphine ligand was critical for its stabilization. Various
aliphatic and aromatic alkenes were tolerated but internal
alkenes did not give the desired cycloadducts.

1
NbCl5 (20 mol%) R
— gt Zn (1 eq)
X/ . 2 /\ PCy3 (40 mol%) X
= gt DCE, 40 °C, 2 h R?
Rl
R= Et, Me

R2 = n-Hex, n-Bu, (CH,),CH=CHy, CH,Ph, Ph, 42-90% yield

4-MeCgHg, 4-MeOCgHj, 4-CICqH,
X = (MeO,C),C, TsN, PhN

Scheme 52

Takeuchi and co-workers described the iridium-catalyzed
[2+2+2] cycloaddition of a 1,2-bis(propiolyl)benzene derivative
with terminal and internal alkynes to form anthraquinones.!15
The reaction was carried out in the presence of [Ir(cod)Cl]2 (2
mol%) and DPPE (4 mol%) in either refluxing toluene for
terminal alkynes or refluxing dichloromethane for internal
alkynes, to afford the desired cycloadducts in yields ranging
from 42% to 93% (Scheme 53). The authors also prepared a
fluorenone in 94% yield by iridium-catalyzed [2+2+2]
cycloaddition using [Ir(cod)Cl]2/F-DPPE as a catalytic system.

(0]
———n-Bu (0] n-Bu
[Ir(cod)Cl], (2 mol%) R!
- DPPE (4 mol%)]
/ ——n-Bu
/ toluene, reflux
o or CH,Cl,, reflux R?
R2—R! o n-Bu

R® = n-Bu, n-Hex, n-Oct, (CH,)Cl, Ph,
SiMeg, CH,OH, CH(OH)CHs,
C(CH3),0H, Et, CH,0OMe

R2 = H, Et, CH,OMe, CH,OH

Scheme 53

42-93% yield
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In 2019, Arai and co-workers developed a highly site-,
regio- and stereoselective Ni-catalyzed [2+2+2] cycloaddition
reaction between allene-ynes and various mono-, di- and tri-
substituted allenes to give highly functionalized carbocycles
(Scheme 54).116 The reaction was performed in the presence of
Ni[P(OPh)3]s+ (10 mol%) in toluene at 100 °C and delivered
regioselectively the bicyclic structures in yields varying from
10% to 94% for oxygen-, nitrogen- and carbon-tethered allene-
ynes. The reaction with a cyclic allene allowed the construction
of a tricyclic system. The authors investigated the reaction
mechanism by DFT calculations that revealed the selectivity-
determining step was strongly affected by all of the substituents
on m-components.

X RS . R!
R? ]/ Ni[P(OPh)s]4
| (10 mol%) AN ~ RS
C + B — e
I 7

JJ\ toluene, 100 °C

RS "R*
R2 4eq R2

X = TsN, O, (CH,OH),C, C(CH,0),CMe, 10-94% yield
R = Et, i-Pr, Me, H
R? = t-Bu, Me
R® = Me, c-Hex, cyclopropyl, H
R? = (CH);0TBS, SiMe,Ph, H, (CH,)g
R®=R*=(CHys
R®=H, Ph
R* = R® = (CHy)e

X
py)
i

Scheme 54

In 2021, Feng, Tian, He and co-workers reported the

synthesis of tricyclic hydronaphthofuran and
hydroxynaphthopyrrole derivatives through a palladium-
catalyzed [2+2+2] cycloaddition. Internal alkynes and alkyne-
tethered cyclohexadienones provided tricyclic compounds in
the presence of 10 mol % Pd(Pt-Bus)z and 4A molecular sieves
at 80 °C in toluene (Scheme 55). The cycloadducts were
obtained as single diastereomers in 33-97% yield. As alkyl-
substituted alkynes were inefficient in this reaction, the authors
suggested that the presence of the oxygen atom on the ether

was mandatory for the transformation.11?

=\ o ORS
RS0 ORS .
o+ Pd(PtBus), (10 mol%) R ORS
4A MS, toluene
R4 .y R R2
80°C,5h R\

R3 RI R? 33-97% yield

X =

R! = Me, Et, i-Pr, t-Bu, CgHy;, CH,CgHs, CgHs, CH,CH=CH,,
(CH,),0TBS, (CHy),0Ac, (CHy)30Ts, (CH,)3Cl, (CH)3Br,
(CH,),CO,Me, (CH,)3-C4HgNO

R2 = H, Me, Et, CH,0OCH,CgHs, CH,-phtalimide

R® = Me or R® = R* = naphtoquinone

R® = CH,CgHs, Me, t-Bu, TBS

X =0, NBoc

Scheme 55

2.3. Totally Intramolecular [2+2+2] Cycloaddition
Reactions
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Shibata and co-workers described the rhodium-catalyzed
enantioselective synthesis of sulfur-containing medium-ring
heterocycles fused with an axially chiral biaryl moiety, through
intramolecular [2+2+2] cycloaddition of triynes connected by
sulfur-containing tethers (Scheme 56). Chiral tribenzothiepins
and a tribenzodithiocin fused with benzothiophene were
prepared in yields ranging from 48% to 99% and with
enantioselectivities up to 88%, by using [Rh(cod)z]OTf/(S)-
DTBM-SEGPHOS and [Rh(cod)Cl]z/(S)-Xylyl-BINAP,

respectively.118
Cr )
[Rh(cod),]OTf
(S)-DTBM-SEGPHOS
2% e
S

(10 mol%)
toluene r, 1-24 h
R2
48-99% yield

9-86% ee

R! = Ph, H, TMS, n-CsHy; ,4-MeOCgH,
R2= Ph, H, TMS, n-CsHy;

S I n-CsHyy

[Rh(cod)ClI],
| | | | (10 mol%)

L) e O O
| | S (S) Xylyl-BINAP  n-CsHyy
(20 mol%)
’ n-CsH
nCeftu O toluene, 60 °C, 2 h 5M11

91% yield
88% ee

Scheme 56

The same group extended this strategy to the synthesis of
nine- to eleven membered cyclic polyphenylenes (Scheme
57).119 The enantioselective synthesis of tetrabenzothionines
and a tetrabenzoxonine was achieved through Rh-catalyzed
intramolecular [2+2+2] cycloaddition of triynes consisting of
sulfur-tethered 1,6-diyne and S- or O-tethered 1,10-diyne
moieties, respectively, in 21-89% yield and 12-93% ee.
Interestingly, whereas the reaction of triynes consisting of 1,6-
diyne and 1,11-diyne moieties having a sulfur tether led to
eleven-membered metacyclophanes, the O- and S-tethered
substrate afforded a tetrabenzo-1,4-oxathiecine with a ten-
membered ring system.
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Rl O X O [Rh(cod),]OTf +
(S)-ToIBINAP
(5 or 20 mol%)

