Ready; Catalysis Conjugate Addition

Topics covered

1. 1,4 addition involving copper
a. stoichiometric reactions
b. catalytic reactions
c. allylic substitution

2. Conjugate addition without copper
a. Ni-based systems
b. Rh-based systems

3. Catalytic addition of heteroatoms

Topics not covered: enolate conjugate additions, Friedel-Crafts-type conjugate additions
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regioselectivity
stereoselectivity



Ready; Catalysis Conjugate Addition: origin

1,4 addition reactions involving copper
Review: Org. Rxns, 1992, 41, 135-631

1st report:
Kharasch, JACS, 1941, 2308 "Factors Determining the Course and Mechanisms of Grignard Reactions"

o) o)
HO  CHs CHs
CHsMgBr
) additive . "
H
3 CHs HsC HaC ’ ’
HoC G CHy ¢ CHs HsC CHj
3

additive
none 43 48 0
CuCl (1 mol%) 0 7 83

an unusual example of the catalytic reaction predating the stoichiometric one

classes of copper reagents: nRM + CuX
n=1.2
X = halide, CN
RCu R,CuM R(CN)CuM R5>(CN)CuM,
M = MgX, Li M = MgX, Li M = MgX, Li
organocopper organocuprate lower order cuprate higher order cuprate

(Gilman reagent)



Ready; Catalysis Conjugate Addition: general

R,CuM (M = MgX, Li)

Most common for simple conjugate additions

Soluble in Et20, THF

Thermally unstable (usually keep temp < °0 for R = aryl, vinyl; -78 °C for R = alkyl)

General reactivity trends R = 1°~2°>3°>Ar>>alkynyl

o or f sub. OK
X Et.O or THF N o, sub usually OK
or . _
+ R,CuLi 2 . B,B ususally difficult, but possible
ketones>esters>amides
R aldehydes: 1,2 addition competes
N Ph
O
_Me,Culi PhZCuLl
—»
98% CHs H3;CN 75%  HsCN
CH
° CH; H
CH;

O O
CHs
\‘OAC \\\OAC /)
MGZCULI LiCu—(-' 2,
5% 66%



Ready; Catalysis

Conjugate Addition: mechanism

mechanism

Recall: ¢C - ¢Cu = 0.6 (polarization: C-Sn > C-Si ~ C-Cu > C-B)

2 \“

R—Li

l CuX

R,CulLi LiX

l CullIR

OLi

X

a Cu-enone intermediate has been observed
spectoscopically and implicated kinetically. For lead
references, see Krause, ACIEE, 1999, 1644

)\‘ _CUR2

predictions:

some R-R formation (observed, usually use >1 equiv cuprate)
Lewis Acids may help

Can use enolate for further reaction



Ready; Catalysis Conjugate Addition: TMSCI

Added TMSCI+HMPA
very common method

MgBr O o) HO Ar
5 mol% CuBr-Me,S
+ >
additive
additive AT
itiv
Nakamura, Tet, 1989, 349 none > 17
TMSCI (2.4 equiv) 31 4
TMSCI + HMPA (2.4 equiv) 99 <1
enals usually very difficult b/c 1,2 addition competes
using RMgBr + 5 mol% CuBr-Me,S with added TMSCI/HMPA:
OTMS OTMS OTMS
Z HC A~ =
R R R CHj
R %Y E/Z R %Y E/Z R %Y E/Z
hex 83 94:6 hex 89 96:4 Bu 89 87:13

Ph 90 91:9 Ph 91 96:4 Ph 95 92:8



Ready; Catalysis Conjugate Addition-10

Problem with R,CuLi: Waste 1 equiv R O

Solution: nontransferable ligand O
1. MeLi
2. Cul
3. MeLi — Cu-CH, Li o

t-Bu—————H > {-Bu
76%
0 O Whitesides, JACS, 1973, 3893
n-CH,—==—CuR Li + > Corey, JACS, 1972, 7210
R
R = Ar, tBu, vinyl
Y >90%
Reagents of the form RR'Cu have reactivity intermediate between R,Cu and R',Cu
O O
n-Bu—Cu—PPh, Li + —_—
more reactive than Bu,Culi n-Bu
- 9250 88%
Stable at 0 - 25 °C Bertz, JACS, 1982, 5825

