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Abstract

This review describes catalytic asymmetric cycloaddition reactions of silyl-protected enoldiazo 

compounds for the construction of highly functionalized carbo- and heterocycles which possess 

one or more chiral center(s). The enoldiazo compound or its derivative, donor-acceptor 

cyclopropene, form electrophilic vinylogous metal carbene intermediates that combine stepwise 

with nucleophilic dipolar reactants to form products from [3+1]-, [3+2]-, [3+3]-, [3+4]-, and 

[3+5]-cycloaddition, generally in high yield and with exceptional stereocontrol and 

regioselectivity.

TOC Graphic

Review of recent advances in asymmetric catalytic cycloaddition reactions of silyl-protected 

enoldiazo compounds.

1. Introduction

A reaction in which two or more unsaturated molecules (or parts of the same molecule) 

combine with the formation of a cyclic adduct in which there is a net reduction of the bond 

multiplicity is defined (IUPAC) as cycloaddition.1 Occurring as concerted or stepwise 

processes, cycloaddition reactions are among the most useful synthetic constructions in 

organic chemistry.2 Of these transformations the concerted thermal [4+2]-cycloaddition – 

the Diels-Alder reaction – is, by far, the best known and most widely applied,2,3 and other 

concerted cycloaddition processes, especially Huisgen [3+2]-dipolar cycloadditions4 and 

photochemical [2+2]-cycloaddition,5 further expand the synthetic utility of this ring-forming 

methodology. However, recognition of the limitations of the symmetry-allowed processes 
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has prompted alternative stepwise approaches to cycloaddition, the most significant of which 

have been organocatalytic and transition metal mediated approaches to cyclization.

Access to heterocyclic compounds and enantiocontrol have been principal limitations of 

concerted cycloaddition methodologies. Organocatalysis, especially as applied to [3+3]- and 

[3+2]-cycloaddition processes,6 and commonly based on vinyliminium ion chemistry, has 

afforded convenient stereocontrolled approaches to many heterocyclic compounds (Scheme 

1). These stepwise reactions occur under mild conditions; and although intermolecular 

cyclization reactions are facile and can give high stereocontrol, greater stereocontrol is 

generally achieved in intramolecular examples. However, only one heteroatom is generally 

introduced, and relatively large amounts of the catalyst (20–30 mol% or even more) are 

often required.6a

Metal catalysts are widely recognized to provide new opportunities for highly selective 

cycloaddition reactions since complexation with the metal modifies reactivity and can 

improve selectivity.7 The carbene-based cyclopropanation reactions ([2+1]-cycloaddition) 

exemplify the enormity of the control in both reactivity and stereoselectivity that can be 

achieved.8 Transition metal catalyzed reactions that activate cyclopropanes, employ 

trimethylenemethane (TMM), or involve vinylcarbenes in dipolar cycloaddition processes 

have been reported,7 but in comparison with concerted cycloadditions or those promoted by 

organocatalysts, this approach is still in its infancy. Its perceived advantages are low catalyst 

loading, potential for high stereocontrol, and access to heterocyclic compounds having one 

or more heteroatoms.

Recently the transition metal catalyzed vinylcarbene approach to cycloaddition has shown 

considerable promise for highly chemo-, regio-, and enantio-selective cycloaddition 

reactions. Examples of [3+4]-,9 [3+3]-,10–14 [3+2]-,14–20 and even a [3+1]-21 and [3+5]-22 

cycloaddition reactions have been reported using dipolar metallo-vinylcarbenes, generally in 

high yields with low catalyst loadings. The transformations of silyl-protected enoldiazo 

compounds (Scheme 2) involve initial nucleophilic attachment to the electrophilic 

vinylogous position of the metallo-vinylcarbene followed by electrophilic addition to the 

original carbenic center with displacement of the catalyst. High stereocontrol has been 

achieved with silyl-protected enoldiazo-acetates, -acetamides, -ketones, and -sulfones in 

most of these cycloaddition reactions, and also with styryldiazoacetates in [3+2]-

cycloaddition reactions. Our earlier review of cycloaddition reactions involving silyl-

protected enoldiazo compounds12 reported the breadth of these transformations mainly with 

diazoacetates and with dirhodium catalysts. This report documents the extensive growth in 

these reactions since 2016, their mechanistic implications for future expansion, and the 

applicability of chiral copper catalysts to compliment and improve previously documented 

performance with chiral dirhodium catalysts.

