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1. Introduction: Synthesis and Reactivity of
Fischer Carbene Complexes

2.4.3. Formal [3 + 3]-Cycloaddition Products 3246 The forma combination of a carbene and an organome-
2.4.4. Formal [4 + 3]-Cycloaddition Products 3247 tallic fragment yields carbene complexes. They are com-

3. Metal-Templated Cycloaddition Reactions of 3248 monly classified as Fischer- and Schrock-type complexes.
Fischer Carbene Complexes While Schrock-type compounds (first described in the early
3.1. Cyclopropanation 3248 1970s) play an important role in olefin metathesis (acknowl-

3.1.1. Cyclopropanation of Electron-Rich Alkenes 3249 edged by the Nobel Prize 2005"), Fizzcher carbmg complexes,
3.1.2. Cyclopropanation of Nonfunctionalized 3249 which were first reported in 1964 and 1965, have been

Alkenes developed into powerful reagents for organic synthesis.® This
3.1.3. Cyclopropanation of Electron-Poor Alkenes 3249 review concentrates on group 6 metal carbene complexes
3.2. Benzannulation and Cyclopentannulation 3249 with a special focus on chromium compl exes since, because

of their balance of reactivity and stability combined with

3:2.1.- Benzannulation 5249 easy accessihility (see below), they are the most prominent
3.2.2. Gyclopentannulation 3254 members of the Fischer carbenes and have found the broadest

3.3. Regiospecific Labeling of Arene Rings by 3256

Haptotropic Metal Migration application. While most of the recent chemistry of Fischer

carbene complexes has been periodically summarized during

4, Multistep and Multicomponent Reactions 3256 the last 5—10 years? this review, apart from the basic
4.1. Starting from Alkynylcarbene Complexes 3257 characteristics of Fischer carbene complexes in the introduc-
4.1.1. Cycloaddition Reactions 3257 tory part, will focus on the developments since the mid-
4.1.2. Multifaceted Cycloaddition Reaction 3258 1990s. The literature is covered up to April 2009.
Sequences

4.2. Starting from Alkenylcarbene Complexes 3258 1.1. Synthesis

* Corresponding author. E-mail: doetz@uni-bonn.de. Fax: (+49) 228 73 The original and still mOS[ general en.try into Fischer-
813. type metal carbenes (“Fischer route”) involves the se-
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guential addition of a carbon nucleophile and a carbon
electrophile across a metal-coordinated carbon monoxide
ligand (Scheme 1).° Addition of an organolithium reagent
(alkyl-, aryl-, akenyl-, or akynyllithium derivative) to
hexacarbonyl chromium affords acyl metalates 1—3, 7—9,
and 13—15, respectively, that undergo an in situ O-alkyla-
tion by hard akylating reagents such as trialkyloxonium
tetrafluoroborates®” or akyl fluorosulfonates™ ¢ to give
alkoxycarbene complexes 4—6, 10—12, and 16—18, respec-
tively, in typical yields of 60—90%. Alkylation of the acyl

Détz and Stendel

Scheme 1. Fischer Route to Group 6 Metal Alkoxycarbene
Complexes
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metalate has been also performed with methyl iodide using
phase-transfer catalysis.” Very recent work includes the
synthesis of fully alkylated pyranylidene Fischer carbene
complexes by addition of 1-lithio-1,3-butadienesto Cr(CO)e
bearing a terminally attached leaving group, which alows
for the intramolecular alkylation of the acyl metalate inter-
mediate.®? For applications in combinatorial chemistry,
Fischer carbene complexes attached to solid supports have
been prepared.®

A dlight modification of the Fischer route is necessary to
obtain diazophenylcarbene complexes; here, the transmeta-
lation of the aryllithium to an organozinc intermediate’® was
found to suppress the undesired attack of the alkyllithium
reagent on the diazo functionality (causing reduction to
hydrazines).

Highly functionalized alkoxycarbene complexes are formed
upon alcoholysis of strongly electrophilic acyloxycarbene
complexes 22—24 generated via in situ acylation starting
from the storabl e tetraalkylammonium acyl metalates 19—21,
which are obtained from the lithium precursors 1—3. This
is the method of choice for the synthesis of metal carbenes
4—6 that bear chiral terpene or sugar auxiliaries or func-
tionalized alkyl moieties in the alkoxy substituent (Scheme
2). Functionalized carbene complexes have been also pre-
pared via diphenylsulfonium salts.'?

Scheme 2. Preparation of Fischer Carbene Complexes
Bearing Functionalized or Optically Active Alkoxy
Substituents

OLi Me,NBr ONMe; R2COX OCOR?
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1-3 19-21 22-24
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3.6 21,24 (M=W) 4-6
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Scheme 3. Semmelhack—Hegedus Route to Group 6 Metal Alkoxy- and Aminocarbene Complexes
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A factor limiting the versatile Fischer route may be the
availability of the organolithium compound. Here, a comple-
mentary access to alkoxy- and aminocarbene complexes
(Semmelhack-Hegedus route) offers an aternative. That
approach involves the addition of the pentacarbonylchromate
dianion 25 (obtained from the reduction of hexacarbonyl
chromium with sodium naphthalenide (NaphNa)#2® or—more
conveniently—CgK % (25a)) to acyl chlorides and amides
(Scheme 3).131* While alkylation of acyl chromate 26 leads
to alkoxycarbene complexes 4, addition of chromate dianion
25 to carboxylic amides generates the tetrahedral intermedi-
ates 27, which are deoxygenated by trimethylsilyl chloride
to give aminocarbene complexes 28.

Both the Fischer and Semmelhack—Hegedus routes have
been applied for the synthesis'® of biscarbene'®® and poly-
metallic carbene complexes.1®

Finally, a specid synthetic entry into vinylidene and cyclic
carbene complexes has been developed (Scheme 4). Photo-
chemica cleavage of one carbonyl ligand in hexacarbonyl
chromium in the presence of aweakly coordinated ligand like
tetrahydrofuran'” or triethylamine!™ yields a pentacarbony!
chromium o-complex (OC)sCrL 29, which is reacted with
either w-akynols 30 or with lithioglycals 33.81° In the
former case, vinylidene complexes 31 (that may be generated
with'®" or without'® irradiation) are formed first, which
transform into metal oxacycloakylidenes 32. Using lithiogly-
cals 33, the tetrahydrofuran (THF) complex 29 produces
vinyl chromates 34, which may add an electrophile to yield
35 or undergo OR™-elimination resulting in o, f-unsaturated
chromium carbene complexes 36. Medium-sized chromium
oxacycloakylidenes have been prepared by ring-closing
metathesis of chromium akenyl(alkenyloxy)carbene

Scheme 4. Preparation of Furanylidene and Pyranylidene
Fischer Carbene Complexes
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complexes,?®® while bis(alkenyl)carbene chromium com-
plexes afford carbocylic carbene complexes.?® The use of
diphenylcarbene complexes (OC)sCr=C(Ph), (see section
2.1.1 for their preparation) offers a complementary meta-
thesis-based access to cyclic (sugar-type) Fischer carbene
complexes.®

Alkenyl- and akynylcarbene complexes have found the
broadest application in synthetic organic chemistry (see
below). These derivatives have been exclusively prepared
by the Fischer route using alkenyl- and akynyllithium
compounds as organolithium sources. An alternative access
to akenylcarbene complexes is based on aldol reactions
starting from akylcarbene precursors or on Michael-type
addition of carbon and heteroatom nucleophiles to alkynyl-
carbene complexes (see section 2.1.1).

For a better overview, the carbene complexes discussed
in this review are compiled in Figures 1—3 and 7.

1.2. General Reactivity

Fischer-type metal carbenes usually contain a late transi-
tion metal (groups 6—8) in a low oxidation state in the
organometallic fragment generally bearing ligands with good
sr-acceptor properties (typically carbon monoxide) in the
coligand coordination sphere. The carbene carbon atom
represents a strongly electrophilic center as evident from low-
field 3C NMR shifts of up to 400 ppm?? resembling those
of carbenium ions (see mesomeric structure 11 in Figure 4),
which is usually stabilized by sr-donation from heteroatoms
(oxygen or nitrogen, as depicted in mesomeric structure 111
in Figure 4). Thus, the metal carbonyl fragment plays the
role of a functional group that activates the carbene ligand
for subsequent reactions (as discussed in section 2). The
characteristic reactivity pattern of carbonyl alkylcarbene
complexes is illustrated in Figure 5.

The electrophilicity of the carbene carbon atom favors the
attack of carbon and heteroatom nucleophiles (A). Electro-
philes may add to the heteroatom carbene substituent (B),
which represents the first step in the transformation of metal
carbenes to metal carbynes.?3?*

As a consequence of the electrophilicity of the carbene
carbon, the acidity of a.-CH groupsis significantly enhanced,
for instance, the methoxy(methyl)carbene chromium complex
4a features a pK, value of ~8.2° Therefore, deprotonation
by strong bases generates metal carbene anions that may be
applied as C-nucleophiles to akylation, aldol-, and Michael-
type reactions (C). Finaly, carbonyl ligands undergo thermal
or photochemical substitution for other types of ligands (e.g.,
phosphines, alkenes, alkynes), which allows for a modifica-
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4a (M= Cr,R' = R% = Me)

4b (M = Cr, R' = Me, R? = Et)

4c (M = Cr, R' = Me, R? = CH,Ph)

4d (M = Cr, R" = Me, R? = (CH,),CH=CH,)

4e (M = Cr, R' = Me, R? = (CH,),C=CH

4f (M = Cr, R' = Me, R? = (-)-menthyl)

4g (M = Cr, R' = Me, R? = 3-MeQCgzH,CH,)

4h (M = Cr, R" = Me, R? = 3 4-(Me0),CgH3CH,)

4i (M= Cr, R" = n-Bu, R? = Me)

4j (M = Cr, R" = (CH,),CH=CH,, R? = Me)

4k (M = Cr, R! = CH,CMe;CHCO(CH,),CH
R? = Me) L 1

41 (M = Cr, R' = ¢-C3Hgs, R? = Me)

4m (M = Cr, R' = ¢-CgHg, R? = Me)

4n (M = Cr, R = ¢-C;H,CH,, R? = Et)

40 (M = Cr, R' = Ph, R? = Me)

4p M =Cr,R'=Ph, R?=Ef)

4q (M = Cr, R' = Ph, R? = {rac)-menthyl)

4r (M = Cr, R' = Ph, R? = (-)-menthyl)

4s (M = Cr, R" = Ph, R? = 3-MeQCgH,CH,)

4t (M = Cr, R = 4-PhCgH,, R? = (rac)-menthyl)

4-8

4u (M = Cr, R' = 2-MeOCgH,, R% = Me)
4v (M = Cr, R" = 4-MeOCgH,, R? = (rac)-menthyl)
4w (M = Cr, R' = 4MeOCzH,, R? = (+)-menthyl)
4x (M = Cr, R" = 4-MeOCgH,, R = (-)-menthyl)
4y (M = Cr, R! = 3-MeO-2,5-(MeOCH,0},CgH,,
= Me)
4z (M = Cr, R" = 2-(PhC=C)CgH,, R? = Me)
4aa (M = Cr, R' = 2-(TMSC=C)CgHy, R? = Me)
4ab (M = Cr, R" = 4-(4"-n-hexCgH4N,)CeHa, R? = Me)
4ac (M = Cr, R' = 4-(4"-MeOCgH4N,)CgHa4, R? = Me)

4ad M = Cr, R" = 1-C;¢H5, R? = Me)

OR?
©C)M=(
RT

Détz and Stendel

8a (M = Mo, R = ¢-C5Hs, R2 = Me)
5b (M = Mo, R = Ph, R = Me)

6a (M = W, R' = RZ = Me)

6b (M = W, R' = iPr, R? = Me)

6c (M = W, R" = n-Bu, R? = Me)

6d (M = W, R' = n-Bu, R? = Et)

6e (M = W, R' = c-C;H,CH,, R? = Ef)

6f (M =W, R" = Ph, R? = Me)

6g (M = W, R' = (2-D-3-OHC-6-MeCgH,,
R? = Me)

6h (M = W, R' = 1-C,gH;, R? = Me)

6i (M =W, R" = 2-C,gH;, R? = Me)

6j (M =W, R' = 2-furyl, R? = CH,CH=CH,)

6k (M = W, R' = 3-furyl, R? = Me)

61 (M = W, R" = 3-thienyl, R? = Me)

4ab (R = n-hex)

R‘@*N\\ OMe o
N‘< >*< 4ac (R = OMe)
Cr(CO)s

QEt
(00)#@ 4n (M =cCp)
6e (M = W)
OEt

Moo (©C)Cr
CHCO)s

4ae (M = Cr, R! = 2-C,gH;, R2 = Me)
4af (M = Cr, R = 1,4,8-(MeQ)5-2-C1gH,, RZ = Me)  pe0—/ \_OMe
4ag (M = Cr, R' = 2-furyl, R? = Me) 4y OMe
4ah (M = Cr, R = 3-furyl, R? = Me)
4ai (M = Cr, R" = 2-furyl, R? = CH,CH=CH),) MeO OMe OMe OMe
4aj (M = Cr, R" = 3-thienyl, R? = Me)
4ak (M = Cr, R' = 2-dibenzofuryl, RZ = Me) Cr(COs O [oly{ele)®
CIri) s
0]

Figure 1. Compilation of individual group 6 metal Fischer alkyl- and aryl(alkoxy)carbene complexes discussed in this review.

10a (M = Cr, R' = R? = Me)

10b (M = Cr, R' = n-Bu, R? = Me)
10c (M = Cr, R" = -Bu, R? = Me)
10d (M = Cr, R = TMS, R? = Me)

12a (M = W, R' = R? = Me)

12b (M = WR’=nBu R? = Me)
12¢ (M =W, R = i-Bu, R? = Me)
12d (M = W, R’ = £Bu, R? = Me)

10e (M = Cr, R = CH=CH(E-Ph), R? = Me) 126 (V- W, R' = TMS, R2 = M)

101 (U = Cr, R' = GH;CH=CH(E CH=C(E Me), 126 (M = W, R' = C(Me)=CH,, R? = Me)
Ri=Me) - 12g (M = W, R = CMe)=CH(E-Ph), R? = Me)

10g (M = Cr, R = C(Me)=CH(E-Ph), R? = Me) 120 (M =W R' = 1.cyclopentenyl, 2 = Me)

10h (M = Cr, R = G(Me)=CH(E-CH,O0CH,CH=CH,),

12i (M = W, R' = 1-cyclohexenyl, R? = Me)

2 _
~RE=Me) - 12 M= W, R' = Ph, R? = Me)
10i (M = Cr, R' = 1-cyclopentenyl, R* = Me) 12k (M =W, R' = Ph, R? = Et)
10j (M = Cr, R" = 1-cyclohexeny!, R? = Me) 121M = W’R’ 4-MeOCgH., R? = Me)

10k (M = Cr, R* = Ph, R? = Me)

101 (M = Cr, R' = Ph, R2 = Ef)

10m (M = Cr, R! = 4-MeCgHy, R2 = Et)

100 (M = Cr, R! = 4-MeQC4H,, R? = EY)

10p (M = Cr, R' = 2-(CH,=CH)CgH,, R? = Me)
109 (M = Cr, R' = 2-(PhHC=CH)CgH,, R? = Me)
10q (M = Cr, R' = 2-(HC=C)CgH,, R? = Me)
10r (M = Cr, R! = 3-(HCEQCqH,, R? = E)

10s (M = Cr, R' = 3-(TMSC=C)CoHa, R? = E)
10t (M = Cr, R' = 2-(PhC=C)CgHy, R? = Me)

12m (M = W, R = 4-CICgH,, R? = Me)

Figure 2. Compilation of individual chromium and tungsten
Fischer alkynyl(alkoxy)carbene complexes discussed in this review.

tion of the coligand sphere (D). This reactivity pattern
demonstrates that the organometallic functionality may
induce either ligand-centered or metal-centered reactions.
Another typical reaction pattern of carbene complexes in
general, the (intramolecular) insertion of the metal —carbene
bond into C—H bonds, has been applied to the synthesis of

heterocycles. Chromium o-phenyl(dia kylamino)carbene com-
plexes have been transformed into indoles at room temper-
ature in 70—80% yield.?®

Decarbonylation in the coligand sphere creates a vacant
coordination site at the metal, which may act as a template
(template effect)?” and provide a suitable geometry for
subsequent interligand coupling, thus alowing for C—C bond
formation to proceed within the coordination sphere of the
metal (see section 3).

Generally, carbon nucleophiles (organolithium compounds,
enolates, and amides) can add in a 1,2- or 1,4-fashion to
o,f-akenyl- (1) and aso in a 1,6-fashion to arylcarbene
complexes (11) (Figure 6).22 While 1,2- and 1,4-addition to
alkenyl- and alkynylcarbene complexes will be disclosed in
various examples throughout this review, 1,4- and 1,6-
addition reactions are discussed here.

The 1,4- and 1,6-addition to arylcarbene complexes has
been investigated with phenylcarbene complexes 4q, 4t, and
4v—4x bearing a bulky menthyloxy substituent at the carbene
carbon atom that blocks the 1,2-addition pathway.?% Instead,
1,4-addition of alkyllithium compounds to electron-rich para-
methoxyphenylcarbene complexes leads to 1,3-cyclohexa
dienylcarbene complexes 37, while 1,6-addition affords 1,4-
cyclohexadienylcarbene complexes 38. Starting from unsub-
stituted phenyl(menthyloxy)carbene complexes, substituted
phenylcarbene complexes 39 were isolated after 1,6-addition
and treatment with silica gel (Scheme 5). The 1,4-addition
to chromium furyl (menthyloxy)carbene complexes has been
exploited for the regio- and diastereosel ective dearomatiza-
tion of furans.?®
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OR*
(0(:)51\/|:g_<R1
R? R?
16,18
16a (M =Cr, R*=Me, R'=R2=R3=H) 18a (M= W, R2=R* = Me, R = R3 = H)
16b (M=Cr, R2=R*=Me, R'=R3=H) 18b (M =W, R' = R* = Me, R2 = R® = H)

16c (M=Cr,R'=
RS = H)
16d (M = Cr, R" = (CH,);0TBDMS, R? = NMe,,
R* = Et, R® = H) (TBDMS = SiMe,t-Bu)
16e (M = Cr, R! = (CH,),C(Br)=CHj,, R? = NMe,,
R4=Et, R¥=H)
16f (M = Cr, R' = n-Pr, R? = NMe,, R*=Et, R =H)
16g (M = Cr, R? = i-Pr, R* = Me, R = R3 = H)
16h (M = Cr, R'=RZ=R*=Me, R® = H)
16i (M = Cr, R? = ¢-C3Hs, R? = NMey, R* =Et,
R3 = H)
16j (M = Cr, RZ = R3 = -(CH,)3-, R* = Me, R' = H)
16k (M = Cr, R = R® = -(CHy)4-, R* = Me, R' = H)
161 (M = Cr, R? = R® = -O(CH,)s-, R* =Me, R'= H)
16m (M = Cr, R? =Ph, R* =Me, R' =R®=H)
16n (M =Cr,R2=Ph,R*=Et,R'=R®=H)
160 (M = Cr, R? = Ph, R* = (CHy),l, R' =R® = H)
16p (M = Cr, R? = Ph, R* = (-)-menthyl, R" = R® = H)
16q (M = Cr, R? = Ph, R* = (+)-menthyl, R' = R® = H)
16r (M = Cr, RZ = Ph, R* = (-)-8-phenylmenthyl,
R'=R¥=H)
16s (M = Cr, R2 = Ph, R* = Me, R' =R® = H)
16t (M = Cr, R' = Ph, R? = NMe,, R* = Et, R® = H)
16u (M = Cr, R? = 4-MeCgHy, R* = Me, R' = R® = H)
16v (M = Cr, R2 = 4-MeOCgHy, R* = Me, R' =R3=H)

Me, R? = NMe,, R = Et,

16w (M = Cr, R? = 4-MeOCgH,, R* = (-)-8-phenylmenthyl,

R'=R3®=H)
16x (M = Cr, R? = 4-MeO-3-{(c-C5Hg)O]CgHs,
R* = (-)-8-phenyimenthyl, R' = R® = H)
16y (M = Cr, R2 = 2-furyl, R* = Me, R' = R® = H)
16z (M = Cr, R? = 2-furyl, R* = (-)-menthyl, R' = R3 = H)
16aa (M = Cr, R? = 2-furyl, R* = (-)-8-phenylmenthyl,
R'=R3=H)
16ab (M = Cr, RZ = 2-thienyl, R* = Me, R" =
16ac (M = Cr, R? = 2-thienyl, R* = (CHy),l, R' =

R3 = H)
R3 = H)

18¢c (M =W, R? =n-Pr, R* =Me, R' = R® = H)

18d (M =W, R2=i-Pr, R*=Me, R' =R3=H)

18e (M = W, R" = CH=CH(Z-(CH,);CH=CH(E-CH=CH,)),
R*=Me, R?=R3=H)

18f (M = W, R® = C(Me)=CH,, R’
R* = Me)

18g (M =W, R?/ R® = -(CH,)s-, R* = Me, R = H)

18h (M =W, R?/ R%=-O(CH,)s-, R* =Me, R* = H)

18i (M =W, R? = Ph,R*=Me, R"=R3=H)

18j (M =W, R2=Ph,R*=Et,R' =R% = H)

18k (M =W, R' = Ph, RZ = NMe,, R* = Et, R® = H)

181 (M = W, R? = 4-MeOCgH,, R* = Me, R' = R = H)

18m (M = W, R? = 2-furyl, R* = Me, R = R® = H)

(OC)sCr.

