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1. General comments

This review offers a bread survey of the literature dealing with the use of transition
metals in organic synthesis for the year 1995. Although the coverage is relatively
all-incfusive, only those reactions of unusuval novelty, complexity or significance will
be presented in equation form. The remainder wilt be referenced but not explicitly
discussed. In this way this review can serve as a rather complete reference source
for the field without being ar inordinate burden to wirite, type, print and read.

2, Carbon-carbon bond forming reactions
2.1. Alkylations

2.1.1. Alkylations of organic halides, tosylates, triflates, acetates and epoxides

New chiral ferrocenylphosphine-amine ligands for use in nickel and palladium
catalyzed Grignard reactions have been synthesized [ 1]. Nickel-phosphine complexes
were used to catalyze the alkylations of vinyl carbamates by acetylenic Grignard
reagents [2], while palladium complexes catalyzed the coupling of gem-vinyl dihalides
with alkynyl Grignard reagents §3]. Bridgehead [1.1.0.3] tricycloatky! Grignard
reagents coupled to alkynyl chlorides under nickel catalysis [4]. Nickel-phosphine
complexes catalyzed the coupling of 1-naphthyl Grignard reagents with 1,2-dichloro
benzene [5}. Nickel-phosphine complexes catalyzed aryl-aryl coupling (Eq. (1)) [6],
while optically active palladium—phosphine complexes catalyzed the alkylation of
aryl triflates (Eq. (2)) {7]. Copper(11) salts catalyzed the mono allylation of chlo-
robromo alkanes and aryl systems by allyl Grignard reagents {8].
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The controversy over the structure of higher order cyanocuprates continued, with
EXAFS, XANES [91 and ab initio calculations [10,11], all indicating that the
cyanide is nor coordinated to copper, but rather to two lithiums (Fig. 1). The
regiochemistry of the reaction of aryl cuprates with B,y-epoxy-p-unsaturated esters
depended on the nature of the cuprate [12].

Nickel(II) acetylacetonate catalyzed the alkylations of alkyl iodides by function-
atized organozinc compounds [13]. Copper(I) chloride catalyzed the alkylation of
a-haloethers by alkyl and vinyl ziecorium species, generated by hydrozirconation of
alkenes and alkynes, respectively [14]. Vinyl halides reacted with Cp.Zr{Bn); to
produce vinyl zirconium species, which underwent an array of copper and palladium
¢atalyzed coupling processes [15]. Palladium(¢) complexes catalyzed the cyvanation



132 L 8. Hegedus | Coordination Chemistry Reviews 161 ( 1997) 129-253

of aryl triflates by zinc cyanide [16] while nickel(0) complexes catalyzed the same
process for viny! chlorides and bromides [17].

The reduction of palladium acetate to palladinm(®) by phosphines has been
studied in detail [18], as have the rates and mechanism of oxidative addition of aryl
triflates to palladium(0) {19},

Oxidative addition/transmetallation processes involving palladium continues to
be extensively used tc alkylate organic halides. Palladium{Q)/copper(IY) catalyzed
the arylations of o-lithiated cyclic carbamates by aryl halides [20]. Palladium(0)
complexes cataiyzed the intramolecular alliylation of a vinyl hatide by a potassium

enolate (Eq. (3)) [21].

Palladiusn catalyzed the coupling of a functionalized aryl zinc reagent with vinyl
halides [2Z], chloropurines with vinyl and aryl main group organometallics [23],
$-icdo-u,f-unsaturated acids with alkyl, ally! and alkynyl zinc and tin reagents [24],
cis-dideutero vinyl iodides with alkynyl zinc reagents {25], and benzyl bromide with
2-zincated indoles [26], o-10dostilbene was lithiated, transmetatlated to zingc chloride,
and coupled to s-iodo-1,4-diphenyl butadiene under palladmm cotalysis §27]. Other
synthetically useful transformations of this sort are shown in Eq. (4) {28], Eq. (5)
[291, Eg. (6) [30], Eq. (7) [31] and Egqg. (8) [32].

o\ \/\\=

i
|-'u
lllll

{BUORABLORTHR = ]!
40-74% 3)

Q
e e
P 4%

{4)

(3)

8% (6)



L.8. Hegedus [ Coordination Chemistry Reviews 161 ( 1997) 129-255 133

ZnBr

Sffopdm
+ —_—

Br

(N

LPd
oTes THFELD

(8)

Donor-acceptor cligothiopheies were prepared by patiadium catalyzed coupling
of 2-iodothiophenes with 2-zincated thiophenes [33]. Terminally zincated oligothio-
phenes were capped by aryl containing iodothiophenes using palladium catalysts
[34]. 3-Aryl thiophenes were prepared from aryl iodides and 3-zincated thiophenes
[35]. Compeunds for nonlinear optical materials were prepared by palladium cata-
lyzed coupling (Eq. (9)) [36) and (Eq. (10)} {37].
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Palladium cataiyzed oxidative addition/transmetallation from boron coatinues to
grow in popularity. Pailadium catalyzed cross-coupling reactions of organoboron
compounds has been reviewed (246 references) [38]. Treatment of mono- or bis-



134 L 8. Hegedus { Coordination Chemistry Reviews I61 ( 1997) 120-255

%D_QLM + W%}Qm

LPdCh FN_ N
DIBAH ™SO Q [s] Q O oms
84% (10)

alkoxyboranes with lithium acetylides followed by organic halides and a pala-
dium (0) catalyst resulted in alkylation of the acetylide [39,40]. Vinyl boranes coupled
with vinyl and aryl halides ([41], used for retinoid synthesis, [42,43]), while atkvi
and aryl boronic acids coupled to vinyl triflates [44), and vinyl hatides ([45], and
a,w-diboranes coupled with gem dihalides to give cyclic compounds, [46]) under
palladium catalysis,

Treatment of 9BBN(0OMe) with acetylides followed by functionalized aryl halides
and PdCldppf resulted in efficient coupling [47]. Aryl boronic acids coupled effi-
ciently to aryl halides with palladium catalysis §48-50}. Aryl fluorosulfonates also
coupled with nickel catalysis while aryl triflates required palladium catalysts [51].
Opticaily active biaryls were prepared by palladium catalyzed coupling of naphthyl
borounic acids with bromoarenechromium tricarbonyl complexes (Eq. {11)) [52]. The
palladium catalyzed coupling of p-tolyl boronic acid to e-bromobenzene sulfon-
amides was carried om in 87% yield on a 7.3-kg scaie [53]!

Br OMOM  OMOM OMOM OMOM

HO = Dupd ‘10
P o0l 0 Zox
QMg B{OH}, HO
<8

81% »99%e6 £33

Polyhaloanilines were arylated by phenylboronic acid using palladium catalysis
[54]. Other interesting couplings are shown in Eq. (12} [55] and Eq. (13) [56] (see
Ref. {57] for another application to liguid crystals).

Palladium coinplexes catalyzed the coupling of quaternized chloropyridines to
pyridinyl boranes [ 58—60], aryl boranes to bromotetrazoles [61] and bromopyrroles
[62], and ary} halides to pyrroloboranes [63]. Tetraphenylporphyrins with up fo
eight aryl halide groups were polyarylated by arylboronic acids in the prescnce of
palladium catalysts {64]. Heterocyclic vinyl triflates arylated under similar ceaditions
(Eq. (14)) [65].
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Ortho acetamidoaryl boronic acids were coupled to 3-[66] and 6-bromoequinolines
using palladium catalysts {67]. Other useful couplings of this type are shown in
Eq. (15) [68], Eq. (16) [69], and Eq. (17) [70].
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Oxidative addition/transmetallation from tin remains the most popular form of
alkylating halides and triflates. Trichloroorganostannanes successfully coupled with
aryl and vinyl halides with palladium catalysis if the reaction was run in the presence
of aqueous base [71,72]. Aryl mesylates coupled to stannanes but in low yield [73].
Compounds containing ''C (half-life =20 min) were synthesized by the palladium
catalyzed coupling of 'CH;l with stannanes [74}.

Vinyl triflates of six-membered cyclic ketones [75,76], of cyclic 8-ketoesters
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[77,78], and of acyclic ketoesters {79] ail coupled to vinyl, acyl or alkynyl stannanes
in the presence of palladium catalysts. Palladium(0) complexes catalyzed th= al-
kylations of l-naphthol triflates by vinyl stannanes [80], and aryl trifiates by
Bu,SnCFC({OMe)}{CO,Me) [81]. In an attempi to vinylate the 1,3-triflate of a
tetraphenol crypiand, it was discovered that palladium catalyzed the redistribution
of the triflate groups to give a I:1 mixture of the 1,2,3-0T{-4-OH and 1,2,3-OH-
4-OTf compounds {82]. Palladium complexes also catalyzed the coupling of hetero-
aromatic triffates with stannanes (Eq. (18)) [83], (Eq. (19)) {84}, (Eq. (20)) [85],
(Eg. (21)) {861, and (Eq. (22)) [871.
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Polyenes were prepared by the palladiwm catalyzed coupling of 1-stannyl dienes
[88] or 1,4-bis-stannyl dienes [89] with vinyl halides. Palladium catalyzed the cou-
pling of «-bromocinnamates to «¢-stannylcinnamates to give diene diesters [90].
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B-Stannyl-o,f-unsaturated ketones were B-alkylated by aryl or benzyl halides in the
presence of palladium(0)/copper(1) catalysts [91]. Imines of c-amino acid esters
bearing a fi- or y-vinylstannane were alkylated by vinyl halides in the presence of
palladium catalysts ]92]. a-Halo-optically active vinyl sulfoxides were alkylated by
vinylstannanes to give the 2-sulfoxy butadiene using paltadium catalyst [93]. Other
useful vinyl-vinyl couplings are shown in Eq.(23) [94), Eq.(24) [95], and
Eq. (25) [96].

The Stille coupling of aryl and vinyl halides and triflates to aryl and vinyl stannanes
was optimized utitizing 0.5% palladivm from palladium on carbon, 10% copper(I)
iodide and 20% triphenylarsine [97]. A solid-phase synthesis of biaryls utilizing Stille
coupling has been developed [98]. Palladium also catalyzed the coupling of
B-methoxy-a-stannyl acrylates with aryl halides [99], stannyl stilbenes with aryl
halides [100] and i-irimethylsilyl-d-tributylstannyl-1,3-butadiene with o-trimethyl-
sifyl bromobenzene §101).
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Palladinm catalyzed the coupling of a wide range of heteroaromatic halides to
stannanes including todoimidazoles to vinylstannanes {102,103}, iodopyrroles [104)
and 3-bromoquinolines [105] to vinylstannanes, and 4-stannylpyridines to polybro-
moarenes [106]. 2,2-Linked bis-thiophenes [107], methyl-capped «-oligothiophenes
[108] and pyridine-capped a-cligothiophenes [ 109] were all synthesized by palladium
catalyzed coupling processes. Other useful coupling of heterocyclic systems are
shown in Eq. (26) [110], Eq. (27) [111], Eq. (28) [112], and Eq. (29) [113].

o

0
R Eopn FUO A Noen
61-70% {28)

R = ot
(29)

Palladium catalyzed the conpling of 2-stannyl indoles with a wide range of aryl
and vinyl halides [114]. Other applications to the synthesis of more complex mole-
cules are shown in Eq. (30) [115], Eq. (31} {116,117}, Eq. (32) [118], Eq. (33) [119],
Eq. (34) {120] and Eq. (35) [121L

Palladium catalyzed the coupling of vinyl silanes with aryl halides [122].
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2.1.2. Alkylation of acid derivatives

Pailadium(0) catalyzed the aikylation of m-methoxyphenylacety, chlcride by the
zinc reagent from y-iodobutyric acid ester [123]. Arenes containing orthe directing
groups werc ortho lithiated, transmetallated to zinc chloride, then acylated bv acid
chlorides using palladium catalysts [124]. Triflucroacety! chloride was arylated by
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arylstannanes using paliadium catalysis [125]. Polymer-bound orthe stanmylated
aniline was arylated in a similar fashion [126]. Copper(I1) iodide promoted the
acylation of u-alkoxysiannanes by acid chlorides only if the protecting group or the
acylating agent (e.g., CI(CQ)SEt) contained sulfur [127]. Acid halides were incorpo-
rated irto vinyl boranes in the strange reaction shown in Eq. (36) [128]. Nickel(0)
complexes catalyzed the reaction of Grignard reagents with acid halides to give
ketones [129]. Optically active w-acyloxyacid chlorides were converted to ketones
without racemization by treatment organomanganese(11) haiides [130}. Other more
peculiar reactions of acid halides are shown in Eq. (37) [131], Eq. (38) {132], and
Eq. (39) [133]. Acid chlorides were alkylated by aryl cuprates made from activated
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copper (NaNaPh reduction of Cul). Even ortho haloaromatics did not form ben-
Zzynes 134},
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2.1.3. Alkylarion of olefins

The Heck reaction (palladium catalyzed oxidative addition/olefin insertion) con-
tinued to be the method of choice for the alkylation of olefins. High pressure
{10 060 atm) was found to accelerate the Heck reaction [135]. Water-soluble ligands,
phosphines with pendant guanidinium groups, have been developed for use in the
Heck rection, and work in 1:1 water—acetonitrile [136]. The pheny! groups of
triphenyl phosphine get inveived in both the Heck reaction and Stille coupling {137]
and tetraphenyiphiosphonium salts will arylate olefins under Heck reaction conditions
[138]. Preformed palladium catalysts [Ph,PCH,PdOAc], {139] and [L,PdPh}* {140]
are more active and more stable in the Hock reaction. The Heck reaction in super
heated (260°C} and super critical (400°C) water has been studied in detait {141,142].

