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1. Introduction

The reaction of ketene with itself was described almost simultaneously in 1908
by Chick and Wilsmore in England, (1) and by Staudinger and Klever in
Germany; (2) priority for the discovery was attributed to Wilsmore by the
German group. (3)

Ketene cycloaddition was an early example (along with the Claisen,
Diels-Alder, and ene reactions) of a peculiar process, one that formed
carbon—carbon bonds with ease, often without the need for solvent, catalyst, or
high heat. Subsequent work by others was done in the shadow of Staudinger's
exhaustive and rigorous study of all phases of ketene reactivity. (4) Three
factors led to a resurgence of interest in this reaction beginning in the 1960s.
Haloketenes, which had previously eluded study, were found to have high
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he increasing sophistication of powerful analytical methods, particularly
nuclear magnetic resonance spectroscopy, led to discovery of the interesting
stereochemical aspects of this reaction. Finally, the new theory of orbital
symmetry conservation provided a conceptual framework to rationalize these
puzzling “nmechanism” reactions. (8)

This is a review of cycloaddition reactions of ketenes. Here, a cycloaddition is
defined as a reaction of a ketene with an unsaturated organic compound to
give a cyclic product by a mechanism that, in principle, involves the almost
simultaneous formation of two bonds between two reactants. While we are
indifferent to whether bond formation is concerted or stepwise, no other
chemical process can take place between the formation of the first and second
bond. Our definition involves both structural and mechanistic factors, and it
was difficult to avoid a certain amount of arbitrariness. We exclude products,
such as dehydroacetic acid, which seem to us to arise by concatenation of
ketene molecules followed by cyclization. These reactions, in our view, are
more properly considered to arise from a series of ionic reactions, and the
prediction of the eventual product does not take advantage of the special
mechanistic features commonly associated with true cycloadditions. Additions
to imines to give B -lactams are numerous and will be covered in a separate
review. The literature has been searched to the end of 1988.

Many reviews devoted partially or exclusively to ketene cycloadditions have



been published. (4, 9-18) Specific topics that have been reviewed include
haloketenes, (19, 20) fluoroketenes, (21, 22) cyanoketenes, (23)
intramolecular cycloadditions, (24, 25) conjugated ketenes, (26) and (3 -lactam
antibiotics. (27, 28) Ancillary topics pertinent to ketene cycloadditions that have
been reviewed include cycloreversion reactions, (29) ketene equivalents,
which provide ketene functionality with olefin-like reactivity especially in [4 + 2]
reactions, (30) application of frontier molecular orbital theory to cycloadditions,
(31) and a critical discussion of cycloadditions with polar intermediates. (32)
Applications of cyclobutanones in synthesis have also been reviewed. (33-35)
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2. Mechanism and Stereochemistry

Ketene cycloadditions resemble certain other processes, such as the Cope
rearrangement and the Diels-Alder, Claisen, and ene reactions, in that
carbon—carbon bond formation occurs readily, even in the absence of catalyst,
solvent, light, or high heat. Features of ketene cycloadditions that were difficult
to rationalize with the mechanistic knowledge available at the middle of the
twentieth century included the formation of a four-membered ring by a
nonphotochemical process, even when, in the case of 1,3-dienes, a
cyclohexene was possible; (36) the retention of stereochemistry about the
olefin in the cyclobutanone product; the fact that cis-alkenes reacted much
faster than trans-alkenes, (37) and that monosubstituted ketenes reacted with
cyclopentadiene to put the substituent in the endo position of the
bicyclo[3.2.0]hept-2-en-7-one. (38) When the concept of orbital symmetry
conservation proved so useful in explaining many processes of this type, (39) it
became natural to view ketene cycloadditions as one example of this general
phenomenon. Much of the mechanistic research that has been conducted on
ketene cycloadditions since then has focused on the timing of bond formation
and other features of the reaction that would tend to support or disprove the
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importance as the practical limits of symmetry conservation theory were
explored, it had the potential to disguise the fact that most of the special
features of ketene cycloadditions arise from the geometry of approach of the
two reactants, and that the “orthogonal” mode of attack does not require

symmetry tmary. (40, 41)

2.1.1.1. Geometry of Approach

The hallmark of ketene cycloaddition is the peculiar way that the two reactants
approach each other. Rather than lining up in parallel fashion before forming
bonds, the ketene and olefin come together at right angles, in what is termed
an “orthogonal” approach. (37, 38, 42) This arrangement produces an unusual
result: the bulkiest substituent on the ketene ends up on the most sterically
hindered face of the cyclobutanone (Eg. 1). The larger the difference in bulk of
the two substituents on the ketene, the larger the effect. In the nomenclature
devised by Woodward and Hoffmann, (39) the ketene forms bonds
antarafacially (on different sides of the p bond), while the olefin forms bonds
suprafacially (on the same side of the p bond). It should be noted that while
this unusual geometry is well explained by symmetry conservation theory, the
same
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geometry can occur with a dipolar intermediate as well. (43, 44) This geometry

immediately suggested explanations for the higher reactivity of cis-over

trans-alkenes, and the fact that one substituent on the ketene or alkene often

accelerates cycloaddition, possibly because of electronic effects, while two

substituents on one of the reactants results in a rate reduction, presumably
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The antarafacial involvement of the ketene was first noted in the addition of

ketenes to cyclopentadiene. The larger substituent on the ketene tends to end

up in the endo position, on the concave face of the

bicyclo[3.2.0]hept-2-en-6-one. (38) This so-called “endo effect” is common

with cyclic ﬁins, but the source of the

EuN,  Ph v Ph,
@ + PhCHcOCI BB | N
20 7 (2)
0 g 0" g
(%) (25%)

selectivity may be due to a combination of factors. Equilibration experiments
showed that most substituents are slightly more stable in the 7-endo position
than in the 7-exo position of a bicyclo[3.2.1]heptane. (46) For example, at
equilibrium, the endo/exo ratio for a 7-phenyl group in the product of Eq. 2 is
66/34. Thus the endo position is the more stable, but the thermodynamics of
the product do not explain all of the selectivity.

2.1.1.2. Retention of Stereochemistry

Stereochemistry about the olefin is retained in the cyclobutanone product.
Slight (<5%) stereochemical leakage has been noted in the reaction of
diphenylketene with propenyl propyl ether (Eg. 3). (47) This result lends



credence to, rather than weakens, the general conclusion that significant loss
of stereochemistry is not to be expected in any except the most polar systems.
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2.1.1.3. Solvent Effects
The rate of cycloaddition increases as the polarity of the solvent is increased.
(48) Dimethylketene dimerizes 19 times faster in acetonitrile than in hexane.
(49) This result is all the more noteworthy because if bond formation were
completely synchronous, the reaction should have shown an inverse solvent
effect, or a rate retardation with increasing solvent polarity, since the reactant
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are not always of practical importance, since ketene cycloadditions are
generally run without solvent if possible. The effect of a polar solvent on rate is
often negated by dilution of the reactants. If two products can form, the ratio
often depends on the polarity of the solvent. This effect is most important with
more highl)mactive polar systems.

2.1.1.4. Substituent Effects

As mentioned above, one substituent on either the ketene or the olefin
generally accelerates the reaction, while two generally slow the reaction
because of steric effects. This result can be rationalized by the geometry of
approach: one bulky substituent can position itself away from the reaction
center, causing little change in rate from steric effects, while a second
substituent is placed in the immediate vicinity of the other reactant. The rate of
cycloaddition is accelerated by electron-donating substituents on the olefin and
by electron-withdrawing groups on the ketene.

2.1.1.5. Timing of Bond Formation

Both solvent and isotope effects on the rate of dimethylketene dimerization
(50-54) indicate that cycloaddition of even relatively symmetrical reactants
occurs with at least some nonsynchronous character. In more polar systems,
such as cycloadditions of tert-butylcyanoketene, it is difficult to avoid
explanations involving stepwise mechanisms with a dipolar intermediate. (55)
Recent theoretical ab initio calculations do not support a concerted,
supra-antarafacial mechanism for the addition of ketene to ethylene. (56)



Nevertheless, alkenes without electron-donating groups cycloadd in a way that
seems to allow no alternative reaction pathway between the formation of the
first and second bonds, if indeed the two bonds are not formed at almost the
same time. Bond rotation resulting in loss of stereochemistry does not occur,
as illustrated in the impressive addition of diphenylketene to trans-cyclooctene
with no loss of stereochemistry. (57) As exemplified in Table 1V, addition to
anti-Bredt olefins takes place in high yield; side reactions resulting from a
charged intermediate are exceptional.

2.1.1.6. Reversibility

The formation of simple cyclobutanones is reversible under relatively mild
conditions. For instance, 2,2,3-triphenylcyclobutanone gives diphenylketene
and styrene upon pyrolysis at 200°, while the same compound cleaves to
triphenylethene and presumably ketene upon photolysis. (58)
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3. Scope and Limitations

3.1.[2 + 2] Cycloadditions

3.1.1.1. Dimerization

The dimerization of ketenes gives 1,3-cyclobutanediones and 3
-propiolactones. Higher oligomers which likely arise from secondary reactions
are also obtained. If the cyclobutanedione has an acidic hydrogen, the enol
form generally predominates, and acylation of the enol may occur. Ketene,
which can be handled as the pure, colorless liquid at —78°, dimerizes
exothermically below room temperature to afford mostly the 3 -propiolactone

(Eqg. 4). The highly reactive
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scale by the pyrolysis of acetic acid, is an industrially important raw material
used in the preparation of acetoacetates and acetoacetamides. (59)

Disubstituted ketenes, except those with electron-withdrawing groups, give
1,3-cyclob ediones in very high yield, as exemplified by the dimerization of
dimethylke (Eqg. 5). (49) The reaction rate is sensitive to the polarity of the
solvent, (49)

/C=C=0 s p (99%) %)
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as well as to the electronic and steric nature of the substituents. For instance,
dimethylketene is highly reactive at room temperature, whereas diphenyl- and
ethylbutylketene are stable enough to be stored at room temperature for
months without appreciable degradation.

A double bond in conjugation with the ketene can participate in the
dimerization, either initially, as in the case of vinylketene (Eg. 6), (60) or in
what could be a
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rearrangement of the primary dimerization product of diphenylketene (Eq. 7).
The cyclobutanedione is the only product observed at lower temperatures. (61)
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Lewis acids such as aluminum chloride, (62) and bases such as triethyl
phosphite, (48) alter the course of the uncatalyzed dimerization, and other
products, probably arising from ionic processes, are formed (Eg. 8).
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Disubstituted ketenes with at least one electron-withdrawing group behave
differently. A dimer of dichloroketene has not been described, although in one
instance, a secondary product, possibly derived from a 3 -propiolactone dimer,
was isolated (Eqg. 9). (63)
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A solution of dichloroketene in octane, distilled from a mixture of trichloroacetyl
bromide and zinc, was stable for a week at room temperature or for 24 hours at
85°; no evidence for a dimer was found in the IR spectrum of the mixture. (7)

Bis(trifluoromethyl)ketene likewise does not dimerize thermally (64, 65) but
affords the 3 -propiolactone dimer with diethyl nitroxide. (66) A y -lactone is
obtained in the presence of triethylamine (Eq. 10). (67)
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Spontaneoimerization is not observed with tert-butylcyanoketene, while
the B -propiolactone dimer is obtained in the presence of triethylamine. (68) No
dimer was reported for tert-butylcarboethoxyketene after 2 months at room
temperature. (69) Various products are obtained from ketenes bearing one
electron-withdrawing group and a second substituent less bulky than tert-butyl,
as indicated in Table II.

Monosubstituted ketenes, like ketene itself, give mixtures of
hydroxycyclobutenone (the enol form of the 1,3-cyclobutanedione product,
which is often acylated), and the 3 -propiolactone. Although exceptions exist, it
appears that the hydroxycyclobutenone is most likely to be formed under
salt-free conditions [pyrolysis of an anhydride, or zinc dechlorination followed
by distillation, (Egs. 11 and 12)], while dehydrochlorination of an acid chloride
with triethylamine almost always yields the lactone (Eq. 13).
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Monoalkylketenes are much more reactive than either the unsubstituted or
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rather are treated as transient species in solution below 0°.
Trimethylsilylketene, which does not dimerize, is a noteworthy exception. (70)

Mixtures ofgejlike ketenes can produce unsymmetrical products in
syntheticallidseful yields, especially when the electronic characteristics of the
two reactants are different. Ketene and monosubstituted ketenes react with
electron-poor ketenes to give 8 -propiolactones, with the oxygen of the
electron-poor ketene becoming the lactone oxygen (Egs. 14 and 15). (64, 71,
72)
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Disubstituted ketenes react with other disubstituted ketenes to give
predominately 1,3-cyclobutanediones, but, in contrast to homodimerizations,
the B -propiolactone product is sometimes observed (Eq. 16). (73)
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Cyclobutanedione dimers of unsubstituted and disubstituted ketenes are
efficiently converted into the ketenes by pyrolysis in a hot tube. (74) If the
dimer is available, thermal cycloreversion is often the best preparative method
for the ketene. However, this method has not been extended to the less well
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3.1.1.2. Isolated Olefins

Ketenes react with simple alkenes to afford, in almost all cases,
cyclobutanones. In the absence of electron-donating substituents, the order of
reactivity isptrans olefin < cis olefin < cyclic olefin < linear diene < cyclic diene.
(37) The st&sdochemistry about the double bond is retained, even in the
extreme case of cycloadditions to trans-cyclooctene (Eq. 17). (57)
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Regiochemistry is determined by the polarization of the double bond, even in
the face of steric crowding by substituents on the 2 and 3 positions of the
cyclobutanone. Except when the ketene is activated by electron-donating or
withdrawing substituents, useful yields are obtained only when the ketene is
disubstituted. Should the cycloaddition product of ketene itself be desired, it is
common to use the highly reactive dichloroketene followed by dechlorination
with zinc-copper, as in the synthesis of isocaryophyllene (Eq. 18). (75)
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If the substrate contains two unsaturated centers, reaction at both sites is often
observed (Eqg. 19). (76)
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Side reactions are not common if the substrate does not contain an activating
group. No rearrangement was seen with an “anti-Bredt” olefin, (77) or with a
reactant prone to cyclopropylcarbinyl carbenium ion rearrangement (Egs. 20
and 21). (78)
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On the other hand, methylcyclopropene gives ene-type and rearranged
products, possibly by way of dipolar intermediates (Eq. 22). (79)

OH
NC —
c=c=0 + %* ROV Bu-t
t-Bu G o (22)
CN

(73%) (17%)

)
)

o e o o o o o e

Ph
0,CCHPFh
Ph\ Fh 150° 2 2
Ph DEI PH
Phi Ph

Dichloroketene adducts can be converted to useful derivatives. Sequential
treatment with n-butyllithium and acetic anhydride followed by oxidation with
ruthenium dioxide and sodium metaperiodate affords vicinal dicarboxylic acids
stereospecifically (Eq. 24). (82)
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A three-carbon annelation sequence, involving methylene insertion with



diazomethane followed by removal of the chlorines, affords cyclopentanones
(Eqg. 25). (83)

a CsHy3

Cl— CH,N Zn CgHi3
:l/ 51;02 & ACOH Q’ (82%) (25)

.
D/ (o]

3.1.1.3. Linear Dienes

The reaction of ketenes with unpolarized acyclic dienes gives cyclobutanones.
Although formation of cyclobutanones instead of Diels—Alder adducts is one of
the characteristics of ketene cycloadditions (Eq. 26), cyclic
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carbonyl, are common with perfluoroketenes (84, 85) (Egs. 27 and 29) or with
alkoxybutadienes (Eq. 28). (86) The reaction of ketene with 1,3-butadiene has
been reported, (87)
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but useful yields of cyclobutanones are generally obtained only when the
ketene has two substituents. (36)

3.1.1.4. Cyclic Dienes

As discussed in the Mechanism section, cyclic dienes react with ketenes to
yield cyclobutanones. The larger of the two substituents on the ketene goes in
the endo position.

Dehalogenation of the dichloroketene adduct to various cyclic dienes, followed
by oxidation, affords a simple route to key intermediates in the synthesis of
prostaglandins (Eq. 30). (88-91)
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3.1.1.5. Allenes

Addition of ketenes to allenes yields methylenecyclobutanones. If the allene is
unsymmetrical, all possible products are often formed, and there are no simple
rules to predict which will predominate. The 1,3-disubstituted allenes can react
to put the substituent on the methylene in a position either Z or E to the
carbonyl, and both products are often observed (Eq. 32). (93) Acyclic
1,3-dialkylallenes
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usually give more Z than E isomer, (93) and, since the optical activity of chiral
allenes is mostly lost in the Z isomer, it has been argued by some that this
reaction occurs by a stepwise mechanism. (94) On the other hand, optically
enriched 1,3-diphenylallene affords only the two E isomers, which are optically
active (Eqg. 33). (95)
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3.1.1.6. Enamines

Enamines react readily with ketenes. When the enamine nitrogen atom bears
two alkyl substituents, the cyclobutanone product is, in many cases, not
isolated in E,/nthetically useful yield. Part of the reason for the relatively few
examples oT1solated [2 + 2] adducts may be that rearrangement of the intially
formed cyclobutanone is often the desired outcome of the sequence, as in the
preparation of 1,3-cyclotetradecanedione (Eq. 34). (96)
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Products other than the normal [2 + 2] adduct are common in reactions of
enamines. Methylvinylketene gives mostly [4 + 2] products in methylene
chloride at room temperature, with increasing amounts of cyclobutanone when
the reaction is run in hexane at 70° (Eq. 35). (97)
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Two molecules of the ketene often react with one of an enamine with
elimination of amine to give a pyrone (Eg. 36). (98)
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Acylation oe enamine competes with cycloaddition, and linear products are
often obtained (Eq. 37). (99)
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Enamides require higher temperatures to react than enamines, and give stable
isolable cyclobutanones in good yield (Eg. 38). (100) Byproducts are not
common.
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3.1.1.7. Enol Ethers
Olefins substituted with an ether oxygen react much more rapidly than simple
alkenes. Even ketene itself, which usually dimerizes faster than it cycloadds to
simple alkenes, reacts readily with 1-methoxycyclohexene to give the
cyclobutanone in 60% vyield. (101) As with simple alkenes, stereochemistry is
retained in the cycloadduct, and regiochemistry is consistent with electronic
effects. As was noted in the Mechanism section, a small amount of
stereochemical “leakage” occurs, even with a relatively simple reactant,
propenyl propyl ether. (47) This small loss of stereospecificity does not detract
from the general synthetic utility of the reaction. Linear products are also
obtained. Ring-opened structures are occasionally seen with 1,1-disubstituted
enol ethers, where steric bulk may inhibit ring closure with disubstituted
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secondary product arising from rearrangement of the initially formed
cyclobutanone, but instead results from rearrangement of a zwitterionic
intermediate (Eq. 39). (102)

Although e ples of stable 2,2,3,3-tetraalkylcyclobutanones derived from
alkenes ar mmon, 2,2,3-trialkyl-3-alkoxycyclobutanones are not often

reported,
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perhaps because of the formation of linear products. In the case of
2-ethoxypropene, the cyclobutanone is observed at room temperature, but
isomerizes to the linear product during isolation (Eq. 40). (103) Contrary to this
generalization,
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2,2-dialkyl-3-aryl-3-alkoxycyclobutanones are formed with ease (Eq. 41), (104)
as are cyclobutanones with three instead of four substituents in the 2 and 3

positions.
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In a few cases, addition across the carbonyl of the ketene is observed. The
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3-Silyloxycyclobutanones revert to ketenes and enol ethers under relatively
mild conditions (Eq. 43). (102) Similar behavior is observed for the
diphenylmethyleneoxetane in Eq. 39. (102)
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3.1.1.8. Polyoxygenated Olefins
Olefins with two to four ether groups react in the same way as the monoethers,
affording oxygenated cyclobutanones (Eq. 44). (105)
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The chief side reactions are addition across the carbonyl of the ketene (106)
and formation of ring-opened products. Tetramethoxyethene reacts with
diphenylketene to afford the methylenoxetane, which can be isolated if care is
taken to avpid hydrolysis (Eq. 45). (106) Ring-opened ketones are common
byproducts With polyalkoxy
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acetals. Although opening of an initially formed cycloadduct is always a
possibility, no cyclobutanone is detected by IR when diphenylketene reacts
with 1,1-diethoxyethene at —40° (Eq. 46). (103) Trialkylsilyloxy acetals afford
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Ph




B,y -unsaturated esters (Eq. 47), (105) even when the a , Bisomer is
structurally possible. The ring-opened product is easily rationalized by a
mechanism involving a zwitterionic intermediate.