2. Asymmetric [3+1]-cycloaddition

The robust and efficient synthesis of cyclobutane and cyclobutene rings is important because 

this structural unit is present in many natural products and drugs,23 but it is commonly 

difficult to achieve because of ring strain. In addition to the well-known [2+2]-
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cycloaddition5,24 a methodology of [3+1]-cycloaddition that leads to the structurally diverse 

four-membered carbo- and hetero-cycles has recently been reported.25 Formal [3+1]-

cycloaddition of diazo compounds that involves ring-expansion of α-diazocyclopropane 

compounds has found its application in the synthesis of cyclobutenes,26 azetines,27 and 

azetidines.28 However, the first enantioselective [3+1]-cycloaddition has recently been 

reported in which chiral copper(I)-catalyzed cycloaddition reactions of enoldiazoacetates 1 
with sulfur ylides 2 (Scheme 3) form highly functionalized cyclobutenes in good yields and 

high stereocontrol.21 The initial step is the formation of a metal carbene from 

enoldiazoacetate 1 using CuOTf1/2∙Tol with chiral side-armed bisoxazoline (sabox) ligand 3 
that facilitates dinitrogen extrusion. The nucleophilic addition of a sulfur ylide to the 

vinylogous position of the copper carbene intermediate, followed by the intramolecular 

cyclization with displacement of the sulfide (R3)2S and elimination of the copper(I) catalyst, 

results in tri- and tetrasubstituted cyclobutenes 4 with high stereocontrol. The nucleophilic 

displacement of the sulfide in the ring-forming reaction is the first example of an SN2-like 

process in an ylide transformation. Cyclobutenes 4 are also formed by cycloaddition with 

donor-acceptor (D-A) cyclopropenes 5 that are formed from and returned to the metal enol-

carbene.21 Further examples of this novel transformation are expected to reveal their 

applicability to general carbene/ylide capture.

3. Asymmetric [3+2]-cycloaddition

A convenient way to construct five-membered rings is to use [3+2]-dipolar cycloaddition, 

and a growing list of these reactions use vinyldiazo compounds. The most common 1,2-

dipoles used in these reactions are polarized alkenes activated by electron-donating groups, 

and examples with enol ethers29 (asymmetric [3+2]-cycloaddition with vinyldiazoacetates) 

and enamides30 have been reported. Catalytic [3+2]-cycloaddition reactions of enodiazo 

compounds 6 with polarized alkenes 7 occur stepwise via initial nucleophilic attack of the 

polarized alkene at the vinylogous position of the electrophilic metallo-enolcarbene followed 

by the intramolecular cyclization to form five-membered carbocycles 8 with elimination of 

the metal catalyst (Scheme 4). Reactions exemplified by this transformation15,16,20,31–38 

have recently been reviewed.12

4. Asymmetric [3+3]-cycloaddition

4.1 Nitrones

The copper(I)-catalyzed [3+3]-cycloaddition of nitrones 10 using silyl-protected enoldiazo-

acetates,39 -acetamides,39,40 -ketones39 and -sulfones41 (9) (Scheme 5) illustrates the 

exceptional selectivity that can be achieved in these transformations as well as their inherent 

complexity. Because of their inherent stability, nitrones are popular for catalytic dipolar 

cycloaddition transformations.4b,10–13,42 In previous investigations of nitrone cycloaddition 

reactions with enoldiazoacetates, copper(I) catalysis was not as effective or selective as 

catalysis by chiral rhodium(II) carboxylates43 or silver(I)/t-BuBOX.44 However, 

reinvestigation of this process revealed that enoldiazocarbonyl compounds and 

enoldiazosulfones offered consistently higher yields and enantioselectivities under copper(I) 

catalysis39–41 than did the corresponding enoldiazoacetates under rhodium(II) catalysis.43 
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The key factor in this discovery was the modification of the chiral box ligands on copper, 

and the greater electrophilic reactivity of these copper catalysts over chiral dirhodium 

carboxylate catalysts. The greater electrophilic reactivity of the copper catalysts also made 

possible the facile return of the donor-acceptor cyclopropene intermediate 12 (Scheme 5) to 

the reactive copper carbene.

