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Recent Developments in the [5+2] Cycloaddition

Hélene Pellissier®*

2 Aix Marseille Univ, CNRS, Centrale Marseille, iSm2, 13397 Marseille, France

Fax: (4+33)-4-9128-2765; e-mail: h.pellissier@univ-amu.fr

Abstract: The [542] cycloaddition allows the synthe-
sis of a diversity of complex highly functionalized
seven-membered products in a single step. These cy-
cloadducts can readily be further manipulated syn-
thetically for use in the synthesis of a number of
complex natural products and important biologically
active products containing seven-membered rings. In
addition to the common and highly efficient [542]
cycloadditions of (oxido)pyrylium and (oxido)pyridi-
nium ions with various m-systems, providing an easy
access to a wide range of novel heterocyclic seven-
membered rings exhibiting an oxygen or nitrogen
bridge, the metal-catalyzed [5+2] cycloadditions still
attract a great attention and have become one of the
most popular ways of constructing seven-membered
compounds. Among the most important reactions
are metal-catalyzed (hetero) [5+2] cycloadditions of
vinyl-substituted three-membered rings, rhodium-cat-
alyzed [542] cycloadditions of 3-acyloxy-1,4-enynes,
and metal-catalyzed [5+2] cycloadditions of ortho-vi-
nylphenols and ortho-vinyl/arylanilines.
Abbreviations: Ar: aryl; Bipy: bipyridine; Bn:
benzyl; Boc: tert-butoxycarbonyl; cod: cycloocta-
diene; coe: cyclooctene; Cp: cyclopentadienyl; Cp*:
pentamethylcyclopentadienyl; DABCO: 1,4-diazabi-
cyclo[2.2.2]octane; dbcot: dibenzocyclooctatetraene;
DBU: 1,8-diazabicyclo[5.4.0]undec-7-ene; DCE: 1,2-
dichloroethane; de: diastereomeric excess; DIPEA:
diisopropylethylamine; DMAP: 4-(N,N-dimethylami-
no)pyridine; DMF: N,N-dimethylformamide; dppb:
1,4-bis(diphenylphosphino)butane; dppe: 1,2-bis(di-
phenylphosphino)ethane; ee: enantiomeric excess;
Hept: heptyl; Hex: hexyl; HFIP: hexafluoroisoprop-
yl alcohol; L: ligand; M: metal; MCPBA: 3-chloro-

peroxybenzoic acid; MOM: methoxymethyl; Mes:
mesyl; MS: molecular sieves; Naph: naphthyl; NBD:
norbornadiene; Ns: nosyl (4-nitrobenzenesulfonyl);
Pent: pentyl; Phth: phthaloyl; Piv: pivaloyl; PMB: p-
methoxybenzyl; rr: regioselectivity ratio; r.t.: room
temperature; TBS: fert-butyldimethylsilyl; TES: trie-
thylsilyl; Tf: trifluoromethanesulfonyl; TFA: tri-
fluoroacetic acid; TFE: 2,2,2-trifluoroethanol; THEF:
tetrahydrofuran; TIPS: triisopropylsilyl; TMP:
2,2,6,6-tetramethylpiperidine; TMS: trimethylsilyl;
Tol: tolyl; Ts: 4-toluenesulfonyl (tosyl)
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1 Introduction

Cycloaddition reactions are among the most impor-
tant tools in organic chemistry, since these one-pot re-
actions allow synthesis of the complex cyclic skeletons
of a number of natural products and biologically
active substances.'!’ Allowing two new bonds to be
formed in a single manipulation through a regio- and

stereocontrolled fashion, these fundamental synthetic
methodologies occupy a central position in synthetic
organic chemistry. Among cycloadditions, the [5+2]
cycloaddition exhibits a great potential in synthesis
since it leads to seven-membered ring systems which
are the structural core of many biologically important
natural products.”) Notably, while synthetic ap-
proaches to five- and six-membered ring systems are
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common via cycloaddition reactions, seven-membered
ring formations are not as well developed. The goal
of this review is to cover the recent developments in
[5+2] cycloaddition reactions reported since the be-
ginning of 2014, since this field was most recently up-
dated at that time in a book chapter.’! Earlier, several
reviews had been published, covering the areas of
[542] cycloadditions,! metal-catalyzed higher-order
cycloadditions,”™" and the involvement of oxidopyry-
lium and pyridinium species in various dipolar cyclo-
additions.”! Moreover, it must be noted that Ylijoki
and Stryker published a review in 2013, focussing on
the applications of [542] cycloadditions to the synthe-
sis of natural products, covering the literature up to
2012." The present review is subdivided into seven
sections, dealing successively with metal-catalyzed
[54+2] cycloadditions of vinyl-substituted three-mem-
bered rings, [5+2] cycloadditions of (oxido)pyrylium
ions, [542] cycloadditions of (oxido)pyridinium ions,
rhodium-catalyzed [5+2] cycloadditions of 3-acyloxy-
1,4-enynes, metal-catalyzed [542] cycloadditions of
ortho-vinylphenols and ortho-vinyl-/arylanilines, [5+2]
cycloadditions of metal-containing 5-C components,
and miscellaneous [542] cycloadditions.

2 Metal-Catalyzed [5+2] Cycloadditions
of Vinyl-Substituted Three-Membered
Rings

2.1 [5+2] Cycloadditions of Vinylcyclopropanes

2.1.1 Intermolecular Metal-Catalyzed [5+2]
Cycloadditions

Cycloaddition reactions allow the assembly of com-
plex ring systems to be achieved in a convergent and
often selective fashion from simple and readily avail-
able building blocks promoted by heat, light, Lewis
acids, high pressure or sonication. Especially, metal
catalysts provide new opportunities for stereoselective
cycloaddition reactions since complexation of the
metal to a m-system significantly modifies the reactivi-
ty of the latter, opening the way for improved reactiv-
ity and novel chemistry.®! Prompted by the growing
number of structurally novel targets exhibiting power-
ful biological activities which incorporate seven-mem-
bered rings,”**! and the limited number of cycloaddi-
tion processes for their assembly, Wender has devel-
oped powerful novel routes to seven-membered ring
systems based on metal-catalyzed [5+2] cycloaddi-
tions of vinylcyclopropanes  with  ;-systems
(Scheme 1).2**¢I'In the presence of a transition metal
such as rhodium, a vinylcyclopropane can undergo a
ring cleavage followed by a [5+2] process which
occurs through two possible mechanisms as summar-
ized in Scheme 1. They differ only in the order of
the bond formation and cyclopropane cleavage steps.
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possible mechanisms:

Scheme 1. The metal-catalyzed [5+2] cycloaddition of vinyl-
cyclopropanes and possible mechanisms.



In the former, the cyclopropane ring-opening occurs
first after the initial vinylcyclopropane coordination,
resulting in the formation of metallacyclohexene 1.
The following capture of 1 by a 2m-component leads
to the corresponding ring-expanded metallacyclooc-
tene 3. Then, a reductive elimination leads to final
product 5. In the second mechanism, the coupling of
the coordinated vinylcyclopropane 2 with the 2w-com-
ponent occurs first to provide the corresponding met-
allacyclopentane 4, followed by strain-driven cleavage
of the adjacent cyclopropane by the carbon-metal
bond (Scheme 1). It must be noted that other mecha-
nistic possibilities exist for the [5+2] cycloaddition re-
action. For example, it is also possible that the coordi-
nation of the 2m-component to 2 could lead directly
to intermediate 3 through simultaneous insertion and
cleavage. Moreover, a direct insertion into the cyclo-
propane to form a metallacyclobutane is also possible.

The first examples of intermolecular metal-cata-
lyzed [5+2] cycloadditions of vinylcyclopropanes with
alkynes were reported by Wender etal., in 1998.'!
These reactions were catalyzed by [RhCI(CO),],, al-
lowing a wide range of cycloheptene derivatives to be
achieved in generally high yields using a variety of in-
ternal, terminal, electron-rich and electron-poor al-
kynes (Scheme 2).1"!

However, the use of [RhCI(CO),], in intermolecu-
lar [54+2] cycloadditions often requires heating at high
temperature which, in turn, promotes competing cy-
clotrimerization of the alkyne partner, decomposition
of the vinylcyclopropane or formation of undesired
secondary isomerization products. In 2010, Wender
et al. showed that the cationic rhodium(I) complex,
[Rh(C,Hyg)(cod)]*SbF,~, at particularly low catalyst
loadings (0.2-0.5 mol%), promoted intermolecular

R 1. [RhCI(CO),],
(5 mol%)
[ ——>
| OR® 2. HCI/EtOH
R2
R’ R?
79-96%

R'=H, CO,Me, CH,OMe, CH,OH, CH,NHTs
RZ = H, Me, CO,Me
R3 = TBS, (CH,),0Me

R1
[RhCI(CO)zl,
(5 mol%) i
OR?
R DCE, 80°C

MQOQC
23-93%

CO,Me

R" = H, i-Pr, Me, CH,OTBS, TMS
R?=H, TBS

Scheme 2. First examples of rhodium-catalyzed intermolecu-
lar [542] cycloadditions of vinylcyclopropanes.

[5+2] cycloadditions of 1-alkoxy- and 1-alkyl-vinylcy-
clopropanes with a wide range of terminal and inter-
nal alkynes, providing at room temperature the corre-
sponding cycloadducts in high yields.*! More recently,
these authors applied the same catalyst to promote
the [542] cycloaddition of vinylcyclopropane 6 with
propargyltrimethylsilanes 7 to give the corresponding
cycloadducts 8 in high to quantitative yields (74—
99% ). As shown in Scheme 3, the reaction was gen-

R
Meo"ﬁ i

[Rh(C1qHg)(cod)]*SbFg~ T™S
o, “ (1-5mol%) o
DCE, DCE/TFE or TFE

X
rt.or40°C
T™MS

6 7

8

atrt.:

R = H: 98%

R = Me: 97%

R = n-Hex: 81%

R = i-Pr: 74%

R = Ph: 85%

R = p-MeOCgH,4: 99%

R = p-MeQ,CCgHy4: 84%

at40 °C: -5\N 0
R= O 1 82%
tandem [5+2]/protodesilylation reaction:
R
Meo/\ R 1) [Rn(CyoHg)(cod))*SbFg™
_ o, || (1=5 mol%) - Og:
/X DCE or DCE/TFE, r.t.
6 7 TMS  2) 1 M HCI/EtOAc (5 equiv.) 9
69-96%

‘é‘\ O

R =H, n-Hex, Ph, p-MeOCgH, p-MeOzCCHs, i“é

Scheme 3. The [5+2] cycloaddition of a vinylcyclopropane
and propargyltrimethylsilanes catalyzed with
[Rh(C,oHg)(cod)]*SbFy~ and a tandem [5+2] cycloaddition/
protodesilylation reaction.

erally performed at room temperature in the presence
of 1-5mol% of [Rh(C,;Hg)(cod)]*SbFy~ in DCE or
TFE or mixtures of both of these solvents. The excel-
lent results demonstrated that the process was toler-
ant to a variety of propargyltrimethylsilane substitu-
tions including hydrogen, n- and i-alkyl, aryl and het-
eroatom groups. Studying the subsequent protodesily-
lation of the thus-formed cycloadducts 8 by treatment
with a 1M HCI/AcOEt solution to yield the corre-
sponding (5-substituted)-4-methylenecycloheptanone
derivatives 9, the authors showed that the combina-
tion of the two steps in a single flask was possible.
Indeed, the corresponding tandem [5+42] cycloaddi-



tion/protodesilylation reaction was found to directly
afford cycloheptanone derivatives 9 in high yields
(69-96% ) starting from vinylcyclopropane 6 and the
corresponding propargyltrimethylsilanes 7, as shown
in Scheme 3. A great advantage of this novel method-
ology was related to the role played by propargyltri-
methylsilanes as safe, easily handled synthetic equiva-
lents of hard-to-access monosubstituted allenes.
Indeed, only trisubstituted allenes had been previous-
ly successfully employed by Wender et al. as partners
of vinylcyclopropanes in intermolecular [542] cyclo-
additions."”!

A domino reaction has been defined by Tietze as a
reaction which involves two or more bond-forming
transformations, taking place under the same reaction
conditions, without adding additional reagents and
catalysts, and in which the subsequent reactions result
as a consequence of the functionality formed by bond
formation or fragmentation in the previous step.'®!
The use of domino reactions including multicompo-
nent ones in organic synthesis is increasing constantly,
allowing the synthesis of a wide range of complex
molecules from simple substrates through economical,
one-pot processes that avoid the use of costly and
time-consuming protection-deprotection processes, as
well as purification procedures of intermediates.!"”! In
this context, Wender etal. have developed novel
three-component domino reactions initiated by a
[542] cycloaddition occurring between vinylcyclopro-
pane 6 and 4-(trimethylsilyl)but-2-yn-1-ol 10 and pro-
moted by [Rh(Naph)(cod)]*SbF,~ at room tempera-
ture in DCE as solvent."¥! As shown in Scheme 4, the
first step of the domino process afforded the corre-
sponding intermediate cycloadduct 11 which then un-
derwent a vinylogous Peterson reaction to give diene
intermediate 12, evolving by way of either Lewis acid
activation through intermediate 13 or cycloreversion
of zwitterion 14 formed through bond formation be-
tween the oxygen and silicon atoms. Subsequently,
diene 12 underwent a [4+2] cycloaddition with an
alkene to provide the final product 15. Various al-
kenes were compatible with the reaction conditions,
leading to the corresponding polycyclic products 15 in
good to high yields (65-88% ). In addition to alkenes,
alkynes could also be employed as partners in the
process but in this case their addition was delayed
until after the initial [5+2] cycloaddition and elimina-
tion processes were complete. Consequently, the
three-component reaction qualified as a domino pro-
cess with alkenes became namely a tandem reaction
when alkynes were employed. As shown in Scheme 4,
wide ranges of electron-rich, electron-poor, internal
and terminal alkynes were tolerated, leading to the
corresponding bicyclic cycloheptenes 16 in good to
excellent yields (60-96%).

