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Difficulties in sp3-sp® Cross Coupling

« Difficult oxidative addition
— Sterics - three substituents prevent access to the C-X bond

— Electronics - electrons are more equally shared in an
sp3 C-halide bond than in sp? C-halide bond.

« Slow reductive eliminations
— Increases reaction time
— Increases amount of 3-Hydride elimination
— Increases amount of reduction of alkylhalide
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First Example

R
COxt-Amyl /\)\/ R
itz LI Br " T cotamyl EtyZn Et/\)\/
_[PdCly(MeCN),] Lil (20mol%)
X ~ (1.5mol% R i g
( .OmO 0) Ni(acac), (7.5mol%) R
25°C, 4hr THF:NMP (2:1)
-35°C to R, 18hr
Br EtZn
R=Ph or Bu

Initial substrate scope:

Homoallylic and bishomoallylic primary iodides
Alkene or a,p-unsaturated ester.
Organozinc
Symmetrical
19and 2° Alkyl
TMS protected vinyl alcohols
Esters are tolerated

Knochel, P.; et. al. Angew. Chem. Int. Ed. Engl. 1995, 34, 2723-2725



Knochel Mechanistic Proposal

N© iil\\_| R\.Zn iii\\::_ 4/// i:%j\;fﬁ
. | \_
N| X N R' RI

R="Bu or Ph A
X=Brorl
R / R /
ZnR
,2 \ -
Ni—R' NiR, 21
Ni’ + R,

Higher temperatures promotes dissociation
"Pentyl,Zn gives more halide-zinc exchange than Et,Zn

Knochel, P.; et. al. Agnew. Chem. Int. Ed. Engl. 1995, 34, 2723-2725



Expanding the Scope

e} (0]
_ | [Nl(acac;Z] (1Z()m01%) _ n-Pent
(CHzhn Ly (CHz)n
THF/NMP
-35°C, 4h
n=2, 65% yield
n=3, 71% yield
O
[Ni(acac)2] (10mol%) O 0
/| n-Pent,Zn -
Bu (CHo)3 THF/NMP _-n-Pent _znl
-350C, 15h Bu (CH2)3 Bu
PhCOMe (0eq) 20% 57%
PhCOMe (leq) 1% <5%

Conclusion: Stronger m-acids promote coupling

Knochel, P.; et. al. Agnew. Chem. Int. Ed. Engl. 1998, 35, 2387-2390



Catalyst Development

Can an external olefin be added as a co-catalyst to facilitate coupling?

)}\ All gave similar conversion
a  times and a moderate amount
a=p-cEcH,  Of zinc-bromide exchange

3,5-(CF3),CeH3, CoFs

OzNONOZ Completely inhibits the coupling.

F3C
N Gives fast conversion as well as suppresses

formation of zinc halogen exchange.

Broad functional group tolerance
Notable exceptions: alcohols and amines

Knochel, P.; et. al. Agnew. Chem. Int. Ed. Engl. 1998, 35, 2387-2390
Knochel, P.; et. al. J. Org. Chem. 1999, 64, 3544-3553.



Reducing Waste: AlkylZnX Reagents

2eq of Dialkylzinc reagents are typically used

N1(acac)2 (10mol%)

@)
)J\ P \ 20m01%> )k
(CHo)3 RZnBr (3eq) R
n-BuyNI (3eq) Ph (CH2)s
THF/NMP
-35°C, 16h

Allows for more easily prepared RZnl reagents to be used.

RZnl reacts with TMSCH,Li to give RZnCH,TMS

0 Ni(acac), (10mol%) o
)J\ /| F C A\ 20mol%
Ph (CHo)3 RZnCH,TMS (3eq) R
THEF/NMP Ph (CHz)3
-35°C, 6h

Knochel, P.; et. al. Agnew. Org. Lett. 1999, 1, 1323-1326.
Knochel, P.; et. al. J. Org. Chem. 2002, 67, 79-85.
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Initial Ligand Development

Ni(cod), (4mol%)
ligand (8mol%)
Br +  BrZn—n-nonyl DMA > n-nonyl
RT, 20h

| _
0 = o) N
1)
N N
R-Pybox z
i R = ¢-Bu, i-Pr, Ph, s-Bu R Indanyl-Pybox

10 or 20 alkyl bromides or iodides
Highly functional group tolerant
62-78% yield
10

Fu, G. C. et. al. J. Am. Chem. Soc. 2003, 725, 14726-14727.



Asymmetric Catalysis

0]
@]
= - NiCl,eglyme (10mol%) o .
~, (R)-i-Pr-Pybox (13mol%) . &n._ R 51-90% vyield
R!ZnX B N 0
DMI/THF, 0°C 77-96%ee
Ph Br ’
Ph R
X R
NiBr,ediglyme (10mol%)
(S)—i—Prl—Pybox (13mol%) 39-899% yie|d
R R!ZnX (1.3eq) R
DMI/THF, 0°C 91-98%ee
X=Cl or Br
1 example of a benzyllic
Br : = 3
y non-indane bromide:
NiBr,ediglyme (10mol%)
(S)-i-Pr-Pybox (13mol%) 63%, 75%ee
R!ZnX (1.3eq) g
DMI/THF, 0°C
Cl cl

11
Fu, G. C. et. al. J. Am. Chem. Soc. 2005, 727, 10482-10483.

Fu, G. C. et. al. J. Am. Chem. Soc. 2005, 7127, 4594-4595.



