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Carbometallation: General Scheme

1. Type of Addition

R'-c=Cc-R?
R3M

1 2 1
R N _C/R R \C—C/M
R M R R
1(R“)$ l(R")@
1 2 1 4
R N R R \c—c’R
R3/v \RL RB/ \RZ

syn-addition anti-addition

2. Regioselectivity

Ry R, Ry R»
Ry M M  Rs

3. Metallation vs Addition

—> R'=-C=C-M + R?H

R'-C=C-H + R'M — o y
L—  c=c
Rz/ N\

M

4. Polymerizations

R! R2
s
3>c=c\ + R'-c=Cc-R? —
R M
Rl\ /R;!
c=C M ——  polymeric products
R Ne=c”
R‘/ N\

5. Multiple Additions

1 2 R' R?
3 R N /R 3 | |
RM + C=C ——  R¥%-C-C-M
R3/ \M 1. !
R3IM

6. Stability of new RM species

R R?
RM + R'-C=C-R? —>  “c=¢”
R ™M

——> decomposition products



For Comparison:
Grignards and  Cuprates

Unfunctionalized
5°% CuBr/ether, THE
C7HisMgBr + HC=CH 107G, 1k 30°é Sh
n- r + = _— . 3
7rhsMe 5 [(H3C)2Cu * MgLiBr;] + n-CeHiz=CZCH  ———>
H H CzHs—CHO H H
Se=c{ L=, Se=c? n-CeHa, M .
n-CyHys MgBr 3% n-CsHis”  “CH=CyHs Jc=C_ » MgLiBr;
6H H3C Cu—CH;;
Directed RCu - MHal + X—(CHpn—C=CH
ether O l 1
AMIX 4 RoC=C—CH=OH ot > Mo
H2C = 2 65-85% HC” (~CSCH X—{CHg)n— C=CH
R (i 2cu—R RCu
3
R = CHs, (H3C)3Si, CeHs 1 l
. . /(CHZ)\n_ M X—(CHz)n\C::C /H
Typically functionalized alkynes X\‘CU/C_C\R R e
or transition metal catalyzed Linear (L} Branched (8)
n=91273

X = halogen, SR’, OR’, 09, N(R');, OAc



Initial Studies 1: Designing the reaction

Goal Challenges

1. steric hinderance
B AL, R, Ry ce R R 2. SM ar.ld Product l.ik.ely
A= " M, (catalyst) §:< - )= have similar reactivity

a. polymerization

Hydroalumination Ziegler-Natta Polymerization
2N AT, J\)\/L%
R, R §
CuCl/THF =C0 M
> W o= 67-73%
® R R
SAIH R! R? .
pczee 22 L N ’ Carbocupration
H AL s CuCl/hexane/ R, R
R HiC=CH~CH:Br =€
H CH2-CH=CH2 C.H T
2 soy Llether,lh,-108 . “275\, -~
C,E Cu,MgBr,+C B -CSCH 2)L,other,3n,-108 c4H9/c‘c‘H 67%
~70% cq llether.pentane,1h-20e, C4foL T ,
n.C,H Cu,MgBr,+ HC=CH 20X, other,4n,-108 H,c=c\H 62%

JACS, 1970, 92, 6678 TL, 1971, 27, 2583



Initial Studies 2: Rational

May need to be activated

Good Place to .
in some way

Alkali and alkaline earth Start
organometallics are too basic
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Organoalanes look like a good
starting point for a catalytic carbometallation



Initial Studies 3: T1

Aromatics

Ph—=—Ph  BCE, 1, 24n =

MesAl TiCl,Cp, PR __ P
Me ML,

Aliphatics

Internal: Dehydrometallation

Bu Bu
Me ML,

?

MesAl TiCl.Cp,
DCE, rt

Bu———-2Bu

Terminal: Dimerization?

