O

Br Cl

Isolaurepinnacin

OAc

\Ilh

Laurencin

Br

T W

Br
trans-lsoprelaurefucin
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Approaches to the Synthesis
of Medium Ring Ethers
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The Problem of Medium Ring Synthesis
Energetics of Ring Closure Reactions

AH of Cyclization

[
N
T

8H*(keat/mol)
n
(=3
—

18+

L[:Yod

IRV N SN WU SR T (D NN TN TN WA OO WA ST U TS S S W W

inter

5 10 15 20
RING SIZE

* an indicator of ring strain

Sources of Strain:

1) Imperfect staggering (Pitzer)

2) Deformation of bond <'s (Baeyer)
3) Transannular strain

#1 and #3 are especially
severe for medium rings

O 0
O@ 1% sol'n o
—>
DMSO
Br
n n
AS of Cyclization
ok
-5 -
-10.—.
:
.15—
20
~-25
LI;LLAJT‘JO_)AII#E_Al 1;.0le
RING SIZE

» a measure of the probability
of end-to-end encounters

02-medring probs 3/13/98 12:00 AM

* Note: These data can NOT necessarily be extrapolated to other cyclization

log kmtu

Rates of Cyclization

b

SV N NN T SR SN GNUNY EOS SDRY W |
3 5 T 9 11 13 B 7 1MW 23 A

RING SIZE
» a million-fold decrease in
rate from 5- to 10-membered
cyclization reaction

reactions or to substrates with differing degrees of substitution.




The Problem of Medium Ring Synthesis
Energetics of Ring Closure Reactions

©
0] Br

1% sol'n

_—

DMSO

1% soI n
DMSO

0,

AS of Cyclization

)n

transannular CH---O
interactions are less
unfavorable than the
corresponding CH---HC
interactions

Rates of Cyclization

O Monoethers

® Diethers

1

©
@) /J/Br
@] )n
15
AH of Cyclization "
= 24r O Monoethars f‘g
_E ® Dlethars 5
sl
él‘l‘()J‘I]AI1IB.2I2l -10
RING SIZE
-15
-20
03-medring probs2 3/9/98 11:36 PM

1 L 1 .
6 8 10 12 14

1 L 1 ] ]
16 18 20 22 24
RING SIZE

Il L i L
10 12 kL] 16 18 20 22 24
RING SIZE

[lluminati and Mandolini

Acct. Chem. Res. 1981, 95.



Ring Closure Basics

General definitions/underlying concepts:

Cyclization modes:

exo endo

TN % J /
: Y v \»/J N

Hybridization at atom undergoing attack:

5-exo-tet
—>
X

X
\_4 _
v v
X
5-exo-trig Y g o X q
—_— e a =109 v
X_ x % N
\_4 _ \\\
v S
5-exo-dig o ,'X
_— [ * 0= 1200*> X
|| X 4 a a
- Y*
Y Y Y

Baldwin, J. Chem. Soc., Chem. Commun., 1976, 734.

04-Baldwin basics 3/9/98 9:50 PM



Conclusions and Caveats

m Baldwin's Rules are an effective first line of analysis in evaluating the stereoelectronics of a given ring closure
m Baldwin's Rules have provided an important foundation for the study of reaction mechanism

m Competition studies between different modes of cyclization only give information about relative rates, and are
not an absolute indicator of whether a process is "favored" or "disfavored"

m Structural modifications can dramatically affect the cyclization mode; beware of imines and epoxides

EXO ENDO
Tet Trig Dig Tet Trig Dig
3 v X X v
4 AR/ X X Vv
> A Vv X X v
° Voo S N
! Voo v x v

This and the previous slide taken from Jeff Johnson's seminar of 3/29/96:
Ring Closure and Stereoelectronics: An Examination of Baldwin's Rules

05-Baldwin Summary 3/11/98 3:18 PM



H3CO/\ |

0 o) THF, HMPA
-78°Ctort
65%
OBz
\Q/COZCHQ,
TBDPSO
OBz
X
TBDPSO  CO,CHs

Hetero-Michael Reactions

Cyclization By C-O Bond Formation

O
1) LAH, then Ac,0O 7
—» H3CO
H3CO 2) BF3*OEt,, Et3SiH o
O 75%
> 20:1 cis
Schreiber

TBAF J o8,
>
THF -, _-CO2CH

75% O

TBAF
74

THF
75%

» cis olefin was necessary for cyclization to occur

06-heteromichael 3/12/98 11:19 PM

OBz

CO,CHg

TL 1984, 1757.
JACS 1988, 6210.

V.S. Martin TL 1993, 5471.



Another Hydroxy Allene Cyclization

0
1) BrMg
X =
| 0 -
= 2) HCI, H,0 g
P
pr 78% o’ N,

@)
Co \ s
ol P pr
@)
@)
H+
OH \§> - OH
Pr Pr Pr
Pr

Nagao
Chem. Comm. 1996, 19.
07-heteromichael 2 3/12/98 4:24 AM



SO,Ph

nCeHi3 OH N,

ha(OAC)4

PO(OEY: “ppy, A, 54%

nCgHy3 OH N,

CO,CHj

OH

08-OH insertion 3/12/98 4:24 AM

O-H Insertion

Rh,(CF3CONH),4 0
> e

NCqHy4 O PO(OE),

CH2C|2, rt, 55%

nC6H13 O SOZPh

O steps o
—»

nCgHa3 © OH

ha(OAC)4 CO,CH3
’

PhCH3, A, 77% o

C. J. Moody

Synlett, 1992, 975.

