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I. General Comments

This annual survey covers the literature for 1990 dealing with the use
of transition metal intermediates for organic synthetic transformations. It is
not a comprehensive review but is limited to reports of discrete systems
that lead to at least moderate yields of organic compounds, or that allow
unique organic transformations, even if low yields are obtained. Catalytic
reactions that lead cleanly to a major product and do not involve extreme
conditions are also included 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 1s likely to be more
interested 1n the organic transformation effected than the metal causing it
Oxidation, reduction, and hydroformyiation reactions are specifically
excluded, and will be covered 1n 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.

II. Carbon-Carbon Bond-Forming Reactions
A Alkylations

1 Alkylation of Organic Halides, Tosylates, Triflates, Acetates and

Epoxides

Transition metal catalyzed reactions of Grignard reagents continue to
be extensively used for synthesis. Substituted styrenes were synthesized
by the cross-coupling of substituted phenylmagnesium bromides with vinyl
bromide 1n the presence of nickel(ll) phosphine complexes [1] Chiral
ferrocenylamine sulfide and selenide (of Pd, Pt and Ni complexes) were used
to catalyze the enantioselective cross-coupling of allyl magnesium chloride
with 1-chloro-1-phenylethane [2] Nickel phosphine complexes catalyzed
the alkylation of halides by bridge-head Grignard reagents (equation 1) [3].
Nickel phosphine complexes were also used to catalyze the cross-coupling of
Grignard reagents with di-, tri-, and polychlorobiphenyls [4}]
Unsymmetrical biaryls were synthesized by the nickel(II) chloride catalyzed
coupling of aryl halides with aryl Grignard reagents (equation 2) [5]
Orthothioesters were converted to olefins by reaction with Grignard
reagents n the presence of nickel(I1) phosphine complexes (equation 3) [6].
Arylpalladium(II) halides coupled with vinyl magnesium bromide to
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produce styrenes [7] Nickel(1I) and palladium(II) complexes were used to
catalyze the coupling of aryl iodides with vinylmagnesium bromides [8]

(Equation 1)
R

R
_-MgBr
—R
Lo NiCl,(dppe) _ \
Q + nAa

modest ylelds

o)
[}

w oy O

0O

=2
1

{Equation 2)

NICl F
ArMgX  +  ArX ____’QI'I'H Ar—Ar + Ar—Ar

major
60-98%

Br
/©/ —— trniphenyls
Br
Br
©\ _— triphenyls
Br
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(Equation 3)

NiCloLo
HS><SMe + RMgx — R'/&
SMe

Ar

Ar = 1-Naphth, 2-Naphth, pMePh, pMeOPh, 2,4-(MeO),Ph, 2,5-(MeO),Ph, Ph

R = Me, TMSCH;

Copper(l) chloride catalyzed the coupling of bisallylic halides with
alkynyl Grignard reagents (equation 4) [9], (equation 5) [10] o,w-
bishaloalkanes were monoalkylated by Grignard reagents in the presence of
a copper catalyst. Arylmanganese halides coupled to thirteen different
alkenyl halides, while LizMnCl4 catalyzed the alkylation of allylic halides by
arylmagnesium halides [12].

(Equation 4)

uCl AN
Cl \/,_::\vm __.C___,. =z
cat Am”~
Am—-=+—MgCl + or major
Cl
i /(/
/‘\/ #
a ’ Z
Am”
+ /\/“\/\,
Z X
Am” NAm
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(Equation 5

2z
\/\/
AN
CuCl P SN
. 7 N\ _OH
Bl’"ﬂ\ 73%
N
. OMger
1) Perg 2 . 2T -
2 same ~~ 27 N coMmgBe
3) H0 49% Brvg”
4) PBT3
A~ s H,, Pd/BaSO,
= -§ ; / %-
\/\/.f \-\/ z = \/\/COQH
— — — —_— COM
{Equation 6)
5% L‘zCUCI.‘

RMgBr + BA(CHpnBr ~—~——————»  R(CHpy—Br

70-80%

The evolution of higher-order cuprates has been reviewed (56
references) [13]. A paper dealing with in situ cuprate formation via
transmetallation between vinyl stannanes and higher-order cuprates was
published [14]. Allylcuprates were prepared from allyl stannanes and
higher-order (methyl)cyanocuprates, and these efficiently coupled with
halides and epoxides (equation 7) [15] Stannyl cuprates were prepared,
and they transferred their tin group to a variety of substrates {equation 8)
(16)
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(Equation 7)
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(Equation 8)

C
MosSi—SiMey + Mell ——»> Meggili —ooSCl _  SiSnMes
RoGuCNLip
Measn(l)uCNle
R
CO.E
SnMea
WQSHVY\OH
CO,Et 859
78%
OMe
cl OMe
SnMea

71%

Functionalized organocopper species were readily prepared from
organozinc compounds, were used in a variety of useful processes (equation
9) [17], (equation 10) [18], (equation 11) [19], (equation 12) [20], (equation
13) [21] Cuprates alkylated alkynyl 1odides (equation 14) [22] Heterocyclic
organocuprates introduced these functional groups (nito amino acids
(equation 15) [23]
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(Equation 9)

P N ZmHE /o
R Bl £ .
Y %o 2) CuCN, 2LiCl \o
X CuCN E
67-93%

ReH NN EO,C7 TN 0

E* = MeaSnCl, MeSCH,CI, ArCHO, PhCOCI, )\COZtBu

(Equation 10)

R
©/kx Nz ZnITHF @/L
] "2) CucNLC1
FG 9 E

32 cases
high yields

RG = RC-, COzR, OAc, OMe, CN, C, 1

X = Br,Cl
R = H, Me, Bu,NC/\/\‘
X
E = RCOCI, RCHO, RgSnCl.Z~ " /\n/
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(Equation 11)

(kr RCu(CN)ZnX AL R
Sn2'
R
60-90%

= nBu, PhCHy, Me0,C” "N, NG N\ NGNS
Ph/\/"‘-. 7\
B

R' = Me, H
SPh, SePh

<
H

(Equation 12)

2) CuCNs2 LiCl

FGI 3 E FG
0
FGAr = Ph, oNCPh, nNCPh, mEtO,CPh, pCIPh, oPhCOPh, Phw E"'
0
OCH,0OMe o )\/

Br

* = PhCOCI, )\/I | Ph/\/lk

o]

@/ 1) Zn/DMF @/E
!
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(Equation 13)

1) Zn/THF
RCH—SPh ., RCHSPh
Gt 2) CuCNe2 LiCI ?
3) E* E
70-92%
R = H, Me, nPr, CH,CN, CH,CH,CO,Et
Br
~
z
. X efc.
E = PhCHO, ~~ """ A /Y

(o)

(Equation 14)

ROC=C—I + RCuCNZnX — ROC=C-R'
50-80%

R= O/ jh 9 /\/\/Y"i
R' = Et,Ph, \/\/\J,f‘ Etozc/\/\,f \’/\f é_#/\;

(Equation 15)

ICH,CH;CHCOMe  + ARGUCNLl — > AICH,CH,CHCO,Me

NHBOG NHBOC
N EN
A= | P | P

N N }e’
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Allyl cuprates coupled to vinyl triflates (equation 16) [24] Triflates of
optically active lactic acids were alkylated by cuprates with inversion
(equation 17) [25] Triflates of cephams (equation 18) [26] and penems
(equation 19) [27] were alkylated by cuprates. Enol triflates of lactones
were simtlarly alkylated (equation 20) [28]

(Equation 16)
oTt

+ CuCNLi,
~
2

60-76%

oTt OoTt
iflate = /\)\ ph/O/ ph N0t
Ph

OTt
Y j O‘

ot S Z o
COan

oo Lo s e

H
BOCN
0

(Equation 17)

R. _CO,Et R_ _CO.Et
~ 2

- + R'2CuM — \r

R'

10-60%

gln
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(Equation 18)

0
R')Ln S

Nj;_( RuCuli

N BF4+OE. N

0 Z o Ot 0 Z g
40-70%

M,
R = Me, Et, nBu, tBu, Ph, 2%\ Vi \=/

(Equation 19)

oTBS oTBS
S A,CuLl-LICN /" S
oTt LA it |
ow N / A
Z o
co,” 7 b0, 7
50-90%

R = Me, MOMOCH,

(Equation 20)

oTi 0
Xowe

0 /\/ 0 \
_—
o] Pd(OAC),
MeCN o O

""', N
/
| (CG)Z CulLi o |
oTf
\\\“‘. o \\\\‘.v (0]

63%
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Cuprates alkylated a-methoxy amines (equation 21) [29], (equation
22) [30], and a-mesyloxy epoxides (equation 23) [31]; and ring opened

trifluoromethyl epoxides (equation 24) [32] and N-tosylazirines (equation
25) [33]

(Equation 21)

LN o LN L\
MeO™ “N7 YCOMe B RYSNTTICOMe  +  RTNNTNCO.Me

CO.Me Fa CO.Me CO,Me

85 97.
R = Bu, Pr,nC; 9.3

(Equation 22)

On
RZCU /(( In
mo/(N) - R2 N)

COR' BF3 COR!
60-80%
n=12
R' = OMe, Me
R? = nBu, nC;
(Equation 23)
0 Me

Mile)

/L3> BUCU(R)CN)LI HO;C\/ BuLl
aiOMs ———————————>
BF4-OEt

0

/E:\/ BUCUR(CN)U, HO
—————

57% overall
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(Equation 24)

(o] RMLCul OH
F3C/<I Fac R
86-89%
75% ee
NN ~/
(Equation 25)
BOG  LOE o ol R COEt
| ~

N E0,C  NHTs

60-80%

Manganese ijodide promoted the alkylation of organic halides by a
nickelacyclic propionic acid equivalent (equation 26) [34][35]

(Equation 26)

fo) (0]
/ Mnl, CO.H
Rl + dlple\’\(f L R N0E O,
n=12 60-00%
!
R = Ph /\_,r"' W
AN M
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Alkylation of organic halides and triflates by palladium(0) catalyzed
oxidative addition/transmetallation/reductive elimination process has
become a growth industry, and many, many papers dealing with this
process have recently appeared Aryl ethylenes (styrenes) were prepared
by the palladium catalyzed cross-coupling of vinyl zinc chloride and vinyl
trimethyl tin with aryl halides [36] Heteroaryl zinc reagents alkylated vinyl
halides in the presence of palladium(0) catalysts (equation 27) [37]). Organic
1odides were cross-coupled via transmetallation processes (equation 28)
[38] Palladium catalyzed the alkylation of highly substituted furyl zinc
halides by organic halides (equation 29) [39]. Aryl halides were cross-
coupled to organozinc chlorides using palladium catalysts {(equation 30) [40]

Pd(0)
het ArZnX + -
\ \
X

(Equation 27)

hetAr
53-74%
Fa N
AN
hetAr = | | ~ & \>_§
= P S
N ;,f N X }‘
X = 0O, S, NMe
(Equation 28)
1) tBuLi RY
Ri — o R—R'
2) ZnCl, L4Pd

R= Ph/\/]“s BuCEC—/\,’,v
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(Equation 29)

R
/ \
N

4% L4Pd T™S (¢) =
T THF o\)<

Br . . .
RX = Phl, 83: PRCOBr, 32%, 22 ~~"" . 9% Ph”” “Br,73%; =<Ph'39°/°'

| Br
Br
o B 5%, /©/eo% s oo = so%
MeO,C ™S

(Equation 30)

L4Pd cat.
RMX + ArX ——————» RAr

60-90%

= pMe,NPh, pMeOPh, pMeSPh, O\ &

M = ZnCl, MeBr
Ar = pCNPh, pNOyPh, pBuCO,Ph, pHO,CPh, pEt,NCOPh

Palladium(0) catalyzed the coupling of long chain vinyl 1odides with
organozinc reagents (equation 31) [41], (equation 32) [42]. Aryl and vinyl
triflates coupled to heteroaryl zinc halides 1n the presence of palladium
catalysts (equation 33) [43]. o-Lithiated enol carbamates coupled to organic
halides in the presence of zinc chioride and palladium(0) catalysts (equation
34) [44].
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(Equation 31)

BUO” NI NN u

1) Cul 3 I,
2) HCaCH| 4) Ac,0, FeCly

| /E/W\/\/OAC

\%}—Zﬂﬁf
N
Et ZnBr Pd(0)

Et
Hanar

Et /WOAO

Et \/E/\/\/\/\/OAC

70-90%

Et 4

Y 4

—_ OAc

(Equation 32)

P
z Bra_~~ —Fo

Z ,
NN NN
tBuO Pd(0)
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(Equation 33)

(o} R

50-90%

o OO
Ar = 2-Naphth, pMeOPh, pPhCOPh,
NZ N 4
N
~ - I O
TiIO ’{

steroidal
(Equation 34)
1) BuLYTMEDA AX ANOG. A
OCONR; —— — 5 —— 4 Ry
- 2 o ey, LPd T

Transmetallation from tin to palladium has also been extensively
investigated. "Synthesis of natural products using the palladium-catalyzed
coupling of vinyltins and vinylhalides” was the title of a dissertation [45].
Palladium(0) catalyzed the coupling of functionalized vinyltins with halides
(equation 35) [46] and triflates (equation 36) [47].
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(Equation 35)

EtQ
‘2-051 BugSnH Ot
- ———— BugSn, _~
HC=C AIBN \/\H\OE'
R R
RCOC!
ArB
Pd(0) P:,((',)
o OEt
N OEt
RWOH Ar W
OEt
56-95%
(Equation 36)
OF! 0
Pd(0) /u\
RX + SnMe; — R

and

Ot Pd(0)
)\ R
RX + SnMes co
\ )j\n/oa

ot good yields

RX = PhOTY, PhBr, pNO,PhBF, @ \é< /\/\n/
oTf
y KO-
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Cyclobutene diones were alkylated using palladium/tin chemistry
(equation 37) [48], (equation 38) [(491(50], as were a-stannylated

dihydrofurans and dihydropyranes (equation 39) [51]

(Equation 37)

QO O
LPd 0 (8]
+ R-"'E‘—SHBU3 ——
Ct . .

cl
R O N

R = Ph, 70%; PhC=C, 11%; nPr, 51%; TMS, 30%

(Equation 38)

or + BugSmR ———» or 70-80%

= Ph, pMePh, pCIPh, TMSCaC-, BUG=C-, PhS, EI0” & Y

THPO/\/\/"
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(Equation 39)

()
D o Q)
0 SnBuy Pd(0) O R

~80%

/g Br  CO,Et
R = oMeOPh, Ph \=/

This chemistry has been extensively used to prepare alkylated
dehydro sugars (equation 40) [52], (equation 41) [53], (equation 42) [54],
(equation 43) [SS], and alkylated nucleosides (equation 44) [56]

(Equation 40)

Ar = Ph, pNO,Ph, pCNPh, 1-naphth, PMeO,CPh, pCiPh, 0AcOPh, 0BnOPh, 2,5-(MeO),Ph

(Equation 41)

oT8S

0
Taso:tEk ores
TBSO & SnBu, (o] ¢
5%LPdcl,  1BSO .
+ ——— 718S0
BnO OBn
85%

BnO. OBn

Br

OAc
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(Equation 42)

OBn
O
Bnoﬂ\
BnO Z SnBug Pd(0)
. AX o ;Q//Ok
o BnX or 1{ Z R
/'/ ArCOCI or .
Ph ~70%
fo} 0 /\/ X
BnO Z SnBug o A x
(Equation 43)
OH X
OR by
+ e
OR
(Equation 44)
NH, NH,

N Xx—N NN
\>_ \>_
I/NEEN : PA(0) ln/ N :

—_—
o R2 RSnRg 0 R?
TBSO. TBSO

80-90%
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Palladium catalyzed coupling of halides to organostannanes has also
been used to functionalize indoles (equation 45) [S7]

. cyclopentenols
(equation 46) [58], quinolines (equation 47) [59], and to make medium ring
ene diynes (equation 48) [60]

(Equation 45)
Br x
BugSnSnBu,
N—cokt 4 AKX —— N—co,Et
N PdCl,dppt N
Ts DMF, 120° Ts
good yields
X = OAc, OCO,Et
allyl =

P e N\

. Y

(Equation 46)

“
(;)H (;)H
A i
T Y 2 YL
“107" ™ OMe LyPd “0
Cul
OtBu
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(Equation 47)

N A
| X '/\rSnBua |
+ LePd N 7
e OMe
37 ~F OMe TBSO
TBSO
85%
Z
| meo__0
— ( Pd
-, s b W

25%
(Equation 48)
SnBu:
TESO o7
&
Br L,Pd = OR
——p  HO
THF
5oo \
OH
32%

Palladium(0) complexes also catalyzed the coupling of organotrifiates
with stannanes (equation 49) [61] This has been extensively used in
functionaiizing B-lactams (equation 50) [62], (equation 51) [63], (equation
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52) [64], prostanoid chemistry [65], steroid functionalization (equation 53)
[66] and nucleoside chemistry (equation 54) (67] Highly functionalized aryl
iriflates were also alkylated utilizing this reaction (equation 55) (68],
(equation 56) [69], (equation 57) [70], (equation 58) [71]

(Equation 49)

oTt SnyMeg PhBr
—_— SnMe; ——» Ph
LICI I L4Pd I

I
L4Pd
I + 9.91,58%
PhznCl Ph
L4Pd |
53% l
Ph
(Equation 50)
o} o}
H H
HJ\N s Pd(0) RJ\N s
+ R'SnRy ——> I{
N
0? N F o 0 Y
CO.R CO.R

R=Me,c-c,/\;, /\/“"‘ 7\
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(Equation 51)

(Equation 52)

2
8
wnX

Pdydbag

)—OTt + ASiMe; ——————»
ZnCl,

NMP
(2.4,6-MeO3Ph)oP

COzR

Ar = Ph, pNGPh, pHOCH,Ph, pMeOPh, oMeOPh, pMeCOPh, pH(ﬂ—Ph
0

(Equation 53)

oTt oR
OMe
LPd
+ SnBug e
or
AcO AcO
0Bn 50-80%

ZnCl
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(Equation 54)

o 0
N | oTt N | R
A A
o) + P! —) WaN]
AcO AcO
A0 OAc AO  OAc
70-95%

R' = Ph, pMeOPh, pFPh, pCFaPh, 3,5-FoPh, 3,6-(CFa)oPh, 22 ph/\/““‘

\)LCOZEt Y\/\Osma \)]\

(Equation 55)

0O 0
F. 0
OEt
| LoPdCl,
TiO N + —_—
" A -
nNBus o
0O ©°
F NHBOC
l A | OFEt
Cl N/ N + _

A SnBu,
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(Equation 56)

o OH o OH
ot ,
. Pd cat. R
+ R SnRa —_—
LiCI
2
0 R o A2

70-100%
R! = Ph, nBu, /\fr ph/\/“"1 (j\
oY
(Equation 57)
COEt CO,Et
TIO R! 5 RS, R!
R SnRg
——
R* LoPdCloeLICI R¢
R3 DMF B3
60-99%

R! = iPr, 4-FPh; R® = Ph, Me, tBu; R* = H, Me; R® = pFPh, 3-Me-4-FPh, Et

(Equation 58)

Z z
E
E RSI’IBUQ
—_—
Pd(0) MeO OMe
MeO OMe L, LiCl
om R

E,Z = H,Z = OMe; E = 8Br, SMe, C!

R = H, alkyl, alkenyl, aryl, allyl, alkynyl
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Palladium(0) complexes also catalyze the reactions between organic
halides or triflates and organoboron compounds (transmetallations from B to
Pd). Biaryls were synthesized by the palladium catalyzed coupling of aryl
triflates with aryl borates (equation 59) [72] and aryl halides (equation 60)
[73] Organic halides were methylated by methyl boron compounds
(equation 61) [74] and arylated by aryl borates (equatton 62) [75], (equation
63) [76], (equation 64) [77] Vinyl boranes coupled to vinyl halides tn the
presence of palladium(0) catalysts (equation 65) [78], (equation 66) [79].

(Equation 59)

LsPd
AIOTi + Ar'B(OH), —————> Ar—Ar
aq. Na,COy

DME 70-60%

Ar = mMeOPh, 2-naphth, 8-phen, 4-quinaldine; also

; oTt
Ar' = Ph, otBOCNHPh, otolyl, 0iPr,NCO

(Equation 60)

Pd(0) cat.
ABr + [Ar'4B|Na ——8——> ArAr' + ArlAr!
00

anisole major minor

60-90%
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(Equation 61)

0o—-B~ Me
RBr
—_— R—Me
base
Pd(0) 74-95%

R = pMeOPh, pOHCP, AAZ A Ph/\/\'\
ph/K pmoph/\/ Br
Br

(Equation 62)

o] o]
|
o 1]
B(OH

o> _fsos. 07N
OSIR LsPd OSIR
SiRa NﬂzCOa (o) s

RgSiO RgSIO.

OSIR; OSiRg

R = Ph, pMexNPh, pFPh, pCFsPh, pMeOPh, 3,5-F,Ph, 3,5-CFa,Ph,

N O

3
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(Equation 63)

AN,

X
Pd(0
. @ N/ \ /N
V4 X z
BN
Z B(OH), X =S8N0
Z=8§N,0
many cases
(Equation 64)
Ha
H2
L4PdPhH
+
MeQ Br R' NaﬁCOa MeO Ar
X
o B(OH), 60-80% 0
R' = H,OMe

R? = H, OMe, NO,

R? = H, OMe, Br



333

{Equation 65)

oTBS
0SiR,
CO,Me
|
| . P(0)
| (L —
OH-
BSia OTBS
OTBS
good yields

Y
R = PhOCH, /\/\/ TBSO/\/\/\;
O~ O

(Equation 66)

BrY\ R

Br

L4Pd
+ — HO A
TIOH \/\W R
HO\/\/\/B(OH)", Br
60-80%
R= NN \‘H‘ NN ‘\l“ O‘i
CO,Me
AN
Z Z },r ’{ ete.
OBn [0]

K
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Transmetallation from silicon to palladium, mediated by fluoride ion
has been achieved, and was recently reviewed (42 references) [80]. Aryl
iodides (equation 67) [81] and aryl (equation 68) [82] and vinyl triflates
(equation 69) [83] coupled to fluorosilanes. Palladium(0) catalyzed the
coupling of vinyl germanes to aryl diazonium salts (equation 70) [84]

(Equation 67)

P siMeF <<Pdc|/2 cal. VAN
+ At ———
AISI(EDF, F- ArAr
60-90%

Ar = Ph, Z/ \&

ST ~ \
Ar = pMeCOPh, mHOCH,Ph, [sﬁcozm

vinyl = /\/\/\/\f" Ph/\/“‘k /\/\ﬂ/\

v~

/\/\/\/\/‘

(Equation 68)

i ot
SiF, LePd A
+ Y ——— O O Y
X
BuygNF X
~30% ee
X = H, MeO 31-51%, ratention

~30% ee Y = H, 3-CHO, 4COMe
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(Equation 69)

LPd A1

R'SIRFsn, + RZOTI
TBAF
50-90%

R' = pMeOPh, # Ph/u\ i

-

P N /\/\
yd

(Equation 70)

Pd,dba,
+ AINBFy, —— Ph\/\N + Ph\(

Ar

GeMeg

Ph
82-95% mixture

Ar = pMePh, Ph, pBrPh, pO;NPh

The long-known palladium-catalyzed coupling of terminal alkynes to
aryl and vinyl halides is enjoying a resurgence with the advent of enyne
natural products. Palladium on carbon catalyzed the coupling of terminal
alkynes to aryl bromides (equation 71) [85]. Palladium(II) phosphine
complexes catalyzed the coupling of terminal alkynes to vinyl halides
(equation 72) [86]. The conventional catalyst system consisting of palladium
complexes, copper salts and amines coupled alkynes to vinyl halides
(equation 73) [87], (equation 74) [88], fluoro vinyl halides (equation 75)
(891, (equation 76) [90], iodopurines (equation 77) [91], (equation 78) [92],
and bromothiophenes (equation 79) [93].
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(Equation 71)

PdC
R—+=+—H + ABr ——»

R—e=—Ar
60-80%
'S
R = Ph, nPr, TMS / \ @\
Ar = 2-naphth, pOCHPh, pNCPh, oNCPh, Z g =z
® P S NN
(Equation 72)
G L,PdCl,
Ar—e==+—H + —_— A= \
Br cl —>——CI
Gl
35-65%
(Equation 73)
R
Br GCuin,Pd
+ Rm= —————>
EINI(PT), CHO
CHO PhH
93%
(Equation 74)
(0]
L,PdCly
TMSC=CH + Br’ ™ OEt —_ s x OEt
Br Cul ™S~
EtsN ”
THF
™S

88%



337

(Equation 75)

/

Ar Br Pd(OAc), Ar
\=< + RACSECH ———> \=—

PPhy
F BuNH, F
Ar = Ph, pCIPh, pO,NPh, pMeOPh
R = Ph, NN T oH
(Equation 76)
R| F LoPdCl, RC=C F
RC=CH + >———-< T» >=<
F ool EUN F R
50-87%
R = nPr, nBu, nCs, Ph, nCg, HCEC—/\/\J,H‘
R' = F, Ph, CFj, (IPrO),P(0)
(Equation 77)
[o) N 0. N
YOS HC=CCH,NHCOCF, YOS
O, N > O N
RO 7> x L4Pd, Cul RO A x
, Et;N, DMF ”
COCF3HN

X = NHy, OH
80%

» 643
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(Equation 78)

(o]
|
HN o T™S
A Z
0™ °N LoPdCI, j\ |
o OH + TMSC=CH _W 0 N
EtsN
HO. 3!
o OH
OH
HO
OH
high yleld
(Equation 79)
B T™S
B r
Br ' LaPdCly 7
T\ + HCc=CTMs — >\
Cul
s EtoNH s
74-82%

Palladium(0) mediated synthesis of polyacetylenic compounds -
calicheamicin/esperamicin, was the topic of a dissertation [94]
Polyacetylenes were prepared by the palladium/copper catalyzed alkylation
of vinyl triflates (equation 80) [95], vinyl halides (equation 81) [96],
(equation 82) [97], (equation 83) [98), and aryl halides (equation 84) [99],
(equation 85) [100] Quite complex systems have been made by this
procedure (equation 86) [101], (equation 87} [102]
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(Equation 80)

oTt
-
A
T™MS
L¢Pd
+ D —
CuCl
0 Et,NH/DMF
0.,
s,
~OTBDMS
OPlv

(Equation 81)

HO = ..___/OH
LoPdCly

@

Cul
IProNH
HC=CTMS

MEMO —
OMe

L4Pd

Cul
CH, PrNH,
|

Ca
HC/¢C/ SCHCHOH
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(Equation 83)

Br OMe OH
MEMO == P
OMe LsPd Z
. _— OMe
Cul [
PrNH2 MEMO - OMe
=C—CHCH.
HC=C cl:Hc N 02%
OH
(Equation 84)
OH
OH = L4Pd .
OO e 2 OIS
1 = Cul
= BuNH, AN

OR
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(Equation 85)

CHO

Oy _H
Br Pd(0) / Cul = TMS
+  TMS—e=-—H > Z —
EtoN .,
80%
OTHP
R3SIO A y
LoPdCly
y . ™S & —2 2
Y IPTQNH
OTHP
™so_
™S
F
94%
(Equation 86)
Pd(OAc),

——* PhO

Cul

88%
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(Equation 87)

> ci =
s oven OoH  LPd TBSO %MEM A
+ ’5—/
Cul HO
BuNH,

80%

Palladium(0) catalyzed the coupling of lithium acetylides to aryi
bromides (equation 88) [103], and acetylenic tin reagenis to chloroimines
{equation 89) [104]). Copper catalyzed the coupling of alkynes to allylic
halides (equation 90) [105] and 5-iodofurfural {equation 91) [106]

(Equation 88)

PA(0)
RC=C—i4 + Ay —————> R—===—Ar

R = Ph, nBu, Me
A~OPh
Ar = Ph, pMeOPh, pMePh, pMe;N
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(Equation 89)

Ri
Cl Pd(0) //
Am:( + BuSnC=CR* —» AN
X N\
R2
2
cl BugSn—=—\ LICIO, Z
ArN=< + ) —F’Hz—’ R—N ®
— 7 L
X BugSn—= PhGH >
20-40%

(Equation 90)

1. OH R?
R X{r /k/\/H?( good ields
' l
R‘

Ci
MeO.
chiorides = /I\/ )\/Cl \’/\I/\Cl )Y\)‘\/
MeO Cl

R'"———=—H + )\’/Rz -——EE—> R‘%/K/Rz
ol EtzN
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(Equation 91)

/ \
I 9 X
0

H‘cﬂ\l + PhC=CCu ——» H{

Ph

Palladium complexes catalyzed the alkylation of aryl halides by
stabilized carbanions (equation 92) [107], (equation 93) [108] Complexation
of diketoesters to metals permitted the control of regioselectivity of
alkylation (equation 94) [109] Vinyl halides were dialkylated by stabilized
carbanions in the presence of copper catalysts (equation 95) [110]

(Equation 92)

Ph y o
IR\ A G I
~o” B X Pd(ll) N‘o Y
X
60-90%

Br
N X
l/j also X = CN, CO,Me, COEt; Y = CN
N



X  CN
AR
R Y

X = Br,|

=<
[}

S0O,Ph, P(O)(OEY),
R = H, Me, MeO, CN, NO,

PN N
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(Equation 93)

CN
NaH

L4Pd

60-90%

(Equation 94)
WOMG 33-62%
[RX

/co\
o7 0 o

AL
OMe

CO(OAC)Z
%()H’

Wﬁ

R = PhCHj, \l/\/\ PhJ\ .