In its mechanism of action copper(I) tetrafluoroborate with chiral bisoxazoline ligands 

facilitates the rapid extrusion of dinitrogen from the enoldiazo compound to form the 

metallo-enolcarbene, which is in equilibrium with its donor-acceptor (D-A) cyclopropene 12 
(Scheme 5). The metallo-enolcarbene has electrophilic centers at both the carbenic and its 

vinylogous position, but the vinylogous position is favored for nucleophilic attack. Nitrone 

addition produces a vinylcopper intermediate that is subject to electrophilic addition which 

occurs intramolecularly. Stabilization of the electrophilic addition product is facilitated by 

the electron-donating siloxy group resulting in the subsequent extrusion of the copper 

catalyst to produce the [3+3]-cycloaddition product 11.40

The use of 4,4’,5,5’-tetraphenylsubstituted chiral sabox ligands in copper(I) catalyzed [3+3]-

cycloaddition of nitrones 10 with any enoldiazocarbonyl compound 15−17 provides high 

yields and exceptional enantiocontrol of oxazines 18−20 at room temperature. In contrast, 

the dirhodium(II) catalyst, Rh2(S-PTA)4, forms the same product (18 from enoldiazoacetates 

15) with opposite chirality but with lower enantiocontrol and yields in reactions performed 

at low temperatures (Scheme 6A).43 Sterically encumbered sabox ligand 21 was the most 

effective in reactions of enoldiazo-ketones 17 (Scheme 6C), as well as -acetates 15, and -

acetamides 16.39 However, the use of sabox ligand 22 also provides very high yields and 

enantioselectivities in the formation of oxazines 19 from reactions with enoldiazoacetamides 

16 (Scheme 6B).40

There are very few reports on the cycloaddition reactions of diazosulfones. Examples of 

gold(I)-catalyzed [3+2]-cycloaddition of vinyldiazosulfones45 and [4+2]-cycloaddition of D-

A cyclopropene generated from TBS-protected enoldiazosulfone using dirhodium 

catalysis46 were reported. The first example of highly enantioselective [3+3]-cycloaddition 

of enoldiazosulfones 23 with nitrones 10 to form chiral sulfonyloxazines 24 was recently 

reported using exclusively copper(I) catalysis with 4,4’-diphenyl 25, 26 or 4,4’,5,5’-

tetraphenyl-sabox 27 ligands (Scheme 7).41 The use of 1.5 equiv. of enoldiazosulfone 23 
was required due to the facile TBS transfer to nitrone 10 from the corresponding D-A 

cyclopropene 28. Furthermore, an extensive metal catalyst screening showed product 

discrimination between [3+3]-, [3+2]-cycloaddition, and the Mannich addition (Scheme 5).

The enhanced stability of the D-A cyclopropene with sulfonyl group uncovered a [3+2]-

cycloaddition process not previously reported in catalytic reactions of enoldiazocarbonyl 

compounds that form carbonyl D-A cyclopropenes (12) as reaction intermediates. [3+2]-

Cycloaddition of 12 with the nitrone occurs with Rh(II)-catalysts or under metal-free 

conditions to form bicyclic product 13 (Scheme 5) that is stable to subsequent ring opening. 

In contrast, Cu(I)-catalysts also form 12 but are able to open the cyclopropene ring, 

regenerate metal carbene, and facilitate [3+3]-cycloaddition,41 demonstrating the greater 
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reactivity of these copper(I) catalysts towards 12, and the more limited amount of 12 
available at any one time for [3+2]-cycloaddition.

The Lewis acidity of the transition metal is an important consideration in the selection of a 

catalyst appropriate for the transformation. In the absence of stabilizing ligands on, for 

example, copper(I) activates the nitrone for electrophilic addition to the vinylogous center of 

the vinyldiazo compound, causing subsequent TBS transfer and formation of the Mannich 

product 14 (Scheme 5).39–41

Formal asymmetric [3+3]-cycloaddition of nitrones 10 with D-A cyclopropene 29 has been 

reported using Ag(I)-catalysis (Scheme 8).44 The parent γ-phenyl-enoldiazoacetate 1b does 

not undergo dirhodium(II) catalyzed cycloaddition with nitrones, but chiral AgSbF6/(S)-

tBuBOX (30) catalysis facilitated formal [3+3]-cycloaddition of 29 at low temperature 

(−78 °C); and a one-pot TBS removal afforded cis-diarylsubstituted 3,6-dihydro-1,2H-

oxazines 31, which exist exclusively in the enol form, in high yields and with exceptional 

stereocontrol. The cause of the lack of reactivity of dirhodium(II) catalysts may be steric in 

origin, but this requires further study.

