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过渡金属催化环加成反应合成八元碳环研究进展(2010～2020) 
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(北京大学化学与分子工程学院  北京分子科学国家研究中心   

生物有机与分子工程教育部重点实验室  北京 100871) 

摘要  八元碳环结构广泛存在于天然产物、药物分子(如紫杉醇和瑞他帕林)和香料分子等功能分子中. 许多含有八元碳

环的天然产物如 vinigrol 和 ophiobolin(蛇孢假壳素)都显示出较好的生物活性. 因此, 合成这些含有八元碳环的分子将

会为药物化学、化学生物学、香料化学、材料化学和其它科学的发展提供分子基础. 八元碳环的合成一直是有机合成

化学中的挑战之一. 为了迎接这一挑战, 许多卓有成就的化学家发展出了许多金属催化的环加成反应以合成八元碳环, 

从而为高效、原子经济性和步骤经济性地合成目标分子提供帮助. 在 2010 年时, 我们曾经对利用过渡金属催化的环加

成反应制备八元碳环这一前沿方向进行过总结. 本综述总结了 2010～2020年期间该领域的最新进展, 内容包括新型环

加成反应的发展、环加成反应的应用以及机理研究, 希望可以为关注此领域的有机化学家提供一定的启发和有益的指

引, 同时鼓励更多合成化学家利用这些环加成反应进行各种功能分子的合成, 并发展出更多用于八元碳环合成的高效

方法.  
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Transition-Metal-Catalyzed Cycloadditions for the Synthesis of 
Eight-Membered Carbocycles: An Update from 2010 to 2020 
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(Beijing National Laboratory for Molecular Sciences, Key Laboratory of Bioorganic Chemistry and Molecular Engineering of 
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Abstract  Eight-membered carbocycles are widely found in natural products with significant biological activities and other 
molecules ranging from perfumes to potential materials. Therefore, accessing these eight-membered carbocycle embedded 
molecules is important for drug discovery, biological investigation, fragrance industry, material development and many other 
fields. However, the synthesis of eight-membered carbocycles is still posing challenges to synthetic chemists. Hence, tremen-
dous efforts have been endeavored by many leading chemists to discover and develop new reactions in order to synthesize 
eight-membered carbocycles. Among these reactions, transition-metal-catalyzed cycloadditions of [m＋n], [m＋n＋o], [m＋
n＋o＋p] have evolved as powerful tools to achieve this aim. This topic has been reviewed in 2010. Summarized here are 
many new developments in this field and applications of the previously developed reactions in natural product synthesis since 
then. 
Keywords  eight-membered carbocycles; transition metal catalysis; cycloaddition; total synthesis 

 
Molecules containing eight-membered carbocycles exist 

widely in natural products.[1] Many of these natural products 
have significant biological activities and some of them have 
been developed as useful drugs, such as anticancer drug 
taxol[2] (from yew) and antibacterial drug retapamulin[3] (a 
derivative from pleuromutilin). Thus, obtaining these nat-
ural products and their analogs for further investigation in 
medicinal chemistry, chemical biology and other related 

areas has become paramount. Considering that isolation of 
these molecules from natural resources usually affords very 
limited amounts of compounds, which prevents both direct 
extensive biological studies of these natural products and 
further derivatization of these molecules to obtain their 
analogs, chemical synthesis in most cases is the only way to 
achieve this goal. In addition, chemical synthesis can in 
principle provide “flexible” derivatized products compared 
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to the “rigid” analogs that are directly transformed from 
natural products (Scheme 1, A). Furthermore, eight-mem- 
bered carbocycles are found in fragrant molecules[4] and 
potential material molecules,[5] suggesting that the synthesis 
of these molecules are also important and valuable for our 
society (Scheme 1, B). Unfortunately, the synthesis of 
eight-membered carbocycles still poses significant chal-
lenges to synthetic chemists, which dramatically impedes 
further downstream investigations in various research fields 
that heavily rely on the use of these molecules. 

Highly efficient synthesis of ring compounds depends on 
both quantity (the number of reactions) and quality (the 
efficiency and scope of a reaction) of the cycloadditions in a 
chemist’s arsenal, and the synthetic strategies/tactics, which 
are referred here to ways of applying non-cycloaddition 
reactions for ring formation. If there are many cycloaddition 
reactions with broad scope and high efficiency for building 
desired rings directly, chemists could then have many op-
tions to synthesize their target rings. For example, six- 
membered carbocycles can be achieved by many cycload-
dition reactions such as Diels-Alder reaction,[6] metal- cat-
alyzed cycloadditions such as [4＋2],[7] [5＋1],[8] [3＋2＋
1][9] and [2＋2＋2][10] reactions to name a few. The syn-
thetic strategies for ring formation include ring-closure, 
which uses reactions (such as intramolecular SN2 reactions, 
addition reactions, coupling reactions and RCM[11] etc.), to 
make two functional groups at the two ends of a linear 
molecule to react and close the ring simultaneously, ring 
expansion/contraction and others. For synthesis of five- and 
six-membered carbocycles, there is a choice of many cy-
cloaddition reactions and strategies. But for synthesis of 
eight-membered carbocycles, both the number of cycload-
ditions and the strategies are limited. This is reflected in a 
recent review from Li and coworkers.[12] In their review 
paper, many elegant total syntheses of natural products with 
eight-membered carbocycles in the past ten years have been 
highlighted. But among them, only one metal-catalyzed- 
cycloaddition for eight-membered carbocycle synthesis, the 
Rh-catalyzed [5＋2＋1] cycloaddition, was applied for the 
total synthesis.[13] The synthesis of other natural products in 
Li’s review paper is mainly based on ring-closure strategy. 
Unfortunately, the ring-closure strategy is usually limited to 
molecules having appropriate conformations that can 
overcome enthalpy and entropy penalties associated with 
the synthesis of seven-, eight- and nine-membered rings.[14] 
Therefore, ring-closure strategy is not general for achieving 
synthesis of eight-membered carbocycles. Furthermore, 
strategies other than ring-closure for eight-membered rings 
are very limited (for example, ring expansion for 
eight-membered carbocycles are not easy because sev-
en-membered carbocycles are also difficult to access). In 
addition, the traditional pericyclic cycloadditions to eight- 
membered rings such as [4+4], [6+2] reactions under 
thermal reaction conditions are forbidden based on 
Woodward-Hoffman rules and frontier molecular orbital 
(FMO) theories, further increasing hurdles for the synthe-
sis of eight-membered carbocycles compared to the syn-