JCS Perkin I, 1991, 1.
JCS Perkin I, 1994, 501.



O-H Insertion

n O  Cu(hfacac), O Cu catalysts give fewer

> ® [2,3] by-products derived from
o X, CHClA CO @) — > C-H insertions than Rh catalysts
v v

1, 76%
2, 40% J. S. Clark
TL 1993, 4385.

5 5

o TBSO’H\(
I E(O),P_COEL
Rhp(OAc),  (FtO) Y 2 NaH, THF )

(EtO),P_ _CO,Et
\ﬂ/ i-PrOH. A, 51% COEL
I-Pr VAW 0
Ny 0 2) AcOH, H,0, THF 8 1% 0™ Moot
76%

C. J. Moody
Tetrahedron, 1992, 3991.

09-OH insertion2 3/1/98 12:46 AM



O-H Insertion

AcO
O N, Rh,(OAC)4 0O
y/ —_—
O 90%
O
y/. @OAC
H* \»
Q 5 5

Oku
Chem. Comm. 1996,1077.

10-OH insertion3 3/11/98 1:50 AM



Reductive Cyclization

Both the synthesis of Hemibrevetoxin B and 7-epi-Hemibrevetoxin B have utilized this reaction:

TMSOTf
th(CHg)SIH -

OBn 81%

OBn

not universally applicable

Nicolaou

JACS 1993, 3558.

The Brevetoxin Odyssey:
ACIEE 1996, 589.

11-reductive cyclization 3/12/98 11:31 PM



TMSCN Induced Cyclizations of Aldehydes

/ \ @) @]
o o a) Li, napthalene o R ><
OH
HCI
H>,O
@]
5 TMSCN R2
-
R R1 O CN Rl H
OH

Three step yields

R =H, R? = Ph, 36%
R! = R? = CHg, 22%

R! = R? = CH,CHg, 39%
RIR? = (CH,)s, 34%

12-TMSCN 3/12/98 4:26 AM Gil, Tetrahedron 1993, 4923



Hc” Yo

13-TMSCN 2 3/12/98 5:03 AM

TMSCN Induced Cyclizations of Ketones

BF3‘O Etz

TMSCN
-20 °C

2.2:1

Li°
NH5
76%

reagents other than TMSCN only
give mixtures THPs

Rychnovsky

TL, 1996, 339.
based on
Chamberlin

JOC 1991, 4141.



— TsClI, pyr
—_——
62%
OH
OH OH OTs

Et

14-tosylates 3/12/98 4:27 AM

Tosylate Displacement

NaH, DMPU
THF, 69%

Protic Acid Cyclization

H3POy4

toluene
A
71%

Et

NaH, DMPU
'
THF, 40% o
oxepanes isolated

from quince friut

.
O

Escher
Helv. Chim. Acta., 1991, 179.

C. J. Moody
JCS Perkin I, 1995, 1137.



Transannular Ether Formation

e! [ O | o TBSQ  OH
l2 5 1)TBSOTH, NEts, 98%
O C';?Z(S'Z s Ko )., ’ _ 2)HgBS(CHg)y then §
o | v “s; NaOH, H,0,, 82% ! "
1) Swern HQ  OH HQ  OH
2) NaBH, 5B 1) NalO, Ao O ~0OAc
3) TBAF | -
—_—
66% - ., 75% 2) NaBH4 \ /
' “) 3) Ac,0, pyr
68%
1)Oy, hv AcO™ . O~ 0AC
) > contains the functionality and stereochemistry
2) Ha, Lindlar cat. HO OH  of oxepanes in brevetoxin and ciguatoxin
60% —

ACOI: .

1) AgOAc, HOACc, 83%
o, 0 2 2) NalOy4 _
T|(O|Pr)3 T OH 3) CSA
64% HO
OH \/\OH )

J.D. Martin

TL 1990, 1629.
TL 1991, 2241.
TL 1991, 2245.

15-transannular ether 3/13/98 7:12 PM



Zoapantanol Synthesis

1) 2.5% Pdo(dba)s
1.4 eq. Ph3SiOH
THF, rt, 67%

.
2) Ac,0, then KF
79%
Tf,0
2,6-lutidine
74%

OH

OAc

steps
B S————

e) CH3

(+)-Zoapantanol

Trost
ACIEE 1994, 2182.

16-zoapantanol 3/14/98 12:35 AM



Cyclization onto a Dithioketal

Both oxacanes of Brevetoxin B were formed by cyclization of an alcohol onto a dithioketal:

i) ACIO4, NaHCO3

""1OPiv 5 >
i) BugSnH, AIBN

70%

""1OPiv

Nicolaou

17-dithioketal 2/28/98 2:27 AM ACIEE, 1991, 299.



Photolysis

) OH
O n
0 o o
hy 1) MCPBA N n
0 = LT
\/\H/\/ acetone 2) NaOH
n u 3) CHoN, HaCOC
n=1, 73%
n =2, 30-40% hv
CH,Cl,
HgCO,C - _

O 0 H3CO,C O— OH
- y

n

1, 53%
2,49%

>0 5
Il

Pirrung
18-photolysis 3/12/98 4:26 AM JACS 1989, 5824.



RO
AcO )
AcOr- " /
(OC)3C0/ Co(CO)3
n=0, R=TBS
n=1-3,R=H

19-cobalt 3/11/98 1:42 AM

Intramolecular Nicolas Reaction

TfOH H, - Rh/C n=1-3
— 2, <
18-53% 60 °C
53 - 66%

Several similar cyclizations have been used w/ limited success.

