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1. Introduction
Organozinc reagents have been known for more than 150 years [1], however, their applications to organic
synthesis was limited to very specific reactions like cyclopropanation [2] and the aldol reaction [3] due to the
moderate reactivity of organozinc compounds. These reagents were soon replaced by the more reactive
organomagnesium and organolithium reagents which found broad applications in organic synthesis due to their
increased reactivity . However, it became clear that this mgn reactivity had some drawbacks, such as a fow

chemoselectivity and it only allows iniroduction of R groups bearing relatively few functionalities. The po

carbon-magnesium or carbon-lithium bonds preclude the presence of many organic functionalities in these
organometalhc The first solutions to these problems were found between 1970 and 1980, by performing
transmetalation reactions of organomagnesiums and organolithiums with copper [4] or titanium [5] salts leading

to highly chemoselective reagents. Unfortunately, since these transition metal organometallics were prepared
from the corresponding lithium or magnesium reagents, still no "highly" functionalized titanium or copper
organometallics could be made. However, it was noticed that organozincs, although very unreactive with most
organic electrophiles undergo smoothly transmetalations [6, 7] with a variety of transition metal salts or
complexes leading to new transition metal compounds. The resulting organometallics react with a range of
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organic electrophiles, due to the presence of d-orbitals at the metal which allows new reaction pathways not
available to he main-group metal zinc (Scheme 1) {6, 7].
[ r ]
R-Zn-X + YM, — | Xzn! ML, ! —  RML, + ZnX(Y)
oY
L J
M =Ti, Mo, Ta,Nb, V, Pd, Ni, Pt, Cu ......
Scheme 1

After a short description of the preparation methods of organozinc halides (RZnX) and diorganozincs (R2Zn),
the utility of these reagents for forming new carbon-carbon bonds will be developed. Emphasis will be placed
on reactions having a good generality and high synthetic potential. First, the uncatalyzed reactions of zinc
organometallics will be discussed, followed by the transition metal (Cu, Co, Fe, Mn, Pd, Ni) catalyzed
reactions. A section will be devoted to asymmetric reactions involving zinc organometallics, especially, the
asymmetric addition of diorganozincs to aldehydes and the enantioselective cyclopropanation reaction will be
presented in some detail.
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alkvl IOdldcb the insertion reaction is usua]
todide in THF to a suspension of zinc dust (ca 3 equiv) in THF at 40 °C The zine dust is treated wnth a few
mol% of 1,2-dibromoethane and TMSCI prior to addition of the halide [7-10]. Secondary alkyl iodides react
with zinc dust even at 25 °C [11, 12], whilst benzylic and allylic bromides undergo an optimal insertion
reaction at 0 °C [13]. The insertion of zinc into Csp2-I bonds is usually less straightforward and may require
longer reaction times, higher temperature or the use of a polar solvent or cosolvent [14]. Thus, the
polyfunctional zinc reagents 1-5 have been prepared in high yield using this procedure (Scheme 2).
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> 85 % yield
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2[i5] 3[i1] 4[16] 5{17]

Alternatively, more activated zinc (Rieke zinc), prepared by the reduction of zinc halides, can be used for
reactions with less reactive aryl iodides or bromides, also secondary and tertiary alkyl bromides [18-20]. Thus,

the treatment of zinc chloride with finely cut lithium in the presence of naphthalene produces, within 1.5 h of
stirring, highly reactive zinc (Rieke-zinc) which reacts, for example, with methyl 3-bromobutyrate in refluxing
THF (2 h reaction time) providing the corresponding secondary organozinc compound 6. This zinc reagent
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undergoes a smooth addition to cyclohexenone in the presence of BF3 - OEt2 leading to the desired Michael-
adduct 7 in 51 % yield (Scheme 3) [20].

i

O Me m 0
" - ,JLVJ\ . ~ Mo \/L (0.5 equiv) L
Napllﬂ\al MeO r
ZnCl, ——————— Zn* MEOQC/\.EH_ ( 1 ~
THF,15h THF, 70 °C “nr BFa* Et,0 Y TcoMe
6 TMSC! M
pentane, -30 °C
7:51%
Scheme 3

Various m-deficient heteroaryl iodides undergo the oxidative addition of Rieke-zinc leading to heteroarylzinc
iodides in THF (25 °C, a few hours). They can be further coupled with aromatic or heteroaromatic halides in

the presence of a palladium(0) catalyst in satisfactory yield (Scheme 4) [21].

n” AARYS o= @WQ

A 7
S THF, 25°C, 3h N THF, 25 °C, 67 h SN

N\

Br 60 %
Scheme 4

Many heterocyclic iodides or even heteroaryl bromides are reactive enough to react directly with commercially
zinc powder making the preparation of heteroarylzinc reagents like 8-11 very practical (Scheme 5) {22].

Mf" Tl Zni

Dz a A N
et S A ) LY
o TN N

Vie
8 9 10 11
Scheme 5
The direct zinc insertion also proves to be very useful for the preparation of the zincated serine derivative 12
which constitutes a useful reagent for the synthesis of various enantiomerically pure amino acids such as 13-15
(Scheme 6) {23]
Q
-
! 0 NHBoc
! XN 13:56 %
Pd (0) cat _~  COBn
o~ NHBoc  ZnTHE o~ NHBoc {Juoh-?_ua ~ /\:/NHBGC .
; a5 SO 2) MeO,C—==—B" }i00.C . T

- 15:4B%
Pd (0) cat NCJ\W NHB
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This methodology has recently been applied to the preparation of 4-borono-L-phenylalanine (used in

boroneutrotherapy) using a Zn / Cu couple in benzene / N, N-dimethylacetamide (DMAC) and sonication
(Scheme 7) [24].

1) >_ ) I
i Zn/Cu R B_Q'B_U 7
'/\A/IL 06n IZn’\.)L oBn aL (HO)25_<Q>_Y COLH

NHBoc benzene / DMAC NHBoc Pd(0) cat NH,
)).25°C 2)H, '
12 3y

Scheme 7

The preparation of organozinc halides can also be achieved with Et2Zn using a transition metal (palladium or
nickel) catalysis [25-30]. In this case, the insertion reaction proceeds by the formation of an intermediate
palladium(II)-species which undergoes a transmetalation affording an organozinc halide (Scheme 8).

Et,Zn, THF
Oct-| - Octznl
25°C,2h
Et,Zn
Oct-l L
]
\7/~ ! \\\w EiZnl
/ EtZn
L \ y
'
EtZn + LPdX, —= L,Pd Et-Oct =------ L—-Pd-Oct
\ [7:'t 7n-0O
= t7n-Ont
A L / )
H,C=CH, + HgC-CHj Et Et,Zn

insertion proceeds via a radical insertion mechanism allowing radical cyclizations to be

P . s¢ reactions are SICICOCONVErgeiil and a mixture i COiTi

derivate 17 with an excellent stereocontr f 3 contiguous chiral centers [26]. This cyclization reaction can
halides such as 18 and 19 (Scheme 9) [27, 30].
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BnO | — . - S BrO.
o : PdCl,(dppf) % ° Me so [ ~" 2 cooet S
.\{ 1.5 molog | Wll-lr l j| n
woooZm | ] oo
’ 17:71%
16: 1:1 mixture of
diastereomers
o
11
I — ZnX —X
Y = Et,Zn 1) CUCN + 2 LiCl i
o I
[o] Ni(acac), cat 2) PhCOCI
o~~0 o*d

18 62% (>98:2)
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X

- ) 3 :_‘— D
! Et,Zn (2 equiv) m 1) CuCN « 2 LiClI {
EN e ) N/\//’ Pd(dppf)Cl, 3 mol% oA~ NI 2) AcOD AW
= Bn Bn
19 67 % (96 : 4)

100 % D incorporation
Scheme 9

Applications of these reactions for the preparation of natural products such as (-)-methylenolactocin 20 [28] and
cis-methyl jasmonate 21 [29] have been developed (Scheme 10).

Me.Si 1) EtpZn, Lii
Pent,zn Bo_~ 3 . Ni(acac),
MesSis o~ | —— MesSi. . Pent Ny ¢ __THR40°C
hdlg Ti(Oi -Pr), H NBS, CH,Cl, 2) O,, TMSCi
o~ N(H)TE OH Pent =™ "~ OB Tl 5 G
70 0/. QN0 nn
NS NEH)TE 70 %; 92 %o
8 mol%
| &
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5509, 90 % 20: (-)-methylenolactocin
c-Hex, 1) Et,Zn

B"O + N=C=N-c-Hex Bno Ni(acac), cat 9Bn

== Me” |- == THF, 25°C
NF NF - N\Q\

Ne2Li
;Tg\, coome  57% \7\, COOMe 3 Brotm gy ‘Q\ B
55°C, 48h COOMe
86%;95:5
1) H, OH o]
Pd/BaSO0, cat H Et I Et

pyridine, 92 % W Dess-Martin oxid. W g
_— —_—
2) BCl,, GH,Cl \——K' 81 %
i COOMe : \_&‘GOOMe

0=

61% 21: cis-methyl jasmonate

2.2. Preparation of diorganozincs

Diorganozincs (R2Zn) are more reactive than organozinc halides [31] and undergo transmetalation reactions
more readily. They are important for performing catalytic asymmetric additions to aldehydes, allowing the
preparation of polyfunctional secondary alcohols with high enantioselectivity [32, 33]. Three methods have
been developed recently for the synthesis of these reagents (Scheme 11) [31].

R3B
s
’ : N
L oo Ni(l) cat L
Et,Zn

Scheme 11
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The first method involves an iodine-zinc exchange reaction [34]. This reaction is suitable for primary or
secondary alkyl iodides. It requires Et2Zn or i-Pr2Zn as reagents and a catalytic amount of a copper(I) salt.
With Et2Zn, the exchange reaction requires temperatures of 50 °C and reaction times between 3 h and 12 h

[34]. Milder reaction conditions can be applied using in situ generated i-Pr2Zn, prepared via the reaction of i-
PrMgBr with ZnBr (0.5 equiv). With such a reagent the iodine-zinc exchange reactions proceed very rapidly
(25 °C, 1 h) and allow the preparation of complex secondary diorganozincs (Scheme 12) [35]
Me Me
OV O
Me| H \ i -PrMaBr (3 aguiv) Mel H N
2 x ) TGO (O SUUiV) ‘/W-\/ >
Hl H ZnBr, (1.5 equiv) Hj H
FANS Y PN Y
! —( ether,t, 1h i-PrZn
>60%
Scheme 12

The second method involves a boron-zinc exchange and uses functionalized olefins as starting materials. After
hydroboration with EtpBH [36, 37], the resulting organoboranes are treated with Et2Zn or i-Pr2Zn [35]. A wide

range of polyfunctional diorganozincs can be prepared in this way (Scheme 13).

Et,Zn 1) E,BH
Rl Razn R
CuX cat 2) Et,Zn
CL:OQEt BH3
7/ \
x>
(AcO(CH,)) Zn (\ . (TIPSOWZn ( Pentgf’\/} 7n
' ‘2 "z 2
(34a] [37] [38] [39)

Scheme 13

Remarkably, substrates bearing acidic hydrogen like primary nitroalkanes or alkylidenemalonates are readily
converted into the corresponding zinc reagents and are allylated in good yields (Scheme 14) [40].

H . 1) ELBH ELO H F
Etozw 2) Et,Zn (2 equiv) EtOZC*)
[ aWa . —_— [ We -
neat, 0 °C e
3) CuCN » 2 LiCl
4
) N~ Br

( excess)

86 % overall yield

Scheme 14

The boron-zinc exchange proceeds under significantly milder conditions (0 °C instead of 50 °C) for primary
alkyl derivatives and requires only a few minutes compared to several hours which are necessary in the case of

the iodine-zinc exchange. Nevertheless, the boron-zinc exchange reaction using Et2Zn has some drawbacks and
does not proceed rapidly with hindered secondary alkyldiethylboranes. Aiso a 1:1 mixture of diastereomeric
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zinc reagents is produced with diastereomerically pure aucymoranes (bcncme i5 ) {40]. Generally it was

D D D
Scheme 15

Remarkably, it was found that i-Pr2Zn undergoes the boron-zinc and iodine-zinc exchange with primary and
secondary substrates rapidly, allowing the preparation of secondary dialkylzincs. By performing the boron-zinc

P L Y T Y

exchange reaction at low temperature (-10 °C) retention of the configuration [41] is observed with several
systems, allowmg for the first time, a diastereoselective synthesis of non-stabilized secondary alkyl

Scheme 16

This reaction can also be extended to open-chain systems and demonstrates well the stereoselectivity of the
boron-zinc exchange (Scheme 17) [43].

Me H Me 1) i -Pran (2 equiv) H Me
o U H Et,BH o s, BEt, 25°C,45h " P
Me  oomer n'Me 2 GuCN-2LiCI W e
= 9h allyl bromide
z 90:10 781025°C, 1h (81:19] 65%
anti major
Me 1 i -Pr.Zn (3 equiv) e s
b H Me LA <ol Sl bt 4 H Me
Et,BH neat “, o
F’n)\’ W EbBrneat PhA." BEp, __ 257C4h PN~
"IAE 25°C,0h me” “H 2) CuCN - 2 LiCl Me? “H
ailyi bromide
E 505 -781025°C, 1h 36 %
syn major

In the third method, diorganozincs can also be obtained by a nickel catalyzed hydrozincation reaction. A
tentative reaction mechanism is described in Scheme 18. This reaction has found applications in the asymmetric

synthesis of polyfunctional alcohols (Scheme 19) [44].
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OH
PVO Et,2n TIPSO(CH,),CHO TIPSO "y
i | - )
Ni(acac), cat toluene, Ti(O/ -Pr), PO~~~
LU cat N(H)Tf
Y 88 %; 95 %ee
v"'N(H)Tf
5 mol%
Scheme 19
22 MNébhhna. .“.A.\p...-.‘:n“ mrnthads
Lo UUICTE pPllpal auvil Hiciiious
A few less general methods are available for the preparation of zinc organometallics. Thus, organozinc halides
can also be obtained from the alkyl mesylates in the presence of sedium bromide and iodide in NN-
dimethylpropylencurea (DMPU, [45] using zinc dust [46] or by an iodine-lithium exchange performed on
functionalized alkenyl or aryl iodides followed by a transmetalation with zinc bromide (Scheme 20) [47]

Scheme 20

1) n-Buli, -100 °C, 3 min

THF / ether/ pentane (4/1/1)
2) ZnBry, THF, -80 °C

A less general preparation of organozinc halides involves the treatment of diorganomercurials with zinc dust in
the presence of zinc bromide (Scheme 21) [48]. Interestingly, it is also possible to prepare oxazol-2-ylzinc
chloride 22 by transmetalation from the corresponding oxazol-2-yllithium compound. This transmetalation

PETRSEEIE T TP P TR § S (SRR AU s RS S0P IS SIS IR SR P PO SR T
501v€b me proolcm Ol e weil-knowi iendacncy or Z-tittiaicd ()Xdl()lC\ 1O UnderggFo a Ilg-( pClll lg O tne
tautomeric isonitriles. Thus, the treatment of 4-phenyloxazole with n-BuLi (-70 °C, 0.5 h), followed by the
addition of ZnCl9 produces the corresnondine zinc reagent 22 which undereoes high vield cross- -coupling
addition of ZnCl7 produces the correspondin g zinc reagent dergo gh yield cross-c g
reactions with various functionalized triflates or iodides in the presence of a palladium(0) catalyst (Scheme 21)

[49].