—_—
O toluene, 40 °C, 2-3h R™
S
/
R2

R!=Ph, 4-MeOCgH,, 4-CICgH,, n-Bu
R?=n-Bu, Ph 79-89% yield
X=8,0 12-86% ee

; S l n-Bu
S [Rh(cod),]OT
| | | (S)-TOIBINAP
(10 mol%)
—_—
% O S Tioluene
R

100°C, 24 h

R = Ph, 4-MeOCgH,, TMS, n-Bu 21-47% yield

47-93% ee
Scheme 57

In 2018, Tanaka and co-workers reported the rhodium-
catalyzed diastereoselective intramolecular double [2+2+2]
cycloaddition of chiral propargylic alcohol-derived hexaynes to
access configurationally stable oxygen-linked Gelander-type p-
terphenyls. The latter were obtained as single stereoisomers,
the axial chirality being induced by the centrochirality of the
chiral hexaynes (Scheme 58). The di-n-butyl- and diphenyl-
substituted = compounds  showed efficient ultraviolet
fluorescence and a relatively large absorption dissymmetry
ratio.120

R
Ph © Ph
[Rh(cod),]BF,/ H
l l l | | l (S)-BINAP
(10 mol%)
——
Me' 0 R CH,Cly, 1t, 16 h
o) Me
R
[l Il H
Ph
o R
R =n-Bu, Ph R = n-Bu, 83%, single diastereomer
R = Ph, 40%, single diastereomer
Scheme 58

In 2019, the same group achieved the synthesis of a belt-
shaped [8]cycloparaphenylene (CPP) and an enantioenriched
Mobius-shaped [10]CPP by Rh-catalyzed intramolecular
cyclotrimerizations of a cyclic dodecayne and a pentadecayne
respectively. The use of the cationic complex [Rh(cod)z]BFs in
combination with BIPHEP as a ligand allowed the highly
effective intramolecular four sequential cyclotrimerizations of
the cyclic dodecayne in 64% yield (Scheme 59) whereas the use
of (S)-BINAP as a ligand for the pentadecayne substrate afforded
the Mobius-shaped [10]CPP compound in 95% ee after five
sequential cyclotrimerizations.121
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R R
I A A I
I W\
O (0]
(0] (0]
i — W\
R R

[Rh(cod),]BF4/BIPHEP
80 mol%
CH,Cly, 1t, 16 h

R= n-Bu, 64% yield

Scheme 59

In 2020, Tanaka and co-workers achieved the
enantioselective synthesis of polycyclic aromatic hydrocarbon
(PAH)-based planar chiral cyclophanes. The synthesis involved
a cycloaddition of tethered diyne-benzofulvenes and was
performed in the presence of 20 mol % of [Rh(cod)2]BFs and
(R)-xyl-segphos as a ligand at room temperature in CHzClz. High
selectivity was observed since the cycloadducts were obtained
as single regioisomers in 45-86% yield. Yields ranging from
78% to 86% were obtained with moderate aliphatic chain-
length (5 to 6 carbons) or when replacing alkyl chains by a PEGs
moiety. Moreover, cyclic compounds were obtained with
enantiomeric excesses of 97-99% ee. Interestingly, when (S)-
xyl-segphos was used instead of (R)-xyl-segphos, the absolute
configuration of the cycloadduct was reversed while an ee value

of 98% was observed (Scheme 60).122
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(0]
ey,
CO,Me | O
MeO I

[Rh(cod),]BF,4/
(R)-xyl-segphos [ CH,Cly, rt, 24 h
(20 mol%)

45-86% yield
ee = 97 to >99%

X = (CHy)3.9, CH,CH,OCH,CH,OCH,CH,
Scheme 60

In 2021, Yasui, Yamamoto and co-workers developed an
asymmetric Rh-catalyzed [2+2+2] cycloaddition of ene-yne-yne
enediynes to produce chiral tricyclic cyclohexadienes. In the
presence of 1 mol% of various rhodium catalysts and ligands in
CH2Cl2 at 30 °C, tricyclic cycloadducts were formed in 57-94%
yield with enantiomeric ratios up to 98.5:1.5 (Scheme 61).
Interestingly, the authors showed that Rh-BINAP and Rh-
Phanephos complexes did not follow the same mechanism:
while Rh-BINAP complex can form a rhodacyclopentadiene
intermediate as well as a rhodacyclopentene intermediate, Rh-
Phanephos  complex-catalyzed
proceeded via a

cycloaddition  exclusively
rhodacyclopentadiene intermediate.
Consequently, Rh-Phanephos complex-catalyzed reactions did
not allow substrates dimerizations.123

Z/Y [Rh] (1 mol%) R? i}
R? Rl Ligand (1 mol%) R
X x. Z  CcHCL(0.1M),30°C
5 min-24 h o
o X

[Rh] = [Rh(cod),]BArF, [Rh(cod),]BF,

Ligand = (R)-Phanephos, (S)-BINAP

R! =H, Me, CH,OTBS, CH,0CH,0OCHj,
CH,0CO-4-BrCgH,4

R2? = CgHs, 4-BrCgHy, 4-MeOCgH,, Me,
3-thienyl, CO,Me, CH,OCH,CgHs,

57-94% yield
er = 64:36-98.5:1.5

cyclopropyl
X =0, NMe
Z =0, CH,, C(CO,Me),, NTs
Scheme 61
In 2021, Kotora and co-workers developed an

enantioselective method for chiral [7]-helical dispirohydro[2,1-
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c]indenofluorene synthesis. The crucial step of this synthesis is
an intramolecular enantioselective [2+2+2] cyclotrimerization
of triynediols. In the presence of triynes, 5 mol% of Rh(cod)2BF4
and 6 mol% of (S)-SEGPHOS in DCE at 60 °C for 48 h, helical
diones were obtained in 20-88% yield and 7:93 to 96:4
enantiomeric ratios. Both (S)-SEGPHOS and (R)-SEGPHOS
furnished the 4-methoxyphenyl helical dione in 70% and 53%
yields with er values of 92:8 and 7:93, respectively. According to
previous results of triynes cycloaddition giving helicenes, diynes
with aromatic substituents furnished the corresponding
cycloadducts in 53-88% yield and er values up to 96:4. In
contrast, lower selectivities and yields were observed for alkyl
and non-substituted triynes with 61:39 to 81:19 er values and
20-65% yield. Interestingly, when naphthyl groups supported
one or two methoxy substituents, both yield and
enantioselectivity decreased exhibiting 23-25% yield and 81:19
to 82:18 enantiomeric ratios (Scheme 62). These helical diones
have been converted in 2 steps to [7]-helical dispirohydro[2,1-
clindenofluorenes which showed interesting photophysical
properties including circularly polarized luminescence.!24