( =

MesAl TiCl,Cp,
DCE, rt, 12h

Ph Ph
— 84%
Me H
Ph Ph
>:< 75%
Me |

Pr
c=_
Me/E H

92%

A

Circumventing Elimination

R— MLm DCE, rt
Rs M'L,

?
ML, = ZnCl, BR,, AR, M'L,, = Al or Ti

ag. NaOH

i R SiMe
s Me,AlCI TiCIC 1 SiMeg
R— S|M63 DCE, It

Mé AL,

?

25% by GLC with multiple dimerized products

[ Different Catalyst System Needed? ]

MeAl TiCl,Cp, {Fh M'—j D,O



Initial Studies 4: Zr

Addition 1s cis

S MegAl PP Ph_ P
ZrCly,Cpy Me AlMe, Me H
1. n-BuLli
2.D,0
Ph—=—H i D0 o
MesAl Me D
ZrCl,Cpa ] _»
Ph H Ph H nBuLl Ph ' H
|
Mé  AMe, ) Me>:< | Mé L
_>
Changing the Aluminane
ethyl
. Pr3Al (2eq) ZrCl,Cp, (1eq)
: o 1h N\ 30%
1eq

Alkyne Scope

Me3AI CIQZGCz

Alkyne

methyl alkene

rt, 3-6h
yield of yield of  regio- stereo-
protonolysis iodinolysis  selec-  selec-
alkyne product,® % product,” % tivity? tivity
phenylacetylene? 98 73 (83) 96 >98
1-hexyne 95-100 85 95 >98
1-heptyne 95-100 83 95 >98
1-octyne 95-100 81 94 >98 .
2-methyl-1-buten-3-yne/ 95 70 95 >98 NO allene formatic
2-methyl-2-hepten-6-yne# 95 72 (79) 95 >98 . . .
5-decyne* 89 97 No dimerization
yne > cne
propyl
1. n-Pr3Al
Cl,ZrCp, (0.1 equiv.)
6 hr, 20-25°C n-Hex H n-Hex H n-Hex H
n-HexC=CH P Sec Se=cl
2. H,0 n-Pr H H Pr-n H H
29% 8% 47%

Regioselectivity ~4:1
Hydrometallation competition

Negishi, et al., JACS, 1978, 100, 2252



Initial Studies 5:
Suppressing Hydrometallation

ProAICI (1eq)
¢ = ZrCl,Cp, (1eq)
1eq C/—v 21%

no hydrometallation

Conclusions

Alkylalanes with B-Hydrogens can Hydrometallate

New Hypothesis
Hydrometallation result from alkyl transfer to Zr

Mechanistic Understanding 1s Needed



Mechanism 1: Evidence for Zirconation

2.4. Analogy: Assisted Carbozirconation 2.C. Analogy: Ziegler-Natta

NR ®

R
=4
(I)Hz Ligand association
Me =—cni Me
Cl>zrcp2 n-PrC:=CP:lM92 @
n-PrC==CAIMe2 I &+ ;Cl
L Me——‘—Zr’sz QHe
L R& @
M-3

R_— CI(Me)ZGCZ‘

]

n-Pr Al Me\z\

_ R
e . CH
c—cC ;l M_|
Me ZrCp2 T
1,2-Insertion @
y e HC_“]/R
PP et PP ™ M---
Me” 1 Me~" ~n

Chain growth

2.b. Analogy : Carbozirconation First Proposed Mechanism

Me,
1 (ﬁ MezAl + ClaZrCp2 = MezAl"'\ ,,'|ZGCz =
., CH.CL RCOC cr
Cp Zy + AICl, —— (CpZrCl, RAICl,] —— R'C—R
PR o CPErCl + IRAICL, T ci
“30°°C Me RC==CH
|
S ; 1979 L = i 34 8-
JACS [ 101:13 [ June 20, MepAl Z¢Cpy ———e Me—ZrCpp——Cl=—AIMezCl ——
or
R H R H
N NA——r -~
/C—-C — /C—C S
Me ZrCpp Me ,AlMe_
o “Cl Me Tl
‘AiMe “ZrCp%Cl
R H
NS
_c=c + ClyZeCp,

Me "N AlMe;



