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Some New Nazarov Chemistry

Marcus A. Tius*[a]

Keywords: Nazarov reaction / Cyclopentanones

The Nazarov cyclization is a 4π-electron conrotatory cycliza-
tion of a pentadienyl cation that leads to a five-membered
ring, typically a cyclopentenone. Because the mechanism is
well defined, it is often possible to make accurate and useful
stereochemical predictions regarding the course of the reac-
tion. Because the reaction intermediates are carbocations, it
is also possible to devise tandem processes whereby the ini-
tial cyclization is followed by one or more C–C bond forming

1. Introduction and General Concepts
In the years since the publication of Habermas, Denmark

and Jones’ 1994 review of the Nazarov reaction[1] a number
of new developments have been described. It is the goal of
this microreview to introduce the reader to some of these
newer discoveries.

The Nazarov reaction is classically formulated as a 4π-
electron conrotation of pentadienyl cation 2, which is
formed by proton transfer to the dienone 1 [Equation (1)].
The allyl cation 3 is formed as an intermediate. Proton loss
from 3 terminates the reaction and leads to cyclopentenone
4. Since the reaction proceeds through carbocationic inter-
mediates, there is an opportunity to perform C–C bond
forming reactions subsequent to cyclization. It is sometimes
the case that adventitious Wagner–Meerwein rearrange-
ments of the cyclic cation (cf. 3) may frustrate synthetic
planning. An example of such a rearrangement from the
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processes. In recent years, a number of advances have been
made in the asymmetric version of the Nazarov cyclization,
adding to its usefulness in total synthesis. It is the goal of this
review to introduce the reader to some of the newer meth-
odological advances roughly spanning the past ten years,
and to do so within a mechanistic framework.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

work of Santelli and co-workers is shown in Equa-
tion (2).[2,3] Friedel–Crafts acylation of methylcyclopentene
(5) with the chloride 6 led to the enone 7 through successive
1,2-hydride and alkyl shifts.

(1)

(2)

Although the example of Equation (1) is symmetrical
and does not reveal the issue, it is often useful to be able to
control the location of the α,β-unsaturation during the
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(3)

termination event. As will be discussed in section 4 of this
microreview, judicious placement of a heteroatom, typically
silicon or tin, but also fluorine, on the acyclic precursor
to the pentadienyl cation offers a means of controlling the
location of the double bond in the cyclic product by influ-
encing the termination step.

Although the Nazarov reaction is formulated as the cycli-
zation of an acyclic cation, the retro-Nazarov cleavage is
now also known through the efforts of Harmata and co-
workers,[4,5] and others.[6] For example, exposure of cyclo-
pentanone 8 to a small excess of triethylamine in trifluoro-
ethanol at reflux led to a mixture of acyclic enones 9 and
10 [Equation (3)].[4] The reaction presumably takes place
through conrotatory ring opening of 11, which is formed
from 8 through sequential deprotonation and solvolytic loss
of bromide in the polar reaction medium. A single β-alkoxy
group is sufficient to allow the retro-Nazarov reaction to
proceed, since the reaction is driven by the stabilization of
the acyclic product that is conferred by the electron donat-
ing alkoxy group and the conjugating phenyl.

2. Interrupted Nazarov Reactions and Other
Tandem Processes

The potential for coupling a Nazarov reaction with ad-
ditional C–C bond forming steps is illustrated by West’s
spectacular synthesis of steroid-like compound 13 [Equa-
tion (4)].[7–11] The Nazarov cyclization of keto olefin 12 gen-
erates an intermediate carbocation that triggers a polyolefin

(5)
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cyclization cascade leading to 13 in nearly quantitative
yield. Three rings and five stereocenters are formed in the
process.

(4)

West has explored a number of variations on this general
theme. For example, exposure of enone 14 to BF3·Et2O
leads to a mixture of the ketones 15, 16 and 17 in excellent
yield [Equation (5)].[12] The three products reflect the dif-
ferent fates of the common intermediate, tertiary cation 19,
which is formed by intercepting 18. Proton loss from 19
leads to 15, whereas 16 results from hydride migration. In-
tramolecular trapping by the boron enolate gives bridged
product 17. This chemistry gives an indication of the large
degree of molecular complexity that results from linking the
Nazarov reaction to another C–C bond forming process.

