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Abstract

A review with 1479 references to transition metal catalyzed or mediated reactions and functional group preparations.

© 2006 Elsevier B.V. All rights reserved.
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. General comments

This survey highlights the use of transition metals in organic
ynthesis for the year 2004. Comprehensive literature cover-
ge with extensive citations is presented. The field of transi-
ionmetal chemistry continued to expand in 2004 and have a
ignificant role in functional group transformations and organic
otal synthesis. Some of the more standard applications have not
een included in this review. Reactions of unusual substrates,

ew reaction conditions, and new catalyst systems have been
ncluded. Also applications in total synthesis of more complex
rganic molecules have been reviewed. Only the more unusual
r significant reactions were presented in equation form. Empha-
is was put on reactions used in total synthesis of biologically
ctive compounds. Alkylations and most Michael type reac-
ions of intermediately formed copper reagents have not been
eviewed. Papers describing new chiral ligands for palladium-
atalyzed allylic alkylations and allylic aminations of, primarily,
,3-diphenyl-allylacetate and ligands for metal catalyzed asym-
etric cyclopropanations were not included. Most hydroformy-

ations were not included apart from some reactions used in total
ynthesis.

. Reactions of alkyl, alkenyl, alkynyl, benzyl, and aryl
alides halides, sulfonates, alcohols, and nitriles

.1. Carbon–carbon bond-forming reactions via
ransmetallation

Palladium-catalyzed cross-coupling reactions of organotin
eagents (Stille couplings) with a large variety of electrophiles
ontinued to be developed and extensively used in organic
ynthesis. Palladium catalysts for cross-coupling of aryl chlo-
ides with organotin reagents were described [1,2]. Addition of
esium fluoride to the catalyst system accelerated Stille cou-

lings [3]. A Stille-type coupling of imines with organotin
eagents in the presence of an acid chloride was described (Eq.
1)) [4]. A tandem Stille coupling 8�-electrocyclization was
eported (Eq. (2)) [5]:

[
A
b
[

(1

(2)

Intramolecular Stille coupling of 1,2-distannylated
llylic ethers [6] and intermolecular couplings of �-
ulfonamidoorganostannanes [7], 2-stannylcyclopropylamines
8], and 2-silyl-1-stannyl-1-arylethene [9] were reported.

variety of heterocyclic stannane derivatives such as 2-
tannylindole [10], 3,4-distannylfuran [11], 4-stannylquinoline
12], 2-stannylthiazole [13], and 5-stannylisoxazole [14] were
sed in Stille-type couplings with aromatic halides and triflates.

Ethyl chloromethanoate, in a synthesis of difluorinated
hydroxymethyl)conduritol analogs [15], arenesulfonyl chlo-
ides [16], benzylbromides [17], and 3-methylsulfanyl-1,2,3-
riazines [18] were used as electrophiles in Stille-type couplings.

A large variety of heterocyclic halides and triflates were
sed as electrophiles in reactions with aryl- and alkenyl-
in reagents. Examples of ringsystems include, 2-iodopyrroles
19], dibromomethylenebutenolides [20], 4-chloroquinazolines
nd 5-trifloxyquinazoline [21], 6-bromo-2(3H)benzothiazolone
22], 5-iodo-3(2H)-pyridazinone [23], 4-bromoimidazole [24],
-iodo- or 4-bromo-5,10-dihydropyrido[2,3-b:3,2-e]pyrazines
25], 3- and 5-1H-pyrazolo[3,4-b]pyridines [26,27], and 4-
romomethyl-2-chlorooxazole [28].

The intermolecular Stille reaction continued to be exten-
ively used in organic total synthesis. Synthetic targets include,
ancratistatin [29], tartrolone B [30], diazonamide (Eq. (3))
31], spirofungin B [32], 13-methoxy-15-oxozoapatlin [33],
−)-antofine and (−)-cryptopleurine [34], (+)-puraquinoic acid
35], lignans [36], polycyclic meroterpenoids [37], epiuleine

38], (−)-apicularene [39], guanacastepene [40], cochleamycin

[41], kavalactones [42], cystothiazoles A and B [43],
asiliskamides A and B [44], 15,16-dihydrominquartynoic acid
45], C11–C29 fragment of amphidinolide F [46], erogor-
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iaene [47], (−)-SNF4435 C and (+)-SNF4435 D [48], RK-
97 [49], (+)-SCH 351448 [50], pateamine A [51], mac-
uarimicins [52], steroids [53], oximidine III [54], xerulinic
cid [55], apicularen A [56], 6�-hydroxyeuryopsin [57], cyto-
tatin [58], gambierol analogs [59], subarine [60], arenarene B
61], 3-methoxyolivacine and olivacine [62], C10–C18 analogs
f mycalamides and theopederins [63], a naturally occurring
yclopentenone [64], a number of isoquinoline alkaloids [65],
trobilurin G, M, and N [66], (−)-strychnine [67], furocaulerpin
68], (+)-ochromycinone [69], (E)-13,14-dihydroxyretinols
70], N-protected staurosporines [71], tyrosine derivatives [72],
12–C19 fragment of amphidinolide E [73], and the tricyclic
ore of guanacastepene A [74]:

a
w
t

try Reviews 250 (2006) 2411–2490 2413

(3)

Polyunsaturated pyrrole metabolites were prepared from an
cid chloride and a 2-stannylpyrrole derivative [75]. A Stille-
ype coupling of a 1,1-dibromoalkene to give an alkyne was used
n a synthesis of callipeltoside A (Eq. (4)) [76]. Intramolecular
tille-type macrocyclization were used in synthesis of mangicols
77], dynemicin analog (Eq. (5)) [78], toward bafilomycin A1
79], and leinamycin related compounds [80]. Copper promoted
tille-type couplings were used in synthesis of formamicin [81],
poptolidin (Eq. (6)) [82], (−)-dictyostatin [83], and macrolactin
nalogs [84]:

(4)

(5)

(6)
Nickel catalyzed the coupling of alkenylthioethers [85],
ryl alkyl ethers [86], and neopentyl biphenylsulfonates [87]
ith Grignard reagents. A nickel-catalyzed coupling of an aryl

hioether with methylmagnesium iodide was used in a synthesis
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f cryptotachienine (Eq. (7)) [88]. Nickel complex-catalyzed
ross-couplings of Grignard reagents with triflates were used
n synthesis of 3-methoxyolivacine and olivacine [62]. Nickel
atalyzed the coupling of aromatic sulfonamides with Grig-
ard reagents [89]. Nickel-catalyzed asymmetric couplings of
rignard reagents with dibenzothiophens to give axially chiral
iaryls (Eq. (8)) [90]:

(7)

(8)

Palladium catalyzed the coupling of 4-iodo-2-bromopyridine
91] with Grignard reagents. Palladium catalyzed the forma-
ion of atropisomeric biaryls [92] by coupling of an aromatic
riflate and phenylmagnesium bromide. Palladium-catalyzed
symmetric coupling reactions of alkenyl bromides with 1-
henylethylmagnesium chloride [93]. Palladium catalyzed the
ross-coupling of alkynyl Grignard and lithium reagents with
lkyl bromides and iodides [94].

Cobalt catalyzed the coupling of N-heteroaromatic chlo-
ides with Grignard reagents [95]. Cobalt catalyzed couplings
f allylic and benzylic Grignards with alkyl halides [96].
obalt catalyzed the mono-coupling of 1,2-dihaloethenes with

rimethylsilylmethyl magnesium chloride [97].
Iron catalyzed cross-couplings of alkyl bromides, enol tri-

ates, acid chlorides, and dichloroarenes with Grignard reagents
98–102]. Iron catalyzed the coupling of 1,1-dichloro-1-alkenes
ith Grignard reagents to give trisubstituted alkenes as the major

nd 1,2-disubstituted alkenes as the minor product [103]. Iron
lso catalyzed the coupling of 2,6,8-trichloropurine with a Grig-
ard reagent [104]. This type of coupling was used in a synthesis

f FTY720 [105] and agarospirol, hinesol, and �-vetispirene
106].

Palladium- or nickel-catalyzed couplings of organic halides
nd triflates with organozinc reagents (Negishi couplings)

f
u
[
s
p
c

try Reviews 250 (2006) 2411–2490

ontinued to grow. Catalysts and reaction conditions for facile
oupling of organozincs with acid fluorides, chlorides, anhy-
rides, and thioesters were developed [107–109]. A palladium-
atalyzed enantioselective coupling of meso-succinic anhy-
rides with organozinc reagents was described (Eq. (9))
110]. 1-Chloro-2-iodoethene, 1-bromo-2-iodoethene, and 1,2-
ibromoethene were used in mono-couplings with organozinc
eagents [111]. 1,2-Dienylzinc reagents were coupled with aryl
odides [112]. Successive couplings of 1,1-dibromo-1-alkene
ith organozinc reagents were reported [113]. Dimethylzinc was

oupled with aromatic bromides [114]:

(9)

Palladium-catalyzed couplings of alkyl bromides and
osylates [115], of dodecanthiol esters [116], 5-iodo-3-
enzyloxyisothiazole [117], and iodophenols [118] with alkylz-
nc reagents were reported. Alkenyl- and aryl-tellurides were
sed in place of halides and triflates [119]. Chiral 2,2′-diiodo-
,1′-binaphthyl was coupled with organozinc reagents [120].
yrrolylzinc [121] and 2-thiophenyl zinc and 2-thiazolyl zinc
13] reagents were coupled with aryl halides. Alkynylamide zinc
eagents were used in Negishi type couplings [122].

Copper catalyzed the coupling of alkylzinc halides with �-
hloroketones [123]. Nickel catalyzed the coupling of alkynylz-
nc reagents with aromatic cyanides [124].

Synthetic targets using the palladium-catalyzed Negishi
oupling include, MetAP-2 inhibitors [125], an ant venom
126], tartrolone B [30], (+)-phomopsidin [127], aromatic
isabolenes [128], capensifuranone [129], (−)-kazusamycin

[130], (−)-callystatin A [131], 6-(hydroxymethyl)purines
132], 6,7-dehydrostipiamide [133], scyphostatin side chain
134,135], (+)-scyphostatin [136], furano-epothilone D (Eq.
10)) [137], 4-aza epothilone analogs [138], difluorinated
hydroxymethyl)conduritol analogs [15], GE 2270 D2 [139],
nd (+)-tanikolide [140]. Hydrozirconations of terminal alkynes
ollowed by transmetallation to zinc and cross-coupling were
sed in syntheses of (−)-callystatin A [131] and zincophorin
141]. Alkenyl aluminum and zirconium reagents prepared in
itu via hydro- or alkylmetallation of terminal alkynes were cou-
led with alkenyl iodides in the presences of a palladium-indium
atalyst system [142]:
(10)
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The Suzuki cross-coupling, i.e., palladium-catalyzed cou-
ling of organoboronic acids and esters with organic
alides and triflates, continue to see substantial use in
rganic chemistry. New and very versatile ligands or cata-
yst systems were reported for Suzuki couplings [143–161].
is(dibenzylidenacetone)palladium complexes can be tuned
sing substituents on the aromatic rings. Electron donating
roups on the ring accelerated Suzuki reactions [162]. Selective
uzuki-coupling at an sp2-carbon was observed using 2-bromo-
-acetyloxy-1-alkenes [163]. Enantioselective Suzuki couplings
f meso-ditriflates were described [164].

2,6-Disubstituted aryl chlorides were coupled with 2,6-
isubstituted arylboronic acids [165]. 1-Chloro-2-iodoethene
111], arylsulfonyl chlorides [166], and benzylic halides [167]
ere coupled with organoboron reagents. Nitrogen heterocycles

an also be used in place of halides and triflates. Palladium-
atalyzed Suzuki reactions of 1-aryltriazenes, 6-(imidazol-1-yl)-
6-(benzimidazol-yl)-, 6-(1,2,4-triazol-4-yl)purine nucleosides
168,169], and 3-methylsulfanyl-1,2,3-triazines were described
mploying boronic acid derivatives [18].

�-Chloroalkylidene and arylidene malonates [170],
ryl perfluorooctylsulfonates [171], 2-(bromoalkylidene)-
etrahydrofurans and -pyrrolidines [172,173], and haloaromatic
hosphine oxides [174] were coupled with organoboronic
cids. 3,4-Dihydropyrimidine-2-thiones were coupled with
romatic boronic acids in the presence of a palladium–copper
atalyst system (Eq. (11)) [175]. Thiol esters were also coupled
ith alkylboronic compounds to afford unsymmetrical ketones

176] and 2-pyridyl esters were coupled with aryl boronic acids
n a related fashion [177]. Sulfonyl chlorides were coupled
ith aryl- and alkenyl-boronic acids with loss of sulfur dioxide

Eq. (12)) [178]. Palladium catalyzed Suzuki couplings of
oroxarenes (Eq. (13)) [179]:
(12)

a
t
a
o

try Reviews 250 (2006) 2411–2490 2415

(11)

(13)

Palladium catalyzed a sequential cyclization-Suzuki cou-
ling of allylic substrates containing a 1,2,7-triene (Eq. (14))
180]. Palladium catalyzed a direct coupling of propargylic
lcohols with aryl boronic acids to give 1,2-dienyl- substituted
romatic compounds (Eq. (15)) [181]:

(14)

(15)

Suzuki couplings of potassium cyclopropyltrifluoroborates
ere described [182]. Potassium aryl trifluoroborates and

ithium alkynyltriisopropoxyborates were coupled with aryl
hlorides [183,184] and with 4-bromocoumarine and tetronic

cid bromide [185]. Couplings of alkyl borates were used in syn-
heses of amphidinolide X (Eq. (16)) [186], kendomycin [187],
nd coupling of an alkenyltrifluoroborate was used in a synthesis
f oximidine II (Eq. (17)) [188]:
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(17)

A large variety of functionalized heterocyclic halides and
ulfonates were employed in the palladium-catalyzed Suzuki
eaction. Heterocyclic ring-systems such as, 5-iodo-3-benzylo-
yisothiazole [117], 2,6-substituted 4-chlorobenzimidazole
189], a variety of bromo and iodoindoles [190–192], 6-bromo-
-phenyl-3,4-dihydropyrrole[1,2-a]pyrazine [193], 2-trifloxyp-
razine [194], 3- and 5-nonafloxypyrazoles [195], 5-iodo-3
2H)-pyridazinone [23,196], 4-trifloxycoumarins [197], 2,3-di-
hlorquinoxaline [198], 8-bromoadenosine [199], 2,6,8-tri-
hloropurine [104], 6-chloropurine [200], 4-chloroquinazolines
nd 5-trifloxyquinazoline [21], 4-bromoimidazole [24], 4-
odo- or 4-bromo-5,-10-dihydropyrido[2,3-b:3,2-e]pyrazines
25], 3- and 5-iodo-1H-pyrazolo[3,4-b]pyridines [26,27],
-bromomethyl-2-chlorooxazole [28], 5-bromo-thiazole, -
xazole, -1,3,4-thiadizole, and -1,3,4-oxadiazole [13], and 7-
hloro- and 7-iodo-3,4,5,6-tetrahydro-2H-pyrido[4,5-b]- and
2,3-b]-1,5-oxazine-6-ones [201] were used in Suzuki type
ross-couplings.

A 4,5-dichloropyrazin-3-one was selectively coupled in the

-position [202], 3,5-dichloropyrazin-2-one in the 3-position
203], 2,4-dichloropyrimidine in the 4-position [204], and 3,5-
ibromo-2-pyrone in either the 3- or 5-position depending on
he conditions [205] using organoboronic acids.

[
b
[
a

(16)

A variety of heteroaryl boronic acid derivatives were
sed such as, 2-, 5-, 6-, and 7-indolyl [10,190,192],
-phenyl-3,4-dihydropyrrole[1,2-a]pyrazin-6-yl [193], 5-
yridyl [206], 2-pyridyl [207], 7-[1,2,3]triazolo[1,5-a]pyridyl
nd [1,2,3]triazolo[5,1-a]isoquinyl [208], 5-(4-oxo-3,4-
ihydroquinazolinyl) [−21], 3-pyrrolyl [209], 3-benzothienyl
sed in synthesis of benzo[b]thienyl dehydrophenylalanines
210], and 4-oxazolyl [211]. A 2-azulenylboronic ester was
lso used in coupling reactions [212].

A number of syntheses wherein aryl or alkenyl boronic
cids or esters were coupled with an aryl-, heteroaryl-, alkenyl-
alides, -triflate, and phosphonates were reported. Synthetic
argets included, an ant venom [126], hippadine [213], lyser-
ic acid [214], a fused pyrano[2,3-d]pyrimidin-7-one [215],
upomatilone-6 [216], (+)-phomopsidin [127], panomifene
217], lamellarin G trimethyl ether [218], vulpinic acid [219],
orupensamines A and B [220], eupomatenoid 6 [221], cis- and
rans-bupleurynol [222], ent-EI-1941-2 and epi-ent-EI-1941-2
223], rocaglaol analogs [224], (+)-murisolin [225], formam-
cin [81], dragmacidin F [226], diazonamide A [227–229],
anomifene [230], apoptolidinone [231], apogalanthamine
nalogs [232], spiro-B-norestradiol [233], 6-chlorohyellazole
234], tricyclic fragment of vindoline [235], machaeriol A and

[236], TAK-779 [237], atropisomeric biaryls [92,238], dehy-
roaltenusin [239], aporphinoids [240], lamellarins Q and O
241], pyridovericin [242], a CCR5 antagonist [243], 18-, 19-
and 20-HETE [244], ABCDE ring fragment of ciguatoxins

245], 6,8-heneicosadien-11-ones [246], a gem-difluorinated
iflavonoid [247], (+)-laurenyne [248], and (+)-bongkrekic acid
249]. An intramolecular coupling was used in a synthesis of
poptolidinone (Eq. (18)) [231]:
(18)
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Alkyl boron reagents derived from hydroboration of termi-
al alkenes with 9-BBN were used in synthesis of for example
lavulaones [250], (+)-(2′S,3′R)-zoapatanol [251], taxane skele-
on [252], quinine and quinidine [253], salicylhalamide [254],
nsaturated 1-monoacyl glycerols [255], C1-alkyl glycals [256],
nd phenylalanine analogs [257]. Acrolein diethylacetal was
ydroborated and the product used in Suzuki couplings [258].

Copper catalyzed the coupling of aryl sulfonates and halides
ith arylboronic acids [259]. Nickel and palladium catalyzed the

oupling of alkylbromides [260]. Nickel catalyzed the coupling
f arylsulfonates with aryl boronic acids at room temperature
261]. Platinum catalyzed the coupling of aryl iodides with
lkynyl triisopropoxy borates [262].

Silicon reagents continue to be used in coupling reac-
ions using palladium catalysts. Palladium-catalyzed cross-
ouplings of aryl triethylammonium bis(catechol) silicates
ith aryltriflates [263], aryl siloxanes with aryl bromides and

hlorides [264,265], alkenyl siloxanes with alkenyl and aryl
alides (Eq. (19)) [266–268], 2-indolyldimethylsilanols with
ryl halides [269], aryl triethylammonium bis(catechol) sili-
ates with aryl bromides [270], a silalactone with iodobenzene
271], and aryl triallylsilanes with aryl chlorides [272]. High
pso-selectivity was observed using 2-dimethylphenylsilyl-1-
lkenes and iodobenzene [273]. Nickel catalyzed the coupling
f organosilicone compounds with alkyl bromides [274]. Cop-
er catalyzed couplings of 2-(1-hydroxyalkyl)arylsilanes with
lkyl halides [275]:

(19)

Some more unusual cross-coupling reactions employing
rganometallic reagents were described. Alkenylzirconium
eagents were coupled with alkyl bromides [276] or aromatic
romides [277] using palladium or nickel catalysts. An alkenyl
irconium species derived from hydrozirconation of a terminal
lkyne was used in a synthesis of cis- and trans-bupleurynol
222].

Palladium catalyzed the coupling of dimethylalkynylalu-
inum reagents with aryl halides and triflates [278]. Palladium

atalyzed the coupling of alkenylaluminum reagents, prepared
y zirconium-catalyzed methylalumination of terminal alkynes,
ith tethered iodides and triflates with concurrent migration
f a methyl group (Eq. (20)) [279]. Ruthenium catalyzed the
oupling of organobismuth compounds and aryl and alkenyl
hlorides [280]. Rhodium catalyzed the coupling of esters with
rganoboron compounds forming unsymmetrical ketones (Eq.
21)) [281]. Ruthenium catalyzed an interesting coupling of
romatic ketones having adjacent methoxy groups (Eq. (22))
282]:
(20) i
try Reviews 250 (2006) 2411–2490 2417

(21)

(22)

.2. Carbon–carbon bond-forming reactions using
erminal alkynes and other carbon nucleophiles

The palladium-catalyzed coupling between terminal alkynes
nd aryl and alkenyl halides or triflates, usually called the
onogashira coupling, was one of the more frequently utilized
arbon–carbon coupling reaction. A number of new and effec-
ive catalyst systems for the Sonogashira coupling have been
escribed [156,283–285].

