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1. Introduction

Carbocycle and heterocycle construction is one of the most

important topics in organic synthesis.[1] Catalytic intra- and in-

termolecular transformations of diazo compounds provide
mild, efficient, and highly selective methods for the syntheses

of cyclic compounds[2] that compliment well-established ring-
forming processes (e.g. , Diels–Alder cycloaddition, Huisgen cy-

cloaddition, Robinson annulation, and ring-closing metathesis).
Recently, efficient and versatile cycloaddition methodologies

from combinations of vinyldiazo reagents and metal catalysts

have been exhibited in the construction of carbocycles and
heterocycles.[3] As depicted in Scheme 1, the common core

structure of vinyldiazo reagents is conjugated vinyl and diazo
functionalities (C=C@C=N2), whereas different substituents

(e.g. , hydro, alkyl, aryl, and silyloxy) and different electron-with-
drawing groups (e.g. , ester, amide, and ketone) are attached to

the vinyl moiety and diazo carbon atom, respectively; rhodium

(especially Rh2L4) and coinage-metal (including copper, silver,
and gold) complexes serve as the catalysts in the ring-forming

reactions.
The vinyldiazo compound has a dipolar structure that gives

enhanced nucleophilic character to the vinylogous position.
However, the extrusion of dinitrogen by a transition-metal
compound forms a metallo-vinylcarbene, the dipolar structure

of which has enhanced electrophilic character at the vinylo-
gous carbon atom. This umpolung is one of the principal

causes for the chemodivergence in catalytic reactions of vinyl-
diazo compounds.[3]

This minireview, covering the very latest achievements in
the field of metal-catalyzed cyclization reactions with vinyldia-

zo reagents, focuses on reagent- or catalyst-dependent chemo-
divergence: 1) different substituents (e.g. , hydro vs. silyloxy) or

electron-withdrawing groups (e.g. , ester vs. amide) installed on
vinyldiazo reagents result in divergent cyclization pathways;
2) different metal catalysts (e.g. , rhodium vs. copper) lead to

distinct cyclization outcomes. Two systematic reviews on
metal-catalyzed transformations of vinyldiazo compounds have

emphasized methodology development and mechanistic over-
view.[3] In this review, metal-catalyzed cyclization reactions of

vinyldiazo compounds with nitrosoarenes, nitrones, indoles,

and other diazo compounds are selected and discussed to
showcase the controllable versatility of the combination of vi-

nyldiazo reagents and metal catalysts; we aim to provide an il-
lustrated manual of the cyclization toolkit containing vinyldia-

zo reagents and metal catalysts, thus promoting its application
and expansion by the wider synthetic community.

Scheme 1. Vinyldiazo reagents and metal catalysts employed with selected
reactants for heterocycle or carbocycle formation. The toolkit on the left
contains the substituted vinyldiazo compound (substituents colored red)
and the transition metal of the catalyst used.
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Over the past decade, vinyldiazo compounds have provided
mild, efficient, and highly selective methods for the construc-

tion of heterocycles and carbocycles. Dinitrogen extrusion with
suitable catalysts provides the carbon framework for [3 + n] cy-

cloaddition with a large variety of dipolarophiles. This minire-

view, covering the latest achievements in the field of metal-
catalyzed cyclization reactions with vinyldiazo reagents, focus-

es on reagent- or catalyst-dependent chemodivergence: differ-

ent vinyldiazo reagents or metal catalysts direct reactions to
different cyclization pathways that give different reaction out-
comes. Accordingly, metal-catalyzed cyclization reactions of vi-
nyldiazo compounds with nitrosoarenes, nitrones, indoles, and

other diazo compounds are chosen to showcase the controlla-
ble versatility of the combination of vinyldiazo reagents and
metal catalysts.
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2. Cyclization Reactions of Nitrosoarenes

Over the past two decades, nitrosoarenes have been success-
fully employed in a variety of organocatalyzed and transition-

metal-catalyzed ring-forming processes, such as 1,3-dipolar cy-
cloadditions, hetero-Diels–Alder reactions, and annulation reac-

tions involving ortho-C(sp2)@H functionalization.[4] Recently, by

treating nitrosoarenes with vinyldiazo reagents in the presence
of metal catalysts (Scheme 2), new cyclization methodologies

have been developed for the construction of heterocyclic com-
pounds;[5, 6] these approaches have proven to be either re-

agent[5] or catalyst dependent.[6]

2.1. Cyclization reactions of alkenyldiazoacetates with nitro-
soarenes

In 2011, Liu et al.[5] presented gold(I)-catalyzed reactions be-
tween alkenyldiazoacetates and nitrosoarenes (Scheme 3). In
most cases, gold–alkenylcarbenes, formed by the extrusion of
dinitrogen from alkenyldiazoacetates (R1 = H, Me, Et, Cl, MeO),

underwent vinylogous addition with nitrosoarenes 1; subse-
quent 6p-electrocyclic ring closure followed by oxidative aro-
matization produced a series of quinoline N-oxides 2 in moder-

ate to good yields (Scheme 3 a). Notably, copper(I) and dirho-
dium(II) catalysts, which were also examined, afforded the

same formal [3++3] cycloadducts as those obtained under
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Scheme 2. Vinyldiazo reagents and metal catalysts employed in cyclization
reactions of nitrosoarenes.
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gold(I) catalysis, albeit in somewhat lower yields.[5] In compari-
son with the reactions of alkenyldiazoacetates bearing less

sterically hindered g-substituents (Scheme 3 a), nucleophilic
attack by nitrosobenzene (1 a) occurred preferentially at the

carbene carbon atom over the vinylogous position of the

gold–carbene intermediate generated from ethyl (E)-styryldia-
zoacetate (R1 = Ph), thus furnishing nitrone 3 a in 48 % yield

