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Structure, Occurrence, Mechanism of Action, Biological Activity, and Biosynthesis of Taxol
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Structure, Occurrence, Mechanism of Action,
Biological Activity, and Biosynthesis of Taxol®1

1.1 Background and History
It has been known since ancient times that various parts of the English yew {Taxus boccata L.) are
highly poisonous to animals and man. As long ago as the first century B.C., human fatalities due to
ingestion of this plant were recorded. Julius Caesar, speaking of his wars against the Gallic tribes,
wrote: "Catuvolcus, who was king of half of the Eburones and had joined Ambiorix in the
conspiracy, was now old and weak, unable to endure the hardships of war and flight. He solemnly
cursed Ambiorix for instigating the conspiracy, and then poisoned himself with yew, a tree which is
very common in Gaul and in Germany".2
In 1937 the English veterinarian Masheter described the death of some cows that had eaten from a
yew tree, as follows: "Knees and hocks doubles up and they were dead before they reached the
ground".3 The constituents responsible for the toxicity of the yew tree are known as taxanes, which
are alkaloids that contain the unusual taxane diterpenoid skeleton 1 (Figure 1.1) or closely related
skeletons and occur in various members of the genus Taxus (Taxaceae) and related genera. A recent
review covering the literature through March 1992, lists over 100 naturally occurring taxane
diterpenoids.4
Figure 1.1: IUPAC numbering of the taxane skeleton 1 and structure of taxol (2)

OCOPh
taxol(2)
Between 1958 and 1980 the National Cancer Institute (NCI) sponsored a program in which extracts
of over 35,000 plant species were tested for anticancer activity.5 One of the successes of this
program was the discovery of the taxane diterpenoid taxol (2).6
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The botanist Barclay was the first who isolated a crude extract from the bark of the Pacific yew
(Taxus brevi/olia Nutt.) in 1963.7 The T. brevifolia is a slow-growing evergreen and is found in
forests of the western U.S. and Canada. Initial screening by the chemists Wall and Wani showed the
extract to be a potential anticancer agent that was active against an unusually wide range of rodent
cancers.5·6 They began work on the isolation of the active compound from the crude extract, a
process that took several years because the compound is present in very low concentrations in the
plants. Later, they teamed up with McPhail to determine the structure of the active ingredient by Xray analysis, and in 1971 they published their results.8 Figure 1.2 shows a 3D-view of taxol, which
has an inverted cup shape.9
Figure 1.2: 3D-view of taxol

The unique mechanism of action of this new anticancer compound was unraveled in 1979 by
Horwitz and co-workers.10 Binding of taxol to tubulin acts to stabilize cell microtubules and
prevent depolymerization of this microtubules, which disrupts the cell division.
In spite of the excellent activity of taxol in model tumor systems, clinical trials were delayed due to
the lack of supply of the drug and formulation problems related to its low water solubility.11 Phase
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I clinical trials of taxol began in the early 1980's.12a_8 These investigations resulted in the
determination of the optimal dose and the protocol for Phase II administration. Phase II trials of
taxol began in 1985 and showed that taxol is active against ovarian, breast and lung cancer. 12hm In
1992, the Food and Drug Administration (FDA) permitted the use of taxol for the treatment of
patients with advanced ovarian cancer.13
Because of the growing demand for taxol, the NCI has made the development of the drug an
emergency priority.14 Various means to increase the supply of taxol are the subject of active
research. Several strategies are being studied including total-synthesis4·6* (from simple starting
materials), semi-synthesis4 (from readily available taxol precursors), isolation from various Taxus
needles14, cultivation of T. brevifolia trees5, cell culture production5, and production by the fungus
Taxomyces andreanae16.
In this thesis our approach to the synthesis of taxol and its derivatives via total- and semi-synthesis
is reported.
1.2 Isolation of Taxane Di terpenoids
The toxic properties of the constituents of the yew tree have encouraged investigation of all its parts
(leaves, bark, roots, or wood). In 1856 Lucas carried out the first chemical study of a Taxus species.
He isolated an ill-denned alkaloidal substance which he named "taxine".17 He employed the usual
technique for the isolation of alkaloids: extraction of the leaves with 1 % sulfuric acid. Taxine is
responsible for the major part of the toxicity of the yew and it is a mixture of related compounds.
Furthermore, taxine is very difficult to work with, due to its instability. The mixture caused
convulsions, a drop in blood pressure, and stopping of the heart in diastole. It has a toxicity of 2 - 3
mg/kg in rabbits and 12 mg/kg in mice when injected intravenously, and 19.7 mg/kg in mice when
given orally.18
Early work on the structure elucidation of taxine resulted only in the structure of a part of a
constituent of the mixture.19 Winterstein et al. obtained a carboxylic acid on acidic hydrolysis of
taxine, and determined its structure as 3-(dimethylamino)-3-phcnylpropanoic acid (3). This
compound was later named "Winterstein's acid" (Figure 1.3).20
Figure 1.3: Winterstein 's acid

Later, esters of the Winterstein acid were isolated. This basic Winterstein esters were thought to be
the major toxic compounds and because these esters were relatively easily isolated (as a crude
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Figure 1.4: Some taxane diterpenoids isolated from the T. boccata
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mixture) by acid extraction, work on Taxus constituents during the 1940's and 1950's concentrated
on the basic Winterstein esters. Conversion of the mixture of Winterstein esters into the more stable
cinnamate esters by ß-elimination of dimethyl amine, resulted in homogeneous material. Lythgoe
et al. determined the structure of the major ester as O-cinnamoyltaxicin-I triacetate (4) (Figure
1.4).I9 During the same period a related compound O-cinnamoyltaxicin-II triacetate (5) was
isolated by some Japanese workers, from the Japanese yew (7*. cuspidata).2^
Taxine, as isolated by Lucas {vide supra), was separated into the pure compounds taxines A (6) and
В (7) by Graf et al. during the 1950's 22 , and he assigned the structures to these taxanes in the
1980's. 23 They found that taxine A (6) has a rearranged carbon skeleton. Taxine В (7) has the
normal taxane skeleton. There is some discussion in the literature about the position of the acyl
group in taxine В (7). Graf believed it to be at the C2 position 23b , as Ettouati et al. recently
reassigned it to the Сю position.24 As will be described in chapter 6, we also isolated taxine В (7)
from the leaves of the Taxus boccata, and we believe that the acyl group shifts between the C9 and
the Сю hydroxyl groups. In addition to taxine A and B, taxine contains about ten other taxane
derivatives, whose structures have not yet been determined.22b
As noted above, the early isolation work of taxane diterpenoids used the relatively harsh extraction
conditions of diluted sulfuric acid to obtain the desired compounds. Due to these extraction
conditions, the more labile compounds decomposed and the neutral and acid materials were not
isolated at all. However, milder extraction methods afforded many neutral and more labile
compounds. In 1963, Taylor isolated baccalin I (8) from the heartwood of the T. boccata.25 Halsall
et ai isolated baccatins III (9), Г (10), V (11), and VI (12) from the same source.26 Furthermore,
the isolation of taxagifine27 (13) and brevifoliol28 (14) showed that there is a great variety of
structures of naturally occurring taxane diterpenoid related compounds.
The interest in the isolation and structure elucidation of taxane diterpenoids has been strongly
increased by the discovery of the unique antitumor activity of taxol (2). The taxol contents of
several bark samples of the T. brevifolia ranged from 0.0001 and 0.069 % and the content of the
needles ranged from 0.00003 - 0.003 %. 1 5 b The taxol content of seedlings of the T. brevifolia is
considerably lower than that of fully grown trees. Since the T. brevifolia is a rare slow growing tree,
isolation of taxol from the T. brevifolia will not be the solution to the short supply of taxol in the
near future. Taken this into account, the urgent need of taxol may be solved by total- or semi
synthetic means.
1.3 Mechanism of Action of Taxol
In 1979 Horwitz and co-workers reported that taxol has a unique mechanism for antitumor activity
involving cell microtubules.10 Microtubules are essential components of the mitotic spindle and
they are required for the maintenance of cell shape. Furthermore, microtubules are involved in a
wide variety of cellular activity, such as cell motility and transport of organelles within the cell.
Because of their versatile meaning for the cell and the cell cycle, microtubules are described as the
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Scheme 1.1: Mechanism of action oftaxol (taken from ref. 6a)
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most strategic subcellular targets of anticancer chemotherapeutics. 29
Microtubules are built up from two subunits: the a- and ß-tubulin. The first step of the microtubule
polymerization is the formation of a heterodimer from one molecule of α-tubulin and one molecule
of ß-tubulin, with a dissociation constant K& - 10 -6 (Scheme l . l ) . 3 0 These heterodimers form
nucleatìon centers in the presence of magnesium ions, GTP and MAP's (microtubule associated
proteins). The nucleatìon centers will grow into protofilaments. A normal microtubule exists of 13
protofilaments with a diameter of 24 nm. The microtubules are self-assembling and selfdisassembling structures that are in dynamic equilibrium with the tubulin dimers. When the tubulin
concentration is lower than the critical concentration, no spontaneous microtubule formation will
occur. Horwitz et al. showed that taxol has an influence on the tubulin/microtubules equilibrium. 10
Taxol has the highest effect with a taxol/tubulin dimer ratio of 1 : l. 3 1 Taxol binds specifically and
reversibly to microtubules with an apparent binding constant Kapp = ΙΟ" 6 M, preferentially to the β
subunit of tubulin. 3 2 Taxol lowers the critical tubulin concentration to almost 0 mg m l / 1 and
shortens the induction time of the microtubule polymerization, even in the absence of magnesium
ions, GTP and MAP's. The taxol-induced microtubules have a different shape compared to that of
normally formed microtubules. The taxol-induced microtubules have a smaller diameter (22 nm)
and exist of only 12 protofilaments. Interaction of taxol with cells results in the formation of
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discrete bundles of stable microtubules.33 In human leukemic cell lines treated with clinically
relevant concentrations of taxol, both microtubule bundles and asters are seen.6*1 Taxol-induced
microtubules are stable to cold and calcium ions, which normally disrupt the polymer. Due to the
ability of taxol to stabilize microtubules, it is a potent inhibitor of eukaryotic cell replication,
blocking cells in the late G2-mitotic phase of the cell cycle.
Other drugs that can bind to tubulin are vinblastine, colchicine, maytansine, podophyllotoxin, and
steganacine, but they all enhance disassembly of microtubules.6* The binding site of taxol is
different from the binding sites of these other drugs. However, there is a certain space overlap with
the binding site of colchicine.
The ability of taxol to polymerize tubulin into stable microtubules in the absence of any cofactors
and to induce the formation of stable microtubule bundles in cells are the unique characteristics of
this drug. Taxol is thus a prototype for a new class of antitumor drugs and has focused attention on
microtubules as a worthy target for cancer chemotherapeutic drugs. However, at the molecular
level, the mechanism by which taxol interacts with microtubules and blocks cells in mitosis is still
poorly understood.
1.4 Antitumor Activity and Structure-Activity Relationship of Taxol and Analogs
A large number of taxol derivatives have been prepared in an attempt to understand structureactivity relationships of taxol.6a Discussion of structure-activity relationships studies of taxol
derivatives is complicated to some extent by the many different assay systems that have been used
by the various investigators in this area.34"37 Furthermore, the numerical values obtained in some of
the assays, even for a standard compound as taxol, depend on the exact conditions of the assay.
Two major classes of assay have been used.
(1) Microtubule assembly assays. Because there are several methods for measuring the microtubule
assembly induction, table 1.1 only indicates if a certain taxol derivative is positive in the assay or
not.
(2) Cell culture toxicity. Cytotoxicity of taxol derivatives has usually been determined with J774.2
cells34 (a mouse macrophage-like cell line), P388 cells42 (a mouse lymphocytic leukemia cell line),
HCT116 cells35 (human colon carcinoma), or KB cells37 (human carcinoma of the nasopharynx).
Because the results of these three cell lines appear to be broadly comparable with each other, the
results in table 1.1 are not specified for each cell line and are presented as data relative to taxol. In
table 1.1 the relative cytotoxicity and the microtubule assembly activity of many taxol derivatives
are shown. By a careful look at the activity of these derivatives in combination with their structure,
some conclusions can be drawn about the importance of functional groups on the biological activity
of taxol. In figure 1.5 the influence of several functional groups on the activity of taxol is indicated.
The taxol side chain is necessary for the activity of taxol, since baccatin III (9) (Figure 1.4) and
derivatives thereof have no microtubule assembly activity.34 Within the side chain, the C?hydroxyl group is essential for the biological activity, although some activity is retained when
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Table 1.1: Microtubule assembly activity and cytotoxicity oftaxol and taxol derivatives
Compound

Microtubule Assembly
Activity11

taxol (2)
2',7-diacetyl taxol
2'-acetyl taxol
2',7-diacetyl- 10-deacetyl taxol
2-debenzoyloxy taxol
7-acetyl taxol
7-epi-taxol
7-deoxy taxol
7-£pi-10-deacetoxy taxol
9-dihydro taxol
10-deacetyl taxol
10-oxo taxol
10-deacetoxy taxol
20-O-seco taxol (13)
cephalomannine (14)
10-deacetyl cephalomannine
taxotere (15)
10-deoxy taxotere
baccatin III (9)
10-deacetyl baccatin III
19-hydroxy baccatin III
O-cinnamoyltaxicin-I triacetate (4)
0-cinnamoyltaxicin-II triacetate (5)

+
+
+
+
+
+
+
+
+
+
+
+
+
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34
38
34
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cell line. Cytotoxicity toward KB cell line.
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Figure 1.5: Important and less important functional groups for the biological activity oftaxol

о

:

Ph

• Ph'

о

m

L...

Important
• Less important j

missing. 3 4 · 3 8 Although the hydroxyl group in 2'-acetyl taxol is masked, this compound has a
cytotoxic activity, probably due to hydrolysis of the acetyl moiety in the cell. The 3'-N-benzoyl
group can be replaced with other acyl groups with little loss of activity as in the case of
cephalomannine (14). 3 4 Taxotere (15), having a i-butoxycarbonyl moiety instead of a benzoyl
moiety, has an even better activity than taxol. 39
The C2-benzoate group is also necessary for the activity of taxol and probably plays an essential
role in the binding of taxol to the microtubules, together with the C2'-hydroxyl group of the side
chain. 35
In 20-0-seco taxol (13) the oxetane ring is opened and this drastically reduces the cytotoxicity and
microtubule assembly activity. 3 7 The loss of activity as a result of oxetane ring opening is
presumably due to the changed polarity of the ring-opened product or to some specific tubulinbinding feature of the oxetane ring. 37 However, the oxetane ring may also be important for the
maintenance of the inverted cup shape of the taxane skeleton.
34

38 40 41

Acylation or epimerization of the C7-hydroxyl group reduces the activity only slightly. - · ·

It

was very surprising that removal of the C7-hydroxyl group yields a taxol analog which is 40 times
more cytotoxic to P388 leukemia cells than taxol. 42
Replacement of the Ci)-carbonyl with a hydroxyl group resulted in a derivative that showed slightly
greater activity than taxol.

43

Deacylation, oxidation or removal of the Сю-hydroxyl group does not have an important influence
on the activity. 3 4 · 3 6 · 3 7 In the case of taxotere removal of the Сю-hydroxyl group results in a very
active taxol derivative.441» These results suggest that the functional groups at the Ст, Сд, and the
Сю position are not involved in binding to the microtubules.
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1.5 Biosynthesis of the Taxane Diterpenoids
In 1966 Lythgoe et al. published the most commonly accepted hypothesis for the formation of the
taxane skeleton.46 They proposed that the taxane ring system is formed from geranyl geranyl
pyrophosphate (16) by electrophilic cyclization, possibly via cembrene (17) or verticillene (18)
intermediates (Scheme 1.2).
Scheme 1.2: Biosynthesis of the taxane diterpenoids

Taxol itself is suggested to be formed through a number of oxidative transformations from the
verticillene structure.47 However, model studies on transannular cyclization of cembrenes and

Structure, Occurrence, Mechanism of Action, Biological Activity, and Biosynthesis of Taxol
verticillene and epoxy verticillenes failed to yield products with a taxane skeleton.48 These
experiments do not undermine the hypothesis that the taxane skeleton is formed from verticillenetype intermediates, since cyclization of this type can be quite sensitive to the actual conditions. The
experiments do suggest, however, that the biogenetic sequence is much more subtle than previously
supposed, perhaps involving alternative reactive intermediates such as radicals.49 The fact that the
taxane skeleton is a rare one also suggests that the biosynthetic pathway to it is unusual.
1.6 Outline of this Thesis
This thesis describes some approaches to the total- and semi-synthesis of taxol and its derivatives.
Chapter 2 summarizes the most important total-synthetic approaches to taxol described in the
literature until now. All known strategics that include an intramolecular Diels-Alder reaction are
discussed. Furthermore, the strategies leading to at least partly functionalized ABC-parts of the
taxane skeleton and the syntheses of several taxol building blocks, are discussed.
Prior to the total-synthesis, a retrosynthetic analysis of taxol was made with the computer program
LHASA, which is described in chapter 3. For the analysis of the target structure used in the LHASA
analysis we selected the Long-range "Diels-Alder" strategy and the Topological (disconnective)
strategy. At the end of chapter 3 the synthetic plan derived from the LHASA analysis is outlined.
Furthermore, a critical discussion about the usability of the LHASA program is given.
In chapter 4 the feasibility of the LHASA analysis is investigated by studying some model
reactions. The introduction of the dienophile part into the molecule via a "Baylis-Hillman"
reaction50 is studied in two model reactions. Furthermore, the coupling reaction between the diene
part and the C-ring via Umpolung is investigated.
Chapter 5 describes the state of affairs in the approaches to the total-synthesis of taxol. The
syntheses of required diene aldehydes and cyclohexane dialdehyde equivalents are presented.
Furthermore, the syntheses of two taxane synthons which can be used in the intramolecular DielsAlder approach are described.
Chapter 6 outlines our approach to the semi-synthesis of 7-deoxy taxol. The precursor used in the
semi-synthesis is taxine B, which is isolated from the needles of the Taxus boccata L. The isolation
and purification procedure of taxine B, and the state of affairs in the semi-synthesis of 7-deoxy
taxol are reported.
Finally, chapter 7 describes our investigations aiming at gaining deeper insight in the mechanism of
the Baylis-Hillman reaction, which is used to introduce the dienophile part in our target molecule.
Furthermore, some preliminary experiments concerning chiral induction with a chiral catalyst are
presented.
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2.1 Introduction
This chapter summarizes the most important approaches to the total-synthesis of taxol and its
derivatives. Although only modest success in the total-synthesis of naturally occurring taxanes has
been achieved, a vast array of synthetic strategies to the taxane skeleton have been reported.1 As
our approach to the total-synthesis of taxol involves an intramolecular Dicls-Alder reaction, all
known strategies that include an intramolecular Dicls-Alder reaction are surveyed in this chapter.
Furthermore, the most important strategies, where at least partly functionalizcd ABC-parts of the
taxane skeleton have been synthesized, are summarized. Finally, the syntheses of several taxol
building blocks are described.
2.2 Intramolecular Diels-Alder Strategy
Shea et al. were the first to publish a total-synthetic route in which they demonstrated that it is
Scheme 2.1: Intramolecular Diels-Alder strategy (Shea's approach I)

3

4

(a) 43-54 %. (b) ί-BuLi/acrolein. (c) PDC. 50-63 % from (b). (d) R = H 185 'C/l b; 70 % and R = Me 155 'CI 93 h,
70%.
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possible to form the AB-ring of the taxane skeleton via an intramolecular Diels-Alder reaction
2

(Scheme 2.1). Not surprisingly, the thermal Diels-Alder reaction of 3b was slower than in the case
of 3a, but proceeded in the same yield. It was found that Diels-Alder product 4a preferred to exist
largely in an "exo conformation" (exo/endo = 88 : 12). The barrier between the exo and endo
1

conformation is 13.2 kcal mol" . The three methyl substituents reversed the conformation to the
preferred "endo product" (exo/endo = 11 : 89). The barrier now amounts to 16.5 kcal mol"1·
Subsequently, Shea et al. reported that the cycloaddition could be better achieved using Lewis acids
under milder reaction conditions.3 Further work by Shea et al. on intramolecular Diels-Alder
reactions resulted in an extremely short and simple route (Scheme 2.2) to taxane skeleton 5 with a
partially saturated C-ring.4
Scheme 2.2: Intramolecular Diels-Alder strategy (Shea's approach II)

e,f

CHO

W

CHO

w

(a) NaOEt/2,3-dibromopropene. (b) CH2N2; 52 % from (a), (d) 2M HCl; 49 % from (c). (e) ethanediihiol/BF3.
(f) i-BuLi/DMF; 55 % from (e). (g) Et2AICI; 30 %.