A~

(1

R' = Et, nBu, PhCH,, MeO,CCH, /\/\"'
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00 o

WOMB

NaH
RX

60-93%
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(Equation 95)

R! R?
R! Br 0 (o] (o] 0
\/_/ /U\/L Cul
R2 T ) A a R
3 4
R 0O R

60-90%

R! = Ph, /\/\/\f-

RZ=H
R%, R* = (CHy),, (CHy)g, %

2. Alkylation of Acid Derivatives

Palladium catalyzed the coupling of L-proline acid chloride with vinyl
stannanes (equation 96) [111], azetidinone stannanes with acitd chlorides
(equation 97) [112], and cyclization reactions (equation 98) [113]

(Equation 96)

(o]

0
PdCldppt
Cl + RgSPR' ——————» R!
N N

PG PG
40-90%

A = TMS/\/\ Ph/\\\/"\ Meozc/\/\ /\f

Y
MeOC”7 ™
ZC/W /©/\/\ f IPrSSIO /\/\J”’
MeO

.
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(Equation 97)

(o]
R
J;" o SR ooy R A
—_—
CuBrSMe NH NH
2 0 LPd o)
50%
(Equation 98)
SnBua Q
B“\é/\/\/
——-—-—»
/\H( J
77%

Acid chlorides were alkylated by butyliron complexes (equation 99)
{114] and alkylmanganese complexes (equation 100) [115] Acid derivatives
were methylenated Cp2TiMe2 (equation 101) [116] Ruthenium complexes
catalyzed the alkylation of arenes by fluorinated suifonyi halides (equation
102) [117]

(Equation 99)

PhCOC! + BugFe:3MgBICI —————  PhCOBu

94%
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(Equation 100)

0

RMnCl + R'cOCI —»> n)j\n‘

B
H

nBu, tBu, IPr, /\/\/\/H“- /\/\/ H‘ w/\f

Bu, IPr, Ph, tBu, Et, W /\/\/\/\f

I
"

(Equation 101)

o) PhCHy CHp
/U\ + CpTiMe, ———>
R” Nx THF RT X
60-90%
0
works well with o ©;j
Ph
(0]
OMe RCHO, RyCO also work
(Equation 102)
RUC|2L3
AH + RSO, LI ——» ARy + SO,
100°
mixed isomers 36-54%
Ri = CFg, CgFa

ArH = PhH, PhCHs, MeOPh, —@—— MeOO—OMe
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3. Alkylation of Olefins

By far the most popular way to alkylate olefins has been the "Heck”
arylation procedure, involving palladium(0) catalyzed oxidative addition/
olefin insertion/p-hydrogen elimination processes Many improvements
and modifications have been made Lithium chloride was found to improve
the yields of the Heck arylation of olefins (equation 103) [118] Sulfonated
phenyl phosphines - PhpP(m-03SPh) were efficient ligands for carrying out
Heck arylation in aqueous solutions [119). Acrylic acid was arylated by aryl
iodides or bromides (o and pMePh, pMeOPh, pCIPh, mCF3Ph, pO2NPh, pHOPh,
mHO2CPh) in aqueous solution using palladium(I1) acetate as catalyst [120]
Paltadium catalysts supported on perfluorosulfonated resins also catalyzed
the arylation of acrylate derivatives [121] Palladium chloride supported on
montmorillonite-silica-phosphines catalyzed the arylation of methyl acrylate
by p-iodoanisole but not o-todoanisole [122] Polyhaloarenes (halogen = Br,
1) were polyethylated by olefins under palladium catalysis(equation 104)
[123] A range of palladium(II) salts catalyzed the arylation of acrylonitrile
by aryl halides [124] Substituted aryl halides were also alkylated by
olefins under Heck conditions (equation 105) [125]

(Equation 103)

Pd(0)
AX + Ay AT
LicI
E !
ArX = Phl, pMeOPhl, oCIPhl, oMeOPhl, oH,NPh, N
N
Ts
COoMe NH COEt A
Olefin = =< /\[r 2 A pn =< I
NHAC 0 Okt NN
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)

CO,R

OH

9
b

x
I

PhC=CH

Pd(0)
e

(Equation 104)

@ e\/cozm)n
ns2

0
Ko
n<2

cisd

n=186

Ph)n
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(Equation 105)

0
0 o
'sSnR Pd(OAc)z
cO EtsN RaP
Pd(0)
COR Br Z coMe
60-80%
CO.Me
SR 61%
H-=—TMS
Pd(0)
Pd(0)
0 0
(o} (o}
I "
80% 61-71%
T™S
R = Ph, Ph——= N ,r"

Aryl bromides (equation 106) [126] and triflates (equation 107) [127]
cleanly alkylated acetamidoacrylates

(Equation 106)

CO;Me
Br 2 NHAc Br 2 “NHAc
1equCI2 \, _10%LePdCl, A
—_—
cozm N CO,Me y
Ts =< Ts
50% NHAc NHAc s7o
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(Equation 107)

ot COMe 0
. =( _o - COMe
NHAC NHA

60-80%

A D

\
- Dot ol
sterold§ Ph@ %
S

Electron rich olefins also underwent Heck arylation (equation 108)
[128], (equation 109) [129] The regioselectivity depended on the substrate
and condstions (equation 110) [130] Vinyl acetate underwent a double
arylation, indicating that B-acetate elimination rather than p-hydride
elimination had occurred (equation 111) [131] Dihydrofuran was also
doubly arylated (equation 112) [132]

(Equation 108)

Pd(OAC), / DMF
AX + Z0oR —_— Ar/\"'on
BU4NC|
Ko,CO.
2 50-85%
M,

Ar = Ph, pMeOPh, pO,NPh, mMeOPh, 1-naphth, {/ \S

S
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(Equation 109)

OEt
ott \/OE‘/ PA(0AC);
><O( o i
OEt
=< / L4PdAICI 97%
SnMes
OTt
O also worked
<~ ot
P
(Equation 110)
Pd(OAC); )A'\
-_—
AOTE + 27> 0Bn oPPP OB
DMF
95%

{(Equation 111)

i
X _R
~
A
A oA+ @ -——?t;——> l # N
/ # BugN | —R
R 100° F

80-85%

Ar = Ph, pMePh, oMePh, oMeOPh, pMeOPHh, iPrPh

cat = L-PdCl; on intertameliar montmoriilonite
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(Equation 112)

(o)

1% Pd(OAC),H LIBugNCl <\ 7
KOAC/DMF OMe
MeO
e
I
78% |
y v
4% Pd(OAc),
AgzCO3 MeCN
OMe !
MeO. 93%
Y
| 59%
4
Ha
\
MeO
OMe

Protected glycals were excellent substrates for Heck arylation
(equation 113) {133], (equation 114) [134]. Allyl alcohols (equation 115)
{135] olefinic epoxides (equation 116) [136], cyclic enamides (equation 117)
[137], and protected allyl amines (equation 118) [138] all were alkylated
under Heck conditions, as were viny! silanes (equation 119) [139], (equation

120) [140]
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(Equation 113)

OAc

(o]
R2

Rl OAc / + ArH

R!

H/&§v/| + ==<L_
OH

Pd(OAc),

HOAc

Pd(OAc), cal.

1eq AgyCO,
BU4NHSO4

R = nBu, //\\//\\//“\v/}\

R' = H, Me
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OAc

(Equation 115)

Rt
“v/\)Yo
H

40-80%
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(Equation 116)

(0] Pd(0)
AX + AN oat A 0N 0om
40-80%
Ar = Ph, pMePh, pMeOPh, pMeCOPh, pEtO,CPh
n=12410
(Equation 117)
l Arl l
N —_— N Ar
5 I
(o] (o]
40-60%

Ar = Ph, 1-naphth, pMeOPh, mMeOPh, oMeOPh, pMePh, pMeO,CPh

’
5-30% with oHOPh, pBrPh, pOoNPh, [/ \5__
)

(Equation 118)
NBOC,

oTf Pd(0) l
I

R)\/“’ + A NG
H1

oTf oTt
steroid on
X
steroid
O Ph  MeO TO
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(Equation 119)

L,PdCl, VS /Tl:‘
—_—
Al o+ TS EtoN g * A A
17-50% 8-11% 22%
Ar = Ph, pMeOPh, pNO,Ph Il with 2, 4, 6-MegPh, p-attack only
(Equation 120)
EtgN
R
RX + A gRry, — > ~A s,
Pd cat.
40-70%

R = Ph, pMePh, 1-Naphth, @\; Ph N “l"
s

R'a = mlg, mzcl

Intramolecular arylpalladation was promoted by ultrasound [141] and
was used to synthesize polycyclic systems (equation 121) [142], (equation
122) [143], (equation 123) [144]. An annulation procedure involving Heck
arylation followed by alkylation of a n-allylpalladium inter mediate has been
developed (equation 124) [145] The intermediate o-alkylpalladium(11)
complexes has been intercepted by cyanide (equation 125) [146] With o-
iodoketones, the cyclization occurs by atom transfer not redox (equation
126) [147].
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(Equation 121)

R
R Pd(0)
—_—>
! BINAP
AgsPO, H

R = CO,Me, CH;OTBDMS
67%, up to 80% ee

(Equation 122)

/0
o]
10% Pd(OAG),
I —
40% L
o 2eq Ag(CO)q
NHCO,Me
0
\ g
70%
(Equation 123)
)C:E‘ CO,Et
N N
Y OMe Pd{(0) OMe
| OMe OMe
,Iq 4 ptc *
R' 502Me R’

89%
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(Equation 124)

E
P 5% PA(OAC), E
/\/\ _—
| + i R N 82003 P R
DMF
BusNCI 80-90%

mem oy by C
- ot ot oo

(Equation 125)

e Pd(O)
% + )\X + MCN "‘f

50-74%
halide = Ph/\/Br l\/Y\/\/ '\/><\/\/
OSiR, Q9

ANANFN | pMeOPhI, ptBuPhl, 1-BrNaphth
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(Equation 126)

R Pd(0) o
—_—
S HJ‘U\ |

Olefins were also alkylated by palladium-catalyzed transmetallation/
insertion reactions from tin (equation 127) [148], thallium (equation 128)
[149], and mercury (equation 129) [150], (equation 130) [151], (equation
131) [152]

(Equation 127)

R
PdCly(MeCN
FMOCH/\/\SnBua + 4\4\1 #, FMOCN/\/\;\”
DMF H R

~_
O/\/ NSNS S



0
N TITFA) oo
+ =z
TFART N /\ﬂ/
| 0
COMe
0
N F
Z 0 N |
COMe
30%

Li,PdCl,
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(Equation 128)

Pd(OAc)2

—_—
cat.

(Equation 129)

PhHgCl + N . Ph\/\/\OH
0

0 0
OJ\/HQCI L,PdCl, 0 )
—_—
A

R

50-70%

(Equation 130)

0 0 0 0 o) 0
0
Ph

3
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(Equation 131)

HgCl
!Hm |
P
Z >R
LiPACl,

COMe COMe
R = H, COzMe, CO.IBU, )\/’“‘1 Pno/\/\),f
=

AN PhHGCH mph
N P P

Olefins were arylaied by arylazoalky! sulfones (equation 132) 1153]
1254} {1551 and arylsulfonyl chiorides {equation 133} {156] under palladium
catalysis Paltadium catalyzed hydroarylation and hydrovinylation of olefins
was reviewed (36 references) [157).

(Equation 132)

LePd
Ar—N=N—SOAr + R\ A# —_— A 2
(‘) >Ar \/\R2 -— \’/’\H
80° Al

Ar = Ph, pMePh, pCIPh

R' = H, Me, Ph

R?

COqEt, CN
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(Equation 133)

1 3
R R PACI,(PhCN), A R
ASOCl + )= —_— }_-:(
R2 H KoCO4 R3 R2
>80%
R' = CO,Bu, CO,Me, Ph, H Ar = Ph, pMeOPh, pCiPh, pFPh,
mCIPh, pOoNPh, 1-naphth, 2-naphth
R? = H, Me
R® = H, COMe

The palladium(Il) assisted alkylation of olefins was used to synthesize
a relay to (+)-thienamycin, using optically active ene carbamates as the
olefin (equation 134) [158]. Olefins were dialkylated by combined insertion,
nucleophile attack chemistry (equation 135) [159], (equation 136) [160]

(Equation 134)

Ph  Ph Ph
1) PdCI(MeCN); )—(
> o
N\H/O 2) EtN Y
W 3) cueﬁscrlf-osn H o
o o Io OMe
o
4) CO, MeOH
297% de
high yield
(Equation 135)
£ E
Pd(0)
AN + AX o+ () —_— A F E
E

References p 643



364

(Equation 136)

4 1) NaH
/\/\/‘\ R
= b4 2) RX, Pd(0)
z° 7
50-78%
= Ph, pMePh, oMeOPh,

Z.Z = COzMe, COMe, SO,Ph

The C-14 position of diterpenoids was functionalized by
cyclomanganation/olefin insertion (equation 137) [161] Manganese(III)
acetate cyclized olefinic p-dicarbonyl compounds (equation 138) [162] Iron
carbonyls [163] and ruthenium complexes (equation 139) [164], (equation
140) [165] catalyzed the addition of halocarbons to olefins
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(Equation 137)

R3

R3
PhCH;Mn(CO)s 1) MegNO
_— —_ >
x Mn(CO)s
heptane 2) /\R
3) -HO

30-60%

OMe
OH \/COQW
COoMe

b

o~

72%

R' = CO,Me, CH,OMe, R2 = H,OMe; R® = H, CO,Me

R = COMe, CN, CHO, CH,0Ac
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(Equation 138)

0
MCO-‘,W Mn(OAc)s M
-—> ~
Cu(OAc), v
HOAc H. ./~

R H

)

61%

(Equation 139)

H
@\/\ 6% RuCipLg
_—
CCly PhH
cl Had
several cases 93%
(Equation 140)
O——\ O——\

(0]

! Huclzl.a
CIISPh _ s _SPh
MeO™" i N0 0

l MeO™

e

i
—

Copper powder catalyzed the addition of i1ododifluoroacetates to
alkenes [166] and the addition of perfluoroalkyl 1odides to bromo
heterocyclic compounds [167]. Vinyl sulfones were alkylated by
organocopper complexes (equation 141) [168]. Cyclopropenone ketals were
alkylated by organocuprates (equation 142) [169] as were cyclic olefinic
ethers (equation 143) [170], (equation 144) [171]
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{Equation 141)

PhSO, E THF, 300 TGRF

FGR—CUCN  + \_—_< —_ =
E 1hr H E

70-80%

NN
FGR = PhMesSEID,C” N7 A0” TN NG s

m//\\,/“\}/ phs/ﬁ\v/h\vf

(Equation 142)

e, m/ ", m/ ‘o, m/

o_ _O RoCull o_ _O CICOLE o_ _O

p: (i v, G ¢

R H R CuMelLt R' CO,Et

{Equation 143)

R
mOTBDMS R,CuliCN OSiR,
—_—
OTBDMS OSIR

73-85%
R = nBuy, sBu, tBu

i p 643
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(Equation 144)

R1

R! ) 2
8 P AR
RO RO
0~ oEt o~ ot
H Me,Cull H
—_—
2
R\\H1 R‘
RO
RO
o oM 1~07" “ome
R = TBDMS R = TBOMS
N
R' = H S/>—§ R' = H, Me
R? =BTz, H RZ = Me. H

Manganese(111) difunctionalization of alkenes was the topic of a
dissertation [172] Cobalt(I) complexes catalyzed the alkylation of olefins by
halides (equation 145) [173] while cobalt(II) catalyzed the alkylation of enol
ethers by stabilized carbanions (equation 146) [174].

(Equation 145)

/K/\N/COZP"I CO(') &
—_—
NCO2Ph
COQW

Br COZEt
10:1:5 72%
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(Equation 146)

0 o OR CoCly O OR
——
PO
OMe
COoMe
60-80%

OBu OMe
enol ether = m \/\/\/\ )\ O/
OEt OEt
o O
o) 0

Zirconium catalyzed coupling of olefins with heteroaromatics was the
subject of a lecture (15 references) [175] Olefins were alkylated by
alkyltitanium(IV) spectes in the presence of aluminum alkyls (equation 147)
[176], (equation 148) [177]. Zirconocene alkylated olefins with nitriles
(equation 149) [178].

(Equation 147)

R R2 R!
4
R4~ a2 1) AICLEt Ré
———
-78°
R TiCICp, PhCH3 Re
2) HCI
98-100%

R' = H,Me; RZ = H, Mo, (CHp), (CHz)a, R® = H; R* = H, (CHya, (CHp)s

TiCICp,
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(Equation 148)

Ha Ra
R4
Br. R? 1) Mg R4 R?
—_—
2) szTlClz
R EAIC! )
3) HCI
good ylelds
(Equation 149)
0
CN "CpoZr*
X —
N/\/// N/
H R
60%
CcN o
Ph —>  Ph
==
34%

Rhodium(I) complexes catalyzed the C-alkylation of phenols with
myrcene (179] and the alkylation of olefins by indoles {equation 150) [180].
Cyclic enoi ethers were alkylatively ring opened in nickel catalyzed Grignard
reactions (equation 151) [181] Catalytic iron(0)-mediated carbocyclizations
of triene esters and triene-ethers was the subject of a disseration [182].
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{Equation 150)

~N
~N
A LgRhCI
—_—

> (I
N

N
H H

| 64%
N
e
b T L LY
H N ~ N
H H o "o
/
also cyclize
(Equation 151)
On LoNICH oH
\ ]+ Bumgx a2 On A
° B"\/
n=12 68-75%
4 Decomposition of Diazoalkanes and Other Cyclopropanations

Metal-catalyzed decomposition of diazoalkanes continues to be popular
for cyclopropanation of olefins. A variety of transition metal complexes was
screened for reactivity in the cyclopropanation of norbornene by
diazomethane, with Pd(acac); being the best [183]. Paliadium chioride
catalyzed the cyclopropanation of 1-alkoxy butadienes by diazomethane
[184], as well as allyl alcohol and allyl amine [185][186]. Rhodium(Il) salts
catalyzed the cyclopropanation of olefins by o-nitro diazo acetate [187].
Silylenol ethers were cyclopropanated by diazoacetate in the presence of
copper(Il) acetylacetonate (equation 152) [188]). The cis/trans ratio in the
cyclopropanation of olefins by o-diazoesters using Rh(1I) catalysts could be
affected by the rhodium salt and by the alcohol group on the ester (equation
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153) [189] as well as by secondary interactions between the carbenoid
complex and the substrate (equation 154) [190]. Furan (equation 155) [191]
and propargyl ethers (equation 156) [192] gave muxtures of products when
treated with diazo compounds and rhodium(I1) catalysts

(Equation 152)

R
OTMS N,CHCO,Me
xR B
H Cu(acac),

T™MSO CO,Me

(Equation 153)

N

RhoX,
/\R + Nchﬁ_z —_—— RIIIAMH + R—“A\"'H
0 cat H  coz

high trans when Z =

OEt
olefin = ”/ NN X @

%Qwﬁ
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(Equation 154)

E R!
RY R? R?
P ovoren e KK
E

R = H,CHy, NCy7, Ph, PhCH,, PhyOCH,, 0HOPh, 0PHCOPh, 0CF4Ph, mCFaPh,

2,4,6MezPh, CF,, PhCO, /\/’z?. ph/\/’71
0

(Equation 155)

U + NCHCO:B e </j><ﬁoza *

) O

(o)
{Equation 156)
RI—=.
o Z
1 Z
OMe  RyOLH), 2 R
+ R +
o OMe MeO
i R'
N,CHC—R? o
major with OAG- Major with CF300,™
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Intramolecular cyclopropanations with optically active catalysts have
also been developed (equation 157) [193] A mechanistic study of the
rhodium(11) carboxylate catalyzed reactions of diazo esters indicated that an

equilibrium between free carbene and a metal-carbene complex existed
[194]

(Equation 157)

Q O
( )n)H
H i ()2:I>
| o ca
o 0

( )n/\n)j\n ()n R

40-70% 20-40% ee
n=12 R=HOMe

Several other approaches to asymmetric induction in this process have
been studied. They are summarized in equation 158 [195], equation 159
[196], equation 160 [197], and equation 161 [198]

(Equation 158)

QOTt
RN+ BHTOC S, W’ e <Jscosmht
I ,L} 954:6 cstrans
3 >2Phee
R = Ph, PhCH, 84 Bu
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(Equation 159)

(o]
N I A,
N, PH CO,R
98% eewih R = L-menthyl
same igand as eq. 158 75tans/250s

W AN NN Ph

(Equation 160)

oA R CO.R!

(Equation 161)

oclzlcr-u\n2 + A p i 2 A
PH CO.R!
60 : 40 cistrans
H 5-56% eetrans
L= & 1386%e00s
N 'COMe
o |
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Low valent titanium cyclopropanated olefins with CFCl3 (equation 162)
(199]

(Equation 162)

Transition metals catalyzed a variety of other reactions of diazo
species, 1n addition to cyclopropanations The rhodium(Il) catalyzed
decomposition of optically active a-amino diazoketones to give optically
active products resulting from C-H insertion, aromatic cycloaddition,
cyclopropanation, a,a’-substitutions and g-diketone formation have been
studied [200] Rhodium(II) catalyzed decomposition resulting in C-H
imnsertions have been used to produce cyclic enones (equation 163) [201],
hydroxyindoles (equation 164) [202], cyclic p-ketoesters (equation 165)
[203], alkenes (equation 166) [204], furanones (equation 167) [205], lactones
(equation 168) [206], lactams (equation 169) [207], and other cyclic systems
(equation 170) [208][209] Unsaturated diazoketones cycloadded to
cyclopentadiene (equation 171) [210]
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(Equation 163)

R R
59% 47-53% 53% 57%
R
O
565%
(Equation 164)
0 O

-2

R = Me,Bn,Ph, R' - H,Me,OMe
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COMe

O

H\/\/U\n/COZMe + R fOLRY
N, \
080F%
1346%¢ee

R = Me,Ph, /W‘IL. /\HJ

_ 0
o 2C\=/\Ph Ozc\_/ 0L PN
NPhTh N :
NPhTh o
(Equation 166)
/ﬁz\ xR e
A ar MCHCHCl, i
Ar Ar
~%
R = H,Cl,Me
R' = H, Cl, Me
(Equation 167)
. (o]
Ph
\(H Cufacac) b\
Q) — P No” ¥en
2%
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(Equation 168)

(o]
RO 0
R? 0
R 1
(Equation 169)
(o]
P
"X
COMe
10P%
o] 0
N/7(
O,
EtO
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(Equation 170)

(o}
N,
+ —_——
(- ’
N 002 4Ry 33%ee
H
ca
BUT
(0]
Ne .WSOzPh
e
Ph szo/lkn/\/\
)
1X%ee
(0]
N, SO,Ph
/\/\HksoaPh
o 12%ee

(Equation 171)

( ) + sz/COZMe RhyOAC) COMe
P P

S =
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Ylids can be formed by trapping the carbene produced by catalyzed
diazo decomposition with adjacent heteroatoms, leading to a variety of
products {equation 172) [211], (equation 173) [212], (equation 174) [213].
Alkynes can trap the carbene to gwve cyclopropenes which cleave to give
allyl carbenes and ultimately produce polycyclic compounds (equatton 175)
{214], (equation 176) [215]. w-Hydroxy-a-diazoesters rearrange to B-
dicarbonyl compounds (equation 177) [216]

(Equation 172)

CO,Et
CO,Me
~ 2
SNTSco,kt N
) 2T
COMe
X, MeO,C—+==-—CO,Me
o) [¢]
W%
AD
SN Nco,Et
o)
\N2
o)
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(Equation 173)

RO,
N 0
I \ RO /(I A-B
1 ——
R Nz R \N" —
0 |
OR
0
A"
A—B
(Equation 174)
v Y
R [ R
o)
M \O+ X
Lt NN X
N Y
N, 0
o]
3 0
0
Ph/U\H
NCCO,H
R
0
R 0
o)
N
o Ph

CO,Et



383

(Equation 175)

R
| 0
i mone
k \ /
0~ Yo
o o
%
AND
X X
Y. o y
~ — U
O A
I N S
2
o)
565%
(Equation 176)
o o)
Ne Rh0AG
&%
(Equation 177)
No o o
HO.
CO,Et RhOAG Ot
e
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Cyclopropanes are also made by the reaction of olefins with Group(VI)
carbene complexes The carbene route to donor-acceptor substituted
cyclopropanes has been reviewed [217], and the full details published
(equation 178) [218] Depending on the geometry of the olefin and on the
solvent, C-H insertion 1s sometimes observed (equation 179) [219]. 0-Acyl
carbene complexes cyclopropanated olefins under very mild conditions
(equation 180) [220] as did molybdenum carbenes (equation 181) [221]
Intramolecular versions were also efficient (equation 182) [222]. Tungsten
benzylidenes cyclopropanated allenes (equation 183) [223] Thermolysis of
iminocarbene complexes led to intramolecular cyclopropanations (equation
184) [224].

