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1. Introduction utilized reaction of Fischer carbene complexes is the synth-

esis of phenols via the coupling of alkynes withp-
The aim of this review is to highlight recent discoveries in unsaturated carbene complexes (including arylcarbene
the use of Fischer carbene complexes in the synthesis ofcomplexes), commonly known as the "2oreaction
five-membered rings. In recent years, numerous reviews (depicted in Scheme 1). Many other studies highlight the
of the use of Fischer carbene complexes in organic synthesigormation of other ring size$the use of Fischer carbene
have appearetiBy far the most famous and most heavily complexes for cyclopropanation of alkefieand for the

preparation of four-membered carbocycles via photolytic
* Tel.: +1-505-646-2487: fax+ 1-505-646-2649: coupling of carbene complexes and alkefigsave been
e-mail: jherndon@nmsu.edu reviewed. Numerous reaction processes of Fischer carbene
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complexes result in the formation of five-membered w°-vinylcarbene complexes (e.B) are the initially formed
carbocycled, and include both deliberate and accidental intermediates from coupling of alkynes and Fischer carbene
discoveries. Many of these processes have been very wellcomplexes.

studied, and the scope, limitation, and reaction mechanism

have been firmly established in many of these cases. In thisThe factors affecting the distribution of five- vs. six-
review, the aim is to present all classes of reactions that membered ring cycloaddition reactions have been exten-
result in the transformation of carbene complexes into sively probed. If the naphthol formation pathway is
cyclopentanoid derivatives and to present the scope andblocked through substitution at botirtho positions as in
limitation for all well-studied processes. In general, this carbene complexd of Scheme 2, five-membered ring
review focuses on processes that consume the carbendormation appears to be favored (Scheme 2), however
complex; processes where the carbene complex is annaphthol formation becomes the major reaction pathway if
auxiliary are not presented. either of theortho positions is unsubstituted. Presumably
cyclopentadiene derivative0 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 conditidns.
Carbene complexes of molybdenum and tungsten, as well
as carbene complexes featuring strongly electron-donating
substituents? appear to generally provide less CO-incor-
chromium complexes (e.gl, Scheme 1) with alkynes porated products than the chromium—alkoxycarbene
(commonly known as the Db reaction) is a well-  complexes featured in Schemes 1 and 2. A recent paper
established method for the preparation of phenol derivativesnotes that the regioselectivity differs for indene and
(e.g. 5); the mechanism for this important reaction is phenol formation, which suggests that the initial alkyne
depicted in Scheme 1. Although phenol formation is usually insertion process (e.d—2 in Scheme 1) is reversibfe.

the desired reaction pathway, in many cases otherIn numerous cases, indene formation is the major reaction
compounds are obtained in addition to phenol products, pathway, and these studies will be discussed in succeeding
including five-membered rings (e.dgf), furans, cyclo- sections.

butenones, and products resulting from insertion of more

than one alkyne unit. Phenol and five-membered ring forma- 2.2. Coupling of phenyl(amino)carbene—chromium

tion are related, and differ only in the incorporation of complexes with alkynes

carbon monoxide in a late step of the reaction process,
where intermediate vinylcarbene compl&x can either
undergo CO insertion to form vinylketer®sand eventually

2. Cycloaddition Processes
2.1. Omission of CO from the Ddz reaction

The coupling ofa,B-unsaturated (including aryl) carbene—

Indene formation is the exclusive reaction pathway
observed in the coupling of aryl(amino)carbene—chromium

the phenol §), or undergo direct cyclization 6 and even-
tually form the indene¥). Much controversy surrounds the
formation of vinylcarbene compleX. Although early
studies suggested that the conversiorla&nd alkynes to

2 involves CO-dissociation followed by {22]-cyclo-
addition and Lgericyclic ring opening of the resulting metal-
lacyclobutené theoretical studi€strongly suggest that the

Ha OCHg
Ph-C=C-Ph
ocoys o O
CHy 8

Scheme 2.

complexes 11, Scheme 3) and alkynes (Table ')A
mixture of the double position isomers, enamit2 and
allylamine13, is produced initially in the reaction, however
the enamines are unstable under the isolation conditions; the
corresponding indanone derivativi4 is isolated after
chromatography. The optimal conditions for this cyclo-
addition are 120—12%& in DMF solvent. The alkoxy analog

Hs OCH,4 Hs OCH;
) I




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

NR'R?
R -C=C-Rg
Cr(CO)s

1

Y

Scheme 3.

NR'R?

(s
12
RL

Silica Gel

E— .

NR'R2

Ry

QU
13

Table 1. Synthesis of indane derivatives via the coupling of phenyl(amino)carbene complexes and alkynes
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Entry R R? R Rs Yield 14 (%) Yield 13 (%)
1 R R?=—(CH,),0(CHy),— n-Bu H 95

2 R R?*=—(CH,)s— Et Et 52

3 R, R?>=—(CH,),0(CH,), Et Et 96

4 R R?=—(CH,),0(CH,), Ph CH, 41 52

5 —CH,CH=CH, H Et Et 7P

2The pentacarbonyl complex was converted to the alkene—tetracarbonyl complex prior to reaction with the alkyne; the reaction was conéGcted at 80
® The arene—chromium tricarbonyl complex was isolated.

of complex11 (complexl) also affords an indene derivative attributed to the stronger electron-donating ability of the
under these conditions in 83% vyield. The reaction proceedsamine group (relative to an alkoxy group), which stabilizes
at lower temperatures (refluxing benzene) if the carbene vinylcarbene complex intermediates (exof Scheme 1),
complex is activated by intramolecular alkene coordination and thus suppresses the crucial CO insertion step of the
(see Entry 5 of Table 1%,3. Formation of indanones has been benzannulation proce$%.This reaction process does not

Et
If RL = 2-TBSO-cyclopropyl,
Rs Rg = H, and the reaction
R_-C=C-Rg conducted in methanol.
Et RO R NR'2 NR?
Hexane or MeO
1
| Cr(CO)s Methanol 6 QTBS 17
RN R s RL-C=C-Rs OEt Et
NR', NR',
R R

DME s =NCR o S N\-R

R/’ © 18 R/ o 19

Scheme 4.