Aryl halides were replaced by aryl diazonium salis for use in the Heck reaction
[143,144]. Azoarenes [145] and quaternary benzysammoniwn bromides [146] alse
alkylated olefins. Palladium(Q} catalyzed the alkylation of N-Boc allyl amines by
p-bromomethacrylates [147] and pare-methoxyiodobenzene {148] and the arylation
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of acrylates by o-bromobenzyl amines [149]. Pare-iodobenzamide courpled to a resin
through a lysine linker arylated acrylamides under palladium catalysis [130].
Dihydrofuran [151] and glucals {152] were arylated and olefinated under Heck
conditions.

B-lodo-o,B-unsaturated phosphonates were olefinated under Heck couditions
[153]. Cyelic polyethers of m-iodo-o-hydroquinone were vinylated under Heck condi-
tions [154}, Vinyl boronates were coupled to vinyl halides to give dienyl boronates
{155] (stiver iodide was required to suppress Suzuki coupling) while vinyl siloxanates
(CH,CHSi(OR),) arviated and olefinated with elimination of the silicon [156].
Vinyl triflates coupled to vinyl phosphonaties [157], and enol ethers [158]. The
triflate of 3-hydroxypyridine arylated acrylates under Heck conditions {159].
Heteroatom bridged bicyclic olefins were arylated by aryl halides with ring opening
(Eq. (40)) [160,161].

X XH
AT
R2
R?

Clavicipitic acid was synthesized utilizing Heck type chemistry extensively [162]
in a synthesis patterned after a previons synthesis of Harrington and Hegedus. A
methylene cyclopropane ring opened under Heck conditions (Eq. (41)) {1631

o = 2
N 0

&% (41)

Palladium catalyzed arylation of allylic alcohols gave saturated (phenethyl) aide-
hydes [164], by B-elimination to give first the enol. B-Elimination away from the
OH group, to give back an arylated allylic aicohol, could be promoted by a change
in conditions [165]. This chemistry was used to make nucleoside analogs (Eq. (42))
{166]. Pailadium catalyzed the reaction of 3-mercurioindole with aliyl bromide to
give 3-allylindoles [167].

The mechanism of the intramolecular Heck reaction was studied in detail [168].

7% a1 (42)
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The «,p-unsaturated amide of 7-bromodihydroindole cyclized exclusively 6-endo-
trig in 88-95% yield under Heck conditions [169]. Macrocyclization was effected
under high ditution conditions {170} or on a solid support [171]. Intramolecular
Heck chemistry was used in the context of taxol synthesis (Eq. (43)) [172-175] and
other related systems.

(43)

Intramolecwlar Heck reactions have been used to make six-membered fused carbo-
cyclic rings [176], five-membered fused carbocyelic rings {177, seven-membered
fused carbocyclic rings {178] and spirofused five-membered furanones {Eq. (44))
[179]. Depending on reaction conditions, spiro or fused ring systems could be
prepared from the same starting material (Eq. (45)) [180]. In the preseace of sodium
formate reduced cyclization products were formed [181]. The Heck reaction, along
with Pd(II) catalyzed carboxylation of alkenes was used in the synthesis of complex
polveyclic systems (Eq. (46)) [182].

noa
CH MaCN ¢

62-52%

{10 cases)
Al
o

£0-75% (44)

Heck insertion can even take place into aromatic [133,184] and heteroaromatic
(Eq. (47)) [185] bonds {[186], for insertion into the indole double bond). By using
chiral ligands, asymmetric induction in the Heck reaction was achieved (Eq. (48))
[187-189]).

The Heck rection need not be terminated by p-elimination. Rather the resulting
g-alkylpalladium ¢complex can be trapped by stabilized carbanions [190], or by
transmetatlation frem tin [191], (Eg. (49)) {192], or by another olefin insertion
{Eq. {50)) [193].

Palladium{II} complexes promoted the stoichiometric alkylations of chiral ene
carbamates with high diastereoselection [194]. Nickel acetylacetonate catalyzed the
hydrozincation of the double bond of homoallylic alcohols to give terminal alkylzine
reagents, which coupled to a variety of carbon electrophiles [195]. The same reagent
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system catalyzed the intramolecular carbometallation of alkenes by a remote alkyl
bromide [196] and the alkylation of conjugated enones by alkyl iodides {Eq. (51))
[197]. Aryl halides added to activated alkenes under electrochemical reducing condi-
tions in the presence of nickel bromide [198].
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Ruthenium hydride coruplexes catalyzed the alkylation of arenes (C-H insertion)
orthe to carbonyl grouns by atkenes (Eq. (52)) [199,200]. Conjugated enones were
similarly alkylated ia the P-position by the same catalyst system [201,202].
Ruthenium(0) coruplexes catalyzed the cyclization of acetoacetates with alkenes
(Eq. (53)) [203], while rhodinm(I) complexes catalyzed the addition of methylene-

cyclopropane: to allyl carboxylic acids (Eq. (54)) [204].
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2.1.4. Decomposition of diazoalkanes, and other cyclopropanatians ( see heteracycies
{Section 3.5) for additional examples of diazo decomposition)

Rhodium(Il) catalyzed decomposition of diazo compounds continved to
be extensively studied for making cyclopropanes, and studies examining the
effect of the carboxylate ligand on the reaction path were many. Trans stereo-
chemistry in the cyclopropanation reaction was observed with Rh,(OAc), and
Rh,§28-MEPY 1,, while Rh,{{1S)Phox}, led to cis cyclopropanes {205)]. The system
Rh;{(4S-MPPIM )]; (read the paper to figure out the acronyms) enhanced enantio-
control in intramolecular cyclopropanations of allylic diazoacetates and provided
optimal enantio and diastereccontrol for intramolecular CH insertion reactions of
these subsirates [206]. By varying the rhodium ligand from pfb, which gave 100%
CH insertion, to cap, which gave 100% intramolecular c¢yclopropanation with
1-diazo-2-phenylhex-5-ene-2-one, product distribution could be effectively coatrolled
[207]. Iodopium vlides ( X;C=1Ph) gave the same products with the same distribu-
tion as did diazocomspounds when treated with rhodium(II) carboxylates, indicating
the intermediacy of metallocarbenes [208]. Decent asymmetric induction (71% ee)
in the intramolecular cyclopropanation of isoprene esters of diazopropionic acid
was observed using thodium(11) 45-MEOX catalyst [209]. Styrene was cyclopropa-
nated by ethyl diazoacetate in the presence of rhodiwm-chiral 2,6-bis-substituted
pyridine ligands to give 1:1 cis to trans, 16-80% ee with (S,R) stereochemistry, while
the corresponding copper complex gave 2:1 frans to ois, with (R,S) stereochemisiry.
The yields were 40-70% {210]. Some less obvious reactions of diazo compounds in
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the presence of rhodium{II) catalyst are shown in Eq. (55) [211], Eq. {56) {212],
and Eq. (57) [213]. Alkynes were converted to cyclopropenes by rhodium (II) cata-
lyzed diazodecomposition. Their rearrangements in the presence of other rhodium
complexes were studied {214].

ZKZ Rhy{OAc), z
+ _— )
AsSi0 OSiR,
ED-00%
2 = PhS0x, (E10):P0, Ma0,C {35)

[a) o)
U A
°°”"” — - (56)
(::@ + NaCHUO,E e e <:©_cozﬂ
50%

Copper triflate in the presence of a chiral oxazoline cyclopropanated styrene with
ethyt diazoacetate in low yield with low ee [215]). However chiral bis-imines [216]
and binap-bis-oxazolines [217] and copper triflate were very efficient catalysts for
intramolecular cyclopropanations. Ir contrast 2,6-bis-chiral oxazoline pyridine-ru-
thenium complexes were highly efficient asymmetric catalysts for both inter- and
intramotecular cyclopropanations of alkenes by diazo esters [218,219]. The achiral
complex Rul,[Si(OEt);]L.; catalyzed the cyclopropanation of substituted styrenes
by ethyl diazoacetate [ 220]. Copper(1I} salen complexes catalyzed the intramolecular
cyclopropanation shown in Eq. (58) [221], while chiral cobalt(III) salen complexes
catalyzed the cyclopropanration of alkenes by ~butyldiazoacetate with 95:5 trans/cis
selectivity and 70% ee [222]. Iron tetraphenylporphyrin catalyzed the cyclopropana-
tion of alkenes by ethyl diazoacetate with a selectivity for terminal olefins, and
electron deficient olefins, giving predominantly the frans cyclopropane [223].
Palladium catatyzed cyclopropanation by diazomethane (Eq, (59)) {224].
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An EHMO siudy of the cyclopropanation of alkenes by (CO),Cr=CPh(H) and
Cp(CO),Fe=CH found an early transition state, no intermediates, and back side
nucleophilic attack of the olefin on the carbene carbon, Metallocyclobutanes were
found to be very high in energy {225]. Chromium—carbene complexes cyclopropa-
nated dienoic esters exclusivelv at the v,6-double bond, in good yield with good
diastereoselectivity [226]. o.p-Unsaturated imines formed cyclopropanes, not aziri-
dines [227]. Titanium complexes effected some unusual cyclopropanations (Eg. (69))
[228] and (Eq. (61)} [229]. Sulfur ylides cyclopropanated chromium tricarbonyl
complexed styrene §230].

52

G e w?
anﬁ—\E + BhSTR spp —— RBO%
R At '
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R R (iPrO}gTi—-Ii/ R F'gm on
= /!
/\221)(0\[1/ R|%/\HA
o
70-90% (61)

A new chiral ligand for rhodium carbenoids, 4(8)-MEQX was very efficient for
intramolecular CH insertion of sterically demanding diazoacetates [231].
Rhodium(II) complexes with 5(§)-MEPY or chiral bis-oxazolines as ligands cata-
tyzed the insertion of carbenes inte cinuanyl phenyl snifide allylic C-H bonds with
allylic transposition in up to 34% ee {232]. Rhodium(I1) (S)-PTPA catalyzed intra-
molecular insertion into an aryi CH bond with up to 95% ee for wa-diphenyl-a'-
diazoketones [233]. Rhodium(11) octanoate catalyzed five-membered ring formation
by insertion into an aliphatic methylene group [234]. The indanol ester of diazoacetic
acid decomposed to give either indanone or what would be the Witiig product of
indanol, depending on the rhodium catalyst {235]. More complex insertion reactions
are shown in Eq. (62) [236] and Eq. (63} [237].

HO
o a ?ow
N2 ke
0o . ﬁi Lol s
o o g H
51%

(OH grovp direcls) (62)

Rhodium catalyzed diazo decompositions that proceed via ylides are shown in
Eq. (64) {238] and Eq. (65} [239,240].
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2.1.5. Cycloaddition

The full details of the cobalt-catalyzed 2 4+ 2+ 2 homo Diels Alder reaction between
norbornadiene and alkynes [241] and activated alkenes [242] have been published,
as have relatively simple applications of the alkyne cycloaddition to synthesis
[243,244], Asymmetry has been induced in the photochemical cycloaddition of
activated alkenes to chromium tricarbonyl complexed cycloheptatrienes by selective
facial complexation of chromium to the cycloheptairiene with a chiral auxilliary
(e.g., (—)-8-phenylmenthol ) on the sp? carbon {245] or by using chiral acrylate esters
as substrates ( Eq. {66)) [246]. This cycloaddition process was efficient with alkynes
{247] as well as with chromium complexed cyclooctatrienes or tetraenes [248].
Complex systems could be quickly assembled in this maaner {Eq. {(67)) [249].

Other synthetically useful cycloadditions are shown in Eq. (68) [250] and Eq. (69)
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[251]. Fp allyt and propargyl complexes cycloadded to ketenes (Eq. (70)) {252].
Rhodium(l) complexes catalyzed the cycleaddition of alkynes with vinyleyclo-
propanes (Eq. (71)) [253].
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H
83% {7}

2.1.6. Alkylation of alkynes

The total synthesis of ene-diyne drugs kas involved extensive use of the palladium
catalyzed alkylation of alkynes by vinyl halides, The design of ene-divne products
has been reviewed (57 references) {254]. 1,2-Dichlorocthene was bis-atkynylated by
simple alkynes as well as enynes to give polyenynes using paliadium/copper iodide
catalysts [255]. 1-Chloro-l-iodo alkenynes were bis-alkynylated stepwise, using
palladium(0)/copper(1} catalysts [256). As expected, the iodide reacted first.
Similarly 1,2-dihaloalkenes were bis-atkynylated {257]. Alkenes tetrasubstituted with
alkynes were prepared by the palladium/copper catalyzed coupling of alkyaes to
1,1-dibromo-2,2-(bis)trimethylsilylethynyl ethene [258,259].

1-Bromo-1-trimethylsilyl ethene was coupled to a range of terminal altynes using
palladium{0)/copper(1) catalysts in tiie presence of butyl amine [260]). A reiated
catalyst system was used to couple substituted bromocyclopentenes to o-ethynyl
benzyl alcohol [261] and vinyl bromide to a functionalized propargyl ether bear-
ing an aliphatic bromo group [262]. Ene-diynes were prepared by the
palladivum/copper/amine catalyzed coupling of alkynes to chloroenynes [263,264],
Eq. (72) [265].

A o
X
N &

g
)

s0% TS (72)

Other alkylations of alkynes by vinyl halides in more complex systems are shown
in Eq. (73) [266}, Eq. (74) [2671, Eq. (75) [268] and Eq. (76) [269,270].