Especially good for alkylations with alkyl halides

similar: tBuCu(SPh)Li Posner, JACS, 1973, 7788
Origin of selectivity with mixed cuprates: Nakamra, JACS, 2005, 4697
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alkyl-cyano-cuprates review: Tet, 1984, 5005

RCu(CN)Li - lower order cuprates
R,Cu(CN)Li, - Higher order cuprates

Lower order cuprates have reactivity intermediate between RCu and R2CulLi
i.e. CN similar to alkyne (non-transferable ligand)

usually moderate reactivity for 1,4 addns, but OK for SN2'

O
: U O
* Li(NC)Cu HO.C
= 'single product' 95% vyield

Trost, JOC, 1980, 4256
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alkyl-cyano-cuprates review: Tet, 1984, 5005

RCu(CN)Li - lower order cuprates
R>Cu(CN)Li, - Higher order cuprates

experimental observation that higher order cuprates display improved reactivity relative to Gilman reagents.

T=0 0 O

'RCu'
Bu,CulLi Lil only —— no(r:e
Bu,Cu(CN)Li, 90%

'PhCu’ 'PhCu’ yield

\/\COZEt — \(\COzEt Ph,CuLi 38

Ph,Cu(CN)Li, 75

n- C3H7

81% 85% 88%
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The structure of hiaher-order cuprates has been debated:
(IZN 2Li°

J. Org. Chem. 1994, 59, 7585—T7587

New H and 13C NMR Spectral Data on “Higher Order” Cyanocuprates. If the Cyano
Ligand Is Not on Copper, Then Where Is It?

Bruce H. Lipshutz* and Brian James

Department of Chemistry, University of California, Santa Barbara, California 93106

815 From Chem Comm. 1996

It's on lithium! An answer to the recent communication which asked the question: 'If the
cyano ligand is not on copper, then where is it?'

Steven H. Beriz, Guobin Miao, Magnus Eriksson

O LiO
B R
1 \

Gy O e Cu~C/NLi

Pl R



Ready; Catalysis Conjugate Addition-14

- : +
[R_CU'R] [Li2CN] Brief review: Krause, ACIEE, 1999, 79

Me F\NMez MeTMe
N/
Liwe O Me, Cu — =
N“V Nso 1\ N ()
B 42 ,L o)
Mezo /LI\N Me Me
Me DO"U b
MezN\J Me N/ —~

“
Meg IC

~~Li=

So why are higher order cuprates more effective?? Not clear
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Copper-mediated addition of alkylzinc reagents

Often characterized by complicated reaction mixtures

—»

: OMs : CHj, :
- - M C ' = -
0 2 “CO,Me LN X CO,Me O/Y\/\cone
%NBOC NBoc %NBOC
'‘MeCu'
MeCu(CN)MgBr 0 95
Me,Cu(CN)(ZnCl), 2Mg(Br)CI 3LiCl 100 0
TL 1992, 3783
MeMgBr + ZnCl, --> white suspension
MeMgBr + ZnCl, + LiCl --> solution

for ponjugate addtions:

review: Chem Rev. 1993, 2117

RZnX + CuCN 2LiCl B

RCu(CN)ZnX 2LiX
soluble in THF good thermal stability (reflux THF)
/\b o) Less reactive than RMgBr or RLi-derived

no rxn with epoxides
only 1° iodides
NG 65% Allows functional groups not compatible
PivO OTMS with RMgBr or RLi
)5‘;\/\/ .

o i- PFOZC
95% 93%
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Ready; Catalysis

tandem 1,4 addn, enolate trapping
OTMS

OTMS
- H (4 - H
= i
UL Mel
- >
: H © H H OM z
OTMS : _ _ :
o o 3:2dr
1 (Bu3P)Cu\/\/CSH11 OH TL, 1985, 5371
OTBS . CO,Me
2 O — '2 diastereomers'
TBSO \_FF CO,Me TBSO —CsH11 500,y
H Noyori, Tet, 1990, 4809
3-component coupling approach TBSO
towards prostaglandins
O

@) 1 (BU3P)CU\/\/C5H11
O|||||

O'l,' =
>< OTBS -
o 2 - N— (CH2);COMe O
64%, d.r. = 9:1

Carl Johnson, g
JACS, 1988, 4726 1BSO
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Problem: often hard to alkylate intermediate Li enolate
Solution: transmetalate to Sn

) 1 (BU3P)CUV/\-/C5H11
= ot (CH2)3C02M6

TBSO"" 2 PhsSnCl

CsH14

78%, d.r.
TBSO Noyori, JACS, 1988, 4718

-
-
-
-
-~

3 I/\=/(CH2)3002M9

w/0 Sn, get complex mixture resulting from enolate equilibration.

