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I. General Comments

This annual survey covers the Titerature for 1979 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
Tead to at least moderate yields of organic compounds, or that allow upnique
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 grouped primarily by reaction type rather than
by organometallic reagent, since the reader is likely 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
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spructura] and mechanistic studies of organometallic systems unless they pre-
sent data useful for synthetic application. Finally, reports from the patent
literature have not been surveyed since patents are rarely sufficiently de-
tailed to allow reproduction of the reported results. ’

II.Carbon-Carbon Bond Forming Reactions
A. Alkylations
1. Alkylation of Organic Halides and Tosylates
Organocuprates and copper-catalyzed Grignard reactions continue to be
used extensively for the alkylation of organic halides and tosylates. Chlori-
nated g-lactams react with allylcuprates to introduce the allylic side chain.
This process has been used to synthesize carbapenam esters (eq. 1) [1].

RY%
1 c1 1 R3
QL CuCH,  R® R\ 7
[ + >_<— — 2 (1)
—N N
O/ = R2 R3 o
C0,CHPh, CO0CHPh,

Heterocyclic halides react with 1ithium dimethylcuprate to either alkylate or
reduce depending on the halide and the reaction conditions (eq. 2) [2].

Optically active c-alkyl or aw-aryl acids were synthesized from L-a-amino acids

by reaction of the corresponding a~tosylates with organocuprates. The reactions
went with clean inversion of configuration, but yields varied from 30% to 70%
and side products were evident {eq. 3) [3]. Cyclopentadienyl(tributylphosphine)-
copper(I) reacted with a-bromoacids to produce a-cyclopentadienyl carboxylic
acids. Nickelocene in the presence of triphenylphosphine reacted in a similar
fashion [4]. Allylic and propargylic halides reacted with the cuprate produced

N N -~ N
N—xX + He,culi -Ef20. @:\H-’e + (I\H
[::::[:; 2 o S N S (2)

80% (X=F) 100% (X=1)

N1 x =N\ .
also (| and 0 —— up to 80% alkylation or 80%
E/ ‘\N/ reduction, depending on conditions.

X
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COOH CooH COCH

HoNmw( e —— HOoww( —acltl] —— TsOwem ( s}

Rl R1 Rl
lRZZCuLi (3)
COOH
2
R.= PhCH,, CHj, \r\ H"?«R
R1
R2 = Me, Ph, n-Bu

from an allyl dithiane exclusively at the y position of the anion. The ratios
of Sy2° to Sy2 products always exceeded 0.67 (eq. 4) [51.

} Cut- (te0) ¢ <_<5} <_<:> W

CuP(0Me) 5

Treatment of trifluoromethyl iodide with copper powder in HMPA at 120°,
followed by reaction with organic halides resulted in replacement of halogen by

a trifluoromethyl group (eq. 5) [61.

CFsI + Cu powder —ioPA, RX RCF (5)
CH,
R = Pthz, /’_—J s n—clo, phCOBY‘, /:/ >
Ph Ph r

a-Cuprophosphonates reacted with allylic halides to produce homoallylicphos-
phonates (eq. 6) [7]. This process was used in the synthesis of aminoalkene-

phosphonic acids [8].

R2
(Et0),P-CH,R —4-BULi . r(peg),p-cHR] + =
f2,7T2R 7y Cur . X R3
Y Y Cu
Rl
1 (6)
X RT _R2
(E£0),P-CH-CH,-C=C
R RS
Y=0,5 R = H, Me 00-90%
X = Cl, Br R2 = H, Me, Ph
R = H, Me, Et R3 =

H, Me
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The reactions of homogeneous and polymer-supported Tithium diorganocuprates
were compared. Copper iodide was bound to polymer supports through a polymer-
bound triaryl phosphine, treated with two equivalents of RLi (R = Me, Bu,
MesC, EtCHMe, Ph), and the resulting reagent treated with alkyl halides, tosy-
lates and conjugated enones. The yields were comparable or superior to those
obtained using the corresponding homogeneous reagent [9]. Organic tosylates
were reacted with 1ithium diphenylcuprate and lithium dimethylcuprate. De-~
pending on the nature of the tosylate and the cuprate, displacement, reduction

or elimination was observed (eq. 7) [[10].

n-C9H19

Ph,CuLi ::><:j\\Ph
48%

n-Cqhyg -
> ots (7)
[ Me,Culi n-CoHy S

61%

and

n-CoHyg Me,CuLi n-CaHy 7\/><

0Ts

Benzylic and allylic amines were displaced (alkylated) by lithium dimethyl- or
diphenylcuprate by conversion to the corresponding N,N-bis-triflucromethane-
sulfonimides first. The reaction proceeded by an Sy2 mechanism [117].

In a study to determine iT the alkylation of 8-chloro conjugated enones
nroceeded by electron transfer, addition-elimination, or a concerted oxidative
addition process, one atrope isomer of a 2-methylnaphthalene derivative was
alkylated by lithium dimethylcuprate (eq. 8). No isomerizatios was observed,

(8)

hence the reaction was claimed to proceed by a concerted oxidative addition
process [12]. Copper catalyzed Grignard reactions attacked the carbonyl group
to give tertiary alcohols. Lithium dimethylcuprate reacted with 4-halophenyl-
ethylenes and with 6-halo(phenylsulfonyl)ethylenes to produce mainly cross-
coupled products. Reductive dehalogenation was also observed in some cases.
The reactions of vinyl halides were claimed to proceed by a concerted substi-
tution mechanism, while the sulfonyl compounds were thought to react by an
addition-e!imination mechanism [13]. The effects of added copper(I) iodide

References p. 3.14
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(2-10%) on the reactions of lithium enolates with methyl jodide were studied
and are summarized in eq. 9. It is seen that even small amounts of copper
severely limited polyalkylation and had drastic effects on the stereochemistry
of the reaction [14]. Hence, although the conjugate addition of organocuprates
to conjugated enones results in the formation of 1ithium enolates, (House) the
presence of small amounts of copper drastically alters the reactivity of these
lithium enolates.

0
1) LDA > A + B + C + D +
2) Mel PR —
Ph 349 47 10
He 90:10
1) LDA 383 10 10
2) Mel 33:67
10% Cul
1) LDA 80% 5 10
2) 1 equiv. Cul 35:65
Mel
and (9)
DTMS
1) MelLi
>V el ~ A + B + C + D +
Ph 28% 57 0
Me 93:7
1) Mebli 44% 19 0
2) 2% Cul, Mel 19:81
2 0
A= le; B = Me; C = ; D= ; E =
Ph Ph
Me Ph

Copper-catalyzed Grignard reactions find continued use in organic synthesis.
Aliphatic Grignard reagents reacted with w-bromoesters in the presence of
Li,CuCl, to give 37-79% coupling product. In contrast, w-bromoaldehydes reacted
primarily at the carbonyl carbon to give alcohols [15]. a,s,y,G-UnsatUrated
esters were alkynylated by a sequence involving reduction of the ester, con-
version of the alcohol to the bromide, and reaction with alkynyl Grignards using
a copper(I) chloride catalyst (eq. 10) [16].

12

42

13

19
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1) LAH/Et,0 (60%)

=
2) PBri/Et,0 (35%) =
\\\;4*\\¢;?“\\C00Et 3) HC=C-MgBr/CuCT NN~
THF (55%)
KOHlTHF (10)
o
NN

The synthesis of the sex pheromone of the Southern army worm moth was synthesized
using a copper-catalyzed Grignard reaction as the key coupling step (eq. 11) [17].
Chlorophosphine-nitrogen heterocycles were alkylated by reaction with Grignard
reagents in the presence of BuzPCul {eq. 12) [18]. Allylic bromohydrins reacted
with Grignard reagents in the presence of a copper(I) iodide catalyst to alkylate
with an unusual rearrangement (eq. 13) [197. Copper(I) methyl trialkyiborate
complexes reacted with a~chloroenamines to result ultimately in a-alkylated
ketones (eq. 14) [20]. The use of these copper-borate complexes in organic

synthesis has been reviewed [21].
Other transition metal complexes also catalyze the reaction of organic halides

with Grignard reagents. Most notable are complexes of nickel(II) and palladium(II).

I~ ~_-OTHP 1) BHa_ Britg. o~ _~_"THP
“2) BrMg(CH,)sMgBr ~
NBr
cat. LipCuCl,
1) BHs )
2) BrMg(CH»>)sMgBr /\/\/\/\
3) ‘\V//\\N//*§7 Z OTHP
! (11)
L,Pd
NS
~\\//A\\,//\\1\\v//\\\//ﬂ\\v//\\~//oTHP
AcOH|{AcC1
N
Ac
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¢l ¢l R H
\3/ \/
= N
q” \‘“ 1) RMgX/BusPCul T// i : (12)
T—PrOH —_ —C
C1—Pay P ~2) i-Pr0 Ly SN
N 1 c1
cl
c1
36-76%

R = Me, Et, n-Pr, i-Pr, n-Bu, i-Bu, t-Bu

OH

OH
- R 4 (13)
\§§>>><:V/,Br + RMgX cat. == P
R:’_‘\‘ OH .
— N
R= A~ 4’J\\v/*n', :>___\\J, geranyl (via ﬁ;ifs;//ﬁ ?)

(14)

(R3B)CU + C1

60-80%

R = n-Pr, n-Bu, i-Bu, n-hexyl

a-Curcumene was synthesized in high optical purity using a chiral nickel catalyst
to promote the reaction of a Grignard reagent with vinyl halides (eq. 15) [22].

MgXx Me H

<
<
S

l D + {S)(R) PPFA-NiCl, I[’/ﬂ\\[::::]\\\
= Br (0.5%) -
J, (15)
Me H

%
_1) Mg, Et,0 [:j\\I::::]\\\
2) >=—\ . Br
Br

Ni(dppp)Cl2
0.5%

)

He

X

34% overall
66% optical yield
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A similar reaction between sec-butylmagnesium bromide and halobenzenes using an
(+)(R) prophos complex of nickel(II) chloride as a catalyst gave 2-phenylbutane
in 70-85% and up to 44% optical yield [237]. The pheromone of Ips paraconfusus,
ipsenol and ipsdienol were synthesized using the nickel(II) catalyzed coupling
of trimethylsilylmethylmagnesium chloride with 2-chloro-1.,3-butadiene, followed
by reaction with electrophiles in the presence of the Lewis acid TiCl, (eq. 16)
[247]. Vinyl sulfides were alkylated by reaction with Grignard reagents in the
presence of LoNiXo (eq. 17) [25]. The mechanism of the reaction of aromatic
halides with nickel(0) complexes was examined in detail [26]. This reaction
has some bearing on the mechanism of the nickel-catalyzed Grignard reactions
discussed above.

Palladium(11) complexes with 1,1'-bis{diphenylphosphine)ferrocene as a ligand
were effective catalysts for the reaction of secondary alkyl Grignard reagents
with vinyl halides [27]. Similarly, phosphine-palladium(0) complexes catalyzed

. Ni[Ph,P(CH,)3PPh,]C1 N F
/\‘/ + ME3S'| CHzMgC] 2 Etz(z) 3 2 2
€1 SiMes
Me, CHCH,COC1
Ticl,
¥ (16)
{(MeoCHCH, ),ATH
S S
OH
nl SRY Rl RS
. NiCl,L — 4_p5s 17)
5 v '2=2
+ RMIX 0, rrx > < + (RY-R®)
RZ 3 R2 R3
50-90%

reactions of organolithium and Grignard reagents and thiophenoxide with vinyl
halides. The stereochemistry of the double bond was maintained in these reactions
(eq. 18) [28]. This sort of chemistry was used to alkylate bromo nucleosides

with Grignard reagents {(eq. 19) [29].

References p. 314



R! R3 RLi Rl R3
—=( + or —2ePd, — 80-90% (18)
RMgX cat. 99_100% isomeric purity
RZ X RZ R
R = Me™, Bu~, p-tol~, PhS™, EtS™, (/ \5(_), (-)
0
RZ
\ B 1) RMgX, LoPdCl, N N\ (19)
QI I
N Rl oW
THSO 0
TMSO OTHMS HO OH

15-35%

R = Me, ;7"\\//>k . Ph, p-anisyl, p-F-Ph

Nickel(0) and palladium(0) complexes also catalyzed the reactions of aryl halides
with Reformatsky (organozinc) reagents (eq. 20) [301.

/@—x +  BrInCH,CO,Et —Ipiohbhs /@——mzcoza (20)

R R
40-85%
M = Pd, Ni; R = H, COOH, CN, MeO, MeCO, NOj

Mixtures of palladium{II) complexes and copper(I) jodide catalyzed the
reactions of bromoguinolines and bromoisoquinolines with alkynes (eq. 21) [31].

= __RC=CH (21)
s LdeCI 2
N . cul, Et3N

Vinyl boranes (from hydroboration of alkynes) reacted with vinyl halides in the
presence of palladium(0) complexes as catalysts. Dienes were produced in
this fashion (eq. 22) [32]. Aryl halides reacted in a similar fashion [33].
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R
: R
RC=CH + HBX; —— \:\ _;aﬂ=_'m;19_> NP g2 (22)
BX,

i N

R3 R2

=
o)

Organic halides reacted with tetraorganotin reagents in the presence of palladium
catalysts to produce coupled products (eg. 23) [34]. The mechanism of this pro-

cess was studied extensively [35].

PhCH,Pd{L,)C1
RX + R':Sn PR » RR' + R'3SnX (23)

R = PhCH,, Ph, Ar
R' = Me, Ph, n-Bu

Allylcobaloxime complexes reacted with bromomalonic ester with resulting
coupling at the most substituted allyl position (eq. 24) [36]. Cobalt(II)

acetylacetonate reacted with benzylic and allylic halides to produce alkylated
acetylacetones (eq. 25) [37]. Manganese(III) acetylacetonate reacted with

R2 R3 R2 R3
1 t
— + BrCH(COOEt), ——— Rl—C—C=CH, (24)
Rl CH(COOEL ),
Co(DmgH) 65-80%
Py
0 0
Ha
Co(acac), + 2 RX —QF?§1—¢ (253)
R

triphenylaluminum in the presence of phosphines to produce a diphenylmanganese
complex. This reacted with allyl bromide to give allyl benzene, and with carbon
dioxide to give benzoic acid {38]. Bridged bicyclic ketones were made by the
reaction of 1,3-cyclohexadiene with «,a'-dibromoketones and Fe,(CO)q. Oxidation
of the resulting iron complexes with tertiary amine oxides freed the organic
product (eq. 26) {397.

0
\l/Ll/ + © Feo(C0)g R3sN-0 ,
Br Br

50%
1.54:1

References p. 314
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Ketones were regiospecifically c-methylated and «-methylenated by the
titanium({IV) chloride assisted reaction of silylenol ethers with chloromethyl-
phenyl sulfide (eq. 27) [40J. The silylated enolates of aldehydes, esters and
lactones reacted in a similar fashion [411. Dienylsilanes were converted to

1 aIOu
2
OTMS 0
\ -
+ €1~ ~spp -Cly SPh 0 (27)
Rane
nickel

a,B8,v.6-unsaturated aldehydes by treatment with dichloromethyl methyl ether
and titanium tetrachloride {eq. 28) [42].

SN + Cl,CHOMe —iCls H0 R\/\/\ (28)
T™S 2LHUNC TEnL 1, > CHO

50-72%
R = Ph, n-Pr, n-pentyl

Aryl iodides coupled with m-dinitrobenzene when treated with copper(I) t-
butoxide in pyridine to give unsymmetrical biaryls (eq. 29) [43].

<
_t-BuOCu
Q/ /©\ P,Y rfx 02N O NO2 (29)

2. Alkylation of Acid Halides

A very efficient conversion of acid chlorides to ketones has recently
been developed. It involves the reaction of tetraorganotin reagents with acid
chlorides using a palladium(II) catalyst. Thirty cases were cited, including
aryl, aliphatic, sterically hindered, conjuga*ed and heterocyclic acid halides.
The reaction tolerated the presence of CN, HO,, Cl1, OMe, COOR, and CHO groups
{eq. 30) [44]. Fluorinated aromatic copper reagents reacted with perfluoroalkyl

0
. PhCH,Pd(C1)L . :
Reocl  +  R'usn PACHRPA(CIIL, . p g pe 4 pegsnct (30)

high yields
R* = Me, Ph, Bz, n-Bu, CH,=CH
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acid halides to produce fluorcketones [45]. Terminal olefins were "hydro-
acylated" by sequential titanium tetrachloride assisted hydroalumination of
followed by reaction with acid halides in the presence of copper(I) chloride

(eq. 31) [46].
0
4 RCH=CH, + LiAlH, —Cle, _RTCOCT. CuCl . pey cy,c-R! (31)

40-90%

R = H, n-Bu, "X, “’L\\’//\W" [:::::[/7L

R' = Ph, Me, Et, i-Pr, n-Bu, MeOCH,CH,

3. Alkylation of Olefins

Palladium-catalyzed reactions of organic halides with olefins have re-
cently been reviewed [47]. These "Heck" arylations and alkylations rely upon
the oxidative addition of aryl, benzyl, heterparomatic and vinyl halides to the
palladium(0) catalyst followed by insertion of the olefin into the «-alkyl-
palladium complex thus formed. The stereochemistry of the process is consistent
with a syn addition-syn elimination mechanism. Heck arylation of styrene,
methyl acrylate. acrylic acid, and N-vinylphthalimide using bromoiodo aromatics
as the halide component alkylated exclusively at the site of the jodide to cive
brominated aromatic compounds (eq. 32) [48]. Enol ethers and acetates also
functioned as the olefinic component in these "Heck" arylations. The regio-

I Br

+ { EtiN A/©/ (32)

Pd(0Ac), cat. = R
100°

60-80%
Br 0

R = COOMe, Ph, COOH, N

3,

'selectivity of the process was dependent on the enol ether component (eq. 33)
[49]. With bromothiophene as the halide and allyl alcohols as the olefin,
thionhenes containing keto side chains were prepared (eq. 34) [50]. This
chemistry was used in the synthesis of the Queen bee substance.
Organopalladium(II) complexes made by transmetallation reactions with organo-

mercury, tin, copper or magnesium compounds also alkylate (insert) olefins.
Mercurated nucleosides reacted with substituted styrenes in the presence of a

References p. 314
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Ph
| L.Pd(0Ac), cat.
PhI + [:;;:] EtaN
100° ~
632

PN
PhI  + \ e X o+ LI

7\ + pd(II) cat. 7 \ .
- /\(—4—‘*(3\\\(]
OH

(33)
Ph OEt
12
/ \ (34)

mixed palladium(II)-copper(II) catalyst (eq. 35) [51]. Vinylsulfides reacted
with phenylmercuric chloride in the presence of Li,PdCl, to produce g-phenylated
vinylsul fides (eq. 36). Intramolecular versions of this reaction failed with

0
gX
HA
(2\ I
01 7 0
HO H
+
@/\
¥

HY X
Li,PdCl, cat. )\N I
2 equiv. CuCl, 0
25-50°
0
HO H
50-80%

Y = m=NO,, H, p-NO,

R ) RS, R
N + PphHgel —DELipPdCl.

ey 1 equiv. CuCly —=

! THE o

40-70%

(35)

(36)
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vinylmercuric halides but the corresponding aryltrimethyltin complexes reacted
well, and alkylated « to the sulfur, which was then lost in the elimination
step (eq. 37) [52]. Styrene and butyl acrylate reacted with 1ithium diphenyl-
cuprate in the presence of palladium(II) salts to produce stilbenes and 8-

pdC1, ~ |
SMe HgCl> ~ SMe
Sniles Pd

~PdSMe (37)

phenylacrylates, respectively [53]. Enol ethers reacted with Grignard reagents
in the presence of nickel(II) catalysts to replace the ether group with a group
provided by the Grignard reagent (eq. 38) [54].

+ PhMgX + LoNiCl, —— (38)

OMe Ph
714

Acetanilides were prtho alkylated by an ortho palladation olefin insertion
sequence (eq. 39) [55]. Bridged polycyclic compounds were synthesized using
a palladium-assisted acetoxylation of an olefin followed by olefin insertion
into the thus-formed o-alkylpalladium(II) compiex (eq. 40) [56,57]. Electiro-
philic olefins were converted to vinyl cyclopentanes by the reaction presented
in eq. 41 [58].

Under relatively severe conditions, palladium(II) salts will undergo

References p. 314
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H
HAc N
Pd{0Ac )2 /():l \[K
- -0
R Ny

R
X
_/
Et 3N (39)
PhCH, rfx
HAc
P
R z
40-86%
Z = Ar, CN, CHO, COOMe, CGte, 0COMe
AcO AcO
PdC1,/CuCl,/HOAC | + (20)
i NaOAc, 80°
24 hr
C1 -"'c-l
50-70%
Y
TMS\\\//H\\//,OAC = Pd(0) {41)
EY cat.
JA
Y = H, Me, n-Cs5, COOMe, Ph

~N
I}

CooMe, CH, COCH3. COPh

electrophilic substitutions with aromatic hydraocarbons, permittingdirect alkylation
of aromatic hydrocarbons with olefins. Furan reacted with methyl acrylate or
acrylonitrile in the presence of a palladium(II) acetate catalyst to produce the
2-substituted furan (eq. 42) [55]. The kinetics of the arylation of styrene by
(Ph3P),Pd(0Ac), to give stilbenes was studied [60]. Triphenylphosphine was the
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{/ \! . /\x Pd(OAc%%(OIu(OAc)?ﬁ ]\

8 hr 0 \
X
~2000%
+ (42)
!/ \
% \
X X

~700% (on Pd)
X = COOtle, CN

source of the aryl greoup in this reaction. The kinetics of the arylation of
styrene by benzene or naphthalene in the presence of palladium({II) acetate were
also studied [61]. Ethylene was arylated by benzene, thiophene, and furan
using palladium(II) catalysts in the presence of phosphorus-molybdenum-vanadium
heteropolyacids [627. Benzene reacted with ethylene and carbon monoxide in
the presence of Rh,(C0);, at 220° and 55 kg/cm pressure to produce styrene and
3-pentanone [63]. The reaction of methylcobalt complexes with ethyiene to
give propene was shown to go by an insertion of the olefin into the cobalt-
methyl bond rather than by a B8-elimination-carbene-metallacycle process [64].
Olefins coordinated to palladium(II) complexes can be directly alkylated by
carbanions. Using the complex [Pd(ns-csHs)(PPhg)(CH2=CH2)]+, it was demon-
strated that B-diketocarbanions reacted with the coordinated ethylene exclu-
sively trans to the metal [65]. Allylethers of oximes reacted with stabilized
carbanions to alkylate the allyl olefin. The resulting a-alkylpalladium complex
was decomposed by TMSC1 to produce alkylated product (eq. 43) [66]. o-Amino

NMe 5 CoR2
1
x &+ Na—C—cors _PdCla(tech),

Ri
(43)
oy’
~ P& MSCT //l§§v//\\\//Jq§§$¢~j;x<j£0R2
R!  coR3
COR3 56-73%
Rl
COR 2

R! = H, Me, Bu; R2 = Me0, Me, Et; R3 = Me0, EtO

References p. 314
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acids were synthesized by alkylation of palladium(II) coordinate olefins with
diethylacetamidomalonates {eqs. 44-46) [677.

COOEtL
7+ PdCly(MeCN), + EtsN + (-)C(COOEt), —12- oot (44)
NHAC
NHAC
P~F + ()(cooet), -PgloRe)s (45)
NHAC PhP # S
NHAC
(COOEL),
A e Caccooer)  PUOAC), o C(C00EL), (46)
HHAC Ph3P NHAC

Cyclohexadienyl complexes of iron were treated with stabilized carbanions
(eq. 47) [687 and trimethylsilylenol ethers (eq. 48) [69], resul ting in
atkylation.

oMe OMe
+ -
Fe(co); —PnaC BFe 0 Fe(C0)3
R R
(47)
OMe QMe
(-)cH(coOMe), | Fe(C0)s R4NO [::%:]
R CH(COOMe)Z CH(COOMe)2
38% overall
R 0TMS

R2 R
55!!.' (48)
(CO)sFem + —_ (CO)aFé [::?::]//,
R3

R! = H, COOMes R2 = H, OMe; R3 = H, Me ‘ 70-84%
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Enynes reacted with alkylsilver or dialkylargentates by an apparent Sy2'
mechanism to produce alkylated allenes (eq. 49) [70]. «-Chloro esters [71],
bernzyl halides [72], and a-chloronitriles [73] added to olefins when treated
with copper(l) chioride and 2,2'-bipyridine in acetonitrile or DMF (eq. 50).
With 1,3-dienes both 1,2 and 1,4 addition were observed.