Mechanism 2: Evidence for Alumination

1. Changing the Catalyst System 2. NMR

| : 2
Reaction of 1-Heptyne with Meth)']alanejlirconocene Systems? PrAl Cl,ZrCp, DCE PrCIZrCp, Pr,CIAl
total protonolysis products obtained after iodinolysis at 24 h, % 30°C
products® (%) formed
sl inditad tie () 7GR K r e 0 6.44 6.21 exchange
Al-Zr reagent 1 o6 M N 7w v e Me
Me,Al-Me,ZrCp, “ @8 9 9 2 2 3
Me;,AI-CI(Me)Z:Cp, 95 98 93 2 trace 3
MeAICLZIC; 100 % 2 trace 3 PrAICI - Cl2ZrCp, PrCiZrCp, PrCiAl
5% a0 I trced 13 s 30
MeAICH-Cl,ZTCp; 0 0 0 0 0 0 0 0
¢1-Heptyne (5 mmol) was treated with § mmol each of a methylalane and a zirconocene derivative at room temperature in 1,2-dichloroethane. ¢ A - 645 S
6 . oft 0 €XC ange
95:5 mixture of 2-methyl-1-heptene and (E)-2-octene. ¢ The yields after 9 and 18 h were 85 and 98%, respectively. “The yield figures were taken
after 48 h. 143 (t qu )
3.a. Competition: Et vs Me New Mechanism Proposal
1. E13A|
CabCmm gy M 2rCes
n- prm— — -
shn 2 Hz0 MeAIMeX RC==CH
ﬂ-Can\c_c/H + n-CeHi~_ _C/H RC==CH m 1‘ R
0T PR | 8+ 8-
Et H H Et Me— AlMe——X- - ZrCpzCIX
93% (70:30)
L] L] o 4
3. b. Competition: CH; vs CD; - .
Sc—c + ZrCpsCIX
Me <~ “SAiMeX
1. (CHa)3Al n-CsHy; H n-CsHyy  H X=Clor M
__ Cl(CD3)zrCp2 5711 51 or Me
n'C5H1 1——
2.1 HoC | 1" CH,

95% 2%
<4% D incorporation



Multiple Mechanisms Operating

Et,AICI DCI

cat. Cp,ZrCl, R R D,O R R

- — —_— —
/ Et AlX, < D

X = Et or Cl CHs

RC=CR

R R

\ EtzAl R A DCl _
cat. CpoZrCly <A!Et D0 /‘ :n

|/

To decifer the mechanism the organoalane, catalyst system,
Solvent and alkyne were varied systematically.



Mechanism 4:

Stoichiometry

CpoZrCly
Et;Al P bl
o Et/CI\AIEt RC=CR R_A D,0 R PR
: -Bu Bu-n B Et At ClhZiC (o | 84%
1. Etg Al (1 equiv) n o t AE;CLZCp; o, 7
CpoZrCl, (1 equiv) —
- D 7
2. DCI, DO CH, | Fe Relevant to catalytic cycle
n-BuC=CBu-n . . RCZCR R DCl
1. Ety Al (3 equiv) n-Bu  Bu-n o Vi, | ozon_ coi— . 50 | A_f
\ CpoZrCl, (1 equiv) — P2Eg ™2 : _ R - ” 5 65%
- D 1 10 CI—AIEt, Cpo Zr IAlEtZ
2. DCI, D,O CH.D 13 15 & oHD 1
2 ]
n-Bu Bu-n . EAl oo
R
1. 23°C,24h o - -- AIEt CpoZ ool f g R
SEGAIL +  CpZrCly BUC=CBu-n D 8 Cpz 27 ? | mozcr r—B_AIEt2—>R—2/_\—AIEt2 200 = 87%
2. n-BuC=CBu-n z( et 0
CHD, Cl-AiEt, CI—AIEt, Cp, 2 D
3. DCI, D,O 11 1a 16 b CHD, ¢
R
Ri=mBy CprZ _>\IEYR
L] L] L] L] p2 r / 2
Mechanistic Implication ¥ v
Et,Al AY4N / Al
Cpa Zr< JAIEty —= —_— Cpgzr AIEt2 —_— CDZr v LAlEt, — Cp> Zr\a, AlEt,
9b CI 7 —CoH4 CI
" 10




