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Abstract

A review with 1663 references to transition-metal catalyzed or mediated reactions and functional group preparations.

© 2003 Elsevier B.V. All rights reserved.

Keywords: Transition metals; Organic synthesis; Catalysis

1. General comments

This survey highlights the use of transition metals in or-
ganic synthesis for the year 2001. A fairly comprehensive
literature coverage with extensive citations is presented.
The field of organometallic chemistry continued to sig-
nificantly expand in 2001. Considering the large number

reported[6]. Addition of diethylamine increased the yield
of coupling products and reduced the amounpédiydride
elimination using tetralkylstannangg].
Bromo-1,4-benzoquinone, protected bromo-hydroquin-
ones [8], and N-alkoxyimidoly bromides[9] were used
as electrophiles in Stille couplings. Carboxylic acid chlo-
rides were used in place of halides forming unsymmetrical

of papers published, a complete coverage of all reportedketones[10]. 3,4-Dibromo-2(5l)-furanone underwent re-
reactions employing transition metals is outside the scopegioselective coupling with arylstannanes to give 4-aryl-3-

of this review. A number of transition-metal catalyzed

bromo-2(8)-furanoneqd11].

transformations are now standard reactions in most organic  Stille-type couplings of allylic acetates having a remov-

chemists’ toolbox. Thus, some of the more common ap-
plications have not been included. Reactions of unusual

able dimethylpyridylsilyl group were describgt?]. Allylic
chlorides were coupled with allyl tributyltifit3]. A facile

substrates, new reaction conditions, and new catalyst sys-dearomatization was catalyzed by palladiuig.( (1) [14].

tems have been included. Applications in total synthesis
of more complex organic molecules have also been re-
viewed. Only the more unusual or significant reactions

Vinyl epoxides were reacted with vinyltin reagefts]. A
(2-pyridyldimethylsilyl)methyl group was transferred using
(2-pyridyldimethylsilyl)methyl tributyltin and aryl halides

were presented in equation form. Some emphases werdg16]. Intermolecular coupling of 2-bromopyridines with aryl

put on reactions used in total synthesis of biologically
active compounds. Alkylations and most Michael-type re-
actions of pre- or intermediately formed copper reagents
have not been reviewed. The chemistry of metal carbon
multiple bonds, e.g. reactions of Fischer and Schrock car-

benes, are covered in a separate review, although decom
positions of diazo compounds and metathesis reactions

were included herein. Papers describing new ligands for
palladium-catalyzed asymmetric allylic alkylation of, pri-
marily, 1,3-diphenyl-allylacetate and most hydroformyla-
tions have not been included.

2. Carbon—carbon bond-forming reactions
2.1. Alkylations

2.1.1. Alkylations of organic halides, tosylates, triflates,
nonaflates and hypervalent species

Palladium-catalyzed coupling reactions of organotin
reagents with a large variety of electrophiles continue to be

(j?m

bromides in the presence of hexamethylditin and a palla-

dium catalyst was reportdd7].
/\/E;/(

1)

:\_SHBU3

Pdg(dba)chCb
PPhs, Acetone, 82%

Tributylstannylcyclooctatetraengl 8,19], an a-tributyl-
stannyl enamide [20], a 2,2-difluoro-1-tributylstannyl
MEM protected vinyl ether[21], (E)-tributylstannyl-
propanoyltriphenylsiland22], a vinylstannane-substituted
guartenary amino acid23], an organostannatran4],
and a fluorinated acylstannat25] were used in cross-
coupling reactions. Couplings of vinyl and aryl halides
and triflates with hypervalent organostannanes in the pres-
ence of a palladium-catalyst were report@6,27] 1,2-
Bis(tributylstannyl)ethene and 1,2-bis(tributylstannyl)ethyne

developed. This reaction is generally referred to as the Stille Were used to prepare brassinolide mimefRs).

reaction, and this name will be used herein. Reactions in
ionic liquids[1] and supercritical carbon monoxif were

A double allylation of activated alkenes using allyl chlo-
rides and allyltin reagents was describ&d|((2) [29]. This

reported. Microwave-assisted Stille reactions on potassiumreaction was utilized in an interesting-{2]cycloaddition

fluoride—alumina in the absence of solvent was repdgkd
Stille-type coupling catalytic in tin was describpd5]. The
use of the air-stable ligand precursot-Bu)z;PH]BF; was

using tin reagents. A cascade reaction using 1,2-ditin-
substituted ethane forming polycyclic compounds was
described Eq. (3) [30].
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Ph CN
Ph - CN _\—SnBus, PdCly(PPhs)» CN
CN ~ \_¢), THF, 99%
(2)
SnBu3 HO T™MS
BUaSl”I Ho. -
Pd(PPha)s, PhH, 62% /
SnBU3
3)
ﬂ” °
N
X\ \ N Pdy(dba)s, PPha, LiCl
/ N Me38n / Cul, Dioxane

Nickel catalyzed the selective coupling in the 2-position
of pentafluoropyridine with vinyltributyltin[31]. Cop-
per mediated the coupling of silyloxyvinylstannanes with
1-iodo-1-hexeng[32]. A copper-mediated coupling of a
vinyl iodide with a vinyltin reagent was used in synthesis of
himbacine derivative$33]. A carbonylative coupling of a
polymerbound aryltin compound with aryl halides was used
to prepare diaryl ketond84]. Carbonylative couplings were
used in the synthesis of the core of phomadtq.((4) [35],
of acetophenong86], and ofy- andd-fluorine-substituted
ketoneq37].

PdCl,(dppf), LiCl
—_—
CO, DMF, 36%

e}

OTf SnMes

(4)

A large number of heterocyclic halides and triflates were
used as electrophiles in reactions with aryl- and vinyltin

reagents. For example, reactions of derivatives of 4-bromo-

and 4-bromomethyl-oxazolf88], 4- and 5-iodoisoxazole
[39,40], 4-iodoimidazoles [41], 5-trifloxyoxazole [42],
5-iodo-2(H)-pyranones [43], halopyrimidines [44,45]
7-iodoisatins [46,47] halopyridines [48,49] bromo-,
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chloro-, and trifloxyquinolines and isoquinolings0], 4-
iodoindole[51], 5-bromo-5-azaoxindol§?2], 1-trifloxy-B-
carboline in the synthesis of pyridindold|S3], 8-bromo-
1-ribofuranosidylpurif54], polymer-bound 8-bromopurine
[55], bromopyrazinefs6,57), 3- and 5-chloro-2-pyrazinone
[58,59], and 2-bromobenzo-thiophen and -furi@®] were
reported. Coupling of 2,3-dibromothiophef@&l] and 2,5-
dibromopyriding[62] selectively occurred in the 2-position.
Stille reaction of a 3-iodo-7-azaindole derivative was used
in the synthesis of deoxyvariolin BE€. (5) [63].

(®)

A variety of heterocyclic stannanes such as 2-pyridinyl
[64—66] 4-pyridinyl [67], 3-22'-bipyridinyl [61], 2-thienyl
[68—72] 2-furyl [73], 4-oxazolyl[38], 3-cephalosporifir4],
3-benzofuryl [75], 2-indolyl [60,76] tetrathiafulvalenyl
[77], 4-imidazolyl [78], 4-pyrazolyl and 4-isoxazoly79]
were used in Stille-type couplings.

The Stille reaction continued to be extensively used
in organic total synthesis[80—84] Synthetic targets
include, concanamycin F[85], fostriecin [86], rat-
jadone [87], (—)-reveromycin B[88], rutamycin B and
oligomycin C [89], analogues of CC-1065 and duo-
carmycins [90], lankacidins [91], (—)-physostigmine,
(—)-physovenine, and—)-aphanorphind92], (S-ipsenol
[93], (—)-ichthyothereol[94], HIV-1 reverse transcrip-
tase inhibitors [95], 9-cis-renioic acid analogs[96],
oxadecaline core of phomactin A97], (—)-jesterone
(Eq. (6) [98], toward FR18287799], taxifolial A and
iso-caulerpenyng100], (—)-salicylhalamide[101], reser-
pine [102], (+)-crocacin C[103], rugulovasines[104],
(+)-amphidinolide K Eg. (7) [105], phorboxazole A
[106], epothiloneg107], lapidilecitin B [108], asperazine
(Eqg. (8) [109], bafilomycin A [110], (+)-phorboxazole
A [111], (—)-cycloepoxydorn112], dioncophyllin B[113],
(—)-hennoxazolg114], herbertendio[115], dermostatin A
[116], toward viridenomycir{117,118] lancifolol (Eq. (9)
[119], toward bufadienolideg120] FGHI ring system
of azaspiracid[121], sanglifehrin A [122], fostriecin
[123], a subunit of oximidineqd124], epibatidine[125],
benzop]phenanthridineg126], an analog of medermycin
[127], astaxanthin analod428], and ellipticine[129].
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RO >
+ L SnBug Pd(PPhg),, 88% ()
Br Toluene
)
Pdy(dba)s, PhAs,
CuTC, NMP, 50%
NBoc
Boc H |
N
MeO,C~ "SnBug
7 Boc (8)
N Pds(dba)3.CHCI3, Cul, NMP
H&g< (2-furyl)sP
>_/SnMe3 and bromothiophenfd 38] with Grignard reagents were re-
o ¢ ' L 5 ported.
\ QAc  Pdldba) LiCH N = Nickel catalyzed the coupling of aryl Grignard reagents
Hz0, DMF, 61% with aryl nitriles to give unsymmetrical biaryl§139].
(9) Nickel-catalyzed asymmetric cross-coupling of a benzylic

Intramolecular Stille-type macrocyclization was used Grignard with vinyl bromide was reportefl40]. Cop-
in synthesis of concanamycin [B5] and toward apopto-  Per catalyzed the coupling of vinyl triflates with Grignard
lidin [130]. Intermolecular formation of a stannane using reagent§141]. Copper also catalyzed enantioselective re-
trimethylsilyl tributyltin followed by an intramolecular cou- ~ actions of allylic acetates with Grignard reagefit2,143]
pling with a tethered electrophile was used in synthesis of Iron catalyzed the coupling of vinyl bromides and iodides

nodulisporic acid A subunitL31]. with aryl Grignard reagentd44].

Nickel and palladium complex-catalyzed cross-couplings ~ Coupling reactions of halides and triflates with organoz-
of Grignard reagents with halides and triflat¢$32] inc reagents, usually referred to as the Negishi coupling,
were used in synthesis of+j-ambruticin [133] and continued to grow as a viable alternative to tin and

(=)-hennoxazolg/114]. Coupling of a vinyl triflate with ~ boron reagent§23,145-148] Nickelocene catalyzed the
trimethylsilylmagnesium bromide was used in the synthesis coupling of aryl bromides with arylzinc reagen{s49].

of laulimalide[134]. Coupling reactions of bromopyridines ~ Palladium-catalyzed cross-coupling of organozincs with
[135], viny! triflates, in the synthesis of hydroazulene ring 1-trimethylsilyl-1-iodoalkenes was used in synthesis of
system of guanacastepenf,36], 3-bromofuran [137], (D)-trisubstituted alkenes=(. (10) [150].

PMP
OTBS : OTBS PMP

07 0 pypPhy)
— 3/4 :
o PN
BnoW i CIZnW THF,75%  BnO TN 070 (g
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Bis(trimethylsilylmethyl)zinc was used, introducing a zinc reagents were used, including 3-pyrazolyl-1-oxide

trimethylsilylmethyl groug151]. Aryl iodides were coupled
with benzylzinc chloride§152], alkynylzinc[153,154] and
cyclopropylzinc reagent§l55]. Aryl and vinyl chlorides
were coupled with zinc reagents56]. An acid halide was
coupled with an amino acid derived zinc reag¢hb7].

[172], 2-4-pyridinyl [173,174] 5-(1,3-dioxin-4-one)yl
[175], 5-pyranyl-2-oneg$176], 3-indolyl [177], and 2- and
5-thiazolyl [178] derivatives.

Negishi-type cross-coupling reactions were used in the
synthesis of {)-deoxypukalide[179], carotenoidg[180],

Palladium catalyzed the coupling of thiolesters with zinc neodysherbaine A181], the core of phomactifi35], the

reagents to give polyfunctionalized ketongsgj((11) [158].

core of mycolactonesHg. (12) [182], toward gambierol

Alkyl zinc reagents coupled with aryl and heteroaryl halides [183], and ¢)- and E)-y-bisaboleng184]. A sequence of

[159-163]without B-elimination.

o COSEt
\©/ + BOL A gy

Pd/C, THF, DMF
Toluene, 90%

C|\©)‘\/\/\CO2Et

o)
(11)

Heterocyclic substrates also participated in Negishi cou- coupling reactions was used in the synthesis of cystoth-

plings. For example, 4-tosylcoumarifi4], 4-diethylphos-
phonyloxycoumarin[165], 3-bromobenzothiophefl66],
5-iodoisoxazole[39], halopyridines and phenanthrolines
[167,168] terpyridyltriflate [169], bromo-, chloro-, and
trifloxyquinolines and isoquinoline$50], and iodopyra-
zoloisoquinolineqd170]. Imidazolylzinc on a solid support
was also used in coupling reactiofis71]. Heterocyclic

TESO

o._0
TBSO

Br.
0, -
S)\ Br

2) ZnCl,

iazole E Eq. (13) [185]. Hydrozirconations of terminal
alkynes followed by transmetallation to zinc and coupling
with vinyl iodides were used in the synthesis of euncenone
[186] and FR901464 analog&q. (14) [187]. Transmetal-
lation from aluminum to zinc of an intermediately formed
vinylaluminum species followed by palladium-catalyzed
cross-coupling was used in the synthesis of carotenoids
[180].

1) CpoZr(H)Cl, THF

3) Pd(PPh3)4. 80%

3

N M

e

t-BuLi, ZnCl, (12)
Pd(PPhg)s, THF, 50% 15350
Br
Clzn 1) Pd(PPhg)s, THF Z»N
\ﬂ/ 2) Hy (5 bar), Pd/C /S»\( (13)
EtOH, 68%
We (14)




84

The Suzuki (or Suzuki—Miyaura) cross-coupling, i.e.
palladium-catalyzed coupling of organoboronic acids and
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coupled with an alkylboronic ester in the synthesis of
KT1-32 [225]. A regio and stereoselective coupling of

esters with organic halides and triflates, continued to see sub-arylboronic acids with peracetylated glycals was described

stantial use in organic chemisf459,188,189]A number of
new ligands and catalyst systems were devel¢p@d—199]

Reactions catalyzed by a palladium—diazabutadiene sys-salts [228],

tem [200], palladium on carbon in the absence of lig-

ands [201,202] and palladium mediated by copper

thiophene-2-carboxylate at room tempera{@@3] were re-

ported. Heterocyclic carbene liganf04,205]and the use

of the air-stable ligand {{Bu)z;PH]BF; were reported6].
Coupling of aryl halides with organoboronic acids

in agueous solution catalyzed by palladium complexes

(Eq. (16) [226]. B-Chloroacroleins were coupled with aryl-
boronic acids in aqueous med#27]. B-Chlorovinamidium
1,1-difluoro-4-bromo-3-triisopropylsilyl-1,2-
butadiene Eqg. (17) [229], and bromoacetic acid deriva-
tives [230] were coupled with boronic acid derivatives. A
carbonylative coupling of halopyridines with arylboronic
acids was reportedeQy. (18) [231]. Phenyltrifluoroacetate
was coupled with organoboron compounds to give trifluo-
romethylketoneq4232]. Aryl tosylates were coupled with
arylboronic acids using a nickel catalyg33]. Interme-

[206—208]and microwave assisted reactions on potassium diately formed anhydrides were coupled with arylboronic
fluoride—alumina in the absence of solvent were reported acids, using a palladium catalyst, to give keto[23#].

P n-Bu
B(OH), =
= Pd(PPhs),, 68%
B St + (;[ TH(F 3;4 ) E;( (15)
OMe ’ OMe
Q\COZCU
OMe
o T
Q A (16)
“MeCN, 79% ACO™ N
05N 3
TIPS C_.\F . 03N B(OH} | do(dba)e, PPhe )—F an
Br _\F Na,>COs, Toluene, 93% TIPS
B ~-Br
[3]. Polymer supported Suzuki reactions attracted a fair J\/j/ PdCIy(PCyg),, CO, THF |
amount of attention. Polymer supported palladium catalysts g~ >N" PRB(OM)z, K2CO,, Ph N
[209,210]and a polymer-supported ligand were u§atil]. 83% selectivity o
Polymer bound boronic estef12], polymer bound aryl (18)

halides[213-215] 2-iodoindole[216], and a vinyl bromide
[217]were used in coupling reactions. Molecular imprinting
was used to prepare heterogenous cata[2418].

Dicoupling of a vinyl-1,1-bis(pinacolyl)dibororf219],
coupling of quinone boronic ester derivativg®0], cy-
clopropylboronic acid esterfl46,221] a-triflouromethyl
ethenyl boronic acid[222], and hydroboration of 1-
alkynylphosphonates followed by Suzuki coupling were
described[223]. Thioalkynes were coupled with boronic

acids in the presence of a palladium catalyst and a cop-

per carboxylate Eq. (15) [224]. Trifloxyazulene was

Tetraphenylborate was used in microwave assisted re-
actions with heteroaromatic compounfz35]. Coupling
of tetraalkylammoniumtrifluoroborates was repor{2d6].
Palladium catalyzed the coupling of indolylborates with
prop-2-ynyl carbonate$237,238] Ethoxy dialkylvinylb-
orates were used in Suzuki coupling®39]. Palladium
catalyzed the coupling of aryl- and alkenyltriflates with
potassium alkyltrifluoroborate§240] and with lithium
alkylborates[241]. Also, diethylpyridylborane was used
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in coupling reactions with calixarenes in the presence of chloroisoquinoline [284], 4-chloroquinazoline[285], 2-

cesium fluoridg242].

bromothiopher286], 2-piperidone derived vinylphosphates

A plethora of total syntheses wherein boronic acids or [287], 1-trifloxy-B-carboling[78], chlorophthalazinegR88],
esters were coupled with an aryl-, heteroaryl-, vinyl-halides 3,5-dibromopyrazine[289], and halopyrazolo-quinolines

or -triflate [243,244] were reported. Examples include,
dendrobing[245], (—)-lepadins[246], tagretin and 7- and
9-cis-retinoic acids and derivative&{. (19) [96,247,248]
khafrefungin[249], combrestatind250], callipeltoside A
side chain[251], the 15-membered macrocycle of RP
66453 [252], diazonamide A [253,254] herbertendiol
[115], (—)-equisetin [255], mesembranol[256], methyl
(14E)-dehydrocrepenynateg257], toward nakadomarin

[258], toward bufadienolideg123], macrocyclic core of
TMC-95A [259], apoptolidin[260], epothilone A[261],
and ()-salicylhalamidd262]. An intramolecular coupling
[263] was used in the synthesis of rutamycin Bg( (20)
[264].

Pd(PPhs),
TIOH, 93%
A
COsMe

PdCl,(MeCN),, AsPhy
Ag.0, THF, 70%

A large variety of functionalized heterocyclic halides and

and isoquinolines[170] derivatives were all used in
Suzuki-type couplings. 3,4-Dibromofuran-2{pones were
selectively coupled in the 4-position using boronic acids
[11,290] A palladium-tetraphosphine catalyst efficiently
coupled a variety of aromatic and heteroaromatic bro-
mides with arylboronic acid4291,292] In addition, a
variety of heteroaryl boronic acids were used such as, thio-
phenyl [293-295] 3-furyl, toward eudesmanolidef296],
4-pyridinyl [67], and 3-indolyl[78] derivatives.

One major advantage of the Suzuki reaction over the
Stille reaction is the ability to use alkyl-substituted boronic
acids (or esters) without competitig-hydride elimina-
tion. Silver salts were shown to promote this reaction

(19)

(20)

triflates were employed in the Suzuki reaction. For exam- [297]. Hydroboration of alkenes using 9-BBN followed by
ple, six- and seven-membered lactam derived vinyltriflates cross-coupling with vinyl and aryl halidg298-301]was

[265], 5-bromoquinoling266], halo- and trifloxypyridines
[49,168,173,267,268] haloindoles [269,270] 2-iodo-
6- and 7-azaindoles[271], 5-iodoisoxazole [39], 7-

iodoisatin, in the synthesis of TMC-95272], halonucle-
osides[273], chloropyrimidine and triazing274], halopy-
ridazinons [275-277] 6-haloimidazol[1,2a]pyridines
[278], 6-chloroimidazolo[1,b]pyridazine[279], 5-bromo-
[1,2,4]-triazolo-[1,5a]-pyridine [280], polymer-bound 8-
bromopurine [55], 2-, 4-, and 6-halopurine$281,282]

4-chloropyridazines [283], 4-iodoisoxazole [40], 1-

reported. Bromopyridines, iodothiophene, 4-iodopyrazole,
5-bromopyrimidine, 2,5-dibromopyridine, and nucleoside
derivatives also participated in this reacti¢802,303]
Coupling reactions of 2,5-dibromopyriding304] and
2,3-dibromothiophene were shown to occur in the 2-position
[61,305] A room temperature alkylbromide—alkylboron
Suzuki coupling was describgd06].