' R
: +
E——</ + [RAg or R;AgMgC11-2LiBr —— H =:<_ (49)
RI

Rl
60-97%
R' = H, Me; R = Bu, i-Pr, t-Bu
1 — CuCl ¢
RC1 + R'CH=CH, —ggoo—  R'CH-CH:R (50)
MeCN c1
90-130°

R = -CH,COOMe, ArCH,,-CH,CN; R' = Me, Ph, n-hexyl, n-octyl

A number of new cyclopropanating agents have been developed recently.
Treatment of CpFe(C0),” with chloromethylmethyl sulfide followed by alkylation
of the sul fur produced a very stable and storable salt. Treatment of olefins
with this salt in refluxing dioxane resulted in the formation of cyclopropanes
in high yield (eq. 51) [74]. The reaction was thought to invoive a cationic

- <.~ _Mes0'BF."
CpFe(C0),~ + CICH,SMe, —— CpFe(CO), s— -HesO BR, |
. (51)
- = '
CpFe(C0), ~ - R~ REECHR, 67-96%
reflux R R

' h  Ph R
olefin = . s —_— >: s /=/ s
Ph Ph R

e
R

R R*

iron-carbene complex. The stereochemistry of the olefin was maintained. The
phenylcarbene complex of tungsten carbonyl reacted with a variety of olefins
to produce phenylcyclopropanes in fair to excellent yields (eq. 52) [75].
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Ph R R'
—c” —_— (52
(Coys=CcT_ + \ / _ )

Ph
40-80%

Electrophilic olefins such as acrylonitrile, methyl acrylate, and methyl vinyl
ketone were converted to cyclopropanes in 50-75% yield by treatment with di-
bromomethane and nickel(0) phosphine complex catalysts. Addition of sodium
iodide and zinc increased the yields [76]. O0Olefins were converted to cyclo-
propanes by treatment with diiodomethane and copper powder, in a process
similar to the Simmons-Smith reaction [[777.

Terminal olefins were alkylated by trialkylaluminum reagents in the presence
of CpZTiC]2 (eq. 53) [731. Allylic alcohols containing remote unsaturation
reacted with titanium(IV) halides and N-methylaniline to produce cyclic products.
This procedure was used to synthesize nezukone (éq. 54) [79]. O0lefins were
arylated by zirconium-bound benzyne to produce zirconacyclopentanes (eq. 55)

[801.

R R
e 1 - CH,C1 -~
HZC—'——C\H + 2 AIR3' + 2 Cp,TiCl, ——=2=2, Hat=Z_, (53)
R = n-Cg, 3 f“lECOz(CHz)L,, TMSO(CHZ)Q, NC-(CHz)g, BY‘(CHz)L,,-

R' = Me, Et, n-Bu, i-Bu

0OH .
T‘Cé;;g?gm"e _— — \  / (sa)

c1 0

A ~ CH>CH
szerhz —ﬁs* CDZZY‘—-'© _1tvA 1 b R CpZZI‘ (55)

e
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4, Decompositibn of Diazoalkane

The reaction of ethyl diazoacetate with N-methylpyrrole gave mixtures of
a- and g-N-methylpyrroloacetic esters. The effects of M-substitution, and the
metal catalyst on the ratio of these two products (which ranged from 16:1 /8
to 3:2) were studied [81]. Chrysanthemumic acid and esters were prepared by
the reaction of unsymmetrical olefins with ethyl diazoacetate in the presence
of asymmetric organocopper complexes [827].

5. Cycloaddition Reactions

An intramolecular version of the iron(0) catalyzed formal 3+2 cyclo-
addition of «,a'-dibromoketones to olefins was used to synthesize a number of
terpenes (eq. 56). A similar intramolecular version of the corresponding 4+3
cycloaddition to furan was also developed (eq. 57) [83]. Palladium(0) complexes

l ~.
Br :
Fe,(C0)q + (56)
0
0
r

54% 34%

/ \ Br Fe, (C0)q

(57)

reacted with 2-acetoxymethyl-3-allyltrimethylsilane to provide an equivalent

of trimethylenemethane for cycloaddition to electron deficient olefins, producing
methylenecyclopentanes (eq. 58) [84]. <Cationic iron complexes of enol ethers
undeérwent a cycloaddition reaction with TCNE to produce substituted cyclopentanes
(eq. 59) [85]. 1Iron(0) complexes catalyzed the cycloaddition of ynamines and
butadiene to give aminocyclohexadi-1,4-enes (eq. 60) [86]. Norbornene, nortri-
cyclane, and furan underwent 2+2 cycloadditions with dimethylacetylene

X
TMS\JJ\/OAC . /  _L.Pd (58)

X = COOR, CN, COR, SO,R
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* cN  CN CpFe(CO)> CN
~ "\ — .
CpFe(C0)2  Spme + ”"“* MeO CN
CN CN CN
N
Med o (59)
_Egééll* RO N
CN
883
_rtuzt7

7\
4
ay
b
et

NEt,
(I (60)
R

R ~80%
R = Me, i-Pr, CsHy3, Ph
dicarboxylate to form cyclobutenes (eq. 61) [873. Nickel(0) complexes catalyzed

the reaction of allylacetate with norbornene to produce both vinylcyclobutanes
and dienes (eq. 62) [887.

Z::Yi::y COOMe
Ru cat.

or + MEOZCL CCOZME W
COOMe
60-87%
and (61)

e
m

X 0
Me0OC HOMe

J — /

@\
E Me0NC: COOMe

1e0,CC=CCO,Me 4

X = CHp, 03 R = H, Me; Ru cat. = L,RuH,, RuH,{CO)Lg
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A~
+
—_ + (62)
“ /
Lt 37
L = (iPr0)3P 80% overall

6. Alkylation of Alkynes

Among the best methods for forming vinyl copper species for further use
in organic synthesis is the addition of organocopper derivatives to acetylenes.
With acetylene itself, the best reagents were 1ithium dialkylcuprates, which
reacted to form Z-dialkenylcuprates which were iodinated stereospecifically
to afford Z-1-iodoalkenes. w-Functionalized dialkylcuprates also added cleanly
to acetylene [897]. Under appropriate conditions the thus formed vinylcuprates
reacted with a number of organic halides to produce Z-internal olefins in good
yield. Twenty cases were studied [90]. The use of stoichiometric versus
catalytic amounts of copper in the addition of organolithium and magnesium
compounds to acetylenes has been reviewed [91].

Cumulenes reacted with lithium dialkylcuprates to produce dienes in good

yield (eq. 63) [92]. Allylmagnesium bromide reacted with acetylenic Grignard

R
R! R* .
>=c=c<: + R",CuMgX-LiBr ~—— “>=CH—C=CH, (63)
R

R
75-95%

reagents in the presence of copper(I) iodide. Further reaction ensued (eq. 64)
[937. A sequence involving copper-catalyzed addition of Grignard reagents to
alkynes was used as a key step in the synthesis of the codling moth substance
(eq. 65) [94]. The reagent CH;Cu(Me,S)MgBr was formed to add cleanly to
terminal alkynes to produce 2,2-disubstituted alkenyl copper intermediates.

The reactions of these complexes with a variety of electrophiles, including
allyl and acid halides, conjugated encnes, and epoxides were studiec in

detail (eq. 66) [95]. Metallated vinyl silanes were prepared by the reaction
of methylmagnesium bromide with trimethylsilylacetylenes, trimethyl aluminum
and nickel(II) acetylacetonate (eq. 67) [96].
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R’ BT BrMg_
! 10% Cul
BrMg—==—~ + AN — — OMgBr
OMgBr BrMg
1

R
(64)
= MgBr
=Z~_~-Br
/ OH BrMg OMgBr
R! R!
])l CuBr(Me,S) n
2) CHaC=CH TsCl
n-C3H;MgBr; 3) n-C3H,C=C-Li /j\/\/OH 2) Nal
a) zf}%
5) NH,CI (65)
1) Mg
2) CUBT(MEQS) I
“3) n-C3H,C=CH =
~ = 1) <05
5) aq. HC1
CH,0H 6) LiAlH,
Cu E
E+
CH3Cu(Me,S)-MgBr + RC=CH —— :>:==// — :>===// (66)
R R
65-95%
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M SiMej
= MeMgBr
X(CHz ),-C=CTHS Ni (acac), > < — (67)
AlMe; (CHz) X SiMes (CHy) X W

Internal acetylenes reacted with allylic halides in the presence of
palladium(II) chloride toc give chloro-1,4-dienes (eq. 68). The reaction was

Rn

R
R P R!
— /
R-C=C-R* + X\/X PdC1 SgphCN ) > N Y\/C——C\x (68)

thought to proceed by chloropalladation of the alkyne, insertion of the allyl
halide, and g-elimination of palladium chloride [97]. Internal alkynes reacted
with benzene in the presence of Rhy(C0);, to give styrenes and indenones (eq.
69) [987]. Terminal alkynes were stereoselectively converted to (E)-2-methyl-

R
R R!
ep Rhy, (€0): ,
R-C=C-R' + PhH  —¢3,720-30 kg/cm? — ¥ R (69)
Ph
0

10-30% 10-40%

1-alkenyl iodides by reaction with Cp,ZrCl, and trimethylaluminum, followed by
iodine (eq. 70) [99]. The corresponding titanium complexes effected similar
chemistry [100].

R H
€p,ZrCl, + MesAl + RCZCH —— 22 >=< (70)
Me I

70-85%

7. Alkylation of Allyl and Propargyl Alcohols and Acetates

Propargyl tosylates and mesylates react with organocuprates to produce
allenes by an Sy2' type reaction. A number of trimethylsilylpropargylic systems
reacted with [RCuBrMgX to produce trimethylsilylallenes (eq. 71) [101].

LR THF
Ms-C=C-CT ¢ [R"CuBriMgX ——— Se=c=x (71)

R = H, t-Bu, Me
R* = H, Me, (CHp)y,, -{CH,;)5-
R" = Et, n-Bu, i-Pr, c-CgH,,. Ph, sec-Bu, MHe
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Propargyl mesylates having remote ether functionality reacted in a similar
fashion (eq. 72) [1027, as did polyunsaturated propargyl tosylates (eq. 73)
{103]. Allenic prostanoids were synthesized using this methodology (eqs. 74,
75) {10473. Chromium(II) reduced a propargyl bromide to the allene. The

intermediate allenic chromium complex could be trapped with ketones (eq. 76)

r1057.

R OMs
THF R
R* ==—(CHp),0R" + [R™CuBrIMgX-LiBr —— .>=C=‘.:—(CH2)nOR" (72)
R RHI
/\/\\ 5
ST 4 magx-cumr — ==t A~ r” 73]
50-70%
0
& \/\/\/COOME 1) Me,Culi
\é\
P oS 2) AcoH, /U\ Hy0
0Ac 3) K,C05, MeOH, H,0
!
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0TMS —/J— OAc
: CH—— = 1) RyCuli

R = 2) K,C0a, MeOH
OAc "3) Jones oxidation
\ 4) AcOH, THF, H.0
/X’_CSHII (75)
THPO

mo
=X

Br

Colyy—== +  Cr(11) — (76)

Primary a-~acetylenic alcohols reacted with Grignard reagents regio- and
stereospecifically in the presence of copper(I) halides as catalyst to produce
disubstituted allyl alcohols (eq. 77) [[106]. The vinylcopper intermediates,

R R!
RC=CCH,0H + R'Mgx —CuX, == (77)

H CH,0H

when treated with iodine, produced vinyl halides [107]. Allenic alcohols added
Grignard reagents to the terminal carbon to produce vinyl complexes which
reacted further with electrophiles (eq-78) [107]. Copper(l) catalyzed Grignard
reactions were used to synthesize 1,4-diynes (eq. 79)[108].

Allylic sulfones reacted with Grignard reagents and copper{l) acetylacetonate
catalysts primarily by an Sy2 process when primary sulfones were used, but by
an Sp2' process when secondary sulfones were used. The regioselectivity also
depended on the other substituents and on the solvent [109]. With a phenyl
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substituted cyclohexenyl allylic ester system, reactions with 1ithium dialkyl-
cuprates went exclusively by an Sy2' process when the carbamate was used, but
reacted virtually 1:1 Sy2-Sy2' with all other esters {eq. 80) [110].

H,C=C=CHCH,O0H RCHy H R H
+ tul :>===<1___ 2, —_—j>===<1___ (78)
RMQX MgX OMgX 1 oH
Br
P~
R H
/' OH
37-71%
_ — CuBr - - 79 )
HCsCCH,0Ts + BrMgC=CR —gpg— HC=C-CHC=CR (
60-80%

Ph

+  MeoCuli ——
[::::L-OR 2 Me

b

(80)

R = CONHPh

Allylic alcohols reacted with copper acetylides with clean allylic transposition
when converted to a hetergcyclic derivative (eq. 81) [111]. Allylic-propargylic

/\rﬂ ’
-
\l:@ + R'Cz=CCu —— R’ C=C-CH,CH=CHR (81)
R .

40-70%

acetates reacted with Grignard reagents in the presence of a copper(I)
catalyst by an Sy2' process at the olefinic site to give exclusively Z enynes
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(eq. 82) [112]. Allylic-propargylic sulfones reacted with [RCuBrIMgX-LiBr
reagents to form enynes or allenes depending on the substituents (eq. 83)
71131. In the reaction of allyl acetates with Grignard reagents and copper(I)

H
R /,DAc C + R ' H
—_— 1] u ] g g —— / o 2
RI>—C-_—C—C\/ + R'MgX R'>—C_C c c\/R (82)
RZ
R2 R3 R1C=C-C=CH-CHR3R* (E and Z)
Riczc-C-cH=c{_ +  (R*CuBr)MgXLiBr _THE . (83)
1 H R
0S(0)Me Rl A H
“Sc=c=c-c=¢
Rlo ' \R3

bromide catalysts the reaction was claimed to occur by an antarafacial attack,
and the leaving group was required to be guasiorthogonal to the plane of the
double bond [114]. Allyl ethers reacted with Grignard reagents in the presence
of copper(I) catalysts to give substitution with both Sy2 and Sy2' regiochemistry.
The amount of Sy2' depended on the substrate structure [115]. Allylic acetals
reacted with Grignard reagents and copper catalysts to give mixtures of E and

Z enol ethers., by clean Sy2' chemistry (eq. 84) [116]. Allylic sulfides reacted

OEt
H .
RCH=CH-CH  + R'Mgx ~22CUBr  peu_cH=CHOEt (84)
1 [
OEt R
E+2

with Grignard reagents in the presence of phosphine nickel(II) halide catalysts
to give substitution products from both Sy2 and Sy2' displacement [117]. The
reaction of allylic esters with sodiodiethylmalonate was catalyzed by a number
of complexes including Fe(CO);NO™, n3-crotyl Fe(CO),NO, n3-crotyl Co(CO),L

and Co(C0),” to give mixtures of Sy2 and Sy2°' displacement products. The
intermediacy of n3-allyl complexes was claimed [118].

Allylic alcohols reacted with arylpalladium(II) complexes to give both
alcohol and carbonyl compounds. The ratio depended on the nature of the
allylic alcohol (eq. 85)[119]. Alkynols were alkylated by treatment with
diethylaluminum chloride using Cp,TiCl, as a catalyst {eq. 86) [120].

0
R
OH + (85)
PhPdX  + \,(\/ —+ph7§/\oﬂ Ph/]K/U\H
R R
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Et
Et, /l\ (86)
HC=C-C(CHp) OH + Et,AIC1 + CpoTiCly — = v 7 (CH, ), 0H
n
(CHy ) OH

n=2-4

8. Coupling Reactions

The C-D ring portion of streptonigrin was synthesized by an unsymmetrical
Ulilmann coupling of an icdobenzene and a chloropyridine using copper dust (eq.
87) [121]. Symmetrical biaryls were synthesized by coupling iodoarenes with
a nickel(0) spacies generated in situ by reduction of nickel(II) chloride with
zinc [1227]. Extremely reactive copper and uranium powders for Ullmann coupling

I 2 e

OAc N Me >~ l
N = Cu dust 92N Me (87)
| MR OAc
140°
OMe 0,N e

OMe Cc1 Me
0Me
339

were produced by reduction of the corresponding metal chloride or jodide with
potassium metal in the presence of naphthalene. In this fashion pentafluoro-
iodobenzene was coupled to perfluorobiphenyl in 83% yield [123]. The nickel
catalyzed coupling of aryl halides to biaryls was studied in great detail and
was ciaimed to be a radical chain process involving both nickel(II) and
nickel(III) intermediates (eq. 88) [124].

Ni(I)X + ArX ———  ArNi(III)X,

ArNi(III)X, +  Ar'Ni(II)X —_— Ni(II)X, + ArNi(III)X (88)
Ar®

ArNi(III)X —_ Ar-Ar' +  Ni(I)X, etc.
Ar'

Aromatic ketones when treated with titanium(IV) chloride in acetonitrile
condensed to give Ritter type condensation products [125]. Ketones were re-
ductively coupled to vic diols by n-butyllithium using (Bu,N),[Fe,S,{(SPh),]
to mediate the electron transfer [126]. Ketones were reductively dimerized to
alkenes by treatment with bis benzenetitanium (eq. 89) «-Diketones were
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O L
P THF —

R/“\Rl + Ti T+ >—< (89)
© Ay
100%

converted to alkynes, benzyl alcohol was reduced to toluene, allyl alcohol to
propene, and propylene oxide was deoxygenated to propene by this reagent [127].
Conjugated ketones were coupled at the carbonyl carbon to produce 1,5-dienes
upon treatment with 1ithium aluminum hydride, Fe;(C0)};, and HC1 consecutively
(eq. 90) [1281.

0
LD 1) LiAlH, _ . %0
RCH=CH-C-R 7Y Fes (6013 RCH=CH-CHR (90)
3) Hcl RCH=CH-CHR'

47-76%
all possible isomers
R = Ph, p-tolyl, p-anisyl, p-CiPh, 2-thiophene
R* = Ph, p-tolyl., styryl
Bis-trimethylsilylacetyiene was coupied to a cumulene by reaction with
CpCo(C0), (eq. 91) [129]. Acetylenes were coupled to 1,3-dienes by conversion
to pentafluorosilicate, followed by treatment with solid copper(I) chloride
at 200-300° (eq. 92) [130]. Vinyl boranes were converted to 1,3-dienes by
treatment with palladium chloride in triethylamine (eq. 93) [131].

1370 ™S ™S
CpCo(CO), + TMS-C=C-TMS —"— + others (97)
™S ™S
. R R
1) HSiCl4 R R _
Ceern H,PtCi _ cucl
R-C=C-R 7Y KF, Eton” K2 500-300° " - (%)
H SiFs & .
Ph . Ph
— PAC1,/LiCl =
EtsN — (33)
B(OH), :
bh
943

Methylacrylate was dimerized by self-coupling at the 8-position by treatment
with palladium(II) phosphine complexes and silver tetrafluoroborate (eq. 94)[1327].
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2 CH,=CHCOCMe —3%’2—5‘%‘2-» Me0,CCH, CH=CHCH,CO0Me (94)
Allyltrimethylsilanes coupled to cenjugated ketones in a Michael sense upon
treatment with titanium tetrachlioride (eq. 95) [133]. «-Lithioselenides coupled

R R!
— _TiCly,
R2 R3 CHZ—
0

to give olefins upon treatment with copper(I) iodide (eq. 96). Cross coupling
of two different selenides led to all possible products [134]. Addition and
coupling reactions of organometallic compounds in the presence of transition
metal catalysts has been reviewed [135].

R" R ? Rl
Lo Cul —
RSe-?-L1 785 t5 370° (96)
R * RH Rll
55-80%

9. n-Allylpalladium Alkylations
Alkylation of w-allylpalladium halide complexes by stabilized carbanions

continues to grow in importance in organic synthesis. Enol ether-acetates were
used as substrates in the palladium(0) catalyzed alkylation of allylic acetates
by stabilized carbanions to give highly functionalized products (eq. 97) [136].

OEt Et0  SO0,Ph
R ) L.Pd R
x> _LurQ
' phsoy” NCO,R* Z CO,R!
OAc
1
0 S0,Ph
R
0,R"

Allylic lactones having defined stereochemistry o to the carbonyl group were
used to control the stereochemistry of the palladium(Q) catalyzed allylic
alkylations of these lactones (eq. 98) [137]. In the intramolecular allylic
alkylation of allyl acetates by palladium(0) catalysts to form macrocyclic
lactones, formation of the larger of the two possible rings was always observed.
Thus eight-membered rings predominated over six. nine over seven, and ten over
eight (eqs. 99-101) [138]. 2-Acetoxy-3-allyltrimethylsilane reacted with



Me "

(-)CH(COOMe),

90% yield
>98% regiospecific

0 OAc PhSO
\/\/’\/ NaH, L.Pd
phsoz/ﬁ]/ a L
0

PhS0; cooMe
Me0QC
/H\/SOZP h S0,Ph
_
X NS
OAc

]
x
///[:{L\o///\\\,//\\\///\\\UAC 0 0
" phso, Y
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(98)

(99)

(100}

(101)

carbanions in the presence of palladium(0) catalysts to alkylate in high yield

(eq. 102) [139].

COOMe

™S OAc + L,Pd + (-)CH(COOMe)z-——~+TMS\\V,/H\\',/L\\C (102)
00Me
73%
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Trimethylsilylenol ethers with remote "olefinic groups" were cyclized to
cyclopentenones or cyclohexenones by treatment with palladium(II) salts. The
reaction was claimed to proceed via an oxallylpalladium complex which then
inserted the remote olefin {(eq. 103)[140]. Cationic phosphine-n-allylplatinum

e L

0TMS

(103)

complexes reacted with acetylacetone anion to produce allyl acetylacetone in

high yield. Platinum(0) complexes catalyzed the same reaction of allyl acetates
with acetylacetone anions. An alkylated olefin-platinum complex was detected

as an intermediate in these reactions (eq. 104) [141]. A bridged bicyclic
w-allylpalladium chloride complex was halogenated by copper(II) halides and
alkylated by methylmagnesium iodide or dimethylicadmium (eq. 105) [142].
Hethylenecyclopropane reacted with cyclohexenones in the presence of palladium{0)
catalysts to produce 2-allylcyclohexenones (eq. 106) [143].

0 0

O R U G e

(-)

(104)



Na,PdCly, cl.  tu¥s
AcOH, NaOAc (/;;'/ >
\»///
X
MeMgX or X = DAc, C1
Me,Cd 85-95%
(105)
90-99%
0 (4]
12{3 N _Pd(0) cat. | (106)
100°
20 hr

10. Alkylation of Ketones and Aldehydes.

Aldehydes reacted with 1ithium diaikylcuprates in the presence of chiral
1,4-bis{dimethylamino}-2,3-dimethoxybutane to give tertiary alcchels in up to
15% optical yield £1447. Aldol condensations were catalyzed using cobalt(III)
salts complexed to vinylpyridine-styrene-divinylbenzene copolymers. It was
claimed that this system suppressed self condensation. However, only aromatic
aldehydes and ketones worked [1457. Copper(I) salts of enamines reacted with
2-allyloxybenzimidazoles to produce allylated ketones in good yield. Primary
allylethers reacted at the o-carbon with retention of configuration while
secondary ethers reacted primarily at the y-carbon [146]. Isonitriles reacted
with perfluoroalkyliodides in the presence of copper powder to give perfluoro-
iodoimines (eq. 107) [147].

