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by a Wagner/Meerwein rearrangement leads to the formation of highly functionalized 

cyclopentenones. 

• Jacob, S. D.; Brooks, J. L.; Frontier, A. J. No Acid Required: 4π and 6π Electrocyclization 

Reactions of Dienyl Diketones for the Synthesis of Cyclopentenones and 2 H-Pyrans. J. 

Org. Chem. 2014, 79, 10296–10302.4 1,6-conjugate addition of nucleophiles to diketones 

produces either cyclopentenones or 2H-pyrans with high selectivity via either a Nazarov 

(4π) or 6π electrocyclization. 

INTRODUCTION 

The Nazarov cyclization has undergone several stages of evolution since its discovery in 1940.5 

It has occupied a prominent place in the consciousness of organic chemists since the Woodward/ 

Hoffman days, when it was highlighted as a textbook example of conrotatory electrocyclization. 

This early fame was clouded by the poor performance of the reaction as a synthetically useful 

process. For example, many Nazarov cyclizations only occurred in the presence of stoichiometric 

amounts of strong acids to give multiple elimination products. Substantial progress was made in 

the 1980s when Denmark et al. described silicon-directed Nazarov cyclizations which, for the 

first time, guaranteed regiocontrolled elimination and made the reaction useful in synthetic 

applications.6,7 Two research groups, led by West and Tius, were responsible for nearly all 

progress in Nazarov cyclization chemistry during the 1990s and early 2000s. Tius developed a 

variant of the Nazarov cyclization which uses alkoxyallenes to obtain functionalized 

cyclopentanones. This chemistry was applied toward the synthesis of several natural product 

targets.8-12 West discovered a series of interrupted Nazarov cyclization processes characterized 

by cationic reaction cascades capable of generating multiple carbon-carbon bonds initiated by the 

electrocyclization.13-18 

Initial studies in our group were inspired by (±)-merrilactone A, a natural product with a skeletal 

framework that is uniquely suited for construction using a Nazarov cyclization strategy. 

Specifically, one can imagine that a substrate like 1 would provide tricycle 3, in which the 
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observations: the barrier for electrocyclization of a simple 3-oxypentadienyl cation 5 is estimated 

at 18-20 kcal mol-1, depending on the method used for the calculation. Furthermore, as is typical 

for pericyclic processes, the electrocyclization is reversible, and can be either endergonic or 

exergonic.19,20 The case shown in Scheme 2 is representative: the barrier for cyclization of 5 to 6 

is estimated to be 18 kcal mol-1, and endergonic by 1.3 kcal mol-1.21 In addition, 

electrocyclization does not lead directly to a stable product, but rather to a new high energy 

cationic intermediate 6. The fate of the oxyallyl cation 6 constitutes Stage 2 of the “Nazarov 

Cyclization.” Therefore, focusing attention on the electrocyclization alone overlooks the factors 

driving the conclusion of the process, which are equally important to consider when designing 

and executing synthetically useful Nazarov cyclizations.    

Scheme 2. Stage 1 of Nazarov Cyclization: Electrocyclization 

  

While Stage 1 requires overcoming kinetic barriers in a process that is reversible and not 

necessarily thermodynamically favorable, Stage 2 poses a selectivity challenge. Depending on 

the reactant and reaction conditions, an oxyallyl cation generated from a Stage 1 

electrocyclization may have access to several different reaction pathways (Scheme 3). In a 

routine case, elimination occurs to afford enone products after tautomerization of the enol 7a-d. 

Typically, more than one proton is available for elimination, leading to mixtures from that 

pathway alone. However, intermolecular or intramolecular capture of oxyallyl cation 6 with a 

nucleophile is more favorable than elimination (Scheme 3b-e). These reaction sequences have 
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Given all of these challenges, one could argue that historically, the primary drawback for 

chemists wishing to use the Nazarov cyclization for synthetic applications was poor selectivity in 

