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I(,eywords: Transition metals; Organic synthesis 

1. General comments 

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

2. Carbon-carbon bond forming reactions 

2.1. Alkyla;ions 

2.1.1, Alkylations o f  organic halides, tosylates, triflates, acetates and epoxides 
New chiral ferrocenylphosph/ne-aznine 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 carbarnates 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] tficycloalkyl Gfignard 
reagents coupled to alkynyl chlorides under nickel catalysis [4]. Nickel-phosphine 
complexes catalyzed the coupling of  1-naphthyl Gfignard reagents with 1,2-dichloro 
bel~zene [5]. Nickel-phosphine complexes catalyzed aryl-aryl  coupling (Eq. (1)) [6], 
while optically active palladium-phosphine complexes catalyzed the alkylafion of  
aryl tfiflates (Eq. (2)) [7]. Copper(I f )  salts catalyzed the mono allylation of  chlo- 
robromo alkanes and aryl systems by aUyl Gfignard reagents [8]. 
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5 ~  (I) 

TfO '~OTf  

BMSO 
(8) 97% (2) 

CHa~Cu~CH 3 
Fig. 1. 

The controversy over the structure of higher order cyanocuprates continued, with 
EXAFS, XANES [9] and ab initio calculations [10,11], all indicating that 
cyanide is n o t  coordinated to copper, but rather to two lithiums (Fig. 1). The 
regiochemistry of the reaction of aryl cupmtes with J3,y-epoxy-~-unsatamted esters 
depended on the nature of the cuprate [12]. 

Nickel(II) aectylae~tonate catalyzed the ~qllations of alkyl iod/dcs by f u ~ n -  
alized organozinc compounds [13]. Copper(I) chloride catat~ed the ~ky~tion of 
~-halocthers by Mkyl and vinyl zirconium species, generated by hydrozireonation of 
alkenes and alkynes, respectively [14]. Vinyl halides reacted with C ~ ( B n ) 2  to 
pr~luce vinyl zirconium species, which underwent an array of copper and pMla~um 
catalyzed coupling protegees [15]. PaLladium(0) complexes catalyzed the cy~ation 
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of aryl trffJates by zinc cyanide [16] while nickel(0) complexes catalyzed the same 
process for vinyl chlorides and brom/des [17]. 

The reduction of palladium acetate to palladium(0) by phosphines has been 
studied in detail [ 18], as have the rates and mechanism of oxidative addition of aryl 
tfiItates to palladium(0) [i9]. 

Oxidative addition/transmetallation processe, s involving palladium continues to 
be extensively used t~ alkylate organic halides. Palladium(0)/copper(It) catalyzed 
the arylations of ~-lithiated cyclic carbamates by aryl hal/des [20]. Palladium(0) 
complexes catalyzed the intramolecular alkylation of a vinyl halide by a potassium 
chelate (Eq. (3)) [21]. 

o R 

' L4Pd R 
- " ~ "  4 -  THF 

R 1 t B ~ R / t ~ I ~ c r H P  R 1 R 1 

~ r 4 ~  (3)  

Palladium catalyzed the coupling of a functionalJzed aryl zinc reagent with vinyl 
halides [22], chloropur/nes with vinyl and aryl main group organometallics [23], 
~-iodo-=,[3-unsaturated acids with alkyl, aUyl and alkynyl z/no and tin reagents [24], 
cis-dideutero vinyl iodides with alkynyl zinc reagents [25], and benzyl bromide with 
2-z/neared indoles [26]. o-lodostilbene was lith/ated, transmetallated to zinc chloride, 
and coupled to o-iodo-l,4-diphenyl butadiene under palladium c~'.t~lysis [27]. Other 
synthetically useful transformations of tiffs sort are shown in Eq. (4) [28], Eq. (5) 
[29], Eq. (6) [30], Eq. (7) [31] and Eq. (8) [32]. 

, ~ , ~ L ~  ZnCI + 

0 0 

(4) 

O ~ ~ T M S  

(5) 

TMS 
_ZnBr R ~  

~ ~ . ~ . T ~ S  + RI/'~ L4Pd 
t ~ 

73% (6) 
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ZnBr 
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Pd-zdbaa O~ 0 

(7) 

t 

÷ • ~ j  L 

o~s ~:t~hd 

BrZn" 

R 

I 

(8) 

Donor-acceptor cligoth/ophenes were prepared by palladium catalyzed coupl/ng 
of 2-iodothiophenes with 2-z/ncated tifiophenes [33]. Terminally z/neared o|igothio- 
phenes were capped by aryl containing iodothiophencs using palladium catalysts 
[34]. 3-Aryl thiophenes were prepared from aryl iodides and 3-zinca~d [h/ophenes 
[35]. Compounds for nonlinear optical materials were prepared by pallad/um cata- 
lyzed coupling (Eq. (9)) [36] and (Eq. (10)) [37]. 

~Nj~,.OXBOMS ~N.I~.I o~ 

(9) 

Palladium catalyzed oxidative addifion/transmetallafion from boron continues to 
grow in popularity. Palladium catalyzed cross-couplhlg reactions of organoboron 
compounds has been rev/ewed (246 references) [38]. Treatment of mono- or iris- 
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T M S O ~ z n G I  + T M S O ~ B  t 

L2PdC~ ~ ~  TMSO OTMS 
DIBAH 

84% (]o) 

alkoxyboranes with lithium acetylides followed by organic halides and a palla- 
dim(O) catalyst resulted in a!kylation of the acetylide [39,40]. Vinyl boranes coupled 
with vinyl and aryl halides ([41], used for retinoid synthesis, [42,43]), wlfil¢ alkyl 
and aryl boronic acids coupled to vinyl triflates [44], and vinyl halides ([45], and 
~,e~-diboranes coupk, d with gem dihalides to give cyclic compounds, [46]) under 
palladium catalysis. 

Treatment of 9BBN(OMe) with acetylides followed by functionalized aryl halides 
and PdCl2dppf 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]. 
Optically active biaryls were prepared by palladium catalyzed coupling of naphthyl 
boror~c acids with bromoarenechromiurn tricarbonyl complexes (Eq. (11)) [52]. The 
palladium catalyzed coupling of p-tolyl boronic acid to o-bromobenzene sulfon- 
arrfides was carded out in 87% yield on a 7.3-kg scale [53]! 

Br OMOM OMOM OMOM OMOM 

(÷) OMO B(OH)2 H O , * ~ ~  OMe 

OMe 
81% > ~ o o  ( 1 1 )  

Polyhaloanilines were arylated by phenylboronic acid using palladium catalysis 
[54]. Other interesting couplhags are shown in Eq. (12) [55] and Eq. (t3) [56] (see 
Ref. [57] for another application to liquid crystals). 

Palladium complexes catalyzed the coupling of quaternized chloropyddines to 
pyfidinyl boranes [58-60], aryl boranes to bromotetrazoles [61] and bromopyrroles 
[62], and aryl halides to pyrroloboranes [63]. Tetraphenylporphyrins with up to 
eight aryl halide groups were polyarylated by arylboronic acids in the preseac¢ of 
palladium catalysts [64]. Heteroeyclic vinyl triflates arylated under similar co,~ditions 
(Eq~ (14)) [65]. 
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m o o ~  S(OH)2 tSUC~H" " ¢  o o ~  

iPr2 N iPr2N 
7'3% (12) 

O 

(CH~llCH 

0 
L4Pd ~" C H 3 0 ~  

aq. Na2COb 
PhCH~EtOH (Cl'~ 11 ~"~,,,'*"~ OCHa 

{AS bui~din~ b~cks for ~u~ c ~  ~n~rinmm) (13) 

TfO R ~ R 

~r + P~(OH}2 ~Pd 

7 2 - , ~  (14) 

Ortho acetamidoaryl boronic acids were coupled to 3- [66] and 6-bromoquinoliues 
using palladium catalysts [67]. Other useful couplings of tiffs type are shown in 
Eq. (15) [68], Eq. (16) [691, and Eq. (17) [70]. 

DME 

CI 

(15) 

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 ~ c  reaction was run in ~© p r ~ n ~  
of aqueous base [71,72]. Aryl mesylatcs coupled to stannancs but in low y~lcl [73]. 
Compounds containing 11C (half-IFe=20 rain) were synthesized by the palladhun 
catalyzed coupling of llCHaI with stannanes [74]. 

Vinyl trHlates of six-membered cyclic ketones [75,76], of cyclk: ~ketoesters 
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H. /.....~co2ue 
I ~ N I C O 2 M e  + RB(OH) 2 

COCH3 

PdC~,dpp| 
K2COsDMF 

89 o 

H/,...,~CO~V~ 

59-79% 

n = Ph, mNO2Ph, ph~ \ . c~Ph ~ \  . . c . .  " . o ~ ~ . /  

V 

I 

L4Pd 

NaOH 
51% 

~ N H a  
= ~CONliPr)2 

"N" ~OMe 

OTf 

"N ~ "OMo 

L~Pd 
LiCI 
79% 

> ! N 

(16) 

~ e~npharn~ine (17) 

[77,78], and of acyclic ketoesters [79] all coupled to vinyl, aryl or alkynyl stannanes 
in the presence of palladium catalysts. Palladium(0) complexes catalyzed the. at- 
kylations of 1-naphthot tdfJates by vinyl stannanes [80], and aryl triflates by 
Bu3SnCFC(OMe)(CO2Me) [81]. In an attempt to vinylate the 1,3-tdflate of a 
tetraphenol cryptand, it was discovered that palladium catalyzed the redistribution 
of the tfiflate groups to give a 1:1 mixture of the 1,2,3-OTf-4-OH and 1,2,3-OH- 
4-OTf compounds [82]. Palladium complexes also catalyzed the coupling of hetero- 
aromatic triflates with stannanes (Eq. (18)) [83], (Eq. (19)) [84], (Eq. (20)) [85], 
(Eq. (21)) [86], and (Eq. (22)) [87]. 

OTf 

O2N ~ J ' ~  A 

~ " ' ~ O ' ~ F  "F + ~ S M e  3 
P ~ a  

(18) 

Polyenes were prepared by the palladium cataIyzed coupling of 1-stannyl dienes 
[88] or 1,4-bis-stannyl dienes [89] with vinyl halides. Palladium catalyzed the cou- 
pling of 0,~-bromoeinnamates to ~-stannylcinnamates to give diene diesters [90]. 
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z 

 u3sn 

70-94% 
Y=Ao, BOC, H Z= H,'iMS (D)  

TfO 

/ ~ o o ~ ~ ~ .  - L~aCh O~ + ArSn~ 

91% (20) 

R 

OTf + ~"SnEua L4Pd 

R 

m ~  (21) 

~ O Pcl'0) ~.. ~ O  
R + grX - ~  R 

X=Sng% 

X Ar 

X =OTf , Me3SnSnMe3 

50-80% 

(22) 

[~-Stannyl-u,~unsaturated ketones were [3-alkylatcd by aryl or bcnzyI hal/d~ in the 
presence of palladium(0)/copper(I) catalysts [91]. ImJnes of ~-an~no acid esters 
bearing a [~- or 7-vinylstannan¢ were alkylatcd by vinyl hal/des in the presence of 
palladium catalysts [92]. ~-Halo-optically active vinyl sulforddcs were alkyla~-~d by 
v/nylstannanes to give the 2-sulfoxy bu~d/ene using palladium cah~lyst [93]. Other 
useful vinyl-vinyl couplings are shown in Eq. (23) [94], Eq.(24) [95], and 
Eq. (25) [96]. 

The Stfllc coupling ofaryl and vinyl hal/des and tfiflates to aryl and vinyl s ~  
was optimized utilizing 0.5% palladium from pallad/um on carbon, 10% copper(I) 
iodide and 20% tfiphenylarsine [97]. A solid-phase synthesis of b/aryls u ~ g  Sfill¢ 
coupling has been developed [98]. Patlad/um also catalyzed the coupl/ng of 
[3-methoxy-~-stannyl acrylates with aryl hal/des [99], stannyl sfil~ucs with aryl 
halidcs [100] and l-trh-nethylsilyl-4-tfibutylstanny|-l,3-butadicne with o - ~ t h y t -  
silyl bromobenzene [101 ]. 



138 L.S. Hegedus / Coordination Chemistry Reviews 161 (1997) 129-255 

R~S~O~ = 
j ...... OH 

+ ~Sr~u_~ 
L4Pd > R 3 S i O ~  

OH 
g0% 

,,.SnBu 3 

(BuaSn)(BulCuCNLi2 > HO 85% 

(23) 

O O 
! ~  Pdadb~3 ~- 

AsPh3 n 

60% 

Br Br 
" ~ -  .,,~._/OMo 

~ Rr + ~'$nBu a 

Br~,~j~ Br 
OMe 

L4Pd > 
diox. 

OSiR3 

~ y ~ . ~ $ n , u 3  + Ar X 

C02N~ 

TMSO 

> Ar 

CO2Me 
31-73% 

Ar = Ph, 3-Py, o-O2NPh, mNCPh, pNCPh 

(24) 

(25) 

(26) 

C ] ~  + B u 3 S n ~ S n B u  3 
L2PdCI2 

31% (27) 
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Palladium catalyzed the coupling of a wide range of heteroaromatic halides to 
starmanes including iodoimidazoles 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 
[ 1081 and pyridine-capped ~-oligothiophenes [ 109] were all synthesized by palladium 
catalyzed coupling processes. Other useful coupling of heterocyc.qc systems are 
shown in Eq. (26) [1101, Eq. (27) [1111, Eq. (28) [1121, and Eq. (29) [113]. 

o o 

R Pd(O) R 

81-7o~ (28) 

o o 

F~O) 

B~" R 
87-96% (29) 

Palladium catalyzed the coupling 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) [!201 and Eq. (35) [121]. 

Palladium catalyzed the coupling of vinyl silanes with aryl halides [ 122]. 

0 0 

÷ TFP m. 
iPrO CI ~ r  

O 0 OH 

OAc Ok (30) 

2.1.2. Alkylation of acid derivatives 
Palladium(0) catalyzed the alkylafion of m-methoxyphenylacet~; chIcfide by the 

zinc reagent from y-iodobutyric acid ester [123]. Arches containing ortho directing 
groupe were ortho lithiated, transmetallated to zinc chloride, then acy|ated by acid 
chlorides using palladium catalysts [124]. Trifluoroacetyl chloride was arytated by 
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R l 

I R 2 ~ N  
Me3Sn~,/'N'~R1 Pd(0) 
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good yielci 

R 1 R ! 

=,. ArR(OH)2 =. 

CO 
H L4Pd K2CO3 (31) 

I 

V Y "'OAc 

OTB$ 

+ Me3Sn/'=~SnMe3 L4Pd 
V ~v- %OAC 

OTBS (32) 

~ I-...~ H O C O2TSE .... • ~;~~~ HO,,, O + 

""~S YOH | 
nBu3 

HO,,, ~ O " "  

PdCI2(MeCN)2 

DMF 
20 ° 

(33) 
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•••T•S• + n ~ ~  Ph CO~e DMF -: := 
S021m ~ OP~ OTSDMS 

T I P S O ~  

M ,,,,,,eO ~- v ~ 0  

o ~ o o v, , ~ , , , , , ,  

o 

( fur)~P~ 

D[PEE 
D~=rMF 

TIPD2~ : ~ R 

~o o ~, uo~,~,,,,,, 

(34) 

(35) 

arylstannanes using palladium catalysis [125]. Polymer-bound ortho stannylated 
aniline was arylated in a similar fashion [126]. Copper(I) iodide promoted 
acylafion of ~-alkoxystamnanes by acid chlorides only if the protecting group or the 
acylafing agent (e.g., CI(CO)SEt) contained sulfur [ 127]. Acid halides were incorpo- 
rated i~to vinyl boranes i~ the strange reaction shown in Eq. (36) [128]. Nk:kel(0) 
complexes catalyzed the reaction of Gfignard reagents with add hah'd~ to give 
ketones [129]. Optically active ~-acyloxyadd chlorides were converted to ketoues 
without racenfization by treatment organomangunese(II) halides [ 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 CuI). Even ortho haloaromatics did not form ben- 
zynes [ 134]. 

"o-A~. 2~a'cocllc~s,~,s 
R 1 

Br 

NBS > R V ~  RI 

0 
82-9"1% (36) 

~ C 0 2 R  R o ~ ~ C 0 2 R  

1) RCOCI, CuC[/LiCI f v ~CO~R v ~C02R 2) [2 
I 

6O% (37) 

RCOCI + ArH 

0 
10% ReBr(CO)5 [j 

~. ArC--R 
PhCH3 fix 

0 

(38) 

COCI OMe 

Ph (39) 

2.1.3. Alkylation of olefins 
The Heck reaction (palladium catalyzed oxidative addidon/olefin insertion) con- 

tinued to be the method of choice for the alkyladon of olefins. High pressure 
(10 000 arm) was found to accelerate the Heck reaction [ 135]. Water-soluble ligands, 
phosphines with pendant guanidinimn groups, have been developed for use in the 
Heck rection, and work in 1:1 water-acetonJtrile [136]. The phenyt groups of 
triphenyI phosphine get involved in both the Heck reaction and Stille coupling [ 137] 
and tetraphenylphosphonium salts will arylate olefins under Heck reaction conditions 
[ 138]. Preformed palladium catalysts [PhaPCH2PdOAc]2 [ 139] and [L2PdPh] + [ 140] 
are more active and more stable in the v.cck reaction. The Heck reaction in super 
heated (260°C) and super critical (400°C) water has been studied in detail [ 141,142]. 