Palladium catalyzed the coupling of aromatic acid chlo-
ides [286] and N-methoxy-N-methylcarbamoyl chloride
287]. Selective Sonogashira-coupling at the sp2-carbon
as observed using 2-bromo-3-acetyloxy-1-alkenes [163]. A
,�-dibromodehydroalanine derivative was used in double
onogashira couplings [288]. Aryl perfluoroalkanesulfonates
289], dodecanethiol esters [116] alkenyltellurides were used
290–292], and 1-chloro-2-iodoethene [111] were used in Sono-
ashira couplings.

Ynamides were used as the alkyne component [293]. Highly
ubstituted enynes were unexpectedly obtained upon reaction of
enzyl halides with terminal alkynes (Eq. (23)) [294,295]. Palla-
ium catalyzed a coupling of aromatic halides with propargylic
lcohols to give alkenone intermediates. Further reactions in the
ame pot with an aldehyde furnished 1,4-diketones (Eq. (24))
296]:

(23)
(24)

Heterocyclic ring systems were shown to readily participate
n Sonogashira-type couplings. For example, reactions of
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romoquinolizium cations [297], 2′-deoxy-5-iodocytidine
298], 5-iodocytocine [299], 7-deaza-7-iodo-purines [300],
-chloropurine, 2-chloro-, and 8-bromoadenine [301],
-iodouridine, 8-bromoguanosine, 8-bromoadenosine,
nd iodouracil [302], 5-iodo-2′-deoxyuridine [303], 3-
odoindole [190], 4-iodophosphaisocoumarins [289], 3- and
-halopyrazine [304–306], 1-chloropyrido[3,4-d]pyridazine

305], 5-iodo-3(2H)-pyridazinone [23], 4,6-dichloro-2-
minopyrimidine [307], 4-halopyrrolo[2,3-d]pyrimidine
308], 6-iodoisocoumarine [309], 4-bromoimidazole
24], 4,5-diiodoimidazole [310], 4-iodo- or 4-bromo-5,-
0-dihydropyrido[2,3-b:3,2-e]pyrazines [25], and 3- and
-iodo-1H-pyrazolo[3,4-b]pyridines [26,27] derivatives were
eported.

Sonogashira coupling of 2-trifloxybenzene amides fol-
owed by indolization was reported [311]. Tandem Sono-
ashira coupling of 2-iodoarenes with 2-aminophenylethynes

ollowed by intramolecular indole formation was reported
312]. A related tandem Sonogashira coupling-annulation of
-bromo-2-amino-quinoxaline and -pyrazine derivatives with
erminal alkynes to give pyrrolo[2,3-b]quinoxalines [313] and

p
t
r
i
[

try Reviews 250 (2006) 2411–2490

yrrolo[2,3-b]pyrazines [306,314] was developed. In situ
ormed propargylic amines were reacted with 2-iodophenol or
-iodobenzeneamide to give 2-aminomethylsubstituted benzo-
urans or indoles, respectively [315].

Aminopropargylpyridines were prepared by Sonogashira
eaction of bromo-pyridines with propargyl bromide in the pres-
nce of a secondary amine [316]. A tandem Sonogashira cou-
ling followed by intramolecular alkyne-hydroamination was
eported (Eq. (25)) [317]:

(25)

The Sonogashira reaction continued to be extensively used
n organic synthesis. Examples of synthetic targets include, pan-
ratistatin [29], an ant venom [126], hippadine [213], tetraceno-
ycin A2 [318], frondosin B [319], (−)-frondosine [320], (−)-

E)-15,16-dihydrominquartynoic acid [321], tetraponerin T6
322], (−)-cochleamycin A [323], defucogilvocarcin M [324],
uocarmycin SA [325], 15,16-dihydrominquartynoic acid [45],
−)-disorazole C1 [326], (−)-gigantecin [327], azaphilones
328], C-1027 chromophore (Eq. (26)) [329,330], murisolin
331], reticulatain-1 [332], cis-solamine [333], dihydroxerulin
nd xerulin [334], (+)-diplyne [335], leinamycin related com-
ounds [80], carbohydrate derived enynes [336], diyne-core of
he C1027 chromophore [337], 12(S),20-DiHETE [338], and
esolvin D2 [339]. An intramolecular Sonogashira coupling was
n an synthesis toward maduropeptin chromophore (Eq. (27))
340]:
(26)
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Related coupling reactions using copper catalysts have also
een reported. Copper catalyzed the coupling of terminal
lkynes with alkenyl iodides [341] and aryl halides [342,343].
opper-catalyzed couplings of alkynyl bromides with terminal
lkynes, Cadiot–Chodkiewicz-type reaction, were used in syn-
hesis of (−)-nitidon [344], panaxydol [345], bidensyneosides

2 and C (Eq. (28)) [346], and (+)-diplyne [347]:

(28)

A copper-catalyzed coupling of propargylic halides with ter-
inal alkynes was used in synthesis of anandamide analogs

348]. Copper catalyzed a sequential coupling of 2-bromo-
-trifluoroacetamidoquinoxaline with terminal alkynes fol-
owed by intramolecular hydroamination to form pyrrolo[2,3-
]quinoxalines [349]. Copper catalyzed the formation of alkynyl

elenides, sulfides, and tellurides from terminal alkynes and dis-
lenides, disulfides, and ditellurides, respectively [350]. Nickel
atalyzed the coupling of alkenyltellurides and terminal alkynes
351].
(27)

Other carbon nucleophiles were employed in palladium-
atalyzed carbon–carbon bond-forming reactions employing
rganohalides, esters, and triflates. Palladium catalyzed a benzy-
ation of activated methine compounds using benzylic carbon-
tes in the presence of 1,5-cyclooctadiene [352]. Palladium cat-
lyzed the arylation of N-(diphenylmethylidene)glycinate with
-iodopurines [353]. Silyl enol ethers were used as nucleophiles
n palladium-catalyzed reactions with aryl bromides [354]. Pal-
adium catalyzed �-arylations of ester-derived TMS-enol ethers
nd enolates of esters and amides [355–357], of acetoacetate
sters [358], and diethyl malonate [359]. An asymmetric alky-
ation of ketone enolate derived allyl alkenylcarbonates was
eported (Eq. (29)) [360]. Palladium-catalyzed asymmetric alky-
ations of 2-phenyl-2-oxazoline-4-carboxylic acids t-butyl ester
361]. The influence of added base on the alkylation of sulfones,
yanoacetic ester and malononitrile with aryl bromides was
xamined [362]. Molybdenum catalyzed asymmetric regiose-
ective alkylations of allylic carbonates using 5H-oxazol-4-ones
s the pronucleophile (Eq. (30)) [363]. Rhenium catalyzed direct
rylation of propargylic alcohols and this reaction was used in
synthesis of O-methyldetrol, mimosifoliol, podophyllotoxin

nd �-apopicropodophyllin (Eq. (31)) [364]. Iridium catalyzed
he coupling of aromatic iodides and benzene to give biphenyls
365] and copper catalyzed the coupling of aroyl halides with
ctivated methylene compounds [366]:

(29)

(30)
(31)
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Palladium catalyzed an intramolecular coupling of ketone
nolates with a pendant pyridinyl bromide to form tropane
nalogs [367]. Intramolecular reactions of alkenyl- and aryl-
romides with �,�-unsaturated nitronates were described [368].
n intramolecular palladium-catalyzed cyclization of in situ

ormed enolates was developed (Eq. (32)) [369]. �-Arylations of
liphatic ketones, aldehydes, and nitro groups were described.
n some cases using aliphatic aldehydes, carbonyl arylation
as observed (Eq. (33)) [370]. Intramolecular palladium-

atalyzed �-alkenylations was used to prepare (+)-12-
ethoxy-Na-methylvellosimine, (+)-12-methoxyaffisine, and

−)-fuchsiaefoline [371] and cytisine [372]. Palladium cat-
lyzed the formation of indoles from 2-chlorobenzenamines and
etones (Eq. (34)) [373]:

(33)

(34)

Heterocyclic aromatic substrates were also used as carbon
ucleophiles, at least in a formal sense, without initial depro-
onation. Rhodium catalyzed the reaction between heterocyclic
ompounds and aryl iodides [374]. Gold catalyzed direct alky-
ation of arenes with primary sulfonates (Eq. (35)) [375]. Palla-
ium catalyzed the coupling of thiophenes and thiazole [376],
n the 2-position of indoles [377], C3-arylation of indolizines
378], and in the 2-position of 3-substituted benzothiophens
379,380] with aryl halides. Intramolecular couplings in the 2-
nd 3-position of indoles and the 3-position of furans and thio-
henes were reported and this reaction was used in a synthesis
f (−)-frondosine (Eq. (36)) [381]:
(35)

u
a
a
w

try Reviews 250 (2006) 2411–2490

(32)

(36)

The palladium-catalyzed intramolecular variation using aro-
atic carbon nucleophiles and halides and triflates was

sed to prepare carbazoles and dibenzofurans [382], biaryls
383], aporphine alkaloids [384], phenanthridones [385],

enzonaphthazepines [386], anhydrolycorinone, anhydrol-
corin-7-one, assoanine, and oxassoanine [387], 5H-
yridazino[4,5-b]indoles [196], ancistrotanzanine B and
ncistroealaine A [388], 8,9-dihydroimidazo[4,5-c]pyrrolo[3,2-
]quinolin-4(5H)-one [389], amaryllidaceae alkaloids [390],
uotonins A and B and rutecarpine [391], toward stegane type
ompounds [392], and aporphine [393].

Palladium catalyzed the cyanation of aromatic halides with
inc dicyanide, potassium cyanide, or hexacyanoferrate [394].
he addition of zinc diacetate increased the yield of cyanation

395]. This reaction was also catalyzed by organotin compounds
396]. A palladium-catalyzed cyanation of a 1-iodo-1-alkene
as used in a synthesis of (−)-borrelidin [397]. A palladium-

atalyzed cyanation of an aromatic iodide was used in a synthesis
f [3,4,8-13C3]daidzein [398]. Palladium catalyzed the cyana-
ion of halothiophens [399]. Copper catalyzed the cyanation of
ryl diazonium salts using potassium cyanide [400].

.3. Carbon–carbon bond-forming reactions via insertion
f alkenes

The Heck (or Mizoroki–Heck) reaction remained one of the
ost versatile methods for the alkylation of alkenes. A number of

ew and efficient catalyst systems was reported [156,401,402].
he alkene insertion product from a Heck reaction was isolated
nd characterized although easily accessible �-hydrogens were
resent (Eq. (37)) [403]. Enol esters formed from aromatic acids
nderwent a decarbonylative Heck reaction [404]. Aromatic
arboxylic acids were used in place of halides via an initial decar-
oxylation [405]. Benzyl trifluoroacetates [406] and aryltelluro-
ium salts [407], tetraphenylantimony carboxylates [408], were

sed in place of halides and triflates. �-Haloalkenyl ethers [409]
nd 1,2-ethanediol acetal of propenal [410] were used as the
lkene in Heck reactions. �-Arylation of N-ethenylacetamide
as observed using aromatic triflates [411]:
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(37)

A double Heck reaction of t-butyl acrylate using aryl
odides in water was reported [412]. A tandem Heck reaction-
ldol condensation of 2-bromobenzaldehydes to give benzan-
ulated products was developed (Eq. (38)) [413]. 2,4-Diiodo-
-butenes were used in Heck reactions resulting in coupling at
he 2-position and elimination at the 4-position [414]. Palla-
ium catalyzed the formation of 1,2,3,4-tetrahydroisoquinolines
nd 2,3,4,5-tetrahydro-1H-2-benzazepines via tandem ortho-
lkylation, Heck reaction, and Michael addition (Eq. (39)) [415].
n intermolecular Heck reaction of 1-bromo-3-hydroxy-1,5-
ienes resulted in the formation of substituted cyclopentenones
Eq. (40)) [416]:

(38)

(40)

Halides and triflates of a variety of heterocyclic ring sys-
ems were used, such as 3-iodoindole [190], 6-iodoisocoumarin
309], 5-iodo- and 5-bromo-3(2H)-pyridazinones [23], 4-
romoimidazole [24], 3,5-dichloropyrazin-2-one in the 3-
osition [203], 4-iodo- or 4-bromo-5,-10-dihydropyrido[2,3-
:3,2-e]pyrazines [25], and 3- and 5-iodo-1H-pyrazolo[3,4-
]pyridines [26,27].

The intermolecular Heck reaction was used in organic
ynthesis of for example, dihydrochalocones [417], securi-
ine and (−)-allonorsecurinine [418], thymidine analogs
419], steroids [53], clavicipitic acid [420], flavonoids [421],
-alkenyl-substituted dihydrofuroangelicins [422], glycocin-
asperimicin D [423], 2,3-fused indoles [424], virideno-
ycin [425], methylated reservatrol and analogs thereof [426],

ropinone derivatives [427], (−)-ephadradine A [428], camp-

othecin [429], oestrone [430], cryptophycin-24 [431], guanine
nalogs [432], (R)-(+)-6-(1,4-dimethoxy-3-methyl-2-naphtyl)-
-(4-hydroxyphenyl)hexanoic acid [433], and cinacalet analogs
434].
try Reviews 250 (2006) 2411–2490 2421

(39)

Intramolecular Heck reactions were used as the key step
oward an array of synthetic targets for example, 13-methoxy-
5-oxozoapatlin (Eq. (41)) [33], hamigeran B [435], carbo-
yclic core of mensacarcin [436], cyclopenta[b]indol-1-ones and
arbazole-4-ones [437], nitrogen-heterocycles [438], putative
tructures of homopumilotoxins 235C and 233F (Eq. (42)) [439],
ycoramine [440], benzofurans [441], 22-hydroxyacuminatine
442], bicyclic compounds [443]. Intramolecular reductive Heck
eactions were used in syntheses of (−)-incarvillateine, (+)-
ncarvine C, and (−)-incarvilline (Eq. (43)) [444]. Reductive
eck reactions were reported using 6-halopurines [445]:

(41)

(42)

(43)

A nickel-catalyzed intramolecular Heck-type reaction of
romo-trienes was developed (Eq. (44)) [446]. Electrochemi-
al intermolecular reductive Heck-type reactions were described
447]. Iron catalyzed a cyclization of 2-chloro-1,6-dienes
n the presence of a trialkylaluminum reagent (Eq. (45))
448]:
(44)
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(45)

Reactions involving an oxidative addition of palladium to
rganic halides and triflates followed by alkene insertion and
termination step, different from the �-hydrogen elimination

bserved in the Heck reaction, were extensively examined. Pal-
adium catalyzed a Heck-reaction-hydroamination using aryl
romides and 1-amino-4-alkenes (Eq. (46)) [449]. Sequential
ntermolecular Heck reaction followed by intramolecular ami-
ation or alkoxylation was used to prepare medium-sized het-
rocycles (Eq. (47)) [450] and pyrroles fused to an aromatic
ing (Eq. (48)) [451]. An oxidative addition-1,4-migration-
nnulation sequence furnished fused polycyclic compounds (Eq.
49)) [452]. A palladium–norbornene system was used for the
reparation of 6-phenanthridinones from aryl iodides and 2-
romo-arylamides (Eq. (50)) [453]. The same type of catalyst
ystem was used in a coupling of an aryl iodide, an aryl bro-
ide and an electron deficient alkene (Eq. (51)) [454]. An

xidative addition-intermolecular insertion-intramolecular ami-
ation sequence was used in a synthesis of (−)-pumilotoxin C
455]. Oxidative addition and insertion of 2-allylbenzeneamines
ollowed by intermolecular amination and N-arylation pro-
uced N-aryl-2-benzylindolines (Eq. (52)) [456]. Palladium cat-
lyzed the coupling of allylamines, an activated alkene, and
n unsaturated halide or triflate to give pyrrolidines (Eq. (53))
457]:
(46)
try Reviews 250 (2006) 2411–2490

(47)

(48)

(49)

(50)

(51)

(52)
(53)
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Oxidative addition-1,3-diene insertion followed by an
ntramolecular ring-expansion was used to prepare functional-
zed cyclopentanones (Eq. (54)) [458]. An oxidative addition-
ntermolecular 1,3-diene insertion and intramolecular alkoxyla-
ion sequence was used to prepare dihydrofuroflavonoids (Eq.
55)) [459]. An oxidative addition-alkene insertion-nucleophilic
ddition sequence using 1,5-cyclooctadienes was reported (Eq.
56)) [460]. The regio- and stereoselectivity of the oxidative
ddition-intramolecular alkene insertion-intramolecular car-
ocyclization was examined [461]. Palladium catalyzed an
xidative addition-intermolecular alkene insertion-zinc eno-
ate intramolecular alkylation to give optically active 3-
enzylprolines [462]:

(54)

Oxidative addition followed by two sequential intramolec-
lar alkene insertions and �-hydride elimination was used in
n asymmetric synthesis of a polycyclic compound (Eq. (57))

463]. A palladium-catalyzed oxidative addition, intramolecu-
ar alkene insertion, and carbonylation sequence was used in an
pproach to avenaciolide [464]:

t

try Reviews 250 (2006) 2411–2490 2423

(55)

(56)

(57)

.4. Carbon–carbon bond formation via insertion of
lkynes

Reactions wherein �-palladium complex intermediates are
ormed by oxidative addition of palladium(0) to aryl halides
nd triflates followed by sequential insertion of an alkyne and
termination step such as a nucleophilic addition or carbony-

ation are discussed in this section. Palladium catalyzed the
eaction of 1,2-diiodoaromatic compounds with two equivalents
f an alkyne to form a new benzene ring [465]. Palladium cat-
lyzed the reaction of 7-en-1-yne-9-ols and 6-en-1-yne-8 ols

ith aromatic bromides and iodides to form substituted five- and
ix-membered rings (Eq. (58)) [466]. Palladium catalyzed an
nteresting reaction of aryl iodides and 2-alkynylbenzaldehydes
o give two products (Eq. (59)) [467]:

(58)
(59)
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Palladium catalyzed the formation of 2-quinolones from
-iodobenzenamines, an internal alkyne, and carbon monox-
de (Eq. (60)) [468]. Oxidative addition, intermolecular alkyne
nsertion, and Sonogashira coupling of 3-iodothioflavones and
avones was reported [469]. An oxidative addition, intermolec-
lar alkyne insertion, and aryl boronic acid termination was used
o prepare 3-(arylmethylene)isoindolinones [470]. An oxida-
ive addition, alkyne insertion, and Stille coupling termination
f 5-bromo-3,4-dihydroxy-5-en-1-ynes to give fused carbocy-
les was described (Eq. (61)) [471]. Alkyne insertion was not
bserved in some cases depending on the starting bromo-enyne:

(60)

(61)

A sequence consisting of an oxidative addition, intramolec-
lar alkyne insertion, and carbonylation–lactonization was
eported (Eq. (62)) [472]. Cobalt catalyzed an oxidative addi-
ion, alkyne or alkene insertion, and carbocyclization sequence
f 2-iodobenzaldehydes and 2-iodophenylketones to give indene
erivatives [473]:

(62)

Palladium-catalyzed oxidative addition to 2-iodobenzamine
erivatives followed by alkyne insertion and intramolecu-
ar amino-palladation producing indoles [474] were used
o prepare (+)-12-methoxy-Na-methylvellosimine, (+)-12-
ethoxyaffisine, and (−)-fuchsiaefoline [371], 2- and 3-

uoroalkylated indoles [475], duocarmycin SA [325], 2-
nd 3-fluoroalkyl-substituted indoles [476], and substituted
ryptophans [477]. Related reactions of 2-bromo- and 2-
hlorobenzenamines with internal alkynes [478] and reactions
try Reviews 250 (2006) 2411–2490

n water [479] were described. 7-Deazapurine derivatives were
repared from 5-iodocytocine [299].

Cobalt–rhodium catalyzed oxidative addition followed by
nsertion of an alkyne and carbonylative cyclization of 2-
odophenols furnished coumarins [480]. Palladium catalyzed the
ormation of 3-fluoroalkylated benzofurans from 2-iodophenols
nd fluorine-containing internal alkynes [481].