= QEt, R?=D,

OR*

Xy 16x (R* = (-)-8-phenylmenthyl)
O
OMe
(OC)sW.__OMe

%oa
D

18f

Figure 3. Compilation of individual chromium and tungsten Fischer alkenyl(alkoxy)carbene complexes discussed in this review.

XR? XR?
LM=< <—>LM—<® - LM—/<

1 I m
(M = Cr, Mo, W; X = O, NR")

Figure 4. Mesomeric structures of Fischer carbene complexes.

B
/—\ E
/\\ £0 X—R
L
C—M Nu
ocC CO CliRz c
H B
(M = Cr, Mo, W)

Figure 5. Reaction pattern of group 6 Fischer akylcarbene
complexes (B = base, E = electrophile, L = ligand, and Nu =
nucleophile).

A similar approach was used to generate some chromium
para-acylphenyl(isobutyloxy)carbene complexes by de-
halolithiation of the corresponding para-bromophenylcarbene
complex and trapping the lithiated phenylcarbene complex
intermediate with an appropiate electrophile.®*® Here, the

OR OR’
P o)
Nu NG
| 1]
(M =Cr, Mo, W)

Figure 6. 1,2-, 1,4-, and 1,6-addition patterns of carbon nucleo-
philes (Nu) to o,8-akenyl- and arylcarbene complexes.

sterically demanding alkoxy substituent at the carbene carbon
atom was essentia for the dehalolithiation to occur in the
para position, abeit in only up to 49% vyield.

2. Metal-Assisted Modification of Fischer Carbene
Complexes

The metal—carbonyl fragment in Fischer carbene com-
plexes renders the carbene carbon atom the electrophilic
center of the molecule and enhances the a-C—H acidity of
adjacent akyl substituents. This can be exploited in
carbon—carbon- and carbon—heteroatom-forming reactions.
Both transformations include processes in which the carbene
complex acts as electrophile or nucleophile and in which
cycloaddition reactions of an a,3-unsaturated carbene com-
plex take place. The combination of these fundamental
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Scheme 5. 1,4- and 1,6-Addition of Alkyllithium Compounds to Chromium Phenyl(menthyloxy)carbene Complexes

R*Q :
R1
(0C)sCY
4q, 4t, 4v - 4x
1) tBuLi, THF 1) R2Li, THF
-78°C 1) R2Li, THF 78 °C
2) MeOT, Et,0, -78°C 2) Si0,, rt
0°c 2) MeOT¥, Et,0,
) MeOTE B, R'=H)

(R! = OMe)

(R'=H, Ph)

R*Q R*Q R! R*Q
(OC)sCr (OC)sCr (OC)sCr

37 (27-31 %)

R* = (rac)-menthyl,
(+)-menthyl,
(-)-menthyl}

Tf= SO,CF,

reactions may be employed in the construction of multicom-
ponent and multistep methodologies that lead to complex
carbo- and heterocyclic target molecules (section 4).

2.1. Reactions with Carbon and Heteroatom
Electrophiles and Nucleophiles

2.1.1. Addition of Carbon Electrophiles and Nucleophiles

Applications of Fischer carbene complexes according to
reaction paths A and C (Figure 5) are discussed in this chapter.
Carbene complexes may be used as both eectrophilic and
nucleophilic reagentsin carbon—carbon bond-forming reactions.
The intrinsic dectrophilic nature of the carbene carbon atom
allowsfor the addition of C-nucleophilesand isalso evident in
Michad reectionsin which an a.,3-unsaturated carbene complex
acts as an organometallic acceptor.

Carbanions (lithioarenes, lithioakanes) can act as C-
nucleophilesin reaction with aryl (alkoxy)carbene complexes
but only lithioarenes give rise to other carbene complexes
in which the alkoxy group in the starting complexes 40—42
isreplaced for another aryl substituent yielding diarylcarbene
complexes of the type (OC)sM=C(Ar!)(Ar?) 46—48 (M =
Cr, Mo, W)®! (Scheme 6). The reaction involves the treatment
of aryl(alkoxy)carbene complexes 40—42 with aryllithium
derivatives (attack at the carbene carbon atom generating
tetrahedral anionic intermediate 43—45) followed by addition
of a strong Brgnsted acid (e.g., HCI), which triggers the
elimination of the alkoxy group.

A novel procedure for the preparation of dieneynes and
dienediynes is based on the addition of akynyllithium

Scheme 6. Synthesis of Group 6 Diarylcarbene Complexes

OMe
©OC)M=  + AL
Ar'

40 - 42

38 (41 - 68 %)

R? = s-Bu, t-Bu, Ph
R* = (rac)-menthy!

Et,0
0 OMe B
78 °C o 78°C
_— |:(OC)5M+Ar2] L® —

39 (40 - 70 %)

R?=sBu, tBuy, Ph
R* = (rac)-menthy!

compounds to the carbene carbon atom of Fischer arylcar-
bene chromium complexes. This reaction yields reactive,
nonstabilized alkynylcarbene complex intermediates that
subsequently add to 2-methoxyfuran to yield the target
molecules.® Using achiral and chiral alkoxyalkynyllithium
compounds, this approach has also been applied in an access
to group 6 alkynyl(alkoxy)carbene complexes.®

The deprotonation of carbene complexesin a-position to
the carbene carbon atom provides metal carbene anions
representing C-nucleophiles, which can take part in alkyla-
tion,* aldol-, and Michael-type reactions (Schemes 7 and
8). For adol reactions, the best results are obtained if the
reaction is run under nonequilibrating conditions®2° using
triethylamine as a base, e.g., in the reaction of chromium
methyl(ethoxy)carbene complex 4b and benzaldehyde, pro-
viding adol condensation product 16n in good yields
(Scheme 7). Clean adol reactions generally require noneno-
lizable aldehydes, but if catalytic amounts of base are present,
even enolizable aldehydes can be used.3d

Anions of akyl(amino)carbene complexes (e.g., 28b) have
been reported to undergo Michael addition to a,5-unsaturated
carbonyl compounds (e.g., (8-styryl)methylketone), leading
to 1,4-adducts (e.g., 28d) (Scheme 8).%

The addition of carbon nucleophiles to the carbene carbon
atom generates anew C—C bond. As described previoudly, the
reaction of organolithium reagents with akoxycarbene com-
plexes serves as an entry to nonheteroatom-stabilized diaryl-
carbene complexes. In akenyl- and alkynylcarbene complexes,
the addition of nucleophiles to the carbene carbon atom
competes with the addition to the 3-carbon of the conjugated

HCI, Et,0
Ar?
(OC)sM
Al - MeOH :<Ar1
-LiClI
43-45 46 - 48

40, 43,46 (M = Cr)
41, 44, 47 (M = Mo)
42,45 48 (M= W)
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Scheme 7. Aldol Reaction of an Alkyl(alkoxy)carbene
Chromium Complex
OEt PhCHO QOFEt

(OC>SCr=( (oqsc:r:Q_\

Ph
ab 16n (68 - 80%)

NEta, MesSiCl

Scheme 8. Michael Reaction of an Aminocarbene Complex
Anion to an Enone

1) n-BuLi
(o]

oI o

N Ph 49 N 0
(OC)sCr:( ————  (OC)Cr

3) NH,CI

Ph

28b 28d (88 %)

C—C multiple bond.*” The regioselectivity of the addition of
amines to akynylcarbene complexes depends on the tem-
perature; 1,2-addition is favored by lower temperatures.3”
Enolates turned out to be efficient C-nucleophiles for Michael
addition reactions with a,5-unsaturated metal carbenes.
However, the product distribution may be influenced by steric
factors as shown in Scheme 957 for the addition of different
enolates to akenylcarbene complex 16h. The less bulky
acetone enolate 50 adds to the carbene carbon; protonation
of the primary addition product results in demetalation and
in the formation of a mixture of isomeric enones 51. In
contrast, the more bulky cyclopentanone enolate 52 adds to
the less shielded vinylic position, affording the Michael
adduct 4k. The Michael-type addition has also been applied
to reactions in which Fischer carbene complexes represent
both the Michael donor and acceptor, providing biscarbene
complexes.®®

Scheme 9. 1,2- and 1,4-Addition Reactions of Enolates to an
Chromium Alkenylcarbene Complex

OMe

(OC)scr:<_<
OLi
OLi 16h
1)/\ 50 1) 52
2) HCl / \ 2) Hel

O 0 OMe
4<_<DE6<
4
( )
Michael addition reactions employing carbene complexes
as the acceptor alow for the bifunctionaization of the a,3-
unsaturated carbene complex by a consecutive addition of
nucleophile and electrophile across the carbene complex.
Whilein most cases the electrophile reacts intermolecul arly,
intramolecular examples are also known. Two applications
of this strategy include o-chloroethyloxazoline and a sub-
stituted oxirane as electrophile to form a cyclopropane ring.*
The styrylcarbene complexes 18i and 18I undergo conjuga-
tive addition of lithiated oxazoline 53 to give, after treatment
with silica gel, the tungsten cyclopropylcarbene complexes

54a and 54b in high chemical yield and excellent
diastereoselectivity.®? Alternatively, after lithiation with

OoMe  {(OC)Cr
+ \ 0

1

51(50 %) 4k (79 %
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s-BuLi, oxirane 55 reacts with 18i and 18l to form cyclo-
propylcarbene complexes 56a and 56b in similar high
chemical yields (Scheme 10).3%

An umpoled variation of a Michael reaction with an
alkenylcarbene complex has been recently described.*’ The
enolate generated from silyl enolether 57 with n-butyllithium
under norma Michael conditions reacted with carbene
complex 16v to give—after oxidative remova of the orga-
nometallic moiety—the a,S-disubstituted ester 58 in 95% de
(diasteromeric excess). However, after the addition of
copper(l) iodide and workup with agueous NH,CI, the same
reactants afforded ketone 59 (95% de), originating from the
attack of the electrophile (allyl bromide) at the former
carbene carbon atom followed by hydrolysis of the inter-
mediate enol ether (Scheme 11).

Nucleophilic multiple bond systems primarily insert into
the metal —carbene bond*#? via metathesis at the metal.
Enamines (e.g., 61), ynamines 62, and cyanamides 64 react
with alkoxycarbene complex 40 (M = Cr, X = OMe) to
give amino(alkenyl)carbene complexes 28g (in low yield),
28f, and iminocarbene complex 28j, respectively (Scheme
12). The less nucleophilic ynether 63, however, requires
metal carbenes with enhanced electrophilic properties such
as the thermolabile tungsten benzylidene complex 60 (M =
W, X = H)—which is even more reactive than the diaryl-
carbene complexes of type (OC)sCr=C(ArY)(Ar?)3—to push
the alkyne insertion to completion (giving 18j in low yield)
(Scheme 12).%

Ynamines (like 62) also insert into the metal—carbene
bond of alkynyl(alkoxy)carbene complexes (e.g., 12k) to give
ynenyl(amino)carbene complexes (e.g., 30b) (Scheme 13).424
In contrast to this finding, the less nucleophilic (“softer”)
SB-acyl enamine 65 rather adds to the (“softer”) -carbon of
the akynylcarbene ligand in 12k to give 1-metaa-1,3,5-
hexatriene 66, which, upon thermolysis in nonpolar solvents,
undergoes cyclization and demetalation to homopyrrole 67
(Scheme 14).%

2.1.2. Addition of Heteroatom Nucleophiles

The simplest addition mode of heteroatom nucleophiles
to alkoxycarbene complexes 4—6 involves the formation of
thio- and aminocarbene complexes. Treatment of 4—6 with
(primary or secondary) amines and (alkyl- or aryl-)thiols
gives aminocarbene (28—30)*62° and thiocarbene complexes
(68—70),%%¢ respectively (Scheme 15). Nonracemic chiral
amines yield optically active aminocarbene complexes.*” The
incorporation of more bulky amines or of chira alcohol
auxiliaries into the carbene ligand requires a more electro-
philic metal carbene center such as in acyloxycarbene
complexes. Amino- and thiocarbene complexes are provided
by the reaction of acyloxycarbene complexes (Scheme 2)
with amines or amides and thiols, respectively.*® Figure 7
summarizes the chromium and tungsten aminocarbene
complexes discussed in this review.

Carbene complex anions (e.g., that generated from 4a) are
suitable C-nucleophiles for the ring-opening of oxiranes (e.g.,
71). The resulting alkoxide intermediates (e.g., 72) undergo a
subsequent cyclization to give 2-oxacyclopentylidene complexes
(e.g., 73) (Scheme 16).*° Unsymmetrically substituted epox-
ides are attacked by the carbene complex anion at the less-
hindered carbon atom, following a Sy2-like mechanism.

o,f-Unsaturated carbene complexes are able to react with
nucleophiles at the carbene carbon in a 1,2-addition fashion or
by atack a the g-carbon in a 14-addition mode. Thus,
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Scheme 10. Synthesis of Tungsten Cyclopropylcarbene Complexes via Michael Addition

Xy

1) LDA, THF, -8 °C o
e —— ‘.
2) -8 °C t0 -60 °C /I

OMe %

N

(OC)5WMAr + Ly
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JAr

3) S0,

MeO” W(CO)s
18i (Ar = Ph) 53 54a, Ar = Ph (80 %, d.e. > 98 %)
181 (Ar = PMP) 54b, Ar = PMP (85 %, d.e. > 98 %)

W(CO)5
) o] 1) s-BuLi, TMEDA, THF, -98 °C HOHC - I
18i + -
18 Ph 2y NHLCI Ph*
Ar
55 56a, Ar = Ph (73 %, d.e. not given)

56b, Ar = PMP (78 %, d.e. not

PMP = 4-MeOC4H,

given)

Scheme 11. Normal and Reversed Michael Addition with a,f-Unsaturated Carbene Complexes

1) n-BuLi, THF, 0 °C

2)-78°Cto-30°C
3) allyl bromide, -78 °C to rt

OTMS
OMe 4) pyridine-N-oxide, THF, rt
(oc)s(:/J\/A PMP *
Et"
1) n-BuLi, THF, 0 °C
16v 57
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-78°C t0-30 °C
allyl bromide, -30 °C to rt

OMe PMP O
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( Et™
58 (67 %, d.e. > 95 %)
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PMP = 4-MeOCqgH

NH,CI

59 (63 %, d.e. > 95 %)

Scheme 12. Reaction of Enamines, Ynamines, Ynethers, and Cyanamides with Carbene Complexes

&

61
Q é MesN—=N "
N X 64 e;
(OC)sCr -~ (OC)M=( - (OC)5Cr:( OMe
(M =Cr, Ph M=Cr, N{
\ X=0Me) 40M=Cr,x=0Me) X=OMe) Ph
OMe 60 (M =W, X=H) 28] (85 %)
Ph
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X =0OMe) M=wW,
X = H)
NEt, OEt
(OC)5Cr:§%OMe (OC)SWi
Ph Ph
28f (70 %) 18j (21 %)

Scheme 13. Reaction of Ynamines with Fischer
Alkynylcarbene Complexes

Et,N

NEt, /
(OC)W G (OC)sW /
Ph

12k 30b (75 %)

hydrazines 74 can add to akynylcarbene complexes 101 or 12k
to give the pyrazoles 75 originating from a combined 1,2- and
1,4-addition process.® Similarly, acetylhydrazine or phenyl-
hydrazine affords the corresponding pyrazole derivativesin
high yields (Scheme 17).

Scheme 14. Michael Addition of an Acyl Enamine to a
Tungsten Alkynylcarbene Complex

o H /
/N
= (OC)s WV
+co

OFt e MeOC p

(OC);W!
A\ hexane 50 °C P -W( CO)6 \E
1h
Ph

12k 66 (92 %) 67 (72 %)

In a similar way, nucleophiles containing a 1,3-
dinitrogen system such as diamines, hydrazines,>2 amidines,
guanidines, aminothiazoles, aminopyridines, ureas, and



Downloaded by UNIV MAASTRICHT on August 28, 2009 | http://pubs.acs.org

Publication Date (Web): July 30, 2009 | doi: 10.1021/cr900034e

Fischer Carbene Complexes in Organic Synthesis

Scheme 15. Synthesis of Fischer Amino- and Thiocarbene
Complexes from Alkoxycarbene Complexes
OR? RSSH SR®

NR®R*  R3RANH
—— (0C)sM= 1
R

(OC)M=< -« (OC)M
R‘I

28-30 68-70

thioureas®'2%4 add to alkynylcarbene complexes 101 and 12Kk,
generating the corresponding heterocyclic metal carbenes.
Of particular interest is the reaction with urea 76 or thiourea
77, which provides an easy access to pyrimidine derivatives
78 or 79, respectively (Scheme 18).51

2.1.8. Successive Addition of Heteroatom and Carbon
Nucleophiles

The sequentia 1,4- and 1,2-addition of dianions such as
B-oxygen-functionalized dilithium species 80 to akenylcar-
bene complexes has been reported. The carbanion adds to
the vinylcarbene complex 16y via a combined C-1,4 and
O-1,2-addition, affording the 2-oxacyclohexylidene complex
81 as a 1:1 mixture of cistrans-isomers (Scheme 19).%2

Similarly, akynylcarbene complexes 10a, 10c, 10k, and
12a react with g-dicarbonyl compounds 82 and in the
presence of substoichiometric amounts of a base to generate
pyranylidene derivatives 83.5% The reaction is initiated by
1,4-addition of the enolate to the S-position, leading to an
intermediate that evolves through an intramolecular exchange
of the akoxy group by 1,2-addition (Scheme 20). The
pyranylidene complexes 83 may serve as a diene component
in a reverse-electron-demand Diels—Alder reaction.

Chemical Reviews, 2009, Vol. 109, No. 8 3235

Radical-based coupling of alkenylcarbene complexes 18a,
18d, and 18i and 1,2-cyclohexene oxide 84 affords 2-oxy-
cyclohexylidene derivatives 85 utilizing “Cp,TiCl” as the
radical source. The use of cyclic epoxides is rewarded by
good diastereoselectivities (Scheme 21).%

2.2. Cycloaddition Reactions

The cycloaddition of akenyl and akynyl units adjacent
to electron-withdrawing functional groups (e.g., COR) with
alkenes and alkynes is a powerful tool in synthetic organic
chemistry. Following the isolobal principle, the metal carbene
moiety activates akenyl and alkynyl building blocksin oS-
unsaturated carbene complexes toward cycloaddition reac-
tions as represented in the following chapters.

2.2.1. [2 + 2]-Cycloaddition

The [2 + 2]-cycloaddition reaction is the most versatile
method to generate four-membered rings. Fischer alkynyl-
carbene complexes of type 10a, 10e, 10h—10j, 10k, and
12¢—12h as ester surrogates have been most often applied
to these cycloadditions that run efficiently under thermal
conditions, giving the corresponding cyclobutene derivatives
87 under relatively mild experimental conditions (Scheme
22). The reaction partners of Fischer carbene complexes
include oxygen-containing alkenes (like enol and silyl enol
ethers 86, vinyl acetates, and ketene acetals)>® and nitrogen-
substituted olefins (such as lactims and alkenyl imidates),
affording cyclobutenylcarbene complexes.®® For instance,
reaction of chromium alkynylcarbene 10a with electron-rich
butadiene 88 gave the [2 + 2]-cycloadduct 89 instead of the
expected Diels—Alder product.® Cycloadducts of type 89

(0C)sM= 1
R

NRZR®

28, 30

28a (M=Cr,R'=H R?=R%=Me)
28b (M= Cr, R" = Me, R? = R® = (CH,),-)

28¢ (M = Cr, R' = CH(n-Pr)CH,CN, R® = R® = Me)

28d (M = Cr, R" = CH,CH(Ph)CH,COMe,
R?= R’ = -(CHy)y)

30a (M=w, R' = C=CH, R>=R® = Me)
30b (M = W, R' = CMe=C(Z-C=CPh)Ph,
R?=R%= Et)

28e (M = Cr, R' = CH=CH(E-Ph), R? = R® = Me)
28f (M = Cr, R' = C(Me)=C(OMe)Ph, R? = R® = Et)

28g (M = Cr, R" = (CH,);CH=C(OMe)Ph,
R?=R® = -(CHps)
28h (M = Cr, R! = CH=C(E-CO,EY),
R? =R’ =-(CHp)s)
28i (M=Cr, R = C=CH, R?=R® = Me)
28j (M = Cr, R' = N=C(OMe)Ph, RZ=R® =M

e)

Figure 7. Compilation of individual Fischer chromium and tungsten aminocarbene complexes discussed in this review.

