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[4+3] Cycloadditions of Oxyallyl Species

Introduction

The construction of seven-membered carbocycles via [4+3] cycloaddition has emerged as a

powerful synthetic tool in recent years.1  The success of this transformation depends in large part on the

generation of a suitable three-carbon species capable of undergoing cyclocondensation with a 1,3-diene.

Allylic cations substituted at the 2-position with an oxygen substituent, termed “oxyallyls”, are perhaps

the most useful three-carbon unit discovered to date for use in this reaction.  Cycloaddition with a suitable

diene such as furan affords cycloheptenone derivatives of the general type shown (Figure 1).
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Figure 1.  [4+3] Cycloaddition of an Oxyallyl with Furan

Discovery

Cyclopropanones were first implicated as reaction intermediates in the Favorskii rearrangement

(Figure 2) through the 14C labeling experiments of Loftfield.2  Around the same time, Aston and Newkirk
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Figure 2.  The Favorskii Rearrangement

proposed that oxyallyls were formed as transient intermediates in this reaction.3  It was later established

that cyclopropanones existed in tautomeric equilibrium with their much less stable oxyallyl forms, with



interconversion proceeding via a disrotatory pathway.4  Fort later provided kinetic data in support of these

oxyallyl intermediates5 and found that these reactive species underwent [4+3] cycloaddition in the

presence of furan.6

Generation of Oxyallyls

There are several established methods for generating these reactive species.  The method chosen

has a dramatic effect on the electrophilicity, and hence reactivity, of the resulting oxyallyl.  The

electrophilicity is a function of the covalency of the O-M bond, as shown in Figure 3.7  Reaction of α,α ’-

dichloro- and dibromoketones with reducing agents such as Fe2(CO)9, Zn/Cu, and Cu/NaI  results in the

corresponding metal-coordinated oxyallyl.8  The Fe2(CO)9 reagent has seen wide use, and the highly

covalent nature of the iron-oxygen bond in the oxyallyl so formed makes it one of the most electrophilic

species of its kind.  Basic conditions, such as those employed in the Favorskii rearrangement, have seen

extensive application as well.  Föhlisch9 developed conditions employing the CF3CH2ONa/CF3CH2OH

system which, because of its attenuated nucleophilicity, suppresses the Favorskii rearrangement for the

purpose of promoting [4+3] cycloaddition.  The use of Lewis acids to induce oxyallyl formation has also

been reported.  The silver (I)-promoted ionization of allylic halides10 and the Lewis acid activation of

allylic acetals11 and 2-silyloxyacroleins12 are some of the more useful methods published to date.  Lewis

acid-induced Nazarov cyclization of a dienone has also been shown to generate a suitable oxyallyl for

[4+3] cycloaddition.13  Photochemical methods employing dienone precursors are also known,14  and

oxyallyls have been identified as intermediates in certain photochemical rearrangements.15
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Figure 3.  Oxyallyl Electrophilicity

Mechanism and Scope of Oxyallyl [4+3] Cycloaddition

The [4+3] cycloaddition is classified as a [2π(3C) + 4π(4C)] process, with the interacting

molecular orbitals being the diene HOMO and the oxyallyl LUMO (Figure 4).  As with the Diels-Alder
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Figure 4.  HOMO/LUMO Interactions for Concerted [4+3] Cycloaddition

reaction, regioselectivity is subject to control by frontier molecular orbitals, although the reactants in

[4+3] processes typically have similar orbital coefficients at the reaction termini.16  For this reason, the

extent of regioselection is normally less pronounced for [4+3] processes.  Several examples have been

reported, however, in which excellent facial selectivity was achieved through the use of chiral substituents

on either the diene17 or oxyallyl18,19 component.

The [4+3] oxyallyl cycloaddition also tends to exhibit high levels of endo selectivity, another trait

it shares with the Diels-Alder reaction.  The terms “compact” and “extended” have been used to describe

the endo and exo transition states, respectively, for [4+3] processes (Figure 5).  In general, increasing the
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Figure 5.  Extended and Compact Transition States

electrophilicity of the oxyallyl leads to lower selectivity for the “compact” mode of reaction.20,21  Since

substituted oxyallyl species retain their well-defined conformations during concerted cycloaddition, the

nature of these transition states can often be discerned from the relative stereochemistry of the product.

