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1. Introduction

For several decades nickel catalysis has been successfully applied in a number of industrial processes, particularly in the
oligomerization of alkenes and alkynes, and carbonylation reacti®wnewhat ironically this early success in polymer
chemistry delayed the use of organonickel complexes by synthetic organic chemists who are by training averse to polymer-
producing substances. Nonetheless early reports do describe the reagfialpiorganonickel complexes with aldehydes to

form allylic alcohols, while significant research has been devoted, in the last two decades, to the cross-coupling reaction of
alkyl Grignards and organic halides. This early work has been described in several review 4rticles.

With the rapid expansion of the utility of organopalladium catalysts in organic synthesis, several research groups have been
shifting their attention to nickel catalysis. As work in the area progressed, it became apparent that these catalysts offered
certain advantages to the practicing synthetic organic chemist both in industry and academia. Organonickel catalysts are cheap
air stable (as the Nisalts) and are stable in the presence of hard organometallics. The reactivity of such catalysts is also unique
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in that they also provide the possibility of a'Ni'"" pathway as well as the more commor/M" (M=Ni or Pd) mechanistic
pathway that Pd catalysts follow. The former would exhibit similar reactivity to radicals with the added advantage of the
stability of the carbon—metal bond.

In this review, we will describe the addition of organonickel species to olefins and acetylenes to form a new C—C bond. The
initial C—Ni moiety is generated in a number of ways from the appropriate organic precursor and Ni pre-catalyst. In most cases
proper arrangement of multiple unsaturation in the same molecule allows for sequential additions to form complex carbocyclic
and heterocyclic frameworks. We will not describe here-sgf couplings as they have been described adequately elsetvhere.

This work is also not meant to be an exhaustive review of the literature but rather give the reader a flavor of the various ways tc
use Ni catalysis to add to olefins and acetylenes, of the reaction conditions commonly used, and the mechanism of thes
reactions as well as reagent and functional group compatibility. We have also tried to concentrate our review in the literature
descriptions of the last decade.

2. Addition of C—Ni Species to Unactivated Olefins and Acetylenes
2.1. Reaction of olefins and acetylenes with external organometallics

The carbometallation of unactivated acetylenes and alkenes is a powerful synthetic transformation since the overall outcome i
the formation of a new carbon—carbon bond at one end of the unsaturation (C-1) and a carbon—metal bond at the other en
(C-2) which can be used for further functionalization (Scheme 1).

2 R-M
Ri—C=C-R; ——» R';>:<R2 E+ R|;>. - -<E2
1 M

Scheme 1.

This transformation can be even more powerful if high regio- and stereoselectivity can be achieved. In the case of carbo-
metallation of olefins, controlling the stereochemistry of the newly formédepters is also important. In order to create an
even more powerful methodology, the process should be able to tolerate functional groyp&irafd R.

Nickel-catalysis provides some elegant solutions to the above considerations since Ni species are stable in the presence o
number of hard and soft nucleophiles, are able to function as one-electron donors and can be transmetallated by relativel
unreactive organometalliés.

In early reports from the Snider grolmarbometallation of silyl acetylenk with ligand-less Ni [generated in situ from
Ni(acac)] proceeded successfully (Eq. (1)) to produce initially fiygadduct2 (M=H) in good yield (78% after workup).
Upon standing? slowly isomerizes to thanti-isomer3 (2:3=9:1 over 24 h). The equilibrium of the reaction favors the
anti-adduct especially if chelating groups are present (Eq. (2)).

MeMgBr CgH TMS CgH M
CoHip-C=C—TMS 0 T8¢ L=
Ni(acac), CH; M CH; TMS
1 AlMeg 2 3 1)
Nsow
isomerization
_ . MeMger Me__ MgBr (Ni) Me _ ™S
- Ni(acac) TMS ' MgBr (Ni)
) ,
OTOEt AlMe, OTOEt OTOEt
(2
1a 2a 2b
4h 80 20

96h 15 85 (60% yield)
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Et___ H O
Oct Ph Pent . H
11 (69%) R=Ph Pent,Zn Me>_<Ph
R =Octyl
H>—<— Et - — R=Me 7 (67%)
Oct Ph s RT="Ph > E:Z=99:1
EtZZn 4 \
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R =TMS Et,Zn c
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E:Z=98:2 E:Z=99:1

Scheme 2.

More recently, the carbometallation of acetylenes was achieved with greatly improved regio- and stereocontrol by using
organozinc reagents instead of the more reactive Grignards. This reaction (Scheme 2) provides an excellent alternative to the
stoichiometric carbocupration or Zr-catalyzed carboalumination of acetyfenes.

Specifically, addition of dialkylzinc reagents to internal, aryl acetylenes proceed33€ in THF/NMP (1:3) in the presence
of 25 mol% Ni(acag) to afford in good yields the corresponding olefins (Scheme 2).

Reaction of4 (R=Ph) with (pentyl}Zn afforded a good yield (76%) and excellegynselectivity of the olefins, while
reaction with EfZn afforded6 (79%) along with small amounts dfis styrene (2%). The latter is thought to be the
result of H—Ni addition to the acetylene, a species formed figiydride elimination of the more reactive Et—Ni
intermediate.

High regio- andsynselectivity is achieved with alkyl substituents that are less sterically demanding. So reactigR=dfle)
with (pentyl)Zn and E3Zn gives7 and8in 67 and 73% yield, respectively, as the main products. However, @wlRa-octyl)
was reacted with EZn substantial amounts (9%) of the regioisomi@mwas produced along with the reduction prodwat
(6%).

As seen in the results above, the regioselectivity of the reaction is controlled well with the newly formed C-C bond
being directed away from the phenyl substituent (Scheme 2). The trimethylsilyl group reverses that trend (similar to
Eqg. (1)); so whert (R=SiMey) is reacted with BEZn or MexZn, 9 and10 are produced in 82 and 64%, respectively, as the
sole regioisomers.

Phenyl substituted propargyl ethers also give olefins where the newly formed C—C bond is on the same carbon as the aryl
substituent (Eq. (3)).

— 1. Et;Zn . Et>=<1
OBn Ni(acac), Ph OBn 3)
-35°C
2. aqueous work up 56% sole isomer

On the other hand, the electronic demands of alkyl substituted heteroaromatic acetylenes give the olefin with reverse
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regiocontrol (Eq. (4)).

=N 1) EtyZn Et E
n-Pr—— >
\ N/> Ni(acac), n-Pr | \)N
S
2) E+ N 4
E=H 77%
E=1 64%

This powerful methodology can be expanded further by using the resulting carbozincation product to form, in a highly
selective manner, diversely functionalized tetra-substituted olefins (Eq. (5)). The use of vinyl zinc reagents in the synthesis
of functionalized olefins has been investigated thoroudhly.

Et ZnEt 2Li Et

>_ \/ CuCN-2LiClI >=(_14002Et
Ph Ph Ph Ph
HLCOZEt (71%)

Br
5)
Et ZnEt 2 Et |
_ _
Ph SiMe, Ph SiMe;
THF-NMP
R o,
35°C (61%)
E:Z=97:3

2.2. Sequential additions of C—Ni species to olefins and acetylenes

The nickel-catalyzed carbometallation reaction of acetylenes has been elegantly expanded by several research groups
induce, in a controlled manner, tandem additions to sp arfdcspters and thus to construct complex structural
frameworks.