OTMS

0
MeO OTMS ::I:
| I [ o = CO;Me (47)
+ T (75%)

3.1.1.9. Intramolecular Cycloadditions

Internal reaction of a ketene with a suitable site of unsaturation on the same
molecule occurs readily, and products can be predicted by the same rules
used for bimolecular reactions. This reaction has been reviewed. (25) Two
modes of internal addition are usually possible, and both products are seen in
many instances (Eq. 48). (107)

Ph
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Et;N =
=N (48)
H H H
H ﬁ:} = ﬂ/ﬁ (9%)
v O

O

The chain connecting the ketene and the olefin can be as short as two atoms,
but useful results are most often obtained when the connecting link consists of
three atoms, yielding 5-membered rings, or four atoms, yielding 6-membered
rings. a, B -Unsaturated ketenes form cyclobutenones reversibly when the
system contains substitutents on both the ketene and the a carbon, and the
carbon is unsubstituted (Eg. 49). (108)

f\Afmcn _iu% ;( = ); 3 (49)

8] CsHg-n (0] f/"”h"‘-\
(56%) (76%)




In general, when the ketene is generated by dehydrohalogenation of an a , 8
-unsaturated acid chloride, the proton is removed from the less-substituted y
carbon, regardless of the stereochemistry of the double bond. (109, 110)
Exceptions to this rule, however, are not difficult to find (Eq. 50). (110)

S
BN +
PhMe
= 110° 0 0 (50)
CoCl1
(33%) (25%)

Reactivity patterns follow those of bimolecular reactions of ketenes.
Disubstituted ketenes react poorly with unactivated olefins. Good results are
obtained with aldoketenes and with ketenes substituted with activating groups
such as double bonds, halides, or alkoxy groups.
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The [2 + 2] cycloaddition of ketenes to acetylenes provides an efficient
synthetic route to cyclobutenones. Additions of ketenes to acetylene have not
been reported, but reactions of substituted ketenes with both mono- and
disubstituted acetylenes proceed in moderate to good yield. Thus 1-hexyne
and dichlorpkgtene give a 65-77% yield of
1-butyl-4,4lek€hlorocyclobuten-3-one (Eq. 51); (111-113) the regiochemistry
demonstrated here is always observed with terminal

Bu-n

a, Et,0
HC=CBu» .  C=C=0 a 7% (51)
2 o

Cl

alkynes. Internal alkynes generally give both possible regioisomers, but
reaction of 1-phenyl-1-propyne with chlorocyanoketene in toluene affords the
cyclobutenone in 84% vyield (Eq. 52). (114) A thiepin alkyne adds to
dichloroketene (Eg. 53) to provide a bicyclic product (80%). (60)

Ph
L
NC PhMe —
= ; == B4%
CH;C=CPh C=C=0 I __cN (B4%) (52)

al
o @




— o o a
>O< v e=czo 2. - ©0%) (53)
a

Alkynes are more reactive toward ketenes than olefins or even enol ethers,
and considerable selectivity is seen in the reactions of enynes with ketenes. A
cyclobutenone is the only product reported from dimethylketene and
4-methoxy-butenyne (Eq. 54). (115) Similarly, 3-methylbutenyne and
dichloroketene give only a cyclobutenone (Eg. 55). (111, 113)

HC=C H Me. T R OMe
— + C=C=0 (38%) (54)
H  OMe Me o

Ooooooooooooooooodddoooooooooooooooooooooooan

HC=C a )x\-\

% “c=c=0 _Eu0 | - (45%) (55)
0 o -
O

It should be noted that rearrangement of the primary dichloroketene-alkyne
products to isomeric cyclobutenones can occur as illustrated by the formation
of two products in the cycloaddition of dichloroketene to 3-hexyne (Eg. 56).
(116) This

Et Et C g
a Et—
BCSCEt + Jc=c=0 —2— j/_:li a* I &
a o 7 Na

(30%) (56%)




problem occurs when dichloroketene is generated by the trichloroacetyl
chloride/Zn-Cu/ POCI; system; the rearrangement is attributed to the catalytic
effect of the byproduct zinc chloride. (116)

Another common rearrangement of an initial ketene—acetylene cycloadduct
occurs when the ketene is phenyl-substituted and the reaction is run at
elevated temperature. The primary cyclobutenone product undergoes
electrocyclic ring opening to provide an intermediate styryl ketene which
closes to yield a 1-naphthol derivative. (117, 118) Reaction of the naphthol
with excess ketene can lead to 1-naphthyl esters as the ultimate products; the
preparation of naphthyl diphenylacetate in 82% vyield illustrates the entire
process (Eq. 57). (119)

Acetylenes bearing silyl, germyl, arsenyl, phosphoryl, and even transition
metal substituents can serve as substrates for [2 + 2] cycloadditions with
ketenes. Equations 58 (120, 121) and 59 (122) illustrate such processes. The
regiochemistry of cycloadditions involving organometallic acetylenes is
generally that seen with simpler alkynes, but silylalkylacetylenes give both
possible regioisomers. Thus trimethylsilylpropyne

O0000000000000000000000000000DO0uOooooaoaaaant
Ph Ph 25 P
PhC=CPh + Ph;c:c:o 8.l o ﬂf'c\} d
L 0" pn "
D & 2]
i o i i OH ] 0,CCHPh,
Ph Ph Ph
—| L Ll L — L
i Ph . i Ph | Ph
(82%)
Et;Ge OEt

al
Et;GeC=COEt +  C=C=0 j;pm =) (58)
o i
0



= s 5 S
/——C_CNI(P]!;:,P}(‘I‘] -CsHs) + /C_C_D

 Ni(BhsP)(n>-CsHs) (59)

_ GeHls %j; (70%)
2d —FPh

0" pp

and dichloroketene give isomeric cyclobutenones in 27% and 47% yields,
respectively (Eq. 60). (120)

TMS T™S
Cl Ei-:0
MeC=CTMS + ‘C=C=0 ——+— +
Cl G G (60)
Cl Cl

(27%) (47%)
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The ketene cycloaddition chemistry of acetylenic ethers departs from that of
alkynes through greater reactivity, both in the cycloaddition process and in
subsequent rearrangements of the initial cycloadducts, as well as in the
occurrence of occasional anomalous reactions.

The regioch€mistry of [2 + 2] cycloaddition of ketenes to alkoxyacetylenes is
dictated by the electronics of the system and invariably leads to the formation
of 1-alkoxycyclobuten-3-ones. The preparation of
1-ethoxy-4,4-dimethylcyclobuten-3-one from dimethylketene and
ethoxyacetylene serves to illustrate the process (Eq. 61). (115, 123-128)

OEt

Me MeCN
HC=COEt + “c=c=0 (57-80%) (61)
Me” o

The 1-alkoxycyclobuten-3-ones have found considerable synthetic utility as
precursors to the otherwise inaccessible cyclobutane-1,3-diones (Eg. 62). (126,
127)




OEt 0]
frana CH:CI; H*
HC=COEt + CH;=C=0 —_—
" 0° Oﬁ H0 Oﬂ (62)

(31%) (64%)

The ketene—alkoxyacetylene system appears insensitive to the method of
ketene generation; yields are generally moderate to good and reactions are
rapid near room temperature. An early but interesting and synthetically useful
method of carrying out these reactions involves simply heating an ethyl
1-alkynyl ether to about 100°. Elimination of ethylene affords an alkylketene
which immediately adds to remaining acetylene. Thus 1-ethoxy-1-heptyne
gives an 83% yield of cyclobutenone when heated to 120-130° (Eq. 63). (129)
In an interesting extension of

-CsHC=COE
[-CsHy CH=C=0] ==

-C<H,;C =COEt
n-CsHyy TOH,

O0000000000000000000008R08B00000000R00000000l

(83%)

N
0 C5H1 1-n

this method,_di-tert-butoxyacetylene eliminates isobutylene in benzene at
reflux; the Iting tert-butoxyketene adds to the acetylene to give a
quantitative yield of 1,2,4-tri-tert-butoxycyclobuten-3-one (Eq. 64). (130)

t-BuQ, OBu-t
o heat
+BUOC=COBut  ——— );( (100%) (64)
- CqHg
0"  “OBu-t

A useful, high-yielding synthesis of substituted phenols has resulted from the
study of the cycloaddition of vinylketenes (generated by thermal
rearrangement of cyclobutenones) to acetylenic ethers. The possible [4 + 2]
cycloaddition process does not occur, and the initially formed [2 + 2]
cycloadduct undergoes a cascade of electrocyclic processes at 80-160° to
provide the phenolic product (Eg. 65). (131)



OMe

Rz ] 0 i OH (65)

MeO R2 MeO RZ

OMe

The formation of isoprenoid phenol from methoxyacetylene and

1-methylcyclobutenone illustrates the use of this sequence in synthesis (Eq.
66). (131)

O
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(66)

heat (65%)

As was seen with simple acetylenes, reactions of alkoxyalkynes with
phenylketenes can lead to substituted 1-naphthols via ring opening and
rearrangement of the initially formed cyclobutenone. This process may occur
at low temperatures, as in the case of 1-methoxypropyne and diphenylketene
in benzene at 60° (Eqg. 67): (132)

OH
- OMe
— S CoHe
MeC=COMe + Ph”c_c_ﬂ = j;‘/_% + @G ©7)
O OMe
Ph

Ph
(24%) (8%)
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Two types of anomalous ketene—alkoxyalkyne ether reactions are known. The
firstis [2 + 2] cycloaddition to the carbonyl group of perfluoroalkylketenes; the
resulting oxete can be observed at low temperatures but rearranges to an
allene ester upon isolation (Eq. 68). (133)

OEt
HC=COE s =
= g C=C=0
CF; CFs = 0
CF; (68)
CF; _CO,Et
et ,C=C=C, (39%)

CF; H

The second type of anomalous ketene—alkoxyalkyne ether reaction is that of
IR e MR BB BE R BE DO O00000000)
temperatures (the expected [2 + 2] adducts and their naphthol rearrangement
products are obtained in ether or benzene solution). (126, 132) Thus
ethoxyacetylene and phenyl-(p-bromophenyl)ketene give a mixture (2.4:1) of
isomeric azulenes (Eq. 69). (134)

[]

Ph CH3;NO
HC=COEt + :(::c:g ;ﬂn :
p-BrCeHy ?
OEt OEt (69)
- =0
p-BrCgH; O ph O

Yields are typically low (ca. 35%); the mechanism of this process has been the
subject of considerable research. (132, 134-138)

3.1.1.12. Ynamines

Ketene—ynamine cycloadditions differ from those involving acetylenic ethers
and simple acetylenes by their propensity toward [2 + 2] addition to both the
olefin and carbonyl moieties of the ketene. The oxete products of reaction with



ketene carbonyl groups often undergo rearrangement to allenes in situ (Eq.

70).
R3 R! N(R?, (RIN R!
1= 2 s Vo— =
RC_CN(R ]2 + SXC_C_U R3 + 0 =~ RS
R o R
R*  (70)
3
Ly ,CON(R?),
W C=C=C
i % 1
R? R

Although a sizable number of ketene cycloadditions with ynamines has been
recorded, it is still difficult to predict the outcome of any proposed reaction.
Neither steric nor electronic factors consistently appear to control the mode of
cycloaddition. The problem is compounded by the fact that yields are often
modest; when a low yield of either a cyclobutenone or an oxete (or allene)
product is reported, one can only wonder whether the product arising from the
00000000 WEHIE KRBT £t hd{cHaddctérdell #Ldbdiddd L1110 CIC1O1C1 01
solvent and temperature effects are not well understood in these reactions.
Thus diethylaminophenylacetylene and diphenylketene give a 95% yield of
cyclobutenone product when mixed at —50° in diethyl ether; but in benzene at
15°, an allene is obtained in 14% yield along with the cyclobutenone (54%) (Eq.

71). (139, ]@

Ph NEt,
Et,0
-50° Ph
G 0" pn
PhC=CNEt, + C=C=0 ——— I (95%)
2 5 /C C=0 (71)
CH Ph _CONEt,
s [ d ;c:c:c\
15 Ph Ph
(54%) (14%)

A number of selective cycloadditions involving complex ynamines has
nevertheless been successfully carried out. Reaction of the enynamine of Eq.
72 with



TMSO
TMSO Me N(Me)Ph

_ Et,0 =
C=CN(Me)Ph + Cc=C=0 ——
4€ OB ¥ ™ (72)
0

(38%)

dimethylketene leads to a cyclobutenone in 38% yield; the product of the
reaction of ketene with the enol ether moiety was not reported. (141)

That the ketene—ynamine system can be a preparatively useful route to allenic
amides is shown by the formation of such a product (53%) by reaction of
tert-butylcyanoketene with 1-(diethylamino)propyne (Eq. 73). (142)

NC CeHe NC CONEt,
MeC=CNEt;  + Sc=c=o0 - JC=C=C,
t-Bu t-Bu Me (73)

(53%)
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The electrocyclic cascade of reactions leading from acetylenic ethers and
vinylketenes to phenols has been successfully extended to ynamines.
Thermolysis of 3-methylcyclobutenone in the presence of
1-(dimethylamino)octyne affords an 83% yield of aminophenol (Eq. 74). (131)
This synth lly valuable reaction illustrates

OH

0 e n-CgHia
nCHC=CNMe,  + \Ek (74)
Me;N

(83%)

the potential of ynamine—ketene cycloadditions; however, until more
systematic development of the reaction leads to the means to predict, if not
control, the regiochemistry of addition, this potential will seldom be realized.

In the reaction of 1-(diethylamino)propyne with silylvinylketenes the initially
formed cyclobutenone product rearranges in hexane at 25° to give a
bicyclo[3.1.0] product (Eg. 75). (143) This is an alternative outcome of the
electrocyclic cascade sequence which has been seen only in heavily silylated
systems. (143, 144)



3.1.1.13. Aldehydes and Ketones
The [2 + 2] cycloaddition of ketenes to aldehydes and ketones produces
2-oxetanones ( B -lactones) in preparatively useful yields (Eq. 76).

P'C}hcﬁﬂd OMe

TMS ’ Et,N
MeO C= H :
MeC=CNEt, + ):2: Sl T™MS
e ™S (75)
p-CH3CgH,4 T™MS
0
=)
Rl
R! R3 0——R?
=0 + c=c=0 Loy & (76)
Rz R"' 0 R-i
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compounds. Only systems bearing strongly electronegative substituents, such
as carbonyl cyanide or perfluoroketones, react readily with simple ketenes in
the absence of catalysts (Eq. 77). (145, 146)

CF3 0 e
Et;O H [

=0 + CH;=C=0 ﬁ-—— O——CF3  (96%) (77)

CF3 0)

Most other ketene—carbonyl cycloadditions employ Lewis acids, amines, or
amine salts as catalysts. Boron trifluoride etherate, aluminum chloride, and
zinc chloride are generally useful; the last is generated in situ when ketenes
are formed by dehalogenation of a -halo acid chlorides. Similarly, the
trialkylamine and trialkylammonium chloride present when ketenes are
produced by dehydrohalogenation of acid chlorides can catalyze the
cycloaddition process. Amine catalysis of ketene—aldehyde cycloadditions
forms the basis of an important asymmetric induction technique (see
discussion below).

Solvents useful in these additions include ethers, halocarbons, and



hydrocarbons. Most cycloadditions are carried out at subambient temperatures,
but unreactive systems such as trimethylsilyketene and chloral (Eq. 78) (147)
or perfluorodimethylketene with formaldehyde (Eq. 79) (148) require heating.
In general, low

CCla

H_ 90° 0
CClL,CHO  + Cc=C=0 (64%)
™S S s (78)
cisftrans = 0.25
CFﬁ\ 150° 0
HCHO + /C—~C-U ZaCl, CF; =) (79)
CF3

reaction temperatures are preferred because excess heat can bring about
decarboxylation of 2-oxetanones to give olefinic products (see below).
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cyclo-addition. Ketene itself, alkylketenes, haloketenes, and silyl- or
germylketenes have been successfully employed. (147, 149-151) In general,
aryl- and diarylketenes are rather unreactive with most aldehydes and ketones,
but give good yields of cycloadducts with quinones. (152-154) The
cycloadditirocess tolerates a wide range of carbonyl substituents, but 8
-lactone formation from very hindered ketones has not been reported. The
preparation of the oxetanones in Egs. 80, (155) 81, (156) 82, (157) 83, (158)
84, (159, 160) 85, (161) and 86 (162) illustrates the range of reactions possible.
The preference

cl
0 o o d o

a E 80
A7 o Somoro B AT w0

a
t-Bu

. O——Bu-t

>=0 +  CH,=C=0 B‘*i_éziﬂ_ o 67%) (81)

0



0
Me CH,Cl
\%/ + ;‘c=r:=n % e =) (82)
Me f
,CH
C/
— — BF3*Et;0
HCSCCHO + CH=C=0 —> -~ ;]/ 40%)  (83)
o]
0
0
ﬂ + CH,=C=0 z;_{;_ (42%) (84)
CHO G
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Cl Et;0 0
NCCgH,CHO + “C=C= 2 82%
p sHa s ,£=C=0 CH:Cly a (82%) (85)
o

Cl

){i(/\)\)*/\ 55 i
+ C=C=0 86
5 CHO g/ 2 (86)

(82%)

for the aldehyde over ketone, alkyne, and olefin functionality (Egs. 83 86, and
80) is particularly noteworthy.

An industrially important application of the ketene—aldehyde cycloaddition is
the preparation of sorbic acid from ketene and crotonaldehyde (Eq. 87). This
process



is usually carried out in the presence of boron trifluoride or other Lewis acid
catalysts under conditions in which the presumed (3 -lactone cycloadduct
polymerizes to a low molecular weight polyester; formation of the latter is
promoted by the presence of transition metal salts of fatty acids. The polyester
is thermally degraded to sorbic acid. (163, 164)

Cycloadditions of ketenes to quinones are generally carried out in hydrocarbon
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reactions display considerable selectivity. Formation of  -lactones generally

prevails over cycloaddition to the olefinic unsaturation; one rare example of

poor selectivity is the reaction of durenequinone and diphenylketene, from

which both lactone and cyclobutanone are obtained (Eq. 88). (153)

[]

0
i 0
O 0 Ph Ph
Ph Ph
+ Ph;czc:{} ;[ﬁ + (88)
(8]
0 0 0

(49%) (25%)

Ketene—benzoquinone cycloadditions are quite subject to steric influences.
The less-hindered lactone is the sole product reported from toluguinone and
diphenylketene (Eg. 89), (152) and 2,6-dimethylquinone and dimethylketene
likewise



Ph Et,0
* oS00 P @R
Ph ’ Ph (89)
0
9 Ph
0]

afford a single lactone (Eq. 90). (165) No examples of double cycloaddition to
benzoquinones have been reported.

0
Me

by
+ Cc=C=0 = (84%)
Me” 0 (90)
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3.1.1.14. Stereochemistry of Carbonyl Cycloadditions

The question of stereochemistry arises in the reactions of aldehydes or
unsymmetrical ketones with monosubstituted or unsymmetrically disubstituted
ketenes. Unfortunately, many such cycloadditions were described in the older
literature whefein the stereochemistry of the product was not determined.
There do noT appear to be any published examples in which the
stereochemistry of a ketone—ketene cycloaddition has been proven.

In aldehyde cycloadditions to monosubstituted and unsymmetrically
disubstituted ketenes, mixtures of cis and trans isomers are generally obtained.
In many cases the ratio of cis to trans products is close to 1; the range is
typically from 0.25 to 1.6. Thus o-chlorobenzaldehyde and bromomethylketene
give a 1:1 mixture of cis and trans lactones in 50% yield (Eg. 91), (151) and
chloral reacts with

H
Br CgH 0] CgH,yCl-o

o-CICGGH,CHO +  C=C=0 ——%- 6Fl4
MI:/ Br

(50%) (91)
4]

chloroketene to afford a 40% yield of products wherein the cis/trans ratio is 1.6
(Eqg. 92). (150) Isopropylketene and chloral give a cis/trans ratio of 0.9 for the
oxetanone



a i 0—lrrCCl
CCLCHO  +  Yc=c=0 —2%*— * o%)
H H (92)
o

cisftrans = 1.60-1.64

products. (166) In the reaction of monohalo and haloalkylketenes with
aldehydes, the cis products are formed in slightly greater amounts. (150, 151,
166)

The most extensive set of stereochemical data relating to ketene—aldehyde
cycloadditions deals with silyl- and germylketenes. (147, 167)
Trialkylsilylketenes add to simple aldehydes in the presence of boron trifluoride
etherate to give mixtures in which the cis stereochemistry predominates. For
example, benzaldehyde and trimethylsilylketene give lactones with a cis/trans
ratio of 2; with isobutyraldehyde the ratio is 1.5 (Eq. 93). (147)

H
DDDDDDDD&Q}]QD@E&QQDE@DD E—EQHPDDDDDDDDDDDW
H -2l H

(93)

0 1Ms

cisftrans = 2.0

[]

When a -haloaldehydes undergo cycloaddition with silylketenes the
stereochemical result contrasts with the poor selectivity, favoring slightly the
cis product with simple aliphatic aldehydes. In halogenated systems the trans
isomer predominates and is often the exclusive product. Bromal and
chloromethyl-dimethylsilylketene give solely trans product (Eq. 94); a similar
result is obtained with chloral and triethylsilyketene (Eq. 95). Surprisingly, the
stereoselectivity of these cycloadditions is decreased at lower temperatures:
bromal and trimethylsilylketene

’ CBI"_:,
CBrsCHO + TR ey BREQ  O—-H 94
T3 T 10° SiMe,CHcl ®P 99

0 g



CCl,

coucis 4 O Nosps e T ™M wsw (95
3’ /{:—C—G gﬂn " 'SiEt& ( }
o

H

give an 80/20 trans/cis mixture at —50°, in contrast to 100% trans at —10° (Eq.