1. Rh(cod),BF, (5 mol%)
(S)-SEGPHOS (6 mol%)
DCE, 60 °C, 48 h

2. PCC, Celite®
CH,Cly, rt, 3 h
% 2Ll (i
R3 Rz/\R\/
20-88% yield
er =7:93to 96:4

Rl =H, OMe

R2 =H, OMe

R3 = H, n-Pr, TMS, CgHs, 4-CICgH,,
4-CF3CgH4, 4-MeOCgH,4

Scheme 62

3. Formation of heterocycles

3.1. Cycloaddition of Alkynes with Nitriles

In 2018, Hapke and co-workers reported the synthesis of
naphthylpyridines via cobalt-catalyzed [2+2+2]
cyclotrimerization of a chiral diyne with nitriles. Either
[CpCo(cod)] or [CpCo{P(OEt)s{trans-Me02CCH=CHCO:Me}]
were used to prepare in 37-70% yield a series of racemic
naphthylpyridines possessing configurationally stable biaryl
axes, and resulting from the unexpected reoxidation of the chiral
hydroxyl group to the ketone during the cyclization process
(Scheme 63).125
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[CpCo(P(OE);)]

(trans-MeO,CCH=CHCO,Me) |
toluene 100 °C, 24 h O
OMe OMe
[CpCo(cod)], THF, hv
25°C,24h

NS

R—=N 37-70% yield
R = Ph, Me, t-Bu, piperidinyl, 2-naphthyl

Scheme 63

Goswami and co-workers described the chemoselective
synthesis of fused cyanoarenes and 2-alkynylpyridines through
ruthenium-catalyzed [2+2+2] cycloaddition of 1,6-diynes with
alkynylnitriles (Scheme 64).126 The chemoselectivity of the
reaction was shown to be additive-dependent; thus, by adding a
catalytic amount of AgOTf to the [Cp*Ru(cod)Cl] catalyst, the 2-
alkynylpyridines were formed in 72-86% yield instead of the
cyanoarenes that were obtained in the absence of the additive in
70-84% yield. The authors performed DFT calculations that
indicated that a neutral ruthenium complex was involved in the
formation of cyanobenzenes, whereas the formation of 2-
alkynylpyridines would rely on an in situ generated cationic Ru-

complex.
RL
[Cp*Ru(COD)CI] R2?
(3 mol%)
_ s DME, rt, 30 min,
/— R "open-flask" CN
V4 1
R
\;Rl .
— 70-84% yield
+ I
R2
[Cp*Ru(COD)CI] R? R?
l ’ (3 mol%) =
AgOTTf (3 mol%) X
-_— Z
CN DME, rt, 2-3 min, | _N
"open-flask"

R1

Z = C(CO,Et),, NCH,Ph, NTs ]
72-86% yield

R1=H, Me
R2 = Ph, 4-MeCgH,4, 4-MeOCgH,,
4-FCgHg, (CH,)sCHg, 3-C4H,S

Scheme 64

Tanaka and co-workers described the synthesis of
variously substituted benzopicenes and azabenzopicenes by
rhodium-catalyzed [2+2+2] cycloadditions of binaphthyl-linked
diynes with alkynes and nitriles. By using [Rh(cod)z]BFa/(S)-Hs-
BINAP, the desired products were formed in 24-96% yield
(Scheme 65) and the reaction could be applied to the synthesis
of a benzopicene-based long ladder molecule as well as to the
enantioselective synthesis of benzopicene-based helical
molecules (not shown).12” These compounds showed red shifts
of absorption and emission maxima compared with the
corresponding triphenylenes and azatriphenylenes.
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[Rh(cod),]BF4/
R2 (S)-Hg-BINAP
(10 mol%)

+ _—
I‘I (CH,Cl),, rt-80 °C
z 16 h

R! = H, CO,n-Bu
R? = Me, n-Bu, CgHs, CH,0OMe, n-CsH 1y,
n-CygHa1, 4-CF3CgHa, 4-CNCgHg,
4-MeOCgH,, CO,EL, CH,CN
Z = CH, CCO,Et, CCH,OH, CCH,OMe,
n-Bu, C-n-CgHj3, N

24-96% yield

Scheme 65

In 2020, Wang and co-workers succeeded in developing a
heterocyclotrimerization of alkynes and nitriles supported by
low cost transition metal co-catalysis. The reaction proceeded in
the presence of 2 mol% of [Cp*Fe(MeCN)3]PFs and 4 mol % of
Cp*Co(1,2-Ph2PCsH4NH) in toluene at 50 °C. The cycloaddition
reaction was significantly more efficient when electron-poor
alkynes were considered. Nevertheless, other symmetrical
alkynes gave the expected cycloadducts under the same
conditions (Scheme 66). Unfortunately, the regioselectivity of
the reaction was difficult to control when unsymmetrical
alkynes were used, even for sterically hindered nitrile partners
as the regioisomer ratio decreased down to 48:52. Reaction
conditions were tolerant with different alkyls and aryl nitriles,
delivering pyridine derivatives in 46-92% yield.128

Rl
2 1
R | R
—
R® °N R2
R3-CN [Cp*Fe(MeCN)3]PFq (2 mol%) 2'3'6'tr'fi‘(‘j?:;'t”t9d
+ Cp*Co(1,2-Ph,PCgH,NH) (4 mol%) Pyl
RlI—R? +
toluene, 50 °C, 20 h R?
1 1
R!=H, R?= CO,Me R X R
R! = R? = CgHs, CO,Me _
R3 = Me, Cy, CH,CgHs, CgHs, 4-MeCgHy, R NT g2
4-CF4CgHj, 4-CO,MeCgHy, 4-FCgHa, 246
4-CICgH,, t-BU, CN(CHy),, 2-furyl, trisubstituted

3-thienyl, 4-pyridyl pyridine

46-92% vyield
2,3,6/2,4,6 isomeric ratio =
48:52 to 5:95

Scheme 66

In 2021, Li and co-workers reported an efficient and
enantioselective synthesis of pyridines with all-carbon
quaternary centers. Alkynes and alkyne-tethered malononitriles
gave the corresponding cycloadducts in the presence of 5 mol%
of Co(BF4)2.6H20, 6 mol% of ligand and 10 mol% of Ph2SiH: for
24 h. When alkyl, alkenyl or silyl alkynes were engaged in the
reaction at 60 °C in hexafluoroisopropanol, 5-substituted
pyridines were produced in 36-95% yield and 86-94% ee.
Interestingly, when the reaction was conducted in DCE at 30 °C
with aryl alkynes, 6-substituted pyridines were obtained in 57-
97% yield and 66-99% ee (Scheme 67). Although the reaction
tolerated a broad substrate scope, the aryl substituent on the
malononitrile gave significantly lower ee values of 36% and
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66% for 5-substituted and 6-substituted pyridines, respectively.
Moreover, when the malononitrile supported a hydrogen as a
substituent, the 6-substituted pyridine was obtained as a
racemic mixture.12°