.5. Carbon–carbon bond-forming reactions via insertion
f allenes

Oxidative addition of palladium to organic halides and tri-
ates followed by insertion of an allene usually leads to �3-allyl
alladium complexes that undergo a number of different ter-
ination reactions. Oxidative addition followed by insertion

f a 1,2-diene and intramolecular alkoxylation was used to
repare alkenyl oxiranes (Eq. (63)) [482]. A related oxidative
ddition followed by insertion of a 1,2-diene and intramolecu-
ar carbocyclization was used to prepare dihydrofurocoumarins
nd dihydrofurodihydropyrid-2-ones [483]. Oxidative addi-
ion, intermolecular allene insertion followed by intramolecular
ucleophilic addition was used to prepare substituted cyclo-
ropanes (Eq. (64)) [484]. A stereoselective oxidative addition,
ntermolecular allene insertion, and intramolecular alkene inser-
ion sequence to give pyrrolidines was reported (Eq. (65)) [485].
llylic carbonates furnished 3-azabicyclo[3.1.0]hexanes in a

elated fashion (Eq. (66)):

(63)

(64)

(65)
(66)
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.6. Carbon–carbon bond formation via insertion of
arbon monoxide

A variety of palladium complexes and catalyst systems
atalyzed the carbonylation of alkenyl and aryl halides and
riflates to afford carboxylic acids and derivatives. Bromo-
enzeneamines and -anisoles, and heterocyclic chlorides were
ransformed into the corresponding methyl esters [486]. DMF
r Mo(CO)6 was used as the carbon monoxide source in
alladium-catalyzed carbonylations of 2-bromobenzylalcohols
o give phthalides [487].

4-Iodo- or 4-bromo-5,-10-dihydropyrido[2,3-b:3,2-
]pyrazines were transformed into the corresponding esters

25]. The palladium-catalyzed alkoxy-carbonylation of organic
alides and triflates was used in synthetic applications toward
AN-1085 [488], 12-oxygenated tremetones [489], tetrahydro-
annabinol analogs [490], TAK-779 [237], alkaloids 223A and
05B [491], and 6,6-difluoroshikimic acid [492]. A nickel-
atalyzed intramolecular alkoxy-carbonylation of a 4-hydroxy-
-bromo-1-ene was used in a synthesis of (−)-tuliparine
493]. Palladium catalyzed the formation of amides from N-
nprotected haloindoles [494]. Formation of a lactam was used
n a synthesis toward FR900482 (Eq. (67)) [495]:
(67)

b
p
[

try Reviews 250 (2006) 2411–2490 2425

Added copper salts improved the yield of the palladium-
atalyzed carbonylative coupling of alkenylstannanes with
lkenyltriflates to form unsymmetrical ketones [496]. A
alladium-catalyzed carbonylative coupling of a benzylic chlo-
ide with tributyl alkenyltin was used in a synthesis of trans-
nd cis-resorcylide (Eq. (68)) [497]. A palladium-catalyzed car-
onylative coupling of an alkenylstannane and an aryl iodide
as used in a synthesis of lapidilectine B [498]. 13C- and 11C-

abelled ketones were prepared from aryl iodides, labeled car-
on monoxide and organoboronic acids [499]. C1-acyl glycals
ere prepared in a similar carbonylative coupling [256]. Palla-
ium catalyzed the carbonylative coupling of tetraorganoindi-
ms with aromatic iodides to give unsymmetrical ketones
500]:

(68)

.7. Carbon–oxygen, –nitrogen, and –sulfur bond-forming
eactions

Intramolecular palladium-catalyzed alkoxylation of organic
alides were used in synthesis of U86192A (Eq. (69))
501] and 3,4,5,6-tetrahydro-2H-pyrido[4,5-b]- and [2,3-b]-1,5-
xazine-6-ones [201]. A palladium catalyzed intramolecular
-alkylation of enolates with a pendant aryl halide was used

o prepare benzofurans [502]. A palladium-catalyzed double
lkoxylation of 1,2-dibromoarenes using 1,2-diols was used in a
ynthesis of isoamericanol A and isoamericanini A [503]. Palla-
ium catalyzed an intramolecular alkoxylation or amination of
-(2-hydroxy- or 2-aminophenyl)-1,1-dibromoethene followed
y reaction with an aromatic boronic acid or diethylphos-
hite to give 2-substituted benzofurans or indoles (Eq. (70))
504]:

(69)
(70)



2 hemis

m
[
c
o
a
b

f
p
t
e
[
c
p
[
P
i
r
t
o
i

d
[
[
h
[
o

t
N
d
b
[
t
w
d
p

426 B.C.G. Söderberg / Coordination C

Copper-catalyzed intermolecular alkoxylations of aryl bro-
ides were used in synthesis of elacomine and isoelacomine

505], renieramide [506], and spirotryptostatin A [507]. A
opper-catalyzed synthesis of alkoxy ferrocenes via coupling
f alcohols with iodoferrocene was described [508]. Nickel
nd palladium catalyzed an unusual intramolecular coupling of
ispyridyltriflates (Eq. (71)) [509]:

(71)

A variety of aryl and alkenyl halides [510–516] and sul-
onates [517] were aminated or amidated using a number of
alladium or copper catalysts [518,519]. Palladium catalyzed
he intermolecular N-arylation or N-amidation of aza-crown
thers [520,521], 3-aminopiperidines and 3-aminopyrrolidines
522], sulfamides [523], silylamines with the loss of the sili-
on group [524], fluorous benzophenone imine [525], N-Boc
rotected aromatic hydrazides [526,527], chiral pyrrolidones
528], sultams [529], a sulfoximine [530], and hydrazones [531].
alladium-catalyzed intermolecular N-alkenylations of sulfox-

mines using alkenyl-bromides and triflates [532]. This type of
eaction using an aryl bromide was employed in a synthesis
oward pseudopteroxazole [533]. Palladium-catalyzed coupling
f N-trialkylsilylimines with aryl- and alkenyl bromides to give
mines and azadienes [534].

Palladium catalyzed the amination of 6-bromo-1-phenyl-3,4-
ihydropyrrole[1,2-a]pyrazine [193], 3-bromobenzothiophenes
535], 5-bromopyrroles [536], and 2-chloro-3-fluoropyridine

537]. An intermolecular amidation–cyclization of 2-
alobenzaldehydes was used to prepare naphthyridinones
538]. Intermolecular amination of piperazines to give N-aryl-
r N-heteroaryl-N′-(arylalkyl)piperazines was reported [539].

c
C
h

try Reviews 250 (2006) 2411–2490

Intramolecular palladium-catalyzed aminations or amida-
ions were used in the synthesis of diindolecarbazoles [540],
2-deoxyguanosine adduct of the mutagen IQ (Eq. (72)) [541],
uocarmycin and CC-1065 analogs [542], and a variety of
enzofused five- to seven-membered nitrogen heterocycles
543]. Palladium-catalyzed intramolecular aminations of N-
osylhydrazones to give indazoles (Eq. (73)) [544]. Indazoles
ere also obtained from 2-bromobenzaldehydes and arylhy-
razines (Eq. (74)) [545]. A double amination was used to
repare tricyclic compounds (Eq. (75)) [546]:

(72)

(73)

(74)

(75)
Transition metals other than palladium, mainly copper, also
atalyzed amination and amidation [366,547–551] reactions.
opper-catalyzed couplings of amides with aryl or alkenyl
alides were used in syntheses toward cytotrienins [552],
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ximidines I–III, salicylhalamides A–B, and lobatamides A and
, and CJ-12,950 [553]. Copper catalyzed the N-alkynylation
f alkyl and aryl sulfonamides and carbamates using bro-
oalkynes [554,555], of N-BOC protected hydrazine with aro-
atic iodides [501], of N-BOC mono- and diprotected aryl

ydrazines with aryl iodides [556], of sulfoximes with aryl
alides [557], of sultams with aryl halides [529], of pyra-
oles, pyrroles, pyrazoles, indazoles, imidazoles, and thiazoles
ith aromatic halides [558,559], and of urea with aryl iodides

560].
Copper catalyzed an intermolecular amidation followed by

ring expansion of amino-substituted aromatic bromides with
actams (Eq. (76)) [561]. Copper catalyzed the formation
f 1H-pyrazolo[3,4-b]pyridines from 2-chloro-3-cyanopyridine
nd hydrazines (Eq. (77)) [26]. Copper-catalyzed intermolec-
lar amidations of alkenyl and aromatic halides were used in
yntheses of the antibiotic CJ-15,801 [562], (−)-apicularene
563], 3-aryl-b-carboline-1-ones [564], and oximidine III [54].
opper-catalyzed amination of O-acyl hydroxylamine deriva-

ives with diorganozinc reagents (Eq. (78)) [565]. Copper cat-
lyzed azidation of aromatic and alkenyl iodides (Eq. (79))
566]:

(76)

(77)

(78)

(79)

Palladium catalyzed the coupling of aryl halides and triflates

ith thiols to form thioethers [567,568]. Palladium catalyzed the

oupling of aryl and alkenyl halides and triflates with sulfinic
cid salts [569]. Palladium and copper-catalyzed intramolecular
ouplings of 2-halo-arylthioureas (Eq. (80)) [570]. Aryl iodides

i
g
[
[

try Reviews 250 (2006) 2411–2490 2427

ere coupled with disulfides to give unsymmetrical sulfides in
he presence of zinc and a nickel catalyst. Copper catalyzed the
oupling 8-mercaptoadenine with aryl iodides [571] and thiols
ith ethenyl iodides [572] or aromatic bromides and iodides

573]:

(80)

.8. Carbon–tin, –silicon, –phosphorous, –arsenic,
antimony, –selenium, and –boron bond-forming reactions

Palladium-catalyzed reactions of hexaalkylditins with
lkenyl triflates or aryl bromides to give tin reagents were
mployed in the synthesis of lapidilectine B [498], a 3,3′-
iindole a putative natural product [11], N-protected stau-
osporines [71], 5-IA-85380 precursor [574], and acromelic acid
nalogs [575]. Palladium catalyzed the formation of propargyl
nd allenyl stannanes from propargylic chlorides and mesylates
nd hexamethylditin [576].

Palladium catalyzed the coupling of aryl bromides
ith triarylphosphines to give unsymmetrical triarylphos-
hines [577,578]. Palladium-catalyzed couplings of a manno-
odoimidazole and dialkylphosphonates were used to pre-
are manno-tetrahydroimidazopyridine-2-phosphonates [579].

related reaction was used to prepare �,�-disubstituted 4-
hosphonophenylalanine analogs [580].

Palladium catalyzed the cross-coupling of aryl iodides with
ipinacolyldiborane or pinacolborane producing aromatic pina-
olyl boronic esters [212]. The products were used in Suzuki
ouplings toward TMC-95-A and -B [581], diazonamide A
227,228], and dehydroaltenusin [239]. Palladium catalyzed the
oupling of an alkenyltriflate with dipinacolyldiborane followed
y Suzuki coupling with aromatic bromides [582]. Reaction of
rylhalides with dipinacolylborane gave homo-coupled biaryls
583].

.9. Carbon–hydrogen bond-forming reactions (including
ecarbonylation of aldehydes)

A variety of functional groups were replaced by a hydro-
en atom using palladium-catalyzed methodologies. Palladium
omplexes, together with a hydride source, such as ammonium
ormats, tributyltin hydride, lithium borohydride, and triethyl-
ilane catalyzed the reduction of organic triflates and halides
ncluding allylic acetates and carbonates. Synthetic applications

nclude, (−)-borrelidin [584], (−)-mycalamide A [585], erogor-
iaene [47], (−)-galanthamine [586], azaspiracid 1 (Eq. (81))
587], calothrixin B [588], DEF-ring fragment of FR182877
589], xerulinic acid [55], nominine [590], and aporphine [393]:
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Monodebromination of 1,1-dibromo-1-alkenes was achieved
sing tributyltin hydride in the presence of a palladium cata-
yst forming cis-bromoalkenes. This type of reaction was used
n the synthesis of oximidine II [188], gambierol analogs [59],
nd 18-, 19-, and 20-HETE [244]. Palladium catalyzed regios-
lective monodebromination of 4,6-dibromoindoles (Eq. (82))
501]. Allenes were formed via a palladium-catalyzed reduction
f propargylic amines (Eq. (83)) [591].

Palladium catalyzed the reduction of allylic silylsulfinates
o alkenes (Eq. (84)) [592]. Wilkinson’s catalyst was used in a
ecarbonylation of aldehydes in synthesis of taiwanine C [287]
nd infuscol A and cuprenelol [593]:

(82)

(83)

(84)

. Reactions of allyl, propargyl, and allenyl halides,
ulfonates, alcohols, oxiranes, and nitriles

.1. Carbon–carbon bond-forming reactions using carbon
ucleophiles

Palladium continued to dominate as the catalyst of choice
or allylic alkylation reactions. Although the least substituted
erminus of the intermediate �3-allyl–palladium complex is
sually substituted, the more substituted product was obtained
sing some catalyst systems [594]. Palladium catalyzed alky-
ation of allylic alcohols with stabilized carbon pronucle-
philes [595,596]. Allylic alkylations using 2-arylsulfonyloxy-

-chloropropenes [597] and 2,5-diacetoxy-2,5-dihydrofuran
598] were described.

Palladium catalyzed the reaction of stabilized nucleophiles,
lcohols, and amines with allylic alcohols in aqueous solutions
(81)

599]. Palladium-catalyzed allylic alkylation using allylic alco-
ols and organoboronic acids [600,601]. Palladium-catalyzed
lkylations of 2-cyclopentene-1,4-diol monoacetate with Grig-
ard reagents to give the 1,2-disubstituted product (Eq. (85))
602]. Palladium catalyzed an asymmetric allylic alkylation
f allyl-�-ketoesters (Eq. (86)) [603]. A related ruthenium-
atalyzed reaction was reported [604]. An optically active eno-
ate [605], �-isocyanoacetoacetates [606], and indoles [607]
ere used as the nucleophile. Trisubstituted allenes were used

s the nucleophile in intermolecular allylic alkylation of alkenyl
xiranes (Eq. (87)) [608]:

(85)

(86)

(87)

Palladium-catalyzed allylic alkylations were used in syn-
hetic applications toward bacillariolide III (Eq. (88)) [609], (−)-
nterolactone [610], carbocyclic (+)-uracil polyoxin C [611],
+)-�-allokainic acid (Eq. (89)) [612], (−)-strychnine (Eq. (90))
613], sordaricin (Eq. (91)) [614], isoretronecanol [615], �,�-
isubstituted amino acids [616], acetomycin bislacton analogs
617], quinine and quinidine [618], and a tetracyclic sesterter-
ene [619]:
(88)
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(89)

(91)

Substrate directed regio- and stereoselective palladium-
atalyzed nucleophilic substitutions were described (Eq. (92))
620]. A palladium-catalyst system for the asymmetric alky-
ation at the more substituted position of allylic acetates
as developed [621]. Palladium-catalyzed asymmetric allylic

lkylations were used in the synthesis of (−)-pumilotoxin C
455]. A palladium-catalyzed allylic alkylation-Michael addi-
ion sequence was used in a synthesis of TMC-69-6H (Eq. (93))
622]. An enantioselective �-allylation of a ketone enolate was
sed in a synthesis of hamigeran B (Eq. (94)) [435]. Enolates
erived from N-protected glycine esters were used as the nucle-
phile [623]. A kinetic resolution of racemic bicyclic allylic
cetates was described (Eq. (95)) [624].

(92)
(93)

[
[
s
a

try Reviews 250 (2006) 2411–2490 2429

(90)

(94)

(95)

Palladium catalyzed the coupling of allyl bromides with tin
eagents [17]. An alkenyltin reagent was used as the nucle-
phile in a synthesis of azaspiracid 1 (Eq. (96)) [587,625] and
-epi-goniodiol and leiocarpin [626]. Palladium catalyzed the
llylative ring-opening of oxabicycloalkenes using organozinc
eagents [627]. Palladium catalyzed the coupling of allenic tin
eagents, an allylic chlorides and activated alkenes (Eq. (97))
628]:

(96)

(97)

Copper-catalyzed enantioselective allylic alkylations of
llylic phosphonates using alkylzinc reagents [629,630]. Cop-
er also catalyzed asymmetric allylic alkylations of optically
ctive allylic esters using Grignard reagents as the nucleophile

631] and of allylic chlorides with 2-(1-hydroxyalkyl)arylsilanes
275]. Regioselective iridium-catalyzed asymmetric allylic sub-
titutions were reported [632,633]. Iridium catalyzed allylic
lkylation of 1,2-disubstituted-2,3-butadienyl acetates to give
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llenic products having a quartenary center in the �-to the diene
634].

A rhodium-catalyst for allylic alkylation affording products
erived from alkylation of allylic carbonates at the site of the
eaving group was described (Eq. (98)) [635]. Rhodium cat-
lyzed an allylic alkylation cycloisomerization reaction [636].

regio- and diastereoselective rhodium-catalyzed allylic alky-
ation of �-alkoxysubstituted copper enolates was described
Eq. (99)) [637]. Ruthenium catalyzed the direct propargyla-
ion of arenes with allylic alcohols [638]. A nickel-catalyzed
llylic alkenylation was used in a synthesis toward cigua-
oxin (Eq. (100)) [639]. Cobalt catalyzed allylic alkylation
f Grignard reagents using allylic ethers as the substrate
640]:

.2. Carbon–oxygen, –nitrogen, and –sulfur bond-forming
eactions using oxygen-, nitrogen-, and sulfur-nucleophiles

Palladium-catalyzed intramolecular alkoxylations of an
lkenyl oxirane were used in syntheses of C-furanosides [641]
nd toward azaspiracid [642]. Related intramolecular reactions
f allylic carbonates were used in synthesis of 2-alkenyl-4-
ethylene tetrahydropyranes [643]. 2,3-Dihydrofurans and ben-

ofurans were prepared by palladium-catalyzed intramolecular
lkoxylation of propargylic carbonates [644]. 6,11-O-Bridged
icyclic ketolides were prepared via a palladium-catalyzed

is-allylation of a diol [645]. Palladium catalyzed the forma-
ion of nitrogen- and oxygen-containing rings from amino-
r hydroxy-tethered-1-bromo-1,2-dienes (Eq. (101)) [646]. 2-
lkylidene-pyrrolo[c]-1,4-dioxanes were prepared from a 3,4-
try Reviews 250 (2006) 2411–2490

(98)

(99)

(100)

ihydroxypyrrole and propargylic carbonates [647]:

(101)

Palladium-catalyzed asymmetric allylic alkylations of alkox-
des or alcohols were used in the synthesis of ustiloxin D [648],
+)-clusifoliol, (−)-siccanin, and (+)-rhododaurichromanic acid
649], (−)-siccanin [650], (+)-brefeldin [651], and allylated din-
cleotides [652].

An intermolecular palladium-catalyzed allylation of an alco-
ol was used in the synthesis of (+)-viroallosecurinine [653].
alladium-catalyzed stereoselective O-glycosidations using gly-
ols (Eq. (102)) [654] and alcohols [655]. Intramolecular
lkoxylation of an allylic acetate was used in a synthesis of
−)-mycalamide A [585]. A stereoselective cyclization of an
ntermediately formed hemiacetal [656] was used in a synthe-
is of 5-epi-prelactone C (Eq. (103)) [657]. Palladium catalyzed
he ring-opening of allylic oxiranes to give 3,4-dihydroxy-1-enes
ith retention of stereochemistry [658]:
(102)
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(103)

Iridium catalyzed O-allylations of alcohols using allylic
cetates [659]. Iridium catalyzed kinetic resolution of allylic
arbonates using phenol [660]. Iridium catalyzed asymmetric
llylic alkoxylations using allylic phosphonates, carbonates, and
ximes to give the more substituted product [661,662]. A regio-
nd enantioselective rhodium-catalyzed allylic alkoxylation was
sed in a synthesis of gaur acid [663]. Ruthenium catalyzed
ropargylic alkoxylation of 1-yne-3-ols [664]. Ruthenium cat-
lyzed the direct formation of allylic ethers from an allylic
lcohol and a second alcohol [638]. A rhodium-catalyzed ring-
pening of oxabicyclic compounds was developed and used in
synthesis of epi-zephyranthine (Eq. (104)) [665]:

(104)
A number of reports dealing with amination of allylic sub-

trates appeared in the literature. Palladium-catalyzed allylic
minations of aziridines gave predominately the more sub-
tituted product [666]. Palladium-catalyzed N-allylation using
llylic alcohols [595]. The regioselectivity of the alkylation of
ndoles was controlled by proper choice of solvent and base

Eq. (105)) [667]. A palladium-catalyzed asymmetric ally-
ation of meso-vicinal diamines was reported [668]. Palla-
ium catalyzed a double allylation of 1,2-diamines with cis-
,4-diacetoxy-2-butene to give 2-ethenyl-pyrazine derivatives
669]. Related asymmetric reactions of 1,2-benzenediamine,
-aminophenol, and 1,2-dihydroxybenzene derivatives with cis-
,4-diacetoxy-2-butene were developed [670]:
try Reviews 250 (2006) 2411–2490 2431

Palladium-catalyzed allylic aminations were used to prepare
ovel nucleoside analogs [671–673], martinellin pyrrolo[3,2-
]quinoline skeleton [674], and 6-ethenyl and 5-ethenylproline
nalogs of ascomycin [675]. Substrate directed regio- and
tereoselective palladium-catalyzed allylic aminations were
escribed [620]. Palladium-catalyzed regio- and enantioselec-
ive allylic intermolecular aminations were used in synthe-
is of crinamine, haemanthidine, and pretazzettine [676], 2-
eoxystreptamines [677], and pseudodisaccharides (Eq. (106))
678]. Intramolecular enantioselective allylic amidations of
llylic benzoates were used to prepare imidazolidin-2-ones
679]:

(106)

Palladium catalyzed the reaction of propargylic esters hav-
ng a tethered amine with nucleophiles to give fused hetero-
ycles (Eq. (107)) [680]. Oxidative addition to cyclobutanol-
ubstituted propargyl halides followed by nucleophilic addition
nd ring-expansion furnished substituted cyclopentanones (Eq.
108)) [681]. Palladium catalyzed the amination of alkenylcy-
lopropylbisphosphonates (Eq. (109)) [682]:

(107)

(108)
(105)
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Asymmetric intramolecular nickel-catalyzed allylic amina-
ions were described [683,684]. Iridium catalyzed asymmetric
llylic aminations using allylic phosphonates or carbonates to
ive the more substituted product [633,661,685]. Intramolecu-
ar asymmetric allylic aminations catalyzed by iridium was also
eported [686].