Isobe

Synlett 1995, 1179.
Synlett 1995, 351.
Chem Lett 1996, 473.

V. S. Martin
TL 1995, 3549.

Greé
JOC 1995, 2316.



Epoxide Opening

steps
D-glucose @—

>< 3 equiv. Eu(fod)s Other Lewis and protic acids completely

ggcf/:'*& 80°C, 15 hr failed to deliver the desired product.
0

o) 0 A-B-C system of Ciguatoxin

Murali
TL 1997, 8053.
20-epoxide opening 3/12/98 10:12 PM



From Isoxazolines

0 12
/3N PN Gag
//'\tD 100% 80%
PhsC
PhsC [0% when oxacane

formation attempted]

From Hydroxy Olefins

BnO QNP BnO BnO.. BnO
> PhS >
PhS
20%

From a-Sulphonyl Ethers

MgBr,*OEt,
'
N&HCOg 0
PhSO, ogn, ~ OH ultrasound BnO
67%

works for 5-8 membered rings

21-misc 1 isoxazolines 3/12/98 10:11 PM

Kurth
JOC 1990, 283.

BnO

PhS

O

35% 20%

K. Jones
TL 1991, 2261.

Ley
Synlett, 1991, 415.



Misc Cyclizations

PFg
7 N I*
R —
2

)\/\/\‘/Rl >

40-95%

OH Rl (@) R |
1 Rousseau
R, R~ = alkyl JOC 1996, 5793.

oxacanes could not be formed
under these conditions

22-misc 2 iodo 3/10/98 3:00 AM



Enzymes

?H Z bromoperoxidase, H,O,, NaBr
N ~7 -
H 0.015%
OH
0.02mg
101 mg deacetyllaurencin
among a number of
other compounds
Murai
Chem Lett 1994, 2307.
Catalytic Antibody Mediated Cyclization
OCHjs
o OCHs
/
lgG 26D9
—_— (@)
OH >98%
O
HO
Lerner, Janda
normally observed THP (6-exo-tet) not observed JACS 1995, 2659.

23-enzymes/cat. antibody 3/12/98 11:09 PM



Cyclization By C-C Bond Formation

The Epic Assault

1) Birch _ OHC  CHO
o ~COH 3)LAH o o
549

1) CH3NH;Cl
0

HOZC\)I\/COZH

1) Tosylhydrazine
pH 5, 25 °C, 48 hrs =

2) CHalLi

2) Aco0, pyr 100%

2.2% (plus 0.6% other

2,8 isomers)
yeHg (7 Nk | 7% HBF,
_ OH T OH > OH

o ‘ry /S H O, A Ky
2) 80 °C s 7 (HCNT N 2 " N—0
\ N\ 32%

lll steps

(x)-laurencin
0.0047%

24-masamune 3/12/98 5:15 AM

+
N\ 13%
Masamune

TL 1977, 2507.
Chem Lett, 1975, 895.



Wadsworth-Emmons Cyclization

O
— (EtO)ZOF’: 1) Rh,(OAC),4 PO(OEY), NaH _ N—co,Et
T
OH 47% overall

OTBS OTBS 1) AcOH

(E0),0R Rhz(0AC)4 2) PDC
> —_—
>_002Et 85% POORY: 5 NaH, THE o ~COqEt
OH N, e
CO,Et 35%
C. J. Moody
TL 1991, 6947.
Ph3P\ 0
PhsPR, PPh 7 —
\ y 3 Ph3PO, H202 . o o o 0O
O O CH,Cl,
o 24% O © Bestmann

Chem. Ber. 1993, 725.

» The HWE reaction is general for aldehyde and ketone carbonyl components, and phosphonyl-ketones
and -sulfones, bis-phosphonates and phosphonoacetates as nucleophiles.

25-HWE 3/11/98 10:16 PM



Chromium Mediated Cyclizations

o O
\/\/\Br CrCl, /
—>
CHO 68%
OH
@)

O g, CrCl, N
60%
CHO OH

« attempted formation of a benzopyran failed due to formation of the elimination product salicylaldehyde

Wender

26-chromium 3/13/98 7:12 PM TL, 1990, 6605.



Oxapanes and Oxacanes from a Common Precursor

Ts
|\\\\\
meopso” ¢ © OCHs
1) TsClI
2) Nal 85%
Ts
Ho\j&\
S O
TBDPSO” OCHs
1) NaH, CHsl
2) TBAF
3) TsClI
4) Nal
49% Ts
|
OCHs
o)
OCH,

27-common precursor 2/28/98 9:43 PM

Ts
LDA
21% ’
0 W (@)
TBDPSO” OCH;4

* poor yield attributed to known difficulty
displacing halides w/B-alkoxy substituents

Ts
LDA
—»
80% OCHg3
O
OCHs

Mujica
TL, 1994, 3401.



Nitrone Cycloaddition Bn

N
OH \9
w 1) BANHOH, A AcO 3
O OH > AcQO
HO 2) Ac,0, pyr o
55-60% :
from D-glucose z
| OAc
Bn 1)
N BnN,
N \Q .,
4 StepS AcO s Pd_C AcO .\‘OAC
e ——
20%  AcO o 2) Ac20, pyr  AcO 0o Bhattacharjya
_ _ _ Chem. Comm. 1990, 1508.
either enantiomer available TL 1993, 3585.
by selective mannipulation of D-glucose
Minor Structural Changes can have a Major Impact on Reactivity
Bn
\N\
tBu ® PhCH3, e
MO/ B
92%
O
But:
t-Bu
PhCH3, A \
t+Bu ® 3
\NA/\O/\/\ 50% > N Aurich
5 0 5 Chem. Ber. 1990, 1508.