Cross-coupling of vinyl and heteroaryl iodide or bromides
with alkyl boronic acids or esters was used in synthesis
of 15-azaepothilone§307], (—)-indolizidine 209D [308],
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3-hetero-13,14-dihydro prostaglandinsFanalogs [309],
5,6-dihydrocineromycin B310], sphingofungin$311,312]
and desoxyepothilone B13]. The polyether core of gam-
bierol was prepared using vinyl phosphajg$4,315]

Carbon nucleophiles were also employed in alkylation
reactions of halides and triflates.,a-Disubstituted aryl-
methanols were coupled with aryl bromidés( (21) [316].
Palladium catalyzed the allylation of zinc enola{847].
Multiple arylations were observed upon reaction of eno-
lizable aryl alkyl ketones with aryl halides in the pres-
ence of a palladium cataly$818]. Intermolecular aryla-
tion of enolizable ketones followed by annulation produced

MeO Br
U
BnO

1-vinyl-1H-isochromene derivative€(. (22) [319]. Both
arylation and nucleophilic addition to the carbonyl group
was observed in some casésy( (23) [320]. Intermolec-
ular palladium-catalyzed vinylation of ketone enolates was
reported321].

M
Mee

Me

Me

Pd(OAc)»(PPhg),, PhBr
CsCOg3,0-Xylene, 77%

(21)

Pd,(dba)s, dppf
THF, Toluene, 67%

Br Q
+
O oms + 7>

HO_ Me
|
X o] PdCly(PPha)s ©\)§
+
(;EN/\)I\ NEts, CsoCO3 N
. |
ICOgMe Toluene, 44:29% CO,Me

N\ﬂ/\©\ dppe, dioxane, 81%
© OBn BnO
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Intramolecular reaction of an amide-enolate was used
in the synthesis of cherylline and latifinEd. (24) [322].
A palladium-catalyzed intramolecular arylation was used
to prepare oxindoles. Substituted oxindoles were ob-
tained by a combined intra- and intermolecular aryla-
tion of 2-bromoanilideg323]. Decomposition of isolated
aryl-palladium enolates derived from ketones, esters, and
amides gave the expected coupling prodyd8®4]. Palla-
dium catalyzedx-arylation of esters and protected amino
acids[325,326]and a triethylborane-mediatedallylation
of 2-hydroxyacetophenone were reportg@R7]. Aryla-
tion of diethylmalonate was followed by decarboxylation
[328].

OBn

0}
T

A number of silicon reagents were developed as alter-
native transmetallation reagents. Palladium catalyzed the
arylation of allylic benzoates using hypervalent siloxane
derivatives[329]. Vinyl- and arylpolysiloxane$330,331]
dimethylpyridylsilylalkenes, [332], aryl alkyl halosi-
lanes [333], trialkylsilylalkynes [334], triethoxyvinyl-
and arylsilanes [335,336] alkynylsilanols [337], and
(a-fluorovinyl)diphenylmethylsilane[338] were used in
coupling reactions. A fluoride free cross-coupling was
reported [339]. AlkylidenesilacyclopentanesEf. (25)
[340] and silyloxacyclohexeng841] were efficiently cou-
pled with aryl and vinyl halides. A one-pot sequential
platinum-catalyzed hydrosilylation followed by a palladium-
catalyzed coupling was developeHq, (26) [342]. Cop-
per mediated and palladium/silver-catalyzed couplings of
vinyl iodides and triflates with TMS-alkynes were reported
[343,344]

Pd(dba)s, t-BuOK (24)

MeO

X
o) (22)
=
o)
\ (23)
N
CO,Me
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vg\o . I\®N Pd(dba),, THF | (25)
o 7z

TBAF, 73% HO | N
P

2) 4-OMeCgHal, Pd(dba),
TBAF, THF, 89%

OMe
Ph—== + (HMeSi),0 1) t-BuzPPt(DVDS) O . ‘ (26)

Some more uncommon cross-coupling reactions employ-

ing organometallic reagents were described. Palladium- 1) CpoZrClp, n-BuLli, THF Moy Me
catalyzed coupling reactions of vinyl tellurid§®45,346] o 2) Pd(OAc)z, Plo-tolyls BocHNkN
organotelluriums with iodonium saltB347], organoindi- AgsPO, 85% o/ CN
ums [50,348] in aqueous medi§B849], in situ formed al- Me. Me

lylindium reagentg350], chromium vinylidene carbenoids BnO BocHN:g/N

(Eg. (27) [351], organobismuth§352,353] triarylbismuth - BnO

5 \/X“CN
Br

compounds and iodonium sal354], triarylbismuth com-
pounds with organostannanes in the presence of carbon
monoxide [355], trimethylaluminum[356], a vinylcopper (29)
[357], and alkynylsilanes were coupled with triarylanti-
mony compoundg358]. Nickel and palladium catalyzed
the coupling of aryl halides with intramolecularly stabilized
dialkylaluminum reagent$359]. Palladium catalyzed the
cross-coupling of silver acetylides with vinyl triflatg260].
Oxovanadium-induced oxidative coupling of arytrimethylz-
incates was reportg861]. A lead/nickel/aluminum catalyst
system was developed for the arylation and vinylation of

2.1.2. Alkylations of alkenes and allenes

The Heck reaction continued to be one of the most ver-
satile methods for the alkylation of alkenes. A kinetic study
of the Heck reaction identified the oxidative addition adduct
as the resting state in the catalytic cyf{366]. The mecha-
nism using phosphapalladacycles as the catalyst was inves-

3-trifloxy-, 3-bromo-, and 3-chlora3-cephemg362]. ti_gated[36_7]. Microvyave_ assisted Heck reactions on potas-
sium fluoride—alumina in the absence of solv§3l, and
R&(C'C'Z Arl, Pd(0) R/\(Ar using palladium nanoparticles in ionic liqui§868] were
Cl Cul, >85% Cl (27) reported.

A number of papers dealing with different aspects
A zirconocene-catalyzed methylalumination of a terminal of the catalyst system and the reaction conditions ap-
alkyne followed by palladium catalyzed cross-coupling with peared. Several highly efficient catalyst systems were re-

a vinyl bromide was used in the synthesis e){fumagillol ported[196,369,370]for example, an air-stable palladium
[363]. A related methylalumination cross-coupling was tetraphosphine complef371], palladium modified zeo-
used in the synthesis of vitamin KE¢. (28) [364]. Vinyl lites [372], a polymer supported ligan@73], catalysts for

zirconocenes prepared in situ by hydrozirconation of room temperature reactions were identif{8@4], catalysts

alkynes were used in cross-coupling reactions with vinyl for aryl chlorides[375,376] palladium—carbene complexes

halides[146]. Cross-coupling of a vinylzirconocene with  [377-379] and a phosphine free catalyj@80]. The for-

a 4-bromoxazole derivative was used in the synthesis of mation of homogenous catalysts in heterogenous catalyst

diazonamide AEq. (29) [365]. systems were demonstrati@D9]. The use of the air-stable
ligand [(-Bu)sPH]BF4 was reported6]. A semi-continuous

1) MeszAl, CngI’Clg . . . .

2) Pd(PPhs),, 86%, nanofiltration-coupled Heck reactlo_n was descrifzgll].

o) The use of non-standard organic solvents for the Heck
reaction was described. Aqueous DMF—potassium carbon-
ate was used as a substitute for thallium and silver salt in
Heck reaction$382]. A palladium-catalyzed Heck reaction
under pressure in hydrothermal, sub-critical water was de-
scribed[383]. Reactions in water and aqueous biphasic me-
dia [384,385] Double bond isomerization in intramolcular
reactions was suppressed using supercritical carbon dioxide
as the solvenf386]. Heck reactions in molten tetrabuty-
lammonium bromide were describg887]. Polymer sup-
ported acrylat¢388] and dendrimer-encapsulated palladium

(28)  nanoparticleg389] were used in supercritical carbon diox-




88

B.C.G. Sdderberg/Coordination Chemistry Reviews 247 (2003) 79-145

ide. Regioselective arylation of electron-rich alkenes in ionic at the internal positiofd10]. Heck-type reaction of propar-

liquids was reported390]. Palladium carbene complexes
[391,392]and palladium on carbof393] were used as cat-
alysts in ionic liquids.

Heck reaction of aryl halides with 2,3-allenols in the pres-
ence of an amine produced aminoalkend&lg.((30) [394].
Coupling of a-trimethylsilylstyrenes with aryldiazonium
salts gave 1,2-diaryl alkene&d. (31) [395]. Aryldiazo-
nium salts[396,397] and nonaflate$398,399] were used
in place of aryl halides. A highly stereoselective Heck re-
action of vinyl sulfoxides was report¢d00]. Regioselective
arylation of the internal position dfl,N-disubstituted allyl-
amines was observ¢d01]. Sequential triple coupling of (2-

OMe
o D/
/ _\_N/ Br

\  Pd(OAc),, DPPP
TiOAc

pyridyl)dimethylsilylethene gave
(Eq. (32) [402]. A polymer supported alkene was used in
Heck reaction$403]. Rhodium catalyzed a Heck-type cou-

pling of arylboronic acids with alkenes in aqueous media p [424]

trisubstituted ethenes

gylic alcohols produceg-substituted vinylketonef411].

An interesting multiple arylation of vinyl ethers hav-
ing tethered coordinating functionalities was described
(Eg. (34) [412]. Heck reaction followed by nucleophilic
substitution using bicyclopropylidene, phenyl iodide, and
various nucleophiles was describgd13]. Halides and
triflates of a variety of heterocyclic ring systems were
used, such as haloindol¢s1,414] 2-iodothiophen415],
4-iodoisoxazole[40], 2- and 3-halopyridineq173,416]
bromo-, chloro-, and trifloxyquinolines and isoquinolines
[50], and 5-iododeoxyuriding417]. Pyrrolidine C-nucleo-
sides were prepared using 5-iodourd4il8].

0] / Ph (0]
_\_N\
PhBr, Pd(OAc), Ph
7\ PPhg, 66% (34)
OMe OMe

The intermolecular Heck reaction was used extensively
in organic synthesi$47,136,419-421]Examples include,
ratjadone Eq. (35) [90], (+)-ambruticin [133], crypto-
phycin-24 [422], subunit of TMC-95A[423], callystatin
, ergoline ring systenj425], toward rubromycins

[404]. Palladium catalyzed a related reaction of organoboron (Eq. (36) [426], 9-methoxystrobilurin K427], (+)-5-epiin-

reagents using copper diacetate as the oxidagt (33)
[405].

N H OH
=Cc= Phl, Et,NH, NEt5 J{H
}Ar Pd(PPhs)s, 82% Ar
HO Ph

™S
RO RO Ph
©\ Pd(dba), /\m
+ TGN mar
OR N,BF, MEON:86% o OR
™S

Se 1
/\Si/

Si_ Phl, Pdy(dba).CHCl3
TFP, NEts, MS, THF, 68%

/|
s NF
Ph

B(OH),
)©/ 4+ N\_COBu

Heck reactions ofa-acetamidoacrylatg406], 3,3-di-
methoxy-1-propeng407], butyl vinyl ether [408], and
2-vinylpyrrole [409], were described. Phthalimide or
N-BOC protected allylic amines were selectively arylated

CHO

Pd(OAc),, Cu(OAc),
LiOAc, DMF, 76%

|
Q0 |&
. 7
S //SI\
Ph

/@/\/COQBU

dolizidine 167B and indolizine 223AB428], and pinnaic
acid [429]. Multiple alkene insertions to form polycyclic

(30)
(31)
CHO
TBAF, THF
PdCly(PhCN)y, 84% (32)
(33)

products were reportef#30]. The competingB-hydride
elimination was suppressed using DABCO. A tandem
Heck reaction was used to prepare polycyclic heterocycles
(Eq. (37) [431].
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oTBS
+ 17 ~ Pd(OAc),, BusNBr, Cs,CO3
X 0 x . EtsN, DMF, 80%
OTBS Yo IIOJ\ ’
(35)
OMe
MeO CO,Me . ﬁ/le PA(PPhs). MeO COZ'\(/;T\A
TBSO | COMe  KoCOs371% TBSO._ _ PMe (36)
COyMe
lioxanthin Eq. (42) [445], the 2-carboxybenzblazepine
Br 1) CHsCHO X O ring system[446], toward zoantheno]447], macrocyclic
NH, 2) L N core of TMC-95A[259], galanthaming448], diazonamide
©i 0 A (Eqg. (43) [365], fragments of stemodane and stemarane
CcocCl diterpenes[449], and 19-nor-steroid$450]. Intramolecu-
( lar macrocyclization of a polymer-bound substrate was de-

Aromatic systems were shown to undergo, at least for- scribed[451]. An interesting silicon-tethered Heck reaction

; forming dienols was reported=(. (44) [452]. A cascade
mally, Heck-type arylation§432]. 2-Furaldehyde was ary- : ;
lated exclusively in the 5-positionE(. (38) [433]. This sequence was used to preparg-fiitraraine[453). A Heck

type of reaction was used in the synthesis of chiral biscar- rgaction f°”°We§ by addition ofa nucleoph'i letoan interm.e-
bazole alkaloids Eq. (39) [434], and trisphaeridine and diately formed”‘_‘ -aII_yI complex was used in the synthesis
norchelerythring435]. of mycophenolic acid&q. (45) [454].

Cl A\
- /O/ PAClp, BusNBr, DMF _
OHC/Q | KOAc, CyP, 87% . 1C O (38)

o)
Q o ‘ Pd(OAc),, PPhg

O N Q DMA, 35%
/N Br Me/

Me OMOM

The intramolecular variation of the Heck reaction
[436,437]was used to prepare fused indoJé$4,438] and

[
N/_<\/

as the key step toward an array of natural products, for ex- N

ampley-lycorane[439], an A-ring synthon for &-hydroxy- O Q Pd(OAG),, i-Pr,NE =

(39)

vitamin D3 [440], (S-camptothecirj441], mastigophorenes N PPhs, HCOzH, 59% N
[442], (—)-dehydrotubifoline and-)-tubifoline (Eq. (40) 4 H
[443], herbertene$444], asperazineHg. (41) [109], he- (40)
)( . ﬁEM
H Ty
SEM Pdy(dba)g .CHCIs, PMP Boe L sem

SEM DMA, (2-furyl)sP, 66% N (41)
N ©£/€ Boc
Boc N7<
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o | 0 New chiral ligands for asymmetric Heck reactions were
o OO o developed455-460] An asymmetric intramolecular Heck
O A PA(OAC),, NMP o reaction was used to prepare heterocycles conta_tining a quar-
W 4 ternary centef47]. Chiral o,3-unsaturated sulfoxides were
O Z e R O used in asymmetric Heck reactiops1].
o Reductive Heck reactions were employed in a synthe-
© o—/ sis of (+)-phorbol Eqg. (46) [462] and epibatidine analogs
[463]. An interesting spirocyclic dihydrofuran was used

(42)
Me Me
HN™ N\ =N
BocHN., g0/ CON 2-(di-tbutylphosphanyl)biphenyl  BocHN,,
Pdy(dba)s, AgsPO,, THF, 82% (43y1)
'Ho
OBn
O...-Ph . . .
S'K‘Ph Pd(PPhg)s, EtsN Sl‘ph (Eq. (47) [81]. A related enantioselective Heck reaction
B MeCN, MeOH, 89% | OMe  (43y2)  was used in the synthesis of an NK-1 receptor agdst].

An intermolecular asymmetric reductive Heck reaction of

o OMe COzMe
CO Me
\/K 2Me PO Pty = COMe (43y3)
COzMe DMSO NaHCO3

85% EIZ =82/18

S"Ph Pd(PPhg)4, EtsN O‘Silm norbornene derivatives was descriddé5]. Standard and
MeCN, MeOH, 89% OMe reductive Heck reactions were used in the synthesis of
| dihydropyrido(2,1a)isoindoloneq466].

1) OMe COsMe

\/g CO?M"’ PA(OAC), Plotolly _ = COMe (45)
DMSO, NaHCO3
COgMe OMe
85%, E/Z = 82/18

Pd(OAc),, KO.CH
n-BugNBr, 79%

(47)

o

~ . @i Pd(OAC),, BusNCI,
N Ph OMe KO:2CH, LiCl, DMF, 69%
BOC
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Cobalt catalyzed a 1,4-hydrovinylation of 1,3-dienes
(Eq. (48) [467]. Ruthenium-catalyzed hydrovinylation of
styrenes Eq. (49) [468]. Palladium catalyzed the reaction
of active methylene pronucleophiles with allenes forming
dienes via multiple insertiong69].

>/~—< + /\/COZt'B“

HBF,.Et,0
CeHs, 93%

metric ring-expansion of oxetanes to tetrahydrofurans via

CoBry(dppe), Znl,
BuysNBH,4, DCM, 97%

(48)

Zph 4+
"Rh"-cat, TMSCHN,
DCM, 63%, E:Z 1:5.1

IOk
cl OTMS

carbon-oxygen bond insertioj#85]. Rhodium-catalyzed

intermolecular diastereoselective insertionsxediazo car-

bonyl derived carbenoids into oxygen—hydrogen bonds were

reported486].

>:<_<002t-8u
™ ) 0

o
2.1.3. Metal-catalyzed diazo decomposition (including  CI
other cyclopropanations) (51)

Either [2,3]- or [3,3]-rearrangements of-diazoketone

derived propargyloxy enols was observed depending on the Intramolecular rhodium catalyzed carbon-hydrogen bond
catalyst[470]. Electronic effects of the migrating group on insertions via decomposition of diazo compounds were used
the ratio of [2,3]sigmatropic-, [1,2]- and [1,4]-rearrange- in a number of synthetic applications forming five- and six-
ments of bicyclic oxonium ylides were examing4i71]. membered ringR!87]. Examples include )-astrogoriadiol
Enantioselective [2,3]-sigmatropic and [1,2]-Stevens re- (Eq. (52) [488], (—)-thiocyanatoneopupukeanarieg( (53)
arrangement of allylic oxonium or sulfonium ylides [489], epimagnolin A[490], asarinin, epimagnolin A, and
formed from decomposition of diazo compounds were fargesin[491], (1R,7R,8R)-(—)-turneforcidine[492], (-)-
reported [472-474] A rhodium carbene complex cat- eburnamoning493], dioxabicyclo[3.2.1] core of zaragozic
alyzed a number of reactions of diazo compouf#&s]. acids Eq. (54) [494], (—)-pupukeanong495], and gran-

disol [496].
o)
COzMe
Rh(Oct),
N 2
2 DCM, 74% (52)
~ (58:42)

A rhodium-catalyzed Wolff rearrangement was used to pre-
parea-phosphonoy-lactoneq476].

An iron-catalyzed addition-rearrangement was observed
upon reaction of propargylic sulfides with trimethylsilyl-
diazomethane Hq. (50) [477]. A rhodium-catalyst ini-
tiated [3.3]rearrangement was used in the synthesis of
(+)-latifolic acid and §)-latifoline [478] and of K252a 0]
analogs[479]. Both 1,2-aryl- and 1,2-hydride migration
was reported upon decomposition of diazo compounds

in the presence of rhodiunf480]. A stereoselective
_Rhy(OAc)s

oxonium ylide formation [2,3]-shift was used as an ap-
proach to polycyclic etherf481]. Related reactions lead-
ing to cyclic and bicyclic amines were report¢d82,
483]

OMe
S /©/ + TMSCHN,
=z

Reaction of trimethylsilyldiazomethane with aromatic

_FeClodppe
DCE, 73%

DCM 48%

%

0 Rhy(OAC), g (53)
ﬁ
N2
ﬁ%;n

(54)

TMS

(50)

Carbon—hydrogen bond insertion with high regio- and

aldehydes in the presence of a rhodium catalyst furnishedstereoselectivity was reportgd97]. Asymmetric rhodium

cisvinyl ethers Eq. (51) [484]. Copper catalyzed an asym-

catalyzed carbon—hydrogen bond insertions were described
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OMe

S,
o N
ON2

[498-500] A double insertion was used to prepare a
spirocyclic compound [501]. Monosaccharide derived

diazo-esters produced both six- and seven-membered inser-

tion products[502]. Depending on the ligand on rhodium,
stereoidal diazoacetates insert
bonds to give four- or five-membered lactor{€63,504]
Indole-substitutedx-diazo-ketoesters were decomposed
in the presence of rhodium to give a variety of products
depending on the starting indol&d. (55) [505]. Inter-

molecular carbon—-hydrogen bond insertions initiated by

diazo decomposition were also repor{ea6).

o
MeO,C

Nz o

N +
N COsMe
\

Rhy(OAC)4
DCM, 72:18%

N

N
\

The carbenoid derived from rhodium-catalyzed decom-
position of dimethyldiazomalonate inserts into nitrogen—

hydrogen bonds of secondary amines to form tertiary amines

[507]. Polymer-bounda-diazof3-ketoesters were used in
insertion reactions with primary amid¢s08]. Asymmet-

ric intramolecular insertions of aryldiazoacetates were re-

ported [509]. Rhodium-catalyzed oxygen—hydrogen bond
insertion was used to prepare cyclic ethf80,511] A
palladium-catalyzed Kirmse reaction of allyl sulfides with
trimethylsilyldiazomethane was reportfgl 2].
Rhodium-carbenoids participated in intermolecular 23
reactions[513]. An ammonium ylide-Stevens rearrange-

into carbon-hydrogen

OMe N,
Ph/|-iJ ' :2/

Z:E 19:1
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Rha(OAC),

_— O

Toluene, 75% <
O

CO,Me

Rho(OAC)4
DCM, 78%
(1:1)

Ph. .~ COoMe
\/\n/

N2

Ph N
+ NISE N NOLCaH,

4-NO,CsHy
COgMe

Ph

h \
NN COsMe

1
4-NO,CsH,

Ph Ph

(57)

(55)

COgMe MeO COgMe
Rhy(S-DOSP),4

DCM, 79%, 98%ee

(58)

A novel ligand for rhodium-catalyzed enantioselective
epoxidation of aldehydes using phenyldiazomethane was
described525]. Rhodium catalyzed an asymmetric epoxi-
dation of aldehydes using sulfur ylides and in situ genera-
tion of the diazo-compound=gy. (59) [526]. Epoxides and

ment sequence was used as an approach toward isoinaziridines were prepared from imines and aldehydes, re-

dolobenzazepine€(. (56) [514]. Rhodium catalyzed the
formation of vinylcarbonyl ylides followed by ring closure
to give oxiranes and dihydrofuran¢sl15]. Ylide forma-
tion followed by cycloaddition was used in a synthetic
route toward pseudolaric acifh16], decahydrobenzocar-
bazoles[517], substituted furang518], and in reactions
with quinones[519] and isating520]. Furans participated
in cycloadditions to give 8-oxabicyclo[3.2.1]octa-2,6-dienes
[521]. Sulfur ylides were generated as intermediates in
functionalization of thioether-substituted indold522].
Rhodium catalyzed the generation of an ylide from styryl-
diazoacetates followed by cycloaddition to form five- and
seven-membered heterocycldsg( (57) [523]. An asym-
metric [3+2]cycloaddition of vinyldiazocarbonyl deriva-

spectively, via ylide intermediat§s27,528] Synthesis of 3-
hydroxy-2-sulfonyltetrahydrofurans fro@triethylsilyoxy-
substituted aldehydes angttoluenesulfonyldiazomethane
was described Hg. (60) [529]. A related synthesis of
tetrahydrofurans from protecte@-hydroxyketones with
benzyl diazoacetate in the presence of zirconium tetrachlo-
ride was reporteb30]. Copper catalyzed the formation of
1,3-oxazolidines from acetone, ethyl diazoacetate, and an
imine [531]. Dipolar cycloadditions of rhodium generated
carbonyl ylides with vinylethers to form furane derivatives
[532,533] with para-quinonimides to give bicyclo-[3.2.1]
and -[2.2.1] system$534], and with N-phenylmaleimide
[535] were developed. Medium-ring carbocycles were pre-
pared by rearrangement of oxonium ylides derived from

tives with enol ethers to give cyclopentenes was catalyzed diazo decompositiorEg. (61) [536]. A related ring expan-

by a chiral rhodium complexHg. (58) [524].

sion of ketals was describg837].
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Q Q .Ph
H Na Rhs(OAC),, BNEtsNCI, MeCN .
C)4, BNEL3 , Ve
+ N 2
Ph SN Ts Tetrahydrothiophene, 95% (59)
trans:cis = 98:2
OH
PN SnCly, 85% 60
TESO CHO + NF~ "S0,CgHsMe Toluene (60)
(0) 'SOZCGH4M8
INZ O OMe 0
9N~ oMe  _RhyOAc), DCM . OMe
j\/ 63:11% MeO
=
Z S (61)

A rhodium-catalyzed diazo decomposition—cycloaddition
was used in the preparation of epoxysorbicillinBf( (62)
[538]. Decomposition of 3-diazobenzopyran-2 H§3dione

supported chiral ligand§s52,553] ruthenium[554-557]

in the presence of terminal alkynes furnished furocoumarins fhodium [558-560] and cobalt catalyst$561], and re-

[539]. Rhodium catalyzed the decomposition of aryldiazoke-

actions in aqueous or alcoholic solverj62] were re-

tones or ethyl diazoacetate adding the resulting carbenoid toPorted. An enantioselective copper-catalyzed cyclopropa-

2-alkoxyfurans to givérans,trans2,4-hexadien-1,6-carbonyl
compoundg540].