(Scheme 3 b).
The success of this cyclization reaction (Scheme 3 a) was

owing to vinylogous addition by the nitrosoarene to form a ni-
trosonium intermediate that could rapidly tautomerize into its

oxime form, thus setting up a sequence of reactions that re-
sulted in the formation of product 2. Consistent with the elec-
trophilic character of the vinylogous position, chloro and me-

thoxy substituents as R1 resulted in lower product yields than
if R1 = H or alkyl.[5] Steric influences in this transformation ap-

peared to be significant, and the gold(I) catalyst may have the
least steric bias.

2.2. Cyclization reactions of enoldiazoacetamides with nitro-
soarenes

Very recently, Doyle and co-workers[6] reported catalyst-con-

trolled cyclization reactions of enoldiazoacetamides with nitro-
soarenes (Scheme 4). Rhodium(II) octanoate [Rh2(oct)4] and

rhodium(II) caprolactamate [Rh2(cap)4] selectively catalyzed
formal [3++2] and [5++1] cyclizations to produce multifunction-

alized 5-isoxazolones 4 and 1,3-oxazin-4-ones 5, respectively.
Here, steric effects that would lead to products such as nitrone
3 a from reactions at the metal carbene carbon atom

(Scheme 3 b) were not evident. Mechanistic studies uncovered
distinct catalytic activities and reaction intermediates. Rh2(oct)4

catalyzed both the generation of donor–acceptor cyclopro-
penes (by dinitrogen extrusion from enoldiazoacetamides/met-

allo-enolcarbene formation/intramolecular cyclization) and sub-

sequent aza-Michael addition of nitrosoarenes to the cyclopro-
penes, and the following five-membered ring closure/cyclopro-

pane opening/dialkylamino migration process delivered the
formal [3++2] cycloadducts (Scheme 4 a). Rather than directly

decomposing enoldiazoacetamides, Rh2(cap)4 activated nitro-
soarenes for electrophilic attack at the diazo carbon atom, and

Scheme 3. Gold-catalyzed cyclization reactions of alkenyldiazoacetates with
nitrosoarenes. AgNTf2 = silver bis(trifluoromethanesulfonyl)imide; DCE = 1,2-
dichloroethane; JohnPhos = (2-biphenylyl)di-tert-butylphosphine.

Scheme 4. Rhodium-catalyzed cyclization reactions of enoldiazoacetamides
with nitrosoarenes. TBS = tert-butyldimethylsilyl ; TIPS = triisopropylsilyl.
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the resulting diazonium intermediates underwent intramolecu-
lar nucleophilic addition to the vinylogous position, thus fur-

nishing 4-isoxazolines that rapidly rearranged to 2-acylaziri-
dines; a subsequent aziridine opening/silyl migration/six-mem-

bered-ring closure sequence defined the overall [5++1] cycliza-
tion (Scheme 4 b). Furthermore, a mechanism-inspired enantio-

selective Rh2(S-PTTL)4-catalyzed reaction between g-ethyl
enoldiazoacetamide and nitrosobenzene produced heterocy-
cle-linked trialkylamine 6 a with 96 % ee (Scheme 4 c).

3. Cyclization Reactions of Nitrones

Nitrones are an important class of dipolar reactants in ring-
forming reactions, in which they usually serve as C@N@O-type

components for heterocycle construction.[7] As depicted in
Scheme 5, various vinyldiazo reagents and metal catalysts have
been employed in cyclization reactions of nitrones.[8–13] These

highly reagent-[8–11] and catalyst-dependent processes[11–13] pro-
vide efficient approaches to distinct heterocyclic compounds.
In some cases, the use of an appropriate combination of vinyl-
diazo reagents and metal catalysts is crucial for achieving com-
patible reactivity and controllable selectivity.[12, 13]

3.1. Cyclization reactions of alkenyldiazo compounds with
nitrones

Enantioselective dirhodium(II)-catalyzed formal [2++3]-cycload-

dition reactions between alkenyldiazoacetates, in which an
alkyl group is trans at the g-position, and nitrones were report-

ed by Qin and Davies in 2013.[8] As illustrated in Scheme 6 a,
Rh2(R-TPCP)4 facilitated dinitrogen extrusion from alkenyldia-

zoacetates to form rhodium–alkenylcarbenes; nucleophilic
attack by nitrones 7 at the vinylogous position of the electro-
philic rhodium–alkenylcarbenes followed by five-membered-

ring closure produced rhodium–4-isoxazolidinylcarbenes; sub-
sequent [1,3]-hydride abstraction and [1,2]-proton transfer

completed this transformation. Interestingly, according to early
work from the Doyle group,[9, 11] dirhodium(II)-catalyzed cycliza-

tion reactions of nitrones with methyl 2-diazo-3-butenoate,

which does not bear a substituent at the g-position
(Scheme 6 b),[9] and methyl enoldiazoacetate, in which a sily-

loxy substituent is at the b-position (Scheme 8 a, Section 3.2),[11]

resulted in distinctly different outcomes. As depicted in

Scheme 6 b, rhodium–4-isoxazolidinylcarbenes were also gen-
erated by rhodium–vinylcarbene formation from methyl 2-

diazo-3-butenoate and their formal [2++3] cycloaddition with

diarylnitrones.[9] Subsequently, rather than hydride and proton
transfer (Scheme 6 a),[8] intramolecular aromatic cycloaddition

