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Conjugate Additions

1. Carbon-Carbon bond formation
- found in many natural product syntheses
(steroids, terpenes, prosteglandines)

2. Variety of Donors and Acceptors
- C,H,N, O, S, etc.
- Enone, enal, enoate, enamide, nitroalkene, etc.

3. Transition metal catalysis
- Cu, Ny, Pd, Al
- chiral ligands => stereoselective reactions

Reviews:
Sibi, M. P. and Manyem, S. Tetrahedron, 2000, 56, 8033.
Krause, N. and Hoffmann-Roder, A. Synthesis, 2001, 171.
Rossiter, B. E. and Swingle, N. M. Chem. Rev. 1992, 92, 771.



Recent Development in Catalytic Enantioselective

Conjugate Additions
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Organoboron Reagents

Stable in protic / aqueous media

Stable toward oxygen

Boronic acids and esters are compatible to many functionalities
Transmetallation to other metals

Ag(D), Mg(), Zn(1I), Al(II), Sn(IV), Cu(l), Hg(II) halides are known
to Pd very well-known

@—B OH) X@ Pd(0) or Pd(ll) —
+ L.
o =|= Base \| /

VA Z

Miyaura, N. and Suzuki, A. Chem. Rev. 1995, 95, 2457.



Conjugate Addition of Alkyl and Alkynyl Boranes

in situ Hydroboration / 1,4 - addition

HiC(H-0)e X +BH,4

(HSC(HQC)E’/\%B } 2) H,0 e
3 2
H3C(H2C)5 \/\/\fo + Hsc(HQC)s/‘\/YO

Me Me

THF, 1hr

86/14 mixture, 93% vyield
Suzuki, A.; Brown, H. C. et. al. J. Am. Chem. Soc. 1967, 89, 5708.
Alkynyl, alkenyl 9-BBN addition to enones

1) hexane, rt, 1hr @)
2) NaOH, H,O A
+ MeO/\/U\ 2-2 y Me

t-Bu
t-Bu
— - E - only, 98% vyield
+Bu—==-BR, y BB/R
] u}) e<oi o
K{ Hin M Brown, H. C. and Molander, G. A.
e
MeO Me // J. Org. Chem. 1977, 42, 3106.
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Additions of Dialkoxy Boranes and Boronic Acids

BFsEt;0 (1eq.) n-Bu Ph

Bu | Ph._~_Ph g Y
Bk, CH,Cly, reflux

Br 0O Br Ph O
72% vyield

Suzuki, A. et. al. Tetrahedron Lett. 1990, 31, 247.
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Suzuki, A. et. al. Synlett. 1996, 993.




Palladium-Catalyzed Addition of Arylboron Compounds

Pd(OAc), (10 mol%)
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Proposed Catalytic Cycle:

Uemura, S. et. al. J. Organomet. Chem. 1994, 465, 85.
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Rhodium-Catalyzed Addition of Boronic Acids

Rh(acac)(CO), (3 mol%)

Moo = 0 dppb (3 mol%) . Me 0
P8O + MeOH/H,O (6/1) \K\f 96% yield
n-Bu oL (6/1) Ph  n-Bu
50°C, 16 hrs
Solvent Effect ‘
enone DMF/H,0 (6/1) cyclohexane/H,0 (6/1) MeOH/H,O (6/1)
MVK 82 (99) (90) (99)
2-octen-4-one 28 60, 74 * 96 *
cyclohexenone trace 52* trace
() = GC yield

* =2 eq. of boronic acid

Reaction do not proceed without added water.
Addition of various bases retarded the rate. (NaOH, NaOAc, triethylamine)

Subsitution on arylboronic acid

substituent yield in DMF/water (6/1)
4-MeO 84
2-MeO 68
4-MeCO 94
2,4,6-(Me), (44), (80) *

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



Rhodium-Catalyzed Addition of Boronic Acids (Cont.)

Effect of Phosphines
yield in DMF/water (6/1)

phosphine MVK 2-octen-4-one P-Pd-P anlgle
PBuj 93
PPh, 83 102
TFP 94
dppe 70 0 85.8
19 90.6
dppp o7 94.51
dppb 99 28 :

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

dpbp found to increase the rate

of cojugate addition
PPh, PPhy p
Cll““thQ 9
c” N

Hayashi, T. et. al. Organometallics. 2000, 19, 1567.

Possible relationship with P-RhP angle
rate acceleration as the angle increases

The rate of Pd-catalyzed carbonylation

\\P
OCI“...PdQ e
Me/ P

van Leeuwen, P. W. N. M.
Organometallics, 1992, 11,1598.