R———H R H
o 1 1) 10% Ni(acac), h—
16a- 10% Dibal
\/“K . a-C o Ul //
THF, rt; R, o
14 R,—==—SnBu; 1.1 eq TMSCI
17a-c 2) H;0+ 18a: Ry = Bu (6)

R,= SiMe;  74% (>98%, 2)

18b: R, = Ph
R;=Ph  52% (>98%, 2)

18c: Ry = SiMe;
R, =Ph 71% (>98% 2)

Ikeda and Sato discovered an elegant and controlled enyne synthesis (Eq.i6pired by the report by Mackenzie
and co-workers that enones (eXy) react with NP complexes in the presence of trimethylsilyl chloride to produce
the m-allyl oxo-Ni" species15 (Scheme 3). In their work, Nj generated in-situ by reduction of Ni(acaaith
diisobutylaluminum hydride, was reacted with a terminal acetyled® &nd a stannyl acetylend?) in the presence

of 1.1 equiv. of trimethylsilyl chloride to produce the enyrisin good yield and excellent-selectivity. The reaction

is thought to proceed viad5 (Scheme 3), carbometallatirkp, followed by Stille-type transmetallation of the resulting
vinyl-Ni—CI intermediate byl7 and, finally, reductive elimination. Hydrolysis of the silyl enol ether gives the desired
product.

Subsequent work showed that simpiallyl Ni complexes generated from allyl chlorid®a(X=CIl) can also be used to give
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Ni(acac),

* Dibal

Ni(0) X

A\ OSiMe;
Ni

N

Me;SiO \_}< 2

Ry—=H
16

- + BuzSnCl

o)
\)I\ + MeSiCl
14
15

Scheme 3.

the enyne produc20in 70% yield (Eq. (7)) and higlE-selectivity

X Ni(acac), Ry, H
P + R——=H + R—= SnBU3 —_— —
Dibal,
THF reflux // N
19 16 17 R, 20 @)
a X=Cl R;=Bu R, =Ph 70 %
b X=0Ac " " 0%

However, when the allyl acetai®bwas used, none of the enyB8was produced. Addition of 1 equiv. of LiCl to the reaction
mixture restores some of the reactivity affording ca. 3092@fInterestingly, acetate is the leaving group of choice in the
intramolecular variant of this reaction (Eq. (8)).

OAc

10% Ni(acac),, —
E K“/ 10% Dibal E sim
+  Me;Si—=—SnBuy; ————» ="""e3 8
N THF: DMF (1:4) E ®
LiCl (3 equiv.), 80 °C 60%
E= COOEt

A similar, albeit mechanistically different, process has recently been discovered by the Montgomer gitgtsoconception,

following the mechanistic path of Scheme 3, the process involved: (a) the formation of an oxo-allyl Ni complex from an enone
and a Lewis acid in the presence of & Katalyst; (b) intramolecular trapping by a tethered acetylene; (c) transmetallation of

the presumed vinyl Ni intermediate with a dialkylzinc reagent; and (d) reductive elimination to give the product. Later
mechanistic studies (see Scheme 5) showed a somewhat different mechanistic pathway; nonetheless, synthetically the concep
proved to be very useful as shown below. When endhéScheme 4) was treated with a mixture of(Zn and RZnCl
(generated from R.i or R?MgCl and ZnC} mixed in the appropriate proportions) in the presence of Ni(GQDJHF at 0C a

fast reaction ensued to give good yields and complete olefin stereocontroladkytedive cyclizatiorproduct22. However, in

the presence of 5 equiv. of PP{with respect to Ni) and dialkyl Zn reagent bearifghydrogens, the reaction followed a
different pathway to give theeductive cyclization produ@3.

Detailed mechanistic studies led to an interesting mechanistic hypothesis (Schétoabgount for the formation &2 and
23 as well as other experimental results observed in this work.

The reaction o21awith Ni° is thought to produce the metallacy@d as the first step and not theoxoallyl Ni" species
(Scheme 3) involved in the Ikeda and Mackenzie work. Transmetallation with the dialkyl zinc reagent producemhéi
complex25 which can undergo reductive elimination to gi2@a In the presence of-hydrogens and PRBhp-hydride
elimination is the predominant pathway to gi26 which then undergoes reductive elimination to gR&aa
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R,
EWG /R
(R2)2an Rzan|
EWG 5% Ni(COD), , n
R, THF,0°C 22
FZ
n " H
EWG /R
21 >
PPh;, (25%)
n
23
Scheme 4.
23
o
Ni(0) Ph H
F
21a
O L L
Ph NiC H
/
25
24
St
R R
Scheme 5.
Table 1.
Entry EWG n Ry R, PPh, equiv. Yield22 (%) Yield 23 (%)
121aPhCO 1 H Me 0 82 0
221bPhCO 1 Ph Bu 0 68 8
321cPhCO 1 H Vinyl 0 59 Trace
4 21d PhCO 1 H Bu 0.25 0 92
5 21e(COMe), 1 H Me 0 74
6 21f NO, 1 H Et 0 47
7 21gCO,Me 1 H Me 0 15
821h PCO 2 H Me 0 54
9 21i PhCO 3or4 H Me 0 (V]

& Cyclic dimers and direct 1-4 addition products were produced in low yield.
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Ph OH
9 i CA
Me,Zn/MeZnClI -¥~pph
Lo g (o
5% Ni(COD),,
THF,0°C
60%
Et22n
5% Ni(COD),,
20% PPhy
70%
o
MeZZn
Ph OH

5% Ni(COD),,
20% PPh;

Scheme 6.

During the last several years, thorough investigdfiaf the parameters of this reaction have delineated the structural
requirements of each of the components. The reaction requires an electron deficient alkene as the initiator (Entries 1-6,
Table 1) although the ester function (entry 7, Table 1) gives only low yields of the cyclization pr&ath internal and

terminal alkynes function as efficient terminators to give good yields of the alkylative cyclization p&icttry 2, Table 1)

although small amounts of the reductive cyclization prod@8stare also produced for those cases. Both five- and six-member
rings (entry 8, Table 1) can be formed; however, longer tethers (entry 9) fail to give the seven or eight-member ring products.

Although simple alkenes do not function as efficient terminating groups, enones, dienes and aldehydes all give the correspond-
ing cyclization product (Scheme 6).

The intermolecular version of this reaction has also been expiotedyive 5-disubstituted dienones in good yields and
stereoselectivities (Eg. (9)).

o o)
5% Ni(COD), R
+ R—/——H + RZnCl — 2
THF, F R, 9)

1.2 equiv TMS-CI
R; =Ph, R, = Me (62%)
R; = hexyl, R, = Bu (57%)

Finally, these worker§ were able to exploit their mechanistic understanding of this reaction and the intermediate metallacycle
24 to effect an elegant-22+2 cycloaddition reaction (Eq. (10)).

o o © =0
; (o] (o] R
Ni(COD),, o 4 : 1 (10
PPh,
Lt |
le) Ni H R=Ph 65%
) R=Me 68%
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+ CH,yCH;

7/ LNi(0) \< R;

L2N|Et2 R® + Ni()L,

=

EtZZn

Scheme 7.