Aryl halides were replaced by aryl diazonium salts for use in the Heck reaction 
[143,144]. Azoarenes [145J and quaternary benzyiammonium bromides [146] also 
alkylated olefins. Palladium(0) catalyzed the alkylation of N-Boo allyl amines by 
[~-bromomethacrylates [147] and para-methoxyiodobenzene [148] and the arylation 
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of acrylates by o-bromobenzyl amines [149]. Para-iodoberman~de coupled to a resin 
through a lysine linker arylated acrytamddes under palladium catalysis [150]. 
Dihydrofuran [151] and glucals [152] were arylated and olefinated under Heck 
conditions. 

~-Iodo-~,~-un~turated phosphonates were olefinated under Heck conditions 
[ 153]. Cyclic polyethers of m-iodo-a-hydroquinone were vinylated under Heck condi- 
tions [ t 54]. Vinyl boronates were coupled to vinyl halides to give dicnyl boronates 
[ 155] (silver iodide was required to suppress Suzuki coupling) wkile vinyl siloxanates 
(CHzCHSi(OR)4) arylated and olelinated with elimination of the silicon [I56]. 
Vinyl triflates coupled to vinyl phosphona,es [157], arid 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 

+ ArX ~ ( 0 )  

(40) 

Clavicipitic acid was synthesized utilizing Heck type chemistry extensively [I62] 
in a synthesis patterned after a previous synthesis of Harrington and Hegedus. A 
methylene cyclopropane ring opened under Fleck conditions (Eq. (41)) [163]. 

,~% (4t)  

Palladium catalyzed arylation o£ allylic alcohols gave saturated (phenethyt) alde- 
hydes [164], by ~eliminatdon to give first the enol. ~Elimination away from the 
OH group, to give back an arylated Mlylic alcohol, could be promoted by a c~nge  
in conditions [ 165]. This chemistry was used to make nuclcoside analogs (Eq. (42)) 
[166]. Palladium catalyzed the reaction of 3-mercufioindole with a|lyl bromide to 
give 3-allylindoles [ 167]. 

The mechanism of the intramoleeular Heek reaction was studied in detail [168]. 

0 

I 

7 m ~ p  (42) 
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The 0c,[3-unsaturated arrfide of 7-bromodihydroindole cyclized exclusively 6-endo- 
trig in 88-95% yield under Heck conditions [169]. Maerocyelization was effected 
under high dilution 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. 

o~ ~ or~ , ~ o~s 
a . [  m w 

~ ~ ~  L4Pd K2C03 
o 

o -~ A = ~ c N  
/~..0 OBn 4A Mol. Sieve 
o ~,...d 0 8 .  

o 4~% (43) 

Intrarnolecular Heck reactions have been used to make six-membered fused carbo- 
cyclic rings [176], five-membered fused carbocyclie rings [177], seven-membered 
fused carbocyclie 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 presence of sodium 
formate reduced cyclizatio~ products were formed [181]. The Heck reaction, along 
with Pd(II) catalyzed carboxylation of alkenes was used in the synthesis of complex 
polycyclic systems (Eq. (46)) [182]. 

R I ~  | L4Pd R1 I Pd(OAcI;z> 
OT| + CO ~" TIOAc 

v "OH MeCN O- "0 L 

(10 cases) 62-92% 

~7s% (44) 

Heek insertion can even take place into aromatic [183,184] and heteroaromadc 
(Eq. (47)) [185] bonds ([1'86], for insertion into the indole double bond). By using 
chiral ligands, asymmetric induction in the Heck reaction was achieved (Eq. (48)) 
[187-189]. 

The Heek reetion need not be terminated by p-elimination. Rather the resulting 
o-atkylpalladium complex can be trapped by stabilized carbanions [190], or by 
transmetallaUon from tin [191], (Eq. (49)) [192], or by another olefin insertion 
(Eq. (50)) [193]. 

Palladium(II) complexes promoted the stoichiometdc alkylations of chiral ene 
carbamates with high diastereoseleetion [194]. Nickel acetylacetonate catalyzed the 
hydrozincation of the double bond of homoallyHc alcohols to give terminal alkylzinc 
reagents, which coupled to a variety of carbon eleetrophiles [ 195]. The same reagent 
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~ O T ~  

Pd(0) Pd(0) 

"Standard= RO t'~R ~ "dcffr~ 
OmO. ¢:~md. 

O 

~o~_.~ ~,""' 
roso-% F 

67% 

o'rBs 

RO- "~- ~/ 
o 

70% (45) 

~1 H*, H-aO 

2% 

+ ~SiMe2[OE0 E~ "" 

~_,o.~, "jl 
Me2 

MeO 

i > 
MeO 0 lo% PdCNMeCN)~ 

61% 

O 65% 

Palo) 
D 

X = S , O  80-~0% (47) 

system catalyzed the intramolecular carbometaUation of alkenes by a remote alkyl 
bromide [196] and the alkytation of conjugated enones by alkyl iod~es (Eq. (51)) 
[ 197]. AryI halidcs added to activated alkenes under electrochemical reducing condi- 
tions in the pre~nc¢ of nickel bromide [198]. 
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IR) BINAP 
AgaPO4 

MS 
91% 

92% ee (48) 

° 

c, ~ . . .~ . .Uv. . . :o~,  + ÷ . ~ s . ~ . . . A . . / ' k . - - . . 1 ~  

~c~rr~,~_. , : / / ~ ~ ~  ° j~. . .co~ ' 

89% (49) 

o 

Y = CHiN 70-72.% 
Z=O,S (50) 

~ COR 

EtOH ' ~ O T B  92% 

S (51) 

Ruthenium hydride cor~plexes catalyzed the alkylation of arenes (C-H insertion) 
ortho to carbonyl groups by alkenes (Eq. (52)) [199,200]. Conjugated enones were 
similarly alkylated in the ~position by the same catalyst system [201,202]. 
Ruthenium(0) complexes catalyzed the cyclization of acctoacetates with alkenes 
(Eq. (53)) [203], while rhodium(I) complexes catalyzed the addition of methylene- 
cyclopropaner, to allyl carboxylic acids (Eq. (54)) [204]. 



L S .  Hegedus / Coordination Chemistry Reviews 161 (1997) 129-255 147 

0 0 

110 o Y 

Y = $i{0R)3. $iR3, Pb. H, CH2TMS. - ~  . nBu 
(52) 

0 

0 0 
R I ~ , , J ~ O R  2 + Ra ~,~, ,~R4 Ru(cot){cod) 

66-93% (53) 

j ~  L3RhCi 
÷ ~,,~CO2H 7S o 

N1 
P ~ ~ C % H  

2.1.4. Decomposition of diazoalkanes, and other cyclopropanations (see i~eterocyctes 
(Section 3.5) for additional examples of diazo decomposition) 

Rhodium(II) catalyzed decomposition of diazo compounds conth~ued to 
be extensively studied for making cyclopropanes, and studies e x ~ g  the 
effect of the carboxylate ligand on the reaction path were many. Trans stereo- 
chemistry in the cyclopropanation reaction was observed with Rh2(OAc)4 and 
Rh2[2S-MEPY]4, while Rha[(~S)Phox]4 led to cis cyclopropanes [205]. The system 
Rh2[(4S-MPPIM)]4 (read the paper to figure out the acronyms) enhanced enantio- 
control in intramolecular cyclopropanations of allylic dJazoacetates and provided 
optimal enantio and diastereocontrol for intramolecular CH insertion reactions of 
these substrates [206]. By varying the rhodium ligand from pfb, which gave 100% 
CH insertion, to cap, which gave 100% intramolecular cyclopropanation with 
l-diazo-2-phenylhex-5-ene-2-one, product distribution could be effectively controlled 
[207]. Iodonium ylides (X2C=IPh) gave the same products with the same d~s~bu- 
tion as did diazocompounds when treated with rhodium(II) carboxylates, huficafing 
the intermediacy of metallocarbenes [208]. Decent asymmetric induction (71% ee) 
in the intramolecular cyclopropanation of isoprene esters of diazopropionic acid 
was observed using rhodium(II) 4S-MEOX catalyst [209]. Styrene was cyctopropa- 
hated by ethyl diazoacetate in the presence of rhodhun-chiral 2,6-bis-subsfi~ted 
pyridine ligands to give 1:1 cis to trans, 16-80% ee with (S,R) stereoche~stry, while 
the corresponding copper complex gave 2:1 trans to cis, with (R,S) stereochem~tvy. 
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) [2t2], 
and Eq. (57) [213]. Alkynes were converted to cyclopropenes by rhodium(II) cata- 
lyzed diazodeeompositiov. Their rearrangements in the presence of other rhodium 
complexes were studied [214]. 

R3SiO" " ~  

Rh2(OAc)4 ~,- 

OSiRa 

50-g0% 
z--. P,so~, ~Eto)~.~, mo~c (55)  

[ ~ ~ C O C H N a  Rha(OAc)4 

0 0 

(56) 

• I- N 2 C H C O 2 ~ = |  ==" CO2H 

so% (57) 

Copper tfiflate in the presence of a cl, firal oxazoline cyclopropanated styrene with 
ethyl 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 cyelopropanations. Ir zontrast 2,6-bis-chiral oxazoline pyr/dhae-ru- 
rhenium complexes were highly efficient asymmetric catalysts for both inter- and 
intramolecular cyclopropanations of alkenes by diazo esters [218,219]. The achiral 
complex RuHa[Si(OEt)a]L2 catalyzed the cyclopropanation of substituted styrenes 
by ethyl diazoacetate [220]. Copper(II ) salen complexes catalyzed the intramolecular 
cyclopropanation shown in Eq. (58) [221], while chiral cobalt(III) salen complexes 
catalyzed the cyclopropanation of alkenes by t-butyldiazoacetate with 95:5 trans/cis 
selectivity and 70% ee [222]. Iron tetraphenylporphydn catalyzed the cyclopropana- 
tion of alkenes by ethyl diazoacetate with a selectivity for terminal olefins, and 
electron deficient olefins, giving predominantly the trans cyclopropane [223]. 
Palladium catalyzed cyclopropanation by diazomethane (Eq. (59)) [224]. 

= 
0 0 NlRuSslen Co tl= ~ ~ 0  

N2 
57% (58) 
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(59) 

An EHMO study of the cyclopropanation of alkenes by (CO)sCr=CPh(H) and 
Cp(CO)2Fe=CHf found an early transition state, no intermediates, and back side 
nucleophJlic attack of the olefin on the carbene carbon. Metatlocyclobutanes were 
found to be very high in energy [225]. Chromium-carbene complexes cyclopropa- 
nated dienoic esters exclusively at the %~-double bond, in good yield with good 
diastereoselectivity [226]. ~,~-Unsaturated imines formed cyclopropanes, not aziri- 
dines [227]. Titanium complexes effected some unusual cyclopropanations (Eq. (60)) 
[228] and (Eq. (61)) [229]. Sulfur ylides cyclopropanated chromium tricarbonyl 
complexed styrene [230]. 

cp~T~--"~ # R~ ~ # R . ~ ~  * 
~ , R 1  R 4 'i (60) 

R 3 FF (iPrO)aTin( R ~ 

70-90% (61) 

A new chiral ligand for rhodium carbenoids, 4(S)-MEOX was very etncient for 
intramolecular CH insertion of sterically demanding diazoacetates [231]. 
Rhodium(II) complexes with 5(S)-MEP¥ or chiral bis-oxazolines as ligands cam- 
lyzed the insertion of carbenes into cinnanyl phenyI sulfide allylic C-H bonds with 
allylic transposition in up to 34% ee [232]. Rhodium(II) (S)-FI'PA catalyzed intra- 
molecular insertion into an aryl CH bond with up to 95% ee for ~.#-dipl~nyI-cz'- 
diazoketones [233]. Rhodium(II) octanoate catalyzed five-membered ring formation 
by insertion into an aliphatic methylene group [234]. The indanol ester of diazoacetk~ 
acid decomposed to give either indanone or what would be the Wittig product of 
indanol, depending on the rhodium catalyst [235]. More complex insertion reac~ons 
are shown in Eq. (62) [236] and Eq. (63) [237]. 

HO 
OH O O ~  

(oH ~ p  ~ r ~  s1~ (62) 

Rhodium catalyzed diazo decompositions that proceed via ylides are shown in 
Eq. (64) [238] and Eq. (65) [239,240]. 
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÷ 
Rh2(OAc)4 =,,- 

40-62% 

(63) 

O 

O 

Rh2(OA¢)4 
DMAD 

0 

Me 

2Me 

(Via alkyne metathesis/yfldefcyc~ition) (64) 

O H 

O ~  N2 O O 

SPh 
~ (65) 

2.1.5. Cycloaddition 
The full details of the cobalt-catalyzed 2 + 2 + 2 homo DJels Alder reaction between 

norbornadiene and alkynes [241] and activated alkenes [242] have been publ/shed, 
as have relatively s/xnple applications of the alkyne cycloaddition to synthesis 
[243,244]. Asymmetry has been induced in the photochem/cal cycloadd/tion of 
activated alkenes to chrom/urn tdcarbonyl complexed cyeloheptatrienes by selective 
facial complexation of chromium to the cycloheptatdene with a chiral auxilliary 
(e.g., (-)-8-phenylmenthol) on the sp 3 carbon [245] or by using chiral acrylate esters 
as substrates (Eq. (66)) [246]. This cycloaddifion process was efficient with alkynes 
[247] as well as with chromium complexed cyclooetatr/enes or tetraenes [248]. 
Complex systems could be quickly assembled in this manner (Eq. (67)) [249]. 

Other synthetically useful cycloadditions are shown in Eq. (68) [250] and Eq. (69) 

Or(C)O)~ 

I 
CO2Me 

O 

68% t f ~  
>08% de (66) 
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[251]. Fp allyl and propargs01 complexes cyclo~;dded to ketenes (Eq. (70)) [252}. 
Rhodium(I) complexes catalyzed the cycloaddition of alkynes with v~ylcyclo- 
propanes (Eq. (71)) [253]. 

H 

AcO hv AcO 

H X 
X 

N=H 81% 
X = OAc 43% (67) 

r,~<) ~ i t  ~ TMS01~. ~ (o~.~ ~3 
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R ' ~ ' p h  
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Ph 
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(69) 

(70) 
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8 ~  (71) 

2.1.6. Alkylation of altcynes 
The total synthesis of enc-diyne drugs has involved extensive use of the palladium 

catalyzed alkylation of alkynes by vinyl halides. The design of ene-diyne products 
has been reviewed (57 references) [254]. 1,2-Dichloroethene was bis-alkynylated by 
simple alkynes as well as enynes to give polyenynes using palladium/copper iodide 
catalysts [255]. 1-Chloro-l-iodo alkenynes were bis-alkynylated stepwise, using 
palladium(O)/copper(I) catalysts [256]. As expected, the iodide reacted first. 
Similarly 1,2-dihaloalkenes worn bis-alkynylated [257]. Alkenes tetrasubstituted with 
alkynes were prepared by the palladium/copper catalyzed coupling of alkynes to 
1,1-dibromo-2,2-(bis) trimethylsilylethynyl ethene [258,259]. 

1-Bromo-l-trimethylsilyl ethene was coupled to a range of terminal alkynes using 
palladium(0)/copper(I) catalysts in the presence of butyl amine [260]. A related 
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 
palladium/copper/amine catalyzed coupling of alkynes to chloroenynes [263,264], 
Eq. (72) [265]. 

RO,,~,,O H 

Ct 
~OH 

nO,,~O 
/ H  

Cul , ~ H 
BuNH2 

5o% TuS (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]. 

C14 

O--~ OTHP 0 

"= + Br 0 - Cul 

C14 

O 
0-~ OTHP U 

80% (73) 
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%0 + 

0 
OTIPS ~ 0 

7~ 

H~'g "C~o (74) 

0 

L, Pd 

o .  
(75) 

- I -  m w  

RO,, , ,~O R 51% 
(76) 

Palladium/copper/amine catalysts also promoted the arylafion of alkynes by aryl 
hal/des. The system palladium on carbon/PhsP/Cul/K2COffDME/HzO 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 
L2PdC12/Cul/piperidine as catalyst [272], as was m-methoxyiodobenzene [273a]. 
Tetraphenyl porphyfins havh~g one terminal alkyne substituted phenyl group coupled 
to tetraphenyl porphyfins have two iodophenyl groups to form dimers and trimers 
[273]b. Related reactions were used in the synthesis of more complex systems 
(Eq. (77)) [2741, (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]. 

~ CHO Pd/Cu ~ C H O  
+ ~ ,,, TMS 

~Br ~ " ~ T M S  

O 

Pd/Cu ~. ~ 0 ~ . ~  ~ N 2 

~ CO2Me ~ 

OH 

Rh2(OAc)4 

75% for this step 

(77) 

Br 
P~Cu 

cat. 

R 
10-40% (78) 

Pd(Ir 
Cu(|) 

/" 
R1 40-70*/o (79) 

1,2-Diiodobenzenes were symmetrically [278] and unsynunetrically [279] bis-alky- 
nylated using palladum/copper/amine catalysts. 1,3-Diiodoarenes reacted in a similar 
fashion [280a]. 1,3,5-Tr~odobenzene, 1,2,4,6-tetraiodobenzene, and pefiodobenzene 
were polyalkynylated under similar conditions [280b]. A complex chloroiodoarene 
was bis-alkynylated (Eq.(80)) [281]. Macrocyclic polya!kynes 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-Dibromofluorene 
was bis-alkynylated by acetylenic esters usiilg L2PdCI2/CuI/EtaNH catalysts [285]. 