Table 2. Synthesis of aminoyclopentadien&8via coupling of15 and alkynes in pyridine or acetonitrile

Entry R R RL Rs Yield 16 (%)
1 Cyclopropy! Me Cyclopropyl H 95

2 Me Me Me Me 56

3 Me Me CHOTBS H 86

4 Ph —(CH)4— Cyclopropyl Cyclopropyl 51

5 —CHCH,C(Br)=CH, Me Me Me 79

6 Cyclopropyl Me 2-TBSO-cyclopropyl H 82

Table 3. Synthesis ofL8 or 19 via coupling of15 with alkynes in DME or THF/acetonitrile

Entry R R R Rs Yield 18 (%) Yield 19 (%)
1 Et —(CH):0(CHy)— n-Pr H 66

2 —(CH);0TBS —(CH),0(CHy)— n-Pr H 62

F Et —(CH),0(CHy)o— Ph H 97

4 —(CH);0TBS —(CH),0(CHy)— TBS H 72

21n THF/acetonitrile.
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extend to alkenylcarbene complex analogs, which usually vinylketene affords the five-membered ring enol&2

afford benzannulation products®®

2.3. Coupling of g-amino—«,B-unsaturated carbene
complexes with alkynes

which then converts to the aminoalkylidene complex.

The conversion of carbene complés to cyclopentenone
19has been used as the cornerstone for the total synthesis of
the antihypertensive Oudenon27( Scheme 6}° Conver-

A versatile synthesis of various classes of cyclopentanoid sion of alkyne24to carbene compleR5, followed coupling

derivatives can be achieved through coupling@edmino—
o,B-unsaturated carbene complexds, (Scheme 4) and
alkynes!® The starting carbene complexes are readily
available from the addition of alkynyllithium reagents to
chromium hexacarbonyl, followed by alkylation and

with trimethylsilylacetylene affords cyclopentenors,
which is transformed to the Oudenone in a single step.

Several processes have been reported in which alkynes of
general structurd5 couple with more than one mole of a

amine addition. The two different reaction processes terminal alkyne to provide cyclopentanoid products:For
depicted in Scheme 4 are commonly observed in the eéxample, the coupling of complexes of general struclire

coupling of complexl5 with alkynes, depending primarily ~ and a large excesses of a terminal alkyne led to cyclopenta-
upon the structure of the alkyne, the identity of R, and the pyran derivatives (Scheme 7 and Table 4). A similar
reaction conditions. mechanism to Scheme 5 was proposed, however insertion
of a second alkyne20—28) is preferred over CO insertion

The reaction affords predominantly aminocyclopentadiene (20—21, Scheme 5) after generation of the initial carbene
derivatives {6) under two circumstances: (1) coupling with  complex20. Subsequent addition/elimination from enolate
terminal alkynes; and (2) coupling with internal alkynes intermediate30 leads to the cyclopentapyran system. The
using either pyridine or acetonitrile as solvent (Table%Z). unusual formation of spiro[4.4]nonatriene derivativé3
This reaction is mechanistically analogous to the reaction in and 34 was observed in the coupling of carbene complex
the previous section. In reactions using cyclopropylacety- 32 with large excesses of phenylacetylene derivatives
lene derivatives performed in methanol, secondary ring (Scheme 8); the mechanism for this transformation is

opening processes lead to the direct formation of alkyli-
denecyclopentened 7).*

In a mechanistically different process, 5-alkylidene-2-cyclo-
pentenones1@) or 2-alkenyl-2-cyclopentenonedq) are
formed as a result of CO insertion processes (Tabfg'%).
Cyclopentenon€l8 is observed wher5 is coupled with
either terminal or internal alkynes in ethereal solvents. If
complex 15 features a hydrogen at the 4-position, cyclo-
pentenonel9 can be obtained as the exclusive product if
the coupling reaction is performed in 9:1 THF/acetonitrile.
In this reaction, a vinylketene complef1, Scheme 5) is
formed via alkyne insertion followed by CO-insertion.
Nucleophilic addition of the enamine functionality to the

unclear®

2.4. Coupling of a,B-unsaturated tungsten- and
molybdenum carbene complexes with alkynes

Various systematf¢®® and isolate®® studies have
suggested that the coupling of alkynes anfl-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 ynamir@® with o,B-
unsaturated tungsten carbene compkX followed by
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Table 4. Synthesis of fulvenes3() from the coupling of excess terminal
alkynes with complex5

Entry R R R” Yield 31 (%)
A —C(CHg)Oet Me n-Pr 59

B —C(CH;)OEt— Me Ph 51

Cc Ph Me Ph 24

D t-Bu Me Ph 52
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good to excellent yields using a variety of alkyne derivatives
(Scheme 10 and Table 8)The reaction initially produces
cyclopentadienone derivative43), which are then reduced

to the corresponding cyclopentenondgl)(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 theansisomer in most
cases by treatment with basic methanol. The mechanism

thermal cycl|zat|on constitutes a general synthesis of five- depicted in Scheme 11 has been proposed to account for

membered ring derivatives (Schemezébnmal coupling of
the carbene complex and ynamine affords a 2:1 mixture
the alkyne insertion product3{) and the [2+2]-cyclo-
addition/ring opening product 38). Both of these

the formation of the five-membered ring derivatives (the
of mechanism for conversion of cyclopentadieno#®& to

cyclopentenondd4 is discussed later). The regioselectivity

is similar to that observed in the Boreaction, and arises

compounds undergo cyclization to the five-membered ring from the same event, alkyne insertioh2-45). In cases

iminium salts at 28C. 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 compi@x
with alkynes leads to 3-methoxy-2-cyclopentenor&h (n

where both of the alkyne substituents are aromatic rings,
the cgclopentadienone derivatives can be isolated in good
yield.?® 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 thétboeaction, and
were actually expecting seven-membered rind9) (via
reductive elimination in intermediate pentadienoyl complex
47. Although successful seven-membered ring synthesis

Et Ar E0 Ar
EtO. A 1 Ar
H-C=C-Ar (6 eq) r
| Cr(CO)s -~ +
THF / 55 © NMe. NMe,
T™MS” “NMes /55°C s A 2 Y
32
Ar = Ph, 44% Ar = Ph, 18%
Scheme 8.
Et OEt NEt,
__ CHj; CH
P ~ 3
| WOy, FEteN—=—CHs | . | X
P W(CO
P 35 36 EtN (CO)s > £ W(CO)s
20 °C 37 28 \B
o @ NEt
O Et /20 oG 20 2
© CHa
CHs HaO*  (OC)s CHs (OC)G
P NE ) OFt
to Ph NEt; g6 a1
40 82% 39®

Scheme 9.
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HaC
CHg RL-C=C-Rg Rs
—_—_—
Cr(CO)s 100 °C / 991
42 Dioxane; HoO 43 0O

Scheme 10.