96). (147)
CBl‘a
™S BF3*Ei,0 0O—t--H
CBryCHO  + C=0=0 —1]*{;2-—* ms ©P (96)
H - o
H

There are obviously many knowledge gaps regarding the stereochemistry of
ketene—carbonyl [2 + 2] cycloadditions. The silylketene—haloaldehyde system
is the only one reported to give consistently good stereoselectivity. But outside
this system there have been few attempts to define systematically the effects

i o o o o ) i (O T [

lactones formed by ketone—ketene cycloaddition is virtually unexplored.
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3.1.1.15. Chiral Syntheses

The utility of substituted B -lactones as intermediates in synthesis has led to
the develogmgnt of methods for asymmetric induction in their preparation via
ketene cycloadditions. The first successful results in this area came from
reactions of halogenated aldehydes and ketones with ketenes generated from
aryloxy- or dihaloacetyl chlorides and (-)-brucine or (—)-N,N, a
-trimethylphenethylamine as dehydrohalogenation reagents. Thus acetyl
chloride and chloral, in the presence of (-)-N,N, a -trimethylphenethylamine
give a 72% yield of (R)-(-)- B -trichloromethyl- B -propiolactone of 18.7%
optical purity (Eq. 97). (168, 169) Other

/E CCly
Ph” “N(CH jl
CCLCHO + CH\COC kil Q=R (72%) 18.7% ee (97)

0]

related systems give similar results, and the requirement for a molar equivalent
of the chiral base makes the method one of limited synthetic value.

A significant breakthrough in this area came with the announcement that the
cycloaddition of ketene with chloral carried out at —50° in the presence of



1-2 mol % of quinidine gives an 89% vyield of B -lactone having 98% ee of the
R configuration (Eq. 98). When quinine is used as the catalyst, (S)-(+)-lactone

IS
CCl;
_Quinidine oL -H (s9%) 98% ce
PhMe, -50°
0
CClLCHO + CH,=C=0 — (98)
H
2 0—t--CCl
Quinine 3 (—) 76% ee
PhMe, -50°
0

obtained with 76% ee; either enantiomer can be recrystallized to optical purity.
(170) It should be noted that the original assignment of the S configuration to
the ketene—chloral adduct obtained with quinidine catalysis was in error; the R
configuration is in fact obtained with quinidine. (171)

A large number of chiral amine catalysts has been examined, and the
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induction, based on formation of an intermediary ketene—amine complex, has

been described. (170) The method has been explored in some detail, and
excellent results are obtained with both a -halogenated aldehydes and ketones.
(171) This method has been applied to the synthesis of, among others, (R)-
and (S)-ma acids, (170) (R)- and (S)-citramalic acids (Eq. 99), (172) and
(S)-methyl-3ydroxyalkanoates (Eq. 100). (173)

. CCly COM
[
$ _® " AR Fr e CH
=0 + Cl=c-o Qe _ O several L TR () (99)
PhMe, -25° steps = C—0OH
CCly o !
COH

The acid- and base-catalyzed oxetanone ring-opening reactions used in these
sequences proceed with inversion of configuration at the 3 carbon. This result
led to early confusion about the correct absolute configuration of the
oxetanones. In another application of asymmetric ketene—aldehyde
cycloaddition, the (S)-ketene—trichloroacetone adduct was converted into a
dioxolane, which has utility in the synthesis of 25,26-dihydroxycholecalciferol
(Eqg. 101). (174)

Optically active polyesters have also been prepared from the 3 -lactones
obtained from ketenes and haloaldehydes under cinchona alkaloid catalysis.
(175, 176)



CCl,CsHy3-n

n-CgH;3CCL,CHO + CH,=C=0 4::;::;. = jj 4 C:EH
0
(90-95%) =98% ee (100)
{FO‘ZM‘-‘- (l}O;Mc
CH, Hy, Pd CH,
n-CgH;3CCl> -"C‘—UH K2C0; n-C7Hys -"l?—DH
H H

3.1.1.16. Thiocarbonyl Compounds

Diphenylketene undergoes [2 + 2] cycloaddition to thiones, thioesters, and
thioamides to provide thietanone derivatives in good yield. Thioxanthone and
diphenylketene give an adduct in quantitative yield upon irradiation, but other
thiones such as thiobenzophenone react upon warming to ca. 60° (Egs. 102

and 103). (177, 178)




Ph Ph

: S——Ph
=S ‘c=czo —= il (74%) (103)
4 ~—Ph
Ph Ph 5
Ph

Thioester cycloadditions are exemplified by the reaction of methyl
dithiobenzoate and diphenylketene (Eqg. 104); thioamides react similarly. (177,

179)
S SMe
/U\ + Ph\c~c—0 I (61%) (104)
O p
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than diphenylketene to thiono compounds.

3.1.1.17. Preparation of Olefins by Reaction of Ketenes with Carbonyl and
Thiocarbonyl Compounds

The B —Iact@s formed by [2 + 2] cycloaddition of ketenes to aldehydes and
ketones (and the corresponding thietanones from thiocarbonyl compounds)
can be thermally decarboxylated to olefins (Eq. 105).

RJ
Rl R?’ D"““'—‘R‘ Rl R3
=c=0 + )=0 —- - L Y=( (105)
i 4 )__RZ

Since the intermediate lactones need not be isolated and the decarboxylation
generally requires a temperature in the range 80-180°, the olefin synthesis in
its simplest form consists of heating a ketene and carbonyl compound in an
inert solvent until carbon dioxide evolution ceases. Lewis acid catalysts of the
type used in the preparation of 3 -lactones are occasionally employed, but it
appears that ketenes commonly react with carbonyl compounds without
catalysts at the elevated temperatures necessary for decarboxylation. This
olefin synthesis provides a convenient alternative to the Wittig and other
similar olefinations; the lack of byproducts and ease of workup argue for wider



employment of the ketene-based process.

The simplest examples of aldehydes reacting with ketene have been recorded
in the patent literature. Thus it is claimed that vinylnorbornene is produced in
94% yield from the cyclopentadiene—acrolein adduct and ketene at 170-190°
(Eqg. 106). (180) Gas-phase reaction of hexafluoroacetone with ketene
generated in situ from acetic anhydride provides hexafluoroisobutylene (Eq.

107). (181)

2 + CH,=C=0 %-— / (%4%)  (106)
= 2

CHO ~

CF; CF;
290°

=0 + CH=C=0 - = = &% (107)

CF, CF;
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The stereochemistry of the olefins produced via 8 -lactone decarboxylation has
not been extensively studied, since most examples involve the use of
symmetrical ketenes or carbonyl compounds. However, it is clear that the
stereochemistry of the intermediate lactone dictates the final olefin
stereochery. Thus when benzaldehyde and trimethylsilylketene react in
the presence of boron trifluoride at —50°, both cis and trans lactones are
produced. The isolated trans lactone decarboxylates at 50° to give the E olefin
(13% based on aldehyde), whereas the cis lactone decarboxylates at 150° to
give a 75% yield of the Z olefin (Eq. 108). (167)

Ph Ph
T™S o0— 0:(
:C =C=0 + PhCHO ﬁg: +
H o T™S o T™S
s0° 150-160°
(108)
H  Ph T™MS  Ph
™S H H H



In a series of reactions of substituted benzaldehydes with various
halocyanoketenes, Z olefins are formed exclusively. The stereocontrol is
attributed to formation of a single 3 -lactone. Yields range from 8 to 92%, with
the higher yields coming from aldehydes bearing electron-donating
substituents as in the preparation of the olefin in Eq. 109. (182)

s p-McOCeH;  CN
p-MeOCgH,CHO  + “c=c=0 :;I;f Y=( © @109
NC H  Br

Carbonyl cycloaddition—elimination to yield olefins is the predominant process
even in substrates bearing olefinic and acetylenic functionality, as is seen in
the preparation of a complex fulvene in 86% yield (Eq. 110). (183) Furthermore,
the

C=C—C=C
(86%)

presence of such potentially nucleophilic sites as divalent sulfur does not lead
to side reactions (Eq. 111). (184)

a a
(L, s s om, T
a o FAECE0 T Ty o 1)
/ L 4

CipH71

(74%)

There is at least one example of selective olefin formation from the aldehyde



group of a keto aldehyde and dimethylketene, (162) and a number of
intramolecular olefin syntheses proceeding via ketene—carbonyl cycloadditions
have been described. The preparation of the naphthofuran of Eq. 112 (185) is
typical; we are aware of no extensions of this technology to the synthesis of
larger ring systems.

Et
CHO —

o\l/cozu L. (112)
- |§G (74%)
Et 2. EyN, CgHs,
80°

The elimination of carbonyl sulfide from unisolated intermediate thietanones
also provides an olefin synthesis; most recorded examples use thioester
substrates (Eq. 113). (186)
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[]

Problematical side reactions occur frequently in olefin syntheses attempted
with cycloheptatriene or tropone substrates, as in the addition of the ketene
from cycloheptatrienyl 7-carbonyl chloride to cycloheptatrienone; only traces of
heptafulvalene are recovered and the major product is a lactone (Eq. 114).
(187)

coci 0 O
E
Q= X C
T O

(1%) (80%)




3.1.1.18. Isocyanates

Ketene and alkyl- or aryl-substituted ketenes undergo [2 + 2] cycloaddition to
alkyl and aryl isocyanates, usually at elevated temperatures, to give good
yields of azetidine-2,4-diones (malonimides). The reaction of
p-phenylenediisocyanate with diethylketene in toluene at 180° to give a
bis(malonimide) is typical (Eq. 115). (188) Sulfonyl isocyanates react similarly,
(189, 190) but cycloadditions of haloketenes to isocyanates do not appear to
have been reported.

0 L8]
Et\ PhMe Et Et
+ C=C=0 N—{: :FN 115
Et/ 180%,5h Et Et ( )
0 (9]

(91%)

NCO

NCO

3.1.1.19. Carbodiimides
The reaction of ketenes with carbodiimides yields 4-imino-2-azetidinones (Eq.
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Rl NR1

R{\ N
RIN=C=NR! + €=C=0 R2 (116)
o - ©ow
elevated temperatures in nonpolar solvents; yields are generally good, and the
process tolerates a wide variety of ketene substituents. Steric influences are

not very important; the preparation of a tri-tert-butyllactam from
di-tert-butylcarbodiimide and tert-butylcyanoketene proceeds in 88% vyield (Eq.

117). (191)
0
t-Bu_ NBu-t
t-Bu Ny CeHs N
-BuN=C=NBu-t + ] 80° Bu-t (117)
0 (88%)

Examples have been reported in which the initial cycloadduct undergoes
further reaction with the ketene to provide a spirocyclic product, but this



potentially troublesome side reaction can be circumvented by careful
avoidance of excess ketene. Thus cyclic pentamethylenecarbodiimide reacts
with one equivalent of diphenylketene to give an iminolactam; in the presence
of excess ketene, the spirocyclic bis(adduct) is formed in good yield (Eqg. 118).
(192)

Ph
\ _ _
!C- C=

0 N Ph
Ph RS Ph
3 i (90%)
N
N\\ o
C (118)
1 —_—
C/N i
Ph Ph
/C =C=0 N Ph
Ph Ph
- l Ph (91%)
EXCESS N
0
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opening of the cyclobutenone in Eq. 119 gives only the product of [2 + 2]
cycloaddition, and overreaction of the ketene with the product is not reported.
(114)

Fd

A few cyclﬂiitions of ketenes to unsymmetrical carbodiimides have been

investigated; poor to moderate yields of single products are reported, but the
composition of the entire product mixture remains undetermined. (193) In the
reaction of optically active carbodiimides such as dimenthylcarbodiimide with

the
CN
il Ph e C&H% NCgHj;
CsHN=C=NCeHy; + ] : ™ 6% (110
/ 80° 16 h =
o] Ph 0" py a
Ph

prochiral methylphenylketene, inseparable mixtures of optically active products
are obtained. However, when dimenthylcarbodiimide is allowed to react with
the ketene as in Eqg. 120, an optically active lactam is formed in moderate yield.
(194)



Hilum~
RN=C=NR + {C: C=0
EtO,C

® (120)

Bu H
R = I-menthyl

3.1.1.20. N-Sulfinylamines

Ketenes undergo facile [2 + 2] cycloaddition to N-sulfinylamines to yield
1,2-thiazetidin-3-one-1-oxides as exemplified by the reaction of
cyclohexylsulfinylamine with bis(trifluoromethyl)ketene to give an 86% yield of
product (Eq. 121). (195)

CeHyy
CF:; 2300 \ O

CH;N=5=0 + Cc=C=

] 0 (86%) (121
- )_|_¢F (121)
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The process is usually carried out at subambient to ambient temperatures in a
wide range of solvents, but fluorenylideneketene reacts with
m-chlorophenyl-N-sulfinylamine only after heating at 60° for 72 hours (Eq. 122).
(196) The cycloadducts are generally stable, one exception being the
phenylsulfimine—ketene adduct, which was prepared and trapped by ring
opening with-an amine at —78°. (197)

O j m-ClCgH, O
N-§”
m-CICHN=S=0 + () HLT2h .O
¢ (122)

ﬁ C

(87%)

The related dialkylsulfurdiimides also give [2 + 2] reactions with ketenes to
form cyclic products (Eq. 123), but diarylsulfurdiimides fail to react with
haloketenes. (198)
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3.1.1.21. Nitroso Compounds

Aryl nitroso compounds react with diarylketenes at ambient or lower
temperatures to give product mixtures indicative of poor regioselectivity of
cycloaddition. The resulting 1,2-oxazetidin-3-ones are generally stable, but the
isomeric 1,2-oxazetidin-4-ones decompose to give carbon dioxide and an
imine, which is immediately trapped by additional ketene to give an
azetidin-2-one (Eq. 124). (199)

Ar, Ar
Ar N-O 0O—N

_ N 004

AIN=0 + m/C_C_D —_— t i*"“‘ + A ——te
0" Ar 0 Ar
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It was at one time thought that the nature of the substitution on the aryl nitroso
substrate controlled the regiochemistry and degree of concertedness of the
cycloaddition, (200) but more recent results indicate that while
oxazetidin-3-ones are the major products, both isomers are generally formed
in an apparently nearconcerted process. (199) Thus nitrosobenzene and
diphenylketene react in chloroform at 25° to give 60% of 1,2-oxazetidin-3-one
and 13% of the B -lactam (Eq. 125). (199) Products from nitroso compounds
and alkyl- or haloketenes have not been reported.

Ph_ T
Ph CHCl, N-O N——Ph
PhN=O0 + r=C= +
Fh/c £=0 25" )—I—Ph )——Ph (125)
S S

(60%) (13%)



3.1.1.22. Azo Compounds

Ketenes and azo compounds undergo [2 + 2] cycloaddition to yield
1,2-diazetidin-3-ones. Most examples of this process involve symmetrical
azobenzenes, which give cycloadducts when irradiated in the presence of
ketenes (Eq. 126). (201) It is well established that only the cis isomers of

azobenzenes
m-MeOCgH,4 CsHyOMe-m
M-Mc{)cﬁﬂd xN Ph\ hv N-N
i& + /C:C:O CaHle )_'71:.11 (126)
- Ph
m-MeOCgH, 0
(69%)

undergo the ketene cycloaddition process; the reaction of an isolated
cis-azobenzene with diphenylketene in the absence of irradiation illustrates the
point (Eq. 127). (202)
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The use of unsymmetrical azobenzenes in the cycloaddition process generally
yields mixtures of regioisomeric products as illustrated by the formation of both
isomers from 3-methylazobenzene and ketene (Eq. 128). (203) However,
some degree

Ph_ JCe¢HsMe-m
N-N

PhN=NCgHMe-m + CH;=C=0
0 (29%)
(128)

0 (36%)



of steric control of regiochemistry may be possible, since the o-methyl analog
gives a single diazetidinone with ketene (Eq. 129). (203)

Ph, CsHyMe-o
N-N

)_1 81%) (129)

0]

PhN=NCsHsMe-0¢ + CH;=C=0

In contrast to the azobenzenes, azodicarboxylates react with diphenylketene
to give cycloadducts without irradiation (Eg. 130). (204) An azoketone also

reacts
& BtO,C_  CO;Et
N-N
EtO,CN=NCO.Et  + N e
Ph” //J’ J Ph (130)
O pn

(70%)

O0000000RRRRERFREE FERORERREREERO000000000

[2 + 2)/[4 + 2] selectivity are poor, with four products being formed (Eq. 131).
(205)

e COMe MeCO, ,Ph
N-N

Ph
Ph ’ N-N
th:NcmEI + ‘c=Cc=0 —— +
Ph/ )—I—Ph H*Ph
0 0]
Ph

Ph
(60%) (26%)
J\ (131)
=
+ E o Ph +
Ph” o
o]
(10%) (4%)

Ketene-azo cycloaddition can occur as a secondary process following other
ketene cycloadditions. Thus azoquinones react with diphenylketene to give an
unobserved cycloadduct which immediately undergoes a [2 + 2] reaction at the
azo linkage to give the final product (Eq. 132). (206)

3.2. [3 + 2] Cycloadditions



Both the carbonyl and the carbon—carbon double bond of ketenes react with
4-electron, 3-center bonds. The retention of stereochemistry by both cis- and
trans-di-tert-butylthiocarbonyl ylide in the reaction with diphenylketene is the
single case where this criterion for the concertedness of bond formation has
been tested (Eq. 133). (207)

N
A Ph xylene i
* C=C=0 = N
. e

(132)
O Ph

Ph
0 N——-0
— N (75%)
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H R?

R! =#-Bu, R2=H (—)
R!'=H,R?=¢-Bu (—)

N=N
t-Bu 1 Ph\
) + C=C=0
;{\ Sﬁ PN

The azomethine ylide gives different products with ketene and diphenylketene
(Eq. 134). (208)
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Alkyl- and arylnitrones generally react with ketenes by an ionic pathway to give
oxazolidinones (Eq. 135); (209) Table XXVII lists one exception to this rule.
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Nitrile oxides react with ketenes, and both isoxazolinone (210, 211) and
oxazolinone (212) products have been reported. The structural assignment of
an isoxazolinone to the product from the reaction of diphenylketene with
tert-butylnitrile oxide has been challenged. (212) The support for the
isoxazolinone structure was based only on the infrared spectrum, (210) while
the oxazolinone structure was based on more extensive analysis. (212)

An azimine reacts with diphenylketene to give a rearranged product (Eg. 136).
(213) Trapping experiments suggested the intermediacy of a formal [3 + 2]
adduct.



|
N Ph” ”72:
(136)

————— N —COR (=)
Ph Ph

Diazomethane reacts with ketene, (214-217) methylketene, (72) and
dimethylketene, (218) as well as with silyl and germanyl ketenes, (219, 220) to
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reported. (221) Monoaliphatic and aromatic a -diazoketones give
five-membered ring products by an ionic mechanism (Eq. 137). (222, 223)

The reaction of n-butyl azide with two molecules of diphenylketene is
hypothesized to proceed by way of an a -lactam intermediate. (224, 225) The
reaction product of two moles of diphenylketene with trimethylsilyl azide is
tetraphenyl-succinimide. (226) In both cases, an ionic stepwise mechanism,
rather than a cycloaddition, was proposed.

Polyesters and ketones are the isolated products of the reaction of ozone with
disubstituted ketenes (Eq. 138). (227-229) The reaction is proposed, by
inference from the products, to proceed via a [3 + 2] addition followed by
rearrangements.



Et 0, Et
;C:C=D

= Polyesters + Ketones (138)
Et 0.0
o

Other polar reactants can add to ketenes to give products based on a
five-membered ring, as exemplified by the 3-oxidopyridinium betaine in Eq.

139. (230)
| 0 Ph_ 0 | x>0
+ C=C=0 + 0]
NG Br’ NS (139)
|
Ph pn Ph
=)
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products, rather than true cycloadditions.

3.3. [4 + 2] Cycloaddition of Ketenes

3.3.1.1. Dienes

The [4 + 2]|cygloaddition of ketenes to simple dienes and dienic enol ethers to
give pyran derivatives has not been developed to the point of general
preparative utility. While butadiene reacts with bis(trifluoromethyl)ketene to
provide a 90% yield of pyran (Eq. 140), (231, 232) the reaction of
cycloheptatriene

-~ CF; 70°,35h 0
Q + /“{::c:n SR | ~ _cp, O .
CF; 3 (140)

CF;

and diphenylketene to give a bicyclo[3.2.2] product proceeds in only 11% yield
(Eq. 141). (233)

Ph 80°, 144 h 0 141
@ * ;C=C=0 —_ ; (11%) (141)
Ph



Prediction of product structure from such cycloadditions is complicated by the
fact that either the ketene carbonyl group or olefinic linkage can serve as the
two-electron component, and both modes of addition are seen in many
reactions. Thus 3,3,4,4,5,5-hexamethyl-1,2-bis(methylene)cyclopentaene and
diphenylketene give equal amounts of two cycloadducts as shown in Eq. 142.

