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Abstract
The Synthesis of the A-ring of Taxol
By

Zhongli Gao

Advisor: Professor W.F. Berkowitz

Synthesis of the tetracyclic portion of taxol from sim-
ple precursors has the potential not only for providing an
alternative source of this drug, and a second generation of
drugs with enhanced attribuies, but also for defining the
portions of molecule responsible for its biological activity.
In our attempts at total synthesis of taxol via a photo-
chemical approach, eg. connecting an A-ring synthon with
a CD-ring portion, we needed a useful A-ring synthon. The
focus of this investigation was directed toward the syn-
thesis of an A-ring synthon for taxol.

The synthesis{started from the Johnson-Claisen re-
arrangement reaction of 3-methyl-2-buten-1-ol to afford,
after hydrolysis, 3,3-dimethyl-4-pentenoic acid. This acid
was esterified with 2-methyl-2-buten-1-0l. The resulting

iii



iv
ester was subjected to the Ireland-Claisen rearrangement
conditions and esterification to form a diene ester. This
diene ester and its derivatives have also been synthesized
via two other routes. Ozonolysis of the diene ester yielded a
ketoaldehyde. This ketoaldehyde underwent an intra-
molecular aldol reaction catalyzed by (L)-proline to yield an
A-ring synthon with the proper functionalities for further
transformation. The further transformation was attempt-
ed by protection of the keto functionality as a ketal and ox-
idation of the hydroxyl group into a keto group to obtain a
key intermediate keto ester. Addition of an acetyl equiva-
lent was attempted by acetylene addition-hydration.

Meanwhile, the diene ester was reduced into an alcohol
and protected as a silyl ether. After ozonolysis and aldol
cyclization, another A-ring synthon was obtained success-
fully. This and the intermediate obtained above are both
suitable for the further transformation and will be em-

ployed in the construction of the A-ring synthon of taxol.
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Chapter 1. Introduction

1.1 Background

Taxol (1) is a novel polyoxygenated diterpenoid isolated
from the western yew tree, Taxus brevifolia. It has shown
promising results in 'fighting advanced cases of ovarian,
breast, and other cancers.! Structurally, this drug shares
a common carbon skeleton? 2 with the group of taxane

diterpenes isolated from various yew (Taxus) species.

Taxol was discovered as part of an NCI sponsored pro-
gram in which extracts of over 35,000 plants species were
tested for anticancer activities between 1958-1980.3 M. E.
Wall and M. C. Wani first isolated a crude taxol concentrate
from yew tree bark and wood samples in 1963. Initial

screening tests showed the extract to be a potential anti-



2

cancer agent which was very active against an unusually
wide range of rodent cancers. The isolation of the active
agent, a process that took several years because the agent
was present at very low concentrations in the plants, led to

the determination of its structure by X-ray analysis.3

1.2 Mechanism of Action

Investigation found a unique mechanism for taxol’s
anti-tumor activity involving cell microtubules. Micro-
tubules are ubiquitous cellular constituents that consist of
a and b tubulin protein subunits. They are the primary
constituents of mitotic spindles (the rod-like material that
is responsible for the equal partitioning of chromosomes
to daughter cells). Microtubules play a key role in mitosis,
maintenance of cell shape, cell motility, and intracellular
transport. They are self-assembling and self-disassem-
bling structures that are in dynamic equilibrium with
tubulin dimers, the protein subunits of which they are
composed. A substance that interferes with microtubules
can disrupt cell growth and function.

The first report of taxol's novel mechanism of action
was by Horwitz* who in 1979 indicated that taxol was an

antimicrotuble agent whose mechanism of action differed
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from existing antimicrotubule agents such as colchicin.?
Binding of taxol to tubulin acts to stabilize cell micro-
tubules and to prevent their depolymerization. Other
drugs were known to bind tubulin, but they all enhanced
disassembly of microtubles. Taxol's mechanism was
unique. Cells treated with taxol (0.1-10 umol / L) form dis-
organized microtubules and formed abnormal spindles
during mitotic cell division. This disrupts the substructure
of cancer cells and somehow prevents their rapid division
and Spread. The exact mechanism of this anticancer action
is not yet known but it has been speculated that taxol acts
as an alkylating agent.® According to Horwitz, the binding

of taxol is reversible.

1.3 Therapeutic Demand and Availability of Taxol

In phase II clinical trails,? taxol has caused full or par-
tial tumor shrinkage in 22 to 50% of patients with refrac-
tory cases of ovarian cancer (cases unresponsive to con-
ventional therapy), with an average response rate of about
30%. And in phase II clinical trials of the drug in metastat-
ic breast cancer patients who had not received very much
prior therapy, full or partial responses have been seen in

56% to 62% of patients. Additional clinical trials, including



4

some phase III trials are currently being conducted to eval-
uate taxol's effectiveness against various forms of cancer?8

The effectiveness of taxol in these studies has height-
ened public awareness and led to increased demand for
this drug. In addition, the FDA% has approved taxol for use
in treating ovarian cancer patients who have failed to re-
spond to standard chemotherapy or platinum-based
drugs such as cisplatin. Taxol is currently available in the
guantities necessary for US patients. The major source is
semisynthesis from baccatin III obtained by extraction
from the English yew by Bristol Myers Squibb. The bark of
the Pacific yew tree which grows in forests of the western
US and Canada is another source for obtaining taxol.°P
Yews are slow-growing evergreens, and the isolation proce-
dure required to obtain taxol is difficult, low-yielding and
expensive. Based on current bark-extraction procedures, 10
it is estimated that it takes about three trees to provide
enough drug to treat one cancer patient. In addition, the
trees must be killed to harvest the bark. This has promoted
concerns by ecologists about survival of the tree and its
habitats.1!

Strategies being investigated® to increase the availabil-

ity of taxol include total synthesis from simple starting
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materials, partial synthesis from readily available taxol
precursors, extraction from taxus bark and/or needles,
cultivation of taxus plants, identification of simpler drug
analog and cell culture production. Although, for the short
term, extraction from the natural resources is the most vi-
able way to obtain taxol, chemical synthesis, especially
total synthesis, in the long term, would be of great scientif-
ic value. Chemical synthesis could not only be an alterna-
tive supply of the drug on a commercial basis, but could
also supply taxol mimics, taxol surrogates, or second-
round drug candidates. This is because taxol may not
prove to be the best anticancer drug due to its toxicity and
poor aqueous solubility. Taxol analogs could also have
greater therapeutic effect with fewer drawbacks. It is be-
lieved that chemical synthesis may play its biggest role in
making these analogs of taxol.

1.4 Semisynthesis of Taxol

Owing to the growing demand for taxol and the struc-
tural challenge, the synthesis of taxol has attracted great
attention all over the world. There are more than 35 re-
search groups worldwide that have worked on the synthe-

sis of taxol and related compounds.!2 It is believed that
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taxol is one of the most important targets for synthetic
chemistry today.

Although the total synthesis of taxol remains as yet
an unattained goal, the partial synthesis from naturally
occurring 10-deacetyl Baccatin III (3) has already
achieved!3 (Scheme 1), and is an important commercial
source of the drug.

There have also been reports of very efficient synthesis

of the taxol side chain.14

Scheme 1. Green's Semisynthesis of taxol

1) Et3SiCl /Py
2) AcCl / Py
86%
3 4
X
Ph”">ng ©O
Ph;\/lj\OH
OCH(OEt)CH, Ph)’\ HCl
Taxol
DPC, DMAP EtOH/H,0
toluene 89%

80%

5

In addition to the partial synthesis of taxol, there are
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several reports of semisynthesis of closely related analogs
of taxol.15 To date, the most interesting analog is taxotere
(6), a very potent anticancer agent also prepared from nat-
urally occurring 10-deacetyl Baccatin III in the manner
similar to Scheme 1. Taxotere differs from taxol only in the
C13 ester chain and at C10 where a hydroxyl group is in
place of the acetoxyl group. Taxotere shows greater aque-

ous solubility and may be more potent than taxol.16

1.5 Strategies of the Total Synthesis of Taxol,

a Brief Review

The semisynthesis of taxol and its analogs discussed
above all start from the naturally occurring taxane skele-
ton. Intense efforts directed towards the total synthesis of
taxol have been made.!2:17 In consideration of the complexi-
ty of taxol, the most challenging parts of the molecule in-
clude the 8-membered ring, C1 hydroxyl, oxetane-acetoxyl
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groups and general stereochemical problems. Several syn-
thetic strategies have been documented, which include , as
a key step various forms of intramolecular Diels-Alder re-
action,!72-¢ intramolecular carbocation-induced cycliza-
tion,17f¢ the Claisen and other rearrangements,!7h-kpho-
tochemical cyclization, 174 nickel catalyzed cycloaddi-
tion,17ts and N(II) / Cr (II) mediated coupling!?t (Scheme
2).

Scheme 2. Strategies for construction of taxane skeleton

| |
7 A
\ |
cycloaddition
¥ /

Acyclic
ring closure Rearrangement
—_— —— e

Taxol skeleton

VAR

: Fragmentation
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Among these strategies, the de Mayo sequence ([2+2]
photoaddition followed by base initiated fragmentation as
shown in Scheme 3) is primarily noteworthy for the con-
struction of the eight membered ring at the same time as

the A ring and C/D ring units are connected.

Scheme 3. de Mayo sequence

@\ hv 0)3y
+ » —
OR

OR

The potential of de Mayo sequence in construction of
the taxane skeleton can be clarified with the following well
documented examples (Schemes 4-8).

Scheme 418 illustrates a series of intermolecular pho-
toaddition reactions between homocamphor derivatives 7
and cyclopentene and cyclohexene. The interesting stereo-
chemical feature of these reactions is the facial selectivity
imposed by the homocémphor geminal dimethyl moiety.
-Berkowitz subjected 8 to a variety of fragmentation proto-
cols, which were complicated in some instance by elimina-

tion product 10.
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Scheme 4. Berkowitz's Model Study

)n

9 10
R = Me, Ac

a. conditions tested:
(1) H,SO, / MeOH (30%); (2) K,CO5/ MeOH (60%)
(3) KOH /EtOH (60%); (4) TMSI (90%)

n=1, 2.

A quite similar result was observed by Fetizonl®
(Scheme 5). Again, the fragmentation of 12 with KOH in
aqueous ethanol afforded 13a (48%) and 13b (32%), while
15 afforded 16a and recovered diastereomer of 15. Scheme

618 shows another similar result.
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Scheme 5. Fetizon's approach

o 0
@ KOH /EtOH
—_— H,0
OAc hv 65%
80% OAc
11 12
0
H i H
o~ + :=
I
o H f
13a 13b
0o 0

. ) —
OMe hv 9

70% MeO
14 15

s
m::

"Il

16a 16b

The intramolecular de Mayo sequence was also tested.
Scheme 7182 jllustrates the preparation of a homocam-

phor-derived vinylogous ether 21 which underwent a pho-
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tochemical transformation to 22 whose stereochemical de-
tails were postulated on the basis of the observed inter-
molecular cycloaddition reaction mentioned above in
Schemes 5 and 6. The subsequent transformations com-

pleted the preparation of taxane model 24.

Scheme 6. Berkowitz's intermolecular Approach

0]
0
O B
[\ oY o__0
o) 1. hv (] 7
+ —_— + | |'H
2. KOH/EOH 3
OAc H
Fe) H

17 (40%) 18(15%)

Scheme 7. Berkowitz's Intramolecular Approach

mM o
o. O
0 Br 1. TsOH O/> hv
+ Str———— ay 0 L ———
2 DBU
83% 60%
o
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Blechert’s similar intermolecular approach, Scheme
8,20 differed by the introduction of a ketal moiety to control
the C1-C8 relative stereochemistry. Consequently, the se-
quence shown in Scheme 8 yielded the correct C1-C8 rel-
ative stereochemistry.

Indeed, the C1-C8 relative stereochemistry is one of
the fundamental issues that any taxane synthesis strate-
gy must take into account. Blechert (Scheme 8) succeeded
in fixing photochemically the C1 and C8 stereochemistry
and then adjusted stereochemistry at C3 through a late

Scheme 8. Blechert's approach

O
CIco, CHzPh 7@ cyclohexene
;——o 0  NaHCOs ; _0 oc02c1-12ph
86% 70%
25
O
1. NaBH,
0. 1 H2 /Pd-C 2. tert-BuOK

< —_— 3. H,0
2. KOH 79%

OCO,CH2Ph 93%

L-selectride
—

50%
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epimerization. The important stereochemical control de-
vice in Blechert's approach was the ketal. This may be ap-
preciated by considering the results shown in Schemes 4-
7. It was postulated!8 that the gem-dimethyl of the homo-
camphor-derived substrates (Scheme 7) prohibited exo ap-
proach of the olefin with the result that the C1- C8 relative
stereochemistry was incorrectly introduced. The problem
was solved by using the ketal moiety which overcame the
control imposed by the geminal dimethyl feature by steri-
cally hindering endo approach.

On the other hand, Inouye's?! unadorned system
(Scheme 9) underwent cycloaddition on the exo face of the
vinylogous ether chromophor through a process that cor-
rectly establishéd C1-C8 relative stereochemistry; this
again presumably because of the absence of the geminal
dimethyl group. ‘

All these examples strongly demonstrated that the
strategy studied ( [2+2] photoaddition followed by frag-
mentation ) is a relatively efficient way for construction of
the taxane skeleton. It is worth noting that the relative
stereochemistry at C1 and C8 was efficiently controlled by
the ketal (Scheme 8). Without the ketal, the stereochem-
istry would be controlled by the geminal dimethyl group
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which gave the incorrect stereochemistry (Schemes 5-7 ).

Scheme 9. Inouye’s approach

0 {7 0

0
PhSH NCS KOH /EiOH
—_— — ——
(CH:0H)2 o spp P
TsOH
84%
31 32 33
0 0]
TsOH hv
+ — —
70% 30-40%
[0)
HO
34 35 36
0
0

({1{]ao]

f“nn (1] 1}ant
u,,”'

j

/' ""

RuO, KOH

DMSO
80%

37 38 39
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1.6 Approaches to the A-ring Synthon of Taxol

The A-ring of taxol with its gem-dimethyl and oxygen
functionalities at C1 and C13 presents a considerable syn-
thetic challenge. It is not surprising that the emphasis of
many investigations have been on the synthesis of the A-
ring,22 either by itself or as part of an ABC-ring frame-
work. In convergent synthesis, especially the de Mayo se-
quence metioned in Section 1.5, the A-ring is one of the
starting points for construction of the ABC-ring skeleton.
In this section, some approaches to the A-ring synthon

will be briefly reviewed.

1.6.1 Cyclization

Very recently, Nicolaou22a reported a stereocontrolled
construction of A-ring synthon by employing the Diels-
Alder reaction to construct a substituted cyclohexane ring
(Scheme 10). The key step, reaction of diene 40 with ketene
equivalent 41, established the major features of the A-ring
in one step. The C13 hydroxyl group of taxol was success-
fully introduced through an allylic oxidation (SeO,), fol-
lowed by an enantioselective reduction with Corey's (R)-o0x-

azaborolidine.
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Scheme 10. Nicolaou’s approach

OAc
135°C KOH( 5 eq.)
96h
_— —_——
/ \ Bu'OH, 70°C
85% 4h, 90%
CN
40 41 Cl
42
OAc
(CH20H)2
o Benzene o
¢ 70°C, 1h o\)
98% 9%
43 44 45
OAc
1. SeO, / Dioxane Corey's (R)- OAc
100°C, 2h oxazaborolidine
> O o > HQOun
2. PCC, 4A molecule o toluene, -78°C
sieves,CH, Clp, r.t. O\) 3h o
75% 95%, 98% ee O\)
46 47
OAc OAc
TsOH TBDMSOTE
acetone/H,0 HQOwm 2.6-lutidine __, Bu'Me;Si O
> CH,Cl,
25°C, 12h, 65% 0°C, 15 min.
98% 0
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The starting material diene 40 in Nicolaou's approach
was prepared by the following known sequence (Scheme
11):22b

Scheme 11. Preparation of 40 in Nicoloau’s Approach

/%\[COQCZHS (H sMgCl N CoCH,  KHSO4
0 OH

CO,C,H 1) reduction
N Qe : . 7N OAc

2) acetylation

Another approach was reported by Danishefsky?22¢ as
shown in Scheme 12. The C13 oxygen was introduced by
allylic oxidation (CrO3-3, 5-DMP).
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Scheme 12. Danishefsky's approach

a 0 OTf

KHMDS Bu,SnCH=CH,
PhNTY, Pd(PPh,),, LiCl

1 \ — —_— -

: ' THF, reflux

:_ Ll o TngO"C 0 91%

N 0\) ? 0]
0

51

TBDMS O
TBDMSCI
9-BBN EtsN, DMAP
—— -
THEF, reflux CH,Cl,, r.t.
0 97% 0 329
O

——————————

@

52

i
=

TBDMS O

OH
Cr0,-3,5-DMP
CH,Cl, TSOH
- 0] - QO
-23°C acetone-H,O
48% Q 82% o

o

56
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Ketone 50 was prepared by the following known five-

step sequence (Scheme 13):22d

Scherme 13. Preparation of 50 in Danishefsky's approach

O A O

C ° °
Ccr
e H,0 (CH,OH),
e
(o)
&
o)

Clark22e has also investigated the preparation of A-
ring precursor of taxol, 62 (Scheme 14) using the Diels-
Alder reaction. By choosing a different diene and
dienophile, the C1 and C13 oxygen functionalities were in-
corporated in the Diels-Alder reaction step, while the C11
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carbon functionality was introduced subsequently by
Michael addition.