So far the closest approach to the natural taxane skeleton via an intramolecular Diels-Alder reaction
has been reported by Jenkins et al. Their initial effort was directed toward a tricyclic model devoid
of the three methyl groups around the AB-substructure, but possessing a saturated C-ring with
stereogenic centers at C3 and Cg.5 They next turned their attention to the preparation of the fully
methylated model б by the same strategy (Scheme 2.3).5 The Diels-Alder reaction was carried out
under remarkably mild conditions and yielded, exclusively one diastereomer with the desired
configuration at C|.
Yadav et al. showed that it is also possible to synthesize a taxane model via an intramolecular
Diels-Alder reaction followed by an intramolecular Wittig rearrangement.7 The Diels-Alder
reaction was catalyzed by the Lewis acid Et2AlCl (Scheme 2.4). The Wittig rearrangement of the
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oxatricyclic intermediate 7 was performed with n-BuLi in reasonable yield and resulted in taxane
model 8. All efforts to cyclize a compound with a fully methylated diene part failed.

7b

Scheme 2.3: intramolecular Diels-Alder strategy (Jenkins ' approach)

М звіО

(a) 03/Me2S (b) CH2N2, 78 % from (a) (c) H2C=CHMgBr (d) i-BuMe2SiOTf/2,6-lutidine, 53 % from (c)
(e) DIBAL, 43 % (f) H2C=C(Me)MgBr (g) PDC, 50 % from (f) (h) Me2C(SePh)Li (i) SOCI2/Et3N, 46 % from (h)
0) HF/ H20/acetomtnle (k) PDC, 98 % from 0) (D BF3 Et20, 58 %
Scheme 2.4: Intramolecular Diels-Alder strategy (Yadav's approach)
Η
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7

8

(a) NaH; 70 %. (b) (COCl)2/DMSO/Et3N/- 78 °C. (c) NaOCH3; 100 %. (d) H2C=CHMgBr; 80 4b. (e) (COCl)2/DMSO/
Et3N/- 78 °C. (f) Еі2А1СІЛ) 'C; 45 %. (g) NaBH4. (h) /-BuMe2SiCl/imidazole. (i) n-BuLi/- 78 'C; 40 %.
Sakan et al. directed their attention to the formation of the ВС-ring through intramolecular DielsAlder chemistry (Scheme 2.5).8 In order to force the system into the correct stereochemical BC-ring
connections, ring A should be in a boat conformation as in the case of the natural products. The
substituent attached to it, including the diene part, have to take an axial position. These
requirements were fulfilled by the bicyclo[2.2.2]octene system. Nothing is known yet about the
transformation of this bicyclic structure into the taxane Α-ring. Sakan et al. found that the Lewis
acid (МегАІСІ) catalyzed Dicls-Alder reaction did not furnish the expected taxane model 10 but
instead afforded the C% epimcr 9. However, the uncatalyzed thermal (160 °C) reaction resulted in
delivering the stereochemically correct 10. Presumably, 9 arises from an endo transition state and
10 from an exo one. Lewis acid catalysis of Diels-Alder reactions is known to improve endo9

selectivity.

Scheme 2.5: Intramolecular Diels-Alder strategy (Sakan's approach)
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0Si*BuMe2

(a) MeMgBr (b) MgS04, 95 % from (a) (c) meihyl acrylate/AlCl3, 60 % (<J) L1AIH4. (e) MsCl/Et3N. (f) Nal/NaCN.
(g) DIBAL; 95 % from (d) (h) Ph3P=C(Me)C02Me (1) Os04 0) NaI04; 34 % from (h) (k) CH2=C(Me)MgBr.
(1) i-BuMe2SiCI/DMAP, 65 % from (k) (m) DIBAL (n) PDC (o) H2C=PPh3 (p) n-Bu4NF (q) TFAA/DMSO/
(i-Pr)2EtN, 74 % from (m) (r) Me2AlCl, 86 %/160 'C; 70 %
Fallis et al. published the synthesis of taxane model compounds 21 and 22 (Scheme 2.6). 1 0
Conjugate addition methylmagnesium bromide to cyclohexanone 11 followed by condensation with
trimethyl orthoformate in the presence of BF3.Et20 afforded the gem-dimethyl function and the
acetal in 12. Addition of methyllithium followed by oxygen alkylation with methyl iodide yielded
compound 13. Alcohol 14 was formed via acetal cleavage, methoxide elimination and reduction.
Chain extension was accomplished by cyanide displacement of the primary bromide 15, followed
by removal of the silyl protective group and oxidation of the resulting primary alcohol group to
aldehyde 16. The diene unit was added to the aldehyde. The resulting hydroxyl group was protected
as a methoxymethyl ether to afford 17. DIBAL reduction of the nitrile group gave aldehyde 18,
which was treated with lithium trimethylsilyl acetylide to form compound 19. The trimethylsilyl
group was removed, followed by oxidation of the hydroxyl group. The Diels-Alder reaction was
effected by heating in a sealed glass tube in a modified microwave oven to afford taxane model
system 21. The major product had the preferred endo conformation. Treatment of compound 21
with DDQ yielded the aromatic ketone 22.
Scheme 2.6: Intramolecular Diels-Alder strategy (Fallis' approach)
О

О
a,b

OSi'BuMea
11

ОМ
"ОМ

ОБі^иМег
12

MeQ
e,f,g

c,d
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13
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ОМОМ
21

20

омом
22

(a) MeMgBr/CuI/O 'С (b) CH(OMe)3/BF3 &2О. 59 % from (а) (с) MeLi (d) Mel (e) Me3SiCl/NaI (f) NaOMe/68
°C (g) NaBH4/CeCl3, 70 % from (c) (b) Ph3PBr2/Et3N/- 78 'C (1) NaCNW-methylpyrroUdinone, 75 % 0) n-Bu4NF,
98 % from (1) (k) DMSO/(COCl)2/Et3N/. 78 'C, 94 % from (k) (1) l,3-£-butadiene-l-tnbutylstannane/n-BuLi/- 78 'C,
96% (m) MOMCl/(i-Pr)2EtN, 90 % (n)DIBAL (o)LiC»CSiMcy-78 "C, 95 % (p) KOH/MeOH/, 99 % (q)DessMarün oxidauon, 55 % (r) 1 % mol eq hydroquinone/Д, 35-40 % (s) DDQ/Δ

2.3 AB -» ABC Strategy
Holton et al. desenbed the first, and so far the only, total-synthesis of a taxane diterpene. " It
requires approximately thirty steps for the conversion of (-)-patchino (23) to (-)-taxusin (24)
(Scheme 2.7). Despite its length, the synthesis is efficient, proceeding in more than 20 % overall
yield. Although the antipode of the natural product was actually obtained, the method is also
applicable to the synthesis of (+)-taxusin, which would require a few additional steps for the
synthesis of (+)-patchino from (-)-camphor as previously described by Buchi et al12
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Scheme 2.7: AB -» ABC strategy (Holton 's approach)
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6 steps
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(a) Ti(OiPr)4/35 'C; 90 %.
2.4 ВС -* ABC Strategy
Swindell et al. published the construction of ВС-intermediates that require an A-ring annulation
approach for their further conversion to the taxanes.13 Reactant 25 was prepared from dimcdone
and cyclohexanone cyanohydrin, followed by phase-transfer acylation (Scheme 2.8). In Swindell's
strategy, [2+2] photoaddition chemistry was employed in joining the B- and C-ring precursors, and
fragmentation chemistry to complete the formation of the eight-membered ring. Key intermediate
26 was used to synthesize taxane model 27.
Scheme 2.8: ВС -> ABC strategy (Swindell's approach)
О

О
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AcO.

OAc

b,c

(a) M), 71 % (b) /-BuOOH/Tnton В, 74 % (с) DBU/Ac20/ LiCWHF, 70 %

2.5 AC -» ABC Strategy
The AC -» ABC strategy is most employed. The eight-membered ring can be formed via ring
closure or through a fragmentation reaction.
Kende et al. followed a synthetic route of a tricyclic taxane structure through a sequence that ended
with the closure of the eight-membered ring between Cg and Сю, by way of reductive carbonyl
coupling, mediated by low valent Ti (Scheme 2.9).14 After an allylic oxidation, taxane 29 was
obtained in modest yield.
Scheme 2.9: AC -> ABC strategy (Kende 's approach)
po 2 Me
11 steps

a,b

OSiMe3

(a) TiCl3/Zn-Cu, 20 % (b) СЮз/dmethylpyrazole, 44 %

Funk et al. have developed a methodology for closing the eight-membered ring based on a Claisen
rearrangement ring contraction of macrocyclic lactone 30 to taxane model 31. 1 5 This rearrangement
proceeded in 82 % yield (Scheme 2.10).
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Scheme 2.10: AC -» ABC strategy (Funk's approach)
MOMO.
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C0 2 SiBuMe 2
31
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30

(a) Toluene/Δ; 82 %.
Kuwajima et al. reported model studies on the synthesis of taxanes in which they closed the eightmembered ring with a Lewis acid (Scheme 2.11).16 They found that compound 32 underwent an
efficient and complete stereoselective intramolecular cationic addition with formation of an eightmembered ring to taxane model compound 33 upon exposure to Me3SiOTf.
Scheme 2.11: AC—i ABC strategy (Kuwajima's approach)
O'Bu

(MeOfeCH

8 steps

6 steps

EtOOC

OSi'BuMe2

MeQ.

OMe

(MeO)jCH
MeO

OSi'BuMes
OSi'Bu'Pr2
32

(a) Me3SiOTf; 40 %.
Blechert et al. synthesized cyclobutene 34 via a photochemical [2+2] cycloaddition reaction
(Scheme 2.12).17 Ozonolysis of the double bond resulted in taxane 35, which was stereochemically
incorrect at C3.
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Scheme 2.12: AC -» ABC strategy (Blechert's approach)
H

ОН

S steps
НО ··•·(

H

a,b

о

AcO

(a) Ac20/DMAP (b) OyMe2S; 40 % bom (a).

Wender et al. assembled texane model compound 37, with enantiomeric control, in eight steps from
verbenone (36b) as the starting material, which is the readily available air-oxidation product of the
abundant and inexpensive (+)-o-pinene (36a) (Scheme 2.13).18 This study demonstrated thai (+)-apinene can be incorporated into the texane skeleton with control of absolute and relative
stereochemistry.
Scheme 2.13: AC -> ABC strategy (Wender's approach)

5 steps

36a X = H, H
b X.O

•ВиМегвЮ
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Paquette et al. used (+)-camphor (38) to synthesize taxane precursor 39 via an anionic oxy-Cope
rearrangement (Scheme 2.14).

19

Pinacol-like Wagner-Meerwein shift of the g«m-dimethyl

substituted bridge yielded taxane model compound 40 in high yield.
Scheme 2.14: AC -» ABC strategy (Paquette's approach)

(f-BuO)3Al, 85 %
Nicolaou et al. published the synthesis of the taxane model compounds 44 and 45 (Scheme 2. IS). 2 0
A Shapiro coupling of hydrazone 41 with aldehyde 42, followed by several protecting and
oxidation steps, yielded dialdehyde 43. Taxane model compound 44, which was formed via a
McMurry coupling, was further oxidized with Μηθ2 to enediol 45.
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Scheme 2.15: AC -» ABC strategy (Nicolaou 's approach)

OMEM
9 steps

NNHS0 2 Ar
41

-O

\
44

-O
'

45

(a) TiCl3-(DME)/Zti-Cu/50 'C; 40 %. (b) Mn02; 90 %.
2.6 Synthesis of Taxane Building Blocks
Besides the synthesis of the taxane skeleton, several groups reported the synthesis of fully
functionalized A- and CD-ring building blocks. Danishefsky et al. synthesized CD-ring fragment
46, which is the first subunit containing the full complement of oxygens corresponding to the CDsection of taxol (Figure 2.1). 21 Furthermore, they synthesized several achiral Α-ring fragments
which can be useful in various approaches to the total-synthesis of taxanes (Figure 2.2). 22 They are
currently attempting to synthesize taxol and potentially interesting analogs thereof, making use of
21 22

these A- and CD-ring building blocks. ·

Nicolaou et al. also reported the stereoselective synthesis of a fully functionalized A- and CD-ring
fragment. The Α-ring building block 50 was synthesized via a short stereo controlled route 2 3
(Figure 2.2) and CD-ring fragment 47 was constructed in racemic form 24 (Figure 2.1). Currently
they are trying to synthesize taxol by coupling of the two building blocks, followed by ring closure
and final elaboration. 23 · 24
Jenkins et al. used glucose to synthesize the optically active C-ring derivative 48 (Figure 2.1).25
Frejd et al. reported an enantioselective synthesis of taxol Α-ring building block 5 1 . 2 6 They used
L-arabinose as a precursor and were able to synthesize Α-ring fragment 51 in 24 steps (Figure 2.2).
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Figure 2.1: CD-ring building bbcks
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Figure 2.2: A-ring building blocks
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2.7 Discussion and Conclusion
The strategies that involve an intramolecular Diels-Alder reaction (§ 2.2), all result in taxane
skeletons in which several essential functional groups are absent. As the oxetane ring is of essential
importance for the activity, it is very important that a synthetic strategy allows the introduction of
the oxetane functionality. In none of the cases described in § 2.2 it has been indicated how the
taxane skeleton will be further functionalized and how the oxetane ring can be introduced. Sakan's
approach results in compound 10 (Scheme 2.5), in which it seems possible to introduce an oxetane
ring. However, it will be difficult to transform the Α-ring into the correct structure.
As in the majority of the approaches, strongly basic organometallic reagents (e.g. BuLi) are
involved it will not be possible (or at least very difficult) to use CD-ring building blocks which
already contain the oxetane ring. Also strong (Lewis) acids, which are able to catalyze opening of
the oxetane ring, are frequently used (e.g. BF3 or f-BuMe2SiOTf).
Holton et al. reported the synthesis of naturally occurring taxusin (24) via the AB -» ABC strategy
(Scheme 2.7). This is one of the most promising compounds so far, because it has several functional
groups which can be transformed into the functionalities of taxol (C9, Сю, Сіз and the oxetane
ring). However, it may be difficult to introduce the functional groups at Ci, C2 and C7. 2 7
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Taxane skeleton 27, which was synthesized via the ВС -» ABC strategy by Swindell et al. (Scheme
2.8), has no functionalities which allow the introduction of the oxetane ring. Furthermore, it will not
be easy to introduce the hydroxyl groups at the C\ and C7 position.
From the AC -> ABC strategy, the synthetic route of Nicolaou et al. (Scheme 2.15) has the best
prospects, especially when taking into account that they have already synthesized fully
functionalized A- and CD-ring building blocks (Figure 2.1 and 2.2), which they are now trying to
fit into their synthetic routes. 28 Danishefsky et ab have also synthesized several fully functionalized
A- and CD-ring building blocks, which can be useful in various approaches to the total-synthesis of
taxol.
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A LHASA Analysis and the Resulting Synthetic Plan for the Total-Synthesis of Taxol

A LHASA Analysis and the Resulting
Synthetic Plan for the Total-Synthesis of Taxol
3.1 Introduction
Before starting with the total-synthesis of taxol we made a retrosynthetic analysis of the fully
functionalized taxane part of taxol using LHASA.1 LHASA is an interactive computer program
designed to assist synthetic chemists in planning syntheses of complex organic molecules. The
name is an acronym for "Logic and Heuristics Applied to Synthetic Analysis", which describes the
aims and means of the program. It has been under development at Harvard University (and more
recently also at Leeds University) since the early 1970's.2 LHASA was started as a research project
to implement, in a computer program, Corey's approach to retrosynthetic analysis3, and in particular
his rules for the recognition of strategic bonds. Later extensions of the system4 allowed LHASA to
use more extensively and more efficiently the retrosynthetic strategies formulated earlier.5 The
program embodies a controlling program and a knowledge base of transforms (retro-reaction
descriptions). It operates in a rigorously retrosynthetic fashion. At present the knowledge base
contains about 2100 transforms and 500 tactical combinations.6
The retrosynthetic strategies that have been implemented in LHASA are:
- Strategies based on functional groups (short-range strategies).
Here, transform selection is guided by the presence of functional groups in the target. The
various strategies are:
* Removal of uncommon and/or complex functionality.
* Disconnections.
* Reconnections.
* Unconstrained search.
Only the reconneclive strategy (cleavage reactions in the synthetic direction) is limited by further
rules.7 Obviously, it is not worthwhile to attempt every reconnection. The unconstrained strategy
is only useful with small targets or targets containing few functional groups.
- Topological (disconnective) strategies.
Here, transform selection is based on the bonds to be retrosynthelically broken. In all cases, the
program uses heuristics (empirical rules) to select specific strategic bonds. The strategic bonds
are, of course, strongly dependent on the target structure. The different types of strategic bonds
are:
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Figure 3.1: LHASA precursor display. LHASA suggests reactions to the chemist, showing the
target at the upper left and the precursor at the lower right.
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* Cyclic strategic bonds (bicyclic and polycyclic targets).
* Polyfused strategic bonds (targets containing 3 or more fused rings).
* Acyclic strategic bonds.
* Strategic bond pairs (for intramolecular cycloaddition).
* Ring appendage bonds.
- Long-range (transform-based) strategies.
In these strategies, analysis is directed toward the application of a synthetically powerful
transform, selected by the user. LHASA tries to apply this transform using numerous subgoal
transforms to set up the retron for the goal transform. Some powerful simplifying transforms are:
* Diels-Alder reaction.
Quinone Diels-Alder reaction.
Robinson annulation.
Birch reduction.
Halolactonization.
Diazocarbene cyclopropanation.

A LHASA Analysis and the Resulting Synthetic Plan for the Total-Synthesis ofTaxol
- Stereochemical strategies.
There are two stereochemical strategies: enantioselective and diastereoselective ones. Transform
selection is guided by the stereogenic centers that must be removed retrosynthetically. There are
no heuristic rules governing the selection of strategic stereogenic centers, as with the topological
strategies: these centers are designated by the user.
- Strategy based on starting material.
Using the starting-material-oriented search, a database of possible starting materials can be
searched for compounds that may be useful starting points for the synthesis of a given target. In
this case, LHASA tries to generate a retrosynthetic route toward this starting compound.
Figure 3.2: LHASA retrosynthetic tree display. The target structure drawn in by the chemist
appears as node 1, with the various retrosynthetic precursors as higher numbered
nodes.

The program is meant to be used in interactive mode. The user draws in a target structure and then
suggests a strategy for retrosynthetic analysis (the program may assist the user in the choice of
strategies). LHASA then searches its knowledge base for transforms which satisfy the strategy
selected and are applicable to the target at hand, and after that displays the resulting precursor
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structures on the screen (Figure 3.1). When all the precursors have been generated and displayed,
the analysis is summarized in a retrosynthetic tree (Figure 3.2), from which the chemist can choose
any structure for further simplification. Of course, it may happen that no transform satisfying the
chosen strategy can be applied directly. In that case, LHASA can be directed to search "deeper"
using non-simplifying steps (so-called subgoal steps) to eventually accomplish the desired
simplification, thus creating multi-step sequences of transforms. Subgoals used by LHASA fall into
three main categories:
- Functional group interchange (FGI).
- Functional group addition (FGA).
- Functional group removal (FGR).
To our knowledge, no reports have been published about the use of the LHASA program for
designing syntheses of complex molecules, prior to practical application. Most LHASA analyses
published in the literature have only been checked against known syntheses. 8 This chapter describes
the LHASA suggestions and the synthetic route derived therefrom for the use in the total-synthesis
of taxol. Furthermore, we studied the feasibility of this route by comparing it with related chemistry
from the literature and performing some model reactions. On account of these results the
practicability of the suggestions and the usefulness of the LHASA program for planning synthetic
routes of complex organic molecules and taxol in particular, will be discussed.
3.2 LHASA Analysis of Taxol
3.2.1 Target Structure and Strategy
The usual practice in retrosynthetic analysis is to replace functional groups with unprotected
equivalents. We therefore decided to replace all the ester groups with hydroxyl groups, resulting in
target structure 1 (Figure 3.3). The synthesis of the taxol side chain has been very well described
together with the coupling to the taxane part, and is therefore not further considered here. 9
Figure 3.3: Target structure used in the LHASA analysis for taxol
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Suitable strategies for the analysis of target structure 1 are the Long-range

(transform-based)

strategy "Diels-Alder" and the Topological (disconnective) strategies. The most relevant results of
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the Diels-Alder analysis are shown in scheme 3.1. The Topological strategy, focusing on the C1-C2C3 and C8-C9-C10-C11 bonds, also came up with suitable suggestions, such as a Claisen
condensation for the formation of ring B. We selected the Diels-Alder route because of the
expertise in our group with cycloaddition reactions. Furthermore, this type of intramolecular DielsAlder reaction had already been described in the literature for the synthesis of unsubstituted taxane
skeletons (Scheme 3.11). 10-12 For the LHASA analysis of the precursors in schemes 3.2 - 3.10, the
Topological strategy was selected.
Scheme 3.1: LHASA analysis of target structure 1

(a) Acid catalyzed ether cleavage, (b) Baeyer-Villiger oxidation followed by hydrolysis, (c) Intramolecular Diels-Alder
reaction.