4.2 N-Acyliminopyridinium/quinolinium ylides

Asymmetric synthesis of chiral diazines via cycloaddition reactions is less explored47 than 

that of the corresponding oxazines. The first example of the catalytic synthesis of chiral bi- 

or tricyclic diazines was reported using chiral dirhodium(II) catalysis in the dearomatizing 

[3+3]-cycloaddition of acylimino-pyridinium or -quinolinium ylides 32 with 

enoldiazoacetates 15 (Scheme 9).12,48 Variations between Rh2(S-PTTL)4 or Rh2(S-PTAD)4 

chiral catalysts, and toluene or fluorobenzene as solvents provided high yields and 

enantioselectivities of bicyclic diazines 33 in [3+3]-cycloaddition reactions performed at 

0 °C. Recent studies of this reaction using copper(I) catalysis39 identified a general catalyst, 

Cu(MeCN)4BF4 with chiral sabox ligand 34, that provided high yields and excellent 

enantiocontrol for the synthesis of bicyclic diazines 33, 35, 36 in [3+3]-cycloaddition of 

acylimino-pyridinium and -quinolinium ylides 32 with enoldiazoketones 17 as well as with -

acetamides 16 and -acetates 15 at room temperature (Scheme 9).

4.3 Pyridinium/isoquinolinium methylides

Similar to acyliminopyridinium ylides 32, pyridinium and isoquinolinium 

dicyanomethylides underwent rhodium(II)-catalyzed [3+3]-cycloaddition with 

enoldiazoacetates forming chiral bi- or tricyclic azines.12,49 A complexity of this 

transformation arose from the competition between [3+3]- (with the metal carbene 

intermediate) versus [3+2]-cycloaddition (with the D-A cyclopropene as an intermediate) 

when 1 mol% of catalyst was used. Higher catalyst loadings (3 mol%) provided exclusive 

[3+3]-cycloaddition and initiated the discovery that the D-A cyclopropene generated from 

the metal carbene also formed the metal carbene intermediate. The D-A cyclopropene was 

both formed from the metal carbene intermediate and formed the metal carbene 

intermediate. Increasing the amount of the Lewis base shifted the reaction towards [3+2]-

cycloaddition.49 High yields, diastereoselectivity, and enantiocontrol for the formation of 

chiral bi- or tricyclic azines were achieved in [3+3]-cycloaddition of enoldiazoacetates. 
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Products of [3+2]-cycloaddition were obtained in moderate yields via direct catalyst-free 

treatment of a D-A cyclopropene with a methylide. The experimental data was consistent 

with a recent theoretical study50 that confirmed the [3+3]-cycloaddition as the major 

reaction pathway with Rh2(S-PTIL)4 catalyst, and that preferential [3+2]-cycloaddition 

occurred in reactions catalyzed by electron-deficient Rh2(CF3COO)4 and the chiral 

rhodium(II) catalyst Rh2(S-TCPTTL)4 which has greater steric repulsions from its ligands 

compared to Rh2(S-PTIL)4.50

4.4 Phenylhydrazones

Beyond dipolar species used in catalytic asymmetric [3+3]-cycloaddition of enoldiazo 

compounds, phenylhydrazones, as previously reviewed,12 were also utilized in formal [3+3]-

cycloaddition reactions of enoldiazoacetates: sequential chiral dirhodium(II) catalyzed 

vinylogous N−H insertion followed by a Lewis acid-catalyzed Mannich type cyclization to 

chiral diazines.51 The use of Rh2(R-PTL)4 as the catalyst in toluene at low temperatures 

provided high enantiocontrol (up to 97% ee) in the N−H insertion step. Treatment of the N

−H insertion intermediate with 5 mol% Sc(OTf)3 resulted in a highly diastereoselective one-

pot cyclization, and TIPS removal afforded cis-3,6-disubstituted 1,2,3,6-

tetrahydropyridazines in moderate to high yields.

5. Asymmetric [3+4]-cycloaddition

[3+4]-Cycloaddition, although commonly a cascade cyclopropanation/Cope rearrangement, 

is a versatile tool for the construction of seven-membered carbo- and heterocycles, which are 

common structural units of many natural products52 including tropane alkaloids.53 

Stereocontrol is delivered in the cyclopropanation step; the Cope rearrangement is 

stereospecific.