Scheme 16. Synthesis of 2-Oxacyclopentylcarbene Complexes
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1) n-BulLi
2) 0

7
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Scheme 17. Pyrazole Derivatives via 1,2- and 1,4-Addition of
Hydrazines to Alkynylcarbene Complexes

H,N—NHR 74 R
OFt 80°C N,
(OC)sM T \ N
\\ (R = Ph, COMe) /
Ph
- - M(CO)s

101 (M = Cr) 75 (75 - 90 %)
12k (M = W)

Scheme 18. Synthesis of 2-Pyrimidinone Derivatives via
Addition of (Thio)Ureas at Alkynylcarbene Complexes
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S oM~ ph

101 (M = Cr) 76 (X=0) 78 (X =0, 90 %)

12k (M = W) 77 (X=9) 79 (X =S, 52 %)

Scheme 19. 2-Oxacyclohexylidene Complexes via Reaction of
2-Lithioalkoxides with Alkenylcarbene Complexes
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OMe 80 o]
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[ NP~ O~
16y

81 (50 %,
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may undergo ring-opening into 1,3-butadienyl derivatives and
have been utilized in multicomponent reaction sequences (see
section 4).

Contrasting the number of alkynylcarbene complexes, only
afew akenylcarbene complexes have been applied to [2 +
2]-cycloaddition reactions. One example is the transformation
of chromium and tungsten o-exo-methylene-2-oxacyclopen-
tylidene complexes 90 in the [2 + 2]-cycloaddition reaction
with enol ethers 91, yielding diastereomerically pure spiro-
cyclobutanes 92 in good yields (Scheme 23).57

The potential of the [2 + 2]-cycloaddition reaction with
Fischer carbene complexes is extended by ring-opening of
cyclobutenylcarbene complexes of type 87 and 89 to generate
butadienylcarbene complexes that may serve as dienes in
Diels—Alder reactions (see compound 18f in Scheme 40 for
an example).

2.2.2. [3 + 2]-Cycloaddition

o, B-Unsaturated Fischer carbene complexes represent C,-
building blocks for the [3 + 2]-cycloaddition reaction. They
react with 1,3-dipoles to afford five-membered heterocyclic
systems. Metal alkynylcarbenes are appropriate C,-building

Détz and Stendel

blocks for reactions with dipoles including nitrones, nitril-
imines, and diazomethane(s). Diazomethane has been used
as the 1,3-dipole in the first [3 + 2]-cycloaddition reaction
with tungsten phenylethynylcarbene 12k (Scheme 24).% The
fact that N-coordinated pentacarbonyltungsten derivative 94
was isolated as the final product is rationalized by nucleo-
philic addition of a second equivalent of diazomethane at
the carbene carbon atom of [3 + 2]-cycloadduct 93 followed
by a 1,4-metal shift from carbon to one of the heterocyclic
nitrogen atoms.

The [3 + 2]-cycloaddition reaction with trimethylsilyl
diazomethane 95a as the 1,3-dipole has been proven to be
advantageous. As shown in Scheme 25for Fischer alkynyl-
carbene complexes 10a, 10d, 10k, 12a, and 12f, the
respective pyrazolylcarbene complexes 96 have been ob-
tained in >50% yield.>®

Incorporation of a chiral auxiliary into the carbene ligand
allows for a diastereosel ective cycloaddition as demonstrated
for the reaction of (—)-8-phenylmenthyloxycarbene com-
plexes 16r and 16aa with diazomethanes 95. Moderate
chemical yields but high diastereomeric excesses were
observed for the preparation of pyrazolinylcarbene complexes
97 (Scheme 26)%06!

Like in the Diels—Alder reaction (see section 2.2.3), the
presence of the metal carbene fragments speeds up the
[3 + 2]-cycloaddition reaction and increases both the
chemica yield and the diastereomeric excess (Scheme 27).5!
This has been shown by comparing chiral chromium styryl-
carbene complexes (e.g., 16r) with chiral cinnamoyl esters
(e.0., 98) in the reaction with TMSCHN, 95a to give chira
pyrazolinyl ester 99, despite the fact that an additional step
for the demetalation isinvolved. Thus, the carbene complex
16r gave pyrazoline 99 in 73% chemica yield and >90%
diastereomeric excess after reaction at room temperature for
6 h, while only 65% chemical yield and 20% diastereomeric
excess were observed for the cycloaddition with carboxylic
ester 98. The latter diastereosel ectivity might reflect the more
severe reaction conditions that had to be applied for the ester.

The regioselectivity of the [3 + 2]-cycloaddition reaction
of nitrones to chromium alkynylcarbene complexes® has
been studied by density functiona theory (DFT) calcula
tions.%® They also confirm the role of the carbene complex
fragment as enhancing the electrophilicity at the alkyne
moiety in the dipolarophile that equals Lewis-acid activated
alkyl propiolates. Nitrones 100 have been used as 1,3-dipoles
in the reaction of chromium tert-butylethynylcarbene com-
plex 10c to afford S-enamino ketoaldehydes 102 in rather
moderate yields by the light-promoted ring-opening of the
corresponding [3 + 2]-cycloadduct 101 (Scheme 28).6%*

The 1,3-cycloaddition of sodium azide to chromium a.,3-
alkynylcarbene complexes®@ as well asto carbene complexes

Scheme 20. Base-Promoted Reaction of 1,3-Dicarbonyl Derivatives with Alkynylcarbene Complexes

R2 R2 R3

OMe . o 0.25 eq KOt-Bu, THF 0 X0

(OC)sM//L\ 0 or NEt;, pentane (OC)sM = R
R! RS2

10a, ¢, k (M = Cr), 82 83 (62 - 87 %)
12a (M = W)
(R' = Me, £-Bu, Ph,
R2 = Me, OMe,

RS = Me)
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Scheme 21. Radical-Based Synthesis of Fischer
2-Oxacyclohexylidene Complexes

OMe
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- 0]
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(0C)sW R

T

18a, 18d, 18i 84 85 (36 - 74 %)

(R = Me, i-Pr, Ph)

Scheme 22. [2 + 2]-Cycloaddition Reactions of
Alkynylcarbene Complexes
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(M=Cn (46 - 93 %)
12¢ - 12h
M=W)
(R" = Me, i-Bu, -Bu, TMS, CH=CH(E-Ph), C(Me)=CH,, C(Me)=CH(E-Ph),
C(Me)=CH(E-CH,OCH,CH=CHy), 1-cyclopentenyl, 1-cyclohexenyl, Ph)
(R? = Me, Et)
(R®=H, Me)
(R*=H, Me)
(R®=H, Me, Ph, 4-MeCgH,)
(R® = H, Me, Et, TMS, TES, TBDMS)
(R¥/ R = -(CHp)z-, -(CH2)3)
TES = SiEts
TBDMS = SiMe,t-Bu

OMe
OMe ©c)er= r R
(OC)sCr \ P t
N ¢ R
\ R Me
Me
10a 88 89 (45 %)
R = OSiMe,£Bu

Scheme 23. [2 + 2]-Cycloaddition Reaction of Enol Ethers
to an exo-Methylene 2-Oxacyclopentylidene Complex

0 Roﬂ 25-50°C 0
+ [,
(OC)M (OC)M
RO

90 (M = Cr, W) 91 92 (26 - 81 %)

(R = Et (91a), n-Bu, £Bu, CH,CH=CH,)

bearing a remote carbon carbon triple bond®® has been
reported to provide carbene complexes bearing 1,2,3-triazol
entities. While in the latter case copper(l) halides were
needed, the former reaction could be carried out in the
absence of such an additive (for transmetalation reactions,
see section 6). The reaction of aryl and akyl azides with
tungsten alkynylcarbene complexes afforded -aminoalk-
enylcarbene complexes instead of [3 + 2]-cycloaddition
products.®

Employing azomethine ylidesin the [3 + 2]-cycloaddition
reaction with o,8-unsaturated carbene complexes provides
an entry into 2-pyrrolidinone derivatives. This has been
exploited in the total synthesis of the anti-inflammatory and
antidepressant (+)-rolipram 105 (Scheme 29).%° The cy-
cloaddition product 104 has been synthesized from styryl-
carbene complex 16x and azomethine ylide precursor 103

Chemical Reviews, 2009, Vol. 109, No. 8 3237

Scheme 24. First [3 + 2]-Cycloaddition Reaction of a
Fischer Carbene Complex

. OEt
oFt 1)-78°C,
Et;0
(OC)sW +  CHyN, - ) NH
2)-50 °C, i
AN -t Ph— N w(co)s
Ph
12k 94 (46 %)

CHZNZ/

OEt

(ocxr,wz
N
Ph N

93

CHZNX‘

Scheme 25. Trimethylsilyl Diazomethane as the 1,3-Dipole in
[3 + 2]-Cycloaddition Reactions with Alkynylcarbene
Complexes

(OC)sM<_OMe OMe .
hexane, rt (OC)sM N,
Il + N CHTMS ————— [N
R
R ™S
10a, 10d, 10k (M = Cr) 95a 96 (57 - 87 %)
12a, 12f (M = W)

R = Me, C(Me)=CH,, TMS, Ph

Scheme 26. Diazomethanes as 1,3-Dipoles in
[3 + 2]-Cycloaddition Reactions with Alkenylcarbene
Complexes

(OC)sCry._OR* (OC)sCrs._OR*

THF, 1t 1
= + NyCHRZ —— = Ru SN
16 2-9n NH
R2
16r, 16aa 95 97 (29 - 52 %,
de. > 90 %)
R' = Ph, 2-furyl

R2 = H, CH=CH,, Ph, TMS (95a)
* = (-)-8-phenylmenthyl

Scheme 27. Comparison of [3 + 2]-Cycloaddition Reactions
of Chiral Alkenyl(alkoxy)carbene Complexes and
Cinnamates as Their Isolobal Analogues with Trimethylsilyl
Diazomethane

o)
oR* 1) T6HhF, t, RO Ph
(OC)sCr + TMSCHN, ————— = 7
— 2) Boc,0, N‘N ITMS
Ph NEt, / DMAP \
3) pyridine- Boc
N-oxide
16r 95a 99 (73 %, >90 % d.e.)
oR* 1 T6HdF, reflux,
o} + 9%5a ———» 99(65%,20%d.e.)
— 2) Boc,0,
Ph NEt; / DMAP
98

R* = (-)-8-phenylimenthyl

in 58% yield and high diastereoselectivity and elaborated
into (+)-rolipram 105 in three consecutive steps.
Nitrilimines (generated from their precursors 106 by
dehydrochlorination) react with chiral alkenylcarbene com-
plexes 16r, 16w, and 16aa (Scheme 30)%%%¢ to give fairly
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Scheme 28. [3 + 2]-Cycloaddition Reaction of Nitrones in the Preparation of Acyclic Enamino 1,3-Dicarbonyl Compounds

OMe
(005
10 MeCN, rt (OC)sCr
+ " .
ArAe Me

OMe
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101 102 (31 - 43%)

(Ar = Ph, 4-MeCgHj, 4-MeOCgH,, 4-Me,NCeHy)

Scheme 29. Application of the [3 + 2]-Cycloaddition Reaction of Azomethine Ylides with Chiral Chromium Alkenylcarbene in

the Total Synthesis of (+)-Rolipram
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Scheme 30. [3 + 2]-Cycloaddition Reaction of Nitrilimines
and Alkenylcarbene Complexes
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unstable tetrasubstituted 4,5-dihydropyrazolylcarbene com-
plexes 107, which were oxidatively demetalated to give
pyrazolinyl esters 108 in up to 80% chemical and >95%
optical yield.

Another class of (masked) dipoles is represented by
heterocyclic mesoionic compounds such as 109 and 110 that
provide access to pyrazolyl- and pyrrolylcarbene complexes
111 and 112, respectively (Scheme 31).52 The reaction
proceeds via elimination of carbon dioxide from the cy-
cloaddition products that are initially formed by addition of
1,3-dipoles 109 and 110 to alkynylcarbene complexes 10b,
10k, 12b, and 12j, respectively. Whereas 109 adds to both
the chromium and tungsten carbene, the reaction of 110 was
efficient only with the tungsten complex. Another entry into
heterocycles (thiophenes and pyridinones) utilizing hetero-
cyclic mesoionic compounds has been reported for 1,3-
thiazolium-4-ol ates.5™

2.2.3. [4 + 2]-Cycloaddition

The Diels—Alder reaction of activated olefinsis considered
as one of the most useful reactionsin organic synthesis. Like
inthe[3 + 2]-cycloaddition reaction, the electron-accepting
pentacarbonylmetal fragment is a powerful activator of the

(58 %, d.e. > 90 %) (+)-rolipram

alkyne or alkene functiondlity in o,3-unsaturated carbene
complexes toward the [4 + 2]-cycloaddition reaction with
dienes.

2.2.3.1. Intermolecular [4 + 2]-Cycloaddition.
2.2.3.1.1. Alkenylcarbene Complexes as Dienophiles. Al-
kenyl(alkoxy)- and alkenyl(amino)carbene complexes are
highly efficient dienophilesin Diels—Alder reactions exhibit-
ing not only higher reaction rates but also higher regio- and
stereosel ectivities than the corresponding esters and amides,®
asillustratedin Scheme32for thereaction of alkenyl (methoxy)-
carbene complex 16a with isoprene to give regioisomeric
cyclohexenylcarbene complexes 113a and 113b in a ratio
of 11.5:1. The reaction of the carbene complex is complete
after 3 h at 25 °C, whereas methyl acrylate 114 requires
several months to yield the regioisomeric cyclohexene
carboxylic esters 115a and 115b (ratio 2.3:1). The rate
enhancement observed for this complex is comparable to that
observed for the AlClz-assisted reactions of methyl acrylate
and isoprene (Scheme 32).%%2

Moreover, as observed for the [3 + 2]-cycloaddition
reaction, the presence of the metal auxiliary may increase
the stereosel ectivity in the Diels—Alder reaction. The reaction
of the isomeric tungsten propenylcarbene complexes 18a (E-
isomer) and 18b (Z-isomer) with cyclopentadiene afforded
good chemical yields (>85%) combined with an endo/exo
selectivity of 90:10 for the trans complex 116 and of 89:11
for the cis isomer 119 (Scheme 33).58° For comparison, the
isolobal E-methyl crotonate 117 gave an endo/exo ratio of
54:46 for the carboxylic esters 118 under thermal conditions,
which could be improved to 93:7 in the presence of
aluminum trichloride.

The Diels—Alder reaction of simple alkenyl(alkoxy)car-
bene complexes leads to mixtures of endo and exo cycload-
ducts with, in general, the endo-isomer prevailing.%® A DFT
study on the endo/exo-selectivity of therma Diels—Alder
reaction between alkenylcarbene complexes and an open-
chain (isoprene) and a cyclic 1,3-diene (cyclopentadieng)™
revealed for the reaction with isoprene an exclusive 1,4-
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Scheme 31. Mesoionic Heterocycles as 1,3-Dipoles in [3 + 2]-Cycloaddition Reactions with Alkynylcarbene Complexes
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Scheme 32. Comparison of the Alkenyl(methoxy)carbene Complex and Methyl Acrylate in the Diels—Alder Reaction with

Isoprene
(OC)sCr
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OMe OMe
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Scheme 33. (E)- and (Z)-Alkenylcarbene Complexes in the Diels—Alder Reaction with Cyclopentadiene

ﬁ@

18a (X = W(CO); 25°C,2h
17 (X=0) 30°C, 24 h
117 (X =0) 30°C,0.5h
OMe
<OC>sWAj D
18b

regioselectivity of the carbene and the methyl substituents
in the cycloadduct. The high endo-selectivity in the reaction
with cyclopentadiene has partially contributed to stabilizing
secondary orbital interactions.

Asymmetric examples of endo-Diels—Alder reactions have
also been reported, incorporating a chiral auxiliary both into
the carbene complex and into the diene. The reaction of
cyclopentadiene with the (—)-menthyloxy(akenyl)carbene
complex 120 afforded a 4:1 endo/exo mixture. A 75%
diastereomeric excess was found for the major endo isomer

. OMe
] N L
s B
~—X

MeO
90 : 10
116 (X = W(CO)s, 87 %)
54 : 46
118 (without AICI3)
a3 : 7

118 (in the presence of AICl3)

A OMe
W(CO)s

119 (99 %)

121 (Scheme 34).5% On the other hand, chiral 2-amino-1,3-
diene 122 derived from (S)-methoxymethylpyrrolidine re-
acted with tungsten alkenyl (alkoxy)carbene complex 18a to
give the endo-cycloadduct 123 as the major product in high
diastereosel ectivity.™

Exocyclic a,5-unsaturated carbene complex dieonophiles
such as 124 undergo exo-selective Diels—Alder reactions
probably due to the fixed s-cis conformation of the vinyl-
carbene moiety. Moreover, the reaction of optically active
carbene complexes with 2-morpholino-1,3-butadienes 125
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Scheme 34. Diastereoselective Diels—Alder Reactions of an Alkenylcarbene Complex

W(CO)s
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oy D
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X
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e
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Scheme 35. Exo-Selective Diels—Alder Reaction of an
exo-Methylene 2-Oxacyclopentylcarbene Complex

THF,
O x -78°Ctort
+ _—
(0C)sCr
5 = @
o]

124 125

O

,

(0C)sCr=",

126
(82 %, d.e. > 95 %)

allows the asymmetric synthesis of spiro-compounds 126
(Scheme 35).7

The akenyl(titanoxy)carbene complex 127 has been used
as dienophile toward cyclopentadiene to give predominantly
the exo-cycloadduct 128 in high yield. The unexpected
formation of the exo-isomer is attributed to the steric
environment of the dienophile, contrasting the stereoelec-
tronic factors usualy identified with endo selectivity (Scheme
36).”

In vinylcarbene complexes containing a BF,-chelate
structure (e.g., 129), the s-cis conformation of the exocyclic
C=C and chromium carbene bonds is temporary locked.
These boroxycarbene complexes serve as dienophiles toward
2-amino-1,3-butadienes (e.g., 130), affording the cycload-
ducts, such as 131, with remarkable regio- and exo-
selectivity. In addition, high degrees of enantioselectivity
have been obtained with chiral 2-aminodienes derived from
(S)-methoxymethylpyrrolidine (Scheme 36).7

The reactivity of a,f-unsaturated aminocarbene complexes
in Diels—Alder reactions is distinctly lower than that of
analogous akoxycarbene complexes (Scheme 37). Thus, the
attempted conversion of [2-butenylidene(methylamino)]pen-
tacarbonylchromium with Danishefsky’s diene failed to give
any cycloadduct. However, the reactivity of aminocarbene
complexes can be increased by N-acylation.5%75 The reaction
results in a high exo-sdectivity typica for the reaction of
aminocarbene complexes and acyclic dienes. The best results
were observed for diene 133 and tetracarbonyl complexes such
as 132 in which the ureatype carbonyl oxygen is chelated to
the metal. The high degree of exo-sdectivity in 134 has been
explained as a consequence of close contacts between the gpical
CO ligands and the diene in the endo trangtion state A favoring
the exo trangition state B.”®

1) THF, -50 °C to rt
—_————
2) HCI

121 (94 %)
endo:exo=4:1
endo-isomer: 75 % d.e.

(o]
<OC>5W‘§EI~\
o 0

123 (53 %)
endo:exo=>15:1
endo-isomer: 81 % d.e.

Scheme 36. Alkenyl(metaloxy)carbene Complexes as
Dienophiles in Diels—Alder Reactions
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Scheme 37. exo-Selective Diels—Alder Reaction between an
Alkenyl(amino)carbene Complex and Danishefsky’s Diene
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2.2.3.1.2. Alkynylcarbene Complexes as Dienophiles. An
additional feature of alkynylcarbene complexes is the ac-
celeration of the reaction with 1,3-dienes by the metal
carbene moiety compared to their organic isolobal ana-
logues.”® Chromium and tungsten alkynyl(alkoxy)carbene
complexes 10a, 10c, 10d, 10k, 12d, 12e, and 12j undergo
Diels—Alder reactions with neutra (e.g., cyclopentadiene)
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Scheme 38. [4 + 2]-Cycloaddition Reaction of Electronically
Tuned Dienes to Group 6 Metal Alkynylcarbenes
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Scheme 39. Alkynyl(amino)carbene Complexes as
Dienophiles

(OC)sMy,_-NMe; M(CO)s5
Tﬁ LD oy e,

142 (M = Cr, W;

28i (M = Cr) M=
- 0

30a (M = W)

and electron-rich dienes (135)4¢7" to give 136 and 137,
respectively (Scheme 38). Moreover, the reaction has been
extended to electron-poor 2-aza- and 1-aza-1,3-butadienes
138 and 139, respectively,®7" to afford unsaturated N-
heterocyclic metal carbenes 140 and 141. In contrast to 2-aza-
1,3-butadienes 1-aza-1,3-butadienes undergo Michael addi-
tion to the alkynylcarbene complex.

