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I. General Comments
This annual survey covers the literature for 1978 dealing with the use of

transition metal intermediates for organic synthetic.transformations. It is
not a comprehensive review but is limited to reports of discrete systems that
lead to at least moderate yields of organic compounds, or that allow unique
organic transformations, even if low yields are obtained. Catalytic reactions
that lead cleanly to a major product and do not involve extreme conditions are
also included.

The papers in this survey are groupedprimarily by reaction type rather than
by organometallic reagent, since the reader is 1ikely to be more interested in
the organic transformation affected than the metal causing it. Specifically
excluded are papers dealing with transition metal catalyzed hydrosilation,
since these are covered by another survey in this series. Also excluded are
structural and.mechanistic studies of organometallic systems unless they pre-
sent. data useful for synthetic application. Finally, reports from the patent
Titerature have not been surveyed since patents are rarely sufficiently de-
tailed to allow reproduction of the reported results.

The number of papers reviewed this year has again increased over that of
last year, with most of the increase in the areas of carbon-carbon bond form-
ing reactions, asymmetric homcgenecus hydrogenation and solid phase supported
catalysis. This increase reflects the growing activity in these areas.

II.. Carbon-Carbon Bond Fofming Reactions
A. Alkylations
1. Organic Halides

Treatment of (3-methyl-3-methoxy-1-butynyl)copper, readily available
from the acetylenic ether MeOCMe,C=CH, with a variety of organolithium reagents
produces soluble mixed cuprates which efficiently alkylate a variety of organic
halides. In addition this reagent also transfers its R group to «,B-unsaturated
ketones to produce g-alkylated saturated ketones [1]. Phenyl isocyanide reacts
with t-butyllithium and TMEDA to form an o-lithiated t-butyliminolithium
compound, which dialkylates in the presence of copper{l) chloride and methyl
ifodide (eq. 1) [2]. Long chain terminally bifunctionalized (i.e., diols and
bromoethers) alkane and alkyne derivatives were prepared by the reaction of the
Grignard reagent, a tetrahydropyranyl ether of an eleven carbon w-hydroxyalkyl
bromide, with a long chain (C12-Cyy) e¢,w~dihalide usingLi,CuCl, as catalyst (eq.
2} [3]. o-Haloketones reacted with Grignard reagents to form the corresponding
a-halomagnesium alkoxides. These reacted with aryl or vinyl Grignard reagents
to replace the halogen with aryl or vinyl groups, producing tertiary alcohols
[4]. The copper catalyzed coupling reactions between Grignard reagents and
functionalized organic halides is the topic of a dissertation [5]. Mixed 1ithium
halide-magnesium halide salts of vinyl copper complexes reacted with Bg-iodo-
alkynes to produce eneynes in excellent yield (eq. 3) [6]. Long cﬂain alkyl
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tosylates reacted with long chain Grignard reagents in the presence of Li,CuCl,
catalyst to form even longer chain alkyl products. Both members contained a
chiral center remote from.the site of reaction,whose stereochemistry was main-
tained [7]. Terminal alkynes bearing remote hydroxyl, methoxyl, and tetrahydro-
pyranyl ether groups reacted with propargylic and allylic halides in the presence
of copper(I) chloride and DBU to couple. This procedure was used to synthesize
eicosatetraynoic acid, alcohol and aldehyde as well as nonadecatetraynesulfon-
amide [8].

Ketones were o-t-butylated by conversion to the silylenol ether followed by
reaction with t-butyl chloride in the presence of titanium tetrachloride, ferric
chloride or zinc chloride (eq. 4)[97]. Alkenyl iodides coupled with alkenyl
Grignard reagents in the presence of palladium(0) catalysts to form 1,3-dienes
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in which the stereochemistry of each double bond had been maintained. Alkyl

and alkynyl Grignard reagents couple in a similar fashion [10]. Arylcopper
complexes reacted with 1-ethoxy-2-iodoacetylene to produce 1-ethoxy-2-arylacety-
lenes in fair yield [11]. Unsymmetrical internal alkynes were prepared by the
nickel (mesalen), complex catalyzed reaction of trialkylaluminum complexes with
bromoacetylenes {{12]. Alkyl and aryl pyridazines were synthesized by the cross
coupling reaction of chloropyridazines and Grignard reagents catalyzed by nickel
phosphine complexes (eq. 5) [13]. Reaction of the same substrates with terminal

X C1 X

— RMgX ) —
\ / or LoN1 C]z . \ / (5)
N—N ArigX N—N

X = 6-Me, Ph, MeO, —N s R = Me, Et; Ar = Ph, a-naphth-, a-thienyl

alkynes in the presence of a PdC1,(PPh;),~Cul catalyst and one equivalent

of diethylamine produced alkynylpyridazines [14]. In a similar fashion, poly-
chloropyrimidines were polyalkylated or arylated by Grignard reagents in the
presence of a nickel-phosphine complex catalyst [15].

Monosubstituted acetylenes condensed with aryl or pyridyl iodides in the
presence of copper(l) iodides, producing disubstituted acetylenes [16]1. Alkynyl-
zinc reagents condensed with aryl halides in the presence of PdC1,{PPh3), or
Pd(PPh;), catalysts in a similar fashion to produce internal arylalkynes.
Substituents including methyl, methoxy, cyano, and nitro were tolerated, and
hetercaromatic halides such as 2-bromothiophene reacted well [17]. Polystyrene
supported paliadium(0)-phosphine complexes catalyzed the reactions of aryl halides
with olefins to give styrenes (Heck arylation), with terminal alkynes to pro-
duce aryl acetylenes, and with Grignard reagents. The activity of the support-
ed catalyst in these reactions was comparable to that observed for the corre-
sponding homogeneous catalysts [18].

A key step in the synthesis of stegnacin was the reaction of an arylcopper
complex with a tetrasubstituted aryl iodide to form the biaryl for further
raaction.(eq. 6) [19]. An approach to the indole rinc s;stem involved the
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MeO
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MeO \(j |
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O Br

{ (6)
Me0 g COOMe
C00Me
OMe
stegnacin

OMe

reaction of an aryl iodide with a copper functicnalized acetylide (eq. 7).
This copper reagent also cleanly alkylated acid halides, as well as vinyl, allyl
and benzyl halides [20].

' C=C~CH=CHOMe
)@( +  CuC=C-CH=CHOMe _E}’_"Zﬂi"e—;
R NO, p o,
OMe
1) KOH, MeOH . .
2) H*, aq. MeOH 0 OMe o Foon
R NO,
mCHQCH(Oﬂe)Z
R N

References p. 430



306

Allyltributyltin reacted with a-chloroketones to produce epoxides in the
presence of Pd(PPhj), (eq. 8). In contrast, replacement of halogen by allyl

0 Q-
. ALBN - . /\/SDBU3
R/ —_— R Pqu
. c1
(8)
0
RI
R
/
was observed in the presence of AIBN [21]. The reaction of a %—a]]y]nicke]
halide with a primary alkyl iodide was used to introduce an isoprenyl group
in the synthesis of dictyolene (eq. 9) [22]. The terpene geraniol was syn-
thesized by the reaction of prenyl bromide with oxygen functionalized w-allyl-
nickel halide complexes [23].
Br
N
+ B
(41\>///{ —_—
(9)

2. Acid Chlorides

Highly branched ketones were prepared by the reaction of hindered acid
chlorides with neopentyl magnesium halides in the presence of copper(I) chloride
{247. Diaryl ketones were obtained by the reaction of substituted aroyl
chlorides with bis-(1,5-cyclooctadiene)nickel. Side producfs included biaryls
and diketones [25]. An extremely wide variety of acid chlorides were con-
verted to ketones by reaction with tetraalkyl, aryl or benzyltins in the pre-
sence of PhCH,Pd(PPh3)>C1 as a catalyst. The reactions were rapid, proceeded
in high yield, and were not air sensitive. Functional grdups including cyano,
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chloro, bromo, nitro, carbomethoxy, formyl, furanyl and olefin were tolerated
[26]. A similar reaction using Pd{PPh3)y, as a catalyst in benzene required
considerably more severe conditions.and went in lower yield [271. Acid halides
reacted with substituted allylsilanes in the presence of titanium tetrachloride

to produce dicarbonyl compounds (eq. 10) [28].

- 0
SiR . H
a 3 o TiCl, .
+ R'C-C1 W R (10)
0SiR3 0

g-Ketophosphonates were synthesized from the methylphosphonates by a
sequence involving lithiation, reaction with copper(Il) halide, and coupling
of this organocuprate with an acid halide (eq. 11)[29]. With ethyl chloro-

0 0 ' 0o 0
n . " - . -l CUX N 1n [ .
(RO),P-CH3 + n-BuLi ~ (R0),P-CHp Li 2) R COTT (RO),P-CHy~C-R (11)

R* = alkyl, aryl, alkenyl, alkynyl, PhOCH.

formate as the acid halide ethyl dialkylphosphonopyruvates were available [301.
Organocuprates alkylated c-phosphonate carbenpids and «-ester carbenoids, form-
ing an unsymmetrical cuprate which itself can be further alkylated or acylated

by addition of an alkyl or acid halide (eq. 12) [31,32].

Li O CuR! CulLiBr
1 " L 1 n
R—C—P(0Et), + R'CuLiBr - |R—C—P(OEt)s| -~ R—C—P(0Et), —X,
1] ] n - [1]
c1 c10 R' 0
(12)
Rll
R—C—P(0Et),

R* O

3. Otlefins

Palladium(II) complexes continue to be the most efficient reagents for
the direct alkylation of olefins and a number of useful procedures based
upon "Heck" arylation have been developed recently. Aryl halides bearing a
wide variety of fﬁnctiona] groups including nitro, amino, acetamide, formyl,
bromo, carboxy and pyridinyl react with ethylene in the presence of palladium(1I)
acetate and tri(o-tolyl)phosphine at 125° in OMF to form the corresponding
styrenes in 40-80% yield. Small amounts of stilbene byproduct were gbserved
[33]. A number of heteroaromatic bromides react in a similar fashion, adding
to more complex olefins such as 4-vinylpyridine, styrene, and methyl acrylate.
The heteroaromatic halides used included 2- and 3-bromothiophene, 5-bromo-
indole, 3-bromoquinoiine and 4-bromoisoquinoline. The yields were 50-80%, with
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arylation occurring exclusively at the less substituted end of the olefin [34].
Aryl halides alsc added to N-vinylpyrrolidinone and N-vinylphthalimide (eq. 13)
[35]. With 1,3-dienes, this same arylation system gave fair yields of 1-

substitution if the diene was conjugated to a carboxylic acid group. Simple
alkyldienes produced tertiary allylic amines via w-allylpalladium complex

intermediates (eq. 14) [36]. This chemistry was used to an advantage in the
introduction of alkyl side chains into pyrimidines. Thus, 5-iodo- or 5-
(chloromercurio)pyrimidines reacted with vinyl acetate (eq. 15) [371 to pro-
duce 5-vinylpyrimidines, while it or the 5-{chloromercurio)pyrimidine reacted
with dihydropyran to introduce the dihydropyran group at the 5-position (eq.
16) £38,39]. -

g ~
0 Pd(0AC) N 0
' 1

100°, 8 hr

_n N
Ar/,/“\\vzzﬂ\\\//’ <:::::> S ArX & :;§A\\‘§§>\\\Y I

H

(14)
Pd[P-(g-tO] )3]n /\\/\\\/Y
100° Ar :
< > Y.= €00~
NH
0 0
~N I/H\N'/ OAc ~ /u\ 1
N . / L,Pd(0Ac), f ‘ (15)
~ - ~ .
Y 0
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(16)

HgOAc

Styrene reacted with phenylmagnesium bromide in the presence of PdCl,, lithium
chloride, tributylamine and acetonitrile to produce stilbene in 1000% yield. based
on palladium. Copper(II) chloride was used as the oxidant [40]. Benzene and
toluene directly arylated l-octene and 1,3-dienes in the presence of palladium{II)
salts [41]. Diphenylketene reacted with aromatic hydrocarbons and carbon monoxide
to produce aryl ketones in the presence of Rh,(C0),, catalyst. Isocyanates
reacted similarly to produce benzanilides (eq. 17) [42]. Propene underwent a

Ph,C=C=0 + PhH + CO L‘ihz%g%)—m» Ph,CHCOPh (17)
30 kg/cm? 68% : :

a direct allylic alkylation by diethylmethyimalonate in the presence of a hetero-
geneous palladium(0) catalyst species produced by 8-hydride elimination from the
vinylic alkylation of propene (eq. 18) [43].

:/ + T(COOEt)y, + pd(1D) —THE. />—C(C00Et)2 + Pd(0)

CH3 CH3
2N _~_—~C(CO0EL), (18)
TZC(COOEL), e

CHy

(Dimethylaminomethyl)ferrocene was o-palladated and the resulting complex
reacted with a number of olefins to give 1,2-disubstituted ferrocene derivatives
(eq. 19) [441. 0lefins were hydroaluminated with LiAlH,, then coupled to
allylic halides in the presence of copper(I) chloride. Since the product has
the allyl olefin at its terminus, the procedure can be repeated, allowing

HZ NMeZ
“\NMe,
Pd.__’ S
~ : = R
e 1A 7N — Fe (19)

R = Ph, COOEt, COOMe, CN, COMe, COPh
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facile chain extension [45]. Dialkylaluminum halides alkylated 3-butene-1-ol
in the presence of titanium tetrachloride [46]. Copper sulfate promoted the
addition of diazomalonates to allylsulfides to result in an overall allylic
alkylation (eq. 20) [47].

CF3
S-——<<
(CF3)a6—S CF,
. | KE Ny CuSo
S—C(CF3), ~DMF N,C(COOEL),
110°
cpz\l/cr3
S+ _COOEt COOEt
:{\‘/(-) SCH(CF3), . (20)
5 — o
COOEL e
AN COOEt Na,HPO,

COOEt

COOEt -

90%

4, Decomposition of Diazocompounds .
The full details of the formation of cyclopropanes from olefins and
ethyl diazoacetate in the presence of chiral cobalt catalysts have appeared
(eq. 21) [48]1. The olefin must be styrene or a butadiene, since simple olefins

R COOR! COOR*
RCH=CH, + N,CHCOOR® —gohiral, T+ _ (21)
R\/
1 : 1

92% yield
do not react to any extent, nor do electrophilic olefins such as acrylonitrile
or ethyl acrylate. UWith the ethyl ester a 1:1 mixture of cyclopropane isomers
was obtained in up to 75% optical yield. With the neopentyl ester, greater than
95% trans product was obtained £497. The mechanism was claimed to involve
coordination of the diazoester to ccbalt, formation of the cobalt carbene,
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attack of the olefin to form a cobaltacyclobutane, and decomposition to products
[50]. The use of this type of reaction for the asymmetric synthesis of chrysan-
themummonocarboxylic acid has been reviewed (25 ref.) [51]. The use of palladium
complexes to catalyze the reactions of ethyl diazoacetate with olefins led to
somewhat different results. The reaction showed a strong dependence upon the
halide, and was independent of added ligand. Hence use of chiral ligands led

to no asymmetric induction [52]. The reaction of methyl diazoacetate with
alkynes to give cyclopropenes was catalyzed by Rh,(0Ac),. The reaction pro-
ceeded in quite good yield with aliphatic alkynes, but failed entirely with
phenylacetylene and ethoxyacetylene. With acetylenic alcohols insertion of the'
carbene into the 0-H group was competitive with cyclopropenation [53]. Bis-
diazo diketones cyclized to cyclic enediones when treated with copper(II)
acetylacetonate (eq. 22) [54]. The cyclopropanation of strained olefins by
diazomethane was catalyzed by w-allylpalladium chioride complexes (eq. 23) [55].

G
CHN
2 Cu(AcAc) ’ (22)
(CHy) | LulAcAc)y , (CHz), | + (CH2), o
CHMNy
0 .

n-=4,7,8,9,10,12,16 n=7,8,9,10,12,16
ratios from 1:3 to 1:10 cis to trans

(]
TN
d 2
~ .
quantitative

5. Cycloaddition Reactions .
The reaction of o,a’'-dibromoketones with iron carbonyl produced an

oxallyl iron(II) species which underwent a number of reactions of great
synthetic utility. The mechanistic aspects of this reaction were studied, and
it was concluded that the reagent formed through an enolate intermediate which

(23)
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converted to the reactive oxallyl cation complex [56]. Reaction of this ox-
allyl complex with dienes.led to cycloheptenones, in a 3+4-cycliocoupling (eq.
24). With furans and pyrroles, bridged bicyclic compounds formed (eq. 25,26)
[571. This chemistry was used in the synthesis of the tropanoides thujaplicin
{(eq. 27) and nezukone (eq. 28) [58], as well as the tropane alkaloids (eq. 29)
[597]. - With styrenes a 3+2 » 5 cycloaddition occurred to produce 3-aryl-
cyclopentanones (eq. 30) T60]. The olefin had to be able to stabilize positive

Rl 0 Rl

-0
R RE
. 2 R2 2 -
R + + Fey(C0)g — (28)
U 3 .
Br Br R R - )

- ]
“lr[k’L + Z/ \> + Feg(CO)g — e (25)
~ Br Br '

Br

0 .
Br Br ’

Br

CO0Me

» + C\ND/ + Fez(CO)g —_—

80%
0
B
70%
0
OH : (27)

e-thujaplicin
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\\1’/H\‘(’/ Z:_:§>—- 1) Feo(CO)
2 Zn/Cu

(28)
0 -
]) H,, Pd/C
Y FSOH
3) bDQ
’ nezukone
0 COOMe MeOOC\\N
Br. r M (o)
Fe, { C
+ i\ /7 =
Br Br
~
(29)
1) H,, Pd/C
2) DIBAH
OH
Q
R R R .
+ Ar + Fes(C0)g — (30)
Br Br
r

charge for this reaction to be successful. Enamines coupled in a similar
fashion to produce cyclopentenones (eq. 31) [61]. This chemistry was
used in a one-step synthesis of (x)}-a-cuparenone (eq. 32) [62].

The adduct with furan was used to develop an elegant stereocontrolled approach
to C-nucleosides such as pseudouridine (eq. 33) [631 and showdomycin (eq. 34)
[64]. Simple olefins reacted with o,a’'-dibromoketones and Fe,(€0)s to give a
number of products (eq. 35)}(65].

Copper triflate catalyzed the photocycloaddition of allyl alcohols to
norbornene systems to produce tricyclic compounds (eq. 36) [66]. "Norbornadiene
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8 \ e
+ FeZ(CO)g
C
0
(31)
R R
A
B
+ F87(C0)3 (32)
Br Br
18%
0
Br Br
+ [/ \) + Fe,(C0)g — _In/Cu
Br Br 0
0

0

| ]
1) H,0,, 0O, cat. e CF4COOH _
2) acetone, T
O

70%
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’,H
\NMEZ
1) uref (33)
Et0
2) IN HC1
pseudouridine
g 1) resolve
1
2) (MesN),CHOC-
92% 0,
OH N
— - NP (34)
H OH
showdomycin.
‘ ]
Ph ’
R .
+ + FEZ ( CO) g —
Br Br
(35)
0 ]
Ph R Ph R Ph R Ph
R + R + R + .
= =
R
14 : z29

52 : 5. :

35% overall yield
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OH hv
m * ”/\ Cu0TF ~

OH OH

4 : 1
76%

underwent a cycloaddition with alkynes in the presence of a Co(AcAc);/Et,AIC1/
diphos catalyst (eq. 37) [67]. A thesis entitled "Metal Assisted Cycloadditions.
The Formation of Substituted Carbocycles" has appeared [68].
6. Alkynes
A number of new methods for the alkylation of alkynes involve hydro-
metallation followed by alkylation of the vinyl metal complex. In this fashion

Co(AcAc),
teoen2 _EtoAICT
/ + RICzCR S s (37)
R! = H, Ph, Me, Et g1 R2
RZ = H, Ph :

1,3-dienes were produced by hydrozirconating terminal alkynes followed by
treatment of the vinylzirconate with vinylbromides and a palladium(0) catalyst
(eq. 38) [69]. Only terminal alkynes reacted in this system. However, internal
alkynes were alkylated when treated in dfisobutylaluminumhydride, followed by
aryl, alkynyl or alkenyl halides and a palladium(0Q) catalyst as well as zinc
chloride cocatalyst (eq. 39) [70]. Vinyl zirconates from hydrozirconation of

R H Br
RC=CH + Cp,Zr(H)C1 — — ¥ L.Pd —
i Pz = cat. .
H r R®

>80% E,E

-

(38)
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R R
) _ >_< , L,Pd
RCZCR' + i-Bu,AlH — R e
, H Al
(39)
R R*
H Rll

S

internal alkynes also underwent alkylation by halides in the presence of both
Pd(0) and zinc chloride cocatalysts. Hydroboration of terminal alkynes with
dialkyiboranes followed by treatment with palladium(II) acetate in triethyl-
amine/THF led to alkylation of the alkyne, while the same reaction with internal
alkynes resulted- in simple reduction to the alkene (eq. 40) [71]. Hydrosilation

R " R H
Pd(0A —
RC=CH + R'sBH — >——-( —%ﬂflz—» >—< (40)
H Rt , THE H R
R = Bu, Hex, Ph, Oct; R' = Bu, Et, Ph, (CH,);COOMe
R H R. H
. i HoPtClg _ KF _
RC=CH + Hsic1, —H2Ptlle >_< 3 >——<
H SiCls H Sifs

C1 (47)
¢;§~\\//’
Pd(OAC)z

of terminal atkynes followed by treatment with allyl chloride and palladium(II)
acetate resulted in atlkrlation (eq. 41). This process provided an approach to

macrocyclic lactones (eq. 42) [727.

References p. 430



318

- 1) HSiCla, HPtClg R
HC=C-(CH2)6CO0Me  —y G |

3) Z2"C, pd(0AC),

PdC1,/CuCl ] NaBH,,
— DMF CO0Me | 0 0
H,0/0,

Alkynes were methylated by reaction with trimethylaluminum in the pre-
sence of Cp,ZrCl, as a catalyst. The reaction was an exclusive cis addition
[73]. This chemistry was shown to proceed through a vinyl alane rather than a
vinyl zirconate, and the reactive aluminum compound had a great deal of useful
chemistry of its own (eq. 43). Geraniol and ethyl geranate were prepared by

this procedure (eq. 44) [74]. The reagent resulting from the reaction of
trimethylaluminum and Cp,TiCl, also methylates alkynes in a c¢is addition [75].

