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Addition of Iyl Boron Reagents to in si tu
Generated p,y-Unsaturated Aldehydes

Racemic version

Ph~

10 mol% BF3.OEI2

~BF3K

THF, o °G
30 min

[Ph~CHO]- Ph~

Asymmetric version

Ph~
o

7.5 mol% Sc(OTfh .
THF,-78°C

g 6 h

~B~
012

NaOH, H202 ,
rt, 14 h

OH

Ph~

88%, 96% ee

Lautens, M.; Ouellet, S.G,; Raeppel, S. Angew. Chem. Int. Ed. 2000, 39,4079.. Lautens, M.; Maddess, M.L.; Sauer, E.L.O.; Ouellet, S.G. Org. Lett. 2002, 4, 83.*'
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Chemoselective Cross Metathesis of
BishomoaUylic Alcohols

R3

R1rt
R2 R4

l

,m"""""n""'i

Mes-N N-Mes:

CI,Y :
m~IJ~~::m.J

~O
V OH OCH,

73%
ee 94% (SM ee 94%)

~O
OH OCH,

68%

~~O

l) . 6H . 6'Bu

.0

84% ~O0 OH OCH,
54% (72%)'

ee 96% (SM ee 96%)
60% ~O

~O OH OCH,
I

~O
O~ OH OCH,
I 43%

~O
~N02 OH OCH,

73%
ee 95% (SM ee 96%)

10 mmol Scale

35%

~OV I OH O'Bu
22: 1 vn?

° O'Bu

I '" '" ~
~ OH

~ Lautens, M.; Maddess, M.L. Org. Lett. 2004, 6, 1883.

80% (based on recovered s.m.
ee 94% (SM ee = 94%)
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Preparation of Differentiated 1T:- stems

A
(~4sn R/'~>or

~(IPC)2BF3K ~r Sc(OTfh or BF3

R2 1'3

/S~' 60 to 90%

/Y' OH .
R,

j

'2 d Generallon cal.

Grubbs n °C 5 lo 10minJWave, 160 ,

R3R

r1C," '_£"',~r '<:<"

çg
~ - ~60 lo 90% /""

.

O "
HO ."

::" i
H 'vA.O

\-O-"\'-- OMe
(+)-IepicidinA1 ~e

OMe

R2 R

R1)~ a ~R3 "-

~ ==-==---B

Sc(OTfh or BF3 ~
R2 R4

60 to90% R1)"'" --l "','( 'I ~'0.
R3 OH "

j
1) CP2Zr(H)CI

CIAIMe2
DCM

R2 R4 2) CIC02RS

R1~O

.-' R3 OR5 OR
/:.-' R,=Ph,R2=R4=H

~I
/""'

)
~"/''''/''''~;'Yo ,. R3= Br,Rs=TBS

li .,,'CN 85'1<

V l:~;X~l)::~", '

cryptophycin-402

1)

t 2)

t,

Evans,D. A.; Black, W. C. l. Am. Chem.Soc. 1993, 115, 4497.
Lautens, M.; Maddess, M. L. Org. Lett. 2004, 4,83.
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B(lpC)2 R3 OH
(RS

R3 OH RS

R1Y0 R100O
Sc(OTD, (cat) R2 R4 cal(5%)

R2 R4
THF, -78°C 19 'C,50 min

Yield- 40 lo 84%Yield- 70 lo 95%
R5=OH, OR ee - 96%ee - 96%



Vinylogous Mukaiyama-Aldol Reaction

Initia/obsel1lation

Key Step in the Total Synthesis of Swinholide A

~
OBn

",o

I
o

~
Cross-Aldo/?

o

R)lH + 4>
Commerciai

Lewis Acid.

Lewis Acid

~OTMS

BF3' OE!2

CH2CI2/ E!20 (9/1)
-78°C

70%

OH H

~O
dimer

OH H

R~O

~
OBn

I
",O

* ~

H 'OH IO

(90/10)

Paterson, L; Smith, J.D.; Ward, R.A.Tetrahedron. 1995, 51, 9413.. Saito, S.; Shiozawa, M.; Ito, M.; Yamamoto, H. l. Am. Chem. Soc. 1998, 120, 813.
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Vinylogous Mukaiyama...Aldol Reactions via Lewis
Acid Catalyzed Rearrangement of Vinyloxiranes

RCHO ~+

(1,3 equiv)

15 mol% Sc(OTfb .
THF, -15°C

OH

R~CHO

(YCHO
OzN~

88%

():CHONOz
73%

(YCHO
Meo~

55%

O-CHOO
97%

(YCHO
NC~

90%

(YCHO
Br~

78%

Ph~CHO

91%

~ lautens, M.; Ouellet, S.G.; Raeppel, S. Angew. Chem. Int. Ed. 2000, 39, 4079.

~, University of Torol1to



Next Approach :
Reaction

nylogous Mannich-Type

..

( problems] 1) Acid sensitive

N,R2

R)lH
Lewis acid ~ R1CHO+ R2NH2

2) Reduced reactivity of dienol Which types of imine
will yield good results?

~OH
Requires high temperature?

3) Product instability

HN,R2

1~~/~
R - ""I CHO H2NR3

Over reaction?

University of Toronto

Effect of the Substituent on the Imine Nitrogen
in the nylogous Ma nich- Type Reaction

N,R

c/'Ho

HN,R

~CHO
+ Y)<6 15 mol% Sc(OTfh .