3.2.2 The Intramolecular Diels-Alder Reaction
LHASA has generated precursor 4 in which the dienophile part has an electron-withdrawing acyl
group, so that it can give an intramolecular Diels-Alder reaction with the electron-rich diene
moiety. The acyl group is transformed into a hydroxyl function by a Baeyer-Villiger oxidation,
followed by hydrolysis of the ester. Although LHASA suggests that the Сц-С 12 double bond in
compound 3 should be protected, it is not expected that this fully substituted double bond will react
under the conditions of the Baeyer-Villiger oxidation."The methoxy group at C13 is converted
into a hydroxyl function via an ether cleavage.
The electron-donating methoxy group has a strong adverse effect on the regioselectivity of the
intramolecular Diels-Alder reaction. Furthermore, the ether cleavage will not be as easy as LHASA
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suggests. Methoxy is the standard ether group used by LHASA but alternatives are f-butoxy,
silyloxy, or acetoxy groups which are easier to transform into a hydroxyl group. Moreover, an
acetoxy group has a less marked influence on the regiosclectivity of the Diels-AIder reaction.
Fortunately, the Diels-Alder reaction is intramolecular and the regioselectivity is in fact determined
by the fixed positions of the diene and the dienophile.
3.2.Э Disconnection of the Dienophile
Structure 4 was analyzed with the Topological (disconnective) strategy on the C1-C2-C3 bonds.
LHASA suggests the following possibilities for the coupling of the dienophile with the CD-ring
fragment.
1. An aldol condensation of the aldehyde of CD-ring fragment 6 with acetone, followed by an aldol
condensation with formaldehyde. The final step is elimination of water (Scheme 3.2).
Scheme 3.2

(a) Aldol condensation with elimination, (b) Aldol condensation.

ii. A Grignard addition reaction of compound 8 to the aldehyde of CD-ring fragment 6 (Scheme
3.3).
Both routes seem to be possible although in the aldol sequence (Scheme 3.2) a problem may arise
with the regioselective elimination of water. At this stage of the analysis we did not have to choose
between them because they both arrive at structure 6, which will be used in the further analysis.
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Scheme З.Э

(a) Grignard addition to the aldehyde at C2.
3.2.4 Disconnection of the Diene
Structure 6 was analyzed with the Topological (disconnective) strategy on the C8-C9-C10-C11
bonds. LHASA came up with several suggestions, of which the most promising are discussed
below.
i. A Michael addition of sulfoxide 10 to CD-ring fragment 11 followed by a Pummerer
rearrangement (Scheme 3.4).
Scheme 3.4

10

11

(a) Pummerer rearrangement, (b) Michael addition.
11. A vinyl anion addition of diene 12 to CD-ring fragment 13 (Scheme 3.5).
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Scheme 3.5

(a) Vinyl anion addition to the aldehyde at Сю
HI. A Dakin-West14 reaction between compounds 15 and 16, followed by SN2 displacement
(Scheme 3.6). In this reaction an azlactone is formed from amino acid 15, which reacts with the
anhydride of CD-nng fragment 16.
Scheme 3.6
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(a) SN2 displacement (b) Dakin-West reaction
¡v. A Claisen condensation between compounds 17 and 18, followed by decarboxylation (Scheme
3.7).
Scheme 3.7
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(a) Claisen condensation and decarboxylation
v. A dithiane anion addition of CD-nng fragment 20 to aldehyde 19, followed by hydrolysis
(Scheme 3.8).
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Scheme 3.8

_a_*

>

\

/

H

НУ
W

H

19

(a) Dithiane anion addition to carbonyl and hydrolysis, (b) Umpolung of an aldehyde
The Michael addition followed by a Pummerer rearrangement (Scheme 3.4) is not attractive,
because the regioselectivity of the addition could be a problem. The Michael addition is severely
hindered because the alkene part is fully substituted and therefore the anion of 10 will probably
react with the aldehyde group of 11.
In the case of the vinyl anion addition (Scheme 3.5), the most difficult part will be the synthesis of
the selectively carbonyl-protected CD-ring fragment 13.
The Dakin-West reaction14 is much more complicated in practice than is suggested in scheme 3.6.
Moreover, the scope of the Dakin-West reaction is usually restricted to simple symmetrical
anhydrides.
In the case of the Claisen condensation (Scheme 3.7) first of all the hydroxy! function of diene 17
has to be protected. Furthermore, the reaction is not very practical since the anion of diene 17 has to
react with the sterically hindered ester carbonyl of CD-ring fragment 18.
The dithiane addition (Scheme 3.8) seems a more attractive method for the coupling of the diene
with the CD-ring fragment The synthesis of diene 19 may be achieved in a straightforward manner
from simple starting compounds and therefore the route given in scheme 3.8 probably is the best
choice. Consequently, subtargets 19 and 21 will be elaborated further.
3.2.5 LHASA Analysis of CD·Ring Fragment 21 (Formation of the Oxetane Ring)
The LHASA analysis of CD-ring fragment 21 concentrated on the construction of the oxetane ring,
which is the most important structural fragment (Scheme 3.9). Both the olefins 23 and 27 can be
dihydroxylated to compound 24. The oxetane ring is formed by SN2 displacement of the secondary
hydroxyl function after it has been transformed into a good leaving group. Another suggestion of
LHASA for the formation of the oxetane ring was an SN2 reaction on epoxides 22 or 25, with a
hydroxyl group. The formation of the oxetane ring seems to be feasible in all three cases.
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Scheme 3.9: LHASA analysis of CD-ring fragment 21
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(a) SN2 displacement on an epoxide, (b) SN2 displacement, (c) Epoxide formation, (d) Cu-dihydroxylatìon of an olefin.

Scheme 3.10: LHASA analysis of diene 19
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3.2.6 LHASA Analysis of Diene 19 (Scheme 3.10)
Succinaldehyde (31) is methylated to give compound 30. The isopropylidene group is introduced
via an aldol condensation with acetone followed by elimination of water. Compound 28 gives diene
19 through enolization of the aldehyde function. This sequence can also be modified as follows:
31-»29-»28-»19.
The well known instability of succinaldehyde (31) 1 5 , is probably a major obstacle in this route.
Starting with the more stable diethyl succinate, the methyl and the isopropylidene groups can be
introduced in an analogous way following the LHASA suggestions. After this, dialdehyde 31 can
be formed via reduction of the ester groups to the diol, followed by oxidation.
3.3 Literature Search
3.3.1 The Intramolecular Diels-AIder Reaction
In the literature, several examples are given where the taxane skeleton is formed by means of an
intramolecular Diels-Alder reaction (Scheme 3.11). The first example was published by Shea et
al.10 in 1983. This cycloaddition was performed in refluxing xylene. Later they described some
Lewis acid catalyzed Diels-Alder reactions.11 So far the closest approach to the natural taxane
skeleton by means of an intramolecular Diels-Alder reaction, has been described by Jenkins et al. in
Scheme 3.11: Intramolecular Diels-AIder reactions
R
R = H, CH,

«Q
Shea (a) Xylene/155 'C, 70 %.
Shea (b) CH^^AIO/RT, 30 %
Jenkins (c) Toluene/BF3 ЕігО, 58 %
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The cycloaddition took place under very mild conditions with the required

diastereoselectivity. From these and other examples from the literature, it may be concluded that the
intramolecular Diels-Alder reaction suggested by the LHASA program has very good prospects.
3.3.2 Coupling of the Dlenophile Fragment with the CD-Ring Fragment
In the last decade much work has been done on the stereoselective aldol condensation and therefore
this could be a suitable way to introduce the correct stereochemistry at C2. Furthermore,
regioselective aldol condensations between ketones and aldehydes are well documented. Also the
Grignard addition with a reagent derived from compound 8 seems a good possibility, although a
16

Reformatsky reaction would be more appropriate. Jenkins et al.

reported an example of such a

coupling, however only for vinylmagnesium bromide (Scheme 3.12).
Scheme 3.12: Coupling of the dienophile with a CD-ringfragmentvia a Grignard reaction
Me0 2 C

/

• H

OH
Jenkins: (a) H2C=CHMgBr/THF/- 78 *C; 71 %.

A useful feature of the LHASA program is the possibility to send a transform application as a query
to the reaction retrieval program ORAC.17 In this way, the transform application is compared with
the literature present in the database of ORAC. By so doing, we found an interesting alternative for
the Grignard addition: the "Baylis-Hillman" reaction.18 With this reaction it is possible to couple an
activated α,β-unsaturated vinyl system with an aldehyde. The reaction is catalyzed by a tertiary
amine, often diazabicyclo[2,2,2]octane (DABCO). The negative volume of activation of the BaylisHillman reaction is very high, approximately - 70 cm 3 moH, and therefore the reaction rate will be
strongly enhanced by high pressure.19 Because of our expertise in high pressure chemistry we
preferred this reaction for the coupling of the dienophile with the CD-ring fragment. Our
investigation to gain deeper insight in the mechanism of the Baylis-Hillman reaction is described in
chapter 7.
3.3.3 Coupling of the Diene Fragment with the CD-Ring Fragment
The most promising LHASA suggestion for the coupling of the diene fragment with the CD-ring
fragment is a dithiane anion addition of CD-ring fragment 20 to aldehyde 19, followed by
hydrolysis (Scheme 3.8). Unfortunately, we found that Umpolung via the 1,3-dithianc from a
cyclohexane carboxaldehyde derivative did not give any reaction, probably due to steric hindrance
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(§ 4.4.1). However, model reactions with ethoxyethyl-protected cyanohydrins were successful
(§ 4.4.2).20
3.3.4 Formation and Stability of the Oxetane Ring of the CD-Ring Fragment
Danishefsky et al. published a synthesis for CD-ring fragment 21 (Scheme 3.13).21 Their solution
for the introduction of the oxetane ring is as suggested by the LHASA program in scheme 3.9 (23
-• 24 -• 21). Nicolaou et al also synthesized a fully functionalized CD-ring fragment (Figure 2.1),
although the oxetane has been formed in a different way.22 These CD-ring fragments fit very well
in the LHASA route.
Scheme 3.13: Fonnation of the oxetane ring
OSfeuMe 2

OSrBuMe2

Danishefsky: (a) OSO4/NMO; 66 %. (b) MesSiCl/pyridine/- 78 °C to RT. (c) Tf 2 0/- 78 'C to RT. (d) Ethylene glycol/
40 "C; 69 % from (b).

The oxetane function is introduced at the beginning of the synthesis of taxol, implying that the
stability of the oxetane ring under the conditions of the reactions that follow, has to be taken into
account. The most harsh reaction conditions are applied during the Grignard addition (Scheme 3.3),
the dithiane anion addition (Scheme 3.8), and the use of Lewis acids during the intramolecular
Diels-Alder reaction (Scheme 3.1). Generally oxetanes react slowly at temperatures above - 10 °C
with organometallic reagents.23 It may be expected that substituted oxetanes react even more
slow.24 Because the foreseen coupling reactions from the LHASA analysis (Scheme 3.3 and 3.8)
with organometallic reagents have to be performed at lower temperatures (- 78 to - 30 °C), no
decomposition of the oxetane functionality is therefore expected. Ring opening of 2-substituted
oxetanes under the influence of Lewis acids (e.g. Znl2) can only be achieved after prolonged
refluxing in dichloromethane. This reaction is slowed down considerably for higher substituted
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oxetanes. For the intramolecular Diels-Alder reaction only small amounts of Lewis acid will be
used. Results from the literature suggest that this Diels-Alder reaction can be performed at room
1ι

temperature ·

ι ϊ

and therefore in this case also no decomposition of the oxetane ring is expected.

3.3.5 Synthesis of Diene 19
Both LHASA routes for the synthesis of diene 19 seem to be feasible (Scheme 3.10), although
rather with diethyl succinate as the starting compound, than with succinaldehyde (31). The
isopropylidene group is in fact introduced via a Stobbe condensation.26 Both routes are however,
not the same because they proceed via different lactone intermediates. Indeed, we found that the
isopropylidene function has to be introduced before the methyl group to ensure good results (§ 5.2).
Modification of the sequence will not result in diene 19, but in two lactones (Scheme 5.3).
3.4 Discussion and Conclusion
It may be concluded that the LHASA program can be a useful tool to plan attractive synthetic
routes for complex organic molecules, such as taxol. However, it should be noted that the program
is not supposed to (and cannot) generate all possible routes. This is due to several obvious
limitations of the system. First of all, it does not provide a complete coverage of organic reactions.
For instance, the Baylis-Hillman reaction was not incorporated in the transform knowledge base.
Another important limitation that is frequently encountered is the poor detail in which individual
steps are described. For example, it is not indicated how a particular aldol condensation (Scheme
3.2) should be carried out (e.g. acid catalyzed, via fixed enolates or base catalyzed). In many cases
the scope, reactivity and/or selectivity are only vaguely indicated. Examples are the Michael
addition (Scheme 3.4) and the Claisen condensation (Scheme 3.7). In the case of the diene synthesis
the isopropylidene group has to be introduced before the methyl group (Scheme 3.10), because the
step from 30 to 28 has regioselectivity problems which are insufficiently recognized by LHASA.
Also, the suggestions offered by LHASA are not always feasible in practice. Sometimes unstable
compounds are used as starting material or intermediate (e.g. dialdehyde 31). Another impractical
route is the application of the Dakin-West reaction in which the anhydride of 16 has to be used
(Scheme 3.6). Such shortcomings in the description of a particular transform cannot be avoided as
LHASA uses a rule-based approach for its judgements; a calculation of the outcome of a reaction
cannot yet be done reliably.27 Therefore, it is virtually impossible to account for all possible
applications of a reaction and sometimes a doubtful application is shown. The main conclusions
which can be drawn here are that the user should critically evaluate the suggestions and that the
LHASA program is only useful in the hands of a skilled chemist.
It should be remembered that LHASA does not generate all possible routes where the differences
between routes are small. For instance, when an electron-withdrawing group is required not all
suitable groups will be tried to avoid largely redundant solutions. This was clearly shown with the
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Umpolung reaction (Scheme 3.8). Umpolung via the dithiane anion did not work in practice, but the
application of a protected cyanohydrin was successful. Since a particular suggestion is not
guaranteed to work, alternatives and variations should always be considered.
The overall conclusion is that LHASA comes up with ideas which can lead to the solution of a
synthetic problem. The combined use of the LHASA and ORAC programs proved especially useful
to check the feasibility of individual steps.
In the analysis of taxol, LHASA came up with several suggestions that happened to fit perfectly
with the expertise of our group and a useful synthetic route was derived from them. The order of the
introduction of the diene and the dienophile does not seem to be very important. For the sake of
simplicity, we have shown the route in which first the diene and then the dienophile is introduced.
Based on the LHASA suggestions for target structure 1, combined with the first feasibility studies
with model compounds (Chapter 4) and literature research, the synthesis of compound 38 was
designed according to route I and Π from scheme 3.14.
We decided to start our synthesis with a cyclohexane dialdehyde equivalent as substitute for the
CD-ring fragment, to make a quick study of the feasibility of the LHASA analysis. This will be
explained in chapter 4.
Scheme 3.14: Synthetic routes for compound 38 derivedfromthe LHASA analysis
Route I

1)LDA

2)

VH

Baylis-Hillman
reaction or a
Grignard addition

33
3) Deprotection of cyanohydrin ether
4) Protection of acyloin

1) Baeyer-Villiger oxidation
2) Hydrolysis
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HO

.0

Deprotection
(Hydrolysis)

Routen

1)LDA
2)

1) Baylis-Hillman
reaction
2) Protection of hydroxyl
and carbonyl

О

33
3) Deprotection of carbonyl
2) Protection of acyloin

HO

.0

see Route I
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Feasibility of the LHASA Analysis

4.1 Introduction
The results of the LHASA analysis described in chapter 3 are schematically summarized in scheme
4.1. 1 This chapter describes the feasibility studies of the LHASA analysis. The coupling reactions
of the required diene and dienophile with the CD-ring fragment were studied, by performing some
model reactions.
Scheme 4.1: The key steps of the LHASA analysis

1

R^H.OR

2

«

5

We decided to start our synthesis with the readily available racemic franí-cyclohexane dialdehyde
equivalent 14. This is a suitable substitute for CD-ring fragment 5, because the synthetic route
which starts with the cyclohexane dialdehyde equivalent, has been planned in such a manner that
every reaction, in principle, can be repeated with CD-ring fragment 5. As described in § 3.3.4, the
oxetane ring is expected to be stable under the applied reaction conditions (e.g. the coupling
reactions of the diene and dienophile with CD-ring fragment 5, and the intramolecular Diels-Alder
reaction). It should be noted that CD-ring fragments resembling structure S have already been
synthesized by Danishefsky2, Nicolaou3, and Jenkins4 (Figure 2.1). These fragments all fit very
well in the synthetic route derived from the LHASA analysis (Scheme 3.14). It may be expected
that reactions with equivalents of 5 in the actual synthesis will take place in a stereo controlled
manner. We tend to focus on the fully functionalized CD-ring fragment of Jenkins et al. (University
of Leicester), in view of the cooperation with this research group.
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The structure of target molecule 6 (Figure 4.1) for the total synthesis is close to the target
compound used in the LHASA analysis (Figure 3.3). The C-ring has no functional groups, but it has
the correct frarij-configuration at the Сэ-Cg bond.
Figure 4.1: Target molecule for the total synthesis
НО

О

4.2 Synthesis of Cyclohexane Dialdehyde Equivalent 14
Cyclohexane dialdehyde equivalent 14 can be synthesized from commercially available racemic
c¿í-l,2-cyclohexanedicarboxylic anhydride (7) (Scheme 4.2).5 Anhydride 7 was converted into civScheme 4.2: Synthesis of cyclohexane dialdehyde equivalent 14
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diester 8, which was epimerized under basic conditions to frans-diester 9 (cis : trans = 1:9).
Although we realized that the cii-isomer is an impurity, we carried on with this mixture because the
c/s-isomer and compounds derived therefrom will be removed during the purification of the
intermediates. Reduction with ІЛАІН4 afforded diol 10, which was mono-protected with
dihydropyran. When dihydropyran was added slowly until almost all diol 10 had reacted, monoand di-protecled product were isolated in the ratio 7 : 2. The mono-protected diol 11 was obtained
pure after flash chromatography.6 Swern oxidation of 11 resulted in aldehyde 12. Treatment of this
aldehyde with 1,3-propanedithiol and BF3.Et20 afforded dithiane 13. During this reaction the THPprotection group was also removed. Another Swern oxidation gave cyclohexane dialdehyde
equivalent 14 in an overall yield of 40 % starting from anhydride 7.
4.3 Coupling of the Dienophile Moiety with Cyclohexane Dialdehyde Equivalent 14 by a
Baylis-Hillman Reaction
As explained in § 3.3.2 we selected the Baylis-Hillman reaction7 as a potential method for the
introduction of the dienophile into the molecule. This reaction is strongly accelerated by pressure8.
Scheme 4.3 shows two model reactions in which cyclohexane dialdehyde equivalent 14 reacts with
methyl vinyl ketone and acrylonitrile in a Baylis-Hillman reaction.
Scheme 4.3: Coupling of the dienophile moiety with cyclohexane dialdehyde equivalent 14 by a
Baylis-Hillman reaction

Using methyl vinyl ketone in the Baylis-Hillman reaction of 14 at high pressure, compound 17 was
isolated. This product is the result of a rapid dimerization of methyl vinyl ketone as indicated in
scheme 4.4. To circumvent this problem of dimerization of methyl vinyl ketone, the reaction was
carried out at atmospheric pressure. Using these conditions the reaction proceeds very slowly. After
4 days only 10 % of product 15 was formed. When on the other hand acrylonitrile was used instead
of methyl vinyl ketone, reaction with aldehyde 14 afforded compound 16 in high yield. Since
transformation of a nitrile into an acyl function is quite simple9, this route was chosen for the
introduction of the dienophile moiety.
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Scheme 4.4: Dimerization of methyl vinyl ketone

12 kbar.