2
R | x
N7 1
YR
1 N
NR CO(BF4)2.6H,0 (5 mol%) Ne
0(BF4)2.0M20 (S molbb, 5-substituted pyridi
74 CN " A substituted pyridine
NC Ligand (6 mol%) 69-95% yield
+ Ph,SiH, (10 mol%) 36-94% ee
Pp— HFIP, 60 °C, 24 h or or
Ré——=——H DCE, 30 °C, 24 h
A
Ligand: | 7
RZ N° R!
NC

6-substituted pyridine
57-97% yield
66-99% ee

O\N N/o
4R4

R! = CH»-4-CNCgH,, CH,-4CF3-CgH,, CH,-4-CICGH,, CH,-4-MeOCgHy,,
CH;-naphtyl, CH,-2-furyl, (CH,),C=CH, CH,CH=CHj,, (CH,),t-Bu,
CgHs, H

R2 = (CH,),CgHa, cyclopropyl, CH,HNBoc, (CH,),0H, (CH,),OH, Me3Si,
1-HO-cyclohexyl, (CH,)3CN, (CH,)s-phtalimide, prop-1-ene,
cyclohexene, CgH;7

R? (aromatic) = CgHs, 4-MeOCgHy4, 4-NH,CgH,, 4-MeCgH,, 4-t-BuCgH,,

4-CgH4CgHy, 4-CF3CgHy, 4-CNCgHy, 3-HOCgH,,
4-HC=CCgHj,, 2-thienyl, naphthyl

RS = CgHs, 3,5-tBu,-4-MeOCgH,

R*= CgHs, CH,CgHs

Scheme 67

Considering the importance of trifluoromethyl-substituted
heterocycles in pharmaceutical and agrochemical industries,
Konno and co-workers reported in 2021 the preparation of
fluorine-containing pyridines. The [2+2+2] cycloaddition
reaction was performed using various alkyl/aryl nitriles and
fluoro-substituted alkynes in DCE at 80 °C in the presence of 3
mol% of CoClz(phen), 10 mol% of zinc and 10 mol% of ZnBr: as
catalysts. a-Fluoroalkylated pyridines were obtained in 47-99%
yield (Scheme 68). A similar result was observed for the
cyclization when a nonafluoroalkylated diyne was the partner
instead of trifluoromethyl group. The authors also
demonstrated that 2-fluoropyridines were exclusively obtained
when using a terminal alkyne. However, 3-fluoropyridines could
be obtained as major isomers when a bulkier group on the
alkyne was considered.!30
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Rl g2 s
R-CN CoCl,(phen) (3 mol%) R
+ Zn (10 mol%) NTX
R2 ZnBr; (10 mol%) | O
f— R3 —_— 1 =
R 4k— DCE, 80 °C, 3h R
0 4
Ré—=— / 2-fluorinated pyridine
+
RL = CgHs, 4-MeCgH,, 4-HOCgH,, R o .
3,5-(CF3),CgH3, 2-MeCgH,, 4-NH,CgHy, Rl R
4-BrCgHy, CgFs, 2-thienyl, 4-CHOCgHy,, X
4-HC=CCgHy4, SMe, Me, (CH,)1.5CN, Nl P o)

4-TMSC=CCgHy, (CHp),i-Pr,
(CH,)3CH=CHy, CH,CgH,, (CH,),CO,Me
R? = None, R® = CgHyy, n-CgH1g
R2 = CgHs, R3 = Me
R*=H, Me, CgHs
Rf = CF3, C4Fq

3-fluorinated pyridine
47-99 % vyield
2-fluoro:3-fluoro ratio = >95:5 to 32:68
Scheme 68

In 2021, Seo, Hong and co-workers developed an efficient
way to prepare functionalized pyridines through a [2+2+2]
cycloaddition reaction between various symmetrical 1,6-diynes
and nitriles. The reaction proceeded in toluene at 80 °C in the
presence of cesium carbonate, using 25 mol% of a phosphine
ligand and 20 mol% of an inexpensive nickel catalyst. The
reaction could be run with no need of inert atmosphere. The
same method has been applied to unsymmetrical 1,6-diynes to
furnish pyridine derivatives in 38-81% yield (Scheme 69). As
previously observed, the bulkier alkyne-substituent was found
at the B-position with B:a ratio over 99:1. Diynes with aromatic
substituents formed quasi-exclusively the a-isomer with a o:f3
ratios >99:1. When ester-linked diynes were used in this Ni-
catalyzed cycloaddition, the aryl substituents were also found at

the a-position with 10-17% yield.13!
R
_N
Rs
ﬁR
z
_N
Re

a-isomer

38-819% yield
rr = >99:1-<1:99

[Ni] (20 mol%)

——Rg R Ligand (25 mol%)
Cs,CO3 (1 eq)

A +
NI |
— L N toluene, Ttoluene, 80 °C, 24 h °C,24 h
b-isomer
[Ni] = Cp,Ni, Ni(cod), +

Ligand = Xantphos, SIPr

R = Me, CgHs, 2-pyridinyl

Rs =H, Me

R_ = Me, CgHs, 4-FCgHy4, 4-MeOCgHy
Z = C(CO,Me),, O

Me
Cp,Ni (20 mol%) N
Pl
— M ph  Xantphos (25 mol%)
/ € Cs,CO3 (1 eq) o A
Q + | | _— > N
)%Ph toluene, 80 °C, 24 h
o o Ph
10% yield
h Cp,Ni (20 mol%) o Me
— ph Ph  Xantphos (25 mol%)
d I Cs,CO; (1 eq) -
+ —_— o
> — Me N toluene, 80 °C, 24 h _N
(e)
Ph
17% yield
Scheme 69
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An efficient and versatile method to access penta-
substituted pyridines was reported in 2021 by Wang, Yoshikai
and co-workers. A fully intermolecular cycloaddition involving
non-tethered alkynes and alkyl or aryl nitriles was achieved in
the presence of 5-10 mol% of cobalt (II) iodide, 5-10 mol% of
1,3-bis-(diphenylphosphino)-propane and 25-50 mol% of zinc
in NMP at 80 °C (Scheme 70). This unexpensive catalytic system
has been employed leading to the corresponding
polysubstituted pyridines in 39-92% yields. Moreover, the
authors showed that the amount of catalyst could be decreased
when alkyl nitriles instead of aryl nitriles were involved.132

Col, (5-10 mol%) R?
dppp (5-10 mol%) 2 2
1 R R
R-CN Zn (25-50 mol%) N
+ _ >
o —
RI—=—R? NMP, 80 °C, 24 h RN g2