P. Knochel et al. / Tetrahedron 54 (1998) 8275-8319 8283

ca. 90 %; > 98 %E

N 1)Buli,-70°C,THF P\ N

| S—H | Y—znci

Lo 2) ZnCl, Lo
22590 %

Scheme 21

O-vinyl carbamate 23 leads after lithiation with s-BuL.i and zincation with zinc bromide, to the functionalized

alkenylzinc 24, which undergoes smooth cross-coupling reactions with various aryl or heteroaryl bromides or
triflates (Scheme 22) [50].

o o
A X
1) s-BuLi, THF @ o - OCONE,
Q 78°C,1h BrZn—~— 'o OMe
o7 “NEL ’/)\ 0)\ NE Ph 2
2 2)zn8r, t Pd(0) cat. \)§ e
3 2 84%

Scheme 22

Although zinc enolates have a moderate reactivity, they are able to add intramoleculary to an alkene furnishing
the carbometalation product in high yield. The cyclisation proceeds with high diastereoselectivity (Scheme 23)
[51].

/" WIS
[ 1) LDA, ether ( \ Me
CO,Me "coMe ——> — s [\

N e s
A i VIR T O P g |
2) ZnBr,, then H,0 N 2
Me)\Ph ) 2 2 Me*F‘h H
96 %; d.r.=98:2 96 %ee
Crhama 772
DIULIVILIC S0
An intermolecular version of this reaction has also been recently reported by Nakamura. Using a strained

cyclopropene ring, it is possible to add zincated amide, ester or hydrazone enolates extending the scope of zinc
enolate chemistry. The cyclopropane ring can be further opened allowing the stereoselective preparation of
polyfunctional open-chain dicarbonyl compounds (Scheme 24) [52]. Addition to relatively unactivated olefins
like ethylenes or styrenes is also possible [53].

N 0.0 Meo” "
N_&’ AN N 1) 0,
N OMe — N H . 9 L FOR
Ol L < _HgCl
/\/k,an /\M%OX 2) Hg(OAc), /\)ljl}\/ 9

H = 3) NaCi ‘
] Et ) NaC HEt
92%:78 % d.s 92%

Scheme 24



8284 P. Knochel et al. / Tetrahedron 54 (1998) 8275-8319

Zinc organometallics can also be prepared by transmetaiation from organozirconium compounds. This method

3 % oar

has been elegantly appiied by ichikawa and Minami to prepare difiuorovinyizinc intermediates and to use them
in pdlladlum catalyzed cross—uouplmg reactions. Likewise, Wipf has used this chemistry in an intermediate step

2 - :-.,- 2ty ..1 ~Fr +)-curacin A /annmn o2
AUT1 lg L LULdl D)’lllllC\ SUlL (T } Luldblll A WOLVHCTTIC &

~

—
G
£

—

OTs  1)"CpgZr"
F,C=C.

Zni
FaC=Cl H
2) Znly

R |
CpoZr(H)Ci 1) Etpdn, -60 °C
BDPSO . __2_% ‘BDPSO'H\/\ Zr(Cl)Cp2| BDPSO'H\/\A/

szblg 2i°C _] 2) -
H\n)\/ OH

o 94 %

Scheme 25

Tamaru has utilised the transmetalation reaction of w-allyl palladium compounds to diethylzinc so as to develop
a new procedure for the preparation of substituted allyl zinc reagents [55]. Treatment of substituted allyl
benzoates with an aldehyde, Pd(PPh3)4 and diethylzinc results in first formation of a m-allyl palladium
compound and then an allyl zinc reagent. These reagents give high selectivity depending on the substitution
pattern of the allyl benzoate (Scheme 26) [55].

[n ] OH oH
R\ PRCHO  —— 22 AN AN A
+ T — —_— +
I, PPl | M| RO
OBz L )'( J [a M

79-94%

Srhame DA
DLlIviIIC LU

Gosmini has recently obtained arylzinc compounds by means of an electrochemical reduction of aryl bromides
or chlorides using a nickel-bipyridine complex in the presence of ZnBr2. The resulting arylzinc hahdes were
coupled with 2-chloropyridine in the presence of the same nickel catalyst in reasonable yields (Scheme 27)

[56].

e, Ni(l))bpy cat. Ni-bpy
X o+ 2Znr 1T O- ZnX
@ Mg anode q) CP O

FG FG N/ FG
'\N/‘\C
X= BI’, Ci 30-70%
Crhara 27
DULICHIIC &/
Finally some transition metals like a.ngancse salts catalyze iodine- or bromine- zinc exchange reactions using
Et2Zn. This constitutes an excellen reparation of organozinc bromides starting from functionalized alkyl
bromides (Scheme 28) [S7].
E
10,67 Br kaal Et0,C7 """ ZnBr
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2.4. Preparation and reactions of organozincates
Lithium triorganozincates (R3ZnLi) are prepared by the reaction of an aikyilithium (3 equiv) with zinc chioride
or by treatment of a dlalkylzmc with an alkylhthmm (1 equiv) in ether or THF [38]. Lithium or magnesium

=

-
=
o
ot
Q
=
o
=3
»n
@
-
(S
S"

MegZnLi

(e}
! C 2 mol
- o(acac); (2 mol%) LA Mo
[e]

THF,-78°C, 1h

BuMe,ZnLi é é\
+
- THF -78 °C A o

Scheme 29

R AT, A f <7 ﬁ“

Related mixed heterozincates R2(#-Bu0O)ZnMgBr - TMEDA prepared from RMgX (2 equiv), ZnCip - DA

FaS /4

and t-BuOK react readily with enones providing the 1,4-adducts with satisfactory yields. By using chiral

nitrogen-chelating ligands asymmetric 1,4-additions can be achieved with moderate enantioselectivity [61]. The
addition of Ru27Znl 1 to nitroctvrene in a chiral enlvent mivtnre af nentane and (¢ Qw1 A_dAimethylaminn.? 2.
UNdBILIVLEY VI uu_)uuul LA/ LI 'ILJ LWwiivww 111 WoiERlRAR WL VAL dilAAATULO UL Pvusuuv “GhAINg \L),U} AyT \Jllll\(Lll)lullllll\} 1_4,_}
dimethoxyvhutane (DDRY afforde an ontically enriched nitroalkane 1621 Triaroann7zincatace alen nnderon
UIIIIVVIIVI\J UMitilw \ULIU} [N A VIR VI et \Itll.l\aullj AR SY S LWLY 3 HiuvaiIinQaliv LVHJ- A ll\.’lsullvhlll\-“\\/ﬂ @alowv mituwa 5\’
halogen-zinc ex.change reactions with a range of 1,1-dibromoalkenes or -a.kaneQ (Scheme 30) [63-66]. The
preparation of new cyclopropylidenealkylzinc reagents of type 25 is possible using Me3ZnLi (Scheme 31) [67]
Ph Br +Bu,ZnLi Ph Zn-t-Bu AcCl Ph COMe
< T . A . Dawr &
H Y Br H ¥ tBu Pd° H ¥ tBu
cis:trans=14:1,50 %
()= 2B
+Bu = \
~—~ pr 2) H,0 +Bu
60%
Scheme 30
0\ ,Av// Me,Znli (2 equiv) ~ _ Me Ph(CHp),CHO . Me
) 0°C,25h ZoMe,li  -85°C, 15h l)_\/\
OH Ph
v
57%

Scheme 31

Alkyny! zincates undergo also a new type of endo-cyclisation via a cyclohexyne intermediate. Thus, treatment
PRV e T4 el Dl 7T Frrsmichno a smiviniea Af amda VT and 2vA YR ~uvnlicatinm nradinste 1m a2 AN - AN eatin
ort byldlc 20 Witn risca LA TUrmisnes 4 miatlre Ol €Ad0-47 aitl €X0-&40 CyLlidaiiull productd il a v . 4U iauvu
Tl g Frmnting ~E YT o sv lainad is tha farmatinn nf o0 cunlahaviuna infarmadinta (Crhama 27\ TARQ]

INC 10rmauon O1 &7 1> CApIaliCd Vid UG 10HTTHALIVET UL d CYLTUNICA YU HTIICHITIvULAIL (OVIVIHTIL D4 ) (V0]
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40 (77 % after protonation)
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W
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Interestingly, lithium triorganozincates can be used for performing iodine-zinc exchange reactions
provides a new method for the generation of arylzinc reagents (Scheme 33) [69].

Me, OH
! Znl OH
= . = - -
T fo M T e me (T ) .
‘e 78°C SN = =-"N
SO,Ph SC,Ph SO,Ph S0,Pn
% 1 4
86 %
oH
I i ZnMe,Li
Oy ez Oy oo oy
) THF 78 °C - Z8con N~
MGOZC)\/' THF, -78 °C Meozc/\/l -78°Ctont MSOQC)\/

Scheme 33

74 %

. This

Lithium and magnesium zincates have also been added with excellent enantioselectivity to a,B-unsaturated
sulfoxides in the presence of catalytic amount of Ni(acac)2 (Scheme 34) [70].

[e] 0
b w
Pyr\./ S"r_. Tt PhgangBr Pyr\_/ S"'l—. Tal
p-Toi p-Tol
L 5-7 % Ni(acac), LT
Ar “ Ar MM

Ar = p-MeO, m-OCp
Scheme 34

-25 °C, THF

90 %; 92 %ee

A new method for preparing benzylic reagents has been found by Harada making use of triorganozincates.
Thus, the reaction of p-iodobenzyl mesylate 29 with Bu3ZnLi affords the intermediate 30, which undergoes a

1,2-migration of the butyl group, furnishing after quenching with 3-phenylpropionaldehyde the expected

a4 00

product 31 (Scheme 35) {71].
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Scheme 35

3. Reactiang of aoreanazinge rea
grea
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3.1. Uncatalyzed reactions

Many organozinc species are too unreactive to undergo addition reactions to carbonyl derivates or to double
bonds. This is generally not true for allylic zinc reagents and to some extent propargylic zinc compounds which
react smoothly with several electrophiles like carbonyl derivates [72-74], nitriles [75, 76] or triple bonds [77]
(Scheme 36). Also, addition of allylic reagents to imines can occur with very high diastereoselectivity (Scheme
36) [78, 79]. Allylic zinc reagents undergo cross-coupling reactions with reactive halides leading to 1,5-dienes.
Usually the new carbon-carbon bond is formed from the more substituted end of the allylic system (Scheme 36)
[46].

CO,t-Bu H—==— CH,y0SiMe, i .
. Br - L B |ﬁ_f‘./u\/u\/ OSIMe3
o NS T LIy inr bt
))) 45 °C, 30 min anor
ouU /o
COqEt Ph.N._ COMe  THF A ko
A zw Y T o
Ph 25°C |
Ph? > COMe
80%
(\ OP(O)(OEY), (\ ZnOP(O)(OEY), ==, Me GOt
’ N CO,Et k
Me Fem L AN D st (\ Me )\ _Br
i, Lit (V.2 B{uiv) = NS
T,
j\ DMPU, 30 °C, 48 h | 0°C, 5 min 1
Me Me Me Me Me Me

Scheme 36

Propargylic zinc derivatives do not react selectively with aldehydes or ketones and often give a mixture of
allenic and homopropargylic alcohols [80, 81]. The regioselectivity depends strongly on the nature of the
substituents. 1-Trimethylsilylpropargyl zinc reagents add to aldehydes with excellent regioselectivity and
diastereoselectivity leading to anfi-homopropargylic alcohols [82]. Alkylzinc derivatives react slowly with
aldehydes, however, an alkenylzinc chloride has been added to a protected o-aminoaldehyde in satisfactory
yield (Scheme 37) [83].

H O H OH
! THF / E .
BocN. b+ Ao i
i -30°C H
R R
ca. 60 %

Scheme 37
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The rate of addition can be improved by performing the reaction in the presence of a Lewis acid. Interesting
results have been reported using chiorotrimethylsilane or titanium alkoxides [9, 84]. Under these conditions,

[ P

) Ti{Oi -Pr),Cis, e
[0} N
T oo
? ol L o
_O_ _N

T

Scheme 38

2-Bromomethyloxazoles such as 33 can be easily converted to the corresponding zinc reagents. The enolate
character of these reagents results in a high reactivity, and their additions to various aldehydes or ketones

ANy ro=1

proceeds with excellent yields (Scheme 39) [85].

A EtO,C,
Ei0,C N
Y= 1) Zn, THF, 0 °C JN
7 \ Ny U
N, O .
T U o
ph/\/lLH
Br v OH
k<] 97%

Scheme 39

A very reactive and selective carbon electrophile, tosyl cyanide (TosCN) reacts with various organozinc halides

affording polyfunctional nitriles in good yields (Scheme 40) [86].

P 1) +Bull, -100°C ~ i TosCN, THF G
CIT NN ——————-»TH ——-—————————>°C
2) ZnBrg, F =~ Znl 25°C,3h =~ CN

~

The reaction can be used to convert 1,1-bimetallic reagents of zinc and magnesium, like 34, to unsaturated
nitriles, like 35 [86]. The regioselectivity of the reaction of benzylic zinc organometallics with TosCN affords
o-methylbenzonitrile derivatives, whereas the reaction of the corresponding zinc-copper derivative provides a
benzylic cyanide (Scheme 41) [86].

ZnBr R N
A~ HE (\ZnBr 1) TosCN /\/(\CN
; 35°C,1h Hex/\( 2) HQO Hex
=\ MgB
Hex  MgBr ” 9= 25:93%
ZnB CN
Me ' r
PN _TosCN PN 1)CUON 2L A
& & 2Teson 7
76 % 80 %

Scheme 41



P. Knochel et al. / Tetrahedron 54 (1998) 8275-8319 8289

The reactivity of diorganozincs can be increased by performing the reaction in a polar solvent, or by the
addition of various Lewis acids. Thus, it was found that N-methylpyrrolidinone (NMP) is especially well suited
and allows Michael-addition reactions to be performed with a variety of double bonds bearing electron-

- AN TOMT ONTR

withdrawing groups like enones, alkylidenemalonates or nitroolefins (Scheme 42) [87]. One equivalent of NMP
o o1 FFiniant b s by bhie AT el Lot bl e cmm Al RA QN P - 5 )
1> SURHICITIIL WU PIUIHIOULC LUIC aUdiiion cdaciion put uce prUSUHCG 01 viIC leL..l lb ncccsbdry 1"\ rdngc o1 p‘
monosubstituted enones can be used for this addition, however B-disubstituted enones undergo the Michael
addition only reluctantly.
. : ™ an SiMe,
- o ~
(P'VO/\/\/j_Z” v e T s PIVO CN
¥4 WiggOlLl, 1AF /7 INIVIT
-30°C, 1-3h 82%
o-Hex
Loy NO, +  {oHow\.7n THF/NMP, i NO,
Hex {c-Hex)Zn Hex
-30°C,3h
B3 %
o o}
\ PN )H
N ooe gy O N
_—_ 2
<L 2) Et,2n < THF / NMP /'>
-30°C, 3h l;]il
>95% 79%
Crlhamia AD
ILLICINGC H 4L
Only one of the two R groups is transferred to the enone using diorganozincs of type R2Zn. However mixed

diorganozincs of type R-ZnCHQSxMe3 allow a selective transfer of he R group [88]. The Me3SiCH?2 group is
not transferable, and this method avoids the waste of an organic rest R (Scheme 43) [88]. Addition to o.f3-
unsaturated aldehydes furnish with high selectivity the 1,4-adduct, whilst the reaction with acrylates gives the
Michael-addition product and no polymerisation products (Scheme 43) [89].