Cu powder Rf {107)
_Lu powder S==N
RNC + RfI . R \
32-90%

R = nBu, t-Bu, cyclohexyl, Bz

The n®-chromium carbonyl complex of methyl phenylacetate underwent clean di-
alkylation at the « position when treated with sodium hydride and alkyl halides
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(eq. 108). Replacement of one carbonyl group by triphenylphosphite resulted in
monoalkylation. Methyl 3-phenylpropancate complexed to chromium tricarbonyl

R
cnzcoone + NaH + Rx -—ME, C-C00Me (108)
i R
cr(c0); cr(c0)3
70-90%

alkylated o to the ester (eq. 109), and complexed toluene was converted to
ethyl benzene or isopropyl benzene (eq. 110) [148]. The methyltosylhydrazone
of androstenone reacted with 1ithium dimethylcuprate to give methylandrostenone
(eq. 111) [149].

CH,
CHoCHpCOOMe + NaH + Mel — CH,CHCOOMe (102)
CY‘(CO)3 Cr(CO)a
65%
+ } o el <3§%§2)___// — <3§%§2>__.<( (110)
cr(c0)s cr(co); cr(co);
34% 49%
H

_Hal (111)

+ Me,Culi —

TsNN
Me 0%

11. Alkylation of Epoxides

Lithium bis(2-furanoyl)cuprate reacted with epoxides to give alkylation
products in excellent yield (eq. 112) [150]. Grignard reagents reacted with
cyclohexene oxide in the presence of copper(l) catalyst to give primarily trans
ring opening of the epoxide. Four-membered cyclic ethers also reacted to give
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HO
\
0
/ \ CuLi + / \N — R p— + R H (112)
0 N 0
93%

2 R

primary alcohols. UWhen allylic Grignard reagents were used, no allylic trans-
position was observed [151]. A1l four stereoisomers of the sex pheremone of the
pine saw fly were synthesized using chiral aliphatic 1ithium dialkylcuprates

and chiral epoxides (eq. 113) [152]. «,B-Unsaturated steroidal epoxides reacted
with 1ithium dialkylcuprates with allylic transposition to produce 11-g-
substituted-19-norsteroids (eq. 114) [153].

cuti DAdH
H\‘ -
Rors 25,3
or
2R,3R

(113)

OH

+ R,Culi —— (114)

The ring opening of epoxides by vinylcuprates was used in two synthetic
approaches to prostaglandins (eq. 115) [154], (eq. 116) [155].
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:nllo

+ PhC=C—Cu \ 0SiR;
3

CooMe F
L §
CsHyy
J (115)
0
0
—_— —_ PGA ya
/
_”a\§———CsH11
05iR3
43%
Lo
o Q
< ‘:.\. ~ -

* - 0SiR; 4+ / (116)
S = R o

HO T N\eh -
nPrC=C—Cu \ ) sl
——\—-CSHM 4:1

& 88%
0 1R3

12. Oxidative Coupling.
Oxidative coupling of aromatic systems under the influence of transition

metal compounds has recently been reviewed [156]. Soluble polymer btound com-
plexes of copper(II1) chloride catalyzed the oxidative coupling of 2,6-dimethyl-
phenol and the coupling of 2,6-diphenylphenol [157]. The products of the
oxidation of copper(I) chloride by oxygen in polar aprotic media were useful
catalysts for the oxidative coupling of phenols [158]. Carbazole was oxida-
tively dimerized by treatment with palladium{II) acetate in acetic acid

(eq. 117) [159]. Copper{Il} trifluoromethane sulfonate was used to oxidatively
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couple 3,3-disubstituted-2,4-pentanediones intramolecularly to form 1,3-cyclo-

pentadienones (eq. 118) [[160]. Macrocyclic acetylenic alcohols were oxidatively
coupled by reaction with anhydrous copper(11) acetate (eq. 119) [161].

e
|
§) 2 3
Pd(0Ac) N N (117)
N AcCH R R

33-58%

1) LDA t (118)

Z) Cu(01T)>

fit
[(119)
i

13. Nucleophilic Aromatic Substitution

Substituent effects in the addition of nitrile and ester stabilized
carbanions to arene chromium tricarbonyl complexes were studied. Methoxy
groups were strongly meta directing. while methyl and chloro groups also led to
some ortho substitution. Trimethylsilyl and triflucromethyl aroups were para
directing [162]. The arene ring in arenechromium tricarbonyl complexes was
lithiated by treatment with n-butyllithium-TMEDA, and then reacted with a
number of electrophiles (eq. 120) [163]. The full experimental details of
the reaction of arenechromium tricarbonyl complexes with carbanions have been
published. The initial product of alkylation was a n>-cyclohexadienyltricarbonyl-
chromium(0) complex, which was characterized by X-ray diffraction analysis.
Oxidizing agents free the alkylated arene ligand, electrophiles regenerate the
arene complex, and trifluoroacetic acid produces substituted cyclohexadienes
(eq. 121) [164]. Nuclegphilic addition of nitrile-stabilized carbanions to
anisole chromium tricarbonyl complexes followed by acid cleavage produced
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Y Y
Y
R
+
nBulLi i £ (120)
TMEDA
Cr(co)a Cr(C0)3 Cr‘(CO)a
Y = H, OMe, F, Cl
= €05, CH3COCH3, PhRCHO, I,, TMSCI
R
r___Lz__+
R
H
(121)
+ RLI  — Ph,Ct
cr(c0); cr(co);Lit cr(co)s
R
"CF3COOH

3-substituted cyclohexenones (eq. 122) [165]. Finally, arene exchange reactions
of arene chromium tricarbonyl complexes with free arenes established the follow-
ing order of stability: CgMes > CgHyMe, > CgHszMe; > PhNMe, >> CgHyMep > PhMe ~
CgH; > PhCOMe ~ PhOMe > Bz0Me > PhCl1 ~ PhF > C;gHg [166].

OMe NC- OkMe
+ (-)CMe,CN — @K

Cr{C0); Cr(c0)s”

0 , (122)

CN
70%
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B. Conjugate Addition

Organocopper complexes continued to be the reagents of choice for a wide
variety of conjugate (1,4 or 1,6) additions to unsaturated systems. The
stereochemistry of conjugate addition of lithium dimethyl and dibutylcuprate
to 4-, 5-, and 6-substituted cycloheptenones was studied. The stereoselectivity
depended upon both the structure of the enone and the cuprate (eq. 123) [167].

Me,CuLi R 0 0

or + or or (123)
nBu, Cul i R

R
R = Me, t—Bu,===<i Me, t-Bu Me, t-Bu
1 2 3 4 5 6 7

With 2, 4 and 7 20:80 cis to trans

With 1 and 5 82:18 cis to trans

With 6 2:98 cis to trans

Procedures for the 1,4 addition of lithium dimethyl-, diethyl-, dibutyl- and
diphenylcuprate to citral have been published [168]. The conjugate addition

of organocuprates to cyclobutenyl esters has been used in the synthesis of (z)-
grandisol (eq. 124) [169]. The stereochemistry of conjugate addition of homo-

allylic cuprates to conjugated cyclohexenones was controlled by imposing a
rigid bicyclic structure (via a fused lactone) upon the enone (eq. 125) [170].

CO0Me L oH

COCMe
0 - ()\)\ — 0 —- (et
>Culi- e .
r r

+ _Z CuBr-SMe
/’/\‘\///\\\Mgar —_—2

or
(RoCuL i)

(125)
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The structure of the fused lactone had a profound effect on the conjugate
addition reaction (eq. 126) [171]. The copper-catalyzed reaction of a benzyl-
magnesium halide with an «,3,v.6~unsaturated enone resulted in exclusive 1,6-
addition (eq. 127) [172]. Copper catalyzed Grignard reactions were used

in the synthesis of a number of 1la homoprostaglandins (eq. 128) [173].

CcOo0OMe

RoCul i (126)

/

60%
0\\\
+ CuCl-MesS
THF
MgBr
Z R OMe
(127}
0
o
’ OMe
R R
Q
COOMe
Q
Q0Me
Cul
R'MgX R
R' = prostaglandin side chain

Functionalized organacuprates also react with conjugated enones. Methods
for the conjugate addition of enolate and acyl anion equivalents to conjugated
engnes have recently been developed. These involve the use of cuprétes made
from lithio salts of enol ethers or vinyl silanes (eqs. 129, 130) [174]. The
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f 0
OEt R R R \
+ —_—
Z CulLi OEt
(129)
R R'
+
_H_
H,0
0 0 /—\ 0
™S 1) H OH
2) MCPBA
— 130)
* 3) BF3-Et,0 (
Z THS 4) aq. HOAc

>CuLi
l

3-1ithio salt of 2,3-dikydropyran reacted in a conjugate fashion with «,8-
unsaturated ketones in the presence of copper{I1I) iodide. Hydrolysis followed
by oxidation resulted in the formation of lactones (eq. 131) [175]. 3-(Dimethyl-
amino)-1-propyne was used as the ncn-transferrable group in mixed cuprates for

. 0
r i
R g G
0 0

(a-hydroxyaldehyde

equivalent) (131)
3

+
1) H', H,0
2) oxidation

Grignard reagents of vinyl silanes added

conjugate addition reactions [176].
These

1,4 to conjugated ketones in the presence of copper(I) iodide (eq. 132).
same reagents were alkylated by treatment with organic halides and copper(I)

iodide [177].
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0 0
™S
. Cul (132)
F
MgBr ™S

Organoaluminates, prepared from olefins and 1ithium aluminum hydride in the
nresence of titanium tetrachloride, added 1,4 to acrolein and methyl vinyl ketone
in the presence of stoichiometric amounts of copper(II) acetate (eq. 133) [178].

2 RCH=CH, + LiATH, —1Clu,  |iATH,(CH,CHR), + 2 sf"\T(/R

0
(133)
Cu(0AC); RCHZCHz\\\V//\\][//R.
0
50-70%

The conjugate addition of organocuprates to conjugated enones followed by
trapping of the resulting enolate has been used to synthesize a number of pros-
taglandins (eq. 134) [179]. The enolate resulting from conjugate addition of

0
CsHyy
LiCu +
Y
2 RO
COM OH
e .5
SCOMe 0 SMe 3
o R (134)
SMe ' 1) reduce
B 2) 0t
R
° —Cst CsHy,
HO HO
B —— —_— (i) PGFZG_

18% overall
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organocuprates to «,B-unsaturated ketones reacted with aldehydes via an aldol
condensation in the presence of zinc(II) chloride {(eq. 135) [180].

(135)

ZnC1 2

R,CuLi + /\[r R/\/I\ R'CHDj -H,0

R

e-Acetylenic esters reacted with allylic copper (not cuprate) complexes at
-90°C to give mixtures of triene esters (eq. 136) [181], by an overall cis
addition. These same substrates reacted with RCu-BR3' complexes with very
high regio- and stereoselectivity at low temperatures (eq. 137) [182].

AN~ 00Et COOEt
_-50°
. (136)

— = —CooEt
92 : 8
702
0
u
0 C-Y
RCu-BRy' + —=-—C-Y — 20, > < (137)
R H
R = Me, Bu
Y = OR, OH

a-Cyclopropyl ketones and esters also react with organcuprates in a 1,4
sense. This reaction was used in the synthesis of d,1-7,8-epialantolactone
(eq. 138) [1833; and a prostaglandin (eq. 139) [184]. A stereospecifically

CO0Me

CO0Me
{138)
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+ LiCu——%—CH=CH—QHC5H11)

= A
0 0THS
{(138)
(CH, ) 5COOH oS
> CsHyy 1JH5C/\/EZ—‘
M COOH
0 . OH
H

9-deoxa-9,10-dehydroprostaglandin-D,

deuterated 8.v-cyclopropylcyclohex-2-enone reacted with 1ithium dimethylcuprate
Wwithout loss of stereochemistry at the chiral cyclopropyl carbon. This result

was used to argue against the intermediacy of radicals via electron transfer

in conjugate -additions of organocuprates to conjugated enones (eq. 140) [1857.

H

T,

a CH,

3

electron
transfer

racemic

(140)

1,6
nucleophilic
addition

{or enantiomer) optically active
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In another study of this mechanism, it was claimed that formation of a transient
copper substrate complex followed by 1,2-addition to the double bond was the
main reaction path (eq. 141) [[186]. On the other hand evidence for an electron
transfer process has also been claimed (eq. 142) [[187]. Thus the controversy
over the mechanism of conjugate addition of organocuprates to conjugated engnes

continues.
) —_—— \ .
/\"/ + RZCuL'I —_ :0 —_— (‘: T \ (]4] )
R, ’

0Ts

Me,CuL i /(:@ (142)
X

1,3-Cycioheptadiene monoepoxide reacted with 1ithium dialkylcuprates to give
mixtures of Sy2 and Sy2' epoxide ring opened products (eq. 143) [188], but 1,3-
cyclohexadiene monoepoxide reacted both regio- and stereospecifically (eq. 144)

£189].
OH OH
Q
+ [RCuMelLi¥ —— / + te (143)
Me
70 : 30
i’“ OH
+  [RCuCNJLi — O MePBA 0 (144)
R R
R = Me, Ph
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a-Bromovinylsulfones underwent a double alkylation when treated with 1ithium
dialkylcuprates or Grignard reagents with copper catalysts (eq. 145) [190].

SO,Ph
1) RgX = LUK, RGHGH,SO0,Ph (145)
. RaCuli
2) H'5 Hy0
R = Me, Et

e-Chloro conjugated enones reacted with 1ithium dimethylcuprate to give 1,4-
addition or reduction products, depending on the substituents on the double
bond. In contrast, e¢-fluoro conjugated enones underwent competitive 1,4 and
1,2 addition, with the ratio of products depending on the steric hindrance
at the B-position (eq. 146) [1911.

R
——— H,C1C0Z
R! Z=RandR' =H

~N

[}
X
=]
=

c1
== + Me,Cubi —

R coz
R H
Z = R with
R',R = alkyl
R' coz
(146)
but
R F R R F
:>===<: 1) Me,Culi _ chFcor®  * —
R corr  2) H. M0 R oH
R" Me

B-Ketoesters were converted to o,B-unsaturated esters in good yield by con-
version to the enol phosphate followed by reaction with primary 1ithium dialkyl-
cuprates {eq. 147) [1927]. The dithioacetal of B-aldehydoketones reacted with
lithium dimethylcuprate to produce g,8-dimethyl conjugated enones (eq. 148)
f1931.

Allylsilanes added 1,4 to conjugated engnes in the presence of titanium
tetrachloride (eq. 149) [1947]. o-Palladated aromatics inserted conjugated
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0 OPO{0OEL)>

(147)
R
RoCul1
LA L L L *\/COOME
70-95%
SMe
_LiCuMe,
T Et,0 (148)
0 0
SiR3  ric
_bly 149
+ /\/ CHZC] S . "/\ ( )

esters upon heating to 150° for prolonged periods (eqs. 150 and 151) [195].
Phenyl mercuric chloride and tetraphenyltin aTijated a,B-unsaturated ketones
at the B-position when treated with palladium(II) chloride under phase transfer
conditions (eq. 152) [1963. 1,4-Naphthoquinone was arylated in the presence
of palladium(II) chloride [1971.

NMEZ
Ac OMe 150° N
A, 7 /Y 78 hr (150)
Pd 5 r
\/ o g
- OMe
R CooMe
6]25[:"‘ (1s1)
¢ "’H
N/ ‘\y//// C00Me

Ph 11%
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R TBA*C17/PACT, /|\/u\
\/\H/ + PhM H;07CHCT S o (152)

C. Carbonylation
1. Hydroformylation
Hydroformylation has been reviewed £198]. The relation between effects
of carbon monoxide pressure and phosphine concentration on rhodium catalyzed

hydroformylation of 1-hexene was examined. A narrow range of carbon monoxide
pressures and phosphine concentrations that favored linear aldehyde formation
was found [1991. The kinetics of hydroformylation of cyclododecene in the pre-
sence of hydrocarbonyltris(triphenylphosphine)rhodium(I) showed the reaction to
be first order in hydrogen partial pressure regardless of phosphine conceniration,
and zero order in carbon monoxide partial pressure with excess phosphine, but
without excess phosphine the rate increased with increasing carbon monoxide
partial pressure [200,201]. Side reactions in the hydroformylation of 1-propene
with rhodium carbonyl complex catalysts and triphenylphosphine were studied
[2027. Homogeneous hydroformylation of 1-hexene using ERh(cod)2]+PF5_,
CRh(cod)(PPhs)py1¥PF¢~, and [Rh(cod)(PPh3),T'PFs™ as catalysts was studied £203].
In the hydroformylation of 1-hexene using RhHCO(PPhs3)s; as catalyst, the yield of
Tinear aldehyde was increased by increasing the amount of added triphenylphos-~
phine, by carrying out the reaction at 90°, and by lowering the partial pressure
of carbon monoxide [2047. The hydroformylation of higher olefins in the pre-
sence of cobalt carbonyl catalysts showed the same effects as those for Tower
olefins [205]. The use of dibenzophospholes as ligands in rhodium and cobalt-
catalyzed hydroformylations caused a considerable rate enhancement over that
observed with diphenylphosphines as ligands [[206]. Alkyl-rhodium tetracarbonyl
complexes were detected by infrared in the hydroformylation of ethane using a
variety of rhodium(I) complexes as catalyst precursors [207]. Treatment of
olefins with hydrogen and carbon monoxide in benzil in the presence of rhodium
catalysts produced a-benzoylbenzyl carboxylates [208]. Rhodium(I) complexes

of a cyclic mixed phosphorus-nitrogen ligand catalyzed the hydroformylation of
olefins {eq. 153) [209]. Dicobalt octacarbonyl hydroformylated propene in high

1
S

0/§ \ff 00t B f o —— N (153)
R

R
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yield when treated with carbon monoxide and water at 135°. The requisite hydrogen
came from a cobalt catalyzed water gas shift reaction [210]. By using PtCl,-
SnC]Z—PhZP(CH2)4PPh2 as a catalyst very high reaction rates and 99:1 linear to
branch aldehyde were obtained in the hydroformylation of 1-pentene. Both the

rate and the 1inear/branched ratio depended on the length of the chelating di-
phosphine chain [211].

Attempts to induce asymmetry in hydroformylation reactions by using chiral
catalysts have met with only modest success. Vinylacetate was converted to
(S)-a-acetoxypropionaldehyde in 10-24% optical yield by hydroformylation in the
presence of a rhodium(I) catalyst produced by reaction of [(C0)>RhC1], with two
equivalents of (-)-DIOP [212]. A number of chiral phosphines were used as
ligands for rhodium catalyzed hydroformylation of styrene, 1-butene, cis-2-
butene and e¢-methylstyrene (eq. 154). Up to 40% optical purity was obtained [213].

/ ji

—
]

o ~.
v S 1 o
’ th .. _-PPhy”

PPh,

and P in place of PhyP

Use of a chiral g-ketoenolate as a ligand for rhodium(I) catalyzed hydroformyla-
tion led to no aptical induction and no change in linear to branched products.
This was taken as evidence for cleavage of the ligand from rhodium prior to
hydroformylation [2147. 3-Methyl-l-pentene was deuterioformylated using rhodium
catalysts and the diastereomeric composition of both isomers was examined. These
experiments showed that the (S)-enantiomer reacted preferentially at the Si-si
face while the (R)-enantiomer reacted on the re-re face [215]. Hydroformylation
of cis-2-butene and norbornene in the presence of ruthenium complexes of (-)-
DIOP gave Tow optical yields of (R) product [216].

Solid-supported complexes have also been used in hydroformylation reactions.
The copolymer of styrene, divinylbenzene, and 2-{p-styryl)-4,5-bis[ (tosyloxy)-
methyl3-1,3-dioxolane was prepared, and the tosyl groups were displaced by
NaPPh, or Na-dibenzophosphale to give a polymer bound optically active DIOP
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type ligand. Rhodium(I) was introduced by exchange, and the complex was
characterized by 31P nmr, T;, and electron induced X-ray emission, which showed
an even distribution of rhodium throughout the polymer particle. Use of this
material as a hydroformylation catalyst gave low (3-30%) enantiomeric excesses.
The corresponding homogenecus catalyst gave a branched to normal ratio of 2,
while polymer bound Ph,P catalyst gave 6, and polymer-bound phosphale gave 20.
The catalyst was recovered in active form by merely filtering [217]. Polymer
supported (CsH5)Co(L0), and (CsHs)Rh(CO), catalyzed the hydroformylation of
1-pentene to hexanal at 130°[218]. The normal 9:1 selectivity for normal to
branched aldehyde formation in hydroformylation of olefins by (Ph3P),PtC1,-SnCl,
catalysts was increased to 150:1 by anchoring the catalyst to a polymer support.
This catalyst has a short lifetime however [219]. Rhodium, cobalt, and rhodium-
cobalt bimetallic clusters were dispersed on zinc oxide and pyrolyzed to pro-
duce crystallites. The resulting materials were used as hydroformylation
catalysts [220]. Other oxides, such as Mg0, Ti0,, and La,03 also gave active
catalysts, but basic oxides such as alumina, silica and V05 led to inactive
systems [2217]. Phosphinoalkylorganosilicon compounds were used as ligands in
the rhodium(I) catalyzed hydroformylation of 1-hexene. The catalytic activity
was similar to that of simple phosphine ligand-rhodium(I) complexes [222].

The clusters Coy (€C0);, and Co,(C0)g were used as catalysts to hydroformylate
l-octene. Both appeared to react via HCo(CO), [223]. The cobalt cluster
[(C0)3C0J3CO0R was an active hydroformylation catalyst [2247.

The aldehyde C-H bond was activated to undergo an oxidative addition by
formation of a 2-aminopyridylaldimine. This was used in a rhodium promoted
hydroacylation of olefins (eq. 155) [2257.

0
\ - i
I + 5% L3RhCI ‘50%8; Cobhy , _H20, . cH,-C-R (155)
H 6 hr 45%
H)kR (900% on Rh)

R = Ph, p-OMePh, p-CliPh

2. Carbonylation of Alkenes and Alkynes.

Propene was hydrocarboxylated by treatment with a number of alcohols and
carben monoxide in the presence of PdC1, (PPha), as catalyst, at 90-130° and
40 to 120 atmospheres pressures [2267]. At low carbon monoxide pressure the
reaction resulted almost exclusively in production of the Tinear ester [227].
The active catalyst in this system was claimed to be a palladium(II) acyl
complex, trans-Pd(COR)CI(PPh3),, whose structure was determined by X-ray crystal-~
lography [2287. The mechanism of the conversion of ethylene to propanoic acid
by carbon monoxide in water using a rhodium iodide as catalyst and jodine as a
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promoter, was shown to proceed by: (1) formation of HI; {2) addition to the
rhodium catalyst to form HRh(C0)I; (3) coordination of ethylene to produce
HRh(C,H, )I followed by insertion to give EtRh(III)I; (4) reaction with €O to
give EtCORhI followed by reductive elimination producing EtCOI; (5) hydrolysis
to form propionic acid and HI [229]. Olefins were converted to mixtures of
linear and branched acids by treatment with carbon monoxide and acetic acid.
HI or HBr was used as a promoter, and the catalysts were palladium on carbon
or palladium on zeolite [230]. Palladium on silica also was an effective
catalyst [231]. The full details of the bis carboxylation of olefins by carbon
monoxide in methanol, and palladium{IIl) catalysts with copper(Il) chloride as
reoxidant, have been published [2327]. Monoenes, conjugated and nonconjugated
dienes, and conjugated enones reacted in good yield (eq. 156). This work was

RCH=CH, + CO + MeOH —Pd—g]-g]g—at'——» RCH=CH,COOMe (156)
Na C,H,CO, CooMe

also the subject of a dissertation [233]. Styrene was converted to methyl
cinnamate by treatment with carbon monoxide and methanol, using palladium(II)
chloride as a catalyst and copper(l) chloride, sodium acetate, and magnesium
chloride as coreactants. At least 100 turns on catalyst was achieved [234].
Alkenes, alkynes and dienes were acylated by treatment with Cp,Zr(H)C1, follow-
ed by aluminum trichloride, followed by an acid halide (eq. 157). This was
also a facile preparation of RAIC1, species in which R was derived from an
alkene or alkyne with the stereo- and regiochemistry of hydrozirconation [235].

Ecetylene was carbonylated by carbon monoxide using PdBr,-({PhQ);P-HEr-BuOH
as a catalyst system [236]]. The effects of other ligands such as C17, Br, I™,
and SCN~ on this system were also examined [237]. Alkynes were converted to
a,B-unsaturated esters by platinum{IV)-catalyzed hydrosilation, followed by
conversion to the pentafluorosilicate, followed by palladium{II) catalyzed
carbonylation by carbon monoxide and methanol (eq. 158) [238]. The development
of palladium catalysts for the cyclocarbonylation of acetylenic alcchols to
a-methylene lactones was the subject of a dissertation [239].