39-92% yield

R! (aliphatic) = Me, CD3, Et, CH,CgH,4, (CH,)3CH=CH,, CH,CgH,
CH,C3Hs, C3Hs, i-Pr, CgHy, (CH,),NMey,
CH,CO,Me, morpholinyl
R (aromatic) = Ph, 4-MeCgH,, 4-MeOCgH,, 4-CF3CgH., 4-Me(O)CCgHa,
4-CNCgHy, 3-MeCgH,, 3-MeOCgH,, 2-MeCgHy,
2-FCgHy4, 1-naphthyl, 2-thienyl, 2-pyridyl, 3-pyridyl
R2 = CgHs, 4-MeCgH,, 4-t-BUCgH,4, 4-MeOCgH,4, 4-FCgHa,
4-CO,EtCgHy, 4-Me(O)CCgHy,, 3-MeCgHy, 3-MeOCgHy,,
3-Me,NCgHy, 3,5-(Me0),CgHs, Pr

Scheme 70
3.2. Cycloaddition of 1,6-Diynes with Cyanamides

In 2017, our group developed a straightforward
environmentally sound approach to access functionalized 2-
aminopyridines using a solventless Ru-catalyzed [2+2+2]
cycloaddition of a,w-diynes and cyanamides (Scheme 71). This
green strategy involves [2+2+2] cycloaddition reaction at 80 °C
or 110 °C in the presence of a stable, easy to handle and cost-
effective RuCls.nH20 complex (5 mol%) and provided the
corresponding functionalized pyridine derivatives in yields up
to 95%. This convenient atom-economical catalytic process
carried out with non-toxic or volatile solvents tolerated a range
of functionalities and offered significant advantage such as an
operational simplicity allowing the construction of 2-
aminopyridine scaffolds which are important building blocks for
medicinal chemistry applications.133

R |/\o
RUCl3.nH,0 N\)
(5 mol%) AN
solvent free conditions _N
| 80 °Cor110°C,18h

><
P

X = (CO,Me),C, (CH,0AC),C, (CH,0Bn),C,
O, NTs,1H-indene-1,3(2H)-dione
R =H, Me

P4

R
64-95% yield

Scheme 71

As far as 2-aminopyridine derivatives are concerned, only a
few examples of [2+2+2] cycloaddition reactions of a-w-diynes
and cyanamides based on Ni, Co, Rh, Ir and Fe had been
disclosed. In this context, we also described the same year, the
novel Ru-catalyzed [2+2+2] cycloaddition reactions of a,w-
diynes and electron-rich nitriles under milder conditions, at
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room temperature, using stable readily available
Cp*Ru(CH3CN)sPFs complex at lower catalyst loading (1-5
mol%) with neither additional ligands nor additives, under
solvent-free conditions or in dichloromethane (Scheme 72). This
efficient mild transformation produced a wide range of
annulated 2-aminopyridine cores of synthetic utility in yields up

to 99% and excellent regioselectivities >99:1.134

RT  R2
— o R N’R3 Cp*Ru(CH3CI\i)3PF6 ,{l
>(/ . (1 or 2 mol%) R “R3
X
\%Rl [l solvent-free conditions N
or CH,Cl,, rt
R!

X = (MeO,C),C, TsN
Rl=Me, H

R2, R®= morpholinyl, pyrrolidinyl, Et, n-Pr, Bn
R2=Me, R®=Ph

R2=Me, R®=Bn

R2=Me, R®3=t-Bu

81-97% yield

Scheme 72

In a related study, this efficient process was extended in
2018 to a wide range of 1,6- and 1,7-diynes as well. In this
survey, the catalytic performances of the commercially available
Cp*Ru(CH3CN)3PFs were evaluated with neither additives nor
ligands in a broad scope of novel substrates. The regioselective
scalable atom-economical catalytic cycloadditions
accommodated a range of symmetrical and unsymmetrical
diynes which were reacted with cyanamides using 5 mol% of
Cp*Ru(CH3CN)sPFs complex, under solvent-free conditions or in
dichloromethane, at room temperature or 50 °C in yields up to
99% and up to 99:1 regioselectivities (Scheme 73). Application
of the [2+2+2] cycloadditions to late-stage functionalizations of
halo-containing adducts, using Pd- and Cu-catalyzed cross-
coupling reactions, as well as cyanation and amination
reactions, led to substituted 2-aminopyridines in 51-93% yield
(not shown).135

R3 ——R!? R1 R?
X Cp*Ru(CH3CN)3PFg s N
R4 — Rl (2 mol%) R = “R2

) + CH,Cl, / N
R\N —y rt, 2-50 min R
E— Rl
/
R2 50-99% yield
Rl=H, Me

R? = morpholinyl, pyrrolidinyl, Me
R3, R4 = (BnO,C),C, CN, (i-PrO,C),C, (BnO,C),C,
(MeO,C),C, 2,2-dimethyl-1,3-dioxane-4,6-dione

— 1
< R RI RS
N Cp*Ru(CH3CN)3PFg A
=—R? (5 mol%) = | “Ré
X
R? * solvent-free conditions N
\ . or CH,Cl,
N—=N rtor 50°C, 2minto 2 h R2
R4 40-99% yield

rm=96:4t0 99:1
X = (Me0,C),C, TsN, O
R1=H, Me
R? = Br, Cl, CH=CH,, oxazolidin-2-one
R3 = R* = morpholinyl, pyrrolidinyl, Me
RS = Me, R* = CH,Ph

Scheme 73
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In 2018, our group reported an unexplored route to access
fluorescent azafluorenone and azafluorenol derivatives (Scheme
74). The [2+2+2] cycloaddition of benzoyl-bridged 1,6-diynes
with various cyanamides was performed using 2 or 5 mol% of
Cp*Ru(CH3CN)3PFs at 35-50°C in 34-94% yield and
regioselectivities up to >99:1, mainly relied on the steric
hindrance of the substituents on the terminus of the alkyne.
Interestingly, photophysical properties of azafluorenones
derivatives showed that these cycloadducts exhibited
photoluminescence in the solid and liquid states with significant
quantum yields.!36

O
X
RS- A
= R!
A [CP*RU(CH3CN)3]PFg
+ R2 (2 or 5 mol%)
—_—
R4 solvent free or CH,Cl,
N 35-50°C, 2minto 2 h
¥
R \\\N
34-92% yield
OH rr=94:6to>99:1
Rsl_\ % R1
Z N Rl HO, =N R4
X [Cp*Ru(CH3CN)3]PFg /
+ R2 (2 or 5 mol%) Y N\
AN R3
R solvent free or CH,Cl, R2
| 35-50 °C, 1 minto 2.5 h
.N
3
R \\\N R5
R! = n-Bu, CgHs, 4-NPh,CgHs, 53-87% yield
cyclopropyl, Br, H rr=99:1

R? = H, cyclopropyl, n-Bu
RS2, R* = pyrrolidinyl, piperidinyl, morpholinyl
RS=H, 3-MeO, 4-F, 3-F

Scheme 74

In 2019, we also demonstrated that the Ru-catalyzed
cycloaddition reaction could efficiently occur under microwave
irradiation (Scheme 75). This practical protocol led to diversely
functionalized aminopyridines in up to quantitative yields and
up to 99:1 regioselectivities. Higher yields were achieved in
MeTHF at 50 °C under 50W in a shorter reaction time and with
usually lower catalyst loading using Cp*Ru(CH3CN)3PFs catalyst
(2 mol% vs 5 mol%) when comparing the microwave conditions
to classical thermal conditions for the same [2+2+2]
cycloaddition reactions. Furthermore, this sustainable method
could be efficiently scaled-up demonstrating the usefulness of
the protocol.137

— 1

/TR
X Rl IIQS
= R [CP*RU(CH3CN)3]PFg N
(2 mol%) N g
+ —_—_— X
R? MeTHF, MW, 50 °C, =N
N—=N 50 W, 15 min
Re R?

