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“Addition of a nucleophile to activated alkenes or alkynes,
followed by protonation of the anionic intermediate.”

O O

1,4 Addition
+ Nuc >

O Nuc O

/WJ\ N 1,6 Addition
R1 OR Nuc > R

Cordova, A. Catalytic Asymmetric Conjugate Reactions,
2010, Wiley-VCH, Weinheim, Germany, 145.



Ways to Favor 1,4 Over 1,2:
Soft nucleophiles
Polar solvents (HMPA)
Sterics
Delocalization of carbanion
Higher temperatures

With catalysts, tuning of structure/ligands also affects this



Powerful method of forming C-C bonds
with a new stereocenter

Enantiopure compounds important in
industry (pharmaceuticals and materials),
as well as academia

Tandem reactions lead to new
functionality in surprising and useful ways
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First reported in 1883 by Komnenos

EtO,C_ _CO,Et
COzEt ?\l/a EtO,C CO,Et H* EtO,C CO,Et
Z > CO,Et - Na oo
EtO,C  COsEt EtO,C  CO,Et
Michael Reaction
EtO,C CO,Et
2 N Ph\/\ 1) NaOEt, EtOH, heat 6h _ 2
EtO,C COEt o) H,0 EtO,C CO,Et
Ph
CO,Et
= pn 1) NaOEt, EtOH, heat 30 min  {O2E
N oLkt R g CO,Et
2) Hs0
o) O Ph

Komnenos, T., Liebigs Ann. Chem., 1883, 35, 145.
Michael, A., J. Prakt. Chem., 1887, 3, 349.



Field has developed quickly due to need of C-C
bond formation and stays relevant
Asymmetric conjugate addition still relatively
young field

Split into two broad sections:

Transition metal catalysts (esp. Cu and Rh)
Organocatalysts (commonly a heterocycle)
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Kharasch group discovered trace amounts of Cu salts led to 1,4

addition ') 0
CHsMgBr _
CuCl

Lippard was the first enantioselective example
O O . )_

CuBr-Me,S 5 mol% n

L* 5 mol® 74% ee NH
+ nBuMgBr L'Smole

HMPA, TBDPS .

THF, -78 C, 30 min \\

Kharasch, M.S., Tawney, P.O., J. Amer. Chem.
Soc., 1941, 63, 2308.
Lippard, S.]., Organometallics, 1990, 9, 3178.



CuOTf or Cu(OTf), + L

MR R,M
O M=Zn, Al

R, {MOTf- -R—CuL

Cordova, A. Catalytic Asymmetric Conjugate
Reactions, 2010, Wiley-VCH, Weinheim, Germany, 73.
Nakamura, E., Chem. Rev., 2012, 112, 2339.



Me, Hep, iPr, Ph(CH,); also sha

15 moi% Cu(OTn;

R,JLN& ey RU&

PhMe, -78 %0 0°C

ReMe, n-Pr, -Pr, Ph, & ;om ”“w
R'=tde, EX, 1Py, Bu

2 mok GUTC,

4mabd L34 ar L37
Et.0Q -30°C

R
"Ne

coNY. LP 1 55%
8 euplo 9B% Ar= Ph, 2-Naph

R=(S)-Me, (R)-Me

Feringa, B., Chem. Soc. Rev., 2009, 38, 1039.




Cu(MeCN),ClO, 3 mol%
Ligand* 6 mol%, LiCl 10 mol%
Et,O0,25C

+ 2EtZZn

2.5mol% Cu(OTf),Cqg
2.5mol% L180

R'2Zn
Et;0, -30°C

n=0, 1,2
2 ) ' ¥ yield: 34'95%
R éﬂ;gpﬁu. Ph, (CH2)3CHCH;, ee upto 97%

R'=Et, n-Bu, Ph, 4-MeOPh

Shi, M., Adv. Synth. Catal., 2005, 347, 535.
Hoveyda, A.H., J. Am. Chem. Soc., 2006, 128, 7182.




Josiphos/CuBr-SMe»
0 or Tol-BINAP/Cul

R/\/LLSR‘

R =

R'MgBr

rI, alkyl t-BuOMe, -70 °C

up to 99% ee

PTO|2
O‘ PT0|2

-Tol-BINAP, L3

& Fove
PPh,
Fe
<

(RFe-s)'(') L1
Josiphos

R/\(
CO,Me

* t-BuS/§

R=Ph, 2-Furyl, 2-Naph, iPr,
tBu, Cyclohexyl, 2-MeOPh, 3-
Ts-Indolyl

MesC  2sbF, CMeg

CO,Me OTMS

10 mol% cat O R
(CF)2CHOH 2 eq_ CO,Me
DCM/Toluene (1:3) BUS
CO,Me
88-99% yield
86-99% ee

)\/\/ MgBr

CuBr-SMe,, (+)-3

CH,Cl;
~70°C, 16 h

O

24: 34%
regioselectivity: 94%
86% ee

Feringa, B., Org. Lett., 2007, 9, 5123.
Evans, D.A., J. Am. Chem. Soc., 1999, 121, 1994.
Feringa, B., Angew. Chem. Int. Ed., 2008, 47, 398.