(Equation 178)

Acc
OMe A
(CO)5C|'=< + \/ACC —_—— Ph
Ph MeO
5090°%

Acc = COMe, CONMey,, CN, P(O)(OMe)p, SOFh
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(Equation 179)

A Ph OMe Ph OMe
X CN CN CN
OMe
a8 1 2
Ph
Ph OMe Ph OMe
CN +
\—/ X 2™ CN
B
CN
3 4
__fﬁj&__,. 92% 3
Ny
S _ wua
_CH”;N_, 65% 2

(Equation 180)

ONMe, .
(cojser=( HVAVCE
R4 R

ONBu,

(CO)sCr
_ TBSO OAc
_ H ZN\F Cs

Cs OPNB
%
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(Equation 181)

OMe MeO R
A
(CO)5M0=< . PNy — -
R &
T -
5%

X = CN,CO,Me, COAL P(O)(OMe)

(Equation 182)

O/\( )/\

n A {)n
(c0)50r=<Ar ﬂ:o)

Ar

good yields
(Equation 183)

—~ L

5
(00)5w=< — Ph

H 2-%
H Ph q Ph

T
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(Equation 184)

Me
CONEt,

Ph
N——< Ph A Ph N
cocr={ o \ A . p—

Ph

Carbene complexes having remote unsaturation underwent combined
metathesis/cyclopropanation (equation 185) [225], (equation 186) [226].
Similar chemistry was observed in metal catalyzed decomposition of
appropriate diazo compounds (equation 187) [227].

(Equation 185)

R Mo(CO)s

4

OMe
R CO,Me

OMe

A coMe %
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(Equation 186)

OMe
Cp(CO)zMn=< OMe
R R
3
1P R
+ J—— E R?
Pve
E ()n R
1
E =R 5771%
RZ
E A
RG

R = Me,Ph

R' = H, A% = H,Me, R’ = H,Me, R* = Me,Ph

n=12
(Equation 187)
(oM == Pd(acac),
N
W NN o
(o]
n=12

Rhodium(II) acetate catalyzed an amine rearrangement {equation 188)
[228] Ketones were olefinated by diazoesters in the presence of copper
catalysts and tributyl stibane (equation 189) [229]
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{Equation 188)

0 o}
N, NR'R2
HN Rh,0Acy HN |
O)\N NR'R2 105° O)\N
H H
5%
AND
1 4
N, 0 N

HN

y
IS -y e ey

(o) N |
H N O)\N
H H
(Equation 189)
Y R} R} Y
Cul
B+ N={ + Y=o >=<
X R? R2? X
Y = CO,Me, H,COMe
X = COzMe, CO.Et, COMe
5 Cycloaddition Reactions

Palladium-catalyzed cyclization of enynes has been reviewed (69
references) [230]. This process 1s very useful for the synthesis of cyclic
compounds from simple starting materials (equation 190) [231], (equation
191) [232], (equation 192) [233] Enynes were cyclized with incorporation
of carbon monoxide using titanium chemistry (equation 193) [234]
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(Equation 190)

o =t A

RZ R3 Rz Ra

2080%

R = PMBO,H,Me; R = H, TBOMSO; RZ = H,Me; R® = H,PMBO, TBDMSO

ASO

Il
o —

(Equation 191)
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(Equation 192)

Pd,dbag-CHCly
PP
HOAC

MeO”

PhO,S

0,SPh &%
AND
E E
X
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(Equation 193)

OH
= B 2¢O
2) AMeQl TICP, ) o
3) Cp,TiMe)CH 2 Hol f
\ 4) HMPA H
5P%

"
1

(. T'
— —

Palladium catalyzed polyene cycloadditions were also initiated by
hydrositylation (equation 194) [235] and by oxidative addition/insertion
(equation 195) [236] Regio- and stereocontrolled catalytic Pd and N1 "ene-
type" cyclizations have been reviewed (equation 196) [237] Cyclization was
also affected by palladium catalyzed nucleophilic attack on dienes (equation

197) [238].

(Equation 194)

E></\/\:/: Pd e, E><]/\/\S|R3
E ™ x 156qRSH E ﬁ'

T A%
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(Equation 195)

3% L4Rd £
26q EtN E
MeCN

(Equation 196)

_/=F ) i )
X ﬁ Ni{0)

(Equation 197)

1) 5% PIOAG),
+
NR, ) H}
4
7292%
(n
R = CO,E,50,PhCN

Iron(0) complexes cyclized ene-dienes (equation 198) [239]
Unsaturated chromium carbene complexes underwent facile [4+2]
cycloaddition reactions (equation 199) [240], (equation 200) [241].
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(Equation 198)

(0]
0
M s
P SNTNENF 1) 15% bipy Fe(0)
Ph/U\N
TsOH
~ 3 “nyy_~CH(OMe),
OBn .
(Equation 199)
OMe oM
e
(CO)sM R3
)5 + ﬁx — (CO)SM Hz
Al e ~ R' R
pa
(Equation 200)
OMe 3
(CO)sCra_ O _R
(CO)4Cr + O 0 . | .
\\ RS R2 x> R
R R O
Cr(CO)s

R3 (o]

O / (0]
2 RS
R R2
e - R2 ol

XR | 1 ” A

[—‘<.__ 4 R
R XR

good yelds
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Metal cycloheptatriene complexes underwent a variety of
cycloaddition reactions (equation 201) [242], (equation 202) [243], (equation
203) [244]. Cobalt complexes catalyzed the cycloaddition of alkynes to
nonbornadiene (equation 204) [245]

(Equation 201)

,Cr(CO),

z
rif e 2 x 2) Phles Y“"' ™z
Y X
E080%

R' = H,OMe,Me, RZ = H,OMe; X = H,Me, OTMS

Y = H,OAc,COMe, Z = OMe, OAc, COMe

(Equation 202)

R
2
_ /Fe(CO):, R Q
\ il \
highpressure R —J~Fe(CO),
0
47.96%
R = OTMS, OAc,H
R = H,OTMS
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(Equation 203)

NC
NC CN

= NC_ _CN MeO,C

CN MeQ,C \Fe(C0)3

(Equation 204)

Co{acac),
l + R——=
4eq, ELACH

RyP*
R

R = Ph, By, IPr upt0 91%de
87% yeld

ACO/\/\/‘H' TBSO/\/\/ ‘LL'

Iron acetylide complexes underwent a vartety of cycloaddition
reactions (equation 205) [246]. Ozxallyliron complexes cycloadded to N-silyl
enamines (equation 206) [247] Metal-coordinated thio and selenoketones
underwent cycloaddition to cyclopentadiene (equation 207) [248].
Benzocyclobutane cobalt complexes underwent thermal cycloaddition with
olefins (equation 208) [249]
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(Equation 205)

R2
— R3
>‘="‘ sz l jo
RS
Fe R?
Fe
CI/\/CN
L(CO),CpFe—+=-—R1
NC
CN
N\ ™
CN Fe
R CN
(Equation 206)
o o]
\/Sl |
Fex{CO)
R}_ A I + b . n si
R 7\ o " N\Si]:>
A\
1520%
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(Equation 207)

Ph
(CO)5M—X=< + |:> - .
R PHY";
R

M =W,Cr, X=S5,S¢, R=H,Ph
© exo endo

(Equation 208)

CO,Me
O] ©F T
CO,Me
Co + Meozc/\/COZMe e . Co
Ph g Ph Phe g :Ph
: ;Ph Ph Ph
Bh

Ph

6. Alkylation of Alkynes
Cuprates added to alkynes to give vinylcopper complexes which could
be further elaborated (equation 209) [250], (equation 210) [251] Trimethyl
stannyl cuprates transferred the tin group to substrates (equation 211)

[252].
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(Equation 209)

tBuO,C  COBu

tBuO,C—+==-~CO,tBu + RCuMe,S)MgBr, —_— =
R Cu
E 1BuO,C CO,tBu
R E

E*=H’,BJ, /\/H

R =88y /\/'z'-, Cz/\/‘i

(Equation 210)

(o] (o]
R RO R
\ ()n
4
R
n=12
R = Me,h

References p 643



400

(Equation 211)

MQ,SrCJIJCN Meaan\OH
Me 8%
Ca_’-: CB
SnMe, 7%
)\% )\/\
* A snme,
Me,Sn

Palladium(0) complexes catalyzed the alkylative cyclization of alkynes
with aryl halides (equation 212) [253], (equation 213) [254], (equation 214)
[255], (equation 215) [256], (equation 216) [257].

(Equation 212)

Ph
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(Equation 213)

4668%
Z = H,Me, TMS
Br
4353%
(Equation 214)
l :I + M\/\Bu
I
M=2n 68 19
ZiCp,Cl 0:84
AND
£ EE
E
| A -
R [ R
R
o
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(Equation 215)

X COMe
+ Base
COMe R0
5786%

R = Ph,MeOPh,
il
(Equation 216)
™S
1) BupAH Ph.
PhC=C—TMS
2 <:> NEL
B 0/\/ 2
ELN /\/O r
%
PA(0)

Palladium catalyzed ene-yne cyclizations (equation 217) [258],
(equation 218) [259]

(Equation 217)

TIPSO
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(Equation 218)

R R R?
HW X PACLMeCN),
= X x
HOAC R2
07 o
™o
5086%
X = Br,Cl]
R' = H,Cs

Titanocene dichloride promoted the stannylation of alkynes (equation
219) [260]. Alkynes inserted into Zirconium-benzyne complexes to produce
olefinated arenes (equation 220) [261] and unusual heterocycles (equation
221) {262]). It also catalyzed the alkylation of alkynes by trialkyl aluminum
reagents (equation 222) [263].

(Equation 219)

OH OH  SnR'
F
[ 1) BuMgCl R
R 2) CpyTiCh
3) ReSl
67:75%

R = TMS, SiPhMey, SnBug, Bu, Ph

OH
OH
ﬁ)\ Ho/\ /\/l\ aiso react
™S nPr
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(Equation 220)

OMe
1) 21Bull
OMe 2) CpaZiveCt
Br. Br
=z
3) /E—/\
—_— (o]
4) 21Buly
5) Cp,2MeCl o
6) CHyON
HH
(Equation 221)
X R R
Me Li ==
\ e —
Cp.Z + | R—=——~R szzr P>
Cl // _.Ly
§
Y (N J
XSbCh, ==
_ XSb,_
——: Y
X .
7080%

R = Me; X = H,MeO, Y = H,MeO
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(Equation 222)

1) MoiCpZC,  TMS
TMS——————=—=—TMS —

\

™S

A7-6%
E' = H',D*, Br, Ac*, CI

Arylmanganese compounds inserted alkynes under oxidative
conditions (equation 223) [264]. Ruthenium(Il) complexes catalyzed the
alkylation of alkynes by allyl alcohols (equation 224) [265]. Rhodium(I)
complexes catalyzed the addition of arenes to alkynes to produce styrenes
(equation 225) [266].

(Equation 223)

(HC=CH, also inserts)
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P
A—=—-H + AN R
o /\ro(\/
+
\a
\ Y Y
N
COB0C
(Equation 225)
hy Ph
PhC=CH + PHH P“\z\n/
co
RNCICONPMey), ©

7. Alkylation of Allyl, Propargyl and Allenyl Systems

Palladium(0) catalyzed reactions of allylic substrates haveremained a
popular activity and is finding very wide application, although few if any
conceptual advances have been made. Palladium(0) catalyzed
macrocyclization reactions were the subject of a dissertation [267].
Cyclopropane-containing allyl systems were alkylated by stabilized
carbanijons without ring opening, 1n the presence of palladium(0) catalysts
(equation 226) [268]. A formal nucleophilic alkylation of the a-position of
ketones was achieved via palladium catalyzed alkylation of an allyl
carbonate (equation 227) [269] Palladium(0) complexes catalyzed the
alkylation of allyl perfluoroalkanoates by malonates and by alkyl
perfluoroalkyt ketones [270]. Allyl acetates were alkylated by tetronic acid
derivatives in the presence of palladium catalysts (equation 228) [271].
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(Equation 226)

X

P~ o <: Y
WY
LR

DA an

X = OAc, OCO.H, OTs
CO,Me CO,Me
Y
. C
O <Y W\C%Me /\/l\cone A/ O,Me

COMe
Me0,C” > S0,Ph °°2Me é/cozm
COzMe

(Equation 227)

/\n/o\/o\

e}
Jk o /jrovo\ "
19 HiSO,
—_— Nuc/\[(

(0]

NucH = CO.Me CO.Me
Y <® \[(\cozm PR CoMe P NCN
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COzMe o
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o
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(Equation 228)

OH R
O\, —OH R Ho K
oac Fda
lo) + 4\/’\/ OH
PPy
P THF 0
o} 0
\-lk O‘](
0-7%

Mo NN NN P /ﬁ/‘h
ﬁ/\/“i Q

Nitrogen containing allyl acetates were alkylated by stabiiized
carbanions in the presence of palladium(0) catalysts (equation 229) [272],
(equation 230) [273], (equation 231) [274] Silyl enol ethers alkylated allyl
carbonates in the presence of palladium(0) on silica (equation 232) [275]

(Equation 229)

OAc

BOCNH\/'\/ * x{-)|/v Y soow \ X
- R2 \./\/\YKHZ
6080%
R = BnO-@—CHZ W/\ g

R = H,OAc, HO/\/‘H’

]1“"
s/ [1T

X.Y = O, SO,
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(Equation 230)

Y Rdp
Ph,C=NCH—COR + () < Ph,C=N-CH-CO,R
X
OAc Y X
B7%

(Equation 231)

O——NCOPh LR

O, x ()n. _NCOPH

0 o)
Y Il
OAc
AcO NH NCR
X
j\ﬁf

OH

n=1,22,n =252
XY = SOh 2

(Equation 232)
OTMS o)

~K

Allyl carboxylates were alkylated by organoboron compounds
(equation 233) [276], (equation 234) [277], stannylated by Me2A1SnR3
(equation 235) [278], and alkylated by organostannanes (equation 236)
[279] tn the presence of palladium(0) catalysts. Thromboxane Bz precursors
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were synthesized utilizing palladium(0) catalyzed allylic functionalization of
allyl acetates (equation 237) [280]

(Equation 233)

R2

1) LR

o._ _OEt

RBCEC—R2[L + F N7 _— R‘\)\/\

: \g/ 2) ACOH & A
5070%

R' = nBu, nCg, nCs, CH,OMe

R? = NG, C7,Cy
(Equation 234)

D U Y Sy o AP

6cases
2 - Phistranster
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(Equation 235)

CO,Me
COMe
7\ LR [\ SPh ——
AcO. o SPh  + Me,AlSnBuy, l 0 _
BusSn 6%
COZMe
/ \ OTHP
LA O \7/
O
/
d OSIR,
(Equation 236)
R R
Pdicba), DMF
Z g\/OAC + 4\’\/R
LCl
good yeelds
OMe o
¥ = P PMeOPn, pACOPn NS H/\/\)l\oan
OMe
OEt
/T \ J“J\/\/OTMS “ acetate = Ph/\/\OAc
» g
CO,Me
Z OAc
gerenyl, neryl
OAc
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(Equation 237)

AcO OAc
Q PACLMECN), Q o<’
OAc )t ROH X
cu(o
AcO TP AcON=—/0R PO)
OAc
0
thromboxane B,
—/0R
Yo x

Chiral ligands were used to induce asymmetry into the palladium-
catalyzed allylic alkylation process (equation 238) [281], (equation 239)
[282], (equation 240) [283], (equation 241) [284], (equation 242) [285].
Functionalized allylic substrates reacted with norbornenes to produce
cyclopropanes (equation 243) [286], (equation 244) [287]

(Equation 238)

™S ©\ L0 ™S
L, o=
MgBr OAC

70-90% yeld
upto 30% ee
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(Equation 239)

R3

L'p R2 R2
o g J\/Q\ .
R1)\/ka1 " R copm RN S OO

OAc
for Ph Ph
OAc
PPh,
= (q"" H n= 2’ 3
=Wy
HO,C

f PPh, +

N

h \% PPh,

88%ee

)
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‘<3{= Pd(dbal, + (+}DIOP
R

E
OCCH,

g (0<;

o
I

with pMeOPhC—-O as leaving group, BINAP as ‘L, R = tBu; 78% yeld, 90% ee

Ph\/\{r’h /sze L'PaO)
T Me0,C7y NHAC

OAc
L* = (S-BNAP
o]
+ ———
co

Ph.__z Ph
h;(:CINCOZMe

{Equation 241)

(Equation 242)

H
A

9% yekd
Bhee

(Equation 243)
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(Equation 244)

OSiR,
)Yocozue . Pt |
PheP 1

R
6797%
E
also work

E

OTMS
b m/\gﬁ
(o)

OCO Me

A variety of heterocycles were made by palladium(0) catalyzed allylic
alkylation of acetates (equation 245) [288], (equation 246) [289], palladium
catalyzed insertion of alkynes into =-allylpalladium intermediates (equation
247) [290] and insertion of alkenes into the same species (equation 248)
[291], (equation 249) [292], (equation 250) [293].

(Equation 245)

Q 9
OJ\(_)/ Y g Pdbag o Y
R! N Nx R

R "
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{Equation 246)

[
25% Pricbag N
PhO,S
PPh
HOAC

— ———  ()Dendobne

(Equation 247)

R? R2
H2
n P
™o
5386%

X=ClBrl, R'=H, /\/\/i"

R=H

(Equation 248)
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(Equation 249)

Q
H H
M 9020 (0]
+
o~ "LL'
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(Equation 250)
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From a very broad study of catalysts, Mo(RNC)4(CO)2 proved to be the
best general Mo catalyst for allyl alkylation of allyl acetates [294].
Molybdenum catalysts favored attack at the most substituted end of an allyl
system (equation 251) [295]

(Equation 251)

SO,Ph E Mo{COl
TR < AN e
+
- E

SO,Ph

2 lSOaPh Z S

N4 6%

AN \ 3

In the copper catalyzed reactions of Grignard reagents with allylic
acetates and sulfones, the regiochemistry was controlled by the reaction
conditions [296], (equation 252) [297] Copper complexes alkylated chiral
allyl carbamates with high ee (equation 253) [298]

(Equation 252)

OPwv /\/\)\
/\/\/K

(regochermical shudies)
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(Equation 253)

(o] Naph
JL /H 1) B-

0 N F
Y OMe 2 RCu

R = Me, nBu, Ph; 40-70%
8891% ee

[ s }

Palladium(0) complexes catalyzed the coreaction of allenes, vinyl and
aryl halides and triflates, and malonates (equation 254) [299], and the
alkylation of allenic esters by alkynes (equation 255) [300]. Stannyl
cuprates added to allenes and the resulting vinyl cuprates were further
functionalized (equation 256) [301] Allyl metal complexes alkylated allenic
ethers (equation 257) [302].

(Equation 254)

R N R v
R/\-\ + & + _@i—’
X X = X
y4
Wﬂ
N=CPh,

R = H,nC7, TMS; X,Y = COR,
CO,Me
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{Equation 255)

A $£OMe 4%Pd(OAC), R CO,Me
== + R—== =
o \ TOMPP ~>_/
Vi
R'/ mapr

+
el
£
»
m
+

|
|

R/Y\COZMe

||a~ 8086%
e B
F
Q/

(Equation 256)

>78° =4—Cu

SnBu,
=3
—

" SnBu,
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(Equation 257)

Propargyl ethers were alkylated to allenes by Grignard reagents in the
presence of copper catalysts (equation 258) [303] Perfluoroalkyl copper
reagents alkylated propargyl systems to give allenes (equation 259) [304],
(equation 260) [305] Palladium(0)/copper(l) catalysts alkylated propargyl
carbonates with alkynes (equation 261) [306].

(Equation 258)

R2 R} H
Rl — ( + ROMgr 10%Cul >==<
OMe R? R2

via synaddibon, f-elmination. RMgl — anti efimination
RMgCI — syn elimination

chiral ether — chural aliene 96% ee
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(Equation 259)

R2
RCu /’\ il "
+ R! RCH=C
/ X DMSO =<R2
2060%
R = FCFoy; n = 1,3,6,8
R' = H,Me; R? = H,Me, (CHys; X = CLOT
(Equation 260)
RCu + //\Br RCH=C=CH,
2075%
R = CsFia Cofy7
(Equation 261)
R2 R! 3
1 R‘ m F i
R + = *
0 ou R?
com “R? \\
R‘
08P

A dissertation dealing with the dynamics and stereochemistry of
reactions of cobalt carbonyl stabilized propargyl cations has appeared [307]
These stabilized cations were alkylated by indoles (equation 262) [308],
trimethylsilylenol ethers (equation 263) [309], and phenols (equation 264)
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[310] Allylic halides cross coupled to allyl organomanganese(1l) compounds
[311].

(Equation 262)

1
b2
J

R
Iz y
V4

&%

N A
f

(Equation 263)

2
OR2 OTMS OR Q
R‘%( * /=< T R—= /'\HJ\R‘
OR2 Rs R‘ 3
(COkCol (CO)eC R

82100%
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(Equation 264)

[l| —coxcone
/@: 1) BFyORY,
MeO 0O 1 2) Fe(Noa)a MeO O A
CHy &%
8 Coupling Reactions

Reductive homocoupling of halides has been further developed The
classical Ullmann coupling of bromobenzene was compared with that
effected by copper metal vapor [312] Fluoroalkyl iodobenzenes were
coupled under Ullmann conditions (equation 265) [313]. Activated copper
homo coupled allylic, benzylic and aliphatic bromides efficiently [314].
Nickel(II) chloride/phosphine/zinc 1n pyridine coupled n-chloromethyl
benzoate to the biphenyl in good yield [315] A related system homocoupled
a wide range of aryl and heteroaryl halides (equation 266) [316] Aryl and
vinyl halides cross coupled to a-chloro esters under electrochemical
reduction 1in the presence of nickel complexes (equation 267) [317]
Chromium carbonyl amine complexes coupled a vartety of halides (equation
268) [318]

(Equation 265)

MeQ CFj MeQ CF, FaC CF,
FsC F3C OMe
Q
! ()
FSC Fsc CF3

MeO CF, MeO CF, MeO CF,
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(Equation 266)

X /: R
| N N X X
// Zn/EN //
THF
R R 6080%

@

R = pMePh, pMeOCPh, pHOCPh, pMeG,CPh mMeCCOPh

(Equation 267)

R
AX

R.__.CO.Me bpy NiBr, Ar” “COMe

.
cl
e_
A x AR
CO,Me
40-70%

A = Ph, pMeOPh, DCF3Ph, NCPh, 1-Naph, 2:Naph ph/\/'l"
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(Equation 268)

CrCORNHa)
ACHCHAr
60-90%
Cl Cl
PHCCy  ——— >=< PHCHO, ———— F,h/\/Ph
Ph Ph

Intramolecular coupling of aryl halides was promoted by
palladium(0)/hexamethyldistannane catalysts (equation 269) [319].
Arylsulfonyl chlorides coupled to biaryls in the presence of
palladium(II)/titanium(1V) catalysts (equation 270) [320]. Reduced
titanium species homocoupled halides (equation 271) [3211

(Equation 269)

L4Pd cat
Me3Sni, 100°

X = Br, |, OTf

Y = OHH
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{Equation 270)

PACL(PRCN), cat.

ASO,Q AAr
THOIPY)4
40-70%

Ar = pCIPh, pFPh, pBrPh, mCIPh, Ph, pMePh, 3.4-CL,Ph, 4-CL 3-MePh

(Equation 271)

RX + Cp;TCLWW —~———=  R—R

good yields

H,
R = PCHy, Ph,CH, pCPHCH,, pMePhCH, AN (8
Q

M

SV

~ McMurray's reagent ("T1(0)") has been extensively utilized for the
reductive coupling of ketones to olefins (equation 272) [322], (equation 273)
[323]), (equation 274) [324], (equation 275) [325], (equation 276) [326],
(equation 277) [327]. Reduced vanadium coupled ketones to diols (equation
278) [328].

(Equation 272)

[ em A

%
meso +d, |
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(Equation 273)

O
LD = OO0
] Q.‘

(Equation 274)

OMe
.“\\\

OBn

T/ OBn

DME, rix

OPw

::78

(Equation 275)

CHO
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(Equation 276)

/K
¥ Co
TCh
p OME
(o]
[e) .
(Equation 277)
Y Y
TCLHCHK
j -
o ’ On AN
H L
X = OSR,,H,OAc
n=012
{Equation 278)
3 )
/‘OKKTY 2 How s o
O VCH(THF)
) S ]:r
R2 H Zn Rz II”RZ
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Tungsten hexacarbony! coupled dithioketals to olefins (equation 279)
[329]. Cobalt allyl complexes coupled dienes to electron deficient olefins
(equation 280) [330] Manganese porphyrin complexes oxidatively coupled
phenols to make benzylisoquinoline alkaloids [331]. Alkylcuprates and
alkyllithiums were coupled (equation 281) [332].

{(Equation 279)

S S
S S S S S S S
KLY X joy

(Equatijon 280)

R = H,Me,2Me

A = COoMe, S0P, COAu
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(Equation 281)

X ~*NotBS
a o
Ls
Mel ~*\otes
* OH
CuRLi
OtBu
"y 5%%
OtBu

9 Alkylation of n-Allyl Complexes

Allylic halides coupled to bis-n-allylnickel complexes to produce
biallyls [333). =-Allylpalladium chloride complexes reacted with methyl
formate to produce unsaturated carboxylic acid esters [334]. Chloromethyl
allylpalladium complexes were arylated by tetraphenylborate (equation
282) [335] and stabilized enolates (equation 283) [336]. =-Allylpalladium
complexes with optically active DIOP ligands allylated optically active esters
with good de (equation 284) [337] Z-Stereochemistry could be forced in the
alkylation of =n-crotyl palladium complexes by using o-methylated
phenanthroline ligands (equation 285) [338]. The stereochemistry of
oxidative addition of palladium(0) complexes to allylic chlorides depended
on the solvent and the ligands (equation 286) [339].

