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piro(bicyclo[2.2.1]heptane-2,1*-3: P 25-dione)  (69) which  was
obtained from norcamphor in three steps underwent cycloaddition with cyclopentadiene
to give all of four possible adducts ina 50 : 22: 24 : 4 ratio. The facial stereoselectiv-
ity in the endo region (72 : 28) was consistent with that of the complementary diene

spiro(bicyclof2.2.1]heptane-2,1"-(2.4]-cy iene) (58) with Z-ethylenic dienophil

(70 : 30). Likewise, the facial stereoselectivity of the cycloaddition of symmetrical

dienophile spiro(bicyclo[2.2.2]octane-2,1"-3-cyclop 2,5-dione) (70) with cyclopen-
tadiene is similar to that of the corresponding diene

2.2.2)octane-2,1*-[2.4] i (59) in the Diels-Alder reaction

with Z-ethylenic dienophiles. These results suggest very strongly that the steric interac-
tions are responsible for the observed 7facial stereoselectivity in these spiro-addends.

The relatively large proportions of exo addition products in the cycloadditions of

spiro(bicyclo[2.2.1]heptane-2,1"-3 2,5-dione) (69) and

p 2.2.2]octane-2,1*-3-cyclop 2,5dione) (70) with cyclopentadiene
stimulated the reevaluation of the endo-exo selectivity observed with simple dienophiles
4-cyciopentene-1,3-dione  (118),  spiro[4.5]dec-2-ene-1,4-dione  (104),  and
2,2-dimethyl-4-cyclopentene-1,3-dione (107). The results are discussed based on frontier

molecular orbital theory.

Comparison i of dienes 2-(trit iloxy)-1,3 iene (145a),
6,6-dimethyl-2-(ri i 13 i (145b), and
5,5-dimethyl-2-(tri iloxy)-1,3 iene (145¢) with both symmetrical and

unsymmetrical ~ dienophiles were conducted. The cycloadditions of diene

6,6-dimethyl-2-(tri i 1,3 o} i (145h)  with  symmetrical
dienophiles proceeded at roughly the same rates as those of diene

s dimethyl-2
3 y

)-1,3 iene (145c), which suggested that the

reaction was not merely concerted but also synchronous.



Z—M:lhyhricyclo[ﬁ.Z.l.Ol‘Slundecan-7-on= (278) could serve as a precursor to the

7

prezizaene sesquiterpenes. The synthesis of 2 i 2 |,ol'5= d
(278) was started with 1d-dioxaspiro[4.5]decane-8-one (294), which was treated with

methyllithium to give 8-methyl-1 4-dioxaspiro[4.5]decan-8-ol (295). The spiro-

annulation of this ketal alcohol with 1.2-bis(trimethylsiloxy)cy an d
smoothly to produce 8-methylspiro[4.5]dec-7-ene- | 4-dione (281). Addition of methyl-
lithium and is, followed by i aldol ization afforded a | : | mix-

ture of two double bond isomers 7-acetyl-4-methylenespiro[4.4]non-7-en-1-one (299)

and 7-acetyl-d-methylspiro[4.4]nona-3,7-dien-1-one (280). Hydrogenation and base-

induced aldol condensation of this mixture gave 2 iro(6.2.1.0' Jundecan-7.
(278 and 304).
During the synthetic studies of prezizaene sesquiterpenes we found that the addition

of methyllithium to 8-methylspiro[4.5]dec-7-ene-1,4-dione (281) is stereoselective. Simi-

lar diketones were treated with both ithium and sodium i In all the
cases the nucleophiles prefer to approach the spiro-diketones at the same face as the dou-
ble bond of cyclohexene ring. The observed facial selectivity is consistent with the pre-

dictions based on the Cieplak model.



“iv-

Acknowledgements

T would like to extend my sincerest appreciation to my supervisor, Dr. D. Jean Bur-

nell, for his helpful i i i ion, and through the course of my
research project.

1 would like to thank Dr. C. R. Jablonski, Mr. R. Sammynaiken, and especially Ms,
N. Brunet for 300 MHz NMR spectra, and Dr. B. Gregory and Ms. M. Baggs for mass
spectra. I appreciated the interest of the entire group, in particular I would like to thank
Mr. Jim R. Gillard for his invaluable help and suggestions and Mr. Tracy J. Jenkins for
providing two diketones.

Special thanks are given to Dr. Jiangfang Wang for his excellent advice in the prepa-
ration of this manuscript.

I am deeply grateful to my husband Yong-jin Wu for his love, encouragement, and
criticisms.

I thank Dr. P. Georghiou and Dr. C. Jablonski for proofreading and many valuable
comments and suggestions.

The financial support from both Dr. D. Jean Burnell and Memorial University in the

form of a Memorial University Graduate ip is gratefully g



To my dear husband Yong-jin Wu



Table of Contents

Title (i
Abstract (i)

k (iv)
Dedicarion v)
Table of Contents iy
List of Figures (viii)
List of Tables (xi)
Glossary of Abreviation (xii)

Chapter 1. ENDO-EXO AND rFACIAL STEREOSELECTIVITY IN THE
DIELS-ALDER REACTION OF 2,2-DISUBSTITUTED

CYCLOPENT-4-ENE-,3-DIONE DERIVATIVES ... i3]
L i oy
18 ion of the di i 26)
I Results (36)
1V. Discussion (46)
V. Studies of the 7-facial lectivity of diene 124b (53)
VI i (56)

Chapter 2. MECHANISTIC STUDIES OF THE DIELS-ALDER

REACTION (76)

L i (76)

1L Results (86)




- vii-

I Di i 98)

1V. Experimental (104)

Chaprer 3. SYNTHETIC STUDIES ON THE PREZIZAENE

SESQUITERF 2n
L i (127
IL Results and Discussion (148)
1. Experi (168)

Chaprer 4. STEREOSELECTIVITY IN THE NUCLEOPHILIC

ADDITIONS TO SPIRO-DIKETONES ..... - (180)

L i (180)
I ion of the spiro-dik (191
[I. Results and Discussion (197
. i (212)
R (230)

Appendix (241)



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8a.

" Figure 8b.

Figure 9.

- viii -

List of Figures

Frontier orbital interactions in the Diels-Alder reaction .....
Regiochemical control of the Diels-Alder reaction
Frontier molecular orbital diagram of both endo and exo transition
states in the Diels-Alder reaction of cyclopentadiene with

maleic

Syn/anti additions of plane-nonsymmetrical

dienes and di

Secondary orbital overlap in the approach of an azo dienophile

syn to an ide bridged

Disrotatory rotation of the terminal P _ lobes for 7 in 45, 46,

47 etc. (a) and 56, 57 erc. (b)
Qualititative diagram of the interaction between the
butadiene unit in 48 and 49 with a 7bond ...
_The transition state in the cycloaddition of 5,5-disubstituted

with N-

The transition state in the cycloaddition of sulfinyl dienes

with N-pheny

'H NMR NOE spectrum of 112

Figure 10. Steric interaction at the transition state of 5,5-disubstituted

Figure 11.

Figure 12.

yclopent-4 1,3-dione with
The transition state of 5.5-disubstituted cyclopentadiene

with maleic

. "The transition state of 5,5-disubstituted cyclopent-d-ene-1,3-dione

3)

(6]

(5)

(6)

(13)

(16)

(23

23)

(46)

(48)



Figure 13.
Figure 14.

Figure 5.

Figure 16.

Figure 17.

Figure 18.

Figure 19.
Figure 20.
Figure 21.
Figure 22.

Figure 23,

Figure 24.

Figure 25.

Figure 26.

“ix -

with i (49)

IHNMR spectrum of an AB system ... (57)
Mass spectrum (from GC-MS) of adduct 152a ... . (89)
‘The transition states of the Diels-Alder reaction of dienes

145a-c with N. Y imide (175-177 for a sy

process; and 178-180 for an asy process) 99)
‘The transition states of the Diels-Alder reactions of dienes 145a-c

with diethy! i (101)
The transition states of the Diels-Alder reactions of dienes 145a-¢

with ethy] i (101
‘The transition states of the Diels-Alder reactions of dienes 145b

and 145¢ with (102)

The transition state of the ene reaction of 218 ....

Mass spectrum (from GC-MS)of 282 ...

'H NMR NOE spectrum of 296a ..

Felkin-Anh torsional strain model ...

High-lying o, orbital of the incipient bond delocalizes

. T " . " .
in a hyperconjugative interaction into their vacant ICH

orbitals (Felkin-Anh model). (182)

Axial artack increases as cyclohexane ring becomes flattened ...

Stabilizing interaction of the incipient bond a‘. orbital with

neighbouring occupied orbitals gy, (Cleplak model). .
Stabilizing interaction of the incipient bond with neighbouring

occupied orbitals (a) by axial and (b) by equatorial

approach (186)




Figure 27.
Figure 28.

Figure 29.

Figure 30.

Figure 31,

Figure 32.

Mass spectrum (from GC-MS) of 350. ..... .. (192)

Mass spectrum (from GC-MS) of 351. .. . (193)
Perspective views of 384a, with hydrogen atoms having been

added to show the relative istry. (199)

X-Ray crystal structure of 400 (206)

Direct association of methyllithium with the double bond of the

spiro-diketone in the transition state ... (209)

of ivity of ilic additions to

pirodi by Cieplak h: jugative model 210



Table I.
Table 2.
Table 3.
Table 4.

Table 5.

Table 6.
Table 7.
Table 8.

Table 9.

Table 10.

Table 11.

Table 12.

Table 13.

Table 14.

Table 15.

Table 16.

-xi-

List of Tables

Facial selectivity of cyclic dienes (1)
Facial selectivity of h i i 8)
Facial ivity of het i diene 8)
Facial sels ity of 5,5-di it dienes (&)
Facial selectivity of 3,5 iene-1.2-diol

with N-p imi (12)
Facial ivity of (14)

Product ratios for the Diels-Alder reaction of 60 ....

Facial ivity of acyclic ic dienes 61 2)

Facial selectivity of sulfinyl dienes ....

C ition with i 4N

Cycloaddition of cyclopentadiene derivatives
with Z-ethylenic di i sh

nths it @1

Second order rate coefficients and DASYN values for Diels-Alder
reactions of liene with i ethenes and

trans-1,2-di: i ethenes 8h

Relative reaction rates for Diels-Alder reactions of dienes

145a-c with different di i (95)

Percentage of axial attack with increasing

MNattening of ring Z (183)

Product ratios of nucleophilic additions to various

spiro-dik (202)




DEAD
DMAD
DIBAL
DIPHOS-4
DMAP
DME
DMF
DMSO

GC-Ms
HMPA
hv

- xii -
Glossary of abbreviations

Acetyl

Attached proton test

Boiling point

Butyl

Benzyl (CH,Ph)

'1.'H Correlation spectrum
Degree of asynchronicity
1,5-Diazabicyclo[4.3.0non-5-ene
1,8-Diazabicyclo[5.4.0]Jundec-7-ene
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
Diethy! azodicarboxylate

Dimethyl azodicarboxylate
Diisobutylaluminum hydride
1,4-Bis(diphenylphosphino)butane
4-(Dimethylamino)pyridine
Dimethoxyethane

N, N-Dimethylformamide
Dimethylsulfoxide

Ethyi

Gas chromatography-mass spectrometry
Hexamethylphosphoric triamide
Ultraviolet irradiation

iso-Propyl ’

Infrared spectroscopy



LDA

MOM
mp

Ms

Ms
mCPBA
NBA
NBD
NBS

NOE

Nu

PCC

Ph

pTSA
TBDMSCI

- xiii -

Lithium diisopropylamide
Methyl

Methoxymethyl

Melting point

Mesyl = methanesulphonyl
Mass spectrometry
meta-Chloroperoxybenzoic acid
N-Bromoacetamide
Norbornadiene
N-Bromosuccinimide

Nuclear magneiic resonance spectroscopy
Nuclear Overhauser enhancement
Nucleophile

Pyridinium chlorochromate
Phenyl

para-Toluenesulphonic acid
tert-Butylchlorodimethylsilane
Tetrahydrofuran
Trifluoroacetic acid

Thin layer chromatography
Chlorortimethylsilane

Tosyl = para-toluenesulphonyl



Chapter 1

ENDO-EXO AND #FACIAL STEREOSELECTIVITY IN THE DIELS-ALDER
REACTIONS OF 22-DISUBSTITUTED CYCLOPENT-4-ENE-1,3-DIONE
DERIVATIVES

L Introduction

Since its discovery in 1928 by Diels and Alder,l the Diels-Alder reaction has been
refined to become one of the most powerful tools in modern organic synllusis.2 It pre-

sents a very ient and highly ific route to the

ring involving the elaboration of as many as four contiguous stereogenic centers in a sin-
gle operation. Woodward and l~[nffman‘s3 pericyclic theory successfully predicted an
allowed [143 + ’HS) process and indeed agreed with the known facts with respect to the
mechanism. It was this theory that correlated many experimental results which had been
thought to be unrelated, and it was thus rapidly accepted by chemists around the world.
According to their theory, Diels-Alder reactions of alkenes to 1,3-dienes, are controlled
by the in-phase ionships of both frontier-orbital pais [HOMO(diene) -

LUMO(dis ile)] and [HOMO(di ile) - LUMO(diene)I" These strongly favored
in-phase relationships are first-order orbital interactions which play a vital role in the con-

trol of the stereospecificity of the reaction.

Although Diels-Alder reactions occur in some unsubstituted cases, the most success-

ful reactions involve dienes and di iles bearing i of y elec-

tronic influence. Very often there is an electron-donating group on the diene and an

HOMO: Highest Occupied Molecular Orbital; LUMO: Lowest Unoccupied Molecular Orbital.
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electron-withdrawing group attached to the dienophile. Nevertheless, there are few exam-

ples involving “i 1 d d", ie, an el i ing group on the
diene and an el donating group to the di 45
Scheme 1
R R R
X
Qo CL @’
»: I _— +
A X
! 2 3
Mostly
X R X
+ ﬁ _— U +
N X
4 2 5
R = OM¢, Me, Ph Moestly

X =CN, COOR, COMe

‘There are three important stereochemical features pertaining to the Diels-Alder reac-
tion, i.e., regiochemistry, topography (endo or exo), and m-facial diastereoselectivity. The
regiochemistty may be controlled by choosing the appropriate substituents on the
addends. For example, the formation of ortho and para products 3 and . respectively, is
strongly favored for electron-rich substrates such as 1 and 4 (Scheme l).J This regiose-
lectivity may be explained in terms of frontier orbital inlemcrions.4 Figure la shows the 7
energy levels of butadiene and ethylene, with HOMO-LUMO interactions as indicated. In
Figure b an electron-donating group R on the diene will raise the diene HOMO and an

1 i ing group X on the di ile will lower the di ile LUMO, which
results in the stronger dominant interaction as depicted. Figure ¢ shows orbital energies,

and the resulting orbital i ion in the case of i 1! de d. With respect




Unsubstituted Normal electron Inverse electron
demand demand

— LUMoO
—LUMO
LUMO—=

;

(2) (] [C]

Figure 1. Frontier orbital interactions in the Diels-Alder reaction. In the
uns\lbsdmed u.se, butadiene + ethylene (l) both HOMO-LUMO

an electron donor R
on the diene lnd an ncoepmr X on the dienophile leads to the energy-level
pattern (b) characteristic of normal electron demand. The interaction diene
HOMO-dienophile LUMO now is strong and dominates the interaction.
Inverse-electron-demand occurs for the substitution pattem shown in (c).

to the usual electronic situation shown in Figure Ib, the important orbitals involved are

the diene HOMQ and di¢ ile LUMO. The el -donating group R on C-1 results

in a large difference in the HOMO orbital coefficients at C-1 and C-4 of the diene, as

indicated in 6 (Figure 2), in which the shaded circles represent a positive sign and the
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unshadowed circles represent a negative sign and the relative sizes of the circles represent
the relative contributions of the respective p orbitals to the HOMO. Obviously, the C-4
coefficient is much larger than the C-| coefficient in 6. However, if the donor substituent
R is at C-2, then the coefficient at C-1 is much larger than that at C-4, as shown in 8.
Similarly, the electron-withdrawing group X on the dienophile leads to a larger coeffi-
cient at C-2 than at C-1. On the basis of the concept that the stabilization energy is maxi-
mized when the larger coefficients overlap each other, the strongest interaction of diene 1
with dienophile 2 is between C-4 in 1 and C-2 in 2 (see 6 and 7 in Figure 2), thereby
leading to ortho product 3 as the major product. Likewise, C-1 in diene 4 interacts very
strongly with C-2 in dienophile 2 (see 7 and 8 in Figure 2) and the para product 5 is

formed as the predominant aaiducl.6

R R
5 b'e X
; —
3
HOMO LUMO 3
6 7
L 2
3
] X X
HOMO LUMO s
8 7

Figure 2. Regiochemical control of the Diels-Alder reaction

‘When both diene and dienophile are substituted, endo addition is frequently very
much predominant over exo addition, a fact attributed to secondary orbital imerac(ions.3

For example, the cycloaddition of cyclopentadiene to maleic anhydride produces a99 : |



5.

mixture of endo (9) and exo (10) adducts. The endo principle can also be rationalized on
the basis of frontier orbital theory. Figure 3 shows the HOMO of cyclopentadiene and the
LUMO of maleic anhydride when these molecules are oriented in the endo and exo tran-

sition states. In addition to the primary interaction as indicated by solid lines, there is also

a ilizi y orbital i ion (dotted lines) in the endo transition state.
Clearly. this secondary orbital interaction is absent in the exo orientation. Hence, the endo
addition is favored.

Scheme 2
H o
+ o _ §+
[ W0
o 0o H
9 10
endo exo

LUMO

exo

Figure 3. Frontier molecular orbital diagram of both endo and exo transition states in the
Diels-Alder reaction of cyclopentadiene with maleic anhydride
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The third stereochemical feature is #facial diastereoselectivity, which arises when
the addends possess two different reactive faces. In general, the svn or anri addition are
relatively designated. As shown in Figure 4, an incoming dienophile can approach the
diene svn to R substituent from the top face of the diene or anti to R substituent from the

bottom face of the diene. Likewise, a diene can add to the plane-nonsymmetrical

svn to R| i or anti to Rl i This is i for both the
understanding of the reaction mechanism and the design of natural product synthesis.
Indeed, =facial (syn-anti) stereoselectivity in Diels-Alder reactions involving plane-
nonsymmetric dienes has been widely studied in recent years. The cyclic dienes have
been frequently chosen in studies of zfacial selectivity simply due to their rigid confor-
mation. In many instances, the cycloaddition occurs on the less sterically hindered face
of the diene. Table 1 shows some examples of addition anri to a more sterically hindered
substituent. For example, the CH’.‘(2 (X = Br, Cl) group in 16 is bulkier than the methyl
group, thereby resulting in exclusive addition anri to CH’X‘Z (Entry 6).'2 The predomi-
nant addition anti to the hydroxymethy! group in 15 (Entry 5) can be attributed mainly to

steric factors since the group is hat more sterically ing

than a methyl grwp.”

;ﬂ"

anti anti

Figure 4. :yn/-m additions of plane-nonsymmetrical
and dienophiles
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Table 1. Facial selectivity of cyclic dienes

X =Br, Cl

Entry] Dicnophile % of anti  |Ref.
o
X
1 D{ I N=Ph 100 1
H
1 X=Br,1 o
CH,0X
2 D/ JL 100 8
H X=Me, Bn a” TeN
2 CH,CCl,
0
AR\ | SiMe,
3 4 N—Ph 100 9
H
3 o
o
¥ o
4 .
. 80 10
] (]
o
Me
5 Q’ N—Ph 87 il
CH,0H
B [+]
COMe
Me 2!
6 @Cﬂx; ||| 100 12
(]
i CO;Me




Table 2. Facial ivity of het

Entry Dienophile % of syn Ref.
! ” 100 13
0
2 o 100 14
0 90 15
3 0
Table 3. Facial selectivity of hetero-substituted dienes
Entry Diene Dienophile % of syn Ref.
0
00
\ e 0=®=0 1 19
*OH
o
0
2 Me 0 100 19
2
Me
3 ~
X 0 100 20
22X = OH, OMe, 4]

NH,, NHAc




Table 4. Facial selectivity of 5,5-disubstituted cyclopentadienes

Entry Diene Dienophile % of anti Ref.
(o}
Me
1 q N—Ph 45 20
SH
2 o
o
Me
N—Ph
2 "SMe 92 20
o
M
o
Me 97 20
3 o
v.'SMe
o
2
o
Me
4 1 0 100 20
X
X=SOMe, o
% SO,Me
==X
o
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There are some Diels-Alder reactions in which the facial selectivity is controlled by
what might be loosely called “electronic” effects. Table 2 shows three contrasteric addi-
tions of S-heterosubstituted cyclopentadienes. These results were rationalized by Fukui
and cuworkelsl6 in the following way. The orbital mixing between the lone-pair elec-
trons of the heteroatom directly attached to cyclopentadiene and the diene HOMO causes
the HOMO to be biased toward the syn surface, thereby inducing kineticaily controlled
dienophile attack from that direction. Alternatively, Anh” proposed that a beneficial
interaction of an antisymmetric oxygen orbital with the diene LUMO is mainly responsi-
ble for the contrasteric addition. More recently, Kahn and Hehrelg proposed that
cycloadditions involving electron-rich dienes and electron-poor dienophiles should occur
preferentially onto the diene face which is more nucleophilic and onto the face of the
dienophile which exhibits the greater electrophilicity. Indeed, this idea is in agreement
with the syn additions as presented in Table 2.

As ized in Table 3, the itions of dienes 20, 21 and 22 (X = OH,
OMe, NH,, NHAc) occur exclusively from the face syn to the heteroatoms directly

attached to the iene or iene rings. This may be rationalized in
terms of a combination of steric, van der Waals-London and secondary orbital overlap
factors. The simple electrostatic model proposed by Kahn and He!uelB can be suitable in

these cases.

In contrast to the reactions of dienes 22 (X = OH, OMe, NH), NHAc), dienes 24,
25, and 26 displayed the reversed facial selectivities as shown in Table 420 In these
cases, steric effects may play a more important role in the control of facial selectivity
than electronic factors. The larger size of the sulfur substituents -SX (X # H) may cause
the dienophile to approach anti, so that the cycloaddition occurs from the sterically less
encumbered methyl face. The reversed facial selectivity can be attributed to the fact that
the sulfur il -SX (X * H) are larger than the oxygen analogues -OX.

The reduced #facial selectivity of diene 23 (Entry |) may result from the relatively small



Sl -

size of the thiol group SH.

It should be pointed out that in the case of the sulfur systems illustrated in Table 4
the simple electrostatic model can no longer be applicable in a straightforward fashion.
The Cieplak mc’del,Zl based on ¢-donor ability of the anri plane-nonsymmetric atom has

2 They concluded that the

been applied to the cycloadditions by Macaulay and Fal
cycloadditions of cyclopentadienes prefer anri addition to the antiperiplanar ¢ bond that
is the better o donor on the basis of hyperconjugation and the beneficial interaction with
the incipient bond. The common atom combinations are listed in order of increasing o
donor ability: 900 < %N < %c1 < %c < %H < UCS.ZZ Thus, when the competition
is between a CC and CS o bond, the cycloaddition should take place by anri addition to
the better donor (the CS o bond), as is observed (except with 23). Similarly, when the
choice is between a CC ¢ bond or a CO ¢ bond-bearing face, the preferential addition
should occur anti to the better donor (the CC o'bond) and thus syn to the CO abond, as is
found. The preferred syn addition to other heteroatoms such as chlorine and nitrogen
(Table 2 and 3) can be interpreted in the same fashion. The Cieplak model has been suc-
cessfully applied to the 2,5-dimethylthiophene oxide system 27. For thiophene oxide, in
which the competition is between a lone pair and a sulfoxide oxygen, the cycloaddition
should prefer to proceed anri to the better donor (the lone pair) and hence syn to C-O. In
fact, the exclusively contrasteric syn addition to oxygen was observed with several
23

dienophiles.

Recently, in our laboratories Gillard®? studied the facial selectivity of cycloaddi-

tions of cis-cyclohexa-3,5-diene-1,2-diol and its derivatives with N-phenylmaleimide. As

in Table 5, the itions occurred pi ially to the face of the diene

syn to the oxygen i but the facial ivity was less in the more
reactive, cyclic derivatives. These contrasteric syn additions might be rationalized on the
basis of either orbital mixing, or for electrostatic reasons, or by invoking Cieplak's

model. The reduced facial selectivity in the case of the cyclic derivatives 31 and 32 may



519

Table 5. Facial selectivity of 3,5-cyclohexadiene-1,2-diol

derivatives with N-phenylmaleimide
L,
Entry (0} % of syn
X Y Diene
1 H 28 94
2 Ac Ac 29 88
3 ™S ™S 30 100
4 — SiMe,— 31
5 — CMe; — 32
Scheme 3
R &
=~ R H
0 0 H
— CER o
R o L
33 3% 35
R =H, Me, -(CH);,-
R’ = Ph, CH,
0
9
H
@ [P =t ?)3
[ °
36 37
5 38
93 2
H
( j]l 0 )=.H
0”0 ©




be attributed to steric interactions.

The Diels-Alder reactions of N-phenyl or N-methylmaleimide with benzene oxide
34 (R = H) (oxepin-1,3,5-cyclohexatriene 1,2-oxide, 33 5 34) and its nore substituted
derivatives (R = Me, -CHZCH.ch.l») have also been investigated in detail (Scheme
3).25 In all the cases examined, the dienophile approached the diene 34 exclusively anri
to the plane-nonsymmetrical oxygen leading to a single adduct 35. Clearly, Kahn and
Hehre's idea that dienophiles should add to the more nucleophilic face (i.e. syn to the
oxygen in this case) cannot be operative here. In addition, the conclusion put forward by
Fallis and Macaulay that the cycloaddition should prefer anri addition to the antiperipla-
nar o bond that is the better donor (C-H or C-C in this case) cannot be extended in a
straightforward manner to the benzene oxide system. The observed facial selectivity can
be rationalized in terms of the steric and the electronically repulsive interactions between
the oxygen and the incoming dienophile. This repulsion might be somewhat related to
that encountered in the cycloaddition of maleic anhydride to cycloheptatriene (36 =
37)26 or cyclooctatetraene (39 = 40).27 in which only the anri products 38 and 41 were
obtained (Scheme 3).

The 7facial selectivity in the cycloadditions of several propetlane substrates has

2829

been examined by Ginsburg and his coworkers’ as summarized in Table 6. The

exclusive anti addition in the case of dienes 42 and 43 (Entries 1 and 2) can be explained

N
AT

N
e, N
0

Figure 5. Secondary orbital overlap in the approach of
an azo dienophile synto an anhydride bridged propellane

Me



Table 6. Facial selectivity of propellanes

Entry

Diene

Dienophile

% of anti

Ref.

S%>

o
X =0, NMe

fo]

N—Me

100

28

o>

x=CH, O, NH,, §

100

29

[+]

29

29
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on the basis of repulsive steric i ions between the fi ring system and

the ing di ile. It is very i ing to note that the facial selectivity of
diene 42 is completely reversed (Entry 3) upon changing the dienophile. This has been
rationalized in terms of secondary orbital interactions. The attractive interaction between
the 7 system of the anhydride moiety (with X = O) with the lone-pair orbitals on the
nitrogens of the dienophile greatly stabilizes the syn transition state for dienophile (N-

yhtriazoli attack at the

face as depicted in Figure 5, resulting
in exclusive syn addition. The contrasteric syn addition of diene 44 with N-
methyltriazolinedione cannot be justified by secondary orbital interactions. The reason
for syn addition might be attributed to a stabilizing Coulombic attraction between the
strongly electron-deficient sulfur atom in the SOZ group and the electron-rich -N=N-
group in the dienophile.

The rfacial selectivity of the cycloadditions to exocyclic dienes such as 45-4730'33

has been examined in considerable detail. Cycloadditions of the diene 45 proceeded

from the "below-plane” with all di iles except maleic ide and sin-
glet oxygen. Dienes 46 and 47 behaved very similarly. Since the primary reacting car-

bons of the cyclopentadiene rings are remote from either bridge, steric factors cannot be

for the over ing kinetic for below-pl: attack of
31

dienophiles on 45, 46 and 47. The rationalization invoked by Paquette and coworkers
involved ¢ orbital mixing with the 7 diene orbital. Such interactions should cause a tilt

of the diene orbitals in a disrotatory manner as shown in Figure 6a, resulting in minimiza-

tion of the level of ing i ion on the below-plane face of 45, 46 and 47 as

compared with the above-plane face.

Calculations on the simple model systems 48 and 49 indicated strong mixing
between the lowest occupied 7 orbital (. :rs} and high-lying o orbitals of proper symmetry,
which was supported by the pho(oeleézmn (PE) spectra of 48 and 49.34 The rotation of

the terminal p _ lobes for 7_ in 48 results in significant differences in the frontier electron
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distribution on the exo and endo diene surfaces. It is this orbital tilting that is responsible
for the preferred addition of a dienophile anti to the methano bridge. Because of the dif-
ferent overlap between the dienophile and the rotated 2p _orbitals at the terminal carbon
atoms of the diene moiety, the antibonding interaction between the A of the butadiene
fragment and the HOMO of the dienophile in the case of anti attack is smaller than that

of syn approach (Figure 7).

do do Ao

45 n AGU 47 H

below-plane
= =
48 49
below-plane above-plane
(a) ®

Figure 6. Disrotatory rotation of the terminal Py lobes for m, in
45, 46, 47 ctc. (a) and 56, 57 etc. (b).
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(b) above-plane approach

(8) below-plane approach

Figure7. Qualitative diagram of the interaction between the
‘butadiene unit in 48 and 49 with a7t bond.
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N\
50 51 52 ﬂ

10.29 D 33.60 U‘ 23.55

ss 56 { 57
H 11.26 33.06 22.92
Based on his extensive calculations, Houk35 has shown that the exocyclic double

bond in 2 i (50) is p idalized so as to bend the terminal hydro-

gens in the exo direction. The analogous pyramidalization of 45 (see 51) might be consid-

ered as an i ionalization for ial attack of the di ile from below-

plane. However, as shown by Paquette and coworkers,36 the Diels-Alder additions of the
planar norbornyl-fused dimethylfulvene 52 occurred exclusively from the below-plane,

which ruled out Houk's 7orbital distortion arguments.
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Vogel“b suggested that the 7facial selectivity observed in the cycloaddition reac-

tions of isodi iene systems is by the relative stabilities of the iso-
meric adducts. However, Diels-Alder reactions are not generally thermodynamically con-

trolled. Furthermore, Paquette er nLJ J demonstrated that the [4 + 2] additions of dienes

53 and 54 to a variety of di occurred ively from below-plane. It should be
noted that the adducts of 53 (or 54) are not sesquinorbornene derivatives, and conse-

quently their thermodynamic stabilities should be roughly the same.
The spirocyclopropane system 55 was found to have a preference for below-plane
artack by a variety of dienophiles.* In contrast, the [4 + 2] cycloadditions of systems 56

and 57 occurred i from above-plane to provide anti i deriva-
)38

tives, except with dimethyl azodicarboxylate (DMAD).”" On the basis of the PE spectra
of 55, 56 and 57 and extensive calculations, Gleiter and Paquette’? argued that the termi-
nal 7 lobes of 56 and 57 in their individual a MO’s are rotated away from the methano
bridges as indicated in Figure 6b. Note that this rotation is different from that of 45, 46,

47 and 55 and hence results in different 7facial ivity (Figure 6). The spi

propane 535 exhibited the 7-facial selectivity opposite to 56 and 57 simply due to spiro-
'\conjugalinn. The orbital tilting in these spiro systems was supported by the ”C NMR

data: the carbon shielding effects present in 56 and 57 are reversed relative to those in 55.

The of/r interactions have been quite applied to isodicycl "
systems, but they cannot explain, for example, why DMAD attacked 56 from below-

plane, while all other di iles reacted from above-pl .35 The o/r model ignores

interactions between the diene and dienophile, and it does not consider the nature of the
transition state of the cycloaddition. Consequently, the model cannot rationalize the dif-
ferent r-facial selectivity for a given diene when different dienophiles were employed.
Bumell and Valen(a39 reported that dienes 58 and 59, which are also rigid hydrocar-
bons, react predominantly by anti attack with a variety of Z-ethylenic dienophiles. This

mfacial selectivity was ascribed to steric interactions in the transition states, and this
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rfacial selectivity was ascribed to steric interactions in the transition states, and this

argument was by a i study perfc d by Houk er a,}S.-tO It

should be pointed out that certain resonances in the |3C NMR spectra of 58 and 59 are
significantly upfield of their expected positions (in CDCIJ. 58: 544.1 for C-1and 5339
for C-3; 59: 331.4 for C-1 and 328.9 for C-3), which may be symptomatic of appreciable
mixing of the bicyclic & orbital framework with diene EA orbital. At present, it is still
uncentain whether hyperconjugative effects present in 58 and 59 are major contributory

factors in the +facial selectivity control of these diene systems.

anti anti
O . &

58 59
Recently, Coxon and LI the =facial ivity in the Diels-
Alder reactions of dissy L3 i ions of 60a-c with maleic
y and i show strong for addition to the "carbonyl” face

of the diene. For dimethyl acetylenedicarboxylate, attack from this face decreases with
successive methylidene substitution while for N-phenyl-1,24-triazolinedione the reverse
occurs, The sensitivity in the selectivity of 60a-c with dimethyl acetylenedicarboxylate
was ascribed to unfavorable orbital interaction of the closed shells of the carbonyl(s) and
methylene(s) syn to the incoming orthogonal 7 orbital of dimethyl acetylenedicarboxy-
late.
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Table 7. Product ratios for the Diels-Alder reaction of 60

% Reaction at the carbonyl face
i i S ™S T
[
1 [ o 100 | 100 85
o
o
2 100 100 100
x:
o %
Me (7] U
| aaX=Y=0
3 s 10 b:X=0,Y = CH,
COOMe c:X=Y=CH,
)
N
4 SN o« 78 93
0

The facial selectivity of Diels-Alder reactions of acyclic unsymmetric dienes is rela-

tively unexplored. Recently, Overman and coworkers“Z reported that ether substituents

have no syn directing effect in itions of allylically dienes of general
structure 61. In striking contrast to the syn addition of 5-oxygenated cyclopentadienes
(see Table 2), dienes 61 were found to exhibit moderate (R = H) to excellent (R = Me,
TMDMS) anti facial selectivity as summarized in Table 8. The sulfinyl group was shown
to be a powerful anri director as evidenced by the exclusive anri addition of sulfinyl

dienes 62, 63 and 64 with N-phenylmaleimide (see Table 9). Clearly, the 7-facial
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Table 8. Facial ity of acy ic dienes 61
Entry R Solvent % of anti

1 H toluene 36

2 H THF 64

3 H MeOH 80

4 Me toluene 97

5 Me THF 97

6 Me MeOH 9%

7 [Si(Me)Bu’ toluene 100

Table 9. Facial selectivity of sulfinyl dienes

Entry Diene % of anti
=
1 100
§
1
=
0
2 b 100
& §
1
0
3 s) 100
1
“ o

OR
61
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selectivity of acyclic dienes containing (E)-allylic substituents is different from that of

5. i 1.3

which can be attributed to the absence of desta-

bilizing steric and ic i ions between the di ile and the 5-substil

of 1,3<cyclopentadiene systems (see. for instance Figure 8a). The high anti facial selec-

tivity observed in the [4 + 2] litions of acyclic dienes ining allylic sulfoxide

or ether substitutions results from izing steric and

between the allylic heteroatom and the dienophile in the syn transition state (sce, for

instance the destabilizing interaction of R.wn and O in Figure 8b).

Rona

Vo i
\
.
o, 4\
P
o H

Figure 8a. The transition state of the cycloaddition of 5,5-disubstituted
‘with Nphenylmaleimi

Rani

Figure 8b. The transition state of the cycloaddition of
sulfinyl diene with N-phenylmaleimide
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4344 Jemonstrated that addition of a dienophile to acyclic

Valenta and coworkers
diene 65 was predominantly syn to the methyl group, while addition to 66 was mainly
anii to the methy| group. This difference could be explained largely on the basis of steric
effects. Indeed, it was this difference in =-facial selectivity that Valenta *>** had taken

advantage of to accomplish elegant syntheses of some steroids.

Z
N N
o AD
65

66

0 ﬂ 0
510 ﬁ o“

Lbb) &ob
o [+
69 70

Recently, Mehta and coworken"s reported the stereochemistry of the Diels-Alder
cycloaddition of several dienes to the plane-nonsymmetrical dienophiles 67 and 68 that
complement Paquette’s work with 45 and 46. 2,3-Norbornenobenzoquinone (67) was
found to exhibit preference for addition to several dienes from the below-plane. In
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contrast, the stereochemical outcome was reversed in the case of 68. The observed stere-
oselectivities were believed to arise from steric interactions in the transition states instead
of from electronic control, and some calculations provided support for this interpretation.

Although the stereoselectivity exhibited by facially perturbed dienes in Diels-Alder
reactions has been studied extensively in recent years, complementary investigations
involving plane-nonsymmetrical dienophiles have not received matching attention. As
described earlier, the =facial stereoselectivity of the Diels-Alder reactions of dienes 58
and 59 was ascribed, but not unequivocally, to steric factors. Analysis of the chemical
shifts in the 13C NMR spectra of 58 and 59 indicated that electronic factors might play
an important role in controlling the facial stereoselectivity of 58 and 59, just as Gleiter
and Paquette suggested for isodicyclopentadiene and related systems. Examination of the
plane-nonsymmetrical dienophiles 69 and 70, which are complementary to dienes 58 and
59, might shed light on whether steric or electronic factors are the controlling elements in
the. =facial stereoselectivities of cycloadditions involving of spiro dienes such as 58 and
59. The facially distinct steric interactions in the Diels-Alder reactions of 58 and 59
should be closely mimicked by the reactions of 69 and 70 with a simple diene. The fol-
lowing  sections describe  the preparation of the  22-disubstituted
cyclopent-4-ene-1,3-dione derivatives, including 69 and 70, and the results of their Diels-
Alder reactions with cyclopentadiene.
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. Preparation of the dienophiles

In order to conduct this investigation into the facial (syn-anti) stereoselectivity con-

venient supplies of 2,2-di i yclopent-4 1,3-dione derivati 74 were
required. To the best of our knowledge, few general approaches to 74 have been reported.
Recently, Pohmakotr and cc)work:|s"6 developed a general route (0 74 by means of
intramolecular acylation of an a-sulfinyl carbanion as outlined in Scheme 4. Thus, treat-
ment of the ester enolate anion derived from the corresponding ester 71 and lithium diiso-
propylamide (LDA) with 3-phenylthiopropanal followed by oxidation of the resulting
hydroxy sulfide with NalO, provided the desired sulfoxide ester 72 in good yield. The

sulfoxide ester 72 underwent cyclization upon treatment with LDA to afford the sulfoxide

Scheme 4
1.LDA
2. PhS(CH),CHO R,
R, 3, NalO, R OR
COOR —— R
Ry o~
n
n §
IDA
9 1
PCC
R, or heat; MnO, R, S=Ph
e N
Ry R;
o HO
“ B
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73, which was converted into 74 in moderate yield by oxidation with pyridinium
chlorochromate (PCC). This synthetic sequence could probably have been used to pre-
pare the dienophiles 69 and 70 for our study. Unfortunately. the starting esters 71 required
for the syntheses of 69 and 70 were not commercially available.

Scheme 5
oT™S R R
Rx><0n o | BFyEt0 Ri OTMS
e OTMS i
7 n &
R=Me, Et, %
CH,Ph
TFA
Q [0}
R, R,
R, R,
o o
u ™

OTMS

OR
R, OTMS  ppE0 (R OX
RX +[] —— | &
2

79 7 o

It was thought that 74 could instead be prepared from the 22-disubstituted
cyclopentane-1,3-dione 78 via dehydrogenation (Scheme 5). It is well known that C-
alkylation of cyclic A-diketones can be a poor reaction due to the formation of the
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undesired O-alkylation products as well as ring clnvage." However Kuwajima and
cwoﬂ:m‘a reported that the Lewis acid-catalyzed reaction of a dimethyl, or diethy!, or
dibenzyl ketal 75 with |,2-bis(trimethylsilyloxy)cyclobutene (77) followed by rearrange-
ment of the resulting ivative 76 with trifl ic acid (TFA) can pro-

duce a 2,2-disubstituted cyclopentane-1,3-dione 78 in reasonable yield. In our laborato-
ries Wu*® examined a variety of ketals including the cyclic ones 79, and discovered that
the use of a large excess of BF3~E:20 and a longer reaction time afforded 78 directly and
in a better yield. Thus, our strategy for the preparation of 74 was to form the cyclopen-

tane-1.3-dione moiety by a geminal acylation reaction, then to dehydrogenate.

Scheme 6

dre A AR
/ d

N

r N
0, o, Be )
M"' M LISQ
o (o] o

84 85 69

Reagents: (a) ethylene glycol, pTSA; (b) BFyE$,0, 77; (c) NBS,
CCly, heat; (d) pTSA, DDQ, CH, reflux or (PhSe0),0,
chlorobenzene, 110°C.
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The preparation of 69 is outlined in Scheme 6. Ketalization of norcamphor (81)
with ethylene glycol and a catalytic amount of pTSA in benzene at reflux proceeded
smoothly to give the ethylene ketal 82 in 85% yield after vacuum distillation. This ketal
82 was treated with three equivalents of cyclobutene 77 and fifteen equivalents of
BFJ-EtZO in CHZCIZ at -78°C for six hours, and the resulting mixture was stirred

overnight while attaining room After column y on silica gel

83 was obtained as colorless crystals in an 82% yield. The IR spectrum of 83 showed
absorption maxima at 1760 (shoulder) and 1717 cm™! for the ring carbonyls. In the 'H
NMR spectrum, the four methylene protons in the 1,3-cyclopentanedione moiety were
found as multiplets at 6 2.51-3.07 ppm. The newly formed carbonyls appeared at §213.1
in the l3C NMR spectrum.

Initial efforts to convert 83 into 69 were via fi dical ination and sub
dehydrobromination. Spiro-diketone 83 was heated with 1.1 equivalents of N-
bromosuccinimide (NBS) in CCl4 for three hours, after which time GC-MS analysis indi-
cateda | : | mixture of 69 and 84 or 85. The mass spectra of 84 or 85 showed prominent
molecular ions at m/z 254 and 256. Since the Diels-Alder reaction of this mixture with
cyclopentadiene could give a mixture of adducts, an alternative procedure to prepare 69
was adopted. It is known that 2,3dichloro-5,6-dicyanobenzoquinone (DDQ) can function
as a dehydrogenating reagent in the presence of pTSA. 5 Indeed, treatment of 83 with
1.1 equivalents of DDQ and a catalytic amount of pTSA in benzene under reflux did pro-
duce 69, but the reaction was extremely slow. The optimum conditions involved a large
excess of DDQ and a very long reaction time, resulting in an 80% yield of 69 after col-
umn chromatography. A two-proton ll-l NMR signal at § 7.21 and new resonances at &
147.5 and 148.6 in the 13C NMR spectrum confirmed the structure 69. It was later found
that the conversion of 83 into 69 could be achieved in less than one hour by heating a
chlorobenzene solution of 83 and phenyl selenenic anhydride at 110°C. However, the

yield was lower (ca. 68%).5!
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Reagents: (a) heat, benzene; (b) KOH.DMSO (c) ethylene glycol
PTSA, benzene; (d) BFyELO, 7

‘The sequence of reactions outlined in Scheme 7 was used to try to prepare the spiro-
diketone 89. Heating a benzene solution of freshly distilled cyclopentadiene and
2-chloroacrylonitrile produced a mixture of two epimers 86, which was directly
hydrolyzed to ketone 87 by treatment with potassium hydroxide in wet DMSO‘52 of this
ketone proceeded smoothly. However, when this ketal was treated with a large excess of

BFS-EHO and 3 equivalents of 77, as wxs used for ketal 82, two products were obtained

after inent [R ions for the major product were at 3404 cm'l

(broad) and 1621 cm-l. This product therefore contained a hydroxyl group and a
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conjugated carbonyl group. The signal at §203.6 in its I"‘C NMR spectrum indicated the
carbonyl group. Signals at § 137.4, 134.8, and 84.2, each of which was shown to bear one
proton using APT, provided support for the presence of a carbon-carbon double bond and
a sp5 carbon attached to oxygen. This compound was assigned structure 91. The l:‘C
NMR spectrum of the minor component was very similar to that of 91, but it had no
broad hydroxyl absorption in its IR spectrum. Structure 92 was proposed for this com-
pound. These two undesired products probably resulted from the rearrangement of the

desired spiro-diketone 89 through an allylic carbocation intermediate 90.

Scheme 8
OGN a cl b
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93 94
c
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F;80 o =
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9% 95
® O

Reagents: (a) heat, benzene; (b) KOH, DMSO; (c) ethylene glycol, pTSA,
benzene; (d) BFy'Ev0, 77
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The reactions depicted in Scheme 8 were employed to prepare the symmetrical
dienophile 70. The Diels-Alder reaction of 1,3-cyclohexadiene with 2-chloroacrylonitrile
gave a mixture of the two epimers 93, which gave 94, upon treatment with sodium
hydroxide in wet DMSO.jz Since compound 94 was quite volatile, it was directly ketal-
ized with ethylene glycol and pTSA in benzene under reflux. Ketal 95 was obtained in
90% overall yield from 1,3-cyclohexadiene. The IH NMR spectrum of 95 showed the
olefinic protons at §6.33 and 6.24, and the four methylene protons of the dioxolane moi-
ety gave rise to a signal at 6 3.91. When ketal 95 was treated with a large excess of
BFJ-E|20 and 3 equivalents of 77, we isolated a rearranged product 98 as the only prod-
uct instead of the spiro-diketone 96. In this case, only the cyclized product was obtained
possibly due to the longer reaction time employed. Catalytic hydrogenation of 95 pro-
duced the saturated ketal 99 in quantitative yield. Treatment of the ketal 99 with

Scheme 9

£

100
¥
0, [0)
N ¢ \
e
o o
70 101

Reagents: (a) Hy, Pd-C, EtOAc; (b) BF;£40, 77; (c) pTSA, DDQ,
benzene, reflux or (PhSe0),0, chiorobenzene, 110°C.
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BFyEL0 and cyclobutene 77, afforded 101 in 74% isolated yield. accompanied by a
small amount of the hydrolyzed starting material 100. The IR maxima for 101 at 1738
(shoulder) and 1718 cm'l indicated the 1.3-cyclopentanedione moiety. The lJC NMR

spectrum of 101 showed eight signals: four methylenes (621.2, 24.1

5. and 34.0), two
methines (6 23.0 and 32.1), one quaternary carbon (5 62.4) and one carbonyl signal (5
213.2), of which four were significantly larger in size as expected for a symmetrical
molecule. The dehydrogenation of 101 was achieved cleanly, but very slowly, with a
large excess of DDQ and a catalytic amount of pTSA in benzene under reflux. In this
way, 70 was obtained in yields as high as 90% after column chromatography. An IR
absorption maximum at 1692 cm“ was ascribed to the conjugated enone system. The
olefinic proton resonance at 67.15 (2H, s) and the carbon resonance at 6 147.2 confirmed
the structure of 70. As anticipated, eight signals, of which four were significantly larger,

were observed in the l3C NMR spectrum.