:NRa

:NR,

17

c.y. 80 %

4.4 Coupling of the Diene with the Cyclohexane Dialdehyde Equivalent via Umpolung
LHASA suggested a dithianc anion addition for the coupling of the diene unit with the CD-ring
fragment (Scheme 3.8). In this way an acyloin function is created through the coupling of two
aldehydes (Scheme 4.5). The required nucleophile, an acyl anion, is normally not an accessible
entity. However, there are several potential reagents which can introduce the desired acyl anion in a
masked form. This concept is called "Umpolung".10 Scheme 4.6 gives several examples of acyl
anion equivalents.
Scheme 4.5: Formation of the acyloin function via coupling of two aldehydes

'

H

acyl anion
4.4.1 Umpolung via a 1,3-Dithiane Ring
The aldehyde of 1,3-dithiane derivative 14 was protected as the dimethyl acetal, leading to
compound 18 (Scheme 4.7), which could be used in a coupling reaction with the aldehyde in the
diene unit (Scheme 4.5). Instead of a diene aldehyde we used a model compound, viz. tiglic
aldehyde. Although anion reactions of 1,3-dithianes from cyclohexanecarboxaldehyde are known11,
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Scheme 4.6: Acyl anion equivalents
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the reaction of the anion of 18 with tiglic aldehyde at temperatures ranging from - 78 °C to room
temperature, was not successful. Even with Mel or D2O as an clectrophile, no product was isolated.
From thisresult,it was concluded that abstraction of a proton from 18 with a base was not possible,
probably due to steric hindrance. Oxidation of one of the sulfur atoms of the dithiane ring to a
sulfoxide should increase the acidity of the proton concerned. However, attempts to perform the
acyl anion reaction with this S-monoxide was not successful either.
It may be argued that the approach of the base to 18 is hindered by the neighboring acetal group
(Figure 4.2). MM2 calculations of compound 18 gave the structure shown in figure 4.2 as the
conformation with the lowest energy. In this conformation, the proton to be abstracted is oriented
towards the acetal function, indicating that the approach of the base is strongly hindered indeed.
4.4.2 Umpolung vìa a Protected Cyanohydrin
The problem of steric hindrance during the abstraction of a proton from compound 18 may be
circumvented by using a small cyanohydrin ether unit instead of the bulky dithiane ring. Moreover,
unmasking the cyanohydrin ether can be carried out under much milder conditions than unmasking
the dithiane functionality.12

Chapter 4

54

Scheme 4.7: Coupling of the "diene unit" with cyclohexane dialdehyde equivalents 18 and 19 via
Umpolung

1)Base
2) Electrophile * •
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Figure 4.2: Hindrance of the proton abstraction of 18 caused by the dimethyl acetal group
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Analysis

The use of protected cyanohydrins as acyl anion equivalents has been studied by Stork13 and
Hünig.14 Hünig et al. studied the addition of anions of trialkylsilyl-protected cyanohydrins of α,βunsaturated aldehydes to α,β-unsaturated aldehydes15 and α,β-unsaturated ketones 14 . Using α,βunsaturated ketones as electrophiles, mixtures of 1,2- and 1,4-adducts were obtained (Scheme
4.8). 16 Recently, it has been reported that for the addition to α,β-unsaturated aldehydes, only 1,2adducts were found.15
Scheme 4.8:1,2- versus 1,4-addition

demasking

demasking _

_

Since in the literature no examples are known of addition of protected cyanohydrins of saturated
aldehydes to α,β-unsaturated aldehydes, we performed some model reactions to study the feasibility
of this coupling reaction.
For protection of the cyanohydrin hydroxyl group we selected the ethoxyethyl group, because we
found that the anions of saturated trimethylsilyl-protected cyanohydrins are not stable under the
basic (viz. LDA) reaction conditions.17 Acyloin 23 was the only product isolated (yield 10 - 30 %)
from the reaction mixture of anion 20 with several unsaturated aldehydes. The formation of acyloin
23 can be explained by the reaction sequence outlined in scheme 4.9. The anion 20 can give a
trimethylsilyl shift 18 , followed by elimination of a cyanide ion, giving ketone 21. This ketone
reacted with another anion 20, yielding compound 22. Subsequent treatment with TBAF afforded
acyloin 23.
Anions of α,β-unsaturated instead of saturated cyanohydrins, such as 24 (Figure 4.3), can be used
with success in addition reactions with α,β-unsaturated aldehydes.15 Such anions do not undergo
this trimethylsilyl shift because of the conjugation with the double bond.
We have used two methods for the synthesis of the elhoxyethyl-protected cyanohydrins 28, as
shown in scheme 4.10. With method A, aldehyde 25 was treated with sodium bisulfite and sodium
cyanide, affording cyanohydrin 27. Using method B, aldehyde 25 and trimethylsilyl cyanide, under
catalysis of zinc iodide, gave the trimethylsilyl-protected cyanohydrin 26. The trimethyl silyl group
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Scheme 4.9: Formation ofacyloin 23
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Figure 4.3: Anion stabilization through conjugation
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Scheme 4.10: Synthesis of ethoxyethyl-protected cyanohydrins
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Table 4.1: Acyloins 32-39 derived from ethoxyethyl-protected cyanohydrins 29-31 and α,βunsaturated aldehydes
OEE

NC OEE

1)LDA

> ' - ^ "BRi 1
NC

2

)

A l d e h

Τ
OH

yde

H

1

R

2) NaOH
OH
32-39

29-31

Cyanohydrin

Aldehyde

Acyloin

yield", %

1

ether (R )
f-Butyl

Cyclohexyl

29

32

95

29

33

77

30

34

90

35

81

36

83

37

90

38

30

30

30

^ ¿ ^ γ "

Л^ Y

н

H

30
1-Methylcyclohexyl

31

31

ΎΥ

OH

(55)*
39

95

"Yield after flash chromatography. ''Yield based on converted starting material. Thisreactionwas
not optimized.

of compound 26 was removed under mild acid conditions with citric acid, to give cyanohydrin 27.
Subsequently, cyanohydrin 27 was protected with ethyl vinyl ether. Method A is the method of

Chapter 4

58

choice for the synthesis of saturated cyanohydrins, because cheap starting materials arc used, but it
gives poor results with α,β-unsaturated aldehydes. Method В is suitable for the synthesis of
saturated as well as α,β-unsaturated cyanohydrins.
Table 4.1 shows the results of the coupling reactions of ethoxyethyl-protected cyanohydrins 29-31
with several α,β-unsaturated aldehydes. The saturated ethoxyethyl-protected cyanohydrins 29-31
were stable under the required reaction conditions and gave good yields in the reaction with a
variety of α,β-unsaturated aldehydes. Using the reaction conditions described, only 1,2-addition
products were formed and no 1,4-addition products were observed. It is essential that the aldehydes
are added very slowly to the reaction mixture to prevent formation of dimers of the aldehyde
compounds via a benzoin condensation (Scheme 4.11). Tiglic aldehyde undergoes this benzoin
condensation, catalyzed by cyanide ions 19 , still present in small amounts in the reaction mixture.
The cyanide ions may have been formed from small amounts of unprotected cyanohydrin, still
present in the ethoxyethyl-protected cyanohydrin. Furthermore, cyanide ions may be formed from
partial hydrolysis during storage of the protected cyanohydrin. Slow addition of the aldehyde
prevents a high concentration of this reactant and as it reacts readily with the anion of the
cyanohydrin ether, formation of benzoin condensation products can be avoided. When tiglic
aldehyde was added too fast to the anion of cyanohydrin 30, the major product was acyloin 40.
Scheme 4.11: Benzoin condensation of tiglic aldehyde
rO

о

OH

^

4.5 Conclusion
The introduction of the dienophile unit (acrylonitrile), via a Baylis-Hillman reaction with a
cyclohexane dialdehyde equivalent proceeds very satisfactory. It is not possible to couple the diene
fragment with the cyclohexane dialdehyde equivalent via a dithiane anion addition. However,
Umpolung via an ethoxyethyl-protected cyanohydrin is an attractive alternative. Therefore, this
Umpolung reaction will be used in the approach to the total-synthesis of taxol.
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4.6 Experimental
Gas liquid chromatography (GLC) analysis was earned out with a Hewlett Packard 5890 Seríes Π
using a HP1 (cross-linked methyl silicone gum) column with a column length 25 m, a column Ш of
0.32 mm, a film thickness of 0.17 micron, and a phase ratio of 450. The infrared (IR) spectra were
taken on a Perkin Elmer 298 spectrophotometer. *H NMR spectra were recorded on a Broker AC100, or a Bruker AM-400 spectrometer. Chemical shifts are reported in ppm relative to
tetramethylsilane as intern standard and CDCI3 as solvent. Mass spectra (MS) were obtained using
a VG 7070E double focusing spectrometer. Thin layer chromatography (TLC) was carried out on
Merck precoated silica gel 60 F254 plates (0.25 mm). Spots were visualized with UV or a 6.2 %
H2SO4 aqueous solution (1 L) containing ammonium molybdate (42 g) and eerie ammonium
6
sulfate (3.6 g) followed by charring. For flash chromatography Merck Kieselgel 60 Η was used.
Unless otherwise stated, materials were obtained from commercial sources and used without further
purification. All solvents were dried and distilled according to standard procedures. The high
20
pressure equipment used in this experiments has been described previously. The MM221
calculations were made with the computer program Model.
dimethyl cis-cyclohexane-l,2-dicarboxylate (8)
A solution of cis- 1,2-cyclohexanedicarboxylic anhydride (7) (100 g, 0.65 mol) and H2SO4 (6 mL)
in methanol (1 L) was heated under reflux over night. The reaction mixture was neutralized with ал
aqueous solution of NaOH (5 N). After most of the methanol wasremovedunder reduced pressure,
water (200 mL) was added to the reaction mixture. The aqueous layer was extracted with
dichloromethane (3 χ 150 mL) and the combined organic layers were washed with brine (100 mL),
dried over anhydrous Na2SÛ4, filtered, and concentrated under reduced pressure. This yielded 129
g (99 %) of the nearly pure product 8. GLC analysis showed a purity of > 98 %. IR (neat film): υ
2990 - 2940 (C-H), 1750 -1720 (C=0). lH NMR (100 MHz) δ ppm: 3.70 (6H, s, ОСЯ3), 2.81 (2H,
m, СЯСОгМе), 2.25 -1.25 (8H, m, cyclohexane part).
dimethyl trans-cyclohexane-l,2-dicarboxylate (9)
Methanol (1 L) was treated with sodium (20.4 g, 0.89 mol) in a nitrogen atmosphere. (With a
catalytic amount of sodium, the epimerization proceeded very slow). Dimethyl ci'j-cyclohexane1,2-dicarboxylate (8) (127.5 g, 0.64 mol) was added and the reaction mixture was stirred at 50 *C
over night. After neutralization with an aqueous solution of HCl (4N), most of the methanol was
removed under reduced pressure. Water (200 mL) was added to the reaction mixture and the
aqueous layer was extracted with dichloromethane (3 χ 150 mL). The combined organic layers
were washed with brine (100 mL), dried over anhydrous Na2SC>4, filtered, and concentrated under
reduced pressure. This yielded 120 g (94 %) of the nearly pure product 9. GLC analysis showed a
cis/trans-mio of 1 : 9. IR (neat film): υ 3000 - 2950 (C-H), 1750 - 1720 (C=0). >H NMR (100
MHz) δ ppm: 3.72 (6H, s, ОСЯ3), 2.61 (2H, m, CtfC02Me), 2.25 - 1.25 (8H, m, cyclohexane part).
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(2-hydroxymethyl-cyclohexyl)methanol(10)
Dimethyl cyclohexane-l,2-dicarboxylate

(9) (50 g, 0.25 mol, cis/trans = 1 : 9 ) , dissolved in

anhydrous diethyl ether (50 mL), was added to a mechanically stirred suspension of L1AIH4 (15.2
g, 0.4 mol) in anhydrous diethyl ether (1.8 L), kept in a nitrogen atmosphere at 0 °C. After the
reaction mixture was allowed to warm up to room temperature, it was heated under reflux for 1.5 h.
After cooling to 0 °C, water (25 mL), an aqueous solution of NaOH (10 %, 50 mL), and water (25
mL) were added respectively. The reaction mixture was filtered over hyflo and the organic layer
was washed with brine (500 mL), dried over anhydrous MgS04, filtered, and concentrated under
reduced pressure. Flash chromatography (dichloromethane - methanol, 96 : 4 v/v) yielded 35.3 g
(98 %) of product 10 (cis/trans = 1:9). IR (neat film): υ 3600 - 3100 (OH), 2920 - 2850 (C-Η). Ш
NMR (100 MHz) δ ppm: 3.92 (2H, s, СН 2 ОЯ), 3.50 (4H, br s, СЯ 2 ОН), 2.05 - 0.65 (10H, m,
cyclohexane part). MS (CI) m/e: 145 ([M + H]+, 0.4), 127 ([M - OH]+, 9.5), 96 ([СбНіоСН2]+,
100), 82 ([C 6 Hio] + , 28.3).
[2-(tetrahydro-pyran-2-yloxymethyl)-cyclOhexyl]methanol (11)
Dihydropyran (25 g, 0.30 mol) dissolved in anhydrous dichloromethane (100 mL), was slowly
added to a stirred solution of (2-hydroxymethyl-cyclohcxyl)methanol (10) (35 g, 0.24 mol) and
TsOH (0.43 g, 2.4 mmol) in anhydrous dichloromethane (1 L), which was cooled to 0 °C. The
reaction was followed with TLC and the addition of dihydropyran was stopped when almost all of
compound 10 had reacted. The reaction mixture was washed with a saturated aqueous NaHCC<3
solution (500 mL), dried over anhydrous MgS04, filtered, and concentrated under reduced pressure.
The ratio between mono- and di-protected product was 7 : 2, according to GLC analysis. Flash
chromatography (hexane - ethyl acetate, 4 : 1 v/v) yielded 39.5 g (72 %) of the mono protected
product 11 (cis/trans = 1 : 12). IR (neat film): υ 3600 - 3100 (OH), 2910 - 2850 (C-Η). ІН NMR
(100 MHz) δ ppm: 4.55 (IH, br s, ОСЯО), 3.89 - 3.07 (6H, m, СЯ 2 ОН and Cff2OTHP and
ОСНОСЯ2), 3.00 (IH, s, СН2ОЯ). 1.87 -1.07 (16H, m, cyclohexane and THP-part). MS (El) m/e:
228 ([M]+, 0.3), 210 ([M - OH]+, 0.2), 143 ([M - THP]+, 15.1), 127 ([M - OTHP]+, 22.4), 101
(tOTHP]+, 10.2), 85 ([THPJ+, 100).
2-(tetrahydro-pyran-2-yloxymethyl)cyclohexanecarbaldehyde(12)
A stirred solution of oxalyl chloride (17.1 g, 0.135 mol) in anhydrous dichloromethane (200 mL)
was brought in a nitrogen atmosphere and cooled to - 78 °C. DMSO (21.1 g, 0.27 mol), dissolved in
anhydrous dichloromethane (50 mL), was gradually added. After stirring for 5 min [2-(tetrahydropyran-2-yloxymethyl)-cyclohexyl]methanol

(11) (22.8 g, 0.1 mol), dissolved in anhydrous

dichloromethane (50 mL), was gradually added. The reaction mixture was stirred for 20 min and
triethylamine (83 mL, 0.6 mol) was added. After stirring for 5 min, the mixture was allowed to
warm up to room temperature and washed with HCl (IN, 3 χ 200 mL). The combined aqueous
layers were extracted with dichloromethane (2 χ 50 mL) and the combined organic layers were
washed with a saturated aqueous NaHC03 solution (100 mL), dried over anhydrous Na2S04,
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filtered, and concentrated under reduced pressure. Flash chromatography (hexane - ethyl acetate, 4 :
1 v/v) yielded 20.4 g (90 %) of 12 (cis/trans = 1 : 15). IR (neat film): υ 2920 - 2790 (C-H), 2720
(CHO), 1720 (C=0). !H NMR (100 MHz) δ ppm: 9.70 (IH, d, J = 4.2 Hz, ОТО, cis-isomer), 9.55
(IH, d, J = 4.2 Hz, ОТО, frarcs-isomer), 4.46 (IH, m, OCHO), 3.73 - 2.97 (4H, m,OT2OTHPand
ОСНОСЯг), 2.30 (IH, m, СЯСНО), 2.20 - 0.90 (15H, m, cyclohexane and THP-part). MS (El)
m/e: 226 ([M]+, 2.4), 141 ([M - THP]+, 10.6), 125 ([M - OTHP]+, 37.6), 101 ([OTHP]+, 10.5), 85
([THP]+, 100).

2-(l,3-dithian-2-yl)cycIohexyl-methanol(13)
A stirred solution of 2-(tetrahydro-pyran-2-yloxymethyl)cyclohexanecarbaldehyde (12) (18.1 g, 80
mmol) and 1,3-propanedithiol (19.5 g, 0.18 mol) in anhydrous dichloromethane (500 mL) was
brought in an argon atmosphere and cooled to - 20 °C. BF3.Et2Û (2.8 g, 20 mmol), was gradually
added. After stirring for 3 h at room temperature, the reaction mixture was washed with water (100
mL), an aqueous NaOH solution (150 mL, 0.1 N), dried over anhydrous MgS04, filtered, and
concentrated under reduced pressure. Flash chromatography (dichloromethane - methanol, 98 : 2
v/v) yielded 15.4 g (83 %) of 13 (Only the trans-isomtr could be detected). IR (neat film): υ 3550 3100 (OH), 2950 - 2800 (C-Η). Щ NMR (100 MHz) δ ppm: 4.53 (IH, br s, SOTS), 3.64 (2H, d,
J = 3.0 Hz, СЯ2ОН), 3.15 - 2.65 (4H, m, SOT2CH2OT2S), 1-95 (IH, s, СН2ОЯ), 2.31 - 0.75 (12H,
m, S C H 2 C t f 2 C H 2 S and cyclohexane part); MS (El) m/e: 232 ([M]+, 32.1), 125
([С(СбНі0)СН2ОН]+, 34.9), 119 ([1,3-dithian part]+, 100).

2-(l,3-dithian-2-yl)cyclohexanecarbaldehyde(14)
A stirred solution of oxalyl chloride (9.1 g, 72 mmol) in anhydrous dichloromethane (200 mL) was
brought in a nitrogen atmosphere and cooled to - 78 °C. DMSO (11.2 g, 144 mmol), dissolved in
anhydrous dichloromethane (50 mL), was gradually added. After stirring for 5 min, 2-(l,3-dithian2-yl)cyclohexyl-methanol (13) (13.9 g, 60 mmol), dissolved in anhydrous dichloromethane (50
mL), was gradually added. The reaction mixture was stirred for 20 min at - 78 °C and triethylamine
(50 mL, 0.36 mol) was added. After stirring for 5 min, the mixture was allowed to warm up to room
temperature and washed with an aqueous solution of HCl (IN, 3 χ 200 mL). The aqueous layer was
extracted with dichloromethane (2 χ 50 mL) and the combined organic layers were washed with a
saturated aqueous NaHC03 solution (100 mL), dried over anhydrous Na2S04, filtered, and
concentrated under reduced pressure. Flash chromatography (dichloromethane) yielded 11.9 g (86
%) of 14. IR (neat film): υ 2975 - 2750 (C-H), 1720 (C=0). lH NMR (100 MHz) δ ppm: 9.68 (IH,
d, J = 2.1 Hz, ОТО), 4.26 (IH, d, J = 4.2 Hz, SOTS), 3.10 - 2.50 (4H, m, SOT2CH2OT2S), 2.59
(IH, m, СЯСНО), 2.33 - 0.98 (ПН, m, SCH2OT2CH2S and cyclohexane part). MS (EI) m/e: 230
([M]+, 27.6), 119 ([1,3-dithian part]+, 100).
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4-[2-(l,3-dithian-2-yl)cyclohexyl]-4-hydroxy-3-methylene-butan-2-one (15) and 3-methyleneheptan-2,6-dione (17)
At high pressure: A teflon high pressure ampoule of 1.5 raL was charged with a mixture of
cyclohexane dialdehyde equivalent 14 (300 mg, 2.17 mmol), methyl vinyl ketone (300 mg, 4.29
mmol), DABCO (48 mg, 0.43 mmol) and a few crystals of hydroquinone as a radical scavenger.
The ampoule was filled up with THF and brought under pressure (12 kbar). After 18 h at room
temperature at 12 kbar the reaction mixture was dissolved in diethyl ether (25 mL) and washed with
an aqueous solution of HCl (1 Ν, 15 mL), a saturated aqueous solution of NaHCC«3 (15 mL), and
brine (15 mL). The organic layer was dried over anhydrous Na2S04, filtered, and concentrated
under reduced pressure. Flash chromatography (dichloromethanc) yielded 240 mg (80 %) of
compound 17 (Product 15 was not formed). lU NMR (90 MHz) δ ppm: 5.95 and 5.80 (2H, 2 χ s,
=CH2). 2.28 (3H, s, =СС(0)СЯ3), 2.07 (ЗН, s, СН2С(0)СЯ3), 2.50 (2Н, m, СН2СЯ2С(0)), 1.40
(2Н, m, СЯ2СН2С(0)).
At atmospheric pressure: A mixture of cyclohexane dialdehyde equivalent 14 (170 mg, 0.74
mmol), methyl vinyl ketone (52 mg, 0.74 mmol) and DABCO (17 mg, 0.15 mmol) were kept at
room temperature for 4 days. The reaction mixture was dissolved in diethyl ether (20 mL) and
washed with an aqueous solution of HCl (1 Ν, 10 mL), a saturated aqueous solution of №НСОз
(10 mL), and brine (10 mL). The organic layer was dried over anhydrous Na2S04, filtered, and
concentrated under reduced pressure. According to GLC and Ή NMR analysis products 15 and 17
were formed in a ratio of 1 : 3. Baylis-Hillman product 15 was isolated with flash chromatography
(dichloromethane - acetone, 95 : 5 v/v), and yielded 23 mg (10 %). GLC analysis showed a purity
of > 98 %. Cyclohexane dialdehyde equivalent 14 (145 mg, 85 %) was recovered from the reaction
mixture. IR (neat film): υ 3500 (OH), 2860 (C-H), 1695 (C=0). lH NMR (100 MHz) δ ppm: 6.07
and 5.90 (2H, s, =СЯ2), 4.87 (IH, br s, ОГОН), 4.40 (IH, d, J = 3.3 Hz, SC//S), 3.60 (IH, br s,
CHOtf), 2.49 - 2.88 (4H, m, Ctf2SCHSCtf2), 2.21 (3H, s, С(0)СЯ3), 0.64 - 2.14 (12 H, m,
SCH 2 Œ 2 CH 2 S and cyclohexane part). MS (El) m/e: 300 ([M]+, 11.9), 282 ([M - H 2 0], + 14.1).
201 ([M - СН(ОН)С(=СН2)С(0)СНз]+. 7.3), 119 ([1,3-dithian part]*, 82.3), 43 ([C(0)CH 3 ] + ,
100).
2-cyano-l-[2-(I,3-dithian-2-yl)cyclohexyl]-prop-2-en-l-ol(16)
A teflon high pressure ampoule of 1.5 mL was charged with a mixture of cyclohexane dialdehyde
equivalent 14 (500 mg, 2.17 mmol), acrylonitrile (580 mg, 10.94 mmol), DABCO (48 mg, 0.43
mmol) and a few crystals of hydroquinone as a radical scavenger. The ampoule was filled up with
THF and brought under pressure (12 kbar). After 18 h at room temperature at 12 kbar the reaction
mixture was dissolved in diethyl ether (25 mL) and washed with an aqueous solution of HCl (1 Ν,
15 mL), a saturated aqueous solution of №НСОз (15 mL), and brine (15 mL). The organic layer
was dried over anhydrous Na 2 S04, filtered, and concentrated under reduced pressure. Flash
chromatography (dichloromethane) yielded 550 mg (90 %) of Baylis-Hillman product 16. GLC
analysis showed a purity of > 98 %. IR (neat film): υ 3440 (OH), 2920 (C-H), 2220 (Си Ν). Ή
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NMR (100 MHz) δ ppm: 6.03 (2H, s, =CH2), 4.82 (IH, d, J = 7.5 Hz, СЯОН), 4.33 (IH, br s,
SCHS), 2.51 (IH, d. J = 7.5 Hz, СНОЯ). 3.02 - 2.68 (4H, m, C#2SCHSCH2). 2 · 3 9 ' ° · 7 0 < 1 2