THF, rt, 1-2 h

(1.4 equiv)

.. Lautens,M.; Tayama, E.; Nguyen, D. 0[9. Lett. 2004, 6, 345.

t University of Toronto

OH

RCHO Lewis acid (LA) .
RCHO+ Mukaiyama-aldol reaction

il

[lJ
R2

HN'
N' Lewis acid (LA)

R1CHO,)l +
Mannich-type reaction

.
R' 'H

W/"- Ph N N/Ts
,NHTs

N,PhN

c/'H c/'H c/'H c/'H c/'HO O O o o
54% noreaction 86% noreaction 40%

(5 equiv of vinyloxiraneused)

F3C:O FX) ÙOMe
I l I

N N N

c/'H c/'H c/'HO O O

82% messy messy



Generality of Benzylidene (2-CF3-Phenyl)Amine

F3CX)N

RAH

F3CY'i1

HNN

R~CHO

+ ~ 15 mol% Sc(OTfh

THF, rt, 2 h

(1.4 - 2.0 equiv)

F3C

X)
F3C

X)
F3C

X)'" I '" I '" I

~H ~H ~H
02N)l) llABr BrN

F3CY) F3CY)
N~ N~

c!'H ~HO

65% 84% 82% 30%63%

. Lautens,M.; Tayama, E.; Nguyen,D. Org.Lett. 2004, 6, 345.
. c.L
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Reactivity of the Deprotectable Benzylidene
(4-MeO-2-CF3-Phenyl)Amine

Preparation of 2- Trifluoromethyl-4-Methoxyaniline
OH

~'" Mel, K,C03

/./ CF Acetone3 reflux
NO,

OH

~CF3

OMe

~CF3
NO,

~e
~CF3

NH,
35%,overall yleld

FeCI3
activatedCconc. HN03

CH,CI, N,H,
MeOH
reflux

Sc(OTf), (15 mol%)

F3CYpoMe THF, 50 'C, 10.30 min
)0+~

N / 'O or
RAH (1.4 - 2.0 equiv)

F3CYpoMe
HN)0

R~CHO

BF,OEt, (20 mol%)

THF, O'C, 3 h

F3C

X)
oMe

",I
N

PhAH

F3C

X)
oMe

",IN

c(HX

F3C

X)
oMe

",I

~H
)l)

74% X = Br, 96%
CI, 90%, 82%

Y = Me, 99%
CI, 90%
OMe, 73%

. Lautens, M.; Tayama, E.; Nguyen, D. Tetrahedron Lett. 2004, 45, 5131.

,t University of Toronto

F3CX)
F3CX) F3CX) F3CX)",I ",I ",I

",I N N N
N

d'HPhAH
cCH

d'H/./ OMe MeO /./ Me2N /./

42% 74% 79% no reaclion



Deprotection of MeO...2...CF3...Phenylrou

F3CYyoMe
HN~

(ilCHO

NaBH4
Me6H

D'Ctort

F3CyyOMe

HNAJ

~Il) I OH
quanl

CAN

CH3CN-H20,O'C

N2H4.H20

Et20, rt

NH2

_~OH

HN,Boc
(BochO,K2C03. ~OH

THF-H2O,rt Il) I
83%

Deprotection: Ohkura,H.; Handa,M.; Katagiri,T.; Uneyama,K.J. Org. Chem.2002, 67, 2692.
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Lewis Catalyzed Di Vinylogous Mannich...
Reaction with an in si tu Generated

p,lf-Unsatu rated Aldehyde
a-Imino ester as an electrophile

N,CHPh2

ROOC)lH

SC(OTf)3 (10 mol%), ~ (1.5 equiv)

THF,Oaddilionlo 50 'C, 10min

HN,CHPh2

Rooc~CHO

,CHPh2N

~00H °

N,CHPh2

io0H° Cf/:"'"'
74% 60% 80%

yyOy
V.,(

'(X °y
.,
~

"
Ph

(-)-Menthol (-)-8-Ph-Menthol

88%

(S)/(R) =1.5:1

84%

(S)/(R)= 11:1

"Lautens,M.; Tayama, E.; Nguyen,D. Org. Lett. 2004, 6, 345.

,t" Universit)! ~t Toronto



Transformation Cyene Unnatural Amino Aeid
Ester Under Hydrogenation Conditions

HN,CHPh2

EtOOC~CHO

Pd-C, H2(1 atm)

solvent, rt
time ~COOEt l:lCOOEt l:lCOOEt

6HP~ 6HP~ H

A B c

~. Lautens,M.;Tayama, E.; Nguyen,D. Drg.Lett. 2004, 6, 345.

University (~fT()nmto

Expeeted Cyelization

HN,CHPh2

EtOOC~CHO

Pd-C, Hz (1 atml, MeOH, rt

l:lCOOEt
H

reduction of
a,j3-conjugated a/dehyde

deprotection of
benzhydry/

HN,CHPh2

EtOOC~CHO

cyc/ization
to enamine 'ì("ì diastereose/ective

~..)... reduction of enamine
N COOEt
I

CHPh2

l:lCOOEt
6HPh2

University of Torollto

so/vent &reaction time A B C

Benzene, 1 h 53% trace 0%

77% traceBenzene, 24 h 5% (cisltrans= >20:1)
84%

MeOH,4 h 0% 0% (cisltrans = >20:1)



Direct Vinylogous nnich..Type Reaction with in
situ Generated a"Aryl..p,l5-Unsaturated Aldehydes

One recent example:

~Ph o

BF3-Et20 (1.3 equiv)

EI3SiH (1.3 equiv)

CH2CI2. -78°C '
_~OH

Ph[ ~CHO ]

Jung, M. E.; Anderson, K. L. Tetrahedron Lett. 1997, 38,2605.

70%

~

.,t.