CO0Me

(42)

R H R H
Me  COOEt Me  CH,OH
86% 22¢
4+
Im CODEt CH,0
' (43)
R H R H R H
RCZCH + Ma,Al Cp,ZrCls >——-< BulLi >—~—< _C0p . >___<
Me AlMe, Me ATMe,Bu Me COOH
64%

C1CH,0Me

—————

]
T

Me CHZOMe
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=
M/ + MegAl CppZrCi /K/\J\/A]Mez’

BuLi ’/J<§;/,~\\//J<§;//VTMezBu ) (44)

CHjii////’ \\\\\fifOOEt
,/’L§§,/’\\v//li§;//~\\ ’ ,//L§§//ﬁ\\\/’lt§;/’cOOEt

OH

Methylmagnesium bromide added to trimethylisilyl-T-octyne in the presence of
a Me3zA1/Ni(AcAc), eqtalyst produced a mixture of vinyl magnesium halide complexes.
These reacted with a variety of electrophiles including aldehydes, iodine, and
alkyl halides to allow further functionalization of the alkene (eq. 45). When
ethylmagnesium bromide was used, hydrometallation resulted [76]. The reagent
CH3Cu(Me,S)-MgBr; added in a syn fashion to terminal alkynes to give the corres-
ponding vinylcuprate which reacted with allyl bromide, acetyl chloride, 2-
cyclohexenone and ethylene oxide to undergo reactions typical of such copper
species (eq. 46)[77]. Polymeric RCu complexes.add to alkynylsulfoxides in a
cis fashion to produce the vinyl sulfoxide (eq. 47) [78]., The use of RaCulLi

+
. MeaAl E
CGH]_ 3C5CS]M€3 + CH3MQBY‘ NI (T\SAC)27 —
(45)
H13C5 S'iMe3 H13C5 E
— + J—
chy; E CHy  SiMeg
9 : 1

E = RCHO, RX, I,, H'
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CuBr{Me,5S)

CH3MgBr EE;0, Me,S- —455 CH;Cu(Me»S) -MgBr, + RC=CH ———
(46)
H4C CuMe,SMaBr H5C E
— et __
“HMPA | >
R H R
60-90%
: 0
t Br ,/ﬂ\\, fE
E-= H b /\/ E) \-']s >
0
R S(0)Et
R'Cu + RC=CS(0)Ex —LTHE, — (47)
2) H
R* H

100% cis addition

complexes in place of RCu lead to lower yields of-less pure material. The
triple bond of conjugated enynes also underwent alkylation with RCuMgCl-MgC1Br
complexes to give vinyl coppers which react further with electrophiles (eq. 48)
[79]. Finally, L,;NiCl, catalyzed the addition of Grignard reagents to internal
alkynes to produce vinyl Grignard complexes (eq. 49) [807.

-

R

— /Y\Cu (48)

R

/
—/ +  RCuMgC1-MgCl1Br

i

P
/Y\COOH



' R R R '
RC=CR + R.MgX 10% L2N1C]2 N 020 . >_.____<1 (49)
R MgX g b

Terminal alkynes reacted directly with allylic halides in the presence of
palladium(II) chloride to couple. The resulting diene was oxidized with PdCl,/
. 0, and then ring closed to form dihydrojasmone (eq. 50) {81]. The mechanism of
the reaction of diphenylacetylene with CpCo(Me),PPh; to produce PhCH{Me)C(Ph)=CH,
has been studied [827. Dimethylacetylene dicarboxylate reacted with a,w-~ i
dodecatrieny]nicke] to produce a number of large ring compounds (eq. 51). Ethyl
propiolate reacted to give a single product, but in low yield (eq. 52) [831.

g
A~ . S~~~ _PACI(PRCN),

= > PdC1,/CuCl,
0>

C1
84%
(50)
N
4//u\\v//AqiT//A\\~/”\\y/”\\\ conc. H,S0.
Cc1
62%
0
0
NaQH
—_—
0
75% 87%
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IR My
IZ&j//\\\/;] + Ft0,CC=CCO0Et -—b ——> -
—

(]
o
+

~
21%
0 COOEL COOEE
+ +
N\ )
COOEtL COOEE
17% 1% 20% .
(51)
* COOEt
COOEt
20%
0o 00Et
+ HC=CCOOEt —— (52)
29%

7. Allylic and Propargylic Alcohols, Acetates and Halides

Allyl alcohols were reacted with heteroaromatic halides in the presence
of palladium(II) catalysts in polar solvents to replace the halogen with a car-
bonyl containing side chain. The reaction involves addition of "Ar<Pd" to the
olefin followed by elimination of “PdH" towards the alcoholic carbon, producing
an enol which rearranges to the ketone (eq. 53). In this fashion, 4-bromo-
2,6-1utidine [84], 3-bromopyridine [85], 2-bromothiophenes [85], and 2-bromo-
5-carboxyfurans [87] were alkylated. The reaction with the bromothiophenes
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was used to prepare the queen bee substance (eq. 54) [86].

CH
R' Pd(0Ac), -PdH
= 5> =
ArX + /Y Ph,P, NatiCOs Al"\/<le
HMPA, 100° Pd

OH

(53)

I /\/lk
Ar/\)\a' i’ Ar R
- Bv
- Br
~
e LT A e A
] N S Br R'00C ) Br -

0
¥ e
\@/ /\( \/ COOMe-
OH .

1) ud \
H

0 OH
2) Ra Ni

0 0
></\/\/\/C00Me (54)

Me0,C Br S COOMe
\Q/ + /\)\ou - W A

0

The hydroxyl group of allylic alcohols was directly displaced by RCuBF3 with
allylic transposition. Allylic acetates reacted in a similar fashion while allyl
ethers were unreactive [(88]. A similar reaction was affected as in eq. 55 [891.

References p. 130



324

R3 R3
RY R!
R 1) CHsLi R
= H 2) Cul- N R ~ (55)
3) RL1
R2 RS 4) BusP*N(CH3)PhI~ R2 RS
S

1°, 2°, 3° allylic alcohols react R = nBu, ¢ :>(-), etc.

=

Allyl acetates containing a trjmethy]si]y] group on the olefin reacted with
dialkylcuprates to undergo alkylation with allylic transposition, producing
trisubstituted vinyl silanes (eq. 56) [90]. As an early step in the synthesis
of cytochalasins, 2,4-hexadienyl acetate was alkylated (without allylic trans-
position) with a long chain «~THP Grignard reagent in the presence of Li,CuCly
(eq. 57) [91]. The alkylation of all four double bond isomers of 2,4-heptadienyl
acetate by Grignard reagents in the presence of Li,CuCl, was studied. For the
EE substrate, the alkylation was stereospecific. For the other isomers, double
bond isomerization occurred to some extent [92].

Sitle 3

Rz R2 CHZ R3 RI R3
10X 3, Culd = 3 =
R ——? + R ZCULT _— + = (56)
OAc Rl ™S R2 ™S

60-80%
from 1:1 to 92:8 E:Z depending on bulk

NS NS i
Me /\/\/\OAC + BrMge(CHs);q—0 1) Ll CuC1
0 2) H , MeOH

(57)

CH, ) oCH, OH
o™Xy~ () 10CHy

The reaction of trans-2-methyl-1-vinylcyclohexyl acetate with 1ithium dior-
ganocuprates gave a 1:1 mixture of E and Z isomers of the SN2' product, while
the cis-substrate gave exclusively the E olefinic product (eq. 58) [93]. Allyl
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 acetates were directly alkylated by terminal alkynes without allylic transposition

using a nickel(0) catalyst [947.

H H
H,C=CH OAc

s I |

Me,Cul i +

1 : 1 (792)
but . (58)
AcO  CH=CH, H

s l

Me,Culi

—_——
763

Treatment of 5-(chloromercuri}uracil nucleosides with allyl chloride in the
presence of 1ithium chloropalladate gave 5-allyluridine in good yield. Rhodium(III)
and rhodium(I) complexes did not catalyze this reaction [957. Vinyl mercuric
halides reacted with allylic halides in the presence of palladium(II) chloride
to produce 1,4-dienes in which the allylic group had undergone an allyl trans-
position (eq. 59) [96]. Allylic chlorides underwent alkylation without allylic

R R! R .
+ :>€N\\¢//x __PdCl, - (59)
- 3C1, THF R*
HgC1l
(allylic
transpcsition)

transposition wnen treated with the complex resulting from an organolithium
reagent, copper(Il) iodide and dimethyl sulfide [97]. Lithium tetraalkylaluminates,
produced in the titanium tetrachloride catalyzed reaction of Tithium aluminum
hydride with alkenes, alkylated allylic halides in the presence of copper(I)
chloride. Some allylic transposition was noted (eq. 60}{987]. (Cis and trans

allylic ethers containing a chiral center « to the olefin reacted with
methylmagnesium iodide/copper(I) iodide. The reaction was shown to be a trans
substitution (eq. 61) [99]. An allylic dithiocarbamate reacted with butyl-
magnesium bromide/copper(l) iodide with almost complete allylic transposition

in THF/ether and almost complete retention in ether {eq. 62} [100].
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X

Ren=c, M, Liai(oHyoHR), ¢ PN DO

(60)
RCH,CH,CH,CH=CH,

0 CHO0H MeMgI/Cul —> S \~~H + WHZOH_
Me‘;fL\¢4J Me

H _ >90% S , (4:1)

' Et
CH,OH
+ Hel“(g I/Cul E— A)Y ~Me + WC}‘on

CH,04 H
H
>90% R . (1:2)

(61)

Et,0 . BUNo -0
o

4
©:F\>_S + BUI"'ng + Cul — (62)
S \—\‘
\ Ph
LTHF = =
oy //A\\r//

Bu

Ph

Propargyl halides reacted with ketones when treated with low valent chromium
species (generated by the reaction of 1ithium aluminum hydride with chromium({III)
chloride) to produce allenic alcohols (eq. 63) [101]. Grignard reagents reacted
with propargyl halides in the presence of CuBr,, FeCl; or NiBr, to produce
allenes by an SNZ' type process in excellent yield (eq. 64). Chromium, manganese,
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rhodium and silver salts did not catalyze this reaction, and t-butyl Grignards
did not react [102]. 1In contrast, 1ithium dialkylcuprates reacted with propargyl

. 0 -
B
/ ) ,/JL\\ CrC1./LiATH /s
CeHy— = *oge R L HaC=C= (63)
R

OH
76-80%

R*(H)
RCH-CZCR' (H) + R'Mgx -2 gensc=c

C1

(64)
Rll
80-90%

R" = n-Bu, sec-Bu, Et, Me

halides to produce allenes as well, but t-butylcuprates reacted cleanly, forming
_t-butyl allenes in high yield [103]. Propargyl halides reacted with enolates

of p-ketoesters to form furans ultimately (eq. 65) [104]. Lithium tetraalkyl-
aluminates formed from the titanium tetrachloride catalyzed addition of 1ithium

R3 1
0 By " COOR
no__ :
R2-C-CHCOOR! + R3-CH-C=CH ]; DMF, CuBr \
2) H,0, OH
= N7 ke
48-637
R3 COOR! (65)
___H /R
Et,0, 20°
: 07 TR2

aluminum hydride to alkenes, reacted with propargyl bromide itself in the presence
of copper(I) chloride to produce terminal allenes by an SNZ' reaction [105]. In
contrast, propargyl acetates of trimethylsilyl acetylenes underwent alkylation

by lithium dialkylcuprates exclusively by an SNZ path, with no allenic product
having been formed. This was attributed to the steric bulk of the trimethyl-
silyl group, which suppressed attack on the acetylenic position [106]. The
copper enolate of ethyl acetate reacted with propargyl halides or tosylates

to form allenic products. In contrast the 1ithium enolate produced strictly
acetylenic products. This allene forming reaction was used to synthesize the
odor constituent of Bartlett pears (eq. 66) [107]. Propargyl tosylates reacted
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OR

OCu
+ CH2=C—0Et —_—

C=C-CHy

_ , .
c=c=c\\\//u\\ 1) NaOEt o
f”L\\//A\"’J\\V// OEt ~ZY 30 ACT (66)

/k/\/k/\»“sk&"ﬁc 00 Et

with Grignard reagents in the presence of copper{Il) bromide to form allenes,
which when subjected to refluxing diglyme underwent a Cope rearrangement (eq.
67)C1087. Simple chiral allenes were prepared by converting racemic propargyl

R].
= 1) Buli > = 1) TsCI/KOH
)< D RTHO HO N Z) RZMgBr/CuBr

R® (67)
RL — :

diglyme
reflux

0

80% Z, 20% E

alcohols to diastereomeric carbamates with a chiral isocyanate. Resolution of
these carbamates followed by reaction with 1ithium dialkylcuprates led to the
chiral allenes in 60-70% yield and 20 to 82% enantiomeric excess (eq. 68) [109].
Propargyl alcohols were made to undergo SNZ’ formation of allenes upon reaction
with Grignard reagents in the presence of copper(l) iodide by initial treatment
of the alcohol with 2-fluoro-N-ethylpyridinium salts [1100. Acetylenic systems
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R,'C \\\ -~
uli C=C=C
(RsR) —2——r ne” “'R
0 (s)
"
OH 0-C-NR*
R-C-C=CH + R*NCO —— R-C-C=CH (68)
H H
(%) v . resolve
. _-R
(S,R) R2CUL1 . \C_C_
\H
(R)

which had an ether group at one propargyl position and a dialkylamino group at
the other underwent reaction with methylmagnesium iodide and copper(l) iodide
to produce the allene resulting from SNZ' displacement of the ether group. In
contrast, use of n-butylmagnesium bromide and copper(I) iodide in THF led to

a formal S, 2' displacement by hydride (eq. 69)C1111.

CHaMglI Me_ — CHiMe
Cul, Et,0 = _ g3
Me\(')Me _R3 .
_C-C=C-CENT - —— o)
H Me
]) BUM@Y‘, Cul N \ o~ -
THE H’/C_C_CHCHZN\\Me

2) H,0

Propargyl sulfinates reacted with organocopper(I) complexes in a syn 1,3
substitution reaction to produce allenes. The stereochemistry was demonstrated
in a steroid system (eq. 70) [112]. 1In contrast in an open chain compound the

same reaction was shown to proceed by an anti 1,3-substitution (eq. 71) [1137.
Me
0S0Me o

Me ‘ =CH ”
C

+  MeCuBr-MgCl —— (70)

MeO
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-Ph . R -Ph
PP [RCuBriMgX-LiBr N
HC=C-C = : {(71)
N~y THF, -60° 7 o
Me056 H H
R R(-)

90% yield,
88% optical yield

Tetraalkylaluminates reacted with allenic halides in the presence of copper(I)
chloride to produce alkynes in a SNZ' reaction {114]. In contrast, allenic
sulfinates reacted with [RCuBrMgXLiBr at the central carbon of the allene system,
producing 1,3-dienes (eq. 72} [1153. Allenic carbonyl, phosphine oxide [116],
sulfone and sulfoxide [117] compounds reacted with organocuprates via a 1,2-
addition to the activated carbon-carbon double bond to produce unstable allyl-
cuprates which reacted further with electrophiles. These intermediate complexes
were characterized by NMR and IR spectroscopy [118].

- OMe
HyC=C=C_ +  [ROuBrTMgXLiBr Mo ppe=c-c=c( (72)

R OMe

0SOMe

8. Coupling Reactions
The Tull details of the reduction dimerization of ketones and alde-
hydes to olefins by Jow valent titanium have been published (eq. 73). Treatment
of titanium trichloride with either 1ithium or potassium produced finely divided
STi¥ which coupled (dimerized) valeraldehyde, decanal, cyclopentanone, cyclohexa-
none, cycloheptanone, cyclooctanone, adamantanone, diisopraopyl ketone, cholestanong,

g R R |
)J\ + [TiCly + K] — = (73)

R R
R

benzaldehyde and retinal to the symmetrical olefin. Benzophenone was further
reduced to'biben;yl. Mixed couplings with acetone and other ketones went in
moderate yield when a large excess of acetone was used. Intramo]ecula} coupling
of diketones to cyclic olefins was also successful with TiCl3/Zn~Cu as the re-
ducing agent and under high dilution. In this fashion 1,Z2-diphenylcyclobutene,
and cyclic olefins from Cg-C,, were prepared. Civetone was synthesized in this
fashion in 83% [119]. Bis-phenylketones cyclized to diphenylcycloalkenes in
fair yield when treated with the reagent resulting from the reaction of titanium
trichloride with 1ithium aluminum hydride. Ring sizes from three to eleven were.
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synthesized in this manner [120]. Highly hindered olefins were synthesized by
the cross coupling of dicyclopropyl ketone with diisopropyl ketone using the
reagent prepared by the reduction of titanium trichloride with potassium [121],
Carbonyl compounds including substituted benzaldehydes, acetophenone, benzo-
phenone, cyclohexanone and propionaldehyde were reductively coupled to olefins
*by tungsten hexafluoride~1ithium aluminum hydride or molybdenum carbonyl. The
WC1g-LiATH, reagent also “"reduced" epoxides to olefins [122]. The reagent re-
sulting from the treatment of titanium trichloride with 0.25 equiv. of 1ithium
aluminum hydride also converted epoxides to the corkesponding olefin. The
reaction was nonstereospecific. Bromohydrins were similarly converted to the
olefins nonstereospecifically. Allylic and benzylic alcohols .were dimerized by
this same reagent in high yield, while simple alcohols were unreactive. Intra-
molecular coupling failed £123]. This allylic alcohol coupling was the topic of
a dissertation [1247]. Finally, LiAlH,/TiCl, reacted with aromatic acetals or
ketals to producel,2-diethers by a reductive coupling (eq. 74) while aliphatic
acetals or ketals were reduced to the monoether [125].

OR HoH
[ ] < L3 3
Ar—C—O0R -1 C’;é',;"“ He , _Ho0 ArC—C—Ar (74)
H OR OR
77-97%

Benzvl bromide was dimerized to bibenzyl and allyl bromide to biallyl by
electrochemically generated chromium(II). In the absence of chromium no
coupling was observed at the potentials used in the presence of chromium [126].
Aryl halides including chloropyridines were coupled to biaryls by treatment with
alkaline sodium formate-palladium on carbon-surfactant [127]. Alkyl halides
were reductively coupled by electrochemically generated iron(0) [128]. Benzyl
halides and benzyl alcohols were dimerized to bibenzyls, and gem dihalides to
olefins by WClg-LiAlH, or tungsten hexacarbonyl [129].

Face-tc-face benzenes were prepared by the coupling of lithiated para-
bis-imidazolobenzenes with copper(I1} chloride (eq. 75) [130]. The 1,5-

Agi:ix\\~Li [Ef3>k_s-——*<if53

1) CuCl,
O AT (75)
N Li /
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dianions of g-diketones underwent intramolecutar coupling to form cyclic diketones
when treated with copper(Il) triflate (eq. 76) [1311. Copper(I1) acetate caused

0 .
- 0RO Li0 R 0OLi R
1n 1 113 [}
CH3—C—C—C—CH _LPA, CHp==C—C—C=CH, Cu(OTF) R (76)
R' R!

30-50%

Tithium monocalkylaluminum trihydrides to couple, giving a statistical mixture
of all possible coupling products (eg. 77). In contrast, the same aluminum

R-C-CH-CH=CH,
1

Rll
Lvuf/*§o//\\q
!
RCH=CH, + LiAlH, —CR2TiClo-LiAMW . ysrpnqy 7 &+ LifR'ATHy] —Cu(0Ac)s |
THE THF
(77)
R-R + R'R + R'R!
compounds selectively alkylated allylic halides in the presence of copper(lI)
acetate [132]. Vinylmercuric halides underwent a novel head-to-tail coupling
to form 1,3-dienes when treated with palladium(II) chloride and triethylamine
in benzene (eq. 78) L1337,
, R H(R*)
R H(R") —_—
— PdC1 EtaN
- ] 23 3 N ——
Rc_CH(R ) —— PhH i (78)
H HgCl R H(R")

Aldehydes underwent a reductive coupling to give branched alcohols when
reacted with carbon monoxide in water and ethanol in the presence of RhCl3-3H,0
as catalyst (eg. 79) [134]. Dimethyl acetylenedicarboxylate reacted as in eq.

30 with [Ph3PCuC1], [135]1. Phenylmagnesium bromide was coupled to biphenyl and
benzyl chloride to bibenzyl when treated with CpL,FeX [136].
RCHoCHQ + RAC13-3H,0 + EtsN + H,0 —=—200° . RCH-CH,CH,R (79)

* T2 e 2¥ 7¢0, 50 atm yh-thabia

CH,OH
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PhsP CO0Me
\ COOMe

Me0,C-C=CCOOMe + [PhzPCuCll, —— +-
Me00C A\
Me0OC PPhy

80
CO0Me (80)
Ph3P=C

CO0Me

9. n-Allylpalladium Complexes
Allylic alkylation of olefins via wn-allylpalladium complex intermediates
has been developed into a very useful synthetic procedure (eq. 81). The full
details of this work have now been published. Detailed procedures for preparing

C1 .
/\ + PdC]2 —_— <(Pd</\2 + R + 4L —— RM (81)

x-allylpalladium chloride complexes from olefins for use in allylic alkylation
reactions have been developed, and the scope and limitations of the reaction

are presented [137]. 1In the allylic alkylation of w-allylpalladium complexes by
stabilized carbanions, attack at the less substituted position predominated, but
the ratio of products was dependent on both carbanion and ligand, but not in a
predictable fashion. Attack was shown to occur on the face opposite the palladium
in the w-allyl complex [138]. This allylic alkylation was used to produce dienes,
and an isoprenylation procedure involving allylic alkylation by a stabilized
isoprenyl anion was developed. Using this procedure the conversion of olefins
to a number of more highly functionalized systems was possible (eq. 82) [139.
Palladium(0) complexes alsc catalyzed the allylic alkylation of allyl acetates
by stabilized carbanions, and was used in a stereocontrolled approach to steroid
side chain elaboration [140]. With stoichiometric w-allylpalladium- compliex
chemistry, estrone methylether was converted to 3-methoxy-19,24-bisnor-20-
isocholane-1,3,5(10)-tetraenoate,while under catalytic conditions 3-methoxy-
19,24-bisnor-cholane-1,3,5(10)-tetraenoate was produced. This chemistry was
used for a partial synthesis of 5a-cholest-24-enone and Swu-cholestanone from
testosterone. Palladium(0) complexes were supported on silica gel and poly-
styrene and used for the catalytic allylic amination of allyl acetates. Uhile
homogeneous palladium(0) complexes led to mixed stereochemistry, supported
catalysts gave replacement of acetate by amine with clean refention. This
chemistry was used to synthetize isoquinuclidines (eq. 83) [141]. Vitamin A was
synthesized using w-allylpalladium chemistry (eq. 84) [1427.
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Intramolecular allylic alkylation, catalyzed by palladium(0) compliexes,
was used to synthesize t-reciferolide (eq. 85) [143]. Allylphenyl ether and
2-acetylcyclohexanone reacted in the presence of a chiral (DIOP) phosphine-
palladium(0) complex to give 100% 2-allyl-2-acetylcyclohexanone with 10%
enantiomeric excess [144]. Terpenoid dienes were alkylated by diethylralonate
and a palladium-diphos céta]yst in .the presence of phenoxide. The ratio of
pFoducts was dependent on the ligands present (eq. 86) [1451. =-Allylpalladium
complexes reacted with sodium acetylacetonate in DMSO to give dialkylation pro-
ducts, while upon treatment with carbon monoxide in benzene, monoalkylation
resulted (eq. 87) [146]. Finally, substituted m-allylpalladium complexes
were synthesized by the reaction of vinylmercuric chlorides with palladium
chloride, lithium chloride and substituted alkenes [147].