(Buchner ring expansion) occurred; subsequent rearrangement
triggered by N@O bond cleavage delivered tricyclic products 9
(Scheme 6 b).[9]

As described in Section 2.1 (Scheme 3 b)[5] and in other re-

ports,[14] nitrone species can be generated by condensation re-
actions between nitrosoarenes and diazo compounds. Utilizing
this strategy, Pagar and Liu[10] developed a gold(I)-catalyzed

three-component reaction of vinyldiazo compounds, ethyl di-
azoacetate, and nitrosoarenes (Scheme 7). Between these two

classes of diazo compounds, the gold(I) complex, generated
in situ from IPrAuCl [IPr = 1,3-bis(2,6-diisopropylphenyl)imida-

zol-2-ylidene] and AgSbF6, selectively facilitated dinitrogen ex-

trusion from ethyl diazoacetate (10) ; the resulting gold car-
bene reacted with nitrosoarenes 1 to form nitrone species that

further underwent [3++2] cycloaddition with vinyldiazo com-
pounds to furnish diazo-containing isoxazolidine derivatives 11
(Scheme 7 a). The retention of the diazo functionality in prod-
ucts 11 was attributed to catalyst deactivation, as treating

Scheme 5. Vinyldiazo reagents and metal catalysts employed in cyclization
reactions of nitrones.

Scheme 6. Rhodium-catalyzed cyclization reactions of alkenyldiazoacetates
with nitrones.
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compounds 11 with the same gold(I) catalyst led to dinitrogen
extrusion to form gold–5-isoxazolidinylcarbenes that further

underwent N@O bond cleavage and intramolecular aromatic
substitution to afford benzo[b]azepine derivatives 12 or 13
(Scheme 7 b).

3.2. Cyclization reactions of enoldiazo compounds with
nitrones

In 2011, Doyle and co-workers[11] presented dirhodium(II)-cata-
lyzed formal [3++3]-cycloaddition reactions between methyl

enoldiazoacetate and nitrones to produce chiral 3,6-dihydro-
1,2-oxazine derivatives 14 in moderate to high yields with
good enantioselectivities (Scheme 8 a). In contrast to dirhodiu-

m(II)-catalyzed [2++3] cycloadditions of b-unsubstituted alkenyl-
diazoacetates with nitrones (Scheme 6 a),[8] the enoldiazoace-

tate furnished [3++3] cycloadducts, in which the silyloxy group
enhanced electrophilic ring closure to the metal-bound vinyl

carbon atom that was produced following rhodium–enolcar-

bene formation and vinylogous addition (Scheme 8 a).[11] This
efficient synthetic strategy to access enantioenriched six-mem-

bered heterocycles in which the enolcarbene serves as the
three-carbon component was successfully applied to various

1,3-dipoles and enoldiazo compounds,[15] and the use of an ap-
propriate combination of enoldiazo reagents and metal cata-

lysts was crucial for achieving compatible reactivity and con-

trollable selectivity.[12, 13] In contrast to the reactions of enoldia-
zoacetates, however, the reactions of enoldiazoacetamides

with nitrones by using in situ generated chiral bis(oxazoline)-
copper(I) complexes exhibited high catalytic activity and ex-

ceptional enantiocontrol, whereas with enoldiazoacetamides

all of the tested dirhodium(II) catalysts [Rh2(OAc)4, Rh2(S-PTA)4,
Rh2(S-PTTL)4, and Rh2(S-DOSP)4] afforded very low coupling

with the nitrone after the enoldiazoacetamide had been fully
consumed (Scheme 8 b).[12] Furthermore, with g-phenyl enoldia-

zoacetate no [3++3]-cycloaddition product was obtained under
the catalysis of Rh2(OAc)4, but with a chiral silver catalyst high

Scheme 7. Gold-catalyzed cyclization reactions of vinyldiazo compounds
with in situ generated nitrone species.

Scheme 8. Metal-catalyzed cyclization reactions of enoldiazo compounds
with nitrones. TBAF = tetrabutylammonium fluoride.
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yields and enantioselectivities were achieved by rhodium-cata-
lyzed cyclopropene formation and subsequent silver-catalyzed

cycloaddition (Scheme 8 c).[13] In this latter case, steric factors
appeared to inhibit coupling with the nitrone by using dirho-

dium(II) catalysts.