{Equation 282)

X — P

T ~¢ Q
{l/ 2 o Ph
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(Equation 283)

N ™
R
Ar
o’ \ o’ \
2 2
0 COMe
1) LVDMF
COMe co,me o
—_—i
PPy COMe 2 H/PdC CO,Me
' Ar Ar
5P%
Ar = 2,3, 4{MeO)ghh
(Equation 284)
Pd (-)-DIOP
< o Cy2NO,S
fe) (o]
Ph
C"< Pd (-DIOP + PhYN\/lLO — /N)'_)kOR'
Ph Ph H iyl
(Pd")o'op 60-80% yed
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(Equation 285)

//ﬁ/
AN
/ N\ N=— + MeO,C () COMe ——u Z-products
)\ 7 T
(Equation 286)
COMe CO,Me
@ :
g )L,
Pd
PaP,Rd 2 2
100°0 n PhH
CO,Me
3 97 n DMSO
Pd
|_/ ‘e
only

n-Allyliron complexes of tropones were alkylated by iron allyl and
propargyl compounds (equation 287) [340]. Cationic rhenium =-allyl
complexes were alkylated (equation 288) [341]. =n-Allyl iridium and
rhodium complexes underwent alkylation at the central carbon to give
metallacyclobutanes (equation 289) [342]
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(Equation 287)

Fe(CO),

\ ™SOt (S(\;\\\OR i

(CO)sFe

™

(CO)aFe/

Bh

(Equation 288}

R e

Nuc

(— 22— .

Nuc = MeCuls, CHCOR),
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(Equation 289)

OK
\ ] |2
/—’ cp SMm —_—
L/
Cp™
\M>> 0 o
MesP OK e
\/k °
Ph Ph
M= Ir, Rh
(o]
4%

A paper dealing with controlling the regiochemistry of nucleophilic
attack on unsymmetrical allyl complexes of the type CpMo(NO)(CO)(allyl)*
has appeared [343]. Cationic n-allylmolybdenum complexes condensed with

aldehydes (equation 290) [344], and were alkylated by allyliron complexes
(equation 291) [345]. Acetyl-n-allylmolybdenum complexes were
elaborated into polyhydroxy compounds with a high degree of
stereoselectivity (equation 292) [3461(3471].

(Equation 290)

R = Ph, pMeOPH, Ph/\/'l"'
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(Equation 291)

Cp +
/ Mc(:p(NO(CO)
(M’{ —CO + FpM ——— W
NO \Fp*
&%

(Equation 292)

/\/ﬁ\ 1) LDA OH OH
2) PhCHO s 1) NOBF,
7N _ . A H
AN 3) NaBH, i Ph 2 PRCHO
Cp l CcO Mo
co -
OH OH OH
Ph/\_/\/kPh
=
)

10. Alkylation of Carbonyl Compounds

Vinyl copper reagents reacted with aldehydes and CH2I2/Zn to give
allylic alcohols (equation 293) [348). Aldehydes and acid bromides
combined 1n the presence of zinc chloride, and the copper complex of the
resulting product alkylated a variety of electrophiles (equation 294) [349]
Cuprates ring opened bicyclic allyl ethers (equation 295) [350] Manganese
metal reductively allylated ketones with allylic bromides (equation 296)
[351] Chromium(Il) chloride carried out a similar process (equation 297)
[352]), (equation 298) [353].
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(Equation 293)

¥4 OH
R
z RCHO
R p— [/\/C” — U
R
V.S 7090%

(Equation 294)

(o]

(o] (o] ZnCh O)k ) 2n
A TN T No oovan

OAc & OAc
—
R Cu(CN)ZnBr R E
Br
NO,
Er= E—+==e—EF H—sZ=e—E Cq—e==—X 0
S Y i
Ph PROOCH
Zcn !

‘ences p 643
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(Equation 295)

/f
I Bu,CuLLICN
o]
(Equation 296)
i A v ?H
+ of — -
R” R Z HOAC R/,Iq-\/\
many cases
good yields
(Equation 297)
oo, OH OH
XA +ROO0 — g N +RJ\/\"’X
X
mapor minor
X = ClLBr
0.
SO0 oY,
07 o O:}/
(§h
OH

n=012
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{Equation 298)

1 CrCh/ Ll \ 1
R R
/2( + RGO —— L R?
o} THF,0°
OH OH
%
R = Me,H,nCy >80%, R'R*

R¥ = Ph,nCg, nCs, Ph/\/it' Ph/\/‘m‘q

Alkynes reacted with ketones in the presence of tantalum(V) chloride
and zinc to produce allylic alcohols (equation 299) [3541{355]. Niobium{V)
chloride condensed alkynes with dialdehydes (equation 300) [356].
Zirconium catalysts promoted the B-alkylation of naphthol by a-keto esters

(equation 301) [357].

(Equation 299)

L. oo
Rl—e=+.—R2 _TaClzn_ mroRT R R1\)\KR3
Py OH R

090%

R' = nCio. NCs, NCq 1B, NC5, TMS, Ph
R? = H,nCs, NCg, NCy, Ph, nC1, SMe, SPh, SO;Me, SOPh

R-mCafh  py T O\g
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(Equation 300)

CHO
! CHO N

i NbClg 2,6-lutidine R?
| > —» > ]
[ DME =~ R
H2
60-90%
R' = nCs, Ph, nCg, NC7, Me, nCyo
R? = nCs, Ph, nCg, H, TMS
{Equation 301)
OH OH OH
R
0 Coa
l
+ CHCCOzR >
70% yield
27% ee
up to 84% ee
ZrClg

Cobalt complexed acetylenic aldehydes underwent alkylation by ylides
{equation 302) [358] and trimethylsilylenol ethers (equation 303) [359]
Chromium complexed benzaldehyde was allylated by chiral allyl boranes
with high enantioselectivity, as were cobalt-complexed acetylenic aldehydes
(equation 304) [360] Nickel chloride catalyzed the conversion of dithianes
to olefins by Grignard reagents (equation 305) [361][362]. Tebbe's reagent
converted a lactone 1nto an enol ether (equatton 306) [363]
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(Equation 302)

R S S R
R S | S R

s.-f Co,(CO)s
Ph3P=< I
S R
Z
= 'y H » CH 1]
R = CO,Me, H, Me, (CHp)3, (CHo)a, S
(Equation 303)
OTMS OH O
Iol 1) TiCl
= ¢-H + C 9 —, R ?
On 2) CAN On
Co,(CO
0G0 50-87%
80.20t0 95.5
erythrofthreo

R = TMS, nBu, Ph

> 643

=123

uncomplexed - 1°1 to 6.94
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(Equation 304)

OH
| ~CHO B’OTCOZIH o ~
/ ~ + NN o ugoger
Cr(COs R)R) 90% 83%ee
I\h‘[) _________/’:ifj~.f”’\\‘\
Cp—==—CHO —> — > CO—= A
|
Cox(CO)s 92% ee
(Equation 305)
S S NiCloLo
+ RCHMgX ——— )=
A’ R R R
R’ = TMS, H, MeSn

Ar = Ph, 1-naph, oMePh, 3,5-Me,Ph, pMeOPh

(Equation 306)

Tebbe
Lo




443

Ruthenium carbonyls catalyzed the reductive alkylation of aldehydes
by stabilized carbanions (equation 307) [364]. Rhodium carbonyls catalyzed
the condensation/silylation reaction of enones with aldehydes (equation

308) [3651].

{Equation 307)

CH,R!
Ru3(CO)12 2
RCH,Z + R'CHO ————————»
2 Hy/CO RCHZ
150-230°
100 at 70-100%

R = Ph, CN, CO.Me, COMe
Z = CN, CO;Me, COMe

R' = H, nPr

(Equation 308)

N H_ _R Rh4(CO)
Y\ + Y + EtMeSH —— R

° o PhyPMe
O oOTMs

11. Alkylation of Aromatic Compounds

Applications of arene chromium tricarbonyl in asymmetric synthesis
has been reviewed (21 references) [366], as has stereocontrolled synthesis
using arene tricarbonyl chromiumcomplexesas catalysts (9 references) [367],
and application of n® arene complexes in organic synthesis (26 references)
[368] The chemistry of arene-manganese complexes was the subject of a
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dissertation [369] “"Substitution nucleophile aromatique; activation par les
metaux de transition” was the subject of a review (128 references) [370]

Stabilized carbanions containing imines alkylated chromium
complexed fluorobenzenes (equation 309) [371] and manganese coordinated
arenes (equation 310) [372] Benzyl alcohol groups directed the site of
nucleophilic attack on chromium complexes benzyl alcohols (equation 311)
[373] Arenes were alkylated then acylated by a process involving
nucleophilic attack on a chromium arene complex (equation 312) [374] t-
Butyllithium attacked chromium complexed toluene ortho to the methyl
group (equation 313) [375]

(Equation 309)

XL

Z

X H 7\ Ny H

//—\>—F . o= — §_>—<

R/\ I Y Ph R | X
Cr(CO)a CI’(CO)(;

40-60%

A = OMe, mMe, pMe, pMeO

X = CO,Me

Y = CN

(Equation 310)

Ph
Y. N=<
X H
A\
) —
Mn(CO) Nﬁ/“
P Mn(CO)g

60-80%



(Equation 311)

H1
| "
N
(/ N CH,OH + )\ —————  Nudl attackp and m to
H2/l (‘)

CH,0H group
Cr(CO)3
OH OH
OH OH MeO
44 —>< >——' 63 >
2 el MeO
/ OMe 13 T f
18

47 69
45

\ 23 MeQ
MeO \ 58 -» MeO
OH OH OH OH
MO OMe OMe OMe MO N\ o

(Equation 312)

M
@ *s‘/ﬁ)s . RXICOV S So”\

Cr(CO)3

30-90%

R = Me, Et, PhCH,, /\/l\ Y\/'\ /\/\_f Y\—f
S~ )j\/\/“m f\)’\ \/\)\
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(Equation 313)

CMe,

QCHS + tBuh ———— /

Cr(CO)s \ /

Cr(CO)3

Chromium directed regio- and stereocontrol was the subject of a
review [376] Arenechromium tricarbonyl complexes were lithiated then
alkylated by allyl bromide (equation 314) [377] Lithiation of (n®-1-
triisopropylsiloxy-3-methoxybenzene) chromium tricarbonyl occurred at C-
2 not C-4 as expected [378] Chromium complexed a-phenethyl amine
underwent directed orthometallation (equation 315) [379] A high degree of
stereocontrol was manifest (equation 316) [380]. Chromium complexed
benzocyclobutanes were regiospecifically lithiated and alkylated (equation
317) (3811 Arenechromium tricarbonyl complexes were used in the
synthesis of 6,7-benzomorphans [382]

(Equation 314)

N 1) tButi SN Z o N &
[/ 2 NP - I/O/\/ CHyl l/ Z
Cr(CO)s Z CHCO)s Cr(CO)s
Cu cat

(Equation 315)

{Aow 288 N, (o
\ NMe; 2) E+ \ E ng
Cr(CO)a Cr(CO)a

*08% de, 40-80% yleld

E+ = D, Me, Me3Si, PPhy, PhS
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(Equation 316)

OMe
WMe 1) tBuli
[ "o ot
NMe. 2) CHyl
Z 2 3) ox
Cr(co)a Cl’(CO)a
AND

CHCO)a
(Equation 317)
R R
l = 1) Buli | A 1) Bul
EE— —_—
& 2) RX / 2) AX
Cr(CO)s Cr(CO)s 3) O I8
50-90%

A = TMS, D, Me, |, CHO, CO,Me

S 1:2 with Bull
| 1:11 with TMPLI
A
Cr(CO)3

Chromium complexed aryl aldehydes were alkylated with a high
degree of stereoselectivity (equation 318) [383], (equation 319) [384],
(equation 320) [385], (equation 321) [386]. Arene complexes having benzyl
hydrogens alkylated formaldehyde (equation 322) [387] and bromoacetic
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acid (equation 323) [388] The stability of chromium complexed benzyl
cations was used 1n a cyclization reaction (equation 324) [389]. Chromium
complexed benzocyclobutanes were in equilibrium with the diene form and
underwent cycloaddition reactions (equation 325) [390].

(Equation 318)

IS OTMS oH @
= _ 1) BFgOFt,
X \ / CHO + _—
On 2) CAN X ™S On
Cr(CO)3
>90% erythro

(Equation 319)

™S
TMS
l = Nuc- — Nu:
—_— sl
H
Z \ | / o
Cr(CO)3 O Cr(CO),
= CHg, D
Nuc = CH,4 ~100% 0@
(Equation 320)
HaN
o 3? 002H
| N H 9\ 1) O, o
+
/ z ome NC CO,Et 2) Hs
OMe
CrCO);
4S 5R

(resolved)
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(Equation 321)

(Equation 322)

H OH
/ \ R B- / \ LonR
\' + HCHO — major
[ { ™ d
Coxcr A CONCr A
. 80-100% de
15-88% yield
I\
A = OMe, OIPr, NMey, NEt, (iR
—OH Mminor
R = Me, iPr (CONCH N
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(Equation 323)

I\
(0] (0] P
S 1) NaH , N
_—_—
' / 2) BrCH,CO,Na =
3) H+
Cr{CO)3 Cr(CO)s COH

(Equation 324)

Ph R
1) HBF, MeO.
MeO ! _ N
D\) ~ 20 o
MeQ
complete retention
(Equation 325)
OEt OEt
I X OEt = =z
Z ~ o
Cr(CO)s Cr(CO), Cr(CO)y

53%

Bis complexed biphenyls were reduced then alkylated by halides
(equation 326) [391]. Iron arene complexes were alkylated by chloroform
(equation 327) [392] and were reduced, alkylated and acylated (equation

328) [393]



451

(Equation 326)

RWR LiNaph

Cr(CO)q

R RX
HH
ox
TFA
Rl
R’ = H, Me, Et, Bu, RR

P
(Equation 327)
CCl
N
(}R HCCly b fj
'z > >
/ 1BUOK / =
FeCp*
R
40-60%

T Y OO 0O
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(Equation 328)

H
Me,
A
’ 1) PhgC+
2+ 1) NaBH, 2) tBuO-
Fe
2) RM l
3) PhCOC!
7 1\ /4 4) tBuO-
/ o 5) AlbO,

12  Alkylation of Dienyl and Diene Complexes

The alkylation of cyclohexadienyliron complexes continues to be
developed for use 1n organic synthesis (equation 329) [394], (equation 330)
[395], (equation 331) [396], (equation 332) [397] Dienyl complexes with
external olefins underwent attack at either the ring or the side chain
depending on conditions (equation 333) [398). Cationic molybdenum diene
complexes have also been utilized to functionalize cyclohexyl systems
(equation 334), cycloheptyl systems (equation 335) [399], and pyran
systems (equations 336 and 337) [400]

(Equation '329)

OMe OMe
CO)aFe
PhO,S (CO)s
N
N s Yo — \é L N
. MeO,C an, ~CO2Me
Fe(CO)s SO,Ph

OMe

(CO)sFe. OMe
: w\\ Pnozs/\O/
K “OH

SO,Ph
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(Equation 330)

OMe Ph
1) PhyC+ (')<
Fe(CO); ——» Fe(CO), ————-—E—>
2) Phi
3) TFA
OMe OMe
63%
Ph ]
i'/j >
Me0” [-Z
Fe(CO)y
75%
{Equation 331)
CO,Me + ¢OMe
Fe(CO)s
* @ - “‘
o Q
NH
2 (CO)aFe/
CO,Me
we. . (I
—_—
N
H
OMe
54%
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(Equation 332)

1) LINHzABuOH ™
after sep of

° 2) TsOH 0, diastereolsomer

30%
1) PhaC+
<Y

2) (-
) ©) x
3) CuCl,

X
65%

(Equation 333)

Nuc

| = R = OMe
R /F R
+
Fe(CO) Fe(CO)
BHq- 76%
Nuc = Me,Cull 73% on il
BuCull 60% «
” <
< T ™% Oy 73%
Y



(Equation 334)

Mo(CO),Cp Cco Mo(CO),Cp
2) BHyH,0 RN
3) Swem. - 2) oae e E E
fo) (o]
good yields

E,E' = D,0, Mel, PhCHO, MeCOCI, Br” “COMe 7~ ~SO,Ph

(Equation 335)

1'0(00)209 ';lb(CO)QCp w;MO(CO)sz
O 1) EtaN 7 1\ 1) LDA / 1\
3 S ae
0 (o]
60-80%

(Equation 336)

+ +
Mo(CO),Cp Mo(CO),Cp
\\ A R 1) PheC+
l/j \“L J 2) CH2002m H\\“' ‘e, /002H
(o} THF R™ o 0 o~ m.
56-929% 3) CF4COH

Ho/P1O,

X
R = D, Mo, oy, (JOH,COpMe, BuC=G- 2 o(
Y Y
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(Equation 337)

+ X
Mo(CO)(NO)Cp v )
AT 0 O
OJ "-,,,| fe) ""ul
CO.Me COzMe

Acyclic dienyliron complexes also underwent attack by nucleophiles
{equation 338) [401], (equation 339) [402], (equation 340) [403].

(Equation 338)

+
Fe(CO) Fe(CO)
3

\m + Nue ———— W\/\/\Nuc

Nuc = Ho0, 93%; H-, 76%, PPhg, 95%,/\/“‘5 @3\
Y £

> e

X

(Equation 339)

¢ -

1

al
PEts

PEY, Fe Ly

R = Me, tBu
L = CO,1BuNC
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(Equation 340)

o) 0
§ 1) RU
{ HRU

+
2) air R
Fe(CO)a*

40-60%
R = Me, Bu, Ph

Iron-complexed diene aldehydes were extensively elaborated
(equation 341) [404], (equation 342) [405], (equation 343) [406], (equation
344) [407].

(Equation 341)

Ph Ph \
2 N _‘\\\Ph
BU—//_\—CHO + WHN/ NHMe —_— BU—//l—\\—< |
Fe(CO), ) Fe(CO)g /N Ph
(€3] ()
1) BuLi
—_— Bu—//i_\—CHO 2 0 - Wittlg
Fe(CO)s L A H
@ H/EA/\/COM
2S 5R

high selectivity for matched pair
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(Equation 342)

(o)

[0}
Bu—//;_\\—\ * HW%COW Em—
H 2

Fe(CO)s PPhy

=, \H
Ko
mFe(CO)g
x
Bu 30%

Et0.C / : \
I_=e(CO)3\ zZ —————= EOC

Y

AND

70%
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(Equation 344)

nQ

/ ICOQIPI‘ H
AP :
R—/T\—CHO 0~ ~cor . n_/T\\/\/\

Fe(CO)3 Fe(CO)a

OH
2R (fast) >100: 1 </k>

Palladium catalyzed the bis alkylation of b-dicarbony! compounds by
dienes (equation 345) [408], as well as the arylation/alkylation of dienes
(equation 346) [409] Iron complexed enones underwent reaction with
methyllithium to give vinyl ketene complexes which reacted with isonitriles
to give vinyl ketenimine complexes (equation 347) [410], (equation 348)
[411].

(Equation 345)

)\/ /\)\ )\ﬁ PN
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(Equation 346)

Y Pd(0)
ANF + AX o+ < —_— A N\F X
X

40-60%

Ar = Ph, pMePh, mMePh, pCIPh

X,Y = CN, CO,Et

(Equation 347)

0
Y

H Me
< + CNAPh

—_—

M\ <° MeLi "M

(CO)aFe (CO)sFe

) //NJ\
1) EtLi J
Ph A~ N/LPh < h " <

B % H 2) TFA separate
3) ox

Ph

(CO)3Fe

75%
1 1atiron
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(Equation 348)

0
Ph .
Nuc-
__\\/ ( uc Ph \/\')J\ Nuc
(CO)9Fe R R

50-70%
Y
Nuc = Me, PhCH,NH, MeO, StBu, )@X

BUT

1 0

i
Ph :
_\\ / 4 - Ph\MNHﬂBu
(CO)gFe Nuc

13. Metal Carbene Reactions

A large number of reviews on carbene complexes in organic synthesis
have been published. These include 'Carbene complezes in catalysis” (83
references) [412], “Transition metal complexes of unsaturated carbenes -
synthesis structure and reactivity” (280 references) {413]; "The role of
metals 1n carbene synthon introduction” (37 references) [414], "Carbene
complexes in stereoselective cycloaddition reactions” (52 references) [415];
“Aminocarbene complexes” (23 references) [416], "Metal mediated
cyclization of alkynes and carbenes - a new route to highly substituted
cyclopentanoids” (8 references) [417]; "Chromium carbene complexes in the
synthesis of moiecuies of biological interest” (18 references) [418]; "Alkene
carbene complexes of tungsten and chromium Their reactions with alkynes”
(32 references) [419], and "Carbene complexes derived from the activation
of 1socyanides and alkynes by electron-rich metal centers” (77 references)
[420], and "Metal carbene complexes from alkynes” [421].

An optimized procedure for the synthesis of chromium aminocarbene
complexes from amides and K2Cr(CO)s has appeared [422). Tungsten
thiocarbenes underwent reaction with ynamines to give low yields of
indenones (equation 349) [423]
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(Equation 349)

SR NE‘Q £
(CO)5M=< + —=—NEtz, ——> (CO)M Ph
Ph —
SR
+
(o]

The reactions of unsaturated chromium carbene complexes with
alkynes continues to produce an array of complex cyclic compounds
(equation 350) [424], (equation 351) [425], (equation 352) [426], (equation
353) [427], (equation 354) [428), (equation 355) [429].

(Equation 350)

OR3 R2 R°Rs
(CO)sCr R O o)
+ R——= { A » O R4
— \ =
R4 RS R?
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(Equation 351)

OR X
OMe A
(CO)5Cr==< + X _— OO '
Ph RI
|\] OMe
R1

30-60%
R2--=——R?!
R' = H, CO.Et, CHOSIR3, TMS,
oR f"r N OMe
R! X = 0, O siR?
(L,
OMe

R' = CO;Me, COMe, NCJ\OSHS Me0” X A

H2

H, COzMe, TMS, CH,0SIR,

(Equation 352)
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OMe Oy, oMo
(CO)sCr X H A 0),‘,‘"
+ 0 5
e
v AcO
+
X = H,34% )
X = OMe, 24% X = OMe, 24%
(Equation 354)
OMe A
R—== + (CO)LCr OMe ——— quinones, turanes,
indenes {see equation 353)
MeO

if R = O, furans, indenes predominate
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(Equation 355)

o) Z )
N
NO Pr——= TiCla/LAH Pr
o=z~ ]
)

(0]
Pr\ NR, NR;
+ - + low yields of mixtures
0 F

x-ray of O\ONKV
?\Cr(CO)g

Cyclopropyl carbenes having acetylenic oxo groups formed bicyclic
compounds upon thermal reaction (equation 356) [430]. Chromium acyl
compounds also underwent reaction with alkynes (equation 357) [431].
Tetraalkoxy olefins underwent a 2+2 cycloaddition to the side chain of
alkynyl carbenes (equation 358) [432] Photolysis of chromium alkoxy
carbenes with olefins produced cyclobutanones (equation 359) [433]
Photolysis of alkoxycarbenes with isoindoles gave dimeric compounds

(equation 360) [434].
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R

0,( )n\/ A
—_—

(CO)sCr %v

R = Me, H, Ph, nce;.[&\f
)

PN

[(CO)5Cr

4

E
>~
S e AL

R' = Me, PhCHy, Ph, 2 " ™

Mt = Li, MegN*, Mgl*

0
1BuC=CH
M+

(Equation 356)

On O

30-60%

(Equation 357)



OR!

RO OR
RO OR

OR!

(00)50r=< + f

R

MeO.
OMe
hv N N
(CO)sCr —_— ) —
Me N

References p 643

467

(Equation 358)

OR
M R? DMSO
————
RO OR?
R% OR3
OR!
(o) R2?
\Y
o o
78-92%

(Equation 359)

high yields
many examples

(Equation 360)

o] OMe
MeO

10%
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Tungsten carbyne complexes were annulated with alkynes to produce
naphthols (equation 361) [435] Carbon-carbon bond formation by means of
zirconocene-derived carbene complexes has been reviewed (16 references)
[436] This chemistry permits the useful elaboration of the diene starting
materials (equation 362) [437] [438]

(Equation 361)

OH
cQ 1) HBF, R!
OC-W=—twl 5 pg= p  _, OO
oc 3) ox. R
30-70%
S —_ S
R' = Me, H, Et, nPr, iPr ar@p(COL W= | ——»
\ /
, HBF,
R< = Me, Et, nPr, iPr, tBu

OH
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(Equation 362)

(o]
Cpazr<j + W(CO)y —» /f'\i )(l‘\
CPeZiN S W(CO), 7
tBu

HO
H0 Py — O ?Q
N y CpozZr ]
HO \

14 Alkylation of Metal Acyl Enolates
The two examples of use of this chemistry are shown in equation 363
439] and equation 364 [440]

(Equation 363)

co P . Ph
CpFe
pPn N oEn 4 2eq " cpre.
3 O s Br L +~0Bn
non |y
® 0
71%
SSR/SSS = 30:1
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{Equation 364)

3
)

Q
5

;<°
Y
Q

-5
[ ]

3l <

GO 1) Bull co OtBu
2 M@
0

B. Conjugate Addition

Organocuprates remained the reagents of choice for conjugate addition
reactions, and both new reagents and new applications continue to evolve.
Cyclic allyl cuprates could not be made from tin precursors but exchange
with lithium gave allyl cuprates which were efficient nucleophiles (equation
365) [441] Phosphorous-containing cuprates added 1,4- to enones
(equation 366) [442]. Allyl copper/trimethyl silyl chloride was an efficient
1,4-alkylation reagent (equation 367) [443] High 1,4-selectivity was
achieved in copper-catalyzed addition of Grignards to enones in the
presence of trimethylsilyl chloride (equation 368) [444], (equation 369)
[445] Unsaturated lactams also underwent 1,4-addition of organocopper
reagents (equation 370) [446]

(Equation 365)

()n. _SnBug 1) MeLi On

—_
L)/ 2) CuCN-LICI P
o
3) /\r 76-90%

Other E* also react aiell
VAN

e.g, RX, RCOX,



4

(Equation 366)

2opf. . (RRORP
R
RO% R 2) CuCN-LICI 2 R

/Y
> wd LT
(H20)2P R (o]
|
Q Q/ BYT COQW /\/\\\/ NOQ = COam
o) (o]

Me0,C—==—C0,Me

(Equation 367)

R
4\¢\/CU.T ' + No —_— 5\4\/\/"\
e

good yields

/\/\\/\/‘;Y\/E A @ Q

Ie) (o] (0] O
dr\N\/co"’Me
PhaSIO™"

0
Ph/\)J\ PhC/WY\
o]
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(Equation 368)

CO.Me

COMe Cu(in KI
+ BuMgBr >
TMSCI Bu

o]

/\/\/U\OE‘ also

(Equation 369)

1 1
R R3MgCI 3% CuCl R
— —» R?
R? CO,Et TMSCI R? CO,Et
good yields
R! = H, Me
R? = Me, Pr, iPr, Ph
R3 = Me, By, iPr, tBu, Ph, \\/\/“‘u
(Equatton 370)
R
/—} RuCuli
—_—
()"'N o} N 0
tBOC tBOC
62-84%

R = Ph, Me, BuaSn, PhMe,Si

n=123
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Vinylcuprates were readily derived from vinyl zirconium (equation
371) [447], (equation 372) [448), or aluminum reagents (equation 373) [449]
and these reagents added cleanly in a 1,4-fashion to enones

(Equation 371)

cl
/
Cp2Zr(H)CI CpaZr 1) 2RU 1
RCECH — > \=\ —_— R\/\CUCNUZ
2) CuCN i
R 3) Mels Me
o}
Ra
o}
S‘ Ra = /\/\/\/ COgm
EtSiO Ra Y
E1,SI0 R \Wcozm
55-80%
OTMS
oTMS / N f OPh
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(Equation 372)

1) CpoZrHCI
=/\/\/03i33 - —
- 2) 3 Mely o]

3) CuCN-LiCI

(o)
(o)
O
A

OSiRy
77%

(o]
x
\(\/\ —— — CsCOgEt asin
R OSIR, equation 371
TESO

(Equation 373)

R'Al
RC=CH —— R\l/\ 1) 1,
= SAIR2

———» R
CpoZIGl 0
P22iCly A 2) 1BuLl M
3) Cux R!
4)
/\fo

& I
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Conjugate addition reactions were central to the synthesis of
prostanoids (equation 374) [450], (equation 375} [451], polycyclic
compounds (equation 376) [452], (equation 377) [453], precapnellene
(equation 378) [454), and steroids (equation 379) [455].

