The Staunton-Weinreb
Annulation

SED Group meeting | Guanqun Zhang | 2015.04.21



Steven M. Weinreb

e Brooklyn, NY — May 10, 1941 (Age 73)
e Cornell University, A.B. — 1963
e University of Rochester, Ph.D. — 1967
e Advisor: Marshall Gates
e NIH Postdoc Fellow
*  Columbia; Gilbert Stork: 1966-1967
*  MIT: George Buchi: 1967-1970
e Fordham University — 1970
*  Associate professor - 1975
e Penn State University — 1978

*  Professor of chemistry — 1980

¢ Russell and Mildred Marker Professor of Natural
Products Chemistry — 1987

Weinreb, S. M. Acc. Chem. Res. 1985, 18, 16.
Weinreb, S. M. Acc. Chem. Res. 2002, 36, 59.
Short, P. C&EN 2005, 83, 65.

Weinreb, S. M. Heterocycles 2006, 70, 5.




Steve Weinreb

Early synthetic targets

pancracine (1997)

HO,C

methoxatin (1981)

tri-O-methylolivin (1984)

tylophorine (1979)

Franck, R. Heterocycles 2006, 70, 1.



Tri-O-methylolivin

Initial plan:

OMe OMe O

OMe OMe O OMe O OMe

Cl
OH MeO CHO MeO CHO MeO

[linear synthesis: too many steps ]

H -
OMe OH
tri-O-methylolivin

Convergent synthesis: let’s take the naphthalene apart...
0

OMe OMe O OMe O

OMe , MeO

Hatch, R. P.; Shringarpure, J.; Weinreb, S. M. JOC 1978, 43, 4172.
Todd, J. H.; Starrett, J. E.; Weinreb, S. M. JACS 1984, 106, 1811.



Weinreb was inspired by four
other people:

o) LDA, THF O LDA (3.3 equiv)
N methyl acrylate COzMe MVK (3 equw
| 0]
[:// -78 °C THF, -78 °C
H soph  68% 85%
Hauser, 1978 Kraus, 1978

For some recent, conceptually similar "Michael type" approaches to polycyclic linear
aromatics see: F. M. Hauser and R. P. Rhee, J. Org. Chem., 43, 178 (1978); G. A. Kraus

and H. Sugimoto, Tetrahedron Lett., 2263 (1978); J. Wildeman, P. C. Borgen, H. Pluim,
P. H. F. M. Rouwette and A. M. van Leusen, ibid., 2213 (1978); K. A. Parker and

- - -— aa caa o = - - .- P Y - - - - - e - - - - -

Dodd, J. H.; Weinreb, S. M. Tetrahedron 1979, 20, 3593.
Hauser, F. M.; Rhee, R. P. JOC 1978, 43, 178.
Kraus, G. A.; Sugimoto, H. 7L 1978, 19, 2263.



@) O NaH (2-3 equiv) 0

EﬁH + ﬁPh 1,2-dimethoxyethane Ph van Leusen, 1978
= Ts -78 °C Ph

78%

Parker 1979
(1) NaH, -56 °C

\@Y (2) KOH, EtOH, H,0

+

OO 0 0o (3) TFA, TFAA (2:3) OO“
OMe CN \__/ (4 HOCH,CH,OH, TsOH, HC(OEt)3 OMe CN

47% over 4 steps

For some recent, conceptually similar "Michael type" approaches to polycyclic linear
aromatics see: F. M. Hauser and R. P. Rhee, J. Org. Chem., 43, 178 (1978); G. A. Kraus

and H. Sugimoto, Tetrahedron Lett., 2263 (1978); J. Wildeman, P. C. Borgen, H. Pluim,
P. H. F. M. Rouwette and A. M. van Leusen, ibid., 2213 (1978); K. A. Parker and

- - -— aa caa o = - - .- P Y - - - - - e - - - - -

Dodd, J. H.; Weinreb, S. M. Tetrahedron 1979, 20, 3593.
Wildeman, J.; Borgen, P. C.; Pluim, H.; Rouwette, P. H.F.M.; van Leusen, A. M. TL 1978, 19, 2213.
Parker, K. A.; Kallmerten, J. L. TL 1979, 20, 1197.



