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1. Introduction

The aim of this review is to highlight recent discoveries in
the use of Fischer carbene complexes in the synthesis of
five-membered rings. In recent years, numerous reviews
of the use of Fischer carbene complexes in organic synthesis
have appeared.1 By far the most famous and most heavily

utilized reaction of Fischer carbene complexes is the synth-
esis of phenols via the coupling of alkynes witha,b-
unsaturated carbene complexes (including arylcarbene
complexes), commonly known as the Do¨tz reaction
(depicted in Scheme 1). Many other studies highlight the
formation of other ring sizes;2 the use of Fischer carbene
complexes for cyclopropanation of alkenes3 and for the
preparation of four-membered carbocycles via photolytic
coupling of carbene complexes and alkenes1e have been
reviewed. Numerous reaction processes of Fischer carbene
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complexes result in the formation of five-membered
carbocycles,4 and include both deliberate and accidental
discoveries. Many of these processes have been very well
studied, and the scope, limitation, and reaction mechanism
have been firmly established in many of these cases. In this
review, the aim is to present all classes of reactions that
result in the transformation of carbene complexes into
cyclopentanoid derivatives and to present the scope and
limitation for all well-studied processes. In general, this
review focuses on processes that consume the carbene
complex; processes where the carbene complex is an
auxiliary are not presented.

2. Cycloaddition Processes

2.1. Omission of CO from the Dötz reaction

The coupling ofa,b-unsaturated (including aryl) carbene–
chromium complexes (e.g.1, Scheme 1) with alkynes
(commonly known as the Do¨tz reaction) is a well-
established method for the preparation of phenol derivatives
(e.g. 5); the mechanism for this important reaction is
depicted in Scheme 1. Although phenol formation is usually
the desired reaction pathway, in many cases other
compounds are obtained in addition to phenol products,
including five-membered rings (e.g.7), furans, cyclo-
butenones, and products resulting from insertion of more
than one alkyne unit. Phenol and five-membered ring forma-
tion are related, and differ only in the incorporation of
carbon monoxide in a late step of the reaction process,
where intermediate vinylcarbene complex2 can either
undergo CO insertion to form vinylketene3 and eventually
the phenol (5), or undergo direct cyclization to6 and even-
tually form the indene (7). Much controversy surrounds the
formation of vinylcarbene complex2. Although early
studies suggested that the conversion of1 and alkynes to
2 involves CO-dissociation followed by [212]-cyclo-
addition and pericyclic ring opening of the resulting metal-
lacyclobutene,5 theoretical studies6 strongly suggest that the

h3-vinylcarbene complexes (e.g.2) are the initially formed
intermediates from coupling of alkynes and Fischer carbene
complexes.

The factors affecting the distribution of five- vs. six-
membered ring cycloaddition reactions have been exten-
sively probed.7 If the naphthol formation pathway is
blocked through substitution at bothortho positions as in
carbene complex8 of Scheme 2,8 five-membered ring
formation appears to be favored (Scheme 2), however
naphthol formation becomes the major reaction pathway if
either of theortho positions is unsubstituted. Presumably
cyclopentadiene derivative10 is produced initially, which
rearranges to the observed product under the reaction condi-
tions. Indene formation appears to be favored in polar coor-
dinating solvents, and under high dilution conditions.9

Carbene complexes of molybdenum and tungsten, as well
as carbene complexes featuring strongly electron-donating
substituents,10 appear to generally provide less CO-incor-
porated products than the chromium–alkoxycarbene
complexes featured in Schemes 1 and 2. A recent paper
notes that the regioselectivity differs for indene and
phenol formation, which suggests that the initial alkyne
insertion process (e.g.1!2 in Scheme 1) is reversible.11

In numerous cases, indene formation is the major reaction
pathway, and these studies will be discussed in succeeding
sections.

2.2. Coupling of phenyl(amino)carbene–chromium
complexes with alkynes

Indene formation is the exclusive reaction pathway
observed in the coupling of aryl(amino)carbene–chromium
complexes (11, Scheme 3) and alkynes (Table 1).12 A
mixture of the double position isomers, enamine12 and
allylamine13, is produced initially in the reaction, however
the enamines are unstable under the isolation conditions; the
corresponding indanone derivative14 is isolated after
chromatography. The optimal conditions for this cyclo-
addition are 120–1258C in DMF solvent. The alkoxy analog

Scheme 1.

Scheme 2.
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of complex11 (complex1) also affords an indene derivative
under these conditions in 83% yield. The reaction proceeds
at lower temperatures (refluxing benzene) if the carbene
complex is activated by intramolecular alkene coordination
(see Entry 5 of Table 1).13 Formation of indanones has been

attributed to the stronger electron-donating ability of the
amine group (relative to an alkoxy group), which stabilizes
vinylcarbene complex intermediates (e.g.2 of Scheme 1),
and thus suppresses the crucial CO insertion step of the
benzannulation process.10 This reaction process does not

Scheme 3.

Table 1. Synthesis of indane derivatives via the coupling of phenyl(amino)carbene complexes and alkynes

Entry R1 R2 RL RS Yield 14 (%) Yield 13 (%)

1 R1,R2�–(CH2)2O(CH2)2– n-Bu H 95
2 R1,R2�–(CH2)4– Et Et 52
3 R1,R2�–(CH2)2O(CH2)2 Et Et 96
4 R1,R2�–(CH2)2O(CH2)2 Ph CH3 41 52
5a –CH2CHyCH2 H Et Et 71b

a The pentacarbonyl complex was converted to the alkene–tetracarbonyl complex prior to reaction with the alkyne; the reaction was conducted at 808C.
b The arene–chromium tricarbonyl complex was isolated.

Table 3. Synthesis of18 or 19 via coupling of15 with alkynes in DME or THF/acetonitrile

Entry R R0 RL RS Yield 18 (%) Yield 19 (%)

1 Et –(CH2)2O(CH2)2– n-Pr H 66
2 –(CH2)3OTBS –(CH2)2O(CH2)2– n-Pr H 62
3a Et –(CH2)2O(CH2)2– Ph H 97
4a –(CH2)3OTBS –(CH2)2O(CH2)2– TBS H 72

a In THF/acetonitrile.

Table 2. Synthesis of aminoyclopentadienes16 via coupling of15 and alkynes in pyridine or acetonitrile

Entry R R0 RL RS Yield 16 (%)

1 Cyclopropyl Me Cyclopropyl H 95
2 Me Me Me Me 56
3 Me Me CH2OTBS H 86
4 Ph –(CH2)4– Cyclopropyl Cyclopropyl 51
5 –CH2CH2C(Br)yCH2 Me Me Me 79
6 Cyclopropyl Me 2-TBSO–cyclopropyl H 82

Scheme 4.
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extend to alkenylcarbene complex analogs, which usually
afford benzannulation products.14,15

2.3. Coupling ofb-amino–a,b-unsaturated carbene
complexes with alkynes

A versatile synthesis of various classes of cyclopentanoid
derivatives can be achieved through coupling ofb-amino–
a,b-unsaturated carbene complexes (15, Scheme 4) and
alkynes.16 The starting carbene complexes are readily
available from the addition of alkynyllithium reagents to
chromium hexacarbonyl, followed by alkylation and
amine addition. The two different reaction processes
depicted in Scheme 4 are commonly observed in the
coupling of complex15 with alkynes, depending primarily
upon the structure of the alkyne, the identity of R, and the
reaction conditions.