©

Other nitrile oxide cycloadditions:
Shing

28-nitrone cycloaddition 3/12/98 4:40 AM Tetrahedron: Asymmetry, 1996, 1323.



[4+3] Cycloaddition Chemistry

Q 0
‘i B t o
N 0 7 steps N
'
| AgBF,4, NaOH
73-82% HO

O o)
@) /O
steps, inc. TBDPSO PhI(OACc)y, I, \<
enzymatic N~ 100 W lamp o /o
desymmetrization 80-85% N
HO s
@]
OTBDPS
steps
O'N//\/\/
—O0
_ < . Cha
(+)-lauthisan JOC 1995, 792.

29-aacycloaddition chemistry 3/12/98 4:39 AM



Ramberg-Backlund Reaction

1) NCS

2) MCPBA
—»
3) t-BuOK
48%

O

30-Ramberg-Backlund 3/10/98 2:32 AM

1) BH3 then H,O»
2) I, PhgP, imid [:;

3) NaZS, A|203

HMPA
47%

1) NCS
2) MCPBA

—_—
3) t-BuOK
52%

J. D. Martin

TL 1996, 2869.
JACS 1995, 1437.
JOC 1994, 2848.



Photochemical Cyclization of a bis-Thionoester

OBn

OBn 1) hv, NaHCO3 OBn

2) TBAF

0,
H HsC 47% H HsC

TPSO

T™S T™S

towards hemibrevetoxin
Nicolaou
JACS 1993, 3558.

31-photochem thioester 3/11/98 4:01 PM



Radical Cyclization

| H
SePh Bu3SnH, hv :
_/g > O +
‘v, @)
@] H (@]
25% 32%
* no THP (6-exo-trig)
7-endo-trig product observed
5-exo-trig
€O |
. >
K =0 . . Crich
O ‘0— Tetrahedron 1990, 2135.
(TMS)3SiH O
SePh — >
Et3B, PhH o
S~
90% CO,CH3;
CO,CHj3

similar conditions used to form a THP

relevant to the brevetoxins in 99% vyield.
P. A. Evans
JOC 1996, 2252.

JOC 1996, 4880.
32-radicals 3/11/98 2:59 AM



An Interesting Cyclization

0 N\F
= @ o)
- o= 1:1.7
chlorobenzene isomer mix
AN 230 °C OTBS
31%
OTBS
Grissom

33-Bergman 3/12/98 11:35 PM Tetrahedron 1994, 4635.



A\

V4

OTBS

Bergman
§\

OTBS

O

33-Bergman answer 2/28/98 9:30 PM

Bergman Cyclization

() :
SS
T
chlorobenzene
OTBS

230 °C
31%

radica_tl _
combination

2 [1,5] H shifts OO N
- :
OTBS

1: 1.7
isomer mix

Grissom
Tetrahedron 1994, 4635.



Allyl Stannations

TiCl3(Oi-Pr) HO(H,C)4O1.

o o SnBus CH2C|2
-78% \ o
ON=Z 59%

only the trans isomer observed

o \\/U\ BF3+OEt, O o
K3 —_— .
EJ\ H CH2C|2 EJ\ .10OH
— -78% 0
O/_¥SnBu3 —

100% _
AB ring fragement

of gabiertoxin 4B

« fusion to 6 membered ring reduces conformational mobility of acyclic precursor
» cyclizations onto aldehydes are generally accompanied by higher stereocontrol
and yields than onto acetals

* TiCl4 doped with Ph3P can be used to increase levels of diastereoselectivity

* Yamamoto has prepared the 6-7-7-6 and 7-7-6-6 systems of brevetoxin B

and hemibrevetoxin respectively using this methodology

This reaction has extensively been studied under a wide range of conditions for THP synthesis:

BusSn — acid OH OH
N N NG _acd ( I/ . (j’ _

0O o] Y. Yamamoto
TL 1993, 1313.
protic acid (TfOH) (Z-stannane) major minor Chem Comm 1993, 1638.
protic acid (TfOH) (E-stannane) minor major TL 1991, 4505.
Lewis Acids (Z- or E-stannane) minor major TL 1991, 7069.

JOC 1990, 6066.
34-allyl stannations 1 3/12/98 11:20 PM



Allyl Stannations: Mechanism and Stereochemistry

6-membered rings always give anti
products when promoted with Lewis Acid

6-membered rings give anti or syn products
when promoted with protic acid, depending on
allylstannane geometry

0

0
Me
UOF‘\,SnBua

synclinal i antipariplanar
‘ Ags
R0+XH RO*ﬁMe %?Me
]
CH")SI'IBI.I:, Cstl@ E‘@E E H
Rh_::c} Me lﬁ/o Me BusSn BuySn

ROy, 8 RO R%O\ AT, (j\
o - o
Vafoj\ Mo Jﬂj\ Ve \\\\ o Ma \\\ a Mo

major minar \ v 7

not obtained

"In the 7-membered cyclization, the transition
state geometry becomes more flexible, being
able to give a thermodymanically stable trans
isomer with high diastereoselectivity".