Oopanhations

2mol% L33 1) 1.5 equiv. TMSOTf

1 mol% Cu(OTf) ZnMe | 2) 2 equiv. CHl, ™SQ .
@ 3 equiv. Me,Zn 3) NH,Cl sat. aq. S
CH,Cl,, -30 °C 91%

7 8

1) FeCls
2) NaOAc

(S)-10
é@ (+)4R.S)12

<

(-)-(S.8)-11

O0—-\— 4mo % Liga

@)

Toluene, -40 C
RIICHO R ‘
R 67-76%
87-97% ee

Saturated Isopre

(0] ; 0]

1,4-addition
: @
- —
RO

L8 entLg N=20r3
1,4-addition

@ *L0,

1 fing opening meso-compound
; /\/\/L/R
Rq/\_:/\/\/Rz R 2
= n=2; 1.4-syn-dimethyl ~ n=2; 1.4-anti-dimethy!
AR
Ry Ro Ri : S ’

n = 3; 1,5-anti-dimethyl n = 3; 1,5-syn-dimethyl

Feringa, B., J. Am. Chem. Soc., 2001, 123, 5841.
Alexakis, A., J. Org. Chem., 2002, 4, 3835.
Feringa, B., Chem. Commun., 2005, 1387.




Bagnell, L., Austr. J. Chem., 1975, 28, 817.




o) .
Ni(acac), 5 mol % 86% yield Ligand: CN
+ TMS—=—AIMe, Ligand 5 mol % 88% ee
tBuOMe, 0 C Q<
AN NH
. L
@) Et O
Ni(acac),, Ligand
A\)J\ + EtyZn (acac),, Lig >
R4 R, MeCN or Hexane/THF Rj R,
OH
muz t-Bu <_>‘CONH((:H2)38|--{suppon}
e C5H11
A: 90% ee w/ bipy B: 86% ee C: 82% ee D: 91% ee

Corey, E.J., Org. Lett., 2004, 6, 3385.

Yokoyama, S., J. Chem. Soc., Chem. Commun., 1989, 516.
Bolm, C., Tetrahedron: Asymmetry, 1991, 2, 701.

Asami, M., Chem. Lett., 1994, 297.

Sanchez, F., Tetrahedron: Asymmetry, 1992, 3, 845.



Cu is well developed and can be used with
primarily organozinc, aluminum, or
magnesium reagents

Many functional groups are tolerated
Primarily used to deliver alkyl groups

L ess is known about Ni, and it tends to be
ess enantioselective
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Uemura-1994

@) Ph O
Pd(OAc), (10 mol %), NaOAc
R1/\)LR + NaBPh4 o )\)J\R

2 AcOH, SbCl; (10 mol %) R,

Miyaura-1997/
Ry O

@)
Rh(acac)(CO),/dppb (3 mol %)
3 >
R1/\)J\R2 *  RB(OH) aq solvent, 50 C, 16 h R1)\)J\R2

R® = aryl, 1-alkenyl

Miyaura, N., et. al., Organometallics,
1997, 16, 4229.



acac)(CzHy),
(OH), (S)-binap 3 mol %
dioxane/H,0
100 C

R = Ph (2m)
4-MeCgHy (2n) OO
4"CF306H4 (20)

3-MeOC¢Hj (2p) PPh,
3‘C|CsH4 (ZQ) OO
(E)-1-heptenyl (2r)

)H\( )l\k/\/\(E) -+BuCH=CH (2s)  (S)-binap

PPh;

Hiyashi, T., Miyaura, N., J. Amer.
Chem. Soc., 1998, 120, 5579.
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RhL'

el

Rh"©

/ (S)
\ R

RB(OH),/H,0

R = aryl or alkenyl

a The binaphthylene moiety in (S)-binap 1s omuitted for clanty.