The reaction affords predominantly aminocyclopentadiene
derivatives (16) under two circumstances: (1) coupling with
terminal alkynes; and (2) coupling with internal alkynes
using either pyridine or acetonitrile as solvent (Table 2).17

This reaction is mechanistically analogous to the reaction in
the previous section. In reactions using cyclopropylacety-
lene derivatives performed in methanol, secondary ring
opening processes lead to the direct formation of alkyli-
denecyclopentenes (17).18

In a mechanistically different process, 5-alkylidene-2-cyclo-
pentenones (18) or 2-alkenyl-2-cyclopentenones (19) are
formed as a result of CO insertion processes (Table 3).19,20

Cyclopentenone18 is observed when15 is coupled with
either terminal or internal alkynes in ethereal solvents. If
complex 15 features a hydrogen at the 4-position, cyclo-
pentenone19 can be obtained as the exclusive product if
the coupling reaction is performed in 9:1 THF/acetonitrile.
In this reaction, a vinylketene complex (21, Scheme 5) is
formed via alkyne insertion followed by CO-insertion.
Nucleophilic addition of the enamine functionality to the

vinylketene affords the five-membered ring enolate22,
which then converts to the aminoalkylidene complex.

The conversion of carbene complex15 to cyclopentenone
19has been used as the cornerstone for the total synthesis of
the antihypertensive Oudenone (27, Scheme 6).19 Conver-
sion of alkyne24 to carbene complex25, followed coupling
with trimethylsilylacetylene affords cyclopentenone26,
which is transformed to the Oudenone in a single step.

Several processes have been reported in which alkynes of
general structure15 couple with more than one mole of a
terminal alkyne to provide cyclopentanoid products.21,22For
example, the coupling of complexes of general structure15
and a large excesses of a terminal alkyne led to cyclopenta-
pyran derivatives (Scheme 7 and Table 4). A similar
mechanism to Scheme 5 was proposed, however insertion
of a second alkyne (20!28) is preferred over CO insertion
(20!21, Scheme 5) after generation of the initial carbene
complex20. Subsequent addition/elimination from enolate
intermediate30 leads to the cyclopentapyran system. The
unusual formation of spiro[4.4]nonatriene derivatives33
and 34 was observed in the coupling of carbene complex
32 with large excesses of phenylacetylene derivatives
(Scheme 8); the mechanism for this transformation is
unclear.23

2.4. Coupling ofa,b-unsaturated tungsten- and
molybdenum carbene complexes with alkynes

Various systematic24,25 and isolated26 studies have
suggested that the coupling of alkynes anda,b-unsaturated
molybdenum- and tungsten carbene complexes is more
likely to produce a five-membered ring derivative than
chromium analogs, which usually afford phenol derivatives,
however in very few cases does the reaction lead to the
exclusive formation of five-membered rings. A two-step
process, involving the coupling of ynamine36 with a,b-
unsaturated tungsten carbene complex35 followed by

Scheme 5.

Scheme 6.
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thermal cyclization constitutes a general synthesis of five-
membered ring derivatives (Scheme 9).27 Initial coupling of
the carbene complex and ynamine affords a 2:1 mixture of
the alkyne insertion product (37) and the [212]-cyclo-
addition/ring opening product (38). Both of these
compounds undergo cyclization to the five-membered ring
iminium salts at 208C. The initially formed cyclopentene–
iminium salt 39 is easily transformed to cyclopentenone
derivative40.

2.5. Coupling of cyclopropylcarbene–chromium
complexes with alkynes

The reaction of cyclopropylcarbene-chromium complex42
with alkynes leads to 3-methoxy-2-cyclopentenones (44) in

good to excellent yields using a variety of alkyne derivatives
(Scheme 10 and Table 5).28 The reaction initially produces
cyclopentadienone derivatives (43), which are then reduced
to the corresponding cyclopentenones (44) by low-valent
chromium byproducts; water (deliberately added) serves
as the proton source. In most cases the reaction affords
mixtures of cis and trans stereoisomers, however these
mixtures could be isomerized to thetrans isomer in most
cases by treatment with basic methanol. The mechanism
depicted in Scheme 11 has been proposed to account for
the formation of the five-membered ring derivatives (the
mechanism for conversion of cyclopentadienone43 to
cyclopentenone44 is discussed later). The regioselectivity
is similar to that observed in the Do¨tz reaction, and arises
from the same event, alkyne insertion (42!45). In cases
where both of the alkyne substituents are aromatic rings,
the cyclopentadienone derivatives can be isolated in good
yield.29 As noted in Table 5, a wide variety of functional
groups are tolerated in the reaction, including alcohols. The
reaction was initially a surprise in that the authors expected
this reaction to be the homologue of the Do¨tz reaction, and
were actually expecting seven-membered rings (49) via
reductive elimination in intermediate pentadienoyl complex
47. Although successful seven-membered ring synthesis

Scheme 7.

Table 4. Synthesis of fulvenes (31) from the coupling of excess terminal
alkynes with complex15

Entry R R0 R00 Yield 31 (%)

A –C(CH3)Oet Me n-Pr 59
B –C(CH3)OEt– Me Ph 51
C Ph Me Ph 24
D t-Bu Me Ph 52

Scheme 8.

Scheme 9.
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was later achieved using molybdenum and tungsten
analogs,30 the scope and limitation of the five-membered
ring synthesis has been studied quite exhaustively.
Numerous variants of this reaction process have been
developed and will be discussed in succeeding sections.

Intramolecular variants of the above reaction have been
studied extensively.31 Compounds containing both cyclo-
propylcarbene and alkyne groups (e.g.52, Scheme 12) are
prepared from the chromium carbene acylate salt and

alcohols. In most cases, primary alcohols can be converted
to carbene complexes in good yield, however reaction with
secondary alcohols is usually less successful. Thermolysis
of a variety of alkyne–cyclopropylcarbene complexes in
either aqueous dioxane or aqueous toluene leads to cyclo-
pentenone rings fused to oxygen heterocycles (e.g.53). The
reaction proceeds in good yield when the size of the hetero-
cyclic ring formed is five, six, or seven and an internal
alkyne is employed. The reaction using terminal alkynes
is effective if the ring size is greater than or equal to six,
however silylated alkynes produce products equivalent to
those derived from terminal alkynes since the predicted
a-silylketone derivatives undergo desilylation under the
reaction conditions. The vinylogous ester products undergo
facile ring opening reactions (53!54 and53!55) to afford
the monocyclic derivatives with net complete control of
regiochemistry.