+ CH,(COOEt), + PdCl, (cat.) + diphos + <i:::>>——-0_

(R)

(86)
_ EtOH
“sealed tube
100°
R
|
C1
U NaAcAc
Pd
< \/ ~PhH §<P‘{ i
R
0 0
NaAcAc 55%
DMSO DMSO
(87)
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10. Ketones
Benza]dehyde underwent alkylation by crotyl bromide in the presence

. of chromium(II) chloride to produce only one diastereoisomer (SR, SR) of
the homoa]]y]it alcohol. Ozonolysis followed by an oxidative work-up gave the
threo-3-hydroxy-2-methylcarboxylic acid (eq. 88) [148]. The w-arene chromium
complex of fluorenone reacted with the optically pure magnesidm enolate of
menthyl acetate to give the corresponding alcchol in 20-50% yield and 40-70%
asymmetric induction (eq. 89). With open chain compounds the asymmetric in-
duction was lower [149]. 1In the allylation of quinones by n-allylnickel halide
complexes, the reaction was shown to proceed by formation of the quinol
followed by rearrangement to the allylhydroquinone (eq. 90) [150]. Quinols
were also the initial products in the allylation of quinones by allyltrimethyl-
silanes catalyzed by titanium tetrachloride. Tetrahydrofurans were formed
from ketones and these reagents (eq. 91) [151]. Phenyl hydrazones underwent
catalytic allylation at the carbonyl carbon when treated with allyl acetate and
nickel1(0) complex catalysts {eq. 92) [15213. The natural products pestalotin
and epipestalotin were synthesized using the titanium tetrachloride assisted
condensation of aldehydes with g-methylene-g-lactones (eq. 93) [153].
OH

!

XN CuCl N 1) 05
PhCHO + Br  —pr—> P 2) oxidation

[l
]
1

(SR, SR)

OH OH (88)

A A

0. HO o, _
@.@ "+ BrMgCH,COOmenthyl —— @. (89)
Cr(CO0), _ Cr(CO)3

The complex Cp,TiCH,AlMe3 reacted with ketones as if it were a Wittig
reagent replacing the C=0 with a C=CH, [154]. Ketones were similarly con-
verted to methylenes by reaction with dibromomethane and zinc-titanium tetra-
chloride. Open chain ketones and aldehydes, cyclic ketones inc]uding camphor,
and geranylacetone reacted well in this system [155]. Diaryl thioketones were
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converted into diaryl fulvenes by treatment with cyclopentadienyl complexes of
iron, tungsten and molybdenum ((1567]. Cyclohexanone was o carboxylated and «-
ailylated by the sequence shown in eq. 94 [157]. Reaction of cyclohexanone or
acetophenone with aqueous formaldehyde in the presence of rhodium(III) chloride
catalyst at 180° led to a-methylation [158].

1) NCCH,CO,Cu(PBus), 50° ' (94)

Br
2y 2, 25° €0,

11. Epoxides
The sex pheremone of the pine saw fly, (2R, 3R, 7R)-3,7-dimethylpentadec-
2-y1 acetate, was synthesized by the reaction of chiral 2-butene oxide and
a chiral lithium dialkylcuprate (eq. 95) [1597]. Unsymmetrical allyl Grignard

H

\-
+ -
( K \ 2 "Culi

‘\‘H H

(95)

(27, 3R, 7R)

reagents reacted with epoxides with clean allylic transpositicn, while in the
presence of 10% copper(l) iodide virtually no allylic transposition was noted
(eq. 96) [1607. «,2-Epoxyketones underwent alkylation at the a-position upon
treatmeﬁt with Tithium dimethylcuprate followed by methyl iodide. This reaction
was quite successful with epoxides of cyclohex-2-en-1-one giving high yields of
a-methylated product. n-Butyl jodide fTailed to react [167]. Butadiene monoxide
and isoprene monoxide (allylic epoxides) reacted with vinylic and allylic organo-
copper reagents in a 1,4 fashion. The regiochemistry and the substitution
pattern of the newly formed olefin depended on the nature of the organocopper
species (eq. 97). Propargylic epoxides reacted to give allenic alcohols [162].
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s 99 :
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| 102 : 97
Cul 3
R,Culi + ’//~\\L:g — R//’\\Cffli\v//OH
86-95%
>00% E
and
R OH

§
£
l
i

290%
>85% E

This chemistry was used to synthesize the sex pheremone of P. operculella;

(96)

(97)

propylure was also synthesized in this fashion [163]. The diepoxide of Timonone

reacted with the mixed cuprate [RCuCNIL7 exclusively at the acyclic epoxide

(eq. 98)(1647]. An intermediate in the synthesis of prostanoids was synthesized

+ [RCuCNL1 —_

OH

60-84%

R = Me, Bu

(98)
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by the action of a mixed vinylcuprate on a bicyclic epoxide (eq. 99) [165].
The. vinylcuprates resulting from the copper catalyzed addition of Grignards to
terminal alkynes was reactive towards epoxidés, producing homoallylic alcohols
in reasonable yield {(eq. 100) [1667].

f—\o

+  PrC=CCuCH=CHCH(0SiMe,t-Bu)CsH;, —

[\ (99)
0
_— —r PGEZ
HO CH=CH-CH-CsH; 1
0S iMe, t-Bu
86%
(80:20 this regioisomer)
Rl CuMe,S-MgBr
1 20s Me,SCuBr ___ HMPA
RIMgBr + R2CsCH — =220l T
RZ
(100)
RL"  Cu-C=CC3H, 0 RI  R3
—_— + A _ /k\/l-' H
., RZ
: R3 RY

12. Oxidative Coupling Reactions
The intramolecular coupling of monophenolic benzyl and phenethyltetra-
hydroisoquinolines using VOF3-CF3CO0H-(CF3C0),0 as the coupling reagent led to
the efficient synthesis of a humber of aporphiﬁes, homoaporphines, homoproapor-
phines, and a homoproerythrinadienone (eq. 101). These reactions went,in re-
markably high yield, since most oxidative couplings of this type go in 10-20%
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yields {{1877. Mixtures of phenols were coupled to tetrahydrodibenzofuranones
using KsFe(CN)g as the oxidizing agent [168]. Phenols underwent oxidative
coupling upon treatment with cupric-a-phenethylamine complexes. Thus 2-naphthol

2

R
(CHp) — OR3
VOF;~
oMe CF3CO0H
Me R!
70-80%
and ~ (101)
COCF5 .
AN
(CHZ)n OMe _
) NCOCF4
MeO
Me
H 0Me . Iﬂliii
MeO
OMe
98%

was coupled to 1,1°'-dinaphthol in 62% yield, and griseophenone was converted to
dehydrogriseofulvin [169]. The reaction of two equiv. of CuCl with oxygen
produced a brown solution capable of catalyzing the oxidative coupling of acety-
lenes, aromatic amines, and phenols. The catalytically active species was
characterized as a pyridine-copper oxide complex which polymerized on standing
[170]. The coumarin esculetin was oxidatively coupled to euphorbetin by the
complex CFe(DMF)3C1,1[FeCl,] in 60% yield (eq. 102). This complex was much

more efficient than the standard ones used for this type of reaction, KiFe(CN)g
and Mn{AcAc}; [171].

RO 0

(102)
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Styrene was oxidatively dimerized to 1,4-diphenylbutadiene by palladium(II) -
acetate in acetic acid/sodium acetate solutions. The dimeric complex NazPd;(0Ac)g
was identified as the catalytically active species [172]. Palladium(II) acetate/
heteropolyacid complexes (i.e., HsPMo;gV,04,9) in DMF catalyzed the oxidative
coupling of thiophene and 2-methylfuran to 2,2'- and 2,3'-bithiophene and 5,5'-
dimethyl1-2,2'-bifuran [173]. Oxygen reacted with 1-arylvinylferrocenes in the
presence of silica gel to give dimeric complexes of the type ArCFc=CHCH=CFcAr,
ArCFc(OH)CH,CH,C(OH)FcAr, and tetrahydrofurans [174]. Similarly silver hexa-
fluorophosphate dimerized nl-allyl and nl-propargyl complexes of cyclopenta-
dienyl iron dicarbonyl [175].

13. Nucleophilic Aromatic Substituticn
Indole was formylated and alkylated at the 7 position by converting it
to the w-arene chromium tricarbonyl complex and affecting a nucleophilic aromatic
substitution with 1lithio dithiane or isopropylnitrile. Carboxylic acid dianions,
ester enolates and enamines failed to react (eq. 103) [176]. The application of

’ CN
@:N\> cr(co), : o N
. N N
R R : R
(C0)3Cr NC

Cu(I;) ) (103)

w-arene tricarbonyl chromium complexes. to organic synthesis has been reviewed
[177]. This chromium assisted nuclegphilic aromatic substitution has been en-
hanced as a synthetic method by the development of a method to free the arene
from the chromium and recover the chromium in usable form. The procedure con-
sists of refluxing the arene complex in pyridine. This produced the Py3;Cr{(C0);
compiex which reacted with arenes to regenerate the desired complexes [178].
Arene chromium tricarbonyl complexes underwent stereospecific ring expansion
to cycloheptatriene complexes upon treatment with LDA and benzyl chloride
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(eg. 104) [179]. Chromium carbene complexes reacted with alkynes to produce

H
Ph

+ LDA + PhCHC1  —— : (104)

CT(CO);} CIr(CO)S

=-arene complexes of «-naphthol (eq. 105) [180] and indenone (eq. 106} [1817].
Although the yields were low, the formation of such complex malecules from
simple ones is potentially useful.

OH
_FoMe 80° "
(CO)sCr=C + PhC=CH —_— (105)
~
] Me
(Co)sCr CH=C{OMe)Me
12%
Ph - “NEL
e __ 25° R
(CO)SC‘:(;\OMQ + MeC:C—NEtz W (CO)SCr—C\C=C/Ph
Me” TOMe
OMe (106)
_H
125° H
n-decane + . ~
“Me
(€C0)-Cr 0 (CO)agL 0
24% 20%

Orthdpalladated aromatics underwent replacement of the palladium by an
alkyl group of a Grignard or organolithium reagent in the presence of added
triphenyTphosphine. This alkylation was restricted to unstabilized carbanions,
and allowed the g-alkyiation of benzaldehydes via their imines or hydrazones
(eq. 107) C1823. Certain nitroaromatics reacted with Grignard reagents and
copper(I) iodide to undergo ring alkylation and reduction at the same time (eq.
108) {1831, HNitromethane alkylated aromatic hydrocarbons in refluxing acetic
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acid in the presence of manganese(IIl) acetate {eq. 109) [184]. Finally,
nickelocene reacted with hexachlorocyclopentadiene to give 1,2,3,4-tetrachloro-
5—(4-ch1oro—2-cyc1openteny1idene)-],3—cyc]opentadiene. With trifluoromethyl
iodide isomers of trifluoromethylcyclopentadiene were formed [185].

+  PdCl, — RltoX
Cl 3
7~
d R
'_N/ \\ﬁ///é
X ' N
' Ph '
Ph Ph
(107)
H+
H,0
R
0
R
NO, , i,
RMgBr _
Cul )
55-75%
(108)
CHaNO, + Mn(OAc); + ArH  -HOAS.  Arcu,NO,
~70%

Ar = Ph, p-tolyl, p-anisyl

Dienyliron complexes underwent reaction with a number of nucleophiles to
permit introduction of the nuclecphile onto the dienyl system (eq. 109) [186],
(eq. 110) (18771, (eq. 111) [1887.
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R
It , (CooMe),C_ ‘f\
+  NaCH(COOMe), — . I (109}
MeO ;
, [ !
Fe(C0) 4 (co)sFe R'
/Fe(C0)3 Fe(CO)3
+  Nu” —_ | (110)
Nu
NHo NH2
¥ N
- N N-—Z~ HN
Nufjly/u LD
NN N
} \ 0 N HN N s
(adeniné (cytosine) (B8-d-ribofuranosyl)
adenosine)
+
Fe(CO)
~ 3 N .
" 6 . oxidation
/ G
Fe(CO)3
(111)
32-72%

G~ = OH™, CH30, Pn0”, PhS™, Me,N~, t-BuNH , CH3~
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B. Conjugate Addition

Organocopper complexes continued to be the reagents of choice for con-
jugate additions, and research continued unabated on several fronts. The )
naturally-occurring fifteen carbon cyclic ketone,muscone, was synthesized by
an aluminum trichloride cyclization of an w-trimethylsilylacetylenic acid
chloride followed by conjugate methylation of the ynone by 1ithium dimethyl-
cuprate (eq. 112) [189]. The Grignard reagent from 3-chloroethanol underwent
a 1,4-addition to cyclohexenone in the presence of 5% copper(I) bromide (eq.
113). This same system also coupled with allylic ethers and aliphatic halides
[1903. The 1ithium cuprate of the anion of acetone dimethylhydrazone added in
a conjugate fashion to ethyl cyclohexenecarbeoxylate to give an intermediate
keto ester which was a flexible annelaticn reagent (eq. 114) [191]. Similarly
the cuprate from the terminal anion of the acetal of propionaldehyde added to
enones in a 1,4-fashion and permitted subsequent acid catalyzed cyclization to

annulate a five-membered ring (eq. 115) [192].

0
C-C=C

C CH
1) Me,Culi ‘\CH Me
2) reduce (]]2)
1~ Ay

MesSiC=C-(CHz)12C0CT + AICI4 ——rg
CHz )12 (CHy) 12

/\/\ 1) RMgCI1/THF . NN
C OH 2} Mg . THE CiMg OMgC1 +

(113)

5% OH
CuBr

90%

Organocuprates added 1,4 to 2,2-dimethyl1-3(2H)-furanone cleanly. This
chemistry was used to synthesize bullatenone (eq. 116) [193]. Spirodienones
having an exocyclic and an endocyclic double bond in conjugation with the
carbonyl group were dialkylated by sequential treatment with lithium dimethyl-
cuprate (eq. 117) [194]. Normally, dialkylcuprates add very poorly to 8,8-
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COOEL NMe z NNMeo -
Culi //JL\\//puSMe i
+ or L3

O /
\ COOEL

i (:(/ﬁ\ | . (114)

—
S,
SO~

s Y

\

/

s T

0

e (D<)
+ -
(CHz)n o 2~CuMe,SL1

(115)

H20 (CHZ ) n

n=2,3,4 62-87%
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0
/] +  2.5Phtuli —— )O(J% _Se0, | Agz (116)
_ h ' - Ph

60-70% 94%
’ bullatenone

0 0
1) Me,CuLi - \M\Y// -
Z) R SL—H\CU -~ ' (117)
3) M32CUL'I' -

acorone

spenind

disubstituted enones. However, RCuBF3 reacted cleanly and in high yield with
this type of substrate. Furthermore, the amount of 1,2 addition to conjugated
aldehydes was much reduced with this reagent. Even a,s-unsaturated carboxylic
acids reacted well, as did conjugated esters, ketones and nitriles [195].
Acetylenic nitriles underwent conjugate addition with RCuXM reagents to produce
substituted acrylonitriles. The R group was introduced trans to the nitrile
[196]. Acetylenic sulfinates added dialkylcuprates to give vinylcuprates [197].
Lithium dimethylcuprate reacted with a cyclopropylketone that was part of an
indanone system to open the cyclopropane ring (eq. 118) [198].

t

+ Me,Culi  — (118)

Several fundamental studies dealing with the nature of the reactive species,
selectivity and stereochemistry of organocuprate conjugate additions have been
carried out. It was found that a 2:1 mixture of ethylmagnesium bromide-copper(I)
jodide consisted of at least three different species, each of which reacted
differently with 1-mesityl1-3-phenyl-2-propen-li-one {19973. WUith w-bromoenones
as substrate, the reaction of 1ithiumdimethylcuprate occurred at the cdnjugated
enone (1,4-addition} in diethylether solvent (83-92%) while in HMPA displacement
of the bromide was by far the majer reaction pathway [200]. Polyalkylcuprates
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of the type [MeCu-n equiv. BuMgBr] (n=1-4) transferred the butyl group selec-
tively to 3-methylcyclchexenone, in proportions ranging from 16:84 (Me vs Bu)
for n=1 to 2:98 for n=4. The same results using sec-butylimagnesium bromide
viere observed, while the reagents from t-butylmagnesium bromide gave 100%
methyl transfer [201]. The most effective reagent for conjugate alkylation
vas R,(Me)Cuz(MgBr),. This complex transferred R exclusively even when R was
a t-butyl group [202], The effects of solvent and substituents upon the ability
of 1ithium diorganocuprates to add to enones was studied. It was found that
good donor solvents such as THF, DME and DMF inhibited conjugate addition. A
correlation of the reduction potential of the enone to the type of alkylcuprate
that would add was made. It was also suggested that the soluble metal enolates
resulting from conjugate addition of lithium dimethylcuprate were lithium, not
copper, enolates [[203].

" The cis-decalone system was synthesized stereospecifically by the addition
of vinylmagnesium bromide in the presence of copper(Il) catalysts to a conjugated
ketone (eq. 119) [2041. The stereochemistry of alkylation of all four isomers

H
COCH,4
+
4+~ :>———COCH3 + P Nugar MegSCubr,  H
CH=CH,
(stereoselective)
OAc H OAc
' (119)
_— —_— + .
f ‘ H H

of 2,4-heptadienyl acetate by Grignards in the presence of Li,CuCl, showed that
only the EE isomer reacted stereospecifically [[2053. The stereochemistry- of
addition of Grignard reagents to alkynes in the presence of a copper catalyst
was demonstrated to be cis by reacting the resulting vinylcuprate with a conju-
gated enone (eq. 120)[206]. ’

. Rl Cu(Me,S)MgBr 3///\\\//JL\\
CuBr(Me,S) R2C=CH - x
RIMGBr  —E%,0, Meps =25° ;>"‘<:. * R RY
-450 2
R2 W
RU R3O
(120)
-25° MH,C1 \\

R? R*
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Methylation of 2-cyclohexenone by MeCu(RY)Li prepared from mono- or bifunctional
chiral amines or aminoalcohols resulted in enantiomeric excesses of up to 15%.
Chiral alcohols themselves had no effect [207]. A compound used for asymmetric
induction in prostaglandin syntheses was prepared using a copper catalyzed
conjugate addition of phenylmagnesium bromide to R(+)-pulegone (eq. 121) [208].

The steric effect of added copper and iron halides on the reaction of Grignard
reagents with (-)-menthyl crotonate and cinnamate was studied [2097.

0
&)
Ph
+ phMger LUl . AcCl |
me” me?”
(121)
AcO OH I
C-Ph
Ph !
Me Mé”,

Cyclopropyl copper complexes reacted with g-iodocyclohexenones to produce
B-cyclopropylcyclohexenones (eq. 122) [210]. By using vinylcyclopropylcuprates,
the product was subjected to a Cope rearrangement to give bicyclic material
{eq. 123) [211]. The trimethyltin group was introduced into conjugated enones

SPhCu + '
H
.+ H
Li + —_ g (122)
I .
93%

through the reaction of [PhSCuSnMe3]-L1’+ with 8-iodoenones. This reagent was
specific for conjugated ketones, in contrast to‘Me3Sn(‘) itself which reacted
with conjugated esters as well [212]. Cyclic s-ketoesters were converted to
g-methyl unsaturated esters by treatment with PCls followed by reaction. with
Tithium dimethyicuprate (eq. 124) [213]. Tricyclic material was produced by
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~H

(123)

82%

the conjugate alkylation of a B-substituted cyclohexenone followed by intra-
molecular trapping of the thus-formed enolate (eq. 125) [214].

CO0Me

COOMe

C1

1) PCl CO0Me Me. Culi ‘ COC0Me

2) MeCH

(124)
80% 100%
Me,Cul 1
THF, 0°, 45 hr / (125)
73%

Conjugate additions have been central to several approaches to prostaglandins
{eq. 126) r2157, (eq. 127) [2161,(eq. 128) [217]. *"Butterfly compound" was
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n-CsHyy Cu-C=C-C3Hy

(126)

COOH

Also used for A

0SiR;

e
THPo/ ;==3\>—’_\\L——1\\——— ~cuLi
OTHP

THPO
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00Me

RO

(128)

d1-19-hydroxyprostaglandin E,

d1—13-cisf15-e i~-19-hydroxyprostaglandins

synthesized via a conjugate addition-elimination reaction (eq. 129) [218]. The
use of organocuprate based «,8-dialkylations of «,8-ethylenic ketones in the
synthesis of sesquiterpenes has been reviewed [219]. Conjugate additions have
been used in the synthesis of pseudoguaianes (eq. 130) [220] and of confertin

(eq. 131) [221].

OPO(OEt)2

THPQ\\v//\\V//Lkhy//COOMe & MeyCuLd THPQ\\///\\\//JQQ;//£OOMe
(129)
: : H0\\\/’JQ§L/’~\\///\\\//JQ§;//COOH

"Butterfly" compound

The conjugate addition of-arylpalladium complexes to conjugated enones has
also been extensively developed recently. The reaction of electron-rich
aromatic halides with 1% palladium(1I) acetate and tri(o-tolyl)phosphine in the
presence of methyl acrylate led to moderate to high yields of vinylic substitu-
tion product. In these cases, the olefin is regenerated by elimination of "PdH"
and unsaturated esters result [2227. This type of reaction was used to synthe-
size quinolones by reaction of 2-iodoanilines with acrylate derivatives in the
presence of palladium(II) acetate and triethylamine (eq. 132) [223]. Benzene
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.0 MgBr
/
k4 CuBr-Me,S catalyst ~
66%
TMSO
1) 2 equiv. Me,Culi 1.2 equiv (130
2  Me,51CT, EtN Tiel, (130)
CH,C1, ~
90%
Br 1) t-Buli
\\\U//\\O 2) tBuC=C-Cu
3)
0

4) BrCH,C00Me

Ni(coD), (131)
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R
X I R X
N - Pd(0Ac), ~
J 100° - (132)
Me EtaM
NH., 3"
60-70%

itself added to a-substituted chalcone (when the a-substituent was bulky and
strongly electron withdrawing) in the presence of palladium(II) acetate catalyst.
In most cases, the saturated product predominated [2247]. Alkyl halides alkylated
acrylonitrile to produce g-substituted propionitriles when the substrates were
electrochemically reduced in the presence of nickel{II) complexes. Ethyl
acrylate and ethyl vinyl ketone reacted in a similar fashion, while cinnamaldehyde,
methyl vinyl ketone and g-substituted enones reacted in Tow yield [225].

" The conjugate addition of organoaluminum acetylides to conjugated enones
was catalyzed by a nickel reagent produced in the reaction of nickel(Il) acetyl-
acetonate with diisobutylaluminum hydride (eq. 133) [226]. The same complex
catalyzed the 1,4-addition of vinylzirconates tc conjugated ketones. This was
used to prepare compounds related to the prostaglandins (eq. 134) [2271.

- 1) Buli R 1) Ni{AcAc)»
RC=CH T)M—ezm-'——’ RC:C—A]MEZ A (]33)
‘ 0
e

0 OSSO M g

4]
A50%
0
C1
CDZZY‘/
— . 1) Ni(AcAc),, DiBAH
2) CH,0
'j CsH 11 3) H20
rd 0
0SiR, >
Ph 0
—CH,OH (134)
Phé\o" \_.
—~_\§*"‘CSH11

F
68% 0SiRs
(+11% lacking CH,GH)
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Iron carbonyl catalyzed the photochemical addition of norbornadiene to a
number of a,B-ethylenic systems. The products depended upon the nature of the

substrate (eq. 135-137) [228].