X =TsN, (CN),C, O, (CH,OH),C,
(CO,Me)C, Indanyl-1,3-dione

R!=Me, H

R?=H, Cl, Br, I, Me

RS, R* = pyrrolidinyl, morpholinyl, Me

thermal : 40-83% vyield, rr >99:1
MW : 83-quant yield, rr >99:1

Scheme 75
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Mulcahy and co-workers developed the preparation of
annulated 2-aryl-a-carboline heterocycles using transition
metal catalysis through two approaches. A two-step synthesis
relied on a sequential Sonogashira coupling/Rh-catalyzed
[2+2+2] cyclotrimerization (not shown) whereas a second route
involved a tandem Pd-catalyzed [2+2+2] cyclotrimerization to
access the desired heterocycles in 11-73% yield (Scheme 76).138
A comparison of the two approaches showed that the Pd-
catalyzed one-pot procedure was less tolerant to functional
groups and higher yields of 66-98% were obtained for the
sequential route that used [Rh(cod):2]BF4/SEGPHOS for the
cycloaddition step.

N_Z ! - 7\

TN
| | Pd(PPh3),Cl, 5 mol%, / A\
ﬁn PPhj3, Cul, 10 mol%
e _
N EtsN/DMF (2:1)
AN 3!
N MW, 60 °C, 1 h NBn

R = 4-CN, 4-Cl, 3-Cl, 4-CF,

4-Me, 4-OMe, 4-CO,Me, 4-F 11-73% yield

Scheme 76

Kukushkin, Dubovtsev and co-workers reported the gold-
catalyzed cycloaddition of cyanamides with ynamides to afford
2,4,6-triaminopyrimidines. Upon using PhsPAuNTf; (5 mol%) as
a catalyst in chlorobenzene at room temperature, a range of
diversely substituted 2,4,6-triaminopyrimidines were obtained
from ynamides bearing various electron-withdrawing N-
sulfonyl substituents, with alkyl or aryl groups as R! and R?, in
yields ranging from 66% to 99% (Scheme 77).139 Interestingly,
the authors showed that the reactivity switched from [2+2+2]
cyclotrimerization to [4+2] cycloaddition by replacing the gold
catalyst with IPrAuNTf; and conducting the reaction at 80 °C.
allowed the formation of 1,3-
diaminoisoquinolines instead of the 2,4,6-triaminopyrimidines
(not shown).

These  conditions

/E WG RZ\N/EWG
N
gz “R2 1
Rl/ PhaPAUNTf, (5 mol%) R | X )N\
+
N R pz RS
R Z PhCl, 1t, 24 h \,}l N 'T‘/
| RS RS

R3
EWG =Ts, Ms, Ns
R® = CgHs, 4-CNCgH,, 4-CHOCgH,, 4-AcCgH,4
4-MeOCgH,, 2-FCgH,4, Me
R2 = Me, 4-MeOCgHs, cyclohexyl, Bn
N(R3), = NMe,, NPh,, piperidinyl, pyrrolidinyl, morpholinyl

66-99% yield

Scheme 77

3.3. Cycloaddition of 1,6-Diynes with Selenocyanates

Considering the wide biological and pharmaceutical

activities of  selenium-containing  heterocycles  and
selenopyridine derivatives, we investigated in 2019 an
unexplored and straightforward method to access seleno-

containing compounds. This practical route based on the
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ruthenium-catalyzed [2+2+2] cycloaddition between of a,w-
diynes and aryl selenocyanates was successfully accomplished
in dichloromethane or dichloroethane, at either 50 °C or 80 °C
using 5 mol% of Cp*Ru(CHsCN)sPFs catalyst providing
regioselectively a broad array of diaryl selenium cycloadducts
containing electron-donating or -withdrawing substituents in
yields up to 94%. Surprisingly, RuCls and [Ru(p-cymene)Clz]2
did not lead to the expected product (Scheme 78).140

— 1

/TR
X R1
\N—=—R? [CpRUCHCN)IPFs Se
(5 mol%s) A N
+ X | —R
N CH,Cl,, 50 °C, 88 h 2 =
R or
L DCE, 80 °C, 36 h R2
Te 63-949% yield
CN
X = (CO,Me),C, (CH,0H),C,
O, NTs, etc...
Rl=H
R2=H, Me

R =1, Br, CF3, NO,, CO,Et,
Me, 2,4,6(Me)3

Scheme 78

In a related study, Goswami and co-workers examined the
same reaction under "open-flask" conditions, using 2 mol% of
[Cp*Ru(COD)]Cl in ethanol at room temperature and a range of
2-aryl/heteroaryl selenopyridines were prepared in 82-90%
yield (Scheme 79).141 Unsymmetrical 1,6-diynes were also
employed for this cycloaddition with selenocyanates leading
generally to the formation of single regioisomers (not shown).

R
_ [Cp*Ru(COD)]CI Se
X/ = R Ar @mote) “Ar
" -
\%R | EtOH, rt, 2 min, N
CN "open-flask”
R

X = (EtO,C),C, NBn, NTs, CH, O
5,5-dimethylcyclohexane-1,3-dione

R =H, Me

Ar = indolyl, CgHs, Bn-indolyl, 4-BrCgHg,
4-EtO,C-CgHy, 2-NO,CgH,, 4-MeCgHy,

82-90% yield

Scheme 79

3.4. Cycloaddition of Imines with Allenes or Alkenes

Cui and co-workers developed in 2017 a practical and
selective access to hexahydropyrimidines through [2+2+2]
cycloaddition of alkenes or allenes with imines. The reaction
was catalyzed by InCls (20 mol%) in DCE using various alkenes
or allenes with N-tosyl formaldimine to give a range of saturated
hexahydropyrimidines derivatives in yields ranging from 25%
to 99% (Scheme 80).142 Based on mechanistic probing
experiments, the authors suggested an "iminium-alkene-imine"
addition pathway for this catalytic ionic [2+2+2] cycloaddition,
that would result in the exclusive regioselectivity of the reaction
with allenes. Interestingly, acid-catalyzed hydrolysis of the
hexahydropyrimidines derivatives provides a route to 1,3-
diamines.
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PG
e InCl; (20 mol%) Rl rll
2 n mol
RINR N 1nCl, (20 mol%) N
)\ DCE, 60 °C, 12 h N
H™ H R2 ~PG