Scheme 10
o
OO0 -
Q) —— —_—
o
102 o
103
cl
o
o
104

Reagents: (a) cthylene glycol, pTSA, CHy, reflux; (b) BF; £t,0,
77; (d)PTSA, DDQ, CH, reflux.
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Cyclohexanone was converted into 104 by the same sequence as was followed for
norcamphor (81) to 69 (Scheme 10). Cyclohexanone ethylene ketal (102) underwent
smooth spiro-annulation with 77 and BFJ-EtZO to give 103 in an 89% yield after column
chromatography. The structure of 103 was proven by its [R absorption maximum at 1716
cm'I and a four-proton singlet at 52.68 in its lH NMR spectrum. Compound 103 was
converted into 104 in 73% yield by acid-catalysed reaction with DDQ in benzene. As
expected, the |3C NMR spectrum of 104 showed only six signals: three methylenes (5
20.7, 24.7 and 28.9), one methine (3 146.6), one quaternary carbon (4 48.8) and one car-
bonyl (3207.6).

Scheme 11
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2,2-Dimethylcyclopent-d-ene-1,3-dione (107) could be prepared from 2,2-dimethyl-
cyclopentane-1,3-dione (106) which was available by either a-methylation of 105 or by

geminal acylation of ketal 108 (Scheme 11). The isolated yield of the geminal acylation
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reaction (55%) was relatively low simply due to the high volatility of 106. The dehydro-
genation of 106 could be achieved by using either DDQ with pTSA, or by the NBS-
dehydrobromination method. Treatment of 106 with a large excess of DDQ and a cat-
alytic amount of pTSA in benzene under reflux produced 107. However, removal of the
residual DDQ needed column chromatography on silica gel, which resulted in a signifi-
cant loss of product. Diketone 106 was reacted with NBS in CCl; according to the
method of Agosta and Smi&l\.53 After filtration to remove the succinimide, the resulting
filtrate was carefully distilled to give 107, the distillate was accompanied by a small
amount of the bromide 109, whose mass spectrum showed the prominent parent ions at
m/z 202 and 204. Spectroscopic data of 107 were in full agreement with those in the

literature. >
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Since compound 70 has a symmetry plane bisecting the alkane, its cycloaddition
was examined first. A benzene solution of 70 and an excess of cyclopentadiene was
heated overnight. Four adducts (110, 111, 112, and 113) are possible. GC-MS analysis of
the crude product indicated a poorly resolved mixture of three products. The separation of

these adducts required i i ion. Fractional cr ization using a
variety of solvent systems was unsuccessful. The three adducts were eventually sepa-
rated by column chromatography on silica gel using pure benzene as the eluent. The

of the istry of the three isomers was achieved by ll-[

q
NOE experiments with the assistance of l3C NMR, the attached proton test (APT), a
IH-[H correlation spectrum (COSY), and lI-[~13C correlation spectra (HETCOR). The
ll-l NMR spectrum (in C6D6) of the ﬁrsl' eluted adduct showed the olefinic protons
(C-5'H & C-6'H) at 5 5.86, which on saturation resulted in a 2% NOE at & 3.08. Thus the
two-proton multiplet at 6 3.08 was assigned to C-4'H & C-7"H. When the multiplet at 6
3.08 (C-4'H & C-7'H) was saturated, NOE's at 6 5.86 (C-5'H & C-6'H, 4%), 62.86 (a
methine as revealed by the Lc.'H comelation spectrum, 1.4%), 6 1.28 (a methylene pro-
ton, 1.5%) and 0.98 (another methylene proton, 2%) were observed. Clearly, the C-8°
methylene protons could be assigned the signals at & 1.28 and 0.98, and the C-3a and
C-T'a protons resonated at & 2.86. Saturation of this signal at §2.86 (C-3'aH & C-7"aH)
produced NOE's at 5 0.98 (C-S‘HM"., 4%), 63.08 (C-4'H & C-T'H, 3%) and 6 1.44 (a
methine as indicated by the '3C-'H correlation spectrum, 3%). The 4% NOE between
the anti proton at C-8' and the C-7'a & C-3'a protons suggested that this adduct must
have come from an endo addition. There was a 3% NOE between the C-3'a and C-7a
protons and one methine that could only be either the C-1 proton or the C-4 proton.
However, if this methine were C4 (i.e. syn-endo adduct 112), no NOE effect between

this methine proton and the protons ato the carbonyls would be anticipated due to the



112 (anti--exo) 113 (syn--exo)
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distance involved. Thus, this methine could be assigned to the C-1 proton, which meant
close proximity between the C-1 proton and the protons « to the carbonyls in the anri-
endo adduct 110. This assignment was fully supported by the following findings. When
the methylene protons at & 1.74 were saturated, NOE's at 6 5.86 (C-5'H & C-6'H, 1%)
and 6 1.55 (a methine. as shown by the '*C-'H comrelation spectrum, 4%) were found.
Obviously, a methylene which is spatially close to both olefinic protons and a methine,
must have been the C-3 methylene in 110. Consequently, the C-4 methine could be
assigned to the & L.55 signal, which confirmed our previous assignment of the C-|
methine at 5 1.44. The propinquity of the C-3 methylene with the olefinic protons is con-
sistent with anti-endo adduct 110. As expected, the I3C NMR spectrum showed eleven
signals, of which six were larger.

The structures of the other adducts were assigned in the same fashion as for 110.
Saturation of the olefinic signal (6 6.30) in the [H NMR spectrum of the second eluted
adduct resulted in a significant NOE of the signal due to the protons ato the carbonyls,
and vice versa (see Figure 9). Thus, the structure of the adduct could only have resulted
by exo addition, i.e., either 112 or 113. When the protons « to the carbonyls were satu-
rated, we noticed a 6% NOE of the signal at 5 195 due to a methine, which, as shown by
the l3C-ll-lcc»rrelalion spectrum, could only be either the C-1 or the C-4 methine. Satu-
ration of this signal at & 1.95 gave rise to a 4% NOE of the protons a'to the carbonyls.
Since the C-4 proton in the syn-exo adduct (113) is too far away to have a significant
NOE effect on the protons a to the carbonyls, then the signal at & 1.95 must have been
due to the C-1 proton, and adduct must have been 112 derived from the anti-exo addition.

13,

Adduct 112 was a symmetrical molecule as seen from its *~C NMR spectrum.

The last eluted, very minor adduct could only have been either 111 (syn-endo) or
113 (syn-exo). As the endo reaction is generally favored over exo due to secondary orbital
interactions, we believed that this adduct was 111. This was indeed fully confirmed by the

following spectroscopic evidence. Saturation of the olefinic signal at 6 6.09 resulted in
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NOE's at 6 3.46 (C-4'H & C-T'H, 3%) and 6 1.82 (C-7 methine, 4%). The C'-8 protons
were assigned at 6 1.52 and & 1.64 by the NOE experiment on saturation of the signal due
to C-4* and C-7" protons. The NOE results demonstrated the proximity of the protons a
to the carbonyls and the anri proton on the methano bridge (i.e. C-B‘HM”) as well as the
C-1 methylene. Thus, there was no doubt that the third isomer was the syn-endo adduct
111 The '3C NMR spectrum showed eleven signals, of which six were larger, a fact con-
sistent with the symmetry of the molecule.

With the unambiguous assignment of all the adducts, the ratio of the three isomers
was examined. Since the three adducts were not well resolved in the gas chromatogram,
and the separation needed repeated chromatography on silica gel with benzene as eluent,
the integrations of the distinct signals for each isomer in the lH NMR of the crude reac-
tion product were determined and compared. The olefinic protons of adducts 110, 111
and 112 appeared as broad singlets as 6 5.95, 6.09 and 6.29, respectively, and their ratio
was 47 : 5 : 48. Neither gas chromatography nor lH NMR analysis of the crude product
gave any sign of a svn-exe adduct 113. The ratio of the adducts was shown to have arisen
under kinetic control by the fact that no pure adduct would equilibrate in benzene under
reflux.

The Diels-Alder reaction of dienophile 69 with an excess of cyclopentadiene in boil-
ing benzene was studied next. GC-MS analysis of the crude product indicated a mixture
of all four possible diastereomers, with mass spectra that were almost identical. Repeated

chromatography on silica gel with pure benzene as eluent provided all four pure adducts,

and the istry of each was i in the same fashion as for lt!e adducts
derived from the symmetrical dienophile 70. In this case, the 'H and 13C NMR spectra
of the adducts were relatively complicated due to a lack of symmetry in the adducts. For
the first eluted adduct, saturation of the double doublet at 6 3.03 (C-3"aH) resulted in a

significant NOE of the signal at 6 1.00 (C-8'H

L i) and of the signal at 6 2.13 (C-1

methine), and vice versa. Thus, the structure of the adduct could only have been 114, the



!
!
{
¥
;
b
'
{

o4l

product of endo addition, anri to the C-1 methine.

The second eluted product had NOE data that established proximity between the
protons a to the carbonyls and the olefinic protons, suggesting the product of an exo addi-
tion. Saturation of the signal at 6 2.92 (C-3"aH) and 6 2.74 (C-1 methine) gave small
NOE's at §2.54 (0.5%) and 6 2.92 (2%), which suggested that the protons « to the car-
bonyls were in the neighbourhood of the C-1 methine. Therefore, the anti-exo structure
116 was assigned to this product.

For the third eluted adduct, we observed significant NOE's between the signals due
to the olefinic protons and the proton on the C-1 methine, as well as NOE's between the
protons « to the carbonyls and the anri proton on the methano bridge (C-8'H, ). This
could be consistent only with structure 115, the result of an endo addition, svn to the C-1
methine of 69.

The last eluted, minor adduct could only have been 117 derived from syn-exo addi-
tion since the other products had been unambiguously assigned 114, 115 and 116. To con-
firm our previous assignment, an NOE experiment on this minor adduct was conducted.
Indeed, the stereochemistry of the final adduct, 117, was evident from NOE's between the
C-1 proton and the a protons, as well as NOE's between the olefinic protons and the pro-

tons a'to the carbonyls.

As in the ition of 70 with cycl di the ratio of all the adducts was

calculated from the careful integration of the lH NMR spectrum of the crude product,
‘The olefinic proton resonances of adducts could be assigned at §5.92-5.79 (2H, for 114),
56.09-6.19 (2H, for 115), and 6.30 (4H, for 116 plus 117), with their ratio being 70: 30 :
28. The ratio of adducts 116 to 117 was established as follows. The multiplets at & 2.54
and 2.44 were ascribed to the proton of adduct 117 and the proton of adduct 116 in the ll-l
NMR spectrum of the crude addition product, and the ratio of 116 to 117 was 47 : 8.5.
Thus, a simple calculation indicated that adducts 114, 115, 116 and 117 were formed in a

ratio of 50 : 22 : 24 : 4, respectively.
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‘The cycloadditions of 69 and 70 with cyclopentadiene provided relatively large pro-
portions of the exo addition products: with 70 the endo to exo ratio was 52 : 48, and with

69 the endo to exo ratio was 72 : 28. However, as reported by Agosta and Smilh” in

1971, the cy ition of 2,2-dimethylcyclopent-4 L3dione (107) afforded the
endo adduct 120 in a yield of only 46%, but no exo addition product, 121, was men-
tioned, On the other hand, Paquette er nl.ﬁ" claimed that 107 reacted with cyclopentadi-
ene to provide a mixture of endo (120) and exo (121) adducts, with 120 slightly predomi-
nanting. The inconsistency of Agosta's work with our results as well as the difference
between Agosta’s and Paquette’s reports stimulated the re-evaluation of the endo-exo
selectivity with the simple dienophiles 118, 104 and. 107.

Addition of 118 to cyclopentadiene in boiling benzene gave a single adduct in nearly
quantitative yield.>® The '3C NMR resonances at 5 199.6 (C-3 & C-7) and 108.7 (C-2)
indicated that the product was completely enolized. Saturation of the the doublet at 5 1.47
(C-8H_ ) in the 'HNMR spectrum of the adduct resulted in a 5% NOE of the signal at
8321, which is due to the protons « to the carbonyls. This could be only in agreement

with structure 119, the result of endo addition.

In contrast, the ition of 107 with cy iene provided two adducts,

which were separated by column chromatography. Each isomer showed seven carbon
resonances, of which five were larger, as expected considering the symmetry of the
adducts. Of the two adducts, only the minor one showed a significant NOE between the
protons & to the carbonyls and the olefinic protons so it was assigned struture 121, the
result of exo addition. Therefore the major adduct (120) was formed via an endo transi-
tion state. The ratio of these two adducts was derived from the integration of the olefinic
signals of each isomer in the lH NMR spectrum of the crude product. The ratio of 120 to
121 was 76 : 24, a result different from both Paquette’s (around 50 : 50) and Agosta’s
(100% endo). It is worthy of note that the cycloaddition with 104 proceeded much more

slowly than that with 118, a fact consistent with the result reported by Agosta and Smith.
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The last dienophile examined was 104. Like 107, dienophile 104, upon cycloaddi-
tion with cyclopentadiene in boiling benzene, yielded a mixture of two adducts, whose
stereochemistry was established from the NOE data. For the minor product, the NOE's
demonstrated the propinquity of the protons a to the carbonyls (C-3'aH & C-7'aH) and
the olefinic protons. The minor product was therefore the exo adduct 123 and the major
one was endo adduct 122. The multiplets at 6.04 and 6.30 in the 'H NMR spectrum of
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the crude addition product were due to the olefinic protons of adducts 122 and 123,
respectively. Integration of those signals revealed that the ratio of 122 to 123 was 73 :

27.



IV. Discussion
The endo-exo and i-facial ivity in the itions of 2,2-di: ituted
yclopent-4 1,3-dione derivatives with iene is ized in Table (0.

Dienophile 118 reacted with cyclopentadiene much faster than did 107, a fact ascribable

to steric hindrance between the C-2 i of 74 and the on

ene in the endo transition state (see Figure 10). Retarding the rate of endo-addition would
allow the reaction via an exo transition state to become competitive, Furthermore the data
listed in Table 10 would support the view that the more sterically encumbered the

dienophile in the endo region is, the more exo adduct is formed.

€xo

L[>

Figure 10. Steric interaction at the transition state of 5,5-disubstituted
I 4 1,3-dione with i

yclope
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Table 10. Cycloaddition with cyclopentanediene
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Figure 11. The transition state of 5,5-disubstituted cyclopentadiene
with maleic anhydride
It is interesting to compare the endo/exo ratio of diene 58 in the cycloaddition with
Z-ethylenic dienophiles (100% endo) with that of the complementary dienophile 69 in the
cycloaddition with cyclopentadiene (72 : 28). as well as that of diene 59 (100% endo)
with that of dienophile 70 (52 : 48). This difference can be easily understood by examin-
ing the endo and exo transition states of the cycloadditions involving diene 59 (or 58) and
dienophile 70 (or 69). For example, there is a significant steric interaction between the
hydrogens on C-3 and C-1 of the diene 59 and the olefinic protons of the dienophile in
the exo region as seen from Figure 11, therefore, the endo adducts were formed exclu-
sively. The situation was reversed i the cycloaddition of the dienophile 70 with

cyclopentadiene. As shown in Figure 12, steric interaction between the hydrogens on C-3
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and C-1 of the di ile 70 and the hyds on cycl iene in the endo transition

state could be significant, which allow the rate of exo addition to be similar. The same
argument can be applied to rationalize the big difference in the endo/exo selectivity
between diene 58 and 69.

anti-exo

syn-exo
/ —
|
H
Figure 12. The transition state of 5,5-disubstituted cyclopent-4-ene-
1,3-dione with cyclopentadiene

The steric interactions in the endo and exo transition states are very different. The
mfacial stereoselectivity of both 69 and 70 in the exo-addition mode was shown to be

very high (see Table 10). Indeed, the ition of 70 with iene afforded

only one exo adduct 112, which was the result of addition anfi to the C-1 methine,
whereas in the case of dienophile 69 the ratio of exo-anti to exo-syn to the C-1 methine

(i.e., 116 to 117 ) was 85 : 5. The endo additions appeared to be less selective: with 70
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the ratio of anvi-endo (i.e., 110) to syn-endo (i.e., 111) was 90 : 10, and with 69 the ratio
of anti-endo (i.e., 114) to syn-endo (i.e., 115) was 70 : 30. The lower 7-facial selectivity
in the endo-addition mode was perhaps due to the greater distance between the hydrogens
on cyclopentadiene and the hydrogens on C-1 and C-3 of the dienophiles in the transition

state.
Table 11.C f i with Z-ethylenic dienophiles
Entry Diene anti : syn % of endo Ref.
1 M ca.70:30 100 3%
=
2 M ca.88:12 100 3%
k]

Finally, it is important to compare the ratios of anti-endo o syn-endo of dienophile
69 (or 70) with that of diene 58 (or 59) (see Table 10 and Table I1). It is remarkable that
these ratios with dienophiles 69 and 70 were very similar to the adduct ratios obtained

when the complementary dienes 58 and 39 reacted with Z-ethylenic dienophiles. Diene

59 itions with Z-ethylenic di iles in boiling di to

afford the adduct ratios of anti-endo to syn-endo in a narrow range around 88 : 12. Diene
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58 was shown to be less stereoselective than diene 59, just as dienophile 69 was less
stereoselective than 70, The cycloadditions of diene 58 with Z-ethylenic dienophiles in
boiling dichloromethane gave adduct ratios of anti-endo to syn-endo about 70 : 30.

For a given [4 + 2] cycloaddition with normal electron demand (see Figure Ib), an
electron-donating group will raise the diene HOMO, thereby resulting in the stronger
interaction between the HOMO (diene) and the LUMO (dienophile). Since an electron-
donating group will raise the energy of the dienophile LUMO, the interaction between the

HOMO (diene) and the LUMO (dienophile) will be weaker. Thus for a given electron-

donating or el i ing group, the el ic effects on a diene will be opposite
to (or very different from) those on a dienophile. This conclusion may be extended to the
facial stereoselectivity of the Diels-Alder reactions as well. If the facial selectivity of
the cycloadditions involving diene 58 (or 59) is controlled completely by electronic fac-
tors, then this mfacial stereoselectivity of these dienes should be reversed (or changed
significantly) from that of the complementary dienophile 69 (or 70). However, the steric
interactions in the reactions of the plane-nonsymmetrical diene and the reactions of its

ponding pl y i ile should be very similar. Therefore, the

facial selectivity of diene 58 (or 59) should be roughly the same in the case of the com-
plementary dienophile 69 (or 70). The fact that the adduct ratios were very close in the
cycloadditions of 58 and 69, and also 59 and 70, suggests very strongly that the steric
interactions were responsible for the rfacial stereoselectivity observed in these spiro
addends. However, this did not necessarily mean the absence of the electronic factors.
Indeed, the 13C NMR data for 58 and 59 indicated a significant amount of orbital mixing
between their framework o orbitals and their zrvsysmmsf Unlike the isodicyclopentadiene
systems reported by Paquette and coworkers, the electronic factors are not important in

At present, we are still uncertain about the orbital mixing of the bicyclic o orbjtal framework with

dienophile 7 orbital in the dienophile systems 69 and 70 by examining their ~C NMR chemical
shifts.
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controlling facial stereoselectivity in the Diels-Alder reactions involving our spiro-

addends.
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V. Studies of the #facial stereoselectivity of diene 124b

As discussed earlier, Paquette and coworkers explained the facial stereoselectivity
of the Diels-Alder reactions of spiro dienes 55-57 by electronic f:ctms,"B If this is true,
then the plane nonsymmetrcal diene 124b should have similar 7facial stereoselectivity as

spiro dienes 55-57 even though the methyl group is further away from the reacting car-

bons of the diene moiety.

Scheme 12

X<

124 @R, =R,=H
(B)R, = Me, R, =H

Dm0 - DX
clm
w8 0D O

Reagents : (a) ethylene glycol pTSA; (b) 77, BF; E,0;
(c) LDA, I(CH,),l, HM
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Scheme 13
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A synthesis of diene 124b was envisioned from its corresponcing diketone. A
model reaction was using the pl. ical diketone 128. Ketal 125

which was obtained from cyclopentanone was treated with 77 following the standard pro-
cedure developed in this group and outlined in Scheme 12. After purification we isolated
126 in 68% yield. The structure of 126 was assigned by its spectroscopic data. The IR
spectrum showed a strong absorption maximum at 1720 ecm™ ! for the carbonyls. That
only five signals in its l3C NMR spectrum was observed confirmed that the structure was
symmetrical. Deprotonation of this diketone with two equivalents of lithium diisopropy-
lamide (LDA) followed by addition of HMPA and 1,3-diiodopropane generated a mix-
ture. Analysis of this mixture by GC-MS indicated that it contained only 20% of 128, 8%
of 127, and 48% of recovered starting material. Attempts to improve the yield were

unsucessful. A different route via the compound 131 was then examined. as outlined in



55

Scheme 13.

In principle, spiro-diki 128 could be synthesized directly from cy

ketal by a geminal acylation reaction with 131 in the presence of BFJ-EIZO. Thus, treat-
ment of dimethyl succinate with two equivalents of LDA at =78°C followed by addition
of HMPA and | 3-dibromopropane produced a 10 : | crude mixture of trans and cis iso-
mers, which was purified by vacuum distillation. The structures were elucidated by com-
paring their spectra with literature data. ® However. when this mixture of diesters was
treated with freshly cut sodium and chlorotrimethylsilane in refluxing toluene, only a
trace amount of the cis isomer could be converted into the coupled product 131, with

457 "

unreacted trans isomer being of 130a to its cis
isomer 130b did not occur under these reaction conditions. Thus, dienes 124a and 124b

could not be obtained.
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VI Experimental

General Procedures

All reactions requiring ions were in dried glass-
ware under a positive pressure of dry nitrogen. Solvents and reagents were purified by
distillation, Tetrahydrofuran (THF) was distilled from sodium metal/benzophenone.
C i ilane(TMSC!),

. toluene, benzene,

and diethyl ether ("ether”) were distilled from calcium hydride, Pyridine was dried over

Y/ ide and distilled. C; iene was freshly distilled by
fraction distillation of dicyclopentadiene. The phrase "work-up" means extraction of the
crude product with diethyl ether or dichloromethane, washing the organic layer with
water and with saturated sodium chloride, drying over anhydrous magnesium suifate. fil-
tration, and concentration by solvent removal with a rotary evaporator, and the term "in
vacuo" refers to the removal of the solve;n with a rotary evaporator followed by evacua-
tion to constant sample weight. All reactions were monitored by gas chromatography-

mass spectrometry (GC-MS) or thin-layer (TLC) on ial plates

(Merck 60F-254). The plates were visualized by UV fluorescence, or staining with
iodine, or spraying with an aqueous solution of phosphomolybdic acid, ceric sulphate and
sulfuric acid followed by heating the plate (ca. 125°C). Flash chromatography was per-

formed according to the method of Still and \:t)workevs58

on Merck Type 60 silica gel,
230-240 mesh. Melting points (mp) were determined on a Fisher-Johns apparatus and are
uncorrected. Infrared (IR) spectra were recorded on either a Perkin Elmer 283 spec-
trophotometer (and were corrected by using polystyrene film as calibration standard) or a
Mattson FT-IR instrument, and the abbrevation br means a broad absorption. s means
strong absorption, m means medium absorption, w means weak absorption, and sh is a
shoulder. Nuclear magnetic resorance (NMR) spectra were obtained in CDCl3 solution,
unless otherwise noted, on a General Electric GE 300-NB (300 MHz) instrument; chemi-

cal shifts were measured relative to internal standards: tetramethylsilane (TMS) for lH



-57-

and CDCl (377.0 ppm) for Be nMr. Multiplicities are described by the following
abbrevations: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (double dou-
blet), tt (triple triplet), mm (multiple multiplets), and br (broad). Following the ISC NMR
chemical shifts are bracketed the number of attached protons, The NMR assignments
were assisted by attached proton test (APT), and 'nln correlation (COSY) and IJC-IH
correlation (HET-CORR) 2-D spectra. For the AB spin systems obtained in the 300 MHz
spectra, the chemical shifts &, N and O were calculated according to equations (1) and

(2).59 respectively.

v-sav
=2
LA 300 {3
+La
vesAv
- B 2)
%= 3% (

vand Av were derived from equations (3) and (4), respectively,

vitvy vyty
4.2 3 3)

Avelly, - — )
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Figure 13. 'H NMR spectrum of an AB system
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where, as shown in Figure 13, Vis Yy vy and vy represent the observed frequencies (Hz)
of the four peaks in the AB quartet. ll-l NMR nuclear Overhauser enhancement (NOE)
data were obtained from sets of interleaved experiments (16K) of 8 transients cycled 12
10 16 times through the list of irradiated frequencies. The decoupler was gated on in con-
tinuous wave (CW) mode for 6 seconds with sufficient attenuation to give a 70-90%
reduction in intensity of the irradiated peak. Frequency changes were preceded by a 60
second delay. Four scans were used to equilibrate spins before data acquisition, but a
relaxation delay was not applied between scans at the same frequency. NOE difference
spectra were obtained from zero-filled 32K data tables to which a | to 2 Hz exponential
line-broadening function had been applied. Except where noted, both the low and the
high resolution mass spectra (MS) data were obtained on a V.G. Micromass 7070HS
instrument. A Hewlett-Packard system (model 5890 gas chromatograph coupled to a
model 5970 mass selective detector) equipped with a Hewlett-Packard 12.5 m fused silica
capillary column with cross-linked dimethylsilicone as the liquid phase was used for GC-

MS analysis.

piro(bicyclo[2.2.1]heptane-2,2"-5 1.3-dione) (83)

‘The norcamphor ethylene ketal 82 (440 mg, 2.86 mmol) in CHZCI2 (60 mL) was
stirred at -78°C as freshly distilled BFlvEtzo (5.3 mL, 43 mmol) was added, followed
over a period of 5 min by a solution of 77 (1.9 mL, 7.2 mmol) in CHICI2 © mL),“‘9 The
mixture was allowed to attain room temperature while stirring overnight, The solution
was added slowly to an ice-cooled saturated NaHCO3 solution, and the aqueous layer
was extracted with CHZC12 (*3). The combined organic extracts were washed with satu-
rated NaHCO3 (x2), saturated NaCl (x2), and dried over MgSO, 5 Flash chromatography
of the residue (5% ethyl acetate in hexane) provided 83 as colorless crystals (413 mg.

82%): mp 108-109°C (lit.*® mp 109.5-110.5°C); IR (film) 1760 (sh) and 1717

Vmax:
em™'; "H NMR & 1.18-1.57 (mm, GH), 1.76-1.89 (mm, 2H), 2.37 (br t, bridgehead H.

{H). 2.48 (br d, bridgehead H. 1H), and 2.51-307 (mm, 4H); '3C NMR & 245 (2), 280
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(2), 32.9 (2), 34.4 (2), 35.3 (2), 37.0 (1), 37.2 (2), 48.9 (1), 66.6 (0). and 213.1 (2C, 0);
MS (from GC-MS) m/z (%): 178 (19, M), 149 (46, 112 (100), 93 (15), 67 (19), 66(12),
and 65 (13). Exact mass caled. for C 11H1405: 178.0993: found: 178.1002.

piro(bi 2.2.1]h 22" pent-4 1.3-dione) (69)

Method A: A solution of 83 (125 mg, 0.70 mmol) and N-bromosuccinimide (111

mg, 0.77 mmol) in CCl'z (30 mL) was heated at reflux for three hours. The white precipi-
tate was removed by filtration before concentration in vacuo. Flash chromatography of
the residue (5% ethyl acetate in hexane) gave an inseparable mixture of two compounds
(69, and 84 and/or 85) in ca. | : | ratio. For 84 and/or 85: MS (from GC-MS) m/z (%):
256 and 254 (33, M), 190 (96), 188 (100), 175 (47), 147 (19), 91 (25), 80 (65), 79 (55).
77 (21), 67 (53), and 66 (18).

Method B: A solution of 83 (288 mg, 1.62 mmol), dichlorodicyanobenzoquinone
(DDQ) (1.83 g, 8.10 mmol) and pTSA (60 mg) in benzene (40 mL) was heated at reflux
for two weeks. > Some black material was removed by filtration through a plug of S0
with ether as the eluent. Concentration of the solution under vacuum provided an orange-
brown liquid, which was purified by flash column chromatography (5% ethyl acetate in
hexane) to give 69 (228 mg, 80%) as pale yellow crystals: mp 70.5-71.5°C; IR (film)
Vnax 1702 e '; EU NMR & 1.82-1.25 (m. 7H). 2.10 (br d. J = 9.8 Hz, 1H), 2.29 (br .
bridgehead H, IH), 2.41 (br s, bridgehead H, IH), and 7.21 (s, 2H): ‘JC NMR & 249
(2),27.9(2),35.0(2), 37.1 (1), 38.4 (2), 48.0 (1), 57.1 (0), 145.3 (1), 148.5 (1), 205.5 (0),
and 206.0 (0); MS (from GC-MS) m/z (%): 176 (34, M), 110 (100), 97 (11), 89 (16), 82
(21), 80 (32), 79 (22), 77 (15), 67 (22), 65 (16), 54 (20), and 53 (15). Exact mass calcd.
for C || H,,0,: 176.0837; found: 176.0830.

Bicyclo[2.2.1]hept-5-en-2-one (87)
A solution of freshly distilled cyclopentadiene (1.20 g, 18.2 mmol) and

2-chloroacrylonitrile (4.4 mL, 54 mmol) in 80 mL of benzene was refluxed ovemigm.s2
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The solvent was evaporated and the residue was dissolved in dimethyl sulfoxide (DMSO)
(40 mL) and treated with aqueous potassium hydroxide (prepared from 2.40 g of solid
potassium hydroxide and 35 mL of water). The solution was stirred overnight. Then the
reaction mixture was extracted with ether (x4), and the organic layer was washed with
water and saturated NaCl. The solvent was removed by simple distillation, and the
residue (1.90 g) was used for next step without further purification: MS (from GC-MS)
n/z(%): 108 (10, M*), 79 (14), 77 (9), 66 (100), 65 (15), 51 (11), 50 (9), and 42 (6).

2.2.1]hept-5-ene-2,2'-1,3 88)

A benzene solution of crude 87 (1.90 g, 17.6 mmol), ethylene glycol (excess, S mL),
and a catalytic amount of pTSA was heated under reflux overnight. The resulting reaction
mixture was worked-up, and flash chromatography (1% ethyl acetate in hexane) gave 88
(2.27 g, 82% overall yield from cyclopentadiene) as a yellow oil: IR (ﬁlm)vmu: 2975 (s)
and 1333 (m) cm™!; 'HNMR & 1.50 (dd, J = 3.5, 122 Hz, 1H), 1.63-168 (m, LH, 1.74
(d,J=8.6Hz, IH), |.85(dd, /=17, 12.2 Hz, |H), 2.64 (narrow d, J = | 4 Hz, |H), 2.82
(br s, bridgehead H, 1H), 3.84-3.98 (m, 4H), 6.08 (dd, J = 3.2, 5.6 Hz, {H), and 6.31 (dd,
J=29,56 Hz, IH); IJC NMR & 39.8 (2).40.4 (1), 48.6 (2), 48.9 (1), 63.7 (2), 64.2 (2),
117.8 (0), 132.7 (1), and 139.0 (1); MS (from GC-MS) mz (%): 152 (1, M"), 86 (100),
79 (17), 77 (13), 66 (17), 65 (10), 51 (11),43 (29), and 42 (71).

8-Oxairieyelof7.2.1.0>®dodeca-3(7), 10-dien-4-one (91) and 2-((¢-hydroxyl)-2-
cyclopentenylmethyl)cyclopentane-1,3-dione (92)

The ketal 88 (202 mg, 1.33 mmol) in CH,ZCI2 (40 mL) was stirred at'-78°C as
freshly distilled BFJ'EI.ZO (2.5 mL, 20 mmol) was added followed over a period of 5 min
by a solution of 77 (0.9 mL, 3.3 mmol) in 6 mL of CHZCIT The mixture was allowed to
attain room temperature while stirring o;emight. The solution was worked-up. After
purification by flash chromatography (5% ethyl acetate in hexane) 108 mg of 91 (42%)
and 29 mg of 92 (12%) were isolated as colorless oils. For 91: IR (film) Vmax® 3404 (br),
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1683 (m), and 1621 (s) cm™'; 'H NMR & 2.18-2.67 (m, 9H), 5.10 (d, J = 5.5 Hz, 1H),
5.90-6.00 (m, 1HD), and 6.12-6.16 (m, 4K); 13C NMR & 17.5 (2), 26.5 2). 32.6 (2), 34.2
(1), 369 (2), 842 (1), 110.0 (0), 134.8 (1), 137.4 (1), 184.5 (0), and 203.6 (0); MS mz
(%): 176 (6, M"), 66 (100), 65 (20), 55 (17), 54 (24), and 40 (14). For 92: IR (film)
Vmax: 1690 (m) and 1611 (s) em™"; "HINMR 5: 1.93 (d, J = 14.0 Hz, 1K), 2.21-2.60 (m,
7H), 3.06 (m, 1HD), 5.33 (dd, J = 2.6, 6.1 Hz, IH), 581 (dd, J = 2.6, 5.5 Hz, 1H), 6.29 (dd,
7=2.7,5.5 Hz, 1H); 12C NMR 5 28.0 (2), 32.2 (2), 33.4 2), 38.1 (1), 40.1 (), 85.2 (1),
115.4.(0), 1268 (1), 1444 (1), 179.6 (0), and 207.7 (0); MS (from GC-MS) m/z (%): 194
(14,M"),91 (36), 89 (12), 66 (100), 65 (27), and 41 (9).

Bicyclo[2.2.2]oct-5-en-2-one (94)

A solution of 1,3-cyclohexadiene (1.2 mL, |3 mmol) and 2-chloroacrylonitrile (1.1
mL, 14 mmol) in 80 mL benzene was refluxed overnight. The solvent was evaporated,
and the residue was directly dissolved in DMSO (40 mL) and treated with aqueous potas-
sium hydroxide (prepared from 2.12 g of solid potassium hydroxide and 30 mL water),
and stirred overnight at room temperature. The reaction mixture was extracted with ether
(*4). The combined organic layers were washed with [N HCI (x2), water, and saturated
NaCl. The solvent was removed by simple distillation and the residue was used for the
o 1726 © cm'; 'H NMR &
1.51-1.74 (mm, 3H), 1.83-1.90 (mm, 2H), 2.03 (m, 1H), 2.99 (m, bridgehead H, IH),
3.14 (m, bridgehead H, |H), 6.20 (m, |H), and 6.49 (m, |H); l3C NMR & 22.1 (2), 238
(2), 32.0 (1), 40.0 (2), 48.1 (2), 127.9 (1), 136.6 (1), and 212.1 (0); MS (from GC-MS)
m/z (%): 122 (12, M+), 80 (100), 79 (80), and 77 (17).

rext step without further purification. IR (film) [

2.2.2]oct-5-ene-2,2"-1,3 (95)
A solution of crude product 94, Elhy'kﬂe glycol (2.1 mL, 38 mmol) and a catalytic
amount of pTSA was heated under reflux overnight. The resulting reaction mixture was

worked-up, and flash chromatography (3% ethyl acetate in hexane) gave 94 (1.88 g 90%
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overall yield from |,3-cyclohexadiene) as a colorless liquid: [R (film) Vmax' 3048 (m).
2943 (), and 1369 (m) cm™'; 'H NMR & 1.13-1.34 (mm, 2H), 1.55-1.76 (mm, 3H).
1.87-1.95 (m, 1H), 2,58 (br s, bridgehead H. LH), 2.66 ( br s, bridgehead H, IH), 3.91 (s
4H), 6.24 (m 1H), and 6.33 (m, 1H); 13C NMR 2 22.2 (2), 23.7 (2), 308 (1), 380 (1),
409 (2), 636 (2), 638 (2), 1126 (0), 1313 (1), and 134.5 (1); MS (from GC-MS) m/:
(%): 166 3, M*), 91 (11), 87 (80), 86 (100, 80 (28). 79 (39). 78 (15). 77 (26). 51 (15).
43 (47), 42 (56), and 41 (44).

8-Oxatri "7.2,2.03‘7" deca-3(7),10-dien-4-one (98)

The ketal 95 (182 mg, 1.10 mmol) was treated with BFJAEIIO (2.0 mL, 16 mmol)
and 77 (0.7 mL, 2.8 mmol) in the same manner as for ketal 88. After purification by flash
chromatography (6% ethyl acetate in hexane) 117 mg of 98 (56%) was isolated as the
only product: mp 72-74°C; IR (film) Viaw 1682 (m) and 1619 (s) em™h 'H NMR &
1.55-1.62 (m, 2H), 2.08-2.77 (m, 9H), 4.65 (br s, 1H), 5.87-5.93 (m, 1H), and 6.05-6.16
(m, 1H): lJC NMR & 21.0 (2), 22.9 (2), 24.7 (2). 26.3 (2). 29.2 (1), 33.1 (2), 74.6 (1),
1127 (0), 124.5 (1), 133.4 (1), 182.4 (0), and 204.1 (0); MS (from GC-MS) m/z (%): 190
(6. MY, 112 (52), 111 (24), 80 (100), 79 (72), 76 (31), 55 (20), 54 (15). 53 (18), 51 (20),
and 41 (17). Exact mass caled. waIZH“Oz: 190.0993; found: 190.0988.

2.2.2) 2,2'-1,3-di 99)

To a solution of 95 (0.94 g, 5.7 mmol) in EtOAc (30 mL) was added 10% palladivm
on charcoal (50 mg). After shaking for one hour under an atmosphere of H2 (50 psi) the
mixture was filtered to remove the catalyst, and the filtrate was concentrated. Flash chro-
matography of the residue (3% ethy acetate in hexane) provided 99 (0.86 g, 90%) as a
colorless liquid: lH NMR & 1.46 (m, 3H), 1.62 (br s, bridgehead H, 1H), 1.78 (m, 4H),
and 3.84-3.94 (m, 4H); ”C NMR & 21.3 (2C, 2), 24.2 (2C, 2), 26.0 (1), 31.9 (1), 40.8
(2),63.5 (2C, 2), and 110.7 (0); MS (from GC-MS) m/z (%): 168 (30, M’). 125 (100), 99
(33), 81 (15), 79 (15), 67 (16). 65 (60), 55 (35), 53 (17), 43 (18), 42 (32), and 41 (44).
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piro(bi 2.22]octane-2,2"-cycle 1.3-dione) (101)

Ketal 99 (428 mg, 2.55 mmol) in CHZCI: (ca. 50 mL) was cooled to =78°C before
freshly distilled BFJ-EIZO (4.8 mL. 38 mmol) was added, followed by dropwise addition
of a solution of 77 (2.0 mL, 7.6 mmol) in CH2C12 (5 mL). The solution was allowed to
attain room temperature while stirring ovemight. The reaction was quenched by slow
addition of saturated Nai«ICOJ solution. The aqueous layer was re-extracted with CH2C12
(x3). and the combined organic extracts were washed with H20 and saturated NaCl solu-
tion, then dried (MgSO, ;) and concentrated under reduced pressure. Flash chromatogra-
phy (4% ethyl acetate in hexane) of the brown residue gave 101 as colorless crystals (362
mg, 74%) and hydrolyzed starting material 100 (72 mg, 17%). For 101: mp 99-100°C;
IR (flm) v, < 1738 () and 1718 (s) cm ™' 'H NMR & 1.35-1.49 (m, 1), 1.61-1.68
(m, 6H), 1.76 (br s, bridgehead H, {H), 1.83 (br s, bridgehead H, [H), 2.56 (m, 2H), and
3.00 (m, 2H); UC NMR & 21.2 (2C. 2), 23.0 (1), 24.1 (2C, 2), 26.5 (2), 32.1 (1), 34.0
(2C, 2), 62.4 (0), and 213.1 (2C, 0); MS (from GC-MS) m/z (%): 192 (25, M*). 12
(100), 81 (23), 80 (15), 79 (40), 77 (21). 55 (20). 53 (20), and 41 (27). Exact mass caled.
forCJH, (051 192.1150; found: 192.1141. For 100: IR (Glm) v, . : 1727y em™ ' 'H
NMR & 1.50-1.85 (m, SH), 2.16 (apparent sextet. J = 3.0 Hz, 1H), and 2.24 (m, 2H); '>C
NMR 23.2 (2C, 2), 24.4 (2C, 2), 27.7 (1), 42.1 (1), 44.5 (2), and 217.8 (0). MS (from
GC-MS) m/z (%): 124 (17, M'), 81 (33), 80 (100), 79 (22), 67 (42), 55 (36), 54 (46), and
41 (39). Exact mass calcd. for Cal-'l1 20: 124.0888; found: 124.0885.

2.22] 22" 4 1,3-dione) (70)

A solution of 92 (362 mg, 1.87 mmol), DDQ (1.27 g, 5.6 mmol), and pTSA (50 mg)
in benzene (40 mL) was heated under reflux for two weeks. The excess DDQ was
removed by filtration through a plug of SiO2 with ether as the eluent. Concentration of
the filtrate under reduced pressure gav< an orange-brown liquid, which was purified by
flash chromatography (4% ethyl acetate in hexane) to provide 332 mg (90%) of 70 as

pale yellow crystals: mp 110-111°C; IR (6lm) v__: 1692 (s) cm™\; 'H NMR &

max’
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1.33-1.43 (m, 2H), 1.49-1.57 (m, 3H), 1.66-1.69 (m, 2H), L71-1.75 (m, 2HD), 1.77-1.90
(m, 3H), and 7.15 (s, 2H); '3C NMR & 22.4 (2C, 2),23.5 (1), 24.4 (2C, 2), 284 (2), 318
(11,536 (0), 1472 (2C, 1), and 205.9 (2C, 0); M (from GC-MS) m/z (%): 190 (49, M),
124 (41), 110 (100), 94 (38), 93 (25), 91 (42), 82 (59), 81 (50), 80 (24), 79 (81), 78 21),
77 (61), 67 (38), 66 (21), 65 (28), 55 (48), 54 (61), 53 (S5), 52 (23), 52 (33), and 41 (52).
Eact mass calcd. for C[ZHNOZ“ 190.0993; found: 190.0995.

Spiro[4.5]decane-1,4-dione (103)

A CHzCIz solution of the cyclohexanone ketal (264 mg, 1.86 mmol) was treated as
the same manner as for ketal 99 with BFJ-EIIO (3.4 mL, 28 mmol) and 77 (1.2 mL, 4.6
mmol). After work-up, the yellow residue was passed through a small pad of Florisil
which was washed with five volumes of ether. Evaporation of the combined solvents in
vacuo gave 103 (275 mg, 89% crystallized from ethyl acetate) as colorless crystals: mp
60-61°C (ic*® mp 61-62°C): IR (Blm) v - 1755 (w) and 1720 (s) em” '; 'H NMR &
1.4-1.7 (m, 10H), and 2.677 (s, 4H); lJC NMR & 204 (2C, 2), 24.9 (2), 29.2 (2C, 2),
34.3(2C.2),55.9 (0), and 215.8 (2C, 0); MS m/z (%): 166 (100, M+), 137 (25), 124 (32),
112 (61), 111 (46), 85 (46), 8l (37), 67 (74), and 56 (44); Exact mass calcd. for
CIOHNOZ: 166.0993; found: 166.0985.

Spiro[4.5]dec-3-ene-1,4-dione (104)

A solution of 103 (174 mg, 1.05 mmol), DDQ (1.21 g, 5.3 mmol), and a catalytic
amount of pTSA in benzene (ca. 50 mL) was heated under reflux for one week. The
resulting solution was passed through a plug of SiO2 to remove the much of the black

color. After ion in vacuo, the ge-b residue was flash chromatographed

(5% ethyl acetate in hexane) to afford 126 mg (73%) of 104: mp 86-87.5°C; IR (film)
Venay 1696 e HNMR 6: 1.50-1.60 (m, 6ED), 1.71-1.78 (m, 4H), and 7.16 (5, 2H);
130 NMR & 207 (2C, 2,24.7 ), 289 (2C. 2), 489 (0), 1466 (2C, 1), and 207.3 (2C,
0% MS (from GC-MS) mz (%): 164 (34, M"), 136 (15), 110 (24), 107 (18), 97 (35), 82
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(100), 81 (16), 79 (21), 68 (15), 67 (21), 55 (22), 54 (64). 53 (29), and 41 (26). Exact
mass caled. for C\ oH, 50,: 164.0837; found: 164.0841.

2,2-Dimethyl-1,3-cyclopentanedione (106)

The ketal 108 (210 mg, 2.06 mmol) in CH.ZCI: (30 mL) was treated as above with
BF]'EIZO (3.8 mL, 31 mmol) and 77 (1.6 mi, 3.8 mmol). The crude product consisted of
93% of 106 as revealed by GC-MS analysis. Chromatography (6% ethyl acetate in hex-
ane) of the crude product gave 106 (125 mg, 68%) as a colorless oil: IR (film) Vsl
1725 em™"; THENMR & 115 (s, 6HD, and 281 (s, 4H); '3C NMR 5202 2€, 3, 345
(2C, 2),52.6 (0). and 216.3 (2C, 0): MS (from GC-MS) m/z (%): 124 (54, M), 111 (19),
83 (18), 70 (100), 56 (23), 55 (21), and 42 (83). Exact mass caled. for C7HmOZ:
126.0680; found: 126.0678.

2,2-Dimethylcyclopent-4-ene-1,3-dione (107)

Method A: A solution of 106 (125 mg, 0.99 mmol), DDQ (674 mg, 2.97 mmol), and
a catalytic amount of pTSA (40 mg) in benzene (30 mL) was heated under rellux for
three days. After filtration, GC-MS of the eluent indicated that it contained 85% of
desired product. Unfortunately, it was very difficult to remove the solvent because the
product was very volatile.