4. Cyclization Reactions of Indoles

Catalytic functionalization of indoles has attracted considerable

interest over the past few decades. Achieving controllable ste-
reoselectivity is a major focus of research in this area.[16] By

using vinyldiazo reagents and rhodium catalysts (Scheme 9),
highly regio- and enantioselective dearomatizing annulation

reactions of indoles have been developed to produce fused in-
doline derivatives.[17, 18] Reagent- and catalyst-dependent regio-

control in these transformations is discussed in this section.

4.1. Cyclization reactions of arylvinyldiazoacetates with
indoles

In 2010, Lian and Davies[17] reported Rh2(S-DOSP)4-catalyzed
[3++2]-annulation reactions between arylvinyldiazoacetates and
indoles (Scheme 10). Electrophilic addition by the carbene

carbon atom of rhodium–arylvinylcarbenes generated from ar-
ylvinyldiazoacetates occurred at the less sterically hindered C3
position of 2-methylindoles 17, and subsequent ring closure
delivered cyclopentane-fused indolines 18 with excellent enan-

tiocontrol (Scheme 10 a). In contrast, electrophilic addition by
the carbene carbon atom occurred at the less sterically hin-

dered C2 position of 3-methylindole 19, thus furnishing the
opposite regioisomeric series of fused indolines 20
(Scheme 10 b). Notably, the reaction of N-methylindole (C2,C3-

unsubstituted) with methyl (E)-styryldiazoacetate was also ex-
amined and only afforded moderate regioselectivity with a 4:1

ratio between 18- and 19-type annulation products.[17]

4.2. Cyclization reactions of enoldiazoacetamides with
indoles

Recently, highly regio- and enantioselective dearomatizing an-
nulation of C2,C3-unsubstituted indoles was realized by using

enoldiazo reagents and chiral dirhodium(II) catalysts.[18] As illus-
trated in Scheme 11, the sterically compact Rh2(S-MSP)4 catalyst

facilitated dinitrogen extrusion from enoldiazoacetamides to

form rhodium–enolcarbenes; electrophilic addition by the vi-
nylogous carbon atom of the rhodium–enolcarbenes occurred

at the more nucleophilic (electron-rich) C3 position of indoles
21; subsequent ring closure with elimination of the rhodium

Scheme 9. Vinyldiazo reagents and metal catalysts employed in cyclization
reactions of indoles.

Scheme 10. Rhodium-catalyzed cyclization reactions of arylvinyldiazoace-
tates with indoles. Bz = benzoyl.

Scheme 11. Rhodium-catalyzed cyclization reactions of enoldiazoacetamides
with indoles.

ChemCatChem 2018, 10, 488 – 496 www.chemcatchem.org T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim493

Minireviews

http://www.chemcatchem.org


catalyst delivered [3++2]-annulation products 22 with regioiso-
meric ratios over 20:1. Moreover, catalyst-controlled switchable

regioselectivity was achieved in the [3++2] annulation between
methyl enoldiazoacetate and N-methylindole: sterically bulkier

Rh2(S-DOSP)4 and Rh2(S-TFPTTL)4 provided regioisomeric ratios
of 5:1 and 1:19, respectively, albeit with significantly dimin-

ished enantioselectivities.[18]

5. Cyclization Reactions of Structurally
Different Diazo Compounds

The development of selective catalytic cyclization reactions be-

tween structurally different diazo compounds is highly intrigu-
ing, but several challenges need to be addressed. Can the de-

composition of the two diazo compounds be discriminated by
the catalyst? Are the intermediates generated from different
diazo compounds compatible with each other? Over the past

decade, vinyldiazo reagents and metal catalysts have become
ideal choices to overcome these challenges (Scheme 12); rep-
resentative works in the field are included in this section, most
of which present reagent- and catalyst-dependent process-
es.[19–22]

5.1. Cyclization reactions of alkenyl- and arylvinyldiazo-
acetates with other diazo compounds

In 2009, Barluenga et al.[19] reported the copper(I)-catalyzed

formal [3++1] cycloaddition of alkenyldiazoacetates with diazo
compounds 23, including diazoacetates, aryldiazoacetates,

phenyldiazomethane, and diphenyldiazomethane (Scheme 13).
The copper catalyst [Cu(MeCN)4BF4] decomposed diazo com-

pounds 23 in preference to alkenyldiazoacetates to form
copper–carbene intermediates that underwent cyclopropana-
tion with the alkenyldiazoacetates. The resulting cyclopropyl-

diazoacetates were then decomposed by the copper catalyst
to generate copper–cyclopropylcarbenes. Subsequent 1,2-mi-

gration of Ca or Cb to the electrophilic carbene carbon atom
produced cyclobutenes 24 or 25, respectively. Notably, enan-

tioselective copper(I)-catalyzed [3++1] cycloaddition of enoldia-

zoacetates was recently developed by utilizing sulfur ylides as
one-carbon-atom synthons, thus furnishing highly enantioen-

riched cyclobutene derivatives.[23]

In 2015, Sun and co-workers[20] presented catalyst-controlled

cyclization reactions between arylvinyldiazoacetates and aryl-
diazoacetates (Scheme 14). Different gold catalysts selectively

decomposed either arylvinyldiazoacetates or aryldiazoacetates
to generate their respective gold–carbene intermediates. With

Scheme 12. Vinyldiazo reagents and metal catalysts employed in cyclization
reactions of structurally different diazo compounds.