H_ _R2
RL CN
y 0
H M ;
NG .
I + [ ﬁ%é‘oj‘s—‘ X OR (136)
RY COOR? R '
16-27%
H, (137)
0

C. Acylation. The migration reaction of an alkyl group from iron to coor-
dinated carbon monoxide was studied in detail for the RFe(C0),~ to RCOFe(C0),”
Ion pairing effects had a major influence on the rate of migratory

It was found that Lewis acids catalyzed the insertion reaction, and
The stereochemistry of

reaction.
insertion.
that the acyl group was the cation binding site [229].
the oxidative addition of benzyl-a-d-chloride to tris-triethylphosphine palladium(0)
was shown to be clean inversion, by carbonylaticn and cleavage of the resulting
benzylpalladium(II) compiex [230]. Halohydrin esters were produced by the
reaction of nickel carbonyl, aryl or vinyl halides, and olefin oxides (eq. 138)
[231]. Homoallylic alcohols bearing a 2-bromo group were converted to c-methylene-
vy-butyrolactones by treatment with nickel carbonyl and potassium acetate in

methanol (eq. 139) [2327. .
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1
wowen s (O — (OO -
0-C-Ph

0

R pl
. R2 R2
R3 ' Ni(C0)y/KOAC _ R3
: MeOH
OH Br H
Ni
Rl
R2 (]39)
R3

0
50-75%

Rl = H; R2 = Et; R3 = H

Rl = R2 = (CHy)y; R® = H
Rl = R2 = (CH,)s3 R3 = H
Rl = R2 = (CHz)g; R3 = H

Rl = H3 R2 = R? = (CH,)s

Aryl bromides having w-amino side chains in the ortho position reacted with
a2 palladium(II) acetate-triphenyliphosphine catalyst and carbon monoxide to pro-
duce benz fused lactams (eq. 140) [233]. This chemistry was used in the synthesis

of sendaverine-(eq. 141) [2347].

(CHZ)H—NHR
~ Pd(0Ac),/PPhy N-R (140)
Br .
0
40-60%

R=PhCHy, Hy n =1, 2, 3
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MeQ
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“Pd{0Ac),/PPh; 0::]:::::[:;;:1 (141)
R
0

OMe OMe

MeO

RO

Grignard reagents reacted with iron pentacarbonyl, followed by iodine in
methanol to produce esters [235]. The reaction of Grignard reagents with iron
pentacarbonyl in the presence of alkyl iodides produced ketones instead (eq.
142) [236]. Diarylketones were formed by the reaction of copper or gold aryl

0
I [{}
rriom > R-C-OR!
63-89%
0
RMgX + Fe(CO)s —LAit— [RC-Fe(C0) T Mo (182)
0
1n .
w1 ROR
65-85¢

clusters (i.e., Ar,Cu,li,, AryAu,lLi,) with carbon monoxide [[237]. The synthesis
of carboxylic acids and esters by carbonylation procedures has been reviewed [[238].
The hydroformylation of styrene, a-methylstyrene, g-methylstyrene and allyl
benzene with dicobalt octacarbonyl as catalyst was studied in detail. The use
of pyridine as a cocatalyst both activated the catalyst and influenced selectivity
in addition to increasing hydrogenation. The isomeric composition of the product
was temperature dependent with «-formylation increasing as the temperature was
lowered [239]. A new hydroformylation caté]yst was produced by the reaction of
dicobalt octacarbonyl with the ethylene glycol ester of 3-(2-pyridyl)proprionic
acid. This catalyst was active even at 50° and very low carbon monoxide pressures.
With a high hydrogen to carbon ronoxide ratio selectivity for linear aldehyde
was high. The catalytically active species was thought to be H2C03(C0)4(1igand)n
[2407. The use of Rh,C1,(C0)}.(02)2P, as a catalyst for the hydroformylation of
1-heptene at 90° and 1000 psi to give linear and branched aldehydes was examined.
In DMA this same complex catalyzed the reduction of terminal alkenes [241].
Hydroformylation of olefins using RhH{CO)(PPhs3)3; as catalyst was enhanced by
the addition of small amounts of di- or tri-tertiary phosphines, but was reduced’
by amounts in excess of equimolar [242]. The hydroformylation of l-heptene using
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cationic rhodium(I) complexes such as [(COD)RhMPhaj+ was studied. Use of amine,
phosphine or arsine ligands enhanced selectivity, while bismuth or antimony 1igands
Towered selectivity [243]. Basic aqueous alcohol solutions of Ru3(C0);2 and
_Rhg(C0);5 were active catalysts for the water gas shift reaction (H,0 + CO -

H, + CO») and the same solutions were used to catalyze the hydroformylation of
pentene. The ruthenium based catalyst gave very high proportions of linear
aldehydes (97%) while the rhodium based catalyst reduced the aldehydes further

to alcohols [2447]. The hydroformylation of 1-octene by 1:1 H2/CO mixtures (100
atm) using [n’-CsHsM(CO)2d> (M = Fe, Ru) was studied [2451. The same complexes
catalyzed reduction and rearrangement of 1-octene.

The use of solid phase supported hydroformylation catalysts continued to be
an active area of investigation. Cyclopentadienyl groups were chemically attached
to macroporous silica gel. Reaction of dicobalt octacarbonyl produced supported
mononuclear cyclopentadienyl cobalt dicarbonyl complexes which, while coordinative-
1y unsaturated, were unable to dimerize because they were held opart by the solid
support. These solid supported catalysts were good hydroformy]étion catalysts
[246]. The hydroformylation of styrene by Rh(H)(CO)(PPh3)3; and
RhH(CO)[PPh, (CH, ) PPh, JPPh; catalysts was compared with polymer anchored analogs.
With both homogeneous and solid supported catalysts, the branched/normal ratio
decreased as the temperature increased, and increased as the pressure was raised
from 100 to 800 psi [247, 248]. The use of [Rh(H)(CO)EPth(CHZ)ZPthjPPh3] as
well as the polymer anchored analog as a catalyst for this hydroformylation of
1-pentene showed similar results [249]. The problem of rhodium catalyst leaching
from solid supports under hydroformylation conditions has been studied. Rhodium
dissolution decreased as temperature and hydrogen pressure increased, and as
carbon monoxide pressure decreased. Solvent effects were particularly noticeable
with amine resins [250]. Rhodium carbonyl clusters supported on NaY zeolites
were active liquid phase hydroformylation cetalysts for olefins, showing high
selectivity for aldehyde formation, and branched to normal ratios comparable to
that of homogeneous catalysts. MNonconjugated diolefins were converted to di-
aldehydes by this catalyst system. The catalyst could be recovered by decantation
and reused without 1oss of activity [251]. The clusters Rh,(C0);» and Co,(C0);»
were photochemically attached to poly(vinylpyridine) coated on controlled pore
glass particles, and the resulting insoluble material was found to catalyze
the hydroformylation of olefins [252].

Several asymmetric hydroformylation reactions have been achieved. Using a
catalyst resulting from PdC1,(PhCN), and chiral phosphines, a-methylstyrene was
carbonylated in 90-99% yield and 44% optical purity (eq. 143) £253]. Chiral
rhodium(I) hydride catalysts hydroformylated cis-2-butene,bicyclo[2.2.2Joct-2-ene,
2,3-dihydrofuran and diethyl maleate in optical yield 3.8-27% [254]. Styrene
and butenes were hydroformylated in up to 22% yield using a [(-)-DIOPJPtC1-/SnC1,
catalyst system [255]. The selectivity for hydroformylation and the optical
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0
o 100° ,//L\\//ﬂ\\ /,L\\
+ PdC]z(th.N)z + 0.8-4 p* m Ph * 0 (]43)

)

Ph
:>———OH
/l-\r> /Ar
-~ \AY‘ //P \Ar)
e O
N /Ar Ar
~—p ) \‘*’P’/
NAr ~Ar

purity of the aldehyde were influenced by both carbon monoxide and hydrogen
pressure [2567]. Acrylonitrile was hydroformylated using a cobalt carbonyl
catalyst in methanol, to produce a 1:10 mixture of a- and B-hydroformylation
products. Some c-hydromethoxycarbonylation also occurred, butno g product of
this type was detected [2577]. The isotope effect in hydroformylation of 1,1,1-
d3-butene was studied. While C0,(CO)g catalysts displayed no isotopé effect
and hydroformylated the 1 and 4 positions equally, Rhy(C0);, catalysts reacted
mostly at the nondeuterated terminus of the substrate [258].

The stereochemistry of hydroxypalladation of ethylene was shown to be trans
by using cis-dideuterioethylene and carbonylating the intermediate o-alkylpalladium
complex to produce the g-lactone (eq. 144). The results were cited as evidence
for a trans hydroxypalladation in the Wacker process [(259]. Lithium tetraalkyl-

D, H
D D ) ~ r'd
L{/\=<H PdC1 + H,0 + CO + CuCl, — H"()[: ]""D (124)

aluminates, formed by the reaction of Tithium aluminum hydride with olefins in
the presence of TiCl,, reacted with carbon-monoxide and copper(I1) acetate to
produce symmetrical ketones in 30-50% yield [2607]. Vinyl silanes were formylated
by treatment with dichloromethyl methyl ether and titanium(IV) chloride (eq. 145)
[261]. w-Hydroxy olefins were converted to lactones by their reaction with ethy1

_C1,CHOCHa
T1C1g (145)
|
MesSi

48%
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magnesium bromide and Cp,TiCl, followed by carbonylation of the magnesium in-
termediate (eq. 146) [262]. Methoxycarbonylation of aromatic compounds was

OH R

] EtMgBr '}0_-M9 1) o

-~ - = __——g————-g. p—
R-C-(CH, ), ~CH=CHy —ooragt— R—C{ o e

R* o (H2C)—CH, 3

(146)
0
R/ ™ens),,
RI

affected by the o-palladation of aryl oximes followed by treatment with carbon

monoxide and methanol (eq. 147) [263]1. O0lefins were carboxylated at room tem-
perature by treatment with carbon monoxide in the presence of strong acid/water/
copper(I) carbonyl catalysts [264].

X R X .
PdC1, co H
MeOH
PPh,
2
NCL ,<<:/<;\Pd————N
O v ~OH
(147)
X R
R = H, Me, Ph
X=0,58 o  28-45%
MeO

Hydroxy-2~butenolides were produced in the reaction of terminal alkynes with
methyl jodide and carbon monoxide using dicobalt octacarbonyl as catalysts
and carrying out the reaction under phase transfer conditions (eq. 148).

In
Ph
- C0,(C0)a
PhC=CH + CO0 + Mel —gﬁ_ﬁ55ﬁ7ﬁﬁﬁ_* Me (148)
25° 0 0

HO
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contrast, dienes were acylated by this system [265]. «-Methylene-&-lactones
were produced by the palladium(II) chloride carbonylation of y-hydroxy acetylenes
(eq. 149) [266]. B-Chioro-a**B_butenolides were prepared from propargylic alcohols

0 0

)
A\

CO, PdC1

thiourea (149)

by chloromercuration followed by palladium(II) catalyzed carbonylation (eq.
150) [2677. Alkynes were converted to cyclobutenones by the cycloaddition

Q ¢l _AH

; R = i
T PR €0, LiPdCly
R-C-C=CH —RacT, 1,0 € THgCl 55, THE
OH OH

Cl : (150)

80-95%

reactijon with chromium carbene complexes (eq. 151) [268]. Vinyl mercuric
halides reacted with acid halides in the presence of aluminum chloride,
titanium(IV) chloride, rhodium(I) cormplexes or palladium(0) complexes [269].

Ph 0
Ph Ph S

(co)scr-—c:Ph + Et,N-C=C-NEt, —L92 (151)

Et, \\lEtz

The vapor phase, alkyl iodide promoted carbonylation of methanol and ethanol
was carried out using a rhodium-X zeolite catalyst, and the effect of promoter
concentration on selectivity for carbonylation was probed [270]. The same
catalyst system was also studied using Fe,03 as a promoter [271]. MNew catalysts
and promoters for the methanol carbonylation reaction was the subject of a
dissertation [272]. Alcohols were also carbonylated using palladium carboxylated
complexes such as Pd(CQMe)(OAc)(PPh3), and Pd(CO.Me)»(PPh3),. Oxalate esters
were also observed in this system [273]. Dimethyl ether was carbonylated to
produce ethyl acetate, and methyl acetate was homologated to ethyl acetate using
ruthenium catalysts with iodide promoters and proton sources at 200° and CO/H
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pressures of 80-250 atm. Methane and ethane were by products [274]. ‘

A great deal of effort has been expended in the development of methods to car-
bonylate aromatic nitro compounds to isocyanates. 2,4-Dinitrotoluene was con-
verted to the bis isocyanate by carbon monoxide (200 atm) at 260° using a
PACT, (pyridine),/Fe,05/FeV0, catalyst [275]. The use of V505 and FesMo70s
as cocatalysts was also studied [276], as was Mo03[ 277, 278]. The activity
of palladium(ii) chioride for the conversion of nitrobenzene to phény1 isocyanates
at 190° and 100 atm carbon monoxide pressure was enhanced by addition of 2%
guinoline, but suppressed by the addition of acetonitrile, benzonitrile, tri-
ethylamine, 2,2'-bipyridine, or urotropine [279]. Other promoters were Mo0Oj
and Fe,03[280] and other group V and VI transition metal oxides [281].

Isotopicaily enriched glycine, labelled at both carbons, was synthesized
by the éarboxy]ation of a phthalimidomethylene cobalt complex with labelled
carbon dioxide (eq. 152) [282]. Palladium chloride catalyzed the formation
of dimethylformamide from carbon dioxide, dimethylamine and hydrogen [28371.

*
{H + H/L‘ — @—CHZOH — ——

g 0
* (152)
* % %*
N-CH,Co(HDMg),Py —02, N-CH,~C-OH NH,NH,
0
0 0
*x *
H,NCH, COOH

>90% 1isotopically enriched

Bicyclo[3.2.1Joct-2-ene-4,8-dione was produced by treatment of the 1,3-
cyclohexadiene complex of iron carbonyl with carbon monoxide and aluminum halides
(eq. 153} {2843. TIron carbonyl induced the carbonylation of a strained, bridged
polycyclic diene (eq. 154) [285] (eq. 155) [286].

0

: co 110°
—F .
[::::] Felt)s  gier; 00 atm (153)
. co.

70%
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. .
hv ~
Fe(co)s - O B (154)
, 28%

Fe,(€0). x —X
160 atm, €O —:;:> * =
110°
\ — ' (155)
X
0
[{C0),RhC1 T, L,

X = CHy, CO, NCOOEt

Aldehydes underwent a complex reaction with R3SiH and carbon monoxide in the
presence of dicobalt octacarbonyl (eq. 156) [287]. A manganese coordinated

‘ R*4S7 0SiR' 5
RCHO + R';SiH + 0 —02(C0)a 3 Q\\—-—=”f : (156)
3 v “H
60%

carbene underwent high pressure carbonylation to produce coordinated ketene
(eq. 157) [288]. w-Allylnickel halide complexes underwent carboxylation when
reacted with carbon dioxide and trialkyl phosphines (eq. 158) [2891.

high Ho
R T co pressure R _-Ph

OC/' \C\ .-
co Ph 0 9 (157)

0 _
PhoCHC-H + Ph,CHCH,OH
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0

Olefins were carbonylated by 8-formylquinoline in the presence of Wilkinson
complex in a reaction which corresponded to the addition of the aldehyde across
the carbon-carbon double bond (eq. 159) [290]. Bis-chelating diphosphine
complexes of rhodium(I) were active and relatively mild catalysts for the
decarbonylation of aldehydes. Benzaldehyde was converted to benzene in 100%

yield at 178° with-10"% catalyst turnovers [2917,

<
L5RhC1 + -
~
HO
(159)
Ag+ -
/\/\/\/ N
e 0
N ' 55¢
N
CHO

D. Oligomerization. Ethylene was dimerized by the cobalt catalyst CoX(PPh3);
in the presence of Lewis acids in bromobenzene solvent. The reaction was
thought to involve a hydridocobalt species formed by the oxidative addition of
ethylene to a cobalt(I) complex [292]. Rhodium(III) chloride supported on
silica gel was 10% more active as an ethylene dimerization catalyst than were
corresponding homogeneocus systems. The presence of hydrogen chloride enhanced
the catalyst activity [293]. Ethylene was oligomerized on a nickel(II)} oxide
dealuminated nordenite catalyst [294]. Nickel(0) phosphine complexes reacted
with sulfuric or trifluoroacetic acid to produce a catalyst active for the
dimerization of propene. Similar catalytic activity was observed for catalysts
produced by the reaction of nickel(II) acetylacetonate with alkyl aluminum
complexes [295]. Olefins were selectively dimerized by the tantalum complex
CpTaCl,CHCMe3. The reaction proceeded through metallocyclic intermediates in
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which trans g,8-disubstitution was favored. Thus propene was catalytically
dimerized at the two position to produce 2,3-dimethylbut-l-ene (eq. 160) [296].

sMe

~

Me

: ( (160)

93%

Diphenylketene was dimerized to Ph,CHCO,CH=CPh, by bis(cyclooctadiene)nickel
after treatment with tetramethyl ethylene diamine or pyridine [297]. 3,3-
Dinmethyl-cyclo-prop-1-ene was dimerized by treatment with nickel{0) phosphine
or bipyridyl complexes (eq. 161) [298]. The same substrate was cyclotrimerized
by reaction with nickel carbonyl (eq. 162) [299]1. Ethylene and propene co-
dimerized to 2-pentene over a silica gel supported rhodium(III) chloride
catalyst [300]. The cyc]oo]igomefization and co-oligomerization of strained
olefins by transition metal catalysts has been reviewed (122 references) [301].

L_Ni .
X n_, (161)

A + Ni(cO)y + CO — W + m
° . d ] - /
A A

(162}

The compound “Fe(0)(N0),," generated in situ electrochemically from
[Fe(0),C1], dimerized butadiene to vinylcyclohexene at room temperature {302].
This same species was also generated by chemical reduction using reagents such
as Cr(CgHg)(CO)3, Co(CO)3NO, CoCp(CO), and Cop(C0)g, as well as zero valent
metals such as Mn, Fe, Co and Ni [303]. Palladium(0) complexes dimerized 1,2,4-
pentatriene to a mixture of cyclic products. The reaction was thought to proceed
via m-allylpalladium complexes (eq. 163) [304]. Oligomerization of butadiene
was catalyzed by palladium acetate anchored to phosphinated polystyrene, and
the same product distribution as obtained fromithe corresponding homogeneous

system was observed [305].
Butadiene and styrene were codimerized to 1-phenyl-1,4-hexadiene as the
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main product by catalysts consisting of palladium(II) salts. Lewis acids and
tertiary phosphines [306]. The linear codimerization of butadiene and methyl
methacrylate to methyl1-3(E),5(Z)-heptadiencate was favored by an iron-aryl

antimony-alkylaluminum catalyst in the presence of other transition metal

acetyl acetonates [307]. Butadiene and other 1,3-dienes and vinyl silanes co-

oligomerized in the presence of a nickel(II)-PhzP-Et3Al catalyst to produce

silicon containing polyenes (eq. 164) [3087], which were converted to other

useful materials (eq. 165) [309]. Isoprene was trimerized primarily to trans-

g-farnescene by a w-allylnickel alkoxide PPh{NEt,;), catalyst. This underwent

]
1 ' Pd{0)

iPrsP., PRCH; * | *
50
- 81% 3%
(163)
+
X N
AN
6% 7%
R3S1 . ZP~_~ _Ni(Q) cat. P S
/\/\/\/\/\-
~ : _ SiR,
(164)
SiRy
N . X _
72% 1:1
N S _MoCls |
SiR,
(165)
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a tail to tail dimerization when treated with palladium{Il) nitrate/triphenyl-
phosphine/sodium phenoxide catalyst to produce squalane after reduction [310].
Nickel(0) complexes cooligomerized 2-vinylthiophene and butadiene (eq. 166)
[3113. . :

A~~~ Ot ZZ?iSS\\\\ Ni(acacé%§§§0Ph)3/ N 7\
S o S

+ T 2:1 mixture

(166)

S

70%

Palladium catalyzed telomerization of butadiene has found extensive applica-
tion to the synthesis of a number of useful natural products. Diplodialides
were synthesized by a sequence of reactions involving the palladium(II) cata]y;ed
production of T-acetoxy-2,7-heptadiene from butadiene and acetate, and palladium(II)
catalyzed oxidation of the terminal double bond to a ketone (eq. 167) [312].

N +  AcOH Pd(II) /\/\/\/\QA . PdC1,/CuCl1/0,
cat. C

0]
/Tl\/\/\/\ | Br\/U\O
S N
OAC —_— — - e — _—

- :
AcO (167)

Other macrocycles were prepared in a similar fashion [3137], as was 2,15-
hexadecanedione, a precursor to d,l1-muscone (eq. 168) [314]. d,l-e-Lipoic

acid was synthesized from 3-acetoxy-1,7-cctadiene, in turn prepared from
butadiene and acetate in the presence of a palladium catalyst (eq. 169) [315].
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The dimerization-methoxylation of butadiene to mixtures of l-methoxy-2,7-octa-
diene and 3-methoxy-1,7-octadiene was catalyzed by a palladium(0) phosphine
catalyst supported on phosphinated polystyrene. The rate was faster than with

S .
//lL\w/’N\\/”\\\/”\\ 1) H,0, KoCO5
OARc  —~jRa W1, Hy

3) / N\ .d

HO OH

(from eq. 167)

oY 1) TsCl o b .
;:><:;//*\\v//ﬁ\\¢//\\b 2} Libr ::><:;//»\\v//~\\¢/,\\\
H

3) Mg

MgBr
(168)
?::K:ii/’\\v/’\\yz/*\\ 1) Cul, bipyridine |
- 1 2) vh
0
OAc
o~ L,PdCT, /;\/\)\/ 1) BoH
. = * AcH KOR = 5T Ha0y
(169)
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homogeneous catalysts and the solid supported catalyst was easily recycled [3f6].
1-Alkoxy-2,7-octadiene was the exclusive product of the reaction of butadiene

and alcohols using a palladium(II) chloride/sodium neophylsulfinate catalyst

[317]. Butadiene reacted with ethanol and carbon monoxide in the presence of
palladium(II) acetate and triphenylphosphine to produce ethyl-3,8-nonadienoate,
which was oxidized by palladium(II) chloride/copper(i)} chloride/oxygen to give

the keto ester. This was dimerized to 2,15-hexadecanedione by a Kolbe electrolysis

(eq. 170) [3181.

Pd{0Ac)»
N/ + cO + EtOH '——PFE;P—“* == , NS
Q0Et
1) PdC1,/CuCi/0, e

Butadiene and dialkylamines telomerized to form 1-dialkylamino~2,7-octadiene
as the major product in the presence of bis{cyclooctadiene)palladium(0) as catalyst.
With isocyanates cyclic amides were formed (eq. 171) [319]. The telomerization of

l

N~ + (COD),Pd + PANCO — (171)
Phi! " -

0

40% quantitative

of butadiene and diethylamine was catalyzed by n-allyl complexes of nickel,
palladium and platinum. Triphenylphosphine accelerated the process [320, 3211.
The same reaction was catalyzed by silica gel supported palladium-tin complexes
[322] and w-allylpalladium phosphine catalysts [323]. Allylamine reacted with
butadiene in the presence of a Pd(acac),/Ph3P/Et3Al catalyst to producg
CH2=CH(CH2)3CH=CHCH23CH2CH=CH2 in greater than 50% yield [324]. Cycloaliphatic
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secondary amines reacted with butadiene in the presence of a Ni(acac),/PhsP/
ATEt3/CF3C00H catalyst to produce a mixture of C; and Cg tertiary amines, de-
Pending on reaction conditions [3257. QHydroxyamines reacted exclusively at
nitrogen with butadiene and palladium(II) acetylacetonate cata]yst to produce
the C-8 alkylated aminoalcohol (eq. 172) [326].