2.3. Ni-catalyzed Zn—halogen exchange of alkyl halides and addition to olefins and acetylenes

The utility of organozinc reagents in the Ni-catalyzed addition of carbon nucleophiles to olefins and acetylenes can be
greatly expanded by the discovery that Ni and Pd catalyze the zinc-iodide exchange reaction to produce alkylzinc
iodides (Eq. (11)}°

Pd(0) or
Ni(0)
R—I _— R—2Znl (1D
Et,Zn
27 30

Mechanistic studié$ have indicated that this reaction proceeds via a one-electron transfer fronPtbeniilex (Scheme 7)
onto the alkyl halide7 to generate the alkyl radic@8 and L,Ni(l)X. These two components could combine to give th& Ni
complex29. Transmetallation with diethylzinc produc@8and diethyl—Ni comple®81which, after3-hydride elimination and
reductive elimination, regenerates the active cataly$ting with ethane and ethylene.

This process becomes more useful if the alkyl moiety, R281(or 29) contains an intramolecular radical trap such as

a C=C (e.g.273. In a such case, cyclization (Scheme 8) could ensue to produceyttie, functionalized organozinc
reagent30a that could be further reacted via a number of protocols to give elaborated carbocyclic or heterocyclic
compounds 30b).

The above premise has been explored elegantly by the KnocheF§toypepare a multitude of complex structures as well as

natural product skeletons. A small sample of representative examples is shown in Scheme 9, where it can be clearly seen th
this process is highly stereo- and chemo-selective. The reaction is tolerant of functional groups such as esters, acetals and po
heteroatoms (N and O) and is governed by the high and predictable selectivity of radical cyclization reactions. The substantia

30b

Scheme 8.
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L
[
_.Ni—L
Eto.Zn (2 eq) BnO 5 o)
—_—_— L]
COMe 5 5% Ni(acac),, OMe
THF, rt, 4h
\ QBn
a
OBn
H CO,Me
1 — / 2
C1-C2 100% trans @\/ ~——Et Br—=——Et
C2-C3 95:5 cis:trans
3 COzMe CuCN-2LiCl
(86%) -55°C, 48h
1

EtZZn (2 eq),

H D
A
N Ni(acac),, H \_ H \__ Ph
Ph THF, rt Ph only isomer
(67-71%)
0,Et
nX
==—CO,Et
1 Br EtZZn — 7
CgH13 J: 3 % Ni(acac),,

25% Lil, 40°C

, CuCN-2LiCI
Eto © “CeH13

e O CoHis
61%
trans:cis =98:2
1) Et,Zn,
(d) .
Ni(acac),
—_ >
EtO,C
w 0°, 3h; z
| 2) CuCN-2LICI
CO,Et 83%
=<_ endo:exo =1:1
Br
Scheme 9.
i
t-B 0-CH,CH,CH F
u 2CH; 2]22“> KXCOZEt
/ 7% Ni(acac),, -35 °C OPiv
THF:NMP (2:1)
79%
x_CO,Et oTMS
I
o
\ 2 _ COEt
65%
RZZn
— TIMs 7.5% Ni(acac), <:%TMS
[ :I THF-NMP (3:1) R
-78 to -40 °C,
20h R=Et 61%

R=Pentyl 60%

825
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advantage of this method over classical radical cyclizations is that the interm28@asanot a highly reactive primary radical,
which reacts rapidly to give the reduced product, but rather it gets converted to a stable organozin80alish{ch reacts
further under controllable reaction conditions (Scheme 9).

Primary iodides that possess a tethered olefin or acetylene that is electron deficient do not undergo cyclization in the presenc
of a Ni catalyst and organozinc reagents (Schemé“l@jstead, a fairly general cross-coupling reaction takes place to give the
Wurtz-type coupling product in good yield. The mildness of the reaction allows the use of functional groups (esters, silylenol
ethers) that would have been incompatible with Grignard or sodium reagents more typically used for these couplings
(Scheme 10).

It is noteworthy that terminal acetylenes do afford the cyclization-coupling product (Eq.%¢12)).

RZZn
C:—|-| Ni(acac), (7.5%) O/\ R,Zn
B — = Ni -
1 THF-NMP, i O/\R 2
-40 °C, 20h

R=Pentyl 65%
R =(CH,),Cl 68%

More recently, in the related topic of addition to theG moiety, this Ni-catalyzed Zn—halogen exchafigeas been used
for the cyzc:Jization of 5-haloketones thus providing a catalytic version to the, 8malkyl lithium induced cyclizations
(Eq. (13)):

pr Et,Zn Pr

0 Ni(acac), 5% OH 13
Bu —_— 'l/Bu

) -78 °C to rt, 20h

2.4. Addition to olefins and acetylenes of C—Ni species generated from chemical reduction of halides

Chemical reductants, other than,ZR, have also been used successfully to effect reduction of alkyl halides and
generation of species 1ik&8 or 29 which could then add to dpand sp centers inter- or intramolecularly. Resin
bound NP catalysts generated from Borohydride Exchange Resin (BER) catalyze the reaction of bromopr&giwitatenol
ether33to give the adducB4in 95% yield (Eq. (14)f° Simple olefins (e.g35) also react with bromoaceta8$ to give the
reductive addition produ@7 (Scheme 11) or the atom transfer addB®@tlepending on the catalyst load (conditions A and B,
respectively).

(0]
0 Ni,B-BER
OEt + XXO .~ Nal (10 eq) > 0?)/
a eq. o
Br rt, 1h (19
MeOH OMe
32 33 34
(10 eq) ‘
conditions A or B X CO,Et
R1/ - ~R2 + Br\/COZEt . >._(- 2
Nal (7.5 eq) R R,
MeOH, 25 or 65 °C,
35 36 3h A: 37 X=H
B: 38 X=1
50 ~ 90 %

Scheme 11R;=C:sH;;, CsH11CH,, CsHsCH,, CeHsCoH4; R=H or Me. Conditions A=15% Ni(OAc), 5 equiv. BER; Conditions 87.5% Ni(OAc),
2.5 equiv. BER.
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c o
SPh j;cl" Ni powder cl
Z "N (o) —_— N.
Bn AcOH, Bn
i-PrOH
\[Brf 1) 1.5 equiv. Ni(COD), }\,{ CN
- R
r]j R CHsc.N, Et;N, rt r;:
Bn 2) Me;SiCN Bn R=Pr, 99% (dr 70:30)

R= CH,0-CO-CH, 53% (dr 98:2)

Scheme 12.

Atom transfer additions to €C have also been obtained with perfluoro iodoalkanes in the presence of Raney-Ni

(Eg. (15))%°
ﬁ\ C|(CF2)47\[ !