Stage 2. In support of this statement, the synthetic breakthroughs in the 80s and 90s all 

represented solutions to this selectivity problem. Silicon-directed Nazarov cyclizations allowed 

for a controlled elimination, preventing formation of complex mixtures.6 Addition of different 

nucleophiles that can trap the oxyallyl cation effectively minimized or completely suppressed the 

elimination pathway. However, Nazarov cyclization methodology had other shortcomings that 

limited its utility at the time. Most significantly, the cyclization was not catalytic and 

stoichiometric amounts of strong Brønsted or Lewis acid were typically required to promote the 

reaction. In our work, we have found that both Stage 1 and Stage 2 behavior is strongly impacted 

by substrate design. We have come to appreciate that if one considers the factors that drive each 

step of the reaction then the overall transformation can be improved, thus overcoming limitations 

on synthetic utility. Going a step further, we have also employed this two-stage logic to design 

variants of the reaction that take full advantage of its potential to construct highly functionalized 

cyclopentanoid systems. 

RESULTS AND DISCUSSION 

Using Polarized Substrates, Electrocyclization Becomes Catalytic and Thermodynamically 

Favorable. 

During the initial studies inspired by (±)-merrilactone A, we hypothesized (rather naively) that a 

divinyl ketone with complementary electron-donating and electron-withdrawing groups might 

accelerate cyclization. The idea was that polarized substrates like 17 contain a nucleophilic and 

an electrophilic half (Scheme 4). The substitution pattern would create electronic asymmetry in 
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the oxyallyl cation intermediate, improving chemoselectivity in Stage 2 processes. In addition, 

the alkylidene β-dicarbonyl moiety can readily complex to a Lewis acid catalyst and preorganize 

the system before cyclization. These polarized substrates prove to be more reactive, making mild 

Lewis acid catalysis possible, and exhibiting predictable behavior in the eliminative regime.1,34-39  

The isomerization behavior of the polarized systems added a dimension to the study that we did 

not anticipate.  Specifically, in situ interconversion of E/Z divinyl ketones is facilitated by the 

electron-withdrawing group resulting in stereoconvergent cyclization (Scheme 4, equation 1; 

product 21 is derived from conrotatory cyclization of the minor Z isomer). Additional 

experiments revealed that the Z isomer generates 21 in 1 hour (Scheme 4, equation 2), while it 

takes the E isomer 10 hours to isomerize to the Z isomer and cyclize to afford 21 (Scheme 4, 

equation 3). 

Scheme 4.  For Divinyl Ketones with an Electron-Withdrawing Group, Electrocyclization is 

Stereoconvergent. 
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In the years since these initial reports, other researchers have demonstrated that as long as the 

substrate is polarized with an electron-donating substituent, many different catalysts will 

promote the reaction.40-42 Further investigation into the substituent effects revealed the true 

impacts of the polarized substrate design on the Stage 1 electrocyclization process, as discussed 

in later sections of this Account.  

Nazarov Cyclization of Heteroaryl Vinyl Ketones  

Once we established that polarized aliphatic systems cyclize smoothly using mild Lewis acids as 

catalysts, our next goal was to identify a method for achieving cyclization of polarized 

heteroaromatic substrates 22 under catalytic conditions (Scheme 5a).38 It was disappointing to 

find that cyclization only occurs slowly (over several days) under the typical conditions for 

polarized cyclization (2-10 mol% of Lewis acids like scandium(III) triflate and copper(II) 

triflate). This was resolved when 1 equivalent of lithium perchlorate was added to 5 mol% of 

scandium triflate (this combination was employed in our synthesis of the roseophilin core).43 

Efficient catalysis of the cyclizations is also possible using 5 mol% of copper and scandium 

perchlorate salts. 

In addition to the simple heteroaromatic rings shown in Scheme 5a, we examined silyloxyfuran 

reactants of type 33 (Scheme 5b) in the context of the (±)-merrilactone A synthetic strategy (see 

Schemes 1 and 5b). Successful execution of the cyclization of 1 to 3 not only demands 

electrocyclization of an especially hindered system (fully substituted at both termini of the 

pentadienyl cation 2), but also requires dearomatization of a silyloxyfuran 1. Experimentation 

quickly revealed that 1 does not undergo the desired cyclization.44 This observation inspired us 

to examine the reactivity of a series of silyloxyfuran enones 33 (Scheme 5b). It was rewarding to 
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find that these are viable substrates for the cyclization. We were able to identify two catalysts 

that could convert 33 to 34. Ir(III) complexes, developed in collaboration with the Eisenberg 

group, turned out to be the only transition metal Lewis acids we tested that are capable of 

initiating the cyclization. These complexes made it possible to use loadings as low as 2 mol%. 