thesis of six-membered rings. 
Therefore, the most powerful and direct approach to 

overcome the challenges of synthesizing eight-membered 
carbocycles is to develop new cycloaddition reactions. 
Transition-metal-catalyzed cycloadditions have evolved as 
powerful reactions to directly synthesize eight-membered 
carbocycles[1b-1c,15] (Scheme 1, C). In 2010, we had re-
viewed this and summarized many outstanding progresses 
in this area.[16] Ten years have passed since then. Here we 
want to update the progresses in this field aiming to high-
light the development of new metal-catalyzed cycloaddi-
tions for eight-membered carbocycle synthesis, the appli-
cations on natural product synthesis using these cycloaddi-
tion reactions, together with some mechanistic studies of 
these reactions as well (Scheme 1, D). We want to point out 
here is that, the cycloaddition reactions catalyzed by tran-
sition metals acting as Lewis acids do not belong to the 
transition-metal-catalyzed cycloadditions and progresses in 
this direction are not included. 

1  [4＋4] cycloadditions 

Since the first metal-catalyzed [4＋4] cycloaddition of 
bisdienes was discovered by Ziegler and Reed,[17] various 
inter- and intramolecular [4＋4] cycloadditions have been 
developed by using different catalysts. In 1986, Wender and 
coworkers[18] reported a nickel-catalyzed intramolecular  
[4 ＋ 4] cycloaddition of bisdienes to give cis-5/8 and 
trans-6/8 bicyclic products (Scheme 2, A). In 2016, Chung 
and coworkers[19] reported a rhodium-catalyzed intramo-
lecular [4＋4] cycloaddition of bisdienes (Scheme 2, B). 
Different from Wender’s [4＋4] reaction, the Rh-catalyzed 
cycloaddition gave cis-5/8 and cis-6/8 bicycles, as demon-
strated by the reactions of 2-1 and 2-3 to the [4＋4] cy-
cloadducts 2-2 and 2-4 respectively. It is interesting to find 
that substrate 2-5 with a phenyl substituent at the distal 
position of dienes gave [4＋2] product 2-6, not [4＋4] 
product. Density functional theory (DFT) studies further 
confirmed that the selectivity of [4＋4] and [4＋2] cy-
cloadditions for bisdienes is determined by the trans or cis 
configuration of butadienyl group in the reaction interme-
diates. 

In 2018, Frontera, Vidal-Ferran and coworkers[20] carried 
out a detailed investigation of Wender's nickel-catalyzed  
[4＋4] cycloaddition of bisdienes through experiments and 
DFT calculations (Scheme 2, C). They tested several 
phosphine ligands with different electronic effects, finding 
that electron-rich triarylphosphines were efficient ligands 
for the cycloadditions. The authors also investigated the 
stereoselectivity of the [4＋4] cycloaddition. DFT calcula-
tions and experiments confirmed that the tether length be-
tween two diene moieties and the geometries of alkenes in 
the substrates influenced the configuration of products. If 
two dienes were linked by three atoms, the cycloadducts 
were cis-5/8 bicycles. When two dienes were linked by four 
atoms, the cycloadducts were either cis- or trans-6/8 bicy-
cles, depending on the geometries of the diene moiety  
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Scheme 1  (A) Molecules containing eight-membered carbocycles, (B) eight-membered carbocycles in fragrances and polymer synthe-
sis. (C) transition-metal-catalyzed [m＋n＋o] cycloaddition and (D) transition-metal-catalyzed cycloadditions to eight-membered carbo-
cycles 

in the substrates. The E/Z-configured substrate, for example 
E,Z-2-3, generated cis-6/8 cycloadduct cis-2-4, whereas the 
E,E-configured substrate, for example, E,E-2-3, generated 
trans-6/8 product trans-2-4. 

Intermolecular cyclodimerization or cross-[4＋4] cy-
cloaddition of two 1,3-dienes provides a valuable method to 
construct eight-membered monocyclic carbocycles. In the 
early 1950s, chemists discovered that nickel complexes can 

catalyze the dimerization of butadienes.[17] In the 1980s, 
iron complexes were applied to this reaction and an asym-
metric version was realized when a chiral ligand was 
used.[21] But for a long time, the structure and oxidation state 
of the active iron catalysts in such reactions have remained 
unknown, partly because various kinds of additional 
activating reagents were needed to activate the precatalysts. 
The lack of exact structure of real active species in reaction  
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Scheme 2  (A) Nickel-catalyzed intramolecular [4＋4] cycloaddition of bisdienes by Wender; (B) rhodium-catalyzed intramolecular   
[4＋4] cycloaddition of bisdienes by Chung and (C) optimization of nickel-catalyzed [4＋4] reaction and study of stereochemistry by 
Frontera and Vidal-Ferran  

prevented chemists from developing more efficient cata-
lysts which usually rely on the intensive studies of struc-
ture-activity relationship between catalysts and reaction 
efficiencies. In 2016, Ritter and coworkers[22] prepared a 
new iron complex 3-2 and its structure was determined 
(Scheme 3, A). 

Using 3-2 as catalyst, dimerization of butadiene to 
1,5-cyclooctadiene could be achieved in 12000 TON 
(turnover number) without any additional activating reagent 
(Scheme 3, B). They found that 3-2 had a high-spin 
(S＝3/2) Fe center, coupled antiferromagnetically to a lig-
and-based diimine radical. The authors proposed that 
Fe-COD ligand antibonding orbital was critical for facile 
ligand exchange process in the catalytic cycle. A plausible 
mechanism for this reaction is given in Scheme 3, C.  