OH OH
Raney Ni
81%
CI(CF,),—I (15
j f CI(CF,)4 |
0 Reg
(o)
Raney Ni
98%

On the other handi-iodoenones in the presence of Ni—Phosphine complexes and Zn metal react with 1,3-dienes to afford the
1,4-homocoupling products (Eg. (16Y)Chemical reduction of organic halides to produce C—Ni bonds can also be achieved

H-Ni-X (39) OSiEty
> adll
g:}:?g)g (051 eq) (3. R;=HorOMe n=1 70%
3 0.1 eq, n 'IlR = = 9
Et,SiH (5 eq), R=CH,OMe, n=2 71%
40 toluene, 23 °C 41a (single isomer)
y OSIR; 1 OSiR;
Nl(COD)2 0.1eq A H
el +
Cj NA~Z PPh3 0.1eq @ N N \
O 4w O 41c
toluene, Et;SiH 3.3 1 1(64%)
THF,Et,SiH 44 21 (75%)
THF , Ph3SiH 9 : 1 (81%)

Scheme 13.
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Ni(COD), (0.1 eq), P
PhCHO + N > \/Y'\Ph
N Et;B (2.4 eq),

THF, rt

1,2 syn:anti = 8:1
1,3 stereospecific

" / OH
PhCHO  + —//_\—COZMe —_— —/_\—(

M902é Ph

79%
1,2 syn:anti >1:25

Scheme 14.

with stoichiometric Ni metal.

o o (o}
NiBr; (0.1 eq),
+ >
I @ PPh; (0.1 eq),
n Zn (1.25 eq), n

CH3CN, 80 °C

n=2 80%

n=3 90%

NiCl,(PPhs),

n-BusNBr
Pb cathode/Pt anode 75%

CN CN
Cl
—— MeO N
MeO [11 (o] MeO N én
Bn
Bn

12% 53%
C X Cl YEWG Ni (cat) Fo—1_ X
FG— . - J__EWG
F R Al anode R

FG = Me, OMe, CO,R, COR, F, CN
R =H, Me, Ph
EWG = CO3R, COR, CN

X ZnB = =
N Cl N nBr,, /
P FG—:O/ + \O - FGX_/ W
% N~ Ni(BF ,),-BIPY N

Mg anode
52 ~76%
Eto:]/o [Ni(cyclam)]CIO, EtO_ _O
E B Ph > .
" DMF Ph
MeO,C 0.1 m Et;NCIO,, MeO,C

-1.5 V vs Ag/AgCl

Scheme 15.

75% (d.r >99:1)

(16
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Normally this use of a transition metal would not be cost effective, however the low price of Ni-metal, and its derivatives,
makes stoichiometric procedures feasible in the laboratory scale. Two examples are shown in Scffeme 12.

Finally, in an elegant series of papers, Mori and co-workers have been able to generate H—Ni—X 8aditgst Ni° and
Et;SiH) which react with 1,3-dienet0 to generater-allyl-Ni complexes?® When a tethered aldehyde is present (Scheme 13),
this r;gcleophilic allyl Ni complex adds in a 1,2 fashion to produce carbocy4lie) (and heterocyclic derivativeg{b and
410.

Notably the intermolecular version of this reaction also gives high yield of the adducts (Eq. (17)).

0 Ni(COD), (0.2 OSiEt
N & (COD), (0.2 eq) o .
PPh; (0.4 eq)
Et,SiH (5 eq) 1n
toluene, 50 °C 59 ~76%
R' = aryl
R = aryl or alkyl

Remarkable 1,2 and 1,3 selectivity can be obtained in this reaction when substituted dienes react with aromatic aldehydes in
the presence of Ni(acacind EgB to give the monoallylation products shown in Schemé®14.

2.5. Addition to olefins and acetylenes of C—Ni species generated from electrochemical reduction of halides

An alternative method for the generation of intermediates sud@8as 29 (Scheme 7' is the electrochemical reduction of
appropriately functionalized alkyl, alkenyl and aryl halides in the presence of Ni salts. A number of examples in the literature
(Scheme 15) have demonstrated this method in the synthesis of biaryl derivatives (Scheme 15A), oxyindoles (Scheme 15B),
a-aryl-ester, ketone, and nitrile derivatives (Scheme 15C) and bis-heteroaryl compounds (Scheme 15D). Alkyl halides
have also been cyclized in this manner to give tetrahydropyran (Scheme 15E) and lactone derivatives in good yield and
stereoselectivity.

3. Addition of HCN to Acetylenes and Olefins
3.1. Addition of HCN to acetylenes

The Ni-catalyzed addition of HCN to acetylenes is a useful transformation since it generates not only a new C—C bond but also
an «,B unsaturated nitrile which can be used for further functionalizatfdBarly studies (Scheme 16) showed thaf Ni
phosphite complexes such as Ni[P(Ofhkan successfully catalyze the addition of HCN, or its precursor acetone—cyano-
hydrin, across non-polar acetylenes. The yield and stereoselectivity of the reaction depends largely on the metal ligands
[(PPhy)4Ni is not a good catalyst for this reaction] and the steric and electronic properties of the acetylene. The reaction works
well with alkyl or aryl, internal and terminal acetylenes. However, electron-withdrawing substituents diminish the yield

Ni[P(OPh);],4 R
R Ry R,
— 1 2 —
Ri—=—R, BEE— pa—e + =
HO_ CN H CN CN H
HCN or x
Benzene, 120 °C
Scheme 16.
Table 2.
Entry Substituents Yield (%) Ratio
1 R;=R,=Ph 93
2 R1:R2:C02Me 27
3 R;=t-Bu; R,=Me 78 90:10
4 R;=n-Bu; R=H 73 14:86
5 R,=Ph; R=H 45 90:10
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substantially (entry 2, Table 2). Internal acetylenes favor formation of the new C—C bond at the least substituted site (entry 3
Table 2) while terminal acetylenes exhibit opposite selectivity (entry 4, Table 2). However, the electronics of the phenyl ring
reverse the latter regioselectivity (entry 5, Table 2).

Remarkably, Ni and Pd show dramatically different reactivity when3il@N is used as the cyanation reagent (Eq. (38)).
Namely, acetylen&?2 in the presence of PdgCleacts with MgSi—CN to give excellent yield and regioselectivity of the
expected vinyl nitrile43. Conversely good yield of the functionalized pyrrole derivaddavas obtained when a Ricatalyst

was employed.

MeO MeO
Me3SiCN Me3SiCN
- MeO—@—: = __H
/ \ NiCl, PdCl, NC ™S (18
NC™ N7 N(TMS),  pipal pyridine
H 42
44 43

66%

3.2. Ni-catalyzed addition of HCN to olefins

95% , Z:E= 95:5

The addition of HCN to olefins is admittedly “...one of the important success stories in the industrial application of homo-
geneous catalysis” Indeed the addition of HCN to butadiene is responsible for about 75% of the total production of
adiponitrile (Eg. (19)) and is used exclusively by DuPont to prepare starting materials for nylon as well as other amine and
nitrile products. The reaction proceeds through three discreet steps and is successful only whgh¢PR@)p-tolyl); are

used as ligand¥. The latter ligand gives rapid reaction at@5while the addition of Lewis acids afforded longer catalyst life

and product distribution favoring linear products.

HCN Ni° HCN
\/\ _>Ni0 NC/\/\—» NC/\/\ —»N.o Nc/\/\/CN (19)
i
Lewis acid

Interestingly, phosphines are not useful ligands for this reaction, and lead to catalyst deactivation. Further work at DuPont ha

AN
+ HCN
X

45 a, X= OMe
45 b, X=H

1-5% Ni[COD],

—_—
L*

hexanes or CgFg

L*: Ni ratio=1.3t0 2.0

e

WICN
SOA
X

S-46 a
S-46 b

~\-0
Ph" o OPh
L*= R2P0 0PR2
47 ee of S-46 aI
a) R=Ph 40 %

Scheme 17.

b) R= 3,5 (CHa),-Ph

¢) R=3,5 (CF3),-Ph

16%

85%



I. N. Houpis, J. Lee / Tetrahedron 56 (2000) 817—846 831

produced a remarkable example of an enantioselective addition of HCN to vinyl arenes under Ni-citalysisstudy,

originally aimed at the synthesis of Naproxen and its derivatives, has recently been expanded into other areas (e.g. hydro-
vinylation) and uses, quite elegantslectronicas well as steric tuning to effect the desired selectivity. So the reactidbeof

or 45b, with a toluene solution of HCN in a non-polar solvent in the presence of Ni(G@) phosphinite ligand7 afforded

the naproxen precursd6aor 46b (Scheme 17).