A~ R/\/mmz

CpZr(H)C1 Cp,2Zr
~N AlC1
+ - or O = or
RCH=CH2 R A] C] 2
[ /\/
or CpZZr'//\\\’/’ R
0
- cl
RC=CH //,\\\//JL\\ (157)
R R!
1]
R'COC1 or
Q
,/”§§;/JL\\
R R*
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R Rl R 1 2—
R-C=C-R' + Hsicly —H2PtCle, — g —
H SiClg H SiFg
R Y (158)
0, MeOH _
~Fdc1,/NaOAC /
H COOMe

R = n-hexyl, t-Bu, Ph, MeOCH,~, Me0,C{CH,)g
R' = H, n-Bu

Conjugated dienes were converted to a,8,y,5-unsaturated ketones by treatment
with dicobalt octacarbonyl and methyl jodide under phase transfer conditions
(eq. 159) [240]. w-Bromoolefins and allenes were converted to cyclic ketones
by reaction with sodium tetracarbonylferrate (eqs. 160,161) [241].

0
N

ph ~

[::::[I//\\\ ¥ Cop(C0)g + CO + Hel tr;ﬁﬁ;er (159)
63%
BrCH,CH,CH=C=CH, + Fe(C0),~ —Ac<OH, (160)
30-40%
Ts
0
+ Fe(cO0),” _AcOH | (IY (161)
65%

Methylenecyclopropanes were converted to butenolides and g-methylene lactones
by reaction with carbon dioxide in the presence of palladium(0) catalysts (eq.
162) [2427. =-Allylpalladium chloride complexes reacted with carbon dioxide in
the presence of diphos to give allyl esters or unsaturated acids {eq. 163)

[243].
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(162)
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69% 8%
R = Me, -{(CHp)5-

0
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o, N = c + N ~

30% 15%
Cl

AU
) pPd
<<’ \\,//6

+ (163)

3 l!/’--__-\P
Phy Phy
COOH COOH
+

co, H . .
1 >
PhoP PPh, 60%

3. Carbonylation of Halides.

Aryl halides were converted to neopentyl esters by treatment with NaH/
neopentyl ONa/Co(0Ac),/CO in THF followed by hydrolysis. The reaction pro-
ceeded under one atmosphere of carbon monoxide and was catalytic with respect
to cobalt [244]. Organic halides were converted to symmetrical ketones by
reaction with iron pentacarbonyl and sodium hydroxide under phase transfer
conditions. Unsymmetrical ketones were produced in low to moderate yield by
initial reaction of an organic bromide to produce an alkyl-tetracarbonyl ferrate,
followed by reaction with an organic iodide [245]. Acid anhydrides were con-
verted to ketones by the reagent produced in the reaction of Grignard reagents
or organolithium reagents with manganese{II) chloride and lithium chloride.

With allylic Grignards, complete allylic transposition was observed [246].

Acyl tetracarbonylferrates reacted with epoxides to produce a,B-unsaturated

ketones (eq. 164) [24771. Acyltetracarbonyl ferrates reacted with aryl iodonium
salts to give aryl ketones (eq. 165) [248]. Aryl tellurium trichlorides reacted
with nickel carbonyl in DMF to produce aryl carboxylic acids after hydrolysis [249].
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0 0
1}
RCOFe({CO),~ + /425 ——— RC-CH=CHR® (164)
Rl .
60-80%
R = n-Bu, \I/\/
R' = Ph, Me
0
RCOFe(CO), + (Ar),IX" ——— RC-Ar + Arl + LiX (165)
48-85%

R = Me, n-Bu, Ph
Ar = Ph, p-tolyl, p-anisyl-, p-chloro, p-bromo

4. Carbonylation of Nitrogen Compounds

Intensive activity continued in the study of the conversion of aryl nitro
compounds to isocyanates. Aryl isocyanates were produced in 38-90% yield from
the corresponding nitro compound by treatment with carbon monoxide at 100 atm
pressure and 200°C. Palladium(II) chloride was the catalyst, and pyridine the
promoter. Oxides of V, Mo, Nb, W and Ta were also required [250,251]. The
effects of pyridine base additives on yield were studied [252]. An increase of
two to six fold was noted in the presence of these bases. Mixed oxides of
molybdenum and lanthanides such as La, Ce, Pr and Nd in the form of mln,03-nMo0j
increased both the activity and selectivity of these reactions [253]. Using
Rh,C1,(C0),/MoCl5 as a catalyst at one atmosphere of CO and 100° nitroarenes were
converted to aryl isocyanides in 26% yield with 50% selectivity [254]. The iron
compound Fe,03-V,05 was found to increase the catalytic activity of PdCI,(Py),
for this conversion [2557].

Phenylazirines were converted to styryl isocyanates by reaction with

[Rh{C0),C1], (eq. 166) [256]. Aryl amides were produced from 1,3-diaryltriazenes

NCo
R = + €0 + [Rh{C0),C1], —— R N (1e6)

R! R!
70-80%
R = H, Me, QMe, Br
R' = H, Me

by reaction with carbon monoxide in the presence of PdC1,{PPhj), as catalyst
{eq: 167) [257]. Secondary amines were formylated to N-formylamines by treat-
ment with DMF in the presence of Ni(acac),-phosphine-Et3Al catalysts {258].
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ArNHN=NAr + co —P9C12(PPhs)s . ainucoar (167)

5. Carbonylatien of Oxygen Compounds

The topic of mechanistic pathways in the catalytic carbonylation of methanol
by rhodium and iridium complexes has been reviewed [259]. The effects of added
sodium iodide on the cobalt, rhodium and iridium-catalyzed carbonylation of
methanol to acetic acid have been studied. No effect on the rhodium catalyzed
reaction was noted, but the iridium catalyzed reaction was retarded [260]. The
kinetics of methanol carbonylation over rhodium-y-zeolite catalyst were studied.
A mechanism similar to that found with homogeneous rhodium catalysts was pro-
posed [261]. Methanol was carbonylated with carbon monoxide to give dimethyl-
oxalate and dimethyl carbonate using palladium{II) acetate as a catalyst and
tertiary amines and phosphines as additives [262]. Phenols reacted with carbon
monoxide and triethylamine in the presence of PdC1;{PhCN), to produce diphenyl
carbonates and salicylates. Use of Pd(CO)CT complexes as catalysts led ex-
clusively to carbonate esters (eq. 166) [263].

_ X 0—C—0 X

+

co PdC1, (PhCN), + (167)
+

HO X
EtsN ! 0 /@/
c
\0 Ny
X

X = H, Me, C1, MeO

6. Miscellaneous Carbonylations.

Formaldehyde was carbonylated to «-hydroxyacetaldehyde by reaction with
hydridocobalt tetracarbonyl and carbon monoxide at G° and 1 atmosphere pressure
[2641. Aldehydes were converted to higher «-siloxyaldehydes by treatment with
trialkylsilanes and carbon monoxide in the presence of dicobalt octacarbonyl
and phosphines (eq. 168) [265]. Thioketones were converted to thioesters by
reaction with sodium tetracarbonyl ferrate and acid halides (eq. 169) [266].

0 OSiEtzﬁe
RC-H + HSiEt,Me + CO c°§§§g)ﬂ S (168)
100°, 50 kg/cm? |
v50%
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+ NagFe(c), —iF_, RCOCT, Ne—rR (169)

50-60%

Olefins were converted to symmetrical ketones by hydroalumination followed by
treatment with carbon monoxide and copper(II) acetate (eq. 170} [267].

0
\ a1 o f (170)
S . /\/\/\
& S+ LiAlH, —— R’/ﬁ\\“ijﬂ Cu(0Ac), = R R

Thermal decomposition of dicyclopentadiene dimers in the presence of Cr(C0)4,
Mo(CO), or W(CO)e produced indanone [2687]. Terminal acetylenes reacted with
iron pentacarbonyl upon irradiation to give mixtures of substituted quinones
[26971. The steroid ring system was built up by the series of coupling and car-
bonylation reactions shown in eq. 171 [2707]. Internal alkynes were cyclodimerized

r
= , N Mg = l = =
AN A  a sy AL

1) LDA = 2 (171)
2y AN H20, Ni(CO),

KPFe

HOOC

27% by G.C.

to substituted cyclopentadienones by carbon monoxide and palladium(II) chloride.
Only six to eight turns of the catalyst were observed {[271]. Diesters of cyclo-
butene were converted to tricyclic ketones by reaction with Fe,(C0)g (eq. 172)
[2723. Carbon monoxide was methylated and reductively coupled by CpTaMe, (eq.
173) [273].
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00Me ” 00Me
| _1) Fer(C0)a | MeOOC maem Co0Me (172)
2) ce™ Me0OC amm)
COOMe
Tow yield
CsMes CsMes CsMes
Me? tﬁe Et,0 Me// \7 ’ He—TaZ0 = _me
-78° e /C o<|:==c\
Me Me Me Me Me Me
(173)
M
¢ 0
ROH MEA—C—ME +  MeOH
R

D. Oligomerization

A catalyst prepared from nickel(II) acetylacetonate, triethylaluminum and
tributylphosphine reacted with butadiene at 100° in the presence of aziridine
to produce 80% linear dimers, with 2,4,6-octatriene predominating. Isoprene
dimerized with exclusive head-to-tail regiospecificity in 90% yield [274].
The catalyst resulting from reaction of (COD),Ni with triphenylphosphine
dimerized butadiene to mixtures of linéar octadienes, Morpholine was required
for activity and formaldehyde acted as the hydrogen source [275]. A similar
(coD),Ni-triphenyiphosphine catalyst dimerized 1-cyclopropylbuta-1,3-diene to.
4-cyclopropyl-1,5,7,9-undecatetraene in 50% yield [276]. Butadiene was
selectively dimerized to 4-vinylcyclohexene when treated with "Fe(N0O),"
generated electrochemically [277]. The same reagent catalyzed (300 turns) the
conversion of norbornadiene to the exo-trans-exo-dimer [2787]. Linear, regular
isoprene oligomers were produced using Ni(acac),/Et3Al/borate catalysts. Up
to 57% farnesane was produced in this manner. Some cyclooligomers were also
obtained [279]. In the nickel catalyzed oligomerization of isoprene, addition
of cyclic amines enhanced formation of cyclic dimers such as dimethy]cyc]oocta—
diene and dipentene [280]. Isoprene was catalytically dimerized to 2,7-
dimethyl-2-trans-4,6-octatriene by a homogeneous chromium catalyst (eq. 174;
f2811.
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120°

;41\\455 + cf’\\rﬁf FNFNF

R Et,A10EL (174)
N
- -
Cr(acac)y + /7 \\ + 3e _THE ( )tr
R—N N—R 7
R

Selectivity control in nickel-catalyzed olefin oligomerization has been
reviewed [282]. The reaction of butadiene with nickel(0) catalysts and phosphine
to produce oligomers (eq. 175) was studied by varying the concentration of 1igand
and nickel, and plotting the log {[LJ/[NiJ}. This treatment of the data showed

PN
+ + + +
Ni (D) —
3
(1)

L
(2) (3)
(175)
> =
+ + '
~

4) (5) (6)
log [LJ/CNiJ = -3 75% 1
15% 3
Tog [LI/[NiJ = 0O 70% 4
20% 5

log [L/[NiJ = 2 70% 5, etc.

the response of product distribution to changes in the ratio and allowed op-
timization of the reaction for the desired product [283,2841. Butadiene was
cyclodimerized to 1,5-cyclooctadiene with a 95% selectivity by using nickel(0)-
tris-(2-ethoxyphenyl)phosphite as a catalyst [285]. 1-Vinylcyclopentene was
cyclooligomerized by a Ni(acac),/BuyP/EtsAl catalyst system (eq. 176) [286].
Butadiene and ethylene were codimerized by homogeneous rhodium catalysfs
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[287]. Codimerization of butadiene and ethylene in the presence of a catalyst
system consisting of CpTi(0TMS)3-MeMgl produced vinyl cyclobutanes [28871. 3-
Vinylcycloalkenes were produced by codimerization of 1,3-dienes and ethylene
using nickel(Q) catalysts anchored to highly porous styrene-2%-divinylbenzene
copolymers onto which pendent aminophosphine groups had been grafted [289].
Vinyl silane cooligomerized with butadiene using nickel(0) catalysts to produce
1-trimethylsilyl-1,4,9-decatriene [290]. Butadiene and a vinyl aziridine cyclo-
oligomerized in the presence of Ni(0) catalysts. The ratio of products de-
pended upon the [LJ/[NiJ ratio (eqs. 177,178) [291].

(ji:7’/ﬂ\\ + Ni(acac)y/BugP/Et3Al

1 1 4 |
80°
~PhcH; ~ (176)
1
+ + 57% conversion
8 4

+ _N_iL(ﬂJ = \___77)
=
e | A . 7\
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J/
/l\/"\J\ | 1
7 d
x
+ —_— ]
~ ~

A\ ~ZF
(178)

L e

Palladium-catalyzed nucleophilic attack-gligomerization has been used in the
synthesis of a number of natural products including the sex pheremone of the
red bollworm moth (eq. 179) [292]. E,Z-Pyrethrolone (eq. 180) [2931, (x)-
Zearalenone (eq. 181) [294], dihydrojasmone (eq. 182) [295], and steroids
(eq. 183) [[296] were synthesized in a similar fashion.

A~ + phon 2o, N NN

. -—_J/"‘\\_—~ Cu!I!
THPO MgC1 BiPy

(179)

Pd(0Ac), AcO _
PhP NN N NN A
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= /\/\/\/\
/\/ = ~ 0Ph
L,PdCl,
+ PHONa 7 o
PhOH /\/\\/l\\/
= =
85%
/E\/\/\/\D
Ph
PAC1 »/CuC] . Pd(CAc),
HZO u/ Pph3
=
e (180)
0 W
fooe 1
0
HO /lk/\/\/
=Z =
80%
OR
A\~ t+ PAI) + ROH — /\/\/'\/ -
0 l

Pd(11), 0, . — 0
Cu(ll 0.
TsO 0\) RO =
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PN ¢ At + PN — PN A~

iC

0OH
L ELLL l\\//’\\\//’\\v//\\\
2) H, H,0

(182)
OHC
PdC1,/CuCl
DMF, H,0 —_— dihydrojasmone
0
DAc
+ Acon —Pd(OAc)y/L ///«\\//,\\V/,L\\//,
N\ Z =
0
_— ///ﬁ\\\//k\\/,ll\\/// ]) base -—
= 2) u*, H,0-co,
(183)

o

base
——

7 ,/’ -

1) Pd(IA)/Cu(II) - base
2) reduce 0
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1,3-Dienes, vinyl halides and secondary amines condensed in the presence of
paliadium(0) catalysts to produce tertiary 2,5-dienyl amines (eq. 134) [197].

0
[:Nj] (184)

+ P _LoPd, 100°
\\\<§;TV\::;’ z /r__ﬂ\ ,/’A\\v//“\\//J
0 NH = AN
\—/ 12-40%

Methyl dihydrojasmonates was prepared in a synthesis involving palladium(II)
assisted alkylation-dimerizaticn of butadiene (eq. 185) [298]. 1In z similar
fashion phenylmagnesium bromide reacted with butadiene in the presence of a
Ni (acac),/P(OPh)3/Et3Al catalyst to give 1-phenyl-2,7-octadiene, as well as

other oligomers of butadiene not containing phenyl groups [2991. Butadiene
OMe

o 0
= + —_7 == ™
7N 0y OMe )

0
OMe
H N
CO0OMe

dimerized and reacted with aldehydes when treated with Ni(COD), and tertiary
phosphines (eq. 186) [300]. Methyl furfuraldimine reacted with butadiene in the
presence of nickel(0) catalysts to give a number of cooligomerization products
(eq. 187) [301]. Dimethylfulvene dimerized when codeposited with nickel vapor
(eq. 188) [302].

(185)

RCHO + N~ _Nagg_on)g_* (186)

Ratio depends on L and R
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"LiL(_OL’ + (187)

[
7\
\

+  Ni(vapor) —— ‘ (188)

The mechanism of dimerization of ethylene to l-butene by tantalum complexes
was shown to proceed via a metallacyclopentane intermediate (eq. 189) [303].

Y.

(189)

N CH,CH,

The selectivity in ethylene dimerization over supported nickel oxide catalysts
(Si0, or A1,03) was examined [304]. The dimerization of norbornadiene to Binor-S
by a (C;Hg);Co,(C0),-BF3-0Et, catalyst system was claimed to proceed via a mono-
nuclear cobalt catalyst, and not by a w-complex-multicenter process [305]. The
complex produced by the reaction of Ni(acac), with Et3Al and P(OEt); catalyzed
the homodimerization of bicyclo[2.2.1Jhept-2-ene (eq. 190) [3061. n*-Cyclo-
octenyl compiexes of nickel containing fluorinated acetylacetonate ligands
oligomerized c-olefins in the absence of cocatalysts. The results were rational-
ized by semi-empirical calculations [307]. Photolysis of (neopentyl),Cr
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+ Ni(acac), + EtsAl + P(OEt); — Lbb {190)

and (mesityl)3Cr{THF) produced catalysts active for the polymerization of ethylene,
styrene, acrylates, and vinyl acetate [308]. Electron rich olefins such as enol
ethers, indene and sytrene cyclodimerized when irradiated in the presence of

iron and manganese complexes of 2,2'-bipyridine or 1,10-phenanthroline {eq. 191)

[309].

opPh /OPh
Fe or Mn
=/ + by fOr M, (191)

0Ph

Trialkylaluminum reagents react with terminal alkynes in the presence of
nickel [310], manganese [311], and iron salts [312] to give mixtures of linear
dimers, alkylated monomers and dimers, linear oligomers and aromatic compounds
from cyclotrimerization of the alkyne. The product distribution depends on
the conditions and catalyst used, but mixtures were always obtained. Terminal
acetylenes were dimerized to enynes by reaction with i-Bu,Zn and a nickel(II)
catalyst (eq. 192) [313].

R

2 RC=CH + i-Bu,Zn + Ni(mesal), — Rc£c-c< (192)
CHa

R = linear and branched hydrocarbons
Dicobalt hexacarbonyl complexes of terminal acetylenes reacted with fulvenes,

indene, cyclopentadiene and acenaphthylene to give polycyclic, acylated products
(eq. 193, for example) [314]. The same.comp1exes produced thiepin dioxides when

R H
\c—c/
/ A
g R 193
(co)aco/—/——\\co(co)3 ¥ @ (193)

heated with divinylsul fone (eq. 194) [315]. Racemic estrone was synthesized by
a cobalt catalyzed cocyclotrimerization of bis-trimethyisilylacetylene and a
functionalized diyne (eq. 195) [316]. This general process was the subject

of a dissertation [317].
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Ph_ . _R P
g + (|Z 8 (194)
/ 502 90°
(c0)sCo Co(C0)3 2 s
02
30%
H
S 1 ¢
+ TMSC=CTMS ——— TMS
> A
= ™S

(195)

—_— — d,1 estrone

The acetylene groups of the ligand Ph,PC=CPh coupled when the bis phosphine
complex of platinum(II) chloride was refluxed in benzene {eq. 196) [3181].

Ph
Phe Phy
c1 / C=C-Ph cl P
~ PhH /
Pt _ —_—— \Pt {(196)
Ph, Ph,

Acetylene was polymerized in acetone solution at one atmosphere and 25° by
these salts: (“ekN)ENis(Co)lzj, (Me N)[Nig(C0);27, (Mey,N)[Ni;,(€0)21HT, and
(Et,N)[Ni,,C0,,H] [319]. The bis benzonitrile complex of palladium(Il) chloride
was an active catalyst for the codimerization of acetylenes with allylic halides
to produce 1,4-diene codimers [320]. Rhodiumcatalysts reacted with carbon
monoxide, hydrogen and methanol to produce ethanol with up to 50% selectivity
[321].

E. Rearrangements.

1. Metathesis.
The olefin metathesis reaction has been the subject of a review [322].

The stereoselectivity of the metathesis of cis and trans RCH=CH-CH3 type alkenes
using a catalyst consisting of Mo(NO),X,L, or the corresponding tungsten complex
and ethylaluminum dichloride was studied. The stereoselectivity decreased as
the bulk of R increased, was independent of the nature of X, and decreased

on going from molybdenum to tungsten. The steregselectivity was related to
steric interactions both upon olefin coordination and in the metallacycliobutane
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[3237]. The titanium complex Cp,TiCH,A1C1Me, was shown to be a metathesis catalyst
for terminal vinyl groups by reacting Tlabelled isobutene with methylene cyclo-
hexane and showing redistribution of the label between the two alkenes [324].
The metathesis of a-olefins on tungsten halide-organogermanium and organotin
complex catalysts has been studied [325]. Inthe metathesis of l-octene with
tungsten hexachloride-ethylaluminum dichloride catalysts, addition of
[(Ph0)3P],Ni suppressed polymerization reactions and alkylation of the solvent,
and rather directed the reaction towards production of internal olefins [326].
Cyclopentene was metathesized in fair yield by the catalyst W, (CHySiMez)g.
However, other olefins were inert to this catalyst [327]. The catalyst re-
sulting from irradiation of tungsten hexacarbonyl in carbon tetrachloride meta-
thesized cis and trans olefins of the type RCH=CH-CH3; to produce 2-butene with
very high trans but low cis stereoselectivity. A severely sterically strained
dinuclear tungsten intermediate was claimed [328]. The catalyst resulting from
treatment of Moox on B-Ti0; with N,0 and hydrogen at 200° was found to catalyze
olefin metathesis without hydrogen scrambling or isomerization through cationic
intermediates [329].

A metathesis catalyst consisting of Re,0; and Al,03 with a tetramethyltin
promoter metathesized functionalized olefins at 25° (eq. 197). Allylic ethers,

CHp=CHCH,R =—= CH,CH, + RCH,CH=CHCH,R (197)
R = QAc 17% conversion 96% selective
R = QEt 467 98%
R = CH,COMe 35% 97%

esters and ketones were tolerated [330]. Molybdenum trioxide/alumina catalysts

both isomerized and metathesized 2-butenes [331]. The bridged bicyclic compound
(+)-exo-5-methylbicyclo[2.2.1Jhept-2-ene was metathesized to polymeric material

(eq. 198). The all cis polymer was totally syndiotactic, the 11:89 cis/trans

cat. . (198)
? P2

(+) N

was syndiotactic at the cis junctions and atactic at the trans junctions [332].
Manganese methylene complexes were formed in the gas phase by reaction of
Mno* with ethylene and were studied by ICR [333]. It was concluded that strong

metal-carbene bonds were required for effective olefin metathesis catalysts.
The mechanism of olefin metathesis and cyclopropanation was discussed in detail
and the Chauvin mechanism was found to be consistent with most experimental
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observations [334]. The metathesis of_gj§}£j§72,8—decadiene was used to study
the mechanism of olefin metathesis [335]. A non-pairwise exchange-metal carbene
mechanism best fits the experimental observations. Transition metal carbene
complexes were generated by the reaction of CD3lLi with tungsten hexachloride and
molybdenum pentachloride followed by decomposition. These complexes were active
catalysts for olefin metathesis and cycloolefin ring-opening polymerization [336].
Photolysis of 3-hydroxyhepta-1,6-dienes in the presence of copper(I) triflate led
to olefin metathesis to produce bicyclo[3.2.0Jheptan-3-01. These were converted
to cyc]épentenones by thermolysis (eq. 199) [337]. Cyclobutadiene metal complexes

OH OH
= hv oxidation
CuOTF
N\
86% 78%
0
(199)
580°

hot tube

were considered as potential intermediates in alkyne metathesis [338]. Diaryl-
acetylenes were metathesized by a number of different molybdenum carbonyl
complexes (eq. 200) [[339]. Electrochemical reduction of tungsten hexachloride
at aluminumelectrodes generated an efficient metathesis catalyst. The active
species was thought to have been generated in the first reduction step [3407.