OLi OLi
TBSO“‘Q%\ TBSO“\@ TBSO"
R R

OSn(Cl)Phs Li
Propose less basic

X

OLi OLi
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1,4 additions to alkynones

Q o) Li O OCuR O
RoCuLi SR CuR CuR
—» —— —
X X | ‘ |
R' R'
R' R R' R R R’
O O
H H
R' R R R'
cis-addn trans-addn
_ Br
Note: R-Cu can add to unactivated alkynes:
C,Hs5 Cu _ CoHs
EtCU(MGQS) MgBr, + C6H13 — > >=< e — >=<_\
CgH H CgH H
| 6 1.3 | 6113 859,
carbocupration Org. Syn. 1985, 64, 1

get less-hindered organocopper

so 1,4 addn mechanistically between 1,4 addn and carbocupration
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alkynones and alkynoates are more reactive than enones, so RCu is enough

CO,Me
M602C R
|| RMgBr/CuBr J/
MeO,C
COzMe
R = alkyl, vinyl, phenyl, TMS Chem Lett, 1981,
EtO Yl VINYL PREnYL - R~ 905 and 1363
OEt
0 Culi THPO 5
2 X
THPO\% -
81%2:1 E:Z
OFt TL 1976, 3245
EtO

somtimes isomerization is good:

COZMG
u >
pr— COQMG

O

COzMe
Crimmins, JOC, 1984, 3033

48%
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Conjugate Addition-22

more examples of enoate addn

OH 1. Me,CulLi o
2. allyl-Br @) —
—~—— ¥
syn comm. 1980, 751

Me3SI H
COLE (TMS)2Cu(CNILz

> - < Marshall, Syn. Comm.
CO,Et

1983, 531

CO,Me
Mg(0) 7 2
_65°C °C MgCl — =—co,Me
'
| Cul, TMEDA

Oppolzer, TL, 1986, 5471

H
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Asymmetric 1,4 addn

Breakthrough came with observation that R,Zn are effective alkyl sources
-functionalized Nu's

-can do catalytically without competing rxns of nucleophile

N L* R.ZN details of mechanism not known
» 2 stereoselectivity not understood
R Proposals
L*>Cu(l)R Concerted transfer (ie no Cu(lll) intermediate:
RoZn Noyori, Bull. Chem. Soc. 2000, 999; Kitamura,
Chem Lett. 2003, 224.
Rate limiting OA: Gennari, JOMC, 2005, 689,
B 7 2169
O R,zn
M= Cu. Z oM Rate limiting RE: Schrader, Chem-E.J. 2004,
= Lu, 4n RCUL*Z 6049.
N |
R a poorly-defiined complex

“~__



Ready; Catalysis Conjugate Addition-23

two best systems:
O

u(OTf), (2 mol%)

+ RZZn (
( B n
n /'—Ph

R ee

1 Et 10

>—Ph 2 Et 98

3 Et 98

4 mol% 4 Et 97

iPr 94

Feringa, Accts, 2000, 346 2
2 ACO\/"?,( 95
@)

[Cu(OThH)]5 (1 mol%) n R ee
t R,Zn i-Pr 1 Et 97
( - 1 iPr 79
n 2 Et 908
NHBN R 5 Pr 25
Bn 3 Et 98