Of the three possible conformations , acyclic oxyallyls prefer the “W” form while most cyclic species are

constrained to exist in the “U” form.  The “sickle” form is favored in only a few cases, and is thought to

have manifested in an intramolecular cycloaddition of a cyclodecanone-derived oxyallyl reported by

Harmata.22



The reaction of oxyallyl species with dienes is commonly classified according to one of the three

pathways shown below in Figure 6.  Pathway A is a concerted [4+3] cycloaddition, pathway B is the

stepwise formation of a [4+3] product, and pathway C gives the formal [3+2] adduct via the cation

implied in pathway B.  It has been suggested that pathway B actually proceeds via Claisen rearrangement

of a 3H-dihydrofuran intermediate.23  Highly electrophilic oxyallyl species show a greater propensity to

react in a stepwise fashion.20,21
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Figure 6.  Pathways for Reaction of Oxyallyls with Dienes

Suitable diene partners in this cycloaddition consist mainly of those constrained to exist in the s-

cis conformation.  Cyclic diene components such as furan and cyclopentadiene are particularly well suited

for [4+3] reaction with oxyallyls for this reason.  Few useful examples employing acyclic 1,3-butadiene

derivatives are known due to the low equilibrium concentration of s-cis conformers. However,

cycloaddition of an (η4-butadiene)-iron(0) complex was reported to give the expected cycloadduct in high

yield since the diene is restricted by complexation to exist in the s-cis conformation.21  Dienes such as

benzene and N-alkyl pyrroles are prone to react by stepwise pathways and can give significant amounts of

substitution products, especially when highly electrophilic oxyallyls are employed.  Fulvene-derived O,O-

ketene acetals have been reported to give products of [6+3] cycloaddition with oxyallyls via a stepwise

pathway.24

Intramolecular Cycloaddition

Many examples of intramolecular [4+3] cycloadditions, wherein the oxyallyl and diene

components are connected by a tether, have been reported.25  Acyclic dienes generally perform better in

intramolecular cyclizations than they do in the intermolecular cases, and several useful examples have

been reported.22,25 The usual preference for a “compact” transition state is often suppressed by

conformational restraints imposed by the tether, and preferential formation of “extended” products has



been reported in some cases.  An example of this, reported by Harmata and coworkers,22 is depicted in

Figure 7.
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Figure 7.  Intramolecular Cycloaddition

Synthetic Applications

The [4+3] oxyallyl cycloaddition has seen extensive application in the realm of natural product

synthesis.  Rapid access to the azabicyclo[3.2.1]octane framework of the tropane alkaloids using this

methodology has been reported.26  More recently, a synthesis of the sesquiterpene (+)-dactylol was

accomplished by Harmata which featured an intramolecular [4+3] cycloaddition to construct the

cyclooctane ring system (Figure 8).27  Although the methyl-bearing asymmetric center originally present

on the oxyallyl component is eventually planarized, it served the purpose of setting the two ring junction

stereocenters of the natural product by effecting facial discrimination in the key cycloaddition step.
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Figure 8.  Synthesis of (+)-Dactylol

Another recent natural product synthesis exploited the utility of this reaction in constructing the

methylated tropolone ring of (-)-colchicine (Figure 9).  Cha reported that the key cycloaddition step

proceeded with excellent regioselectivity to establish the desired methyl ether regioisomer in modest

yield.28  Subsequent transformation of the bicyclic cycloadduct to the tropolone system was readily

accomplished via Lewis acid activation of the bridgehead oxygen in the presence of triethylamine.  The

regioselectivity in the [4+3] step is significant since most previous syntheses of alkylated tropolone-

containing targets employed a late-stage alkylation of the corresponding enol ketone.  Since this enol



ketone exists as a roughly equimolar mixture of two tautomeric forms, a mixture of regioisomeric

products invariably results.  The [4+3] route delivers the desired regioisomer exclusively, avoiding

altogether the complication of enol ketone tautomerization.

