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I General Comments

This annual survey covers the literature for 1986 dealing with the use of transition
metal intermediates for organic synthetic transformations. It is not a comprehensive
review but is limited to reports of discrete systems that lead to at least moderate yields of
organic compounds, or that allow ynigue 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. This is not a critical review, but rather a listing of
the papers published in the title area.

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 effected than the metal causing it. Oxidation, reduction, and
hydroformylation reactions are specifically excluded, and will be covered in a different
annual survey. Also excluded are structural and mechanistic studies of organometallic
systems unless they present data useful for synthetic application. Finally, reports from
the patent literature have not been surveyed since patents are rarely sufficiently detailed
to allow reproduction of the reported results.

il. Carbon-Carbon Bond Forming Reactions

A Alkylations

1. Alkylation of Organic Halides, Tosylates, Acetates and Epoxides

Although research in the area of organocuprate chemistry is finally

abating, useful extensions continue to be reported. Higher order cuprates were the
subject of a dissertation [1]. Epoxides were alkylated with clean trans stereochemistry
by organocuprates in the presence of BF3- etherate (equation 1) [2]. Protected
hydroxyproline tosylates were phenylated with overall retention by phenylcuprate
reagents (equations 2 and 3) [3]. Methylation of a chiral a-ketosulfone by dimethyl
cuprate was used as a key step in the synthesis of estrone (equation 4) [4].

Et,0 OH
0 + ROui —m— M
BF4 Et,0 -

60-92%

R = Me, nBu, t8u, Ph, pMeOPh, mesityl, Bu”" " Bu
! JWL L<]
also:
Ph/<J
° |
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OTs Ph Ph
1) Ph,Culi
+ 2
BOCN 2) NH,CIH,0 BOCN BOCN—,
COzR COsR COzR
(major) 90%
OTs Ph Ph (3)
e - +
PhCH2O2N N N .
/\ ”, P .,
co,R  Ph7 €O co,a M7 COe CO:R
2:3, 82%

MeO

Estrone

Pyridine-cuprates coupled to aryl iodides (equation 5) [5].

Dienes were

synthesized by the carbocupration of alkynes followed by coupling of the thus-formed

vinyl cuprate with allylic halides (equation 6) [6]. Thienyl copper reagents alkylated
halides and epoxides and added in a 1,4-seine to conjugated enones (equation 7) [7}].

Prenylated arenes were synthesized in copper chemistry (equation 8) [8].



| SN
- L
+ -R — -R (5)
NZ N CuPPh,
R = H, 2-MeO, 3,5-(MeO),, 2,3,4-Me,, 2.4,6-Me,, 2-COMe 60-76%
6)
RC E10 H_l Br EtO\l (H (
U { e—
EtOC=CH >_< I / e
THE | = c:J R g
Br 1) 3N HCI
R = Ph, nBy, tBu, nCq 2) PdCl,
)\/ Br CuCl,
0,
EtO H f T
_ /B hgors, ||
— = RCCH,CH,C-CH,
R HCOOH
60-80%

o

@—Li + CuCN + RMgX __»[@CU-R:I CNLiMgBr

S

R/\'/ a R—R

OH
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OR' OR'
Cl Br cl
1) nBuli F @®
OR 2)CuC= C—Cl)/— OR

CO,Me OMe CO,Me

3)

AN
Br

Fluoroalkyl cuprates have been used to introduce fluorinated side chains into
organic substrates (equation 9) [9], (equation 10) [10].

Mel
RCF=CF-M + Cul ~——————= RCF=CF-Cu )
63-99% /\/Br
M=Cd, Zn CH,COCI
R;=F, CF, PhCOC
Phi
(10)
DMF Cuy, -80°
2M + CFyX, —250—» CFsMX + (CFg),M ———————= [CF;Cu]
~100%
~X
Y = H, 0NO,, mNO,, pNO,, OMe,
pOMe, pBr, pCl
\
cry Y
-Y

78-100%
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Using palladium-ferrocenylphosphine catalysts, the coupling of Grignard
reagents with halides tolerated B-hydrogens in both members of the process (equation
11) [11]. A variety of chiral nickel catalysts were developed for the asymmetric coupling
of a-phenethyl Grignards to vinyl halides (equation 12) [12], (equation 13) [13].
Palladium catalysts were used to effect the coupling of aryl halides with ary! Grignard
reagents (equation 14) [14], of aryllithium with bromohydrine (equation 15) [15], and of
Grignards with trans vinyl halides to the exclusion of ¢is vinyl halides (equation 16) [16].

o,
5% cat. )

RMgX + R RR'

THF

R = pMeOPh, Ph”” "5, nCg, cyclo Cg

- PPh;
7 e \ ~
R' = Me, nC,4, Et, NCq, cyclo C cat. = PdCl,
e, NCqg %4 6 N\~ PPhs -
MgCl rd
0.2% NiCl,
Ph + BrCH=CH, ————— ph (12)
88% ee
L = \S/\/\./\Pth
l-‘lMez
MgCli rd
LiNiCl, 13
Ph + BYCH=CH2 —— Ph *
high yields
low ee
0 SR
L =
e, SR
(o] I'I,/
NMe»
S S\ _ .
and several other macrocyclic sulfides
and aminosulfides

Znn

Meyz
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L4Pd
AX + A'MgX ————=  Ar—Ar (14)

Ar = Ph; 3,4-(MeO),Ph; 4-Me,NPh; 4-MeOPh; 2-MePh; 2-Me(TMS)NPh

Ar' = Ph; 2-MeOPh; 4-Me-2-Li indole; 2,4,6-Me;Ph

OH

OH
Pd(O
\/i\/Br +  Arki __Q_» \/’\/Ar (15)
Ar = Ph, 53%; pMePh, 86%; ()\ 60%: (3\ 78%;
1
& 92%; ()\ 70%

(16)
R Br PdCl,(dppf)

R
" R/\/Br + m \=—/ + nR'MgBr RN

(faster) (slower) >95% stereopure

Polythienyls were prepared by coupling thienyl Grignard reagents with
dibromothiophenes (equations 17 and 18) [17], (equation 19) [18]. 3-Bromothiophene
was alkylated by Grignard reagents in the presence of nickel catalysts (equation 20)
[19]. Vinyl sulfones were alkylated, with displacement of the sulfone, by Grignard
reagents under nickel catalysis [20]. Chlorophosphazines were alkylated by ketones via

organocopper chemistry (equation 21) [21]. an
_Br
_ Br _B PdCl,(dppf) /@
O e ==
S S
2,3
2,35 /{ \E . /{ \\ {/ \5
25 s 57/ s
3,3

40-80%
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R\U/ Br PdCl,L, (—\/COZEt
S

CO, EtN, EtOH (18)
100°, 20 atm

e

(19)
/ \

MgBr
S
/ \ _ Bithienyls
MgBr L,NiCl,
terthienyls

@

R
(/ \; + RMgBr m— / \ (20)

s Et,0 s
58-79%
R = Et,nPr,nBu, nCe, PhCH,, Q/ @é
s
R OH
a7 ke @y
P R"
NZ SN 1) RMgCUBu,PCul NZ SN
c ! i cl
CI\I‘D\ ll|>’cl 2) e Py, PC
o’ N7 o /l]\ o SN
R™ TR 50-75%
R = Me,iPr,tBu
R = Me, Ph, CH,Cl, pNO,Ph, (\
R = H,Me i

References p. 372
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Palladium-catalyzed oxidative addition-transmetallation processes from
tin, zinc and boron continue to evolve. The palladium catalyzed cross-coupling
reactions of organotin reagents with organic electrophiles has been reviewed
[22, 23]. Coupled pyridines and quinolines were prepared by this method
(equations 22-24) [24]. Benzyl bromide was converted to ethyl benzene by this
process (equation 25) [25]. a-Phenethyl bromide underwent the same reaction,
but only in low yield. Aryl tins were coupled to aryl halides to give biaryls using
palladium catalysts [26]. Heteroaromatics were arylated in a similar manner
(equation 26) [27].

(22)
x
SnMej;
\ x LsPd x N
+ l ———
NZ N7 g Xvlene N
79%
= ~I,SnM93 ra Br N Z~
X ol - — | - (23)
N N N/ \N
59-77%
Z N
SnMej N l
7 S Br
X X l
N SnMej3 N ™
N Z l
x



s |
A N\ CN
PRCH,Br + Me,Sn + Pd——l T N )
a'd CN
[ 100%
x cat.
X Het Ar
L,PdCl,
ReSnHetAr + —_ . (26)
cat.
Z/ Z/
60-90%

Z = Cl,0Ac, H,CO,R

vene - =\
s O 040 O

N I

Vinyl triflates also underwent this palladium-catalyzed alkylation by tin
reagents resulting in several useful synthetic transformations (equation 27) [28],
(equations 28 and 29) [29], (equation 30) [30].

A SnMej

L,Pd
oTf LiICVTHF

27

92%

References p. 372
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R’ Pd(0) cat. R
A om + PN R\// X 0

Sn
A 60 gusn Phe Nsn M N sn \

U“@Mdéf

All work in good yield.

=

Pd(C) \

| o

also couples
77%

Br BusSn —_— Z# S SnBus
(_y\ * N Cu—=—2Cs [—y\/\

; Cs
SnBug
L4Pd H (30)
I
OSiRg



Palladium catalyzed the alkylation of vinyl (equation 31) [31], aryl
(equation 32) [32] and allenic halides (equation 33) [33] by alkylzinc reagents.
Trans viny! halides (equations 34 and 35) [34] reacted in preference to cis viny!
halides, as did trans dibromoethenes (equation 36) [35]. Palladium also
catalyzed the coupling of trifluorovinyl zinc reagents with aryl halides (equation
37) [36] and vinyl halides (equation 38) [37], and the coupling of alkynyizinc
reagents with perfluoroalkyl iodides {equation 39) [38].

| EtZnCl (31)
AcO RN —_—
L,Pd
AcO N
L,PdCt,
EtO,C-CHo)Znl  + Al ———————  E1O,C{CH,) Ar (32)
n=2,3 67-100%

Ar = Ph, oMePh, pMeOPh, oMeO,XCPh, pBrPh, pNO,Ph
OTf

|
R X /k also react
R

M H
Br cat. e X

W . — 33
Et>= _.\—-\H v HBUM Semm= TN By (33)

35% ee
M = A o = +10°
cat. = Ni(MeSalen) MgCli + 4.1°
? ZnCl + 0.05°
ZnCW,Pd + 1.15°

References p. 372

159



160

R (34
R + R Br . oz . L4Pd
Br \=./ : — T™S
R
~—
\ R = nBu, nPr, nCs
™S
exclusively
L,Pd (35)
AT L o= ————
TMS H
A _° . ~
H,O/DMF
I\/\/OAC >
\
L4Pd, Cul, EtgN ] A OAc
(36)
Br Br L4Pd
B
~N~g + \__/ + RC=C—2ZnCl ———
cat.
R
~ 2
é R = nBu,nCg, TMS, Ph
R 70-98%

84-99% pure E

F F 1
Pd(0) .
SO TN R
F

F ZnCl
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Pd(0)

RZznCl + R —————=  RR' (38)

70- 80%

= Q\* H =

Pd(0)
Rl + R'ZnCl ———— RR' (39)

RI

CF,CFl, sBuCFCFi, PhCFCFI

R = nce—z—§ nC, ——_—-:—g

Palladium catalyzed the coupling of zinc homoenolates to aryl and acid
chlorides (equation 40) [39]. Palladium also catalyzed the coupling of a-
lithiozinc reagents to a number of organic halides [40].

Palladium also catalyzed the alkylation of organic halides by vinyl
boranes (equations 41 and 42) [41], (equation 43) [42], (equation 44) [43]. This
process was used in the synthesis of natural products (equation 45) [44].
Substituted indoles were prepared by thallation/transmetallation processes
(equation 46) [45].

(40)
OTMS R ax
ZnCl COsR
D< __2___» I/Y ———— Ar/\/ 2
OR ZnCl O Pd(0)
\<\i
RCOCI /\/\ COZR
(o]
Rco/\)k OR
good yields

References p. 372
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R B(Siam);
= R R"
R"X
e \-—/ {41)
L,Pd H/ \H
R B(ORY2
\_'_—__/ 40-80%
R = Bu
Ce M
R =P \__/
(42)
l OH
/\/\‘ . \/\/\/\/\/\/
DM DA
D{UU-irTj2
LPd
A AN
KCOH
A
OH
. 1 RS
R B(OiPr), L,Pd R
3 —_— (43)
_ + RX ———>
R2 aq. KOH 2
70-90%
R' = nBu,tBu
R? = Me, Bu, Ph, Bz : A\ Q"‘g

" Ph’ce/=\j %\/OH f\/K [}\;
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ArX ArR
N R--B< 1 (a4)
\/\Br \/\\F\
NaOH
70-80%
Ar = Ph, oMeOPh, pMeO,CPh, 1-Naphth
R = nCg, iBu
R1 = Ph, Mez, nCG
 \ (45)
°e’ ! 0 L,Pd
— e ————————-
+
B(Sia)z
OBz
(o] (o]
O
AN j
(o]
OBz
52%
T(TFA):2 oo Ph CHO
\ PhB(OH), \ .
DMF
NG Pd(OAc),/ NH

60%

References p. 372
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Palladium was used to catalyze the reactions of terminal acetylenes with
ary! halides (equation 47) {46], (equation 48) [47], (equation 49) [48), (equation
50) [49], (equation 51) [50], with viny! halides (equations 52 and 53) [51], with
viny! triflates (equation 54) [52), and with ary! trifilates (equation 55) [53].

R (47)
Br %
RC==CH 1) NaOEt
e e D —— e — sttt
2)H,0
L,PdCL 2
NHCO,Et e NHCO, Et
\ R R = H,nBu
N 65, 93%
(48)
R N
Oz L,PDCl, R NO2
+ HC=C—TM§ ————
X
X
™S
75-06%
R N
(49)
]
Br {a)

Br
1) LPdCl,
+ TMSw——==—H B
L,PdCH
Cul/Et,N 2 2
! ¢ X Ol BN

2) KOH, MeOH 84%
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(equation 49 continued)

Br
O Br asin ‘ CpCo(CaHy),
—_—— e —
A ‘ @ co
®
L
N P
70%
| (50)
L,PdCi,
+ H%-\/OH _——
MeO Et3N
Cul
MeO =
OH
OAc
Mo(CO)q
A COsMe _—
BSA, PhMe
MeO
ZZ N\ NcoMe
MeO

References p. 372
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(?) O) (51)
R2 N R! RZ
Y Pd cat.
| + R—C=CH —
(¢]
R3 N/ Cl 100 R3
50-90%

R' = Me, Et, iPr, iBu, Ph, H
R? = H, Ph
R3 = Me, Et, iPr, iBu, Ph, H

= Ph, Bu, CH,0OH

(52)

PN Y\/\/C'
S %
OH

. / L,PdICul/BUNH,
R X
OH
B C!_> \‘/\ m
Cl

W\

OH Cl

RY?.:\__/CI
OH

(53)

OH OR!
L,Pd
R AN o+ COz2Me ——
4 Cul

COzMe
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LiPd(OAc) /DMF
R'OTt + HC=C—R? R!'e———=—=—~R? (59)
BuaN, Cul
71-96%
R' = enol triflates of steroidal ketones
R2 = Ph,1Bu, TMS, (E10),CH, CO?Et,
OH
X R
. oTt l I
X HC=CR
‘_—\/ S ——— 55
PA(0) LoPACL/ELN (59
DMF
Y/
X /
X
X' = CO,Me,CN 74-99%
R = Ph,TMS

Nickel(O) cross coupling of benzyl halides gave cyclophanes [54].
Palladium-catalyzed cross coupling involving proximally heterofunctional
reagents was the subject of a dissertation [55]. Group(VIll) metal-catalyzed
carbon-carbon bond forming sequences has been reviewed [56]. Palladium(O)
catalyzed the alkylation of amines by perfluoroalky! iodides (equation 56) [57].
Copper assisted the alkylation of aryl halides by stabilized carbanions
(equations 57 and 58) [58].

Pd(0) ?
3 (RCH,CHo)gN + 2R(CF)l ————= R{CFC==CHN(CH>CH;R); (58)
40-60%
@_Br v CuBr Y o
* ()<x diox. X
x X

References p. 372
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CO,Et
Br Y CuBr
+ () E—— 0 (58)
X diox. o

2. Alkylation of Acid Derivatives
Imidoy| chlorides were converted to imines by a palladium
catalyzed reaction with alkyl tin reagents (equation 59) [59]. Conjugated
enones were made by a palladium(O) catalyzed condensation of acid chlorides
(equation 60) [60]. a-Cuprated zinc reagents alkylated acid chlorides (equation
61) [61]. Palladium(O) complexes catalyzed the alkylation of acid chlorides by
vinyl copper species (from carbocupration of alkynes) (equations 62-65) [62].

o Ph Pd(O) Ph
= + RSnBu; ———— PhN= 59
cl s R 9
o]
R = 1'1_1 /\ / \,_rrr‘
AN & a \/\rr‘_r' Ph
S
also
/>—CI
N
cocl 0 (60)
i L,Pd
Ph cHR'RZ  + R° c—C¢t
140°
R! Ph R' = Me; R2 = H
— - R® = MeO, Me, Ph, H, CI
R, R? = (CH,)s
R2 R®
/
0

40-86%
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ZnBr
Ny
R'cocl
R CuCN i
ZnBr
1 0
R I Et,0 R}
>______\ + RCCl e —_— (62)
0,
w2 - 3% Pd(O) R2: COR®
60-80%
R' = H,Me,Et
R2 = nC7, Et, nBU,iPr
R = Me, nCy, Bu, tBu, Ph, OEt

(63)
O

>—MgCl 1) CuX/THF \{/\ Pd(0) { _z
2) HCE=CH Cu cost 7\
{ \§ °

o
3 a 1 3
R R e R
. + — [ — — (64)
R? Cu R4 coct R2 R*
o)
80-100%

References p. 372
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R1

2
R1 X R Pd(O)
>__\ N —_— N A2 (65)
R2 Cu R R? R? —
o

R R3

Alkylmanganese (equation 66) [63], (equation 67) [64] and vanadium
complexes (equation 68) [65] efficiently converted acid halides to ketones.

0
I P )I\ ZZ
X N X N
X = MeS,Cl 40-70%
R = Me, By, Ph
I
RMn + RCOCI ~————» RCR' (67)

R = nC; nBu, Bu, Et, BuC=C

R' = Et,iBu, nCg, nBuy, Bu, Ph, nCq >=\
R" = Bu, Me, secBu, Et, Ph >=>f /\/‘1"1

_ Rcocl |C|)
RMg8r + VClj ——= [RV ] —— RC—R' (68)
70-90%
R = Ph,nBu (o]
R =

i
otoly, pCNPh, Me, pBrPh, CICH,, EICH, Me0,C~~ """ MeC”” N

(normal RX unreactive).
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3. Allylation of Olefins
Palladium catalyzed oxidative addition/olefin insertion continues

to be the method of choice for the arylation of olefins. Arylated butenolides
were prepared via the palladium-catalyzed arylation of w-hydroxy-acrylates
(equation 69) {66]. o-Bromoacetanitriles were olefinated under similar
conditions (equation 70) [67], as were chloropyrazines (equation 71) [68].
Palladium also catalyzed the coupling of indoles with chloropyrazines (equation
72) [69]. B-Trimethylsily! styrenes were prepared by the palladium catalyzed
arylation of vinyltrimethylisilene (equation 73) [70]. Conjugated enones were
alkylated by viny! triflates under palladium catalysis (equation 74) [71].

P Pd(OAc)/BuNCI  THPO COo.R  (69)
THPO N NCOoMe + AX ——————
2 HMPA, NaHCO3, 60° Z
Ar
0 o
— {7
Ar
48-71%
Ar = Ph, pMePh, mMePh, pMeOPh, mMeO,CPh, mMHOCH,Ph, pBrPh
(70
R2 Br
IIRZ Pd(OAc),
+
4
R! N\ Rre Zcon L
o]
2 4 2
R OO R CO,R*
—— N—-R2
NR2R3
R' R1
o]
6-36% o

References p. 372
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{equation 70 continued)

Pd co

also s NR2

NR?
H

R' = OMe;R?Z = Me, Et, Ph, PhGH,, EtO,CCH,, CH,CH(OE),, 3,4{Me0),Ph

B = HER* = Me Bt

RZ N\\ R‘ RZ N R‘ {71)
LoPdCt =
j[ I ’ R/\\\ o I I/\
R N o DMA - N a
A
30-80%
R' = Me Bt Pr,iBu; R = H,Ph; R® = Me B,iPr,Buy; R = Ph, CO,EL,CN
3
N R Ci N R
x =
I ! also work
R! N7 e R NZ ol
72
N R N\
N\ = Pd{OAC), N R
* i P T— NH ' j/
NH
R N cl
R NP
49-79%

R = Me, Et, Me,CH, Me,CHCHy, Ph



Pd(O) ™S 7
A N M8 — e Y (73)
AgN03
60-80%
Pd(0) Ar = Ph, pMePh, pMeOPh, pNO,Ph, pBrPh, mMeOPh
AT 2

o Ag* mNO,Ph, oMeOPh, oNO,Ph, oMeO,CPh, 1-Naph

Qo O
M S 0w
[ § f)\/

oTt
A Pd(OAC),
+ /\|/
| K,COj, TBA*CI
0
MeCN

(74)

Pd(OAc)

2 Ar
R
HCOOH, BuzN o
DMF, 60°
X e © 20-50%

Ar = 4MeOPh, 40HPh, 4MePh,
MeCONHPh, 2MeO

I
‘-.Il
Triflate = [ j ﬁ@/
AcO

References p. 372
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Electrogenerated low oxidation state nicke! complexes catalyzed the
coupling of ethylene to bromobenzene to give styrene in 70% yield [72]. Olefins
were similarly arylated by aryl halides in the presence of nickel complexes and
zinc (equation 75) [73]. Palladium catalyzed the arylation of styrene by
diaryliodonium salts, to give stilbene [74]. Palladium also catalyzed the
cyclization shown in equation 76 [75].

(75)
R LNiCly RCH==CHR'  + RCH,CH,R + RR
RX + \/ o 202
up to 60% lots
R = Ph, pMePh, pMeOPh /\/lLLL
R' = Ph, CO,Et
R o) L,PdCI R o)
\p¢ CH 2 2 \\P¢ 76
N /( 2)n \o ( )
H o EtsN, PhCH, J
Br (CHy)g
R = Me,Bu, Ph 20.70
-70%
n =234

Palladium also catalyzed a number of transmetallation/insertion
processes which resulted in the alkylation of olefins. This was particularly
useful in the coupling of mercurated pyrimidines with sugars (equations 77 and
78) [76], (equation 79) [77]. Norbornene was alkylated by vinyl mercuric halides
under palladium catalysis and the resulting o-alkylpallaidum complex was
further transformed (equation 80) {78], (equation 81) [79]. Norbornadiene
underwent similar reactions (equation 82) [79]. Indoles were vinylated in the 4-,
5-, and 7-position in a thallation/palladation insertion sequence (equation 83)
[80], (equation 84) [81]. Methyl vinyl ketone was arylated by arylthallium salts
using palladium catalysis (equation 85) [82].
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AcO/EO

o)
- (77)
AcO F
/ﬁ\ AcO
Y N~ AcO o) Pd(OAC), 5 o)
+ / ——————-
NN Z =""(Py)
AcO
HgOAc
(Py)
A’ No
o o)
/
TMSO #
o) o)
NS o
Pd(OAG), Py
R = CH,OMe, Si(iPr); =
RO
O _°© )
Py) + / —] 78
o) o)
RO N

References p. 372
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(@]
0 \NJI\N/

RO
x
b Pd(OAc 0 0
HgOAc RO
60-90%
(Py)
o}
R = MeOCH,0,R.SiH, .~ "o
RO RO
NOTE: o E_Oj/Py
/ /
TMSO o
(iPr)gSio \k_j/
/R (80)
R Li,PdCl, ~
Z  Hgol + -_— o
Pd'/
~
2
RU MeOH
co
AN CuCN
R
R
x N

R = H,2-Cl, 2-tBu, 2-nCs. 1-Me-2-1Bu ON COoMe
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{equation 80 continued)

EtO2C ).