Table 5. Synthesis of cyclopentenone derivativ&through coupling of
alkynes and comple42

Entry R Rs 44 (%) transcis

1 Ph Ph 78 85:15

2 Ph CH 75 73:27 (7.5:1 regioselectivity)
3 n-CsH; H 68

4 (CHy)4,OH H 68

5 (CH),0TBS H 58

6 n-C3H; n-CsH; 60 50:50

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

HaC
Cr(0) / Hp0

+ Ethylene -

+ Cr (0)

4 O

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 &8g.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

was later achieved using molybdenum and tungsten a-silylketone derivatives undergo desilylation under the

analogs® the scope and limitation of the five-membered

reaction conditions. The vinylogous ester products undergo

ring synthesis has been studied quite exhaustively. facile ring opening reaction$8—54 and53—55) to afford
Numerous variants of this reaction process have beenthe monocyclic derivatives with net complete control of

developed and will be discussed in succeeding sections.

regiochemistry.

Intramolecular variants of the above reaction have been The thermolysis of alkyne—cyclopropylcarbene complexes

studied extensivel§: Compounds containing both cyclo-
propylcarbene and alkyne groups (e5@, Scheme 12) are

featuring a stereogenic center in the tethering chain is some-
times highly stereoselectivé*the two substrates56 and

prepared from the chromium carbene acylate salt and59) depicted in Scheme 13 all proceed with a high degree of

CHs
CH
3 R-C=C-Rg Xxfis
CHCO)y —— L
100 °C / 99:1 ¢ TR
42 Dioxane: Hx0 45 (CO)4
HsC
(CO)5—C Rs
— 5 \‘1' —
R
a8 -
Scheme 11.
- +
MesN 1. AcCl
Cr(CO)s 5 >
50 THOTN
51 Ph
o) 1. NaBH,4 / CeCls Q OH
2. NH,CI
o’ Ph Ph
53 54

Scheme 12.

—_—
.C” R

o* b 46
H3C OCH3

Rs Rs

R 49
43 o - RL

0

+ Ethylene
+ Cr (0)

Cr(CO)s Ph
52 Ie} Ph
53
0] Me OH
NaOMe / MeOH
_—
o Ph o’ Pn
53 55
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stereoselectivity for heterocyclic ring formation; the major of 68 and73, and protonation of the more stable ison6&r
stereoisomer corresponds to the thermodynamically moreresults in the major produ@0. All other proton sources are
stable isomer. In both of these cases, the high stereo-inferior to water; the role has been attributed to the crucial
selectivity was observed only in aqueous toluene. Placementhydration of chromium prior to delivery of the second
of a methyl group at the other positions of five- and six- proton. Other reaction processes taking advantage of the
membered ring forming substrates was also studied, anionic nature of the five-membered ring have been
however a much lower level of stereoselection was observeddesigned (described later).
in these cases. This reaction was used as the cornerstone for
the synthesis of de-ABC-cholestanort&l)a precursor for Optimal conditions for the synthesis of cyclopentadienones
the D ring of vitamin D. (e.g. 76, Scheme 15) involves conducting the reaction in
heptane solvent at reflfX; the nonpolar solvent system
The stereochemistry is established during the cyclopenta-may simply disfavor resonance for®7 of Scheme 14
dienone reduction step; the mechanism for this process is(i.e. disfavor electron transfer to the cyclopentadienone
depicted in Scheme 14 for compléd transforming to ligand). Only diphenylacetylene leads to cyclopenta-
cyclopentenone§0 and 61. Reduction of initially formed dienones in high yield. The reaction of complexes featuring
cyclopentadienone involves a net transfer of two electrons pendant alcohol derivatives (e.g5) leads to cyclopenta-
and two protons to the cyclopentadienone nucleus, and thisdienones which are rapidly transformed to cyclopentene-
has been supported by deuterium labeling studies. Forma-dione monoketals 7(7). This reaction process is
tion of the oxygen-bound chromium complesg] can lead completely diastereoslective when the pendant alcohol is
to electron delocalization into the five-membered ring secondary.
through resonance formd7. Protonation leads to cyclo-
pentadienide68; cyclopentadienides are well known to When alkynes featuring a leaving group in the propargyl
scramble above 3&. Equilibration of all cyclopentadienide  position (e.g.78, Scheme 16) are coupled with cyclopropyl-
isomers 68—73) prior to addition of the second proton has carbene complexes,@aelimination process can occur from
been suggested as the critical stereochemistry-determininghe cyclopentadienide anion/q) leading eventually to
event. The results are consistent with regioisoné&snd alkylidenecyclopentenone derivative81)(.>* The reaction
73 as the major species at equilibrium since protonation featuring propargyl oxygens leads to alkylidenecyclopente-
provides nearly exclusively the vinylogous ester regio- nones only if the alkyne is substituted such that the pro-
isomers60 or 61 and not74. The net effect is equilibration  pargyl functionalized side ends up at the 4-position. This
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C=C- o) 0
r(CO)s RLC=C-Rs R R RL R
RCH > b +
OCH3 R< OCHs Re OCH3
l 91 92 93
RL RL _Cr(CO)s RL éﬁok
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Scheme 18.

Table 6. Synthesis of cyclopentenon88 and93 from the coupling of alkylcarbene complexes and alkynes

Entry R Rs RL Yield (cis:itrans) 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 TMSCH,CH,— Ph Ph 48 12

7 PhCH- Ph Ph 28

8° Pr H —CHCH,0O-allyl 26°

8 R .=—CH(CHs)CH,CH,C(CHz)=CH,.
® The molybdenum complex was used.
¢ Also a cyclopropyltetrahydropyran derivative (8%) and a furanone (29%) were obtained.

OCH3 (CO)3
(CO)sC R1 C C- R2 R1 7 Cr.
(CO) 4Cr( N

CHy—= 101

OCH3

2

R
. OCHj

CHs 109

Scheme 19.
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Table 7. Synthesis of cyclopentenedionelf) via coupling of carbene opening of the cyclopropane ring at the enyne has been
complex101.and two alkynes reported, and none of the product from coupling of the

Entty R R» Yield 105(%) Yield 108(%) Yield 109(%) cyclopropylcarbene at the alkyn®p, is detected in the
reaction.