The Nazarov intermediate can also be trapped by dienes
in an intra- or intermolecular process leading to [4+3] cy-
cloadducts. An example of the intramolecular process is
summarized in Equation (6)].[13,14] Treatment of a mixture
of enone 20 and 2 equiv. furan with BF3·Et2O leads to exo
adduct 22 in 70% yield. Significantly, none of the simple,
monocyclic Nazarov product was isolated from this reac-
tion, suggesting that trapping of the cation was quantita-
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tive. In the case of unsymmetrical dienes, cycloaddition pro-
ceeds with unexpected regiocontrol, and provides a one-step
synthesis of substituted keto-bridged cyclooctenes.

(6)

The rearrangement of enone 23 to the exo adduct 24
[Equation (7)] illustrates the intramolecular case.[15] The
single stereocenter formed during the conrotation leading
to the Nazarov product determines the stereochemical out-
come of this reaction.

(7)

The nucleophilicity of allylic silanes has been exploited
in a large number of synthetic applications, so it should
come as no surprise that the intermediate allylic cation from
a Nazarov process can be intercepted efficiently as well. Ex-
posure of the enone 25 [Equation (8)] and a ten-fold excess
of allyl triisopropylsilane (26) to Lewis acid leads to a tan-
dem Nazarov-[3+2] cycloaddition reaction.[16] The bridged
product 27 with four rings and five stereocenters is isolated
as a single isomer in high yield.

(8)

The Nazarov intermediate can be trapped efficiently with
triethylsilane as well [Equation (9)].[17,18] Exposure of enone
20 to a small excess of BF3·Et2O and 2 equiv. triethylsilane,
followed by workup with aqueous acid leads to cyclopenta-
none 28 in nearly quantitative yield. Reducing the pro-
portion of the Lewis acid makes it possible to isolate silyl
enol ether 29 as the major reaction product. Through this

(12)

Eur. J. Org. Chem. 2005, 2193–2206 www.eurjoc.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2195

variant of the basic reaction, control can be exercised over
three stereocenters of the enol ether 29.

(9)

3. Polarized Alkenes

A special case of the Nazarov reaction that takes place
under exceptionally mild conditions is the process involving
polarized enones. Mikolajczyk reported the cyclization of
phosphonate 30 to the cyclopentenone 31 [Equa-
tion (10)].[19] Kocienski has demonstrated the cyclization of
the enol ether 32 to 33 [Equation (11)].[20] Both reactions
take place readily under very mild reaction conditions, so it
would appear that substitution by either electron with-
drawing groups, as in 30, or by electron releasing groups,
as in 32, lowers the barrier to cyclization.

(10)

(11)

In 1994 we disclosed the unusual (at the time) reaction
that is summarized in Equation (12).[21] Addition of li-
thioallene 35 to Weinreb enamide 34, followed by workup
with dilute HCl, led in high yield to cross-conjugated cyclo-
pentenone 37. The presumed intermediate, allenyl ketone
36, was never observed. We had attributed the ease with
which this type of cyclization takes place to favorable polar-
ization of enol ether 36 and also to the small steric require-
ment of the sp hybridized allene carbon atom. It should be
noted that in the case of Equation (12) the Nazarov reac-
tion is terminated through loss of methoxymethyl carbo-
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cation, rather than through loss of a proton. This places a
restriction on the allene ethers that can be used in the reac-
tion: they must be substituted by a group that can depart
as a stable carbocation.

Frontier and co-workers were the first to conduct a sys-
tematic investigation into the effects on the ease of Nazarov
cyclization of polarizing the alkene. The cyclization of dien-
one 38, which has a donor and an acceptor group on each
of the respective α carbon atoms, is catalyzed by Cu(OTf)2

and takes place quantitatively [Equation (13)].[22–24] As is
the case of the Diels–Alder cycloaddition, the polarized sys-
tem cyclizes more rapidly than the system lacking polariza-
tion. Replacing the carbomethoxy group in 38 by hydrogen,
or the oxygen atom by a methylene group, leads to a slower
reaction. It is also significant that the double bond in the
product is localized on the side of the five-membered ring
that bears the electron donating oxygen atom. There are
a number of ways with which to control the locus of the
unsaturation in the product that will be discussed in the
section that follows.

(13)

4. Localizing the Double Bond in the Product

Being able to control the termination event of the Naza-
rov reaction has important consequences for synthetic plan-
ning. An early example is provided by Johnson’s ingenious
prostaglandin synthesis [Equation (14)].[25] Placement of the
β-tri-n-butylstannyl group in the acyclic enone 40 assures
that the process will be terminated by loss of tri-n-butyl-
stannyl cation, to provide the kinetic product 41. Similar
use of a trimethylsilyl group has been made by Denmark
and by others.[26–30]

(14)

Placement of the directing group need not be at the β
carbon atom that is destined to become part of the five-
membered ring. Kang and co-workers have shown that fer-
ric chloride effectively catalyzes the rearrangement of keto
silane 42 to the exocyclic enone 43 [Equation (15)].[31,32] In-
corporating a chlorine atom in the acyclic enone 44 makes
it possible to access the cross-conjugated cyclopentenone
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45, the product that results from dehydrochlorination sub-
sequent to the cyclization [Equation (16)].