PhC=CPh

Me.@_cEc@ —octane ; (200)

cat. = Mo(CO)3{PhOH};, Mo(CO)3(NH3)}5, Mo(CO);(MeCN)3, trans-Mo(CO),L,,
cis-Mo (C0)2 (thchzpphz)z

2. Olefin Isomerization.

cis- and trans-2-Butenes were slowly isomerized to an equilibrium mixture
of the three possibie n-butenes by RnC1{PPhy)s in dichloromethane [341]. The
kinetics of this isomerization as well as that of 1-butene [342] were studied,
and the reaction simulated on an analog computer [3437]. Iron pentacarbonyl
catalyzed the isomerization of 3-cyclohexene-l~carbonitrile to 1-cyclohexene-1-
carbonitrile under carbon monoxide pressure at 180-250°[2447]. Allyl benzene
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was isomerized to g-methylstyrene by (Ph3P),Ru(m-CH;CN)(CH3CN). The rearrange-
ment was believed to go via a n-allylruthenium species [3457. 0lefins were
isomerized by carbonylpalliadium(I) complexes [346]. Nickel acetylacetonate
catalyzed the rearrangement of 2,5-dienones to 2,4-dienones (eq. 201) [3477].

A steroidal diene was isomerized by heating with chromium hexacarbonyl in
octane (eq. 202) [348].

Ni{acac

NMP, 165°
2 hr
(201)
H x X )
n=1, 2 L dn v
R
Me ,v
Me
+ Cr(C0)s ozggne

AcO

81%

Electron deficient alkynes were isomerized o allenes by formation of manganese
complexes, treatment with alumina, and removal of manganese by cerium(IV) oxi-
dation (eq. 203). This was of some use in organic synthesis (eq. 204) [3497.
Chiral allenes were racemized by reaction with (nBu),Culi, EtMgBr-CuBr, and
MeMgI-Cul. An electron transfer mechanism was claimed [350].

R H
R ’é
Scu-ccop LaMn(THE) —__; Al > c <
]
R R ! R’ | E

MnlLq MnL,

R H
Cel\\-l- :
——————
R'

(203)

R = H, n-~Bu
R* = H } (CHZ)S

E = COOEt, COOMe, COCH;, CHO L3M = CpMn(cO),
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n-CgH, oC=CCHO ———— RC==C-CHO _%z[%:_, n-CgH, ,C—C==CHCHo -RaPCHCOOMe
Mnl s MnLj
(204)

CoHy,CH—=C—=CH—CH=CHCOOMe —2{IIL) o), CH—=C—=CH—CH=CH=COOMe

!

MnLa
95%

3.'Rearrangements of Allyl Acetates, Allyl Ethers, Allyl Alcohols and

Allyl Amines.
Cyclohexenylacetates were rapidly isomerized by reaction with L,Pd complexes.

The mixture of isomers slowly lost acetate to give cyclohexadienes (eq. 205)

COOMe COOMe €00Me

+ L,pd £ (::%:] —_ [::%:] (205)
wonc “0nc

[351]. 1In allyithiophosphate esters, the allyl group rearranged from oxygen to
sul fur in the presence of L,Pd catalysts (eq. 206). Allylic transposition was

Al 475‘/1\\/// L. Pd AL 440
B/P\O' = K2CO5 B/P\S/\/\ (206)
70-80°
73-98%
A = MeO, Et0, Ph

=
t

= Me0, Et0, Et,N, Et,S

observed, and w-allylpalladium complexes were claimed as intermedijates [3527.
Palladium(II) complexes catalyzed the rearrangement of allyl acetates in high
yieid (eq. 207) [353]. Allyl ethers of 2-hydroxypyridine rearranged to N-
allylpyridones upon reaction with platinum{(0) complexes (eq. 208) [354].

0

/u\ J\ R
PdC1, (MeCN)» 9 ? - :>:==\\___ 0 (207)
P cat. "
R R! 0—C—CHj

Pd
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N
| P ’/J\\v//\\\ _LyPt | (208)
F a2 N

100%

Rl = R2 = H
Rl = H; R2 = Me

Allylic esters of 3-butenoic acids rearranged to heptadienoic acids in
reactions catalyzed Rh(PPh;);C1 under mild conditions [355]. "Rhodium(I)
catalysis of vinylcyclopropane epimerization-stereochemical course and mechanism"
as well as"Claisen rearrangements of allyloxyketone enol ethers'were topics of
a dissertation [356]. Allyl alcohols were isomerized to ketones by water
soluble ruthenium catalysts in a two phase system (eq. 209) [357]. Allyl alcohols

R R R
;5’\\],/’ Ru cat. ,,/“§i[/’ ///~\][// (209)
OH H 0

disproportionated to alkenes and conjugated aldehydes upon treatment with
(COD),Ni and triphenylphosphine or bipyridine (eq. 210) [358]. Allyl trimethyl-
silyl ethers were isomerized to silylenol ethers by H,RuL, {eq. 211) [359].

A~

+
H

Ni (C0D), —_ AN+ Ni(’/ )Lz + Hy0 (210)

+
2 PhgP

R' R'
R\\sﬁ?L\\//pTMS ]gaguLB . R\\V//l§§wﬂﬂpTMS (211)
60-100%

Diene epoxides rearranged to allylic alcohols when treated with palladium(0)
catalysts (eq. 212) [3607. N-Allylaniline underwent C-N bond cleavage to give
aniline and methyl acetylene when treated with platinum{II) or palladium(II)

.
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70
Vs

and (212)

88%

salts at room temperature in polar solvents [3617]. The platinum(II) complex
of N,N-diallylaniline isomerized then cyclized to 1,2,4,5-tetrahydro-2,4-
dimethylpyrrolo[3,2,1-h,ilindole (eq. 213) [362].

/ \
@ _pdl1r) , _ (213)

Nickel(0) catalyzed reactions of strained ring systems have been reviewed
[3637]. The skeletal rearrangements of 3-methylpentane and methyl cyclopentane
in the presence of Pt/C, Pt-black, Pt/Si0, and Pt/A1,0; were studied and
compared [3641. Nickel(0) complexes catalyzed the vinylcyclopropane to cyclo-
pentene rearrangement (eq. 214) [365]. Copper salts catalyzed the decomposition

R R
+ (COD)oNi + BugP ——r é%\ . é/% (214)
%

R - 20% 80

R = D Me, Et, i-Pr, Ph

of homooctavalenyldiazomethyl ketone (eq. 215) [366]. Strained molecules
containing fused cyclobutane rings isomerized when treated with rhodium(I)
complexes (eqs. 216,217) [367]. Valence isomerization of quadricyclane was
catalyzed by rhodium(I) complexes {eq. 218) [368]. The reaction was thought
to proceed through a rhodiacyclobutane. : ‘
Catalysis of the quadricyclane to norbornadiene rearrangement was actively

investigated, since this reaction holds promise for storage of photochemical
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!ﬁ/ + (215)
35% 47%

CHO

[Rh({C0),C1 7, [C::zi::7 + [NBDRRC1], —— [:::E] (216)

(217)
| [RA(CO)5C1Ty L,
23%
+ [Rh(NBD)(AcD)3» _— + (218)
75%
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solar energy. This rearrangement was catalyzed by cobalt tetraarylporphyrin
supported on a polystyrene backbone. The catalyst slowly lost activity, pre-
sumably because of partial oxidation [369]. Derivatives of triphenylcyclo-
propyl nickel also catalyzed the reaction [370]. The photochemical conversion
of norbornadiene to quadricyclane was sensitized by Cu(Ph3P),BH, with 0.76
sensitizer yield and by Cu{PPh,Me)3BH, with a 0.54 sensitizer yield [371].
Substituted p]atinacyé]obutanes rearranged readily with retention of stereo-
chemistry (eq. 219). The process was thought to proceed by a concerted
mechanism [372}. Palladium(II) complexes promoted the conversion of 5a-
pregnane-38,208-diol to uraneliol (eq. 220) [373].

Ph Ph
Mo b Py., C1
. —_ Pt Ph (219)
P{PC Py/ é]
Ph
HO
OH
“ﬂMe
PdC1, (PhCN)-
859, PhNO, (220)
HO 30 min HO

Bicyclic unsaturated esters rearranged by a process involving inversion by
copper displacement, followed by a syn migration of R {eq. 221) [374]. Cyclic

r e
-~ +  BupCuli —=18%, (221)

“n
60%
hydroperoxides were decomposed by palladium(II) complexes to «,B8-unsaturated
aldehydes (eq. 222) [375]. The yields dropped as ring size increased.. The
use of optically active metal complexes to epimerize a-amino acids has been

reported [376a]].

H 00H
CHO
—ca2 s M/
é Na,PdC1, +  Hy0 (222)
58%

(a]SO C5, C7, Ca, clz r'i_ngs)
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III.Oxidation
A. Oxidation of Alcohols
A wide range of secondary alcohols were oxidized to ketones by hydrogen

peroxide in the presence of a tungsten catalyst (eq. 223). The rate limiting
0

OH /I
//,L\\ 1 Hu0, + N —_ ,/JL\\ (223)

cat.

step was thought to be a two electron transfer [376b7]. Allenic alcohols were
oxidized to allenic ketones by nickel peroxides (eq. 224) [377]. Secondary

RY R3 Rl R3
= _Ni_peroxide |
20°, Et;0 (224)
R2 RL’ R?. RL’
HO
Rl = H, Me. Et, Ph 60-90%

R2 =R3 =R* = H, Me

alcohols were oxidized to ketones in high yield by benzoyl peroxide in the pre-
sence of nickel(II) bromide as catalyst. Primary alcohols were oxidized to
aldehydes or acids. To prevent overoxidation an excess of nickel(II) bromide
over alcohol (2.5) was required [378]. Persul fate catalyzed the oxidation of
benzyl alcohol and benzaldehyde to benzoic acid; cyclopentanol to cyclopentanone,
benzyl amine to benzonitrile, and aliphatic amines to acids in the presence

of KoRuO, as catalyst. Cyclohexene, t-butanol and dimethylacetylene dicarboxy-
late were inert [379].

The enantioselective dehydrogenation of racemic 1-phenylethanol by chiral
rhodium(I) phosphine complexes was examined in detail [380], as was the same
process catalyzed by chiral ruthenium(II) phosphine complexes [381]. Cyclo-
hexanol, isopropanol, diphenylcarbinol and a-phenethyl alcohol were oxidized
to ketones using RhCI(COD)L and IrC1(COD)L as catalysts. Cyclohexene and
cyclopentene were used as hydrogen acceptors [382].

Pyridinium dichromate in DMF or CH,Cl, oxidized aliphatic, aromatic hetero-
cyclic and terpenoid alcohols to ketones, Nonconjugated aldehydes and primary
alcohols were oxidized to the corresponding acids [[383]. Competing carbon-
carbon bond cleavages observed in the Cr0; oxidations of secondary alcohols
were suppressed by carrying the oxidations out in acetone or in the presence

References p. 314
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of oxalic acid. Chromium(IV) species were implicated in the carbon-carbon
bond cleavage reaction [3847]. Alcohols, aldehydes, and triphenylphosphine

were oxidized by CrOCi,~ [385].
The kinetics of the oxidation of aliphatic alcohols and diols by alkaline

hexacyanoferrate(III) in the presence of ruthenium(III) chloride as catalyst
were examined [386]. Primary alcohols coordinated to ruthenium(II) amine com-
plexes were oxidized by oxygen or hydrogen peroxide to the corresponding acids
[387]. Aqueous IMSO oxidized primary alcohols to aldehydes and secondary
alcohols to ketones when irradiated in the presence of copper(l) or silver(l)
salts. The yields were high [[3887]. Secondary alcohols were oxidized to
ketones by bromobenzene using palladium(0) complexes as catalyst (eq. 225)
[389]. Unsaturated sugars were allylically oxidized by Chalcone using

RuH,L, as a hydrogen transfer catalyst (eq. 226) [3913.

OH
' 1% L.Pd ‘//ﬂ\\R
RCHR' + PhBr + PhH + HBr (225)
base, DMF R '

70-120°, 3-7 hr

H OH H
0
H//AQQ//H\\ Q
p Ph

OH /7 Rub,L, cat. * (226)

H§§+__;> by uo ao /

0
49%

The kinetics of the oxidation of iscpropanol and acetone by ceric sulfate
in the presence of iridium(III) catalysts-were studied [392]. Ethanol,
methanol and isopropanol were oxidized by benzyl chloride, a-haloketones, and
a-haloacid derivatives in the presence of rhodium(III) catalysts (eq. 227)
[393].

0

PhC-CH,C1 o
PhCH2C1 + )\ Phips NaZCO3 R'H + (227)

HoNCOCH,C1 RhC13-3H,0 cat. =
Et0,CCH,C1 20-70%

B.Oxidation of Alkenes and Alkynes.

The stereochemistry of the hydroxypalladation of ethene, the first step
in the Wacker oxidation of ethene, was shown to be trans (eq. 228) [394],
(eq. 229) [395]. The kinetics and mechanism of the gas phase catalytic
oxidation of ethylene to acetaldehyde on a palladium(II)-V.05/A120; catalyst
were studied [[396]. Ethylene was oxidized to g-chloroethylethers- by
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D
D\\===// + H,0 + Pd(II)

\ 2
D
D
Ho & (229)
Secot ]}
———
c1 \DH
palladium(II) chloride-copper(II) chloride solutions (eq. 230) [397].
CH,CH, + EtOH + Pdcl, —28C12.  ErocH,cH,C1 (230)

a-Methylstyrene was oxidized to the hydroxyacetate by cobalt(III) acetate
in acetic acid (eq. 231). pg-Methylstyrene was oxidized primarily to cinnamyl

Me Me
Ph/‘\ + Co(0Ac); -HORe, Pt/ir\o;\c (231)

acetate by this reagent [[398]. The oxidation of olefins in homogeneous and
heterogeneous phases by oxygen and metal oxo species has been reviewed [399].
Cycloocta-1,5-diene was oxidized to mixtures of bicyclic ethers by phenyl

selenium cyanide and copper(II) chloride in the presence of alcohols (eq. 232)
[400]. Conjugated esters were oxidized to v-keto-«,B-unsaturated esters by
chromium trioxide in acetic anhydride (eq. 233) [401].

2 PhSeCN
+ (232)
C s
CuCl,, ROH PhSe PhSe PhSe
68%

95:5 to 0:100 depending on ROH
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0 0
1 .
RCH,CH=CHCOOMe + CrO; —%fﬁg—> RC— CH==CH—C—0Me (233)
60-80%

R = n-Cg, Et, n-C3, n-C;, n-Cg

Fluorinated or partially fluorinated olefins were oxidatively cleaved to
carboxylic acids by ruthenium tetroxide (eq. 234) [402] and periodic acid,
peracetic acid or sodium hypochlorite. Steroidal dienes were oxidatively
cleaved by ruthenium tetroxide (eqs. 235,236) [403]. Secoestratetraenes
were oxidatively cleaved by Jones oxidation (eq. 237) [404].

CF3(CF,)sCH=CH(CF,)sCF3 + Naio, —=40u. CF,(CF,)sCOOH (234)
CgHiv
~7
3
Hoot
—Ru0y, (235)
0
70%
B 17
/O&iiﬁ s (236)
cuz
0
CH,R
_Cro0; 07 “...,
stoL, CHz—C—0H (237)
0

Cyclohexene and cycloheptene were oxidized to allylic phosphates by t-
butylperoxyphosphates in the presence of copper salts [405]. Alkynes were
oxidized at the triple bhond by Cr03, but both direct and «-oxidation products

were obtained from Cr0,Cl,, Cr0,(0Ac), and Cr0,(0tBu), [406].
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C. Epoxidations

The v0(acac), catalyzed epoxidations of cyclic allylic alcohols by t-butyl-
hydroperoxide gave cis epoxides preferentially from medium ring alcohols (5-9
membered). In contrast MCPBA gave exclusively trans epoxides with 8- and 9-
membered alcohols [4077]. The vanadium catalyzed epoxidation of trans-5-t-
butyl-2-cyclohexen-1-01 was 34 times faster than the cis isomer, when alkyl
hydroperoxides were used as the oxidizing agents. With the cis isomer, compet-
ing oxidation to the «,B-unsaturated ketone was observed [408]. The stereo-
chemistry of the vanadium(V) and molybdenum(VI) catalyzed epoxidation of allylic
alcohols by t-butylhydroperoxide has been corrected (eq.238) [409,4101].

OH H_‘_ /OH 0 HO H
/‘\/\ ———)—EO] > sereeH + 1stss (238)
R R! R \‘ R H

H R! !

threo erythro
R = n-Pr, Me, Et, t-Bu VO(acac),/t-BuQOH 60:40 erythro-threo
R' = Et, Md, n-Pr Mo (CO)g/t-BuOCH 40:60 erythro-threo
MCPBA 30:70 erythro-threo

The rate constants and activation energies of the epoxidation of olefins by
hydroperoxide in the presence of homogeneous moliybdenum catalysts were
measured [41173. The epoxidation of dimers from Diels-Alder reactions of
cyclopentadiene and butadiene using hydrogen peroxide and molybdenum(VI) and
tungsten(VI) catalyst was studied [412]. Rate and equilibrium constants

for the epoxidation of cyclohexene by organic hydroperoxides in the presence
of Mo(0),DMF were measured [413]. This process was inhibited by alkali and
and alkali earth metals such as Li, Na, K.and Mg stearates [414]. Propylene
was epoxidized by t-butyl hydroperoxide in the presence of a polymer supported
bis{acetylacetonate)molybdenum{(VI) oxide catalyst [415]. oOther molybdenum(VI)
catalysts active in the process were the naphthenate, the acetylacetonate
and the molybdenum(V) 1,2-propyleneglycolates [416]. The mechanism of propy-
lene epoxidation by hydroperoxides catalyzed by molybdenum{VI) naphthenate was
studied [417] as was the catalytic degradation of a-phenethylhydroperoxide by
molybdenum(VI) naphthenate [418].

Allyl chloride was epoxidized by organic hydroperoxides using Mo{0)(OH),
supported on silica gel [419]. Olefins were epoxidized by the reaction of
iodosylbenzene in the presence of chloro-«,B,yv,8-tetraphenylporphinatoiron(III)
as a catalyst (eqs. 239,240) [420]. Cyclohexene was oxidized to 1,2-epoxy-
3-cyclohexanol by oxygen in the presence of mixed rhodium(II) carboxylate-

vanadium or molybdenum epoxidation catalysts [421].
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0
O (239)
55%
0
D — CV (2an)
74%

Phosphine and arsine complexes of rhodium{I) of the type (Ph;M)RhCI1
catalyzed the oxygenation of 1-octene by oxygen in a process involving direct
oxygen transfer from a rhodium-0, complex [422]. Complexes of the type
Mo0{0,),L in which L is (S)-N,N-dimethylacetamide epoxidized olefins in up to
78% yield and with up to 34% enantiomeric excess (eq. 241) [423]. O0Olefins were

OH —
MoO(Oz)-—NMez/ﬂ\(i'/umH v 4 _PhNQ, | / \ (2m)
R

20°

Me
up to 34% ee

o1efin=/=,/\/,)\/a/=\’/=<

epoxidized in high chemical yield but low optical yield using t-butylhydro-
peroxide and an Mo(0),acac catalyst in the presence of optically active diols.
In this fashion squalene was converted to 3(S)-2,3-oxidosqualene in 31% yield
and 14% optical yield. The optically active diol was tartrate [424].

Allylic alcohols were converted to 1,3-dienes in a process involving vanadium
catalyzed epoxidation as a first step (eq. 242) [425]. The kinetics of the
molybdate catalyzed epoxidation of allyl chloride by hydrogen peroxide have
been studied [426]. Sodium molybdate also catalyzed the epoxidation of «,8-
unsaturated acids by hydrogen peroxide [427].

P L —}- coon \ /\?>\/0H TMSCI
R V cat. R

OH
R//”N\\E:>N\\//’0TMS RoMATEE, , R//’*§t//J\\~/”0H (242)

PBrs, CuBr Zn P N
" R
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D. Oxidation of Ketones and Aldehydes.

Aromatic aldehydes, furfural, and octanal were aminoxidized by reaction with
ammonia and nickel peroxide in the presence of anhydrous sodium sulfate, pro-
ducing the corresponding nitrile in 58-77% yield [428]. The kinetics of the
ruthenium(III) catalyzed oxidation of ketones with potassium bromate in acid
medium (4297, the oxidation of linear aldehydes by K;Cu(OH),(H,TeOg), [4307.
and the osmium{VIII) oxide catalyzed oxidation of benzaldehydes by alkaline
hexacyanoferrate [431] have all been studied.

E. Other Oxidations.

The structure and catalytic activities of cobalt complexes of the type
Co(OMe),0Ac and molybdenum complexes of the type H[Mo20,L,(H20)27] in the
homogeneous oxidation of hydrocarbons has been studied [432]. Saturated hydro-
carbons were oxidized under both homogeneous and heterogeneous conditions by
Cr(VI), Mn(III) and HNO3 oxidants in the presence of ruthenium(IV) complexes
[433]. Ruthenium tetroxide was useful for the monodealkylation of N6, ,N6-
dialkyladenosines by an oxidation to the corresponding amide (eq. 243) [434].
Indoles were oxidatively cleaved to amido ketones by copper(II) chloride,
oxygen and pyridine (eqs. 244, 245) [435]. a-Methylene ketones and esters
were oxidatively cleaved at the a-bond to give carboxylates by Ru(NH3)5N0+3

R2

R1 2 RL /K
\N/R Y 0

R H
N
N
@t :/l </N |
R0 N RO N = H Y
RO OR RO O
0
m Cuc‘;lyz, 0, @d\u (244)
" g
0
33%
Ph Ph
c1 NH, c1 NH,
N —_— ~ (245)
H . H
62% ‘
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[4367. Aryl halides and nitrobenzene were oxidized to biphenyl and terphenyl
by palladium(II) trifluorcacetate [437]. Phenols were oxidatively coupled to
polyethers by reaction with oxygen in the presence of copper{II) complexes of
octameric oligo[1-(N-phenylcarbamoyl)aziridine] (eq. 246) [438]. Oxazolines

O on  _0» (246)
cat.
n

were converted to oxazoles, thiazolines to thiazoles, and other heterocycles
were similarly dehydrogenated by nickel peroxide (eq. 247) [439]. Carvomenthene

) 4 (s)
NiQ
R_<\:I _Ni0, R__<} | (247)

epoxide was converted to carvacrol by reaction with palladium at 200° (eq. 248).
Platinum, ruthenium, and rhodium were less effective [440]. Benzoylformic acid

0
OH
-~
Pd
200°, 12 hr X~ | (248)

was oxidatively decarboxylated by aqGueous acidic solutions of iron salts [44171.
The mechanism of the oxidation of ArSMe compounds by hydrogen peroxide in the
presence of VO(acac), as a catalyst was studied [442]. The oxidation of carbon
monoxide over supported palladium catalysts was the topic of a dissertation
[4437]. Hom.geneous catalytic oxidation was the subject of a review with 126
references [4447.

IV.Reductions

A. Olefins.

Hydrogenation of alkenes and alkynes catalyzed by metals and metal complexes
has been reviewed (140 references) [445]. Water soluble diphosphine 1ligands
were prepared, and rhodium(I) hydrogenation catalysts incorporating these 1igands
were used to reduce olefins and a-acetamidocinnamic esters in aqueous solution.
These catalysts were as effective as normal catalysts were in organic solvents
(eq. 249) [446]. Complexes of the type [Rh(diphos)]*, and their alkene and
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0 0
A~ PPhs ,::ﬁ::[::::I/JL\\ -
HN or "0 N -
" pph, AU N
05S
0

H
(D Njn” o H —\
7 L “

arene adducts were characterized, and the role of such complexes 1in homegeneous
catalytic hydrogenation was studied [447]. Cationic rhodium{I) complexes con-
taining norbornadiene and amines as ligands were prepared and examined as
hydrogenation catalysts [448]. Reaction of isopropenyl cyclobutane with
hydrogen in the presence of Pd/C, Pt/C or Rh/C catalysts resulted in reduction
to isopropylcyclobutane, hydrogenolysis to 2-methylhexane and 2,3-dimethylpentane,
double bond migration, and ring expansion to cyclopentanes [4497]. Olefins were
catalytically reduced when treated with hydrogen and mixed 1igand rhodium(I)
complexes of the type Rh(CI)LL'L". The catalysts were prepared by reduction

of [RhC1(0,)(PPhy),], in ethanol in the presence of phosphines such as P{CgHyX)3
[4507. The rate of hydrogenation of cyclohexene in benzene using RhCI1(PPhj3),

as a catalyst was studied. The rate limiting step appeared to be formation of
RhH,C1(PPhg),(CgH; o) [451]. The complex trans-PtH(NO;)(PEts), was a hydrogena-
tion catalyst at 60° and 600 psi hydrogen pressure. The order of reactivity

was l1-hexene > trans-2-hexene > trans-3-hexene. Dienes and electron deficient
olefins reacted very slowly [452]. Dihydridoiridium diolefin complexes such

as [IrH,(COD)L,PFs were observed directly by pmr spectroscopy and appeared

to be important intermediates in the catalytic hydrogenation of cyclooctadiene
by these catalysts [453]. The stereochemistry of the reduction of bicycloolefins
by RhCI(PPh3)3 catalysts was studied. Platinum(II) oxide catalysts gave the
same results [4547.