(0]
(0]
\ 0
AN o)
RO OR % © \/\o ad
0 ha(oAC)4 7 OR
N2

Benzene, 73% o

(62)
Rhodium catalyzed the synthesis d8-substituted

a-haloenones by decomposition of 2-diazo-1,3-dicarbonyls
in the presence of benzyl haliddsd. (63) [541].

o) o)
N, cl
L e peme (X
o ° OBn

(63)
No

+

MeO,C~ “CO,Me

Cyclopropanation of alkenes via transition-metal cat-
alyzed decomposition ofa-diazo-carbonyl or -cyano
compounds continued to be developgd4d2-546] A

—_—
© Benzene, 58% K34

nation was used in the synthesis of){roccellaric acid
[563].

Palladium-catalyzed cyclopropanation of alkenes us-
ing diazomethang564,565] was used in the synthesis
of (9-a-cyclopropyl-4-phosphonophenylglycine[566].

A vinylborane was cyclopropanated in a similar fash-
ion [146]. Rhodium-catalyzed double cyclopropanation
of benzene Eqg. (64) [567] and a related cyclopropana-
tion of the central ring of phenantherene were reported
[568]. A number of transition-metals catalyzed cyclo-
propanations of electron-rich alkenes by decomposition
of in situ derived diazo compounds prepared from to-
sylhydrazone salt$569]. Osmium also catalyzed related
cyclopropanation reaction§s70]. A rhodium—porphyrin
complex-catalyzed cyclopropanation of alkenes using
glycine methyl ester hydrochloride and sodium ni-
trite was developed571]. Copper[572] and rhodium
[573] catalyzed cyclopropanation using phenyliodonium
ylides.

COgMe
MBOQC

Rhg(OAC)4 CO,Me

COgMe

(64)

Rhodium catalyzed the intramolecular cyclopropanation
of glycals[574]. The influence of substrate and catalyst on
the intramolecular cyclopropanation vs carbon—hydrogen

copper homoscorpionate catalyst was used in a highly bond insertion was examinefb75]. Rhodium catalyzed

cis-diastereoselective cyclopropanatiqf47]. Rhodium-
catalyzed asymmetric cyclopropanation and aziridination
using chiral sulfides and in situ generated diazo com-
pounds[548]. An asymmetric solid-phase cyclopropana-
tion was described549] as well as reactions in ionic
liquids [550], and protic medig551]. Enantioselective cy-
clopropanations using copper salts together with polymer

intramolecular cyclopropanations with high enantiocontrol
[576]. Metal-catalyzed intramolecular cyclopropanation of
a-diazoketones having a pendant unsaturation gave bicy-
clo[3.1.0]hexane$s77], tricyclo[4.3.0.0]nonan¢578], and

a bicyclic lactong579], and was used in formal syntheses
of mayurone and thujopsendsd. (65) [580], asitane-type
diterpenoidg581], and &)-ambruticin §582]. Intramolec-
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ular, rhodium-catalyzed, cyclopropanation of benzene A titanium-mediated cyclopropanation of ethylenecarbon-
rings followed by rearrangement produced azulenones andate with terminal alkenes gave cyclopropanone hemiac-
tetralones[583]. Azulenes were prepared using a similar etals E€q. (69) [602]. Related titanium-mediated cyclo-
strategy{225]. The influence of a chiral tether on the reaction propane formations from esters and terminal alk¢668],
rate of intramolecular benzene cyclopropanation-expansionfrom ethyl 3-chloropropanoate and Grignard reagents
to form fused cycloheptatrienes was examifig8]. [604], and intramolecular reaction®05] were reported.

0 Titanium mediated an aminocyclopropane formation us-
ing nitriles and Grignard reagent&d. (70) [606]. In-
tramolecular cyclopropanation ofiemdihalide tethered

/N2

Rha(OAC),
—_—

Benzene alkenes using titanocene was report&d,.((71) [607]. A
(65) three-component aldimine-addition cyclopropanation was
developed Eqg. (72) [608].
0 A HO,
o~ CITi(OiPr)3, THF
~ oTiPs -+ [O/E O e CsHoMgCl 47% HO_\_(;A%/\ OTIPS (69)

) ) CN 1. EtMgBr, Ti(OPr)4, Et,0
Cyclopropanation of alkenes using>Eh and Chl, or Ph—/ 2. BF5.0Et, 70% fNH?
CH>CIl was employed in organic synthesis by a number of Ph

groups[244]. Examples of synthetic applications include, (70)
halicolactone Eq. (66) [585], callipeltoside A side chain

[251], callipeltoside aglycor{586], (+)-ferruginol [587], cl

cis-sabinene hydratfs88], tagretin and Sis-retinoic acid Ph

derivatives [247], herbertendiol[115], asitane-type diter- Ci Cp,Ti[P(OEts)], Ph/\/\@
penoids Eq. (67) [582], deoxymannojirimycin analogs x 3%

[589], and toward kempanegi®90]. A hydroxy-group di-
rected diastereoselective cyclopropanation was described
[591].

(71)

OSEM H  OSEM

NP C5H11 EtoZn, CHalo /\)<l/\/\‘/CSH11
Ro/\/\/\/\r _Ean, b2l . Ro . !
H DCM, 69% z (66)

OH OTBS

CH2|2’ ZnEt2

Toluene, 89% (67)

TBDMSO™ : >

Titanium mediated the cyclopropanation using C&Br
or CFCk introducing a fluorobromo- or fluorochlorocy- Ph
clopropane ring[592]. Halomethylzinc alkoxides were  c,,—= ;;I\CA?;HC" DeM {(""NHP(O)th
used in cyclopropanations of allylic alcohols and ethers 3) Ph(z)HNP(O)th, 24% CaHe
[593]. Cyclopropanation of alkenes using ethylzincmethyl
perfluoropentanoate was descrif&®4]. Asymmetric cy- (72)

clopropanations of allylic alcohols using Zn(ghh and . . . .
a chiral dioxaborolane ligand were used in the synthesis An interesting reaction gb-ketoesters anfi-ketoamides

of (—)-doliculide [595], (+)-ambruticin[133], epothilone with ethyliodomethylzinqtoformL-_methyIated»y—ketoesters
analogg596], solanoeclepin A subunis97] and spiropen- via cyclopropanation of intermediately formed enolates was

tanes Eq. (68) [598]. A related asymmetric cyclopropana- repqrted Eq.' (73) [609]. A .zinc—carbenoi'd mediated the
tion using a chiral titanium catalyst was repor{689]. chain extension of-keto amide4610]. Platinum catalyzed

an intramolecular cyclopropylcarbene formation rearrange-
}c {OH 2n(Chul. DME :}AV<\OH ment of alkyne tethered furangd. (74) [611].
L', DCM, 70%, 97% ee o o o
68 a) EtZnCHo,l
(68) AN Ot-Bu  “p)cat. TMSCI, 73% Ot-Bu
A number of titanium alkoxides and aryloxides medi- 0
ated cyclopropanation of alkenes with est¢860,601] (73)
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/D\\ PHMeCN)CI _ _Hetero<_:yc|ic ring systems were sh_own to reao!ily par-
Me™ g W 0 ticipate in Sonogashira-type couplings. Reactions of
0 e Me 4-tosylcoumarins [164], 5-iodo-2-chloropyridine [630],

= OH (74) halopyridines[168,597,631-634]2- and 3-halothiophens
[138,635] 5-iodoisoxazole[39], 4-iodoisoxazole[40], 5-
2.1.4. Alkylation of alkynes and arynes iodo-1-ribofuranosidylpyrimidine and 8-bromo-1-ribofu-

The palladium-catalyzed coupling between terminal ranosidylpurin [34], 5-iodo-2-deoxyuridine [636,637]
alkynes and aryl and vinyl halides or triflates, usually called hajonucleotides [638], 2-iodopurine [639], 2-and 5-
the Sonogashira reaction, was one of the more frequentlyhaiopyrimidines [640], 2-iodothiazoles[641], 2-chloro-
utilized carbon—carbon reactions. Coupling reactions in wa- quinoline [642], trifloxy- and chloro-3(®)-pyridazinones
ter and aqueous media were reporfgt?,613] Solventless [643], 4-bromo-4,4bipyridine [644], 4-iodopyrazole
microwave assisted Sonogashira couplings on potassiumigs), 3-jodoindole[646], iodopyrazoloisoquinolingl70],
fluoride doped alumina in the presence of palladium pow- and 2-haloquinoxalined647,648] derivatives were de-
der[614], using palladium—copper doped KFA@3 under  scriped. Regioselective coupling in the 2-position of
microwave irradiation[615], using the air-stable ligand 2 4-dibromo-5-methylthiophe[295] and 2,3-dibromothio-
[(-Bu)sPH]BF; [6], and on solid supporf616-619]were  phen[61] were observed. A related coupling of 2,3,5-trib-
described. Palladium catalyzed reactions promoted by tetra-romobenzofuran was used as a key step in the synthesis of
butylammonium fluoride[620] and microwave irradiation  eypomatenoid 1§649].

[368,621] The Sonogashira reaction continued to be extensively used

Bromoazuleneg622], diaryl iodonium salt623], sul- iy organic synthesd650—654] Examples of synthetic appli-
fur and selenium-substituted vinylic tosylatgg24], and  cations include tonkinecin [B50], disorazole @ (Eq. (75)
alkenyliodonium salts[625] were used in Sonogashira- [g55] himandravine [656], AB-ring system of mac-
type couplings. Diaryl sulfides were obtained from reac- quarimicins[657], (—)-dysidiolide [658], toward spirolu-
tion of arylpropargylsulfides with aromatic iodid¢826]. cidine [659], imerubrine, isoimerubrine, and grandirubrine
Coupling of 4-bromo-1,1-difluoro-3-triisopropylsilyl-1,2-  [660], frondosin B[75], N1999-A2 [661], callipeltoside
butadiene with terminal alkynes furnished 1,1-difluoro-2- aglycon Eq. (76) [587], N1999-A2 €q. (77) [662],
alkynylsubstituted-3-triisopropylsilyl-1,3-butadien¢829]. pyrinodemins [663], toward rubromycins[427], methyl
Sugar derived alkynef527,628] were used as substrates. (14E)-dehydrocrepenynate§257], C-1027 chromophore
Sonogashira coupling of 1,1-dibromoalkenes gave 1,3- [664], 15-epilipoxin A4 [665], (+)-20--dihydrocleavamine
diynes or 1,1-disubstituted alkenfg29]. [666], tashiromine[667], himbacine derivative$33], and
cyclamenol A[668].

|
OR OH OMe COMe o0l (PPhy), Cul
N Z + N N
N o\ MeCN, 87%
0

(75)
(PPh3),PdCl,, Cul (76)
i-ProNH, EtOAc, 93%
Z/ﬁ
PhO~ ./ O
TBSO, 74
‘. HO 0

! Pd(PPha)s, Cul, DMF (77)

i-ProNEt, 91%
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Sonogashira coupling of trimethylsilylacetylene with an A nitroalkane[681], tributylstannyl-diethylaluminum, in
excess if aryl iodide in the presence of sodium methox- a synthesis toward laulimalid82], and methylnitroac-
ide gave diarylethynes or triarylethenes depending on theetate, in the synthesis bF’-acetylIN“-hydroxyornithine and
substrate Eq. (78) [669]. Reaction of 3-iodopropenoic  -lysine (Eg. (80) [683] were used as nucleophiles in allylic
acid with terminal alkyne resulted in cross-coupling and alkylations. Diethylmalonate was used as the nucloephile in
intramolecular lactonizatiof670]. An intramolecular Sono-  the synthesis of nafuredif684]. Palladium catalyzed the
gashira coupling was used to prepare cyclodeca-1,3-diynesx-allylation of aldehydes with allylic alcoholsE€. (81)
[671]. An interesting benzannulation to give aminon- [685].

02N /IB\C
O ;7 Pd(PPh3),, THF N
N +  ON7 > COsMe MeO,C "OH (80)

CuSOy, 70%

Ac”

aphthalenes was observed upon reaction of alkynes with
2-bromoacetophenon&g. (79) [672]

Pd(dba),, MeOH Ar
_ ) (dba)s, MeOH Ar—=—A
=——TMS + ArI MeONa Ar/E\Ar + g r

(78)
Ar=p-MeOCgHs, 71%  Ar=0-MeOCgHy, 76%

o) NEt,

SOE— CL
CHO
= Br PdClz, CUl, PPh3 = Bu OHC 4 Ph
Et,NH, 92% Ph. ~ Pd(OAc),, PPhg
* v\OH BEts, NEtg, LiCl

(79) THF, 92%

Copper catalyzed the coupling of terminal alkynes with (81)
aryl- and alkenyl-iodonium saltg573] and with aryl io- . _ . .
dides[674]. Palladium catalyzed the coupling of a hetero- _ Regioselective alkylations directed by a removable
cyclic iodinium salt with terminal alkynes in the presence dimethylpyridylsilyl group were describefd2]. An inter-
of carbon monoxide to give aryl—alkynyl ketor{é’5]. Pal- esting domino allylic alkylatlgn—Hec.k reactlon was reported
ladium catalyzed the coupling of 2-(butyltelluro)thiophen (E- (82) [686]. A sequential allylic alkylation-Michael

[676], 2-(butyltelluro)furan[677], -telluro vinylphospho- addition was used in the synthesis of dihydroerythramine
(Eq. (83) [6871].

OMeO O OMe OH O

Pd(OAc),, PPh,
@:\‘\M e HZO R OO‘ (82)
COsMe <0
<03©V J\/H PP PPs . © N (83)
THF, 56%
e} Cs,COg3, 56% CO,Me

(2:1)

nateg678], and organolead compounf@¥ 9] with terminal Palladium-catalyzed asymmetric allylic alkylation con-
alkynes. tinued to receive substantial attentif@88]. A chiral phase
transfer catalyst was usg@89]. Reactions in water were
2.1.5. Alkylation of allyl, propargyl, and allenyl systems reported690]. A tethered alkene directed the regioselectiv-
Palladium continues to dominate as the catalyst of choice ity of alkylation (Eq. (84) [691]. Regio- and enantioselec-
for allylic alkylation reactions. Microwave assisted alkyla- tive reactions of a vinylepoxide with carbon nucleophiles
tions on potassium fluoride—alumina, in the absence of sol- were reported692]. Palladium catalyzed asymmetric al-
vent, were reportefB]. A polymer supported palladium cat- lylic alkylations were used in the synthesis of hygromycin
alyst was usef10]. Cellulose was used as solid support for subunits [693,694] and of &)- and ()-cyclophellitol
allylic alkylations in aqueous solveni680]. A tetraphos- [695]. Palladium catalyzed asymmetric alkylations of chiral
phine was used as a ligand for palladi{t®4]. (E)-y-acetoxye,B-unsaturated-tolylsulfoxides[696]. An
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iron-mediated allylic asymmetric alkylation was used in the
synthesis of £)-(S-myoporon Eqg. (85) [697].
Z (n-allyl)PdCl,, P(OPh)3 S
[ OBz LiCH(COyMe),, THF, 67% % CH(COOMe), (84)
(R) )
H OTMS
SO Ph_l © N\, X SOsPh
\//}/ 2 BF4 H i-Bu i-Bu»j/\/ (85)
Fe(CO)4

Asymmetric alkylation of geminal allylic dicarboxylates

was described. High regioselectivity for substitution at the

carboxylate-substituted carbon was achieé88,699]

Palladium catalyzed a sequential alkylation—alkenylation
of aryl iodides, in the presence of norbornene, form-

Some of the substrates were prepared by a palladium cating substituted tetrahydronaphthalendsg.( (88) [708].
alyzed hydro-acetoxylation of propargylic acetates. An Related reactions were reported forming phenanthrenes

amide TMS—-enolate[700], and ketone enolate$701]

were used in palladium catalyzed asymmetric alkylations.

An intramolecular allylation of a vinyl allyl carbonate
was used in the synthesis of colombiastatin Bq( (86)
[702,703]

Pd(PPhg)4
THF, 58%

(86)

The mechanism of the palladium-catalyzed ring-openin
of oxabicyclic alkenes using dialkyl zinc reagents was stud-

ied. An n3-allyl mechanism was ruled out and a carbapal-

ladation as a key step was indicatgtD4]. This type of
ring-opening was used in the synthesis of C-aryl glycoside
(Eg. (87) [705]. Rhodium catalyzed the asymmetric ring
opening of oxabenzonorbornadiene with carboxyl§fé§]
and alcoholg707].

o 1) Pd(PPhg),Cly, EtsN,
TIPSO | Zn, ZnCl, THF
TIPSO™ OMe
OTIPS G’O
OMe

2) DDQ, dioxane, 50%

from 2-substituted aryliodides and diphenyl or alkylpheny-
lalkynes[709], and aceanthrylenes from 5-bromoanthracene
and terminal alkyned710]. Palladium catalyzed an in-
tramolecular allylic alkylation to form 4-vinyl-2-pyrrolidones
[711]. A related tandem intramolecular alkylation Heck
reaction was also describ§dl2].

K%Q

In addition to palladium, a number of other transition-
metals catalyzed allylic alkylation reactions. Rhodium-
catalyzed allylic alkylation[713] was used to construct
anti-1,3-carbon stereogenic centers &symmetric com-
poundq714]. Highly enantio- and regioselective alkylations
using molybdenum complexes were reportéth]. Molyb-
denum and tungsten catalysts, both showing preferences for
alkylation at the more substituted carbon were described
[716]. Direct alkylation of propagylic alcohols with ketones
to afford v-ketoalkynes was catalyzed by rutheniuiq(

Pd(OAc),, TFP
Cs,CO3, norbornene
MeCN, 90%

(88)

g (89) [717].

A three component coupling of benzylidenemalonitrile,
allylstannanes, and allylic chlorides was repoiftéiB]. Pal-
ladium catalyzed a metallo-ene reaction of allylic phosphates
with acrylonitrile [719]. Palladium catalyzed allylation of
2-chloro-1,3-butadiene affording terminal allenes was re-
ported Eg. (90) [720]. Palladium catalyzed acylation of
allylic trifluoroacetates with acylsilaneg&g. (91) [721].

S

OTIPS

(87)
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Ph y Ph &
Cp RuCl(up-SMe),RuCpCl
: I \“/ P (Mzo )2RuCp (89)
HO (e} NH4BF4, 78%
(0]
COgMe
Pd,(dba)3.CHCI3, THF 4\)<
MeCH(CO.M
~ ol " eCH(COMe) dpephos, NaOMe, 94% #C CO2Me (90)

[Pd(n3-CgHsCH=CHCH,)(CF5COO0)]
MegsiOCOCFg, 78%

Ph -"N0COCF, + Ph/\)I\SiMes

(91)
0
2.1.6. Coupling reactions the presence of zinc and trichlorosilareq( (92) [742].