80% (73)
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7%

(74}

(75}

(76)

Palladium/copper/amine catalysts also promoted the arylation of alkynes by aryl
halides. The system palladium on carbon/Ph P/Cul/K CO/DME/M.Q at 80°C
catalyzed this process efficiently with a wide range of aryl and heteroaryl halides
[271]. Trimethyl silyl acetylene was arylated by 2,3.dimethoxy iodobenzene using
L.PdClL/Cul/piperidine as catalyst [272], as was m-methoxyiodobenzene [273a].
Tetraphenyl porphyrins having one terminal atkyne substituted phenyl group coupled
to tetraphenyl porphyrins have two icdophenyl groups to form dimers and trimers
{273]b. Related reactions were used in the synthesis of more complex systems
(Eq. (77)) [274], {Eq. (78)) [275], and (Eq. (79)} {276]. The acetyl group was the
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best protecting group for the SH group of thiophenols when these are substrates
for the palladium catalyzed alkylation of alkynes [277].
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Jo T
J 40-70% (79}

1,2-Diiodobenzenes were symmetrically {278) and unsymmetrically [279] bis-alky-
nylated using palladum/copper/amine catalysts. 1,3-Diiodoarenes reacted in a similar
fashion [280a]. 1,3,5-Trilodobenzene, 1,2,4,6-tetraiodobenzene, and periodobenzene
were polyalkynylated under similar conditions {280b]. A complex chloroiodoarene
was bis-alkynylated (£q. (80)) [281]. Macrocyclic polyalkynes were prepared by
systematic coupling of diodoarenes with polyalkynes [282] {Eq. (81)) [283]. Chloro-
diiodoarenes reacted only at the iodide sites (Eq. (82)) [284]. 2,7-Dibromofiuorene
was bis-alkynylated by acetylenic esters usiing L,PdCl,/Cul/Et,NH catalysts [285].

Aryl halides alkylated a range of propargyl alcehols under palladium/copper
catalysis conditions [286]. Aryl groups could come from aryl phosphines used to
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stabilize the caalysts {287]. Propargyl alcohols were arylated by p-iodobenzoic acid
esters [288], 2-amino-3,6-diflucreiodobenzene [289], and 1,3-diiodo-4,5-di-
methoxybenzene [290], while 3-butyn-1-ol was arylated by 3.4-dicyanoiodobenzene
[291], ali using paliadivm/copper type catalysts.

Alkynes were also arylated by heteroaromatic halides including icdonmcleosides
(Eq.(83) [292), 3-iodo-1,2-pyrazines [293], 3.8-dibromo-1,10-phenanthrolines
[294], 3.4-diicdopyrroles [295], as well as more complex iodopyrroles (Eq. (34))
{296,297].
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Vinyl triflates also alkylated alkynes (Eq. (85)) [298], {Eq. (86)) [299], (Eq. (87))
[3001, and (Ea. (88)) [3011.

The palladium/copper catalyzed coupling of iodoalkynes to alkynes was optimized
and it mechanism studied [302]. Using water-soluble phosphine ligands it could be
run mm agueous acetonitrile [303]. Kinetic studies demonstrated that although
palladium{1I) acetate was the catalyst precursor, palladium(0) was spontaneously
produced. Zirconocene dichloride catalyzed the carboalumination of alkynes, which
were then further alkylated (Eq. (89)) [304] and (Eq. (90)) [305]. Titanocene dichlo-
ride catalyzed the “hydrozincation” of alkynes to give vinyl zinc halides, which were
coupled to aryl halides vsing palladium catalyst [306]. Other unusual reactions of
alkynes are seen in Eq. (91) [307] and Eq. (92) {308].
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Perfluorophenyl copper added to perfluoro-2-butyne to give a vinyl cuprate which
alkylated iodo-perfluoropropene {309). p-Alkynylenones underwent cuprate addi-
tions at the y-position followed by alkylation at the a-position to give allenes in
good yield [310].
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Aromatic ketones were vinylated by alkynes (formal aromatic C-H addition to
an atkyne) ortho to the carbonyl group by RuH,L,CO catalysts [311}. Phosphorous
heterocycles were made by intramolecnlar additions to alkynes {Eq. (93)) [312] and
(Eq. (94)) [3131. Reduced nickel complexes catalyzed the reactions of allyl chlorides
with terminal alkynes and alkynyl tin reagents to give dienenynes (Eq.{95))
[314].

Alkynes were chloropalladated by PAClL,, and the resulting o-vinvlpalladum{II)
complex coupled to allyl chioride to give 5-chloro-1.4-dienes [315]. Palladium({)
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complexes catalyzed the alkylation of allenes by stabilized carbanions [316] to give
mixtures of regioisomers as well as dialkylation. Termina!l aryl allenes were alkylated
by cyanide stabilized carbanions in the presence of palladivm(0) catalysts. Attack
occurred at the termiral position when the aryl group was electron donating, but
at the internal position when it was electron withdrawing [317]. Sulfone stabilized
carbanions alkylated allenes at the terminal position [318]. Other interesting reac-
tions of allenes are shown in Eq. (96) [319] and Eq. (97) [320).

(96}
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2.1.7. Alkylation of allyl, propargyl, and allenyl systems

The palladium catalyzed alkylation of allylic substrates by stabilized nucieophiles
continues to be extensively exploited. Allyl acetates bearing methoxy groups [3211
or fluoro groups on the double bond [322] were alkylated to malonates. Ally!
chlorides bearing vinyl tin groups [323] were alkylated by vinyl ziac or aluminum
reagents under patladium catalysis, while atlyl epoxides reacted with vinylstannanes
predominately by an $,2" pathway [324]. Palladium(0) catalyzed the alkylation of
allyl stannanes by aryl halides and triflates {325] as well as by stabilized carbanions
[326]. Vinyl silanes in the absence of fluoride [327], arylboronic esters [328] and
3-mercuricindoles [329] all alkylated allylic halides under palladium catalysts.
Stabilized enolates alkylated benzyl carbonates in the presence of palladium(0)
catalysts | 330]. Synthetic applications of this type of reaction are seen in Eq. {98))
[331]. Eq. (99) [332], and Eq. (100) [333].
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Asymmetric induction in the palladium-catalyzed alkylation of allylic aceta*zs has
become a growth industry, with the 1,3-diphenyt allyl system being the tavored
substrate. Chiral diamines (up to 95% ee) [334], bis-cyclic imines and oxazolines
( X-ray of intermediates, 88-94% ee¢) [335), 2-(o-diphenylphosphino}phenyl oxazo-
lines (nitromethar.c anion, 97% ee) [336], TADDOP (mechanism study) {337] and
orthe-bis-chiral sulfoxide ligands {20-64% ee) {338] have all been used with varying
degrees of success. A t-acetoxy allyl acetate was alkylated in excellent ee using a
chiral diamide-bis-phosphine catalyst [339]. 1,3,3-triphenyl allyl systems were also
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efficiently asymmetrically alkylated using chirai phosphine-oxazoline ligands
[340,341], even with the carbanion of a-iminophosphonic acid esters [342,343}.
Terminal allyl phosphonates underwent alkylation at the internal position, using the
same ligand in 86-95% ee [344). Cyclic allyl acetates were alkylated by malonates
[345] and phosphonate ester analogs of malonaies using chiral §-diphenylphosphino
carboxylic acids as ligands {345,346]. Benzyl acetates were asymmetrically alkylated
by stabilized carbanions in the presence of palladium{0) (5.5)-BDPP ligands [347].
Chiral enolates utilizing Evans’ chiral oxazolidinone auxilliary zlkylated allyl acetates
in modest yield but with good stereocontrol {348]. Chiral sultams alkylated cyclopro-
pyl-ailyl tosylates efficiently (Eq. (101)) [349]). Palladium catalyzed alkylation of
allylic acetates having a chiral sulfoxide on the 2-position with 20-80% de [350].
Chiral ailyl acetates were alicylited with cornplete chiraiity transfer (Eq. (10235 [351].
Other useful asymmeiric transformations ar= shown in Eq. (103) [352,353],
Eq. (104) [354] and Eq. (105) [355].

3]
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Palladium (11} chleride catalyzed the alkylation of ailylic alcohols by enol ethers
under acidic conditions [356], while chiral quaternary allylic ammonium salts were
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asymametrically alkylated in an S42 manner by stabilized carbanions [357].
a-Acetoxy-e-imino acids were alkylated by malonates in the presence of palladium
catalysts [358].

Bis-allylic halides were bis-alkylated by enoclates of a-iminoesters in the presence
of palladium(Q) catalysts [359]. Bis-allylic systems were precursors to palladium-
catalyzed trimethylenemethane cycloaddition reactions (Eq.(106)) [360] aad
(Eq. (107)) [361]. Vinyl cyciopropanes {Eqg. (108)) [362] and methylene cyclopro-
panes (Eq. (109)) [363], (Eq. (110)} [364]), and (Eq. (111)) [365] all underwent
palladium catalyzed cyclization reactions.

Tungsten{0} phenanthroline-carbonyt complexes catalyzed the aikylation of
allylic acetates by stabilized carbanions with retention of the olefin’s criginal position
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and geometry [366], as well as with clean retention of configuration with optically
active substrates [367].

A detailed study of the (n*-cyclohexenyl ypalladiua system, from oxypalladation
of cyclohexadienes, has appeared [368). Other pailadium catalyzed reactions of
dienes are seen in Eq. (112) [369] and Eq. (113} [370).
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Zirconocene catalyzed addition of ethyl Grignard reagents to allylic alcohols,
along with the zirconium catalyzed resolution of cyclic allylic ethers was unsed in
synthesis { Eq. {114)) [371]. Bis-allylic ethers underwent highly stereoselective alkyla-
tion by ethyl Grignard reagents in the presence of optically active zirconocenes
(Eq. (115)) [372}.
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Copper iodide in DMSO promoted the alkylation of aliylic halides by a wide
variety of funciionalized vinylstannanes, mainly at the o-position [373]. The effect
of solvent and copper(1) precursor on the regiochemical outcome of the reaction of
preformed mono and dibutyi cuprates with allyl acetates {374] was studied. Reduced
copper species promoted the alkylation of allyl phosphates with aryl iodides
(Eq. (116)) [375].

CaMe

o
(EtO)agovv__/”\ CO.Ma Z (116)

- ———— s p————
* Q/ Zn/CuCULICH
W : Rw
asiA, osif,

ad%

iy
w
Mary

"

Nickel (0} complexes catalyzed the alkylation of allyl amines {376], allyl carbonates
[377,378] and allyl epoxides by vinyl and aryl boronates or vinyl boronic acids.
Nickel(11)-phosphine complexes catalyzed the reaction of Grignard reagenis with
ally! carbonates {379,380j. An interesting application is shown in Eq. (117) [381].

Bald BnG
AcMgEBr
o —_— _)-N‘R
oo () g ad
ar

NiCloppf
Pd —> 100%a (117)

Ni =5 0% B
Ar = P, pMaORn, oMaOP, pMePh, oMePn, pCih, Bn, &f
s

Palladium-catalyzed reactions of propargylic compounds in organic synthesis has
been reviewed (> 80 references) [382]. Propargyi chiorides were alkylated by silylenol
ethers without the production of alienes via the formation of Co0,(CO), siabilized
propargyl cations (the Nicholas reaction) [383]. Propargyl ethers were similarly
alkylated by silylenol ethers via their cobalt stabilized propargy! cations [384,385].

Palladinm(0) catalyzed the arylation of propargyl alcohols by iodopurines
{Eq. (118)} [386]). Propargyl phosphates were converted to functionalized alienes
using palladium(0)/sarearium(Il) iodide (Eq. (119)) {387). Hydrozirconation of
vinyl boronates followed by copper(l) cyanide catalyzed coupling with propargyl
bromide, followed by an aldehyde gave dienes (Eq. {120)) [388]. The full details of
the ruthenium catalyzed reaction of olefins with propargyl alcohol propiolates
{Eq. (121)) [389] have been published.

Palladium{0) catalyzed the addition of malonates to allenic ethers (Eq. (122)
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[360] and the alkylation of allenes by vinyl triflates and malonates (Eq. (123)) [391].
Functionalized zinc cuprates added to propargaldekyvde iminium salts to give allenei-
mines {Eq. {124)) [392].
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2.1.8. Coupling reactions

The formation of carbon-carbon bonds using a zirconocene—butene complex
(“Cp,Zr™) as a synthetic tool has been reviewed (29 references) [393]. The reagent
reductively dimerized o-vinyl benzyl ethers in good vield [394]. Dienes cyclocoupled
to give cyclic dialicylzirconium complexes which had rich reaction chemistry
(Eq. (125))[395,396]. Depending on the conditions, either cis or frans stereochernis-
try was observed (Eq. (126)) [397,398]. Dimethylzirconocene catalyzed the carbo-
alumination of dienes to ultimately give cyclic alcohols (Eq. (127)) [39%].