Scheme 14. Clark’s Approach

OAc
\ OAc OH OH
\ \‘,\CO 2Et \\l
heat LAH
o ——— —_——
CO2Et 56%
TMSO OFEt TMSO OE: HO
57 58
] Xi’ ) )((I)
1. 2,2-dimethoxy- W w
propane \““‘ /\ MgBr o
2. MnO, CuBr- Me;S o,
M% o TMSCI1/THF TMSO "
HMPA | l
93%
59 60

|

PhCHzNMes* *F* T |
ML 03 /MerS N e
3% ‘ 69%
7K A
0
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All of the approaches reviewed above can be classified
as a "two-molecule" strategy: the cyclohexane ring was as-
sembled from two fragments. The following examples are

classified as "one-molecule"” strategies.
Frejd's?2f work is illustrated in Scheme 15. The se-

quence started from L-arabinose and 71 was prepared via
a 23-step transformation. The key step is the Lewis acid
catalyzed cyclization of trimethyl silyl epoxide 70. The fea-
ture of this sequence is that the C13 hydroxyl group
comes from the C2 of L-arabinose, with the correct abso-
Iute stereochemistry being transferred to the end of syn-
thesis. Sharpless epoxidation created another chiral cen-
ter which was kept intact during the cyclization step. The
final cyclization was secured by the trimethyl silyl group
control element. This type of cyclization would not give the
desired cyclic product unless the trimethylsilyl group is
present. Another similar example??¢ is shown in Scheme

16.
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Scheme 15. Frejd’s Approach

70

0
CHO OH
H—+—OH
HO H 5 steps 1. Swern oxidatio:l
0 2. Nal /NaOAc,
HO——H HOAc TBDMSO -
3. TBDMSCI,
z Imidazole B:
CH,OH ion idax OBn
63 64 65
L-Arabinose
0
) OLi
' >_( 0 1. Ti(iPrO)
OLi 1. H2 / Pd-C 2. DHP /TsOH
——— —————— —————————T—-
2. PhSO,Cl 2. PDC 3 O
Py 0 =<
729 0 3. 170°C  1ppMso OLi
TBDMSO x 820, 67
i o)
OB
66 67
t-BuOK
e ey
CIPO(OEt)
83%
OPO(CEY),
68 69
0SiMe,Bu* gSiMezBu‘
1. TMSCH;MgCl 1. BF, OFt, :
.Ni (acac) o TMS 2 .BF5" OEt,, )
2. i-PrOH o | sootone o l
3. -BuOOH, s 3. DBU ><
(i-PrO) Ti, CO,Et 449, 5 COZEt
(-)-DET 2
30%

71
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Scheme 16. Armstrong’s approach

T™MS
BFs" OEt2
or SnCl,
COMe 80% HO COMe
72 73

1.6.2 Modification of cyclic system

In this section, some approaches to the A-ring syn-
thon for taxol involving the modification of an existing cy-
clohexane ring system will be briefly mentioned.

In 1993, Fallis!7¢ reported the synthesis of a taxane
skeleton via an intramolecular Diels-Alder reaction. The
sequence started from a known enone 74 and after a series
of manipulations, a key precursor 78 was obtained. The
Diels-Alder reaction was effected by heating and the stere-
ochemistry of addition was found to be controlled by the
C2 epimer (Scheme 17).
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Scheme 17. Fallis" Approach

O 1) MeMgBr, Cul OH 1) PhsPBry
2) CH(OCHs)3 / BF5'Et,0 2) NaCN
3) MeLi; Mel 33 'Srggi
4) MeONa, MeOH, 68°C
5) NaBH,

OSi(Me),Bu* OSi(Me),Bu*
74 75
N
CN ¢ 1) LAH
2) TMS—==
1) \ Y4 SnBu, —-B—ULI____—»
Buli 3) KOH/ MeOH
4) Dess-Marti
2) MOMC1 H ) Dess-Martin
X0 MOMO \ /
76 77
=
1) Heat 0
0O 2DDQ
H
H
MOMO
\ MOMO
78 79

Blechert 20 assembled 84 through the seven-step pro-
cess depicted in Scheme 18. The sequence created a [3, 3, 1]
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ring system successfully, but the hydroxyl group at Cl1

was not incorporated.

Scheme 18. Blechert's approach

0 M\ [\

1. KCN / NH,Cl 0
2. (CH0H)2 DCC
TsOH —_—
3. KOH/ Hzo
51%

- COOH

80

o .o / \o
1. Me,CuLi KH/ xylene
—_—— —_—
reflux, Shr.
2. CHaNp COMe  85%
71% -
© o o

83

In Kitagawa's 22b.1 synthesis (Scheme 19), d-camphor

was chosen as a starting point, and after a 23-step manip-
ulation, 96 was prepared. The key step is the ring expan-
sion of 87 by bromination-dehydrobromination with rear-

rangement to deliver 88. In the rearrangement process,
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migration of the less substituted homoallylic cyclopentane

carbon in 87 created the carbon skeleton associated with
88.

Scheme 19. Kitagawa’s Approach

COH — OAc
i P N\ e
HgSO . _—
: 2. CH,=PPhs
771% %, 3. ?;O/Py 83%
‘CO,H ¢ “—OH
85 86
Br ]IBr
Br Br ““\\ “\“‘\
1. KOH / MeOH
_Br B, 2. Ethyl vinyl
63% ether
0 OAc 979 OEE
88 89
87 ll?'r
\““‘
MCPBA t-AmONa o Na/NHj
° 96%
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Another sequence started from the (S)-(+)-enantiomer
of the Wieland Miescher ketone was reported by Watt,22 as

shown in Scheme 20.

Scheme 20. Watt's Approach
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One of the most recent synthesis of taxol A-ring ana-
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log was documented by Potier and coworkers.22k as shown
in Scheme 21.

Scheme 21. Potier's Approach
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The synthesis started from the known lower analog
of Wieland-Miescher ketone 102 via a 11-step sequence
(Scheme 21). The key step was the construction of the C1-
C2 bond by an intramolecular Sml, mediated reductive
pinacolic coupling reaction. Although the C1 hydroxyl
group in A-ring of taxol was incorporated in this synthe-
sis, the C13 hydroxyl functionality still needs to be intro-

duced. In addition, the C12 ester group needs to be re-

moved at a proper stage.
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Chapter 2. Results and Discussion

As indicated in section 1.5, the de Mayo sequence is
one of the noteworthy approaches for the assembly of the
taxol framework. The synthesis of taxol can be envisioned

as shown in Scheme 22.

Scheme 22. Proposal for the total synthesis of taxol
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I

O 116a

Diketone 112 is to be converted into 114 which will be
combined with 115 to give de Mayo precursor 116.
Molecule 116 should adopt a conformation like 116a. The
facial selectivity will be directed by the C13 ketal group
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which ensures the photoaddition will occur from the exo
side and that the correct stereochemistry of the C8 angu-
lar methyl group will be achieved. Furthermore, if 112 is
optically active with the correct stereochemistry at C1, the
photoadduct 117 would be optically active with the correct
stereochemistry at C8. Subsequent transformation of 117
will finally complete the total synthesis of taxol possibly
enantioselectively. Thus, molecule 112 is the starting
point, and its stereochemistry at C1 is also the funda-
mental element for the total enantioselective synthesis
based on the de Mayo strategy (the stereochemistry at
C11 and C12 is not important because they will eventually
be joined by a double bond).

Although there have been several successful ap-
proaches toward the synthesis of an A-ring synthon for
taxol (Section 1.6), no one has yet made an A-ring syn-
thon that can be easily transformed into a fully funtional-
ized taxol A-ring that can be incorporated in our proposed
total synthesis, except that of Frejd, which is too long. The
focus of this investigation is directed towards the efficient

synthesis of diketone 112.

2.1 Initial attempts

In construction of molecule 112, there are several ret-
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rosynthetic approaches available. Initially, geraniol deriva-
tives attracted our attention due to the similarity of its cy-

clized form with the A-ring of taxol, as shown in Scheme
23.

Scheme 23 Initial retrosynthesis

O.

o (o]
OAc
o o HO
112

119

OAc I OA |
HO/Qi/ = Q(/ ¢ = QE/OAC
120

Thus, geraniol (123) was protected as an acetate 122
which was epoxidized to afford 121. A similar sequence
yielded carbonate 125. Cyclization reactions of 122 and
125 to give 120 or 126 were unsuccessful,I with all condi-

tions tested: BF3Et,0,228 232 S5nCl,,2%* AlIClg, HCI - Et,0,
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HyzPO,,23¢ H,SO,/ THF, Al,O; / xylene, F;CCO,H,23de and
Cp,TiCl 23{In all cases, a very complicated tar-like mixture
resulted, with the exception of 125 which gave 127 in 36%

isolated yield upon treatment with BF;Et,0 (Scheme 24).

Scheme 24. Cyclization of geraniol derivatives
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We then thought to employ a free radical cyclization
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condition. When 122 was subjected to the free radical cy-
clization conditions,?® 128 was obtained in 52% yield.
Although this result encouraged us greatly, there still ap-
peared to be a long way to go before reaching target
molecule 112 and we looked for more advanced

intermediates.

Scheme 25. Free radical cyclization
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The cyclization of citronellol derivatives was then test-
ed (Scheme 26). Citronellol was epoxidized to afford 130 in
95% yield. Swern oxidation, followed by enolization afford-
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ed 132. When 132 was subjected to cyclization, neither
cationic (BF3Et,0) nor free radical conditions (Cp,TiCl)

produced a desired product 133. A noncyclized product re-

sulted in all cases.

Scheme 26. Cyclization of citrnellol derivative
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At this junction, we conceived of retrosynthtic Scheme
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27. The precursor of 112 could be 136 which may l;e de-
rived by disconnection of bond b leading to precursor 137.
Molecule 137 could be obtained from 138. Molecule 138 is
densely substituted and the choice of the disconnection
(138) leading to acyclic precursor 139 will be the key step
in the synthesis. Strategically, disconnection of the bond
c of 138 would lead to an aldol condensation reaction.
Construction of a 1,5-keto-aldehyde 139 presents a prob-
lem until we conceived the idea of generating each carbonyl
by ozonolysis of the corresponding alkene. If both car-
bonyl groups are substituted by methylene groups,
molecule 140 can be derived. In the synthetic direction,
this can be effected by ozonolysis. The substitution pat-
tern of 140 is a diallyl substituted acetic acid. Each allyl

group may be installed via an Claisen rearrangement — - -

a Johnson orthoester Claisen followed by an Ireland eno-
late-Claisen rearrangement. This analysis leads to 141.
The ester 141 can be obtained by combination of 142 and
143. The acid 142 could be obtained by a Johnson-Claisen
rearrangement reaction. The similar analysis for another

sequence of installment of 140 through 155 and 154
would lead to 143.
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Scheme 27. Retrosynthetic Analysis

\ 0
o}
= = e
b " COOMe o CooMe HO COOMe

a

m ,i;

155

g ]

)\/\ OH
ou + CH3C(OEt); + CH,C(OEt),
144

/




40

2.2 Synthesis of Diene Ester140.
Preparation of acid _fragment 142

The synthesis started from the Johnson-Claisen re-
arrangement reaction shown in Scheme 28. As we know,
Claisen rearrangement reactions are concerted,?* and are
greatly effected by steric hindrance. Preparation of 146 re-
quires creation of a quaternary center via this reaction.
The reaction was investigated thoroughly under various
conditions (Scheme 28)25 using two different alcohols, 3-
methyl-2-buten-1-ol (144) and 4-methyl-3-penten-2-ol
(145). 144 is commercially available. 145 was obtained in
94% yield by the reduction of mesityl oxide with sodium

boronhydride26 in the presence of cerium chloride. The re-

sults of the rearrangement reactions are collected in Table
1. The optimum reaction conditions (Entry 6) were estab-
lished as heating (143-145°C) the mixture of the
corresponding allylic alcohol with 3.0 equiv. of triethyl or-
thoacetate catalyzed by 0.066 equiv. of propionic acid over
3 days with continueous removal of ethanol formed by dis-
tillation. The ester 146 thus obtained was saponified with
potassium hydroxide in methanol?? to give an acid 142 in
95% yield. The corresponding rearrangement of alcohol

144 with trimethyl orthoacetate gave inferior results.
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Scheme 28. Johnson-Claisen rearrangement
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Table 1. Optimization of Johnson-Claisen rearrangement reaction

Propionic acid

2 »

COR?

Entry Substrate Reagent acid Solvent Temperature Time product yield
(°C) (%)
Rl R2 (equiv.)
1 H Me 2.5 0.05 o-xylene 132-133 3h 148 48
2 H Me 4.0 0.05 mesitylene 163-165 2h 148 66
3 Me Et 5.78 0.047 no 158-162 2h 147 79
4 H Et 5.75 0.047 no 143-145 5h 146 31
5 H Et 5.75 0.057 no 143-145 10h 146 43
6 H Et 3.0 0.066 no 143-145 72h 146 89
7 Me Et 40 0072 no 143-145 70h 147 79
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Synthesis of Alcohol 143

The next synthetic task was preparation of alcohol
143. Alcohol 143 was obtained by the route outlined in
Scheme 29. Methyl tiglate (150), prepared by esterifica-
tion of tiglic acid (149) with methanol catalyzed by concen-
trated sulfuric acid?8 (yield 80%), was reduced by lithium

aluminum hydride in presence of aluminum chloride in

ether2? in 83% yield.

Scheme 29. Preparation of alcohol 143

MeOH, H,SO, LiAlH,, AICl; \ /
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Synthesis of ester 141

The ester 141 was synthesized in 100% yield by the
reaction of the acid 142 with alcohol 143 in anhydrous
ether catalyzed by DMAP with dicyclohexyl carbodiimide
(DCC) as the dehydration reagent.30 Alternately, acid 142

was converted into acid chloride 151 with thionyl chlo-

ride3! in 88% yield, and esterified smoothly with alcohol
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143 in methylene chloride in the presence of triethy-

lamine32 in 99% yield (Scheme 30).

Scheme 30. Synthesis of the ester 141
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Synthesis of 152 via Ireland-Claisen Rearrangement
With ester 141 in hand, we were ready to investigate

the Ireland-Claisen rearrangement reaction which was
the key part of the synthetic plan. It was expected that
this rearrangement reaction would be difficult because the
alkyl group would be introduced into the position adjacent
to a quaternary center. The reaction conditions were ex-

plored thoroughly through several experiments involving
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variation of the reaction time, base, and the temperature .

The results of these experiments are summarized in Table

2.

Scheme 31. Synthesis of diene ester 140

F 1) LICA, -78°C
2) HMPA, Me,Bu'SiCl, -78°C_

P o 3) -78°C>79°C, 15h
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0

141 152
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— +
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7 CO,CH, = “CO,CH;
140a 140b
66 : 34

As shown in Table 2, the standard procedure33 first
examined produced recovered starting material along with
some unidentified impurities (Entry 1). The literature34
was searched thoroughly and the reaction conditions
were then modified as shown in entry 2. The reaction mix-

ture was heated for 3 h at 70 °C instead of quenching at
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Table 2. Optimization of The Ireland-Claisen Rearrangement Reaction

Entry ester  base time HMPA TBDMSCI time  heating Temp.Yield
conc. (min.)  (equiv.) (equiv.) (min.) time (°C) (%)
M)  (equiv.) (h) (h)
1 0.50 LDA 10 0.60 1.00 5 15min. O 0
(1.10)
2 090 LCIA 10 0.80 1.05 5 3 70 35
(1.10)
3 045 LCIA 15 0.80 1.05 15 16 70 25
(1.10)
4 0.40 LCIA 15 5.75 1.10 5 1.0 25 0
(2.50)
5 0.40 LCIA 15 5.75 1.10 3 35 88 0
(2.50)
6 0.90 LCIA 10 0.80 1.05 5 6 70 61
(1.10)
7 0.40 LCIA 60 1.40 1.05 40 15 79  85%
(1.10)

* total yield of 140 from 141.
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0°C, giving a 35% yield of 152 and some recovered starting
material. These results suggested that the reaction might
need a longer heating time, and therefore, as shown in
Entry 3, the reaction mixture was heated for 16 h.
However, a very complicated mixture resulted and no
starting material was recovered. Acid 152 was isolated in
only 25% yield. The effect of more base was investigated
next (Entries 4 and 5), but 2.5 molar equivalents of base af-
forded no product after isolation. Besides this, the reac-
tion products were extremely complicated, and no starting
material was recovered. In Entry 6, other conditions were
the same as Entry 2, except the mixture was heated
longer. The yield was 61%, along with recovered starting
material. It was then recognized that the enolization pro-
cedure might present problems. In Entry 7, the enoliza-
tion period was lengthened to 1h. and the quenching of
the enolate with tert-butylchlorodimethylsilane was
lengthened to 40 min. The yield of 140 reached 85% from
141. Thus, the optimum conditions established were as
follows: 141 was enolated with 1.10 equiv. of LICA over
1h; protected the enolate which formed with tert-
butylchlorodimethyl silane in the presence of 1.40 equiv. of

HMPA at -78°C over 40 min.; raised the temperature slow-

ly and heated at 78-79°C for 15h. Another important im-
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provement for the reaction conditions was that the hy-
drolysis of the rearrangement product, the silyl ester, was
carried out under the basic conditions (potassium carbon-
ate353) and a longer reaction time, instead of the acidic
conditions (acetic acid in THF3% ) adopted previously.
Using acidic conditions, the product acid was contaminat-
ed by acetic acid and the separation was not achieved very
readily.

Once the acid 152 was obtained, esterification was ef-
fected by the reaction of iodomethane in dry DMF cat-
alyzed by cesium fluoride.36 The diene ester 140 obtained
this way was rather pure. Separation was needed only for
removal of a trace of the solvent DMF, using hexane and
ethyl acetate (15 :1 ) as eluent on a short silica gel column.
Diene ester 140 is a colorless oily liquid with a somewhat
pleasant smell. There are two diastereomers, erythro and
threo, present in diene ester 140. The two isomers 140a
and 140b were separated cleanly by preparative HPLC and
the ratio was determined to be ca. 66:34. The relative stere-
ochemistry for these two isomers was assigned tentative-
ly based on 'H NMR of the individual isomers (Scheme
32).37




49

Scheme 32. Stereochemstry of 140

Ha
MeOOC. =

Hb

140a
Jab=11.2 Hz

Erythro

Ha

Hb =

Me

COOMe

140b

Jab=8.4Hz

Threo

2.3 An Alternative Route to Diene Ester 140.
As we realized earlier, Scheme 27, the allyl sub-

stituents may be installed in either order. Therefore, 140
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may be also derived from an ester 155 available from 144
and 154. As shown in Scheme 33, the second route to 140
started from alcohol 143. The mixture of 143 and triethyl
orthoacetate was heated at 142°C for 4h, with propionic
acid?52 as a catalyst, and an ester 153 was obtained in
85% yield. If the reaction mixture was heated for a shorter
time (1.5h), the yield decreased somewhat (81%). The next
step was preparation of ester 1565. The shortest route from

ester 153 to 155 was transesterification, which was first
performed based on a literature procedure38 using potas-

sium carbonate as the base. Unfortunately, the method
did not work in the system studied. Reaction conditions
were then modified to employ sodium metal to produce the
alkoxide anion and a higher temperature (bath tempera-
ture: 105°C ). In this way, ester 155 was obtained in 77%
isolated yield. Alternately, ethyl ester 153 was hydrolyzed

with aqueous potassium hydroxide in methanol?? to acid
154 in 80% yield. Esterification with 144 was then effected
by toluenesulfonic acid and DCC 3° in pyridine in 90%

yield.