1 H Ph 54 16 20

2 Et Et 27 0 11 . .

2 H nPr 55 18 15 2.6. Coupling of alkylcarbene complexes with alkynes

4 H —(CH)COOEt 41

Cyclopentenone products similar to those from the previous
section can also be produced from the coupling of alkyl-
can be achieved either by placing the propargyl alcohol carbene complexes with alkynes (Scheme 18 and Tabfe 6),
derivative at the smaller side of the alkyne (as in general however the reaction is mechanistically quite different. This
structure78) or placement within the tethering chain in an method is most effective for dialkylacetylenes; cyclobute-
intramolecular reaction (as in substrat®2 and 84). In nones and two-alkyne insertion products are formed as
virtually every case tested, some of the alkylidenecyclo- minor byproducts in most of these studies. Compounds of
pentenone is observed as a product of the carbene—alkynehis type have also been observed in the coupling of molyb-
coupling reaction, however the acetate group is completely denum carbene complexes with alkyi&d’ and in intra-
eliminated in every system examined. In the 5,6-fused casesmolecular couplings involving aminocarbene comple¥es.
represented b82 and84 in Scheme 16, all oxygen groups A variety of mechanistic proposals have been offered for
are eliminated (RH, TBS, or THP were tested), howeverin this transformation, which can be divided into two major
the 5,5 cases and in acyclic systems, alcohol and etherthemes differing in the timing of the C—H activation
groups are not completely eliminated. In cases where (94—99 and 95—96) and CO insertion 94—95 and
alkenylacetylene derivatives are employed (€4d), the 99—100) events. The involvement of a free keter@b,(
reaction affords predominantly the 4,5-dialkylidenecyclo- uncomplexed) in these reactions was ruled out through inde-
pentenone derivative8§), which result from isomerization =~ pendent generation by cyclobutenone thermolysis. Mixtures
of the initially anticipated 5-alkenyl-4-alkylidene-2-cyclo- of the vinylogous ester isom8B and the 4-alkoxy-2-cyclo-
pentenones8b). The 4,5-dialkylidenecyclopentenone ring pentenone isome¥4 were obtained in most cases.

system is relatively raré&.

2.7. Coupling of carbene complexes with multiple
Independent  generation of cyclopropylvinylcarbene alkynes
complex intermediates analogous4b of Scheme 11 via
an alternate pathway, coupling of cyclopropylvinyl- The coupling of carbene complexes with two alkyne
acetylene87 (Scheme 17) and simple carbene complexes molecules can result in the formation of 2-alkenyl-4-cyclo-
(note the structural similarity of5 of Scheme 11 anéi8 of pentene-1,3-dionesl(5 Scheme 19 and Table %).In
Scheme 17), can also lead to the formation of cyclo- general, this class of products is produced efficiently only
pentenone derivatives 89).>° Remarkable annulation if a five- or six-membered ring-forming intramolecular
selectivity is observed in the coupling of cyclopropylvinyl- carbene alkyne coupling (e.§j01—102) is followed by an
acetylene 87 with the cyclopropylcarbene comple#2 intermolecular carbene—alkyne coupling, as is depicted in
(R=cyclopropyl in Scheme 17). Complete selectivity for the general reaction equation in Scheme 19. In most cases,

M(CO)s (N R Om(co)s
"o R’ m M C? OEt
/ d
P _— = P I ———
110 CH,Cly /25-50 °C R héRz
M(CO)s R 112
OEt 0
OEt
- NRz  HsO" ﬁNRQ
P —_ R' —_— R'
113 | P ; P
RoN" R R 114 R 115
Scheme 20.
Table 8. Synthesis of cyclopentadierid 4 from the coupling of alkynyl- phenols that result f_rom a tWO'alk_yne_'benzar_mmation
carbene complexes and enamines process (e.gl08 described in the cyclization section) are
: - obtained as minor but significant byproducts, accompanied
Enty R R M Yield 114(%) by the cyclohexadienone derivatit@9 The mechanism in
_ _ Scheme 19 has been proposed to account for the formation
1 Me (CH)3 w 73 propc C l .
2 —(CHy)s— —(CHy)s— w 72 of these products. Conversion of intermediate vinylcarbene
3 —ECL-BF( ) —gCI-bgg— Cr 87 complex to the metallacyclobutenon®0@ and maleoyl—
4 —(CH)O(CH)-  —(CH)- W 87 metal complexes have been suggested as key inter-
5 ~CHOCH),- -CHl- W 76 plexes104 99 y

mediates for cyclopentenedione formation.
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R2 _ . Q. NRo
co R3 117 H3O
(CO)s . - CO)5 s —— g3
1
R R

NR2 ) R2 3

OR2 R3 R

R? —~ (CO)s R3 .

(CO)s R R e O

I —_—— —_— I 4

N\ ~NR2 v R
1 121 A = NRg 1
116 R 122 R1 R @ R1 123 R 124

Scheme 21.

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

Entry R R R? R® R* 119 (ee) (%) 123 (%)
1 —(CHy)s— 2-Furyl CH CHs, CH,CHs 95

2 —(CH,)sCH(CH,OCHg)-" 2-Furyl CH; CH;, CH,CH; 88 (>80)
3 —(CHys— 2-Furyl CH i-Pr H 72-95

4 —(CHy)sCH(CH,OCH,)-° 2-Furyl CH i-Pr H 74-91 £99)

5 —(CHy)s— 2-Furyl t-Bu i-Pr H 94

2The number in parentheses refers to the de relative to the chiral auxiliary.
b The stereogenic center &

2.8. Coupling of a,B-unsaturated carbene complexes intramolecular coupling of the allyltungsten nucleophile
with enamines with the iminium salt has been proposed. For aldehyde-

derived enamines, a mechanism involving Michael addition
The synthesis of cyclopentadiene derivative$4 Scheme (116+117118 followed by intramolecular C-C bond
20) is readily achieved through the reaction of alkynyl- formation has proposed; reactions employing ttfoeitoxy-
carbene—chromium and —tungsten complexes0y and carbene complex are completely regioselective while a
enamines 111).*>=** A variety of five-, six-, and seven- minor regioisomer is observed in reactions employing
membered ring and acyclic enamines have been tested irmethoxycarbene complexes. The relative stereochemistry
their reaction with phenylethynylcarbene complexes of the five-membered ring substituents is established with
(Table 8). In some cases, the enol ether derivati/b$ a very high degree of selectivity. A high degree of relative
cannot be isolated due to hydrolysis on silica gel, and the asymmetric induction is observed for enamines featuring
enone derivativesl(l5) are obtained after chromatography. chiral auxiliaries in the R groups at nitrogen (entries 2 and
A mechanism involving Michael addition of the enamine 4 of Table 9). Hydrolysis of the initially obtained enol ethers
(110+111—112 followed by 1,3-proton transfer affords 119and123affords ketoned20and124 respectively.
the «,B,y,8-unsaturated carbene complekl3 which
cyclizes (see similar intermediates in Scheme 1) to afford 2.9. Coupling of carbene complexes with dienol ethers
cyclopentadiend 14

