Bridgehead Alkenes and the
Type 2 Intramolecular Diels-Alder Reaction
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Bredt’s Rule

* “On the basis of our conceptions of the positions of
atoms in space, in the systems of the camphane

and pinane series, as well as in similarly

constituted compounds, a carbon double bond
cannot occur at the branching positions A and B of

a carbon bridge (the bridgeheads).”
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Result

*Previously assigned
structures that violated the
rule were corrected

J. Bredt, Liebigs Ann. Chem, 1924,1.
G. Kébrich, Angew. Chem. Int. Ed., 1973, 464.



Establishing Boundaries
Smallest Anti-Bredt
PrelOg n=6,7,8, 11, 13 />j§ Compound:
(CHZ)n 0
0= \\/ ‘
(CHp © ”
CO,R
(CHy),
n=4,56 %:o [5.3.1] System

Fawcett
+Strain number (S) in a bicyclo(x, y, z)alk-1-ene as CO2(H) COM
S=x+y +z : o s °
*Upper limit for isolation is S = 8 HOC 1 HO 2
«Limit for “transient reaction intermediates” S=6
probably S=6 1 is decarboxylated at 270 - 280 °C
presumably through enol form 2

V. Prelog, JCS, 1950, 420.

Slide 3 F. Fawcett, Chem. Rev., 1950, 219.



However...

* Prelog System

— Only bridged cyclohexenones with the carbonyl group in the smallest
bridge — hardly representative of all

— All under thermodynamic control

« Fawcett System

O [ OH| O

3 S=7
A

4 Not Formed!

Slide 4 G.L. Buchanan, Chem. Soc. Rev., 1974, 41.



Weissman’s Proposal

«“We believe the strain of bridgehead double bonds 1s
closely related to the strain of trans-cycloalkenes.”

b

«trans-cyclooctene — unstable but isolable

«trans-cycloheptene — transient reactive species

\ . . .
ﬁﬁ Contains frans-cyclooctene ring and 1s

bicyclo[3.3.1]non-1-ene a stable Compound
S=7

What about?
See: W.F. Maier, P.R. Schleyer; JACS, 1981, 1891.
VS,
(nice computational study with many examples)

Slide 5 R. Chang, S.I. Weissman, JACS, 1967, 5966.



Structure of Bridgehead Alkenes
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« Distortions can be quantified by:

— Torsion angle (1) between the p orbitals of the the double bond
» Measured by average of @, and @, (not equivalent after pyramidalization)

— Pyramidalization angle (y) of the constituent atoms of the n system
« sp29 gatoms have y = 0.0° while sp3% atoms have x = 60.0°

Slide 6 B.R. Bear, S.M. Sparks, K.J. Shea, Angew. Chem. Int. Ed., 2000, 821.



Crystallographic Data

X Xe T
- « Ten-membered trans-cycloalkene
67: 15.3 48 3.8° . ..
00 47 is in — No special reactivity
Xs X: T .
 Nine-membered trans-cycloalkene
100: 18.7 10.0 6.8" —  More strained
101: 15.0 7.3 3.9
o o * Progression to eight-membered trans-
B I cycloalkene
OzMe COMe COMe . .
’ 81b ) 81c — Bicyclo[3.3.1]nonenes are >10° times
more reactive in electrophilic additions
Xa Xe T
8la:  39.1 187 10.4 : W L ° )
ca cg a it ? N
81b: 227 8.2 6.5 ——<% CZ; @?‘®_@§’
cs [%]] MeO,C cn
gic: 8.4 0.0 0.4 o °
Scheme 9. Geometric distortions of bicyclo[5.3.1}jundecenes 67 and 99, ¢z c8 . Mo
bicyclo[4.3.1]decenes 100 and 101, and the homologous alkenes 81a~c. xg e
corresponds to the pyramidalization of the bridgehead carbon, yxg cio MeO,C N
corresponds to the pyramidalization of the exocyclic carbon. [a] Average e 0
derived from calculated hydrogen atom position in the X-ray crystal b
structure. c4 & N w5 ce
s _N Y @)
c6 MeO,C o) 6

Slide 7 B.R. Bear, S.M. Sparks, K.J. Shea, Angew. Chem. Int. Ed., 2000, 821.