After completion of the work described here, some analogous condensations of orsellinate

anion appeared: G. E. Evans, F. J. Leeper, J. A. Murphy and J. Staunton, J. Chem. Soc.,
Chem. Commun., 205 (1979); F. J. Leeper and J. Staunton, ibid., 206 (1979).

OMe O OMe OMe O
LDA, THF
s e, SO,
35% MeO 0]
OMe O OMe OMe O

) LDA, THF, -78 OC
OEt | | AN 0]
= HoCN, _ —

48% over two steps

Jim Staunton

[ And this brings us to the Staunton-Weinreb annulation ]

Dodd, J. H.; Weinreb, S. M. Tetrahedron 1979, 20, 3593.
Evans, G. E.; Leeper, F. J.; Murphy, J. A.;Staunton, J. JCS Chem. Comm. 1979, 205 and 406.




Staunton-Weinreb annulation
general scheme

OR' O o LDA OR' OH O
Me X 78 °C —>1t

* o-toluate 1s preformed with base
o-toluate anion is bright yellow

» celectrophile is added later

* Michael acceptor can be acyclic
or cyclic, esters or ketones

« R!'=R?=alkyl, Bh, MOM, MEM
X =usually H or OMe
* Y=CH,orO

It’s a stepwise sequence involving Michael addition followed by
Dieckmann condensation and subsequent aromatization




Staunton-Weinreb annulation
general mechanism

OMe O 0 LDA OR' OH O
MeO Me MeO -78 °C —>rt
LDA
1-78 oC T MeOH
OMe O
OMe OMe OH O
o)
AL OO
+
o 4 OMe O o'\ MeO L, OMe
OMe~ "0 . .
b can be isolated if
MeO
MeO OMe quenched at 0 °C
N J

can be isolated if quenched at -78 °C

Evans, G. E.; Leeper, F. J.; Murphy, J. A.;Staunton, J. JCS Chem. Comm. 1979, 205 and 406.



Staunton-Weinreb annulation
general mechanism

OMe O o LDA OMe OH O

MeO Me -78°C—>rt  MeO

if a leaving substituent is absent, tetralones will be isolated

OMe O

@) LDA OMe O R O
/@\)LOMe + R N)J\OMG THF > MOMe
Me -78°C —>rt

if the alpha position is saturated, decarboxylation can be done to aromatize

Evans, G. E.; Leeper, F. J.; Murphy, J. A.;Staunton, J. JCS Chem. Comm. 1979, 406.
Mahidol, C.; Tarnchopoo, B.; Thebtaranonth, C.; Thebtaranonth, Y. 7L 1989, 30, 3861.



The reaction works great with...

variety of o-toluates

| I P
=~ Et0,C~ N

OBoc OBoc OBoc
MeO l
CO,Et

OBoc
Me
O
NM62

a,p-unsaturated esters/ketones

0 O OTBS

MeO il II ‘0 Y0

Donnor, C. D. Tetrahedron 2013, 69, 3747.




Essentials in the nucleophile

DA THE

coMe @\ | Q 349
OO
I PN OMe  67% without Ph,,S,
OMe

OMe

/Li AY

@\ LDA THF QMe MeQ™ O
CO Et CO,Me
2 | ~ 2 = OMe
-78 °C _— SPh
MeO

87%

[A methyl ether ortho to the ester group is necessary to stabilize the anion ]

Hauser, F. M.; Rhee, R. P.; Prasanna, S.; Weinreb, S. M.; Dodd, J. H. Synthesis 1980, 72, 74.



Aryl Substituent effects

/

\

0
CC)OgMe LDA (2 equiv) i j/\co?w'e /i;o slow warm to rt
Ri- > Ry + | ) > 0]
~F 65 °C, THF NN MeO W Aorgg o min ?

6 steps from aspartic acid

OMe

OMe
Ny O0Me PivO COMe CO.Me OMe
| _ 0% 0% 41% COQMe
MeO 50%
OMEM
OMe /—0O COM OMe
CO,Me o CO,Me sMe
46% 0% 49%
MeO
OMe
OMe OMEM OTBS Br CO.Me
MeO CO.Me MeO CO,Me COMe "10%"
<5% 0% 0%
MeO

It’s a three-way balance between steric interactions, electron density on
the toluate and the stabilization offered by chelation

Tan, N. P.H.; Donner, C. D. TL 2008, 49, 4160.