The coupling of alkenylcarbene complexd®% Scheme
A stereoselective [32]-cycloaddition process also occurs 22) and methyl acrylate 1@6) affords mixtures of the
when alkenylcarbene—tungsten complex&46( Scheme expected vinylcyclopropane derivativé27 and cyclo-
21) couple with enamines at 25-6€Din THF, leading to  pentene derivatived28 and 129¢*’ Cyclopentenel28
either cyclopentene419 or 123 (Table 9)* The regio- does not arise through rearrangment of vinylcyclopropane
chemistry of addition is different for enamines derived derivative127. The product distribution can be controlled
from aldehydes {17) and enamines derived from ketones by solvent effects, and cyclopentenes are the exclusive
(121), and this regiochemistry different has been attributed products from the coupling of pyrrolyl derivatives &25
to competing Michael and 1,2-addition processes of the (Ar=2-pyrrolyl). Examples where the cyclopropanation and
enamines. For ketone-derived enamines, a mechanisnvinylcyclopropane rearrangement are performed in separate
involving 1,2-addition 1{16+121—122) followed by steps have also been documerftéd.

Me . O(if;/lg MeQO COOMe MeO COOMe
(CO)sC

Cyclohexane
125 Ar 80 °C

Scheme 22.
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Me / CO)s TBS
(CO)5Cr=f
R
130

Cyclohexane or
1,2-Dichloroethane

80 °C
oTBS
TBS N\R,
(CO)sC -
133 -

Scheme 23.
Table 10.Coupling of carbene complexes with diene—enol ethers 2.10. Generation of trimethylenemethane complexes
Entry R R Solvent Yield135 (%) followed by cycloaddition
1 Ph COOMe CICHCH,CI 99 Coupling of allenes 37 and 140, Scheme 24) and
2 Ph COOMe Cyclohexane 39 Fischer carbene complexes affords trtmgenemethane
3 Chs COOMe Cyclohexane 17 derivatives {38 and 141), which afford cyclopentane
4 Ph Ph Cyclohexane 99
5 CH, Ph Cyclohexane 59 derivatives after subsequent cycloaddition with suit-

able alkenes’ Dialkylidenecyclopentane derivative
139 can be obtained by either isolation of complex
138 and treatment with allenel37, or by prolonged
In a related study, the reaction of carbene complexes with coupling of complex 136 and allene 137. The
diene—enol ethers18l, Scheme 23) affords vinylcyclo- isolated trimethylenemethane derivatiiedl can also
pentene derivative$35 (Table 10)* This unusual reaction  couple with alkynes in a separate step to provide
involves the coupling of two moles of the diene with one mixtures of alkylidenecyclopentenel43 and alkyl-
mole of carbene complex. The proposed mechanism idenecyclohexenone derivativesi4d),”* which result
involves an initial alkene metathesis, giving silyloxy—vinyl- from CO insertion processes. An efficient cycloaddi-
carbene complext33 followed by [4+2]-cycloaddition tion reaction occurs when trimethylenemethane
of the diene to the chromium—carbon double bond complex 141 is treated with maleoyl derivatives,
(133—134), followed by reductive elimination. The unusual resulting in the exclusive formation of alkyl-
[4+2]-cycloaddition mechanism accounts for the observed idenecyclopentenesl142).

regiochemistry, which is opposite to that expected from a

cyclopropanation-rearrangement sequence as was reporte@.11. Reductive dimerization of alkynylcarbene

in Scheme 22. A similar product is obtained in 72% yield complexes

from the direct coupling of anx,B-unsaturated carbene

complex (the methoxy analog 0f33 and dienel31 Treatment of alkynylcarbene-tungsten co nglexdga(

(R'=COOMe). Scheme 25) with diethylziié or phenyllithiun?® results
Ph
Ph Ph

OFt PR H,C=C=" /

C:< + - _/Ph \' r\, OF oxt 139

(CO)sCr H,C=C= 450/ '\C - Ph

136 137 Toluene 138 r(CO)3 \
PH

OEt

Ph { X =0,N-P
OFt | ’ oa 90%
(CO)sCr=( + (T‘ — o
Ph

Cr co
136 ©0)s 25

— X
140 = R 142

R = Ph, 90%, 9:4 143:144
R = TMS 95%, 144 only

Scheme 24.
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W(CO)s R-M (CO)s (CO)s . A // 142Et
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—_—
p OEt = R OFt I —_—
7 R-M =Et;Zn  Ar A ©
Ar 145 or PhLi 146 147
o Dokt R OEt © (€O) R QEt
(CO)s OEt (CO)s W(CO)s H* 5
R)\ — ~ bE
C” "W(CO) Et Ar t
148, o ® 149 A1 . © 150 Ar
Ar
Scheme 25.
M(CO)s ®0 R ®O R A
R! CHaN=C: R'  CHaN=C: CHg
RO (CO)sM. -C N= or
| v T e M=
2
51 ot 152 " (COMM—N_
CH3
RQ RQ 1
CHg R' R
-71_ ) or (CO)5NLNL _ "
/ R
(COJM—N_ N
CH; 154 CHs 155
Scheme 26.
Table 11.Synthesis of cyclopentanediimines from coupling of isocyanides and carbene complexes
Entry M R, Ry 153 (%) 154 (%) 155 (%)
1 Cr R;,R;.=—CH=CH-CH-CH- 41
2 Mo R;,R,=—S—CH=CH— 42
3 Mo Ry,R;=—CH=CH-S- 30
4 Cr H Ph 25 17

in cyclopentane derivativesl$0 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 complek46which then undergoes Michael
addition with another mole df45, forming 148 Cyclization
and protonation afford 50.

r(CO)sg
EWG (CO)4
/\/L CHS OCH3 7 CI
EWG' -
& PN CHsw
156 ON / EtsN
OCH3

EWG! EWG'

EWG EWG
Sle . 0
CHs = CHa_~
160 161

OCHg3 OCHjs

Scheme 27.