H

'

m, SCH 2 Ctf 2 CH 2 S and cyclohexane part). MS (EI) m/e: 283 ([M]+, 6.6), 265 ([M - H 2 0]+. 0.7),
201 ([M - CH(OH)C(=CH2)CN]+, 1.2), 119 ([1,3-dithian parf]\ 20.9), 82 ([CH(OH)C(=CH2)
CN]+, 13.6).
2-(l,3-dithian-2-yl)-l-(dimethoxymethyl)cyclohexane(18)
To a stirred solution of cyclohexane dialdehyde equivalent 14 (9.2 g, 40 mmol) in trimethyl
orthoformate (150 mL) were added 10 drops of methanol and a catalytic amount of TsOH. After
refluxing for 3 h the excess of trimethyl orthoformate was removed under reduced pressure. A
saturated aqueous NaHCC>3 solution (150 mL) was added, and the reaction mixture was extracted
with dichloromethane (3 χ 50 mL), dried over anhydrous Na2S04, filtered, and concentrated under
reduced pressure. Flash chromatography (dichloromethane) yielded 10.6 g (96 %) of 18. IR (neat
film): υ 3050 - 2720 (C-Η). lH NMR (400 MHz) δ ppm: 4.42 and 4.41 (2H, 2 χ d, J = 11.0 Hz,
SC«S and ОСЯО), 3.43 and 3.40 (6H, 2 χ s, 2 χ OCHj), 3.01 - 2.70 (4H, m, SC// 2 CH 2 C// 2 S),
2.35 - 1.00 (12H, m, SCH2CW2CH2S and cyclohexane part). MS (El) m/e: 276 ([M]+, 1.65), 244
([M - MeOHl+, 67.6), 119 ([1,3-dithian part]+, 50.6), 75 ([CH(OCH3)2]+, 100).
2-(l,3-dilhian-2-yl)-l-(dimethoxymethyl)cyclohexane S-oxide (19)
H 2 0 2 (2.7 mL 35 % aq., 28 mmol) was added to a solution of cyclohexane dialdehyde equivalent
18 (1.9 g, 7.0 mmol) in methanol (100 mL). After stirring for 2 days at room temperature, most of
the methanol was removed under reduced pressure. Brine (100 mL) was added, and the reaction
mixture was extracted with chloroform (3 χ 25 mL), dried over anhydrous MgSC>4, filtered, and
concentrated under reduced pressure. Flash chromatography (THF : hexane : methanol = 4 : 1 : 0.05
v/v/v) yielded 2.0 g (99 %) of 19. IR (neat film): υ 3080 - 2740 (C-H), 1050 (S=0). ] H NMR (100
MHz) δ ppm: 4.29 and 4.18 (2H. 2xra, SCHS and OCHO), 3.44 (6H, br s, 2 χ ОСЯ 3 ), 2.75 - 2.12
(4H, m, SCtf 2 CH 2 Ctf 2 S), 2.10 - 1.00 (12H, m, SCH 2 Ctf 2 CH 2 S and cyclohexane part). MS (El)
m/e: 292 ([M]+, 7.9), 260 ([M - MeOH]+, 3.6), 75 ([СН(ОСН3)г]+, 100).
Preparation of protected суanohydrins (general procedure)
Method A: To a cooled (- 5 °C) and vigorously mechanically stirred solution of Na 2 S 2 0s (5.9 g, 30
mmol) in water (25 mL) was added cooled (0 °C) aldehyde (60 mmol) in one portion. After 30 min
a cooled (0 °C) solution of NaCN (2.94 g, 60 mmol) in water (10 mL) was added in one portion and
the mixture was stirred vigorously for 2 h at 0 °C. The reaction mixture was filtered and extracted
with diethyl ether (3 χ 25 mL) and the combined organic layers were washed with brine, dried over
anhydrous MgS04, filtered, and concentrated under reduced pressure. The crude cyanohydrin (60
mmol) and ethyl vinyl ether (4.5 g, 63 mmol) were dissolved in dichloromethane (50 mL) and a
catalytic amount of TsOH was added. After 1 h the reaction mixture was washed with a saturated
NaHC03 solution, brine, dried over anhydrous MgS04. filtered, and concentrated under reduced
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pressure. The ethoxyethyl-protected cyanohydrin was purified by flash chromatography using the
eluent indicated below, or by kugel rohr distillation.
Method B: A mixture of the aldehyde (60 mmol), trimethylsilyl cyanide (7.1 g, 72 mmol), and a
catalytic amount of Zni2 was stirred for about 4 h. The reaction was followed with TLC and when
the reaction was almost complete, water (50 mL) was added and the reaction mixture was extracted
with dichloromethane (2 χ 25 mL). The combined organic layers were dried over anhydrous
Na2S04, filtered, and concentrated under reduced pressure. The trimeihylsilyl-protected
cyanohydrin was purified by kugel rohr distillation.
A solution of the trimethylsilyl-protected cyanohydrin (60 mmol) and a catalytic amount of citric
acid in methanol (200 mL), was stirred for 10 h at room temperature. After most of the methanol
was removed under reduced pressure, dichloromethane (50 mL) was added. The reaction mixture
was washed with water (25 mL), dried over anhydrous MgS04,filtered,and concentrated under
reduced pressure. Protection with ethyl vinyl ether was performed as described in method A.
сус1оНеху1-(Мте&уЫ1оху)теШукуап1аг(20)
Compound 20 was synthesized using method В and was purified by kugel rohr distillation. Yield 81
%. IR (neat film): υ 2950 - 2840 (C-H), 2240 (C = Ν). Ή NMR (100 MHz) δ ppm: 4.25 (IH, d, J =
6.0 Hz. OŒCN), 2.15 - 0.95 (11 H, m, cyclohexane part), 0.05 (9H, s, SiCtf3).
l,2-dicyclohexyl-2-trimethybiloxy-2-trimethylsikinyl-elhanone(22)
A stirred solution of diisopropylamine (0.73 mL, 5.2 mmol) in anhydrous THF (10 mL) was
brought in an argon atmosphere and cooled to - 78 'C. π-BuLi in hexane (2.5 M, 2.1 mL, 5.2 mmol)
was added with a syringe. After stirring for 15 min, a solution of the cyclohexyl(trimethylsiloxy)methylcyanide (20) (1.1 g, 5 mmol) in anhydrous THF (3 mL) was added to the
LDA solution at - 78 "C. After stirring for 15 min, the α,β-unsaturated aldehyde (5 mmol) dissolved
in anhydrous THF (1 mL), was added very slowly with a syringe (30 min). A saturated aqueous
solution of ammonium chloride (10 mL) was added and the reaction mixture was stirred for 5 min.
The mixture was allowed to warm up to room temperature. Water (10 mL) was added and the
reaction mixture was extracted with dichloromethane (3 χ 25 mL). The combined organic layers
were washed with a saturated aqueous solution of ЫаНСОз and brine, dried over anhydrous
Na2SC«4,filtered,and concentrated under reduced pressure. Flash chromatography (hexane - ethyl
acetate, 20 : 1 v/v; 1 % Et3N) gave compound 22 as the only product, in a yield from 10 - 30 %. lH
NMR (100 MHz) δ ppm: 2.60 (IH, m, С(О)СЯ), 1.90 - 0.95 (21 H, m, cyclohexane part), 0.19 (9H,
s. SiCtf3). 0.03 (9H. s, OS1CW3).
l,2-dicyclohexyl-2-hydroxy-ethanone(23)
A mixture of crude l,2-dicyclohexyl-2-lrimethylsiloxy-2-trimethylsilanyl-ethanone (22) (357 mg,
1 mmol) and TB AF (1.4 mL, 1.4 mmol, 1 M in THF) in THF (5 mL) was stirred for 1 h at room
temperature. After addition of ethyl acetate (10 mL), the reaction mixture was washed with a
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saturated aqueous solution of ЫаНСОэ and brine, dried over anhydrous Na2S04, filtered, and
concentrated under reduced pressure. Flash chromatography (hexane - ethyl acetate, 20 : 1 v/v; 1 %
Et3N) yielded 24 mg (11 %) of 23 . Ή NMR (100 MHz) δ ppm: 4.17 (IH, d, J = 5.7 Hz, СЯОН),
3.26 (IH, d, J = 5.7 Hz, CHOW), 2.54 (IH, m, С(О)СЯ), 2.00 - 0.75 (21 H, m, cyclohexane part).
MS (El) m/e: 225 ([M + H]+, 0.9), 142 ([СбНі iC(0)CH2OH]+, 6.6), 113 ([СбНцСНОН]+, 34.5),
83([СбНц]+,67.3).
2,2-dimethyl-(l-ethoxy-ethoiy)propykyanide (29)
Compound 29 was synthesized using method A and obtained as a mixture of diastereomers (2 : 3)
and was purified by kugcl rohr distillation. Overall yield 92 %. IR (neat film): υ 2990 - 2855 (C-H),
2245 ( C e N). J H NMR (100 MHz) δ ppm: 4.93 and 4.75 (IH, 2 χ q, J = 5.4 and 5.3 Hz, ОСЯО),
4.09 and 3.85 (IH, 2 χ s, OŒCN), 3.83 - 3.42 (2H, m, ОСЯ2СНз), 1.38 and 1.36 (ЗН, 2 χ d,
J = 5.4 and 5.3 Hz, ОСНСЯз), 1.24 and 1.21 (ЗН, 2 χ t, J = 7.0 and 7.1 Hz, ОСН 2 СЯ 3 ), 1.07 (9H,
s, С(СЯз)э). MS (EI) m/e: 140 ([M - OCH 2 CH 3 ] + , 0.2), 96 ([M - OEE]+, 5.4), 73 ([EE]+, 13.0), 45
([ОСН2СНз]+, 5.0).
cyclohexyl-(l-ethoxy-ethoxy)methylcyanide(30)
Compound 30 was synthesized using method A and obtained as a mixture of diastereomers (35 :
65) and was purified by flash chromatography; eluent hexane-ethyl acetate 9 : 1 (v/v). Overall yield
90 %. IR (neat film): υ 2980 - 2850 (C-H), 2240 ( C - N ) . ІН NMR (100 MHz) δ ppm: 4.92 and
4.87 (IH, 2 χ q, J = 5.3 and 5.3 Hz, ОСЯО), 4.26 and 4.06 (IH, 2 χ d, J = 5.7 and 5.6 Hz,
OC//CN), 3.85 - 3.41 (2H, m, ОСЯ2СН3), 1.38 and 1.35 (3H, 2 χ d, J = 5.3 and 5.3 Hz, ОСНСЯ3),
1.23 and 1.22 (3H, 2 χ t, J = 7.0 and 7.0 Hz, ОСН2СЯ3), 2.10 - 1.00 (ПН, m, cyclohexane part).
MS (EI) m/e: 166 ([M - OCH 2 CH 3 ] + , 2.7), 138 ([M - EE]+, 1.5), 128 ([CH(CN)OEE]+. 1.1), 122
([M - OEE]+, 28.6), 73 ([EE]+, 100), 45 ([OCH2CH3]+, 44.4).
(l-ethoxy-ethoxy)-(l-methylcyclohexyl)methylcyanide (31)
Compound 31 was synthesized using method A and obtained as a mixture of diastereomers (3 : 1)
and was purified by flash chromatography; eluent hexane-ethyl acetate 6 : 1 (v/v). Overall yield 72
%. IR (neat film): υ 2970 - 2850 (C-H), 2235 (C = N). *H NMR (100 MHz) δ ppm: 4.85 and 4.73
(IH, 2 χ d, J = 5.3 and 5.4 Hz, ОСЯО), 4.14 and 3.90 (IH. 2 χ s, OŒCN), 3.75 - 3.27 (2H, m.
ОСЯ2СНз), 1.31 and 1.29 (ЗН, 2 χ d, J = 5.4 and 5.3 Hz, ОСНСЯ3), 1.16 and 1.14 (ЗН, 2 χ t, J =
7.1 and 6.9 Hz, ОСН 2 СЯ 3 ), 1.80 - 0.95 (ЮН, m, cyclohexane part), 1.00 (3H, s, СЯз)· MS (ΕΙ)
m/e: 136 ([M - OEEJ+, 1.3), 128 ([CH(CN)OEE]+, 8.3), 73 ([EE]+, 22.6), 45 ([OCH2CH3]+, 21.0).
Preparation ofacyloins 32-39 (generalprocedure)
A solution of LDA was prepared, under argon, in the usual way 22 from diisopropylamine (0.73 mL,
5.2 mmol) in anhydrous THF (10 mL) and n-BuLi in hexane (2.5 M, 2.1 mL, 5.2 mmol). A solution
of the ethoxyethyl-protected cyanohydrin (5 mmol) in anhydrous THF (3 mL) was added to the
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LD A solution at - 78 °C. After stirring for 15 min, the α,β-unsaturatcd aldehyde (5 mmol) dissolved
in anhydrous THF (1 mL), was added very slowly with a syringe (30 min). The reaction mixture
was allowed to warm up to - 60 *C and stirred for 1.5 h at - 60 °C. Subsequently, a saturated
aqueous solution of ammonium chloride (10 mL) was added and the reaction mixture was stirred
for 5 min. The mixture was allowed to warm up to room temperature. Water (10 mL) was added
and the reaction mixture was extracted with dichloromethane (3 χ 25 mL). The combined organic
layers were washed with a saturated aqueous solution of ИаНСОз and brine, dried over anhydrous
Na2S04, filtered, and concentrated under reduced pressure. The crude coupled product was
dissolved in methanol (5 mL) and H2SO4 (5 %, 2.5 mL) was added. The reaction mixture was
stirred at room temperature over night. Subsequently, water (25 mL) was added and the reaction
mixture was extracted with diethyl ether (3 χ 20 mL). The combined organic layers were vigorously
shaken with NaOH (0.5 N, 15 mL) over a period of 15 min. After washing with brine, the organic
layer was dried over anhydrous MgS04. The acyloins were purified by flash chromatography using
the eluent indicated below, or by kugel rohr distillation.
2,2-dimethyl-4-hydroxy-hept-5-en-3-one(32)
Eluent hexane-ethyl acetate 4 : 1 (v/v). Overall yield 95 %. IR (neat film): υ 3620 - 3210 (OH),
3075 - 2825 (C-H), 1695 (C=0). *H NMR (100 MHz) 8 ppm: 5.90 and 5.76 (IH, qd, 7 = 6.5 and
14.9 Hz, СН=СЯСН3), 5.39 and 5.24 (IH, dd, J = 7.0 and 14.9 Hz, С(ОН)НСЯ=СНСН3), 4.81
(IH, d. 7 = 7.7 Hz, СЯОН), 3.76 (IH, br s, СНОЯ), 1.67 (3H, d, 7 = 7.0 Hz, СН=СНСЯ3). 1.12
(9H, s. С(СЯз)э). MS (CI) m/e: 157 ([M + H] + , 6.3), 139 ([M - ОН]+, 22.8), 85 ([(СЯэ)зСС=0]+,
9.1), 71 ([(СНз)СН=СНСН(ОН)]+, 53.6), 57 ([(СЯ3)зС]+, 20.9). Exact Mass, caled, for C9H16O2
[M + H]+: 157.12285; found: 157.12282.
4-hydroxy-2,2,5-trimethyl-hept-5-en-3-one (33)
Eluent chloroform. Overall yield 77 %. IR (neat film): υ 3620 - 3240 (OH), 3100 - 2825 (C-H),
1710 (C=0). !H NMR (100 MHz) δ ppm: 5.70 (IH, q, 7= 6.7 Hz, С=СЯСН3), 4.87 (IH, d, 7= 6.2
Hz, СЯОН), 3.94 (IH, d, 7 = 6.2 Hz, СНОЯ), 1.68 (3H, d, 7 = 6.7 Hz, С=СНСЯ3), 1.46 (3H, s,
ССЯз=СНСНз). 1.18 (9Н, s, С(СЯ3)з). MS (CI) m/e: 171 ([M + H]+, 0.74), 85 ([(СЯ 3 )зСС=0] + ,
9.1), 57 ([(СЯ3)зС]+, 20.9). Exact Mass, caled, for C i 0 H i 8 O 2 ГМ + H]+: 171.13850; found:
171.13836.
l-cyclohexyl-2-hydroxy-2-phenyl-ethan-l-one(34)
Eluent chloroform. Overall yield 90 %. IR (neat film): υ 3600 - 3200 (OH), 3100 - 2850 (C-H),
1720 (C=0). Ή NMR (100 MHz) δ ppm: 7.31 (5H, s, Ph), 5.14 (IH, d, 7 = 5.4 Hz, СЯОН), 4.33
(IH, d. 7 = 5.4 Hz, СНОЯ), 2.42 (IH, m, СЯС=0), 2.05 - 0.95 (ЮН, m, cyclohexane part). MS
(CI) m/e: 219 ([M + H] + , 41.7), 201 ([M - OH]+, 100), 107 ([PhCHOH]+, 36.0), 83 ([С 6 Нц] + ,
37.2).
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l'Cyclohexyl-2-hydroxy-3-methyl-but-3-en-l-one(35)
Eluent hexane-ethyl acetate 4 : 1 (v/v). Overall yield 81 %. IR (neat film): υ 3600 - 3250 (OH),
3050 - 2800 (C-H), 1700 (C=0). Ή NMR (100 MHz) δ ppm: 5.14 and 5.07 (2H, 2 χ s, С=СЯ 2 ).
4.64 (IH, d, J = 4.7 Hz, СЯОН), 3.86 (IH, d, J = 4.7 Hz, CHOH), 2.59 (IH, m, СЯС=0), 1.95 0.95 (10H, m, cyclohexane part), 1.51 (3H, s, С=ССЯз).
l-cyclohexyl-2-hydroxy-pent-3-en-l-one(36)
Eluent chloroform. Overall yield 83 %. IR (neat film): υ 3625 - 3200 (OH), 2800 - 3050 (C-H),
1700 (C=0). !H NMR (100 MHz) δ ppm: 6.04 and 5.89 (IH, qd, J= 6.3 and 15.1 Hz,
СН=СЯСН3), 5.45 and 5.30 (IH, ddq, J = 7.6 and 15.1 Hz, 4J = 1.5 Hz, С(ОН)НСЯ=СНСН3),
4.64 (IH, d, J = 7.6 Hz, СЯОН), 3.80 (IH, br s, СНОЯ), 2.61 (IH, m, СЯС=0), 1.77 (3H, d, J =
6.3 Hz, 4J = 1.5 Hz, СН=СНСЯз), 2.00 -1.10 (ЮН, m, cyclohexane part). MS (CI) m/e: 183 ([M +
H]+, 1.5), 111 ([С 6 НцС=0]+, 28.0), 83 ([С 6 Нц] + , 38.9), 71 ([СН(ОН)СН=СН(СН3)]+, 100).
Exact Mass, caled, for СпН^Ог [M + HJ+ 183.13850; found: 183.13842.
l-cyclohexyl-2-hydroxy-3-methyl-pent-3-en-l-one(37)
Eluent hexane-ethyl acetate 7 : 1 (v/v). Overall yield 90 %. IR (neat film): υ 3600 - 3200 (OH),
2920 - 2850 (C-H), 1700 (C=0). lH NMR (100 MHz) δ ppm: 5.68 (IH, q, J = 6.8 Hz, =СЯСН3),
4.54 (IH, br s, СЯОН), 3.85 (IH, br s, СНОЯ), 2.52 (IH, m, СЯС=0), 1.63 (ЗН, d, J= 6.8 Hz,
=СНСЯз), 1.37 (ЗН, s, =ССЯ3). 1.90 - 0.90 (ЮН, m, cyclohexane part). MS (El) m/e: 196 ([Μ+],
99.8), 179 ([M- OH]+, 100), 111 ([СбНцС=0] + . 43.2), 85 ([CH3CH=CCH3CH(OH)]+, 90.7), 55
([СН3СН=ССН3]+, 19.3). Exact Mass, caled. forCi2H2o02 [M+] 196.14633; found: 196.14631.
2-hydroxy-4-methyl-l-(l-methylcyclohexyl)-pent-3-en-l-one(38)
Eluent hexane-ethyl acetate 4 : 1 (v/v). Overall yield 30 %. IR (neat film): υ 3700 - 3100 (OH),
3000 - 2820 (C-H), 1690 (C=0). ltì NMR (100 MHz) δ ppm: 5.02 (IH, d, J = 11.2 Hz,
(СНз)2С=СЯ), 4.93 (IH, dd, J = 11.2 and 4.9 Hz, СЯОН), 3.85 (IH, d, J = 4.9 Hz. СНОЯ), 1.77
and 1.70 (6H, 2 χ s, =С(СЯ 3 ) 2 ), 1.05 (ЗН, s, СбНю(СЯз)), 1.95 -1.00 (ЮН, m, cyclohexane part).
MS (CI) m/e: 211 ([M + H] + , 1.8), 193 ([M - OH]+, 9.8), 125 ([С 6 Ню (CH 3 )C=0]+, 14.0), 97
([C6Hio(CH3)]+, 99.5), 85 ([(CH3)2C=CHCH(OH)]+, 100), 55 ([(CH 3 ) 2 C=CH] + , 69.6). Exact
Mass, caled, for C i 3 H 2 2 0 2 [M + Н] + : 211.16981; found: 211.16964.
2-hydroxy-3-methyl-I-(l-methylcyclohexyl)-pent-3-en-l-one(39)
Eluent hexane-ethyl acetate 4 : 1 (v/v). Overall yield 95 %. IR (neat film): υ 3600 - 3200 (OH),
3050 - 2820 (C-H), 1685 (C=0). Ή NMR (100 MHz) δ ppm: 5.65 (IH, q, J = 5.7 Hz, С Н ^ С ^ ) ,
4.77 (IH, s, СЯОН), 3.92 (IH, br s, СНОЯ), 1.59 (ЗН, d, J = 5.7 Hz, СЯ3НС=С), 1.37 (ЗН, s,
СН 3 НС=ССЯ 3 ), 2.05 - 0.80 (ЮН, m, cyclohexane part). MS (CI) m/e: 211 ([M + H] + , 1.9), 193
([M - OH]+, 10.4), 125 ( [ C 6 H i o ( C H 3 ) C = 0 ]