High yield, enantioselectivity and catalyst turnover were found to depend on the following parameters: (a) phosphinite
ligands (such a#7) of a 1,2 diol are required, while phosphines are not useful ligands for this reaction; (b) the 1,2
diol must be of the gluco-configuration as phosphonite derivatives of BINOLSS)1,2-cyclohexanediol give poor
selectivity; (c) the phosphonite phosphorous substituents must be electron withdrawing. This latter parameter turned
out to be the most important factor in dictating the enantioselectivity of this reactioml78¢R=Ph) gives modest
enantiomeric excess a@f6a (40% ee) while introduction of the two electron donating methyl groyf®) reduces the
selectivity further (16% ee). Great success was achieved when the electron withdrawing bistrifluoromethylphenyl
derivatived7cis used. It is noteworthy that the ligand affording the highest selectivity also gives the highest catalytic activity.
About 552 turnovers/h were possible af@5with loads as low as 0.13 mol% d¥cor 0.1 mol% of Ni(COD). Interestingly,

the reaction rate and selectivity is not affected by the Ni/substrate ratio, the Ni/ligand ratio or the percent conversion of the
reaction.

A careful mechanistic study has given some insight as to why electron-withdrawing substituents afford higher enantiomeric
excess (Scheme 18).

Detailed kinetic work’ supports the supposition that the chiral induction does not come from a face selective coordination
event that forms50, but rather from the migratory insertion and/or reductive elimination steps that fdrand 46,
respectively. Based on the above mechanism, it is thought that the electronics of the ligand affect the enantiomeric
excess in the following two ways: First, for liganti7a (R=Ph), k, and k_, are similar leading to rapid equilibration
betweerb0 and51 while for 47c(R=3,5-difluoromethyl-phenylk, > k_; leading to rapid formation c46 and regenerating

the active catalyst8. Second, it is then speculated that as the electron density on the Ni is decreased, the reductive elimination
of S51 must be considerably faster than Résomer (perhaps due to steric compression) leading to high selectivi§46r
(Scheme 17).

Synthesis of theR-46 isomer required the design of a new ligand that possessed electronic asymmetry (Schéfne 19).
Remarkable selectivity was observed when the fructofuranoside systantd was employed. The highest ee 46 was
obtained when only one of the phosphinite phosphorous is substituted with electron withdrawing §&lps (

3.3. Ni-catalyzed asymmetric hydrovinylation reaction

Similarly to the hydro-cyanation reactidfyinyl arenes, such a#5a, undergo a hydrovinylation reaction under Ni catalysis to

(e

P
48
lHCN
X
Ar
<P _H 45
I
HCN P” “cn ;N
49 H
48 C::Nli—lL
| Ar
CN
e
/T\ k2 H 50
e (i
i 1
46 i
"N
CN K
51

(benzyl na-complex)

Scheme 18.
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Me
1-5% Ni[COD], uiH
X
O™ e 2 O
X L* X

45 a, X= OMe hexanes R-46 a
ee of R-46 aI
X Y
a H H 46 %
b  3,5(CF3),-Ph 3,5 (CF3),-Ph 56%
c H 3,5 (CF3),-Ph 58%
Tr=Ph3C d  3,5(CF3),-Ph H 89%

Scheme 19.

give the chiral olefirb3 (Eq. (20)).

N 0.7% [ (allyl) Ni-Br) 1, =
00 + H2C=CH2 > QO
MeO MeO
45 a

L
(20)
CH,CI, 53
AgOTf or 62% ee with L= 54
NaBAI'4

80% ee with L= 55

Incorporation of a chiral monophosphine ligand containing a second weakly coordinating g#wmd 55) leads to
substantial amount of chiral induction.

m
O OGN

54 55

The success of this reaction depends on the in situ generation of more reactive Ni-species by replacing the halide from th
stable allyl-Ni—Br dimer $6a) with a weakly coordinating OTf (or in some cases AB~) counterion (Eqg. (21)).

@
<(—N| B\ AgOTf (—®N| Q f H_NI OTf (21)
R3 PR lnsertlon PR,

3

56a 56b 6¢ 56d

Th_e Catqust precurs@ﬁa_\is activated by reaction with AgOTf to form the allyl Ni complBgb. Coordination of the ethylene

of insertion givesb6c which afterp-hydride elimination gives 1,4-pentadiene and the catalytically active spg6tsThe
latter affords the produd3 as shown in Scheme 20.
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Cs3)

@ C%Tf
H—Ni:"—‘ l ]
s6d T3 \
S

o
. OTf .
@ Ar\% orf
Ar Ni, Ni{

PR, H® PR3

e

Ar\% OTf )_@ OTf
Ni .

1
7\
X® PRy Ar PR3

Scheme 20.

4. Substitution of Allylic Systems by Organometallics

Ni-catalyzed allylic alkylation reactions of allyl ethers, halides, carbonates and alcohols with hard nucleophiles have provided
an excellent method to form new C—C bori@danipulation of the ligands on the metal and the reaction conditions has
allowed control of the stereochemical and regiochemical outcome of these reactions and in some cases the absolute config-
uration of the newly formed Sgenter. As a consequence, several research groups have explored this reaction and their work
has been thoroughly reviewed (Eq. (22)).

RO R R,
1
L* Ni (catalyst
LNl (catalyst) R, (22
R; n R;MgBr R;

4.1. Substitution of allyl ethers, carbonates and amines

More recently, boratéShave been used in place of commonly utilized alkali and alkaline earth organometallics to achieve
coupling products with excellent chemo- and regio-control (Eqg. (23)). It is worth noting that Pd catalysis gives a mixture of
regiomeric products. By exploiting the unique reactivity and stereochemical properties of oxabicyclic compours®, {&.g.
stereoselective addition of Grignard reagents to theC@f these systems can be achieved, under Ni-catalysis, to give
diversely functionalized six- and seven-member rings. Reactidsi afith MeMgX in the presence of a catalytic amount

of Ni(COD), in THF gives preferentially theynproduct58in 70% yield (Eq. (24)).

(dpp)fNiCl,
MeLi
H 0 ol H
1G5 | __R .0 105
/\/i R I (d f)N|I /\iﬁ
+ B PP
Ph OJ\OEt go’@u@ PR NN g,

THF-CHCN  R,=C.H,, 78%

— Ri=Ph  87% (23
R1= C5H11 ;:(:Ph3)4

H41Cs S A CH H41Cs
N = + AR ale +
Ph CsHyy P Ph " OEt

25% 56%
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L'j\ 5 eq MeMgX
OMe

Ni (catalyst) Me“
OH OMe OH OMe
57 58 58a 24
Ni(COD),, THF 70% - -
(PPhy),NiCl,, THF 64% - -
(PPh;),NiCl,, Et,0/ HMPA - 58a + 58b=95%

The choice of solvent had little impact on the product distribution with Ni(CQA8&lthough the yield fell dramatically when

Et,O (48%) or EXO—-HMPA (30%) were used instead of THF. Other catalyst precursors showed much greater solvent
dependence. Thus, (PPINICI, in THF gave58in 64% yield while theanti isomers58aand58b were obtained exclusively

in ELO—HMPA in 95% vyield.