Nickel catalyzed the intramolecular coupling of bis- Ruthenium catalyzed the dimerization of propargyl alcohols
chloroarenes to form macrocyclg®2]. A nickel-catalyzed (Eq. (93) [743]. Palladium catalyzed a reductive dimeriza-
homo-coupling was used in the synthesis of a bisbenzopy-tion of allenes to give conjugated dieng«4].
ran [723]. Nickel-mediated homo-coupling of an allylic

bromide was used in the synthesis of testudinarigv24].

Palladium catalyzed the dimerization or trimerization of AN HSICls, Pd(dba), OO
2-halobornene derivativefg25,726] Palladium catalyzed | / Toluen'e 78% OO

the formation of unsymmetrical biaryls via coupling of '

aryl halides[727]. Nickel catalyzed the homo-coupling of
a variety of aryl, heteroaryl, and vinyl halid¢g28,729]
for example, of 3-bromo-9,10-phenanthroli7@0]. Cobalt
catalyzed an electrochemically driven cross-coupling of _
aryl halides with 4-chloroquinolingg'31]. #OH CpRU(NCCH)s PFe >=/_>/._<OH
. Acetone, THF, H,0, 77%
A number of organometallic reagents undergo carbon— o

carbon coupling reactions. A palladium-catalyzed homo- (93)
coupling of a quinone boronic ester was used in the syn- ) ] ] ]

thesis of a bismurrayaquinone A analf2p0] and of an _ A palla(jlum-catalyzed intramolecular 2jadole oxida-
indolestin compound in the synthesis of himast4#a2]. tive coupling was used in the synthesis of rebeccamycin

Related palladium-catalyzed homo-couplings of bicy- aglycpn[745]. Related 2—inc_iole-/2:)enzo—thio_phen or -furan
clo[1.1.1]pentyl Grignard$733], aryl boronic acidg734], couplings were also describg@0]. A palladium-catalyzed
arylzinc reagentg735], and of aryl- and heteroaryltin ~ Coupling-cyclization was used in the synthesis af-2
reagentg736] were reported. substituted-&,25-dihydroxyvitamin 3 [746]. Palladium
Copper- and cobalt-catalyzed the homo-coupling of cc_altalyzed the reaction of aryl and heteroaryl iodides with
alkynes and silyl-substituted alkyndg37-739] Copper  diphenylethyne to give 9-alkylidene-Sfluorenes[747].
catalyzed intramolecular couplings of alkyr{@g0]. Palla- Palladium catalyzed the coupling of two alkynes and an
dium catalyzed the head-to-head coupling of terminal ary- @lkenyl iodide to give penta-substituted fulven&s)((94)
lalkynes. The regioselectivity was attributed to an agostic [748]- Palladium catalyzed the dimerization of benzene to
interaction[741]. Palladium catalyzed an unusual deoxy- 9ive biphenyl[749]. A palladium catalyzed alkyne-alkyne

genative dimerization of 1,4-epoxy-1,4-dihydroarenes in coupling to give a conjugated enyne was used in a synthesis
toward streptogramingg. (95) [750].

/\ . (7 COMe Pd(OAc), MeCN _ (94)
|

A92003, 85% COgMe

H H . CO,Me
| = _ Pd(OAC)Q, PPh3 | // (95)
_N Z — —_— e S, =
BOC \/ + COgMe THF, 83% BOC/N\
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2.1.7. Alkylations of carbonyl compounds

Alkenylation of carbonyl compounds using @Bf>—Zn—
TiCl4 [751] was used as a key step in the synthesis
of (—)-B-necrodol [752], 8-O-methylpopolohuanone E
[753], and kelsoeng754]. Methylenation of an ester car-
bonyl employing TiC}—CH;Br—Zn—PbC} was used in
synthetic applications toward the A-D ring system of
gambierol [755] and of disaccharide§756]. Reaction
of CH3CHBr—Zn-TiCL—PbC} with a lactone carbonyl

was used to introduce an ethylidene group in the syn-

thesis of {)-phorboxazole A[114]. Tebbe’'s reagent,
CpeTiCH2CIAIMe3, was used to methylenate ketones
[245], a lactone[757], and was employed in total synthe-
sis of, for example, sclerophyting58], ratjadone[90],
(—)-aphanorphine[759], frondosin B [75], N1999-A2
[659], and epothilone B and O760]. Tebbe alkeny-
lation of polymer-supported esters was repor{ed3].
Petasis reagent, GpiMe,, was employed in the synthe-
sis toward CP-263,114761], (+)-phorboxazole A[114],
(+)-zampanolidg[762], (+)-altohyrtin A and spongistatin
1 [763], a velbanamine fragmen¥64], diprionyl acetate
[765], and cyclobut A[766].

Selective methyleneation of ketones havingeaoxygen
atom, using Ch(Znl),, was reportel767]. Aldehydes were

99

A cascade reaction of 3-bromo-1-iodopropene leading to
homoallylic alcohols was develop¢d76].

Palladium catalyzed allylation of polymer-supported alde-
hydes with allylic alcohols in the presence of Sp@las
reported777]. Chiral 2-ethynylaziridines were stereoselec-
tively transformed into 1,3-aminoalcohols bearing three chi-
ral centers by a palladium catalyzed, indium-mediated, re-
action[778]. A nickel-catalyzed allyl-transfer was also re-
ported Eq. (98) [779]. Palladium catalyzed the alkylation
of an aldehyde using 1-ethenylcyclopropyl mesylate in the
presence of BZn [780].

CHO
C 1"/0\/\

(o}

X

DMF, 95% 0

(98)

Nickel catalyzed an intramolecular homoallylation of
6,8-dienylaldehydesHg. (99) [781]. Titanium complexes
mediated the intramolecular cyclization of 1,3-diene-tethered
esters to givetrans2-alkenyl cycloalkanols and/or cy-
cloalkanone$782]. Titanium mediated a reductive cycliza-
tion of 5-ene-1-ones to give cyclopentanoEq( (100)
[783]. Rhodium catalyzed the addition of boronic acids to

methylenated using TMS-diazomethane and a rhodium cat-anhydrides affording unsymmetrically substituted ketones

alyst (Eq. (96) [768]. An intramolecular alkenylation of es-

[784]. A platinum catalyzed asymmetric ene reaction was

ters using alkyl bis(phenylthio)alkanoates was mediated by described785].

titanocene Eq. (97) [769].

TMSCHN,, PPhg, THF
P 2, 3, e H
Ph™ "0 RUCI(NO)(PPhg),, 98% Ph™ "6
(96)
PP Y
Cp,Ti(POEts), Ph
PhS %OE‘ THF, 82%
Ph
(97)

Palladium-catalyzed diasteroselective alkylation of alde-

hydes by chiral propargylic mesylates in the presence of

MeOgC_
MeO,C ANF Ni(acac),, EtoZn o Z
Et3B, hexane/THF, 72%

CHO OH
(99)

Q 2 OH

E:i‘;\ CI;Ti(OPh),, THF E:@_

SN CGH11MgC|, 92%

(100)

2.1.8. Carbon-hydrogen bond insertions
Ruthenium catalyzedrtho-arylation and -alkenylation

EtzZn was used in the synthesis of the C1-C21 segmentof arylpyridines Eq. (101) [786]. Ruthenium catalyzed the

of tautomycin[770], sugar derived carbocyclg¢s71], and
analogs of the C14-C22 segment of callystatifi’&2]. In

related reactions, palladium catalyzed allylations of aldehy-

des with allylic substrates in the presence of indium iodide
[343,773] Them?3-allylic intermediate can be prepared from

carbon—hydrogen bond activation &f(2-pyridyl)amines
(Eg. (102) [787], and aromatic hydrazon§s88]. An inter-
esting imine-directed, rhodium-catalyzed activation was de-
scribed Eq. (103) [789,790] Rhodium catalyzed a related
ortho-alkenylation of 2-phenylpyridines with alkyn§g91].

a vinyl epoxide and reacted with ketones and aldehydes toAn iridium catalyzed carbon-hydrogen bond insertion of

afford 2-pentene-1,5-diol derivativ§g74]. A related reac-
tion of vinyl aziridines with palladium and indium iodide in
the presence of an aldehyde gave 1,3-amino alcqia@h].

4

RuClp(n®-CgHa)lo, PPhs N

alkynes into theperi-position of naphthalene derivatives
was developedHq. (104) [792]. Carbon—hydrogen bond
insertion using vinylsilanes and a ruthenium catalyst was

reported Eq. (105) [793].
= Ph =~
o |

(101)

+ Ph-Br

+

KgCOs, NMP, 71:11 %

Ph



100
N
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0O O
Ru3(CO)sz, ethene N /ﬁ\)?\/\) PdCl»(CHCN), A
O CO, 2-Propanol, 92% @N (102) F Dioxane, 71%
& & (100)
BN o A Wilkinson’s catalyst-2-amino-3-picoline system was
used in a dehydrogenation—transimination sequence leading
(PPhs)sRhCI to unsymmetrical ketone&¢. (109) [799]. Carbon—carbon
Toluene. 71% bond activation and skeletal rearrangement of cycloalkanone
imines using a rhodium catalyst was describEd.((110)
(100)
n-Pr
n-Pr_ =
OH OH
(104)
| X R [IrCl(cod)]», P(t-Bu)s | =
Pz _ Na,COs, Toluene, 60% %
CHO CHO
e RuH,(CO)(PPhg)3
(OE/ * Si(OEY)s Toluene, 58% | ) (105)
o Si(OEt)3

Ruthenium catalyzed an oxidative coupling of arenes with
alkenes, in the presence of oxygen, affording styrénes.
A carbonylative carbon—-hydrogen bond activation was de-
veloped using a mass spectrometric labeling strafégy].
A rhodium-catalyzed annulation of alkenyl-substituted
heterocycles was describetdq. (106) [796]. Rhodium
catalyzed the allylation of styrenes with allyl tosylate
(Eqg. (107) [797]. An interesting intramolecular addition of

1,3-diones to alkenes forming cyclohexanes was described

(Eq. (108) [798].

[800]. A rhodium-catalyzed asymmetric cyclization of
4-pentenals to pentanones was repof8&d.,802] Rhodium
catalyzed an oxidative carbon—hydrogen bond insertion
forming oxazolidinonesEq. (111) [803] and the cycliza-
tion of 4-pentynals to give cyclopentenondsq( (112)
[804]. Silicon-tethered ynals were cyclized using a nickel
catalyst[805]. An enantioselective carbon-hydrogen bond
amination using a manganese catalyst was developed
[806].

(0]
~_Ph _ RhCI(PPha)s, Toluene Ph
HoN * /\K 2-amino-3-picoline, 96% (109)
| RN 1) [(CgH14)2RNCl], CysP o
P PN Toluene n-B /\)I\/\ B
N N + n-Bu s u n-Bu
2) H*, H>0, 9% (110)
H
//\% N 0
N [RhCI(COD)3ls, PCys N i
| /> THE. 79% / OCONH Rho(OAc)4, PhI(OAc), fe)
Z N 1970 N 2 "MgO, DCM, 86%
(100) (100)
(0]
Nn-CyoHa1 S [Rh(DPPE)]>(BF4)2, MeCN n-C10H21\é (112)
\/\CHO Acetone, 67%

- Ph
[Rh(nbd)(MeCN),]PFg )
Ph>= CH,=CHCH,OTs el 7 (107)

Dioxane, 51%

Intramolecular carbon—-hydrogen bond insertion reac-
tions of cyclopentadienyldicarbonyliron carbene complexes
were used in the synthesis of sterpurene and pentalene
(Eg. (113) [807]. Novel polycyclic compounds were ob-
tained from a tandem [82]cycloaddition carbon—hydrogen
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bond insertion Eqg. (114) [808]. Zirconocene mediated [2+2+1]cycloaddition between an alkene, a ketone and
the formation of homoallylic alcohols from acid chlorides carbon monoxide, reminiscent of a Pauson-Khand reaction
via allylic carbon-hydrogen bond activatiofEq. (115) was reportedEq. (119) [822].

[809].

O  Fe(CO).Cp

OH

(OH

1) Fe(CO)s, i-PrOH
hv, CO
2) DBU, 64%

H

SPh MezOBF,

DCM, 80-90%

R

(100)
i-Pr
o OFt W(CO)s THF
“ * OEt THF, 76% OEt (114)
A

PhCOCI, CpyZrCl,

QMgBr = _ CO,Me
P 1) Ni(COD), CO; @/Lfcozme

Ph”” “OH DBU, THF
Benzene, THF, 76% PhM 2) MeZZn, 68%
(100) (100)
2.2. Conjugate addition o
OHC (8,8)-(EBTHI)Ti(CO),, PMeg o
Rhodium complexes catalyzed Michael addition of tin . ~{-me CO, Toluene, 86% Me
and silane reagents in water under Ei0-812]and of Me Me
arylboronic acids[813]. Rhodium-catalyzed Michael ad- (100)
ditions of dichloromethylsilane to methyl acrylate esters . _ .
produced a silylketene acetf814]. Ruthenium-catalyzed Rhodium catalyzed a stereoselective hydroformylation of

addition of terminal alkynes to enones was reported alkenes[823]. Hydroformylation was employed as an ap-
[815]. Asymmetric conjugate addition of arylboronic es- proach to spirocyclicy-butyrolactones Eq. (120) [824],

ters to a,B-unsaturated carbonyl compounds catalyzed (+)-ambruticin[133], fluspirilenpenflurido[825], and lep-

by rhodium(l)-©-BINOL-based catalysts was described adiformine[826]. Palladium catalyzed an enantioselective
[816]. Palladium catalyzed Michael-type amidation of thiocarbonylation of 1,3-dienesEq. (121) [827]. Reac-
o,B-unsaturated ketonef817]. Palladium catalyzed the tion of vinyl sulfones with carbon monoxide, hydrogen,
Michael-type addition of acylzirconocenes to conjuated and an amine in the presence of a rhodium catalyst affords
ynones to produce 1,4-diketond=y (116) [818]. Arelated ~ enamines as the major prodé28]. Rhodium catalyzed
reaction of acylstannanes to enones followed by addition @ highly regio- and diastereoselective hydroformylation of
of an aldehyde furnished 2-hydroxymethyl-1,4-diketones allylic ethers[829].

[819].
o) C4H
M Ph._Z o i Ph
CoHir” “ZiCICps  + PCI(PPha)y CBHWM (116)
o) THF, Ether, 85% CHe O
E/Z=1/2.4 o
2.3. Acylation reactions excluding most hydroformylations
/OBn /OBn

2.3.1. Carbonylations of alkenes and arenes 20 Rh(acac)(CO),, CO, Hy 20

An iron-mediated carbonylation of a vinyl cyclopropane QOH BIPHEPHOS, DCM /Q__/OyﬁrOH
was used in the synthesis ofY-delobanone Eq. (117) OB'=§ OB'=

n n

[820]. A dicarboxylation and an arylative carboxyla-
tion of 1,3-dienes were developed&d. (118) [821]. A (120)



102

~A

Pd(OAc),, (R,R)-DIOP
PHSH, CO, DCM, 71%
89% ee

Phs\ﬂ)\)\

0
(121)

Palladium catalyzed a regioselective carbonylation-
lactonization of dihydromyrcendB30]. Seven- and eight-
memebered lactones were prepared by carbonylation-
lactonization of allen-olg831]. Carbonylation of Z)-3-
iodo-3-trifluoromethyl-2-propenols and 3-trifluoromethyl-
2-propyn-1-ols produceg-lactoneq832,833]

2.3.2. Carbonylations of alkynes (including the
Pauson-Khand reaction)

Metal-mediated [2-2+1]cycloadditions forming cy-
clopentenones continued to be extensively studied, in
particular the cobalt-mediated, Pauson-Khand reac-
tion [751,834-840] A density functional study of the
Pauson-Khand reaction was repor{@d1]. In some cases,

the regiochemistry was found to be dependent on the elec-

tronic nature of substituents on the alky8d2]. Alkene in-
sertion was found to be an irreversible step determining the
stereo- and regiochemistry of the reaction. Moderate remote
substituent effect on the regioselectivity of Pauson-Khand
reactions of 2-substituted norbornenes were obsdBAS].
Catalyst systemg844,845] employed in the Pauson-
Khand reaction, included GE(CO), Cu(CO)», and
enyne-Ce(CO)s complexes together with cyclohexylamine
under one atmosphere of &46], cobalt on carboif847],
colloidal cobalt nanoparticlg848], and a rhodium complex
[849]. A molecular sieve-promoted Pauson-Khand reaction
was used to prepare tricyclic aromatic compouf&id]. A
tandem rhodium-catalyzed allylic alkylation Pauson-Khand
sequence was developelfq. (122) [851]. Asymmetric

B
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intermolecular Pauson-Khand reaction using cyclopropene
was reported871]. In situ irradiation of the reaction mix-
ture furnished 2-substituted phenolsg( (124) [872]. The
regioselectivity and th@-effect of silicon substitutents in
the intermolecular allenic Pauson-Khand reactions were ex-
amined[873,874]

r CONMe2
Coy(CO)g, DMSO
DCM, 66%
° I

(123)
>‘\ 1) Cop(CO)g >5i>
X 2NMO, o
3) hv, 98% (124)

Palladium-catalyzed carbonylation of terminal alkynes to
give acetylenecarboxylates was descrifg@x¢b]. Palladium-
catalyzed double carbonylation of terminal alkynes were re-
ported[876,877]and used in a synthesis toward CP-263,114
(Eqg. (125) [761]. An asymmetric 1,2-dicarbonylation of ter-
minal alkenes using a palladium—copper catalyst system was
reported[878]. Palladium catalyzed the thioesterification of
alkynes usingD-methyl-S-phenylthiocarbamateEq. (126)
[879]. Carbonylation of TMS-terminated propargylic alco-
hols using a rhodium catalyst gave 3-silyl-B{5furanones

(Eq. (127) [880].
Pyt

COQMB

AcO Z AcO

COsMe

Pauson-Khand reactions using camphor derived chelating O Pdly, KI, MeOH o}
thioalkynes[852] chiral sulfinamideq853], and chiral 1- CO, air, 89%
sulfinylenyneq854], chiral borane-2,10-sultafi®@55] were (125)
reported.
PCOMe  —  cpnLiTs
Np [RhCI(CO)DPPP], TSN;;@O " TSN;:&O (122)
MeCN, 82% Ng H ng H
The Pauson-Khand reaction was used in synthesis of
asteriscanolide[856], (+)-arnicenone Eq. (123) [857], _ PA(PCys) n-CeHya
the A-ring of nitiol [858], cedrone[859], tagretin and  "CeeT— + PhSTCOMe e phs \COnMe
9-cis-retinoic acid derivatived247], medium-sized rings
fused to a cylopentenorj860], chiral cyclopentaf]pyranes (126)
[861], tetracyclic indolidined862], (—)-dendrobine[863], 0o
(+)-taylorine[864], tritium labeled methyl jasmonaf865], OH o
and magellaning866]. % Rhy(CO)12, CO /™S
Cyclization of triynes to tetracyclic compoun{B67], a ™S THF, 95%
double Pauson-Khand reactions of acyclic and cyclic diynes (127)

[868], anendaselective intramolecular Pauson-Khand reac-
tion of y-oxygenatedy,B3-unsaturated phenylsulongg69],
and reactions of 7-azanorbornefi@#0] were described. An

Iridium catalyzed the cyclization of 1,6-diynes in the
presence of carbon monoxide to form bicyclic cyclopen-
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tadienoneq881]. Rhodium-catalyzed intermolecular silyl-
formylations of alkynes were report¢882,883] Rhodium
catalyzed the silylformylation of alkynes in an ionic lig-
uid [884]. Rhodium-catalyzed intramolecular silylhydro-
formylation Eqg. (128) [885], and an interesting tandem
silylformylation—allylsilylation was describedEf. (129)
[886] was reported.

HMe,SiO 0
= Rh(acac)(CO), s
CO, Toluene \ h
CHO
(128)
Q\ I/
gic 1) Rh(acac)(CO), OAc
o°"H CO, Benzene M
Z - ) h
MeW 2) n BU4NF, THF
3) Ac0, pyr, 83% Me
Me

8:1ds

2.3.3. Carbonylation of halides, triflates, epoxides, and
phosphonates

Palladium complexes catalyzed the carbonylation of a
variety of substrates to form carboxylic acids and deriva-
tives. The formation of homogenous catalysts in het-
erogenous catalyst systems was demonstrf268]. Es-
ters were prepared by carbonylation of halid887—891]
and triflates [892—894] Synthetic applications include,
(+)-galiellalactone[895], acromelic acids[896], toward
gambierol[183], analogs of martinellic acif897], martinel-
lic acid [898], and SB-214857-4899]. Carbonylation of a
vinyl epoxide was used in the synthesis of euncerja86].
Carbonylation of a propargylic trifluoroacetate to give an al-
leneic acid was used in the synthesis e){deoxypukalide
(Eq. (130) [179].

CO,t-Bu

Pd(PPhg)s, TFAA, CO
2,6-Lutidine, THF, H,0

F3COCO H

Palladium-catalyzed carbonylation of a vinyltriflate in the Ph

presence of tributyltin hydride to give the corresponding

a,B-unsaturated aldehyde was used in the synthesis of a

nodlisporic acid A subunfi900]. A related synthesis of aryl
aldehydes was describd€01]. A double carbohydroam-

NOH

103

palladium-catalyzed carbonylation of aryl halides using for-
mamides as an ammonia equival¢@®3]. Methoxymethy-
lamine was used to prepare a Weinreb’s amide in the syn-
thesis of euplotin A418]. Aryltin compounds were used in
place of arylhalides and triflat¢804].