(234)
Ph
=
Ph 55° Ph
+ “c=Cc=0 (35%)
P’ 15d 0
(142)
Ph
Ph
+ (35%)
0
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Competition between [2 + 2] and [4 + 2] cycloaddition often gives rise to
mixtures of cyclobutanone and pyran products, as is the case with
dichloroket@ and the bis(trimethylsilyl)diene of Eq. 143. (235, 236) It is also
known that @fene geometry can control the outcome of ketene cycloadditions:
the (2)-thioether of Eq. 144 and diphenylketene give cyclobutanone, whereas
the pyran is formed when the (E)-thyioether is employed (Eq. 145). (237)

Moderate yields of [4 + 2] cycloadducts are obtained with haloketenes and
silyloxydienes. The initial product is hydrolyzed in situ to give the isolable
pyranone (Eq. 146). (238)

Et =
ﬁ/m‘ms +  CLCHCOC % I (31%)
s CLCH” ~0” 0
a
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o h 55%
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(143)
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Preparation of phenols by cycloaddition of ketenes to 2-pyranones followed by
decarboxylation of the initial bicyclic product generally gives a poor yield (Eq.
147). (239, 240)

Et0,C Et0,C CN
= 0 195-200° (147)
S + NCCHCO;Et e (13%)
0 OH

3.3.1.2. Azadienes

Imines of a, B -unsaturated carbonyl compounds (1-azadienes) participate in

[4 + 2] cycloaddition reactions with ketenes to produce dihydropyridones. The
other possible regiochemistry of addition, leading to 3-ketodihy-dropyridines, is




not seen. Although competing [2 + 2] cycloaddition to the imine moiety of
azadienes occasionally leads to product mixtures containing B -lactams (Eq.
148), the [4 + 2] process usually proceeds in acceptable yield at ambient or
slightly elevated temperatures in the absence of catalysts.

R R
YE‘ 1 l'lﬁl 0 R
- R h B
+ Nc=c=0 | e N (—) (148)
SN Rl R! R1

Reactions of this type have been studied with three distinct classes of
substrates. Linear azadienes formed from cinnamaldehydes and anilines react
with ketene and haloketenes to give 3,4-dihydro-2-pyridones in yields typically
around 65% (Eq. 149). (241, 242)
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In the case of tert-butylcyanoketene generated from
di-tert-butyldiazidoquinone in the presence of cinnamaldehyde-tert-butylimine,
the cis-[4 + 2] adduct (52%) is accompanied by both cis- and
trans-2-azetidinones (17% and 29%, respectively) (Eq. 150). (23) The ratio of
[2 + 2] to [4 + 2] adducts in reactions of this type is controlled by the steric bulk
on both the ketene and the azadiene; tert-butyl-cyanoketene and
cinnamaldehyde p-methoxyaniline imine give only trans-azetidinone (Eq. 151).
(23)
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A second class of ketene-azadiene cycloadditions involves
2—styryl—4,5ydrothiazoles (Eqg. 152), which react with diphenylketene to give
thiazolopyridones in good yield. (243)

0O
Ph
i/\ Ph \'C C 0 xylme N Ph (152)
{ = + JC= = —*1 -
” T
5 CeHyNOo-p Ph S CHyNOy-p

(78%)

The third group of 1-azadiene-ketene [4 + 2] cycloadditions utilizes imines of
chromone-3-aldehydes, which with dihalo- and haloarylketenes give good
yields of pyrido(4,5-b)chromones (Eg. 153). Elimination of HCI in situ provides
the additional unsaturation in the products. (244)



It would appear that considerable scope for further development lies with
[4 + 2] cycloadditions of ketenes to azadienes.

3.3.1.3. Amidines
The addition of ketenes to amidines (1,3-diazadienes) results in [4 + 2]
cycloaddition to form 5,6-dihydro-4-pyrimidones. Reaction of the amidine

0

T
N =
| CeHiOMep CLCHO E:,r;,ut:ﬁﬂi
0

0
- CelliOMe-p
(74%)
07" g
Cl

of Eq. 154 with diphenylketene, which results in a 52% yield of pyrimidone, is
an example. (245)
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& R .5
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(153)

Cycloadditions of this type generally proceed in good yield; the orientation of
addition is exclusively that leading to 4-pyrimidones. The alternative
regiochemistry that would give dihydropyrimidine-5-ones has not been
reported. Most recorded examples of this synthetically useful cycloaddition
involve either ketenes or amidines bearing groups which may be eliminated to
give 4-pyrimidones as the observed products. This process is typified by the
reaction of furfuraldehyde 2-aminopyridineimine with dichloroketene, from
which a 78% yield of a pyrido(1,2-b)pyrimidone is obtained (Eq. 155). (246)



(78%) (155)

Few competing processes have been reported in these reactions. The only
reference to byproducts arising from [2 + 2] cycloadditions is in the reaction of
dichloroketene with imines derived from 2-aminopyridine: a 7% yield of 8
-lactam accompanied the 45% vyield of pyrimidone (Eq. 156). (247)

N OE! ; ¥ /NI OEt
45%
| N + CLCHCO - " (45%)

OEt (156)
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Although amidines made from 2-aminopyridines are used in most examples of
this class of ketene cycloadditions, other 2-aminoheterocycles such as the
selenadiazole in Eq. 157 provide good yields of the predicted products. (248)

N-N Ph xylene
;o\ M s
P + Cc=C=0
0 157
= (157)
Ph
Ph—(f J\ (78%)

CeH4NO2-p

It should also be noted that unusual amidines such as imine—carbodiimides



(Eqg. 158) react with diphenylketene to give [4 + 2] adducts unaccompanied by
4-iminoazetidin-2-one byproducts. (249)

N,‘:]/N =C =N06Hll Ph

+ \‘C s C s D _ﬁ?—qz—p
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= (90%)
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3.3.1.4. 0-Quinones

0-Quinones undergo [4 + 2] cycloadditions with ketenes to give moderate to
good yields of benzodioxenones. The addition of p-methoxy-phenylketene to
tetrabromo-o-quinone to give a 73% yield of dioxenone (Eq. 159) is typical.
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Br
Br 0
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Br
bt Br (159)
Br 0 o
I (73%)
Br 0 CsHsOMe-p
Br

Several reactions involving double cycloaddition of tetrahalo-o-quinones to
bis(ketenes) have been reported (Eq. 160). (250)
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Analogous reactions with o-quinonimines give benzopiperidones (Eq. 161).
(251) Some similar examples involve unsymmetrical quinonimines as in Eq.
162, and yield a mixture of the two possible cycloadducts. (251)
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There appear to be no published examples of the [4 + 2] cycloaddition of
ketenes to a -diketones.



3.3.1.5. a, B -Unsaturated Ketones

Simple acyclic enones have seldom been reported to undergo [4 + 2]
cycloadditions with ketenes; [2 + 2] addition to the carbonyl group to yield 3
-lactones or olefins is the general result of such reactions. The reaction of the
enone in Eqg. 163 with diphenylketene to give a 36% yield of product is one of
the higher-yielding examples. (252)

p-MeOCgHy
/ﬁ‘\/\ o ; Ft;h
+ “C=C=0 130° |
Ph = CgHyOMe- s (163)
s Ph PR 0”7 N0
(36%)

In the reactions of benzylidenindanone and acenaphthone with diphenylketene,
mixtures of cycloadducts are formed (Eq. 164). (253, 254)
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CHPh + c=Cc=0
Ph/ 35h

(164)

D Fo, pn_Fh
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In contrast to these results, the interaction of ketenes with 3 -amino and B
-alkoxy- a , B -unsaturated ketones (enaminoketones, vinylogous amides, and
esters) gives rise to synthetically useful yields of lactones
(2,3-dihydro-2-pyranones) arising from [4 + 2] cycloaddition. Well over 100
examples are recorded; the process, typified by the reaction of the
enaminoketone in Eqg. 165 with
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(92%)

dichloroketene to give a lactone (92%), (255) can be carried out with various
ketenes under mild conditions. Dichloroketene, ketene, and diphenylketene
are most frequently employed.

The scope of this cycloaddition can best be appreciated through examination
of the examples in Egs. 166-168. (256-258)
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In the addition of ketene to 3, B -diamino- a, B -unsaturated ketones,



elimination of amine occurs in situ and the products are pyranones as
illustrated in Eq. 169. (259)

[D] ’
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— + CH,=C=0 (51%)
U /jl
0 (0]

B -Unsaturated Thiones

In exact analogy to the enaminoketone cycloadditions described above, 3
-amino- a , B -unsaturated thiones (vinylogous thioamides) react with ketenes
to give good yields of thiapyranones (Eq. 170). (260, 261)
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In all reported examples of this cycloaddition, in situ elimination of either amine
from the e ione substrate or chlorine from dichloroketene gives rise to a
fully unsaturated thiapyranone. Equation 171 shows that reaction of an

CI\C_C_G HMEZ
a’ X S
EtzN, CsHs |
i/\ p-CICgHy~ 87 ~0
-Cl = “NM — (41%)
p-CICgH, €2 i (171)
e=e=n o
H - S
EtN, CeHg |
p-CICgH,~ 87 ~0
(38%)

a, B -unsaturated thione with a dichloroketene give chlorine elimination; the
same thione reacts with phenylketene to afford deaminated product. (260)

A few examples of the [4 + 2] cycloaddition of diphenylketene to simple



unsaturated thiones have been reported; the preparation of the thiolactone in
Eq. 172 (51 %) is typical. (262)

0
= Ph Ph
= S Ph
H i Ph\C:CID CsHs
Ph” 80° O‘ pn (172)
(51%)

3.3.1.7. Acyl Isocyanates and Isothiocyanates

The reaction of ketenes with acyl isocyanates yields 1,3-oxazin-4,6-diones, as
illustrated by the reaction of trichloroacetyl isocyanate and dimethylketene as
in Eg. 173. (188) The analogous thiazinediones
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Cl;C

are formed when ketenes react with thioacyl isocyanates, as in the reaction of
thiobenzoyl isocyanate with diphenylketene which gives 78% yield (Eq. 174).
(263) ThesEzactions are carried out in ether or aromatic solvents in the

O
Ph

Ph Et,0 N Ph (174)
)J\ + “c=C=0 | (78%)
Ph NCO Ph /l\ S o

absence of catalysts. In no case has the isolation of azetidinedione byproducts
been reported.

Acyl isothiocyanates exhibit similar chemistry with diphenylketene, yielding
1,3-thiazine-4-thion-6-ones (Eq. 175). (264, 265)
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Vinyl isocyanate and isothiocyanate undergo [4 + 2] addition to
triphenylphosphorane ketene (Eq. 176) to yield the corresponding

phosphoranes. (266) Reaction of these isocyanates with the more common
ketenes has not been reported.
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Diethyl azodicarboxylate and diphenylketene undergo a [4 + 2] cycloaddition,
but the initial 1,3,4-oxadiazin-5-one product reacts with a second mole of
ketene to give the final bicyclic product (Eq. 177). (267)
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Ph .
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Ph OFt Ph

The unsaturated azo compound of Eq. 178 gives a 72% yield of diazine with
diphenylketene, (268) but other unsaturated azo compounds give mixtures of
[4 + 2] and [2 + 2] products (Eq. 179). (268)



(72%) (178)
OAc
Ph
,J%/DA:; + C=C=0 I Ph 3%
PhN=N N )
P]'I “rlq 0
Ph (179)
th /I“\\_/Uﬁ
C
¢ PN (46%)
N\

3.1.9. ThloaCEImines
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1,3-thiazin-6-ones, as illustrated by the reaction of ketene with the imine of Eq.
180 to give a single adduct (40%); elimination of a mole of dimethylamine
occurs spontaneously to give this product. (269)

i D Cq
)J\ CH,=C=0 e NS 40%) (180)
P ONTONMe, P TR sy

Another example of this reaction type is the production of a spirocyclic product
(80%) from diphenylketene and the imine of Eq. 181. (270, 271)

H S g ph Ph O
Eef DMF
S Ph s" N=( (181)
H H Ph
(80%)

3.3.1.10. Mesoionic Compounds
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In a rare example of what appears to be a 1,4-dipolar cycloaddition,
6-0x0-3,6-dihydro-1-pyridinium-4-olates react with the carbonyl moiety of
various ketenes to give good yields of the bicyclic heterocycles (Eq. 182). (272)
The extension of this reaction to other dipolarophiles has not been reported,
but the process proceeds as illustrated with a wide variety of ketenes.

3.3.1.11. [4 + 2] Cycloadditions of Acyl- and Vinyl Ketenes to Olefins
Acyl- and vinylketenes undergo facile [4 + 2] cycloadditions with olefins
bearing either

o- 0 o ULD
-
-~ e W 20° N N
Ph Y Ph P’ Ph  Ph

electron-donating or electronegative substituents. Reactions with simple
alkenes have not been reported. The products are cyclohexenones (from
vinylketenes) and dihydropyran-4-ones (from acylketenes).
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Electron-poor olefins such as maleic anhydride and dimethyl fumarate react
with the silylvinylketene (Eq. 183) to give good yields of 2-cyclohexenones.

(273)
EI 0
[20 0 g ©
% T™S
CHCl,, 40° 12 h (8]
H o
TMS\C—C—D (89%) (183)
__t=c= —
CO,Me 8]
Me0,C T™MS CO;Me
PhMe, 95°, 38 h - ‘CD;ME:
(62%)

The stereochemistry of the products is that expected for typical Diels—Alder
reactions. These promising results have not thus far been extended to other
unsaturated ketenes.



Both acyl- and vinylketenes undergo [4 + 2] addition to enamines and enol
ethers. Yields are generally good, as in the reaction of the acylketene from the
dioxinone of Eq. 184 with butyl vinyl ether. (274, 275)

0

0 p 0
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o 150° Z ~0Bu-n
/% ——— (184)

0 0 0 OBu-n
(75%)

The same ketene reacts with cyclohexenylmorpholine to give a [4 + 2] product
in 32% vyield; the initially formed cycloadduct undergoes elimination of
morpholine at the high temperature needed to generate the ketene (Eq. 185).

(274)
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The formation of [2 + 2] cycloaddition byproducts has not been reported in the
reaction of acylketenes with enamines, but when vinylketenes are allowed to
react with enamines, mixtures of [2 + 2] and [4 + 2] cycloadducts sometimes
occur. Thus while isobutenylmorpholine and the ketene from 3-methylbutenoyl
chloride give only a [4 + 2] product (67%), use of the isomeric 2-methylketene
leads to formation of both products (Eq. 186). (276)
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3.3.1.12. [4 + 2] Cycloadditions of Acyl- and Vinylketenes to Acetylenes
A few examples of this cycloaddition have been recorded.
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propiolate give moderate yields of phenols (Eq. 187). (273) A single example
of an acylketene—benzyne cycloaddition is in the literature. (277)

OH

TMS COM

T™S, 3 PhMe e
~ c=c= + HC=CCOMe e (187)

(45%)

The other known acylketene—acetylene [4 + 2] cycloadditions all involve
ynamines. Thus the ketene from the amido acid chloride in Eq. 188 reacts with
1-(diethylamino)propyne to give a 70% yield of the substituted 4-pyranone.

(278)
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(70%)



A number of organometallic ynamines undergo [4 + 2] reaction with
bis(carboethoxy)ketene to give pyranones (Eg. 189). (279) It would appear
that the area of

0
BIOC o MesSn CO-Et
= 2 [
Me;SnIC=CN(Me)Ph  + Je=c=0 — | (189)
Et0,C Ph(Me)N~ ~O~ TOEt
=)

ketene—acetylene [4 + 2] cycloadditions is worthy of further exploration, for the
reported examples of this reaction demonstrate the efficient assembly of highly
functionalized phenols and heterocycles.

3.3.1.13. [4 + 2] Cycloaddition of Acyl- and Vinylketenes to Aldehydes and

Ketones

No examples of [4 + 2] cycloaddition of vinylketenes to aldehydes or ketones
O0000000RMATSEEREnEIEREEEIOROBRNERO0 0000000

give good yields of 1,3-dioxin-4-ones (Eq. 190). Byproducts arising from [2 + 2]

additions do not appear in these reactions.

The greatest number of reported examples involve generation of the

acylketene frgm adipoyl chloride in the presence of a carbonyl compound such
as cyclohexe#ione; (280)

5 0
Rl _.C” R3 R! o
I + =0 | )VP (190)
R4 R¥ "0 N,

the same product is obtained in similar yield when the acylketene is generated
from 2-diazocyclohexane-1,3-dione (Eqg. 191). (280, 281)
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It should be noted that the 1,3-dioxinone products of this cycloaddition are
themselves capable of undergoing retro [4 + 2] fragmentation to regenerate
the acylketene, which in the absence of trapping agents will dimerize or
decompose. Thus the commercially available
2,2,6-trimethyl-4H-1,3-dioxin-4-one reverts to acetone and acetylketene above
100°; in the presence of cyclohexanone, a [4 + 2] adduct is formed in good
yield. If no trapping agent is present, the dimer dehydroacetic acid is formed

Eq. 192). (282
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(94%)

(192)

A single example of trapping an iminoketene with a benzaldehyde to give the
benzoxazine ring is known (Eq. 193). (277)
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3.3.1.14. [4 + 2] Cycloaddition of Acylketenes to Nitriles and Cyanates
Nitriles, cyanamides, and cyanates participate in facile [4 + 2] cycloaddition
reactions with acylketenes to yield derivatives of 1,3-oxazin-4-ones (Eq. 194).
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1,3-dioxin-4-ones; the acetone byproduct is removed by distillation in the
presence of the nitrile trapping agent. Thus the acetone—diketene adduct,
when heated in the presence of dimethylcyanamide, provides an 85% yield of
oxazinone (Eq. 195). (123, 274)
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Similarly, a fused dioxinone and m-chlorophenyl cyanate react in boiling
xylene to give a [4 + 2] adduct (57%) (Eq. 196). (123, 274)
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Yields of 1,3-oxazin-4-ones are generally greatest with cyanates and
cyanamides. Most nitrile examples involve substituted benzonitriles and give
yields in the range 30-50%. Thus p-tolunitrile and acylketene precursor at
140° give a 35% vyield of the 2-aryl-1,3-oxazin-4-one (Eq. 197). (274)

0 (8]
0 140° N
GH\ + p-MeCHCN —— GH\ I (197)
; JT " N

CeHsMe-p
(35%)

The interesting chlorocarbonylketene from benzylmalonyl dichloride (Eq. 198)
reacts with benzonitriles to give modest yields of 6-chloro-1,3-oxazin-4-ones.
(283)
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This ketene, combined with cinnamonitrile, gives a low yield of cycloadduct (Eq.
198). This is the sole example of a [4 + 2] cycloaddition of an acylketene to a
nitrile other than a benzonitrile. (283)

3.3.1.15. [4 + 2] Cycloadditions of Acyl- and Vinylketenes to Heterocumulenes
Although no examples have been published of the cycloaddition of a
vinylketene with a heterocumulene, there exist over 100 examples of [4 + 2]
addition of acylketenes to isocyanates, isothiocyanates, carbodiimides, and
N-sulfinylamines. These reactions lead to generally good yields of highly
substituted 1,3-oxazines, 1,3-thiazines, and 1,2,3-oxathiazines.



The isocyanate system has been explored in greatest detail. When
1,3-dioxin-4-ones undergo cycloreversion to acylketenes in the presence of
isocyanates, 1,3-oxazin-2,4-diones are produced in generally good yields.
Typical examples include the generation of acetylketene from
trimethyldioxinone in the presence of an isocyanate (Eq. 199) to give the [4 + 2]
product in 75% yield; (274) an analogous reaction is shown in Eq. 200. (274)
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The requisiEIacylketenes can also be generated by pyrolysis of malonyl
dichlorides, as in the preparation of a bis(oxazindione) in 88% yield (Eqg. 201).
(283)
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Isocyanate trapping of the acylketenes generated by Wolff rearrangement of
2-bromo-1,3-cyclohexanedione generally gives modest yields of [4 + 2]
adducts; phenyl isocyanate provides only 25% yield. (284) When the
1,3-dioxin-4-one route to this ketene is used, the yield is 61% (Eq. 202). (274)
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Isothiocyanate—acylketene reactions proceed in analogy to the isocyanate
examples, but yields are generally poor. Thus phenyl isothiocyanate provides
only a 29% yield of the [4 + 2] adduct (Eq. 203). (274)
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(29%)

When a dioxinone is heated in the presence of carbodiimides (Eq. 204),
excellent yields of 2-imino-1,3-oxazin-4-ones result. (274)
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Interestingly, two multifunctional thioacylketenes react cleanly with
diisopropylcarbodiimide (Egs. 205 and 206). In both reactions the sole
reported products
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arise from [4 + 2] addition to the thioacylketene functionality; the other possible
modes of reaction involving cyanoketene and carboethoxyketene groups are
not seen. (285)

Decomposition of 2-diazo-1,3- dlketones in the presence of N-sulfinylamines
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decarbonylatlon of dihydrofuran-2,3-diones: compare the reactions of
dibenzoyl-diazomethane and naphthodihydrofurandione with
N-phenyl-N-sulfinylamine to produce the corresponding cycloadducts in 38%
and 74% yields, respectively (Eq. 207). (286, 287)
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3.3.1.16. [4 + 2] Cycloaddition of Acyl- and Vinylketenes to Imines and Azo
Compounds



The methyl(dimethylvinyl)ketene formed upon irradiation of a parent
diazoketone reacts with a diazacyclopentadiene to give the [4 + 2] adduct in
46% vyield (Eqg. 208). No products arising from cycloaddition to the olefin or

carbonyl
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N, (LI o8

Ac H X

0

(46%)

moieties of the diazo reactant are reported. (288) This is the sole literature
example of a vinylketene-azo cycloaddition.