The less strained [3.2.1] oxabicyclic compouwsireacts with MeMgX to give modest yields of the seven-member 6ibig
This reaction (Eg. (25)) is more sensitive to the substituenisafl® R) and the reaction conditions than the reaction of the
[2.2.1] counterpart.

Me
R H
(o) 1 " R1 : .“\ORz
e
{ H MeMgBr iMe
Me _—
OR, Ni(COD), Me OH
0 25
59 Et,0,30°C 60 (25)
R1= H; R2= Me 56%
Ri=R,=H mixture of isomers
R4= R;= Me no reaction

Reductive ring opening of diversely functionalized [2.2.1] and [3.2.1] oxabicyclic systems has also been achieved, using
diisobutylaluminum hydride as the reducing agent. Moreover, the use of chiral nickel phosphine complexes can successfully
induce de-symmetrization shesocompounds (Scheme 2%).

So reaction 061 with Dibal in the presence of Ni(COBR}7 mol%) and BINAP (14 mol%) in THF at room temperature gives

the tertiary alcoho62in good yield and enantiomeric excess. This reaction is successful even in the presence of acid sensitive
functionality especially when THF is used as the solvéd&64). The reductive opening of larger sized ringj7&68)

requires higher reaction temperature“@])) toluene as the solvent, and slow addition of Dibal. Indeed when Dibal was added

in one portion to a solution d7 in toluene at ambient temperatug was produced in only 20% yield and 56% ee.

Linear allyl ethers can also undergo Ni-catalyzed allylic alkylation that exhibits excellent regio- and stereochemical‘ontrol.
To achieve high levels of selectivity, a coordinating ligand must be part of the molecular framework at the appropriate distance
to the reaction center (Eg. (26)).

OMe
3\ 5% (PPhs),NiCl, Me Me
n-hexyl/\2/1k(\Pth > n-hex I}’E/\/Pphz
Me MeMgCl o271
L)
69 85% 70 (26)

>99: 1 regioselectivity
> 49: 1 diastereoselectivity
>49:1 cis:trans

The allyl ether69, containing a distal PBhether, reacts with MeMgClI under (PRNICI, catalysis to give high yields of the
cis olefin 70, where the new C—C bond has formed exclusively at the C-3 position of the allylic system.

Interestingly, the above selectivity changed dramatically when a hydride (generated from EtM@&iwdaide elimination)
is delivered (Eqg. (27)). The dlvergent outcome for the reactions in Egs. (26) and (27) can be explained by postul&ng that
and71 are formed from the)® complexes72 and73, respectively. These two complexes are assumed to be the most favored
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835
yield % ee
Ni(COD), OMe
o BINAP
/ OMe __ D% . 81%  84%
OMe N
W
THF, 23 °C Me \H OMe
61
o)

62
y "
(0}

.-\\0
- )< 50% 78%
s
o)
- on
63 64
OMe
o o
ﬂ% OMe " 88%  91%
B —— ey
OMe OH OMe
65 66
o i
Ny "
_—
|
74% 94%
OMe OH
67
Scheme 21.

68

species formed in each case as non-bonded steric interactions are minimized.

3 OMe 3 H
A EtMgCl g
n-hexyl 71 PPh > n-hexyl 31 PPh,
Me 5% (PPh;),NiCl, Me
69 THF, 22 °C 1
0,
81% >99:1 regioselectivity
95:5 E: Z
27
Ph,P Ph,P
PhyPu. Ni Hr. Ni
Me N-hexyl A n-hexyl
72
the reaction (Eq. (28)).

73
As expected, in cyclic systems the relative stereochemistry of the leaving group and phosphine tether determine the success of
Me

-nQ

@/\pphz PhMgCI

5% (PPh3),NiCl, Ph
anti-74 THF, 22 °C
(28
QMe PhMgCI
PPh, - > NO REACTION
5% (PPh3)2N|C|2
THF, 22 °C
syn-74
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PhB(OH),, Ph
E— + Ph _~Xx~Me
N Ni-ligand 7 ;
/ < KOH (10%)
Ph-H, reflux
75 76 77 yield
Ni(PhsP), 1.6 : 1 64%
Ni(acac),,-AlEts, PPh;, 1.6 : 1 82%
Ni(COD),, 'Pr;P 1 : 3.6 62%
Ni(COD),, (PhO);P 15 : 1 35%
! : OPPh, 36 ' 1 69%
NiCOD), OPPh,

Scheme 22.

Yet another way to control the allylic alkylation reaction is the judicious choice of the leaving group and nucleophile. So the
propensity of amines to coordinate boronic acids affords an excellent opportunity to effect selective C—C bond formation in the
reaction of allylic amines and boronic acids under Ni catal§s#ss usual, the ligands, catalyst precursor, and additives have a
profound effect on the selectivity. Hence, Ni(RRItatalyzes the reaction of allyl amii® and phenyl boronic acid (Scheme

22) in the presence of KOH (10 mol%) to give a mixture of the internal addiand the terminal addition produé? (1.6:1,
respectively). A significant shift in the selectivity can be achieved by changing the ligands and generating the catalyst in situ
from Ni(acac) and EtAl. Thus,i-PrP favors formation o 7 while a bulky bidentate phoshinite ligand (BINAPO) induces
preferential formation o¥6.

As mentioned before (Eq. (22)) the absolute stereochemistry of the alkylation has been controlled by the use of chiral ligands
Some more recent applications of this principle have been published (Scheme 23). In these examples, allyBgéfreend (

allylic ketals @0)*’ afford, respectively, the optically enriched olefiland conjugate addition produ1 when reacted with

alkyl Grignards in the presence of a chiral Ni complex.

5% Ni(COD) ‘
Ph\(\/Ph 2 Ph\(\/Ph Ph__ X Ph
_— + Y

OMe S,S, Chiraphos AN
EtMgClI
78 Et,0, 25 °C 79 ent-79 yield
86.5 : 135 81%
M Z
1. e:[Ph./CI
1
MeO_ OMe Me” P’ ClI o (o]
@ +
BuMgCI .
e Bu “Bu
10% PPh,
80 81 ent-81 yield
2. H;0"
92.5 : 75 85%

Scheme 23.
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[NiCI, + 2 PPhy+ 2 n-Buli] )

MeO o :0
+ Me2A| X X A 3% (PPh3)2N|
Cl 3
MeO 0 THF, -60 °C
81%

MeO.

MeO

l 0.5% (PPha),Ni°
THF,-78°Cto 0°C  88%

racemic vitamin K

Scheme 24.
4.2. Substitution of allyl halides

The cross-coupling reaction of allylic halides with hard or soft organometallics in the presence of Ni or Pd catalysis is well
known and extensively reviewed.