(Equation 374)

0
COE  guon
. \/Y\/\/
| OH
(o}
Pd(0) CO,Et
V
OH
55%
AND
— H
/_\/\/\/\/CozH — C\/\//\:\//\cog
! Z
OH
76% (coriolic acid)
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(Equation 375)

MeO,C /\./\/\/CUCNZnLl
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(Equation 376)

0 0
CuCl.
RMgBr 2
O, DMF
™™™ CuBrMe,S ™S _7
(o]

o]
1) Me,Cull
o, —T—> .. o
)

(Equation 377)

+ MeaGe/lk/\CuCNLi

1) |2
2) L4Pd, tBUOK
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(Equation 378)

0
OTMS 0
Me,Culi o
— . _— H
TMSCI
89%
O
CpoTiMe. (0] o
P2 2 H 185 WH Cp2TiMe,

RhCl,
—_—
EtOH

(+)-Precapnellene
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(Equation 379)

O

O. ‘ +Bgros’ Y P,

XOW 2) Mel, HMPA

Me
0 3) H*

MeO
OH

Ph

Methods to control stereochemistry in the conjugate additions of
cuprates warranted extensive studies. Several approaches were fruitful.
Control of relative stereochemistry was achieved by constricting the enone
into a rigid, hindered cyclic system (equation 380) [456] [457] [458],
(equation 381) [459] or by the use of bulky ester groups (equation 382)
[460].
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(Equation 380)

o~ "o 1) Ry2CuLi CI)
—_—
o BF,0Et )j/go
R! R! "y R2

50-70%
10.1 antifsyn

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

R2 = Me, Pr, Bu, Cg, Ph, 2% "
o~ ~o 1) R,°Culi O\/to

- R,

N0 BF,0Et R )
R R

(Equation 381)

R = Me, Bu, tBu, Ph, PhCHj, 1-naph, O/\,ﬂ"
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(Equation 382)

0
At /\)Lo MeMuBf COzH CO.H
/\)\ TMSCI
\ H2 CuLg \“

70 - 30
R's = H, Me

Asymmetric induction was achieved by the use of chiral ligands
(equation 383) [461], (equation 384) [462], (equation 385) [463] More
commonly, a chiral auxiliary somewhere in the substrate was utilized. This
could be on the carbonyl group (equation 386) [464], (equation 387) [465],
(equation 388) {466], a- to the carbonyl group (equation 389) [467], Y- to
the carbonyl group (equation 390) [468], (equation 391) [469], (equation
392) [470], (equation 393} [471], (equation 354) [472], or &- to the carbonyl
group (equation 395) [473]. The use of chiral sulfoxides also induced
asymmetry (equation 396) [474]

(Equation 383)

0 0
CuN*
+ RMgX ————>
R3SIiCl R
HMPA
up to 78% ee

= Bu, Me, Et, Ph, 2\ ;,r

N* =

WI

>.\.\

R

” Me R _ Ph, 1-napth

:u-)—z
¥
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{Equation 384)

o}
[}

+ Mel/Cul/ilr —— &
(e

-
~—

-

up to 90% yield
up to 89% ee
\\
N N
L = H \

(Equation 385)

o 0
U"RCull + é é\
R

92% yleld
81% ee

R, = nBy, Ph O
L9
AN

Ph
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(Equation 386)

[[}=+}

oH
RyCulli O/ (o}
= :
R = Ph, Me, Bu ""OJ\O

OHo
Ozo)k/\ Y
15-50%

n

Y = (CHy)sCl; (CHo)4l ~80: 10
(Equation 387)
Ph ‘I Ph
Cu e
N N xR+ N N N
- -
YU Y
(o] 0O 0
82-87% yleld
97% de

(Equation 388)
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PhyCull

e

82-84%

R = Me, nBu, Et, Ph, 22 4

OMeS
s

N
K

H, Me

1

1] s of
"

COpMe

RI

[}

R2

Me, iBu, PhCH,, Me

40-60%
high ee

R2CuCNUIBF;

_—

(Equation 389)

RzCULI

ZnBr2

(Equation 390)
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(Equation 391)

R
fjm‘\Nch RCu b.,\\\ NHBOC
—_
o) o 0

40-80% yield
R = Pr, Me, Bu >89% trans (R)(S)

(Equation 392)

BOC

0 R,Cull (o]
DR come - DL
N 2 N COMe
BOC

R

60-98%
from70:30t097 3

R = Me, Pr, Ph, PhCH,, /\fr

P

s p 643



486

(Equation 393)

(o)

OBn
ﬁ RSSIO\/Q.,‘:
(o]
Si7° o om
H\ﬁ — Me,CUCNLI Rasio\/j_z
T e T
: R4SICI
OSiR, OSIR > e
3 Diastereos
kQ”" o o
H\ﬁ = Ras|o >
0 pecific
OSIR, _
kSi7’°“‘° o o
H‘('% = R3SI0__~ )
(o] /
(Equation 394)
R R %_(R .
o_ O 1) RyCuylim Y i
D AnCtrllm | |
2) NaOMe/MeOH é,a -
0

o, \\“

R' = Me, PhCH,

60 : 40
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(Equation 395)

P
Ph );/
/S/ Me,Cull ]
N %,
TMSCI or not

with TMSCI 61% yleld, 38% ee (R)
without TMSCI 43% yield, 93% ee (S)

(Equation 396)

+ RoCuli

Cuprates underwent addition-elimination with B -tosyl sulfoxides
(equation 397) [475], but added to other substituted enone systems
(equation 398) [476], (equation 399) [477], (equation 400) [478]

(Equation 397)

Py, 1 0
s RoCul Ph,,,|
TBDMN l » TBOMN" >
or |
OTs RAIR,' / LsPd A
40-80%

R = Me, Et, nBu, IPr, Ph, 22
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(Equation 398)

0 0
X X
+ RCuli —
0 0 R
60-92%
X = CHO, COMe, COPh, CO,Me, CN
(Equation 399)
(o] o) )
o RoCull OTs 1) Me,Culi wOTs
2 ) MeCu s
R 2) MeOH Mo
63-83% 67%
R = Me, Et, nBu, sBu, Ph
(Equation 400)
R;a'/\ R,CUCNLI BF, R\ Bu
A —_— XA
R? CO,Me THF, -78° R? 7 COsMe

R'.R? = H, Me

R = Me, nBu, Ph, Me,PhSi, 22\ };

Ynones (equation 401) [479], (equation 402) [480], ynenones (equation
403) [481], (equation 404) [482], methylenecyclopropy! ketones (equation
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405) [483] and epoxyenones also underwent conjugate addition with copper
reagents (equation 406) [484].

(Equation 401)

BnO T 1) Me,CuLi AN Z J~,Culi

OH COyMe 2) He o 0

OBn
— 91%
(o) &)
OBn 73%
(Equation 402)
~o o 1) Bull ~o0" o
/\/\/k/\
/\/\/'\S,,Bu3 2) CuCN 4 CO,Et
3) H-=-COEt
TMSCI 77% overall
97% retention

BUT

TMSCI

(0]
\o/\o
+ _—
2CUCNL|2

O\/O\

65-98%
20% retention!
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(Equation 403)

R3 R?
COX 1) R%CuLi i
& N /\ v\cox
R! R¢ 2) HX
major
+
R' = Ph, TMS, nBu, \’/\/\' O/ R?2 R
1 AN i -COX
RZ = Me, Bu, 1Bu R
R4
R® = H, Me
minor
R* = H, Me
X = OEt
(Equation 404)
1) RM
() 2) R'M On F
4 " 3; H+ Z O
20-60% 0-37%
n=1 ns=

RM = WgCUCNUz, thCUCNUz

R'M = Me,CuCNLI,, MeLl, Ph, Me,SI, CUCNLI,
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{Equation 405)

U 0 (o)
Me,Cul
R R)i\/L/ * R/u\)l\/
major +
60-80%
(o]
RJ\/T
(Equation 406)
(o)
N CO,Me AM
—_—
COzm Cul

R = Me, Pr, Ph, PhCeCPhCsC, /\,.f NN e O/

Alkylmanganese compounds added 1,4-to conjugated aldehydes and
esters (equation 407) [485], (equation 408) [486] [487] in the presence of
copper chloride Cyclohexenone was 1,4-alkylated by alkylmanganese
compounds (equation 409) [488] but cyclopentenone, and g-methy!
cyclohexenones failed
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(Equation 407)

A" -
\(\CHO _RMACI /5% CuCl >‘/\CHO
R’ R
R

D
n

Me, Pr, /\/\/\/“\, Y\/H"’
R' = H,Me

R"

Ph, Me, Bu, /\/\/\/"‘x. \/\f"

(Equation 408)

R' . '
Z “CO,E! R"MnCI R cou
ﬁ/\ . R">'/\ '
R 3% CuCl

R
1.2 eq TMSCI
good yields
R = H, Me
R' = Me, Pr, IPr, Ph
R" = Me, By, iPr, tBu, Ph
(Equation 409)
(o]
BFs'oEtz
+ "RMn" @ —————>
R
moderate yields
NICly
AMn = BuMnCl, —_— 68-74%

BupMn, or
BugMnLi FeCl
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Cuprates added to cyclohexenone with fair diastereoselectivity in the
presence of anions of chiral secondary amines (equation 410) [489]. Methyl
cobalt species added to enones in fair yield (equation 411) [490] The
reaction of cyclohexenone with alkyl silver, palladium, ruthenium, iron and
nickel was thoroughly studied [491]. Nickel(II) catalyzed the conjugate
addition of diethyl zinc to enones with fair enantioselectivity in the presence
of chiral ligands (equation 412) [492] Cobalt acetylacetonate catalyzed the
Michael addition enones to acrylates with low (18%) enantiomeric excess in
the presence of chiral diamines [493]). Rhodium(I) complexes catalyzed the
conjugate alkylation of enones by terminal alkynes (equation 413) [494].
Aluminum chloride assisted the conjugate addition of allyl tins to ab-
unsaturated iron acyl compounds (equation 414) [495]

(Equation 410)

(0]
ARCu + R’NU
R
(0]
up to 60% de
R = Me, Bu
- NR, (N)
{ 3o Pn)y ~ N,
N R’ R
)
(Equation 411)
+ MeyColiy —» Q/
o 0

64%
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(Equation 412)

S . + Etgzn ————»
R R Ni(acac), R a
60-70% yield
R = Ph, pMePh, pMeOPh up to 74% ee

(Equation 413)

Rl
50%
R = Me, _Q
R' = nPr, Ph, Bu, nCq
(Equation 414)
R4 R2 Ré o N ;
AICL A ;
R3 Y HasnFl" R7COFp
H R4
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C. c i ti0; udi

1. Carbonylation of Alkenes and Arenes

The effect of iron(III) chloride and cobalt(II) chloride on the
regioselectivity of hydrocarboxylation of olefins by palladium(II)
bisphosphine complexes was examined [496], as was the effect of
temperature on rate and selectivity {497]. Palladium(II) bisphosphine
complexes catalyzed alkoxycarbonylation of allylbenzene [498]. The role of
quaternary ammonium salt cocatalysts in the palladium catalyzed
carbonylation of butadiene-methanol telomers was examined [499].
Terminal olefins were alkoxycarbonylated by palladium catalysts to give
primarily branched products (equation 415) [500]. Unsaturaied acids
underwent carbonylative cyclization (equation 416) [501]. Palladium(1I)
catalyzed the carbonylative cyclization of a,a’-bisallyl ketones (equation
417) [502]. Terminal olefins were alkoxycarbonylated to acrylates and
diesters in the presence of palladium(1I) catalysts (equation 418) [S03] o-
Palladated oxazolines of benzoic acids underwent carbonylative coupling
(equation 419) [504].

(Equation 415)

Pd/C CuCl J\ COR
RCH=CH > \ + /\/ 2!
* o ROH R” COAR A
72-98% 4-28%
R = 012, C17, _,.r““ Ph/\/“"\
/\/\/\/\/\/‘\‘\

(Equation 416)

0
20 atm
AN L bd v o —— s +
° 0% 0" o
o

upto 17% up 10 38%
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(Equation 417)

PdCl, /CO
(0] —_———i
l MeOH TMOF 00
| MeO,C COMe

50-90%
CO2Me MeO,C
0
A Z
_—
CO,Me
™ ¥
\\/T:I:“\// .
o]
cozm
(Equation 418)
PACI(PhCN) /\/‘i
2 2
RCH=CH BuNi —> N
e+ BuUNOG PhgP, CO, MeOH R OMe
+
COsMe
COzMe
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{Equation 419)

L

O_ N
g \Pd’OA ——"CO
\ CHoCly
l N 2 acetone
[~
X

X = O, M, P, Me, OMe, pCl, pNO,

55-87%

Intramolecular alkoxycarbonylations of hydroxyalkenes promoted by
palladium(II) was reviewed (11 references) {505]. Crotyl alcohol was
cyclocarbonylated with reasonable ee's using palladium chloride in the
presence of poly L-Leucine (equation 420) [506]. Isocoumarins were
synthesized by the cycloacylation of o-vinyi esters (equation 421) [507]
Olefinic amines were cyclized to lactams using rhodium(II) catalysts
(equation 422) [S08]. Rhodium(I) complexes catalyzed the carbonylative
cyclization of 1,4-dienes (equation 423) [509], (equation 424) [S10] Ligand
directed rhodium(1l) catalyzed hydroformylation was used effectively in a
complex synthesis (equation 425) [511]

(Equation 420)

CO, 0, /Qo
OH >
N CuCly, HCI

PdCl,, poly(L)Leucine 0

75% vield
61% ee
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(Equation 421}

m PACl, J Cull ! R R
/ # COMe m / 4 0
X HO OH

X
0
X = H, pCl, 5:Cl, 3-Me, 4-Me, 5-OMe

{Equation 422)

HS RS
2 2.
A | Mg /GO R
 amamaa
R N, RhgOAc, 1 R N0
H
83-95%
" Lo — O,k
B o +
NHe N0 N Y0
H H
70:30 80%

R' =~ Me, Ph, H, U ‘:/\/l\
o,
R? = H

RY = H,Me
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(Equation 423)

[Rh(Cl)(COD)lz Y
or

Co,(CO)g /CO
(o)

40-80%

Y = CO,Et, CO,Me, COoH, CH,OH, CH;0Me, CH,0Ac

(Equation 424)

R R
AL Y
(RhCYCOD); . .
|| 40Bar CO
o (o] z

low yields

References p 643

Y = OH, OMe, OAc, OTMS, H

R = Me, By, H

(Equation 425)

CO/H,
_—
(CODRhOAC),
560 psi
PhoP
Ph,P
72%
(41% without PPh,)
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Allenic palladium complexes underwent double carbonylation
(equation 426) [512]. Nickel complexes catalyzed the hydrocarboxylation of
allenes (equation 427) [S13] Cobalt carbony! dimerized and carboxylated
acrylonitrile (equation 428) [S14] Cyclopropenes were cyclotrimerized with
carbonylation by palladium catalysts (equation 429) [515] Allylcopper
species incorporated carbon monoxide and 1,4-acylated enones (equation
430) [516]

(Equation 426)

S—. L 1.5 bar CO

L er 20° 0
L\
M (o]
Br” L
M = Pd, Pt
(Equation 427)
R
)\ NI(CN)z*4 Ho0 R
5 + CO - )\/\
R x PhCHa/CTAB R CO.H

5N NaOH 90° 1 atm

R = Me, Et, nPr, H, iBu, -(CHy)s-

(Equation 428)

CN
Cox(CO)g / py
CO, o icar
2 ZAeoN + ROH + 110° 100 BAD NC CO.R

good ylelds
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(Equation 429)

LoPdCl, / PPhy
+ C0 ——»

35%

(Equation 430)

R' 1) CO

0
R
//\;\/éUCNUQ _— R,’\/,\/u\/\[(

(o] 40-80%

R = H, 2-Me, 3-Me
(o) 0 (o)
Ph/\)l\
o
Br

Arenes (equation 431) [S17], cyclohexene (equation 432) [S18], furan
and thiophene (equation 433) [519], and cyclohexene (equation 434) [520]
were oxidatively carboxylated by palladium or ruthenium catalysts

enone =
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(Equation 431)

ArCOH
PA(OAC), / tBUOOH | T 02
AH + CO > ArAr

equal amounts

(Equation 432)

co
Pd(OAc), / CFsCOOH *
rix

CO,H

(Equation 433)

X AcOH

X =80

(Equation 434)

O e QL
Rh(ll) (EDTA-H)CO CHO *

120°
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Vinyl phosphonates were aminoacylated by cobalt catalysts (equation
435) [521], while ruthenium catalysts hydroiminoformylated olefins with
isocyanides in low yield [522). Iron-diene complexes underwent multiple
carbonylations when treated with aluminum chloride {equation 436) [523],
(equation 437) [524].

(Equation 435)

o]

fi A R?CONH, /H, /CO (o}
“sc‘gm o " HaC—{~CHzCH;—CH—CO,H
0| 8 OR NHC! R‘I
100°C 04
200 KgCm? 7
(Equation 436)
Fe(CO)3 Fe(CO)y
Feg(CO)
_e_.sf-—l—2—> / + / et

/ CO AlCK \
/o
Q o
o /{
20-40%
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(Equation 437)

Fe(CO)1 3 0 /
Feqs(CO)y2 CO/AICI3

—_— \ —_—

95% 4.1 exo/endo
(R)() +

2 Carbonylation of Alkynes (Including the Pauson Khand Reaction)

Alkynes were hydrocarboxylated by nickel cyanide under phase
transfer conditions (equation 438) [525] Cobalt carbonyl catalyzed the
reaction of acid halides with alkynes to give butenolides (equation 439)
[526], while rhodium catalyzed the addition of benzoic acid to alkynes
(equation 440) [527]. Nickel(0) complexes catalyzed the addition of
aldehydes to alkynes (equation 441) [528]

(Equation 438)

NICN), 4H;0 PhCH, J\
RC=CH 4+ co S
(1 atm) CTAB NaOH 90° R™ ~CO.H

good ylelds

R = Ph, nBu, ph/\/l"'- /\)\ -/ /\/\/H‘-.

HO,C  CO.H
On

n=45
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(Equation 439)

0

-
i CO;

R==—r , Ro-0 —2 o

R
RI

70-90%

R = R = Et

R" = Me, Et, Pr, nCg, tBu, neopentyl, Ph, PhCH,, CICH,CHoCH,
When R = R’, mixed regioisomers

(Equatjon 440)

OCOPh

[RhH] OCOPh Ph
MeC=CH + PhCOH ——* + \—/ + N AO00
>02%
(Equation 441)
(o]
RgP-Ni(0)
NN="" ¢ RCHO > N R

up to 90%
R = IPr, nPr, Ph

o-lodoanilines (equation 442) [529] and phenols (equation 443) (430]
cyclocarbonylated alkynes in the presence of palladium catalysts. Propargy!
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alcohols were converted to a-methylene-g-lactones by rhodium catalyzed
hydrosilylation/carbonylation (equation 444) [531].

(Equation 442)

o)
| L4Pd
+ CO +PhCECH ——> Z Ph
NHR NR
93%

(Equation 443)

~ 20 at CO
| + RC=CH T
/ ZNHR o
R PdCl,dppt
R' = Ph, pMeOPh, nCs, D\
S

(Equation 444)

R1
R3SiH A! R? = > Rz}f\sms
3 + (o]
HO Base (DBU)
% Rh4(CO)y2 0
PhH 100°
60-86%
R' = H, Me, (CHy)s

R? = H, Me
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Alkynes were converted to quinones by reaction with
cobaltacyclopentenones (equation 445) [532]. Iron carbonyl
cyclocarbonylated allenes (equation 446) [$33]

(Equation 445)

0 OMe
(o]
I weo
+ Coln —»
(o]
OTBDMS
OTBDMS
75%

(Equation 446)

R K é N R'———R?
_—-=/ + Feg(CO)g >-—_<7
Fo'e 7 2

®~Fg
20%
R1 R2 R2
80 aim
_—
7\ /\ )
O// Fe \Fe CO 50 R!
(o}
70%
90%
R! = Ph, MeOCH,
R? = Ph,H

Methylene cyclopropanes underwent a [2+2+1] cycloaddition to cobalt
alkyne complexes (equation 447) [534]. The Pauson-Khand reaction - the
combination of an alkyne, an alkene and CO to give cyclopentenones - has
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been extensively studied this vyear.

These were effective in both

intermolecular (equation 448) [535], (equation 449) [536], (equation 450)
[537], and intramolecular (equation 451) [S538], (equation 452) [S39],

(equation 453) [540], (equation 454) [541] versions.

A

R

/\/\/+CO+=

(Equation 447)

R2

COQ(CO)e
—_—

R?

(Equation 448)

(0)

02% 002(00)9 /\/\/b
—

100 Bar CO
150° 50%
16 hr
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(Equation 449)

o (o}
o o 1) CO(CO)g
L N _
Y " o/\/ == »> HO/\/\M
M 2)
5 |
" 3) KOHH,0 69% Vs 26% for
free alkyne

AND
o o]
HO HO o
- > .
° o

30.70
90% yield vs 20%
for free alkyne
(Equation 450)
Q y
= SI0.
PhC=CH + I o 2 Ph o
a)o
Co,(CO)s Glyphos 20 hr &
20-50%
47-59% ee

ferences p 643
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(Equation 451)

OR!
Co,(CO)g
R‘O_:ﬂ/ana A ©
RS
24-30%
(Equation 452)
Q, u
Y\/\/ Coz(co)a 7:1 55%
y RO, H RQ W
/ .5. /
RO\/\/\/
_ L+ oD
5:1 20%

Ph

1S, 2R
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(Equation 453)

A Oy

Co2(CO)s 25°

high yields

R3NO catalyzes reactions

studied.
(Equation 454)
(|:|’ / (o) 0
Coo(CO)g
INSCIE-— . o P o
\/\\
R' R
0-67% 0-52%
depends on conditions

R = Me; R' = H, TMS, Et

3. Carbonylation of Halides

Transition metal catalyzed carbonylation of halides 1s amongst the
most useful of processes, and it continues to be utilized.Aryl halides were
hydrocarboxylated in aqueous solution in the presence of palladium
catalysts to give benzoic acids [542]. Palladium on carbon catalyzed a
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similar process (equation 455) [543] Iron carbonyl carbonylated
dibromocyclopropanes to cyclopropane carboxylic esters (equation 456)
[S44]. Palladium catalyzed the carbonylation of alkyne iodonium tosylates
(equation 457) [545] Benzyl halides were converted to aryl ethanols by
hydrogen/carbon monoxide in the presence of dicobalt octacarbonyl [546]
Alkyl jodides and benzyl halides were carbonylated by iron nitrosyl
carbonyls (equation 458) [547] Carbonylation of 2-halobenzoic acids with
dicobalt octacarbonyl 1n methanol gave half esters of phthalic acid [548]
Benzyl chloride was carbonylated to phenyl acetic acids by palladium
phosphine complexes under biphasic conditions [549]

(Equation 455)

CO / MeOH
— > AICOMe
ArCl AcONa/Pd/C
PhCH3 200° 5-260 turnovers

Ar = Ph, pCFzPh, pHOPh, pMeOPh, pCIPh, mCIPh, t-naphth (K,Cr,O7 enhances)

(Equation 456)

Br

SN BT
+
Ph MeONa \<f
DMF
0-35% 10-50%
{(Equation 457)
Pd(OAC),

RIC=CIFPhOTs ——————— » RIC=C—CO,R?
base R20OH /CO
60-80%

R' = Ph, Am, Bu

R? = Et, Me
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(Equation 458)

CO, K,CO3, MeOH
RX >  RCO,Me
Fe(CO)sNO"

(1eq)

~80%

R = PhCHj, PI]CH
Me

Palladium complexes catalyzed the acylation of dioxene un reagents
by acid chlorides (equation 459) [550], and the converston of ethyl
chloroformate into diethyl malonate (equation 460) [551). Paliadium also
catalyzed the carbonylative coupling of aryl jodides and alkylmercuric
halides to give substituted aryl alkyl ketones [552], the carbonylative homo
coupling of vinyl mercuric halides to give divinyl ketones [553], and the
carbonylative homo coupling of vinyl halides to give diviny!l ketones [554].
Mizxed iron carbonyl/cobalt carbonyl catalysts carbonylatively coupled aryl
1odides to give diaryl ketones (equation 461) {555].

{Equation 459)

[ol R2COCI / PhH [o |
07 SRy LPA(PhCHL)C) o]\(R
o
82-95%

R = Me, iBu, Ph, pMeOPh, pNO,Ph, U\
Y,

References p 643



514

(Equation 460)

EtgN CO,Et
CICOR + CO ———>
Pd(OAC); / CO,Et
(1eq)
from acefate!
(Equation 461)
Fe(CO)s / Co5(CO)s )OJ\
Arl > ArCO,H
PTC 1a1 CO Ar e
20-57% 15-60%

Ar = Ph, pMePh, pMeOPh, pCIPh, mMePh, mCIPh, oMePh

Palladium(II) complexes catalyzed the carbonylative coupling of aryl
iodides with diethyl malonate to give benzoyl malonates [556]. Palladium
also catalyzed the carbonylation (equation 462) [557], (equation 463) [558],
and carbonylative coupling (equation 464) [559] of vinyl triflates

(Equation 462)
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(Equation 463)

Mo ':"9
>C‘ A .\\\COZW Pd(OAc)z,L \\\co2m
| — i
P CO, DMF P
ot EtgN, MeOH COMe
93%
{Equation 464)
QO (o]
\
e (0] _P:‘.C.M» Hu---
DMF, LICI
] o \ CO 150 psi
SnBug
0
24%

o-Haloaniline enamines were carbonylatively cyclized using palladium
catalysts (equation 465) [56].