Allenes are known to form stable rhodium com-
plexes, sometimes through ligand exchange, suggest-

with alkenes:
HO [Rh(Naph)(cod)]*SbFg~
MeO/\I . (@2mol%)
0 R DCE, r.t. R!
%,,Hw or100°C o o
R2 R2
6 10 ™S 15
R1
[5+2] [4+2] |
cycloaddition cycloaddition
RZ
X
TMS
o]
s OH
MeO " 12
Lewis acid-promoted zwitterionic
elimination cycloreversion
MNu~
.‘ o
- TMS SiMe,
\
= LA H
MeO
MeO a5 14
o}
R',R2 = OCOCO: 67% -.15
R',R? = OCNHCO: 88% RIR?2= _ (T7%
R' = CO,Me, R2 = H: 65% fr
with alkynes: K
HO . B
Meo/ﬁ 1) [Rh(Naph)(cod)]*SbFg R
(2—5 mol%)
SRl |
fx DCE, r.t. R2
TMs 2) R'——R?
6 10 16

R'=TMS, R2 = H: 96%

R' = RZ = CH,OMe: 96%
R' = CO,Me, R? = Me: 92%
R'=R2=CO,Me: 83%

R' = n-Bu, R? = H: 88%
R'=Bn, R? = H: 90%

R' = CH,NHTs, RZ = H: 78%
R!=Ph, R2=H: 93%
R'=0-Tol, RZ = H: 60%
R'= m-FCgHg4, R? = H: 86%
R' = p-BrCgHg4, R? = H: 87%

Boc
N
R =Y©'\/) R2 = H: 85%

Scheme 4. Three-component domino/tandem [5+2] cycload-
dition/vinylogous Peterson/[4+2] cycloaddition reactions of
a vinylcyclopropane, 4-(trimethylsilyl)but-2-yn-1-ol and al-
kenes/alkynes catalyzed with [Rh(Naph)(cod)]*SbF".

ing that they might be suitable substrates in the inter-
molecular [5+2] cycloaddition. However, simple non-
activated allenes, while effective in the intramolecular
[5+2] reaction, possibly due to a high formal concen-



tration effect and bidentate coordination, are unreac-
tive in the intermolecular process. In 2005, Wender
et al. demonstrated, however, that allenes substituted
with an additional coordinating group, such as an al-
kynyl, alkenyl, cyano or cyanoalkyl group, were effi-
cient C, components in the intermolecular reaction.!"”!
In spite of the excellent yields (up to 99%) reported
in this process, its substrate scope remained, however,
limited. In this study, the presence of sterically en-
cumbering methyl substituents on the terminal allene
double bond was found to be necessary to achieve the
intermolecular [54+2] cycloaddition. More recently,
this was confirmed in the reaction of a sterically en-
cumbered allene, such as dimethylalleneyne 17, with
vinylcyclopropane 6 performed in the presence of
1mol% of [Rh(CO),Cl, in DCE at 80°C.""l As
shown in Scheme 5, the reaction afforded the corre-

Meo/\l \n/ [Rh(CO),Cll, (1 mol%) ©
c - S
o + >
= DCE, 80 °C
H 3
K I
Ph
6 17 18 Ph
72%
E/Z = 40:60

Scheme 5. The [5+2] cycloaddition of a vinylcyclopropane
and a dimethylalleneyne catalyzed with [Rh(CO),Cl],.

sponding cycloadduct 18 in 72% yield as a 40:60 mix-
ture of E/Z diastereomers. Moreover, through density
functional theory calculations, the authors demon-
strated that the apparent low reactivity of terminally
unsubstituted allenes was associated with a competing
allene dimerization that irreversibly sequestered rho-
dium. On the other hand, with terminally substituted
allenes such as 17, steric repulsion between the termi-
nal substituents significantly increased the barrier of
allene dimerization while the barrier of the [542] cy-
cloaddition was not affected, and consequently the cy-
cloaddition prevailed.

Metals other than rhodium have been successfully
employed as catalysts in a number of intramolecular
[5+2] cycloadditions, including  ruthenium,?
nickel,? and iron.”? In contrast, the intermolecular
version remained exclusive to rhodium catalysis until
2015 when the first iridium-catalyzed intermolecular
[5+2] cycloaddition of vinylcyclopropanes with al-
kynes was reported by Strand et al.”®! Indeed, these
authors demonstrated that cationic iridium complexes
with cyclooctadiene (cod) or dibenzo|a,e]cyclooctate-
traene (dbcot) ligands were highly efficient catalysts
for intermolecular [542] cycloaddition between vinyl-
cyclopropanes and disubstituted alkynes since the

rates of catalysis were 50 times or higher in compari-
son with those arising from use of analogous rhodium
complexes. For example, the reaction of vinylcyclo-
propane 6 with a range of disubstituted alkynes in the
presence of 2.5-5mol% of [{Ir(cod)Cl},] or
[{Ir(dbcot)Cl},] in a mixture of DCE and TFE as sol-
vent at room temperature in the presence of AgPF
as an additive led to the corresponding cycloadducts
19 in moderate to quantitative yields (18-98%), as
shown in Scheme 6. The scope of the process was ex-
tended to another less reactive vinylcyclopropane 20
which provided, by reaction with a symmetrical
alkyne (R'=R?*=CH,0OMe) performed in the pres-
ence of [{Ir(dbcot)Cl},] as catalyst, the corresponding
cycloheptene 21 in 90% yield. Moreover, when un-
symmetrical alkynes (R'#R? were used as sub-
strates, a mixture of two regioisomers 21 and 22 was
obtained in good to excellent yields (75-96%) and
with moderate regioselectivity ratios (58:42 to 67:33
rr), as shown in Scheme 6.

[{iIr(cod)Cll,] or [{Ir(dbcot)Cl},]

MeO (2.5 or 5 mol%) R1
0 AgPFg, DCE/TFE, rt.
/x <l > R2
R2 then 1% HCIVEtOH o
¢ R' = i-Pent, R? = Me: 98% 19
R' = i-Pr, RZ = Me: 93%
R' = n-Bu, RZ = Cy: 76%
R'=Ph, R? = Me: 72%
R'=R2 = Ph: 28%
R'=H, RZ = Me: 95%
R' = n-Bu, RZ = TMS: 70%
R' = RZ = CH,0OMe: 86%
R'=R2 = CH,0Bn: 18%
R' = CH;NHTs, R2 = Me: 72%
R' = (CH,),0Me, R? = Ph: 24%
R' = 0-CICgH4, R? = Me: 51%
R1
R2
oBn R' [ir(dbcot)Cll] (2.5 mol%)  BnO 24

AgPFg, DCE/TFE, rt.
= || - * R?

20

R' = R? = CH,OMe: 90%

R' = Ph, RZ = Me: 96% (60:40 rr)

R' = p-Tol, RZ = Me: 75% (62:38 rr)

R' = p-MeOCgH4, RZ = Me: 80% (62:38 rr)
R' = p-FCgH4, RZ = Me: 90% (67:33 rr)

R' = Me, R? = i-Pr: 89% (58:42 rr)

dbcot

Scheme 6. Iridium-catalyzed [5+2] cycloadditions of vinylcy-
clopropanes and alkynes.



2.1.2 Intramolecular Metal-Catalyzed [5+2]
Cycloadditions

The first examples of metal-catalyzed intramolecular
[5+2] cycloadditions between vinylcyclopropanes and
tethered alkynes were reported by Wender et al. in
1995, employing Wilkinson’s catalyst
{[RhCI(PPh;);].%¥ As illustrated in Scheme 7, the cor-
responding cycloadducts were obtained in excellent
yields by using a variety of tethered alkynes irrespec-
tive of the steric and electronic nature of the R'
group of the alkyne (Scheme 7). Closely related reac-
tion conditions were also successfully applied to other
tethered m-systems such as alkenes and allenes
(Scheme 7).

R1
— R RhCI(PPhs)
/TR 313
X R? > %
L<\_<I toluene, 110 °C
R2
74-88%

X = C(CO;Me);, O; R" = Me, TMS, Ph, CO,Me; R? = H, Me

MeO.C (5 RhCI(PPh3)3 MeO,C )
MeO,C Q toluene, 100-110 °C Me020><7i©
H
R=H, Me;n=1-2 77-94%
'?-I t-Bu H
MeO,C tBU RhCIPPhy)s _— H\
MeO,C N benzene, 100 °C  MeOC

96%, 92% ee

Scheme 7. First examples of rhodium-catalyzed intramolecu-
lar [542] cycloadditions of vinylcyclopropanes with various
m-systems.

Ever since, various other rhodium catalysts®®! have
been successfully used to promote these reactions,
such as the dimer [RhCI(CO),], developed by
Wender and Sperandio in 1998, bidentate
phosphine  chlororhodium  dimers such  as
[RhCl(dppb)], developed by Zhang et al.,””
[Rh(CH,CL,),(dppe)]*SbF,~ developed by Gilbertson
and Hoge,® and arene-thodium complexes
[Rh(arene)(cod)]*SbF,~ developed by Wender and
Williams,” among others.*” On the other hand, it
was only in 2015 that a catalyst based on a metal
other than rhodium was employed for the first time in
intramolecular [5+2] cycloadditions of vinylcyclopro-
panes with alkynes by Strand et al.””! As shown in

R2
% = R®  [ir(dbcot)Cly,] (2.5 mol%)
/\/X AgPFg, DCE/TFE, rt. X
\ >
R1 R1

23 R'=Me, R2 = H, X = C(CO,Et),: 88%

RT=TMS, R2 = H, X = C(COEt),: 79%
R!=Ph, R2=H, X = C(CO,Et),: 89%
R'=Me, R2=H, X = NTs: 85%

R' = Me, RZ = CH,0Bn, X = NTs: 37%
R'=Me, R2 = CH,0Bn, X = C(CO.Et): 75%

Scheme 8. Intramolecular [5+2] cycloaddition of vinylcyclo-
propanes and alkynes catalyzed with [{Ir(dbcot)Cl},].

Scheme 8, the intramolecular [542] cycloaddition of a
range of tethered vinylcyclopropanes 23 and alkynes
catalyzed by 2.5 mol% of [{Ir(dbcot)Cl},] in the pres-
ence of AgPFg as an additive in a mixture of DCE
and TFE as solvent afforded the corresponding di-
versely functionalized bicyclic products 24 in good to
high yields (37-89%).

2.2 Hetero [5+2] Cycloadditions of Vinylaziridines

Besides seven-membered carbocycles, related hetero-
cycles, such as azepine derivatives, are ubiquitous
structural motifs found in an array of natural products
and pharmaceuticals exhibiting diverse biological
properties.’!! Therefore, the development of efficient
synthetic methods to access these important com-
pounds has been extensively pursued by chemists.”
Inspired by the pioneering works on the rhodium-cat-
alyzed hetero [542] cycloaddition of cyclopropyl-
imines with electron-deficient alkynes reported by
Wender in 2002,**! Zhang et al. have developed a rho-
dium-catalyzed intramolecular hetero [5+2] cycload-
dition of optically enriched vinylaziridine-alkyne sub-
strates for the synthesis of chiral fused 2,5-dihydro-
azepines based on a chirality-transfer strategy.**
Indeed, a wide variety of enantioenriched vinylaziri-
dine-alkyne substrates 25 (X=NTs, 83 to >99% ee)
was found to undergo intramolecular hetero [5+42] cy-
cloadditions in the presence of Smol% of
[Rh(NBD),]*BF,” in DCE at 30°C, leading to the
corresponding chiral azepine derivatives 26 in good to
quantitative yields (59-98%) with high to excellent
enantioselectivities (83 to >99% ee) (Scheme 9). A
study of the substrate scope showed that the alkynes
could be substituted by aryl, heteroaryl, alkyl, as well
as cyclohexenyl groups. Notably, both internal and
terminal alkynes were compatible. In addition, sub-
strates bearing a geminal diester [X=C(CO,Me),| or
an oxygen tether (X=0) yielded the corresponding
chiral azepines in comparable yields and enantioselec-
tivities (57-94% yield, 83-98% ee). This highly effi-
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Scheme 9. Rhodium-catalyzed intramolecular hetero [5+2]
cycloaddition of enantioenriched vinylaziridines and al-
kynes.

cient methodology constituted a novel mild access to
the important azepine architectures with both excel-
lent functional-group compatibility and high enantio-
selectivity of up to >99% ee achieved for the first
time through complete chirality transfer.

In 2016, Lan etal. reported a density functional
theory method, M11L, to study the mechanism of
these reactions.”™ The computational results suggest-
ed a metallahydropyridine pathway for the generation
of the azepines, involving an aziridine cleavage, fol-
lowed by a 2m insertion of the alkyne group into the
Rh—C bond, and a final reductive elimination from a
rhodium(III) cation (Scheme 10). Indeed, it was pro-
posed that the catalytic cycle began with the coordi-
nation of vinylaziridine 25 to RhL,*, leading to nitro-
gen-coordinated species 27, from which an aziridine
cleavage generated metallahydropyridine complex 28.
Then, an intramolecular coordination of the alkyne
moiety towards rhodium provided intermediate 29,
and a 2w insertion occurred to give metallahydroazo-
cine complex 30. A subsequent reductive elimination
afforded intermediate 31. The azepine product 26 was
finally released after a ligand exchange with regenera-
tion of the active species 27.