EtOZC/

(81

/ \

/ \ Li,PdCl, Y
+ Y HgCl —————— S
s

Rasn\/\R'/

PhgP
[\ g
S

v li——=——~

A w !\

Y =J;\/\002Me HLL/\/COzMe

R = CH(OTHP)CsH

l
{ 5 s Y
| ClHg / \ Y @ S (82)

\/ ——
Pd Pd(ll)
ca” Ya cl
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COMe (83)
CHO
1) TATFA), N CHO
\ oR + 7% - 5
N 2)/\( \
CO,Me |
0 N 0
Pd(OAC), coMe * 4% -7
45% recovered 329,
OMe (84)
/Y
N\ 1 TTFA, N\ 0
Pd(0
NO 2 K NH ©
3) OH,N,O
4) Salcomine
NH
y
COsMe
(@)
Li,PdC!
/\|/ 2 4 /\/H\ (85)
ATITFA),  + | Ar
0
80-90%

Ar = Ph, pTol, Mes, pMeO, pCIPh
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Direct aromatic palladation (equation 86) [83], or orthopalladation (equation 87)
[84] followed by olefin insertion also served to arylate olefins. Ortho-ruthenated
phosphites underwent a similar olefination (equation 88) [85]. Zirconocene dichloride
catalyzed the ethylation of norbornene, dicyclopentadiene, and norbornadiene by
ethylmagnesium chloride [86).

(o]
HN
1) Pd(OAc),
el
(0] 2) [o)
0
NR
YO
X YO
(0} 4

(86)
o} oY  20-50%
X = OH,OAc,H
Y = H,OAc
R = H,Me, Et, Ph, Bz
(87)

EtN

o

m No EtsN
/
N
~

90%

D;\/k

Pd=— N
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P(OPh)a o
1 .cl CHy=CH, ~p
u — 88
/I ~P(OPh)z (88)
o\P P(OPh)3
! 3
(OPh)2

Raney nickel catalyzed the addition of perfluoroalkyl iodides to olefins (equation
89) [87] as did palladium{O) (equation 90) [88,89], and platinum(O) [90]. The copper
catalyzed additions of organic polyhalides to olefins has been reviewed [91]. Copper(l)
catalyzed the addition of trifluorochloroethene to conjugated dienes [92].

80°C, RaNi
Rl + RCH=CH, ———— R{CH,CHIR (89)
EtOH
80-90%
Ry = CHCFy)4, CF3(CFyp)s, CHCF3)e, F(CF2)
NS N AN
R = nCg nBu,Me. Also /\/ X r
\/R L4Pd R (90)
D ot R
Al hexane f/\|/
=—N~R 1
1
R{CH=C

R
o

R = CFa(CFy)y; R = nBu, HH/\/lk Ho/\/\;,r‘ '71‘/\TMS

R = Ph,nCg TMS
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Olefins were alkylated by trimethylsilylenol ethers in the presence of palladium
acetate (equation 91) [93]. Elimination was sometimes observed (equation 92).
Palladium(ll) salts catalyzed the ary! chlorination of unsaturated alcohols (equation 93)
[94]. A number of metal catalysts cyclized w-olefins dichloroesters probably by radical
processes (equations 94-96) [95]. Rhodium(l) complexes catalyzed the alkylation of
butenoic acid by methylenecyclopropanes (equation 97) [96]. Iron(OC) complexes
catalyzed the alkylation of allyl ethers by dienes (equation 98) [97].

0 0
™SO R3 R!
1 R
/ Pd(OAc), R . (91
——————
R! R2 /
OAc
OTMS
_— o}
Pd{OAc),
Y (92)
R? (93)
R1
3 1
e Pam weh
ArSnMe;  + ?’F@ + chloroalcohols
2
R2 OH CUC|2 R3 O R
(94)
cial cl cl a 2
CO,R : CO.R «CO2R
PhH ¢ -
—————- + + O
(s
x 160°, M cat.
H H H
Cl Cl
0-55% 0-51% 0-94%
(RuCL,Ly)

M = RuCloLg, FeClyL,, [CPMO(CO)l,
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ol cl o 2
COZR CO:R (95)
L,RuCl,
+ 0]
H
Cl
up to 89%
COzR RuCI2L3
Cl (96)
Cl 160°
0
0
88%
97)
[¢]
Ph /\/lk L3RhCI
Ph: <] tZ OH COH
(Solvent) 87%
+
Ph
Ph>~WCOZH
32%
(98)
o 5% bipy
Z ————————rwe—i
/\/ Fe(O) OBz
60-100%
conversion
80% yield
95:5 bipy
5:95 diphos

diphos Fe(0) | I 0Bz
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4, Decomposition of Diazoalkanes and Other Cyclopropanations

Transition metals catalyze a number of useful insertion reactions of
diazocompounds. Rhodium(ll) acetate catalyzed insertion into O-H bonds to form cyclic
ethers (equation 99) [98]. Copper(ll) catalyzed the insertion of diphenylcarbene into N-
H bonds (equation 100) [99]. Rhodium(ll) acetate catalyzed a number of insertions into
C-H bonds that produced useful organic compounds (equation 101) [100], (equation
102) [101], (equation 103) [102]. Polyfunctional systems were converted into polycyclic
systems (equations 104 and 105) [103]. Palladium(ll) also catalyzed the C-H insertion
reactions of diazoalkanes (equations 106 and 107) [104].

MeO,C MeO,C

N2 Rh,(OAC), o
B —— ] (99)
(A) (A)
o ~OH o
71-78%
(A) = (CHya Hﬁ/\)<

r

Cu(acac),
PhoCNp  + —_— NCHPh, (100)
NH

82%

[\

o 101
\N2 N (101)
= N Rh,(OAC), o
™
R Z
\
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(equation 101 continued)

o]
C I
R' = H 6:1
[
MeO 72
NO, >100:1
AcO 36:1
76-80%

| PRCH,O 411
R1

No
| (102)
s05” N CcosEt Rh,(OAC)

————— SO,

CO,Et
50%

salogiogseg
M o

n Sy
Qs
" \ ™ > (103)
I i P
COR  ph0ng, B CO2R R COoR
R Np *
R" -

= Ph 15 cases. Both electronic and steric effects
/ \ control regioselectivity
-~

L~ (\/“H NP



0 {104)
CHN
COCHN, Rh,(OAC),
e
/\)l\ R
CO; R
87% ©
+
10%
) O\
CHNy (105)
B —
M
o} kPh Ph\/N
{No yield)
O (o]
o) o)
OMe  PdCl,(MeCN),
| OMe
(106)
N2
= _
R R-
40-60%
R = H,Me, Me2
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(107)

PdCI,(RCN),

D —— —

COxMe
OMe
N2

CO2Me
73%

"Catalytic asymmetric synthesis of cyclopropanecarboxylic acids: an application
of chiral copper carbenoid reaction” was the title of a review [105,106]. Chiral copper
complexes catalyzed the cyclopropanation of olefins by diazocompounds in up to 87%
ee (equation 108) [107]. Copper-loaded X-type zeolite s catalyzed the same process,
giving only small amounts of polymer, and with the same stereoselectivity of free copper
catalysts. However only low asymmetric induction was observed [108]. Copper(l)
chloride catalyzed the cyclopropanation of cyclooctatetraene to give all possible mono,
di, tri and tetracyclopropanated products [109]. Rhodium(ll) acetate catalyzed the
cyclopropanation of olefins by diazoamides (equation 109) [110] and diazomalonates
(equation 110) [111]). Polycyclic systems were prepared by the intramolecular
cyclopropanation of enol ethers (equations 111-113) [112], (equations 114 and 115)
[113].

(108)

! H
e N,CHCO,R® L +

> -

CICHCHCl " “coR?2 R "CORR?
23°
1 _ ~80:20 ratio 60-70% vields
RY = Ph.nCs, /\;‘r up to 97% ee
R2 = Et, tBu, -menthyl, d-menthyl
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{equation 1ug continued)

O o) (109)
M | ™
HN HN
Rh,{OAc),
] . x _Pne0r
Y Y
XY =H X=HY=Ng X=0RY=N,;
odefin = N NN NN Ph/\\/Ph
51% 54% 42%
© O\ 0
74% 68% 56% 44% 80%
OnPr ~ : OAc
36% 18% 22%,
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OMe E E OMe (110)
COLE
AN 2 Rh,(OAC), PhS \
l + No: ———
Phs o o CO,Et o 0

17%

53%

0
\ Rh,(OAc) 4 (11
o N o
(o]

(112)

o}
D I —
R (@] (CHg)nCOCHNz R o)
On

/ (n
C
R o

0

0 o i (113)
N Eﬁ
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o}
Rh,(OAc),
————————e
0 (114)
0] = N, CH,Cl,
25°
© 58%
(115)
o 0
Me,Culi
—_— ~o — o
o NN BF5EL,0
° 92% 45%

Palladium catalyzed the arylation of vinyl stannanes (equation 116) [114] and
vinyl silanes (equation 117) [115] by arenediazonium salts. Titanium(lll) salts catalyzed
a similar process (equation 118) [116]. Oletins were prepared by the routine of Wittig
reagents with diazo compounds via molybdenum intermediates (equation 119) [117].

Ph Pd(dba),, 25° Ph
>= + AN,BF, 2 >=CH-qur (116)
MeaSn CH4CN/25° H
(117)
™S
AN PhN,BF, o Ar
Pd(dba),

Ar "TMS

76 :24 high yields

Ar = Ph, pMePh, pNO,Ph, pBrPh

References p. 372



190

Y

(a) NaOAc/acetone
AN,* + XCH=CHX + TP + H* ArCHCH,Y (118)

(b} NaOH/acetone

50-70%
X = CO,H, CN, CONH,, CO,Et
Ar = Ph, pCIPh, mCIPh, oCIPh, pMeOPh, pBrPh, pFPh
NR>
(119)
S 1
RRCN, S. 7,0 _R
OMo'Y(S,CNR,), ————= S’Mc{QN + PhgP=C_ = —
S
N
NR; JJ\
R’ R
R" R!
R >—<Rz R! = H,Me, Ph
RZ = Ph, Pr, iPr, tBu, 4-cyclohex
50-9-% R = Et; R‘ = H; Rz = H, BU, Ph
5. Cycloaddition Reactions

"[3+2] Cycloaddition approaches to five-membered rings via
trimethylenemethane and its equivalents" has been reviewed (99 references) [118].
Palladium catalyzed generation of complexed trimethylene methanes has been used to
synthesize a number of cyclic systems including silylated cyclohexanones (equation
120) [119]. With additional TMS functionality the system could be further functionalized
{equations 121 and 122) [120]. This chemistry was used in the synthesis of (+)-brefeldin
A (equation 123) [121], and other cyclic systems involving chiral auxillaries (equations
124-126) [122]. Substituted cyclopentadiene having exocyclic double bonds were
prepared by cycloaddition-cycloreversion processes (equation 127) [123].
Cycloadditions of trimethylene methane complexes to imines (equation 128) [124] and
aldehydes (equation 129) [125] has also been developed.



¢}
™S (120)
R 5%L,Pd R
R + A/ ——
I THF, rx
OAc ] T™MS
+
0
TMS
T = OMe, OEt, OnBu, CN, NH,, Me, Et R
=
60-80%
RO,C
2 \/\COQR also adds
™S (121)
™S E ™S
Pd(O) 3 E
/ D — e
(b)
TMS OCR PdL, Psz \/
[ +
O
|\/X ™S
(@
X X
HOWC ™S
H (122)
H
(b) \ @
e _—
H H
o o
o o (0] (o]

References p. 372

191



192

_k

123)
: {
: OAc)
} + AcO
(iPrOy;P
MeQ>C
O\\(
H ¢
: A 0
| T ’ (+)-Brefeldin A
“"CO2Me
H
{(124)
OJ/
O s
I LyPd ; g
l v ™S DAL e
PhCH
MeC»C \ '
2 " COaMe
O\V
Hos
R o]
+
”"H 780/°
Me02C 76 : 24
Q/k

I —_—

{125)




o)
Z ™ OMe (126)
———-
61%
(127)
OAc)2 F'ls_
\R1
(iPrO)sP R2
THF, rix
3
530° R
—————————-
flash
vacuum 1 2
pyrolysis R R
71-84%
I Pd(O)

™S OSO;Me  + >,= — N (128)

(OCOMe) SR \

R2 R

40-70%
(129)
| Ph,P/Pd(OAG), o
T™S OAc + RCHO —8 8 ™
THF
R 70-90%

A= ph N e N >¥ O/
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Aminated norbornenes were prepared in a sequence involving cycloaddition to
nl-cyclopentadienyliron complexes (equation 130) [126]. Metal-mediated cycloaddition
reactions of 1,2-disilacyclobutenes with dienes has been reviewed (16 references)
[127]. Metallo-1,3-dipoles underwent cycloaddition N-phenyimaleimide (equation 131)
[128].

0
Fp (130)
R R? Na
co R? v R?
Core T — , Ce .
co R —— R
R4 R! NaN,
1 1
R4 R R4 R
HaN
A RZ 1
-2 . " R! = CH, H, CO,Me
R? = H,CN
R1
R4
R® = H,CN
60-90%
R* = CN,H
\'/COQMG
/N
Pd”” Cl\ {
d
\/ + EtN N—Ph ——
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6. Alkylation of Alkynes
Trimethylsilylcuprates added to alkynes to give vinylcuprates (equation
132) [129]. Palladium and nickel salts catalyzed the addition of trimethylsilylcyanide to
allenes (equation 133) [130]. Hexamethylditin added to alkynes in the presence of
palladium(0) catalysts (equation 134) [131]. Trimethylsilylacetylenes were arylated by
aryl iodides in the presence of palladium catalysts (equation 135) [132]. Palladium(Il)
catalyzed the cyclization of 1-cyclopropyl-2-propynyl acetates (equation 136) [133].

H

(132)
TMS—CIH—CuMX + Y—==—--H ——TMS Va H
H(R) Y
55-80%
Y = nBu, OFt, CH(OE),, CO,Et, CH,OMgBr
(133)
R PdCl/Py or R CN
M H>= == 4+ TMSCN >_<——
(Me) NICL,/DIBAH H ™S
60-90%
R = nCG, Ph
L,Pd R Rt
MegSn, + RC=CH ——— >—-_—< (134)
60-80% MezSn SnMes

20-80%

R = H,nBu, Ph, Bz, HOCH,, MeOCH,, PhOCH,, Me,NCH,, HOCH,CH, HO—C )

HOCH(nPr), HOCMe,, HOCMeEt, HOC(Me), i-Hex, 1-hex-3-en, CO,Me, CO,Et
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R
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Pd(OAc),L, Ar\
+ =<
T™MS

+ Arl
BugN, HCOOH R ™S R
DMF, 60° 40-70%

R—C=C—TMS

Ar = 4-MeOPh, 4-HOPh, 3-MePh, Ph
R = Me, nCq, 4-NH,Ph, 4-HOPh, 4-CIPh, 3-MeQ,CPh, 4-MeQ,CPh, 3-H,NPh
2-MePh, 4-MeOPh, 4-MeO,CPh
OAc (136)
AcO R
R? PACI,(MeCN), R
———-
x
R1
o] o]
R R
+
R R

Cationic complexes of alkynes underwent a series of useful reactions (equation

137) [134], (equation 138) [135].



Me
NPh
H (137)
\Fe
F Ph [Fel
PhNHL|
MelLi
OMe o~ N
MeQH Ph NH,
——— [Fe]"-——“
alumina
[Fe] Fe
Ph,NLi

Al,0;
Fe /\/
Fe ——

[Fe] = CpFe(CO),

R1 R1 (138)
co CpF'; P co, -78°
CpFe*— l Nug —— —_—
coO + e co Nuc cat. et
& R
o R o R
x sce'V
co .
s —— o Nuc
CpFe Nuc CH,Cl
L -78° R
R"OH

R = Me, Ph, CO,Me, Et
R' = Ph,Me,H

Nuc = Me, Ph, 5Ph, CH(CO,Et),
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The reaction of cobalt-stabilized propargyl cations continue to be developed as
useful synthetic transformations, particularly when coupled to the Pauson-Khand
annulation procedure. Examples are seen in equations 139-141 [136, 137], equation
142 [138, 139] and equations 143-145 [140]. Finally alkynes underwent reaction with
phthaloyl cobalt complexes to give naphthoquinones (equation 147) [141].

(139)
0
A I
Co,(CO) 1) RCBFy
2) /\/OH
60°
4 hr
hex.
(140)
MeOH
/ N
%\ N corr,
Co2(CO)e
OMe OMe
(CO)SCOZ\
1) MeMgX
// ) MeMg
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S

C02(CO)s 0o
- (141)
COR
(@)

i) (142)
F62 Co)g 1) A
N e ———————-
2) Me,CN, \N ~~Fe(CO); 2NV
OTMS
>© ) NaOH
————
2) MeZCuLI ,
'l" — CH
3) TMSCI —l—' 2+
C02(CO)
I I
Co2(CO)g
< 1) celV
e
‘ay, 2) H30+/HgZ+ ,, (o]

e

KOH
EtOH

rfx

References p. 372



200

TMS
(143)
BF3 OEt co
————————
67%
== OMe Coz(CO

Co2(CO)s
0
| ™S Q
L O/\/ 1) BFyOEt, H (144)
o)
| N\ 2CO
Co2(CO) N o /
(145)
Ph
F 1) BF;OFt,
T™MS A NCopCO)g
2) MegNO
OMe
Ph
4

l"’l/
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H (0]
Q Cl) R
PyN R
| 7 = CoCly6H,0
C{) + l l — (146)
NF= or SnCl, R2
Py l RZ
OH o
72-99%

I
]

D
]
1

s H
H, Et, CO,Et, OEY, Bu >/\/ N
= nBu, Me, Et 2

A AMhr /\ ) (\ (147)

OCOR? 1-10% CuX

Et,0 ¥

R = Me, Et, nBu, iPr, secBu, Ph, pMeOPh, O—g Y i

7. Alkyfation of Allyl, Propargyl, and Allenyl Systems

In a study of copper catalyzed Grignard reactions with ally! esters, catalytic
reactions were found to be superior to stoichiometric organocuprate reactions, and
copper(l) cyanide favored y-coupling with alky! but not aryl or vinyl Grignards {equation
147) [142). The regio- and stereochemistry of copper catalyzed (equations 148-150)
[143] and organocuprate reactions (equation 151) [144] with cyclic ally! esters was
studied. Use of chiral nickel catalysts in the reaction of cyclohexeny! ethers with
Grignard reagents led to reasonable asymmetric induction (equation 152) [145]. The
effects of ligands, reductants, solvents and temperature on the yield, regiochemistry and
stereochemistry of the reaction in equation 153 was studied [146]. Palladium
complexes catalyzed the coupling of cyclopentadieny! Grignards with ally! ether
{equation 154) [147]. The regio- and stereochemistry of the reaction of a number of
organometallics with 4-t-butyl cyclohexenyl systems was studied (equation 155) [148].
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Copper-catalyzed allylation of propargy! alcohols was used in a synthesis of bicyclic

ketones {equation 156} [149].

Chiral propargyl ethers underwent a syn addition of

Grignard reagents in the presence of copper(i) catalysts {equation 157) [15C].

!

BuMgX
e + (148}
CuX o
OPv Bu”” Bu
Q8%
H H
Pho U BuMgBr Ph \//\!/ (149)
] D
. 1% CuCl z
OPiv Bu
88.9%
R(+)
H H
i 1% CuCN z
OPw Bu
79.5%
(151}
(PhMe,Si1,CuCNLi 1y Buli
S T ——————————
2) Cul/2PhgP
"ocoPh PhMes Si

[

QOGONHP#}

3) PhMe,SiLi
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L\N'/CI
]
L~ a
+ RMgX ————————— (152)
cat.
OR Et,0 R
60-80% yield/up to 50% optical
urit
R = H, Ph;R' = Me, Et, Ph, /\\/lL'I purlly

L
( = chiral prophos, chiraphos, phenphos cyphos
L

(153)
Y  LpNIiCl,/RMgX Y
/l\/ v 0 >=/Y v

z X orDIBAH

A i )I
+ +
Y X Y X v X

Z = SO,Ph, SO0l
X = CO,R, SO,Ph
Y = CO,R, CN, SO,Ph
(154)
Z
o Pd(acac),
~MgXx * AN N ——
L

Q/\/

1585  96% yield
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RM R
— N7
cat.
OAc

RM = Bu,Culi 36%
E
0<L g LePd 40%
MeMgCINIL,Cl, 0%
iBusAl /\/\\/ 299,
(156)
MgBr
1y 2N 140% Cul R‘>_—<-—/
R'Cz== CCH,OH y o
2) H* or I
1) Buli
1) RLSiCl R /_/ 2) MeSOLC!
2) RyZnX R? TN—0TMS g gig—C==CTMS
LPdcat. Li,Cu,Cly
1) 2BuLi

’
Rt PP CpZ1Cl, R ~ o
2 — R2~"
R ==——TMS 2) CO
™S



T Bu (157)
BuMgBr + 5%CuBr + BusP + _——j——' Bu —— \='=\
Bu
OMe
90%
optical yield
via syn
Bu Cu BuLi oY WO, Mg,
\‘='§<H _— ————— antielim. 68%
MeO Bu MeO Bu optical yield

MgCl,

syn elim. 35%
optical | yield
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Molybdenum(0) catalyzed reactions of allylic acetates and palladium(Il) catalyzed

AcO Y Y X (158)
i °© < o
o X o
\ e \
Pd(0) )<
© o}
X = CO,Me, CN, SO,Ph good yield
Y = CO,Me
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cyclization of 1,6-enynes was the topic of a dissertation [151]. Palladium(0) catalyzed
the alkylation of allylic acetates by stabilized carbanions (equation 158) [152], (equation
159) [153], (equation 160) [154]. The anion of imines of glycine esters alkylated allylic
acetates in the presence of palladium(0) catalysts (equation 161) [155]. With chiral
ligands asymmetric induction was observed (equation 162) [156].
complexes also catalyzed the alkylation of allyl acetates by Reformatsky reagents
(equation 163) [157], and by carbanions cathodically generated [158]. This chemistry
was used to synthesize long chain unsaturated acids {(equation 164) [159], substituted
enol acetates (equation 165) [160] and unsaturated ketones from B-ketoacids with
extension of CO, (equation 166) [161].

Palladium(0)
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0
i
RO—CO

O2N COzMe
N Pd(O) cat.
——————
\ EtsN or DBU
THF
NH

(159)

75-80%

o)
AN /u\/SOQAr (160)
N N
NH DME/NaH
AcO S

N o
0° 40 min NH
then Pd(diphos),
850 ATOQS
SPh
ArI(IJH Afﬁ?H (161)
R '
N L,Pd N R
JTIN B-Su i
Et0,C B0, C
60-70%
NH2 R R = COMe, CO,Et

EtOZC)\/J\ R = H,Me



[ 3]
<
-3

= 1) LDA
N ) N NH, (162)
) e A Ohe H
MO / P
WiIt\/2\v bUZMe
Pd(dba), +L*
3) HCI up to 50% ee
with L* = DIOP
R (169)
R . "
YCOZR R \/YOAC PA(O) T
+ COzR'
ZnBr R*
R
+
a P
R COLR'
R (164)

AfSOz AfSOZ

R )
o\/l\/\ Ar802> ArS0, N
AC — - ——————————————-
~ OH Pd(dppe), OH
7 CO,Et

Pd(0)

—— Y\/\/\/\COZH
OTMS I

ArQ;S O

)\/\)\/\ OCOEt

ArO,S
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. 165
R OAc (es)
-— Ru
o) 2 R
/K % Nuc
w0 o PCygo ﬂ oL _OR Pd(0)
o~ "0 \W/
O
OAc OAc
Rj\/K/ Nue + R1\/K
Nuc
60-90%

R' = H,Me, nCq; R? = cat. Me

o) o) O
Nuc =/“\/u\ (@] (e}
CO,Et /U\/Il\
OFEt EtO OFEt

(166)

o o0
o)
one  LaPd
oH t AN - '/u\/\/+C02+ACOH

o] o o]
COH COH
Ph
CO,H COzH
o)

(0]
HOZC\/II\/ CO.H /\/OAC )\/OAC /\l/OAc
OAc

\\

OAc
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Asymmetric induction in the palladium(0) catalyzed reactions of allyl acetates with
carbanions has been extensively studied. Racemic allyl acetates were allowed to react
with 0.5 equivalents of malonate anion in the presence of 1% of a chiral palladium
catalyst. At 50% conversion, the recovered acetate had 56% ee. At higher (80%)
conversion the acetate had >95% ee, in a kinetic resolution process (equation 167)
[162]. The procedure was shown to proceed with net retention for both regioisomers
(equation 168) [163]. A variety of chiral ferroceny! ligands led to high ee's in this allylic
alkylation (equation 169) [164]. One problem was that chiral acetates underwent some
racemization during this process {equation 170) [165]. Enamines of chiral proline esters
alkylated allyl acetates with up to 100% ee (equation 171) [166]. Enamines also
alkylated ketene acetals under palladium(0) catalysis (equation 172) [167].