(15)

(16)

Pulido and co-workers have exploited the diminished ten-
dency of the tert-butyldiphenylsilyl group to undergo proti-
odesilylation to demonstrate a different kind of control
[Equation (17) and Equation (18)].[33] For example, treat-
ment of the dienone 46 with trifluoroacetic acid (TFA)
leads to exocyclic silyl enone 47 in 73% yield. In this exam-
ple, following cyclization the silicon atom stabilizes the ad-
jacent positively charged carbon atom, selectively stabilizing
one of the two resonance tautomers of the allylic cation (cf.
3), leading to proton loss to form the exocyclic product.
The example of dienone 48 [Equation (18)] is similar, except
that proton loss in this case leads to 49, presumably due to
more favorable energetics for the formation of the endo-
cyclic enone in the bicyclo[4.3.0]nonanone case.

(17)

(18)

Silicon and tin are not the only heteroatoms that can be
exploited to control the locus of unsaturation in the pro-
duct. Ichikawa and co-workers have shown that fluorine
can also be used in this context. The difluoroenone 50 when
exposed to an equivalent of trimethylsilyl triflate leads in
good yield to cross-conjugated cyclopentenone 51 [Equa-
tion (19)].[34] This reaction offers an alternative to Equa-
tions (12) and (16) as a means of accessing cross-conjugated
cyclopentenones. Ichikawa has gone on to define conditions
for selective addition of nucleophiles either to the exocyclic
methylene carbon atom, the β-fluorine bearing carbon
atom, or to the carbonyl carbon atom of 51. This chemistry
forms the basis of a very versatile cyclopentenone synthe-
sis.[35]
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(19)

(20)

The Nazarov cyclization of 50 is terminated by proton
loss from the methyl group, rather than from the n-butyl
group, because of the influence of the two fluorine atoms
that destabilize resonance tautomer 52b, thus favoring 52a.
The effect of a α-fluorine atom in the acyclic enone has a
different consequence on the structure of the product. For
example, exposure of 53 to Lewis acid leads exclusively to
α-fluoroenone 54 in excellent yield [Equation (20)].[36] Ter-
mination of the Nazarov process takes place through com-
pletely regiospecific proton loss under the influence of the
fluorine atom: the well known ability of a fluorine atom to
stabilize an adjacent positively charged carbon atom favors
resonance tautomer 55b over 55a. Proton loss from 55b
leads to 54.

The key step in Chiu’s approach to the synthesis of guan-
acastepene, summarized in Equation (21), can be under-
stood in the same way. Proton loss from the more stable
(tertiary vs. secondary) cationic intermediate leads to exocy-
clic enone 57 in preference to the alternative endocyclic
product.[37,38]

(21)

The effect of the α-trifluoromethyl group in 58 [Equa-
tion (22)] on the regiochemistry of the termination step is
also consistent with the concepts discussed above.[39]

(22)

5. Fluorinated Cyclopentanones from the
Nazarov Reaction

In addition to the results presented in the preceding sec-
tion, there are a few other reports of the use of the Nazarov
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cyclization for the synthesis of fluorinated cyclopentenone
products. Hara and co-workers have reported the process
summarized in Equation (23).[40] The intermediate allylic
cation is trapped by fluoride completely stereoselectively.
Mercury(ii)-assisted elimination of one of the thiomethoxy
groups leads to the observed product 61.

(23)

A somewhat different reaction type is exemplified in
Equation (24). Exposure of the tetrahydropyranyl ether of
2,2,2-trifluoroethanol to tert-butyllithium generates difluo-
rovinyllithium species 63 that adds to enone 62, producing
the tertiary alcohol 64.[41] Following workup and isolation,
this material is treated briefly with Lewis acid at low tem-
perature to give the polyhalogenated cyclopentenone 65 in
63% overall yield from 62. In this example, the reactive pen-
tadienyl carbocation is generated from the irreversible ion-
ization of tertiary alcohol 64, rather than from reversible
protonation of a ketone. Cyclization of the pentadienyl cat-
ion must therefore be faster than the competing processes
that lead to decomposition of the enol ether function. There

(24)
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is no ambiguity regarding the position of the double bond
in the product. This method provides ready access to prod-
ucts that would be extremely difficult to prepare through
alternative means.