Imines undergo [4 + 2] cycloadditions with acylketenes but the reaction of
diphenylketene with phenylbenzoazete to give the [4 + 2] adduct (30%) is the
only reported reaction which could be considered a vinylketene—imine
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Benzalaniline and an acylketene (Eq. 210) yield a mixture of [4 + 2] and [2 + 2]
adducts. (281, 290) In all other reported cases, [4 + 2] cycloaddition occurs
without

Ph CH,Cl,
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Ph C N,Ph Ph
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competing [2 + 2] reaction. The benzodiazepine of Eq. 211, for instance, gives
a 72% vyield of adduct when heated with dibenzoyldiazomethane, and double
cycloaddition

g 0
PhCO . @ N,
N, + =N, —2 ”
N PhCO ﬁ,}/(o (211)
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of the same ketene to a suitable diazepine (Eqg. 212) leads to a reasonable
yield of adduct. (291)
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4. Experimental Procedures

4.1. General

Cycloadditions with reactants that are liquids at room temperature are best
performed by simply mixing the two reactants without solvent. If one of the
reactants is gaseous, it is more convenient to use a solvent. The progress of
the reaction can be estimated by disappearance of the characteristic yellow
color of the ketene, by loss of the band at about 2100 cm™ in the infrared
spectrum, or by *H NMR spectroscopy. The product is often separated from
the dimer and other byproducts by chromatography or distillation. Ketene,
monoalkylketenes, and dimethylketene are usually allowed to react at or below
room temperature, whereas the higher molecular weight ketenes can be
heated to temperatures above 100°. The ketene is usually used in excess
when dimerization is a major side reaction. Dichloroketene is generated and
allowed to react in situ, generally in the presence of halide salts, as described
below. The success of the reaction is often determined by the relative rates of
cycloaddition and dimerization of the ketene. Although polar solvents and
catalysts accelerate the cycloaddition, they are not of general utility since they
also accelerate dimerization.
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In general, cycloadditions with ketenes do not require facilities and special
training not already possessed by those likely to work with such compounds.
Good ventilation is essential, because concentrated ketenes, especially those
of low molecular weight, are highly and exothermically reactive, especially with
themselveﬂm have a sharp, overpowering odor. Alone among the ketenes
(to our knowledge), dimethylketene forms a dangerously explosive addition
product with oxygen. (292) Dimethylketene can be used on a large scale with
appropriate precautions; in situ generation from the dimethylketene acylal of
dimethylmalonic acid is a practical way to avoid this problem. (293, 294)
Although oxidation of most other ketenes, (295) if it takes place at all, does not
appear to generate explosive products, ketenes should be stored under
nitrogen and precautions should be taken that are appropriate for compounds
that form peroxides. Ketene itself can be stored neat for days at —78° (74) with
some dimerization, but the monoalkylketenes, which can be prepared in
concentrated form by pyrolysis of anhydrides, are exceedingly reactive. The
dimerization of concentrated methylketene, even at —78°, may occur with such
vigor as to vaporize the unreacted ketene with enough force to partially
disassemble the apparatus. (110)

4.3. Preparation of Ketenes

Although early workers prepared ketene by the pyrolysis of acetone on the hot
wire of a “ketene lamp,” (296) ketene is now best prepared in the laboratory by
cracking commercially available diketene at atmospheric pressure in a hot



tube, as described in a detailed procedure. (74) Ketene is prepared on an
industrial scale by the pyrolysis of acetic acid. Mono- or dialkylketenes are
made by dehydrohalogenation of an acid chloride with triethylamine in diethyl
ether (297) or by dehalogenation of an a -halo acid halide with zinc or
zinc—copper couple, as described below. The zinc dehalogenation method is
applicable only to additions to olefins that are not susceptible to cationic
polymerization. The zinc halide etherate formed in the reaction catalyzes the
polymerization of olefins such as ethyl vinyl ether, styrene, furan, enol ethers,
cyclopentadiene, and other conjugated dienes. (29) Various techniques
described below have proven useful in sequestering the zinc salts and
minimizing this problem. The more volatile alkylketenes are best prepared by
pyrolyzing the corresponding anhydride in a hot tube, followed by bulb-to-bulb
distillation to separate the ketene from carboxylic acid and uncracked
anhydride. (56, 74) Dichloroketene, which is generated and used in situ, is
prepared either by dehydrohalogenation of dichloroacetyl chloride or by
reduction of trichloroacetyl chloride. Superior results are obtained, especially
with hindered olefins, if phosphorus oxychloride is used to sequester the zinc
chloride. (298) A more recent procedure recommends the use of
1,2-dimethoxyethane to suppress rearrangement of sensitive adducts of allylic
ethers. (299) Ultrasonic irradiation is claimed to accelerate dichloroketene
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use ordinary instead of activated zinc. The detailed preparation of ketene, (
diphenylketene, (39) and tert-butylcyanoketene (300, 301) have been
described. Less common, but valuable in specific cases, are ketene
preparations by the pyrolysis of esters (302) (especially isopropylidene
malonates;2P3, 303, 304) thermal (305) or photochemical (306) ring opening
of cyclobut&adnes; photorearrangement of 1-silyl-1,2-diones to yield
silyloxyketenes; (307) pyrolysis of trimethylsilyloxyketene acetals; (308)
photochemical cycloreversion of 9,10-bridged anthracenes; (309)
cyanoketenes by the pyrolysis of 2,5-diazido-1,4-benzoquinones (23, 301) or
4-azido-2-furanones; (310-312) and the Wolff rearrangement of a
-diazoketones. (313-315)

4.3.1.1. 2,2-Dimethyl-3-octylcyclobutanone (Preparation of Dimethylketene
from the Dimethylketenacylal of Dimethylmalonic Acid) (316)

A mixture of 528 g (4 moles) of dimethylmalonic acid and 1623 g (16 moles) of
acetic anhydride was heated slowly to boiling at a pressure of about 10 torr.
The acetic acid formed was removed continuously over an efficient
fractionating column. The removal of the theoretical amount of acetic acid from
the reaction mixture was followed by spontaneous evolution of CO,, as
indicated by a rise in pressure. The evolution of CO, was allowed to continue
at atmospheric pressure (vented apparatus) and was complete within a few
hours. Removal of the excess acetic anhydride by vacuum distillation afforded
300 g (80%) of a crystalline residue of the dimethylketenacylal of
dimethylmalonic acid; mp 80° (from petroleum ether).



A mixture of 9.2 g (0.05 mol) of the dimethylketenacylal of dimethylmalonic
acid, 50 g (0.36 mol) of 1-decene, and 100 mg of potassium carbonate was
heated slowly to 130°. The carbon dioxide formed was removed through a
reflux condenser. The reaction was complete after 6 hours. Distillation of the
mixture in vacuo afforded 14 g of 2,2-dimethyl-3-octylcyclobutanone (67%
yield based on the dimethylketenacylal); bp 88° (1 mm).

4.3.1.2. 2,2-Dichloro-3,3,4-trimethylcyclobutanone (Dichloroketene via
Zinc—Copper Dehalogenation of Trichloroacetyl Chloride in the Presence of
Triethyl Phosphite) (317)

To a mixture of 10.0 g (155 mmol) of zinc—copper couple and 5.96 g (85 mmol)
of 2-methyl-2-butene in 75 mL of dry ether, stirred under argon at room
temperature, was added over 45 minutes to a solution of 24.44 g (134.4 mmol)
of trichloroacetyl chloride and 20.56 g (134.1 mmol) of phosphorus oxychloride
in 75 mL of dry ether. The mixture was stirred overnight after which the ether
solution was separated from the precipitated zinc chloride and added to
hexane, and the resulting mixture was partially concentrated under reduced
pressure in order to complete precipitation of the chloride. The supernatant
Iayer Was decanted and washed successively Wlth a cold agueous solution of
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dlstlllatlon gave 13.35 g (87%) of 2,2-dichloro-3,3,4- trlmethylcyclobutanone
bp 75° (2 mm); IR 1805, 1460, 1180, 870, 805, 745, 685 cm .

4.3.1.3. 7,7-Dichlorobicyclo[3.2.0]hept-2-en-6-one [Dichloroketene (via
Dehydrohajodenation of Dichloroacetyl Chloride with Triethylamine) and
Cyclopentadiene] (318, 319)

To a vigorously stirred solution of 375 g (5.7 mol) of freshly distilled
cyclopentadiene and 143.5 g (0.97 mol) of dichloroacetyl chloride was added
100 g (0.99 mol) of triethylamine over a period of 1.5 hours. After stirring for 15
hours under nitrogen, the mixture was filtered. Distillation afforded 124.3 g
(72%) of 7,7-dichlorobicyclo[3.2.0]hept-2-en-6-one, bp 60-65° (2.5 mm); *H
NMR ( CDCl3) 6 2.30-2.90 (m, 2H), 3.90-4.35 (m, 2H), 5.65-6.10 (m, 2H).

4.3.1.4. Bicyclo[3.2.0]hept-2-en-6-one. (Dechlorination of a
2,2-Dichlorocyclobutanone with Zinc/Acetic Acid) (318, 319)

To a vigorously stirred suspension of 261.7 g (4.00 mol) of zinc dust and

400 mL of glacial acetic acid was added dropwise at room temperature 124.3 g
(0.70 mol) of 7,7-dichlorobicyclo[3.2.0]hept-2-en-6-one. After the addition was
complete, the temperature was raised to and maintained at 70° for 40 minutes.
The mixture was then cooled and treated with ether, and the zinc residue was
removed by filtration. The ethereal layer was washed with a saturated solution
of sodium carbonate to remove acetic acid and then dried with magnesium
sulfate. Distillation afforded 61.5 g (81%) of bicyclo[3.2.0]hept-2-en-6-one, bp



60° (ca. 15 mm); *H NMR ( CDCls) & 2.30-2.80 (m, 3H), 3.10-3.55 (m, 2H),
3.65-3.95 (m, 1H), 5.60-5.85 (m, 2H).

4.3.1.5. 3-Ethoxy-2,2-dimethylcyclobutanone (Cycloaddition of Dimethylketene,
Prepared from Isobutyric Anhydride, to a Vinyl Ether) (320, 321)

CAUTION: Dimethylketene reacts readily with oxygen to form an explosive
peroxide, and it dimerizes readily to a solid product which may plug
passageways in an experimental apparatus.

Isobutyric anhydride was passed under a slow stream of nitrogen into an
electrically heated 16 x 76 mm glass tube. The vaporized anhydride was
conducted to a Vycor glass tube, 15 mm in diameter and 46 cm long, heated
electrically with Nichrome alloy ribbon (1100 W). Temperatures were
measured with a thermowell which extended through the entire length of the
Vycor pyrolysis chamber. Gaseous products from the pyrolysis chamber
passed through an efficient water-jacketed copper condenser, and thence
through two glass cyclone separators. The residual vapors were then passed
through a trap held at 50°, and conducted to a cold condenser and receiver to
collect the dimethylketene, bp 34°. With the pyrolysis tube at 500-525° and a
nitrogen stream flowing at 1.5 cubic feet per hour, isobutyric anhydride was
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was collected, corresponding to a conversion of 19%. (320) (The apparatus
described for the cracking of diketene (74) is more clearly described than the
one in the patent procedure above, and has been successfully used by the
authors to ﬁoare dimethylketene.)

[(

To 960 g (13.3 mol) of ethyl vinyl ether, stirred at room temperature under a
nitrogen atmosphere, 600 g (8.6 mol) of dimethylketene was added over a
period of 4 hours. The mixture was stirred for several hours. Distillation
through a 12-inch Vigreux column gave 315 g (4.4 mol) of unchanged ethyl
vinyl ether and 975 g (80%) of 3-ethoxy-2,2-dimethylcyclobutanone, bp
82-183° (38 mm); 'H NMR: 5 3.82 (t, 1H), 3.47 (q, 2H), 3.08 (d, 1H), 2.98 (d,
1H), 1.2 (t, 3H), 1.12 (s, 6H). (321)

4.3.1.6. 6-Methyl-2-oxa-1-phenyl-3,4-benzobicyclo[3.2.0]heptan-7-one
(Intramolecular Cycloaddition) (322)

A solution of (o-propenylphenoxy)phenylacetic acid (1.2 g, 4.5 mmol) in
benzene (50 mL) was added over 5 hours through a syringe to a solution of
triethylamine (2.3 g, 22.5 mmol) and p-toluenesulfonyl chloride (1.7 g, 9 mmol)
in benzene (50 mL) at reflux. After the addition was complete, the mixture was
heated at reflux for 6 hours. Upon cooling, the mixture was washed with water
(3 x 50 mL) and concentrated to about 30 mL. This concentrate was stirred
with 3% aqueous sodium hydroxide solution (250 mL) for 10 hours to remove
excess p-toluenesulfonyl chloride. The benzene layer was dried with



magnesium sulfate and filtered, and the benzene evaporated under reduced
pressure. The residue was purified by column chromatography on silica gel
(3% ethyl acetate in hexane) to give 0.9 g (83%) of
6-methyl-2-oxa-1-phenyl-3,4-benzobicyclo[3.2.0]heptan-7-one as a white solid,
mp 95-96°; IR (neat) 1783, 1611, 1592 cm™. Anal. Calcd. for C;7H1405: C,
81.58; H, 5.64. Found: C, 81.40; H, 5.61.

4.3.1.7. 4,4-Dichloro-3-n-pentyl-2-cyclobuten-1-one (Cycloaddition of
Dichloroketene to an Alkyne) (113)

In a flame-dried, 100-mL three-necked flask equipped with argon atmosphere,
stirrer, reflux condenser, and constant pressure addition funnel was placed
0.40 g (18 mmol) of activated zinc, 0.576 g (6 mmol) of 1-heptyne, and 50 mL
of anhydrous ether. To this stirred mixture was added dropwise over 1 hour a
solution of 1.79 g (12 mmol) of phosphorus oxychloride (freshly distilled from
potassium carbonate), trichloroacetyl chloride (12 mmol), and 10 mL of
anhydrous ether. The mixture was then stirred at reflux for 4 hours and the
residual zinc removed by filtration on a pad of Celite. The ether solution was
washed with water, 5% sodium bicarbonate solution, and brine, and dried over
potassium carbonate. After removal of ether under reduced pressure, the
product was purified by bulb-to-bulb distillation at 100° bath temperature
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J =6 Hz), 2.0-0.7 (m, 9H). Anal. Calcd. for CoH13CI>0 : C, 52.19; H, 5.85.
Found: C, 52.10; H, 5.79.

4.3.1.8. 4-Ethyl-4-butyl-3-ethoxy-2-cyclobuten-1-one ([2 + 2] Cycloaddition of
a Dialkylkejer]e to an Acetylenic Ether) (124)

To a stirred solution of 51 g (0.73 mol) of ethoxyacetylene in 150 mL of hexane
at room temperature was added 92 g (0.73 mol) of butylethylketene. Stirring
was continued for 6 hours at room temperature, then the solution was heated
under reflux overnight. Distillation through a 10-in. Vigreux column gave 73 g

(51%) of pure product boiling at 88° (0.8 mm), n5'1.4665.

4.3.1.9. 4-[2-(Ethylthio)propyl]-2-oxetanone ([2 + 2] Cycloaddition of Ketene to
an Aldehyde) (323)

A solution of 38.6 g (0.288 mol) of 3-(ethylthio)butyraldehyde and 1.5 mL of
boron trifluoride etherate in 350 mL of ether was stirred at room temperature.
Ketene gas was added through a frit at such a rate that the reaction
temperature could be maintained close to 20° by an external cold water bath.
After 1.5 hours IR analysis of an aliquot showed all aldehyde to be consumed
and a strong B -lactone carbonyl band to be present at 1818 cm™. The mixture
was purged with nitrogen, washed with 25 mL of saturated aqueous sodium
bicarbonate solution, dried over anhydrous magnesium sulfate, and the ether
removed under reduced pressure. Kugelrohr distillation (75-80°, 1.0 mm) gave



36.0 g (72%) of pure product. IR v na (Neat) 1818, 1110, 815 cm™; MS m/z
174 (calc, 174). Anal. Calcd. for CgH140,S: C, 55.1; H, 8.09. Found: C, 54.9; H,
8.14.

4.3.1.10. (R)-4-(1,1-Dichloroethyl)-2-oxetanone (Asymmetric Induction in

[2 + 2] Cycloaddition of Ketene to an Aldehyde) (171)

A 250-mL three-neck flask was equipped with thermometer, ketene inlet tube,
and stirrer and charged with a solution of 389 mg (1.2 mmol) of quinidine and
13.4 g (105 mmol) of 2,2-dichloropropionaldehyde in 150 mL of toluene. The
mixture was stirred at —25° and about 1 equivalent of ketene was bubbled into
the mixture at approximately 30 mmol/hour. After completion of the ketene
addition, the mixture was warmed to room temperature and the catalyst was
removed by washing with 3 x 30 mL of 4 N HCI. The mixture was dried over
magnesium sulfate and toluene was evaporated under reduced pressure,
leaving a residue that was purified by flash column chromatography
(dichloromethane elution) and bulb-to-bulb distillation (90°, 0.5 mm) to give

16.2 g (96%) of product; laf 75 + 19.7°, Crystallization from methylcyclohexane

gave 12.5 g (77%) of optically pure product, 12157 +21.5°(c = 1, cyclohexane),
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Found: C, 35.36; H, 3.57; Cl, 41.43.

4.3.1.11. a, a -Dichloro- B8, B -bis(carboethoxy)propiolactone ([2 + 2]
Cycloaddition of Dichloroketene to a Ketone) (324)

A solution 7 g (0.15 mol) of diethyl mesoxalate and 45.5 g (0.32 mol) of
dichloroacetyl chloride in 100 mL of absolute ether was stirred at 10° during
the dropwise addition of 31.2 g (0.31 mol) of triethylamine. After 1 hour the
solution was filtered and the filtrate stripped of ether. The residue was distilled
to give 32.5 g (76%) of product of bp 120° (1.5 mm). IR V nax 1875 cm™. Anal.
Calcd. for CoH1oClO6: C, 37.9; H, 3.8; Cl, 24.9. Found: C, 37.5; H, 3.6; Cl,
25.4.

4.3.1.12. 3,3-Dimethyl-2-(2-methyl-3H-naphtho[1,8-bc]thiophene-3-ylidene)but
yronitrile (Olefin Synthesis by Reaction of a Ketene with a Ketone) (325)

A solution of 0.4 g (2 mmol) of 2-methyl-3H-naphtho[1,8-bc]thiophen-3-one
and 0.302 g (1 mmol) of 2,5-diazido-3,6-di-tert-butyl-1,4-benzoquinone in

10 mL of dry benzene was heated at reflux in an argon atmosphere for 1 hour.
The solvent was removed and the residue was chromatographed on a silica
gel column with petroleum ether (bp 60-80°)/benzene (2:1). The major product
recrystallized from hexane to give 0.209 g (75%) of product; mp 134°. IR V max
( KBr) 3030, 2970, 2860, 2160 cm™. *H NMR CDCls): & 1.57 (s, 9H), 2.72 (s,
3H), 7.07 (d, 1H, J = 10 Hz), 7.45 (d, 1H, J = 10 Hz), 7.31-7.84 (m, 2H). Anal.



Calcd. for C1gH17NS : C, 77.37; H, 6.13; N, 5.01; S, 11.47. Found: C, 77.17; H,
6.11; N, 5.06; S, 11.53.

4.3.1.13. N,N¢-Phenylenebis(2,2-diethylmalonamide) ([2 + 2] Cycloaddition of
a Ketene to an Isocyanate) (188)

A solution of 8 g (0.05 mol) of p-phenylene diisocyanate and 14.7 g (0.15 mol)
of diethylketene in 100 mL of toluene was heated in a sealed tube at 180° for
18 hours. The reaction mixture was then evaporated to dryness and the solid
crude product was washed with cyclohexane to give 16.3 g (91%) of product;
mp 130° from ethanol. IR ( CCly) V max 1748 cm™.