Rhodium catalyzed an asymmetric nucleophilic ring-opening
f oxabicyclic alkenes using sulfur nucleophiles [687]. Thio-
arboxylate ions were used as nucleophiles in dynamic kinetic
esolution of allylic esters [688]. Palladium catalyzed the forma-
ion of propargylic and allenic sulfides from propargyl halides or

esylates and thiols [689]. Palladium catalyzed the coupling of
llylic esters with bis(pinacolato)diboron to form allyl boronic
sters [690].

. Metal-catalyzed diazo decompositions (including
ther cyclopropanations)

Rhodium catalyzed the methylenation of ketones using
rimethylsilyldiazomethane [691,692]. Rhodium or copper-
atalyzed decomposition of aryldiazoacetates in the presence
f enamines furnished �-keto esters [693]. Tandem palladium-
atalyzed oxidation of alcohols and rhodium catalyzed methyle-
ation or methylenation followed by ring-closing metathe-
is, both using TMS-diazomethane, was described [694].
hodium catalyzed a ring contraction of 6-diazo-4H-thieno[3,2-
]pyridine-5,7-diones (Eq. (110)) [695]. Patulolide B was pre-
ared via a ruthenium-catalyzed decomposition of a bisdiazo
ompound (Eq. (111)) [696]. Rhodium-catalyzed cyclizations
ia decomposition of diazo compounds were used to prepare
yclic amino acids [697] and �-quarternary pipecolic acid
erivatives [698]:

(110)

Nickel catalyzed the formation of bicyclo[5.3.0]ring systems

rom 1,3-dien-8-ynes and TMS-diazomethane (Eq. (112)) [699].
hromium catalyzed the decomposition of diazo compounds

n the presence of 2-substituted furans to give (2E,4Z)-2-aryl-
exadienedioic acid diesters [700]:

f
e
a
[
c

try Reviews 250 (2006) 2411–2490

(111)

(112)

Copper-catalyzed intermolecular carbon–hydrogen bond
nsertions of terminal alkynes using diazo esters and amides (Eq.
113)) [701]. Silver catalyzed intramolecular carbon–hydrogen
ond insertions of carbamates to form five-membered hete-
ocycles in the presence of PhI(OAc)2 as the oxidant (Eq.
114)) [702]. Rhodium catalyzed a related reaction of sulfamate
sters to give 1,2,3-oxathiazinane-2,2-dioxides in the presence
f PhI(OAc)2 [703]. Ruthenium catalyzed amidations of het-
roaromatic compounds using iminoiodanes or N-nosylamide
nd PhIOAc2 [704]:

(113)

(114)

Rhodium catalyzed a diastereo- and enantioselective
arbon–hydrogen bond insertion using 1,2-dihydronaphthalenes
Eq. (115)) [705]. Intramolecular rhodium-catalyzed
arbon–hydrogen bond insertions via decomposition of diazo
ompounds were used in a number of synthetic applications

orming five- and six-membered rings for example, toward
ndo–exo-furofuranones [706], thienofuranones [707],
zaspiracid-1 [708], pregabalin [709], 2,3-fused indoles
710], (+)-preussin [711], (−)-ephadradine A [428], and
yclopentanone containing amino acids [712]:
(115)
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Rhodium catalyzed an asymmetric carbon-hydrogen inser-
ion silyloxy-Cope rearrangement (Eq. (116)) [713]. A dou-
le carbon-hydrogen bond insertion was used to prepare
2-symmetric benzenamines (Eq. (117)) [714]. Asymmetric

ntramolecular carbon–hydrogen-bond insertions using in situ
ormed nitrenes from a sulfamate or carbamate ester using a
hodium-catalyst was described [715]:

(116)

(117)

The carbenoids derived from rhodium-catalyzed decomposi-
ion of diazo compounds insert into nitrogen–hydrogen bonds.
ntramolecular nitrogen–hydrogen bond insertions to give sub-
tituted piperidines [716], and azetidines [717], and intermolec-
lar insertions to afford imidazoles and imidazolones [718] were
eported. An intermolecular nitrogen–hydrogen-bond insertion
as used to prepare 1,4-azines [719]. Copper catalyzed the

ormation of N-alkylimidazoles from �-diazocarbonyl com-
ounds and imidazoles [720]. A rhodium-catalyzed oxygen-
ydrogen bond insertion was used in a synthesis of (+)-(2′S,3′R)-
oapatanol [251] and 4′′-alkoxy avermectin analogs [721].

Depending on the substrate and catalyst, a preference for

he formation of a five- or six-membered oxonium ylide from
iazoketones was observed [722]. A copper-catalyzed oxonium
lide formation [2,3]rearrangement was used to prepare the A-
ing of gamberic acid (Eq. (118)) [723]:

c
c
b
n

try Reviews 250 (2006) 2411–2490 2433

(118)

A variety of cycloaddition reactions of carbonyl ylides
ormed by rhodium- or copper-catalyzed decomposition of �-
iazocarbonyl compounds were described. Spirofurooxindoles
ere prepared from 3-diazoindole-2-ones, an alkene or alkyne

nd an aromatic aldehyde (Eq. (119)) [724]. An intramolec-
lar carbonyl ylide-alkene cycloaddition was used to prepare
olycyclic indoles [725]. Cycloaddition with aldehydes was
sed to prepare 2,4,5-triaryl-1,3-dioxolanes [726]. Intermolecu-
ar carbonyl ylide-alkene [3 + 2]cycloadditions were used to pre-
are irofulvene (Eq. (120)) [727], nemorensic acids [728], and
ono- and bis-decahydrobenzocarbazoles (Eq. (121)) [729].
rhodium catalyzed [3 + 2]cyclorevision was described (Eq.

122)) [730]:

(119)

(120)

(121)

(122)

Cyclopropanations of alkenes via transition metal-catalyzed
ecomposition of diazo compounds continued to be devel-
ped. Rhodium catalyzed an enantioselective intermolecular
yclopropanation of styrenes with silyloxyethenyl diazoacetates
731]. Rhodium catalyzed intermolecular cyclopropanation was
sed in a synthesis toward zincophorin [732]. A rhodium-

atalyzed intramolecular alkene cyclopropanation using a diazo
ompound was used in a synthetic application toward 2-C-
ranched glyco-amino acids [733]. Intramolecular cyclopropa-
ation followed by ring expansion gave substituted azulenes (Eq.
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123)) [734]. Copper catalyzed intermolecular cyclopropana-
ion of indoles and dihydropyridines using diazo compounds
735]:

(123)

Titanium mediated inter- and intramolecular cyclopropa-
ations of vinylogous esters (Eq. (124)) [736] and alkene

ethered amides [737]. A titanium-mediated cyclopropanation
f alkenes with alkynylthioketals was described (Eq. (125))
738]. The stereochemistry of the titanium or zirconium medi-
ted cyclopropane formation from esters, amides, and allylic
thers was examined [739]. Titanium mediated an intramolec-
lar cyclopropanation using N-(3-alkene-1-yl)amides to form
-azabicyclo[3.1.0]hexanes [740]:
(125)

a
r
[

try Reviews 250 (2006) 2411–2490

(124)

. Additions to carbon–carbon, –oxygen, –sulfur, and
nitrogen multiple bonds

.1. Addition of carbon-nucleophiles to alkene and alkynes

Palladium catalyzed a regioselective oxidative coupling of
romatic organoboron reagents with electron-deficient alkenes
sing oxygen or manganese diacetate to reoxidize the catalyst
741–744]. Palladium catalyzed an oxidative coupling of alkenyl
oronic acids with alkenes to give dienes (Eq. (126)) [745].
hodium catalyzed a related oxidative coupling of aromatic
oronic acids and activated alkenes [746]:

(126)

Palladium catalyzed asymmetric hydroarylations of
ctivated alkenes using triarylbismuth compounds [747].
hodium catalyzed a cyclization of 2-(1-alkenyl)- or 2-(1-
lkynyl)arylboronic esters with alkynes to give indenes and
-alkylideneindanes (Eq. (127)) [748]. Palladium catalyzed the

ormation of hexasubstituted butadienes from internal alkynes
nd arylboronic acids (Eq. (128)) [749]. Rhodium catalyzed a
egioselective hydroarylation of alkynes using arylboronic acids
750]:

(127)
(128)
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Palladium and platinum catalyzed oxidative hydroalkylations
f ethene and propene using pronucleophiles [751]. Gold cat-
lyzed intramolecular hydroalkylations of �-ketoesters having
pendent alkyne (Eq. (129)) [752]. Gold and silver catalyzed

ydroalkylations of alkenes using activated methylene com-
ounds (Eq. (130)) [753,754]. Palladium-catalyzed intramolec-
lar hydroalkylations of 1-en-5-one derivatives to give cyclohex-
nes [755]. An oxidative variation was also described affording
-cyclohexen-1-ones [756]. Palladium catalyzed the allylation
f activated carbon nucleophiles with allenes [757]. Palladium

atalyzed the allylation of 1,3-dicarbonyl compounds using
lkynes (Eq. (131)) [758]:

(129)

(130)

(131)

Other carbon nucleophiles were used to alkylate alkenes.
palladium-catalyzed cyclization of 3-allylsubstituted 2-

ilyloxy-1-cyclohexene was used in a synthesis toward gar-
ubellin A [759]. Palladium-vanadomolybdophosphoric acid
atalyzed oxidative cross-couplings of acrylates with alkenyl
cetates (Eq. (132)) [760]:
(132)

An asymmetric nickel-catalyzed hydroalkenylation of
tyrenes was described [761]. This type of reaction was used s
try Reviews 250 (2006) 2411–2490 2435

n a synthesis of (−)-curcumene and (−)-ar-tumerone [762].
hodium catalyzed asymmetric hydroalkenylations of activated
lkenes (Michael addition) using alkenylzirconium reagents
763]. A ruthenium-catalyzed hydroalkenylation was used
oward the C10–C18 segment of ambruticin (Eq. (133)) [764].
hodium catalyzed the hydroalkenylation of alkenes using 4,4-
imethyl-2-oxazoline (Eq. (134)) [765]. Rhodium [766,767] and
alladium [768] catalyzed hydroalkynylation of electron defi-
ient alkenes were developed. A copper and palladium-catalyst
ystem was used for hydroalkynylation of electron deficient
lkynes [769]:

(133)

(134)

Palladium catalyzed intermolecular oxidative hydroaryla-
ions of activated alkenes using benzenes [770]. Palladium cat-
lyzed an oxidative intramolecular hydroarylation of aryl allyl
henols (Eq. (135)) [771]. A gold–silver catalyst system was
sed in intra- and intermolecular hydroarylations of alkynes
nder solvent free conditions [772]. A platinum–silver catalyst
ystem for hydroarylations of alkenes was reported [773]. An
symmetric rhodium-catalyzed intramolecular alkene hydroary-
ation of alkene containing aromatic imines was reported (Eq.
136)) [774]. Ruthenium catalyzed intermolecular hydroaryla-
ions of alkene-substituted aromatic compounds to give fused
ing systems (Eq. (137)) [775]. Hydroarylation of electron-
eficient alkenes were achieved using aromatic ketimines and
rhodium catalyst [776]:

(135)

(136)
(137)

A rhodium-catalyzed hydroesterification lactonization
equence of allylic or homoallylic alcohols was reported (Eq.
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138)) [777]. Rhodium catalyzed regio- and stereoselective
eductive hydroacylations of conjugated enynes with aldehydes
o give 1,3-diene-5-ols (Eq. (139)) [778]. Rhodium catalyzed
ntermolecular hydroacylations of alkenes and alkynes [779].
hodium catalyzed chelation-assisted intermolecular hydroa-
ylations of 2-hydroxy-substituted aromatic aldehydes with
erminal nonconjugated dienes [780]. A rhodium-catalyzed
ntramolecular hydroacylation of 5- and 6-ynals was reported
781]. A rhodium-catalyzed hydroacylation was used to prepare
he C16–C35 fragment of integramycin (Eq. (140)) [782].
hodium catalyzed hydroacylations of azodicarboxylates using
ldehydes (Eq. (141)) [783]:

(138)

(139)
(140)

N
[

try Reviews 250 (2006) 2411–2490

(141)

Nickel catalyzed a hydroacylation of dienes with aldimines in
he presence of diethyl zinc (Eq. (142)) [784]. Pendant alkenes
ave a directing effect on the nickel-catalyzed reductive hydroa-
ylations of alkynes using aldehydes to give allylic alcohols
Eq. (143)) [785,786]. Nickel-catalyzed reductive hydroacyla-
ions were used in syntheses of amphidinolide T1 (Eq. (144))
787] and (−)-terestacin [788]:

(142)

(143)

(144)

A zirconium-catalyzed asymmetric methylalumination–
xidation of terminal alkenes was used in syntheses of
iphonarienolone (Eq. (145)) [789], 6,7-dehydrostipiamide
133], and scyphostatin side chain [134]. A titanium-mediated
helation-controlled hydromethylation of a propargylic alco-
ol using trimethylaluminum was used in a synthesis of
−)-borrelidin (Eq. (146)) [584]. Cobalt catalyzed regioselec-
ive allylzincations of 1-phenyl-1-alkynes (Eq. (147)) [790].
ickel catalyzed an arylcyanation of alkynes (Eq. (148))

791]:
(145)
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(147)

(148)

.2. Addition of nitrogen-nucleophiles to alkenes, alkynes,
nd allenes

Palladium catalyzed the intermolecular amination of
-allyl anthranilamides to give six- or seven-membered

ings depending on the conditions (Eqs. (149) and (150))
792]. Titanium catalyzed intermolecular hydroaminations
f alkynes with primary amines to give imine intermedi-
tes [793–796]. Palladium-catalyzed asymmetric intramolecular

ydroaminations of pendant alkynes (Eq. (151)) [797]. Tita-
ium and zirconium catalyzed intramolecular hydroaminations
f 5- or 6-amino-1-alkenes [798,799] and of 6-amino-1,2-
ienes [800]. Silver catalyzed the hydroamination of propar-
yl bromides with enaminones furnishing pyrroles (Eq. (152))
801]:

(149)
(150)

a
u
2
w
g

(146)

(151)

(152)

A titanium-catalyzed double hydroamination of 1,4- or 1,5-
iynes was used to prepare 2,5-substituted pyrroles (Eq. (153))
802]. A sequential titanium-catalyzed hydroamination-Heck
eaction was used to prepare 2,3-disbstituted indoles (Eq. (154))
803]. An intermolecular hydroamination of alkynes using aro-
atic hydrazines followed by a Fischer indole synthesis was

eveloped (Eq. (155)) [804]:

(153)

(154)

(155)

Cobalt catalyzed hydroazination of alkenes using azodicar-
oxylates in the presence of triethylsilane (Eq. (156)) [805].

variety of hydrofunctionalizations of alkenes mediated by
hodium was reported [806]. Copper-catalyzed intramolecular
ydroamidations of 1-amino-3-yne-2-ols to give dihydropy-
roles [807]. Copper catalyzed the formation of indoles from 2-
lkynyl-substituted benzenamines and this type of reaction was

sed to prepare hippadine [213]. A copper-catalyzed reaction of
-allylarylsulfonylbenzenamides to give tetracyclic compound
as described (Eq. (157)) [808]. Copper-catalyzed aminohalo-
enation of �,�-unsaturated ketones (Eq. (158)) [809]. Copper
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atalyzed the formation of N-substituted indoles from 2-alkynyl-
enzaldehyde imines in the presence of an alcohol (Eq. (159))
810]:

(156)

(157)
(158)
try Reviews 250 (2006) 2411–2490

(159)

An oxidative palladium-catalyzed hydroamination of termi-
al alkenes was used in a synthesis of the himandrine skele-
on (Eq. (160)) [811]. Ruthenium catalyzed anti-Markovnikov
ydroaminations of arene substituted alkenes [812]. Palladium
atalyzed the formation of enamides from alkenyl ethers using
mide nucleophiles (Eq. (161)) [813]. A palladium-catalyzed
ydroamidation was developed and used in a synthesis of quino-
izidine 223A (Eq. (162)) [814]:

(160)

(161)

(162)

Palladium catalyzed a cyclization-amination of a 1,3,8,10-
etraene with benzenamines (Eq. (163)) [815]. Palladium-
atalyzed intramolecular amidohalogenation of amides (Eq.
164)) [816] and carbamates [817] having a pendant unsatu-
ation:

(163)
(164)
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rings and [3.2.0]ring systems was developed [838]. Molybde-
num catalyzed regioselective hydrostannylation or distannyla-
tions of propargylic ethers and esters [6]. Nickel catalyzed a car-
bostannylation of alkynes and 1,2-dienes (Eq. (170)) [839,840]:
B.C.G. Söderberg / Coordination Ch

.3. Addition of oxygen- and sulfur-nucleophiles to alkenes,
lkynes, and allenes

Oxidative intramolecular hydroxy-palladation of a pendant
lkene was used to form functionalized furans (Eq. (165))
818], optically active pyrans [819], 2,3-dihydro-4H-pyrane-4-
nes from 5-hydroxy-1-ene-3-ones [820], and ventiloquinone L
821]. A related oxidative intramolecular acyloxy-palladation of
pendent alkene was used in a synthesis of ent-EI-1941-2 and

pi-ent-EI-1941-2 (Eq. (166)) [223]:

(165)

(166)

Intramolecular alkene hydroxy-palladations were shown to
roceed with a high syn-selectivity between the palladium and
he alcohol in the absence of chloride and in a predominately
nti-fashion in the presence of chloride [822]. 2,3-Disubstituted
urans were prepared by palladium-catalyzed reaction of 2-(1-
lkynyl)phenols in the presence of aryl iodides [823]. Palladium
atalyzed intramolecular 1,4-oxyacyloxylations of conjugated
ienes (Eq. (167)) [824]. Intramolecular alkyne hydroalkoxy-
ations were used to prepare (−)-muscone [825] and 10b-
ubstituted hexahydropyrroloisoquinolines [826]:

Rhenium catalyzed intermolecular hydroalkoxylations to
ive 2-deoxy-�-glycosides (Eq. (168)) [827]. Platinum cat-
lyzed intramolecular hydroalkoxylations to form cyclic ethers
828]. Copper catalyzed an intramolecular hydroalkoxylation
sing 2-(1-alkynyl)benzaldehydes and an alcohol (Eq. (169))
829]. Iridium catalyzed the formation of ethenyl ethers from
ugars and ethyl ethenyl ether [830]:
try Reviews 250 (2006) 2411–2490 2439

(167)

(169)

Ruthenium catalyzed a hydroacyloxylations of terminal
lkynes forming Markovikov alkenyl esters [831]. This type of
eaction was used in a synthesis of apicularen A [56]. Ruthe-
ium catalyzed hydroacyloxylations of terminal alkenes in a
arkovikov fashion [832]. Nickel-catalyzed hydrothioxylation

f terminal alkynes [833].

.4. Additions of hydrogen–boron, –tin, –zirconium, and
iscellaneous heteroatom reagents to alkenes and alkynes

Palladium-catalyzed hydrostannations of terminal alkynes,
sing tributyltin hydride, to give alkenylstannanes were used in
otal syntheses of spirofungin B [32], (−)-apicularene [39], cys-
othiazoles A and B [43], C11–C29 fragment of amphidinolide

[47], (−)-disorazole C1 [326], mangicols [77], macrolactin
nalogs [834], (E)-13,14-dihydroxyretinols [835], and the tri-
yclic core of guanacastepene A [74]. Regioselective hydrostan-
ations of internal alkynes were used in syntheses of formamicin
81] and kendomycin [187]. Molybdenum was used as the cat-
lyst for hydrostannation of an internal alkyne in a synthesis of
−)-borrelidin [397]. Palladium-catalyzed hydrostannation of
romoalkynes to give alkenylstannanes was used in a synthesis
f macquarimicins [52].