The synthesis of a prostaglandin analog bearing a tri-
fluoromethyl group is summarized in Scheme 1.[42] This
synthesis illustrates several useful points. Double deproton-
ation of 1,1,1-trifluoro-2,4-pentanedione (66), followed by
trapping of the dienolate with heptanal leads to the β-hy-
droxypyrone 67 in 74% yield. Dehydration of 67 to 68 was
easily accomplished by exposure to BF3·Et2O. Conversion
of 68 to the tert-butyldimethylsilyl enol ether 69 took place
upon treatment with tert-butyldimethylsilyl triflate and tri-
ethylamine at low temperature. Slow warming of the solu-
tion of 69 to room temperature yielded 70 through electro-
cyclic ring opening. It was necessary to use this material
quickly, before isomerization of the enol ether double bond
had a chance to take place, since isomerization is followed
by immediate migration of the silyl group to the oxygen
atom of the trifluoromethyl ketone. Addition of the lithioal-
lene 71 to the enone 70 led to the tertiary alcohol 73 in 55%
yield. Allene 71 was prepared from ester 72 by sequential
treatment with LDA, followed by triethylchlorosilane, and
then sec-butyllithium. Although the ketene acetal function
of 71 does not survive workup, both enol ether functions
do. The Nazarov cyclization of 73 is mediated by trifluoro-
acetic anhydride/2,6-lutidine, and leads to the cyclopen-
tenone 74 as a mixture of Z and E geometrical isomers at

Scheme 1. (a) LDA, THF, –78 °C; heptanal; 74%; (b) BF3·Et2O,
CH2Cl2, room temp.; 95%; (c) Et3N, TBSOTf, Et2O, –78 °C, 1 h;
0 °C, 0.5 h; room temp. 4 h; (d) LDA, Et3SiCl, THF, –78 °C to
room temp.; sBuLi, THF, –78 °C; (e) add solution of 70 to 71,
–78 °C; 55% from 72; (f) 2,6-lutidine, TFAA, –78 °C to –40 °C;
42% Z + 16% E.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 2193–22062198

the exocyclic double bond (42% Z + 16% E). Photochemi-
cal isomerization of Z to E isomers is easily accomplished.

The Nazarov cyclization of 73 is initiated by ionization
of the tertiary alcohol to a heptatrienyl cation that un-
dergoes 4π conrotatory ring closure. Even through the cat-
ion is destabilized by the trifluoromethyl group, its forma-
tion is facilitated by the silyloxy group, as well as by the
extended conjugation. It is significant that cyclization com-
petes successfully with hydrolytic cleavage of the two enol
ether functions. The preference to form the thermodynami-
cally disfavored Z isomer of the exocyclic double bond will
be discussed later in this review.

6. Control of Absolute Stereochemistry

In general there are three ways to control absolute stereo-
chemistry: Through use of asymmetric catalysts, or chiral
auxiliaries, or through asymmetry transfer. All three ap-
proaches have shown promise in the Nazarov reaction, and
examples of each will be discussed. Before doing so, it is
useful to review the key step in Harding’s trichodiene syn-
thesis [Equation (25)].[43] Exposure of the ketone 75 to
BF3·Et2O in refluxing chloroform for five days leads to pro-
duct 76 in excellent yield. Under the vigorous conditions
required for cyclization of (±)-75, C–C double bond mi-
gration takes place. Whereas the relative stereochemistry of
the two methyl-bearing quaternary carbon atoms in (±)-76
is a consequence of the conrotatory mechanism, the stereo-
chemistry at the carbon atoms α to the carbonyl is deter-
mined during protonation. In order to control the absolute
stereochemistry at the β carbon atom(s) of a Nazarov pro-
duct, it is necessary to control the sense of the conrotation,
clockwise or counterclockwise. In order to control stereo-
chemistry at the α carbon atom(s), it is necessary to control
the facial selectivity for enol protonation.