In 2015, Zhang et al. also reported the first example
of rhodium-catalyzed hetero [5+2] cycloadditions be-
tween vinylaziridines and alkenes.”® As shown in
Scheme 11, the [542] cycloaddition of a range of
enantioenriched monosubstituted alkenes 32 per-
formed at 30°C in DCE as solvent in the presence of
5mol% of [Rh(C,,Hg)(cod)]*SbF,~ as catalyst afford-
ed the corresponding chiral cis-fused bicyclic azepines
33 bearing two contiguous stereogenic centers as
single diastereomers in good to excellent yields (84—
96%) and uniformly high enantioselectivities (91—
99% ee). The transformation was tolerant to tethers
incorporating sulfonamides (X=NTs, NNs), geminal
diester [X=C(CO,Me),] and ether functionalities
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Scheme 10. Proposed mechanism for rhodium-catalyzed in-
tramolecular hetero [542] cycloaddition of vinylaziridines
and alkynes.

(X=0). The scope of this methodology was extended
to disubstituted alkenes 34 which led to the corre-
sponding bicyclic azepines 35 exhibiting in this case a
trans-ring fusion rather than a cis-ring fusion obtained
from the monosubstituted alkenes. These trans-fused
products were generally obtained in good to high
yields (65-93%) except for the substrate bearing a
methyl group at the alkene terminus (R=Me) which
yielded the corresponding product in only 15% yield.
In contrast, uniformly excellent enantioselectivities
(92-99% ee) were achieved in all cases of disubstitut-
ed alkenes by using 5-10 mol% of [{Rh(NBD)Cl},]/
AgSbF, or [Rh(IPr)(cod)Cl]/AgSbF, as catalyst in
DCE at 80°C (Scheme 11).

In addition, the same authors developed an inter-
molecular version of the rhodium-catalyzed hetero
[5+2] cycloaddition of vinylaziridines and terminal al-
kynes.’”! The optimal reaction conditions included the



/—/
H /TS
X [Rh(C1gHg)(cod)]"SbFg™ (5 mol%) : N
N > XCO
DCE, 30 °C IN=
H

32 33
84-96%, >99% de,
91-99% ee

92-99% ee
X = NTs, NNs, O, C(CO,Me),

/_/—R
TsN catalyst (5 or 10 mol%)
» TsN
\_\ <TTS s

DCE, 80 °C

34

95-99% ee 15-93%, >99% de,

92-99% ee

R = Ph, p-Tol, p-FCgHs, Me, (E)-MeCH=CH
catalyst = [{Rh(NBD)CI};)/AgSbFs or [Rh(IPr)(cod)CI/AgSbFg

Scheme 11. Rhodium-catalyzed intramolecular hetero [5+2]
cycloadditions of vinylaziridines and alkenes.

use of 5mol% of [Rh(C,,Hg)(cod)]*SbF,~ as catalyst
employed in DCE at 0°C to room temperature. As
shown in Scheme 12, the reaction of various N-tosyl-
vinylaziridines 36 (R*=Ts) with a range of aryl, heter-
oaryl and alkyl terminal alkynes provided the corre-
sponding 2,5-dihydroazepines 37 in low to excellent
yields (17-.97%). In most cases, these cycloadducts
were achieved as single regioisomers, except for alkyl-
alkynes which yielded mixtures of the corresponding
azepine 37 and its regioisomer in moderate to good
ratios (77:23 to 93:7 rr). The scope of the reaction
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N’R % [ | = /
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R'" = Ph, p-EtOCgH4, p-(t-Bu)CgHy4, p-Tol, m-Tol, o-Tol, p-FCgH,,
p-ClICgHy, p-BrCgHy, p-AcCgH,, p-Me0,CCgH,4, 1-Naph, 2-Naph,
2-thienyl, 2-benzofuranyl, cyclohexenyl, n-Pr, n-Pent, BnCH,, i-Bu,
c-Pr, (CH2)30Bn, (CH3).CO;Me, (CH2)3Phth, Et, TMS, p-MeOCgH,,
(CH5):0TBS

R2 = Ts, Ns, Mes

R3=H, Me

R* = Me, H, i-Pr, n-Bu, Ph, OTBS, OTES

Scheme 12. Rhodium-catalyzed intermolecular [5+2] cyclo-
addition of vinylaziridines and alkynes.

could be extended to several differently substituted
vinylaziridines, including N-nosyl- and N-mesylvinyl-
aziridines, providing the corresponding products in
good yields (62-70% ). Interestingly in this study, the
authors showed that by simply switching the catalyst
to [Rh(NBD),]*BF,", a [3+2] cycloaddition occurred
instead of the [5+2] one.

To explain the precedent results, Huang et al. inves-
tigated the mechanism of this rhodium-catalyzed in-
termolecular [5+2] cycloaddition of vinylaziridines
with alkynes through density functional theory calcu-
lations.”™ These calculations showed that the reaction
was initiated by a C-N oxidative addition to form an
Rh-allyl complex 38. The latter isomerized into inter-
mediate 39 from which a migratory insertion of the
alkyne into the Rh—N bond led to intermediate 40.
This species was finally submitted to a C—-C reductive
elimination to give the final [542] cycloadduct 37, as
depicted in Scheme 13.
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R3 C—N oxidative R3 ~R2

X 4 R
addition
36 38 39
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reductive
Rl——H elimination  R? 7
— - - /
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& "
40 37

Scheme 13. Mechanism for rhodium-catalyzed intermolecu-
lar hetero [5+2] cycloaddition of vinylaziridines and al-
kynes.

2.3 Hetero [5+2] Cycloadditions of Vinyloxiranes

In 2017, Feng and Zhang reported the first use of vi-
nyloxiranes in rhodium-catalyzed intramolecular
hetero [542] cycloadditions with alkynes.”” As shown
in Scheme 14, when internal alkynes 41 were submit-

ted in dichloromethane at 0°C to 5mol% of
Rh(NBD),]*BF 4~
Rl[
Mo, (5mol%) _ MeO,C
MeO,C N O CHuClp, 0°C MeO,C
L—R?
41 2 42

R'=Ph, R = Me: 72%
R'=Me, RZ=H: 75%

Scheme 14. Rhodium-catalyzed intramolecular hetero [5+2]
cycloaddition of vinyloxiranes and alkynes.



[Rh(NBD),]*BF,” as catalyst, they underwent a ste-
reoselective [542] cycloaddition to form the corre-
sponding bicyclic 2,5-dihydrooxepins 42 in good yields
(72-75%).

Since these 2,5-dihydrooxepin products 42 were
found to be unstable at room temperature for pro-
longed reaction times because of the presence of an
enol ether moiety, these authors decided to intercept
them through a Claisen rearrangement. Indeed, they
developed rhodium-catalyzed domino intramolecular
hetero [542] cycloaddition/Claisen rearrangement re-
actions of vinyloxiranes 41 or 43 and alkynes.*” The
reactions were performed in DCE at room tempera-
ture in the presence of 5-10mol%  of
[Rh(NBD),]*BF,", allowing the one-pot formation of
the corresponding tetrasubstituted vinylcyclopropanes
44 in moderate to high yields (45-92%), as shown in
Scheme 15. Notably, the process was compatible to

R3 1
R3 sR
— R
= r [Rh(NBD),'BF,~ RS 0
X
(5 or 10 mol%)
N 0 —_— e X \
DCE, rt. R2
41,43 2 H 44
45-92%
>99% de
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X = C(COzMe),, NNs, NTs, O
R' = Ph, p-MeOCgH,, p-CICgH,, TMS, Me, H
R2 = Ph, CH,OTBS, Me
R3=H, Me
Scheme 15. Rhodium-catalyzed  domino  intramolecular

hetero [542] cycloaddition/Claisen rearrangement reaction
of vinyloxiranes and alkynes.

both internal and terminal alkynes. Moreover, the au-
thors performed the reaction with an enantioenriched
substrate (X=NTs, R'=Ph, R’=Et, R*=H, 92% ee)
which afforded the corresponding cycloadduct in 85%
yield as a single diastereomer in 90% ee, demonstrat-
ing the complete transfer of chirality in the domino
reaction.

In addition, the same authors found that the reac-
tion of vinyloxirane-alkynes 41 at 75°C in the pres-
ence of the same rhodium catalyst led to another type
of product, such as multifunctional five-membered
rings 45.%) These products arose from the same
domino reaction as above (Scheme 15) but followed
by a cyclopropane ring-opening reaction occurring at
75°C. As shown in Scheme 16, the novel rhodium-cat-
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Scheme 16. Rhodium-catalyzed domino/tandem intramolec-
ular hetero [542] cycloaddition/Claisen rearrangement/cy-
clopropane ring-opening reactions of vinyloxiranes and al-
kynes.

alyzed domino intramolecular hetero [5+2] cycloaddi-
tion/Claisen rearrangement/cyclopropane ring-open-
ing reaction of vinyloxirane-alkynes 41 bearing sul-
fonamide or geminal diester functions [X=NTs, NNs,
C(CO,Me),] promoted by 5 mol% of
[Rh(NBD),|*BF, " as catalyst yielded the correspond-
ing five-membered products 45 in moderate to excel-
lent yields (41-94%). The process was compatible
with a variety of alkynes, including aryl, methyl and
trimethylsilyl ones. On the other hand, substrates 41a,
b bearing an oxygen linker (X=0) gave the corre-
sponding products 45a, b in poor yields when using
[Rh(NBD),]*BF,” as catalyst. However, these yields
could be improved (40-61% ) by performing the reac-
tion through a stepwise addition of [RhCI(IPr)(cod)]/
AgSbF, and [Rh(NBD),|*BF,” (5mol% of each).



Consequently, in this case the process became namely
a tandem instead of a domino reaction. The mecha-
nism of these rhodium-catalyzed domino/tandem in-
tramolecular hetero [5+2] cycloaddition/Claisen rear-
rangement/cyclopropane ring-opening reactions is
highlighted in Scheme 16.

Remarkably, these authors could intercept rhodi-
um(III) intermediate 46 (Scheme 16) by another teth-
ered alkyne through a final [5+2] cycloaddition.””
Indeed, when a series of vinyloxirane-diyne substrates
47 were submitted to 5-10 mol% of
[Rh(NBD),]*BF,” in DCE at 80°C, they underwent a
rhodium-catalyzed domino intramolecular hetero
[542] cycloaddition/Claisen rearrangement/cyclopro-
pane ring-opening/[5+2] cycloaddition reaction to
afford the corresponding hetero- and carbotricyclic
products 48 as single regio- and diastereomers in
moderate to high yields (41-91%), as shown in
Scheme 17. A wide variety of tethers (nitrogen,
oxygen, and geminal diester) were found to be com-
patible. Moreover, this remarkable one-pot process
was compatible to both internal and terminal alkynes.
In addition, the authors demonstrated the complete
transfer of chirality in the domino reaction of optical-
ly pure substrates.

3 [54+2] Cycloadditions of
(Oxido)pyrylium Ions

3.1 Intermolecular [5+2] Cycloadditions

The synthesis of seven-membered rings can also be
achieved through thermal [542] cycloadditions of oxi-
dopyrylium ions, involving pentadienyl cations as 4m
components.** 4l [ndeed, the cycloaddition of 3-oxi-
dopyrylium ylides, generated from the corresponding
acetoxypyranones or derivatives, with alkenes consti-
tutes a versatile and stereocontrolled entry into highly
functionalized oxa-bridged cycloadducts. For example,
submitted to either heat or a tertiary base such as
TEA, an acetoxypyranone generates the correspond-
ing carbonyl ylide formulated as a 3-oxidopyrylium.
The pioneering studies in the area of intermolecular
[54+2] acetoxypyranone cycloadditions were reported
by Hendrickson and Farina in 1980 who reported the
cycloaddition between acetoxypyranone and acrolein
(Scheme 18).*"! Ever since, a diversity of alkenes has
been successfully applied to these reactions by several
groups.** Furthermore, many of the thus-formed
products have been used as key intermediates in the
synthesis of a number of important natural prod-
ucts.*!