A more recent exampf® of Ni-catalyzed coupling of vinyl alanes wit-quinone chloromethyl derivatives is of particular

importance since it provides general methodology for the synthesis of co-enzyme Q and vitaiemasks (Scheme 24). This
work demonstrates an extremely mild and fast coupling, in which the reaction is usually done in minutes at low temperatures.

5. [n+m] Cycloadditions

Ni-catalyzed cycloaddition reactions have been used extensively to produce three- to seven-membered rings with remarkable

Ni-(C42H2s5)4NBr,
+ _ ,COzMe —
colloid, CO,Me
PhCH3, 130 °C 28-35%
2 M R
O _N___R Ni(C10,), 6H,0
7
YOS O Mook
o O L
O O CH2C|2, -40 °C o xc
o R=H >99% ee
L= ° o R= Me 93%
o /=0 = Me o €e
|\>N N))
Ph Ph
3. 20% Ni(acac),

M
VR TMS  40% Et,AlOEt ph_Cbﬁoms
TBSO Vi >

60% P[(O-CH(CF;),]; TMS
cyclohexane, 0.001 M 54%
80°C

Scheme 25.
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selectivity. The process has been used by several research groups to synthesize a large variety of carbocyclic and heterocyc
systems as well as a number of natural products. As a consequence this subject has been the topic of recent reviews and will n
be reiterated her®&.

Some more recent papers in the field describe studies on: the nature of the catalysts involved in the cyclotrimerization of
acetylenes to form substituted aromafits)ectrochemically generated Ni-clusters that catalyz& 8ycloaddition reactions
(Scheme 25-1%! synthesis of aqua—Ni complexes that catalyze enantioselective Diels—Alder reactions (Scherfet2s-2),
dlscovery thak, Z dienes can be used to incorporate angular alkyl groups intt#cycloaddition with acetylenes (Scheme
25-3)3

6. Ni-Catalyzed Conjugate Addition Reactions
6.1. Alkyl organo-nickel additions to enones

In the last 20 years, Ni-catalysis has been used successfully in the conjugate addition of unreactive organometallic reagents
o, unsaturated carbonyl derivatives. These organometallics include alkyl, alkenyl and alkynyl aluminum and alkenyl
zirconium compounds, pioneered by Schwartz (Scheme 26), as well as dialkyl or diaryl zinc reagents. The latter can be
formed in situ under ultrasonic irradiation from the correspondlngehalides Li metal and,ZhBiLuche protocol. Several

other examples have also been reported in the literature (Schem&T2@se reactions have several advantages: (a) the less
reactive organoaluminum, zirconium or zinc species are compatible with an array of functional groups; (b) these organo-
metallic reagents need not be derived from metallation of a carbon—halogen bond or a deprotonation to form an enolate, bt
can be generated via hydro-zirconation, carboalumination, etc.; (c) Ni is used as catalyst avoiding the use of stoichiometric
copper and its accompanying environmental problems; and (d) chiral ligand on the Ni can be used to effect an enantioselectiv
conjugate addition.

One example of the application of the Schwartz protocol in total synthesis, involves the stereoselective addition of an alkynyl
aluminum reager2 (derived from the Li-acetylide and EtAlg)lto 83to give a good yield of the 1-4 addud4 (Eq. (29))>° It

is noteworthy that cuprates would not allow the transfer of an acetylene function so this method nicely complements traditional
copper-induced conjugate additions.

o
R AIEt,
82
Y > (29
H OTHP Ni(acac),
OTHP
Dibal
83 84

The Luche conditions have also proven useful in the preparati8f, @in advanced intermediate towards the total synthesis of

1.

o OR o[zr]
Ni©@
N |
+ [Zr]/\AC H
ﬁ sHn =™ CsHyq
RO
i /\/\)L
= CO,Bu' [Zr] CsHy4
= CsH
RGO 57111 N|(0)
OR
2. RX
o] i o]
Li®/ Ni©®
B ———
ZnBr,
ultrasound R

Scheme 26.
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(o]
(o] 10% NiBr,-3H,0
e-/ Fe anode
+ >
| I DMF : CH3CN (1:1) /
I 60-80 °C 50%
(o] [0} o
+ H)‘\ >
Br
76% o
Ph_ . rEWG " Ph
Br I o

E\/\EWG

EWG= COMe 84%
CN  68%
CO,Me 76%

Scheme 27.

Scopadulic acids A and B (Eq. (35f).

/ %,

“,,

Q

Me,Zn, LiBr

Ni(acac), (30)

85%

85

A Ni-Heck type procedure was employed to effect a remarkable double cyclization (Eqg. (31)) in the synthesis of a key

Ni(acac),
Ph __~ _Ph Chiral Ligand Ph Ph
\/\ﬂ/ + Et,Zn -
o CH5CN o]
-30 °C
89 90
Enantiopure Ligands:
4
Bu,N OH X
+ N
Me Ph OH
91 (90% ee, 47% y) 92 (82% ee, 79% y)
Ph, Me
N Pig Wan
OH N N" Y O
OH OH
93 (72% ee, 69%y) 94(72% ee, 75%y) 95 (74% ee, 50% y)

Scheme 28.
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Ph._~~__Ph X-Ni® Ni®
\/\n/ Ph\/\r Ph Ph\'/\/ Ph

o o Iy
- x“x ©-
89 96 97
Et,Zn Ph Ph Ph Ph H,O0
N N 2 Ph Ph
—_— |||\|./\r J/\r —_— J/\n/
N N
gt Ny OZnEt OZnEt 0
98 X-Ni® 99 90

Scheme 29.

intermediate §8) in the synthesis of strychnos alkaloids akuammicine and norfluorocurdrine.

/_K\/Me

N

‘ Ni(COD),
O o Et;N, LiCN

NO, 40%
87

(3D

88

Electroreductive conjugate addition Bf or Z-alkenyl halides (I, Br as well as Cl) proceeds efficiently to gieunsaturated
ketones, esters or nitriles in good yields while maintaining the stereochemistry of@eal@uble bond (Scheme 27).

Considerable research effort has been devoted to the enantioselective addition of dialkylzinc reagent to chalcone using chirall
modified Ni catalysts (Scheme 28)A typical procedure involves heating Ni(acaend the aminoalcohol ligand in GEN to

preform the active catalyst followed by addition of chalco8@) @nd E}Zn at low temperature to give the prod@gin good

yield and enantiomeric excess. The reaction proceeds best ¥NXkvhile other solvents (DMF, THF, toluene) gave
substantially lower ee’s. The ligand to Ni ratio also proved critical as did the addition of chiral additives such as bipyridine.

Mechanistically, these reactions are presumed to involve'aadlive species, generated from reduction of Ky the
organometallic reagent (Scheme 29Reaction with89 gives the radical aniof6 or perhaps directly the Ni species97.
Reaction with EfZn gives the dialkyl NI' compound8 which after reductive elimination regenerates the active catalyst and

the productoO.

e

R R
R, 2 i ) \!/
R1\/Kn/|-| t-BuMe,Si-Cl R1\)/_[\/0,S|— RSnBu; R1\2_I\\/O'Si—
i .
o] RSnBuj VN, %’ Nis
10% Ni(COD),
100
DMF or CH,Cl, 101 Bu,SnCI 102
25 °C, 36-96 h
Ni-L
Rz \l/
R
103

Scheme 30.
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Table 3.