35-allyl stannations 2 3/12/98 10:58 PM



One-Pot Oxidation-Cyclization

HO OH
7 steps
a) BuyNIO
MsO1. ) BugNIO,4 _
b) BFg'OEtz HO\"
[ . 63%
Bu3Sn SnBuj

a) BU4N|O4

b) B F3°O Etz
95%

J. D. Martin
TL 1992, 3389.
TL 1996, 2869.

36-allyl stannations 3 3/13/98 7:13 PM



A Disappointing Allyl Stannation

TiCl5(Oi-Pr)
15%

37-allyl stannations 4 3/10/98 2:10 AM



A More Complex Allyl Stannation

Both 7-membered rings of hemibrevetoxin B
formed using this method; The latter is shown here:

OTIPS /
R BF3‘O Etz

—_—
sngu,  CH2Cl

98% i ° & Z Yamamoto
TIPSO TL 1995, 5777.

A Lone Allyl Silylation

TMS
PhSOZ / EtAlCIZ PhSOZlI,_ "\\\

@) 0
A~ S~ S3% Simpkins
0] O e) Tetrahedron, 1991, 7689.

38-allyl stannations 5 3/10/98 1:53 AM



Intramolecular Allylboration

1) DIBAI-H

2) s-BulLi
-
3) o
\
BOCH;
/
o

4) ag. pH 7 buffer

39-allylboration hoffmann 3/11/98 8:34 PM

W

O

—O0TBS

formal synthesis of
(+)-laurencin

R. W. Hoffmann
JACS 1997, 7499.



Overman Acetal Alkene Cyclizations

X
X B 7] —
n
1
LA S ‘:,'\ X
— | R Ox 1} Ph —_— Ph
0 \J HO

R }—\_ - - X = SPh, 78% (BF3*OEt,)

Evidence favors a concerted X =TMS, 31% (SnCly)
intramoleular ene reaction

JACS 1986, 3516.
JACS 1990, 4386.
JACS 1990, 4399.

Laurenyne
J Cl

TMS wCl /

N 1) SnCly, 0 °C TMS/ wCl ) /\//

- /OTS - OTs (@) N

o 2) TBAF e E
/\//‘1,_ 37% HO : —
OFt ’\/‘ // (-)-laurenyne

JACS 1988, 2248.

TBDPSO

Laurencin

PhS OAc
BF3'OEt2
————— > (+)-laurencin
57%
ﬂcm PivO

JACS 1995, 5958.
40- overman 3/13/98 7:15 PM



Overman Acetal Alkene Cyclizations

T™S -
/\/m EAIC,
Ph 0 T - i S o Mg -1 Three effects are responsible for the high yielding

A~ ‘7?8:’0;’;0 transformation:
MeO Ph °
« Initial Prins cyclization occurs in an endocyclic sense
/ \ as a result of the greater stability of a tertiary a-silyl
cation than a primary -silyl cation
B FCF‘ 1 o Cyclization of the more stable (E)-oxocarbenium ion
< ™S ™S occurs preferentially in the conformation which
™ chH‘-' I's minimizes destabilizing allylic interactions
H \'\ —-— CgHy =~ <+ CgHy * Inductive withdrawl by the ring oxygen controls the
o+ H C?i C?i regioselectivity of the hydride migration
CaHa 8y 89
i _
TMS
1) BCl3, CH,ClI,
-78to 0 °C
O/E\\<:\\«}hb0Tms 2) TBAF
H 90%

OCH, Cl
Br

O ==
Br Cl \\

Isolaurepinnacin

SynlLett 1992, 811.
JACS 1993, 9305.

JACS 1997, 2447.
41-overman 2 3/12/98 4:41 AM



Acetal Alkyne Cyclization

— Cl
SnCly N\
OAc CH,Cl,
° 43% O™ “co,cH
CO,CHj 23

Speckamp
Tetrahedron 1994, 7115.

42-oacetal alkyne simpkins 3/1/98 1:16 AM



43-rcm 1 3/13/98 1:57 PM

Ring Closing Metathesis

/ 506 cat. N
>
PhH, 25 °C
75%

Ring Opening - Ring Closing Metathesis

cl,, IPCys

a R\“=\Ph
O\/\ PCys .~ =
N 6806 0

cat. =
Ro",\"o\k Ph
RO
R = C(CH3)(CF3)>
Grubbs
JACS 1992, 5426.
JACS 1993, 9856.
X
O
Grubbs

JACS 1996, 6634.



RCM for Brevetoxin and Ciguatoxin

25% cat., 60 °C

>
PhH
n=1 RI=H, RZ=Et, 97%
n=1 RI=FEt R2=H, 86%
n=2 R!=H, R?=Et, 86% cat. =
n=2,R'=Et, R?=H, 14% ; |U|o Ph
n=2,R'=H,R*=H, 58% RPOTT™N
R0 Clark
R® = C(CHg)(CFa)s TL 1997, 127.
21 mol %
/ PCy3
CHs cl, F{
© cf . 'Ph
PCy
< - >
: PhH, 60 °C
98% .
0 Hirama

Synlett 1997, 980.