Aryl haIides alkylated a range of propargyl alcohols under palladium/copper 
cataly3is conditions [286]. Aryl groups could come from aryl phosphines used to 
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c, !I I 44% 

{ ~  ' ~'- ~ ~ t  H 
P ~ 3  

Cul gt3N 
Ph3P 

(8o) 

(81) 

r a p . .  

Cul 

(82) 

stabilize the catalysts [287]. Propargyl alcohols were arytated by p-iodobenzoic add 
esters [288], 2-anfino-5,6-d~uoroiodobenzene [289], and 1,3-~fiodo-4,5-di- 
methoxybenzene [290], wlfile 3-butyn-l-ol was arytated by 3,4-dicyanoiodobenzen¢ 
[291], all using palladium/copper type catalysts. 

Alkynes were also arylated by heteroaromafic halides including iodonucleos/d~ 
(Eq.(83)) [292], 3-iodo-l,2-pyrazmcs [293], 3,8-dibromo-l,lO-phenanfilrol/ncs 
[294], 3,4-dfiodopyrroles [295], as well as more complex iodopyrrolcs (Eq. (84)) 
[296,297]. 
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Vinyl triflates also alky!ated alkynes (Eq. (85)) [298], (Eq. (86)) [299], (Eq. (87)) 
[300], and (Eq. (88)) [301]. 

The palladium/copper catalyzed coupling of iodoalkynes to alkynes was optimized 
and its mechanism studied [302]. Using water-soluble phosphine ligands it could be 
run in aqueous acetonitdle [303]. Kinetic studies demonstrated that although 
palladium(II) 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 using palladium catalyst [306]. Other unusual reactions of 
alkynes are seen in Eq. (91) [307] and Eq. (92) [308]. 
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Pcrfluorophenyl copper added to pcrfiuoro-2-butync to give a vinyl cuprate which 
alkylated iodo-perfluoropropene [309]. ~Alkynylenones underwent cupratc addi- 
tions at the 7-position followed by alkylation at the ~-position to ~ve atlenes in 
good yield [310]. 
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Aromatic ketones were vinylated by alkynes (formal aromatic C-H addition to 
an alkyne) ortho to the carbonyl group by R.uHzLaCO catalysts [311 ]. Phosphorous 
heteroeycles were made by intramoleeular additions to alkynes (Eq. (93)) [312] and 
(Eq. (94)) [313]. Reduced nickel complexes catalyzed the reactions of aUyl chlorides 
with terminal alkynes and alkynyl tin reagents to give dienenynes (Eq. (95)) 
[3141. 

Alkynes were chloropalladated by PdClz, and the resulting o-vinylpaltadum(II) 
complex coupled to allyl chloride to give 5-chloro-l,4-dienes [315]. Palladium(0) 
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R I ~ R  2 

1) DIBAH / cat. Cp~rC[~ Ph 
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4L-dP'ct  
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(CH~o 
R2=H 

(94) 

" ~ v C a ÷  R ~  ÷ R ~ S r ~  3 

L~% PF~ a 

R s R 

67-75% 

(95) 

complexes catalyzed the alkylation of allenes by stabi.Ted carbanions [316] to ~ve 
mixtures of regioisomers as welI as dialkylation. Terminal aryl allenes were alkylated 
by cyanide stabilized carbanions in the presence of palladium(O) catalysts. Attack 
occurred at the terminal position when the aryl group was eleca'on donating, but 
at the internal position when it w~s electron withdraw/rig [317]. Sulfone stabilized 
carban/ons alkylatcd allenes at the terrrfinal position [318]. Other interesting reac- 
tions of ailenes are shown/n Eq. (96) [319] and Eq. (97) [320]. 

7 X L2~12 4,. ~ ~.~Vor 

(%) 
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RuH2L4 
+ Ph 

~ P P h 2  
I L = Fo 

~ P P h ~  

OH 

Ph 

(97) 

2.1.7. Alkylation of allyL propargyL and allenyl systems 
The palladium catalyzed alkylation of allylic substrates by stabil/zed nucleophiles 

continues to be extensively exploited. Allyl acetates bearing methoxy groups [321 ] 
or fluoro groups on the double bond [322] were alkylated to malonates. Allyl 
chlorides bearing vinyl tin groups [323] were a!kylated by vinyl zinc or aluminum 
reagents under palladium catalysis, while aUyl epoxides reacted with vinylstannanes 
predominately by an SN2' 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-mercufioindoles [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]. 

TBSO TBSO H H 11 
Pd(OAc)2 -~. ) "  

o / ~ N y C O 2 M o  clppo O~ / .- .~..  CO2Mo 
CO2M e CO2Mo 

10o% (98) 

0 
A c O ~ O C O 2 F I  + t B u O ~ , l C O 2 M  ° ~-..-.--~Pd2dba3 A c O ~ ~ C O 2 E t  

91% "" C)tE~u 

(99) 

Asymmetric induction in the palladium-catalyzed alkylation of allylic acet~t*,s has 
become a growth industry, with the 1,3-diphenyl 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, e anion, 97% ee) [336], TADDOP (mechanism study) [337] and 
ortho-bis-chiral sulfoxide ligands (20-64% ee) [338] have all been used with varying 
degrees of success. A l-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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O 
B O 91% 

70% 

1) H2 Pd/C 23% overall 
~ ~  46% ee 
2) LAH 

(+) Lyeomr~ 

(:oo) 

efficiently asymmetrically alkylated using chiral phosphine-oxazoline ligands 
[340,341], even with the carbanion of 0t-hninophosphonie acid esters [342,343]. 
Terminal aUyl pilosphonates 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 malonates using chiral ~diphenylphosphino 
carboxylic acids as ligands [345,346]. Benzyl acetates were asymmetHcaUy alkylated 
by stabilized carbanions in the presence of palladium(0) (S,S)-BDPP ligands [347]. 
Chiral enolates utilizing Evans" chiral oxazolidinone auxilliary alkylated allyl acetates 
in modest yield but with good stereoeontrol [348]. Chiral sultams alkylated eyelopro- 
pyl-allyl tosylates efficiently (Eq. (I01)) [349]. Palladium catabjzed alkytafion of 
allylic acetates having a chiral sulfoxide on the 2-position with 20-80% de [350]. 
Chiral allyl acetates were alkylated with complete ch~raiity transfer (Eq. (102)) [35 | ]. 
Other useful asymmetric transformat;c~n~ ,r,- shown in Eq.(103) [352,353], 
Eq. (104) [354] and Eq. (105) [355]. 

0 

OTs C -  X Pd2dba 3 

Ph 

~ C O X  Ph 

Ph 

~aae 

(lo]) 

Palladium(lI) chloride catalyzed the alkylation of allylic alcohols by enol ethers 
under acidic conditions [356], while chiral quaternary allyEc ammonium salts were 



162 L.S, tfegedus / Coordination Chemistry Reviews 161 (1997) 129-255 

OMEM 
× Ar 

MeO_ % Pdadba~ - 
Y OMEM" dppm = 

0 Y / ~ X  96% 

complete ch[rality transfor 

(lo2) 

0 0 

Nail N H ~  90% 
1.4Pd 

003) 

QBz 
g 

6TOS 
~.  ~ " ' 1 " " ' ~  + PhSOa"1~'CO2Me 

Pd(~po)2 ~"~%c-~.f ' 'k ' - . , ' °  OTBS 
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004) 
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KaCQa Phi ~ P O ~ . ~ , , . ~ / . P h - -  J~  
OMF 

Pd(OAc)a, NaHCOa 
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asymmetrically alkylated in an SN2 manner by stabilized carbanions [357]. 
~-Acetoxy-~-irnino acids were alkylated by malonates in the presence of palladium 
catalysts [358]. 

Bis-al|ylic hatides were bis-alkylated by enotates of ~-hninc~sters in the presence 
of palladium(0) catalysts [359]. Bis-aUylic systems were precursors to palladium- 
catalyzed tfimethylenemethane cyctoaddition reactions (Eq.(106)) [360] and 
(Eq. (107)) [361]. Vinyl cyclopropanes (Eq. (108)) [362] and methylene cyclopro- 
panes (Eq.(109)) [363], (Eq.( l l0))  [364], and (Eq . ( l l l ) )  [365] all underwent 
palladium catalyzed cyclization reactions. 

Tungsten(0) phenanthroline-carbonyl complexes catalyzed the alkylation of 
aUylic acetates by stabilized carbanions with retention of the olefin's original 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 (q3-cyclohexenyl)palladium system, from oxypalladafion 
of cyclohexadienes, has appeared [368]. Other palladium catalyzed reactions of 
dienes are seen in Eq. (112) [369] and Eq. (113) [370]. 

M~2q 
2M~ 

10% LiPd2C! 4 ~- 
BQ 

L LiCI 
HOAc 

SiMe2Pr ~ = 3:1 

also 7 membered rings 

(112) 

~ . ~ (  )r=,~COaMe ()n COaMa 
Pdcat ~ "  '"~.CO2M e 

11=0,1 
also 60-90% 

OAc 

(113) 

Zirconocene catalyzed addition of ethyl G~gnard reagents to allylic alcohols, 
along with the zirconium catalyzed resolution of cyclic altylic ethers was used 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]. 

2) TsN~ L ' Et 

Et 
EIMgBr ~. ~ PrMgBr 

(S) EBTHIZrBINOL Cp2TiCt2 
OH OMgarj 

(l i4) 

good yle~s high se 

OH 
~ 0  EIMgCI ~ H  ~ A  

C6 R'(EBTHI)ZrCI2 El El (115) 
41% 47% ~8"/~, ee 
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Copper iodide in DMSO promoted the alkylation of allylic hal/des by a w/de 
variety of fnacfionalized vinylstannanes, mainly at the m-position [373]. The effect 
of solvent and copper(l) precursor on the regiochemiea! outcome of the reaction of 
preformed rnono and dibutyl cuprates with allyl acetates [374] was studied. Reduced 
copper species promoted the alkylation of allyl phosphates with aryl iodides 
(Eq. (1 t6)) [375]. 

CO2Me 

o 2 
ll 

( E t O I 2 P O ~  [~CO2Me 
~ ~  z~c~.ic,  ~ , ~  

F:. ! 
. 

OSiRa OSiR 3 

98% 

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

N~O|2~ppf 

B~o--~_ ° 

Pd ~ 198%r~ (117) 

Palladium-catalyzed reactions of propargylic compounds in organic synthes/s has 
been reviewed (> 80 references) [382]. Propargyt chlorides were alkylated by silylenol 
ethers without the production of alienes via the formation of Co2(CO)6 stabi!ized 
propargyl cations (the Nicholas reaction) [383]. Propargyl ethers were ~ | y  
alkylated by silylenol ethers via their cobalt stabilized propargyl cations [384, 385]. 

Palladium(0) catalyzed the ar~lafion of propargyl alcohols by iodopurlmes 
(Eq. (118)) [386]. Propargyt phosphates were converted to funcfionalLzed a ~ e s  
using palladium(0)/samadum(II) iodide (Eq. (119)) [387]. Hydrozirconafion of 
vinyl beronates followed by copper(I) cyanide catalyzed coupling with prop~rgyl 
bromide, followed by an aldehyde gave dienes (Eq. (120)) [388]. The full de~ls  of 
the ruthenium catalyzed reaction of olefins with propar~! alcohol p r o p ~ t e s  
(Eq. (121)) [389] have been published. 

Palladium(0) catalyzed the addition of malonates to allenk~ ethers (Eq. (122)) 
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6O.80% 
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~H + 
j f 
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[390] and the alkylation of allenes by vinyl triflates and malonates (Eq. (123)) [391]. 
Functionafized zinc cuprates added to propargald¢l~yde 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 

("Cp2Zr") as a synthetic tool has been reviewed (29 references) [3931. The reagent 
reductively dimerized o-vinyl benzyI ethers in good yield [394]. Dienes cyclocoupled 
to give cyclic dialkylzirconium complexes which had rich reaction chemistry 
(Eq. (125)) [395,396 ]. Depending on the conditions, either c/s or tram stereochemis- 
try was observed (Eq. (126)) [397,398]. Dimethylzirconocene cahqLt~ the carbo- 
alumination of dienes to ultimately give cyclic alcohols (Eq. (127)) [399]. 

"Zirconocene" also reductively cyclized enynes to zirconacyctopentenes which 
also had very rich reaction chemistD, (e.g., Eq. (128)) [400-404]. The same reagent 
intermolcculady coupled alkencs with enol ethers to give, after cleavage with i~ine,  
1-iodo-l,3-dienes [405], or 1,5-diencs when ally| ethers were used [406]. Diym~ 
formed bis-zirconacyclopcntenes when treated with zirconocene and ethyl Grignard 
reagents. These wen carbonylated to give bis-cyclopcntenones or hydrolyzcd to give 
bis-alkenes [407]. Txeatment of zirconacyclopcntenes with aikyn~ ~cd to extrusion 
of the alkene to give zirconacyclopcnt2Mienes which formed acyclic 1,3-dienes upon 
protolytic cleavage [408]. Zirconacyclopentadienc underwent reaction with Mkym~ 
in the presence of copper(I) chloride to give polysubsdtuted [mmcncs [409]. 4,4" 
Bis-trimethylsilylethynylbiphenyl underwent reaction with zirconocen¢ to give 
tris- and tetrakis-z~reonacyclopentadiene linked by biphenyl groups [410]. Titmlium 
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B(C6Fa}a 

Me3A| 

60-80% 
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isopropoxide/isopropylmagnesium chloride cyclized 1,7-dienes to cyclopentenes, 
1,7-enynes to methylcyclopentenes, 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 dtanocene dicarbonyl (Eq. (129)) [413]. 

A comparative study of the McMurry coupling reaction with [HTiCI(THF)s], 
TiCI3(DME)LJZn/Cu, and TiClz • LiC! as coupling agent has been carried out [414]. 
Highly distorted cone calix[4]arenes were made by McMurry coupling of opposing 
aryl aldehyde groups [415], as were other highly strained systems (Eq. (130)) [416]. 
~,[3-Unsaturated aldehydes were coupled to trienes [417], while bis-propargaldehydes 
were coupled by related vanadium 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 palladiurn(II) acetate, in the presence of phosphine and methy~ copper 
(Eq. (I32)) [420]. Nickel chloride in the presence of zinc and tfiphenyl phosphine 
reduetively coupled 2-bromo-polythiophenes to ~ve thiophene oligomers [421 ] while 
2-metaltated-5-bromoth/ophene underwent exclusive head-to-tail dhnefization when 
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treated with nickel catalysts [422]. Nickel(0) complexes also coupled aryl tosylates 
[423] and mesylates [424] to give biaryls. Aryl halides were coupled to aryl trlflates 
by trea~ent with hexamethylditin and palladium(0) catalysts [425]. Heteroeyclic 
(S)-vinyt tfiflates coupled under similar conditions [426]. Vinyl stannanes were 
coupled with both copper(II) salts and palladium(II) complexes (Eq. (133)) [427]. 

0 0 0 0 

Br 8r MeCu 
84% 

(132) 

TSE Ac 
ACN NTSE 

14 ~ Ac CulNO~)e 
NTSE ~ ~ -  H, H 

H ~.~ 69% 
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R N ~ N R  
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R N ~ N R  

H , ~ H  H ~  H 

48% 

A vinyl iodide was coupled to an alkyl iodide by treatment with t-butyllithiurn in 
the presence of palladium (0) complexes (Eq. (134)) [428 ]. Grganolithiurn reagents 
were coupled by treatment with nickel (II)-phosphine complexes [429], while copper 
powder in pyridine was used to couple l-(chiraI oxazoline)-8-bromonaphthalenes to 
give optically active BINAP systems [430]. BINAPs were also synthesized by copper- 
assisted coupling of naphthyllitlfium reagents (Eq. (135)) [431]. 

~ ,  , -=" ~ 
t~Li 

O.,,~O OTBS L4Pd .... OrBS 

PMP PMP ~ 
OPMP 68% OPMP 

(134) 

The full details of the rutheniurn(II) catalyzed coupling of terminal alkynes with 
alkenes to give dienes have been published [432]. Internal alkyncs were coupled to 



KS.  Hegedus / Coordination Chemistry Reviews 161 (1997) 129-255 171 

NeO O~n 

u 

~) C.,~N-TI~:DA ~O~OC 
2) orz~o ~ O ~ , , O C H a C ~  (135) 

ON~ 
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allylic amines and alcohols to give 1,4-dienes by TaCls/Zn [433]. Reduced rhodium 
complexes coupled terrmnal alkynes to give enynes or dienynes [434]. S~benes were 
produced by the palladium(0) catalyzed coupling of benzyl~dene dibror~des 
(ArCHBr~) [435]. Palladium(0) complexes coupled propargyI acetates to diynes and 
allenenynes [436]. Cyclic diynes were prepared by the oxidative coupling of cobal~ 
complexed propargyl cations (Eq. (136)) [437]. 

co2(co)e R 

~R 11 HBF4 (136) 

2.1.9. Alkylation of lr-ailyl complexes 
A review (77 references) dealing with the stereocherrfistry of palladium catal~ed 

cyclization reactions - -  addition to ~r-allyl intermediates - -  has appeared [438]. 
rls-(2-Chloroallyl)parfladium complexes were bis-alkylated to give 2,3-ddalkyl prope- 
nes, when treated with stabilized carbarfions in the presence of bipy or TMEDA 
[439~. Palla~um catalyzed the reaction of vinyl ha~des, alkenes, and stab~ed 
carbanions to produce alkylated allyl products [440]. The reaction proceeded 
through rt3-allyl complex intermediates. ~-Branched nucteophiles attacked the central 
carbon of r13-ally!palladium complexes to produce metallacyclobutanes (charac- 
terized by X-ray) which collapsed to cyclopropanes [441]. 