H Pd(acac),
G N Ph,P

(172)

577\\v//\\¢//<§b//\\w//\\v//OH

R

96-98%

Schiff bases reacted with butadiene in the presence of a nickel(0) catalyst
to produce e-nornicotine derivatives (eq. 173) [327] by a cycloaddition process.

Rl
B /

2

"y
Ni (0) ~ R?
P i
or + N “PhapP - ) H (173)
R R2
- 36-40%

- l 1
>~ _N

The unsaturated Schiff base (RCH;) ,C=CH-N=CHCH(CH,R}, reacted with butadiene
under similar conditions to produce a number of cyclic products (eq. 174) [3281.
Hydrazones reacted with butadiene in the presence of a number of palladium
catalysts to produce primarily linear telomers (eq. 175) [329]. Nickel(0)
catalysts gave similar products, and the effects of catalyst and reactions
conditions on product distribution was studied [330].

Stabilized carbanions also reacted with butadiene in the presence of
palladium catalysts. Thus, the carbanions of nitroethane (eq. 176) [331] and
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(RCH,) ,C=CH-N=CH-CH(CH,R), + & o= ‘EE%%%%%SE%%T‘*
. j 3 3
CH(CH,R),
CHaR =CHCH(CHZR),
- CHR  + + (174)
>~
CH(CH2R),
HC/\A/\/\
N=CH-C=CHR
1]
CHaR
NNHPh
PNt R/“\Rl _LuPd cat. = X N=NPh o
R1
- R
16-72%

2-100%

15-84%

XN Ay AR
N \1//’
Ph R
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= Pd(DAC) | 1) Ticl .
SRAMRI2 3 N
N F CH3CHNO, PPhy NO, .
. 2) . H
- HO OH
562

(176)

sulfones (eq. 177) [332] telomerized butadiene in the presence of palladium
catalysts. Carbon dioxide and butadiene also telomerized under similar conditions
(eq. 178) (333, 3341.

PhSO,CHCOOMe + 2 ~\zF  _Pdlacac)y/PhaP/ELsAT

(177)

S0,Ph

90-95%
L.Pd =
;;?\\\455 + C0> — +
0 =
- 64%

(178)
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Terminal alkynes dimerized primarily to enynes when treated with Wilkinson's
catalyst (Rh(C1)(PPhs),) at 25° (eq. 179) [335]. Alkynes were dimerized to
1,3-dienes when treated with Cp,Zr{R)H followed by hydrolysis of the resulting
zirconacyclopentadiene [336]. Internal alkynes were cyclodimerized and cyclo-
trimerized when treated with the cationic nickel hydride compiex
[HNi(DIPHOS)2]+OCOCF3 (eq. 180) [337].- Propargyl alcohols of terminal alkynes
dimerized to produce 2-penten-4-yne-1,5~diols by rhodium(I) catalysts (eq. 181)
[3387, whereas nickel(II) catalysts Ted to production of substituted benzene via

cyclotrimerization [339].

CHa
2 RCZCH + LsRRC1 cat. —2225 RC-C-C=CR (179)
H
. Me~"4é§ Et
/\::/\ _[HMi(DIPHOS) -1 ’ +
H—7 .
Et £
362
Ee (180)
E Et
+
Et - t
Et
20% : 3%
R RH
R-C-c=cH —kaRnCl - p e e R (181)
' cat. - Sg=C-C-R
OH OH e
OH

The synthesis of pyridines by the cocyclooligomerization of a]kyhes with
nitriles using cobalt catalysts has been reviewed (135 references) [3407]. The
nickel complex Ni(COD)(RC=CR) was the active species for cyc]otrfmefization of
alkynes [341]. 3-Hexyne reacted with carbon dioxide in the presence of nickel(0)
phosphine catalysts to produce a lactone and several cyclotrimers (eq. 182). The
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Et
Et Et
50 atm CO i ~
N=TN ey o [ * ¥
- phosphine
120°, 20 hr Et
0-57% 2-73%
Et (182)
Et Et
Et Et
Et
2-40%

product distribution was strongly dependent upon the'phosphine ligand used [3427.
Chromium carbene complexes reacted with alkynes to produce the chromium tricarbonyl
cemplexes of unusual arenes (eq. 183) [3431.

OH

-.0Me
(CD)SCrC:Ph +  phczcpn 39-60° Oe (183)
Ph

Cr(C0}4
40%
and
Rll
_OMe R
(CO)sCr—C +  RC=CR! —_— /4 , (183)
- X .
Y R!
. Rlll
X=5,0
Cr(CO),4
19-62%

Cobalt catalyzed acetylene cyclizations have been reviewed (21 references)
{3447 as have transition metal catalyzed acetylene cooligomerizations for the
synthesis of complex molecules (14 references) [3457, and crganometallic catalysis
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in stereospecific polymerization and the nature of active centers (207 references)
[£346]. )

Propionaldehyde was dimerized to CH3CH,CH=C(CH3)CHO by a number of nickel(0)
catalysts including (bipy){COD)Ni and (bipy)(Ph3P),Ni [347]. Styrene oxide
was dimerized to PhCH,CH,0,CCH,Ph by rhodium(I} or ruthenium{II) catalysts of the
type RhC1(PPh3)3 and RuCl,(PPh3)3{348]. Biphenyl and mesitylene coupled to
produce mainly p-quaterphenyl in the presence of A1C13/CuC1,[349]. Dihalo-
aromatics were polymerized (by coupling at the halogen sites) by reaction with
magnesium and a wide variety of transition metal salts and complexes. In this
fashion m-dichlorobenzene, 4,4'-dibromodiphenyl ether, and 4-chlorobenzyl chloride
were polymerized [350].

E. Rearrangements. Olefin metathesis continued to be an active area of
research this year. Metathesis of 1-octene with MEQN+H(CO)5C]/EtA1C12 gave
the same type of product as that obtained from l-heptene and T-pentene. The initial
step of this reaction was thought to be isomerization of the olefin to an inter-
nal position, which was followed by homo- and cross metathesis to give the final
product [3517]. The catalyst systems WClg/EtA1C]> and MoCls/EtA1C1» catalyzed
the metathesis and olefin isomerization of Z-pentene in the homogeneous Tiquid
phase [352]. An effective metathesis catalyst was produced by the treatment
of tungsten(VI) hexachloride with 1ithium aluminum hydride [353]1. The stereo-
selectivities of the metathesis of cis and trans 2-alkenes was studied as a
function of olefin structure and catalyst. With the catalyst system W(CO)s/
phosphine/EtA1C1,/0, and olefins RCH=CH-CHz, high activity was observed. With
cis olefins as R went from H to t-Bu, the trans to cis ratio of the product went
from 0.73 to 1.00, indicating a loss of stereospecificity. With the less active
catalyst system W(CO),Cls the trans to cis ratio was 4 with the olefin 2-hexene

{354].

Several solid supported olefin metathesi§ systems have been developed.
Molybdenum hexacarbonyl was supported on alumina activated at various temperatures.
Catalyst on the support activated at 500° was most active for the metathesis of
propene to ethene and 2-butene, and had greater than 99% specificity for these
primary products [355]. Infrared studies of the active metathesis catalyst W(CO)sL
where L was CO, PPhy, PBus and P(OPh); on activated alumina indicated that the
catalyst precursor was interacting with the alumina through aluminum complexation
of a carbonyl group [356]. Activated alumina and silica gel was treated with
tris(allyl)molybdenum at 0°, and the resulting solid supported complex was
heated to ~500° in the presence of hydrogen, producing a highly active supported
molybdenum species. This complex catalyzed the metathesis of propene at 0°C,
and had a turnover (5’?\\\/mm/Mo atom) of 0.32 [357]. The catalysts, cobalt(II)
oxide/molybdenum(VI) oxide/alumina and tungsten(VI) oxide/silica were active for
the metathesis of 3-heptene, but inert to allyl cyanide [358]. A polystyrene
supported metathesis catalyst was prepared by treatment of chlorometfiylated

References p. 430



378

polystyrene with CpW(C0)z~ to produce a polymer-CH,-W(CO)3Cp linkage. This

was an active catalyst for the metathesis of 3-heptene, and showed no tendéncy
to leach from the support. In contrast, attachment through coordination to
polymer bound phosphine led to catalysts which dissociated from the support and
could not be recycled [359]. Coordination of molybdenum or tungsten hexacarbonyl
to polystyrene-attached bipyridine followed by treatment with EtA1Cl, produced
a catalyst that was an order of magnitude more reactive for the metathesis of
2-pentene and could be recycled a number of times. The same catalyst attached
to polymer via phosphine linkages was much less active [360]. A metathesis
catalyst for the conversion of 2-pentene to 2-butene and 3-hexene was prepared
by the ultraviolet {(» 350 nm) irradiation of a W(CO)g/CCly/0lefin mixture. High
selectivity and stereospecificity was observed [361]. Reviews n the olefin
metathesis reaction (125 references) [362] and the application of olefin meta-
thesis to organic synthesis (32 references) [363] have appeared. A study of
olefin metathesis catalyste was the subject of a dissertation [364],

Both metal carbene complexes and metallacycles have been implicated in
olefin metathesis reactions. An olefin-carbene iron complex has been prepared
and characterized [365]. This was deemed significant since this type of com-
plex has been proposed as a key intermediate in olefin metathesis reactions.
Phosphine nickelacyclopentanes have been prepared from olefins, and exchange
reactions with other olefins as well as rearrangements have been studied [366,
3671.

Rhodium trichloride supported on silica was about 100 times more reactive for
the isomerization of 1-butene than was the corresponding homogeneous complex
[3681. The ethylene released from p-dichlorotetraethylene dirhodium when used as
a butene isomerization catalyst had an inhibiting effect on the isomerization and
led to abnormal kinetics [369]. The complex Ru(H),({C0),(Ph3P), catalyzed olefin
isomerizations much more effectively than hydrogenation. Triphenylphosphine in-
hibited the rearrangement, while oxygen and nitrogen had no effect. At high
hydrogen pressures and temperatures in excess of 150° olefin reduction pre-
dominated [370]. Polycarboxylate-bound ruthenium(II) complexes displayed higher
activity and better selectivity for isomerization of 1-pentene than did homogene-
ous ana]oés [£3711. Ruthenium(III} acetylacetonate was an efficient cis to trans
isomerization catalyst for a number of terpenoids (eq. 184) [372]. The complex

[~ N 0.3% Ru(acac)jA M/X (]84)

190-200°
X
X = CH,CH,COCH; 57:43
2>H2nTRs X = CN 73:27
X = CH=CHCOCH; 66:34

=<
)

= CH,CH,COOEL 56:
COOEt 64:36 2+ 56:44

<
u
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(Ph4P)3NiC1 catalyzed the isomerization of olefins by the production of small
amounts of a nickel(II) hydride species by reaction with olefin to form a n-

allylinickel species [373]. The double bond in 9,9-dichlorobicyciol6.1.0dnon-4-ene
was rearranged by treatment with Fe,(C0)q (eq. 185) [374]. Cyclohexenes isomerized

cll Fes(C0)sg _ 1 Fe,(C0)q

(185)

c1

to their trans isomers, then dimerized when irradiated in the presence of

CF3S05Cu catalysts {eq. 186). In contrast, the isomerizationof cyclopentene

was very slow [375]. The same system catalyzed rearrangements of vinylcyclo-
propanes (eq. 187} [376]. Vinyl cyclopropanes reacted with zero valent transition

H H
| ¢

hv ;

[::::] CF3S05cu <<E§f —_ [::::]:::[::::] (186)
|
H

and (187)
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metals in four distinctly different ways. These were heat induced rearrangements
to n-diene complexes, photo-induced carbonyl insertions, heat or photo-induced
formation of w-allyl complexes and photc-induced acylmetal insertions to produce
w-acy? w-allyl complexes [3771. Rhodium(I) complexes catalyzed the isomerization
of cycloprop[aJacenaphthylene to phenalene via a ©m-allyl rhodium(III) complex
[378].

Allyl alcohols rearranged to aldehydes via their enols when treated with a
catalyst produced by treatment of [(COD)Ir(Ph,PMe),]PFg; with hydrogen (eq. 188)
[379]. This same catalyst rearranged allyl ethers to vinyl ethers [380]. Both

~_-M  +  [(COD)Ir(PMePh;),TPFg/H, —Hrs ///‘\"/f’H (188)

0 .
100%

%\1/‘)” /k/"“ N \/Y” )\r‘)“

100% 100% 99% 98% 8%
_ P " P
9% 147 ' 16% 0%

reactions involved m-allyliridium intermediates. Allyl amines were isomerized
to enamines by the complex HCo(N,)(PPh3)s (eq. 189). Allyl alcohols and ethers

J /
5 HCo(l)Ls | I N ! (189)
0, r
| e 2 | OMEt NEt,

85% 15%

were inert to this catalyst [381]. Substituted phencls and anilines were pro-
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duced from alkenylcyclohexenones or their imines respectively by reaction with
rhodium(III) chloride in ethanol containing excess sodium carbonate (eq. 190)
[3821. Allyl enol ethers rearranged to C-allylated materials when treated with
either (Ph3P),Pd(0) or w-allylpalladium bis phosphine complex catalysts (eq.
191) [383]. The propargyl chloride PhCHC1C=CH rearranged to PhCH=C=CHC1 when
treated with Bu,NCuC1,[3847. Rhodium{I) complexes catalyzed the rearrangement
of 3,4-bis(acyloxy)-1,5-hexadiynes to cyclic compounds (eq. 192) [385].

RhC13-3H,0
EtOH, 100°
— HO S
O

62%

and - (190)

fep

50%

PhNH

Ph- ‘
0
N + -
+ Pd’/L + MNa(acac) -8%°
\L alacac >

o X

100% (191)

and

Sehe 9ol

=~95%
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M 0
| _0OAc i
[Rh(C0),C11>
100°, CHC1g
Ac
il OAc
H
35%
and » a (192)
/i 0
Ac
W OAc
OAc
-H

The mechanistic aspects of transition metal catalyzed rearrangements of 3-oxa
quadricyclanes have been studied (eq. 193) [386]. The 442 cycloadducts of furans

C00Me
Me00C OH
" PdC1, (PhCN)5
R
70%
0
R
— (193)
: 0
COOMe 00Me COOMe
Me0OC. OH
fR(CO)>C1]>
R R
10%

with dimethylacetylene dicarboxylate rearranged when exposed to [Rh(C0),C1],
(eq. 194) [3871. Rhodium(I) catalysts also rearranged secopentaprismanes
(eq. 195) [388] and other polycyclic compounds (eq. 196) [3897]. Anti-tetra-
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MeO 0Me
/ \ .
MeQ . . CO0Me
+ / + .
1e0,C-C=C-CO0Me MeO COOMe Me Me
Rh(C0),C13,
: H
OMe Me C00Me
M
+ Ve / ooMe | (194)
Me 00Me MeO “COMMe

R Rl

R Rl
1) [Rh(NBD)C1], f§§:;ZE]
Z2) NaBH,/MeOH

Rl R and - (195)

[Rh(NBD)C13, KCN
- (196)

4
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mantane was produced iq a gas phase, platinum catalyzed reduction reaction-
(eq. 197) [3907]. A polymer supported bipyridine palladium(II) acetate complex
catalyzed the isomerization of quadricyclene to norboradiene and was 30 times

H .
PE/5T0; ‘ , (197)

more active than 10% palladium on carbon [391]. Pinene rearranged to 1,2,3-
trimethylbenzene upon treatment with palladium(II) chloride and sodium acetate
in acetic acid [3927].

Rhodium(I) complexes catalyzed the rearrangement of syn-1,3-bishomocyclio-
heptatriene via a [3,31-homodienyl sigmatropic shift followed by a 1,5-homo-
dienyl hydrogen migration (eq. 198) [393]. The rearrangement/carbonylation in
eq. 199 was catalyzed by Fe(CO)s [394] while that of eq. 200 was catalyzed by

[Rn(C0),C11, (::::::]:>>~ + [::;;::] (198)

0
b Fe(CO)s co ‘”1§>
E+00C\ ~— hv i ” .’ _ (199)
COOEL

CRh(CO),C11, [395]. Tricarbonyltroponeiron reacted with 2,5-dimethy1-3,4~
diphenylcyclopentadienone to ultimately produce polycyclic material (eq. 201)
[3967]. Diiron eneacarbonyl isomerized 3-phenyl-2-oxa-3-azabicyclo[2.2.2]Joct-5-
ene to a number of products including a g-lactam (eq. 202) [3971].

.

CRh(C0),C1T,

R (200):
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Ph Ph '
,lﬁ\ * AO — e
; \

Fe(C0)3
(201}
$th NHPh
\ =
/] /N PR _Fep(CO)g + ;
0 PhH .
40°, 20 min
OH
{202)
N-Ph [::::L\\ ’
+
o / NHPh
, Fe(CO)3
8% 254

The epimerization of aldoses by molybdate complexes was pH dependent, with
a maximum rate at pH 2.5-3.5 [398,399]. Fluxional and nonrigid behavior of
transition metal organometallic w-complexes has been reviewed (114 references)
[4001, as has o-w rearrangements of organotransition metal compounds (116
references) [401].

III. Oxidation

Cyclohexene was cleanly epoxidized by cumene hydroperoxide at 85° in the
presence of Hp[Moy0,(oxalate)s(H20)27-3H20 as catalyst [402]. Other molybdenum
catalysts such as Mo(C0)gs, Mo(CO)sPPh3, Mo(CO)nPy6—n, Mo(C0)3{CgHsg) anq ’
Mo(CO) ;(PhCH;) affected similar chemistry [403]. Olefins were epoxidized by
t-butylhydroperoxide inthe presence of bis[(+)-3-trifluoroacetylcamphoratol-
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dioxomolybdenum as a catalyst. The corresponding vanadium complex catalyzed
the epoxidation of allyl alcohol [404]. The kinetics of the epoxidation of
crotonic and citraconic acids by hydrogen peroxide in the presence of a sodium
tungstate catalyst was first order in substrate and in catalyst, and zero order
in hydrogen peroxide [405]. Aqueous copper(II) chloride and palladium(II)
chloride solutions converted 1,3-cyclohexadiene to 2,3-epoxycyclohexene and 2-
cyclohexen-1-01 when oxygen was passed through the solutions [406].
1-Undecen-5-one was oxidized to 2,5-undecandione by reaction with palladium(II)
chloride catalyst, copper(I) chloride and 0, (Hacker type oxidation). This
material converted to dihydrojasmone upon treatment with base (eq. 203) [4071.

‘ o PdC1,/CuCl
/\/\/\ﬁ/\/\ —z—»oz
0

0

(203)
base
_Dase

Palladium(II) salts were supported on Amberlyst A-21 resin and fuily characterized
by a variety of physical techniques. This material had only a low activity

for both the oxidation of ethylene and the ester interchange reaction of vinyl
acetate [408]. A much more effective catalyst for the oxidation of ethylene to
acetaldehyde was prepared by anchoring palladium(II) salts to organic quinone

_ polymers containing sulfonic acid groups. This catalyst system was particularly
useful because cocatalysts such as copper(II) chloride were not required, the
quinone polymer support carrying the redox reaction itself [409]. Ethylene was
oxidized to ethylene glycol monoacetate by oxygen using a PdCl,/NaNQs/Fe{NQ3)3-
9H,0 catalyst [410]. The rhodium(I) complex RhC1(PPh3)3 catalyzed the oxidation
of T-octene to 2-octanone,_producing small quantities of 2-octancl as a side
product [411]. The cationic rhodium oxygen complex [Rh(AsPh3),,.02]+ oxidized
T1-octene to 2-octanone in 85% yield. Internal olefins were unreactive towards
this complex. This oxidation occurred via activated oxygen rather than by
Hacker type chemistry [412]. The catalyst system consisting of RhC13+3H>0 and
Cu(NO3),-(HMPA), catalyzed the oxidation of monosubstituted terminal olefins, to
2-ketones'by oxygen. The yields were greater than 98% ketone for 1-hexene,
1-octene, 1-dodecene, 4-methyl-1-pentene, stryene and 1,4-octadiene, and 116
turns of the catalyst were observed. Internal olefins were much less reactive,
and 2,2-disubstituted olefins were unreactive. Water inhibited the oxidation.
The reaction was thought to proceed by two coupled paths, one involving activation
of molecular oxygen, the other involving Wacker type oxidation processes (attack

of olefin by Rh-OH) [413].
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Linoleic acid was oxidized to a mixture of 9 and 13 positional isomers
of linoleate hydroperoxide by hemoglobin, myoglobin, iron(II) and copper(II)

" ions and oxygen. This regioselectivity resembled that of lipoxygenases [414].
Osmium tetroxide catalyzed the sodium periodate oxidation of maleic, furmaric
and cinnamic acids [415]. Manganese triacetate oxidized (-)bornene to a mixture
of lactones [416]. Osmium tetroxide catalyzed the potassium chlorate oxidation
of 1-methoxy-1-alkynes (RC=COMe) to « ketoesters (RCOCOOMe) [4171.

The complex 3,5-dimethylpyrrazole Cr0; oxidized AS steroids to AS-7-
ketosteroids (an allylic oxidation) in good yield [4181. Cyclic allyl esters
and silanes were oxidized to cyclic enones by oxygen or t-butylhydroperoxide in
the presence of 1% RhC1(PPh3)3 as a catalyst (eq. 204) [419]. Cyclic ketones

0
~
- (EH2) 0,, 100° (CHz) |
14 RACIL;
SiMe, ) SiMes

60-84%

n = 2-5
and (204)
0 -
[:::::L\\ +  4—on LaRhCI
COOEt . 00Et

77%

were oxidized to cyclic esters by hydrogen peroxide using Mo(0)(0,)(pyridine-
2,6-dicarboxylic acid)(H,0) as catalyst (eq. 205) [420].

0 0
H,0 a- CH5;CN | ‘?
“Wo(0) {05 TTCaMaN(CO, )2 T(Hz07 -
(CH2)n Mo(0 02 C5H3N COQ 2] H20 (CHZ)n
Q0 ﬁ 0 0
60% " 82z 87% 10%
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Related molybdenum complexes hydroxylated carbanions. The complex Mo{0)s{HMPA)>
converted ketone enolates to a-hydroxyketones (eq. 206). Ketones with e methylenes

0 , ]
”" "n
R-C-CHR' + MoOs{HMPA), - R-C-CH-R® : (206)
1]
: oM

or a-methines~underwent clean hydroxylation, while a-methyl groups led to variable
results. Kinetic enolates could sometimes be specifically hydroxylated. Stabilized
enolates did not hydroxylate, while dianions gave mixtures of products [421].
Grignard reagents were similarly hydroxylated by MoOs5/pyridine/HMPA, producing
alcohals in good yield [4227.