(25)

Examples of the Nazarov reaction involving asymmetry
transfer will be discussed first. Denmark and co-workers
have used a stereogenic trimethylsilyl-bearing carbon atom
to control the sense of conrotation of 77 [Equation (26)].[44]

Exposure of the homochiral ketone 77 to ferric chloride at
low temperature led in excellent yield and with complete
transfer of asymmetry to enone 78. In this example, clock-
wise conrotation maximizes overlap of the C–Si bond with
the allylic carbocation all along the reaction coordinate.
The stereochemistry of the β carbon atoms of 78 reflect the
sense of conrotation, whereas the stereochemistry α to the
carbonyl group is determined during a proton transfer step,
and reflects a thermodynamic preference.
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(26)

Transfer of asymmetry need not be from a sp3 hybridized
carbon atom. In the discussion that accompanies Scheme 1,
mention was made of the preference for 73 to cyclize to Z-
74. We first noticed this effect during our synthesis of 82
[Equation (27)].[45] When we added the lithioallene (±)-80
to the Weinreb amide 79, we noticed a pronounced prefer-
ence (ca. 6:1) for formation of the Z exocyclic bond isomer
of cyclic product (±)-82. We were fortunate that cyclization
of 81 took place spontaneously during workup with aque-
ous NaH2PO4. Had the cyclization of 81 required strong
acid, it is likely that rapid Z to E isomerization of the kin-
etically formed product would have obscured the effect.

(27)

The Z isomer of 82 is probably preferred for steric
reasons. If one considers the general case of cation 83
[Equation (28)], the allene function is stereogenic, therefore
the two modes of conrotation, clockwise or counterclock-
wise as viewed by the reader, lead to diastereomeric cyclo-
pentenones 84 or 85, respectively. Counterclockwise conro-
tation is favored in this example because it allows the two
large groups, R2 and R3, to move away from each other as
the reaction proceeds. This being the case, if one were to
proceed from a homochiral allene, axial to tetrahedral chi-
rality transfer would be expected to take place. Moreover,
the larger the allene substituent R3, the more effective the
transfer of chirality would be. This has been shown to be
the case. Combining homochiral allene amide 86 with vinyl-
lithium 87 at low temperature, followed by aqueous workup
led to cyclopentenone 89 in 64% yield with �95% chirality
transfer [Equation (29)].[46] The tert-butyl substituent in 88
forces counterclockwise (as viewed by the reader) conrota-
tion to take place.
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(28)

(29)

Related results by Hoppe and co-workers reveal an unan-
ticipated mechanistic complexity in these systems
(Scheme 2).[47] Enantiomerically enriched lithioallenyl car-
bamate 91 was added to enamide 90 at low temperature.
Rapid transfer of the reaction mixture to ethanolic HCl led
to the cyclopentenone 93 in 74% yield and with 98% chiral-
ity transfer. However, when the reaction mixture was
warmed to room temperature before being exposed to acid,
the diastereomeric products 95 and 96 were formed, both
with approximately 98% chirality transfer. It appears that
upon warming, migration of the carbamoyloxy group in 92
produces allenolate 94 in situ. The carbamoyloxy group

Scheme 2. (a) PhMe, –78 °C, 30 min; (b) rapid transfer to 5% HCl
in EtOH; 93 74%, 78% ee; (c) PhMe, 1 h, –78 °C; 1 h room temp.;
(d) 2 n HCl; 95 50%, 79% ee; 96 24%, 80% ee.
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(30)

(31)

(32)

then acts a leaving group during a cyclization in which pro-
duct stereochemistry is determined by the chirality of the
carbon atom bearing the leaving group. Notice that in prod-
ucts 95 and 96, the influence of the axial chirality of the
allene on the product is overridden.

Hoppe has observed similar chemistry in the case of al-
lene adducts to ketones [Equation (30)].[48,49] For example,
addition of the lithioallene 97 to the ketone 98 leads to the
cyclopentenone 99 following cyclization. The E geometrical
isomer of the exocyclic double bond was not observed for
reasons that are not yet understood. The reaction of Equa-
tion (30) demonstrates that a large degree of stereochemical
complexity can be introduced through such processes.

The use of asymmetric catalysis arguably provides the
most attractive and elegant approach to the control of abso-
lute stereochemistry in the Nazarov cyclization, as well as
in other areas of synthesis. The first successful result is due
to Trauner and co-workers [Equation (31)].[50] Exposure of
the enone 100 to PYBOX·Sc(OTf)3 catalyst 102 leads to the
cyclopentenone 101 in 65% yield and 85% ee. The step that
determines the product stereochemistry is the proton trans-
fer to the chelated metalloenolate. Highest levels of enanti-
oselection were realized when the substrate bore a sterically
demanding α substituent.