2.12. Double isocyanide insertion—cyclization of
arylcarbene complexes

The 2:1 coupling of isocyanides and arylcarbéner
alkenylcarben®& complexes affords indane-diimine deriva-
tives (153-155 Scheme 26 and Table 11). The proposed

EWG
e o‘\Cy\@/k
EWG' Y EWG'
©) CHaw 2 Cr(CO)3 —
158
OCH 159
EWG Ve EWG
SiO»
B
o or ©
CH3 CH3
163
162
0 0
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Table 12. Coupling of carbene complex57 with alkynyl carbonyl
compounds 156)

Entry EWG EWG Yield 162 (%)
1 COOMe COOMe 46

2 COMe COMe 48

3 COOMe P(O)(OEY) 16

4 COOMe COMe 77

#Deacylation of the acetyl group occurred and oh88 was isolated.

(relative to the alkyneJ® A mechanism involving formation

of a vinylketene {59, 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 eth#61) transforms to the
corresponding diketonel62 upon purification. In the
B-ketoester case (Entry 4 of Table 12), the ketone group
is deacylated during attempted purification, resultint)68

mechanism proceeds by formation of the ketimine complex 3.2. Coupling of 1,6-enynes with carbene complexes
152, followed by addition of another equivalent of isocya-
nide. Mixtures of enol ether$54 and 155 are the products | ; )
from alkenylcarbene complexes, while compounds of Mmembered rings are readily prepared from the coupling of
general structurel53 are obtained from arylcarbene
complexes. A clean demetallation procedure was notYne (164+165-168-170, Scheme 28 and Table 13);
reported; treatment of the bis imine complex with HIO
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

Cyclopentanonesl61-163 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 formation of the cyclopropane in the latter case has been

Five-membered rings fused to either three- or four-
simple carbene complexes with derivatives of 1-hepten-6-

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]hexanel8) derivatives
accompanied by minor amounts of furakv {) byproducts.
The unsubstituted enyn&&4, X=H) affords only the cyclo-
butanone derivatives (Table 12, Entry*I)while the gem
diester derivative 164, X=COOR, Entries 2-5) affords
mostly cyclopropanes (except for Entry 4), accompanied
by minor amounts of metathesis produi9>® The two
classes of products differ in the timing of the CO insertion
and cyclization events for vinylcarbene intermedia&s

Ro
L X
Rs M Ra X
Z (CO)sC
¥V R2 R J\Y %
X X Ry » Rz - > R /_CF(CO)3
165 166
164 Y v 167
Ro X l X X
R3 \R1 X R X X R1 X
X
CHg R+ R,
= or
o Ry ~__R R~ Ra R
= R 169 0
170
CHa 171 168 \% Y Y
Scheme 28.
Table 13.Cyclization of 1,6-enynes using carbene complexes
Entry M Y R Ry R, Rs X 168 (%) 169 (%) 170 (%) 171 (%)
1 Cr(CO} OCH; CHz H H H H 45
2 Cr(CO} OCH; CH; H H H COOMe 69
3 Cr(CO} OCH; CH; CH; H H COOMe 22 30
4 Cr(CO} OCH; CHz H CH; H COOMe 2 6 30 7
5 Cr(CO) OCH; CH; COOMe H H COOMe 64
6 Mo(CO) OCH; Bu COOMe H H H 76
7 Cr(CO} NC;Hg CH;z H H H COOMe 88
8 Cr(CO} NC,Hs CH; CH; H H COOMe 58
9 Mn(CO)Cp OCH CH; H H H COOMe 71
10 Mn(CO}Cp OCH CH;z H CH; H COOMe 65
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Scheme 29.

Table 14. Synthesis of hydroazulenes from the coupling of carbene complexes and diehyfies (

Entry M X R R 174 (%) Stereochemistry

1 Mo H Bu COOMe 87 481

2 Cr H CH; COOMe 24 1.2:1

3 Mo COOMe Bu COOMe 81 131

4 Mo COOMe H H 42 11

5 Mo H Ph —CH=CHCOOMe 50 2:1

6 Mo COOMe 2-Furyl —CHCHCOOMe 42 One diastereomer

& A metathesis product analogous169 of Scheme 28 was also observed in 11% yield.

attributed to faster cyclization due to the Thorpe—Ingold propane {73 can undergo rearrangement to the seven-
effect provided by the gem diester groups. Efforts to membered ring derivativel{4); this process leads to the
suppress the CO-insertion process through use of electrorsynthetically important hydroazulene ring system in a single
rich aminocarbene complex analogs (Entries 7 ante8)d step® The reaction is most efficient when molybdenum
manganese (Entries 9 and $Dand molybdenum (Entry  carbene complexes are employed. The divinylcyclopropane
6)°* carbene complex analogs have been successful. Formaderivatives 173 can be isolated in some cases if the
tion of six-membered rings from 1,7-enynes has also beencarbene—alkyne coupling is performed at@Qhowever
demonstrated for many of the examples. only the hydroazulene derivativesld4) are observed
from the reaction conducted at €0 The relative stereo-
Ifadiene (asirl71, Scheme 29 and Table 14) isusedtotrap chemistry at the asterisked carbons is effectively controlled
the initial carbene complex, the resulting divinylcyclo- through stereospecific cyclopropanation followed by Cope

X
Gr(CO)s X
X X R
CHy” “OCH3  (co),C g (COCry
/ N 4 - —
7 A _ =
X X R 157 CHa_ CHa =
175 176 177
CH3CN / 70-80 °C OCH; OCHj
X
X o X o X
Os R R R
X B —_—
CH3 — 0 HO 180
178
OCHsg CHyOCH; 179 HaC

Scheme 30.

rearrangement through a boat transition state; the stereo-
Table 15. Two alkyne annulation processes leading to indene derivatives chemistry at the remaining stereocenter is controlled by
the alkene geometry of the enol ether, which is established

Entry M X R 179(%) 180(%) as in the initial alkyne insertion (i.€164+165—166 in

1 cr H H 57 Scheme 28). An intramolecular version of this reaction
2 Cr COOEt H 57 has also been report&diThe coupling proceeds similarly

3 Mo H H 5 62 for arylcarbene—molybdenum complexes, howevétzbo

g \(/:Vr EOOEI ;'MS 77§ type products are the major products from reactions of

alkenylcarbene complexés.
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Scheme 33.
Table 16. Synthesis of lactams via the intramolecular alkyne—aminocarbene coupling
Entry R R R? 199 (%) 200 (%) 201 198(%)
1 Ph PhCH Me 9 47
2 Ph R,R,=—(CHy)s— 31 12
3 Ph R,R;=—CH,CH=CHCH,~ 15
4 Ph R,Re=—(CHp)s— 1¥ 45

2Total yield complexed-uncomplexed phenyl ring.
® Obtained through treatment of the stable ylide with oxygen and light.
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Rz MeO.__W(CO)s
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RoN

R2N = N-morpholino
Scheme 34.