In spite of the potential of [5+2] cycloadditions of
oxidopyrylium ylides, however, asymmetric variants
of these methodologies still remain limited. Most of
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Scheme 18. Early intermolecular [542]
acetoxypyrone and acrolein.

cycloaddition of

them are based on the use of chiral auxiliaries.**! The
first enantioselective version was described in 2011 by
Jacobsen et al. who employed a bifunctional primary
amine/thiourea organocatalyst, generating the pyryli-



um ylide from a 6-benzoyloxypyranone derivative by
condensation with the amino catalyst.*”! As an alter-
native, Vicario and Reyes recently developed the use
of chiral secondary amines as organocatalysts for the
[5+2] cycloaddition between a,B-unsaturated alde-
hydes and oxidopyrylium ylides on the basis of dien-
amine activation.*®! As shown in Scheme 19, these au-
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p-Tol, p-CICgH,4, Bn, CHx-(Z)-(CH=CH)Et, CH,NHCbz, CH=CH,, H

proposed transition state based on dienamine activation:

Scheme 19. Enantioselective organocatalytic [542] cycload-
dition of benzopyrylium ions and a,B-unsaturated aldehydes.

thors successfully developed reactions of benzopyryli-
um ions, in situ generated from the corresponding 1-
acetoxyisochroman-4-ones 49, with a range of a,-un-
saturated aldehydes 50 promoted by 8 mol% of pro-
line-derived squaramide bifunctional catalyst 51 in
the presence of DABCO as a base in THF at 10°C.
These processes afforded the corresponding chiral 8-
oxabicyclo[3.2.1]octane derivatives 52 in moderate to
quantitative yields (39-97%), moderate to high dia-
stereoselectivities (34 to >90% de) and uniformly ex-
cellent enantioselectivities (93-99% ee). The authors
proposed that the reaction evolved through dien-
amine intermediate 53 formed by condensation of the
o,B-unsaturated aldehyde with the organocatalyst.
This intermediate could play the role of a suitable
electron-rich alkene, which participated as a chiral di-
polarophile in the [5+2] cycloaddition with the benzo-

pyrylium ion. A study of the substrate scope showed
that in addition to variously substituted aromatic a.,f3-
unsaturated aldehydes, aliphatic ones were also good
substrates regardless of the length of the alkyl sub-
stituent, although a slightly lower yield was observed
when the steric bulk of this substituent was increased
(56% yield with R=i-Pr vs. 91-92% with R=Me, n-
Pr). Even functionalized o,(-unsaturated aldehydes
[R=CH=CH,, CH,NHCbz, CH,-(Z)-(CH=CH)Et]
provided good results (39-85% yields, 50 to >90%
de, 93-99% ee), thus demonstrating the functional-
group compatibility of the methodology.

On the basis of DFT calculations, these authors
have proposed the catalytic cycle depicted in
Scheme 20.*7) It began with the formation of inter-
mediate 54 through the initial activation of the two
reagents by the organocatalyst. Calculations of the
several possibilities for generating intermediate 56
from intermediate 54 showed that the most favorable
pathway corresponded to the formation of intermedi-
ate 55 through incorporation of the oxidopyrylium
ylide 57 to intermediate 55, followed by release of the

Scheme 20. Catalytic cycle for enantioselective organocata-
lytic [5+2] cycloaddition of benzopyrylium ions and a,f-un-
saturated aldehydes.



product and formation of dienamine 54 from inter-
mediate 58 and the a,B-unsaturated aldehyde.

In 2016, Murelli et al. discovered that o-hydroxy-vy-
pyrone-based oxidopyrylium dimers 59 could undergo
exchange by heating in the presence of alcohols to
generate new oxidopyrylium species 60 (mechanism
in Scheme 21).1*¥ The latter could then undergo a
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R® = H, CO,Me

R* = Bn, CHa(p-Tol), CHy(p-F3CCesHa), CHa(t-Bu), (CH2),CN, i-Pr, allyl

proposed mechanism:

Scheme 21. The [542] cycloaddition of a-hydroxy-y-pyrone-
based oxidopyrylium dimers, alcohols and alkynes.

[5+2] cycloaddition with alkynes under microwave ir-
radiation at 100°C in dichloromethane to afford the
corresponding bicyclic products 61 in moderate yields
(24-65%). In addition to benzyl alcohols bearing
either electron-donating or electron-withdrawing sub-
stituents on the phenyl ring, primary aliphatic alco-
hols with an adjacent hindered group [R*=CH,(t-
Bu)] or a base-sensitive functionality [R*=(CH,),CN]
were also tolerated, giving comparable results (42—
57%). On the other hand, steric limitations were illus-
trated in the reaction of a secondary alcohol (R*=i-
PrOH) which required a longer reaction time and
provided a lower yield (32% ). Moreover, attempts to
use a tertiary alcohol, such as fert-butyl alcohol, did
not lead to the formation of the corresponding prod-
uct. Notably, the reaction conditions were compatible
to both terminal alkynes and symmetrical internal

ones. It must be noted that the formed products can
be considered as precursors of a-hydroxytropolones,
which have been identified as therapeutic leads for a
variety of diseases related to their ability to bind to
and inhibit important dinuclear metalloenzymes.
Earlier in 2014, Jacobsen and Witten reported
enantioselective organocatalytic [5+2] cycloadditions
of pyrylium ions in situ generated from the corre-
sponding alkenylpyranones 62 with electron-rich al-
kenes such as vinyl ethers 63 (Scheme 22).1*! The re-
actions were promoted in toluene at room tempera-
ture by a dual catalyst system composed of chiral pri-
mary aminothiourea 64 and achiral thiourea 65 which
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Scheme 22. Enantioselective organocatalytic [542] cycload-
dition of pyrylium ions and vinyl ethers.



allowed, in the presence of AcOH as additive, the for-
mation of intermediate thiourea-complexed amino-
pyrylium salt 66 (Scheme 22). These reactions afford-
ed a range of chiral 8-oxabicyclo[3.2.1]octane deriva-
tives 67 in moderate to excellent yields (22-95% ) and
enantioselectivities (64-96% ee). The study of the
substrate scope of the process showed that pyranones
could bear different aliphatic substituents at the 6-po-
sition (R'), however, lower yields (22-26% ) were ob-
tained with B-branched substituents (R'=i-Pr, Bn).
The reaction conditions were compatible to several
terminal alkenes, such as ethyl vinyl ether, benzyl
vinyl ether, and (methoxymethoxy)ethane while elec-
tron-deficient olefins, such as acrylonitrile or methyl
acrylate, were completely inert. The utility of this
novel methodology was demonstrated by the conver-
sion of cycloadducts into various complex multifunc-
tional chiral products which could be considered as
potent building blocks for the synthesis of natural and
biologically active compounds.

3.2 Intramolecular [5+2] Cycloadditions

In most cases, intramolecular [5+2] cycloadditions of
oxidopyrylium species involve alkenes as partners.
The synthetic utility of these methodologies has been
demonstrated by their applications in the synthesis of
various oxa-bridged cycloheptanoid fragments of
complex natural products,™ such as the antitumor
agent phorbol,!! the antibiotic guanacastepene,”
phomoidride B,* a cyathin diterpene,® the sesqui-
terpene anthecularin,® the diterpene (4)-intricar-
ene,” 12-hydroxydaphnetoxins,®” hainanolidol and
harringtonolide,”® as well as arteminolides.”” In 2014,
Sohn reported the preparation of an intermediate to
the biogenic precursors of arteminolides which was
based on an intramolecular [542] cycloaddition of an
oxidopyrylium ion exhibiting a vinylsilyl ether.” As
shown in Scheme 23, submitting pyran 68 to treat-
ment by DBU in dichloromethane generated the cor-
responding oxidopyrylium ion 69 which further under-
went intramolecular [542] cycloaddition with the
tethered vinyl silyl ether to afford product 70 as a
single diastereomer in 71% yield. The latter was sub-
sequently converted into a common intermediate to-
wards the biogenic precursor of arteminolides.
Another intramolecular [542] cycloaddition of an
oxidopyrylium ion, generated from the corresponding
alkene-tethered acetoxypyranone 71, constituted the
first step of a domino reaction reported by Mitchell
etal. in 2014.°1 Performed in the presence of
DABCO as base in acetonitrile at 60°C, this intramo-
lecular [542] cycloaddition, leading to intermediate
72, was followed by the oxa-Michael addition of an al-
cohol to afford the corresponding bridged tetracyclic
ethers 73 in moderate to good yields (21-73%). As

71%, >99% de

Scheme 23. The [542] cycloaddition of an oxidopyrylium ion
exhibiting a vinylsilyl ether.

shown in Scheme 24, starting from a 67:33 mixture of
anti/syn-diastereomers of alkene-tethered acetoxypyr-
anone 71, the products were obtained as almost single
diastereomers exhibiting six stereogenic centers (>
90% de). The domino reaction was compatible with a
variety of primary aliphatic alcohols including func-
tionalized ones, which provided uniformly good yields
(53-63%). On the other hand, more hindered alco-
hols, such as isopropyl alcohol, gave mixed results (<
53% yield). The lowest yield (21%) was obtained in
the reaction involving an aromatic alcohol such as p-
cresol. The process was also applied to highly func-
tionalized Boc-L-serine methyl ester which yielded
the corresponding product in good yield (73%) as a
1:1 mixture of diastereomers.

Until 2014, there was no report in the literature
concerning [5+2] cycloadditions in which the 25t com-
ponent was derived from the C-2=C-3 bond of an

(0]

(L

DABCO, MeCN, 60 °C
4’.
intramolecular
[5+2] cycloaddition

OHC

71
67:33 anti/syn

ROH (2 equiv.)

E—
4 AMS
73
21-73%
>90% de

R = Me, (CH,)sCH=CH,, CHa(p-MeOCgHj), CH,C= CH, i-Pr, p-Tol,
CH,CH(CO,Me)(NHBoc)

Scheme 24. Domino [542] cycloaddition/oxa-Michael reac-
tion of an oxidopyrylium ion exhibiting an alkene with alco-
hols.



indole. Indeed, the first dearomative indole [5+2] cy-
cloaddition of oxidopyrylium ions was reported by Li
et al. in 2017.1°”) As shown in Scheme 25, the succes-
sive treatment of indole kojic acid derivatives 74 with

EtO,C CO,Et

0TBS EtO,C OMe
R! _ 5 MeOTHf, Et1020

AN a 40°C R

N — then CsF, r.t.

‘R2 CH.CI»/DMF (1:1) \

R2
“ R!'=H, OMe, F 76
R? = Me, Ts, H, Bn, allyl 40-90%

/ >99% de

EtO,C CO,Et

Scheme 25. Dearomative indole [5+2] cycloadditions of oxi-
dopyrylium ions and alkenes.

MeOTT at 40°C and then CsF at 25°C in a 1:1 mix-
ture of CH,CI,/DMF as solvent resulted in the in situ
generation of the corresponding methoxypyrylium
salts 75, which subsequently underwent an intramo-
lecular [542] cycloaddition with the C-2=C-3 bond of
the indole moiety to afford the corresponding oxacy-
clohepta[b]indoles 76. These highly functionalized
and synthetically challenging products were remarka-
bly obtained through exclusive endo selectivity (>
99% de) in moderate to high yields (40-90%). The
substrate scope of the process was found to be wide
since a variety of indoles bearing electron-donating or
electron-withdrawing substituents at the C-5 position
were compatible. The reaction conditions were toler-
ant with N-unprotected indoles as well as methyl-,
tosyl-, benzyl-, and allyl-protected indoles.

In 2015, the same authors investigated for the first
time a novel type of substrates in intramolecular
[54+2] cycloadditions, such as acetoxypyranones bear-
ing an alkene tethered at the C-3 position of the ace-
toxypyranone.l®! In this case, the reaction is called a
type 2 [54+2] cycloaddition. When variously substitut-
ed substrates 77 were submitted to 1.5 equivalents of
2,2,6,6-tetramethylpiperidine (TMP) as a base in ace-
tonitrile at 160 or 100°C, they led to the correspond-
ing bicyclo[4.4.1]undecanes 78 as sole products
(Scheme 26). These highly functionalized and chal-
lenging bridged seven-membered ring compounds
were obtained through unique endo selectivity in uni-
formly high yields (85-98% ) with low to excellent dia-

TMP (1.5 equiv.)
—_—

MeCN, 100 or 160 °C

R'=H, Me, CO;Me
RZ=H, Me

77 78
R®=H, Me 85-98%
R* =H, OTIPS, OTBS, OAc 12 to >90% de
R5=H
R4 RS==0
R®=H, OTBS

R7 = H, Ph, Me, Et

OAc TMP (1.5 equiv.)
—_—
0
| MeCN, 160 °C
o
79 80

94%

Scheme 26. Type 2 [542] cycloadditions of oxidopyrylium
ions and alkenes or alkyne.

stereoselectivities (12 to >90% de). The scope of this
methodology could be extended to an oxygen/alkyne-
tethered substrate 79, leading to the corresponding
type 2 cycloadduct 80 as sole product in 94% yield
(Scheme 26). To demonstrate the utility of this novel
methodology, it was applied to the synthesis of the
highly strained tricyclic cores of the natural products
ingenol and cyclocitrinol.

With the aim of developing a novel total synthesis
of the natural product eurifoloid A, the same authors
recently applied this novel concept to substrate 81.1
Under related reaction conditions as above, it under-
went the type 2 [542] cycloaddition to afford the cor-
responding tricyclic core-containing product 82 in-
cluding the required bicyclo[4.4.1]Jundecane ring
system in 38% yield, as shown in Scheme 27.

It must be noted that intramolecular [542] cycload-
ditions of oxidopyrylium ions with alkynes have been
much less developed than those involving alkenes.®
A very recent example reported by Li et al. was ap-
plied to develop a novel total synthesis of (—)-colchi-
cine. Indeed, a key step of this synthesis was the in-
tramolecular [542] cycloaddition of chiral intermedi-
ate acetoxypyranone 83 performed in the presence of
NaHCOj; as a base in dichloromethane at 120°C to
give the corresponding enantiopure tricyclic product
84 (Scheme 28). The latter was subsequently convert-
ed into the natural product (—)-colchicine which was
obtained in enantiopure form with 9.2% overall yield.



TMP (1.5 equiv.)
_—

MeCN, 150 °C

0] 0]

eurifoloid A
[

Scheme 27. Type 2 [5+42] cycloaddition of oxidopyrylium ion
and alkene and synthesis of the [5-7-7] tricyclic core of euri-
foloid A.
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Scheme 28. The [5+2] cycloaddition of oxidopyrylium ion
and alkyne and total synthesis of (—)-colchicine.