Aggarwal and co-workers reported related results using
cationic CuII·PYBOX catalyst 105 [Equation (32)].[51] Cycli-
zation of 103 led to β-keto ester 104 in 73% yield and 76%
ee. The reaction apparently works best when there is a
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phenyl group β to the ester. The ester carbonyl group in
103 and the ether oxygen atom in 100 probably provide sites
for bidentate chelation to the ligated metal, and may be
critical to the success of both reactions.

A third way to control the absolute stereochemical
course of the Nazarov cyclization is through the use of a
chiral auxiliary. Pridgen and co-workers reported the chiral
auxiliary controlled indanone synthesis summarized in
Equation (33).[52] The reaction is catalyzed by SnCl4 and
produces 107 as the major product, along with a small
amount of the diastereomer at the β carbon atom.

(33)

Pridgen showed that the Evans chiral oxazolidinones
were also effective auxiliaries, and good diastereomeric ra-
tios were observed even in reactions catalyzed by protic
acid. In light of Trauner’s and Aggarwal’s results, that have
been summarized above in Equations (31) and (32), this is
surprising, and suggests that at least in the examples studied
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(34)

(35)

by Pridgen, the conformational restriction on the starting
material that is imposed by bidentate chelation of the 1,3-
dicarbonyl system to tin (or other metal) is not a prerequi-
site for high optical purity of the products. Flynn’s work
[Equation (34)] confirms this.

Flynn and co-workers also examined the oxazolidinone
chiral auxiliaries [Equation (34)].[53] Regio- and stereoselec-
tive Pd(0)-catalyzed hydrostannation of alkyne 108 was fol-
lowed by acylation with tigloyl chloride to produce 109.
Treatment of 109 with methanesulfonic acid at –78 °C, fol-
lowed by warming to 0 °C and quenching into hydrogencar-
bonate led to the kinetic cis substituted product 110 in 73%
yield. As was the case in Aggarwal’s work [Equation (32)],
Pridgen and Flynn’s both report results for cyclopentenones
bearing a β aryl group. It is not yet clear whether their
methods are general, and whether they will deliver products
in high diastereomeric excess in the absence of a β aryl.

A different use of chiral auxiliaries for stereochemical
control in the Nazarov reaction is illustrated in Equa-
tion (35).[54] Lithioallene 111 is easily derived from d-glu-
cose. Its addition to morpholino enamide 112 takes place
in the presence of a few equiv. LiCl. Workup with HCl in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) leads to the cy-
clopentenone 113 in 67% yield and in 67% ee.[55] Loss of
the chiral auxiliary from the cyclic allylic cation intermedi-
ate terminates the process. The optical purity of products
was higher when the reaction was quenched into HFIP
rather than ethanol, suggesting that a fast termination step
favors more efficient transfer of stereochemical infor-
mation. Since the auxiliary is cleaved during the cyclization
and no separate step for its removal is required, it is trace-
less.

The question naturally arises whether other sugar-de-
rived chiral auxiliaries on the allene ether can also offer
opportunities for the asymmetric Nazarov. The issue was
probed by performing the reactions summarized in Equa-
tions (36), (37), and (38).[54] Lithioallene 114, derived from
the β anomer of d-glucose, when combined with 112 leads
to the enantiomer of 113 in 71% yield and 82% ee. Since l-
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glucose is far too expensive to be used as the starting mate-
rial for a chiral auxiliary synthesis, it is highly significant
that both enantiomeric series can be accessed from d-glu-
cose-derived auxiliaries 111 and 112. Lithioallene 115, de-
rived from the α anomer of 2-deoxy-d-glucose, leads to 113
in 61% yield and 61% ee, not significantly different from
111, whereas lithioallene 116 gives the same product in 48%
yield and 81% ee. It is a bit puzzling that the absence of
the methoxy substituent at C-2 of 115 and at C-6 of 116
has little effect on the optical purity of the product, whose
absolute stereochemistry correlates with the stereochemistry
of the anomeric carbon atom.

(36)

(37)

(38)

Cyclopentenone 113 was the key intermediate in the
asymmetric synthesis of roseophilin, therefore we made a
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significant effort to optimize its yield and optical purity.[55]

An improved preparation of 113 was realized through the
use of camphor-derived lithioallene 117 [Equation (39)].[56]

The optimized yield and ee were 78% and 86%, respec-
tively. Yields and optical purities of cyclopentenone prod-
ucts are uniformly higher with 117 than with sugar-derived
allenes 111, 114, 115 or 116. In none of these is the allene
function stereogenic, however, by introducing a substituent
at the distal carbon atom, one can render it so. Since the
chirality of the allene also influences the stereochemical
course of cyclization [see Equations (29), (30), and
Scheme 2], a matched-mismatched issue arises. For exam-
ple, lithioallene 118 [Equation (40)] represents the matched
case, and since the tert-butyl substituent on the distal allene
carbon atom is large, one would predict that its influence
on the ee of the product would be substantial. This is the
case. Combining 118 with enamide 90 leads to cyclopen-
tenone 93 in 80% yield and 96% ee. The effect of the tert-
butyl group can be appreciated by noting that the reaction
of lithioallene 117, which lacks the tert-butyl substituent,
with enamide 90 leads to the cyclopentenone product in
71% yield, but in only 77% ee.