Synthesis of Bridgehead Alkenes

“'N(CH,); "OH

/
40/140 B Br
H
28/427 .
Y =I=
] 22/70-120 ___ 25100
"PPh, Br - &y = T~
O 2 0-S0,CH,
30-40/25 ! 40/290
53/125
cl O
o)
Ny
i O
SO(CHa),

Numerical Values are % Yield / Temp (°C)
All references contained in:

G. Szeimies in Reactive Intermediates, Vol 3 (Ed.: R.A. Abranovitch), Plenum, New York, 1983, p. 335.

Slide 8



Reactions of Bridgehead Alkenes

ﬁﬁw
65%

6%

$

74%

B2Hg/H202

OH

27% OH PhLi

33%,
L Ph
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Kinetic vs.

[ﬂﬁrm Thermodynamic
Ha/Pt Br |,
5% Deprotonation
Br2
55%
KHMDS CHgl %K;o LDA, DMPU CH3l
THF,0°'C —=RT THF,-78°C —»-30°C
+
H20/ ':’ l 89% 65%
quant.
T
OH
~0
Argz?/:iH 156 187
0sOy4 ’ 40:1 ratio of C-3 to C-1 37:1 ratio of C-1t0 C-3
5% methylation methylation
8:1 ratio of methy!
diastereomers
Scheme 21. Kinetic ® versus thermodynamic control @) in the alkylation
of ketone 103. KHMDS =potassium salt of hexamethyldisilazane,
DMPU = 1,3-dimethylhexahydro-2-pyrimidinone.
o~
H
H

All references contained in:

G. Szeimies in Reactive Intermediates, Vol 3 (Ed.: R.A. Abranovitch), Plenum, New York, 1983, pp. 344 - 345.
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S.L. Gwaltney I, S.T. Sakata, K.J. Shea, J. Org. Chem., 1996, 7438.



Type 2 Intramolecular Diels-Alder Reaction

Accidental Discovery

A T T e e R
A0 Lo s A

Initial Results
Starting material Conditions Product Conversion [%]
j/\/\/ '
Z & 420°C, 23 s 32

7
j/\/\/\
Z 8 455°C,5s 55
9
\ /
= 510°C, 8s 29
10

1

K.J. Shea, S. Wise, JACS, 1978, 6519.
B.R. Bear, S.M. Sparks, K.J. Shea, Angew. Chem. Int. Ed., 2000, 821.
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Activated Dienophiles and Lewis Acid Catalysis

Starting triene Conditions® Product Yield [%]
Starting material Conditions®  Product Yield [%]P) % o
o~ 0 4h,21°C 50
DA S - |
25 26
7 ° 201°C, 15 min 57
18 o}
19 = | 2h,21°C 75
y
j/\/\/vozEt @ 27 28
P
_ 206°C, 2 h 8011 (91) ,
(E)-20 CO,E o~ 1h,21°C 6 Q 7
Y oAF
(o]
21 29 30
j/\/\/\
Z COEt o = x in. 21°
(2-20 232°C,4h . 65 P o <5min, 21°C 70
~ o0 51 -
= (0] ™
o DN
‘ Z COMe  19m,21°C ﬁ 85
= 232°C, 4 h COEt 43 33 COMe
P

24
23 24 M\
[a] Reactions were run in dilute (0.04-0.09M) xylene solution. [b] Yields Z s © 1h,21°C %D * ééﬁ 9 (36:37=4:1)
38 37

are calculated by GC referenced to an internal standard. [c] Yield of
isolated product.

[a} In CH,Cl, with Et,AlCl as Lewis acid; thermolysis temperature and reaction time are given.

Lower Reaction Temperatures and Better Yields!

K.J. Shea, JW. Gilman, Tetrahedron Lett., 1983, 657.
B.R. Bear, S.M. Sparks, K.J. Shea, Angew. Chem. Int. Ed., 2000, 821.
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Regio- and Stereochemical Control

H \= / para

1,5-dicarbony!
N toluene >S/\/%=O
XN | :
=z 170°C, 1 h, 98%
113 114
1) MeOH/Na,CO3
2) AcO OU(/OzMe
3) TBAF
4) m-CPBA
1,4-dicarbonyl
115, 54%

Scheme 11. Pericyclic umpolung applied to the synthesis of methyl
3-oxocyclohexanecarboxylate (115). The course of the normal Diels—
Alder reaction is shown above. TBAF =tetrabutylammonium fluoride,
m-CPBA = meta-chloroperoxybenzoic acid.
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H@—\;_—/ tether endo %
@\—__-// tether exo Cﬁ
H

T™MSO._~
E‘O:j/\/cox 180°C.18h A . g .C:D
. 180°C.18h A . B:C:
EtO X-omx & 12 16 66
116 117

HgCl, 50 °C
X =Ci
95%

OoEt NaoCOj / EtOH

. COoEt

toluene, 190 °C
48 h, 90%

NazCO3/ EtOH

75%

B.R. Bear, S.M. Sparks, K.J. Shea, Angew. Chem. Int. Ed., 2000, 821.