“Zirconocene” also reductively cyclized enynes to zirconacyclopentenss which
also had very rich reaction chemistry {¢.2., Eq. {128)) {400—404]. The same reagemt
intermofecularly coupled alkenes with enol ethers to give, after cleavage with iodine,
I-iodo-1,3-dienes [405], or 1,5-dienes when allyl ethers were used [406]. Diynes
formed bis-zirconacyclopentenes when treated with zirconocene and ethyl Grignard
reagents. These were carbonylated to give bis-cyclopentenones or hydrolyzed to give
bis-alkenes [407). Tieatment of zirconacyclopentenes with alkynes led to exirusion
of the alkene to give zirconacyclopentadienes which formed acyclic 1,3-dienes upor
protolytic cleavage {408). Zirconacyclopentadiene underwent reaction with alkynes
in the presence of copper(l)} chloride to give polysubstituted benzenes [409]. 4,4~
Bis-trimethylsilylethynyibiphenyl underwent reaction with zirconocene to give cyclic
tris- and tetrakis-zicconacyclopentadiene linked by biphenyl groups [4106]. Titazium
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isopropoxide/isopropylmagnesium chloride cyclized 1,7-dienes o cyclopentenes,
1,7-enynes to methyleyelopentenes, and 1,7-diynes to bis-methylenecyclopentenes
[411]. A similar reagent coupled 1,3-dienes with alkenes to give 1,4-dienes [412)].
Enones were cyclocoupled by titanocene dicarbonyl {Eq. (129)) [413].

A comparative study of the McMuriy coupling reaction with [HTiCI(THF ),),
TiCly(DME}; s/Zn/Cu, and TiCl, - LiCl as coupling agent has been carried out [414],
Highiy disterted cone calix{4)arenes were made by McMurry coupling of opposing
aryl aldehyde groups {415], as were other highly strained systems (Eq. {130)) [416].
o, f-Unsaturated aldehydes were coupled to trienes [417], while bis-propargaldehydes
were coupled by related vanadivm reagents (Eq. (131)) [418].

2-Metallated (zinc) oxazolines were coupled to give 2,2-bis-oxazolines by treat-
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ment with palladium(0) complexes [419]. Bis-vinyl halides were coupled by treatment
with palladium(Il) acetate, in the presence of phosphine and methyl copper
(Eg. (132)) [420]. Nickel chloride in the presence of zinc and triphenyl phosphine
reductively coupled 2-bromo-polythiophenes to give thiophene oligomers [421] while
2-metallated-5-bromothiophene underwent exclusive head-to-tail dimerization when
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treated with nicke! catalysts [422]. Nickel(0) complexes also coupled aryl tosylates
[423] and mesylates [424] to give biaryls. Aryl halides were coupled to aryl triflates
by treatment with hexamethylditin and palladivm(0) catalysts [425]. Heterocyclic
{S)-vinyl triflates coupled under similar conditions [426]. Vinyl stannanes were
coupled with both copper(1l) salts and palladium(IF) complexes {Eq. {(133)) [427].

o o o] o
oMe  PUOACY, CMe
Pn, (132)
Kol
Br Br MeCu
B4%

Cu[NO3)a
A —

£5%

and (133)

LPdCl,
o OMFIC,

A, vinyl iodide was coupled to an alkyl iodide by treatment with r-butyllithium in
the presence of palladium{0) complexes (Eq. (134)) {428]. Grganolithium reagents
were coupled by treatment with nickel{1I}-phosphine complexes [429], while copper
powder in pyridine was used to couple 1-(chiral oxazoline}-8-bromonaphthalenes to
give optically active BINAP systems {430]. BINAPs were also synthesized by coppes-
assisted coupling of naphthyllithivm reagents (Eq. (135)) [4311.

{134}

OPMP

The full details of the ruthenium(I1) catalyzed coupling of terminal alkynes with
alkenes to give dienes have been published [432]. Internat alkynes were coupled to
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1) GUCN-TMEDA
2) Op78°

allylic amines and alcohols to give 1,4-dienes by TaCls/Zn [433]. Reduced rhodinm
complexes coupled terminal altkynes to give enynes or dienynes [434]. Stilbenes were
produced by the pailadium(0) catalyzed coupling of benzylidene dibromides
{ArCHBr,) [435]. Palladium(0) complexes coupled propargyl acetates to diynes and
allenenynes §436]. Cyclic diynes were prepared by the oxidative coupling of cobalt
complexed propargyl cations (Eq. (136)) [437].

c{;(co), (3
ZZ OR £ AR
1} HBF,
: (136)
. 2y Zn or Na benzophenone .
7\ A [y “A
Coa(COls ' 407

2.1.9 Alkylarion of m-allyl complexes

A review (77 references) dealing with the stereochemistry of paltadium catalyzed
cyclization reactions — addition to n-allyl intermediates — has appeared [438].
n*-(2-Chloroaliyl ypaliadium complexes were bis-alkylated to give 2,3-dialkyl prope-
nes, when treated with stabilized carbanions in the presence of bipy or TMEDA
[4393. Palladium catalyzed the reaction of vinyl halides, alkenes, and stabilized
carbanions to produce alkylated allyl producis [440]. The reaction proceeded
through n%allyl complex intermediates. x-Branched nucleophiles attacked the central
carbon of m-allyipalladium complexes to produce metallacyclobutanes {charac-
terized by X-ray) which coliapsed to cyclopropanes [441].

Chiral y-benzyloxy-e,f-unsaturated sulfones were alkylated by allyl silanes with
high enantioselectivity via n>-allyl iron complexes { Fr. {1371 {442--444]. Allyl epox-
ide rings opened to give MP-allyl iron complonos vl were then alkylated by
statilized carbamons {Eq. (138)) [445]. Other reactions involving n*-allyliron com-
plexes are shown in Eq. (139) [446,447], Eq. (140) {448} and Eq. (141) [449].

Preformed n’-aliylmelybdenum complexes were used to synthesize polyhy-
droxylated polyenes [450). n*-Allyichodium complexes underwent reaction with a
wide varicty of organic substrates (atnines, enolates, atkenes, oximes, ketones, alde-
hydes) to incosporate an allyl group [45F]. Diynes underwent a 3+ 2+ 2 cycloaddi-
sfon with iridium nP-allyl complexes (Eq. (142)) [452].
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2.1.10. Aikylation of carbonyl compeunds

Petasis’ reagent (Cp,TiMe,) efficiently methylenated a wide range of car-
bonyl compounds RCOX (X=H, R?, Ar, OR!, OSiR}, OCOR!, NR,, NR!COR,
SRY, SeR*, TMS) [453] as well as cyclobutene diones {454} and lactones (Eq. (143))
[455]. A reapent which transfers the CHTMS group has also been developed
(Eq. (144)) [456]. Tebbe’s reagent methylenated sterically hindered cyclopentenones,
while Witlig reagents just epimerized them [457]. It was also efficient with complex
cyclohexenones (Eq. (145)) [458]. A reagent for transfer of the CHitBu group to
ketones bhas been developed [459).

HO,
Oj:c’xn3 Cp,Tikta, ?L:OXH‘ Meghi lb<a?
av o A p¥ 0 R R o e
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alsa S ale.
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Various zirconocene derivatives alkylated ketones and atdehydes (Eq. (146)) [460],
(Eq. (347)) {461], (Eq. (148)) [462] and (Eq. (149)) [463).

Aldehydes were alkylated by propargyl hatides in the presence of isopropy! magne-
stum chloride and titanium(IV ) isopropoxide {464). Viny! silylenol ethers (Eq. (150))
[465] and allylsulfides (Eq.(151)) [466] alkylated aldehydes in the presence of
titanocene.

Titanocene—phosphine complexes catalyzed the hydrosilylation-cyclization of
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olefinic ketones (Eq.(152)) [467,468]. Titanccene cyclohexadienyl complexes
underwent reaction with two aldehydes (Eq. (153)) [469]. Aikynes were hydrotita-
nated {to give vinyl titanium speciesd then treated with ketones to produce allyl
alcohols |470). Manganese enolates were silylated to silylenolates [471].

o] HO
)J\/x\/‘\z.. 1) CrzTHPMeo: N
Pi1,SiH,
X (152)
60-86%
X = CHz, O, P, (MeC:CJz. MeC
F!zﬂ‘
i - OH
0
Cg:.\_n + n"lLR? &
Meap/ M Mo !
40-80% (153)
|—— m-l
QX
HO “oH

Palladium (0} complexes catalyzed the alkylation of aldehydes by allylstannanes
{4721, silylenol ethers [473] and cyclic allyl carbonates [474]. Cobalt complexed
alkynyl aldehydes were alkylated by ketene silylacetals (Eq. (154)) [475], while
cobalt stabilized enynes alkylated aldchydes in the presence of dimethylaluminum
chloride [476].

oBn OH O

oBn O h
o #  Me  OTMS = " Sl
%ﬁ\ + = e \ 08 CMe (154)
02(COJs Sty CoiCO)y
&%

Rutheninm complexes (RuH,L,) catalyzed the alkylation of aldehydes by acti-
vated nitriles (malononitrile, phenylacetonitriles) {477). nt-Allyliron complexes ally-
lated aldehydes [478]. Ketones were dialkylated by Grignard and orzanic halides in
the presence of VCIL{TMEDA)}, [479].

o-Stannyl ketals were aikylated by cuprates ( Eq. (155)) [480]. Palladium catalyzed
the cycloalkylation of chiral imines (Eq.{156)) [481]. Imines were alkylated by
titanium-—alkyne complexes (Eq. (157)) [482] and ketones in the presence of aickel
catalysts (Eq. {158)) [483].
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2.1.11. Alkplation of aromatic compounds

Chromium complexed aryltin reagents underwent palladium catalyzed Stille cou-
pling to aryl halides [484], while optically active chromium aryl bromids complexes
underwent Suzuki coupling (Eq. (159)) [485].

(00)3(:: (CQJ:CT

/ N iscmerizs
B(OH) o (159)

Chiral diaminoketals [486], ketals [487] {Eq. (160)}, and aminals [488] of benzalde-
hydes, and aryl sulfoxides complexed to chromium [489] were enantioselectively
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e-lithiated and reacted wiih electrophiles to give optically active ortho disubstituted
arenechromium tricarbonyl complexes, Chromium complexed thiophene undarwent
o-lithiation alkylation [490]. A single enantiomer of the chromium tncarbenyl complex
of o-methoxybenzaldehyde was converted to the iron carbene complex by treatment
with Fp anion and TMSCI, followed by TMSOTf and styrene to give the optically
active cyclopropane [491]. The same complex vas methylenated with the Wittig reagent
and then dialkylated by treatment with -butyllithium followed by methyl iodide to give
the optically active arcne [492]. Other interesting chromium arene complex reactions
are shown in Eq. (161) {493], Eq. (162) [494], and Eq. (163) [495].

Organclitbiumn reagents added to substituted arenechromium tricarbonyl complexes
with loss of a methoxy group (Eq. (164)) [496]. Addition of nucleophiles to cationic
mangancse complexes of C-2 symmetric anilines proceeded with varying degrees of
stereoselectivity depending on the nucleophile [497]. Cationic manganese complexes of
functionalized aniscles underwent nucleophilic attack, the regiochemisiry of which
depended on the face ocoupied by Mn (Eq. (165)) [498]. The regiosekrtivity of alkyia-
tion of cationic iron complexes of 2 4-dimethoxy-naphthalene depended on the nucleo-
phile [499].

The ability of osmium -2 complexation to deconjugate aromatic systems was
utilized to functionalize complexed pyrroles {Eq. (166)) [S00,501] and furans
{Eq. {167)) [502].
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2.1.12. Alkplation of dieny! and diene complexes

The cationic 1>-hexadienyliron tricarbonyl cownplex underwent nucicophilic addi-
tion primarily at the internal position [503]. The reaction of substituted anilines
with n*-cyclohexadienyliron tricarbonyl complexes was used yet again to make
carbazoles [504-506]. Tetrahydroindoles could also be made from this type of
complex (Eqg. (168)) [507]. Cationic iron n®-cycloheptadieny! complexes undeswent
nucleophilic attack at an internat position [ 508}, while the corresponding manganese
complex upderwent reaction at the terminal pesition [508] (Eq. (169)).

F;{OOJQ oo Fe(COh
(Coli)CHCOEY R MeANR M-gmn r'
—_ ] /—FMGO)a
[ 3 Faly (168)
OMe COEt
26-64%

Racemic iron tricarbonyl complexes of dienoic acids were resolved via their chiral
esters [510]. Sonication of «,f-unsaturated imines from chirat aminoe acid esters gave
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mixtures of diastereoisomeric complexes which could be equilibrated [5il]. Eron
complexed wo-diazo-dienylketones underwent reactions typical of w«-diazoketones
(Eq. (170)) [512]. Iron complexed dienylketones were alkyvlated at the carboay! by
carbanions, and converted to trienes by SOCl,-assisted elimination of water [513].

—Fef{COY; + Cuacacly =——— %
3

(170)

S g =

CHOY

Other uses of iron diene complexes in synthesis are shown in Eq. (171) [514] and
£q. (172) [515). Iron vinylketene complexes underwent interesting insertion chemis-
try (Eg. (1730 [516). PaHadium(0) catalyzed bis-metaltation of tetracnes {Eq. (174))
[517], as well as their cyclization (Eq. (175)) [518].
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2.1.13. Metal carbene reacti. #x

Fischer carbene complexes were synthesized directiy from propargyl alcohols or
ethers (Eq. (176)) {519], (Eq. (177)) [520] or by the reaction functionalized dialkyl-
zinc reagents with Cr(CO)(THF) [521].
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o, B-Unsaturated chromium carbene complexes were cyclopropanated by treatment
with “CICH,Li” [522). Methyl carbene complexes were o-diatkylated by activated
organic halides (allyl, benzy!) under phase transfer conditions [523], and were
w-thiolated by c-lithiation followed by treatment with dipheny! disulfide [524].
Lithiated C-2 symmetric aminocarbene complexes Michael added to conjugated
ketones in good yield and 56-92% de [523]. Alkynylcarbene complexes reacted wiih
organic azides to give f amino-o,B-unsaturated carbene complexes [526]. Carbene
complexes containing two thiophene units were synthesized as precursors to noniin-
ear optical materiais [527]).