( ,M (MezSiCH,),Zn  PivO Zn-CH,SiMey
PivO Zn = . l J
\ NSNS

ca. 0.5 equiv ca 1.2 equiv iFAr [ NMP ~
-20°Ctort,12h 70 %
it 5 MeSiCH,Li A B Qs d Msal e S S CORBU
Ci{CHy)4Zni Ci{CHy)4ZnCH,SiMeg Cim ~
THF, -78 °C P CO,Bu
76 %
THF /NMP
20°Ctort, 12h
CHO -
Bu
o~ Bu .~
EtO,C” ™ "Zn " SiMe, EtO,C~ ™~ ™~ "CHO
THF / NMP, TMSCI
20°Ctort,12h

71 °/D
Scheme 43

The intramolecular 1,4-addition of an organozinc allows the preparation of bicyclic ketones (Scheme 44) [90].
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Scheme 44

Alkynylzinc halides undergo 1,4-addition to enones in the presence of rerr-butyldimethylsilyl triflate [91]. In
the presence of TMSOTf or BF3 < OEt), the addition of organozinc halides to glycals furnishes preferentially

AT ma Iﬂf\"r‘t‘ 1

the o-substitution proaua |¥<4]. 1VMIDUILT nas also been used in the mgmy stereoselective prepaxauon of

CHzClz (Scheme 45) [93].

0 oTBS
/U\ L m — oo IBSOTE A
u + =1 ——— L11D1 EtzolTHF
-40°C A
96 % P
o CI(CHZ),,Zn! o Cl
AcO™ TMSOTt AcO wNF
OAc  orBFy OEt
3% n/R=0:1
63%;/B=90
Hex (-~ QAc Hex _~_ &
Y _&8 Y'Y
0.0 TMSOTH 0.0
-78°C,2h Y
t-Bu t-Bu
100 %
ot G 2
Ph Ph
o B G, 2n N

Scheme 45

By using non-complexing solvents such as dichloromethane, alkylzinc iodides react directly with activated o-

oxygenated aldehydes such as 36 leading to the addition product with excellent diastereoselectivity in the
"matched" case (Scheme 46) [94].

/™ —\
N 7( g ) BF5e ELO =+ A~
i o7 CHO + iZn '><O = T80PSC H ¥ {4 OHoO_ O
TBDPSO H ™ H Me” Mo CH,Cl,
Me Me
% 53%;d.r.=95:5

Scheme 46

In DMF, it is possible to add functionalized diarylzincs to the reactive Schiff base 37 leading to a-aryl-a-amino

ester 38 in good yield. The diarylzinc has been prepared in situ by an iodine-lithium exchange at low
temperature followed by a transmetallation with ZnCl2 (Scheme 47) [95].
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Scheme 47

9

8291

Ph OAc
=1 .I)\ CO,Me Y
COMe H\/ J7 ‘ A !
CO,Me
™ men 1N HC, ~1T :: el a MY Y
4] i I'lsl\l UU2ME
38:62%

The substitution of ferrocenyl acetates with various organozinc halides provides an enantiosclective preparation
of polyfunctional chiral ferrocenes in optically pure form (Scheme 48) [96].

R'ZnX
@R _BF, O, THE _
@ ZeCom1sn
S
R = Ph; 97 %es
R = Me; 98 %ee
oAe 1
i R'ZnX
@ Me BF," OE, THF
———
OAc
98 %60
QA
i R'ZnXorR,'zn,
(-

BF, - OEt,, THF
-78°Ctont,1.5h

Scheme 48

Organozincs react rapidly with oxygen or air and this reaction has been used to

hydroperoxides depending on the reaction conditions
be especially attractive (Scheme 49) [98].

R1
7w
5
—~——
64-98 %, 92-98 %68
R1
o7 me
(g) Me
'p‘1
61-96 %; 94-98 %oe
R1
P : R' = Me; 78 %; 94 %ee
= R!=/-Pr; 85 %; 97 %#e
— r =allyl; 92 %; 95 %ee
OAc

prepare alcohols or
[97]. The use of perfluorohexane as solvent has proved to

OH Zn OCH
f. (
1) ZnBr, Q 1) ZnBr, Q
—_——
3 2) 0y, GgF 14, -78°C ' 290,GF A Py
3) Zn, HCI -78 °C
71% 66 % (> 92 % purity)

Scheme 49

The chemoselective oxidation of benzylic zinc reagents has also been performed under mild conditions using
2,2,6,6-tetramethylpiperidin-1-oxyl (Tempo) 39 leading to the adduct 40. By carrying out a transmetalation of
the zinc reagent with CuCN - 2LiCl, a better yield is obtained (Scheme 50) [99].
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e 50

Organozinc halides rarely react with electrophiles in the absence of a metal catalyst, however, chlorophosphines
undergo smooth substitution reactions with various functionalized organozinc halides or diorganozincs
furnishing polyfunctional phosphines in good to excellent yields (Scheme 51) [100].

(FG-R),Zn ?Hs
CIPPh;, THF BH; e Me,S !
or e FG-R = PPh, FG-R-PPh,
0°C,1h
FG-RZnl (80-95 %)

Scheme 51

This method gives a direct access to a range of polyfunctional phosphines of great interest for coordination
chemistry. The preparation of chiral phosphines is readily achieved starting from terpenes. The hydroboration
of B-pinene with BH3 + Me3S gives tris-myrtanylborane which by treatment with Et2Zn gives bis-myrtanyizinc
in quantitative yield. This zinc reagent undergoes substitution reactions with various chiorophosphines
affordmg the chiral phosphme ¢ (Scheme 52). The chelating ability of the phosphine 41¢ makes this

. B S 1 11
I

PRPUPHpLY Gy Ty gy B S e - o rln
lll terest as Ulllld.l llgd 1a I Ld.l.d.l)’l.lk, abymmcuu. reactioins LiVi].
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t
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f 1\ PIDDh
] 2) BHy » Me,S

AT
5N | o ®
T 1) PCly @/)am FP g, W\/HQB:\PLJ/

\I;m

~~

l/l\(\ ™ BH, 2) BHy* Me,S
nogeen | N

2) By » Me,S 416:70%
Ha:75%
J 41b6:85%
P
P~ gH,
Ph
Scheme 52
The preparation of polyfunctional chlorophosphines like 42 was achieved by reaction of

dlethylammodlchlorophoqphme with zinc organometallxcs After protection with BH3, the readily isolated
borane-aminophosphines complexes 43 were obtained. Treatment with HCI in ether provides the desired borane
protected chlorophosphines 42 in excellent overall yield (Scheme 53) [39]. As an application, the mixed
diphosphine 44 was prepared (Scheme 53).
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3.2. Transition metal catalyzed reactions
3.2.1. Copper catalyzed reactions
The reaciivity of organozinc halides can be dramatically increased by the addiiion of copper saits iike the THF
omlislala A nsasnae o AT O NT T T INDT Al nsial dlhn avnnd mndirean AF dlha wncrilbniet mnmnmndantalllia cenning So
SULUDIC LUPPCI AN P = LN § [I, UL} nuuuugu, UiIcC C Cl [1dLUlT Ul lIlC lUbulldlll UlgdllUlllCLdlllL \pCLICb l\

nn fhp same electraonhiles (Scheme
C num esuum PP frves ang react with the same electrophiles (Scheme
54) [9]
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R R i
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Scheme 54

Cross-coupling reactions with allylic halides are especially high yield reactions. They occur w"'n high SN2

selectivity, in contrast to the corresponding pailadium or nickel catalyzed coupling-reactions (Scheme 55) [103-
105].
=~
o ~ Pd(PPhg), cat . 7w  CuCNe2LiClcat B J\ o~
NG NeT P CN
F'h/\/\ Br Ph/\/\ Br
68% 45°C, 12h 0°C,1h 92%

Scheme 55

Although organozinc reagents do not open epoxides, it is possible to alkylate allylic epoxides with
functionalized organozinc compounds in the presence of a catalytic amount of a cyanocuprate (Scheme 56)
[106].
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MeCu(CNLi (5-10 moi%)
M + CI{CH,)Znl cn/\/\/‘\l/\w

THF

The high SN2' selectivity of organozinc derived cuprates allows multiple allylic substitution reactions to be
-1,

performed with -excellent results. Thus, the reaction of various 2-substituted-1,3-dichloropropenes with
organozinc-copper compounds provides only products like 45 obtained after two successive SN2' reactions

(Scheme 57) [107].

m m
B0, " CuCN)Znl  + /K/ ci _HE "‘72\/\/\ CO,Et
25°C,7h
(excess) (o]} (
A 45: 89 %

Et0,C
Scheme 57

Bimetallic reagents can be smoothly allylated under mild conditions leading to polyfunctional products [108,
109]. Polyfunctional natural products bearing a double bond can be allylated via a hydroboration, boron-zinc
exchange and copper(I) catalyzed allylation (Scheme 58) [110]. Besides allylic halides, propargylic halides or

FON r1s

suifonates alsplay a similar reacnvny to these zinc copper reagem:s leaamg to allenes (bcneme d8) 111 1]
NN

1) EtpZn
ACO ACO , 30 min AcO
Tnan '

h 2) 0.1 mmHg /
n, 30 min //\\2—\\

80°Ctont
99 % 95 9%
x
iz NHBoc 1) CuCN - 2LiCl s~~~ NHBoc
CO,Bn 2) HC= G- CH,Br CO,Bn
55%

Scheme 58

Zinc-copper reagents add to the readily available cationic n3-cycloheptadienyliron complex 46 leading to the
polyfunctional iron-diene complexes 47 in satisfactory yield (Scheme 59) [112].

q 10,0~ SUCNZl (/\\ oo
N Fa(CO), (0C)sFe ™= /"
26 47:65%

Scheme 59

A related alkylation of the tropylium cation complex 48 furnish an important intermediate for the synthesis of
B-cedrene (Scheme 60) [113].
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Scheme 60

Polyfunctional zinc-copper reagents react efficiently with 1-bromo or 1-iodoalkynes furnishing functionalized
alkynes in good yields. The reaction proceeds at low temperature (-65 °C to -55 °C) and has been applied to the
preparation of pheromones (Scheme 61) [114] and polyfunctional acetylenic ethers [115].

O .
AcCl, Nal 1) Zn, THF H, / Lindlar-Pd cat ==
[ ACO(CHp)gl  ——— > ACO(CHp)g—==— Hex ACOCHA. Hax
\__/  CHCN 2) CuCN « 2 LiCl PhCHg / Py v
3) I—==—Hex 0°C,48h GRY: - 7- 004 08
-50°C, 16 h ' 8%, £ L=8994 .00
Scheme 61
This alkynylation has been recently used by Corey for the preparation of a key intermediate in the synthesis of
the side chain of Cicaprost™, a drug used for the treatment of primary pulmonary hypertension (PPH) (Scheme
62) [116]
2 CUCN - 2LiC! it "
wo)vm| — Mo Y SN T T M\
Me Br Me PrySi”” Me =
-60°G, 20 h

Scheme 62
The extension of this cross-coupling to iodoalkenes is also possible. Two cases should be distinguished, in the
first the iodo-, bromo- or chloro-alkene is further conjugated with an electron-withdrawing group, a facile
substitution is observed. Typically, 3-iodo-2-cyclohexenone [117] reacts with a zinc-copper reagent furnishing
the expected cross-coupling product (Scheme 63) [15]. This addition-elimination reaction can be applied to the
preparation of squaric acid derivatives. Thus, the treatment of 3,4-dichlorocyclobutene-1,2-dione with two
different zinc-copper reagents furnishes polyfunctional squaric acid derivatives (Scheme 63) [118].

h ~
l J/
H/f/\/\‘ 1) Zn, THF =" u\a N H
— _ I Z
2) CuCN » 2 LiCI Q_ Cu(CN)Znl THF,-30°C, 1 h =
88%
o 1) c-HexCu(CN)Zni (1.2 equiv) o) o
Oy 60°C 040 °C, 4h N
o )zj\m 2) ACO(CH,)sCU(CN)Zn! (1.8 equiv) =
-78°Cto0°C,th OAC
=
67 %

Scheme 63
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The second case is the cross-coupling reaction with non-activated iodoalkenes, this requires a polar solvent like
NMP or DMPU and elevated reaction temperatures (60 °C, 12 h). These reaction conditions demonstrates the
remarkable thermal stability of zinc-copper organometallics. These cross-coupling reactions proceed with
complete retention of configuration of the double bond and allow the stereospecific synthesis of highly

nnnnnnnnnnnn allaeao 101 Tl hnlidac nma 118msmanatssrm bmezrmerdn mlon o o 1 ,
functionalized alkenes {1 17]. Alk Kyi naiiaes are unreactive towaras ZIfc-co opper Icagcmb under standard reaction
conditions. However, by using a polar solvent like DMPU and a new copper species
[R2Cu(CN)(MgX)2-Me2Zn] obtained by the reaction of magnesium derived cuprate [Me2Cu(CN)YMgCl)2]

and a diorganozinc, a smooth coupling reaction is observed at 0 °C [120]. This met d tolerates the presence of
many functional groups and can be extended to couplings with benzylic brom 20]. It displays a high
chemoselectivity and allows coupling of substrates bearing a primary nitro group ]eadmg to the expected
polyfunctional nitroalkane, without the formation of appreciable amounts of zinc nitronate despite the presence

of acidic hydrogens atoms at the o-position of the nitro group (Scheme 64) [120].

1) Et,Zn, CuCN (0.3 mal%)
2) Me,Cu(CN){MgCl),

DMPU, -50 °C Ph
ACO(CH,),! - . no
3) Ph ACO” NN TN TN Y2
/\/\/J\/ NO
! 2 83%
-78°Ct00°C,2h
CAlhawman £4
DULICTIIC US

The reaction of zinc-copper reagents with acid chlorides has a remarkable generality and has found many
applications in synthesis (Scheme 65) [9, 121-126]. The treatment of silyl- nmt,gt_d g-aminated henzvlic zine-

copper derivatives with an acid chloride leads to 2-substituted indole [125]. Aromatic and hete
compounds provide polyfunctional aromatic or heterocyclic ketones (Scheme 65).

ol ci Q ¢l cl
ci i
@\ Br 1) Zn, THF /O\(\Cu(CN)ZnBr o~ /@/\\/_/
N N(SiMes), o 2. _E'f.hﬂ . Al N(SiMe3), fhr0e e N
e 2) CuCiN # 2 LiCI o m

Scheme 65

The rate of addition to aldehydes can be improved in the presence of a Lewis acid like chlorotrimethylsilane,
titanium atkoxides or boron trifluoride etherate [9, 84, 127]. With a conjugated unsaturated aldehyde such as
cinnamaldehyde, the nature of the addition product depends strongly on the nature of the catalyst used. With
boron trifluoride etherate only the 1,2-addition product 49 is obtained, whereas in the presence of
chlorotrimethylsilane the selective formation of the 1,4-addition product 50 is observed (Scheme 66) [127]. The
addition of zinc-copper reagents to aldehydes bearing a chiral center at the o-position proceeds with a
diastereoselectivity similar to that observed with organotitanium reagents [127-130]. Synthetic applications
reported include the preparation of polyoxygenated metabolites of unsaturated fatty acids (Scheme 66) [131]
and (perfivoraikyl)aryicarbinois [ 132].
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Scheme 66

Lo

addition to imines is difficult and can be achieved only with particularly reactive substrates [133-138], but the
imine derivatives leads to immonium salts which readily add zinc- or zinc-copper reagents

1

]

cl ci cl ¢l ol
A PhOCOCI A CC”(CN)Z"' /g N
Q) === O L)

+ cr toluene, refiux
A W @
' nes CU‘CN)ZH' - N
v el N N
CO,Et 57 %
Scheme 67
Lithium- and magnesium-derived organocopper reagents add to various activated double bonds (Michael

addition) in excellent yield and regioselectivity [150-152]. It has been shown that zinc-copper reagents prepared
by the transmetalation of organozinc reagents with CuCN + 2LiCl add to B-monosubstituted enones in the
presence of chlorotrimethylsilane [153-163] leading selectively to the 1,4-adduct (Scheme 68) [7].