Table 17. Synthesis of indene205) via tandem Diels—Alder and cyclo-  the cornerstone of a novel approach to the steroid ring

pentannulation reactions system (Scheme 3%5.Trialkynylcarbene compled81 is

Ent R R 205 (% trgnsformed to a ste'r0|d' derivative in two-steps: (1)
dald >0 Diels—Alder reaction with dien&82 followed by (2) intra-

1 Me H 95 molecular two-alkyne annulation.

2 Me CHOMe 95

3 R, R*=—(CH,)4— 92

3.4. Intramolecular alkyne—carbene coupling

Thermolysis of a 5-alkynylcarbene complex (el®7 or

3.3. Two-alkyne annulations 191, Scheme 32) typically leads to cyclopentenylcarbene
derivatives 188 or 192), which can then undergo various
Coupling of carbene complet57 and 1,6-diynes 175 trapping reactions. Thermolysis of alkyne—carbene complex

(Scheme 30 and Table 15) also leads to five-membered187in the presence of methyl acrylate afforded the cyclo-
ring derivatives {79 and180) according to the mechanism propylcyclopentene derivative89in 71% vyield as a 2.5:1

in Scheme 367 Generation of a vinylcarbene complex mixture (major isomer depicted§.Thermolysis of the ylide
(176 in situ via coupling of the carbene complex with the 190 leads to the unstable hydridocarbene complé®,

less substituted alkyne, followed by intramolecular coupling which undergoes the intramolecular insertion and CO inser-
with the remaining alkyne affords the divinylcarbene tion to provide the vinylketene derivatii®3 which can be
complex (L77), which cyclizes to a six-memberei¥9 as trapped by alcohols (to afford este94) and alkene§’ The
was proposed for the poreaction in Scheme 1. Reduction most thoroughly studied version of this reaction is the intra-
of cyclohexadienonel79 by the low oxidation state  molecular coupling of aminocarbene—chromium complexes
chromium byproducts then affords the phenol products and alkynes (Scheme 33 and Table 185—199-201).
(180. The cyclohexadienone derivatives can be isolated Thermolysis of195 initially affords nitrogen ylide deriva-
from the reaction, however the phenol derivatives are tives (198), which subsequently undergo Stevens-type
the exclusive products upon extended reaction time. Therearrangements to afford lactam derivativé89-20158
six-membered ring forming analog of this reaction is This reaction is also efficient for the formation of six-
considerably less efficient. The reaction has been used asmembered ring analogs.

207 R®

Rz MeO__W(CO)s RZ OMe 1 R?  OMe
1 R 206
R1 R
ji . W(CO)5 Ré -
RoN RoN Z R ReN 3
R® 206 o08
202

I
X
R4

R,>N = morpholino

e
209 RyN

Scheme 35.
Table 18. Tandem Diels—Alder-cyclopentannulation reactions of alkynyl-
carbene complexes 3.5. Cyclization of dienylcarbene complexes
Ent R R? R® R* 210(%

my 0) Phenylethenylcarbene complexe204, Scheme 34 and
1 Me H H Ph 95 Table 17) and dienylcarbene complex@9{, Scheme 35
g me CH:HZOM ge ” (CHQPh 8657 and Table 18) featuringAacentral alkene geometry undergo

e e R'=— 4~ i i i

2 R R—_O(CH)o R R'—_(CHD).— e conversion to the corresponding cyclopentadierss or

208 upon mild heating®"* These complexes are easily
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Scheme 36.
W(CO)s W(CO)s 75 °C MeQ Me 90%
MeO P OMe Benzene Pr — 216
215 ' \
Scheme 37.

generated through coupling of aminobutadieriZ32) with in 213 Scheme 36) Diels—Alder reaction-cyclization can
phenylethynylcarbene203) or vinylethynylcarbene 206) occur with a third equivalent of the alkenylcarbene
complexes, and undergo cyclization to a five-membered complex.

ring in situ when the coupling reactions were conducted at

room temperature in THF. Alternatively phenylethenyl-

carbene complexes (which also cyclize) can be generated3.6. Intramolecular carbene dimerization

by addition of secondary phosphines to alkynylcarbene

complexe§2 or by methylation of propargyltungsten A single but high-yielding example of the intramolecular
anions’® In cyclization reactions of vinylcarbene complexes decomposition of bis carbene complexes (815, Scheme
(Scheme 35), the same reaction conditions lead to the37) has been reported. Compl2%5, which is very readily
norbornene derivatives2{0), which result from Diels— obtained through Michael addition of a carbene complex-
Alder reaction of the initially generated cyclopentadiene stabilized anion to an,p-unsaturated carbene complex,
208 and the starting alkynylcarbene complex, followed by forms exclusively the dimer2(6) upon thermolysis at
cyclization. If the six-membered ring @09is aromatic (as ~ 75°C.”

TBS E ~ (THF)W(CO)s "i;ﬁ
N\ —_—
P g THF /25 °C - P
7
E = -COOEt (CO)sW (COsVE
218 219
06O . 2 (ENMocO) - EDG S oo® EDG
EDG -~ —_— )Q — EDG')@
L Et,O /20 °C (CO)5V\FC COpW
221 222 223 224
Scheme 38.

3.7. Generation/capture of metal vinylidene complexes
Table 19.Cyclization of 1,3-dicarbonyl-alkyne derivative221) to cyclo-

pentenes224) The reaction of enol ether-terminal alkyr217 with

Entry EDG EDG 224 (%) (THF)W(CO) affords cyclopentene20.® Cyclopentene
derivative 220 is formed via conversion of the terminal

1 COOMe COOMe 60 alkyne to vinylidene 218 followed by intramolecular

g gg,a’;"e ggmg g? nucleophilic attack by the enol ether (Scheme 38). In a

mechanistically similar process, treatment of alkynes of
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Scheme 39.
Table 20.Coupling of cyclobutenediones with carbene complexes
Entry R R R? X 228 (%) 229 (%) 231 (%)
1 CH; i-PrO i-PrO OCH 31 14
2 CH; i-Pro i-Pro N(CHy), 12
3 Cyclopropyl i-PrO i-PrO OCH 34 17
4 CH; i-PrO CH; OCH;, 25 16
5 CH; Ph CH, OCH;, 20 15
6 Ph i-Pro CH; OCH; 20 21 14
7 Ph i-Pro i-PrO OCH 55
general structur@21 with (EtsN)Mo(CO) affords cyclo- comes from the 1,3-dicarbonyl compound. The reaction is
pentenes of general structu@24 (Table 19)° In this somewhat catalytic in that 0.5 equiv. of base and molyb-

reaction process, 0.5 equiv. of ani@flis generated from  denum complex are used in the conversior2d1 to 224,
the corresponding 1,3-dicarbonyl compound and sodium The reaction is similarly efficient for the preparation of six-
hydride; the proton required in the final step28—224) membered ring homologues.

r(CO)5

co
jﬁ ooH3 CO)4 r( )4

OCH
233 Pr OCH3 p Pr s

/ 234
Il OO /
2 R o) R!