The Dotz reaction of alkynes with unsaturated carbene complexes gave improved
yields and metal-free preducts when run under photolytic conditions [528]. The use
of terminal alkynes and nonpolar solvents was best for phenol (rather than indene)
production from aminocarbene complexes [529]. Ethynylferrocene underwent the
Détz reaction to give quinones having a ferrocene group attached [530]. Other
interesting D&tz reactions are shown in (Eq. (178)) [531], (Eq. (179)) [532], and
(Eq. (180)) [533]. Using optically active chromium carbene complexes in the Dotz
reaction gave optically active chromium arene complexes [534,535].

o
OMe — R
woner=X_ soen D0
= 2 CAN o (178)
© o
37-65%
NRR
Oft B0
(co):,c:=<=<Pb e il |
N (179)
PRy
Py

9%
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In the reaction of 1-hexyne with (phenyl Y{methoxy) group 6 carbene complexes,
molybdenum complexes gave indenes as the reajor product with CO ligands, but
naphthquinones with phosphine ligands. Chromium complexes always favored qui-

nones [536]. Other five-membered ring forming reactions are shown in Eq. (181)
[537], Eq. (182) [538-540}, Eq. {183) [541] and Eq. (184) [542].

- k P a = g i
+ —— —t
= S o A ( 18 n
el W{CO)s o "2
20-40%

{180}

OE1 . at o
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A, NA:
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DMF
¥ OFt
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Other more exotic reactions of carbene complexes are showa in Eq. (185) [543],
Eq. (186) [544], Eq. (187) [345], Eq. (188) [546] and Eq. (189) [547].

a

a 1
(CO)0r = \n/\‘@ £ OMo
PhH w:j/

) o . (185)
BdT3%
OMa )
(CONGr - AL R OMa
Z o (186)
(%

n=12

a
OR' 2Rl on?
(GO)gCr=<— ———— @ |
R?  Pox - {1 8?)
12-50%
-
OMe NRER? . B
(COMCr - LI ©
— (LN 2 HCH (183)
1
Rt RS fe R
o

I7-B2%

Carbene complexes having pyrrole as the heteroaiom substituent behaved more
like alkoxycarbene complexes than aminocarbene complexes, cyclopropanating ole-
fins, forming quinones with alkynes, and cyclobutanones and B-lactams under pho-
tolytic conditions [548]. Unsaturated carbene complexes bearing a f-(2-pyrrole)
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group gave cyclopentanes when reacted with activeted olefins in cyciohexane, but
cyclopropanes when acetoniirile was uvsed as solvent [549]. Optically active
4 4-disubsiituted butenolides were made by photolysis of chromium carbene com-
plexes in the presence of optically active ene carkamates, foowed by Baeyer-Villiger
oxidation and elimination. Reactions of these butenolides were studied [$50].

2.1.14. Alkylation of wetal acyl enolates
There were no synthetically significant examples of this class of reaction this year.

2.2, Conjugate addition

A new mechanism to ratioualize the effects of added trimethylsily! chloride on
the conjugate additions of cuprates to enones has beern advanced [551]. By appro-
priate choice of cuprate, cither diastercoisorner could be made from the conjugate
alkylation of allyl esters of acrylates, followed by Claisen rearrangement [532].
The conjugate addition of functionaiized organozine reagents to conjugated enoncs
was catalyzed by Me,CuCNLi, in she presence of excess TMSCE {553}
(Me,SnCH=CH)Cu(R)}C_NLi, transferred the R aroup to enones, while
(Me,SnCHCH),CuCNLIi, transferred the viayltin group [354]. Copper(l) salis
promoted the conjugate addition of a-lithiated hydrazones to enones [555}], as well
as the conjugate addition of a-zirconated alkoxyboranes [5356]. Copper{I) iodide
promoted the intrarnolecular conjugate addition shown in Eq. (190) [557].

a
(s 2scu

DMF ( 190)
H‘
SaMey 70-50%

An NMR invesiigation of copper catalyzed conjugate addition in tl_.presence of
4-phenyloxazolidinone Jigands has been published [558), Conjugate additions to
cyclic enones in the presence of chiral diamines 155%], and proline derived aminoph. s-
phine ligand [560,561] were efficient. In the latter case, the counterion reversed
stereoselectivity. Conjugate addition of cuprates to chiral camphor sultarn derivatives
of conjugated acids proved an efficient way to induce asymmetry [562-564]
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{Eq.(191)) [565]. Conjugate addition to chiral substrates was also efficient
(Eq. (192)) [56€,567].

OH  NHBn
1) LiCuCNNER/TMS]; /:\/l\/\

_N,k/v\ 2) CHALHO E o (191)

O§C7mu‘ WCUU 1 W
= R+ 4 (192)

Cuprates Michael added to propiolate esters [568] ( Eq. (193)) [569], and replaced
the cis chlore group of B-dichloroenones [570]. Organozinc halides, including steri-
cally hindered ones {e.g., adamantyl) Michael added to enones [571].

Q
R ﬁ TMSC! COEt
Y—=—c—o0k + BOLTT "Nz —— - o
. THRS 53
oR
&%

Nickel(1I ) acetylacetonate catalyzed the B-alkylation of sterically hindered enonez
[572] especiailly steroidal systems [573). Other less common 1,4-additions are seen
in En. (194) [574], Eq. (195) [575] aad Eq. (196) {576]. Palladium(Il) catalyzed the
p-arylation of enones by tetraary! borates [$77].

)\ i 1) Cpy2eHCH \/EY
2 7Y ﬁ (194)

(H-migrales 'o tarminal positian)
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P = Ma, nBu, 5ecBu, Ph, tBu, pMgOPH, pMoPh, D—

2.3, Acplation reactions (excluding hydroformylation)
For carbonylations that form heterocycles, see Section 3.5.

2.3.1. Curbonylation of alkenes and arenes

Paliadinm (¢) catalyzed the carbonylation of aryl and vinyl boronates E578], vinyl
triflates [ 579}, and vinylmercuric chlorides from carbomercuration of alkynes [580].
Difwydrofurans were aroylated by reaction with aryl halides, carbon monoxide and
palladium{0} catalysts {381]. Aromatic hydrocarbons were directly carbonylated by
palladium(11) under oxidizing conditions {582]. Anionic acyinickel cacrbonyl com-
plexes acylated electron deficient olefins [ 383]. Acyl cobalt complexes cycloalkyicar-
bonylated allenes (Eq. (197)) [584] and allyl epexides (Eqg. (198)) [585]. Terminal
atkenes were carbonylatatively dimerized to syrametrical ketones by reduced cobalt
species {586]. Ene allenes cyclocarbonylated with rhodium{I) catalyst to give methy-
lene cyclopentenone [587]. The full details of the rhodium(¥) catalyzed a-acylation
of styrenes by acid anhydrides have appeared [588]. Ruthenium(Il) complexes
catalyzed the Claisen rearrangerment followed by hydroacylation (Eq. {199); [589].
Zirconocene cyclocarbonylated olefinic ketones (Eq. (200)) [590].

Iron tricarbony! complexed conjugated enones were converted to vinyl ketene

Q X
baae
RCOCOICT), + smumemr ™S gy R)W

A u Me, BaOCH;, EO:CH,, Bn, PhThGH,, fvv"“
X = CHCOLED, CHNOL, OF, NHTs (30-90%)

{197)
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complexes by treatinent with methyliithium and carbon monoxide [5911. «-Diazoiron
dientes underwent thermal cyclocarbonylation [392]. Asymmetric hydroformylaiion
of alkenes has been reviewed (101 references) [5931, (77 references) [ 594].

2.3.2. Carbonylation of allcynes (including the Pauson Khand reaction)

Terminal alkynes were aroylated at the terminal position by aryl halides and
carbon monoxide in the presence of palladium(G) catalyst [595], Carboxylic
acids added across alkynes te give vinyl esters in the presence of
[PAM 0.8, TaCN ),Cl1PF, [596]. Palladium(0) catalyzed the carbonylative thiola-
tion of terminal alkynes by aryl thiols to give B-thio acroleins [597]. Palladium
acetaie catalyzed the hydrocarboxylation of 2-alkynyl naphthalenes to give high
{urnovers for branched unsaturated acids [598]. Rhodium({) complexes catalyzed
the hydroformylation of internal alkynes [599]. Palladium(Q) catalyzed the alkyne
carbonylation reaction shown in Eq. (201) [600].

Iron carbonyl promoted the cyclocarbonylation of diynes to iron-complexed cyclo-
pentadienones [601,602] while Rh{CO),, cyclosilylcarbonylated diynes o
w-silyloyclopentenones [603]. Simple terminal alkynes were silylformylated to give
B-silyl unsaturated aldehydes [604]. This process occurred in an intramolecular
fashion as well [605]. Both iron carbonyl and molybdenum carbonyl cyclocar-
bonylated yne allenes to give cyclopentenones [606,607).

The Pauson Khand reaction between norbornene and cobalt complexed ethylpro-
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priolate [608] and propargyl alcohols {609] has ueen reported. Conditions for use
of ethylene as the olefin in the Pauson Khand reaction was optimized {610].

Asymmetric induction into the Pauson Khand reaction has beenr achieved wiih
modest sclectivity by using chiral alkoxyalkynes [611] or alkynyl esters [612]. By
making and separating diastereoisomeric cobalt complexes of propargyl menthyl
esters, high de was obtained in the Pauson Khand reaction (Eq. (202)) [613].
Similarly, chiral phosphine complexes of cobalt alkynes resulted in good asymrnetric
induction in the Pauson Khand reaction [614]). Cobalt carbonyl promoted the
cyclocarbonylation of atkvnes with electron deficient olefins (Eq. (203)) [615] and
allenes (Eq. (204)) [616].

Y
\=\_\ Y
Cmenthyl
= o o °=©:\/x
—_—
| €0-50%

€l-‘v°a( cont Yf‘—"\,xﬂ (202)
’ GoalCOi. 80-92% ee
o
n:n'»«af\coﬁ—i—ﬂ e, CORE
Cox{C co (203)
omm

te )
I
/\_/\W + .’(\ —
CoxCOl ] (204)
SE%

Molecular mechanics calculations for stereoselectivity with the intramolecular
Pauson Khand reaction were carried out [617], Usefu! intramolecular Pauson Khand
reactions are shown in Eq. (205) [618], Eq.{206) [619], Eq.(207) [620}, and
Eq. (208} [621].
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2.3.3. Carbonylation ef halides and triflates

Palladium catalyzed double and single carbonylation of aryl halides and allylic
compounds has been reviewed (>66 references) [622]. Palladiwun catalyzed the
carbonylation of bromopyridones (Eq. (209)) {623]. the acvlation of halides by akyl
tins using *"CO [624] and the sarboxylation of halogenated benzopyrans (Eq. (216)
[625]. Aryl halides, heteroaryl halides and vinyl halides were carbonylated to give
gsters by cobalt complex reducing agents [626]. Iodonucleosides were carbonylated
by treaiment with alkyltins, carbon monoxide and palladium catalyst [627].

Axyt triflates were converted to aryl methyl ketones by reaction with tetramethyi-
tin, carbon monoxide, and a palladium catatyst [628]. Pyrrole triflates were alkoxy-
carbonylated using palladium catalysts [629,630], (Eq. (211)) {631]). Heteroaryi
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triflates were carbonylatively coupled to aryl boronates under palladium catalysis
(Eq. (212)) [632]. Palladium(0) catalyzed the carbonylative coupling of allyl halides
to functionalized organozinc reagents [633]. Ary! antimonates were carbonylated by
pailadium catalysts under oxidizing conditions [634].

b o

SEMN
o OMOM -
§or CO, 1,PdCh F/
\,u . ......;..._..\ N O
N preseune N
B(OH)2

Cobalt bromide catalyzed the carbonylative coupling of functionalized organozine
reagenis to give symimetrical ketones [635]. Nickel carbonyl carbonylated viny!
halides to give esters [636).

0
(232)
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2.3.4. Carbonylation of nitrogen compounds
Amines were carbenylated t¢ carbamates using palladium catalysts [637].

2.3.5. Carbonyplation of oxygen compounds
Thioketals were converted r-thioesters by treatment with high pressures of carbon

monoxide in the presence of thodium(I) catalysts [638]. B-Acetoxychromium car-
bene complexes were converied ta diketones by photolysis (Eq. (213)) [639].

OE1 o A\ o
(CO};CT%# o R — "

R O
Q

60-80%

2.3.6. Miscellanecus carbonylutions
Miscellaneouns carbonylations are shown in Eq. (214) [640] and Eq. (215) [641].
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2.3.7. Decarbonylations
The sole interesting decarbonylation is shown in Eq. (216) [642},

Mal CHO LD H
wo— ) mo p

Staic.

MeD' MeQ (216)
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2.3.8. Reactions of carbon dioxide

*Utilization of carbon dioxide in organic synthesis and polymer synthesis by the
transition meial catalyzed carbon dioxide fixation into unsaturated hydrocarbons™
was the subject of a review (39 references) [643]. Nickel cyclams under electrochemi-
cal reduction converied epoxides into cyclic carbonates [644].

2.4. Oligomerization (including cyclotrimerization of alkynes and metathesis
polymerization]

Papers dealing with the oligomerization of cthylene by cationic phenanthroline
methylpaliadium complexes [645], the roles of Lewis Acids in Ziegler-Natia alkene
insertions — competition of Ti~C vs. Al-C alkene insertions [646], and a review entitled
“Stereospecific olefin polymerization with chiral metallocene catalysts™ {235 references)
{647} have appeared. Cationic chelating diamine metat complexes catalyzed the dimeriza-
tion of terminal alkenes to give predominantly branched polymers [648].