Compared with alkenylcarbene complexes, the addition of
1,3-dienesto amino(dkenyl)carbene derivativesis dowed down
significantly.”™276 Substitution at the alkyne terminus further
decreases the reactivity. Whereas amino(ethynyl)carbene com-
plexes 28i and 30a react with cyclopentadiene to give [4 +
2]-cycloadducts 142, their C-substituted homologues are unre-
active under these conditions (Scheme 39).7%* Asymmetric
induction in the cycloaddition is generated in the reaction
of amino(alkynyl)carbene complexes bearing chiral pyrro-
lidines. The diastereoselectivity, however, is very sensitive
to the substituents of the diene; the highest diastereoselec-
tivities have been found in the reaction with 2-triisopropyl-
siloxy-1,3-pentadiene, and modest selectivities are observed
with cyclopentadiene.”®

Intermolecular [4 + 2]-cycloaddition reactions where the
diene moiety is part of the carbene complex are less frequent.
Ethoxy-substituted 2-butadienylcarbene complex 18f, generated

Chemical Reviews, 2009, Vol. 109, No. 8 3241

Scheme 40. Alkoxycarbene Complexes as Dienes
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Scheme 41. Intramolecular [4 + 2]-Cycloaddition Reactions
of Fischer Carbenes under Cyclization of Both Carbene
Substituents
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R 7 (49 %)
10f

(OC)sW.__O o
L : 4
AT toluene, 60 °C (OC)sW

6j 148 (10 %)

147

by a[2 + 2]-cycloaddition/cyclobutene ring-opening sequence,
undergoes a reversed Diels—Alder reaction with typical dieno-
philes (like 143) followed by eimination of ethanol to yield
arylcarbene complex 6g (Scheme 40).5% Expanding this
strategy, pyranylidene complexes like 144 have been applied
to a quantitative inverse-electron-demand Diels—Alder reaction
with enol ethers and enamines (such as 145); cyclohexadiene
146 has been obtained after extruson of Cr(CO)s from the
cycloadduct intermediate (Scheme 40).5

2.2.3.2. Intramolecular [4 + 2]-Cycloaddition. Fischer
carbenes bearing both the dienophile and the diene func-
tionality undergo intramolecular [4 + 2]-cycloaddition reac-
tions under mild conditions,”®*# affording moderate yields
of the cycloadducts. It is advantageous to incorporate the
diene moiety into the alkoxy substituent (e.g., complex 10f
affording Diels—Alder adduct 147); the reverse approach
(e.0., using furylcarbene complex 6j) is hampered by poor
yields (e.g., 10% for product 148) (Scheme 41).

A third variant includes complexes such as 18e bearing
the diene and the dienophile in the nonheteroatom carbene
substituent. Bicarbocyclic carbene complexes (e.g., 149)
are obtained viaintramolecular Diels—Alder reaction with
stereosel ectivities comparable to those observed for Lewis
acid-catalyzed reactions of the corresponding methyl
esters; an additional benefit is the high endo-selectivity
(Scheme 42) .81

2.2.4. Higher-Order Cycloaddition

Higher-order cycloaddition reactions include three- and
four-component processes. The former can be classified as
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Scheme 42. Intramolecular [4 + 2]-Cycloaddition Reaction
of Fischer Carbenes Occurring in a Single Carbene
Substituent
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Scheme 43. Synthesis of Cyclopentanes via Formal
[2 + 2 + 1]-Cycloaddition Reaction of Fischer Carbene
Complexes
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fooma 2+ 2+ 1], [83+2+ 2], [4+ 2+ 1], and
[5 + 2 + 1]-cycloaddition reactions, while the latter
represents aformal [2 + 2 + 1 + 1]-cycloaddition reaction.
Although mechanistic details of these complex reaction
sequences have not been elucidated so far, a combination of
mostly nucleophilic addition processes upon carbene carbon
atoms or Michael-type addition reactions at 3-carbon atoms
of akenyl- or akynylcarbene complexes has been invoked
to rationalize the overall schemes.

2.2.4.1. Formal [2 + 2 + 1]-Cycloaddition Reaction. The
reaction of alkenes bearing electron-withdrawing groups
(EWGs) 150 like methyl acrylate and acrylonitrile with
pentacarbony![(N,N-dimethylamino)methylene] chromium
28a generates trisubstituted cyclopentanes 151 via formal
[2 + 2 + 1]-cycloaddition reaction. Two molecules of the
alkene and one carbene ligand are incorporated into the
cyclopentane ring (Scheme 43).22 A mechanism suggested
for this reaction implies a double insertion of the alkeneinto
the metal carbene bond, e.g., via intermediates | and I,
followed by reductive elimination.

Various five-membered heterocycles have been prepared
in a reaction involving another three-component coupling
process. This sequence starts with a nucleophilic attack of
an akynyllithium derivative 152 at the carbene carbon atom
of Fischer carbene complexes 6b, 6¢, and 6f at —78 °C,
generating alkynylmetalate I, which reacts either with carbon
dioxide, with aldehydes under Lewis-acid catalysis, or with
sulfonylimines. Thus, either unsaturated vy-butyrolactones
153, furans 154 or pyrroles 155 have been prepared (Scheme
44).83

Highly substituted cyclopentanols 158 have been obtained
diastereoselectively from the reaction of a,f-disubstituted
lithium enolates 156 (R® = H) with chromium carbene
complexes 4m, 4o, 4ae, and 4ag followed by addition of
alylmagnesium bromide 157.8* A mechanistic rationale for
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Scheme 44. Formal Three-Component

[2 + 2 + 1]-Cycloaddition Reaction of Fischer Carbene
Complexes with Alkynyllithium Derivatives To Give
Five-Membered Heterocycles
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thisformal [2 + 2 + 1]-cycloaddition reaction involvesinitial
nucleophilic 1,2-addition of the lithium enolate to the starting
carbene complexes 4, generating a new ketone functionality
(arising from the enolate), which undergoes addition of the
organomagnesium reagent to afford 5-hexenylchromate | as
the key intermediate. Intramolecular carbometalation affords
11, which is hydrolyzed to the final cyclopentanol derivatives
158 (upper part of Scheme 45).

a-Unsubstituted lithium enolates 156 (R® = H), however,
finaly afford tetrasubstituted cyclohexane-1,4-diols 159
(lower part of Scheme 45)%2 in a process that may be
considered aformal [2 + 2 + 1 + 1]-cycloaddition reaction.
The chemoselectivity of the reaction is determined by the
substitution pattern of key intermediate 1. An unsubstituted
o-carbon atom in 156 favors amigratory insertion of carbon
monoxide to generate lithium acyl tetracarbonylchromate
I11a/111b. Demetalative intramolecular insertion of the car-
bene carbon atom into the secondary vinylic C—H bond (1V)
and subseguent protonation afford diol 159. The attack of
lithium enolates on akenylcarbene complexes depends on
the metal. While the reaction with chromium carbene
complexes leads to the formation of cyclopentanediols,
oxabicyclo[3.2.1]nonanols are obtained from tungsten car-
bene complexes. The addition of 3-lithoxy-1,3-butadienes
to chromium and tungsten carbene complexes yields
cycloheptenones.8+

The reaction of aminocarbene complexes with diphenyl-
ethyne in refluxing benzene triggers a forma [2 + 2 +
1]-cycloaddition reaction. The successive insertion of the
alkyne into the carbene complex followed by insertion of a
carbony! ligand finally produces Cr(CO)s-coordinated ylidic
pyrrolidinone derivatives in yields up to 80%.% Oxidation
of these ylide complexes with dimethyldioxirane leads to
lactones, and at €levated temperatures, neutral pyrrolidinones
are obtained via a nitrogen-to-carbon migration of an alkyl
group.

2.2.4.2. Formal [4 + 2 + 1]-Cycloaddition Reaction.
Tungsten and molybdenum cyclopropylcarbene complexes,
e.g., 5a, react (in contrast to the chromium analogue that
affords cyclopentenones in a formal [2 + 2 + 1]-cycload-
dition reaction)® with alkynes 160 to afford cycloheptadi-
enone derivatives 161 (Scheme 46).8” The mechanism of this
reaction is expected to involve a primary insertion of the
alkyne into the metal —carbene bond to give metal vinylcar-
bene 1. Subsequent CO insertion to the vinylketene inter-
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Scheme 45. Synthesis of Cyclopentanols and Cyclohexanols from Carbene Complexes, Enolates, and Allyl Magnesium Bromide
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Scheme 46. Molybdenum-Mediated Formal
[4 + 2 + 1]-Cycloaddition Reaction of a Cyclopropylcarbene
Complex and Alkynes Affording Cycloheptadienones

monoxide, tertiary phosphines, or amines is a less drastic
method to cleave the metal —carbene bond and, in principle,
allows for arecovery of adefined low-valent metal species.

OMe RS . ? Hydrogenation, treatment with hydrobromic acid or triflic
)W + dioxane, 100 °C Rt acid, and pyridine as aligand for the stabilization of the metal
(OC)sMo ) o fragment | eads to the reductive cleavage of the carbene bond
R OMe to give ethers and aldehydes, 3688 and enol ethers,889
respectively. Metathesis of the metal —carbene bond can be

5a 160 161 (12 - 65 %)

\ RL Mo(CO)3

R co
P RS / 0 (M )nRL
4 0\\| ///

OMe QIRs

RS = small substituent, R" = large substituent
RS = Me; R- = Ph; RS = Rt = n-Pr, Ph

mediate 11 followed by oxidative addition into one of the
cyclopropane C—C bonds may ultimately afford cyclohep-
tadienone 161. Alternatively, a metal-induced opening of the
cyclopropyl ring in | may generate intermediate 111, which
may undergo final CO insertion.

achieved with diazomethane,%82% also yielding enol ethers.

Reductive cleavage by hydrogenolysis provides saturated
hydrocarbons but requires harsh conditions.®* Metal hydrides
have been used for the reduction of amino- and alkoxycar-
bene complexes to amines and alcohols.*

The more common protocols are based on the oxidative
cleavage of the metal —carbene bond, formally replacing
the metal pentacarbonyl fragment by the isolobal oxygen
atom. The oxidation is easy to carry out and results in
high chemical yields but is accompanied by oxidized metal
waste. Among various oxidizing agents, cerium(lV)
compounds have found the widest application.®® Other
protocols are based on dimethyl sulfoxide® pyridine N-
oxide,® dimethyldioxirane,® PhlO,*?iodine, hypochlorites,
or molecular oxygen, also in combination with silica gel %
Recently, both stoichiometric and catalytic quantities of KF
or Bu,;NF were reported to promote the oxidative cleavage

XR'
ligand :><
2.3. Decomplexation %.R R?
. PR,
The synthetic potential of the modification of the carbene XR! de%)q“edt:tlglueon XR* H-source
complex moiety is enhanced by cleavage of the organome- O:<R2 o 0. pyridine- (©C)sM= ,
tallic moiety. The carbene ligand can be released by " “N-oxide R reductive
oxidative, reductive, or ligand exchange-based demetalation = Cr. Mo, demetalation
(Figure 8). None of these protocols has been shown so far e g nNaBH, XR'
to proceed via free carbenes. H><
The thermal decomposition of carbene complexes gener- H e

ally results in a dimerization of the carbene ligand to give
alkenes. The replacement of the carbene ligand by carbon

Figure 8. Genera methodologies for demetalation of Fischer
carbene complexes.
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Scheme 47. Synthesis of Cyclobutenylcarbene Complexes by
Michael-type Addition of Alkylcarbene Complexes to
Tertiary Acrylamides
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NR2, = NMe,, pyrrolidinyl, morpholinyl

of alkoxycarbene complexes on air.® Chromium carbene
complexes bearing less bulky carbene ligands undergo
demetalation in the presence of catalytic amounts of Bus;NF
(0.5 mol %).*® This methodology was also applied to
demetal ate tungsten carbene complexes of uracil derivatives;
morpholine N-oxide and t-butyl hydroperoxide turned out
to be efficient in this case.!® Both reductive and oxidative
demetalation using sodium borohydride (for aminocarbene
complexes) and pyridine N-oxide, respectively, have been
recently reported in the presence of sulfur and selenium.'%2
The use of S=C=0 or Se=C=0 (in situ generated by the
reaction of sulfur and selenium with carbon monoxide,
respectively) provides an entry into S and Se
carboxylates.’®™ Both reductive and oxidative demetalation
protocols have been applied for the enantioselective and
diastereosel ective synthesis of cyclopropane derivatives, for
instance.%?

2.4. Stepwise Processes Leading to Formal
Cycloaddition Products

2.4.1. Formal [2 + 2]-Cycloaddition Products

An unusual example of aformal [2 + 2]-cycloaddition
has been reported for the formation of cyclobutenyl(ami-
no)carbene complexes 164 from alkyl(alkoxy)carbene
complexes 4i, 6d, and 6e and tertiary acrylic amides 162
in the presence of POCI4/EtsN (Scheme 47).2% The reac-
tion involves a Michael addition of the conjugated base of
the carbene complex to the iminium chloride 163 formed
from acrylic amide 162 to generate the w-alkenylcarbene
complex I. Subsequent ring-closure to the cyclobutyl metalate
11, dehydrochlorination, and [1,3]-migration of the metal
fragment have been suggested to explain the formation of
164.
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Scheme 48. Synthesis of Fused Cyclopentadienes by
Reaction of Cyclic Enamines and Alkynylcarbene Complexes
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Scheme 49. Synthesis of Five-Membered N-Heterocycles
from Iminocarbene Complexes
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2.4.2. Formal [3 + 2]-Cycloaddition Products

Fused cyclopentadienes 166 can be obtained from the
reaction of akynylcarbene complexes 10l and 12k and
secondary cyclopentyl or cyclohexyl enamines (165) at
ambient temperature (Scheme 48).1% This regioselective
forma [3 + 2]-cycloaddition reaction is initiated by a
Michagel-type addition of the enamine 165 to the akynyl-
carbene complex. Intramolecular hydrogen transfer from |
to 1,3,5-metalatriene 11 followed by ring-closure and de-
metal ation results in the cyclopentadiene annulation product
166. A recent asymmetric cyclopentannulation of indoles has
been reported in which indoles react as the enamines with
chiral tungsten alkynylcarbene complexes. 1%

Chromium (and tungsten) iminocarbene complexes (e.g.,
167) react with electron-acceptor (for instance benzonitrile
168 and 3-hexyn-2-one 172), electronically neutral, and
electron-rich (such as 1-ethoxypentyne 170) carbon-carbon
or carbon-heteroatom triple-bond systems (Scheme 49)'% to
giveimidazoles 169 and pyrroles 171 and 173, respectively.
The regioselectivity observed for the reaction of 167 with
the ynone 172 can be correlated with the resonance structure
167a. Addition of the ynone provides the metalacyclic
intermediate I, which undergoes reductive elimination to give
pyrrole 173.

Under photochemical conditions, iminocarbene com-
plexes'® react with alkynes, '’ ¢ alkenes'®¢ and hetero-
atom-containing double bonds to give 2H-pyrrole, 1-pyrro-
line, and triazoline derivatives, respectively.o’®

Nonenolizable imines such as 9-fluorene imines 174 react
with alkynylcarbene complex 12k to afford dihydropyrrol
derivatives 175 (along with mesoionic pyrrolium carbonyl-
tungstates as side products) (Scheme 50).1% Both types of
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Scheme 50. Reaction of Tungsten Alkynylcarbene
Complexes with Azafulvenes
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Scheme 51. SET-Reductive Dimerization of Chromium
Alkynylcarbene Complexes
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compounds have been considered as evolved from competing
intramolecular [2 + 2]- and [3 + 2]-cycloaddition reactions
of a common intermediate | formed by 1,4-conjugated
addition of imine 174 to alkynylcarbene complex 12k;
dihydropyrrol 175 has been suggested to form from spiroaza-
cyclobutene intermediate 11.

Recently, this kind of reaction has been extended to
alkenylcarbene complexes and 8-azafulvenes.’*®® Formal
[8 + 2]- or [8 + 3]-reaction pathways afford cycloheptapy-
ridinone or tetrahydroazaannulene skeletons, respectively,
depending on the substitution pattern at the Cg-carbon atom
of the alkenylcarbene complex.

A formal [3 + 2]-cycloaddition reaction between two
molecules of alkynylcarbene complexes 10l and 10r is
observed upon one-€lectron reduction,'® e.g., by potassium
graphite (CgK) at low temperature (Scheme 51).1%%2 The tail -
to-tail dimerization of the resulting radical anions | is sug-
gested to afford biscarbene dianion 11, which may rearrange
upon protonation with a strong acid to give chromium
cyclopentadienylcarbene 176 after partial demetalation.

Although akenylcarbene complexes typically react with
alkynes to give [3 + 2 + 1]-benzannulation products (see
section 3.2.1), some isolated examples of formation of five-
membered rings via a [3 + 2]-cycloaddition process have
been reported.®11° 3-Donor substituted alkenylcarbene com-
plexes react with alkynes to give cyclopentene derivatives,®
which also have been reported to result from the coupling
of S-pyrrolyl-substituted carbene complexes as exclusive
products.*** Moreover, alkenylcarbene complexes react with

Chemical Reviews, 2009, Vol. 109, No. 8 3245

siloxy-substituted 1,3-dienes to afford vinylcyclopentene
derivatives through aformal [3 + 2]-cycloaddition process.**?

The intermolecular reaction of electronically neutral 1,3-
dienes with alkenylcarbene complexes results in the forma-
tion of mixtures of [3 + 2]- and [4 + 1]-cycloadducts;2
the course of the reaction is highly dependent on the
solvent™® and reaction temperature used. Selective cyclo-
pentene formation viaformal [3 + 2]-cycloaddition reaction
was observed in toluene at 80 °C along with high asymmetric
induction (up to 99% de) when chiral akenylcarbene
complexes derived from (—)-8-phenylmenthol were applied.
Similar high diastereosel ectivities but only moderate chemi-
cal yields were obtained for the reaction of alkenylcarbene
complexes with 1-amino-1-aza-1,3-dienes to give substituted
cyclopentenes.* The reaction of alkenylcarbene complexes
16r with imines 177 in the presence of aLewis acid generates
pyrroline derivatives (e.g., 178) as aresult of aformal [3 +
2]-cyclization process that is rationalized in terms of a
metalaheterocyclic intermediate 1 (Scheme 52).1'° High
asymmetric induction has been observed with the (—)-8-
phenylmenthol auxiliary and catalytic amounts of Sn(OTf),.
2,5-Dihydropyrroles 178 were obtained with high trans/cis
selectivity and hydrolysis of the major trans diastereoisomer
led to opticaly pure 2,5-disubstituted-3-pyrrolidinone deriva
tives 179.

Further diastereoselective and enantioselective formal
[3 + 2]-carbocyclizations include the reaction of tungsten
alkenylcarbene complexes 18c, 18d, 18i, and 18m and
enamines 180 derived from chiral amines to give chira
substituted cyclopentanone and cyclopentenone derivatives
182 and 184 via enol ethers 181 and 183, respectively.
Interestingly, the regiochemistry of the final products differs
for enamines derived from aldehydes and those derived from
ketones (Scheme 53).11¢ The mechanism for a dehyde-derived
enamines (affording 181/182) involves a Michael-type 1,4-
addition of the enamine to the alkenylcarbene complex,
whereas ketone-derived enamines (yielding 183/184) react
through an initial 1,2-addition to the carbene carbon atom.

Another strategy for the diastereoselective synthesis of
five-membered carbocycles involves a-substituted alkenyl-
carbene complexes (e.g., 161 and 18h) and lithium methyl
ketone enolates 185 (Scheme 54)72P or ketene acetals.''"
In the reaction with enolates, the use of a coordinating solvent
(THF or Et,0) or the presence of a chelating additive such
as pentamethyldiethylenetriamine (PMDTA) alowsto switch
between one (186) or the other diastereoisomer (187) of the
final cyclopentene derivative. The influence of the solvent/
additive on the diastereoselectivity is rationalized in terms
of the capability of lithium to coordinate to the oxygen atoms
of the 1,2-addition intermediates favoring the orientation of
the carbony! group in a particular conformation.