(39)

(40)

7. Other Developments

What follows is a partial listing of some of the develop-
ments that have been disclosed during the years following
the Habermas, Denmark and Jones review of the Nazarov
reaction.[1]

Hashmi and co-workers have reported that the oxidation
of propargyl vinyl alcohols such as 119 [Equation (41)] with
the Dess–Martin periodinane, followed by silica gel column
chromatography led to cyclic products, e.g. 122.[57] This
process can be understood to take place through silica gel
catalyzed isomerization of initially formed propargyl enone
120 to allenyl ketone 121, followed by cyclization. Small
amounts of 121 could be isolated, but the Nazarov cycliza-
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tion was strongly catalyzed by the silica gel. The beneficial
effect of silica gel for the catalysis of recalcitrant Nazarov
reactions had been noted some years earlier.[58]

(41)

Inspired by Hashmi’s results, we explored the reaction
summarized in Equation (42).[59] Addition of 123 to the en-
amide 124 to give the propargyl enone 125 following
workup. This material was loaded onto a silica gel
chromatography column which was eluted ca. 12 h later to
produce the cyclic enone 126 in 72% yield. Isomerization
of 125 to the allene doubtless preceded the cyclization. The
advantage of this variant of the reaction of Equations (27)
and (29) is that it avoids having to preform and store the
sensitive allene. There is another advantage as well. The di-
anion of methoxymethyl propargyl ether (127) is easily pre-
pared [Equation (43)]. Its addition to enamides takes place
regiospecifically to give, in the case of 124, O,C-dianion 128

(42)

(43)
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as an intermediate. Exposure of this material to a suitable
electrophile, such as TIPS chloride, leads to the propargyl
enone 129 which undergoes cyclization to 130 upon expo-
sure to silica gel column chromatography, as described pre-
viously. This demonstrates a highly convergent protocol for
the synthesis of cross-conjugated cyclopentenones that are
substituted at the β exocyclic sp2 carbon atom.

An alternative approach to the synthesis of compounds
like 130 is summarized in Equation (44). Addition of
lithioallene 35 to enamide 90 leads to tetrahedral intermedi-
ate 131.[60] The allene protons of 131 are acidic, therefore
treatment of 131 with sec-butyllithium leads to the O,C-
dianion (cf. 128) that is trapped with iodomethane. Cycliza-
tion to 132 (75% yield) takes place during workup with
acid. The E isomer of the exocyclic olefin corresponds to
the thermodynamic reaction product. The Z kinetic isomer
can be accessed either by using milder acid for workup (e.g.
aq KH2PO4) or by limiting the contact time with HCl. As
is the case of Equation (43), this protocol allows for rapid
access to multi-substituted cyclopentenones.

(44)

There are undoubtedly many useful tandem processes
such as the ones summarized in Equations 43 and 44 that
remain to be discovered. A different sort of Nazarov reac-
tion is shown in Equation (45). Exposure of propargyl ether
133 to slightly more than 2 equiv. n-butyllithium leads to
the formation of butatrienyl anion 134, which is trapped by
enamide 90 and worked up with aqueous phosphate to give
the exo allenyl cyclopentenone 135 in 74% yield following
column chromatography.[61] The allene function in 135 is
stereogenic, therefore the product is isolated as a mixture
of diastereomers. The method appears to be quite general,
and works for terminally disubstituted butatrienes as well.

(47)
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(45)

In all the work that has been discussed up to this point,
initiation of the Nazarov cyclization has taken place under
the influence of either protic or Lewis acid. Even in the
case of the cyclizations mediated by silica gel, it is probably
reasonable to assume that acidic sites on the surface of the
silica gel grains catalyze the reaction. Frontier and co-
workers have demonstrated remarkably efficient catalysis of
the reaction summarized in Equation (46) by an IrIII com-
plex.[62] Whereas the enone 136 gives less than 50% yield of
137 after 240 h in the presence of Cu(OTf)2, the presence
of [IrMe(CO)dppeDIB](BARF)2 in catalytic quantity leads
to a complete reaction in less than 4 h at room temp. {DIB
= o-diiodobenzene; BARF = [B(3,5-C6H3(CF3)2)4]}. Re-
markably, the reaction kinetics are first order in both
ketone and catalyst, so product inhibition apparently does
not occur.