+

, 13.3), 97 ( [ C 6 H i 0 ( C H 3 ) ] + , 100), 85
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([(СНз)гС=СНСН (OH)]+, 66.4), 55 ([(СНз)2С=СН]+, 38.0). Exact Mass. caled. f o r C i î ^ O î [M
+ H] + : 211.16981; found: 211.16943.
3,6-dimethyl-5-hydroxy-octa-2,6-dien-4-one(40)
Acyloin 40 was formed in 0 - 35 % yield, depending on the addition rale.
»H NMR (100 MHz) δ ppm: 5.82 (2H, q, J = 7.3, =СЯСН3), 4.55 (IH, á,J = 4.5, СНОН), 3.12
(IH, d, J = 4.5 Hz, СНОЯ), 1.81 (6H, s, =С(СО)СЯ3 and =С(СОН)С//3), 170 (6Н, d, J = 7.3,
=СНСЯ3).
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Approaches to the Total-Synthesis of Taxol

5.1 Introduction
This chapter describes the state of affairs in the approaches to the total-synthesis of laxol. First, the
synthesis of the required diene aldehydes and cyclohexane dialdehyde equivalents are presented.
Furthermore, the knowledge gained from the model reactions in chapter 4 will be applied in the
coupling reactions of appropriate diene and dienophile fragments with cyclohexane dialdehyde
equivalents, as required by the LHASA retrosynthetic analysis.
5.2 Synthesis of Diene Aldehydes
In scheme 5.1 two retrosyntheses for diene aldehyde 1 needed for the taxol synthesis, are shown
which were suggested by the LHASA program (§ 3.2.6).
Scheme 5.1: LHASA analysis of diene aldehyde 1
О

3

с
О.

H

(a) Enol elher formation, (b) Alkylation of carbanion. (c) Aldol condensation wiib elimination.

Although LHASA suggested succinaldehyde (5) as starting material, we used diethyl succinate (6)
because that is more stable.1 The isopropylidene group was introduced via a Stobbe condensation
followed by an acid catalyzed ester formation, affording compound 9 (Scheme 5.2).2 The methyl
group was introduced by a methylation using LDA and methyl iodide as the reagents.
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Scheme 5.2: Synthesis of diene aldehyde precursor 10
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The other synthesis suggested by LHASA started with commercially available diester 11, which
already contains a methyl group. Although several attempts were made, we were not able to
introduce the isopropylidene moiety using the Stobbe condensation (Scheme 5.3). With LDA as the
base, a mixture of lactones 12 and 13 was formed in 82 % yield.
Scheme 5.3: Formation of lactones 12 and 13
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When 1 equiv. of LDA was used, lactones 12 and 13 were formed in a ratio of 1 : 2. The amount of
13 was increased when HMPA was added to the reaction mixture. With 2 equiv. of LDA, lactone
12 was formed in excess. Formation of 13 from 11 proceeds via the thermodynamically most stable
enolate 14, whereas formation of 12 proceeds via the kinetically most stable enolate 15 (Scheme
5.4). When 2 equiv. of LDA were used, di-enolate 16 was formed, which reacted with acetone from
the less hindered side, resulting in formation of lactone 12 in excess.
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Scheme 5.4: Mono- and di-enolate formation

MeO

\ " ^

MeO.

OMe

14
Thermodynamically
most stable

OQ

1 equiv. LDA

MeO.

OMe

11

MeO
Ω

2 equiv. LDA

MeO

OMe

MeO.

OMe

θ

15
Kinetically
favored

OMe
О

OMe
Stcrically less hindered

In contrast with lactone 7, lactone 12 was stable and it did not react further to a diene as usually
happens in the Stobbe condensation. Eliminative ring opening is not possible for lactone 13 and for
lactone 12 the approach of the base is presumably sterically too much hindered (Figure 5.1). These
results illustrate that two seemingly equivalent routes given by the LHASA program can differ
considerably in practice.
Figure 5.1: Lactones 7 and 12
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H,C
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/
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Η
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М ОгС
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Compound 10 was used in the synthesis of several dienes and diene aldehyde precursors which
would enable the introduction of the hydroxyl group at the С]з position (Figure 4.1), after the
intramolecular Diels-Alder reaction. Scheme 5.5 outlines the synthesis of diene aldehyde precursor
20, and diene aldehydes 21 and 22.
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Scheme 5.5: Synthesis of the diene aldehyde precursor 20, and diene aldehydes 21 and 22
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Reduction of diene aldehyde precursor 10 with L1AIH4 afforded diol 17, which was oxidized to
dialdehyde 18. Unfortunately, treatment of dialdehyde 18 with ethylene glycol and TsOH, afforded
cyclic acetal 19 instead of acetal 20. It appeared, however, that acetal 19 was in equilibrium with
20. After heating acetal 19 at reflux with a catalytic amount of TsOH in dichloromethane, followed
by neutralization, diene aldehyde precursor 20 was isolated using flash chromatography, in 30 %
yield.
Treatment of dialdehyde 18 with acetic anhydride and Et3N/DMAP resulted in diene aldehyde 21,
which was formed in an £/Z-ratio of 4 : 1. Dialdehyde 18 afforded diene aldehyde 22 with LDA
and r-butyldimelhylsilyl chloride, in an £/Z-ratio of 5 : 1. The yields of these reactions leading to
enol derivatives are modest but they are not yet optimized.
The synthesis of diene aldehyde 28, without a substituent at the double bond, is depicted in scheme
5.6. Diene aldehyde 28 has the advantage that it is probably more stable than 20, 21, and 22.
Moreover, it can be synthesized in a straightforward manner on a multigram scale, starting with the
easily available ethyl acetoacctale (23). Ethyl acetoacetate (23) was converted into compound 24
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with acetic anhydride, acetone, and ZnCl2 as a catalyst. After a Grignard reaction with
methylmagnesium chloride, water was eliminated from alcohol 25. Reduction with L1AIH4
afforded alcohol 27, which was oxidized to diene aldehyde 28 using the a Swem oxidation.
Scheme 5.6: Synthesis of diene aldehyde 28
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5.3 Coupling of the Required Diene Aldehydes with the Ethoxyethyl-Protected Cyanohydrin
Derived from a Cyclohexane Dialdehyde
In the preceding chapter we demonstrated that cyclohexanecarboxaldehydes were successfully
coupled with α,β-unsaturated aldehydes via Umpolung of the cyclohexane aldehyde. In this section
this method is used for coupling of ethoxyethyl-protected cyanohydrins derived from a cyclohexane
dialdehyde with diene aldehyde precursor 20 and diene aldehydes 21,22, and 28.
5.3.1 Synthesis of Cyclohexane Dialdehyde Equivalent 32
The synthesis of ethoxyethyl-protected cyanohydrin 32 is outlined in scheme 5.7. The synthesis of
racemic diol 29 has already been given in scheme 4.2. Mono-protection of diol 29 with allyl
bromide at room temperature, afforded unprotected, mono- and di-protected product in a ratio of
1 : 2 : 1 , which reflects the statistical distribution. Fortunately, in a refluxing THF solution, the ratio
between mono- and di-protected product changed to 9 : 1. This favorable ratio-shift is at first sight
difficult to explain, as normally selectivity increases with decreasing temperature. However, after
protection of one of the hydroxyl groups with an allyl group, this allyl group may exert increased
steric hindrance, in refluxing THF, because of its fast rotation. At room temperature, the compound
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may preferably be in a conformation in which the allyl group will be directed away from the second
hydroxyl group. Protected product 30 was oxidized to aldehyde 31, using the Swem oxidation. This
aldehyde was converted into a cyanohydrin with sodium bisulfite and sodium cyanide, using
method A (Scheme 4.10). Protection with ethyl vinyl ether under acid catalysis, afforded the
ethoxyethyl-protected cyclohexane dialdehyde equivalent 32.
Scheme 5.7: Synthesis of cyclohexane dialdehyde equivalent 32
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5.3.2 Coupling with Tiglic Aldehyde
Scheme 5.8 gives the coupling reaction of cyclohexane dialdehyde equivalent 32 with tiglic
aldehyde. After formation of the anion, tiglic aldehyde was added slowly. Removal of the
ethoxyethyl ether of the cyanohydrin of coupled product 33 afforded acyloin 34, which was purified
by flash chromatography and isolated with an overall yield of 50 %.
Scheme 5.8: Coupling of cyclohexane dialdehyde equivalent 32 with tiglic aldehyde
HO NC OEE
H

НО
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5.3.3 Coupling with Diene Aldehyde Precursor 20 and Diene Aldehydes 21,22, and 28
After this successful coupling, the diene aldehyde precursor and diene aldehydes of scheme 3.4
were tested in a coupling reaction with cyclohexane dialdehyde equivalent 32 (Scheme 5.9).
Scheme 5.9: Coupling reactions of diene aldehyde precursor 20, and diene aldehydes 21, 22 and
28 with cyclohexane dialdehyde equivalent 32
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О

». Diene 22 is stable but no reaction
takes place

Diene 28 is stable but no reaction
takes place
The coupling reaction of cyclohexane dialdehyde equivalent 32 with diene aldehyde precursor 20,
resulted in a variety of products, in which the desired product was not present. The only compounds
that were isolated after work-up, were cyclic acetal 19 and starting compounds 20 and 32.
When diene aldehyde 21 was used in a coupling reaction with cyclohexane dialdehyde equivalent
32, also none of the desired coupled product was detected. In this case the acetate group of diene
aldehyde 21 was interfering.
Using diene aldehyde 22, containing the more stable r-butyldimethylsilyl enol protective group, no
reaction occurred. Diene aldehyde 22 remained unchanged under these reaction conditions and
work-up procedure.
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Finally, no reaction was observed between the anion of cyclohexane dialdehyde equivalent 32 and
the unsubstituted diene aldehyde 28. Diene aldehydes 22 and 28, are probably sterically more
hindered than tiglic aldehyde, as the latter gave a satisfactory coupling reaction with cyclohexane
dialdehyde equivalent 32 (Scheme 5.8).
The coupling reaction via Umpolung of one aldehyde function of the cyclohexane dialdehyde
equivalent and the aldehyde of the diene is an equilibrium (Scheme 5.10).3 For the coupling
reactions with diene aldehydes 22 and 28, the equilibrium is probably more shifted toward the
reactants than for the same reaction with the less bulky tiglic aldehyde.
Scheme 5.10: Equilibrium of coupling reaction is shifted toward the reactants
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To shift the equilibrium toward the product, we tried to trap intermediate 35 with trimethylsilyl
chloride (Scheme 5.11). By doing so, compound 36 was isolated in a maximum yield of 24 %. This
result is promising, but we were not able to improve this yield.
Scheme 5.11: Trapping of product 35 with trimethylsilyl chloride
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5.4 "Reversed" Acyloin Unit
Since coupling of ethoxyelhyl-protected cyclohexane dialdehyde equivalent 32 was not successful
{vide supra), the synthesis of the reversed taxol acyloin via Umpolung of the diene aldehyde was
considered.
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From structure-activity relation studies it is known that the position of the hydroxyl and carbonyl
function in the acyloin unit has only little influence on the biological activity of taxol4 (§ 1.4).
Furthermore, it is possible to transform the "reversed" acyloin unit into the taxol acyloin via
reduction of the Сю carbonyl, followed by oxidation of the C9 hydroxyl group.5
5.4.1 Model Reactions
It is known from the literature that α,β-unsaturated ethoxyethyl-protected cyanohydrins can react
via the a- as well as the γ-position (Scheme 5.12). 3b · 6 The "reversed" coupling was studied by
performing some model reactions of ethoxyethyl-protected cyanohydrins of α,β-unsaturated
aldehydes and some simple aldehydes to find out whether selective α-attack will occur. Table 5.1
shows the results of this study. Cyanohydrin ethers 37 and 38 were prepared as described in scheme
4.10, using method B. For all examples given in table S.l, only products derived from α-attack
were obtained.
Table 5.1: Acyloins 39-42 derived from ethoxyethyl-protected cyanohydrins 37 and 38 and
saturated aldehydes (the "reversed" coupling).
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Scheme 5.12: a- versus γ-attack
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5.4.2 Umpolung via an Ethoxyethyl-Protected Cyanohydrin
Since the coupling reactions with the model compounds were successful we next performed this
reaction with cyclohexane dialdehyde equivalent 31 and diene precursor 44 (Scheme 5.13).
Scheme 5.13: Coupling of diene precursor 44 with cyclohexane dialdehyde equivalent 31
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From the equilibrium mixture of 19 and 20, trimethylsilyl-protected cyanohydrin 43 was trapped by
adding trimethylsilyl cyanide and a catalytic amount of zinc iodide. Removal of the trimethylsilyl
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group, followed by protection with ethyl vinyl ether, afforded ethoxyethyl-protected cyanohydrin
44. The yield (17 %) of the coupling reaction of 4 4 and 31 was very modest. Again, steric
hindrance and the fact that the coupling reaction is in fact an equilibrium which is at the side of the
starting materials, could be the reason for the disappointing yield.
Scheme 5.14 outlines the coupling between ethoxyethyl-protected cyanohydrin 47 and cyclohexane
dialdehyde equivalent 3 1 . Ethoxyethyl-protected cyanohydrin 47 of diene aldehyde 28 was
synthesized using method В (Scheme 4.10), with an overall yield of 69 %. Also the coupling of
ethoxyethyl-protected cyanohydrin 47 with cyclohexane dialdehyde equivalent 31 was not
satisfactory. Product 48 was formed with a yield of 20 %.
Scheme 5.14: Coupling of ethoxyethyl-protected cyanohydrin 47 with cyclohexane dialdehyde
equivalent 31
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5.4.3 Umpolung via a Trimethylsilyl-Protected Cyanohydrin
From the literature it is known that the anion of a trimethyl silyl-protected cyanohydrin of an α,βunsaturated aldehyde reacts with a saturated aldehyde in a high yield because of a 1,4-0,0-siIyl
shift and subsequent formation of an α,β-unsaturated ketone moiety. 8 Consequently, we tried to
synthesize the reversed acyloin function, as is depicted in scheme 5.15. Reaction of the anion of 46
with aldehyde 31 afforded, after purification by flash chromatography, trimethylsilyl-protected
acyloin 51 in 65 % yield. The trimeihylsilyl group was removed using TBAF, which gave acyloin
48 in 96 % yield.
Compound 48 can be used to synthesize taxane synthon 55 (Scheme 5.16). Compound 55 contains
a diene part and an aldehyde which allows the introduction of a variety of dienophiles.
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Scheme 5.15: Equilibrium-shtfl towards the product caused by a trimethylsilyl shift
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Scheme 5.16: Synthesis oftaxane synthon 55
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After removal of the allyl group, the carbonyl at the С ю position was reduced with NaBtfy,
yielding triol 53. Reduction of the carbonyl moiety at С ю was carried out in order to obtain a more
electron rich, i.e. more reactive diene, for the planned Diels-Alder reaction. In addition, structureactivity relationship studies have shown that a diol moiety at C9-C10 in stead of the acyloin unit
4

which is present in taxol has only minor influence on the biological activity. Furthermore, the C95

C10 diol unit can be transferred into the taxol acyloin moiety. To discriminate between the
hydroxyl functions at C9, С ю and at C2, the former two were protected as an isopropylidene ketal
by reaction with dimethoxypropane, after which the primary hydroxyl group at the C2 position of
compound 54 was oxidized to an aldehyde using the Swern oxidation, affording taxane synthon 55.
5.5 Introduction of the Dienophile prior to the Diene Part
Another approach to the intramolecular Diels-Alder reaction, is first introduction of the dienophile
unit followed by introduction of the diene moiety (Scheme 3.14, route II). Parallel with the
approach described in § 5.4, the synthetic plan of scheme 5.17 was carried out. The first step was
dcallylation of the hydroxyl group of cyclohexane dialdehyde equivalent 32 from scheme 5.7.
Scheme 5.17: Synthetic plan for the synthesis of compound 58

OH
58
The removal of the allyl protective group was tried in several ways (Scheme 5.18). Deprotection
with Pd(OAc)2, РРпз, TEAF under standard conditions 9 was not successful. After refluxing the
reaction mixture for one hour, cyclohexane dialdehyde equivalent 32 was completely recovered.
More harsh reaction conditions, e.g. refluxing for one night or the addition of extra Pd(OAc)2.
P(Ph)3, and/or TEAF, did not result in removal of ihc allyl moiety. To study the removal of the allyl
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moiety in more detail we used compound 30 instead of cyanohydrin ether 32 (Scheme 5.19). Using
standard conditions the hydroxyl functionality was deprotected within 30 minutes. Addition of 0.1
equiv. of sodium cyanide slowed down the deprotection considerably. These results suggest that, at
least in part, the removal of the allyl group may be hampered by cyanide ions. It could be that the
palladium catalyst is poisoned by cyanide ions. The cyanide ions may have been formed from small
amounts of unprotected cyanohydrin, still present in the ethoxyethyl-protected cyanohydrin.
Furthermore, cyanide ions may be formed by partial hydrolysis during storage of the protected
cyanohydrin.
Scheme 5.18: Deallylation of cyclohexane dialdehyde equivalent 32
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1

Standard"

Ar atmosphere/» 0.01 equiv. Pd(OAc)2
Ar atmosphere/» 0.04 equiv. PPh.3
Ar atmosphere/» 3 equiv. TEAF
Ar atmosphere/80 % aq. EtOH
Standard conditions: 0.01 equiv. Pd(OAc)2/0.04 equiv. РРгц/Э equiv. TEAF/80 % aq. CH3CNM.
Scheme 5.19: Deallylation of compound 30
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Since removal of the allyl protecting group of compound 32 was not successful, the synthetic plan
shown in scheme 5.17 was modified (Scheme 5.20). Aldehyde 31 was used in a Baylis-Hillman10
reaction with acrylonitrile (§ 4.3). This Baylis-Hillman reaction had to be carried out at 8 kbar,
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because at higher pressures polymerization of acrylonitrile became a major reaction. After
protection of the secondary hydroxyl group of compound 59 with ethyl vinyl ether, the primary
hydroxyl group was deprotected. In this case, removal of the ally] group caused no problem at all.
Subsequently, a Swern oxidation afforded cyclohexane dialdehyde equivalent 62 in good yield.
Scheme 5.20: Synthesis of cyclohexane dialdehyde equivalent 62