An asymmetric palladium-catalyzed hydrostannation of
yclopropenes was described [836]. Hydrostannation of an
lkene was used in a synthesis of difluorinated (hydrox-
methyl)conduritol analogs [15]. Palladium catalyzed the
,2-distannation of benzynes using hexabutylditin [837].
alladium-catalyzed distannylation of 1,4-dihydroxy-2-butyne
11]. Palladium-catalyzed germylstannation of bisallenes to give

ermylstannyl-substituted dialkenyl-substituted five-membered
(168)
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(170)

Palladium catalyzed an asymmetric diboration of allenes
841]. Platinum catalyzed 1,4-diboration of conjugated dienes
842]. Palladium-catalyzed intramolecular disilylations of
lkenes [843] and zirconium catalyzed oxidative silylation
f alkenes [844]. Rhodium catalyzed a trans-hydrosilylations
f cyclic alkynes [845]. Palladium catalyzed a tandem
ilastannylation–cyclization of 1,6-enynes to give dimetallated
ix-membered rings [846]. Silastannylation of arylethynes [9],
ropargylic alcohols [847], and ethyne [848] were reported.

Palladium catalyzed the hydrophosphination of alkenes and
lkynes using hypophosphorous acid [849]. A double phophina-
ion of propargylic alcohols catalyzed by ruthenium was reported
Eq. (171)) [850]. Nickel-catalyzed hydrophosphination of ter-
inal alkynes. The regioselectivity can be controlled by the cata-

yst system used (Eqs. (172) and (173)) [833]. A nickel-catalyzed
nantioselective hydrophosphination of methacrylonitriles was
escribed [851]:

(172)

(173)

Platinum catalyzed a regio- and stereoselective thienylthio-
ation of alkynes (Eq. (174)) [852]. Ruthenium catalyzed the
ddition of sulfenamides to alkynes to give 1-thio-2-amino-
ubstituted alkenes [853]. A zirconium-mediated haloamidation
f alkynes was reported (Eq. (175)) [854]:

(174)
(175)

a
m
l
t

try Reviews 250 (2006) 2411–2490

(171)

.5. Alkylations of carbonyl compounds, imines, and
zocompounds

A number of carbonyl to alkene transformations were
eported. Reaction of dibromomethane- or diiodomethane–
inc–titanium tetrachloride and in some cases lead diiodide or
ead dichloride with a ketone to give an alkene was used in
he synthesis of (+)-acanthodoral [855], laulimalide [856], and

ycalamide analogs [857]. A modified procedure consisting of
ibromomethane–zinc–tetramethylethylenediamine–titanium
etrachloride–lead dichloride was used in a synthesis of fer-
uginine to selectively methylenate an ester (Eq. (176)) [858].

related procedure was used to methylenate a lactone in a
ynthesis amphidinolide T1 (Eq. (177)) [787]. Zn(CH2ZnBr)2–
itanium tetrachloride was used to methylenate a ketone in a
ynthesis of the A-ring of gamberic acid [723]:

(176)

(177)

Tebbe’s reagent was also used to transform esters to alkenyl
thers in synthetic approaches to scleophytin A [859] and
ryptophycin-24 [431]. Petasis reagent, Cp2TiMe2, was used to
electively methylenate ketones in a synthesis of the C1–C17
egments of phorboxazole B, in the presence of an �,�-
nsaturated ester [860], of EF fragment of (+)-spongistatin 1
861], (+)-cuparenone [862], and epothilone analogs [863].

Titanium benzylidenes were used in solid-phase synthesis of
-substituted benzo[b]thiophens [864]. A magnesium–titanium
etrachloride–dichloromethane system was used to methyle-
ate ketones and esters [865,866]. A titanium carbene complex
synthesis of (−)-fumagillol (Eq. (178)) [867]. An interesting
ethylenation Claisen rearrangement to give eight-membered

actones mediated by titanium was described and used in a syn-
hesis of ocatlactin B (Eq. (179)) [868]:
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(178)

(179)

Transformation of a ketone to a gem-dimethyl group was
chieved using Me2TiCl2 was reported in a synthesis of fron-
osin B (Eq. (180)) [319]. A titanium-mediated formation of
dihydropyrane from an ester and a thioacetal was used in a

ynthesis of ciguatoxin (Eq. (181)) [869]. Titanium-mediated
lkenylation of ketones using alkynylthioketals was described
Eq. (182)) [870]. Palladium catalyzed the alkylation of thio-
actones with zinc reagents. This was used in a synthesis of
+)-biotin (Eq. (183)) [871]:
(180)
try Reviews 250 (2006) 2411–2490 2441

(181)

(182)

(183)

Umpolung of �3-allyl palladium complexes by transmet-
llation to indium or zinc was used in a number of cases.
alladium-catalyzed enantioselective allylation of benzalde-
yde in the presence of diethylzinc was described [872].
alladium-catalyzed diasteroselective alkylations of an alde-
yde by a chiral propargylic mesylate in the presence of diethylz-
nc were used in syntheses of the C3–C13 fragment of cytostatin
873] and amphidinolide X (Eq. (184)) [186]. Palladium cat-
lyzed a decarboxylative intermolecular aldol condensation of
llyl �-ketoesters (Eq. (185)) [874]:

(184)
(185)
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�3-Allylnickel intermediates obtained from allylic alcohols
ere used in transmetallations to indium followed by alky-

ation of aldehydes and ketones [875]. Nickel catalyzed a
eductive coupling of an aldehyde and an alkyne in the pres-
nce of triethylsilane to give allylic triethylsilyl ethers [876].
epending on the ligand, either E- or Z-allylsilanes were pre-
ared from dienes and aldehydes using a nickel catalyst (Eq.
186) and (187)) [877]. Rhodium catalyzed a reductive alky-
ation of 1,2-diketo compounds in the presence of hydrazine
o give 3,5-disubstituted pyridazines (Eq. (188)) [878]. �-
egioselective alkylation of aldehydes was observed using
,4-pentadienylzirconium reagents [879]. Iron/chromium and
obalt/chromium mediated asymmetric allylation of aldehydes
Eq. (189)) [880]. Iron mediated allylations of aromatic aldehy-
es [881]:

(188)

A three-component palladium-catalyzed reaction of aryl-
oronic acids, an allene, and an aldehyde was described (Eq.
190)) [882]. A palladium–copper-catalyst system was used
n an enantioselective addition–cyclization reaction of 2-(2′,3′-
ienyl)-�-keto esters, organic halides, and dibenzyl azodicar-
oxylate (Eq. (191)) [883]:
try Reviews 250 (2006) 2411–2490

(186)

(187)

(189)

(191)

Rhodium catalyzed an intramolecular aldol-type condensa-
ion of a metal enolate derived from an �,�-unsaturated aldehyde
Eq. (192)) [884]. Asymmetric rhodium-catalyzed reductive
ldol reactions of �,�-unsaturated esters with aldehydes were
eported (Eq. (193)) [885]. Rhodium catalyzed the allenylation
f aryl and alkenyl aldehydes with propargylic bromides in the
resence of tin oxide [886]:
(190)
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alkynediones (Eq. (201)) [901]. Reduction of �,�-unsaturated
ketones with triethylsilane to give silylenol ethers using Wilkin-
son’s catalyst was used in a synthesis of MetAP-2 inhibitors
[125]:
B.C.G. Söderberg / Coordination Ch

(193)

Chromium–nickel mediated Nozaki–Hiyama–Kishi type
eactions were used in the syntheses of mangicols [77], ocat-
actin B [868], azaspiracid-1 trioxadispiroketal (Eq. (194))

887], and phomactin G [888]. Seven- and eight-membered rings
ere prepared by an intramolecular Nozaki–Hiyama–Kishi

eaction of allylic phosphonates (Eq. (195)) [889]. An asymmet-
ic nickel–chromium catalyzed Nozaki–Hiyama–Kishi reaction
f alkenyl iodides with aldehydes was used in a synthesis of
aulimalides (Eq. (196)) [856]:

(194)

(195)
try Reviews 250 (2006) 2411–2490 2443

Palladium catalyzed an asymmetric carbalkoxyallylation of
mines (Eq. (197)) [890]. Palladium catalyzed an asymmetric
llylation of imines using tetrallylsilane–tetrabutylammonium
uoride [891]. Copper catalyzed the coupling of imines,
cid chlorides, and terminal alkynes to give propargylamides
892]. A microwave-assisted addition of alkenylzirconocenes to
ldimines in the presence of dimethylzinc to give allylic amines
as reported (Eq. (198)) [893]. Nickel catalyzed an enantiose-

ective coupling of internal alkynes with imines in the presence
f triethylboron (Eq. (199)) [894]:

(197)

(198)

(199)

.6. Reductions of alkenes, alkynes, carbonyl compounds,
nd imines

Selective conjugate reductions of electron-deficient alkenes
sing Stryker’s reagent, [CuHPPh3]6, were used in syntheses
f laulimalide (Eq. (200)) [856], migrastatins [895,896], (−)-
ictyostatin [83,897], (+)-pinnatoxin A [898], and aliphatic
usks [899]. Copper hydride and Stryker’s reagent catalyzed

symmetric 1,4-reductions of �,�-unsaturated esters in the
resence of polymethylhydrosiloxane and t-butanol [900].
tryker’s reagent was used in reductive aldol condensations of
(196)
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of eriolanin and eriolangin [918]. Dynamic kinetic resolution
via ruthenium catalyzed hydrogenation of 2-substituted 3-keto
esters were used to prepare Boc-dolaproine (Eq. (207)) [919]
and sulfobactin A [920]:
444 B.C.G. Söderberg / Coordination C

(200)

(201)

Selective carbon–carbon double bond reduction using
ilkinson’s catalyst was used in a synthesis of bullatanocin (Eq.

202)) [902] and murisolin [331]. The same catalyst was used
n a stereoselective chelation-controlled reduction in a synthe-
is of the A-ring of gamberic acid [723]. Selective reduction
f an alkene in the presence of an �,�-unsaturated lactone
sing Wilkinson’s catalyst was used in a synthesis of 8-epi-
+)-boronolide [903]. A rhodium-catalyzed chelation-controlled

eduction was used in a synthesis of (−)-borrelidin [584]. A
hemo- and diastereoselective rhodium-catalyzed reduction was
sed in a synthesis of cacospongionolides B and E (Eq. (203))
904]. Crabtree’s iridium catalyst was used in a synthesis of
emorensic acids [728], (−)-muscone [905], and dihydroagaro-
uran ring system [906]:
try Reviews 250 (2006) 2411–2490

(203)

Rhodium catalyzed asymmetric reduction of alkenyl-1,2-
is(boronates) [907] and a cyclopentene carboxylic acid [908].
uthenium catalyzed hydrogenations of alkynylstannanes with
igration of the stannyl group (Eq. (204)) [909]. Hydroxy-

roup directed rhodium- or ruthenium-catalyzed reductions
f allylic alcohols were used in syntheses of the C29–C40
/G segment of pectenotoxin-2 (Eq. (205)) [910] and an
pothilone building block [911]. Asymmetric reduction of
cetamidoalkenoates using rhodium as the catalyst was used
n synthetic applications toward BILN 2061 and HCV NS3
912] and the tryptophane residue of stephanotic acid [913].

related reduction of an �,�-unsaturated acid was used
o prepare (R)-(+)-6-(1,4-dimethoxy-3-methyl-2-naphthyl)-6-
4-hydroxyphenyl)hexanoic acid [433]:

(204)

(205)

Asymmetric ruthenium-catalyzed Noyori-type reductions of
etones were used to prepare (+)-tricycloclavulone (Eq. (206))
914], (+)-brasilenyne [915], and tetrahydrolipostatin [916],
alicylhalamide [254], C3–C13 fragment of cytostatin [873],
nd (R)-rostrenol [917]. A rhodium-catalyzed enantioselective
eduction of a ketone to an alcohol was used in a synthesis
(202)
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(207)

Ruthenium catalyzed an asymmetric reduction of 3,4-
ihydro-�-carbolines in a synthetic route to arborescidines
921]. Iridium catalyzed reductions of quinolines to 1,2,3,4-
etrahydroquinolines [922] and this type of reaction was used
n an asymmetry reduction of 2-alkylquinolines to give 2-
lkyl-1,2,3,4-tetrahydroquinolines [923]. An iridium-catalyst
as used in an asymmetric reduction of an imine in the synthe-

is of 1,2,3,4-tetrahydroharmine and 1,2,3,4-tetrahydroharmane
924]. An asymmetric rhodium-catalyzed reduction of indoles
o indolines was described [925].

. Miscellaneous carbon–carbon bond-forming
eactions

Iridium catalyzed the �-alkylation of ketones with primary
lcohols (Eq. (208)) [926]. Palladium catalyzed the reaction of
-hydroxy-2-methylpropiophenone with aryl bromides to give
omplex multi-arylated products (Eq. (209)) [927]. Palladium
atalyzed the coupling of allenic sulfoxides with allyl bro-
ide (Eq. (210)) [928]. Palladium catalyzed the reaction of

-methylsulfanyl-1,2,3-triazines with organozinc or Grignard
eagents to give addition to the 5-position (Eq. (211)) [18].
alladium catalyzed three component reactions of alkenyl- or
ryl-bromide, an isonitrile, and an amine or alkoxide to give �,�-
nsaturated amidines or imidates (Eq. (212)) [929,930]. Cyclic
midines and imidates were prepared in a similar fashion [931].
alladium-catalyzed dehydroarylations of triarylmethanols. The

ntermediates can be coupled with aryl halides, alkenes, and
lkynes (Eq. (213)) [932]:

(208)
(209)

(
t
z
a

(206)

(210)

(211)

(212)

(213)

Nickel catalyzed the coupling of 4-mesylcoumarins with aryl
alides [933]. Palladium-catalyzed homocoupling of furans to
ive 2,2′-bithiophenes (Eq. (214)) [934] was reported. Palla-
ium catalyzed the coupling of a 3-iodoindole derivative to give
3,3′-biindole in a synthesis of a putative natural product [11].
palladium-catalyzed copper-mediated coupling of 1-bromo-

-nitrobenzenes with 3-halo-2-enals, enones, and esters was
escribed [935]:

(214)

Copper-catalyzed alkynylation of an sp3–carbon adjacent to
he nitrogen of aryl amines in the presence of t-butylhydrogen
eroxide (Eq. (215)) [936]. A copper-catalyzed homo-coupling
f ethenyl(2-pyridyl)dimethylsilane was used to prepare sub-
tituted butadienes (Eq. (216)) [937]. Rhodium catalyzed a
ydrative dimerization of terminal alkynes to give enones (Eq.

217)) [938]. Cobalt catalyzed a tail-to-tail reductive dimeriza-
ion of electron-deficient alkenes in the presence of water and
inc [939]. Rhodium catalyzed oxidative arylations of cyclic
mines (Eq. (218)) [940]. Palladium catalyzed the reaction of
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rganoboronic acids with 1,2-dien-3-ols to give substituted 1,3-
ienes (Eq. (219)) [941]:

(215)

(216)

(217)

(218)

(219)
Unsymmetrical aryl ketones were prepared via a palladium-
atalyzed coupling of aromatic compounds and aryl nitriles
Eq. (220)) [942]. Rhodium catalyzed the coupling of aromatic
ldehydes with trifluoro(organo)borates to give unsymmetrical
try Reviews 250 (2006) 2411–2490

etones (Eq. (221)) [943]. A copper-catalyzed intermolecu-
ar arene–arene coupling was used to prepare axially chi-
al biphenyls [944]. Copper catalyzed an asymmetric 1-
lkynylation of tetrahydroisoquinolines (Eq. (222)) [945]. Cop-
er catalyzed the coupling of an aromatic iodide with sodium
rifluoroacetate introducing a trifluormethyl group in a synthesis
f (R)- and (S)-2-trifluoromethylepinephrine [946]:

(220)

(221)

(222)

Zirconium catalyzed direct coupling of indoles, pyrroles, and
hiophenes with cyclic amides (Eq. (223)) [947]. Zirconium
romoted a ring contraction of 4-alkenylfuranosides to give
lkenylcyclobutanols (Eq. (224)) [948]. Palladium catalyzed an
llylalkynylation of intermediately formed benzyne (Eq. (225))
949]:

(223)

(224)
(225)
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. Carbonylations

.1. Carbonylations of alkenes, allenes, and arenes

Rhodium-catalyzed a [3 + 2 + 1]cycloaddition of 1,3,8-
rienes and carbon monoxide (Eq. (226)) [950]. Molyb-
enum mediated a carbonylative carbocyclization of 7-
arbonyl-1,2-dienes to form bicyclic �-methylene-lactones (Eq.
227)) [951]. Rhodium catalyzed intra- and intermolecular
2 + 2 + 1]cycloadditions of 1,3-dienes, alkenes, and carbon
onoxide (Eq. (228)) [952]:

(226)

(227)

(228)

Palladium catalyzed an interesting hydroxylation carboxy-
ation of biphenyl (Eq. (229)) [953]. Palladium-catalyzed
arbo-carboalkoxylation of alkene-tethered indoles (Eq. (230))
954]. Palladium catalyzed a direct carbonylation of ethyl-
r methylamino-substituted aromatics (Eq. (231)) [955].
alladium-catalyzed hydrocarbonylation of alkenes or 1,2-
ienes having a tethered amino or hydroxy group produced
actones and lactams, respectively (Eq. (232)) [956]. Palladium
atalyzed a related enantioselective formation of substituted
,4-dihydroquinoline-2-ones from 2-alkenylbenzenamines (Eq.
233)) [957]. Palladium catalyzed an asymmetric hydro-
arbonylation of 2-isopropenylphenol to give 4-methyl-3,4-
ihydrocoumarine [958]. Cobalt catalyzed a hydrocarbonylation
f enamides [959]:
(230)

h
b
t
i
a
e
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(229)

(231)

(232)

(233)

.2. Carbonylations of alkynes (including the
auson–Khand reaction)

Metal-mediated [2 + 2 + 1]cycloadditions forming cyclopen-
enones continued to be extensively studied, in particu-
ar the cobalt-mediated or -catalyzed, Pauson–Khand reac-
ion. The mechanism of the rhodium-catalyzed asymmetric
auson–Khand reaction was examined [960]. A cyclobutadi-
ne equivalent was developed (Eq. (234)) [961]. Pauson–Khand
eactions in aqueous media was reported [962]. A double inter-
olecular Pauson–Khand reaction of macrocyclic diynes with

thene was described [963]. Some endo-product was isolated
rom reactions of electron-deficient alkynes and norbornadiene
964]:

(234)

A rhodium–cobalt catalyst was used together with an �,�-
nsaturated aldehyde in Pauson–Khand reactions. The alde-
yde served both as the alkene component and source of car-
on monoxide (Eq. (235)) [965]. Formaldehyde was used as

he carbon monoxide source in asymmetric rhodium-catalyzed
ntramolecular Pauson–Khand reactions [966]. Rhodium cat-
lyzed intramolecular Pauson–Khand reactions of alkynes teth-
red to 1,3-cyclohexadienes [967]. Rhodium catalyzed inter-
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olecular Pauson–Khand reactions using 1,3-dienes (Eq. (236))
968]. Ruthenium catalyzed intermolecular Pauson–Khand
eactions where the regioselectivity was directed by a pyridylsi-
yl or pyrimidylsilyl group [969]. Desymmetrization of meso
ienynes was described using a chiral rhodium or iridium cata-
yst [970]:

(235)

Asymmetric intermolecular cobalt-mediated Pauson–Khand
eactions of chiral alkenylsulfoxide were used to prepare (−)-
entenomycin I and the (−)-aminocyclopentitol part of a hopane
riterpenoid [971]. The intermolecular Pauson–Khand reaction
as used in a synthesis of (−)-terestacin [788]. Intramolec-
lar Pauson–Khand reactions of 2-aryl-1,6-enynes, 1-methyl-
nd 1-phenyl-1,7-enynes [972], and cyclic 3-(2-alkyne-1-yl)-1-
lkylidenes [973] were reported. Cobalt mediated asymmetric
auson–Khand reactions of electron-deficient alkenes [974].