Scheme 13. Copper-catalyzed cyclization reactions of alkenyldiazoacetates
with other diazo compounds. PMP = para-methoxyphenyl.

Scheme 14. Gold-catalyzed cyclization reactions of arylvinyldiazoacetates
with aryldiazoacetates.
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catalysis by an N-heterocyclic carbene gold(I) complex, the
preferentially formed gold–arylcarbenes underwent electrophil-

ic addition at the terminal nitrogen atom of the arylvinyl-
diazoacetates, and subsequent ring closure followed by [1,3]-

proton transfer delivered pyrazole derivatives 27
(Scheme 14 a).[20] Notbaly, ortho-substituents on Ar2 inhibited
C=C bond formation owing to electrophilic attack by the
gold–arylcarbenes at the diazo carbon atom of the arylvinyldia-
zoacetates.[24] Upon changing the catalyst to a triarylphosphite

gold(I) complex, gold–arylvinylcarbenes were preferentially
formed, and they underwent electrophilic addition from their
vinylogous position to the terminal nitrogen atom of aryldia-
zoacetates 26 ; subsequent ring closure followed by [1,4]-
proton transfer produced formal [3++2]-cycloadducts 28
(Scheme 14 b).[20]

5.2. Cyclization reactions of enoldiazo compounds with
other diazo compounds

Recently, highly selective cyclization reactions between enol-

diazo compounds and other diazo compounds were devel-
oped by the Doyle group (Schemes 15 and 16).[21, 22] Under the

catalysis of rhodium(II) perfluorobutyrate [Rh2(pfb)4] , donor–ac-
ceptor cyclopropenes and carbonyl ylides were generated by
carbene formation/intramolecular cyclization from enoldiazoa-

cetamides and a-diazoketones 29, respectively; subsequent
[2++3] cycloaddition produced cyclopropane-fused benzox-

a[3.2.1]octane derivatives 30 (Scheme 15).[21] The rapid genera-
tion of the relatively stable cyclopropenes to trap the transient

carbonyl ylides inhibited other competing reaction pathways
(e.g. , carbonyl ylide dimerization).[21] In cyclization reactions of

enoldiazo compounds with a-diazocarboximides, the copper(I)

catalyst [Cu(MeCN)4BF4] preferentially decomposed a-diazocar-
boximides 31 to form carbonyl ylides (isomenchnones) that

further underwent [3++3] cycloaddition with enoldiazo com-
pounds, thus furnishing epoxypyrrolo[1,2-a]azepine derivatives

32 (Scheme 16 a).[22] By contrast, dirhodium(II) catalysts facilitat-
ed dinitrogen extrusion from both diazo compounds to gener-

ate rhodium–enolcarbenes and cyclic ketene–N,O-acetals

(through [1,4]-proton transfer of isomenchnones), and subse-
quent [3++2] cycloaddition furnished cyclopenta[2,3]pyrro-
lo[2,1-b]oxazoles 33 or 34 with moderate to high regioselectiv-

ities that were tuned by electronic (i.e. , in the case of
[Rh2(pfb)4]) and steric (i.e. , in the case of [Rh2(esp)2] , esp =

a,a,a’,a’-tetramethyl-1,3-benzenedipropionate) influences of
the catalyst ligands (Scheme 16 b).[22]

6. Conclusions

Vinyldiazo compounds are dipolar reagents that activate the
conjugated double bond towards electrophilic addition reac-

tions that are manifested in cycloaddition processes such as
that shown in Scheme 7 a. However, treatment of vinyldiazo

compounds with a variety of transition-metal complexes as
catalysts reverses the polarity (umpolung) of the vinyl–carbon

unit to activate the conjugated double bond for nucleophilic

addition, which is revealed in cycloaddition processes such as
those shown in Scheme 6 (cycloaddition to the C=C) and

Scheme 8 (cycloaddition to the C=C@carbene). The nature of
the cycloaddition process leading to either outcome is depen-

dent on the vinyldiazo substituents, the reacting dipole, and
the catalyst, but there is growing evidence that the substitu-

Scheme 15. Rhodium-catalyzed cyclization reactions of enoldiazoacetamides
with a-diazoketones.

Scheme 16. Metal-catalyzed cyclization reactions of enoldiazo compounds
with a-diazocarboximides.
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ents of the vinyldiazo compound have a major role in deter-
mining the nature of the cycloaddition process. Silyl-protected

enoldiazo compounds, in particular, utilize an oxygen lone pair
of electrons to facilitate [3 + n]-cycloaddition reactions. Enoldia-

zoacetates and -acetamides are a subclass of vinyldiazo com-
pounds that are directly accessed in high yields from diazoace-

toacetates and -acetamides by treatment with silyl triflate/trie-
thylamine. These compounds are exceptionally stable at or

below room temperature, having no tendency to undergo in-

tramolecular dipolar cycloaddition to form 3H-pyrazoles, and
they have remarkable versatility in catalytic cyclization reac-

tions. Their intermolecular [3 + n]-cycloaddition reactions have
allowed the facile syntheses of carbocyclic and heterocyclic

compounds that occur with high selectivities. Still, all of the
factors that govern these processes have not yet been deter-
mined, and the full range of substituents on vinyldiazo com-

pounds that are suitable for cycloaddition has not been estab-
lished.