Skipping the preformed “enolate”

N
NMe _ H -
N (1)E N H - 20 E= P o]
N (2) LDA, HMPA (% - N N
COPh -95 - -50 °C : 50:6 OBn
0 O OH O OFn OTBS
76% OTBS
(1) E g SVez
Ej\/\Br (2) n-BuLi : O,
g N
= - /
COPh 100 —>-70oC
81% O OH: O  OBn
OTBS

NM62

e OO T
CO.Ph
0—- OOC

OMe O OH O
75% OTBS

Charest, M. G.; Lerner, C. D.; Brubaker, J. D.; Siegel, D. R.; Myers, A. G. Science 2005, 308, 395.



Two additional enolate
generation methods...Sn

OMe OMe OMe OH O

GOt (1) LDA, THF, -78 °C CO,Et (1) n-Buli,-78°C
| _ (2) BusSnCl SnBus (2) E, -78 — 25 °C (75%) O“

60%
M
i H - OH OMe
OTMS 749
| () 71% E OTMS 1o,
. 0 L o)
o0—L_

0

Ej 75%

0
/Ej 74%

0
bvsy/

Hill, B.; Rodrigo, R. OL 20085, 7, 5223.



Two additional enolate
generation methods...Si

@)

CO,Me COMe  CsF, HMPA R CO,Me “ COMe
' | i ' Q/&/
™S R 60°C, 3h o _ CO,Me
oH COzMe
CO,Me CO,Me 21% CO,Me OH  43% COMe  15%
X
ﬂ O‘ 17% COQMe J‘/ Cone | Cone
MeOQC S COzMe
CO,Me
0 OH o coMe
[é ' 14% l :] \j// o
O‘ 5 Q CO,Me  70%
MeOQC COzMe COQMe COzMe
CO-Me Ph
OH 41% \[ 2
° M 28%
CO,Me CO,Me COMe Ph Ph o CO,Me
o | CC
CO-Me
COMe COzMe 2
0 OH O o)
O CO,Me 0% COMe
oo | Sl seoll SeL,
41%

Aono, M.; Terao, Y.; Achiwa, K. Chem. Lett. 1985, 339.



Two additional enolate
generation methods...Si

MeO,C . _CO,Bn O CO2Bn
O.Me | one step CO,Me
(j; T™S ( o)
2
oJ o
MeOZC COan Cone CO.B
CO.Me | CsF, HMPA 22N (1) Hy, Pd/C
@ N . CO,Me
T™S 60 9C | N o> (2) 150 °C
o) 0 _ 96%
60% o A
o/ over
two
steps
o) CO,Me
CO-Me
2 NaOMe, MeOH, THF X COMe
3 | ]
o) Z o)

O > quant. >
O O

Xiang, J.-N.; Nambi, P.; Ohlstein, E. H.; Elliott, J. D. Bioorg. Med. Chem. 1998, 6, 695.



Characteristics of electrophiles

Acyclic Michael acceptor are hit/miss and generally don’t work well

OMe O OMe OH O
COM LDA, THF

2ve . fJ\OMe — > OMe R=Me [50%
N R =OMe | 0%

MeO MeO R MeO R

OMe 0] OMe O R'=R2=H
- (o]
COMe J\OM (1) LDA, THF, -78  0°C R ZH. R2= Me
] % T 2 HOL MeOH, rofiox RY=Me, R®=H
R1 R2 (2) HCI, MeOH, reflux R1 R2 R'=R2=Me

Yields aren’t so great

Dodd, J. H.; Garigipati, R. S.; Weinreb, S. M. JOC 1982, 47, 4045.
Tarnchopoo, B.; Thebtaranonth, C.; Thebtaranonth, Y. Synthesis 1986, 785.



A “cyclic” Michael acceptor

OMe .