/ OMe
Pr OCH3

Not Observed 237

Scheme 40.

Table 21. Synthesis of cyclobutenediones via coupling alkynylcyclobute- 4. Ring Expansion Processes

nones and carbene complexes

4.1. Reaction of cyclobutenediones with carbene

Entry R R R> 235 (%) 236 (%) Comp|exes

1 CHs i-Pro i-Pro 72 ) )

2 Ph i-PrO i-Pro 72 The reaction of cyclobutenedione225 Scheme 39 and

3 Cyclopropy! i-Pro i-Pro 66 Table 20) with Fischer carbene—chromium co Jolexes
4 CHCH=CH-  i-PrO  i-PrO 60 leads to cyclopentenedione derivative2§ and 229).”

5 CH;, i-PrO CH 58

The reaction is general for alkylcarbene complexes,
3 A 2:1 mixture of235and a 1,5-hydrogen shift product (2-alkylidene-4- Nowever the reaction involving arylcarbene complexes
cyclopentene-1,3-dione) is obtained. (Entries 6 and 7) affords mixtures of cyclopentenediones
® A 2.2:1 mixture of diastereomers is obtained. and 5-alkylidenefuranone231). The reaction mechanism
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RT R1 O R @]
2o Cr(CO) Aorhv 2 R
R ° » R4 OCHz  or OCH3
R OCH R R
R3 3 238 RS Fl3 240
239

If R = alkenyl and RZ = H

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 R R? R® R* R® R® 239 (%) 240 (%)
1 —CH=CH, CH;, H H 43 (68f

2 Ph CH H H 27

3 1-Cyclopentenyl H H H RRS=—(CH)*- 69

4 —CH=CHCH, H H CH; H CH,CH; 53

5 —CH=CHPh CH H ) 35

6 —CH=CH, CH;, H CH;, 53

7 —CH=CH, CH; CHs H 25°

8° —CH=CH, H CH; CH;, 83

9° H H H H 68

2Yield in DMF at 100C.
®The reaction is not stereospecific, a 60:40 mixturérafis methyltis methyl is obtained.
¢ Photochemical reaction.

involves oxidative addition into the acyl—acyl bond of the triketone236is reported. In cases where there is competi-
cyclobutenedione, followed by an acyl shift process tion from Ddz-type reaction pathways (Entries 2 and 4), the
(226—227) and reductive elimination. A secondary reduc- ring expansion pathway is the exclusive reaction pathway.
tion process induced by low-valent chromium accounts for

the formation of deoxygenated cyclopentenedid®d. 4 3. Thermolysis and photolysis of cyclopropylcarbene—
Alkylidenefuranone formation has been attributed to ioniza- chromium complexes

tion of the C—Cr bonds22 7—230) followed byO-acylation

of the enolate intermediate. The coupling is facile only for Thermolysis of certain cyclopropylcarbene complex238(
alkoxycarbene complexes; only a low yield of product is gcheme 41 and Table 22) leads to 2-alkoxy-2-cyclo-
observed for the aminocarbene complex (Entry 2). The pentenone derivative289).8* The thermal ring expansion
best product yields are obtained for the dioxygenated cyclo- reaction appears to be unique to 2-alkenylcyclopropyl-
butenedione derivative; this observation has been attributedegrpene complexes tRor RP=alkenyl). Several trends

to instability of the non-oxygenated cyclobutenedione have been noted. The reaction of the complexes featuring
derivatives. No other four-membered ring systems undergo cjs alkene and carbene groups are considerably more reac-
this type of reactivity. Only one other ring system, cyclo- tjye than thetransisomers. Second, the reaction appears to
propenones, undergoes a similar two-component ring pe stereospecific in most cases (Entries 5 and 6, but not

expansion process. Entry 7)8 and in a sterically unbiased system (Entry 5)
the reaction appears to proceed with complete retention of

4.2. Reaction of alkynylcyclobutenols with carbene stereochemistry. In cases where there is a proton at the

complexes 2-position of the cyclopropane ring (Entries 3 and 4), pre-

dominantly the conjugated isome240) is obtained after
The coupling of alkynylcyclobutenols282, Scheme 40  purification. The conversion of cyclopropylcarbenes to
and Table 21), readily derived from cyclobutenedione 2-alkoxy-2-cyclopentenones can also be induced by photo-
225, with Fischer carbene—chromium complexes leads to lysis (entries 8 and 9 In this case, even the simple
five-membered ring derivatives285.5° A mechanism unsubstituted cyclopropylcarbene comple23§ all R
involving alkyne insertion, leading to the unstable but groups=H) is efficiently transformed to the corresponding
electrophilic vinylcarbene complex intermediat233 cyclopentenone.
followed by acyl migration to the electrophilic carbene
carbon and demetallation has been proposed. The reactioiThe mechanism depicted in Scheme 42 has been proposed
process is general for a variety of carbene complexes,for the thermal ring expansion process. The photochemical
including alkylcarbene, arylcarbene, vinylcarbene, and process is though to occur via conversion of the correspond-
cyclopropylcarbene complexes. This reaction is unique to ing carbene complex to the ketene complex, followed
the cyclobutenedione-derived systems; other relatedby rearrangement of the cyclopropylketene. Initially, CO
systems, including the saturated cyclobutane ring systemdissociation followed by alkene complexation affords
do not undergo the analogous reaction process. In mostinternally-coordinated comple241, which undergoes a
cases, the crude enol ether has been subjected to a hydroly€ope-like process to generate internally coordinated
sis procedure prior to final purification, and the yield for -allyl complex242 CO insertion and reductive elimination
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