Chromium trioxide was adsorbed on crosslinked polyvinylpyridine in the pre-
sence of HC1 to produce an insoluble poly[vinyl(pyridinium chlorochromate] which
was an efficient and convenient oxidizing agent for the conversion of alcohols
to ketones or aldehydes. Less than one moiar equivalent of reagent was consumed
in the oxidation reaction, the oxidant was easily separated from the product by
a simple filtration, and after several reuses and regenerations the reagent was
sti1l as reactive as the original material [423]. Benzyl alcohols were oxidized
to aromatic aldehydes by K,Fe(CO), while aliphatic alcohols were inert {4247,

A hematoporphyrin manganese(IV) complex oxidized benzyl alcohol, benzylamine

and benzyl ethers to benzaldehyde in 70-90% yield. The process was catalytic
when sodium hypochlorite was used as co-oxidant, and the rate was considerably
faster than that observed with sodjum hypochlorite alone [425]. Lactols were
oxidized to lactones in high yield by Rqu(PPhg)u7benza1acetophenone (eq. 207)
[42673. 1In the absence of benzalacetophenone up to 50% diol was cobtained. Racemic

0
RuHy L, ofi
benzalacetophenone -
e OH 95%
HO/\q — | (207)
Q Q
X o
' OH
RuHoL., ‘ OH

K

~aTcohols were asymmetrically dehydrogenated by the chiral catalyst
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Ru,C1,[(~)-diopJs; in the presence of unsaturated hydrogen acceptors. The

amount of enantioselectivity was dependent on the structure of the alcohol, the

acceptor -and the reaction temperature [4277]. Aromatic aldehydes were oxidized

to carboxylicacids in aqueous alkaline solution by nickel peroxide [4287].

Epoxides were oxidized directly to acetonides by anhydrous copper(II) sulfate

in acetone. With alkyl epoxides the reaction was stereoselective (eq. 208).
---H

[4297].
— _acetone 0><0 (208)
/7 N\

R R R R

+ CuS0,,

Prenol and o-hydroquinone were both oxidized to the monomethyl ester of
muconic acid by 0,/CuCly/pyridine in methanol. Water inhibited the reaction.
Electron rich phenols underwent a similar cleavage, while electron deficient
ones did not (eq. 209) [430]. A detailed mechanistic study of this reaction
showed that oxygen was not directly activated by this p}ocess, but merely carried
the copper(I) to copper(II) oxidation chemistry. The initial step was a two
electron oxidation to the ortho-benzoquinone, followed by cleavage of the

H

0,/CuCl,/pyridine ZNcoome
MaOH - (209)
W ~ _COOH

82%

aromatic ring. The catalyst was thought to be a dimeric copper(II) species such
as [Py(Me0)CuOH], with bridging hydroxyl groups [431]. The same reagent oxidized
aromatic ortho diamines to Z,Z-2,4-hexadienedinitrile [432]. Benzyl amines were
converted to aminoacids by sodium periodate catalyzed by ruthenium(III)

chloride (eq. 210) [433]. Cyclohexanone was oxidatively cleaved to adipic acid

R

[} . + -
ArC-NH, + Hal0, ‘Eg%g%ﬁgE‘* R-CHIlH (210)
H coo” :

by hydrogen peroxide and either H;Mo0O, or H, WO, as a catalyst [434]. In contrast

U0, -4H,0 oxidized cyclohexanone to cyclopentane carboxylic acid [435].
N-Phenylpyrazolines were oxidized to the corresponding pyrazoles by oxygen

in the presence of a "cobalt soap" consisting of cobalt(II) sulfate, sodium

hydroxide and a C4-C;q fatty acid (eq. 211) [436]. Dihydropyridines were ox-
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H Rl Rl
H PhH
R \N + 0y W / \N (211)
Ph Ph
65-100%
R = Ph~, m-NO,-Ph, a-furyl, a-thienyl, H
R* = Ph, PhCH=CH-, p-BrPh, p-CIPh, p-MeOPh, Me

dized to pyridines in the presence of a 1:3:3:10 palladium(II) acety]acétonate/
tributyl phosphine/triethyl aluminum/trifluoroacetic acid catalyst [437]. In-
denone was produced from partially saturated precursors by treatment with iron
pentacarbonyl (eq. 212) [438]. Cyclohexene was dehydrogenated to benzene by

0 .
Fb
@ rfxcdo‘l)ox — /7 (212)
0
74% 0

nickel, iron or cobalt intercalated into tantalum disulfide C4393. Dehydro-
genation of polycyclic aromatic hydrocarbons has been reviewed (211 references)
[4407]. A cyclohexyl group of tricyclohexylphosphifie was dehydrogenated to a
cyclohexene group upon treatment with rhodium(I) or iridium(I) complexes (eq.
213) [441]. :

(<:>)-p + [(cOT)Me1], —LHCHa, uooe (213)
3 RzP 01

M= 1Ir, Rh

Tocophero]swereoxidizedby;ﬁ;;(sa1icy]idene)ethy]enediiminocoba]t complexes to
give complex mixtures of benzoquinones and aromatic dimers resulting from coupling
at several different positions [4427]. Oximes were oxidatively cleaved back to
their parent ketones in 40-70% yield by pyridinium chlorochromate. Oxime ethers
were resistant to this reagent [443]. Olefins were converted to saturated halides
by hydrosilation followed by copper(II) halide oxidation of the pentafluoro-
silicate (eq. 214) [4447. Sodium periodate oxidized sulfimines in the presence
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RCH=CH, + HSiCly —— RCH,CH,SiCly —KEo K,[RCH,CHpSiFs] —Xz2,

(214)
RCH,CH,X

NS
R = n-octyl, Ph/’”\\v/’, Ph, Me0,C(CHy);0-

of ruthenium(IV) oxide under phase transfer conditions (eq. 215) [445]. Amines
were oxidized to nitriles and amides by oxygen in the presence of a ruthenium(III)
chloride catalyst (eq. 216) [446]. Secondary alcohols were oxidized to- ketones

" by this catalyst.

0
Me,S=N-R + NalO, % Me;S=N-R ’ (2]5)
‘ 88-95%
0
RCHoNH, + O, —ﬁﬁfgg%lfﬁﬁg—, RCN + RC-NH, (216)
70-100%

A]iphatié hydroxylations catalyzed by iron was the subject of a dissertation
[4477. Reactions of cobalt-oxygen complexes with organic.molecules has been
reviewed (40 references) [4487] as has transition metal complexes as catalysts
for the addition of oxygen to reactive organic substrates (524 references) [449].
Transition metal-assisted oxidation of organic compounds was the subject of a
dissertation [450].

IvV. Reduction
The search for the perfect asymmetric hydrogenation catalysts continued

unabated. . Several new chiral ligands were synthesized. Particularly interest-
ing in this respect were S,S-chiraphos (I) and R-prophos (II). Studies with

HsC [CHs HC
H- -~ ComC —emyy H s C—CHa
Ph,P PPh, Ph,P PPh,
I 11

these ligands led to the conclusion that discrimination of the prochiral faces
of substrates is due to the chiral array of phenyl groups on phosphorous caused
by complexation to the metal and being fixed in one conformation with the methyl
groups equatorial. Consequently, the phenylphosphine groups are immobile,
chiral, and quasi axial and equatorial. Using [Rh(R-prophos)NBDIC10, 0.5 CHxCl,
as a catalyst in THF or ethanol, a large number of acrylic acids were reduced
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in >90% optical yield to the (S) isomers. What was really unique was R-prophos
was used in a cycle to catalytically generate itself (eq. 216) [4511. A

[Rh(R-prophos)]*“‘\\gfh+]

g _COOEt Hy
CH3-C-COOEt ——  H,C=C S
0 ’ PhoP PPhy
CH3-C"‘H (2]6)
OCOCﬂ
Lx;:;Z\\\-~.,.H__-c CH

HO OH

different new chiral Tigand, d1oxop(III) reacted with cationic rhodium(1)

complexes to produce [Rh(COD)d1oxop] C10,~, which in the presence of triethylamine,
was an active chiral hydrogenation catalyst for the reduction of «-acetamidoacrylic
esters in 78-86% enantiomeric excess (S) [452]. The rhodium catalyst resulting
from the reaction of one equivalent of IV with two equivalents of £(COD),RhC1 ],
produced a catalyst that reduced a-acetamidoacrylic acids under mild conditions

Ry O ag

HNMEZ

~
PPh,  PPhy PPh2
“pPh, (s)
dioxop I v X
PhoP  CHMeNMe, Ph,P

HMeNMeo ’ ’ I m _CHMeNMe,

PPh(n-Bu)
(s.s) (s) (R)
VI VIl VIII
(¥ avs Uy VvV V)

CHi1eNMe,
| | ;th

(R)
IX
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in 97-99% conversion and 73-93% optical yield (S) [453]. The chiral amino-
phosphines Y-IX were used to prepare similar rhodium(I) complexes which catalyzed
the reduction of itaconic acid (H,C=C-CH,COOH) in up to 40% enantiomeric excess

_ COOH
{454]. Optically active methylpropyl (isopropyl) aryl phosphines were prepare
and used to make chiral rhodium(I) catalysts for the reduction of a- and B-methyl-
cinnamic acids, a-acetamidoacrylic acids and a-acetamidocinnamic acids. Aryl
groups having ortho-methoxy or dimethylamino groups measurably increased the
optical yields in the reduction of the a-acetamide acids, but not the cinnamic
acids [455]. A number ({-éx) of chiral phosphite 1igands were prepared from
sugars (eq. 217), and used to produce rhodium(I) catalysts for the reduction of
a-acetamidoacrylic and cinnamic acids (up to 80% optical yields) and esters

(up to 48% optical yield) [456,4577.

0 H H .
. . d H
R M = (@17)
OMe
H P ’ e
H OH

H H OPPh,
X
n,
.QMe
O "’\@’m
Et//J\\o “0PPh, “0pPh,
OPth ' OPth
XL XL
_OMe ’
oo o~
’/J\\ “OPPh, Ph ‘ “~0pPh,
opph2 0peh,
AL 1354
0
///.~“ --0
Ph,P0 k
ptho/ “
XV
s
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A series of chiral pyrrolidinophosphine 1igands has been synthesized and
studied in asymmetric hydrogenation. In the reduction of itaconic acid (eq.
218), the optical yield was dependent upon the R group on nitrogen [458,459].
Added triethylamine increased the enantioselectivity to up to 93% enantiomeric
excess [460]. The same catalysts were effective in the reduction of a-

Ph,P
Z S‘,_ + ([Rh(COD)C1J» — catalyst + HOOC-C-CH,COOH
CH,PPh u
2 2 CH
' 2
R
(218)
Ha . HoOC-CH-CH,COOH
CHjy
R = t-BuCO 87% optical yield(s)
PhCO 89% " "
HCO 94% 113 [13
0
[}
£-Bu0-C- 93% u

acetamidoacrylic and fumaric esters (eq. 219) [461,462]. The same catalyst
system was used to synthesize R-(-)-pantolactone (eq. 220) [463] and (S)- and
(R)~salsalidine (45% aptical yield) (4647. The mechanism of asymmetric hydro-

H H
R COOEt _ \ /
> + n, -catalyst, R-—St—CZ--COOEt (219)
Et00C NHAC EtDOC “NHAc
58% obtical yield
R = PhCO
+ Hy catalyst y (220)

HO
0

81% optical yielid

R = t-Bu0CO
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genation by these pyrrolidinophosphine-rhodium({1) catalysts was probed by using
nmr and other physical methods to attempt to determine the conformations of the
chiral comp1exes and to relate these to the optical induction observed [465].
Piperitenone was reduced to pulegone in 38% optical purity using a rhodium(I)
catalyst containing chiral phosphine ligands (eq. 221) [466]. Ruthenium and

L*Rh catalyst
OHFE + Ho (221)

0Me

rhodium hydride complexes containing chiral phosphine or chiral sulfoxide
ligands were studied as catalysts for asymmetric hydrogenation of prochiral
olefins. Only low (15-25%)optical yields were observed [467]. The mixed
hydride complexes of rhodium with triphenylphosphine and d—q-methy]benzylamine
were studied as asymmetric hydrogenation catalysts [468]. The mixed platinum-
tin DICP complex [-DIOP]PtC1,/SnCl, catalyzed the reduction of afethy]styfene
in 37% enantiomeric excess. This also was a modest chiral hydroformylation
catalyst [469].

A study of the reduction of the Z and E isomers of a-acetamidocinnamic acid
using the chiral rhodium(I) catalyst formed from [RhCT1(C=C)>1> and (+)-DIOP
showed that the Z isomer reduced to the S enantiomer in 70% enantiomeric excess
in an exclusive (by use of D, and nmr) cis reduction, while the E isomer pro-
duced the S enantiomer in only 25% enantiomeric excess. These results indicated
that the Z isomer reduced faéter than the E, and that E to Z isomerization occur-
red prior to reduction [470]. It was found that the amount of isomerization de-
pended on the solvent, benzene eliminating isomerization and increasing the
enantiomeric excess for the E isomer. Rhodium(IIl) complexes were blamed for
the isomerization and the process was thought to proceed through #-allyl com-
plexes [471]. In a different study of the mechanism of asymmetric reduction,
it was claimed that the olefin binding step determined the stereochemical
course of the reaction and that the addition of hydrogen was of minor importance
to optical yield [472]. In studies using HRh[(+)-DIOP], as a catalyst, only
terminal methylenes were reduced (itaconic, 20% ee; N-acetamidoacrylic, 56% ee;
atropic, 37% ee). Maleic acid and other internal or nonactivated olefins were
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not reduced., With the bis-DIOP catalyst, enantiomeric excesses were lower than
with the mono complex and esters reduced more slowly than the corresponding
free acid, suggesting coordination of the free acid was important in this system
[473]. The kinetics of enantioselective hydrogenation of a-acetamidocinnamic
acid catalyzed by rhodium(I) DIOP catalysts were studied [4747. The reduction
of Z(-)-(1R,3R,4S)-menthyl~ and bornyl-a-acetamidocinnamates gave 50-78% enan-
tiomeric excess with neutral DIOP rhodium{I) catalysts, while the use of the
same type of catalyst having achiral Tidands gave only 7-12% enantiomeric ex-
cess, indicating that the chiral ester group had little role in the optical in-~
duction process [475]. However, using a-acetamidocinnamic esters with bulky
ester groups resulted in increased preference for the formation of S enantiomers
(from 1% ee for methyl ester to 58% ee for t-butyl ester) when a rhodium(I)-
chiral phosphine XVI complex was used. DIOP rhodium{I) complexes did not show

Ph,PCH,
Ph,PCH,
AL

this effect [476]. A similar catalyst was used to study the reductions in eq.
222 [477].

OH{Me) OH(Me)
F
+ u, -LiRhcat. PhCHCQ (222)
Ph N——1<; N
A / |
PPh,
L =
L_PPh,
XVII
ANy,
For ester 73% ee DIOP For acid 87% DIQP
438 WL 68% XYL

20% XVI
U

Phosphorus 31 nmr studies of rhodium(I) complexes with chiral pyrrolidino-
phosphine 1igands in the presence and absence of substrate indicated that two



397

conformations of theicomp]ex were present in the absence of substrate, whiie
upon coordination one conformer was preferred and ultimately led to asymmetric
induction [478]. Asymmetric reduction reactions using dipamp(XVIII) were
studied by nmr spectroscopy and isolation and characterization of intermediates
(eq. 223). From the nmr studies, it was claimed that asymmetric induction de-

(223)

OMe
AP + [(COD)RhC1D, + COOH
rd h/K
p 0
MeO
LU
MeOPh
‘' _Ph
o=
[ /A _cooH W
P
i \Ph \
g h
Ph oMe

rived from stereoselectivity in the binding process rather than relative rates
of hydrogenation of diastereomeric complexes [479]. Hydrogenation of e-ethyl-
styrene and 2-ethyl-1-hexene with a rhodium(I)-neomenthyldiphenylphosphine
catalyst in benzene occurred by the addition of two hydrogen atoms to the alkene
in a suprafacial fashion, while in benzene-ethanol the addition was antarafacial
[4807]. The mechanism of the asymmetric action of chiral heterogéneous hydro-
genation catalysts modified by optically active 1igands has been studied [481].
In the asymmetric hydrosilation of acetophenone by c-naphthylphenylsilane
catalyzed by a rhodium(I)(DIOP) complex, added spin traps resulted in the the
detection of esr signals [4827. Heating either (R) or (S) CH»=CHCH{Me)OH in the
presence of rhodium(I) chiral phosphine complexes resulted in intramolecular
hydrogen transfer, producing CH3CH-CH(Me)OH [483]. Asymmetric trans-
fer hydrogenation of prochiral CH3CH=C(Me)COOH by a-D-glucofuranose derivatives
or p-methoxyphenol in the presence of RuCl,(PPh3)3 or ruthenium DIOP complexes
led to o-metnylbutyric acid in 22.5% enantiomeric excess (maximum) [4847].

Chiral aminoacids were prepared by a hydrogenolytic asymmetric transamination
involving a catalytic reduction (eq. 224) [485]. Treatment of heterogeneous
copper catalysts with (2R,3R)-(+)-tartaric acid produced a Raney copper catalyst

capable of asymmetric hydrogenation [485].
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Ph?HCOOR
NHp PRCHCODR PhCHCOOR
* — N Sl Aty
0 B H4CCH-COOEE NaOH
CH4-C-COOEE HsC  COOEE

(224)

H3C-CHCOOH
N,

9-34% optical purity

Asymmetric hydrosilation by means of homogeneous catalysts with chiral ligands
has been reviewed (75 references) [487], as has asymmetric hydrogenation reactions
over solid catalysts (27 references) [488], and asymmetric hydrogenations {9
references) [489]. The asymmetric reduction of carbenium ions by organosilicon
hydrides having chiral 1igands was the subject of a dissertation E4§0].

Solid phase supported catalysis has also been a very active field. A hydro-
philic copolymer of hydroxyethylmethacrylate and styrene containing the chiral
1igand DIOP wvas prepared. and rhodium complexes supported on this polymer were
studied as hydrogenation catalysts (eq. 225). This material gave the same yields

+ RCH=C__
C0,CH,CH,OH R'
0.08 A 0.92

0 0
H-—: - -H
H,C H

2\ 2 (225)

PhyP~g;~PPh2

¢l [S3

COCH
Ho o pen,en”
\\RI

and optical yields as homogeneous complexes, and was easily removed by filtration
and recycled [491]. A similar copolymer of DIOP-containing styrene and methyl-
vinyl ketone in which the pendant keto group had been reduced to either an (R)

or (S) secondary alcohol group was prepared and used as a hydrogenation catalyst
for a-acetamidoacrylic acids, a-acetamidocinnamic acids and atropic acid in
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alcohol solvents. The absolute configuration and optical yield obtained with

each of "these substrates was identical to that observed with homogeneous catalysts.
However, in THF solvents the optical yields depended on the absolute configuration
of the chiral OH center (eq. 226) [492]. A chelating diphosphine 1igand was

Hy N/ CHy——

COOH
Hes ot + Reu=cT
t \\NAC
CHj
1 n
Rh(I)-DI0OP (R or S)

(226)

COOH
Ho . ReHucHT
“SNHAc -

attached to biotin, which was then treated with avidin, a protein which irrevers-
ibly binds biotin. The rhodium(I) complex of this solid (protein) supported
diphos catalyzed the reduction of a-acetamidoacrylic acids in up to 44% ee

(eq. 227). This optical induction was due solely to the chirality of the protein

0

HN/U\'NH .
H m— —eam H :
~ Ph,
S 0 P ==
u N \
N Rh
Ph,

(227)

CO0H y _COOH
= —2  CH3CH
NHAC > nHAc

T4937]. Styrene containing a chiral pyrrolidinodiphosphine was copolymerized
with hydroxymethylmethacrylate to produce a solid support whose rhodium(I)
complexes catalyzed the reduction of itaconic acid in 83% optical yield, and
e-acetamidocinnamic acid in 70% optical yield (eq. 228) [494].

References p. 430



400

Py
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Palladium(II) and rhaodium(III) halides supparted on copolymers of styrene
and maleimidederivatives of (S)-phenylalanine or (R,S)-alanine catalyze the
hydrogenation of 1-hexene and «-acetamidacinnamic acids, after activation with
hydrogen or sodium borohydride [49571. Polystyrene supported ortho aminobenzoic -
acid complexed with palladium(II) chloride. This material was an excellent
catalyst for the reduction of alkenes to alkanes, 1,3-dienes to monoenes, alkynes
to cis alkenes, and benzene to cyclohexane. Conjugated enones were reduced to
complex mixtures of products [496]. Pailladium{II) chloride supported on phos-
phinated polystyrene was a good catalyst for the reduction of unsaturated species.
The fo]iowing order of reactivity was observed: conjugated dienes > nonconjugated
dienes > terminal olefins > internal olefins. Alkynes were reduced as well [[497].
Polymer-supported rhodium catalysts were used to reduce propene [4981. Para-
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substituted triphenylphosphine ligands were synthesized and studied as models

for polymer bound phosphines as ligands for rhodium based hydrogenation catalysts.
With bulky phosphines (Efdodecyl) the maximum rate of reduction was observed for
P/Rh of two [499]. a-Pinene, myrtenal and 8-ionone were hydrogenated over Pd/C,
Pd/Amberlyst 27, Pd/Amberlyst 15, Pd/basic Sephadex QAE 50, and Pd/alginic acid
[500]. The selectivity for the reduction of primary and secondary olefins
catalyzed by phosphinated polystyrene supported rhodium(I) complexes was depen-
dent on the mode of preparation and the presence of nonpelymeric ligands after
preparation [501]. Polystyrene coated silica gel was phosphinated and used to
support [Rh{C0),C1], to produce a catalyst for hydrogenation, hydroformylation
and isomerization of olefins [502]. 1,2-Dicarbadodecaborane (12) was attached

to polystyrene and RhC1(PPh3); was introduced by exchange. The resulting rhodium
complex, in which the rhodium was bound in a w-fashion, catalyzed the reduction
of alkenes [[503]. Palladium complexes were supported on ion exchange resins

such as vinylpyridine anion exchangers, phosphate type cation exchangers, and
ampholites. The resulting complexes catalyzed the hydrogenation and isomeriza-
tion of allyl-benzene more effectively than Pd black. This supported catalyst
also reduced allyl alcohol, cyclopentadiene and nitrobenzene [504]. The cluster
compounds Ir,(C0),;(PPh3) and Ir,(C0);¢(PPh3), were attached to polymer beads

and membranes, and the resulting catalysts were examined by infrared during
hydrogenation of ethylene at 1 atm. At 303°K, the infrared spectrum of the
vorking catalyst was distinct from the resting catalyst, while at 373°K the
intensity of the carbonyl band decreased and metal aggregation resulted [505].
Attaching Rhg(C0),g to a polystyrene-divinylbenzene-phosphine membrane produced
a catalyst which was studied in a similar fashion. The cata]ystvreduced olefins,
but exposure to oxygen led to formation of rhodium metal which aggregated to
give rhodium crystallites 20-25 R in diameter. This occurred because the phos-
phines were oxidized to phosphine oxides, allowing rhodium to migrate [5061.
EXAFS was used to examine Rh(Br)(PPh3); supported on polystyrene polymers.