The thermolysis of alkyne–cyclopropylcarbene complexes
featuring a stereogenic center in the tethering chain is some-
times highly stereoselective;32,33 the two substrates (56 and
59) depicted in Scheme 13 all proceed with a high degree of

Scheme 10.

Table 5. Synthesis of cyclopentenone derivatives44 through coupling of
alkynes and complex42

Entry RL RS 44 (%) trans:cis

1 Ph Ph 78 85:15
2 Ph CH3 75 73:27 (7.5:1 regioselectivity)
3 n-C3H7 H 68
4 (CH2)4OH H 68
5 (CH2)4OTBS H 58
6 n-C3H7 n-C3H7 60 50:50

Scheme 12.

Scheme 11.
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Scheme 13.

Scheme 14.

Scheme 15.
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stereoselectivity for heterocyclic ring formation; the major
stereoisomer corresponds to the thermodynamically more
stable isomer. In both of these cases, the high stereo-
selectivity was observed only in aqueous toluene. Placement
of a methyl group at the other positions of five- and six-
membered ring forming substrates was also studied,
however a much lower level of stereoselection was observed
in these cases. This reaction was used as the cornerstone for
the synthesis of de-ABC-cholestanone (64) a precursor for
the D ring of vitamin D.

The stereochemistry is established during the cyclopenta-
dienone reduction step; the mechanism for this process is
depicted in Scheme 14 for complex59 transforming to
cyclopentenones60 and 61. Reduction of initially formed
cyclopentadienone involves a net transfer of two electrons
and two protons to the cyclopentadienone nucleus, and this
has been supported by deuterium labeling studies. Forma-
tion of the oxygen-bound chromium complex (66) can lead
to electron delocalization into the five-membered ring
through resonance form67. Protonation leads to cyclo-
pentadienide68; cyclopentadienides are well known to
scramble above 358C. Equilibration of all cyclopentadienide
isomers (68–73) prior to addition of the second proton has
been suggested as the critical stereochemistry-determining
event. The results are consistent with regioisomers68 and
73 as the major species at equilibrium since protonation
provides nearly exclusively the vinylogous ester regio-
isomers60 or 61 and not74. The net effect is equilibration

of 68 and73, and protonation of the more stable isomer68
results in the major product60. All other proton sources are
inferior to water; the role has been attributed to the crucial
hydration of chromium prior to delivery of the second
proton. Other reaction processes taking advantage of the
anionic nature of the five-membered ring have been
designed (described later).

Optimal conditions for the synthesis of cyclopentadienones
(e.g. 76, Scheme 15) involves conducting the reaction in
heptane solvent at reflux;29 the nonpolar solvent system
may simply disfavor resonance form67 of Scheme 14
(i.e. disfavor electron transfer to the cyclopentadienone
ligand). Only diphenylacetylene leads to cyclopenta-
dienones in high yield. The reaction of complexes featuring
pendant alcohol derivatives (e.g.75) leads to cyclopenta-
dienones which are rapidly transformed to cyclopentene-
dione monoketals (77). This reaction process is
completely diastereoslective when the pendant alcohol is
secondary.

When alkynes featuring a leaving group in the propargyl
position (e.g.78, Scheme 16) are coupled with cyclopropyl-
carbene complexes, ab-elimination process can occur from
the cyclopentadienide anion (79) leading eventually to
alkylidenecyclopentenone derivatives (81).34 The reaction
featuring propargyl oxygens leads to alkylidenecyclopente-
nones only if the alkyne is substituted such that the pro-
pargyl functionalized side ends up at the 4-position. This

Scheme 16.

Scheme 17.
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Scheme 18.

Table 6. Synthesis of cyclopentenones92 and93 from the coupling of alkylcarbene complexes and alkynes

Entry R RS RL Yield (cis:trans) Yield 93 (%)

1 H H Ph 28
2 H n-Pentyl n-Pentyl 34 (2:1) 24
3 H H a 52
4 H Ph Ph 23 (2:1) 13
5 Pr Ph Ph 26 (89:11) 12
6 TMSCH2CH2– Ph Ph 48 12
7 PhCH2– Ph Ph 28
8b Pr H –CH2CH2O-allyl 26c

a RL�–CH(CH3)CH2CH2C(CH3)vCH2.
b The molybdenum complex was used.
c Also a cyclopropyltetrahydropyran derivative (8%) and a furanone (29%) were obtained.

Scheme 19.
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can be achieved either by placing the propargyl alcohol
derivative at the smaller side of the alkyne (as in general
structure78) or placement within the tethering chain in an
intramolecular reaction (as in substrates82 and 84). In
virtually every case tested, some of the alkylidenecyclo-
pentenone is observed as a product of the carbene–alkyne
coupling reaction, however the acetate group is completely
eliminated in every system examined. In the 5,6-fused cases
represented by82 and84 in Scheme 16, all oxygen groups
are eliminated (R�H, TBS, or THP were tested), however in
the 5,5 cases and in acyclic systems, alcohol and ether
groups are not completely eliminated. In cases where
alkenylacetylene derivatives are employed (e.g.84), the
reaction affords predominantly the 4,5-dialkylidenecyclo-
pentenone derivatives (86), which result from isomerization
of the initially anticipated 5-alkenyl-4-alkylidene-2-cyclo-
pentenones (85). The 4,5-dialkylidenecyclopentenone ring
system is relatively rare.35

Independent generation of cyclopropylvinylcarbene
complex intermediates analogous to45 of Scheme 11 via
an alternate pathway, coupling of cyclopropylvinyl-
acetylene87 (Scheme 17) and simple carbene complexes
(note the structural similarity of45 of Scheme 11 and88 of
Scheme 17), can also lead to the formation of cyclo-
pentenone derivatives (89).36 Remarkable annulation
selectivity is observed in the coupling of cyclopropylvinyl-
acetylene87 with the cyclopropylcarbene complex42
(R�cyclopropyl in Scheme 17). Complete selectivity for

opening of the cyclopropane ring at the enyne has been
reported, and none of the product from coupling of the
cyclopropylcarbene at the alkyne,90, is detected in the
reaction.