N ,CHPh2

A
c-HexOOC H

Sc(OTfh (10 mol%)

~Ar

[
~OH

](1:1 mi:;'ure) -- Ar .
THF

o addilion lo 50°C
10-15 min

HN,CHPh2

c-Hexooc~CHO
Ar

~ /f"oph .
)ç ""6 (1.5 eqUlv ~O-CI

o (1.5equiv)67%

O-~~ ,.,} OMe.
o (2.0 eqUlv)
80%

~ /f"oph .
)ç "'6 (2.0eqUlv

42% 60%

University (~f Toronto

Approach to Heterocycles : Intramolecular
Cross"Coupling Reaction to n AUylAcetate

IY')
HNAJ

Ph~OAC

'y:?10 mol% Pd(OAc),
22 mol% (o-tolyl),P
2.0 equiv. Et,N

CH,CN. reflux. 1 h WPh
H

trans only
24%

.~ Eiji Tayama - Unpub/ished resu/ts

o.t, University of Toronto

XX)
10 mol% Sc(OTf),

XX)
1) NaBH4. MeOH

XX)I
(1.5equiv.) HN I

O°C to rt

HN IN quant.

PhAH PhCHO

'

PhOAC
THF

DoC.1 h 2) AC,O. PY.DMAP
91% CH,CI,. rt

X = I. Br 93%



Previous Examples of Cross-Coupling Reactions
Between an Arvl Halide and AUylAcetate/Halide

Br

~COOEt +N
I

Ts

PdClz(dppf)(10 mol%)
BU3SnSnBu3 (1.5 equiv)

DMF
120 'C, 1 h

~Et N
I

Ts

88%

~OAc

(1.5 equiv)

Yokoyama, Y.; Ito, S.; Takahashi, Y.; Murakami, Y. Tetrahedron Lett 1985, 26, 6457.

cXb
ACO

Br

~ ;:/'1""

Pdz(dbahCHCl3 (10 mol%)
PPh3 (55 mol%)

BU3SnAIEtz (1 equiv)

THF
60 to 105 'C, 20 h

~
H

60%

Trost, S.M.; Walchli, R. J. Am. Chem.Soc. 1987, 109,3487.

c6~ ~
~ ~

Pdz(dbah.CHCl3 (2 mol%)
PPh3 (16 mol%)

In (1 equiv)
LiCI (3 equiv)

I~ ("CXJ+ ~Br

(1.5 equiv)

DMF
100'C,3h

88%

Lee, P. H.; Sung, S-Y.; Lee, K. Drg. Lett. 2001, 3, 3201.

University (~fTonmto

Recent Examples of Cross-Coupling Reactions
Between an Aryl Halide nd AUylAcetate/Halide

.
"t,

I

VBr

Zn (1.5 eq.)
Me3SiCI(3 mol%)

THF
70 'C, 48 h

Pd(dba)z 5 mol%

~CI (1.1 equiv) ,
O'C, 10 min ~ Br

90%

Ikegami, R.; Koresawa, A.; Shibata, T.; Takagi, K. J. Drg. Chem.2003, 68,2195.

(YBr
CNV + ~OAc

(2. O equiv)

CoBrz (20 mol%)
ZnBrz (10 mol%)
PhBr (10 mol%)

Zn (3.3 eq.)

CH3CN-AcOH
rt, 3 h

~
CNV

75%

Gomes, P.; Gosmini, c.; Perichon, J. Drg. Lett. 2003, 5, 1043.

CoBrz (13 mol%)
BU4NBF4(6.7 mol%)

CH3CN-pyridine (9:1)
50'C

iron anode
stainless steel cathode

1= 0.2 A

Gomes, P.; Gosmini, c.; Perichon, J. J. Drg. Chem. 2003, 68, 1142.

(YBr
CNV + ~OAc

(2.7 equiv)

~
CNV

64%

University of TOrollto



Optimization of Reaction Conditions

Effect of H20 Effect of base

:" EijiTayama- Unpublishedresu/ts

"~

'N~
I

Pd-cat
Q

I
/'N~ ~N~ ~ O~ ~ £NJ "N

Pd(OAch
P~(dbah

69%

76%

66% 46% 4%

68% 17%"Inorganic bases
Pd(OAchas a catalyst

K2C03 (3.0 equiv), 10%
NaOH (2.5 equiv), 8%

University 01 Toronto

Palladium Catalyzed Intramolecular Cross-Coupling
Reactions Between an ArylIodide and AllylAcetate

R3

R2-Q
HN I

R1~OAC

5 mol% Pd2(dbah
22 mol% (o-tolylhP

2.0 equiv n-BuNMe2 ,
CH3CN-H20 (10:1)

reflux, 6 h

'-y?

R3'nYì

Y~AR1
R2
transonly

:.. Eiji Tayama - Unpub/ishedresu/ts

.t.:

'-y? '-y?

%= '"
~ l.ij

CI
81%

%= '"
~ l.ij

Br
73%

'-y? '-y?

WCoo-c-Hex
H

77%
84%

(
cis-isomer was

)isolated in 2%

University o.f Toronto

IX)
'-y?

'X)
10mol%Pd-cat

HN "" I
Pd-cal,phosphine

HN "" I
22mol%(o-tolylhP

2.0equivEt3N CCt 2.0 equiv Base

CCt-
PhOAC

CH3CN-H2O (10:1) .ij N Ph PhOAC
CH3CN-H20 (10:1) .ij N Phreflux, 6 h H reflux, 6 h H

catalyst system without H20 with H20
(mol%)

Pd(OAc)2 + (o-tolylhP 24% 66%
(10) (22) (recov 64%)

Pd2(dbah + (o-tolylhP 34% 73%
(5) (22) (recov 60%)

PdCI2[(o-tolylhPJ2 30% 65%
(10)

'-y?

O?u %.ij N '" .ij N '"
H l.ij H l.ij

76% 80%

Y '-y?