The stereoselectivity in the catalytic reduction of conformationally rigid
cycloolefins such as 2-substituted-2-methylene-1,3-dioxanes using a wide range
of heterogeneous catalysts was studied [455]. The trimeric ruthenium complex
[Ru30(0Ac)¢ (H20)3JOAC reacted with hydrogen in BMF to produce a catalyst which
reduced alkenes and alkynes. It was claimed that only one of the ruthenium
atoms was active for both hydrogen activation and olefin coordination. The
other two ruthenium acted merely as ligands for the one ruthenium that worked
[4563. 1-Decene was hydrogenated in the presence of dimethylamine-borane
and the catalysts RuCl,(PMe3}(CgHg), RuCl,(PMes), and RuC1,(CO),(PMes),[457].

(249)

H
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The complex RuH,(PPhy), was used as a model to study the mechanism of olefin
hydrogenation, isomerization, and hydrogen-deuterium exchange [458]. Mono-
and disubstituted olefins were selectively reduced by sodium borohydride and
cobalt(II) salts. The order of reactivity was mono > di > trisubstituted
olefins. Alkynes were reduced to alkanes [459].

1-Hexene was reduced by NaBH,, LiH, CaH, and NaAlH,-reduced palladium
[460]. The use of ATHg-MesN, ATHCI,-Et;0, ATHoNMeo, HAT(NMez)z, and (A]HNHR)n
plus Cp,TiCl,, Ti(oPr-i},, VO(0-Bu-n)j, V(NEtz)y, Fe{acac)z and Cof{acac)s as
catalysts for the reduction of olefins by hydrogen has been reported [4617].
The results of a detailed study of the reduction of olefins by HAI(N-Pr,-i),
in the presence of transition metal complexes are summarized in eq. 250 [462].
Sodium borohydride reduced Rh(III){DMG)>X to produce a catalyst for olefin
hydrogenation (eq. 251) [463]

: +
HAIN-i-Pry), + 22Ny + cat. o o /—{ (250)
H R

L
cat. = TiCls, TiCly, CoCl,, NiCl,, Cp,TiCl,, CpNiLCl, (EtsP).NiBr, <(N1'<)+Br
L

with Cp,TiCly: =\C >—/ =<:'
\ - A )X -0

l;lj—:’lj_l + H, + Rh(I)(DMG), Iij (251)

I 99.5%
NaBH, + Rh(III)}(DMG),X —-

The 5-Z and 5-E isomers of Vitamin D3 underwent regiospecific reduction of the
21¢(19) double bond by treatment with Cp,ZrHCl followed by protonation [464].
Olefins were both hydrogenated and isomerized over highly active nickel oxide
catalysts [[465]. The hydrogenation of ethylene over lanthanium transition metal
perovskites was the topic of a dissertation [466].

B. Alkynes

The use of metal clusters to catalyze the hydrogenation of triple bonds with
organometallic compounds has been reviewed (36 references) [467]. The cluster
(CpFeC0), catalyzed the reduction of alkynes to alkenes at 130° and 100-1000
psi. Terminal alkynes were reduced over internal alkynes and electrophilic
olefins such as methyl vinyl ketone were also reduced. The cluster appeared to
remain intact [468]. Palladium(II) chloride in DMF was an effective homogeneous
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catalyst for hydrogenation of alkynes and conjugated dienes [469], Palladium(II)
complexes anchored to polymer supports were effective hydrogenation catalysts
for the reduction of alkynes to alkenes. Conjugated acetylenes. were reduced to
conjugated olefins. Oxygen-containing solvents gave the most activity [470].
Acetylenes complexed to cationic iron species to give CpFe(CO)z(alkyne)+ complexes
which were reduced to o-vinyl species by hydride reagents [471]. Chromium(II)
amine complexes reduced alkynes to cis-alkenes in good yield (eq. 252). Dialkyl
Ar

cr(c10,), + / \ + Arc=CR -DMF, — (252)
HN NH,

acetylenes did not react, but terminal and 1-phenyl-2-alkylacetylenes did [472]7.
Alkynes were stereospecifically reduced to cis alkenes by a Cp,TiCl, catalyzed
hydroalumination reaction followed by an aqueous quench (eq. 253) [473].

) R R . R R*
RC==C-R' + HAI[N(CHMe,),], —CR2TiCl }>=<\ M, >=< (253)
1 H b

C. Dienes.
The dienes 1,5-cyclooctadiene and 1,4- and 1,7-octadienes were cleanly reduced

to monoenes using m-allylpalladium halides as catalysts in dimethyl acetamide
under hydrogen. The reaction selectively gave monoenes because the mechanism
involved n-allylpalladium species not accessible from monoenes [4747]. The
22(23) double bond of a steroidal diene was hydroborated in the presence of a
5.6-diene by complexation of the diene to Fe(C0); (eq. 254) [4757.

1) ByHg
2) FeClg (254)

RO \

Fe(CO);

RO
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Both 1,3-pentadiene and cyclopentadiene were homogeneously hydrogenated in
the presence of palladium(II) chloride-sodium borohydride stabilized by poly-
vinylpyrrolidone [476]. 2,4-Dimethyl-2,3-pentadiene '.as reduced to 2,4-dimethyl-
1- and -2-pentene by triisobutylaluminum in the presence of nickel(II) acéty]-
acetonate [477]. The product distribution from the reduction of dienes by
hydridopentacyanocobaltate(II)-catalyzed hydrogenation was altered by addition
of neutral surfactants capable of forming micelies [478]. Conjugated dienes
viere reduced to monoenes by CoX(PPh3); complexes activated by BF;-0Et, [4793.
Catalysts for the selective hydrogenation of dienes and acetylenes to hydro-
carbons were produced by the reaction of NiCl,, PdCl, or RhCl; with chelating
nitrogen-containing ligands such as tyrosine, o-phenanthroline, or
poly{ethylenimine) [4807. Chelating diphosphine complexes of nickel (II) halides
cataiyzed the reduction of 1,5,9-cyclododecatriene [4817]. Homogeneous catalytic
hydrogenation of conjugated dienes under micellar and phase transfer reaction
conditions was the subject of a dissertation [4827.

D. Aromatics

Catalytic hydrogenation of aromatic hydrocarbons has recently been reviewed
(38 references) [483], as has pentamethylcyclopentadienylrhodium and iridium
complexes as catalysts for olefin and arene hydrogenation (21 references)[484].
Arenes coordinated to molybdenum, ruthenium and titanium in a n® fashion were
reluctant to undergo hydrogenation. It was suggested that for catalysis in
arene hydrogenation n%“-arene bonding was important [485]. Benzene was reduced
to cyclohexane under hydrogen using chelated amine complexes of nickel or cobalt
[486]. The effect of pressure on the catalytic hydrogenation of aromatic hydro-
carbons on rhodijum catalysts was examined [487]. A hydridoruthenium-nS-arene
dimer complex was a very stable and very active catalyst for the reduction of
arenes at 50° and 50 atmospheres hydrogen pressure (eq. 255) [488].

o= O

1006%
/”H\\\
cat. =  nb-CgHgRU—H—RUCgHg-n® CI1~ (255)
sHgRU—H——=Rul Mg
Cl1
PhOMe, PhOH, PhCOOMe, PhCOCH;, PhCOPh, PhNMe, -- high yields
PhBr, PhC1, PhF, PhOPh -- not reduced

E. Asymmetric Catalytic Reduction

The following reviews or dissertations concerning asymmetric catalytic reduc-
tion have appeared: Catalytic Asymmetric Synthesis with Transition Metal Complexes
(30 references) [4897]; Asymmetric Homogeneous Catalysts for the Synthesis of
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Amine Acids (92 references) [490]; Asymmetric Homogeneous Hydrogenation with
Chiral Phosphine-Rhodium(I) Catalysts (dissertation) [491]; Asymmetrical
Synthesis of Amino Acids using Rhodium Complexes (87 references) [492];
Asymmetric Synthesis, The Use of Chiral Rhodium-Diphosphine Complexes as Homo-
geneous Asymmetric Hydrogenation Catalysts (dissertation) [493].

The synthesis of new chiral ligands for use in asymmetric reduction continued
unabated. A phosphine ligand containing a chiral neomenthyl group, and chiral
at phosphorus as well (}h) was used with a rhodium(I) hydrogenation catalyst for
the reduction of a-acylamidocinnamic acids. Diastereoisomers differing in
configuration only at phosphorus gave different amounts of optical induction.
Cne diastereoisomer gave 31-85% ee, while the other gave 42-56% ee [494]. The
use of diphosphine made from mandelic acid (2) as a 1igand on rhodium(I) com-
plexes produced catalysts which reduced a-acetamidccinnamic esters and acids in
78-88% optical yields [495]. Other unsaturated acids gave low optical yields.
Rhodium(I) carboxylate complexes of +-mandelic acid were used as catalysts for
the reduction of unsaturated carboxylic acids. The best optical yield obtained
was 13% [496]. A bridged bicyclic diphosphine ligand was synthesized and used

Ph

Ph,P PPh,

2
<

1
.

as a ligand for rhodium(I) complexes. The resulting catalysts reduced -
acetamidocinnamic acids in high optical yield (eq. 256) [497]. Similarly
rhodium(I) complexes containing the terpenoid bridged bicyclic diphosphine 1igand
were catalysts for reduction of these same substrates in 94-95% ee (eq. 257)
[498]. The catalytic activity of chiral phosphines 3 and the corresponding

0 0=PPh,
N PG —
@ Ph,P /
0 H
PPh,
;

{256)

_ _aPPh2 _
HSiCl4 7 RhpC12(COD)> ., phCH,CH—COOH
COOH '
. NHAc

"“’pPh, Hz, //:==<<

PH NHAC 96% optical yield
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Ph,P

Ph,P_H_H
COOH
Na Rh (I ) s HZ
/ OOH
/=:< NHAc
R HAc 94.95% ee

phosphinites Q in the rhodium(I) catalyzed reduction of prochiral olefins was
compared. The phosphines gave the highest optical yields with acids while the
phosphinites were best for esters. Both gave only low optical yields [499].

The arsine anaiog of DIOP (5) was prepared, and catalytic hydrogenations using
rhodium(I) complexes of the ligand were studied. In the reduction of x-acetamido-

oxo
\
C@» C@_\ H-—(’Z—('I—-H
Ph,PH,C Ph2POH,C Ph,AsCH, CH,AsPh,

CHaPPh; CH,0PPh,
3 a 5
“v “v "N

cinnamic acids, the optical yields were lower than obtained with DIOP, and
the products were of opposite chirality. The arsinecatalysts were comparable
to DIOP for the hydrosilation of ketones, giving up to 42% optical yield [500].

The chiral pyrrolidinephosphine complex § was used as a Tigand for rhodium(I)
hydrogenation catalysts. The resulting complexes were used in the asymmetric
synthesis of a-acetamidophenylacetic acids, salsolidine pentolactone, g-amino
and 1,2-dicarboxylic acids in nearly quantitative yields [501]. The same
catalyst was used to produce chiral lignans (eq. 258) [502].

Chiral rhodium(I) complexes of ferrocenylphosphine Z were used to catalyze
the reduction of ac-acetsmidocinnamic and acrylic acids, ketones, and imines,
giving high optical yields in some cases [503]. The chiral 1,2-diaminocyclo- .
hexane 8 was used as a Tigand for rhodium(I) complexes used to catalyze the re-
duction of «-acetamidocinnamic acids. It was found that methylation
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o
0 «_ _Coome COOMe
+ H, + L*Rh(I) cat. — <§ (258)
CH,COOH 00H
PhyP
L* =
N~ CH,PPh,
COR
5
u

of the nitrogen to give 5 changed the chirality of the reduction products from
(R} with 8 to (S) with 2 [504,5051].

PPh,

@ F

HMeR

o~

9
A

Sugar-derived phosphines and phosphinites have also been used as ligands in
rhodium(I) catalyzed reductions of a-acetamido unsaturated carboxylic acids.
With Tigand 10, the g form was more active than the a, the (S) enantiomer was
obtained in up to 91% ee from acids and 88% ee from esters, the neutral rhodium(I)
complexes were less active than the cationic complexes, and if the substrate lack-
ed the a-acetamido group, no reduction occurred [506]. Ligands %l—lg [5073
and Lg-%% 5087 produced active chiral rhodium(I) reduction catalysts.

PPh
2 PPh,
H 0PPh 0 0
H 0
s L
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PPh»
Ph 0
OMe 3( OME ﬂ
- uullH
0 VAR :o AN
Ph,P PPhy PhoP H
PPh,
13 14 15
Ph Ph Ph Me Me Ph
N\ S/ N . S
H+G—N-—CH,CHy; —N—C rvMe Hisnf—N—P—N—Cr:-Me
M PPh, PPh;‘g{ Me Ph H
16 u 18

REDAL reduced prochiral olefins to saturated compounds in 7-15% ee in the pre-
sence of Cp,TiCl, compiexes containing (-)-menthylcyclopentadienyl or (+)-

neomenthylcyclopentadienyl groups [509].

A1l twelve possible permutations of

Tabel and chirality of chiral methyl-chiral lactic acid were accessible by
R-prophosRh+or S,S chiraphos Rh* catalyzed reductions of the tritiated olefin

(eq. 259) [510].
the corresponding unsaturated acid (eq. 260) [511].

H COOEt OOEL
1) L.Pd
2) CH,LC00T, CHZCT,

Br OAc T

OAc

81% optical purity

Chiral tryptophans were produced by asymmetric reduction of

(259)
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COOR'
a——
NHCOR
H
[RR* cat. (260)
H
60%
o
H 82% ee
>< z PArZ
L =
PAr,
H
Chiral Cob(I)alamine catalyzed the reduction of 3-methyl-5-phenylpent-2-
enoic esters by zinc in ethanoi/acetic acid/water solutions in high chemical
yield and up to 21% ee. The Z isomer reduced to the {S) saturated product
while the E isomer gave the (R) saturated product. The free acid, the ethyl
ester and disubstituted amides reacted as well (eq. 261) [512,513].
Me HH
Ph AN Cob(I)alamine Ph,/’\\\,/aztw//COOEt (261)
EtOH/%cOH/HZO
OOEt " (S) 21% ee
85% yield

A significant number of studies have addressed the mechanism of optical
induction by chiral catalysts. The selectivity, isotope effect, and chiral
recognition in olefin-rhodium(I) w-complexation has been probed [514]. Using
31p nmr the reaction of the chiral rhodium complex in equation 262 with a-
acetamidocinnamic esters was followed. The addition of triethylamine was shown

(oooH Ph H

+ _— complex (262)
R' H COOR"

to greatly increase the rate of substrate complex formation [515]. By 13C
nmr the mode of bonding of enamide ester substrates to rhodium(l) complexes was
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claimed to be as in 19 [516]. By 31P nmr the reaction in equation 263 was

shown to give two complex isomers, which were regioisomers, not stereoisomers
[517]. Asymmetric homogeneous hydrogenation of Z-a-N-methylacetamidocinnamic

acids and esters by chiral rhodium(I) complexes of DIOP and its carbocyclic
analog has been studied [518].

P. + P
“oRhe
/ OMe  Ph
H 3 : H
UI J\ S S 4 BF,
C N 2 ‘~\\ /"‘>
R
d// H /Rh\\\ OMe
12 5 )
20
Me Ph, + Ph H
P 5 |
E>R“< e 00Me
P S H
Ph,
Phs Me
© o LM H
RP

c
Phy og’\<\— Ph

Me ‘/

H
(a} R =Me; R' = H
(b) R = H; R' = Me

The reduction of e-acetamidocinnamic acid by hydrogen in the presence of
neutral and cationic rhodium(I) complexes of BPPM, (-)DIOP and DIPAMP was
studied as a function of hydrogen pressure and added triethylamine. At one

{263)

atmosphere the (R) product formed in 60-90% ee, but at one hundred atmospheres

pressure the (S) isomer was formed in 8-15% ee. In the presence of triethyl-

amine, the (R) isomer always predominated. The high and low pressure mechanisms

proposed are shown in equations 264 and 265 [5191

TN -
Using 3P and lH nmr studies of the complexes [L* L]Rh(S-—S')+b10g where
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* — +* * *
Rh + H, —— RhH, -S=C» Rh(c=C)H, -1,  Rh(H)(C—C—H)

a
fast (264)
*
HC—CH
* * H * *
Rh + C=C — Rh(C=C) —S—Tgw—r Rh{C=C)H» —_— Rh—C—C—H
(265)

%
HC—CH

(:—\\L was BPPM and PPPM, and S—S' was itaconic acid and a-acetamidocinnamic
acid, claims of regioselective and stereoselective complexation of these bi-
dentate substrates leading to asymmetric induction were made [520]. The con-
formations of pyrrolidine phosphine complexed (structure Q) to rhodium(I) were
examined by 31P nmr studies [521]. Complex 20 was used as a catalyst for the
reduction of itaconic acid. A bidentate coord%nation of substrate was thought
necessary for good asymmetric induction. Itaconic acid was a poor substrate
for this catalyst because hydrogen bonding (dimerization) prevented this. The
pyrrolidine phosphine Tigand (§) was thought to work well with itaconic acid

by breaking up the hydrogen bonding [522]. Olefins were reduced using mixed
hydride complexes of rhodium(I), triphenylphosphine, and d-a-methylbenzyl amine.
Formation of these mixed complexes was monitored by CD, 3!P nmr, and electronic
spectra [5237]. The dependence of enantioselectivity on the structure of chiral
T1igands in aminophosphine rhodium(I) catalysts for asymmetric hydrogenation was
studied [5247].

Rhodium(I) complexes of dimenthylphenylphosphine anchored to a polystyrene
support catalyzed the reduction of a-acetamidocinnamic acids in 60% optical
yields [525]. The DIOP ligand was attached to graphite, and rhodium(I) catalystsef
this supported Tligand were used to reduce a-acetamidocinnamic acids and to
hydrosilate ketones. Low optical yields were obtained [526].

Raney nickel catalysts modified by the addition of chiral compounds such as
tartaric and glutaric acid, and valine were used tb reduce g-ketoesters. Up
to 56% optical yields were obtained (eq. 266) [527]. Similar catalysts were
used to reduce acetylacetone to the diol (eq. 267) [528] and methyl aceto-
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Me H
Ni catalyst N = 266
* Ry chiral additive I COOMe (266)
HO H
a a OH OH
,/Jl\\,/Jl\\ + H, + RaNi/tartaric acid/NaBr —— //J\\v//L\\ (267)

2R,4R
65% isolated yield
100% optical purity

acetate to methyf hydroxybutyrate [529]. Similar substrates were reduced using
Raney copper modified with chiral amino acids [530].

Methyl pyruvate was reduced to the (+) a-hydroxyester in 78% optical yield
using platinum on carbon as a catalyst in the presence of cinchondine [531].
Methyl benzoyl formate was reduced by the same catalyst in 92% yield and 82%
optical yield [532]. Dehydroalanine residues in cyclodipeptides were asymmetri-
cally reduced over Pd/C catalysts with 85-98% chiral induction [533]. Azlactones
were asymmetrically reduced over a palladium catalyst in the presence of (S)-
a-phenethylamine [534].

Prochiral benzophenones were reduced to the alcohols in up to 26% ee using
chiral DIOP rhodium(I) complexes to catalyze hydrosilation of the ketone [535].
Both rhodium(I) and ruthenium(II) complexes of DIOP and (+)-Ph,PCH,CHMePPh,
catalyzed the asynmetric reduction of aryl ketones to alcohols [536]. Chiral
rhodium(I) complexes catalyzed the reduction of xz-amino-1-arylketones in up to
95% enantioselectivity (eq. 268) [537].

Rl
0 OH
RZ C—CHoNHRIHCT s RI C—CH,NHR3 e o)
H
R2

R1,RZ = OMe, H



F. Solid Supported Reduction Catalysts.

Polymer supported transition-metal organometallic compounds as hydrogenation
catalysts has been reviewed (15 references) [538]. Infrared and kinetic studies
of polymer-bound rhodium cluster catalysts for hydrogenation [539], and prepara-
tion and characterization of polymer-bound tetrairidium cluster catalysts for
olefin hydrogenation [540] were both topics of dissertations.

Anthanilic acid was anchored to Amberlite XAD-4 polystyrene beads, treated
with rhodium{III) chloride, followed by reduction with sodium borohydride.

ESCA showed the species to be a rhodium(I) complex. This complex catalyzed the
reduction of olefins, aromatics, carbonyls, nitriles, and nitro groups, was
insensitive to poisons, and had a long lifetime [541]. Rhodium(I) compounds
were complexed to phosphinated silica to produce an air insensitive reusable
catalyst for the reduction of olefins [542]. Cyclopentadiene groups were synthe-
tically attached to a 20% divinylbenzene-polystyrene macroporous polymer, which
was then reacted to produce polymer-bound CpRh{CO}, and CpCo(CO), complexes.
The rhodium complex catalyzed olefin, ketone, and aldehyde reduction, olefin
isomerization and disproportionation of cyclohexadiene, turning black in all
instances. Both the cobalt and rhodium species catalyzed hydroformylation
reactions [543]. Phosphine Tigands were attached to a polymer backbone through
long (C;g) hydrocarbon chains. Rhodium(I) complexes of these suppoited 1igands
catalyzed the reduction of 1-octene, andwere equal to or superior to the homo-
geneous system. The idea was to make the catalyst sites more accessible to
reactants by removing it from close proximity to the polymer [5447]. Swelled-
mica-type silicates were intercalated with ha(OAc)3+ and triphenylphosphine to
produce intercalated LnRh+ type catalysts. In methanol 1-hexene was reduced
without rearrangement. These intercalated catalysts discriminated between large
and small alkynes, compared to homogeneous catalysts, producing cis alkenes
[5457. Rhodium(I) complexes of EtOASi(CH2)3—PPh2 were prepared, and the
catalytic activities compared with those of silica anchored catalysts. The
supported catalysts were more active and more stable [546].

Amino-containing silica gels were treated with Na,PdCl,, and the resulting
complexes were used as reduction catalysts for allylbenzene, cyclopentadiene,
propargyl alcohols and Schiff bases [547]. Polystyrene-attached bipyridine was
treated with palladium acetate, and the resulting supported complex catalyzed
the reduction of alkynes preferentially to alkenes. Alkenes were reduced more
slowly, but also isomerized. Xetone, nitro, halo and benzyl alcohol groups
were inert [548,5497]. Aqueous solutions of K,PdCl, were exchanged onto basic,
OH group-containing ion exchange resins, then reduced. The activity of the
resulting catalyst for the reduction of allyl alcohol to propanol depended on
the amount of surface OH remaining. Addition of HC1 decreased the catalytic
selectivity to that of Pd/C, while addition of NaOH increased it [550]. Enynes
were selectively reduced to moncenes over polymer supported complexes of palladium
phosphine/stannous chloride [551]. A highly active olefin hydrogenation catalyst
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was prepared by adsorbing palladium(II) chloride and poly-y-aminopropylsiloxane
on fumed silica gel [552]. Palladium catalysts on sulfide and metallic forms

of alumina were studied by exoelectronic emission spectroscopy [5531. Silica
supported palladium, rhodium, and iridium catalysts were shown to reduce acetylene
directly to ethane by carrying out the hydrogenation in the presence of l%¢
labelled ethene and showing no “C in the ethane produced [554].