Method B: A solution of 106 (125 mg, 0.99 mmol) and N-bromosuccinimide (192
mg, 1.09 mmol) in CCl4 (30 mL) was heated under reflux for three hcursA53 The white
precipitate was removed by filtration, and the solution, which contained 95% of the prod-
uct (107), was concentrated by careful distillation and the residue was used for the Diels-
Alder reaction without further purification. IR (film) Vmax® 1710 cm-l; lH NMR & 1.17
(s, 6H) and 7.23 (s, 2H); l3(3 NMR & 19.5 (2C, 3), 46.3 (0), 147.0 (2C, 1), and 207.6
(2C, 0); MS (from GC-MS) m/z (%): 126 (1, M*), 124 (46), 95 (27), 82 (100), 81 (39),
68 (15), 67 (48), 55 (22), 54 (87), 53 (52), 42 (47), and 41 (69).
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Diels-Alder reaction of spiro(bi 2.2.2] 22'-3 pent-4 13-dione

A solution of the dienophile 70 (36! mg, 1.90 mmol) and a large excess of
cyclopentadiene (1.5 mL) in benzene (40 mL) was heated under reflux ovemight. After
removal of the solvent in vacuo, the 'H NMR spectrum of the residue showed signals for
dicyclopentadiene and for three adducts (110, 111, and 112) in a ratio of 47 : 5 : 48,
respectively. This crude reaction mixture was separated by flash chromatography (pure
benzene) to afford 110 (208 mg, 43%). 111 (20 mg, 4%), and 112 (214 mg. 44%) each
as colorless crystals,

For 110: mp 186-188°C; IR (6im) v,,,.: 1748 (m) and 1711 (s) em™"; 'H NMR
(CDCIS) & 1.72-1.29 (m, 13H), 1.90 (m, 1H), 3.37 (m, 2H), 3.56 (m, 2H), 5.95 (m 2H);
'y MR (C6D6) &.0.98 (brd.J=8.4 Hz, IH), 1.28 (dt, J = 1.7, 8.4 Hz, H), 1.44 (m,
LH), 1.55 (m, 1H), 1.71-1.56 (m, 4H). 1.74 (m, 2H), 2.86 (apparent dd, J = 1.6, 2.7 Hz,
2H), 3.08 (m, 2H), 5.86 (apparent t, J =.1.8 Hz, 2H); NOE data (C6D6): irradiate 5.86:
NOE 3.08 (2%): irradiate 3.08: NOE's at 5.86 (4%), 2.86 (1.4%), 1.28 (1.5%). 0.98 (2%):
irradiate 2.86: NOE's at 3.08 (3%), 1.44 (3%), 0.98 (4%); irradiate at 1.74: NOE's at 5.86
(1.3%). 1.55 (4%); irradiate 0.98: NOE's at 3.08 (2%), 2.86 (4%). 1.28 (24%); B nvr
(C'DCIJ) 21.2(2C, 2), 22.8 (1), 24.1 (2C, 2), 25.6 (2), 30.3 (1), 41.5(2C, 1), 51.2 (2C,
1).51.6 (2), 69.0 (0), 134.8 (2C, 1), and 214.0 (2C, 0); l3C NMR (c6D6) 521.6(2C,2),
23.6 (1), 24.7 (2C, 2, 26.1 (2), 30.5 (1), 45.4 (2C, 1), 51.5 (2C, 1), 51.7 (2), 69.3 (0).
135.2 (2C, 1), and 213.0 (2C, 0): MS (from GC-MS) m/z (%): 256 (16, M*). 191 (35),
190 (64), 148 (32), 130 (16), L10 (45). 94 (19). 93 (16), 92 (21), 91 (60), 82 (30), 81 (34),
80 (17), 79 (53), 77 (37), 67 (28), 66 (100), 65 (44), 55 (28), 53 (28), 51 (15), and 41
(38). Exact mass caled. forC”l'L,‘_OOz: 256.1462; found: 256.1469.

For 1L1: mp 107-109°C: IR (flm) ;... 1702 cm™': "HNMR (CDCly) & 117 (br
m, 2H), 1.47 (narrow m, 2H), 1.52 (br d. J = 8.5 Hz, 1H), 1.64 (br d, / = 8.5 Hz, |H),
1.41-1.64 (m, 4H), 1.73 (apparent quintet, J = 3.1 Hz, |H), 1.82 (apparent quintet, J = 3.1
Hz, 1H), 2.20 (br m, 2H), 3.34 (m, 2H), 3.46 (m, 2H), 6.09 (narrow m, 2H); NOE data
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(CDCIs): irradiate 6.09: NOE's at 3.46 (3%), 1.82 (4%); irradiate 3.46: NOE's at 6.09
(5%), 1.64 (3%), 1.52 (2%): irradiate at 3.34: NOE's at 1.52 (3%), 1.47 (0.5%): imdiate
2.20: NOE’s at 6.09 (0.5%), 1.82 (6%). 1.17 (20%); irradiate 1.82: NOE's at 6.09 (3%);
irradiate 1.17: NOE's at 2.20 (21 %), 1.82 (9%): l3C NMR (CDCIJ) Z22QC, 244
(2C, 2), 24.6 (1), 25.3 (1). 35.3 (2). 47.1 (1). 52.4 (1), 53.0 (2), 60.2 (0), 136.0 (2C, 1),
and 217.9 (2C, 0); MS essentially the same as for 110, Exact mass calcd. for C | 5Hy O
256.1462; found: 256.1466.

For 112: mp 162.5-164°C; IR (filay) LA 1745 (m) and 1706 (s) cm-l: 'H NMR
(CDCIJ) 4074 d, J = 9.5 Hz, IH), 1.30 (dt, J = 1.7, 9.5 Hz, IH), 1.32-1.65 (m, 8H),
175 (m, 1H), 1.95 (m, |H), 2.86 (d, / = 1.5 Hz, 2H), 3.38 (br s, 1H), and 6.30 (1. /= 1.6
Hz, 2H); g NvR (CGDE) .0.66 (d,J = 9.4 Hz, IH), 1.04 (dt, J = 1.7,94 Hz, |H), 1.10
(dd, J = 3.1, 11.5 Hz, 2H), 1.27 (brt, J = 11.5 Hz, 2H), 1.43 (quintet, J = 3.0 Hz, |H),
1.53-1.75 (m, 5H), 1.89 (m. 2H), 2.28 (d, J = 1.7 Hz, 2H), 3.25 (m, 2H), and 5.88 (t, J =
1.7 Hz, 2H); NOE data (CDCl,): irradiate 6.30: NOE's at 3.38 (4%), 2.86 (2%); irradiate
3.38: NOE's at 6.30 (5%), 2.86 (3%), 1.30 (2%), 0.74 (1.3%); imadiate 2.86: NOE's at
630 (4%), 3.38 (4%), 1.95 (6%); imdiate 1.95: NOE's at 2.86 (4%); irradiate 1.30:
NOE's at 3.38 (3%), 0.74 (24%); imadiate 0.74: NOE's at 3.38 (3%), 1.30 (25%); lJC
NMR (CDCIJ) & 21.4 (2C, 2), 23.0 (1), 24.1 (2C, 2), 26.2 (2). 31.8 (1), 45.2 (2), 46.5
(2C, 1), 523 (2C, 1), 71.1 (0), 138.4 (2C, 1), and 213.9 (2C, 0); MS essentially the same
as for 110. Exact mass caled. for C,5H,,0,: 256.1462; found: 256.1461.

Diels-Alder reaction of spiro(bi 2.2.1]heptane-2,1’-3- 2,5-dione
©9)

A solution of the dienophile 69 (187 mg, 1.06 mmol) and a large excess of
cyclopentadiene (1.5 mL) in benzene (40 mL) was heated under reflux ovemight. After
removal of the solvent in vacuo, the IH NMR spectrum of the residue showed signals for
dicyclopentadiene and for four adducis (114, 115, 116, and 117) ina ratio of 50 : 22:24 :

4, respectively. Flash chromatography (pure benzene) of the crude reaction mixture
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provided 114 (114 mg, 44%), 115 (42 mg, 16%), 116 (50 mg, 19%), and 117 (5 mg,
2%) as colorless crystals.

For 114: mp 128-129°C; IR (lm) v, - 1747 (m) and 1708 (s) cm™ ': 'H NMR
(CDCly) & 114 (dddd, J = 1.4, 1.4, 28, 99 Hz, 1M, 121 (dd, J = 27, 12.1 Hz, IHD,
121-1.64 (m, 7H), 1.74 (d of apparent quintets, J = 1.8, 9.9 Hz, IH), 227 (narow m,
1H), 2.49 (narrow m, IHD), 3.38 (m, 2H), 3.42 (dd, / = 4.7, 9.4 Hz, 1H), 3.60 (dd, J = 49,
9.4 Hz, 1H), 592 (dd, J = 2.8, 5.3 Hz, 1H), 597 (dd, J = 2.5, 5.3 Hz, 1H); '"H NMR
(CgDg) & 0.91 (dddd, J = 15, 1.5,2.7,9.8 Hz, IH), 1.00 (dd, J = 1.8, 8.5 Hz, LHD), 1.06 (
br m, 1H), 128 (dt, J = 18, 8.5 Hz, [H), 139 (dd, J = 29, 11.9 Hz, [H), 1.30-1.44 (m,
2H), 1.46 (br m, IH), 1.82 (ddd, J = 3.0, 4.3, [1.9 Hz, |H), 1.84 (d of apparent quintets, /
=2.0, 9.8 Hz, LH), 2.09 (narrow m, [H), 2.13 (narrow m, 1 H), 2.74 (dd, J = 4.5, 9.6 Hz,
1H), 3.03 (dd, J = 4.4, 9.6 Hz, 1H), 3.09 (m, 2H), 5.81 (dd, J = 2.8, 5.6 Hz, 1H), and 5.87
(dd, J = 29,56 Hz, IH); NOE data (CgDy): imadiate 5.87 & 5.81: NOE's at 3.09 (2%):
irradiate 3.03: NOE's at 2.74 (5%), 2.13 (3%), 1.00 (3%); irradiate 2.74: NOE's at 3.09
(11%), 3.03 (3%), 1.00 (2%): iradiate 2.13 & 2.09: NOE's at 3.03 (4%), 2.74 (0.8%),
1.39 (1.4%), 1.06 2%), 091 (4%); irradiate 1.00 & 0.91: NOE's at 3.09 (2%), 3.03 2%),
274 (3%), 213 & 209 (%), 184 (17%), 128 (7%); '3C NMR (€DC1y) & 243 @),
279 (2), 318 (2), 367 (2), 36.7 (1), 45.3 (1), 45.4 (1), 472 (1), 51.5 (1), 51.8 (2), 52.2
(1.730/0), 1347 (1), 1353 (1), 2140 (0),and 2143 (0); '>C NMR (CgDg) &:247 ),
284 (2), 320 (2), 369 (2), 37.3 (1), 45.5 (1), 45.7 (1), 472 (1), 516 (1), 51.8 (2), 52.3
(1), 730 (0), 1349 (1), 135.5 (1), 212.8 (0) and 213.1 (0); MS (fom GC-MS) mz (%):
242 (52, M"), 177 (80), 176 (94), 147 (28), 110 (47), 91 (41), 80 (40), 67 (27), 66 (100),
65 (35), 41 (15). Exact mass caled. for C) (H, 40,: 242.1307; found: 242.1306.

For 115: mp97.5-99°C; IR (film) v+ 1702 cm™"; 'H NMR (CDCly) &: 1.27 (dd,
J=28, 116 Hz, 1H), 1.05-1.72 (m, $H including 1H at 5127), 185 (m, IH), 2.12 (dm,
J =98 Hz, |H), 2.29 (narrow m, IH), 2.50 (narrow m, |H), 3.24 (dd, J = 4.3, 9.0 Hz,
1H), 3.28(dd, J = 4.1,9.0 Hz, 1H), 3.48 (m, 2HD), 6.09 (dd, J = 2.8, 5.5 Hz, 1H), and 6.19
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(dd. J =28, 5.5 Hz, LED; "HNMR (CgDg) & 0.8 (brd, J = 8.4 Hz, {HD, 1.03 (m, {H),
1.08 (d of multiplets, J = 9.4 Hz, LH), 1.22 (dt, J = 1.6, 8.4 Hz, IH), 1.23 (dd. J = 3.0,
11.6 Hz, 1H), 1.38-1.62 (m, 3H), 2.11 (dt, J = 3.0, 11.6 Hz, 1HD, 2.13 (m, 1H), 2.38 (d of
apparent quintets, J = 1.8, 9.6 Hz, 1H), 2.42 (narrow m, 1H), 2.69 (symmetrical m, 2H),

3.08 (m, 1H), 3.11 (m, IHD, 5.78 (dd, J = 2.

.6 Hz, |H), and 5.86 (dd, J = 2.9, 5.6 Hz,
IH); NOE data (C¢Dy): irradiate 5.86 & 5.78: NOE's at 3.11 & 3.08 (2%), 2.42 (2%,

irradiate 3.11 & 3.08: NOE's at 5.86 (4%). 5.78 (4%), 2.69 (3%), 1.22 (3%), 0.88 (1.5%):
irradiate 2.69: NOE's at 3.11 & 3.08 (4%), 0.88 (4%); imadiate 2.24 & 2.38: NOE's at
5.86 (7%), 5.78 (3%), 1.08 (22%); irradiate 0.84: NOE's at 3.11 & 3.08 (3%), 2.69 (6%),
1.22 (19%); I3CN'Nﬂl {CDCI:‘) & 23.8(2),27.7 (2),36.7 (1), 38.8 (2),43.1 (2),45.7 (1),
47.2(1),47.5 (1), 524 (1),53.0 (1), 53.2 (2), 64.0 (0), [34.9 (1), 136.4 (1), 218.5 (0), and
218.5 (0); 13C NMR (C6D6) &:23.8 (2), 28.3 (2), 37.3(2), 39.1 (2), 43.3 (2), 45.9 (1),
47.3 (1),47.6 (1), 52.4 (1), 53.0 (1), 53.1 (2), 63.7 (0), 135.0 (1), 136.5 (1), 217.1 (0), and
2172 (0); MS essentially the same as for 114. Exacr mass calced. for C6H g0
242.1306; found: 242.1313.

For 116: mp 142-143°C; R (flm) v . - 1745 (m) and 1706 (s) cm-I: 'H NMR
(CDCIJ) 6:0.78 (brd, J = 9.4 Hz, 1H), 1.20 (dddd, J = | 4, 1.5,2.9, 10.0 Hz, [H), 131 (d
of quintets, J = 1.7, 9.4 Hz, 1H), 1.33-1.59 (m, 5H), 1.76-1.84 (m, 2H), 2.35 (m, IH),
2.54 (m, LH), 2.74 (dt, J = 1.4, 8.8 Hz, |H), 2.92 (dt, J = 1.4, 8.8 Hz, IH), 3.36 (m, IH),
341 (m, 1H), and 6,32 (narrow m, 2H); 'H NMR (CODS) 8:0.66 (brd,J =93 Hz, IH),
091 (dddd, J = 1.4, 1.5, 2.9, 9.9 Hz, IH), 1.03 (d of apparent quintets, J = 1.7,9.3 Hz,
{H), 0.98-1.13 (m, 1H), 1:24-1.49 (m, IH), 1.53 (dd, J = 2.7, 12.0 Hz, 1H), 1.86 (d of
apparent quintets, / = 1.9, 9.9 Hz, IH), 1.95 (ddd, J = 3.1, 4.2, 12.0 Hz, IH), 2.11-2.14
(m, 2H), 2.16 (dt, J = 1.3, 8.9 Hz, 1H), 2.44 (dt, J = 1.3, 8.9 Hz, 1H), 3.23 (m, IH), 3.24
(m, 1H), and 5.89 (narrow m, 2H); NOE data (CDCIS): irradiate 6,32: NOE's at 3.41 &
3.36 (5%), 2.92 (3%), 2.74 (3%); iradiate approx. 3.39 (3.41 & 3.36): NOE's at 6.32
(8%), 2.92 (0.7%), 2.74(1.5%), 1.31 (1.1%), 0.78 (2%); irradiate 2.92: NOE's at 6.32
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(3%), 3.36 (0.6%), 2.54 (0.5%); imradiate 2.74: NOE's at 2.92 (2%), 1.20 (0.9%): irradiate
2.35: NOE's at 1.20 (<0.5%); irradiate 0.78: NOE's at 3.41 & 3.36 (4%), .31 (21%):
I“SC NMR (CDCIJ) & 24.5 (2), 280 (2), 32.2 (2), 36.9 (2), 36.9 (1), 45.2 (2), 46.8 (2C,
1), 48.5 (1), 52.7 (1), 53.3 (1), 75.0 (0), 138.5 (1), 138.6 (1), 213.7 (0). and 214.1 (O);
13C NMR (C6D6) 24.8(2),28.4 (2), 32.4 (2), 37.1 (2), 37.5 (1), 45.3 (2), 47.0 (2C. 1),
48.4 (1), 527 (1). 53.4 (1), 75.0 (0), 138.5 (2C. 1). 212.5 (0). and 212.9 (0): MS essen-
tially the same as for 114. Exact mass caled. farC|6Hl802: 242.1307: found: 242.1313.

For 117: IR (film) Vg 1738 (m) and 1703 cm_l; ‘H NMR (CDCIJ) & 1.24 (ddt,
J=40.58,12.3 Hz, 1H), 1.30 (br d. J = 9.4 Hz, IH), 1.32 (dm, J = 9.8 Hz, 1H), 141
(dd,J =2.7. 117 Hz. |H), 1.43 (dt. J = 1.5, 9.4 Hz. |H), 1.76 (ddd, J = 3.3 3.5, L1.7 Hz,
1H). 2.15 (dddd. J = 3.0, 3.2, 9.0, 12.3 Hz, 1H), 2.25 (d of apparent quintets, J = 1.9,9.8
Hz, H), 2.37 (m, [H), 2.54 (m, [H), 2.63 (narow m, 2H), 3.37 (m, [H), 3.39 (m, [H),
and 6.31 (m, 2H): ll'[ NMR (C6D6) .0.99-1.16 (m, 4H), 1.27 (dd. J = 2.9. 1 1.6 Hz, IH),
1.36-1.60 (m, 3H), 2.06-2.17 (m, 3H), 2.36-2.48 (m. 3H), 3.12 (m, 1H), 3.16 (m, 1H),
and 5.82 (m, 2H); NOE data (CDCIJ): irradiate 6.31: NOE's at 3.39 & 3.37 (6%). 2.63
(3%); irradiate 3.39 & 3.37: NOE's at 6.31 (7%), 2.63 (4%). 1.43 (~0.5%), 1.30 (1.3%):
irradiate 2.63: NOE's at 6.31 (3%), 3.39 & 3.37 (3%); irradiate 2.54: NOE's at 1.30 (5%),
1.24 (2%): irradiate 2.15: NOE's at 2.54 (2%). 1.24 (12%); irradiate 1.76: NOE's at 2.63
(0.4%), 2.37 (5%), 1.41 (13%: MS essentially the same as for 114, Exacr mass caled. for
Cléﬂliof 242.1307; found: 242.1315.

Diels-Alder reaction of cyclopent-4-ene-13-dione (118)

A solution of 118 (Aldrich Chemical Co., 204 mg, 2.13 mmol) and cyclopentadiene
(0.5 mL) in benzene (30 mL) was heated under reflux for 8 hours, 55 After removal of the
solvent under vacuum, the residue was crystallized from MeOH to yield 119 (307 mg.
89%) as rapidly interchanging enols: mp 185-186°C (Iil.ss mp: 169.5-170.5°C); 'n
NMR (CstN) & 1.47 (d, J = 8.2 Hz, |H), 1.67 (d, J = 8.2 Hz, |H), 3.16 (m, 2H), 3.21
(m, 2H), 5.37 (s, LH), and 6.12 (br s, 2H): NOE data (CSDSN): irradiate 6.12: NOE's at



-7

3.16 (4%), 1.47 (14%); irradiate 1.47: NOE's at 3.21 (5%), 3.16 (3%), 1.67 (16%); I"C
NMR (CSDSN) & 444 (1), 49.8 (2C, 1), 52.8 (2), 108.7 (2), 133.6 (2C, 1), and 199.0
(2C, 0); MS (from GC-MS) m/z: 162 (5, M+), 9L (15), 66 (100), 65 (14), and 42 (10).
Exact mass caled. for C)oH,,0,:162.0681: found: 162.0680.

Diels-Alder reaction of 2,2-dimethylcyclopenta-4-ene-1,3-dlone: (3a/47a/)- (120) und
(3ac,7aa)-3a,4,7,7a-tetrahydro-2,2-dimethyl-4,-methanoindene-1,3-dione (121)

A solution of 107 (135 mg, 1.09 mmol) and 1.5 mL of cyclopentadiene in benzene
(40 mL) was heated under reflux overnight.>* The 'H NMR spectrum of the crude reac-
tion mixture indicated two adducts in a ratio of 76 : 24. Flash chromatography (pure ben-
zene) afforded 120 (145 mg, 70%) and 121 (43 mg, 21%) as colorless crystals.

For 120: mp: 64-65°C; IR (flm) v 1715 cm™'; 'HNMR & 091 s, 3HD, 105
(s, 3D, 1.55 (brd, J = 8.6 Hz, LHD, 1.64 (di, J = 1.6, 8.6 Hz, |H, 3.45 (m, 2K, 3.53 (dd,
7= 1.7,2.9 Hz, 2H), and 6.04 (narrow t, ] = 1.7 Hz, 21); 13C NMR & 14.8(3), 22.1 (3,
45.72C, 1), 51.0 2C, 1), 51.7 (2), 579 (0), 1349 (2C, 1), and 216.6 (2C, 0); MS (from
GC-MS) m/z (%): 190 (1, M"), 125 (72), 124 (25), 96 (10}, 91 (25), 82 (54), 67 (13), 66
(100, 65 (25), 42 (19), and 41 (33). Exact mass calcd. for Cy,H, 40, 190.0993; found:
190.0992.

For 121: mp: 925-94°C; IR (Blm) v, _.: 1714 em™"; '"HNMR & 0.87 (br d, / =
9.5 Hz, 1H), 114 (s, 3H), 121 (s, 3H), 1.38 (d of apparent quintets, J = 1.7, 9.5 iz, 1H),
2.87 (narrow d, J = 1.6 Hz, 2H), 3.4i (narrow t, J = 1.6 Hz, 2H), and 6.32 (narrow t,J =
1.7 Hz, 2H); NOE data: irmadiate 6.32: NOE's at 3.41 (4%), 2.87 2%); irradiate 3.41:
NOE's at 632 (5%), 287 2%), 1.38 (2%), 0.87 (2%); iadiate 2.87: NOE's at 6.32
(3%), 3.41 3%); 13C NMR & 164 (3),23.7 (3), 45.4 (2), 47.6 2C,1), 52.7 (2C, 1), 60.8
(0), 1384 (2C, 1), and 216.7 (2C, 0); MS essentially the same as for 120. Exact mass
caled. for €y, H, 40, 190.0993; found: 190.0994.
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Diels-Alder reaction of spiro[S,4]dec-3-ene-1,4-dione: (3a47af)- (122) and
(3aa,7aa)-32,4,7,7s 1y piro(cy 1,44 hano-indene-1,3-dione)
(123)

A solution of 104 (249 mg, 1.52 mmol) and cyclopentadiene (0.5 mL) in benzene
(30 mL) was heated under reflux overnight. The IH NMR spectrum of the residue after
concentration indicated that along with some dicyclopentadiene there were two adducts
present, in a ratio of 73 : 27. Purification of the crude reaction mixture by flash chro-
matography (pure benzene) provided 122 (268 mg, 78%) and 123 (75 mg, 21%) as color-
less crystals.

For 122: mp 87-88°C: IR (fhn) v, ..+ 1707 em™ ' 'HNMR 5: 1.36-1.76 (m, 12H)
including 1.62 (br d, J = 8.7 Hz, 1ED, 3.41-3.47 (m, 4H), and 6.04 (br s, 2H); 13 NMR
& 199 (2),20.2 (2), 24.4 (2), 24.9 (2), 31.0 (2), 40.6 (2C, 1), 0.8 (2C, 1), 51.8 (2), 61.6
(0), 135.2 (2C, 1), and 216.5 (2C, 0); MS (from GC-MS) m/z (%): 230 (1, M+), 165 (72),
164 (47), 97 (71), 91 (39), 82 (77), 67 (32), 66 (100), 65 (34), 55 (23), 54 (32), 53 (22),
and 41 (33). Exact mass caled. for C, 6H, 4O, : 230.1306; found: 230.1297.

For 123: mp 93-94°C; IR (fim) v___ : 1707 cm™'; 'HNMR & 0.89 (brd, J = 9.4
Hz, IH), 1.36 (d of apparent quintets, J = 1.7, 9.4 Hz, IH), 1.44-1.87 (m, I0H), 2.79
(apparent narrow d, J = |.5 Hz, 2H), 3.38 (apparent narrow t, J = 1.6 Hz, 2H), and 6.30 (t,
J = 1.7 Hz, 2H); NOE data: irradiate 6.30: NOE's at 3.39 (5%), 2.79 (2%); irradiate 3.39:
NOE's at 630 (6%), 2.79 (3%), (.36 (3%), 0.89 (2%); imadiaie 2.79: NOE's at 6.30
(4%), 3.39 (5%); irradiate 1.36: NOE's at 3.39 (4%), 0.89 (28%); irradiate 0.89: NOE's at
3.39 3%), 1.361 (28%); BeNMr & 204 (2),20.8 (2), 24.9 (2), 26.0 (2), 32.4 (2),45.6
(2),47.6 (2C, 1), 52.4 (2C, 1), 64.3 (0), 138.5 (2C, 0), and 216.2 (2C, 0); MS essentially

the same as for 122. Exact mass calcd. for C) gH, gO,: 230.1306; found: 230.1315.

Spiro[4.4]nonane-1,4-dione (126)

The cyclopentanone ethylene ketal i‘zs (208 mg, 1.63 mmol) was treated with
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BF3~E|20 (3.0 mL, 24 mmol) and 77 (1.1 ml, 4.1 mmol) as was done with 83. After
purification by flash chromatography (5% ethyl acetate in hexane) 126 (168 mg, 68%)
was obtained as colorless crystals: mp:58-59.5°C: IR (flm) v+ 1720 em™ ', 'H NMR
& 1.61 (br s, 8H), 2.48 (br s, 4H): |3C NMR & 26.6 (2C, 2), 34.6 (2C, 2), 34.7 (2C, 1,
63.0 (0), and 215.8 (2C. 0): MS m/z (%): 152 (100, M‘). 124 (35), 111 (48), 97 (52), 96
(44), 95 (33), 69 (28), 68 (52), 67 (61), 56 (61), 55 (29), and 41 (37). Exact mass cald.
for C‘;,HIZO2 required: 152.0837; found: 152.0818.

piro(bicyclo[3.3.0]octane-1,3-dione-2,1'-cy (128)

A 50 mL round-bottomed flask was oven-dried and evacuated on a vacuum line then
fNushed with nitrogen three times. Anhydrous THF (20 mL) was cooled to 0°C, and diiso-
propylamine (0.4 mL, 2.9 mmol) was added followed by n-butyllithium (1.6M solution in
hexane) (1.7 mL, 2.7 mmol). After 30 min, the solution was cooled to -78°C with Dry
Ice-acetone bath and 126 (197 mg, .30 mmol) in 3 mL of THF was introduced. HMPA
(2 mL) and 1,3-diiodopropane (0.2 mL, |.4 mmol) were added to the reaction after 40
min. The reaction mixture was stirred for two hours before it was quenched with water.
The aqueous layer was extracted with ether (x4). The combined organic extracts were
washed with ‘waxer and saturated NaCl then dried over MgSO,. Analysis of the crude
reaction mixture by GC-MS indicated that it contained 20% of the desired product 128,
8% of 128 (which has the same molecular ion peak as 128 and we tentatively assigned
structure 128), and 48% of starting material 126. This mixture was purified by repeated
flash chromatography (4% ethyl acetate in hexane) to provide 45 mg (18%), of 95% pure
diketone 128 as a yellow oil and 126 (72 mg, 36%). for 128: IR (film) LA 1716 cm'l;
lH NMR & 1.07-1.20 (m, 2H), 1.41-1.86 (m, 10H), 1.91-2.01 (2H), and 3.16-3.36 (m,
2H); l3C NMR & 314 (2C, 2), 31.5 (4C, 2), 392 (2C, 2), 51.6 (2C, 1), 64.9 (0), and
219.7 (2C, 0); MS (from GC-MS) m/z (.%): 192 (14, M+), 97 (49), 96 (37), 68 (100), 67
(73), 65 (18), 55 (24), 53 (25), 43 (27), 42 (24), and 41 (80). Exact mass caled. for
ClemOz: 192.1149; found: 192.1139. For 127: MS (from GC-MS) m/z (%): 192 (47,
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M"),97 (87),96 (56), 95 (24), 68 (100), 67 (60), and 41 (52).

Dimethyl trans-cyclopentane-1,2-dicarboxylate (130)

A 250 mL dried 1d-by d flask was d on a vacuum line and

flushed with nitrogen three times. Anhydrous THF (80 mL) was cooled to 0°C, then
diisopropylamine (3.67 mL, 6.22 mmol) followed by n-butyllithium (1.6 M in hexane)
(15.6 mL, 25.0 mmol) were introduced. After 30 min, the solution was cooled to ~78°C
with a Dry Ice-acetone bath, and the diester 129 (1.74 g, 11.9 mmol) in 10 mL of THF
was introduced. After stirring for 40 min, 6 mL of HMPA and dibromopropane (1.33 mL,
13.1 mmol) was added to the reaction mixture. The reaction was allowed to stand for
another two hours before it was quenched by water. After work-up and concentration by
rotary evaporation, the combined residues for three trials were combined and purified by
distillation at reduced pressure to afford 4.53 g (68%) of 130: llwl NMR & 1.42-1.56 (m,
4H), 1.74-1.78 (m, 2H), 2.80-2.84 (m, 2H), and 3.39 (s, 6H); 13C NMR & 25.5(2), 30.5
(2C, 2), 47.1 (2C, 3), 51.9 (2C, 1), and 175.3 (2C, 0); MS (from GC-MS) m/z (%): 155
2, M- OMe), 154 (18), 126 (58), 95 (39), 68 (21), 67 (100), 66 (22), 59 (31), and 41
(3.

cis-Bis(tr vclo[3.2.0}hepta-1 131

A 250 mL three-necked round bottomed flask was equipped with a mechanical stir-
rer, a reflux condenser and a dropping funnel and maintained under a nitrogen atmo-
sphere. The flask was charged with 80 mL of toluene and 2.24 g (97.4 mmol) of freshly
cut sodium. The solvent was brought to gentle reflux and then the stirrer was operated at
full speed until the sodium was fully dispersed. The stirrer speed was reduced and a mix-
ture of 4.53g (24.4 mmol)of ester 130 and chlorotrimethylsilane (12.4 mL, 94.7 mmol) in
40 mL of toluene were added over one héun The solvent was maintained under reflux
during and after the addition. After five hours of additional stirring, the contents of the

fNlask were cooled and filtered under nitrogen. The pale yellow filtrate was concentrated
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by simple distillation. GC-MS of this crude reaction mixture indicated that only very
small amount of acyloin product was present (5%) and the major component was starting
material.
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Chapter 2

MECHANISTIC STUDIES OF THE DIELS-ALDER REACTION

L. Introduction

The Diels-Alder reaction is very widely used in organic synthesis since its discovery
more than a half of century a‘n;ul However. the mechanism of the Diels-Alder reaction
still remains controversial. In fact, three types of mechanism have been considered for the

60-65

Diels-Alder reaction (Scheme 14). Mechanism (a) involves no intermediate but a

cyclic transition state. The reaction is concerted with both bonds being partially formed at
the transition state. However, the transition state can be either symmetrical (synchronous)

with both new C-C bonds formed to an equal extent, or unsymmetrical (asynchronous)

Scheme 14
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with one of the new C-C bonds being almost completely formed while the other is still
very weak, depending on the nature of the addends. Mechanism (b) occurs in two kineti-
cally distinct steps via a diradical intermediate. Since a diradical would collapse to the
product with little or no activation energy. the first step must be rate-determining. Mech-

anism (c) is similar to mechanism (b). but the intermediate formed is a diion instead of a

diradical.
Scheme 15
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A large number of both experimemaléﬁ‘67 and theoretical®® studies have been car-
ried out to distinguish these mechanisms. The bulk of the evidence suggests that most
Diels-Alder reactions proceed via the concerted mechanism (a). Some of the experiments
that support mechanism (a) are summarized as follows:



.78-

(1) retention of the stereochemistry in both the diene and the dienophile
If a completely free diradical or diion were formed, then the reaction could not be

stereospecific. However, nearly all Diels-Alder reactions proceed in a stereospecific fash-

69

ion. Recently, Houk et al.”” reported that the reactions of |.1.44-tetradeu-

terio-1,3-butadiene with cis- or i took place without any scrambling
of stereochemistry (Scheme 15). The energy barrier of rotation of a singie bond (between
C-5 and C-6) in the potential diradical intermediate 132 is only 0-0.4 kcal/mol, which is
the experimental and theoretical range of rotational barriers in primary radicals. Thus, if
diradical 132 were formed in the reaction, we would expect extensive scrambling of
stereochemistry. The complete retention of stereochemistry is consistent with a concerted
mechanism for the reaction of butadiene with ethylene, but this does not prove that the
process is synchronous.

(2) secondary deuterium kinetic isotope effects

Seltzer et aL.’o reported that the deuterium isotope effect kl’/kl] in the decomposi-
tion reaction of 133 (Scheme 16) was equal to 1.00, within experimental error. This result
strongly indicated that the bond breaking of X and Y proceeds via a symmetrical transi-
tion state. Otherwise, there would have been a smaller secondary isotope effect if the
bond X broke before bond Y. According to the principle of microscopic reversibility, the
mechanism of the reverse reaction should involve simultaneous formation of bonds X and
Y. A similar experiment was conducted by Sickle er al. nn on the forward reaction
and their results were consistent with this.

Recently, Gajewski er al.73 studied the secondary deuterium kinetic isotope effects
on the Diels-Alder reactions of isoprene-dy, -d,, and -d, with four dienophiles (see
Scheme 16). The inverse kinetic isotope effect observed at the 4 site of acrylonitrile was
half of the maximum value expected, and the inverse isotope effect at the @ position was
even smaller. This indicated an early unsymmetrical transition state. Similar results were

obtained for a-cyanoacrylonitrile. The kinetic isotope effect for the reaction of
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fumaronitrile with isopr!ne-d‘ was twice that with isopnmni:. implying the same
effects at both @ and 5 sites. The inverse kinetic isotope effects for methyl rrans-
cyanoacrylate at both bond-making sites were one-third of the maximum expected value.

All these results are in accord with a concerted mechanism, but with an unsymmetrical

transition state.

Scheme 16
O Me o . o]
A 1
H 0 = o + o
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RIZO Ry X
133
I R=H R=D

R, =R, =R, =H (Acrylonitrile)

R, =CN;R, =R, =H (Fumaronitrile)

Ry =CN;R, =R, =H (a-Cyanoacrylonitrile)

R, = COOEY; R, =Ry = H (ethyl trans-cyanoacrylate)

) i measures of cooperativity in di i i iles as exam-

ined by both optical induction and activation energies
The principle that synchronous reactiuns exhibit cooperativity in asymmetric induc-
tion derives directly from transition state theory and can be described as follows. When

the reacting centers contain two or more chiral groups, the overall asymmetric induction
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is the arithmetic product of that achieved by each group acting independently if the reac-

tion is synchronous. Tolbert er al.74 i ig; the

of
anthracene with several dienophiles, and the observed and expected diastereomeric ratios

are shown in Table 12. The diastereomeric ratio for methyl [-bornyl fumarate cycloaddi-

tion is 1.25 : |. According to the principle of cooperativity, the ratio for di-/-b
fumarate cycloaddition should be 1.56 : I, which is indeed within experimental error of
the observed ratio, 1.53 : I. Similarly, the predicted ratio for dimenthyl fumerate
cycloaddition, 1.39 : 1, is within experimental error of the observed ratio, 1.36 : | (see
Table 12). The fact that the uncatalysed Diels-Alder reaction exhibited cooperativity in
asymmetric induction confirms a synchronous mechanism. However, Dewar et nl.63
believed that this argument regarding the synchronicity of the Diels-Alder reaction was
inconclusive. It should be noted that cooperativity vanished when the reactions shown in
Table 12 were carried out in the presence of Lewis acids, e.g. AICIJ. The disappearance
of the cooperativity in the presence of Lewis acids implies a change in transition state
from synchronous to asynchronous due to the fact that Lewis acids help to enhance asym-
metric induction by increasing the steric interaction at one end of the dienophile. Theoret-
ical studies also showed that Lewis acid catalysed Diels-Alder reactions proceed by a
concerted, but asynchronous, w\ech:misrn,74

Hancock and coworkers’> studied the mechanism of the Diels-Alder reaction by
using a somewhat different approach, i.e., by measuring the degree of the asynchronicity

based on rate i Considering itions of iene with ethylene,

monosubstituted ethenes (R-CH=CH,), and |,2-disubstituted ethenes (R-CH=CH-R), the
corresponding rate coefficients could be described as ka’ kb‘ and kc, mspecli‘velx The
coefficients kh' and kb- can be calculated by equations (5) and (6), respectively. Dewar
et al. predicted that kbl should be equal to ky in the case of a synchronous process and

kb“ should be equal to k, in the case of a purely two-step process. The measure of the
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Table 12: Anthracene Cycloaddition™

Wi

R R diastereomeric ratio
Me Me 1.00
Me Fbornyl 1.25
Foormyl Fbomyl 1.53 (1.56%)
Me [Fmenthyl 118
Fmenthyl Fmenthyl 1.36 (1.39%)

* Numbers in brackets represent the predicted ratios.

Table 13. Second order rate coefficients and DASYN values for Diels-Alder
reactions of cyclopentadier.s with monosubstituted ethenes (R-CH=CH,)

and trans-1,2 d ethenes (R-CH=CH-R)"
k ky ky' Ky DASYN
R ne'e | 0% | note | 0% | /107

pLICHSO, 15894.2 | 0.550 0.2060 | 7947.1 0.04

CH,S0, 37611 | 0322 | 0.1002 | 1880.6 | 0.12
PMeCHSO, | 22364 | 0225 [00773 | 1182 | 0.3

pMcOCH,SO, | 15203 | 0.181 | 0.0637 | 7602 | 0.15

®u=dm’ mol’ S’
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degree of asynchronicity (DASYN) could be determined following equation (7). The val-
ues for ky, k,, k" and I and DASYM for several dienophiles ane shown in Table 13,

Qbviously, the rate coefficients (kb values) agree quite well with predicted values (kbv) as

calculated by equation (5), and hence the ism may be ide
Furthermore, it would be difficult to invoke asy y with these di
ky' = [kexk,] 5
" !
ky" =Stk vk 16)

Py (W]

(4) insensitivity of the reaction rate to solvent effects

It is well known that the nature of the solvent has very little effect on the rate of the
Diels-Alder reaction. Thus, mechanism (c) (Scheme 14) involving a diionic intermediate,
is unlikely because polar solvents would increase the rate of a reaction in which charged
spzcies are developed in the transition state.

Dewar er (II.N proposed that the Diels-Alder reaction is a concerted but asyn-
chronous process. According to the definition, the mechanism is actually somewhere
between mechanism (a) and mechanism (b). Their argument was that cycloadditions in
general proceed via very unsymmetrical transition states, close to diradicals in stnicture
and with the same energies as those of the corresponding diradicals. The chemical evi-

dence for this ition came from the il effects and regi ivity of the

Diels-Alder reaction. Based on this theory, the regioselectivity and reaction rates can be
predicted in a quanlitative sense by simply assuming that the transition state corresponds
in each case to diradicals. For example, the reaction of 2-methoxybutadiene with acrolein
can give four possible diradicals 137-140, of which 137 is the most stabilized (se¢

Scheme 17). The reaction should therefore afford the para- isomer 136, as is indeed
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observed. The so-called ortho rule can be described in the same way. The diradical mech-

anism has been supported by extensive computational studies performed by Dewar and

his coworkers.
Scheme 17
MO CHO M0
- —
~ CHO
134 135 136
MO MeO. - MeO. CHO
. (] e J
S “CHO CHO N
137 138 139
Met) # . ~CHO
i
140

Mechanisms (b) and (c) (Scheme 14) were found in only a few cases. For instance,
as shown in Scheme 18, the reaction of 141 with butadiene provided a mixture of 142 and
143 via intermediate 144,76

From the above discussion, it can be seen that there is little doubt that most Diels-
Alder reactions are concerted, and the question in dispute is whether the process is syn-
chronous or asynchronous. Theoretical studies have shown that the Diels-Alder reaction
can be synchronous if both the mactsn{s have twofold symmetry, and the reaction takes

place via an unsymmetrical transition state (i.e., is asynchronous) if the addends are



However, the theory of pericyclic reactions made

most organic chemists believe that the Diels-Alder reaction is not merely concerted but

also synchronous.

Scheme 18

a: Ry=R,=H
b R;=Me, Ry=H
¢ Ry=H, R;=Me

To date, there is only a little experimental evidence that can indicate the degree of
asynchronicity in the transition state of the Diels-Alder reaction, We decided to investi-

gate the nature of the transition state by comparing the relative reaction rates of dienes
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1458, 145b. and 145c in reactions with both ical and

The relative reaction rates of 145b versus 145¢ should give a clue to the synchronicity of

the transition states, and the following section details our studies in this area.
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0. Results

The preparation of dienes 145a-c is outlined in Scheme 19. Enone 148b was synthe-
sized from dimedone 146 following a literature procedure.”” Deprotonation of enones
148 with lithium diisopropylamide (LDA) followed by trapping with chlorotrimethylsi-
lane (TMSCI) gave 145 cleanly. "7 However, purification of these enol ethers by chro-
matography on silica gel or Florisil always resulted in a significant amount of the
hydrolyzed material 148. Since our experiments required an accurate measurement of the
relative amounts of the starting dienes, the dienes purified in this way were unacceptable.
After a period of experimentation, pure dienes were obtained by the following procedure.
When the reaction was over, the resulting solution was concentrated in vacuo to remove
most of the THF. The residue was diluted with anhydrous pentane, and the precipitated
LiC! was removed by filtration. The filtrate was concentrated, and the remaining liquid
was distilled under reduced pressure to afford the dienes 145 in good yield. The structure
and the purity of each diene was confirmed by NMR spectroscopy (both IH and ”C).
For enones 148a and 148b, both thermodynamic and kinetic products were possible
(145a, 145b and/or 149a , 149b). However, under these conditions of kinetic control only
the desired diene was generated as revealed by a single set of resonances in the l3C spec-
tra and by the lH NMR spectra for either 145a or 145b. For example, in the preparation
of diene 145b, if diene 149b was also formed, a high-field singlet for its C-6 methylene
would have been apparent in the 'H NMR spectrum of the product. In fact, the only
methylene signal appeared as a double doublet, and one of the olefinic signals was a sin-
glet, which confirmed that the diene indeed had the structure 145b. The dienes prepared
in this way could be stored under nitrogen in a refrigerator (at ca. 0°C) for more than a
month. Mixtures of dienes 145a and 145b, 145a and 145c, and 145b and 145¢ were
obtained by mixing the pure dienes. The ratios of the dienes were then determined by

accurate integration of k H NMR spectra. The dienophile
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Scheme 19
N—NHTs
TsNHNH, KzCO;
sto,, McOH
146 148b
OTMS
R
R R
R, R, !
148 145 149
a: Rj=R,=H a:R=H
b: R;=Me,R,=H b: R=Me
c: Ry =H,R, = M
Scheme 20
o (o)
HN"( +BuOCi
| N—Ph s N—Ph
HN\( E0Ac N\<
0 o
150 151

4-phenyl-1.2,4-triazoline-3,5-dione (151) was prepared from d4-phenylurazole (150)
according to a literature procedure (Scheme 20).80‘SI
With pure dienes in hand, the Diels-Alder reactions with some symmetrical

dienophiles were investigated first . Before we carried out competitive experiments, reac-
i hiles were

tions of the individual dienes 145a-c with these sy
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Cycloadditions of each of diene with N-phenylmaleimide proceeded smoothly in reflux-
ing benzene. In each case. only the product of endo addition was obtained. The adducts
152a-c were characterized fully. For example, a signal at 54,93 in the IH NMR spectrum
of adduct 152a and two olefinic resonances (8 154.6 and 100.5) in its l:‘C NMR spectrum
indicated the presence of the double bond of the enol ether. Its mass spectrum showed a
fragment at m/z 168, corresponding to the mass of 145a. which must arise via the
homolytic retro-Diels-Alder reaction of the adduct 152a (Scheme 22). The adducts could
be isolated by simply washing the oily reaction mixture with anhydrous pentane, or
hydrolyzed to the more stable corresponding ketones by treatment with dilute hydrochto-
ic acid. The structures of the hydrolysis products were confirmed by both 'H and '3C
NMR spectra with the assistance of two-dimensional spectra. Then, a mixture of 145h
and 145¢ in a | : | molar ratio was heated with 0.5 molar equivalents of N-

phenylmaleimide in benzene for thirty hours. After removal of the solvent, the 'H NMR

Scheme 21
TMSO. R,
e -
KZ
145
a: Ry=R,=H

b: R =Me,R,=H
c: Ry =H,R; =Me
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spectrum of the crude reaction mixture showed signals for both 152b and 152cina 1.0: |
ratio. The competitive reactions of 145a versus 145b, 145a versus 145c, and 145b versus
145c were carried out in the same way. The ratio of reaction rates was calculated based

on Equation (8)52 (see Experimental). All the ratios of reaction rates are listed in Table

14,
Scheme 22
H. : +
H HH . o
H TMSO.
H T———— # N—Ph
TMSO o
oN o
1522 Ph 1452
100
% 168
80
g™
g &
faln
50
2 © N 151
% 341
ool -
269
109 ( w S
sk LL‘L..\.D. L# A i
100 200 300
Mass/Charge

Figure 14. MS spectrum (from GC-MS) of adduct 152a
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Similar experiments were performed with N-phenyl-1.2.4-triazoline-3,5-dione
(lSl)w with subsequent hydrolysis of the adducts (Scheme 23). Since this dienophile is
very reactive. the individual reactions could be carried out in dichloromethane at room
temperature. However, competitive reactions were conducted in the same solvent as

before. benzene. to reduce possible differences due to solvent effects.