% Q%.ij N '" .ij N '"
H l.ij H l.ij

76% 88%



Proposed Mechanism of Palladium Catalyzed
Direct Intramolecular Cyclization

.
,t,

Q IX) Q
HN I Pd(II)XL2 H

~
N HN Pd(II)XL2

~ ==='" --- A~/'-

Ph - r Ph "" OAc Ph ~ ì OAc

(
+ Pd(O)L2

R3N
reduced in situ de-complexation A

Pd(II)X2L2 LJ!

~ ~~ I re-complexation ~
HN NK (Il)fJ-acetoxy Heck H pd XL1

elimination Ph ""/'-OAc addition A ~ /'- 0
l'pd(II)XL2 Ph ~ 'T Ac

~I
~

HN

",

(Ph

Universit)' (~f Torollto

Scope for 5-Membered Ring Systems

("~1

~,,~I (OC02Et
R~X~

5 mol% Pd2(dbah
22 mol% (o-tolylhP
2.0 equiv n-BuNMe2

..

'

M
- -<,~, ~fo ," ,

~" "'"

I # XR

R =Ho CF30 C02Me

CH3CN-H20 (10:1)

80°C, 6 h
or

160°C, 1 min
microwave

oS
\
Ts

~U)
Et02d 't02Et

ex)
74% 67% 41%

(10-20%)

ml'''''
F3C # o ~ =-

I "'"

I # oml'''''
Me02C # o

61%
(20%)

66%
(36%)

56%
(33%)

.. ChristelleHerse - Unpublished results

i University of Toronto



Scope for 6 and 7-Membered Ring Systems

( .'<:'1

U~I

"Q ~OCOzEtX n

5 mol% Pdz(dbah
22 mol% (o-tolylhP
2.0 equiv n-BuNMez.

n=Z,3
CH3CN-HzO(10:1)

80°C, 6 h
or

160°C,1 min
mìcrowave

~M'. .'~""1 =-
~
'. ~

I )
R # X n

[~ Christelle Herse - Unpublished results

4t, University of Toronto

Ring-Opening Reactions: Generai Scheme

e asymmetric carbometallation

NuH = ROH, RSH,

R2NH, RC02H, etc.

chiral catalyst M

.. [~]
.. o-x

~Nu
Nu

asymmetric insertion of metal
into C-X bond

[. Lautens,M.; Fagnou,K.; Hiebert,S. AccoChemoReso 2003, 36,48-58* University o/ Torollto

eD% eDI I
# O #

O O /C"
EtOzC COzEt

62% 51% 72% 73%
(46%) (18%) (49%)

"R(-)" = R2AIH,

[ ]

RMgX, RLi, R2Zn, l1-elim.

Q-x
RB(OH)z, etc. ...
chiral catalyst M

M R
R



Efficient Syntheses of Pharmaceutical Agents
and Natural Products by ARO

o

£to
DIBAL-H (1.1 eq.)

Ni(CODh (2 mol%)
(S)-BINAP (3 mol%)
THF.rt

~HMe.HCI

éo co
88%.98% ee

n Sertraline
CI~

CILautens, M.; Rovis, T. Tetrahedron1999, 55, 8967.
J. Org. Chem. 1997, 62, 5246.

~
OH

Pd[(R.R)-i-Pr-DIPOF]CI2 (5 mol%)

Zn(OTt}., (10 mol%)

Me2Zn (2.5 equiv.)
diehloroethane, reflux. 6 hrs.

HO ,

')--("OH -~ -"

lonomycin

84%,95% ee

Lautens, M.; Colucci, J.T.; Hiebert, S.; Smith, N.O.; Bouchain, G. Org. Lett. 2002, 4, 1879.

Boe

lo CNH (5 eq.)

NEt,HCI (2.5 eq.)

[Rh(COD)Clh (2.5 mol%)

C2-Ferriphos (10 mol%)
tetrahydropyran, 100°C

~

.i,

O NHBoe --::::..-

N',,~~

q ~CI

o "~
N"'Co

N CI

l'''''o

DuPont analgesic

77%.86% ee

Lautens, M.; Fagnou, K.; Zunic, V. Org. Lett. 2002, 4, 3465.

University of Toronto

Rh-Catalyzed ARO: Preliminary Results

O

tto

[Rh(COD)Clb / PPF-P'Bu2
(0.25-1.0 mol% cat.)

Nueleophile (4-5 equiv.)
THF /80oC (or reflux) çol "'"

RO'" o
OH

>-PtBU2

Q-PPh2Fe
Q)

PPF-ptBu2

lo"'ço
OH

92%yield
>99%ee

ço "'"

~O" 'o
MeO~ OH

87% yield
97%ee

F3Clo"ço
OH

70%yield
98%ee

IUO"'ço
OH

92% yield
98%ee

r7') çol "'"
Br~O'" o

OH

94%yield
98%ee

NCUO"ço
OH

Meo

u ' çol"'", " o
" O'

OH

85% yield
95%ee

88% yield
97%ee

Lautens, M.; Fagnou, K.; Rovis, T. J. Am. Chem. Soc. 2000, 122, 5650.

i ~ Lautens, M.; Fagnou, K.; Taylor, M. Org. Lett. 2000, 2, 1677.

.,~ University of Toronto



Rh-Catalyzed ARO: Disappointments

. Dialkyl amines poison the catalyst

~. Lautens, M,; Fagnou, K. l. Am. Chem. Soc. 2001, 123, 7170.

.i, University oJ Toronto

Amine Poisoning and Amine
Hydrochloride Additives

luiv. to Rh)
Pyrrolidine (5 equiv.)
EtaN. HCI (5 equiv.)

THF I reflux
6 hours

>98% conv.
85% yield

/ ~ ,
92% conversion
after 25 hours

91 % conversion
after 14 hours

Pyrrolidine (5 equiv.)
BU4NCI(5 equiv.)

CSA (1 equiv.)