(167)
Ph P iPr CO,Me 1% L* Pd(O) -
+ (—)<CO Me — Ph A "7+ allylation
OAc 2Vie product
OAc
(racemic) 0.5eq

recovered 58% (56% ee) (R)
20% (>99% ee) (R)

hy

(168)
<X Ph

(S) 90:10 .-, retention (R)

inversion Ph / inversion

N

Tun

/d\

1R 18 3§
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Ar N Ar y In 3C3H5PdCl]2 Ar. x S Ar (169)
Y\/ X (’)< :
OAc X L
a° Y X
70-90% yield
X = COMe, CO,Me
up to 92% ee
Y = COMe, COPh, CO,Me
) OH o
Z = MeN NN OH
PPh, OH
PPh, MeN~
OAc (170)
: 0 R
~ +LPd + O Jp—R —
ONa }3 N
30-70% ee
high yield

OAc suffers 11% racemization
P(O)(OEt), 4-6% racemization

0
Il
c
o ()*/ NOR (171)

N
N R = OEt Pd
A R= /\/\\.\1

20-46% yield O

30-70% ee

\‘\“\/

31-47% yield

up to 100% ee
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1
R2 Z & ? (172)
N H,0
R! = OAc Pd(OAc) 2 R?
* dppe

OAc
OAc

38%

The full experimental details of the alkylation of allyl nitro compounds using
palladium catalysis have appeared (equation 173) [168], (equation 174) [169]. «-
Nitroketones proved effective anions for palladium catalyzed allylic alkylation (equation
175) [170]. Ketone enolates alkylated DCC adducts of allylic alcohols in the presence of
Pd(0) catalysts (equation 176) [171]. Allyl acetates of vinylsulfones were alkylated with
Sn2' regiochemistry by organo cyanocuprates (equation 177) [172].

Y
R
vy
R ¢ \/\)\x
X pdo
‘/\\/NO2 . _____,( ) o (173)
NR
R NH \//\'\/ ?
(174)
Y

N02 N02

X = CN, CO,Me, SO,Ph

S— Y
Y = CO,Me R
X
. f OMe 60-90%
- \/\“/ . CHOH
o) o]
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(175)
o] HZ
R2 L4Pd 1 A N3
R R
R! . R?’/\/\OCOQEI B ———
NO
NO» 0 2
R2
1
BugSnH ]! R’ = nBu, nPr, nCq
> AN
2
AIBN R< = Et, nPr, Me
(e}
3
80-87% R = Ph.H
NCy (0] (176)

o}
ST R N O
0 NHCy 4, R - R

R~ I good yields

0 (e} (e} @] O
ketone = )l\ )H r‘k’ Ph)J\ Ph

O QG

allyls = /\/L'H \/\/LL& /YLLLL /l\/LLLl

/\/\—r"/\/\/\f

{
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SO,Ph SO,Ph a7n
Nuc’
OAc Nuc X
R R
NBS SO2 Ph Nuc Nuc 802 Ph

Me,S R Br R

Nuc = BuCuCNLi, PhCuCN
CuCNLi

BUCUCNLY ¢ "

CuCNLi

Palladium catalyzed the reaction between acetates and cyclopentadienide and
indenyllithium anions (equation 178) [173]. Triallylarsenites could serve as ally! sources
in palladium(0) catalyzed reactions with stabilized carbanion (equation 179) [174].
Palladium(0) catalyzed the reaction between allyl acetates and aryl bromides in the
presence of hexamethyl ditin (equation 180) [175].

O = D
()
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(179)
,  LPd v
OJsAs + — - /\)\ +
11°/O
Y
& b X
89%
(180)
Br
A\ COEt  + (BugSn), + /\/OAC ____.Pd(o)
N
Ts
N
\ COoEt
N
Ts
50-80%

Allyl epoxides also underwent a palladium(0) catalyzed alkylation by stabilized
carbanions. With additional unsaturation migration of the n3-allylpalladium system was
observed (equation 181) [176]. Palladium(ll) salts catalyzed the alkylation of allyl
epoxides by organomercurates (equation 182) [177]. With B-keto acids, decarboxylation
accompanied alkylation (equation 183) [178]. Intramolecular versions were used to
form large (equation 184) [179] and smaller (equation 185) [180] rings.
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Pd
nCwW"‘k/\n p(j(i-» CIOW\/\R
(0]
OH
S R = CO,Et
S S
Pd
Cro N o q ————— CTOY\/\\_/\R
OH OH ‘
R
C10\'/\/\/k<s
S
OH
R = H; 100%

Li,PdCl,

RHgCl  + /\<| - RHZC\/\/OH (182)
o}

tBu
R = Ph, mCHOPh, mNO,Ph, \=< <:>_g

(o]
(e}

2 (183)
o (0]
+ ———-
OH . OH
/\4 )

o,
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{equation 183 continued)

© N 88%

O

+
COzH
68%
0

NN
59%

o}

4

54%

OTBDPS

o}
COuH
Ph/‘k/ + /\<] 70%
o}

F NG 67%
Wo 67%

7 > L
\l/\<o 27%

o  81%
0 73%
(iPrO)gP
—_—
Pd(OAG),
(184)

OTBDPS
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(185)

Palladium(0) complexes also catalyzed the reaction of allyl acetates with ketenes
(equation 186) [181] and vinyl cyclopropanes (equaticn 187) [182]. Palladium(ll) salts
catalyzed the arylation of allyl alcohols by iodobenzene (equation 188) [183].
presence of palladium(0) catalysts (equation 189) [184], and were alkylated to allenes
by vinylzinc reagents (equations 190 and 191) [185].

(186)
fluz Ph R
Ph Pd(O) N
>=C=O + RA P oAC — Ph>—§=\
Ph PhH R2 R3
R1
55-84%
R' = H,Me
R2 = H, Me
R® = H, Me, nPr, Ph
R1 E
D=/ +R2X+Pd(0)+(-)<E —_— \)\/kE
R1
R2
1
+ \ R

R2 - Ph, \n/'l‘l
E E 55-65%
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PdCl, NaHCO, Ph
+ P ——— (188)
OH DMF
0
130°, 2 hr
50% chemical yield
S(+) S(+) 22.5% optical yield
R() R(-) 27.5% optical yield
3
ACOMR L,Pd/SmI ! 3 (189)
4 miy R R
R] —— R2 —————————— >==C=<
ROH/THF H R?
major
RS
. | R' = Ph, nBu, nCys Ph/\/]lL‘
1 — 2
R—== R R2 = Ph,nCe Qg
RS = Ph,H
OAc (190)
Pd(O) e
- . P 0 e
A Z et T Ph

36%

Y
Sn
(no reaction with /\a (')<X
4
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OAc /If
2
. Pd(0) e

A A znet T " e N\

68%

Ph

(MeZnCl|, Et;Al, —==—12nCl, Cs—=—=—AlEt2 ~40-80%)

8. Coupling Reactions

Coupling processes of organic halides electrocatalyzed by nickel
complexes has been reviewed (32 references) [186]. Ary! halides and vinyl halides
were electrochemically coupled in the presence of nickel catalysts (equation 192) [187].
Bromopyridines and bromoquinolines were coupled by nicket complex reducing agents
(equation 193) [188]. Aryl triflates were coupled to biaryls in the presence of nickel(Il)
salts and zinc under ultraosnic irradiations (equation 194) [189], and under more normal
conditions (equation 195) [190]. Vinyl halides were also coupled by nickel "complex

reducing agents” (equation 196) [191]. Allylic halides and acetates were reductively
coupled exclusively head to tail by electrochemical methods in the presence of PdCl,

and R3SnClI (equation 197) [192]. Gem dihalides were dimerized to diynes by
palladium complexes under carbon monoxide (equation 198) [193].

ArAr
ArX € (192)
LNiX, + .
A x NMP AN\F
good yields

References p. 372



220

R ot
:(j ; {BUONa/NICRA
[ J— -
e \F Ph,P. DME .

60-90%

Br
O Oy ﬁj D
NZ g I\N/ NZ N
COL O L
N NP cl N e

NICRA = NaH/(BuONa/Ni(OAc),

Br

NiCl,/Zn/PPhy/Nal
ArAr

ArOTS
DMF, 60°, ultrasound

Ar = pMePh, mMePh, oMePh, pMeQPh, 1-Naphth, oMeO,CPh

NiCl,, PPh;, DMA
ArAr

2ACl + Zn

x_@—m X = H, OH, OAc, NH,, OMe, Me, CHO, CH,CO, CN

x

@—G | # ¢l

S

{193}

(194)

(195)
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tAmONa/NiCRA/bi 1
Py AN R2 (196)
R1

2
R’ R THF R SN

R THF R
and \( ————
Br R
%\ II
R ——— R

R—==—=— R
R
2 ¢, BugSnCl
: 197)
2 RNY"Ng \ / (
(OAc)  PdCl/PhsP
R
50-89%
Pd(diphos)»
ACH=CBr, + CO »~ AC=C—C=C—Ar (198)
PhCH,NEt,*Cl
(diphos),Pd 5N NaOH/PhH
5N NaOH
tAmOH
CO.H
ACH=
CO2H
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Thiophenes and furans were oxidatively coupled by ruthenium(ill) salts (equation
199) [194]. Ruthenium dioxide effected oxidative aryl couplings (equation 200) [195,
196).

(199)

O RUCLXHO O— [’)_

ROH, 140°

z-058 R_@_MR

RuO, TFA/TFAA

BFyE1,0

Aryl Grignards were coupled to a,w-dibromoalkanes in the presence of copper{l)
jodide (equation 201) [197]. Vinyl cuprates were oxidatively coupled tc dienes by
copper(ll) chioride (equation 202) [198]. Dienes were synthesized by the nickel
catalyzed coupling of vinyl bromides with viny! halides (equation 203) [199].



OH OH
(\ o
1) Br(CH,).Br
(0]
Cul
On

2) H*
MgBr 3) LAH n=36 50-80%
TMS T™MS (202)
CuCl,
————T—--
R
- N CuMgCiBr o N N

R = nCs, Bu, H, OEt

\ 40-60% ™S

N 1
j\/R" J
(203)
Br MgBr
)\/TMS + )\/TMS
NiCl,dppe ™S
—————ereeffiin=-
NMe2>
Br MgBr

56-75%
)\/ NMe2 + ™S

)

™S

= ™S

References p. 372
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Methyl acrylate was dimerized by ruthenium(ill)/zinc (equation 204) [200].
Norbornene was coupled by nickel(ll) salts/sodium borohydride (equation 205) [201]. o-
Nickel complexes of norbornadiene were oxidatively coupled (equation 206) [202].
Isocyanates were reductively coupled by ruthenium clusters (equation 207) [203].

(204)
RUCI,/Zr/MeOH
/\COQMG MGOZC/\/\/ COsMe
major
CO,M
+ MeOZC/\/\/ 2Me
(205)

NiCl,L/NaBH, W . m—é

©

Ni X (208)
COsMe MCBRA or COzMe
e ———
NBS or NCS + CO,Me
COpMe Mooy CO2Me
(X = OH, Br, CJ)
]
[(Ph3P),N] {H3Ru,(CO)42)]
RNCO S e RNHCNRCHO (207)

R = Me, B, Pr
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1,6-Dienes were photochemically dimerized in the presence of copper(l) triflate
(equation 208) [204]. Nickel(0) complexes dimerized tetraenes (equation 209) [205].
Zirconocenes reductively cyclized ene ynes (equation 210) [206].

OH s\‘\
hv E :“
————-
CuOTf (208)
H
50-74%
(209)
E / N\ 11%NicoDy,  E
—————————-
E E %
N\ /3%l 70%
+ 19:1
H
. z
E
COsMe

A\
N\_~/

AcO /

82%
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2 BuLi NS (210)
CpoZiCly, =————— = "Cp,ZrC" Z szz<j

/ \ T

Reduced titanium reductively coupled conjugated enones (equation 211) [207]
and aldehydes (equation 212) [208], (equation 213) [209]. Molybdenum hexacarbony!
coupled thioketals, (equation 214) [210]. Titanium(Ill) salts coupled a-keto esters to
ketones {equation 215) [211].

o
©  aTicMg 211)
e
oH

80%

(212)

/\/\CHOE__.

940 mg 20 mg
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o

75-85%

O (214)
Mo(CO)g ’
PhCI O 2

40-60%
0 0 HO OH (215)
/“\ OMe TP* AcOH cl: é "
R1 R2 + Ph I —_— o Phee |— l—
2
) MeO,C R

good yields
R! = Me, Et, (CHy)4. (CHy)s, (CHo)g
R2Z = Me, Et, nPr, nBu, iPr, tBu, cyclo-Cg

9. Alkylation of n-Allyl Complexes
New general synthetic methods involving zn-allylpalladium complexes as
intermediates and neutral reaction conditions havebeen reviewed (120 references)
[212], as has carbon-carbon bond formation using n3-allyl complexes (12 references)
[213], and asymmetric coupling reactions involying allylic compounds (43 references)
[214]. Ligand induced coupling from di(allylic) complexes of palladium was the topic of
a dissertation [215]. As were studies of reactions of iron and tungsten-cycloalky! and
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platinum n1-allyl complexes with electrophiles [216]. The full details of the reactions of
palladium(0) complexes with allyl acetates, ethers, sulfides, selenides, alcohols and
amines have been published [217].

The mechanism of formation of n3-allylpalladium complexes from the reaction of
olefins with palladium(ll) salts has been studied using deuterium isotope effects. The
most likely path was found to involve proton abstraction by a base, not insertion of

palladium into a C-H bond (equation 216) [218]. The reaction of s-trans-conjugated
dienes with Nay,PdCly to give n-allylpalladium complexes has been studied (equation

217) [219]. Alkylated cycloheptyl systems were made by chloropalladation/nucleophilic
attack on cycloheptadiene systems (equation 218) [220]. Norbornene inserted into n-
allylpalladium complexes to produce o-alkylpalladium complexes, which were further
elaborated (equation 219) [221].

fast slow @1
+ PdCl, T——= —
.
Cl
N I GJ/ N
" >5

c

2

most likely
(/H
Pd
S

cl + HCI
ﬁd/ N

>

(
MeOH
R + NaPdCl;, ———— R
/ Pa—oai
MeO y
2
OMe
i} R—Q——/

I
Pd

217)

R = H,Me

R = i-Pr,tBu
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(218)
"',,I/Y
X
2/ X  90%
Y
2eq (-
<x Y XY = COMe
4L .
80%
(219)
cl co
N (Pd/ —_ a 2
Pd g
\/, ~al MeOH
R

P CO;Me
R’ + R
COxMe +
o o]

n1-Allylpaliadium complexes underwent reaction with electrophiles to give allyl
substitution products (equation 220) [222, 223] while n3-allylpalladium complexes

cleaved only the aryl group (equation 221) [223].
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AN L (220)
ZN " Br\/\/ R
HCI Br,
L NBS
L7 CAr
/ RGCl,
L Ph
P’ o Eﬁo .
L
o) /Y
(6]
R | CCl
(6]

HCI/v ArH
<<Pd/Ar
pphy B . amr 21,
] NBS
ArBr

Diene-cobalt tricarbonyl complexes were 1,4-dialkylated via their n3-allyicobait
complex intermediates (equation 222) [224]. Cationic n3-allyl iron complexes were
generally reactive toward nucleophiles (equations 223-225) [225]. 2-Trimethyisilyl-

methylallyl nickel complexes transferred this allyl group to a number of organic halides
(equation 226) [226).

(222)
Nuc' Nuc

Nuc = Py, NaBH;CN, PhMgBr, Me;P, PhsP, (MeQ)3P, NaCH(CO,Me),, MeOH

Nuc' = NaCH(CO,Me), Nuc = H 33%

Nuc, Nuc' = NaCH(CO,Me), 35%
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Nuc (223)
(F(?(CO)‘;+ + NUC e /\/\Nuc + /,\/
favored good yields
E E CN / \
Ne = <& \< < o NH
E E so,ph \  /
(224)
e QAc o
NN + Nuc ——=  Same products, different distributions
Fe(CO)4
OAc Nuc Nuc
/\\/ + Fgy(CO)p ————— /\/ (225)
cat.
™S
™S .
/NN "
Br ™S 2 R
70-90%
R=nCy /7 \ Y Ph-—-—é
nCio co C /\\\/
o
MeO >/\/“11
U
MeO o
(@]

™
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10.  Alkylation of Carbonyl Compounds

Titanium(IV) chloride catalyzed the alkylnylation ot aldehydes by alkynyltin
reagents with high Cram selectivity (equation 227) [227]. Titanium homoenolates
alkylated aldehydes, producing lactones (equation 228) [228]. Titanium{lV) chloride
promoted the reactions of trimethylsily! enol ethers with aldehydes, with a high degree of
stereoselectivity {equation 229) [229], {equation 230) [230). Chiral acetals of -hydroxy
esters underwent reaction with nucleophilic trimethylsilyl derivatives to ultimately
produce alcohols with high enantioselectivity (equation 231) [231]. Complexation of
enolates with titanium was used to promote high stereoselectivity in aldol condensations
(equation 232) [232]. Rhodium complexes catalyzed the reaction of aldehydes with
conjugated enones {equation 233) [233] and with trimethylsilyl enol ethers (equation
234) [234].

CHO (227)
TiCl,
+ R'—C=C—SnBuy ———
R3SIO
(13 cases)
R R
HO Z HO,, =
i i
(228)
R1
OTMS  TiCl, (l\"/OR R'CHO
— - e ———————-
! OR ClaTi=~— O
R
R
R"



(229)
TMSO OMe (0]
TiCl,
+ ————————iip
Z Notus H
OBz
OH o] (@]
OMe
OBz
>89% syn
(0]
(o]
OMe
OH
pestolin
(230)
OH (0]
PhCHO/TiCl4-PR4
+
OEt Ph OEt
EtO OTMS CHLC,
R = PhgP  10.5/1 anti/syn

R R 231
/l\ 1) TMS-Rnuc )\ (231)

0 o 2) TiXCly o} LDA

(@]
O
~N

T

————— -
M o 3 H0

Me, iPr, tBu, nC4, nCq, CCly  Ph /\/H"l

Rnuc R R =
HO" H X = Cl,OiPr .
67-80% yield Rnuc = CN, A" —C=CH
84-97% ee
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OSiRs (e32)
1) LDA i
Et ) OSIR3
2) (iPrO)sTiC R
0 C *
3) RCHO OH O
99:1
(233)
|
F R HRhL, R R2  R! R!
I + RCHO —— + |
o}
0 OH 0 O
/\/WR 40-80%
R' = Me, Et, nCS, nCe, Ph <:>_§
R2 = Et, nPr,iPr, Ph, /l\/L"Ll
R? R i
. Rh,(CO)y, R R
+ RyCHO ——————— (234)
TMSO PhH
o} OTMS
R R?
1) [CODRhDPPB]*
)1 I R3 R PL
2) Bu,NF/MeOH/THF +
o OH o
good yields
R' = Me, Ph, Et, (CH,),
R2 = H, Me
RS -

nCs, Et, Ph, <:>——§
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Monoalkyltitaniumtrichlorides were able to discriminate between aldehydes and
ketones, and were nonbasic, so that enolizable ketones did not interfere (equation 235)
[285]. Chiral titanium(lV) alkyls alkylated aldehydes with up to 90% ee (equation 236)
[236]. Low valent titanium species cross-coupled ketones (equation 237) [237]. (R)-(-)-
4-methylcyclohexylidene acetone coupled to acetone in the presence of titanium(O)
complexes to give chiral products where as the S(+) isomer led to racemic material
(equation 238) [238]. Acetylenic vanadium complexes alkynated aldehydes to zinones!
(equation 239) [239]. Alkylmanganese(ll) halides alkylated aldehydes in the presence
of ketones (equation 240) [240]. Adjacent chelating groups activated electrophilic
carbony! groups toward reaction with transition metal organometallics (equation 241)
[241].

OH (235)
R'CHO .
RLi + TiCl, — RITCl; —— RCHR
fast
) slow
>=O
stable to NO,, CN, CO,Et, Ci
enolizable ketones
oH (236)
Ph OH Ph ' C
1) Me,Ti QA M R'CHO z
E— Ti* — ok
Me Ny 2 Me,CHOH N, OCHMe,
I \ 70-90% yield
SO,R b yie
SOzR 2 31-91% ee

R' = Ph, oNO,Ph, 1-Naphth, oMePh, nC,, iBu
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O
(237)
RO

Q— < > TICIS/LI Ph

TIC|4/Zn
Ph

= Me, CICH,CH,, BrCH,CH,, CF3CqF 5, Meo,NCH,CH,, H

(238)

O§§/
\M\H \M\H
o)
)‘\ Ti(0) 25-50% (R)
N

%I
Nz

(S) .
racemic
(239)
RCHO
R—==—=—1Li + VCl3  —— [ V/]
(0]
Il
R——==-C—R' R = nBu, nCq, Ph

R' = Ph, pCIPh, pCNPh, nPr, nC,, /\/“‘1‘L
Ph/\/l‘ml

50-70%
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R1
|
RMnX + R'CHO ——— R—-(I:H (240)
OH
ketone inert

R = Me, nBu, nC, iPr -

R' = nC, tBu, Ph/l\/\)\/ll-._t

HO R
o) z )k/\ (241)
)‘\) Z
+ "RMX"  ——— OH

O[>\/Z (k/z

D

RMX = ClzHiMe, CIV(O)Me,, Cl,CrMe, (iPrO);TiMe, CiMnMe

Z = NMe,, OPh, OMe

Hydroxy protected glyceraldehyde was treated with viny! trimethylsilane copper
derivatives to produce homologated products with high stereoselectivity (equation 242)
[242, 243], (equation 243) [244]. Organocuprates added to the C=S of the heterocycle
in equation 244 [245]. Dimethyl and pentamethyl cuprates attacked 5-aldehydo-6-
arylpyridazin-3-(2H)-ones at several positions (equation 245) [246].
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™S
X )\/ : 1 L
] PN o \ P TBOH

VO(acac),

(242)

CHO >
syn

anti
(243)
o}
", ~ +
OR
ﬁ_\o OH
o}
OR ™S
82% yield
>98% this isomer
R2
RoCuli
Reoui R3 (244)
= Me, Bu, Ph
S

75-97%

R' = Ph; R = Me, Ph; R® = Me, Ph
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(245)

Et,0
+ Me,Culi —————=

SN

Low valent chromium effected an efficient intramolecular alkylation of an
aldehyde by an allylic bromide (equation 246) [247]. Nickel(ll) and palladium(ll) salts
catalyzed the chromium(ll) reductive alkylation of aldehydes by vinyl halides {(equation
247) [248]. Vinyl triflates alkylated aldehydes when treated with chromium(ll) and
nickel(lly salts (equation 248) [249]. Vinyl halides were prepared by the reaction of

aldehydes with trihalomethanes in the presence of chromium(ll) chloride (equation 249)
[250].

24
N CrCly/LiAH4 (248)
A cho Ny (2:1) DMF
Br
42%
CcrCly R
AN\ + RCHO /\|/ (247)
NiCl, or Pd(OAc), cat.
OH

(used with highly functionalized palytoxin intermediates)
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/u\ ) Crcl, 1 R2 (248)
. ory * PGHO ———— R
cat. NiCl,
DMF, 25° OH
60-80%

R' = nCy, nBu O\ O( (I Ph\/k
e O

t

I E
Ph\/l\ ;\: Et\)\‘r
RZ = Ph, nCq, iPrCH=CH CHOM

f

crel,
RCHO + CHX; —————=  RCH=CHX (249)

e (Ot I s O

Ketones and aldehydes were allylated by allyl acetates in the presence of
samarium(ll) iodide and a palladium{Q) catalyst (equation 250) [251]. Aldehydes were
olefinated by ally! alcohol/DCC adducts or triphenylphosphine in the presence of
palladium(Q) catalysts (equation 251) [252], (equation 252) [253]. Chromium
complexed tetralones, benzaldehyde and aryl ketones underwent alkylation at the
carbony! group by organometallation (equations 253 and 254) [254].



0 s (250)
Pd(O) cat. N R
— 1
R1/\/\OAC + RZ)I\Rs R/\/\|<R2
Smi,
OH
good yields

(o)
Ph/\/\OAC PhCHO, <}O )fl\/\/COZMe

Ph/\)\OAc /\/\/\/\OAC

OAc
Ph/w Ph/\/l\/

OAc
OAc
/\/\/\OAC /
R2 R3 (251)
)\/k L4Pd, PhgP R3
RICHO + R3~ Xy R — = R!CH=CH- CH=<
R O\C¢N DMF
| 50-80° o
NHR 40-90%
via
RCHO
PhyP PPh,
Pd< —_——— /\/pph3 — N
R' = Ph, nPr; R2 = H, Me; R® = H, Me, nPr, Ph, nC, geranyl
0 (252)
\ | Pd(acac),
/\/\ e —————————-
PhsP + ph OH + H (CH=CH)p Ar dox. rix
40-110 hr

Ph/\/\/@,m Ar = pCIPh, 2-furyl, 3-py, 2-thienyl, Ph
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add Me,al 937

OH
: (254)
CHO ~
P Br N
crcl,
(CO)3Cr (CO)3Cr
92%
1) Ac,0 H
RS N
2) MesAl
(CO)3Cr

11.  Alkylation of Aromatic Compounds

Recent advances in arene transformation reactions via chromium compliexes
have been reviewed (36 references) [255]. Isoquinoline alkaloids were ring-
functionalized by complexation to chromium followed by lithiation/electrophile reaction
(equation 255) [256]. Chromium-complexed fluororenes were lithiated and then
allowed to react with electrophiles. The fluorine directed the lithiation ortho (equation
256) [257], (equation 257) [258]. With nuclecphiles, fluorines on chromium-complexed
arenes were selectively replaced [259]. Conformationally restricted arenechromium
tricarbonyl complexes underwent nucleophilic attack at carbons eclipsed by a chromium
carbonyl bond and electrophilic attack at carbon atoms in the staggered position [260].