4.3.1.14. 1,2-Di(m-methoxyphenyl)-4,4-diphenyl-1,2-diazetidinone ([2 + 2]
Cycloaddition of a Ketene to an Azo Compound) (201)

A solution of 0.61 g (2.5 mmol) of 3,3¢-dimethoxyazobenzene and 0.51 g

(2.5 mmol) of diphenylketene in 100 mL of benzene was irradiated for 0.3 hour
through Pyrex with a General Electric Uviarc UA-3 lamp. Removal of benzene
left a glassy residue that was extracted with four 50-mL portions of boiling
hexane. Recrystallization of the residue from ethanol gave 0.72 g (69%) of
product; mp 103-106°. IR V max 1780 cm™. Anal. Calcd. for CpgH24N,03: C,
77.04; H, 5.54. Found: C, 76.92; H, 5.55.
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Cycloaddition to Diphenylketene) (326)
A solution of 1.80 g (9 mmol) of trans-2,5-di-tert-butyl-1,3,4-thiadiazoline and
diphenylketene (2.10 g, 10.8 mmol) in 20 mL of methylcyclohexane was
heated at reflux for 5 hours. After removal of solvent, the crude product was
chromatogﬂ:ed over 100 g of silica gel using benzene as eluant to afford
3.11 g (94%jJ of 5-diphenylmethylene-2,4-di-tert-butyl-1,3-oxathiolane, mp
120-123°; IR ( KBr) 1630, 1030, 1010, 700, 695 cm™*. Anal. Calcd. for
C24H300S : C, 78.63; H, 8.27; S, 8.75. Found: C, 78.64; H, 8.26; S, 8.81.

4.3.1.16. 3,6-Dihydro-2-[trifluoro-1-(trifluoromethyl)ethylidene]-2H-pyran

([4 + 2] Cycloaddition of Ketene to a Diene) (231)

A mixture of 10.5 g (59 mmol) of bis(trifluoromethyl)ketene, 3.2 g (59 mmol) of
1,4-butadiene, and 0.01 g of hydroquinone was heated at 70° in a sealed
ampule for 35 hours. Distillation of the reaction mixture yielded 12.5 g (90%) of
the pyran product, bp 76—-78° (15 mm). IR v ma (neat) 1628 cm™; °F NMR
(CCly) 8 56.5 (g, J = 9.9 Hz), 59.8 (9, J = 9.9 Hz). "H NMR ( CCls) 5 3.25 (m,
2H), 4.74 (m, 2H), 6.10 (m, 2H). Anal. Calcd. for CgHsF¢O : C, 41.4; H, 2.58.
Found: C, 41.7; H, 2.64.

4.3.1.17. 2-(p-Methoxyphenyl)-4-chloro-8-methyl[1]benzopyrano[3,2-c]pyridin-
3,1(2H)-dione ([4 + 2] Cycloaddition of a Ketene to a 1-Azadiene) (244)

To a solution of 0.789 g (3 mmol) of
6-methyl-3-(p-methoxyphenyliminomethyl)chromone and 0.91 g (9 mmol) of



triethylamine in 200 mL of dry benzene heated at reflux was added a solution
of 0.88 g (6 mmol) of dichloroacetyl chloride in benzene. The mixture was
cooled and filtered, and the filtrate was retained. The residue was slurried with
water to remove triethylamine hydrochloride and the resulting product was
dried and added to that obtained by evaporating the benzene filtrate. The
combined crude product was recrystallized from anisole to give 0.79 g (72%)
of the title compound, mp 318°. Anal. Calcd. for CH14CINO,: C, 65.3; H, 3.8;
N, 3.8. Found: C, 65.7; H, 3.5; N, 3.8.

4.3.1.18. 3-Chloro-2-ethoxy-9-methylpyrido[1,2- a ]pyrimidin-4(4H)-one ([4 + 2]
Cycloaddition of a Ketene to an Amidine) (247)

A solution of 3.54 g (24 mmol) of dichloroacetyl chloride in 19 mL of dry
1,2-dimethoxyethane was added dropwise to a solution of 3.28 g (20 mmol) of
ethyl N-(3-methyl-2-pyridyl)formimidate and 4.85 g (48 mmol) of triethylamine
in 40 mL of dry dimethoxyethane with stirring at —15°. The mixture was then
stirred for 5 hours at room temperature. Removal of the solvent under vacuum
gave a residue that was dissolved in 100 mL of dichloromethane, washed with
water, dried over sodium sulfate, and concentrated under vacuum. The
residue was subjected to chromatography over 150 g of silica gel; elution with
2:1 hexane:ethyl acetate gave 3.85 g (80%) of the title compound, mp
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C11H11CIN2O2: C, 55.35; H, 4.65; N, 11.74. Found: C, 55.36; H, 4.60; N, 11.71.

4.3.1.19. 3,3-Diphenyl-4-methoxy-3,4,5,6-tetrahydro-2H-naphtho[2,1-e]pyran-
2-one ([4 + 2] Cycloaddition of a Ketene to an Enone) (327)

A mixture Cdl g (5.67 mmol) of freshly distilled diphenylketene and 1.07 g
(5.67 mmol) of B -methoxymethylene)- a -tetralone was heated at 82° until the
IR spectrum of the mixture disclosed loss of the 2100 cm™ ketene band. The
mixture was allowed to cool to about 50° and 5-7 mL of petroleum ether was
added. The resulting crystalline product was recrystallized from
benzene/hexane to give 1.78 g (82%) of the pyranone, mp 161-162°. IR V nax
(neat) 1760, 1600 cm™; *H NMR ( CDCls) & 2.30-2.85 (br, 4H), 3.10 (s, 3H),
4.20 (s, 1H), 7.21 (s, 10H). Anal. Calcd. for CyH2203: C, 81.68; H, 5.76. Found:
C, 81.50; H, 5.81.

4.3.1.20. 3-(p-Chlorophenyl)-3,4-dihydro-6-methyl-2H-1,3-oxazine-2,4-dione
([4 + 2] Cycloaddition of an Acylketene to an Isocyanate) (274)

A stirred mixture of 28.4 g (0.2 mol) of 2,2,4-trimethyl-1,3-dioxin-4-one and
38.3 g (0.25 mol) of p-chlorophenyl isocyanate was heated at 120-130° for
15-20 minutes while the acetone formed was removed by distillation. The
cooled residue was triturated with petroleum ether and the crude product was
recrystallized from methanol to give 40.4 g (85%) of product; mp 215-217°.
Anal. Calcd. for C11HsCINO3: C, 55.7; H, 3.4; N, 5.9; Cl, 14.9. Found: C, 55.7,
H, 3.4; N, 6.2; Cl, 14.7.



5. Tabular Survey

The search of published literature for ketene cycloadditions extends to the end
of 1988, and a few later papers are cited. The patent literature search covers
the same period, but the authors have included examples only from patents
which in our experience or judgment ought to be reproducible.

There are a few entries in the tables for which it could be argued that the
involvement of a free ketene reactant is unproven or even unlikely. Our basis
for including such entries is that the reaction products are predictable if one
assumes a ketene intermediate; whether or not a free ketene has a finite
existence under the reaction conditions is of secondary importance to most
preparative chemists.

A number of reaction starting material and product structures show a particular
geometry of olefinic substitution. The reader should be aware that the original
literature does not in every case rigorously establish such geometry; thus the
original papers should be read critically by readers for whom this is an
important point.

L e
Within each table, compounds reacting with ketenes are listed according to
increasing carbon number, and increasing hydrogen number within a given
carbon number. Carbon(s) and hydrogens residing in ester, ether, silyl ether,
alkylaminemd other pendant groups are counted except in those cases
where the ilability of a series of closely homologous reactants allows
creation of a subtable within a table. Yields are given in parentheses; a dash in
the appropriate column indicates that yield(s) or reaction conditions were not
reported.

The following abbreviations appear in the tables:

Ac acetyl

Bn benzyl

Bu butyl

DMF  N,N-dimethylformamide
Et ethyl

Me methyl

Ph phenyl

Pht o-phthalyl
Pr propyl



TBDMS tert-butyldimethylsilyl
TMS  trimethylsilyl
Ts p-toluenesulfonyl
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The Nazarov Cyclization

Karl L. Habermas, University of Illinois, Urbana, lllinois
Scott E. Denmark, University of lllinois, Urbana, lllinois
Todd K. Jones, Ligand Pharmaceuticals Inc., San Diego, California

1. Introduction

The Nazarov cyclization is named after the eminent Russian chemist I. N.
Nazarov (1900-1957). In the course of an extensive study on the formation of
allyl vinyl ketones by the mercuric ion and acid-catalyzed hydration of dienynes,
Nazarov and his co-workers discovered a secondary reaction to form
2-cyclopentenones (Eqg. 1). (1-38) Nazarov initially formulated a direct
acid-catalyzed closure of the allyl vinyl ketones and demonstrated the
preparation of 2-cyclopentenones from these precursors in dozens of cases.
However in 1952, Braude and Coles (39) suggested the intermediacy of
carbocations and demonstrated that the formation of 2-cyclopentenones
actually proceeds via the a , a "-divinyl ketones. This fact, together with further
mechanistic clarification, has led to the current formulation of the Nazarov
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2-cyclopentenones.
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This process was already documented in 1903. (40) Treatment of
dibenzylideneacetone (1) with concentrated sulfuric acid and acetic anhydride
followed by mild alkaline hydrolysis afforded a ketol 2, the correct structure of
which was finally proposed in 1955 (Eq. 3). (41) Other examples of
acid-catalyzed cyclizations of divinyl ketones exist in the early literature, as do
reactions which must have proceeded via divinyl ketones. (42, 43)
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Ph Ph Ac;0, 25-30° Ph Ph

A broader definition of the Nazarov cyclization includes a wide variety of
precursors that under specific reaction conditions also produce
2-cyclopentenones via divinyl ketones or their functional equivalents. A case in
point is the formation of cyclopentenone 3 by treatment of either divinyl ketone
4 or tetrahydropyrone 5 with ethanolic hydrochloric acid (Eq. 4). (44) Itis the
structural variety of precursors that lends versatility to the Nazarov cyclization
and which also serves as the organizational framework for this chapter.

0
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Ph Ph 0
4 EOH, HC ~ Me Me (4)
80° 1
. 10 W

Ph 0 Ph

To facilitate presentation, the reaction is divided into six categories defined by
the structure of the precursor: (1) cyclization of divinyl and allyl vinyl ketones,
(2) cyclization of silylated (stannylated) divinyl ketones, (3) in situ
generation/cyclization  of  divinyl ketones or equivalents, (4)
generation/cyclization of divinyl ketone equivalents by solvolysis, (5)
alkyne-based precursors of divinyl ketones, and (6) coupling reactions to form
and cyclize divinyl ketones. The logic of this sequence follows from the order of
decreasing structural similarity of the precursors to divinyl ketones. This review
is intended to be comprehensive in the coverage of cyclizations which produce
2-cyclopentenones. The related electrocyclic closure of less oxidized
pentadienylic cations (45) is not covered. The reaction was most recently
reviewed in 1991. (46) Prior to that, the Nazarov cyclization had been reviewed



in 1983 (47) and also in the context of pentannulation. (48, 49)
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2. Mechanism and Stereochemistry

The first reasonable proposals for the mechanism of the Nazarov cyclization
suggested the intermediacy of a B ketocarbocation from C-protonation of either
divinyl or allyl vinyl ketones. (39) The ring is formed by intramolecular attack on
the enone with concomitant generation of an a -ketocarbocation. Loss of a 3
proton from this intermediate affords the product. Nazarov provided support for
this proposal by demonstrating the incorporation of deuterium from D3PO4 in
different positions from divinyl or allyl vinyl ketones. (32, 35, 36)

From both stereochemical and spectroscopic studies it is now well established
that the Nazarov cyclization is a pericyclic reaction belonging to the class of
electrocyclizations, specifically a 4 p electrocyclic closure of a
3-hydroxypentadienylic cation. (50) Simple pentadienylic cations had been
observed early on to undergo facile cyclization to cyclopentenylic cations. (51,
52) More recently, the O-protonated divinyl ketones and the cyclopentenone
rearrangement products have been spectroscopically observed. (53) Moreover,
the intermediacy of carbocations is consistent with the observation of
Wagner—Meerwein rearrangement products and anomalous cyclization
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As with all pericyclic reactions, mechanism and stereochemistry are intimately
coupled. Thus discussion of one feature must invoke the other. Therefore, for
a clear description of the mechanism, the stereospecific (54) aspects of the
Nazarov cyﬂation are discussed below.

The basic tenets of the theory of electrocyclic reactions (50) makes very clear
predictions about the relative configuration of the substituents on the newly
formed bond of the five-membered ring. Unfortunately, secondary
rearrangements thwarted early attempts to verify the stereochemical
predictions of orbital symmetry control in the parent system. (52) Subsequent
studies with the pentamethyl derivatives were successful. (55, 56)

The most convincing evidence for a pericyclic mechanism was the
demonstration of complementary rotatory pathways for the thermal
(conrotatory) and photochemical (disrotatory) cyclizations of
bis(1-cyclohexenyl)ketones (Eq. 5) precisely as predicted by the conservation
of orbital symmetry. (57)
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Additional confirmation came from reinvestigation of the early work on the
thermal cyclization of dibenzylideneacetone (1) (58) and
dibenzylidene-3-pentanone (6) (44) in the presence of acid. Careful
examination revealed the conrotatory electrocyclic pathway for both of these
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T .

Ph Ph Ph Ph Py’ TPh
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(28%) (72%)

The rules for conservation of orbital symmetry also predict a change in the
configuration of the products from either a given cyclization mode or a
permutation of starting olefin geometry. This prediction is difficult to test under
the normal reaction conditions (acid, light) that would isomerize dienone
double bonds. However, fluoride treatment of the silyl epoxide 7 leads to the
formation of the cis-disubstituted cyclopentenone 9 from a Z,E precursor, the
putative allene oxide 8, which cyclizes via the 2-oxido pentadienylic cation.
(59)
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The predicted photochemical disrotatory closure of protonated divinyl ketones
has been documented in several laboratories. (60-62) The examples in Eq. 8
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how secondary processes allowed for determination of the sense of
electrocyclization, for example, cation quenching and hydride or alkyl migration.

A theoretical study of the Nazarov cyclization has evaluated the relative



stability of the 3-oxopentadienylic cation and the product cyclopentenylic
cations. The lowest energy conformation was the syn—anti isomer and the
overall reaction was found to be exothermic by 2.3 kcal/mol. A transition state
was also located corresponding to an activation enthalpy of 20.6 kcal/mol. The
C(1)-C(5) distance is 2.09 A in the transition structure. (63, 64)

The cationic electrocyclization mechanism allows prediction of substituent
effects. In the rate-limiting step, the distribution of positive charge changes
from C(1), C(3), and C(5) in the pentadienylic cation to C(2) and C(4) in the
cyclopentenylic cation (Eqg. 9). Thus substituents that stabilize positive charge
should accelerate

0
R R
o

R R

(aposition) or decelerate ( B position) the electrocyclization depending upon
location. Moreover, the effects for a substitution should be greater in
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as theoretically by Mulliken population analysis. (64)

Beyond the mechanistically mandated stereochemical imperative of
conrotatory or disrotatory closure, there exists a secondary stereochemical
feature thaﬁises because of the duality of allowed electrocyclization
pathways. THs feature, called torquoselectivity, (65) is manifest when the
divinyl ketone is chiral by virtue of a remote substituent, and the two pathways
lead to diastereomers (Eq. 10). The

(8]
» clockwise +
Rl R
L (10)
R
Rl counterclockwise
+
R! R rH R

nature of the relationship between the newly created centers and preexisting
centers depends upon the location of the cyclopentenone double bond. In the
classical cyclization, the double bond normally occupies the most substituted



position, corresponding to a Saytzeff elimination process. The sense of
rotation is defined by clockwise (R) rotation or counterclockwise (S) rotation
viewing down the C -O bond. Thus, depending on the final placement of the
double bond, the newly created center may be proximal or distal to the
preexisting center.

The factors that control the sense of torquoselection in the Nazarov cyclization
are primarily steric in origin. Most significant are the torsional and nonbonded
interactions between the substituents in the vicinity of the newly forming bond
during the electrocyclization event. The phosphoric acid induced closure of
triquinane 10 in Eq. 11 illustrates the stereochemical consequences of
opposite conrotatory closures. (66) Interestingly the major product 11 arises
from bond formation on the concave face of the diquinane unit.
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3. Scope and Limitations

3.1. Divinyl and Allyl Vinyl Ketones

The tautomeric divinyl and allyl vinyl ketones are équivalent precursors for
acid-promoted cyclization. Deuterium-labeling studies established the
isomerization of the allyl to a vinyl group prior to cyclization. (32, 35, 36) The
preparation of these substrates differs, however, since most allyl vinyl ketones
are produced by the mercuric ion catalyzed hydration of dienynes, which in
turn are prepared by dehydration of vinylacetylide adducts of ketones. This
approach allows for the incorporation of many substituents. Since divinyl
ketones are implied as intermediates in other variants of the Nazarov
cyclization, only those reactions where a divinyl ketone is used directly are
discussed below.

3.1.1.1. Acyclic Precursors

Simple cyclopentenones have been prepared in modest to good yield using
the Nazarov cyclization. Many substitution patterns are available by this
protocol, most commonly 2,3,4-trisubstituted and 2,3,4,4-tetrasubstituted
2-cyclopentenones. The usually vigorous reaction conditions (phosphoric acid,
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have a beneficial effect on the yield and, in the a position, on the rate as well.

Figure 1.
O O (0] 0
t-Bu Me Me Pr-i
Et Me
Me Me Me Me Me Me Me
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0 O 0
Ph Ph Me Me
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Me Ph Me Ph Ph
(83%) (95%) {78%%)

3.1.1.2. Monocyclic Precursors

The Nazarov cyclization has been extensively used as a cyclopentenone
annulation method. For the construction of fused cyclic systems, one of the
groups attached to the ketone must be cyclic. Classically, this was
accomplished by vinylacetylide addition to cycloalkanones followed by
dehydration and alkyne hydrolysis (Eqg. 12). However, with unsymmetrically
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substituted cycloalkanones, regioisomers are formed. (11, 22) An alternative
construction, based on the acylation of cycloalkenylsilanes, provides divinyl
ketones with predictable structure. (67, 68)

Annulationgnto preexisting rings of 5, 6, 7, and 12 members have been
reported. The yields are generally lowest for 5>-membered rings. The vinyl (allyl)
appendage can accommodate substituents on both a and 8 positions as well
as B, B’ disubstitution. The compatibility of ester and imide functional groups is
also noteworthy. 69,69a,70

Figure 2.
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The issue of torquoselectivity is illustrated, in the cyclization of the cis and
trans diesters 13 and 14. In each case a single diastereomer of the ring fusion
unsaturated isomers 15 and 16 is produced (Eq. 13). (70)
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3.1.1.3. Bis Cyclic Precursors

Formation of a cyclopentenone imbedded in a linear polycyclic array has been
accomplished by Nazarov cyclization of bis(cycloalkenyl) ketones. Various
combinations of five-, six-, and seven-membered ring systems have been
employed. (71, 72) Since the reaction operates under rather harsh conditions,
the location of the double bond and the ring fusion stereochemistry are difficult
to control.

Figure 3.
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This mode of cyclization has been employed in the establishment of the
conrotatory electrocyclization mechanism (57, 73, 74) and in synthetic efforts
directed toward trichodiene (75) and ophiobolins. (66)

3.1.1.4. Aromatic Precursors
Aryl vinyl ketones can also undergo Nazarov cyclization under sufficiently
vigorous conditions. Both monocyclic and bis-cyclic types have been
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to high yields. (78)

Figure 4.
o Cl 0
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3.1.1.5. Anomalous Cyclizations

The intermediacy of stable carbocations in the Nazarov cyclization has led to
the observation of a number of rearrangement products (58) and alternative
reaction pathways. Three categories have been identified. The first is simple
Wagner—Meerwein rearrangement of the first-formed cyclopentenylic cation.
This pathway is characteristic of B, 8, B -trisubstituted precursors 17 and 18
(Eq. 14). (53, 62)
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The second category is the “abnormal” Nazarov cyclization, which affords
transposed 2-cyclopentenones arising from nucleophilic capture of the
intermediate cyclopentenylic cations with carboxylic acids (Eq. 15). (79, 80)
Both ketones and
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their derived dioxolane acetals have been employed in this transformation. An
interesting consequence of this pathway is the production of fused bicyclic
ketones from macrocyclic divinyl ketones.

The third category of anomalous cyclizations involves the intervention of an
electrocyclic closure of linearly conjugated dienyl ketones. The monocyclic
dienyl vinyl ketones 19 produce exclusively the angularly substituted
hydrindenones 20 (Eq. 16). (81) These products must arise from preferential
electrocyclic closure of the dienyl ketone followed by rapid Wagner—Meerwein



shift of the vinyl group. The substituent effects on rate of rearrangement are
consistent with this pathway.