Mechanism 5: Investigation of 10

Synthesis and Reaction of 10 HC. COSY

And HETCOR
0.26-0.35(m) R R
Et CHy iy Y o3 7o) / Et-viny! B/
CH=CH, 1 EtzAl HZ(f/ i T _ rRcscr | R - excha%ge IR
HZCpCl ———= CpoZt | o e, | T | CpaZri 1 ACHCHy), | —— | Crozg A, ——— " Cpozr, AL
CeDg cl ~c” *Cl ci 15 Clig B
18 s543s) 10 0.23-0.3(m) R
108.25 4.55(br)
D
—_ CpaZr, + RNy
10 minutes!
Conversion vs Time
120 4
100 S
80 .
Cl Et c
’Et I /Cl\ 5 .
“. g 60 [erate]
CpoZrCl, + EtsAl — Cp22r'\ JAEt; === Cp,Zr{_ AlEt, .
9a Cl gp C! w0 b
20
0 T T T T T T 1
0 200 400 600 800 1000 1200 1400
minutes

Rxn stallling? Product inhibition?
No data on distribution of products
during reaction

Inhibitory effect of Et,AICI?



Mechanism 6: 1st mechanistic extreme

Excess Et;Al, Cat. Cp,ZrCl,

carbozirconation R Ehtyl-vinyl exchange

R
RC=CR R—z—» b
CDQZr AlEt2
B C-H activation >’ \< Et 5

X

[\
Cp2ZrCl, _ZELAL CpoZr, + LAIEt, Cp. Zf

>\ “cl
2C

R=nBu Cp22r 5 AIEt2
|

Et,Al

Regeneration of 10

18



Mechanism 7: Second Mech. Extreme

Solvent Effect

EtLAICI (1 eq) hexanes

Bu—=—Bu CpoZrCl, (cat. or stoichiometric NR
24h
Bu Bu
. Et,AICI (1 eq) CH,Cl, —
Bu———-=B8u — -
Cp,ZrCl, (cat. or stoichiometric D ..
CH. 95%)
24h 3

90%

Rate and solvent effects
similar to methylalumination

No C-H activation

Dialkylalumanes do not exchange

alkyl groups with zirconium (remember
NMR studies)

6-Centered TS

RC==CR

RC=CR

o >Q
ezt (Et Et) AIX,
I\, _Y A /
X ¢1—AIX, Cp, 2r—0l
X = Cl and/or Et X = Cl and/or Et
(6-C-2r) (6-C-Al)
4-Centered TS
cl
MesAl  +  CpoZrCly Me,All ZrCp,Me
Cl
_mesen | oR . N f
Me—ZrCp,- -ClI--AlMe,Cl Me “Z1Cps
cl. cCl
R R "AlMe;
—_ — Cp,ZrCly
Me AlMe,
cl
MesAl  +  CpoZrCl, Me,Al{ . ZrCp,Me
Cl
_Roser | "R R R
Me—Al--Cl--ZrCp,Me = Ol
hllle (':' Me Al ZrCp,
Me i
R R
_— = CpoZrCly



Mechanism &:

Mixture of Mechanisms

Table 1. Reaction of Alkynes with EtsAl and Et>;AICI in the Presence of 10 mol % of Cp,ZrCl,

deuterolysis products (yield,* %)