. (255)
SN
1) Buli
aT-_» OMe
OMe
/ OMe
CO
/ OMe (GO Cr
(CO)3Cr
0]
1) Buli < I
2 M
) Mel o N ““Me
30,
OMe
OMe
E
(256)
OMe OMe OMe
1) BuLi VBl
— and
2 X 2)RX
/ / R F
(CO)3Cr F (CO)aCr F Cr(CO)a/
OMe
R
R = TMS, CO,Me, Me
/ F
(CO)Cr
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oMo oMe OMe  (257)
E
1} Nuc
e s
2) Buli / E
/ 3 E / {COCr
{CO)aCf F (00)3 Cr Nuc

1) Buli; 2) E*; 3) Nuc

NuG = BzNH, { \ N

N
H

Chlorobenzenes complexed to chromium tricarbonyl underwent displacement by
methoxide under phase transfer conditions [261]. Unusual hydrogen shifts were noted
in additions of nucleophiles to arenechromium tricarbony! complexes (equation 258)
[262], (equation 259) [263].

Pho 1) -78° b x
CN ra———— {258)
/0 2) TFA /

(CO)3Cr D

(259)

i
TFA
) (TFA-D)
Cr(CO)a/

(CO)sCr CN
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Activation of benzylic positions by arene complexation to chromium has also
become popular. Treatment of chromium tricarbonyl complexes of benzyl alcohol with
HBF4OMe, generated a stabilized benzyl cation that was generally reactive toward
nucleophiles (equation 260) [264]. Complexed benzyl ethers underwent similar
activation (equations 261 and 262) [265). The stereochemistry of attack on the benzylic
position was controlled by the ring position of a trimethylsilyl group (equations 263 and
264) [266]. This chemistry was used to synthesize a relay to acorenone (equation 265)
[267].

(260)

CHo+
OH  HBF,OMe,

(CO)S/ Cf(CO)g

Sy Nk
SRR 5

(CO)aCr
OMe

&
n
/
(CO)sCr
™S
high yields
TiCl,

R' = H,Me

R? = AcH AN anAn

X =H, OMe Q/\
n=1,0 R1.~“\ N
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NN

Cr{CO)3

CH(OH)R

T™MS
OMe
TMS

CH(OH)R
OMe

/ Py
CHCOk 7, \

MeAl EtySiH
TiCly
CF4COOH

00)3 N
1) Cr(CO)g
L ——— T —— i QAC (263)
2F
3) AcyO/Py MeO Cr CO)a
s*g*
e

Q_é.m (264)

MeQ Cr(CO)s

S*R*
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(265)

CH(OH)R R

1) Cr(CO)zNaphth
hint QAC E———

™S 2) BugNF H
OMe MeO Cr(CO)s

MeO

Chromium complexed allyl benzenes underwent y-alkylation by aldehydes under
basic conditions (equation 266) [268]. Remote substituents on complexed arene rings
directed the site of benzylic deprotonation (equation 267) [269], (equation 268) [270].
Resolved, chromium complexed o-methyl benzaldehyde underwent reductive
amination-alkylation with high ee (equation 269) [271].

(266)
1) tBuO”
0 X—< >/ \/ \’/
00)3 R R cr(co
X = H,OMe

1) tBuO” (267)

2) RCHO

1
A CF(CO):; A Cr CO)3

A = Me,N, MeQ, Cl, CO,tBu - all directto m methyl

References p. 372



248

1 ) {BuO CHzOH 268)
oo

Cr CO)3 CO)3
= OMe, OiPr, NMe,, NEt, 88-100% diastereoselective
(269)
)y B, RX red.
100% ee NH,OH
R
@i{ ‘_/ Kl PhCHO

(CO)sCr

>95% ee

Cationic manganese arene complexes underwent alkylation by Grignard
reagents (equation 270) [272]. Biq‘nexamemyfbenzene)iron2+ was functionalized by the
process shown in equation 271 [273]. 1,2-Disubstituted cyclohexadienes were
prepared this way (equation 272) [274].

OMe
OMe
RMgBr
E—— Mn(CO); +
/ o
(CO)sMn Rt
+ (CO}aMn

R= /\;\—‘J 4:1

(270)
OMe

\/\f 9:1

Me 1:4



0 Ph
N H
2) RM
Fe2+  3) PhyC+ Z
—————
2 4) 1BuO" Ph
5) PhCOCI
6) tBuO"
7) AlO4/0,
Fe2+ ) H 1 1_ PhgC*
—— Fe _—
2 A AN 2) CN
Ph MgBr 3) FeCl,
Ph
Ph
CN

good yield

12.  Alkylation of Dieny! and Diene Complexes

271)

(272)

249

Regioselectivity in nucleophilic addition to diene-iron complexes was the topic of
a dissertation [275). Reduced nickel species catalyzed the addition of nucleophiles to
1,3-cyclohexadiene (equation 273) [276]. 2-Formylbutadiene iron tricarbonyi
complexes were resolved, and were alkylated at the formyl group (equation 274) [277].
The aldehyde group of this complexed diene was also converted to its dithiane and

subjected to normal dithiane chemistry (equation 275) [278].

Ni(acac),/BusP Nue
+ Nuc (273)
Et,Al
0 o)
Nuc = CH(CO,E1), )l\/U\OMe CN SO,Ph O N
95% 71% 75% 90% 80%
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(274)

Z 1) R*NHNH, Z 7
- Fe(CO)3 —= Fe(CO);3 + nu Fe(CO)a
H
~e 2) chromatography OHC OHG Xy

3) AcOH, CH3ﬁCOZH, H,0, 100°

o -320° +322°

1) RM
2) FeCl,
(275)
Z“ Z
H — Fe(CO)s S R —- Fe(CO)3
S

i S
K/s {MS»NL' s E/

Cyclohexadienyliron tricarbonyl complexes figured extensively in the synthesis fo
3,14-dihydroxytrichothecane (equation 276) [279] and bridged polycyclic alkaloids
(equation 277) [280]. Trimethylsily! cyanide proved superior to sodium cyanide for the
introduction of CN into cyclohexadienyl iron complexes (equation 278) {281]. Chiral
carbanions alkylated cycloheptadienyl iron complexes with up to 50% ee (equation 279)
[282]. Cyclohexadienyliron tricarbonyi complexes were effective nucleophiles for the
alkylation of n3-allylmolybdenum anones (equation 280) [283].



MeO
R Fe(CO)3

OMe
(277)
+
+ BrMg
OTHP
CHO
*,
H —— —
(COysFe”
~
MeNH, N
it —————————-
CH,0/HCl ag.
83%
(278)
CN
1 R
R CN,, R!
TMSCN ‘4
———-- + 2
2 R
" / R? \ Fe(CO)s
Fe(CO)3 Fe(CO)3
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Fe(CO)5 (279)
Fe(CO
, €(CO)zP(OPh)3 ﬁ ?OZMB
+ PRE—CHO == ., _ SONTsPh
NTs |/
CO,Me
up to 50% ee
Cp (280)
Mo(CO)z OMe
1) LDA .
—— E= — Fe(CO
- ., 2) E+ ( )3
R ‘CN
25% 4
MoCp{CO,
Mo p(CO).
1) BuLi
2) E* - H
4 E+
PhCHO

70%
E = H, D, Me, PhCHO
81%
Rhodium(l) complexes catalyzed the condensation of allenes with 3-butenoic
acids (equation 281) [284]. Ruthenium(O) complexes catalyzed the 1,4-addition of

terminal alkynes to dienes (equation 282) [285]. Silylmanganese complexes added to
dienes (equation 283) [286].

(281)

LsRNCI

COzH —— COzH
_ = o+ AT A ?

NN oM 20-40% 122
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(282)

Re=c” N\

Ru(COD)(COT)(PR'3)

RC=CH + A A
PhH  80°
80-90%

R = nBu,BU, (BI00),CHCH, N Ncome NN coMe

also work
2 a2 (283)
1) (Me,PhSi);MnMgMe 1\/‘\/\
1 R
“W A sing
2) E* E

R? E
1 2
RI\/L J\ R' = H,Me; R* = H,Me
+ N"NsiR;

E* = D*, Mel, PACHO, Me,CO

Ph/\/ CHO /\/ CHO

40-90%

13. Metal-Carbene Reactions

Electrophilic metal carbenes as reaction intermediates in catalytic reactions has
been reviewed (52 references) [287], as has catalytic methods for metal carbene
transformations (159 references) [288]. Fisher type carbenes have been made directly
from tungsten hexacarbonyl and alkynes (equation 284) [289]. "Four membered rings
from isocyanides-recent advances™” was the title of a review (125 references) which
included the reactions shown in equations 285 and 286 {290].

(284)

R
hv
WCO + R—==—H 4+ ROH — = (00)5w=(_

si gel OR!
10-32%

R = H,TMS

R'-Me AN
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R! /NAr
A== R+ AN —— K (285)
R NAr
MeQ
OMe HON\ R
(CO)sCr=< + RWCN ————e | (286)
R HONZ 1> ote

The D-ring of steroids was annulated in modest yields using the alkyne-chromium
carbene reaction (equation 287) [291]. Carbenes of tetramethyl acetais of quinones
behaved anomalously (equations 288 and 289) [292]. The steric and electronic effects
of alkyne substitution on the "D&tz" naphthohydroquinone synthesis from chromium
carbenes and alkynes was studied in detail (equation 290) [293]. A his chromium
carbene comlex thermolyzed to a bis enol ether (equation 291) [294]. Diynes
underwent reaction with metal carbynes to produce phenols [295].

R
y

H; R = Ph 11%

R'=PhRE=H 21%



(288)
MeO OMe MeQ OMe
Me30+ -_— S
— - eo—————-
oLi OMe
MeO OMe CrcO)s MeO OMe cCr(CO)s
MeO OMe OH
G Tcr(con
MeO OMe OMe
OMe MeO  OMe (289)
Ett
—
OFEt oLi
]
OMe CrCO)s MeO  OMe crco)s
H+
OMe
‘ i CrCO)s
MeO OMe
OoR3 (290)
2
OMe R
o et — (]
Ph R1
OMe
major
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OR3 (equation 290 continued)
R1
R1

H, EO, tBu, Ph, nCs, Et
OTMS

R2 R2 = CH,CO, CO,Et )\
OMe 1‘11
OFt
A |
— o+ PhCH==C—C==CHPh
130° |

OFEt

Electronic Factors Important

AA =14 100%

AA =1 1.6/1

AA = 04 2.9/1
(291)

+ Cr(CO)5 complexes

Acetylenic carbyne complexes underwent a 1,3-dipolar cycloaddition with
diazoalkanes to produce heterocyclic carbenes, which underwent typical carbene

reactions (equation 292) [296].

Aminocarbenes underwent thermal reaction with

alkynes to give indencnes or 1-aminoindenes (equation 293) [297]. Indenes (equation
294) and cyclobutenones (equation 295) were also available from chromium carbenes
[298]. Cobalt carbenes underwent reaction with alkynes to give furans (equations 296

and 297) [299].

OMe TMSCHN (#92)
(CO)sCr -2 . (CO)sCr
\\ 25°
A
- 2 —
R = Me, Ph, TMS R#—==—R® CelV
% R o
OMe
~ RS
\\ ;
N/N R2 ——
HN
0 2251% NV
R? = Ph, Et; R® = Ph, H, nPr 80-97%



R*  (203)
1n2
NR'R 1) DMF
(CO)sCr=< + RS = RY —— RS
Ph 2 A
0
RA
R® = H, Et, CO,Et, Me, Ph
R\ 3
or )R R* = Bu, Et, Ph
2
good yields
Me Ph
Pheme===—Ph
Ph (294)
(CO)sCr Bu,0 Q
M
OMe 110° OMe
F Ar M
OMe
o}
A (295)
————————————
(CO)sCr l
OMeF Cr(CO)3
(296)
OMe R3 R2
PhH
PthnCo(CO)3=< + RA—M == R -
R’ o OMe
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R' = Ph
Ph 58

Py

R2 = Et 93%

Me 75
Ph 39
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(297)
OMe
1) = 50° 4 days —
Ph3SnCo(CQ);3
2) TMSI = o 0]
MeO
48%

Methylenations with Tebbe-Grubbs reagents has been reviewed (16 references)
[300]. Eight membered lactones were methylenated to enol ethers by the Tebbe
reagent (equation 298) [301]. Allynes, phenyllithium and titanocene dichloride
combined to produce trisubstituted alkynes via titanocycles [302]. Capneliene was
synthesized using titanium carbenes as key intermediates (equation 299) [303]. The
reagents Cl,CrMe(THF)3, CIMo(0)=CH,, and ClhMo(Me)=CH, did not react with acid
chlorides or anhydrides [304]. Tungsten oxo carbenes efficiently methylenated ketones
and aldehydes (equations 300 and 301) [305]. Reaction of these with
trimethylaluminum also produced reagents that methylanted aldehydes and ketones but
not esters (equations 302 and 303) [306].

(298)
T Cp,TiCH, BHy THF —
————————— ————————-
(6] o) R o R
0
OH
(299)
CpgTi/\ Nd / metathesis
o N _ .
e ettt
DMAP .
\_O \ O Ti
e e
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(equation 299 continued}

& yZ
o pTiCpy e e CapNEENE
\
~L
Q / [o)

\/

o (300}
o /L
WOCH ClW==CH, R R
+ 2Meli ——— et
WOC, ClyW==CH;,
0
CHa
PhCHO, 91%; pMeOPhCHO, 83% o
R Rt PhCOMe, 82%; o 93% /[]\ 35%
Ph Ph
80°
C‘ZW""CHQ + Ch/\ w-—:-;‘—-—-—» metathesis (301)
T
CHy o}
2 AlMe =
MO,Cly  ——mm—m MeCIA” >M( >AlMeCI (302)
™07 ewg
3
CHa
MoOC(THF), e MecAI” >m >AtMeCi
b

References p. 372



260

o]
)WOE! b /"\/\”/OB (303)
(e} (e}

52%
(I:o Ph,
Few" P
/- /
N (304)
B0 =
o]
PH o

14,  Alkylation of Metal Acy! Enolates

The use of acyliron enolates to control stereochemistry in enolate alkylation shas
found extensive application. Hickel and ab initioc SCFMD calculations have shown that
this stereocontrol arises because the acyl carbonyl group is anti periplanar to the CO
group on iron due to interaction with two of the pheny! groups on the phosphium
(equation 304) [307]). An increase in the size of the electrophile resulted in an increase

in stereoselectivity of the alkylation of iron enclates [308]. «,B,Unsaturated acyliron
complexes were y-deprotonated and a-alkylated with a high degree of stereoccontrol

(equation 305) [309].

|l P
;e/ (305)
@ 1) BuLi
————————————
2) RX
AN
o

R = H, Me, Et, Bu, Bz, SMe
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The full experimental details on the use of acyliron enolates in the synthesis of 3-
lactams has appeared (equation 306) [310], (equation 307) [311]]312]. Extensions of
this alkylation chemistry have also appeared (equation 308) [313]. In some cases,
decomposition of the acyliron enolate to the ketene was observed (equation 309) [314].
(306)

o o)
1) MX
@\F W L G . [Fel
e OLi
co”| 2) RCHO
L HO™ | =H H” ] oH
R R
o]
o]
R'CH=NR  [Fe] +
———- [Fe] —
NHR!
R R H

R
[Fe] oX.
e —————————
NHR! N
o) Rt

H R

(307)
CNNEI—"T ¢
2) MeCHO
\/Fe\ M [Fel/u\)\
CO L 3) NaH, Mel
(S) 76%
S(+)
(resolved) 1) NaH
2) PhCH,NHLi
3) MeOH

4) Br.
1) PhCH,NHLi ) Brp

3) Br, Ph”” NNH, |2 Mel

3) Br, M
>)\'/ NH e
nB 'H | O):rlq\/ Ph

Me, Me

e, (Y
’
2, KA

N Ph
o) N

3(R).4(9) () 11%
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o
| ey | 27X
Fé =/ Fé—\—7
@ - @ ¢
m (2)
13Y co
200 | B 1
Jé—ri==" —> Fo—rX =y
: ® .
6) L

C

($1)] (12)

Reagents. 1. Burla, tetrahydrofuran (THF). ~78 °C. ii, CICH;OR (R = Mec. menthyl). =40 °C: i, NaH. THF. 50 °C. in. Mel. -7 *C
v. MeOH, =100 °C. vi. Etl. =78 “C.

LINTMS
@\ 2 \
P Fe Fe
oc oc”

R2

—— Q=== C==< + CpFe(CO),

R1

(309)

Diels-Alder reaction to o,B-unsaturated acyliron complexes have also been
carried out (equation 310) [315], (equation 311) [316]. Again, starting with resolved
chiral acyliron species, high asymmetric induction was observed (equation 312) [317].
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(310)

F2

Ra
ol =Ly
oc\/ Fe‘/l(io\%ﬂ 2) BF, co\/Fe o/B
RZYC

" Ra H
-y

/ @ X
N A )\/\
——— T~Fe /BF2 diene = )\( F

R3 R! 0
Z
I
R"
R' = Me,H; R2 = H; R3 = Me, Ph
(311)
o]
/\/u\ EtAICI,
RN Fe(CO}Cp /\/\/ 250
R
0
Fe(CO)2Cp
oy
75-95%
(312)
Cp H v
FeCO 1) ZnCl, ce
r L + _—— H —_—
| 0 no yield
o given
88% [Fe]
S+
H I 1
l —_—
COzH o
S1e) o

>95% ee 65%

References p. 372



264

Sequential reduction-insertion-reduction processes on cyclopentadienyliron
carbonyl compounds produced pentanoic acid in which all five carbons were carbon-
monoxide derived (equation 313) [318]. Synthessi and carbon-carbon bond forming
reactions of tungsten, molybdenum, and rhenium enolates has been reviewed [319].
Molybdenum enolates were a-alkylated (equation 314) [320].

(313)
0
co BH, co )]\ BH,
CpFeCO ——— [Fe]—CH; - [Fg] CHy —
Me,P Ag*
[ OH
[Fe]” >~ et - /\/\ﬂ/
o
O O
)l\/R he R
, — (314)
TR/(CON(PhO)3PIMo 2 RX (Mo]
R

B. Conjugate Addition

"Conjugate additions of nonterminal vinylic organocuprates to o,B-ethylenic
carbonyl compounds” was the subject of a dissertation [321]. Copper assisted
conjugate alkylations continue to be used in the synthesis of prostaglandins (equation
315) [322], B-functionalized cyclohexenones (equation 316) [323] and capneilenes
(equation 317) [324]. With «,B,y,8-unsaturated aldehydes, 1,2- and 1,4-addition were
observed, but not 1,6 (equation 318) [325]. Substituents in the ortho position of
cinnamate esters greatly accelerated conjugate addition reactions if they could chelate
to lithium or copper (equation 319) [326]. Thiophenolcopper-Grignard reagent
complexes were efficient in the 1,4-alkylation of conjugated esters (equation 320) [327].
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RO’

1) PhC=C—Cu

TMSCH,MgCl, TMSCI Pd(OAC),
e e,
CuBriMe,S ™S ( /\/o co

2
(0]
TMS
° OTMS (317)
1) cul
* /v\MgBr W F

78%
o}
1 eq Pd(OAc),

—————

NaOAc
MeCN
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(318)
OTBS
Ho:
(nCs),Culi
R A g
Et o
CHO
up to 91% with
1.8 RLi, Cul, Me,S; 1.6/1 Et,O/THF
14 hr TMSCI, H,0*
CO,M
COMe 2T (@19
5 min H*
X + MeyCuLi
X
X=H iPr OMe MeSCH, Me,NCH, MeOCH,
18% 10% 10% 159% 279, >98%
(320)

o
R OMe
ArSCu + 3RMgX + Rx/\/u\OMe —— W
R o

R = Me, Et,iPr, tBu, Ph /\\_,:" high yield
R! = Ph,Me

Ar = Ph, pMeOPh
Trimethylsilyl chioride has been found to greatly accelerate conjugate alkylation

of enones - particularly aldehydes - by cuprates both in catalytic (equation 321) [3283]
and stoichiometric [328b] reactions (also equation 322) [329] and (equation 323) [330].
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5% Cu* fo)
o 1 eq TMSCH
RMgBr + /\/ 2 oo PR R/\/u\ (321)
THF, -78°
high yields

R = Ph, nPr, o-tol, nBu, nCq, Me /\;e‘ P ;r‘»
o o}

0
Ketone = o
U/COleU
0
F )Yo F 0 \;\(O S OMe

o (322
. X
12R,Culi + 12TMSCI + /Y — 3 X
0 good yields

R = Me, Ph 83-97%

0 0
COSEt
Ph/\/IkOEt Ph/\/u\OtBu AT A coMe
o) 0 0 |0
Ph/\/u\NMez /\/H\NMezph/\/u\NHAc /\/l\NHAc

o (323)

(0] (0]
Li
CuX
+ — +
OMOM T™SCI

MOM OMOM

YY)
Qun

30:70 96%
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A number of approaches to induce chirality at the newly formed center in
organocuprate conjugate alkylations have been developed. One involves conjugate
addition to o,B-unsaturated chiral heterocycles such as chiral cyclic aminals (equation
324) [331][332], (equation 325) [333] or proline amides (equation 326) [334]. Another
involves conjugate addition to chiral sulfinimides (equation 327) [335][336]. Conjugated
esters having chiral substituents at the B-position (equation 328) [337] and acrolein
acetals of chiral 1,3-diols (equation 329) [338] also undergo conjugate alkylation with
induction of asymmetry. Perhaps the most efficient appraocch involved conjugate
alkylations of chiral conjugated menthol- or camphor bases esters (equation 330) [339]
or sulfonamides (equation 331) [340], (equation 332) [341]. The use of chiral ligands on
copper was somewhat less efficient (equation 333) [342] but worked well in some cases
{equation 334) [343], (equation 335) [344].

(324)
Ph
H O R Ph 2C s
\< _ned | >>CHZC j
R/\“\\ N e 2) H O/KCN e Me
up 1o 80% ee
R =Ph R? = Me; M = Li,Et,O =—p 40%ee §
R = Ph; R2 = Me, Meli,Hexane ——) 80%ee R
CB
A q (325
N Me 1) R,Culi :
MeO,C ) RoCuli MeO,C H
X /\ oo
N 2) )
H O Ph SH oy BFaELO
78-93% ee
) Mel
40-60% yield
= Me, By, Et, nPr
OXD\—/OCPM 326)
1) CuBrMe, R
o + R®MgCI Y\COzH
' 2) H*
3) KOH R?
R1

77-99% ee

80-90% yield
R' = Me, Bu; R2 = Ph, pMePh, Bu, Et, g



°x s "y (327)
~N
| N RCu or R,CuLi Ph
>—,/\ COH
Ph “ R =Me, Bu 2
MeO~” | Ph R H
H
>90% ee
{counterion effects stereochemistry) high yield
oTBS OTBS (328)
N CO2Me S COsMe
OR -
Me,CuliBF3 >93:1 diastereoselective
————————————
oTBS
OTBS P COaMe
\ CO-Me
OR
R (329)

R
O
Ph 0

PhCUBF3 + /\/{ . —— > \ *

O *

H
R (0]
R
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{330)
o}
o] _-t8u
O/ ]
I R“ R2 >
Cu BF5
s ————————————.
Et,0, PBu,
o H
, Rrl § O
Bu~, { 0
\O R2 OH
R t H
high ee chiraf reagent recovered
{331)
= MezN
1) MeLi/Cul-BugP/BFyEL,O -
N VW N
} Buli
% / /T 3
69% 98% ee
OH

[T1TL)

1-R- B -Necrodol



T o + /'\\/Cu — 5
97% de
w*
Q
RaNSO,
o 0
R
PhCu— NH-(* +  ——— (333)
R! Ph
up to 50% ce

ee depends on amine, solvent, counterion, ligand, temperature

{334)
Me I 1) ALi
Ph H N 2) Cul
\./\N/\/ ~ m [ACuL] ——— -
o |
o]}
R
R = Et, 92% ee; Bu, 89% ce, }\O\/’l“x 85%
O
also works 70-80% ee
90% l
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(335)

S— Cu=— NMe> 0 0
= 1,4 adduct
0y + Ph ™. ——=  (8)(5) diastereoisomer
(0]

Organocuprates ring-opened quarternary cyclic imidates (equation 336) [345].
Conjugate additions to enones with leaving groups in the B-position resulted in both a-
(equation 337) [346], (equation 338) [347] and B-alkylation (equation 339) [348].
Remote groups controlled the stereochemistry of addition to cyclic vinyl sulfones
(equation 340) [349], (equation 341) [350].