CN 2 i
[‘ . (\ TMSCI, THF K\INCW
———
. 1 | [,
- Cu(CN)Zn! (U -781025°C LA
97 %
9 oN f
HMPA NC
+ r—r———
Cu(CN)Znl  7°C,19h
Me A
o Me
70%
Scheme 68
The addition to B-disubstituted enones does not proceed under these conditions. However, the use of a polar
solvent facilitates the addition to these hindered Michael-acceptors. In such solvents, 3-methylcyclohex-2-
enone gives the expect Michael-adduct (Scheme 68) [164]. Instead of using a polar solvent, it is also possible to
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The conjugated addition of functionalized zinc-copper .reﬂ gents has found applications in the field of
natural products chemistry [166-168] as illustrated by the synthesis of pr ostaglandm derivatives (Scheme 70)
[166].
9 (7 coMe Q
Lo~ CO,Me
Cu(CN)Zni
A~ Pent A o~ Pent
TONRMCA bt Ma.SIiCl -78t0 25 °C TR ian Y
FOUIVIOU b IS AR 1 DWIVIOUW z
TBDMSO TBDMSO

Scheme 70

Whereas the direct addition of zinc-copper reagents to carbon monoxide does not occur, the addition of
polyfunctional dialkylzincs to chromium pentacarbonyl-tetrahydrofuran complex (Scheme 71) produces an
alkylchromium intermediate 51 [169-172] which undergoes a 1,2-migration leading to an acyl-metalate.
Trapping this with a Meerwein salt in dichloromethane furnishes a Fischer carbene complex 52 in 39 % overall
yield. This reaction sequence allows the preparation of a range of new polyfunctional chromium-carbene
complexes [172].
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THE B znr®
51
B M0 0 BFO ome O
ey 4 ] ]
/Oan W —  00)\Cr=L_ -~
(OC)5C1=\/\/ \ 5 NN
52: 39 % overall yield
Scheme 7i
Albanulannnare nranarad fram alllanulzireaniim d coan ha addad ta ananae Tha teancmatalotinn ooy
AIKENYICOppErs prepared 1ol alKeny1Zirconium acrivalives Cdn o€ aaaea to enones. 1ne transmetaation rom
zirconium to zinc and copper is performed by using lithium trimethylzincates, a soft but highly reactive
transmetalatino acent (Scheme 72) 11731
frapsmetaiating agent (scneme /2) {1 /25,
¢l 1 Me‘..i Me,Znki Iy
Yz Cp,Zr(H)C! ' u(CaN)Li cat.
/\// 2 /\/\/ZGCe 2 2
2) /:\ / ""NOBn
81%

Scheme 72
NIt o 3T i o nas taa dlen amamsconman AF AAsraae 78 AN N e T ] lotitiitad cnilfamnmida ~Ansmalimad ~ntalyct
1alKyl1Zincs adaa 1o enomnes in e presenct o1 COpperi)-/v-monosuosuiuicy Suliiainiue Lomviicd Cdiaiyst

chares Tho roacitltima 24 nr annlatac ~ran ha fiirthar 11cad far aldal raactinnge ar nalladinmMocataluzed raantinng
SYSICIL. 1HC TCSUIUIIE ZHIC THULAICS Ldll UL TULUIVE UDLU TVE AUV 1VAL UV Vi palialliUiliiv)slatal y 40U Tvav v
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with allyl acetate [174]. Although the Michael addition of zinc-copper organometallics to unsaturated esters
occurs only slowly, the addition to alkylidenemalonates proceeds smoothly [175)]. Nitroolefins are excellent
Michael-acceptors and react with many types of nucleophilic reagents. Although alkyllithiums can be added to
some nitroolefins with satisfactory yields [176-178] the addition of lithium cuprates has been far less successful

{179, 180]. This may be due to the high reaciivity of the resuliing Liihium nitronaies obiained afier addition,
which polymerizes the starting nitroolefin. In strong contrast, copper-zinc organometallics add to a range of

nitrnanlafine affarding nalufiinatianal nitra Anmnannde wi ith avrallant viald Aavractinal tha intarmadintas
HILTUUICLILD allvluliyg pulyldiivuviial niuo “uULLpyU unags wiui CXCCucht iC1Gs. il Dllllél], il HCrincadia]
zinc-copper nitronates can be readily oxidized with ozone, affording polyfunctional ketones, such as 53 [181]
The nresence of a leavino oroun in the B.nogition relative tn the nitro oroun allowe the nranaratinn of
X 1in vauvllvv L s AVu'Allb bl\l\ny iz LA lJ\Jull.lull AWIERvE YW VW LAIN ALAvL NS 6|Uurl CRLIEAVYY T LLIN Hl\/yulull\lll AV
nitroolefing (Scheme 73) [181], A rapid synthesis of the nitrotriene 54 can be achieved by the addition of a
dienyl zinc-copper reagent to B-phenylsulfonylnitroethylene, this compound is efficiently cychsed on silica gel
t nravida ctarancnarifically tha hinrunlisc nitra Aarivativa 88 (Crhama 721 T1R11 _Tignhgtitn tranlafing ara
v }JXUVIU\' JLVL\(UJF&UIIIM“II Ll Ul\/]\«llb LIV GLvil YAl Yy o7 \u\all\alll\.z I;l} llulj I.) LZ1ouuoUt UU IIILIUUI i ailv
difficult to prepare by a nitro-aldol reaction due to the reversibility of this reaction, however, Denmark has
Aeavalaned an inoenione evnthecic nf thece malecnlece ncino the additinn af nalufuinctinnal 7inc_~rAannar
AS A v\.rl\.ltl\(u Qau Lll&vlllvud J) LI DS Vi LilWwoWw 11V LIWwWw WO uollle Lilv oavuivivi v TJdiIvuIviIQAl L1111y \"UPPVI
organometallics to a nitroolefin followed by a phenylselenation and oxidative elimination [182]
3 . THF P ™ NO.,
+ ~FTTNO, -
Cu(CN)zni 20 °C .
wiN
94%
NO. CO.£t
2 1)0°C,4h
o~ COEt + F,J\/\ co 2% 0, -78°C ) o}
Me s L
2
k,CU(CN)Zm va 2 Ma.S )kv/\ P
~ vie Anl kil T UUZMQ
Me
53:87%  Me
. NO,
A Ve A No,  IHF M S0, hexane H/\r
+ PhSO o o
[ CulCNYZni 2 -65°C '\/\/Noz 25°C,4h \(X
N SIS e /
54 55:85%
Scheme 73
Acetylenic esters are excellent Michael-acceptors and zinc-copper reagents add f_:fﬁciemly By performing the
addition to ethyl propiolate at low temperature, only the (E)-unsaturated esters are obtained, e. g. 56 (Scheme
74). On warming up, a loss of the stereochemistry of the intermediate ot-ca rbethoxvalkenvlcooner is observed.
By performing the .cactio.. in t.h.c presence of chlo ot__r!mcthv!sﬂa e a stereochemically pure a-silylated
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I e 1 gh tylenic esters does not proceed at low
temperature and the reaction mixture must be allowc,d to warm up. Thls usuallv results in isomerization of the
alkenylcopper and produces a mixture of unsaturated E/Z esters [114]. Other acetylenic carboxylic
derivatives, such as dimethyl acetylenedicarboxylate or propiolamide, similarly add zinc-copper compounds

(Scheme 74) [15].

_ CO,Et
H—=- CO,Et
e (NS
{0 G, 1410 h
_COLEL l 56: 95 % (100% B)
CO,Et
K/CU(CN)ZH' ! H-—==-CO,Et , TMSCI [ -
SiMe,
22°C,18h Y
CO,Et

§7:91 % (100 % E)
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This new cychzatlon method has been apphed by Crlmmms to prepare a precursor of (+)- 1lobahd e [185]. The
addition of functionalized copper-zinc reagents to less activated alkynes can be achieved by treating the zinc
species with Me2Cu(CN)Li2 [186-187]. Thus, the addition to 1-thiomethylalkynes produces polyfunctional
trisubstituted alkenylthioethers [186]. The addition to non-activated alkynes is not possible, but acetylene itself
adds secondary polyfunctional zinc-copper reagents and after iodolysis affords (Z)-alkenyl iodides in fair yield
(Scheme 75) [186]. By performing the reaction intramolecularly, the addition to a disubstituted alkyne can be
achieved, this allows the steroselective preparation of cyclopentane derivatives in a satisfactory yield [186].
Substituted zinc malonates can be added to non-activated alkynes providing J3,y-unsaturated malonates [188].

1) EtCu(CN)ZnEt - 2LiCl Et, /—//

Bu—=—— SMe =
2) A Br Bu SMe
74%
1) RCu(CNj)Li - ZnMe,
2)1, R
R = EtO,C(CH,);CH(Pent) : 66 %
1 Cu(CN)Li - ZnMe,
~ B ~ B CO,Et ~—
% Zn % /L\/ Br W
N e N 3 ~ N 1 '
Q 0 2) Me,Cu(CN)Li, Q0 Q" O B COEt

Scheme 75

3.2.2. Palladium and nickel catalyzed reactions

Negishi demonstrated 20 years ago that various organozinc derivatives can be coupled with aryl, heteroaryl,
alkenyl, and acyl halides in the presence of catalytic amounts of palladium(0) salts [189-194]. This cross-
coupling reactions combines the reasonable reactivity of the zinc organometallic with a broad functional group

rion nnn1

tolerance and has found numerous synmenc appllcatlons r’myruncuonal zinc reagents [18Y-2U8] oearing

e J—— F10L ANET 11 151

groups such as a silylated acetylene {194], alkenylsilane [156-205], allylsilane [205], 1-alkoxy-: e“y‘}ene [197]
polythiopene [198], various substituted aromatic rings [199, 204] or heterocyclic rings [200-203], ester [189,
208}, nitrile, ketone, protected ¢i-aminoester, stannane [208] or boronic ester [209-211] have been used.
Polyfunctional allylic zinc compounds have been used in elegant preparations of a range of heterocyclic and
carbocyclic compounds (Scheme 76) [212-216]. The cross-coupling of zinc homoenolates with aromatic or

alkenyl halides proceeds well using bis-(tri-o-tolylphosphine)palladium(ll) dichloride as a catalyst (Scheme 76)
[217]. Recently, some other catalysts such as PdC12(dppf) [218] and bis-(tri-o-furylphosphine)palladium(II)
dichloride [219] have been reported. These new complexes having loosely bound phosphines ligands give
excellent results. Besides unsaturated halides, alkenyl and aryl triflates can be used [220, 221]. This is
especially advantageous when the starting triflate is readily available [61].
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osn O  1)THF, 25°C Fh o,
+ Me
ZnBr m)j\ 2) Pd(PPhy), cat.
F 85 °C, 16 h N\
83%
Br
@( PACl,(0-TolgP), cat oY
Me\/K) o g CO:Et ) ve ) oo
T s o
il Y in mr, 20 'V i
O 49
o]
? OTt  pd(PPhy), cat i I
3l4 AN
Dh/u\/\/znl + )\m P Ph Bu
Lkl -~ [= 7] 4u "L, 1n
67 %
Scheme 76
L A bl mea AL ~ 2! D -0 .l L. 1. 0 . tay. L B T T I SR ) | 1 1
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with acid chlorides in the presence of a palladium(0) catalyst gives the C2-C3-syn products of type 60 (Scheme
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glutamic acids. Zinc insertion in the carbon-iodine bond fo palladium(0) catalyzed coupling with
aromatic iodides furnished the expected 3- and y-aminoacids (Scheme 78) [223].
70 NHBoc .l/‘\ PdCl(0-Tol,P), cat |/\ CO,Bn
H +
CO,Bn L N/J\ By DMAC / PhH l\ NM NLD A~
“ nnove
35-40 °C
iz 61:59%
A~ zn A~ Pdy(dba); / Po-Tol) A
R co,Me 1zn” Y17 coMe @/ YV ico,Me
NHBoc NHBoc 72\ AL NHBoc
ozN—@>—l O,N
o n=1:89%
n=2:80%

Scheme 78

Functionalized heteroaromatic zinc reagents have also been used for the preparation of complex molecules, like
camptothecin, by a palladium catalyzed cross-coupling reaction (Scheme 79) [224].
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Et._ OMOM K @J\gj ) ovom (T A Coue
;[; THF, -90 to -78 °C 2 U\UJ\ (OIC)I‘/N OMe
a NOTO)

[
) 2) ZnCl,, -78 °C to 1t ) : N2
eO/j\N/kCI ) ZnCly o PSR Pd(0) cat \K

MeO” ‘N ZnCi THF 88 °C

Camptothecin

Scheme 79

5 % Pd(PPhg),
Phl + H—==—2ZnBr H—=——Fh
22°C, THF,1h

98%
Scheme 80

Recently, Rossi has made use of the cross—coupling reaction of (Z)-2,3-dibromopropenoates and alkylzinc
chlorides catalyzed by pailadium(0). Th es‘ui‘ting products are precursors of 5-substituted (E)-3-ylidene-3H-

furan-2-ones via a palladium-catalyzed cyclisation (Scheme 81) [226].
1 -~ S— -~ 1 2 [}
Br Pd(PPhy), cat. R tA—=-zmci R P HoQ
K/Bf + R-ZnCi - Br Y Z — . Mn
I . i [ RY b
CO,Me THF, 20 °C CO,Me Pd(PPhy), cat COMe \.—_—.( .
R' = alkyl, aryl R
Scheme 81

Alkenylzinc reagents prepared by a titanium catalyzed hydrozincation undergo palladium cross-coupling
reactions with various aryl or alkenyl iodides (Scheme 82) [227].

N NN ‘s . o rali¥| D
Lig* 2Lin H X TR Ve b
P—="P —ta — - / \
CppTiClp cat. p’  py Pd(O)cat.  Pr— S CeHig
67%
Scheme 82
A novel use of geminal bimetallic reagents has been described by Utimoto and Matsubara, thr,hy

bis(iodozmc)methane is able to undergo two sequential couplings with different electrophiles [228]. For

instance, CH3CH(Znl)2 can react under palladmm cataly sis with cinnamyl chloride to give the alkyl zinc 1od1de

reagent 62. Subsequent transmetallation to copper and reaction with allyl bromide gives diene 63 in 66 % yield
(Scheme 83) [228].

Zni =
Pd,(db: 1) CuCN/LICN
CHiCH@En, + P~ O T2 PR~ o, et U Ph\//’\/(;

F.C I ~ or 3
T3V & /\/Ul

N\
Uzp 2 63:66 %
Fac/
Scheme 83

The addition of organometallics to internal alkynes seldom occurs and usually proceeds with moderate
stereoselectivity. In the presence of Ni(acac)) it is possibie to add diorganozincs to substituted
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phenyiacetylenes The reaction occurs with high stereoselectivity (>99 % syn-addition) and is in many cases
1gmy reglosclccuve The resuiting alkenyizinc organometallics can be trapped with several types of

Pent,Zn Pent, H

Me—==—Fh >——<—
THF / NMP Me -
Ni(acac), (25 mol%)

Fh
-35°C,20h 67%; E:Z>99:1

P

i) Epdn, THF / NMP /
Ni(acac), (25 mol%) Et
Ph Ph . = CO,Et
2) CuCN « 2 LiCl

!