ethylalane temp. time R;=C R;=<":
alkyne (equiv) solvent °C h D CH.D D CHj, others
n-Bu Bu-n
n-BuC=CBu-n EH;Al A3) hexanes 23 6 o5 0 (92) b b
(>95) DCHa
n-Bu, Bu-n
n-BuC=CBu-n Et;Al (3 or 6) (CH,CD), 23 72 (90030 (66-67) b c
(50) DCH;
Ph Ph Ph Ph
PhC=CPh Et;Al 3 benzene ss 19 >—§ b (208) D>=$_<° (299
= =98) D = =
( (zs)e) ocH (49) el e (49
n-Oct H H Oct-n
n-OctC=CH EK3A1 QA) benzene 23 17 (92) D - (45) (96) D - (45) b b
(>90) DCHa (46) DCHy
Ph H H Ph
PhC=CH Et;Al Q) hexanes 55 7 ond (56) D>—</ (28) b b
(85) DCH> DCHj
n-Bu Bu-n n-Bu, Bu-n
>—<,— — E
n-BuC=CBu-n EyLAIC1 (3) (CH,CD), 55 20 b (295) O (90) (294) D>—S=< t (5)
HaC n-Bu Bu-n
Ph Ph
PhC=CPh ELAICL (3) (CH,CD), 70-75 36-40 b oo (60) b
HaC
Oct-n n-Oct
n-OctC=CH ELAICL  (3) (CH,Cl), 23 5 - _

b (=87) D (61) (287) D 30) b
HaC HaC

Extent of operating mechanisms depends on the system



Mechanism 9: Higher Alkyls

- 0
m n-B Bu-n  nPr Pent-n 1-Bu3Al Hz
AIPr n+ —

t. CpoZrCl + > > n-HexCH,CH,M > n-Octane
L AI Pr-n, H Al(Pr-n), Cl1,2rCps,
hexanes Bu-n 0°C, hr

o .
24 (38%) 23a (33%) 23b (30%) n-HexCH =CH, M = Al- or Zr-containing group
rrBuC CBu-n
\e(n-Pr)zAICI .
. ZCI n—Bu L Bu-n 1-BU3A]
at CppZrCly P>—<AIX (X = n-Pr and/or Cl) > no reaction
(CHCl)o [ ™7 v (750/§ 0°C, 6hr

Hydrometallation “Problem” Again

Reaction Course depends strongly on alumane and solvent



Proposed Hydrometallation Mech.

i-BusAl

>
C1,2rCp,
0°C, hr
n-HexCH =CH, M = Al- or Zr-containing group
N\ 1-BuzAl
> no reaction

0°C, 6hr

H,0
n-HexCH,CH,M

> n-0ctane

1-Bu
ZGC2
c1”
1-BusAl
Cl,ZrCp,
1-Bu,Al0ct-n n-Oct\\
/,ZGCz
C1
Tetrahedron

Stoichiometry 1:2:0.1

(CH3)2C=CH2
\Zr‘Cpg_

1

1-0c tene

Letters Vel. 21, pp 1501 - 1504



Mechanistic Conclusions

1. Three Different Mechanisms are operative:
(1) Direct C-M bond addition
(1) C-H activation
(111) Hydrometallation
2. Using R,AICI and polar solvents increases
the direct C-M bond addition
3. C-H activation pathway i1s dominant with
Alkyl;Al and nonpolar solvents
4. Exlusive Hydrometallation results when (i-Bu);Al 1s used

JACS, 1996, 118,9577



Electrophiles

Diazomethane Epoxides

H

\ / \ /
RIC:C\AIRZ + HC=N; —— R/C=C\CH2—AIR2 H>C=C:H . & — H>C=C:H
D,0 (aliylic R AR, CH3 ° R CHz-(IJH-CH3
rearrangement) D:CH-CH=CH2 i 29 OH
ACIE, 1966, 5, 513 i i JOC. 1977, 42, 2712

One-pot procedures: Alumination-electrophilic attack
©

|
c=C v ZiCl,
Hi¢”  MAl(CH3),

31 @
|

n-CabloLi 1. ZnCl2/5% PdIO) complex CIC00C,Hs
2. X\/\R'

@ R H R H

N/ N/

R H & | /C_C\ M S=C

Se=c( o 1Y Zia, Hie” Se=c] HiC” NCOOCHs
H R’
HsC AlicHa), I 86 %
CoHgn ZQS 65-90 %
1coz lnzco lct-cnz—ocm
R, H R H R H

Synthesis, 1981, 853



Applications: Difunctional Alkenes

Table I. Preparation of Heterofunctional Trisubstituted (E)-Alkenes via Zirconium-Catalyzed
Carboalumination of Alkynes?@