44-rcm breve-cigua 3/13/98 1:57 PM



Ring Closing Metathesis

o o OH O . OAc OAc
Bu,BOTH, Et3N 1) NaBHy, LiCl

RO\)]\ 1 - 1 > R

NT Yo R'CHO R Xe  2) Ac,0, Et3N R

:\_/ 80-85% OR 3) refunc. R! OR

BrY
Table 1
Diene Product Yield*®

BzO 0Bz

(o]

2

— ‘I
O3
I

(]
15
L0
=3

g /4 OAc 95%
e OF
9

QA OAC H. OAc

4 " OAc 73%
o) It 7%2 cﬁmer)

5 X

OAc OAc H, LAc
. .
4N
"H 94%
r’é) 30 min
J78
H.'Oﬁ\c QAc
” 89%
- o H (10%; %imer)
7
//—/J
® Reactions were carried out in dichloromethane at 40 °C with Crimmins
JOC 1997, 7549.

5-7 mol % (CysP)ClsRu=CHPh. ® Yields are for isolated, chro-
matographically purified products.

45-rcm crimmins 3/12/98 4:42 AM



Tandem Methylenation - Metathesis of Olefinic Esters

The Precedent:

— o
Tebbe —_—
DMAP i
Ti _ 1CP2
t-BuO 81%  t-BuO Cp2 tBUO 0 LTiCp2
t-BuO O/
O (@]
Grubbs
JACS 1986, 855.
The General Scheme:
R R R R .
O (0] 0] R
© go Tebbe O& \ /\ ©
(_> - —_— — — —'lr'c — |
TICp2 = p2
Y Y b"L,.LHq Y/
Ti
Cpz

R must be CH3 or Ph

Tebbe Yields for DHP sythesis:30-70%
—_—
30-45%

Nicolaou
JACS 1996, 889.

The Critique:

The reaction awaits further vigorous development before being regarded as widely applicable...

...improvement in the efficiency is necessary. Paquette

. Chemtracts, 1997, 14.
47-rcm nicoloau 3/12/98 10:10 PM



Use of a Tether

0
NI~~~y _NaBH, \U/_ W X =0, Y = CH,, 93%
c K2C03 X =CH,, Y =0, 86%
e N

TsO
1) LDA, BnBr
2) NaIO4
Bn | Bn
NH " N\ﬁ)_x
©i il ©: ﬁ X =0, Y = CHyp, 59%
Y X=CHy, Y =0, 92%
?/\_/
O
Raney-Ni

Bn
o X
j X =0, Y = CHa, 85% 4 steps
Y X=CHp Y=0,93%

Ohtsuka

48-tether 3/1/98 1:50 AM Chem. Pharm. Bull., 1992, 617.



Ene Reactions

Q 20 mol %
H (i-PrO),TiCls
(R-BINOL
O ) MS, CH,Cl,

n O°Ctort

OH
O&

1, 64%, 88% ee
2, 12% 34% ee

%ﬁ

mixture of isomers

Brzn \\ 130°C

—_—
THF
24 hr
40%

O

Friedel Crafts Alkylation

AN A|C|3
o 0O CH2C|2
R r’ 76-87%

OCH,
R = alkyl

49-ene/friedelcrafts 3/12/98 10:09 PM

Mikami
Tetrahedron:Asymmetry, 1991, 1403.

Klumpp
Tetrahedron, 1992, 6105.

Skouroumounis
Helv. Chim. Acta, 1996, 1095.



4 isomers

Rearrangement Reactions

Claisen Rearrangement

/CI\ \
szTl \/AI(CHS)Z O 185 °C
> 36 hr
! O n-hex 65%

50-claisen paquette 3/12/98 5:16 AM

n-hex

1:1.4

taken on to (+)-lauthisan

Paquette
JOC 1990, 1703.
Tetrahedron 1990, 4487.



Ketene Acetal Claisen Rearrangement

OTBDPS
a) NalO4, NaHCOg3, m
O ° b) DBU, PhCH3, A O\“/O
j/ 93%
PhSe
6 steps, 79% mixture of ketene acetals one isomer

A boat TS would lead to a trans

A chair TS for each isomer leads to the same product: double bond (not observed)

—FEt

Holmes

51-claisen holmes 3/12/98 5:06 AM Tetrahedron, 1991, 7171.



OBn
OTBDPS
WOTBDPS
0 0
SePh

52-subst claisen 3/14/98 12:40 AM

Substituted Double Bonds

“‘\

a) NalO4, NaHCOg3,

CH30H, H,O . N
b) DBU, xylenes, A
73% 07 Yo ©Bn
Ascidiatrienolide A: Disproof of Structure
a) NalO,4, NaHCOs3, _
CH30H, H,O steps
o J. —_—
b) DBU, xylenes, A "“OTBDPS
85% O OTBDPS

CeH13

proposed structure of Ascidiatrienolide A - not
identical to the natural product (which was
shown to be a 10-membered lactone (with one
more methylene))

Holmes
JCS Perkin |, 1993, 2743.
JACS 1993, 5815.



OH

OH

OH

Retro-Claisen Rearrangement

Dess-Martin

85-95%

Dess-Martin

OH

* enantiopure cyclobutane delivers enantiopure dihydrooxacenes

>
88%

>

53-retroclaisen 1 boeckman 3/12/98 2:21 AM

* substitution at all positions of the cyclopropane and olefin are tolerated

ll,'

CHO

CHO

Boeckman
JOC 1993, 1295.
JOC 1997, 6456.