Acknowledgements

The research described in this manuscript was supported by the
National Science Foundation (CHE-1464690/1559715) and Rita

and John Feik, and we are grateful for their contributions.

Conflict of interest

The authors declare no conflict of interest.

Keywords: cyclization · cycloaddition · diazo compounds ·
heterocycles · metal catalysis

[1] For reviews, see: a) Handbook of Cyclization Reactions (Ed. : S. Ma),
Wiley-VCH, Weinheim, 2009 ; b) Science of Synthesis: Metal-Catalyzed
Cyclization Reactions (Eds. : S. Ma, S. Gao), Thieme, New York, 2017.

[2] For reviews, see: a) M. P. Doyle, M. A. McKervey, T. Ye, Modern Catalytic
Methods for Organic Synthesis with Diazo Compounds : From Cyclopro-
panes to Ylides, Wiley, New York, 1998 ; b) A. Ford, H. Miel, A. Ring, C. N.
Slattery, A. R. Maguire, M. A. McKervey, Chem. Rev. 2015, 115, 9981 –
10080; c) Q.-Q. Cheng, M. P. Doyle, Adv. Organomet. Chem. 2016, 66, 1 –
31; d) N. J. Thumar, Q. Wei, W. Hu, Adv. Organomet. Chem. 2016, 66, 33 –
91.

[3] For reviews, see: a) Q.-Q. Cheng, Y. Deng, M. Lankelma, M. P. Doyle,
Chem. Soc. Rev. 2017, 46, 5425 – 5443; b) E. Ljpez, S. Gonz#lez-Pelayo,
L. A. Ljpez, Chem. Rec. 2017, 17, 312 – 325.

[4] For a review, see: a) D. Li, Y. Wu, H. Chang, W. Gao, W. Wei, X. Li, Chin. J.
Org. Chem. 2016, 36, 1994 – 2010. For selected examples, see: b) A.
Penoni, J. Volkmann, K. M. Nicholas, Org. Lett. 2002, 4, 699 – 701; c) N.

Momiyama, Y. Yamamoto, H. Yamamoto, J. Am. Chem. Soc. 2007, 129,
1190 – 1195; d) M. Dochnahl, G. C. Fu, Angew. Chem. Int. Ed. 2009, 48,
2391 – 2393; Angew. Chem. 2009, 121, 2427 – 2429; e) S. Murru, A. A.
Gallo, R. S. Srivastava, ACS Catal. 2011, 1, 29 – 31; f) S. Chakrabarty, I.
Chatterjee, B. Wibbeling, C. G. Daniliuc, A. Studer, Angew. Chem. Int. Ed.
2014, 53, 5964 – 5968; Angew. Chem. 2014, 126, 6074 – 6078; g) B. Maji,
H. Yamamoto, J. Am. Chem. Soc. 2015, 137, 15957 – 15963.

[5] V. V. Pagar, A. M. Jadhav, R.-S. Liu, J. Am. Chem. Soc. 2011, 133, 20728 –
20731.

[6] Q.-Q. Cheng, M. Lankelma, D. Wherritt, H. Arman, M. P. Doyle, J. Am.
Chem. Soc. 2017, 139, 9839 – 9842.

[7] For reviews, see: a) K. V. Gothelf, K. A. Jørgensen, Chem. Rev. 1998, 98,
863 – 909; b) K. V. Gothelf, K. A. Jørgensen, Chem. Commun. 2000, 1449 –
1458; c) T. Hashimoto, K. Maruoka, Chem. Rev. 2015, 115, 5366 – 5412.

[8] C. Qin, H. M. L. Davies, J. Am. Chem. Soc. 2013, 135, 14516 – 14519.
[9] X. Wang, Q. M. Abrahams, P. Y. Zavalij, M. P. Doyle, Angew. Chem. Int. Ed.

2012, 51, 5907 – 5910; Angew. Chem. 2012, 124, 6009 – 6012.
[10] V. V. Pagar, R.-S. Liu, Angew. Chem. Int. Ed. 2015, 54, 4923 – 4926; Angew.

Chem. 2015, 127, 5005 – 5008.
[11] X. Wang, X. Xu, P. Y. Zavalij, M. P. Doyle, J. Am. Chem. Soc. 2011, 133,

16402 – 16405.
[12] Q.-Q. Cheng, J. Yedoyan, H. Arman, M. P. Doyle, J. Am. Chem. Soc. 2016,

138, 44 – 47.
[13] X. Xu, P. Y. Zavalij, M. P. Doyle, Chem. Commun. 2013, 49, 10287 – 10289.
[14] For selected examples, see: a) Z.-J. Xu, D. Zhu, X. Zeng, F. Wang, B. Tan,

Y. Hou, Y. Lv, G. Zhong, Chem. Commun. 2010, 46, 2504 – 2506; b) A. R.
Reddy, Z. Guo, F.-M. Siu, C.-N. Lok, F. Liu, K.-C. Yeung, C.-Y. Zhou, C.-M.
Che, Org. Biomol. Chem. 2012, 10, 9165 – 9174.