PG = Ts, 2-naphthalenesulfonyl,

2-mesitylenesulfonyl
R'= C6H5, 4-MeC5H4, 3-MngH4,

4-t-BuCgHy, 4-CF3CgHy4, 4-CICgH,,

2-C|C6H4, 2-BI'C6H4, 4--BFCGH4Y 3-F-CGH4, 2—naphthyl
R2=H, CeHs, Me

59-99% yield

ITs
Ts )
Ar, RN InCl5 (20 mol% RGN
Mo/ + InCls (20 mol%) 1 ﬁN
DCE, 60°C,12h  Rl_~
R H H CE, 60 °C, ~Ts
R'=H, Me Ar
R2 = H, Me 25-96% yield

Ar = CgHs, 4-MeCgH,, 3-MeCgH,, 4-CICgH,,
2-CICgH,, 2-BrCgHy, 3-FCgH,, 2-naphthyl

Scheme 80
3.5. Cycloaddition of (Thio)Cyanates and Isocyanates

In 2019, Goswami and co-workers described the synthesis
of 2-aryloxypyridines by using ruthenium-catalyzed [2+2+2]
cycloaddition of 1,6-diynes with aryl cyanates (Scheme 81).143
The reaction was catalyzed by [Cp*Ru(COD)Cl] and proceeded
under solvent-free conditions at room temperature with
symmetrical diynes giving diversely substituted pyridines in
yields ranging from 82% to 93%. On the other hand,
unsymmetrical diynes furnished the desired cycloadducts as
single regioisomers in 10-83% yield. Additionally, the authors
extended the reaction to tetraynes which delivered the
corresponding 2,2'/2,3'-diaryloxybipyridines in 78-91% yields
(not shown).

RZ
—_ [Cp*RU(COD)CI] o
S R OCN (2 mol%) Xy OR!
+ | —_ Z
— R R rt, 2 min, N
"open-flask"
R2

Z = (EtO,C),C, NBn, NTs, (Me),C, O,
5,5-dimethylcyclohexane-1,3-dione
R? = H, Me, CO,Et
R! = CgHs, 4-MeCgH,4, 4-MeOCgHy,
4-FCgHy, 4-CICgHy4, naphtyl

82-93% yield

R3
——=—R3 [Cp*Ru(COD)CI] o
Qg . 9N @mow) 5 Ny R
\%Rz R? rt, 2 min, N
"open-flask”
RZ

R! = CgHs, 4-Me-CgHy, 4-MeOCgH,,
4-FCgH,, 4-CICgH,

R2 = Me, Ph, H, n-Bu

RS = H, Me, CgHs

Scheme 81

10-83% yield

Cui, Li and co-workers developed a sterically demanding
silaamidinate ligand that was used in rare-earth chemistry for
the cyclotrimerization of isocyanates. The authors prepared the
low-coordinate yttrium dialkyl complex
[PhC(N¢Bu)2Si(NAr)2]Y(CH2SiMes)2 which allowed the catalytic
cyclotrimerization of a range of functionalized isocyanates at
room temperature and at a low catalyst loading (0.25 mol%) to
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give the corresponding isocyanurates in 56-99% yield,
displaying a high functional group tolerance (Scheme 82).144

R
|
[cat] (0.25 mol%) Os_ _N_ _O
3x R—N=C=0 —_— Y \[4
THF, 23 °C, 12 h No _N.
R” \n/ R
R = Bn, 4-MeCgH,, 3-MeCgHj, 2-MeCgH,, o

4-CNCgHy, 4-CICgHy, 4-BrCgHa,

4-MeOCgH,, 4-NO,CgHg, 2-NO,CeHa, 56-79% yield

4-CF3CqHy
i-Pr i-Pr
1-Bu _
N N ACHzSIMEg,
[cat] = Ph—< Nai Y
~SilC
N7 eH,SiMes
t-Bu, .
i-Pr i-Pr
Scheme 82

Goswami and co-workers extended their ruthenium-
catalyzed [2+2+2] cycloaddition protocol that proceeds under
open-flask and solvent-free conditions, to alkynylthiocyanates
and 1,6-diynes for the synthesis of fused aryl thiocyanate
derivatives (Scheme 83).145 Whereas 1,6-heptadiyne and 1,7-
octadiyne failed to afford the corresponding cyclized products, a
range of symmetrical 1,6-diynes reacted chemoselectively with
various alkyl- and aryl-substituted alkynylthiocyanates in the
presence of [Cp*Ru(COD)CI] in yields ranging from 54% to 68%.
The authors also studied the sequential double [2+2+2]
cycloaddition of these aryl thiocyanates with 1,6-diynes to
access 2-aryl thiopyridines that were formed in 77-91% yield.

R Cp*Ru(cod)Cl R
/T (5 mol%)
z ol =
A \p— solvent-free, rt, 30 °C
"open-flask"” SCN
SCN pen-flas

Z = (EtO,C),C, NTs, 54-68% vyield
5,5-dimethylcyclohexane-1,3-dione

R = CgHs, 4-MeCgHy,, 4-FCgH,4, n-Bu, n-Hex

R —— Cp*Ru(cod)Cl
/ (2 mol%)
Z + Z —_—
scN  \—== EtOH, it, 2-3 min -
"open-flask" N\ / N

Z = (EtO,C),C, NTs,
1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione
R = CgHs, 4-MeCgHy, 4-FCgHy, n-Bu

77-91% yield

Scheme 83
3.6. Cycloaddition of 1,3,5-Triazines with Allenes

Gold-catalyzed regiodivergent [2+2+2] cycloadditions of
1,3,5-triazines with allenes were reported by Sun and co-
workers in 2017 (Scheme 84).1%¢ The authors used
PhsPAuCl/NaBArr (5 mol%) at room temperature in
dichloromethane for the cycloaddition of substituted 1,3,5-
triaryl-1,3,5-triazines with various N-allenamides to prepare a
series of six-membered N-heterocycles in 60-96% yield.
Interestingly, a different regioselectivity was observed when
allenoates were employed instead of N-allenamides, affording
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the cycloaddition products in 41-89% yield. Mechanistic studies
including control and deuterium-labeling experiments,
indicated that the formation of the six-membered N-
heterocycles proceeded through stepwise and iterative
additions of formaldimines to the allene moieties, following two
distinct pathways depending on the nature of the functionalized

allenes.
1 1 RZ _RS Rl R2
ISR N™" PhgPAUC (5 mols) N—R?
0,
|\ ) + . ) NaBArg (5 mol%) < _

N =

h CH,Cly, 1t N

R R4 R/:L R4

R!= 4-MeOCgH,, CgHs, 4-MeCgHy, 4-CICgH,,
4-Br-CgHy, 3-MeCgHy, 3-CICgHy,,
2-MeOCgHy, Bn, PMP