Chiral T-b~azyloxy-~,~ansaturated su!fones were alkylated by allyl silanes with 
high enantiosd~.,'rvity via ~3-allyl iron complex~ (F~ (137~) [442-4~4]. Altyl epoxo 
ide tings opened to give qa-allyi iron com~'~c~ w~i~ were ~e~ a~kyla¢cd by 
stabilized c.arbanions (Eq. (138)) [445]. Other reactions involving rla-allylh'on com- 
plexes are show~ in Eq. (t39) [446,447], Eq. (140) [448] and Eq. (141) [449]. 

Preformed rl3-allylmolybdenum complexes were used to synthesize polyhy- 
droxylated polyenes [450]. ~a-Allylrhodium complexes underwent reaction with a 
wide variety of organic substrates (amines, enolates, alkenes, oximes, ketones, alde- 
hydes) to incolporate an altyl group [451]. Diynes underwent a 3 +2+2  cycloaddi- 
:ion with i:,idium rl3-~llyl complexes (Eq. (142)) [452]. 
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2.1.10. Aikylation of carbonyl compounds 
Petasis' rea~nt  (CpzTiMe,) efficiently methyIenated a wide range of ear- 

bonyl compounds R.COX ( X = H ,  R 1, At', OR I, OSiR~, OCOR I, NRz, NR1COR 1, 
SR 1, SeR 1, TMS) [453] as well as eyclobutene diones [454] and lactones (Eq. (143)) 
[455]. A reagent which transfers the CHTMS group has also been developed 
(Eq. (144)) [456]. Tebbe's reagent methylenated stericalIy hindered cyclopentenones, 
whi]e Wjtfig reagents just ephnerized them [457]. It was also efficient with complex 
cyclohexenones (Eq. (145)) [458]. A reagent fc~r transfer of the CHtBu group to 
ketones has been developed [459]. 
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R~.,..... O R 2 R 3 

70-90% 
R = H, Me, Ph 

(143) 

TM3 0 ,.rTMS 
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(144) 

~ O S i R 3  ~ O S ~ R 3  

Cp2TiCH= 

O ~ 

8-: ~.~ 

(~45) 

Various zirco~aoc, ene derivatives alkylated ketones and aldehydes (Eq. (I46)) [460], 
(Eq. (147)) [461], (Eq. (148)) [462] and (Eq. (149)) [463]. 

Aldehydes were alkylated by propargyl halides in the presence of isopropyl magne- 
sium chloride and titanium(IV) isopropoxide [464]. Vinyl sitylenol ethers (Eq. (150)) 
[465] and aUylsulfides (Eq.(151)) [466] alkylated aldehydes in the presence of 
titanoeene. 

Titanoccne-phosphine complexes catalyzed the hydrosilylation-cyct~tion of 
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Cp2Zr~R2R' R'CHO Cp~.Zr~" ['~,~R ~ R' z~ == R 3 J ~ R  2 (t48) 

OH 
R3SiO O$iR3 1) "CP2Z~' 

2) RCHO ~. 
~'OSiR3 

50 -75% 
86-95% anti 

(149) 

Cp2TiC|2 

OTM$ OH OTMS 

2) ~ TiCp2 

OTMS ~3-80% 
(15o) 

OH R I 
R's 1) "CP2Ti" . ~ .~ , /SPh  . R , ~ . - ,  ~ :  

2) RICHO R2 >97% anti 
6O.8O% 

(151) 
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olefinic ketones (Eq.(152)) [467,468]. Titanocene cyclohexadienyl complexes 
underwent reaction with two aldehydes (Eq. (153)) [469]. Alkynes were hydrotita- 
hated (to give vinyl titanium species) then treated with ketones to produce alIyl 
alcohols [470]. Manganese enolates were sitylated to silylenolates [471]. 

° 

, ,  

Ph2SiH2 X...j (152) 

X = CH2, O, NPh, {M~2C)z, M¢20 

O 
ReRI 

1) : H O ~  R ~ O H  2) H +, H 2 

o~¢. ~ H O ~ % ~  OH 

(153) 

Palladium(O) complexes catalyzed the atkylation of aldehydes by allylstannanes 
[472], silylenol ethers [473] and cyclic allyl carbonates [474]. Cobalt co~plexed 
aikynyl aldehydes were alkylated by ketene silylacetals (Eq. (I54)) [475], while 
cobalt stabilized enynes alkylated aldehydes in the presence of dhnethylalumJnum 
chloride [476]. 

O~ O O~ OH O 

Rutheni~  complexes (RuH2L4) catalyzed the alkylation of aldehydes by acti- 
vated nitdles (malononR~e, phenylacetonitriles) [477]. q ~-Ally~ron complexes aHy- 
lated aldehydes [478]. Ketones were dialkylated by Gfignard and organic ha[ides in 
the presence of VCIz(TMEDA)2 [479]. 

~-Stannyl ketals were alkylated by cup~tes (Eq. (I55)) [480]. Palladium catalyzed 
the cycloalkylation of chiral infines (Eq. (156)) [481]. Imines were alkylated by 
titanhm~-alkyne complexes (Eq. (i57)) [482] and ketones in the presence of nickel 
catalysts (Eq. (158)) [483]. 
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0 ~ ' ~ ' 0  I '  RCu O ' ~ R  

R,'~$n.u3 1.5 BF3"OEt2 p" R,,~",,SnBu3 

from 1:1 to 1:50 depending on R 
60-90% 

(155) 

~ ~ X  iPr 1) L4Pd 
Nn0~ R . . . . .  ~ O 

R 2) H* 

65% y~okl 
8O% ee 

(156) 

R 1 R 2 N . /  R 1 FI ~ I=11 R 2 

! 
50-90% 

(157) 

1• 
R3 

+ .==-==--------~ R I . ~ R  4 R H R ~ C H 2 ~  4 L2NiCI2 

N"R2 O NHR = O 

R 1 = pro|, pMeOPh, pMSPh 

Fi 2 = MeO2Ph, pO2NPh, 

d ldV  ~ 

(158) 

2.1.11. Alkylation of aromatic compounds 
Chromium complexed arylfin reagents underwent palladium catalyzed Stille cou- 

pling to aryl halides [484], while optically active chromium aryl bromide complexes 
underwent Suzuki coupling (Eq. (159)) [485]. 

(co)3c i Clio 

O ~  
(-) 

(COhCr Clio - -  

(,) 

rP',c 

(.) (159) 

Chiral diaminoketals [486], ketals [487] (Eq. (160)), and aminals [488] of bermalde- 
hydes, and aryl sulfoxides complexed to chromium [489] were enantioselectively 
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I ) BuLl ~ O 

~ o ' " ~ ' c r { c o h  a) CF#rCF#r ~O" ~ "cr(co)3 
o4vie o¢~e 

/ " - 'O 

1) H* CHO 
_=--..,.=,...,=.=~ 

2) BH4- O M ~  OH 

O ~  IV~ O)3 
3) O~ 

CHO 67% 
I 
B(OH}2 

Pe(O) 
OH 

Cr(CO)2PPh3 2) I i  Cr(CO)3 
/ -  

X 80-90% 

X = CO2Me, SO2Ph 

v = c o a ~ ,  H 

(160) 

(161) 

0Mithiated and reacted with electroplfiles to give optically active ortho disC~fituted 
arenechromium ~carbonyt complexes. Chromium comp~xed thiopt~ne underwent 
~-littfiation alkylafion [490]. A singte enantiomer of the chromium trkarbonyl c ~ a ~  
of o-rnethoxybenzaldehyde was converted to the h'on carbene complex by treatment 
with Fp anion and TMSCI, followed by TMSOTf and styrene to give the opdca~ 
active eyclopropane [491]. The same complex was methytenated with the Witfig reagent 
and then d~kylated by treatment with t-butyllithium ibllowed b.v methyl k~lkle to #re 
the optically active arene [492]. Other interesting chrormum arene c~mp~x reactkms 
are shown in Eq. (16I) [4931, Eq. (I62) [494], and Eq. (163) [495]. 

Organolithium reagents added to substituted arenechromium trk~_rbony| complexes 
with loss of a methoxy group (Eq. (164)) [496]. Addition of n~leopl~k~ to c ~  
manganese complexes of (2-2 symmetric anilines proceeded with varying degrees of 
stereoselecfivity depending on the nucteophile [497]. Cationic manganese complexes of 
funedonalLzed anisoles underwent nucleophilic attack, the reg~hemistry of which 
depended on the face occupied by Mn (Eq. (165)) [498 ]. The regiosek~vhy of ~ L ~ -  
tion of cationic iron complexes of 2,4-dimefl~oxy-naphfll~den¢ depended on the nm:te~ 
pixie [499]. 

The ability of osmium +2 complexafion to d~onjugate aromatic systems was 
utilized to functionalize complexed pyrroles (Eq.(166)) [500,501] and fm~ms 
(Eq. (167)) [502]. 
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O ~  OMe 

(CO)3Cr~'TM S "C~Je 

~,9~;G ee 

TMSO ONe 

(CO}~Cr~'TM S "OMe 

87% 

"~) ~-Li T M S O ~ ~  
2) TMSCI 2) Mel 

. . . .  4p ' '~" "OMe 
(COhCr 

75% 

TMSOt ~, I 

2) H~O2 H OL'V~ 

TMS 

1 ) TsCt 
2) TBAF 

o~, w__~_~ ~.o~--,-" o~, 
OMe Et3SiH 

(COhCr j ' ' ~  "OMe ( co )~ r  

6,3% 50% 

R + B~ 
Cr(CO)3 CKCO]3 

O 

N . R 
TsOH Snd2 

Si g~l R (feae radical} R 

Cr(CO}3 Cr(CO}3 
80% 

(162) 

(163) 

TMS ~ 

(CO); U (COhC 

6~A~ 
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ON~ 

(~65) 

x 

Y 

0 

/ 

x 

R 

(~66) 

o,~ [ ~  % R' 1 o~'V°x 
.°o.o m i -  

(167) 

2.1.12. Alkylation of dienyl and diene complexes 
The c, ationic ~lS-hexadienyliron triearbo~y| complex underwent nucleophilic addi- 

tion primarily at the internal position [503]. The reaction of substituted anilines 
with Wtcyclohexadienyliron tficarbonyl complexes was used yet again to make 
carbazoles [504-506]. Tetrahydroindoles could also be made from this type of 
complex (Eq. (168)) [ 507 ]. Cationic iron ~S-cycloheptadienyl complexes undezw~mt 
nucleophilic attack at an internal position [508], while the corr~pondh~g m a n ~ s e  
complex underwent reaction at the terminal position [509] (Eq. (169)). 

i,,,,,k, ~ . cok 3)F~'~ "" (168) \ . !  

Rac~rnic iron tficarbonyl complexes of dienoie acids were resolved via their chiraI 
esters [5 ~0]. Sonication of ~,~unsaturated iufincs from chira! amino a~d esters gav~ 
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~ Nt¢ M%Mn Q M *  

Mn Nuc. 
48-78% {RFGCu) 

Ntlc 

Nuc- 200 bar 

CO 

Fe(COh 
0 

40-9o% 

(169) 

mixtures of diastereoisomeric complexes which could be equilibrated [5il].  Iron 
complexed ~-diazo-dienylketones underwent reactions typical of ~-diazoketones 
(Eq. (170)) [512]. Iron complexed dienylketones were alkylated at the carbonyl by 
carbanions, and converted to trienes by SOClz-assisted elimination of water [513]. 

0 

t'•,• 75% 

20% 8 ~ ~ 1  

(170) 

Other uses of iron diene complexes in synthesis are shown in Eq. ( 171 ) [514] and 
Eq. (172) [515]. Iron vinylketene complexes underwent interesting insertion chemis- 
try ( Eq. ( 173 )) [ 516 ]. Palladium (0) catalyzed bis-metallation of tetraenes ( Eq. ( 174 )) 
[517], os we|l as their eyclization (Eq. (175)) [518]. 

II .£e(coh 
+ . . . . . .  P" 2) Ph~P 

Fe(CO) 3 

80-00% 

0 

~c~o 1) ~"M~c~ -=-'-~-=- R O --.-..=--==~ I 
2) Mn02 R=H ~ ' ~  

F,,{co)~ R,=~ R , J  
80% Fe{CO) 3 40% 

9O% 

(171) 
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R 1 2) E +, L R 1 R4 
¢ 

Fe(CO)a R 3 0 

Nuc = PhCH2, Ph2CH 

E*= MoI. BNBr. ~ , ~ . , , , B r  

iPr 

X ~ _ _  ~- Ph X ox 
Ph + 

Y 
Fe(CO)3 (C0~3 

÷ 

Ph 

(172) 

(173) 

R:PM"MR3 ~- 

n=I,2 

(i74) 

0 OH 
_..~p=p~,~ o ~  

(175) 

2.1.13. Metal  carbene reacti,~.,:.~ 
Fischer carbene complexes were synthesized directly from propargyl alcohols or 

ethers (Eq. (176)) [519], (Eq. (177)) [520] or by the reaction functionalizcd di~kyl- 
zinc reagents with Cr(CO)s(THF) [52t]. 

O OH 

=,- (COhM 
2) M(CO]~ a) S ~ d H ~  A Ph 

~-S6% OMe 

{M = Cr, W) 5,5% 

(176) 
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R 1) MeOH THF OMe 
M(CO}6 + H--~:--:--~:'OHR, 2) hv >- (CO)sM=~R.  - -  

R 1 .~4-40% 

R = H, Me "t,  ( 1 7 7 )  

. ,  = ~ .  P.. p~.~P,, p~NF.,. ~ " - /  . - " ~ / \  F, ' ' ~ / "  

~,~-Unsaturatcd chromium carbene complexes were cyclopropanated by treatment 
with "CICHzLi" [522]. Methyl carbene complexes were c~-diatkylated by activated 
organic halides (aUy], benzyt) under phase transfer conditions [523], and were 
~-thioiated by c,-lithiation followed by treatment with diphenyl disulfide [524]. 
Lithiated C-2 symmetric aminocarbcne complexes Michael added to conjugated 
ketones in good yield and 56-92% de [525]. Alkynylcarbene complexes reacted wi~-h 
organic azides to give ~ :grnino-0t, i3-unsaturated earbene complexes [526]. Carbene 
complexes containing two thiophen¢ units were synthesized as precursors to nont~z- 
ear optical materials [527]. 

The D6tz reaction of alkynes with unsaturated carbene complexes gave improved 
yields and metabfree products when run under photolytie conditions [528]. The use 
of terminal alkynes and nonpolar solvents was best for phenol (rather than indene) 
production from aminocarbene complexes [529]. Ethynylferroeene underwent the 
D6tz reaction to give quinones having a ferrocene group attached [530]. Other 
interesting D6tz reactions are shown in (Eq. (178)) [531], (Eq. (179)) [532], and 
(Eq. (180)) [533]. Using optically active chromium carbene complexes in the D6tz 
reaction gave optically aetive ehromiurn arene complexes [534,535]. 

O 
1 1  

OMe 1) R " ~  ~ ' ~  rR 
( C O ) ~ C r ~  ~O2Ph 2) CAN ~" 

o . ,~  o 

37-69% 

(178) 

OEt 
( C O ) ~ C r : ~ ~  Ph 

PR 3 

2RNC 
NHR 

E t O , ~  

PR2 
9O% 

(i79) 
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(CO)~Cr==:~ + ~ = 
R 

o 

but 

(180) 

In the reaction of 1-hexyne with (phenyl)(methoxy) group 6 carbene complexes, 
molybdenum complexes gave indenes as the major product with CO ligands, but 
naphthquinones with phosplfine tigands. Chrondurn complexes always favored qui- 
nones [536]. Other fiveomernbered ring forming reactions are shown in Eq. (181) 
[537], Eq. (182) [538-540], Eq. (183) [541] and Eq. (184) [542]. 

R ~ R ! 
~-~ R ~ 

(C 5 

(181) 

OEt  

( C O l s C r ~ R  

NR2 

0 

DMFM20 R 
NP~ 

26-62% 

R .NR2 

60-~0% 

(182) 

OEt 

(cO)sM=::~ \Iv ---~\iv 
6O-9O% 

(~83) 
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CNR 
( C O ) 4 C r ~  + >,- 

MeO" 
OMe OMe 

(184) 

Other more exotic reactions of carbene complexes are shown in Eq. (t85) [543], 
Eq. (186) [544], Eq. (187) [545], Eq. (188) [546] and Eq. (189) [547]. 