2.6. Coupling of alkylcarbene complexes with alkynes

Cyclopentenone products similar to those from the previous
section can also be produced from the coupling of alkyl-
carbene complexes with alkynes (Scheme 18 and Table 6),37

however the reaction is mechanistically quite different. This
method is most effective for dialkylacetylenes; cyclobute-
nones and two-alkyne insertion products are formed as
minor byproducts in most of these studies. Compounds of
this type have also been observed in the coupling of molyb-
denum carbene complexes with alkynes,38,39 and in intra-
molecular couplings involving aminocarbene complexes.40

A variety of mechanistic proposals have been offered for
this transformation, which can be divided into two major
themes differing in the timing of the C–H activation
(94!99 and 95!96) and CO insertion (94!95 and
99!100) events. The involvement of a free ketene (95,
uncomplexed) in these reactions was ruled out through inde-
pendent generation by cyclobutenone thermolysis. Mixtures
of the vinylogous ester isomer93and the 4-alkoxy-2-cyclo-
pentenone isomer94 were obtained in most cases.

2.7. Coupling of carbene complexes with multiple
alkynes

The coupling of carbene complexes with two alkyne
molecules can result in the formation of 2-alkenyl-4-cyclo-
pentene-1,3-diones (105, Scheme 19 and Table 7).41 In
general, this class of products is produced efficiently only
if a five- or six-membered ring-forming intramolecular
carbene alkyne coupling (e.g.101!102) is followed by an
intermolecular carbene–alkyne coupling, as is depicted in
the general reaction equation in Scheme 19. In most cases,

phenols that result from a two-alkyne-benzannulation
process (e.g.108, described in the cyclization section) are
obtained as minor but significant byproducts, accompanied
by the cyclohexadienone derivative109. The mechanism in
Scheme 19 has been proposed to account for the formation
of these products. Conversion of intermediate vinylcarbene
complex to the metallacyclobutenone (103) and maleoyl–
metal complexes (104) have been suggested as key inter-
mediates for cyclopentenedione formation.

Table 7. Synthesis of cyclopentenediones (105) via coupling of carbene
complex101and two alkynes

Entry R1 R2 Yield 105(%) Yield 108(%) Yield 109(%)

1 H Ph 54 16 20
2 Et Et 27 0 11
3 H n-Pr 55 18 15
4 H –(CH2)3COOEt 41

Table 8. Synthesis of cyclopentadiene114 from the coupling of alkynyl-
carbene complexes and enamines

Entry R R0 M Yield 114(%)

1 Me –(CH2)3– W 73
2 –(CH2)4– –(CH2)3– W 72
3 –(CH2)4– –(CH2)3– Cr 87
4 –(CH2)2O(CH2)2– –(CH2)4– W 87
5 –(CH2)2O(CH2)2– –(CH2)5– W 76

Scheme 20.
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2.8. Coupling ofa,b-unsaturated carbene complexes
with enamines

The synthesis of cyclopentadiene derivatives (114, Scheme
20) is readily achieved through the reaction of alkynyl-
carbene–chromium and –tungsten complexes (110) and
enamines (111).42–44 A variety of five-, six-, and seven-
membered ring and acyclic enamines have been tested in
their reaction with phenylethynylcarbene complexes
(Table 8). In some cases, the enol ether derivatives114
cannot be isolated due to hydrolysis on silica gel, and the
enone derivatives (115) are obtained after chromatography.
A mechanism involving Michael addition of the enamine
(1101111!112) followed by 1,3-proton transfer affords
the a,b,g,d-unsaturated carbene complex113, which
cyclizes (see similar intermediates in Scheme 1) to afford
cyclopentadiene114.

A stereoselective [312]-cycloaddition process also occurs
when alkenylcarbene–tungsten complexes (116, Scheme
21) couple with enamines at 25–608C in THF, leading to
either cyclopentenes119 or 123 (Table 9).45 The regio-
chemistry of addition is different for enamines derived
from aldehydes (117) and enamines derived from ketones
(121), and this regiochemistry different has been attributed
to competing Michael and 1,2-addition processes of the
enamines. For ketone-derived enamines, a mechanism
involving 1,2-addition (1161121!122) followed by

intramolecular coupling of the allyltungsten nucleophile
with the iminium salt has been proposed. For aldehyde-
derived enamines, a mechanism involving Michael addition
(1161117!118) followed by intramolecular C–C bond
formation has proposed; reactions employing thet-butoxy-
carbene complex are completely regioselective while a
minor regioisomer is observed in reactions employing
methoxycarbene complexes. The relative stereochemistry
of the five-membered ring substituents is established with
a very high degree of selectivity. A high degree of relative
asymmetric induction is observed for enamines featuring
chiral auxiliaries in the R groups at nitrogen (entries 2 and
4 of Table 9). Hydrolysis of the initially obtained enol ethers
119and123affords ketones120and124, respectively.

2.9. Coupling of carbene complexes with dienol ethers

The coupling of alkenylcarbene complexes (125, Scheme
22) and methyl acrylate (126) affords mixtures of the
expected vinylcyclopropane derivative127 and cyclo-
pentene derivatives128 and 129.46,47 Cyclopentene128
does not arise through rearrangment of vinylcyclopropane
derivative127. The product distribution can be controlled
by solvent effects, and cyclopentenes are the exclusive
products from the coupling of pyrrolyl derivatives of125
(Ar�2-pyrrolyl). Examples where the cyclopropanation and
vinylcyclopropane rearrangement are performed in separate
steps have also been documented.48

Scheme 21.

Table 9. Stereoselective synthesis of cyclopentanones from the coupling of enamines and alkenylcarbenes

Entry R R1 R2 R3 R4 119 (ee) (%) 123a (%)

1 –(CH2)4– 2-Furyl CH3 CH3 CH2CH3 95
2 –(CH2)3CH(CH2OCH3)–

b 2-Furyl CH3 CH3 CH2CH3 88 (.80)
3 –(CH2)4– 2-Furyl CH3 i-Pr H 72–95
4 –(CH2)3CH(CH2OCH3)–

b 2-Furyl CH3 i-Pr H 74–91 (.99)
5 –(CH2)4– 2-Furyl t-Bu i-Pr H 94

a The number in parentheses refers to the de relative to the chiral auxiliary.
b The stereogenic center isS.

Scheme 22.
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In a related study, the reaction of carbene complexes with
diene–enol ethers (131, Scheme 23) affords vinylcyclo-
pentene derivatives135 (Table 10).49 This unusual reaction
involves the coupling of two moles of the diene with one
mole of carbene complex. The proposed mechanism
involves an initial alkene metathesis, giving silyloxy–vinyl-
carbene complex133, followed by [412]-cycloaddition
of the diene to the chromium–carbon double bond
(133!134), followed by reductive elimination. The unusual
[412]-cycloaddition mechanism accounts for the observed
regiochemistry, which is opposite to that expected from a
cyclopropanation-rearrangement sequence as was reported
in Scheme 22. A similar product is obtained in 72% yield
from the direct coupling of ana,b-unsaturated carbene
complex (the methoxy analog of133) and diene131
(R0�COOMe).