5.6 Discussion and Conclusion
In this chapter the synthesis of taxane synthons 55 and 62 was described. The diene part of synthon
55 was introduced via coupling of trimethylsilyl-protected cyanohydrin 46 and cyclohexane
dialdehyde equivalent 31 (Scheme 5.15). Synthon 55 can now be further elaborated by introducing
various dienophilic units, e.g. reaction with vinyl or acetylene organometallic reagents, or the
Baylis-Hillman reaction. As synthon 55 was obtained at the end of this study in small amounts only
a few preliminary experiments could be carried out regarding its application. The Baylis-Hillman
failed due to the low concentration of the reactants. Generally, the Baylis-Hillman reaction is only
successful when high concentrations (often no solvent is used) of reactants are applied (see also
chapter 7). The plan for the synthesis of target molecule 65 is outlined in scheme 5.21. After
introduction of the dicnophile unit via a Baylis-Hillman reaction, compound 63 can give an
intramolecular Diels-Alder reaction. After selective deprotection of the hydroxyl groups at the C9C10 position, the taxol acyloin unit can be introduced. This can be achieved via selective acylation
of the Сю hydroxyl, followed by oxidation of the C9 hydroxyl group.5 The final step is a
transformation of the nitrile group at the Ci position into a hydroxyl group.
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Scheme 5.21: Synthetic plan for the synthesis of target molecule 65 from taxane synthon 55
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The dienophile unit of synthon 62 was introduced by a Baylis-Hillman reaction between
acrylonitrile and cyclohexane dialdehyde equivalent 31 (Scheme 5.20). Synthon 62 may be used in
a "reversed" coupling with trimethylsilyl-protected cyanohydrin 46 as depicted in scheme 5.22.
However, Michael addition of the anion of compound 46 to the acrylonitrile moiety may be
competing with this coupling. This problem may be solved by protection of the acrylonitrile moiety
via a Diels-Alder reaction with a diene (e.g. cyclopentadiene). After reduction of the carbonyl
group at the Сю position of compound 66, synthesis of target molecule 65 is planned, as described
above (Scheme 5.21).
Scheme 5.22: Synthetic plan for the synthesis of target molecule 66 from taxane synthon 62
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OH
65
Using diene aldehyde 22 from scheme 5.5, a taxane skeleton can be synthesized having a hydroxyl
function at the Сіэ position. Another way to introduce the C13 hydroxyl group is selective oxidation
of the ally lie position at C13 with Se02/PCC, followed by stereoselective reduction at the C13
position. 1 1 In this way, the synthesis of taxane derivatives becomes accessible with functional
groups at the Ci. C2, C9, Сю and the C13 position. Taking this in account, the Diels-Alder strategy
towards the total-synthesis of taxol and functionalized taxane derivatives seems very promising.
5.7 Experimental
Gas liquid chromatography (GLC) analysis was carried out with a Hewlett Packard 5890 Series II
using a HP1 (cross-linked methyl silicone gum) column with a column length 25 m, a column ID of
0.32 mm, a film thickness of 0.17 micron, and a phase ratio of 450. The infrared (IR) spectra were
taken on a Perkin Elmer 298 spectrophotometer. 'H NMR spectra were recorded on a Bruker AC100, or a Bruker AM-400 spectrometer. Chemical shifts are reported in ppm relative to
tetramethylsilane as intern standard and CDCI3 as solvent. Mass spectra (MS) were obtained using
a VG 7070E double focusing spectrometer. Thin layer chromatography (TLC) was carried out on
Merck precoated silica gel 60 F254 plates (0.25 mm). Spots were visualized with UV or a 6.2 %
H2SO4 aqueous solution (1 L) containing ammonium molybdate (42 g) and eerie ammonium
sulfate (3.6 g) followed by charring. For flash chromatography Merck Kieselgel 60 Η was used.
Unless otherwise staled, materials were obtained from commercial sources and used without further
purification. All solvents were dried and distilled according to standard procedures. The high
pressure equipment used in this experiments has been described previously.12
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ethyl 2-isopropylidene-succinate (8)
A refluxing suspension of KO'Bu (33.6 g, 0.30 mol) in anhydrous /-butyl alcohol (275 mL) was
treated with a solution of diethyl succinate (6) (SO g, 0.29 mol) in acetone (17 g, 0.29 mol). After
refluxing for 3 h, the solvent was partly concentrated under reduced pressure. The residue was
acidified with an aqueous solution of HCl (2N). The remaining solvent was removed under reduced
pressure. After extraction with diethyl ether (2 χ 100 mL), the combined organic layers were
washed with water and extracted with an aqueous solution of ЫаНСОз (3 χ 100 mL, 10 %). The
combined aqueous NaHC03 layers were acidified with an aqueous solution of HCl (30 %) and
extracted with diethyl ether (3 χ 100 mL). The combined organic layers were washed with brine
(100 mL), dried over anhydrous Na2S04,filtered,and concentrated under reduced pressure. This
yielded 51 g (95 %) of the crude product 8. ·Η NMR (100 MHz) δ ppm: 7.55 (IH, br s,
СНгСООЯ), 4.18 (2H, q, J = 7.1 Hz, ОСЯ2СН3), 3.40 (2H, s, СЯ2СООН), 2.11 and 1.86 (6 H, 2 χ
s, =С(СЯз)2), 1.28 (3H, t, J = 7.1 Hz, ОСН2СЯ3).
diethyl 2-isopropylidene-succinate (9)
Crude ethyl 2-isopropylidene-succinate (8) (40 g, 0.22 mol) was dissolved in ethanol (150 mL) and
H2SO4 (2 mL) was added. The reaction mixture was heated under reflux for 15 h. After
neutralization with an aqueous solution of NaOH (10 N) and removal of the ethanol under reduced
pressure, water (100 mL) was added. The reaction mixture was extracted with diethyl ether (3 χ 50
mL) and the organic phase was dried over anhydrous MgSC>4, filtered, and concentrated under
reduced pressure. The product was purified by fractional distillation (103 °C, 4 mmHg). This
yielded 47 g (96 % from 6) of product 9. ІН NMR (100 MHz) δ ppm: 4.16 and 4.12 (4H, 2 χ q, J =
7.1 Hz, 2 χ ОСЯ2СН3), 3.35 (2H, s, СЯгСОгЕО, 2.15 and 1.87 (6 H, 2 χ s, =С(СЯз)г), 1.24 and
1.22 (6H, t χ t, J = 7.1 Hz, 2 χ ОСН2СЯ3).
diethyl 2-isopropylidene-3-methyl-succinate (10)
A solution of LDA was prepared, under argon, in the usual way13 from diisopropylamine (21.1 mL,
0.15 mol) in anhydrous THF (200 mL) and и-BuLi in hexane (2.5 M, 60 mL, 0.15 mol). After
cooling to - 78 °C, diethyl 2-isopropylidene-succinate (9) (30 g, 0.14 mol), dissolved in anhydrous
THF (25 mL), was gradually added. After 15 min, methyl iodide (21.3 g, 0.15 mol), dissolved in
anhydrous THF (25 mL), was gradually added. The reaction mixture was kept for 30 min at - 78 °C
and then it was allowed to warm up to room temperature, whereupon the solvent was removed
under reduced pressure. Water (200 mL) was added and the mixture was acidified with an aqueous
solution of HCl (2 Ν). The reaction mixture was extracted with dichloromethane (3 χ 50 mL). The
organic layer was dried over anhydrous Na2SC>4, filtered, and concentrated under reduced pressure.
Fractional distillation (75 °C, 0.4 mmHg) yielded 31 g (97 %) of product 10. Ή NMR (100 MHz) δ
ppm: 4.16 and 4.12 (4H, 2 χ q, J = 7.1 Hz, 2 χ ОСЯ2СН3), 3.57 (IH, q, 7 = 7.1 Hz, СЯСН3), 2.08
and 1.89 (6 H, 2 χ s, =С(СЯ3)2), 1.36 (3H, t, 7= 7.1 Hz, СНСЯ3), 1.26 and 1.22 (6H, 2 χ t, 7 = 7.1
Hz, 2 χ ОСН2СЯ3).
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methyl 2,2,4-trimethyl-5-oxo-tetrahydrofuran-3-carboxylate (12) and methyl 2,2,3-trimethyl-Soxo-tetrahydrofuran-3'Carboxylate(13)
A solution of LDA was prepared, under argon, in the usual way 13 from diisopropylamine (14.1 mL,
100 mmol) in anhydrous THF (300 mL) and л-BuLi in hexane (2.5 M, 40 mL, 100 mmol). After
cooling to - 78 °C, diethyl methylsuccinate (11) (16 g, 100 mmol), dissolved in anhydrous THF (23
mL), was gradually added. After 15 min, acetone (5.8 g, 100 mmol), dissolved in anhydrous THF
(25 mL), was gradually added. The reaction mixture was kept for 15 min at - 78 °C and then it was
allowed to warm up to room temperature, whereupon the solvent was removed under reduced
pressure. Water (200 mL) was added and the mixture was acidified with an aqueous solution of HCl
(2 Ν). The reaction mixture was extracted with dichloromethane (3 χ 50 mL). The organic layer
was dried over anhydrous Na2S04, filtered, and concentrated under reduced pressure. Flash
chromatography (hexane - ethyl acetate, 4 : 1 v/v) yielded 5 g (27 %) of product 12 and 10 g (55 %)
of product 13. When HMPA (50 mL) was added to the reaction mixture: (12 : 13 = 1 : 4). When 2
equiv. of LDA were used: (12 :13 = 2 : 1).
(12): Ή NMR (90 MHz) δ ppm: 3.75 (3H, s, ОСЯ3), 3.43 - 3.02 (IH, m, СЯСН3), 2.80 (IH. d, J =
12 Hz, СЖЮ2Ме), 1.60 and 1.30 (6H, 2 χ s, С(СЯ3)2), 1.33 (3H, d. J = 7.5 Hz, СНСЯ3).
(13): !Н NMR (90 MHz) δ ppm: 3.71 (3H, s, OCHj), 3.26 and 2.38 (2H, AB, J = 17.7 Hz, СЯ 2 ),
1.49 (3H, s, С(С//3)С02Ме), 1.40 and 1.37 (6H, 2 χ s, С(СЯз)г).
2-isopropylidene-3-methyl-butane-l,4-dwl(17)
A mechanically stirred suspension of LÌAIH4 (6.8 g, 0.18 mol) in anhydrous diethyl ether (400 mL)
was brought in a nitrogen atmosphere and cooled to 0 °C. A solution of diethyl 2-isopropylidene-3methyl-succinate (10) (25 g, 0.11 mol) in anhydrous diethyl ether (75 mL) was gradually added.
The reaction mixture was allowed to warm up to room temperature and was heated under reflux for
1 h. After cooling to 0 °C, water (20 mL), an aqueous solution of NaOH (10 %, 20 mL), and water
(20 mL) were added successively. The reaction mixture was filtered over hyflo and the organic
layer was washed with brine (100 mL), dried over anhydrous MgSC>4, filtered, and concentrated
under reduced pressure. Flash chromatography (chloroform - methanol, 95 : 5 v/v) yielded 15 g (95
%) of product 17. IR (neat film): υ 3600 - 3040 (OH), 2940 - 2910 (C-H), 1650 (C=C). Ή NMR
(100 MHz) δ ppm: 4.28 and 4.00 (2H, AB. J = 11.4 Hz, =CC//2OH), 3.60 (2H, d, J= 6.9 Hz,
С(СН 3 )СЯ 2 ОН), 3.03 (IH, sextet, J = 6.9 Hz, Ctf(CH3)CH2), 2.80 (2H, br s, 2 χ OH), 1.84 and
1.76 (6H, 2 χ s, =C(C//3)2), 0.92 (3H, d, J = 6.9 Hz, СНСЯ3). MS (El) m/e: 144 ([M]+, 13.4), 126
([M - H 2 0]+, 1.9), 113 ([НОСН2СНСН3С=С(СНз)2]+, 95.0 ([H2C=C(CH3)C=C(CH3)2]+, 100),
85 (fHOCH 2 C=C(CH 3 )] + , 21.1), 55 ([CH 3 CH=CCH 3 ] + , 1.0). Exact Mass, caled, for C 8 H i 6 0 2
[M]+: 144.11503; found: 144.11534.
2-isopropylidene-3-methyI-bufarte-1,4-dial (18)
A solution of oxalyl chloride (16.1 g, 0.13 mol) in anhydrous dichloromethane (300 mL) was
brought in a nitrogen atmosphere and cooled to - 78 °C. DMSO (20.3 g, 0.26 mol), dissolved in
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anhydrous dichloromethane (30 mL), was gradually added. After stirring for 5 min, 2isopropylidene-3-methyl-butane-l,4-diol (17) (7.5 g, 52.1 mmol) dissolved in anhydrous
dichloromethane (30 mL), was gradually added. The reaction mixture was stirred for 15 min and
triethylamine (75 mL) was added. After the mixture was allowed to warm up to room temperature,
it was washed with an aqueous solution of HCl (2N, 50 mL). The aqueous layer was extracted with
dichloromethane (2 χ 50 mL) and the combined organic layers were washed with a saturated
aqueous solution of NaHCC«3 (50 mL), dried over anhydrous Na2S04, filtered, and concentrated
under reduced pressure. This yielded 7.1 g (97 %) of the nearly pure product 18. GLC analysis
showed a purity of > 97 %. The product had to be stored at - 20 °C as it polymerizes at room
temperature. IR (neat film): υ 3025 - 2750 (C-H), 1720 (C=0). lH NMR (100 MHz) δ ppm: 10.07
(IH, s, =ССЯО), 9.61 (IH, s, СН(СН3)СЯО), 3.37 (IH, q, J = 7.1 Hz, СЯСН3), 2.30 and 2.00 (6
H, 2 χ s, =С(СЯ 3 ) 2 ), 1.24 (3H, d, J = 7.1 Hz, СНСЯ3). MS (EI) m/e: 140 ([M]+, 5.8), 125 ([M CH 3 ] + , 13.8]), 83 ([(СНз)2С=ССНО]+, 12.3).
7-isopropylidene-8-methyl-2,5,9-trioxa-bicyclo[4.2.1]nonane (19) and 2-(l-[I,3]dioxolan-2-ylethyl)-3-methyl-but-2-enal (20)
A solution of 2-isopropylidene-3-methyl-butane-l,4-dial (18) (6.86 g, 50 mmol), ethylene glycol
(3.1 g, 50 mmol) and a catalytic amount of TsOH in anhydrous dichloromethane (50 mL), was
heated under reflux over night. The reaction mixture was washed with a saturated aqueous solution
of NaHCOs (25 mL), dried over anhydrous Na2SC<4, filtered, and concentrated under reduced
pressure. Products 19 and 20 were formed in a ratio of 1 : 1 according to GLC analysis. (At room
temperature acetal 19 was formed in excess). Flash chromatography (chloroform) of the mixture
yielded 4.0 g (44 %) of acetal 19 and 2.8 g (30 %) of product 20.
19: ІН NMR (100 MHz) δ ppm: 5.90 (IH, s, ОСЯ(0)С=С(СН3)2), 5.09 (IH, s, ОСЯ(О)СНСНз),
4.06 - 3.41 (4Н, m, ОСЯ 2 СЯ 2 0), 2.68 (IH, q, J = 7.22 Hz, СЯСН3), 1.69 (6H, s, =С(СН3)2), 0.95
(ЗН, d, 7 = 7.22 Hz, СНСЯ3).
20: lH NMR (100 MHz) δ ppm: 10.12 (IH, d, 4 7 = 1.65 Hz, СЯО), 5.28 (IH, d. J = 7.46 Hz,
ОСЯО), 4.04 - 3.72 (4H, m, ОСНгСН20), 2.86 (IH, dp, J = 7.12,7.46 and 4 7 = 1.65 Hz, СЯСН3),
2.22 and 2.02 (6H, 2 χ s, =С(СЯ 3 ) 2 ), 1.21 (3H, d, 7 = 7.12 Hz, СНСЯ3).
4-acetoxy-2-isopropylidene-3-methyl-but-3-enal(21)
A solution of 2-isopropylidene-3-methyl-butane-l,4-dial (18) (0.5 g, 3.4 mmol) in anhydrous THF
(30 mL), was gradually added to a stirred mixture of triethylamine (0.97 mL, 6.9 mmol), DMAP
(42 mg, 0.34 mmol), acetic anhydride (1.04 g, 10.2 mmol) in anhydrous THF (30 mL). After
refluxing for 2 days, diethyl ether (75 mL) was added and the reaction mixture was neutralized with
an aqueous solution of HCl (0.1 Ν). The reaction mixture was washed with a saturated aqueous
solution of NaHC03 (25 mL), dried over anhydrous MgSC>4, filtered, and concentrated under
reduced pressure. Flash chromatography (hexane - ethyl acetate, 3 : 1 v/v) yielded 167 mg (27 %)
of product 21. The E- and Z-isomer were separated (E/Z-taúo 4 : 1). lH NMR (100 MHz, £-isomer)
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4

8 ppm: 10.02 (IH, s, CHO), 6.77 (IH, q, J = 1.5 Hz, AcOC(tf)=C(CH3), 2.17 (3H. s, OC//3), 2.10
4
and 1.91 (3H, 2 χ s, =С(СЯ3)2), 1.69 (3H, d, J = 1.5 Hz, АсОС(Н)=С(СЯ3). >H NMR (100 MHz,
4
Z-isomer) δ ppm: 9.99 (IH, s. C//0), 7.06 (IH, q, J = 1.4 Hz, AcOC(tf)=C(CH3), 2.17 (3H. s.
4
OC/73), 2.10 and 1.91 (3H, 2 χ s. =С(СЯ3)2), 1.69 (3H, d, J = 1.4 Hz, AcOC(H)=C(C//3). MS (EI)
+
m/e: 182 ([M]+, 2.1), 140 ([M] of 18, 69.0), 125 «M - CH3]+ of 18, 82.5]), 83
+
([(CH3)2C=CCHO]+, 4.9), 43 ([C(0)CH3]+, 100). Exact Mass, caled, for C i 0 H i 4 O 3 [M] :
182.09429; found: 182.09430.
4-t-butyldimethylsiloxy-2-isopropylidene-3-methyl-but-3-enal(22)
13