Synthesis of Esperamicin Core

*Initial study gave wrong
regiochemistry

[somerization to 1,3 regioisomer
was necessary

/7 \

TBS ‘

)28 OPMB
(2 mo! %) 250

Y
H Oib —X— “SCOZMG

Me

PhH, A
M »
N COMe 7:1, 75%

OPMB

249

P iMe,Thexy! #
Z J—OPMB 1.4, nBuLi, Mgr, |
| -78 °C; then 3, 79% S |
—_—
[ Bu,Sn 4 2. nBu,NF N ZoPMB
S o3 3. TBSOT, 5
H TEA, 80% OTBS
O 0
o} 0_<
PN o M i HN&
o” Mo K{ ; OPMB OPMB MeS Esperamicin-A; OMe
6 >—‘—' radical
1. K,COy, H HO H
B TBSO—(,, i inhibitor  TBSO VT, 83 R Me "I 07 gue OMe
bz, 120°C N °
Pd(CH3CN)Cl2 \\ z, 2. MsCl, 73% H NHCO.M
Cul, TEA, bz 7 40% 3.0DQ, 91% e R T 2Me
9% M\oé\\o?/o °
(=]
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B.R. Bear, S.M. Sparks, K.J. Shea, Angew. Chem. Int. Ed., 2000, 821.

F.J. Schoenen, J.A. Porco, S.L. Schreiber, G.D. VanDuyne, J. Clardy, Tetrahedron Lett., 1989, 3765.
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Disposable Tethers

Vinyl Ethers
/\/ko
SO0 | 180'c O
COMe 18h COMe
1) HCYH,O/THF
2) K2CO3/MeOH
Allyl Silanes
1)CHaMgB |
\COH 2§M3Mgl' /l/\O . 29)
3)chl ; j:
c )catolrﬁ%?z?gppp)] Z R?
4) acid chloride R3
139 140a-h 141a-h

Table 12. Synthesis of allyl silane Diels—Alder precursors and their
cycloaddition.

Compound R! R? R} Yield of Yield of
140 [%] 141 [%]

a H H H 92 80

b CH, H H 82 90

¢ H CH, H 95 94

d “CH, CH; H 90 77

e H Ph H 89 96

f CH, Br H 85 74

2 H CO,Me H 71 75

h CN Ph H 72 89

Vinyl Silanes

MgCl THE N
j . \s(/m Si_.Cl
P cr

%B%
\S/
4 h, 93%
7 Ph

135
toluene, 180 °C
136 137

1) MeOH/Na,CO3
2) Ac0

3) TBAF
4) m-CPBA

a) Mg; CH0,
65%

b) cinnamic acid
DCC, DMAP, 63%

S0

Ph

oncozm
Ph

138, 56%

Silyl Acetals

1) LDA

134

CO,Me

, N ci
2) thSiC'z;
46%

133

Pt\ Ph
x O\/\OH PhH
80°C,4h

002M a

108

K2CO3
MaOH, 40%

132

NEt3, CHCl2

109

B.R. Bear, S.M. Sparks, K.J. Shea, Angew. Chem. Int. Ed., 2000, 821.




Facial Selectivity

Silyl Acetals Vinyl Silanes
eh Eh R R
AOSIPhCl Ho/‘\/o\"/\/cone < ;{sfg/'\é/o\n/\/cozm . ’/QOH . Hojw\ oce . S',/Loj\lL

Ph O 142 Ph O MG/S‘\( | comte "M Me SN COMe
EtaN, DMAP (cat.) 143 N 2 ~
133 THF, 25°C, 4 h 6 :
h h ————— m; /\CX:O + m:; iK\O\<=O
Ph, Ph,
P Phr3 O\F‘,:ii COMe COMe
" y o * ~o anti syn
' "CO.Me COMe
R Conditions Yields (%ol anti/syn
144,62% 6 : 1 145 H 60°C, 18 h 89 -
Me 65°C, 131 77 3101
Ph 65°C, 16 h 54 42:1
144 K2CO3, MeOH iPr 60°C, 14 h 75 48:1
25°C, 5 h, 90% {Bu 25°C, 18 h 75 94:1

Slide 15 B.R. Bear, S.M. Sparks, K.J. Shea, Angew. Chem. Int. Ed., 2000, 821.