In 2019, Chirik and coworkers[23] reported a family of 

iron complexes bearing bidentate ligands, finding that these 
iron complexes can catalyze the [4＋4] cycloaddition of 
substituted 1,3-dienes to afford disubstituted 1,5-cyclooca- 
dienes, with good control of both chemo- and regio-sele- 
ctivities (Scheme 4, A). The structures of the precatalysts 
were determined and the active species were characterized 
by in situ spectroscopic measurements. Their results 
showed that an (imino)pyridine ligand radical anion is an-
tiferromagnetically coupled with a high-spin iron(I) center 
and this is the active catalyst in the reaction. 

In 2020, an enantioselective chiral diamine-iron complex 
catalyzed cross-[4＋4] cycloaddition of 1,3-dienes with 
alkyl substituents to afford chiral functionalized cycloocta-
dienes (CODs) was reported by Crammer and coworkers 
(Scheme 4, B).[24a] More than 18 cycloadducts were ob-
tained in good yields and high enantioselectivities,  
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Scheme 3  Iron complex catalyzed cyclodimerization of butadi-
ene by Ritter 
(A) Preparation of iron complex, (B) Cyclodimerization of butadiene, (C) 
Plausible mechanism 

which were contradictory to tom Dieck’ single example of 
asymmetric [4＋4] reaction with a moderate enantio-sele- 
ctivity, also catalyzed by chiral diamine-iron complex.[24b] 
The key to the success of Crammer's asymmetric [4＋4] 
reaction was attributed to the tailored bulky side arms in the 
chiral diamine-iron catalyst, which can reach a balanced 
performance of reactivity, chemo- and stereo-selectivities 
for the [4＋4] reaction. 

Metal-catalyzed C—C bond activation of strained three- 
and four-membered rings have been widely applied to de-
velop transition-metal-catalyzed cycloadditions.[25] Among 
these strained small rings, benzocyclobutenones (BCBs) 
have been well developed in these years.[26] In 2015, Martin  
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Scheme 4  (A) Iron complex catalyzed catalyst-controlled cy-
clodimerization and cross-[4＋4] cycloaddition of substituted 
1,3-dienes by Chirik and (B) chiral DI-FeCl2 catalyzed enanti-
oselective cross-[4＋4] cycloaddition of 1,3-dienes by Crammer 

and coworkers[27] reported a nickel-catalyzed [4＋4] cy- 
cloaddition of BCBs with 1,3-dienes to synthesize benzo-
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cyclooctadienones (Scheme 5). They optimized the reaction 
conditions by using BCB 5-1 and diene 5-2 as the sub-
strates, Ni(COD)2 as the precatalyst, establishing that the 
electron-poor phosphine ligand, (p-CF3-C6H4)3P, was the 
best ligand for the reaction and the final product 5-3 was 
obtained in 98% yield under the optimal reaction condi-
tions. More than a dozen of substrates were found suitable 
for the [4＋4] cycloaddition. A plausible mechanism was 

proposed by the authors: an oxidative cyclometallation of 
carbonyl group of 5-4, diene 5-5 and nickel catalyst occurs 
to generate five-membered nickelacycle 5-A, followed by a 
β-carbon elimination to give seven-membered metallacycle, 
which might lead to the formation of putative π-allyl Ni(II) 
metallacycle 5-B. Then intermediate 5-B undergoes reduc-
tive elimination to give the final benzocyclooctadienone 
product 5-6. But DFT calculations by Li et al.[28] and Huang   
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Scheme 5  Nickel-catalyzed [4＋4] cycloaddition of benzocyclobutenones with 1,3-dienes  
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et al.,[29] did not support the originally proposed mechanism 
and a revised mechanism was proposed, which includes 
these steps: a direct oxidative addition of BCB 5-7 with 
nickel catalyst generates five-membered nickelacycle 5-C, 
then a concerted 1,3-diene insertion into Ni—C bond of 5-D 
takes place. Finally, reductive elimination of 5-E affords the 
[4＋4] cycloadduct 5-8. 

2  [2＋2＋2＋2] cycloadditions 

The first [2＋2＋2＋2] cycloaddition of acetylene to 
form cyclooctatetraene (COT) was achieved by using nickel 
complex as the catalyst.[30] Since then, a variety of [2＋2＋ 
2＋2] cycloadditions of alkynes were developed. In 2007, a 
[2＋2＋2＋2] cycloaddition of two diynes affording a tri-
cyclic product with a COT ring was developed by Wender 
and coworkers.[31] Besides, Zhao and coworkers[32] found 
that two 1,6-enynes could undergo [2＋2＋2＋2] cycload-
dition to give 1,5-cyclooctadienes (CODs). In all these 
cycloadditions to form either COTs or CODs, nickel cata-
lysts were necessary.  

In 2014, Croatt and coworkers accidentally developed the 
first rhodium-catalyzed [2＋2＋2＋2] cycloaddition of two 
diynes (Scheme 6).[33] Originally they planned to synthesize 
oxazines from diynes and nitrosobenzene by using 
[Rh(CO)2Cl]2 as the catalyst. To their surprise, no desired 
product was obtained for substrate 6-1. Instead, substituted 
benzenes from [2＋ 2＋ 2] cycloaddition as the major 
products together with a small amount of COT from [2＋  
2＋2＋2] cycloaddition as the minor product were gener-
ated. No COT was generated when nitrosobenzene was 
removed from the reaction system. After screening different 
polar compounds as the possible additives to improve the 
reaction yield, they found that dimethyl sulfoxide (DMSO) 
gave the best results. The optimal conditions for diyne 
substrates, are carrying out the [4＋4] reaction in tetrahy-
drofuran (THF) or CDCl3 at 55 ℃ for 2 d, using 10 mol% 
[Rh(CO)2Cl]2 as the catalyst and 10 mol% DMSO as the 
additive. All the [4＋4] reactions proceeded with 75% 
conversion and the ratio of COTs ([2＋2＋2＋2] cycload-
ducts) to substituted benzenes ([2＋2＋2] cycloadducts) in 
final products was up to 1.4～1.5∶1. The authors investi-
gated the reaction mechanism by using ReactIR, proposing 
that DMSO might coordinate with the rhodium species and 
favor the third alkyne insert into the Rh—C bond in 6-B. 
Otherwise, 6-B could directly undergo reductive elimina-
tion to give [2＋2＋2] product. The authors also explained 
why adding DMSO slowed the reaction, hypothesizing that 
DMSO might increase the barrier for reductive elimination 
of rhodacycloheptatriene 6-B. 