The Ireland-Claisen rearrangement reaction was then

tried and, after several tries, it was found that the longer
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Scheme 33. An alternate route to diene ester 140
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heating time and higher temperature were crucial for the

success of the reaction. The results were collected in Table

3.
Table 3. Optimization of the Claisen Rearrangement Reaction
Entry Ester base time HMPA TBDMSCl time heating temp. yield
conc. (equiv) (min.) (equiv.) (equiv.) (min.)  time(h) ©C) @)
™)
1 0.14 LDA 15 0 2.90 10 2.5 70 0
(1.26)
2 0.20 LCIA 10 0.60 1.05 10 15 min, 0 0
(1.05)
3 1.00 LCIA 30 1.00 1.05 5 2.5 80 34
(1.10)
4 0.75 LCIA 15 4.00 1.05 10 38 79 49
(1.10)
5 040 LCIA 60 1.40 1.05 40 38 110  64*

(1.10)

* total yield of 140 from 155.

The esterification was carried out in the same way as

in Scheme 31 and the two isomers, 140a and 140b, were

also separated by HPLC in the same way. The ratio of 140a

to 140b was determined to be 32 : 68. The individual spec-

tra of 140a and 140b were identical with those obtained in
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Scheme 31. It was interesting to note that the stereoselec-
tivity, though not important, for these two ways of Claisen
rearrangement ( Scheme 31 and Scheme 33) was opposite.
The ratio shown in Scheme 31 is 66 : 34; while the ratio
shown in Scheme 33 is 32 : 68.

2.4 A Route to the Derivative of Diene Ester 140

In order to get additional insight into the transition
state of the Claisen rearrangement, the reaction of
158/159 were investigated as shown in Scheme 34. The se-
quence started from vinyl bromide 156. The Grignard
reagent was prepared and reacted with acetaldehyde to
obtain an alcohol 157. The E/Z ratio was found to be 68: 32
(NMR). Alcohol 157 was then combined with acid 142 to
give 1568 and 159 in 80% yield. The two isomers, 158 and
159 were separated carefully by preparative MPLC and
their structures were fully characterized. The ratio of 158 :
159 was found to be 64 : 36 (isolated). The Ireland-Claisen
rearrangement started from the mixture of 158 and 159,
and the acid 160 was obtained. After esterification (Mel,
CsF, 87%), 160 gave a diastereomeric mixture of esters
which was separated by HPLC and the structures of the

individual isomers 161 and 162 were fully characterized.
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Scheme 34. Synthesis of a derivative of diene ester 140

TsOH, DCC, Py

2) CH3CHO OH
EandZ 76% E:Z=68:32 80%
156 -
/><\"/ O AN
0 1) LICA, -78 °C
2) HMPA, Me,Bu'SiCl, -78 °C
18 3) .78 9C>"79°C, 16 hrs. P
+ (-
4) K,CO3, MeOH, 3hrs.
° 160
159

158:159=64:36

Mel, CsF
e
DMF
87% from 158 /159
erythro threo
161 162
70 30
? 0
0O3/MeOH;
O >
Zn/AcOH/H,0
i 7 COOMe HO COOMe

94% o

139




55

The ratio of 161 to 162 was found to be 2:1 ( both NMR and
HPLC).

It is interesting to note that only E isomer was ob-
tained. The Z isomer was not detected by NMR or HPLC.
The ratio of erythro 161 to threo 162 was approximately
the same as that of erythro 140a to threo 140b. These re-
sults can be argued rationally in terms of the relative sta-
bility of the transition states.

The Claisen rearrangement is a suprafacial, concerted,
nonsynchronous pericyclic process that may be consid-
ered phenomenologically as an intramolecular Sy2° alky-
lation.2* When the sp2-hybridized C1- and C6-positions of
allyl O- sﬂyl ketene acetals (163) are substituted (R;, R,, R
are not H) to provide enantiotopic faces at both termini,
the rearrangement can proceed through two pairs of achi-
ral transition states to provide two diastereomers (threo
and erythro) bearing newly created centers of asymmetry
at C2 and C3 of the product 164 (Scheme 35). On the other
hand, when the C4-position is substituted (R; and R, are
not the same), the issue of Z/E selectivity arises. Generally
speaking, the erosion of diastereoselectivity can be at-
tributed to two factors: the geometric integrity of the allylic
double bond and the silyl ketene acetals and the selectivity

of the chair-like transition states vs. boat-like transition
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Scheme 35. Stereochemistry of the Ireland-Claisen rearrangement
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states. While the geometry of the double bond in the prod-

uct can be attributed to the orientation of R; and R, in the

transition states. If the chair-like transition states are
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predominant, a change in the geometry of a only one of
the two double bond of the starting material exchanges the
enantiotopicity of the faces of the double bond and leads to
the opposite stereoisomer; any pairwise change in olefin
geometry results in the formation of the same diastere-
omer.

The Ireland variant of the Claisen rearrangement
characterizes the typical Claisen rearrangement mecha-
nistically. The deprotonation of esters by lithium dialky-
lamine base has proved amenable to the generation of spe-
cific enolates. It was reported that E-lithium enolate ((Z)-
O-silyl ketene acetals) were predominantly generated in
THF in the presence of HMPA. In our system, we added
HMPA in THF when deprotonation of ester 158/ 159 was
effected. So we can assume that the production of the (Z)-
O-silyl ketene acetyl is predominant over the (E)-O-silyl
ketene acetal. In Doering’s?! studies, it was revealed the
chair-like transition state is preferred. If we only consider
the chair-like transition states (Scheme 36), we would find
that TS1a is favored over TS1b; similarly, TS1c is favored
over TS1d (Scheme 36). On the other hand, TS1ais favored
over TS1c because one methyl group in TS1c occupies an
axial position. So, TS1a would provide a major product,

erythro isomer. It was worth to point out that the (E)-O-
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Scheme 36. Rationale of the rearrangement reaction
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Scheme 36. Rationale of the rearrangement reaction (continued)
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silyl ketene acetal could not be ruled out completély be-
cause 141 (E alkene only) gave erythro and threo in a
ratio of 66 : 34, not pure erythro. On the other hand, the
discussion above is not very conclusive because the rear-
rangement of 158/159 was started from the cis/trans
mixture. The further investigastion is under way.

Analysis of TS1 and TS2 reveals that all TS1s are fa-
vored over all TS2s. This explained the observed results in
which only E alkene products were observed and Z-

alkenes were not detected.

2.5 Miscellaneous Pathways toward the Derivatives of

Diene Ester 140

As our ongoing project, we are still looking for an even
shorter route to diene ester 140 or its equivalents.
Alkylation can be one of the possibilities. Some results are
collected in Table 4. It was worth noting that the reaction
of Entry 1 is very neat and the work up and the separation
were very easy. Only the mono-addition product 167 was
isolated. Product 167 contains two diastereoisomers, cor-
responding to erythro and threo isomers. The ratio was
75 : 25 based on NMR, although structures were not as-

signed.
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Table 4. Alkylation of Ethyl 3,3-dimethyl-4-pentenoate

Entry Alkylating Product Yield (%)
reagent
2 on
o
1 84%
v COOE!
o
167
OH
/ﬁ/ 20%
2 v COOE!
169
o
a
3 \"/\ 39%
7~ COOMe
o .
170

Dehydroxylation of 167 to yield ethyl 2-(1, 1-
dimethyl-2-propenyl)-3-methyl-4-oxopentenoate (168) is

unsuccessful (Scheme 37).
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Scheme 37 Dehydration of 167
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The reaction in Entry 2 was not very successful, the
yield was only ca 20%. The product shown in Entry 3 was
not what we desired. We were going to prepare the ketone
168, but unfortunately we obtained 170 in low yield in-

stead.

2.6 Ozonolysis of the Dienes

As outlined in Scheme 38, ozonolysis of diene ester
140 afforded keto aldehyde 139. The reaction proved to be
troublesome, even though ozonolysis is such a typical or-
ganic transformation. The procedure for a diene system
reported in the literature#? (O, methanol; dimethyl sulfide
as reducing reagent) was first tried on a small scale
(0.48 mmol) and found to be adequate (81 % yield), but the

product mixture was very complicated and difficult to sep-
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arate. When the reaction was scaled up, the reaction actu-
ally failed. There were three major products, one of them
was the desired keto aldehyde 139 (<40%). The others,
with molecular weights 186 and 228 (GC/MS), respective-
ly, did not contain an aldehyde group (!H NMR). Various

procedures from the literature3 (yields range from 34% to

100%) were collected and compared, and reaction condi-
tions were explored further using geraniol as a model
molecule. The optimum conditions for ozonolysis of geran-
iol to yield 4-oxo-pentanal (171) were established to be
passing ozone into a cold (-78 °C) solution of geraniol in
methylene chloride (0.10 m M) until the blue color persist-
ed and the color of the test solution of potassium iodide in
1% acetic acid (used for absorbing unreacted ozone)
changed its color from yellow to orange suddenly; passing
argon into the reaction solution for at least 5 min. to re-
move excess Oj adding dimethyl sulfide (20 equiv.) at
-78°C and stirring for 30 min., then at room temperature
for 11 h (see Experimental). The yield was good (95%) and
the separation was easy. Unfortunately, under exactly the
same conditions, diene ester 140 only afforded a trace of

the component which showed an aldehyde peak in NMR;
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Scheme 38. Ozonolysis of the dienes

| 1) O3/ CH,Cl,, -78°C
A OH 2) Me2S ( 20 equiv.) Np ©

-78°C, r.t,, 11 h.
120 95% 171
0]
1) O3 / Py, CHyCl,
2) Zn/ AcOH
20°C, 2.5h.
/ C02C2H5 98% 0/ CO,C,H;
140 139

most of the components did not contain an aldehyde
group. It was found that without methanol, the reduction
of the ozonide took quite a long time; when methanol was
added as a co-solvent, the reduction took only a few hours,
but dimethyl acetal components were observed which
caused extra work to hydrolyze. In order to avoid using
methanol as a co-solvent, we tried to find some other sol-
vents. In our attempts, we tried a condition% in which
pyridine was employed as a co-solvent. These conditions

turned out to be good, and we obtained 139 in 98% yield.
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2.7 Synthesis of 137
With ketoaldehyde 139 in hand, the next synthetic

task was to explore cyclization conditions (Scheme 39).
The aldol condensation was effected by treatment of
keto aldehyde 139 with (L)-proline® in dry DMF to obtain
138 in 86% yield. Attempted aldol condensations with
potassium hydroxide in methanol (1%)4¢ and zirconium

tert-butoxide 47 in THF were not successful.

Scheme 39. Synthesis of 137

0 (0]
(L)Proline E OE OCH,
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DMF TIOH
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7 days 89%
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Jones oxidation
Celic '
20°
HO COOMe ¢ o COoOMe
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The conversion of hydroxy-keto-ester 138 into ketal
172 was first attempted with a conventional method using
ethylene glycol as reagent and toluenesulfonic acid as cat-
alyst.4® The reaction was successful but the yield was low
(65%). We continued to search for an even milder set of
conditions because the B-hydroxy-ketone, is likely to be
sensitive to the acidic conditions required, which may also
lead to dehydration. Fortunately, the literature® referred
us to 2-methoxy-1, 3-dioxolane as a reagent and TfOH as a
catalyst. Using this procedure we obtained 172 in 89%
yield. The oxidation of 172 was effected by Jones
reagent.48b It was found that the presence of celite®0 was
helpful in the workup and increased the yield. Without
celite, the green, muddy precipitate was difficult to filter.
Celite adsorbs the precipitate and forms a green powder.

Keto-ester 137 contains two diastereomers, cis and
trans. In taxol, these two centers (C11 and C12) will be
connected by a double bond. We still separated the two iso-
mers with preparative HPLC for structural characteriza-
tion. The structural assignment (see Experimental) is ten-

tative in nature.

2.8 Attempt at the Synthesis of Target Molecule 112
The next synthetic task is to add an acetyl equivalent
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to molecule 137. Although a lot of acetyl equivalents are
known, one which meet our needs is still very limited. If we
use a too strong nucleophile, both ketone and ester would
be attacked; if we use a too weak nuclophile, there would be
no reaction because this ketone is extremely crowded. We
have already tried to use 2-trimethylsiloxylpropionitrile5!
as an acetyl equivalent to add to keto-ester 137, but the re-
action was unsuccessful. Finally, we found lithium
acetylide52 was good for this reaction. After addition, the
acetylene was converted into an oc-hydroXy ketone. The

conventional method,3 which use mercuric sulfate in hot

Scheme 40. Attempt at the synthesis of molecule 112

O 0] O, (0]
HC=CLi ' EDA
THF, r.t., 25 hrs.
76 % HO
o) C0,CH,4 C02C
// 2CH3
137 173
o 0 O (0]
PhHgOH = 7 " el =
ettt Y
CHCl3 HO HO
r.t., 30 hrs.
46% CO,CH,
o (o)
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dilute sulfuric acid, is not adequate to this system because

the protection group ketal is intolerant to these condi-
tions. Fortunately, the literature®* led us to phenylmer-

curic hydroxide (commercially available). The reaction was
tried in chloroform under the reflux conditions employed
by the literature. The yield was very poor(46%). After two
trials we found the conditions must be modified. We use
CDCl; as solvent and run the reaction in an NMR tube at
room temperature, monitoring the reaction directly with
1H NMR. So far, this condition was still not satisfactory be-
cause the yield was very low and the reproducibility was
poor. Hydroxy ketone 136 was isolated and identified. The
investigation of cyclization of 136 to produce 112 under

Claisen condensation conditions is under way.

2.9 An Alternative Route to Derivative of 138

As discussed in section 2.8, the keto group in keto-
ester 137 was inactive towards weaker nuclophiles due to
the steric hindrance. The ester group excludes the possi-
bility of using stronger nuclophiles, such as Grignard and
lithium reagent to introduce a two-carbon unit. In order to
overcome this difficulty, we developed another parallel

route starting from 140. Reduction of 140 with diisobuty-
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laluminum hydride (DIBALH),5¢ followed by protection
with tert-butylchlorodimethylsilane catalyzed by imida-
zole%7 to afford 175 in 98% yield. Ozonolysis of 175 yielded
176 in almost quantitative yield (99%). Intramolecular
aldol condensation of 176 catalyzed by (L)-proline afford-
ed 177 in 62% yield. This route not only provided the way
to prepare hydroxy-ketone 177, but also tested the appli-

cability of the approach in another similar system.

Scheme 36. Synthesis of 177
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2.10 Conclusion and Future Plan

In summary, we have completed the synthesis of a
taxol A-ring synthon 138 in two similar systems and at-
tempted the further transformation of 138. The sequence
started with the tandem Johnson-Claisen and the
Ireland-Claisen rearrangements. These two reactions
allow us to construct a chain rapidly and efficiently. After
ozonolysis and aldol condensation, we obtained an A-ring
synthon of taxol with all substituents required for further

trasnsformations(see Scheme 41).
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Scheme 42. Summary

A PR e \/H

v
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Our future plans are depicted in Schemes 43 and 45.
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Scheme 43 is based on the same idea as Scheme 27, but in-
troduces the possibility of synthesizing 181 enantioselec-
tively by specifying the absolute configuration at C13
through enantioselective aldol reaction.58 Scheme 45
shows the future plans for manipulation of 137. Wittig re-
action of 137 would afford 182, which could possibly be
converted enantioselectively into 136 via asymmetric di-
hydroxylation reaction by using a proper chiral catalyst,5°
followed by oxidation.

Scheme 43 Proposal for synthesis of taxol A -ring synthon A variation

>_<_ 1) CHLC(OC Hs)s -
o 2) HO coH 2) Ireland rearrangement
178 179
|
1) Ozonolysis ~
2) Aldol -
COR o) CO.R

180 181
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The Wittig reaction and dihydroxylation reaction have
already been tested in a model (achiral) system as shown

in Scheme 44.

Scheme 44. A model study

CH3CH2P(O)Phz OsOq4 HO
s —_—
5 LDA 7 MNO
53 % _
91 % o
183 184 185

In Scheme 44, Wittig reaction®0 of 2,2-dimethylcyclo-
hexanone (commercially available) with ethyl diphenyl
phosphate using LDA as a base afforded 184 in 53% yield.
Dihydroxylation?2¢ of 183 yielded diol 185 in 91% yield.