Hiyashi, T., Miyaura, N., J. Amer.
Chem. Soc., 1998, 120, 5579.
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Insertion
Transmetallation B(OH)3 [Rh]—Ph (Phenylrhodation)
PhB(OH), .
>/
[Rh]_OH - "
0O / Ph
H,O
- Hydrolysis [Rh] = Rh((S)-binap)
Ph"
Path A
[Rh]—OH ~ [Rh]—Ph

acac-H acac-H
fast [Rh] slow
/ \
H,O o O

M PhB(OH),

Path B _
Hayashi, T., J. Amer. Chem. Soc., 2002,

124, 5052.



Hartwig, J.F., J. Am. Chem. Soc., 2007,
129, 1876.

—
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Neutral and cationic Rh species work well
[RhCI(C3H,) 1>
[Rh(nbd),]*BF,

Monodentate

O ‘O o Et + PhB(OH), [RAJL”
O

o} ‘Et
(R,R) 100% yield ‘O 18% yield
@[ 99% ee (S) o ee Diene

Bidentate

Ph Mixed-Donor
v

Ph™ 979% yield
96% ee (R)

D =
MeO PAr, E
MeO PAr 88% yield
O - 98% ee (S)
98% yield H Ph
>99% ee (R) 74% vyield
5% ee (S)
}—Q*F Cordova, A. Catalytic Asymmetric Conjugate Reactions,
. 49-99% vyield 2010, Wiley-VCH, Weinheim, Germany, 11-19.

95->99% ee (R)
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0 OTi(OiPr)s
[Rh(OH)((S)-binap)], _ “CHO (NP
PhTi(OiPr),
Ph Ph
45% vyield
: 99% ee
. [Rh(OH)((S)-binap)], 1.5 mol %
+ ArTl(OlPr)3 THE 40C. 12 h 2 > 94-99% yleld
’ ’ Ar  >99% ee
SO,Ph
@)
H , OTMS CHO
/:>; +ArZZnC| [RhCl((R)'b|nap)]2 ~ f KQCO3 y 55-80% yleld
Ar! TMSCI. THF,20C, 1 h A A MeOH/H,0 99% ee
M1 r2 Ar1 Ar2
L: (R,R)-Me-duphos 0 91%Yield 0 65% Yield 0 62% Yield

94:6 er 82:18 er 8713 er
R
3 / | \ N C e
P P O 73% Yield 94% Yield % Yiel
S 63:37 er } 96:4 er 4 er

%0,
., : : é
ks -
o

[Rh(C,Hg):Cll, i o NPy,

(R,R)-Me-DUPHOS

TMSCI, THF, 20°C é é 65:35 er ij
5e

5c Dﬁ 5d QS

o] 76/ Yeld (o] 87% Yield (o] 56/ Yeld

O

Cordova, A. Catalytic Asymmetric Conjugate Reactions, 2010,
Wiley-VCH, Weinheim, Germany, 38, 40.

Hayashi, T., J. Am. Chem. Soc., 2003, 125, 2872.

Frost, C.G., Chem. Commun., 2008, 3795.



{S)-binap

Rhacac)(CoHa)z
(8 mol %)

NO,
@ + RB(OH),

1a

y
i

T
=

4-MeCgH,
4-CF,CsH4
3-CICgH4
2-naphthyl
(E)-n-CsH,CH=CH

CC
99

DD DD S
g nonown

PRNENY

R

(18,2S)-cis
3am-3ar

PPh,
PPh,

(S)-binap

[RRCK(C2Hy)l2 (S mol % Rh)
(S.5)-Ph-bod* (6 mol %)

Cs,CO4 (10 mol %)
toluene, 80 °C, 15h 2h

(S.8)-Ph-bod*: P“‘a\

Hayashi, T., J. Am. Chem. Soc., 2000, 122, 10716.
Hayashi,T., J. Am. Chem. Soc., 2007, 129, 14158.
Hayashi, T., Org. Lett., 2009, 11, 3222.

Sipfs
91%, 97% ee (R)

Ph

R? Rh/L* catalyst (5 mol % Rh)
dioxane, 80 °C, 12 h

— Silpl's

L* = (R)-binap for R? = alkyl
L* = (R)-DTBM-segphos for R? = aryl
= (A,R)-Bn-bod* for cyclic enones

79-97% ee

Siiprs
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Neutral Pd binds preferentially to carbon, unlike Rh,
so B-hydride elimination to Heck-type products is
common

Favored for M=Pd Favored for M=Rh
[M] [M] [M]
R-Hydride ‘
(\Téo Elimination kao — Kﬁ//o _— (\/O
R1 R2 Fast R1 R2 R1 R2 R1 Rz

H20 H,O
Slow
Fast
K\fo
Ry Ry

Conjugate Addition
Product

Cationic Pd can be used to reduce this unwanted side
reaction
Cordova, A. Catalytic Asymmetric Conjugate Reactions, 2010,

Wiley-VCH, Weinheim, Germany, 145.
Albeniz, A.C., Organometallics, 1999, 18, 5571.