3 ?OzEt
/\/57 71%, E:Z2>99:1

HUI'MezN (&)
DEZOTHEINMP e ﬂznera L
INIacac jp {20 M /o) ML '
Et —==—PFh >=< = = \—/U
-35°C,3h & ph Pd(dba), (4 mai%) Ph
2) 1, THF, 50 °C, 3h )——{—
(o-furyl)aP (16 mol%) Et Ph
2) HCI
88%; Z2:E>99:1 64: 77 %
Scheme 85

In the presenc of atal mount ckel(O) catalyst, organozinc halides add to alkynes and undergo a

) Ph
Ph H PhyZn / PhZnCl p H
| Y .
Ni(COD), 5 moi% Ph
N

One problem remaining to be solved in organic synthesis is an efficiently method for Csp3-Csp3 cross-coupling
reactions using catalytic amounts of a transition metal. Whereas, organocuprates allow cross-couplings with
stoichiometric amount of copper(I) organometallics, the use of catalytic amounts of a transition metal salt for
performing these reactions remains a challenge. The difficulty is the reductive coupling step, which is slow with
saturated organometallic intermediates such as R1-M-R2. By removing electron density from the metal center,
such a reductive elimination should be easier [231-233]. It was observed that whereas the unsaturated alkyl
bromide 65 undergoes a smooth cross-coupling reaction with EtoZn in the presence of Ni(acac)? leading to 66,
the corresponding saturated alkyl bromide 67 does not undergo the cross-coupling reaction but instead produces
the bromide-zinc exchange product 68 (Scheme 87) [234].

L fAA e/ TLIE
w2V Mi7e}, 191

Ni(acac), (7.5 mol%)

o By
+ EixZn
Bf/\/\’/ o -35°C, 4-18 h EtW
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Lil {20 mol%), THF

[ = . - . -
Bu Ni(acac), (7.5 mol%) [
-/\)\.Me + EtZn o Ao i o N J\ ,Me
Br -35W25°C, 18h Xzn” T~
67 68:85%
Scheme 87
This behaviour can be rationalized by assuming that the remote double bond coordinates to the nickel center.
Although a double bond bounded to a metal center behaves as a m-donor, it acts also as a ®-acceptor and
therefore removes electron density from the metal center facilitating the reductive coupling reaction. If the
coordination of the double bond is too loose or prohibited by steric hindrance, the reductive elimination does
not occur, but instead a ligand exchange reaction occurs leading to the transmetalation product [227]. The

synthetic applications can be extended by using the polar cosolvent N-methylpyrrolidinone (NMP) which
allows a variety of polyfunctional zinc organometallics to be coupled with alkyl iodides bearing a remote
double bond, like 69, giving the desired cross-coupling products (Scheme 88) [234].

THF/NMP (2/1)
lifanan) {7 E mator) N coLE

//\'///\ i’ Sk Ik‘llu\cﬂ\-v 1.3 HIIVA /6, * L i §
k/ +  (AcO(CHg)5)Zn —— - K/\/\z/\
: 2 -35°C,15h OAc

3.2.3. Cobalt, iron and manganese catalyzed reactions

The reaction of cobalt(II) salts with organolithiums or -magnesiums leads to a fast decomposition even at low
temperature giving homo-coupling products. These transmetalations have therefore found limited applications
in organic synthesis [235]. It was recently found that the reaction of organozinc compounds with cobalt(II)
bromide in mixtures of ether and NMP produces blue solutions of organocobalt intermediates which have a
half-life time of ca. 40 min at -10 °C. Similarly, the reaction of iron(III) chloride with diorganozincs furnishes a
grey solution of an organometallic species having an even longer half-life time (2.5 h at -10 °C). These new
transition metal organometallics have interesting synthetic properties and organocobalt species prepared in this
way undergo a smooth carbonylation at 25 °C furnishing symmetrical ketones in moderate to good yields [236].
Thus, starting from B-pinene, a C2-symmetrical ketone is obtained in 48 % overall yield {Scheme 89) [236].

\ CoBry ( (1.5 equiv)
@( 1) BHy» Me,S @’72 Zn _ CObunbling . )J\/@
——eer
2) Et,Zn THF / NMP
0t025°C,3h
p-pinene >95% 48%
Scheme 89

Not only are stoichiometric reactions mediated by CoBr2 possible but catalytic reactions can be also performed.
The acylation of diorganozincs with acid chlorides in the presence of CoBr72 (10 mol %) is a very rapid reaction
in NMP / ether mixtures furnishing unsymmetrical ketones (Scheme 90) [237]. Allylic chlorides react with

organozinc halides or diorganozincs in the presence of catalytic amounts of CoBr2 [237]. These reactions lead
to the SN2-cross-coupling product with retention of the stereochemistry of the double bond. The reaction

KPR | SN £ SR DY SRR | T ISR TR MRSy o I IRENUNPIEY o ¥ a AN o
proceeﬂs equauy WeEIl Wil allyle pnospnaies (OCNeine Jv) [4517].
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1) EtpZn, 55 °C
| 2) CoBry, ether / NMP
P PN -l Pt PN ~
PivO~ ~ PivO™ ™ ™ " Hept
3) HeptCOCI, -10°C, 0.5 h

=0

78 %
/J%_/’\ c J\\\/ PV e e
. (
| CoBr, (10 mol%) |
THF,-10°C, 1 h
90 ‘7’0; > 98 %E
| |
) Pent,Zn ™
L\ _— N
l Gl CoBr; (10 mol%) |
THF,-10°C,1h

90 %; > 98 %Z
Scheme 90

The transmetalation of zinc organometallics with manganese(ll) salts does not produce functionalized
organomanganese compounds. However, unsaturated alkyl bromides in the presence of Et2Zn and a mixed

metal salt system made of copper(I) chloride / manganese(II) bromide [238], give cyclization products in
satisfactory yields (Scheme 91) {57, 239].
o}

)I\/\/\ B Et,Zn
k,) MnBr, cat, CuCl cat

DMPU, 60°C, 0.5 h

3

82%
Scheme 91

4. Asymmetric reactions mediated by zinc organometallic reagents
It has been shown that diethylzinc can be added to aldehydes in the presence of chiral catalysts with high
enantioselectivity (Scheme 92) [32, 240-260]. Fu has also recently reported the high enantioselective catalytic

re-

asymmetric addition of diphenylzinc to ketones (Scheme 92) [261].

OH
chiral
RIC(O)R? + R%zZn REgh R3
catalyst R!
RZ=H, R%*=Et high enantioselectivity
R2£H,R?=Ph
Ar, Ar Me Me

NHSO,CF

Me Oj)\OH \&(Me Bu,N OH r\r 2CF3
>< e, _OH OH H) ‘{""H N

Me 07" A Me Ph NHSO,CF;

Catalysts: TADDOL (-)-DIAB ] n
Scheme 92

The addition of diorganozincs other than diethyizinc, especially functionaiized organometailics, to carbonyi

compounds is of great synthetic interest. Since diethylzinc is among the most reactive Organozinc reage

use of a very active catalyst is essential if higher dialkylzincs or functionalized zinc reagents are to be used.
. I

Veailkiole amd Nhan 7411 and Qashanh 747 _2&0 fannd that the additinn of titaninm alkavidec tn chiral lioandc
Y OSNIOKA aild viiiio [ £4 1§ dalilG SCCualll [474-40U ) 1UULIU Uldl LT aUUIiul Ut ULdiiiuiil aifUALIULS WU Vil Hpaius
mradiieag fitaninm comnlavece nf verv hioh ecatalvtie activitv which allow the addition of diethvlzine to various
PIUUL‘L\’D witaniiuanie L/\Jllltll\a/\\td Vi VVI] llléll \r“tul) VIV QWi Vivy YV RLILAE QUEIWUEY o QRARSaaoal A Realitag g 2L ARE RS L (W4 Y
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aldehydes with high enantioselectivity and very mild conditions. These active catalysts also allow the addition
of higher dialkyizincs or polyfunctional zinc reagents. Seebach found that the transmetalations of alkenyl
magnesium hahdes w1th zinc chloride in cther followed by the addition of 1,4-dioxane constitutes a convenient

£1 A 1

/izincs [246]. A few functionalized dialkyizincs can be obtained by

H R 3 o o TS £ T ATYIYAT o tal

yaes in tne presence of TADDOL with h‘gn enanuosmecuvnty

u 10 WS
a more efﬁclent transfer of the organic m01etv to the aldehvde since by using dia lkylzmcs no more ha e of
the two organic groups is transferred to the aldehyde [249].

OH
O’Aj P\’ = TADDOL (0.1 equiv) F‘h/\/\
; 2 4+ PhCHO
o~ ether, Ti(O/-P (12 6quV)  Meg™ ™ 0"
781-30°C
68 %; 84 %os0
TAMMAL gH
I ADUUL
—_— e - =
Ph CHO + (Mzzn ether, Ti(Oi -Pr), 4’
-30 °C Ph
78 %; 96 %08
Calhamaa O
DULHCLHIIC 70

d o

polyfuncnonal zinc organometalhcs The reagents obtained in this way have found extensive applications in
asymmetric additions to aldehydes (Scheme 94) [256-260, 262-267]. The bis-triflamide 71 is an excellent
catalyst for these reactions and allows large structural variations of the substrates. The enantioselectivities are
good for aromatic or aliphatic aldehydes. o,B-Unsaturated o.-bromoaldehydes react well and allow the
preparation of a broad range of polyfunctional allylic alcohols with high enantioselectivity (Scheme 94) [266].
In the absence of the oi-bromine, it is possible to obtain excellent enantioselectivities by replacing the cocatalyst
Ti(Oi-Pr)4 by Ti(Ot-Bu)4 [257].

1) HBEt, RCHO, toluene OH
RACHE Zn
FG-RTX FG-R py ; A~
2) Et,Zn 2 Ti(Oi-Pr)y, -30°C  FG-R R
71: 8 mol% high enantioselectivity
A~ ELZn / \ RCHO, toluene
FG-R™ (FG.R n ——— R
-EH S Ti-Pn, a0°c  FGRTY
71: 8 moi%
high enantioselectivity
OH
CHO
Br oW (o P) 20 °C P J
i-Pr)g, -
Ny B pvo
l I QM7

88 %; > 96 %oe
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CHO
TPOS  om s~~~ Me,Zn, Ti(Ot -Bu), OO Pho A~ Me
. -20°C 71: 8 mol% -20°C oH
79 %; 92 %ee 66 %; 89 %e0
(With THOI -Pr)y; 94 %; 55 %ee ) (ith Ti(OI -Pr),; 97 %; 25 %ee)

Scheme 94

By using a-alkoxyaldehydes, epoxides can be obtained with good enantioselectivities (Scheme 95) [262].
Applications to the synthesis of natural products have been reported. Thus, the addition of bis-(5-
bromopentyl)zinc prepared via a boron-zinc transmetalation to the long-chain aldehyde 72 provides the bromo-
aicohol 73 with 92 % ee (Scheme 95). Alkyiation of this bromide with BupCu(CN)Lip produces 10-
nonacosanol (ginnol, 74) in three steps (61 % yield and 92 % ee) [37, 110].

fo) 1) toluene, Ti(Oi -Pr),,
I ™ 0ohe -20°C; 71: 8 mol% OHG
+
TIPSO ™>""H K/)L 2) TBDPSCI Aco\/\)
2 &0 3) CF4CO,H
4) PCC £0 5 ovarall vield
U /o uvoian y -1 ¥
91 %ee
1) toluene, Ti(O/ -Pr),, Pa
H Pi -20 °C; 71: 8 mol%
TIPSO Y+ R : P'VO\D
o Zn 2) Buy,NF !
2 3) NaH, N-tosylimidazoie

38 % overall yield
93 %ee

PCC on SO, (Br(CHz)QQZ" - /'\/\

CgHagCH,OH e G 0HagCHO V197139
19T CH,Cly, 25 °C 19739 Ti(Oi -Pr),, ether Br )
0°C,12h b
4 NHTf . 5000 G0 O A
72:94 % 73: 69 %; 92 Yo
“ NHTH
OH 71: 8 moi% OH
1 . 1
Cas“ssM Bu,Cu(CN)Liy W
Bf\/ WW\ Me Me/\/

74:95%; 92 %
61 9 guarall viald
§1 % ovsrall yield

Scheme 95
A drawback of this last method is the requirement of large amounts of the functionalized diorganozinc (2-3
equiv). This problem can be solved by using the mixed zinc reagents FG-R-ZnCH2SiMe3. In this case only a
small excess (0.8 equiv of (FG-R)2Zn; 1.6 equiv of FG-R-groups) is necessary and high enantioselectivities are

still obtained (Scheme 96) [88].
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“ NHTf
71: 15moi%

Scheme 96

Recently, the Simmons-Smith reagent has found renewed interest, either for conversion of B-keto esters to y-

keto esters [268], or in the stereoselective cyclopropanation of allylic alcohols. Thus, the cyclopropanation of
allylic alcohols with zinc carbenoids (Zn(CH2I)2) has made significant progress [269] and has found useful

armemlinnti s ter st cob nermib ool QLo NI\ TAMINT
dpPpLILaliVLy 1l Le wurai P UUuLl byllult:blb WUIKINe ¥/) {£/U].
R' R¢ 1) E4,Zn / CH;Cl,, -10 °C R' OH
N 2) CHEDIQ, -10°C e ’l>/'\n“
RS 3)-10°Ctort e
75-98%
syn: anti6-200: 1
Scheme 97
This highly enantioselective method has been used to prepare chiral polycyclopropanic compounds which are
important intermediates for the preparation of biologically active Tn‘lec-ules, in the presence of a chiral
dioxaborolane ligand (Scheme 98) [271]
Zn(CH,l),
HO™ A OH - ‘\<i\/ OH
Me,NOG,  CONMe,
0. .0 98 %
g
Bu
HO. Zn(CH,l)p, DME, CH,Cl,  HO_ N
X AT &th 2b)2 FAS V/D'/'\V/D(/\UH
Me,NOG  CONMe,
\ 90 %
“gr” (22equiv)
E.u
Crhoam

The method has been extended to other zinc carbenoids like (CH3CHI)2Zn allowing the diastereo- and
enantioselective preparation of cyclopropanes (Scheme 99) [272].

Me
~ Zn(CH()Me),, CHCly 1
/\/\
Ph OH [V XTeYel OONR — A"'., ~OH
WIS HINUL LUiivigy Ph° i
O. 50 95 %se (> 98 % de)
Bu

Scheme 99

[ leie B!

Recently Aggarwal has utilised the Simmons-Smith reagent in a novel epoxidation procedure [273]. Treatment
of EtZnCH2Cl with tetrahydrothiophene and an aldehyde results in formation of a sulfur ylid in situ, this in turn
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5 1
84 %

Scheme 100

The epoxide 75 derived from phenylalanine is extremely important as it is a key intermediate in the synthesis of

many HIV protease inhibitors. In this case, this novel methodology avoids the previously reported racemization
that occurs in the ylide epoxidation process.

expeditive access to numerous polyfuncnonal molecules Thc hlgh f nctional group compatibility allows a
unique diversity for zinc organometallic reagent. After transmetalation by the addition of catalytic quantities o
transition metal salts like Cu(I), Pd(II), Ni(II), Co(II), Co(II), Fe(Il), Mn(II) smooth reactions can usually be
obtained. The applications of organozinc compounds range from asymmetric synthesis, the preparation of
biologically relevant molecules and new materials to combinatorial chemistry. It can be predicted that a broader
range of applications will be developed in the future.