As shown in Scheme 45, the final cyclization (the
Claisen condensation) is anticipated to be initiated by a
base. This reaction has been proved to be successful in a
model system, lacking the C1 hydroxyl group, by
Blechert.20
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Scheme 45 Proposal for future manipulation of 137

0N° o. .0
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Chapter 3 Experimental Section

General All starting materials were obtained from com-
mercial supplies and purified by distillation or recrystal-
lization before use except as mentioned. THF, ether, ben-
zene and dimethoxy ethane (DPME) were distilled from
sodium with benzophenone as indicator. The solvents were
distilled immediately prior to use and the solvent was
transferred directly into the reaction flask through a
stainless steel tube. Triethylamine, diisopropylamine, cy-
clohexyl-isopropylamine, methylene chloride, dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO), and hex-
amethyl phosphoramide (HMPA) were distilled from calci-
um hydride prior to use. 'H NMR spectra were measured
in deuterochloroform using a Bruker/ IBM 200MHz NMR
spectrometer or Varian Anaspect EM 360 (60MHz) NMR
spectrometer. IR spectra were taken with a Perkin-Elmer
598 Infrared Spectrophotometer or Perkin Elmer 1600
FT-IR spectrophotometer. GC/MS were kindly obtained by
Dr. Locke at the Queens College Department of Chemistry
using a Hewlett Packard 5988A GC/ MS. Elemental analy-
sis were performed by Galbraith Labs., Knoxville, Tenn.
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Ethyl 3,3-dimethyl-4-pentenoate (146)6! A mixture of 3-
methyl-2-buten-1-ol (144) (27.65 g, 322 mmol), triethyl
orthoacetate (156.28 g, 965 mmol, 3.0 equiv.),25¢ and pro-
pionic acid (1.43 g, 19.3 mmol, 0.06 equiv.) was heated at

144 OC for three days with continuous removal of ethanol

by distillation. Additional propionic acid (0.08 g, 1.0 mmol,
0.003 equiv.) was added?25c every 24 h. After the reaction
was complete, the excess of triethyl orthoacetate was dis-
tilled out under reduced pressure (56°C / 18 mmHg). The
remaining trace of triethyl orthoacetate was removed by
washing the ether solution of the crude product with 1.0 %
of sulfuric acid (3 X 50 mL), brine (50 mL), sodium bicar-
bonate (50 mL) and brine (50 mL), successively. The ether
solution was dried over magnesium sulfate and concen-
trated to yield the crude product as an oil. this was dis-
tilled at 62-63 °C / 18 mmHg ( lit 34-35°C / 0.1 mmHg 61a,
81-83 °C / 47 mmHg51P, 94-98 °C/ 72 mmHg®81d) to obtain
44.81 g (yield: 89%) of colorless oily liquid 146. 1H NMR §
1.11 (s, 6H, gem-dimethyl), 1.22 (t, J=7.1 Hz, 3H,
OCH,CH,), 2.26 ( s, 2H, CH,CO,), 4.08 (q, J=7.1Hz, 2H,
OCH,), 4.91 (dd, J,=10.6 Hz, J,=1.0 Hz, 1H, CH,=CH), 4.95
(dd, J,=17.5 Hz, J,=1.0Hz, 1H, CH,=CH), 5.88 (dd, J,= 17.5
Hz, J,= 10.6 Hz, 1H, CH,=CH) (lit 61¢.25¢), IR (cm*, CCl,):
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2960 (s), 1730 (s), 1640, 1230, 1120 (lit 61a.61b); MS (m/2):
156 (M%), 141, 127, 113, 111, 110, 99, 88, 85, 83, 82, 71,

70, 69( 100 % ), 55 (lit 61¢); Anal. Calcd for CgH,50, : C,
69.19, H, 10.33; Found: C, 69.43, H, 10.56.

Ethyl 3,3-dimethyl-4-hexenoate (147)%2 The procedure
used for preparation of 146 was applied to the homolog. A
mixture of 4-methyl-3-penten-2-ol (145) (20.00 g, 199.7
mmol), triethyl orthoacetate (129.40 g, 798.8 mmol, 4.0
equiv.), and propionic acid (0.70 g, 9.4 mmol, 0.047 equiv.)
was heated at the temperature of 144 °C for 70 h. with
continuous removal of ethanol by distillation. Additional
propionic acid (0.08 g, 1.0 mmol, 0.003 equiv.) was added
every 12 h. After the reaction was complete, the excess of
triethyl orthoacetate was removed by distillation under re-
duced pressure (56 °C/ 18 mmHg). The remaining liquid-
was fractionally distilled and the sample collected at 70-71

oC / 23 mmHg (lit.62P 100-105°C / 57 mmHg) afforded

26.77g (79%) of colorless oily liquid 147. 'H NMR &: 1.07 (s,
6H, gem-dimethyl), 1.20 ( t, J =7.1 Hz, 3H, OCH,CH,;), 1.61
(d, J= 6.0 Hz, CH,C=), 2.21 (s, 2H, CH,CO,), 4.07 (q, J=7.1
Hz, 2H, OCH,), 5.51-5.28 ( m, 2H, vinyl) (lit 623). IR (cm!,
CCl4): 3080, 2970, 2949, 2877, 1736, 1643, 1458, 1433,
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1414, 1379, 1345, 1266, 1191, 1146, 1068, 1009, 915,
894.

Methyl 3,3-dimethyl-4-pentenoate (148) A modification
of the procedure of Beckwith®3 was employed. A solution of
4.66 g (54.1 mmol) of 3-methyl-2-buten-1-ol (144}, 16.25 g
(135 mmol, 2.5 equiv.) of trimethyl orthoacetate, and
0.215 g (2.90 mmol, 0.055 equiv.) of propionic acid in 50
mL of o-xylene was heated to reflux with stirring (bath
temperature: 132-133°C). Methanol was removed contin-
- uously by distillation. Heating and stirring was continued
for a total of 3 h. The reaction mixture was cooled to room
temperature and distilled under reduced pressure (20
mmHg) using spinning band distillation equipment. After
the reagent trimethyl orthoacetate was removed (b.p. 47-
48 oC / 20 mmHg), the product 148 was distilled as a col-
orless liquid (b.p. 51-52 °C / 20 mmHg, (lit.53 59°C / 33
mmHg), 3.69 g (48%). 'H NMR &: 1.13 (s, 6H, gem-
dimethyl), 2.31 (s, 2H, CH,CO2), 3.64 ( s, 3H, OCHj,), 4.93
(dd, J,= 10.6 Hz, J,=1.0 Hz, 1H, CH,=CH), 5.01 (dd, J,; =
17.5 Hz, J,= 1.0 Hz, 1H, CH,=CH), 5.90 (dd, J, = 17.5 Hz, J,
= 10.6 Hz, 1H, CH,=CH); IR (cm, CCl,: 3080, 2980 (s),
1740 (s), 1640, 1460, 1435, 1380, 1325, 1230, 1205,
1130, 1015, 915; MS (m/2): 142 (M+), 127, 120, 111, 110,
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85, 82, 74, 69( 100 %), 59, 55. The NMR spectrum is iden-
tical with that reported in the literature for this com-

pound.83

3,3-Dimethyl-4-pentenoic acid (142)61c. 61d. 64 The hydrol-
ysis method of Bartlett?” was used. Ethyl 3,3-dimethyl-4-
pentenoate (146) ( 31.375 g, 0.200 mol ) was dissolved in a
solution of 20.875 g (0.4728 mol, 1.86 equiv. ) of potassium
hydroxide in 26 mL of water and 78 mL of methanol. The
solution was deaerated by three cycles of vacuum / argon
exchange, and then heated in an oil bath (bath tempera-
ture: 103-105°C) under reflux with stirring for 1.5 h. The
reaction mixture was then cooled to room temperature
and extracted with ether (3 X 20 mL ). The aqueous solu-
tion was cooled in an ice bath, diluted with 40 mL of water
and acidified with precooled 3 N hydrochloric acid to pH 2.
The cloudy solution which formed was extracted with
ether (5 X 100 mL). The combined ether extracts were
washed with brine (20 mL) and dried over magnesium sul-
fate. Removal of solvent afforded a crude product of 142 as
a colorless liquid. This was distilled at 100 °C / 13 mmHg
(lit. 100-162 °C / 14 mmHg;6lc 83-85 °C / 4 mmHg; 61d
65-70 °C / 3 mmHg ©4) to give 22.36 g (87%) of pure 142.
IH NMR 6&: 1.14 (s, 6H, gem-dimethyl), 2.32 ( s, 2H,
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CH,CO,), 4.95 (dd, J,=10.6 Hz, J,=1.0 Hz, 1H, CH,=CH),
4.98 (dd, J,=17.5 Hz, J,=1.0 Hz, 1H, CH,=CH), 5.92 (dd,
J,=10.6 Hz, J,=17.5 Hz, 1H, CH,=CH), 10.8 (broad, 1H,
COOH) (lit. 61c.61d.64); IR (cm-1, CCl,): 3400 (broad, strong),
2980 (s), 1720 (s), 1640 (w), 1420, 1240 (s), 915
(lit. 6lc.61d.64); MS (m/z): 128 (M*), 113, 110, 95, 85, 83, 82,
71, 69 (100), 68, 67, 65, 60, 59, 55, 53, 45, 41(lit.61c. 64),
Anal. Calcd for C,H,;5,0, : C, 65.59, H, 9.44; found: C, 65.61,
H, 9.36.

2-Methyl-2-butenyl 3,3-dimethyl-4-pentenoate (141)
Esterification Method A : Paquette’s30 esterification
method was employed. 3, 3-dimethyl-4-pentenoic acid
(142: 11.10 g, 86.7 mmol, 1.35 equiv.) and 5.54 g ( 64.40
mmol ) of 2-methyl-2-buten-1-ol (143) were dissolved in
250 mL of anhydrous ether ( distilled over sodium with
benzophenone ketyl as indicator immediately before use).
To this cooled (0 °C) solution was added 17.90 g (86.6
mmol, 1.35 equiv.) of DCC in 50 mL of anhydrous ether
dropwise, followed by 1.18 g (9.7 mmol, 0.15 equiv.) of
DMAP in one portion. After addition was complete, the ice
bath was removed and the solution was stirred at room
temperature for 22 h. The reaction mixture was diluted

with 400 mL of hexane and the white precipitate which
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formed was filtered through a silica gel pad and the pad
was washed with hexane and ethyl acetate ( 20: 1 }. the fil-
trate was concentrated to yield a crude product which was
purified further by flash chromatography with hexane
and ethyl acetate ( 20 : 1) as eluent (TLC Rf=0.78, hex-
ane/ethyl acetate, 20 :1) to yield 12.60 g (100%) of 141 as a
colorless liquid. 1H NMR §: 1.10 (s, 6H, gem-dimethyl),
1.57-1.61 (m, 6H, 2 X CH;C=), 2.29 ( s, 2H, CH,CO,), 4.39
(s, broad, 2H, OCH,), 4.87 (dd, J,=17.5 Hz, J,=1.0 Hz, 1H,
H,C=CH), 4.91 (dd, J, = 10.6 Hz, J,= 1.0 Hz, 1H, H,C=CH),
vinyl, 5.53 (m, 1H, CH3CH=). 5.91 (dd, J, = 17.5 Hz, J, =
10.6 Hz, 1H, H,C=CH); IR (cm!, CCl,): 2960 (s), 1730 (s),
1640, 1450, 1355, 1320, 1230, 1120, 918, 906. MS (m/2):
196 (M%), 136, 128, 113, 111, 110, 95, 86, 85, 83, 82, 71,
70, 69 ( 100%), 68, 55, 41; Anal. Calcd for C,,H,,0,: C,
73.43, H, 10.27; Found: C, 73.45, H, 10.30.

Method B : Holmberg's39 esterification protocol was em-
ployed in the preparation of ester 141. 3,3-dimethyl-4-
pentenoic acid (142) (9.06 g, 70.78 mmol ), 6.66 g (77.41
mimol, 1.09 equiv.) of 2-methyl-2-buten-1-ol (143), and
0.64 g of p-toluene sulfonic acid were dissolved in 72 mL of
pyridine. The solution was cooled in an ice bath. To this

mixture was added 17.4 g ( 84.33 mmol, 1.20 equiv.) of
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DCC. The ice bath was removed and the mixture was
stirred at room temperature for 24 h. A voluminous white
precipitate formed. The mixture was then cooled in an ice
bath and 10 mL of acetic acid was added and the mixture
was stirred overnight. The reaction mixture was diluted
with 300 mL of pentane and cooled thoroughly in an ice
bath. The precipitate which formed were filtered and
washed with cold pentane (3 X 30 mL). The combined or-
ganic layers were washed with sodium bicarbonate (50mL)
and brine (50mL) and dried over magnesium sulfate.
Removal of the solvent yielded a colorless liquid. The crude
product was separated by flash column chromatography
using hexane and ethyl acetate (20:1) as eluent. Fractions
with TLC Rif=0.78 (hexane and ethyl acetate, 20 : 1) were
collected. The solvent was removed and 13.03 g ( 93%) of
colorless liquid 141 was obtained. This sample is identical
in TLC Rf 'H NMR, IR, and MS with that obtained via
method A.

Method C: 3,3-dimethyl-4-pentenoyl chloride (151) The
acid chloride was prepared based on a typical procedure. 3!
3,3—dimethy1-4-pentenoic acid 142 (4.79 g, 37.4 mmol )
was cooled in an ice-acetone bath at -11 °C. To this was

slowly added, by syringe with stirring during 5 min., 20
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mL of freshly distilled thionyl chloride. After addition was
complete, the ice bath was removed and the mixture was
heated in an oil bath for 50 min. at 80 - 82 °C and finally
distilled under reduced pressure to yield 4.80 g (88 %) of
colorless liquid acid chloride, b.p. 54 °C / 16mmHg. 'H
NMR 6: 1.14 (s, 6H, gem-dimethyl), 2.32 ( s, 2H,
CH,CO,Cl), 5.01 (dd, J;=11.0 Hz, J,=1.0 Hz, 1H, H,C=CH),
5.05 (dd, J,=17.0 Hz, J,=1.0 Hz, 1H, H,C=CH), 5.88 (dd,
J,=17.0 Hz, J,=11.0 Hz, 1H, H,C=CH); IR (cm"!, CCl,): 3040
(w), 2980 (s), 1804 (vs), 1640 (w), 990, 660(s).
Esterification: The ester was prepared from the acid
chloride obtained above based on the known procedure, 32
A solution of 3,3-dimethyl-4-pentenoyl chloride 151 (3.80
g, 25.9 mmol ) in 70 mL methylene chloride was cooled in
an ice bath while 2-methyl-2-buten-1-ol (143) (2.23 g, 25.9
mmol ) was added. To this cold mixture, a solution of tri-
ethylamine (5.3 g, 52.5 mmol } in 17 mL of methylene
chloride was added during 20 min. As the triethylamine
solution was added, white smoke appeared briefly on the
top of the colorless reaction solution. After about 25 min., a
white precipitate formed. Stirring was continued for an ad-
ditional hour at O °C. The reaction mixture was then
poured into 25 mL of cold water, the layers were separat-

ed, and the aqueous layer was extracted with methylene
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chloride (3 X 25 mL). The combined organic layers were
washed with sodium bicarbonate (10 mL) and brine ( 10
mL), and dried over magnesium sulfate. After filtration
and concentration, a light yellow liquid remained. The
crude product was passed through a short column
packed with 50 g of silica gel using hexane and ethyl ac-
etate (20 :1) as eluent. The eluate afforded 5.01 g (99%) of
colorless oily liquid 141. This sample shows the identical
TLC Rf, IR and NMR spectra as the sample obtained by
Method A.

2-(1,2-Dimeth yl- 2-propenyl)-3,3-dimeth yl- 4-pentenoic
acid (152) from 141: A variety of Ireland-Claisen rear-
rangement conditions342f proved unsatisfatory. The
Ireland-Claisen rearrangement was performed as the fol-
lowing modified procedure. A solution of 3.45 g (24.42
mrnol, 1.10 equiv.) of dry cyclohexyl-isopropylamine in 25
mL of THF was cooled to -15°C in a carefully adjusted ace-
tone-dry ice bath. Butyl lithium (2.50 M, 9.1 mL, 22.69
mmol, 1.10 equiv.) was added dropwise by syringe to this
solution during 15 min. with stirring. The mixture was
stirred for an additional 15 min. at -15 °C, then cooled to
-78°C during 40 min. Then, 2-methyl-2-butenyl 3,3-
dimethyl-4-pentenoate (141: 4.05 g, 20.66 mmol) in 5 mL
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of THF was added with stirring during 8 min. When the
addition was complete, the mixture was stirred at -78°C
for an additional 1h. HMPA ( 5.0 mL, 5.15 g, 28.77 mmol,
1.40 equiv.) was added at -78 °C, followed by a solution of
tert-butyl chlorodimethylsilane (3.30 g, 21.89 mmol, 1.05
equiv.) in 3 mL of THF, and stirring was continued at -78
oC for 40 min. The dry ice-acetone bath was removed and
the reaction mixture was kept at room temperature for 5
min. and then, immersed in an ice-water bath for 15 min.
The ice-water bath was replaced with an oil bath and the
temperature was slowly raised to 70°C during 45 min.
This temperature was maintained for 30 min., then raised
to 78-79°C and stabilized (shorter times and lower tem-
peratures gave inferior yields). The solution was refluxed
gently for 15 h., then cooled in an ice-water bath. To this
cold solution, a solution of 3.00 g of potassium carbonate
in 30 mL of water and 60 mL of methanol was added. The
mixture was stirred at room temperature for 3 h, then
transferred to a separatory funnel and diluted with 150
mL of ether. The two layers which formed were separated.
The organic layer was extracted with 5% aqueous potassi-
um hydroxide ( 5 X 50 mL). The combined aqueous layers
were cooled in an ice-water bath and acidified with cold 3 N

hydrochloric acid to pH 2. The solution became milky
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white, and was then extracted with ether (6 X 50 mL).
The combined ether solutions were washed with brine (20
mL) and dried over magnesium sulfate. Concentration of
the solution yielded 3.61 g (89%) of acid 152 ( a mixture of
two diastereoisomers) as a colorless oily liquid. 'H NMR
(mixture of two isomers) 6: 11.01 (s, broad, COOH), 5.95
(dd, J, = 17.2 Hz, J,= 10.7 Hz), 4.94 (dd, J, = 17.2 Hz, J, =
1.5 Hz), 4.86 (dd, J, = 10.7 Hz, J, = 1.5 Hz), 4.68-4.61 (m),
2.52-2.34 (m), 1.66 (s, broad), 1.65 (s, broad), 1.19 (s), 1.12
(s), 1.11 (s), 1.10 (s), 1.02 (d, J = 6.7 Hz), 1.00 (d, J = 6.8 Hz);
IR (cm-!, CCl,): 3500-3100 (s, broad, COOH), 2990, 1705
(s), 1640, 1405, 1280, 905; MS (m/e): 179 (M-OH), 168,
153, 135, 127, 113, 109, 95, 81, 69, 44, 41 (100%).