Palladium-catalyzed carbonylation-lactone formation was
utilized in organic synthesis of isovellerfd05], (+)- and
(—)-wilforonide [906], mycophenolic acid455]. A related
carbonylation using C-11 labeled carbon monoxide and
2-bromobenzamide to give a phthalimide was described
[907]. A double carbonylation of aryl iodides in the pres-
ence of primary amines to giwe-ketoamides was reported
[908]. Cobalt catalyzed the formation ¢-lactones from

OAc

x (129)

epoxides in the presence of a Lewis a¢@9], and the
carbonylation of aziridines to giv@-lactams[910].

2.3.4. Miscellaneous carbonylations

Palladium catalyzed the carbonylation of cyclic ketones
to give mainly acyclic diesterf®11]. Ruthenium-catalyzed
carbonylation of amino-tethered allenes to afford unsatu-
rated lactam¢912]. Palladium catalyzed the carbonylation
of 1,2-diaza-1,3-butadienes to give 2,3-pyrazole-){bnes
(Eq. (131) [913]. Palladium catalyzed the carbonylation of
hypervalent iodonium salts with amidoximes to give oxadi-
azoles Eq. (132) [914] and with organolead compounds to
give symmetrical ketongl®15].

COgt'BU

(130)

Cx

TOLH

PdCl,, PhIPhX, CO

Ph

=N
Ph N-pp,

O

Pd(PPhg),4, CO
MeCN, 81%

N
% N—Ph

o (131)

(132)

Cl

ination of aryl iodides affordingx-aminoamides was de-
veloped[902]. Primary aromatic amides were prepared by

KoCO3, NMP,

N‘O>\
I
Cl

A palladium-mediated hydroxy-palladation—carbonylation
sequence was used in the synthesis of a segment of phor-

Toluene, 77%
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boxazole A Eq. (133) [916]. Palladium catalyzed the of a,0-dienals followed by carbonylation to give bicyclic
carbonylation of anN-silylprotected indole to give an compoundskq. (139) [925]. Formylation of an alkylmer-
indole-3-carboxylic acid917]. Oxidative carbonylation of  cury compound was used in a synthesis of mycoticin A
2-ethynylanilines to giveH)-(methoxycarbonyl)methylene-  (Eq. (140) [926].

1,3-dihydroindol-2-ones was describdsgh( (134) [918].

CO,Me
“oTips  —PA(OAC),, CO (133)
MeOH, MeCN, 86%
MeO,C o
7 / SiM
| ~7 Pdl,, CO, O, o ©: Mes -~ _OAc
P MeOH, 53% N (134) (n*-CaHs)PdCl,, dppp
NH, \ oTf c A
H sF, CO, MeCN, 80%
Rhodium catalyzed the preparation of 2,64j4hiazepin- (137)
5-ones from alkyne-substituted thiazolég 1], the forma- o
tion of substituted 4-carbaldehydepyrrolin-2-ones from yn- o . mo M
imines Eq. (135) [919], and the intramolecular reaction of )kNH + PhCHO ggBrz(PPh@f’ LB )"‘\
5- and 6-alkynoylsilanes to give-alkylidenecycloalkanones 2  NMP, 7 BAT, 4% o COzH
(Eq. (136) [920]. Oxazolidin-2-ones were prepared by (138)
MeQO
0 1) Ni(COD)
! 2
HJ\/\/O\/\ 2) TMSCI o 0 (139)
3) CO, MeOH, 56%
(?)PMB 0 Q Rh(acac)(CO)s,, ligand (140)

Y\E/\/\/VHQC' DABCO, Hj, CO, EtOAC

an electrochemical palladium-catalyzed carbonylation of 2-
amino-1-alkanol$921].

0

(nf-CgHsBPhg)RN(1,5-COD) HONA -
/UN (PhO)sP, DCM CO, H,, 82% /\; (135)
o) 0

2.4. Oligomerization (including
{ ESiMeZPh [RhCI(CO)alo, AcOH é:\ cyclotrimerization/cyclobenzannulation/cycloaddition)
— ph Toluene, 77% Ph

(136) Palladium catalyzed a f{32]cycloaddition of alkyli-
denecyclopropanes with imines to give pyrrolidif@a7]. A
Palladium-catalyzed carbonylations of benzyne interme- related reaction of alkylidenecyclopropanes and aldehydes

diates affords anthraquinones in the absence and indanoneproduced 3-methylenetetrahydrofuraf@28]. Cobalt and
having an exocyclic double bond in the presence of an allylic ruthenium complexes catalyzed theH2]cycloaddition of
acetate [Eq. (137) [922]. Palladium catalyzed the amido- bicyclic alkenes with alkyne®29,930] A cobalt-catalyzed
carbonylation of aldehydes to forM-acyl aminoacidsKqg. diastereoselective intramolecular +f2]cycloaddition of
(138)) [923]. Gold catalyzed the carbonylation of amines bis-enones was describd831]. The exo-selectivity and
to give carbamate$924]. Nickel mediated a cyclization vyield of reaction of ketene—alkene-{2]cycloaddition was
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improved in the presence of a palladium catal@g3?]. A [2+2+2]diyne-nitrile cyclobenzannulatiofp49] was used
[3+3]cycloaddition of aziridines with trimethylenemethane to prepare pyridine containing cyclophar@s0]. Cobalt-
palladium complex furnished functionalized piperidines mediated [2-2+2]cycloadditions of substituted enediynes
(Eq. (141) [933]. Cobalt catalyzed Diels—Alder reactions [951], and of 5-hexynenitrile with 1,3-diynef®52] were
of 1,3-dienes with internal alkynd934]. An intramolecu- reported.

Me
Me—= CH,0OMe ()\%CngC' CH,OMe
P >:CH20Me THF, 86% CH,OMe (143)

Me

lar [4+-2]cycloaddition of a dicobalt hexacarbonyl complex
with a dienolsilyl ether was used in the synthesis of a fred-
ericamycin A analogHKg. (142) [935].

. Pd(OAC)z, P(Oi-Pr)3
ACOJJVTMS * \>N TS~ Buli, THF, 82% /(Nj/ (141)

Bicyclic pyridones were prepared by a ruthenium-cataly-
zed [2+2+2]cycloaddition of 1,6-diynes with isocyanates

S OMe
SPh 1) Me,SiCl,, EtsN, chloranil
2) (t-Bu)2Si(OTf),, EtzN, 46%

(142)

Cox(CO)e

Cobalt mediated the intramolecularHf2+2]cyclotrime-
rization [936], and this reaction was used in a synthesis [953]. An interesting ruthenium-catalyzed{2+2Jannula-
of strychnine [648]. Cyclotrimerization in supercritical ~ tion of 1,6-enynes was describeiq. (144) [954].
carbon monoxide was describ§aB7]. Cyclotrimerization
of 6-ethynylpurines was reportg®38]. Penta-substituted / — RhCI(PPhs)s, CHCls Oﬂov

benzenes were prepared via a chemo- and regioselective(,)\ AgOTf, 84%
titanium-mediated [22+2]cyclobenzannulation of three N
different alkynes[939]. A palladium-copper catalyst sys- (144)

tem[940], immobilized palladium complexd841], iridium
[942] nickel and zinc phenoxide®43] were used for cy-
clotrimerization of alkynes. Wilkinson’s catalyst was used
for [24-2+2]cyclobenzannulation of a polymer-bound diyne
with an alkyne[944]. A titanium-mediated cyclobenzannu-
lation leading to a metallated arene followed by electrophilic
guenching was developg#45].

Cobalt-catalyzed a M2+2]cycloaddition of bicyclo-
[2.2.1]hepta-2,5-dienes and bicyclo[2.2.2]octa-2,5-dienes
with 1,3-dienes[955]. A highly regio- and chemoselec-
tive nickel-catalyzed cyclotrimerization of propiolates with
allenes was describe&&(q. (145) [956].

MeO,C N
s _ Ni(dppe)Bro, Zn
= COMe —oPRCST2 2N, 145
ZC * 2% "MeCN, 84% MeO,C (145)

Nickel-catalyzed homo-benzannulation of perfluoroalkyl
Ruthenium was used for regio- and stereoselective enynes was reportd@57]. Palladium catalyzed the benzan-
[24+2+2]cyclobenzannulation of 1,6-diynes with dicyanides nulation of conjugated enynes under fluorous biphasic con-
[946], and of electron deficient nitrile§947]. A novel ditions[958] and an intermolecular enyne—diyne benzannu-

annulation of 1,6-diynes mediated by methallylchromate lation forming cyclophanef959]. A number of transition
or methallylmagnesium chloride using a chromium cat- metals catalyzed the benzannulation of aromatic enynes to
alyst was reported Hg. (143) [948]. Cobalt-mediated give functionalized naphthaleneSd. (146) [960].




106
N N
N A\ N \
PICI,, 94% OO (146)
Toluene
X

Rhodium catalyzed an intermolecular3]cycloaddition
of alkynes with unactivated vinylcyclopropand961].
Ruthenium catalyzed the intramoleculat{B]cycloaddition
of alkyne tethered vinylcyclopropanes to give tricyclic
compounds Eq. (147) [962], such as the core of
cyathanediterpeli@63]. Tandem, rhodium-catalyzed,
[5+2]- and [4+2]cycloadditions of vinylcyclopropanes
with conjugated enynes in the presence of a dieneophile
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a variety of cyclic products depending on the catalyst
and additives Eq. (151) [972]. A highly enantioselec-
tive palladium-catalyzed 1,6-enyne cycloisomerization was
reported [973]. Iridium catalyzed the cycloisomerization
of 1,6-enynes, having a terminal alkyne, to give vinylcy-
clopentenes, and substrates having internal alkynes to give
1 2-a|lwlidenecyclopentane§974]

Ph

Br —
J/V _Pd(OA)p, LiBr _
HOAG, 92%
7N
Me

was describedHq. (148) [964]. (149)
H3C H
j— H ~
MeOzC - - VY
X H\@ [CORUNCCHs)s]PF M9020>C©;> (147)
MeO,C =N Acetone, 93% MeO,C™ 2 H
H
0
S0y Q (Rh(CO),Cl)5, H* (148)
+ O,
/KO / TCE, 98%
Me.
Ti(O-i-Pr),
H  — 150)
e i-PrMgBr, 83% (
h—=
OTBS
TBSO
RhCI(PPha)s, HCOH 150 7" "0,CH 151
AgBF,, CHCl3, 85% N (151)

The mechanism of the cobalt-mediated cycloisomeriza-
tion of enynes was examind®65]. Cobalt mediated the
cycloisomerization of allyl propargyl ethers to form dihy-
drofurans[966]. Cyclization of 1,6-enynes, in the presence
of lithium bromide was used in the synthesis of isocynodine
and isocynometrineHq. (149) [967]. Cycloisomerization

A cationic palladium complex catalyzed the cycloisomer-
ization of 1,6-diened975]. N-Heterocycles were formed
by palladium-catalyzed 1,6-diene cycloisomeriza{i®n6].
Depending on the Lewis acid additive, 1,6-dienes were cy-
clized to give cyclopentenes having either an endo- or exo-
cyclic double bond977]. Palladium mediated the cycliza-
tion of 2-silyloxy-substituted 1,5- and 1,6-dienes to form bi-

in organoaqueous medium was used to prepare a podophylcyclic alkenonesHq. (152) [978]. Titanium mediated the

lotoxin intermediate[968]. Titanium-mediated 1,6-enyne
cyclization was used in the synthesis of){phorbol
(Eg. (150) [462]. A related palladium-catalyzed asym-
metric cyclization affording lactones was reportf&69].
Palladium catalyzed a reductive cycloisomerization of
1,6-enynes in the presence of formic acid and triethylsi-
lane to afford cyclopentanes having an exocyclic double
bond [970]. Palladium-catalyzed 1,6-enyne cycloisomer-
ization using trimethylsilyl tributyltin afforded silicon and
tin-substituted product®71]. Cyclization of 1,7-allenynes

in the presence of a palladium or rhodium catalyst gave

TMSO 1) e
s

cyclization of 1,5- and 1,6-bis propagylic alcohol derivatives
to give four- and five-membered rings having conjugated

exocyclic bisallene§d79].

A ruthenium-catalyzed three-component reaction between
lithium bromide, an alkene, and an alkyne was used to pre-
pare 4-bromo-3-alkenond40]. Ruthenium catalyzed the

Pd(OAC),
MeCN, 79%

COgMe
(152)
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reaction of alkynes with silyl protected allylic alcohol to
give E-enol etherg980] and of alkynes with allylic amides - PACl,, KCI /MB (157)
to afford enamidesHq. (153) [981]. Related reactions of N_H\\ DMF, 85% N !
Br Bu Bn
Ph
n-HeptvC//\COQH + Ph Pd,(dba)s.CHCl3 n (158)
L", (i-Pr)oNEt, MeCN n-Hept™ >~ O
57%, 51% ee
terminal alkynes with alkenes produced 1,1-disubstituted A
alkenes[982]. The ruthenium-catalyzed Alder-ene reac- n.gy . —\ Cul, EtsN
. . . - . P o 'B
tion was used in the synthesis of deschlorocallipeltoside = N~tBU DA 6% n-su ’{“_Bu
A (Eg. (154) [983]. Ruthenium-catalyzed reaction of al-
lenes witha,B-unsaturated carbonyl compounds furnished (159)
1,3-dienesq. (155) [984].
it CpRu(NCCHs)
pRU N H3 3PF6
MeOJ\/\\\ + /\/NHCOQC(CHg)g 6%, 21
o) O (153)
MGOJWNHBOC + MeOJ\/\”/\/\NHCOQC(CHS)S
OMe or y OTBDMS
X ~_-0OTroc e
: 154
Z OTEOMS  GoRUCHONPFs oo i (154)
Acetone, 85% OTroc
S\ )O]\
Z = OH /\/\)W
ACO” TN+ /\[o]/ CpRU(COD)CI, CeCly7H,0 0 A I (155)

DMF, 81%

Platinum catalyzed the alkoxy and hydroxycycliza-
tion of 1,6-enynes[985]. Platinum catalyzed three dif-
ferent cycloisomerizations of enynes, a metathesis,
a cyclopropanation, and an allylic shiftEq. (156)
[986,987] Palladium catalyzed the cycloisomerization
of 5-amino-3-alkene-1-ynes to give substituted pyrroles
(Eq. (157) [988]. Palladium-catalyzed tandem dimeriza-
tion and cycloisomerization of 1-yne-3-ones produced
3,3-bifurans[989]. Tungsten-catalyzed cycloisomerization
of a 5-hydroxy-1-alkyne to give a dihydropyrane, was used
in a synthesis of digitoxi990]. Copper catalyzed the
cycloisomerization of 2,3-dienoicacids to B{efuranones
[991]. An enantioselective palladium-catalyzed synthesis
of 5-aryl-2(H)-furanones from 2,3-dienoic acids and aryl
halides was describedq. (158) [992]. Copper mediated
the cycloisomerization of alkynyl imines to give pyrroles
and pyrrole containing heterocyclesd. (159) [993].

T a

CN

(o}

BN

PtCl,, 80 °C
Toluene, 86%

NC

2.5. Rearrangements

2.5.1. Metathesis

A substantial number of reports on ring-closing metathe-
sis reactions using ruthenium catalysts were published.
New ruthenium catalysts were developg®4-998] The
effects of ligand on the mechanism and activity was
studied [999]. A mechanistic study indicated the inter-
mediacy of a 14-electron catalyst intermedigt®00] A
ruthenium-catalyst was developed able to catalyze 1,6-diene
cycloisomerization or, in the presence of ethane, catalyze
ring-closing metathesisEQ. (160) [1001] Ruthenium
by-products from metathesis reactions were removed by
treatment of the crude products with triphenylphosphine
oxide or dimethylsulfoxide followed by silica gel fil-
tration [1002]. Polymer supported, recyclable catalysts
were reported1003-1005] Ring-closing metathesis was
used in solid phase synthegE006,1007] Ruthenium- or
molybdenum-catalyzed ring-closing metatheses in ionic
liquids [1008], and in supercritical carbon dioxid@009]
were reported.
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"Ru-carbene", CH,=CH»

"Ru-carbene", 85%
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o L
EtO EtO AN

Cs,COg, Toluene, 68%

ring-closing metathesis were reportgd010-1013] A

Enantioselective ruthenium- and molybdenum-catalyzed meo. =
I PN

one-pot tandem palladium-catalyzed allylic acetate iso-
merization and ruthenium-catalyzed ring-closing metathe-

sis may be possibl§1014]. A large variety of ring
systems[317,1015,1016]for example, cyclic phospho-
nates[1017,1018] cyclic enol silyl ethers[1019], five-

to eight-membered cyclic aming4020-1026] fused bi-
cyclic amines [1027], cyclic amino-substituted Fischer
carbene complexe$l028], six- to nine-membered lac-
tams [1029-1031] fused bicyclic lactamg1032—-1034]
macrocyclic lactams[1035], lactones [1036], macro-
cyclic lactones [1037-1040] fused bicyclic lactones
[1041], six-membered cyclic etherd824,1042-1044]
macrocyclic silsesquioxanefl045], polyoxygenated cy-
clooctene$1046], macrocyclic peptidegl047,1048] cyclic
pseudo-peptidefl049,1050] five- to seven-membered cy-
cloalkeneg[335,691,711,1051-1054macrocyclic alkenes
[1055], spirocycles [1056—-1060] a spirocyclic o,p-
unsaturated cyclohexenori@061], fused bicyclic amino
acids [1062], cyclic a-aminoacid esterg1063], dihy-
droquinolines[1064], bicyclic oxazolidines[1065,1066]
cyclic a-thiophosphonate§l067], five- to six-membered
cyclic enamideg[1068], 1,3,2-diazaphosphepine 2-oxides
[1069], phosphorous containing mono- and bicyclic
rings [1070,1071] silyloxacycloalkenes[341,1072] 1-
silyl-2,8-dioxacycloocteneq1073,1074] silacycloalkenes
[1075,1076] bicyclic nucleotides[1077], concave 1,10-
phenanhroline$1078], and optically active bridged oxabi-
cycles[1079] were all prepared using ring-closing metathe-
sis methodology. A triple ring-closing metathesis was re-
ported Eg. (161) [1080]. Ruthenium complexes catalyzed

Cs,COg3, Toluene

Ph><f (160)
EtO
OMe OMe
RUCLC(HPh(PCygp o0 B
86% ~
OH
(162)

Ring-closing metathesis saw substantial use in or-
ganic total synthesifL087]. Synthetic applications toward
halicholactone Kq. (163) [1088], tarchonathuslactone
[1089], conduritols[1090], indolizidines [1091], zizaene
[1092], pyrrolidine and piperidine alkaloidgl093], car-
bocyclic nucleoside[1094], (+)-calystegine B [1095],
disaccharide$756], methyl 4a-carbar-arabinofuranosides
[1096], laulimalide[134,682,1097,1098Jumuravumbolide
[1099],  (+)-3-deoxyp-glyceron-galacto-2-nonulosonic
acid [1100], the spirocyclic core of pinnaic acifl101],
1-desoxyhypnophilin [1102], (—)-pyrenophorin [1103],
hydroazulene ring system of guanacastepgh@t], an
inosine derivative [1104], securinine [1105], the car-
bocyclic skeleton of ingenol[1106], salicylhalamides
(Eg. (164) [101,1107] teubrevin G and H[1108], as-
teriscanolide Eq. (165) [857], C1-Cl12 fragment of
fostriecin [1109], cryptocarya diacetatd1110], toward
the A-D ring system of gambiero[755], cylindro-
phanes[1111], (+)-ambruticin S[580], (—)-isolaurallene
[1112], roseophilin [1113], ent-()-roseophilin [1114],
(—)-fumagillol  [391], 4-hydroxypipecolic acids and
(—)-SS20846A [1115], halichlorensin [1116,1117] the
ergoline ring system Hg. (166) [425], salicylhala-
mides [262,1118,1119] toward FR901483[1120], to-
ward zoapatanol analog$1121] toward havellockate
[1122], a sarcodictyin analog[1123], a fragment of
ciguatoxin CTX3C [1124,1125] the FGHI ring sys-

sequential metathesis hydrogenation and hydride transferl€m Of azaspiracid121], laulimalide [1126] apoptoli-

reactions[1081]. Both ring-closing metathesis and cross-

dine [1127], 1,6-germacradiene-5-¢1128], the HIJKLM

metathesis were observed using polymer supported alkenegings Of ciguatoxi CTX3C[1129], (-)-A26771B [1130],

[1082]. Ring-closing metathesis of dicobalt hexacarbonyl
complexed dienynes was reportg¢di083] Ring-closing

(—)-coiceine[1131], (—)-4a,5-dihydrostreptazolifl132],
(2)- and E)-y-bisaboleng[184], epothilones Eq. (167),

metathesis of 1,2-diallylaromatic compounds produced (+)-acoradieng1133,1134] and the ADE-ring of nakado-

substituted naphthalenegd. (162) [1084] Schrock-type

marin A (Eq. (168) [1135] A double enantioselective

carbenes were used to prepare a six-membered ether ifing-closing metathesis was used in the synthesis of an

the synthesis of hemebrevetoxin[B085] and to prepare a
cyclopenteng1086].

NK-1 receptor antagonis&@. (169) [464]. An asymmet-

ric molybdenum-catalyzed metathesis was developed and

employed in the synthesis of tipranavigd. (170) [1136].