(46)

In the case of 1-cyclohexenyl(phenyl)methanone 138
(Equation 47), Leitich and co-workers have shown that the
Nazarov reaction can be initiated photochemically.[63] Irra-
diation of 137 at room temp. leads to the formation of the
unstable trans-cyclohexene 138 which cyclizes to 139. This
Nazarov intermediate has been intercepted through [4+2],
[2+2] and ene reactions. The photochemical approach offers
another way to conduct “interrupted” Nazarov reactions.
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Barluenga and co-workers have reported an unusual

method for carrying out the Nazarov reaction. Exposing of
the Fisher carbene 141 [Equation (48)] to one equiv. of CuI

tetrafluoroborate initiates a cascade that results in forma-
tion of the cyclopentenone 142 in 65% overall yield.[64] The
copper salt catalyzes both the dimerization step that leads
to 141 as well as the cyclization. Ochiato and co-workers
have also used proton transfer to enol ethers to initiate the
Nazarov.[65]

(48)

An interesting and unusual approach to cephalotaxine
alkaloids that makes use of a Nazarov reaction is due to Li
and co-workers.[66,67] Warming the keto enamine 144 in the
presence of FeII and air in acetic acid leads to the enone
147 in 57% yield [Equation (49)]. This process can be
understood as taking place through a series of steps starting
with oxidation to 145. Tautomerization of 145 to enol 146
reveals the pentadienyl cation that undergoes cyclization to
147.

(49)

Finally, there are reactions that produce the same sorts of
products as the Nazarov, but that proceed through different
mechanisms. For example, exposure of α-ethoxy dienone

(53)
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148 to 1 mol-% PdCl2 in wet acetone leads to α-hydroxycy-
clopentenone 149 in high yield [Equation (50)].[68] Control
experiments have shown that formation of 148 is not cata-
lyzed by adventitious protic acid. The use of Pd(OAc)2

leads to a different product. Cross-conjugated cyclic dien-
one 150 results from an oxidative process, suggesting a
mechanism whereby the PdII salt catalyzes the cyclization
by activating one of the C–C π bonds toward intramolecu-
lar nucleophilic attack by the enol ether. Depending upon
the choice of catalyst, simple hydrolysis of an intermediate
Pd-enolate leads to 149, or β-hydride elimination leads to
150.

(50)

The PdCl2 reaction follows the same stereochemical
course as a conrotatory Nazarov, as revealed by the results
of Equations (51) and (52). Enones 151 and 153 are geo-
metrical isomers. Their cyclizations provide diastereomeric
products 152 and 154 in high yield, with no crossover prod-
ucts. The ease with which quaternary carbon atoms are in-
corporated into the products by means of this cyclization is
noteworthy.

(51)

(52)

Clayden and co-workers have recently disclosed the
mechanistically intriguing anionic cyclization of N-benzyl
acrylamides [Equation (53)].[69] For example, exposure of
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acrylamide 155 to LDA, followed by quenching with weak
acid led to γ-lactam 158 in 31% yield. The reaction is ap-
parently initiated by benzylic deprotonation to give 156.
The anion either undergoes stereoelectronically disfavored
5-endo-trig ring closure, or possibly 6π disrotatory ring clo-
sure (consider resonance structure 157). It will be challeng-
ing to design an experiment that will reveal the mechanistic
course of this reaction.

On the other hand, Williams and co-workers have dem-
onstrated the first unambiguous example of a 6π disrotatory
anionic cyclization in the system shown in Equation (54).[70]

Addition of tert-butyllithium to triene 159 produces pen-
tadienyl anion 160 that undergoes disrotatory closure to a
symmetrical allylic anion. Trapping with cyclohexenone
gives 161 in 63% overall yield. This method offers opportu-
nities for different modes of C–C bond formation following
the cyclization step, and it promises to have great utility in
synthesis.

(54)

8. Conclusion

I have attempted to present the reader with an overview
of some of the newer advances in Nazarov methodology
within a mechanistic framework. The area remains an im-
portant and active one for research, with many unmet chal-
lenges but also many opportunities for discovery. I have
made an attempt to include as much of the new Nazarov
chemistry as space allows, and I apologize for anyone’s re-
sults that I have left out of the pages above.
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