Papers dealing with palladium catalyzed alternating copolymerization of alkenes
and carbon monoxide [649,6350], and the chiral polymerization of terminal alkenes
with carbon monoxide to give isotactic optically active 1.4- and 1,5-poiyketones
{651,652] have appeared.

A paper dealing with polymerizations of a-olefins and butadienes and cyclotri-
merizations of l-alkynes by chelating phenoxide titanium and zirconium species has
appeared [653]. Palladium{0) complexes catalyzed the cyclodimerization of butadi-
enes to -methylene-2-vinyleyclopentane {654]. Chiral nickel(0) cornplexes catalyzed
the cyclodimerization of butadiene with methyl sorbate to give cyclooctadienes with
low ee [€55]. Palladium(0) catalyzed the silyl-dimerization of alkynes with trichloro-
silzne to give silylbutadienes [636].

Cobalt catalyzed cyclotrimerizations are shown in Eq. (217) {657) and Eq. (218)
[658]. Cobalt cocyclotrimerized chiral nitriles with acetylene to give pyridines {659].
Ortho palladated acetophenones reacted with alkynes (Eq.(219)) [660].
Palladium(0) catalyzed the reaction of diynes with dibromophthalimides ( Eq. (220))
{661]. Nickel aryne complexes reacted with alkyncs to give naphthalenes [6621.
Tantalum pentachloride cocyclized diynes with alkynes to give arenes under reductive
conditions [663]. Zirconocene cyclooligomerized diynes (Eq. (221)) [664].

e

[ g, _ROROCO, ™S : ~E2
D BSE b O. (217}
i

=" 3)dppe 110°

3-Substituted 2,5-bis-mercuriothiophenss were oligomerized (My 700—18 000) by
treatment with paliadium chloride and copper [665]. Nickel{0) complexes oligo-
merized dibrotno-bis-heterocycles (Eg. (222)) [666]. 2,5-Bis-tributylstannyl thio-
phene coocligomerized with 14-diodo-2,5-bis-octanyl benzene in the presence of
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(220

palladium(0) catalysts [667]). Other usefid oligomerizations are seen in Eq. (223)

[6681 and Eq. (224) {669].

Treatment of areneRuCl; phosphine complexes with trimethylsilyldiazomethane
gave a ROMP catalyst for norbornene and cyclooctene which tolerated esters and
epoxides [670). Chloroplatinic acid catalyzed oligomerization of silanes with unsatn-

rated organics (Eq. (228)) [671] and (Eq. {226)) [672].

Transition metal synthesis of silicon polymers has been reviewed (53 references)
[673], as has molecular trees: from synthesis towards applications (236 references)

[674].
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2.5. Rearrangements

2.5.1. Metathesis {metathesis processes which produice heterocycles are found in
Section 3.5)

The complex RuCL({PCy,),(CHAr) was an efficient metathesis catalyst for acyclic
allenes [675]). Molybdenum alkylidene complexes catalyzed the cross-metathesis of
terminal alkenes with acrylonitrile to give alkylated acrylonitriles [676]. Cyclobutenes
underwent selective ring opening metathesis with terminal alkenes [677]. Unsaturated
morpholingcarbene molybdenum complexes metathesized with electron poor olefins
[678). Dienes were cyclized by metathesis with W{0)(Ar0),CL/Et,Pb catalysts [679]
(tolerates funciional groups), (Cy,P),RuCl(CHCHCPh,) {6807 and MeReC; [681].
Para-propynyl phenol metathesized to di-p-hydroxyphenyl acetylene in the presence
of Mo(CO), [682). The same catalyst cross-metathesized diphenyl acetylene with
internal alkynes (Eq. (227}) [683].

OAc Ph
,\/\/W —_ MoiCCls /\/\,%
AcO + PFPh——/—/—Fh —— Acl¥ (227)

110
4%

2.5.2. Olefin eycloisomerization
These are shown iz Eq. (228) [684), Eq. (229) [685] and Eq. (230) [686].

2.5.3. Rearrangement of allylic and prapargylic systems

HCo(CQ), isomerized allyl ethers to vinyl ethers [687]. Monoalkyl ketals of
1,4-dihydroxy-2-butene rearrange to the 1-butene when treated with nickel{l1) phos-
phine complexes and isopropyl Grignard reagents [688). Propargyl alcohols

R QAc
HOK&‘QV at 1)Cey(CON R
2) AcO R'
(228)
R = Pk, Cg, TMS, H one
B 56-90%

R'=H, Fh, G,
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rearranged to o fB-unsaturated esters when treated with rhodium{I) catalysts [689]
or ruthenium(1!) catalysts [690]. Palladium acetate rearranged 1,4-dihydropyrroles
to I,2-dihydropyrroles [691]. Wilkinson's catalyst was used to do the isomerization
in Eq. (231)[692]. Paltadium(0) catalyzed the rearrangement of alkynes to },3-diencs
1693). 1.4-Distloxy-2-butenes werc Jdesymmetrized by HKBBINAP  catalysts
(Eq. (232)) [694]. The stereochemical features of palladium{I1) catalyzed Claisen
rearrangement were studied [695]. Ruthenium{(Il) complexes catalyzed the allylic
transposition of atlyl alcohols (Eq. (233)) [696]. Other interesting isomerizations
are seen in Eq. (234) [697] and Eq. (235) [638].
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2.5.4. Skeletal rearrangements
There were none.

2.3.5. Miscellaneous rearrangements

(233)

{234)

(235)

Terminal alkenes isomerized to internal alkenes when treated with Na,Fe(CQO),
and copper{I) chloride or dibromoethane [699]. Rhodium hydride complexes cata-
lyzed the contraction of glycopyranoses {Eq. (236)) [700]. Treatinent of the chro-
mium tricarbonyl complex of 2-methyl-5-trimethylsilylthiophene with -butyllithium
gave the complex of 2-methyi-3-irimethyksilylthiophene [701]. Palladium(0) com-
plexes catalyzed the isomerization of methoxy groups along a polysilane backbone

via silylenes [702].

HO HO
Q o T o i
@m + N‘ . wo + Ph/\)!\ {236}
HO D :
20%
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3. Functional group preparation
3.1. Halides

Alkynes were converted into terminal vinyl iodides by zirconium catalyzed carboa-
lumination followed by cleavage with iodine ([703], (Eq.(237)) [704].
Hydrozirconation followed by NBS cleavage produced vinyl bromides [705).
Zirconabenzynes could be balogenated at either position {Eq. (238)) [706]. Vinyl
triflates were converted to vinyl iodides by treatment with heaxmethylditin in the
presence of palladium catalysts, followed by N-iodosuccinimide {707].

V\l/\/ N

20" 237)
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" CppZitvieCl @;Zﬂp L R O X
mzrzaom OH

4) N&OH:HzOz
. (238)
z} c&ma Ot
WXz
%) NaOHM,0; <

3.2, Amides, nitriles

Treatment of o-allylcarbamates with palladium(0), tin bvdriie and acetic anhy-
dride gave the free amine which was immediately acyiated [708). Cyclams were
coordinated thronugh three of their nitrogens to Mo(CO); and the fourih was cleanty
acylated by acid halides {709]. Ruy(CQ),, catalyzed the addition of terminal alkynes
to acetanilides to give N-vinyl acetanilides [710]. a-Diazophosphonates esters
inserted into the N-H bond of amides to give a-amidophosphonate esters [7111].
Palladium catalyzed the reaction shown in Eq. {239) [712}.

3.3. Amines, alcohols
Paliadium(0) complexes catalyzed the allylic amination of o-phosphonoallyi

carbonates by hydroxylamines [713], the allylic amination of aliyl alcohols
in the presence of SnCl, [7I4], the asymmetric allylic amination of
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1-acetoxy-1,3-diphenylpropene by phthalimide (up to 96% ee)} [715], uand by benzyl
amine (66% ee) {716]. Carbocyclic nucleoside analogs were synthesized by palladium
catalyzed amination of 3-acetoxycyclopentenes by pyrimidine bases (no yields
reported) {717]. 1-Chloro-t-ethenyleyclopropane underwent allylic amination with
transposition ( Eq. {240}) {718]

cl NH:z  Pdydna; iy R
S ) e P
pe A HN {240}
\/\\v
66-96%

C-2-symimetric 1,4-acetoxy cyclohex-2-enes were azirdinated with high ee using
chiral palladium catalysts {719], Eq. (241) [720]. Cyclic epoxides were asymmetri-
cally opened with azide using chromium salen catalysts [721). Diene monoaziridines
were both oxidatively [722] and reductively [723] opened under palladium catalysis
(Eq. (242)).

(:}CQQ_MB 9002!\0‘0
E':EOX TMSN, @EOK GucN
ct
0 <(Pd’ cal F {
OcoMa 2 [

(241)

Palladium catalyzed amination of ary! halides was the subject of a short review
(11 references) {724]. Efficient palladium catalyzed aminations of a very wide range
of aryl bromides have been developed, one based on the use of +-butoxide [725] and
one on the use of Li bis-trimethylsilyl amide {726]. Paliadium(0) catalyzed the
amination of iron-iodocyclobutadiene complexes [727].

The full details on the reaction of alkenes, vinyl bromides and amines with
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palladium(0) catalysts in aqueous DMF (water improved yield) to give allyl amines
have been published (Eq. (243)) [728]. +-Butyl acetylene, 1,3-dichloro-1-propene and
ethyl amine reacted with Pd/Cu catalysts to give amination of the allylic position
and alkynyiation of the vinyl position [729]. Terminal aflenes reacted with secondary
amines to give allyl smines plus 2-aminomethyi butadienes, incorporating two equiv-
alents of the allene [730]. Diaflylamines were deallylated in a stepwise fashion using
palladium{0) catalyst and o-sulfhydryl benzoic acid [731,732].

Pdyiba; ':\4\‘/\H.

NHR

A

AFE ¢+ g+ ANH

X~o « ZTR (RMNH) BoNCE
DMFH

{243}

S0-50% 1ajor regigisomar

Cobalt complexed propargyl alcohols were converted to propargyl amines via
cobalt stabilized propargyl cations [733). Aryl azides, aroyl azides, and aryl sulfonyl
azides wexe reduced to the corresponding NH, species by MoS2~ [734], Imines were
reduced to amines by Cp,MoH, [735], and by iridium(I) BINAP catalyst systems
with high ee {736]. Olefins were converted to terminal amines by hydrozirconation
followed by cleavage with ArSQ,ONH, [737). x-Aminoamides were synthesized
from zirconium-imine complexes and isocyanates (Eq. (244)) [738]. Iron complexed
vinyl ketenes were converted to complexed ketenimines by treatment with phos-
phonamides and butyllithium [739].

N'Fh RL ™ 1) MebH i NHPh
szZr<k — %4 I DyMeOn R'NHJ\"
, Ao 0 e | gt En (244)
65-65%

Chiral ferrocenyl aldehydes were used to synthesize optically active amino acids
{ Eq. (245)) [740]. Chromium aminocarbene complexes were used to intreduce amine
acid residues into peptides both on soluble PEG supports [741], and in solution
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{742} (Eq. (246)). Fluorobenzene chromium tricarbonyl underwent reaction with
deprotonated aminoalcohols to give complexed phenols which rearranged to com-
plexed anilines when treated with buiyllithium (Eq. {247)) [743].
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Asymmetric catalytic transfer reduction of ketones by isopropanol has been
achieved in excellent ee using chiral ruthenium(H) catalysts [744,745]. Nickel(11)
phosphine complexes catalyzed a similar reduction [746]. Styrene was asymmetrically
hydroborated using rthodium(l) catalysts and chiral ferrocenylphosphine amines.
Up to 98% ee was achieved, but with only a 68% yield and a 3:2 mixture of
regioisomers §747]. Chiral aminophosphinoboranes catalyzed the asymmetric reduc-
tion of chromium complexed p-chlorobenzophenone with 90% yield and 92% ee.
Cobalt complexed propargyl alcohols were asymmetrically reduced with similar
efficiency {748]. Epoxides were reductively opened (attack at the less substituted
position) by ammonium formate and Pd/C [749].
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Chiral rutheniura(Il} complexes catalyzed the reduction of 1,3-diketones to anti
1,3-diols in 70% yield and 100% ee [750]. x-Amino-B-ketophosphonates were asym-
metrically reduced in high ee (Eq. (248)) [751], as were a variety of dicarbonyl
compounds (Eq. (249)) [752]. B-Keto esters were asymmetrically reduced in high
yield with high ee under mild conditions using (R, R)-(iPrBPE )RuBr, catalysts [753].
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(R BENAPRUA11}

NHAC NHAC

! -

g %
A Pave;
MAz

xm

i i 1} {RMCCD)IBF > 7
A e AN
(RANS.SIETHAP
Ph.Si, 58-97%
2)MOH, K,C0, 01 to 73 dVmeso (249)
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Chiral zirconocene complexes catalyzed the ring opening of dihydrofurans and
pyrans (Eq. (250)){754]. Nickel cyclooctadiene catalyzed the ring opening of bridged
bicyclic ethers by DIBAL (Eq. (251)) [755). Paifladium(0) was required for the
hydroxylaiion of chlorogquinones (Eq. (252)) {756]. Allyl ethers were reductively
cleaved to alcohols electrochemically in the presence of nickel(Rl) salis [757).
Terminal olefins were converted 1o secondary alcohols by palladium catalyzed hydro-
silylation (HSiCl,) followed by oxidation [758]. Adjacent carboxylate groups were
vsed to direct this chemistry {Fa. (253)) [759]. Palladium(0) catalyzed the allylation
of benzaldehyde (to give aliyl alcohols) by allyl esters [760].