2.10. Generation of trimethylenemethane complexes
followed by cycloaddition

Coupling of allenes (137 and 140, Scheme 24) and
Fischer carbene complexes affords trimethylenemethane
derivatives (138 and 141), which afford cyclopentane
derivatives after subsequent cycloaddition with suit-
able alkenes.50 Dialkylidenecyclopentane derivative
139 can be obtained by either isolation of complex
138 and treatment with allene137, or by prolonged
coupling of complex 136 and allene 137. The
isolated trimethylenemethane derivative141 can also
couple with alkynes in a separate step to provide
mixtures of alkylidenecyclopentene (143) and alkyl-
idenecyclohexenone derivatives (144),51 which result
from CO insertion processes. An efficient cycloaddi-
tion reaction occurs when trimethylenemethane
complex 141 is treated with maleoyl derivatives,
resulting in the exclusive formation of alkyl-
idenecyclopentenes (142).

2.11. Reductive dimerization of alkynylcarbene
complexes

Treatment of alkynylcarbene-tungsten complexes (145,
Scheme 25) with diethylzinc52 or phenyllithium53 results

Scheme 23.

Table 10.Coupling of carbene complexes with diene–enol ethers

Entry R R0 Solvent Yield135(%)

1 Ph COOMe ClCH2CH2Cl 99
2 Ph COOMe Cyclohexane 39
3 CH3 COOMe Cyclohexane 17
4 Ph Ph Cyclohexane 99
5 CH3 Ph Cyclohexane 59

Scheme 24.
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in cyclopentane derivatives (150) which incorporate two
moles of the carbene complex. The key step in this
transformation is a 1,2-shift of tungsten in the intermediate
propargylmetal complex146which then undergoes Michael
addition with another mole of145, forming148. Cyclization
and protonation afford150.

2.12. Double isocyanide insertion–cyclization of
arylcarbene complexes

The 2:1 coupling of isocyanides and arylcarbene54 or
alkenylcarbene55 complexes affords indane-diimine deriva-
tives (153–155, Scheme 26 and Table 11). The proposed

Scheme 25.

Scheme 26.

Table 11.Synthesis of cyclopentanediimines from coupling of isocyanides and carbene complexes

Entry M R1 R2 153 (%) 154 (%) 155 (%)

1 Cr R1,R2�–CHyCH–CHyCH– 41
2 Mo R1,R2�–S–CHyCH– 42
3 Mo R1,R2�–CHyCH–S– 30
4 Cr H Ph 25 17

Scheme 27.
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mechanism proceeds by formation of the ketimine complex
152, followed by addition of another equivalent of isocya-
nide. Mixtures of enol ethers154and155 are the products
from alkenylcarbene complexes, while compounds of
general structure153 are obtained from arylcarbene
complexes. A clean demetallation procedure was not
reported; treatment of the bis imine complex with HIO4

affords mixtures of the imine hydrolysis product and
carbon–carbon bond cleavage products.

3. Cyclization Processes

3.1. Reaction of active methylene-containing compounds
with carbene complexes

Cyclopentanones (161–163, Scheme 27 and Table 12) are
readily produced from the coupling of methylcarbene–
chromium complex157 with alkynes of general structure
156, which feature an acidic hydrogen at the 5-position

(relative to the alkyne).56 A mechanism involving formation
of a vinylketene (159), followed by coupling of the ketene
with an in-situ generated enolate has been proposed. This
reaction is restricted to the highly acidic compounds featur-
ing two electron-withdrawing groups at a single carbon
atom. In most cases, the enol ether (161) transforms to the
corresponding diketone162 upon purification. In the
b-ketoester case (Entry 4 of Table 12), the ketone group
is deacylated during attempted purification, resulting in163.

3.2. Coupling of 1,6-enynes with carbene complexes

Five-membered rings fused to either three- or four-
membered rings are readily prepared from the coupling of
simple carbene complexes with derivatives of 1-hepten-6-
yne (1641165!168–170, Scheme 28 and Table 13);
numerous variants of this reaction have been reported
using a variety of different types of carbene complexes.
Coupling of alkoxycarbene complexes with this class of
compounds leads to either bicyclo[3.2.0]heptan-4-one
derivatives (170) or bicyclo[3.1.0]hexane (168) derivatives
accompanied by minor amounts of furan (171) byproducts.
The unsubstituted enyne (164, X�H) affords only the cyclo-
butanone derivatives (Table 12, Entry 1),57 while the gem
diester derivative (164, X�COOR, Entries 2–5) affords
mostly cyclopropanes (except for Entry 4), accompanied
by minor amounts of metathesis product169.58 The two
classes of products differ in the timing of the CO insertion
and cyclization events for vinylcarbene intermediate166;
formation of the cyclopropane in the latter case has been

Table 12. Coupling of carbene complex157 with alkynyl carbonyl
compounds (156)

Entry EWG EWG0 Yield 162 (%)

1 COOMe COOMe 46
2 COMe COMe 48
3 COOMe P(O)(OEt)2 16
4 COOMe COMe 77a

a Deacylation of the acetyl group occurred and only163was isolated.

Table 13.Cyclization of 1,6-enynes using carbene complexes

Entry M Y R R1 R2 R3 X 168 (%) 169 (%) 170 (%) 171 (%)

1 Cr(CO)5 OCH3 CH3 H H H H 45
2 Cr(CO)5 OCH3 CH3 H H H COOMe 69
3 Cr(CO)5 OCH3 CH3 CH3 H H COOMe 22 30
4 Cr(CO)5 OCH3 CH3 H CH3 H COOMe 2 6 30 7
5 Cr(CO)5 OCH3 CH3 COOMe H H COOMe 64
6 Mo(CO)5 OCH3 Bu COOMe H H H 76
7 Cr(CO)5 NC4H8 CH3 H H H COOMe 88
8 Cr(CO)5 NC4H8 CH3 CH3 H H COOMe 58
9 Mn(CO)5Cp OCH3 CH3 H H H COOMe 71
10 Mn(CO)5Cp OCH3 CH3 H CH3 H COOMe 65

Scheme 28.
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attributed to faster cyclization due to the Thorpe–Ingold
effect provided by the gem diester groups. Efforts to
suppress the CO-insertion process through use of electron
rich aminocarbene complex analogs (Entries 7 and 8)59 and
manganese (Entries 9 and 10)60 and molybdenum (Entry
6)61 carbene complex analogs have been successful. Forma-
tion of six-membered rings from 1,7-enynes has also been
demonstrated for many of the examples.