\H/(//(;\
RuCla(=C(H)Ph(PCysz)»
0 \ Benzene, 65% (161)
/\/O /\/O
N 70 o
~_-CsHi1  RuCly(=C(H)Ph(PCys),
| uC / 163
y ? OAc Ti(O-iPr)4, DCM, 72% ( )
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TBSO O - CO:Me TBSO
| = (o) OTBS  RuCly(=C(H)Ph(PCys),
- N DCM, 57%
AN

RuCly(=C(H)Ph(PCys)>

DCM, 92%
NN/ N/
X
N "Mo"-carbene N\
N Benzene, 86% N
Ts Ts
(166)
0

"Ru-carbene"
DCM, 81-85%

==
o 0
W RuCla(=C(H)Ph(PCya)s 7Y
\/\’.“ “uph DCM, 86%, 70% ds N “upn
Ts Ts
(168)
Ph
RUClg(PCYa)Q
DCM, 98%
& \
o} "Mo"-carbene \ o
Benzene, 87% s )
96% ee /_/7
(170)

Ring-opening cross-coupling metathedi$37] was used
to prepare 4-pyrone derivativg$138], polyethers, and re-
lated compoundg1139,1140] Asymmetric ring-opening

0]

N
R‘<//
S

A COgMe
fe) OTBS (164)

A

cross-metathesis reactions leading to optically active cy-
clopentanes were describdd 41]. A ring-opening metathe-
sis was used in the synthesis of the carbocyclic core of
ingenol Eq. (171) [1106] and sporochnol A1142].

RuCl(=C(H)Ph(PCys3). \\“‘_.
DCM, CH>=CH,, 98%

(171)

Alkyne—alkyne cross-metathesis, using molybdenum cat-
alysts, was used in the synthesis of prostaglandifiE43].
An alkyne—alkene ring-closing metathesis was used in a
synthesis toward manzamine alkaloifts144]. Alkyne—

oTBS
f0

(167)

R’

alkyne ring-closing metathesis was used to prepare
epothilone A and C using Mo[MBuU)(Ar)3]z as the
catalyst[1145,1146] Sequential enyne metathesis, ring-
closing metathesis, ring-opening metathesis, and cross-
metathesis were reporte@&d. (172) [1147] Ruthenium-
catalyzed ring-opening ring-closing metathesis of enynes
(Eg. (173) [1148], and a tandem dienyne cross-metathesis

(169)

ring-closing metathesifl149,1150]were reported. A tan-
dem dienyne metathesis was used to prepare bicyclic
ring systems Kq. (174) [1151] 4-Vinyl-substituted
1-silyl-2-oxa-4-cyclohexenes were prepared by metathesis
of silyloxa-tethered enyng4152]

&\

—

"Ru"-carbene (O

CH,=CHy, 67% “

(172)
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Ts Ts to give vinyl-methylene substituted five-membered rings

(j’ N RuCly(=C(H)Ph(PCys)> N were reported1183] A ruthenium-catalyzed cycloisomer-
TBDMSO" ﬂl CHz=CHj,, DCM, 90% /q% ization of 1,6-dienes t@xomethylenecyclopentanes was
TBDMSO” | / reported[1184]. Palladium-phenanthroline complexes cat-
alyzed cycloisomerization of 1,5- and 1,6-dienes to give

(73) cyclopenteneg1185]. An interesting palladium-catalyzed

spirocyclization of a 8-acetoxy-1,6-diene in the presence of
diethyl zinc was reportedsg. (176) [1186]. Cyclizations in

the presence of silanes were repoiftet87]. Palladium cat-
_'Ru’-carbene BnO""©i> alyzed an enantioselective 1,6-diene cyclization—silylation
DCM, 95% . on [1188,1189] Related platinum-catalyzed reactions of
BnO" Ben 1,6-diynes were also describefll190]. Reaction of
(174) 1,2-allene-7-ynes with silicon—tin or tin—tin bonded com-
pounds in the presence of a palladium catalyst produced
Intermolecular alkene—alkene cross-coupling metathesisdifunctionalized cyclopentane&d. (177) [1191].
reactions are becoming more frequently ugs@72,1153—

1157] Homoallylic alcohols with anti-allylic substituents 1) Pd(PPha)s :
displayedE-alkene selectivity in cross-metathesis reactions _ Etzn Z (176)
with allyltrimethylsilane[1158]. Cross-metathesis reactions 2) Iz, d.r. 95:5 RN

A AN

[
of phenyl vinyl sulfone with terminal alkenefl159]

4 Sit-BuMe,
4
E10:C, < Pda(dba)s.CHCls, P(CeFs)s  Et02C (77)
EtO,C — Meot-BuSiSnPhgz, 80% EtO.C X SnPhg
allyl-substituted nucleoside§l160], 2-allylphenols with Gold-catalyzed cycloisomerizations of 1,2-diene-3-ols to

styrenes[1161], fluorinated alkeneg1162], acrylonitrile ~ form 2,5-dihydrofurans was report¢t192] Gold also cat-
with alkeneg1163], diethyl vinylphosphonate with alkenes alyzed the formation of phenols from alkynyl tethered furans
[1164], vinyl ferrocend1165], and vinylsilanes with alkenes ~ (Ed. (178) [1193] Ruthenium catalyzed the cycloisomer-
[1166-1168]were reported. Cross-metathesis was used to ization of yneoates to give enol-lactondd 94}
prepare vinylphosphonate-linked nucleic aditi69]. =

Intermolecular cross-metathesis was used in the synthesis /O\ AuCly
of (—)-roccellaric acid[563], a fragment of amphidinolide O MeCN, 92% )@i/\N_rs
[1170], and vancomycin$1171,1172] A cross-metathesis

ring-closing metathesis dimerization was used in the syn-
thesis of ()-cylidrocyclophanesHq. (175) [901]. (178)

RCM catalyst

DCM, 55% (175)

A ruthenium-catalyzed intermolecular enyne cross-
coupling metathesis was reportg¢dll73]. A number of 2.5.3. Alkene isomerizations
intramolecular enyne metathesis reactions were described Palladium catalyzed the formation of vinyl acetals from
[1174-1181] Both five- and six-membered rings were propargylic acetatesE(. (179) [698,1195] Palladium-

obtained using a ruthenium carbene comgk82]. catalyzed 1,3-allylic transpositioj699] was used in
the synthesis of stemodinonded. (180) [1196], am-
2.5.2. Cycloisomerizations brox like compounds[1197,1198] prostaglandin E

Transition-metal catalyzed carbocyclization of 1,5- and methyl ester[1199], sphingofungins E and 311], and
1,6-dienes to give substituted cyclopentanes or cyclohex-4-demethoxyadriamycinone[1200]. Wilkinson’s cata-
anes continued to be extensively examined. Cyclization lyst was used to prepare vinyl ethers from allylic ethers
reactions of 8-acetoxy-1,6-dienes in organoaqueous medig1201,1202] and this reaction was used in the synthesis
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of hemebrevetoxin 1087]. Palladium catalyzed a rear- OH

rangement of an allylic epoxideE(l. (181) [1203], and . o] Vi
; } : / Pd,(dba)g CHCl3, L

of chiral 2-alkynyl sulfinates to allenylsulfon€d204] HsCO ——=3

Ruthenium catalyzed the isomerization of allylic amines };—o TMG, 100%, 92% ee

to enamineg1205]. A rhodium-catalyzed asymmetric iso- o

merization of allylic amines to enamines was used in the (183)

synthesis of citronella]1206]. Double-bond isomerization

of 1-aryl-2-propenyl to 1-aryl-1-propenyl was achieved
using a palladium catalystl207]. A rhodium-catalyzed
double-bond isomerization to the more stable alkene was
used in the synthesis of nakijiquinone[T208].

3. Functional group preparation

3.1. Halides, nitriles, azides, ureas, imidates, thioimidates
OTBDPS OTBDPS

Pdy(dba)s. CHCl3 /YOAC

Vinyl iodides were prepared by the chromium(ll) me-
X
OAc PPhg, HOAC, 85%

diated Takai olefinatio{1217]. This reaction was used
OAc in synthesis toward{)-lepadins[246], mosin B[1218],
(179) laulimalide [1096], himandravine[654], (4)-crocacin C
[103], (+)-roxaticin [1219], (—)-amphidinolide P[1220],
0/5 rutamycin B[264], and )-equisetin[255].
© Palladium catalyzed the transformation ofallenic
acetates to 4,E)-2-bromo-1,3-dienes in the presence of
lithium bromide Eqg. (184) [1221] Hydrozirconation of
silyl-substituted alkynes followed by addition of iodine
produced silyl-substituted vinyl iodided50]. A related
(180) reaction of tin-substituted alkynes followed by addition

Pd(PPhg)s4, PBug
MeCN, 93%

. of iodine or bromine gave gem dihalo-substituted alkenes
o::,@,ooznne Pd(PPhg); on [1222]
T 5TMs THF, 68-79%  TMSO™ ™ d o Palladium catalyzed the cyanation of aromatic halides
TMSO T™SO 2 using zinc dicyanidd1223-1225] dialkyl cyanoboronates

(181) [1226], or potassium or s_odium cyani@b2_27,12283 Nickel
catalyzed an asymmetric hydrocyanation of ethenylarenes
Iron, rhodium, and ruthenium catalyzed the isomeriza- [1229]. A three-component palladium-catalyzed route to al-
tion of allylic alcohols to saturated carbonyl compounds lylcyanamides employing allyl carbonate, isocyanides, and
[1209,1210] Related reactions using Grubb’s catalyst re- trimethysilyl cyanide was reportg@i230]. A one pot synthe-
sulted in isomerization to ethyl ketones at elevated tem- sis of3-cyanohydrins catalyzed by zirconium was described
peratures and methyl ketones (a loss of one carbon) at[1231]

Cs/H .
CSHH\&C//\( 715 Pd(OAc),, LiBr CsH11/\/\/C7H15

OAc HOAc, Acetone, 85% Br (184)

ambient temperaturfl211]. Ruthenium catalyzed the iso-
merization of a propargylic alcohol to am,3-substituted
aldehyde[311].

Palladium-catalyzed reaction of isocyanides with an
aromatic halide and alkoxides or thioalkoxides pro-
duced imidates and thioimidates, respectivfl232]. A

254, Skeletal and miscell N palladium-catalyzed azidation of allylic cyanohydrinecar-
C - OKE eg at? t’)T“SCG atn?—:-ouz rg?rrangemen S " bonates was develop¢ti233]. Palladium supported on sul-
Opper and ytteroium catalyze aisen rearrangementSe, o o dified zirconia catalyzed the oxidative carbonylation
[1212] A copper.catalyzed asymmetric Claisen rearrange- of amines to form ureakl234]. Reaction of aryl halides
me?‘t was descr|be@1213]._ WaFer-acceIerated a tandem_ with allenes in the presence of sodium azide afforded allylic
Claisen rearrangement-zirconium catalyzed asymmetric

carboalumination Bq. (182) [1214]. Palladium-mediated azides Eq. (185) [1235]. Palladium catalyzed the reaction

: N ) f sodi ide with allyli tates formi Iyli id
Ferrier-Il carbocyclizations [1215], and asymmetric, Flzs;G]lum azide with aflylic acetates forming allylic azides

Wagner-Meerwein rearrangements were describgd((L83)
[1216]

N
1) MesAl, "Zr", H,0 (Y on . o Pd(PPhs)s, NaN3 °
o~ 2 0z DCM, 75%,75% e A ont c= + DMF, 75%

(182) (185)
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3.2. Amines, alcohols

A large variety of aromatic chlorides, bromides, and

triflates were aminated using palladium-based catalyst sys-

tems[1237-1246] A polymer-supported ligand was used
for palladium-catalyzed aminatiorj211]. The mechanism

of amination of aryl chloride§1247] and the kinetics of
amination of aryl bromides and triflates were examined
[1248]. Bis(trimethylsilyl)amide, triphenylsilylamide, and
lithium amide were used as an ammonia equivalents in
aminations of aryl halidegl249,1250]

Palladium catalyzed thN-arylation of 2-oxazolidinones
[1251,1252] benzophenone iminfl253] in the synthesis
of a muscarine receptor agonid254], hydrazine deriva-
tives using pyridine halides and triflatd4255], chiral
sulfoximines [1256,1257] chiral pyrrolidinones[1258],
aminocyclopropanes[1259], 7-azabicyclo[2.2.1]heptane

B.C.G. Sdderberg/Coordination Chemistry Reviews 247 (2003) 79-145

[1284]. The regioselectivity, terminal vs internal, of the am-
ination using hydrazides depended on the hydralids5].
Copper and nickel but not palladium catalyzed the amina-
tion of 5-iodouracil derivativefL286]. Ruthenium catalyzed
the N-monoalkylation of anilines using tetralkylammonium
halides[1287].

Copper complexes promoted the amination of aryl and
vinyl boronic acids with a variety of aming4288,1289]
heteroaromatic amide$1290], purine [281], and imi-
dazoles [1291] Reactions using agqueous solvent were
described [1292]. Copper catalyzed the transforma-
tion of allylic stannanes to allylic amines usingl-(p-
toluenesulfonyl)imino)phenyliodinar{@293].

Rhodium catalyzed an asymmetric aziridination of imines
using sulfur ylides and in situ generation of the diazocom-
pound Eg. (186) [548]. Nickel catalyzed the sequential am-
ination of aryl- and heteroaryl di- and trichloridg294].

T Na Rhy(OAC)4, BnEtzNCI Ts
N~ ' 1,4-Dioxane, 68%, 98% ee N Ph
P /N\ 5 ) ’ o~
Ph)l * PN SN UTs Transcis 2.5:1 Ph”

[1260], aza-crown ether$1261], carbazole[1262], urea
[1263], polyamines [1264,1265] benzophenone hydra-
zone[1266], tetrahydro-isoquinoline and -quinolif&267]
and benzotriazole using diaryl iodonium salf$268].
Palladium-catalyzed amination was used in the synth
sis of isocynodine and isocynometrin®67], a stau-
rosporine aglycone analo§l269], and of enantiopure
1,2,4,5-tetrahydro-1,4-benzodiazepin-34{dnes [1270]

e_

Secondary and tertiary aminothiophens were prepared via

palladium-catalyzed amination of 3-bromothioptj&a71]
Sequential diamination of 1,2-dibromobenzene was used in
a synthesis of benzimidazolium saji272].
Palladium-catalyzed amination of 8-bromeezoxygua-
nosine [1273], halonucleosideq273], 8-bromoadenosin
[1274], 2-bromopyridine [1275], 2-chloropurine [281],
2-bromothiophen[1276], and chlorophthalazine§288]
derivatives were reported. Intramolecular amination of
N-aryl-N'-(2-bromobenzyl)hydrazines produced 1-arii-1

Phl + C

s (186)

Palladium catalyzed a variety of aminations of allylic
substrates vian3-allyl intermediates. Allylic amination
reactions in water were reportg#l295]. The rate of am-
ination was accelerated using a tetraphosphine ligand
[1296] 6-Aminopurine [1094], 6-chloropurine [1297],
8-methylthioimidazo[4,55]quinazoline [1298], and N®-
benzoyladenine[1299] were used asN-nucleophiles.
Palladium catalyzed the amination of 2-chloro-1,3-
butadiene affording 4-amino-substituted 1,2-butadienes
[720]. Palladium-catalyzed intramolecular allylic amina-
tions was used in the synthesis ofR(3R)-3-hydroxy-
3-methylproline [1300], and pancracing1301]. An in-
tramolecular amidation of an allylic chloride was used to
prepare the bicyclic spiro core of halichlorine and pinnaic
acid [1302]. Palladium catalyzed a three component reac-
tion between an aryl iodide, allene, and a primary amine
forming bis(2-arylallyl)amines Eg. (187) [1303]. Palla-
dium and platinum catalyzed the direct reaction between
anilines and allylic alcoholf1304,1305]

sz(dba)g,, TFP (187)

+©/\NH2

indazoles[1277]. Selective amination in the 2-position of
dichloropyridines was observ¢tl278].

Transition metals other than palladium also catalyzed
amination reactions. Nickel catalyzed the amination of
dichloroarenes[1279]. Copper catalyzed reactions were
described674,1280-1282]Copper catalyzed the coupling
of aryl halides with amides, nitrogen heterocyclHsBOC-
hydrazide, benzophenone hydrazgh283], and ammonia

PhW
PhLNJLPh

A number of palladium-catalyzed asymmetric allylic
aminations were published using optically active ligands.
Asymmetric allylic amination using a chiral phase-transfer
catalyst was reported1306]. A regio- and enantiose-
lective amination using sodium diformylamide as the
nucleophile was describefl307] Reaction of racemic
5-vinyloxazolidinones with phthalimide in the presence
of a chiral catalyst gave optically enriched regioisomeric

DMF, KoCOg3, 82%
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products[1308]. Regioselective amination of an optically palladium-catalyzed allylic oxidation-amination was used
active allylic acetate was used in the synthesis of valien- in the synthesis of-)-dehydrotubifoline and-{)-tubifoline
amine Eqg. (188) [1309]. Asymmetric allylic amination [443]. Homoallylic amines were prepared by a tandem
was used in the synthesis of)-dehydrotubifoline and  zirconocene homologation-aldimine allylatiokq. (193)
(—)-tubifoline [443]. Rhodium catalyzed a regioselective [1323].
and enantiospecific asymmetric allylic amination ushtg
(arysulfonyl)anilineg1310]. Palladium-catalyzed asymmet- NH, OTBDPS OTBDPS
ric [1311], and room temperaturg312], hydroamination — _-» . Cp oNdCHTMS O H

: 90% KN
of 1,3-dienes were reported. N

H
(191)
/\)CI)\
_~_SnBus P TsNCO, Pd(PPh)4 J\/% 192
= M G T oA 7 N (192)
Cl Ts
OBn OBn
OBn 0Bn 1) Cp,ZrHCI NP(O)Ph
Pd(PPh3)4, PPh3 //C4H9 2) MeZZn /k(/)C4H29
ACO “iogn  BNNHz, MeCN, BAHN “'OBn 4 3) CHaly Ph
I L 4) H 71%, (85:15) =
(188) Ph”” “NP(O)Ph,
(193)

Iridium catalyzed allylic aminations of allylic esters
[1313] Palladium catalyzed the amination of phenoxyal- _ o
lene[1068]. A palladium-catalyzed regio- and stereoselec-  Palladium catalyzed the hydroalumination of 1-alkenes

tive aminohalogenation of styrenes was reporfe@14] followed by oxidation affording primary alcohold324]
An intramolecular amination of propargylic carbamate or Zirconocene-catalyzed enantioselective methylalumination
phosphonate tetherqﬁ.|actams was reportecEq_ (]_89) of terminal alkenes followed by oxidation was used in total

[1315] Rhodium- and titanium-catalyzed hydroamination synthesisq. (194) [364].
of terminal alkynes were describ§t316]. The latter cata-

Iyst. was used under microwave |rrad|at.|[ir.817]. Imidoti- /\/\)\ 1) MesAl (-(NM2ZCl 1o M
tanium complexes were used to form imines from allenes+

2) Oy, 79%, 74%ee
and amines Eq. (190) [1318]. A silica supported palla-

dium catalyst was used in cyclizations of amino-substituted (194)
alkynes to form nitrogen heterocyclfk319].
TBDMSQ, H H TBDMSO, H H
Pdo(dba)s.CHCI3, P(0-Tol)s N
KoCOg, Toluene, 57% 0 (189)
C
\
OCO,Ph
NHz oo cat, N
P c,  * CyHg, 96% HJ\
Ph 3.3. Ethers, esters, lactones, acids

190
(190) Ortho esters were prepared by the rearrangement of

A ruthenium-catalyzed intramolecular hydroamina- epoxyesters in the presence of2ZpCl, and silver perchlo-
tion of tethered alkene to give five- to seven-membered rate[1325]. A nickel-promoted alkyl or aryl carboxylation
rings was described1320]. A neodymium-catalyzed in-  of alkynes using carbon dioxide was developEd.((195)
tramolecular hydroamination was used in the synthesis[1326] A copper-catalyzed asymmetric allylic oxidation of
of pinidinol (Eq. (191) [1321] Tandem bis-allylation of  cycloalkenes, using-butylperbenzoate followed by addi-
isocyanates using allyl chlorides and allyl stannanes cat-tion of an organozinc reagent, forming allylic esters was
alyzed by palladium was reportedd. (192) [1322] A reported[1327].
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Me
Z ~_COH
| A 1) Ni(COD),, CO,, DBU, THF
MeO = 2) MexZn, 78% MeO
Vanadyl acetylacetonate-catalyzed epoxidations of

allylic alcohols using peroxides continued to be a
valuable tool in organic total synthesis. For exam-
ple, sclerophytins and cladiellin diterpengs328,1329]
phomactin analogs[1330], the celastracea sesquiter-
pene core[1331], (+)-arteanniun M[1332], functional-
ized 1,2,3,4-tetrahydroquinoline$404], fredericamycin
[1333], FR901464 analogEl87], (—)-bulgecinine[1334],
(+)-cheimonophyllon E[1335], the CD ring of pacli-
taxel [1336], stolonidiol [1337], toward daphnanes and
(4)-resiniferatoxin [1338], toward the tetracyclic core
of CP-225,917 Eqg. (196) [1339], and )-13-hydroxy-
11,12-epoxyneocembrerj2340] were prepared using this
methodology. Epoxidation of alkenes in the presence of a
tethered alcohol resulted in the formation of tetrahydrofu-
rans[1341,1342]

B.C.G. Sdderberg/Coordination Chemistry Reviews 247 (2003) 79-145

(195)

[1358] and deschlorocallipeltoside f983]. A double in-
tramolecular alkoxylation was used in the synthesis of
uvaricin (Eq. (198) [1359] Palladium catalyzed the reac-
tion of phenols with sugar derived allylic carbona&360].
The effects of halide ligands and protic additives on the
enantioselectivity in rhodium-catalyzed asymmetric ring
opening of oxabicyclic alkanes with phenols was reported
[1361]

OAc

HO... Pd,(dba)s, THF

HO (S,S)-DPPBA, 96%

OAc

OMe

Q OMe o
(0]
P “*NgH  VO(acac),, +-BuOoH — “"NoH

Toluene, 68%

TBDPSO TBDPSO

Sharpless enantioselective epoxidations of allylic al-
cohols using titanium tetraisopropoxide together with
butyl hydrogen peroxide and an optically active tartrate

ester continue to see extensive use in organic synthe-

sis. For example, this reaction was used in synthetic ap-
proaches to<{)-doliculide[637], sarcodictying1343], (—)-
laulimalide[1344], 1 N2-doexyguanosingl345], teubrevin

G and H[1108], (+)-crocacin A[1346] 13C-labeled 2-
deoxyribonolactone$1347], the octacyclic core of gam-
bierol [314,1348] posticlure[1349], azaspiracid41350],
cryptophycin A unif1351], radicol and monocillin [1352],
(+)-prelactone d1353), (—)-amphidinolide P[1222], pa-
mamycin 607 [1354], laulimalide [1126], the HIJKLM
rings of ciguatoxi CTX3(1129], (+)-3,4-epoxycembrene

A [1355], and a puffball pigmenfl356]. A related epoxi-
dation of an homoallylic alcohol was used in the synthesis
of (=)-fumagillol [363] and of trinervitane and kempane
skeletonsEq. (197) [1357].

t-BUOOH, Ti(O-iPr),
DCM, 63%

[ H
OH

(197)

MOMO

Palladium-catalyzed asymmetric allylic additions of
alkoxides were used in a formal synthesis of LY 333531

(196)

Palladium catalyzed the intermolecular reaction of alco-
hols with aryl halides to form aryl ethef$362]. Intramolec-
ular reactions to give benzannulated oxygen containing com-
pounds were also report¢ti363]. Palladium-catalyzed ad-
dition of an alcohol to methoxyallene was used in a synthesis
toward laulimalide[682]. Palladium catalyzed the addition
of alcohols to alkylidenecyclopropanes to give allylic ethers
(Eq. (199) [1364]. Palladium catalyzed the carbon—oxygen
coupling of sodiumt-butoxide and unactivated aryl halides

[1365]
Bno/\”Ao7H15

(199)

Crhis Pd(PPhs)s, THF

BnOH
N P(o-tolyl)s, 69%

A palladium-catalyzed hydroxy-palladation—carbonyla-
tion—lactonization sequence was used in natural product
synthesis forming bicyclic compound4366], and pal-
ladium mediated the same reaction in the preparation of
benzop]furo[3,4-d]furane-1-one$1367].