Triisopropylsilyl triflimide is also effective in catalyzing these cyclizations with just 1 mol% 

loading. This suggests that once initiated, the cyclizations occur through an autocatalytic 

process.44 

Scheme 5. Heteroaromatic Systems in the Polarized Nazarov Cyclization 

a) Catalytic Nazarov Cyclization of Simple Heteroarenes 

 

a) Reaction conditions: 5 mol% Sc(OTf)3, 1.0 equivalent of LiClO4, DCE, 80°C b) All products 

were isolated as single diastereomers. 

b) Catalytic Nazarov Cyclizations of Silyloxyfurans (Synthesis of (±)-Merrilactone 

A) 
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target intermediate 46, with an electron-rich enol moiety to match the electron-deficient 

benzofuran subunit. We identified allenol ether 45 as an appropriate precursor,47 poised to 

undergo oxidation with generation of polarized intermediate 46, and subsequent cyclization to 

afford 47. The product would then contain both stereogenic centers present in the core of the 

rocaglate natural product family.  

This strategy was ultimately successful. Treatment of 45 (R=SnBu3) with m-CPBA (3 equiv) 

delivers 47 in 48% yield as a single diastereomer.48,49 This intermediate was critical to our 

strategy for the total synthesis of rocaglate natural products including (±)-rocaglamide and (±)-

aglafolin. The stannane was employed because it was not possible to build allenol ether 45 

(R=H). The tributylstannyl group is cleaved under the cyclization conditions, presumably before 

the electrocyclization step. In a later study, we tested this assumption by oxidizing simple allenol 

vinyl systems without the stannane substituent. The stereochemistry observed corresponds to the 

cyclization of an intermediate enol analogous to 46 (Scheme 6b).2 Interestingly, the Nazarov 

cyclization is diastereoselective. The selectivity can be rationalized as follows: a 

diastereoselective oxidation (facial selectivity on the allenol ether)50 produces a cationic 

intermediate (I, Scheme 6b) as the Z-isomer, which cyclizes to give the observed diastereomer. 

The minor diastereomer is generated from cyclization of the E-isomer, which can result from 

oxidation of the more hindered face of the allenol (or through Z/E isomerization post oxidation). 

Scheme 6. Nazarov Cyclization Triggered by Oxidation:  

a) Strategy for the Synthesis of (±)-Aglafolin and (±)-Rocaglamide 
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b) Simple Allenol Ethers 

 

Nazarov Cyclization/ Wagner-Meerwein Rearrangement Sequences 

During efforts to develop methods for catalytic asymmetric Nazarov cyclizations, we observed 

the formation of an unexpected product that proved to arise from an atypical Stage 2 process: a 

Wagner-Meerwein shift. The initial result was obtained upon exposure of 50 to a stoichiometric 

amount of copper(II) bisoxazoline complex I (Scheme 7). We were astonished to find that 

precursor 50, which had always reacted smoothly to produce fused system 51, had suddenly 

delivered compound 52 instead. The reaction conditions for each result differed in only two 

ways: the identity and the loading of the catalyst. This inspired us to investigate further in order 

to identify which factors were responsible for selective generation of 51 (Cu(OTf)2, 2 mol%) or 

52 (Cu(box)(SbF6)2, 1 equiv).32 

We reasoned that there were three variables that could alter the reaction pathway:  the ligand, the 

counterion, or the copper(II) loading. Using stoichiometric loadings, we tested copper(II) 

hexafluoroantimonate complexes with bidentate bisoxazoline (entries 6-7) and bipyridine ligands 

(entries 9-10), as well as a promoter generated from counterion exchange of copper(II) chloride 
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(1 equiv) with silver hexafluoroantimoate in acetonitrile (entry 8). All of these promoters 

produced the spirocyclic product 52 exclusively, which indicated that the ligand has no effect on 

the product distribution.51 It is important to note that, for the cases where enantiopure chiral 

ligands were used (entries 3-7), the ee observed was poor (less than 45% ee for most cases).51 

Scheme 7. Nazarov Cyclization/Wagner-Meerwein Sequences.52 

 

 

Entry L Cu(II)

Anion 

Cat. 