152 from 155 Acid-182 was-also obtained by the rear-
rangement of 155. A solution of 1.46 g (10.3 mmol, 1.10
equiv.) of cyclohexyl-isopropylamine in 20 mL of THF was
cooled to -15°C in an acetone-dry ice bath. Butyl lithium
(2.50 M, 3.8 mL, 9.58 mmol, 1.10 equiv.) was added drop-
wise by syringe to this solution during 15 min. with stir-
ring. The stirring was continued for 15 min. and the mix-
ture was then cooled to -78°C during 40 min. 3-methyl-
2-butenyl 3,4-dimethyl-4-pentenoate (155: 1.71 g, 8.72
mmol) in 4.2 mL of THF was then added with stirring dur-
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ing 5 min. and the mixture was stirred at -78°C for an ad-
ditional hour. HMPA (2.1 mL, 2.21 g, 12.25 mmol, 1.42
equiv.) was added at -78°C, followed by a solution of tert-
butylchlorodimethylsilane (1.39 g, 9.24 mmol, 1.05 equiv.)
in 2.5 mL of THF. Stirring was continued at -78°C for 40
min. The dry ice-acetone bath was removed and the reac-
tion solution was kept at room temperature for 5 min. and
then, immersed in an ice-water bath for 15 min. The ice-
water bath was replaced with an oil bath and start to heat
slowly to raise the temperature to room temperature. The
solvent was removed at room temperature under vacuum
as 25 mL of toluene (distilled over sodium with benzophe-
none ketyl as indicator ) was added portionwise. The total
volume was ca. 35 mL. The solution was heated to 70°C
during 25 min. and kept at 70°C for 10 min., then heated
to 109-110°C and refluxed gently at this temperature for
38 h. The reaction mixture was then cooled in an ice-water
bath and to this cold solution was added a solution of 1.50
g (10.87 mmol) of potassium carbonate in 15 mL of water
and 30 mL of methanol. The mixture was stirred at room
temperature for 3.5 h., then transferred to a separatory
funnel and diluted wi{h 100 mL of ether. Two layers was
separated and the organic layer was extracted with 5 %

aqueous potassium hydroxide ( 5 X 15 mL). The combined
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aqueous layers were cooled in an ice-water bath and acidi-
fied with cold 3 N hydrochloric acid to pH 2. The solution
became milky white. The solution was then extracted with
ether (6 X 15 mL). and the combined ether layers were
washed with brine (2 X 5 ml) and dried over magnesium
sulfate. Concentration of the solution yielded 1.10 g (64%)
of crude 152 (a mixture of two diastereomers) as a color-
less oily liquid. 'H NMR (mixturé of two isomers) &: 10.5 (s,
broad, COOH), 5.98 (dd, J, = 17.5 Hz, J,= 10.7 Hz), 4.96
(dd, J, = 17.5 Hz, J,= 1.5 Hz), 4.89 (dd, J, = 10.7 Hz, J, = 1.5
Hz), 4.70-4.61 (m), 2.54-2.35 (m), 1.66 (s, broad), 1.64 (s,
broad), 1.21 (s), 1.13 (s), 1.10 (s), 1.09 (s), 1.01 (d, J=6.7
Hz), 1.00 (d, J=6.8Hz); IR (cm~!, CCl,): 3500-3082 (s, broad,
COOH), 2972, 2935, 1702, 1643, 1459, 1415, 1380, 1365,
1298, 1197, 1046, 988, 924.

Methyl 2-(1, 2-dimethyl-2-propenyl)-3,3-dimethyl-4-
pentenoate (140) from 141 The esterification procedure
of Otera 37 was employed. Acid 152 ( from 141) (3.61 g,
18.4 mmol ) and iodomethane ( 4.38 g, 30.8 mmol) were
dissolved in 70 mL of dry DMF. To this solution was added
‘carefully powdered dry cesium fluoride ( 5.00 g, 30.96
mmol) portionwise with exclusion of moisture. The mix-

ture was stirred at room temperature for 24 h. At the end
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of the reaction, the reaction solution, which was yellowish
with a little precipitate, was cooled in an ice water bath and
diluted with cold saturated aqueous sodium bicarbonate
(20 mL) and then extracted with ether ( 4 X 100 mL ). The
combined ether layers were dried ( magnesium sulfate)
and concentrated in vacuum to yield 5.61 g of a colorless
liquid. The crude product thus obtained was separated by
flash chromatography (eluent: hexane : ethyl acetate,
20:1) to obtain 3.68 g (95 % ) of 140 as a colorless liquid
with a pleasant smell. Two diastereomers, threo and ery-
thro, were present in the sample in a ratio of 34 : 66
(HPLC and NMR). The two pure isomers were isolated by
preparative HPLC with hexane: ethyl acetate (200:1) as
eluent. The NMR of these two isomers were tentatively as-
signed as follows: threo (tg 28 sec., 34%): 'H NMR &: 0.93
(d, J = 6.8 Hz, 3H, CHCH,), 1.08 (s, 6H, gem-dimethyl),
1.64 (m, 3H, CH3C=), 2.46 (d, J = 8.4 Hz, 1H, CHCO,), 2.59
(m, 1H, CH;CH), 3.61 (s, 3H, OCHjy), 4.67 ( s, broad, 1H,
CH,=C(Me)), 4.79 (s, broad, 1H, CH,=C(Me)), 4.88 (dd, J, =
2.3 Hz, J, = 17.8 Hz, 1H, CH,=CH), 4.94 (dd, J,=2.3 Hz,
J,=10.5 Hz, 1H, CH,=CH), 5.98 (dd, J, = 10.5 Hz, J,= 17.8
Hz, 1H, CH,=CH). IR (cm-1, CCl,: 3082 (w), 2971, 2948,
1736, 1643, 1461, 1431, 1378, 1267, 1190, 1167, 1146,
1009, 1001, 916, 894; MS (m/z): 210, 195, 182, 167, 151,
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141, 127, 109, 95, 83, 69 (100 %), 55, 41; Anal. Calcd. for
C,3H5,0, (mixture of two isomers): C, 74.24, H, 10.55;
Found: C, 74.43, H, 10.56.

erythro (tgz 32 sec., 66%): 'H NMR 6: 1.02 (d, J = 6.9 Hz, 3H,
CHCHj), 1.08 (s, 6H, gem-dimethyl), 1.64 (m, 3H, CH;C=),
2.43 (d, J = 11.2 Hz, 1H, CH,CO,), 2.59 (dq, J,=6.9 Hz, J,=
'11.2 Hz, 1H, CHLCH), 3.54 (s, 3H, OCH,), 4.62 ( s, broad,
1H, CH,=C(Me)), 4.65 (s, broad, 1H, CH,=C(Me)), 4.92 (dd,
J,=10.8 Hz, J,= 1.1 Hz, 1H, CH,=CH), 5.01 (dd, J, = 1.1 Hg,
Jo=17.5 Hz, 1H, CH,=CH), 5.98 (dd, J,=10.8 Hz, J, = 17.5
Hz, 1H, CH,=CH); IR (cm!, CCl,): 3082, 2969, 2949, 2877,
1737, 1643, 1461, 1431, 1378, 1343, 1299, 1190, 1149,
1067, 1008, 913, 898. MS (m/e): 210, 195, 178, 167, 151,
141, 127, 121, 109, 95, 81, 69(100%), 55, 41.

140 from 155 The rearrangement product of 155
was similarly esterified. The crude acid 2-(2-dimethyl-3-
butenyl)-3,3-dimethyl-4-pentenoic acid (1.10 g, 5.60
mmol) and iodomethane (1.03 g, 7.24 mmol) were dis-
solved in 13 mL of dry DMF. To this solution was added
carefully powdered dry cesium fluoride ( 0.90 g, 5.57
mmol) portionwise under the condition of exclusion of
moisture. The mixture was stirred at room temperature

for 20 h. At the end of the reaction, the reaction mixture
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was yellowish. This solution was cooled in an ice water
bath and diluted with cold saturated aqueous sodium bi-
carbonate (15 mL) and then extracted with ether (4 X 15
mL). The combined ether layers were dried ( magnesium
sulfate) and concentrated to yield a colorless liquid. The
crude product thus obtained was separated by flash chro-
matography ( eluent: hexane : ethyl acetate, 10:1) to obtain
1.17 g (99 %) of 140 as a colorless liquid. The sample. con-
tains the same two diastereomers in a ratio of 68 : 32
(NMR). The individual spectra were identical with those of
products obtained from 141.

Methyl 2-methyl-2-butenoate (150) Tiglic acid was ester-
ified by a standard procedure.28 Tiglic acid ( 60.00 g, 0.60
mol) was dissolved with stirring in 480 mL of methanol. To
this clear, slightly yellow solution, 24 mL of concentrated
sulfuric acid was added dropwise at room temperature
with stirring during 15 min. The acidic reaction mixture
was heated to reflux during 20 min. and kept at reflux
temperature for 2.5 h. ( bath temperature: 78-81 °C). The
bright yellow solution which resulted was cooled in an ice
bath to room temperature and then poured into 1200 mL
of ice-water with stirring. Powdered sodium bicarbonate

was added portionwise with stirring until the pH reached
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8.0 ( no bubbles evolved ). The organic layer which formed
was separated and the aqueous layer was extracted with
ether ( 3 X 100 mL ). The combined ether layers were
washed with brine, saturated sodium bicarbonate and
brine ( 50 mL each), successively, then dried over magne-
sium sulfate. The mixture was filtered and the solvent was
removed to obtain 67.94 g of yellow liquid. The crude prod-
uct 150, was distilled at 140-141 °C / 760 mmHg (lit.65
139.4-139.6 °C / 766 mmHg) to give 54.91 g (80.2 %) of col-
orless liquid 150.'H NMR &: 1.77 -1.84 (m, 6H, 2 X CH;C=),
3.73 (s, 3H, OCHy), 6.68 (dq, J, = 1.4 Hz, J,=7.01 Hz, 1H,
=CH) (lit.66 ); IR (cm-1, CCl,): 3010, 2995, 2975, 1720
(C=0), 1655, 1435, 1260, 1190, 1135, 1080; MS (m /z ):
114 (M*), 99, 83, 82, 59, 55 (100, M+-CO,Me); Anal. Calcd
for CgH,40,: C, 63.13, H, 8.83; Found: C, 63.28, H, 8.80.

(E)-2-Methyl-2-buten-1-01(143) Methyl 2-methyl-2-
butenoate (150) was reduced by the procedure of
Gastaminza.?? A suspension of lithium aluminum hydride
(17.10 g, 450 mmol) in 450 mL of sodium dried ether was
prepared in a well dried round bottomed flask equipped
with a pressure equalizing dropping funnel and a con-
denser to whose top was attached a drying tube. The sus-

pension was stirred at room temperature for 30 min. and
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cooled in an ice water bath for 30 min. A solution of alu-
minum trichloride (20.04g, 150 mmol) in 750 mL of ether
was added to the suspension of lithium aluminum hydride
with ice-water bath cooling and stirring during 25 min.
After addition was complete, stirring was continued at
room temperature for 35 min. A solution of 27.36 g (240
mmol) of 150 (obtained above ) in 150 mL of ether was
then added dropwise during 40 min. at 5-10 °C.
Immediately after the addition was complete, the ice water
bath was replaced with one at 20 °C, and stirring was con-
tinued at 20 °C for 50 min. Then, 75 mL of 20% sulfuric
acid was added through a dropping funnel with ice-water
bath cooling and stirring during 20 min. to insure all pre-
cipitate dissolved. Cooling was required, otherwise the ad-
dition caused vigorous refluxing. The mixture was stirred
for an additional 45 min. The clear ether solution appeared
on the top of the muddy gray precipitate. This solution
was decanted into a separatory funnel. The muddy precip-
itate was washed with three 100 mL portions of ether. The
combined ether solutions were washed with sodium bicar-
bonate (50 mL) and brine (50 mL), and dried over magne-
sium sulfate. Evaporation of the solvent yielded 30.61 g of

a colorless liquid. The crude product was distilled at 66-

68°C / 33 mmHg ( 1it.56 66-68 °C / 33 mmHg ), to obtain
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17.05 g (83 %) of 143 as a colorless liquid. No Z isomer$”
was detected by NMR. 'H NMR &: 1.51 (s, 1H, D,O labile,
OH), 1.61 (m, 6H, 2 X MeC=), 3.96 ( s, broad, 2H, CH,0),
5.47, (q, J = 5.3 Hz, 1H, CH=). IR (cm™!, CCl,): 3620 (sharp),
3350 (strong and broad), 2990, 2920, 2880, 1670, 1440,
1380, 1050, 1005; MS (m /z): 86 (M*), 71 (100, M+-Me), 68
(M+-H,0), 67, 57, 55, 53, 43, 41; Anal. Calcd for C;H,,0:C,
69.72, H, 11.70; Found: C, 69.80, H, 11.69. The NMR and IR

are comparable with those reported in the literature.68

4-Methyl-3-penten-2-ol (145) CeCl; * 7H,0 26 (96.12 g,

- 0.258 mol) was dissolved in 240 mL of dry methanol to
form a clear, colorless solution. To this solution, 25.14 g
(0.258 mol) of mesityl oxide was added in one portion. A
solution of 10.20 g (0.271 mol) of sodium borohydride in
150 mL of methanol was added dropwise during 8 min.
After addition was complete, the solution was stirred for 8
min., then poured into a beaker containing 300 g of ice. To
this solution was added 60 mL of 3 N hydrochloric acid.
The solution became cloudy and milky white. The mixture
was extracted with ether (5 X 100 mL). The combined ether
extracts were washed with brine (30 mL), sodium bicar-

bonate (30 mL), and brine (30 mL), successively, and dried
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over magnesium sulfate. The crude product was obtained
by evaporation of the ether solution. Distillation of the
residue at 131-133 °C / 760 mmHg (lit.6%, 131-133 °C ) af-
forded 24.25 g (94%) of 145 as a colorless liquid. 'H NMR &:
1.21 (d, J = 6.2 Hz, 3H, CH;CH), 1.68 (d, J = 1.2 Hz, 3H,
CH,;C=), 1.71 (d, J = 1.3 Hz, 3 H, CH;C=), 1.75 (s, broad, 1H,
OH), 4.56 (m, 1H, CH;CH), 5.19 (m, 1H, CH=) (lit. 62a6%%); IR
(cm!, CCl,): 3620 (sharp), 3400 (strong and broad), 2990,
2920, 1445, 1375, 1070, 1030 (lit. 62a69b),

Ethyl 3,4-dimethyl-4-pentenoate (153) A mixture of 2-
methyl-2-buten-1-ol (143) (11.65 g, 140 mmol), triethyl
orthoacetate (125.95 g, 778 mmol, 5.5 equiv.), and propi-
onic acid (0.4725 g, 0.0064 mol, 0.06 equiv.) was heated to
144 °C for 4 h with continuous removal of ethanol by dis-
tillation. The excess of triethyl orthoacetate was then dis-
tilled under reduced pressure (56°C / 18 mmHg). The re-
mainder trace of triethyl orthoacetate was removed by
washing an ether solution of the crude product with 1.0 %
sulfuric acid (3 X 50 ml), brine (50 mL), sodium bicarbon-
ate (50 mL) and brine (50 mL), successively. The ether so-
lution was dried over magnesium sulfate, and concentrat-

ed to yield the crude product. This was distilled at 80-
82 °C / 26 mmHg (lit.70 50-70 °C /15 mmHg) to obtain
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18.21 g (85%) of 163 as a colorless oily liquid. !H NMR 4:
1.04 (d, J = 6.8 Hz, 3 H, CH3CH), 1.24 (t, J=7.1 Hz, 3H,
OCH,CH,), 1.72 ( s, broad, 3H, CHzC=), 2.28 (dd, J, = 14.7
Hz, J,= 8.0 Hz, 1H, C,-H,), 2.43 (dd, J, = 14.7 Hz, J,= 7.0
Hz, C,-H,), 2.67 (m, 1H, CH,CH), 4.14 (q, J = 7.1 Hz, 2H,
OCH,), 4.70 (s), 4.72 (s), total 2H, CH,=) (lit. 79); IR (cm!,
CCl,): 3060, 2960 (s), 1730 (s), 1640, 1440, 1370, 1270,
1165, 1030, 892; MS (m/z): 156 (M%), 141, 111, 110, 85, 83
(100%), 82, 81, 70, 69, 68, 67, 55, 41; Anal. Calcd for
CgH, 50, : C, 69.19, H, 10.33; Found, C, 69.09, H, 10.03.

3,4-dimethyl-4-pentenoic acid (154) The ester was hy-
drolyzed as before.2’” Ethyl 3,4-dimethyl-4-pentenoate
(153) (12.55 g, 80.0 mmol) was dissolved in a solution of
8.35 g (149.0 mmol) of potassium hydroxide in 10.5 mL of
water and 31 mL of methanol. The solution was deaerated
by three cycles of vacuum/argon exchange, and then heat-
ed in an oil bath (bath temperature: 103-105°C) under re-
flux with stirring for 2.0 h. The reaction solution was
cooled to room temperature and diluted with 20 mL of
water, then extracted with ether (3 X 20mL). The aqueous
layer was separated and cooled in an ice-water bath and
then acidified with precooled 3 N hydrochloric acid to pH 2.

At the neutralization point, the solution became cloudy.
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The solution was then extracted with ether (5 X 35 mlL).
The combined ether layers were washed with brine (20
mL) and dried over magnesium sulfate. Removal of solvent
afforded 8.16 g ( 80 %) of 154 as a colorless liquid. 1H NMR
8: 1.09 (d, J = 6.8 Hz, 3 H, CH;CH), 1.70 ( s, broad, 3H,
CH,C=), 2.23-2.34 (m, 2H, CH,CO), 2.70 (m, 1H, CH;CH),
4.72 (s, broad, 2H, CH, =), 9.10 (s, broad, 1H, carboxyl)
(lit.71); IR (cm-!, CCly): 3550—3000~(strong and broad, car-
boxyl), 3060, 2990 (s), 1720 (s), 1650, 1440, 1410, 1290,
1240, 1190; MS (m/2z): 128 (M+), 113, 110, 87, 83, 82, 71,
69 , 67, 59, 55, 41 (100%). |

3-methyl-2-butenyl 3, 4-dimethyl-4-pentenoate (155)
Method A: Bram’s solid-liquid PTC transesterification

procedure3® was attempted with some modifications.

Ethyl 3,4-dimethyl-4-pentenoate (153: 1.56 g, 10 mmol)
was mixed with 2.43 g (28.23 mmol, 2.8 equiv.) of 3-methyl
2-buten-1-ol (144), and 67.9 mg (0.2 mmol) of tetrabutyl
ammonium hydrogen sulfate with stirring. To this mix-
ture was added 30 mg (1.3 mmol) of sodium metal in small
portions. The reaction mixture was then heated in an oil
bath ( 110°C) for 21 h. with stirring. After the reaction was

complete (TLC), the reaction mixture was cooled to room
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temperature and diluted with 10 mL of water and 100 mL
of ether. The ether layer was washed with brine (8 mlL),
0.1N hydrochloric acid ( 8 mL), and brine (8mL), succes-
sively, then dried over magnesium sulfate, and concen-
trated to yield 3.54 g of yellow liquid. This liquid was puri-
fied by flash chromatography ( hexane and ethyl acetate,
20 :1) to give 1.51 g (77%) of colorless liquid 155.