60-96% yield

R2 = CgHs, Bn
R3 =Ts, Ms, Ac, Bz, Piv, Boc
R*=H, Me
Rl
RL ~_ _R! CO,R?  PhgPAUCI (5 mol%)
N” °N P NaBArs (5 mole) N
L -+ P —F 5 < ) COOR?
N l/ CH,Cl, 1t N
||?1 RS R/l R®

RL = PMP, CgHs, 4-MeCgHj, 4-CICgH,, 41-89% yield

3-CICgHy, 4-FCgHg, 3-FCgHy, 2-FCgH,
R2 =Bn, Et
R3 = Me, Bn, H, Ph

Scheme 84

3.7. Cycloaddition of Aldehydes with Enynes or
Allenes/Alkenes

In 2017, Lopez, Mascareiias and co-workers developed a
gold(I)-catalyzed enantioselective intermolecular [2+2+2]
cycloaddition between allenamides, alkenes and aldehydes to
prepare highly substituted tetrahydropyrans (Scheme 85).147
The reaction was catalyzed by either an N-heterocyclic carbene-
or a phosphoramidite-gold complex, [Aul] or [Au2]
respectively, in the presence of AgNTf; in dichloromethane to
afford chemo- and regioselectively the corresponding 2,6-
disubstituted tetrahydropyrans which were obtained in 50-98%
yield with diastereomeric ratios of >3:1 and enantioselectivities
of 5-94% ee. Both 2,6-cis and 2,6-trans isomers could be
obtained depending on the gold catalyst used and on the nature
of the substituents on the allenamide.
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NRR'

//—NRR'

[Aul] or [Au2] (10 mol%)

//' . o| AgNTf, (10 mol%) N
J\ kRZ CH,Cl,, 70 °C O
R Dar Rl “Ar

50-98% yield
ee = 5-94%; dr = 1:4 to 4:1

NRR' = NTsPh, 2-oxazolidinone
R! = Me, i-Pr, Et
R2 = CgHs, mesityl, furyl, thienyl, n-Bu

Ar = CgHsg, 4-MeOCgH,4 ‘
[Au1] = =N [Au2] =
‘N—Ad '?UC| Ph
NS N\< Ph O— J

Scheme 85

In 2020, Li and co-workers described an iron-catalyzed
radical [2+2+2] annulation of aliphatic bridged 1,n-enynes with
aldehydes to prepare fused pyrans (Scheme 86).148 A large
scope of 1,n-enynes and aldehydes having both electron-
donating and electron-withdrawing groups were tolerated,
delivering the functionalized fused [5.6] pyran skeletons in 23-
63% yield using Fe(acac)z (1.25 mol%) as the catalyst and
(tBuO)z as the oxidant in PhCl at 105 °C. 1,7-Enynes were also
tolerated for this reaction and afforded the corresponding
isochromene derivatives (fused [6.6] pyrans) in 49-60% yield
(not shown). After carrying control experiments, and based on
previous reports, the authors suggested a dual role of the
aldehyde partner that acts as the precursor of the acyl radical to
trigger the cascade cyclization, but also as an inner-sphere
radical acceptor that enables the 6-endo-trig cyclization of a
vinyl radical.

RZ
— R2 Fe(acac); (1.25 mol%)
v j (t-BuO), (5.0 eq) Van "
+ i S
\—( Ph PhCI (3.0 ml) s
1 105°C, 3 h Rl

R! = CO,Me, CgHs, CO,EL

R? = 4-MeCgHy, 4-MeOCgH,, 4-CICgH.,,
4-MeO,CCgHy, 4-CNCgHy4, 3-MeCgHy,
2-MeCgHy, CgHs, TMS, 1-naphthyl, 1-thienyl

X = (MeO,C),C, (EtO,C),C, (BnO,C),C, (Bz),C

31-63% yield

MeOOC COOMe MeOOC COOMe
Fe(acac), (1.25 mol%)
[e] (t-BuO), (5.0eq) MeOOC

MeOOC N+ -

PhCI, 105 °C, 3 h \ Ph
Ph o

R

R = 4-MeCgHy, 4-MeOCgHy, 4-CICgH4,
4-FCgHy, 4-BrCgH,, 4-CNCgHy,
4-PhCgHy, 2-thienyl, 1-naphthyl

Scheme 86

23-58% yield

3.8. Totally Intramolecular [2+2+2] Cycloaddition
Reactions
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In 2021, displayed an
enantioselective synthesis of aza[6]helicene-like using 25-50
mol% of a rhodium(I)/axially biaryl
bisphosphine complex catalyst. The reaction occurred at 40 °C
in CH2Clz for 41 h to give the cycloadduct in 30-87% yield and ee
values of 0-62%. Both yields and enantiomeric excesses were
strongly dependent of the ligand. When decreasing the dihedral
angle of the biaryl scaffold of the bisphosphine ligand the ee
values increased. (R)-MeO-biphep furnished the aza[6]helicene-
like in 63% yield and 53% ee in 41 h. When the reaction time
was raised up to 61 h, both yield and ee increased to 73% and
53%, respectively. The use of (S)-difluorphos afforded the
cycloadduct in 62% yield and 48% ee while (R)-segphos gave
the product in 82% yield and 46% ee. The authors showed that
increasing the steric hindrance on the phosphorus atom of
segphos increased the ee value. However, no reaction was
observed with (R)-dtbm-segphos. (R)-xyl-segphos was the best
ligand, affording aza[6]helicene-like in 87% yield and 62% ee

(Scheme 87).149
[Rh(cod),]BF/ Ligand

N
o)
(0)
| | (25-50 mol%)
_— e
fl
R

Tanaka and co-workers

cationic chiral

30-87% yield
0-62% ee

CH,Cl,, 40 °C, 41 h

R = Me, 4-MeCgH,

Ligand (dihedral angle) = (S)-Hg-binap (75°),
(R)-binap (74°), (R)-MeO-biphep (69°),

(R)-segphos (66°), (S)-difluorphos (65°),
(R)-tol-segphos, (R)-xyl-segphos, (R)-dtbm-segphos

Scheme 87

4. Conclusion

This review outlines the recent developments in metal-
catalyzed [2+2+2] reactions involving carbon-based m-systems
to efficiently access carbocyles and heterocycles. The
carbocyclization reactions reported in this review highlight
inter-, partially intra- and total intramolecular cycloadditions
using various organometallic complexes incorporating Rh, Ru,
Ir, Pd, Co, Ni, Fe, Au, Mn, Mo, Ti, Ge, Nb, Y and In, enabling the
atom-economical selective and systematic construction of
polycyclic systems in a single operation. These versatile multi-
component reactions allow chemo-, regio-, and stereoselective
transformations and provides an efficient access to a variety of
diversely functionalized products.
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