Brldged to Fused Interchange

T2IMDA
/ N (CHz)n -

1.0,

C@’Hz)" 2. Aldol C@:I—@n
“ Et,AICI, CH,Cl, o 1) Meli, -78°C, 91%
W RT, 15 min, 70%
1 Me 2

Me
- “OTBS
2) TBSOTf, pyr, CH,Cl,, 92%
Me 3
03, MeOH
67%
H, (25 psi), Pd-C, EtOH @ KOH, MeOH \'(\/é
Y - o N 97% TB W
94% TBSO SO
1) LDA, then (EtO),POCI
2)Li, NH,
45%
Me
1) PhHgCBrj, PhH, reflux
\ 1 0,
TBSO' 2) MelLi, CuCN, 69%

TBAF, THF, reflux

59%
Slide 16

ledol
S.L. Gwaltney Il, S.T. Sakata, K.J. Shea, J. Org. Chem., 1996, 7438



Ring Expansion

O o .
: PhHgCBrCl, 05 \  EtOH, Na,CO, Cl\©
[ j NS ’
PhH, reflux -
o CO,Et
0 0 o
>' \ j \ cl
) \ o \
fom CO, EY ol i e O, E <N\ COEt
- —CH
e CO, EL CN wn CO,EL 3 / CO,Et
CH3 i CH3‘ oH CH; 'coza
CHy 7 80% 3 8 62%
0
| : CO,E!
o CO, Et SN\ €02
CO,El
v CO, EV 4
CO,Et
10 12
N\ CO:2E!
CO,E!
"co,Et
15

Mechanistic Insight

O y CO,Et

CI>@N\
et Cl

Cl

\\O

Cl

oy

CO,Et

Slide 17 K.J. Shea, W.M. Fruscella, W.P. England, Tetrahedron Lett., 1987, 5623.



Synthesis of Taxane Skeleton

1)s—BuL| -78 °C @CEE“\

4 PCC
63% from 3

O
3 e Xylene
© Me
. = 155 C,93h, 70% |
taxusin 6
Me™ Me

Br
Me Me )
| MgBr
Me Cl 2 .
1 THF, 43%

Slide 18 K.J. Shea, P.D. Davis, Angew. Chem. Int. Ed., 1983, 419.



CP-263,114 and CP-225,917

PMEQ  choTPs
Me,AICI (0.15 eq), CH,Cl, /4 .
- O —_

CgHys

-10 °C, 0.5 h, 90% 7<
0]

Vo,

~~cooH
1a: (~)-CP-263,114 (phomoidride B)

PMBO.
TBDPSO X ; 7 Cahhs ClAIO
5\ 263, 20 mol %
COOH TBS —_—
a)-10 OC’ 20% 4 O Z Cs,Hjs

olons O O 1b: (+)-CP-225 917 (phomoidride A) _80°C, 1h,
o
Al

264 : 265=5.71
\ 88%
PMBO OTBDPS O o 262 35

2 @
0 /lk . 4 O TBS
H 3 PM
O/

TBS
PMB
AN
CgHys = £
(+) 20% ee + .

Scheme 1. Enantioselective Diels - Alder reaction of prochiral triene 2 to H15Cs 3\
form the known CP precursor 3 (20% ee). PMB = p-methoxybenzyl; o
TBDPS = tert-butyldiphenylsilyl. 265

K.C. Nicolaou, P.S. Baran, Y.L. Zhong, H.A. Choi, W.H. Yoon, Y. Hee, K.C. Fong, Angew. Chem. Int. Ed., 1999, 1669.
Slide 19 K.C. Nicolaou, J.K. Jung, W.H. Yoon, Y.He, Y.L. Zhong, P.S. Baran, Angew. Chem. Int. Ed., 2000, 1829.

B.R. Bear, S.M. Sparks, K.J. Shea, Angew. Chem. Int. Ed., 2000, 821.



Conclusions

- Bridgehead Alkenes
— Relate to trans-cycloalkenes
— Can contain highly distorted n-bonds
— Undergo exo addition to the bridgehead double bond

— Relative stabilities of systems with similar frans-cycloalkenes are best
calculated on a case to case basis

« Type 2 Diels-Alder Reaction
— Provides bridgehead alkenes directly from acyclic precursors
— Broad scope and high selectivities |

— Most successful when forming seven and eight-membered rings embedded in the
bicyclic structure (four or five atom tethers)

— Access to other compounds through disposable tethers, bridged to fused interchange,
and ring expansion

— Used in natural product synthesis
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