3  [4＋2＋2] cycloadditions 

The first [4＋2＋2] cycloaddition to construct eight- 
membered carbocycles was discovered in 1970 by Car-
bonaro and coworkers,[34] using norbornadienes (NBDs) 
and dienes as the substrates and iron complex as the cata-
lyst. Since then, various types of metal-catalyzed [4＋2＋2]  

 

Scheme 6  Rhodium-catalyzed intramolecular [2＋2＋2＋2] 
cycloaddition of diynes by Croatt 

cycloadditions have been developed. 
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In 2006, Murakami and coworkers[35] reported a nick-
el-catalyzed [4＋2＋2] cycloaddition of diynes with cy-
clobutanones (Scheme 7, A). They found that both the 
N-heterocyclic carbene (NHC) ligand IPr and phosphine 
ligand P(n-Bu)3 were effective for most substrates, with the 
former being better than the latter in terms of reactivity and 
selectivity. The authors proposed two plausible mechanisms 
for their [4＋2＋2] reaction, which are presented in Figure 
7B. In 2012, Fang, Chass, and coworkers[36] did DFT cal-
culations, indicating that pathway A is more favored than 
pathway B (Scheme 7, C). The rate-determining steps 

(RDS) were the formations of oxanickelacycloheptadiene 
intermediates for both phosphine and NHC ligands, but the 
latter is favored by 1.6 kcal•mol－1 in terms of activation 
free energy. The reason for this different reactivity is due to 
the strong stability of NHC-Ni complex with elec-
tron-density circuit in the structure that could reduce the 
overall energy of whole potential energy surface. The re-
giochemistry was also studied by DFT calculations, estab-
lishing that carbonyl group prefers to insert into the more 
substituted C—Ni bond (Scheme 7, C). 
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Scheme 7  Nickel-catalyzed [4＋2＋2] cycloaddition of diynes with cyclobutanones 

(A) Experimental results by Murakami, (B) two plausible mechanisms, (C) DFT study by Fang and Chass   
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In 2015, Alexanian and coworkers[37] developed a rho-
dium-catalyzed [4＋2＋2] cycloaddition of allenedienes 
8-1 with allenes 8-2 that furnished fused cis-5/8 bicycles 8-3 
(Scheme 8). The reactions proceeded smoothly in toluene at 
75 ℃ by using 2.5 mol% [Rh(COE)2Cl]2 as the precatalyst 
and 6 mol% racemic MonoPhos as the ligand. Different 
kinds of substituents on allenedienes and allenes could be 
tolerated. Substrates containing different tether units (in-
cluding C, N, O), substituents on the 1-, 2-, or 3-position of 
diene moieties and various functional groups can be toler-
ated and the corresponding cycloadducts were obtained in 
36%～75% yields. Asymmetric version of this reaction was 
also achieved by using (S)-H8-MonoPhos as the chiral lig-

and, and the chiral cycloadducts were obtained in 
30%～95% ee. This is the first example of a high enanti-
oselective multicomponent cycloaddition for the synthesis 
of medium ring carbocycles. A [4＋2] cycloaddition oc-
curred as a side reaction when using chiral ligand and the 
authors found that allene 8-5 played an important role in this 
side reaction. The [4＋2] cycloaddition proceeded in good 
yields without the presence of allene 8-5, but the enanti-
oselectivity was poor in this case, suggesting that allenes 
were involved in the enantioselectivity determining step in 
both the [4＋2＋2] and [4＋2] reactions when it was pre-
sented in the reaction system (Scheme 8). 

 

X

R2

R1

R3

R4

R5 R6

[Rh(COE)2Cl]2 (2.5 mol%)
MonoPhos (6 mol%)

toluene, 75 °C
36% ~ 75%

X

R5

R6

R3 R2

R1
H

R4

+

O

O
P NMe2

MonoPhos

O

O
P NMe2

(S)-H8-MonoPhos

using (S)-H8-MonoPhos as chiral ligand:
33% ~ 60% yield, 30% ~ 95% ee

X

i-Pr
[Rh(COE)2Cl]2 (2.5 mol%)

(S)-H8-MonoPhos (6 mol%)

toluene, 60 °C
X

CO2Bn

i-Pr
H

H
CO2Bn

X

H

H

i-Pr

+

Allene Yield/% of 8-6 er Yield/% of 8-7 er

－ － － 84 42:58

2 equiv. 48 96.5:3.5 37 77.5:22.5

X

R
X

CO2Bn

R
H

H

CO2Bn X

H

H

R

RhLn
enantioselective

RhLnX

H

H

R

CO2Bn

X

R

RhLn

low
enantioselectivity

RhLnX

H

H

R

X

H

H

R

Rhodium catalyzed enantioselective[4+2+2]
cycloaddition of allenedienes with allenes

8-1

8-2

8-3

8-4

8-5
8-6 8-7

X = C(CO2Bn)2

 