>98% conversion
after 5.5 hours

Pyrrolidine (10 equiv.)
CSA (5 equiv.)

Pyrrolidine (5 equiv.)

BU4NCI (5 equiv.)

Protic additi ves work

slowly alone

Chloride additives work
slowly alone

Protons and chloride
contribute in unison

~ Review of halide effects in catalysis: Lautens, M.; Fagnou, K.Angew. Chem. Int. Ed 2002, 41, 26.

* ~~~~~

UNHMeo I o (5 equiv.)

UN"ço£te [Rh(COD)CI]z(0.5 mol%)
PPF-ptSu2(1.5 mol%) Me OH

THF/ reflux 97% yield,max. 74 % ee

O Q (5equiv.)

£te
H . No Reaction

[Rh(COD)CI]z
DPPF (1 equiv.lo Rh)

THF/80oC (reflux)

Q UNHMeO + I

£te
oH No Reaction.

[Rh(COD)CII2

DPPF (1 equiv. lo Rh)
THF /80oC (reflux)



Combination of these Discoveries Results in a
Highly Efficient, Atom Economical Process

o

£te
[Rhl(PPF-ptsuz)] (cat.)

QO
"-':::. I

,,' ~
Nucleophile /1 OOoC Nu

OH

r~ Fagnou, K.; Lautens, M. Patent#: WO 2001030734

,~; UniveT!~ityofToronto

ARO using Volatile Amines

Boe .
N morphollne bp 129°C (3 equiv.) ço

"""

~ NH41(1.5equiv.) I
'I r; ~ . N'" .o

- 1 mol% [Rh(COD)CIJ2 O
r I

3 mol% dppf / NHBoe
dioxane. 120°C. 27h 93%

.~.. Hisanori Senboku - Unpublished results

~ University o/ TOrol1to

Mol% Catalyst s:c Nucleophile (equiv.) Reaction Time Yield (%) ee (%)

0.01 10000:1 PhOH (1.5) 3hr 90 94

0.01 10000:1 PhNHMe (1.5) 8hr 87 93

0.01 10000:1 Indole (1.5) 1.5hr 94 99

Boe HNEt2 bp 55°C (3 equiv.)N
NH41(1.5 equiv.) ço + s.m.. ./"N'" .o

1 mol% [Rh(COD)CIJ2 .) NHBoe
89%

3 mol% dppf
THF. 65°C, 26h 4%

oe Me2NH21(2 equiv.) (from Me2NH2CI + Nal)

'P"NEI(3"'""., ço'I r; "N'" .o
- 1 mol% [Rh(COD)CIJ2 I

3 mol%dppf NHBoe
>109 .dloxane,110°C,14h -90%



Intramolecular RingClosingl Ring Opening

B"'S(~ OR

Meli(5 equiv).>80 % yield

~
X~"""

HO j "'OR

x = O, S, NMe

~
I OR

t-BuLi (2.2 equi~)
> 80 % yield

rh
~"""

HO j "DR

. Lautens, M.; Kumanovic, S. J. Am. Chem. Soc. 1997, 117, 1954.

~~,,~, University of Toronto

Phorbol: Background

.Pharmacophore model

Tigliane

D lipid domain

-J{
PMA diacetylglycerol (DAG)

. First isolated as a hydro!ysis product of Croton tiglium ai! in 1935 (Bohm et al).

. PMAtumour promoters, infiammatory agents.

. Total synthesis:
. Wender, P.A.; Rice, K.D.; Schnute, M.E. 1. Am. Chem. Soc. 1997, 119, 7897.
. Kwangho, L.; Cha, J.K. J. Am. Chem. Soc. 2001, 123, 5590..

.~ University of Toronto



RetrosynthesisPhorbol:

1.RCM

95t
\

> ~ ...--

2.Allylic "".. OH
oxydation Il

R O OX R

==>

o~

HHO \
~--'

"'''.~xo j OR

""..~

l}--f."
À 0/

==> ==> ==>

m~ ~ 1

M?<""" - RCRO O
==> o'M "o

. e .
R'O OH -'OR OR' -'OR

~

,i, University (~fToronto

Synthesis of AB Ring System

O .

fYLI
O

~OPMB

(quant.)

O

MeO'~~OPMB THF I hexanes
.78oC

~
~~-", University of Toronto

NH
O MeO'N'I-! HCI

O
CI3C.ÀOPMB

O

MeooH I
Meo'rOH

CSA Meo'OPMB, ,
AIMe3, CH2CI2

(R)-Roche ester
CHzClz/PhMe

85 % (2 steps)



Synthesis of AB Ring System

Tandem cyclopropanation / Cope rearrangement by H.M.L. Davies

Me I ~ TBSO°
;Q Rh2(00ct)4 , ~e Or°,. ~O + ..J.. JL "o O n-hexane/DCM ~""T"Ò O

'7 ìr -o \ reflux PMBO O OTBS
PMBO O N2 O O

> 95 %, dr =9 : 1

iH
TBSO~e--- RhO"

IR

U
O!\

\
' I
:l [

O

1

si face \

""''''. TB:~X'

[3.3]
Cope ~O

R~ XC
OTBS

. low catalyst loading, < 0.5 mol%

. reaction viable for larger scale (160 mmol, 100 g)

. Davies, H.M.L.;Ahmed, G.; Churchill, M.R.J. Am. Chem.Soc. 1996, 118, 10774.

*~ ~~N~~Th~w

Synthesis of AB Ring System

.
*

?Y0j
e ~ O

~
o

r; o,..
PMBO o OTBS oo

~e ~ O

~TBAF(1.05equiv) o
, o',.

THF,-20°C PMBO o o o
o

99 % (3 steps)

NaCI
DMSOI H20 L-Selectride ~e f2\

~ ~DHPMBO o

~e f2\
PMB~O150°C THF, - 78°C

77% 92%

TBDPSCI (1.1 equiv) ~e ~ DDO(1.05 equiv) ~e ~
Imldazole(2,2eqUlv) o . o. ',DCM I H o rt "