CO,Me LDA (2 equiv) X

MeO.C COMe ; 2eq. >
Y2 THF, -78 °C

OMe V

COQMG
CO.Me (1) NaOH (aq.), MeOH, dioxane OH OH
(2) (MeO)3CH, TsOH, MeOH

LDA, -78 9C—>1t (3) DDQ, PhH 520, OH OH OO
(4) BCl,, DCM 57% over 4 steps

74%
(1) NaOH, EtOH, THF

0 .01
. OO COMe :500 C, 0.01 torr

OMe OMe 92% (2) Me,S0O,4, K,CO4
48% over two steps
OMe
COQMG .
MeO,C CO.Me /@; DDQ, dloxane=
‘ reflux

o

60%

7, LDA, -78 °C—>1t

80%

Mahidol, C.; Tarnchopoo, B.; Thebtaranonth, C.; Thebtaranonth, Y. 7L 1989, 30, 3861.



Applications of this annulation in
natural product synthesis

OH OH O FtsZ inhibitor; broad o
spectrum antibiotic activity 0
MeO ~,-COMe  against gram-positive <o OO o
semiviriditoxin pathogens
neojusticidin B O
0
o—/
OH OH O

A family of anthranoids,
oo OH EVthh.h? > dls.playled' ail - q Interesting skeleton for
acterial, anti-malarial, an organic synthesis

(R)-atrochrysone insect antifeedant activities



Synthesis of semiviriditoxin

(1) NaNO,, H,SO,4 KBr, H,0, 0 °C, 4 h (91%) O methyl propiolate CO.Me
NH, (2) BH3-Me,S, THF, -30 °C tort, 18 h (97%) Y/ n-BuLi, BF 5-Et,0 | |
HOLC CO.H > >
2 (3) K5COg, .D.CM, 72 h (96%) THF, -78 °C, 30 min (72%) OH
(4) TBSCI, imidazole, DCM, 4 h (98%) TBSO :
~_-OTBS
OMe O

LDA, THF, -60 °C, 30 min
NaOMe, MeOH, 16 h
(36%) %
/\OTBS (80%)

(1) THF, 10% HCI, 16 h
OMe OH O (2) PhI(OAc),, TEMPO, DCM, 20 h

(3) NaClO,, tBuOH, H,0, NaH,PO,, 3 h
O . - ., _CO,Me
N (4) MeOH, conc'd HySOy, 16 h MeO o2
MeO OTBS (5) BCI,, DCM, 6 h
44% over 5 steps

OH OH O

Donner, C. D.; Tan, N. P.H. Tetrahedron 2009, 65, 4007.



Synthesis of atrochrysone

OH i liver esterase = OH  TBDMS-OT, lutidine =, OTBDMS
y/ (o]
MeO,C  CoMe P189% veo.c  CoH POM 0°C1oM Meo,C  CO,TBDMS
~, ,OTBDMS (1) K,COg, MeOH . OTBDMS
. (2) T1,0, DMAP, DCM :Tebbe reagent, THF
= MeO 78 °C, 30 min, then rt, 1 h
MeO 0 40-80% over two steps COQTBDMS_ ’ 61”_"8n5’°/° enr,
+
OMe O OH OH O

(1) LDA, THF, -78 °C (25%)

o geee
(2) HF, MeCN (78%) MeO 10H

MeO

Muller, M.; Lamottke, K.; Low, E.; Magor-Veenstra, E.; Steglich, W. JCS Perkin Trans 1 2000, 2483.