Copper mediated the cross-couplingNshydroxyphtha-
limide with phenylboronic acids formingj-aryloxyphtha-
limides[1368]. IntramoleculatO-arylation of phenols with
phenylboronic acids, catalyzed by copper, was used in the
synthesis of macrocyclic metalloprotein inhibitdfs369].
Copper catalyzed the intermolecular etherification of phe-
nols with aryl bromide$674].

A palladium-catalyzed reaction of a phenol with an aryl-
boronic acid was used in the synthesis of teicoplanin aglycon
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[1370]. Palladium-catalyzed addition of phenols to allenes
furnished dienyletherf371] An interesting palladium cat- _ ~_~_-NHTs _Phl, Pd(PPhs)s, CO O)‘\,(P“
alyzed hydroalkoxylation of alkynes in the presence of ben- Z K2COg, MeCN, 83% N O
zoic acid was developedE(). (200) [1372]. Ts
(201)
' N C// Pd,(dba)s, KoCO3 N-M
NHMe 4/~ PPhs, DMF, 68%, 5% e~ Neyeo (202)
o 0 o
OTIPS
OTIPS _ o) ; o)
= EtsN
TsHN 2O /U\CO(CO)4 —’613% W (203)
|

OH
Pd(PPhgz)4, PhCO.H

Dioxane, 82%

/\/\/

Ph

Ph/\/O

O
(200)

3.4. Heterocycles

A variety of complex polycyclic heterocycles were ob-
tained by reactions usually initiated by an oxidative addi-
tion of a low valent transition metal to an aryl or a vinyl
halide[1373-1385] The product isolated depended on the

sequence of events that follow, for example, alkene and
alkyne insertions, carbonylations, and terminations. These
cascade-type reactions are unfortunately not readily catego

rized within this review and are therefore only briefly dis-

Ts

Reaction oNN-allyl-2-iodoaniline orO-allyl-2-iodophenol
with carbon monoxide in the presence of a palladium
catalyst gave mixtures of 3-methoxycarbonylmethyl deriva-
tives of dihydroquinoline and dihydrochromeme, respec-
tively. The product ratio was dependent on the carbon
monoxide pressur§l390]. Palladium catalyzed the annu-
lation of 2-halobenzaldehyde imines with alkynes form-
ing 3,4-disubstituted isoquinolineseq. (204) [1391]
Pyridines [1392], isoindolo[2,1a]indoles [1393], and 3-
and y-carbolines[1394] were formed in a similar fash-
ion. Palladium catalyzed the reaction of aryl halides
with N-propargylamides to give 2,5-disubstituted oxazoles
(Eqg. (205) [1395] Pyridines, quinolines, pyrroles, and
spiro amines were prepared by palladium-catalyzed cy-

cussed. A palladium-catalyzed intramolecular insertion of Clization of unsaturated oximesq. (206) [1396,1397]

an alkyne was used in the synthesis of the ergoline ring sys-

tem[425], and quinoxaline derivativg4386].

Reaction of allene tethered sulfonamides with carbon

monoxide and aryl iodides affords 3-aroyl-2- or 3-pyrrolines
and pyrrolidine- or piperidine-substituted enones depend
ing on the length of the tetheE(. (201) [1387] Reac-
tion of 2-halobenzamides with allenes gavéheterocycles
(Eg. (202) [1388] A diastereoselective cobalt-mediated

acylation of amine-tethered allenes to give pyrrolidines was

reported Eq. (203) [1389]

+ Ph

u

@I/
N
Z B

COzMe

Indole[1,2€]quinazolines were prepared by a palladium-
catalyzed reaction of aryl and vinyl halides and triflates with
bis(2-trifluoroacetamidophenyl)ethyn§l398]. Palladium
catalyzed the reaction of 2-iodophenols or 2-iodoacetaniline
_with terminal alkynes, in the presence of an excess of
methylmagnesium chloride, an aryl- or vinyliodide, or car-
bon monoxide forming 2,3-substituted benzofurans and
indoles[1399]. Rhodium-catalyzed coupling-cyclization of
N-aryl trifluoroacetimidoyl chlorides with alkynes furnished
quinolines Eq. (207) [1400].

COgMe
Ph
Pd(OAC),, PPhy A
NayCO3, DMF, 99% N
Zves ° Z (204)
MeO

Pdy(dba)s, P(2-furyl)s

t-BuONa, MeCN, 83%

(205)
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CeFs0CO
]\/v 1) Pd(PPhg)s, n-BusNCl Y
Ph EtsN, DMF Ph™ N
2) TMSCI, DCM, 62% H
(206)

. /\/\/

[RhCI(COD)],, PPhs
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Vinylogous 2-sulfonylethenylindolines were prepared
by reaction of 2-iodoanilines with dienyl-sulfones in the
presence of a palladium catalygt406]. A three com-
ponent, palladium-catalyzed synthesis of imidazolines
using carbon monoxide, an acid chloride, and imines was

MeO

~ (207)

Palladium catalyzed the cyclization of 2-vinylazetidines
with heterocumulenes affording tetrahydropyrimidones,

NEts, Toluene, 73%

~

N~ >CF,

described[Eq. (210) [1407]. y-Lactams were prepared from
a-bromoacrylamides and 1,3-dien@ds<l08].

Q@*

tetrahydropyridinimines, and thiazinanimine$1401].
Palladium-catalyzed reaction of optically active allenes
having an aminofunctionality tethered to the chain with aryl
iodides produced three- to five-membered nitrogen hete-
rocycles[1402]. An interesting synthesis of fused indoles
by palladium-catalyzed annulation dfl-allene tethered
2-iodoaminobenzenes was developEd.((208) [1403].

|
©i )\ Pd(dba), PPhs A\
NWC MeCN, 100% N
!
(208)

Palladium-catalyzed cyclization of 2-vinylthiiranes
with heterocumulenes furnished thiazolidine, oxathi-
olane, and dithiolane derivative€dq. (209) [1404] A
palladium—copper catalyzed regio- and stereoselective

RU3(CO)12, DMF

ph Ph
ﬁ/ N,Bn
Pd2 dba)g, MGCN CcO O COQ-
2,2"-bipyridine, 82% H (210)
Me

Sequential palladium-catalyzed Sonogashira cou-
pling followed by intramolecular amino-palladation of
polymer-bound 2-iodoanilines gave indo[@§9]. A related
reaction was used in synthe§¥0]. A palladium-catalyzed
tandem amino-palladation of allenyN-tosylcarbamates
followed by a reductive Heck reaction was reported to
give 2-oxazolidinones[1409] A 2,3-disubstituted in-
dole was prepared from a 2-iodoaniline and an internal
alkyne [271]. Heck reaction of 2-haloanilines gave in-
doles[1410]. An interesting ruthenium-catalyzed synthesis
of 2,3-disubstituted indoles by reaction of anilines with
propargylic alcohols was developedd. (211) [1411]
Tryptophan analogues were prepared by reaction of in-
ternal alkynes with 2-iodoarylaming4412]. Reaction of
alkanolammonium chlorides with aryl amines in the pres-
ence of a ruthenium catalyst and a Lewis acid produced
indoles [1413]. A copper-catalyzed cyclization was used
to prepare E)-2-(2-arylvinyl)quinazolinones Hg. (212)
[1414,1415] A ruthenium-catalyzed oxidative cyclization
of 2-aminobenzyl alcohols and ketones to give quinolines
was developel416].

AN
e

L
NH

cl
N
N

, * NH4PFe, 80% (211)
H
synthesis ofE)-2-(2-arylviny)-3,1-benzoxathiin-4-ones was
reported/1405].
Cl
Cl
Pdy(dba)3.CHCl3, 75% Q (209)
N * \Q .c?® “dppp, THF, N (5psi) /z»
N” 0
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o} 0
©\)‘\NHAH Cul, n-BuNBr CELN’A'
\ KaCOg, MeCN NJ\/\ "
/ \\ |
Ar

(212)

Poly(pyrazolyl)borate—copper complexes catalyzed the
aziridination of alkeneg1417]. Copper-catalyzed azirid-
ination of an alkene was used toward the synthesis of
kalihinane diterpenoidgl418]. Copper-catalyzed aziridina-
tion mediated by PHO was reported1419]. Diethylzinc,
chloroiodomethane, and tetrahydrothiophen were used to
form aziridines from imine$1420].

Intramolecular hydroxy-palladations forming five-
membered rings were reporte@d47,1421] Palladium-
catalyzed intramolecular hydroxy-palladation of intermedi-
ately formed cumulenes was used to prepare tetra-substitute
furans Eq. (213) [1422]. A three component reaction of
an aryl or vinyl halide and triflate with a propargylic alco-
hol, and an alkylidene malonate, using a palladium cata-
lyst, produced 3-arylidene or 3-alkylidene tetrahydrofurans

(Eq. (214) [1423] This reaction was used in a synthesis of .

burseran1424]. Asymmetric reaction of activated alkenes
with hydroxy-group tethered allylic carbonates, in the pres-
ence of a palladium catalyst, produced cyclic ethd25].

o)

I
@j + Me———CO,Me

An asymmetric hydroxy-palladition alkene cyclization was
described Eq. (215) [1426]. Palladium-catalyzed hydrox-
ypalladation of allylic silanes forming tetrahydrofurans
was reported Eq. (216) [1427] Palladium catalyzed the
reaction of benzene-1,2-diols with propargylic carbonates
to give 2-alkylidene-1,4-benzodioxan¢$428), and with
the biscarbonate of 2-(hydroxymethyl)allyl alcohol to give
3-methylene-3,4-dihydro¥2-1,5-benzodioxepines[1429].
Intramolecular hydroxy-palladation methoxycarbonyla-
tion of 4-hydroxyalkynes was used to prepak-€yclic
B-alkoxyacrylateg§1430].

OAc
CN 1) Sml,
= 2) Hy,O
o 3) p-BrCgHal, Pd(PPhg)s, EtN, 73%
EtO,C.__CO,Et

PAClo(PPha),, n-BuLi

117
N
4%(% PA(OCOCF),, L' Her ez
p-Benzoquinone, 89%
HO OBz 82% ee 0
(215)
OH HO

oAy smre T
(216)

1,3-Oxazolidines were prepared by palladium catalyzed
reaction of 5-vinyl-1,3-oxazolidin-2-onef299]. Titanium
mediated the formation of 2- and 2,3-substituted furans
from 2-alkynal acetals and aldehyddsq( (217) [1431].
A nickel-catalyzed cyclization of oxanorbornenes and alkyl

&)ropiolates to give benzocoumarin derivatives was devel-

oped Eq. (218) [1432].

o& 1) Ti(OI-Pr)4 o c\)\
2) \
/O @\CHO n-Bu
217)
0
T
(218)

NiBro(dppe), Zn
CH3CN, 87%

DR

3.5. Alkenes, allenes, alkanes, arenes

A variety of functional groups were replaced by a hydro-
gen using palladium-catalyzed methodologies. Palladium-
complex catalyzed reduction, together with a hydride
source, such as tributyltin hydride, silanes, or ammonium
formates, were used in synthesis ef){dehydrotubifoline
and (-)-tubifoline [483], p-erythro-sphingosine and.-
lyxo-phytospingosing[1433], the ABCD ring system of
azaspiracid1434], and ()-a-eudesmo[1435]. Palladium
catalyzed the reductive cleavage of polymer-bound aryl

Phl +

+ ol Ph]/ THF, 89%

Br
(213)
7\ CN
o)
- CO,Et
N CO,Et (214)
o~ ~Ph
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perfluoroalkylsulfonatefl436]. The trifloxy groups of a 3-  tributyltin methoxide and allyl methyl carbonate in the
trifloxyfuran [1437] was removed using similar methodolo- presence of palladium diacetdi59].
gies. Wacker-type oxidation, i.e. reaction of mono-substituted
Monodebromination of 1,1-dibromoalkenes was achieved terminal alkenes with palladium(ll) and water to afford
using tributyltin hydride, in the presence of a palladium methyl ketones, was utilized in a number of synthe-
catalyst, formingcis-substituted bromoalkend447,437] ses [1043,1454,1460,1461] Frontaline analogs[1462],
This reaction was used in the synthesis of combrestatins(—)-fumagillol [363], sclerophytins [758], B-elemene
[250]. Palladium catalyzed an interesting intramolecular re- [1463], toward eudesmanolid¢®96], (+)-roxaticin[1219],
dox reaction resulting in debromination-enone formation 2-thiocyanatoneopupukeanaifg464] herbertenediol and
[1438]. Nickel catalyzed the reduction of aromatic halides mastigophorene41465], and diterpenoids[1466] were
to arenes in the presence of boron—-dimethyl amine complexprepared using a Wacker reaction in one of the steps. A cor-
[1439,1440] A palladium-imidazolium catalyst was used to relation of relative rates of oxidation of alkenes vs alkene
dehalogenate aryl halid¢$441] ionization potentials, HOMOs and LUMOs was reported
Palladium-catalyzed regioselective ammonium formate [1467] Reversal of regioselectivity of the addition of wa-
reductions of allylic carbonates and carboxylates were ter was observed comparing styrene and 1-phenylpropene
reported[1442,1443] and this reaction was used in syn- [1468]
thesis of 5,7-dideoxypaclitaxel derivativg$444]. A re- Palladium catalyzed a ring-expansion of 1-allenyl-1-
lated regioselective palladium-catalyzed reduction of a cyclobutanols in the presence of a Michael acceptor to give
vinyl epoxide to a homoallylic alcohol was used in syn- substituted cyclopentanond4469]. Palladium also cat-
thesis of a precursor of 9-now25-dihydroxyvitamin @ alyzed a ring-opening of tertiary cyclobutanols to give un-
[1445] Palladium catalyzed the reductive ring opening of saturated ketones, ring-expanded ketones, or ring-contracted
a vinyl-substituted lactong446]. A palladium-catalyzed  ketones in good yieldsg. (220) [1470]

samarium mediated reduction of propargylic phosphonates o

to give allenes was describ§t¥46]. Ph
Palladium-catalyzed transformation of allylic acetates to <:><><Ph PA(OAG),, Pyridine, Os <:><f¥
dienes were used in a synthesis of mesembri2%@] and a OH MS 3 A, Toluene, 98%
homoheptalene derivatiy2447]. A terminal triple bond was
reduced to a double bond in the presence of internal double (220)
or triple bonds using sodium borohydride and a palladium
catalyst[1448]. A palladium-catalyzed synthesis of chiral
allenes from 2-bromo-1,3-dienes was reported.((219)
[1449]. Wilkinson'’s catalyst was used to remove an aldehyde
functionality [1450].

A ruthenium-catalyzed oxidation of a trisubstituted allylic
alcohol to a hydroxy ketone was used as a key step in the
synthesis of demethoxyadriamycinorieg( (221) [1200].
Ruthenium-catalyzed anti-Markovikov additions of water to
terminal alkynes affording aldehyd@s471]

0 OH
OAc
(\ Z RuCls, MeCOsH
= M&CN, DCM, H,0, 60%

(221)
O OAc Ot-Bu O OAc Ot-Bu
NHAc
. —}-cooEt
Ph/\;\ + HC(NHAC)(COzgy), igﬁg)ci,lyci}l,d:;% Ph/zo_ SO0 (219)
89% ee

3.6. Ketones and aldehydes

3.7. Organoboranes, silanes, germanes and stannanes

A number of applications of the Saegusa reaction, i.e.

the transformation of silyl enol ethers tap-unsaturated A thioether-directed platinum-catalyzed hydrosilyla-
ketones, were published451-1453] For example, syn-  tion of alkenes was reported472] Palladium-catalyzed
thesis of variecolin[1454], cedrone[862], stemonamide  asymmetric hydrosilylation§l473-1475]for example, of
and isostemonamidd455], FR901464 analogd87], kel- 4-substituted 1-buten-3-ynes to give chiral allenylsilanes
soene [1456], and naewedine and galanthamifi457] (Eg. (222) [1476] Wilkinson's catalyst was used in hy-
were described. A related palladium-catalyzed reaction of drosilylations of ynals[1477], alkenes[1478], and was
a methyl enol ether was used in the synthesis of stelletta-used in tandem hydrosilylation—aldol reactiofis479].
dine A[1458]. The oxidation was also accomplished using Cobalt catalyzed the hydrosilylation of sugar derived al-
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lenes[1480]. A platinum-catalyzed intramolecular hydrosi- total synthesis of ratjadon@7], (—)-reveromycin B[88],
lylation was used in the synthesis of a leucascandrolide (—)-ichthyothereol[94], bafilomycin A [110] phorbox-

A fragment Eq. (223) [1481] Reaction of aromatic bro- azoles[106,1502] a segment of gambieric acid503],
mides and iodides with triethoxysilane in the presence apoptolidin[130,260] himbacine derivative§33], and as-

of a palladium catalyst gave triethoxysilane-substituted taxanthin analogg128]. Regioselective hydrostannation
arenes[1482]. A rhodium-catalyzed desymetrization of of a 1,4-dihydroxy-2-alkynd81], and a regiospecific hy-
4-dimethylsilyloxy-1,6-diynes via sequential silyl-formylation drostannation on the carbon adjacent to the aryl group of
was reported1483].

[PdCI(T]S-CgHs)]g/LI*

t-Bu——= i
N+ HSICh o Tpaesru ee (222)
H
ﬁ\\OBn
\@ H,PtClg, CHCI3 (223)
e O (MeHSi),NH, 87:13

O
</o N
Palladium catalyzed the borylation of benzylic carbon—

hydrogen bonds using bis(pinacolato)diboron or pinacoleb- an 1-aryl-1-alkyne were reportg®5]. The regiochemical
orane[1484], and rhodium catalyzed regioselective bory- outcome was influenced by oxo-substitution of terminal
lation of aromatic carbon—hydrogen bonds using pinacolb- glkynes [1504] Regioselective palladium-catalyzed hy-
orane [1485] Palladium catalyzed the cross-coupling of drostannations of internal alkyn¢47,1505]were used in
aromatic halides, triflates with dipinacolylborane or pina- the synthesis of asperazin€d. (226) [109], and )-
coleborane producing aromatic pinacolyl boronic esters phorboxazole A/111]. Hydrostannation of a bromoalkyne
[120,258,259,1371,1486-1489]Cedranediolborane was  affording a vinylstannane was used in the synthesis of san-
used in related reactionfl490] A palladium-catalyzed  glifehrin A [122]. Hydro-, methyl-, and butyl-stannations
1,2—diborati0n of allenes was reporte[d49l]. Related of N-benzy|.N-tosy|ynamine were reportd:d506]_

Ph
™S Z
@ + Ph—==—5SnBug CsF, PdyCla(n3-CgHs) ©\/ (225)

oTt MeCN, 54% SnBug
borasilylations of allenes to give alkenylboranes were de-
scribed[1492]. o 0

Palladium catalyzed the reaction of hexaalkylditin NBoc Buaan’OPd(PPh3)4 NBoc

reagents with aryl, and vinyl iodides, triflates or bromides to \ DCM, 88% H |
give trialkyltin-substituted produc{¢6,48,74,95,268,1493— COsMe BUS coM
1497] This reaction was used in the synthesis of ru- tasn 2Me
tamycin B and oligomycin (1498], cladiellin diterpenes (226)

[1328], the core of phomactif85], toward FR18287799],
lapidilecitin B [1499], and himastatin[732]. Palladium-
catalyzed the dimerization—carbostannylation of alkynes to
give conjugated dienylstannandsy( (224) [1500].