Asymmetric Catalysis (Part 1)

R
NiCl, eglyme (5mol%)
177 T 3+ BiZn—r (3)-BnCH,-Pybox (5.5mql%)
i R 1.2eq NaCl (deq) RO =3
DMA/DMEF (1:1), -10°C

RZ

R1=R354-95%, 69-98%ee
R3=Me 57-97%, 81-96%ee

When R'#R3: If R1 is smaller, the constitutional isomer is formed.

If R' is e~ withdrawing, substitution is always at the y position.

Substrate scope is excellent: esters, amides, silyl ethers, acetals,
alkenes, phosphonate ester, and weinreb amide.

12
Fu, G. C., et. al. J. Am. Chem. Soc. 2008, 130, ?7???



Formal Total Synthesis of Fluvirucinine

cl 5.0% NiCly-glyme R
R1/\\T)\R3 — 5.5%4(;)-BHIC:2'E:(DOX= R1/§)\R3 (1)
R2 1.2 equiv : equw.' @ . R?
racemic DMA/DMF (1:1), =10 °C
Me
PoN
o’ Lf
Py H o1
£t
_NHCbz
fluvirucinine A, U
Me BrZn
Ji/L 8 j\r@'
Et0,C D\)
2 Cl
Et I
CO5Et

Fu, G. C., et. al. J. Am. Chem. Soc. 2008, 730, ?7???

Me BrZn

5% Ni*

A

e

(eq 1) |
| “ \O) 93%  Et0,C o, 3
o 2

EtO-C 0 o\)
racemic : .
>20:1 regioselectivity
2 96% ee
7n. L: 1) Hp, Pd/C; LiAIH,
Me 5% Ni* (eq 1) 2) F‘h3F’Br2
Cl 89%
Me
o Et/Lm\
. CO,Et
Et | D\) racemic Z o
CO.Et 5 82% Br OJ
>20:1 regioselectivity 4
>08% ee, 15:1 dr
1) H,, Pd/C; LiAIH,
58% | 2) Q\ ,P , then HCI
— +
CbZN’SNNE“S
1
13



Boranes as the Organometallic Source

R2 X NiCl, eglyme (6mol%) 9

3
N ; KO#-Bu (1.2eq) R R
R*——9-BBN 7BuOH (2.0eq) Y
R' dioxane, RT
R1
MezN \NMe2

Tolerant of protected alcohols (TBS) and amines (Cbz)
Rate: X =1> Br>> Cl

2° > 1° >> 3°(very low yielding)
14

Fu, G. C. J. Am. Chem. Soc. 2007, 129, 9602-9603.
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Some Mechanistic Insights

t-Bu
| N
R t-Bu X N/ XN t-Bu
V\ | |
P =
X N5molo)

> R
Ni(COD), Gmol%) DN

THF, RT, 23h
R2-ZnBr
N . |
Ni(COD m > m + 1/2 Ethane
i( )2 MeL, THF RT —~Ni—
ih |
|

Both species shown above are catalytically active.
Propose a mechanism for the coupling reaction

Vicic, D. A.; et. al. Chem. Comm. 2005, 4211-4213.
Vicic, D. A.; et. al. J. Am. Chem. Soc. 2006, 728, 13175-13183.



Proposed Mechanism

R’ m
m \ _ TN
\ _/ L

22

IZnBr

P
A

9
>

4

nid
{
;UI\)

py
mA

R

| s P
14

1

Vicic, D. A.; et. al. J. Am. Chem. Soc. 2006, 728, 13175-13183

The Ni(l) alkyl complex was
iIndependently synthesized and
also shows catalytic competence.

Agrees with Knochel’'s observation
that 1,4-dinitrobenzene inhibited
the reaction.

17
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Grignards as the Organometallic Source

NiCl,
R-X + R-MgX > R-R'+MgX,

/\/

1eq RX
R = alkyl

X=F,Cl Br,OTs
Substrate scope is diminished, tolerant

1.3eq R’'MgX of alkenes and arylbromides.
R'=aryl or alkyl
X'=Cl| or Br Capable of coupling with alkyl fluorides.

19

Kambe, et. al. Chem. Lett. 2003, 32, 890-891.
Kambe et. al. JACS. 2002, 124, 4222-4223



Mechanism

THF
NiBr, + 2eq n-CgH;7;MgCl + isoprene >  n-CgH,g + 1-octene
43% 45%
_ _ THF
Ni(COD) + leq n-CopH,Br + 1,3-butadiene — No Reaction
To rule out a radical mechanism: A S

Ni(0) 2~ 5 Ni

2¢q X , RMgX

n-octylMgBr \ﬁ
| > —\ NiCl, (1mol%) ‘
1 3-butadienc [>;(CH2)SCH3 R-R

Br THF, 0°C, 0.5h

According to Kambe:
“This result would rule out a
radical mechanism.”

20

Kambe, N.; et. al. JACS. 2002, 124, 4222-4223.
Kambe, N.; et. al. Chem. Comm. 2007, 825-827.



Conclusions

Ni catalyst systems are robust and efficient

Cross coupling of sp3-sp? centers can be used in total synthesis

Cross coupling can be used to set 2° stereo-centers

21
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