Scheme 8  Rhodium catalyzed enantioselective [4＋2＋2] cycloaddition of allenedienes with allenes by Alexanian  
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In 2002, Gilbertson and coworkers[38] reported the first  
[4＋2＋2] cycloaddition of dienynes with allenes catalyzed 
by a rhodium catalyst to afford bicyclic products containing 
an eight-membered carbocycle. In 2007, they[39] expanded 
the scope of substrates for this reaction. In their work, the 
used catalyst was prepared by [Rh(NBD)Cl]2 (1.0 equiv.), 
(S,S)-Me-DuPhos (2.0 equiv.) and AgSbF6 (1.0 equiv.) 
(Scheme 9, A). The catalyst must be “aged” for the [4＋2＋
2] cycloaddition. Even though this cycloaddition reaction 
was very effective, the exact composition of catalyst was 
not identified. This ambiguity prevented the authors from 
improving the reactivity and selectivity of the [4＋2＋2] 
reaction. In 2014, the authors[40] again screened various 
ligands, finding that a rhodium-biphosphine monoxide 
complex 9-1 (Scheme 9, B), which was isolated and char-
acterized by both NMR and single X-ray diffraction, was an 
effective catalyst for the [4 ＋ 2 ＋ 2] cycloaddition of 
dienynes with alkynes. This new catalyst 9-1 was very 

active because both acyclic and cyclic dienynes were 
proved to be successful substrates for the cycloaddition, 
even tricyclic cycloadduct from substrate 9-7 could also be 
generated in 97% yield (Scheme 9, B). If the third compo-
nent of alkyne was absent in the reaction, a dimerization 
product 9-6 from dienyne substrate 9-5 was observed, in 
which one dienyne acted as the six-carbon synthon and 
another as the two-carbon synthon. A cross-cycloaddition 
occurred when extra terminal alkynes or acetylenes were 
added to the reaction system. Internal alkynes would not 
participate in this reaction. When a chiral rhodium catalyst, 
[(Rh(NBD)(S,S)- Me-BozPhos)]SbF6, was used, the enan-
tioselectivity of this reaction was modest (ca. 30% ee), but 
diastereomeric ratio of this reaction was pretty good, which 
was higher than 20∶1. A general mechanism, which in-
cludes ligand exchange, oxidative cyclometallation, alkyne 
coordination, insertion and reductive elimination, was 
proposed by the authors (Scheme 9, C).   
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Scheme 9  Rhodium-catalyzed [4＋2＋2] cycloaddition of dienynes with alkynes by using biphosphine monoxide ligand  
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[4＋2＋2] cycloadditions of enynes with dienes,[41] 
dienynes with alkynes,[39-40] trienes with alkynes[42] and 
diynes with dienes[43] have been reported. In 2013, Ogoshi, 
Sato, and coworkers[44] discovered the first case of [4＋2＋
2] cycloaddition of dienyne 10-4 with methylenecyclopro-
pane 10-5 (Scheme 10). In their study, nickel-catalyzed   
[4＋3＋2] cycloaddition of ethyl cyclopropylideneacetate 
10-2 with dienyne 10-1 was achieved to form nine-mem- 
bered carbocycle 10-3, and only in one case eight-mem- 
bered ring compound was observed. When 1,8-dienyne 
substrate and methylenecyclopropane (10.0 equiv.) were 
treated in toluene at 4 ℃, by using Ni(COD)2 (10 mol%) 
and PPh3 (20 mol%) as catalyst, cycloadduct 10-6 con-
taining eight-membered ring was generated, even though 
the yield was only 37%. The authors proposed two plausible 
mechanisms for this [4＋2＋2] cycloaddition, and pathway 
A (shown in black) was hypothesized to be more possible 
than pathway B (shown in blue). 
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Scheme 10  Nickel-catalyzed [4 ＋ 2 ＋ 2] cycloaddition of 
dienyne with methylene cyclopropane 

4  (Formal) [5＋3] cycloadditions 

Compared with other types of cycloadditions, [5＋3] 
cycloaddition was rarely reported. In 2016, Echavarren and 
coworkers reported a gold-catalyzed intramolecular het-
ero-[3＋2＋2] cycloaddition of 11-oxo-1,7-allenenes 11-1 
to build oxepane-embedded tricyclic molecules.[45] Because 
three carbon atoms linked the alkene unit and carbonyl unit 
in the substrates, eight-membered carbocycles were gener-
ated at the same time. This reaction can be regarded as a 
formal “all carbon [5＋3] cycloaddition” (Scheme 11, A). 
The substrates 11-oxo-1,7-allenenes 11-1, when treated 
with 5 mol% gold catalyst (Au11-4, or Au11-5, or Au11-6) 
in DCM at 25 ℃, gave the corresponding tricyclic mole-
cules in 40%〜87% yields (Scheme 11, B). Only in case of 
using substrate with 1,1-dialkyl-substituted allene, sev-
en-membered ring compound 11-5 was formed (Scheme 11, 
C). The authors proposed the plausible mechanism (Scheme 
11, D). First, the alkene unit in the substrate attacks the 
gold-activated allene unit to generate carbocation. Then, the 
carbocation is trapped intra- or intermolecularly by a car-
bonyl group to form an oxonium cation, which is then fol-
lowed by a selective Prins reaction to generate an 
oxo-bridged 5/8 or 5/7 intermediate. Finally, a [1,2]-H shift 
of Au carbene gives the final product. 

5  [6＋2] cycloadditions 

Since the first metal-mediated [6＋2] cycloaddition of 
cycloheptatriene-iron tricarbonyl complex and dimethyl 
acetylenedicarbornate was reported by Pettit and coworkers 
in 1974,[46] [6＋2] cycloadditions have been further devel-
oped for the synthesis of various eight-membered carbocy-
cles. These reactions include cycloadditions of 1,3,5- tri-
enes, such as cycloheptatriene (CHT), cyclooctatriene 
(COT), and cyclooctatetraene (COTT) with alkenes, al-
kynes and allenes.[47] Different metals could catalyze this 
transformation, such as Fe, Ti, Mo, Cr, Co and Pt. In the 
past ten years, D'yakonov and coworkers did a series of 
investigations and developed several [6＋2] cycloadditions 
of different trienes and trienophiles. 