O~ 
- -  / ( c o ) s  

PhH 
80 ° 

R t / R 1 

~ / ~ , , , ,  " OMe 

"~ "~34-73% % 
(185) 

oMe 

( C 0 ) 5 C r ¢ ~  & =" (~n=1,2"() OMe 
(186) 

0 
OR1 1) 2 R3Li .J~ jOR 2 

(CO)5Cr==:~ ~- R 3 
N.-.-R2 9) OX. - T~ II[~R 1 (187) 

12-50% 

R5 R 4 
(CO)5Cr%R ~ NReR7 R 2 

+ R3 "~ R 1 2) HC! R 
5 RI"  " i f  0 

37-82% 

(188) 

Carbene complexes having pyrrole as the heteroatom substituent behaved more 
like alkoxycarbene complexes than aminocarbene complexes, cyclopropanating ole- 
fins, forming quinones with alkynes, and cyclobutanones and p-lactams under pho- 
tolytic conditions [548]. Unsaturated carbene complexes bearing a B-(2-pyrrole) 
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OMe 
(CDIsM=:=~ 

p~ 

R 1 

XHF (189) 

>95% 

group gave cyclopentanes when reacted with actiwted olefms in cyc[oheaane, but 
cyclopropanes when acetonitrile was used as solvent [549]. Optically active 
4,4-disubs~ituted butenolides were made by photolysis of chromium carbene com- 
plexes in the presence of optically active ene carbamates, followed by Baeyer-Vil|iger 
oxidation and elhnination. Reactions of these butenolides were studied [550]. 

2.1.14. Alkylation of metal acyl enolates 
There were no synthetically slgnifieant examples of tiffs class of reaction this year. 

2.2. Conjugate addition 

A new mechanism to ratioi~alize the effects of added trhnethylsilyt chloride on 
the conjugate additions of cuprates to enones has been advanced [551]. By appro- 
priate choice of cuprate, either diastereoisomer could be made from the conjugate 
alkylation of allyl esters of acrylates, followed by Claisen rearrangement [552]. 
The conjugate addition of functionafized organozinc reagents to conjugated enones 
was catalyzed by MezCuCNLi2 in the presence of excess TMSC1 [553]. 
(MeaSnCH--CH)Cu(R)CNLiz transferred the R group to enones, wh~e 
(MeaSnCHCH)zCuCNLi, transferred the vknyltin group [554]. Copper(I) sa.~ts 
promoted the conjugate addition of ~-fithiated hydrazones to enones [555], as welI 
as the conjugate addition of ~-zirconated z~lkoxyboranes [556]. Copper(I) iodide 
promoted the Jntramolecular conjugate addition shown in Eq. (190) [557]. 

o o 

R1 ~ V ~m[~a 70-9~go 

(t90) 

An NMR investigation of copper catalyzed conjugate addition in ~L:~resenc¢ of 
4-phenyloxazolidinone ligands has been published [558]. Conj~gate additions to 
cyclic enones in the presence ofchiral diandnes ~ 559], and proline derived amhloph-~.. 
phine ligand [560,561] were efficient. In the latter case, the ¢ountefion reversed 
stereoseleetivity. Conjugate addition of cuprates to chiral camphor sultana 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 emcient 
(Eq. (192)) [566,567]. 

~ N ~ P h  

OH NHBn 
1) Li2[CuCNNBIV~'MS]2.~ 
2) CH3CHO Ph= 

CON" 

71% 

(19t) 

singte isomer 

+ CuLl ~= 
2) AoCI O -~ 

HMPA ~ O  80% 
(192) 

Cuprates Michael added to propiolate esters [568] (Eq. (193)) [ 569], and replaced 
the cis chloro group of [3-dichloroenones [570]. Organozine hal/des, including steri- 
cally hindered ones (e.g., adamantyl) Michael added to enones [571]. 

O 

RO II CO=Et 
~ " ~ C - - - O E ~  ÷ E , ~ O 2 C ~ Z n l  TMSCI 

R 1 CuCN = Ju ~ / , ~  RI 
HMPA .= 

OR 
(~93) 

35-71% 

Nickel (II) aeetylacetonate catalyzed the ~-alkylafiov of sterically h/ndcred enone3 
[572] especially steroidal systems [573]. Other less common 1,4-additions are seen 
in Eq. (194) [574], Eq. (195) [575] and Eq. (196) [576]. Palladium(II) catalyzed the 
~-aryIation of enones by tetraary! borates [577]. 

0 O ' - ~  

(B-migrates !o tea, nirml posilion) 

(194) 
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P tgO~h  
R ~  + R I " - ' ~ ' "  'CO~Me "~ 
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Pd2dba~ Bus,~ R 

4E60% 

R I R / ~ / "  
ff7-~7% 

o 
.ON~4 A o¢ ~ A R 

(oo)~c,.--~( . ~ - - - - -  
he 

R 0 0 

( 1 9 5 )  

(196) 

2.3. Acylation reactions (excludit~g hydroformylation) 

For carbony!ations that form heterocycles, see Section 3.5. 

2.3.1. Carbonylation of  alkenes and arenes 
Palladium(O) catalyzed the carbonylation of aryl and v/nyl boronates [578], vknyl 

triflates [579], and vinylmercurc chlorides from carbomercurat/on of alkynes [580]. 
Dihydrofurans were aroylated by reaction with aryl haiides, carbon monoxide and 
palladium(0) catalysts [581]. Aromatic hydrocarbons were directly carbonylated by 
palladium(II) under oxidizing conditions [582]. Anion/c acylrfickel carbonyl com- 
plexes acylated electron defic/ent olefins [583]. Acyl cobalt complexes cycloalkylcar- 
bonylated allenes (Eq. (197)) [584] and allyl epoxides (Eq. (I98)) [585]. Terminal 
alkenes were carbonylatatively dimerized to symmetrical ketones by reduced cobalt 
species [ 586]. Erie allenes cyclocarbonylated with rhodium(I) catalyst to give methy- 
lene cyclopentenone [587]. The full details of the rhodium(I) catalyzed a-acylation 
of styrenes by acid anhydrides have appeared [588]. Ruthenium(II) complexes 
catalyzed the Cla/sen re.arrangement followed by hydroacylafion (Eq. (i99)) [589]. 
Zirconocene cyclocarbonylated olefiuic ketones (Eq. ( 200 )) [ 590]. 

Iron tricarbonyl complexed conjugated enones were converted to v/nyI ketene 

R = ~ ,  S~C~, E~O~CH2, ~ ,  PhT~Hz. , ~ ' , ~ ' ~  

(!97) 
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R 3 R 2 
/~ 0 + CpCo(CO) 2 

R 4 ~ 1  

n 0 FI-a 0 ~.C~-,O 098) 

C ~ " ' ~  RuCILa >" 0 (199) 

0 

1) Cp.~ZrBu~ 

2) c o  
3) H* "~,m=, 0 

35% ~ ' ~  

(200) 

complexes by treatment with methyllithium and carbon monoxide [591 ]. 0~-Diazoiron 
dienes underwent thermal cyclocarbonylation E592]. Asymmetric hydroforrnylation 
of alkenes has been reviewed (101 references) [593], (77 references) [594]. 

2.3.2. Carbonylation of alkynes (including the Pauson Khand reaction) 
Terminal alkynes were aroylated at the terminal position by aryl halides and 

carbon monoxide in the presence of palladium(0) catalyst [595], Carboxylic 
acids added across alkynes to give vinyl esters in the presence of 
[PdMoaS4(TaCN)4(]I] PF6 [ 596 ]. Palladium (0) catalyzed the carbonylative thiola- 
tion of terminal alkynes by aryl thiols to give 13-thio acroleins [597]. Palladium 
acetate catalyzed the hydrocarboxylation of 2-alkynyl naphthalenes to give high 
turnovers for branched unsaturated acids [598]. Rhodium(I) complexes catalyzed 
the hydroformylation of internal alkynes [599], Palladium(0) 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 Rh4(CO)lz cyclosilylcarbonylated diynes to 
~-silylcyclopentenones [603]. Simple terminal alkynes were silylforrnylated to give 
[3-silyl unsaturated aldehydes [604]. This process occurred in an intramolecular 
fashion as well [605], Both iron carbonyl and molybdenum carbonyl eyclocar- 
bonylated yne allenes to give cyclopentenones [606,607]. 

The Pauson Khand reaction between norbornene and cobalt eomplexed ethylpro- 
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co, ~¢ (201) 
R O 8  

t~:ho 
30-70% 

priolate [608] and propargyl alcohols [609] has aeen reported. Conditions for use 
of ethylene as the olefin in the Pauson Khand reaction was optim/zed [610]. 

Asymmetric induction into the Pauson Khand reaction has been ach/eved with 
modest selectiv/ty by using chffal alkoxyalkynes [611] or alkynyl esters [612]. By 
making and separating diastereoisomeric cobalt complexes of propargyI menthyl 
esters, tfigh de was obtained in the Pauson K.hand reaction (Eq. (202)) [613]. 
Similarly, chiral phosphine complexes of cobalt alkynes resulted in good asymmetric 
induction in the Pauson Khancl reaction [614]. Cobalt carbonyl promoted the 
cyclocarbonylation of alkynes with electron deficient olefins (Eq. (203)) [615] ~nd 
aUenes (Eq. (204)) [616]. 

Y 

~ _ ~ _ _ ~ / ~ y l  ~ o x 
T v /~ ,~ .  ~ ~ (202) 
co~(co)~, -T ~ - ~  

co~co)~. 
. 80-92% ee 

R I 

Co2(CO)a R'~ y X C O a F  ~ 
0 

(203) 

h 

O 

(204) 

Molecular mechanics calculations for stercoselecfivity with the intramolecular 
Pauson Khand reaction were carried out [6I 7]. Useful/ntramolccular Pauson Khand 
reactions are shown in Eq. (205) [618], Eq. (206) [619], Eq. (207) [620], and 
Eq. (208) [621]. 
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up to 1o0% sekmtivity 

good yieid¢ 

(205) 

(206) 

- 1) Co2(CO)a 

R= H, OAc 60*80% 7:1 to13:1 

(207) 

~,. ,;,t3SiR3 O ~  
.CoalCO)s MoaNO : : H oo ' ,o H 

78% 

(208) 

2.3.3. Carbonylation of haRdes and triflates 
Palladium cata|yzed double and single carbonylation of aryl halides and aUytic 

compounds has been reviewed (>66 references) [622]. Palladimn catalyzed the 
carbonylation of bromopyridones (Eq. (209)) [623], the acylation of halides by akyl 
tins using tlCO [624] and the carboxytation of halogenated bcnzopyrans (Eq. (210)) 
[625]. Aryl halides, heteroaryl halides and vinyl halides were carbonylatcd to give 
esters by cobalt complex reducing agents [626]. Iodonucleosides were carbonylatcd 
by treatment with alkyltins, carbon monoxide and palladium catalyst [627]. 

Aryl tfiflates were converted to a~l  methyl ketones by reaction with tetramethyl- 
tin, carbon monoxide, and a palladium catalyst [628]. Pyrrole triflates were alkoxy- 
carbonylated using palladium catalysts [629,630], (Eq. (211)) [631]. Heteroaryl 
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CI 
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~OAr,)a 

o 
9o% 

(2o9) 

X 

R 1 
(210) 

o OTf 

co, P~(oAo)2 

T~o~  
OT~ 

(2~i) 

tfiflates were carbonylatively coupled to aryl boronates under palladium catalysis 
(Eq. (212)) [632]. Palladium(0) catalyzed the carbonylafive coupling of allyl halkles 
to functionalized organozinc reagents [633]. AD'I anthnonates were carbonylated by 
palladium catalysts under oxidizing conditions [634]. 

0"~ 
P-,O. l - g ~ a  (212) 

CobaR bromide catalyzed the c~bony|afive coupling of f ~ e t i o ~  org~no~d~, 
reagents to give symmetrical ketones [635]. Nickel carbonyl carbonylated vinyl 
hatides to give esters [636]. 
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2.3.4. Carbonylation of nitrogen compounds 
Amines were carbenylated to carbamates using palladium catalysts [637]. 

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

monoxide in the presence of rhodium(I) catalysts [638]. [~-Ac~toxychromium car- 
bene complexes were conver~ed to diketones by photolysis (Eq. (213)) [639]. 

e e l  

(co)~c,=~o..~n' ~ '' - E,o ~k ~ 1213) 
R 0 

69-80% 

2.3.6, Miscellaneous carbonylations 
Miscellaneous carbonylations are shown in Eq. (214) [640] and Eq. (215) [641]. 

_OBn 

H H 

(214) 

O 
Pd cat 

= ArS 

A ~ ' ~  ( o 
R S , ~ , ~ '  Ru cat, 1- A r S , ~ ~  

==40% 

(215) 

2.3.Z DecarbonyIations 
The sole interesting decarbonylation is shown in Eq. (216) [642]. 

MoO CHO MoO H 

st°e._..__L~ 
L~RhCI 
PhCH3 

r/x 
80% MeO~ " ~ H  

(216) 
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2.3.& Reactions of carbon dioxide 
"Utilization of carbon dioxide in organic synthesis and polymer synthesis by the 

transition metal catalyzed carbon dioxide fixation into unsaturated hydrocarbons" 
was the subject of a review (39 references) [643]. Nickel cyctams under electrochemi- 
cal reduction converted epoxides into cyclic carbonates [644]. 

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

Papers dealing with the oligome~afion of ethylene by cafiorfic phenan~oth~e 
methylpalladium complexes [645], the roles of Lew~s Acids ha Ziegier-Natta atkene 
insertions-- competition of T~C vs. AI-C alkene insertions [646], and a review entitled 
"Stereospec~c olefin polymerization with ch~l  metallocene catalysts" (235 references) 
[647] have appeared. Cationic chelatkng dtamme metal complexes catalyzed the ~ -  
fion of terminal alkenes to give predominantly branched polymers [648]. 

Papers dealing with palladium catalyzed alternating copolymefization of alkenes 
and carbon monoxide [649,650], and the chiral polymerization of terminal alkenes 
with carbon monoxide to give isotacfie optically active 1,4- and 1,5-puiyketones 
[651,652] have appeared. 

A paper dealing with polymerizations of ~-olefins and butadienes and cyclotfi- 
merizafions of 1-alkynes by chelating phenoxide titanium and zJrconfium s~-Ses has 
appeared [653]. Palladium(0) complexes catalyzed the cydodhnerLmfion of butadi- 
enos to 1-methylene-2-vinyleyclopentane [654]. Chiral nickel(0) complexes catalyzed 
the cyclodhnefization of butadiene with methyl sorbate to give cyclooctadienes with 
low ee [655]. Palladium(0) catalyzed the silybdime6zafion of atkynes with trk:hloro- 
silane to give silylbutadienes [656]. 

Cobalt catalyzed cyclotfimerizations are shown in Eq. (217) [657] and Eq. (218) 
[658]. Cobalt coeyclotfimerized ctfiral nitfiles with acetylene to give pyfidines [659]. 
Ortho palladated acetophenones reacted with alkynes (Eq.(219)) [6(~]. 
Palladium (0) catalyzed the reaction of diynes with dib romophthalhnides ( Eq. ( 220 )) 
[661]. Nickel arylle complexes reacted with alkynes to give naphthalenes [662]. 
Tantalum pentaehlorid¢ cocyclized diynes with alkynes to give arenes under reducfive 
conditions [663]. Zirconocene cyclooligomerized diynes (Eq. (221)) [664]. 

2} B~.'~SE hv "rMS~ v v 
3)~pe 1 ! o  = 

42% 

(2t7) 

3-Substituted 2,5-bis-mercufiothiophenes were oligomer~ed (Mw 7(}0--18 0 ~ )  by 
treatment with palladium chloride and copper [665]. Nickel(0) complexes oligo* 
mefized dibromo-bis-heterocycles (Eq. (222)) [666]. 2,5-Bis-tfibutylstannyl thio- 
phene cooligomerized with 1,4-diodo-2,5-bis-octanyl benzene in the presence of 
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~ 2  ff "--- CO~Et C~Co(CO}a 
Ph + B n N ~  M~d, A 

NBn 

35% 

(218) 

MeO" ~ -O~qo 
OMe 

+ R ~ R  1 

R ! 

R R 

"6 

0 RI MsO"  " ~  " 0 ~  
M ~  O ~  OMe 

40q80% 

(219) 

Br_ Br 

~ a  L#a .6 ~,- o o K~O~/O~ON 

(220) 

palladium(0) catalysts [667]. Other useful otigomerizations are seen in Eq. (223) 
[ 668 ] and Eq. ( 224 ) [669 ]. 

Treatment of areneRuCl2 phospl'fine complexes with tfimethylsilyldiazomethane 
gave a ROMP catalyst for norbornene and cyclooctene wh/ch tolerated esters and 
epoxides [670]. Chloropladnic acid catalyzed oligomefization of silanes with unsatu- 
rated organics (Eq. (225)) [671] and (Eq. (226)) [672]. 