Nickel-catalyzed the acylstannation of 1,2-diefiEs07]
and of ynoate$819]. A palladium-catalyzed allylic stanny-
lation of allyl chloride, using BgSnAIEY as the nucleophile

Ph

CO,Et
[Pd,Cla(n3-CgHs)z], 89% N
HC=CCO,Et + PhC=CSnBu3 __
PhN NPh

A palladium—iminophosphine catalyzed carbostannyla- was employed in a synthesis of a spongistatin 1 fragment
tion of arynes was developeld. (225) [1501] Palladium- [1508]. A rate acceleration of the palladium-catalyzed hy-
catalyzed hydrostannation of terminal alkynes using trib- drogermylation of terminal alkynes and dienes was observed
utyltin hydride, forming vinylstannane$47] was used in in water[1509].

SnBus
EtO,C (224)
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3.8. Organophosphorous, arsenic, selenium, and sulfur
compounds
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the formation of 1,2-bis-triisopropylsilanylsulfanyl-alkenes
from alkenes and bis-triisopropylsilyldisulfidg.539]. A
palladium-catalyzed sulfinylzincation of alkynyl sulfoxides

Aryl diethylphosphonates were prepared from aromatic was reported1540].

halides using diethylphosphif&510], aryl dialkylphospho-

nates were prepared from dialkyl phosphates and diaryl

iodonium saltg[1511], and vinyl phosphonates were pre-
pared from vinyl iodides and dibenzylphosphif&512]

all using palladium catalysts. Palladium catalyzed the re-
action of bromopyridines with dinucleosidephosphonates

[1513] and with isopropyl methylphosphinatg514] Vinyl

phosphonate linked oligonucleic acids were prepared in

an analogous fashiorjl1515]. Palladium catalyzed the
phosphorous—carbon coupling of aryl triflates with di-
arylphosphine oxides to give a triarylphosphine oxides
[892,1189,1516,1517]Reaction of arylphosphinic esters
with aryl iodides gave diarylphosphinic est¢i$18]. Pal-
ladium catalyzed the formation of triaryl phosphines from

n-CgHy3

PhS

Pt(PPhg)4
Toluene, 77%

+ n-CgHy3

PhS Ph

Ph
(228)
CO-Me

Pd(PPhs)4
EtsN, 74% N

H o (229)

4. Preparations and reactions of isolated metal

aryl phosphines and aryl iodides, bromides, and triflates complexes and metal intermediates

[1519-1521] Palladium catalyzed the coupling of vinyl tri-
flates with diphenylphosphine and diethylphospHig5].
Nickel catalyzed the coupling of aryl halides and triflates
with diarylphosphine$1522,1523] and of iododihydropy-
ridones to give phosphonates and phosphine oXitte24].

A number of transition-metal catalyzed reactions were
published wherein metal complexes were allowed to react
on one or more of the ligands without demetallation of
the complex. lodoferrocene was carbonylated to give

Mono-substituted phosphinic acids were prepared by ketoamideg1541]. Intramolecular Heck reactions were re-

palladium-catalyzed coupling of anilinium hypophosphites
with aryl halides[1525].

Palladium and nickel catalyzed the hydrophosphina-
tion of alkynes. Complete reversal of regiochemistry

ported using arenechromium tricarbonyl complejesi2].
Heck reaction of vinylferrocene was reportdd543]
Sonogashira-type coupling of ferrocenylethyh®44,1545]
1,2-diethynylcyclobutadiene cobalt complexg?l0], and

was obtained depending on the catalyst and solvent Sonogashira, Stille, Suzuki, and Negishi couplings of iodo-

[1526] A palladium-catalyzed hydrophosphorylation of

substituted ferrocen@546—1549)were reported. Palladium

1,3-dienes forming allyl phosphonates was developed catalyzed the coupling of 1 izincferrocene with 8-

[1527] Rhodium catalyzed a regioselective addition of
diphenylposphine oxide to terminal alkynes affording
E-alkenyl diphenylphosphine oxidg¢$528]. Rhodium and
palladium catalyzed the hydrophosphorylation of termi-
nal alkeneq1529-1531] Reaction of zirconocene—ethene
complex with diethylchlorophosphate, followed by an elec-
trophile, gave functionalized phosphonatesq.( (227)
[1532]. Palladium catalyzed a solvent free arsination of aryl
triflates[1533].

1) EtMgBr
2) CIP(O)(OE),
3) I, 60%

Cp,ZrCly o~ P(O)(OEH),

(227)

Palladium catalyzed a regioselective carbothiolation of
alkynes Eq. (228) [1534]. Palladium-catalyzed coupling of
aryl and heteroaryl iodides and chlorides with thiols to give
thioethers was describ§t66,1240,1535]This reaction was
used in the synthesis of chuangxinmyciks|((229) [1536].
Reaction of 3-trifloxymorphine with tributyltibutylsulfide
under similar conditions was describgthb37]. Rhodium
catalyzed the addition of dialkyldisulfides to alkenes forming
(2)-bis(1,2-alkylthio)alkeneq1538]. Palladium catalyzed

bromoquinoling1550]. Bis(ferrocene)mercury was coupled
with aryl halides under palladium cataly§i$51]. A Suzuki
coupling of tricarbonyl chromium aryl bromide was usedin a
synthesis of the A and B ring system of vancom){dif52].
Stille, Sonogashira, and Suzuki couplings of arene tricar-
bonyl chromium complexes were report¢tl553,1554]
using iodo-substituted ferrocerf@555], and ferrocenyl-
stannang1556] An asymmetric synthesis of a protected
ent-actinoidinic acid using a Suzuki coupling of a chiral
arene chromiumtricarbonyl was descrilj@857]. Reaction
of chloroarene tricarbonyl chromium with hexalkylditins
in the presence of palladium resulted in the transfer of one
of the alkyl groupgd1558]. Ferrocenophanes were prepared
via a ruthenium catalyzed ring-closing metathg$s59].
Arene tricarbonyl chromium complexes continued to be
extensively used as templates for organic reactions. Reac-
tions on functional groups attached to complexes of this type
include, radical reaction of pendant carbony! gro[is60],
Michael additions[1561], ring-closing metathesigl562],
Mannich reaction$1563], and stereoselective Diels—Alder
reactions[1564]. An arene tricarbonyl chromium complex
was used in the synthesis of 11-epi-helioporin1565]
Silylketene acetals reacted with arene tricarbonyl chromium
complexes to give lactong$566].
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Reactions on the aromatic ring of arene tricarbonyl

chromium complexes were also described, for example, co).cow
enantioselective palladium-catalyzed methoxycarbonyla-

tion of 1,2-dichlorobenezene chromium tricarbonyl com-
plex [1567], aromatic nucleophilic substitution using an
alkoxide [1568], amines[1569], and phosphoryl-stabilized
carbanions [1570]. Clean ortho-functionalization of
4-t-butyl-benzylalcohols complexed to chromium tricar-
bonyl was reported1571] Sequential addition of a nucle-

1) BF3.0Et,, DCM
o) 2) I, BnOH, DCM, 46%

(232)

Intermolecular nucleophilic aromatic substitution of

ophile and an electrophile to enantiomerically pure arene ruthenium chloroarene complexes forming 2-tetralones was

chromium tricarbonyl complexes to give chiral-substituted
cyclohexadienes was describdd72].

reported[1582]. Aza crown ethers were used as nucle-
ophiles in related reactiorj$583]. An intramolecular reac-

Arene chromium carbonyl complexes were used as tion was used toward the BCDF ring system of ristocetin

polymer-bound linkerd1573,1574] The arene chromium

A [1584] Palladium catalyzed the alkoxycarbonylation of

carbonyl moiety does not undergo intra- or intermolecular & n°-1-chlorocyclohexadienyl manganese compl&%85]
cyclopropanations using carbenoids derived from diazacom- Intramolecular [2-2+1]cycloaddition of oxygen-thetered

pounds Eq. (230) [1575]. Propargylic cations adjacent to a

diynes using iron pentacarbonyl gave bicyclic iron tricar-

chromium tricarbonyl arene group underwent electrophilic bonyl complexeg1586]. Palladium catalyzed the reaction
substitution reactions with nucleophiles affording products of zirconaindenes with allyl bromide to form naphthalenes

with retention of configuratiof1576]. Allenic thioethers
were obtained from related reactions with thifi§77]

(Eg. (233) [1587] Carbonylation of titanacyclobutanes
complexes prepared by free radical alkylations produced
cyclobutanone§1588].

Ph
Ph
Pd(PPhg),, ZnCl,
s
CP2Zin A ~ph, 59% (233)
Ph
OY\N 0

g N Alkynes complexed to dicobalt hexacarbonyl were used
O/ \© %» O/ as templates for organic synthesis. An interesting cycload-

S X dition of butyne-1,4-diethers complexed to cobalt with allyl

Cr(CO)s Cr(CO)s silanes forming seven-membered rings was descriked (
(230) (234) [1589]. An epoxide to pyrane conversion was used in

Tungstens-alkyne complexes were used to prepare in-
dolizidine and quinolizidine derivatives via intramolecular
cyclization withN-acyliminium ions Eq. (231) [1578]. For-
mal [3+-3] and [3+2]cycloadditions of epoxide-substituted
tungstens-alkyne complexes leading to bicyclic pyranes
were reported Eq. (232) [1579,1580] Enantioselective

the synthesis of-{)-ichthyothereo[94]. Cobalt coordinated
propargylic acetals exhibited enhanced diastereoselectivity
in crotylation reactions compared to uncomplexed substrates
[1590]. Diastereoselective reactions of chiral propargylic ac-
etals were reportefl591]. Nicholas-type reactiongl592]

of cobalt alkyne complex stabilized cations were used in syn-
thesis toward ciguatoxif4593,1594] and pseudopteropsin

synthesis of naturally occurring butanolides was accived G—J aglycor{1595]. Cations derived from bispropagylic al-

starting from tungstei-alkyne complexe§l581].

cohols complexed to dicobalt hexacarbonyl reacted to form
diethers[1596]. An intramolecular oxonium-ene type reac-

(0]
i /\/WCP(CO)Z BFL£40 m tion was describedHg. (235) [1597] Ruthenium-catalyzed
N DCM, 64% / (231)  ring-closing metathesis of a molecule containing a
OFt o//:”WCp(CO)g hexacarbonyl dicobalt alkyne complex was reported
[1598]
EtQ OEt BF OFL (234)
— + BugSn X SiEty =213FE2
| FINTNATER Bem, 75%
Co,(CO)

Ic 05(CO)6
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(CO)eCoz, OTBDMS (CO)Coz, OTBDMS
/ COoMe
MeAl(OMe)CI
4 eAI(OMe) _-C0aMe (235)
OHC DCM, 91%, 94% ds - Z
H :
OH

Iron tricarbonyl diene templates were used to prepare
117-9-demethyl-9-((3-indolyl)methyl)retinal[1599], and
in an asymmetric synthesis of halicholactoji®00]. In-
tramolecular coupling between iron tricarbonyl-1,3-cyclo-

The long-range regio- and steroinduction of nucleophilic
addition to vinyl-substituted cationic cyclohexadienyl iron
complexes was examingd613]. An m°-iron pentadienyl

hexadiene complexes and a pendant alkene produceccomplex was used as a template for cyclopropane synthesis

spirolactams stereospecificallyed. (236) [1601] Re-

(Eq. (239) [1614]. n°-Iron pentadienyl cations reacted with

lated reactions of pendant alkenes and arenes were repoor nucleophiles such as furan and allyl trimethylsilane

ported [1602] An efficient synthesis of optically pure
tricarbonyl(methyl 6-o0xo-2,4-hexadienoate)iron was de-
scribed[1603]. Regioselective deprotonation followed by
1,3-migration of phosphorous was observed for iron coor-
dinated 1,3-cyclohexadieneBd. (237) [1604]. Stereospe-
cific 1,3-migration of the irontricarbonyl moiety on acyclic

conjugated polyenes were applied to remote and iterative

asymmetric inductiorf1605]. Removal of the iron tricar-
bonyl moiety and reduction of the diene to and alkane using
Raney nickel was used in the synthesis-pf{6]-gingerdiol
[1606]. Hydrogenation of tricarbonyl iron cycloheptatriene
complexes gave the corresponding diene compl&07].
The 1-ethoxycarbonyl-2-methylpentadienyl iron tricarbonyl

[1615]

CO,Me

2 MeO,C_ H
0N CAN

g W MeCN, 78% oN VN
MeO,C™ “Fe ’ MeO,C

(CO)s
(239)

Hydrozirconation of alkynes followed by addition of
iodine to produce vinyl iodides was used in the synthesis
of the macrocyclic core of ratjadon@7], callystatin A
[424], FR901464 analog$l87], apoptolidin [130,1127]

cation was shown to react predominately at the C-5 carbonand apoptolidinone[1616] Related palladium-catalyzed

[1608]. hydrostannation-iodination of a terminal alkyne was use
OMe OMe OMe
CO)sFe
_ .  Bu0, CO - ( SAL s
(CONFe__ ,\(P: 80%  (COkFe—_ | | (236)
(0] oy-\l\{ O//:\N
Ph Ph
OP(O)(OEty) OH O in the synthesis of cyclamenol f668]. Hydrozirconation
_ P(OE), of a terminal alkyne followed by transmetallation to zinc
muFe(CO); _LDA, THF A Fe(CO)s and reaction with an aldehyde was used in the synthesis

87%

Diastereoselective synthesis gfbutyrolactones using
m3-allyl molybdenum complex was reportedd. (238)
[1609]. m3-Pyranylmolybdenum complexes were used as
chiral scaffolds for regio- and sterocontrolledq2]cycload-
ditions [1610], and in synthesis of 2,3,6-trisubstituted
piperidines[1611]. Iron and molybdenumy3-allyl molyb-
denum complexes were used in synthd&is95]. Acyclic
1,3-diols were prepared from viny{3-allyl tungsten com-
plexes[1612].

1) NOBF,, MeCN
H 2) N82003, 49%

of (—)-ratjadong[1617]. Methylzirconation using trimethyl
aluminum and ZrCgCl,, followed by treatment with ac-
etaldehyde, gave an allylic alcoh§1618]. Reaction of
phosphonate-substituted zironacyclopropene with alkynes
furnished 1,3-butadienylphosphonaf#619].

Reaction of terminal alkynes with trimethylaluminum
and a catalytic amount of zirconocene dichloride, followed
by iodine to give trisubstituted vinyl iodide€ld.087], was
used in syntheses of concanamycin[85], bafilomycin
Aj [110], the core of phomactifi35], ratjadone[87], and
bis-deoxylophotoxif1620]. Methyl and ethylaluminations
followed by water quench was used in the synthesis of
(10R,119-(+)-juvenilehormone$1621].

Insertion of aldehydes into zirconacycle phosphonates af-
fords alkenylphosphonatdd622]. Intermediately formed
pentadienylzirconium compounds reacts with carbonyl com-
pounds to give 3-alkylated 1,4-diendsqg( (240) [1623].
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1) "CpoZr"
2) PhCHO, 60-70%

M

OBn

Q\A\ (240)

HO™ "Ph

5. Miscellaneous

Grubbs’ catalyst was shown to catalytically remove al-
Iyl groups form amineq1624]. Aromatization of enam-

123

Palladium-catalyzed coupling of alkenes, boronic acids, or
ketones with biphenylene afforded products derived from
C-C-bond cleavageEQ. (243) [1629] A synthesis of
pumilotoxine C using molecular nitrogen as the nitrogen
source was reportede(. (244) [1630]. Cycloproparenes
were reacted with a ruthenium carbene to give ruthenacy-
clopentenes that decompose to fomxylylenes [1631].
Cyclic carbonates were derived from a domino reac-
tion of 4-methoxycarbonyloxy-2-butyn-1-ols with phenols

ines derived from cyclohexanone, 1,3-cyclohexandione, and(Eq. (245) [1632]

o o}
RUClg.ano, PPh3 (242)
Ph/\)\/ + nBUN - Thigkane, 83% Ph/\)HM
OMe
OMe
O-O . Pd(PPhs)s, p-Cresol O (243)
CeHe, 92% O
B(OH),
tetralones employing a stoichiometric amount of palla- S
dium(ll) salts was reportefl625]. A chiral cobalt catalyst Li, Ti(Oi-Pr)a, N
was developed for enantioselective carbonyl-ene reaction I TMSCI, THF, 79% N7
[1626] Tungsten mediated the annulation phcetylenic H  CO.Me
silyl enol ethersEq. (241) [1627] COzMe
(244)
X
HO OCO Me P
= Pdp(dba)s, CHClz, DPPE o
p-methoxyphenol, Dioxane (245)
85%
OMe
t-BuMe,SiO 0] Zirconium-catalyzed addition of two electrophiles to
X | | W(CO)s. THF alkenes was describeBd. (246) [1633]. Vanadium-cataly-
THF, 97% zed additions of propargyl alcoholgq. (247) [1634] and
Et0,C” “COLE Et0.C  CO2Et allenic alcoholg1635] to aldehydes were developed. Iron
2 catalyzed the formation of aldol products from reaction of
(241) allylic alcohols with aldehydes under irradiatidbd. (248)

Ruthenium catalyzed an interesting regioselective alky-
lation of ketones using trialkylamine€q. (242) [1628]

szZl’Clg, C6H1 1 -MgBI’

[1636], and related reactions using rhodium or ruthenium
were developedl637].

o 2

2) NBS, 73%

Ph
n-C4H9%< + PhCHO

OH

n'C8H17OTS, THF

n-CgH17
Br
(246)
HO Ph
0=V(0SiPha)s (247)

DCE, 94% /\/\";g
0

Ph
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CH,OH CH,OH
/Y\A/ Fe(CO)s, HCOH 248
OH Pentane, hv, 65% (248)
955 0 o
O\\S//O Q\S//O
HaN™ g Rhy(OAG)4, Phl(OAC); HN" >0 (249)
4<—<_\ MgO, DCM, 90%
1) Rh(PPhg)sCl, Cy-NH, o
N
(L, + = o A, @50
N” >NH ) HY Hz0, 98%

Ruthenium catalyzed a dimerization of propagylic alco-
hols to cyclobutenedeq. (251) [1641]. Reaction of alkynes
with propagylic carbonates mediated by titanium gave, after

A titanium-mediated coupling of 1,4-diynes with al- electrophilic quenching, cyclobutene derivatives|((252)
lylic electrophiles to give substituted cyclopentanes was [1642). Nickel catalyzed a three component coupling of
described1638]. An oxidative insertion of an amine into  diphenylzinc with 1,3-dienes and an aldehyde to give un-
a carbon-hydrogen bond using rhodium catalysts andsaturated alcoholsEQ. (253) [1643] Iridium catalyzed
PhI(OAc), was developedHg. (249) [1639] Cleavage a three component coupling of an aldehyde, an amine,
of an alkyne via hydroiminoacylation in the presence of and an alkyne to give an allylimineEq. (254) [1644]
rhodium was describede(y. (250) [1640]. An interesting palladium-catalyzed carboacetoxylation of
allene-substituted dienes was developgd. (255) [1645].
Rhodium Eg. (256) [1646], and nickel[1647] catalyzed
hydroarylations of alkynes using arylboronic acids.

) 0,CCH,
Cp RuCl(cod)
+  CHsCOOH Isoprene, 66% (251)
HO \\ OH
Bu Bu
o OCO.Et 1) Ti(O-Pr)a(MeCH=CHy,) D (252)
Bu———Bu +
/ 2) D*, 46%
OH
Ni(acac)p, PhoZn /\/\)\
NF = (253)
7~ PhCHO, THF, 61%  Ph Ph
Q Ir(cod)Cl nBu
o r(cod)Cls
N . 2 |
n-Pr)J\H MG B T 7= N NN
MeO,C_ CO.Me MeO,C
2 2 . ACO/,, 2 COgMe
| Pd(OAc),, LiIOAc.2H,0
)C];\ p-Benzoquinone, HOAc, 67% (255)
Ph, H
Rh(acac)(CoHy)2, DPPB .
n-Pr—==—n-Pr + PhB(OH), Dioxane, H,0, 93% >_< (256)

n-Pr n-Pr
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6. Reviews

The following reviews appeared in 2001:

Metal mediated carbometallation of alkynes and alkenes
containing adjacent heteroatoms (52 referenfE48].
Advances in the Heck chemistry of aryl bromides and
chlorides (114 referencef)649].

Synthetic applications of the dearomatization agent pen-
taamineosmium(ll) (66 referenced650].

Synthesis of cyclopropane containing natural products
(160 referencedL651].

Polymer-supported catalysis in synthetic organic chem-
istry (81 referenced)1652].

2-Furylphosphines as ligands for transition-metal-mediated

organic synthesis (177 referenc¢sp53].

Non-metathesis ruthenium-catalyzed C—C bond forma-
tion (171 referenceq)l654].

TheB-alkyl Suzuki—Miyaura cross-coupling reaction: De-
velopment, mechanistic study, and applications in natural
product synthesis (101 referenc§s$55].

Thep-elimination route to stereodefingehlkylidenebutenolides

(59 references])1656].

Ruthenium complex-catalyzed formation and cleavage of
carbon-carbon s-bonds. On the requirement of highly
qualified tuning of the reaction conditions (28 references)
[1657]

Rhodium-catalyzed asymmetric 1,4-addition of organoboron

acids and their derivatives to electron deficient olefins
(31 references])1658].

Macrocycle formation from catalytic metal carbene trans-
fer (28 referencedj1659].

Applications of stoichiometric transition metal complexes
in organic synthesis (93 referenc¢s$60].
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