Synthesis of neojusticidin B

s COE
®

OH o

LDA, THF, -78 °C

p-cymene, 10% Pd/C, reflux

LU 1UULL WULpUIALULL WU @IUIU ULV ULy UL UL AP LIV LUL AU LY
adduct 2. With 1 equivalent of LDA the sequence appeared to
proceed not so cleanly as judged by TLC of the reaction mix-
ture, and the product after dehydrogenation 3 (vide infra) was
obtained only in a low yield. Every attempt to isolate this
adduct in a pure form resulted in failure, because it was not only
sparingly soluble in organic solvents, such as diethyl ether or
dichloromethane, but also unstable under purification con-
ditions. Therefore, after the production of compound 2 was
briefly confirmed on the basis of its IR spectrum (3354, 1781,
1720 and 1671 cm™'), which seemed to indicate that it was an
equilibrium mixture of 2A and 2B, it was subjected to the next
step without any purification. Dehydrogenation of 2 was suc-

Kobayashi, K.; Maeda, K.; Uneda, T.; Morikawa, O.; Konishi, H. JCS Perkin Trans 1 1997, 443.

t

P (L
+ >

(o w

I
O

O
o—/

@)
not
attempted Y + 0

OH o
@)
G e
@)

@]
o/



The molecule in hand...  mseoc

O 2 equiv LIHMDS, THF, -78 °C

N
H COZMe
| TMSEO,C

o)

HO.
I _a W
-HCI N
TsN ¢ B COMe

A

TMSEO,C TMSEO,C 0.

- CO,Me CO,Me

H
H COQMe
alstilobanine A

Feng, Y.; Majireck, M. M.; Weinreb, S. M. ACIE 2012, 51, 12846.



Staunton-Weinreb
Annulation

Discovered Independently by
Staunton and Weinreb in 1979 for

synthesizing linear polycycles

Tandam Michael addition, Dieckmann
condensation followed by optional
aromatization

ortho-toluates

Generally requires an ether group
ortho to ester for anion stabiliztion

...unless the Anion is generated in situ
by lithium-halogen exchange

cyclic esters and ketones are generally
better electrophiles

OMe OMe O OMe OMe OH

9008 sooQ
MeO ﬁ : OH MeO

OMeéH

OMe O o OMeO O
MeO
OMe MeO OMe
oMo O CO,Et
Me O
CTD
OMe o N
Me
AT
OJ
OMe
COzEt @(\Br
CO,Ph
MeO,C CO,Me Q

still acyclic



One more thing

For some recent, conceptually similar 'Michael type' approaches to polycyclic linear
aromatics see: F. M. Hauser and R. P. Rhee, J. Org. Chem., 43, 178 (1978); G. A. Kraus
and H. Sugimoto, Tetrahedron Lett., 2263 (1978); J. Wildeman, P. C. Borgen, H. Pluim,
P. H. F. M. Rouwette and A. M. van Leusen, ibid., 2213 (1978); K. A. Parker and

- - -— aa - - .- P - - - - - - - - -

[What happened to Hauser, Kraus, van Leusen, and Parker? ]




Frank Hauser

Supposingly, this should be the
beginning of this part of history

OMe O LDA OMe O (1) Ac,0, py OMe O
CO,, THF (2) NaOH, H,0
OH ° - OH : > || N 0
-78 °C CO,H (3) AczO, HCIO, N
90% 68% over 3 steps
ethyl bromoacetate  OMe OH O (1) KOH, Me,S0, OMe OMe O

Zn, PhH (2) H,O
- OFt > OH
refulx

73%

[then on and on for longer polycyclic chains ]

Hauser, F. M.; Rhee, R. JACS 1977, 99, 4533.



(Stabilized)
phthalide nucleophiles

0] LDA, THF OH
methyl acrylate N CO,Me
0 l
-78 oC %
SOPh 68% OH
LDA, THF
CO,H (1) PhSH, PhH, reflux methy! acrylate X CO.Me
ELO (2) mCPBA, DCM 78 0C O
87% over two steps

o
e One oxidation state higher COoMe
Frank Hauser than the Staunton-Weinreb O¢

version SO,Ph

Hauser, F. M.; Rhee, R. JOC 1978, 43, 178.



Synthesis of neojusticidin B

L.
-

not attempted O

(0]
OJ -,

OH
CO,Et
S O ’ 00
ii LDA, THF, -78 °C o)

0] OMe o)
o 0
O 0 LA, THE < O‘ 12 CHCls
(@) +
e OH CH2N2 00°C
Q o) 50% over two steps
S

Kobayashi, K.; Maeda, K.; Uneda, T.; Morikawa, O.; Konishi, H. JCS Perkin Trans 1 1997, 443.

PN