Scheme 23

o

cas N X CH,Cl, " R o
Ry, *+ I NPb ———— N
R, M N.

o
145 151 154
H
a Ry =R,=H
b Ry=Me,R;=H
c Ry =H,Ry=Me R,
2 R,
R, R,
J\,N 0
o N)"N\n
155 O
With the di iles maleic ide. pi i and diethyl k

carboxylate (Schemes 24-26), longer reaction times were required. In the cases of maleic
anhydride and para-benzoquinone, the adducts were not hydrolyzed because hydrolysis
of the adducts was always accompanied by unwanted reactions. Fortunately, the adducts

themselves could be separated without is by column with

Florisil as the absorbant.
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Scheme 24
o
TMSO. R,
mk' + o
R,
R,
o
145
a R =R,=H

t: Ry=Me,R,~H
c Ry=H,R; = Me

Scheme 25

TMSO. R,
-
R,
o

145

a: R;=R,=H
b R:-ke.ll;-ﬂ
c Ry=H,R;= Me

The ition with diethyl i in benzene under reflux was
quite sluggish, [n an attempt to accelerate the reaction, it was repeated using a toluene
solution at reflux. However, when diene 145a was subjected to these conditions, a highly
UV-active compound was isolated by column chromatography that had a mass spectrum
with a prominent parent ion at m/z 238. The IR spectrum showed an absorption maximum
for a carbonyl group at 1715 em™ n its 'H NMR spectrum, there were aromatic signals

at 96.94 and 7.74 for protons, next (o el donating and el i ing group,
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Scheme 27
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respectively. This compound was assigned structure 162 (see Scheme 27). Adducts 159b
and 159¢ underwent similar reactions in refluxing toluene. The formation of 162 must
involve the retro-Diels-Alder reaction of adduct 159. Since this rerro-Diels-Alder reac-
tion might result in unreliable estimates of the ratios in the competitive reactions, the
reactions in benzene at refiux were continued, but with longer reaction times. The rela-
tive rates are presented in Table 14,

83.84

The cycloadditions of 145a with tetracyanoethylene (Scheme 28) in

at room Cy very cleanly to give the adduct. which

was purified by washing the crude oily reaction mixture with pentane three times. When
the crude adduct was passed through a silica gel column, hydrolysis of the silyl enol ether
oceurred. The hydrolyzed product was also formed to be relatively unstable. For diene
145b, the Diels-Alder reaction with tetracyanoethylene did take place, but with a signifi-
cant amount of side-product formation. The major product resulted from the Diels-Alder
cycloaddition. and the hydrolyzed product was obtained by chromatography on silica gel.
In the case of diene 145c¢. the Diels-Alder reaction competed with [2 + 2] cycloaddition
(Scheme 29). Two products were obtained after chromatography on silica gel. The disap-
pearance of the olefinic proton signals in the 'H NMR spectra of both adducts indicated
that hydrolysis had taken place during the separation process. For the major product. the
IR spectrum showed an absorption at 1678 cm'l for a conjugated carbonyl and at 2571
cm” lA characteristic of a nitrile group. A singlet at 3 6.02 in its Il-l NMR spectrum was
consistent with a hydrogen on a carbon bearing two electron-withdrawing nitriles. Two
olefinic protons at 45.98 and 6.91 confirmed the presence of the conjugated double bond.
The compound was assigned structure 167. The spectroscopic data of the minor product
was consistent with structure 165¢. It is worth noting that all of these adducts were unsta-
ble in both acidic and basic conditions, The adducts could be kept for only a few hours
before decomposition occurred, even wiider nitrogen. Therefore, the competitive reactions

were carried out in CDCly directly in NMR tubes.
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Table 14. Relative reaction rates for Diels-Alder reactions of dienes
145a-c with different dienophiles

. relative rate ratios
entry | di hil
145b: 145c | 145a:145b | 145a:145c
0
1 | N-Pn| 12:1 9.4 : 1 18:1
[
[
N/<
2 §\<N-Ph 1.5:1 Li:1 1.6: 1
o
o
3 0 A3 84:1 17: 1
[]
0
4 L34 25:1 18: 1
o]
C0,Et
5 * 73:1 22:1 16: 1
CO,Et
N CN
6 1:54 64:1 10:1
N CN
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Then we attempted to investigate the Diels-Alder reactions of these three dienes

with some unsy i i i With 3-buten-2 (173), ethyl acrylate (174),
and methyl 2-butenoate (175) the reaction was too slow to be useful. Ethyl propiolate
reacted with dienes 145a and 145b relatively slowly. The adducts (168a and 168b) were
isolated as hydrolysis products (169a and 169b) after chromatography (Scheme 30).
However, the reaction of ethyl propiolate with diene 145¢ was prohibitively slow. No
adduct was detected after refluxing for three days. The structure of the adduct for diene
145b was determined by both its 't and B¢ NMR spectra. A doublet at 5 2.96 for the
bridgehead hydrogen (C-| hydrogen) indicated that the para-isomer was obtained as was

expected (otherwise, a singlet would have been apparent for the mera-isomer). Competi-

tive reactions with this di ile were not From their i reactions it
could be concluded qualitatively that dienes 145a and 145b reacted with ethy! propiolate
much faster than did diene 145¢c. With ethyl propiolate, there was always a side product
which was assigned structure 171. Compound 171 was formed probably via intermediate
170 as outlined in Scheme 31.

In summary, the cycloadditions of diene 145a proceeded much faster than those of

dienes 145b and 145¢ in most cases ined. With the i i iles, except

with tetracyanoethylene, 145b reacted slightly faster than 145¢, while the difference in
rate ratio was very large in the case of diethyl acetylenedicarboxylate. In contrast, the
reactivity of dienes 145b and 145¢ was reversed in cycloadditions with tetracyanoethy-

lene. These results are rationalized in the following section.
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I Discussion

The cycloadditions of dienes 145a-¢ with the symmetrical dienophiles except tetra-
cyanoethylene, will be discussed first. Let us suppose that the Diels-Alder reactions were
asynchronous with one of the new C-C bonds being almost completely formed while the
other is still weak. Due to the presence of the electron-donating trimethylsilyloxy group
at C-2 of the dienes we would expect that the shorter bond would be the one (x) between
C-1 of the diene and the dienophile,3 Since in each of the transition states (se¢ 175-177 in
Figure 15) bond v is longer than bond x, then unfavorable steric interactions in the transi-
tion state 176 should have been larger than that in 177 because of the proximity of the
dienophile to a methyl group in the former. Consequently, diene 145¢ should react faster
than 145b, However, if the reaction takes place by a synchronous process (witiy the new
C-C bonds formed to similar extents at the transition states as shown in Figure 1S
(178-180), the steric repulsion in transition states 179 and 180 should be very similar, and
the two dienes 145b and 145c should react at similar rates. If the reaction rate of dicne
145a is similar to that of either 145b or 145c, the reaction must proceed by an asyn-
chronous process or the reaction is insensitive to steric effects. In contrast, the hindrance
in the transition state 175 should be much smaller than dienes 145b and 145c for syn-
chronous processes. As a result diene 145a would react much faster than either 145b or
145c.

Our experimental results are outlined in Table 14. It can be seen that diene 145a
does indeed react faster than either 145b or 145¢ in all cases except with dienophile 151.

The relative rates of reaction of 145b and 145¢ were similar except in entry (5). Thus, the

data with the i i iles are i with a high degrez of synchronicity
at the transition state. The small difference in rate betwen 145b and 145¢ were opposite
to what we predicted based on the premise that the reaction might praceed via an asyn-

chronous process (see 176 and 177). The slightly faster reaction rate for diene 145b
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Flnre 15. The transition states of the Diels-Alder reactions of dienes 145a-c
175-177 fora process, and 178-180

foran asynchronous process)
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probably resulted from the small inductive effect that might raise the coefficient of the

HOMO at C-1 of 145b due to the presence of two methyl groups.

It is interesting to note that dienes 145a¢ racted with V-
phenyl-1.2 4-triazoline- |, 3-dione (151) with very similar reaction rates. This can be

in terms of the Reactivity-Selectivity Principle 83

which states that the selec-

tivity of a species varies inversely with its reactivity. N-Phenyl-1,2 d-triazoline- 1, 3«lione

is a very reactive di ile, so ially no selectivity was observed with this

dienophile.

The relative reaction rates with the acetylenic dienophiles were quite different from

those of the ethylenic dienophiles. Dienes 145a and 145b reacted with diethyl

with reaction rates, whilst diene 145¢ reacted much

more slowly than did diene 145b. For the i i ile ethyl

there is a large difference in rate between dienes 145b and 145¢ as became evident in the
reactions of the pure dienes. As mentioned before, if the reaction were to proceed via an
asynchronous process, diene 145¢ would react faster than diene 145b with either a sym-
metrical or an unsymmetrical dienophile. Our results can be explained in the following
way. We believe that the reaction proceeds by a synchronous process for the symmetrical
diethyl acetylenedicarboxylate, but that the two ester groups would have different confor-
mations at the transition state. The ester group that is further from the trimethylsilyloxy
group would probably have a fixed conformation to be in a plane parallel to the diene
moiety in order to activate the triple bond. The ester group closer to the trimethylsilyloxy
group may have a more mobile conformation and therefore it might rotate to minimize
the steric interactions at the transition state. As a result, in the case of diene 145c, there
would be a strong steric interaction between the ester group and a methyl group of the
diene at the transition state (see 181 in Figure 16). For dienes 145a and 145b the steric
interaction at the transition state would be similar and small. So diene 145b reacted with

diethyl acetylenedicaboxylate at similar rate to that of diene 145a, which was much faster
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than the reaction of diene 145¢. Likewise, the ester group in ethyl propiolate might have a
fairly fixed conformation to be in a plane parallel to the diene moiety in order to aciivate
the triple bond at the transition state, therefore the steric interaction in the case of diene

145¢ would retard the reaction (see 182 in Figure 17). Furthermore, ethyl propiolate is

less reactive than the sy ical diethyl y i . s0 no adduct was
detected for diene 145¢c. Further series of experiments are in progress to confirm this

proposition.

145a: R, =R, =H
145b: R, = CH,, R, =H
145¢c: R, =H, R, = CH;

Figure 16. The transition states of the Diels-Alder reactions of dienes 145a-c
with diethyl acetylenedicarboxylate.

(45: R, =R,=H
145b: R, = CH, R, =H
145¢: R, =H, R, = CH,

Figure 17. The transition states of the Diels-Alder reactions of dienes 145a-c
with ethyl propiolate.
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x<y x<y
183 184

Figure 18. The transition states of the Diels-Alder reactions of dienes
145b and 145¢ with tetracyanoethylene

As seen in Table 14, diene 145¢ reacted much faster than 145b in the cycloadditions

with tetracyanoethylene, 5384

which suggested very unsymmetrical (asynchronous) tran-
sition states and therefore possibly a different mechanism. This is illustrated in the transi-
tion states 183 and 184 (Figure 18), in which bond v must be much longer than bond x.
The steric interaction between the methyl group and the dienophile in 183 should be very
severe compared to that in 184. Hence, the addition of 145b was very slow relative to that
of 145c. At this stage, we cannot preclude the possibility of mechanisms (5) and (c)
involving a diradical or a diionic intermediate with (elracyanne(hylene.84 However, if the

d

reaction were indeed it must have via a very ical transi-

tion state, probably close to a diradical in nature as proposed by Dewar et 111.63 An ionic
mechanism could be considered to be a double Michael process, as iilustrated in Scheme
3.
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Scheme 32
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In summary, the reaction of dienes 145a-c with the symmetrical ethylenic

N-p imide, pal inone and maleic anhydride proceeded via
a synchronous, concerted transition state. When the dienophile was tetracyanoethylene, a
different mechanism operated: either a concerted process with a very unsymmetrical tran-

sition state or a two-step mechanism, with a diradical or a diion intermediate.
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IV Experimental

General

All of the reactions, except hydrolysis of the adducts, were carried out under a nitro-
gen atmosphere. N-Phenylmaleimide was crystallized from cyclohexane: benzoquinone
was sublimed several times under vacuum (at ca. 40°C), maleic anhydride was sublimed
at ca. 50°C under vacuum. Once prepared, the dienes were stored under nitrogen at 0°C.
The relative rates of reaction were calculated from the result of the competitive experi-

ments using the following equation:52

ky _ loglA] - log([A] - [AX])

% "~ log[B)- log([B] - [BX]) "

where [A] and (B] were the initial concentrations of the dienes; [AX] and [BX] were the

final concentrations of their adducts.

5,5-Dimethyl-2-cyclohexen-1-one (148b)

A 500 mL of round-bottomed flask was charged with dimedone 146 (5.60 g, 40.0
mmol), tosyl hydrazide (7.6 g, 41.3 mmol), 100 mL of anhydrous methanol, and a few
drops of concentrated H,SO,..”7 After standing for 20 min, a white precipitate formed,
and the reaction mixture was stirred overnight at room temperature. The methanol was
removed in vacuo. Potassium carbonate (44.2 g, 320 mmol) and 300 mL of water were
added to the residue, and the resulting solution was heated to steam distill the product.
The largely aqueous distillate was saturated with NaCl and extracted with ether (5 = 40
mL), and the combined organic extracts were washed with saturated NaCl solution and
dried (MgSO,). The solvent was removed in vacuo 1o give a yellow oil that was purified
by flash chromatography (3% ethyl acetate in hexane). The enone 148b (2.28 g, 46%)
was isolated as a pale yellow liquid: IR (Blm) v___: 1660 (5) cm™': 'H NMR & 0.98 (s,
6H), 228 (br s, 4HD), 6.03 (d, J = 10.0 Hz, 1H), and 6.8 (m, 1H); '>C NMR & 28.3 2¢,
3),33.8(0), 39.8 (2), 51.7 (2), 1289 (1), 148.5 (1), and 199.8 (0); MS (from GC-MS) m/z
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(%): 124 (20, M"), 109 (4), 96 (5), 68 (100), and 41 (10). Exact mass caled. for
CSHIZO: 124,0888; found: 124.0870.

6.6 Dimethyl-2-(tri ilyloxy)-1,3-cyclohexadiene (145b)75 79

An dried 100 mL. d-b d flask was d on a vacuum line and

flushed with nitrogen three times. Anhydrous THF (60 mL) was added at 0°C followed
by diisopropylamine (1.5 mL. 1| mmol) and by n-butyllithium (1.4 M solution in hexane)
(6.3 mL. 10 mmol). After 30 min, the solution was cooled to -78°C and the enone 148b
(1.14 ,9.19 mmol) in 6 mL of THF was introduced. The reaction mixture was stirred
for one hour and chlorotrimethyIsilane (TMSCI) (2.3 mL, 18 mmol) was added at -78°C.
The reaction was warmed to room temperature gradually then aliowed to stand for
another two hours. After concentration in vacuo the residue was diluted with 100 mL of
anhydrous pentane. The precipitated LiCl was removed by filtration. Evaporation of the
solvent gave a crude product, which was purified by distillation under reduced pressure to
afford diene 145b (1.80 g, 86%) as a colorless oil: bp 55-57°C/5 mmHg; IR (film) Ymax
1649 (m) em™'; 'H NMR 2 0.17 (s, 9H), 0.99 (s, 6H), 2.04 (dd, J = 1.8, 3.6 Hz, 2H),
.64 (s, IH), 5.65(dd, J = 1.8, 9.6 Hz, 1H).and 5.70-5.77 (m, 1H); '3C NMR &:0.1 (3C,
3). 287 (2C, 3), 31.7 (0), 38.0 (2), 114.7 (1), 125.7 (1), 127.5 (1), and 146.5 (0): MS
(from GC-MS) m/z (%): 196 (15, M"), 182 (17), 181 (100), 165 (81), 91 (23), 82 (29). 75
(31). 73 (65), and 45 (33).

5,5-Dimethyl-2-{tri yisilyloxy)-1,3-cyclohexadiene (145¢)

An dried 100 mL d-be d flask was on a vacuum line and
flushed with nitrogen three times. Anhydrous THF (60 mL) was added at 0°C followed
by diisopropylamine (1.8 mL, 13 mmol) and by #-butyllithium (1.4 M solution in hexane)
(7.4 mL, 12 mmol). After 30 min the enone 148¢ (1.34 g, 10.8 mmol) in 8 mL of THF
was introduced. The reaction mixture was stirred for one hour and chlorotrimethylsilane

(TMSCI) (2.7 mL. 22 mmol) was added at 0°C. The reaction mixture was warmed to
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room temperature gradually then it was allowed to stand for another two hours. After
concentration in vacuo the residue was diluted with 100 mL of anhydrous pentane. The
precipitated LiCl was removed by filtration. Evaporation of the solvent gave a crude
product, which was purified by distillation under reduced pressure to atford diene 145¢
(1.86 g. 88%) as a colorless oil: bp 55-57°C/S mmHg; IR (film) Vnax: 1652 (m) el
lﬂ NMR & 0.18 (s. 9H). 1.00 (s. 6H). 2.12 (d. J = 4.5 Hz. 2H), 4.79 (11, J = 1.6, 4.8 Hz.
IH). and 5.54 (d. J = 1.2 Hz, 2H): ”C NMR & 0.2 (3C. 3). 27.6 (2C. 3).31.2(0), 370
(2), 1015 (1), 1238 (1), 140.1 (1), and [47.1 (0): MS (from GC-MS) m/z (%): 196 (28,
mh. 182(16), 181 (100), 165 (46). 75 (24), 73 (62),and 45 (17).

2-(Tri i 1.3-cyclohexadiene (145a)

The preparation of this diene was essentially the same as for 145b. An oven-dried
100 mL round-bottomed flask was evzcum‘ed on a vacuum line and flushed with nitrogen
three times. Anhydrous THF (60 mL) was added at 0°C followed by diisopropylamine
(2.4 mL, 17 mmol) and by n-butyllithium (1.4 M solution in hexane) (9.8 mL. 16 mmol).
After 30 min the solution was cooled to -78°C and the enone 148a (1.40 g, 4.3 mmol) in
8 mL of THF was introduced. The reaction mixture was stired for one hour and
chlorotrimethyisilane (TMSCI) (3.7 mL, 29 mmol) was added at -78°C. The reaction
was warmed to room temperature gradually then allowed to stand for another two hours.
After concentration in vacuo, the residue was diluted with anhydrous pentane. The pre-
cipitated LiCl was removed by filtration. Evaporation of the solvent gave a crude product,
which was purified by distillation under reduced pressure to afford diene 145a (2.02 g,
84%) as a colorless oil: bp 43-45°C/ 5 mmHg (Iil.n 56-58°C/ 6 mmHg); IR (film) Vmax'
1649 cm™!; 'H NMR & 0.19 (s, 9H), 203221 (m, 4H), 4.85-489 (m, 1H), and 5.68
(dq, J = 1.8, 9.9 Hz, 1H), and 5.85 (dt, J = 3.6, 9.9 Hz, |H); IsC NMR & 0.1 (3C, 3),
21.7 (2),22.5 (2), 102.3 (1), 126.4 (1), 128.8 (1), and 148.0 (0); MS (from GC-MS) mn/z
(%): 169 (5, M*+1), 168 (33, M+). 153 (15). 151 (23), 73 (100), 45 (24), and 43 (24).
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4-Phenyl-1.2,4-triazoline3.5-dione (151)%°

A 100 mL round-bottomed flask in a cold water bath was flushed with nitrogen and
charged with ethyl acetate (12 mL) and 4.40 g (25.1 mmol) of 4-phenylurazole and rerr-
butyl I|ypochlt)rik:sl (2.8 mL, 25 mmol) was added to the flask over a period of approxi-
mately 20 min. After the addition was complete, the resulting suspension was stirred for
40 min at room temperature. The solvent was removed on a rotary evaporator, while
keeping the temperature below 40°C. The last traces of solvent were removed with a
high-vacuum pump, The product was sublimed under vacuum, yielding 2.14 g (86%) of
the triazoline 151 as i d crystals which (165-175°C) before melt-

ing: IR (flm) .. < 1767 (5) and 1750 () em™ " 'H NMR  7.42-759 (m).

(38a,44.157a0)-8 8-Dimethyl-2-phenyl-3a,4,7, Ta-tetrahydro-5-(trimethylsilyloxy)-
4,7-ethanoisoindole-1,3-dione (152b)

To a benzene solution of diene 145b (194 mg, 0.99 mmol), was added N-phenyl-
maleimide (172 mg, 0.99 mmol). The mixture was heated at reflux for two days. After
concentration in vacuo, the oily residue was washed with a small amount of anhydrous
pentane three times to provide the adduct 152b (385 mg, 93%) as a colorless oil: IH
NMR & 0.16 (s, 9H), 0.99 (s, 3H), L.11 (s, 3H), 1.32 (d, J = 2.7 Hz, 2H), 2.56 (brt, J =
2.5 Hz, IH), 2.87 (dd, J = 2.9, 8.0 Hz, IH), 3.13 (apparent sextet, / = 3.1 Hz. 1H), 3.32
(dd, J = 3.4.8.1 Hz, 1H), 4.82 (dd, J = 1.9, 6.9 Hz, 1H), 7.20-7.23 (m, 2H), and 7.32-7.45
(m, 3H); lJC NMR & 0.1 (3C, 3), 28.6 (2), 30.8 (3), 33.9 (0), 34.2 (3), 41.1 (1), 41.8 (2),
H4.1(1),49.3 (1), 96.8 (1), 126.3 (2C, 1), 128.3 (1), 1289 (2C, 1), 132.0 (0), 1559 (0).
178.0 (0), and 178.2 (0); MS (from GC-MS) m/z (%): 369 (6, M*), 314 (18), 313 (71).
193 (30), 181 (28), 166 (100), 152 (52),and 73 (42).

(382:45,747aa)-88-Dimethyl-3a,4,6.7,7-p 2-phenyl-4,7-
1.3 5-trione (153b)
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A solution of 152b (192 mg. 0.52 mmol) and a few drops of 0.5 N HCl in MeOH
{20 mL) was stirred for 30 min. The solvent was removed in vacuo and the residue was
diluted with ethyl acetate and water. The agueous layer was extracted with ethyl acetate
(x4), the combined organic extracts were washed with water, then sawrated NaCl and
dried over MgSO,. Flash chromatography (8% sthyl acetate in hexane) of the residue
gave 153b (143 mg, 92%) as colorless crystals: mp 245-246°C: R (lm) 1 < 1710
em™ ! 'H NMR & 1.05 (5, 31D, 1.20 (s, 3HD. 1.6 (apparent dt, J = 2.4, 139 Hz. 1H).
170 (dd, J = 3.3, 13.9 Hz, 1H), 2.18 (apparent di, / = 2.6, 19.5 Hz, 1H), 2.25 (br d, J =
19.5 Hz, 1), 2.60 (d. J = 3.7 Hz, [HD, 2.84 (apparent sextet, J = 3.1 Hz, H), 311 (ddd,
7= 1.3,3.6,9.5 Hz, IH), 3.51 (dd, J = 3.7, 9.5 Hz, LH), 7.19 (distorted d., J = 7.0 Hz,
2HD), and 7.38-7.50 (m, 3H); '3C NMR & 28.8 (3, 31.2 (1), 31.3 (0, 315 (3, 39.4 (2),
39.6 (1), 403 2), 420 (1), 55.6 (1), 126.3 (1), 1289 (2C, 1), 1292 (2C. 1. 131.3 (O),
176.5 (0), 1769 (0), and 2102 (0); MS (from GC-MS) m/z (%): 298 (19, M" + 1), 207
(37, M"), 282 (37), 269 (25), 108 (33), 107 (39), 93 (79), 91 (77), 79 (31), 77 (351, 66
(27,20 65 28). Exact mass caled. for C,gH, oNOy: 297.1364; found: 297.1351.

(3aa45,75,722)-9,9-Dimethyl-2-phenyl-3a,4,7,7Ta-tetrahydro-5-(trimethylsilyloxy)-
4,7-ethanoiscindole-1,3-dione (152¢)

To a benzene solution of diene 145¢ (219 mg, 1.08 mmol), was added N-phenyl-
maleimide (186 mg, 1.08 mmol). The reaction was heated at reflux for two days. After
concentration in vacuo, the oily residue was washed with a small amount of anhydrous
pentane three times to provide the adduct 152¢ (358 mg, 90%) as a colorless oil: u
NMR & 0.17 (s, 9H), 0.98 (s, 3H), 1.12 (s, 3H), 1.39 (dd, J = 3.2, 12.9 Hz, |H), 1.46 (dd,
J=32,12.9 Hz, |H),2.72 (dd, J = 3.4, 7.0 Hz, lH),2.92-2.97 (m, 2H), 3.32 (dd, J = 3 .4,
8.2 Hz, I1H), 501 (dd, J = 1.9, 6.9 Hz, 1H), 7.20-7.23 (m, 2H), and 7.35-7.46 (m, 3H);
B3 NMR £:0.1 (3C,3),29.3 (3), 309 (3), 34.5 (01, 40.0 (2,40.5 (1), 422 (1), 43.1 (),
44.0(1), 1264 (2C, 1), 128.3 (1), 128.9 (2C, 1), 134.1 (0), 153.2 (0), 177.4 (0), and 178.8
(0): MS (from GC-MS) m/z (%): 369 (1, M"), 313 (34), 193 (25), 167 (16), 166 (100),
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151 (91),91(22), 77 (17), 75 (27), 73 (77), and 45 (27).

(3aad4,75,T80)-3a,4,6,7,7a-P ydro-9,9-dimethyl-2-pheny-4,7-
1,3,5-trione (153c)

A solution of 152¢ (215 mg, 0.58 mmol) and a few drops of 0.5 N HCl in MeOH
(20 mL) was stirred for 30 min. The solvent was removed by rotary evaporation, and the
residue was diluted with ethyl acetate and water. The aqueous layer was extracted with
ethyl acetate (x4), The combined organic extracts were washed with water, then saturated
NaCl and dried over MgSO, e Purification of the the crude product by flash chromatogra-
phy (8% ethyl acetate in hexane) gave 153c (160 mg, 94%) as colorless crystals: mp
201-202°C; IR (film) Viraxt 1711 (s) cm-l; IH NMR & 1.10 (s, 3H), L.18 (s, 3H). 1.70
(dd, J = 3.0, 14.0 Hz, H), .73 (dd, J = 3.0, 14.0 Hz, 1H), 2.08 (dd, J = 2.6, 20.2 Hz,
IH), 2.35 (apparent q, J =3.1 Hz. |H), 2.60 (apparent dt, J = 2.3, 20.2 Hz, H), 2.86
(apparent q, J = 3.0 Hz, |H), 3.21 (dd, J = 3.3, 9.6 Hz, 1H), 3.50 (ddd, J = 2.1, 3.5.9.6
Hz, [H), 7.17 (distorted d. J = 7.3 Hz, 2H), and 7.34-7.48 (m, 3H); '3C NMR & 29.1 (3.
29.7 (3), 30.6 (0). 37.5 (2), 38.1 (2), 40.2 (1), 40.5 (1), 41.3 (1), 45.9 (1), 126.2 (2C, 1),
128.7 (1), 129.0 (2C, 1), 131.3 (0), 175.9 (0), 177.6 (0), and 210.6 (0); MS (from GC-
MS) (%): 297 (100. M'), 282 (18), 241 (19), 108 (24), 107 (21), 93 (45), 91 (49), 19
(21), 77 (39), 66 (20), and 65 (17). Exact mass calcd. for C IEHIQNOJ: 297.1364; found:
297.1366.

(3aad4,76,7a5)-3a,4,7,7a-Te 2-phenyl-5-(tri il )-4,7-ethano-

isoindole-13-dione (152a)

To a benzene solution of diene 145a (182 mg, 1.09 mmol), was added N-phenyl-
maleimide (189 mg, 1.09 mmol). The reaction mixture was heated at reflux ovemight.
After concentration in vacuo, the residue was washed with a small amount of anhydrous
pentane three times to afford the product 152a (349 mg, 94%) as a colorless oil: 'HNMR
2.0.16 (s, 9H), 1.40-1.53 (m, 2H), 1.55-1.65 (m, 2H), 2.92 (dd, J = 3.0, 8.2 Hz, |H), 2.99
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(dd, J = 3.1, 8.2 Hz, IH), 3.03 (m, H). 3.20-3.21 (m, LH). .98 (dd, J = 2.1, 6.9 Hz. I H),
7.21-7.27 (m, 2H), and 7.33-7.46 (m, 3H); Bc NMR & 0.1 (3C. 3), 240 (2). 253 (),
32.6 (1), 37.8 (1), 4.4 (1), 450 (1), 100.5 (1), 1263 (2C, 1), 128.3 (1), 128.9 (2C. 1),
129.2 (0), 1546 (0), 1773 (0), and 178.1 (0): MS (from GC-MS) m/z (%): 341 (32, M),
175 (39). 168 (100). 166 (29), 151 (36), 75 (23). 73 (54), and 45 (16).

(3aadp,75,7a0)-32.4.6.7.7a-P y 2-phenyl-4,7 isoindole-1.3.5-trione
(153a)

A solution of 152a (167 mg, 0.49 mmol) and a few drops of 0.5 N HCI in MeOH
(20 mL) was stirred for 30 min. The solution was diluted with ethyl acetate and water,
and the aqueous layer was extracted with ethyl acetate (x4). The combined organic
extracts were washed with water, then saturated NaCl and dried over MgSO, n Purifica-
tion of the residue by flash chromatography (8% ethyl acetate in hexane) gave 153a (126
mg, 95%) as colorless crystals: mp: 225-226°C; IR (Nujol) v, ..+ 1730 (sh) and 1700 (s)
cm™'; H NMR & 1.82-1.99 (m, 2H). 1.97-203 (m, 2H), 2.27 (m. IH), 2.33 (ddd, J =
1.4,2.8, 19.9 Hz, 1H), 2.84 (sextet, J = 3.0 Hz, 1H), 2.95 (dd, J = 3.0, 6.2 Hz, 1H), 3.18
(ddd, J = 1.3, 3.6, 9.6 Hz, 1H), 3.28 (dd. J = 3.5, 9.6 Hz, IH), 7.16-7.27 (m, 2H), and
7.40-7.49 (m, 3H); l3C NMR & 21.6 (2), 23.4 (2), 30.0 (1), 40.9 (2), 42.6 (1), 42.7 (1),
43.9 (1), 126.3 (2C, 1), 128.8 (2C, 1), 131.2(0), 175.9 (0), 176.9 (0), and 210.6 (0); MS
(from GC-MS) m/z (%): 269 (100, M'). 213 (17), 79 (26), and 77 (18). Exact mass calcd.
fanlSHISNOJ: 269.1051; found: 269.1051.

Competitive reactions with N-phenylmaleimide

A benzene solution (5 mL) of dienes 145b and 145c (total 28.2 mg, 0.14 mmol) in a
1 : 2.0 ratio (by lH NMR integration) and N-phenylmaleimide (12.2 mg, 0.07 mmol) was
heated at reflux for two days. After evaporation of the solvent, lH NMR analysis of the
residue showed signals for unreacted dienes 145blc and for adducts 152b and 152¢ in a

ratio of | : 1.8 (152b : 152c). The ratio of reaction rates of dienes 145b versus 145c
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calculated by Equation (8) was 1.2: 1.

A benzene solution of dienes 145a and 145b (total 28 mg, 0.15 mmol) in 1 : 2 ratio
(by 'H NMR integration) and N-phenylmaleimide (9.0 mg, 0.05 mmol) was heated at
reflux for 30 hours. After evaporation of the solvent, lH NMR analysis of the residue
showed signals for 152a and 152b in a ratio of 2.7 : |, respectively. The ratio of reaction
rates of diene 145a versus 145b calculated by the Equation (8) was 9.4 : I.

A benzene solution (5 mL) of dienes 145a and 145¢ (total 47.0 mg, 0.25 mmol) in a
1 : 3.7 ratio (by IH NMR integration) and N-phenylmaleimide (7.4 mg, 0.04 mmol) was
heated at reflux for 30 hours. After evaporation of the solvent, lH NMR analysis of the
residue showed signals for 152a and 152¢ in a ratio of 3.3 : [, respectively. The ratio of

reaction rates of diene 145a versus 145¢ calculated by Equation (8) was 18 : 1.

(48610-2,4,1Trisza-4,7-dihydro-8 8-dimethy1-2-pheny-S.

4,7-ethanoindane-1,3-dione (154b)

To a solution of diene 145b (94 mg, 0.48 mmol) in 10 mL of CH’ZCIZ was added
dropwise dienophile 151 (85 mg, 0.48 mmol) in 2 mL of CH2C12 under nitrogen. The red
color of the dienophile disappeared instantly. The reaction mixture was concentrated in
vacuo and the oily residue was washed with pentane three times to provide adduct 154b
(159 mg, 89%) as an oily liquid: lH NMR & 0.22 (s, 9), 107 (s, 3H), 1.31 (s, 3H), 1.42
(dd, J = 3.0, 12.9 Hz, |H), 1.86 (dd, J = 3.0, 12.9 Hz, |H), 422 (d, J = 2.4 Hz, |H),
4.84-4.88 (m, IH), 5.16 (dd, J = 2.4, 6.3 Hz, |H), and 7.35-7.47 (m, SH); MS (from GC-
MS) m/z (%): 371 (0.2, M+). 195 (52), 181 (17), 179 (27), 119 (15),91 (17), 75 (17), 73
(100), and 45 (28).

(447H)-23a,7a-Triaza-8,8-dimethyl-2-phenyl-4,6,7-trihydro-4,7-ethancindane-
1,3,5-trione (155b)

A solution of 154b (124 mg, 0.33 mmol) and a few drops of 0.5 N HCI in methanol
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(15 mL) was stirred for 30 min. The solvent was removed by rotary evaporation, and the
residue was diluted with ethyl acetate and water. The aqueous layer was extracted with
ethyl acetate (x4). The combined organic extracts were washed with water, then saturated
NaCland dried (MgSO,). Flash chromatography (8% ethyl acetate in hexane) gave 155b
(90 mg, 91%) as colorless crystals: mp 238-240°C: IR W (Nujol): 1774 (sh) and 1708
(s) cm—‘; "4 NMR 5 (CSDSN): 0.96 (s. 3H). 1.15 (s. 3H), 1.6 (dd. J = 2.1, 140 Hz,
IH), 1.87 (dt, J = 3.2, 14.0 Hz, |H), 2.67 (dd, J = 2.2, 19.2 Hz, 1H), 3.14 (dt. J = 3.0,
19.2 Hz, IH), 4.53 (s, IH), 4.87-491 (m, 1H), 7.30 (m, [H), 7.35-7.41 (n, 2H), and
7.70-1.74 (m, 2H); B3¢ nvr 3(CsDgN): 27.7 (3), 27.8 (3), 33.5 (0). 39.8 (2), 41.8 (2.
50.6 (1), 67.3 (1), 126.2 (2C, 1), 128.3 (1), 129.2 (2C, 1), 132.6 (0), 153.0 (2C, 0), and
201.6 (0); MS (from GC-MS) m/z (%): 299 (32, M+). 271 (32), 215 (16), 214 (85), 119
(100), 95 (25), 94 (23), 55 (18), and 41 (7). Exact mass calcd. for C,H ;N
299.1269; found: 299.1269.

(46,19-2,38, a-Triaza-4,7-dihydro-9,9-dimethyl-2-pheny!-5
4,7-ethanoindane-1,3-dione (154c)

To a solution of diene 145¢ (110 mg, 0.56 mmol) in 10 mL of Cl-IZCl2 was added
dropwise dienophile 151 (98 mg, 0.56 mmol) in 2 mL of Cl'lz(II2 under nitrogen. The red
color of the dienophile disappeared instantly. The crude reaction mixture was concen-
trated in vacuo, and the oily residue was washed with pentane three times to provide the
adduct 154¢ (186 mg, 90%) as a colorless oil: IH NMR & 0.22 (s, 9H), 1.04 (s, 3H), 1.32
(s, 3H), 1.56 (dd, J = 2.7, 13.2 Hz, |H), 1.89 (dd. J = 3.3, 13.2 Hz, IH), 4.42 (d, J = 6.6
Hz, [H), 4.63 (dd, J = 2.7, 5.7 Hz, |H), 5.28 (dd, J = 3.6, 6.6 Hz, 1H), and 7.35-7.50 (m,
5H); MS (from GC-MS) m/z (%): 371 (3, M+), 316 (10), 315 (43), 181 (15), 169 (10),
168 (66), 119 (27), 96 (15), 91 (16), 75 (16), 73 (100), 55 (12), 45 (28), and 41 (22).

(44,79-2 3, 7a-Triaza-4,7-dihydro-9,9-dimethyl-2-phenyl-4,7-ethanoindane-
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1,3,-trione (155¢)

A solution of 154c (104 mg, 0.28 mmol) and a few Giops of 0.5 N HCl in 15 mL of
methanol was stirred for 30 min. The solvent was removed by rotary evaporation and the
residue was worked-up as for 155b. Chromatography (8% ethy! acetate in hexane) of the
crude product gave 155¢ (77 mg, 92%) as colorless crystals: mp 181-183 °C; IR Vmax
(Nujol): 1740 (sh) and 1708 (5) cm™!; 'H NMR (CD,COCD) & 1.21 (5. 3H). 1.34 (5,
3H), 2,10 (dd, J = 27, 147 Hz, 1H), 221 (dd, J = 39, 14.7 Hz, [H), 2.78 (dd, J = 3.0,
19.5 Hz, IH), 2.96 (dd, J = 2.4, 19.5 Hz, 1H), 436 (¢, J = 2.7 Hz, 1H), 4.45 (dd, /=27,
3.9 Hz, 1K), and 7.37-7.58 (m. SH); '>C NMR (CD;COCDy) 2 27.6 (3). 29.3 (3). 34.0
(0), 394 (2), 40.1 (2), 59.3 (1), 60.6 (1), 1267 (2C, 1), 1286 (1), 1295 (2C, 1), 3.1
(0), 1526 (0), 153.9 (0), and 202.1 (0); MS (from GC-MS) m/z (%): 299 (22, M *), 271
(22), 214 (42), 119 (100), 95 (32), 94 (34), 91 (23), 69 (24), 55 (33), and 41 {41). Exact
mass calcd. for C ¢H N30y 299.1269; found: 299.1269.

(44,7/)-2,3a,7a-Triazo-4,7-dihydro-2-phenyl-5-(tri i y)-4,7-ethano-
indane-1,3-dione (154a)

To a solution of diene 145a (82 mg, 0.49 mmol) in 10 mL of CHZCIZ was added
dropwise dienophile 151 (85 mg, 0.49 mmol) in 2 mL of CH2C|2 dropwise, The red
color of the dienophile disappeared instantly. The crude reaction mixture was concen-
trated in vacuo. The oily residue was washed with pentane three times to yield the adduct
154a (164 mg, 97%) as a colorless oil: IR (film) Ymaxt 1772 (sh), 1715 (s), and 1631 (w)
em™L; 'HNMR 2 0.22 (s, 9H), 1.59-1.84 (m, 2H), 2.12:2.23 (m, 2H), 473 (t, / = 2.4,
1H), 4.96 (dt, J = 2.7, 6.3 Hz, |H), 5.28 (dd, J = 2.4, 2.4 Hz, |H), 7.33-7.42 (m, |H), 743
(s, 2H), and 7.45 (s, 2H); BeNMR 2 -0.1 (3C,3),22.4(2),24.2(2), 51.9 (1), 55.4 (1),
100.5 (1), 125.4 (2C, 1), 128.1 (1), 129.0 (2C, 1), 131.5 (0), and 153.8 (2C, 0); MS m/z
(%): 343 (8, M+), 275 (31), 249 (13), léﬂ (1), 166 (14), 151 (25), 119 (49), 91 (16), 75
(30, and 73 (100). Exact mass calcd. for C ”HNNQO Si: 343.1351; found: 343.1351.
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Competitive reactions with dienophile 151

To a benzene (5 mL) solution of dienes 145b and 145¢ (total 18.7 mg, 0.10 mmol)
inal: 2.0 ratio (by IH NMR integration) was added dienophile 151 (7.4 mg, 0.04
mmol) in 0.5 mL of benzene. The reaction mixture was stirred for 30 min at room tem-
perature. After evaporation of the the solvent, analysis of the 'n NMR spectrum of the
residue 'showed signals for unreacted dienes 145b/c and for adducts 154b and 154¢ in a
ratio of 1 : 1.5 (154b : 154¢). The ratio of reaction rates of diene 145b versus 145¢ calcu-
lated by the Equation (8) was 1.5: 1.

To a benzene (5 mL) solution of dienes 145a and 145b (total 29.8 mg, 0.17 mmol)
inal :2 ratio (by IH NMR integration) was added dienophile 151 (7.2 mg, 0.04 mmol)
in 0.5 mL of benzene. The reaction mixture was stirred for 30 min at room temperature.
After evaporation of the solvent, analysis of the ll-[ NMR spectrum of the residue showed
signals for 154a and 154b in a ratio of 1 : 1.9, respectively. The ratio of reaction rates of
diene 145a versus 145b calculated by Equation (8) was 1.1: 1.

To a benzene (5 mL) solution of dienes 145a and 145¢ (total 68 mg, 0.37 mmol) in a
1 : 1.0 ratio (by 5 NMR integration) in 2 mL of benzene was added dienophile 151 (36
mg, 0.21 mmol). The reaction mixture was stirred for 30 min at room temperature. After
evaporation of the solvent, analysis of the 'HNMR spectrum of the residue showed sig-
nals for 154a and 154c in a ratio of | : 1.6, respectively. The ratio of the reaction rates of

diene 145a versus 145¢ by Equation (8) was 1.6: 1.

(3aadp,76,7a0)-3a,4,7,7a- 8,8-dimethyl-2 5-(tril y
4,7-ethanoindane-1,3-dione (156b)

A solution of diene 145b (134 mg, 0.69 mmol) and maleic anhydride (68 mg, 0.69
mmot) 1n 30 mL of benzene was heated at reflux for two days. The solvent was removed
in vacuo. Chromatography of the crude product through Florisil (0.5% ethyl acetate in
hexane) provided the adduct 156b (179 mg, 89%) as a colorless oil: IR (film) Vinax* 1863
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(sh), 1780 (s), and 1633 (m) cm™'; 'H NMR & 0.20 (s, 9HD, 0.98 (s, 3H), 1.06 (5, 3H),
1,26 (d,J = 2.7 Hz, IH), 1.27(d, /= 3.6 Hz, 1K), 2.50 (dd, J = 2.1,3.6 Hz, 1H), 3.00 (dd,
233,87 Hz, 1H), 3.06-3.11 (m, |H), 3.42 (dd, J = 3.6, 8.7 Hz, |H), and 4.83 (dd, J =
2.1,6.9 Hz, 1H); '3C NMR & 02 (3C, 3), 284 (3), 33.4 (0), 34.0 (3, 409 (1), 42.0 (1),
46 (1),49.2 (1), 97.5 (1), 156.3 (0), 172.9 (0), and 173.1 (0). MS (From GC-MS) vz
(4%): 296 (1, M), 279 (15), 196 (18), 182 (16), 181 (100, 166 (25), ISL (42), 75 (16),
and 73 (M).

(3ac4/474,7a0)-38,4,7,Ta- ydro-8,8-dimethyl-2-oxa-5-
4,7-ethanoindane-1,3-dione (156¢)

A solution of diene 145¢ (165 mg, 0.84 mmol) and maleic anhydride (83 mg, 0.84
mmol) in 30 mL of benzene was heated at reflux for two days. After evaporation of the
solvent, chromatography of the residue through Florisil (0.5% ethy! acetate in hexane)
afforded the adduct 156c (216 mg, 87%) as a colorless oil: IR (film) L 1861 (sh),
1780 (s), and 1636 (m) cm'l: "HNMR & 020 (s, 9HD, 0.97 (s, 3H), 1.08 (s, 3H), 1.33
(dd, J =24, 129 Hz, IH), 1.46 (dd, J = 3.3, 12.9 Hz, |H), 2.68 (dd, J = 3.3, 6.9 Hz, IH),
2.91 (quintet, J = 3.0 Hz, 1H), 3.08 (dd, J = 3.3, 8.7 Hz, |H), 347 (dd, J = 3.3, 8.7 Hz,
IH), and 6.03 (dd, J = 2.4, 7.2 Hz, IH); lJC NMR & -0.1 (3C, 3),29.2 (2), 30.6 (3), 34.0
(0), 39.6 (3), 39.8 (1), 42.9 (1), 43.7 (1), 439 (1), 1016 (1), 153.5 (0), 172.2 (0), and
173.6 (0): MS (from GC-MS) m/z (%): 238 (34), 166 (97), 151 (100), 91 (21), 77 (17), 75
(32),and 73 (71).

(3aa,4475,7a)-38,4,7,Ta-Tetrahydro-2-oxa-5 ¥)-4,7-eth
indane-1,3-dione (156a)

A solution of diene 145a (129 mg, 0.77 mmol) and maleic anhydride (75 mg, 0.77
mmol) in 30 mL of benzene was heated at reflux for two days. The solvent was removed
in vacuo. Chromatography of the residue through Florisil (0.5% ethyl acetate in hexane)

provided the adduct 156a (187 mg, 92%) as a colorless liquid: IR (film) Vax' 1840 (m),
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1780 (s). and 1634 (m) cm™": 'H NMR 2 0.19 (s. 9H), 1.41-1.64 (m. 4H), 2.99 (m. {H),
3.08 (dd. /= 3.0, 8.7 Hz. H), 3.14 (dd, J = 3.3, 8.7 Hz. LH), 3.17-3.21 (m, IH), and 5.00
(dd,J= 24, 7.2 Hz, 1H); 13C NMR & 0.2 (3C. 3), 23.2 (), 245 (2), 32.5 (1), 37.6 (1),
449 (1),45.5 (1), 10LL (1), 1549 (0). 1722 (0), and 173.0 (0): MS (from GC-MS): 266
(7. M"), 168 (100). 166 (20), 153 (21). 151 (37). 77 (19), 75 (40, 73 (77), and 45 (39).

Competitive reactions with maleic anhydride

A mixture of dienes 145b and 145¢ (total 25.2 mg, 0.14 mmol) in a | : 2.0 ratio (by
IH NMR integration) and maleic anhydride (8.8 mg, 0.09 mmol) in 5 mL of benzene was
refluxed for 30 hours. After evaporation of the solvent, analysis of the ll--l NMR spectrum
of the crude reaction mixture showed signals for unreacted dienes 145a/b and for adducts
156b and 156¢ in a ratio of | : 1.8 (156b : 156¢). The ratio of reaction rates of diene
145b versus 145¢ calculated by Equation (8) was 1.2: 1.