Transition metal synthesis of silicon polymers has been reviewed (53 references) 
[673], as has mol~ular trees: from synthesis towards applications (236 references) 
[674]. 
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(221) 

R R 

79-91% 

R = Me, nO4, nC7 

(222) 

COCqlC~ O ~ o ~ a  o 

P~o) 

R 1 F~ R1 R2 

÷ 1 '| Cu~ 

R ~  
R ~ R ~ 

7 4 - 4 ~ %  

(223) 

(224) 

| .~ , , . , , , , , /CN 
H 

(225) 
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. . l : l /  ' , , ,  , 1.  
MezSi~S iMe2H + IIIfFII"~IH L2PIIG2H4)~" L s i ~ S l ~ l  R2 i ~ [ ' S i .  ~ _Si.~ R--"~ 

(226) 

2.5. Rearrangements 

2.5.1. Metathesis (metathesis processes which produce heterocycles are found in 
Section 3. 5) 

The complex RuCI~(PCy3)z(CHAr) was an efficient metathesis catalyst for acyclic 
allenes [675]. Molybdenum alkylidene complexes catalyzed the cross-metathesis of 
terminal alkenes with acrylonitriIe to give alkylated acrylonitriles [676]. Cydobutenes 
underwent selective ring opening metathesis with terminal alkenes [677]. Unsaturated 
morpholinocarbene molybdenum complexes metathesized with electron poor olefins 
[678]. Dienes were cyclized by metathesis with W(0)(ArO)zCIJEt4Pb catalysts [679] 
(tolerates functional groups), (Cy3P)zRuCIz(CHCHCPh2) [680] and MeReO3 [681]. 
Para-propynyl phenol metathes~.ed to di-p-hydroxyphenyl acetylene in the presence 
of Mo(CO)6 [682]. The same catalyst eross-metathes~zed diphenyl acetylene with 
internal alkynes (Eq. (227)) [683]. 

A c O ~  + Ph ~ Ph 

~Ph 

Mo(CO)s > AcO. , ,~V, ' ,V~  ~ 
110o (227) 

74% 

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

2.5.3. Rearrangement o f  allylic and propargylic systems 
HCo(CO)4 isomerized allyl ethers to vinyl ethers [687]. Monoalkyl ketals of 

1,4-dihydroxy-2-butene rearrange to the 1-butene when treated with nickel(II) phos- 
phine complexes and isopropyl Grignard reagents [688]. Propargyl alcohols 

R 
HO. L 1 J " ~ ® ~ R  1) Coz(CO)8 

9.) Ac20 

R -- Ph, G6. TMS, H 

R 1 = H, Ph, C4 

OAc 

> ~ R  1 

OAC 
56-90% 

(228) 
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EtO20. O 

Eto~o~,, , / /  
4:1 70% 

(229) 

0 ~0. /A  Y' T L (230) 

rearranged to ~,~-unsaturated esters when treated with rhodium(I) catalysts [689] 
or rutherfium(II) catalysts [690]. Palladium acetate rearranged 1,4-d/hydropyrroles 
to i,2-dihydropyrroles [691]. WilkJnson's catalyst was used to do the i~mefization 
in Eq. (23 | ) [692]. Palladium(0) catalyzed the rearrangement ofalkynes to l,:~t~'~es 
[693]. 1,4-Disiloxy-2-butenes were dcz~--aetrized by RhBINAP catalysts 
(Eq. (232)) [694]. The stereochem/cal features of palladium(II) catalyzed Cla/sen 
rearrangement were studied [695]. Ruhhen/um(II) complexes catalyzed the altyIic 
transposition of allyl alcohols (Eq. (233)) [696]. Other interesting isomerizadons 
are seen in Eq. (234) [697] and Eq. (235) [698]. 

OR OR 

0 ~ RO 

RO Et~-t R O ~ o  

RO 
OR OR 

(231) 

Tfl,SO "r~SO 

8b'% e e  

(232) 
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OH OH 

A r ~ V , ~  RuCI2La => A r ~ - ' ~ ~  
Air 

49-75% 
(233) 

SiR 3 
R a S i ~  Pd(0._.....~ O ~ J ' ~ " = -  + R3S'O ~ ' * ' ~ ' ~  

R's = Me, tBu 65% 0 
iPr 61 0 
Me 0 35 

MeMvPhe 0 67 

(234) 

,~c~,~)~. RO/~.A.B,O0 ~ (235) 

2.5. 4. Skeletal rearrangements 
There were none. 

2. 5. 5. Miscellaneous rearrangements 
Terminal alkenes isomcfized to internal alkenes when treated with Na2Fe(CO)4 

and copper(I) chloride or dibromoethane [699]. Rhodium hydride complexes cata- 
lyzed the contraction of glycopyranoses (Eq. (236)) [700]. Treatment of the chro- 
mium tficarbonyl complex of 2-methyl-5-trhnethylsilylth/ophene with t-butyl~th/um 
gave the complex of 2-methyi-3-tfimethylsflylth/ophene [701]. Palladium(0) com- 
plexes catalyzed the isomerLzation of methoxy groups along a polysilane backbone 
via silylenes [702]. 

HO 0 

HO ,~=.==w 

0 0 
0 

+ p h ~ ~  RhHL4=,. 0 + Ph 
DMF (236) 
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3. Functional g r i p  preparat~a 

3.1. Halides 

Alkynes were converted into terminal vinyl iodides by zirconium catalyzed carboa- 
lundnation followed by cleavage with iodine [703], (Eq.(237)) [704]. 
Hydrozirconation followed by NBS cleavage produced vinyl bromides [705]. 
Zirconabenzynes could be halogenated at either position (Eq. (238)) [706]. Vinyl 
triflates were converted to vinyl iodides by treatment with heaxmethy|ditin in the 
presence of palladium catalysts, followed by N - i o d o s u ~ d e  [707]. 

1) e~z¢,~ ~ ~ ~ _ . . ~  
A~ 

OR 2) [2 

68% 

(237) 

R R 

Br Cp~.~C|  ZrCp~ I} t~.q.i 

3)X2 

41 ~ 2  X 

g o ~  y ~  

(238) 

3.2. Amides, nitriles 

Treatment of o-allylcarbamates with palladium(0), r~  hydride and acetic anhy- 
dride gave the free amine which was immediately acsiated [708]. C'3¢lams were 
coordinated through three of their nitrogens to Mo(CO)6 and the fourth was cleanly 
acylated by acid halides [709]. Ru3(CO)12 catalyzed the addition of t ~  alkyncs 
to acetanilides to give N-vinyl acetarhlides [710]. ~-Dk~ophosphonates esters 
inserted into the N-H bond of amides to give a-an~lophosphonate esters [Tll ]. 
Palladium catalyzed the reaction shown in Eq. (239) [712]. 

3.3. Amines, alcohols 

Palladium(O) complexes catalyzed the ally~c anaination of ~-phosphono~yt 
carbonates by hydroxyIamines [713], the alIylic amination of allyl atcohols 
in the presence of SnCle [714], the asymmetric al]ylic amina~n of 
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HO Ph HO Ph SO2Ph 
L4Pd NTs 

Ph _ > Ph 

TsN° It ~" Ph 
O 

(239) 

1-acetoxy-l,3-diphenylpropene by phthalin'fide (up to 96% ee) [715], and by benzyl 
amine (66% ee) [716 ]. Carbocyclic nucleoside analogs were synthesized by palladium 
catalyzed arrfinadon of 3-acetoxycyclopentenes by pyfimidine bases (no yields 
reported) [717]. 1-Chloro-l-ethenylcyc!opropane underwent allylic amination with 
transposition (Eq. (240)) [7 t 8] 

Cl / ~  j N H 2  Pd2dba3 ~ | 2  

~ + R , ' ~ O , ~ R 2  R 2 > R 1 R 2 HN,,~ (240) 
66-96*/o 

C-2-symmetdc 1,4-acetoxy cyclohex-2-enes were azirdinated with high ee using 
chiral palladium catalysts [719], Eq. (241) [720]. Cyclic epoxJdes were asymmetrb 
tally opened with azide using chromium salen catalysts [721]. Diene monoazifidines 
were both oxidadvely [722] and reductively [723] opened under palladium catalysis 
(Eq. (242)). 

O_ CO2Me OCO2Mo 
= .= 

, ° ° ,  

OCO2Mo N3 
L" 82% 

high ee 

CuCN 
~ ~ M g B .  

OMo 
(241) 

OMo >60% 

Palladium catalyzed amination of aryt 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 t-butoxide [725] and 
one on the use of Li bis-tfimethylsilyl amide [726]. Palladium(0) catalyzed the 
aminadon of iron-iodocyclobutadiene complexes [727]. 

The full details on the reaction of alkenes, vinyl bromides and amines with 
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Ts NHTS 
N L~Vd 

P h ~  ~ _ . - . ~  Ph 
DMSO 

O O 
64% 
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R 2 
R 2 R 2 

Pd(0) ~- R, ~ . ~ C  O R + R ' ~  
HCOOH ~ - 2 3 C~R3 

Et3N NH~c NHBoc 

major in ~xar~e r~ior ~ D M ~  

(242) 

palladium(0) catalysts in aqueous DMF (water improved yield) to give allyI amines 
have been published (Eq. (243)) [ 728 ]. t-Butyl acetylene, 1,3-dichloro- t-propene and 
ethyl amine reacted with Pd/Cu catalysts to give aminafion of the allylic position 
and alkynylafion_of the vinyl position [729]. Terminal allenes reacted with seeorrdary 
amines to give allyl amines plus 2-aminomethyl butadienes, incorporating two equiv- 
alents of the allene [730]. Diallylamines were deallylated in a stepwise fashion using 
palladium(0) catalyst and o-sulfhydryl benzoic acid [731,732]. 

R / . .  R P ~ 3  
-',,\';'~Br + ~ R  1 ÷ RNH2 "-'\~ ~ "  R 1 

(R2NH) ~ C !  NHR 
DMF/H~ 

50-90% major ~ r  

~243) 

Cobalt complexed propar=-~yl alcohols were converted to propargyl amines via 
cobalt stabilized propargyl cations [733]. Aryl azides, aroyl azides, and aryi sulfonyt 
azides were reduced to the corresponding NHz species by MoS4 z- [734]. Irnines were 
reduced to amines by CpzMoH2 [735], and by iridium(I) BINAP catalyst systems 
with high ee [736]. Olefins were converted to terminal amines by hydroz~rconafion 
followed by cleavage with ArSOzONH2 [737]. ~-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]. 

Cp2Zr'.~ ~ = p~r 1~ ~ ~ R~ ~ k~Ph 
RINCO ] O'-~NR: 2) HCn Ph 

Ph 3) NaOH 
- ,  65-85% 

~244) 

Chiral ferrocenyl aldehydes were used to synthesize optically active amino acids 
(Eq. (245)) [740]. Chromium aminocarbene complexes were used to introduce amino 
acid residues into peptides both on soluble PEG supports [741], and in solution 
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[742] (Eq. (246)). Fluorobcnzenc chromium tricarbonyI underwent reaction with 
dcprotonated anfinoalcohols to giw complc×cd phenols which rearranged to com- 
plcxcd anilines when treated with butyllithium (Eq. (247)) [743]. 

... ..... < " f  
C02Na ~ > ~ N -'~', .... 

! Mol. SMvo I O ' ~  

2) BnE]r I ~ /  
Fe >98% ee -,-7.. 

90% yield, 100% de 

(245) 

O 

o %"" 
R Ph R ,.,..~N . ~ "  NH2 

r 

X = OMe, NH of peptide, NH of PEG supported peptide good yie~s, 

(246) 

FI 1 
.F NaO_ .~R 

+ MeN~,,~,,,,, 
CrlCOls H 

"°-~r~ ~, 

~r(CO)3 HN ' / l '~ ' '  [ Cr(CO)a 
Me 

80=9O% 

(247) 

Asymmetric catalytic transfer reduction of ketones by isopropanol has been 
achieved in excellent ee using chiral ruthenium(II) catalysts [744,745]. Nickel(II) 
phosphine complexes catalyzed a similar reduction [746]. Styrene was asymmetrically 
hydroborated using rhodium(I) catalysts and chiral ferroccnylphosphine amines. 
Up to 98% ee was achieved, bat with only a 68% yield and a 3:2 mixture of 
re#oisomers [747]. Chiral aminophosphinoboranes catalyzed the asymmetric reduc- 
tion of chromi,lm complexed p-chlorobcnzophenone 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 ruthenium(II) complexes catalyzed the reduction of 1,3Miketones to anti 
1,3-diols in 70% yield and 100% ee [750]. ~-Amhao-iS-ketophosphonates were asym- 
metrically reduced in high ee (Eq. (248)) [751], as were a rar i ty  of dicarbonyl 
compounds (Eq. (249)) [752]. ~Keto esters were asymmetrically reduced in high 
yield with high ee under mild conditions using (R,R)-(iPrBPE)RuBr2 catalysts [753]. 

o o OH 0 

R P(OP~)a Ha ~" R P~OMe)2 

NHAc 

o o 

R ~ .  gb(O~)2 
=. 
NHAC 

(248) 

O O OH OH 

(R,RRS,S)~rR~ 

2) McOH, ) C ~  ~:, to 7:a 
~$%ee 

(249) 

Chiral zirconocene complexes catalyzed the ring opening of dihydrofurans and 
pyrans (Eq. (250)) [754]. Nickel cyclooctadiene catalyzed the ring openkng of bridged 
bicyclic ethers by DIBAL (Eq. (251)) [755]. Palladium(0) was required for the 
hydroxylation of chloroquhmnes (Eel. (252)) [756]. Allyt ethers were reducfivety 
cleaved to alcohols elec~ochem_Jcally in the presence of n~kel(II) salts [757]. 
Terminal olefins were converted to secondary alcohols by Imlladium cataIyzed hydro- 
silylation (HSiCI3) followed by oxidation [758]. Adjacent eatboxytate groups were 
used to direct this chemistry (~q. (253)) [759]. Palladium(0) catalyzed the allylation 
of be~.aldehyde (to give allyl alcohols) by allyl esters [760]. 

(73 : 

i 
OH 

{250~ 

Molybdenum hexacarbonyl cleaved isoxazoles (Eq. (254)) [76I]. C h ~  zircono- 
cene complexes catalyzed the asymmetric methalumhmtion of ~erminat atkenes to 
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MeOH "~X ''- -'~ CO2MeOH 

60-76% 
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N--O O HO 

4 5 %  
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H•/__ 1} BHJI-120 . . ~  
Fe(CO)3 2) FeCt3 =' 

--" H 
HO ~-" 

50% 

(255) 

give ~-methyl terminal alcohols in good yield and high ee, after oxidation [762]. 
Iron carbonyl complexafion was used to protect a diene while a remote olefin was 
hydroborated (Eq. (255)) [763]. 
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3. 4. Ethers, esters, acids 

The factors which influenced the stereo- and regjoset~fivity in the p a l l a d i ~  
catalyzed conversion of allyl carbonate~ ~o aryl phenyl ethers (phenoxide was the 
nucleophile) were studied [764]. Ni.ckel(0) catalyzed the displacement of atIyl ace- 
tates and carbonates by phenordde [765]. Aceto:.y g[ycals were converted to disaccha- 
tides by palladium catalyzed displacement by the anomefic OH of a sugar (Eq. (256)) 
[766]. Sugar OH groups were aUylated by diallyl carbonate in the presence of 
palladiura(9) catalyst [767]. Molybdenum(If) catalyzed the conversion of allyl 
acetals to allyl methyl ethers [768]. 

R~O'~ 0 F O ~  
Aco~~O OEt + OH 

POOP 

RIO- O 

Pd(0) ~ POlo ~m~OE t 
(256) 

PC)" T "OP 

Rhodium(II) acetate catalyzed the decomposition of chiral a-diazo esters 
alcohols to give ~-alkoxy esters in good yield and up to 50% de [769]. Complex 
ethers could be made in this way (Eq. (257)) [770]. Fluorinated a-diazo esters [771], 
and diazo ketones [772] underwent similar insertions into alcohol OH bonds to 
give ethers. 

O--~  O "  \ 

o a 

A,i L> ,. 
RaS~OV v ~ v R%0.~4 : 

(257) 

Diaryl ethers were made by the copper promoted coupling of aryl bromides with 
phenols [773]. Treatment of the cationic iron Cp complex of chlorobenzen¢ with 
alkoxides under irradiation gave metal-free aryl ethers by displacement of the chlo- 
ride [774]. The corresponding ruthenium complexes of polychlortnated arches gave 
poly aryl ethers or thioethers [775]. This has been used to make quite complex 
systems (Eq. (258)) [776] and (Eq. (259)) [777]. 

Hydroxy groups allylic to iron coordinated dienes w~re replaced by alcohols to 
form ethers in the presence of Lewis ackls (Eq. (260)) [778]. Eq. (26I) shows an 
unusual displacement [779]. Esters were deoxygenated to ethers by treatment with 
manganese acyl catalysts and phenyl silane [780]. Copper ic~dide catalyzed the 
displacement of tertiary propargyl halides by phenoxide [781]. 
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AcO jTMS 
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AcO . , " v  v y \ .~ ~ Co2(CO)s 
2) RO- OAc OR (262) 

Ruthenium complexes catalyzed the addition of  carboxylie acids to alkynes to 
give secondary [782] or primary [783] vinyl esters. Benzene was oxidized to cyclohex- 
ane-hexacetate by barium chlorite in the presence of OsO4 catalysts [784]. Cobalt 
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0 OH 0 0 ~ 0 

O ~ e O  OH o o ~ e  O OH o 

NO ~ 
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(265) 

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]. 

3.5. Heterocycles 

Az/ddenes were made by the rhodimn(II) [787], then/urn(VII) [788], and 
copper(II) catalyzed decomposition of ethyl diazoacetate in the presence of ~ .  
By using cMral bis-oxazoIhle ligands, the copper(I) catMyzcd dccompos/d~ gave 
good yields, > 10:l trans to c/s and ¢¢ values from 40% to 67% in this process 
[789,790]. The mechanism of the copper(I) catalyzed az/~dina~on of o ~  by 
PhI=NTs was studied [791 ]. 