Intramolecular Pauson–Khand reactions were used in syn-
hetic applications toward 8�-hydroxystreptazolone [975], tre-
rostinil [976], indole alkaloids [977], (+)-conessine (Eq.
237)) [978], nucleoside analogs [671], and �12,14-15-
eoxy-PG-J1 methyl ester and epi-�12-15-deoxy-PG-J1 [979].

ntramolecular Pauson–Khand reactions of chiral 1,5-dien-7-
nes to give bicyclo[4.3.0]-1,7-nondiene-6-ones were described
980]. An intramolecular Pauson–Khand reaction of an enyne
aving a trimethylgermyl group on the alkyne terminus was
escribed [981]:

An intermolecular cobalt-catalyzed allenic Pauson–Khand

eaction was described [982]. Rhodium catalyzed intramolec-
lar allenic Pauson–Khand reactions [983,984]. Depending on
he catalyst, both the regio- and chemoselectivity of cyclizations
f 1,2-diene-7-ynes were controlled (Eq. (238)–(240)) [985]. A

d
l
r
l

try Reviews 250 (2006) 2411–2490

(236)

(237)

olybdenum-catalyzed intramolecular allenic Pauson–Khand
eaction was used to prepare 15-deoxy-�12,14-prostaglandin J2
Eq. (241)) [986]:

(238)

(239)

(240)

(241)

Rhodium catalyzed the formation of benzazepinones from
-alkynylbenzylamines via a hydrocarbonylation (Eq. (242))
987]. Rhodium catalyzed a [2 + 2 + 2 + 1]cycloaddition of 1-
ne-6,11-diynes to give tricylic ring systems (Eq. (243)) [988].
ickel mediated a hydrocarboxylation of alkynes using carbon
ioxide to form �,�-unsaturated carboxylic acids [989]. Pal-
adium catalyzed the formation of �-selenylacrylamides from
eaction of terminal alkynes with sulfenamides, diphenyldise-
enide, and carbon monoxide (Eq. (244)) [990]:
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(242)

(243)

(244)

.3. Miscellaneous carbonylations

Palladium catalyzed the carbonylative ring-expansion of
-alkylisothiazolidines to give tetrahydro-2H-1,3-thiazin-2-
nes [991]. Palladium-catalyzed reactions of imines, allylic
alides and carbon monoxide to form alkenyl-�-lactams
992,993]. Palladium catalyzed the formation of allylic amides
rom allylic halides and phosphonates, carbon monoxide
nd a titanium–nitrogen complex [994]. Palladium catalyzed
he decarboxylation-carbonylation of 4-methoxycarbonyloxy-
-butyn-1-ols with phenols to give alkenyl-substituted cyclic
arbonates [995]. A palladium-catalyzed oxidative carbonyla-
ion of amines to give ureas was developed and applied to the syn-
hesis of NPY5RA-972 (Eq. (245)) [996]. Palladium-catalyzed
arbonylations and couplings of boroxarenes and borazarene
Eq. (246)) [179]. This reaction was used in a synthesis of
henaglydon:
try Reviews 250 (2006) 2411–2490 2449

(246)

An intramolecular palladium-catalyzed hydroxy-palladation
arbonylation of an ene-diol was used to prepare plakor-
one E (Eq. (247)) [997]. An interesting palladium-catalyzed
yclization–carbonylation was used in a synthesis of (+)-
canthodoral (Eq. (248)) [855]. Palladium catalyzed an
nnulation-carbonylation sequence of 2-ethynylbenzenamine
mides or ureas to give 4H-3,1-benzoxazines, quinazolin-
-ones, and quinoline-4-ones (Eq. (249)) [998]. Palladium
atalyzed a five-component coupling of a two differ-
nt organozinc reagents, TMS-chloride, carbon monoxide,
nd propenoyl chloride to give 1,4-diketones (Eq. (250))
999]:

(247)

(248)

(249)
(245)
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Nickel catalyzed an asymmetric cyclization of 1,3,8,10-
etraenes with diorganozincs in the presence of carbon diox-
de (Eq. (251)) [1000]. Cobalt catalyzed a carbonylation of
-lactones to give succinic anhydrides (Eq. (252)) [1001].
obalt catalyzed hydroformylations of oxiranes to give �-
ydroxyaldehyde acetals in the presence of trimethylorthofor-
ate (Eq. (253)) [1002]. Iron mediated a carbonylative ring-

xpansion of alkenylcyclopropanes to give 2,5-dialkyl cyclohex-
nes (Eq. (254)) [1003]. Molybdenum catalyzed an interesting
yclocarbonylation of alkylidene cyclopropanes having a pen-
ant aldehyde (Eq. (255)) [1004]:

(251)

(252)

(253)

(255)

A number of transition metals catalyzed the formation of
ethylene substituted cyclic carbonates from propargylic alco-

ols and carbon dioxide in an ionic liquid [1005]. Ruthenium
atalyzed a carbon–hydrogen bond insertion, carbonylation, and
lkylation sequence of the benzene ring of N-arylpyrazoles
1006].

. Metathesis reactions

A large number of reports on ring-closing metathesis (RCM)
eactions using Grubbs’type ruthenium catalysts were pub-
ished. A number of new ruthenium catalysts were developed
1007–1011]. Remote substituents affect the outcome of RCM
Eqs. (256) and (257)) [1012]. Ruthenium catalyzed a tan-
em cyclopropanation-ring-closing metathesis of dienynes (Eq.

258)) [1013]. Ruthenium catalyzed a ring-closing metathe-
is isomerization reaction (Eq. (259)) [1014]. Double ring-
losing metathesis of nitrogen containing tetraenes was reported
1015]. 2-Chloro-, 2-trifluoromethyl-, or 2-fluoro-1,n-dienes

[
f
[
i

try Reviews 250 (2006) 2411–2490

(254)

ere cyclized to form the corresponding chlorinated or fluo-
inated cycloalkene [1016]:

(256)

(257)

(258)

(259)

A large variety of ring systems were prepared via alkene–
lkene RCM using ruthenium catalysts. Ring-systems includ-
ng, cyclopentene [1017], substituted cyclopentenols [1018],
yclic �-hydroxyallylsilanes [1019], phenanthrenes [1020],
used 1,4-dihydrobenzenes [1021], bicyclo[4.2.1]nonanes
1022], 2,3,6,7-tetrahydro[1,2]oxasilepines [1023], 2H-
,5-benzodioxepins and 2,5-dihydro-1,6-benzodioxocins
1024], oxepene and oxocene [1025], 6-, 7-, 16-, 19-, and
0-membered lactams [1026,1027], 2,5-dihydropyrroles

1028,1029], 1,2,3,6-tetrahydropyridines [1030], bicyclic 1,2-
used-1,2,3,6-tetrahydropyridines [1031], 1,4-dihydrocarbazole
1032], azepines [1033], cyclic hydrazines [1034], 2,3-fused
ndoles [1035], cyclic peptides [1036], �-boronic acid
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ubstituted cyclic amine [1037], macrocycles (Eq. (260))
1038–1044], thiazocine-2-acetic acid derivatives [1045],
yclic amino acid derivatives [1046], cyclic �-amino acid
sters [1047], cyclic peptidosulfonamides [1048], bicyclic
eptapeptides [1049], vicinal trans-diaminocyclitols [1050],
uinolizinium cations [1051], 1,2-dihydroquinolines, ben-
oazocine, and benzoazepine [1052], cyclic hydrazine
erivatives [1053], 5,6-dihydro-2H-1,6-benzoazocines and 4H-
,4-benzooxazines, 1,2,5,6-tetrahydro-1,6-benzodiazocines,
,6,9,10-tetrahydropyrido[2,3-b][1,4]diazocine, 5,6-dihydro-
H-1,6-benzothiazocine 1,1-dioxide, and 2,5-dihydro-1,5-
enzothiazepine 1,1-dioxide [1054], nitrogen-containing
pirocycles [1055], benzofurans [1056], bicyclic lactams
1057,1058], �-lactam-sulfonamides hybrids [1059], 4,4-
ifluoroglycosides [1060], carbohydrate-derived spirocycles
1061], azaspirocycles [1062], pyranopyran sugar amino acids
1063], polyfunctionalized pyrrolidines [1064], spirocyclic
iperidines [1065,1066], spirocyclic lactams [1067,1068],
pirocyclic ketals [1069], [4.3.0]bicylic nucleotide [1070],
llylated dinucleotides [652], 1,4-dihydro-9,10-anthraquinones
1071], azepino[3,4-b]indole-1,5-diones [1072], eight-
embered iminoalditol [1073], and sultones and sultams

1074] were all prepared using ring-closing metathesis method-
logy. Two ruthenium catalysts were used to form pyrroles
rom diallylamines via ring-closing metathesis and oxidation
Eq. (261)) [1075]:

(261)

Synthetic targets using alkene-alkene ring-closing metathe-
is include, MetAP-2 inhibitors [125], macrosphelides (Eq.
262)) [1076], 1-O-�-d-glucopyranolsyl-5-deoxyadenophorine
1077], guanacastepenes and rameswaralide [1078], frondosin

[319], (−)-cytisine [1079], cytotrienins [552], ciguatoxin
639], pancratistatins [1080], 3-deoxy-8-oxatropanes [1081],
alichlorine and pinnaic acid [1082], d-carbocyclic nucleo-
ides [1083], carbocyclic nucleoside intermediates [1084], (−)-
ntofine [34], pumilotoxin precursors [1085], (−)-aristeromycin
1086], (+)-puraquinoic acid [35], cacospongionolides B and E

1087], solamine [1088], oncinotine and neooncinotine [1089],
epatitis C virus NS3 protease inhibitor [1090], subunits
f (+)-discodermolide [1091], bicyclic quinolizidine alkaloids
Eq. (263)) [1092], meso-2,6-diamonopimelic acid and FK565

c
l
[
fl
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(260)

1093], periplanone C [1094], (+)-4-amino-2-cyclopentene-
-one [1095], (+)-rhizoxin D [1096], securinine and (−)-
llonorsecurinine [418], (−)-spongidepsin [1097], BILN 2061
nd HCV NS3 [912], (−)-callystatin A [131], wiedemannic
cid [1098], C1–C16 segments of bryostatin 1 [1099], ADE
ragment of nakadomarin A [1100], (+)-migrastatin [895],
ngenol [1101], (+)-SCH 351448 (Eq. (264)) [50], quino-
izidine 223A [814], (+)-tricycloclavulone [914], bistramide

[1102], ophirin B [1103], (E)-dehydroepothilones [1104],
igrastatins [896], (+)-brasilenyne [1105], (−)-gigantecin

327], nakadoamine [1106], spongidepsin [1107], pochonin
[1108], (+)-scyphostatin [136], gaur acid [663], (−)-

plystatin, (+)-palisadin A-B, 12-hydroxypalisadin B and the
B-ring system of adociasulfate-2 and toxicol A [1109], sal-

cylhalamide [254], 1,13-herbertendiol [1110], (−)-fumagillol
867], epothilone analogs [863,1111], (−)-gloesporone [1112],
+)- and (−)-microcarpalide [1113,1114], 1,2,3,4,6,7,12,12b-
ctahydroindolo[2,3-a]quinolizine [1115], epothilone [1116],
urano-epothilone C [1117], analogs of methyllycaconi-
ine [1118], (−)-cladospolide A [1119], phosphatidylinos-
tol analogs [1120], enokipodins A–B [1121], croomine
1122], miharamycin [1123], (−)-stemoamide [1124], quino-
izidine alkaloids [1125], C15–C24 fragment of discoder-

olide [1126], siastatin B analogs [1127], goniothalmin
1128,1129], huperzine B [1130], C1–C11 fragment of

eloruside A [1131], 1,4-dideoxy-1,4-iminohexitols [1132],
assoialactone [1133], iso-�-bisabolol [1134], –infusiol A and

uprenelol [593], anamarine [1135], (1R,2S,9S,9aR)-octahydro-
H-pyrrolo[1,2-a]azepin-1,2,9-triol [1136], (−)-allosedamine
nd (1R,3R)-HPA-12 [1137], pseudoheliotridanes [1138], (+)-
-epiaustraline [1139], (+)-allosedamine [1140], aziridinomi-
osenes [1141], 1-deoxynojirimycin [1142], toward ciguatoxins
1143–1145], l-cyclopentenyl nucleosides [672], martinellin
yrrolo[3,2-c]quinoline skeleton [673], toward palau’amine
1146], a V-ATPase inhibitor [1147], homopumiliotoxin 223G
1148], 6-epi-hyptolide [1149], (−)-salicylihalamide A and B
1150], segment of apratoxin A [1151], preclavulone-A methyl
ster [1152], heliannuol D [1153], (5′-oxoheptene-1′E,3′E-
ienyl)-5,6-dihydro-2H-pyran-2-one [1154], BC-ring system
f taxanes [1155], pentalongin and psychorubin [1156], 2-
eoxystreptamine [1157], C9–C19 subunits of dictyostatin-1
1158], herbarumin III [1159], syributins [1160], taxuspine

[1161], hemibrevetoxin B [1162], cryptophycin-24 [431],

ampthotecin [1163], dihydroagarofuran ring system [906], (+)-
authisan [1164], (+)-laurenyne [248], guaiane sequiterpenoids
1165], oximidine III [54], aigialomycin D [1166], and gem-
uorinated massoialactone [1167]:
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(262)

(263)

(264)

h
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c
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The double-bond geometry of the RCM was controlled by
ydrogen-bonding in a synthesis of trans- and cis-resorcylide
Eqs. (265) and (266)) [497]. Complexation of an alkyne to
obalt facilitated the formation of macrolides (Eq. (267)) [1168]:
(266)
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Dienynes were used in multiple relayed metathesis reactions
Eq. (268)) [1169]. Ruthenium catalyzed ene–yne–ene metathe-
es were used in approaches to angularly fused dioxatriquinanes
1170], (+)-viroallosecurinine [653], (−)-securinine (Eq. (269))
1171], taxol-type ring systems [1172], and guanacastepene
40]:

(269)

A ring-opening ring-closing metathesis of cycloalkenes hav-
ng pendant alkynes was reported [1173]. Catalysts for ring-
pening cross-metathesis were developed [1174]. A highly
egioselective ring-opening alkene–alkene cross-metathesis was
escribed (Eq. (270)) [1175]. Cyclohexa[c]indenes were pre-
ared by a ring-opening ring-closing metathesis (Eq. (271))
1176]. Related cascade reactions were described (Eq. (272))
1177]:
(267)

(268)

(270)

(271)

(272)

Cyclic allylboronates were prepared by a molybdenum-
atalyzed asymmetric ring-closing metathesis [1178]. Molyb-
enum catalyzed the ring-closing metathesis to form cyclic
iloxanes [268]. Chiral molybdenum complexes were used in
symmetric ring-closing metathesis [1179]. Molybdenum cat-
lyzed intermolecular metathesis reactions of alkyl arylalkynes
o give diaryl alkynes (Eq. (273)) [1180]. Tungsten-catalyzed
lkyne–alkyne ring-closing metatheses were used in syntheses
f macrocyclic alkynes [845] and cyclic �-turn mimetics [1181]:
(273)
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Alkene–alkene cross-metathesis of conjugated enynes [1182]
nd of allylic chlorides and bromides [1183] with terminal
lkenes were described. Reactions of n-bromo-1-alkenes to give
ibromo-alkenes were reported [1184]. Regioselective cross-
etathesis was observed at the least hindered alkene of a

eries of dienes (Eq. (274)) [1185]. Allylic boronic esters were
sed in alkene–alkene cross-metathesis [1186]. Trisubstituted
lkenylpinacolboronates were prepared by cross-metathesis of
-substituted 1-alkenylboronates with alkenes [1187]. Ruthe-
ium catalyzed the metathesis of alkenyl silanes with alkenyl-
oronic acids esters (Eq. (275)) [1188]. Alkene–alkene cross-
etathesis was used to couple sugars and fatty acids with

ysin and cystein [1189]. N-Ethenylamides were used in
ross-metathesis reactions with ethenyl triethoxysilane [1190].
olybdenum catalyzed the homologation of alkenyltributyl

tannane to allyltributylstannane in the presence of ethene (Eq.
276)) [1191]. An intermolecular ringopening-cross-metathesis
f a cyclopropenone ketal was used in a synthesis of bistramide
(Eq. (277)) [1102]. An intermolecular molybdenum catalyzed

lkyne–alkyne cross-metathesis was used in a synthesis of (−)-
erestacin [788]:

(275)

(276)
try Reviews 250 (2006) 2411–2490

(274)

Alkene–alkene cross-metathesis was used in syntheses
oward glandulone (Eq. (278)) [128], (−)-enterolactone [610],
−)-cryptopleurine [34], erythromycin derivatives [1192], opti-
ally active allylic hydroxy phosphonates [1193], fragment A of
ryptophycins [1194], cochleamycin A [41], (−)-spongidepsin
1097], d-erythro-ceramide [1195], 2,6-dialkylpiperidines
1196], hybride inhibitors of type 1 17�-hydroxysteroid dehy-
rogenase [1197], lipid A derivative [1198], tetrafibricin frag-
ents [1199], A,B,C-ring system of hexacyclinic acid [1200],
-glycolipids (Eq. (279)) [1201], (6R,7S)-7-amino-7,8-dihydro-
-bisabolene [1202], RK-397 [49], amphidinolide W (Eq.

280)) [1203], azaspiracid 1 [587], apoptolidinone [231], sph-
ngomyelin [1204], d-erythro-sphingosine [1205], 8-alkenyl-
ubstituted dihydrofuroangelicins [422], allylic fluorides
1206], martinellin pyrrolo[3,2-c]quinoline skeleton [674], (−)-
asubine II [1207], (+)-anthramycin [1208], (5′-oxoheptene-
′E,3′E-dienyl)-5,6-dihydro-2H-pyran-2-one [1154], C10–C18
egments of ambruticin [764], and 2-alkenyl-4-methylene
etrahydropyranes [643]:

(278)
(277)
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(280)

A domino ring-closing ene–yne and cross ene–ene metathe-
is was described (Eq. (281)) [1209]. Sequential ring-closing
ross-metatheses were used in syntheses of (−)-muricatacin
1210] and butenolides and pyrones (Eq. (282)) [1211]. A
elayed ring-opening metathesis, cross-metathesis, ring-closing
etathesis was used in a synthesis of (+)-mycoepoxydiene and

−)-1893A [1212]. Functionalized tetrahydropyranes were pre-
ared via ruthenium catalyzed ring-opening cross-metathesis of
-oxabicyclo[3.2.1]oct-6-enes [1213]:

Ruthenium catalyzed ene–yne metathesis was described
1214]. An alkene–alkyne cross-coupling of 1,4-
yclooctadienes and an alkyne to give a 1,3-cyclohexadiene
as developed (Eq. (283)) [1215]. A regio- and stereoselective

nyne cross-metathesis was reported (Eq. (284)) [1216]. A
equential 1,8-enyne metathesis alkene cross-metathesis of
ulfamide linked enynes was described [1217]:

(283)
try Reviews 250 (2006) 2411–2490 2455

(281)

(282)

. Cycloisomerizations

Reactions wherein the same number and type of elements in
he starting material were found in a cyclic product are grouped
n this section. Copper-catalyzed substrate-induced asymmetric
ntramolecular [2 + 2]alkene–alkene cycloadditions [1218]. Sil-
er catalyzed [2 + 2]cycloadditions of silyloxyalkynes [1219].
symmetric ruthenium catalyzed [2 + 2]cycloisomerizations of
icyclic alkenes with chiral alkynyl acylsultams were reported
1220].