P-Pd-P 92.24 (smaller than dppb)
Cl-Pd-Cl 88.21 (smaller than dppb)



Proposed Catalytic Cycle

Product + Rh(OH)Ln
10

A OB(OH), Ho 0O
i HO Ar/\/kMe — Ar/\/U\Me
: ArB(OH oR )
(OH)2 el HO-RR(1)-Ln ABOH,
Me .0 \ j 14 "
L > Ar—RhLn
» RhLn
11
Ho0
Ar 913 MVK 2
OR /\iﬁ ’
= 730 Ar-Rh(l)-Ln
Rh-enolate: extensively studied by Heathcock th?m o i Rh(l)-Ln r i1
OK FI’Mes \ 12
(PMe3),Rh(CO)CI + Me\/k > OC-Rh—O Me 96% yield Migauce
tBu  THF,-40°C | — \con
PMes CH=CHCOR 5. 0. them 200>
tBu Bergman, R. G., Heathcock, C. H., et. al. 43,5951
J. Am. Chem. Soc. 1989, 111, 938.
Alkyl/Aryl Rh(l) species

RhCI(CO)(PPhy), + PhLi —mE7go5" Rh(Ph)(CO)(PPh3), Hegedous, L. S. et. al .

J. Am. Chem. Soc. 1973, 95, 3040.

(PPhg)sRhCl + PhMgBr ~  PhRh(PPhg)s

Ether, rt Keim, W. J, Organomet. Chem. 1968, 14, 179.

90% yield



Asymmetric Addition of Boronic Acid to Enones
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Hayashi, T.; Miyaura, N. et al. J. Am. Chem. Soc., 1998, 120, 5579



Catalytically Active Species

NMR study

Rh (acac)(CoHs)» + (S)-binap - = Rh(acac)(S)-binap
quantitatively formed
H, P-NMR analysis
elemental analysis
consistent with the precedented Rh-bisphoshine
complex

Rh(acac){(COD) + bisphosphine

THE Rh(acac)bosphosphine + COD

Budzelaar, P. H. M. J. Organomet. Chem. 1990, 393, 287.

Rh (acac)(CO), + (S)-binap —_- ~  Rh(acac)(S)-binap  + complex mixture

low catalytic activity/stereoselectivity are probably due
to the formation of complex mixture of Rh species.

Hayashi, T.; Miyaura, N. et al. J. Am. Chem. Soc., 1998, 120, 5579



Origin of Selectivity

Scheme 2
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Addition of Alkenylboronate
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Tetrahedron Lett. 1998, 39, 8479.



Addition of Arylborate
S~ . amount of o offed the yicld,

R R Ar g Ol S R
1) nBuli Ho0 enone 1 »j\/j\ b7 I
A — P e (aBOMe)sr ——2 R ~Re S — %
2) B(OMe)s -binap b 2) BlOMe}, Rh-cat . =
o RA()/(S)-bi 3 Me ) BLOMel Rh-cat Lom
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Ar = 4-MeOCgH4 (2m) (2. Setbul.))
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4-MeCeHs (20) Hao (egiio 2m) __Y‘,"l‘l/- / v
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Hayashi, T. et. al .Tetrahedron Lett. 1999, 40, 8479.



Additions to o,3-Unsaturated Esters

o) ArB(OH), Ar O

Rh()/(S)-binap
/\/\)J\OR + or : > /\/l\/U\OR
Li+[ArB(OMe)3]' dloxane/HzO
100°C, 3hrs
Dependence on the size of R o
C) (o]
R Using FRBIOH) Using [PLB(0Me3)] - Fergyekic locones gy oy
Me iyied , 8b-ee 7 9% yicld , S0 ee Ph Blok): was betrer 0uyloting reﬁ?"‘f
.Et >at o, A0 7% yield , Whee qb~a8fee's were chtained .
tPe 24, W b + 5
HBu ' 4, , a5 QT+ 5k
Stereochemistry Z-enoate gives an enantiomeric product
eske yield See
o o pwe (E) | RebBu Q. (3
2N At ElZ(97]5), Retbu 8b . 43
H H (S}3em (R = R2= iPr)
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o)
9!
Ph
(S)-6am

a-sf face

Hayashi, T. et. al . Tetrahedron Asymmetry. 1999, 10, 4047.
Scheme 4. The binaphthylene moiety in (S)-binap is omitted for clarityMiyaura, N. et. al .J. Org. Chem. 2000, 65, 5951.



Additions to Other Acceptors

0 Ar O
I + (ArBO) Rh(1)/(S)-binap I|:I>\
P 3 > Me OEt
Me” " (OE), H,O (1 eq) (OED:
1a dioxane, 100°C
Arylboroxines are better substrate. Use of (S)-p-binap
Boron\ 1‘.{.\4 /-ce L - Q’i‘o Ve ﬁph;g\ﬂ‘-m phosphonale.  yield /
PhBlow), 444- 34 (s) %m. Me binap -1a qky.  &%(e
[phBo), 944 ab (¥ SN M-binap (2)-la 8 /- 92 v
(PhEO); 54 — (o ¥eo) besp B -la 8R4 49

2-
Ar:my)\“g\{ M-by rap (B -la Q- %0

Hayashi, T.et. al. J. Am. Chem. Soc. 1999, 121, 11591.

R R
©/N02 RB(OH) Rh(l)/ (S)'blnap @NOQ NaH(:()3 ©\\\N02
+ 2 > . -
R = Ph; 89% vyield R = Ph;
cis/trans = 87/13 cis/trans = 3/97
< 98.5% ee 98.5% ee
cheme 2
Ph-RhL* 2. Ph Ngg'm'_. (15,28)-cis
%\ 3am
H "
L* = (S)-binap

equatorial protonation

Hayashi, T.et. al. J. Am. Chem. Soc. 2000, 122, 10716.