4 [5+2] Cycloadditions of
(Oxido)pyridinium Ions

The chemistry of 3-oxidopyridinium betaines has
been widely investigated by several groups among
which that of Katritzky in the 1980s applied their

[542] cycloaddition to the synthesis of core fragments
of tropone alkaloids and related natural products.*”
An advantage of these reactions results from the com-
mercial availability of 3-hydroxypyridine. Upon ther-
mal activation, this and related ylides react with elec-
tron-deficient dipolarophiles to afford the correspond-
ing azabicyclic adducts in moderate yields and varia-
ble degrees of regio- and stereoselectivity.l®) Several
groups have developed both inter- and intramolecular
[54+2] cycloadditions of oxidopyridinium ions with al-
kenes, and some of these reactions have constituted
key steps in the syntheses of important natural prod-
ucts, such as tricyclic cocaine analogs,'”” sarains,®!
and the hetisine alkaloid nominine.””! In addition,
asymmetric versions of the [5+2] cycloaddition of oxi-
dopyridinium ions have been developed but they
were based on the use of chiral substrates and auxilia-
ries.”” As a recent example, Gaich and Kriiger re-
ported the [542] cycloaddition of Aggarwal’s chiral
ketene equivalent 85" with oxidopyridinium ion 86
as a key step in the total synthesis of various sarpa-
gine alkaloids.”” Indeed, the reaction was performed
in the presence of DIPEA in dichloromethane, lead-
ing to the desired regioisomer 87 as major product in
52% yield and high enantioselectivity of 93% ee, as
shown in Scheme 29. This product was further con-
verted into three monoterpenoid indole alkaloids,
such as vellosimine, N-methylvellosimine, and 10-me-
thoxyvellosimine in eight steps from 85 and 86 in 10—
13% overall yields.

In 2014, Yoo et al. reported the in situ generation
of air-stable azomethine ylides 88 via a rhodium-cata-
lyzed reaction between pyridines 89 and 1-tosyl-1,2,3-

o
x
L I\ DIPEA o /—
N~ *+ orS S —>
T CH4Cly, r.t.

17 ]

86 85
87 major

52%, 93% ee

R! = R2 = H: vellosimine
R! = H, R2 = Me: N-methylvellosimine
R' = OMe, R2 = H: 10-methoxyvellosimine

Scheme 29. The [5+42] cycloaddition of oxidopyridinium ion
and Aggarwal’s chiral ketene equivalent and total synthesis
of sarpagine alkaloids.



triazoles 90. These pyridinium ions reacted through
[5+2] cycloaddition in benzene at 100°C with activat-
ed alkynes, such as acetylenedicarboxylates 91, to
afford the corresponding 1,4-diazepines 92 in homo-
geneously good to high yields (65-88%), as shown in
Scheme 30. Notably, the one-pot reaction was cata-

| S
o
1 RO,C
Ar N - CO,R COER
Rhy(esp); ==
(1.5 mol%) =
Il —————— N—Ts
benzene, 100 °C > N
=N CO,R
N U o Ar' A2
/]%/
Ar2 90 92
65-88%

\ TozR
| 91
Arl r+u/
AR 2 r-dHTs
i
88

Ar! = Ph, p-Tol, p-MeOCgH4, p-CICgH4, p-FCgH4, p-AcCgH4, m-Tol,
m-MeOCﬁH.;, 2-Naph, p-F3CCsH4, m-FCﬁH4

ArZ = Ph, p-Tol, p-MeOCgH,, p-FaCCgHa, m-FCgHy4

R = Me, Et

Rhz(esp)z

Scheme 30. Three-component [542] cycloaddition of pyri-
dines, 1-tosyl-1,2,3-triazoles and activated alkynes.

lyzed with only 1.5 mol% of Rh,(esp),. Its efficiency
was not influenced by either electronic or steric prop-
erties of the 2-aryl substituent on the pyridine (Ar')
as well as those of the 4-aryltriazole (Ar”). Moreover,
the process was compatible with dimethyl and diethyl
acetylenedicarboxylates. In addition to the fact that
the 1,4-diazepine moiety is a privileged structure of a
wide range of natural and pharmaceutical products, it
must be highlighted that this study represented the
first catalytic three-component [5+2] cycloaddition of
pyridines, 1-sulfonyl-1,2,3-triazoles and activated al-
kynes.

Very recently, the same authors reported the first
[54+2] cycloaddition of related isolable pyridinium
zwitterions 93 with benzyne 94. The latter was in
situ generated by treatment of the corresponding 2-
(trimethylsilyl)phenyl triflate 95 in the presence of a
fluoride source, such as CsF, in acetonitrile at 25°C.
Actually, the [5+2] cycloadduct 96 was not isolated
since it subsequently reacted with a second equivalent
of benzyne 94 through a [2+2] cycloaddition to lead
to the final polycyclic 1,4-benzodiazepine 97 in mod-
erate yield (36-54%), as shown in Scheme 31. This re-
markable domino [5+2] cycloaddition/[242] cycload-
dition reaction was compatible with variously para-
and meta-substituted pyridinium ions (Ar'). More-
over, a pyridinium substrate bearing a naphthyl group
(Ar'=2-Naph) was also a suitable reactant, giving the
corresponding product in 54% yield. On the other
hand, the reaction of ortho-substituted pyridine zwit-
terions and benzyne did not undergo the domino re-
action. Furthermore, the efficiency of the process was

0
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. - NSO2R
ArQJ\/ ,
93 CsF (4.8 equiv.)
+ —_—
MeCN, 25 °C

@OTf
oTMmS
95
(2.4 equiv.)

36-54%
Ar! = Ph, p-Tol, p-MeOCgHy, p-CICgH,4, p-FCgH4, p-AcCgHy, m-Tol,
2-Naph

Ar2 = Ph, p-Tol, p-MeQCgH,, p-(t-Bu)CgHa, p-F3CCgsH4, p-FCsHa,

p-BrCgH4, m-Tol, m-FCgH4
1

R = p-Tol, Ph, p-F3CCgH,4, n-Bu

proposed mechanism:
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Scheme 31. Domino [5+2] cycloaddition/[2+2] cycloaddition
reaction of pyridinium zwitterions and benzyne.



not influenced by the electronic properties of the Ar?
substituent nor by those of the sulfonyl group on the
pyridinium zwitterion. This novel metal-free, mild and
efficient one-pot protocol opened a new route to
highly desirable polycyclic 1,4-benzodiazepines which
represent very important products in medicinal
chemistry.

5 Rhodium-Catalyzed [5+2]
Cycloadditions of 3-Acyloxy-1,4-enynes

In 2011, Tang et al. demonstrated that 3-acyloxy-1,4-
enynes could be employed as novel five-carbon build-
ing blocks in rhodium-catalyzed intramolecular [5+2]
cycloadditions with alkynes.”! This discovery has led
to the development of new methods for the prepara-
tion of highly substituted seven-membered rings.”" In
2015, these authors reported the intermolecular ver-
sion of this methodology catalyzed by Wilkinson’s cat-
alyst in chloroform at 50°C"" As shown in
Scheme 32, the reaction with functionalized terminal
alkynes as generally performed with only 0.5 mol% of
catalyst led to the corresponding cycloheptatrienes 99
in moderate to quantitative yields (58-97%) as almost
single regioisomers in most cases of the substrates.
The scope of the process was extended to symmetrical

(0] Ar R2

» T [Rh(PPh3)sCl] (0.5, 2 or 10 mol%)
L g
| b H CHClI5, 50 °C
98
Ar= p-(NMez)CEH4
R? R!
OCOAr + OCOAr
R2
RZ
major minor
99 58-97%
major/minor = 94:6 to >99:1
R' = Me, n-Pent
R2 = CH,0H, C(Me),0H, CH,NHSO,(p-BrCgH,), CH,OPh,
(CH5),CN, (E)-CH=CHCH,OH
(0] Ar
Y R
(0] o
N | | [Rh(PPhs)5Cl] (0.5 mol ".’.’l S
| AS CHCI;, 50°C R
R

R

98a R = CH;OH: 82%
100a, b

Ar = p-(NMe;)CgHy R = CO;Me: 89%

Scheme 32. Intermolecular [542] cycloadditions of 3-acyl-
oxy-1,4-enynes and alkynes.

internal alkynes which led to the corresponding cyclo-
adducts 100a, b in high yields (82-89%), as shown in
Scheme 32.

Using this methodology, these authors developed a
novel route to prepare substituted tropones which are
known to exhibit a broad spectrum of pharmaceutical
activities.”® Indeed, a wide range of these products
were generated by transformation of cyclohepta-
trienes derived from rhodium-catalyzed intermolecu-
lar [542] cycloadditions of 3-acetyl-1,4-enynes 101
with propargylic alcohols 102. As shown in
Scheme 33, the reaction performed with 5 mol% of
Wilkinson’s catalyst in chloroform at 65°C led to the
expected cycloheptatrienes 103 as single regioisomers
in good yields (62-73%). In the case of internal al-
kynes 104, improved results were obtained by catalyz-
ing the reactions with 5 mol% of [Rh(cod)Cl], in the
presence of an electron-deficient ligand such as (p-
CF;C4H,);P. Under these conditions, the reaction of
3-acetyl-1,4-enyne 101a with internal alkynes 104 pro-
vided the corresponding cycloheptatrienes 105 in
good to high yields (51-90% ), as shown in Scheme 33.
Several of these products were further submitted to a
three-step mesylation, elimination and hydrolysis se-

R1
Rh(PPhs)sCl]
OA [ 313
¢ _(5mol%) o Ho OAc
CHCI3 65 °C RS \Re
103
R' = Me, n-Pent 62-73%
R2 = Me, n-Pent, CH,Bn, Ph, t-Bu, n-Pr
R3=H, Me
[Rh(cod)Cl], OAc
_ (Bmal%) HO
(p—F3CCGH4}3P A2
OH CHCl3, 65 °C R
101a 105
51-90%

R' = H, Me, CH,OTBS
R? = CH,Bn, CH,OTBS, H

synthesis of substituted tropones:

R 1) MsCI/TEA
2) DBU/THF
3) K,CO4/MeOH
e OAc ) 2CO4f \/@:
R3 RZ R4
103,105 106

24-75%

Scheme 33. Intermolecular [542] cycloadditions of 3-acyl-
oxy-1,4-enynes with propargyl alcohols and synthesis of sub-
stituted tropones.



quence to afford various di- and trisubstituted tro-
pones 106 (Scheme 33).

As an extension of their early work dealing with
rhodium-catalyzed intramolecular [5+2] cycloaddi-
tions of 3-acyloxy-1,4-enynes with tethered alkynes,™!
these authors also reported the first rhodium-cata-
lyzed highly stereoselective intramolecular [542] cy-
cloaddition of 3-acyloxy-1,4-enynes with tethered al-
kenes.”! As shown in Scheme 34, the process was cat-
alyzed by a combination of 5 mol% of [Rh(coe),Cl],
with 30 mol% of [3,5-(CF;),C¢Hs)sP as ligand in DCE
as solvent at 80°C. Under these reaction conditions,
the [542] cycloaddtion of a variety of 3-acyloxy-1,4-
enynes 107 with alkenes led to the corresponding cis-
fused bicyclo[5.3.0]decadienes 108 in good yields (53—
84%) as almost single diastereomers (>90% de). The
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[Rh(coe),Cll,
\\ (5 mol%) OCOR?
R? [3.5- (Fac)zcaH
\/\/ (30 mol%)
DCE, 80 °C 108
53-84%
>90% de
X = C(CO,Me)y, CHa, O, C(CN),, NTs, NSO4(p-BrCaHa)

R' = H, Ph, p-MeOCgHa, p-BrCgH,
RZ2=H, Br
R3 = t-Bu, p-MeyNCgH4, Me

proposed mechanism (R2 = H):
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Scheme 34. Rhodium-catalyzed intramolecular [5+2] cyclo-
additions of 3-acyloxy-1,4-enynes and alkenes.

best yields were generally obtained in the reaction of
terminal alkynes while internal alkynes provided
moderate yields (51-54%). The mechanism depicted
in Scheme 34 begins with the formation of rhodium
complex 109 which promotes the 1,2-acyloxy migra-
tion and oxidative cyclization to form metallacyclo-
hexadiene intermediate 110. A subsequent insertion
of the tethered alkene to this metallacycle affords in-
termediate 111. Then, the reductive elimination of
metallacyclooctadiene 111 provides the final cyclo-
heptadiene product 108. In addition, the authors also
performed the reaction starting from optically en-
riched substrates 107a, b (94-98% ee) and demon-
strated that the chirality could be efficiently trans-
ferred to the cycloaddition products 108a, b since the
enantioselectivities of the latter ranged from 86% to
90% ee in combination with a complete diastereose-
lectivity (Scheme 34).

Almost the same reaction conditions were applied
to the rhodium-catalyzed intramolecular [5+2] cyclo-
addition of 3-acyloxy-1,4-enynes 112 with tethered al-
lenes.” As shown in Scheme 35, the reaction per-
formed at 90°C in the presence of 5mol% of
[Rh(coe),Cl], and 30 mol% of [3,5-(CF;),C¢H;]5P as
ligand in DCE afforded the corresponding cis-fused
bicyclic products 113 in moderate to good yields (45—
58%) as single diastereomers in most cases.

R3 OCOR! R3
RYU [Rh(coe),Cll,  R%J 1§
X \ (5 mol%) » X OCOR'
el N\ BE(FCHCoHkP
> R2 (30 mol%) H R2
DCE, 90 °C
112 13

=0 NTs 45-58%
R'= p-(MesN)CgHy, t-Bu
RZ=H, Br
R3=H, Me

Scheme 35. Intramolecular [542] cycloaddition of 3-acyloxy-
1,4-enynes and allenes.