The combination of TiCl4-Et2AlCl was proved to be ef-
ficient for catalyzing [6＋2] cycloadditions of 1,3,5-CHT 
with 1,3-dienes, norborna-2,5-dienes, and acetylenes, as 
reported by Tureček and coworkers (Scheme 12, A).[48] In 
2011, D'yakonov used the same catalytic system to achieve 
the cycloaddition of 1,3,5-CHT with allenes (Scheme 12, 
B).[49] The authors investigated the scope of substrates, 
finding that both 1-substituted allenes and 1,1-disubstituted 
allenes could give the desired [6＋2] cycloadducts when 
reacted with CHT. It is worthy to mention that, cyclic al-
lenes worked well for this reaction, generating the corre-
sponding fused bicyclic products containing an 
eight-membered ring. Besides, α,ω-diallenes and α,ω- 
diynes could also react with 1,3,5-CHT to afford bis(endo- 
bicyclo[4.2.1]nona-2,4-dienes) and bis(trimethylsilyl-endo- 
bicyclo[4.2.1]nona-2,4,7-trienes) with polymethylene link-
ers.[50]  
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Scheme 11  Gold-catalyzed formal [5＋3] cycloaddition of 11-oxo-1,7-allenenes 
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Scheme 12  Ti(III)-catalyzed [6＋2] cycloadditions of 1,3,5-CHT with unsaturated carbon-carbon bond to construct eight-membered 
carbocycles 

In 2013, D'yakonov and coworkers[51] improved this [6＋
2] transformation (Scheme 12, C). Ti(acac)2Cl2 or 
(RO)2TiCl2 was used to replace TiCl4, and the reaction 
became more efficient, as judged by their observations that 
not only allenes, but also disubstituted acetylenes, propargyl 
amines, norbornadienes, and isoprene could be employed as 
two-carbon synthons in the [6＋2] cycloadditions. It should 
be noted that, only Ti(acac)2Cl2-Et2AlCl could catalyze the 
[6＋2] cycloaddition of 1,3,5-CHT with propargyl amines. 
TiCl4 or (RO)2TiCl2 as catalyst in combination with the 
organoaluminum reducing agents cannot give the desired 
cycloadducts for this [6＋2] reaction. In the follow-up 
work, the authors studied the scope of substrates of this 
reaction and proposed a plausible mechanism based on their 
DFT calculations (Scheme 12, D).[52] Firstly, the Ti(IV) is 
reduced by organoaluminum to generated TiCl2＋, a Ti(III) 
species. Then, oxidative cyclometallation of CHT-Ti coor-
dinated complex with alkyne or allene takes place. After 
that, reductive elimination reaction gives rise to the cy-
cloadduct-Ti(III) complex. Finally, ligand exchange reac-
tion releases the product and catalyst which then enters the 
next catalytic cycle. 

Not only Ti catalyst but also cobalt complex could cata-
lyze [6＋2] cycloadditions of CHT with unsaturated car-
bon-carbon bonds (Scheme 13). In 2005, Buono and 
coworkers[53] reported the first cobalt-catalyzed [6＋ 2] 

cycloaddition of CHT with alkynes to construct 
eight-membered carbocycles. A catalytic system consisting 
of CoI2(dppe), Zn and ZnI2 was used to realize the reaction. 
A Co(I) species, which was generated from the reduction of 
Co(II) by Zn, was proposed as the active catalyst. In 2006, 
they reported similar cycloadditions that COTT or COT 
could react with alkynes to give bicyclo[4.2.2]deca- 
2,4,7,9-tetra(tri)enes.[54] By using the same catalytic system, 
Buono et al. realized the cycloaddition of CHT with allene 
in 2011.[55] In this case, only E-isomers were observed in the 
reaction (Scheme 13, A). 

Inspired by Buonos’ work, D'yakonov and coworkers[56] 
expanded the scope of substrates. In 2015 and 2016, they 
reported the [6＋2] cycloaddition of COTT with allenes 
under the same conditions as that reported by Buono in 
2005 (Scheme 13, B). The reaction gave the corresponding 
products in good yields. In 2018, D'yakonov et al. disclosed 
more results about [6＋2] cycloaddition of COTT with 
alkynes (or diynes) catalyzed by Co(I). In this work, 
Co(acac)2 was used to replace CoI2 (Scheme 13, C).[57] In 
2020, [6＋2] cycloaddition of azepines with alkynes or 
dialkynes was also reported (Scheme 13, D).[58] 

In 2011, Sato and coworkers[59] reported an intramolec-
ular rhodium-catalyzed [6＋2] cycloaddition of 4-allenals 
with alkynes or alkenes (Scheme 14, A). When the sub-
strate, alkyne-4-allenal 14-1 was treated with 10 mol%  
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Scheme 13  Co(I)-catalyzed [6＋2] cycloadditions of CHT or 
COTT with alkynes or allenes by Buono and D'yakonov 

[Rh(IMes)(COD)]ClO4, the [6＋2] cycloaddition occurred 
to generate 5/8 product 14-2 or 6/7 product 14-3, or both, 
depending on the reaction conditions. It was also found that 
cyclization of enantiomerically enriched (S)-14-1 (94% ee) 
gave cyclic ketone derivative (S)-14-2 in a high yield, with 
reasonable chirality transfer from substrate to product (86% 
ee). A plausible mechanism was proposed by the authors 
(Scheme 14, B). First, intermediate 14-C is formed through 
a Rh(I)-catalyzed hydroacylation. Then intermediate 14-E 
is generated by a π-allyl slippage. Finally, alkyne or alkene 
insertion and reductive elimination take place to give the 
final bicyclic product. In 2012, Sato et al.[60] developed an 
intermolecular version of this [6＋2] cycloaddition by ap-
plying [Rh(SIMes)(COD)]ClO4 instead of [Rh(IMes)- 
(COD)]ClO4 as the catalyst, and more than 20 substrates 
underwent the desired reactions in good reaction yields 
(Scheme 14, C). 