Method B : The esterification was carried out as prepara-
tion of 141.3° 3,4-dimethyl-4-pentenoic acid 154 ( 7.99 g,
62.4 mmol), 5.86 g (67.98 mmol) of 3-methyl-2-buten-1-ol
(144), and 0.561 g of p-toluene sulfonic acid were dis-
solved in 63 mL of pyridine, and the solution was cooled in
an ice bath. To this mixture was added 15.40 g (74.64
mmol, 1.20 equiv.) of DCC. The ice bath was removed and
the mixture was stirred at room temperature for 24 h. The
mixture was cooled in an ice bath and 10 mL of acetic acid
was added and the mixture was stirred overnight. The re-
action solution was then dﬂuted with 250 mL of pentane
and cooled thoroughly in an ice bath. The precipitate
which formed was filtered through a glass funnel and the
filtrate cake was washed with cold pentane (3 X 30mlL).
The combined pentane filtrates were washed with sodium

bicarbonate (40 mL) and brine (30 mL) and dried over
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magnesium sulfate. Removal of the solvent yielded a color-
less liquid which was separated by flash column chro-
matography using hexane and ethyl acetate (20:1) as elu-
ent giving 11.01 g (90%) of a colorless liquid 155. '1H NMR
5: 1.04 (d, J = 6.8 Hz, 3H, CH;CH), 1.70-1.76 (m, 9H, 3 X
CH;C=), 2.01-2.50 (m, 2H, CH,CO), 2.32 (m, 1H, CH;CH),
4.54 (d, J = 7.2 Hz, OCH, ), 4.72 (s, broad, 2H, CH,C=), 5.33
(m, 1H, CH,CH=); IR (cm-1, CCl,): 3060 (w), 2980 (s), 2975,
1734 (s), 1440, 1370, 1270, 1155; MS (m/z) 196 (M+), 181
(M*-Me), 167, 153, 141, 136, 128, 109, 86, 83, 69 (100),
55, 41; Anal. Calcd for C,,H,,0,: C, 73.43, H, 10.27; Found:
C, 73.72, H, 10.73. TLC and spectral data proved that the
samples of ester 155 prepared by method A and B were
identical.

3-Methyl-3-penten-2-ol (157) Salomon’s?2 procedure for
preparation of a vinyl Grignard reagent was employed. A
mixture of 17.0 g ( 0.70 g-atom) of magnesium turnings
and a crystal of iodine in a 1.0 L three necked round bot-
tomed flask purged with argon, was added 50 mL of a so-
lution of 87.75 g of 2-bromo-2-butene( cis / trans mixture)
in 400 mL of dry THF from a pressure-equalized dropping
funnel. The reaction was initiated by gentle heating and

after the reaction was initiated, the remaining solution
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was added at such a rate to keep the solution refluxing
gently. After the addition was complete, the solution was
stirred at room temperature for 14h under argon. The so-
lution was cooled in an ice bath, and a solution of acetalde-
hyde in 50 mL of THF was added dropwise at 0°C over 24
min. After addition was complete, the mixture was stirred
at room temperature for 2 h. The mixture was poured with
stirring into a beaker containing 1.0 kg ice, 200 mL con-
centrated hydrochloric acid, and 400 mL water. Stirring
was continued until the ice melted. The solution was ex-
tracted with ether (6 X 200 mL). The combined ether solu-
tions were washed with sodium bicarbonate (100 mlL),
brine (100 mlL), and dried over magnesium sulfate.
_Evaporation yielded 53.94 g of light yellow liquid. The
. crude product was distilled under reduced pressure (87 -
88 °C / 95 mmHg, lit.7”3 Z isomer b.p. 87-88 °C / 90 mmHg)
to obtain 41.87 (76%) of an alcohol. The sample contains
E and Z isomers in a ratio of 68 : 32 (NMR).
E-isomer: 'H NMR 6&: 5.46 (m, 1 H, CH3;CH=), 4.16 (q, J =
6.6 Hz, 1H, CH;CHOH), 1.58 (m, 6H, 2 X CH;C=), 1.54 (s,
D,O labile, 1H, OH), 1.20 (d, J = 6.6 Hz, 3H, CH;CHOH).
Z-isomer:'H NMR (lit.73) &: 5.23 (qq, J; = 6.4 Hz, J,= 0.6 Hz,
CH3CH=), 4.78 (dq, J, = 0.6 Hz, J,= 6.4 Hz, 1H, CH;CHOH),
1.66 (m, 6H, 2 X CH;C=), 1.56 (s, 1H, OH), 1.20 (m, 3H,
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CH;CHOH). The NMR was assigned based on the litera-
ture.”3-74 IR (cm-!, CCly: 3618, 3363, 2976, 2922, 2863,
1456, 1377, 1315, 1252, 1070, 1032, 940, 883, 829; MS
(m/z): 100 (M*), 85 (100%), 82, 83, 72, 67, 65, 57, 53, 43.
Anal. (mixture of isomers) Calcd for CgH,5,0 : C, 71.94, H,
12.08. Found: C, 71.80, H, 11.98.

1,2-Dimethyl-2-butenyl 3,3-dimethyl-4-pentenoate

(158/159) The ester was prepared by Method B used for
preparation of 155. A mixture of 3,3-dimethyl-4-pen-
tenoic acid (142) (9.06 g, 70.78 mmol), 7.74 g (77.41 mmol,
1.09 equiv.) of 2-methyl-2- buten-1-ol (157), and 0.64 g of
p-toluene sulfonic acid were dissolved in 72 mL of pyri-
dine. The solution was cooled in an ice bath. To this mix-
ture was added 17.4 g ( 84.33 mmol, 1.20 equiv.) of DCC.
The ice bath was removed and the mixture was stirred at
room temperature for 24 h. The mixture was then cooled
in an ice bath and 10 mL of acetic acid was added and the
mixture was stirred overnight. The reaction mixture was
diluted with 300 mL of pentane and cooled thoroughly in
an ice bath. The precipitate formed were filtered and
washed with cold pentane (3 X 30 mL). The pentane solu-
tion was washed with sodium bicarbonate (50 mL) and

brine (50 mL) and dried over magnesium sulfate. Removal
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of the solvent yielded a colorless liquid. The sample thus
obtained was separated by flash column chromatography
using hexane and ethyl acetate (20:1) as eluent. Fractions
with TLC Rf=0.81 (hexane and ethyl acetate, 20 : 1) were
collected, the solvent was removed and 11.67g ( 80%) of
colorless liquid 158/159 was obtained. 60 mg of sample of
the isomeric mixture was chromatographed using MPLC
( Lobar size B; eluted with hexane / ethyl, 120 : 1) to give
34.9 mg of E-isomer and 19.6 mg of Z-isomer.

E-isomer: (GC/MS tg 10.6 min., 65%) 'H NMR &: 1.10 (s,
6H, gem-dimethyl), 1.25 (d, J = 6.5 Hz, 3H, CH3;CH), 1.59
(m, 6H, 2 X CH;C=), 2.25 ( s, 2H, CH,CO,), 4.90 (dd, J,=1.2
Hz, J, = 10.6 Hz, 1H, CH,=CH), 4.94 (dd, J, = 17.5 Hz, J,=
1.2 Hz, 1H, CH,=CH), 5.24 ( q, J = 6.5 Hz, 1H, CH;CHO-),
5.50 (m, 1H, CH3CH=), 5.87 (dd, J,= 10.6 Hz, J,= 17.5 Hz,
1H, CH,=CH); IR (cm-!, CCly: 3085, 2967, 2932, 2869,
1728, 1672, 1640, 1449, 1416, 1382, 1365, 1340, 1321,
1238, 1207, 1125, 1082, 1046, 998, 955, 916. MS (m/z):
210 (M%), 168, 153, 128, 113, 111, 100, 85, 84, 83 (100%),
82, 69, 67, 55, 41; Anal. Calcd for C,3H,,0, : C, 74.24, H,
10.55; Found: C, 74.16, H, 10.49.

Z-isomer: (GC/MS tg 11.85 min., 35%) 'H NMR 6 1.10 (s,
6H, gem-dimethyl), 1.24 (d, J = 6.6 Hz, 3H, CH3CH)}, 1.65
(m, 6H, 2 X CH;C=), 2.25 ( s, 2H, CH,CO,), 4.93 (dd, J, =
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10.7 Hz, J,= 1.2 Hz, 1H, CH,=CH), 4.95 (dd, J, = 17.4 Hz, J,
= 1.2 Hz, 1H, CH,=CH), 5.50 ( q, J = 6.5 Hz, 1H, CH;CHO-),
5.75 (dq, J, = 6.6 Hz, J,= 0.6 Hz, 1H, CH,CH=), 5.88 (dd, J,
= 10.7 Hz, J,= 17.4 Hz, 1H, CH,=CH); IR (cm-1, CCl,): 3085,
2967, 2932, 2870, 1728, 1673, 1640, 1449, 1415, 1382,
1365, 1340, 1321, 1238, 1207, 1125, 1081, 1047, 999,
955, 909; MS (m/z): 210 (M+), 168, 150, 128, 113, 111,
100, 99, 85, 84, 83 (100%), 82, 69, 67, 55, 53, 42, 41.

3,3-Dimethyl-2-(1,2-dimethyl-2-butenyl)-4-pentenoic
acid (160) The Ireland-Claisen rearrangement was per-
formed as before. A solution of 3.45 g (24.42 mmol, 1.10
equiv.) of cyclohexyl-isopropylamine in 25 mL of THF was
cooled to -15°C in a carefully adjusted acetone-dry ice
bath. Butyl lithium (2.50 M, 9.1 mL, 22.69 mmol, 1.10
equiv.) was added by syringe to this solution dropwise
during 15 min. with stirring. The stirring was continued
for 15 min. and the reaction mixture was then cooled to
-78°C during 40 min. Then, 1, 2-dimethyl-2-butenyl 3,3-
dimethyl-4-pentenoate (158/159) (4.34 g, 20.66 mmol) in
10 mL of THF was added with stirring during 8 min. After
the addition was complete, the mixture was stirred at

-78°C for 1h. 5.0 mL of HMPA ( 5.15 g, 28.77 mmol, 1.40
equiv.) was added at -78°C, followed by a solution of tert-
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butylchlorodimethylsilane (3.30 g, 21.89 mmol, 1.05
equiv.) in 6 mL of THF, and stirring was continued at -78
°C for 40 min. The dry ice-acetone bath was removed and
the reaction mixture was kept at room temperature for 5
min. and then, immersed into an ice-water bath for 15
min. The ice-water bath was replaced with an oil bath and
the temperature was raised slowly to 70 °C during 45 min.
This temperature was kept for 30 min., then raised to 78-
79°C and stabilized. The solution was refluxed gently for
15 h. then was cooled in an ice-water bath. To this cold so-
lution, a solution of 3.00 g of potassium carbonate in 30
mL of water and 60 mL of methanol was added. The mix-
ture was stirred at room temperature for 3 h. After the re-
action was complete, the reaction mixture was transferred
to a separatory funnel and diluted with 150 mL of ether.
The two layers were separated. The organic layer was ex-
tracted with 5% aqueous potassium hydroxide ( 5 X 50
mL). The combined aqueous layers were cooled in an ice-
water bath and neutralized with cold 3 N hydrochloric acid
to pH 2. The solution became milky white. Then the solu-
tion was extracted with ether (6 X 50 mL). The combined
ether solutions were washed with brine (20 mL) and dried
over magnesium sulfate. Concentration of the solution

yielded 4.06 g of acid 160 as a colorless oily liquid, which
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solidified after stand ét room temperature for a while but
melt when warmed slightly. IR (cm!, CCl)): 3622, 3460,
2971, 1702, 1458, 1415, 1382, 1298, 1278, 1199, 1175,
1047, 988.

Methyl 3,3-dimethyl-2-(1,2-dimethyl-2-butenyl)--4-pen-
tenoate ( 161/162) The crude acid 160 obtained above
(4.06 g) and iodomethane (4.10 g, 28.88 mmol, 1.5 equiv.)
were dissolved in 65 mL of dry DMF. To this solution was
added carefully powdered dry cesium fluoride ( 4.40 g,
28.95 mmol, 1.5 equiv.) portionwise under drying condi-
tions. The mixture was stirred at room temperature for 22
h. The reaction solution was cooled and diluted with cold
saturated aqueous sodium bicarbonate (20 mL). A lot of
bobbles evolved. The mixture was then extracted with ether
(4 X 100 mL). The combined ether layers were washed with
brine (20 mL) and dried (magnesium sulfate) and concen-
trated in vacuum to yield 5.90 g of a colorless liquid. The
crude product thus obtained was purified by flash chro-
matography ( eluent: hexane : ethyl acetate, 20:1) to obtain
3.77 g (87 %) of 161/162 as a colorless liquid. There are
two diastereomers, threo and erythro, present in the

sample in a ratio of 35 : 65 (HPLC and NMR). The two iso-

mers were isolated by HPLC with hexane: ethyl acetate
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(200:1) as eluent. The structures of the two isomers were
tentatively assigned. Only E isomers were detected.
Erythro (ty 34 sec., 65%): 'H NMR &: 0.96 (d, J = 6.4 Hz,
3H, CHCHy), 1.00 (s, 6H, gem-dimethyl), 1.46 (m, 6H, 2 X
CH;C=), 2.41 (d, J=11.0 Hz, 1H, CHCO,), 2.43 (dq, J;=6.9
Hz, Jo=11.0 Hz, 1H, CHCHy), 3.47 (s, 3H, OCHj,), 4.92 (dd,
J,=10.8 Hz, J,= 1.1 Hz, 1H, CH,=CH), 5.01 (dd, J,= 1.1 Hz,
Jo=17.5 Hz, 1H, CH,=CH), 5.19 (m, 1H, CH3;CH=), 5.98 (dd,
J, = 10.8 Hz, J, = 17.5 Hz, 1H, CH,=CH); IR (cm-1, CCl,):
3084, 2969, 2934, 1736, 1637, 1458, 1432, 1381, 1267,
912. MS (m/z): 224 (M+), 209, 195, 192, 182, 164, 155,
149, 141, 139, 135, 123, 110, 95, 83 (100%), 69, 55, 41;
threo ( tz 27 sec., 35%): 0.85 (d, J = 6.8 Hz, 3H, CHCH,),
1.13 (s, 6H, gem-dimethyl), 1.43 (m, 6H, 2 X CH;C=), 2.38
(d, J = 9.0 Hz, 1H, CHCO,), 2.52 (m, 1H, CHCH,), 3.61 (s,
3H, OCHy), 4.88 (dd, J, = 2.3 Hz, J,= 17.8 Hz, 1H, CH,=CH),
4.94 (dd, J, = 2.3 Hz, J,=10.5 Hz, 1H, CH,=CH), 5.26 (m,
1H, CH;CH=), 5.98 (dd, J, = 10.5 Hz, J, = 17.8 Hz, 1H,
CH,=CH). IR (cm1, CCl): 3076, 2976, 2931, 1740, 1635,
1432, 1373, 1238, 1048, 913; MS (m/z): 224 (M*), 209,
195, 192, 182, 164, 155, 149, 141, 139, 135, 125, 123,
109, 95, 83 (100%), 81, 69, 67, 55, 41; Anal. Calcd for
C,4H5,0, (mixture of two isomers): C, 74.95, H, 10.78;
Found: C, 74.94, H, 10.74.
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Ethyl 2-(1,1-dimethyl-2-propenyl)-3-methyl-3-hydrox-
yl-4-oxo-pentanoate (167) A solution of 0.76 mL (549 mg,
5.42 mmol, 1.08 equiv.) of diisopropylamine in 5 mL of THF
was cooled to -15 °C in an acetone-dry ice bath. Butyl
lithium (2.20 mL, 2.5 M, 5.5 mmol, 1.10 equiv.) was added
to this solution dropwise during 5 min. with stirring. The
stirring was continued for 15 min., the mixture was cooled
to -78°C, and ethyl 3,3-dimethyl-4-pentenoate (146) (780
mg, 5.0 mmol) in 1.5 mL of THF was then added with stir-
ring over a period of 5 min. This mixture was stirred at
-78 °C for an additional hour. A solution of 2,3-butandione
(430 mg , 5.0 mmol, 1.0 equiv.) in 5.0 mL of THF was cooled
to -78 °C . To this solution was added the above enolate so-
lution dropwise through a stainless tube with stirring
during 5 min., and the resulting mixture was stirred at
this temperature for an additional 4 h. The reaction was
quenched by adding saturated aqueous ammonium chlo-
ride solution (10 mL) by syringe. The mixture was allowed
to warm to room temperature and was extracted with
ether (4 X 20 mL). The combined ether layers were washed
with 5 mL portions of brine, 0.1 N hydrochloric acid, brine
and sodium bicarbonate, and brine, successively, then
dried over magnesium sulfate. Evaporation of the solvent

gave a yellow liquid. The crude product thus obtained was
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purified by MPLC (eluent: hexane : ethyl acetate, 3 : 1), giv-
ing 1.01 g (84%) of colorless liquid 167. The preparation
was repeated two more times with a 10 fold scale up and
gave quite reproducible results. There are two isomers,
threo and terythro, present in the sample in a ratio of ca.
3:1(NMR); We are unable to assign peaks to individual iso-
mers. IH NMR &: 6.01 (dd, J, = 10.7 Hz, J, = 17.4 Hz), 5.82
(dd, J, = 1.7Hz, J,= 17.4 Hz), 4.85-5.05 (m), 4.20 (q, J = 7.2
Hz), 4.15 (q, J = 7.2 Hz), 3.06 (s), 2.97 (s), 2.23(s), 2.20 (s),
1.60 (s, D,O labile, OH), 1.29-1.11 (many singlets); IR
(CCl,, cm1): 3500, 2995, 1715, 1740, 1640, 1450, 1375,
1190, 915; MS (m/z): 243 (M++1), 225 (M*-H,0), 199, 181,
157, 131, 103, 85, 69 (100%), 43; Anal. Calcd for C,3H,,0,,
C, 64.42, H, 9.16; Found: C, 64.22, H, 9.31.