A mixture of dienes 145a and 145b (total 79.4 mg, 0.43 mmol) ina | : 2 ratio (by
g NMR integration) and maleic anhydride (17.9 mg, 0.18 mmol) in 5 mL of benzene
was heated at reflux for 30 hours. After evaporation of the solvent, analysis of the ll--l
NMR spectrum of the crude reaction mixture showed signals for 156a and 156b in a ratio
of 1.9 : 1, respectively. The ratio of reaction rates of diene 145a versus 145b calculated
by Equation (8) was 8.4 : 1.

A mixture of dienes 145a and 145¢ (total 64 mg, 0.34¢ mmol) ina [ : 3.7 ratio (by
lH NMR integration) and maleic anhydride (6.8 mg, 0.069 mmol) in 5 mL of benzene
was heated for 30 hours. After evaporation of the solvent, analysis of the ll'-l NMR spec-
trum of the crude reaction mixture showed signals for 156a and 156¢ in a ratio of 2.6 : 1,
respectively. The ratio of reaction rates of diene 145a versus 145c calculated by Equation

@) wasl7: 1.

(4aa54858aa)-42.5.8.8 9,9-dimethyl-6- (tri i 4,7-ethano-
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1,4-naphthoquinone (157b)

A solution of diene 145b (128 mg, 0.78 mmol) and para-benzoquinone (84 mg, 0.78
mmol) in 30 mL of benzene was heated at reflux overnight, after which time analysis of
the reaction mixture by GC-MS indicated that no side reactions had taken place, but a
significant amount of starting material was left. (When a reaction was allowed to proceed
longer, aromatic side products formed.) After evaporation of the solvent the crude prod-
uct, which was contaminated by both starting materials, was obtained. Purification by

either recr ization or were However, the starting

materials could be removed under high vacuum, and the product was isolated in this way.
Adduct 157b was obtained (90% pure by GC-MS) (94.2 mg, 48%) as a slightly yellow
oil: 'HNMR & 0.13 (s, 9H), 0.88 (s, 3H, 1.07 (s, 3H), 1.22 (dd, J = 3.0, 12.6 Hz, IH),
1,40 (dd, J = 2.7, 12.9 Hz, IH), 2.53 (t, J = ;.4 Hz, |H), 2.86 (dd, J = 2.4, 9.0 Hz, IH),
3.03-3.23 (m, IH), 3.27 (dd, J = 2.1, 69 Hz, 1H), 4.67 (dd, J = 2.1, 6.9 Hz, IH) and 6.80
(s, 2H): MS (from GC-MS) m/z (%): 304 (2, M"), 181 (100), 166 (18), 165 (17), 151
(26). 82 (21), 75 (22), 73 (61), and 45 (24).

& 42,58 88 ydro-10,10-dimethyl-6

4,7-ethano-1,4-naphthoquinone (157c)

A solution of diene 145¢ (178 mg, 0.91 mmol) and para-benzoquinone (98 mg, 0.91
mmol) in 30 mL of benzene was heated at reflux for overnight, after which time analysis
of the reaction mixture by GC-MS indicated that no side reactions had taken place, but
there was some amount of starting material left. After evaporation of the solvent the
crude product, which was contaminated by both starting materials, was obtained. Purifi-

cation by either recr ization or were However, the

starting materials could be removed under high vacuum pump and the product isolated
this way 157¢ was obtained (96% pure by GC-MS) (184.2 mg, 67%): ll"lNMR &0.20 s,
9H), 0.98 (s. 3H), 1.17 (s, 3H), 1.48 (dd, J = 3.0, 12.9 Hz, I H), 1.5 (dd, J = 2.7, 12.9 Hz,
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L1H), 2.79 (dd, J = 3.0, 6.9 Hz, LH), 2.86 (quintet, J = 2.4 Hz, IH), 3.03 (dd, J = 2.1,90
Hz, 1H), 3.32 (dd, J = 3.0, 9.0 Hz, |H), 5.04 (dd, J = 2.1, 6.9 Hz, |H), and 6.78 (s, 2H);
MS (from GC-MS) m/z (%): 304 (1, M), 248 (16), 181 (16), 167 (16), 166 (100), 151
(55), 91 (13), 82 (86), 75 (20), 73 (51), 54 (18), and 45 (22). Exacr mass caled. for
€ 5HyO4Si: 304.1493; found: 304.1496.

(4a0,5585.8aa)-58-Ethano-4a,5,8 8a-tetrahydro-6-(trimethylsilyloxy)-1,4-naphtho-
quinonone (157a)

A solution of diene 145a (208 mg, 1.24 mmol) and para-benzoquinone (134 mg,
1.24 mmol) in 40 mL of benzene was refluxed overnight. After evaporation of the sol-
vent, the crude product was crystalized from pentane to provide 157a (295 mg., 86%) as
pale yellow crystals: mp 96-97°C: IR (flm) v 1668 (s) and 1633 (m) cm™"; 'H
NMR & 0.13 (s, 9H), 1.36-1.47 (m, 1H), 1.54-1.74 (m, 3H), 2.90-3.00 (m, 3H), 3.15-320
(m, 1H), 4.95 (dd, / = 2.0, 7.0 Hz, |H), and 6.68 (s, 2H); I3C NMR & 0.1 (3C, 3), 25.3
(2),26.0 (2), 36.2 (1), 4L.1 (1), 49.5 (1), 50.0 (1), 102.2 (1), 141.8 (1), 142.1 (1), 155.5
(0), 197.9 (0), and 199.0 (0); MS (from GC-MS) m/z (%): 276 (2, M*). 169 (15), 168
(97), 151 (28), 82 (18), 77 (16), 75 (43), 73 (100), and 45 (36). Exact mass calcd. for
ClSHZOOBSi: 276.1181; found: 276.1180.

Competitive reactions with para-benzoquinone

A solution of dienes 145b and 145¢ (total 142 mg, 0.72 mmol) a | : | in ratio (by
lH NMR integration) and para-benzoquinone (39 mg, 0.36 mmol) in 10 mL of benzene
was refluxed overnight. After evaporation of the solvent, analysis of the lH NMR spec-
trum of the residue showed signals for 157b and 157¢ in a ratio of 1.0 : 1, respectively.
The ratio of reaction rates of diene 145b versus 145¢ calculated by Equation (8) was 1.0 :
L

A solution of dienes 145a and 145b (total 42 mg, 0.22 mmol) ina | : 1.96 ratio (by
'y NMR integration) and para-benzoquinone (8.9 mg, 0.08 mmol) in 10 mL of benzene
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was heated at reflux overnight. After evaporation of the solvent, analysis of the 1H NMR
spectrum of the residue showed signals for 157a and 157b in a ratio of 9.0 : I, respec-
tively. The ratio of reaction rates of diene 145a versus 145b calculated by Equation (8)
was25: 1.

A solution of dienes 145a and 145c (total 62 mg, 0.33 mmol) ina [ :3.7 ratio (by 'n
NMR integration) and para-benzoquinone (7.8 mg, 0.07 mmol) in 10 mL of benzene was
heated at reflux overnight. After evaporation of the solvent, analysis of the lH NMR
spectrum of the residue showed signals for 157a and 157c in a ratio of 3.7 : I, respec-
tively. The ratio of reaction rates of diene 145a versus 145¢ calculated by Equation (8)

was 18: 1.

Diethyl 7,7-d [2.2.2] 2: 5,6 y (160b)

A solution of diene 145b (135 mg, 0.69 mmol) and diethyl acetylenedicarboxylate
(585 mg, 3.45 mmol) in 30 mL of benzene was heated at reflux for three days. The reac-
tion mixture was concentrated in vacuo, and the residue was directly treated with 0.5 mL
of 0.5 N HCl in 10 mL of methanol. The mixture was allowed to stand for 30 min before
water was added. The aqueous layer was extracted with ethyl acetate four times, and the
combined organic extracts were washed with water, then saturated NaCl and dried
(MgsO, N Flash chromatography of the residue by (4% ethyl acetate in hexane) afforded
160b (176 mg, 88%) as a colorless oil: IR (Rlm) v, .. 1715 (s) and 1625 (m) em™": 'H
NMR & 0.93 (s, 3H), 1.02 (s, 3H), 1.20 (t, / = 7.0 Hz, 3H), 1.23 (t, J = 7.0 Hz, 3H), 1.47
(dt, J = 1.3, 18.6 Hz, IHD, 2.07 (dt, J = 2.8, 18.6 Hz, 1H), 3.10 (s, IH), 3.26 (quintet, J =
2.8 Hz, IH), 4.14 (q, J = 7.2 Hz, 2H), and 4.17 (q, / = 7.2 Hz, 2H); 13C N'MR & 138
(2C, 3), 294 (3), 30.3 (3), 348 (1), 35.0 (0), 37.2 (2), 39.6 (2), 61.2 (2C, 2), 622 (2),
134.8 (0), 141.7 (0), 164.6 (0), 165.4 (0), and 208.6 (0); MS (from GC-MS) m/z (%): 294
(49, M+). 249 (31), 220 (56), 207 (46), 206 (42), 205 (33), 191 (25), 180(l3)‘, 179 (100),
178 (82), 177 (25), 165 (30), 164 (21), 163 (40), 137 (20), 133 (35), 119 (37), 107 (38),
105 (30), 93 (20), 91 (43), 79 (20), 77 (26), and 41 (20). Exact mass calcd. for
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294.1466: found: 294.1467.

Diethyl 8,8-di eyclo[2.2.2]oct-S-en-2-one-5.6-di (1680

To a solution of diene 145¢ (145 mg. 0.74 mmol) and diethyl acetylenedicarboxylate
(830 mg, 3.70 mmol) in 30 mL of benzene was heated at reflux for three days. The reac-
tion mixture was concentrated in vacuo, and the residue was treated with 0.5 mL of 0.5 N
HCl in 10 mL of methanol. The reaction was allowed to stand for 30 min before water
was added. The aqueous layer was extracted with ethyl acetate four times, and the com-
bined organic extracts were washed with water, and saturated NaCl then dried (MgSO,).
Chromatography (5% ethyl acetate in hexane) of the crude reaction mixture provided
160c (187 mg, 86%) as a slightly yellow oil: IR (film) Ymax’ 1715 (s) and 1625 (m)
cm-]: IH NMR & 1.07 (s, 3H), 1.16 (s, 3H), 1.30 (. J = 7.1 Hz, 3H), 1.33 (q. /= 7.1 Hz,
3H), 2.08 (dd, J = 3.6, 13.5 Hz, IH), 2.47 (dd, J = 2.5, 19.0 Hz, IH), 2.90 (dd, J = 2.6, 2.7
Hz, 1H), 3.52 (dd. J = 2.4, 3.3 Hz, IH), 4.24(q, / =7.1 Hz, 2H), and 4.28 (q, /= 7.1 Hz,
2H); 13C NMR & 13.6 (2C, 3), 27.8 (3), 31.0 (3). 33.8 (0), 34.9 (2), 38.2 (2), 46.6 (1).
50.5 (1), 60.9 (2), 61.0 (2), 132.3 (0), 144.9 (0). 164.0 (0), 165.7 (0). and 208.5 (0); MS
(from GC-MS) m/z (%): 294 (20, M), 251 (36), 249 (22), 207 (32), 206 (29), 205 (100),
192 (28), 191 (28), 179 (39), 178 (39), 177 (24), 163 (28), 133 (27), 119 (24), 107 (29),
105 (23), 91 (34), 77 (22), and 41 (23). Exact mass caled. for CcH),05: 294.1466:
found: 294.1458.

Diethyl bicyclo[2.2.2]oct-5-en-2-one-5,6-dicarboxylate (160a)

A solution of diene 145a (128 mg, 0.76 mmol) and diethy! acetylenedicarboxylate
(390 mg, 2.28 mmol) in 30 mL of benzene was heated at reflux for two days. The reac-
tion mixture was concentrated in vacuo, and the residue was directly treated with 0.5 mL.
of 0.5N HCl in 10 mL of methanol. The reaction was ailowed to stand for 30 min before
water was added. The aqueous layer was extracted with ethyl acetate four times, the com-

bined organic extracts were washed with water, and saturated NaCl then dried (MgSO,).
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Chromatography (4% ethyl acetate in hexane) afforded product 160a (185 mg, 91%) as a
slightly yellow oil: IR (flm) v, - 1729 (s) and 1637 (w) cm™ '; 'H NMR & 1.29-1.35
(m, 6H), 1.71-1.88 (m, 3H), 1.96-2.06 (m, 1H), 2.16 (m, 2H), 3.43 (quintet, J = 2.7 Hz,
1H), 3.63 (dd, J = 24, 2.7 Hz, IH), and 421-4.31 (m, 48D; 13C NMR & 138 ¢, 3,
22.5(2),23.8(2), 34.7 (1), 38.7 (2), 493 (1), 61.2 (2C, 2), 134.1 (0), 143.0 (0), 1642 (0),
165.4 (0), and 208.7 (0); MS (from GC-MS) m/z (%): 266 (13, M"), 221 (17), 192 (17),
179 (25), 178 (22), 151 (100), 150 (44), 149 (27), 123 (22), 105 (17), 79 (25). and 77
(19). Exact mass caled. for C, ;H gOg: 266.1153; found: 266.1157.

Diethyl 4-hydroxyphthalate (162)

A solution of diene 145a (163 mg, 0.97 mmol) and diethyl acetylenedicarboxylate
(332 mg, 1.94 mmol) in 30 mL of toluene was heated at reflux overnight. The reaction
mixture was concentrated in vacuo, and the residue was treated directly with 0.5 mL of
0.5 N HCl in 10 mL of methanol for 30 min. Water was added, and the aqueous layer
was extracted with ethyl acetate four times. The combined organic extracts were washed
with water, and saturated NaCl then dried (MgSO4) to yield product 162 (212 mg, 92%)
as a yellow oil: IR (Rlm) v, : 3371 (broad), 1715 (s), and 1604 (m) cm™'; 'H NMR &
1.31-1.37 (m, 6H), 4.28-4.40 (m, 4H), 6.94 (dd, J = 2.5, 8.6 Hz, |H), 7.03 (d, J = 2.5 Hz,
IH), and 7.74 (d, J = 8.6 Hz, 1H); 13C NMR & 13.8 (3), 13.9 (3), 61.4 (2), 62.0 (2),
L15.1 (1), 117.0 (0), 121.0 (0), 131.7 (1), 135.7 (0), 159.7 (1), 167.0 (0), and 169.3 (0);
MS (from GC-MS) m/z (%): 238 (13, M+), 193 (21), 166 (12), 165 (100), 137 (6), 121
(6), 120 (5), 81 (5), and 63 (). Exact mass caled. for C,,H 4O 238.0840; found:
238.0846.

Competitive reactions with diethyl acetylenedicarboxylate
A mixture of dienes 145b and 145c¢ (total 109 mg, 0.56 mmol) in a L : 2.0 ratio (by
"R i ion) and diethyl It (47 mg, 0.28 mmol) in 10 mL

of benzene was heated at reflux for two days. After evaporation of the solvent, analysis of
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the IH NMR spectrum of the residue showed signals for 159b and 159¢ in a ratio of 2.8 :
I, respectively. The ratio of reaction rates of diene 145b versus 145¢ calculated by Equa-
tion (8) was 7.8 : 1.

A mixture of dienes 145a and 145b (total 38 mg, 0.20 mmol) in a | : 2.0 ratio (by

"HNMR i ion) and diethy! acetylenedi late (11 mg, 0.06 mmol) in 10 mL

of benzene was heated at reflux for two days. After evaporation of the solvent, analysis of
the lH NMR spectrum of the residue showed signals for 159a and 159b in aratio of 1 : |,
The ratio of reaction rates of diene 145a versus 145b calculated by Equation (8) was 2.2 ¢
L.

A mixture of dienes 145a and 145¢ (total 73 mg, 0.38 mmol) in 1.0 : 3.7 ratio (by

'HNMR i ion) and diethyl acetylenedi (14 mg, 0.08 mmol) in 10 mL

of benzene was heated at reflux for two days. After evaporation of the solvent, analysis of
the lH NMR spectrum of the residue showed signals for 159a and 159c¢ in a ratio of 3.59
: 1, respectively. The ratio of reaction rates of diene 145a versus 145c calculated by

Equation (8) was 16: 1.

5,5,6,6- 7,7-dimethyl-2- y 2.2.2]oct-2- (163h)
and 5,5,6,6-1 Vi 1,7-di 12.2.2loctan-2- (164b)

To a dichloromethane (15 mL) solution of diene 145b (107 mg, 0.55 mmol) was
added tetracyanoethylene (71 mg, 0.55 mmot). The reaction was stirred for 30 min. After
concentration in vacuo, the crude reaction mixture was analysed by lH NMR then puri-
fied by chromatography (8% ethyl acetate in hexane) to give the hydrolysis product 164b
(78 mg, 56%). for 163b: 'HNMR & 1.10 (s, 3H), 1.27 (s, 3H), 2.13 (dd, J = 1.8, 5.1 Hz,
LH), 2.19 (dd, J = 1.8, 5.1 Hz, |H), 2.81 (d, J = 1.8 Hz, 1H), 3.47 (ddd, J = 2.4,2.4,6.9
Hz, 1H), and 5.04 (dd, J = 1.8, 7.2 Hz, IH); MS (from GC-MS) m/z (%): 309 (1, M" -
CHy), 182 (17), 181 (100), 165 (16), 128 (54), 82 (62), 73 (22), and 45 (7); for 164b: IR

(Nujo) v, 2363 (w), 2253 (), and 1747 (5) em™'; "H NMR (CD,CLy) & 110 6,
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3H), 1.54 (s, 3H), 1.82 (dd, J = 3.0, 15.3 Hz, 1H), 2.27 (dd, J = 3.0, 15.6 Hz, lH), 2.64
(dd, J = 3.6, 20.4 Hz, |H), 2.87 (dt, J = 3.0, 20.4 Hz, {H), and 3.18 (quintet, J 3.0 Hz,
IH); IJC NMR (CDZCIZ) &29.3(3),31.0 (0). 33.3 (2), 35.8 (2). 38.0 (3), 38.7 (0). 41.3
(0), 59.5 (1), 110.9 (0), [ 11.1 (0), 111.3 (0). I11.8 (0). and 199.8 (0); MS (from GC-MS)
mlz (%): 225 (14, M* -, 211 (15), 210 (100), 209 (6), 155 (6). 140 (6), 128 (6). and
127 (6). Exact mass calcd. for C“HIZNJO: 252.1010; found: 252.1007.

5.5,6,6 8.8-dimethyl-2-(tri i y)bicyclo[2.2.2]oct-2 (163¢),

5.5,6.6- 8.8-di i [2.2.2]octan-2: {164c), and 4,4-dimethyl-

6-(1,1,2,2-tetracyanoethyl)-2-cyclohexene-1-one (166)

To a dichloromethane (15 mL) solution of diene 145¢ (88 mg, 0.45 mmol) was
added tetracyanoethylene (58 mg, 0.45 mmol). The reaction mixture was stirred for 10
min. After concentration in vacuo, the residue was analysed by H NMR then chro-
matography provided 166 (42 mg, 32%) as colorless crystals and a mixture of 164¢ and
166 in ca. | : 8 ratio (45 mg, 37%).' For 163c: IH NMR b(CDZClz): 131 (s, 3H), 1.33
(s 3H), 1.66 (dd, J = 3.6, 14.7 Hz, |H), 2.03 (dd, J = 2.4, 14.7 Hz, 1H), 3.16 d. J = 7.2
Hz, 1H)), 3.20-3.23 (m, IH), and 5.36 (dd, J = 1.8, 7.2 Hz, H); MS (from GC-MS) m/z
(%): 309 (3. M*)‘ 196 (25). 182 (15), 181 (100), 165 (10), 82 (12), 75 (47), 73 (94). 56
(24), 45 (30), 43 (10). and 41 (11); for 164c: ll'{ NMR(CDZCIZ) & 1.15 (s, 3H). 1.54 (s,
3H), 1.96 (dd, J = 3.6, 16.0 Hz, IH), 2.18 (dd. J = 2.7, 160 Hz, IH), 2.79 (dd, J = 2.4, 3.6
Hz, (H), 2.79 (dd, J = 2.4, 21.0 Hz, [H), 2.95 (dd. J = 3.6, 21.0 Hz, 1H), and 3.07 (dd, J
= 2.7, 3.6 Hz, |H); for 166: mp 134-137°C (dec.); IR (Nujol) Vmax' 2571 (w) and 1678
(9 em™"; '"H NMR 5 (CD,CL): 131 (s, 3H), 133 (5, 3H), 2.21 (dd, J = 3.1, Hz, IH),
2.34 (ddd, J = 1.9, 1.9, 12.9 Hz, 1H), 3.33 (dd, J = 4.6, 14.0 Hz, |H), 598 (d, J = 10.1
Hz, 1H). 6,02 (s, 1H. and 691 (dd, J = 1.9, 10.1 Hz, 1H): '3C NMR (CD,Cly) & 250

1f the reaction was carried out at 0°C, 166 was formed as a single product.
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(3), 300 (3), 3L.1 (2), 35.0 (0%, 400 (1), 42.1 (0), 45.9 (1), 108.0 (0), 108.6 (0), 109.7 (O).
1104 (0), 125.5 (1), 162.7 (1), and 194.0 (0); MS m/z (%): 252 (1, M), 226 (10), 225
(52), 211 (15), 210 (100), 198 (17), 183 (53), 155 (19), 128 (17), 96 (79), 82 (23), 67
(22), 53 (25), 51 (18), 42 (20), and 41 (35). Exacr mass caled. for C\4H N0
252.1010: found: 252.0996.

5,5,6,6- y 2-( \ velo[2.2.2]oct-2: (163a)

To a dichloromethane (15 mL) solution of diene 145a (102 mg, 0.61 mmol) was
added tetracyanoethylene (78 mg, 0.61 mmol). The reaction mixture was stirred for 20
min. After concentration in vacuo, the crude product was washed with pentane three
times to provide 163a (168 mg, 93%) as colorless crystals: mp 122-124°C (dec.); IR
(Nujol) Ymax' 'y NMR o: 1.57-1.86 (m, 2H), 2.13-2.24 (m, 2H), 3.23-3.25 (m, 1H),
3.49-354 (m, IH), and 5.24 (dd, J = 1.6, 7.2 Hz, 1H); 'C NMR & 19.0 (2), 202 (2),
41.0 (1), 43.2 (0), 44.2 (0), 45.1 (1), 99.8 (1), 111.0 (0), 111.2 (), L1L.6 (0), 112.1 (0,
and 154.4 (0); MS (from GC-MS) m/z (%): 296 (1, M+). 170 (5), 169 (116), 168 (100),
153 (33), 75 (23), 73 (61), and 45 (19). :

Competitive reactions with tetracyanoethylene

Toa CDCI3 (0.5 mL) solution of dienes 145b and 145¢ (total 21 mg, 0.11 mmol) in
a1 :2.0ratio (by ]HNMR integration) in an NMR tube was added tetracyanoethylene (6
mg, 0.05 mmol). Analysis of the ‘H NMR spectrum of this reaction mixture showed sig-
nals for 163b and 163c in a ratio of 1 : 7.3, respectively. The ratio of reaction rates of
diene 145b versus 145c¢ calculated by Equation (8) was | : 5.4.

To a CDCly (0.5 mL) solution of dienes 1452 and 145b (total 36 mg, 0.19 mmol) in
al:2 ratio (by Il-[ NMR integration) in an NMR tube was added tetracyanoethylene (7
mg, 0.05 mmol). Analysis of the ]H NMR spectrum of this reaction mixture showed sig-
nals for 163a and 163b in a ratio of 15 : [, respectively. The ratio of reaction rates of

diene 145a versus 145b calculated by Equation (8) was 64 : |.
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To a CDCly (0.5 mL) solution of dienes 145a and 145c (total 30 mg, 0.16 mmol) in
al: 1 ratio (by Iy NMR integration) in an NMR tube was added tetracyanoethylene (10
mg, 0.08 mmol). Analysis of the lH NMR spectrum of this reaction mixture showed sig-
nals for 163a and 163c in a ratio of 5.6 : 1, respectively. The ratio of reaction rates of

diene 145a versus 145¢ calculated by Equation (8) was 10: I.

Ethyl 7,7 ¥ 2.2.2]oct-5-en-2-one-5-carboxylate (169b) and diethyl

3,3"-oxydiacrylate (171)

A mixture of diene 145b (138 mg, 0.71 mmol) and ethyl propiolate (3 mL excess) in
30 mL of benzene was heated at reflux for seven days. After evaporation of the solvent,
the residue was treated with 0.5 mL of 0.5 N HCl in 10 mL of methanol for 30 min. The
reaction mixture was diluted with ethyl acetate. After work-up the same as for 169, chro-
matography (5% ethyl acetate in hexane) of the crude product provided 169b (5! mg,
32%), 171 (88 mg), and the hydrolyzed starting material 148b (43 mg, 31%). For 169b:
IR (flm) v, 1714 (5) em™'; "HNMR 5 0.96 (s, 3H), 1.09 (s, 38, 132 (t,/ = 73 Ha,
3H), 1.43-1.55 (m, 1H), 1.62 (dd, J = 2.8, 13.0 Hz, 1H), 2.03 (dd, J = 1.5, 2.8 Hz, IH),
2.96 (d, J = 6.8 Hz, 1H), 3.53 (sextet, J = 2.7 Hz, IH), 4.23 (dq, J = 1.7, 7.2 Hz, 2H), and
7.17(dd, /= 2.2, 6.8 Hz, 1H); SO NMR & 142 (3), 300 (3), 309 (3), 324 2), 359 (0),
38.0 (1), 402 (2), 60.8 (1), 62.8 (2), 138.5 (1), 139.0 (0), 164.2 (0), and 210.9 (0); MS
(from GC-MS) m/z (%): 222 61,M"), 180 (73), 177 (15), 165 (100), 151 (28), 138 (18),
137 (45), 121 (27), L19 (18), 110 (20), 107 (95), 106 (23), 105 (25), 93 (100), 91 (51), 79
(19), 77 23), 65 (21), and 41 (17). Exact mass caled. for CIJHISOB: 222.1255; found:
222.1243; for 178: mp 112-113°C; R (Bm) v, . 1720 (5) and 1613 (m) cm™; 'H
NMR & 1.29 (t,J = 7.1 Hz, 6H), 4.20 (q, J = 7.2 Hz, 4H), 5.65 (d, J = 12.1 Hz, 2H), and
7.58 (d, J = 12.2 Hz, 2H); I!C NMR & 14.2 (2C, 3), 60.5 (2C, 2), 104.2 (2C, 1), 157.2
(2C, 1), and 166.0 (2C, 0); MS (from GC-MS) m/z (%): 214 (2, M‘), 169 (57), 129 (30),
112 (2D), 101 (26), 99 (44), 97 (94), 88 (16), 84 (28), 71 (100), 70 (32), 69 (49), 54 (21),
53(25), 45 (21), 44 (21), 43 (30), 42 (35), and 41 (17). Exact mass calcd. for CIOHMOSi
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214.0840; found: 214.0835.

Ethyl bicyclo[2.2.2]oct-5-en-2: S-carboxylate (169a)

A mixture of diene 145a (129 mg, 0.77 mmol) and ethy propiolate (3 mL, excess)
in 30 mL of benzene was heated at reflux for 5 days. After evaporation of the solvent, the
residue was directly treated with 0.5 mL of 0.5 N HCl in 10 mL of methanol for 30 min.
After work-up, chromatography (4% ethyl acetate in hexane) of the crude product
afforded 169a (71 mg, 48%) and 171 (84 mg). For 169a: IR (film) Vinax 1725 (s) and
1620 (m) cm—l: IH NMR & 1.32 (t, J = 7.0 Hz, 3H), 1.50-2.02 (m, 4H), 2.07-2.09 (n,
2H), 3.33-3.36 (m, 1H), 3.62 (d, J = 2.2 Hz, 1H), 4.24 (q, / = 7.0 Hz, 2H), and 7.21 (d, /
=6.8 Hz, |H); 3¢ NMR & 14.1 (3), 22.4 (2), 24.0 (2), 31.8 (1), 39.5 (2), 49.5 (1), 60.2
(2), 138.0 (0), 139.8 (0), 164.0 (0), and 210.8 (0); MS (from GC-MS) m/z (%): 194 (27,
M*). 152 (59), 151 (56), 123 (79), 107 (36), 91 (30), 88 (43), 79 (100), 76 (28), 77 (55),
and 51 (21).
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Chapter 3

SYNTHETIC STUDIES ON PREZIZAENE SESQUITERPENES

I Introduction

(-)-Prezizanol (186) and (-)-prezizaene (187) were first isolated from the essential
87

Their were elu-

oil of ila georgei by Ghi: i and his
cidated by both chemical degﬁdalion87 and X-ray crystallographic analysis in 1976.88
‘Two years later, Bhattacharyya et 51‘89.90 reported the isolation of (+)-prezizaene (187),
first described by Anderson er ”[‘91 in 1971, and (+)-allokhusiol (188) from Indian
vetiver ail.92 These sesquiterpenes, along with (-)-khusimone (189).93 (-)—zizaene'

(190) 9495 9698 4nd (-)-epi-zizanoic acid (192)*® that were iso-

(+)-zizanoic acid (191)
lated from the essential oil of vetiver varieties, contain the Iricyclu[t’;.z.l.ol's Jundecane
ring system. All these tricyclic sesquiterpenes were found only in vetiver oil, sandal-
wood and agarwood oil and they all have strong woody fragrances. The interesting struc-
ture-odor relationship among these tricyclic sesquiterpenes and their structural complex-
ity has made the design of synthetic routes to the tricyclo[6.2.1.0 l'S]undecxme ring sys-
tem a challenging problem in organic synthesis.

A possible biosynthesis of the prezizaene type (186-188) and the zizaene family
(189-192) of sesquiterpenes is outlined in Scheme 33. Yoshikoshi 100 suggested that ziza-
ene might biogenetically be derived from y-curcumene (194) via carbocations 195, 196

and 197. Zizaene (190) may be converted into khusimone (189) in several oxidative

Altematiyg names appesring in litrature include tricyclovetivene. ™ khusinene ™ and

khusene.



Prezizanol {186) Prezizaene (187) Allokhusiol (188)

HOOC

Khusimone (189) Zizaene (190) Zizanoic Acid (191)

Epi-zizanoic Acid (192)

steps and the prezizaene sesquiterpenes (i.e., 186, 187, 188) may be formed from carbo-
cation 196.

Apart from the degradation of natural zizanoic acid to (-)-khusimone (139),l Ol the
first total synthesis of (+)-khusimone was accomplished by Blichi and his coworkers as
outlined in Scheme 34. 102 A key step in Blichi’s synthesis was based on the biosynthesis
of zizaene sesquiterpenes. The Diels-Alder reaction of a-chloroacrylonitrile and isoprene

gave a mixture of two isomers 198 and 199, of which the latter was converted into ketal
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200 in four steps. Ketal 200 was heated to effect cycloaddition and foliowed by hydroly-
sis of the crude product furnished a 3 : 1 mixture of two epimeric ketones, 201 and 202,
respectively, in 55% yield. Ketone 202, upon treatment with pTSA, produced an 80%
yield of isokhusimone (203). Isokhusimone (203) can also be prepared from ketone 201,
but in only 15% yield. The contrathermodynamic isomerization of isokhusimone (203) to
khusimone (189) was achieved in two steps. Blichi's synthesis is quite short (ten steps),

but involves two isomer separations, and gives khusimone (189) in only 1.7% overall

yield.
Scheme 33
193 194
Prezizanol
Prezizacne <*—— <—— <——
Allokhusiol
Khusimone (189)
Zizanoic Acid (191) <— <
Epi-zizanoic Acid (192)




Scheme 34

(a) heat; (b) H;0"; (c)pTSA, CeHy,

Recently, Bumnell and Wulo; developed the short synthesis of (£)-isokhusimone
(203) that is documented in Scheme 35. The monoketal 204, available from norcamphor
(81) in seven steps, underwent a geminal acylation reaction with
1,2-bis(trimethylsilyloxy)cyclobutene (77) to afford triketone 205 in 85% yield. Trike-

tone 205 was converted into isokhusimone (203) in 78% yield by means of a titanium-
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induced carbonyl coupling reaction. The synthesis of isokhusimone (203) required nine
steps from norcamphor, and it provided 203 in 35% overall yield.

(a) BF; £40, 77; (b) TiCl, Zo/Cu

Liu reported the total synthesis of (-)-khusimone, (+)-zizanoic acid, and (-)-epi-
zizanoic acid as shown in Scheme 36.'%* The enone 207, available from (-)-cam-
phor-10-sulfonic acid in four steps, was subjected to photoaddition with

1,1di followed by is to give a 5 : 8 mixture of diketone esters 209
and 210, of which only the latter was synthetically useful. Thus, 209 was converted into
its isomer 210 in two steps. The desired isomer 210 was transformed into keto chloride
211 in eight steps. One-carbon expansion of the cyclobutanone ring was effected by treat-

ment with ethyl and boron trifluoride. After ion, the desired keto ester

213 i ion and ring closure to provide (-)-khusimone
(189). (+)-Zi ic acid (191) and (-)-epi-zi. ic acid (192) were prepared from
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4 steps

MeD .C.

M0 ,C

(a) hv, 208; (b) H,0"; (c) pyridinium perbromide, HOAG; (d) Zn, HOAc;
(¢) N,CHCOOE!, BF,-Et,0;,(f) NaOH, MeOH.
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() i (189) in a i d fashion. This synthesis of (-)-khusimone

required sixteen steps, involving two isomer separations, and provided optically active
khusimone (189) in 2.7% overall yield.
Scheme 37

207 COMe

H
}
10 steps l
}

(a) MsCl, Et;N
(b) +BuOK, THF

189

Mori's synthesis of (-)-khusimone (189) started with the Lewis acid-catalysed Diels-
Alder reaction of enone 207 with isoprene (Scheme 37).105 The desired adduct 214 was
isolated in only 35% yield. Ring ion and many other i ions led to keto-

alcohol 216 via acetate 215 in thirteen steps. Mesylation of 216 followed by cyclization



- 134

with potassil butoxide provided (-)-khusil The overall yield of (-)-khusimone

from keto ester 207 through fifteen steps was 6.9%.

Scheme 38
MgCl
6 steps H heat
—_— — o
o N P
a7 k/
28 3 steps
" +BuOK
o o " “~cyoms
189 220
s Cr
H.
N CMg; - | S;M:
Me Me
A B

Figure19. The transition states of the ene reaction of 218

Oppolzer and his coworkers carried out elegant syntheses of both racemic and chiral

(189) via an i type 2 " i " reaction as

in Scheme 38.106 The Grignard reagent 218 prepared from cyclopentenone in six steps
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was heated to fumish the cyclized organomagnesium chloride 219, which was converted
into mesylate 220 in a straightforward fashion. Treatment of 220 with base gave khusi-
mone (189). The remarkable stereoselectivity in the key step can be rationalized by
examining the alternative transition states A and B (see Figure 19). Indeed, B shows a

boat ion for the pi ring, thereby resulting in a severe flag-

pole repulsion of the C-7 methy! and the C-1 hydrogen, whereas this type of steric inter-
action is absent in transition state A. Thus, A should be favored over B, leading to the cis
relationship between C-5 hydrogen and C-8 hydrogen. In Oppolzer's synthesis. khusi-
mone (189) was obtained from cyclopentenone by a sequence of eleven synthetic opera-
tions in 1% overall yield.

The first total synthesis of epi-zizanoic acid (192) was accomplished by Yoshikoshi

and his coworkers (Scheme 39)}07

The key intermediate 222, prepared via a twelve-step
sequence from acid 221, was treated with strong base to produce the keto-ester 223. Epi-
zizanoic acid (192) was derived from 223 in four steps.

108

MacSweeney's ~ synthesis of zizanoic acid (191) and epi-zizanoic acid (192), also

shown in Scheme 39, was very similar to Yoshikoshi's synthesis. The key reaction

involved was the of a tricyclic[6.2 1016 system to form the
desired lricyclo[é.l.l.Ol‘slundecane skeleton. Thus, treatment of 225 with triethylamine
in pyridine gave 226. Likewise, compound 222 was obtained from 221.

Weisner and his coworkers achieved the first total synthesis of zizaene (190) as
shown in Scheme 40. 109 ‘The synthesis commenced with dihydroindanol 227, which was
alkylated via Claisen rearangement of the allyl ether. The resulting phenol was methy-
lated and then converted into aldehyde 228. Protection of the aldehyde and Birch reduc-

tion followed by gentle is produced the ji enone 229. This enone

underwent acid-initiated cyclization to furnish a mixture of tricyclic epimers 230 and 231
inaratioof 2 : 3. After separation, the desired epimer 231 was converted into ketone 232

in cight steps.
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(a) LIAIH,; (b) Jones’ oxidation; (c) PhyP=CH, (d) MeMgBr;
(¢) POCl,, pyridine



~13%=

Scheme 40
0o
.OMe
OH ab,c, f,g,h
i MY e hll
de
o
227 228  CHO 229 k/o
i
H y
: 0 j=q
OH
232 231 230
rex

“n.y,2,83,bb

233

(a) K,CO3, CHy=CH-CH,CI; (b) heat; (c) Me,SO,, NaOH; (d) NaCIO, OsO,,
(e) NalOy; (f) pTSA, ethylene glycol; (g) Li, NH;; (h) (COOH);; (i) HOAc;

(i) Ac;0, pyridine; (k) Hy, Pd/C; (1) ethylene glycol, pTSA; (m) KOH, MeOH;
(n) CS,, Mel; (0) heat; (p) Raney Ni, Hy; (q) 80% HOAG; (r) BrCH,COOE!,
pyridine; (s) KOH, MeOH; (t) CH,=PPhy; (u) CH,L;, Zn-Cu; (v) H;, Adams
catalyst; (W) Br,, HgO; (x) Li,CO,, DMF; (y) OsO4; HIO,; (z) NaOMe, MeOH;
(aa) MeLi; (bb) Ac,0, pyridine; heat.

Hydrogenation of the double bond occurred rrans to the methyl group leading to the

incorrect relative istry on the C-5 pared to zizaene (190). The double

bond of 233 was cleaved to give a ketone, which was epimerized with base. After separa-

tion, the desired C-5 epimer was treated with

yllithium followed by elimination to
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generate zizaene (190). The Weisner synthesis required 28 steps, and it involved two iso-
mer separations,

Coates’ synthesis of zizaene (190) is depicted in Scheme 41110 This synthesis
began with norcamphor (81), which was transformed into enone 234 in seven steps.
Compound 234 was subjected to Michael addition and Wolff-Kishner deoxygenation to

generate a | : 2 mixture of two di 235 and 236,

pecti By a routine
series of steps, the major epimer 236 was converted into keto amide 237. Nitrosation of
237 with dinitrogen tetroxide followed by the reaction with base generated the diazoke-

tone 238, which underwent ization and to afford a single

tricyclic ketone 240. The high lectivity of the cyclization can be rationalized as

follows. An intramolecular exo approach to the carbonyl would give diazonium alkoxide
intermediate 239 in which -Nzé is located at an equatorial position as a result of mini-

mization of charge ion, and, the carbx rbon bond would migrate

concertedly antiparallel to the nitrogen leaving group to give the observed tricyclic
ketone 240. The introduction of the gem-dimethyl group into ketone 239 and installation
of an exocyclic methylene unit was achieved in seven steps. The Coates synthesis
required twenty-six steps. It involved two isomer separations, and produced zizaene in

0.2% overall yield.

Piers and Banville carried out the formal synthesis of zizacne that is outlined in

Scheme 421! Thermal vinylcy followed by b lysed
conjugation of the double bond provided enone 243. Lithium divinylcopper attacked the

enone from the sterically less hindered face of the double bond (i.e., opposite the methyl

group), the double bond was i by the ide method, thi was added,
and the resulting ketone was ketalized to give 244, Hydroboration and tosylation fol-
lowed by oxidation of the resulting sulfide produced sulfone 245, which cyclized to 246

on treatment with base. The benzenesulfonyl group was removed, and the ketal was
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(a) Ph(CH,) MgBr; (b) 50% H,SO,, HOAC; () NBS; (d) CaCO;, DMA;

(¢) NBA, HCIO,; () H,CrO,; (g) (CH,),CuLi; (h) KOH, NH,NH,;

(i) 0y, HOAC; (j) H;CrO,; (k) (COCI),, CHy; (1) NHy; (m) LiAIH,;

(n) Ac,0, pyridine; (0) KOH, MeOH; (p) CrO,(CH,N),; (@) N,0,, NaOAc;
(r) NaOMe, MeOH; (s) NaH, EtOCHO; (1) n-BuSH, pTSA; (u) Li, NH,,
Mel; (v) NaOMe, McOH; (w) PhSCH,Li; (x) n-BuLi, PhCOCI; (y) Li, NH,.
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Scheme 42
[ 2 9
a b
S —_—
B
241 242 43

cde,f,g 3

47 240 190

(a) lithium phenylthio(cyclopropyl)cuprate; (b) heat; basic alumina; (c)
(CH,=CH),CuLi MeS; (d) LDA; PhSSPh; () NalO,; (f) PhSH, n-Bu,NF;
(g) PTSA, HOCH,C{CH,),CHOH; (h) BH; Me;,S; H,0,, NaOH; (i) TsCl, Py;
(§) mCPBA; (k) #BuOK; 91) Na-Hg; (m) (COOH),; (n) NaOMe, McOH.
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deprotected to generate tricyclic ketone 247, which possessed the incorrect stereochem-
istry at C-5. Base-induced epimerization produced a 2 : | mixture of 247 and 240, of
which the minor product had been converted into zizaene by Coates and his coworkers.
The Piers synthesis of the tricyclic ketone 240 required fourteen steps from bromide 241;
it involved one isomer separation.

Pattenden and Ban-ker“2 applied {2 + 2] photocyclization to the synthesis of the
Coates-Sowerby tricyclic ketone 240 as shown in Scheme 43. This synthesis began with
the alkylation of the dianion derived from cyclopentane-1,3-dione with the bromide 248.
The resulting enol was converted into a mixture of isomeric enol acetates in which
acetate 249 was predominant. This mixture of enol acetates was irradiated to givea 3 : 7
mixture of the photoadducts 250 and 151. After separation, the major photoadduct 251

was reduced with sodium borohydride, and the resulting alcohol was mesylated to afford

252. Compound 252 i ification and Grob ion to
form a 2 : | mixture of methyl epimers 253 and 254. Hydrogenation of the minor epimer
254 produced the ketone 240,

The first total synthesis of (+)-prezizaene was accomplished by Coates and his
coworkers as summarized in Scheme 44, 113 The keto-ester 255, available from (+)-pule-
gone in three steps, underwent base-catalyzed Michael addition to 3-buten-2-one, and the
resulting product was cyclized to give the bicyclic enone 256 and its epimerina 6 : |
ratio, respectively. The major isomer 256 was assigned a cis stereochemistry based on the
assumption that the Michael addition would occur preferentially on the side of the
cyclopentanone ring opposite the methyl group. Hydrogenation of the isomer mixture

to afford i the ing saturated keto-

ester with the cis ring junction, which was into 257 by a

sequence of steps. After benzoylation and deprotection, the keto amide underwent nitro-
sation by treatment with dinitrogen tetroxide to provide N-nitrosoamide 258. Compound

258 was then treated with base to give a | : 1.2 mixture of the isomeric ketones 260 and
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261, resulting from the lization and

of the diazo ketone
intermediate 259. Introduction of the gem-dimethyls to the major epimer 261 followed by

addition of ithium produced i (186), and ion of
afforded prezizaene (187).
Scheme 43
e
"y ab c
) e
G SN

o MsO-.

(a) -BuLi ; (b) Ac,0, pyridine; (c) hv; (d) NaBH; (¢) MsCl, Et,N
(f) NaOH; (g) Hy, Pd-C.
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Scheme 44
H
0
ab oc,d,c.f,
—_— —_y 0
0t ze
CO,Et CH,CH,NH,
255 256 57
hij
H
H H o
K >
-— o T . 0
» O Ny, CH,CH,N(NO)COPh
259 258
+
H
261

(a) CH,=CH-COCHy; (b) pyrrolidine, HOAc, H,0; (c) H,, Pd-C;

(d) ethylene glycol, pTSA; (¢) LIAIH,; (f) MsCl, EtyN; (g) NaCN,
Et;N°HCI'; (h) PhCOCI; (i) H;0%; () N,O,; (k) #BuOK; (1) KH, Mel;
(m) MeLi; (n) MsCl, Et;N.



Scheme 45
a — &C“%PMW (CH,),OMOM
@ ab ,_cd H
— iMe ,Bu! ————» - OSiMe Bu'
0SiMe ,Buf
264 266
efgh
H H (CH,),0MOM
o ikl momo
g
MO
MOC :
h
H
MeO,C
210

(a) NaOH, CHCly; (b) #BuLi, H,0; (c) (4,4 -di-tert-butylbiphenyl) Li*,

ZnCly; (d) 265, Pd(PPhy); (¢) n-BuNF: () PCC; (g) [(MeO),POCH,COMelLi;
(h) #Pr,NLi; (i) heat; (5) Hy, (PPhy);RhBr; (K)PTSA, MeOH; (1) CCl, PPhy,
Et;N; (m) LiAIH,; (n) TsCl, DMAP; (o) BHs Me,S; H,0,, NaOH,; (p) LiEy;BH;
(q) KH, Mel; (1) MeLi; (s) MsCl, #Pr,NEt.
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Piers and his coworkers completed the total synthesis of (&)-prezizanol and
(t)-prezizaene as outlined in Scheme 45,“4 The chlorocyclopropane 264, readily pre-

pared from the silyl ether 263 in two steps, was treated with lithium 4,4.‘di-rerl-

ipl the resulting pyl-lithium reagent was into the corre-
sponding organozinc chloride, and the latter species underwent a palladium-catalyzed
coupling reaction with the vinyl iodide 265 to give 266. Conversion of 266 into 267 was

achieved via a four-step sequence. Compound 267 was distilled at 110°C to furnish the

bicyclic diene 268 resulting from Cope Selective ion of 268,
deprotection of the hydroxyl, followed by the reaction with Ph3P-CCI4-E!1N‘ produced
the desired chloride 269, which, upon treatment with base, underwent intramolecular

alkylation to furnish the tricyclic ester 270. This ester was further transformed into

(1) i (186) and () i (187) in seven and eight steps, respectively.
These syntheses of prezizanol and prezizae;u: required twenty and twenty-one steps,
respectively, from silyl ether 263.