If a diene (as in171, Scheme 29 and Table 14) is used to trap
the initial carbene complex, the resulting divinylcyclo-

propane (173) can undergo rearrangement to the seven-
membered ring derivative (174); this process leads to the
synthetically important hydroazulene ring system in a single
step.62 The reaction is most efficient when molybdenum
carbene complexes are employed. The divinylcyclopropane
derivatives (173) can be isolated in some cases if the
carbene–alkyne coupling is performed at 408C, however
only the hydroazulene derivatives (174) are observed
from the reaction conducted at 608C. The relative stereo-
chemistry at the asterisked carbons is effectively controlled
through stereospecific cyclopropanation followed by Cope

rearrangement through a boat transition state; the stereo-
chemistry at the remaining stereocenter is controlled by
the alkene geometry of the enol ether, which is established
as in the initial alkyne insertion (i.e.1641165!166 in
Scheme 28). An intramolecular version of this reaction
has also been reported.63 The coupling proceeds similarly
for arylcarbene–molybdenum complexes, however Do¨tz-
type products are the major products from reactions of
alkenylcarbene complexes.39

Scheme 29.

Table 14.Synthesis of hydroazulenes from the coupling of carbene complexes and dienynes (171)

Entry M X R R0 174 (%) Stereochemistry

1 Mo H Bu COOMe 87 4.8:1
2 Cr H CH3 COOMe 24 1.2:1
3 Mo COOMe Bu COOMe 81 1.3:1
4 Mo COOMe H H 42a 1:1
5 Mo H Ph –CHyCHCOOMe 50 2:1
6 Mo COOMe 2-Furyl –CHyCHCOOMe 42 One diastereomer

a A metathesis product analogous to169of Scheme 28 was also observed in 11% yield.

Scheme 30.

Table 15.Two alkyne annulation processes leading to indene derivatives

Entry M X R 179 (%) 180 (%)

1 Cr H H 57
2 Cr COOEt H 57
3 Mo H H 5 62
4 W COOEt H 72
5 Cr H TMS 73
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Scheme 31.

Scheme 32.

Scheme 33.

Table 16.Synthesis of lactams via the intramolecular alkyne–aminocarbene coupling

Entry R R1 R2 199 (%) 200 (%) 201 198(%)

1 Ph PhCH3 Me 9 47a

2 Ph R1,R2�–(CH2)3– 31 12
3 Ph R1,R2�–CH2CHyCHCH2– 15
4 Ph R1,R2�–(CH2)4– 13b 45

a Total yield complexed1uncomplexed phenyl ring.
b Obtained through treatment of the stable ylide with oxygen and light.
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3.3. Two-alkyne annulations

Coupling of carbene complex157 and 1,6-diynes (175)
(Scheme 30 and Table 15) also leads to five-membered
ring derivatives (179and180) according to the mechanism
in Scheme 30.64 Generation of a vinylcarbene complex
(176) in situ via coupling of the carbene complex with the
less substituted alkyne, followed by intramolecular coupling
with the remaining alkyne affords the divinylcarbene
complex (177), which cyclizes to a six-membered179 as
was proposed for the Do¨tz reaction in Scheme 1. Reduction
of cyclohexadienone179 by the low oxidation state
chromium byproducts then affords the phenol products
(180). The cyclohexadienone derivatives can be isolated
from the reaction, however the phenol derivatives are
the exclusive products upon extended reaction time. The
six-membered ring forming analog of this reaction is
considerably less efficient. The reaction has been used as

the cornerstone of a novel approach to the steroid ring
system (Scheme 31).65 Trialkynylcarbene complex181 is
transformed to a steroid derivative in two-steps: (1)
Diels–Alder reaction with diene182 followed by (2) intra-
molecular two-alkyne annulation.

3.4. Intramolecular alkyne–carbene coupling

Thermolysis of a 5-alkynylcarbene complex (e.g.187 or
191, Scheme 32) typically leads to cyclopentenylcarbene
derivatives (188 or 192), which can then undergo various
trapping reactions. Thermolysis of alkyne–carbene complex
187 in the presence of methyl acrylate afforded the cyclo-
propylcyclopentene derivative189 in 71% yield as a 2.5:1
mixture (major isomer depicted).66 Thermolysis of the ylide
190 leads to the unstable hydridocarbene complex191,
which undergoes the intramolecular insertion and CO inser-
tion to provide the vinylketene derivative193, which can be
trapped by alcohols (to afford ester194) and alkenes.67 The
most thoroughly studied version of this reaction is the intra-
molecular coupling of aminocarbene–chromium complexes
and alkynes (Scheme 33 and Table 16195!199–201).
Thermolysis of195 initially affords nitrogen ylide deriva-
tives (198), which subsequently undergo Stevens-type
rearrangements to afford lactam derivatives199–201.68

This reaction is also efficient for the formation of six-
membered ring analogs.

3.5. Cyclization of dienylcarbene complexes

Phenylethenylcarbene complexes (204, Scheme 34 and
Table 17) and dienylcarbene complexes (207, Scheme 35
and Table 18) featuring aZ central alkene geometry undergo
conversion to the corresponding cyclopentadienes (205 or
208) upon mild heating.69–71 These complexes are easily

Scheme 34.

Table 17.Synthesis of indenes (205) via tandem Diels–Alder and cyclo-
pentannulation reactions

Entry R1 R2 205 (%)

1 Me H 95
2 Me CH2OMe 95
3 R1,R2�–(CH2)4– 92

Scheme 35.

Table 18.Tandem Diels–Alder-cyclopentannulation reactions of alkynyl-
carbene complexes

Entry R1 R2 R3 R4 210 (%)

1 Me H H Ph 95
2 Me H Me Ph 67
3 Me CH2OMe R3,R4�–(CH2)4– 85
4 R1,R2�–O(CH2)3– R3,R4�–(CH2)4– 87
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generated through coupling of aminobutadienes (202) with
phenylethynylcarbene (203) or vinylethynylcarbene (206)
complexes, and undergo cyclization to a five-membered
ring in situ when the coupling reactions were conducted at
room temperature in THF. Alternatively phenylethenyl-
carbene complexes (which also cyclize) can be generated
by addition of secondary phosphines to alkynylcarbene
complexes,72 or by methylation of propargyltungsten
anions.73 In cyclization reactions of vinylcarbene complexes
(Scheme 35), the same reaction conditions lead to the
norbornene derivatives (210), which result from Diels–
Alder reaction of the initially generated cyclopentadiene
208 and the starting alkynylcarbene complex, followed by
cyclization. If the six-membered ring of209 is aromatic (as

in 213, Scheme 36) Diels–Alder reaction-cyclization can
occur with a third equivalent of the alkenylcarbene
complex.

3.6. Intramolecular carbene dimerization

A single but high-yielding example of the intramolecular
decomposition of bis carbene complexes (e.g.215, Scheme
37) has been reported. Complex215, which is very readily
obtained through Michael addition of a carbene complex-
stabilized anion to ana,b-unsaturated carbene complex,
forms exclusively the dimer (216) upon thermolysis at
758C.74

3.7. Generation/capture of metal vinylidene complexes

The reaction of enol ether-terminal alkyne217 with
(THF)W(CO)5 affords cyclopentene220.75 Cyclopentene
derivative 220 is formed via conversion of the terminal
alkyne to vinylidene 218 followed by intramolecular
nucleophilic attack by the enol ether (Scheme 38). In a
mechanistically similar process, treatment of alkynes of

Scheme 36.