Asymmetric Additions of Alkynylboronates

908 ) Y
OH  Li(OFPrB—==—n-Hex OO OiPr  BFsEL0 OO

O o o\B
OH %
99 ool OO\
Y Y n-Hex Y n-Hex
2a Y=H
H 2b Y = Ph
n-Hex
Additions to enones:
/\/l(j)\ 0 )
i \ i + 2 > 1 n o /
R R CHQCIQ, rt R R \B’P';' i :;
bo: R=R= ¥ is)
[L: €=Ph, RoMe 10
be s R=2h R ® . Lovored. R T@i
ield _Yee H g ®BRQ g
enone  _beconake _ﬁl__c—)’— 21 /L\o N S
ba 2a t \C \C
ba 2b 5 = S o T ot
bb G 33 3 11R 118
bb 2 So 85 Figure 1. Cyclic 6-membered chair-transition states.
be 2b 9 >

Chong, J. M. et. al .J. Am. Chem. Soc. 2000, 122, 1822.



Use of Aryltrifluoroborates

- PM\%MOM@\ 4 A#yl omd o»lkeny\ W-)[’wwobwa(—cs

" @ . ®
Ph - BlOH)z KHF —> Pl - BFs K (1a)
H‘LO 77t Y
quanh’mwe
A PP LSS
H0, "
R=Bu (%) 92y yield.
R COY\jM9 ot additiens, 0
7 Me. M=
, © & Rh(acee) (€0,) (3md) o~
g -BR X — —~ K
dppb (3 md)
Meok [He0 , 5C°C
boeotz K/ __i‘};ld__.
1a P &
Qo .

Batey, R. A. et. al. Org. Lett. 1999, 1, 1683.



Boronic Acids on Solid-Support

+ Synthesls 4 polymer- bound boronic acids

K BloH):
?"WV“"’“ \_{ THE

> the Suzuki Couplinj (S aISO)DossZLQ
\kS'\ﬂs this  Solid SMPPWHc( boronic acds

@ -0 o o
\_A/\:O>r3~ Ph + T4 p-oMe

[Pd tdpef) ] (3nbd)
Kapos

DHF, s, . o {{)ome

@——O\XC?/B—-A\( o aUceny)

52~ IS7- yield

Table 3. Conjuguate Arylation and Alkenylation of MVK with
Supported Boronic Acids
\/ko

o] o
3 C:B"R‘ Rh{acackCO), (3 moi%), R‘/\/ko

0 PPhj3 (6 mol %),
THF/MeOH/H,0 (7/6/1), 50°C s
entry R! MVK (equiv) ketone yield (%)* purity (%)”
1 Ph 1.2 5a 50 >95
2 Ph 5 5a 60 >95
3 4-MeCgH,4 5 5b 47 >95
4  1-hexenyl 5 5¢ 55 >95

¢ Yields of isolated products based on the loading of the resin 1 (1 mmol/
E). All compounds were purified by flash chromatography on silica gel.
Determined by 'H NMR (apart from triphenylphosphine oxide).

Carreaux, F.; Carboni, B. et. al. Org. Lett. 2001, 3, 803.



Chiral Amidomonophosphine Ligand

N ] O PPh,
PPh, PPh,
o LI

(S)-(-)-1 (S)-(-)-BINAP 2

Figure 1. Chiral phosphine ligands 1 and 2.
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Scheme 1. Asymmetric 1,4-addition of arylboronic acids to
cycloalkenones controlled by chiral phosphines 1 and 2.
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Tomioka, K. et. al. Tetrahedron. Lett. 2001, 42, 921.



Radical Conjugate Addition of Alkylborane

[fjf::BH (2¢5.) 0 ;:/R/ (Ses.) 5
[:(H -~ ° \3%) O/\/u\/

@ "

Mok CoMe (IDneH) DHpY (le;) quf yield.
CH Wz, veHax. CHaths , Oz
o The veaction was mhibited by the
o ~ ) Initiation:
add ition C& TEMPo  aad 3&(\):;’)7} oxice /o:© o
R—B 22, R
+ simlar” veactienS oce known usimﬁ 02
Mme n Propagation:
; \/lg—-K but yic(c(s y gcnerc\ii‘flef are R Ae i
W Mﬁr@d‘ RWWL{RWW‘_’ Rj)\rm}
0 R5 O Rs o]
4 6
RG
Rj/l\rw R®
2 RS 0.0 H0 R R

Figure 1. Possible mechanism for the formation of §.

Renand, P. et. al. Chem. Eur. J. 1999, 5, 1468.



Conclusion

Organoboron compounds can be used in conjugate additions.

Efficient transmetallation to rhodium catalysts have been
demonstrated by Miyaura and Hayashi.

Chiral phosphine ligands allowed high enantioselectivities in the
Addition products

Generality of the reaction was sufficiently expanded\

More stable boron reagents have been developed
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