5.1 Dienes

Although asymmetric [3+4]-cycloaddition of vinyldizoacetates with dienes via 

cyclopropanation/Cope rearrangement has been known since 1993,54 enoldiazoacetates were 

used in this transformation for the first time in 2009.55 The use of Rh2(S-PTAD)4 or Rh2(S-

DOSP)4 catalysts in the reaction of enoldiazoacetate 1a with dienes 37 led to 

divinylcyclopropane intermediate 38 that underwent stereocontrolled Cope rearrangement to 

cycloheptadienes 39 (Scheme 10); and the results from Rh2(S-PTAD)4 catalysis were 

superior of those using Rh2(S-DOSP)4.55 This methodology was successfully used to form 

cycloheptadiene 41 (65%, 90% ee), which was converted in 8 steps to 5-epi-vibsanin E (42). 

Notably, the analogous reaction of a,β-unsubstituted vinyldiazoacetate with triene 40 
catalyzed by Rh2(S-PTAD)4 showed diminished enantiocontrol (up to 57% ee).55

Asymmetric [3+4]-cycloaddition using chiral dirhodium(II) catalysis was later applied in 

total synthesis of (+)-barekoxide and (─)-barekol.56 The reaction of 1a with diene 43 
(containing a tetrasubstituted alkene unit) with Rh2(R-PTAD)4 occurred only in refluxing 

hexane presumably due to the reduced reactivity of the diene, and afforded tricyclic 

compound 44 in 47% yield (Scheme 11). Nevertheless, this precursor provided (+)-
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barekoxide (45) in only 2 steps, which was easily converted to (─)-barekol (46) via acid-

catalyzed hydrolysis-elimination.

Another pathway has been disclosed for the [3+4]-cycloaddition of enoldiazoacetates: 

instead of addition at the rhodium carbene center, nucleophilic attack of an activated diene 

occurs at the vinylogous position of rhodium-enolcarbenes.9a However, the “vinylogous 

attack” pathway is highly catalyst [using sterically encumbered 

tetrakis(triarylcyclopropanecarboxylate) dirhodium(II)] and substrate (using EDG-activated 

dienes) dependent.

5.2 Pyrroles

Pyrroles are particularly interesting “diene” substrates for asymmetric [3+4]-cycloaddition 

with enoldiazo compounds because the products of this reaction contain the tropane unit 

constructed in only one step. In the first asymmetric example of [3+4]-cycloaddition of 

pyrroles with enoldiazoacetates57 only enoldiazoacetate 1a provided high yields (up to 86%) 

and asymmetric induction (up to 98% ee) of [3,2,1]-bicyclic products 48 under Rh2(S-

PTAD)4 catalysis with substituted pyrroles 47 (Scheme 12). In contrast, cycloadditions with 

β-unsubstituted vinyldiazoacetates occurred in 58% yield and 65% ee as the highest.56,58 

The use of this methodology was applied in total synthesis of isostemofoline (50) from 

bicyclic compound 49 (Scheme 18).59

Analogous [3+4]-cycloaddition of pyrrole 47a with enoldiazoacetate 1c having a chiral 

appendage was used in the total synthesis of (+)-batzelladine B (52).60 The bicyclic 

“tropane” derivative 51 was obtained in high yield and excellent diasterecontrol using 

Rh2(S-PTTL)4 catalyst (Scheme 13). The efficient construction of the tropane unit by this 

methodology also made possible the total syntheses of (+)-batzelladine E, (+)-batzelladine 

K, and (−)-dehydrobatzelladine C.61

6. Asymmetric [3+5]-cycloaddition

[3+5]-Cycloaddition is a transformation that requires the use of 1,5-dipolar species.12 

Pyridinium zwitterions as 1,5-dipoles have found an application in [5+2]-cycloaddition with 

activated alkynes for the construction of 1,4-diazepines,62 and dirhodium(II) catalyzed 

[3+5]-cycloaddition of enoldiazoacetates with pyridinium zwitterions was subsequently 

reported.12,22a

Further studies of the synthetic utility of pyridinium zwitterion 53 uncovered substrate 

dependent regiodivergent [3+5]- and [4+2]-dipolar cycloadditions that afforded two different 

types of cyclic products that are formed in competition with excellent regiocontrol (Scheme 

14).22b The origin of the regioselectivity and the reaction mechanism have been investigated 

in detail in combined experimental and computational studies.22b Zwitterion 53 undergoes 

preferential [3+5]-cycloaddition with an electrophilic reaction partner generated from 1a to 

form 55, however the reaction with a Pd-bound nucleophile initiates the attack at the 

electron-deficient C4-position of pyridine ring with subsequent cyclization to tricyclic 

compound 54 − a product of formal [4+2]-cycloaddition (Scheme 14).
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7. Cycloaddition reactions of chiral substrates

There are several examples of cycloaddition processes of enoldiazo compounds in which one 

of the reactants is a single enantiomer. In such cases chiral ligands for the transition metal 

catalyst are not required.