PPh, 2.4 mol% 3 iPr 62

overall best ligand,
can optimize for individual substrates Hoveyda, JACS, 2001, 755
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Asymmetric addition of Grignards CH3
Chemo- and stereoselectivity
C4H
M, N
2 98%ee 99:1 regio 84% ee; 97:3
FPh (R.2-1, TankaPhos
Fe z
> Prp |
{R.51-2. R = Ph, R = Cy, JosiPhos
Q’L . (RSMFL.R=Ph R ='Bu
FR: [R5-4 R=Ph R =Fh
Fe PR (R.S}5, R = Ph, R = Xylyl
(R.51-6. R=Cy. R = Cy
Figure 1. Chmral farrocenyl-based diphosphines.
86% ee; 98:2 94% ee; 90:10
Scheme 1 !
0 a . R* 0 RY OH CH3 O
RIMgBr, CuX, ligand CH O
HFK\“"IJLHj solvant, temp. R'MHE ! RT%"}{RE 3
7 8 3 t_BuM
Table 1. Enanficaelective Ca of EIMgEr to (EL3-Monen-2-one Ta \
(R'= nPent, R*= Me, R* = Efj** 97% ee; 90:10 S 97%ee; 83:17
emiry  ligand Cuk sohvent Emp ("C)  Bafs  eef(RS)
1 1 Cul’] Et.O 0 34:18 1
2 1 Cul’] Et.0 =73 7030 4B(R)
3 rs Cul’] Et.0 =73 36:14  BO(RD
4 2 Cul Et:0 =75 83:17T TI(R
51 CuBrSMe, E4O ~75 919 B&(R) OCH3;
§ 1  CuBrSMe BuOMe —75 991 90 (R¢ 85%ee 87%ee
T 2 CuBr-Shie, BuOhe =73 T:23 T4(R)
8 1 CuBrSMe, BuOMe -73 3614 M@ Ca4Hg C,oHs
) 4 CuBr-Shie; BuOhe =73 935 5T
10 5 CuBr-5hls, BuOhie =73 30200 2L(R
11 6 CuBr-5hle; BuOhie =73 T1:29  27(R) OCH OCH3
3

Feringa: PNAS, 2004, 5834
JACS, 2004, 12784 Hs
ACIEE, 2005, 2752

92%ee 98%ee
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SN2' additions

/ﬁ\/LG Nu > /ﬁ\/Nu

Y o v o

issues:
regioselectivity (o vs y) (usually SN2

SN2'

SN2' favored: RCu-BF3; R,CuLi-ZnCl,; RCu; R,Cu(Cl or Br)(MgBr),, THF

SN2 favored: R,Cul(MgBr),; Et,O

stereoselectivity (syn vs anti) (usually anti)

substrates X

P a2 = /

X = halide, OAc, OCO,R, OP(O)(OR),, OS(O)R
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Conjugate Addition-25

accepted mechanism:

Kﬁ o X ’/\\“\“ X @ ’/)

CuR,Li

CURzLi L|R2CU

Cud -->@*
Cud -->@*

unresolved questions:
why SN2' favored?
Why little R-R formation?

Nakamura, JACS, 2008, 12862

N—:
VAR y/ Li
/LI CU\ H3C\ // I
Cu I\/le
H3C T,
\ '- ~ ’
Cu O—“'L' O/\'/ Clu

:s é' / )Q . ,—‘Me
~ - -Li-
O/Q O +8 kcal/mol
l N l N
2

VY non-interconverting
HaC enyls (i.e. BE) H3C{
cl _ Cu
& == D
towards@-substituion towards B -substitution

but why are the 2 cuprates different? (SN2 (SN2)
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Conjugate Addition-26

SN2' addns: examples

R’ o ) R’ regio 98:2
R"MgBr/CuBr DMS R 70-90%
R 0 - R-R" = alkyl
‘ ., _-CO,H JOC, 1986, 1612

H

_Me,CuLi /@ @

OAc cis
trans 2
OTBS QMs y OTBS
. . H—( A =" =
N\ MeCu(CN)Li BF3 LiBr__ R®H ~E — CO,Me
minimize
OMs CO,;Me i A1 |
| JACS, 1986, 7420

OCO,Me

(X

Zni
w

OMe

Trost, JACS, 1995, 10143
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SNZ2' addns involving alkynes

OMe n-CgH47MgBr n-CgH47
_ / 10% CuBr > <
pr— \ y
> Bu )L
™S —— \ BuCu _
OS(O)CH3

TMS 91%

sulfinate

NR,

% EtCu

%

O R, 60%
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best systems to date:
tBuO,C note: similar but different than
ligand for 1,4 addn
- NHBn
R >_/—OP(O)(OEt)2 OH \(
= * RyZnor Ar
- R-AliBu,, or Cu(OTf), X o Ar\(\
R-B(Pin) >
_ R Me R
Hoveyda, JACS, 2004, 10676 R=Et R = Me
Ar = e poor, neutral o5 ~ g0
NHC-based ligands solid state: ee's >90
N/ \ N N Ph Ph
Mes™ '\ Y >—\
HO /CU'/'O or N N LnAr
O--Cu ’OY
O/S/ Boc
\ _Cu Ar N
N N O A~
Hoveyda, JACS, 2004, 11130 0 N
JACS. 2014, 2149 X HeC™ X
C-CGH11 c-CeH12 : :
\|/\ \(\ \l/\ N Ar Ar/Y
Me Me Et Et P CHs L
R = Me, 74% ee 91% ce 93% ee WU%ee A NF