3

O AMgCH

-

OH ~40% yield
O [EBTHIRIC: | {250)
o k{L/ 23511 Cipsterac IaNctivily
Z,

Molybdenum bexacarbonyl cleaved isoxazoles (Eq. (254)) [761]. Chiral zircono-
cene complexes catalyzed the asymmetric methalumination of jermiinal alkenes to
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give a-methyl terminat alcohols in good yield and high ee, after oxidation [762].
fron carbonyl complexation was used to protect a diene while a remote olefin was
hydroborated (Eq. (233)) [763].
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3.4. Ethers, esters, acids

The factors which influenced the stereo- and regioselectivity in the palladium
catalyzed conversion of allyl carbonates to aryl phenyl ethers (phenoxide was the
nucleophile) were studied [764]. Nickel{0) cafalyzed the displacement of allyl ace-
tates and carbonates by phenoxide [ 765]. Acetoxy glycals were converted to disaccha-
rides by palladium catalyzed displacement by the anomeric OH of a sugar (Eq. (256))
[766]. Sugar OH groups were allylated by diallyl carbonate in the presence of
palladium{0) catalyst [767]. Molybdenum(II) catalyzed the conversion of allyl
acetals to alyl methy! ethers {768].

R'O

PO X_—:‘)\
R'C
o FO 4]
D . D_ o 89 o 0. £ omt
sed M=/ bt dpp {256}
PO oP B oR
P
23-85%

Rhodium(1l) acetate catalyzed the decompositicon of chiral «-diazo csters in
alcohols to give a-atkoxy esters in good yield and up to 50% de [769]. Complex
ethers could be made in this way (Eq. (257)) {770]. Fluorinated x-diazo esters [771],
and diazo ketones [772] underwent similar insertions into alcoho! OH bonds to
give ethers.

(257)

(257

Diaryl ethers were made by the copper promoted coupling of aryl bromides with
phenols 1773), Treatment of the cationic iron Cp complex of chiorobenzene with
alkoxides under irradiation gave metal-free aryl ethers by displacement of the chlo-
ride [774}. The corresponding ruthenium complexes of polychlerinated arenes gave
poly aryl ethers or thioethers [775]. This has been used to make quite complex
systems {Eq. {258)) {776] and (Eg. (259} [777].

Hydroxy groups allylic to iron coordinated dienes wuere replaced by alcohols to
form ethers ir the presence of Lewis acids (Eq. (260)) {778]. Eq. (261) shows an
unusual displacement [779]. Esters were deoxygenated to ethers by treatment with
manganese acyl catalysts and phenyl silane {780]. Copper todide catalyzed the
displacement of tertiary propargyl halides by phenoxide [781].
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Ruthenium complexes catalyzed the addition of carboxylic acids to atkynes to
give secondary [ 782] or primary [783] vinyl esters. Benzene was: oxidized to cyclohex-
ane-hexaceiate by barium chlorite in the presence of OsQ, catalysts [784]. Cobalt
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. %Ww . %Mr

complexed propargyl glycals were ring opened by alkoxides (Eq.{262)) [785].
Palladium catalyzed the cleavage of an allyl ester to the acid in a complex system
(Eq. (263)) [786].

{263)

@c

3.5, Heterocycles

Acziridenes were made by the shodium(IT) [787], rhenium(VII} [788], and
copper(11) catalyzed decompeosition of ethyl diazoacetate in the presence of imines.
By using chiral bis-oxazoline ligands, the copper(l) catalyzed decomposition gave
good yields, > 106:1 frans to cis and ee values from 40% to 67% in this process
[789,790). The mechanism of the copper(l) catalyzed aziridination of olefins by
PhI=NTs was studied [791].

B-Lactains were synthesized by thodium(H) catalyzed H insertion processes
(Eq. (264)) [792]. Pailladinm on carbon in the presence of copper(1) iodide catalyzed
the oxidative carbonylative cyclization of propargyl amines to B-lactams [793].
Alkynes reacted with nitrones in the presence of copper(l) iodide to give
f-lactams|794]. Vinyl triflates with pendant amino groups underwent carbonylative
cyclization to §-lactams using palladium catalysts (Eq. (265)) [725].

O
" o]
O')k‘n’l S O"T (262)

97% ae

Pyrrolidines were made from allyl propargyl amines by chiromium carbenc medi-
ated metathesis/cyclopropanations (Eq. (266)) [796], by palladium catalyzed cyclo-
carbonylation (Eq. (267)) [797], by palladium{1I} catalyzed amination of olefins
{Eq. (268)) [798], and by the oxidation of amino-iron diene complexes (Eq. (269))
[799]. Two useful pafladium catalyzed syntheses of this ring system are seen in
Eq. (270) {800] and Eq. (271 [801}.

y-Nitroketones were reductively cyclized to five-membered imines by Ruy{(CO),,
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and 9,10-phenanthroline [802]. Complex aminocarbene cornplexes thermally pro-
duced cyclized five-membered imines (Eq.(272)) [803). Rhodium{II) octancate
catalyzed the cycloaddition of o-diazo-B-viny! esters to pyrroles {Eq. (273)) [804].
2,5-Dihydropyrroles were made by chromium carbene con:plex promoted metathesis
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(270}

271)

processes { Eq. (274)) {805] and ruthenium carbene complex metathesis (Eq. (275))
[806].
Pyrroles were synthesized by McMuiry coupling of B-amido enones [807], the
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copper catalyzed reaction of propargyl bromide with [(-thio-B-aminc ketones
{Eq. (276)) {808] and by the reaction of aminocarbene chromium complexes with
alkynes (Eq. (277)) {809].
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Five-membered lactams were made by rhodium(11) catalyzed C-H insertion: pro-
cesses of a-diazoamides {810], or N-H inserticn (Eq. (278)) [811], by carbonylative
cyclizations of e-aminophenylacetylene by R, {CQ)s [812], the chromium carbene
assisted cychzation of acetylenic amines (Eq. (279)) [813] and the reactions of
aminocarbene compiexes with alkynes (Eq. (280)) [814,815].
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Indolines were synthesized in the many approaches shown in Eq. (281) {816],
Eq. (282) [817], Eq. (283) [818], Eq. (284) [819], Eq. (285) [820}, Eq. (286) [821],
Eq. (287) [822], Eq. (288) [823] and Eq. (289) [824].

A catalytic version of McMurry coupling was used to synthesize indoles from the
reductive coupling of the carbonyl groups of o-acyl anilides in good yields [825,826].
Palladium acetate catalyzed the oxidative coupling of N-aryl amincquinones
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{Eq. (250)) 1827]. Other indole syntheses are seen in Eq. (291) [828], Eq. {292)
[829], and Eq. (293) [830).

Zirconocene cyclized bis-olefinic amines to piperidines: Eq. (254) [831) and
Eq. (295) £832]. Hydroformylation of ally! glycine esters gave piperidines or tetrahy-
dropyridines [832). Tetrahydroisoquinolines were synthesized by intramolecular
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{287)

Heck cyclization of o-iodo-N-allylbenzylamines [834]. Palladium(0) catalyzed the
reaction of optically active aminoalcohols with 1,4-diacetoxy-2-butene to form mor-
pholines [835). Iron catalyzed processes were used to make piperidines (Eq. (296))

{836] and (Eq. (297)) [837).

Dihydroisequinolines were synthesized by palladium(9) catalyzed Heck ¢ycliza-
tion of g-ipdo-N-allyl benzamides {838,839]. The same type of cyclization with N-
alleny! benzamides gave a nt-allyl palladium complex which could be further function-
alized (Eq. (298)) {§40]. Quinolines were prepared from palladium(0) catalyzed
cyclization of the vinyl triflate of B-keto esters with o-boronic acids of aniline
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carbamates [841], and the carbonylative cyclization of amine containing iodoenynes
[842]. N-Aryl-2-aminomethylindoles cyclized to give fused tetrahydroquinciines in
low vield when treated with one equivaleat of palladium acetate [843]. Iron com-
plexed vinyl ketenes reacted thermally with imines, followed by oxidation to give
dihydroquinolines [844]. Iron diene complexed imines of sorbaldehyde underwent
442 cycloaddition with Danishefsky’s diene to give dihydro-4-pyridones {845].

1 c¢ Pd
i© Pa(o} .
I A I 5 :
(298)
0
N
e
N, &
0

Quinolines were prepared by the palladium catalyzed reaction of formamide with
o-pitropheny! ketones in 20-46% yield [846], while pyridines were produced from
hydrazones of dienylaldehydes [B47].

Larger ring nitrogen heterocycles were made by ruthenium carbene catalyzed
metathesis processes [848], Eq. (299) [849]. Azirenes cycloadded to chromium com-
plexed cyclohepiatriene in a 2+ 6 cycloaddition to give 4.3.1-bicyclo nitrogen hetero-
cycles [850]. Macrocyclic lactams were made by palladium(0) catalyzed cyclization
of (alkylation) of long chain malonamides with remote aliyl acetates [851). Larger
ring {7-10) benz fused nitrogen heterocycles were prepared by Heck cyclization of
o-iodoarenes with enamides in the side chain [852). Zirconium (Eq. (300)) [853]
and iridium (Eq. (301)) [854] chemistry was used to make larger ring nitrogen
heterocycles.

Manganese salen catalyzed asymmetric oxidation of simple olefins has been
reviewed (36 references) [855], a5 has enantiomeric epoxidation via chemical or
enzymic methods (in French, 190 references} [856]. Chiral manganese salen com-
plexes continued to be refined as asymmetric epoxidation catalysts [857-859].
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Aldehydes were converted to epoxides by rhodium(I1) catalyzed reaction of diazoal-
kanes with thioethers to form sulfur ylides in situ [860]. Cationic platinum complexes
catalyzed the epoxidation of enomnes by hydrogen peroxide in a process which
required excess enone [§61]. B-Lactones were synthesized by rhodium (11} catalyzed
decomposition of diazomalonates (CH insertion into a carbon of the ester group)
[862].

Tetrahydrofurans were synthesized by nickel(0) catalyzed cyclization of allyl
ethers having a halide in the other arm [863,864], and by iron-assisted alkoxylation
of complexed alkenes (Eq. (302)) [865]. Allenes having y-hydroxy groups were
cyclized to tetrahydrofurans by palladium catalyzed arylation at the central carbon
followed by attack of OH on the thus-formed =m-allyl palladiura complex {866].
Other palladium catalyzed tetrahydrofuran forming reactions are chown in Eq. (303)
[867] and Eq. (304) [868]). Homoallyl alcohols cyclized to tetrahydrofurans when
treated with thrce equivalents of Re,(0, and H 10, [869]. These were also produced
via rhodium{II) catalyzed decomposition of diazo esters (C-H insertion into B-o-
ethyl group) [870].

Dihydrofurans were synthesized by Mo{CQ), catalyzed cyclization of homopro-
pargyl alcohols [871,872], by metathesis of diallyl ethers [873], by cocyclotrimeriza-~
tion of bis-propargy! ethers (Eq. (305)) [§74] and by rhodium carbene chemistry
(Eq. (306)) {875].
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Arencrutheninm complexes cyclized ynenols to furans [§76]. Palladium catalyzed
approaches to furans are shown in Eq. (307) [877], Eq. (308) [878] and Eq. {309)
[879]. Dihydrofuranylmelybdenum carbene complexes decomposed to bis-furans
linked at the 2-position [880]. Alkynes cyclized with o-icdophenols in the presence
of palladium catalysts to give benzofurans [881]. Heck cyclization of o-bromo-0-
allylphenols also gave benzofurans [881].

Butyrolactones were made by palladium(1I) catalyzed alkoxycarbonylation of
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alkenes [882], (Eq.(310)) [883], palladium catalyzed oxidative cyclization of
B-hydroxytrimethylsilyacetylenes [884], cobalt catalyzed cyclocarbonylation of aliyl
alcohols [885] and iron catalyzed cyclizations of unsaturated carboxylic acids [886].
Molybdenum carbonyl cyclized homopropargy! alcohols (Eq. (311)) [887].
Butyrolactones were made by rhodium(1I) catalyzed cyclopropanation of alkenes
by diazo esters (Eg.(312)) [888]. The site of cyclopropanation of polyolefing
depenrded on the ligand on rhodium [889], as did the endo/exo ratio and ee §890,8911.
Buiyrolactones were also synthesized by rhodium catalyzed CH insertion of diazoal-
kanes, with effective catalysts for enantioselective insertion into 3° positions of
alkylazo acetates [892,893]. 2-Oxo-tetrahydrofurans were made this way [894].
Butenolides were prepared by nickel catalyzed cyclocarbonylations of ynones
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[895], paliadium catalyzed cyclocarbonylation of §-iodoenones, [896], and the ruthe-
nium catalyzed reaction between alkenes and acetylenic esters (Eq. (313)) [897].

P W o
. CpRU{CODIC o
o MeQH NN - (313)
ENQC—T iy -

-Halo-u-methylene lactones were synthesized by palladium catalyzed halocycliza-
tion of allyl esters of proprolic esters (Eq. (314)) [898-904], the paliadium catalyzed
cyclocarbonylatiorn of propargyl carbonates {Eq. (315)) [905] and the low valent
titanium cyclization of alkyne containing carbonates ( Eq. (316)) {206]. Bis-propargyl
alcohols were cyclocarbonylated to succinic anhydride [$07,908].