Palladium catalyzed a [3 + 2]cycloaddition of cyclo-
ropenone ketals with alkynes to give cyclopentadienone
etals (Eq. (285)) [1221]. Ruthenium catalyzed an intramolec-
lar [3 + 2]cycloaddition of alk-5-ynylidenecyclopropanes
Eq. (286)) [1222]. Zirconium-catalyzed enantioselective
3 + 2]cycloadditions of alkenes and hydrazones affording pyra-
olidine, pyrazoline, and 1,3-diamine derivatives [1223]. Gold
atalyzed intermolecular [4 + 2]cycloadditions of enynals with
nols (Eq. (287)) [1224]. Rhodium catalyzed intramolecular
4 + 2]cycloisomerizations in an ionic micellar system [1225]:
(284)
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(286)

(287)

Cobalt mediated a chemo- and regioselective intramolec-
lar [2 + 2 + 2]cycloaddition of three different alkynes linked
ith silyloxy bonds (Eq. (288)) [1226]. Cobalt-mediated

ycloadditions of alkynylboronates with diynes [1227] and
,n-diynes with cyanamides [1228] were described. A cobalt
ediated [2 + 2 + 2]cyclization of 6,7-diene-1,13-diynes was

se in a diastereoselective synthesis of 11-arylsteroid skele-
ons (Eq. (289)) [1229]. Cobalt catalyzed an asymmetric
2 + 2 + 2]cycloisomerization of diynes or two molecules of
lkyne with nitriles to give pyridines [1230]:

(288)

(289)

An intramolecular rhodium-catalyzed 1,6,10-triyne cycloi-
omerization was used in a synthesis of viridin (Eq. (290))
1231]. Ruthenium catalyzed a double [2 + 2 + 2]annulation
f an arene–ene–diyne to give two new aromatic rings
Eq. (291)) [1232]. Ruthenium catalyzed cycloisomeriza-
ions of two alkynes temporarily tethered via boron with
lkynes [1233]. C-Arylglycosides were prepared by ruthenium-
atalyzed diyne–yne cycloisomerization [1234]. Ruthenium
atalyzed cycloisomerizations of amide- and ester-tethered
,6-diynes with alkynes to give benzofused lactams and
actones [1235]. Iridium catalyzed enantio- and diastereos-

lective [2 + 2 + 2]cycloadditions to give axially chiral ter-
ryls [1236]. Rhodium catalyzed enantioselective yne–diyne
2 + 2 + 2]cycloisomerization to give axially chiral phthalides
1237]:
try Reviews 250 (2006) 2411–2490

(290)

(291)

6-Alkynylpurines were used in nickel or cobalt catalyzed
2 + 2 + 2]benzannulations with 1,6-diynes [1238]. Nickel-
atalyzed [2 + 2 + 2]cycloisomerizations of diynes with iso-
yanates to formed bicyclic pyrones [1239]. A nickel-catalyzed
2 + 2 + 2]cycloisomerization of 1,6-diynes with carbon dioxide
o give bicyclic fused lactones was described (Eq. (292)) [1240]:

(292)

A rhodium-catalyzed [4 + 2 + 2]cycloisomerization of silicon
ethered 1,3,8-trien-13-ynes was reported (Eq. (293)) [1241].
ickel catalyzed an intermolecular [3 + 2 + 2]cycloaddition of

thyl cyclopropylideneacetate and alkynes (Eq. (294)) [1242].
alladium-catalyzed cycloisomerizations of 2-en-4-ynals with
imethyl acetylenedicarboxylate (Eq. (295)) [1243]:

(293)
(294)



emistry Reviews 250 (2006) 2411–2490 2457

t
[
[
(
[
1
c
t
(
s
T
e

s
[
i
R
w
2
[

4
g
s
d
e
s
a
r
f
i
(
w
m
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Ruthenium-catalyzed enyne ring-closing metathesis reac-
ions were reported forming polyhydroxylated 1-ethenylhexenes
1244], toward the A ring of FR182877 [1245], ferruginine
858], tricyclic core of halichlorine [1246], dienynes [1247],
+)-anatoxin-a (Eq. (296)) [1248–1250], and (+)-anthramycin
1208], dysidiolide [1251]. Ruthenium catalyzed 1,6- 1,7-, and
,8-enyne metathesis (Eq. (297)) [1252–1254] to give alkenyl-
ycloalkenes. Reactions in the absence of solvent were shown
o give a higher selectivity using silyloxy-tethered endienynes
Eq. (298)) [1255]. A ruthenium catalyzed 1,7-enyne metathe-
is was used in a synthesis of erogorgiaene (Eq. (299)) [47].
he endo/exo selectivity and stereoselectivity of intramolecular
nyne cycloisomerizations was controlled using ethene:

(296)

(297)

(299)

Ruthenium catalyzed an isomerization–cycloisomerization
equence in the presence of TMS-enol ether (Eq. (300))
1256]. A ruthenium catalyzed 1,7-diene cycloisomerization
n the presence of ethene was reported (Eq. (301)) [1257].

uthenium-catalyzed ring-rearrangements of 1,6- or 1,7-dienes
ere used in a syntheses of (−)-halosaline and (2R, 9aR)-(+)-
-hydroxyquinolizidine (Eq. (302)) [1258], and (−)-lasubine II
1207], and 251F (Eq. (303)) [859]:
(295)

(298)

(300)

(301)

(302)

(303)

Silver catalyzed a 1,2-acylmigration–cycloisomerization of
-acyloxy-, 4-tosyloxy-, or 4-phosphatyloxy-2-yne-1-ones to
ive furans (Eq. (304)) [1259]. A tungsten-catalyzed cycloi-
omerization of a 1-yne-5-ol was used in a synthesis of
-desosamine (Eq. (305)) [1260]. Tungsten catalyzed an
ndo-selective cycloisomerization of 1-yne-5,6-diols to give
even-membered rings (Eq. (306)) [1261]. Ruthenium cat-
lyzed cycloisomerizations of 1-yne-5-ols to give dihydropy-
ans [1262]. Palladium catalyzed cycloisomerizations of in situ
ormed 2,3,4-triene-1-ols to give furans [1263]. Gold and plat-
num catalyzed cycloisomerizations of hydroxy-enynes (Eq.
307)) [1264,1265]. Evidence for a carbocation intermediate
as reported for palladium- and platinum-catalyzed cycloiso-
erizations of dien- and trienols [1266]:
(304)
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(305)

(306)

(307)

A tungsten-catalyzed cycloisomerization of alkynylimines to
ive 2-substituted quinolines was reported (Eq. (308)) [1267].
old catalyzed the cycloisomerization of 4-amino-1,2-dienes to
ive 3-pyrrolines (Eq. (309)) [1268] and of propargylic amides
o give oxazoles [1269]. Platinum catalyzed cycloisomerizations
f 1,6-, 1,7-, and 1,8-enyneamides to give nitrogen containing
ompounds [1270]. The regioselectivity of ruthenium-catalyzed
ycloisomerizations was controlled by the choice of solvent sys-
em (Eqs. (310) and (311)) [1271]:

(308)

(309)
(311)

A number of transition metals catalyzed cycloisomeriza-
ions of 1,6- and 1,7-enynes to give alkenyl-substituted five-
try Reviews 250 (2006) 2411–2490

(310)

nd six-membered rings [1272]. Rhodium catalyzed cycloiso-
erizations of oxygen and nitrogen containing 1,2-dien-7-ynes

o give azepines and oxepines (Eq. (312)) [1273]. Asymmet-
ic rhodium-catalyzed cycloisomerizations of 1,6-enynes were
lso reported [1274,1275]. Enantioselective cycloisomeriza-
ions was observed using 1,6-enynes and a rhodium catalyst
Eq. (313)) [1276]. Rhodium-catalyzed cycloisomerization of
-(1-silyloxy-1-ethenyl)-1-alkynylarenes to give benzannulated
roducts (Eq. (314)) [1277]. Both 1,6- and 1,7-enyne cycliza-
ions of allylic silyl ether catalyzed by ruthenium to give either
ve- or six-membered rings having a silyl enol ether were
escribed [1278]:

(312)

(313)

(314)

Gold catalyzed the cycloisomerization of 1-silyloxy-5-en-
-ynes to give cyclohexadienes (Eq. (315)) [1279] and of
,6-enynes to give 1-alkenyl-1-cyclopentenes [1280]. A gold-
atalyzed cycloisomerization was used in a synthesis of carene
erpenoids (Eq. (316)) [1281]. Gold-, platinum-, gallium-, and

ndium-catalyzed cycloisomerizations of 2-alkynyl-substituted
iaryls (Eq. (317)) [1282]. Gold catalyzed the cycloisomeriza-
ion of 1,5-enynes to give bicyclo[3.1.0]hexenes (Eq. (318))
1283]. Iridium catalyzed cycloisomerizations of 1,6-enynes to
ive alkenyl–alkylidenecyclopentanes [1284]:
(315)
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(316)

(318)

Rhodium catalyzed cycloisomerizations of 1,2,7-trienes
o give methylene-alkenyl-substituted five-membered rings.
even-membered rings were obtained under a carbon monox-

de atmosphere [983]. Rhodium catalyzed cycloisomerizations
f 1,2-diene-8-ynes to give cycloheptene trienes and/or bicy-
lo[5.2.0] derivatives (Eq. (319)) [984]. Rhodium catalyzed
cycloisomerization of 1-chloro-3-ene-7-ynes with a halogen

hift (Eq. (320)) [1285]:

(320)

Palladium was used to catalyze a 1,6-diyne cycloisomer-
zation in a synthesis of (+)-strepazoline (Eq. (321)) [1286].
alladium-catalyzed cycloisomerizations of 2-en-7-yne-1-ols

o give five-membered rings having an exocyclic alkene and
n ethanal substituent [1287]. The aldehyde can undergo a
ubsequent reductive amination with secondary amines and
ormic acid [1288]. Palladium-catalyzed cycloisomerizations
f electron-deficient 1,6-enynes and related enediynes to give
ix-membered rings (Eq. (322)) [1289]. Depending on the

igand, two different cycloisomerizations of 1,6-dienes were
btained using platinum catalysts (Eqs. (323) and (324)) [1290].
alladium-catalyzed the cycloisomerization of alkylidenecyclo-
ropyl ketones (Eq. (325)) [1291]:

a
a
a
a

try Reviews 250 (2006) 2411–2490 2459

(317)

(319)

(321)

(322)

(323)

(324)

(325)

A platinum-catalyzed cycloisomerization of enol ether teth-
red alkynes was described (Eq. (326)) [1292]. Platinum cat-
lyzed a cycloisomerization of cyclic 1,5-enynes to give tricyclic
ompounds (Eq. (327)) [1293]. Platinum and silver catalyzed
,6-enyne cycloisomerizations of yne-tethered cyclic enamides
1294]. Platinum catalyzed 1,2-dien-7-yne and 1,6-diyne cycloi-
omerizations were reported [1295]. Platinum catalyzed cycloi-
omerizations of 2-(4-alken-1-yl)-substituted indoles to give
ubstituted carbazoles (Eq. (328)) [1296]. Platinum catalyzed

cycloisomerization of 3-hydroxy-4-amido-1,5-diynes to give
substituted cyclopentenone (Eq. (329)) [1297]. Palladium-

nd platinum-catalyzed cycloisomerizations of alkyne tethered
cetals and thioacetals (Eq. (330)) [1298] were described:
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460 B.C.G. Söderberg / Coordination C

(326)

(327)

(328)

(329)

(330)

Ruthenium catalyzed cycloisomerization followed by skele-
al rearrangements of 2-(ethynyl)phenylalkenes (Eq. (331))
1299]. A copper-mediated cycloisomerization of a 4-(1-
lkynyl)-substituted pyrimidine was used in a synthesis of
etraponerin T6 (Eq. (332)) [322]. Related copper-catalyzed
eactions were used to prepare analogs of cytidine and 2′-
eoxycytidine (Eq. (333)) [303]:

(332)
(333)

i

try Reviews 250 (2006) 2411–2490

(331)

0. Miscellaneous isomerizations

Palladium catalyzed an enantioselective [3,3]sigmatropic
earrangement of allylic trichloroacetimidates [1300]. A related
earrangement of an allylic acetate with chirality transfer was
sed in a synthesis of (−)-methylenolactocin [1301]. Pal-
adium catalyzed a [3,3]sigmatropic rearrangement of (ally-
oxy)iminodiazaphospholidines [1302]. Palladium catalyzed
n asymmetric Claisen rearrangement [1303]. Gold-catalyzed
ropargyl Claisen rearrangements (Eq. (334)) [1304]:

(334)

Palladium catalyzed an enantioselective rearrangement of
llylic sulfinates to allylic sulfones (Eqs. (335) and (336))
1305]. Palladium catalyzed a ring-expansion of 1-hydroxy-1-
ropenoylindanes to 2-hydroxy-2-thenyl-tetralones [1306]. Pal-
adium catalyzed the racemization of optically active allenes
1307] and ruthenium catalyzed racemization of optically active
llylic alcohols [1308]:

(335)

(336)

Titanium mediated a rearrangement of oxiranes to allylic
lcohols [1309]. Rhodium and ruthenium catalyzed isomeriza-
ion of allylic ethers to alkenyl ether [1310]. In the presence of an
lcohol, acetals were formed (Eq. (337)). Ruthenium was used
s the catalyst to isomerize an allylic ether to an alkenyl ethers
n a synthesis toward ciguatoxin (Eq. (338)) [639]. Rhodium
as used in a similar reaction toward �-glucofuranosides and
-rhamnopyranosides [1311]. A related palladium-catalyzed
,6-diene to 1,5-diene isomerization-Claisen rearrangement was
eported [1312]. Gold and iridium can also be used as catalysts.

ruthenium catalyst was used to isomerize oxiranes to aldehy-
es [1313]. Diallyl- and homo-allylethers do not undergo RCM
n the presence of ethyl ethenyl ether but instead undergo isomer-

zation followed by a Claisen rearrangement (Eq. (339)) [1314]:

(337)
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(339)

Ruthenium catalyzed the isomerization of trans to cis resor-
ylide (Eq. (340)) [497]. Ruthenium catalyzed the isomerization
f allylic alcohols to ketones or aldehydes in organic and aque-
us media [1315]. Rhodium catalyzed the isomerization of 2-
2-alkenylphenyl)cyclobutanones to give benzene-fused eight-
embered rings (Eq. (341)) [1316]. Rhodium catalyzed the

somerization of 2-alkynyl-substituted cyclic ethers to dienones
Eq. (342)) [1317]. A rhodium-catalyzed alkene isomerization to
he more substituted alkene was used in a synthesis of cacospon-
ionolides B and E [1087]. Palladium catalyzed the isomeriza-
ion of terminal to internal alkenes [1201]. Palladium catalyzed
he isomerization of 2-alkenylidenefurans to 1,3-dienes (Eq.
343)) [1318]:

(342)

(343)

Iridium, rhodium, and ruthenium catalyzed the isomeriza-
ion of allylic amines or amides to enamines or enamides
1319,1320]. Platinum catalyzed intramolecular [3,3]rearrange-
ents of enyne acetates (Eq. (344)) [1321]. Alkene isomer-
zation to form the more substituted double bond, catalyzed
y rhodium, was used in a total synthesis of irofulvene (Eq.
345)) [727]. Nickel catalyzed an isomerization of alkenylcy-
lopropanes to give cyclopentenes (Eq. (346)) [1322]. Nickel t
(338)

(340)

(341)

atalyzed a coupling of enones, alkynes, and alkenes (Eq. (347))
1323]. Copper-catalyzed enantioselective carbonyl-ene reac-
ions [1324]:

(344)

(345)

(346)
(347)

Intermolecular alkene–alkyne couplings (Alder-ene reac-
ions) to give 1,4-dienes, catalyzed by ruthenium were used
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n synthesis of cis-solamin isomers (Eq. (348)) [1325], (−)-
ycalamide A [585], amphindinolide P [1326], membranacin

1327], and 2-alkenyl-4-methylene tetrahydropyranes [643].
oth inter- and intramolecular alkene–alkyne couplings were
sed to prepare (+)-amphidinolide A (Eq. (349)) [1328]. A
ilyloxy tethered 1,n-enyne cycloisomerization using ruthenium
as reported to give siloxacycles [1329]. The presence or

bsence of O-protecting groups and the nature of the protect-
ng group significantly changed the yield of Alder-ene reactions
f hydroxy-group containing alkenes and alkynes [1330]:

(349)

1. Miscellaneous carbocyclizations
Palladium catalyzed a [2 + 2 + 2]cycloaddition of intermedi-
tely formed benzyne with bicyclic alkenes to give polyaromatic
ompounds [1331]. A related [2 + 2 + 2]cycloisomerization cat-
lyzed by palladium of arynes and tethered diynes was used in

c
(
a
s

try Reviews 250 (2006) 2411–2490

(348)

ynthesis of taiwanins C and E [287]. Nickel catalyzed a cycliza-
ion of arynes and allenes (Eq. (350)) [1332]:

(350)

Palladium catalyzed the cyclobenzannulations of conju-
ated enynes in the presence of hexabutyldistannoxane to give
in-substituted aromatic rings. This reaction was employed
n a synthesis of alcyopterosin N (Eq. (351)) [1333]. Pal-
adium catalyzed cyclizations of 2-diyn-1-ol carbonates with
rganoboronic acids to give polycyclic compounds (Eq. (352))
1334]. Palladium catalyzed a reductive cyclization of 1,2-
iene-6-ynes to give 1,2-dialkylidenecyclopentanes (Eq. (353))
1335]. A titanium-mediated reductive cyclization of 4-oxa-5-
ila-1,6-enynes was used in a synthesis of the C9–C19 subunit
f dictyostatin-1 (Eq. (354)) [1158]:

(351)

(352)

(353)

(354)

Iridium catalyzed an interesting cyclization of alkene-
ethered amides (Eqs. (355) and (356)) [1336]. Ruthenium

atalyzed a cyclization of oxiranes tethered to alkynes
Eq. (357)) [1337]. Platinum catalyzed a cyclization of 2-
lkynylbenzoates or benzothioates with alkenyl ethers to give
ubstituted naphthalene derivatives (Eq. (358)) [1338]. Gold
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atalyzed the cyclization of 2-(1-alkynyl)-2-alken-1-ones to
ive furans (Eq. (359)) [1339]:

(355)

(356)

(357)

(358)

(359)

Nickel catalyzed reactions of 1,3,8-nonatrienes or 1,3,9-
ecatrienes with dimethylzinc and acetone to give functionalized
ve- or six-membered rings (Eq. (360)) [1340]. Rhodium cat-
lyzed reductive cyclizations of 1,6-diynes and 1,6-enynes in

he presence of hydrogen gas (Eq. (361)) [1341]. Ruthenium
atalyzed cyclizations of 8-acetoxy-6-enals and -enones and
f 7-acetoxy-5-enals and -enones (Eq. (362)) [1342]. A zirco-
ium mediated reductive cyclization of 1,7-dienes was used to
try Reviews 250 (2006) 2411–2490 2463

iastereoselectively prepare 2,5-disubstituted decahydroquino-
ines (Eq. (363)) [1257]:

(360)

(361)

(362)

(363)

A palladium-catalyzed intramolecular dehydrocarbocycliza-
ion was used to prepare (+)-dragmacidin F (Eq. (364)) [226].
alladium catalyzed ring-cleavage cyclizations of cyclobu-

anone O-benzyloximes (Eqs. (365)–(367)) [1343]. Platinum
nd ruthenium catalyzed the formation of polycyclic cyclo-
ropanes from alkene tethered propargylic alcohols (Eq.
368)) [1344]. A palladium-catalyzed [3 + 2]cycloaddition of
rimethylenemethane to an �,�-unsaturated lactone was used in
synthesis of (+)-brefeldin [651]. Palladium-catalyzed cycliza-

ions via alkyl to aryl migration of palladium (Eq. (369)) [1345].
alladium catalyzed the cyclization of bis-allyl alcohol or ether
ith aldehydes to give five-membered rings (Eq. (370)) [1346]:

(364)
(365)

(366)

(367)
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(368)

(369)

(370)

Rhodium and ruthenium catalyzed the formation of
-pyranones, cyclopentenes, and cyclohexenones from
yclobutenones (Eqs. (371) and (372)) [1347]. Platinum
atalyzed asymmetric alkoxy- and hydroxy-carbocyclizations
f 1,6-enynes to give alkoxy- or hydroxymethyl substituted
yclopentanes having an exocyclic double bond [1348]:

(371)

(372)

2. Formation of carbon–halogen bonds

E-Alkenyl iodides were prepared by the chromium-mediated
akai alkenylation of aldehydes using iodoform in the synthe-
is of tartrolone B [30], cochleamycin A [41], (−)-apicularene
563], (−)-gigantecin [327], zincophorin [141], (−)-dictyostatin
83], gambierol analogs [59], and epothilone [1116]. In a related
ashion, chloroform was used in a synthesis of (−)-(E)-15,16-
ihydrominquartynoic acid [321]. Tributyltindiiodomethane
as used in a related reaction introducing an alkenyl stannane

n a synthesis of (−)-callystatin A [131].
Hydrozirconation of a terminal alkynes followed by addi-

ion of iodine to produce alkenyl iodides were used in synthetic
pplications toward 6,7-dehydrostipiamide [133], octalactin B

868], RK-397 [49], and octalactin B [1349]. Regioselective
ydrozirconation–iodinations of internal alkynes were used in
yntheses of (−)-callystatin A [131], amphidinolide X [186],
cyphostatin side chain [134,135], and (+)-scyphostatin [136].