The formal [3 + 2]-cycloaddition of chromium alkenyl-
(ethoxy)carbene complexes of type 16c, 16d, 16f, 16i, or
16t with alkynes 160 has been utilized to construct 5-di-
alkylamino-3-ethoxycyclopentadienes 188 in which the steri-
cally less demanding substituent (RS) has been incorporated
next to the carbon atom bearing the ethoxy group.!®
Hydrolysis of the enol ether affords cyclopentenones 189
(Scheme 55); aternatively, densely substituted cyclopenten-
ones 192 are also accessible by transformation of standard
carbene complexes 4b and 4p with alkylidenecyclopropanes
190 (representing aformal [4 + 1]-cycloaddition) (Scheme
56).1° The cyclopentane derivatives 191 can serve as starting
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Scheme 52. Enantioselective Synthesis of Pyrrolidinones by Reaction of Imines and an Optically Active Chromium
Alkenyl(alkoxy)carbene Complex
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Scheme 53. Enantioselective Synthesis of Cyclopentanones and Cyclopentenones from Tungsten Alkenylcarbene Complexes and
Optically Active Enamines
R3 R

[\ A~ 1) HCI AR

N R DHC R
. : 2) sml,
R®=H MeO” MeO 0
THF, 181 (72 - 95 %)

182 (78 - 92 %,

OMe R? rtto 60 °C 92-99%ee)
o R?
(OC)5WA\/\R1 + @J\/
-, ~OMe
18c, 18d,
18i, 18m

180 THF,
25°Ctort
2 5 2 A
RE#H RS N—".,_OMe
R R!

RZ
3, ‘ HCI 3
MeO o

183 (88 - 95 %)

R' = n-Pr, i-Pr, Ph, 2-furyl
R2=H, Et, R® = Me, R? = R® = (CH,)5-

184 (88 - 93 %,
83-87%ee)

Scheme 54. Solvent-Induced Control of Diastereoselectivity in the Reaction of Enolates with Tetrahydropyranylcarbene
Complexes
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Scheme 55. Synthesis of Cyclopentadienes via Formal
[3 + 2]-Cycloaddition of Chromium
p-Aminoalkenyl(ethoxy)carbene Complexes with Alkynes
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point toward oligocyclic hydrocarbons like triquinanes,
steroid-like ring skeletons, and more extended carbocyclic
systems.

2.4.3. Formal [3 + 3]-Cycloaddition Products

[3 + 3]-Cyclization reactions'® supported by transition
metals are scarce. o,5-Unsaturated Fischer carbene com-
plexes mimic a Cs-synthon bearing two terminal electrophilic
carbon atoms that may be connected with molecules that
include two nucleophilic positions. Combined with the
capability of akenyl- and alkynylcarbene complexes to
undergo a [1,2]-migration of the pentacarbonylmetal frag-
ment, an electrophilic-to-nucleophilic umpolung of the
pB-carbon atom of the carbene ligand is feasible.

The potentia of Fischer carbene complexes in the con-
struction of complex structures from simple starting materials
is illustrated in the reaction of chromium and tungsten
alkenylcarbene complexes 16 and 18 with cycloalkanone
enamines (e.g., 193). A diastereo- and enantioselective
synthesis of bicyclo[3.2.1]octanone (e.g., 194) and bicyclo-
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Scheme 56. Access to Cyclopentenones by Reaction of Alkoxycarbene Complexes with Alkylidenecyclopropanes
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Scheme 57. Bicyclo[3.2.1]octenone Derivatives from the
Reaction of Cyclopentyl Enamines with Alkenylcarbene
Complexes
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[3.3.1]nonanone derivatives (Scheme 57)*? is based on a
1,4-addition of the Cs-enamine to the alkenylcarbene com-
plex (1) and a 1,2-addition of the Cg-enamine to the carbene
carbon atom leading to the isolable metalate intermediate
Il. Acid-induced elimination of methanol gives Ill, and
hydrolysis affords the unsaturated bicycloketone 194 via
p-hydrogen elimination.

Alkynylcarbene complexes 10k and 12j react with imines
derived from furan-, benzofuran-, N-substituted pyrrole-, and
N-substituted indole-2-carboxaldehydes 195 to give the
formal [3 + 3]-cycloaddition products 196 (Scheme 58).1%
This carbocyclization processis thought to involve an initial
1,2-addition to generate zwitterionic intermediate 1. [1,2]-
Migration of the pentacarbonyl metal fragment, cyclization
(to intermediate 1), aromatization, and demetalation lead to
196.

Another formal [3 + 3]-cycloaddition results from a
[2 + 2]-cycloaddition reaction followed by cyclobutene ring-
opening. A typica example is the reaction of ethyl 2,2-
diethoxyacrylate with alkynyl(alkoxy)carbene complexes to
afford ethoxy-substituted metal 2-pyranylidenes.5*'?3 Simi-
larly, tertiary 3-ketoenamines 197 react with alkynylcarbene
complex 12k to give pyranylidene complexes 198 in high
yields (Scheme 59). The [2 + 2]-cycloaddition reaction
between the alkynyl moiety of the carbene complex and the
C=C double bond of the enamine generates cyclobutene I,
which undergoes a conrotatory cyclobutene ring-opening to
enamino carbene complex Il followed by cyclization to
198.45C'124

The unique C=C bond conjugation in fulvenes allows for
unusua cycloaddition reactions with other unsaturated
systems. For example, alkenylcarbene complexes 16 and 28
react with fulvene 199 to give two indene isomers (200) in
aformal [3 + 3]-cycloaddition process.'?* The reaction is
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Scheme 58. Benzannulation of Imines by Alkynylcarbene
Complexes
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Scheme 59. Synthesis of 2-Pyranylidene Complexes from
Tungsten Alkynylcarbene Complexes and f-Acyl Enamines
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suggested to proceed viaan initial 1,2-addition of the fulvene
to the carbene carbon followed by a [1,2]-[Cr(CO)g]-shift-
triggered ring-closure (Scheme 60).1%%°

2.4.4. Formal [4 + 3]-Cycloaddition Products

Upon reaction with electron-rich 1,3-butadienes such as
Danishefsky’s diene, chromium alkenylcarbene complexes
afford seven-membered rings in low yields in a formal
[4 + 3]-cycloaddition process; in contrast, anal ogous tungsten
carbene complexes undergo Diels—Alder reaction, reflecting
the enhanced acceptor character of the tungsten fragment 5801122
The formation of the seven-membered ring is explained by
an initial cyclopropanation of the most electron-rich double
bond of the diene followed by a Cope rearrangement of
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Scheme 60. Synthesis of Indenes by Reaction of Acetoxyfulvene with Chromium Alkenylcarbene Complexes
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Scheme 61. Synthesis of Dihydroazepines Starting from
Alkenylcarbene Complexes and Aminoazadienes
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the resulting divinylcyclopropane. Increased yields were
obtained with amino-substituted 1,3-butadienes and chro-
mium alkenylcarbene complexes to produce racemic and
chiral 1,3-cycloheptadiones.*?

Seven-membered carbocycles are also accessible from the
reaction of chromium akenylcarbene complexes and methyl
vinyl ketone enolates.**™ In addition, formal [4 + 3]-het-
erocyclization results from 4-amino-1-azadienes. The cy-
cloaddition of reactive 4-amino-1-aza-1,3-butadienes 201 to
chromium or tungsten alkenyl(methoxy)carbene complexes
16m and 16y affords substituted 4,5-dihydro-3H-azepines
202 in 52—91% vyield (Scheme 61).22 NMR monitoring
suggests a 1,2-addition of the imine functionality in 201 to
the starting carbene complex at —78 °C followed by a[1,2]-
W(CO)s shift and ring-closure as the key steps of the
reaction.

A chira version of this[4 + 3]-heterocyclization is based
on chiral, nonracemic carbene complexes 16p, 16q, and 16z
derived from menthol and oximes 203 as imine surrogates
(Scheme 62).1?% One equivalent of an alkyl(alkoxy)carbene
complex (4a) is used for the transformation of the oxime

into the imine. The ready crystallization of the major
diastereomer from methanol allows the isolation of dihy-
droazepine 204 and 205 in enantiomerically pure form.
While tungsten alkynylcarbene complexes represent excel-
lent dienophiles in the classical Diels—Alder reaction with
1-azadienes, the chromium analogues behave differently,
providing an entry into azepine derivatives.'?®
In arelated process, zwitterionic pyrrolodiazepine deriva
tives have been obtained from alkynylcarbene complexes and
imines derived from N-unsubstituted-pyrrole-2-carboxal de-
hyde via a formal [4 + 3]-heterocyclization reaction.?
The cyclopropanation of fulvenes 206 by akynylcarbene
complexes 12i and 12j can be inhibited in the presence of CO;
under these conditions, forma [4 + 3]-cycloadducts 207 are
obtained in moderate to good yields (Scheme 63).2° Again,
the reaction features a sequence of 1,2-addition of fulvene
to the carbene carbon atom, 1,2-[W(CO)s] shift and cyclization.
Deprotonation of hydroxybenzocyclobutene 208 with
n-butyllithium generates an equivalent of vinylogous enolate
209, which adds to tungsten alkynylcarbene complexes 12
to afford either benzocycloheptene ketals 210 or benzocy-
cloheptenones 211 depending on the solvent used. While
diethyl ether affords exclusively 210, THF leads to increased
formation of 211 (accompanied by 5—30% of 210) (Scheme
64).1% The formation of 210 and 211 isrationalized in terms
of a 1,2-addition at the carbene complex, followed by 1,2-
migration of the organometallic fragment.

3. Metal-Templated Cycloaddition Reactions of
Fischer Carbene Complexes
3.1. Cyclopropanation

The carbene ligand in metal carbenes 40, 5b, and 6f may be
transferred to alkenes to give cyclopropanes. Early [2 + 1]-

Scheme 62. Diastereoselective Synthesis of Dihydroazepines from Alkenylcarbene Complexes and Oximes
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(OC)5Cr)\/\R ﬂe
D (ocycr 4a

16p, 16q, 16z

R - R
N™ “OR* N™ “OR*

. THF, 85 °C
2) crystallization
HON -~ - from methanol
(R = Ph, 2-furyi;
R* = (-)- or (+)-menthyl
203 (or (*) 2 204, 205
(204a - 204b) (205a - 205b)
isolated isolated
total yield ratio 204 : 205  major isomer ~ major isomer
(yield) (d.e.)
204a-b 205a-b
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R* = (+)-menthyl, R=Ph 80 % 70  205b (46 %) >97 %
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cycloaddition reactions of this type with electron-poor akenes
212 reveded that the isomeric ratio of the cyclopropanes 213a/
213b formed depends on the metal used. These resultsindicate
that the metal is involved in the product-forming step and
consequently exclude the intermediacy of free carbenes (Scheme
65).22131 This idea was further supported by an (even low)
transfer of chiraity from a chromium carbene—bearing an
opticaly active phosphine ligand—to the resulting cyclopro-
pane.’* Moreover, an efficient cyclopropanation of electron-
rich and electron-deficient alkenes requires different reaction
conditions, suggesting that different mechanisms are opera-
tive in these transformations, as discussed below. The
cyclopropanation with carbene complexes is stereospecific;
the configuration of the alkene isretained in the cycloadduct.

The cyclopropanation of o.,S-unsaturated esters with group
6 phenyl(methoxy)carbene complexes to give 213a/213b re-
quires elevated temperatures (=90 °C), alowing a rapid CO
exchangein the carbonyl(carbene) complex. Thus, areasonable
mechanism involves a decarbonylation pre-equilibrium of
carbene complex 214 followed by coordination of the akene
to the coordinatively unsaturated tetracarbonyl intermediate 1.
The resulting akene(carbene) complex 11 may rearrange to a
metalacyclobutane 111, which undergoes reductive elimination
to give the cyclopropane 215 (Scheme 66).1%

3.1.1. Cyclopropanation of Electron-Rich Alkenes

The cyclopropanation of electron-rich alkenes with Fischer
carbene complexes requires modified reaction conditions.
Warming a solution of ametal carbene 214 and an enol ether
91 at atmospheric pressure results in the formation of an
alkene 216, which apparently is formed viathe tetracarbonyl
carbene complex |, alkene carbene complex 11, and meta-
lacyclobutane 111 intermediates in an olefin metathesis
reaction. However, good yields of cyclopropanation products
are obtained under CO pressure. Under these conditions, the
metal does not act as a template; instead, the enol ether is
supposed to add as a nucleophile at the carbene carbon atom
to generate zwitterion 1V in which the metal-coordinated
carbon atom undergoes an either front—side or back—side
attack at the former a-enol ether carbon atom to give the
cyclopropane 217 (Scheme 67).1%

Again the isomeric ratios of the cyclopropanes 218a and
218b formed from carbene complexes 40, 5b, and 6f and
ethyl vinyl ether 91a reflect the role of the metal used
(Scheme 68).134

Ketene acetals as (electron-rich) alkene derivatives have
also been demonstrated to undergo a[2 + 1]-cycloaddition
reaction. Whereas simple methoxycarbene complexes give
cyclic ortho-esters,**> isopropoxy- or cyclopropoxycarbene
complexes afford the cyclopropanation products when the
reaction is carried out under carbon monoxide atmosphere.
The reaction of acyloxycarbene complexes with S-unsub-
stituted enol ethers at low temperature afforded mixtures of
diastereomeric cyclopropanols.t*

3.1.2. Cyclopropanation of Nonfunctionalized Alkenes

Nonfunctionalized alkenes 220 undergo cyclopropanation
by stronger electrophilic metal carbenes as provided by
nonheteroatom-stabilized group 6 (e.g., 219)*%7 or cationic
iron carbenes;®™ the reaction is highly syn-selective (see
221, Scheme 69). Iron carbenes bearing optically active
phosphine ligands allowed for an efficient enantioselective
cyclopropanation.**”™ Nonfunctionalized alkenes have been

Chemical Reviews, 2009, Vol. 109, No. 8 3249

Scheme 63. Synthesis of 8-Methylenebicyclo[3.2.1]hexa-
dienones from Fulvenes and Tungsten Alkynylcarbene
Complexes

R3 R2
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| 1) DMF, CO, rt R!
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2) Sio,
MeO” ~W(CO)s o)
12i, 12j 206 207 (50 - 88 %)

R' = 1-cyclohexenyl, Ph
R? = Me, t-Bu, 4-MeOCgH,, OAc
R®=H, Me

also cyclopropanated by ferrocenyl-substituted group 6 metal
carbene complexes.t37¢d

The cyclopropanation protocol can be applied to 1,3-dienes
as well.**® Electron-deficient 1,3-dienes yield vinyl-substi-
tuted cyclopropanes upon [2 + 1]-cycloaddition reaction with
Fischer carbene complexes.*®®

3.1.3. Cyclopropanation of Electron-Poor Alkenes

The reaction of alkenylcarbene complexes and electron-
poor alkenes normally leads to mixtures of vinylcyclopropane
and cyclopentene derivatives reflecting a [2 + 1]-cyclo-
addition—ring-expansion sequence; the product distribution
can be controlled by choosing the appropriate reaction
conditions.''*1%° Donor—acceptor-substituted alkynylcyclo-
propanes are accessible from akynyl(alkoxy)carbene com-
plexes and methyl acrylate or acrylonitrile.*** Thus, methoxy-
substituted alkynylcyclopropyl carboxylic esters and nitriles
could be obtained in moderate to high chemical yields and
up to high diastereoselectivities. If the reaction is run in the
presence of acetonitrile, the organometallic fragment can be
recovered; microwave conditions at room temperature may
speed up the reaction to completion within a few minutes.

The thermal reaction between chromium alkenylcarbene
complexes (e.g., 16m) and ends (e.g., 222) or enones
provides an entry into dihydrofurans (e.g., 223) and furans
(Scheme 70).1*? This process has been found to proceed via
a [2 + 1]-cycloaddition reaction to form formyl- and
acylcyclopropanes, respectively, which undergo a subsequent
ring enlargement to furans.

Methyl crotonate and y-crotonol actone have been applied
in the diastereoselective cyclopropanation of O-protected
chromium glucal carbene complexes.’*314 The [2 + 1]-cy-
cloaddition reaction affords glycals attached to a rigid
cyclopropyl or bicyclo[3.1.0]hexane skeleton, although in
only moderate diastereosel ectivity.

3.2. Benzannulation and Cyclopentannulation
3.2.1. Benzannulation

3.2.1.1. Mechanism and Selectivity. Probably the most
important stoichiometric application of metal carbenes in
organic synthesis is the construction of hydroquinoid ben-
zenoid arenes in the presence of alkynes. Pentacarbonyl-
chromium complexes bearing aryl- or alkenyl(alkoxy)carbene
ligands react with alkynes to give densely substituted arenes
that remain coordinated to a Cr(CO); fragment.1#>1% Scheme
71 illustrates the reaction of phenyl(methoxy)carbene com-
plex 40 with tolan, which yields naphthohydroquinoid
chromium tricarbonyl 224. This type of cycloaddition
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Scheme 64. Formation of Benzoheptenones and Benzocycloheptene Ketals
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Scheme 65. [2 + 1]-Cycloaddition Reaction of Electron-Poor Alkenes with Fischer Carbene Complexes
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Scheme 66. Metal-Templated Cyclopropanation of Alkenes
by Fischer Carbene Complexes
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reaction assembles the a.,3-unsaturated carbene ligand (Cs-
synthon), the alkyne (C,-synthon), and a carbonyl ligand (C;-
synthon) at the Cr(CO); fragment, which serves as atemplate
for a stepwise interligand coupling. Chromium is the metal
of choice for this type of annulation, which occurs with
considerable chemo-, regio-, and stereosel ectivity.

The product distribution depends on the nature of the
metal, the heteroatom substitution in the carbene ligand, the
solvent used, and the workup conditions. Along with the
predominating benzannulation, competing paths may lead to

COOMe COOMe
MeO, f + Ph,, f
Ph MeO**
213a 213b
70 : 30
85 : 15
68 : 32

cyclopentannulation; the formation of furans and cyclobuten-
ones has a so been observed to occur in varying extents. The
reaction of phenyl(methoxy)carbene complexes of chromium,
molybdenum, and tungsten with 3-hexyne in benzene
affords—after demetal ative workup—hydroquinone, indene,
and furan skeletons.!1% The greatest extent of chemoselec-
tivity was found for the chromium complex, which produced
the hydroquinone almost exclusively. The molybdenum and
tungsten analogues led to indenes as the major products along
with varying amounts of furan. Apart from group 6 metal
carbenes, manganese'“’2? and ruthenium*”¢ complexes have
been reported to undergo a similar, but less efficient
benzannulation under either more drastic thermal or photo-
chemical conditions.

The solvent may also influence the product distribution.'#®
The reaction of chromium carbenes with alkynes in donor
solvents like ethers or in benzene reveals a strong preference
for benzannulation; the allochemical effect’®® has been
invoked for strongly coordinating solvents to explain the
increase of the phenolic benzannulation product over five-
membered cyclization products with increasing akyne
concentrations. Noncoordinating solvents such as hexane or
polar solvents such as dimethylformamide (DMF) favor the
formation of cyclopentannulation products. A strongly
coordinating solvent like acetonitrile leads to the formation
of cyclobutenones in moderate yields.

Scheme 67. Cyclopropanation of Electron-Rich Alkenes by Fischer Carbene Complexes
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On the basis of experimental and kinetic studies, a
mechanism for the benzannulation has been proposed that
is consistent with more recent theoretical calculations!4%1%0
(Scheme 72). The initial and rate-determining step is a
reversible decarbonylation of the pentacarbonylchromium
carbene complex | affording the coordinatively unsaturated
tetracarbonyl complex Il. This is in accordance with the
observation that the reaction is suppressed in the presence
of external carbon monoxide,'>!? and the decarbonylation
equilibrium was later supported by a kinetic study.'5®
Subsequent coordination of the alkyne gives an n?-alkyne
complex I11; structural intramolecular analogues have been
characterized by X-ray crystallography as alkyne—carbene
chromium chelates in which the alkyne and carbene moieties
are linked by arigid C,-ortho-phenylene moiety.*>

The subsequent steps are too fast for further kinetic
investigation. A previously proposed 16-electron chroma-
cyclobutene intermediate arising from a formal [2 + 2]-cy-
cloaddition reaction of the alkyne ligand across the metd —car-
bene bond was later discarded on the basis of theoretical
studies that support a direct insertion of the alkyne into the
metal —carbene bond to generate the n:;?-vinylcarbene
complex 1V as an 18-electron valence isomer.1*%P A related
species has been isolated from the reaction of an alken-
yl(amino)carbene complex.’>® Subsequent insertion of a
carbonyl ligand leads to #°-vinylketene complex V, structural
analogues of which have been synthesized as an enami-
noketene complex.*%3*1% Electrocyclic ring-closure affords
the cyclohexadienone complex V1,5 which tautomerizes to
give the naphthol complex VII. If the akyne incorporates
two trimethylsilyl groups'™ or one bulky trialkylsilyl group
and one phenyl substituent®*® at the carbon—carbon triple
bond, the generated ketenes cannot adopt the appropriate s-cis
geometry for ring-closure and are stable enough for isolation.
Depending on the substitution pattern and the solvent, on
irradiation or heating they afford either benzannulation
products'®® or cyclobutenones'>® while addition of di-
azomethanes yields cyclopentenones. 56

The energy profile of the benzannulation reaction of an
arylcarbene complex with an alkyne is shown in Figure 914%
and reveals that the individual C—C bond-forming steps of
the reaction proceed with low energy barriers (~20 kJ/mol).
The thermodynamic driving force of the overall process
results from the final aromatization, providing ~170 kJ/mal.