Scheme 37.

Table 19.Cyclization of 1,3-dicarbonyl-alkyne derivatives (221) to cyclo-
pentenes (224)

Entry EDG EDG0 224 (%)

1 COOMe COOMe 60
2 COOMe COMe 42
3 COMe COMe 57

Scheme 38.
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general structure221 with (Et3N)Mo(CO)5 affords cyclo-
pentenes of general structure224 (Table 19).76 In this
reaction process, 0.5 equiv. of anion221 is generated from
the corresponding 1,3-dicarbonyl compound and sodium
hydride; the proton required in the final step (223!224)

comes from the 1,3-dicarbonyl compound. The reaction is
somewhat catalytic in that 0.5 equiv. of base and molyb-
denum complex are used in the conversion of221 to 224.
The reaction is similarly efficient for the preparation of six-
membered ring homologues.

4. Ring Expansion Processes

4.1. Reaction of cyclobutenediones with carbene
complexes

The reaction of cyclobutenediones (225, Scheme 39 and
Table 20) with Fischer carbene–chromium complexes
leads to cyclopentenedione derivatives (228 and 229).77,78

The reaction is general for alkylcarbene complexes,
however the reaction involving arylcarbene complexes
(Entries 6 and 7) affords mixtures of cyclopentenediones
and 5-alkylidenefuranones (231). The reaction mechanism

Scheme 39.

Table 20.Coupling of cyclobutenediones with carbene complexes

Entry R R1 R2 X 228 (%) 229 (%) 231 (%)

1 CH3 i-PrO i-PrO OCH3 31 14
2 CH3 i-PrO i-PrO N(CH3)2 12
3 Cyclopropyl i-PrO i-PrO OCH3 34 17
4 CH3 i-PrO CH3 OCH3 25 16
5 CH3 Ph CH3 OCH3 20 15
6 Ph i-PrO CH3 OCH3 20 21 14
7 Ph i-PrO i-PrO OCH3 55

Table 21.Synthesis of cyclobutenediones via coupling alkynylcyclobute-
nones and carbene complexes

Entry R R1 R2 235 (%) 236 (%)

1 CH3 i-PrO i-PrO 72
2 Ph i-PrO i-PrO 72
3 Cyclopropyl i-PrO i-PrO 66
4 CH3CHyCH– i-PrO i-PrO 60a

5 CH3 i-PrO CH3 58b

a A 2:1 mixture of235and a 1,5-hydrogen shift product (2-alkylidene-4-
cyclopentene-1,3-dione) is obtained.

b A 2.2:1 mixture of diastereomers is obtained.

Scheme 40.
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involves oxidative addition into the acyl–acyl bond of the
cyclobutenedione, followed by an acyl shift process
(226!227) and reductive elimination. A secondary reduc-
tion process induced by low-valent chromium accounts for
the formation of deoxygenated cyclopentenedione229.
Alkylidenefuranone formation has been attributed to ioniza-
tion of the C–Cr bonds (227!230) followed byO-acylation
of the enolate intermediate. The coupling is facile only for
alkoxycarbene complexes; only a low yield of product is
observed for the aminocarbene complex (Entry 2). The
best product yields are obtained for the dioxygenated cyclo-
butenedione derivative; this observation has been attributed
to instability of the non-oxygenated cyclobutenedione
derivatives. No other four-membered ring systems undergo
this type of reactivity. Only one other ring system, cyclo-
propenones, undergoes a similar two-component ring
expansion process.79

4.2. Reaction of alkynylcyclobutenols with carbene
complexes

The coupling of alkynylcyclobutenols (232, Scheme 40
and Table 21), readily derived from cyclobutenedione
225, with Fischer carbene–chromium complexes leads to
five-membered ring derivatives (235).80 A mechanism
involving alkyne insertion, leading to the unstable but
electrophilic vinylcarbene complex intermediate233,
followed by acyl migration to the electrophilic carbene
carbon and demetallation has been proposed. The reaction
process is general for a variety of carbene complexes,
including alkylcarbene, arylcarbene, vinylcarbene, and
cyclopropylcarbene complexes. This reaction is unique to
the cyclobutenedione-derived systems; other related
systems, including the saturated cyclobutane ring system
do not undergo the analogous reaction process. In most
cases, the crude enol ether has been subjected to a hydroly-
sis procedure prior to final purification, and the yield for

triketone236 is reported. In cases where there is competi-
tion from Dötz-type reaction pathways (Entries 2 and 4), the
ring expansion pathway is the exclusive reaction pathway.

4.3. Thermolysis and photolysis of cyclopropylcarbene–
chromium complexes

Thermolysis of certain cyclopropylcarbene complexes (238,
Scheme 41 and Table 22) leads to 2-alkoxy-2-cyclo-
pentenone derivatives (239).81 The thermal ring expansion
reaction appears to be unique to 2-alkenylcyclopropyl-
carbene complexes (R1 or R2�alkenyl). Several trends
have been noted. The reaction of the complexes featuring
cis alkene and carbene groups are considerably more reac-
tive than thetrans isomers. Second, the reaction appears to
be stereospecific in most cases (Entries 5 and 6, but not
Entry 7),82 and in a sterically unbiased system (Entry 5)
the reaction appears to proceed with complete retention of
stereochemistry. In cases where there is a proton at the
2-position of the cyclopropane ring (Entries 3 and 4), pre-
dominantly the conjugated isomer (240) is obtained after
purification. The conversion of cyclopropylcarbenes to
2-alkoxy-2-cyclopentenones can also be induced by photo-
lysis (entries 8 and 9).83 In this case, even the simple
unsubstituted cyclopropylcarbene complex (238, all R
groups�H) is efficiently transformed to the corresponding
cyclopentenone.

The mechanism depicted in Scheme 42 has been proposed
for the thermal ring expansion process. The photochemical
process is though to occur via conversion of the correspond-
ing carbene complex to the ketene complex, followed
by rearrangement of the cyclopropylketene. Initially, CO
dissociation followed by alkene complexation affords
internally-coordinated complex241, which undergoes a
Cope-like process to generate internally coordinated
p-allyl complex242. CO insertion and reductive elimination

Scheme 41.