(mol%) 

Ratio  

(51:52) 

% Yield 

(51+52) 

1 -b OTf 2 100:0 95c 

2 -b OTf 100 7:1 89 

3 I 

I 

I 

I 

OTf 10 100:0 66d 

4 ClO4 100 ~1:1 90d 

5 SbF6 10 4:1 62d 

6 SbF6 100 0:100 69c 

7 II SbF6 100 0:100 85d 

8 (CN)x SbF6 100 0:100 76c 

9 III SbF6 100 0:100 76d 

10 IV SbF6 100 0:100 91d 

a)  Reaction conditions: Substrate 50 in CH2Cl2 (0.03M), ligand and promoter added at 25°C. b) No added ligand. c) From Ref. 3. d) From Ref. 

51 

Additional experiments were conducted to examine the effect of catalyst loading and the 

counterion associated with the copper(II) promoter. 1 equivalent of copper(II) triflate (no ligand) 

gives a 7:1 ratio of Nazarov products 51 and 52 (entry 2). The copper(II) box complex prepared 

with a perchlorate counterion gives no selectivity for one Nazarov product over the other. These 

experiments indicate that, as the counterion becomes more noncoordinating and less basic, the 

rearranged product 52 becomes dominant. Experiments examining the effects of catalyst loading 
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Also relevant is the observation that two different types of products (spirocycles 58a and 58b) 

can be obtained depending on the R substituent in substrate 53. If intermediate 56 undergoes a 

hydride shift, product 58a is obtained, while migration of the R group (a second Wagner-

Meerwein shift) leads to product 58b. Remarkably, most reactions are selective for either 58a or 

58b and do not produce a mixture of the two.51 

The finding that stoichiometric copper(II) salts are optimal for effecting clean cyclization/ 

rearrangement (Scheme 9) did not bode well for achieving catalytic enantioselective reactions. 

When our experiments suggested that the salts are critical for complexation of the carbonyl 

oxygen, we began to search for surrogates that could act in combination with a catalytic amount 

of a chiral copper(II) complex. Subjecting 64 to 1.0 equivalent of [Cu(box)(SbF6)2] with no 

additive gives 76% of spirocycle 62b.51 Using a combination of 10 mol% [Cu(MeCN)n(SbF6)2] 

and 90 mol% of a second additive (including Zn(OAc)2, Mn(acac)2, Fe(acac)2, LiClO4, 

Mg(OTf)2, NaSbF6, and NaBPh4) leads to longer reaction times and mixtures of products.  

Ultimately, we found that copper(II) loading can be reduced significantly when NaBArF
4

 is 

employed as a stoichiometric additive. We hypothesize that the sodium atom serves to coordinate 

with the ketone oxygen, which must be the basic species that is responsible for facilitating the 

competing elimination step. Subjecting substrate 64 to 90 mol% of NaBArF
4 in combination with 

10 mol% of  [Cu(MeCN)n(SbF6)2] gives 78% of spirocycle 62b.53 Switching to the Cu(II) box 

complex results in 88% yield of 62b (enantiomeric excess was not measured, since it was known 

to be low from previous findings).33 Lowering the catalyst loading to 5 mol% and increasing the 

amount of NaBArF
4 to 95 mol% leads to a slight drop in the yield of 62b. Subjecting 50 to 10 

mol% of [Cu(MeCN)n(SbF6)2] and 90 mol% of additive gives 90% yield of spirocycle 59a. As 

expected, adding no copper(II) catalyst and 100 mol% of the additive leads to no reaction.53   
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Scheme 9. Cyclization/ rearrangement using catalytic Copper(II)52 

 

 
Entry SM Cat. 

(mol%) 

NaBArF
4 

(mol%) 

Prod.  