=~

Acknowledgements

The authors thank the Leibniz programm for generous financial support and Mrs. Birgit Schmidt for typing this
amiioneiemt Tesnew T Adeoonian MDacenn sthananlin thin Alacnee Ao 2rmem ) & PRUNE Ny PO TR Aol e Lo L 11 LWL L1 T

Manuscript. juaii J. AINCHd reica Uidliks> Uic ﬂlCRdIIUCl YUII [1UIMooit ruuuuauuu 101 d1 llUWb"lp rnmp JOTES

thaonlkc tha Raval Qaniaty far an award nndar the Furanean Crianca Fvohangoas Drnoram

taiing uiv L\U‘Y al ULt 1VLI 4all avadiu uliuvi uie uuxuyvau DLIVIILG LLAVILA Isb 1 IUEI alli.

n Frankland, E. Liebigs Ann. 1849, 71, 171-213.

12] Simmons, H. E.; Cairns, T. L.; Vladuchick, A.; Hoiness, C. M. Org. React. 1972, 20, 1-131.

[3]  Fiirstner, A. Synthesis, 1989, 571-590.

[4] Lipshutz, B. H.; Sengupta, S. Org. React. 1992, 41, 135-631.

{5]  Weidmann, B.; Seebach, D. Angew. Chem. 1983, 95, 12-26; Angew. Chem., Int. Ed. Engl. 1983, 22, 31-

45,
Negishi, E. Acc. Chem. Res. 1982, 15, 340-3438.
Knochel, P.; Yeh, M. C. P.; Berk, S. C.; Talbert, J. J. Org. Chem. 1988, 53, 2350-2392.

—
[=))
[t



8310

—_— o —
—

~J

e bed o] hd el b

[SOJ SR R
b = OO O oD

-
[N
L8]

e

P. Knochel et al. / Tetrahedron 54 (1998) 8275-8319

Appl. Chem. 1992, 64, 36‘1—369.

. --1L.1 . . . Y /1 n ANND NI Ma4 4= mann

RADOCNEI, . SINgEr, K. Cnem. Kev. 1993, Y3, 211/-2188

Yeh, M. C. P.; Chen, H. G.; Knochel, P. Org. Synth. 1991, 70, 195-203.

Knochel, P.; Rozema, M. J.; Tucker, C. E. in A Practical Approach-Organocopper Reagents
(Ed.:Taylor, R. J. K.), Oxford University Press 1993, pp. 85-104.

Stadtmiiller, H.; Grevc B.; Lennick, K.; Chau, A.; Knochel, P. Synthesis 1995, 69-72

hesis 5 72.
Berk, S. C,; Yeh M. C. P; Jeong, N.; Knochel, P. Organometallics 1990, 9, 3053-3064.
Majid, T. N.; Knochel, P. Tetrahedron Lett. 1990, 31, 4413-4416.
Knoess, H. P.; Furlong, M. T.; Rozema, M. J.; Knochel, P. J. Org. Chem. 1991, 56, 5974-5978.
(a) JanakiramRao, C.; Knochel, P. J. Org. Chem. 1991, 56, 4593-4596. (b) Janakiram, C.; Knochel, P.
Tetrahedron 1993, 49, 29-48.
Stevenson, T.; Prasad, B.; Citineni, J.; Knochel, P. Tetrahedron Lett. 1996, 37, 8375-8378.
Zhu, L.; Wehmeyer, R. M.; Rieke, R. D. J. Org. Chem. 1991, 56, 1445-1453.
Rieke, R. D. ?cience 1989, 246, 1260-1264.

Hanson, M. V; Rieke, R. D. J. Am. Chem. Soc. 1995, 117, 10775-10776.
Sakamoto, T Kondo Y.; Murata, N.; Yamanaka, H. Tetrahedron 1993, 49, 9713-9720.
Prasad, A. S. B.; Stevenson, T. M,; Citineni, J. R.; Nyzam, V.; Knochel, P. Tetrahedron 1997, 53 ,

7237-7254,

(a) Dunn, M. J.; Jackson, R. F. W.; Pietruszka, J.; Wishar .; Ellis, D.;Wythes, M. 1. Synlert, 19
499-500; (b) Jdckson R F. W Wlshart N.; Wythes, M. J Synlett 1993, 219-220. (¢) Dunn, M.
Jackson, R. F. W_; Pietruszka, J., Turner, D. J. Org. Chem. 1995, 60, 2210-2215.

Malan, C.; Morin, C. Synlett 1996, 167-168.

Stadtmiiller, H.; Lentz, R.; Dorner, W.; Stildemann, T.; Tucker, C. E.; Knochel, P. J. Am. Chem. Soc.
1993, 115, 7027-7028.

Stadtmiiller, H.; Tucker , C. E.; Vaupel, A.; Knochel, P. Tetrahedron Lett. 1993, 34, 7911-7914.
Vaupel, A.; Knochel, P. Tetrahedron Lett. 1994, 35, 8349-8352.

Vaupel, A.; Knochel, P. letrahedron Lert. 1995, 36, 231-232.

Stadtmiiller, H.; Knochel, P. Synlett 1995, 463-464.
Stadtmiiller, H.; Vaupel, A.; Tucker, C. E.; Stiidemann, T.; Knochel, P. Chem. Eur. J. 1996, 2, 1204-

Knochel, P. Synlerr 1995, 393-403.
Soai, K.; Niwa, S. Chem. Rev. 1992, 92, 833-856.

Knochel, P.; Vettel, S.; Eisenberg, C. Appl. Organomet. Chem. 1995, 9, 175-188.

(a) Rozema, M. I.; AchyuthaRao, S.; Knochel, P. J. Org. Chem. 1992, 57, 1956-1958. (b) Rozema, M.

J.; Eisenberg, C.; Liitjens, H.; Ostwald, R.; Belyk, K.; Knochel, P. Tetrahedron Lett. 1993, 34, 3115-

3118.

Micouin, L.; Knochel, P. Synlett 1997, 327-328.

(a) Langer, F.; Waas, J. R.; Knochel, P. Tetrahedron Lett. 1993, 34, 5261-5264. (b) Langer, F;

Devasagayaraj, A.; Chavant, P.-Y.; Knochel, P. Synletr 1994, 410-412.

Schwink, L.; Knochel, P. Tetrahedron Lett. 1994, 35, 9007-9010.

Devasagayaraj, A.; Schwink, L.; Knochel, P. J. Org. Chem. 1995, 60, 33

Longeau A.; Langer, F.; Knochel, P. Tetrahedron Lett. 1996, 37, 2209-2
1]

Cohwinl T « Navacagavaratr A « (Chavant D _V ¢« Wnacha
(o Ny L U\/Vaaas maJ Va0 , wAiavality 1.7 1., INIIULLIV

.; Knoess, H. P,; Berger, S.; Knochel, P. Tetrahedron 1994, 50,



P. Knochel et al. / Tetrahedron 54 (1998) 8275-8319 8311

Oestreich, M.; Micouin, L.; Knochel, P. Angew. Chem. 1997, 109, 274-276; Angew. Chem., Int. Ed.
Engl. 1997, 36, 245-246.
Darcel, C.; Flachsmann, F.; Knochel, P. J. Chem. Soc., Chem. Commun. 1998, 205-209.
" #- A 1 Ve
1 18]

.SV aupei, A.; Anocnel, r. 1elranearor Lett (b) Veitel, S.; Vaupt:l, A,
Knochel, P. J. Org. Chem. 1996, 61, 7471-7481
(a) Mukhopadhyay, T.; erav'.h. D. Helv. Chim. Acta 1982, 65, 385-391. (b) Seebach, D.; Beck, A K ;
Mukhopadhyay T.; Thomas, E. Helv. Chim. Acta 1982, 65, 1101-1133

Jubert, C.; Knochel, P. J. Org. Chem. 1992, 57, 5425-5431.

Tucker, C. E.; Majid, T. N.; Knochel, P. J. Am. Chem. Soc. 1992, 114, 3983-3985.

Rozema, M. J.; Rajagopal, D.; Tucker, C. E.; Knochel, P. J. Organomet. Chem. 1992, 438, 11-27.

Anderson, B. A.; Harn, N. K. Synthesis 1996, 583-585.

Superchi, S.; Sotomayor, N.; Miao, G.; Joseph, B.; Snieckus, V. Tetrahedron Lett. 1996, 37, 6057-6060.

(a) Lorthiois, E.; Marek, I.; Normant, J. F. Tetrahedron Lett. 1997, 38, 85-88; (b) Karoyan, P.;

Chassaing, G. Tetrahedron Lett. 1997, 38, 85-88.

Nakamura, E.; Kubota, K. J. Org. Chem. 1997, 62, 792-79
1-

3.
Kubota, K.; Nakamura, E. Angew. Chem. 1997, 109, 2581-2583, Angew. Chem., Int. Ed. Engl. 1997, 36,

2401_74Q7

LAF1-4485 3.

(a2 Iehikawa T Fuiiwara M - Nawata H * Obkanchi T - Minam: T otvahodran Torr 1006 37 R700_
Q) ALILRGWQ, vy D wjawala, iVi., ivawaia, 1., Wwhaullil, 1., iYaaAill, 1. 487UNReGIron s.8ii. a5>3, 3/, G177
8802; (b) Wipf, P.; Xu, W. J. Org. Chem. 199, 61, 655-6562.

(a)Tamaru, Y.; Tanaka, A.; Yasui, K.; Goto, S.; Tanaka, S. Angew. Chem. 1995, 107, 862-864; Angew.
Chem., Int. Ed. Engl. 1995, 34, 787-789; (b) Shimizu, M.; Kimura, M.; Tanaka, S.; Tamaru, Y.
Tetrahedron Lett. 1998, 39, 609-612.

Gosmini, C.; Lasry, S.; Nedelec, J.-Y.; Perichon, J. Tetrahedron 1998, 54, 1289-1298.

Riguet, E.; Klement, L.; Reddy, K. C.; Cahiez, G.; Knochel, P. Tetrahedron Lett. 1996, 37, 5865-5868.
(a) Tiickmantel, W.; Oshima, K.; Nozaki, H. Chem. Ber. 1986, 119, 1581-1593 (b) Fabicon, R. M,;
Pajerski, A. D.; Richey, Jr., H. G. J. Am. Chem. Soc. 1991, 113, 1412-1414 and 6680-6681 (c) Purdy, A
P.; George, C. F. Organometallics 1992, 11, 1955-1959.

isobe, M.; Kondo, S.; Nagasawa, N.; Goto, T. Chem. Lern. 1977, 679-68!

(a) Kjonaas, R. A.; Hoffer, R. K. J. Org. Chem. 1988, 53, 4133-4135. (b) Kjonaas, R. A.; Vawter, E. I.

T N ML 100L 571 20072_2004
Jo. T e, LJ00, Vi, 7702770
(a) Tancen T F (3 A - Ferinaa R 1 Totrahodron T 2t+ 1R 2 2A802.2850A (h) Tancen T F (G A -
(a) Jansen, I. F. G. A,; Feringa, B. L. Tetrahedron Lett. 1988, 29, 3593-3596 (b) Jansen, J.F. G. A;
Feringa, B. L. J. Chem., Soc. Chem. Commun. 1989 741-742 (c) Jansen, J. F. G. A,; Feringa, B. L. J.

Secbach, D., Lcmger, W. Helv. Chzm. Acta, 1979, 62, 1701-1709 and 1710-1722.

Harada, T.; Hattori, K.; Katsuhira, T.; Oku, A. Tetrahedron Lett. 1989, 30, 6035-6038 and 6039-6040.
(a) Harada, T.; Hara, D.; Hattori, K.; Oku, A. Tetrahedron Lett. 1988, 29, 3821-3824 (b) Harada, T.;
Katsuhira, T.; Hara, D.; Kotani, Y.; Maejima, K.; Kaji, R.; Oku, A. J. Org. Chem. 1993, 58, 4897-4907.
(a) Harada, T.; Kotani, Y.; Katsuhira, T.; Oku, A. Tetrahedron Lett. 1991, 32, 1573-1576 (b) Harada, T ;
Katsuhira, T.; Oku, A. J. Org. Chem. 1992, 57, 5805-5807.

(a) Harada, T.; Katsuhira, T.; Hattori, K.; Oku, A. Tetrahedron 1994, 50, 7987-8002. (b) Harada, T ;

Usada A UKll A. Tetrahedron Lett. 1995 30, /43- 724. (C) l-laracla .l l&atsumra l l-iara U li.otam

Y. Maejlma K.; Ka_]l R.; Oku, A. J. Org. Chem. 1993, 58, 4897-4907. (d) Katsuhira, T.; Harada, T.;
______ A M. ¥ Mo Nl 100 KO L1£4 L1460

lVldCJll[ld, l\ , USdUd, AL , UI\U, 1“\. Je U7 g. wrnent, 172>9, Jo, Ul1uu=ulvuo,

Harada T« Wada H-NDObn A T Nra Cham 1008 A7) §A7N_871

fiaraua, 1., vwaua, 1., \JAU, L\ J. UTg. Lkl 3750, UV, JJI1UJII i1

Harada, T.; Otani, T.; Oku, A. Tetrahedron Lett. 1997, 38, 2855-2838.

(a) Uchiyama, M.; Koike, M.; Kameda, M.; Kondo, Y.; Sakamoto, T. J. Am. Chem. Soc. 1996, 118,
8733-8734; (b) Kondo, Y.; Takazawa, N.; Yamazaki, C.; Sakamoto, T. J. Org. Chem. 1994, 59, 4717-
4718,



8312

98

P. Knochel et al. / Tetrahedron 54 (1998) 8275-8319

Houpis, I. N.; Molina, A. Dorziotis, I.; Reamer, R. A.; Volante, R. P.; Reider, P. J. Tetrahedron Lett.

1997, 38, 7131-7134.
Harada, T.; Kaneko, T.; Fujiwara, T.; Oku, A. J. Org Chem 1997 62, 8966-8967.

Vnmnbhnd T e L e I I U'A | BN . el T . O ab il O

12N IU\«“CI, r. i oo rc‘nen..uvc Urguru(, .)yruneat.s VOL. 1 (CUS.. lrU\L, D I.Vl l"lt:IIll lg, 1., DCNIciocr, 5

L), Pergamsn, Oxford, 1991, pp. 211-229

Migoinia . in The chemistry of the metal-carbon bond (eds. Hartlev. F Patai. S) Wilev New
VI1giniac 11 1€ ch stry of tnhe metai-carpon bona (€4s. Dartiey, r. K.; ratay, 3.), ey, Nev

York, 1985 Vol 3,99-141.
Knochel, P.; Normant, I. F. Tetrahedron Lett. 1984, 25, 1475-1478.

Rousseau, G.; Drouin, J. Tetrahedron 1983, 39, 2307-2310.

Knochel, P.; Normant, J.-F. Tetrahedron Lett. 1984, 25, 4383-4386.

Knochel, P.; Normant, J.-F. J. Organomet. Chem. 1986, 309, 1-23.