3C NMR
chemical
regiose- shift of
% yield, lectivity the allylic
meth-  isolated of carbomet- methyl
alkyne product od? (GLC) alation, % carbon, ppm
3-butyn-1-ol 5 A 62 (85) 92
12 A 87 94
methyl (E)-5-hydroxy- B (63) 94 18.83
3-methyl-2-pentenoate
3-butynoxy-tert- 12 A 52 94
butyldimethylsilane
4-iodo-1-butyne ethyl (E)-iodo- B 74 (89) >98 16.65
3-methyl-2-pentenoate
6 A 60 >98
3-butynyl phenyl (E)-3-methyl-5-(thiophenoxy)- C 62 83 (>98)¢ 16.26
sulfide 2-pentenoic acid
(E)-3-methyl-5-(thiophenoxy)- D 78 83 (>98)¢
2-penten-1-ol '
2-propyn-1-ol 8 E 41 94
1-octyn-3-o14 17 A 60 (77) >98 10.94°¢
2-propynyl phenyl (E)-1-iodo-2-methyl-3- A 75 >98
sulfide (thiophenoxy)-1-propene
(E)-3-methyl-4-(thiophenoxy)- D 78 >98 15.42
2-buten-1-ol
Me Me Me
/\)\/ ! /\/‘\/ ! \/k/I
HO ~ I N ~ WI
5 6 7 7-BuMe,Si0
12 L
Me Me v : (I)H
L] L] L] OH
o ko v A LR Alumination is not n_
o Me R'CHC==CH _t=¢
8 10 1 15 Me
directed 6

Y = carbon or heteroatom group, R = carbon group

A=1,

B = CICO,Et
C=ate
complexatin
the CO,

D = ate, then
paraformalde
hyde
E=D,0



Difunctional Alkenes: E to Z

Utility Limited by chain length

Isomerization
MejAl Me  AMe; Me H Me, H
C=CH cat. CloZrCp, — A — EX —
(_ EE— @ H — AlMe < E
OH OAIMe, o OH
3 9 4

Me, GeMej

EX =

E

1.MesAl Me ~ GeMe; -~ OH
— 12

(—CECGeMea ClpZrCp,

AlMe
H 2. A o Me GeMe;

CICOOMe =
o}
13

O
10

. 1.MegAl Me, SiMej Me SiMe3
n9=CS'Mes ClhZrCp, ( )— EX ( )—
_ AlMe — L E (n=230r4
OH 2. A -5 by )
- s ~ 14
Mechanism?

— 5 1.Cp,ZrCh Me  /?
n-1 AlMe; (3 equiv) E* =
Qn-1 E
OH 2. thermal OH
isomerization
alkynol cond for isomerization product
entry n 2 temp, °C  time, d E yield,°% anti/syn®

19 2 H reflux 3 | (4a) 60 >98:2
29 5° reflux 5 I (7) 61 >08:2
39 6’ reflux 5 I (8) 50 >98:2
4 2 SiMe, 25 3 | (14a) 73 (77) >98:2
59 2 SiMes 50 3 I (184a) 52(52) >98:2
6 2 SiMe, 25 3 H(14b) 64 (70) >98:2
7 199 45 4 | (14c) 60 (60) >98:2
8 3 SiMeg 25 35 | (14d) 59 (66) >97:3
9 4  SiMe; 45 0.7 | (14e) 60 (65) 88:12
10 4  SiMe, 25 35 H (14f) 80 (82) 86:14
11 5  SiMes 45 0.5 | (14g) 54 (64) 60:40
12 9  SiMe; 25 3 I (14h) h (62) 4753
13 2 GeMe; 25 15 | (12b) 73 (84) >955
14 2  GeMe; 25 15 H (12a) 77 (84) >98:2