Very similar to Rh, except cationic vs

species R ] ©
\PdAr )|)LR1
_ + P OH
M-OH + H R, R,
Ar—M
R, 2"

H3()+ -
Rq

M=B(OH),, Si(OMe)s, BiR,
X_=BF4-, SbFG-, TfO', TFA ﬁR1

Cordova, A. Catalytic Asymmetric Conjugate Reactions,
2010, Wiley-VCH, Weinheim, Germany, 63.

neutral




[Pd(dppe)(MeCN),](SbFg), was developed by Miyaura.

o) O - - 2+
Ri + ArM Pd cat (.5-5 mol %_l R, 63-97 % Ph\ /Ph .
" THF/H,O (10:1), ), , vield R NCPh | SbFg%
RS 12 20C, 23 h RS ar [ Pd,
P 'NCPh
Ri=Alk, Ph, H 1= sj(OMe)s, B(OH), Ph” Ph

R,=Alk, Ar

Using chiral ligand instead of dppe gave enantioselectivity

O

Ar1/\)LR *

1

[Pd]-L ( .5 mol %) Ar, O L: N
Ar,—B(OH), Acetone/H,0 - A )\)LR S
AgSBFg (10 mol %) 1 ! Ph,P  PPh,
0-25C 55-86% yield
88-97% ee

Miyaura, N., Organometallics, 2004, 23, 4317.
Miyaura, N., Adv. Synth. Catal., 2007, 349, 1759.



TodhbcdLanonon ot = )= SPito= Ph,P  PPh,
Ar2
[Pd]-L (1 mol %) i ‘ A1 60-99% yield
Ar, T AT BOM): SR, (10 mol %), HBFs O L 90-97%ee
i-PrOH/H,0, 10 C “ar,
[P]-L (.5 mol%) 0 i
-L (.5 mol% o < 60-99% yield
\ - o
/\)J\ h " ABOM2 T hvE,0 (10:1) R1)\/U\ITI Ph 90-98% ee
50 C Ph
OMe o
o [Pd]-L (.5 mol%)
Actone/H,0, HBF, _ \O :
CHO + 70% |d
Ph™ \O AgSBF (10 mol%) e
10-20 C
B(OH), Ph/\/CHO

Miyaura, N., Synlett., 2007, 3055.
Miyaura, N., Chem. Lett., 2007, 36, 1442.
Miyaura, N., Tetrahedron Lett., 2007, 48, 4007.
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PA(TFA),

L: (R,R)-Me-duphos

Pd(TFA), (5 mol%), L 80-99% yield
+Ar-B(OH)2  THF/H,0 (10:1), 50 C * Q =

N " 97-99% ee
e r :
Sl i
B 0
Pd(TFA [Pd] (3 mol /0) ~ 63-99% yieId
A (TFA) +Ar-B(OH)2  THF/H,O (10:1) * 38-99% ee
OO N 0,1,2 (3 eq) KOH, rt, 36 h Ar

0,1,2

Palladacycles

O O

*A-B(OH):  To1uene, K3PO, Y 42-71% ee

[Pd] (5 mol%) - 82-90% yield Fe Pd\/Pth
Ar Cb =1

rt
Minnaard, A.]., Org. Lett., 2005, 7, 53009.

Shi, M., Chem. Eur. J., 2008, 14, 3759.
Ito, Y., Chem. Lett., 2007, 36, 470.



Rhodium is expensive, but works well for
conjugate addition, with few side
reactions

Palladium is cheaper, but lags behind Rh
due to competing B-hydride elimination
Both work well for aryl and alkenyl
groups, but not for sp3 carbons



First and second row TM’s complement one

another
Cu/Ni are good for introducing alkyl groups
Rh/Pd are good for introducing aryl/alkenyl groups

Relatively young field, but growing quickly
Many catalyst/ligand options

Tandem reactions allow for great diversity of
products



Thank you for your attention!




3)NH,CI sat aq

Scheme 2

HO)A\ [Rh]-OH
R2 —H20

91% yield
98% ee (S)
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Ar ‘ o) H ;'.,’ Ar
o075 [Rh] SO,Ph

1siface c

Q\ e
S —i +
H /Y A [Rh) ™7~ A
thl SO,Ph y H SOPh
Ar-Ti(OPr-i)s Ar

[Rh] = Rh((S)-binap) D (R)-5

stion Answers