Recently, Mori and his c:ovvcn'kels“5 reported the total synthesis of (-)-prezizanol,
(-)-prezizaene, and (-)-allokhusiol shown in Scheme 46. Their approach began with the
keto-ester 255, available as in Coates® synthesis. Alkylation of 255 with preny! bromide,
reduction of the resulting keto-ester with LiAIH,, and ketalization of the diol with
2,3-dimethoxypropane afforded the ketal 271, which was converted into the dione 273
via aldehyde 272. Compound 273 underwent base-induced intramolecular aldol conden-
sation to furnish the enone 274. Since both catalytic hydrogenation and Birch reduction
of the enone 274 gave a bicyclic ketone with a cis ring junction, a stereoselective
hydroxyl-directed hydrogenation strategy was employed. Reduction of the enone 274
with NaBH4 gave a 82 : |8 mixture of two epimers 275 and 276, of which the minor one

(i.e., 276) was the desired product. Fortunately, conversion of 275 into 276 was readily
L6

"

achieved by following the

of 276 by using the

rhodium catalyst, (Rh(NBD)(DIPHOS-4)CIO,] ™" provided the rrans-fused alcohol,



=]

(a) NaH, (CH,),C=CH-CH,Br; (b) LiAlH,; (c) (CH;),C(OMe),, pTSA;

(d) Oy, NaBH,; (¢) Mel, KH; (f) HOAc; (g) (COCl),, DMSO, EuN;

(b) Ph,P=CHCOCHj; (i) H,, Pd-C; (j) KOH; (k) NaBH,; (1) PPh,, DEAD,
PhCO.H; (m) K,COy; (n) Hy, [RA(NBD)DIPLOS-4)ICIOy; (o) Jones'
oxidation; (p) BBry, Nal; (q) TsCl, pyridine; (r) #BuOK; (s) MeLi; () MsCl,
Et;N; (u) Hg(OAc),; (v) NaBH,, NaOH.



- 147-

which was oxidized to give the trans-fused hydrindanone 277. Ether cleavage, tosyla-

tion, and base-induced ring closure afforded the tricyclic ketone 261, which was trans-

formed into ( i )-prezi and (-)-allkhusiol in a strai fashion.

The prezizaene type (186-188) and the zizaene family of sesquiterpenes have been
chosen as popular targets for synthetic organic chemists during the past twenty years.
Clearly, a short and efficient approach to the tricyclo[G.Z.LOl‘s]undecane ring system

with i ionalities still remains a ing problem.

From the above review, it can be seen that most of the previous syntheses of zizaene
or prezizaene sesquiterpenes were designed on the basis of either A ring or C ring discon-

nection. The following section details our synthetic studies in this area,
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I Results and Discussion

Our retrosynthetic analysis is illustrated in Scheme 47. The tricyclic enone 278,
which could serve as a precursor in the synthesis of a number of sesquiterpenes like prez-
izaene (187), might be prepared from diketone 279. The conversion of spiro-diketone
281 to compound 279 should be readily achievable via enone 280. The geminal acylation

reaction of ketal 282 with cyclobutene 77 would provide spiro-diketone 281.

Scheme 47
0 O\ _o
o
278 219
[ :o 0 ,;05 0
%2 281 280

Before we undertook this synthetic approach, we realized that stereochemical con-

trol at C-2 and C-5 might be ic. Clearly, the ical outcome at C-5 will

result from the reduction of the enone double bond in 278. If one assumes that catalytic
hydrogenation of the enone double bond in 278 occurs from the less sterically hindered
face, then the comect stereochemistry at C-5 would be anticipated. If the catalytic hydro-
genation results in the undesired stereochemistry at C-5, hydroxyl-directed hydrogenation
could be used to provide the product with the correct stereochemistry at C-5. The stereo-

chemical problem at C-2 (i.e., 280 — 279) might be overcome by changing the reaction
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conditions. In a synthetic study towards the total synthesis of (t)-pentalenene and

(%)-epi-pentalenene, Wu and Burnell had earlier discovered that a | : 6 mixture of 284

and 285 was produced when 283 catalytic ion. In con-
trast, when enone 283 was subjected to Birch reduction followed by catalytic hydrogena-
tion, the mixture of 284 and 285 was formed in a 4 : | ratio. We hoped that Birch reduc-

tion of 280 followed by catalytic ion would afford 279 as the major

product.

285
Conditions Ratio (284 : 285)

H,, PAC 1.0:6.0

LiNH; Hy, P/C 40

A synthesis of spiro-diketone 281 was reported in 1986 by Bunnelle and

H as outlined in Scheme 49. 2-Methylcyclopentane-1,3-dione (103) vaider-

co-workers
went phenylsulfenation to give compound 286, which was oxidized with a peracid. The
generated dienophile 287 was trapped in situ with isoprene to provide the adduct 281.
Unfortunately, the overall yield from 105 was very low, so this sequence was not suitable
for our synthesis.

Our preparation of spiro-diketone 281 required a convenient supply of ketal 282, We

deemed 4 i (288) to be a starting material for the synthesis of

ketal 282, Birch reduction of 288 following the procedure of Isobe ef al.!2® proceeded

smoothly to give the desired product 289, which was accompanied by a smail amount of



Scheme 49
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the over-reduced product 290. The ratio of 289 to 290 was 10 : | as revealed by GC-MS
analysis. Initially it was thought that the excess lithium employed was responsible for the
over-reduction. In fact, even when 0.9-1 equivalents of lithium were used, the over-
reduced product was observed along with a considerable amount of the starting material.

No difference was found when lithium metal was replaced with sodium metal. The struc-

ture of the desired product 289 was by the following ion. Treatment
of the crude reaction mixture of 289 and 290 from the above Birch reduction with

han afforded cleanly a mixture of ketals 282

BFyEty0 and ethylene glycol in benzene
and 291 in a ratio of 10 : 1, respectively. The position of the double bond in ketal 282 was
established by its mass spectrum (Figure 20), in which the base peak at m/z 86 corre-
sponded to the fragment 293 (Scheme 51). This fragment resulted from the retro-Diels-
Alder cleavage of ketal 282. The ll-l NMR spectrum of 282 showed a narrow doublet at
81.69 for the methyl group and one olefinic multiplet at 5 5.93. This fact was consistent
with structure 282 only. Since neither fractional distillation nor flash column chromatog-
raphy on silica gel gave satisfactory separation of ketals 282 and 291, it was decided to
leave the seoaration until a later stage.

To this end, the mixture of ketals 282 and 291 was exposed to a large excess of
BF3~E(20 and three equivalents of cyclobutene 77 following the general procedure for
geminal acylation developed in this habomtory,49 Since the ratio of 282 10291 was 10 : |
by GC-MS analysis before the reaction, we were surprised that what was obtained was a
4: 1 (GC-MS ratio) mixture of spiro-diketones 281 and 292. After careful flash column
chromatography on silica gel, pure diketone 281 and a mixture of 292 and 281 were
obtained in only 40% combined yield. The structure of 281 was confirmed by the follow-
ing spectroscopic data. The IR spectrum showed a broad absorption maximum at 1716
cm'l for the [,3<cyclopentanedione moiety. In the IH NMR spectrum, a multiplet at &
2,61-3.00 ppm with an integration of tour protons was due to the four methylene protons

adjacent to the carbonyls, and a one-proton multiplet at 55.40 and a singlet at 5 1.70 were
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attributed to the olefinic proton and the methyl group, respectively. For the side product
292, its mass spectrum showed a molecular ion at s 180. In its 'H NMR spectrum a
methyl doublet appeared at 5 0.94. but no olefinic signal was observed. Apparently, the
geminal acylation reaction with ketal 291 was faster than that with ketal 282. The reason
for the difference is not understood. Our attempts to increase the ratio of the desired dike-
tone 281 by changing the reaction conditions were unsuccessful. Since the yield for the

preparation of compound 281 was low. we tumed to an alternative route {see Scheme 52).

Scheme 51
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Figure 20. Mass spectrum (from GC-MS) of 282
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Addition of yllithium to 1.4 i hylene ketal (294). a

commercially available starting material, produced the tertiary alcohol 295 in 89% yield
along with 8% recovered starting material, which was recycled. Absorption maxima at
3400 em’! (broad) and 3260 cm" (sharp) in the IR spectrum of 295 corresponded to the
hydrogen-bonded hydroxyl and the free hydroxyl, respectively. The two quartemary car-
bon resonances appeared at 5 108.6 and 68.6, of which the latter was due to the carbon
bearing the hydruxyl group. Next. this ketal-alcohol was treated with BFJ»ExQO and
cyclobutene 77 in dichloromethane following our general procedure for geminal acyla-
tion. After flash column chromatography on silica gel we obtained 78% yield of the dike-
tone 281, Clearly, BFJ-E(:O initiated both the geminal acylation of the ketal and the
dehydration of the tertiary alcohol. Thus, the reaction of ketal-alcohol 295 with

cyclobutene 77 provided an efficient approach to the spiro-diketone 281.

Scheme 52
Oy ° ) o0 @ © 0
¢ MeLi Q BF;Et0
—_— SEO.,
O OH
294 295 281

The spiro-diketone 281 was treated with three equivalents of methyllithium in
diethyl ether at -78°C. ll-l NMR spectrum of the crude product indicated a 4 : | mixture
of isomeric alcohols, whose mass spectra were almost identical. Careful-flash column
chromatography of the crude product on silica gel furnished the major epimer. and the
minor epimer along with a small amount of starting matcrial. Both alcohols showed IR
absorption maxima for a carbonyl: 1728 em™ forthe major and 1723 em™! for the minor,

and an hydroxyl: 3480 em”! for the major and 3499 cm™! for the minor. The quarternary
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carbons connected to the hydroxyl groups in the major and the minor alcohols were
located at & 79.6 and 80.5, respectively, in their l"C NMR spectra. The relative stereo-
chemistry of these two adducts was assigned in the tollowing way. Examination of
molecular models of both isomers suggested that there could be a significant NOE
between a C-6 hydrogen and the C-4 methyl with isomer 296a, and between the C-10
hydrogens and the C-4 methyl of adduct 296b. In the 'H NMR spectrum of the major
adduct, the olefinic proton’s resonance appeared as a multiplet at 5 5.33. Then, the C-6
hydrogen signal were easily located at § 2.93 by means of 2 COSY-90 spectrum This
assignment was confirmed by the fact that saturation of the olefinic signal resulted in a
2% NOE at 5293 (and a 1% NOE of the methyl signal at 5 1.67). When the C-4 methy|
singlet at 5 1.27 was saturated, a 3% NOE of the C-6 hydrogens at 8 2.93 was observed
(see Figure 21). This NOE established the sya relationship between the double bond and
the C-4 methyl group. therefore, the major adduct was 296a, and the minor adduct must

have been compound 296b. The facial selectivity observed in this case is noteworthy,

Scheme 53

0
MeLi
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296a: R, = Me; R, = OH
296b: R, = OH; R, = Me
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and we have launched a systematic study of the facial selectivity involved in this type of
spiro compound. The detailed results will be presented in Chapter Four of this thesis.
Although the isomeric alcohols 296alb could be separated by flash column chro-
matography, for our synthesis it was unnecessary to separate them. Thus, the mixture of
the keto-alcohols 296alb was subjected to ozonolysis followed by reduction with
dimethyl sulfide. The crude keto-aldehyde 207 was treated with pTSA in boiling benzene

to afford a mixture of two products as shown by GC-MS analysis. The ma

spectra of
both products showed the same mciecular ion at m/z 190, which suggested that these
products were derived from 296alb by elimination of two molar equivalents of water.
Using flash column chromatography on silica gel one product could be isolated, but the
other could only be obtained in a mixture of both compounds. The lH NMR spectrum ot
the pure product showed a one-proton singlet at 59.81, indicative of an aldehyde. Inte-
gration of the olefinic region revealed only one proton and the two methyl groups
appeared as a singlet at 5 2.24 and a double doublet at 3 1.63 in the 1 NMR spectrum,
This pure compound was therefore assigned structure 298. Its IR absorption maxima
were observed at 1740 em™! for the nonconjugated ring carbonyl and 1655 em™! for the
conjugated carbony! group. The assignment of the structure of the minor product was
achieved in a similar fashion. A methyl singlet at §2.24 in its "4 NMR spectrum and i
base peak at /m/z 43 in its mass spectrum implied a methyl ketone. Furthermore, a conju-
gated olefinic proton was found as a multiplet at §6.65. Thus structure 280 was assigned
to the minor isomer. In order to confirm this assignment, a COSY-90 experiment was per-
formed. As we expected, there was a strong cross peak between the conjugated olefinic
proton (C-8 H) and the adjacent methylene protons (CH2 at C-9) (see structure 296a).
We were surprised to find that aldehyde 298 was the predominant product when 297 was
treated with pTSA in boiling benzene. Since only the minor isomer 280 from the above

reaction was useful for our synthesis, we examined other conditions.
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In general, an aldol condensation can be induced by employing either an acid or a
base. As acidic conditions in our case resulted in the predominant formation of the unde-
sired isomer (i.., 298), basic conditions were evaluated. However, compound 297 would
very likely undergo rerro-aldol reaction under strongly basic conditions due to the pres-
ence of the hydroxyl and carbony! greups.lzl With this in mind, a mixture of mesyl chlo-
ride and triethylamine was used. It was hoped that this would initiate the elimination of
the tertiary alcohol to allow cyclization to proceed. Indeed, no aldehyde 298 was formed
when 297 was treated with the above reagents, but instead we obtained a | : | mixture of
two inseparable products, one of which was 280 as revealed by comparing the spectra
("H and '3¢ NMR) of the mixture with those of the material we had obtained before.
The structure of the other product was elucidated from its ' and l:’C NMR spectra
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available by subtracting the signals due to 280 from those of the mixture. The '°C NMR
spectrum in combination with the APT spectrum showed four olefinic resonances: one
methylene (& 106.2), one methine (5 144.1) and two quartemary carbons (8 153.4 and
143.1). indicating 299 . The 'u NMR spectrum revealed the nonconjugated olefinic pro-
tons as a double triplet and a quartet at §4.96 and 5.67. Structure 299 was assigned to
this product. Since compound 299 could also be used for our synthesis these experimental

conditions were satisfactory.

Scheme 55

O\ .o
_
280299

278

Based on the results obtained during a synthetic study toward the total synthesis of
pentalenene in our grtmp,“s direct cyclization of either 280 or 299 would be difficult

due to ring strain. Catalytic hydrogenation of the mixtur. of 280 and 299 over 10% Pd-C
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gave quantitatively mixtures each of which contained a pair of isomers, 300/301 and
302/303, as identified by both GC-MS analysis and I"C NMR spectra. The IR spectra of
both mixtures showed absorption maxima at 1732 em! for the ring carbonyls and 1708
em’! for the side chain carbonyls. All four isomers underwent aldol condensation with
potassium rerr-butoxide in benzene at room temperature to provide the cyclized products
ina78% yield after Nash chromatography. Although only one spot appeared on the TLC
plate, both GC-MS and IH NMR analysis indicated a | : 1.2 mixture of two isomers.
These isomers had almost identical mass spectra. Not surprisingly, the two isomers
proved to be very difficult to separate by flash column chromatography on silica gel
Eventually, they could be separated by flash column chromatography on 20% silver
nitrate-impregnated silica gel. For the major isomer, the IR spectrum showed an absorp-
tion maximum at 1676 cm'l for the conjugated ring carbonyl. A three-proton doublet at
50,94 and a one-proton multiplet at 5.74 in its "H NMR spectrum were attributed to the
methyl group and the olefinic hydrogen, respectively. Accordingly, the two olefinic and
carbonyl resonances in its ' °C NMR spectrum were located at 5 180.7, 119.6 and 204.3.
The IR spectrum of the minor isomer was very similar to that of the major one. However,
its lH NMR spectrum showed the methyl doublet at 6 1.04, and the olefinic proton
appeared as asinglet at §5.74. The ining problem was the assi of the relative

y at C-2. U NOE il on these two ization prod-

ucts were inconclusive. Thus, an alternative solution was sought.

Scheme 56
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278 232
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The relative stereochemistry of the cyclization products can be determined by con-
version to known compounds. With this idea in mind. the major isomer was catalyticaily
hydrogenated. After flash column chromatography on silica gel, the saturated ketone was
obtained in quantitative yield. The IH NMR spectrum of the hydrogenation product indi-
cated the complete disappearance of the olefinic proton signal. and the IR spectrum
showed an absorption maximum at 1714 em”! for a carbonyl on a saturated ring. In the
'H NMR spectrum, a methyl doublet was observed at 50.92. The 'H NMR and IR spec-
tra were consistent with those of compound 232 reported by Wiesner and coworkers. L

It was thus clear that the minor product of the cyclization reaction was 278, This assign-

ment was by ing the ion product 232 into another known
compound 305, which had been previously prepared by Mori and coworkers. its The
introduction of the geminal dimethy! groups into 232 was achieved by treatment with
potassium hydride and an excess of iodomethane in THE'?2 Column chromatography
of the crude product on silica gel provided 305 in 82% yield. The geminal methy! groups
appeared as singlets at 4 1.17 and 1.05 in its 'n NMR spectrum. The spectral data were
indistinguishable from those of 305 reported by Mori er nl.“5 Since the major isomer
was unambiguously assigned as 304, then the minor one must have been 278 (vide infra).

As the cyclization products 304 and 278 were formed in a ratio of 1.2 : 1, then it
would be reasonable to pressume that the ratio of 300/301 to 302/303 was 1.2 : | as well.
Alternatively, it could be pressumed that the facial selectivity of catalytic hydrogenation
of the unconjugated double bond was 1.2 : 1. It was disappointing, but not surprising that
this poor facial selectivity was observed, as the steric environment on both faces of the
nonconjugated double bond seemed roughly the same. Since the ratio of the cyclization
products (1.2 : 1) was not high enough for our synthesis, a Birch reduction sequence
(Scheme 57) was evaluated.

Compound 280/299, upon treatment with lithium in liquid ammonia, gave a mixture

of several products, This mixture was oxidized with PCC, When the resulting mixture of
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diketones (containing four isomers 306/307) was treated with either a base or an acid. no
cyclization to 308 was observed. The mixture of diketones was catalytically hydro-
genated, and the resulting crude product was treated directly with potassium rerz-butoxide

in benzene. After column on silica gel, ization products 278 and

304 were obtained in a combined yield of 74%. The ratio of 278 to 304 was only sightly
0,25 revealed by both GC-MS and 'H NMR analysis.

improvedto 1.2:

Scheme 57

Our next proposal to convert the undesired isomer 304 into the desired one origi-
nated from the different thermodynamic stabilities of the two isomers. Examination of
the molecular models of 304 and 278 suggested that the steric interaction between the
C-2 methyl and the C-10 methylene 1n 304 must be larger than that between the C-2
methyl and the C-11 methylene in 278, which in tum suggested that 278 should be the
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favored product. Epimerization at C-2 of 309 would require the intro-
duction of a double bond between C-3 and C-4. Barton and coworkeISSI reported that
benzeneselenic anhydride can be used to introduce a double bond next to a carbonyl.
However, when a chlorobenzene solution of 304 was heated overnight with benzenese-

lenic anhydride, no formation of 309 was detected. It was decided to evaluate the use of

DDQ in benzene since it had been { ployed to prepare the 2,2-di ituted

pent-2: 1.3-dione derivatives from their i | 1.3-diones.

for our -facial selectivity studies (see Chapter 1). The reaction of 304 with DDQ in buil-
ing benzene was fast, being complete in one hour. The resulting product appeared 10 be
311 (Scheme 58) as tentatively assigned according to its mass spectrum and 'H NMR
spectrum. Consequently, we were unable to make 309 for the proposed epimerization

(309 S 310). It should be mentioned that catalytic hydrogenation of 311 produced ca. a

1 2 1.2 ratio of 232 and its methyl epimer 312,
Scheme 58

310

310
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As hydrogenation of 278 gave the incorect stereochemistry at C-5 relative to natu-
ral zizaene and prezizaene, a solution was sought which might alieviate this problem.
Stork and :oworke:rs123 reported that reductive alkylation of octalone 313 (Scheme 59)
gave 314 exclusively, while a 4 : | mixture of 316 and 317 was formed when tetrahydrin-
danone 315 was subjected to the same conditions. With this in mind, enone 278 was sub-
mitted to Birch reduction with lithium in liquid ammonia. Surprisingly. the same products
as with catalytic hydrogenation were obtained (Scheme 60). The stereochemistry of 312
at C-5 was tentatively assigned.

Scheme 59

LVNH,
Mel

313
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Given the undesired stereochemistry at C-5 in 232, an alternative route to the natural
trans isomer 261 was considered. Evans and Murrissey“7 reported that some soluble

rhodium (I) catalysts can effect hydroxyl-di d ions of aleo-

hols. For instance, the traas isomer 323 (Scheme 61) was required in the total synthesis
of retigeranic acid. 2% The enone 318 was reduced to give alcohol 319, Inversion of the
alcohol center in 319 was effected via the Mitsunobu procedure. Hydrogenation of 320
with Evans' Rh (I) catalyst 321 in THF followed by Jones oxidation provided 323 via

(115

322. A similar strategy was applied by Mori er al.” "~ to the syntheses of prezizaene and

its family members. Thus, Mi reaction in bination with hydroxyl-di !

hydrogenation appeared to be the solution to the stereochemical problem at C-5 in 232.

Enone 278 (Scheme 62) was reduced with NaBH, in methanol with cerium (1)
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chloride at room temperature. Although GC-MS and TLC analysis showed only one com-
pound, the 'H NMR spectrum indicated a mixture of two isomers in a ratio of 9 : 1. In
the 'H NMR spectrum of the crude product, the vinyl hydrogen and the carbinol hydro-
gen in the major and minor isomers were located at 6 5.12 (quintet) and 4.57 (m). 6 5.18
(d) and 3.82 (m), respectively. In order to establish the relative stereochemistry of the
hydroxyl in these two isomers. NOE experiments was performed. For the major isomer,
saturation of the methyl doublet at & 0.86 resulted in a 1.2% NOE of a multiplet in the
region of 5 1.48 ppm. As shown by a 'H-'C correlation spectrum, this multiplet was

due to ofa

group. ination of molecular models of both possi-
ble isomers (i.c., 324 and 325) suggested that this methylene could be one of C-3, C-4, or
C-11. In addition, a | % NOE was observed of the same multiplet at 5 |48 when the sig-
nal due to the hydrogen at C-7 (5 4.57) was saturated. Since both the C-3 and the C-10
methylenes are too far away from the carbinol hydrogen to experience this NOE, the mul-

the

tiplet at 6 1.48 must arise from the C-11 C
carbinol hydrogen must be cis to the C-11 methylene hydrogens so that an NOE is possi-
ble. Therefore, the major isomer was assigned structure 324, and, of course, the minor
one could be only 325. As the separation of both isomers was difficult by flash column
chromatography on silica gel, it was hoped that the reduction of 278 would provide either
324 or 325, but no‘( both. Thus, 278 was again with reduced NaBH_/CeCI; in methanol,
but at -78°C. This time only 324 was formed as revealed by lH NMR. Alcohol 324
could be isolated in yields as high as 94%. Alcohol 324 was then treated with Mitsonobu
reagents followed by hydrolysis with sodium methoxide in methanol according to the lit-
erature pmceciure.]z5 After flash column chromatography on silica gel a 53% yield was
obtained of the mixture of 325 and 324 in a 95 : 5 ratio as clearly indicated by 'HNMR.
It was hoped that hydrogenation of 325 with Evans' Rh (I) catalyst 321 will give the
desired product 326, which in turn might be oxidized by PCC to 261. Since Mori er al.

have directly converted 261 into i 186), i 187) and iol(188)
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in a straightforward fashion (Scheme 63), our approach will constitute a tormal sy nthe-

ses of these natural products.
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As i earlier, 232 d the incorrect stereochemistry at C-5

with respect to natural zizaene. . Wiesner and rkers did manage to
transform this compound into zizaene(190) in a few steps. Thus 232 should serve as a
precursor to zizaene as well. The shortcoming associated with our synthesis lies in the
relatively low stereochemical control at C-2 methyl group, but our approach was quite
short and the yield in each step is high. The strategy developed in this synthetic study
provides a novel entry to both zizaene and prezizaene sesquiterpenoids. and it further
demonstates the synthetic use of the geminal acylation reaction for the total synthesis of

natural products.
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T Experimental”

1-Methoxy—4-methyl-1,4-cyclohexadiene (289)

4-Methylanisole (288) (3.20 g. 26.2 mmol) was dissolved in THF (10 mL) and
added to liquid ammonia (40 mL) at -40°C. To this mixture was added freshly cut lithium
metal (0.18 g, 26.2 mmol) in portions and the resulting blue solution was stirred for 30
min at -40°C before solid NH"CI was added (until the blue color disappeared). After
warming to room temperature the solvents were removed in vacuo. The pale yellow
residue was extracted with ether (x4), and the combined organic extracts were washed
with water and saturated NaCl, then dried (MgSO na and concentrated to give 3.07 g of
crude product as a yellow oil. GC-MS analysis of this crude product indicated that it was
a mixture of the desired product 289 and over-reduced product 290 in a ca. 10 : | ratio.
This crude product was used for next step without purification. For 289: MS (from GC-
MS) m/z (%): 124 (47, M"), 110 (44), 109 (95), 81 (37), 79 (40), 68 (73), 67 (100), 53
(65), 51 (31),42 (23), and 41 (62); for 290: MS (from GC-MS) m/z (%): 126 (8, M "), 84
(47),83 (26), 56 (39), 55 (100), 45 (38), 44 (27),43 (71), 42 (40), and 41 (76).

8-Methyl-1,4-dioxaspirof4.5]dec-7-ene (282)

To a solution of the crude material obtained above (3.07 g) and ethylene glycol (10
mL, excess) in THF (40 mL) was added BFJELIO (1.0 mL) with cooling in an ice bath
under nitrogen. After stirring for 20 min the residue was poured into cold NaHCOJ solu-
tion (40 mL) and extracted with four portions of ether. The combined extracts were
washed with water and saturated NaCl, dried over MgSO, then concentrated to give a
colorless oil, which was purified by flash chromaiography (1% ethyl acetate in hexane) to

afford a product containing 90% of the dJesired ketal 282 along with 10% of 291 as a

For General Procedures, see Chapter |: Experimental Section
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colorless oil (3.39 g, 84% overall yield from 288): IR (film) Vit 2928 (s) and 1447 (m)
cm\: for 282: "H NMR & 1.69 (br 5. 3H). 1.76 (1. ] = 6.6 Hz. 2H), 2.16 (apparent t, / =
6.3 Hz, 2H), 2.22 (br s, 2H), 3.96 (s. 4H), and 5.30 (m, 1H); I“C NMR & 22.9 (3), 29.0
(2), 308 (2), 35.3 (2), 64.1 (2C, 2). 107.7 (0), 118.3 (1), and 133.4 (0): MS (from GC-
MS) m/z (%): 154 (16, M"), 86 (100, 53 (101, 43 (16), 42 (40). and 41 (14). For 291: 'H
NMR & 091 (d. J = 6.3 Hz, 3H). 1.20-165 (m. 9H), and 392 5. 4H): 'O NMR 214
(3), 311 (1), 320 (2C, 2), 34.3(2C, 2), 63.8 (2C, 2). and a quaternary carbon was not
found due to its low intensity; MS (from GC-MS) m/z (%): 156 (1. M), 99 (100). 86
(21),55 (35),42 (18), and 41 (18).

8-Methylspiro[4.5]dec-7-ene-1,4-dione (281)

The ethylene ketal mixture 282 and 291 (215 mg, 1.42 mmol) was treated with
BF3E0 (2.6 mL, 21 mmol) and the cyciobutene 77 (1.1 mL, 4.2 mmol) following our
standard procedure. % Flash chromatography (4% ethyl acetate in hexane) provided 8
mg (34%) of the desired diketone 281 as colorless crystals and 30 mg of a mixture of 281
and 292. For 281: mp 76-77°C: IR (film) L 1716 (s) and 1410 (m) cm.l: IHNMR &
1.70 (br s, 3H), 1.75 (1, J = 6.3 Hz, 2H), 2.02 (apparent t, J = 5.7 Hz, 2H), 2.13 (sextet, J
= 2.1 Hz, 2H), 2.61-3.00 (m, 4H), and 5.40 (m, 1H): '3C NMR & 23.3 (3),25.7 2), 267
12), 276 (2), 34.2 (2C, 2), 55.1 (0). 116.7 (1), 132.8 (0), and 214.7 (2C, 0); MS (from
GC-MS) m/z (%): 178 (62, M"), 149 (25), 136 (22), 135 (100), 121 (34), 107 (31), 94
(21),93 (35), 91 (45), 57 (21), 55 (43), 53 (41), 51 (29), 43 (24), and 41 (39). Exact mass
caled. for €, H, 4O,: 178.099%; found: 178.0991. For 292: MS (from GC-MS) m/z (%:
180 (38, M"), 124 (29), 112 (50), 111 (28), 85 (32), 81 (77), 79 (28), 68 (29), 67 (54), 56
(51), 55 (100), 53 (58), 45 (24), 42 (38), and 41 (99).

8-Methyl-1,4 p 51d -0l (295)

To a solution of |,4-cyclohexanedione mono-ethylene ketal 294 (2.40 g, 15.6 mmol)
in anhydrous ether (80 mL) was added 1.4 M methyllithium solution in ether (13.4 mL,
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18.7 mmol) at -78°C. The reaction mixture was stirred for another at two hours at -78°C
before water was added. The aqueous layer was extracted with ether (<3). The combined
organic extracts were washed with water and saturated NaCl, then dried over MgSO, and
concentrated in vacuo. The residue was purified by flash chromatography (8% ethyl
acetate in hexane) to provide 295 (243 g, 91%) as colorless crystals and recovered start-
ing material 294 (0.19 g, 7%): For 295: mp 68-69°C: IR (film) Vit 3300 (br) and 3263

(sharp) em™!: 'HNMR & 1,25 (s, 3H). 1.54-1.72 (m, 6H), 1.80 15, OH), 1.84-1 94 (m,

2

. and 3.94 (m, 3H0; 13C NMR & 29.6 (), 306 (2C. 2, 36.5 (2C. 2), 640 (2C.
68.6 (0, and 108.6 (0); MS (from GC-MS) mz (%): 172 (0.5, M"), 100 (85), 99 (100),

86(56). 71 (13), 55 (24), and 42 (15).

Spiro-diketone 281 from ketal alcohol 295

The ketal alcohol 295 (1.53 g, 9.94 mmol) was treated with BF3-Et20 (18.3 mL,
149 mmol) and the cyclobutene 77 (7.9 mL, 30 mmol) according to the standard proce-
dure. Purification of the crude reaction mixture by flash chromatography (5% ethyl

acetate in hexane) afforded 281 (1.23 g, 78%) as colorless crystals. All spectra of this

were indistingui from those of spiro-diketone prepared from ketal 282,

WR"5S") (2962) and @R"5R")-4-Hydroxy-4,3-dimethylspiro[4.5]dec-7-¢n-1-one
(296b)

To a solution of diketone 281 (603 mg, 3.39 mmol) in anhydrous ether (40 mL) was
added 1.4 M methyllithium solution in ether (4.8 mL, 6.78 mmol) at -78°C. The reaction
mixture was stirred for another two hours at -78°C before water was added. The aqueous
layer was extracted with ether (x4). The combined organic extracts were washed with
water and saturated NaCl, then dried over Mg504 and concentrated in vacuo. Chro-
matography (6% ethyl acetate in hexane) of the residue gave 454 mg of 296a (69%), 131
mg of 296b (20%) and 42 mg of recovered diketone 281 (6%), each as colorless crystals.
For 296a: mp 67-68°C; IR (Rlm) v,___: 3480 (br) and 1728 (s) cm": 'HNMR ¢ 1.27 5,
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3H), 1.67 (br s, 3H), 1.68-2.04 (m, TH including a multiplet at 1.92 for two hydrogens
and OH), 2.00-2.24 (m, 3H), 2.38-2.54 (m, FD, and 5.31 (narrow d, J = 1.5 Hz, |H);
NOE data (CDCly): irradiate 5.31: NOE at 167 (1%), 1.92 (2%): irradiate 1.67: NOE at
531 (9%); imadiate 1.27: NOE at 192 (3%); '3C NMR & 23.0 (2), 233 (3), 24.5 (3),
27,00 (2), 28.5 (2), 34.0 (2), 343 (2), 537 (0), 79.6 (0, 117.7 (1), 134.0 (0), and 2206
() MS (from GC-MS) m/z (%): 194 (10,M"), 136 (57), 121 (26), 119 (18), 118 (37),93
(25), 91 (24), 79 (23), 77 (25). 55 (23). 43 (100), and 41 (25). Exact mass caled. for
CI!HIBOZZ 194.1306; found: 194.1310. For 296b: mp 98-99°C: IR (film) Vmax' 3499
(b and 1723 () cm’"; 'H NMR & 1.28 (s, 3H), 1.48-1.65 (m, 2H), 1.68 (br s, 3HD),
1.86-2.18 (m, TH including OH), 2.34-2.40 (m, 2H), and 5.46 (m, LED; '3C NMR & 22.6
(31,23.3(3),25.2 (2), 268 (2), 33.3 (2), 33.6 (2), 54.3 (0), 85.5 (1), 118.8 (1), 133.2 (0),
and 219.9 (0): MS: essentially the same as for 296a. Exact mass caled. for CI2H18°2:
194.1306; found: 194.1307.

3-Hydroxy-3-methyl-2-(3 ¥)-2-(2 ¥hey 1

Ozone was passed through a solution of alcohols 296a/b (254 mg, 1.3 mmol) in
dichloromethane (40 mL) at -78°C until the blue color persisted. The excess 0zone was
removed by bubbling oxygen through the solution until the blue color disappeared. The
reaction system was purged with nitrogen to remove the remaining oxygen. Then
dimethyl sulfide (3 mL) was introduced, and the reaction mixture was stirred overnight
during which time the reaction was allowed to attain room temperature. Evaporation of
the solvent in vacuo gave crude 297 (91% pure by GC-MS analysis) as a yellow oil: MS
(from GC-MS) m/z (%): 226 (1, M), 165 (12), 147 (10), 141 (1), 110 (10), 109 (18), 99
(39), 71 (11), 55 (14), 43 (100), and 41 (10).

6-Formyl-4,7-dimethylspiro[4.4]nona-3,6-dien-1-one (298)
The solution of crude 297 obtained above and a catalytic amount of pTSA (50 mg)

in benzene (40 mL) was heated to reflux with a Barrett water-separator for two hours.



-172-

Saturated NaHCO, was added when the reaction had cooled to near room temperature.
The aqueous layer was extracted with ether (<3). The combined organic extracts were
washed with saturated NaHCOl. water and saturated NaCl then dried over MgSO. )y After
concentration in vacuo the brown residue was purified by flash chromatography (4%
ethyl acetate in hexane) to afford 77 mg of 298 (31%) as slightly yellow vil and 113 mg
of a mixture of 298 and 280 (45%) ina | : 1.2 ratio. For 298: IR (film) Vmax: 1739 60
1654 (5), and 1620 (m) cm™'; 'H NMR & 1.63 (dd. J = 1.7, 2.4 Hz, 31, 1.80-2.17 (m,
2H), 2.23 (s, 3H), 2.69 (m, 2H), 2.86 (dt, J = 3.3, 22.9 Hz, 1H), 3.24 (dt, J = 2.4, 229 Hz,
IH), 5.74 (q, J = 1.8 Hz, |HD, and 9.08 (s, IHD; I"C NMR 5: 15.3 (3), 16.0 (3),33.0 (2),
40.7(2),43.5(2),69.2 (2), 122.3 (1), 139.9 (0), 143.4 (0), 167.6 (0), 187.3 (1), and 221.4
(0); MS (from GC-MS) m/z (%): 190 (55, M), 147 (73), 133 (21), 119 (100), 105 (40,
91 (73), 79 (31), 77 (54), 65 (28), 53 (33), 51 (42), 50 (14), and 41 (46). Exact mass
caled. for C,H, 40, 190.0993: found: 190.0984.

7-Acetyl-+ ylspiro[4.4]nona-3,7-dien-1 (280) and 7 yl-4

spiro[4.5]non-7-en-1-one (299)

To a solution of crude 297 obtained from aicohols 296a/b (206 mg, 1.06 mmol) in
CHZCIZ (20 mL) was added triethylamine (3 mL) followed by methanesulfonyl chloride
(0.5 mL, excess) dropwise at 0°C. The reaction mixture was stirred for one hour at room
temperature. Then the reaction mixture was poured into 50 mL of water. The aqueous
layer was extracted with CH’ZCIZ (*3). The combined organic extracts were washed with
I N HCl, water and saturated NaCl then dried over MgSOI‘. After concentration in
vacuo, the cesidue was purified by flash chromatography (5% ethyl acetate in hexane) to
provide an inseparable mixture of 280 and 299 (138 mg, 68% total yield from alcohols

296a/b) as a colorless oil. IR (film) v, 1742 (s), 1664 (3), and 1630 (m) cm'l; For

‘max’
280: 'HNMR 6 (from the mixture): 1.71 (q, J = 2.4 Hz, 3H), 2.34 (s, 3H), 2.40-3.42 (m,
6H), 5.67 (t, J = 1.8 Hz, |H), and 6.65 (m, IH); B¢ NMR & 13.5 (3), 26.3 (3),27.3 (2),

38.9(2),41.4(2), 57.5 (0), 119.5 (0), 140.7 (0), 143.1 (0), 153.4 (0), 195.4 (0), and 218.7
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(0); MS (from GC-MS) m/z (%): 190 (0.2, M’). 162 (15), 119 .23), 91 (24), 43 (100),
and 41 (15). For 299: lH NMR & (from the mixture): 2.34 (s, 3H), 2.40-3.42 (m, 8H),
4.90 (t,/ = 1.8 Hz, 1H) 500 (¢, J = 1.8 Hz, 1H), and 6.6 (m, 1HD); '>C NMR &27.7 (3),
39.0 (2), 41.0 (2), 42.2 (2), 43.2 (2), 58.6 (0), 106.2 (1), 140.9 (0), 142.1 (0), 144.1 (0),
195.4 (0), and 220.5 (0); MS: essentially the same as 280. Exact mass calcd. for
CIZHMOZ: 190.0993: found: 190.0993.

*, I . K
7R )- (301), (4R ,5R ,7R )- (302), and (4R ,5R ,7S )-

7-Acetyl-+ ) 44 1 303)

To a solution of the mixture of 280 and 299 (213 mg, 1.12 mmol) in methanol (30
mL) was added 10% palladium on charcoal (50 mg). After shaking for one hour under !-l2
(50 psi) the black suspension was filtered to remove the catalyst, and the filtrate was con-
centrated. Flash chromatography of the residue (5% ethyl acetate in hexane) provided 60
mg (27%) of the minor products (which were a pair of epimers at C-2, either 300/302 or
3017303, in a | : 1.2 ratio) and 144 mg (66%) of the major products (which were also a
pair of epimers at C-2, 301/303 or 300/302, in a i : 1.2 ratio) in that order of elution as
colorless oils. For the minor products: IR (flm) v 1733 (s) and 1709 () em’'; 'H
NMR & 1.01 (d, J = 6.3 Hz, 6H), 1.28-2.40 (m, 28H including two singlets at 2.18 and
2.17 for two methyl groups), 3.08-3.22 (m, 2H); l:‘C NMR (300/301 or 301/303) &
15.2/14.4 (3), 27.427.7 (2), 27.928.2 (2), 29.229.2 (1), 30.3/28.6 (2), 34.8329 (2),
35.4/35.4 (2), 40.3/40.1 (3), 51.5/51.3 (0), 59.8/59.5 (0), 210.2/210.1 (0), and 223.0222.4
(0): MS (from GC-MS) m/z (%): 194 (6, M"), 133 (16), 111 (57), 95 (21), 67 (22), 55
(253, 43 (100), and 41 (30). Exact mass caled. for Cj,H g0,: 194.1306; found:
194.1306. For the major products (301/303 or 300/302): IR (film) Vit 1732 (s) and
1709 () el 'HNMR & 1,01 (d, J = 2.7 Hz, 31D, 103 (d, J = 2.4 Hz, 3HD, 140-241
(m, 28H including two singlets at 2.17 ard 2.19 for two methyl groups), 2.78-2.90 (m,
2H): l:‘C MR (3007302 or 301/303) & 14.9/14.8 (3), 27.327.4 (2), 28.028.2 (1),
28.3/28.5 (2), 28.831.0 (2), 35.0/34.6 (2), 35.5/35.2 (2), 40.6/40.5 (3), 53.1/52.8 (1),
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59.2/59.2 (0), 209.4/209.3 (0). and 222.1/221.5 (0). MS essentially the same as for the

minor isomers, Exact mass caled. for cl"HISO” 194.1306; found: 194.1299,

(R"2R'8RY)- @78) and  (1R".25"8R")-2-Methyltricyclo[6.2.1.0" junde-
can-5-en-7-one (304)

To a solution of epimers 300/302 and 301/303 (190 mg, 0.98 mmol) in dry benzene
(30 mL) was added potassium rerr-butoxide (220 mg, 1.96 mmol) at room temperature,
and the reaction was closely monitored by TLC. When TLC showed the complete con-
version (roughly 20 min), water was added. The aqueous layer was extracted with cther
(x3). The combined organic extracts were washed with water and saturated NaCl, then
dried over MgSO,. Concentration in vacuo gave a slightly yellow oil, which was purified
by flash chromatography (5% ethyl acetate in hexane) to provide a mixture of epimers
278 and 304 (119 mg, 70%) in a | : 1.2 fatio. For the separation of these isomers and

their spectral data see below.

(1R" 28" 5R" 8R")-2-Methyltricyclo[6.2.1.0" *jundecan-7-one (232)

The tricyclic enone 278 (88 mg, 0.50 mmol), dry benzene (30 mL) and 10% palla-
dium on carbon (50 mg) was shaken under 50 psi of hydrogen for one hour. The resulting
suspension was filtered through a silica gel plug and the filtrate was concentrated in
vacuo. The residue was purified by flash chromatography (6% ethyl acetate in hexane) to
give 0f 232 (80 mg, 91%) as a colorless oil: IR (flm) v 1714 (s) cm™: 'H NMR o
0.92 (d, J = 6.6 Hz, 3H), 1.26-1.60 (m, SH), 1.67-242 (m, TH), 2.13 (dd, J = 4.5, 174
Hz, IH), 2.52 (dd, J = 8.4, 17.7 Hz, 1H), and 2.66 (dd, J = 5.1, 7.8 Hz, 1H); ''c NMR &
140 (3), 266 (2), 303 (2), 32.0 (2), 32.1 (2), 32.8 (2), 385 (1), 39.7 (2), 449 (1), 49.3
(1), 52.5 (0), and 215.7 (0); MS (from GC-MS) m/z (%): 178 (23, M"), 135 (24), 134
(36), 108 (21), 107 (46), 95 (30), 94 (43), 93 (75), 91 (43), 81 (36), 80 (33), 79 (77), 77
(46), 68 (40), 67 (81), 65 (26), 55 (65), 53 (36), and 41 (100). Exact mass calcd, for
€ HgO: 178.1357; found: (78.1353. )
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(18" 28" 5R" 8R")-2,6,6- vitricyclo(6.2.10 7-one (305)

A fNask was charged with KH (35% w/w dispersion in mineral oil) (155 mg, 1.36
mmol), which was washed with hexane three times. The flask was then immersed in a
water bath maintained at 25°C. THF (30 mL) was introduced followed by dropwise addi-
tion of the tricyclic ketone (81 mg, 0.45 mmol) in 4 mL of THF. After 5 min of stirring,
iodomethane (0.5 mL, excess) was added dropwise. The reaction mixture was stirred for
another 30 min then treated cautiously with 5 mL of water. The aqueous layer was
extracted with ether (x3), and the combined organic layers were washed with saturated
NaCl and dried over anhydrous K:COJ. After concentration in vacuo, the residue was
purified by flash chromatography (4% ethyl acetate in hexane) to provide (77 mg, 82%)
of 305 a5 a colorless oil: IR (flm) v, _ - 1704 em™: H NMR & 0.90 (d, / = 69 Hz,
3H), 105 (5, 3ED, 117 (s, 3H), 1.99-121 (m, 12HD), and 2.73 (dd, J = 4.5 Hz, 11; ¢
NMR &: 14.5 (3), 24.5 (3), 259 (2), 27.2 (2), 30.6 (2), 31.1 (2), 31.7 (0), 32.9 (3), 37.1
(2), 38.6 (1), 50.1 (1), 53.5 (0), 57.3 (1), and 220.0 (0); MS (from GC-MS) m/z (%): 206
(12, M"), 135 (231,95 (21), 94 (46), 93 (34), 91 (25), 82 (26), 81 (22), 79 (41), 77 (26),
69 (36), 67 (51), 55 (46), 53 (23), 43 (22), and 41 (100). Exact mass calcd. for CMHHO:
206.1670; found: 206.1686.

8" 75™)- (306) and (58", 7R")-7-Acetyl-4 piro[4.4]non-3-en-1-one (307)

To lithium (40 mg, excess) in liquid ammonia (30 mL) at -78°C was added a solu-
tion of 280/299 (142 mg, 0.75 mmol) in THF (5 mL). The reaction temperature was
raised to -35°C, and the mixture was stirred for ca. 30 min, whereupon solid NH4C1 was
added cautiously (the blue color disappeared immediately), and the ammonia was
allowed to evaporate overnight. The residue was extracted with ether (x3). The combined
organic extracts were washed with water and saturated NaCl, then dried over MgSO, n
and concentrated in vacuo. The resulting crude product was treated with pyridinium
chlorochromate (650 mg, 3.0 mmol) in CHZC[2 (30 mL) overnight. Filtration through a

Florisil pad removed a black precipitate, and five volumes of ether were passed through
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the pad. The combined solutions were concentrated in vacuo to give an oily product
(306/307) (126 mg, 87%), which was used for next step without separation: MS of the
mixture (from GC-MS) myz (%): 192 (22, M), 164 (35), 149 (30, 121 (5D, 119 (23,

105 (26), 93 (41), 91 (36), 79 (44). 77 (31). 55 (25). 43 (100), and 41 (24).