The benzannulation is typically performed under mild
thermal conditions in the temperature range of 45—60 °C
and gives yields up to 90%. Mildly coordinating solvents
are used for this transformation; tert-butyl methyl ether isa
typical example. Alternative reaction procedures include a
photoinduced decarbonylation as the initial step, which
allows benzannulation under low-temperature conditions.
However, the lower selectivity of this protocol, due to the
presence of other photosensitive intermediates, has restricted
its synthetic application to cases where the thermal protocol
fails.’>” On the basis of earlier observations of photodecar-
bonylation processes (see section 5), a photobenzannulation
was performed starting from a preassembled a,f,y,0-
dienyl(alkoxy)carbene complex. By reacting the alkoxycar-
bene complex with carbon monoxide, ortho-methoxy-
phenol s were obtained, thus complementing the thermal
benzannulation route to para-methoxy phenols. This ap-
proach has been extended to the generation of ortho-
aminophenols from the reaction of dienyl alkoxycarbene
complexes with isonitriles,**2P and of dienyl(amino)carbene

Chemical Reviews, 2009, Vol. 109, No. 8 3251

Scheme 68. Cyclopropanation of Electron-Rich Alkenes by
Group 6 Phenyl(methoxy)carbene Complexes
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Scheme 69. Cyclopropanation of a Nonfunctionalized Alkene
by a Strongly Electrophilic Tungsten Carbene Complex
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Scheme 70. Synthesis of Dihydrofurans via a
[2 + 1]-Cyclopropanation-Ring Enlargement Sequence
Starting from Alkenylcarbene Complexes
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Scheme 71. Chromium-Templated Benzannulation of
Arylcarbene Complexes
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Scheme 72. Generally Accepted Mechanism of the
[3 + 2 + 1]-Benzannulation

M(CO)s A M(CO), RL—==R®
~ -co . RL—=——R® CO X
e X — \| X —> OC_»'\"i
L ,‘ +CO ... OCco R
1 (18¢) 11 (16¢) m
X = OR', NR'R? #
Ho k3 oS e ol \’A ]
S ST an U
| P - « [ — - | R® VA
RV X RV X O=CT L re’ X
RS RS
Vi vi v E-v
(M = crco), [M] = Cr(CO),

complexes with carbon monoxide!>®a¢ Finally, meta-benzan-
nulation products have been obtained from the intramol ecular
reaction of some o,(w—1)-enynylcarbene complexes to
produce meta-cyclophanes.'>

In afew examples, other synthetic techniques were applied
to the benzannulation reaction. High-intensity ultrasound,
microwave, or dry-state absorption conditions have been
reported to accel erate the benzannul ation.®° Dichloroethane
has been used for an intermolecular benzannulation reaction
to be performed under mild reaction conditions close to room
temperature;*®* however, extended reaction times (18 h) are
required for high yields. These aternative protocols may lead
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Scheme 73. Angular vs Linear Benzannulation of Chromium (Dibenzo)heteroarylcarbene Complexes
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in some cases to comparable yieldsin shorter reaction times,
affording the corresponding quinones after oxidative workup.
Thus, they do not alow for the isolation of tricarbonylchro-
mium complexes of the hydroquinoid benzannulation prod-
ucts that provide a plane of chirality as a stereogenic element,
which may be exploited in stereoselective synthesis.?

Besides chemosel ectivity, the regiosel ectivity of the alkyne
incorporation is another important criterion for the synthetic
value of the benzannulation. The regiocontrol mainly arises
from steric factors, which favor a coupling of the akyne
carbon atom bearing the less bulky alkyne substituent with
the carbene carbon atom. Therefore, the regioselection is
virtually complete for terminal alkynes that lead to benzan-
nulation products bearing the alkyne substituent exclusively
next to the phenolic group. Unsymmetrical dialkylalkynes
afford regioisomeric mixtures; the ratio of regioisomers
depends on the relative steric bulk of the alkyl substituents.*6
This regiochemistry can be reversed with stannyl-%43P or
borylalkynes'®* and in intramolecular benzannulation reac-
tions, e.g., using carbene complexes in which the alkyne is
incorporated into the alkoxy substituent.64

Benzannulation of fused arenes may afford angular and
linear annulation products. The benzannulation of naphthyl-
carbene ligands generally leads to the phenanthrene skeleton
in which both terminal rings obtain a maximum of
aromaticity; 512165 a similar preference has been observed
even in cases where an ortho-substitution has been applied
to enforce a linear benzannulation.'®*1% Apart from the
construction of phenanthrenes, carbene complexes have also
been used for the synthesis of more extended polycyclic
arenes.

Recent studies indicate that linear benzannulation may
become a major competition as observed for carbene com-
plexes derived from dibenzo-substituted five-membered

OTBDMS

225 (30 %) 226 (39 %)

heteroarenes'®® or from helicenes.'5”1%8 The linear benzan-
nulation for dibenzofurylcarbene complex 4ak®’ in the
presence of 3-hexyne is illustrated in Scheme 73. The
uncoordinated benzo[b]naphthol[2,3-d]furan 226 has been
isolated along with the expected angular Cr(CO)s-coordinated
benzonaphthofuran 225. The formation of alinear Cr(CO)s-
coordinated benzannulation product was observed when the
central furan ring in the carbene complex was substituted
for the thiophene system.

3.2.1.2. Application to Bioactive Target Molecules. The
benzannulation provides a straightforward access to densely
functionalized oxygenated arenes and, as such, has been
applied to the synthesis of more complex arene skeletons.
Earlier applications to natural product synthesis concentrated
on vitamins,'® steroids'™ and antibiotics.!™ The versatility
of the chromium-templated benzannulation is demonstrated
in Scheme 747166172 [y complementary approaches to the
daunomycinone (227) and 11-deoxydaunomycinone (233)
skeleton, the former of which isthe aglycon of the established
antitumor agent daunomycin. For 227, two benzannulation
approaches were used to assemble ring B of the anthra-
guinone moiety as key steps. The first strategy is based on
the benzannulation of cyclohexenyl(ketal)carbene complex
228 by ethynyl lactone 229, providing tetrahydronaphthol
230. For the alternative ring B construction, naphthohydro-
quinonylcarbene complex 4af (which readily decarbonylates
to give the tetracarbonylchromium chelate) and methyl
3-methoxycarbonyl-5-hexynoate 231, were applied to give
intermediate 232. For the approach toward 11-deoxydauno-
mycinone 233, both syntheses use a phenyl(methoxy)carbene
complex (234/4u) that reacts with a propargylic cyclohexane
derivative (235/236) to give naphthols 237 and 238,
respectively.
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Scheme 74. Chromium-Templated Benzannulation Approaches to Daunomycinone
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Scheme 75. Benzannulation Approach to Fredericamycin A
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A more recent strategy to the antibiotic and antitumor
agent fredericamycin A incorporated the benzannulation as
the key step of the total synthesis.'”® Benzannulation of the
oxygenated arylcarbene complex 4y with the properly
functionalized alkyne 239 gave a 35% vyield of a single
regioisomer 240, which was subjected to a fina spirocy-

OH OH
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= :&\
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OMe OMe OMe
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ring C)
o]
OMe +
OMe Cr(CO)s ‘ | CO,Me
4u 236

F
241 g N
fredericamycin A
clization to give the target molecule 241 after chromato-
graphic separation of the racemic mixture (Scheme 75).
3.2.1.3. Asymmetric and Multiple Benzannulation. The
chromium-templated coupling of alkenyl- or arylcarbene,
alkyne, and carbonyl ligands generates arene tricarbon-
ylchromium complexes as primary benzannulation prod-



Downloaded by UNIV MAASTRICHT on August 28, 2009 | http://pubs.acs.org

Publication Date (Web): July 30, 2009 | doi: 10.1021/cr900034e

3254 Chemical Reviews, 2009, Vol. 109, No. 8

Scheme 76. Diastereoselective Benzannulation with a-Chiral
Propargylic Ethers
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ucts, which—based on their unsymmetric substitution
pattern—bear a plane of chirality. Complexes of this type
are powerful reagentsin stereosel ective synthesis.'®? Since
the preparation of pure enantiomers is a lengthy and often
tedious procedure, a diastereosel ective modification of the
benzannulation appears to be an attractive alternative. In
order to lure the chromium fragment to one or the other face
of the arene formed, chiral information has to be incorporated
into the carbene complex or into the alkyne.

Benzannulation of the chromium 1-propenyl(methoxy)-
carbene complex 16b with a-chiral propargylic ethers, such
as 242, resulted in diastereofacial selection in the formation
of benzohydroquinonoid chromium tricarbonyl derivatives
243. The degree of the diastereofacial selection was strongly
dependent on the substitution pattern of the carbene ligand
and, in particular, of the steric bulk of the ether oxygen
substituent (Scheme 76).1™

A more general approach concentrates on the chiral
modification of the carbene ligand. Some target molecules
for which this modification is based on a chira carbene
carbon side chain are depicted in Figure 10.1%17

Thereaction of chiral cyclohexenyl(alkoxy)- (e.g., 244a)
and (amino)carbene complexes (e.g., 244b) with 1-pentyne
afforded diastereomeric tetralin complexes 245 in moder-
ate yields (Scheme 77).176 The sense of stereoselection was
found to depend on the substitution pattern of the cyclohex-
enyl substituent. Whereas 5-methyltetralin derivatives were
obtained in low preference for the syn complex, a higher
preference for the anti diastereomer was observed in the
synthesis of 8-methyltetralin complexes 245.

The most versatile and promising approach to pure
enantiomers is based on chiral alcohol auxiliaries incorpo-
rated into the carbene ligand via the acylation—alco-
holeysis sequence. Severa chiral secondary alcohols have
been screened for their ability of diastereoinduction.’” The
best performance (de = 80%) within a series of ter-
penoid alcohol auxiliaries was observed for (+)- and (—)-
menthol as applied in the benzannulation of carbene com-
plex 4r with 3,3-dimethyl-1-butyne, affording the naph-
thohydroquinoid complex 246 (Scheme 78). The dia
stereomeric excess depends on the solvent and decreases

MeO, RS
LD <G ®
— OTBDMS
Cr(CO);

Figure 10. Asymmetric benzannulation products obtained from
carbene complexes with chiral carbene carbon substituents.
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Scheme 77. Diastereoselective Benzannulation of Chiral
Methylcyclohexenylcarbene Complexes
=—FPr,
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when tert-butyl methyl ether is substituted for less polar
hydrocarbon solvents. Compared with arylcarbene com-
plexes, the menthol auxiliary is much less efficient with
alkenylcarbene complexes, which only gave de vaues
below 20%. Attempts to improve the diastereoselection by
means of chiral amine auxiliaries met with similar little
success.*”®

The benzannulation of carbene complexes bearing either
multiple metal carbene or alkyne functionalities allows for
the construction of extended aromatic frameworks. Scheme
79 presenting two double and two quadruple benzannul ations
illustrates the scope of this strategy. The exhaustive cycload-
dition of biphenyl biscarbene complex 247 with tolan affords
binaphthyl bis-Cr(CO); complex 248 as a diastereomeric
mixture in 51%.17% The bidirectional benzannulation of the
axial—chiral biscarbene complex 249 yields bis-Cr(CO)s-
coordinated biphenanthrene derivative 250, which combines
elements of axial and planar chirality.1%¢1 A quadruple
benzannulation has been redlized from either tetrakis—carbene
complexes or a skeleton bearing four alkyne functionalities.
The reaction of dendritic carbene complex 251 with 4 equiv
of 3-hexyne followed by O-silylation and decomplexation
affords naphthohydroguinone 252 in remarkably good
yield.'®¢ Finally, the benzannulation of the porphyrine 253
with phenylcarbene complex 40 leads to the tetranaphtho-
quinone 254 after oxidative workup.*’®

3.2.2. Cyclopentannulation

The competition of benzannulation and pentannulation
significantly depends on the donor ability of the carbene
ligand. Substitution of alkoxy for amino groups in the
carbene ligand (leading to 255) increases the thermal
stability of the metal—carbonyl bond, which hampers
both the primary decarbonylation and the CO incorporation
into the final product (step from IV to V in Scheme
72).84180 As g consequence, annulation of chromium
aryl(amino)carbenes requires elevated temperatures (=90
°C) and affords cyclopentannulation products (indenes).
N-Acylation (e.g., with the tert-butyloxycarbonyl (BOC)
group) reduces the donor properties of the amino sub-
stituent and thus favors again the benzannulation.*®* The
competition of benzannulation versus cyclopentannulation
also depends on the concentration and the temperatures
applied;**® dilute solutions and high temperatures favor
cyclopentannulation over benzannulation. The cyclopentan-
nulation of aminocarbene complexes 255 is supposed to
occur via chromacyclohexadiene 11, leading to the isomeric
aminoindenes 111, which readily hydrolyze to give indanones
256 (Scheme 80).

Both electron-rich and electron-poor alkynes do not
undergo benzannulation. While strongly el ectron-deficient
alkynes cannot compete with carbon monoxide in the
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Scheme 78. Diastereoselective Benzannulation of an Aryl((—)-menthyloxy)carbene Complex
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Scheme 79. Multiple Benzannulations in the Construction of Benzenoid Frameworks
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initial ligand-exchange process, electron-rich alkynes (with
a polarized C=C bond such as in ynamines) generally
prefer addition to the carbene carbon atom and subsequent

CHCO)3
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OO OMe
OMe 1)Et Et
OMe -
OO OMe
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Cr(CO),
249 250 (52 %)
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insertion into the metal—carbene bond. The insertion
products may undergo cyclopentannulation at elevated
temperature, #3182
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Scheme 80. Cyclopentannulation of (Amino)carbene
Complexes
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3.3. Regiospecific Labeling of Arene Rings by
Haptotropic Metal Migration

Arene chromium tricarbonyl complexes are valuable
building blocks in synthetic organic chemistry.16218 While
thermal complexation of arenes with Cr(CO)sL 3 precursors
is hampered by low regioselectivity of the coordination of
the Cr(CO); fragment reflecting the thermodynamic equi-
librium of regioisomers, the benzannulation of a,5-unsatur-
ated chromium carbene complexes with alkynes can be
carried out under distinctly milder conditions; thus, it directly
affords coordinated oligocyclic arenes in which the organo-
metallic moiety is exclusively attached to the hydroquinoid
ring as the kinetically stable regioisomers. On further
warming a solution of the “kinetic” benzannulation products
in solvents with poor coordinating abilities (selected ethers
such as dibutyl ether or fluorinated aromatic compounds),
the metal fragment is shifted along the same z-face of the
hydrocarbon ligand, and an intramolecular metal migration
to the less-substituted termina ring is observed to give the
“thermodynamic” isomer. This processis termed haptotropic
metal migration,*®* and from a synthetic perspective, it makes
the Cr(CO); fragment a moveable and tunable label suited
to activate a specific aromatic ring. The activation of
benzenoid rings by coordination to a Cr(CO); fragment is
an established strategy for an umpolung of the arene and
has been widely exploited in the addition of nucleophiles
and in nucleophilic substitution reactions.'622183>~d |t further
allows for enhancement of the C—H acidity of both the
arene®®e and benzylic hydrogen atoms. &

In the primary benzannulation product obtained under
kinetic conditions (<55 °C), the organometallic moiety is
attached exclusively to the higher substituted (hydroquinoid)
terminal ring. Above 60 °C (typically between 60 and 90
°C), this “kinetic’ complex rearranges to its “thermody-
namic” haptotropomer in which the chromium tricarbonyl
moiety is coordinated to the less-substituted terminal ring.
This metal shift can be monitored by IR and NMR spec-
troscopy, and NMR spectroscopy has been used for kinetic
studies of the migration of Cr(CO); and Cr(CO),L fragments
(L = phosphines, phosphites) along naphthalene and more
extended aromatic skeletons.  Substituted  naph-
thalenes, 1’185 phenanthrenes,'® triphenylenes,’® and ex-
tended heterocyclic platforms (benzonaphthofurans, ben-
zonaphthothiophenes)*” have been submitted to haptotropic
metal migration. According to theoretical studies for naph-
thalene and phenanthrene platforms,®” a metal migration
along the periphery of the arene ligand with a»*-coordinated
trimethylenemethane complex as transition state is favored

Détz and Stendel

Scheme 81. Stereospecific Naphthalene Chromium
Tricarbonyl Switch

60 °C
OMe (quant.) OMe
crco) 0C)Cr—— |
r L E—
3 (OC)sCr -
OTBDMS
(59 %) OTBDMS
(Rp)-257 1) hv, cyclooctene, (S,)-258

50 °C
2) CO, 1t

over the least motion pathway across the carbon—carbon
bond(s) common to the adjacent six-membered rings. This
work has recently been extended to a Cr(CO)3 shift in both
directions by a proper adjustment of the metal coligand
sphere. The quantitative thermal rearrangement of naphtha-
lene Cr(CO); complex (Ry)-257 at 60 °C to give the
thermodynamic haptotropomer (S,)-258 can be combined
with a photoinduced low-temperature substitution of one
carbonyl ligand for the weakly coordinated cyclooctene.
When allowed to warm to room temperature, the starting
“kinetic” Cr(CO); complex is regenerated in a CO at-
mosphere in 59% yield. Stereochemical and X-ray analyses
demonstrated that the metal migration occurred intramolecu-
larly aong the r-arene face viatransfer of the planar chirality
and, thus, established the first stereospecific organometallic
switch (Scheme 81).1849:1850.188

Phenanthrene ligands'#187 offer two alternative peripheral
pathways aong the inner or the outer bay area. DFT
calculations suggest a preference for the inner sr-periphery
pathway occurring along the central biphenyl axis. These
metal shifts are characterized by a ?-coordinated complex
intermediate or a “central ring complex” intermediate,
respectively, and also proceed via n*-trimethylenemethane-
like complex transition states. The haptotropic rearrangement
is also compatible with other helical distorted aromatic
platforms as demonstrated for Cr(CO); complexes of dis-
torted hydroquinoid naphthobenzofurans, -thiophenes,*” and
extended heterohelicenes.’® The fused five-membered het-
eroaromatic s-systems do not act as a stopper for the
migration of the chromium tricarbonyl fragment, and the
metal shift proceeds from the hydroquinoid ring across the
central heterocycle to the other terminal benzene ring.

For a closer investigation of the influence of the helical
distortion on the rearrangement, substituted phenanthrenes
as the simplest hydrocarbons with a helical distortion
represent a particularly attracting target. The rate of the metal
shift has been demonstrated to depend on the arene substitu-
tion pattern; bromo and methoxy substituents at the central
and the less-substituted terminal ring slow down the rear-
rangement while increasing helical distortion of the phenan-
threne platform favors decomplexation.!%

4. Multistep and Multicomponent Reactions

This chapter covers reaction sequences that start from
simple carbene complexes using multistep sequences and
multicomponent strategies'® that afford either complex
polycyclic target molecules or less-complex molecules with
a substitution pattern not accessible by standard functional-
ization methodologies. These approaches often reveal high
stereoselectivities.



Downloaded by UNIV MAASTRICHT on August 28, 2009 | http://pubs.acs.org

Publication Date (Web): July 30, 2009 | doi: 10.1021/cr900034e

Fischer Carbene Complexes in Organic Synthesis

Scheme 82. Consecutive One-Pot [2 + 2]/[2 + 1]- and [3 + 2]/[2 + 1]-Cycloaddition Reactions of Alkynylcarbene Complexes
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Scheme 83. Synthesis and Electrocyclic Ring-Closure of Alkenylcyclobutenylcarbene Complexes with Terminal Alkynes
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4.1. Starting from Alkynylcarbene Complexes
4.1.1. Cycloaddition Reactions

Beyond individual [n + 2]-cycloaddition reactions of a,5-
unsaturated alkynyl Fischer carbene complexes covered in
sections 2.2 and 3.1, two of these transformations can be
combined to one-pot [2 + 2]/[2 + 1]- and a [3 + 2]/
[2 + 1]-cycloaddition sequences (Scheme 82).19! Both types
of cascades start with a[2 + 2]- or a[3 + 2]-cycloaddition
reaction followed by anin situ [2 + 1]-cycloaddition reaction.
Alkynylcarbene complex 10k first adds one 2,3-dihydrofuran
259 to the alkyne functionality followed by cyclopropanation
of asecond dihydrofuran molecule to give two diastereomeric
bis-cycloaddition products 260a and 260b in 52% combined
yield. Initial addition of trimethylsilyl diazomethane 96a as
1,3-dipolefor the [3 + 2]-cycloaddition reaction to chromium
alkynylcarbene complex 10k followed by cyclopropanation
of dihydrofuran 259 afforded desilylated bis-cycloadduct 261
in low yield but with good diastereoselectivity. A similar
sequence of cycloaddition reactions using diazomethane 96a
and methyl acrylate 262 resulted in an increased yield for
263; however, the diastereosel ection decreased dramatically.
By careful adjustment of the reaction temperatures for the
two individual steps (ambient temperature for the cyclopro-
panation with the diazomethane and 70 °C for the
[3 + 2]-cycloaddition reaction), products were obtained from
a combined [3 + 2]/[2 + 1]-cycloaddition sequence. These

seguences allow for the generation of four carbon—carbon
bonds with up to five stereocenters in structurally complex
products and, moreover, are characterized by a high diaste-
reoselectivity for the final [2 + 1]-cycloaddition reaction.
The bicyclic dihydrofuran 264 reacts with akynylcarbene
complex 10k in toluene at 110 °C to give oligocyclic
cyclopentenone 265 in moderate yield viaa[2 + 2 + 1]/
[2 + 1]-reaction sequence (Scheme 82).1%?