Hz Ra R2
/ { Me,Culi or Rl \ R (336)
N .
1 N Bu,Culi
: o o N
H
60-90%

R! = Me, Ph; R? = H, Br, Cl, COPh, COMe, CO,Et, CN, NO,

|

R3 = Me, Ph; R* = Me, Et
" (337)
N il R?
R*MgX CO,R?
\>—-s W COR e
S L Rt

R' = H,Me; R2 = H,Me; R® = Et; R* = nBu,nCy



0 CO,E R
n CO,Et
Bl AX  On 2
+ U2 UL | i c——
338
_ (338)

OAc
90%

n =12 R = By Me, Br/\/\;,r' THPO/\/\;‘-\‘

COsEt

Me
0 S C0o,Et AN

also works
OAc AcO

M R,CuLi M
L‘Ll 2 sMe A g (339)

or R,'CuSCNLi

or Me,CuCNLi,
R' = Me, Bu, tBu, Pr, Ph, secBu

E  ——— retentionin THF
inversion in Et,0

z retention in both

SO,Ph
R,Culi
(340)

~” ““‘NMesBF, R = MePh, /\,.-r" :
5@ o(®

SO2Ph \ S0,Ph

————-
. + (/\/ >2Cuu (341)
' NMe;

Qs

®
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Methyicopper promoted the conjugate reduction of enones by DIBAH (equation
342) [351]. Palladium{Q)/zinc mixtures catalyzed the same reduction with
diphenylisilane as the reducing agent (equation 343) [352]. Ynones were reduced to
enones by aqueous chormium(!l} salts (equation 344) [353]. lron-complexed 1,2-
diazepines added to dimethy! acetylene dicarboxylate (equation 345) [354].

Z MeCu H
/\ﬂ/ + DBAH ———————n (342)

o HMPA
0

high yields
O O

0] 0 0]
Ph/\)l\ /\//,\/lk /\/N\OMe
(0] (o]
S A, /\/f\/lk

Pd(O)
/\( + PhySiHy e H {345)

a ZnCly2 H,0
(8]
o >95% lo
0 o
o]

/O o
o
P {//%0 Ph/\)LNHMe pr SN \/\l]/oEt

G
o
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CrSO,/DMFH,0 0

0
RlewC=C—C.—R? X R‘/\/Ik R2 (344)
CICI/THFH,0
25-85%
R! = tBu, Me, Et
R? = Me, Et, iPr, By, Ph
R2 (345)
R‘ m— Fe{CO)3
( / ox.
N / + MEOQC—_=—~—.,_C02M8
SN
H
RZ
R!\(_—_ﬁFe(CO)a
N J
SN
COsMe
MeOzc)\/ ¢

C. Acylation Reactions (Excluding Hydroformylation)

1. Carbonylation of Alkenes and Alkynes

"Transition metal catalyzed carbonylation reactions” was the subject of a review
with no references [355]. "Transition metal in organic synthesis - hydroformylation,
reduction and oxidation” annual survey for 1984 (631 references) has appeared [356).
"Metal carbony!s in phase transfer catalysis™ has been reviewed (102 references) [357],
as has homogeneous and phase-transfer catalyzed carbonylation reactions (27
references) [358].

Rhodium complex catalyzed olefin hydroformylation reactions have been
reviewed (85 references) [359). Tropane and piperidine carboxaidehyde were
synthesized by the rhdoium catalyzed hydroformylation of unsaturated nitogen
heterocycles [360]. Bimetallic cobalt-ruthenium catalyst systems were considerably
more reactive in hydroformylation and hydroesterification reactions then was dicobalt
octacarbonyl itself [361]. Platinum catalysts bound to chiral polymers effected
asymmetric hydroformylation of styrene with 70-75% ee [362]]363]. Adjacent ligands
were used to direct olefin hydroformyiation to a desired face of a moiecule {squation
346) [364].
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H (346)
Me LL‘I 67.(
COM, Prrl\/(
et e e + o\
=
Pha P C OD)RhOA c
. ~o [(COD)RhOAC], § , i
CHO H
771003

down CHO to up

11

Hydrocarboxylation of unsaturated compounds has been reviewed [365]. The
rate and selectivity of hydrocarboxylation of o-olefins with a PdCI,(PPhj3), catalyst
increased in the order C3 < Cg < C7, Cq [366]. The effects of reaction conditions on the
PdCIy(PPhg), catalyzed hydrocarboxylation of ethy! 3-butencate [367] and 1-heptene
[368] were studied. The hydrocarboxylation of styrene over PdClo(PPhg), catalysts was
more efficient in a CO atmosphere than in an atmosphere of synthesis gas [369].
Palladium chloride catalyzed the oxidative carbonylation of conjugated dienes
(equation 347) [370].

PdCIz (347)
+ CO + O, + CuCh

Bu4NCI
COoMe

52% 30%

Cobalt complexes(equation 348) [371], rhodium complexes (equation 349) [372]
and palladium complexes (equation 350) [373] catalyzed intramolecular acylation
processes.

Cou{ 1 -Ny)(PPhg)g

A ""cHo (348)

MeCN, 70° |

~100%
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(349)
Hy/CO
A==~ g1 ———— 3 R! +
Rh4(CO)y,
o)
R ,  15:23%
\/(\R’ ﬁ\/n
+
R
Z N cho o
20-31% 6-12%
R = Ph, pMeOPh, pCNPh
R! = Ph
(350)
5 o L4Pd
————————
+ \/\/ f
2) RhCly, EtOH
AcO’ AcO o

95%

Coordinated pyridine underwent bis-orthocyclization when butalized (equation
351) [374]. Titanacyclobutenes inserted CO to give metal-bound vinylketenes (equation
352) [375]. Cationic iron carbene complexes inserted CO, and were oxidatively cleaved
to malonates (equation 353) [376].

/
1000 psi |
(ArO),M(CHg), N (351)
co i N i
Py
2 N 0 | 0
M = Zr Hf \ 7 ~wu-
ArO’ |
OAr
80-90%
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cO Me;gP o
Cp,Ti R! —— ' (352)
PPN\ PMe, CpeTi
R
R
R1
R = Ph, Me, Et
70-92%
R! = Ph, Me,Si, Me, Et
(353)
o] o]
+ 1) CO OCHj ceV /IUI\
Fp==CH, = FD/Y —  MeO OMe
2) MeOH ol MeOH/CO
53%
93%

Cyclohexadiene iron complexes underwent carbonylation in the presence of
Lewis acids to give bridged bicyclic ketones (equation 354) [377]. Butadiene iron
tricarbonyl complexes (equation 355) [378] and cycloheptatrieneiron carbonyl
complexes (equation 356) [379] underwent acylation and further useful transformation.
Phenylacetylene was carbonylated to methyl cinnamate and methy! atropate
RhCI{CO){PPhj), catalysts [380].

</ ‘ \\> 1) AICl/CO as4)
R 2) ceV / “R
0

60-80%

(R's = methyls everywhere)
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(355)
R
AcCl 1) AcClI
—Fe(CO)3 Fo—I-
AlCla 2) H,0O
R=H)
0]
OH
79%
(356)
(0]
|
LGN A CR
+
2) RCOCI
/ /
Fe(CO)a CO)a Fe(CO)a
60-90%
35:65

2. Carbonylation of Halides

"Palladium-catalyzed carbonylation reactions of organic halides with tributyitin
hydride” was the subject of a dissertation [381]. Palladium catalyzed the efficient
conversion of ary! iodides (equation 357) and viny! iodides (equation 358) to aldehydes
in high yield [382]. Platinum(ll) complexes catalyzed the conversion of aliphatic iodides
to aldehydes (equation 359) [383].

L4Pd cat.
ArCHO (357)

Al + CO + BugSrH

high yield

Ar = Ph, pBrPh, mCIPh, pCHOPh, pMeO,CPh, mMeO,CPh, oMeO,CPh, pCFsPh
pMePh, oMePh, pMeOPh, oHOCH,Ph, o THPOCH,Ph

/ \

o
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CO/BugSnH/Pd(0) cat.
—_— \/ CHO (358)

(

high yield

qlﬂ' @/' e S AR
calogbes

L,Pt Cl,
Rl + COM, RCHO (359)
120°, 50Kg/cm?
AN
R = nCq, 86%; nCyq, 61%: ph/\/k“ 53%; 78%; ne /k 58%
! 6
AN

Iron pentacarbonyl catalyzed the carbonylation of benzyl halides to phenylacetic
acids under phase transfer conditions [384]. A similar system could be adjusted to
produce ketones instead of acids (equation 360) [385]. Cobalt octacarbonyl!
carbonylated aryl halides under phase-transfer conditions (equation 361) [386].
Polyhaloaromatics were converted to polycarboxylic acids by cobalt octacarbonyl acid
aqueous base under irradiation (equation 362) [387][388].
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(360)
H,0/Bu,NOH/CH,Cl, 0

Fe(CO)s + PhCH,Br [PhCH,COFe(CO),]

co
A | \PhCHZBr

Ph/Y
| Ph/\'/\Ph
0 |

o)

o}
Co,(CO)g "
ArX + Mel ArCMe + ArCOOH (361)
CTAB/NaOH/PhH

4-54% 0-20%

X
C0,(CO)q
— . ROC COsR (362)
hv
MeO/MeOH or
HO7H0 high yields
(R=H, Me)

Ary! iodides were converted to a-ketoesters by palladium-catalyzed double
carbonylation [389]. Alkyl halides underwent a similar double carbonylation in the
presence of cobalt carbonyl catalysts [390]. Under basic conditions cobalt carbonyl
catalyzed the double acylation of ary! (equation 363) and benzyl halides (equation 364)
[391]. The palladium catalyzed double carbonylation of o-iodoacetanilide was used to
prepare quinolines and indolones (equation 365) [392].

o)
Co,(CO)g/Ca(OH), I
AX + CO + ROH ——————= ACCOH + ACOOH (363)
15° 1 atm CHil I
o)
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ArCH—X A ] (364)
r CCOH Ar COOH
l + COOH
CHs g Y AN
NHAG NHAC
Pd 0 (365)
+ EYZNH + CO ————
' NEt,
/ 82% O
AN 0
NZ o
NH

The rate determining step in palladium catalyzed carbonylations of organic
halides was shown to be cleavage of a palladium acyl complex by alcohol, not reductive
elimination of acyl-alkoxide (equation 366) {393]. N-Tosylenamines were iodinated and
then carbonylated under palladium catalysis (equation 367) [394]. Palladium also
catalyzed an intramolecular acylation (equation 368) [395], as well as the combination
of aryl halides, carbon monoxide and stabilized carbanions (equation 369) [396].

(366)

Q o
I A N, T
RC—Pd—X /% ROH ——w pc_oR

not
R—Pd—CO2R
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Y (367)
— ! CO.Me
N\ ~ Pd(0) \
N4 Pd(0) V4 CO. MeOH "
Ts
T Ts p!  61%
30-50%
R,SnR’ N\
Pd(0) N
Ts
17-36%
7 368
! 600 psi CO (368)
@ ‘ Pd(dba),
R
/ Et,N 100°
R
© 0
R = H,93%
R = Me, 82%
LPdCL. ﬁ T
y 2 2 2
R'X + CO + % — —» RC—C—Z (369)
R E  EN é
100° 33 hr
Z = CO,Me, CN
R! = Phl, PhBr, pEtO,CPhlI, pCIPh E = COMe

SN

S

e Y

Aryl and benzyl halides were converted to ketones by reaction with CO and alkyl
boranes in the presence of reduced palladium catalysts (equation 370) [397].
lodobenzene and phenyl acetylene combined to give the phenyl-alkynyl ketone when
treated with a palladium catalyst under 20 atmospheres of CO at 120° [398].
Trimethylsilylbutadiene iron complexes underwent acylation by acid halides (equation

371) [399].
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Geminal dibromocyclopropanes were carbonylated by nickel carbonyl
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(equations 372 and 373) [400). Geminal dihalides were reductively carbonylated to
esters or amides in the presence of metallic zinc and transition metal catalysts (equation
374) [401]. Aryl triflates were carbonylated over Pd catalysts (equation 375) [402].

(370)

(o]
AX L,PdCl, )j\
. R——B@ + 00 —————— R Sar

P Zn(acac),
Ph X °
THF/HMPA, 50 60-80%

Et, nCg, n— Ph/\/LLL\ MeO)J\ (CH2)10~

s
it

Ar = Ph, pBrPh, pMeOPh

(371)
= _RCOCIACl,
——Fe(CO)3
™S Fe(CO
Fe CO)g
95%
8 i
r Ni(CO),, DMF
; | (COL . C—OR_ (372)
R Br ROH or RnR R NR
"~ om i)n
Br ————————i o (373)
Br C)|
good yields
=1,2
Zn
R'RZCX, + CO + MeOH —————n R'R2CHCO,Me (374)

C0x(CO)y
or Lopiciz up ta 70%
or L,PdCl,
or L,NiBr,

R'=R2=H

R' = H; R? = Me
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AOTt + PdO) + CO + ROH —— ArCO,R (375)

3. Carbonylation of Nitrogen Compounds.

Amines were efficiently N-formylated over ruthenium carbonyl cluster catalysts
(equation 376) [403]. The same system aminocarbonylated olefins (equatino 377).
Thirty five promoters for the palladium catalyzed carbonylation of nitro and gzobenzene
were examined [404). A wide variety of palladium and vanadium catalysts were
screened for activity in the carbonylation of nitromesitylene [405]. Carbonylation of
nitromesitylene to the isocyanate was catalyzed by RhoCly(CO)4 and MoOCI; [406].
Imines were acylated by carbon monoxide in the presence of thiols by cobalt
octacarbonyl (equation 378) [407]. Mixed rhodium/cobalt catalyst systems catalyzed the
amidocarbonylation of substituted allylic alcohols (equation 379) [408]. B-Aminoacyl
complexes of palladium were aminoacylated (equation 380) [409].

Ru3(CO)y,

RNH, + CO ———————=  RNHCHO (376)
40 Kg/cm?
120 - 200° high yields
AN
R = nCg, iBu, Ph, ph/l\ { N-—
Rug(CO) “ “
RNH, + R'CH=CH, + CO —————— RNHCCH,CH,R + RNHCCHR' (377
CHs
0 (378)
850 psi, 170°
RSH + CO + R'CHNR" — RCNHR" + RCONR" + R'CH=CHR!
C0,{CO)g, PhAH/H,0
CHzR!
30-60% 4-10%
COLH (379)
HHh(CO)La
AN COOH
OH  Coy(CONg, H NHCOCH3
CHZCONH, 23% NHCOCH;3

28%
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Et, (380)
N cI
\N 7

SN+ PACLMeCN), + 2ELNH + CO  —= Pd

NHEt,
o
0 TN
JE——
EtoN COCON )

50-80%

4, Carbonylation of Oxygen Compounds

Methanol was hydroformylated to 1,1-dimethoxyethane by iodine-promoted
cobalt catalysts [410]. Primary alcohols were carbonylated to esters over ruthenium,
rhodium or cobalt catalysts [411]. The full details of the useful carbonylative
homologation of secondary acetates have been published (equation 381) [412].

R %

g Qg ) Qf Oﬁﬁ
L 7 s
MAANCRREvaY
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5. Miscellaneous Carbonylations

Thiophenes, furans and pyrroles were carbonylated in the 2-position using
palladium catalysts (equation 382) [413]. Methyl acetate was homologated to ethyl
acetate over Ru(COj)3l5- catalysts [414]. Dimethylether was reductively carbonylated to
acetaldehyde and ethanol over cobalt catalysts [415]. Olefin homologation was
compared with Fischer-Tropsch syntheses in regards to the mechanism of carbon-
carbon bond formation [416].

50 bar CO
. H ROH, PdCl/NaOAc 7 COzR

cu'l’Hg"

up to 90%
Z =8,0,NH

6. Decarbonylation Reactions

Conditions to extend the lifetime of palladium catalysts for the decarbonylation of
furfural have been developed [417]. Bridgehead acid chlorides decarbonylated to give
rearranged, nonbridgehead olefins (equation 383) [418]. Aroyl cyanides were
decarbonylated to aromatic nitriles by palladium catalysts, while aliphatic systems gave
olefins (equation 384) [419].

| PdBr.
cocl " (383)
nBugN

(384)
(0]
I Lipa
ArCCN  ———— ArCN Ar = Ph, pMePh, 3,4(MeO),Ph,
PCIPh, 2-furyl, 1-naphth
94-100%
but

O

R/\)kCN —— R/\/
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7. Reactions of Carbon Dioxide

The synthesis of organic chemicals by catalytic reactions of carbon dioxide has
been reviewed (16 references) [420]. Ary! and vinyl halides, as well as allyl acetates
were redutively carboxylated by carbon dioxide in the presence of palladium(QO)
catalysts (equation 385) [421]. Diethyl amine was converted to tetraethyl urea, and
diethy! formamid e by carbon dioxide and palladium(ll) catalysts (equation 386) [422].
Aryl halides were carboxylated under photolytic conditions by dicobalt octacarbonyl
[423]. Propargyl alcohols were converted to carbonates by reaction with carbon dioxide
and ruthenium catalysts (equation 387) [424]. Terminal alkynes were converted to enol
carbamates by reactions with carbon dioxide, secondary amines and ruthenium
catalysts (equation 388) [425][426].

ArX ArCO,H (385)
.
Br COQH
a % ————— P
Ph L4Pd cat.
CO, COxH
AN COzH
Ph OAc /\/ 2
40-80%
Q
PdCI,(MeCN), )L + )J\ (386)
EtNH + CO, ——————=Fp,N NEt, Et,N H
(387)
H RU3(00)12
— ~ OH + CO, /\__
EtN \"/\ o
27%
(388)
Ru3(CO)y,
RC=CH + EL,NH + CO,

30-40%

R
RCH=CH—C=C—R + y

(o] NEt,

Y

o}
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Nickel(O) complexes catlayzed the carboxylation of quadricylene (equation 389)
[427], styrene (equation 390) [428], ethylene (equation 391) [429] and
benzocyclopropane (equation 392) [430]. Nickelacyclopentanes readily inserted
carbon dioxide (equation 393) [431]. Bis-cyclooctadiene nickel effected the bis
carboxylation dienes (equation 394) [432] as well as the telomerization-carboxylation of
butadiene (equation 395) [433]. Butadieneiron tris-phosphine complexes also
incorporated carbon dioxide into their ligand framework (equation 396) [434].

+ Ni(COD)bipy) + COy ——= % (389)

COzH

(390)

H+
, CO.H
PR+ GO + N(O) + L == —= pp NS + Ph COzH

.

CO2H
Ph /\/ 2
70%
(391)
MeOH
CHCH, + CO, + Ni(©O) + L .—HCI_—» /\/\002Me *
1%
A NcoMe  + N NcoMe
3% 5%
(392)

Co,
+ LONiO) ——me _ .
NiLn W
: COLH
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(393)

LzNi
2 co,

(MeaP)ZNiCIZ + X\Mgcl (RS A—. [P ———
Ph

co
LoN{ —_— 0
o) o
0 o}

NN - NICoD), + by ———

bipyNi HCI
LN I [ MeOH
o
0 ~
PN e NP
Hel CO.R
MeOH
7 x COMe
COsMe
(395)
7~
/\/ + CO, + Ni(©O) ———=
~ o o
59%
Rh(l) T
N P o

o
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(396)

o~ HyO*
(Me4P)4Fe + COp ————w /—‘\ —_ . /=\/002H
L3Fe ©
\ ! +
co
1) FeCl, /\/\ COH
H,0* ) HaO*

Hozc\/=\/ COH

+

HOZC\/\/\COZH

HOZC\/\/\/\/\ COzH

93%

Propargy| carbonates were decarboxylated to allenes by low valent palladium
complexes (equation 397) [435]. a-Cyano allyl esters were converted to unsaturated
nitriles by palladium(O) catalysts (equation 398) [436).

O
" (397)

OCOMe \H,*HCO,
4 2
—_— - ¢ —_—
x

R N PoBuN

40-80%
% 0CO,Me
/\ OCOzMe OCOMe c /'\
R 8 x
0OCOMe

OCOoMe
Cg—:—/\ OCOzMe Ph /\ M
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CN (398)
R/\(
EtCN

CN
c‘> —e X + CO, + CiHe

c L4Pd, A
\/\O/ §O
CN 48 CN 33 \/\)\
\/\/l\/\/ \/\\‘/}\/7\/ Coz/\/
COZ/\/ CO,
65%
78%
e D
81% 78%
D. Oligomerizations

"Dimerization of ethylene and propylene catalyzed by transition metal complexes”
was the title of a review (567 references) [437). Ethylene was polymerized by
[CpoZrCH4CTHF)]+BPhy [438]. Ethylene was dimerized to 1-butene by titanium
alkoxide/alky! aluminum catalysts [439]. Nickel-oxide, titanium/sulfate ion systems
catalyzed ethylene dimerization [440]. Cationic n3-allylnickel complexes dimerized and
trimerized ethylene [441]. Gel immobilized nickel catalyst system dimerized lower
olefins [442]. m3-Cyclooctenyl nickel perfluoroacetylacetonate catalyzed the linear
dimerization of propene and 1-butene [443]. Nitroxyl radicals were used to reduce the
formation of polyethylene in ethylene oligomerization over titanium(lV) chloride-
dichloroethylaluminum catalysts [444]. Propene underwent linear oligomerization over
diethylaluminum ethoxide/nickel hexafluoroacetylacetonate catalyst [445].

Ziegler-Natta type catalysts promoted the codimerization of styrene and
propylene [446]. Nickel(O) complexes catalyzed the cooligomerization of methyl
acrylate with dimethylcyclopropene (equation 399) [447]. Rhodium catalyzed the
cooligomerization of 1,3-diene with 3-butenoic acid (equation 400) [448].
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(399)

R4P/Ni(O)

A t A coMe

40-500

CO,Me CO,Me

CO2Me
+
COxMe

73-92% L = Et3P,83%; L = P(iPr)tBu, 90%; L = O— P 78%
3

/\/I\/\COZH

Rh(diphos)(n6-BPh,) catalyzed the head to tail coupling of allene [449].
Butadiene was linearly dimerized gel-immobilized iron complex catalyst [450].
Polyethylene bound nickel(O) catalysts gave the same reactivity and selectivity as
homogeneous catalysts in the cyclocligomerization of butadiene but could be easily

recovered and reused [451]. Palladium(ll) acetylacetonate catalyzed the telomerization
of butadiene and water [452], and isoprene with water [453]. A PdCl,/VOCIy/FeClg

catalyst converted butadiene to octy! alcohol [454]. n3-Allylpalladium catalysts
promoted the telomerization of butadiene and isoprene with cyclohexenone (equation
401) [455]. The intermediates in the bis-n3-allylpalladium catalyzed oligomerization and
telomerization of butadiene have been characterized (equation 402) [456]. The
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telomerization of butadiene, carbon monoxide, and ethylene oxide was catalyzed by
palladium complexes (equation 403) [457].

NS —<<PdOAc]2

R,P, 80°

4¢4>\\T¢4’ H0

+

R3P 7N (402)
a ( Pd —_— Pd
PRGN g

X
v
(-)<X v /\
—_ RaP . o1y
RsP”

(403)

Pd(acac),/iPryP/IMeCN N

444\\\¢4¢ + CO, + [::C
90°, 20h

OH

22%

Alkyne oligomerization has been reviewed (116 references) [458]. Bis-
trimethylsilylacetylene was dimerized to tetrakis-trimethylsilylallene in very low yield by
CpCo(CO), (equation 404) [459]. Terminal alkynes were dimerized to 1,3-dienes by
reduced cobalt species (equation 405) [460]. Acetylene was alkylated and
homologated via organocopper chemistry (equation 406) [461]. Alkyltitanium
complexes catalyzed the cooligomerization of bis-trimethylsilylacetylene and
norbornadiene (equation 407) [462]. n6-Bis benzens chromium catalyzed the
cooligomerization of perfluoropropene with perfluorobut-2-yne (equation 408) [463].
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(404)

™S T™MS
TMS—=—=—TMS + CpCo(CO); — = }:C:{ + lots of complexes
T™MS

RC=CH

TMS
5%

R
+ [COCLBRPINGBH,] ——— N N\F g (405)

70-80%

R = nCg, nCg, nCs, Ph, MeO,C-(CH,)g

R,Culi

R = Bu, nCg;
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1) 2 Ho==CH -50°4
2) 4 HC=CH 0°

/==\—/E (406)
3) E*,-50° to -80° R =

Br
E* = Mel,CO,BUCHO, I, ZZ " pn~" g

COMe l/\/\/\/\/\rOEt

OFt
H
(407)
TiCl/ELAICI H ™S
™S
30%
60° H
T™MS TMS—=—TMs TMS ™S
——————
TiCl,/ELAICI
! ™S ™S ™S
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. (408)
]
p
o + CRC==C—CFy —rt . CFs - OFs
CF”” N CF, (PhH),Cr
CR/ FF
.
CFa CFs
— CFs
F
CF3 H

Alkynes were cyclotrimerized to arenes by CpRhL, catalysts [464]. Reduced
nickel comlexes cyclotrimerized bis-propargy! ethers (equation 409) [465]. Phenyl
acetylene was cyclotrimerized to 1,2,4-triphenylbenzene by (triisopropylphosphate)
nickel tricarbonyl [466]. Propargy! alcohol was cyclotetramerized by azadiene nickel(O)
complexes [467]. Low valent complexes cyclocligomerized alkynes (equation 410)
[468].