R
0 0
= R=H, (77%)
FeCls _ R = SiMes, (55%)
e R=Me, (61%) (16)
| B R=Ph, (65%)
19 20

3.1.1.6. Photochemical Cyclizations
Although a number of photo-induced electrocyclic closures of divinyl ketones
have been reported, they are of little preparative significance.
60-62,82,82a,82b For the most part these reactions have provided convincing
evidence for the electrocyclization mechanism. (73) The products of
disrotatory closure are isolated in these cases (see Egs. 5 and 8). The
0000000 CHHYEIts FHE S R e R E O 000 0000000000
5-alkoxy-4-hydroxy-2-cyclopentenones. These products most probably arise
from a photo-Nazarov reaction followed by capture of the zwitterionic
intermediate (Eq. 17). (83) Intramolecular capture of the zwitterionic
intermediate has also been reported. (83a)

(17)

3.2. Silylated (Stannylated) Divinyl Ketones

The preparative utility of the Nazarov cyclization is greatly enhanced by
employing [ -silyl- or a "-silyldivinyl ketones as precursors. (81, 84-90) The
trialkylsilyl groups control the collapse of the intermediate cyclopentenylic
cations, (91) thus providing two important benefits: (1) secondary cationic
rearrangements are suppressed and (2) the final position of the
cyclopentenone double bond is controlled. The latter feature is particularly
significant in cyclopentenone annulations with monocyclic precursors because
the double bond can be placed in the thermodynamically less stable position,
therefore preserving the stereocenters created at the ring fusion.
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3.2.1.1. Vinylsilanes

A number of general methods for the preparation of 8 -silyldivinyl ketones have
been developed. (85, 88, 92-96) Trimethylsilyl groups have been most often
employed, though larger alkyl and aryl groups have also been used
successfully. (86, 87) The loss of the silicon electrofuge in the cyclization is
dependent on the geometry of the 3 -silylvinyl unit. The triethylsilyl group in
Z-21 is partially retained in the product of cyclization, (97) whereas E-21
undergoes highly selective silicon-directed closure (Eq. 19). (98)
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The silicon-directed Nazarov cyclization is effectively promoted by Lewis acids,
most commonly anhydrous iron(lll) chloride, at temperatures below ambient.
(85) For slow reacting substrates, boron trifluoride etherate and zirconium
tetrachloride can also be employed where the oxidizing properties of iron(lll)
chloride are problematic. (88) Even with the extremely reactive a '-silyl
substrates such as 22, oxidized and chlorinated products can be isolated from
reactions with iron(lll) chloride at low temperature (Eq. 20). (89)

0
Me3Si 0 Cl
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d}\@ : + | + dimers (20)
H H H H
22 Fe(l,,-20° 0.08 M (58%) (10%) (30%)

BFy'OEL,, 0°,008M  (71%) (0%) (21%)



The utility of the silicon-directed Nazarov cyclization is illustrated by the
preparation of simple cyclopentenones in which the double bond resides in the
least substituted position. Examples of a and B monosubstitution and a , 8
disubstitution have been described (Eq. 21). (85)

0 0

R! 1
FeCls 8 R'=H;R?=Me, (54%) (21)
2 | | R! = -Bu; R? = H, (95%)
SiMe,

R? R! = Me; R2 = Me, (95%)

In an analogous fashion, B -tributylstannyldivinyl ketones 23 are employed for
tin-directed Nazarov cyclizations, exclusively in the acyclic mode (Eq. 22). (99)
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R!=H; R?=n-Bu, (47%) (22)
Sn(Bu-n)3 R? R! = n-Bu; R? = Me, (61%)
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These reas are best promoted by boron trifluoride etherate. The
construction of the substrates by aldol condensation of the B-stannylvinyl
ketones is noteworthy.

The silicon-directed Nazarov cyclization is ideally suited for cyclopentenone
annulation. Precursors containing 5-, 6-, 7-, and 12-membered rings afford
bicyclic products in good yields wherein the double bond is exclusively in the
less substituted position. (85) The ring fusion is predominantly in the cis
configuration. Both heterocycles and unsaturated carbocycles can be
employed as substrates for the annulation (Eqg. 23). (88)
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Cyclopentenone annulation with chiral substrates has been extensively
examined. The stereochemical course of conrotatory closure is dependent
upon ring size, substituent location, substituent size, and silyl group size.
(86-88) In the cyclopentenyl series the selectivity is modest, though
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In the cyclohexenyl series, the directing effect is greatest when substituents
are located at the y position of the endocyclic enone 26 (Eqg. 25). (86) The
major isomer produced bears a trans relationship between the vicinal
stereocent and the

BF;*0OEt,

(24)

BF;+0Et; ME\‘
Me
0S5iMe-Thx OH
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Fﬁmg

SiMe;
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26

level of selection is highly dependent upon the substituent size. The bulk of
silicon substituents was also shown to have an influence on stereoselectivity.
(87)

Both cycloheptenyl and cyclooctenyl systems bearing a y -benzyloxymethyl
substituent have been examined and show remarkable levels of
stereoselectivity. In these cases, the major product bears a cis relationship
between the vicinal stereocenters at the ring fusion and the benzyloxymethyl
group. The cis/trans ratio is 92/8 in 27 and 93/7 in 28. (98)

Figure 5.

H P H O

Qo00000oo00oooa aoooo adooodooooaoooo

“OBn “OBn
27 28

3.2.1.2. Allylsilanes

The use of on direction has also been adapted to construction of linearly

fused tricyclit systems. (89) In this variant the placement of the double bond is

directed away from both ring fusions by placement of the trialkylsilyl group at

the a ' position. These reactions proceed much more rapidly than those of the

B -silyldivinyl ketones and are compatible with various combinations of ring

sizes (EqQ. 26).

MesSi O 0

(CHa)ms | (CHp)ps _FeCB 0T (CHp)m (CHa)ns
BF3*0OEt; ; n=m=46, (70%) trans (
H H n=6;ms=35, (B8%) cis
n=m=35 (7T7%)cis

I 26)

The stereodirecting effect of the remote silicon electrofuge has been
demonstrated in the highly stereoselective electrocyclization of an optically
active sample of 29 (Eq. 27). (90) The enantiomeric purity and absolute



configuration of 30 (as shown) establish the exclusive conrotatory pathway,
which corresponds to an anti S g substitution.

MesSi O Oy
FeCly
o (27)
H H
29 RR%: ee 30 B8% ee

3.3. In Situ Generation of Divinyl Ketones or Equivalents

3.3.1.1. From a -Alkoxy Enones

Construction of cyclopentenones by the Nazarov cyclization can be effected by

generation of divinyl ketones under conditions that effect closure. Of the

myriad of precursors of divinyl ketones, the simplest are a - and 3

‘-heterosubstituted, a, B -unsaturated ketones. The a -oxygenated enones are

readily prepared by the addition of acyl anion equivalents (propenal d*

reagents) to ketones (Eqg. 28). The elimination—cyclization is effected by
DDDDDDDD@E@E@B’EE@EF@IEEIEDEEYEE@E@@EIDDDDDDDI

101) The parent alcohols or silyl ethers are also converted, albeit in lower
yleld.

O
_ pTsOH
Q/U\F toluene, 1 toluene, 112° w (28)
Me

3.3.1.2. From B -Substituted Precursors

B -Substituted enones suffer facile Belimination of chlorine, (102, 103) nitrogen,
(104) or oxygen groups under acidic conditions required to cyclize the resulting
divinyl ketones. The double B elimination of tetrahydro-4-pyranones 32 to form
2-cyclopentenone-4-carboxylates is induced by trimethylsilyl iodide (105) or
trimethylsilyl triflate (69a) (Eq. 29). Interestingly, the putative intermediate a
-carboalkoxy divinyl ketones have been independently cyclized with
trimethylsilyl iodide (69) and triflate. (69a)
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3.3.1.3. From a -Vinylcyclobutanones

Divinylketones are also generated by an unusual acid catalyzed
rearrangement of a -vinylcyclobutanones. Treatment of B , 8 -disubstituted o
-vinylcyclobutanones 33 with a catalytic amount of boron trifluoride etherate or
methanesulfonic acid results in the formation of ring opened divinyl ketones.
By the use of a full equivalent of acid, the cyclopentenone is the major product
(Eqg. 30). The reaction is of limited preparative value as four different classes of
products have been identified arising from different substitution patterns.
(106-108)

MeSO;H
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Me Me (30)

i3 0.2 equiv,0.5h (0%)
D 1.0 equiv, 26 h (71%)

3.4. Solvolytic Generation of Divinyl Ketones or Equivalents

3.4.1.1. From gem-Dichlorohomoallyl Alcohols

The structural diversity of divinyl ketone equivalents as precursors to
cyclopentenones found in this class is remarkable. While this diversity lends
breadth to the scope of the ring forming process, the reaction conditions
required to unveil the precursor are often harshly acidic. Such is the case in
the transformation of dichloro homoallylic alcohols 34. These compounds
(available from addition of 1,1-dichloroallyllithium to ketones) undergo
solvolysis in neat trifluoroacetic acid to afford cyclopentenones in good yield
(Eqg. 31). (109, 110) The reactions likely proceed by initial dehydration to the
divinyl dichloride followed by ionization to a 3-chloropentadienylic cation.
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3.4.1.2. From gem-Dichlorocyclopropylmethanols
The same manifold of intermediates can be accessed from
dichlorocyclopropanes in two different ways (Eq. 32).
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The first involves solvolysis of the dichlorocyclopropyl carbinols. Heating the
carbinols in 47% hydrobromic acid affords cyclopentenones in good yields.
The cyclopropylcarbinyl cation rearranges with loss of a proton to a divinyl
dichloride as in the previous reaction. Because of the ready availability of the
precursors from dichlorocyclopropanation of allylic alcohols, this procedure is
best suited for the preparation of simple cyclopentenones. (110, 111) In the
second procedure, the dichlorocarbene/3-sulfolene adduct suffers extrusion of

sulfur dioxide to form the divinyl dichloride which (under the solvolysis
conditions) proceeds analogously to cyclopentenones. (112)

{6?%}

3.4.1.3. Rearrangement of Vinylallene Oxides

Peracid epoxidation of vinylallenes bearing allenic substituents results in the
formation of cyclopentenones (Eg. 33). If no allenic substituents are present,
epoxidation occurs on the vinyl group, leading to a stable oxirane. The details
of this intriguing process are still unknown, but the intermediacy of a
vinylallene oxide has gained support recently. (59) Rearrangement of the
allene oxide may proceed via a 2-oxidopentadienyl cation or a cyclobutanone.



The procedure is applicable to both simple and fused cyclopentenones with
various substitution patterns using either peracids or singlet oxygen. (113-122)
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Figure 6.
0 0 Me
e wm CE}ZO
Ml Me Me
(70%) (50%) (50%)

The unproductive oxidation of the vinyl double bond can be suppress
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alcohols. Attachment of allylic or homoallylic type hydroxy groups at either
position of the allene unit is effective. (123-126) At the 1 position, for example,
35 (Eq. 34),

[]
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primary, secondary, and tertiary allylic alcohols and primary homoallylic
alcohols have been examined. Presumably, the cyclopentenones are formed
via the intermediacy of vinylallene oxide 36. Finally, an important stereocontrol
feature has been noted in the homoallylic alcohols (Eg. 35) that is consistent
with either E)ncerted or zwitterionic mechanism.

0O

H OH
' H
Cec. /r +-BuOOH : OH
| E{I: VO(acac) (35)
2
Rl RZ H R?

5

R!

Placement of the epoxidation-directing substituent at the 3 position also leads
to cyclopentenones, but the regioselectivity of epoxidation is dependent on the
location of and substitution at the hydroxy-bearing group. (124, 126) With
allylic alcohols, secondary hydroxy groups lead primarily to cyclopentenones,
while tertiary hydroxy groups lead exclusively to allenyl epoxides. With
homoallylic alcohols, cyclopentenones are the major products independent of
the substitution pattern (Eq. 36).
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Vinylallenes can also be converted to cyclopentenones by solvometallation in
the presence of mercury(ll) acetate or thallium(lll) acetate (Eq. 37).
Electrophilic

Me

— e — O
[N D
M(OAc)-1

Hg(OAc)  (75%)
THOAc); (60%)

activation of allenes by these metal salts is a well-precedented Markownikoff
process. In this case a spontaneous demetallation takes place to afford the
cyclopentenone and the nascent metal. The yields are improved in general by
the use of acetoxymercuration compared to acetoxythallation. (127, 128)

Although mechanistically unrelated to the foregoing vinylallene processes, the
solvolysis of methyoxyallenyl alcohol 37 in the presence of boron trifluoride
etherate constitutes an efficient construction of a-methylenecyclopentenones
(Eqg. 38). (129-131) This transformation has been generalized to incorporate
different
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suited for the synthesis of a DDDDDDDDE”
formulated as a closure of a 1-oxypentadienylic cation closely related to the
solvolysis of 2-furyl carbinols described in the next section.

3.4.1.4. From 2-Furyl Carbinols

The acid-cqtajyzed rearrangement of 2-furyl carbinols constitutes a versatile,
albeit mod ynthesis of 4-hydroxy-2-cyclopentenones (Eq. 39). (132-139)
An important advantage of this synthesis is the ready availability of the
precursors from a Grignard reaction of furfural. The choice of acid catalyst for
the reaction is guided by the substitution on the furan ring. For bromo- or
unsubstituted furans the reaction is sluggish, and sulfuric acid is used. For
alkyl-substituted furans, zinc chloride is recommended.

Mechanistically, the reaction is intriguing as it corresponds to the in situ
formation of a conjugated dienone rather than a cross-conjugated divinyl
ketone. Thus, cyclization in a Nazarov sense (as a 1,4-dihydroxypentadienylic
cation)
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leads to a 4-hydroxy-2-cyclopentenone. An important consequence of the
electrocyclization is the trans relationship of the 4-hydroxy group and the 5
substituent.

3.5. Acetylene-Containing Precursors
The acid-catalyzed hydration of acetylenes to ketones provides general
access to carbonyl compounds from hydrocarbon precursors. The functionality
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divinyl ketones can be derived from alkenes, alcohols, amines, or acetals.

3.5.1.1. Dienynes

The simplest progenitors of divinyl ketones are dienynes. (13-15, 22-25, 31)
These compepnds are easily prepared by addition of vinylacetylenes to
ketones follawed by dehydration (usually in a Saytzeff sense, Eq. 40). In
certain cases,

CH CH;
e OH . a::J 4 -::J
R! 0] ) CJ R! - R1 C*
:/I’ HC? j’ H,S0, |
R? KOH R2 R
38 39 (40)
0
1 |
HyPO, R R'=R2=Me (71%)

R!=Ph; R?=Me (70%)
R2 Me R!=tBuR?=H (49%)

the vinylacetylenic alcohol 38 is directly employed, since the dehydration,
hydration, and cyclization are all acid-catalyzed steps. (11, 31, 33, 34, 140)



The preparation allows for general access to both cyclic and acyclic dienynes
39 at various levels of substitution. The conditions required for transformation
to cyclopentenones are rather harsh (concentrated phosphoric or hydrochloric
acid, 50-80°) since both hydration of the acetylene and cyclization must take
place.

The majority of examples of this process employ vinylacetylene itself, which
affords 1,2-disubstituted 4-methyl-2-cyclopentenones. a -Branched ketones
afford 3-methyl-4,4-disubstituted 2-cyclopentenones. (24, 25) If cyclic ketones
are employed as precursors, the overall process constitutes a cyclopentenone
annulation. (22, 26, 31, 141)

Figure 7.
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Although t nynols 38 are readily accessible and can be transformed into
cyclopente es, their molecular connectivity is not optimal since an array of
six atoms is required to produce the requisite divinyl ketone equivalent that
minimally needs only five atoms. This concept is illustrated by the
rearrangement of the isomeric enynol acetate 40. The cyclization is promoted
by a palladium(ll) catalyst in warm acetonitrile by the mechanistically intriguing
process outlined in Eq. 41. (142) The reaction bears a resemblance to the
silicon-directed Nazarov cyclization
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in the ejection of the palladium(ll) electrofuge. Both secondary and tertiary
acetates can be employed, but substitution has been examined only at the a
-vinyl position.

3.5.1.2. Propargylic Alcohols and Derivatives
A variety of other structural modifications that involve replacement of the
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are also amenable to cyclization. The most common variation on this theme
involves the acid-catalyzed transformation of ynediols available from the
addition of propargylic alcohols and ethers to ketones (Eq. 42). (143-154) The
advantages of this method are that the conditions are milder

[]
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Rupe rearrangement), and the substitution at C-4 is easily varied and can be
hydrogen. For many years this reaction constituted the cyclopentanone
annulation method of choice. Acyclic and monocyclic substrates containing 5-,
6-, 7-, 8-, and 12-membered rings are compatible. Double annulations are also
possible fpr| the rapid construction of polyquinanes. The analogous
transformatldn of acetylenic amino alcohols for cyclopentenone annulation
proceeds albeit in lower yields. (155)

If the higher oxidation state propargyl acetals are employed, an additional
double bond is incorporated in the product. (156) Unfortunately, the yields from
this variant are generally low and the position of the double bond is not
controllable.

Respectable levels of relative asymmetric induction (torquoselectivity) can be
obtained in this variant. (147) The major diastereomer obtained from
conrotatory closure depends on the position and nature of the substituent. If
the substituent is vicinal to the newly forming stereocenter as in 41 the extent
of 1,2-induction is very high. However, if the substituent is more remote, as in
42 and 43, the extent of stereoselection is dependent on the size of the
substituent, with the selectivity decreasing from isopropyl to methoxycarbonyl.
Figure 8.
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3.5.1.3. Divinyl Ketones from Coupling

In this category the precursors of the cyclopentenone are the most structurally
remote because the carbon skeleton of the divinyl ketone is constructed during
the operation. In all other variants, the carbon skeleton is assembled first and
then, through functional group manipulations, the divinyl ketone equivalent is
revealed under conditions that induce cyclization. With one exception, the
carbon—carbon bond forming reactions are acylations of alkenes or
acetylenes.

3.5.2.1. From a, B -Unsaturated Acids
a, B -Unsaturated acids or anhydrides undergo aliphatic Friedel-Crafts
reaction with cycloalkenes to ultimately afford fused cyclopentenones (Eg. 43).

00000000 e e OGSt MM O 000000000000000

O

O
lyphosphoric R=H (16%)
/”/“\DH . @ pophe ol RSy
R D R =Ph (26%)

R

ions are sufficiently acidic (polyphosphoric acid, 40-60°) to effect the Nazarov
cyclization of the intermediate divinyl ketones. Yields are in general modest.

3.5.2.2. From a, B -Unsaturated Esters

Treatment of a, B -unsaturated esters with polyphosphoric acid also produces
cyclopentenones. This variant is an alternative entry to the unsaturated
acylium ion/alkene mixture that produces divinyl ketones by Friedel-Crafts
acylation. The action of hot polyphosphoric acid on olefinic esters causes
ionization of the alkyl-oxygen bond, leading to a mixture of unsaturated acid
and alkene (Eq. 44). Although the yields are better by this in situ
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generation protocol, a disadvantage of this approach is the potential for
generation of different alkenes in the cleavage reaction. Another problem
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unsymmetrically substituted alkenes (R* ' R?). The ease of preparation of the
starting esters allows for ready alteration of the substitution pattern in the
cyclopentenone.

3.5.2.3. Frgqmma , B -Unsaturated Acid Chlorides

The most ceMmonly employed precursors of unsaturated acylium ions are
acid chlorides and bromides. The acylation of alkenes with these reagents
constitutes a general synthesis of divinyl ketones which, under the conditions
of acylation, suffer Nazarov cyclization to cyclopentenones. (157) As with the
other carboxy precursors, the regioselectivity of electrophilic attack is
ambiguous unless the alkene is either symmetrical or strongly biased toward
Markownikoff addition. Both acid chlorides and bromides have been employed
together with both cyclic and acyclic alkenes. Aluminum trichloride is the
preferred Lewis acid promoter. Occasionally, the intermediate divinyl ketone or
a B -chloroenone can be isolated.

Isoalkanes have also been employed as precursors of the alkenes in
combination with alkenoyl chlorides (Eq. 45). (157a) The isoalkanes are
oxidized to alkenes by hydride transfer to acetyl chloride/aluminum chloride or
copper(ll) sulfate in nitromethane. The isoalkanes (methylcyclopentane,
methylcyclohexane, and 2-methylbutane) afford trisubstituted alkenes which
undergo in situ
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cyclopentenones.