Palladinm(1l) catalyzed the alkoxy acetoxylation of cyclohexadiene by a
(CH,),;OH attached at the two position to give exomethylene pyrans. The stereo-
chemistry depended on the presence or absence of added lithium chloride or acetate
[909]. Propargyl allyl ethers cyclized to tetrahydropyrans in the presence of PtCl,
(Eq. (317)) [910]. Ortho iodo benzyl allyl ethers cyclized to dibydrobenzopyrans
under Heck zeaction conditions {Eq. (318)) [911,912]. Similar processes were used
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to cyclize into the double bond of dihydropyrans [313] and unsaturated nitro
compounds [914] to make six-membered heterocycles.

A~ e C—: :Ft
P i g )

20-90%

RO
i (o) Pd (0}
2 eq EtaN

AGNOYMeCH  91:3
THF B.82

) 317)

(318)

Ortho iodobenzoic acid and alkynes formed isocoumarins under palladium cata-
lysts [915]. y-Pyrones formed by CH insertion in a rhodium{11) catalyzed decomposi-
tion of n-diazoacetophenones having an orthe isopropyl group [916|. Diphenylketene
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reacted twice with anicnic diene molybdenum complexes to give a-methylene lactones
(Eq. (319)) 917].

Ph Ph
I
Y . emeco — 2 i (319)
[ [+]
—KHCO)a e’ Ph

A seven-membered oxygen heterocycle containing a cobalt complexed alkyne was
made by propargyl cation chemistry {918]. Eight-membered unsaturated cyclic ethers
were made by palladiuin catalyzed intramolecular alkylation of allyl carbonates
[919,920] and by cyclization on to an iron stabilized dieny! cation (Eq, (320)) [921].
Tungsten carbonyl cyclized y-hydroxy akynes to seven-membered o, -unsaturated
lactones [922]). Palladium(0} compiexes catalyzed the cyclecarbonyiation of
a-alkoxy terminal alkynes to cyclic alkynyi lactones in modest vield (ring sizes 16,
17 and 20) [923].

e i Ao
O /E\ OH  Lowis Acid MeO, /g\ O
FeiCa), . Fe{COh \_ .= {320)

good yieid

Dihydrobenzothiophenes and isothiophenes have been made (Eq. (321} [924],
Eq. (322) [9251).

o
S
OBt AROAc,
@i . ,EU\ Et @;—CUQMQ 321)

4%
HR—~R* e
Pa-K 2 ager, | (322)
"z 3)PhCh-Pd o2
s &
B 50-90%

Palladium catalyzed syntheses of heterocycles containing more than one hetero-
atom are listed in Eq. (323) [926], Eq. (324) [927,928], Eq. (325) [929], Eq. (326)
[9301, Eq. {(327) [931], Eq. (328) [932], and Eq. {329) [933].
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Rhodium catalyzed formation of heterocycles containing more than one hetero-
atom are seen in Eq. (330) [934], Eq. {331) [935], Eq. (332) [936], Eq. (333) [937],
and Eq. (334) [938].
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O Ar
s om0 (T
ArSnBus + G0 HNHNH; Pl'" (328)

H 1) NaH N
®5’L{n; ‘@""” 2)catLpa Q@%D (329)

(330)
|\
1] Ax P
Rna(OACk (331)

o (332)

61%

Heterocycles derived from carbene complex chemistry are seen in Eq. (335) [939],
Eaq. (336) [940), Eq. (337) [941}, Eq. (338) [942], and Eq, (339) [943].

Other even less conventional syntheses of heterocycles are seen in Eq. (340) [944],
Eq. (341) [945], Eq. (342) [946], Eq. (343) {947, and Eq. (344) [948].
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3.6, Alkenes, alkanes

Alkenes were produced by elimination of vicinai bromides by nickei(1I)/ethyl
Grignard mixtures [949]. Allyl acetates were eliminated to give dienes by palla-
dium{0) catalysts {950,951], (Eq. (345)) [952] and (Eq. (346)) {953}. Allyl epoxides
were eliminated to dienes via n-allyliron species [954]. Dimethyl amine was oxida-
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(341)

tively eliminated from chromium tricarbonyl benzylamine complexes to give com-
plexed styrenes §955]. Glycals were made by elimination of bromide and acetate
from the 1- and 2-positions of 1-bromasugars [956].

Silvlenot ethers were oxidized to o jb-unsaiurated enones catalytically using 10%
Pd(OAc), in DMSQO with O, [957]. Stoichiometric versions of this were used to
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make 4-pyridones [958], to “unsaturate” steroidal D-ring cyclopentanones [959),
and to make complex systems (Eq. (347)) [960]. The Cp* ruthenivm fragment
activated C-H, C-C, C-Cl, and C-8 bonds (review, 42 references). An example is
seen in Eq. (348) [961].

OTHS. oreows y 9
EA PA(CAC): £,
—
5o (347)
COgEt CO.Et

B5%

Jdsmathylation

(348)

Aryl and vinyl triflates wore reduced to arenes and olefins by ammonium formates
in the presence of palladium catalysts [962,963]. Triethyl silane also served as a
reducing agent under these conditions [964]. Allyl benzyl ethers were reduced to the
alkene [965], but regular benzyl ethers survived (Eq. (349)) {966]. PhSiH; and M-
trimethylsilyl-N-methy! triffluoroacetamides were new allyl group acceptors for the
palladium catalyzed deallylation of allyl carbonates and ethers [967].

(349)

Alkynes were reduced all the way to alkanes by 2 equiv. of Cp{CC),WH in triflic
acid [968]. B.B-Dialkyl-dehydroamino acids were reduced to P-dialkyl amine
acids with high e¢ by Rh(I) (R,R)(S,S5)-TRAP systems [969], or even more highly
selectively by cationic rhodium(I) MeDuPhos or MeBPE catalyses [970].
a«-Methylenebutyrolactones and cyclopentenones were reduced to the saturated car-
bonyl systems with high ec using ruthenium(Il) BINAP catalysts [971]. Crabtree
catalysts efficiently reduced olefins with high stereoselectivity (Eq. (350)) [972].

?
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3.7. Ketones, aldehydes

(350

Recent advances in oxypalladation have been reviewed (51 references) [973]. The
Wacker oxidation of long chain alkenes to methyl ketones was accomplished with
a complex catalysis system [974]. Synthetically significant Wacker oxidations are
seen in Eq. (351) [975]. Eq. (352) [976], and Eq. (353) {977]. Palladium chloride in
DMSO oxidized diarylatkynes to the o-diketene [978). B-Substituted styrenes were
asymmetrically converted to benzyl alcohols by palladium catalyzed asymmetric
hydrosilylation followed by oxidation of the silane [979].

(351)

{352)
‘ Oz Pdch 'z{\/\[r
o

CuCl DMF
&%

[« s ] 0 o OR
OJ\N’U\( &°oH P Q‘JLNJJ\)\OFI!
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(353)

L
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Secondary alcohols were oxidized to ketones by RuCl;, ROCO,H [980], and
palladium catalysts with Andogene 464 [981]. 1,2-Diols were oxidized to o-diketones
by hydrogen peroxide, and peroxytungstophosphate [982].

Rutheninm porphyrins catalyzed the oxidation of arenes to quinones by pyridine
N-oxide [983]. Although iscindanone wouid not directly complex to chromium, its
ketal would, which, after deprotection allowed a rvich reaction chemistry of the
coemplexed ketone [984]. The catalyst RuCl,L, with ethylene diamine and KOH
reduced aldehydes and ketones in preference to olefins [985]. Cyelic ene diynes
having pendant hydroxymethyl groups were protected as their bis-dicobalt alkyne
complex, perinitiing Swern oxidation of the hydroxymethyl group {986].

3.8. Organosilicon compounds

Dienes and alkenes were hydrosilylated with good ee using chiral palladium
catalysts [987]. Optically active silyl aliyl epoxides underwent palladium catalyzed
ring opening with complete chirality transfer (Eq. (354)) [988]. Other palladium
catalyzed reactions of silicon compounds are seen in Eq. (355) [989), Eq. (356) [9%0]
and Eq. (357) [991].

"I" M -.Lﬁ- o sma/
m.\\\‘ ﬁ/'\/ (354)

H
55%

A\ Vs

A,5i—gR, kPO S

7 N IR NEN {355)
1IN

~
ClMoSI-Cl + A—===—g Lo9o&. I—-/r,'\'F'+MezS'rCla
/Si\ Al {356}

goud yields

Rhodium(I) complexes catalyzed the ring opening of vinyicyclopropanes to give
regioisomer mixiures of unsaturated silanes {992]. Propargyl alcohols wera converted
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to pP-silyl ketones by rhodiwm(l) catalyzed hydrosilylation [993]. Rhodium(il)
acetate catalyzed the insertion of diazo ester derived carbenes into Si—H bonds [994].
Rhodium(1) complexes catalyzed the intramolecular silyiformylation of alkynes
(Eq. (358)) [995].

——— et . Si "
§ (358)

CHO
100%

Chromium complexed aniscle was ortho silylated with 88% ee by deprotonation
with a C-2 symmetric chiral amide base [996]. Platinum({}) catalyzed the ortho
siiylation of benzaldehyde imunes [997]. Eq. {359) shows a strange silylation reac-
tion [998].

Palladium(Q) catalyzed the cis-bis-siannylation of alkoxyalkynes {999] and acety-

R
R Ry ]
o CpZr! s, ow B8
A==Jon, B2, cpzz}“ Ty =R (359)
r
R B0-87%

(360)
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lenic esters by hexamethyiditin {1000]. These rearrange to the frans on heating.
Palladium(0} catalyzed the conversion of vinyl triflates into vinyl stannanes with
hexamethylditin {1001,1002]. Terminal alkynes were converted to terminal vinyl
stannanes by hydrozirconation/transmetallation {1003]. Vinyi chromium carbene
complexes were converted to a-alkoxy allyl stannanes [ 1004] while acetylenic carbene
complexes were converted to alleny! stannanes by treatment with tributyltin hydride
(Eg. (360)).

3.9. Organophosphorous and sulfur compounds

Tungsten complexes catalyzed the metathesis of allyl diphenyl phosphine to
1,4-bis{diphenylphosphine)-2-butene [ 1005]. Palladium{0) catalyzed the coupling of
bromophosphabenzenes with phospholes at P [1006]. Cationic iron hexadienyl com-
plexes underwent attack at the Jess substituted terminus by triphenyl phosphine to
give the alkylated phosphonium salt [1007]. Palladium(0) complexes were used to
cleave allylphosphonate esters on nucleotide [1008].

Allyl carbonates [1009] acetates and chlorides [101¢] were converted to allyl
sulfonates by treatment with sodium toluene sulfinate and a palladium catalyst.
Copper iodide catalyzed the arylations of aryl sulfinates by aryl halides [101]1.
Protected serine was S-arylated by aryl halides and a palladum(0) catalyst [1012].
Chiral mangunese salen complexes catalyzed the oxidation of aryl thio ethers to
chiral sulfoxides in 1 to 70% ee [1013]. Other reactions of organosulfur compounds
are shown below (Eq. (361)) [1014], (Eq. (362)) [1015], and (Eq. (363)) [1016].

- ST\ oene 7 =N

m“‘o

85%
W
1HCONC! ,
——= A&, P
SYN\H‘ co a s R”!,E‘ " (362)
52
52-96%

3.10. Miscellaneous

Chirai manganese salen complexes were used to resclve racemic chromenes [1017].
Racemic chiral propargyl carbamates were resolved by complexation t¢ Coy(CO)g
[1018]. Unusual boronating systems are shown in Eq. (364) [1019], Eq. {365) [1020]
and Eq. (366) {1021}. An iron promoted cationic cyclization is shown in Eq. {(367)
[1022].
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4. Reviews

The following reviews have appeared:

(363)

(364)

{365)

(366)

(367)

Transition metal catalyzed synthesis of seven membered carbocyclic rings (18

references) [1023].

Synthetic aspects of metal-catalyzed oxidations of amines and related reactions

(161 references) [ 1024].
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Recent advances in the use of tandem reactions for organic synthesis (167 refer-
ences) [1025].

The conquest of Taxol {30 references) [10626].

Svnthetic applications of the OH insertion reactions of carbenes and carbenoids
derived from diazocarbony] and related diazo compounds (248 references) [1027].

Thermolysis, photolysis, and trapsition metal catalyzed 3,4-benzo-
1,1,2,2-tetracthyl-1,2-disilacyclobut-3-ene (353 references) [1628].

High selectivity induced by neighboring group effects in C-C bond-forming reac-
tions with organotransition metal reagents (33 referencas) [1029].

Regio- and stereochenmical aspects of the palladium catalyzed reactions of silanes
(163 references) [1030].

Activation of the Si-Si-bond by transition metal complexes (145 references) [1031].

Redox induced radical and radical ionic carbon-~arbon bond forming reactions
(284 references) [1032].

Ligand accelerated catalysis (89 references} [1033].

Stercoselective reactions mediated by functionalized diorganozincs (56 refer-
ences) [1034].

Transition metals in organic synthesis. Anpual survey 1993 (947 references) [1035].

Transition metals in organic synthesis. Hydroformylation, reduction, oxidation.
Anmual survey 1993 {708 references) [1036].

Atom economy — A challenge for organic synthesis: homogeneous catalysis ieads
the way (159 references) [1037].

e-Monohalo ethers in organic synihesis (231 references) [1038].

Peeparation of heterocyclic and carbocyclic compounds by the use of an allylzine
and an allylpalladium in tandem (76 references) [1639].
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