2-(1,1 -Diméth yl-2-propenyl)- 3-methyl- 3,4-epoxypen-
tanoate (170) A solution of 134 mg (1.33 mmol) of diiso-
propylamine in 2 mL of dry THF was cooled in an ice-ace-
tone bath (-15 °C) and 0.55 mL of 2.5 M butyl lithium
(1.37 mmol) in hexane was added slowly during 10 min.
The resulting mixture was cooled in a dry ice acetone bath
for 30 min., then methyl 3,3-dimethyl-4-pentenoate (148:
142 mg, 1.0 mmol) in 1.0 mL of THF was added dropwise

during 15 min. This solution was stirred at -78°C for 30
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min. Then, 3-chloro-2-butanone (213 mg, 2.0 mmol) in 1.0
mL of THF was added rapidly (1 min.) into this solution.
The mixture was stirred for 5 min.,then, the ice bath was
removed, and the reaction mixture was allowed to warm to
room temperature and stirred overnight. The reaction was
quenched by addition of 5 mL of water. The mixture was
then extracted with ether (3 X 5 mL), the combined ether
extracts were washed with 5 mL 3 portions of brine, 1 N
hydrochloric acid, brine, sodium bicarbonate, brine, suc-
cessively, and dried over magnesium sulfate. The solvent
was removed by evaporation giving 0.21 g of a yellow liquid.
The crude product was separated by MPLC (eluent, hex-
ane : ethyl acetate, 2 : 1) to yield 82.3 mg (38.8%) of 170.
There were two isomers present in the sample. We are un-
able to separate and assign the peaks to the individual iso-
mers. The following NMR was taken from the isomeric
mixture. 'H NMR &: 1.14 (s), 1.16 ( s), 1.26 (d, J = 5.5 Hz),
1.58 (s), 2.84 (q, J = 5.5 Hz)}, 3.72 (s, OCHj), 4.93 (dd, J, =
10.6 Hz, J,= 1.0 Hz ), 5.01 (dd, J, = 17.5 Hz, J, = 1.0 Hz),
5.90 (dd, J, = 17.5 Hz, J, = 10.6 Hz, vinyl); IR (cm-!, CCly:
3080, 2960, 1740, 1640, 1460, 1435, 1240, 1155, 905.

4-Oxo-pentanal (171) The ozonolysis method was based

~on the literature.”® A solution of 3.00 g (19.48 mmol) of
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geraniol in 200 mL of dry methylene chloride was cooled
to -78 oC while a stream of ozone in oxygen was passed
through the solution until the blue color persistent and
the effluent test solution of potassium iodide in 5 % acetic
acid changed color from yellow to orange. Argon was
passed through the solution for at least 5 min. to drive out
the remaining ozone. To this solution was added dropwise
29.3 mL (24.80 g, 0.4 mol, 20 equiv. ) of dimethyl sulfide.
After addition was complete, the mixture was stirred at -
78 oC for 30 min. The ice bath was removed and the stir-
ring was continued at room temperature for 11 h. The re-
action mixture was diluted with 100 mL of methylene
chloride, and the solution was washed with brine (3 X 20
mlL), dried over magnesium sulfate, and evaporated to ob-
tain 3.79 g of crude product. This was separated by flash
chromatography using hexane and ethyl acetate (1:1) as
eluent to give 1.91 g (95%) of 171 as a colorless oily liquid.
IH NMR &: 2.16 (s, 3H, CH;CO), 2.70 (s, 4H, CH,CH,), 9.47
(s, 1H, CHO); ( C4Dg, ppm )76 : 1.68 (s, 4H, CH,CH,), 2.09
(s, 3H, CH;CO), 9.28 (s, 1H, CHO); IR (cm"!, CCl,): 2964 (s),
2938, 1715 (s), 1549, 1458, 1373, 1187, 1160, 1009; MS
(m/2): 101 (M*+1), 100 (M), 85, 72, 58, 57, 43 (100%), 42.
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Methyl 2-(1, 1-dimethyl-2-oxoethyl)-3-methyl-4-oxo-
pentanoate (139) Method A: (from 140) The ozonolysis
procedure of Slomp and Johnson# was employed. A solu-
tion of methyl 2-(1, 2-dimethyl-2-propenyl)-3, 3-di-
methyl-4-pentenoate (140: 23.4 mg, 0.11 mmol) in 5 mL
methylene chloride and 17.6 mg (0.22 mmol, 2 equiv.) of
pyridine was cooled to -78°C. Ozone in oxygen stream,
which was dried by passing through a tube cooled to
-78°C, was bobbled through the solution with stirring. The
color of the solution changed sequentially into yellowish
after ozone passed through the solution for a while, then
colorless, then gray and finally blue. As soon as the blue
color appeared, the ozone stream was replaced by nitrogen
until the blue color disappeared. Zinc dust (114.4 mg, 1.74
mmol, 15.9 equiv.) was added at -78 °C, followed by 0.23
mL (0.241g, 4.01 mmol, 18.2 equiv.) of acetic acid dropwise
with stirring. As soon as the addition was complete, the
dry ice acetone bath was replaced by a water bath at 20°C
and the suspension was stirred for 2.5 h. The mixture was
filtered. The zinc powder was washed thoroughly with
ethyl acetate. The combined filtrates were washed with
cold water in the presence of crushed ice (2 X 5 mL), 5%
sodium hydroxide until pH 8, then washed with saturated

sodium chloride solution. Each wash was back washed
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with ethyl acetate (10 mL ). The combined ethyl acetate so-
lution were dried over magnesium sulfate and concentrat-
ed to obtain a yellowish oily liquid. The liquid was immedi-
ately introduced into a short column pecked with 20 g of
silica gel and eluted with hexane and ethyl acetate (1.5: 1)
and collect the component with Rf 0.56 to yield a colorless
liquid 23.1 mg (98%) of 139 as a colorless liquid. There
were two isomers present in the sample. The two isomers,
threo and erythro, were separated by preparative HPLC
with hexane/ethyl acetate (9/1) as eluent (MPLC could not
separate the two isomers completely with hexane and
ethyl acetate (3 / 1) as eluent). The 'H NMR were tentative-
ly assigned as follows:

Erythro (ty 78 sec., 67.5%): 'H NMR &: 9.49 (s, 1H, CHO),
3.65 (s, 3H, OCHjy), 3.10 (d, J = 10.1 Hz, 1H, CHCO,CHj,),
3.03 (dg, J, = 10.1 Hz, J, = 6.9 Hz, 1H, CHCHjy), 2.15 (s, 3H,
CH;CO), 1.15 (s, 3H), 1.01 (s, 3H), (gem-dimethyl), 1.01 (d,
J = 6.9 Hz, 3H, CHCHy); IR (cm-!, CCl,): 2972, 2951, 1727
(vs), 1462, 1436, 1353, 1273, 1211, 1164, 1022, 1002,
895; MS (m/z): 214 (M*), 183, 171, 155, 154, 144, 143,
142, 139, 116, 115, 114, 111, 101, 83, 71, 72, 70, 69, 59,
55, 43 (100%, CH;CO ). Anal. Calcd for C;;H,50,: C, 61.66,
H, 8.46; Found C, 61.45, H, 8.35.

Threo (t; 78 sec., 32.5%). 'H NMR & 9.41 (s, 1H, CHO),
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3.68 (s, 3H, OCH,), 3.21 (d, J = 8.9 Hz, 1H, CH-CO,CH,),
2.91 (dq, J,= 8.9 Hz, J,= 7.0 Hz, 1H, CHCHy) 2.17 (s, 3H,
CH,CO), 1.13 (s, 3H), 1.01 (s, 3H) (gem-dimethyl), 1.10 (d,
J = 7.0 Hz, 3H, CHCH,); IR (cm-1, CCl,): 2976, 2951, 1721
(vs), 1463, 1435, 1354, 1278, 1209, 1154, 908,

Method B: Nakamura’'s?® ozonolysis procedure was em-
ployed. A solution of methyl 2-(1,2-dimethyl-2-
propenyl)-3,3-dimethyl-4-pentenoate (140: 113.0 mg,
0.538 mmol) in 20 mL of methylene chloride was cooled to
-78°C while a stream of ozone in oxygen was passed
through the solution until the blue color persistent and
the effluent test solution of potassium iodide in 5 % acetic
acid changed color from yellow to orange (ca. 8 min.). |
Argon was passed through the solution for at least 5 min.
to drive out the remaining ozone. To this solution, 0.8 mL
(668.5 mg, 0.76 mmol, 20 equiv. ) of dimethyl sulfide was
added dropwise by syringe. The solution was then stirred
at -78°C for 30 min. The ice bath was removed and the
stirring was continued at room temperature for three
days. The reaction mixture was diluted with 70 mL of
ether, and the solution was washed with brine (3 X 5 mL),
dried over magnesium sulfate, and evaporated to obtain a

crude product. This was separated on a short column



114

using hexane and ethyl acetate (2.5 : 1) as eluent to pro-
duce 96.7 mg (84%) of 139 as a colorless oily liquid. The
sample showed the identical TLC Rf and NMR and IR with
that of the sample obtained by Method A.

139 from 161/162: method A A solution of methyl 2-
(1,2-dimethyl-2-butenyl)-3,3-dimethyl-4-pentenoate
(161/162) ( 650 mg, 3.095 mmol) in 65 mL dry methylene
chloride (distilled over calcium hydride immediately before
use) and 490 mg of pyridine (6.20 mmol, 2 equiv.) was
cooled to -78°C. Ozone in oxygen stream was passed
through the solution with stirring. The ozone stream was
dried by passing through a tube which was cooled to
-78 °C. The color of the solution changed sequentially into
yellowish after ozone passed through the solution for a
while, then colorless, then gray and finally blue. As soon
as the blue color appeared, the ozone stream was replaced
by nitrogen until the blue color disappeared (ca. 5 min.).
3.18 g (48.65 mmol, 16.0 equiv.) of zinc dust was added to
the reaction soiution at -78 °C, followed by dropwise addi-
tion of 6.4 mL (7.00g, 0.117 mol, 37.7 equiv.) of acetic acid
with stirring. As soon as the addition was finished, the
dry ice acetone bath was replaced by a water bath at 20°C

and the suspension was stirred for 2.5 h. The mixture was
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filtered. The zinc powder was washed many times with
ethyl acetate. The combined filtrate was washed with cold
water in the presénce of crushed ice (2 X 5 mL), 5% sodium
hydroxide until pH 8, then washed with saturated sodium
chloride solution(2 X 10 mL). Each wash was back washed
with ethyl acetate (10 mL } and combined. The solution
was dried over magnesium sulfate and the solvent was re-
moved to obtain a yellowish oily liquid. The liquid was im-
mediately separated by a short column pecked with 20 g
of silica gel and eluted with hexane and ethyl acetate ( 1.5 :
1 ) and collect the component with Rf 0.56 to yield a color-
less liquid 647.0 mg (98%) of colorless liquid 139. This
sample shows the identical TLC Rf, IR and 'H NMR spec-
tra as the sample obtained via 140.

Method B: The method was based on the literature.”” A
solution of 2.11 g (9.41 mmol) of 161/162 in 150 mL of
ethanol was cooled in dry ice-acetone bath while ozone in
oxygen stream was passed through with stirring until the
color of the solution turned into gray blue. Nitrogen was
passed through the solution for ca. 5 min. to drive the re-
maining ozone out. The solution was allowed to stand at
room temperature for 5 min., and then put in an ice water

bath. To the solution, 24.97 g (382 mmol, 40 equiv.) of zinc
dust was added at 0°C with stirring, followed by a solution
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of acetic acid and water (1 : 1, V / V) dropwise. After comple-
tion of the addition, the mixture was stirred at 0°C for 3 h.
The mixture was filtered and the filtrate cake was washed
thoroughly with ether. The combined filtrate was diluted
with ether to the total volume of 750 mL. The ether solu-
tion was washed with sodium bicarbonate until pH 8 ( no
more bobbles evolved), then washed with brine ( 75 mL).
After drying over magnesium sulfate and evaporation of
the solvent, a yellow liquid was obtained. The crude prod-
uct was purified by a short column with hexane and ethyl
acetate (2 : 1) as eluent to obtain 1.89 g (94%) of a colorless
liquid. TLC Rf, NMR and IR proved the identity of the sam-

ple obtained above with the sample obtained via method A.

Methyl 5-hydroxyl-3-0x0-2, 6, 6-trimethyl-cyclohexane-
carboxylate (138) The aldol condensation conditions of
Hajos and Parrish45 were employed. A solution of 18 mg
(0.16 mmol) of (L)-proline in 5 mL of freshly distilled dry
DMF ( distilled from calcium hydride immediately before
use) was deaerated by three cycles of vacuum / argon ex-
change and stirred at room temperature for 1 hr. Then,
1.09 g (5.10 mmol) of methyl 2-(1, 2-dimethyl-2-ox-
oethyl)-3-methyl-4-oxo-pentanoate 139in 1.0 mL of DMF
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was added. The mixture was stirred at 36°C for 7 days. The
reaction solution was yellow at the end of the reaction. The
reaction solution was diluted with 200 mL of ether. The
ether solution was washed with brine (2 X 20 mL) and
dried over magnesium sulfate. The solvent was removed
and the crude product was separated by flash chromatog-
raphy using hexane and ethyl acetate (1.5 : 1) as eluent to
obtain 0.94 g (86%) of 138 as a viscous colorless liquid, a
mixture of several diastereoisomers. !H NMR &: 1.20-0.95
(many singlet and doublet, 1.61 (broad, s, D,O labile), 2.21
(), 2.22(s), 2.95-2.25 (m), 3.74 (s), 3.76 (s), 3.79 (s), 4.07
(m); IR (cm-!, CClL,): 3616, 3436, 2984, 2950, 2885, 1739,
1460, 1435, 1374, 1240, 1149, 908, 883; MS (m/z): 214
(M+), 196 (M+-H20), 183 (M*-OCHj3), 182 (M*-HOCH,), 155
(M+-CO,CHgy), 137 [(M*-H,0)-CO,CHgl, 115 (100%,
CgH;,0,). Anal. Calcd for C,;H,;O0, : C, 61.66, H, 8.47;
Found C, 61.45, H, 8.35.

Methyl 1, 4-dioxa-9-hydroxy-6, 8, 8-trimethyl-spiro [4, 5]
decane-7-carboxylate (172) Method A the typical proto-
col was attempted based the known procedure.4® A solu-
tion of methyl 5-hydroxyl-3-o0xo0-2, 6, 6-trimethyl-cyclo-
hexanecarboxylate (138) 192.6 mg, 0.90 mmol), 540.9 mg
(8.70 mmol, 9.6 equiv.) of ethylene glycol and 2.0 mg (
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0.0105 mmol, 0.012 equiv.) of toluene sulfonic acid in 6 mL
of benzene was heated with stirring in an oil bath with
continuous removal of benzene by distillation and dry ben-
zene was added through dropping funnel continuously to
keep the volume of the benzene approximately the same.
The operation was continued until the distillate no longer
cloudy. (ca. 2h). The reaction flask was cooled to room tem-
perature in a water bath. The solution was diluted with 100
mL of ether and the ether solution was washed with satu-
rated sodium bicarbonate solution (2 X 5 mlL), brine ( 5
mlL), and dried over magnesium sulfate. Removal of the
solvent yielded 208 mg of colorless liquid. The crude prod-
uct was separated by flash chromatography with hexane
and ethyl acetate (1:1) as eluent. Collection of the sample
yielded 152.3 mg (65%) of colorless oily liquid 172.
Method B The protection of ketone carbonyl group was
done by Johnson’s procedure.4® To 1.0 mL of 2-methoxy-
1,3-dioxolane was added 460 mg ( 2.15 mmol) of methyl
5-hydroxyl-3-o0xo0-2, 6, 6-trimethyl-cyclohexanecarboxy-
late (138) and the mixture was cooled to 0 °C in an ice-
water bath. To this mixture, 6 pL of TfOH was added at 0 °C
with stirring over 10 min. After addition was complete, the
ice-water bath was removed and the mixture was stirred

at room temperature for 5h. To this solution was added a
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mixture of ether (50 mL) and saturated sodium bicarbon-
ate (50 mL) with stirring. The two layers which formed
were separated and the aqueous layer was extracted with
ether (3 X 15 mL). The combined ether layers were washed
with brine (5 mL) and dried (MgSO, and evaporated to
yield a reddish crude product which was purified by a
short column flash chromatography with hexane and
ethyl acetate (1:1) as eluent to obtain 461 mg (89 %) of
product 172 as a mixture of stereoisomers. 1H NMR &: 4.07
(m), 3.79 (s), 3.76 (s), 3.74 (s), 2.95-2.25 (m), 2.21 (m), 1.61
(br, D,O labile), 1.20-0.95 (m); IR (cm-!, CCl,): 3616, 3523,
2981, 2950, 2883, 1736, 1459, 1446, 1434, 1380, 1321,
1193, 1156, 1095, 1035, 946, 909; MS (m/z): 258 (M),
257, 229, 213, 197, 181, 157, 153, 125, 111, 99, 87
(100%), 59, 43; Anal. Calcd for C,3H,,05: C, 60.44, H, 8.59;
Found: C, 60.48, H, 8.51.

Methyl 1, 4-dioxa-9-0x0-6, 8, 8-trimethyl-spiro [4, 5] de-
cane-7-carboxylate (137) Oxidation of hydroxy ketal was
performed using Sone’s*® procedure. A mixture of methyl
1, 4-dioxa-9-hydroxy-6, 8, 8-trimethyl-spiro [4, 5] de-
cane-7-carboxylate (172: 790 mg, 3.06 mmol) and 4.0 g of
celite in 50 mL of acetone was cooled to -20 °C in a dry ice-

acetone bath. Jones reagent (2.5 M, 1.33 mL, 0.68 mmol,
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1.10 equiv.) was added dropwise over a period of 5 min. The
solution was stirred at -20°C for 1.5 h. Then, 1.0 mL iso-
propyl alcohol was added at -20°C and stirred until the
red solution turned into green (ca. 40 min.). The solution
was then diluted with 10 mL of cold saturated sodium bi-
carbonate solution. The green precipitate formed was fil-
tered and the filter-cake was washed with ethyl acetate
(50 mL). The combined ethyl acetate solutions were dried
over magnesium sulfate and evaporated to yield a light yel-
low liquid. This was purified on a short column using hex-
ane and ethyl acetate (2:1) as eluent to yield 714 mg (91%)
of colorless liquid 137 as a diastereomeric mixture. A por-
tion was purified by MPLC (hexane and ethyl acetate, 3 : 1)
and was separated further by HPLC, using hexane and
ethyl acetate (9 : 1) as eluent. Two isomers were obtained.
The structures of two isomers were tentatively assigned as
follows:

trans-137 (tgz 69 sec., 74%): 'H NMR &: 0.96 (s), 0.97 (s),
1.01 (d, J = 6.9 Hz), (totally 9H, gem-dimethyl and CH;CH),
2.19 (s, 2H, CH,), 3.04 (m, 1H, CH;CH), 3.15 (d, J = 8.5 Hz,
1H, CHCO,CHj), 3.62 (s, 3H, OCHg), 3.73-3.87 (m, 4H,
OCH,CH,0 ); IR (cm', CCl,): 2970, 2953, 2881, 1736,
1718, 1467, 1434, 1351, 1284, 1224, 1194, 1153, 1105,
1014, 950; MS (m/2): 256, 227, 153, 144, 127, 114, 99, 87,
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73 (100%), 43.

cis-137 ( t 74 sec., 26%): 'H NMR &: 0.98 (s), 1.04 (s), (6H,
gem-dimethyl), 1.21 (d, J = 7.1 Hz, 3H, CH,CH), 2.16 (s,
9H, CH,), 2.75 (d, J = 7.9 Hz, 1H, CHCO,CH,), 3.13 (m, 1H,
CH,CH), 3.59 (s, 3H, OCH,), 3.83-3.92 (m, 4H, OCH,CH,0);
IR (cm-1, CCl): 2973, 2949, 2882, 1722, 1434, 1401, 1353,
1204, 1162, 1107, 1003, 949; MS (m/z): 257 (M*+H), 256
(M#), 227, 213, 186, 171, 153, 144, 114, 99, 87, 73 (100%),
43. Anal. Calcd for C,3H,,O5 : C, 60.92, H, 7.87; Found: C,
60.88, H, 7.63.