Retro-Claisen Rearrangement

TBSO TBSO
LAH, Et,0

CO,CH3 96%

\ CH,OH

TBSO

TBSO
Swern /
> H| —
91% R 3 J
TBSOY TBS%)
O\ __H — N\ _H
\ 4 \ g
©

54-retroclaisen 2 3/12/98 2:22 AM

B. Hofmann
Synlett, 1993, 27.



Cope Rearrangement of Divinylepoxides

o O
a) LIHMDS CCI4
\ b) TMSCI or Tf,0 \
/
™S ™S
M = TMS, 76% M = TMS, 78%
M = Tf, 66% M = Tf, 77%
a) CHaLi R = Ph, 56%
# cogch b) ZnCl, R = (CH3),CH, 69%
: c) RCHO R = (E)-CH3CH=CH-, 76%
Pd ——
CO,CHj 82%
O .
Bu,CulLi
BusSnH [\ — T
-~ OM  THF, 50%
Pd
66%  TMS
O
CO, CH30H R
CO,CH
o AN_-SnBug Pd° 2CHa
0
Pd
66%
TMS White
TL, 1991, 157.

55-cope 3/14/98 12:36 AM



More Substituted Cope Rearrangements

o) NC(_PO(OE), Q O
o | +
© \

\ \ / |

™S TMS CN TMS NC
51% 34%
125° 125°
5 hr 24 hr

@]

TMS CN

63% 85%

White

56-cope2 3/2/98 2:30 AM JACS, 1992, 4658.



Ring Expansion Reactions

Bicyclic Ketal Reduction

S TsOH hydride
R —_— B —
CH2Cl 70-90%
o 80-100%
Bicyclic Ketals: One Pot Processes
O PthIH, BFg'OEtz
'
81% N
OH
N
@] :
®
OBFj
©

57-bicyclic ketals 1 3/13/98 12:31 AM

O +

HO\\\‘ O IR HO\\\\' O R
1 2
Ratio 1:2

~10:1
<2:98

Reducing Agent
TiCl4/Et3SiH, -78 °C
DIBAI-H, rt

R = C,H40Bn

works well for 6-membered
rings as well

Kotsuki
JOC 1989, 5153.
Synlett, 1992, 97.



58-bicyclic ketals 2 3/12/98 10:04 PM

Stereochemical Rationale

TiCl4/Et3SiH
Hydride delivery from behind coordinated metal

@)
(( )
0
ClyTi{ §<‘\>
\O‘ H_
Bn

SN2

DIBAI-H
Hydride delivery from same face as coordinated metal

O

4

i-Bu,AlS—H

@]
1
Bn

SN2



Acetal Cleavage

HsC
m@ BN 9\(
ol OTMS +

6\\// e
B
Y " A
a:B CHz Ratio Product A:B Ratio
78:22 77:23
>95:<5% >95%:<5%
Methyl group directs LA to least hindered acetal oxygen:
CHs o
H5C
B epimer ﬂ\( \O — » B
\ ’0, ‘e
Eh\,/z\ o~ ‘OH
C|4T| @
HsC
a epimer \_,A\T'C'4 ol — A
H3C Cft>\¥,/<\ ® OH
>/ P. A. Bartlett
JOC 1989, 98.

59-acetal cleavage 3/12/98 4:45 AM



Baeyer-Villiger Expansion

0
1) MCPBA 1) LIHMDS, PhNTf,

2) NaBH4 » O
3) TBSCI 2) cuprate
38% 70% H
OTBS OFt OTBS

MCPBA
96%

steps

@) OEt

OEt

1) MOMCI
2) LIHMDS, PhNTf,
3) LICH(S(CH,)3S), Cul

70%

C-D ring system of
hemibrevetoxin B

Murai

60-BV expansion 3/13/98 12:31 AM Chem. Lett., 1992, 1587.



Oxidative Ring Expansions

O
4 pTsOH
EEEE——
o) THF, H,O
OH >< HO
O
TBSO
steps Et,CulLi
R .
70%
ol ~OTf
PivO

61-oxidative expans 3/12/98 4:46 AM

PivO

OH

OH

1) PivCl
e
2) Pb(OAC),

78%

(3 steps) VO

TBSO

1) TBAF
2) NaBH,

3) TBSOTf

76%
PivO

13 steps

(+)-laurencin

Murai
TL 1992, 4345.



62-oxidative2 3/12/98 4:46 AM

Oxidative Cleavage of Tetrahydrophthalans

RUC|3
@] —_—
NaIO4

58%

RUC|3

NalO, O
48%

1) LAH

2) NaH, CSz, CH3| - O
3) BugSnH, AIBN, A
45%

carbon skeleton of the
laurencia metabolite
obtusenyne

Moody
Synlett, 1993, 909.



TBSO OTBS
O
9 steps
SEMO OSEM
TBSO O OTBS

63-0zone ciguatoxin 3/11/98 7:58 PM

Ring Expansions Toward Ciguatoxin

1) hv, 90% o
>

2) Oz, PhgP

TBSO
58% 0

CH3CHN,
Pd(OAC)2
83%

only add'n from 3 face
3:1 exo:endo
Simmoms-Smith gives
only a face addition

Hirama
Synlett 1996, 1165.
Synlett, 1997, 980.



Free Radical Expansions

O
Q SePh
CO,CH, BusSnH, AIBN _ CO,CHs
A
o 66% © Do
ow
Tetrahedron, 1991, 4847.
S
A _
\_/ BusSnH, AIBN
> @]
0o A
66% Ph
Ph

@PO - Pi
Ph Ph

* phenyl group needed to stabilize the radical, or else
competing C-O bond cleavage occurs

Dart

Synlett, 1992, 987.
64-free radical expans 3/9/98 7:53 PM



Tetrahydropyran Expansion

Zn(OAcC), -
AcOH, H,O
A

OAc

Zn(OAC), .
AcOH, H,O
A

90%

enhanced reaction rate in this case prevents extended reaction
times and acetate cleavage

Nakata
TL 1996, 213.