CH2CI2.rt DTBDPS 2 . DTBDPS~OO o 00 o

quant. 76 %

Universit)' of Toronto



Synthesis of AB Ring System

Chelation-Controlled reduction

~e Q\
~'OTBDPSHO O

Conditions ~Me O

"'C:nBDPSHO OH

~

.,t

Nataka, T.; Oishi, T.
Acc. Chem. Res. 1984, 17, 338.

Zn(BH4h
Et20, - 40°C '

60%, d.L = 6 : 4

Prasad, K. et al.
Tetrahedron Lett 1987,28, 155.

1. Et2BOMe (1.1 equiv)
2. NaBH4 (1.1 equiv) 90 - 95%, d.r. =44 : 1

isomers separable (89:2:9)
THF I EtOH, - 78°C

Synthesis of AB Ring System

~e Q\
~bTBDPSHO OH

1. TsCI, DMAP, Et3N

2. Nal, acetone, rt

3. TESOTf, DIPEA, DCM

~ \~

]l~'? [

\ ~

]Rx;?
~

OH OH

RJY
Me

University (~fToronto

Anionic Ring-Closing Ring-Opening Reaction

~e Q\
~'OTBDPSI OTES

93 % (3 steps)

H

~e Q\ t-BuLi(2.05equiv), Me"'~

~~ Et20I pentane r:t~.:-<
I OTES 'bTBDPS -78°C to rt TESO OH "OTBDPS

65 - 75%

.*!
~t

O

MeOYOH
(R)-Roche ester

14steps

29 % overall yield

Only 8 purifications required

~ -Me"'~
~bTBDPSTESO

University of Toronto



Introduction of Ring c: Synthetic Plan

:~
"Wl.

çD~ -.o ' ~ ~-Me'"

OH "'oTBDPSTESO

OH

M,~m--.
RO OR' O

HO \

~~ .--'
Me'" .

RO OR';; OR"

...----u-
\ ~~~5 ~

Me"'s-1AOR" ~~- Me"'s-1AOR':' ~-RO RO ~e,.HO pH

~ , .--'

f . OH;;

O OH OH
Phorbol

Univer!.ity oi Toronto

Introduction of Ring C: Model Study

:~~

1\

ArNyNAr
I _,CIPh

..RÙ~
CI PCY3 2 mol% ~

HO

/J OTBDPS
CH2CI2' reflux

30 min, quanl

University oi Toronto

OTBS OTBS
MgBr (2.48 equiv)

TBSO

Q Q
Li CH2CI (2.5 equiv) CuCN (2.5equiv)

Q"
. .

THF, -100°C lo rt THF, -40°C /J

O (90%,10:1) ;"0 93 %

separable
OH

diaslereomers

HO 1. Dess-Martin 80 %

Ho:

1.TBAF 85%

Qoops

2.
}-Br (2.6equiv). .

2. TBDPSCI (1.05 equiv) n-BuLi (2.5 equiv)
EI3N (1.2 equiv) 75 % THF, 82 % (> 20 : 1)



Introduction of Ring c: Synthetic Plan

~

.~

HP r~q
,~y---c\ ,-.v---''\

Mo,,,1 i \, ~ ..e"' ~;

~
"

X~", , 'V' , ',.~OR' "'
0 " O -.',

,,''''/''' RO' R O, O ...~

H />' À'" HO \
çD

' ---

stt~ ,.,-

Me'" '

" Me'" ~
TESO OH 'OTBDPS O OR'

°À

",'~ M
-:'''000:-::0:-RO

~ ..'.'
M'''-M /----

0;>( O

University (~fToronto

Protecting Group Strategies

H

çQ' -- TBAF ,
"," . THF,ooe

OH "OTBDPSTESO

H

qj
°

~ -- VO(acach. TBHP ~
"." . "'"

" toluene 500e "

H~OTBDPS - HO OH OTBOPS
95% 91%

Dimethyl acetonide formation:

H O

'''''~OTBDPSHO

O

A 12*
H O

,,,..çt)OTBDPS
°x

~ Faracetonidefarmatìon see: Kartha,K.P.R.TetrahedronLett. 1986, 27, 3415.

",t, University 0/ Toronto



Protecting Group Strategies

Base-induced epoxide ring opening

O~OH
H

~~H

""'Yk-(TBDPSHO

Me Ph
H

LiHN Oli

PhH ITHF, O°C

HO,!\ -
~OH

66% >95% ee

LiNEt2 (12 equiv)

PhH ITHF (2:1)
OOCto rt çb

~O

, ~

",,, OH "'OTBDPSHO

After 1st cycle: 77% (85% conv.)
After 2nd cycie: 87 %

Crandall, J.K.; Apparu, M. Org. React 1983, 29, 345.. Hodgson, D.M.; Gibbs, A.R. Syn/ett. 1997,657.

,~. Univer.<iity 0/ Toronto

Introduction of Ring C

HO

çb- 1. acetone, 12
: ~ ,

"," 2. TBSOTfOH "{HBDPSHO
çb

TB~O

, ~

",.. O "'OTBDPS

°A

TBSO

,,,çbO O
°A

1,NaOH
DMPUlH20
50'C

2. Dess-Martin
DCM

no diol observed

81%

ICH2CI, t-BuLi.
THF, -96°C

TBSO

",,,çb' ~
" /

CI

O O "
A OH

~
THF, rt

TBSO

"...~

~>
O O OA

95%, dr = >20:1 87%

"- Se!ective deprot. with NaOH: Hatakeyama, S. et al. Tetrahedron 1994,50,13369.

. ~~~~~



Introduction of Ring C

SN2' addition of cuprate nucleophiles

:~t1L
"~~,

""À

M o>°A

~MgBr(4 equiv)

CuCN(4 equiv)

Et2O, -30°C

~I (4 equiv)
t-BuLi(4 equiv)

CuCN (4 equiv)

Et2O, - 30°C

reaction less clean

TBSO

~~
90%

single isomer

University (~f Toronto

Introduction of Ring C

~

~"

~~
"OA ; OTBDP'

TBSO

"'~-:

Dess-Martin

DCM, rt

1. HF, Pyridine
THF,rt

2. TBDPSCI, 1m.
DMF, rt

~'~