7.1 Azomethine imines

Azomethine imines are attractive dipoles for the construction of bicyclic pyrazolines. A 

number of examples on organo- and metal-catalyzed (copper, silver, magnesium, nickel) 

asymmetric [3+2]-cycloadditions has been reported.63 However, there are few reports of 

their [3+3]-cycloadditions, one of which is the efficient synthesis of bicyclic pyrazolines 

from azomethine imine with high diastereocontrol.64 The first report of the cycloaddition of 

enoldiazoacetates 15 with azomethine imines 56 uncovered two catalyst-divergent pathways 

using Cu(OTf)2 ([3+2]-cycloaddition to form 57 via a Lewis acid catalyzed pathway) and 

Rh2(OAc)4 catalysis ([3+3]-cycloaddition that occurs through a metallo-enolcarbene to form 

58) (Scheme 15).65 The origin of the high diastereocontrol in the formation of the cis-

stereoisomer is in the relative stabilities of the intermediates formed in the nucleophilic 

attack at the vinylogous position of the metallo-enolcarbene (favored versus disfavored), and 

this interpretation is consistent with a recent computational study of this particular 

transformation.66 The theoretical study also eliminated the possibility of [3+2]-cycloaddition 

between azomethine imine 56 and D-A cyclopropene 12a to form 59 – the product that was 

not observed in the experimental studies (Scheme 15).65

7.2 Carbonyl ylides

Regioselectivity and access to structurally different products from the same starting 

materials by variations of catalysts are among the most challenging tasks in catalytic 

synthetic chemistry. A strategy of discrimination between two diazo compounds in metal-

catalyzed cycloaddition reactions is known26,67 but underexplored due to its complexity. 

Recently reported regiodivergent copper(I)- and rhodium(II)-catalyzed [3+3]- and [3+2]-

cycloadditions of enoldiazoacetates 15 with α-diazocarboximides 60 are new examples of 

discrimination between two diazo compounds, and they have allowed easy access to novel 

tricyclic azepine (62) and oxazole (64, 65) derivatives with excellent diastereoselectivities 

(Scheme 16).68 α-Diazocarboximides 60 are precursors to cyclic carbonyl ylides 6169 the 

generation of which is facilitated by a metal catalyst. Intermediate 61 undergoes the [3+3]-

cycloaddition reaction with enoldiazoacetate 15 using copper(I) catalysis to produce 62 with 

excellent diastereocontrol or, using dirhodium(II) catalysis, 1,4-proton transfer to generate 

intermediate 63 that further undergoes [3+2]-cycloaddition. Interestingly, the ligand on the 

dirhodium core determines regioselectivity in the [3+2]-cycloaddition: with catalysis by 

rhodium perfluorobutyrate, Rh2(pfb)4, cycloaddition affords regioisomer 64, but using the 

sterically encumbered Rh2(esp)2, bis[rhodium(α,α,α′,α′-tetramethyl-1,3-

benzenedipropionic acid)], the preferred regioisomer is 65 (Scheme 16).

7.3 Sulfur ylides

The copper(I)-catalyzed reaction of enol-substituted carbonyl ylides (electrophile) and sulfur 

ylides (nucleophile) generated in situ from enoldiazoimides 66 and sulfonium salts 67, 
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respectively, provides convenient access to substituted indolizidinones 68 which are not 

available by other synthetic methods (Scheme 17).70 The introduction of an asymmetric 

center to enoldiazoimides leads to chiral indolizidinones, and one representative example 

was reported. The reaction is considered as a [4+2]-cycloaddition that involves the following 

steps: C−O bond cleavage, silyl group migration, acetyl group migration, and C−S bond 

cleavage.70 The use of acetyldiazoimides did not lead to a cycloaddition product; and this 

observation indicates the important role of silyl-protected enoldiazoimide 66 in this complex 

transformation.