The presence of an electron-withdrawing group,
such as a ketone, conjugated with the alkyne of the
enyne substrate, is capable to switch the regioselectiv-
ity of the reaction, facilitating the 1,2-migration of the
acyloxy group instead of a 1,3-migration. Indeed, a
new type of 3-acyloxy-1,4-enyne five-carbon building
block was developed by the same authors for rhodi-
um-catalyzed intramolecular [542] cycloadditions. ™!
When these inverted 3-acyloxy-6-keto-1,4-enyne sub-
strates 114 were submitted to Smol% of
[Rh(cod),]"BF,” in dichloromethane at room temper-
ature to 50°C, they provided the corresponding bicy-
clic [5.3.0]decatrienes 115 which are different from
those achieved in previous methods because of the
positions of the alkene and the acyloxy group and the



presence of a ketone function conjugated to the
alkyne (Scheme 36). These highly functionalized
seven-membered products were obtained in good
yields (41-85%) by using this novel [5+2] cycloaddi-
tion in which the acyloxy group migrated towards the
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(5 mol%) R4
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R3 = Piv, Ac
Ri= H, Me, Ph, p-02N06H4, p-EtOzCCsH4
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Scheme 36. Intramolecular [5+42] cycloaddition of inverted
3-acyloxy-1,4-enynes and alkynes.

five-membered ring of the bicyclic products. On the
basis of experimental and theoretical studies, the au-
thors have proposed the mechanism depicted in
Scheme 36 to explain these results. After the coordi-
nation of the rhodium catalyst to the 1,4-enyne in in-
termediate 116, a cascade 1,2-acyloxy migration and
oxidation cyclization led to the formation of inter-
mediates 117, 118 and 119. Then, a direct insertion of
the tethered alkyne into the Rh—C-5(sp?®) bond in in-
termediate 119 afforded intermediate 120 which led
to the final product through reductive elimination.

6 Metal-Catalyzed [5+2] Cycloadditions
of ortho-Vinylphenols and
ortho-Vinyl-/Arylanilines

In 2014, Gulias and Mascarenas demonstrated that
ortho-vinylphenols 122 underwent a formal [5+2] cy-
cloaddition with internal alkynes when treated with
catalytic amounts of [Cp*RhCl,], in the presence of
Cu(OAc), in acetonitrile at 85°C.[*!! The reaction in-
volved the cleavage of the terminal C—H bond of the
alkenyl moiety, leading to highly valuable benzoxe-
pines 123 in good to quantitative yields (52-99%), as
shown in Scheme 37. Generally, good yields were ach-
ieved in the reaction of symmetrical alkynes bearing
electron-rich or electron-deficient aryl substituents
(60-90%) while dialkyl-substituted alkynes provided
lower yields (52-65%). The reaction conditions were
also compatible with unsymmetrical aryl/alkyl alkynes
which reacted with high regioselectivity (up to 14:1
rr), leading to the corresponding products in which
the phenyl group (R*=Ph) was situated on the
carbon tethered to the oxygen group of the products.
Moreover, a wide variety of substituents (R', R? R?)
on the aryl group of the vinylphenol were tolerated.
To explain the results, the authors proposed the mech-
anism depicted in Scheme 37 which began with the
phenolic substrate 122 replacing one of the acetates
of the catalyst to give intermediate 124. The latter
could evolve to the rhodacycle 125 either through a
typical concerted metallation/deprotonation step
(path A) or through an intramolecular electrophilic
attack of the conjugated alkene (path B) to the elec-
trophilic rhodium(I) followed by a base-assisted de-
protonation to yield the rearomatized intermediate
125. This intermediate then coordinated the alkyne,
and a migratory insertion occurred to give intermedi-
ate 126, which evolved through reductive elimination
to afford the final product and an Rh(I) species which
was then reoxidized to regenerate the catalyst.

In 2016, the same authors also demonstrated that
ortho-vinylphenol 127 could react with a broad range
of allenes 128 to give the corresponding [5+2] cyclo-
adducts 129 when treated with palladium(II) catalysts
under oxidative conditions (Scheme 38).*2) The reac-
tions were catalyzed by 7.5 mol% of Pd(OAc), in the
presence of 50 mol% of Cu(OAc), in acetonitrile at
85°C or in some cases in toluene at 110°C in the pres-
ence of 7.5 mol% of 2,2'-bipyridine (2,2'-Bipy) as an
additive. They led to benzoxepine products 129 in
good to high yields (60-92%) with excellent regiose-
lectivities (90:10 to >95:5 rr). Symmetrical 1,3-disub-
stituted allenes (R'=R*=Ph or n-Pr, R*=H) provid-
ed the corresponding products with good yields (70-
87%) and high E:Z ratios (91:9 to 94:6). Cyclic al-
lenes also led to the expected products in up to 79%
yield as a single regioisomer. Moreover, 1,1-disubsti-
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cycloaddition of

tuted allenes underwent the cycloaddition with excel-
lent regioselectivities (>95:5 rr) combined with high
yields (71-92%). Monosubstituted allenes, such as
phenylallene or cyclohexylallene, were also compati-
ble, providing the corresponding products in 69 and
71% vyields, respectively, but in these cases by using
2,2'-Bipy as an additive in toluene at 110°C. Further-
more, trisubstituted allenes also underwent the reac-
tion with excellent yields (82-88% ) and regioselectivi-
ties (91:9 to >95:5 rr). Notably, the reaction was

OH  Pd(OAc), (7.5 mol%)

2
127 Cu(OAGc), (50 mol%) = A
—’

R2 R3 air o R3
2,2-Bipy (0 or 7.5 mol%) R1

C MeCN, 85 °C or toluene, 110 °C
| 129

R1 = Ph. n-Pr, H 60—92%

R? = Ph, n-Pr, Me, H 90:10 to >95:5 rr
128 R3 = i-Pr, TMS, H, Cy

R2, R3 = (CH,)s

R, R3 = (CH,)s

R3 x~ _R?

OH Pd(OAc); (7.5 mol%) R3
130 Cu(OAc); (50 mol%)

air, MeCN, 85 °C R4

R'=H, Et, Ph, Me
[I\ R2 = H, Me 131
Ph R3=H, Me,Cl 64-97%
128a R4 =H, Me, OMe, F, Cl 92:8 to >95:5 rr

proposed mechanism for the formation of 129a (R = Ph, R2 = R3 = Me):

OH
127
2 CuOAc Pd(OAc),L 2
N\ __ 0, +2 HOAc AcOH
o 2 Cu(DAc),
129a
Pd(O)L,

132

128a

Scheme 38. Palladium-catalyzed [5+2]

ortho-vinylphenols and allenes.

cycloadditions of

found to be not restricted to ortho-vinylphenol 127
since related substrates 130 bearing various substitu-
ents also afforded by reaction with 128a the corre-
sponding products 131 in high yields (64-97%) and



regioselectivities (92:8 to >95:5 rr), as shown in
Scheme 38 (second equation). A plausible catalytic
cycle is depicted in Scheme 38. It involved an initial
ligand exchange between the phenol derivative 127
and the palladium acetate complex to give intermedi-
ate 132, which then evolved through intramolecular
attack of the conjugated alkene to the palladium
center to afford intermediate 133. The latter then un-
derwent a base-induced rearomatization to form six-
membered palladacycle 134. The next step consisted
of the coordination of the allene 128a (R'=Ph, R*=
R’=Me) followed by a regioselective migratory inser-
tion to give m-allylic palladacycle 135, which under-
went a reductive elimination step to achieve the final
product 129a. The resulting Pd(0) species was reoxi-
dized to PdII) by Cu(OAc), and air.

As an extension of these works (Scheme 38),*
Gulias and Mascarenas developed related reactions
involving ortho-vinylanilides, in 2017.%% Indeed,
ortho-vinylanilides 136 reacted with allenes 128 in the
presence of 5mol% of Pd(OAc), combined with
50 mol% of Cu(OAc), and two equivalents of tri-
ethylamine in acetonitrile at 82°C to give the corre-
sponding [5+42] cycloadducts 137 in moderate to high
yields (40-92%), as illustrated in Scheme 39. A wide
variety of these highly valuable 2,3-dihydro-1H-ben-
zo[blazepines was achieved starting from either 1,1-
disubstituted symmetrical allenes, such as dimethyl-
and diphenylallenes, cyclic allenes, non-symmetrical
allenes or trisubstituted allenes which all provided
good yields. Moreover, the presence of various sub-
stituents (X, Y, Z) at the ortho-, meta-, and para-posi-
tions of the aryl group of anilides was tolerated as
well as that of substituents at the internal position of
the alkene (RY).

X RS
Y. =~ _R°
4
Pd(OAC), (5 mol%) X R' s
& 136 NHTF  cuoAc), 5omol) ¥ =t
+ -
RZ2 RS TEA (2 equiv.) z N R?
\I‘r air Tf; R?
C MeCN, 82 °C
”\ 137
R! R =H, n-Hex 40-92%
128 R? = Me, Ph

R3 = Me, Ph, TMS

R2, R3 = (CHy)s

R* = Me, i-Pr, Ph, p-Tol
R5=H

R4, RS = (CH=CH),
X=H,F

Y =H, Br

Z=H, CF3 OMe

Y, Z = OCH,0

Scheme 39. Palladium-catalyzed [5+2]

ortho-vinylanilines and allenes.

cycloaddition of

In 2017, Luan et al. reported a novel diastereoselec-
tive synthesis of dibenzo[b,d]azepines based on the
palladium(II)-catalyzed [5+42] cycloaddition of ortho-
arylanilines with 1,3-dienes.™ Indeed, in the presence
of 5mol% of Pd(TFA), and 2.1 equivalents of
Cu(OAc), in acetonitrile at 120°C, a range of ortho-
arylanilines 138 reacted with 1,3-dienes 139 to give
the corresponding [5+2] cycloadducts 140 in moder-
ate to high yields (34-92%). These products, exhibit-

PA(TFA); (5 mol%)

RrR1
RZ

O Cu(OAc); (2.1 equiv.)
R3 =
+ NF SRy .

R4 NHTs MeCN, 120 °C
O 139
RS

138

R' = H, Me, OMe, F RS
RZ=H, Me

R3=H, OMe

R%=H, Me

RS = H, F, CF3, CN, Cl, CO5Et, Ph, NO, Me, OMe
RE=H, Me

R? = COQEL CONMEz, COZH, Ph, O-MEOCGH4, p-FCsH4, m-OZNCSH4,
2-thienyl, 2-furyl, CHzBn

34-92%

>90% de

proposed mechanism with 138a (R'=R2=R3=R*=R5=RE8 = H):

I NHTs

138a

cu(l)

\7/-; Pd(ll)

\_gr PdO)

NTs X\ PNANR
R 139
142
Scheme 40. Palladium-catalyzed [5+2] cycloaddition of

ortho-arylanilines and 1,3-dienes.



ing both axial and central stereogenic elements, were
obtained as single diastereomers (>90% de). Study-
ing the substrate scope of the process, the authors
showed that various substituents including functional-
ized ones on both aromatic rings of the ortho-arylani-
lines were tolerated. Concerning the scope of the 1,3-
dienes, in all cases the reaction occurred regiospecifi-
cally towards the terminal double bond, and other
possible regioisomers were not detected. 1,3-Dienes
bearing ester, amide, carboxylic acid, aromatic, alkyl,
2-thienyl or 2-furyl groups all reacted smoothly. The
authors have proposed the mechanism depicted in
Scheme 40 which began with the complexation of
Pd(II) species with substrate 138a followed by the
electrophilic palladation of the C—H bond to generate
the six-membered palladium species 141. Subsequent-
ly, coordination and migratory insertion of 1,3-diene
139 with 141 formed the eight-membered palladacycle
143, which was further stabilized with the second C=
C double bond from 139. Finally, a C-N reductive
elimination took place to deliver product 140 and
concomitantly regenerate the Pd(II) species with
Cu(II) oxidant.

A [542] cycloaddition of an ortho-vinylphenol with
an alkyne related to that described by Gulias and
Mascarenas (Scheme 37) was very recently included
by Wang et al. in a rhodium-catalyzed domino reac-
tion of 3-(1H-indol-3-yl)-3-oxopropanenitriles 144
with two equivalents of symmetrical internal al-
kynes.®™ As shown in Scheme 41, the process was per-
formed in the presence of 5mol% of [Cp*RhClL],
and 2.5 equivalents of Cu(OAc), in DMF at 100°C,

Ri
0 CpRACLL  pi =0
X R1 (5 mol%) R
CN Cu(OAC), " O
A : | | (2.5 equiv.) O
DMF, 100 °C R
R3 N g RS N
H 1 H
R? . R
144 (2 equiv.) 145

39-78%

\ Ri—= V
[4+2] cycloaddition [5+2] cycloaddition
HO CN
s
R
2
R 1

N
H
46
R! = Ph, 2-thienyl, p-FCgHa, p-F3CCgHs

RZ = H, Me, OMe, Cl
R3 = H, Me, OMe, F, CI, CO,Me

Scheme 41. Rhodium-catalyzed domino [442] cycloaddition/
[542] cycloaddition reaction of 3-(1H-indol-3-yl)-3-oxopro-
panenitriles and alkynes.

leading to a range of 4H-oxepino[2,3,4,5-def]carba-
zoles 145 through successive [442] cycloaddition and
[5+2] cycloaddition. Indeed, a first equivalent of in-
ternal alkyne underwent a [4+2] cycloaddition with 3-
(1H-indol-3-yl)-3-oxopropanenitrile 144 to give the
corresponding intermediate 146 which subsequently
reacted with a second equivalent of alkyne through a
[542] cycloaddition to afford the final domino prod-
uct 145. The reactions of a broad range of variously
substituted substrates proceeded in good yields (39-
78% ), as shown in Scheme 41.