OMeO
MeO

MeO
NHBoc

OMe

OMe

OTMS

TMSOTf, EtNO2

MeO
MeO

MeO
NHBoc

O

OMe
O

OMe
OTMS

MeO
MeO

MeO
NHAc

OMe
O

-78 ° to -50 °C
45%

(-)-colchicine

3 steps

Figure 9.  Synthesis of (-)-Colchicine

Summary

The [4+3] cycloaddition of oxyallyls has emerged as a powerful tool in organic synthesis.  It bears

many similarities to the well-known Diels-Alder reaction in terms of orbital symmetry and endo/exo

selectivity, although the regioselectivity in the [4+3] process is somewhat lower than in the analogous

[4+2] process.  Facial discrimination can be achieved through the use of chiral substituents on either the

oxyallyl or diene component.  Many intramolecular examples of [4+3] cycloaddition are also known,

providing ready access to a variety of polycyclic skeletons.  Consequently, this methodology has found

much application in the synthesis of medium-ring carbocycles.  The potential for further development of

this process appears promising due to the tunable nature of oxyallyl reactivity.



References

(1) Rigby, J. H.; Pigge, F. C. “[4+3] Cycloaddition Reactions,” Org. React. 1997, 51, 352.

(2) Loftfield, R. B. “The Alkaline Rearrangement of α-Haloketones.  II.  The Mechanism of

the Faworskii Reaction,” J. Am. Chem. Soc. 1951, 73, 4707.

(3) Aston, J. G.; Newkirk, J. D. “α-Haloketones.  IV.  The Isomeric α-Chloroketones Derived

from 3-Heptanone,” J. Am. Chem. Soc. 1951, 73, 3900.

(4) Turro, N. J. “Cyclopropanones,” Acc. Chem. Res. 1969, 2, 25.

(5) Fort, A. W. “Evidence for a Delocalized Intermediate In the Favorskii Rearrangement.

2,6-Lutidine-promoted Methanolysis of α-Chlorodibenzyl Ketone,” J. Am. Chem. Soc.

1962, 84, 2620.

(6) Fort, A. W. “Capture of a Favorskii Intermediate by Furan,” J. Am. Chem. Soc. 1962, 84,

4979.

(7) Hoffmann, H. M. R. “The Cycloaddition of Allyl Cations to 1,3-Dienes: General Method

for the Synthesis of Seven-Membered Carbocycles,” Angew. Chem. Int. Ed. Engl. 1984,

23, 1.

(8) Noyori, R.; Hayakawa, Y. “Reductive Dehalogenation of Polyhalo Ketones with Low-

Valent Metals and Related Reducing Agents,” Org. React. 1983, 37, 163.

(9) Sendelbach, S.; Schwetzler-Raschke, R.; Radl, A.; Kaiser, R.; Henle, G. H.; Korfant, H.;

Reiner, S.; Föhlisch, B. “Improved Syntheses and Some Selective Transformations of

2,2,4,4-Tetrachloro-8-oxabicyclo[3.2.1]oct-6-en-3-ones,” J. Org. Chem 1999, 64, 3398.

(10) Kim, H.; Ziani-Cherif, C.; Oh, J.; Cha, J. K. “New [4+3] Cycloaddition Approach to Cis-

2,8-Disubstituted Oxocanes,” J. Org. Chem. 1995, 60, 792.

(11) Murray, D. H.; Albizati, K. F. “Ambiphilic Reactivity of 1,1-Dimethoxyacetone,”

Tetrahedron Lett. 1990, 31, 4109.

(12) Harmata, M.; Sharma, U. “Synthesis and Some Cycloaddition Reactions of 2-

(Triisopropylsilyloxy)acrolein,” Org. Lett. 2000, 2, 2703.

(13) Wang, Y.; Arif, A. M.; West, F. G. “A Novel Cycloisomerization of Tetraenones: 4+3

Trapping of the Nazarov Oxyallyl Intermediate,” J. Am. Chem. Soc. 1999, 121, 876.