Platinum on nylon catalyzed the reduction of benzene only slowly, but re-
duced cyclohexene rapidly. It was claimed that with this catalyst benzene
coordinated in a dihapto fashion [555].

Iron pentacarbonyl was coordinated to triphenylphosphine groups attached to
a 1¢ crosslinked po]ysiyrene resin, and the resulting solid supported complex was
activated (stripped of CO) by photolysis or by heating. The material catalyzed the
isomerization of l1-pentene, and the hydrosilation of 1-pentene to n-pentane,
triethyl-n-pentylsilane, cis- and trans terminal vinyl silanes and the corres-
ponding allylic silane. The activity of this supported catalyst was comparable
to that of the related homogeneous catalyst [556]. The iron carbonyls Fe(CO0)s,
Fe,{(C0)g and Fe3(C0);2 were physisarbed on y-alumina under air-free
conditions to give highly dispersed supported catalysts of potential use for
olefin hydrogenation and hydroformylation [557]. Cyclopentadiene groups were
attached to 1% crosslinked microporous polystyrene and 3% crosslinked macro-
porous polystyrene, either as phenyl cyclopentadiene or benzyl cyclopentadiene
groups, and Co(CO), groups were attached to give polymer supported "CpCo(CO),"
complexes. Irradiation or vacuum pyrolysis removed all of the CO0's (the
process was reversible) to give supported "CpCo” catalysts which reacted with
a 3:1 mixture of carbon monoxide and hydrogen at 200° to give a mixture of
straight chain hydrocarbons in a Fischer-Tropsch type process. This same
catalyst was relatively inactive in cyclotrimerization of alkynes and hydro-
formylation reactions. Since CpCo(C0), was not active in Fischer-Tropsch
chemistry under the same conditions, polymer support led to novel activity
[5587]. Site separation of polymer bound 1igands was probed by preparing a
number of chloromethylated resins by copolymerization, incorporating imidazole,
then complexing Co(DPGB),-2Me0OH through coordination of a polymer-bound
imidazole at the axial position. ESR studies showed both 1:1 and 1:2 cobalt-to-
imidazole adducts, depending on the polymer [559].

Silica gel was treated with CpTiCls, then butyllithium to produce a solid
supported catalyst for olefin hydrogenation [560]. Both silica gel supported
TiCl, and polystyrene-bound Cp,TiCl, were catalysts for the hydroalumination
of olefins [561]. Finally, bimetallic clusters were supported on silica geland
polystyrene, and then studied as ethylene hydrogenation catalysts. The systems
studied were: Feth(CO)a(Pth—(:))z, RuPtz(CO)s(PPh2~(:))3, HAuOs3(C0)10—L-(:)
HyRu,, (€0)12-xL- (D) 5 H053(c0)o-L-GD) [562].
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G. Conjugate Reduction of o,B8-Unsaturated Carbonyls.
The rhodium(I) complex Rh(H)(PPh3), catalyzed the transfer hydrogenation of

conjugated enones to saturated ketones, using a-phenethyl alcohol as the hydro-

gen source (eq. 269) [563]. The mixed reducing agent prepared from NaH, RONa

OH

/ | /‘\ 50°
0 g + HRhL, cat. ——
: {269)

R R = H, 4-N0,, 4-Me,N, 4-MeQ, 3-C1

and Ni(0Ac), selectively reduced conjugated enones in a 1,4 fashion. Magnesium
bromide increased the activity of this system. In contrast the system NaH,
RONa, ZnCl, reduced conjugated enones in a 1,2 fashion to give allyl alcohols
(eq. 270) [564]. Under phase-transfer conditions K;Co(CN)sH reduced a number

Y\n/ + NaH/RONa/Ni(0Ac), 20 400 YY (270)

0
>85%

of conjugated systems (eqs. 271-272). The catalyst was long-lived and gave many
turnovers because of the phase transfer conditions used [565].

/\g/ + K3Co(CN)gH PTC /\n/ (271)

+ KyCo(CN)sH  —gfe (272)

& =
93%

Cinnamaldehyde was reduced to a mixture of B-phenylpropionaldehyde and its
dimethylacetal by hydrogenation over palladium catalysts in methanol [5667.
Methyl linoleate was reduced to the saturated ester by dicobalt octacarbonyl
and hydrogen [567]. Dimethylmaleate was isomerized and reduced to dimethyl-
succinate using H,Ru, (CO)g[P(OEt)3, as a catalyst [568j. Methylene succinic
acid was reduced using a number of chelating diphosphine complexes of rhodium(I)
of the type HRh(PhZP-(CHZ)nPth) as catalysts. Catalytic activity increased
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as n increased from 1 to 4 [569]. Finally, 8-thio-a,B-unsaturated ketones were
reduced to saturated ketones by sodium borohydride and cobalt(II) or nickel(II)

chloride (eq. 273) [5701.

0 0
SR'I .
i o NaBH./CoCl, or NiCl, n N
R_.c__Ch._c\Rl Bite TiEAN R—C—CH,CH,R (273)
R = Ph, Me

R' = Me, H, Ph
RY = Et, n-Pr, Ph

H. Ketones and Aldehydes.

~The effect of phosphine structure in the catalysts RhC1(PR3),(CO) on the
catalytic activity in the reduction of acetone to isopropanol was §tudied
[571]. Ketones were selectively hydrogenated in the presence of olefins by the
rhodium(I) catalyst [Rh(2,2'-bipyridine),]" [572]. Aliphatic,aromatic, and
cyclic ketones were reduced to the corresponding alcochols at 160°/15 bar in the
absence of solvent using RuC1,(PPh3)3, RuH,(CO)(PPhs)3 and Ru(CF3C0,),(C0O)(PPhs).
as homogeneous catalysts [573]. Similar ruthenium catalysts reduced aldehydes
to alcohols [574].

Aldehydes were reductively aminated in aqueous ethanol using dicobalt octa-
carbonyl as catalyst, and carbon monoxide-water in place of hydrogen (water gas
shift conditions) (eq. 274) [575]. 2-Aryl 2-pyridyl ketones were reduced or
reductively coupled by titanium(III) chloride and 1ithium aluminum hydride,
depending on conditions {(eq. 275) [5761. Acetophenone was reduced to the alcohol

0 NH + Co(CO)g + RHCO 20 EWOH o0 Py g (274)
100 kg/cm? —

80-90%
R = H, CH3, Ph, p-tolyl, p-anisyl, p-chloro

(::> ar t TiCly/LiATH, —— [::;:]‘\,/’Ar or (::) - (275)
" l
OH

using catalysts produced from Rh(CI{PPh3); and triethylamire, or [Rh(NBD)C1],,
triethylamine, and phosphines. The triethylamine was required for activity.
With chiral phosphines, up to 35% ee was obtained [577]. A procedure for

the reduction of ketones in the presence of aldehydes, and the reduction of
conjugated aldehydes in the presence of saturate aldehydes is described in
equations 276 and 277 F57871. Beth saturated and conjugated ketones were reduced
to alcohols by transition metal complexes of heterocyclic amine borane complexes

(eq. 278) [579].
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+ CeCls-6Hy0

CHO 15° [1.5 NaBH,
00Me
(276)
OH
CHO
00Me
75%
P TN
CHO R OH
" + R'CHO + CeCls-6H,0 —\-5 NaBH. + (277)
R R'CHO
—_——
AN
&
N—N
pd 0 OH
(278)

N—N/>
&Y
\Y
0 OH

M = Co, Ni, Cu, Zn, Cd

I. Carbon Monoxide.
Mechanistic features of catalytic carbon monoxide hydrogenation reactions

have been reviewed (93 references) [580], as has the heterogeneously catalyzed
hydrogenation of carbon monoxide (140 Eeferences) [581]. Investigation of the
reduction of carbon monoxide by heterogeneous and homogeneous catalysts [5827,
and models for the metal-catalyzed reduction of carbon monoxide by hydrogen [583]
vere dissertation titles. Soluble ruthenium catalysts converted a 40:60 mixture
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of carbon monoxide and hydrogen to a 4:1 mixture of methanol and methyl formate
at 268° and 1300 atmospheres pressure [584]. Reaction rate measurements and
infrared spectra of adsorbed species were studied in the synthesis of hydro-
carbons from CO and H, using silica supported ruthenium catalysts [585].
Reductions of rhenium complexes %l and %%werestudied as model reactions of the
Fischer-Trepsch reaction [586]. The cluster Ru3(C0);», was a catalyst precursor
for the Fischer-Tropsch reaction [5871. Coordinated carbon monoxide was reduced
to “zirconoxy" carbenes by permethylzirconocene dihydride {eq. 279} [588].

Re - Re
oc”| >co BFe oc”] R
NO NO
L 2

R = CHO, CH,OH, CHj

W—CO + (ns—CSM85)zer2 _— \“=CH0—ZY'(HS-C5ME5)2

(ig// H (279)

BN

J. Catalytic Transfer Hydrogenation

Isopropanol reduced cyclohexanore, 4-t-butyl cyclohexanone,and acetophenone
to the corresponding alcohols in the presence of an [Rh(diene)L2]+ catalyst
and KOH [589]. The complex [Rh(4,7-dimethylpheranthroline),C1,1C1 behaved in
a similar Tashion [590]. Isopropanol reduced 4-alkylpiperidinones in the pre-
sence of triphenylphosphine complexes of rhodium(I) and ruthenium(II) [591].
Iridium(I) complexes of 2,2'-bipyridine and 9,10-phenanthroline were active
catalysts for transfer hydrogenation of ketones by isopropanol [592]. D-Glucose
was reduced by tetrahydrofurfuryl alcohol or 2-methoxyethanol in the presence
of RuCl,(PPh;);[593]. Formic acid was the hydrogen source in the Pd black-
catalyzed hydrogenolysis of benzyl and benzyloxy groups from peptides [594,5957.
Olefins were used as hydrogen donors in the 10% Pd/C-FeCl3 catalyzed reductions
of aldehydes and ketones. Limonene was the best donor. This system reduced aryl
chlorides and cyclopropyl ketones as well [596]. Raney nickel catalyzed the
reduction of olefins, ketones and certain aromatic hydrocarbons by isopropanol
£597]. Optically active esters of a- and g-methylcinnamic acids were reduced
over Raney nickel, paliadium or platinum, giving up to 68% optical yields [598].

K. Nitrogen Compounds

Ritroarenes were reduced to arylamines by sodium borohydride and copper(II)
acetylacetonate in very high yield. Many fdnctiona] groups were tolerated (eq.
280)- [5993. Aromatic nitro groups were reduced in the presence of alkynes by
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NO, + NaH, —culacac)z , NH, (280)
30°, 2-4 hr
R

R = H, 4-C1, 3-C1, 2-Cl1, 4-Me, 3-Me, 2-Me, 4-OMe, 3-OMe, 2-OMe

C=C—R C=C—R
H
__Hp 281
Ru/A1 503 (281)
70
60 psi
NO, NH,

hydrogenation over 5% Ru on Al,0; (eq. 281) [600]. Cobalt polysulfide and
ruthenium sulfide catalysts showed similar selectivity [6011].

Addition of triethylamine to RhCl(PPh3); produced a very active catalyst for
the reduction of aromatic nitro compounds to aryl amines [6023. Nitrobenzene
was reduced to aniline by CO and H,0 in the presence of Rhg(C0),¢ as a catalyst.
The hydrogen source was claimed to be the water gas shift reaction [603].
Nitrobenzene was reduced to aniline at room temperature and one atmosphere of
hydrogen in the presence of Pd(acac),-pyridine. The complex Pd(acac)H(PhNO,)py
was isolable from the reaction [604]. Isopropanol reduced nitrobenzene to
aniline in the presence of RhC1(PPhs); or RuC1,(PPhy); and KOH [605]. Nitro-
benzene was reduced to aniline under homogeneous conditions using PdC1.{PhCN),
as a catalyst [606]. Diacid complexes of cerium catalyzed the same reduction
[607], as did CuBr(PPh3)5[608].

Imines were reduced stereoselectively cis by platinum catalysts in polar
solvents; in contrast palladium and supported catalyst reduced them preferential-
1y trans (eq. 282) [609]. Heterocyclic diazocompounds were reduced by
titanium(III) or iron(III) salts in ethanol/water (egqs. 283, 284) [610].

C1 C1
H
___H2
C1 catalyst 1 (282)
HNMe, “CHoNMe,

H
2 N N N
AN Ti(II1) or Fe(IIl)
Wi EtOH/H,0 L (283)
N2 53%

Y = CH, N
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N

N ~
N

0

H
|
U
49%
Nitriles were reduced to amines by hydrogen using RhH(P-i-Pr3)3 as a catalyst
{eq. 285) [611]. Nitriles were reduced in a stepwise fashion on the face of an

RC=N + H, RhH(i-PrsP); , RCH,NH, (285)
70-100%
N
R = n-Bu, i-Pr, t-Bu, PhCH,, 22" » """, Ph-

Fe;(C0)q cluster catalyst [612]. Aldononitriies of aldoses were reduced by
hydrogen over a Pd/BaSO, catalyst [613]. Conjugated nitriles were reduced to
benzyl or allylamines by zinc in the presence of cob(I)alamin catalysts (eq.
286) [614].

CN CH,NH,
~ cob(I)alamin cat. .
~ AcOH/HL0 -
Zn
75%
but
(286)
CN NH
& ’
= =
——— +
25% 38%

The role of isocyanide insertion reactions in cluster catalyzed hydrogenation
of isocyanides was examined [615]. The reduction of isocyanides by hydrogen in
the presence of Cp,ZrH, was studied as a model for carbon monoxide reduction
[616].

L. Halides, Allyl Ethers

Iron pentacarbonyl reduced «-bromoketones to ketones when refluxed in xylene.



289

The yields were 45-68%. A free radical mechanism was favored [617]. Aromatic
halides were reduced to hydrocarbons by sodium borohydride in the presence of
catalytic amounts of nickel(0) complexes (eq. 287) [618]. Nickel boride

ArI + NaBH, -L g; cat. ArH (287)

70°
Ar = H, p-Cl, p-COOMe--high yields
Ar = p-OMe, p-CN, p-Me, p-NO,, p-OH, p-NH,--low yields

catalyzed the dechlorination of several organochlorine pesticides including
1indane, heptachior, and chlordane [619]. Polychlorinated alkanes were reduced
by iron pentacarbonyl by a radical process [620]. Halides were reduced to
hydrocarbons by Cp,MoH,. With chiral substrates the reaction went with reten-

tion (eq. 288) [621].

Cp,MoH, + RX ——— RH (288)
1 hr RX = CF3I, CH3I, CHolp, CHoBro, Me0,CCH>I, NCCH2Br, MeO,CCH,Br, CHCI4
1day RX = EtI, n-Prl, i-Pri, """, 5 "7, PhCHaBr, CHyCT,,

Me0,CCH,C1, NCCH,C1, PhCHC1,
No reaction RX = PhI, EtBr, n-BuCl, :5"\\C], PhCH,C1

Acid chlorides were reduced to aldehydes with no overreduction by (Ph3P),Cu-
BH, [622]]. The mechanism of the reduction of allylic ethers and acetates by
organocuprates has been studied [623]. Allyl acetates and allyl phenyl ethers
were converted to terminal olefins by reaction with ammonium formate and a
palladium(II) catalyst (eq. 289) [624].

R'/\/\OR
or + Heo,~ —k2PACl> g A~ (289)
OR
Rl/'\/
R = Ph, CH3CO

M. Reduction by Hydrosilation

Homogeneous catalysis of hydrosilation by transition metals has been reviewed
(59 references) [625]. Hydrosilation of norbornene systems catalyzed by
nickel(II) phosphine complexes has been studied [626]. The stereoselectivity
of the hydrosilation of substituted cyclohexanones catalyzed by RhC1(PPhj3)3
under homogeﬁeous conditions and by silicon bound phosphine rhodium(I) complexes
under heterogeneous conditions was similar [627]. Butadiene underwent . almost
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exclusive 1,4 addition when treated with H,SiCl, and H,PtClg as catalyst. Non-
conjugated dienes underwent 1,2 additions (egs. 290,291) [6287]. Allylamine was
hydrosilated to mixtures of y and g-aminopropyl(triethoxy)silane in the presence
of H,PtClg and phosphines or arsines [6291. Alkynes (eq. 292), dienes (eq. 293),
olefins {eq. 294}, and conjugated aldehydes (eq. 295) were hydrosilated using
Rh{acac); as a catalyst [630].

. H,PLC1 H
P~ t HSICly SRt NN,
72%
{HaPECT g
(290)
S
¢t~ el

NS
[;;::]//»\\\ + HySiCl, _HoPtClg | [::::],/ﬁ\\] o
HSiC1,
86%

RC=CR' + HSiEt, -Rn{acac)acat. pey_c sipe; (292)
R‘

(R* smaller)

. E i
AN~ + HSiEt; —Bb£%%%523—+ taSI\\\,/”Q§;,/N\\H (293}
R R*
RCH==CHR' + HSiEt; ——r > < (294)
H SiEt,
(R* smaller)
Q 0SiEt,

‘ha;47‘\]rz’“ + HSiEt; —— RCH,CH=CH—C—H (295)
l _
I ,
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Isoprene was hydrosilated by (Et0);SiH in the presence of cocondensed Ni,
Co, or Fe vapor [631]. 2-(Trimethylsilyl)-~l1-alkenes were prepared by platinum
catalyzed hydrosilation of a trimethylsilylacetylene followed by desilation
(eq. 295) [632].

™S H ™S H
n-CHysC=C—TMSs + MesSiH —2PtCls __ _HOAc >:_/ (296)
nCgHy;3 TMS nCgHy3 \H
96% 96%

N. Miscellaneous Reviews
The following reviews dealing with reduction have appeared:

Catalytic Reductions us1ng Carbon Monoxide and Vater in Place of Hydrogen.
(19 references) [633]

Highly Stereoselective Hydrogenations with Group VIII Transition Metal Catalysts.
(54 references) [634]

Reduction of Organic Compounds with Low-Valent Species of Group IVB, VB, and
VIB Metals. (172 references) [635]

Catalytic Hydrogenation in Organic Synthesis--Procedures and Commentary.
(191 pages) [6367

Eydr%genatlon Reactions Catalyzed by Transition Metal Complexes. (548 references)
637

Metal Catalyzed-Borohydride Reducing Systems for Organofunctional Groups.
(41 references) [638]

Reductions with Covalent Borohydride Complexes. (5 references) [639]
Cationic Ionic Hydrogenation. (58 references) [640]

Catalytic Homogeneous Hydrogenations Using Micellar and Phase Transfer Reaction
Conditions. (16 references) [641]

Part I. The Intramolecular Cyclization of Organoaluminum Compounds. Part 2.
Reduction Using Low-Valent Titanium and Zirconium Complexes. (136 pages) [642]

V. Functional Group Preparations

A. Halides

cis-Vinyl iodides were prepared from acetylene by alkylation with an organo-
cuprate followed by reaction with iodine (eq. 297) [643]. Hydroalumination of

RoCuli + 2 He=cH —Ef20. <R/ ’xwi Ao, R/‘\1 (297)
2
60-90%
R=n-Cs, ,//L\\ NG

CHZCHZ Et0

alkynes by HA!(N—i—Prz)z catalyzed with Cp,TiCl,, followed by iodine cleavage
of the alane led to similar products (eq. 298) [644]. Iron{III) chloride
reacted with acetylenes in the presence of a hydrogen source to give vinyl
chlorides in a nonregio- and nonstereoselective fashion [645].
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R R* R R*
__ BN __
H A1(N-i-Pry), H I
Ke=CR' + HAT(N-i-Pr,), —CR2TiClo, + (298)
R R*® R R*
_ I, >_<
(N—i—Prz)zA] H I H

Chlorobenzene was halogenated by iron(III) chloride [646]. Aromatic,
alkynyl and alkenyl nickel(II) complexes were cleaved by N-bromosuccinimide to
the corresponding organic bromides [6477]. The conversion of Zeiss' salt to
2-chloroethanol by redction with chlorine in water was studied [648].

B. Amides, Nitriles

Lactams and imides were vinylated by reaction with vinyl acetate in the pre-
sence of Na,PdCl, (eq. 299) [649]. «-Chloroacetophenones were converted to
amides by reaction with nitroaromatics and Na,Fe(€0), (eq. 300) [650].

. 0
0 —— = »
Q/ = _NapPdCly /C + AcOH (299)
OAc

u N—CH==CH,
75-85%

0
50,
NH H, > s @H work
N
N
0 H
0 0 H \0

0
R‘_@_—*E—CHzcl + NazFE(CO)q, + OzN‘@—Y
—_— R—@—(OCHZCONH—@——Y -

R =H, Ph; Y = Me, H, Cl 16-50%

(300)
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Azlactones were converted to chiral amides by reduction using palladium(II)
chloride as a catalyst in the presence of optically active a-phenethylamine
(eq. 301) [651]. Maleic anhydride was converted to maleic acid monoamides by
reaction with amines in the presence of palladium(II) chloride (eq. 302) [652].

) S
RY CH=C" 0+ pp Sww,  PACT;

\N=L[ 2 PdCi,
2 AN
(301)
0
H * n A
& R CHZ(':H—C—NH—<F
NHAc h
RZ
63% yield
60% diastereomeric excess
Rl = QAc, OMe
RZ = H
0
i + 2 RNH, -PdClz cat. | ypoc_ CH==CH—C—NHR (302)
463
0

Alkynes were converted to saturated nitriles by reaction with Ni(CN),~, sodium
borohydride and cyanide ion (eq. 303) [653]. Aromatic aldehydes and saturated
aldehydes were converted to the corresponding nitrile by oxidative amination
(eq. 304) [6543. Aromatic halides were converted to nitriles by reaction with

RC=CR' + Ni(CN),2~ + NaBH, + cn- —H200Or . pey oy g (303)
1
/\ c
HO OH 1002

R = Ph, Pthchz
R' = H, Et
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HO

+ NapsSO, + NH3 + "Ni peroxide"

(304)
CN

3=
K=

70%

cyanide and nickel(0) catalysts under phase transfer conditions [655]. Chiral
palladium(0) complexes (DIOP) catalyzed the asymmetric hydrocyanation of
norbornene (eq. 305) and norbornadiene [656].

CN

+ HCN __('*_'_M,. (305)

40-80% yield
28% ee

C. Amines, Alcohols

A number of conjugated dienes were aminated in the presence of nickel(G)
or palladium(0) complexes (eqs. 306, 307) [657]. Butadiene was converted to
1,4-bis dimethylaminobut-2-ene by dimethylamine and palladium(II) chloride
{eq. 308) [€58]. Allylic acetates were aminated by an ammonia equivalent in

- Oy

Q(::::>N‘\\//’L§§;/’l‘\\ 60%

(306)

PA(II) + RaP + EtaAl

o \u L—Pd(0)
_/

@—\;%

50%



PN
00Me

295

IR

Co0Me

o N\ LMi(0)
n_/

N + PdC1,

1) Ag"
—Z) ML‘*eZNH

the presence of L,Pd(0) catalysts.
manner {(eq. 309) [659].

secondary amines and nickel(0) catalysts (eq. 310) [660].

Me zN

j(Pd/\/ Healt j(Pd\NHMez

MeoN

(308)

\/\/\N
Mez

{+) Gabaculine was synthesized in this
Butadiene was aminated and dimerized by treatment with

Cationic cyclohexa-

dienyl iron complexes were aminated by aromatic amines and phthalimide (eq. 311)

fe611.

00Me

+ DMBNH2 Lu Pd cat.

Ac

DMBNH, = (Meo—@ﬂrw—ﬂﬂz

A~ *+[EtzAl + LoNiCl,] + RoNH

turnover > 400
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CO0Me COOMe

NHDMB

(NH; equivalent HCOOH cleaves)

_E, 2 \ (310)
20 R

100%
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N
H

R IIZ, Py NHZ
Fe(CO)3 L NHAY

»

SRR ®

el

Fe(CO)3
0
(311)
N(-)
0
0 — Fe(CO);
0

The Ullman condensation reaction of haloanthraquinones with amines has been
reviewed (42 references) [6627]. Anthraquinone reacted with ethylene diamine in
the presence of copper(l) bromide catalyst to produce diaminated product (eq.
312) [663]. Copper(Il) or copper(Il) chloride catalyzed the amination of 1,4-
dihydroxyanthraquinone (eq. 313) [664]. 5,8-Dihydroxy-1,4~naphthoquinone under-
went preferential g-amination under these conditions [665].