6-Acetyl-+ ¥Ispiro[4.4]: 1 (300-303) from the Birch reduction route
To asolution of the crude material obtained above (126 mg) in anhydrous methanol

(30 mL) was added 10% palladium on charcoal (50 mg) slowly. After shaking for one

hour under hydrogen (50 psi) the solution was filtered to remove the catalyst, and the fil-

trate was in vacuo. Flash y (6% cthyl acetate in hexane) of

the residue provided two components (the major: 80 mg, 63%: the minor: 31 mg, 24%)
which contained the same epimers as the products obtained by direct hydrogenation. The

spectroscopic data were identical with those obtained by direct hydrogenation.

2 yclo[6.2.1.0"5Jundec-5-en-7-one (278 and 304) from the Birch reduc-

tion route

To a solution of epimers 300/302 and 301/303 (98 mg, 0.51 mmol) in dry benzene
(30 mL) was added potassium rerr-butoxide (114 mg, 1.0l mmol) at room temperature,
and the reaction was monitored by TLC. When TLC showed complete conversion
(roughly 20 min), water was added. The aqueous layer was extracted with ether (*3).
The combined organic extracts were washed with water and saturated NaCl, then dried
over MgSO4. Concentration in vacuo gave a slightly yellow oil which was purified by
flash chromatography (5% ethyl acetate in hexane) to provide a mixture of two epimers
278 and 304 (64 mg, 72%), but in a 1.2 : | ratio. The spectroscopic data were indentical

with those obtained by the direct hydrogenation route.

Preparation of 20% silver nitrate-impregnated silica gel

Al operations were performed in the dark since silver nitrate is sensitive to light. To
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a 250 mL round-bottomed flask containing silica gel (30 g) was added an aqueous solu-
tion of silver nitrate (prepared from 7.5 g of silver nitrate and 10 mL of deionized water),
and a minimum amount of deionized water was added until a!l the silica gel was soaked.
The Nask was shaken and the resulting slurry was evaporated in vacuo until most of the
water was removed, The flask was then placed in an oven maintained at 135°C for

overnight. After cooling the 20% silver nitrate-impregnated silica gel was ready to use.

Separation of the epimers of Z-melhyllric_\'cln[G.Z.l.ﬂlﬁlundecan-ﬁone (278 and
304)

A 1.2 : | mixwre of 278 and 304 (148 mg) was chromatographed on 20% silver
nitrate-impregnated silica gel with 2% ethyl acetate in hexane as the eluent to provide
278 (48 mg, 32%) and 304 (29 mg, 20%) with the remainder as a mixture of 278 and 304
in ca. | : | ratio. For 278: IR (Blm) v, - 1677 (5) c™'; 'H NMR & 094 (d, J = 69
Hz, 3H), 1.47-1.62 (m, 3H), 1.71-1.82 (m, 3H), 1.99-2.20 (m, 3H), 2.56-2.62 (m, 2H),
2.88-2.92 (m, IH), and 5.74 (q, J = 1.8 Hz, 1H); e nvr o 167 (3),25.5 (2), 30.4 (2),
32.6(2),36.0(2), 39.5 (1), 40.3(2), 502 (1), 57.0 (0), 119.6 (0), 180.7 (0), and 204.3 (0);
MS (from GC-MS) m/z (%): 176 (42, M"), 135 (100), 133 (223, 105 (17), 91 (35), 79

2), 77 (16), and 41 (15). Exact mass caled. for C|,H, <O: 176.1200; found: 176.1204,
For 304: IR (Blm) v, 1678 cm™'; "HNMR &: 1.04 (d, / = 6.6 Hz, 3H), 1.37-1.63 (m,
3H), L71-1.84 (m, 3H), 1.98-2.17 (m, 3H), 2.42-2.66 (m, 2H), 2.83-2.86 (m, 1H), and
5.72(q,J = 1.8 Hz, 1H); O NMR & 166 (3), 253 (2),260 @), 32.3 ), 32.4 (2), 388
(1), 42.0 (2), 49.5 (1), 56.2 (0), [19.4 (0), 180.9 (0, and 204.1 (0); MS essentially the
same as for 278. Exact mass calcd. for Cl 2l«ll 60 176.1200; found: 176.1206.

Dehydrogenation of epimers 278 and 304 with DDQ
A solution of epimers 278 and 304 (54 mg, 0.30 mmol) and DDQ (231 mg, .14
mmol) and catalytic amount of pTSA (30 mg) in dry benzene (30 mL) was heated at

reflux for two hours. The black preciptate was filtered off and the filtrate was



-178-

d in vacuo. Purification of the residue by (5% ethyl acetate in
hexane) gave an oily product 311 (36 mg, 68%): IR (film) Vit 1661 (s) and 1611 (m)
cm'l; THNMR 8 164187 (m, 3D, 190 (dd, J = 5.4, 10.5 Hz. 1H), 2.02 (dd. J = 4.5,
11.4 Hz, 1H), 2.21-2.32 (m, IH), 3.07 (br t, J = 6.3 Hz, IH), 5.08 (s, IH), 5.73 (s, IH),
5.57(d, J = 6.3 Hz, |H), and 6.92 (d, J = 5.3 Hz, IH): MS (from GC-MS) mvz (‘%): 172
(26, M), 144 (14), 131 (100), 129 (12), 128 (12), 115 (15), 77 (23), and S1 (12).

(1R" 28" 75" 8R™)-2-Methyltricyclo[6.2.1.01F|undec-5-en-7-0l (324)

A solution of tricyclic enone 278 (29 mg, 0.17 mmol) and cerum chloride heptahy-
drate (2124 mg, 0.33 mmol) in dry methanol (15 mL) was added NQBH4 (13 mg, 0.33
mmol) at -78°C. The resulting reaction mixture was stirred for 30 min at that tempera-
ture. After which period water and ether was added. The aqueous layer was extracted
with four portions of ethyl acetate. The combined organic extracts were washed with
water and saturated NaCl then dried over MgSO, s After concentration the residue was
purified by flash chromatography (5% ethyl acetate in hexane) to afford alcohol 324 as a
colorless oil (27 mg, 93%): IR (Bm) v__ = 3291 (bn) and 1454 (m) em™": 'H NMR &
0.86 (d, J = 7.0 Hz, 3H), 1.21-1.36 (m, 2H), 1.42-1.80 (m, 3H), 1.82-2.01 (m, 3H),
2.20-2.38 (m, 2H), 2.40-2.45 (m, IH), 4.57 (i, 1H), and 5.13 (quintet, / = 2.1 Hz, [H);
]BC NMR & 16.9 (3), 21.4 (2), 28.6 (2), 32.6 (1), 38.0 (2), 38.3 (2), 40.1 (1), 41.9 (2),
53.1(0), 74.2 (1), 1169 (1), and 140.9 (0); MS (from GC-MS) m/z (%): 178 (1,M"), 160
(38, M* -H.ZO). 145 (11), 132 (34), 131 (100, L18 (11), 117 (10), 115 (22), 91 (26), 77
(10). Exact mass caled. for C\,H, gO: 178.1357; found: 178.1347.

Sodium borohydride reduction of the mixture of 278 and 305

To a solution of tricyclic enones 278 and 305 (61 mg, 0.34 mmol) and cerium chlo-
ride heptahydrate (256 mg, 0.68 mmol) in dry methanol (20 mL) was added NaBH4 (13
mg, 0.34 mmol) at -78°C. After work-up, the oily product was purified by Nash chro-

matogrphy (5% ethyl acetate in hexane) to provide an inseparable mixture of two methy!
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epimers (55 mg, 89%). For 324 methyl epimer: "H NMR & (from the mixture): 0.92 (d, /
- 6.6 Hz, 3H). 1.26-1.97 (m, including o), 2.12-2.45 (m, 3H), 4.57 (m. 1ED, and 5.09
(@7 = 2.1 Hz, 1H); '3C NMR & 13.8 (31,201 2),27.8 (2), 287 ), 32.4 (1), 389 (1),
39.1 2,411 2).52.7 (0), 74.4 (12, 117.0 (1), and 155.2 (0). IR and MS is essentially the

same as 324.

X x_x_
(IR ,2R ,7R S8R )-2.

d 7-ol (323) and its methyl

epimer

To a solution of 324 and its methyl epimer (42 mg, 0.24 mmol) in dry benzene (30
mL) was added triphenylphosphine (62 mg, 0.24 mmol), benzoic acid (29 mg, 0.24
mmol) and diethyl azodicarboxylate (DEAD) (41 mg, (.24 mmol), and the mixture was
stirred for 1 hour at room temperature. At this point, the reaction was still incomplete
(TI.C control). Further portions of triphenylphosphine (62 mg, 0.24 mmol), benzoic acid
(29 mg, 0.24 mmol) and diethyl azodicarboxlate (41 mg, 0.24 mmol) were added. After
an additional hour, the solvent was evaporated and the residue was employed for the next
step without further purification: MS (from GC-MS) m/z (%): 282 (16, M), 177 (22),
161 (26), 160 (68), 145 (41), 133 (28), 132 (31), 131 (32), 117 (53), 105 (100), 91 (64),
and 77 (41). To a solution of the benzoate in methanol, was added cho] (2.0g) and the
mixture was stirred for one hour. The methanol was evaporated and the residue was
extracted with ether (*4). The organic extracts were washed with water and saturated
NaCl, then drizd over MgSC)4 and concentrated. The residue was ciromatographed over
silica gel to give an inseparable mixture of 311 and its methyl epimer (26.8 mg, 64%). IR
(1) gy 3291 (br) and 1454 (m) em™ For 325: 'H NMR (from the mixture) ¢z 0.90
(d, J = 7.2 Hz, 3H), 1.16-1.62 (m, 7H including OH), 1.82-1.88 (m, 3H), 2.28-2.39 (m,
3H), 3.82 (brs, 1H), and 5.32 (m, 1H); MS essentially the same as 324, For 325's methyl
epimer: "H NMR (from the mixture) & 0.97 (d, J = 6.6 Hz, 3H), the rest of the signals

were buried in the signals of its isomer.



Chapter 4

STEREOSELECTIVITY IN NUCLEOPHILIC ADDITIONS TO SPIRO-DIKETONES

L Introduction

The addition of a nucleophile to a carbonyl group is one of the most important C-C
bond-forming processes. To date much effort has been made to rationalize and predict the
diastereoselectivity of these reactions. Suggestions involving arguments of thermody-
namic stability, steric interactions, frontier orbitals, and transition-state stabilization and

destabilization by electronic factors have been made to account for these

ations, 1267130
Nu
i
—X
c a
327 328

In 1968 Felkin er al, 1300 proposed that allylic bonds prefer to be in a staggered con-
formation with respect to the partial bond to the nucleophile as shown in 327. This
proposition has been widely accepted as the textbook explanation of the stereochemistry

of ilic addition to It is well known that axial attack of a nucle-

ophile, such as a metal hydride, to cy i i over equato-
rial addition (see 328). As indicated in Figure 22, cyclohexanone has a distorted chair

conformation at the transition state. According to the Felkin theory, the equatorial
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transition state is destabilized relative to the axial one because of torsional strain. In the
case of equatorial attack, the incipient bond would eclipse the axial carbon hydrogen
bonds at C-2 and C-6 and hence destabilize the corresponding transition state.

axial
H

]
‘equatorial

Figure 22. Felkin-Anh torsional strain model

H
O., Ocy*

Figure 23. High-lying 0, orbital of the incipient bond delocalized ina
hyperconjugative interaction into vacant 0;* orbitals (Felkin-Anh model)

The Felkin model was supported by Anh and Eisenstein's 13 ab initio caleutations.

They explained the istry of ilic addition to a carbony! group in terms
of the stabilizing interaction of the incipient bond with the vicinal o bonds. They postu-
lated that a high-lying o orbital of the incipient bond (g,) would be delocalized into
vacant a’ orbitals (”CH) associated with the a-carbons by means of hyperconjugation

(Figure 23). In order to optimize hyperconjugation between g, and ”CH‘ and to avoid
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torsional strain effects, the nucleophile would attack the carbony! group in an antiperipla-
nar manner. Anh and Eistenstein concluded that in any reaction with asymmetric induc-
tion, a search for antiperiplanarity between the incip’ent bond and an adjacent ¢ bond
should lead to the most favorable transition states assuming all other things being equal.
This is often referred to as the antiperiplanar effect. Since with cyclohexanone the transi-
tion state structure involves a distorted chair conformation, the axial attack may attain
better antiperiplanarity to the CZ-H“ and C6—an bonds than equatorial attack to the
C2-C3 and C5-C6 bonds. Consequently, in many cases, nucleophiles add preferentially
from the more sterically hindered, axial face. Clearly, if the ring is flattened as shown in
Figure 24, equatorial attack cannot approach antiperiplarity, while axial attack can, and
consequently axial selectivity will increase, Likewise, ring puckering should reduce the
axial selectivity. This is often called the "attening rule": the more fattened the ring, the
more axial attack there is. This rule has been verified by a number of experiments. For
Nu~

Figure 24. Axial attack increases as cyclohexane ring becomes flattened

instance, as indicated in Table 15.”2 the percentage of axial attack increases from 329 to

331, as the cyclohexanone ring becomes flatter. The variation of stereoselectivities of

nucleophilic additions to C-3 and C-5 ivatives of have also

been rationalized in terms of the "flattening rule”. The axial selectivity of hydride reduc-

133

tions of 1,3-dioxolan-5-ones was found to be higher than that of the corresponding

cyclohexanones. This fact was attributed to the shorter C-O bonds in the ring, which
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make the six-membered ring much flatter than cyclohexanone itself. In contrast. nucle-

ophilic addition to 1.3-dithiolan-5-one p d with highly equatorial selectivity. As

revealed by X-ray analysis the longer C-S bonds in 1. 3<ithiolan-S-one ' >* make the ring

more puckered.

Table 15. Percentage of axial attack with increasing flattening of cyclohexanone ring

Entry LiAlH, NaBH, CH;Mgl

85% 88% 32%

90% 90% 43%

94% 94% 55%
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Anh and Eistenstein's proposition was supported by extensive computational studies
performed by Houk and coworkers. 135 Based on ab initio calculations, electron-donating
groups (D) appeared to disfavor an antiperiplanar conformation, and an electron-
withdrawing (W) group favored an antiperiplanar conformation with respect to the
incoming nucleophile (see 332). From the steric point of view, the carbonyl group should
be arranged as shown in 333 (S = small; M = medium; L = large group). Houk's calcula-
tions also indicated that the addition of a hydride ion to a carbonyl group was increas-
ingly stabilized by an antiperiplanar o bond as the o“-orbilal energies became lower. It
should be noted that a nucleophile prefers to approach a carbony! group antiperiplanar to
the polar ligand of the lowest v‘—orbiml energy, not the ligand of greatest steric hin-
drance, i. e. the "stereoelectronic etfect” dominates over the steric effect. Houk's propo-
sition , which was consistent with the Felkin model, is often referred to as the Felkin-Anh

model.

Nu N
H 1
A
a .
W L
L] 333

‘The Felkin-Anh model based mainly on the torsional strain and hyperconjugation
between the high lying o orbital of the incipient bond (o) and vacant " orbitals (oey)
in the transition state of the addition of a nucleophile to a carbonyl, has been widely

accepted. It has played a signil role in ing the ities of a vari-

ety of addition reactions. It has proved to he in licting the

of nucleophilic addition to chiral acyclic ketones. Nevertheless, there has been some crit-

icism regarding the assumption and predictions of this model. For example, le Noble and
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coworkers ' 36°140 reported the i effects on the ivities of addition

reactions to S-substituted adamantanone derivatives 334. In this case, electron-
withdrawing S-substituents led to a small preference for syn addition, while electron-

donating 5-substituents caused a slight preference for anti addition. Johnson er nl.'lh

ig the ivities of ilic additions to cycloh derivatives

335. They observed that axial (syn) addition is increased if the substituent X is electron-

ing and if X is el donating substi These experimental
resuits are not easy to rationalize in terms of the Felkin-Anh model. [n the case of S-sub-

stituted adamantanones 334, the Felkin-Anh model would predict a preference for an

attack anti to an elect i i i This. iction is certainly opposite to

the experimental results reported by le Noble and coworkers.

sm
X s, 1 20 1 40
anti X
334 335
Cieplak?" explained the ivities of ilic additions o cyclohes

anones based on the concept of transition state stabilization by electron donation from an
antiperiplanar o orbital into a a: orbital, a low lying vacant orbital of the forming bond
(Figure 25). Electron-donating abilities of some common bonds are arranged in the fol-
lowing order: C-§ > C-H > C-C > C~0.22 There are two antiperiplanar C-H bonds in the
transition state of axial attack on cyclohexanone, but there are two antiperiplanar C-C
bonds in the transition state of equatorial attack. The C-H bond is a better o-donor than
the C-C bond, so the stabilization energy SE (a, 17,.) of the axial approach should be

greater than that of the torial addition, Ct axial addition
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despite the unfavorable steric interactions, The Cieplak model has proved to be quite suc-

cessful in rationalizing a number of i effects on ivities of nucle-

ophilic additions. As mentioned previously, the Felkin-Anh model cannot explain the

of the ilic additions to i derivatives
334 and cyclohexanone derivatives 335. In the case of 334, if X is electron-withdrawing.
€3-C4 and C1-C6 would become poorer electron-donors thus more axial addition should
be expected. Likewise, more equatorial addition should be observed if X is an electron-
donating substituent. The same argument can be applied to explain the variation of stere-
oselectivity of reduction in 335. The stereoselectivities observed in the reductions of
ketones 336,'4! 337,192 and 338! are fully consistent with predictions based on the

Cieplak’s hyperconjugative model.
Nu

N
OcHs O, 4

Figure 25. Stabilizing interaction of the incipient bond 0, orbital with

neighboring occupled orbitals 0 y; (Cieplak Model)

Nu™ 2 Nu
0 0
(b)

(a)

Figure 26. Stabilizing interactions of the incipient bond with neighbo: ied
orbitals (a) by axial and (b) by equatorial hboklag cecig)
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X
Y.
X =Y =F 100%
Y o X-Y=Cl92%
Y X =Y =H62%
X = OCH, Y = H 45%
X
3%
X =NO, 79%
X = C163%
x  X=Br63%
X = OCH, 43%
X=0" 30%
X = NH, 36%
w7
9
f e
X = COOCH, 77-90%
X =Et17-29%
X
X
38

The Cieplak model has been successfully employed to rationalize a large variety of

effects on ivities of ilic additions, However, in the case of

nucleophilic additions to bicyclic ketones such as 339 and 340.1“'[45

the Cieplak the-
ory can become awkward since there are two C-C bonds on each side of the carbonyl
group. The stereoselectivities observed in these cases can be predicted according to the
Felkin-Anh model, which is based on the flatness of the two rings. The nucleophile
would approach 339 or 340 predominantly from the side of the smaller ring. As a result,

the torsional strain about the C m-Ca bond is smaller in the transition state. Although the

ity of ilic additions to ivatives can be correctly
predicted in terms of the Cieplak model, it does not predict correctly the stereoselectivity

of nucleophilic additions to chiral acyclic carbonyl compounds. For instance, in the case
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of 341, in which an electron-withdrawing group is attached to a chiral acyclic ketone or

aldehyde, the Felkin-Anh model suggests that the antiperiplanar relationship between the

hile and the el i ing group would be the factor governing stereose-

146 showed that the amount of forma-

lectivity. However, Heathcock and his coworkers
tion of 344 increases as the size of the alkyl group increases. The Felkin-Anh model

explains this result, but Cieplak model would suggest the opposite trend of stereoselectiv-

ity.
favored favored
% ° %O
139 340
Scheme 64
OCH, OCH,
CH,0 Lo,
)—Ccio + —»R7Y + K
R OH O OH 0
341 42 343 344
In a synthetic study toward the total synthesis of pentalenene, Wu '2! reported that
sodium ide reduction of spirodil 345 (Scheme 65) proceeded to give 347

y and addition of ithium to the spirodi d 346a and 346b
ina 63 : | ratio. During our synthesis of the prezizaene skeleton we obtained a related
result: addition of methyllithium to 281 provided 296a and 296b in 4 : | ratio. Yoshikoshi
er aLM7 reported that reaction of 348 with dimethylsulphonium methylide yielded a sin-
gle oxirane derivative 349. In all cases, the nucleophiles approached the carbony! groups

from the same face as the cyclohexene double bond.



- 189 -

Scheme 65 R,
o

RI
MeLi 346a:R, = CH,, R, = OH
o o 346b: R, = OH, R, = CH;

35 NaBH, H

[ “OH
Scheme 66

F.g

296a: R, = CHy, R, = OH
296b:R, = OH, R, = CH;

Scheme 67

+ . 0
i
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It has been suggested by Yoshikoshi er al. that this stereoselectivity arises from a
steric effect. Since the double bond is relatively far away from the carbonyl group, we
believed that steric interactions alone could not account for this stereoselectivity. Thus,

we conducted a systematic study of the origin of the facial stereoselectivities in the nucle-

ophilic additions to a series of spirodi which could be p i useful in the

design of syntheses of natural products.
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II. Preparation of the Spiro-diketones

The spiro-diketones required for our studies were prepared by geminal acylation

reactions of the ing ketals with 77 following the general proce-
dure developed in this laboratory. Treatment of enone 148b (Scheme 68) with a large
excess of ethylene glycol and a catalytic amount of pTSA in benzene under reflux
overnight produced a 14 : | mixture of ketals 350 and 351. These two ketals could be
differentiated by their distinctive mass spectra. The mass spectrum of ketal 350 is shown
in Figure 27. The fragment at m/z 86 corresponds to 352, which arises via the homolytic
retro-Diels-Alder reaction of 350 (Scheme 69). Likewise, the peak at m/z 112 in the mass
spectrum of 351, depicted in Figure 28, can be rationalized as a fragment with the for-
mula CgHgO, (353). Exposure of this ketal mixture to 77 and a large excess of
BFyEt)O following our general procedure gave a single new substance, as revealed by
GC-MS analysis of the crude product. Purification of the crude product by flash chro-
matography gave colorless crystals of 354 in a 74% yield and a small amount of
hydrolyzed starting material. The crystals showed an IR absorption maximum for the
ring carbonyls at 1724 cm'l. In the IH NMR spectrum, two two-proton multiplets at &
2.66 and 3.00 were attributed to the protons next to the carbonyl groups. The carbonyls
were found at §214.0 in the Be nvr spectrum. The position of the double bond was
determined by comparison of the chemical shifts in the IH NMR spectra of 354 with
those of spiro-diketone 345, For 345, the double bond position was unequivocally deter-
mined by means of NOE experimenl.s.lzl If the spiro-diketone was 355 instead, a rela-
tively high-field olefinic proton would be expected due to the proximity of the carbonyl
groups, which would shield the protons on C-6. In fact, the olefinic protons were found at

55.52 and 5.72. Direct catalytic hydrogenation of 354 afforded 356 in 93% isolated yield.



-192-

Scheme 68
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Figure 27. Mass spectrum (from GC-MS) of 350
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Scheme 70°
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Figure 28. Mass spectrum (from GC-MS) of 351

Keéls 357 and 358 were obtained from 2-cyclohexen-1-one (148a) by treatment
with a large excess of ethylene glycol and catalytic amount of pTSA in refluxing benzene
(Scheme 71). Careful fractional distillation gave the pure ketal 357 and a mixture of
ketals 357 and 358 in a 4 : 5 ratio. The subsequent geminal acylation reaction with pure
357 was carried out following our standard procedure to give one product only as indi-
cated by GC-MS analysis of the crude product. IR absorption maximum of the product

appeared at 1718 cm Al for the ring carbonyls. The two two-proton multiplets at 6 2.72
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and 2.92 in its lH NMR spectrum clearly indicated the presence of the cyclopentanedione
moiety. The position of the double bond in 359 was unambiguously established on the
basis of its II'I NMR spectrum. T}ne multiplet at 6 2.15 attributed to the protons a to the
double bond and an apparent triplet at & 1.74 represented the protons f to the double
bond. The ratio of the a protons to fprotons was 2 : | as calculated from the integration,

which allowed structure 359 only.

Scheme 71
i o0 00

HO(CH,),0H

PN ij . ij 71, BFsEL0

A
148a 357 358

[0} 0 [o} 0
359 360

Similarly, ketalization of enone 361 generated a mixture of ketals 362 and 363 in a
14 : 1 ratio (Scheme 72) after flash chromatography. This ketal mixture when treated with
cyclobutene 77 in the presence of a large excess of BFyEt)O gave an 11 : | mixture of
spiro-diketones 364 and 365 as shown by both GC-MS analysis and 1H NMR spec-
troscopy. Careful chromatography afforded pure 364 and a mixture of 364 and 365.
These two double bond isomers could he easily distinguished by examining their ‘H
NMR spectra. The olefinic proton for the major isomer was located at & 5.54 while the

olefinic proton for the minor compound 365 was found at 6 4.97.
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Scheme 72
] / ‘ ) \
HO(CH),oH O\ O o__o
pTSA > 77, BFyEL0
_
362 363
[ o 0 0
+
364 365
Scheme 73
i /
HO(CH,);OH 0, 0 0y 0
77, BF;EL,O
_. + gt
366 367 368
6 ) 060
370 37

The seven-membered ring ketal 367 (Scheme 73) was obtained from enone 366 as
the only product in the same manner as for ketals 350 and 351. Treatment of this ketal
(367) with BFJ-ELzo and 77 following the standard procedure gave the spiro-diketone
369 in 35% yield only. No formation of 370 was observed. The position of the double
bond was determined as follows: the multiplets at & 2.24-2.32 with integration of four
hydrogens corresponded to the protons a to the double bond and the higher-field multi-

plet at 5 1.69-1.86 with an integration of four protons was attributable to the protons f to
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the double bond. This could be 369 or 371. If the spiro-diketone formed were 370, then
we would expect that the ratio of the protons a to the double bond to the protons £ to the
double bond would be 1 : 3. The more symmetrical structure 371 was precluded because
the IJC NMR spectrum of the product showed nine resonances,

The ketal 373 (Scheme 74) was obtained from keto-ester 372 as the only product.
This ketal was treated with a large excess of BFJ-EIZO and three equivalents of
cyclobutene 77 to give a mixture of the double bond isomers 374 and 376 in a ratio of 9 :
L. This mixture was carefully chromatographed to give pure 374 and a mixture of dike-

tones 374 and 376. The formation of 375 in this case was not detected.

Scheme 74
[ )
HO(CH,),0H
p'KS(A i 77, BF;ELO o
—— ——
COOCH, COOCH, COOCH,
312 ] 374

CoocH, COOCH,
375 376
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I Results and Discussion

The spiro-diketones were treated with methyllithium and with sodium borohydride.
Typical results were as follows. Addition of methyllithium to spiro-diketone 354 (Scheme
75) produced a mixture of two epimers in a ratio of 6.4 : 1 (377a : 377b) as revealed by
integration of the lH NMR spectrum of the crude reaction mixture. This mixture could be
separated by flash chromatography. Broad peaks at 3463 cm'l in the IR spectrum of the
major, and at 3454 cm~l for the minor, indicated the presence of hydroxyl groups. The
absorptions at 1726 cm’l for the major, and 1731 em™! for the minor, were attributed t0
the five-membered ring carbonyls. Tnree singlets at & 1.15, 1.03, and 0.93 in the lH
NMR spectrum of the major product must arise from the three methyl groups. Likewise,
three singlets, at 6 1.29, 0.99, and 0.89, were observed in the 'H NMR spectrum of the
minor compound. The stereochemistry of lﬁe major product was determined by NOE
measurements. Reduction of 354 with sodium borohydride (0.25 equivalents) was carried
out in methanol at room temperature. Integration of the lH NMR spectrum of the crude
mixture demonstrated that a 14 : | mixture of two epimers (378a : 378b) had formed. The
broad absorptions at 3473 «:m'I in the IR spectrum of the major, and 3447 em’! for the
minor, were due to the presence of the hydroxyl groups. The carbonyl group stretchings
were found at 1728 cm™' and 1730 cm™ for the major and the minor isomer, respec-
tively. The multiplets at 5 4.29 for the major and & 4.34 for the minor isomer were
attributed to the protons on the carbon bearing the hydroxyl groups. The stereochemistry
of the major isomer was elucidated from the NOE data, as described in the Experimental
section.

For the other spiro-diketones the reactions were performed in the same manner as

for spiro-diketone 354 (see Scheme 75,76, 78). The results were summarized in Table 16.

The istry of 384a was ined by X-ray cr (see Figure 29).



377a:R, = CH,, R, ~ OH
377b:R, = OH, R, = CH,

378a:R, =H,R, = OH

378b:R, =OH,R,=H

379a: R, = CH,, R, = OH

379b: R, = OH, R, = CH,

380a:R, = H,R, = OH

380b:R, = OH, R, = H

381a:R, = CH,, R, = OH

381b: R, = OH, R, = CH,

382a:R, =H,R, = OH
382b:R, =OH, R, =H
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Scheme 76

383a:R, = CH,, R, = OH
383b:R, = OH, R, = CH,

KI
384a:R, = H,R, = OH
384b: R, = OH, R, = H

t
P

Figure 29. Perspective views of 384a (Hydrogen atoms have been
added to show the relative stereochemistry).
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D
(a) MeLi
0 (D0 3, © o
364 : CHy, R,»OD 386a:R,=CH;,R,=0D 387
385b: R. OD, R, = CH, 386b:R;=OD,R,=CH,
Schme 78

296a: R, = CH,, R, = OH
296b: R, = OH, R, = CH;

388aR, =H,R, = OH
388b:R, = OH, R, = H

- H OH
o “OH o “H
OH pcc R
—_—
3 388b

In all the cases examined, addition of an excess of methyllithium generated moro

alcohols only. It was suspected that this result may have been due to the rapid formation
of an enolate of one of the carbonyls. This was tested by conducting the reaction of

methyllithium with spiro-diketone 364 followed by quenching the reaction mixture with
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deuterated water (DZO) (Scheme 77). Analysis of the crude reaction product by GC-MS
indicated that the product was a mixture of 385 and 386. Also some deuterated starting
material (387) was recovered. This was indeed in agreement with the formation of an
enolate. It therefore appeared that methyllithium acted initially as a base, then a second

quit the nucl ilic attack on the ining ketone.

The spiro-diketone 281 was also reduced with an excess of sodium borohydride and
the rrans diol 389 was obtained after purification. The structure of 389 was evident from
its 13C NMR spectrum. If the cis diol were produced. the '3C NMR spectrum would
show only nine signals because of its symmetry, In fact, eleven resonances were observed

in the 3¢ NMR spectrum of this The relative hemistry was con-

firmed by converting this diol into a mixture moo-alcohols 388alb by oxidation with one

equivalent of PCC.

Scheme 79 E R

[} “R,
. 390a: R, = CH,, Ry = OH
y 390b: R} = OH, R; = CH,

o
R,
o i
o NaBH,

391a:R, =H, R, =OH
391b:R, =OH,R,=H

Scheme 80
o o NaBH,
D,
COOCH.
2 COOCH,
3% 392a:R, = H, R, = OH

392b:R, = OH,R,=H
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Table 16. Product ratios of nucleophilic additions to various spiro-diketones

syn : anti
Entry Substrate
NaBH, MeLi
[}
1 100% syn 63:1
345
o
[3)
2 4:1 64: 1
o 354
)
3 Qd 7:1 6:1
o 364
[
4 67:1 3.0:1
o 356
)
s QO 60:1 50:1
0 359
o
6 25: 1 40:1
21
o
0
o 4
[9)
8 . 2:1 15 1
369
0
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It can be seen from Table 6 that syn addition was favored in all the cases examined.
If one assumes that the observed stereoselectivity arose from steric effects, then the more
distant centers C-7 and C-9 (see 393) must have been responsible for the predominant syn
addition because C-6 and C-10 are both methylenes. Consequently, more syn addition
would be expected when R, is replaced by a smaller group or R; is replaced by a bulkier
group. Additionally, the size of the R: group should not make any difference to the stere-
oselectivity. This argument is contradicted by the results presented in Table 16, When Ry
in 354 (R = H. Entry 2) was replaced by a methyl group, the resulting substrate M5
showed a much higher stereoselectivity for syn addition (NaBH ;: 100% svi versus 14: 1
MelLi: 63 :1 versus 6.4 : 1). Likewise, compound 364 was found to be more stereoselec-

tive than 359 (see Entry 3 and Entry 5). R, did i igni )

the syn/anti ratio as a comparison of Entry 5 and Entry 6 reveals. It can be concluded that
steric interactions cannot be the main reason for the preferred syn addition in these sys-

tems.

Although C-6 and C-10 must exert a very similar steric influence on reactions at
either carbonyl, the geminal disubstituents at C-9 might contribute sterically. The anti
face of a carbonyl might be blocked by the pseudo-axial substituent at C-9, but at any

instant in time only one of these two i at C-9 can be pseudo-axial with respect
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to the cyclohexene moiety. If the carbonyl in the pseudo-axial position is more reactive
than the one in the pseudo-equatorial position, steric interactions might be of importance
ii determining the stereochemistry of nucleophilic additions to these spiro-diketones.
This would not be trivial to determine with a cyclohexene ring. The strong preference for
at-butyl group to nccupy the equatorial position on a cyclohexane ring has made it ause-
ful group for the study of conformational effects. Addition of methyllithium to spiro-
diketone 394' generated a mixture of two epimers 395 and 396 in a 2.5 : | ratio, which

was ined by i ion of an i gated 13C NMR spectrum in which the con-

tribution of the heteronuclear NOE was removed. Attempts to separate this mixture by

fNash or recr ization were This mixture showed IR
absorption at 3392 cm'l for hydroxyl groups and 1723 cm'l for a five-membered ring
carbonyl. The 'H NMR spectra of these two isomers were almost identical. However,
two sets of resonances were found in the 13C NMR spectrum of this mixture. For
instance, the carbonyl resonances were observed at 5 220.6 for the major and 6 222.3 for
the minor isomer. The nC NMR data suggested that the major isomer was 396." iLe.,
the equatorial carbonyl is more reactive, therefore it seems unlikely that the stereoselec-

tivity is controlled by the steric interactions.

Scoeme 81
o} CH, o
MeLi
—_— +
o
o OH
394 395 396

The spiro-iketone 394 was kindly provided by T. J. Jenkins of our laboratory.

The structure of 396 was confirmed by X-ray crysialiography.
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Reduction of 394 with 0.25 equivalents of sodium borohydride at room

afforded a mixture of two isomers 397 and 398 in a ratio of 18 : | as revealed by integra-
tion of the 'H NMR of the crude reaction mixture. This mixture showed absorption at

3325 cm! for the hydroxyl group and at 1706 cm™! for the carbonyl group in the IR

spectrum. Likewise, the carbonyl groups were observed at § 223.0 for the major and §
222.1 for the minor isomer in the l"C NMR spectrum. The carbons connected to the
hydroxyl groups were found at 5 79.2 for the major and & 73.6 for the minor isomers.
These spectral data suggested that this mixture was two mono-alcohols 397 and 398. In
the case of 398, the chemical shift for C-4 was shielded (higher-field) compared to its iso-
mer 397 (79.2 versus 73.6). We believed that this difference resulted from a pgauche

effect so in this case it was the axial carbonyl that was more reactive.

Scheme 82

O o.
NaBH, 3
—_—
) ) OH
394 397

excess NaBH, y \PCC
HO:

OH
400

When the spiro-diketone 394 was subjected to reduction with an excess of sodium
borohydride, we obtained a mixture of two compounds, which could be easily separated
by flash chromatography. The major product had an llr value on TLC that was almost the
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same as for the mono alcohols 397 and 398. Its IR spectrum showed absorptions at 3490
and 3360 cm™! for the hydroxyl function, but there was no absorption for a carbonyl
group. Triplets at 4.15 and 3.64 in its 'y NMR spectrum were consistent with hydro-
gens on the carbons connected to the hydroxyl groups. We concluded that this compound
must be the diol. Indeed, X-ray diffraction analysis confirmed its structure as the cis diol
400 (see Figure 30). The minor product showed IR absorption at 3352 cm'l for the
hydroxyl group. The doublet at 54.17 and a triplet at 6 3.94 were probably due to the pro-
lons on carbons bearing the hydroxyl groups. Based on this result this minor product was
believed to be the trans-diol. In fact, when this material was carefully oxidized by one

of pyridium (PCC) a ca. | : | mixture of two mono epimers

was obtained that had spectroscopic data identical with those of 397 and 398.

Figure 30. X-Ray crystal structure of 400

It has been reported that the reduction of the ketone with sodium borohydride in the

presence of cerium(I) chloride proceeds preferentially from the more sterically hindered
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face."*8 If the facial selectivity in the nucleophilic addition to spirodik resulted

from a steric effect, we would expect that the stereoselectivity would decrease or reverse
in the presence of cerium(IIl) chloride. When diketone 356 was treated with sodium
borohydride and cerium(II) chloride at -78°C. a mixture of two epimers in a higher ratio
(380a : 380b = 16 : 1) was obtained, We believed that the higher stereoselectivity under

this condition was due simply to the lower temperature.

Scheme 83

356 380a:R, = H,R,=OH
380b: R, = OH, R, = H

Experiments were also conducted to compare the rates of reaction of spiro-diketones
359 and 354 with simple diketone 103 (Scheme 84). Steric hindrance would retard the
nucleophilic addition to either 359 or 354 based on an assumption that the stereoselectiv-
ity was attributed to the steric effects. Therefore, both diketones 354 and 359 might react
more slowly than 103, Treatment of a | : 1 mixture of 359 and 103 with limited sodium
borohydride produced alcohols 382alb and 401 in a ratio of 1.5 : | as determined from
the n NMR spectrum of the crude product. This implied that the spirodiketone 359
reacted 1.5 times faster than did 103 with sodium borohydride. Examining the structures
of these two diketones, the only difference between them is the presence of the double
bond in 359. Then, it must be this double bond which makes the diketone 359 more reac-
tive than 103. Similarly, reduction was carried out with a | : | mixture of 354 and 103
with sodium borohydride at room temperature. Analysis of the 'H NMR spectrum of the

crude product showed signals for 378alb and 401 in a ratio of 5 : |. Again, it was both
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the double bond and the methyl groups which activated the syn face of the diketone 354.
Consequently, compound 354 was reduced more than five times faster than 103. These

results further confirmed that the steric effects were not responsible for the facial selectiv-

ity.
Scheme 84
H R
o o &
o} 0 o g o R
% NaBH, OH , 2
103 359 401 382a:R, =H,R,=0H
382b: Ry =OH, R,=H
H
(o] o 7,
(o] o [} 4
+ NaBH, OH
103 354 401 378a:R, =H,R,=OH

378b: R, =OH,R,=H

The main difference between the two faces of these spirodiketones was a C. 7-C3
double bond compared to a CB'C9 single bond. A simple mechanism could be that the
nucleophiles associated directly with the double bond before, or during the addition (see
Figure 31). According to this hypothesis, a substituent that increases the electron density
of the double bond, regardless of its position on the double bond, should increase the pro-
portion of syn addition, and a substituent that decreases the electron density of the double
bond should decrease the proportion of sy addition. When the C-7 hydrogen in 354 was
replaced by a methy! group (345, Entry 1), sy addition was indeed increased (for MeLi:
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63 : 1 versus 6.4 : I; for NaEH.‘: 100% syn versus 14 : 1). However, replacement of C-8
hydrogen in 364 with an electron withdrawing substituent COOEt (374, Entry 7) showed
higher facial selectivity than 364 (for NaBH4: 9 1 versus 12.0 : 1), These results were
contrary to the above prediction. Therefore, the facial selectivity of nucleophilic addi-
tions in this series of spirodiketones were not due to a direct association of the nucle-

ophilic agent with the double bond.

Figure 31. Direct association of methyllithium with the double bond
of the soiro-diketone in the transition state

If the Felkin-Anh model is considered, the transition state is stabilized by electron
transfer from the nucleophile into the low-lying anti-orbital of the vicinal bond. The
nucleophile prefers to add to the carbonyl group anri to the less electron rich bond. The
C4-Cy o bond in 393 is more electron-rich than the C;-Cy obond because C-6 is con-
nected to an spz carbon while C-10 is linked to the allylic sp3 carbon. Consequently, the
o-orbital energy of C4-Cg is higher than that of Cs-C, . In another words, the Felkin-
Anh model suggests that the nucleophilic addition should be preferred on the ami face.

Clearly, this prediction is contrary to what we have observed.



Donate electron density

¢———— Withdraw electron density

Donate electron density

The predominantly syn additions of nucleophiles to our spiro-diketones are consis-
tent with predictions based on the Cieplak hyperconjugative model. According to this
model, delocalization of o electrons in the electron-rich antiperiplanar bond into the
incipient o orbital lowers the transition state energy. Therefore, the facial selectivity can
be correlated with the ability of the adjacent bonds to donate electron density (Figure 32).
Although both C-6 and C-10 are methylenes, one might consider bond a to be less willing
to relinquish electron density than bond b, because a would in tur receive less inductive
assistance through a C-C bond to an sp2 carbon than would b, which is attached to an

allylic sp3 carbon. A substituent that increases the ability of b to donate electron density,

or a substituent that decreases the ability of a to donate electron density, should both
enhance the facial selectivity. As seen in Table 16, compound 345 is much more stereose-

lective than 354 (see Entry | and Entry 2). This fact can be rationalized as follows:
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addition of a methyl group to C-7 of 354 increases the electron-donating ability of bond &
making the difference between a and b larger. Therefore, relatively less anri addition
should be anticipated. Likewise, the geminal methyl groups at C-9 must donate electron
density to b therefore enhancing the facial selectivity. In contrast, a carboxyethyl group
on C-8 in 374 must make a a poorer electron-donor relative to b, thereby resulting in
higher facial selectivity than 364 (see Entry 7 and Entry 3).

In sharp contrast with 359, compound 369 showed only a slight preference for svn
addition (see Entry 5 and Entry 8). In the case of 369, the conformation of the seven-
membered ring is more flexible than the corresponding six-membered ring in 359, there-
fore, the stabilization effect due to electron donation from an antiperiplanar o orbital into
a low-lying vacant orbital of the forming bond a*, may not be as important as in the case
of 359.

It can be concluded that the syn/anti ratios shown in Table |5 can be explained rea-
sonably well in terms of the Cieplak model. The loosely termed electronic effect is
mainly responsible for the observed syn addition. However, we do not preclude a steric
contribution. In fact, in some cases, such as compounds 345 and 356, a combination of

electronic and steric effects is probably the reason for the predominant syn addition.
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v Experlmemnl'

9,9-Dimethyl-1,4-dioxaspiro(4.5]dec-7-ene (350) and 9,9-dimethyl-1,4-dioxa-
spiro[4.5]dec-6-ene (351)

A solution of enone 148b (1.42 g, 11.4 mmol) which was obtained from dimedone
146 (see Chapter 2: Experimental), ethylene glycol (5 mL, excess) and pTSA (200 mg) in
benzene (60 mL) was heated under reflux overnight with a Barrett water separator. Solid
NaHCO, was added after the reaction mixture had cooled. The solution was diluted with
water. The aqueous layer was extracted with ether (x3), and the combined organic
extracts were washed with water and saturated NaCl. The solution was dried over anhy-
drous MgSO4 and concentrated in vacuo to give a yellow oil. Careful flash chromatogra-
phy (1% ethyl acetate in hexane) gave a mixture of 350 and 351 in aratioof [4 : | as a
colorless oil (082 g, 42%): IR (Blm) v,_,.: 2954 (5) and 1360 (m) e\, For 350: 'H
NMR & 1.07 (s, 6H), 1.66 (s, 2H), 2.21 (m, 2H), 3.94 (s, 4H), 5.46 (m, 1H), and 5.49 (dd,
J=3.0,99 Hz, IH), lJC NMR & 29.9 (2C, 3), 34.5 (0), 34.8 (2), 43.9 (2), 63.8 (2C, 2),
108.3 (0), 120.2 (1), and 136.9 (1); MS (from GC-MS) m/z (%): 168 (8, M"), 153 (8), 86
(100), 82 (12), 81 (9), 43 (16), 42 (28), and 41 (18). For 351 ll-[ NMR & 101 (s, 6H),
171 (5, 28D, 1.84 (m, 2H), 394 (5, 4HD), 5.82-5.90 (m, IHD, and 5.55 (m, 1ED; '3C NMR
& 29.7 (2C, 3), 38.3 (0), 38.8 (2), 46.1 (2), 63.9 (2C, 2), 105.5 (0), 126.1 (1), and 130.4
(1); MS (from GC-MS) m/z (%): 168 (1, M), 112 (100, 86 (12), 68 (32), and 41 (15).

9,9-Dimethylspiro[4.5]dec-7-ene-1,4-dione (354)

A solution of the ketal mixture 350 and 351 (214 mg, 1.28 mmol) in CH,ZCI2 (40
mL) was cooled to -78°C. Freshly distilled BF3-EK20 (2.4 mL, 19 mmol) was added fol-
lowed, dropwise, by a solution of 77 (1.0’ mL, 3.8 mmol) in 5 mL of dry CH,lCIT The

For General Procedures. see Chapier : Experimental Section
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resulting yellow solution was stirred overnight, over which time the solution was allowed
to attain room temperature. This mixture was added slowly to an ice-cooled saturated
NnHC03 solution, and the aqueous layer was extracted with CH2C|2 (x3). The combined
organic extracts were washed with water and saturated NaCl, then dried over MgSOJ.
After concentration in vacuo the residue was purified by flash chromatography (5% ethyl
acetate in hexane) to provide 354 as colorless crystals (181 mg, 74¢%): mp 59.5-61°C: IR
(film) ] 1764 (sh), 1724 (s), and 1428 (m) cm": IH NMR 6: 0.99 (s, 6H), 1.73 (s,
2H), 2.15 (m, 2H), 2.62-2.68 (m, 2H), 2.98-3.12 (m, 2H), 5.52 (dt, J = 2.1, 10.1 Hz, 1H),
5.72 (@, J = 38, 10.1 Hz, 1HD: 30 NMR & 24.4 (), 206 €, 3

1(0), 34.5 (2),
43.0 (2C, 2), 57.8 (0), 121.0 (1), 135.1 (1), and 214.0 (2C, 0); MS (from GC-MS) m/z
(%): 192 (28, M"), 149 (57), 135 (32), 117 (43, 107 (32), 03 (75), 91 (97), 79 (d1), 77
(86), 67 (55), 65 (55), 57 (34), 55 (68), 53 (57), S1 (42), 43 (50), and 41 (100). Exact
mass caled. for C|5H, (0,: 192.1149; found: 192.1145.