[15] For reviews, see: a) X. Xu, M. P. Doyle, Acc. Chem. Res. 2014, 47, 1396 –
1405; b) Y. Deng, Q.-Q. Cheng, M. P. Doyle, Synlett 2017, 28, 1695 – 1706.

[16] For reviews, see: a) M. Bandini, A. Eichholzer, Angew. Chem. Int. Ed.
2009, 48, 9608 – 9644; Angew. Chem. 2009, 121, 9786 – 9824; b) G. Barto-
li, G. Bencivenni, R. Dalpozzo, Chem. Soc. Rev. 2010, 39, 4449 – 4465;
c) J.-B. Chen, Y.-X. Jia, Org. Biomol. Chem. 2017, 15, 3550 – 3567.

[17] Y. Lian, H. M. L. Davies, J. Am. Chem. Soc. 2010, 132, 440 – 441.
[18] C. Jing, Q.-Q. Cheng, Y. Deng, H. Arman, M. P. Doyle, Org. Lett. 2016, 18,

4550 – 4553.
[19] J. Barluenga, L. Riesgo, L. A. Ljpez, E. Rubio, M. Tom#s, Angew. Chem.

Int. Ed. 2009, 48, 7569 – 7572; Angew. Chem. 2009, 121, 7705 – 7708.
[20] G. Xu, C. Zhu, W. Gu, J. Li, J. Sun, Angew. Chem. Int. Ed. 2015, 54, 883 –

887; Angew. Chem. 2015, 127, 897 – 901.
[21] Q.-Q. Cheng, J. Yedoyan, H. Arman, M. P. Doyle, Angew. Chem. Int. Ed.

2016, 55, 5573 – 5576; Angew. Chem. 2016, 128, 5663 – 5666.
[22] Y. Deng, L. A. Massey, Y. A. Rodriguez NfflÇez, H. Arman, M. P. Doyle,

Angew. Chem. Int. Ed. 2017, 56, 12292 – 12296; Angew. Chem. 2017, 129,
12460 – 12464.

[23] Y. Deng, L. A. Massey, P. Y. Zavalij, M. P. Doyle, Angew. Chem. Int. Ed.
2017, 56, 7479 – 7483; Angew. Chem. 2017, 129, 7587 – 7591.

[24] D. Zhang, G. Xu, D. Ding, C. Zhu, J. Li, J. Sun, Angew. Chem. Int. Ed.
2014, 53, 11070 – 11074; Angew. Chem. 2014, 126, 11250 – 11254.

Manuscript received: August 16, 2017

Revised manuscript received: September 12, 2017

Accepted manuscript online: September 17, 2017
Version of record online: January 2, 2018

ChemCatChem 2018, 10, 488 – 496 www.chemcatchem.org T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim496