R = Et, 86% ee >80%ee >80% ee >80% ee
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Conjugate Addition-31

Rh-catalyzed 1,4 addns of boronic acids - a remarkable rxn

review: Hayashi Chem Rev. 2003, 2829
original report: Miyaura OM, 1997, 4229

0 Rh(acac)(CO), 0O
dppb
Ar—B(OH)  + R HoCeCl] > R moderate yields
| high temp
long times
R R R A R
r
enantioselective version
O
O [Rh(OH)(BINAP)],
AI'_B(OH)z + HZO/dloxane - R
| R 35 °C
R R R Ar R
n R ee
P 1 Ph 08
2 Ph 99 Q  Ph Q kN
2 40Me-Ph 99 )I\/I\
g 4-F-Ph 99 n-CsHq
Hexenyl 94 0 0
R n 3 Pr %6 98% ee 92% ee



Ready; Catalysis Conjugate Addition-32

Mechanism of Rh-catalyzed 1,4 addn

P> = BINAP

? P,Rh—OH

HC')—I'?hPZ No Oxidation state change on Rh!
O
- p,Rh—oH R B(OH)
B(OH)3
H>O
o RiP;

k P,Rh—R

hydrolysis faster than

B-hydride elimination PzRT_R :<:
O
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Rh-catalyzed 1,4 addn: other substrates

Esters and amides: 0O
Ph Ph 0
/\)\/CO2MG COsMe
Ph
89% ee 98% ee 98% ee
Ph
Phosphonates Ph 0O |
i ~B<
P uses | |
OEY),
96% ee ph” Yo7
nitro olefins
Ph Ph
NO,
NaHCO3
—
98% ee 08¢
9:1dr &

initial product

Ph @

)\/”\NHBn

98% ee
(requires K,CO3)

ee
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How to do 3 component coupling?

0 t
cd OBR,

Rh(OMe)(cod
o elcodl, BuLi, allyl-Br
+ Ph—B toluene
’
D,O D

n

only forn=1,2 o0% e
RCHO
o OTi(OiPr)s OTMS
1. LiOiPr
R cat. [Rh(OH)(BlNAE)]z R XX 2. TMSCl . RT X
| ArTi(Oi-Pr);
R™ "R RO1R AT
Ar Ar
OTMS
n Ar ee(%)
1 — ” Ph  OTMS
2  Ph 99
( - 2 4F-Ph 99 7
2 4MeOPh 99
\ 2 o 08 99% ee



Pd-Catalyzed addition of aryl boronic acids: formation of quaternary stereocenters
Stoltz, JACS, 2011, 6902

ArB(OH),

0 OB(OH), | 0
OPdL
Pd(OCOCFs), 2 Y~ \ n

CICH,CH,CI, 40-80 °C

> — s —_—
P

0 !
L,Pd 3
" ©_<_\\] T AR R Ar R A Ar
N N Heck-type addition

Ar—B(OH), T .
No possibility of p-hydride elimination

Py

yields mostly >80%, ee's mostly >90%

O O O O 0
Me'*’ Me'*’ Me'*” Me'* Me'*”
(no 2-substituted)
COZMG Br

OMe CF, Cl
0

o) o)
Q 0
BnO
v’ et \/\\\"
R Mer, v O
Me¢ Ph Ph



Ready; Catalysis Conjugate Addition-35

1,4-addn of O nucleophiles
Bergman and Toste, JACS, 2003, 8696

EWG PMes (5 moi%) EWG
J|/ R'OH

R R OR'
EWG R R’OH Y (%)
COMe H MeOH 56
COEt Me H20 77
CO2Me Me MeOH 71
CN H MeOH 79
COMe Ph MeOH 0
O OH 0O
+ PMe; (5 mol%)
AT -

AH = -5 kcal/mol; AS =-18 eu e