N
% OMe

MeO cyclotri
yclotrimers (409)
~ Ni(lly/NaBH /R4P

(410)

Ph

LaNi + Ph—===—Ph —> —

Ni
A
/ ROpC—z===—CO,R
o
2 co COzMe
Phg HOAc
Ph CO,Me

Ph
[/3(4 \ \ o

© ] Ph



Organometallic cobalt-mediated [2+242] cyc
the subject of a dissertation [469). This process was used in the synthesis of a number
of polycyclic systems (equation 411) [470), (equation 412) [471], (equation 413) [472],
Sequation 414) [473].

(411)
MeO
b \/\O/\O

™S y

1) Buli CpCo(CO),
2) TMsC! OMe

w
(@)
o
C
2
Q
(@]
N
et

(412)

OR!

2
1) CpCo(CO),, hv

2) A

R0

70-90%
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R
TMS —=—=—X
. _—
CpCo(CO),
OM
Y X - MeO, COLEL, TMS 30-60%

NHAc i
R = H, Me, COCH,CH,CH 1.,11/\/ 7_’1‘/\\/ OSiRs

=
W\
(414)
Y
/ \ T CpCo(CO) X
:N: Al 7 / —CoCp

N

Y
x/k()
X=0H;n=234Y=H, “\1/\/\

Reduced ruthenium catalysts dimerized methy! acrylate (equation 415) [474].
Triiron dodecacarbonyl dimerized conjugated enones {(equation 416) [475], (equation
417) [476). ‘Norbornadienes were cyclooligomerized to strange ring systems by iron
pentacarbonyl (equation 418) [477] and cobalt catalysts (equation 419) [478].
Radialenes were prepared by copper-catalyzed cyclooligomerization of gem-
dibromovinyl halides (equation 420) [479]. Isocyanides were polymerized to helical
polyimines by nickel(ll) catalysts in the presence of chira! amines [480].

n

O

OMe (415)
oM
/\r ° MeO/“\/\/\“/
I 7 8CgHgMA),RU(O)

0
0 NaNaphth

47% conversion; 49:1 linear/branched
77% dimer



Ar
Fe3(CO)y 5
AlCH=CH—CA —— & A Ar
| A
0 Ar (o}
~ ~90%
Ar = Ph, pMePh, pCIPh, pMeOPh
Ar' = Ph, pMeOPh
ﬁ Fe3(CO)‘2 R
PhCH=CH—-C—R . - R
A
Ph
Ph 0
R = Me, Et, nPr, iPr 40-80%
ﬁ OCOAr
OCAr
Fe(CO)g
—_— (418)
I nBu,O
rfx
OCOAr
29%
{419)
CoXLy/Lewis Acid
high yield
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(420)
\__{Br 1) BuLi, -100° s
/N Ao S

up to 32% up to 30%

=

minor
E. Rearrangements
1. Metathesis

A review entitled "on the trail of metathesis catalysts" (47 references) has
appeared [481], as has one dealing with catalysts for disporportionation of unsaturated
linear hydrocarbons (34 references) [482], and olefin metathesis (32 references) [483].
Catalytic olefin disproportionation and other studies related to C-H activation with
iridium complexes was the topic of a dissertation [484]. Metathesis of functionalized
olefins has been reviewed (49 references) [485]). The catalyst system WCIg/LiAlHy in
chlorobenzene metathesized 2-pentene, 2-hexene, and 3-heptene [486]. Propene
metathesized over molybdenum-alumina catalysts [487]. The catalyst system
WClg/SnMe, catalyzed the metathesis of cis-2-pentene with vinyl- and allyl
trimethyisilane [488]. The catalysis of hydrosilation and metathesis of vinyl-substituted
silanes has been reviewed [489]. Titaniumcyclobutanes catalyzed the ring-opening
polymerization of norbornene (equation 421) [490]. Tungsten carbyne complexes were
effective metathesis catalysts {(equation 422) [491] as was a tungsten carbene/nitrene
complex (equation 423) [492]. Titaniumcyclobutanes underwent a number of reactions
other than metathesis (equation 424) [493], (equation 425) [494].



(421)
DMAP )
szTi\/\/ Al/ + —— CpTi
~ Py
0°

isolate

XS

D (422)

Cls(dme)W=C—CMeg ——

good yield

(423)

cl
oL v'v )l\ 2 Me(CF),CO

w SO ) dmeiCh « TMSNHR 4 BN g
cl

RIO__ /)l\
WS well characterized metathesis catalyst
Rf0” SNR

(424)
A
R,PMe HCl
/ e Cp2Ti"
CpgTi

) 89%
Ph)l\Ph

Ph Ph

83%
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(425)

HCI

Ph
Cp,TiCl, + Ali + Ph—===—Ph Ph/\/

Ar

2. Olefin Isomerization
1-Butene was isomerized to cis and trans-2-butene by n6-CgHgNi(SiCls) and

related compounds [495]. Rhodium and iridium(l) catalysts isomerized w-olefinic silanes
to allyl silanes (equation 426) [496]. Metal clusters in the catalysis of isomerization of
methyl linoleate was the topic of a review [497]. 1,5-Cyclooctadiene was isomerized to
1,3-cyclooctadiene by titanocene dichioride/Grignard reagent systems [498]. This same
catalyst isomerized 1,5-hexadiene to methylenecyclopentane, methyl cyclopentane as
well as all possible linear isomers [499]. Light catalyzed the isomerization of 1,5-
cyclohexadiene by nicke! hydride ocmplexes [500]. Vinyl cyciohexenes were
isomerzied to 1,3-cyclohexadienes by iron pentacarbonyl (equation 427) [501]. This
same catalyst isomerized allyl benzenes to styrenes upon irradiation [502].
Dihydrodioxepins were isomerized aver chiral catalysts (equation 428) [503].

SiRg SiRa (426)
Rh or
R’ 2 RICH N R
\/\(CHQ),1 R v (CH2)n
(427)
R Fe(CO)s R R
x Fe(CO)g P
+ — Fe(CO)s
Bu,O, rix
1:9
R = H,MeO,C,CN Fe(lCO)yHCI 6 : 4

7
2
‘

5 S o Ru,Cl,(diop), U (428)

25% ee
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3. Rearrangements of Allylic and Propargylic Systems

Asymmetric isomerization of allylic compounds and mechanism was the subject
of a review (20 references) [504], as was asymmetric catalytic isomerization aof
functionalized olefins (72 references) [505]. Allyl ethers of carbohydrates were
isomerized and cleaved by trans [Pd(NH3),Cl5] [506]. Allylic alcohols were isomerized
by OsHBr(CO)(PPha), [507].

Palladium(il) chioride catalyzed the Cope rearrangement of allyl vinyl ethers to
olefinic ketones (equation 429) (equation 430) [508], while nickel(ll) catalyzed
phosphorous oxygen to carbon allylic rearrangements (equation 431) [508], and
palladium(Q) catalyzed sulfur to carbon allylic rearrangements (equation 432) [510].
Enamines of allyl esters of proline also rearranged under palladium(O) catalysis
{equation 433) [511].

R3

R3
q P
dC1L(MeCN)
l ; __f_.z__, R® (429)
RZ R R1

R4
R3 °© R4 o}
| ‘ —————— R6 (430)
. - R® R®
R R2 RG R1 R2

good yields only for: R! = H; RZ = Me,; R® = Et; R* = RS = H;R% = Me

R'=H:R2 =Me;R*=Et R* = R° = R° = H

431
Rs \ R4 3 4 3 4( )
W _NiC!z R \'/\/ R R \/\l/R
RZOPR! +
Pe Pa
R? R?
85-100%

R',R?= Ph, Et,":r\o/\/

R3 R* = H,Me, Ph, (CH,)3
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R! o (432)
L4Pd l é
? _/-——=< — Tol——?’ = NCH=CH;,
S R2 H
Tol—S—0 0
L = DIOP 76-87% ee
R! = Me, H,nPr,nCqg NMDPB
MDBPP ~70% yield
R? = H,Me
L,Pd, DIOP
o OAc
>=—./— + SO,Na
R2
e}
U 0
N o/\/ "
LPd
E— R (433)
THF

30-40%
87-100% ee

Palladium(O) catalyzed a number of allylic other rearrangements with extrusion ot
COS (equation 434) [512], and CO, (equation 435) [513]. (equation 436) [514],

(equation 437) [515].

M ~

° + LpPd ———

)\ SR
s SR

+ COS (434)

N Y AN

O o} S

o /u\
s)\ SMe S)\SMe s)\ SiH,OMe MeS 0
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(435)
1
R 1 Pd,Rh, Rucat. 1
>—O—C—O/\/ %O + COp + /\
R2 R2
| 60-80%
Ru cat.
o)
) P
>_OH + d o \F
RZ
(0] OAc o)
co{\/ Pd, (dba), a6
Rl —_— .~ g (436)
PhgP, CHyCN
Rz RZ
: 0
0 0
94% 63% 88%
83%
(437)
R OCOR*  L,Pd R! CO,R*
2 —_—- _C_
R % co
R3 R R
44-88%
R2 R3
RK‘_\‘)\/k
N\ ot
o}
o} o}
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(equation 437 continued)

o (o] (o]
c;>’<;§§§ [:::]<:$¥s ///////L\T//
S Cy 4 /\/O

Zirconocene dichloride catalyzed [2,3]-Wittig rearrangements with high
stereoselectivity (equation 438) [516], (equation 439) [518].

OMOM (438)
o -
R o\\v//u\\ 2 Cp,ZrCl,
/ N e ——
R? RS
OMOM
OMOM
Rl RZ O ;’
RIS N
OH
OMOM
60-80%; up to 96% de
at 02-
(439)

OH
\/\r O\/CO:e Cp,ZrCl, Rl J\
COz
R

up to 96% ee of syn
R = H, Me, nBu, nCg, iPr

4. Skeletal Rearrangements

Platinum catalyzed skeletal reactions of alkanes of various structures was the
topic of a summary [519]. Skeletal isomerizations of alkanes over palladium and nickel
catalysts appeared to proceed via carbene mechanisms [520]. A cyclobutyliron complex
rearranged to a ring expanded carbene complex upon irradiation {equation 440) [521].
Palladium(ll) chloride isomerized viny! cyclopropanes to m3-allyl complexes (equation
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441) [522]). Nickel carbonyl rearranged vinyl cyclobutanes to cyclohexadienes
(equation 442) ([523)], while cobalt(ll) porphyrins converted bicyclobutanes to
cyclobutenes (equation 443) [524], and nortricyclanes to norbornadienes (equation 444)
[525].

co
Cpgg\<> n FeC (440)
e / eCp
OMe
OMe

RS, R (441)
R! PdCI2
anW /\l/> —
R2 R3
o’ \/
2
cl
/-\\/\/
Pd
7 al
o
2
Cl (442)
coMe MNCO COsMe
I cl
COMe CO.Me

CO,Me
: :Cone
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TPPCo(ll)

R3 >< CN R3 CN (443)
X cat.
1/ Rt

R!

R CoTPPC R (444)
B
Na,CO,
COH COzH

R = CONH,, CONHMe, CONHtBu, CONMe,, CONMePh, CO,H, CONHPh, CONHBz

CO,Me, CONHCH,COOH CONG

Chromium carbonyl complexes rearranged a benzocyclobutane (equation 445)
[526] while reduced nickel species catalyzed a ring expansion (equation 446) [527] and
palladium(ll) catalyzed a ring contraction (equation 447) [528)]. Molybdenum carbonyl

{equation 448) [529] and iron carbonyl (equation 449) [530] catalyzed rearrangements
of nitrogen heterocycles.

\ Cr(CO)3(MeCN),

o (445)

HO Ar ‘
iPrMgBr
agk—x
Ni(acac),, -15°
Ar

OH

71-90%
Ar = Ph, mFPh, mCIPh, pCIPh, mCHBr,, pCHBr,
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\ / 1 eq, Pd(OAc), NCO,R (447)
N NaOAc
| PhH i oH
CO,R
12-15%
— NHCO, Et NHCO, Et
\ / Mo(CO),(MeCN)3 P S (448)
N\N * +
CN
i ~
CO,Et
CHO
0,
25% %
(449)
Ph Ph
Fe(CO)s S / \
| _— | +
N\O hv N __~# Ph NH cHO
9% 6%
5. Miscellaneous Rearrangements

Nickel(ll) amine complexes catalyzed the epimerization of C-2 ot aldoses and
selectively complxed mannose-type epimers [531]. Palladium(O) (equation 450) [532],
(equation 451) [533], titanium(lV) (equation 452) [534] and nickel(ll) complexes
catalyzed the rearrangement of epoxides to carbonyls.

R R L,Pd |
oo — " R (450)

OH

50-70%
R = Ph, ptoly, pNO,P
(failsif R = aliphatic, electron rich aromatic)
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0 Pd(O) 2
1 R
R >Q< NOe — g (451)
H

40-70%

= Ph, pMePh, Me
R? = Me, Ph, nBu

NO-, 0
also —— O —
(o]
o) NO, ©

0. Functionalized Group Preparations

A Halides

Electrochemical reduction of nciekl(ll) bromide in N-methylpyrrolidinone gave a
catalyst which converted aryl and alkyl bromides to iodides (equation 454) [536]. Aryl
bromides were converted to iodides by potassium iodide and copper iodide (equation
455) [5637]). Iron complexes catalyzed the addition of carbon tetrachloride to olefins
(equation 456) [578]. Manganese(lll} acetate converted cinnamic acids to trichloroethyl
benzenes (equation 457) [539]. Ketones were converted to vinyl halides via their
triflates by a palladium catalyzed stannylation/bremination (equation 458) [540].
Complexation to cobalt was used to protect the alkyne in enynes during bromination of
the alkene (equation 459) [541]. Epoxides were opened to chlorohydrins by Li>CuCiy
(eequation 460) [542].

R® OH ©
0 )
/! OTMS  TiCly/CH,Cls o M s (452)
od =
Rz RY RS -78° M R
40-90%
22 cases
NiBr,L, (453)
\<‘ /\CHO
0 97%
Ph

Ph
o
><(]) —— >—cCHO /|<] - >—'CHO

98%



NMP ArBr Arl 454
NBr, + & — = [Ni(O)] ————= (
RBr, | RI

Ar = Ph, pMeOPh, oMeOPh, mMeOPh, pMePh, pFPh, ph/\/LL"l

/Y /\/1'1l

AN

150°, HMPT (455)
ABr + Kl + Cul —————— Arl
7 hr
70-85%
(456)
Cp,yFe,(CO)4 cCly
/\/\/ + cCly, —mm——m
|
60% ¢
(457)
CO,H AcOH
Ar/\/ + Mn(OAQ); + CF ————= ArCHCICHCI,
rfx
up to 50%
Ar\‘ fOM A ‘/C' Ar>< CHCl
— - —
Ar OAc
Ar Ar Cl
0 OTf Br (458)
1) {Me;Sn),
L,Pd
2) Brp high yields
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(equation 458 continuad)

o) 0 0 0 0 0

O

OO A
0 OH

(459)
Co,(CO)g
Ph—s==—CH,CH =CHPh ——— &= Ph——===—CH,CH ==CHPh
COZ(CO)s
Br
1) Br, I
— Ph-_-—_._.CHz—-—CH-C!)H—F’h
v
2) Ce Br
53%
(460)
OH Cl
OH
R/<] + LipCuCly, —— o R R
major minor

o) Q
R = nCg, RO(CHy),;: also o /\/\<1
Ph" o Ph/<]

B. Amides, Nitriles

Nickel(O) complexes catalyzed the reaction between olefins and isocyanates to
give unsaturated amides after cleavage (equation 461) [543][544]. Ruthenium clusters
catalyzed the reduction dimerization of isocyanates to N-formylureas (equation 462)
[545]. Ruthenium tetroxide oxidized N-protected amines to amides (equation 463) {546].
Ruthenium hydrides catalyzed the reaction between nitriles, amines and water to give
amides (equations 464 and 465) [547]. Diperoxycarbamates were prepared by thie
copper catalyzed reaction of hydroperoxides with isocyanates [548].
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L, Ni(O)

PANCO + RCH=CH3 —_————» RCH=—=CHCONPh (461)
(o] (o]
H3Ru4(CO)12 /u\ )l\
2RNCO + H, ==———————" RBNH N H (462)
120°, 50 hr |
R

41-56%

(_)\ RuO, cat. //\'—X\ (463)
———
N OR 0 N~ OR

aq. NalQ,
BOG q- T BOC

90%

(484)
O
Ru cat. 1ll 2ei3
R'CN + HNR’R® + H,0 ——— R'C—NR?R®  + NH,
RuH,L4
160°, 24 hr, DMe
4
o (489
RuH,L4 " “

RCN + HpN(CH,)yNH(CH)(NH, —————=  RCNH(CH;)NH(CH,),NHC-R

The hydrocyanation of alkynes has been reviewed (8 references) [549] as has
homogeneous nickel-catalyzed olefin hydroxyanation (73 refernces) [550], and metal
catalyzed stereoselective additions of hydrogen cyanide and other small molecules to
alkenes and alkynes (12 references) [551]. The nickel(O) catalyzed addition of HCN to
olefins (equation 466) and dienes (equaticn 467) [552] has been shown to go with cis
stereochemistry. Aryl iodides were converted to aryl cyanides by trimethylsilylcyanide in
the presence of palladium(O) catalysts (equation 468) [553].
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(equation 468) [554].
borohydride (equation 469) [555].
homogeneous hydrogenation of nitroarenes to anilines [556].
compounds were reduced to oximes by sodium hypophosphate using a palladium
Rhenium oxo complexes required high hydrogen pressures to reduce
Palladium(O) catalyzed the reaction of bromobenzene, t-

catalyst [557].
nitrobenzene [558].

Ni(P(OPh)3l4

e —————————————t
ZnCI/P(OPh),
MeCN, 60°

+ DCN

O —L

L4Pd
—_— ArCN

EgN, rix

Al + TMSCN

60-90%

D
H >§—‘— H (466)

D CN

>80% erythro

Ar = Ph, oMePh, pMeOPh, pCIPh, pBrPh, pMeO,CPh

B,Hg/NiCl,

—————— -

ArNO, ArNH,

high yields

(467)
D
CN
(468a)
(468b)

Ar = pMeOPh, pCNPh, pCNCH,Ph, pMeO,CPh, pH,NCOPh

tolerates: C=0, CHO, CO,R, CONR,, CN, C=C
Amines, Alcohols

Arylnitrocompounds were reduced to anilines by diborane/nickel(ll) chioride
Copper(ll) catalyzed a similar nitro group reduction by
Palladium(ll) quinoline complexes catalyzed the

butylisocyanide and alkyi tin reagents to give imines (equation 470} [559].

a,B-Unsaturated nitro
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(469)

AMNO, ArNH,
+ NaBH, ——2——>
Cu<t NH,
NO;
CN, CO,R, CONH, inert
N
Pd(0)

PhBr + —I-NC BUsSPR  ——— o )'\R (470)

R = OMe, OEt, NEt,, CN, C==CPh

Platinum/tin systems catalyzed the reaction between allyl alcohols and amines to
give allyl amines (equation 471), while ruthenium catalysts effected further conversions
(equation 472) [560]. Palladium(O) complexes catalyzed the conversion of allyl
acetates to allyl azides or amines (equation 473) [561]. The same catalyst promoted the
1,4-amination of butadiene (equation 474) [562]. Aryl halides were converted to aryl
amines by reaction with aminotin compounds in the presence of palladium(O) catalysts
[663). Copper(l) or nickel(ll) salts promoted the amination of quinolinoquinones
(equation 475) [564]. Early transition metal azide complexes (eg. Ti, V) catalyzed the
ring opening of epoxides by trimethylsilyl azide [565].

(471)

Cl,(L,)/SnClL/H,0
) 22 R'CH=CHR"CH,NHR

RNH, + R'CH=CHRCH,OH
120-150°
57-84%

R = Ph,nCg; R = H,Me; R" = Me, H
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(472)
RUCl,L, S R
X + R'CH=CHCH,0H =
NH» 180° N/ R"
X
o 1) NaNj, L,Pd cat. (473)
RN 0pc A7 NN H,
2) PPhy
3) NaOH/H,0 £0-80%
Ph/\/\ j@i /K/\/'\/\
(E10) ZPOM OAc
(474)
NG+ PAO) + RNH + RNHTT ——= RzN/\/\
modest yield
(475)

/

\
T

CuCl \ >
¥
or N! (1)
N N
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Oxidation of alkenes-metal induced formation of an allylic-carbon oxygen bond -
was the topic of a review (190 references) [566]. Enolates of esters of chiral alcohols
were a-oxygenated to a-hydroxy esters by "MoOPh" with high ee (equation 476) [567].
Ethyl esters were similarly a-oxidized [568]. Amines were converted to alcohols by
reaction with Nas ~-Fe(CN)sNO (equation 477) [569]. 1,2-Aminoalcohols were converted
to epoxides by this reqgent (equation 478). Chiral diols were prepared by the oxidation
of olefins by osmium tetroxide in the presence of chiral diamines (equation 479) [570],
(equation 480) [571]. Cyclopentadienyl zirconium dihydride catalyzed the "Meerwen
Pondorf Veerly" reduction of ketones to alcochols by isopropancl [572]. Vaska's
compound, L,IrCI(CO) catalyzed the conversion of formate esters to alcohols and
carbon monoxide (equation 481) [573]. Palladium(O) catalyzed the reduction of
conjugated epoxides to allylic alcohols by formic acid (equation 482) [574]. Styrene
was hydroxylated to a-phenethyl alcohol by an oxygen/Co(ll)TPP/borohydride system
[575].

OH
OR* .
R/\( 2 KN(TMS), R/H/OR (476)
fo) sec BuOK l
MoOPh o
50-80%, high ee
477
IO R R? NH; I0 R' R? OH
: Na,Fe(CN)sNO %
yo)\/k/\ >(O
KoCOs, H,0 ,
OSiR;; OSIR;:

67-83%

o
NazFe(CN)sNO 1% “78)
Me2N MeN
e

61%
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R OH
R P — 479
\/\R1 + 0s0y " NMe >__( (479)
HO R
NMe,
40-86% ee
A = H, nCg, Ph, COMe
R!' = H,Ph
(480)
—_— + 0504
HO OH
o »Naphth OT‘N
OTMS
one /\/l\
Ph OFEt
Ph/\/ Ph/\( Ph/\( ‘ Ph s
OTMS
70%, 90%ee o o,
47%, 60%ee 95%, 66%ee 72%, 35%ee 42%, 0%ee
(0]
1 180° (481)
HC~— OR + LyIrCO)C —— ROH + CO
cat 48 hr
(solvent) 40-60%
R = Me, nBu, tBu, nC, 2-C,, nCq, 2-Cg, PhCH,
(482)

1

R\v7</\ Pd(O) ) ’

N e “\._X:\/\

S Coper  HOOH  pau A cog
OH

78-85%



319
D. Ethers, Esters, Acids

1,2-Dimethoxyethylene complexed to iron exchanged with (R)(R)-2,3-butane diol
to produce a chiral complex which was further transformed (equation 483) [576]. Cobalt
carbonyl catalyzed the conversion of oxetanes to silyl ethers (equation 484) [577].
Palladium{ll) chloride/copper{}) chloride mixtures converted butadiene to 1,4-dibutoxy-
2-butene (equation 485) [577]. Copper aryloxides converted carbon disulfide to
tetraaryloxymethane (equation 486) [579). Palladium chioride catalyzed the o-
methoxylation of afused furan (equation 487) [580]. Unsymmetrical diaryl ethers were

made by nucleophilic attack of phenoxides on manganese complexed chlorobenzene
{equation 488) [581].