(14) West, F. G.; Hartke-Karger, C.; Koch, D. J.; Kuehn, C. E.; Arif, A. M. “Intramolecular

[4+3]-Cycloadditions of Photochemically Generated Oxyallyl Zwitterions: A Route to

Functionalized Cyclooctanoid Skeletons,” J. Org. Chem. 1993, 58, 6795.



(15) Zimmerman, H. E.; Döpp, D.; Huyffer, P. S. “The Generation of Photochemical

Intermediates without Light.  Mechanistic Organic Photochemistry.  XX,” J. Am. Chem.

Soc. 1966, 88, 5352.

(16) Noyori, R.; Shimizu, F.; Fukuta, K.; Takaya, H.; Hayakawa, Y. “Regioselectivity of the

Iron Carbonyl Promoted Cyclocoupling Reaction of α,α ’-Dibromoketones with Olefins

and Dienes,” J. Am. Chem. Soc. 1977, 99, 5196.

(17) Lautens, M.; Aspiotis, R.; Colucci, J. “Diastereoselective Intermolecular [4+3]

Cycloadditions via an Extended Transition State: A Route to Enantiomerically Enriched

Cycloadducts,” J. Am. Chem. Soc. 1996, 118, 10930.

(18) Stark, C. B. W.; Eggert, U.; Hoffmann, H. M. R. “Chiral Allyl Cations in Cycloadditions

to Furan: Synthesis of 2-(1’-Phenylethoxy)-8-oxabicyclo[3.2.1]oct-6-en-3-one in High

Enantiomeric Purity,” Angew. Chem. Int. Ed. Engl. 1998, 37, 1266.

(19) Cho, S. Y.; Lee, J. C.; Cha, J. K. “Diastereocontrol of [4+3] Cyclic Oxyallyl

Cycloadditions by Alkoxy Substituents,” J. Org. Chem. 1999, 64, 3394.

(20) Rawson, D. I.; Carpenter, B. K.; Hoffmann, H. M. R. “Loss of Allyl Cation Configuration

in Cycloadditions to Electron-Rich Conjugated Dienes,” J. Am. Chem. Soc. 1979, 101,

1786.

(21) Takaya, H.; Makino, S.; Hayakawa, Y.; Noyori, R. “Reactions of Polybromo Ketones with

1,3-Dienes in the Presence of Iron Carbonyls.  New 3+4→ 7 Cyclocoupling

Reaction Forming 4-Cycloheptenones,” J. Am. Chem. Soc. 1978, 100, 1765.

(22) Harmata, M.; Elomari, S.; Barnes, C. L. “Intramolecular 4+3 Cycloadditions.

Cycloaddition Reactions of Cyclic Alkoxyallylic and Oxyallylic Cations,” J. Am. Chem.

Soc. 1996, 118, 2860.

(23) Cramer, C. J.; Barrows, S. E. “Quantum Chemical Characterization of Cycloaddition

Reactions Between 1,3-Butadiene and Oxyallyl Cations of Varying Electrophilicity,” J.

Phys. Org. Chem. 2000, 13, 176.

(24) Hong, B.-c.; Sun, S.-s.; Tsai, Y.-c. “Metal-Mediated [6+3] Cycloaddition Reactions of

Fulvenes.  A Novel Approach to Indan Systems,” J. Org. Chem. 1997, 62, 7717.

(25) Harmata, M. “Intramolecular Cycloaddition Reactions of Allylic Cations,” Tetrahedron

1997, 53, 6235.

(26) Hayakawa, Y.; Baba, Y.; Makino, S.; Noyori, R. “General Synthesis of Tropane Alkaloids

via the Polybromo Ketone-Iron Carbonyl Reaction,” J. Am. Chem. Soc. 1978, 100, 1786.



(27) Harmata, M.; Rashatasakhon, P. “Intramolecular 4+3 Cycloadditions.  Aspects of

Stereocontrol in the Synthesis of Cyclooctanoids.  A Synthesis of (+)-Dactylol,” Org. Lett.

2000, 2, 2913.

(28) Lee, J. C.; Jin, S.-j.; Cha, J. K. “Total Synthesis of Colchicine.  α-Methoxy-Substituted

Oxyallyl [4+3] Cycloaddition Approach,” J. Org. Chem. 1998, 63, 2804.