Minireviews

https://doi.org/10.1021/acs.chemrev.5b00121
https://doi.org/10.1021/acs.chemrev.5b00121
https://doi.org/10.1021/acs.chemrev.5b00121
https://doi.org/10.1016/bs.adomc.2016.07.002
https://doi.org/10.1016/bs.adomc.2016.07.002
https://doi.org/10.1016/bs.adomc.2016.07.002
https://doi.org/10.1016/bs.adomc.2016.08.002
https://doi.org/10.1016/bs.adomc.2016.08.002
https://doi.org/10.1016/bs.adomc.2016.08.002
https://doi.org/10.1039/C7CS00324B
https://doi.org/10.1039/C7CS00324B
https://doi.org/10.1039/C7CS00324B
https://doi.org/10.1002/tcr.201600099
https://doi.org/10.1002/tcr.201600099
https://doi.org/10.1002/tcr.201600099
https://doi.org/10.6023/cjoc201604001
https://doi.org/10.6023/cjoc201604001
https://doi.org/10.6023/cjoc201604001
https://doi.org/10.6023/cjoc201604001
https://doi.org/10.1021/ol017139e
https://doi.org/10.1021/ol017139e
https://doi.org/10.1021/ol017139e
https://doi.org/10.1021/ja066037m
https://doi.org/10.1021/ja066037m
https://doi.org/10.1021/ja066037m
https://doi.org/10.1021/ja066037m
https://doi.org/10.1002/anie.200805805
https://doi.org/10.1002/anie.200805805
https://doi.org/10.1002/anie.200805805
https://doi.org/10.1002/anie.200805805
https://doi.org/10.1002/ange.200805805
https://doi.org/10.1002/ange.200805805
https://doi.org/10.1002/ange.200805805
https://doi.org/10.1021/cs100024n
https://doi.org/10.1021/cs100024n
https://doi.org/10.1021/cs100024n
https://doi.org/10.1002/anie.201400885
https://doi.org/10.1002/anie.201400885
https://doi.org/10.1002/anie.201400885
https://doi.org/10.1002/anie.201400885
https://doi.org/10.1002/ange.201400885
https://doi.org/10.1002/ange.201400885
https://doi.org/10.1002/ange.201400885
https://doi.org/10.1021/jacs.5b11273
https://doi.org/10.1021/jacs.5b11273
https://doi.org/10.1021/jacs.5b11273
https://doi.org/10.1021/ja209980d
https://doi.org/10.1021/ja209980d
https://doi.org/10.1021/ja209980d
https://doi.org/10.1021/jacs.7b05840
https://doi.org/10.1021/jacs.7b05840
https://doi.org/10.1021/jacs.7b05840
https://doi.org/10.1021/jacs.7b05840
https://doi.org/10.1021/cr970324e
https://doi.org/10.1021/cr970324e
https://doi.org/10.1021/cr970324e
https://doi.org/10.1021/cr970324e
https://doi.org/10.1039/b004597g
https://doi.org/10.1039/b004597g
https://doi.org/10.1039/b004597g
https://doi.org/10.1021/cr5007182
https://doi.org/10.1021/cr5007182
https://doi.org/10.1021/cr5007182
https://doi.org/10.1021/ja4069003
https://doi.org/10.1021/ja4069003
https://doi.org/10.1021/ja4069003
https://doi.org/10.1002/anie.201201917
https://doi.org/10.1002/anie.201201917
https://doi.org/10.1002/anie.201201917
https://doi.org/10.1002/anie.201201917
https://doi.org/10.1002/ange.201201917
https://doi.org/10.1002/ange.201201917
https://doi.org/10.1002/ange.201201917
https://doi.org/10.1002/anie.201500340
https://doi.org/10.1002/anie.201500340
https://doi.org/10.1002/anie.201500340
https://doi.org/10.1002/ange.201500340
https://doi.org/10.1002/ange.201500340
https://doi.org/10.1002/ange.201500340
https://doi.org/10.1002/ange.201500340
https://doi.org/10.1021/ja207664r
https://doi.org/10.1021/ja207664r
https://doi.org/10.1021/ja207664r
https://doi.org/10.1021/ja207664r
https://doi.org/10.1021/jacs.5b10860
https://doi.org/10.1021/jacs.5b10860
https://doi.org/10.1021/jacs.5b10860
https://doi.org/10.1021/jacs.5b10860
https://doi.org/10.1039/c3cc46415f
https://doi.org/10.1039/c3cc46415f
https://doi.org/10.1039/c3cc46415f
https://doi.org/10.1039/b924575h
https://doi.org/10.1039/b924575h
https://doi.org/10.1039/b924575h
https://doi.org/10.1021/ar5000055
https://doi.org/10.1021/ar5000055
https://doi.org/10.1021/ar5000055
https://doi.org/10.1002/anie.200901843
https://doi.org/10.1002/anie.200901843
https://doi.org/10.1002/anie.200901843
https://doi.org/10.1002/anie.200901843
https://doi.org/10.1002/ange.200901843
https://doi.org/10.1002/ange.200901843
https://doi.org/10.1002/ange.200901843
https://doi.org/10.1039/b923063g
https://doi.org/10.1039/b923063g
https://doi.org/10.1039/b923063g
https://doi.org/10.1039/C7OB00413C
https://doi.org/10.1039/C7OB00413C
https://doi.org/10.1039/C7OB00413C
https://doi.org/10.1021/ja9078094
https://doi.org/10.1021/ja9078094
https://doi.org/10.1021/ja9078094
https://doi.org/10.1021/acs.orglett.6b02192
https://doi.org/10.1021/acs.orglett.6b02192
https://doi.org/10.1021/acs.orglett.6b02192
https://doi.org/10.1021/acs.orglett.6b02192
https://doi.org/10.1002/anie.200903902
https://doi.org/10.1002/anie.200903902
https://doi.org/10.1002/anie.200903902
https://doi.org/10.1002/anie.200903902
https://doi.org/10.1002/ange.200903902
https://doi.org/10.1002/ange.200903902
https://doi.org/10.1002/ange.200903902
https://doi.org/10.1002/anie.201409845
https://doi.org/10.1002/anie.201409845
https://doi.org/10.1002/anie.201409845
https://doi.org/10.1002/ange.201409845
https://doi.org/10.1002/ange.201409845
https://doi.org/10.1002/ange.201409845
https://doi.org/10.1002/anie.201601260
https://doi.org/10.1002/anie.201601260
https://doi.org/10.1002/anie.201601260
https://doi.org/10.1002/anie.201601260
https://doi.org/10.1002/ange.201601260
https://doi.org/10.1002/ange.201601260
https://doi.org/10.1002/ange.201601260
https://doi.org/10.1002/anie.201706639
https://doi.org/10.1002/anie.201706639
https://doi.org/10.1002/anie.201706639
https://doi.org/10.1002/ange.201706639
https://doi.org/10.1002/ange.201706639
https://doi.org/10.1002/ange.201706639
https://doi.org/10.1002/ange.201706639
https://doi.org/10.1002/anie.201704069
https://doi.org/10.1002/anie.201704069
https://doi.org/10.1002/anie.201704069
https://doi.org/10.1002/anie.201704069
https://doi.org/10.1002/ange.201704069
https://doi.org/10.1002/ange.201704069
https://doi.org/10.1002/ange.201704069
https://doi.org/10.1002/anie.201406712
https://doi.org/10.1002/anie.201406712
https://doi.org/10.1002/anie.201406712
https://doi.org/10.1002/anie.201406712
https://doi.org/10.1002/ange.201406712
https://doi.org/10.1002/ange.201406712
https://doi.org/10.1002/ange.201406712
http://www.chemcatchem.org