Considerable effort has been devoted to thermo-induced
reactions subsequent to cycloaddition reactions of S-substi-
tuted alkynylcarbene complexes. Depending on the substitu-
tion pattern, cycloadducts arising from [2 + 2]-, [3 + 2]-,
and [4 + 2]-cycloaddition reactions have been shown to
undergo electrocyclic ring-closure, rearrangement, cyclo-
propanation, and C—H insertion reactions.”’¢198-1%

Cyclobutene-containing dienylcarbene complexes 267,
which are readily accessible from enynylcarbene complexes
10g, 10i, and 10j via [2 + 2]-cycloaddition with alkenes
266, react with terminal akynes 268 to generate bicyclic
cyclooctatrienone derivatives 269 (Scheme 83).2% The reac-
tion proceedsin aregioselective fashion, leading to a mixture
of diasterecisomers. This process is reminiscent of the
[3 + 2 + 1]-benzannulation; however, the additional C=C
bond present in the starting enynylcarbene complex partici-
pates in the subsequent electrocyclic ring-closure to give
eight-membered carbocycles. The transformation of the
carbon—carbon triple bond in 10g, 10i, and 10j into the
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Scheme 84. Diels—Alder Reaction-Electrocyclization-Rearrangement Strategy for the Construction of Fused

ortho-Naphthoquinones
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carbon—carbon double bond in 267 is essential for the
success of the following electrocyclization since the all-sp?
hybridization of the dienylcarbene complex is required for
a close proximity of the terminal C=C bond and the metal
center.

Similar to this reaction sequence, the Diels—Alder reaction
of the alkyne moiety in several Fischer g-aryl akynylcarbene
complexes triggers further cycloaddition reaction, which
results in the formation of several benzannulated oligocyclic
hydrocarbons. Arylethynylcarbene complexes 101, 10m, and
100 undergo a Diels—Alder reaction with pentamethylcy-
clopentadiene 270 to finaly give (viaintermediate 11 formed
after carbonylationandelectrocyclicring-closureof Diels—Alder
cycloaddition product 1) tetracyclic diones 271a and 271b
after oxidation as a mixture of isomersin low yields. These
isomers originate from a rearrangement of the oxidation
product 111 within the bicyclo[2.2.1]heptadiene skeleton
(Scheme 84).77c194

The versatility of tandem reactions is controlled by the
fine-tuning of the substitution pattern of the carbene side
chain as illustrated for alkynylcarbene complexes bearing
dlightly modified aryl substituents at the (-carbon atom
(Scheme 85). If an ortho-ethenylphenyl group is present in
the substrate 10p, the initial [3 + 2]-cycloaddition reaction
with nitrone 272 is followed by intramolecular cyclopropa
nation to give dihydronaphthalene derivatives 273.1%2 The
introduction of a phenyl group as terminal substituent at the
ethenyl group of 10p (10g) combines the initia
[4 + 2]-cycloaddition reaction (with Danishefsky’s diene
274) with an olefin metathesis providing phenanthrenes such
as 275. The replacement of the alkene moiety for a
phenylethynyl group (10t) results in the formation of
complex naphthalene 276 from a sequence of a [2 + 2]-
cycloaddition reaction with dihydrofuran 259, an alkyne
insertion followed by CO insertion to give a ketene inter-
mediate, which undergoes a final [2 + 2]-cycloaddition
reaction with excess dihydrofuran.**® Finally, azepinoindole
278 has been isolated from a reaction sequence starting with
the [4 + 2]-cycloaddition reaction (with cyclopentadiene)
of indolyl-modified alkynylcarbene complex 277. The for-
mation of 278 can be rationalized in terms of a C—H
insertion of the carbene ligand into the a—C—H bond of
the N-alkyl group in the primary cycloaddition product 279.%

Cr{CO)s OFt

271b (20 - 22 %) Ll

4.1.2. Multifaceted Cycloaddition Reaction Sequences

Chromium akynylcarbene complexes (e.g., 10k) react with
symmetrical internal alkynes to afford products resulting
from consecutive insertions of several alkyne units and
carbonyl groupsinto the metal carbene bond (Scheme 86).1%
Cyclopentene-fused cyclopentenones, spirocyclopentenones,
and symmetrical biscyclopentenones (e.g., 280) have been
isolated as the final products in low yields.

Another concept that has been introduced into multistep
reactions of Fischer alkynylcarbene complexes combines a
[1,5]-hydride shift of ortho-aminophenylakynylcarbene com-
plexes 281 (as the zwitterionic structure 281a) with cycliza
tion and subsequent benzannulation. Ring-closure of hydride
shift intermediate | generates 3-(1,2-dihydroquinolinyl)car-
bene complex intermediates 11, which undergo benzannula-
tion with alkynes to afford 5,6-dihydrophenanthridines 282
in overall yields of 42—72% for this three-step reaction
sequence (Scheme 87).1%

4.2. Starting from Alkenylcarbene Complexes

The attempted cyclopropanation reaction of akenylcarbene
complexes 16 with ketene acetal 283 resulted in the
unexpected isolation of dihydrocoumarin 284 (Scheme 88).1%
This finding has been rationalized in terms of an isolable
alkyne intermediate | generated by the reaction of the ketene
acetal with the carbene complex. Benzannulation of another
equivaent of the carbene complex by the alkyne formed in
situ leads to hydroquinone 11, which vialactonization forms
dihydrocoumarin 284. This reaction can be carried out as a
one-pot procedure in air as well.

The discussion of the cyclopropanation of Fischer carbene
complexes (section 3.1) referred to stable cycloadducts. In
particular cases, however, the three-membered cycloadducts
may be unstable and susceptible to a subsequent Cope
rearrangement as outlined in Scheme 89 for an electron-rich
diene.”®1% The carbene transfer from carbene complex 16y
to the more electron-rich C=C bond in diene 285 generates
cis-divinylcyclopropane intermediate I, which undergoes a
spontaneous ring-expansion to give cycloheptadiene 286 in
a regio- and stereoselective one-pot reaction. A similar
reaction sequence has been applied to the synthesis of
dihydroazepines starting from aza-1,3-dienes.”20
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Scheme 85. Reaction Sequences Starting from Aryl-Substituted Fischer Ethynylcarbene Complexes
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Scheme 86. Synthesis of Fused Biscyclopentenones from
Alkynylcarbene Complexes and Alkynes
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Group 6 alkenylcarbene complexes offer an elegant entry
into tricyclic oxacarbocycles (Scheme 90).2°* Upon reaction
with enolate 287, the alkenylcarbene complexes 16m, 16v,
16y, and 16ab are transformed into 3-cyclohexylethylcarbene
complexes 288. Addition of alyllithium followed by treat-
ment with silicagel affords bicyclic tetrahydropyranylcarbene
complex 289 via nucleophilic attack at the carbene carbon
atom. Thermal intramolecular cyclopropanation of the alkene
leads to the tetracyclic ether 290, which undergoes an acid-
induced ring-opening of the strained cyclopropane to give
oxa-tricyclo[7.3.1.0*%tridecanol 291. Whereas the stepwise
protocol gave an approximately 30—37% total yield, a one-
pot procedure starting from optically active silyl enolethers
increased the total yield of 291 to 69—82% maintaining the
high enantiomeric excess (e€) of >98%.

4.3. Starting from Alkylcarbene Complexes

The insertion of alkynes into the metal —carbene bond of
alkyl(alkoxy)carbene complexes affords a kenylcarbene com-
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plexes. Cyclopropylcarbene complexes like 41 react with
alkynes 160 in aformal [2 + 2 + 1]-cycloaddition reaction
to give cyclopentadienones I, which upon chromium(0)-
induced reduction??? transform into cyclopentenone deriva-
tives 292 (Scheme 91). This reaction has been widely applied
in an intramolecular version;?*® one example is the reaction
of methylcarbene complexes (e.g., 4a) with the phenylacety-
lene derivative 293, affording the cyclopentenone derivative
294 in low yields®™ via a presumed benzylidene complex
intermediate 11.

Terminal akynes have been applied in this approach to
construct avariety of oligocyclic carbo- and heterocycles.®®
This reaction resembles that of simple akyl-substituted
carbene complexes with an excess of alkyne (or diyne) to
produce phenol derivatives containing two molecules of
alkyne, one carbon monoxide ligand, and the carbene carbon
atom in the aromatic core.?®* Whereas the intermolecular
version affords the phenols in rather low yields (e.g., 296
from 4a with terminal akynes 295), the intramolecular
reaction using diynes (e.g., 297) resultsin synthetically useful
yields of the oligocyclic phenols (e.g., 298); even tungsten
carbene complex 6a has been shown to give good yields of
benzannulation product 298 (Scheme 92).

Chromium alkoxycarbene complexes react with (2)-
eneynes to give benzannulation products in fair to good
yields.2%¢ This reaction is initiated by decarbonylation and
followed by alkyne insertion into the chromium—carbene
bond generating o, 5-unsaturated carbene complex intermedi-
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Scheme 87. Hydride Shift—Cyclization—Benzannulation
Sequence to Phenanthridines

R5 OMe
R1
R O RI——=—FR®
N—, ,
HO R R = n-Bu, TMS,
CH,OMe, Et
RS RS=H, Et
282 (42-72 %)
OMe T OMe N
THF
0C)sCr R OC)sCr R!
(OC)s N < 90°C. 4h (0C)s
sealed tube
\ N = T . 4 N—
R? R?
R3 R3
281 (R' = R2 = Ph, 4-MeCgHy), 0
R3=H, Me)
_<0Me ,
(OC)sCr H R @’) R
¢ 1o (OC)5Cr¥/\H\C\®
N e X=C=CH N=
V7 _\ N 2
o% O
R3 R?

281a |

Scheme 88. Synthesis of Dihydrocoumarins by an
Unexpected [3 + 2 + 1]-Benzannulation

R THF, R’
— R*  OTMS 0. .0
(OC)5Cr:(—/ + >:< 90°C_
OR? RS  OMe » R*
R20 o
R1
1oab. 160 283 284 (64-71%)

| T

OH R'.,

R! THF, R! R*
— 90 °C
Ragﬁcoowle R! COOMe
R | ore OR2
| Cr(CO)s I
16m, 16y,
16ab, 16ac

R' = Ph, 2-furyl, 2-thienyl; RZ = Me, (CH,),l; R® = R* = Me; R®/ R* = -(CHy)s-
Scheme 89. Cycloheptatrienes via Consecutive

Cyclopropanation of 1,3-Dienes and Cope Rearrangement

9 =
o ® \ o
§ Y ©
+ _ — -
(OC)sCr NMePh /)
PhMeN OMe PhMeN OMe
16y 285 I 286

ates that may form different products depending on the
substitution pattern of the eneyne unit. Scheme 93 illustrates
the products accessible from the reaction of dieneynes (300),
enediynes (302), or acyl—eneynes/eneyne—hydrazones (304)
with carbene complex 299. While dieneynes 300 or ene-
diynes 302 afford phenols 301 and 303,2°* eneynes 304 lead

Détz and Stendel

Scheme 90. Tandem Synthesis of Tricyclic Cyclooctanol
Ethers from Alkenylcarbene Complexes, Cyclohexanone
Enolate, and Allyllithium

Lio
(OC)sCr @ e (OO)C
OMe R H Et
16m, 16v,
16y, 16ab 287 288 (75 %)

(R = Ph, 4-MeOCgH,,
2-furyl, 2-thienyl)
P 78 °C to
78°C rt

|

conc. HCI, = H THF >
- 0 -
HO SN 2 B

“H - A S - H -
R Et R Et R Et

13eq. r) SiOy,
Li

291 (88 %, 289 (71 %)

>99%ee)

total yield of 291 via a stepwise procedure
(R=Ph): 38%

290 (81 %)

total yield of 291 via an one-pot procedure
(R = Ph, 4-MeOCgH,, 2-furyl, 2-thienyl): 69 - 82 %

to furan®e205 gnd pyrrole®®™ derivatives 305 that can be
applied as dienesin Diels—Alder reactions with dienophiles
306,%% providing cyclohexenyl and cyclohexadienyl enol
ethers 307. If the dienophile is connected with the alkyne
via a tether, the construction of extended oligocyclic
frameworks becomes feasible.?”

The eneyne metathesis-Diels—Alder strategy has been
extended to the synthesis of fused carbocycles, arenes, and
N-heteroarenes (Scheme 94). The reaction of cyclopentyl-
carbene complex 308 and ortho-ethynylbenzal dehyde 309
affords the steroid-like tetracyclic ketone 310 in good
yield. 27 Upon reaction with ortho-hexynylbenzaldehyde
311, the nitrile aminocarbene complex 28c¢ has been used in
an access to synthesize phenanthridine 312.27 Alkynyl-
substituted indol ecarbal dehyde 313 undergoes annulation by
carbene complex 4j to give carbazole derivative 314.207

Chrysene derivatives 315 and 317 are accessible from
ortho-alkynylphenylcarbene complexes 4z and 4aa, respec-
tively, either by intermolecular alkyne insertion into the
chromium—carbene bonds and subsequent formal carbene
dimerization'®®2% or by reaction with ortho-hydrazone
alkyne derivative 316 (Scheme 95).2°79 The unusual dimer-
ization is presumably caused by therigid C, bridge that links
the carbene and the alkyne moieties; thus, under typical
benzannulation conditions, carbene complex 4z affords an
equimolar mixture of chrysene 315b and its monochromium
complex 315a.

The reaction of carbene complexes with substituted eneynes
has been extended to the synthesis of pyrones and subsequent
Diels—Alder reactions®? as well as indanes accessible from
highly electrophilic carbene complexes and styrenes. 2%

5. Photo-Induced Reactions

UV-irradigtion into the meta-to-ligand charge transfer (MLCT)
band of chromium carbene complexes”’® leads to insertion of
one CO ligand into the metal —carbene bond and generates
a species featuring ketene-like reactivity.?** A similar CO
insertion is involved as a (thermally induced) key step in
the chromium-templated benzannulation forming metal-
coordinated vinylketene intermediates. The structure of the
photogenerated ketene intermediate is best described as a
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Scheme 91. Synthesis of Cyclopentenones from Chromium Cyclopropyl- and Methylcarbene Complexes and Alkynes

RL
OMe | ‘ dioxane, 100 °C
+
(OC)5CF (-C2H4)
RS
4 160
. dioxane,
ﬂe . N 100 °C
(OC)sCr .
da 293

Scheme 92. Inter- and Intramolecular Version of the
Two-Alkyne Benzannulation Reaction

OH
OMe THF, 46 °C R Me
+ _
(OC)sCr |ll (R = Me, n-Pr, Ph)
R
R
4a 295 296 (11 - 33 %)
™S
OMe TMS— THF, 70 °C HO.
. > .
(OC)sM _
= Me
4a (M =Cr) 297 298
6a (M=W) (starting from 4a: 73 %)

(starting from 6a: 61 %)

metal-coordinated ketene A or a metalacyclopropanone B
(Figure 11).2%

0]

& 0

J—Cr(CO), % OR?
R'OR? (OC)Cr X s

A B

Figure 11. Vaence bond structures of pentacarbonyl chromium-
coordinated ketene intermediates.

The ketene species can be trapped by nucleophiles or
[2 + 2]-cycloaddition reactions with imines, aldehydes, or
alkenes. The synthetic photochemistry of Fischer chromium
aminocarbenes provides a nonconventional accessto avariety
of biologically active cyclic and acyclic target molecules.?*3
The methodology is more efficient for chromium carbene
complexes than for molybdenum?# anal ogues, while no CO
insertion has been reported for tungsten carbenes under
similar conditions.?** The reaction sequences involving the
photogenerated ketenes derived from Fischer carbene com-
plexes are considered to occur within the coordination sphere
of the metal. Neither free ketenes nor products originating
therefrom have been detected along the generation and
subsequent reactions of the ketene species.

5.1. Addition of Nucleophiles to Ketene
Intermediates

Ketene complex intermediates photogenerated from
Fischer carbenes are readily trapped by nucleophilesto give
carboxylic acid derivatives. The addition of amine nucleo-
philes has been exploited in an elegant synthesis of amino
acids and peptides,?'> and these protocols have been extended

0 0
R "THO)" gL
—_—
s (reduction) \
R OMe RS OMe
|
OMe
N
(0C)4CF
X

It 204 (21 %)

to acohols, stabilized ylides, benzenes (intramolecular
Friedel —Crafts reaction), and tertiary alylic amines (zwit-
terionic aza-Cope reaction).

5.1.1. Addition of Amines

The addition of amino acids 319 to photogenerated ketene
intermediates (generated from oxazolidinylcarbene com-
plexes 318) has been intensively used in a metal carbene
based synthesis of peptides. The general route to dipeptides
320 is shown in Scheme 96.26

This methodology is quite general and is efficient for awide
range of amino acids but only a modest selection of carbene
complexes. It is compatible with bulky amino acid esters bearing
alkyl substituents R® and R® and N-alkyl amino acid esters. The
stereoinformation incorporated into the amino carbene substitu-
ent dlowsfor agenerdly high diastereosdectivity of the peptide
formation. Merrifield-resin supported systems have been applied
in a solid-phase protocol.

5.1.2. Addition of Alcohols

The reaction of acohols with the ketene intermediates
affords carboxylic esters. The irradiation of the a-akylation
products of chiral chromium oxazolidinylcarbene complexes
321 generated ketenes that were trapped with alcohols to
afford homoalanine derivatives 322 (Scheme 97).21°

o-Deprotonation of aminocarbene complex 323 followed
by a-hydroxyalkylation gave carbene complexes 324; sub-
sequent photoinduced intramolecular carbonylation generated
ketene intermediates |, which underwent cyclization to give
lactones 325 in 40—80% yield. Subsequent hydrolysis of the
lactone and oxazolidine rings afforded homoserines 326 in
60—80% vyield (Scheme 98).2" The diastereoselectivity of
the reaction depends on the nature of the aldehyde used.
While for R = p-MeOCgH,4, 2-furyl, and t-Bu the reaction
exclusively gave the cis,cis-diastereomer of 326, the phenyl
analogue (R = Ph) led to a 92:8 mixture of cis,cis- and
cis,trans-diastereomers. Acetal dehyde and isobutyraldehyde
produced a mixture of al three possible diastereomers
(cis,cis; cistrans; trans,cis), which could be separated by
chromatography.

The oxazolidine auxiliary allowed for an enantiosel ective
synthesis of amino acids. Since both enantiomers of the
auxiliary may be obtained from the corresponding phenyl-
glycine enantiomers, natural (S-) and non-natural (R-) amino
acid esters are accessible via this route.
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Scheme 93. Synthesis of Six-Membered Carbocycles from Chromium Carbenes and Structurally Modified Eneynes
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R3 //
| -
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R RZ2 ;
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(R? = alkyl, cycloalkylalkyl; R3, R* = part of cycloalkene, arene or heteroarene ring;
R =alkyl; R® = R” = COOMe or R®= tether to carbene complex moiety; R” = H)

Scheme 94. Synthesis of Fused Carbo- and Heterocyclic
Skeletons through the Eneyne-Metathesis—Diels—Alder
Reaction Methodology of Carbene Complexes with
Substituted Eneynes
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H N
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NMe, Bu NMe,
Pr N Pr Bu
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x
Cr(CO)s dioxane, 100 °C O
= * | >
= oHc” N ‘
N
Bn \
Bn
4j 313 314 (73 %)
Bn = CgHsCH,

5.1.3. Addition of Other Nucleophiles

The photoinduced addition of a-alkoxycarbonyl ylides
to alkoxycarbene chromium complexes, best carried out
in a coordinating solvent under CO atmosphere, yields
captodative allenes (4-alkoxy-4-alkyl-substituted alkyl 2,3-
butadienoates) in which a donor group (provided by the
carbene complex moiety) is attached to the one end of
the cumulene system and the acceptor (provided by the
ylide) is attached at the other end. Rearrangement under
mildly acidic conditions leads to 1,4-disubstituted 2-alkoxy-
1,3-butadienes (68—80% yield), while acidic hydrolysis
affords enones (60—90%).2'8 Electron-rich arenes tethered
to chromium carbene complexes (4g, 4h, and 4s) have been
used as nucleophiles in intramolecular Friedel —Crafts reac-

tions. The electrophilic aromatic substitution is highly
regioselective, providing the acylation products 327a—c in
which ring-closure has occurred exclusively at the position
para to the activating group (Scheme 99).21°

Cyclic (e.g., 328) and strained (e.g., 330) tertiary alylic
amines have been reported to give the best resultsif reacted
with ketenes generated from 4a under Lewis acid catalysis,
leading to mono- (329) and bicyclic (331) N-heterocycles
(Scheme 100).2%° The reaction course involves zwitterionic
intermediates that undergo an aza-Cope rearrangement.