Methyl 9-acetynyl- 1,4-di'oxa-9-hydroxy-6,8,8-trimethyl-
spiro[4,5]decane-7-carboxylate (173) Schmidt’s52
method was employed in this synthesis. 0.330 g (90%,
3.18 mmol, 6.5 equiv.) of lithium acetylide ethylenediamine
complex ( commercially available from Aldrich) was placed
in a round bottom flask which was dried and the air was
replaced by three circles of vacuum/argon exchange. 7mL
of THF was added directly from the distillation apparatus
to the flask. To this brown suspension was added 125.0
mg (0.488 mmol) of 137 at room temperature with stir-
ring. The mixture was stirred at room temperature for 25
h. The reaction mixture was then poured on to 100 g of
crushed ice and extracted with ether (4 X 70 mL). The com-
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bined ether extracts were washed with 5% sulfuric acid ( 5
mlL) in the presence of crushed ice, saturated sodium bi-
carbonate (6 mL), and brine, succesively, and dried over
magnesium sulfate. The solvent was removed and a red-
dish oily liquid was resulted. The crude product was puri-
fied by a short column chromatography using hexane and
ethyl acetate (1.5 : 1) as eluent to obtain 104.7 mg (76%) of
173 as a colorless liquid of a isomeric mixture. !H NMR 8&:
3.95-3.93 (m), 3.65 (s), 3.64 (s), 2.90-2.40 (m), 2.50 (s),
2.51 (s), (acetylene, lit.52 2.50), 2.18 - 2.19 (m), 1.23-0.92
(m); IR (CCl,, cm1): 3650, 3450, 3310, 2980, 2948, 1735,
1471, 1434, 1372, 1285, 1193, 1142, 1107, 1049, 948; MS
(m/e): 257 (M*-acetylene), 241, 225, 213, 197, 181, 171,
155, 129 (100%), 86, 73, 55.

Methyl 9-acetyl-1, 4-dioxa-9-hydroxy-6, 8, 8-trimethyl-
| spiro [4, 5] decane-7-carboxylate (136) Janout’s* hy-
dration method was used. 70.4 mg (0.25 mmol) of 173 was
dissolved in 2 mL of chloroform. To this solution was
added 73.7 mg ( 0.25 mmol, 1.0 equiv.) of phenyl mercuric
hydroxide and the mixture was heated at 60°C (bath tem-
perature) with stirring for 3.5h. After the reaction is com-
plete (TLC), the reaction mixture was concentrated under

vacuum to dryness and the residue was passed through a
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short silica gel column eluted with hexane and ethyl ac-
etate (1.5 : 1) to obtain 43.2 mg of a yellow liquid. The sam-
ple obtained above was further purified with MPLC with
hexane and ethyl acetate (5 : 1) to obtain 34.5 mg (46%) of
136 as a colorless liquid of a isomeric mixture. 1H NMR &:
4.00-3.95 (m), 3.62 ( s), 3.61 (s), 2.90-2.00 (m), 2.15 (s) and
2.16 (s), (acetyl), 1.50-1.10 (m), 1.00-0.90 (m); IR (CCl,,
cm-1): 3650, 3455, 2976, 2958, 1736, 1456, 1434, 1266,
1195, 1104, 1034; MS (m/e): 300 (M+), 268, 253, 241, 209,
195, 172, 154, 137, 129, 99, 86, 73, 45, 43.

1, 2-dimethyl-2 (1,1-dimethyl propenyl)-4-hexen-1-ol
(174) Heathcock’s56 procedure was employed. A solution

of 2.50 g (11.16 mmol) of diene ester 140 in 50 mL of dry
THF was cooled to -78°C. To this solution was added drop-
wise 45 mL of a 1.0 M solution of diisobutylaluniinum hy-
dride in hexane. The solution was allowed to warm to room
temperature over 25 min. and then stirred at room tem-
perature for 1.5 h. The solution was then cooled to an ice
bath, and 15.00 g of potassium fluoride was added, fol-
lowed by dropwise addition of 80 mL of water. The mixture
was allowed to warm to room temperature and diluted

with 100 mL of water. The solution was extracted with
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ethyl acetate (5 X 40 mL). The combined ethyl acetate solu-
tions were washed with brine (20 mL), dried over magne-
sium sulfate, and evaporated to yield 2.18 g (100%) of 174
as a colorless liquid. There were two isomers present in the
sample. The isomers were not separated and analyzed di-
reactly. IR (mixture of two isomers, CCl,, cm-1): 3090,
2979, 2929, 1640, 1470, 1460, 1415, 1370, 1260, 1100;
Major isomer (66.5%, GC/MS tg: 12.50 min.): 'H NMR &:
6.06 (dd, J, = 17.6 Hz, J, = 10.7 Hz, CH,=CH), 5.58 (m,
CH;CH=), 4.97 (dd, J, = 17.6 Hz, J, = 1.5 Hz, CH,=CH),
4.94 (dd, J, = 17.6 Hz, J, = 1.5 Hz, CH,=CH), 3.74 (m,
CH,0), 2.53-2.49 (m, CHCH(CHjy)), 1.55-1.45 (m, broad, 2
X CH5C=), 1.05 (s, gem-dimethyl), 1.01 (d, J = 7.1 Hz, CH-
CHj); GC/MS (m/e): 196 (M), 181 (M-CH,), 165, 139, 135,
123, 121, 112, 109, 107, 100, 97, 96, 95, 84, 83 (100%),
69, 55, 41.

Minor isomer (33.5%, GC/MS ty: 12.74 min.): 'H NMR 3&:
5.95 (dd, J, = 17.9 Hz, J, = 10.3 Hz, CH,=CH), 5.27 (m,
CH3;CH=), 4.88 (dd, J,= 17.6 Hz, J, = 1.5 Hz, CH,=CH), 4.86
(dd, J,= 17.6 Hz, J, = 1.5 Hz, CH,=CH), 3.53 (m, CH,0),
2.33-2.49 (m, CHCH(CHg)), 1.55-1.45 (m, broad, 2 X
CH;C=), 1.09 (s, gem-dimethyl), 0.95 (d, J = 7.1 Hz, CH-
CH,); MS (m/e): 196 (M+), 181, 165, 154, 139, 123, 121,
111, 109, 97, 95, 84, 83, 69, 67, 57, 55, 41.
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1,2-dimethyl-2-(1,1-dimethyl- propenyl)-4-hexen- 1-oxy
tert-butyldimethylsilyl ether (175) Hori’s57 method of
protection was used. To an ice bath cooled solution of 174
2.18 g (11.16 mmol), 1.66 g (24.41 mmol, 2.2 equiv.) of imi-
dazole in 60 mL of methylene chloride ( distilled over calci-
um hydride immediately before use), was added 1.84 g
(12.20 mmol, 1.1 equiv.) of tert-butyldimethylchlorosilane
in 10 mL of methylene chloride at 0°C under argon. As
half of the TBDMSCI solution was added at 0°C, white pre-
cipitate formed. Stirring was continued at 0°C and then at
room temperature overnight at which time TLC showed
the reaction was complete. To the reaction mixture was
added 40 mL of saturated ammonium chloride solution
and the resulted mixture was extracted with methylene
chloride (4 X 40 mL). The extracts were washed with 5% of
hydrochloric acid (20 mL), sodium bicarbonate solution
(20 mL), and saturated sodium chloride solution (20 mL).
The methylene chloride solution was then dried over mag-
nesium sulfate and concentrated under vacuum on rotato-
ry evaporator to obtain 3.39 g (98%) of 175 as a colorless
liquid. There were two isomers present in the sample.
Major isomer: 'H NMR &: 5.96 (dd, J, = 17.6 Hz, J, = 10.7
Hz, CH,=CH), 5.28 (m, CH3;CH=), 4.91 (dd, J,=17.6 Hz, J,
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= 1.5 Hz, CH,=CH), 4.84 (dd, J, = 17.6 Hz, J, = 1.5 Hz,
CH,=CH), 3.63 (dd, J, = 3.9 Hz, J, = 10.3 Hz, CH,0), 2.53-
2.49 (m, CHCH(CHg)), 1.55-1.45 (m, broad, 2 X CH;C=),
1.05 (s, gem-dimethyl), 1.01 (d, J = 7.1 Hz, CHCHj), 0.86 (s,
tert-butyl), 0.01 (s, 2 X CHj;); Minor isomer: *H NMR 6: 5.91
(dd, J,=17.9 Hz, J,= 10.3 Hz, CH,=CH), 5.22 (m, CHzCH=),
4.83 (dd, J, = 17.6 Hz, J, = 1.5 Hz, CH,=CH), 4.81 (dd, J, =
17.6 Hz, J, = 1.5 Hz, CH,=CH), 3.48 (dd, J, = 3.2 Hz, J, =
10.3 Hz, CH,0), 2.33-2.49 (m, CHCH(CHjy)), 1.55-1.45 (m,
broad, 2 X CH3C=), 1.09 (s, gem-dimethyl), 0.95 (d, J = 7.1
Hz, CHCHs;), 0.85 (s, tert-butyl), 0.02 (s, 2 X CHy); IR (CCl,,
cm): 3090, 2979, 2929, 1640, 1470, 1460, 1415, 1370,
1260, 1100; MS (m/e): 310 (M*), 295, 253, 241, 226, 211,
200,m 169, 135, 121, 115, 109, 96, 89, 83, 75 (100%), 73,
55, 41.

2,2,4-trimethyl-5-0x0-3-tertbutyldimethylsiloxy-methyl-
hexanal ( 176) The ozonolysis was performed as before.44
A solution of 1, 2-dimethyl-2 (1,1-dimethyl propenyl)-4-
hexen-1-oxy tert-butyldimethylsilyl ether (175) (961 mg,
3.1 mmol) in 65 mL dry methylene chloride and 490 mg
( 6.20 mmol, 2 equiv. ) of pyridine was cooled to -78°C.
Ozone in oxygen stream was passed through the solution

with stirring. The ozone stream was dried by passing
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through a tube which was cooled to -78°C. The color of the
solution changed sequentially from colorless into yellow-
ish after ozone passed the solution for a while, then color-
less, then gray and finally blue. As soon as the blue color
appeared, the ozone stream was replaced by nitrogen until
the blue color disappeared (ca. 5 min.). 3.18 g (48.65 mmol,
16.0 equiv.) of zinc dust was added to the reaction solution
at -78 °C, followed by dropwise addition of 6.4 mL (7.00 g,
0.12 mmol, 37.8 equiv.) of acetic acid with stirring. As soon
as the addition was complete, the dry ice acetone bath was
replaced by a water bath at 20°C and the suspension was
stirred for 2.5 h. The mixture was filtered. The zinc powder
was washed many times with ethyl acetate. The combined
filtrate was washed with cold water in the presence of
crushed ice (2 X 5 mL), 5% sodium hydroxide until pH 8,
then washed with saturated sodium chloride solution (2 X
10mL). Each wash was back washed with ethyl acetate (10
mL) and combined. The solution was dried over magne-
sium sulfate and the solvent was removed to obtain a yel-
lowish oily liquid. The liquid was immediately separated
by a short silica gel column eluted with hexane and ethyl
acetate (b : 1) and collect the component with Rf 0.71 to
yield 920 mg (98%) of 176 as a colorless liquid. There are

two diastereomers present in the sample. The NMR was
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taken from the mixture of the isomers and a tentative as-
signment was based on the ratio and the splitting con-
stant. Major isomer ( GC/MS tg: 16.54 min., 72. 6 % by
GC) 1H NMR &: 9.44 (s, CHO), 3.63-3.58 (m, CH,0), 2.42-
2.40 (m, CH(CH,)CH), 2.19 (s, CH,CO), 1.05 (d, J = 7.2 Hz),
1.07 (s) and 1.05 (s), (gem-dimethyl}, 0.85 (s, t-butyl), 0.01
(s, 2 X CHj); MS (m/e): 300, 285, 267, 257, 255, 143, 229,
225, 213, 199, 171, 109, 97, 75 (100%), 43; Minor isomer
(GC tx: 16.67 min., 27.4 % by GC) 'H NMR &: 9.46 (s, CHO),
3.71-3.66 (m, CH,0), 2.71-2.67 (m, CH(CH3)CH), 2.17 (s,
CH;CO ), 1.08 (d, J = 7.1 Hz), 1.03 (s) and 1.02 (s), (gem-
dimethyl), 0.83 (s, t-butyl), 0.08 (s, 2 X CHg); MS (m/e):
300, 285, 268, 267, 243, 229, 225, 213, 199, 185, 171, 97,
75 (100%), 43; IR (cm-!, CCl,): 3720, 3350, 2950, 2910,
1720, 1494, 1375, 1250, 1110, 1040, 850; Anal. Calcd for
C,6H3,055i: C, 63.94, H, 10.74; Found C, 63.96, H, 10.53.

Methyl 5-hydroxyl-3-0x0-2, 6, 6-trimethyl-cyclohexane-
carboxylate (177) Aldol condensation was carried out as
before.#® A solution of 48 mg (0.16 mmol) of (L)-proline in
40 mL of freshly distilled dry DMF ( distilled from calcium
hydride imrhediately before use) was deaerated by three
cycles of vacuum/argon exchange and stirred at room

temperature for 1 h. Then, 450 mg (1.50 mmol) of 176 in




129

1.0 mL of DMF was added. The mixture was stirred at 36°C
for 5 days. The reaction solution was yellow at the end of
the reaction. The reaction solution was diluted with 120
mL of ethyl acetate. The ethyl acetate solution was washed
with brine (2 X 20 mL) and dried over magnesium sulfate.
The solvent was removed and the crude product was sepa-
rated by flash chromatography using hexane and ethyl
acetate (1.5 : 1) as eluent to obtain 290 mg (64%) of 177 as
a colorless liquid, a mixture of diastereoisomers. 'H NMR
5: 0.02 (s), 0.03 (s), 0.85 (s), 0.86 (s), 1.02-1.25 (m), 2.15-
2.82 (m), 3.62-3.76 (m), 3.81-3.91 (m); IR (cm-1, CCly:
3630, 3421, 2958, 2930, 1714, 1471, 1463, 1372, 1301,
1240, 1103, 1047, 981, 938, 853, 838; MS (m/z): Major
isomer (GC/MS ty: 19.00 min.): 300 (M*), 285, 267, 255,
245, 244, 243, 225, 215, 213, 185, 172, 171, 169, 151,
123, 121, 119, 109, 105, 81, 75 (100%), 73, 69, 55, 43.
Minor isomer (GC t4:16.28 min.) : 300, 267, 244, 243, 229,
225, 213, 172, 171, 155, 137, 129, 125, 111, 109, 97, 75,
73, 72, 69, 59, 43; Anal. Calcd for C,gH3,03Si: C, 63.95, H,
10.74; Found C, 63.95, H, 10.90.

3-Benzoyloxy-2,2-dimethyl-6-methylenyl- cyclohexanol

methanol acetate (128)23 A solutiuon of geraniol acetate

(16.0 g, 86.4mmol), benzoyl peroxide (purified immediately
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before use; 5.50 g, 22.7 mmol), cupric benzoate (prepared
by a reaction of sodium benzoate with cupric sulfate, dried
at 250 °C under vacuum for 20 h; 0.500 g, 1.60 mmol), and
cuprous chloride (0.080 g, 0.79 mmol) in acetonitrile (150
mL} was heated at 65°C for 20h. To this mixture, another
portion of benzoyl peroxide (5.50 g, cupric benzoate (0.500
g,) and cupric chloride(0.070 g) in 40 mL of acetonitrile
was added and the reaction mixture was stirred at 70 °C
for another 20 h. The reaction solution was cooled and di-
luted with 10% sodium carbonate (150 mL}, and then ex-
tracted with ether (6 X 100 mL). The ether extracts were
washed with 10% sodium carbonate and water, dried over
magnesium sulfate and evaporated. The crude product
was distilled to get 6.50 g geraniol acetate (90-95 °C / 0.25-
0.27 mmHg) ( recovery=40.6%). The residue (13.87 g) was
partitioned on a column of 500 g of silica gel using hexane
and ethyl acetate (5:1) as eluent. The first portion of the
eluent (75 ml) was found to be geraniol acetate (1.20 g,
7.5% recovery). A second portion (125 mlL) gave 7.87 g of
product which was found to contain phenyl group (NMR).
80.1 mg of this was separated further with MPLC (solvent:
hexane/ethyl acetate, 12/1, flow rate: 4.3 mL/min.), to give
70.2 mg (51.5%, based on the grams of uncovered geraniol

acetate) of pure 128. as a colorless liquid. 'H NMR
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(200MHz, CDCl,): 1.01 (s, 3H), 1.09 (s, 3H), gem-dimethyl),
1.55-2.50 (m, 6H), 2.05 (s, CH3CO,-), 4.30-5.00 (m, 4H,
vinyl and -CH,0-), 7.50-8.02 (m, phenyl); IR (CCl,, cm):
3060, 2980, 2960, 1750, 1720, 1380, 1270, 1230; MS
(m/e): 316 (M%), 257, 194, 152, 105 (100%, PhC=0%), 77.
The spectra are comparable with that reported in the liter-

ature.23h
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