'''''~OTBDP'

99% (2 steps)

~~H"; .-'

"'''~OTBDPS
O OA

I (2.05 equiv)~Br

t-BuLi (3.8 equiv)

Et2O, -78°C

90% 83%

University ol Toronto



Formation of Ring c: RCM

Ring Closing Metathesis (RCM) studies

--1\
H: ,

"'''~OTBDPS

)(

conditions
~

'''''~

~OTBDPS
)(

u--.

Catalyst loading, solvents, temperature, concentration and atmosphere.
.i. Univer..;ity of Toronto

Formation of Ring C: RCM

Ring Closing Metathesis (RCM) studies

-I/ìH -:: "

fi1;;\ conditions

",,, ~OTBDPS--------------.A

-;()

'''~OTBDPS
AA

~

+ ""'~OTBDPS

AB

. Catalyst:Grubbs 2ndgeneration

. Solventand temperature: benzene, reflux

. Low temperature favors dimerization

.Higher temperature favors the formation of B

. Ethylene atmosphere favors the formation of B

.Higher concentration favors the formation of B (for A, 0.002M is optimal)

. Catalyst loading: 2 -10 mol%

.Catalyst loaded at reflux, otherwise slow and messy reaction.
,*, University of Toronto

1\ 1\

i-prj:;
CY3,CI Ar-N N-Ar Ar-N N-Ar

CI'Ù '(CI '(CI
CI'Ù 1:0

i-Pr
PCY3 ::

PCY3 :: :2:yO;MOXPhMe 2

Grubbs' 1st Grubbs' 2nd Hoveyda Schrock



Formation Ring m
B RCM

RCM I Ally!ic oxidation sequence

--1\H ~ ,

"'''~OTBDPS

A

0.002 M, reflux benzene
Cat. added at reflux

~
""W-OTBDPS

A 85%

Grubbs 2nd Cat. (2 mol%)

DCE, reflux

,b
""'~OTBDPSA

PCC on basic alumina

65%

Other eonditions sueh as pee on siliea gel, pee gave similar results.
,ì Univer.',ìity (~l Torouto

nctionalization of ng C

~.~......

,,,,. /;
O O OTBDPSA

Hq

LAH (5 equiv)

Et20, -78°C ~-~.'"

,,,,. /;

O O OTBDPSA
85% (dr: >20 ; 1)

Hq

DCM, -10'C £,;,..",

'''" "'H /;

O O OTBDPSA

Dess-Martin

J;i
{O,"

'"'' "'H /;

O O OTBDPS
A

m-CPBA (1.05 equiv).
DCM I t-BuOH, rt.

92%

Only traces of double
epoxidation observed

90%

University of Toronto



Introduction of Ring D: Synthetic Plans

~~O
Ij .-' .-"

,,,.. /;

o o OTBDPS
X

;~.

,~
.
':,",,~,

1. Base, then 0+
2. [O]

--------' .--
st[

~0 O
Ij .-' .-"

"", /;

O O OTBDPSX
AC].O, EtaN

st[
~0 ~OAcH " ,

7 . .-' ".'.'.'-'-~-

"'" /;

O O OTBDPSX
------------

1.[0]
2. elimination

~e"HO pH

li c .-'
Ij OH/;

O OH OH

Phorbol

-------- £i
o OAgPh

"'0
Ij .,' .-,'

,,,.. /;

O O OTBDPS
X

University (~f Toronto

Palladium-Catalyzed Ortho Alkylation:
The Catellani Reaction

.
.~~~,

1. LDA, TMSCI
2. PhSCI

3. Pb(OAc)4

Wender's Approach

£b

R-Q-I + 2 R'I + H2C=CHY

Pd Catalyst

K2COa

DMA, 20°C

Pd Catalyst: PNP dimer =R'

R-Q"CH=CHY
R' JyP

~I2

Catellanì, M., Frìgnanì, F., Rangonì, A., Angew. Chem. Int Ed. Eng/. 1997, 36, 119

Conversion : 31-100%

R R

Q'CH=CHY + ~
R'

R = H, Me, C02Me

R- = nBu, nOct, CH2CH2Ph

Y = C02Me, Ph, nHex

£b
R

6-1 + R'I + H2C=CHY

Pd(OAch

KOAc, K2COa

DMF,55°C

Conversion : 20 - 100%
Selectivity : 25:75 - 93:7

Catellani,M., Cuginì,F., Tetrahedron1999, 55, 6595

R =Me, EI, nBu, IPr, tBu

R' = nPr, iPr, nBu, nOct
Y = C02Me, COMe, C6Hs,CN, etc.

University of Toronto



Proposal

R

5
C02Et

R'~~V/ >

R

R.&I
+ Br,,~C02Et

Preliminary Result

J?

&1 + Bh~~/.C02Et

Pd(OAc)2
tri-2-furylphosphine

CS2C03

CH3CN. 8SoC

92%

Cc)
/C02Et
il

I '<:: .o

. Lautens, M.; Piguel, S. Angew. Chem. Int. Ed. 2000, 39, 1045

.i. University 0/ Torollto

Proposed Mechanism

I-D

~
Oxidative
addition

IL2Pd-O J?
c",_r.::\

~
V-- CS2C03

~CSI + CsHC03

N1 Lh O,""~~ addlbon
lidBr ~ B

~ r~C02Et

Paliadium(l V)
C02Et

complex

:9 Et02Cl ~
XL,Pd è-b lDEt02C\~

J? ~ rbopalladationRetro-ch

Reductive~ ~ elimination\ Ì} ,
L2BrPd

Et02c /1

Catellani, M. et al. Angew. Chem. Int. Ed. Eng/. 1997, 36, 119; J. Am. Chem. Soc. 2002, 124, 4336.
~ Far a review an paliadium(IV) chemistry see: Canty, A. Acc. Chem. Res. 1992, 25, 83.