With 2% divinylbenzene-crosslinked polystyrene the complexes were dimeric, in-
dicating that nonadjacent polymer bound metal sites could react with each other,
With 20% crosslinked resin, all the rhodium was monomeric [5077. Rhodium tri-
chloride and poly{vinylpyrrolidone) with methanolic sodium hydroxide produced

a colloidal dispersion of rhodium particles 8.8 E in diameter. This dispersion
was an active catalyst for the reduction of internal olefins at 30° and 1 atm

of hydrogen pressure [[5087].

Silica gel was treated with (Et0)3SiCH,CHyPR, followed by reaction with
Co>(C0)g. The resulting material catalyzed the reduction of polyenes to mono-
enes under mild conditions [509]. Rhodium on alumina was a catalyst for the
reduction of conjugated dienic esters [510]. A very active hydrogenation catalyst
was prepared by reacting bis-wm-allylpalladium with vitreous materials having
surface OH groups, followed by treatment with Tithium aluminum hydride fs117.
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The hydrogenation of 1,2-cyclononadiene over carbon or alumina subported
palladium, rhodium and iridium led to trans-cyclononene. The intermediacy of
a-allyl complexes was demonstrated [512]. The catalytic hydrogenation of
cyclohexene over supported palladium catalysts was studied [513]1. A study of
methylcyclopropane hydrogenation over supported platinum catalysts was the
topic of a dissertation [514].

The water soluble phosphine '035—{<::::>—-Pph2 (dpm) was synthesizedrand was

used to prepare the rhodium(I) and palladium(II) complexes RhCldpmj-4H,0,
RhC1(COD)dpm-H,0, [Rh(COD)dpmy1'PFg~, [Rhdpm(COD)J», RhH(CO)dpms-4H,0,
RhHC1dpriz, RuHCldpms-2H,0, Ptdpm,-4H,0, PtHdpm3Cl, PdCl,dpm,-3H,0 and
Pd(CN),dpm,, and their activity as reduction and hydroformylation catalysts in
two phase systems was investigated [515]. Nitrosylcatecholatoiridium complexes
were used as hydrogenation catalysts for 1,3-dienes under mild conditions (eq.
2209). Both monoenes and 1,4-dienes reduced, but much more slowly [516].

0 NO .
\Ir’, + Hy + 3383m : (229)
7/ Pph,

86%

X

The complex [IrCi1(COD)P(cyciohexyl)3] was a highily active and selective
catalyst for the reduction of cyclohexene [517]. The catalytic activity of
IrC1(CO)[P(CgHyy)3J2s IrCI1(PPh3);, IrH(CO)(PPh3)s, and Ir(H)3(PPh3); in the
reduction of seventeen unsaturated substrates including olefins, allyl alcohols
and conjugated enones was studied at 95-150°, 10-15 bars pressure and in the
absence of solvent [518]. Tritium labelled prostaglandins were prepared by
the RhC1(PPh3)3 catalyzed tritiation of the corresponding alkynes [519].

Kinetic studies of the hydrogenation of cyclohexene catalyzed by RhC1(PPh3),
indicated that Rh(PPh;),H,Cl was the catalytically active species [520]. The
influence of bridging groups in homogeneous hydrogenation with p-dimethylamino
substituted phenylphosphine rhodium complexes was the topic of a dissertation[521].

The ruthenium catalysts (p-tol PPh,)3RuCl,, (PhyAsCH;CH,AsPhy)aRuClz,

(p-tol PPh, )>Ru(C0)2C15, (Ph3Sb)3Ru(C0)C12 and (PhzAsEt)3Ru(C0)Cl> were studied
as nydrogenation catalysts. The tris(p-tolyl)diphenylphosphine complex was most
efficient for hydrogenation of terminal olefins. Ethanol increased the rate of
reduction, while pyridine or excess ligand decreased the rate [522]1. Tricarbonyl
chromium complexes of phenanthrene and naphthalene catalyzed the stereospecific
and regioselective reduction of 1,3-dienes in a 1,4 fashion to produce Z monoenes.
Morbornadienes viere reduced less selectively, giving mixtures of norbornene (20%)
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and nortricyclane (80%) [523]. Disubstituted allylmanganese phosphine complexes
of the type w-C3HsMn(CO),(PR3), were effective reduction catalysts for alkenes.
Trisubstituted complexes w-C3HsMn(CO)(PR3);3 were more reactive but underwent
competitive loss of the allyl group and subsequent catalyst destruction [5241].
Pentamethylcyclopentadienyl rhodium and iridium halide dimers of the type
L[CpMX,1,, [CpMI,HX; and [CpMHX],, were active hydrogenation catalysts for the
reduction of dienes, alkynes and functionalized olefins in the presence of
triethylamine in isopropanol or methylene chloride solvent [525]. Alkynes

were reduced to cis alkenes by magnesium hydride-copper(I) iodide or magnesium
hydride-copper{I)-tert-butoxide [526]., The hydrogenation of AcOCMezC=CCMe20Ac
over palladium gave exclusively the cis alkene product [527]. Alkenes and
alkynes were reduced quantitatively by equimolar mixtures of 1ithium aluminum
hydride and TiClz, VCls, CrCly, FeCl,, FeCly, CoClz and NiClp. However, only
CoCl,, NiCl, and TiCl3 were effective when used in catalytic amounts. Phenyl
acetylene was reduced to styrene, and 1-octyne to octane with LiAlH,-FeClz,

and to ethylbenzene and 1-octene by LiATH,-NiC1,[528].

The complex RuHC1(n®-CgHg)PPhs catalyzed the reduction of benzene to cyclo-
hexane at 50 atm and 50°C. This complex also catalyzed the transfer hydrogena-
tion from secondary alcohols of olefins to alkanes, dienes to monoenes and
cyclooctatetraene to cyclooctadiene [5297. Nickel vapor reacted with toluene
and perfluorobromobenzene to produce a bis-perfluorophenylnickel-toluene complex
in which the toluene was very labile. This complex catalyzed the reduction of
toluene to methylcyclohexane at 25° and 100 atm pressure. However, only ten
turns of the catalyst were observed before activity was lost [530]. The full
details of the reduction of aromatics using n-allylcobalt-tris-trimethylphosphite
as a catalyst has appeared. The reduction proceded at 25° and 1-3 atmospheres
pressure, gave predominantly cis reduction and tolerated alkyl, alkoxy, carbethoxy,
keto and amino groups. Nitro, cyano and fluoro groups, and steric crowding in-~
hibited the reduction. The catalyst had a short lifetime, acidic protons de-
stroyed the comp]éx, terminal alkenes reduced faster than arenes, and polyenes
were isomerized [531]. Alkenes were hydrosilated by H,SiCl using RhC1(PPh3),
as a catalyst [5327, and by HSi(OEt)CT, with Co2(CO)g and Rh,(C0);» catalysts
[5331.

" The reduction of conjugated carbonyl compounds including esters, ketones,
aldehydes, amides, lactones and nitriles by NaHFe»>(C0)g was a very efficient
process. The complex was easily prepared under mild conditions, and reduced
these substrates under mild conditions. The mechanism was shown to involve
intact binuclear NaHFe,{CO)e rather than monomeric complexes [534]., Irradiation
of butadiene iron tricarbonyl complexes in acetic acid led to reduction of one
of the alkene groups (eq. 230) [535]. The conjugated olefin of conjugated car-
bonyl compounds was cleanly reduced by ammonium formate in the presence of Pd/C
(eq. 231). Nonconjugated double bonds were inert, while
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alkynes were reduced to cis alkenes [536]. Knoevenagel condensates of 2,4-
pentanedione with aldehydes were reduced and deacylated by hydridotetracarbonyl
ferrate (eq. 232) [537]. Similar condensates of keto esters were reduced but
not deacylated by this reagent. Long chain conjugated dienic esters were

=0 0 :
i
RCH= Hre(€0), | RCH,CH,~C~CHs (232)

Eton
0 60-70%
Me '
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reduced to mixtures of monoenes by treatment with hydrogenand Cop(CO)g. The
double bond was distributed over the entire long alkyl chain [538]. Butadiene
was reduced to gj§:2?butene by treatment with cobalt(II).chloride, zinc powder
and 2,2-bipyridyl in the presence of hydrogen [539]. Dienes were converted to
mono- Or bis-boranes by reaction with Tithium aluminum hydride, titanium(IV)
chloride and BF3 etherate (eq. 233) [540]. .The triene in eq. 234 was reduced

4 =~ + LiATH, TiCl, | 4/3 BF3-Et,0

4/3 BW%

88%
(233)

and

CgH17

i

+ 2 CppZr(Ci)H — —— (234)

70%
-OH 1:1 mixture of epimers

by Cp2Zr(C1)H at the terminal alkene in excellent yield. This process was
claimed to be better than that using 9 BBN [541]. Allene was reduced to propene
by hydrogen in the presence of a w-allylpalladium chloride complex catalyst
[5427. 1,3-Butadiene was hydrogenated to primarily 1-butene over a number of

rhenium and sulfur-poiscned rhenium catalysts [543]. Conjugated dienes were

reduced over Pt/A1,0; catalysts. Cyclopentadiene was reduced with low selectivity

because of the formation of an adsorbed w-allyl intermediate [544].

Vinyl esters, nitriles and acetates underwent hydrosi]ation'to place silicon
a to the functional group in the presence of a nickel acetylacetonate catalyst
[5457. Isoprene was catalytically hydrosilated in a 1,4 fashion exclusively by
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trichloro-or dichloromethylsilane and palladium(II) catalysts, while trialkyl-
silanes added 30:70 1,4 to 1,2 in the presence of RhC1(PPh3);. Myrcene and
ocimene reacted in a similar fashion [546]. Chloroplatinic acid catalyzed
hydrosilation of isoprene produced both.1,2 and 1,4 adducts depending on the
particular silane used [547]. In contrast both NiCl,(PPh3), and PdC1,{PhCN),
catalyzed the hydrosilation of isoprene and 2,3-dimethylbutadiene by HSiClj,
HSi(0Ft); and HSiEt; in a 1,4 fashion [548].

Treatment of [RhC]z(bipy)2]+C]' with hydrogen produced [Rh(bipy)2]+, a
compound very efficient for catalytic reductions of ketones to alcohols in
the presence of olefins, although conjugated ketones underwent reduction of the
olefin group first. The chemistry of this and related compounds is presented
in eq. 235 [549]. Aldehydes were reduced to alcohols in good yield with high

A0 A 0
RhCl4 [Rhbipy(s),T"

Rhbipy(S),]"

[Rhbipy(S),1" CRhbipy(S),] (235)

OH
[Rh(bipy),T" |

selectivity and high catalyst turnover under 15 atm of hydrogen at 160°-200°

and RuCl1,(C0),(PPh3), as catalyst [550]. The kinetics of the reduction of cyclo-
hexanone to cyclohexanol at 100° and 100 atmospheres of hydrogen using HyRu,{C0)12
were studied. It was shown that the ruthenium cluster was recovered intact at
the end of the reaction [551]. Crotonaldehyde and cinnamaldehyde were reduced

to the corresponding allyl alcohols by a catalytic transfer hydrogenation, using
HIrC1,(Me>S0)3 in aqueous isopropanol as catalyst [552]. Pyrolyzed rhodium car-
bonyl clusters on Ti0z, Zr0; or La,03 catalyzed the reduction of carbon monoxide
to methanol and ethanol at 1 atmosphere and 200°C [[553]. A wide variety of con-
Jjugated ketones, including-prostaglandins, were reduced to allyl alcohols by -
sodium borohydride and CeCl3+nH,0 or SmCl3+nH,0. The reaction was fast and
efficient, tolerated small amounts of water, and almost always resulted in 1,2
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addition even in cases where 9 BBN, cyanoborohydride and DIBAH failed [554].
Treatment of CpZr(H)C1 with BH3-Me,S produced Cp,Zr(C1)BH,, which was a specific
reducing agent for aldehydes and ketones. It was air stable and soluble in
nonpolar solvents, in contrast to sodium borohydride. Conjugated ketones gave
both 1,2 and 1,4 reduction products [555]. .

Ketones and aldehydes were reduced to alcohols by mixtures of NaH-t-amyl-
alkoxide-Ni(OAc), [556]. Acetophenone was reduced to the corresponding alcohol
by hydrogen and rhodium(I} cationic complex catalysts coordinated to-DIOP.

Hith DIOP alone as ligand, the reduction proceded in 18-40% yield with up to

54% optical yield. With DIOP plus added achiral phosphine the yields increased

to 70% but the optical yields dropped. With (S)(-)-PhCH,P(Me)Ph as 1igand rather
than DIOP the reaction went in 48-92% yield with 3-37% optical yield. Maximum
optical yield was obtained with a phosphine to rhodium ratio of 3 [557].

Pantoyl lactone was produced in 100% yield and 86.7% enantiomeric excess by
reduction of the a-ketolactone with hydrogen and a rhodium(I) BPPM catalyst

(eq. 236) [558].

: H
—_2
0 0 Q\pphz * R —5aeh 300
0 =0
R

{236)

HO

Unsymmetrical ketones were reduced to chiral alcohols using chiral amino
phosphine rhodium(I) complexes as catalyst [[559]. Raney nickel catalysts
- modified with chiral amino acids such as (S)-alanine and (S)-valine, as well
as (R,R)-tartaric acid and (S)-lactic acid, catalyzed the asymmetric reduction
of the keto group of acetoacetic ester [560], The reductions of 3,4-, 3,5-
2,5-dimethylcyclohexanone by isopropanol using RuCl,(PPh3)s; as catalyst pro-
ceded more slowly when one of the methyl groups was axial than when all were
equatorial. The thermodynamically less stable isomer was the major project in
these reductions [561]. Finally, heterocyclic amides were reduced to the '
corresponding hydrocarbons in HC1 solution using Pt0, as the catalyst (eq. 237)

{5621.
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A variety of new reagents for the reduction of organic halides has been
developed. A number of copper hydrides of general constitution Lintan+] (n =

1-5) were prepared by treatment of the corresponding methyl complexes with
Tithium aluminum hydride. The compliex Li,CuHs was most reactive for the re-
duction of primary alkyl halides to the corresponding hydrocarbon. Secondary
and aryl halides were unreactive. In contrast, this reagent reduced conjugated
enones almost exclusively 1,2, while Li,CuH3 reduced the same substrates almost
exclusively 1.4 [563]. Bis({triphenylphosphine)copper(I) tetrahydroborate re-
duced acid chlorides to aldehydes in excellent yield. This material was an air
stable crystalline solid soluble in chloroform, acetone and benzene. It

tolerated ester, ketone, cyano, epoxy, imino, alkene and alkyne functional

groups. One mole of copper per mole of substrate was required and free triphenyl-
phosphine was required [564,565]. Aryl halides were reduced to arenes by sodium
formate in the presence of a palladium(0) phosphine catalyst. Nitro, carboxyl,
ester, aldehyde, ether and keto groups were tolerated [566]. A similar reduc-
tion was affected by sodium methoxide in the presence of Pd{PPh3),. With this
system aryl bromides were most reactive. Aryl iodides coupled and aryl chlorides
were inert [567]. A wide range of organic halides were reduced to hydrocarbons
by [CpV{CO)3H]™ via a radical chain mechanism (eq. 238). Ketones and esters
were unreactive, and vic-dihalides underwent elimination [568,569].

Cpv(COl, "%%’géélﬂf—-+ Ccov(co)shrpent  -RXL gy :  (238)
3) PPNTC1

Br

R = alkyl, X, [::><:Br, ~—X, RCOC1, PhCH,Br, Pher, /
. . Br Ph
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Mixtures of sodium hydride and sodium alkoxides when treated with halide
salts of Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Mo, Pd and W produced non-
characterized material which reduced 1-bromonaphthaiene to naphthalene, and
also coupled aromatic halides [570]. Organic halides such as 1-chloro- and
1-bromodecane, bromobenzene, cyclohexyl chloride and 3-bromooctane were re-
duced to the hydrocarbon by 1ithium aluminum hydride in the p}esence of FeCl.

s
ana_r~rhInvrarhadimmm
ene=-cniorornddium

CoCly, NiCl; or TiC13L571]. Treatment of bis-1,5-cyclchexa
with tertiary phosphines and tertiary amines produced a catalyst that reduced
halides to hydrocarbons. Jodides were most reactive. Benzyl halides and «-
haloesters were very reactive, while bromobenzene and alky!? bromides were

Tess reactive [572]. Support of KHFe(CO);, on ammonium ion exchange resins
produced a system which reduced c-haloketones and benzyl halides to hydrocarbons,
but converted alkyl halides to aldehydes by a carbonylation reaction [573].
Titanium(III) chloride in the presence of HC1 converted a,a-dibromoketones into
a-chloroketones in excellent yield [574].

Palladium chloride supported on polystyrene attached o-aminobenzoic acid
catalyzed the reduction of nitrobenzene to aniline (80°, 1000 psi) and benzo-~
nitrile to reduced dimers [575]. Oximes, sulfoxides, haloketones, vinyl di-
carboxylic acids and nitroaromatics were reduced by the in situ electrochemical
generation of -titanium(III} by oxidation of titanium metal [5761. Titanium({III)
was used to reduce nitroarginyl peptides to arginyl peptides. This technique
was used in the synthesis of arginine vasotocin [577].

Palladium particles were entrapped in a poly(2-hydroxyethyl)methacrylate,
pulverized and used to catalyze the reduction of nitrobenzene to aniline {£5781.
Azides were reduced to amines by treatment with titanium{III) chloride in
ethanol-water (eq. 239) [579]. Aryl-vinylsulfoxides were reduced to the corres-
ponding aryl vinylsulfides by treatment with ethyimagnesium bromide-10% capper(I)
chloride and zinc in ether-dichloromethane [581]. Epoxides were catalytically

Ry, _TICLa/EROW/H0,  py. (23¢)
_ e /l / /N e /N\
RN3 = ~ N / E) ~ ,“ ,/> b - //N »
/ —
N3 N N4 NN N3 i
83% 30% 54%
61-78%

deoxygenated to olefins by CpMoCl, or CpWCl, and sodium amalgam [582]7.
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Substituted benzyl alcohols weré hydrogenolyzed to substituted toluenes by
hydrogen transfer from cyclohexene. The catalyst was aluminum chloride/palladium
on carbon., The same system reduced substituted styrenes. Pure alkyl substituted
alcohols or olefins were unreactive [583]. The reaction of RhCI1(PPh;)}; and
Rh(H) {PPh3), with amines, alcohols, hydroaromatic compounds or dioxane produced
a large amount of benzene from hydrogenolysis of the triphenylphosphine groups.
The reaction proceded by a rhodium(I} hydrogen transfer reaction [584].
Unsaturatéd alcohols containing a double or a triple bond were hydrogenolyzed
to alkenes by pentacyanocobaltate(II). Terminal alkynes were hydrocyanated
and reduced to secondary nitriles or olefins [585]. Aromatic ethers and ketals
were converted to the corresponding hydrocarbon by aluminum chloride/palladium
on carbon [(586]. Enol phosphates, produced from ketones, were reduced to ole-
fins by treatment with activated titanium produced by the reduction of titanium({III)
chioride with potassium (5871. Cycloprdpane was hydrogenolyzed on supborted
transition metal catalysts [588,5897]. '

The water gas shift reaction (eq. 240) attracted a great deal of attention
this year. When Rhg(C0),5 was heated with carbon monoxide, D,0 and triethylamine,

CO + H,0 ~S2talyst, g oy, (240)
a catalyst which activated C-H bonds to undergo hydrogen-deuterium exchange
reactions resulied. The major product was EtsM-d, [590]. In weakly coordinated
solvents such as THF or acetone, platinum({Q) complexes of the type Ptls
catalyzed the water gas shift reaction at 100°. The triisopropylphosphite
catalyst was the most reactive complex [591]. The order of reactivity of complex
catalysts for the water gas shift reaction in ethylene glycol monoethylether was
HoFeRug(C0)y5 > Ir,(CO)y5 > HpRu,(CO)}y3 % HLRu,(CO);5 % Ruz{CO),. & Fe(CO)s >
Rhg(C0);s > Rug(CO)y7>> HyRe3(C0)3, >> Rep(CO0);p £592]. A variety of metal
carbonyls including Fe(CO)5, Cr(C0)g, Mo(CO)g, W(CO)g and Ru3(CO);5 in the pre-
sence of sodium or potassium hydroxide were active catalysts in the water gas
shift reaction. At 170° 400 moles of hydrogen per mole of catalyst per day
could be produced [593]. Aromatic nitro compounds were reduced to amines by
a mixture of carbon monoxide and water in basic solutions of iron pentacarbonyl
[5947]. Reductions of arganic compounds by use of carbon monoxide and water
rather than hydrogen has been reviewed (14 references) [595].

Several approaches to the reduction of carbon monoxide have been developed.
Carbon monoxide reacted with CpZrCl1(H) to produce a formyl complex which reacted
with HC1 to give CpZrCl, and methanol (eq. 241). With carbon dioxide a zirconium

2 Cp,Ze(H)C1 + CO - (CpaZrCl),CH,o —HEMTHF . epzvct, + MeOH (251)

methoxide complex was formed [596]. Reduction of Cp,NbH(CO) with hydrogen pro-
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duced methane in which the carbon was demonstrated to have come from the carbon
monoxide [597]. Bis(pentamethylcyclopentadienyl)dihydrozirconium(IV) reacted
with carbon monoxide to produce either “Lp,"Zr(QGCHz)H or ("Cpz“ZrH),0CH=CHO

" depending on conditions. In both of these complexes, carbon monoxide had been
reduced [598]. Dicobalt octacarbonyl catalyzed the reaction of hydrogen with
carbon monoxide at 240° and 300 atmospheres pressure to produce methanol,
ethanol and methyl formate [599]. Finally, the Fischer-Tropsch reaction using
ruthenium on alumina as a catalyst has been.studied [6007.

V. Functional Group Preparation

A, Halides

Aryl braomides were converted to aryl iodides by treatment with potassium
ifodide and either nickel bromide-zinc or nickel bromide-tri-n-butylphosphine
[601]. The same reaction conditions converted viny] bromides to. vinyl iodides

with retention of configuration [602]. 1In both cases chlorides were much

less reactive. Steroidal alcohols were converted to the corresponding chlorides
by treatment with palladium{II) chioride in benzene at 60° (eg. 241) [603].

Olefins were converted to vis-dichlorides by treatment with (BuyN),Mog0Ozg

and acetyl chloride or boron trichloride. The process was a clean cis addition,

cis-3-hexene producing meso~3,4-dichlorohexane, and the trans hexene producing
the d,1 dihalide. Cyclohexene and terminal olefins underwent a similar reaction

[604].

PdCi, (PhCN),
PhH, 60° i
Huo ?
1 5
80%
cholestanol
epicholestanol

and

(241)

-t

H®™
OH H
85%
coprostanol
epicoprostanol
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Aryl amines were converted to aryl halides by treatment with t-BuSNO or
t-BuSNO, and copper(Il) halide in acetonitrile at 0-25°[605]. Substituted
toluenes were converted to the. corresponding benzyl chlorides by treatment with
thionyl chloride in the presence of palladium(0) complexes Pd(PPh;).,[6067].
Morpholines were fluorinated by treatment with cobalt{III) fluoride at 100-200°
{eq. 242) [607]. Olefins were converted to vicinal alkoxyiodoalkanes by reaction
with iodine and alcohols in the presence of copper(1l) acetate (eq. 243) [608].