8. Influence of substituents at the 3-position

As is evident throughout this review, the siloxy substituent at the 3-position of 

vinyldiazoesters appears to have an overwhelming influence on the associated metal carbene 

to undergo [3+n]-cycloaddition reactions. The extended conjugation of vinyldiazo 

compounds provides the electronic framework for vinylogous nucleophilic addition 

reactions of their corresponding metal carbenes. The siloxy substituent (Z: = [Si]O) at the 

internal vinyl position of vinyldiazo compounds lowers the energy for ring closure of the 

metal-associated intermediate from vinylogous nucleophilic addition to the metal carbene 

(Scheme 18) and provides a mechanistic advantage for cycloaddition. However, although 

numerous processes are now available in which silyl protected enoldiazo compounds have 

been used effectively with high yields and selectivity, there are few comparable substituents 

that have been employed. 2-Diazo-3-phenyl-3-butenoate, where phenyl is at the same 

position as [Si]O in enoldiazo compounds, has been reported in cycloaddition reactions with 

vinyl ethers71 and imines.72 [3+2]-Cycloaddition occurred with n-BuOCH=CH2 (45% 

yield), but not with PhCH=NAr, although a methyl substituent at the 3-position, instead of 

phenyl, imparted reactivity with both vinyl ethers and imines.

Because of the significant difference in the outcome of cycloaddition reactions from 

reactions of enoldiazoacetates and styryldiazoacetates, the role of the 3-silyloxy substituent 

as a directive influence in cycloaddition reactions has been interpreted as being due to both 

steric and electronic influences.73 The “steric” influence resides in the conformation of the 

intermediate metal carbene resulting from 3- versus 4-substituents (A and B in Scheme 19). 

The prediction is that other substituents at the 3-position would also favor [3+3]-

cycloaddition reactions with the same dipolar species that are effective for enoldiazo 

compounds. Unfortunately, this comparison has not been made, and the results published 

thus far do not provide direct comparison.

9. Conclusions

Asymmetric cycloaddition reactions of enoldiazo compounds have broad scope with 

enormous structural variations for the synthesis of highly functionalized chiral carbo- and 

heterocycles. Generally, silyl-protected enoldiazo compounds have demonstrated higher 

stereocontrol than analogous vinyl or styryldiazo compounds in comparable cycloaddition 

reactions, and they are more stable. The unique feature of these silyl enoldiazo compounds 

for cycloaddition is not only their ability to form metallo-enolcarbenes that undergo 

nucleophilic attack at the electrophilic vinylogous position, but also the enhanced 
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nucleophilicity of the original metal carbenic carbon that favors cyclization. This 

mechanistic pathway has established the platform for [3+n]-cycloaddition reactions that 

occur with high stereocontrol. Chiral dirhodium(II) and, more recently, copper(I) 

compounds are particularly suitable catalysts with which to achieve high stereocontrol in 

cycloaddition of enoldiazo compounds and, because of their different ligand configurations, 

the stereochemical outcome from the use of chiral dirhodium(II) catalysts can be 

complimentary to that from chiral copper(I) catalysts. However, although chiral rhodium(II) 

catalysis has a longer history in cycloaddition reactions of enoldiazo compounds, it is most 

effective for reactions with enoldiazoacetates. Copper(I) catalysis using box ligands have 

demonstrated advantages over rhodium(II) catalysis in [3+n]-cycloaddition reactions of all 

classes of enoldiazo compounds, and further development of asymmetric cycloaddition 

reactions using chiral copper(I) catalysis should be expected in the near future. The major 

breakthrough in understanding the effectiveness of these reactions is the discovery of D-A 

cyclopropenes (Scheme 2), which are formed from the intermediate metallo-enolcarbene but 

also react with the catalyst to reform the metallo-enolcarbene and serve as a resting state for 

the carbene. Unexpectedly stable at room temperature, D-A cyclopropenes are also reactive 

with dipolar compounds forming products from [3+2]-cycloaddition. Knowing the nature 

and stability of D-A cyclopropenes is important in understanding their role in cycloaddition 

reactions. Enoldiazo-acetamides and -acetates, which are stable at room temperature, 

undergo dinitrogen extrusion at 50 °C and higher to form D-A cyclopropenes quantitatively.
74 The enhanced stability of enoldiazoacetamides and their D-A cyclopropenes compared to 