In 2014, Bi and coworkers[61] proposed a new mechanism 
based on their DFT calculations (Scheme 15). Their DFT 
calculations were initially planned to investigate the regi-
oselectivity of Sato’s [6＋2] reaction: when Rh(PPh3)3Cl 
was used, the product was 5/8 bicycle, whereas using 
Rh(dppe)ClO4 as the catalyst, 6/7 bicycle was the only 
product formed (Scheme 14, A). The DFT results showed 
that, when Rh(PPh3)3Cl was used as the catalyst, the overall 
activation barrier was 35.8 kcal•mol－1, which is too high 
for this reaction to occur. A new mechanism involving 
H-migration from the metal to allenic carbon was then 
proposed by Bi and coworkers, but the overall activation 
barrier from R＋RhL2 to TS15-B was also as high as 40.6 
kcal•mol－1. Therefore, Bi and coworkers proposed that a 
trace amount of water in the solvent could aid H-migration 
to reduce the activation energy, which was inspired by 
studies of Yu and other researchers’ of water-catalyzed 
proton shift mechanisms.[62] DFT results showed that, the 
new mechanism, in which H2O and Cl both act as the me-
diators to help the hydrogen transfer is reasonable. As 
shown in Scheme 15, the overall barrier via TS-15-C is 29.2 
kcal•mol－1. Besides, the authors discovered that a trace 
amount of water also played an important role for the for-
mation of 6/7 bicycles when the Rh(dppe)ClO4 was used as 
catalyst. More details of mechanistic insights can be found 
in their original study. 

In 2013, Mascareñas, López, and coworkers[63] reported a 
gold(I)-catalyzed intermolecular formal [6＋2] cycloaddi-
tion of allenamides with carbonyl-tethered alkenes. Inspired 
by previously reported gold-catalyzed [2＋2] cycloaddition 
of allenamides with alkenes,[64] the authors designed a 
cascade cycloaddition process (Scheme 16, A). It is pro-
posed that the allenamide is activated by Au(I), which is 
followed by alkene addition. Then, a cascade cyclization 
leads to the final oxa-bridged medium-size carbocycles. 
The ring size in the product (seven-, eight- or nine-  
membered ring) is determined by the length of the linker 
between alkene moiety and carbonyl moiety. When the 
alkene and carbonyl is tethered by three carbons, a formal 
[6＋2] cycloaddition occurs, giving the corresponding  
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Scheme 14  Rh(I)-catalyzed intra- and intermolecular [6＋2] cycloaddition of 4-allenals with alkynes or alkenes 
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Scheme 15  DFT study of Rh(I) catalyzed [6＋2] cycloaddition of 4-allenal with alkyne 

eight-membered carbocycles in good yields. When a chiral 
gold catalyst was used, this reaction was developed to its 
asymmetric version (Scheme 16, B). 

In addition to the above mentioned reaction development 
for metal-catalyzed [6＋2] cycloadditions, there was also an 
application of a previous [6＋2] reaction in natural product 
synthesis. Since 1991, Rigby and coworkers developed 
several Cr-involved [6＋2] cycloadditions of CHT with 
alkynes to synthesize bridged eight-membered carbocy-
cles[65] and applied them to natural product synthesis[66]. In 
2015, Misra, Rigby and coworkers[67] reported a formal 
synthesis of Echinopines A and B by using [6＋2] cy-
cloaddition of Cr(CO)3-CHT with alkyne as a key step to 
synthesize 17-1 with the [4.2.1] bicyclic skeleton (Scheme 
17). Then a sequential radical cyclization process was used 
to reach 17-3, from which the final natural products could 
be synthesized by using literature transformations.[68]  

6  [7＋1] cycloadditions 

In 2011, Yu and coworkers[69] developed the first [7＋1] 
cycloaddition of buta-1,3-dienylcycloprapnes (BDCPs) 
18-3 with carbon monoxide to construct substituted cy-

clooctadienones 18-4 and 18-5, by using [Rh(CO)2Cl]2 as 
the catalyst (Scheme 18). This work was inspired by rho-
dium catalyzed [5＋2＋ 1] cycloaddition of ene-vinyl-  
cyclopropanes (ene-VCPs) with carbon monoxide, which 
was also discovered by the Yu group in 2007.[70] They 
proposed that BDCPs undergoes cyclometallation and C－
C cleavage of the cyclopropane to give eight-membered 
rhodacycle 18-B. Then CO insertion and reductive elimi-
nation give rise to the [7＋1] products. As expected, when 
BDCPs 18-3 were treated with [Rh(CO)2Cl]2 (10 mol%) in 
1,4-dioxane at 85～95 ℃ under carbon monoxide atmos-
phere, the corresponding eight-membered cycloadducts 
were generated. In the [7＋1] cycloaddition, the conjugated 
products 18-4 were the major products, which were isom-
erized from the initially generated non-conjugated products 
18-5 from the [7＋1] cycloaddition, as shown by the pro-
posed mechanism in Scheme 18. It was noteworthy that 
1-substituted BDCPs did not give the [7＋1] cycloadducts 
but generated substituted cyclohexenones, which were 
generated from the [5＋1] cycloaddition of the VCP moiety 
of BDCPs with carbon monoxide.[71]   
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Scheme 16  Au(I) catalyzed intermolecular [6＋2] cycloaddition of allenamindes with enones 
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Scheme 17  Formal synthesis of echinopines A and B using [6＋2] cycloaddition as a key step 
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Scheme 18  Rh(I)-catalyzed [7＋1] cycloaddition of BDCPs 
with CO 

In 2014, Yu and coworkers[72] developed a rhodi-
um-catalyzed benzo-[7＋1] cycloaddition (Scheme 19). 
They proposed that cyclopropyl-benzocyclobutenes 
(CP-BCBs) 19-1 can be converted under high temperature 
to BDCP intermediates, which could then undergo [7＋1] 
cycloaddition, as the same as that shown in Scheme 18. 
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They proposed that the resulting BDCP 19-4, resulting from 
19-3 by 4-π electrocyclic ring-opening, first undergoes 
rhodium-mediated cyclization to form rhodacyclopentane 
19-A. Then, a benzorhodacyclooctene species 19-B is gen-
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erated through a,β-carbon elimination. The final cycload-
duct 19-5 can then be generated through carbon monoxide 
insertion into the C－Rh bond and reductive elimination. 
The reaction was efficient to generate aryl fused 
eight-membered ring compounds in high yields. Both 6/8/5 
and 6/8/6 tricyclic molecules could also be obtained in 
moderate yields by this reaction. 