Dembélé, Y. A.; Belaud, C.; Hitchcock, P.; Villiéras, J. Tetrahedron: Asymmetry 1992, 3, 351-354.
Dembélé, Y. A.; Belaud, C.; Hitchcock, P.; Villiéras, J. Tetrahedron: Asymmetry 1992, 3, 511-514.
Moreau, I. L. in The Chemistry of Ketenes, Allenes and Related Compounds (ed.: Patai, S.), Wiley, New

York, 1980, Part 1, pp. 363-414.
Yamamoto, H. in Comprehensive Organic Synthesis, Vol 2 ( eds.: Trost, B. M.; Fleming, I.; Schreiber,

S. L.), Pergamon, Oxford, 19%1, pp. 81-98.
Zweifel, G.; Hahn, G. J. Org. Chem. 1984, 49 4565-4567.
Thompson, W. J.; Tucker, T. J.; chwcripg LE; Bﬂmcs,T L. Tetrahedron Lett. 1990, 31, 6819-6822

]
DeCamp, A. E.; Kawaguchi, A.
Gangloff, A. R.; Akermark, B.; Helqulst, P. J. Org. Chem. 1992, 57, 4797- 4799.
Klement, I.; Lennick, K.; Tucker, C. E.; Knochel, P. Tetrahedron Lett. 1993, 34, 4623-4626.
Reddy, C. K.; Devasagayaraj, A.; Knochel, P. Tetrahedron Lett. 1996, 37, 4495-4498.
(a) Berger, S.; Langer, F.; Lutz, C.; Knochel, P.; Mobley, T. A.; Reddy, C. K. Angew. Chem. 1997, 109,
1603-1605; Angew. Chem., Int. Ed. Engl. 1997, 36, 1496-1498; (b) Lutz, C; Knochel, P. J. Org. Chem.
1997, 62, 7895-7898.
Jones, P.; Knochel, P. J. Chem. Soc., Perkin Trans. 1,1997,311
Bronk, B. S.; Lippard, S. J.; Danheiser, R. L. Organometalilics
Kiwe, S.; Lee, J. M. Tetrahedron Lert 1990, 31, 7627-7630.

i

=Y L h A IS § PO Py [ L 100L£ 108 1077. /L Dyralsamerolen C ™. D 11T N A I N
(a) Thorn, S. N.; Gall gner, 1. oymel! 1579, 16J-167; {0) RYCANOVSKY, S. L. roweil, iv. AL J. Urg.
MNhone 10077 A7 AARN_ARAAT

LIiCiiL. R 777, UL, UTUUTUTUL

Arisawa, M_; Torisawa, Y.; Kawahara, M.; Yamanaka, M.; Nishida, A.; Nakagawa, M. J. Org. Chem

1997, 62, 4327-4329.

Koert, U.; Wagner, H.; Pidun, U. Chem. Ber. 1994, 127, 1447-1457.

Lamaty, F.; Lazaro, R.; Martinez, J. Tetrahedron Lett. 1997, 38, 3385-3386.

Almena Perea, J. J.; Ireland, T.; Knochel, P. Tetrahedron Lett. 1997, 38, 5961-5964.

(a) Klement, 1.; Liitjens, H.; Knochel, P. Tetrahedron Lett. 1995, 36, 3136-3164. (b) Chemla, F.;

Normant, J. Tetrahedron Lett. 1995, 36, 3157-3260.

Klement, I.; Knochel, P. Synlert 1995, 113-114.

Nagashima, T.; Curran, D. P. Synlett 1996, 330-332

Langer, F.; Knochel, P. Tetrahedron Lett. 1995, 3

Langer, F.; Piintener K.; Stiirmer, R.; Knochel, P.
A

Ve

Vah M (C D Knnch
101, VL, L. X

Nakamura F' Aoki

ANQGAQIIIUI R, Au.y £3UK, WDy DD

A_m Chem. Soc. 1987, 109, 8056-8066

J...._—, 1.J. 1 JUU.

Org Chem. 1987, 52, 4418-4420.

l)

ye)

4]

7om

“z

'u

’N

O

wn

E‘. - P

i ]

cD

': (Y
<~ B

S

'E.

] anshutz, B. H.; Woo, K., Gross, T., Buzard, D. J .; Tirado, R. Synlert 1997, 477-478.
] Chen, H. G.; Gage, J. L.; Barrett, S. D.; Knochel, P. Tetrahedron Lett. 1990, 31, 1829-1832.



[i44]
r1Agt

L1493]

[146]

11471
Le 7]
[148]
[149]

] Shiao, M.-J.; Chia, W.-L.; Shing, T.-L.; Chow, T. J. J. Chem. Res. (§) 1992, 2

P. Knochel et al. / Tetrahedron 54 (1998) 8275-8319 8313

Waas, J. R.; Sidduri, A.; Knochel, P. Tetrahedron Lett. 1992, 33, 3717-3720.

Eick, H.; Knochel, P. Angew. Chem. 1996, 108, 229-231; Angew. Chem., Int. Ed. Engl. 1996, 35, 218-
220

T annans ) o [ P L, | T . ML —t T Y LA 1 Y ¥ Val) ANNs T OAAN OAAA

Ldiiger, ., oCNWIIIK, L., UINdvari, r.-1.; BN0Cnei, r. J, Urg. Chem. 1990, 01, 8.2.2Y-85243.

A YThinn M T Jarkean D T W JF Mhowms Canr Mhaow: Samamsn: 1000 210 29N, /LY 7. T ni.l.. D
\@4/ L7ULiil, IVE. J.5 JAURDULL, NG 370 VYL Jo URETTL. OOUC., UHEITE. UMK, A 704, D17-24U, (D) A1, L., RKICKE, K
D. Tetrahedron Lett. 1991, 32, 2865 2868

1 Rigby,I. H; Klrova Snover M Tetrahedron Letr 1997 38, 8153- 8156

Yeh, M. C. P., Knochel, P. Tetrahedron Lett. 1989, 30, 4799-4802.

Sérensen, H.; Greene, A. E. Tetrahedron Lett. 1990, 31, 7597-7598.

Corey, E. I.; Helal, C. J. Tetrahedron Lett. 1997, 38, 7511-7514.

Piers, E.; Nagakura, I. Synth. Commun. 1978, 5, 193-199,

Sidduri, A.; Budries, N.; Laine, R. M.; Knochel, P. Tetrahedron Lett. 1992, 33, 7515-7518.
Marquais, S.; Cahiez, G.; Knochel, P. Synlert 1994, 849-850.

Tucker, C. E.; Knochel, P. J. Org. Chem. 1993, 58, 4781-4782.

Knochel, P.; Chou, T.-S.; Jubert, C.; Rajagopal, D. J. Org. Chem. 1993, 58, 588-599.
_____ PR 7 g iy D Toa. 1. J.. " se+2 TNA 2 1NAFT 1NEN

Fulblllbl 1'\ DlllgC l\., ATIC llCl F. el ranearon L.eri. 1774, 20, 1U4 /-1UDU.

Ran C A« (Tha~ T _C . imAe c Knanhal D T, ndenz 1TQAOY A0 NYNHNKE INA

Rao, 5. A Cnoy, 1.-5.; Sch ipor, L ., A oCiie, r. EQTON LI T &y, 40, LULI-LUAD.

L9 1
Retherford, C.; Chou, T.-S.; Schelkun, oche
Chen, H. G.; Hoechstetter, C.; Knochel P Tpt _,_h dron I 10R0 ?l) 47Q<_47QR

ARSI ARV, LU “vr . aFOF, S

1 Yamamoto, T ; Yamamoto, A ; Ikeda, S. J. Am. Chem. Soc. 1971, 93, 3350-3359.

] Yeh, M. C. P.; Knochel, P.; Santa, L. E. Tetrahedron Lett. 1988, 29, 3887-3890.

Reetz, M. T. Organotitanium Reagents in Organic Synthesis, Springer, Berlin, 1986.

Reetz, M. T. Topics Curr. Chem. 1982, 106, 1-54.

Seebach, D.; Weidmann, B.; Widler, L. in R. Scheffold (Ed.) Modern Synthetic Methods Vol.3, 217-354.
Quinton, P.; LeGall, T. Tertahedron Lett. 1991, 32, 4909-4912.

Solladié-Cavallo, A.; Farkhani, D.; Fritz, S.; Lazrak, T.; Suffert, J. Tetrahedron Lett. 1984, 25, 4117-

Wlssmg, E.; Havenith, R. W. A.; Boersma, J.; van Koten, G. Tetrahedron Leti. 1992, 33, 7933-7936.
=z A Qb T IT Y1z TT o Tocdeamemlo 1.2 T ™ D IT . PRy ey PN 1NNt L £1A77
V¢ acr Swecn, r'. n., l\lﬁljll, ., JASUHZCDSKL, J. 1. D. n van l\UlGIl U J (./I'g Lﬂf’m A7, 00, 014/~
Q
o.

van Maanen, H. L.; Jastrzebski, J. T. B. H.; Verweij, J.; Kieboom, A. P. G.; Spek, A. L.; van Koten, G.
Tetrahedron: Asymmetry 1993, 4, 1441-1444.

AFTN,

1 Soai, K.; Hatanaka, T.; Miyazawa, T. J. Chem. Soc., Chem. Commun. 1992, 1097-1098.

Katritzky, A. R.; Harris, P. A. Tetrahedron: Asymmetry 1992, 3, 437-442.

Soai, K.; Suzuki, T.; Shono, T. J. Chem. Soc., Chem. Commun. 1994, 317-318.

Comins, D. L.; O’Connor, S. Tetrahedron Lett. 1987, 28, 1843-1846.

Shiao, M.-].; Liu, K.-H.; Lin, L.-G. Synlett 1992, 655-656.

Chia, W.-L.; Shiao, M.-]. Tetrahedron Lert. 1991, 32, 2033-2034.

Shing, T.-L.; Chia, W.-L.; Shiao, M.-J.; Chau, T.-Y. Synthesis 1991, 849- 850
47-247.

Agami, C.; Couty, F.; Daran, J.-C.; Prince, B.; Puchot, C. Tetrahedron Lett. 1990, 31, 2889-2892.

o~ . 21 9]
z"\gdnll \_, \,uuty, l" I’UUTSULIH\ JVl . le\\CIIlldllll, J letruneurun 177& ‘fO, “401-9+4L.

~ =l

Beltran,“ Totrahedran Lezt 19,2, 33 4743474‘
Comins, D. L; Foley, M. A. Tetrahedron Lett 1988, 29, 6711-6714.
Be

\. Tet dr
ti ; g2.R.J. J. Org. Chem. 1993, 58, 814-816.
Yamada, J.; Sato, H.; Yamamoto, Y. Tetrahedron Lett. 1989, 30, 5611-5614.



8314 P. Knochel et al. / Tetrahedron 54 (1998) 8275-8319

[150] Posner, G. Org React. 1972, 19, 1-113

[151] Lipshutz, B. H. Synthesis 1986, 325-342.

[152] Posner, G. Org. React. 1975, 22, 253-400.

TMT&2T (Clait £ Canlan T D Nmaerrnme | T Tt l_... 1001 27 120€ 1200. ;L2 1100N 2L NAINE AN
{1JJ] “Huly ., 1"UULULL, 3. s ANULINAIL, J.-0°, L CIrunedron 1701, J/7, 1500-12007, LDIA RI0U, D0, LIUID=-LI1U
1541 Ronroain-Commercan M - Foulan T P - Narmant 1.-E. J. Oreanomet. Chem. 1082 228 321-326
LIVT] VW EGIUNTNVIIRIIWIWULE, AV, 2 UMIVEL 0. 1 oy IVUVLILIAIR, J.50 . S W JWIUITLEL, UTIEITL, A 70, L40, JL17JL0.
[155) Corey, E.J.; Boaz, N. W. Tetrahedron Lett. 1985, 26. 6015- 6018,6019-6022

[156] Alexakis, A.; Berlan, J.; Besace, Y. Tetrahedron Lett. 1986, 27, 1047-1050.

[157] Horiguchi, Y.; Matsuzuawa, S.; Nakamura, E.; Kuwajima, 1. Tetrahedron Lett. 1986, 27, 4025-4028.

[158] Nakamura, E.; Matsuzuawa, S.; Horiguchi, Y.; Kuwajima, 1. Tetrahedron Lett . 1986, 27, 4029-4032.

[159] Bergdahl, M.; Lindstedt, E.-L.; Nilsson, M.; Olsson, T. Tetrahedron 1988, 44, 2055-2062.

[160] Bergdahl, M.; Lindstedt, E.-L.; Nilsson, M.; Olsson, T. Tetrahedron 1989, 45, 535-543.

[161] Bergdahl, M.; Lindstedt, E.-L.; Olsson, T. J. Organomet. Chem. 1989, 365, C11-C14.

[162] Bergdahl, M.; Nilsson, M.; Olsson, T. J. Organomet. Chem. 1990, 391, C19-C22.

[163] Bergdahl, M.; Eriksson, M.; Nilsson, M.; Olsson, T. J. Org. Chem. 1993, 58, 7238-7244.

[164] Tamaru, Y.; Tanigawa, H.; Yamamoto, T.; Yoshida, Z. Angew. Chem. 1989, /01, 358-360; Angew.
Chem., Int. Ed Engl. 1989, 28, 351-353.

[165] Yeh, M. C. P.; Knochel, P.; Buther, W. M.; Beik, S. C. Tetrahedron Lett. 1988, 29, 6693-66596.
{1661 Tsujiyama, H.; Ono, N.; Yoshino, T.; Okamoto, S.; Sato, F. Tetrahedron Lert. 1998, 31, 4481-4484
[167] Yoshino, T.; Okamoto, S.; Sato, F. J. Org. Chem. 1991, 56, 3205-3207

[168] Mivaiji, K.; Ohara Y.; Mivauchi, Y.; Tsuruda, T.; Arai, K. Tetrahedron Lett. 1993, 34, 5597-5600
[169] Casey, C. P Pohchnowekl S. W.J. Am. Chem. Soc. 1978, 100, 7565-7568.

[170] Maher, J. M., Beatty, R. P.; Cooper, N. J. Organometallics 198S, 4, 1354-1361.

[171] Lee, L; Cooper, N. J. J. Am. Chem. Soc. 1993, 115, 4389-4390.

[172] Stadtmiiller, H.; Knochel, P. Organometallics 1995, 14, 3163-3166.

[173] Lipshutz, B. H.; Wood, M. R. J. Am. Chem. Soc. 1993, 115, 12625-12626.
{174] Kitamura, M.; Miki, T.; Nakano, K.; Noyori, R. Tetrahedron Lett. 1996, 37, 5141-5144.
[175] Venegas, P.; Cahiez, G.; Tucker, C. E.; Majid, T. N.; Knochel, P. J. Chem. Soc., Chem Commun. 1992,

1406-1408.

re4m™mrn r 1 1 ~ 1 1 ™ ke ol ) 4 4004 ~ NN AL
{i76] Knochel, P.; Seebach, D. Teirahedron Lett. 1981, 22, 3223-3226.
1771 Weannhaol D. Quabianals T Totrnlode T e 1009 22 2007 200N
11/77] RNIIOCICH I'., OCCDalll, . LE€IFUneEdrorn LeEit. 104, 49, )07 1 -07VUV,
11721 Qasharh N Knnrhal P Holy f‘ln' Artn 1QA84 A7 27A£1.2R12
‘_l i UJ JvLuanidl, 1/, INIIULIIVE, 1. KICLV A=Yy 17 AL RTUTY, U/ V1T
[179] Bowlus, S. B. Tetrahedron Lett . 1975 3591-3592.

[180] Hansson, A.-T.; Nilsson, M. Tetrahedron 1982, 38, 389-391.
[181] lJubert, C.; Knochel, P.J. Org. Chem. 1992, 57, 5431-5438.

{1821 Denmark, S. E.; Marcin, L. R. J. Org. Chem. 1993, 58, 3850-3856.

[183] Crimmins, M. T.; Nantermet, P. G. J. Org. Chem. 1990, 55, 4235-4237.