Same reagents: E or Z selectively



E to Z Isomerization Mechanism

Me,  AlMe,
— Al
OAIMe; o “Me

Me . AlMe3 Me H

+ H p—
— AlMe AlMe
o o

Comparable anti-selective carbometallation

ether (0]
MgX P or THF M
Hch/ + R=C=C~CH,—-0H soes 7 HoCZ X9
R
3

R = CH3, (H3C)3S|, C5H5



Cyclic Systems via aluminacycles

Scheme 1 Z
“ CO, or R
, CICOOBt o 60
Et,Al R / )
cat. C1,Z2rCp, =
RC=CZ - AIE V4
R z 1 \ BrCH,OCH,; Rxg\ .
-
a n-Bu n-Bu 3
b n-Pr n-Pr )
¢ Me Ph SiMe;

SiM b (<I>O 50%
Et;Al e / p
=GiMe, cat. Cl,ZrCp, =
(Qn > AlEt SiMe;
) B

n=1(4a) or 2 (4b) \ BrCH,OCH
4 5 | 47%

Mechanism?

Tetrahedron Letters 39 (1998) 2503~-2506



Aluminacycle Mechanism

B
n-Bu n-Bu n-Bu lé Y
~C \) OMe

"'Bu\é 1. nBuLi " N CH,0Me " B“\E AIEOBun "D “\§
2. XCH,OMe A(Et)Bu-n

(X=ClorBr) 3a

la



Applications

Monocyclofarnesol

NNy ik, NG 1. Loa
Cul 2. CIPO(OEt),
-ionone 65%
OPO(OEt),
N I. LDA(2 equiv)
2. aq HCI
62%
><'/\//¢
) I. MegAl, CI,ZrCpy ) N OH
3. (CHZ0),
farnesyl
85%
2.1 W
3. —
=
TMSA
ClZn
Pd (PPh3),
4. KF DMF

JACS, 1980, 102, 3298

1: 1,5 dienes

Mokupalide

)\/\/ l Me SAI CzZ rCp2
Itera‘uon

é[\)\/\)\/\)\/\/o“.. £-TsCl, CsHsN

2. LiBr, acetone

(62%)
P\i’/vg/\/g/\)war
(80%)
I. Mg, THF
2.ZnBr , THF
3. Br
no
O
CIoPI(PPhy),
/7~ BupAlH

@:\J\VWO

JOC, 1980, 45, 2526



Applications 2: 1,5 dienes continued

Coenzyme Q,,

_ 2
TMS—== : 0
6 (79%) ° \)\/\/L(“) 83%

0
from 6 (vide supra) ‘—W . -
PPz Z - T™MS Pz =

5 B — 8

71% MeO 9 o MeO I 2 (90%)
A: (1) 2.2 equiv t-BulLi in Et,0, -78 °C, 0.5 h. (2) dry ZnBr,, THF, -78 to 0 °C MeO s
B: 2% Cl,Pd(dppf), THF, 23 °C 0
C: (1) 1.5 equiv Me3Al, 0.25 equiv Cl,ZrCp,, CICH,CH,CI, 23 °C, 8 h E

(2) 1, (1.2 equiv), THF, -78 to 23 °C
D: (1) 1.5 equiv MezAl, 0.25 equiv Cl,ZrCp,, CICH,CH,CI, 23 °C, 8 h. (2) solvent evaporation, extraction with hexanes,

evaporation, and addition of THF
E: 4% CIoNi(PPh3),, 8% n-BuLi, 8% PPhs, THF, 23 °C

Org. Lett, 2002, 4, 261.



Applications 3: Conjugated systems

MesSi—=——=2ZnBr
HBr, 1Br 2 mol% Pd(PPhy)s
HC=cH 0°C.48h_ | B | 0w023°% 1an MQQSI——?—\\_Br
! 2
%% >99°/o E 1, 2990/0 =
1. LDA, THF

2. CIPO(OEY),
x> o | 3.LDA (2.2 equiv.) ij(\/
4

85%, >99% E

Synthesis of B-carotene

/
4 Seesastzj)ve. 5 o iv. Lo fi, v @,\\ RV S S Ve Ve N
(=]