7,7-Dimethylspiro[4.5]decane-1,4-dione (356)
To a solution of spiro-diketone 354 (207 mg, 1.08 mmol) in methanol (30 mL) was
added 10% palladium on activated carbon (50 mg) slowly. The solution was shaken for

two hours under hydrogen (50 psi). The resulting black suspension was filtered to remove

the catalyst, and the filtrate was in vacuo. Flash of the
residue (6% ethyl acetate in hexane) provided 356 (194 mg, 93%) as a colorless oil: IR
(Im) vy 1757 (shy and 1722 (5) em™'; 'HNMR 6 094 (s, 6HD, 1.32-1.36 (m, 2H),
1,46 (5, 2H), 1.53-1.57 (m, 4D, 2.61-2.67 (m, 2H), and 2.90-2.97 (m, 2H); |>C NMR &
17.4 (2), 260 (2), 29.3 2C, ), 307 (0), 34.1 (2C, 2), 37.6 (2), 43.0 (2), 57.5 (0}, and
2148 (2C, 0); MS (From GC-MS) m/z (%): 194 (17, M), 125 (100, 97 (20,95 (29), 81
(22),79 (24), 69 (52), 67 (33), 56 (20), 55 (57), 53 (33), 43 (26), and 41 (87). Exact mass
caled. for CH, O, 194.1306; found: 194.1300.

1,4 4.5]dec-7- (357) and 1,4 S]dec-6- (358)
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A solution of 2-cyclohexen-1-one 148a (2.50 g, 25 mmol), ethylene glycol (7.0 mL,
excess), and pTSA (400 mg) in benzene (60 mL) was heated under reflux overnight with
a Barrett water separator. Saturated NaHCOJ solution was added when the reaction mix-
ture had cooled. The aqueous layer was extracted with ether (x3), and the combined
organic layers were washed with water and saturated NaCl. The organic solution was
then dried over anhydrous Mgso4 and evaporated in vacuo. Fractional distillation of the
residue provided two fractions: homogeneous 357 (1.81 g, 26%) and a 4 : 5 mixture of
357 and 358 (1.02 g, 14%). For 357: 'HNMR & 1.76 (t,J = 6.5 Hz, 2H), 2.62 (m, 4H).
3.98 (s. 4H), 5.56-5.66 (m, IH), and 5.68-5.78 (m, LH); l:!C NMR & 24.4 (2), 30.9 (2),
35.6(2),64.2 (2C, 2), 107.7 (0), 124.1 (1), and 126.3 (1); MS (from GC-MS) m/z (%):
140 (40, M"), 125 (15), 86 (100), 67 (11), 43 (13), 42 (36), and 41 (13). For 358 (from
the mixture): v NMR & 1.70-1.83 (m, 4H), 1.96-2.07 (m, 2H), 3.92-4.01 (m, 4H),
5.56-5.75 (m, IH), and 5.93-6.05 (m, 1H); UC NMR & 20.6 (2), 24.7 (2), 33.3 (2), 64.2
(2C, 2), 105.5 (0), 127.3 (1), and 132.7 (1); MS (from GC-MS): m/z (%): 140 (2, MY,
112 (100), 79 (14), 68 (40), and 55 (11).

Spiro[4.5]dec-7-ene-1,4-dione (359)

A solution of the ketal 357 (119 mg, 0.85 mmol) in CH,ZCI2 (50 mL) was treated
with BFy'Et,0 (1.6 mL, 12.8 mmol) and 77 (0.6 mL, 2.1 mmol), in the same way as for
ketals 350 and 351, to give 359 (91 mg, 75%): mp 53-54°C; IR (film) Vmax' 1749 (sh),
1716 (s), and 1438 (m) cm™"; "HNMR 5: 1.73 (¢, J = 6.1 Hz, 2H), 2.82 (m, 8H), and 5.76
(m, 2H); 13(2 NMR & 20.8 (2), 25.8 (2),27.0 (2), 34.1 (2C, 2), 55.3 (0), 1229 (1), 1254
(1), and 2144 2C, 0); MS (from GC-MS) mz (%): 164 (100, M"), 136 (44), 135 (36),
122 (28), 121 (24), 108 (22), 107 (43), 81 (17), 80 (53), 79 (93), 78 (15), 77 (37), 56 (17),
55 (25), 53 (15), 51 (17), and 43 an.. Exact mass caled. for CIOHlZOZ: 164.0837;
found: 164.0843.

A 4:5 mixture of 357 and 358 (114 mg, 0.82 mmol) was treated with BFS-ELIO
(1.5 mL, 12 mmol) and 77 (0.5 mL, 2.0 mmol) as above to give 359 (95 mg, 71 %) as the
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only product,

7-Methyl-1,4-di piro[4.5]dec-7-ene (362) and 7-methyl-1,4-di iro[4.5]dec:
6-ene (363)

The enone 361 (1.34 g, 12.2 mmol) was treated with ethylene glycol (8.0 mL) and
PTSA (300 mg) in the same way as for enone 148b to give a mixture of 362 and 363
(0.88 g, 47%) in a ratio of 14 : | ratio after chromatography (1% ethyl acetate in hexane)
as acolorless oil: IR (Rlm) v___ - 2930 (s) and 1366 (m) cm”". For 362: 'H NMR i 1.60
(brs, SH), 2.19 (br s, 4H), 3.99 (br s, 4HD, and 5.43 (m, 1H); B NMR 6231 (3,239
(2), 30.3 (2), 40.1 (2), 64.1 (2C, 2), 108.1 (0), 120.0 (1), and 131.4 (0); MS (from GC-
MS) m/z: 154 (22, M"), 139 (10), 86 (100), 43 (14), 42 (M), and 41 (12). For 363: MS
(from GC-MS) m/z (%): 154 (12, M), 126 (100), 111 (11), 99 (20), 82 (29), 79 23, 67
(73),55 (12), and 41 (12).

7-Methylspiro[4.5]dec-7-ene-1,4-dione (364) and 7-methylspiro[4.5]dec-6-ene-1,4-
dione (365)

A 14 : | mixture of 362 and 363 (219 mg, .42 mmol) was treated with BFJ-EIZO
(2.6 mL, 21 mmol) and 77 (1.1 mL, 4.3 mmol), in the same way as for ketals 350 and
351, to give 364 (104 mg, 41%) and a mixture of 364 and 365 (89 mg, 35%)ina 1l.2: 1
ratio after flash chromatography (5% ethy! acetate in hexane). For 364: IR (film) Vi
1759 (sh), 1721 (s), and 1435 (m) cm'lz IHNMR & 1.73 (dd, J = 5.1, 6.2 Hz, 2H), 1.77
(br's, 3H), 2.07 (br s, 2H), 2.16 (m, 2H), 2.69-3.04 (m, 4H), and 5.54 (m, 1ED; '3C NMR
& 21.1 (2),23.2 (3),27.5 (2), 30.1 (2), 34.1 (2C, 2), 56.3 (0), 119.5 (1), 130.2 (0), and
2144 (2C, 0); MS (from GC-MS) m/z (%): 178 (52, M"), 149 (21), 135 (48), 121 (35),
94 (27), 93 (40), 91 (53), 79 (100), 78 (20), 77 (77), 67 (26), 65 (35), 57 (20), 55 (50), 53
(47), 43 (45), 42 (27), and 41 (48). Exact mass calcd. for C“HMOZ: 178.0993; found:
178.0987. For 365 (from the mixture): 'y NMR & 4.97 (br s, 1H), the rest of the signals
were buried in the signals of the major isomer: I:‘C NMR & 17.7 (2), 23.9 (3), 279 (2),
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28.8 (2), 24.5 (2C, 2), 59.8 (0), 113.9 (1), 141.3 (0), and 214.2 (2C, 0); MS (from GC-
MS) m/z (%): 178 (4, M"), 79 (10), 58 (19), 57 (16), 56 (14), 43 (100), 42 (17), and 41
4.

1,4-Dioxaspiro[4.6]undec-7-ene (367)

The enone 366 (1.29 g, 11.7 mmol) was treated with ethylene glycol (5 mL) and
PTSA (200 mg), in the same way as for enone 148b, to give only ketal 367 (1.08 g, 57%)
as a colorless oil: IR (film) LA 2920 (s) and 1446 (m) Cm'l: Il“l NMR & 1.58-1.66 (m,
2H), 1.92-1.96 (m, 2H), 2.14-2.19 (m, 2H), 393 (narrow sextet, J = 1.2 Hz, 2H),
5.56-5.64 (m, H), and 5.88-5.96 (m, [H); 13C NMR & 22.5 (2), 28.0 (2), 37.1 (2), 40.5
(2), 64.1 (2C, 2), 108.5 (0), 124.5 (1), and 133.2 (1); MS (from GC-MS) m/z (%): 154
(10, M*), 125 (100), 99 (56), 86 (17), 82 (18), 81 (35), 79 (22), 68 (17), 67 (24), 55 (39),
54 (18), 53 (23), and 41 (32). ’

Spiro[4.6]undec-7-ene-1,4-dione (369)

The ketal 367 (342 mg, 2.22 mmol) was treated with BF3~Et20 (4.1 mL, 33 mmol)
and 77 (1.8 mL, 6.7 mmol), in the same way as for ketals 350 and 351. Chromatography
(5% ethyl acetate in hexane) of the crude reaction mixture gave 369 only (138 mg, 35%)
25 2 colorless oil: IR (flm) v, 1718 (5) and 1443 (m) cm™; '"H NMR & 1.73 (m, 260,
1.84 (m, 2H), 2.28 (m, 4H), 2.77 (m, 4H), 5.54 (m, 1H), and 5.89 (m, IH); Be R &
20.2(2),289 (2), 30.2 (2), 32.4 (2), 34.3 (2C, 2), 58.5 (0), 123.8 (1), 133.9 (1),and 214.6
(2C, 0; MS (from GC-MS) m/z (%): 178 (86, M"), 112 (41), 111 (98), 95 (35), 93 (37),
91 (55), 83 (37), 79 (100), 77 (49), 68 (54), 67 (60), 65 (33), 57 (30), 56 (31), 55 (86), 44
(51),and 41 (61). Exact mass calcd. for C; H, ,0,: 178.0993; found: 178.0996.

8-C. hoxy-7-methyl-1,4 1.5]dec-7-ene (373)
The enone ester 372 (585 mg, 3.38 mmol) was treated with ethylenc glycol (5 mL,
excess) and pTSA (80 mg) the same as for enone 148b. Chromatography of the crude
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product (6% ethyl acetate in hexane) provided 373 only as a colorless oil (533 mg, 84%):
R (flm) vyt 1712 em™; "HNMR & 1.28 (6,7 = 7.2 Hz, 31, 174 (1, J = 6.6 Hz, 21D,
201 (5. 3H), 237 (s, 2H), 3.98 (s, 4HD, and 4.17 (q, J = 7.2 Hz, 26D Yo NMR & 140
(3), 204 (3), 25.3 (2), 304 (2), 43.1 (2), 597 (2), 64.2 (2. 2), 107.0(0), 123.3 (00, 142.9
(), and 167.9 (0); MS (from GC-MS) m/z (%): 182 (7, M), 154 (21), 126 (32), 100
(70). 98 (100), 81 (37), 79 (30), 53 (39), and 41 (46).

8-Carbethyoxy-7-methylspiro[4.5]dec-7-ene-1,4-dione 379 and 8-car-

bethoxy-9- yIspiro[4.5]dec-7- 1,4-dione (376)

The ketal 373 (225 mg, 1.24 mmol) was treated with BFl-Etlo (2.3 mL, 18 mmol)
and 77 (0.7 mL, 2.5 mmol), the same as for ketals 350 and 351. Chromatography of the
crude product (7% ethyl acetate in hexane) atforded a mixture of 374 and 376 as a color-
less oil (223 mg, 72%) inaca. 11 : | ratio: IR (film) Veoad 1721 (s), 1645(m), and 1480
™!, For 374: 'H NMR & 129 (t, J = 7.2 Hz, 3H), 1.74 (¢, J = 63 Hz, 2H), 211 15,
3H), 2.24 (s, 2H), 2.38 (br s, 2H), 2.64-3.03 (m, 4H), and 4.18 (q, J = 69 Hz, 2H); ¢
NMR & 14.2 (3), 21.5 (3), 22.2 (2), 28.2 (2), 33.6 (2), 34.2 (2), 56.4 (0), 59.8 (2C, 2),
122.7 (0), 143.4 (0), 167.5 (0), and 213.8 (2C, 0); MS (from GC-MS) m/z (%): 250 (6,
M‘), 205 (26), 204 (100), 177 (26), 176 (75), 175 (24), 91 (45), 77 (32), and 55 (27).
Exact mass caled. for CMHlROA: 250.124; found: 250.1206. For 376: Il-l NMR & 5.11
(s, LH), the remaining signals were buried in the signals due to the major isomer; I:!C
NMR & 14.1 (3), 229 (3), 25.0 (2), 34.7 (2), 44.4 (1), 56.4 (0), 60.8 (2C, 2), 117.5 (1),
137.5 (0), 172.9 (0), and 213.2 (2C, 0); MS (from GC-MS) m/z (%): 250 (27, M5, 177
(100), 131 (41), 121 (41),93 (28), 91 (59), 77 (53), and 55 (27).

@R"5R")- (3773) and (@R",55")-4-Hydroxy-4,9,9-trimethylspiro[4.5]dec-7-en-1-one
@77 o

To a solution of diketone 354 (147 mg, 0.77 mmol) in anhydrous ether (40 mL) was
added a 1.4 M methyllithium solution in ether (1.6 mL, 2.3 mmol) at -78°C. The reaction
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mixture was stirred for another two hours at -78°C before it was cautiously quenched
with water. The aqueous layer was extracted with ether (x3). The combined organic
extracts were washed with water and saturated NaCl, then dried over MgSO n and con-
centrated in vacuo. The 'H NMR spectrum of the residue indicated that it was a 6.4 : |
mixture of two epimers (377a : 377b). Purification of the residue by flash chromatogra-
phy (4% ethyl acetate in hexane) provided 377a (166 mg, 85%) and 377b (12 mg, 6%) as
colorless oils. For 377a: IR (flm) v .. : 3463 (br), 1726, and 1460 (s) em; ' NMR
(CDCI]) & 093 (s, 3H), 1.03 (s, 3H), 1.15 (s, 3H), 1.78 (br s, OH), 1.89-1.99 (m, 4H),
2.14-2.31 (m, 3H), 2.54-2.63 (m, IH), 5.48 (dt, J = 2.1, 10.2 Hz, IH), and 5.66 (ddd, J =
30,48, 102 Hz, 1H); 'H NMR (C¢Dg) & 080 (s, 3H), 0.97 (s, 3HD, L0O (s, 3H),
1.35-1.50 (m, 2H), 1.61-1.93 (m, 6H including OH), 2.16-2.28 (m, 1H), 548 (dm, J =
10.2 Hz, |H), and 5.63 (ddd, J = 2.7, 5.1, 10.2 Hz, 1 H); NOE data (CEDE): irradiate 5.61:
NOE 5.46-5.51 (8), 1.82-1.90 (2%); irradiate 5.46-5.51: NOE 5.60-5.61 (8%), 1.00 (2%),
0.97 (2.5%): irradiate 1.00 and 0.97: NOE 1.64-1.70 (5), 5.46-5.51 (11 %): irradiate 0.80:
NOE 1.38-1.48 (6%), and 1.82-1.90 (1%): l3(3 NMR (CDCI3/C6D6) & 24.4/24.3 (3),
25.5/26.0 (2), 28.328.7 (3), 32.0/32.0 (0), 32.6/32.7 (3), 33.4/33.6 (2), 34.2/34.1 (2),
38.3/38.3 (2), 55.1/55.2 (0), 78.0/77.7 (1), 121.6/122.4 (1), 136.4/136.5 (0), and
219.8/218.0 (0): MS (from GC-MS) m/z (%): 208 (3, M+), 132 (19), 107 (14),99 (20), 9t
(20), 55 (20), 43 (100), and 41 (33). Exact mass calcd. for CIJBZOOZ: 208.1462; found:
208.1466. For 377b: IR (flm) v, - 3454 (br), 1731 (), and 1460 cm™!; 'H NMR &
0.89 (s, 3H), 0.99 (s, 3H), 1.29 (s, 3H), 1.43-1.63 (m, 3H including a broad singlet at 1.56
for OH), 1.84-2.46 (m, 6H), 5.48 (d of quintets, J = 1.5, 10.2 Hz, |H), and 5.74 (ddd, J =
2.7, 5.1, 10.2 Hz, IH); MS essentially the same as for 356. Exact mass ;al:d. for
CUHZOOZ: 208.1462; found: 208.1468.

@R 58")- (378a) and (R"SR")-+Hydroxy-9,9 piro[4.5]dec-7-en-1
78b)
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To a solution of diketone 354 (124 mg, 0.65 mmol) in methanol (30 mL) was added
sodium borohydride (6.2 mg, 0.16 mmol) in portions at room temperature. The reaction
mixture was stirred for 30 min. Water was added to the reaction mixture and much of the
methanol was evaporated in vacuo. The residue was diluted with ether and water (1 : 1)
and extracted with ether (x3). The combined organic extracts were washed with water
and saturated NaCl, then dried over Mgso4 and concentrated in vacuo. 'H NMR of the
residue indicated that a 14 : | mixture of epimers (378a : 378b) was produced. Purifica-
tion of the residue by flash chromatography (6% ethyl acetate in hexane) provided 378
(110 mg, 87%) as colorless crystals and 378b (8 mg, 7%) as a colorless oil. For 378a: mp
58-59°C: IR (Rlm) v, . < 3473 (br), 1728 (5), and 1459 (m) em™'; 'H NMR & 104 (s,
3H), 1.07 (s, 3H), 1.70 (m, 2H), 1.84 (m, 2H), 2.00-2.24 (m, 3H), 2.29-2.32 (m, 1H),
2.44-2.49 (m, LH), 4.28 (m, IH), and 5.46-5.55 (m, 2H); l:;C NMR & 28.0 (2), 30.0 (3),
30.9(0), 31.7 (3), 33.2 (2), 352 (2C, 2), 53.6 (0), 74.4 (1), 120.0 (1), 137.7 (1), and 222.0
(0); MS (from GC-MS) m/z (%): 194 (1, M"), 107 (29), 91 (40), 77 (41), 67 (38), 65
(26), 55 (43), 53 (32), 43 (64), 42 (20), and 41 (100). Exacr mass caled. for C H,g05:
194.1306; found: 194.1308. For 378b: IR (film) L 3447 (br), 1730 (s), and 1460
em™; THNMR 6 1,01 (s, 38D, 1.09 (s, 3H), 1.45 (d, J = 4.1 Hz, [, 1.70 (d, J = 4.1 Hz,
1H), 1.57 (dd, J = 4.1, 16.2 Hz, 2H), 1.80-1.92 (m, 2H), 2.07-2.10 (m, 2H), 2.20-2.42 (m,
4H), 4.34 (m, LH), 5.53-5.57 (m, [H), and 5.68-5.71 (m, IH); MS essentially the same as
378a. Exact mass caled. for C|,H, g0,: 194.1306; found: 194.1298. These two alcohols

were converted into the same ketone 354 upon oxidation with PCC.

Reaction of diketone 356 with methyllithium

‘The diketone 356 (90 mg, 0.46 mmol) was treated with methyllithium (0.7 mL, 0.9
mmol), the same as for 354, to provide an oily product, which contained a mixture of
epimers in aratio of 3 : 1 (379a : 379b) as revealed by ll'l NMR integration. Chromatog-
raphy (6% ethyl acetate in hexane) of this mixture failed to separate the two epimers (85

mg, 86%) as a colorless oil recovered and 7 mg of starting material 356 (8%) was
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recovered also.

(4R" 55")4-Hydroxy-4,7,7-trimethylspiro[4.5]decan-1-one (379a)

To a solution of keto alcohol 377a (142 mg, 0.68 mmol) in methanol (30 mL) was
added 10% palladium on activated carbon (50 mg) slowly. The solution was shaken for
two hours under hydrogen (50 psi). The resulting black suspension was filtered to remove
the catalyst and the filtrate was purified by chromatography (6% ethyl acetate in hexane)
to afford 379a (135 mg, 94%): IR (film) Ynar’ 3450 (br) and 1726 (s) cm'l; lH NMR &
091 (s, 3H), 0.94 (s, 3H), 0.99-1.17 (m, 2H), L.12 (s, 3H), 1.49 (s, 2H), 1.51-1.55 (m,
1H), 1.62-1.66 (m, IH), 1.75 (br s, OH), 1.84-1.96 (m, 3H), 2.05-2.21 (m, 1H), and
2.44-2.55 (m, IH); I'.4‘: NMR & 18.7 (2), 24.0 (3), 25.9 (3), 26.1 (2), 30.8 (0), 32.9 (2),
34.0(2),35.0 (3), 38.5 (2), 38.5 (2), 55.2 (0), 78.6 (1), and 220.4 (0); MS (from GC-MS)
m/z (%): 210 (14,M"), 152 (47), 141 (10), 137 (15), 109 (38), 99 (17, 95 (19), 81 (15),
69 (22), 67 (12), 55 (24), 43 (100), and 41 (38). Exact mass caled. for CIJH'.’ZOZ:
210.1619; found: 210.1610.

(4R" 5R")-+-Hydroxy-4,7,7-trimethylspiro[4.5]decan-1-one (379b)

The minor keto alcohol 377b (5.3 mg, 0.02 mmol) was hydrogenated with 10% pal-
adium on carbon (ca. 20 mg), the same as with the major isomer 377a. Chromatography
(5% ethyl acetate in hexane) of the crude product afforded 379b (3.2 mg, 59%) as a col-
orless oil: IR (Blm) .- 3443 (bo) and 1728 (5) cm”'; 'H NMR & 0.84 (s, 3H), 088 (s,
3H), 090 (s, 3H), and 1.02-2.04 (mm, |3H including OH); MS essentially the same as
for 379a. Exact mass caled. for C| 3H,,0,: 210.1619; found: 210.1621.

(R"58"- (380m) and (R".SR")-+-Hydroxy-7.7-dimethylspiro[d.5]decan-1-one
(380b)

The diketone 356 (129 mg, 0.67 mmol) was reduced with sodium borohydride (6.5
mg, 0.17 mmol), the same as for diketone 354. Analysis of the ! H NMR spectrum of the
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crude product showed signals for 380a and 380b in a ratio of 6.7 : 1. Chromatography of
the crude product failed to separate the mixture of epimers (107 mg, 82%): IR (film)
Ymax’ 3460 (be) and 1726 (5) em!. For 380a: 'H NMR & 097 (s, 30, 100 s, 38,
1.02-1.50 (m, 8HD, 1.85 (br s, OH), 1.95-2.45 (m, 4H), and 4.46 (br s, IH); L.‘C NMR &

192 (2),26.7 (3), 27.9 (3), 29.5 (0). 31.0 (2), 33.0 (2), 33.3 (2), 36.8 (2), 38.7 (2), 55.0
(0), 74.7 (1), and 2222 (0); MS (from GC-MS) m/z (%): 196 (13, M"), 181 (26), 121
(21), 109 (69), 95 (27), 93 (20), 81 (37), 79 (26), 70 (23), 69 (100), 57 (22), 55 (59), 53

(24),43 (52), and 41 (100).

@R'Ss"- (381a) and R SR)-+-Hydroxy-4 piro(d.Sldec-T-en-1
381b)

The diketone 364 (139 mg, 0.84 mmol) was treated with methyllithium (1.2 mL,
1.69 mmol), the same as for 354, to provide a 5.0 : | mixture of two epimers, which were
separated by flash chromatography (4% ethyl acetate in hexane) to give 381a (116 mg,
76%) and 381b (15 mg, 10%) as colorless oils. For 381a: IR (film) Ymax' 3486 (br), 1727
(5), and 1440 cm’'; 'H NMR & 128 (s, 3H), 1.75-187 (m, 2H), 193-2.28 (m, 8H
including OH), 2.41-2.53 (m, IH), 5.62-5.69 (m, |H), and 5.72-5.79 (m, |H); Bc NMR
&22.0 (2), 22.4 (2),24.3 (3), 27.8 (2), 33.9 (2), 34.1 (2), 53.9 (0), 79.4 (0), 123.8 (1),
126.9 (1), and 220.6 (0); MS (from GC-MS) m/z (%): 180 (6, MY, 122 24), 107 (13,
105 (12), 104 (21),99 (12), 91 (12), 8L (19), 80 (L1), 79 (32), 78 (10), 77 (17), 55 (17),
53 (14), 51 (10), 43 (100), and 41 (23). Exact mass calcd. for C)\H, O,: 180.1149;
found: 180.1139. For 381b: IR (flm) v,__: 3477 (br) and 1729 (s) cm™\; '"H NMR &
1.30 (s, 3H), 1.46-1.57 (m, 2H), 1.92-2.18 (8H including OH), 2.34-2.40 (m, IH), and
5.71-5.83 (m, 2H). MS essentially the same as 381a,

(@R" 55°)- (3829) and @R" SR")4 piro[.5]dec-7-en-1-one (282b)

The spiro-diketone 364 (133 mg, 0.81 mmol) was reduced with sodium borohydride
(7.7 mg, 0.32 mmol), the same as for 354, to provide a 6.0 : | (determined by integration
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of an inverse-gated 3¢ nvr spectrum in which NOE contributions were removed) mix-
ture of two epimers (127 mg, 94%), which were inseparable by flash chromatography: IR
(film) v o, 3447 (br), 1727, and 1437 (s) cm'l‘ For 382a: 'H NMR & 1.52-2.60 (m,
[1H including two OH), 4.23-4.31 (m, 1H), 5.57-5.69 (m, IH), and 5.70-5.82 (m, |H);
I:‘C NMR & 22.2 (2), 22.3 (2), 28.4 (2), 30.7 (2), 34.3 (2), 52.6 (0), 75.3 (1), 123.4 (1),
127.6 (1), and 221.4 (0); MS (from GC-MS) m/z (%): 166 (M*), 133 (15), 122 (25), 107
(32), 106(41), 105 (27), 104 (34), 91 (58), 81 (25), 79 (100), 78 (29), 77 (41), 55 (31), 53
(25), and 41 (34). For 382b: 'H NMR was almost identical with 382a; 1°C NMR &: 25.2
(2),27.4(2),279 (2), 309 (2), 34.1(2), 52.6 (0), 77.2 (1), 125.5 (1), 126.2 (1), and 220.5
(0); MS essentially the same as for 382a. Exacr mass calcd. for CIOHMOZ: 166.0993;
found: 166.0994.

@R"55")- (383a) and @R"SR")-4-Hydroxy-4,7-dimethylspiro[d.5]dec-7-en-1-one
(383b)

The spiro-diketone 364 (148 mg, 0.83 mmol) was treated with methyllithium (1.2
mL, 1.7 mmol), the same as for 354, to provide a 6 : | mixture of epimers (383a : 383b).
Chromatography (6% ethyl acetate in hexane) failed to separate the two epimers (138 mg,
86%): IR (flm) 5, 3467 (br), 1729, and 1447 (5) om. For 383a: 'HNMR & 1.26 (5,
3H), 1.64-2.53 (m, 14H including OH and a singlet at 5 1.67 for the methyl group), and
5.46 (m, LH); Be NMR &: 22.2 (2), 22.4 (2), 23.6 (3), 24.4 (3), 32.7 (2), 34.0 (2), 342
(2), 54.7 (0), 79.5 (0), 121.0 (1), 130.8 (0), and 220.8 (0); MS (from GC-MS) m/z (%):
194 (43, M‘), 136 (31), 133 (30), 121 (27), 119 (32), 99 (52), 95 (44), 79 (27), 77 (26),
55 (25), 43 (100), and 41 (26). Exact mass caled. for C|,H,g0,: 194.1306, found:
194.1288. For 383b: 'H NMR & 1.30 (s, 3H), the rest of the signals were buried in the

signals of the major isomer; MS esscntially the same as 382a.

@R'SS)- (84a) and  (R"SR")-4-Hydroxy-7 pirofd.S]dec-T-en-1
(384b)
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‘The spiro-diketone 364 (144 mg, 0.81 mmol) was reduced with sodium borohydride
(7.7 mg, 0.20 mmol), the same as for 354, to provide a 7 : | mixture of two epimers
(384a : 384b) of which the major isomer was isolated by crystallization (4 : | hex-
ane/ether). For 384a: mp 74-75°C; IR (film) Ymax' 3454 (br), 1729, and 1448 (s) cm‘l;
'u NMR &: 1.65 (brs, 3H), 1.67-1.83 (m, 9H including OH), 2.32 (dd, J = 3.3, 8.9 Hz,
1H), 245-2.59 (m, 1HD, 420 (br s, LED, and 549 (br s, 11D; 'SC NMR 5 219 (2), 22.2
(2),23.6(3), 28.2 (2), 34.3(2), 35.2(2), 53.2(0), 75.1 (1), 121.3 (1), 130.3 (1), and 221.9
(0% MS (from GC-MS) m/z (%): 180 (51, M"), 147 (35, 121 (100), 120 (30), 119 (37),
118 (28), 105 (61), 95 (37). 93 (88), 91 (71), 79 (58), 77 (51), 67 (34), 55 (46), 53 (31),
43 (41), and 41 (53). Exact mass caled. for C)H,0,: 180.1149; found: 180.1152. For
384b (from the mixture): IH NMR & 1.67 (br s, 3H), 2.01-2.84 (m, 10H), 2.82 (br s,
OH), 4.27 (br s, LH), and 542 (br s, |H): I:‘C NMR & 23.2 (2),25.2 (3), 26.7 (2), 27.6
(2), 311 (2), 33.9 (2), 52.5 (0, 78.7 (1), 119.5 (1), 132.8 (0), and 220.8 (0). MS essen-

tially the same as for 384a.

Reaction of diketone 364 with y followed by hing with Dz()

To a solution of diketone 364 (38 mg, 0.21 mmol) in anhydrous ether (20 mL) was
added a |.4 M methyllithium solution in ether (0.5 mL, 0.4 mmol) at -78°C. The reaction
mixture was stirred for another two hours at -78°C before deuteroiated water (3 mL) was
added. The solution was extracted with ether three times and the combined organic
extracts were dried over MgSO4. After concentration in vacuo the crude product was
analysed by GC-MS directly. MS (from GC-MS) for 385a/b or 386ab: 196 (21, M"),
195 (33, M" - 1), 137 (29), 135 (24), 134 (40), 19 (43), 100 (34), 95 (48), 93 (41), and
43 (100). MS (from GC-MS) for 387: 179 (7, M), 136 (23), 134 (100), 92 (44), 91 (45),
and 41 (29).

@R'5s")- (388a) and (@R’ SR)-+Hydroxy$ Sldec-T-en-t
(388b)
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The diketone 281 (79 mg, 0.45 mmol) was reduced with sodium borohydride (4.4
mg, 0.11 mmol), the same as for diketone 354, to give a 2.5 : | mixture of two epimers
(388a : 388b) as indicated by the 'HNMR spectrum of the crude product. Chromatogra-
phy of the crude product (6% cthyl acetate in hexane) failed to separate the two epimers
(80 mg, 89%) as a colorless oil: IR (film) Vit 3449 (br), 1727 (s), and 1448 (m) cm'l.
For 388a: Il-'l NMR & 1.55-2.60 (m, I3H including the singlet at & 1.67 for the methyl
group), 282 (br s, OH), 4.20 (br s, [ED, and 5.30 (br s, H); |3C NMR 6: 225 (2), 232
(3), 26.8 (2), 28.2 (2), 30.8 (2), 34.2 (2), 52.5 (0), 74.7 (1), 117.0 (1), 134.5 (0), and 222.7
(0); MS (from GC-MS) m/z (%): 180 (22, M*), 136 (77), 121 (41), 120 (53), 107 (34),
105 (72),93 (75), 92 (31), 91 (67), 79 (79), 77 (77), 68 (31), 67 (52), 65 (35), 57 (30), 55
(74), 53 (59), 51 (34), 43 (72), and 41 (100). For 388b: 'H NMR & 544 (br s, 1H), the
rest of the signals were buried in the signals of the major isomer; 13C NMR & 232 (3),
25.2(2),26.7 (2),27.6(2), 31.1 (2),33.9 (Zi, 52.5 (0), 78.7 (1), 119.1 (1), 132.8 (0), and
221.8 (0); MS essentially the same as for 356a. Exact mass for the mixture calcd. for

CyHyg0,: 180.1149; found: 180.1152.

(15" 4R")-8-Methylspiro[4.5]dec-7-¢ne-1,4-dlol (389)

The diketone 281 (99 mg, 0.55 mmol) was reduced with sodium borohydride (41
mg, 1.11 mmol) in methanol (30 mL) at room temperature, in the same way as for 354.
Chromatography of the residue provided diol 389 (90 mg, 89%) as a colorless oil: IR
(Blm) vy, 3362 (be) and 1439 (m) e 'H NMR & 1.50 (m, 3ED, 1.6 (br s, 31D,
1.70-1.74 (m, 2H), 2.02-2.18 (m, 7H including two OH’s), 3.92 (dd, J = 4.8, 6.3 Hz, IH),
4.02 (t, J = 3.6 Hz, 1H), and 5.38 (narrow t, J = 1.5 Hz, 1H); l3C NMR & 233 (3),25.2
(2), 27.6 (2C, 2), 29.6 (2), 29.7 (2), 46.5 (0), 76.3 (1), 76.7 (1), 119.8 (1), and 134.3 (0);
MS (from GC-MS) m/z (%): 182 (2, M"), 164 (42), 131 (40), 120 (61), 118 (26), 107
(28), 105 (100), 95 (26), 93 (42), 92 (32), 91 (57), 83 (25),79 (62), 77 (49), 67 (38), 55
(39), 53 (25), 43 (30), and 41 (53). Exact mass calcd. CllHlﬁo ™. HZO): 164.1200;
found: 164.1197.
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Oxidation of diol 389

To a solution of diol 389 (84 mg, 0.46 mmol) in dichloromethane (30 mL) was
added pyridinium chlorochromate (PCC) (199 mg, 0.92 mmol). The resulting brown
solution was stirred at room temperature overnight. Filtration through a Florisil pad
removed a black precipitate. Five volumes of ether were passed through the pad, and con-
centration of the combined organic solutions in vacuo provided a mixture of two epimers
(69 mg, 84%) in ca. | : | ratio. The spectra of these two epimers were identical with

those of 388a and 388b.

MR"55")- (3%0m) and @R"SR")-+Hydroxy-4 Slundec-T-en-1
(390b)

Diketone 369 (46 mg, 0.3 mmol) was treated with methyllithium (0.4 mL, 0.56
mmol) at -78°C, in the same way as for 354. The 'H NMR of the crude product indicated
thatit was a 1.5 : | mixture of epimers (390a : 390b). Chromatography failed to separate

these isomers (41 mg, 83 %): IR (film) v___: 3460 (br), 1728 (5), and 1446 (m) em’!; 'H

max
NMR & 131 (s, 3H), 1.38 (s, 3H), 1.24-241 (m, 24H), 5.41-5.56 (m, 2H), 5.64-5.79 (m,
2H); MS (from GC-MS) m/z (%): 194 (7, M"), 134 (36), 119 (28), 93 (24, 91 (27), 79

(26), 43 (100), and 41 (29). Exact mass caled. for C|,H, g0, 194.1306; found:

194.1304.

(4R"55")- (391a) and (4R",5R")-4 4.6undec-T-en-1-one (391b)

The diketone 369 (68 mg, 0.43 mmol) was treated with sodium borohydride (4 mg,
0.11 mmol) at room temperature, in the same way as for 345. The 'H NMR of the crude
product indicated that it was a 2 : | mixture of two epimers (391a: 391b). Chromatogra-
phy failed to separate them (67 mg, 87 %): IR (Flm) v, . : 3459 (br), 1728 (s), and 1447
(m) cm'l. For 391a: 1!'INMR & 1.21-2.53 (m, 13H including OH), 4.39 (br s, |H), and
5.76-6.00 (m, 2H); 13C NMR ¢ 21,6 (2),27.3 (2), 284 (2), 31.3 (2), 33.5 (2), 358 (),
56.0 (0), 75.0 (1), 127.7 (1), 133.9 (1), and 221.5 (0); MS (from GC-MS) m/z (%): 162
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(12,M*), 113 28), 95 (53), 93 (32), 9L (38), 79 (57), 77 (34), 68 (27), 67 (47), 57 27),
55 (53), 53 (36), 43 (49), 42 (21), and 41 (100). For 391b: 'H NMR & 121-2.53 (mm,
13H including OH), 4.39 (br s, LH), and 5.63-5.66 (m, 2HD; '3C NMR & 22.1 2), 274
(2),28.8(2),29.0 2), 32.2 (2), 33.8(2), 5.6 (2), 75.0 (1), 126.2 (1), 135.4 (1), and 220.4

(0). MS essentially the same as for 391a.

@R'5S")- (3920) und (R",SR")-Carbethoxy-+-hydroxy-T-methylspiro[4.5]de
7-en-1-one (392b)

The diketone 374 (176 mg, 0.8 mmol) was treated with sodium borohydride (8 mg,
0.2 mmol) in methanol at room temperature, the same as for 354. Integration of an
inverse gated IJC NMR spectrum in which NOE effects were removed showed the sig-
nals for 392a and 392b in a ratio of 12 : 1. Chromatography failed to separate the two
epimers: IR (flm) [ 3520 (br), 1732 (s), 1710 (s), and 1680 (m) cm'l;For 392a: lPI
NMR & 1.30 (t, J = 7.2 Hz, 3H), 1.67-2.58 (m, 14H including OH and a broad singlet at
52,01 for the methyl group), 4.17 (s, 1H), and 4.19 (q, J = 7.2 Hz, 2H); '3C NMR &
(CDCl3/CsDsN): 13.8/14.6 (3),21.3/22.1 (3), 21.723.1 (2), 22.924.0 (2), 27.8/28.9 (2),
33.9/35.0 (2), 38.2/39.0 (2), 52.2/53.2 (0), 59.7/60.2 (2), 74.3/74.6 (1), 124.1/125.0 (0),
142.0/143.9 (0), 167.8/168.2 (0), and 220.3/2209 (0). MS m/z (%): 252 (3, M+). 207
(22), 206 (100), 150 (18), 119 (21), 91 (21), 77 (16), and 41 (19). For 392b: lHN'MR 14
(CsnsN): 4.39 (m, 1H), the rest of the signals were buried in the signals of the major iso-
mer; 13C NMR 6 (C5DgN): 146 (3), 22,1 (3), 223 ), 276 ), 288 (2), 34.1 ), 346
(2), 57.5 (2), 53.8 (0), 74.5 (1), 125.3 (0), 146.6 (0), 168.1 (0), and 220.4 (0); MS essen-
tially the same as for 392a. Exact mass caled. for C,4H, g0 (M - C,HgO): 206.0942;
found: 206.0935.

(-IR‘)—rrans- (395) . and (4R')-cis~8-rer1-

Butyl-+-hydroxy-+ 1.51d 1 (396)
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The diketone 394 (128 mg, 0.58 mmol) was treated with methyllithjum (0.8 mL, 1.2
mmol), the same as for 354. The 1H NMR spectrum of the crude product suggested that it

. 3
was a single isomer. However, LC NMR showed two sets of signals in a ratio of 2.

b
(395 : 396) as determined by integration of an inverse-gated I:‘C NMR spectrum in
which the contributions of NOE were removed. Chromatography failed to separate the
w0 isomers (117 mg, 86%): IR (Rlm) v, : 3392 (br) and 1723 (s) cm™. For 395: 'H
NMR & 0.85 (s, 9H), 1.24 (s, 3H), 1.26-3.49 (m, 7H including a broad singlet at 1.46 tor
OH); l3C NMR & 22.3 (3), 22.5 (2), 22.7 (2), 25.7 (2), 27.5 (3C, 3), 29.4 (2), 32.2 (0),
33.2(2),33.8(2), 47.6 (1), 54.6 (0), 80.3 (0), and 220.6 (0); MS (from GC-MS) m/z (%):
238 (20, M"), 180 (33), 124 (26), 123 (24), 109 (38), 99 (30), 81 (24), 79 (20), 57 (77),
55 (31), 43 (100), and 41 (S6). For 396: ll-l NMR was very similar to that of the major
isomer 395; 13 NMR & 22.7 (2),23.0 (2€, 2), 27.0(3), 27.3 (3C. 3), 29.7 (21, 323 (0),
340 (2), 34.8 (2), 468 (1), 55.1 (0), 80.7 (0), and 222.3 (0); MS essentially the same as
for 395. Exact mass caled. for C gH, 10, 238.1931; found: 238.1923.

(4R")-trans- (397) and (4R")-cis-8-tert-Butyl-+ Sldecan-1-one (398)

The diketone 394 (116 mg, 0.52 mmol) was treated with sodium borohydride (5
mg, 0.13 mmol) in methanol (20 mL) at room temperature, in the same way as for 354,
Chromatography of the crude product (6% ethyl acetate in hexane) gave a fraction (108
mg, 92%) of mono-alcohols as a mixture of two isomers in a ratio of 18 : | (397 : 398)
and 4 mg (4%) of trans-diol 399. For 397 and 398: IR (fitm) Viax: 3425 (sharp), 3325
(br), and 1706 (s) cm™!. For 397: 'H NMR & 0.86 (s, 9HD), 1.31-1.44 (m, 3H), 1.55-1.70
(m, 4H), 1.81-1.94 (m, 2H), 2.18-2.47 (m, 5H including OH), and 3.87 (m, IH); Be
NMR & 22.0 (2), 224 (2), 262 (2), 27.1 (2), 27.5 (3C, 3), 31.4 (2), 32.3 (0), 34.6 (2),
47.6 (1), 51.9 (0), 79.2 (1), and 220.3 (0); MS (from GC-MS) m/z (%): 224 (4, M*), 168
(17), 167 (29), 150 (32), 149 (29), 112 (17), 109 (15), 108 (36), 107 (36), 95 (26), 93
(21), 81 (30), 79 (31), 67 (26), 57 (100), 55 (37), 43 (29), and 41 (63). For 398: 'HNMR

& 4.47 (br s, 1H), the rest of the signals were buried in the signals of the major isomer
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397 l3C NMR & 23.4 (2), 26.3 (2), 27.5 (2), 274 (3C, 3), 28.2 (2), 29.7 (0), 31.6 (2),
34.0(2),47.3 (1), 54.8 (0), 73.6 (1), and 222.1 (0); MS essentially the same as for 397.

(IR" 4S"*)-8-rer1-Butylspiro[4.5]decane-1,4-dlol (400)

The diketone 394 (124 mg, 0.56 mmol) was treated with NaBH, (42 mg, 1.1 mmol)
in methanol (20 mL) at room temperature, the same as for 354, to provide 400 (97 mg,
77%) as colorless crystals and 21 mg (17%) of 399 after flash chromatography (6% ethyl
acetate in hexane). For 400: mp 122.5-124°C; IR (film) Vmax' 3425 (sharp) and 3361 (br)
em’!; "HNMR &: 0.86 (s, 9HD, 1.01-1.28 (m, 7H including two OH), 1.56-1.64 (m, 1H),
1.73-2.20 (m, SH), 2.25-2.30 (m, 1H), 2.38 (d, J = 5.7 Hz, LH), 2.49 (d, / = 7.8 Hz, 1H),
365 (t, J = 5.1 Hz, 1H), and 4.15 (dd, J = 60, 6.6 Hz, 1H); 13 NMR & 23.3 (2), 238
(2),27.0 (2), 27.5 (3, 3), 311 (2), 32.0 (2), 324 (0), 32.9 (2), 480 (1), 502 (0), 75.2
(1), and 83.5 (1): MS m/z (%): 208 (0.1, M" - H,0), 190 (2, M" - 2H,0), 134 (11), 133
(25),93 (10), 91 (14), 8L (12), 67 (15), 57 (56), 55 (16), 43 (16), and 41 (36). Exact mass
caled. for €| 4Hy, (M" - 2H,0): 190.1720; found: 190.1727. For 399: mp 87.5-89°C; [R
(im) v 3352 (bry el 'H NMR 2: 0.86 (5, 9HD), 0.99-1.60 (m, 10H including two
OH's), 1.64-1.85 (m, 3H), 2.04-2.24 (m, 2H), 394 (1, J = 8.1 Hz, [H), and 4.7 (1, J = 6.0
Hz, 1H); 1C NMR & 229 (2), 244 2, 262 (2), 275 (3C, 3), 294 (2, 29.6 (2), 299
(2), 32.4 (0), 48.0 (1), 48.2 (0), 74.5 (1), and 784 (1); MS (from GC-MS) m/z (%): 208
(12,M" - H,0), 151 (25), 134 (19), 133 (39), 107 (19), 91 (25), 81 (25), 67 (28), 57
(100), 55 (23), and 41 (49).

Competitive reduction of diketones 359 and 103 with sodium borohydride .

A 1 : 1 (determined by ll-[ NMR integration) mixture of 359 and 103 (72 mg, 0.44
mmol) was reduced with sodium borohydride (2.1 mg, 0.06 mmol) the same as for dike-
tone 354. lH NMR of the crude product showed signals for 382a/b and 402 in a ratio of
1.5 : 1. The reaction rate ratio calculated based on Equation (8) (see Experimental of

Chapter 2) was 1.5: 1.,
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‘Competitive reduction of diketones 354 and 103 with sodium borohydride
A L : | (determined by 'y NMR integration) mixture of 354 and 103 (81 mg, 0.44
mmol) was treated with sodium borohydride (2.1 mg, 0.06 mmol) the same as for 354.

ll-[ NMR of the crude product showed signals for 378a/b and 402 in a ratio of § :

. The

reaction rate ratio calculated based on Equation (8) was 5.1 : 1.

Reduction of 366 in the presence of cerium(I1I) chloride

To a solution of 366 (88 mg, 0.45 mmol) and cerium(IM) chloride (169 mg, 0.45
mmol) in methanol (30 mL) was added sodium borohydride (.1 mg, 0.1l mmol) at
-78°C. The reaction mixture was stirred for two hours at -78°C before water was added.
Much of the methanol was evaporated, and the residue was diluted with ethyl acetate and
water. The aqueous layer was extracted with ethyl acetate (x3). The combined organic
extracts were washed with water and saturated NaCl, then dried over MgSD.‘. After con-
centration in vacuo, 'H NMR of the crude reaction mixture indicated that it was a 15 : |

mixture of two epimers (380a/b (79 mg, 89%).
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Appendix

The selected l!-[ NMR spectra of the synthetic samples were arranged according to
the order in which they appear in the text. For the instruments employed, see General

Procedures in Chapter one.
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