(%yield) 

1 64 I (100) 0 62b(76)d 

2 64 II (10) 90 62b(78)c 

3 64 I (10) 90 62b(88) 

3 64 I (5) 95 62b(82) 

6 50 II (10) 90 59a(90)b 

7 50 - 100 NR 

a) Procedure for preparation of catalyst: To BOX I and CuCl2 in DCM add 2AgSbF6 and isolate Cu(II) BOX hexafluoroantimonate complex. b) 

Procedure for preparation of catalyst: CuCl2 and 2AgSbF6 in acetonitrile; isolate Cu(II) acetonitrile hexafluoroantimonate complex, then add BOX. 

c) From Ref. 55 d) From Ref. 51 

We next sought to examine whether the cyclization/rearrangement chemistry would occur 

selectively in acyclic systems, to produce cyclopentenones containing vicinal stereogenic centers 

at C4 and C5 (Scheme 10). We appreciated that the success of this venture would hinge upon the 

chemoselectivity of the initial Wagner-Meerwein shift since two different substituents are poised 

to migrate from C4 to C5. The second [1,2]-shift, (C3 to C4) was expected to be well-behaved, 

based on the experiments on the spirocycle formation (Scheme 7).   

Scheme 10. Cyclization/ Rearrangement of Acyclic Dienones 
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a) Products of cyclization/ rearrangement 

 
b) Synthesis of (±)-Enokipodin B 

 
 

Our studies demonstrate that chemoselective [1,2]-shifts occur for a variety of acyclic substrates 

65. C4 to C5 migrations are colored blue in Scheme 10a, while C3 to C4 migrations are colored 

red.53 This methodology was employed toward the synthesis of (±)-enokipodin B from divinyl 

ketone 79, which cyclizes to give Nazarov product 80 (Scheme 10b).54 When the C4 substituents 
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have different migratory aptitudes, single diastereoisomers are obtained from the 

cyclization/rearrangement. In 74-77, migration of the sterically bulky 2,4,6-trimethoxyphenyl 

group from C3 to C4 does not occur, and a chemoselective hydride shift is observed instead. A 

C3 to C4 hydride shift is also observed when a bulky alkyl group (having low migratory 

aptitude) is present on C3 (see 78). In collaboration with Prof. Gandon (ICMMO, France), DFT 

calculations were executed which accurately predict the dominant rearrangement pathways in 

cases influenced by either migratory aptitudes and/or steric effects within the molecule.3,55 

Shortcomings of Divinyl Ketones as Pentadienyl Cation Precursors 

After studying the classical Nazarov for several years, we came to realize two different 

limitations that significantly impact the utility of the reaction as a synthetic method. The first 

limitation is the need to use divinyl ketones as reactants. These can be difficult to synthesize, 

have limited shelf life, and can react in undesired ways under acidic conditions. The second 

limitation lies in the energetics of the reaction (Scheme 11).56 Formation of the oxyallyl cation 

can be thermodynamically favorable (Scheme 11, boxes A, C)57 or endergonic (box B, top; see 

also Scheme 2). Polarizing the system improves the energetic profile (boxes B, C),57 but the 

barrier is still relatively high.19,20 Upon gaining these new perspectives on the reaction, the focus 

of our research program shifted toward discovery and development of alternative ways to access 

pentadienyl cations, to achieve a more efficient electrocyclization processes. 

Scheme 11. Shortcomings of Divinyl Ketones and 3-Oxypentadienyl Cation Intermediates 
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Cyclization generates 5-hydroxyketone products 83 as single diastereoisomers. Cyclizations 

triggered by 1,6-addition of amine and malonate nucleophiles have been demonstrated with both 

unsubstituted (R3 = H, 86-94)58 and substituted (R3 = methyl, 95 and 96)59,60 dienones (Scheme 

13). Strangely, if R3 is any larger than methyl, electrocyclization is thwarted and a different 

reaction pathway is observed (vide infra). A wide variety of amines can initiate cyclization, 

including primary and secondary amines, aniline derivatives, and aromatic amines. With many 

amine nucleophiles, aryl dienones (R3 = aryl) can be induced to cyclize smoothly even in the 

absence of a Lewis acid reagent.4  In cyclizations of unsubstituted dienones (R3 = H) reactions 

must be halted as soon as the cyclization is complete, as longer reaction times lead to decreased 

diastereoselectivities. This gradual erosion of diastereoselectivity is thought to occur through a 

post-cyclization isomerization (details provided in Scheme 15 below).   