A significant improvement in the utility of this approach is the employment of
vinylsilanes for the preparation of the intermediate divinyl ketones. Owing to
the ability e silicon moiety to direct the site of electrophilic substitution, the
problem of regiochemical ambiguity is resolved. Vinylsilane reagents have
been used in two different modes. The first employs vinyltrimethylsilane itself
as an ethylene equivalent in combination with olefinic acid chlorides. (158, 159)
This is used primarily for the annulation of the cyclopentenone ring. Tin
tetrachloride is the reagent of choice to promote both electrophilic substitution
and the Nazarov cyclization. The double-bond position is thermodynamically
controlled. Substituted acryloyl chlorides also react with vinyltrimethylsilane to
afford simple cyclopentenones. (160) For this variant, aluminum chloride is the
preferred reagent (Eq. 46).
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1- and 2-Phenylthio-substituted vinylsilanes are also useful reagents for
cyclopentenone annulation. (161-163) The products of reaction with these
reagents are very different (Eq. 47). In annulation reactions with a
cyclopentenoyl chloride,

PhS._ _SiMe; H 9

T Me
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1-phenylthiovinyltrimethylsilane affords 3-phenylthio-2-cyclopentenones while
the 2-phenylthiovinyltrimethylsilane affords 5-phenylthio-2-cyclopentenones. In
both cases the yields are modest.

The second application of vinylsilanes in the Nazarov cyclization uses
substituted acryloyl chlorides in combination with cyclic vinylsilanes. (67, 68) In
general the vinylsilanes are obtained by silylation of the vinyllithium reagents
generated from the corresponding hydrazones. In this modification the two
steps are promoted by different Lewis acids: aluminum trichloride for the
acylation and tin tetrachloride or boron trifluoride etherate for the Nazarov
cyclization. The yield of the reaction is dependent on the degree of substitution
of the alkenoyl chloride in the following order: B , B -disubstituted >
-monosubstituted > unsubstituted. With B, B -disubstituted acryloyl chlorides,
the position of the cyclopentenone double bond is not well controlled (Eq. 48).
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The acylation of acetylenes with alkenoyl chlorides constitutes an alternative
construction of cyclopentenones in a higher oxidation state. This reaction is
most likely not mechanistically related to the Nazarov cyclization, rather
involving electrophilic attack of the vinyl cation on the enone double bond. The

major products are 5-chloro-2-cyclopentenones and
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ratio of chloro- to alkylidenecyclopentenones is dependent on the type of
alkyne employed as illustrated for hexyne isomers: terminal alkynes afford
mostly alkylidenecyclopentenones while internal alkynes (and acetylene itself)
afford mostly chlorocyclopentenones (Eq. 49). (164-167)
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3.6. Miscellaneous Couplings

The construction of cyclopentenones from metal carbonyl compounds is a
powerful technology, albeit unrelated to the Nazarov cyclization. There are
however, two organometallic carbonylation reactions that most likely involve
the formation of divinyl ketones which cyclize under the reaction conditions to
afford cyclopentenones (Eq. 50). (168, 169)
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4. Synthetic Utility

Several variants of the Nazarov cyclization have been employed in synthesis
endeavors. For example, syntheses of simple cyclopentanoids such as
cis-jasmone, (111) prostaglandin analogs (135, 136, 170) and (¢)-valleranal,
(122) (£)-methyleneomycin B, (130) and (x)-xanthocin (131) feature the
Nazarov cyclization as a key step. More recently

0
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@) 50
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Ph Ph
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the Nazarov cyclization has been used in the synthesis of polyquinane natural
products such as (%)-hirsutene, (163) (£)-modhephene, (171, 172)
(+)-silphinene, (100, 148) (+)-pentalenene, (100a) (+)- D °**-capnellene, (95)
and (+)-cedrene. (173) The synthesis of (+)-D°*?-capnellene is noteworthy for
the use of msilicon—directed Nazarov cyclization in an iterative fashion. The
synthesis uehchukene alkaloid analogs has also employed a Nazarov
cyclization as a key step. (173a)

The Nazarov cyclization employing propargyl alcohols has been successfully
applied to the synthesis of ()-strigol, (145) (z)-nor-sterepolide, (150)
(x)-nookatone, (147) (x)-muscone, (152, 174) and (z)-muscopyridine. (147)
Industrially, an aromatic Nazarov cyclization is used in the synthesis of
(+)-indacrinone. (78)

A Nazarov-type cyclization has been postulated in the biosynthetic pathways
for cis-jasmonic acid (175, 176) and marine-derived prostanoids such as
preclavulone A. (177, 178)



5. Experimental Conditions

The diversity of substrates that are employed in the Nazarov cyclization and
their differing propensity to be transformed into the divinyl ketone equivalents
preclude generalizations about the reaction conditions. Since the cyclization of
divinyl ketones requires the formation of a 3-oxypentadienylic cation, protic
acids or Lewis acids are usually involved. The classical reagent for Nazarov
cyclizations is polyphosphoric acid, usually in formic acid solution, or sulfuric
acid in methanol. Modern variants employ Lewis acids such as tin tetrachloride,
boron trifluoride etherate, aluminum trichloride, or ferric chloride in
chlorocarbon solvents

Ooooooooooooooooodddoooooooooooooooooooooooan



6. Experimental Procedures

The procedures described below are chosen to be representative of each of
the important structural classes of precursors for cyclopentenones. The
generic structural class of precursor is provided parenthetically after the
compound name.

6.1.1.1. 3,4,4-Trimethyl-5-phenyl-2-cyclopentenone (Cyclization of an Allyl
Vinyl Ketone) (24)

2-Methyl-3-phenyl-2,6-heptadien-4-one (12 g, 0.60 mol) was slowly added
with stirring to 15 g of conc. phosphoric acid (sp. gr. 1.82). The mixture evolved
enough heat to reach a temperature of 85° and quickly became homogeneous.
After being stirred at 70° for 40 minutes, the reaction mixture was diluted with
water and then extracted with diethyl ether. The organic extracts were washed
with sodium bicarbonate solution, dried over magnesium sulfate, and then
concentrated. The residue was vacuum distilled to afford 10 g of the product

(83%): bp 129-130° (2 torr); ™5 1.5520; 4i"1.044. Anal. Calcd. for C14H160 : C,
83.92; H, 7.99. Found: C, 83.69; H, 8.15. The ketone solidified after distillation

A

gared, m

6.1.1.2. cis-Tricyclo[6.3.0.0%"Jundec-1(8)-en-2-one (Cyclization of a Diviny!
Ketone) (71)

1,1¢-Dicyclopentenyl ketone (19 g, 0.12 mol) was added with good stirring to
hot (100°) phosphoric acid (100 g) under nitrogen. The colorless solution
immediately turned dark brown. The reaction mixture was stirred for 30
minutes at 100°. After this time, the reaction solution was cooled in an ice bath,
and ice (100 g) was added immediately to the hot acid. The mixture was stirred
for 5 minutes. A dark precipitate formed during the addition of ice, but
dissolved on the addition of diethyl ether. Standard extractive workup with
ether gave a brown oil (19 g) which was distilled carefully to give 11.9 g (62%
yield) of a the tricyclic product of greater than 95% isomeric purity by gas
chromatography (OV-225) as a colorless oil; bp 60-63° (0.05 torr); UV nm max
(€) 244 (3700), 308 (72); IR (Nujol) 1690, 1630 cm™; *H NMR ( CDCls,

270 MHz) & multiplets centered at ca. 3.2 (1H), 3.1 (1H), 2.5 (2H), 2.4 (4H), 1.9
(1H), 1.6 (4H), and 1.3 (1H). A 2,4-dinitrophenylhydrazone of the product was
also prepared, mp 201-202° (chloroform/ethanol).

6.1.1.3. cis,trans-1,3,4,5,6,7,8,8a-Octahydroazulen-1-one (Silicon-Directed
Cyclization) (85)

Anhydrous iron trichloride (345 mg, 2.13 mmol) was added in one portion to a
cold (-5°) solution of (E)-1-(1-cycloheptenyl)-3-trimethylsilyl-2-propen-1-one
(450 mg, 2.02 mmol) in 25 mL of dichloromethane. The mixture was stirred at



—5° for 50 minutes by which time the starting material had been consumed.
Water (20 mL) was added, the mixture was diluted with dichloromethane

(10 mL), and the organic layer was removed. The aqueous phase was
extracted with dichloromethane (2 x 30 mL) and the individual organic extracts
were washed with saturated aqueous ammonium chloride solution and brine.
The combined organic extracts were dried ( K;CO3) and concentrated. The
residue was purified by flash column chromatography on silica gel (eluting with
hexaneethyl acetate 4:1) followed by distillation, bp 110° (0.01 torr) to afford
225 mg (74%) of the azulenone. GC analysis revealed the product to be an
85/15 mixture of cis and trans isomers; IR ( CHCI3) 3010, 2940, 1705 (C = O),
1580 (C =C) cm™; *H NMR ( CDCl3, 90 MHz) & 7.85 (dd, J = 5.0, 2.0 Hz, 1H),
6.40 (dd, J = 5.0, 1.5 Hz, 1H), 3.55-3.25 (m, 1H), 2.92-2.62 (m, 1H),
2.48-1.38 (br m, 10H); mass spectrum m/z (rel. intensity) 150 (68), 135 (28),
108 (65), 107 (78), 95 (100), 94 (30), 93 (32), 83 (35), 79 (71), 77 (36), 68 (32),
67 (40), 66 (32), 53 (42). Anal. Calcd. for C10H140 : C, 79.96; H, 9.39. Found:
C, 79.85, H, 9.50.

6.1.1.4. (4ab,4ba,9aa)-1,2,3,4,4a,4b,5,6,7,9a-Decahydro-1H-fluoren-9-one
(Silicon-Directed Cyclization of an Allylsilane) (89)
To a cold, (-50°) stirred mixture of anhydrous iron trichloride (170 mg,
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1.00 mmol) in 10 mL of dichloromethane. The reddish-brown mixture was
allowed to stir 1 minute and then quenched by the addition of brine (50 mL)
and diluted with diethyl ether (50 mL). The water layer was separated,
extracted with diethyl ether (2 x 50 mL) and the combined diethyl ether
extracts w ashed with water (75 mL) and brine (75 mL), and then dried
(MgSO0O,) and evaporated to afford 157 mg (79%) of the product as a clear and
colorless oil; bp 85° (0.3 torr); mp 78.5-79.5° (pentane); Ry 0.23
(hexane/EtOAc 19/1); IR (neat): 2921s, 2854s, 2813w, 1713s, 1653s, 1449s,
1415 m, 1363w, 1349w, 1293 m, 1244 m, 1232w, 1222w, 1208 m, 1196w,
1173w, 1144w cm™; *H NMR ( CDCls, 300 MHz) 6 6.64 (d, J = 2.6 Hz, 1H),
2.35-2.19 (m, 1H), 2.19-1.61 (m, 6H), 1.70-1.91 (m, 3H), 1.55-1.37 (m, 1H),
1.30-0.84 (m, 6H); **C NMR ( CDCls, 75.5 MHz) & 204.7, 141.0, 131.5, 54.9,
48.1,42.4, 30.3, 26.5, 25.9, 25.5, 25.1, 21.4. MS (70 eV) m/z (rel. intensity)
190 (M", 82), 163 (11), 162 (84), 161 (32), 149 (10), 148 (14), 147 (18), 134
(11), 133 (19), 109 (15), 108 (100), 98 (20), 94 (50), 81 (24), 80 (55), 79 (39).
Anal. Calcd. for C13H1g0 : C, 82.06; H, 9.53. Found: C, 82.11; H, 9.54.

A

6.1.1.5. Bicyclo[10.3.0]pentadec-1(12)-en-13-one (Solvolysis of a Dichloro
Homoallyl Alcohol) (109)

1-(1,1-Dichloro-2-propenyl)cyclodecanol (105 g, 0.36 mmol) was added in one
portion to trifluoroacetic acid (1.3 mL) at room temperature. The dark red
solution was stirred vigorously for 1.5 hours and then was diluted with diethyl
ether (10 mL) and neutralized with aqueous sodium bicarbonate solution. The



mixture was extracted with diethyl ether (4 x 20 mL) and the combined organic
extracts were dried ( Na»SO4) and concentrated in vacuo to give an oil, which
was purified by preparative TLC (silica gel, dichloromethane-diethyl ether, 10/1)
to afford 71 mg (90%) of the product; *H NMR ( CDClz 60 MHz) & 2.6-1.9 (m,
8H), 1.9-0.9 (m, 16H); IR (neat) 1690, 1634 cm™; mass spectrum m/z (rel.
intensity) 220 (M*, 65), 177 (93), 149 (100), 110 (65).

6.1.1.6. 2-Pentyl-2-cyclopentenone (Epoxidation of a Vinylallene) (119)
4-Nitroperoxybenzoic acid (3.66 g, 0.02 mol) was added in small portions to a
cold (0°), stirred solution of 3-pentyl-1,2,4-pentatriene (2.73 g, 0.02 mol) in
dichloromethane (50 mL). After being stirred at 0° for 24 hours, the suspension
was filtered and the filtrate was washed with 5% aqueous sodium hydroxide
(3 x 20 mL) and water and was then dried ( MgSQ.). The dichloromethane
was evaporated and the residue was purified by silica gel chromatography
(petroleum ether—ether, 20/1) to afford 2.42 g (80%) of the product; IR (neat)
3040, 1705, 1445, 1050, 1000 cm™; *H NMR ( CCly) 8 7.15 (m, 1H), 2.75-1.90
(m, 6H), 1.80-1.10 (m, 6H), 0.89 (t, 3H).

6.1.1.7. Methylenomycin B (Solvolysis of a Methoxyalleny! Vinyl Carbinol)
(130)
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2,3-dimethyl-3-hydroxy-4-[(methoxymethyl)oxy]-1,4,5-hexatriene (1.0 g,

5.4 mmol) containing 2,6-lutidine (3.1 mL, 27 mmol). After 5-10 minutes at
—20°, the reaction was quenched by the addition of water (3 mL) and the
product was extracted into diethyl ether. The ether layer was washed with
water and e and dried over magnesium sulfate. Filtration followed by
evaporation of the solvent furnished a residue which was purified by column
chromatography on silica gel to afford 490 mg (74%) of methylenomycin B as
a pale yellow oil which crystallized in the freezer; mp 4°; IR (neat) 1690, 1660,
1625 cm™; *H NMR ( CDCls, 300 MHz) & 6.02 (m, J = 1 Hz, 1H), 5.32 (m,

J = 1.5 Hz, 1H), 3.05 (br s, 2H), 2.04 (m, J = 1.0 Hz, 3H), 1.78 (m, J = 1.0 Hz,
3H); *C NMR ( CgDs, 75 MHZ) & 194.79, 162.30, 142.35, 138.18, 114.11,
36.59, 15.90, 8.28; mass spectrum m/z (rel. intensity) 122, 107, 93, 86, 84, 79.

6.1.1.8. 3a-Methyl-2,3,3a,4,5,6-hexahydro-(1H)-inden-1-one (Cyclization of a
Propargylic Diol) (147)

n-Butyllithium solution in hexane (2.0 M, 15.8 mL, 32 mmol) was added to a
cold (—78°) solution of propargyl alcohol (0.85 g, 15.1 mmol) in THF (40 mL).
After being stirred at —78° for 3 hours a solution of 2-methylcyclohexanone
(12.12 g, 10.0 mmol) in THF (10 mL) was added and the solution was allowed
to stir at —78° for 1 hour and then at room temperature for 0.5 hour. After
aqueous workup, the crude oil was purified by silica gel column
chromatography to afford the adduct (1.48 g, 88% yield) as a 3:2 mixture of
diastereomers. The mixture was used for the subsequent cyclization.
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Concentrated sulfuric acid (1.5 mL, 28 mmol) was added dropwise at 0° over
15 minutes to a solution of the adducts (162 mg, 0.96 mmol) in methanol

(1.5 mL). After being stirred at 0° for 1.5 hours the reaction was diluted with
diethyl ether (15 mL) and neutralized with aqueous sodium hydrogen
carbonate solution. Extractive workup afforded a crude oil that was purified by
preparative TLC (dichloromethane) to afford 101 mg (70%) of the product: bp
78-80° (0.04 torr); IR (neat) 1716, 1646 cm™; *H NMR ( CCl4, 90 MHz) & 6.37
(t, J = 3.6 Hz, 1H), 2.5-1.2 (m, 10H), 1.08 (s, 3H); mass spectrum m/z (rel.
intensity) 151 (M* + 1, 8), 150 (M*, 42), 135 (32), 122 (33), 108 (75), 93 (88),
79 (100). Anal. Calcd. for C1oH140 : C, 79.95; H, 9.39. Found: C, 79.69; H,
9.33.

6.1.1.9. 1,2,3,4,5,6-Hexahydropentalen-1-one (Coupling of an a , 8
-Unsaturated Acid Chloride with Vinyltrimethylsilane) (68)

Tin tetrachloride (26.35 g, 101 mmol) was added dropwise to a cold (—30°)
solution of cyclopentene-1-carbonyl chloride (12.00g, 92 mmol) and
vinyltrimethylsilane (10.13 g, 101 mmol) in dichloromethane (100 mL). The
reaction mixture was allowed to stir at —30° for 1 hour and then warmed to 25°
and stirred for 6 hours. The solution was poured onto water (100 mL) and

3

dried ( Na»SO.), and evaporated in vacuo to afford 5.90 g (52.5%) of the
product; bp 114-115° (13 torr); IR (neat) 2920, 2820, 1695, 1640, 1385,
1025 cm™; *H NMR ( CCls, 60 MHz) & 2.82-2.15 (m, 8H), 2.15-1.6 (m, 2H);
mass specﬁ‘n m/z calcd. for CgH;00 : 122.073, found 122.073.

1 Nt A T il [



7. Tabular Survey

The following tables contain examples of the Nazarov cyclization reaction in its
various manifestations as defined in the preceding sections. The tables are
arranged following the organizational format described in the Introduction. The
table headings are self explanatory following the order of decreasing structural
similarity to divinyl ketones. Within each structural subclass the listing of
examples follows the order of increasing complexity from acyclic to monocyclic
to polycyclic. Where established in the original articles, the configuration of the
products is indicated. The literature survey includes articles appearing up to
December 1991.

Since all of the carbon atoms for the final products appear in the starting
material (with the exception of Tables V.A., V.C., and V.D.) the ordering of
increasing carbon count for the starting materials and the products coincide.
To further maintain this order, the carbon atoms of the silyl and tin substituents
in the silicon- and tin-directed Nazarov cyclizations (Table Il) are not counted.
For the in situ construction of divinyl ketones (Tables V.A., V.C., and V.D.) the
order follows increasing carbon count in the carboxylic acid derivative. For

I ) o e e [

by increasing carbon count (not including silyl substituents) of the olefinic or
acetylenic component is observed.

The following abbreviations are used in the tables:

D acac acetylacetonate
Bn benzyl
BOM  benzyloxymethyl
DME 1,2-dimethoxyethane
MCPBA m-chloroperoxybenzoic acid
MOM  methoxymethyl
MPPA monoperoxyphthalic acid
PNPBA p-nitroperoxybenzoic acid
PPA  polyphosphoric acid
TFA trifluoroacetic acid
TFAA trifluoroacetic anhydride
TfO trifluoromethanesulfonate
thexyl i-PrCMe,
TMS  trimethylsilyl
Ts p-toluenesulfonyl



Table IA. Cyclization of Allyl Vinyl and Divinyl Ketones A. Acyclic
Precursors

View PDF

Table IB. Cyclization of Allyl Vinyl and Divinyl Ketones B. Cyclic
Precursors

View PDF
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Table IC. Cyclization of Allyl Vinyl and Divinyl Ketones C. Anomalous
Cyclizations
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View PDF

Table ID. Cyclization of Allyl Vinyl and Divinyl Ketones D. Photochemical
Cyclizations

View PDF

Table lIA. Silicon (Tin)-Directed Nazarov Cyclizations A. Acyclic
Precursors
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Table 1IB. Silicon (Tin)-Directed Nazarov Cyclizations B. Cyclic
Precursors
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Table llIA. Cyclizations of In Situ Generated Divinyl Ketones A.
Nonacetylenes; a -Elimination
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Table llIB. Cyclizations of In Situ Generated Divinyl Ketones B.
Nonacetylenes; B -Elimination

View PDF

Table llIC. Cyclizations of In Situ Generated Divinyl Ketones C. Acyclic
Acetylenes

View PDF

Table llID. Cyclizations of In Situ Generated Divinyl Ketones D. Cyclic
Acetylenes
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Table llIE. Cyclizations of In Situ Generated Divinyl Ketones E. a
-Vinylcyclobutanones

View PDF

Table IVA. Cyclization of Divinyl Ketone Equivalents from Solvolysis A.
Geminal Dichlorides
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Table IVB. Cyclization of Divinyl Ketone Equivalents from Solvolysis B.

2-Furylcarbinols

View PDF

Table IVC. Cyclization of Divinyl Ketone Equivalents from Solvolysis C.
Vinylallenes

View PDF

Table VA. In Situ Construction of Divinyl Ketones A. Olefinic Acids and
Anhydrides
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Table VB. In Situ Construction of Divinyl Ketones B. Olefinic Esters

View PDF

Table VC. In Situ Construction of Divinyl Ketones C. Olefinic Acid
Halides and Olefins

View PDF
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Table VD. In Situ Construction of Divinyl Ketones D. Acid Halides and
Paraffins
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Table VE. In Situ Construction of Divinyl Ketones E. Acid Halides and
Acetylenes
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Table VF. In Situ Construction of Divinyl Ketones F. Organometallics
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