7 [5+2] Cycloadditions of
Metal-Containing 5-C Components

A mechanistically intriguing process is the [5+2] cy-
cloaddition occurring between an alkyne and a n’-
pentadienyl complex, reported for the first time by
Ernst et al., in 1992.% Ever since, various metals in-
cluding titanium,®” zirconium,®! manganese,® chro-
mium,” and cobalt® have been used to mediate
these reactions, providing seven-membered ring com-
plexes in good yields. Especially, excellent yields were
recently reported by Stryker et al. in the reaction of a
series of air-stable acyclic 1’-pentadienyl cobalt com-
plexes with alkynes to produce under notably mild
conditions the corresponding cycloheptadienyl com-
plexes in high yields (89-98%).°Y In 2015, these au-
thors investigated the extension of this process to var-
iously substituted n’-pentadienyl cobalt complexes."*”
As shown in Scheme 42, the cobalt-mediated reaction
of a range of mono- and disubstituted 1’-pentadienyl
cobalt complexes 147 with alkynes afforded at room
temperature in dichloromethane the corresponding
non-conjugated 1?n’-cycloheptadienyl cycloadducts
148 in high yields (68-98%) and with excellent selec-
tivity and complete diastereocontrol. These products
isomerized quantitatively to the corresponding fully
conjugated 1’-cycloheptadienyl complexes 149 upon
heating at 70°C. The best results (85-99%) were ach-
ieved by using acetylene and 2-butyne as alkynes
while pentadienyl complexes lacking 1-substituents or
bearing additional internal methyl groups (2- or 3-
substituents) displayed attenuated reactivity. The
presence of substituents, such as a methyl group, at
the 5-position of the pentadienyl fragment was also
tolerated. The utility of this methodology was shown
by the synthesis of bicyclic adduct 150 via intramolec-
ular nucleophilic addition of the corresponding cyclo-
heptadienyl complexe 148a by treatment with K,CO;
in methanol at room temperature. As shown in
Scheme 42, this bicyclic product was obtained in
almost quantitative yield (97%).

While the precedent study (Scheme 42) showed
that the cycloaddition reactivity of cobalt-1’-penta-



-
Nl

e, CH20|2
=R+ || ——
<L rt.
R1 R“
147 143
68-98%
ﬁ BFy-
+ 1
70°C
 —

Co R
G
R2 R"
149

82-99%
R! = Me, Ph, Et, H, (CH,),CH(CO,Me),, (CH,)sCH(CO,Me),

RZ=H, Me
R3=H, Me
R*=H, Me, OEt, n-Pr, TMS

synthesis of bicyclic product 150 through cyclization of cycloheptadienyl

complex 148a:
‘;%[2’ KZCOyMEOH ﬁ%/
co

Co ., cOMe
(}/\/EOZMe CO,Me
CO,Me
148a 150

97%

Scheme 42. Cobalt-mediated n’-pentadienyl/alkyne [542] cy-
cloaddition and further cyclization of a cycloadduct.

dienyl complexes with alkynes was highly dependent
on the substitution pattern of the n>-pentadienyl com-
plex with substituents tolerated only at the C-1 and
C-5 positions, Ylijoki et al. later demonstrated that n’-
1,2,5-trimethylpentadienyl cobalt complex 151 was
highly reactive towards acetylene.”” As shown in
Scheme 43, the reaction between these two substrates
led to the corresponding trisubstituted cyclohepta-
dienyl cobalt complex 152 in 87% yield. The structure
of the pentadienyl complex 151 and that of the result-
ing cycloheptadienyl one 152 were characterized
through spectroscopic and crystallographic studies.

C +

CH.Cl,
o + I | —_— Co*  BF,”
’_/ rt.
¢ XD~
151 152
87%

Scheme 43. Cobalt-mediated 1°-1,2,5-trimethylpentadienyl/
acetylene [5+2] cycloaddition.

In another context, Tanino et al. have developed
novel five-carbon unit 153 exhibiting a dicobalt acety-
lene complex moiety and an enol silyl ether moiety."
The latter was further submitted to [5+2] cycloaddi-
tion with silyl enol ethers 154 in the presence of a
Lewis acid such as EtAICl, in dichloromethane as sol-
vent. The reaction led to the corresponding 1-acetyl-
2-silyloxycycloheptane derivatives 155 as single dia-
stereomers having the three contiguous substituents
on the seven-membered ring all arranged cis to each
other, as shown in Scheme 44. The process was com-
patible to variously substituted silyl enol ethers which
all provided good yields (70-86% ) and complete dia-
stereoselectivity. The reaction proceeded according
the mechanism depicted in Scheme 44 through the in-
termolecular addition of cationic species 156 to enol

TBSO
OTIPS o
E EtAICI2
oTIPS
(CO)sCoz CHzclz (CO)sCoZ
(CO),CO (CO)Co R
153 154 155
70-86%
>99% de

R = Me, Ph, (CH.),Cl, allyl, CH,CH=C(Me),

proposed mechanism:

TBSO
Y otes
7 ¥ _oTiPs //
+
L_OTIPS
(COKCa3 /\ E T (CO)Coz it
(CO)y Co A (G@)s00 R
157
0
oTIPS
5 (CO)CoZ
(CO)sCH .
155

[5+2] cycloaddition of dicobalt acetylene complexes with cyclic silyl enol
ethers:

OTBS
(0C)Coz °
(OC)sCo TiCl, (2.2 equi
.2 equiv.) QTIPS
158 ¢ (CO)sCoZ
. —_—
N CH,Cl, 78 °c  (CO)CO

/E 160
n = 1: 93%, single cis-fused diastereomer

159 n = 2: 75%, single frans-fused diastereomer

Scheme 44. The [5+2] cycloadditions of dicobalt acetylene
complexes and silyl enol ethers.



silyl ether 154 followed by the intramolecular cycliza-
tion of the resulting silyloxonium ion 157 to give the
final cycloheptanone derivative 155 in a stereoselec-
tive fashion. The scope of the methodology could be
extended to dicobalt acetylene complexes 158 exhibit-
ing a cyclic enol silyl ether moiety. In this case, better
results were achieved by using TiCl, instead of
EtAICl, as Lewis acid. The reaction of complexes
158a (n=1) with silyl enol ether 159 derived from iso-
butyraldehyde led to the corresponding bicyclic
ketone 160a as a single diastereomer possessing the
cis-fused junction in 93% yield. On the other hand,
the reaction of complex 158b (n=2) afforded the cor-
responding trans-fused product 160b as a single dia-
stereomer in 75% yield (Scheme 44).

8 Miscellaneous [5+2] Cycloadditions

In 2014, France et al. reported a highly efficient cata-
lytic formal [542] cycloaddition approach to a novel
diastereoselective  synthesis of azepino[l,2-a]in-
doles.”™! Indeed, various functionalized products 161
were achieved in low to high yields (15-92%) and cis-
diastereoselectivities (24-94% de) by reaction of the
corresponding N-indolyl alkylidene [-amide esters
162 with alkenes performed in the presence of
10 mol% of Sc(OTf); in dichoromethane at room
temperature (Scheme 45). The best results were ob-
tained in the reaction of para-substituted styrenes as
alkene partners while ortho-substituted styrenes pro-
vided reduced yields and diastercoselectivities (15—
66% vs. 33-78% yields, 23-50% de vs. 90-94% de).
1,1-Disubstituted alkenes readily gave the corre-
sponding products in good yields (64-92%) albeit
with a low diastereoselectivity (30% de) as long as
one of the substituents was aromatic. Even a trisubsti-
tuted alkene was tolerated, leading to the desired
product in 84% yield and 50% de. In addition to sub-
stituted styrenes, 2-vinylnaphthalene also underwent
the reaction with 45% yield and 88% de. Besides aro-
matic alkenes, phenyl vinyl sulfide (R*=R*=H, R’=
SPh) was also found to be a compatible substrate,
leading to the corresponding product in 85% yield
and 84% de. Mechanistically, the reaction could ini-
tially involve the Lewis acid activation of alkylidene
162 followed by the intermolecular attack of the
alkene through a Michael addition to yield the 1,4-di-
polar intermediate 163. The latter then underwent a
direct intramolecular Friedel-Crafts-type alkylation
to afford the final product 161.

In another context, Li and Luo have developed
hetero [54+2] cycloadditions of 2-(2-aminoethyl)oxir-
anes 164 with alkynes promoted by a combination of
FeCly and BF;(Et,0)."! The process afforded in the
presence of 10 mol% of FeCl; and 1 equivalent of
BF;(Et,0) in dichloromethane at room temperature

o 0 R Sc(OTH); (10 mol%)
OMe —_—
N 3
= Jk”)l\ . R CH20|2, rt.
R2
R' 162 Q

OMe

R1 R

161
15-92%
R" = Me, (CHy),Br, CH,CO,Me 24-94% de
RZ=H, Me
R3 = H, p-MeOCgHy, p-Tol, p-CICgH,, Ph, 0-BrCgHy4, 2-Naph, 2-furyl,
SPh
R*=H, Me

proposed mechanism:

4 2
R\(\Rz | R4 Re ]
R3

163

OMe

R RV R?

R3
161

Scheme 45. Scandium-catalyzed [542] cycloaddition of N-in-
dolyl alkylidene B-amide esters and alkenes.

the corresponding 2,3-dihydro-1H-azepines 165 in
moderate to good yields (47-73%), as shown in
Scheme 46. The reaction featured a broad scope with
respect to a wide range of both variously substituted
2-(2-aminoethyl)oxiranes and terminal as well as
alkyl-substituted internal alkynes. Comparable results
were obtained in the reactions of aromatic, heteroaro-
matic and alkyl terminal alkynes. Alkyl/phenyl inter-
nal alkynes were also compatible substrates leading to
the corresponding products in good yields (52-66%)
while 1,2-diarylalkynes showed lower reactivity (<
12% yield). A possible mechanism for this novel pro-
cess is depicted in Scheme 46. Both FeCl; and
BF;(Et,0) acted as Lewis acids to form the carbocat-
ion intermediate 166 by coordinating with the oxygen
atom in 2-(2-aminoethyl)oxirane 164 followed by
ring-opening. Then, intermediate 166 coordinated
with alkyne to give oxocarbenium ion intermediate
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Scheme 46. The [5+2] cycloaddition of 2-(2-aminoethyl)oxir-
anes and alkynes promoted by a combination of FeCl; and
BF;(Et,0).

167. The electrophilic anti-addition of intermediate
167 across the C=C triple bond in the alkyne selec-
tively led to vinyl cation intermediate 168. The latter
subsequently underwent cyclization to yield the
seven-membered intermediate 169, which was further
submitted to elimination to afford the final product
and H,O. The authors demonstrated that use of a
combination of FeCl; and BF;(Et,0) as Lewis acids
was necessary to achieve the products in high yields
with FeCl; promoting the ring-opening step, and
BF;(Et,0) employed in stoichiometric amounts was
accelerating the process and promoting the final elim-
ination step. It must be noted that this study repre-
sented the first example of using oxiranes in [5+2] in-
termolecular cycloadditions with alkynes.

In 2015, Abood etal. reported the synthesis of
novel 1,3-oxazepine derivatives 170 and 171 exhibit-
ing an azo group and a 1,3,4-thiadiazole moiety on
the basis of [5+2] cycloadditions of the corresponding
azoimines 172 with maleic and phthalic anhydrides

173 and 174.°" As shown in Scheme 47, the reactions
occurred through simple thermolysis at 70°C in ben-
zene. The reactions involving maleic anhydride 173
led to products 170 in uniformly high yields (68-80% )
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N
N
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N OH

Yl
4 0
Ar—N’ 172 benzene NY%
+ —_— =\
N
0 70 °C N OH Ss‘{
#
rqu
Ar 17

SH
| o
0
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173 © z
Ar = p-CiCBHd, p-OZNCGH4, p-MeOCGH4, 2,4-0'206'"3, 2,4-MEQCBH3,
3-pyridyl
N SH
s
N -
1
—N (0]
N OH o]
4 0]
Ar—N 172 benzene N N
¥ B W
70c N OH \<
rlﬂ SH
o]
AL 171
174 0O 74-85%

Ar = p-CICgH4, p-OoNCgH4, p-MeOCgH,

Scheme 47. The [542] cycloadditions of azoimines with
maleic and phthalic anhydrides.

while those with phthalic anhydride 174 provided
products 171 in slightly higher yields (74-85% ). More-
over, the electronic nature of the aromatic substituent
(Ar) of the azoimine was found important since the
rate of the cycloaddition was relatively increased in
the presence of electron-donating groups on the ben-
zene ring and relatively decreased in the presence of
electron-withdrawing groups on the same ring.

An unprecedented formal [5+2] cycloaddition be-
tween nitrones and ortho-carboryne to afford carbor-
ane-fused seven-membered heterocycles was de-
scribed by Xie et al., in 2015.""! ortho-Carboryne 175
was in situ generated in the presence of CsF from
phenyl[o-(trimethylsilyl)carboranyl]iodonium acetate
176. In THF at 25°C, it reacted with a range of diaryl-
nitrones 177 to give the corresponding formal [5+2]
cycloadducts 178 in moderate to high yields (31-
84%), as illustrated in Scheme 48. Both electron-with-
drawing groups and electron-donating groups on the
C- and N-aryl rings of the diarylnitrones were well
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Scheme 48. The [542] cycloaddition of nitrones and ortho-
carboryne.