Coumarins were synthesized using similar
chemistry (equation 466) [561], as were quinolones (equation 467) [562]
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(Equation 465)

0
Y. X _COMe PAO) Y. COMe
I —
z N“ R co z N" R
H H
30-75%
X =8rl Z=HCLF
Y = H,F, R = Me, CH,OMe, COMe
AND
o 1 0
Y. X Y.
o — :
Z N Z N
H H

82-87%

(Equation 466)

R 600 psi CO SN
—_———
! LoPdCl, / THF
100° o)
80-90%

CO,Et Z CO,Et
YI j\/j/
0 (@) (o}
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(Equation 467)

Bro Pd cat.
J\ + | + co —
N (o}
H
— L
—
N (o]
H

Iz

4, Carbonylation of Nitrogen Compounds

The synthesis of oxamates by double carbonylation (27 references)
[S63] and organometallic carboxamidation (183 references) [S64] have been
reviewed. Palladium complexes catalyzed the synthesis of diphenyl! urea
from nitrobenzene, aniline, and carbon monoxide [565]. Substituted
nitrobenzenes were reductively carbonylated to ureas by Fe(CO)s or
Ru3(CO)12 [566], and by ruthenium(III) Schiffs base complexes [567]
Aromatic primary amines were oxidatively carbonylated to acyclic and
cyclic ureas using cobalt(II) salen complexes [568]. Palladium(0) complexes
catalyzed carbonylation reactions to produce arylsulfonyl i1socyanates
(equation 468) [569] and imides (equation 469) [570]. Cobalt carbonyl
catalyzed the N-acylation of azobenzene (equation 470) [571]

(Equation 468)

[ ArSONCI] = M+ — 0, asonco

Pd (cat)
70-80%

Ar = Ph, pMePh, oCIPh, 0BrPh, 2-naphth
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(Equation 469)

o o0
Pd(0) TR
AIX + 3 THF-MgCLOTINGO — AC—N—C—Ar
14-28%
Ar = Ph, pMePh, pMeOPh
(Equation 470)
Coo(CO)s / CHl GOMe
Ar—N=N-Ar —> Arril—N—Ar
PhH, HyO, PhGH,NEts* COMe
20-50%
Ar
/
+ AINHCOMe + AfNCCOMo + ANHN
COMe

Ar = Ar' = Ph, pMePh, mMePh, pCIPh, pMeOPh, pHOPh, pMeOPh

5. Carbonylation of Oxygen Compounds

Nickel cyanide catalyzed the carbonylation of allyl alcohols to
carboxylic acids under phase-transfer conditions [572], while rhodium(I)
complexes catalyzed the conversion of allyl alcohol to Y-butyrolactone [573]
The mechanism of hydrocarbonylation of aicohols catalyzed by ruthenium-
iodide complexes was studied [574]. The full details of the conversion of 2-
butene-1,4-diols to ferrilactone complexes have appeared (equation 471)
[575] Allenic carbonates were carbonylated to dienic esters using
palladium(0) catalysts (equation 472) [S76]. Lipase selectively acylated one
enantiomer of a chromium benzyl alcohol complex (equation 473) [577]
Cobalt carbonyl catalyzed the conversion of epoxy alcohols to butenolides
(equation 474) [578]



{Equation 471)

0o
Fez(CO)g ( C 0)3Fe )k o

" Non DY f\]

(Equation 472)

A2 A
—_. Pd(0) A2 _~
R co
MeO,CO MeOH CO.Me
91-98%

R' = Ph, H, N MeOL” "

R? = NN M
OAc

{Equation 473)

N Lipase N 9
(o 5 e
/ A _oH j\o L{( C/o) on * / / o/an
3 Cr(CO)3

>98% ee

Reierences p 643
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(Equation 474)

A OHCH
Ar OH Cox(CO)s T 3
+ CO + Mel ” - COH
0 TDA -1
INNaOH O o
40%
(triple carbonylation)

6 Miscellaneous Carbonylations

Iron-complexed cycloheptatriene was cleanly acylated by acid chlorides
(equation 475) [579] Benzocyclobutanones were synthesized from aromatic
acyl silanes with Group(V1) metal carbonyi catalysts (equation 476) [580]
Aromatic and aliphatic hydrocarbons were carbonylated by rhodium(I)
catalysts under photochemical conditions (equation 477) [581] Allyl
cuprates incorporated carbon monoxide, then 1,4-acylated conjugated
enones (equation 478) [582]

(Equation 475)

—_Fe(CO),
e
o o
48-94%

R = Me, Ph, OMe, Bu, /\/‘i cn/\/\;‘
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(Equation 476)

SIR3 M(CO) G (o]

Tk PhCH, PhCHy A

40-70%

R = nBu, Ph, /\/‘l'll \/\/\/ 1\/\/\/\

(Equation 477)

RhCI(CO)(PMeg),
AtH + CO » ArCHO + ArCH,OH + ArCOAr + ArAr + ArCO.H

hv

72 16 16 5 1

Ar = Ph, pMePh, pMeOPh, pCIiPh, pNCPh

(Equation 478)

l'? 1) CO, THF, 110°
/\/CuCN L, ')/

73%

7 Decarbonylation Reactions
Nickel(0) complexes decarbonylated a-amino acid anhydrides to a-
amino acids (equation 479) [583].
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(Equation 479)

(0]
o  NICOD)L, /L A~ _COM
—_— > * RoN
T RoN”” “COH 2
RaN 0 H+
91% 111 L = Me,PhP
128 L = PCya

AND

o
0 Ji + RNTNS"NCogH
RoN RoN” “CO,H

96% >50 1

8 Reactions of Carbon Dioxide

Electrochemically generated nickel(O) complexes catalyzed the
addition of carbon dioxide to diynes (equation 480) [S84][585] Nickel(0)
complexes catalyzed the cyclocarboxylation of diynes with carbon dioxide
(equation 481) [586] (review, 23 references) [587]. Palladium(0) catalyzed
the conversion of ary! halides, propargyl alcohol and carbon dioxide to
cyclobutenylidene carbonates (equation 482) [588]

(Equation 480)

] Ni(ll) / Mg anode / e- C_B_l:i
— 2
+ CO. +
[ - 2 DMmF (XCOZH

L = TMEDA, 90%

L= Blpy. 65%
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(Equation 481)

R R’
— R (o] 0
S NI(COD), /L “ =~
z +C0p —> Z + Z
\_— g 0 ﬁ/o
R' R
70-80%
R = H, Et, TMS
R' = TMS
Z = (CHy)y

(Equation 482)

OH

—_ Pd(0) 0
_ \~/ + AX + COp—™ > ;>=o
o
Ar
9-68%

Ar = pMePh, pCIPh, pHOPh,  Ph” X~ y

D Oligomerization (Includi Cvclotrimerization of Alkvnes and
Metathesis Polymers).

Ethylene was dimerized to a mixture of butenes by cobalt or nickel
acetylacetonates in the presence of alkylaluminum halides [589], and to I-
butene by (h3CsMes)Ta(PMe3){H)(Br)(h2CHPMe2) [590] and (CHz-CH-
CH=-CH2)Cp(Et) (diphos)Zr [591]). Chiral zirconocene dihalides catalyzed the
isotactic polymerization of propene [592]. Styrene was dimerized by
palladium(Il) salts in nitromethane (equation 483) [595]. 3,3,3-
Trifluoropropene was dimerized by stoichiometric amounts of low valent
nickel catalysts [594]. Iron hydrides dimerized methacrylic esters (equation
484) [595] Nickel(0) complexes catalyzed the dimerization and
trimerization of C3-cyclic olefins [596] [597] [5S98] Vinyl ketones were
linearly dimerized to 1,5-diketones by rhodium(I) catalysts [599] [600]
[601]
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(Equation 483)

N LoPd(MeCN), S__Ph
MeNO,
Ph

AND

=
——» linear polymer
F

MW 6000 (head-to-head / head-to-tail)

(Equation 484)

CO.R
P FeH NP (dmpe), 2
~  ROC =
or FeH, (dmpe)ohv
high yield
high conversion

The role of dinuclear nickel complexes in alkyne oligomerization was
the topic of a dissertation [602] Rhodium(I) complexes dimerized terminal
alkynes to enynes (equation 485) [603] [604]. Palladium complexes
catalyzed the silylation of 1,4-bis trimethylsilylbutadiyne (equation 486)
[605], while molybdenum complexes oligomerized the monosilyl analog
(equation 487) [606] Alkoxyacetylene was dimerized by copper(l)
10odide/TMEDA (equation 488) [607]



R = CgHyz, C4Hg, CgHia

TMS—= -TMS

rences p 643

(MegP)3RCI
————————-

(Equation 485)

R—=—3 R + R—EEE—JZ

40-80% conversion
60 * 30

R

(Equation 486)

1) SiClyMeg.y/Pd cat. ™S TTMS
2) MeMgX TMS>= B ™S
0-48%
+
™S ™S
™S
N\
™S
0-72%
(Equation 487)
I
™g  _MOCISELSH o
PhCH; 80%

54-70%

525
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(Equation 488)

Cul-2TMEDA
RO—=—=—-H —————» RO—=——=——0R
O, acetone

65-95%
R = tBu, 1-adamentyl, C,4, L-menthy, <:>—'§

The cyclooligomerization of 13, sl-phosphaalkynes in the coordination
sphere of a transition metal was reviewed (9 references) [608] Rhodium
trichloride / aliquat 336 catalysts cyclotrimerized alkynes to benzenes [609]
and cyclodimerized phenyl alkynes to 2,3-disubstituted 1-
phenylnaphthalenes [610]. Paliadium(0) complexes of bis imines
cocyclotrimerized allenes with dimethylacetylene dicarboxylate (equation
489) [611] and cyclotrimerized alkynes to benzenes (equation 490) [612]

(Equation 489)

E
/
AL, - = —
+ == —_—
) + E——=—¢F
=N VWV E OMe
\ g
MeO H
E E
E E
MeO H
28%
E
E
='=\ —_—
oPh e OPh
E

63%
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(Equation 490)

E E
/ E E
=——E
/N\ —_— E E—____'
[ Pd
=N VW —E E E
\ £

E

R = Et, H, TMS, Ph, MeOCH,, COMe

R' = Et, Bu, TMS, PhMeOCH,, CO,R, CO,CHCeCH

Cobalt-mediated [2+2+2] cycloadditions to the pyrrole nucieus was the
topic of a dissertation [613]. Methyl propiolate was cyclotrimerized by
Ru3(CO)12 [614]. Cobalt alkyne complexes underwent cocyclotrimerization
with alkynes upon heating (equation 491) [615]. Diynes were
cyclodimerized by CpCo(CO)2 (equation 492) [616]. Cobalt cyclobutadiene
complexes underwent reaction with dinitriles to give pyridine analogs
(equation 493) [617].

(Equation 491)
R3 A3

(C0NsCoz Y R3 R3

Ph—N + RB—==—R8 2, ph—N R
R2 R2
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(Equation 492)

S
CPCO(CO)z
(mter)
A
BUT
—_ CpCo
O —So - X
— CpCd’
(o]

32% 6%

(Equation 493)

CpCo IS
- CN

Nickel(0) mediated intramolecular cyclization has been reviewed
(618]. The cobalt cluster catalyzed cocyclization of «,©-diynes with nitriles
was studied by epr [619]. Nitriles were cyclized to pyrazines by reduced
titanium catalysts (equation 494) [620]
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(Equation 494)

1) TiCl, / Zn / THF, rix, 6 days RN P
2) 10% aq. KgCOa R \N/ R
36-63%

R = Me, Et, Pr, Bu, iBu, nCs, nCe, Bn, pCIPHCHy, 3-Me, 4-MeO, Ph”” " §

Propargyl alcohol was cyclotetramerized by nickel catalysts [621]
[622]. Cumulenes were cyclooligomerized by nickel(0) catalysts (equation
495) [623]) [624] Palladium(II) catalyzed reactions of 1,6-enynes: remote
binding effects on cycloisomerizations, [2+2+2] cycloadditions, and skeletal
rearrangements was the title of a dissertation [625].
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(Equation 495)
f”\n/"\

e ™ _LNICO), "’;_.—“\
- =<*" ¥ /

\ Y
CHP
M

f\f‘

5,
end group = ; i, tBu
with ©:g= i only cyclobutane 54%

Palladium(Il) complexes catalyzed the cooligomerization of vinyl
halides with alkynes (equation 496) {626] Rhodium(I) complexes catalyzed
the cyclization of yne dienes and trienes (equation 497) [627] Photolysis of
tetraenes in the presence of copper(l) triflate gave a manifold of cyclic
compounds (equation 498) [628] Nickel(0) complexes cocyclotrimerized an
alkyne with carbon dioxide (equation 499) [629].



531

(Equation 496)

Rl
Pd
. Re=cH T

R
EtsN

12-40%

R = Ph, pMeOPh, oMePh, 2-Naph, 3-thienyl, nC
R’ = T™MS, Ph, nPr, tBu, CH,OH 0o

(Equation 497)

R! A
R2 LaRhCI cat. P
()n/\‘) | —_—> (O
S THF

61-98%

‘.“\\\ E
o

o

oTBS
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(Equation 498)

H W
—> 0 + 0
\ /  cuoT i -
H H
38% 36%
H
RS
+ 0
o, /
H

hv
BT g ——  { JZ7
CuOTt
90%

(Equation 499)

T™S
EtO
=
Ni(COD), EO ™S
EtOC=C—TMS + CcO, ——» t
z dppb 7z
(0]
™7
OEt

Butadiene and N-acyl allyl amine codimerized in the presence of
rhodium(III) chloride (equation 5S00) [630]. Aromatic amine complexes of
cobalt(II) catalyzed the dimerization of 1,3-dienes [631]  Nickel(0)
complexes catalyzed the linear dimerization of 1,3-dienes (equation 501)
(632] The influence of metal halides on the cyclotrimerization of butadiene
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to cyclododecatriene by benzene-titanium(Il) complexes was studied [633].
The mechanism of telomerization of 1,3-dienes with sulfinic acids catalyzed
by palladium complexes was studied by infrared spectroscopy [634]. Water
soluble ligands were developed for the biphasic palladium catalyzed
telomerization of butadiene and isoprene [635] Enantioselective
telomerization of butadiene with formaldehyde, nitroalkanes and enamines
using palladium catalysts with chiral diphosphine ligands was developed
with ee’s up to 41% being obtained [636].

(Equation 500)

P RC13Na,COs
NHCOR ————— »
Z + ANANO PhgP NSNS whcor

(Equation 501)

NI(COD),
2 N\AF T T AF XYy + ANF A

90% ee 35% ee

Living ring opening metathesis polymerization catalyzed by well
characterized transition metal alkylidene complexes was the subject of a
review (36 references) [637] The metathesis polymerization of norbornene
by tungsten-carbene complexes was developed [638] Molybdenum
complexes formed living polymers with norbornadienes (equation 502)
{639] Ruthenium(II) chloride or osmium(III) chlortde ROMPED
functionalized norbornadienes (equation 503) [640]. Pyrrole was
oxidatively polymerized by aluminum chloride/copper(l) chloride (equation
504) [641]
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(Equation 502)

NCH‘BU)(N-Z,ﬁ-CaHsPI’g)(O‘BU)g Mo
R e
I cat.
R
CF3 E E
| [ |
CF3 E E
(Equation 503)
o) E E
E
RuClg*3H0 M DDQ
LA 0~y CH —_—
E On
E E
I3
CH o CH

(Equation 504)

H CuCli n
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E Rearrangements
1. Metathesis

Several reviews dealing with olefin metathesis have appeared this
yvear. These include one on reactions of acetylenes and alkenes induced by
catalysts of olefin metathesis (26 references) [642]; the presence of
dichlorotungsten carbenes in photocataiytic olefin metathesis reactions
[643]; metathesis of imines with Fischer-type carbene tungsten complexes
[644]); metathesis and isomerization of olefins with polystyrene-bonded
cyclopentadienyltungsten tricarbonyl complexes has been developed [645]
A number of metathesis catalyst systems including [WBr2(CO)2diene]/ AICI2Et
[646); M003/Si02 [647], Re207/ Al1203/CsNO3 [648], Mo30u(C204)3CH20312- on g
alumina [649] and [Mo(NO)4(HSO4)2]1(HSO4)2/EtAICl2 [650] have been
developed Acetylenic hydrocarbons were metathesized by MoOz(acac)z /
AlEt3 / PhOH catalysts [651]. Other new metathesis catalysts include
Mo(CHTMS)(NAr)(OR)2 [652], Re(C-tBu}(CHtBu)(COCMe(CF3)z2]2 [653] and
[Mo(NO)(H2NO)(X2)L2ln- / EtAICl; [654] Allylsilanes cometathesized with |-
hexene (equation 505) [655] Metathesis was used in the synthesis of
capnellene (equation 506) [656]

(Equation S505)

™S Re;0;
A A > s NN TMS
ALO; EYPb
92%
+ TMS/\/\/\/ + /\/\/\/\/
60% 23%

(Equation 506)

otBu
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2 Olefin Isomerizations

Stereoselective 1somerization of acetylenic derivatives as a new
methodology in organic synthesis was the subject of a review [657], as was
isomerization of olefins and diene complexes with iron tricarbony! (132
references) [658]. Ziegler-Natta catalysts isomerized allylbenzene to trans
b-methylstyrene and eugenol to isoeugenol {659]. Palladium chloride
catalyzed the Z to E i1somerization of styrenes [660]. Iron carbonyls
1somerized divinyl tetrahydropyrroles to pyrroles (equation 507) [661}]
Rhodium(Il) complexes catalyzed isomerization of substituted cyclopropenes
(equation 508) [662] Palladium acetate rearranged silylenol ethers to
enones (equation 509) [663]

(Equation 507)

= — Et Et = &
= Fe(CO)s > /H\ + }S\
N~ Ph Ph Ph Ph Ph

Phw hI‘ f;l
[
Ph Ph Ph
33% 57%
(Equation 508)
Ph 0
Ph P
:[><Ph Rh2* cat O’ hj)J\Ph
—_ Ph  +
X
Ph Ph
X
X = H; 95% X = OMe; 94%
Ph
>
I\
Ph /b\
ph g~ OEt

87%
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(Equation 509)

1 eq. Pd(OAc),
—_—
BQ
55%
3. Rearrangement of Allylic and Propargylic Systems

Palladium(II) complexes catalyzed the allylic transposition of allyl
acetates (equation 510) [664], (equation S511) [665], allyl sulfinates
(equation 512) [666], (equation S13) [667], and o-allyloxycarbonyl-a-
sulfenyloximes (equation 514) [668] [669]. The mechanism of the
palladium(II) catalyzed Cope rearrangement of 1,5-dienes was studied and
reported 1n detail [670].

(Equation 510)

1
R OAC P cat R

References p 643



538

(Equation 511)

N NG

2) PdCl(MeCN),

(o] w'/\y
(o]
Y = H,OMe, Cl, Ny L
SiR.
\/Y 3 Y\/S‘Rs
Y/ﬁ]/o . 7
0 Y\Y
(o]
(Equation 512)
o /\/k/\)\ L4Pd
s AN T e N L~
OSOoTol
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(Equation 513)

R
(o)
1]
RO—8—0"" P g Rog)\/
i
Pd,dbay 0
(E1O)eP > good yields
3
Y s =
1] 07\
o o]
(Equation 514)
0
(o]
N
STol ﬂ» STol
""/,/\\
80%
77% oo

The mechanism of the rhodium(+)-Binap catalyzed rearrangement of
allyl amines to enamines was fully studied and reported [67 1] and was used
to synthesize optically active aldehydes (equation S15) [672]. Achiral
catalysts were also useful for this type of rearrangement (equation S516)

[673], (equation 517) [674]
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(Equation 515)

N J\/\ AW BINAP J\/\
—_—
Ph N0 NR, Ph N0 N g,

>899% ee

(o]
H+ J\)L
P N0 H

(Equation S16)

Rh(l)

ROH R2

good yields
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(Equation 517)

\N

~N
A
RhCILg A
N
H H
~N
H
e
H
N
H

Similar rhodwm(I) catalysts rearranged ailyi alcohols to aidenydes
(equation 518) [675] [676]. Palladium(II) salts catalyzed the rearrangement
of propargyl acetates to a-acycloxyaldehydes (equation S519) [677] and
palladium(0) complexes catalyzed the 1,3-diene monoepoxides to enones
(equation 520) [678] and cyclopropyl allyl alcohols to dienones (equation
521) [679]. Chromium arene complexes catalyzed the rearrangement of allyl
siloxanes to silyloxydienes (equation 522) {680].

(Equation 518)

[LoRhCOJ*CIO
H
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(Equation 519)

[o]
® (0]
W/U\o >/ PdBry ) o
R R 0, |
65 R R'
40-80%
R, R’ = (CHg)s, (CHa)4, (CH2)1+
R =EtLR = Cg
R=Ph; RR=H
R=Me R =Cg

(Equation 520)

@o P ©¢o o @40
/ \

L= Pth]CH'CHPPhg 65% L = PPhy
Me Me

(Equation 521)

OH o]
[>'\/Y = \)j\/y
H OR H on
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(Equation 522)

OSIRg SR,
R? NpCr(CO)y Z
EE—
P R? \n/ S o
R! o) R
200
58-86%
R' = H, nBu, Me
R? = H, Me
R? = H, Me
4. Skeletal Rearrangements

Transition metal complexes catalyzed isomerization of highly strained
systems was the subject of a review (26 references) {681].

5. Miscellaneous Rearrangements

Palladium(0) complexes catalyzed the rearrangement of unsaturated
1,4-epiperoxides [682]. Iron(0) complexes catalyzed the cycloisomerization

shown in equation 523 [683].

(Equation 523)

/\/\/ bpy Fe(CO) 3
(o] —_— ()

n
\/\KKOR PhH on

{CHy),

I1I1I. Functional Group Preparations
A. Halides

Bromoaromatics were converted to iodoaromatics by halide exchange
over KI/Cul/alumina [684]. Ruthenium(II) complexes catalyzed the
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trifluorochloropropylidenation of silylenol ethers (equation 524) [685].
Improved conditions for the palladium(II) catalyzed haloacyloxylation of
cyclic conjugated dienes have been developed [686] (equation 525) [687]
Platinum(0) complexes catalyzed the rearrangement shown in equation 526

[688]

(Equation 524)

™S

Q R L3RUC|2 Il
I + CFCCly, ———— RC—CH—CCICF4
DMF i
R’ H R
(Equation 525)
Cl
Pd(OAC)/LICI
LiOAc BQ
HOAc OAc
r_jHTs
1) TsNHNa o /\/\r A D\
Rw"
2) Pd N R
) PdLe OAc Ts
(Equation 526)
(0] (0]
Pt
R Ls . / \/‘R
CCly cl
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B Amides, Nitriles

Nickel{0) complexes catalyzed the addition of isocyanates to olefins to
give amides (equation 527) [689], (equation 528) [690]. Cyclic amines were
oxidized to amide N-oxides by hydrogen peroxide/sodium tungstate
(equation 529) [691] Ruthenium(II) complexes catalyzed the condensation
of formamides with aryl amines (equation 530) [692]. Aryl sulfonamides
were N-acylated by 1socyanates in the presence of copper(I) salts (equation
531) [693] Ruthenium chloride catalyzed the N-alkylation of amides and
lactams by alcohols [694]

(Equation 527)

[(iPrO}4P}],Ni / \

PANCO — — > NHPh
[}\/ * (8] &

0o

75% yleld
10 tums on cat

(Equation 528)

PhNCO 0
ANNNNSFE —— E:/()L
LnNi(0) NHPh

16%

* /\/\/\/\[(NHP"

o
31%
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(Equation 529)

| SN H30, / NagW0, ©\/l
—_—
SN N0

A |
H OH
50-80%

R = H, 4-Me, 6-Me, 6-MeO, 6-MeOCNH,
6-Cl, 6-Br, 6-MeCO, 6-CN, 8-Me

(Equation 530)

<|? L9HuCl2 <|?
Ar”—C—H + ArNHR® ——»> Arril—c—riJAr’
rfx mesitylene R R
76-93%

Ar' = Ar = pCIPh, pMeOPh, pMePh, cMePh, 0,0'Me,Ph

R=R=H
(Equation 531)
0
N)kNHR"’
SO,NHR! CuCIDME S°2l
_—
46-98%
R' = H, Me

R2 EY, By, 1Bu, Ph, /\/\/\;,f
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Nickel(II) complexes catalyzed the conversion of bromothiophene to
cyanothiophenes (equation 532) [695]. o-Palladated aromatics were
converted to nitriles by treatment with tetrabutylammonium cyanide
(equation 533) [696]. Platinum catalyzed the addition of phosphine to
acrylonitrile (equation 534) [697]. Copper salts catalyzed halide exchange
with 10donucleosides (equation 535) [698] Chiral titanium complexes
catalyzed the asymmetric addition of TMSCN to aldehydes (equation 536)
[699] Cobalt carbonyl catalyzed the ring opening of tetrahydrofuran by
TMSCN (equation 537) [700], while rhodium(I) complexes catalyzed the
conversion of ketals to protected cyanohydrins (equation 538) {701].

(Equation 532)

\/_ N\ B NaCN ( Y\ _CN
| 25 + LpNICI(2-naph) ——» / //
7
S EtOH S

(2 or3)
(2or3) 76-82%

(Equation 533)

7 \N
il
o 2 diphos
—
BuyNCN CN

60-90%
X
Pd
A 7/2
N
/\
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(Equation 534)

Pt (P/\/CN) 8

/\CN + PH3 —» Pe\/CN> s

(Equation 535)

NH, NH,
NN . N/%:N\
1/”\/Nj:N\> SR, XJ'\N/ N>

DMF, 120°
o 0

TMSO O5TMS T™SO OTMS
OTMS OoTMs

60-80%

X = CN, SCN, N3, NHp, NHoOH
CHICOE,, C=C7 "N
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(Equation 536)

. T cat OTMS
RC—H 4+ TMSCN ——mm»
R”* “CN
70-80% yield
60-91% ee
R = Ph, MePh, pMeOPh, OO @\
S
o '
cat. = PO --"‘O\T( -
{OIFT,
iPro. o 2
0
{Equation 537)
H2 R1
Co,(CO)s CN
+ TMSCON — > TMSO
o R! 150° R2
+
RI
R' = H, Me, OEt
TMSO/\)\(CN
R? = H, Me, OMe R2
82%
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(Equation 538)

R\ _OR? TMSCN R‘><0H3
-_—
R~ “OR? [RhCKCOD)], R2” “CN
— /\/\/\\/\/‘H,

R' = Ph, pMeOPh, N p

R? = H, Ph

R3 = Me, Et

C. ine c s

Combined palladium-copper complexes catalyzed the oxygenation of
benzene to phenol or benzoquinone [702] Benzene was hydroxylated by
hydrogen/oxygen in the presence of palladium(II)/iron(11) complexes [703].
The complex [MoOsePyeDMPU] was advanced as a safer alternative to
MoOPh for a-hydroxylation of enolates [704]. MoOPh was used to
hydroxylate lithiated arenechromium tricarbonyl complexes (equation 539)
[705]. Manganese oxo complexes catalyzed the reductive a-hydroxylation of
conjugated esters (equation 540) [706]

(Equation 539)

OMe OMe
A p | OH
& I 1) Buli Q)

orco), 2 MeOPh CrCO)s

R! "'R2 R! hz
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(Equation 540)

RS

R! R® cat. Mn(dpm),0, . %
>< > R
- CO,R4
RZ  CO,R* PhSiHg 1, 0n 2
76-94%
R' = H, Me, nPr, COMe /\/\/2 /\/\/\/\f"
RZ=H
R® = H,Me
R* = Bn, Me, Et

Mixed cuprates reduced epoxides to alcohols (equation 541) [707], as
did formic acid 1n the presence of palladium catalysts (equation 542) [708].
Cobalt(I1) catalyzed the ring opening of epoxides by thiols (equation 543)

[709] and amines (equation S544) [710].
processes (equation 545) [711].