Entry R R R, Time (h) E:Z Yield (%)
A CH,=CH H H 44 >19:1 75

B CH,=CH Me Me 71 >19:1 56

C PhCH=CH n-Pr H 66 ca. 20:1 48

D CH,C(O) H Me 36 6:1 52

E CH;C(O) Me H 48 5:1 50

As mentioned above the Ni-catalyzed version of these additions work at low temperature3(E€, 12 h), however the
uncatalyzed reaction also proceeds to completion albeit at a much lower rate.

A different mechanistic paradigm is used to explain the conjugate addition of alkenylstannafeuttsaturated aldehydes
(100a-€). Initial formation of the Ni wr-allyl complex101is facilitated byt-BuMe,SiCl, followed by transmetallation to give
102 and reductive elimination to the addul®3 (Scheme 30 and Table %).

6.2. Ni-catalyzed additions to enones by -ate complexes

Recently, Ni-catalyzed additions with metal-ate complexes have allowed C—C bond formation of less activated or hindered
conjugated systems. Titanate compld4, derived from MeMgCl and Ti(OPy, (Eq. (32)f* adds readily to the sterically
hindered keton@05with high chemoselectivity even in the presence of a second ketone functionality. A similar yié of

was obtained whefh04 was replaced with Mg\l, however,ethyl acetate had to be used instead of THF

o o
5% Ni(acac),
+ MeTi(OPr),MgCl —— » (32
104 THF, -30 °C
o 73% o
105 106

Aluminate, titanate and aluminum reagents also react with dienoned(8)& to give mixtures ofL08and109. The product
ratio depends substantially on the counterion of the -ate complex (Table 4, entries 1-5) and the catalyst (Ni vs. Cu) used.
Indeed Ni and Cu show useful complementarity in this reaction (Scheme 31) (compare entries 1 and 6 in Table 4).

OAc
Ni(acac), (33)
+  PhAIMe, ——— »
(o) Z THF, 0 °C
H 110

81%

A limitation of the titanate complex is its inability to effect the addition of aryl derivatives. This problem was elegantly solved
by using the mixed aluminum reageht0 (Eq. (33))%

The use of zincate reagefitsinder Ni catalysis promotes the addition of alkyl and aryl groups to less activated conjugated
systems. Addition of zincate reagents to the vinyl sulfoxidé, occurs smoothly under Ni(aca®atalysis at-25°C (Eq. (34)

and Table 5) to afford the addutfi?in high yield and diastereoselectivity. After desulfurization, the medicinally important
triaryl ethyl derivativesl13are produced in good yield and optical purity. Both alkyl and aryl groups add efficiently across the
double bond, but vinyl and acetylene zincates fail to effect the desired transformation. However, it is not clear at present, if the
latter zincates were indeed formed under the conditions used to form their alkyl or aryl counterparts. Only Nifaki#t)
carboxylate complexes are useful catalysts for this reaction and addition of phosphine, or pyridine ligands inhibits the catalyst.
The selectivity of this reaction depends largely on the electronics of the aryl grdud ¢éntries 4 and 6, Table 5) as well as

Table 4.

Entry Me[M] Catalyst Ratial08109 Yield (%)
1 MesAlLi Ni(acac), 38:62 90

2 MezAl(OAr)MgBr " 33:67 89

3 MezAl(OAr)Li " 15:85 90

4 MeTi(OPf);MgCl " 34:66 85

5 MeTi(OPH),Li " 11:89 87

6 MeAlLi CuCN 92:8 73
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o (o]
Me[M]
Catalyst *
° THF ° Me
107 108 109

Scheme 31.

the counter ion of the zincate (Entries 1 and 2, Table 5). Interestingly, the reaction rate does not substantially change in any o
the reactions in Table 5.

y
. RoM 0
holyl -~ o Ssgotyi Zn
5-7% Ni(acac), THE (34
THF , AcOH
temp R/
! 113
Table 5.
Entry Organometallic R R, Temp (C) Yield (%) % ee
1 PhZnLi p-OMe; m-OCp Ph -25 >90 82
2 PhZnMgBr p-OMe; mOCp Ph -25 >90 92
3 Et,ZnMgCl p-OMe; m-OCp Et —-25 60 88
4 PhZnMgClI CR Ph —-25 62 71
5 PhzZnMgClI Cl Ph —-25 80 89
6 EtZnMgCl Cl Et —-25 75 64
7 BusZnLi p-OMe; mOCp Bu -25 87 75-80
8 MesZnLi p-OMe; m-OCp Me 23 80 65
2 Cp=cyclopentyl.

Even a less activated olefin such as vinyl pyrididd undergoes conjugate-type addition reactions; however in this case more
drastic reaction conditions are needed (Eqg. (35) and Ta 114a-ereact with a variety of aryl, vinyl and alkyl Grignard
reagents at 45-5Q in the presence of a Ni catalyst to give addukt$a-h in good yield. In this case alkyl Grignards with
B-hydrogens only give the-6C reduction product corresponding 1d4, due to competing-hydride elimination.

SR e
—_—
RN Ni catalyst R; X

THF (39
114 115
45-50 °C

16 h
Table 6.
Entry R R, Product Catalyst Yield (%)
1 p-MeO-, mCpO-Ph11l4a Ph 115a CILNi[Ph,P(CH,)sPPh] 93
2 p-MeO-, mCpO-Phl14a Ph 115a Ni(acac) 95
3 Cyclopropyl114b Ph 115b CLNi[Ph,P(CH,):PPh] 95
4 p-MeO-Ph114c Ph 115¢ CILNi[Ph,P(CH,)sPPh)] 90
5 p-MeO-, mCpO-Phll4a 115d CILNi(PPh), 53
6 Naphthyl114d Ph 115e CLLNi(PPh), 82
7 Propyl1l14e Ph 115f CILNi[Ph,P(CH,)sPPh] 74
8 p-MeO-, mCpO-Phl14a o-Ph-N(SiMey), 1159 CILNi[Ph,P(CH,):PPh] 79
9 p-MeO-Ph114c PhCH 115h CILNi[Ph,P(CH,)sPPh] 70

Functionalized triaryl zincates can also be used in this reaction (Eq. (36)). However, the formation of biafylgéng=q.
(36)) can be a disadvantage if expensive aryl groups must be transferred. The problem was solved by using the mixed zinca
reagent PhZnM@MgCl. As in the case of PhAIMe(Eq. (36)) only the phenyl group is transferred and the formation of
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biphenyl is minimized.

~ "N
|
CpO X Ni(acac) O
- I 0
MeO THF; 45°C
(36)
Cp= cyclopentyl 116
2 eq Ph3ZnMgCl 93% 50%
2 eq PhaZnLi 67% 50%
1.2 eq PhZnMe,MgClI 65% 3%

7. Conclusion

As shown in the discussion above, Ni-catalyzed addition to olefins and acetylenes provide a mild method for formation of
carbon—carbon bonds with high stereo- and chemoselectivity. In the cases where new chiral centers are generated, enantio:
merically pure chiral ligands on the metal allow good control of absolute stereochemistry at the newly formed center.
Interestingly, synthesis of complex and diversely functionalized compounds can also be accomplished with Ni-catalysis.

Even though the use of organonickel catalyst in synthesis is still in its early stages compared to the widespread utility of
Pd-catalysts, we are confident that future work from various research groups will greatly expand the use of this chemistry.
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