* ~~~~~



Functionalized Carbocycles

Jvl
ty-J! + Br11.:"'-~EWG

R' n R"

Pd(OAc)2(10 mOI%),
tri-2-furylphosphine (20 mOI%),

CS2C03(2 equiv),
norbomene (2 equiv)

CH3CN, 8S'C M
EWG

e? I

~I
R' n

n = 1,2

MI C02Et

e?1""

R = CF3, CI. amine, CH20R

;: jC02Et

yJl)
R'

R' = naphthyl. CI, ami ne, OR

26
;02Et

e?1""

R = CH3, OR, CH20R

Me I EWG

e?1""

EWG = esters, amides, cyano

;: r2Et

yJU
R'

R' = naphthyl, CI, F

~e ;02Et

e?1
"" "R"

R" = CH3. OR

&;r
e IC02Et

e? R3

""I
R2

R'
Rn= CH3. OR. NR2. Ph.

Lautens, M.; Piguel, S. Angew. Chem. Int Ed. Engl. 2000, 39, 1045.

:. Lautens, M.; Paquin, J.-F.; Piguel, S.; Dahlmann, M. l. Org. Chem. 2001, 66, 8127.

,t"

4-Benzoxepines

Univer.~ity (~fToronto

R

R' &1
+

R"

Br0o~"C02Et

Pd(OACh
tri-2-furylphosphine

norbomene, CS2C03

CH3CN.85°C

R ,/C02Et

R'~-~
R"

D:J
~C02Et

CI ""/~
I O.o M

/02Et
Il

1""/-\
AcHN .o O

80%84%
Q:]

{02Et

",,/~
I O.o

F 78%

76%

. Lautens, M.; Paquin, J.-F.; Piguel, S. J. Org. Chem. 2002, 67, 3972

"t,

Me02C

55%

(71 % brsm)

Y)
(.C02Et

I "
N ""~

l.o~o
72%

University 01 Toronto

aS'
rn'" /C02Et

Il MeO \'Il roI: ,-.-j
I "" O

.o

96% 53% 75%



New Concept: 3-Component Coupling

'\ Il C,

ci"CO,""~CO'''" ~c~'"

TBDMSO

!~~, /C02tBu ììC02tBU

~ 2t
85% 35% 60%86% 53%

.. Pache, S.; Lautens, M. Org. Lett 2003, 5, 4827.

t, University (~fToronto

Two Intramolecular Alkyl Halides I External
Heck Acceptor - Preliminary Results

~
Br1-Lo)lAo~Br +m n

Pd(OAc)2, (10 mol%)
PPh3 (22 mol%)

CS2C03 (5 equiv)
norbornene ( 3 equiv)

DME, microwave 190.C, 5 min

EWG

mi I ~ l"ç(;Q(WG

q£
C02Me

l''''
O ~ O a£

C02Me

l''''
O ~ O

70%

o£
C02Me

l''''
O ~ O

67%79%

. Dino Alberico - Unpublished results

,~~ Vniversity of Toronto

ql
Pd(OAc)z, PPh3, CS2C03

R
norbomene, DME, 80.C

l''''I '
R'

OI RI(10equiv.) (j (5 equiv.) O

«C""

O O O
n u I rnB" il >

,"" INM',

&:
l'''' l'''' l''''

O
n

n =1, 85% O O O

n=2,62% 85% 60% 87%
n = 3, 69%

J:' 05;+
+ MeO"",O

l'''' ,"" l'''' l''''O O
O O O O O O

79% 85% 61% 42%



Reaction of Heterocyclic Iodides

I

ds
+ R-)

10 equiv

10% Pd(OAch
20% ligand

R~lWG
s R

+ .ç-'EWG

2 equiv
CS2C03 (5 equiv)

norbomene (6 equiv)
CH3CN

80'C, 20 h

,CO/Bu

BU~

t~B"S u

C02Et

B\_/_d
~-'>-BS u

91%
(BuBr:33%)

96%

x

( C02tBu

~xS
x = OTBS 55%

= CI 55%

. Koichi Mitsudo - Unpublished results

,*,

x

k:':S

C02EtI
~

~. Bu
~S;>-

x = OTBS 74%
= Ph 82

56%

Universit)' of Toronto

External Alkyl Halides I Intramolecular Heck
Acceptor - Preliminary Results

I

(Y C02Et
~O~

b
Pd(OAch

tri-2-furylphosphine
CS2C03

1-jC02Et

Cl).& O )n
n=1,2

CH3CN, 85°C
RX

.. Andrew Martins, Udo Marquardt, Neema Kasravi - Unpublished results

wt, University 0/ Toronlo

Ph

q, \
CN

"tt:: NM",-
::

BUh.-=.I r
S Bu S Bu S

56% 70% 60%

"O'CM C'15o'M"

C02Et
I

l''' l''' l'''''
.& O .& O .& O
90% 70% 79%

Q Et02C CI

65"

" "
l''''' l''''' l'''''

.& .& .&
O O O

45% 45% 47%
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