[184] Crimmins, M. T.; Nantermet, P. G.; Trotter, B. W_; Vallin, I. M.; Watson, P. S.; McKerlie, L. A;

Reinhold, T. L.; Cheung, A. W.-H.; Steton, K. A.; Dedopoulou, D.; Gray, J. L. J. Org. Chem. 1993, 58,

1038-1047.
[185] Crimmins, M. T.; Jung, D. K.; Gray, JI. L. J. Am. Chem. Soc. 1993, 115, 3146-3155.
[186] Rao, S. A.; Knochel, P. J. Am. Chem. Soc. 1991, /13, 5735-5741.
[187] Normant, J.-F.; Alexakis, A. Synthesis 1981, 841-870.
{188] Berirand, M. T. : Courtois, G.; viiginiac, L. Tetrahedron Lett. 1974, 1945-1948,
[189] Kobayash1 M.; Negishi, E. J. Org. Chem. 1980, 45, 5223-5225
[190] N E.; Bagheri, V.; Chatterjee, S.; Luo, F.-T.; Miller, J. A ; Stoll, A. T. Tetrahedron Lert. 1983, 24

191] R. A. J. Org. Chem. 1984, 49, 2288-2289.
192] Rossi, R Belhna F Carpita, A.; Gori, R. Synlett 1995, 344-346.



P. Knochel et al. / Tetrahedron 54 (1998) 8275-8319 8315

Negishi, E.; King, A. O.; Okukado, N. J. Org. Chem. 1977, 42, 1821-1823.
Negishi, E.; Matsushita, H.; Kobayashi, M.; Rand, C. L. Tetrahedron Leit. 1983, 24, 3823-3824.
Millar, J. G. Tetrahedron Lett. 1989, 30, 4913-4914,

Q.V i )5 Q Quvrnilrs A ML T ot
Hyuga, S., Yam uiﬁa,i‘., iara, S.; SUzZuKi, A. Lnem. el

L nfﬂﬂn A lenlber( G. § \mfhpuc 1007 495.498
K1

.....................
Mlonam @G.: Leisin

by

10QQ Q2N0_Q1"H
1700, OU7-01 4.

i, G F.; Meyrueix, R.; Samson, H. Tetrahedron Lett. 1990, 31, 4732-4746.
Borner, R. C.; Jackson, R. F.W.J Chem. Soc., Chem. Commun. 1994, 845-846
Sakamoto, T.; Kondo, Y.; Takazawa, N.; Yamanaka, H. Tetrahedron Lett. 1993, 34, 5955-5956.
Sakamoto, T.; Kondo, Y.; Murata, N.; Yamanaka, H. Tetrahedron Lett. 1992, 33, 5373-5374.
Sakamoto, T.; Kondo, Y.; Takazawa, N.; Yamanaka, H. Heterocvcles 1993, 36, 941-942.
Sakamoto, T.; Kondo, Y.; Takazawa, N.; Yamanaka, H. Tetrahedron Lett. 1993, 34, 5955-5956.
Bell, A. S.; Roberts, D. A.; Ruddock, K. S. Synthesis 1987, 843-844.
Minato, A.; Suzuki, K.; Tamao, K.; Kumada, M. Tetrahedron Lett. 1984, 25, 83-86.
Quesneiie, C. A.; Familoni, O. B.; Snieckus, V. Synietr 1994, 349-350.
Sakamoto, T.; Nishimura, S.; Kondo, Y.; Yamanaka, H. Synihesis 1988, 485-486.
Sato, T.; Kawase, A.; Hirose, T. Synletr 1992, 891-892.

J

Kanai, G.; Miyaura, N.; Suzuki, A. Chem. Lett. 1993, 845-848.
Watanabe, T.; Miyaura, N.; Suzuki, A. J. Organoment. Chem. 1993, 444, C1-C3.
Watanabe, T.; Sakai ; Miyaura, N.; Suzuki, A. J. Chem. Soc., Chem. Commun. 1994, 467-468.

al; Ivl.; Ivily w2 Al ar7

2w CL i, ‘.,0
van der Louw, J.; van der Baan, J. L,; Stlchter H.; Out, G. J. J.; Bickelhaupt, F.; Klumpp, G. W.
Tetrahedron Lert. 1988, 29, 3579-3580.
van der Louw, J.; van der Baan, J. L.; Bickelhaupt, F.; Klumpp, G. W. Tetrahedron Let. 1987, 28, 2889-
2892.

van der Louw, J.; van der Baan, J.; Stieltjes, H.; Bickelhaupt, F.; Klumpp, G. W. Tetrahedron Lett.
1987, 28, 5929-5932,
van der Louw, I.; van der Baan, J. L.; Stichter H.; Out, G.J. J.; de Kanter, F. J. J.; Bickelhaupt, F.;

Klumpp, G. W. Tetrahedron 1992, 48, 9877-9900.

T

van der Louw, J.; van der Baan, J. L.; Out, G.J. J.; de Kanter, F. J. J.; Bickelhaupt, F.; Kiumpp, G. W,
Tetrahedron 1992, 48, 9901-9916.

Nakamura, E.; Kuwajima, 1. Tetrahedron Lett. 1986, 27, 83-86.
Hayashi, T.; Konishi, M.; Kobori, Y.; Kumada, M.; Higuchi, T.; Hirotsu, K. J. Am. Chem. Soc. 1984,
106, 158-163

Farina, V.; Krishnan, B. J. Am. Chem. Soc. 1991, 113, 9585-9595.

] Ritter, K. S_yntheszs 1993, 734-762.

Erdik, E. Tetrahedron 1992, 48, 9577-9648.

Asaoka, M.; Tanaka, M.; Houkawa, T.; Ueda, T.; Sakami, S.; Takei, H. Tetrahedron 1998, 54, 471-486.
Dexter, C. S.; Jackson, R. F. W. J. Chem. Soc., Chem. Commun. 1998, 75-76.

Murata, N.; Sugihara, T.; Kondo, Y.; Sakamoto, T. Synlett 1997, 298-299.

Negishi, E.; Kotora, M.; Xu, C. J. Org. Chem. 1997, 62, 8957-8960.

] Rossi, R.; Bellina, F.; Bechini C.; Mannina, L.; Vergamini, P. Tetrahedron 1998, 54, 135-156.

oo -

Gao, Y.; Harada, K.; Hata, T.; Urabe, H.; Sato, F. J. Org. Chem. 1995, 60, 290-291].
Utimoto, K.; Toda, N.; MIZUHO T.; Kobata, M.; Matsubara, S. Angew. Chem. 1997, 109, 2886-2888;

P, . r'....1 100"y 2L NONA NONE
Angew L,Il(:’m m rd. L’Jlgl. A7/, D0, LOU4-LOUD
Stiidemann, T.; Knochel, P. Angew. Chem. 1997, 109, 132-134; Angew. Chem., Int. Ed. Engl. 1997, 36,
[e ] SO
A AT T

(a) Montgomery, J.; Savchenko, A. V. J. Am. Chem. Soc. 1996, 118, 2099-2100; (b) Savchenko, A. V;
Montgomery, J. J. Org. Chem. 1996, 61, 1562-1563; (c) Montgomery, J.; Seo, J.; Chui, H. M. P.
Tetrahedron Lett. 1996, 37, 6839-6842; d) Montgomery, J.; Seo, J. Tetrahedron 1998, 54, 1131-1144.



8316 P. Knochel et al. / Tetrahedron 54 (1998) 8275-8319

[231] Yamamoto, T.; Yamamoto, A.; Ikeda, S. J. Am. Chem. Soc. 1971, 93, 3350-3359.

(232] (a) Sustmann, R.; Lau, J.; Zipp, M. Tetrahedron Lett. 1986, 27, 5207-5210. (b) Sustmann, R.; Lau, J.
Chem. Ber. 1986, 119, 2531-2541. (c) Sustmann, R.; Lau, J.; Zipp, M. Recl. Trav. Chim. Pays-Bus 1986,
INS 28A_280 AN Cunigtriann R - Hann D Al D Totrabhodean T ore 108Q 20 £KQ0_AQ7D
TV, 200U JJ7 \U} DUSLILialLll, IN., I.JU]JP, L.y llull, Y. LACrunicurun Leit, 017207, JU, VO7=-JU74

[233] van Asselt, R.; Elsevier, C. 1. Tetrahedron 1994, 50, 323-334

[234] Devasagayaraj, A.; Stiidemann, T.; Knochel, P. Angew. Chem. 1995, 107, 2952-2954; Angew. Chem.,

[235] Kduffmann, T. Angew. Chem. 1996, 108, 401-418; Angew. Chem., Int. Ed. Engl. 1996, 35, 386-403.

[236] Devasagayaraj, A.; Knochel, P. Tetrahedron Lett. 1995, 36, 8411-8414.

[237] Reddy, C. K.; Knochel, P. Angew. Chem. 1996, 108, 1812-1813; Angew. Chem., Int. Ed. Engl. 1996, 35,
1700-1701.

[238] Klement, I.; Chau, K.; Cahiez, G.; Knochel, P. Tetrahedron Lett. 1994, 35, 1177-1180.

[239] Stiidemann, T.; Ibrahim-Ouali, M.; Knochel, P. Synletr 1998, 143-144,

[240] Noyori, R.; Kitamura, M. Angew. Chem. 1991, 103, 34-55; Angew. Chem., Int. Ed. Engl. 1991, 30, 49-

69.
[241] Takahashi, H.; Kawakita, T.; Ohno, M.; Yoshioka, M.; Kobayashi, S. Tetrahedron 1992, 48, 5691-5700.
7471 Reck A K - Ractani R - Plattner « Pattar W - Qashacrh D.: Braunschweicer. H.: Gysi
1e44«) DECK, A, IS, Basiani, o, riainer, . l) . x Lulll, Vv., SCCO0alil, o DiaunStiyvwLigel, 11, u)’al, L.,
LaVecchia, L. Chimica 199 8-244

[244] Seebach, D.; Behrendt, L.; Felix, D. Angew. Chem., Int. Ed. Engl. 1991, 30, 1008-1009.

[245] Schmidt, B.; Seebach, D. Angew. Chem. 1991, 103, 1383-1385; Angew. Chem., Int. Ed. Engl. 1991, 30,
1321-1323.

[246] von dem Bussche-Hiinnefeld, J. L.; Seebach, D. Tetrahedron 1992, 48, 5719-5730.

[247] Seebach, D.; Plattner, D. A.; Beck, A. K.; Wang, Y. M.; Hunziker, D.; Petter, W. Helv. Chim. Acta

1992, 75, 2171-2209.

[248] Seebach, D.; Beck, A. K.; Schmidt, B.; Wang, Y. M. Tetrahedron 1994, 50, 4363-4384

[249] Weber, B.; Seebach, D. Tetrahedron 1994, 50, 7473-7484

[250] Weber, B.; Seebach, D. Tetrahedron 1994, 50, 6117-6128

12511 Suzuki, M.; Yanagisawa, A.; Noyori, R. J. Am. Chem. Soc. 1985, 107, 3348-3349

[252] Morita, Y.; Suzuki, M.; Noyori, R. J. Org. Chem, 1989, 54, 1785-1787

[253] Noyori, R.; Suga, S.; Kawai, K.; Okada, S.; Kitamura, M. Pure Appl. Chem. 1988, 60, 1597-1606

[254] Yoshioka, M.; Kawakita, T.; Ohno, M. Ietrahedron Lett. 1989, 30, 1657-1660.,

[255] Takahashi, H.; Kawakita, T.; Yoshioka, M.; Kobayashi, S.; Ohno, M. Tetrahedron Lett. 1989, 30, 7095-
7098.

[256] Brieden, W.; Ostwald, R.; Knochel, P. Angew. Chem. 1993, 105, 629-631; Angew. Chem., Int. Ed. Engl.

1993, 32, 582-584.
Nowotny, S.; Vettel, S.; Knochel, P. Tetrahedron Lett. 1994, 35, 4539-4540.
Ostwald, R.; Chavant, P.-Y.; Stadtmiiller, H.; Knochel, P. J. Org. Chem. 1994, 59, 4143-4153,

(¥,
~J

[SU T O I O
(9]
o0
e i

[

(

[259] Vettel, S.; Knochel, P. Tetrahedron Lett. 1994, 35, 5849-5852.,

[260] Liitjens, H.; Knochel, P. Tetrahedron: Asymmetry 1994, 5, 1161-1162.

[261] Dosa, P.1; Fu, G. C. J. Am. Chem. Soc. 1998, 120, 445-446.

MLl eannblal DDl W . DAafnena A T .Cicanhaers £ Toterslanden T .¢¢ 1002 24 001 £00A
1£04] RNHOCIHCL ., DITCUCIL, VY. , NOLCIHa, 1Vl J., DIDCIIUCIB, . relranedrorn Leil, A77x9, o4, J0O01-0004
Y421 Eicanhara '+ Wnarnhal D J MNes Chane 1004 SQ 2TAN_ATAIL

1£05) LISCHOCIE, «., AIOCIHCL, . v. UTE. LIEM. 1755, 07, 3/0U-23/01

[264] Berninger, I.; Koert, U.; Eisenberg-Hohl, C.; Knochel, P. Chem. Ber. 1,95, 128,1021-1028
[265] Schwink, L.; Vettel, S.; Knochel, P. Organometallics 1995, 14, 5 5001.

[266] Liijens, H.; anotnv, S.; Knochel, P. Tetrahedron : Asymmetry 1995, 6, 2675-2678.

[267] Vettel, S.; Lutz, C.; Knochel, P. Synlert 1996, 731-733.



P. Knochel et al. / Tetrahedron 54 (1998) 82758319 8317

n ,rr . o~ wF ¥ ~ PRV A e VYTV Vd
Dprogar, J. b.; Zercner, L. K. J. Urg. Chem. 19V}, 0Z, 0444-0440
"y A T} - Teodmow LT T A ML ____ O . 1600A 11L NLE1 NLEN
nareite, A. p.; juteau, n. v, Am. Cnem. Soc. 1994, 116, 2651-2652

(a) Charette, A. B.; Lebel, H. J Am. Chem. Scc. 1996, 118, 10327-10328; (b) Barrett, A. G. M;
Kasdorf, K. J. Am. Chem. Soc. 1996, 118, 11030-11037.
Charette, A. B.; Lemay, J. Angew. Chem. 1997, 109, 1163-1165; Angew. Chem., Int. Ed. Engl. 1997, 36,

1090-1092.
Aggarwal, V. K.; Amjad, A.; Coogan, M. P. J. Org. Chem. 1997, 62, 8628-8629.



8318

P. Knochel et al. / Tetrahedron 54 {1998) 8275-8319

Paul Knochel |

Philip Jones




P. Knochel et al. / Tetrahedron 54 (1998) 8275-8319

Paul Knochel, born in 1955 in Strasbourg, France, completed his Ph.D. under the
supervision of Prof. Dieter Seebach in 1982 (ETH Ziirich). He joined the CNRS in Paris

the Philipps-
IUPAC prize in Synthetic Organic Chemistry, in 1995, the Otto-Bayer prize and in
1996 the Leibniz prize. He is the author of ca. 200 research publications and runs a
research group of 15-18 members. His research is focused on the use of organometallic
reagents for the development of new synthetic methodologies in organic synthesis. New
research topic involve the development of new asymmetric metal catalyzed reactions,
the performance of reactions in perfluorinated solvents and reactions on the solid phase

for combinatorial chemisiry.

t-l
l—l

under the supervision of Professor Miguel Yus and Dr. Francisco Foubelo in Alicante.
Since February 1997 he is making a post-doctoral stay in the group of Professor Paul
Knochel at Philipps-Universitit in Marburg. He is currently an Alexander von
Humboldt Fellow. His research interests include the use of functionalized

organometallic reagents in organic synthesis and the synthesis of phosphine ligands

with a ferrocene basis.

Philip Jones, was bomn in Chatham, England, in 1971 and obtained his BSc from the

where he completed his Ph.D. in 1996 under the supervision of Prof. G. Pattenden, F. R.
S., working on radical cascades directed towards polycycle construction. Since 1997 he
has been working as a Royal Society European Science Exchange Fellow with Prof. P.

Knochel on the application of organozinc reagents to organic synthesis.

8319