F R
R F
+ CoFy M,. R3 (242)
Rl
R N Rl Y
y Me
Me .
RL R2 ‘ IR
4\/———/\}23 + mSOH + 1, -Cul0Ac)H0, g g ¢ g (243)
R R* ORS
24-99%

Terminal alkenes were converted to terminal alkyl halides by the titanium(IV)
chloride catalyzed addition of 1ithium aluminum hydride to the alkene, followed
by cleavage of the alane by copper(II) halide. Alkadienes were converted to
olefinic halides {eq. 244) [609]. Methylene chloride added to terminal olefins
in the presence of NiC1,(PPhj),. Nickel(0) catalystswere unreactive in this

LiAlH, + RCH=CH, —Cl&,  [iAT(CH,CHR)y —UX2.,  RCH,CH,X
N~ M\X (244)
70% '
X
=
///\\I:::::]
73%

system (eq. 245) [610]. Carbon tetrachloride added in a similar fashion in the
presence of an RuH3(SiMe,Ph)(PPh;), catalyst (eq. 246) [611,612]. Conjugated
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RCH=CH, + CHClp  —p f]"‘:f‘] ge—  RCH-CH,CH,CI (245)
C1

up to 60% yield

n-CgHysCH=CH, + CCl, -—Ruba(SiMesPh)(PPhs)s n-CgH; 3CH-CHy~CC14 (246)
¥
c1
85%
(4,250 catalyst turnovers)

dienes underwent clean 1,4 addition of carbon tetrachloride under RuCl,(PPha),
catalysis (eq. 247) [613]. Finally, acetylene was converted to trans-l-chloro-
1,3-butadiene by reaction with mercury(II) chloride, palladium(II) chloride and
iron(III) chloride in aqueous hydrochloric acid [614].

== LaRuCl» C1
Nz + catalyst ‘\\,/’\Qk//’“\\tc]a (247)
' 86% '
T\~ ;4”\\r;§ [::::J {fi:ji?
82% 85% 81% 83%

B. Amides, Nitriles
Carbon dioxide reacted with amines and copper(I)-t-butoxide to produce a
complex which reacted with methyl iodide to produce carbamates in-excellent

yield (eq. 248) [615].
0

t-BuOCu + RNH + €O, — [RyNCO,Cu] —2L, R N-C-OMe (248)

C. Amines, Alcohols
Olefins were oxaminated using chloramine T and osmium tetroxide under phase

transfer catalysis conditions (eq. 249). This procedure was preferable to the

: HOa R
-t + hase
[TsNC1J Na <3H,0 + l . 0s0, cat. _f%EEE?E?T* [:: (249)
TsNHY™ R

silver nitrate catalyzed method, and worked well with mono- and symmetrically
disubstituted olefins [616]. The reagent 030s=NR was also an efficient complex
for the vicinal oxamination of olefins. The stereochemistry of the reaction
was cleanly cis, and the nitrogen always attacked the Teast substituted carbon
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atom. Pyridine was the best solvent. Monosubstituted olefins reacted faster
than disubstituted clefins, which, in turn, reacted faster than trisubstituted
olefins. The reaction was compatible with cyano, chloro, methoxy, methyl and
dimethylamino groups in ring substituted styrenes [617]. N-Chlorocarbamates
also oxaminated olefins in the presence of silver nitrate, t-butylhydroperoxide
and -catalytic amounts of osmium tetroxide. This method produced a-hydroxy-
carbamates, which were easily recovered [618]. Chromium{II) chloride promoted

NHCOZ

. OMe
ZCONHCT  + [:::::[// _CrClp | 1 nt

80%

Z = Et0, C1(CH,),0, CHy, CICH,, CH30

and (250)

HH\! 0Me

OMe

NHCOOEtL
H g ~-C1 H

|
|
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the addition of N-chloroamides to electron rich olefins (eq. 250). This procedure
was used to prepare acyloxy and acyl derivatives of a-aminoacetates and 2-amino
sugars [619].

Dimethylamine reacted with gjgfduroquinone)nicke] to produce 2,3-dimethyl-
5,6-bisLdimethylaminolhydroquinone [620]. The nitrogen of carbamates attacked
an olefin group of cyclooctadiene palladium(II) chloride to produce the 5-
substituted cyclooctene (eq. 251) [621]. Olefins were stereospecifically
vicinally diaminated by treatment with palladium(II) chloride, dialkylamine
and subsequent oxidation with N-bromosuccinimide or meta-chloroperbenzoic
acid (eq. 252) [622]. Vinyl halides, olefins and secondary amines reacted in
the presence of palladium(Il) acetate and tri(o-tolyl)phosphine to produce
homologated olefinic amines (eq. 253). The process was thought to proceed by
amination of the w-allylpalladium complex produced by insertion of the alkene
into the vinyl palladium complex [623],

0 NHCOOEt
\>\ /C] u
Pd +  H,N-C-OFt —_— (251)
N1

58%
RoN H
— PdC1 _2 4 1 MCPBA
2 —contl [} !
ol N T ReM Ege R “RoNH
R! Pd-C1
H i {252)
\" II
R2N7—-\‘ ra— > PN
Rl Rll

60-80% for R' = H
35-45% for R',R"™ = alkyl

Phthalimide reacted with R,NiL, to produce a nickel-phthalimide complex
which reacted with bromobenzene to produce N-phenylphthalimide, This stands
in contrast to normal Gabriel synthesis conditions under which aryl halides are
unreactive [624]. 2-Methyl-2-hexene was aTIyTiéaT]y aminated to 2-methyl-3-
arylamino-1-hexene by a molybdenum oxaziridine compliex [625]. Allyl amines
were also prepared by the reaction of dialkylamines with allylic acetates in
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H
Pd!OAC)z
)\B * M * C{j o-tol 3 P
v 0 100°
‘ 18 hr

(253)
/ ) ___,/J*§;;’\\\//”\\¢/’
0 N
_/
64%

the presence of palladium{0) complexes [626]. Similar reactions were catalyzed
by (Ph3P),PdC1, [6277.

1-Substituted anthraquinones reacted with n-butylamine or ammonia in the
presence of copper(I) or copper(II) salts to produce 4-aminoanthraquinones in
Tow yield [628]. The Ullmann condensation of 2-amincethanol with 1-bromo-
anthraquinone catalyzed by copper{II) salts proceded via radical anion-electron
transfer pathway [6297]. Acetamides reacted with aryl bromides in the presence
of copper(1) iodide to produce diarylacetamides (eq. 254). Aryl chlorides
also reacted [6301. Cycloheptatrienone reacted with aniline in the presence

R1 R3 Rl R3
NHAC Br: Ac
¢ ,
+ S ' (254)
R2 RY RS R RS

of copper(II) acetate to produce the a-amincketone and the imine (eq. 255)
[631].

+  Arm, -CulOfc)y + (255)
5 days
HAr NHAF
0 NAr

50% 26%

Nicotinamide was converted to its palladium(II) complex and aminomethylated
with amines and formaldehyde to produce N-aminomethylnicotinamides in excellent
yield (eq. 256) [6327]. Rhodium{III) chloride catalyzed the reductive alkylations
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NH,
+ Pl — —h2E HNO5 |

N /

0 : (256)

~ NH-CH,NR,
7

70-947%

of amines by aldehydes in moist ethanol under an atmosphere of carbon monoxide.
The reaction was likely to have involved the water gas shift reaction to pro-
duce hydrogen from water and carbon monoxide [633]. A similar reaction was
promoted by HRh(dmg),+H,0 [634]. Amino acids were prepared by the electrochemical
reductive amination of keto acids on platinum black and palladium black electrodes
[635]. Tertiary amines were scrambled when treated with palladium on carbon at
200° (eq. 257). An improved method for vicinal dihydroxylation of olefins by

Pd/C

CuHg-N-C4Ho —5pp5—~ (CuHg)sN + (CuHg)aNCgHyz + CyuHgN(CgHiz)o
CeHi3 30% 445 229

(257)
+ (CeHy3)sN

43

t-butylhydroperoxide in the presence of an osmium catalyst has appeared [637].
Tri- and tetrasubstituted olefins were sluggish to react and cholesterol
was inert. '

D. Ethers, Esters .

Simple aliphatic primary halides reacted with alkoxides and iron pentacarbonyl
to produce esters [638]1. Cyclohexene oxide reacted with Ti{NMez); and carbon
dioxide to produce the monocarbamate of 1,2-cyclohexandiol [639]. Epoxides
were converted into jodoesters by reaction with aryl and vinyl iodides and
nickel carbonyl (eq. 258) {640]. Aldehydes reacted with RuH,(PPh3), to produce

0

OE—Ph
PhI + +  Ni(CO)y — [::::]::: (258)

I
65%
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esters wherein both the acid and alcohol portion arose from the aldehyde by a
disproportionation (Cannizaro) reaction [641]. Ethyl diazoacetate reacted with
2-methylcyclohexanone in the presence of copper(Il) chloride to produce pre-
dominantiy the less substituted enol ester (12:1) in 65% yield [642],

Potassium selenocyanide reacted with olefins including styrene, 1-octene,
cis-2-octene, cyclchexene, ethyl vinyl ether, vinyl acetate and acrolein to
produce vicinal alkoxyselenocyanides (eq. 259). The reaction proceded as if

SeCN

2 CuX, + 2 KSeCN + —_— —or (259)
RO

it were an electrophilic addition of SeCN+ [6431. Allylic alcohols were con-
verted to allyl ethers with clean allylic transposition by reaction with tin(II)
chloride-(Ph3P),PtC1, in methanol (eq. 260) [6441]. The w-arene chromium complex
ef 3,3-dimethylindoline was methoxylated in the 5 position by treatment with
sodium methoxide followed by removal of chromium (eq. 261) [645].

+  L,PtCl, + SnClp-2H,0  —HeOH

HO™
1
OMe
100%
but
(260)
: l S ' - ' —
— +
Ho?” ' '
]
OMe - OMe
25% 75%
, MeO

2) I, or hv
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Ethyl chloroformate reacted with alkylmanganese(II) iodide to produce the
corresponding alkyl ethyl esters [646]. Alkyl halides reacted with the copper(I)
alkoxide complexes ROCu(PPh3), to produce ethers. Acid chlorides and anhydrides
produced esters. These complexes were also catalysts for transesterification
reactions between esters and alcohol [647]. Reduced copper species catalyzed
the conversion of primary alcohols into esters and ketones [648]. Iron(III)
chloride was a catalyst for the esterification of carboxylic acids [649].

E. Heterocycles

Br
Br. ~
SERECES
NH >

/ A

(262)
10% PdCl, N\
benzoquinone
THF / N
X
0
OCR N
|/
b L,Pd
N (263)
A\ , 1) PdC1,(CHLCN) -
AgBFL* -
g J 2) NaBH,
45%

ibogamine
40-45%
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Transition metal complexes continue to be used for the synthesis of hetero-
cyclic systems. Palladium(II) chloride was used to catalyze the intramolecular
amination reaction of 2-aliylanilines, producing indoles in excellent yield. The
process tolerated a variety of functional groups in the aromatic ring (eq. 262)
[6501. The alkaloid ibogamine was synthesized by a route involving both
palladium(0) catalyzed amination of an-allylic acetate followed by a palladium(II)
catalyzed insertion of a double bond (eq. 263) [651]. Oxindoles were prepared

c1 : CH ,CN
/©: 9 LN —
MeO N-C-CH=CH-CN 0
CH,Ph He0 Lo op (264)
2

by the nickel(0) assisted cyclization (eq. 264) [652]. Benzoylindoles were
cyclized in a paliadium(II) acetate assisted reaction (eq. 265) {6531. Copper(I)

1; equiv. Pd(0Ac), . O N\ i R’

N

AcOH
R=H

(265}

:; equiv. Pd{0Ac),
AcOH
R = Me

oxide catalyzed the cyclization of o-(a-cyancalkyl)phenyl isocyanides to indoles
(eq. 266) -[654]. Cyclic 1,3-diynes reacted with aniline and copper(I) chloride
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to produce N-phenyl pyrrales (eq. 267) [655]. Olefinic N-chToroamides. cyclized
to Tactams when treated with chromium(II) chloride (eq. 268) [6567.

_ CN
HzCN H=-Cu
Cus0 cat. ’ —_—r
PhH, a
NC NC
CN : (266)
\
M
86-92%
m :
- B Cu(0Ac) _ PhNH,
L= -UE —— o2
AC=C-(CHa)yp-CCH  —oomen2 (CHz2 )12 lh CuCT, 170°
(267)
/ \
N
T
Ph
50%
1
Ci
NMe
/\/\n/ CY‘C]Z N-Me (268)
0
g

Quinolines were produced by the cyclization of Q;nitrdbenzalketones with
iron pentacarbonyl and base (eq. 2A9) [6571. Isoquinolines resulted from the
reaction of 8,8-disubstituted heptafulvenes with amines in the presence of
copper{Il) acetate (eq. 270) [658]. Bis imines of a-diketones reacted with
diiron enneacarbonyl (Fe,(C0)y) to produce 2(3H)-imidazolones (eq. 271) [659].
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_Fe(CO)s [:::::I::éiil\\R (269)
OH™ '\I/

R = H, ~ 100%
R = Me, 55%
R = Ph, 17%

+ RlRlzNH CU(OAC 2 +

N NH
R CN R
19-30%
(270)
~
—
RR!
R
R = CN, OMe 19-52%
R' = H, Me, Et, PhCH,
Rll = H
Rl Rl
RY iR2 :
+ FEQ(CO)g —_ R2_N N-R2 (27] )
R TWNR2
0

Palladium{II) acetate catalyzed the cyclization of 2-aliylphenols to 2-
“substituted dihydrobenzofurans. Uhen the reaction was carried out in the pre-
sence of 10% (-)-8-pinene, the dihydrobenzofuran was obtained in 62% yieid
and 12% optical yield. Excess (-)-B8-pinene stopped the reaction, while excess
(+)-c~pinene allowed the reaction to ensue. but resulted in no optical induction
(eq. 272) [660]. The cyclization of 2-cyclohexenylphenol to the benzofuran
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A ‘
10% Pd(0Ac)
[::::I::\\\//ﬁ\\ Cu(OAcgz-ﬁzs > [::::I:;;);——A7 (272)

OH 10% (-)-g-pinene

62%
12% optical yield

10% Pd(OAc),
excess (-)-5-pinene

(272)

16%

could be influenced by the amount of addition of excess olefin (eq. 273). This
cyclization process was catalytic in the presence of oxygen without the use of

+ 1 equiv, Pd(0Ac), _MeOH in air ,

0

a cooxidant [661]. Manganese dioxide oxidatively cyclized morusin to the
hydroperoxide, but the pyran was formed under nitrogen (eq. 274) [66271. Terminal

OH

(274)
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olefins reacted with trichloroacetic acid in the presence of RuCl,(PPh3)3 to
give a,a-dichlorolactones (eq. 275) [663]1. Coumarin and dihydrocoumarin vere
produced from the reaction of 2-chlorophenyl acrylate with nickel(0) complexes
(eq. 276) [66471. )

n
K -

_ RuCi,(PPhs)s 1
RCH=CHp  +  CCI3C00H  — o2 ad (275)

75-85%
R = n-alkyl

SN
OMe NS
+  NiL, _— (276)
Cl 0 0

H. Miscellaneous
Vicinal dihalides were converted to olefins by treatment with [CpCr(NO).T, in

a debromination reaction. Other halides including allylic, alkyl, t-butyl, vinyl

and aryl halides were inert to this complex. For instance, 3,5,6-tribromocholestane
was converted to 3-bromocholest-5-ene in 75% yield by this complex [e665]. Terminal
allyl acetates and phenyl ethers were converted to 1,3-dienes in 60-80% yield by
treatment with palladium{II) acetate and triphenyl phosphine [666]. Dry iron(III)
chloride adsorbed on silica gel was mixed with solutions of allylic, tertiary

or sterically strained secondary alcohols in a volatile solvent, which was then
removed under reduced pressure. Elution of the product from silica gel gave the
dehydration product. This reagent converted epoxides to 1,2-dials [667].

Allyl esters were cleaved tc the carboxylate salts by treatment with 1ithium
dimethylcuprate. This procedure was used for selective removal of allyl ester
protecting groups [668]1. Copper(II} acetate was used to protect the nitrogen
of single free aminoalcohol groupings in aminosugars [6691. Copper(II) sulfate
was used .to catalyze the hydrolysis of amingonitriles tc ketones at pH 5.5, so
that acid sensitive groups were unaffected (eq. 277) [670]. Tosylhydrazones of
ketones and aldehydes were converted to the free carbonyl compound by treatment
with copper{II) sulfate in refluxing THF/methanol [6711. Phenylhydrazones,
hydrazones, oximes and semicarbazones behaved in a similar fashion [672].

Alkyl iron complexes were converted to olefins by treatment with trityl cation
followed by sodium iodide and acetone [673].



425

NC__ _NMe, 0
¢ < )+

| — | | (277)

82%

Copper(I) trifluoromethylsulfonate catalyzed the photochemical rearrangement
of allylalcohol to propene and acrolein [674]. The photoreduction of butadiene
with cyclohexene to give octalin products was also catalyzed by the same éomp]ex
(eq. 278). Cyclopentene, cycloheptene, cyclooctene and norbornene did not react

~ hv
[::::] + ;;] _ TCF3S03Cu [::::I::::] (278)

50%
in this fashion [675]. Catalysis of olefin photoreactions by transition metal
salts has been reviewed [6767, as has the use of trinuclear metal carbonyl
clusters such as Fe3(C0);5, Rus(C0);, and 0s3(C0),, as catalysts [677].
Trimethylsilyl enol ethers were converted to conjugated ketones by treatment
with 0.5 equivalents of palladium(II) acetate and 0.5 equiv. of benzoquinone
(eq. 279) [678]. The complexes resulting from the reaction of IrC1(CO)(PPhj),

0TMS 0

0.5 equiv. Pd{0Ac),
0.5 equiv. benzogquinone i (279)

91%

with (Me2SiH)20 induced the disproportionation of (Me2SiH)>0 to Mes;SiH and
polysiloxanes [6793. Allyl chlorides were converted to allylsilanes in good
yield by reaction of R3Si-SiR3 in the presence of a'pal]adium(o) catalyst at
150-170°[6801].

Propargyl alcohols complexed to Co2{C0}s and the resulting complex formed
stable propargyl cationic species which reacted with a variety of nucleophiles.
The cobalt was then removed by treatment with iron(1II) nitrate (ea. 230} C681].
Similarly, =-arene chromium tricarbonyl complexes involving benzyl alconols
formed stable benzyl cationic species [[68273. Ketenimines were formed by the
reaction of isonitriles with chromium carbene complexes (eq. 281) [6837]. This
same type of complex reacted with alkynes to produce bicyclic compounds (eq.
282) [684].
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0
w2 0 0 '
1) HBF:;‘M&zo
= ~<~0H + MRa CH,CT, (280)
- 2) Fe(NO5)5 Y I R2
65-902%
/,OMe /,OMe
(€0)5Cr-C + RNC —  RN=C=C +  (CO)sCrCNR (281)
0Me OMe )
OMe o NEtZ o
(co)ser-c +  EtN-C=C-NEt, —%— (co)scr—CT _Pn 192,
Ph c=c"
BN SOMe
H OMe (282)
(C0)5Cr—— -NEtz
| 120°
Et,N — =+ LN
C-Ph _
OMe NEt,
Cr(co);
75%

Triarylsulfonium and selenonium salts were prepared by the copper(Il) catalyzed
reactions of diaryl sulfides and selenides with diaryliodonium salts [685].
Reaction of 1,3-dienes with palladium(II) chloride and #aSO,CH,CMe,Ph pro-
duced a sulfonylated =-allyl complex from which the palladium was removed by
treatment with dimethylglyoxime (eq. 283) [6867]. Aryl halides reacted with

RY R2 R2
— Me R]_
. ! N AcOH
o+ NaSOZ—CHZ—;-Ph £ PdCl, =X 0,R
R e
ke a”l r
RZ 2

Rl : (283)

s

_DMG | ‘ SO,R
85-90%
R3

thiolate ions dn the presence of palladium(0) complexes in DMSO to proddce
aryl sulfides [637]. Nitrobenzenes were coupled to azobenzenes in 40-50%
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yield by treatment with dicobalt octacarbonyl in refluxing benzene [688]. The
nicke1(0) complex Ni(CO},(PPh3), affected a bis-decarbonylation of a maleic an-
hydride Diels-Alder adduct (eq. 284) [689]. Nitriles were converted to their

1) Buli - o
@ ~2) C1co0Me @\coom TN

33%
(284)
COOM=
0 CO0Me
/i 1) H»/Pd/C
Z) LoNi(COY, /
rfx, diglyme
0

corresponding a]dehydes by reaction with a cobalamine(I) complex and activated
zinc in aqueous acetic acid [690]. «-Thujaplicin was prepared from the iron
tricarbonyl complex of cycloheptatrienone (eq. 285) [691]. Hydridocyclophosphazenes

CHsCOC1 Me,CNo
AICT; .
N
Fe(CO) 3
0]

FE(C0)3
80%
N 0
N
0 (285)
1) EtOH MesNO
2) KaC03 0 “CH,Cl5 0
Fe(CO)3 Fe(C0)3
85% . 88% 75%
0
- 100%
H

were prepared via organocopper reagents (eq. 286) [692]. Dimethyldiazomalonate
reacted with thiophene to form thiophenium bis-methoxycarbonyl methylides [693].
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c1 C1 V
H
Y °
NZ- TN F, 0°
W e,
C17P§N,P—c1
c1 C1
286
HaC H ( )
\p/
'N// \1;1
c1—7P§N/P'—'01
o (o

VI. Reviews
The following reviews and theses have appeared:

"Organometallic Chemistry. Part I. The Transition Elements" [694]

"OrganometalTic in Synthesis" (223 references) [695]

“"The Use of Organometallics in Organic Syntheses" [696]

"Organometallic Reagents in Organic Synthesis" [697]

"Viewing Approach and Recent Development of Organic Synthesis Using Metal
Complex Catalysts. I"™ (15 references) [698]

"Viewing Approach and Recent Development of Organic Synthesis Using Metal
Complex Catalysts. III" (16 references) [699]

"Iron Carbonyls in-Organic Synthesis" (15 references) [700]

“Studies Directed Toward the Total Synthesis of (+)-Vernolepin. Novel Rhodium
Catalysis in Organic Synthesis" [701]

"Part One: 'Tris(tripheny]phosphine)nicke](O). In Situ Generation and
Utilization. . Part Two: The Total Synthesis of Sfeganacin and Isosteganacin"
[7023

"Metal Carbonyls® (95 references) [703]

"Reactivity of Monoolefinic Ligands in Iron-Carbonyl Complexes" (36 references)
[704]

"Reactions of Coordinated Olefins and Acetylenes" {23 references) [705]

“Reactivity of Monoolefin Ligands in Transition Metal Complexes” (131 references)
{7061

"Chemistry of Diene and Enone Iron Tricarbonyl Complexes (31 references) [707]

"Bisphosphine Nickel and Platinum Complexes: Reactivity and Catalytic Properties
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