(483)
OMe

I[ OMe o
F+ )k OMe _ F+ |[ HO>_—<OH
P e p B

OMe
89%
TMSOTS

(o]
. /\/
Fo H

Nuc

OTMS

100%
o]
O/‘\(
Fo
Nuc™ = BH4CN", MeCuCN, PhMgBr, CN", PhCH,S",
o—Lui
{484)
" R R
(55 HSiEt2Me /74/ /\><\/osm2
! + i
0 R3SiO
o CO, Co,(CO)g ReSi
CHCh major rrinor
n+hexane >80%
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PdCl,

OBu 485

N + BUOH —m—mm———= BUO/\/\\/ ( )
CuCl,

CS, + [CuQAf, ———= C(OA, + 2Cu,S (486)

Ar = Ph, pMePh, pEtOPh, pMeOPh, pMeO,CPh, pCIFh, mMePh

(487)
PdClz/CUC|
o2 MeOH
73%
(488)
cl OAr
MeCN
+ A0 —— —_——
/
+ /
Mn(CO)3 Mn(CO)3+
46%
OAr AcHN

NHAC CO,Me
O
29% COzMe

Palladium acetate catalyzed the conversions of amino acid carbamates to
silylcarbamates with inversion at the chiral center (equation 489) [582]. Palladium(!l)
copper(il) catalysts promoted the acetoxylation of olefins (equation 490) [583]. An ester
group was introduced o to the nitrogen in B-lactams by hydroperoxides and copper(l)
salts (equation 491) {584]. Peracids oxygenated benzene in the presence of cobalt(ll)

catalysts (equation 492) [585].
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NHCO,R NHCOL SiR<"
Ry'SiH NHCO:SiR,
COMe ————* \ (489)
Pd(OAC)Q COsMe
Ry'Si = Et,Si, tBuMe,Si
(490)
Pd(OAc),/Cu(OAc),
CO.R Oz, AcOOH CO.R CO,R
AcO AcO OAc
40-60%
R! I R 4
91
]! ' O—G—Ph R OCOPh (491)
N Cul N_
fo) \R2 [} R2
R' = H, Me, Ph
R? = tBu, Ph, Me, Bz
I
o)\ca
Cul
+ CFRCOOH + CFyCO0H ——— l (492)
60°
56% yield
at 58% conversion

Ruthenium complexes catalyzed the reaction between alkynes and carboxylic
acids to produce enol esters (equation 493) [586], (equation 494) [587]. Phenoxy esters
were converted to alkyl esters or ketones over cobalt catalysts (equation 495) [588)].
Ruthenium tetroxide oxidized cyclic lactams imides or w-carboxy amides (equation 496)
[689]. Malonic acids were readily decarboxylated by small amounts of copper(l) salts in
acetonitrile (equation 497) [590].
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(RuCly3 H,0)
PhC=CH 4 RCOQH —

15 hr, 120°

Ph le
R = Me, Ph,

O

RC—OH + R'C=CH ————

®~ RuPRy

2

R' = nBu,tBu, Ph

PhCH=CH /u\

0

+

o (493)

R

PhTO\IO]/R

60-80%

major

R = Me, Et, iPr, tBu, 1-adamantyl, nC, 5, PhCO, PhCH(OH),

Ao~ 1L

(0]
I
RC— OPh + CO(H)(NZ)LG ———

CoMeLi ——

1l
RC— OCH;R

RCOMe

30-40%

60-90%

Ph N

(495)

+ Co(OPh)L; + N,
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o (496)

32%

0.01-0.1 eq Cu(h)

R2 COzH MeCN 2
R CO.H
1>< - >< 2 (497)
R CO-H R?

60°, 95-98% H

1
R' = H, Me, (CH,CH,)- R? = Ph, PhCHy, Cy,

E. Heterocycles

The synthesis of heterocycles via transition metal chemistry has been reviewed (9
references) [591]. Net [3+2]-type heterocyclic syntheses via organostannanes and
palladium chemistry was the topic of a dissertation [592]. Sharpless asymmetric
epoxidation of olefins has been extensively reviewed this year. The following reviews
have appeared. "Development of Sharpless asymmetric epoxidation - a wonderful
organic synthesis method for optical purity" (no references); "The discovery of the
asymmetric epoxidation” (22 references); "On the mechanism of asymmetric epoxidation
with titanium-tartrate catalysts" (104 references); "Asymmetric epoxidation of allylic
alcohols: the Sharpless epoxidation" (105 references); "Asymmetric epoxidation" (19
references); "Procedure for catalytic asymmetric epoxidation of allylic alcohols in the
presence of molecular sieves”; "Asymmetric epoxidation” (24 references).
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This chemistry continues to be extensively used in synthesis (equation 498) [599).
Darvon alcohol (equation 499) [600], (R)(+)-a-Lipoic acid (equation 500) [601], B-
blockers (equation 501) [602], and even carbohydrate-like molecules (equation 502)

[603] were made using asymmetric epoxidation.

tBuOOH, (-)DET

Ph—\=/-—

Ti(lOPr),

Ph O COzMe

7
’
‘.
.
\
K}

I
T

84%

Ph
Ph on () DET, TiOPY),

—_—_— -

OH  TBHP/CH.Cl,

OH
Ph
Ph

NHMe:2
+

I

cr

(\/\/\/\ Sharpless

OH

—_— —— ————

(R) (+) -& -Lipoic Acid

65% yield
80% ee

(498)
H
S /M moh
< % ——
H NalO,4
NaHCOj
CHN,
(499)
Ph
o —
OH
(500)
I x
o
OH



5% Ti(OiPr),

A~

6% (+)DET
cumene hydroperoxide
0°, 5hr

O
o

(501)
ArOH
— -
Ti(OiPr),

—_——
OH OH
O\/k/ OoH O\/k/\
NH

OH
\/‘t/ Ti(QiPr),
—_— 3 /
A _ ot
BuOOH
60%
0Bz 0Bz
0504
- / z = OH
oTBS OTBS OH
85%
0Bz 0Bz
Culi
\/k/: Z 2
: “4&  BFyEt,0 : :
oTBS OTBS OH
OBz
OH
o
OH
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Advances in the development of methods for the epoxidaticn of olefins was the
topic of a review (225 references) [604]. Allyl hydroperoxides were converted to
epoxides by treatment with titanium(IV) isopropoxide (equation 503) [605]. Enol
carbamates were epoxidized by t-butyl hydroperoxide/vanadium acetylacetonide
(equation 504) [606]. An isolated, characterized vanadium hydroperoxide complex
efficiently epoxidized olefins (equation 505) [606).

(503)
o}
ooH  Ti(QiPr, OH OH
R —_—— R + R!
R2 R3 R3 RZ R3 R2
68-94%
R' = 1Bu, Me, CO,Et
R2 = H,tBu, Me
R® = H, Me
(504)
OH OH
z R tBuOOH z 0 R
2 \ —_— - R2
R /\l/\/ Vo(acac)z /\(ﬂ/
O—lle——N—< O—l(l:_N_<
o} 2 o) 2
81-92%
R' = H,Me
R? = iPr,Me, Ph
R1
7 505
{}/O\ O/ R — ( )
O/ I/
O ————
/N o

excellent yields



]
[S4)
~1

(eguation 505 continued)

7N
J e

Peroxytungstate (equation 506) [608], and tungstic acid (equation 507) [609]
catalyzed the epoxidation of olefins. The stereochemistry of allyl alcohol epoxidation by

H,0,/W04= gave ihe same major diastereoisomer as did VO(acac),/tBuOOH but
homoallylic alcohols were epoxidized with much less stereoselectivity {610]. «-Olefinic
fatty acids were epxodized by peroxide/tungstate, carbonylated by dicobalt
octacarbonyl, and cyclized (equation 508) [611]. Heteropolytungstates catalyzed the
epoxidation of olefins by iodosy! benzene (equation 509) [612], as did manganese(lll)

salen complexes (equation 510) [613].

cl o)
Cl/\/

R+ 30%H0, ————— R/<| (506)
R,P*
RyN*, W50y 60-90%

R = Cyq 04/\/04 /K
Ciwo

nerol, geraniol, carvone, limonene, cholesterol acetate

o) (507)
OH OH
/\/ + 30% H,0x/WOQ,~/Buffer ———— [>\/

high yields
stereochemistry maintained
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(equation 597 continued)

OH

<10%

(508)
Na,WO,/H,0

Ha0,

Co,(CO)g

e —— st
K,COj, EtOH
€0, 40°

EtO: CM -—-—-—-—-»pPA
COoEt

60%

80%

20%

COMe

} 33%

CO,Me S
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(509)

0O
(BuN)HMPW, , Oz OH
+ PhIO - o + +

82%

o~ ()
[SalenMn! cat. 2
- + PhIO + PhI (510)

30-60%

I TP QPTG N 2,6Me,Ph”” X ph "

e A AN NN

iron(lll}) complexes of fluorine and nitrosubstituted tetraphenyiporphyrins
catalyzed the epoxidation of styrene, a-methyl styrene, cyclohexene and cycloheptene
by hypochlorite [614]. Manganese(lll) complexes of nicotinamides of
orthophenylenediamine catalyzed olefin epoxidation (equation 511) [615]. Nickel and
palladium t-butoxide complexes decomposed to epoxides via oxometallacycles
{equation 512) [616]. Long chain epoxides were synthesized by copper catalyzed co-
oxidation of olefins and aldehydes [617]. The RulVO/Ru!lOH, couple catalytically
epoxidized olefins [618].
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=N
- o (511)
PhIO
NH + Mn(OAg), ——— Epoxides
- 58-62% yield
NH 27-60 turnovers
AN o
/N
(Y
(512)
‘/Me
Me,NiL, + +OH — LN - >§ 7 + CHa
OI (0]
45%

Monocyclic B-lactams were produced in the reaction of copper acetylides with
nitrones (equation 513) [619]. lron ketenimine complexes underwent oxidative
decomposition to B-lactams (equation 514) [620]. Iron carbonyl anions attacked
keteneimines to produce metallazetidines (equation 515) [621]. Bicyclic p-lactams were
prepared using palladium(O) catalysis to form the non-lactam ring (equation 516) [622],
(equation 517) [623]. Palladium on carbon debenzylated cepham suilfones in the
presence of hydrogen but led to alkoxylation in the absence of hydrogen (equation 518)
[624).

o]
o 0 Ph IL
| | Py N pp
PhC=C—Cu 4+ PhCCH=NAr ———— (513)
25° NAr
0

80-85%



Ph
+ CH=NMe 2 N R
(PPh3)(Cp)(CO)Fe=— —_ (514)
PhIO N
o] ~
68%

CoO

0]
CpFe—(
(515)

CpFe(CO),™ + PhyC=C=N—R — Ph __A#—N
Ph
(516)
o H
S~ X L4Pd : 0O DBU
7 H
N | - —_—
o) Y N )
o}
CO,Bz N
COQBZ
H
: ©
!
o R\ ““H
BzO,C*
/
7 L,Pd(OAC), (517)
—_—
N PhH, 60°
(o] \/\ (o]
50%
/
general heterocycle forming reaction from N

T
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(518)
\\ // \\ // AN aAnn
PA/C, No H, PACH, |
N .~
; EtOAc ):-l/ EtOAC -
. COH

CO2Bz CO2CH,Ph

Chromium chloride cyclized o-carboxybenzyl halides to benzofurans (equation
519) [625]. Cobalt(l) salen complexes cyclized ortho iodo allylpheny! ethers to furans
(equation 520) pyrans (equation 521) or indoles (equation 522) [626]. Tetrahydrofurans
were also made by cobaloxime-catalyzed electrochemical reductions (equation 523)
[627]. The adduct between crotyl bromide and o-protected glyceraldehyde in the
presence of chromium(ll) salts was converted to (+)-multistriatin {628]. Aminocarbene
complexes of iron reacted with aikynes to give a-aminofurans in fair yield (equation 524)
[629]. Ynones were cyclized to furans by palladium(Q) complexes (equation 525) [630].
Benzofurans were prepared by the palladium(ll) catalyzed reaction of ortho halophenols
with terminal alkynes (equation 526) [631]. Palladium(O) catalyzed the cycloaddition of
a-methylene lactones to aldehydes to give tetrahydrofurans (equation 527) [632].
Molybdenum(VI) catalyzed the reaction of enol ethers with conjugated ketones to give
pyrans (equation 528) [633]. Cationic iron dienyl complexes underwent an

intramolecular attack by remote alcohols to produce oxygen heterocycles (equation
529) [634]. Ortho dihydroxy benzene condensed with the chromium tricarbonyl complex

of o-dichlorobenzene to give the expected six-membered heterocycle (equation 530)
[635]).

(519)
Br CrCl2
0 R
. T
0

good yields

(520)
1) Co(Salen)! OH

———————

o/\/ 2) O, hv o

25%
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Co
(521)
1) Co(l)Salen
————————— —_—
0 M "
(o]
|
42%
AN
(o]
No yield
1 Co(l)Salen \ (522)
l N
I 32%
colt
H (523)
Br )
e OFEt
cobaloxime 0
(0] OEt
H
1) hv , 02
2) NaBH,
HO
H H
OEt OEt
O O
H H
65% 70%
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R! R*  (504)
NMe2 CO, 55 psi
(CO)4Fe Rl = R? ——————
* — 60° / A\
Ph Ph o NMe;
40-70%
R' = Me, Et, CO,Bu, 1BuQ, Ph, nPr, CO,Me
R2 = Me, Et, CO,1Bu, tBuO, H, Me
0
I Rt _Paldbap, /\ (525)
RC——===r”
PhsP R o7 TR
25-60%
o 2
R = Ph, MeOPh, pCiPh, pMePh, < D/ NG @\
R' = nPr, Et, Ph © 57
A\ X HC==CR® A\
- N\ _ g3 (526)
oH Pd{OAC),L, o
1
R R? Cul, 60° NH R R2
40-80%
A = CH,N
X =18r
R' = H, 2Me, CHO
OH
R? = H, 30Me OH
)\ OEt
R® = nBu, Ph, CO,Me, CH(OE!),, CO,E, steroid, Ph i lLII/\OH
AN
Pd(O)
o, o
o) 0 o

R = Ph, 1-Naphth, nCq, &

o}
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(528)
(0]
\( MoOy( acac)2 Bz0 Bz0 ©
L | - |
100° 5 hr

75:25
57%

R

Fe(CO)a (CO);3Fe
TKTFA),
- . H (529)
: H P
‘/ 80%
OH
ONa Cl (0] (530)
1) HMPA
+ —_— l
400
ONa / Cl &)
21
CT(CO)G

Manganese bromocarbonyl combined alkynes with methy! iodide and carbon
monoxide to produce lactones (equation 531) [636]. Diols were oxidatively cyclized to
lactones by ruthenium complexes (equations 532 and 533) [637], or rhodium comlexes
(equation 534) [638]. Manganese(lll) acetate cyclized olefins with malonic acids to give
lactones (equation 535) [639]. Ortho-homoallyl phenols were cyclized to benzopyrans
by palladium(ll) salts (equation 536) [640}.

R

comencos ]\
RC==CH + Mel o o (531)
PTC
40-78%

R = Ph, nBu, nCg, pMePh, ph
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o}
2
i . a (532)
OH LaRuCly
R‘ [P — - R' + R1
OH  20°10hr o} 0
o)
major minor
R = Me, iPr, Ph, MeO, BuO, BzO, MeOCH,0O 60-99%
Rl = H, Me
RY
R
OH L5RuUCl, R? e
. = . (533)
OH
0
. \ (534)
R! —p= W R o
()n__OH /\)K (»—4 O
o
Phe
78%
n= 12
RE H
Rl R R’ R
R4 COH Mn(OAc), 2
— R
>——{ N >< —_— . (535)
R? W H COH  Hoac ©
100° o

60-80%
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AN (536)
Pd(OAC),
—_— e -
OH

Cu(0AC)O, 0 N
L,PdCl, N X
X X
0 < < oH
63%

Dicobalt octacarbony! converted benzyl bromide and diphenyl acetylene to a
hydroxybutenolide (equation 537) [641]. The syntheses of a-methylene-vy-
butyrolactones has been reviewed (40 references) [642]. Reduction of 3-carboethoxy-
allyl bromides with chromium(ll) in the presence of aldehydes produced a-methylene
lactones (equation 538) [643]. Acetylenic carboxylates (equation 539) [644] and
carbonates (equations 540 and 541) [645] cyclized to lactones in the presence of
palladium(ll) salts. Diols were converted to carbamates (equation 542) and
aminoalcohols to carbamates (equation 543) by palladium(ll) salts in the presence of
carbon monoxide [646]. Diphenylcyclopropenum cations were converted to o-pyrones
via their cobalt complexes (equation 544) [647].

HO o o
CO, NaH
PhCHBr + PhC=CH —————» py . (537)
Co,(CO)g

N[(CH,),0(CH,),0Mel, . Ph
COzMe o
Br ¢ ©
CHyCHO + (LIAH,/CrCly) (538)
THF, 25°
85%
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RS (539)
R2 cl
Pd P
Pa' A
RIC==C— (CHp)nCOoli ———= R o {n A
o——(
0
R2
R4 R‘ = H, nCB, PhTMS
— (a
\ ]! 5 < R2 = H, Me
3,
R o) R? = H,Me
50-80% R' = H,Me
e (540)
2
i 0 4" R OYO cl
R1__"::':.._C_—O_—C—O' i_.,.. /\/
= 0
R3 Pd /
R1
H2
0
="
J R' = Me, Et, nCgq, Ph, TMF
/ R2 = H, Me
R1
R® = H,Me
50-70%
R1
1) CO, l R3
TMS——_—_———'\ > —_ R2
oi 2 R
P cl TMS— o
3 1 ° ;
R R 0
PdCl,(MeCN),

OH
CO/PACI,/CuCl,/NaOAc Q
- E Ne—o (542)
OH o)

91%

(541)
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1
R'HN OH  ¢o, PdCI,/NaOAc R J\
\__< N Do (543)

2
R R! = Ph, Ac, Me, nBu, tBu <
RZ
R2 = H, Me, Ph
Ph Ph (544)
RLi
+ Co(CQ)y ——= Ph o _ ’
Q (ol0)
Ph R Co(CO)s
Ph
R = H, Ph,Me
R Ph
\ R! = Me, Ph, H
R o o no yields

Tetrahydropyrroles were synthesized by the reductive amination of 1,2-
dialdehydes in the presence of HFe(CO)4 (equation 545) [648], and by the palladium(ll)
catalyzed intramoiecular amination of allenes {equation 546) [649] and olefins
(equation 547) [650]. Nickel(O) or palladium(O) catalyzed the cyclization of alkynes with
trimethylsilyl cyanide to give pyrroles (equation 548) [651]. Copper(ll) chloride
promoted the reaction of aroylazoalkenoates with B-ketoamides to give pyrroles
(equation 549) [652].

HFe(CO),4 545
CHO (545)
OHC/\/ + BNH, —————>
CO, EtOH N
R
40-80%

R = Ph, Bz, oCIPh, pCIPh, pMeOPh, oMeOPh, pMePh, mMePh, oMePh, ph~" ~"
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R .
E E L c:»/ Pd'yCcO/MeOH I
NH —_————il-
R {

R = PhCH,, Ts, CO,Me

R' = H, 0:-COMe

R" = H,nCs, Me
n=12
ArSnBug
A PACI,(RCN), cat. O\
NHTs  CuCl, N
Ts
R
R
=
_—
NHTs N o
60-80%
Pd(Q) or Ni{O)

ArC=C—R + TMSCN

Ar = Ph, pMeOPh, pCIPh, @
HE

R = Ph, pMeOPh, pCIPh, H

N Z# R!
R
COQMB
40-80%
QS
+
Ar NHTs
5:35
R Ar
NC i
H
50-80%

Ar

NTMS,

(546)

(547)

(548)




ﬁ) Me
PhC—N=N-—C=CHCO,Me

7
H N/C COzMe
2
T3
N

I
NHCOPh
53-90%

o o

+ HZNM

CuCl,

(549)
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Nickel(O) cyclized isocyanates and olefins to give unsaturated lactams (equation
550) [653]. Palladium(O) cyclized w-olefin amidoyl chlorides to lactams (equation 551)
[654]). Ruthenium nitrene complexes combined with alkynes to give lactams (equation
552) [655]. Ortho haloanilines combined with proline esters in the presence of carbon
monoxide to give bislactams (equation 553) [656]. Polycyclic lactams were prepared by
palladium-catalyzed oxidative addition/insertion processes on appropriate substrates

(equation 554) [657].

Ph
Ni(O) LNi AcCl
PANCO + ph Xy — \N ——_—w
Ph
o}
Ph
N o
Ph
30%
R! R!
R1 / Pd R2
Y\/ (OAC) /L RN ~N /
4+
2N ca 130°, 16 hr
R \n/ xylene fo} o
0o Nach3
major 40-60%
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Ph

|
AN

- ————— e i
\\ / 660 10hr
co Ru(CO),
PhC=CPh
l|3h
Ph N 0
Phj;Iph
Ph
63%
RS
R! NH, R
+
R2 X MeO,C*" SN
H
H
R N R' = H,0Ts
R2 = H,MeO
2
R X = Br,l
© R? = H,0Ac

40-80% R H

Ph

CO, BugN

———— 30
Pd(OAc),, HMPA
110°, 5 atm, 2 days
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R1
Pd(OAG)/E1,NCI
1 N o K,COs, PhaP
R
| R2 800
R3
R2
25-80%, (best with R's = H)
|
X
W Ph
|
/
——
N N
o 0

Organocobalt compounds in the synthesis of pyridines has been reviewed [658].
Cobalt(ll)-zeolite catalysts converted phenyl acetylene and acetonitrile to pyridines

(equation 555) [659], as did cobalt vapor {equation 556) [660]. Dienes and nitriles
combined to give pyridines in the presence of CpCo(CO), (equation 557) [661].

Ph (555)
Ph
Co' - Zeolite AN AN
CH30N " Ph——==—=—H N—B—}-—-{——-—-P | + |
a =
4 NZ Ph N Ph
80%
R
(556)
R
Co vapor A N
CHCN + R—= —— | *
F Z
R N R N
80%
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R
= CpCo(CO), AN
A) + N==C—COpEt —————=
A z
R N CO»Et
35-56%

R = Me, Et, nPr, iPr, nBu, nCg

Palladium catalysis in the synthesis of indoloquinones has been reviewed (17
references) [662]. Palladium(O) catalysts cyclized N-vinyl-o-bromoanilines to indoles
(equation 558) [663], as did nickel(O) complexes (equation 559) [664], (equation 560)
[665]. Aniline (equation 561) [666] and ortho bromoaniline (equation 562) condensed

with alkynes in the presence of palladium(ll) catalysts to give indoles.

(558)
Br byl Br
+ A coR >~ CO.R
N/\\\/ 2
/ NH2 R/ H
R
R = Me, OEt
CO2R
Pd(O)
- \
NH
/
R
good yields
R

“\

Ni(O) o (559)
T o NR
R
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CN

cl L,Ni
C[ = N\ (560)
|

0-30%

R2 (561)
Pd(OAc)
+ R? —_— R2 2 \\ 2
HOAc N
R1
R'NH
Br
@ i

R
1) L,PdCl,
i==—" N\ s
NHCO, Et 2) EtO/EIOH N
48-72%
R = TMS, By, Ph

Anilines and 1,2-diols were oxidatively cyclized to indoles in the presence of
ruthenium catalysts (equation 563) [668], (equation 564) [669]. Ortho nitrostyrenes
cyclized to indoles in the presence of iron, rhodium and ruthenium carbonyls (equation
565) [670], (equation 566) [671].

(563)
R‘
OH RuCl,L4 cat.
—_———
* HO o A
NHR 180
39-58%

R = H,Me, Et

R'! = H,1.2-Me,
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OH
LzRuCl, \
— |
NH, PhCHg, rfx NH
H
R
R =H 100%
6-Me 80%
4-Cl 92%
4Br 73%

R3
RZ
AN
R? M(CO),
+ 4C0 —4—4m—— \ R2
NOz NH

30-70%
1
R' = H,Me Mn(CO), = Fe(CO)s
R? = H, Me, COMe, Ph, 2-Py A
Rhg(CO)yg
R3 = H, Me, Ph
PhCH»0 Bz
©\/\/N\ > Ni,B \
—— e
NpHyH,0
NO, 2HaHy NH
91%

Iscnitriles reacted with Fisher carbene complexes to give unusual heterocycles
Ruthenium hydride-
phosphine complexes transformed o-mesityl isocyanate to 7-methyl indole (equation
570) [674]. N-Allyl indoles condensed with nitriles in a "Ritter"-like reaction in the
presence of highly electrophilic palladium(il) species (equation 571) [675].
Pyrroio[3,2,1-},k] carbazoles were prepared by the nickel(O) mediated ring contraction of

(equation 567), (equation 568) [672], (equation 569) [673].

pyrrolo[3,2,1-k,lJphenothiazines [676).