OO o\ e GI‘O (312)

0 OH
O‘O + RNH,  —CuClz-Hz0 (313)
a OH

100%

Ketones and aldehydes were reductively aminated by ammonia in fhe presenceof
a rhodium glyoxime complex [666]. Acetone was reductively aminated by aniline
in the presence of commercial copper based catalysts [667]. Tri-n-butylamine
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reacted with 2,4-dinitrophenylhydrazine, Pd black and HC1 at 200° to produce
98% di-n-butylamine and 92% 2,4-dinitrophenylhydrazone of butyraldehyde [668].
Amino groups in polypeptides were protected with g-haloalkyoxycarbonyl groups,
which were readily cleaved by the supernucleophiles, cobalt({1)-phthalocyanines
[669]. Primary and secondary amines were arylated by aryl halides in the pre-
sence of copper catalysts [6707.

Nerol was prepared by palladium(Il) assisted hydroxylation of the corres-
ponding triene. The terminal olefin was selectively oxygenated (eq. 314)
(6711. Epoxides were opened to diols, a-methoxy alcohols or chlorohydrins by
copper(II) sulfate (eq. 315) [672]. Paraformaldenyde reacted with the bis

c1
! (>
= Pd(II) ™
* H20 wpRH,O

' I OH

(314)

MeOH -MeONa ~
3 hr

51%
OH

CusO./Py H  >95%

OMe

/

@:7 CuSOy/Py/MeOH ©:>¢0H >95% (315)

1

CuS0y/Py/C1 ™/ THF W sg5%

w-allyinickel complex of 1,6,11-dodecatriene to give linear alcohols (eq. 316)

[673]. Hydroperoxides reacted with iron(II) sulfate/copper(1I) acetate to pro-
duce unsaturated alcohols by a radical process (eq. 317) [674]. Hydroboration

of terminal olefins by LiBH, was catalyzed by Cp,TiCl,. The resulting boranes

were oxidatively cleaved to terminal alcohols [675].
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+
/’/<§§>’/\\\/’/<§Q/’/\\»/’ﬁq§;/’h\\v//oH
+ HCHO ——
+ {316)
OH
N ™ =
‘\\r/’“\\v/"\\OOH FeS0,/Cu(0AC), 4451\\v//~\\,//0H
76% (317)
///\\V//ﬂ\\'//\\\OOH- R ’//<§§//A\\///\\0H + ’//\\<”?\\~//ﬁ\\UH
59% 15%

D. Ethers, Esters, Acids

Chromium tricarbonyl complexes of fluorobenzene were converted to ethers by
reaction with alkoxide. With the appropriate alkoxide the reaction was cataly-
tic in chromium (eq. 318) [676]. Indanols were stereospecifically converted

| |
Cr(CO) 4 Cr(C0);
to ethers by complexation to chromium formation of the chromium stabilized

carbonium ion, and reaction with methanol exclusively from the face opposite
chromium (eq. 319) [677]. Irradiation of primary or secondary alcohols in THF

H
_Cr(C0)e , .’...-‘DH

OH Cr(C0) 3
only
(319)
oM
HoS0x %  _MeOH e
JF(CO)g Jr(C0)3

(only)
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in the presence of iron(III) chloride produced the corresponding tetrahydro-2-
furyl ethers [678]. Allyl alcohols were converted to silylenol ethers by
reaction with trimethylsilyl chloride in the presence of RuH,(PPhs),. The
reaction involved rearrangement of the allylic alcohol to the enol [679].
Butadiene was converted to 1,4-diacetoxy-2-butene by reaction with acetic acid
over a palladium-tellurium-carbon catalyst [680]. -
Anhydrous iron(III) chloride catalyzed the esterification of carboxylic acids
in refluxing alcohol [681]. Transesterification reactions were catalyzed by
copper(I) alkoxide phosphine complexes [ROCu(PPh3)n][682]. Oxiranes were con-
verted to B-hydroxy esters by reaction with Co,(C0)g and carbon monoxide in
methanol [683]. Thioesters were available from the copper catalyzed reaction
of Grignard reagents with carbon disulfide (eq. 320) [684]. Steroidal dithio-
carbonates produced diacetates upon reaction with iron{II) perchiorate and

S
n

RHMgX + Cs, —CuBr,  Mel RC—SMe (320)
93-100%

Ph
= t-Bu, s :>===\\ . ———{———c==c, (-)
_ (-)

PH

oxygen in acetic acid (eq. 321) [685]. Aldehydes (RCHO) condensed to self
esters (RCO,CH,R) when reacted with RuH,(PPhj), [686].

O:AC s

FE(C]OL‘)Z

05, 120°, AcOR’ (321)

AcO™

H

34% (cholestane ring system)

E. Heterocycles
w-Olefinic amines cyclized when reacted with PtCl, in acidic aqueous solution.
The reaction was very slow taking from 8 to 67 days (eq. 322) [687]. Aromatic

dialdehydes were reductively aminated by primary amines in the presence of
KHFe(CO), (eq. 323) [688]. (+)Catheranthine was synthesized using two

F H H PtC'l ! 5
/\/YN 2 ]] days /Q\ ~s (322)

40 60 0%
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CHO -

(I + mm, _KHFe(co ():\/NR (323)

CHO

R = Me, PhCH,, furfuryl, aryl

palladium assisted ring closures (eq. 324) [689]. The general approach has

been described in detail [690].

Indoles were prepared by the reaction of (o-isonitrile)benzyl ketones with
copper(I) oxide (eq. 325) [691,692]. Indoles, quinolines and benzazopines
were prepared from o-haloanilines containing unsaturated alkyl groups

-

=

0

PdC1,(CH3CN), A\ _—— (324)
AgBF,, EtgN

— @:gﬁ
/
H

COOMe

OR

C
Ri R R:
Cu,0 AN\ 60-80% (325)
¢} N
NC H
2 R2

R = Me, n-Pr, i-Bu, n-C,, Ph, t-Bu
Rl = H, Me
RZ = H, Me
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on nitrogen by reaction with Ni(0) complexes (eq. 326) [693]. N-Methylisoquino-
1ine salts contracted to indoles upon reaction with titanium(III) chloride (eq.
327) [694].

Anilines reacted with aldehydes in the presence of [Rh(NBD)C11, as a
catalyst to produce 2,3-disubstituted quinolines (eq. 328) [6951. Aniline

Br
MeMgBr A\ 26
[::::I::N TZ NiC1,({PPh3)s (326)
NN .
p'qe Me

N02 NHMe
~ + 7.7 TiCl; ——— N\ (327)
”Ef\\ I ﬁ :
20%

reacted with ethene in the presence of rhodium(III) chloride and phosphine to
give mixtures of 2-methylquinoline and N-ethylaniline [696]. More unusual
heterocyclic syntheses are shown in equations 329 [697], 330 [6983, 331 [6991,
and 332 [7001].

~N
.
+  ReHpcHo —LRR(NBDICTT , P o (328)
4 EtOH, ArNO,
2

30-80%
R = H, Me, Et-
Ph
) _2NPh
PhN—C=N—Ph + RL-C=C—R2 J%%£DA+ (329)
RIRZ.
R2R!?
67%
R! = Ph, Et
R2 = Ph, Et, COOEL
R
N A R
/4 . PhH
CpFe(CO (330)
R——@—A\ [cpFe(CO)2d> —gpo - |
Rl R' N
R
R = H, Br 6-39%
R' = H, CHO
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Me0OC CO0OMe
PhAR + MeoOCC=ccooMe —Mo(CO)e . W/ \ o (331)
Rl
R' R
5-28%
R2 R3
0 ct n/
113 1]
RI—C—Fe(C0),” + R2—C=nR3 —LHzllz, )\ (332)
1
THF 0 5 R
12-652%

Rl = Ph-, p-anisyl, 2-furyl, Me
R2 = Ph, p-BrPh, Et, 2-furyl
R3 = p-tolyl, Ph, p-C1Ph, Me, p-anisyl

Unsaturated amides of o-bromoaniline cyclized to oxindoles or isoquinolones
upon reaction with catalytic amounts of palladium(II) salts (eas. 333-335)
[7017]. An unusual rearrangement was noted in this type of reaction (eq. 337)
[702]. B-Lactams were made by the Pd{0) catalyzed cyclization-carbonylation

Me0OC

Br = /
[:::::[:;V/J;;;\\\COOMe pa(0ac), ; 393
0 \\5‘-

h Ph
48%

of (bromo}-allylamines (eq. 338) [703]. Polycyclic ring systems were prepared
by a similar reaction (eq. 339) [704]. Palladium(II) acetate catalyzed the
cyclization of N-benzoyl indole derivatives (eq. 340) [705]. Penams were
synthesized by a copper(I) mediated cyclization (eq. 341)[7061. N-chloro-
carboxamides cyclized when treated with chromium(II) chloride (eq. 342) [707].

Ph

Br = /
Pd619(PhCNL2%: 0 (334)
L, °




303

00Me 00Me
r Pd(0Ac); | (335)
Ph N
N~ \\]
Ph

47%

P,
*CQ0Me
Et00C
[::::]:ir Pd(0Ac), (336)
Lo
Ph
4
4 H
Pd(0Ac), | 0
== PArz, 100°
r
R
Pd
(337)
H H
Pd N
—_— _
P —~
R R
R
R Br h R* 0
_ Pd(0), CO
:>”“‘<<___ —TMPA/BuN M (338)
R Ph3P
H
h
40-90%
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Pd(0Ac), cat.
BugN, PhLP
90°, CO

A\
Pd(0AC) -
0}‘@\41
R2

R = H, C], CHa; RZ = H, CH3, Cl1

SR S
LDA SR a1
————ee .
Ny Cul-PBu, ﬂ/ (341)
0

OPNB

(340)

(342)

CONC1Me

y-Ketothioenol ethers cyclized to furans when treated with titanium tetra-
chloride (eq. 343) [708]. Furans were produced from a-acetylene glycol by
reaction with L,PdC1, (eq. 344) [709]. Chiral cobalt complexes converted chloro-

R R
S
% He X

75%
X = H, Me
Me, Et

o)
1
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a4
RC=C—CcHomCHoHR  —L2PdC] ﬂ\}z' (342)
R
0

40-90%
R = Me, Et

R' = Ph, HC=C—, MeC=C—, EtC=C

hydrins to epoxides in up to 35% optical purity (eq. 345) [710]. Heptane-2,6-
dione was converted to frontalin by irradiation in the presence of titanium
tetrachloride (eq. 346) [711]. Tetrahydrofurans and pyrans were prepared from
1,5-dienes and phenylselenyl cyanide and copper(II) chloride (eq. 347) [712].

H 0 .
‘/,f\\’/,c1 + Co* @ — //gflﬁ& (345)
*

<35% optical purity
Co* = N,N'-disalicyliden-(1R,2R}-1,2-cyclohexandiaminatocobalt(II)

—_—— 346
,,Jl\v//~\\v,ll\\ CHOH/TiCl,, 0 (346)

58%
PhS SePh
L N
0
o1
_/  \__ + 2PhsecN + cucl, -MeCN/H0, + (347)
SePh
SePh
9

Chiral 2-substituted dehydrobenzofurans were prepared by cyclization of o-
allylphenols with chiral =-allylpalladium halide catalysts (eq. 348) [713].
The Tull experimental details, including a detailed kinetic and mechanistic
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study, of the palladium(II) catalyzed conversion of acetylenic alcohols to a-
methylene lactones has appeared (eq. 349) [714]. Butenolides were synthesized
by the reaction of iodoalkenols with carbon monoxide and palladium(0) catalysts
{eq- 350) [715]. Styrenes reacted with palladium complexes of aryl carboxylic
acids to give dihydroisocoumarins (eq. 351) [716]. Propargyl alcohols were
converted to butenolides or dihydrofurans by reaction with Grignard reagents
followed by reaction of the thus-formed vinyl magnesium halide with the appro-
priate electrophile (eq. 352) [717]. 0lefins reacted with dihaloacetic acids

Ac
\
NS CCINS Sl
+

: 82% (348)
Cu(OAc),, O,

H MeOH -
*

PdI,/Bu3P/CH3CN
HOCH,CH,C=CH + CO + or —_— (349)

PdC1,/Ph3P/SnCT,/CH3CN
cat.

=== + L,Pd 2 atm €O —

R" THF {350)

OH

COOH

Pd—C1 Ph
l AcOH
250 (351}

)

7/ \

Ar +

29-83%
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— X

\_
RC=C-—CH,0H + R'MgX
// \\———OM
gX

MgXx
_H 0 7&5 30-60%
R"

in the presence of L3RuCl, to produce « halolactones (eq. 353) [718]. 1,3-
Diene monoxides reacted with Fe,(C0)q to produce unsaturated lactones (eq. 354)
[719]. Carbon dioxide reacted with bis-m-allylnickel halides compiexes to
produce butyrolactones (eq. 355) [720].

Rll

R2

R3
R! R3 Rl
>.___< + CXC1,CO0H _ngg%lz_, £ X (353)
R2 H cl
70-80%
X = H, Cl
0
R
R Fle—(
+ Fe,(€C0)g —— R\\7¢?=r\\/p Lo, (354)
0 0
67-99%
<KN1)> + co, -ME, 1402, (355)
0
37%

F. Miscellaneous

Gem-dihalocyclopropanes were converted to allenes by reaction with copper(0)-
isonitrile complexes (eq. 356) [721]. Rnodium(III)} chloride-phosphine complexes
dehydrated 1,3-diols to allylic alcohols and ketones [722]]. Molybdenum hexa-
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carbonyl on alumina dehalogenated a-bromoaryl ketones [723]. Chromium(II)
complexes dehalogenated c-haloketones without competing reductive elimination

[7247].

Rl
2 cu(0)-(R'NC),
2+  RICN=C=CHR? (356)
X 50-60%
X

R2

R* = n-hex, t-Bu
Rl = R2 = (CHy)g
R2 = H

Azidoformates reacted with allyl ethers in the presence of palladium complexes
to produce N-carbalkoxyimines (eq. 357) [725]. Oxosulfonium ylids were pro-
duced in the copper-catalyzed reaction of methyl diazomalonate with sulfoximides
(eq. 358) [726]. Organic sulfides reacted with p-toluenesulfonyl azide to
produce sulfilimines in the presence of copper powder (eq. 359) [727]. B-
Ketoesters were prepared in the reaction of a-diazoesters with rhodium(II)

acetate (eq. 360) [728].

OR*
N TNgg * NiCOoMe Pdcat-, NN CooMe (357)
0 0
+ 4+
RI_S—_R2 + N,C(COOMe), -CUsalts = p1_ ot po (358)
NR3 (-)c(coome),
14-60%
' Cu powder R\\
R—S—R' + Me S0,N5 —L—’Meon _S=Ns0; OMe
R (359)
0H 0 0 0
Li [Rh(0AC), 1,
RCHO + NpC—COOEt — 0Et —E—— &R £ (360)
Ny 90-100%

o

R = n-Pr, i-Pr, PhCHy, 20 s pp" " , Ph
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Benzene and nitromethane reacted to form a-nitrotoluene when manganese(II)
was electrochemically oxidized to manganese(IIi) in the presence of these
substrates [729]. The thiocyanate group was introduced into aromatic nitrogen
containing compounds by ortho palladation followed by reaction with thiocyanate
(eq. 361) [730]. Thiocamides were converted to amides by reaction with sodium

d

+ Pd(0Ac) —— />NPh
PN
Ph
) SCN
SCN
—_—
(LN\

Ph

N . O N react similarly
S S
PERS®

chloropalladate in methanol, followed by DMSO (eq. 362) [731]. Racemic arene
tricarbonyl complexes of aromatic aldehydes were resolved by formation of the
semioxamazones derived from (-)-(S)-a-phenethylamine [732]. Alcohols added

1,4 to phenylazostilbene in the presence of iron or copper catalysts (eq. 363)

(361)

S 1]
ArNH—C—R + Na,Pdci, -MeoH OMSO ,  ArNH—C—R (362)
46-72%
oR
PhN=N—C=CHPh + ROH -D-S8t- .  ppNH_ N—=C—CH—Ph (363)
Ph Ph

M= CUSOH'SHzo, CUC]2‘2H20, FESOQ‘7H20, FEZ(SOQ)3'mH20

[733]. Polycyclic aromatic thiophenes were hydrodesulfurized by reaction with
sulfided cobalt(II) oxide-molybdenum(VI) oxide/y-alumina [734]. Tertiary amines
were converted to secondary amines when treated with Pd black and thiolates at
200° (eq. 364) [7357].

RIRZRSN + R4SNa L Pdblack, 200° . pugp1 4+ gogawy (364)
2) Hs0
3° > 2° > 1° for R!
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Monosubstituted terminal olefins were converted to the corresponding =-
allylpalladium chloride complexes in 41-92% yield by irradiation of the olefin
and t-butyl hypochloride, followed by treatment with PdCl,, NaCl, MeOH and
H,0 under CO [736]. Triphenylphosphine reacted with styrene in acetic acid in
the presence of palladium(II) acetate to give 94% stilbene. The phenyl group
was derived from the phosphine [737]. Ethyllithium was produced in the reaction
of Tithium with (COD),Ni followed by hydrogen and ethylene [738]. Opticaliy
active 1-dimethylaminoferrocenes were ortho palladated, then treated with
conjugated .enones to give 1,2-disubstituted ferrocene derivatives (eq.365) [739].

H

H ¢

@ Oy
\ \Me Na,PdC1 NMe,

Fe NMe, <<:ii;>c]

(365)

g e Me
. S

—3 —

Chelating diphosphine complexes of iron{0) cleave a variety of C—H bonds in-
cluding those of primary acetylenes, activated methyl groups. and aromatic
and other sp? hybridized systems [740]. Cyclic ketazines were cleaved to
cycioalkenes and cycloalkanones when treated with t-butylhydroperoxide and
molybdenum(Vv) chloride or molybdenum carbonyl [741]. Aryl halides reacted
with CuSCgFs to produce aryl-perfluoroarylsulfides Ar—S—CgFs[742]. Steroidal
epoxides were ring opened to the corresponding chlorohydrins by dichloro-bis
(benzonitrile)palladium(II). The reaction was most efficient for 4,5-oxido-3-
ketosteroids, giving yields of 80-95% [7437].

Styrenes reacted with p-toluenesulfonyl chloride in the presence of LiRuCl,
as catalyst to give vinyl sulfones (eq. 366) [7447]. Conjugated dienes reacted
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80%
with sulfinic acids or their sodium salts using w-allylpalladium chloride and

phosphine as catalysts to give allylsulfones (eq. 367) [745]. Chelatino diolefin
palladium(II) complexes reacted in a similar fashion (eq. 368) [746].

C1
ArsSo H VS SO5Ar
<§%d\\>///4; ///L\\///
or >

= + + (367)
N PhsP, THF = A/\so A
ArSOzNa 2
30-93% 5-20%
! + RSO, + PdCl, — p02R
\Pd
C'l/ N
2
(368)
__S0,R
€0,
ROH
R

Nickel(I1) complexes of the lactam of lysine racemized (the lysine) when
treated with ethoxide in refluxing ethanol. By seeding with crystals of enan-
tiomerically pure nickel complex, one enantiomer of lysine could be obtained.

By running the undesired enantiomer through the above sequence again, racemic
iysine could be converted to a single enantiomer [747]. O0lefins reacted with
diphenyl diselenide in the presence of copper(II) acetate to produce -

acetoxy phenylselenides [7487]. Perfluoroalkyl iodides a-added to isocyanides

in the presence of copper powder as catalyst [749]. Copper(II) acetate
catalyzed the reaction of triethylphosphite with bromo-azobenzenes (eq. 369)
[7507]. Benzene was converted to mixtures of monosubstituted linear alkylbenzenes

References 3. 314
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R} Br R®
A
RZ N + (Et0)3P
R3 Et,
(369)
Rl
Cu(0Ac) PO(OEt)th
EtOH /,N
rfx Z
R N l ~
3 .
R NEt,

with one to five carbon atoms by reaction with hydrogen and carbon monoxide
(€O, 100 atm) and a H(CO)g/A1C14 catalyst at 200°{751].

VI. Reviews
The following reviews have appeared:

Organometallic Compounds of the Transition Metals. (719 references) [752]
Transition Metal Chemistry. (Dissertation) [753]

Fine Chemistry and Catalysis. (~100 references) [7547

Organotransition Metal Compounds as Intermediates in Homogenecus Catalytic
Reactions. (35 references) {7557

Synthesis of Fine Chemicals with Noble Metal Catalysts. (15 references) [756]

Transition Metals in Organic Synthesis. Annual Survey Covering the Year 1978.
(750 references) [7577]

Organometallics in Synthesis. (215 references) [758]
Organic Syntheses via the Polybromo Ketone-Iron Carbonyl Reaction. (49 references)
[759]

Stereo- and Regiospecificity in Organic Synthesis Promoted by Metal Ions.
(26 references) [760]

Regiocontrolled Aromatic Palladation. A Biogenetic-Type Synthesis of
Salutaridine. (253 pages) [761]

Synthetic Applications of Organonickel Complexes in Organic Chemistry.
(262 references) [762]

Selective Carbon-Carbon Bond Formation via Transition Metal Catalysis: Is
Nickel or Palladium Better than Copper? (59 references) [763]

Carbcpalladation and Subsequent Transformations of Olefinic Amines and
Sulfides. (285 pages) [764]

Organic Syntheses Applied with Titanium and Zirconium. (50 references) [765]
Organic Syntheses with Copper Reagents. (73 references) [766]

Eew épp]ications of Organocopper Intermediates in Organic Synthesis. (231 pages)
767

Advance in Organic Syntheses Applied with Palladium, Nickel and Rhodium
as Catalysts. {21 references) [[768]
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Palladium Catalysis in Natural Products Synthesis. (23 references) [769]

Selectivity in the Design of the Total Synthesis of Natural Products.
(19 references) [770]

New Approaches in Asymmetric Synthesis. (306 references) [771]
Recent Advances in Asymmetric Synthesis. (235 references) [772]
Asymmetric Synthesis. (86 references) [773]

Optical Induction in Organo-Transition Metal Compounds and Asymmetric
Catalysis. (85 references) [774]

Industrial Use of Catalysts for Asymmetric Syntheses. (28 references) [7753
Catalytic Chiral Synthesis. (77 references) [776]

The Organic Chemistry of Iron. (673 pages) [777]

Reactions of Iron(0) Carbonyls with Olefins and Strained Ring Systems.

(106 pages) [778]

Arene Complexes in Organic Synthesis. (100 references) [779]

The Potential Utility of Transition Metal-Alkyne Complexes and Derived
Cluster Compounds as Reagents in Organic Synthesis. (100 references) [780]

Transmetalation Reactions in Organic Synthesis. (302 pages) [781]

New Applications of Organomercury, -Palladium, and -Rhodium Compounds in
Organic Synthesis. (34 references) [782]

Organic Synthesis by Means of Metal Clusters. (86 references) [783]

Metal Clusters of Osmium and Their Potential in Homogeneous Catalysts.
(17 references) [784]

Alkylidene Complexes of Niobium and Tantalum. (53 references) [785]
Transition Metal Carbene Complexes in Organic Synthesis. (30 references) [7861]
Phosphine Complexes of Rh as Homogeneous Catalysts. (29 references) [7877]
Rhodium and Ruthenium Catalysis in Organic Synthesis. (153 pages) [7881
Iridium Compounds in Catalysis. (30 references) [789]

Homogeneous Catalysis in Technology. (no references) [790]

Studies of Bond Cleavages by Nickel{0) Coﬁp]exes. (146 pages) [791]

Electrochemistry of Transition Metal Organometallic Compounds. (many
references) [792]

Studies on the Use of Synthetic Zeolites in Catalysis. (44 references) [793]
Polymer Supports in Organic Synthesis. (no references) [794]
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