5.2. [2 + 2]-Cycloaddition Reaction with Ketene
Intermediates

The [2 + 2]-cycloaddition reaction of metal-coordinated
ketene intermediates photogenerated from carbene complexes
to imines, aldehydes, or alkenes has been used as a
convenient access to 3-lactames, 3-lactones, and cyclobu-
tanones. The analogous reaction with azoarenes turned out
to be less efficient.

The irradiation of alkoxycarbene chromium complexes
in the presence of imines is a smooth process generally
affording S-lactams in high yield and good diastereose-
lectivity. Chiral auxiliaries incorporated into the ami-
nocarbene side chain allow for excellent diastereoselec-
tivity provided that rigid cyclic imines such as
thiazolines?' or imidazoles”®* are used. This photoprotocol
has been applied to the synthesis of biologically active
p-lactams, which generally bear an amino group and
hydrogen at C-3. Photolysis of suitable aminocarbene
complexes such as 332?222 in the presence of various imines
(e.g., 333) affords lactams (e.g., 334) in high yield and
excellent diastereoselectivity (mostly >97% d.e.) (Scheme
101). Group 6 N-pyrrolyl carbene complexes undergo a
similar photoreaction with amines.???

This method has found application in an efficient synthesis
of a-akyl a-aminoacids, e.g., (—)-(R)-a-methylserine 338
(using 337 prepared from carbene complex 335) applying
oxazine 336 as imine component (Scheme 102).2%3



Downloaded by UNIV MAASTRICHT on August 28, 2009 | http://pubs.acs.org

Publication Date (Web): July 30, 2009 | doi: 10.1021/cr900034e

Fischer Carbene Complexes in Organic Synthesis

Chemical Reviews, 2009, Vol. 109, No. 8 3263

Scheme 95. Chromium-Mediated Dimerization of ortho-Alkynylphenylcarbene Ligands to Chrysenes
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Scheme 96. Synthesis of Dipeptides from Chromium
(Amino)Carbenes and a-Aminoesters
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Scheme 97. a-Alkylation/Photolysis Process of a Chiral
Oxazolidinyl Carbene Complex
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5.3. Non-Carbonylative Reaction

Noncarbonylative photo-induced reactions of the carbene
complexes can be classified as (a) nucleophilic addition (or
elimination) at the carbene carbon atom, (b) cycloaddition,
and (c) acyl migration reactions. The latter type of reaction
has only been found in the photolysis of chromium 2-acyl-
oxyethenylcarbene complexes leading to 2-butene-1,4-di-
ones.??

Sulfur-stahilized ylides 339 undergo photo-driven reactions
with akoxycarbene chromium complexes 4 to produce 2-acyl
enol ethers 340 as E/Z mixtures with the E isomer predomi-
nating (Scheme 103).2%°

Cyclopropanation reactions of electron-poor akenes with
Fischer carbene complexes can be promoted by irradiation.??

Scheme 98. Generation of a-Aminobutyrolactones as
Precursors of y-Hydroxyethyl-oa-Amino Acids

o) o) )
>( 1) n-BuLi >( J
NJ 23 R-CHO NJ b 7E
(OC)5Cr:< Ph  —— — = (OC)sCr Ph o:c:,:( Ph
-78°C cO \
(OC)sCr
0.2-2h R HO
OH
323 324 |
R = Ph, 4-MeOCgH,, 2-furyl,
t-Bu, i-Pr, Me Y
o)
NH, OH 747
)\/L - 5 N—,
HOOC R “ Ph
(o]
R
326 (50 - 80 %) 325 (40 - 80 %)

Scheme 99. Intramolecular Friedel—Crafts Acylation of
Electron-Rich Arenes by Photo-Generated Ketene
Intermediates

2 2

O/\©:R hv o R
—_——————

(OC)SCr)\R1 RS  ZnCl, CHCL, g1 R3

CO,0°C o
4g (R" = Me, R2= OMe, R3=H) 327a (69 %)
4s (R' = Ph, R2 = OMe, R3= H) 327b (15 :/o)
4h (R' = Me, R? = R® = OMe) 327¢ (38 %)

Tetracarbonyl(phosphine)chromium and -tungsten ami-
nocarbene complexes have been recently shown to undergo
photo-induced 1,2-dyotropic rearrangements, leading to
imino complexes?? by noncarbonylative pathways?™ or
triggering o-fragmentation.??”® So far, however, these pro-
cesses did not find application in organic synthesis.

6. Catalytic Carbene Transfer Reactions

Thefirst carbene transfer from a Fischer carbene complex
to another metal (e.g., iron or group 10 metals) has been
reported already 3 decades ago and has been exploited in
the synthesis of organometallic dinuclear and cluster com-
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Scheme 100. Photo-Induced Synthesis of N-Heterocycles
Using Tertiary Allylic Amines and Carbene Complexes
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Scheme 101. Photo-Assisted Formation of f-Lactams from
Chromium Carbene Complexes
~Ph

o)

332 333 334

plexes?® Applications of carbene transfer reactions in
organic synthesis started at the beginning of the new
millennium, and—beyond stoichiometric reactions?*—cata-
lytic transmetalation of carbene complexes, in particular, has
become a promising field of research.?3%23! Apart from this
synthetic application, the carbene transfer from group 6 metal
carbene complexes has been successfully implemented in the
preparation of late transition metal N-heterocyclic Fischer
carbene (NHC) analogues.?®

6.1. Dimerization Reaction

The dimerization of chromium-coordinated carbene ligands
typically requires temperatures above 120 °C. Whereas the
addition of catalytic amounts of Rhy(OAc), has only a
marginal effect on the activation of the carbene complex and
the reaction temperature can be lowered to only 100 °C,
palladium catalysis alows one to carry out the carbene
dimerization at room temperature.>3%2* |f the reaction of
chromium phenyl(methoxy)carbene 40 was promoted by
Pd(OAc), (10 moal %) in the presence of NEts, an E/Z-
mixture (2:1) of carbene dimers 341 was obtained (Scheme
104). The effects of catalyst loading, phosphine additives,
reaction temperature, solvent, and several palladium catalysts
have been investigated systematically; however, no signifi-
cant changes in the reaction outcome were observed.

In contrast, the nature of the catalyst and the reaction
conditions have a significant influence on the chemoselec-
tivity of reactions based on alkylcarbene ligands, as dem-
onstrated for chromium methylcarbene 4c (Scheme 105).
Whereas catalytic amounts of Pd(PPhg),4 giveriseto carbene
dimerization yielding an E/Z mixture of enediether 342, the
Pd(OAC)./NEt; system leads to a base-induced hydrogen
migration to give enol ether 343.

The transmetalation strategy was applied to the synthesis
of conjugated polyenes and enediyne derivatives from
suitable metal carbene precursors. Fischer-type biscarbene

Détz and Stendel

complexes intramolecularly dimerize to give cycloakenes.
This was rationalized by a catalytic cycle involving trans-
metalation and formation of a biscarbene palladium inter-
mediate in the key steps of the reaction.?

The cross-coupling of Fischer carbene complexes (e.g.,
16y) with ethyl diazoacetate 346 affords push—pull substi-
tuted alkenes such as 347 at ambient temperature using 15
mol % CuBr as acatalyst (Scheme 106).23* Chromium akyl-,
alkenyl-, and arylcarbenes provided comparable good chemi-
cal yields. Whereas no stereocontrol of the configuration of
the double bond formed was observed for the formation of
dimer 345 from methoxycarbene complex 16y in the pres-
ence of [Cu(MeCN),[PFs] 344, its menthyloxycarbene
analogue afforded exclusively the E-isomer. The chemose-
lectivity of the reaction strongly depends on the nature of
the catalyst: in the presence of 15 mol % of 344, a
dimerization of the methoxycarbene ligand was observed,
favoring the E isomer in a 10:1 ratio.

The intermediacy of new metal carbenes in the catalytic
transmetalation is supported by the isolation and structural
characterization of a copper carbene 349 obtained from the
chromium 2-furylethenyl[ (—)-menthyloxy] carbene complex
16z in the presence of 50 mol % [Cu(MeCN)4][PF¢] (Scheme
107).2342%5 349 has been prepared in two steps starting from
chromium carbene 16z via transmetalation with 0.5 equiv
[Cu(MeCN)4][PFg] 344 to give biscarbene complex 348 (the
structure of which has been deduced from NMR data); upon
crystallization of the biscarbene complex from a diethylether/
dichloromethane mixture, the monocarbene solvate complex
349 was obtained and characterized by X-ray crystal-
| ography.234*235

Under the conditions used for the crystallization of copper
carbene complex 349, the carbene ligand is prone to be
retransferred to chromium, while the vacant coordination site
at copper is occupied by diethyl ether. The X-ray structure
of 349 provides a rare example of a tricoordinated metal
center. Both copper-containing species, the biscarbene and
the monocarbene (349), undergo a carbene dimerization in
the presence of tributylphosphine to yield (1E,3E,5E)-1,3,5-
trienes in a process analogous to the formation of 345.

6.2. Skeleton-Forming Reaction

Beyond dimerization, the catalytic carbene transfer
process has been applied to skeleton-forming reactions, a
strategy that is dominated by Rh-, Ni-, and Cu-precata-
lysts, so far.?%

A recent example demonstrates the enhanced reactivity
of f-aminovinylcarbene complex 18k toward eneyne 350
when modified in situ into rhodium intermediate 351. It is
remarkable that even tungsten carbenes, which generaly are
among the least reactive carbene complexesin metal-centered
processes, are activated for C—C bond formation by this
procedure. In the presence of catalytic amounts of arhodium
complex, a sequence of eneyne insertion and sz-cyclization
occurs at ambient temperature to give vinylcyclopentadiene

Scheme 102. Synthesis of Enantiopure Amino Acids via Photolysis of Chromium Carbene Complexes
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Scheme 103. Photo-Assisted Addition of Sulfur-Stabilized
Ylides to Chromium (Alkoxy)carbene Complexes
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Scheme 104. Palladium-Catalyzed Carbene Dimerization of
an Arylcarbene Ligand
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Scheme 105. Chemoselectivity of Palladium Catalysts in

Carbene Dimerization and Hydrogen Migration Reactions
BnO  OBn pgpphy), OBn  pg(OAc),, NEt; OBn
- i S

(OC)Cr? Me

Me Me
342 4c 343

Scheme 106. Copper-Promoted Carbene Dimerization and
Cross-Coupling

[Cu(MeCN)4][PFg] (OC)sCr.
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Scheme 107. Stable Copper(l) Carbene Complex Obtained
via Transmetalation of a Chromium(0) Percursor

Yoo

50 mol-%

[Cu(MeCN),J[PFq] 344, o/ ~
CHCly, 1t H
- [CHCO)5(MeCN)] [PFel
162 348 (95 %)

crystallization from (recovery
Et;0: CHyCl, =5:1,1 of 35 % 348)
-20°C

NCMe 7

348 (50 %)

352 (Scheme 108).2%” RhCl3*3H,0 in methanol, [(cod)-
RhCl],, and [(OC),RhCl], turned out to be similarly efficient
precatalysts. A z-cyclization of a rhodiumdienyl(vinyl)car-
bene (rhodaoctatetraene) intermediate 351—which could be
isolated in one case?®>"*—generated by transmetalation of the
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chromium or tungsten analogue has been suggested as the
key to rationalize the reaction.

Apart from palladium and rhodium, copper(l) compounds
have been shown to catalyze reactions of Fischer metal
carbenes. As an example, the rate of the s-cyclization of
tungsten carbene complex 353 to the spirocyclic vinylcy-
clopentadiene 354 has been found to be strongly enhanced
in the presence of Cul and NEt; (Scheme 109).%™ [(cod)-
RhCl], turned out to be a bit less efficient (63%) in this
conversion.

Finally, the transmetalation of group 6 metal phenyl and
alkenyl(alkoxy)carbene complexes with rhodium(l) in the
presence of allenes allows the construction of highly
substituted dienyl indenone derivatives™3 and functionalized
alkylidenecyclopentenes.® The transformation of chromium
alkyl-,2% akenyl-,2% aryl-,2% and heteroarylcarbene?®®?
complexes with internal alkynes yielding highly substituted
cyclopentadienes™®? and cyclopentenones™® has been achieved
in the presence of Ni(0)-compounds.

7. Self-Aggregation of Carbene Complexes

This review concentrates on the utilization of Fischer
carbene complexes in the construction of more or less
complex organic target molecules. Apart from this syn-
thetic aspect, Fischer carbenes also have gained interest
as building matifs in the structure of several classes of
(natural) compounds (bioorganometallic chemistry) and
material science. This includes dithiafulvene carbene
complexes as potential precursors of extended thiafulvene
architectures,?*° the application in metal-conjugated peptide
nucleic acids,?** and hydrophilic Fischer carbene complexes
as organometallic markers®® and for the immobilization®?
of proteins. Another material science aspect based on the
gelator properties of amphiphilic carbene complexes will be
discussed below.

7.1. Amphiphilic Sugar Carbene Complexes

Metal coordination as a concept for metallogelators is an
area of increasing interest.?** Recently, the first examples of
organometallics gelators combining soft material aspects with
opportunities in organometallic synthesis have been re-
ported.?** The synthesis of amphiphilic sugar metal carbene
gelators is based on the combination of an aldonic acid
chloride electrophile and a carbonyl metalate nucleophile as
outlined in Scheme 110. Following this strategy, peracylated
gluconic acid chloride 355 was modified into chromium
sugar methoxycarbene 356. Low-temperature aminolysis
(=78 to —40 °C) followed by exhaustive deprotection
afforded the amphiphilic sugar metal aminocarbene 357. It
represents an organometallic isolobal analogue of gluconic
amide 358,%% the 6-benzoy! derivative of which is an efficient
hydrogelator.?*® The formal replacement of the carbonyl
group (in 358) for the chromium carbene fragment makes
the chromium aminocarbene 357 aremarkable organogel ator
immobilizing customary chlorinated (chloroform, dichlo-
romethane) and aromatic solvents (benzene, toluene) at
concentrations as low as 0.35—1 wt %.243247) The config-
uration of C-2 in the sugar fragment is crucial for the gelation
abilities: While gluco- and galacto-complexes are equally
efficient gelators, no solvent immobilization was observed
for the manno-analogue, indicating that aggregation is
controlled by the configuration next to the carbene carbon
atom. The gelation ability is independent of the relative
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Scheme 108. Rhodium-Catalyzed Formation of Vinylcyclopentadienes from Tungsten Vinylcarbenes and Eneynes
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Scheme 109. Copper-Catalyzed Cyclization of a Tungsten
Trienylcarbene Complex to a Spirocyclopentadiene
OEt
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cul, NEt3

354 (75 %)

Scheme 110. Synthesis of Amphiphilic Chromium Sugar
(Amino)carbene 357: An Organometallic Organogelator and
Isolobal Analogue of the Gluconic Amide Hydrogelator 358
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357 (Z = Cr(CO)s, 50 %)
358 (Z = 0)

position of the hydrophilic sugar and lipophilic alkyl sub-
stituents within the aminocarbene ligand:?*® Chromium
complexes bearing unprotected aminosugar (long-chain
alkyl)carbene ligands are equally effective as are tungsten
homologues. Electrospray ionization—mass spectroscopy
(ESI—MS) studies demonstrated an intermolecular aggrega-
tion in the gas phase.?*® Temperature-dependent NMR, IR,
and circular dichroism (CD) studies support an aggregation

351 352

model based on a helical motif of inverse micelles with the
hydrophilic sugar chains pointing inward and the lipophilic
alkyl chains placed at the periphery.2+2

The structural motifs of chromium sugar aminocarbenes
were extended to diazobenzene derivatives 362 and 363
accessible from diazobenzene derivatives 359 and amino-
sugar 360 via chromium carbenes 4ab/4ac and 361 in similar
reaction sequences (Scheme 111)%° using a different sugar
protection/deprotection protocol. The incorporation of the
azobenzene spacer kills the gelation ability, suggesting that
awell-balanced combination of noncovalent interactions such
as hydrogen bonding, van der Waalsinteractions, and 7—-
stacking within the carbene ligand is required for efficient

aggregation.

7.2. Pincer-Type N-Heterocyclic Carbene (NHC)
Complexes as Low-Molecular-Mass Gelators
(LMMGs)

Apart from Fischer-type carbene ligands N-heterocyclic
carbenes (NHCs) have received much attention because of
their role both as robust ligands in homogeneous metal
catalysis®®® and in organocatalysis.?>* For example, pincer-
type metal complexes bearing two NHC moieties bridged
by a central pyridine or Iutidine ring have been developed
to efficient catalysts for C—C and C—N coupling reactions.?
Palladium pyridine bis(imidazolylidene) pincer complexes
364, which are readily accessible from commercia starting
material s, were found to catalyze cross-coupling reactions.
While the poor solubility of the methyl derivative 364a
hampered broader application®®* (Figure 12) its n-butyl
homologue 364b has been developed to an efficient catalyst
for Heck- and Suzuki-type reactions with catalyst loading
as low as ppb amounts.®®®> When their szz-stacking ability
resulting from the coplanar heteroarene ligand was assisted

Scheme 111. Synthesis of Diazobenzene-Containing Chromium (Amino)carbene Complexes
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1) n-BuLi, THF or Et,0,

X
TL
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®X®

364a: R=CH, X=8Br
364b: R =n-C4Hg; X =Br

/N N NN 364c: R=n-C4Hg; X=1
(N\/l_':DdA\/r\} 365 R=n-CigHa X =1
yox

Figure 12. Paladium CNC pincer NHC complexes as air-stable
organometallic low-molecular-mass gelators.

Figure 13. TEM images of gels formed from palladium pincer
complex 365. (Reproduced in part from ref. 244b with permission
by Wiley-VCH.)

by a long chain N-alkyl substitution such as in 365, they
represent thermoreversible swellable materials that im-
mobilize a broad variety of customary protic, aprotic, polar,
and less polar organic solvents in gelator concentrations as
low as 1 wt %.2* Particularly firm orange-red transparent
gels were formed with dimethyl sulfoxide (DM SO), dimethyl
formamide (DMF), and dimethyl acetamide (DMA), which
are stable under ambient conditions up to 50—60 °C. The
morphology of the 3D network present in the xerogels and
the dimensions of the individual fibers varied with the solvent
used: Large fibers were observed for protic solvents (e.g.,
MeOH, AcOH), whereas a dense network of smaller fibers
resulted from polar nonprotic solvents (e.g., DMSO, DMF,

Chemical Reviews, 2009, Vol. 109, No. 8 3267

THF) (Figure 13). An X-ray-diffraction study of the gel
network of 365/DM SO revealed a lamellar structure with a
mean distance of 15.2 A, which may reflect the distance of
stacked layers of the complex and an additional unit of 3.9
A, which is assumed to correspond to sz-stacking and
Pd- -« Pd-interactions.

The aggregation of the organogel ator 365 via noncovalent
interactions generates an organometallic gel containing a
homogeneous distribution of palladium centers, which reveals
amodest but pronounced catalytic activity as demonstrated
for the double Michael addition of cyanoacetate to but-1-
en-3-one (Figure 14).%* The rates observed at room tem-
perature for the homogeneous reaction of complexes 364c
and 365 in solution is doubled if the complex 365 was
applied asa 4 wt % gel in DMF. An additional acceleration
occurred when 365 was applied as afirmer and more compact
DMSO gel.

8. Conclusion

More than four decades after the first report on Fischer
carbene complexes has appeared, this class of organometal-
lics has been devel oped to multifaceted reagentsin selective
organic synthesis. Metal carbenes are now readily accessible
through well-elaborated synthetic methodol ogies either from
noncarbene precursors or via modification of other carbene
complexes. The metal carbonyl fragment is known to assist
nucleophilic addition or cycloaddition reactions occurring
within the carbene ligand that often result in improved yields
and selectivities, afeature which may be rationalized by the
isolobal analogy of an oxygen atom and the metal carbonyl
fragment. Beyond that, the metal itself is able to play a
crucia role as atemplate both in cycloaddition and unprec-

;. 4\ ? N,

£

catalyst k(10%s")  ty(h)

364c  (solution) 43 44.0
365 (solution) 5.5 35.0

gel (365 / DMF) (4 wt-%) 104 18.5
gel (365 / DMSO) (4 wt-%) 241 7.9

Figure 14. Catalytic activity of palladium pincer complexes 365 in the double Michael addition in solution and in the gel state. (Reproduced

in part from ref. 244b with permission by Wiley-VCH.)
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edented annulation, multistep, and multicomponent reactions,
which are characteristic for metal carbenes. This is a
predominant role of chromium carbenes, which allow for a
selective one-pot construction of various, often densely
functionalized, frameworks via a balanced sequence of
individual bond-forming steps. Additional benefits result
from the photochemistry of chromium carbenes and—most
recently—from carbene transfer reactions to late transition
metals opening new opportunitiesin homogeneous catalysis.
Thiswill not be the end of the story, and beyond application
in synthesis, metal carbenes have also started to open new
perspectives toward material properties.
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