Palladium(0) catalyzed similar
Vinyl oxetanes were converted to

homoallylic alcohols by reaction with organocopper complexes (equation

546) [712].
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(Equation 541)

0]

OH
+ (RM)(CuBr}PBuy), ——» O/
73%
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(Equation 542)

o
[7:]
o]
un
—

(Equation 543)

+ PRSH —————>» SPh
Al or Coy(CO)g R

0
R = Me, Et, Ph, CH,Cl, PhOCH,, (:V also works.
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(Equation 544)

' 1
R R CoCly R R
\T/ + RRNH, — — > >—<
(o] HO NHR?
60-70%

R = Et, Ph, CH,Cl, PhOCH;
R' = H, (CHp4

RZ = Ar

(Equation 545)

Nuc
o /\/k(\oH
Pd(0)
—_—

M Nuc OH
OH
.
Nuc = EtgNH, PhSH, NH,CI, NH,SCN OH
NH,OBn, PhCOH /\/‘\K\OH
Nuc

>00% from1:2t01.7

(Equation 546)

fo) MeMgBr / Cul
_—
/\<> /\/\/\OH

72%
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Grignard reagents reduced aliphatic, aromatic, and «,p-unsaturated
ketones to secondary alcohols 1n the presence of titanocene dichloride [713]
Ketones and aldehydes were reduced to alcohols by zinc in the presence of
NiClpe6H20 This reagent also reduced olefins, nitriles, and nitroaromatics
[714] In D0 as solvent, deuterium was incorporated (equation 547) [715]
Aldehydes and ketones complexed to optically active rhenium complexes
were reduced with high asymmetric itnduction (equation 548) [716] [717]

$ D20 / Zn / NiCl,
_—
(o)

(Equation 547)

HO D
60%
AND
D
—_—
D
OH OH

81%

(Equation 548)

©

Re,
R4 Re,
ON ‘ PPhg —_— ON" | /PPhy
1 2) R!
"~ "~

R

91-96% de



555

Acetophenone was microbially oxidized to the cyclohexadienol which
complexed to iron (equation 549) [718]. Ruthenium complexes catalyzed the
a-hydroperoxidation of amides (equation 5S50) [719] [720], and the varied
oxidations of norborene epoxide shown in equation 551 [721]

(Equation S549)

o 0
1) P putida
—_— | SN
2) Fex{(CO)p
Z on
(CO)aFe
(Equation 550)
R2 R2
/I\ R tBuOOH
LaRuClp HOO |
COzMe CO.Me
good yields
A (0 Clkn G
COzMe COMe Ho o}
R
J/_’[\
0 CO,Me

References p 643



556

(Equation 551)

Q 0
NaOC! +
o cl
(o]

o Ru cat. 50% 11
—_—
ox. OH
&OH 85%

H0,
or 52082
No reaction le)
I
- (@)
o CO.H
OXONE
37% 48%

Dienes were converted into allylic alcohols by cobalt dmgH2 complexes
(equation 552) [722] Olefins were hydroborated and oxidized to optically
active alcohols using chiral rhodium(I) catalysts (equation S53) [723].
Intramolecular (equation S54) [724], (equation SS5) [725], and
intermolecular (equation 556) [{726] hydrosilylations/oxidations were used
to produce alcohols

(Equation 552)

Co(dmgh)H,
[ ————— — —
>_/_>_\\ He Co(dmgh)oPy
H

Il ol
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(Equation 553)

o\
/\=/\ @ ,BH
> Y oX.
> -+  ROH
C& A 40-60% yield

0-74% ee

L* = (+)-DIOP

ph N (+)-BINAP
(S)(R)-BPPFA
(S)(S)-chiraphos
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(Equation S54)

)\‘/g Rh()DIOP )\‘/g Hy0,
—_— —_—

o)
SSRH  giNap O—SiR, OH OH
>99% syn
93% ee
AND
MOMO OMOM MOMO OMOM
—_—
70% oo
(Equation 555)
R R
x P, [[CH,CH-SiMe,],0], He0,
NTMS, _N—S§i_ ’
™S Me,
OH
RYK
NH,
~50%
AN

Ph Ph Ph
NH, NH, BuNH NH

2

CL.

2
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(Equation 556)

2
HSIMeCl, | 1) EOHELN |
e
N PdCly / PPhg SMeCl ) 1,0 OH
40-80%

Asymmetric oxidation of olefins with osmium tetroxide has been
reviewed (67 references) [727]. The highest ee's in this process have been
achieved using K3Fe(CN)g as the oxidant in place of trimethylamine N-oxide
[728]. By using polymer-bound chiral alkaloid ligands and this oxidant, the
hydroxylation of stilbene went in 96% yield and 87% ee, and the alkaloid
could be reused [729]. Allylic ethers were cis hydroxylated with high
stereoselectivity (equation 557) [730], (equation 558) [731] Olefins were cis
hydroxylated by 0s04/Fe(CN)s-/DABCO (equation 559). [732].

(Equation S57)

Y
RaSI 5% 080, HQ, Y Y, OH
D e— R3Si + RsSI =,
anti syn
50-70%
Y = H, 140:1

as size of RySl increased, % antl increased
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(Equation 558)

™. COZE' QH gH
COEt A _ COE!
OTBS H H i
TBSO OH TBSO  OH
CO 35:1
850 /\/\-/\/ HEt
OTBS 0s0, 4
—_—
Me;NO
BnO CO,Et
02 2.71
oTBS
(=)TBS
H CO.Et 99.1
Etoac/\/\:/,\/ 0z
OTBS
(Equation 559)
050, HO OH
— —_—
Fe(CN)¢>
DABCO 71-94%
Q Eﬁl PN NNNNNF
/k/\)\/\OH

New aspects of oxypalladation of alkenes have been reviewed (54
eferences) [733]. Schuffs bases were reduced to amines by Ru3(CO)12 under
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hydrogen and carbon monoxide [734]. Platinum complexes catalyzed the
reduction of halonitroaromatics to haloamines [735]. Nitrobenzene and
aromatic ketones were reduced to anilines and benzyl alcohols over
palladium(11)/montmorillonite silylamine catalysts [736].

Palladium(0) complexes catalyzed the removal of allyloxycarbonyl N-
protecting groups in a very complex molecule (equation 560) [737]. Allylic
carbonates were aminated with high ee using chiral palladium catalysts
(equation 561) {738]. Optically active amines were made from aldehydes
and chiral ferrocenylamines (equation 562) [739] Iron carbonyl hydrides
catalyzed the reductive amination of aldehydes (equation 563) [740] [741],
while ruthenium complexes catalyzed the oxidative amination of diols
(equation S64) [742]

(Equation 560)
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(Equation 561)

A~ OC0E
I~ RoNH,
.
OCO,Et Pd/L* x ., WA~ NR2

OCO,Et
/\r 87% 97:3 B4%ee

PPhy OH
(Equation 562)
H Ph
Ho x
N~ CHy
1) PhCHO ~ Ph H.
M o PR e, M
\E ) 3 E NH2
(racemic)
67 : 33 de

SR/RS
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(Equation 563)

Hom N, —— mumc—cn (),
RNH, + H H -
A

40-60%

R = Ph, pMeOPh,0MeOPh, pMePh, pCIPh, <___>—{

(Equation 564)

Ru cat. O
Ho/\/OH M O —_— NN
N 180°
H

Molybdenum hexacarbonyl ring opened oxazolidines to aminoalcohols
(equation 565) [743). Cationic rhodium(I) complexes catalyzed the reaction
of benzene with 1sonitriles to give imines (equation 566) (744] Ruthenium
carbonyls catalyzed the reduction of oximes to imines (equation 567) [745]
while cobalt complexes catalyzed the formation of oximes from enones
(equation 568) [746] and palladium on carbon catalyzed the reduction of
nitroolefins to oximes (equation 569) [747]. Palladium(0) complexes

catalyzed the conversion of allyl acetates to allyl azides (equation 570)
[748]
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(Equation 565)

>—/ Mo(CO)g

N
”< N
R™ 0 ANH OH

60-80%

COsMe

K Ph
}—3\/\/ h” )lph Ph” >\__3\ /N)\_OB\Cc)zm

N

CO,Me

(Equation 566)

,?.
N _H
® -
+ RANC —
{RgP)2RN(CNR),*
30-60%

2-7 tumovers
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(Equation 567)

~OH Rus(COl, NH
| + CO — /U\ + COy
R 1/k H2 100° 4h R‘ RZ

70-90%

R' = Ph, Bu, pCIPh

R2

Et, iPr, Ph, Me, nBu

(Equation 568)

NOH
/! 10% GCo(eobe) At \)k
\/\co LRZ + nBuONO ’ CO,R?2

PhSiH,

THF
78-96%

R' = H, Me, nPr, IPr, CO,Et

R2

nBu, PhCH,, tBu, ptol, Et

eobe = (¢] (e]
EtO,C / \ CO,Et
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(Equation 569)

_ A NO2  HCO;Na/Pd/C ) it
2 ~ nUn

R' MeOH / THF

-
@‘@A\f“w

(Equation 570)

TMSN,

x _— e Vet
RN o) T A Ns

P N0ac P AN AN 000,8t

OCO,Et

P,,/u\/°°°2"° )\/\/Kﬂocoza TMSO—/=\—0002Et

the ers. Acids

Copper bromide catalyzed the alkoxylation of bromothiophenes
(equation 571) [749] Palladium(0) catlayzed the o-allylation of sugars
(equation 572) [750] while palladium(II) catalyzed the methoxylation of
norbornene (equation 573) [751]. Rhodium(II) catalyzed the rearrangement
of a-diazo-p-methoxy ketones to enol ethers (equation 574) [752].
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(Equation S571)

Br CH30Na
{ % ( 2
S " MeOH NMP )
s CuBr
83-88%
(Equation 572)
OH
0.
O,
O >'§ g
7(,O °©
0 OH Z T
Q [e) R o/\/
03\— Pd(0) |

HO

{Equation 573)

OMe
PdClz
MeOH + 2
mONa

69%
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(Equation 574)

0

o
Rh,(OAC
n/u\n/\om __Rha(OAc), R/lk/\om

N2 40-80%

R = Ph, Bn, mBrPh,/\/\/\fr PR NS

Terminal olefins were oxidized to optically active acids using Wacker
type conditions with chiral catalysts (equation 575) [753]. Arenes were
oxidized to acids by RuOg/periodate (equation 576) [754], as were epoxy
alcohols (equation 577) [755] Iridium oxygen complexes oxidized alcohols
to carboxylic acids (equation 578) [756] Amides were converted to a-amino
acids via chromium carbene complexes (equations 579 and 580) [757]

(Equation 575)

02, THF, L', Hgo, cO *
RCH=CH, »  RCH—CO.H
PdCl,, CuCl, HCI, 25° |
CHg

R = L* = 1,1-binaphthyi-2,2"-diyl

l O hydrogen phosphate

89% yield 64%
83% ee 91% ee
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(Equation 576)

RuQ,4 /104~
AR ————— RCOH
biph
phasic 60-80%
OAc OAc
ph/\)\/\/ — Hozc/\)\/\/
o 0

Ph/\)l\/

H02C/\/U\/

CO.H
— X
COoH

(Equation S77)

(Equation 578)

RuCls, NalO, 0,
E—
R
CH0H Hy0 / MeCN A comH
1) O o]
(triphos)IrCI(CHZCHy) triphosir{ >—R
2) RCH,0H e

H

569
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(Equation 579)

1, = e
, —— (CO
KLONCO)s + A7 SNRy o pueo (COKCr .
(o]
hv
R"OH OR'
NR',
high yields
22 cases

(Equation 580)

o
X_) - i
(CO)5Cr=( Ph 2 e

N
CHg 3) hv, tBuOH Ph""'E <<
o

50-70%
297% de

An improved procedure for the palladium(II) catalyzed
chloroacetoxylation or diacetoxylation of cyclic 1,3-dienes has been
developed [758]. Palladium(0) compiexes catalyzed the syn i,4-addition of
acetic acid to cyclopentadiene monoepoxide (equation 581) [759). The
palladium(I1) catalyzed chloroacetoxylation of dienes was used to make ally!
amines, ultimately (equation 582) [760]. New procedures for the bis
acetoxylation of dienes (equation 583) [761], (equation S84) [762] and the
allylic acetoxylation of olefins (equation 585) [763], (equation S586) [764]
were developed



5N

(Equation 581)

OAc
2 Pd(O)
0 + CHEC-OH ———*

HO

(Equation 582)

Pd(OAc), / BQ Pd
—————"72 AOO/\/\/ ¢l ._._,L‘

LICI / LIOAc Et,NH
91%

N

AOO/\/\/ NEt,

(Equation 583)

OAc
HOAc + 120,
cat Pd(OAc), -
cat. HO OH Cé)Ac
high yields

cat. Co(salophen)

o]

O w~— A O -0
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(Equation 584)

R

e
X O O O X
JsWeoles

(Equation 585)

AcO
5% Pd(OAC),
0 4
20% BQ ()
On 200% MnO;, HOAC §
60-80%

n= 1,2,3,4.6.8
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(Equation 586)

OAc
5% Pd(OAC),
@ 5% Cu(OAc),
—_—
10% HQ
1at0, HOAc
50° 22hr 285%

edegogioges

Alkanes and arenes were trifluoroacetoxylated by palladium(II)
acetate in trifluoroacetic acid [765]. Lipase selectivity acylated one
enantiomer of a racemic mixture of the chromium complexes of o-
methylbenzyl alcohol (equation 587) [766] Chromium carbene complexes
were converted to diesters by reduction followed by reaction with COz
(equation 588) [767] Ruthenium complexes catalyzed the addition of
carboxylic acids to eneynes (equation 589) [768]. Chromium complexed
phenol formed sugar acetals (equation 590) [769].

(Equation 587)

O = 0" 0

Cr(CO)a Cr(CO)3 CT(CO):;

U]
X = Me, OMe, TMS 97% ee
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(Equation 588)

)

ome 2K OO OMe] 2-

BusP(CO)4Cr=( - (CO)4Cr==(

Ph Ph
1) CO; M90><002Me
2) CHoN, Ph COyMe
82%
(Equation 589)
R' i
N RuCly{PMeg)(pcymene) A O\N/K
HC=C—C=CH; + RCO.H > \[r
0
60-80%
R' = H, Me

R = Ph, tBu, \\ A

AND

al

s

R R’

R R'
5 I o
tBOCN COH + HC=C—C=CH, —— tBOCNH
H 0
58-69%
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(Equation 590)

Me(O,C 0. o)

OH
MeO.C 0. OH
1) EAD cat. \(1
+ — | .,
AcO™ “0Ac AcO™ “OA /
R AC

c Z R
(o) OAc Cr(CO)q

R = Me, 35% vs 10% free
OMe, 21% vs 0% free

E. Heterocycles

Metal-catalyzed epoxidations continue to be very actively explored,
with many references each year. Molybdenum catalyzed epoxidations of 3-
chloro-1-butene [770] and cyclohexene [771] [772] with t-
butylhydroperoxide have been reported. Olefins were efficiently epoxidized
by hydrogen peroxide/sodium tungstate [773], by oxygen vanadate systems
(equation 591) [774] and by oxygen/nickel systems (equation 592) [775].

(Equation 591)

VoL, 0
| + 00 —

12-80% conversion
0-49% yleld
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(Equation 592)

O, / cat Ni{dmp),
™ —_—

ROH o

Mol. Sieve 4A
65%

@) (0]
e O O H ﬁ& )\/\)\/
N OAc
MeO OMe
H H
(pC|Ph)ZC=C/ (PFPh).C=C,

lodosyl benzene epoxidized olefins 1n the presence of transition-metal
phthalocyanines [776] and manganese (salen)-amino acid complexes [777]
Homogeneous catalysis of epoxidation of olefins by mono- and binuclear
Schiff base complexes has been reviewed (28 references) [778].

Molybdenum [779] and manganese porphyrins [780] [781] were
effective olefin epoxidation catalysts Manganese "picnic basket” porphyrins
catalyzed the shape-selective epoxidation of olefins (equation 593) [782]
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(Equation S93)

R*
N
. PhIO
+ R/\/R D — R’
>

"picnic basket porphyrin® by varying R" can select between

/\/\/\4)// \gﬁph 8 1
/\/\/\<o|/ /C)o >1000 - 1
/\/\/\(é// AT>- st

The origin of enantioselectivity in the Katsuki-Sharpless epoxidation
procedure has been considered [783]. Sharpless epoxidation of 1,1-
dimethoxy-3-hexen-5-ols and 1,1-dimethoxy-4-hexen-3-ols went with high
enantio- and diastereoselectivity [784] This process was used extensively
in total synthesis (equation 594) [785], (equation 595) [786], (equation 596)
{787], (equation 597) [788], (equation 598) [789]. A relatively simple
manganese compound was an efficient catalyst for the asymmetric
epoxidation of olefins by iodosyl benzene (equation 599) [790].
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(Equation 594)

/Y\( Sha'l"ess T8s0
_——
OH

75%

0] MeCuCNLI
1850 ———> TBSO
R (antl 8,2)

(Equation 595)

OTHP
o, I OTHP
—————
N (+)-DPT z
+BuOOH o™
& OH
%
@ (Sharpless resolution)
OTHP
v
- \ =

Qin

H
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(Equation 596)

THOIPI)4
P on e OH > i
L (+)-DET o

+-BuOOH
78%
HCOOH OH o
48%
(35% recovered)

(Equation 597)

_tBw0oH
n35|0>|\/\)\/ J\/\/k/
“Tioen,

D (-)-DET
92%
(0]
i Pd,dbag
. A~ I o
0 o HCOOH
EtgN, Diox
. O,
R :
SSDW
o 0

90%
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$,51 R=PhR=H;X=H
R=H,R'=Ph;X=H
R=H,R =Ph; X =1Bu

(Equation 598)

(Equation 599)

epoxide

S Ph/ﬁ
Y0 T Vg OO

59% ee 30% ee i
0 63% 93%
C><°j A
o Ph
45% oo 30% ee 78% ee
36% 72%

52%

84% ee
73%
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Peroxytungstate catalyzed the epoxidation of alkynes to epoxyketones
(equation 600) [791] Chromium complexed benzaldehydes were converted
to epoxides by treatment with alkyl chlorides/peroxide (equation 601)

[792].

(Equation 600)

peroxytungstate

N:_/\ + H202 —>
62%

\___/\%/\/\|:/\/\

= NN " —_— =
= Ph—=——°Ph Ph—=—=—R Ph—=——H

(Equation 601)

R R
7\ 1) tBuOABuOH R!
CHO + R'CHJCI o
\ 2) H0,
Cr(CO),
45-97% de
65-85% yield
R = Me, OMe, C!

R' = CN, CO,tBu, COPh
(+)- or (-}-single enantiomer

Transition-metal mediated approaches to a-amino acids, p-lactams and
mitomycin [793] and B-lactams from cycloaddition of nitrones with copper
acetylides [794] were topics of dissertations. Bicyclic p-lactams were
synthesized by the rhodium(Il) catalyzed decomposition of diazoketones
(equation 602) [795]. B-Lactams were prepared by the reaction of copper-
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derived ester enolates with imtnes (equation 603) [796]. Manganese(III)
acetate produced a p-lactam from a chloroacetamide (equation 604) [797].
A wide range of optically active g-lactams were made by photolysis of
optically active aminocarbene chromium complexes in the presence of
imines (equation 605) [798]. A relay to (+)-thienamycin was prepared by
palladium assisted alkylation of an optically active ene carbamate, itself
produced from a chromium carbene complex (equation 606) [799].
Diazirines were carbonylated to diazetidinones by palladium and cobalt
catalysts (equation 607) [800].

{Equation 602)

Ne RhyOAc,
N —_— o
0 oW OMe o N /
Bh COoMe  40%
Tnn,‘,o;\c4
° N
0
NH
o} OMe
(Equation 603)
PhMe, St O-
X C0:Me . (PhMe,Si);CUCNL, ——» Aom
H

RaSi
H
PMP_ N/k COzMe ),,".'[ 2 _CO.Me
o ~p

80%

nx

4

MP
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(Equation 604)

21%

(Equation 605)

«Ph
Ph,,“'(\o o/w..\\

N—ﬂ L %_N R
©0)Cr= S ” N,
H Nop 0 R
70-90%
297% de
o s
OMe
imines = f O @ E\j t'il/ OH
N_Pr N
COzMe
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(Equation 606)

Ph,’ Ph

R Ph  Ph

N OH 1) NeH I\  1Pdc,
(©0)sCr== 5 N

CH, Z)J\ WYO 2 9 O

3) CO, MeOH
T8SO
H H
4, ? Ohb
_— "
NH O
(o)
26% overalt
287% de
69%

(Equation 607)

=)
n

nCz, Me, (CHo)s \(\Jf.
R'=H

R" = Me
R™ = Me, Ph, Cyy, Cy2, Bu /\f

ML, = Pd(dba);, Cox(CO)s

Pyrroles were made by the molybdenum (equation 608) [801] and
iron (equation 609) [802] catalyzed ring contraction/extrusion reaction of
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six~-membered heterocycles. Iron azadiene (equation 610) [803] and
diazadiene complexes (equation 611) [804] were converted to pyrroles

{Equation 608)

R R? R?
1 I Fa3(C0)y2
—_—
NI, Y
R! N~ RS
H
18-90%
R' = Ph, Et0,C

R% R? = (CHy)s, (CHo)a, (CHo)s, EY, Me, H, Ph

(Equation 609)

4

R2 R4 R
YU e
N / \
1 -
R (o] m(A;N R‘ H‘

OTMS N
H
40-70%
R' = H, Me
(CHy)a, (CHy)4
R? = H, Me
R* = Ph, CO.Me
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Fe,(CO!
Ph/\/L\rrPh o, Ph_\_(

(CO)qFe

IQ
N
!
Ph
70%
7\
pre Mg NPT 4 2 E10,C—e=-—COuEt
“ | ~“CNtBu
oc’¢q

(Equation 610)

1) MeLi

_

2) tBuBr

{Equation 611)

Ce(IV)

Pyrroles were synthesized from alkynes and chromium iminocarbene
complexes (equation 612) [805] [806], (equation 613) [807), from ynamines
and imidato carbenes (equation 614) [808], and from w-acetylenic

aminocarbene complexes (equation 615) [809]
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(Equation 612)

R1 Ra R‘
$__ —— 4
Y 5
N—
_\Ph s R N7 Ph
H
40-90%
PRCN
R\/
M= W,Cr
Ph
N R' = Me, Ph, 1Bu
i BN
/(-S\ R N Ph R? = nPr, OEY, Et
Ph” N7 Ph
85% R* = H, nPr, COCHj, Et
(Equation 613)
H
NHz 0 Tl O .+ g
(CO)50r=< . )J\ ™M ot NP pn
Ph Ph™ “H EtgN
Ph
R2 R®
R2—== g3 RZ=Me, H, Ph
—_—
A I
Ph” N7 “Ph R3 = NEt,, Me, Ph, CH;0Me
H
26-48%
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(Equation 614)

OEt EtzN
_ o+ 80°
(CO)Cr. NZ Ph , EN—=— — / \\OF
\f Ph—"\\~ ~Ph
Ph
86%
(Equation 615)
OMe R
(CO)sCr /\/
+ HCkHN —_—
MeO

H——_—/\
PhCH,

NH
(00)50f=< 110°
Ar
(CO)sCr OMe
85-90%
50%
R = Me, Et, TMS

Pyrrolidines were prepared by palladium-catalyzed acetoxylation of
dienes (equation 616) [810], and palladium-catalyzed insertion of dienes
into a-todo-N-tosylanilines (equation 617) [811] Indoles were prepared by
palladium (equation 618) [812] and ruthenium catalyzed processes
{equation 619) [813] Pyrrolidinones were made by insertion of tsocyanates
imto o-manganated arenes (equation 620) [814] and from palladium
catalyzed olefin insertion reactions (equation 621) [815].
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(Equation 616)

I

cat. Pd(OAC),
——

g
g

BQ, LIOAc

HOA LiCl
NHTs * ¢
00,,,"

A
cat. Pd(OAc),
—

mL e
@

s

BQ, LiOAc

mms also works.

T
@

80-90%

(Equation 617)

AN X P Pd(dba), Z | X N
s + ANF .
» / X X Z NayCO3 / Q

R
50-80%
X = NHTs, OH
diene = = \/K
OH
\/Q
R = COMe, CHO
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o o}

X /\)L
NH;  Pd(iD) cat, UCI 1
BQ NOR

o]

R2
\ R1

NH

35-71%

R! = H, Me, CH,CO,Et, CO;Me, CO,E1, Ph

R? = Me, OEt, Ph, OMe

R = H, 4-Me, 5-OMe, 6-Cl, 4-Cl, 6-Br

(Equation 618)

Pd(OAc),

EtsN / DMF
120°

+(CHo)CH(Me2)(CHo)-

(Equation 619)
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(Equation 620)

R1 R1
diox.
/ + plolyiNCO —> N—toly
M(CO)s 100
R2 RZ 0
30-76%

R' = H, F, CI, MeO, CF3

R2 = H, F, Cl, MeO

N DMF

' \/ Pd(0)
A

(HCOzNa)=Y =H
(NaBPhy) =Y =Ph 0%

Organopalladium approaches to oxygen heterocycles [816], and a
palladium catalyzed synthesis of 4-methylenetetrahydrofurans [817] were
topics of dissertations. Palladium catalyzed the [3+2] cycloaddition of
trimethylenemethane complexes to aldehydes (equation 622) [818] a-
Olefinic alcohols cyclized to tetrahydrofurans in the presence of palladium
catalysts (equation 623) [819], (equation 624) [820], (equation 625) [821].
Cobalt(I1) catalyzed an oxidative cyclization of this class of compounds
(equation 626) [822]. Palladium(0) complexes catalyzed the formation of
cyclic acetals form allylzincs and ketones (equation 627) [823]. Furans were
synthesized from allenic ketones with rhodium(I) catalysts (equation 628)
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[824] and from alkynes and ketones using low-valent tantalum (equation
629) [825]

(Equation 622)

0 R
o+ ™ oac _PdOAc), 0
R “H L
LY

R

R
o)
(full detalls)
R' = Me, Ph, 27\ { R
(Equation 623)
R2
> 1 %,
e P R o~ “oR
R! OH
R? = CH,0H
N 0
R1
R! = Me, Ph °
70-80%

A2 = CO,Me, CHyOH 80-90% de
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(Equation 624)

R! (o)
1 eq. PACI,(PhCN),
R? 4
o _~
40-46%
+
42-50%
R' = H,CI
R2 = H, Me, CI, Br

(Equation 625)

/
W
L4Pd Y
—_— OH
o
70-90%
10-84% de
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(Equation 626)

OH 0,, Co(TFA), Re O\ —OH
—_——
R # Mol. Sleve
53-79%

R = Ph, pMeOPh, pCiPh, PhCH,, Me, tBu,
I °©/ S
Q\f $

(Equation 627)

R i
ZnBr fo)
OZnBr L4Pd
> M — —
" R R' OR"
OR
R‘o oRlI
R
R' 0
OR"
50-99%

R=Ph,Phj; C7/‘{l

R' = H, CHg, (CHy)s
R" = Me, Et
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(Equation 628)

R? = nPr, H
Rs = Hl Me
{Equation 629)
NC'
e TaClg THF R3CHO
R!' R? A2 R
s U 5 |
(o) R ¢] R?
major minor

R‘ - Bu, TMs /\/\\/‘\‘ /\/\//\/\/\
= { g ,""r
R H, CSI cﬂ: C7| c10- Ph

R3 = nPr, Cs. Ce
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y-Butyrolactones were synthesized by the palladium catalyzed reaction
of vinyl halides with butene diols (equation 630) [826], iron acyl enolates
with epoxides (equation 631) [827], aromatic dialdehydes with rhodium(I)
catalysis (equation 632) [828], reduction of 1,4-diketones with ruthenium
binap catalysts (equation 633) [829], the iron(III) catalyzed reaction of
alkenes with malonates (equation 634) [830], the reaction of manganese
acetylides with epoxides (equation 635) [831], and transitton metal
catalyzed chloroacylation of olefins (equation 636) [832] Butenolides were
formed in the reaction of chromium acylate complexes with alkynes
(equation 637) [833] o-lodophenol, phenylacetylene and carbon monoxide
co-cyclized 1n the presence of palladium catalyst (equation 638) [834].