Scheme 13. Scope of the Nazarov Cyclization of Unsubstituted Dienones with Different 

Nucleophiles 



22 
 

 

Tertiary amines (DABCO, Cinchona alkaloids) are also competent nucleophiles for the 1,6-

addition/cyclization sequence, but the ultimate outcomes of these reactions are different. In 

unsubstituted dienones (R3 = H), exo-methylene enones 97 are obtained (Scheme 14a).62 Having 

established that trisubstituted amines do promote the cyclization, we carried on with addition of 

DABCO to substituted dienones (R3 = Me) and found that these reactions do not produce 

cyclopentenones at all, but rather dihydropyrans 98 (Scheme 14b).59,60  

Scheme 14: Nazarov Cyclization of Dienones with Tertiary Amine Nucleophiles 

 
a) Enantioselective Cyclization/Elimination using Cinchona alkaloid derivative 

as nucleophile (R3 = H) 
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selectivity.58  The cyclic dienones 120 are generated from 1,6-addition, cyclization, and then 

elimination of the amine from the enol tautomer 119 of intermediate 118.   

On the other hand, dihydropyrans 122 are not products of the 1,6-addition/cyclization sequence 

yet are obtained in good yields. In these cases, with tertiary amine nucleophiles, the usual 

conjugate addition/cyclization is unproductive and indeed must be reversible. This reversibility 

was unanticipated and led us to misassign structures at first.59,60 Later experiments designed to 

explore the feasibility of this pathway provided strong support for this hypothesis (Scheme 15a). 

Methylation of the amine in Nazarov product 124 leads to quaternary ammonium intermediate 

124, which is analogous to the zwitterion 117 formed when a tertiary amine is used. Intermediate 

125 can then undergo retro-4π to give 123 via 126.4 

Scheme 15. Mechanistic Proposal for Reactions of Tertiary Amines with Dienones 

 
a) Evidence for Retro-4 Electrocyclization Pathway 
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Most striking is the low electrocyclization barriers calculated when the 3-position is hydrogen or 

carbon (~ 5 kcal mol-1), compared to oxygen (>16 kcal mol-1). A confluence of research projects 

underway in our group64 led us to consider strategies for generating and cyclizing a 3-

halopentadienyl cation, an underexplored reaction manifold.65 Computational analysis on the 

proposed chloro-Nazarov cyclization intermediate in box E (3-chloro pentadienyl cation, 

Scheme 16) predicts barriers lower than the 3-oxy analogs but higher than the 3-hydrido and 3-

alkyl analogs.66 The thermodynamic profile of this chloro-Nazarov reaction is predicted to be 

similar to the polarized systems (Scheme 16, boxes B, C and D). This encouraging data led to 

our current studies of cascade cyclizations that are predicated on halo-Nazarov 

electrocyclizations.67 These studies are ongoing and will not be discussed in this Account. 

In summary, the research program that began in our lab in 2002 first interrogated substitution 

patterns and their impact on electrocyclization behavior. Over the course of these studies, 

including the quest to achieve enantioselective catalysis and apply these methods to natural 

product synthesis, we developed an appreciation for the two-stage nature of the Nazarov 

cyclization and an aversion to divinyl ketones as reactants. These new perspectives led to the 

discovery and characterization of a rearrangement sequence influenced by both sterics and 

migratory aptitudes, which launched a search for alternative methods for the generation of 

pentadienyl cation intermediates. Two new variants of the Nazarov electrocyclization emerged 

from these studies, one initiated by allenol ether oxidation and another triggered by 1,6-addition 

of nucleophiles to dienyl diketones. Ultimately, we were able to complete formal or total 

syntheses of four natural products using the methods uncovered in our lab: (±)-merrilactone A, 

(±)-roseophilin, (±)-rocaglamide and (±)-enokipodin B. 
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The studies also led us full circle in our evaluation of the electronic impact of pentadienyl cation 

substituents during the Nazarov cyclization. This work began in 2002, with studies focused on 

the advantages of polarization in 3-oxy pentadienyl cation systems and ended in 2015, with the 

rejection of 3-oxy systems in general. Experimentation has revealed that when the 3-position is 

substituted with a hydrogen, carbon, or a halide (rather than oxygen) reactions are more efficient 

and a wider range of product scaffolds can be obtained. Following this lead, research directions 

focused on 3-halo-Nazarov cyclizations are currently being pursued in the lab. Some of this 

work has been disclosed already,67-70 and new findings will be reported in due course.  
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