(564)

(565)

(566)



ph  (567)
R |
N R
— Pet. ether
(CO)sCr + 3PhANC ——r—
70°
OFEt N
H
0
20-47%
OEt
(568
(CO)sMo s + PANG ———> )
R2
(569)
N -
R2 R! OFEt o
3 + (CO)sMo=< —_— \
NG R NH
58-76%
R = Ph,Me @
i
R! = H,OMe
R? = H, Me, OMe
\/ ; \/ (570)
pHP
\/ 140°
Ru ———— \
A NH
H
N JARNAN
il
c

3.5 turns on catalyst
70%
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\ 1) Pd(MeCN),2*, RCN | (571)
N y 2) CO, MeOH " R
\_/ |
N
COMe

fair yields

Fisher carbenes, isocyanides and isocyanates combined to produce cyclic
acylureas (equation 572) [677]. Rhodium(ll) catalyzed decomposition of
diazomalonates in the presence of nitriles produced oxazoles (equation 573) [678].
Benzoxazoles were prepared by the copper catalyzed condensation of o-hydroxy
aniline with aldehydes [679]. Aldehydes reacted with gold isonitrile complexes to
produce oxazoles (equation 574) [680].

pn OFt (572)

OEt n— R’
(00)5w=< + RCN + RINcO —— (COBW /g
N o]
Ph /
R

OFEt B
Pn /R
N R = §
KMnO,

——

0 N 0
R R' = Ph, Me, nBu, tBu
69%, 66%, 63%, 10%
80%
o} o} OMe
Me0,C
Rh,(OAC), 102
MeO | OMe + RIGN —MmMmM— 0 (573)
No CHClg, rfx N
R1
40-90%

R = Ph, 4CIPh, 4MePh, 4MeOPh, 4NO,Ph (0%)

3CIPh, PhCH,, Me, nPr, nCg, iPr, tBu

NG Sy PN
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(574)
R COoMe R CO:Me
CN [Au <:>—NC 2 It “, \/ “, N
RCHO + * y \
. N N o N
COLEt Fe ' NS
80-100% 0-20%

LLH. 89-100% yield
= Ph,Me, iPr. BBy, pp" X

/\/LLH <:>_

81-95% ee

PPh,

Thiocarbamates condensed with o-iodoanilines in the presence of reduced nickel
salts to produce benzothiazoles (equation 575) [681]. Quinazolines were prepared from
palladium catalyzed carbonylation ot o-iodoaniline-lactam mixtures [682]. Oxepins were
made by the palladium-catalyzed decomposition of 4-diazomethyl-4H-pyrans (equation
576) [683]. More complex heterocycles were also prepared using palladium catalyzed
processes (equations 577 and 578) [684].

| S NiCl,L
S P
* R'RZN NR'R2 NaBH4
NH,

R 70-93%

R = H, 5M,5Cl, 5F

R' = H, Me, nBu, Ph

HZ

[}

H, Me

| I PhH

—_——

< PdClr2
CRNz

(576)
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R3
=z
R4 / R1
L
N
O/I\N R2
H

RS
R N | {
I S NH
/k
0 N S R?

F. Alkenes, Alkanes

Reduced nickel species in the presence of DBU, converted primary halides to
olefins in an elimination reaction {equation 579). Palladium(Q) complexes catalyzed the
elimination of amines from allyl amines to give dienes (equation 580) [686]. Zirconium
hydazides olefinated ketones {equation 581) [687]. Reduction of cobalt carbonate with

R3
S (577)
4 Rt
PACLMeCN), 7 2N S
D ——
V
O)\ N R2
40-90%
14 cases
o R! N
Pd<* Z SN
T (578)

triethy| aluminum produced a black powder which aromatized tetralin [688].

X L,NiCL/BuLi
AN, ey A X (579)
R = PhCH,O(CHy), Br 56%  THPO(CH,)gBr, 12%; nC B, 77%;
Cl 68%  E10,C(CH,),Br, 77%: HO(CH,)Br, 82%;
L 0% o

0
/tk 49%
(CH2)3l

50%
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(580)
OH OH
/}V\/k/\ ik *
AN
HO NElz o Pa(oAG)L ~ N X
5%

93.5%

(581)

R N >= 0
—_—
L22r|VX2 + LioN— N:< Lo zV— T/

R
: R1
Palladium complexes catalyzed the reduction of a wide range of allylic systems to
olefins (equation 582) [689], (equation 583) [690], (equation 584) [691], (equation 585)
[692], (equation 586) [693]. Ally! alcohols were reduced to olefins in a multistep process
involving cyclopentadienyliron chemistry (equation 587) [694]. Dienes were reduced to
olefins by dicobalt octacarbonyl under phase transfer conditions (equation 588) [695].

Eneynes were converted to dienyl tin reagents by hydrozirconation/transmetallation
(equation 589) [696].

(582)

H/\/ + R/\/

L,PdCl,

R/\/\ X + HCOONa

Heptane/H,0

L= P‘€/j0 o) \O; 3 - water soluble L for PTC
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R R (583)
/Y 5% L4Pd /\( . /\/ R
NO, HCOONa H
or NaBH,
or NaBH3;CN 90 10

0:100 depending on reducing agent

Ph CO,Et
\/‘\/ W CO,Me ﬁ)\/
NO, NO,

NO»
E E
\/\/K/ 0
NO» 02N
CN

X Pd(O)
R/\/\\/ JE—— - R/\\/\ . R/\/\
HCO,H, NRy

(584)

good yields

/K/\/K/\ OCOMe /\/\/\/\ OAc

(OAC)

)l\/\/\/\ OAc Aco/\/\/\ OAc

OCO»Me
(585)

Pd(0O) N -
R/\/\OAC + Sml, —-—————'S ] R R TNF
mi,
79-100%



R! R! R?
2 LiHBEty (586)
—_—— - +
5% PdCl,(dppp)
Ts R? B2 R2
89-91%
R! = H,Bz, nC, Ph/\/%z
. |
R< = Bz, H,nCy,, Ph/\/
1 1) (RO)PO
R Y\/OH 2) CpFe(CO)y’ R’\/\ (587)
R2 3) HBF, R2
4) Nal
low yields
(588)
Co2(CO) e Y AN
+ A
A X Ar r
PTC
HBF,
(589)
R
/ﬁé R P ReSNCl
Z + CppziHCl ——= X\/\Zr —_—

WSnRs

R
x —
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Episulfides were desulfurized to olefins by rhodium carbonyls (equation 590)
[697]. Allyl carbamates were cleaved to olefins and amines by palladium(O) catalysts

and tin hydrides (equation 591) [698]. 1,5-Dienes were oxidatively cyclized by
palladium(ll) salts in the presence of MnO, (equation 532) [699].

S
[Rh(CO),CY
ey . .+ COS (590)
CO, 18 hr, 400 psi
70-90%
S S
Ar Ph Ph Ph Bu
S S
Z_X\/OPRZ
COzEt
(591)
0 NHBz  By,SnH
e \ﬂ/ e BN, + €O, + AT 4 BusSIX
0 Pd(0), HX
(good amino acid amine protecting group)
H H OAc
AN 5% Pd(QAc),
(592)
P MnO,, HOAc
H Quineone H

70%
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Aryl triflates (equation 593) [700][701] and halides (equation 594) [702][703] were
reduced to hydrocarbons by formate salts in the presence of a palladium(O) catalyst.
Benzyl chlorides were reduced to toluenes by sodium formate with palladium catalysts
under phase transfer conditions in the presence of soluble phosphine ligands [704].
Aryl halides were reduced to arenes by nickel(ll) chloride/zinc/HMPA mixtures with

ultrasound irradiation [705]. Aryl, aliphatic and cycloaliphatic halides were reduced to
hydrocarbons in the presence of CpTiCl, and isopropylmagnesium bromide [706].

L4Pd, R;N/HCOOH

ArSO,Rf ArH (593)
DMF
very efficient
Ar = oCIPh, mMeOPh, 2,6-Me,Ph, Ph, 2-Naphth, 3-NO,Ph, plus many more
I
L4Pd 594
RX + NaOCH ——m» RH (594)
good yields
or Hy/NaOAc
Br
Br )\
RX = Phl, PhBr, B&—@*Cl I Ph COH

O

ph/lk/ Br 4BrPhCOMe, 4NO,PhBr, BrPhPhBr, 4BrPhCHO, 4BrPhCO,H

Aryl aldehydes and ketones were reduced to alkyiarenes by hydrogen in the
presence of rhodium(l)-cyclodextrin catalysts (equation 595) [707].
Trimethoxyacetophenone was ortho deuterated via manganese co-aryl intermediates
Sequation 596) [708].
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A t
——RhCI cat. ArCH,
ArCHO F 2 (595)
+ Hy
ArCH,CH
ArCOCH; B -cyclodextrin 2
THF 1 aim good yields
(596)
OMe OMe
MeO OMe MeO OMe ceV
s i R
CD,COCD,
PhCH,Mn(CO)s Mn(CO)s
rfx heptane /
(0] (6]
OMe
MeO OMe
D
O

G. Ketones, Aldehydes

Oxidation of lower olefins to ketones has been reviewed (76 references) [709].
Low temperature ethylene oxidation by modified Wacker catalysts was the subject of a
dissertation [710]. Cyclopentene was cleanly oxidized to cyclopentancne by
palladium(l) in the absence of benzoguinone and gave enol ether and ketal byproducts
in the presence of quinone (equation 597) [711]. Palladium nitrile complexes oxidized
terminal olefins predominately to the aldehyde (equation 598) {712]. Viny! B-lactams
were oxidized to keto PB-lactams by palladium(ll) (equation 599) [713]. The oxidation of
a-pinene to verbenone and verbenol was catalyzed by palladium(ll) salts [714]. The
terminal double bond of octasdienylamines was oxidized by palladium(ll)
chloride/benzoquinone (equation 600) [715]. Substituted B-methyl styrenes were
oxidatively cleaved to benzaldehydes by a cobalt catalyst (equation 601) [716].
Manganese complexes catalyzed the oxidation of cyclohexene to cyciohexanone and
cyclohexenol by hydrogen peroxide [717].



(597)
EtO OEt
_ OaPWhily
= O
0,
o PACL(MeCONR,),
(598)

o

(MeCN),PdCINO, /[k
R Xy + O + CuCl, + —'—OH RCH,CHO + R

major
R = nCq, Ph
(599)
0
R’ I R! | R
7 PdCl,/OCucl,  HC .
. N N
o N\R2 o \R2 o \RZ
-70% 0-5%
o 60-70%
R! = Ph, pMeOPh, COPh, pp~”" X
R? = Ph, pMeOPh
Na,PdCl,
/\/\/\/\NEtz —
o=— =0
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OH OH
OMe OMe

Co(SMDPT) + O, ©01)

25°, PhCH,
\ H o
~50%

Secondary alcohols were oxidized to ketones by t-butyl hydroperoxide in the
presence of molybdenum hexacarbonyls (equation 602) [718]. 1,3-Diols were
selectively monooxidized.  Bipyridyl chromium pentoxide was an etficient oxidant,
taking alcohols to aldehydes and ketones, cleaving glycols, and oxidizing naphthalene
to naphthoquinone [719]. Alcohols were electrochemically oxidized to carbonyis in a
two phase system using the RuO,-RuOy4 couple to carry the redox [720]. Alkynes were

converted to a-dicarbonyls by molybdenum (equation 603) [721] and osmium (equation
604) [722] oxidizing systems. Benzylic positions were oxidized by t-butyl
hydroperoxide/chromium(VI) systems (equation 605) [723].

1 1
R {BUOOH/Mo(CO)g R
Py P
R? OH PTC R? 0
70-84%
R' = nBu, nCq
CH
R2 - H, Me ( 2)5
o)
Hg(QAc), R! (609)
RC=C—R' + (HMPAMoO(Q;), — R
DCE |
o}
good yields

R = Ph, nCg, nPr

R' = Ph,H,nCg
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(604)
o}
0s0, 0s0, o
RCO,H R——=—TMMSs — ™ g
tBuOOH tBuOOH
8-62% tBUOH/H,0 OR"
5 2 R"OH
54-61%
R = Ph,nCs, nCqj4
& A R = Ph, nCs, nC,
o}
tBUOOH /U\
A R 5 A SR (605)
AW/
Cr ~80%
0~ ‘o

a,B-Unsaturated N-acetoxyoximes were converted to a number of products upon
treatment with molbydenum hexacarbonyl (equation 606) {724]. Thioketones were
converted to ketones by copper(l) chloride [725]. Dithioketals were converted to ketones
by iron(lll) amine compounds (equation 607) [726].

(606)
QAc
NI/ Mo(CO)g Ph NG Ph Ph
——i— +
; YO Y
Ph)\/\Ph le) (o]
Ph
AN Ph\(\rph
+ + I
N

N
Ph N7 S ph \[/

Ph
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)
A Fe(bpy)s(Cl04)53 Hy0 )J\
R R

SX S (607)
R" R 70-90%
CHO
[ /\/11
)J\ AN
Ph Ph Ph H
OH
OH ©
o
NH
o

Methy! acetate was converted to acetaldehyde and acetic acid by cobalt(!l)
iodide/lithium iodide catalysts with high pressures of hydrogen and carbon monoxide
{727]. Rhodium(l) complexes catalyzed the cyclization of appropriate olefinic aldehydes
to cyclopentanones (equation 608) {728]. a-Chloroacid halides were converted to
ketenes by manganese pentacarbonyl anion (equation 609) [729]. Diallylcarbonate
was the reoxidant for the palladium(ll) catalyzed oxidation of enol ethers to conjugated
enones (equation 610) [730]. Diphenyl furans and pyrroles were opened to diketones
by MoOs-HMPA (equation 611) [731].

CHO (608)
LsRhCI
CH,Cl,

———

Q -cuparenone
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2
)S/ - . % c=0 (609)

,CO
</\/ > (610)
d(OAc),
dppe 15 cases
good yields
R = Ac, TMS
o]

/U\ e Ph/lv\fph o
Ph X Ph
o}
X = O,NH
SN
X=8 Ph S Ph

0,

H. Organosilanes

Asymmetric hydrosilylation and hydrocarbonylation has been reviewed [732).
Ruthenium carbonyls catalyzed the conversion of alkenes to vinyl silanes (equation
612) {733]. Chiral palladium(ll) complexes catalyzed the asymmetric hydrosilylation of
alkenes (equation 613) [734] and alkylation of vinyl bromides by trimethylsily! alky!
Grignard reagents (equation 614). Alkynes were silylstannated {equation 615) [735]
and hydrosilylated {equation 616) [736], (equation 617) [737] alkynes.
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o (612)
HU3(UU)12 o 203
R‘/\ + HSiR,2R3 - X SiR2°R
80-100°
R! = Ph, pMePh, pMeOPh, pCiPh, 2-Napht, tBu, nBuO, Et,Si, CO;Et H
(613)
R—m Ph  HSiCly o Ph .
\ } m E o!\.ﬂ'j
PdCIy(R)(S)BPPFA W
H
Ph
R\/\;KTMS
H
(614
1 ™S
™S R PACIRYS)PPFA R LA
>—MgBr + — W
R R? Br R2 i
60-80%
R = Me' Ph 60-95% ee
L,Pd R H
RC=CH + RySISNR;" — = — (615}
R3"Sn SiRs3
85-92%

R = Ph, nCy, iPr, 1Bu, TMS, NC/W

Ci/\/\\/k‘;HPO/\)M HO/\/\.—“r

R" = Me, Me,Ph, BuMe,; R" = Bu, Me
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(616)
1 2 1 2
L4Pd, Cul R R R R
RI—==R? 4 PhMe,SZmR1II ——— .
or ueN SiR3 SiR,
good yields
(617)
THF, MeOH Rt R2 R! R2
R'——==—R? .+ PhMe,SiBEtli —— =
CuCN or — + —/
R i
COCLL, SiRs SiRg
66-90% 0-34%

Vinyl halides, phosphates, sulfides and triflates were silylated by silylmanganese
compounds (equation 618) [738]. Allenes were silylcuprated by disilylcopper
compounds (equation 619) [739]. Chromium-complexed paracyclophanes were
lithiated, then silylated by trimethylsilyl chloride (equation 620) [740]. Isocyanides were
converted to silyl-stanyl imines using palladium(O) catalysts (equation 621) [741].
Cyclic disilyl compounds were made by the photocycloaddition shown in equation 622
[742].

R’ R? R! R2 (618)
H + TMSMnMgMe —————> >=<
R X RO ™S

60-100%

R' = Me, nCyq, H, nCs, Ph

(CHy)s, (CHo)e
R? = H, nCg, nCq, NBu, NC g
R? = H, Me, nCyq, Ph

X = Br, |, SMe, OPO(OPh),< OTt
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R1

R! R® 1) (PhMe,Si),CuLi
. / 291)2
e .-.._C—_. ———— e
R2 3 }
R "

2) NH,OH
SiRa

depends on R

OR

(619)
1

R>=.(’R3

R? SiR3

(620)

Q
1) Buli, TMEDA |
*TMS ™S
2) TMSCI

O Cr(CO)a

Cr(CO)3
~an TMS
——  TMS \ \ / ™S
(CO)sCr  TMS
LyPd RaSn
RsSnSiMe,R? + RNG ——= =N
R2MeSi R®
528-71
R! = Me, nCs, ofolyl, nBu
R? = Me,1Bu .
R® = iPr, nCg, otolyl,

{621)
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622
Fe (622)
i Si
SIFZ hv
l ‘ + l +
Fe(CO)g .
SIF2 Si
Fe
Fe Fe
Si Si
| no yields
C[S'j)( ' O[ jrv ’
! Si
Fe Fe

I Miscellaneous

Allyl acetates, carbonates and epoxides were converted to allyl thio ethers by
palladium catalyzed reaction with RSTMS (equation 623) [743]. Ary! halides were
converted to thiophenyl ethers by the palladium catalyzed reaction with trialky! tin
sulfides (equation 624) [744). Chiral ruthenium(ll) complexes catalyzed the addition of
aryl sulfonyi chloride to olefins (equation 625) [745], while palladium(O) catalyzed diene
addition and telomerization with phenylsulfinic and salts (equation 626) [746], and allyl
nitro displacement (equation 627) [747]. Cobalt(l!) chloride catalyzed the conversion of
acid chlorides to thioesters (equation 628 [748]. Chiral titanium(IV) tartrates catalyzed
the asymmetric oxidation of sulfides to chiral sulfoxides by t-butylhydroperoxides [749].
Nickel(ll) salts catalyzed the conversion of vinyl halides to vinyl selenides or sulfides
(equation 629) [750].

(623)
dba)gPd,CHCI SR
OAc (dba)3Pd,CHCIl3
AN + RSSiMey - A
(iPrO)P
THF 60-90%

COoMe

0COMe
N 0CO,Me 2
l 0OCO,Me
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(equation 623 continued)

, o)
Il
J\/\/K/\ooogm MeO,C— OM COsMe

0
Ph/\/Q/\ @o R = Et,Ph

L,Pd
Bu;SnSR + XCgH,Br ————>  XCgH,SR (624)

34-100%

R = Ph; X = H, pMe, oMe, pMeQ, oMeQ, pCl, oCl, pMeCO, PCN, pNO,, 2,4,6-Me;

Ru,Cl,(DIOP) *
AS0,Cl +  PhCH=CH, ———— = PhCHCH,SO,Ar (625)
Cl
Ar = Ph, pMePh, pCIPh, pMeOPh 22-45% ee

Pd(0) (626)
/;4/ + PhSO,Na ——r— PhSOz/\)//\

co, A R
+
R R
TN N N
B

Afor /Y )Y /\”/\/Y 20% A; 78% Bfor
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(627)
Pd(O) R SO,Ph
R/s\/ + PhSO,Na —— R/‘\/ + 2
NO, SO, Ph
79-66%
0
7 CoCl, I ‘ (€28)
MeCN
20° 70-95%
R = Me, Ph, Et, nPr
LLH COoH
R' = Ph, pBrPh, Bz, pMePh, oNH,Ph  HS~ " Y
AN
AN
HS ;r‘J X = QAc, Cl
1 2
R’ R? bipy, NiBr, R R
>—_=< + PhSeNg ——* — (629)
(o]
H B 120°, DMS " SePh

e Sl e Xy SePh
Br SePh
>=< —ii —_—
Br : SePh

Vinyl halides (equation 630) [751], (equation 632) [752], vinyl halides (equation
633) [753] and allyl acetates and carbonates were converted to the corresponding
oxophosphonous species using palladium or nickel catalysis. Nitroolefins were
converted to oximes by palladium catalyzed reaction with sodium hypophosphite
(equation 634) [755]. Nitrobenzene was carbonylated to phenylisocyanate over
polymer supported anionic iron or osmium clusters [756].
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R R o o L Pd R R? (630)
—( + S —
4~ -
8 Br R Ph EN R o
PhCH, A4~ Sph
60-110°
R = H, Me, Ph, CO,Me
R2 = H, Me, Ph
R® = H
R* = Ph, Ph/\\;rr‘
R! R3 O 0
1 L,Pd I
— + \\F’ P
, PO INH T oo Pro " § > Ph (&31)
R Br Me 3 Me
(Ry(+)
) )
complete retention
o (633)
NP 7
P G 5% Ni(COD),
\/\l/ . (RSO)ZPH R! / P{OR)a)z
R2 BSATHF \/\[/
R2
Na hypophosphite
N
e Y R NOH (634)
5% Pd/C

H
40-70%



369
(equation 634 continued)

NO, NO,
NO,
\ NO,
©/ Ph/\/ Ph pBrPh
= NO»

MeO N02
MeO

Two new ligands for catalysis have been developed (equation 635) [757],
(equation 636) [757].

a8

M
_— - (835)
H .\"11'
0.z
>< o chiral metal Cp's for catalysis
H
Ph,
Phy P X P Nuc
. ~pg” 636
>= + Pd(OAc), + Nug —— X /Pd\ >~—/ (636)
P
Phap th

Y
Nuc = Me,NH,, BzNH,, chiral amines, a -aminoesters, MeO™ —+0’ >(-)
X
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V. Reviews
The following review articles and dissertations have been published.

Homogeneous catalysis by transition-metal complexes (330 references) [759].

Transition metal alkyls, a personal perspective (108 references) [760].

Photocatalytic reactions on metal-complex catalysts (72 references) [761].

Triphase catalysis in organometallic anion chemistry [762].

Binuclear metallocenes (122 references) [763].

Rhodium and lridium (286 references) [764].

Rhenium - 1982 review (143 references) [765].

Manganese - 1983 review (444 references) [766].

Transition metal chemistry review, 1982, Part B [767].

Incorporation of radiohalogens via versatile organometallic reactions: applications in
radiopharmaceutical chemistry (19 references) [768].

Twelfth International Conferences in Organometallic Chemist ry [769].

Catalytic oxidations in organic synthesis (63 references) [770].

The organometallic chemistry of transition metal porphyrin complexes (54 references)
[771].

A new role for organometallic reactions in organic synthesis in industry (21 references)
[772].

Highly selective organometallic reagents (0 references) [773].

Organometals as key compounds in novel organic syntheses. Their chemistry and
application to chemical industry (31 references) [774].

Synthetic processes in the organometallic chemistry of gold (11 references) [775].

Transition metals in organic synthesis. Annual survey covering the year 1984 (890
references) [776].

Multicomponent one-pot annulations forming three to six bonds (82 references) [777].

The chemistry of metal-carbon bond, Vol. 2: the nature and cleavage of metal-carbon
bonds [778].

The chemistry of the metal-carbon bond, Vol. 3: carbon-carbon bond formation using
organometallic compounds [779].

Catalysis with coordination and organometallic compounds - application to organic
synthesis (42 references) [780].

Organometallics in synthesis (198 references) [781].

Metal-catalyzed reactions of organic compounds (63 references) [782].

Synthesis using transition metal complexes (3 references) [783].

Synthesis and reactions of organotransition metal complexes [784].

Transition metal complexes as catalysts in organic synthesis (45 references) [785].

The role of metals in highly selective organic synthesis exploring new synthetic
methodologies (52 references) [786].
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Group(VIll) metal-catalyzed carbon-carbon bond forming sequences (69 references)
[787].

Ring closing reactions of hydrocarbons on metal catalysts (420 references) [788].

Selective carbon-hydrogen and carbon-carbon bond activation in alkanes by transition
metal complexes [789].

Activation of carbon-hydrogen bond of methane by organometallic complexes (14
references) [790].

From silicon-hydrogen to carbon-hydrogen activation (57 references) [791].

Activation of carbon-hydrogen bonds by metal complexes: mechanistic, kinetic and
thermodynamic considerations [792].

The activation of carbon-hydrogen bonds (33 references) [793].

Zirconium complexes in synthesis and catalysis (147 references) [794].

Niobium organometallic compounds: analysis and classification of crystallographic data
(61 references) [795].

Titanium - 1983 review (655 references) [796].

Selective reactions of organotitanium reagents (36 references) [797].

Homogeneous zirconium based catalysts in organic synthesis (76 references) [798).

Applications of (propargylium)dicobalt hexacarbonyl complexes to organic synthesos
[799].

Organic chemistry of cyclic manganese carbonyl compounds (48 references) [800].

Synthetically useful reactions with metal boride and aluminide catalysts (93 references)
[801].

Lewis acid promoted reactivity of transition metal complexes [802].

New applications of organoboron complexes in organic synthesis (28 references) [803].

Carbon-carbon bond formation using organometallic compounds of zinc, cadmium, and
mercury (489 references) [804].

Transition metal catalysis in organotin chemistry (68 references) [805].
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