65-THP expansion 3/13/98 7:19 PM



THP Expansion: Application to Hemibrevetoxin B Intermediates

1) Zn(OAc),
AcOH, H,O
A

OAc  2) Aco0, pyr
HsC Owms 34%

>

1) Zn(OAc),, AcOH, A
’
2) K,CO3, CH30H
82%

Nakata
TL 1996, 217.
Chem. Lett. 1996, 487.

66-THP expansion2 3/11/98 2:36 AM



Expansion of cyclopropanes

TMSOTf

o)
RIj
iYo
o)
R =
H5CO Ny
C
R¥:>0

towards zoapantanol

(X<

O

67-cyclopropane openings 3/9/98 9:48 PM

TMSO
SONA
> e
Eth, CH2C|2 R g

O,CH3

O

-~
-~

CHBr3, KOt-Bu,
then HCI, THF

Br

steps 0

65% from ketone

Mg®, TMSCI — \_TMS
_—
HMPA J
A o)
40%

d'Angelo
TL, 1994, 3085.

Grignon-Dubois
Can. J. Chem. 1991, 2014.



Modification of Lactones

RLi PhsSnH
= >
then CHgl R
Bnw O s 3 B O AIBN BnY ©O R
SCH, PhCHg, A
Nicoloau
JACS 1987, 2506.
JACS1990, 6263.
OTBS
OFEt i ]
TMSCI, Snl,, SbCls
’ T
then R3SiNu
07 X, 3 O™ Y 1psCOsEt 0" \u CO:Et
R = Et, Nu =H, 90%
R = CHg, Nu = allyl, 67% Mukaiyama
R = CHs,, Nu=CN, 62% Bull. Chem. Soc. Jpn. 1990, 1898.

68-lactone mod 3/12/98 5:17 AM



Enol Ethers from Lactones

1) szTian
>

(A

Holmes

Petasis
o 2) Ha, Pd/C JOC 1992, 1327.
O 55% Bn
1) KHMDS,
=\
/LNsozph 1) Tebbe
Ph . 2) NaOH
OTBDPS T™MSO'" OTBDPS ’
2) TMSCI 3) TBAF
77% 89%
1) (H(CH3),Si)2NH H202, KOH obtusenyne
> 1.0 OTBDPS  intermediate
2) Rh(acac)(CsHg) 2 :
61% \

(three steps) TL 1992, 671 & 675.

1) Cp,Ti(CH
., oTPS ) CpoTi(CH3), HG ., _OTPS 1) P{DVS)2 oS
TMSO O 2) K2C031 CHSOH H /S|O\ O " 2) KOH’ H202 HO\\‘ O "I/
3) ((CHg)2SiH),NH, * 3 2
o 51% 3
NF,C N\ 15:1ds
2% DVS = 1,3-divinyl-1,1,3,3-tetramethyldisiloxane OH
(+)-laurencin Holmes

69-lactone mod 2 holmes 3/12/98 9:56 PM

JACS 1997, 7483.



More Advanced Lactone Manipulation

Cl O

OBn CH OBn CH OBn
Cl H =
al al Lawesson's

oBn Reagent

r
OBn  Et3N, DMAP

97% 82% g
CH OBn
R(2-Th)(CN)CulLli,
>
I[(CH))4l, TMP OB

85% HOZC\) elaborated further in a
R = TBSO(CH,)sCH, OBn similar manner to give
the 7-7-6-6 Brevetoxin

ring system

[ via: ]
I(CH2)4l TMP
— EE——

S
HsCO g_s Nicolaou
Lawesson's Reagent: |1 JACS 1990, 4988.
S—h OCH3 JACS 1992, 7935.

JACS 1993, 3558.

70-lactone mod 3 nicolaou clpx 3/12/98 9:57 PM

OBn



Functionalization of Lactones via Their Cyclic Ketene Acetal Phosphonates

¢ (89%) U 0
Y o’LPn
oT8S
8
ph..,ro " Ph. 0
o e
H o o a (90%) b {96%) o <}
N
1

e (75%)

“Key: (a) 1.2 equiv.of KHMDS. 3.0 equiv of HMPA, 2.0 equiv of (PhO),POCY, THF, =78 “C, 0.5 h; add lactone to base, phosphoryl chloride,
and HMEA; (b) 2.0 equiv of lrl—njhutyl(vinyl)tin, 0.05 equiv of PA(PPh;)s, 3.0 equiv of LiCl, THF, A, 2 h; (¢) 2.0 equiv of tri-n-butyl(2-ethoxyvinyljtin,
0.05 equiv of Pd(PPh;)y, 3.0 equiv of LiCl, THF, A, 1.5 h; (d) 2.0 equiv of tri-n-butyl(1-ethoxyvinyltin, 0.05 cquiv of Pd(PPh;)y, 3.0 equiv of LiCl

THF, A, 6 h; (e) 2.0 equiv of hexamethylditin, 0.05 equiv of PA(PPh)s, 3.0 equiv of LiClL, THF, A, 3 h: (f) 2.0 equiv of 1 1
3.0 equiv of LiCL. THE. A, 7 ) equiv of 8, 0.05 equiv of Pd(PPhy).,

Nicolaou

JACS 1997, 5467.

JACS 1997, 8105.
71-lactone mod 4 phosphonates 3/12/98 4:20 AM