1

a

try Reviews 250 (2006) 2411–2490

Methylalumination of a terminal alkyne using trimethyla-
uminum and ZrCp2Cl2, followed by treatment with iodine to
ive a trisubstituted alkenyl iodide was used in synthesis of (+)-
homopsidin (Eq. (373)) [127] and the C1–C11 fragment of
afilomycin A1 [1350]:

(373)

A three-component ruthenium catalyzed reaction of 1-
ropyn-3-ol, 3-buten-2-one, and tin tetrabromide furnished
unctionalized bromo-hydroxy-ketone and this reaction was
sed in a synthesis of the putative structures of homopumilo-
oxins 235C and 233F (Eq. (374)) [439]. Rhodium catalyzed
ddition of chlorformates to 1,2-dienes (Eq. (375)) [1351]:

(374)

(375)

3. Formation of carbon–nitrogen and –oxygen bonds
rom boron, bismuth, and tin reagents

Copper-catalyzed N-arylations and O-arylations of amines
nd alcohols using triarylbismuth reagents [1352–1355]. An
-arylation using triarylbismuth reagents was used to prepare
uocarmycin and CC-1065 analogs [542]. Copper catalyzed
he formation of diaryl amines from aromatic nitroso com-
ounds and aryl boronic acids [1356]. Copper catalyzed the cou-
ling of aromatic boronic acids with imidazole, amines, amides,
mides, and sulfonamides [1357,1358] and of aminopurines and
minopyrimidines [1359]. Copper catalyzed the coupling of
ihydropyrimidine-2-thiones with aromatic boronic acids (Eq.
376)) [175] and of sulfinic acid salts with aromatic boronic
cids to give aryl sulfones [1360]:

(376)
4. Oxidations

Vanadyl acetylacetonate-catalyzed epoxidations of allylic
nd in some cases homoallylic alcohols using peroxides con-
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B.C.G. Söderberg / Coordination Ch

inued to be an invaluable tool in organic total synthe-
is. Synthetic targets include, massileunicellins (Eq. (377))
1361] and polyhydroxylated pyrrolidines [1362]. Vanadyl
cetylacetonate-catalyzed epoxidation-ring-expansions of furyl
lcohols to give pyranones were used in synthesis of (+)-
ycoepoxydiene [1212], ocatlactin A [868], and enantiopure

xabicyclo[5.4.0]undecanes [1363]:

(377)

Sharpless enantioselective epoxidations of allylic alcohols
sing titanium tetraisopropoxide together with t-butyl hydro-
en peroxide and an optically active tartrate ester continued
o be extensively used in organic synthesis. For example,
his reaction was used in synthetic approaches to laulimalide
856], (−)-SNF4435 C and (+)-SNF4435 D [48], brevetoxin B
1364], zincophorin [141], (+)-pinnatoxinA [898], (−)-nitidon
344], C1–C12 fragment of FD-891 [1365], maduropeptin
hromophore [340], methyl isosartortuoate (Eq. (378)) [1366],
minocyclitol moiety of (+)-trehazolin [1367], and EF-ring frag-
ent of ciguatoxin [1145]. A related zirconium-catalyzed enan-

ioselective epoxidation of a homoallylic alcohol using cumene
ydroperoxide was used in a synthesis of a tachykinin receptor
gonist (Eq. (379)) [1368]:

(378)

(379)

A number of synthetic applications of the palladium-
atalyzed formation of �,�-unsaturated carbonyl compounds
rom silylenol ethers (Saegusa oxidation) were published.
or example, applications toward (−)-cephalotaxine [1369],
Y354740 analogs [1370], azaspiracid 1 [625], pentenocin B
1371], (−)-strychnine [67], and the ABCDE ring fragment of
iguatoxins [245] were described.
Wacker type oxidation, i.e., reaction of monosubstituted ter-
inal alkenes with palladium(II) and water to afford methyl

etones, was utilized in a number of syntheses. For exam-
le, tartrolone B [30], pentenocin B [1372], ferruginine [858],

a
d
f
e
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amigerans [1373], (+)-cassioside and (+)-cassiol [862], breve-
oxin B [1364], toward zaragozic acid [1374], hirsutic acid and
omplicatic acid [1375], �-quarternary pipecolic acid deriva-
ives [1376], a diterpenic lactone [1377], cyclopentanone con-
aining amino acids [1378], and chiloscyphone and isochiloscy-
hone [1379] were prepared using a Wacker type reaction in
ne of the steps. A modified Wacker oxidation using mercury
cetate was used in a synthesis of ophirin B [1103].

Palladium-catalyzed regioselective allylic oxidation of ter-
inal alkenes forming allylic acetates [1380]. A chelation con-

rolled palladium-catalyzed oxidation of aromatic substrates to
ive benzylic or aromatic acetates, alkyl ethers, or halides was
eveloped (Eq. (380)) [1381]. Palladium catalyzed related chela-
ion controlled acetoxylations of sp3–carbon–hydrogen bonds
Eq. (381)) [1382] and this type of reaction was used in a syn-
hesis of rostratone [1383]. Palladium catalyzed the N-allylation
f aryl amines and benzylic alkylation of 2-arylethanals using 1-
ubstituted-1-propynes (Eq. (382)) [1384]. Rhodium catalyzed
he direct formation of alkylboronic acid esters from alkyl-chains
ontaining heteroatoms (Eq. (383)) [1385]. Ruthenium also cat-
lyzed benzylic silylation of 2-(2-methyl)arylpyridines [1386]:

(380)

(381)

(382)

(383)

Iridium catalyzed dehydrogenations of alkanes to form
lkenes [1387]. Zirconium mediated the formation of nitriles
rom amides [1388].

5. Formation of heterocycles

Palladium catalyzed the formation of coumarins from
ydroxybenzenes and propynoic acids [1389]. Ruthenium cat-

lyzed cycloadditions of propargylic alcohols and cyclic 1,3-
icarbonyl compounds (Eq. (384)) [1390]. Nickel catalyzed the
ormation of aromatic phthalides from 2-bromobenzoic acid
sters and aldehydes (Eq. (385)) [1391]. A variety of transition
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etals catalyzed the formation of (2-furyl)carbenoids from 2-
ne-4-yn-1-ones followed by intermolecular cyclopropanation
n the presence of alkenes (Eq. (386)) [1392]:

(385)
(386)

c
t
i
P
g
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(384)

Palladium catalyzed a cycloaddition of alkylidenecyclo-
ropanes with 1,2-diazines (Eq. (387)) [1393]. Palladium cat-
lyzed the reaction of acetylpyridines with methylene aziridines

o give pyridinylpyrroles (Eq. (388)) [1394]. Pyrroles were
repared via palladium-catalyzed coupling of alkynes, imines
nd acid chlorides (Eq. (389)) [1395]. An interesting cycliza-
ion of 2-alkenylpyrrolidines with carbodiimides to give seven-

embered cyclic guanidines was developed [1396]. Palladium
atalyzed the formation of polyheterocycles via intramolecu-
ar N-arylation-carbon-hydrogen bond activation-aryl-aryl bond
oupling (Eq. (390)) [1397]. Palladium catalyzed the forma-
ion of 1,2-dihydroisoquinolines from 2-alkynylbenzaldehyde
mines, an allyl stannane, and allyl chloride (Eq. (391)) [1398].
latinum catalyzed the cyclization of 2-alkynylbenzenamides to
ive indoles (Eq. (392)) [1399]:

(387)

(388)

(389)

(390)

(391)
(392)
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Ruthenium catalyzed the cyclization of 3-en-ynyl imines in
he presence of a nucleophile to give substituted pyrroles (Eq.
393)) [1400]. A rhodium-catalyzed synthesis of five- to seven-
embered lactams by oxidative N-heteroannulation of aminoal-

ohols was described (Eq. (394)) [1401]. Rhodium catalyzed
ziridinations of allyl-substituted sulfonamides and carbamates
Eq. (395)) [1402]. A copper-catalyzed alkene aziridination
sing PhI = Nts was employed in a synthesis of kalihinol C
Eq. (396)) [1403]. Zirconium mediated cyclizations of alkenyl-
ubstituted carbamates to give lactams (Eq. (397)) [1404]:

(393)

(394)

(395)

(396)

(397)
Copper catalyzed cyclizations of cyclopropylidene acetic
cids and esters, and cyclopropylidene acetonitriles to give
eterocycles (Eq. (398)) [1405]. A ruthenium–gold catalyst
air was developed to prepare oxazoles from 1-yne-3-ols

c
a
f

try Reviews 250 (2006) 2411–2490 2467

nd primary amides [1406]. Iridium catalyzed an asymmet-
ic N-heterocyclization of diols with primary amines (Eq.
399)) [1407]. Zirconium mediated cyclization of a silicon
ethered diyne with three molecules of a nitrile to give
yrrolo[3,2]pyridine derivatives (Eq. (400)) [1408]:

(398)

(399)

(400)

Palladium catalyzed reductive N-heteroannulations of nitro-
iphenyl derivatives in the presence of carbon monoxide to
fford carbazoles (Eq. (401)) [1409]. Reductive annulation of
-nitroketoximes using iron as the catalyst gave 1H-indazoles
Eq. (402)) [1410] Ruthenium catalyzed the formation of 2,3-
isubstituted quinolines from nitroarenes and tetraalkylam-
onium salts in the presence of tin dichloride (Eq. (403))

1411]:

(401)

(402)

(403)
A palladium–copper-catalyst system was used in a three-
omponent reaction of a terminal alkyne, trimethylsilylazide,
nd an allylic carbonate affording allyltriazole [1412]. A related
our-component reaction of an alkyne two equivalents of an
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llylic carbonate, and trimethylsilyl azide to give diallyltriazoles
as described [1413].

6. Reactions of isolated transitionmetal complexes and
itanium- and zirconium-intermediates

A number of transition-metal catalyzed reactions were pub-
ished wherein metal complexes were allowed to react on one
r more of the ligands without demetallation of the complex.
he metal can then later be removed after serving as a template.
rene tricarbonyl chromium complexes continued to be exten-

ively used as templates for organic reactions. Diastereoselctive
mI2-mediated coupling of chromium tricarbonyl complexed
itrones with carbonyl compound was described [1414]. A
iastereoselective ring-lithiation–bromination was used in a syn-
hesis of korupensamines A and B [220]. A nucleophilic addition
o an arene tricarbonylchromium complex with high vicinal
tereocontrol was reported and used in a synthesis of erythro
uvabione (Eq. (404)) [1415]:

Cycloadditions of diynes with chromium complexed cyclo-
eptatrienes to give complex polycyclic compounds were devel-
ped and used in a synthesis of epi-pentalenic acid (Eq. (405))
1416]. Rhenium-complexed naphthalenes were diastereo- and
nantioselectively dearomatized (Eq. (406)) [1417]. Rhenium
omplexed anisoles were shown to undergo regioselective para-
ichael additions (Eq. (407)) [1418]. Osmium, rhenium, and

ungsten benzene complexes underwent stereoselective 1,4-
ddition reactions [1419]:

(405)
try Reviews 250 (2006) 2411–2490

(404)

(406)

(407)

Oxiranes can be used as the nucleophile in intramolecu-
ar Nicholas-type reactions of cobalt alkyne complex stabi-
ized cations (Eq. (408)) [1420]. A Nicholas reaction of a
yclopropyl substituted alkyne cobalt carbonyl complex was
eported (Eq. (409)) [1421]. Nicholas-type reactions were used
n synthetic applications toward (+)-sorangicine A [1422],
ystothiazoles A and B [43], and climacostol (Eq. (410))
1423]. An intramolecular Nicholas reaction Pauson–Khand
equence was used to prepare oxygen-containing heterocycles
1424]:

(408)

(409)
(410)
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(419)) [1436]. Zirconacyclopentenes were allowed to react
with alkynes to form zirconacyclopentadienes (Eq. (420))
[1437]. 5-Hydroxy-1-alkenylboronates were prepared from 1-
alkynylboronates and aldehydes via a zirconacyclopentane
B.C.G. Söderberg / Coordination Ch

A cobalt–alkyne complex was utilized as an alkyne protect-
ng group and later reductively decomplexed to an alkene in

synthesis of (−)-nakadoamine (Eq. (411)) [1106]. A two-
arbon ring-expansion of cobalt-coordinated cyclopentadiene
omplexes was described (Eq. (412)) [1425]:

(412)

Iron tricarbonyl complexes continued to be used in organic
ynthesis. Cyclohexadiene iron tricarbonyl complexes undergo
yclization with a pendant enone unit to give spirocyclic com-
ounds (Eq. (413)) [1426]. Reaction of (1-methoxycarbonyl-
-phenylpentadienyl)iron tricarbonyl complex with carbon
nd heteroatom nucleophiles occurs generally in the 5-
osition to afford (2,4-dienoate)iron complexes [1427]. 1-
cetoxy-2,4-hexadiene iron tricarbonyl and 2,4-hexadienal

ron tricarbonyl were used as electrophiles in reactions
ith TMS-enol ethers derived from glycine [1428]. A bicy-

lo[5.1.0]octadienyliron cation was used to prepare a cis-2-
2′-carboxycyclopropyl)glycine (Eq. (414)) [1429]. An iron
ricarbonyl diene complex served as template for polycycliza-
ions affording octahydrophenanthrenes (Eq. (415)) [1430]. 6-
hlorohyellazole was prepared using cationic cyclohexadienyl-

ron tricarbonyl complexes [234]:

(413)
try Reviews 250 (2006) 2411–2490 2469

(411)

An iron �3-allyl lactone complex was used as a template in
synthesis of (−)-gloesporone [1431]. The regioselectivity of

ucleophilic additions to alkenyl-substituted iron �3-allyl lac-
one complexes was examined [1432]. Spirocyclic cyclohexadi-

nyl ruthenium complexes were oxidatively demetallated to give
used heterocycles (Eq. (416)) [1433]. Regio- and diastereose-
ective insertions of allenes into oxapalladacycles to give 3,4-
ihydro-2H-1-benzopyranes was described (Eq. (417)) [1434]:

(416)

(417)

Zirconacyclopentenes undergo selective oxidation using
rganoboranes to form 1-alkylidene-2-hydroxymethylcyclo-
entanes (Eq. (418)) [1435]. Zirconacyclopentanes were
xpanded to zirconacyclohexanes via carbenoid insertion (Eq.
(415)
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ntermediate [1438]. Zirconacyclopentenes reacts with two dif-
erent aldehydes in the presence of copper to give tetrahydro-
uran derivatives (Eq. (421)) [1439]. Zirconacyclopentadienes
ere coupled with aryl-1,2-diiodides to give octa-substituted
aphthalenes (Eq. (422)) [1440] and with allylic halides to give
,3-6-trienes [1441]. Azazirconacyclopentanes were formed
y cyclization of ene-imines. The complexes were allowed
o react with a variety of reagents to form amino-substituted
ompounds and cyclic amines (Eq. (423)) [1442,1443]. A
irconium-mediated cyclization of yne-amides followed by elec-
rophilic cleavage of the formed zirconacycle was also described
1444]:

(418)

(421)

(422)

The formation of alkenylzirconium reagents from alkenyl
ulfides, sulfoxide, and sulfones was described [1445].
irconocene–alkene complexes prepared in situ were allowed

o react with acid chlorides to give homoallylic alcohols [1446].

irconocene–alkene complexes react with dihydropyrane and an
lectrophile to give cyclobutanes or with furans to give alkenol
erivatives (Eqs. (424) and (425)) [1447]. Related reactions of
irconocene–alkyne complexes with alkenyl bromides furnished
try Reviews 250 (2006) 2411–2490

(419)

(420)

(423)

yclobutenes and 1,3-dienes [1448]. Imine–zirconocene com-
lexes formed in situ were coupled with enol ethers or allyl
thers to give allylic- or homoallylic amines (Eq. (426)) [1449]:

(424)

(425)

(426)

Zirconocene mediated transformations of 2-alkenyl-
eterocycles to give alkenylcarbocycles were reported (Eq.
427)) [1450]. Hydrozirconation followed by oxidation of 1,5-
nd 1,6-dienes furnished cyclic compounds (Eq. (428)) [1451].
opper catalyzed the coupling of 2-alkenylbenzylzirconocene

ntermediates with acid chlorides, allylic halides, propargyl
romide, and an allylic phosphonate (Eq. (429)) [1452,1453].
yclopropylmethylzirconium compounds were coupled with
cid chlorides, allylic chlorides [1454]:
(427)
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(428)

(429)

Fischer carbene complexes were used in organic synthe-
is of, for example, carbazoquinocine C (Eq. (430)) [1455].
elated benzannulations were used in synthesis of the pro-
osed structure of landomycinone [1456], dibenzofuran-1,4-
iones [1457], and shikonin [1458]. Nickel and rhodium cat-
lyzed cycloaddition reactions of unsaturated Fischer carbene
omplexes with allenes (Eqs. (431) and (432)) [1459,1460]. A
ormal [5 + 2]cycloaddition of �,�,�,�-unsaturated Fischer car-
enes and ketone enolates was described (Eq. (433)) [1461]. �-
mino-substituted �,�-unsaturated Fischer chromium carbenes
roduced aminosubstituted 1,3-cyclopentadienes upon reaction
ith alkynes [1462]:

(430)

(433)
Reactions of alkyne-substituted Fischer chromium car-
enes with dihydropyridines affords polycyclic butenolides
r lactams in a diastereo- and enantioselective fashion (Eq.
try Reviews 250 (2006) 2411–2490 2471

(431)

(432)

434)) [1463]. Reaction of Fischer chromium carbenes with
lkynyl–alkenylsubstituted aromatic compounds gave indenes
Eq. (435)) [1464]. Substituted cyclopropanes were prepared
rom lithiated chloroalkyloxazolines and �,�-unsaturated Fis-
her carbene complexes (Eq. (436)) [1465]. Rhodium catalyzed
[3 + 2]cycloaddition using Fischer carbenes and alkynes to

ive 2-cyclopentenones (Eq. (437)) [1466]. Copper-catalyzed
imerization of Fischer chromium carbenes [1467]. Reaction of
ropargylsilanes with Fischer chromium carbenes gave conju-
ated dienol ethers (Eq. (438)) [1468]:

(434)

(435)

(436)

(437)
(438)



2 hemis

p
[
t

d
M
[
3
d
1
s
o
[
a
N
s

M
t

s
t
(
l
[

1

s
R
e
1
t
(
f
g

(445)
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Asymmetric couplings of alkenyloxazoline–titanium com-
lexes with alkynes and an electrophile were reported (Eq. (439))
1469]. Titanacyclopentenes couple with carbonyl compounds
o give 2-en-1,4-diols (Eq. (440)) [1470]:

Stereoselective Michael additions of dialkylcuprates and
iarylcuprates were used in synthetic applications toward,
etAP-2 inhibitors [125], tetracenomycin A2 (Eq. (441))

1471], (−)-cochleamycin A [323], (+)-tricycloclavulone [914],
-desmethyl 251F and 251F [859], (−)-terpestacin [788],
esmethylpallescensin-A, isopallesencin-A, and isopallesencin-
[1472], pancratistatins [1080], alkaloids 223A and 205B [491],

piro segment of halichlorine [1473], carboskeleton of isaindig-
tidione [1474], and the tricyclic core of guanacastepene A
74]. Michael addition of MeCu was used in a synthesis of
lcyopterosin N [1333]. Addition of a copper intermediate to a
-acetylpyridinium salt was used in a synthesis of the proposed

tructures of lualine and lyadine (Eq. (442)) [1475]:

(441)
Regio- and stereoselective oxirane ring opening using
e2CuLi2CN or Me2CuLi were used in a synthesis of pecteno-

oxin [1476], zincophorin [141], eriolangin [918], and bis-
try Reviews 250 (2006) 2411–2490

(439)

(440)

piroacetal core of spirolide B [1477]. A selective carbocupra-
ion of an internal alkyne was used in a synthesis of panomifene
Eq. (443)) [217]. A regioselective iodine-copper exchange fol-
owed by reaction with electrophiles was described (Eq. (444))
1032]:

(443)

(444)

7. Miscellaneous reactions

Titanium mediated the transformation of a hydroxymethyl-
ubstituted oxirane to an allylic alcohol (Eq. (445)) [1420].
eduction of a thioester to an aldehyde using Et3SiH in the pres-
nce of a palladium catalyst was used to prepare functionalized
4-�-hydroxysteroids [1478]. Rhodium catalyzed the forma-
ion of thiazolidinimines from thiazoles and carbodiimides (Eq.
446)) [1479]. Ruthenium catalyzed the formation of silyl ethers
rom alcohols and diphenyl-alkynylsilane affording hydrogen
as as the only side product [1329]:
(442)



emis

R
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[688] B.J. Lüssem, H.-J. Gais, J. Org. Chem. 69 (2004) 4041.
[689] K. Tsutsumi, K. Fujimoto, T. Yabukami, T. Kawase, T. Morimoto, K.

Kakiuchi, Eur. J. Org. Chem. (2004) 504.
[690] G.W. Kabalka, B. Venkataiah, G. Dong, J. Org. Chem. 69 (2004) 5807.
[691] H. Lebel, D. Guay, V. Paquet, K. Huard, Org. Lett. 6 (2004) 3047.
[692] H. Lebel, V. Paquet, J. Am. Chem. Soc. 126 (2004) 320.
[693] M. Yan, W.-J. Zhao, D. Huang, S.-J. Ji, Tetrahedron Lett. 45 (2004)

6365.
[694] H. Lebel, V. Paquet, J. Am. Chem. Soc. 126 (2004) 11152.
[695] D.J. Lee, K. Kim, J. Org. Chem. 69 (2004) 4867.
[696] G.-Y. Li, C.-M. Che, Org. Lett. 6 (2004) 1621.
[697] M. Andrei, J. Efskind, T. Viljugrein, C. Römming, K. Undheim, Tetra-
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