Table 22. Synthesis of 2-alkoxycyclopentenones from ring expansion of cyclopropylcarbene complexes (unless otherwise noted, all thermolyses were
conducted in refluxing dioxane)

Entry R1 R2 R3 R4 R5 R6 239 (%) 240 (%)

1 –CHyCH2 CH3 H H 43 (68)a

2 Ph CH3 H H 27
3 1-Cyclopentenyl H H H R5,R6�–(CH2)4– 69
4 –CHyCHCH3 H H CH3 H CH2CH3 53
5 –CHyCHPh CH3 H D 35
6 –CHyCH2 CH3 H CH3 53
7 –CHyCH2 CH3 CH3 H 25b

8c –CHyCH2 H CH3 CH3 83
9c H H H H 68

a Yield in DMF at 1008C.
b The reaction is not stereospecific, a 60:40 mixture oftransmethyl/cis methyl is obtained.
c Photochemical reaction.
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then affords vinylcyclopentenone239. These events are
consistent with key observations, including: (1) the reaction
is inhibited by external CO or triphenylphosphine (CO
dissociation is the first step); (2) the reaction is considerably
more facile for alkenylcyclopropylcarbene complexes than
for arylcyclopropylcarbene complexes (coordination of the
alkene is required); (3) the isomer where the carbene
complex and alkene arecis is kinetically more reactive
(the trans alkene is too far away); and (4) the reaction
proceeds with retention of stereochemistry (p-allyl complex
formation and reductive elimination each occur with reten-
tion of configuration). One case (Entry 7 of Table 22) did
not proceed with retention of stereochemistry, and the
mechanistic/conformational picture in Scheme 42 may
account for this observation. If R3 in 238-6,7is not equal
to H, it is difficult for thep-bonds to attain theendoconfor-
mation (depicted by structure244of Scheme 42), thus ring
expansion by the mechanism in Scheme 42 is inhibited. The
reaction in Entry 7, where R3�CH3, is considerably slower
and lower yielding than the reaction in Entry 6, where
R3�H. This conformational dependence has been supported
through studies of conformationally locked derivatives.84
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52. Dötz, K. H.; Christoffers, C.; Knochel, P.J. Organometal.
Chem.1995, 489, C84–C86.
53. Fischer, H.; Meisner, T.; Hofmann, J.Chem. Ber.1990, 123,
1799–1804.
54. Aumann, R.; Heinen, H.Chem. Ber.1985, 118, 4186–4195.
55. Aumann, R.; Heinen, H.Chem. Ber.1986, 119, 3801–3811.
56. Ishibashi, T.; Mori, M.J. Org. Chem.1997, 62, 7058–7060.
57. Wulff, W. D.; Kaesler, R. W.Organometallics1985, 4, 1461–
1463.
58. Korkowski, P. F.; Hoye, T. R.; Rydberg, D. B.J. Am. Chem.
Soc.1988, 2676–2678.
59. Hoye, T. R.; Rehberg, G. M.Organometallics1990, 9, 3014–
3015.
60. Hoye, T. R.; Rehberg, G. M.Organometallics1990, 9, 2070–
2071.
61. Harvey, D. F.; Lund, K. P.; Neil, D. A.Tetrahedron Lett.1991,
32, 6311–6314.
62. Harvey, D. F.; Lund, K. P.J. Am. Chem. Soc.1991, 113,
5066–5068.
63. Harvey, D. F.; Brown, M. F.J. Org. Chem.1992, 57, 5559–
5561.
64. Wulff, W. D.; Kaesler, R. W.; Peterson, G. A.; Tang, P.-C.
J. Am. Chem. Soc.1985, 107, 1060–1062.
65. Bao, J. M.; Wulff, W. D.; Dragisich, V.; Wenglowsky, S.; Ball,
R. G.J. Am. Chem. Soc.1994, 116, 7616–7630.
66. Harvey, D. F.; Brown, M. F.J. Am. Chem. Soc.1990, 112,
7807–7809.
67. Martı́n-Vaca, B.; Rudler, H.J. Chem. Soc., Perkin Trans. 1
1997, 3119–3121.
68. Chelain, E.; Goumont, R.; Hamon, L.; Parlier, A.; Rudler, M.;
Daran, J. C.; Vaissermann, J.J. Am. Chem. Soc.1992, 114, 8088–
8098.
69. Barluenga, J.; Aznar, F.; Barluenga, S.; Ferna´ndez, M.;
Martı́n, A.; Garcı´a-Granda, S.; Pin˜era-Nicolás, A. Chem. Eur. J.
1998, 4, 2280–2298.
70. Barluenga, J.; Aznar, F.; Barluenga, S.J. Chem. Soc., Chem.
Commun.1995, 1973.
71. Barluenga, J.; Aznar, F.; Barluenga, S.; Martı´n, A.; Garcı´a-
Granda, S.; Martı´n, E.Synlett1998, 473.



J. W. Herndon / Tetrahedron 56 (2000) 1257–1280 1279

72. Aumann, R.; Jasper, B.; Fro¨hlich, R. Organometallics1995,
14, 231–238.
73. Barluenga, J.; Trabanco, A. A.; Flo¨rez, J.; Garcı´a-Granda, S.;
Llorca, M.-A. J. Am. Chem. Soc.1998, 120, 12 129–12 130.
74. Macomber, D. W.; Hung, M. -H.; Verma, A. G.; Rogers, R. D.
Organometallics1988, 9, 2072–2074.
75. Maeyama, K.; Iwasawa, N.J. Am. Chem. Soc.1998, 120,
1928–1929.
76. McDonald, F. E.; Olson, T. C.Tetrahedron Lett.1997, 38,
7691–7692.
77. Zora, M.; Herndon, J. W.Organometallics1993, 11, 249–
250.

78. Zora, M.; Li, Y.; Herndon, J. W.Organometallics1999, 18,
4429–4436.
79. Zora, M.; Herndon, J. W.Organometallics1994, 12, 3370–3374.
80. Zora, M.; Herndon, J. W.J. Org. Chem.1994, 59, 699–701.
81. Herndon, J. W.; McMullen, L. A.J. Am. Chem. Soc.1989,
111, 6854–6856.
82. Herndon, J. W.; Hill, D. K.; McMullen, L. A.Tetrahedron
Lett. 1995, 36, 5687–5690.
83. Moser, W. H.; Hegedus, L. S.J. Am. Chem. Soc.1996, 118,
7873–7880.
84. Hill, D. K.; Herndon, J. W.Tetrahedron Lett.1996, 37, 1359–
1362.



J. W. Herndon / Tetrahedron 56 (2000) 1257–12801280

Biographical Sketch

James Herndonwas born in 1957 in North Carolina, and obtained his BS
in Chemistry from the University of North Carolina at Greensboro in 1979,
where he conducted research in the laboratory of Professor J. C. Barborak.
He immediately entered graduate school at Princeton University, working
under the direction of Professor M. F. Semmelhack in the areas of organic
synthesis and organometallic chemistry, and obtained his PhD in 1983. He
then worked as an NIH postdoctoral fellow in the laboratory of Professor
B. M. Trost at the University of Wisconsin-Madison. Professor Herndon
began his academic career at the University of Maryland-College Park in
1985 as an Assistant Professor and was promoted to Associate Professor in
1991. In 1997, he moved to New Mexico State University, where he is now
Associate Professor of Chemistry.