7  [5＋2＋1] cycloadditions 

Wender and coworkers[73] reported the first three-  
component [5＋2＋1] cycloaddition of VCPs, alkynes, and 
CO to form eight-membered carbocycle in 2002. In 2007, 
Yu and coworkers[70] developed computationally and ex-
perimentally a two-component [5＋2＋1] cycloaddition of 
ene-VCPs with CO by using rhodium catalyst, which can be 
applied to the construction of cis-5/8 bicycles, trans-6/8 
bicycles, 5/8/5 and 6/8/5 tricycles (Scheme 20). This reac-
tion has great potential in synthesizing various 
eight-membered carbocycles, considering that this reaction 
provides two common functional groups for further trans-
formations, the alkene and carbonyl groups, in the final 
cycloadducts. This reaction has been applied in the synthe-
sis of several natural products by Yu and coworkers,[74] 
including asterisca-3(15),6-diene,[75] pentalenene,[75] hir-
sutene[76] and 1-desoxylhypnophilin.[76] Since 2010, Yu and 
coworkers completed another two syntheses of natural 
products by using [5＋2＋1] cycloaddition as the key reac-
tion, which are illustrated in what follows. 
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Scheme 20  Rhodium-catalyzed [5＋2＋1] cycloaddition of 
ene-VCPs with CO and application to the synthesis of natural 
products 

In 2010, Yu and coworkers reported a formal synthesis of 
hirsutic acid C (Scheme 21, A).[77] An efficient tandem 
Rh-catalyzed [5＋2＋1] cycloaddition/intramolecular aldol 
reaction successfully took place to generate the fused 5/5/5 

cycloadduct 21-5 (and 21-6) possessing triquinane skeleton 
from a linear substrate. Compound 21-5 was converted to 
21-7 through a Wittig reaction. Allylic oxidation of 21-7 
using SeO2 and DMP, introduced a carbonyl group to the 
5/5/5 tricyclic intermediate. Then dehydrogenation of 21-8 
to form 21-9 was realized by adding TsOH, achieving the 
formal synthesis of hirsutic acid C, because compound 21-9 
can be converted to the final natural product, as demon-
strated by Schuda et al., Ikegami et al., and Banwell et al.[78] 

In 2011, Yu and coworkers reported the asymmetric total 
synthesis of (＋)-asteriscanolide using rhodium-catalyzed 
[5＋2＋1] cycloaddition of ene-VCPs with CO as the key 
step (Scheme 21, B).[13] Chiral substrate 21-13 could be 
synthesized in 3 steps from easily accessible starting com-
pounds. Then cis-5/8 bicycle 21-14 was generated in 70% 
yield by a [5＋2＋1] cycloaddition. Compound 21-15 was 
synthesized from 21-14 in 4 steps, including enol trifluo- 
romethanesulphonylation, coupling reaction, epoxidation, 
and ring opening of epoxide under basic conditions. Stere-
ochemical inversion of hydroxyl group was achieved 
through an oxidation-reduction sequence. Then, compound 
21-16 was treated with triphosgene and PhSeH to afford a 
selenocarbonate, which then via a radical cyclization gave 
the lactone 21-17. Unfortunately, this intermediate has an 
opposite carbon configuration compared with that in the 
target natural product. Due to this, the authors had to apply a 
reduction-dehydration-hydrogenation strategy to invert this 
wrong stereochemistry. Finally, RuCl3-NaIO4 oxidized the 
C－H bond of one methylene moiety of 21-19 to a carbonyl 
group, completing the asymmetric total synthesis of 
(＋)-asteriscanolide. 

8  Conclusions and perspectives 

Here we summarize the progresses in the last ten years 
about the development of new transition-metal-catalyzed 
cycloadditions for the synthesis of eight-membered carbo-
cycles, together with the applications of the previously 
established metal-catalyzed cycloadditions in the synthesis 
of natural products. It is clearly evident from these pro-
gresses that more extensive research is required in this area.  

Firstly, only a limited number of new cycloaddition re-
actions have been developed during this period for the 
synthesis of eight-membered carbocycles. In principle, 
various eight-membered carbocycle embedded molecules, 
which can be either already known molecules or the prob-
able molecules to be discovered in the future, can be syn-
thesized by using the reactions reported in this review and 
the previous review. But some molecules could have either 
skeletons, or substitutions, or stereochemistry that cannot be 
matched by the known cycloaddition reactions. Conse-
quently, many tedious functional group transformations 
have to be performed and this leads to low efficiency of 
synthesis. In our opinions, developing more new cycload-
dition reactions is critical to overcome these challenges so 
that synthesis of any molecules with eight-membered car-
bocycles, with consideration of atom and step-economy as 
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Scheme 21  Synthesis of natural products using [5＋2＋1] cycloaddition by Yu. (A) Formal synthesis of hirsutic acid C. (B) Total syn-
thesis of (＋)-asteriscanolide 

well as green chemistry, can be realized. 
Secondly, applications of the transition-metal-catalyzed 

cycloadditions in the total synthesis of natural products and 
pharmaceuticals are few so far. There are many challenges 
in the synthesis of complex natural products. But usually 
building the skeleton of the target molecule is the most 

difficult step. The transition-metal-catalyzed cycloadditions 
in many cases could provide the most straightforward ways 
to the target frameworks. This means that combining these 
reactions with others could provide new and creative 
strategies for shortening the synthesis. We encourage more 
leading chemists to use the transition-metal-catalyzed cy-
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cloadditions in synthesis of biologically active natural 
products. 

Before concluding this review, we would like to mention 
our thoughts on further development of transition-metal- 
catalyzed cycloadditions for the eight-membered carbocy-
cle synthesis, which could be helpful to chemists in the 
frontiers of reaction development. One is to design and try 
more combination of various carbon synthons, transition 
metals, and ligands. Figure 1 lists some of the carbon 
synthons in cycloadditions[79]. Furthermore, chemists need 
to develop more new carbon synthons to fill in Figure 1 so 
that many new combinations of carbon synthons, metals, 
ligands can be created and more possibilities to find new 
reactions can be realized. Certainly, serendipity is another 
opportunity to this aim, and we believe that many cycload-
dition reactions will come out from hard-working and ad-
venturous chemists in this field. 
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Figure 1  Selected carbon synthons in cycloadditions 
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