[3-Laetams were synthes/zed by rhodium(tI) catalyzed H insertion processes 
(Eq. (264)) [792]. Palladium on carbon in the presence of copper(I) iodide c~,~lyzed 
the oxidative carbonylative cycl/zation of propargyl am/nes to ~lacmms [793]. 
Alkynes react¢~l with n/fronts in the presence of copper(I) iodide to give 
~lactams[794]. Vinyl tfiflates with pendant amino groups underwent carbonylative 
cyclization to ~-laetams using palladium catalysts (Eq. (265)) [795]. 

o 

. ~  R~z(SS~Pyh  ~ O 

07% ee 

(264) 

Pyrrolidines were made from a|lyl propargyl am/nes by chron~um c~xbcn¢ medi- 
ated metathcsis/cycMpropanafions (Eq. (266)) [796], by palladium c a ~  cycl~ 
carbonylafion (Eq. (267)) [797], by paltadium(II) catalyzed ~ f i o n  ~ ol¢fi~ 
(Eq. (268)) [798], and by the oxidation of ~aino-gron ~ n e  complexes ( ~ .  (269)) 
[799]. Two useful palladium catalyzed syntheses of Lifts ring system are seen in 
Eq. (270) [800] and F,q. (271) [801 ]. 

T-Nitroketoncs were reductively cyctized to five-mcmbered h~nes by gu~(CO)i2 
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oT, ~ . ~ i  ~ 
A()~ NHBn L4Pd Bu3N =,- 

CO O//~'-NBn MeCN 
n=1,2,3 

and 
70-90% 

/ ~ ' ~ N H B n  

()h~,,OTf > () NBa 
O 

(265) 

OEt 

I = 
91% 

(266) 

! ~ CO R 

Pd{0) 

(267) 

H 
( ( ) n ~  5%Pd(OAc)2=. ~ > ( ) a  -'.,..~% 

NHTs DMSO 02 ~ - =  ~s 

n=1,2,3 
high yields 

(268) 

Fe(CO)a 
+ 

R 2 
F ~  FF 1) LDA * R'""IL"co.Et----" .,L, 2)cF~coo." 

FI 'N1 CO2Et 3) CO e(CO)~ 
a' (269) 

0 

30-8O% 

and 9,10-phenanthrolne [802]. Complex aminocarbcne complexes thermally pro- 
duced cyclzed five-membcred imines (Eq. (272)) [803]. Rhodium(II) octanoate 
catalyzed the cycloaddition of ~-diazo-~-vinyl esters to pyrroles (Eq. (273)) [804]. 
2,5-Dihydropyrroles were made by chromium carbcne complex promoted metathesis 



LS. Hegedus / Coordination Chemistry Reviews t61 (1997) 129-255 209 

o ~ o 

X=OH, N 

Pd(O} 

CO 

o ~  "~° 
o 

60-73% 

R=Ph, Bn 

(270) 

R 

~ Io  LcPd 

and 

- I % OH HO 

B r ~ ' - ~ R  ~.. HO~ ..... ~ s  ,,,, R 

(271) 

processes (Eq. (274)) [805] and ruthenium carbene complex meta~esis (Eq. (275)) 
[8(~]. 

Pyrroles were synthesized by McMurry coupling of ~barnido enones [807], the 

Ph Cr(OC)s 
6O% 

(272) 

12% 37-83% 

(273) 

- c o  • 

12% CC~R 37-88% 

(274) 
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OH ~ Cf2(PCy~2RuCHCHCPh2 N / ~  
PaL 

"OH 
95% 

(275) 

copper catalyzed reaction of propargyl bromide with [3-th/o-[3-amino ketones 
(Eq. (276)) [808] and by the reaction of aminocarbcne chromium complexes with 
alkynes (Eq. (277)) [809]. 

O O 

R ~ CuBr 

NR 2 Br d~ox 
H 1~° 

40-70% 

(276) 

(CO) sCr==( ~" 
R A Ph 

31% 

(277) 

Five-membered iactams were made by rhodium(II) catalyzed C-H insertion pro- 
cesses of cx-diazoarn/des [810], or N-H insertion (Eq. (278)) [8I 1], by carbonylative 
cycl/zations of o-anfinophenyiacetyiene by Rh4(CO)a6 [812], the chromium carbene 
assisted cycl/zation of acetylenie amines (Eq. (279)) [813] and the reactions of 
aminocarbene complexes with alkynes (Eq. (280)) [814,815]. 

OR m F Na 
H H ~ p 

o/2-- o o 

8~(oc~h 

OH 

,= = ~ O  

co2~s 

(278) 

Indolines were synthesLzed in the many approaches shown in Eq. (281) [816], 
Eq. (282) [817], Eq. (283) [818], Eq. (284) [819], Eq. (285) [8201, Eq. (286) [821], 
Eq. (287) [822], Eq. (288) [823] and Eq. (289) [824]. 

A catalytic version of McMurry coupling was used to synthes/ze 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 arainoquinones 
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1) (CO)sCr==< ~ t  ( ) f , ~  

/ " ( )  2) o~ " Ix 
R 

n = 1, 2, 3 ~ 4 , ~ %  

(279) 

R 

(28O) 

0 

X ~ L~Pd X R 

HMPH 

V V 

V =H.Ms 70-TEP,~ 

(28~) 

(282) 

÷ 0 - O~ 

| 

,DMF 

(283) 

(Eq. (290)) [827]. Other indol, syntheses are seen in Eq. (291) [828], Eq. (292) 
[829], and Eq. (293) [830]. 

Z~rconocene cyc|ized bis-olefinic amines to p i p e ~ :  Eq. (294) [$31] 
Eq. (295) [832]. Hydroformylafion of ~lyl glychl¢ esters gave p i ~  or ~ y -  
dropyfidines [833]. Tetmhydroisoquinotf~es were synthesized by mtramolecu~ 
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XH Pd{OAc)2 
-F "== '@~ '~  

l R Agl 

X = NHTS 

R = nCa, nC3 

Br~ Bn 

~ ~ -  R 

50-90% y~elcl 

61-82% oa (284) 

NO2 ~ ~ H  I 

Ni{COD)a 

EtaN 
LiCN 

40% 

(285) 

N2 ~ co2R CO2Me 

Pl~ Ph 

good yie~s 
fair d i a s t e r ~ i v i t y  

(286) 

~) (c°)sc'==(°M°Me ~ m  R " W l "  ~ ' - - ~ - - " ~  s HO 
.=- $ 

R1 ~___~..._/ 2) o× 

W 
R = H, Me, TMS, Ph 60-84% 

(287) 

Heck cyclization of o-iodo-N-allylbenzylamines [834]. Palladium(0) catalyzed the 
reaction of optically active arrfinoalcohols with 1,4-diacetoxy-2-butene to form mor- 
pholines [835]. Iron catalyzed processes were used to make pipcridines (Eq. (296)) 
[836] and (Eq. (297)) [837]. 

Dihydroisoquinolines were synthesized by palladium(0) catalyzed Heck cycl~za- 
tion of o-iodo-N-allyl benzarnides [838,839]. The same type of cyclization with N- 
allenyl benzaafides gave a ~-altyl palladium complex which could be further function- 
alized (Eq. (298)) [840]. Quinolines were prepared from palladium(0) catalyzed 
cyclization of the vinyl tfiflate of [~-keto esters with o-boronic acids of aniline 
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44% 

(288) 

OR 
.g 

,.¢~2Ph 

L4Pd 

90% 

R 1 0 R '= 0 

60-7D% 

R'S = H ,  O M e ,  Me  

(289) 

C~,-. - 0:~ o~ 
\ x R \ R 

78% 

(2~D 
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CO2Et 
( ~ :  ~ C O 2 E t  

| " ~  Pd(0] > 

THF ~ ~"~ 

Ar = S "' ~" N 

(292) 

R 3 " ~  R! Ft 2 
N ~ L3RhC! R s ~  
II >. R I 

+ l l  , ,oo 

R~s -~R4 NHAr 
12-90% 

(293) 

[ i) cp,zZr~= 

N 21 H ÷ 
t R 

Bn 
29-59% 17-26% 

(294) 

"Cp2Zr" _~ H" > 

X = CH, N 50-80% 

V = CH2, O, NR 

(295) 

o o 

~e(co)3 

O O 

TSOH E | O 2 C ~  
t=e(co)3 -N" 

75% 

=. EtO2C-J/ . \~---~ ~ O ~ O  
Fe(CO)s N"  v ",. 

(290) 
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~ E L  Et =" N 

OBn OH 

61% 

(297) 

carbamates [841 ], and the carbonylative cycl/zafion of amine conmhfing ic~oenynes 
[842]. N-Aryl-2-aminomethylindoles cycl/zed to give fused tetrahydroqui~ofines in 
low yield when treated with one equivalent of palladium acetate [843]. Iron com- 
plexed vinyl ketenes reacted thermaUy with imines, followed by oxidation to give 
dihydroquinolines [844]. Iron diene complexed infines of sorbaldehyde u~derweat 
4+ 2 cycloaddition with Danishefsky's diene to give dihydro-4-pyfidones ~845]. 

N% 
0 

F'~(O) 

(298) 

. .N~  

o 

Quinolines were prepared by the paUad/um catalyzed reaction of formam/de with 
o-nitrophenyl ketones in 20-46% yield [846], while pyridines were produced from 
hydrazones of dieny|aIdehydcs [847]. 

Larger ring nitrogen heterocycles were made by ruthenium carbcrm catalyzed 
metathesis processes [848], Eq. (299) [849]. Azirenes cycloadded to chromium com- 
plexed cyclohepmtriene in a 2 +6 cycloaddifion to give 4.3.1-bicyclo nitrogen trot©to- 
cycles [850]. Macrocyclic Iae~ns were made by palladium(0) catalyzed cydizafion 
of (alkylafion) of long chain malonamides w/th remote allyl acetates [851]. Larger 
ring (7-10) benz fused nitrogen heterocycles were prepared by Heck eyel/zafion 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 cata|yzcd asymmetx/c oxidation of shnpl¢ ol¢fins has been 
reviewed (36 references) [855], as has enantiomeric epoxidation via c ~  or 
enzym/c methods (in French, 190 references) [856]. Ch/ral manganese salon com- 
plexes continued to be refia~ as asymmetric epoxidafion catalysts [857-859]. 
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~ / - - X - {  ) ~  Cl2(PCY3)2RuGHCHCPh2 
. . . . . .  ~. }n + CH2CH 2 

7 cases good yields 
X = NBoc, O n = 3, 4 

(299) 

R 1 CPa 
R"~NH l)BuU ~ ~N~ZICP2 "~"~()n""~Br> 9 I N ~ . .  
R~ j 2) cp, z.=,2 ,t; 

R2 Rg-  - . . . . .  ( 

M~:~}H • R1N/'~( )n 

50-60% 

)n 
"Br 

(300) 

MeO2C ~ 

N--NMe 2 

~ iR3 

ue~ts-s i .  ~ M~o~o,. I ~ (301) 
CO M e O a c ~ N " ' N M e a  

Ir4(C0)12 

53% 

Aldehydes were converted to epo×ides by rhodium(II) catalyzed reaction of diazoal- 
kanes with thioethers to form sulfur ylides in situ [860]. Cationic platinmn complexes 
catalyzed the epoxidation of enones by hydrogen peroxide in a process which 
required excess enone [861]. j3-Laetones were synthesized by rhodium(II) catalyzed 
decomposition of diazomalonates (CH inserticu into a carbon of the ester group) 
[862]. 

Tetrahydrofurans were synthesized by nickel(0) catalyzed cyelization of aUyl 
ethers having a halide in the other arm [863,864], and by iron-assisted alkoxylation 
of complexed alkenes (Eq. (302)) [865]. AUenes having 7-hydroxy groups were 
cyclized to tetrahydrofurans by palladium catalyzed arylation at the central carbon 
followed by attack of OH on the thus-formed ~-allyl palladium complex [866]. 
Other palladium catalyzed tetrahydrofuran forming reactions are shown in Eq. (303) 
[867] and Eq. (304) [868]. Homoallyl alcohols cyclized to tetrahydrofurans when 
treated with three equivalents of Re207 and HflO6 [869]. These were also produced 
via rhodium(Ii) catalyzed decomposition of diazo esters (C-H insertion into J3-o- 
ethyl group) [870]. 

Dihydrofurans were synthesized by Mo(CO)~ catalyzed cyclization of homopro- 
pargyl alcohols [871,872], by metathesis of diallyl ethers [873], by cocyclotdmeriza- 
tion of bis-propargyl ethers (Eq. (305)) [874] and by rhodium carbene chemist~ 
(Eq. (306)) [875]. 
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CP2Fe(CO)z 

P 
1) 15% ZrzQ 2 ~- 

2) Ce r~ 
L~£}H, CO H 

35% ~.~'! 

(302) 

l ~ O 2 C \  

P(OiPr)a 
6 

70% 

(303) 

~ R 

OSb-Si~2Ph 
R2 

PhSi . ~ . . ~  ¢ 

Pd(OAc)~ 

t-Oo~NC 

8,O% 

(3~¢) 

R1 1 R 1 R 

/ L~hCB 

°x --N • R ~ - - ~  E ~  ~ (305) 

3 0 6 O %  

0 0 

(306) 

Areneruthenium complexes cyclJz~ ynenols to furans [876]. Palta~um catalyz~ 
approaches to furans are shown in Eq. (307) [877], Eq. (308) [878] and Eq. (309) 
[879]. Dihydrofuranylmolybdenum carbcne complexes decomposed to b i s - f ~  
linked at the 2-position [880]. Atkynes cyclized with o-iodophenols in the presence 
of palladium catalysts to give bcnzofurans [881]. Heck cycEzation of o-brom~O- 
allylphenols also gave bc~ofurans [88t], 

Butyrolactones were made by palladium(H) catalyzed alkoxycarbonylafion of 
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O 0 

~% 

(307) 

J 

R 

+ 

CO:zEt 

o 

. ~ o ~  if'2( ° 

M ~ ' ~  3 P R 

-OMe good yieEds 

(308) 

o 

R 

q%CFs ~ 0  
~ /  C%CFa 

+ P d ~  =" 

/ "COaCF~ R 
COaCFs S6% 

(309) 

OBn OBn 
o °Sn = Pc~)douc) -'=" " 

~. " AcOH CO 
OH OH 

BnO 

85% 

(31o) 

alkenes [882], (Eq.(310)) [883], palladium catalyzed oxidative cycfization of 
13-hydroxytrhnethylsilyacctylenes [884], cobalt catalyzed cyclocarbonylation of allyl 
alcohols [885] and iron catalyzed cycl/zations of unsaturated carboxylic acids [886]. 
Molybdenum carbonyl cyclized homopropargyl alcohols (Eq. (311)) [887]. 

Butyrolactones were made by rhodium(II) catalyzed cyclopropanation of alkenes 
by diazo esters (Eq. (312)) [888]. The site of cyclopropanation of polyolefins 
det~r~ded on the ligand on rhodium [889], as did the endo/exo ratio and ee [890, 891 ]. 
Butyrolactones were also synthesized by rhodium catalyzed CH insertion of diazoal- 
kanes, with effective catalysts for enantiosolecfive 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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HO. OH 

OH 

L ~ h  

(311) 

1 

~ O A o ) 4  O R 

o o 
80%, 94% eo  

e 3 %  

(312) 

[895], palladium catalyzed cyclocarbonylation of ~-iodoenones, [896], and the ruthe- 
nium camlyzed reaction between alkenes and ace~lcn~ esters (Eq. (313)) [897]. 

o 

÷ ~.  o 

OH ~ ,,H (3~3) 

~-Halo-u-methylene lactones were synfllesized by pediadium cam~.yzed hMocyc]iza- 
tion of allyl esters of proprolic esters (Eq. (314)) [898-904], the palladium catalyzed 
cyclocarbonylafion of propargyI carbonates (Eq. (315)) [905] and file low valent 
titanimn eyclization of alkyne containing carbonates (Eq, (316)) [906]. B i s o p r ~ l  
alcohols were cycloc~bony|ated to succinic anhyd~de [907,908]. 

Pailadium(II) catalyzed the aikoxy acetoxylation of ¢ycioltexadiene by a 
(CH2)aOH attached at the two position to give exomettiylene pyrans. The ~ereo- 
chemistry depended on the presence or absence of add~i lithium chloride or ~e~ te  
[909]. Propargyl Miyl ethers cyclized to tewdhydropyrans in the presence of PtCI, 
(Eq. (317)) [910]. Ortko iodo benzyl allyl ethers cyciized to d i b y d r o b e n z o p ~  
under Heck reaction conditions (Eq. (318)) [9tl,912]. Similar processes were used 
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R 1 

o oZ2 
R 1 = Me, Pr, H 

R 1 

LiX CuX X ' ~ ~ X  

Pd" cat > O ~ O " ' ~ R 2  

60-90% 

R 2 = C 5, Ph, Me, iPr 

(314) 

R 3 R 4 R 2 / 7  

~o Pd~o~ R~P R~ 
HO ~ CO2Me > O 

CO 
good yields 

(315) 

91 - -  

0 

Ra H+ ~ ( i  (CH2)n----~O + [iPrMgBr + Ti(OiPr),] > R' O (316) 
CO2Me "Ra 

7O% 

to cyclize into the double bond of dihydropyrans [913] and unsaturated nitro 
eompounds [914] to make six-membered heteroeycles. 

/~o ~ ~clt, o ~  ~b 

R R~ 

20-90% 
(317) 

O Pd(0) = O O 
4. 