(Equation 630)

R
_ Pd(0) ox
HO—/_\—OH + RX ’ b\ —_—
OH

(o)

R

o

o]
[
RX = Phl, RN
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(Equation 631)

co $
PhoP. | o V ACEL
-  sasamasne e g

N e+ ard 2) Br n“"'&
ou 0”0
6] R 56% (S)(R)

q
(S.8)

o

Fe e
R) )
Z 0 —_— W o 0

(RXS)
(R)

{Equation 632)

(o)

H
o Rh(diphos)(Sy)* o
H -60°
H H H H
PO O SRY: o=
H Ph__z H 0 Yo o
(o) o} H H

. 643
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(o]

Rn-BINAP

o
R = Me, Et, nCa
0 COoMe
—
/C('.)gFl1 A2
RCH +
& 1 =<R3
CO,R

R = Et, PhCHp, Me

R' = Me, pCIPh, H, nBu, PhCHj,
R2 = H, Me, Ph
R? =

Ll L

Fe(ClO4)3

—_—

Y

Ph, pMeOPh, pCIPh, tBu, nC, Y“N

CO.R!

(o

60-90%

T
R2
0 R3

(Equation 633)

(Equation 634)
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(Equation 635)

Pr Pr
Cp. -
OC~Mn—+==-—Pr ><|: Mn ox o)
L 0 0
89% 54%

(Equation 636)

Cl
GCly J/ ™ Cﬂ a
)\
fo) o cat, o

O

up to 85% with CuCl

(Equation 637)
(o]
(o A 0
(CO)5CI=< + \/\/ —_— ﬁ/\/\
2]
R

(Equation 638)

Ph
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Stereocontrolled synthesis of N-methyl-1,2,3,4-tetrahydroisoquinoline
derivatives via Cr(CO)3 methodologies was reviewed [835]. Palladium
catalyzed the formation of quinolines from alkynes and iodoaromatic amines
(equation 639) [836]. Chromium aminocarbenes were used to produce a

number of nitrogen heterocycles (equation 640) [837], (equation 641) [838],
(equation 642) [839]

(Equation 639)

Nmz R1 ~ H‘
O | 5% Pd cat O g
L T
’] PhCI O
R2

30-80%
NMe,
cat = O N cl
Pd
~
95
(Equation 640)
H
NHa Q TICl, _ e
Coor={  + pnt—gi ——— CORGI N P
oh EtsN
Ph
RI
R3 R!
R—.=.—R! R N OH
—_
a =z * / \
Ph™ "N™ “Ph Ph” N7 “Ph
H
12-60% 10-56%
R = H, Me, Ph

R = Ph, ptol, nBu, TMS, CH,OMe, NEt,, CO,Me
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(Equation 641)

ﬁ PhH
(CO)4CI’YN, + Ph—:=+—Ph —
H
70%
(Equation 642)
Q Ph
~
N/\/\ A
(00)5&=< o Q
/N
21%

N
(Co)scr{\/\
(L

41%

Palladium complexes catalyzed the formation of several six membered
nitrogen heterocycles (equation 643) [840], (equation 644) [841], (equation
645) [842]. Nickel(0) complexes cyclooligomerized isoprene and
phenylisocyanate to produce piperidinones (equation 646) [843]. Bridging
carbene complexes of iron reacted with phosphinimines and alkynes to
produce pyridines {(equation 647) [844].
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(Equation 643)

1eq. Pd(OAc)2
CL o
A

X = H, 25%; 8-MeO, 21%; 6-MeO, 23%; 5- or 7-Me0, 64%

(Equation 644)

l, R"
0 >
0 PdX, \ /
| —_— X
N EtsN
N0
R

60-90%

MeO

nZ

R = Me, Et; R' = H, OMe; R" = OMe, H

(Equation 645)

B(OH),

+ —_—————

NH Q NayCOj

R = MeO,H 40-50%
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(Equation 646)

LnNI(0)

/\( + PINCO ———————* PN
p Ph”
8 0

5tums

(Equation 647)

CH,
hv
(COFe—Fe(CO)s + RN=PR; —> (CO)aFe/Q\\\ —
N “Fe(CO); R R
R2 [e]
R2
RS 600 psi CO A'N
(CO)3Fe Q ——C'P
PPNCI
N Fe(CO)s 60° N Npe
R
50-60% overall
R' =Ph, tBu, H

R2 = tBu, Ph, Et, TMS

R® = H,D, Ph

Palladium catalyzed a number of cyclizations to the pyran or coumarin
ring systems (equation 648) [845], (equation 649) [846], (equation 650)
[847], (equation 651) [848]. Group(VI) Cp nitrosyl carbonyl compounds
effected the coupling of olefins and methyl propriolate to give oxygen
heterocycles (equation 652) [849]. Vanadium complexes catalyzed the
cyclization of aldehydes with atkoxy silyloxy dienes (equation 653) [850]
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Paliadium-bismuth systems catalyzed the formation of ketals of electron
poor olefins and propane diol (equation 654) [851]

(Equation 648)

| SN A cat PdCly / GuCl r'
—_—
/ Z o / #Z o
R R
18-30%

o\
R = 4-MeO, 4,5-(MeO)p, 5-0H, 4,5-
0/

(Equation 649)

CO,Et
R2 2 sz(dba)a

R1__——)\o CO,Et

coza
CO,Et



CO,Et
S
RO
(o}
R = H, TBPS
OBn OMe
I OMe
0,
(o)
R
R = H, Me

p 643

(Equation 650)

1) Bu,NF O A CO:E
—_—
2) L,Pd OH
+
O.__COE
O\OH
90% >99° 1
(Equation 651)
LoPdCl,
—_—
NaOAc / DMA
130°/2 hr

605



(o)
- |
1)1 o
—_—
2) I,
OR!
2
R~ 1) v
+ RSCHO ——
ReSI07 2) TFA/CCl,
H4
PdCi,(MeCN),
A x o+

—_—
OH OH BiClz / LICI

X = PhCO, MeCO, MeO,C, Ph, CN

R2

=

o

)

NN

(Equation 652)

(Equation 653)

(Equation 654)

(o]
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Rhodium acetate catalyzed the carbonylative cyclization of o-allyl
anilines (equation 655) [852].

(Equation 655)

HO R? HO R?
—_—
h
// NHp [RR(OAC);], // N
Rl R1
69-86%
R' = H, 5-Cl, 4-Me
R2 = H, Me, Ph, ptol

Nickel(0) complexes co-cyclotrimerized butadiene and 2,3-diazadiene
(equation 656) [853]. Macrocyclic tetraazo compounds were prepared by
cobalt catalyzed carbonylative coupling of bis benzyl halides (equation 657)
[854]. Palladium complexes catalyzed the formation of tin-silicon
heterocycles (equation 658) [855] and germanocycles (equation 659) [856]
from alkynes Low wvalent zirconium species formed sulfur/silicon
heterocycles from acetylenic silanes (equation 660) [857]. Titanio
cyclobutenes were used to form arsenic and phosphorus heterocycles
(equation 661) [859] while titanium oxygen heterocycles were formed from
olefinic ketones (equation 662) [860].
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. _N Ph
AN+ P TN X

L

X

1) Cox(CO)s

(Equation 656)

N
Br 2 | \
o HO OH

3) NaOEt

4) ox

Ph
i
Ni(0
i(0) 2 N Ph
L
N
up to 59% ee
(Equation 657)
O
N i] i] N
| i
TsCIN N
(o]

18%
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(Equation 658)

LyPd R'sSn SiMe,SiMe;

R—==—R® + R%SNSIMe,SIMe; —— > —
sSnSite, PhCH;  g? RS
40-60%
Ph H
Pd =
b Me,Sn SiMe,
PhC=CH =
R? R?
82-100%
R' = Me, Bu
R? = Ph, RO,C
R® = H, MeO.C
{Equation 659)
GeAr; LoPdCly GeAry
\ + HCaCH ——» / \ . [ |
Ar,Ge—GeAr.
z : GeAr, GeAr,

72 28
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(Equation 660)

TMS TMS
™SS __TMs
|| o
1) Buli/CpoZrCly
2) SOl - S
(- —~
™S TMS ™S s ™S
41%

(Equation 661)

Cp{l‘l?—Ph + PhMCl, ———» PhM?-Ph

Ph Ph

>75%
M= As, P

(Equation 662)

Cp.Ti(PMeg), /\ o
\ —_—> % > ~ TiC Po

53%
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Heterocycles containing two heteroatoms were prepared by palladium
catalysis (equation 663) [860], (equation 664) [861] and were alkylated by
palladium(0) chemistry (equation 665) [862]. 1,3-Oxaphospholes were
prepared from chromium carbene complexes (equation 666) [863], while
chromium complexed benzaldehyde nitrones underwent cycloaddition to
olefins (equation 667) [864]. Oxazolidinones were synthesized by
intramolecular addition of carbamates to alkynes catalyzed by copper
(equation 668) [865].

(Equation 663)

e
= LsPd Y4
— N\ * \)

RNH 4 RN

33-74%
Y = 0002m
R = Bn, Ts

Z = NMe, NH, NBn, TsN, O

ANH )"‘NHH > ( )

RN _NR
*(hn

n=34
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NP Br
1
o5, |

N
CH.Ph

OEt
(CO)sCr

+ PEC-}—

MeO

(Equation 664)

HN JOLO
I

70-80%

76%

(Equation 665)

Nf)/w
i
OZS\N

Bn

(Equation 666)

i
EtO

0 N
| ——crcoy,
MeO” \F
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(Equation 667)

O X
+ N7 R\
ot N 7
| - s
X \
I\ . — (\\>-n
CHCO)s Cr(CO)3
R = H, TMS 70-95%
>98% cis
X = Ph, OEt, OAc, TMS
(Equation 668)
R3 R3
R‘-)—%—Hz CuCi /EtgN R‘——)——(\ R?
1 e — 1
O. _NHR THF, rix OYNR
(o] (o]
71-93%

R' = pTs, PhCO, MeCO, Ph, pMeOPh A \/\H/""'
0
R2 A3, R* = H

R' = Ts; R* = Me, Et; R? = Me; R, R* = (CHy);

Rhodium(II) catalyzed decomposition of a-diazoketones was used to
synthesize sulfur heterocycles (equation 669) [866], (equation 670) [867]
Nickel(0) catalyzed the addition of thioacetamide to o-iodobenzamide
(equation 671) [868], and nickel oxide oxidized triazene (equation 672)
[869]. Optically active oxazolines were prepared by the gold-catalyzed
condensation of aldehydes with isocyanoacetic ester (equation 673) [870]
[871].
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(Equation 669)

0 o
Hs— ¢ N°  An0Ac, uq
L

Nz s7 >z
34-47%
Z = CO,Et, COMe, p(O)(OEY),
n=12
(Equation 670)
0 Ar H
Hh20A04
AT+ s, — =
N, o_ .S
(o]
50-70%

Ar = Ph, pMeOPh, pCIPh, pNOoPh

1% 0
N, . o o
R — R >=S MR — R
>[ [ oR
o R o N, ©F o s ©oR)
40-90%
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(Equation 671)

! S
S
Ni|
O UNERNS S T
CONH, HN" “NHp

40-70%

(Equation 672)

R! ;22 R! R?
N NIO, / PhH !
\ — N
N/’N rix N/’N
50-74%
R' = oCIPh, 2,4-CLPh, 2,6-CloPh
R? = pMeOPh, 3,4-Cl,Ph, pCIPh, Ph, mCIPh, pFPh, pCF4Ph, pBrPh
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(Equation 673)

AU(CYNC), R’;-_(cozﬂ R}_(coza
RCHO + CNCH,CO5Et _——L'——’ OVN + OVN\
\92%ee 1% ee
R = Ph 89: 11

A transannular cyclization occurred when the cobalt heterocycle
complex i1n equation 674 was oxidized by MnOz, and a rearrangement
occurred when the metal was removed with copper(l) chloride [872]
Palladium(0) catalyzed the cyclization shown 1n equation 675 [873].
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(Equation 674)

OMe

A
——CoCp
N
X
0
90-95%
X
CuCly-2 H,0 O O OMe
—_—
N
0
X = 0, NBn,N"F
(Equation 675)
Pd(0)

E. Alkenes. Alkanes

Palladium(0) complexes catalyzed the elimination of allyl acetates to

dienes (equation 676) [874], (equation 677) [875]
used to oxidize enolates to enones (equation 678) [876]

Palladium acetates was
Vanadium

oxychlortdes oxidized cyclic enones to aromatic oxygen compounds (equation

679) [8771.
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(Equation 676)

OAc

/\)\/\ LaPd / Smi,
— 2, F
Ph ¢k Ph/\/\/\r
F

3

42%

OAc
PhW — PhW
CF3 CF3
57%

and

CFa OAc F. F

v —

Cs

Ce
45%
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(Equation 677)

MeO
PdgoAcai

“"0Onc
95%

MeO,C

MeOC

(Equation 678)

1) LDA/TMsCI  MeQ
2) Pd(OAc),
—_——
NaCO;
MeCN

g
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(Equation 679)

OR
VO(OR)C|2

70-90%
0 (o]
dOEt f ;o]
Allylic alcohols were deoxygenated to olefins by cobalt(I1) chloride in
the presence of cyclodextrin (equation 680) [878], and by WCI2(PMPh3)4
(equation 681) [879]). a-Hydroxyacids were converted tc olefins by WOCl4

(equation 682) [880]

(Equation 680)

Hy / CoCl, / KON 7 KCI

R \/\rOH > R \/\/ R
, 04 N KOH
R p-cyclodextrin

R =Bu R =H
R=FPh R = H, /k/\/k/\

no reaction
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(Equation 681)

/\/OH < 1min /\
1 min

F <1 min
/Y WCIx(PMePhy), X\

OH N

1 day A
/\/\OH

OH 3 weeks
Y\/ /K/

(Equation 682)

HO,C  OH 1) WOCI, Ry, R
-_— —
1 4 ° 2
R A2 fo R 2) base 140 R R4
good ylelds

R's = cyclohexyl, Bu, Ph, iPr, Me, /\ Eé

Benzyl chlorides and chlorobenzene were reduced to the
corresponding hydrocarbon by Cp2ZrHz and Cp2ZrHC1 [881]). Palladium
catalyzed the reduction of vinylphosphonates (equation 683) [882], ary!
sulfonates (equation 684) [883] and aryl triflates (equation 685) [884] to
hydrocarbons. Alkoxy groups on chromium-complexed arenes could be
replaced by hydrogen or by hydrides (equation 686) [885]
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BnO/\

LoPdCl,

05 NP CoMe ———

DIBAH

OP(O)(OEY), MegAl

EtsNH*HCO,~
AIOSOR —m»
Pd(OAC), cat.
DMF

Ar = 1-naph, 4-NCPh, 4-AcPh

N OMe LoPdCl,
-—_—

'/ - RCOOH, BugN

X PhP” ""pph,

DMF

BnO

PN

53-64%

ArH

high vields

(Equation 683)

()3 Z “COMe

(Equation 684)

(Equation 685)
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(Equation 686)

OMe D
—_——
/< -
Cr(CO)s Cr(CO)3
100%

The hexamer (LCuH)g reduced conjugated enones in a 1,4-manner
without reducing other functional groups (equation 687) [886], and reduced
alkynes to cis alkenes (equation 688) [887]. Alkynes were reduced to
alkenes by hydrozirconation/protonation (equation 689) [888]. The
rhodium(I) catalyzed hydroboration of olefins was shown to involve both
reversible complexation and olefin insertion steps [889]. Catechol borane
efficiently reduced enones in a 1,4-manner in the presence of rhodium(I)
catalysts {equation 690) [890].

(Equation 687)

Sadel
ot oed Ay

X = 1,Br,0Ts
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(Equation 688)

R R'

R——R + 05 PhaCuHly ————— _* —
eq [PPhaCuHls 569 H0 d ’

60-90%

A==\ Ph—=—Ph Ce\//\OH Pn/\o/\o\/

OH
OH OBn o OH
Ph—_t—"< K & \_ - /
G PN MY

{Equation 689)

1) —=
CpoZrICi(H) —)—————" R\/\H
2) H+
70-80%
R = PRTAN" " a HO™ NN \/\]/\/\
OTMS
o]

phs” NN a pBrPh/\O/\J,r' Ph/u\o/\J,;r
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(Equation 690)

o)
X 0, Rh(l) cat. X
| + BH —
o

70-90%

o} JOL 0 o 0o 0
N" O OB OMe NBi 1B
gl Nl aala
B Ph Ph
0 0
= MOB" Y
o)

G Ketones, Aldehydes
MoOPh oxidized 4-hydroxy-an-cyclophane into the a-hydroxy

cyclohexadienone (equation 691) [891] Zirconium complexes catalyzed the
oxtdation of benzyl alcohols to aldehydes or ketones by t-
butylhydroperoxide [892], as did cobalt(II) chloride in the presence of
oxygen [893] Cyclopentene was oxidized to cyclopentanone using
PdClz/CuClz catalysts and Oz [894] or PdClz and t-butylhydroperoxide [895]

Su,

(Equation 691)

OH
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Palladium(II) catalyzed the oxidation of alkynes to o-acetoxy enones
(equation 692) [896] while chromium hexacarbonyl oxidized cyclohexenes to
cyclohexenones 1n the presence of t-butylhydroperoxide (equation 693)
[897]. Ruthenium dioxide oxidatively cleaved olefins to carbonyl compounds
(equation 694) [898] Palladium(0) complexes catalyzed the ring opening of
endo peroxtdes (equation 695) [899] Platinum(II) salts catalyzed the
hydrolysis of alkynes to ketones (equation 696) [900].

(Equation 692)

RCO,
G
0. <
0,/ Pd(ll)
—_—
[0)
OAc
[0}
Base
(o)
85-90%
(Equation 693)
[0}
Cr(CO)g / tBUOOH

72%
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(Equation 694)

RuO, / CHyCHO
R A - RSO
- \( + RCOH
H
CHp
R = Cg, 75%; C1q, 90%; é 7% “‘\)\COQMQ =
0

0]
> )I\X/ CO-H

91%

(Equation 695)

40-50% 18-29%
and
bR 9 H 7 qu :H
onr— Pd(0) \ $
\ — e * + R
e R o “RHOY N R z
§ & OH
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(Equation 696)

(o}
Pt(li) cat.
H : RI _——__’ R H'
H0, THF
R=nBuR =H R=nPr,R = H

R = nPr,R' = Me, R, R = nPr, R = tBu,R' = Me
R =R =Ph;R=Ph R = H

Cﬂt:/\

cl
oo \/
2

r c Tin, and Ger 0 unds

Bis isonitrile complexes of platinum, nickel and palladium catalyzed
the hydrosilylation of a-methylstyrene and ketones [901]. (Bispyridine)
methanol having an optically active alkoxy group a- to one nitrogen
catalyzed the hydrosilylation of ketones, but with low ee [902]. Rhodium(I)
complexes catalyzed the 1,4-hydrosilylation of allyl esters of acrylates
(equation 697) [903].

(Equation 697)

o}
/\/U\ ANFF EtsSiH e
R o —_— p =
LgRhCI R 0 NF
A x
—_—

RCH,CH—CO,SIEt;



629

Trimethylsilyl acetylene was alkylated by aryl halides using
palladium/copper catalysts (equation 698) [904] Terminal alkynes were
silylated using copper chloride catalysts (equation 699) [905] Propargyl
alcohols were hydrosilylated to vinyl silanes over platinum catalysts
(equation 700) [906]. Disilanes added to olefins to give disilyl alkanes using
platinum catalysts (equation 701) [907]. Allyl silanes were prepared by the
trimethylsilylmethylation of vinyl halides (equation 702) [908]. Aryl
chlorides were converted to aryl silanes using patladium(II) catalysts
(equation 703) {909]

(Equation 698)

L4Pd / Cul
RBr + TMS—= —_— R—=—=—-TMS

piperidine

>75%

R = pFPh, oCIPh, 1-Naph, 3-thienyi, 2-furvl, g

(Equation 699)

EtaN H
RSiH; +R'CeCH ———» RSI———~r'
CuCl H

70%
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(Equation 700)

OH R'" OH
RL—EEE—{ + RgSH e . /J§§/l\
2 R3Si RZ  major
R
+ 70-90%
OH
R R?
R! = H,Me, C; A
SiR,

A2 = H, Me, Me,, Cs, CH,0Bn, COoMe, CH,CH,OH

(Equation 701)

LnPY
XMe,SISiMe,X + CHp=CH, ———  XMe;SICHoCH,SiMeoX

X = F, 95%; MeO, 52%; Cl, 48%;, Me, 18%, pCF3Ph, 16%; Ph, 4.3%; ptoly, 3.8%

also
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{Equation 702)

0.
~ B/\ ™S AX
RACH,TMS
Pd(0), OH

70-90%

R = Ph, pMeOPh, /\_:_i \_/=\ \_/:J

"

-
(Equation 703)
LoPdCL,
ATCOC! + ClMe:S-SiMe,Cl — o —>  ArSiMe,Cl
2
125° w%

Rhodium(II) perfluorobutyrate catalyzed the silylation of alcohols with
an order of reactivity of 1° > 2" » 3" (equation 704) [910]. With this catalyst
the primary OH of diols cold be selectively protected. Benzyl and allyl
acetates were carbonylated/reduced/silylated by cobalt carbonyl (equation
705) [911]. Nitriles were reductively silylated by the same catalysis
{equation 706) [912].
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(Equation 704)

Rho(pfb),

: ————»  ROSR
ROH + RgSIH ot 3

88-99%

R = PhCH,, nGCg, cholesterol, glycidol, (0)-menthol, (-)-bomeol, phenol, (-)-NOPOL,

M /\/\\/\‘ 1°>2°>> 3°

(Equation 70S)

- MesSiH /GO o
OA > ANOTMS
®  ConCOJ, PRH A

Ar = pMeOPh, oMeOPh, pMePh, oMePh, Ph, pCIPh, 1-naph, 2-furyl, 3-furyl, 2-thiophenyt

ferrocenyl
{Equation 706)
Coo(CO)g
ACN + MegSIH ————* ArCH,NTMS,

50-90%

Ar = Ph, oMePh, mMePh, pMePh, pNCPh, pMeOPh, pMe,NPh, pCiPh, mCiPh, pMeO,CPh
2-naph

/\/\CN \(CN >rCN <]\CN

CN  pn
also
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Allyl acetates were converted to allyl selenium complexes using
palladium chloride/samarium(1]) iodide (equation 707) [913]. Palladium(0)
complexes catalyzed the hydrostannylation of alkynes (equation 708) {914]
{915], the stannylation/germanylation of allenes (equation 709) [{916], and
the cyanogermannylation of alkynes (equation 710) [917].

(Equation 707)

Sml,
ATX"N0ac + PhSeSePh " g egepp

P )\/"“- AN \)\;’ NN
NN, Y\/““- C>_§
(Equation 708)

TH R' H R'
R—==—R' + R%SHH —» )= .
Pd(0) H  SnR% R  SnR%

44-70%

RorR' = H, Me, Et, Ph, CO,Me, COMe

R" = Me, Ph
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(Equation 709)

R R
LsPd 74
RCH=C=CH, + MeyGeSnBu; —— > +
MesGe SnBug MesGe SnBug

Bu,;Sn GeMey BusSn GeMe,

R = MeO, EOCCHjg, Ph, Cg, tBu

(Equation 710)

PdCl,
RC=CH + MeyGeCN ———— —

PhCH; CN GeMeg

80-90%

R = Ph, pFPh, pCIPh, mMMeOPh, oMeOPh, NC/\/\;‘
2-naph, 1-naph, nCq, ACOCH,CH,,

L iscella s

Palladium(0) complexes catalyzed the reaction of vinyl triflates with
triphenyl phosphine to give vinylphosphonium salts (equation 711) [919].
Trimethylphosphite reacted with chromium complexed chlorobenzene in low
yield (equation 712) [920] Rhodiwum(II) acetate coupled diazomalonates to
diazadienes (equation 713) [921] Cuprates desulfurized ketene thioacetals
(equation 714) [922] Platinum carbonyl complexes deoxygenated sulfoxides
with CO [923] The preparation, characterization and purification of the
water soluble rhodium complex [(0-3SPh)3PI3RhCleH20 was reported [924]
The use of allyl- and allyloxycarbonyl protecting groups which could be
removed by Pda2(dba)3/HCOOH has been developed [925]. Optically active
alkaloids promoted high asymmetric induction in the osmium tetroxide



635

conversion of olefins to diols (equation 715) [926]. Leukotrienes were
labelled with metal carbonyl clusters for ir markers for in vitro analysis
[927]. Cobalt and molybdenum carbony! clusters were used in imunology
[928]

(Equation 711)
: oTt
\H/OT'
*oph
OTt L4Pd cat. R
)1 — "™~  om

98%
IOTT
WQH

(Equation 712)

0
PdCL
120°
Cr(CO)s Cr(CO)

low yieids
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(Equation 713)

MeO,C
MeO,C CO,Me Rh(ll) acetate >=N‘ COoMe
g " ol N
Ny CO,Me
50-60%
(Equation 714)
R
Icone Me,CuCNLi R ' COMe
—_—
MeS” “SMe MeS” “H
90 10 E-Z
R = Et, Ph, & ~" N 95-97%
R = H, 55%
(Equation 715)
0s0,
P NN ——— > BT%ee

KsFe(CN)g diol
NMO
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