6 B-carotene (3)
70%, >89% isomeric purity

68%, >99% isomeric purity

41. Me3Al (2 equiv), Cp,ZrCl, (1 equiv), (CH,Cl),, 23 °C, 4 h; ii. evaporation at 50 °C and <0.5 mmHg; iii. 2 (1.05 equiv), ZnCl, (1
equiv) in THF, 2.5 mol % of Pd,(dba);, 10 mol % of TFP [= tri(2-furyl)phosphine], DMF, 23 °C, 6 h; iv K,CO;, MeOH, 23 °C, 3 h; v.
1 (0.5 equiv), ZnCl; (1 equiv) in THF, 2.5 mol % of Pd,(dba);, 10 mol % of TFP, DMF, 23 °C, 8 h;

Org. Lett., 2001, 3,719



Synthetic Conclusions

Ry PRy
_ 1. RaAl _
Ri——R, 55+ — =
| Ry E

R, groups are limited to small alkyls (by the mechanism).
Regiochemically most synthetically useful with terminal alkynes.
Electrophiles are more general: epoxides, aldehydes, cross coupling

Highly functionalized (with 2 or more FG’s), stereochemically defined
alkenes can be made in one step.

Often, it is more synthetically facile to do a second step in tandem than to
isolate the product.

A wide variety of “unfunctionalized alkenes™ can be made...often from the
same starting material (ie: 1,5-dienes and highly conjugated dienes).

If the molecule has a coordinating group either E or Z alkenes can be made
selectively. Note opposite regioselectivity of Cu reagents.



Extension to Alkenes

Direct comparison to Ziegler-Natta



General Scheme

Mechanistic Requirements

R Ro E R
RM + = ——— >— ——— —_
R, M R E
A B C D
B
R+

M

R> n
R
E

Anionic Polymerization (Ziegler)

Metals used
Mg, Al, Li, Cu, Zn

Catalyst Systems
Ti, Zr, Pd, Ni

Selectivity Issues

Regioselectivity Diastereoselectivity
R2 R3 Rg R3 E+ R2 RS
RiM + ~\— Hin {owH  —— Hu)—on H
? /D ?
R1 M R1 E
‘ Enantioselectivity ‘
?

LllCSlCl iNaltwa 1L Ulylllcl 1zqQauiuvull

H
szzr: + y P
R
K ks-H /" B-H elimination
/_\ H
P P Hy H ‘\(P
Cp22r+/\r Cngr: + A

ke

hydrogen transfer

—— N

Cp,2t{
r
Pz >R

transmetalation M

LR P
szzr+ +

R



Ziegler-Nata Mechanism

Cossee Proposed, Grubbs provided evidence

P. Crossee, J. Catal., 1964, 3, 80



There 1s not a T1 - C double bond

1. Proposed Mechanisms 3. Observations

Green and Rooney | A, . y

H " i Cr/ " onH L‘\D

/\/® - - I\IA——\ ® CHe=CHz | : CDET/S - CDlei/H% ‘ cpzr\iﬂ/ \\)
M i \) N

CH2=CHj

y : ;
COSSee (_L_t/\@ M/\/\/ : H H\\\D X

. N0 O
2. Experiment ; ;D N

(CH,) .

~ 2'n 1) EtAICI Cp,Ti
Cp,Ti v/ __._2__. p2| (CH3),

\C! Toluene Cl

-100°
2) Bipyridine
|, n=4 -100°—=room temp. 3,n=4
2, n=5 ﬁ, n=5

cis:trans = 1:1

[No o-H activation involved }

Grubbs, JACS, 1985, 107, 3377



Carbomagnesiation

Catalytic Cycle
2
WwCl N Z LN
ey G

H \\‘er IZrl_
RHN N6 e g, Q_HX N omg K
75% ) v ZXS
ee >95% HO <‘ 5

ee 92 t0 99
n=0,1,2



Add water: Rapid Rate
Enhancement

Al —— Al
‘:. CI \R T<0°C

~CI®
s!o\a -C<C- H%ﬂ

Ale
33

2]
[CpZrCl,] l: /le H0 [ /R:I RaAl R, A

Without water: 4-12h
With water: minutes

ACIE, 1993, 32, 1068