N-0O bond cleavage l

tolerated. Generally, nitrones with electron-donating
groups resulted in higher yields than those with elec-
tron-withdrawing groups. The authors have proposed
the mechanism depicted in Scheme 48 based on se-
quential [342] cycloaddition, oxygen migration and
rearomatization steps. Indeed, the process began with
a [342] cycloaddition occurring between diarylnitrone
177 and ortho-carboryne 175, affording the corre-
sponding cycloadduct 179. The latter was subsequent-
ly submitted to a heterocyclic cleavage of the N—O
bond to give intermediate 180 which further rearom-
atized to afford the final product. It must be noted
that this study represented a rare example in which
nitrones were employed as five-atom building units.

A [542] cycloaddition of quinones was developed
by Trauner et al. as key step in a total synthesis of the
natural product epicolactone exhibiting antimicrobial
and antifungal activities.’””’ As shown in Scheme 49,
this [5+2] cycloaddition occurred between methoxy-
o-quinone 181 and epicoccine in the presence of
K;[Fe(CN)¢] as an oxidant in acetonitrile to give the
corresponding carbonyl-bridged product 182 in 42%

Ka[Fe(CN)g]

HO  OH OH
OH NaHCO4
HO + R —
OMe MeCN/H,0
o OH
epicoccine 181

(0]
/ OH
Mglz, quinoline
THF, 60 °C \
75% )}\O
(0]
epicolactone

Scheme 49. The [5+2] cycloaddition of quinones and a total
synthesis of epicolactone.

yield. The latter was further submitted to the removal
of its methyl ether by treatment with Mgl, and quino-
lone in THF to yield the expected natural product ep-
icolactone in 75% yield.

Various domino reactions include [5+2] cycloaddi-
tions. As a recent example, Ding et al. developed an
unprecedented domino [5+2] cycloaddition/pinacol-
type 1,2-acyl migration reaction of phenol 183 as key
step in the total synthesis of ent-kaurenoids.""”! In the
presence of PhI(CF;CO,), as oxidant and K,CO; in
HFIP, a diastereomeric mixture of phenol 183 under-
went an oxidative dearomatization-induced [5+2] cy-
cloaddition to give intermediate 184. The Ilatter
evolved through pinacol-type 1,2-acyl migration to
afford the corresponding tetracyclic diketone 185 in
70% yield as a single diastereomer (Scheme 50). This
highly oxygenated bicyclo[3.2.1]octane was converted
into several ent-kaurenoids, such as pharicin A, phari-
cin B, 7-O-acetylpseurata C and pseurata C
(Scheme 50).

Finally, Li etal. reported rhodium-catalyzed
domino reactions including a [5+2] cycloaddition as
second step of the sequence.”!! These domino [342]
cycloaddition/[542] cycloaddition reactions occurred
between 4-aryl-1,2,3-triazoles 186 and 2 equivalents of
internal alkynes in the presence of [{Cp*RhCl,},] as
catalyst, AgSbF, and Cu(OAc), as co-catalysts, and
3 equivalents of water in DCE at 85°C. When using
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Scheme 50. Domino [5+2] cycloaddition/pinacol-type 1,2-acyl migration reaction of a phenol derivative and total synthesis

of ent-kaurenoids.

1,2-diarylalkynes 187 as substrates, the reactions with
4-aryl-1,2,3-triazoles 186 led to the corresponding
indeno[1,7-cd]azepin-1-ols 188 in moderate to good
yields (48-71%) and uniformly excellent diastereose-
lectivity (>90% de), as shown in Scheme 51. A range
of substituents on the aromatic ring of the 4-aryl
moiety of substrates was compatible, including Me,
OMe, CO,Me, F, Cl and Br. Moreover, the presence
of substituents at the para- or meta-positions of the
aromatic ring of symmetrical internal 1,2-diarylal-
kynes was tolerated, providing the corresponding
products in 48-61% yields. The scope of the process
was extended to internal alkyl/aryl alkynes 189 but in
this case, the reaction led chemoselectively to the cor-
responding 1-methyleneindeno[1,7-cd]azepines 190
rather than indeno[1,7-cd]azepin-1-ols. These products
were achieved under the same reaction conditions in
good vyields (52-67%), as shown in Scheme 51
(second equation). In addition to a series of methyl/
aryl alkynes (R?=H), 1-(4-methoxyphenyl)hept-1-yne
(R*=n-Bu, Ar=p-MeOC;H,) also underwent the re-
action to give the corresponding domino product in

58% yield as a Z/E mixture of diastereomers (Z/E=
71:29). To explain these results, the authors have pro-
posed the mechanism depicted in Scheme 51 which
began with the reaction of 4-aryl-1,2,3-triazole 186
with the active species Cp*RhX,, in situ generated
from [{Cp*RhCl,},] and AgSbF, to give the rhodi-
um(III) carbenoid intermediate 191. The addition of
the latter to the alkyne generated intermediate 192,
which underwent electrophilic cyclization involving
one of the phenyl groups to provide intermediate 193.
Then, a second annulation of intermediate 193 with a
second equivalent of alkyne led to the formation of
the Cp*(H)Rh-coordinated intermediate 194. The
latter underwent a frans addition to give intermediate
195 as a result of the coordination of Rh with the ni-
trogen atom. In the case of using 1,2-diarylalkynes
187 as substrates, the cleavage of the C—Rh bond in
intermediate 195 took place through hydration with
H,O in the presence of Cu(OAc), to yield product
188 and regenerated the active species Cp*RhX,. On
the other hand, when an alkyl/aryl alkyne 189 was
employed as substrate, the C-Rh bond in 195 was
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Scheme 51. Rhodium-catalyzed domino [3+2] cycloaddition/[5+2] cycloaddition reactions of 4-aryl-1,2,3-triazoles and inter-

nal alkynes.

cleaved by Cu(OAc),, and a selective p-H elimination
then provided product 190. It can also be envisaged
that a second annulation proceeded through a C-H
activation process from intermediate 193 to inter-
mediate 196.

9 Conclusions

The [542] cycloaddition approach has become a
highly useful tool in the synthesis of a wide number
of complex natural products and important biological-
ly active products containing seven-membered rings.
This review updates the recent developments in the
[5+2] cycloaddition reported in the literature since
the beginning of 2014, dealing successively with



metal-catalyzed [5+42] cycloadditions of vinyl-substi-
tuted three-membered (hetero)rings, [S+2] cycloaddi-
tions of (oxido)pyrylium and (oxido)pyridinium ions,
rhodium-catalyzed [5+2] cycloadditions of 3-acyloxy-
1,4-enynes, metal-catalyzed [542] cycloadditions of
ortho-vinylphenols and ortho-vinyl/arylanilines, [5+2]
cycloadditions of metal-containing 5-C components,
and miscellaneous [5+2] cycloadditions. Indeed, the
last four years have witnessed significant develop-
ments in the efficiency and scope of these different
methodologies to prepare a diversity of complex
highly functionalized products. Among them, the rho-
dium-catalyzed vinylcyclopropane [542] cycloaddition
reactions with various mt-systems have become power-
ful routes to seven-membered ring systems as a result
of the important pioneering works reported by the
Wender group. Recently, these methodologies have
been applied to develop highly efficient domino and
tandem reactions. For example, Wender reported
tandem rhodium-catalyzed [5+2] cycloaddition/proto-
desilylation reactions between vinylcyclopropanes and
propargyltrimethylsilanes performed with up to 96%
yield. In addition, three-component domino/tandem
rhodium-catalyzed [5+2] cycloaddition/vinylogous Pe-
terson/[442] cycloaddition reactions of vinylcyclopro-
panes, 4-(trimethylsilyl)but-2-yn-1-ol, and alkenes or
alkynes were achieved with up to 88% and 96%
yields, respectively. While metals other than rhodium,
such as ruthenium, nickel or iron, have been success-
fully employed by several groups as catalysts in intra-
molecular versions of these reactions, iridium was re-
cently introduced by Strand in both intra- and inter-
molecular versions, providing up to quantitative
yields. Furthermore, rhodium-catalyzed hetero [5+2]
cycloadditions of vinyl-substituted three-membered
heterocycles were only recently reported for the first
time by Zhang and Feng, demonstrating that both vi-
nylaziridines and vinyloxiranes could react with al-
kenes and alkynes with up to 96% and 75% yields, re-
spectively. To illustrate the utility of these novel
methodologies, several highly efficient domino and
tandem reactions starting from an intramolecular
hetero [5+2] cycloaddition of vinyloxiranes and al-
kynes or diynes followed by a Claisen rearrangement
have been successfully developed with high yields.
However, the potentially prohibitive cost associated
with metals such as rhodium renders these procedures
less attractive, especially on a large scale. The synthe-
sis of seven-membered rings can also be achieved
through thermal [542] cycloadditions of in situ gener-
ated oxidopyrylium species with m-systems, leading to
functionalized oxa-bridged cycloadducts. Despite the
potential of these methodologies, asymmetric variants
still remain limited with most of them being based to
the use of chiral auxiliaries. Recently, several highly
enantioselective organocatalytic versions have been
reported by Vicario and Reyes, and Jacobsen and

Witten. They dealt with [542] cycloadditions of a,f3-
unsaturated aldehydes and oxidopyrylium ylides
based on dienamine activation with up to 99% ee, and
[5+2] cycloadditions of pyrylium ions with vinyl
ethers achieved with up to 96% ee. In the area of rac-
emic reactions, Li recently reported the first dearoma-
tive indole [5+42] cycloaddition of oxidopyrylium ions
with up to 90% yield and complete diastereoselectiv-
ity. The presence of an oxa-bridge and other function-
alities in these cycloadducts have allowed their fur-
ther manipulation into various types of functionalized
carbocyclic systems related to different classes of nat-
ural products, such as (—)-colchicine and eurifoloid A
recently synthesized by Li.

The cycloaddition of oxidopyridinium species with
ni-systems has also been developed and applied to the
synthesis of many 8-azabicyclo[3.2.1]octane skeletons
which are the common structural units of biologically
active tropane alkaloids. In this context, Yoo recently
reported the first catalytic three-component [5+2] cy-
cloaddition of pyridines, 1-sulfonyl-1,2,3-triazoles and
activated alkynes performed with up to 88% yield.

A significant advance in the field of the [5+2] cy-
cloaddition was recently reported by Tang who dem-
onstrated that 3-acyloxy-1,4-enynes could be em-
ployed as novel five-carbon building blocks in rhodi-
um-catalyzed [5+2] cycloadditions with various 7wt-sys-
tems. Intermolecular versions between 3-acyloxy-1,4-
enynes and propargylic alcohols leading to tropones
have been achieved with remarkable yields (up to
quantitative). The first intramolecular versions of this
type of reaction have also been developed with al-
kynes, tethered alkenes as well as allenes in good
yields. Furthermore in these systems, chirality transfer
could be achieved for the asymmetric synthesis of 5-7
fused bicyclic compounds.

In another area, Gulias and Mascarenas recently
demonstrated that ortho-vinylphenols underwent a
rhodium-catalyzed [542] cycloaddition with alkynes
or allenes, leading to highly valuable benzoxepines in
quantitative yields. By using palladium instead of rho-
dium catalysts, related methodologies were applied to
ortho-vinylanilides which reacted with allenes to give
a wide variety of important 2,3-dihydro-1H-ben-
zo[blazepines with up to 92% yield. Comparable
yields were also described by Luan in a novel diaste-
reoselective synthesis of dibenzo[b,d]azepines based
on palladium-catalyzed [5+2] cycloaddition of ortho-
arylanilines with 1,3-dienes. The utility of these novel
methodologies was illustrated by Wang in a rhodium-
catalyzed domino reaction of 3-(1H-indol-3-yl)-3-oxo-
propanenitriles with two equivalents of symmetrical
internal alkynes, leading to a range of 4H-oxepi-
no|[2,3,4,5-def]carbazoles in up to 78% yield.

Other novel highly efficient miscellaneous method-
ologies to achieve [5+2] cycloaddition have been de-
veloped in the last four years, such as the diastereose-



lective synthesis of azepino[l,2-a]indoles with up to
92% yield based on the reaction of N-indolyl alkyli-
dene P-amide esters with aromatic alkenes reported
by France. In addition, Li and Luo have developed
the first hetero [5+2] cycloadditions of 2-(2-amino-
ethyl)oxiranes with alkynes promoted by a combina-
tion of FeCl; and BF;(Et,0) to provide 2,3-dihydro-
1H-azepines in good yields. Furthermore, [542] cyclo-
additions of azoimines with maleic and phthalic anhy-
drides were developed by Abood, leading to novel
1,3-oxazepine derivatives exhibiting an azo group and
a 1,3,4-thiadiazole moiety in up to 85% yield. An un-
precedented formal [542] cycloaddition between ni-
trones and ortho-carboryne to afford carborane-fused
seven-membered heterocycles in up to 84% yield was
also described by Xie. Moreover, novel domino reac-
tions including [5+2] cycloadditions were described
by Ding, such as domino [542] cycloaddition/pinacol-
type 1,2-acyl migration reaction of a phenol applied
to a total synthesis of ent-kaurenoids, and domino
[3+2] cycloaddition/[542] cycloaddition reactions re-
ported by Li, occurring between 4-aryl-1,2,3-triazoles
and alkynes to afford indeno[l,7-cd]azepin-1-ols in
good yields.
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