-acetates makes rhodium(II) catalysis less suitable for cycloaddition. Enoldiazoketones are 

the most reactive of the enoldiazocarbonyl compounds, undergoing catalyst-free dinitrogen 

extrusion even at room temperature. Their D-A cyclopropenes are also reactive, and they 

readily undergo rearrangement to furan derivatives under dirhodium(II) catalysis75 which, 

because of this, complicates cycloaddition with this undesirable competing reaction.39 

Enoldiazosulfones and their D-A cyclopropenes are thermally the most stable in this series; 

however, its silyl group is unstable to hydrolysis. These features make enoldiazosulfones 

challenging for cycloaddition through metallo-enolcarbenes, and only copper(I) catalysis has 

been able to overcome these limitations.41 Future investigations on regiodivergent catalytic 

asymmetric cycloaddition of silyl-protected enoldiazo compounds and possibly new 

vinyldiazo compounds with other electron-donating groups, as well as the exploration of 

new dipolar reagents are expected to become a new wave in the synthesis of chiral carbo- 

and hetero-cycles.
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Scheme 1. 
Organocatalytic [3+n]-cycloaddition.
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Scheme 2. 
Transition metal catalyzed cycloaddition reactions of silyl-protected enol-diazo-acetates, -

acetamides, -ketones, and -sulfones yield hetero- and carbocycles.
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Scheme 3. 
Copper(I)-catalyzed asymmetric [3+1]-cycloaddition of enoldiazoacetates 1 with sulfur 

ylides 2.
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Scheme 4. 
Metal-catalyzed [3+2]-cycloaddition of enoldiazo compounds 6 with polarized alkenes 7.
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Scheme 5. 
Complexity in the reactants and catalyst in the [3+3]-cycloaddition reaction with nitrones 

10.
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Scheme 6. 
Metal-catalyzed asymmetric [3+3]-cycloaddition of enoldiazocarbonyl compounds 15−17 
with nitrones 10.
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Scheme 7. 
Copper(I)-catalyzed asymmetric [3+3]-cycloaddition of enoldiazosulfones 23 with nitrones 

10.
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Scheme 8. 
Silver-catalyzed asymmetric formal [3+3]-cycloaddition of donor-acceptor cyclopropene 29 
with nitrones 10.
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Scheme 9. 
Metal-catalyzed asymmetric [3+3]-cycloaddition of enoldiazocarbonyl compounds 15−17 
with N-acyliminopyridinium/quinolinium ylides 32.
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Scheme 10. 
Rhodium(II)-catalyzed asymmetric formal [3+4]-cycloaddition of enoldiazoacetate 1a with 

dienes 37. Application in the synthesis of 5-epi-vibsanin E (42).
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Scheme 11. 
Asymmetric formal [3+4]-cycloaddition in total synthesis of (+)-barekoxide (45) and (─)-

barekol (46).
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Scheme 12. 
Rh2(S-PTAD)4-catalyzed asymmetric [3+4]-cycloaddition of enoldiazoacetate 1a with 

substituted pyrroles 47: application in total synthesis of isostemofoline (50).

Marichev and Doyle Page 26

Org Biomol Chem. Author manuscript; available in PMC 2020 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 13. 
Rh2(S-PTTL)4-catalyzed asymmetric [3+4]-cycloaddition of enoldiazoacetate 1c with N-

substituted pyrrole 47a for the total synthesis of (+)-batzelladine B (52).
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Scheme 14. 
Divergent outcomes in metal-catalyzed cycloaddition of zwitterion 53 with electrophilic and 

nucleophilic reaction partners.
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Scheme 15. 
Diverse pathways in the reaction of enoldiazoacetates 15 with azomethine imines 56. The 

origin of diastereselectivity in [3+3]-cycloaddition.
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Scheme 16. 
Catalytic regiodivergent diastereoselective [3+3]- and [3+2]-cycloaddition of 

enoldiazoacetates 15 with carbonyl ylides 61. Synthesis of chiral tricyclic heterocycles.
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Scheme 17. 
Copper(I)-catalyzed formal [4+2]-cycloaddition of enoldiazoimides 66 with sulfur ylides.
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Scheme 18. 
Electronic control of cycloaddition by the 3-silyloxy substituent.
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Scheme 19. 
Steric influence on cycloaddition of vinyldiazo compounds.
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