2 eq. Et3N 
Ph3P 

AgNO~MeCN 91:9 
THF 8:92 

(3t8) 

Ortho iodobenzoic acid and alkynes formed isc~coumafins under palladium cata- 
lysts [915]. 7-Pyrones formed by CH insertion in a rhodium(II) catalyzed decomposi- 
tion of c~-diazoacetophenones having an ortho isopropyl group [916]. Diphenylketene 
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reacted twice with anicrfie diene molybdenum complexes to give s-methylene lactones 
(Eq. (319)) [917]. 

+ 2 Ph~C=O ~ 
t 

~Mo{COh 

Ph F~ 

(319) 

A seven-membered oxygen heteroeyele containing a cobalt complexed alkyne was 
made by propargyl cation chemistry [918]. Eight-membered unsaturated cyclic ethers 
were made by palladium catalyzed intramoleeular alkylation of allyl carbonates 
[919,920] and by cyet~mtion on to an iron stabilized dienyl cation (Eq. (320)) [921]. 
Tungsten carbonyl cyclized 7-hydroxy akynes to seven-membered ~,~-tmsatumted 
factories [922]. Palladium(0) complexes catalyzed the ¢ycloearbonytation of 
o-a|koxy terminal alkynes to cyclic alkynyl lactones in modest yield (ring sizes 16, 
17 and 20) [923]. 

OH OH E ~ C ~  ~ ( Le~,S AC~ 0- '-~ 

Fe(COh 

~o~ ~td 
(320) 

Dihydrobenzothiophenes and isothiophenes have been made (Eq. (321) [924], 
Eq. (322) [925]). 

0 

+ ,,- ~ a ~  (32t) N2 

! 
R N I - ~  

(322) 

Palladium catalyzed syntheses of heteroeycles containing more than one hetero- 
atom are listed in Eq. (323) [926], Eq. (324) [927,928], Eq. (325) [929], Eq. (326) 
[930], Eq. (327) [931], Eq. (328) [932], and Eq. (329) [9331. 
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~//pCO2~=C= Y 

N 
Ro2c•Y PdC~a(MeCN)2 , ~ X  

120 o PhCH a "~" ~'~'~N 

X = O, PhN, pNO2PhN 69-80% 

Y=S, PhN 

(323) 

CO2R2 

+ ArN=C=X 
"-R 1 

X = S, NAr 

c.o~R 
PdCI2(MeCN)2 ,.. ~..sX 

A N.,~NAr 

high yield 

(324) 

OTf 

M e O ~  I) Pd(OAc)2 

dppp CO 
S Valino~ 2) SOCk2 

.iPr 

O /~,N 

74% 

(325) 

Ao  .o,o  ___.. (i 
RNH X P~CO 

X = OH, NBn 30-¢~% 

up to 8(Y~ee 

(326) 

i "- 
R / ~  R 3 

O . ~ ®  + ~\~-,~cl ~Q2(MeCN) ~. 

~ . NHTs Et3N O 

O 5O-70% 

(327) 

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 ~ A ,  
Arena3 + C ~ / ~ f c O a 8  1)F~{O) ~. 

2) ~¢-2'~z O (328) 

6~6 

(329) 

o o o z~) 
~:~,,o~,f, ~ ~<~4 

(330) 

o 

(331) 

0 
61% 

(332) 

Heteroeycles derived from carDene complex ch~fistry are seen in Eq. (335) [939], 
Eq. (336) [9401, Eq. (337) [941], F_,q. (338) [942], and Eq. (339) [943]. 

Other even tess convent/onal synthcs~ of heteroeycles are seen in Eq. (340) [944], 
Eq. (341) [945], F-4. (342) [9~], ~ .  (343) [947], and Eq. (344) [9~]. 
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wide mn~;T~ of Ar 

~1 R3 ~2 

Ar~N~O r~ 

R 3 R 2 R 3 R 2 
[Rh{COD)CII2 R I ~ O  R ' ~ O  .6 
GO. 65.~n " Ar,~N,,,~O Ar,,~N .-J 150 ° 

i I 
20-80% 0-45% (sole product 

wRh Ir cat) 

(333) 

NH2 R Hz/CO ~ [ ~ N ~ ~ R  
Rh cat 

78% 
(334) 

R 
OEt A -N.,,. N 

(CO)5M=~ + H2NNHR =" 

Ph 75-90°,$ 

(335) 

R 1 t.1 J,~ M(CO)s 

oE, R ~ p- o ~ ~ :  ~' 
(co)~M==~ + H/k=-~-------- 

~ h  gOOd ~eld 

(336) 

H 

(CO)sCr==: ~ h_._~v- ()a" Ph 

Ph L " N ' ~ o  

40-85% 

(337) 

3.6. Alkenes, alkanes 

Alkenes were produced by elimination of vicinal bromides by nickel(II)/ethyl 
Gr/gnard mixtures [949]. Allyl acetates were eliminated to give dienes by paUa- 
dium(0) catalysts [950,951], (Eq. (345)) [952] and (Eq. (346)) [953]. Allyl epoxides 
were eliminated to dienes via rl3-allyEron species [954]. Dimethyl amine was ordda- 
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NHR (CO)~M=::~ PhH/Bu4NBr ~ R"'N"I~N'R~.~ ~ .  
50% aq. NaOH .,~ -,¢.,,-~ ~---MIp.~ 5"' '~-- '  CH29r 2 

7t-87% 

(338) 

o~ " ~  
( C O ) s M = ~  Pb Ph 

ph~--X.N...-~.ph ~ ] (CO)sM:=~ ~ e  , 

Oh~ 
( C O ) s M ~ R  ~ 

, ' -  K.N,~N 
# 

(339) 

R ~ 

SPr-n 

( (i~oh 

Ra~'N*"O- o x  

U 
(340) 

Cbz 
° °  

(CO)¢Cr:=~ "r:=:ct(co)s * 

n = 2, 3, 4, 10  

hv 

i )  H2 P:t,'C 

2) H + 

°~"~*"N° o 
(34t) 

tively eliminated from chromium tricarbonyl benzylam/ne complexes to g/ve com- 
plexed styrenes [955]. Glycals were made by et/n~nafion of  brom/de and acetate 
from the 1- and 2-positions of  l-bromosugars [956]. 

Silylenoi ethers were ox/dized to ~ -unsa turated  enoncs catalytically using t0% 
Pd(OAc)~ in DMSO with 02  [957]. Sto/chiometrlc versions of  this were used to 
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o~ 
0 CI2Ru{PCy~2CHCHCPh2 

N c,~t. 

NHBn 

NHBn 

60% 

(342) 

O 

(343) 

CO2Et Rh2(pfb)4" EtO 

o ~ V  ° 
R=H, Ph > M p M o ~ O M p  M 

R 0 

(345) 

R 1 

(346) 



L.$. Ifegedus / Coordination Ckemistry Reviews 161 (1997) 129-255 227 

make 4-pyridones [958], to "unsaturate" steroidal D-ring ~ -c lo~ t anon~  [959], 
and to make complex systems (Eq. (347)) [960]. The Cp* ruthenium fragment 
activated C-H, C-C, C-C1, and C-S bonds (review, 42 references). An example is 
seen in Eq. (348) [961]. 

(34?) 

65% 

~ t h y ~ t ~  

Cp'Ru ÷ 

65% 

RuC~* 

9O% 

(348) 

Aryl and vinyl tr/flates wore reda~--d to arenes and olefins by ammonium formates 
in the presence of palladiara catalysts [962,963]. T~ethyl sflane also served as a 
reducing agem under these conditions [964]. Allyl benzyl ethers were reduced to the 
alkene [965], but regular benzyl ethers survived (Eq. (349)) [966]. PhStH3 and N- 
trhnethylsilyl-N-methyl trffluoroacetamides were new allyl group acceptors for 
palladium catalyzed deaUylafion of allyl carbonates and ethers [967]. 

E~O""~- - -  OT| ~ OSn b.2~O~k 

(349) 

86% 

A[kynes were reduced all the way to a~anes by 2 equiv, cf Cp(CO)3WH in 
acid [968]. p,~Dialkyl-dehydroamino acids were reduced to ~ 
adds with high ee by Rh(I) (R,R)(S,S)-TRAP systems [969], or even more highly 
selectively by cationic rhodium(I) MeDuPhos or MeBPE ~ ~  [970]. 
~-Methylenebuq~rolactones and cyclopen~nones were reduced to the saturated c~* 
bonyl systems with high ee using ruthenium(if) BINAP cat~alysts [971]. Cratmee 
catalysts e~denfly reduced olefias with high stereosdecfivity (Eq. (350)) [972]. 
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S 
F-~ 

Hz 1000 psi ~. , ~ H  0 

lr(COD)[PCya){Py) + ,,," 
~- H 

HO 
=100% 

(350) 

3. Z Ketones, aldehydes 

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 diarylalkynes to the ~-diketene [978]. [i-Substituted styrenes were 
asymmetrically converted to benzyl alcohols by palladium catalyzed asynunetric 
hydrosilylation followed by oxidation of the silane [979]. 

X v O  

PdCl2/CuCI2 / 
02 DMF/HaO~ 

X = ~,~2C 

X= CO 

r,- MPMO _O',) H 

OH 

> M P M O , v - K % ~ H  

0 
high yields 

(351) 

o.H o .= ON o OH ~ .. | 

E'°~c ,"-ff"~J~o~y'~~'~'~'o-~"'° ~ 
EtO2C., ,J~, ._  ~. OMe " .~ H ...... 

CuCt DMF 72% 0 
72% 

(352) 

0 0 0 0 OR z 

02 ~--~R = ~ -~R I R3OH CuCI =- 

89% 
95% do 

(353) 
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Secondary alcohols were oxidized to ketones by RuCt3, ROCO2H [980], and 
palladium catalysts with Andogene 464 [981 ]. 1,2-Diols were oxid/zed to 0t-diketones 
by hydrogen peroxide, and peroxytungstophosphate [982]. 

Ruthenium porphytins catalyzed the oxidation of arches to quinones by pyfidkne 
N-oxide [983]. Although isoindanone would not directly complex to chromium, its 
ketal would, which, after deproteetion allowed a rich reaction chemistry of the 
complexed ketone [984]. The catalyst RuCIzL3 with ethylene diamine and KOH 
reduced aldehydes and ketones in preference to olefins [985]. Cyclic ene dJynes 
having pendant hydroxymethyl groups were protected as their bis-dicobalt alkyne 
complex, perrmtting Swem oxidation of the hydroxymethyl group [986]. 

3.8. Organosilicon compounds 

Dienes and alkenes were hydrosflylated with good ee using ch/ral palladium 
catalysts [987]. Optically active silyl allyl epoxides underwent pallad/um 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) [990] 
and Eq. (357) [991]. 

o ~Ra 

H 

55% 

(354) 

\ / \ /  I /  / 

~ ' f "  S i -SV ~."~-.~ 
I / i  Ix I 

(355) 

Cl{Me2Si)3.,C| + R ~ R 1 Pdcat. 

R 1 \ ./ 

= R"- ~ ' S i ' ~  R 1 / \  

go~d~ 

+ v, op~ch 
(356) 

Rhodium(I) complexes catalyzed the ring opening of vinylcyclopropancs to give 
regioisomer ndxtures of unsaturated silanes [992]. Propargyl a~ohols were converted 
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R 4 

R1COCI + R2Me2SiSiMe2R a + 

R 5 

Pd2d~3 ~ RI ~ " ~ ' ~ ,  SsiMe2F~ 

R 4 (357) 

to ~-sJlyl .ketones by rhodium(I) catalyzed hydrosJlylation [993]. Rhocfium(II) 
ace~te catalyzed the insertion of diazo ester derived carbenes into Si-H bonds [994]. 
Rhodium(I) complexes catalyzed the intramolecular silylformylation of alkynes 
(Eq. (358)) [995]. 

R2H tSuI~'C~R~Co(COh. , , , / ' ~ , , , , O /  
- 

(358) 

Chromium complexed an/sole was ortho silylated with 88% ee by deprotonation 
with a C-2 symmetric chiraI amide base [996]. Platinum(0) catalyzed the ortho 
silylation of benzaldehyde im/nes [997]. Eq. (359) shows a strange silylation reac- 
tion [998]. 

Palladium(0) catalyzed the cis-bis-stannylation of alkoxyalkynes [999] and acety- 

R R RI2 

. -  =si.~ . .  " ~ "  (359) 
cp.~z 

8O,87% 

(CO)sM 1 ~ OMo 

R ScE~u= 
4O88% 

and 

R 

(36o) 
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lenic esters by hexamethylditm [ i000]. These rearrange to the trans on heating. 
Palladium(0) catalyzed the conversion of vinyl triflates into vinyl stannanes with 
hexamethylditin [1001,1002]. Terminal alkynes were converted to t ~ ~ t  vinyl 
stannanes by hydrozirconation/transmetallation [1003]. Vinyl chromium carbene 
complexes were converted to ~-alkoxy allyl stannanes [ 1004] while acetytenic carbeue 
complexes were converted to allenyl stannanes by treatment w/th tributyltin hydride 
(Eq. (360)). 

3.9. Organophosphorous and sulfur compounds 

Tungsten complexes catalyzed the metathesis of altyl diphenyl phosphin¢ to 
1,4-bis(diphenylphosphino)-2-butene [ 1005]. Palladium(O) c a ~ y ~  ~he coupt~ag of 
bromophosphabenzenes ~ith phospholes at P [ t006]. Cationic iron hexadienyl com- 
plexes underwent attack at the less substituted terminus by triphenyl pho~phin¢ to 
give the alkylated phosphonium salt [1007]. Palladium(0) complexes were used to 
cleave allylphosphonate esters on nucleotid¢ [1008]. 

Allyl carbonates [1009] acetates and chlorides [1010] were converted to altyl 
sulfonates by trea~nent vfith sodium toluene sulfinate and a palladium catalyst. 
Copper iod/de catalyzed the arylations of aryl sulfinates by aryl halides [101t]. 
Protected serine was S-arylated by aryl halides and a palladum(0) catalyst [1012]. 
Chiral manganese salen complexes catalyzed the oxidation of aryl thio ethers to 
chiral sulfoxides in l~p to 7 ~  ee [ !013]. Other reactions of organosulfur compounds 
are shown below (Eq. (361)) [t014], (Eq. (362)) [1015], and (Eq. (363)) [1016]. 

q 
S oxooe 

~ o  e(cohX.__/_ff-~_~'-~ ~- M ~ , ~ h c  _ (361) 

85% 

n 3 ~  
u(co~l 

S T . . R ,  a 0 ~. ~' 

,~2-e6% 

(362) 

3.10. Miscellaneous 

Chiral manganese salen complexes were used to resolve racemic chromenes [ 10t7]. 
Racem/c chkal propargyl carbamates were resolved by complexafion to C%(COh 
[1018]. Unusual boronating systems are shown in Eq. (364) [1019], Eq. (365)[1020] 
and Eq. (366) [1021]. An iron promoted cationic cycl/zafion h shown in Eq. (367) 
[1022]. 
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1}tBuOK =,. R2 ~,,,,,~..,,v~SMe 
2) MeOTf 

I 3) EtaN 
ON,,,Re-,PPh2 R 2 ° ~ . ~ '  

& 4 
R 2 ~ . f S ~ ' ~ , ~  R R 2 = IBu 94:6 

Me 1:1 

good yields 

(363) 

ArX + 
~ a - - B " o ~  KOAc DMSO ~" O/B-At 

60-98% 

(364) 

A,I%.O 
32% 

© 
+ pMeOPh i ' ~  ~ Ar 

© 
10% 

+ Ar-"lx. 
49% 

(365) 

d R ~ ~ R 2  cat. R~ R~ 

70-95% 

(366) 

PhS Fe(CO)2C p 

65% 

(367) 

4. Reviews 

The following reviews have appeared: 
Transition metal catalyzed synthesis of seven mernbered carbocyelic 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  TaxoI (30 references) [t026].  
Synthetic applications of  the O H  insertion reactions o f  earbenes and carbenoids 

derived from diazoearbonyl and related diazo compounds (248 references) [1027]. 
Thermolysis,  photolysis, and transition metal catalyzed 3,4-benzo- 

1,1,2,2-tetraethyl-l,2-disilacyclobut-3-ene (53 references) [ 1028]. 
High selectivity induced by neighboring group effects in C - C  bond-forming reac- 

tions with organotransit ion metal reagents (53 references) [t029]. 
Regio- and stereoehemJcal aspects of  the pal ladium catalyzed reactions of  s~anes 

(163 references) [ 1030]. 
Activation of  the Si-Si-bond by transit ion metal  complexes ( 145 references) [ 1031 ]. 
Redox induced radical and radical ionic ca rbon-ca rbon  bond forming reactions 

(284 references) [ 1032]. 
Ligand accelerated catalysis (89 references) [1033]. 
Stereoselective reactions mediated by functionafized diorganozqncs (56 refer- 

ences) [1034]. 
Transit ion metals in organic synthesis. Annual  survey 1993 (947 references) [ 1035]. 
Transit ion metals in organic synthesis. HydroformyIat ion,  reduction, oxidation. 

Annual  survey 1993 (708 references) [1036]. 
Atom economy ~ A challenge for organic synthesis: homogeneous catalysis leads 

the way (159 references) [ 1037]. 
~-Monohalo  ethers in organic synthesis (231 references) [ 1038]. 
Preparat ion of  heterocyclic and carboeyclic compounds  by the use of  an allylzinc 

and an aUylpalladium in tandem (76 references) [1039]. 
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