A solution of LDA was prepared, under argon, in the usual way from diisopropylamine (1.55 mL,
11 mmol) in anhydrous THF (30 mL) and n-BuLi in hexane (2.5 M, 4.4 mL, 11 mmol). After
cooling to - 78 °C, 2-isopropylidene-3-methyl-butane-l,4-dial (18) (1.4 g, 10 mmol), dissolved in
anhydrous THF (15 mL), was gradually added. After 15 min, f-butyldimethylsilyl chloride (3.0 g,
20 mmol), dissolved in anhydrous THF (15 mL), was gradually added. The reaction mixture was
kept for 1 h at - 78 °C and then it was allowed to warm up to room temperature, whereupon most of
the solvent was removed under reduced pressure. Water (25 mL) was added and the mixture was
neutralized with an aqueous solution of citric acid (20 %). The reaction mixture was extracted with
dichloromethane (3 χ 25 mL). The organic layer was dried over anhydrous Na2SC>4. filtered, and
concentrated under reduced pressure. Flash chromatography (hexane - ethyl acetate, 7 : 1 v/v)
yielded 27.9 mg (11 %) of product 22. The E- and Z-isomer were separated (E/Z-ralio 5 : 1). Ή
NMR (100 MHz, £-isomer) δ ppm: 10.04 (IH, s, =CC//0), 6.22 (IH, q, 4У = 1.7 Hz.
tBuMe2SiOC//=C), 2.21 and 1.90 (6 H, 2 χ s, =C(C//3)2), 1.61 (3H, d, *J = 1.7 Hz, СН=ССЯ3),
0.83 (9H, s, SiC(Œ 3 ) 3 ), 0.05 (3H, s, Si(Cff3)2). Ή NMR (100 MHz, Z-isomer) δ ppm: 10.06 (IH,
s, =ССЯО), 5.73 (IH, q, 4 7 = 1.5 Hz, iBuMe2SiOC#=C), 2.20 and 1.95 (6 H, 2 χ s, =С(СЯ3)2),
1.66 (3H, d. 4J = 1.5 Hz, СН=ССЯ3), 0.93 (9H, s, SiC(Ctf3)3), 0.13 (3H, s, Si(Œ 3 ) 2 ). MS (El)
m/e: 254 ([M]+, 7.2), 239 ([M - CH3]+, 7.4), 197 ([M - C(CH3)3]+, 71.1), 123 ([M - OSilBuMe2]+,
33.4), 75 ([HO=Si(CH3)2]+, 100). 57 ([C(CH3)3]+, 3.9). Exact Mass, caled, for Ci 4 H 26 0 2 Si [M]+:
254.17021; found: 254.17026.
ethyl 2-acetyl-3-methyl-but-2-enoate (24)
Ethyl acctoacetate (23) (130 g, 1 mol) was added to a stirred mixture of acetone (87 g, 1.5 mol),
acetic anhydride (127.5 g, 1.25 mol), and ZnCl2 (20 g. 0.15 mol). After refluxing for 3 days, diethyl
ether (200 mL) was added. The reaction mixture was washed with water (2 χ 300 mL). The organic
layer was washed with brine (100 mL), dried over anhydrous MgS04, filtered, and concentrated
under reduced pressure. The product was purified by fractional distillation (65 °C, 1.5 mmHg). This
yielded 65 g (38 %) of product 24. IR (neat film): υ 3100 - 2760 (C-H), 1700 (C=0), 1625 (C=C).
!H NMR (100 MHz) δ ppm: 4.24 (2H. q. J = 7.1 Hz. OC//2CH3), 2.29 (3H, s. С(0)СЯ3). 2.10 and
1.95 (6H, 2 χ s, =С(СЯ3)2), 1.30 (3H, t. J = 7.1 Hz, OCH2Ctf3).
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ethyl 2-(l-hydroxy-l-methyl-ethyl)-3-methyl-but-2-enoate (25)
A stirred solution of ethyl 2-acetyl-3-methyl-but-2-enoate (24) (20 g, 117 mmol) in anhydrous
diethyl ether (50 mL) was brought in a nitrogen atmosphere and cooled to 0 °C. A solution of
methylmagnesium chloride (49 mL, 22 % solution in THF, 140 mmol) in anhydrous diethyl ether
(200 mL) was gradually added. The reaction mixture was allowed to warm up to room temperature
and stirred for 1 h. After the reaction mixture was poured on to ice, the organic layer was washed
with an aqueous solution of acetic acid (1 N, 100 mL), brine (50 mL), dried over anhydrous
MgS04,filtered,and concentrated under reduced pressure. This yielded 18.8 g (86 %) of the crude
product 25. GLC analysis showed a purity of 90 %. IR (neat film): υ 3700 - 3200 (OH), 3050 2800 (C-H), 1700 (C=0), 1635 (C=C). ·Η NMR (100 MHz) δ ppm: 4.17 (2Η, q, J = 7.1 Hz,
OCW2CH3), 1.89 and 1.66 (6H, 2 χ s, =С(СЯ3)2). 1-43 (6Н, s, СОН(СЯз)г). 1.27 (ЗН, t, J = 7.1
Hz, ОСН2СЯ3)·
ethyl 2-isopropylidene-3-methyl-but-3-enoate (26)
A stirred solution of crude ethyl 2-(l-hydroxy-l-raethyl-ethyl)-3-methyl-but-2-enoate (25) (18.8 g,
101 mmol) in anhydrous dichloromethane (100 mL) was cooled to 0 °C. A solution of thionyl
chloride (29.8 g, 250 mmol) in anhydrous dichloromethane (50 mL) was gradually added, followed
by slow addition of triethylamine (25 g, 250 mmol). The reaction was followed by GLC. When the
reaction was completed, the reaction mixture was washed with an aqueous solution of citric acid
(50 mL, 20 %), brine (50 mL), dried over anhydrous MgSC>4, filtered, and concentrated under
reduced pressure. The product was purified by fractional distillation (71 °C, 16 mmHg). This
yielded 9.5 g (48 % from 25) of product 26. IR (neatfilm):υ 3100 - 2720 (C-H), 1705 (C=0), 1625
(C=C). !H NMR (100 MHz) δ ppm: 5.03 and 4.70 (2H, 2 χ m, =СЯ2), 4.12 (2H, q, J = 7.1 Hz,
ОСЯ2СН3), 1.94 (ЗН. s, Н2С=ССЯ3). 1.77 and 1.76 (6Н, 2 χ s, =С(СЯз)2). 1.21 (ЗН, t, У = 7.1
Hz, ОСН2СЯ3)· MS (EI) m/e: 168 ([M]+, 5.7), 139 ([M - Et]+, 2.6]), 123 ([(M - OEt]+, 3.0), 95 ([M
- C02Et]+, 5.0).
2-isopropylidene'3-methyl-but-3-en-l-ol(27)
A suspension of L1AIH4 (8.4 g, 0.22 mol) in anhydrous diethyl ether (500 mL) was brought in a
nitrogen atmosphere and at a temperature of 0 "C. A solution of ethyl 2-isopropylidenc-3-methylbut-3-enoate (26) (18.5 g, 0.11 mol) in anhydrous diethyl ether (30 mL) was gradually added. The
reaction mixture was allowed to warm up to room temperature and was heated under reflux for 30
min. After cooling to 0 °C, water (30 mL) followed by an aqueous solution of NaOH (10 %, 30 mL)
and water (30 mL) were added. The reaction mixture was filtered over hyflo and the organic layer
was washed with brine (100 mL), dried over anhydrous MgS04,filtered,and concentrated under
reduced pressure. This yielded 12.8 g (92 %) of the nearly pure product 27. GLC analysis showed a
purity of > 97 %. IR (neat film): υ 3650 - 3050 (OH), 3010 - 2750 (C-H), 1625 (C=C). lH NMR
(100 MHz) δ ppm: 4.95 and 4.61 (2H, 2 χ m, =Ctf2). 4.06 (2H, s, СЯ2ОН), 2.26 (IH. br s,
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СН2ОЯ), 1.74 (3H, s, Н2С=ССЯ3), 168 and 1.63 (6H, 2 χ s, =С(СЯ 3 ) 2 ). MS (CI) m/e: 127 ([M +
H]+, 4.4), 109 ([M - OH]+, 19.5]). 95 ([(M - СН2ОН]+, 16.5).
2-isopropylidene-3-methyl-but-3-enaI(28)
A solution of oxalyl chloride (14.1 g. 111 mmol) in anhydrous dichloromethane (150 mL) was
brought in a nitrogen atmosphere and cooled to - 78 °C. DMSO (17.3 g, 222 mmol), dissolved in
anhydrous dichloromethane (50 mL), was gradually added. After stirring for 5 min 2isopropylidene-3-methyl-but-3-en-l-ol

(27) (9.3 g, 74 mmol), dissolved in anhydrous

dichloromethane (50 mL), was gradually added. The reaction mixture was stirred for 15 min and
triethylamine (65 mL) was added. After the mixture was allowed to warm up to room temperature,
it was washed with an aqueous solution of HCl (IN, 2 χ 75 mL). The aqueous layer was extracted
with dichloromethane (2 χ 25 mL) and the combined organic layers were washed with a saturated
aqueous solution of NaHC0 3 (50 mL), dried over anhydrous Na2S04, filtered, and concentrated
under reduced pressure. This yielded 7.5 g (82 %) of the nearly pure product 28. GLC analysis
showed a purity of > 96 %. IR (neat film): υ 3060 - 2735 (C-H), 1660 (C=0), 1615 (C=C). *H
NMR (100 MHz) δ ppm: 10.07 (IH, s, =ССЯО), 5.20 and 4.67 (2H, 2 χ m, =CH2), 2.22 and 1.97
(6 H, 2 χ s, =С(СЯ 3 ) 2 ), 1.81 (ЗН, s, Н 2 С=ССЯ 3 ). MS (CI) m/e: 125 ([M + H]+, 63.2), 109 ([M СН3]+, 57.4]), 95 ([(M - СНО]+, 40.4). Exact Mass, caled, for CgH^O [M]+: 124.08882; found:
124.08854.
(2-allyloxymethyl-cyclohexyl)-methanol(30)
(2-Hydroxymethyl-cyclohexyl)-mcthanol (29) (35 g, 0.24 mol), dissolved in anhydrous THF (100
mL), was gradually added to a suspension of NaH (10 g of a 60 % mixture in oil, 0.25 mol) in
anhydrous THF (200 mL) in a nitrogen atmosphere. After 15 min the reaction mixture was heated
under reflux and a solution of allyl bromide (29 g, 0.24 mol) in anhydrous THF (50 mL) was
gradually added. After refluxing for 4 h, water (200 mL) was added to the reaction mixture.
Subsequently the reaction mixture was neutralized with an aqueous solution of HCl (1 Ν) and most
of the THF was removed under reduced pressure. The aqueous layer was extracted with
dichloromethane (3 χ 50 mL) and the combined organic layers were washed with brine (50 mL),
dried over anhydrous Na2S04, filtered, and concentrated under reduced pressure. The ratio between
mono- and di-protected product was 9 : 1 , according to GLC analysis. Flash chromatography
(hexane - ethyl acetate, 1 : 1 v/v) yielded 39 g (88 %) of the mono protected product 30. IR (neat
film): υ 3600 - 3100 (OH), 3085 - 2850 (C-Η). *H NMR (100 MHz) δ ppm: 6.10 - 5.65 (IH, m,
ОСН2СЯ=СН2), 5.30 - 5.05 (2H, m, ОСН2СН=СЯ2), 3.91 (2H, d, ОСЯ 2 СН=СН 2 ), 3.75 - 3.20
(5Н, m, СЯ 2 ОСН 2 СН= and СЯ2ОН and СН2ОЯ), 2.00 - 0.75 (ЮН, m, cyclohexane part). MS
(CI) m/e: 185 ([M + H]+, 39.8), 167 ([M - OH]+, 18.3), 143 ([M - Allyl]+, 23.7), 127 ([M OAUyI]+, 34.8), 96 ([C 6 HioCH 2 ] + , 59.9), 82 ([C 6 Hi 0 ] + , 16.4), 71 ([CH 2 OAllyl] + , 10.5), 57
([OAllyl]+, 16.6), 41 ([Allyl]+, 60.9). Exact Mass, caled, for СцНгоОг [M + Н]+: 185.15416;
found: 185.15410.
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2-allyloxymethyl-cyclohexanecarbaldehyde(31)
A solution of oxalyl chloride (9.1 g, 72 mmol) in anhydrous dichloromethane (200 mL) was
brought in a nitrogen atmosphere and cooled to - 78 °C. DMSO (11.2 g, 144 mmol), dissolved in
anhydrous dichloromethane (50 mL), was gradually added. After stirring for 5 min (2allyloxymethyl-cyclohexyl)-methanol (30) (11.0 g, 60 mmol), dissolved in anhydrous
dichloromethane (30 mL), was gradually added. The reaction mixture was stirred for 20 min and
triethylamine (42 mL) was added. After the mixture was allowed to warm up to room temperature,
it was washed with an aqueous solution of HCl (IN, 100 mL). The aqueous layer was extracted
with dichloromethane (2 χ 50 mL) and the combined organic layers were washed with a saturated
aqueous solution of NaHCC«3 (50 mL), dried over anhydrous Na2S04, filtered, and concentrated
under reduced pressure. Flash chromatography (hexane - ethyl acetate, 6 : 1 v/v) yielded 8.1 g (74
%) of 31. IR (neat film): υ ЗОЮ - 2790 (C-Η), 2715 (CHO), 1720 (C=0). Ή NMR (100 MHz) δ
ppm: 9.52 (IH, d, J = 3.0 Hz, СЯО), 6.05 - 5.67 (IH, m, ОСН 2 СЯ=СН 2 ), 5.30 - 5.05 (2H, m,
OCH2CH=C//2). 3.89 (2H, d, J = 5.4 Hz, ОСЯ2СН=СН2). 3.55 - 3.12 (2Н, m, С//2ОСН2СН=),
2.04 (IH, m, СЯСНО), 2.05 - 0.75 (9Н, m, cyclohexane part). MS (CI) m/e: 183 ([M + H1+, 40.2),
141 ([M - Allyl]+, 22.7), 125 ([M - OAllyl]+. 100), 111 ([СбНіоСНО]+, 13.9), 82 ([СбНі0]+, 14.5),
71 ([CH2OAIlyl]+, 9.8), 57 ([OAllyl]+, 22.4), 41 ([Allyl]+, 65.9). Exact Mass, caled, for С ц Н і 8 0 2
[M + H1+: 183.13851; found: 183.13824.
(2-allyloxymethyl-cyclohexyl)-(l-ethoxy-ethoxy)methykyanide (32)
To a cooled (- 5 °C) and vigorously mechanically stirred solution of Na 2 S 2 0s (1.4 g, 7.4 mmol) in
water (200 mL) was added cooled (0 °C) 2-allyloxymethyl-cyclohexanecarbaldehyde (31) (2.7 g,
14.8 mmol) in one portion. After 30 min a cooled solution (0 °C) of NaCN (0.73 g, 14.8 mmol) in
water (10 mL) was added in one portion and the mixture was stirred vigorously for 2 h at 0 °C. The
reaction mixture was filtered and extracted with diethyl ether (3 χ 100 mL) and the combined
organic layers were washed with brine (50 mL), dried over anhydrous MgSC"4, filtered, and
concentrated under reduced pressure. This yielded 2.55 g (82 %) of the nearly pure (2allyloxymethyl-cyclohexyO-hydroxy-methylcyanide. IR (neat film): υ 3600 - 3100 (OH), 3030 2720 (C-H), 2240 (C = N). Ή NMR (100 MHz) Ь ppm: 6.05 - 5.55 (IH, m, ОСН2СЯ=СН2), 5.38 5.05 (2Н, m, ОСН 2 СН=СЯ 2 ), 4.49 (IH, br s, Œ(OH)CN), 4.40 (IH, br s, CH(CW)CN), 4.15 3.75 (2H, m, ОСЯ 2 СН=СН 2 ), 3.36 (2H, d, J = 5.6 Hz, СЯ20СН 2 СН=), 2.05 - 0.70 (ЮН, m,
cyclohexane part).
Crude (2-allyloxymethyl-cyclohexyl)-hydroxy-acetonitrile (2.5 g, 12.3 mmol) and ethyl vinyl ether
(0.9 g, 12.5 mmol) were dissolved in dichloromethane (40 mL) and a catalytic amount of TsOH
was added. After 1 h the reaction mixture was washed with a saturated aqueous solution of
NaHCC<3 (20 mL), brine (20 mL), dried over anhydrous MgS04, filtered, and concentrated under
reduced pressure. Flash chromatography (hexane - ethyl acetate, 3 : 1 v/v) yielded 2.15 g (53 %
overall) of 32. IR (neat film): υ 2975 - 2850 (C-H), 2220 (C= N). lH NMR (100 MHz) δ ppm:
6.05 - 5.60 (IH, m, ОСН 2 СЯ=СН 2 ), 5.45 - 4.95 (2H, m, ОСН 2 СН=СЯ 2 ), 4.90 - 4.70 (IH, m.
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ОСЯ(СН 3 )ОСН 2 СН 3 ), 4.60 (IH, d, / = 10.5 Hz, Ctf(OEE)CN). 3.86 (2H, d, J = 4.8 Hz,
ОСЯ2СН=СН2), 3.75 - 3.10 (4H, m, СЯ2ОСН2СН= and OCH(CH3)OCtf2CH3), 2.10 - 0.85 (16H.
m, ОСН(СЯ3)ОСН2С//3 and cyclohexane part). MS (EI) m/e: 208 ([M - EE]+, 2.2). 153 ([M +
+
CH(OEE)CN]\ 9.0), 73 ([EE]+, 100), 111 ([СбНюСНО] . 13.9), 45 ([OCH2CH3] . 70.4). 41
([Allyl]+, 52.0). Exact Mass, caled. forChjH^CbN [M - EE]+: 208.13375; found: 208.13407.
l-(2-allyloxymethyl-cyclohexyl)-2-hydroxy-3-methyl-pent-3-en-l-one (34)
13
A solution of LDA was prepared, under argon, in the usual way from diisopropylamine (0.73 roL,
5.2 mmol) in anhydrous THF (10 mL) and n-BuLi in hexane (2.5 M, 2.1 mL, 5.2 mmol). After
cooling to - 78 °C, cyclohexane dialdehyde equivalent 32 (1.35 g, 4.8 mmol) in anhydrous THF (3
mL) was added. After stirring for 15 min, tiglic aldehyde (0.42 g, 5 mmol) in anhydrous THF (1
mL) was added very slowly with a syringe. The reaction mixture was warmed up to - 60 "C during
1.5 h. Saturated aqueous ammonium chloride (10 mL) was added and the reaction mixture was
stirred for 5 min. THF (10 mL) was added and the mixture was allowed to warm up to room
temperature. Water (10 mL) was added and the reaction mixture was extracted with
dichloromethane (3 χ 25 mL). The organic layer was washed with saturated aqueous ammonium
chloride (2 χ 50 mL) and brine (25 mL), dried over anhydrous Na2S04,filtered,and concentrated
under reduced pressure. This yielded 1.32 g (75 %) of the crude coupled product 33. The crude
product was dissolved in methanol (5 mL) and H 2 S04 (5 %, 2.5 mL) was added. The reaction
mixture was stirred at room temperature over night. Subsequently, water (25 mL) was added and
the reaction mixture was extracted with diethyl ether (3 χ 20 mL). The organic layer was vigorously
shaken with an aqueous solution of NaOH (0.5 N, 15 mL) over a period of 15 min. After washing
with brine, the organic layer was dried over anhydrous MgSO,*. Flash chromatography (hexane ethyl acetate, 2 : 1 v/v) yielded 0.64 g (50 % overall) of product 34 as a mixture of diastereomers.
ІН NMR (100 MHz) δ ppm: 5.88 (IH, m, Ctf=CH2), 5.75 (IH, =СЯСН3), 5.22 (IH, d, J = 17.3
Hz, =СЯаНр), 5.14 and 5.11 (IH. 2 χ d, J= 10.1 Hz, =CHatfß), 4.62 and 4.52 (IH, 2 χ d, 7 = 4.6
Hz. СЯ(ОН), 3.92 and 3.86 (IH, 2 χ d, J= 4.6 Hz, СН(ОЯ), 3.83 (2H, m. H2C=Ctf20), 3.30 - 3.11
(2H. m, СНСЯ20), 2.69 and 2.58 (IH, 2 χ dt, J = 9.9 Hz and 4.2 Hz, СНС=0), 2.04 and 1.94 (IH,
2 χ m, СЯСН20), 1.69 (3H, s, СЯ3С=СНСН3), 1.67 (ЗН, d, J= 11.6 Hz, СН3С=СНСЯ3). 1.52 1.04 (8H, m, cyclohexane part). MS (CI) m/e: 267 ([M + H]+, 0.7), 249 ([M - OH]+, 8.0). 209 ([M OAUyI)]+, 1.4). 181 ([СбНю(С=0)СН2ОА11у1]+, 100), 85 ([CH3CH=CCH3CH(OH)]+, 20.0). 55
([CH3CH=CCH3]+, 1.0). 57 ([OCH2CH=CH2]+. 3.6). 41 ([CH2CH=CH2]+, 44.0). Exact Mass,
caled, for С і 6 Н 2 6 0 3 [М+ Н]+ : 267.19602; found: 267.19613.
l-(2-allyloxymethyl-cyclohexyl)-l-(l-ethoxy-ethoxy)-3-isopropylidene-4-methyl-2-trìmethylsiloxy-pent-4-enylcyanide (36)
A solution of LDA was prepared, under argon, in the usual way13 from diisopropylamine (0.21 mL,
1.5 mmol) in anhydrous THF (3 mL) and л-BuLi in hexane (2.5 M, 0.6 mL, 1.5 mmol). After
cooling to - 78 "С, cyclohexane dialdehyde equivalent 32 (0.42 g, 1.5 mmol) in anhydrous THF (1
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mL) was added. After stirring for 10 min, 2-isopropylidene-3-methyl-but-3-enal (28) (0.22 g, 1.8
mmol) in anhydrous THF (3 mL) was added very slowly with a syringe. The reaction mixture was
stirred for 15 min at - 78 °C. Subsequently, trimethylsilyl chloride (380 μ ι , 3 mmol) was gradually
added. After the reaction mixture was allowed to warm up to room temperature, an aqueous
solution of ammonium chloride (3 mL) was added. Ethyl acetate (10 mL) was added, after which
the reaction mixture was washed with water (5 mL), brine (5 mL), dried over anhydrous MgS04,
filtered, and concentrated under reduced pressure. Flash chromatography (hexane - ether, 10 : 1 v/v)
yielded 0.17 g (24 %) of product 36 as a mixture of diastereomers. IR (neat film): υ 3100 - 2750
(C-H), 1625 (C = С). ІН NMR (400 MHz) δ ppm: 6.00 - 5.85 (IH, m, ОСН2СЯ=СН2), 5.26 and
5.10 (2H, 2 χ m, ОСН2СН=СЯ2), 5.11 (IH, m, ОСЯ(СНз)О), 4.90 (IH, s, СЯОЗіМез), 4.73 and
4.62 (2H, 2 χ m, =CH2), 3.95 (2Н, m, ОСЯ2СН=СН2), 3.80 - 3.15 (4Н, m, СЯ 2 ОСН 2 СН= and
ОСЯ 2 СНз), 1.98 (ЗН, s, =ССНСЯ 3 ), 1.82 and 1.71 (6Н, 2 χ s, =С(СЯз) 2 ), 1.70 (ЗН, d,
ОСН(СЯз)О), 1.20 (ЗН, ОСН 2 СЯз), 2.20 - 0.90 (ЮН, m, cyclohexane part), 0.15 (9H,
OSi(CH 3 )3). MS (FAB) m/e: 500 ([M + Na]+), 478 ([M + H]+), 451 ([M - CN]+), 432 ([M OCH 2 CH 3 ]+), 404 ([M - SiMe 3 ] + ), 388 ([M - OEE]+), 289 ([M - OEE - CN - SiMe3]+). 197
([H2C=C(CH3)C(CHOSiMe3)=C(CH3)2]+), 95 ([diene part]+).
l-(l-ethoxy-ethoxy)-2-methyl-but-2-enylcyanide(37)
Compound 37 was synthesized using method В (§ 4.6) and obtained as a mixture of diastereomers
(2 : 3) and was purified by kugel rohr distillation (4 mmHg/100 "С). Overall yield 90 %. ·Η NMR
(100 MHz) δ ppm: 5.59 and 5.56 (IH, 2 χ q, J = 5.8 and 6.0 Hz, =СЯСН3), 4.76 and 4.55 (IH, 2 χ
q, J = 5.4 Hz, ОСЯО), 4.63 and 4.53 (IH, 2 χ s, OŒCN), 3.55 - 3.10 (2H, m, OCtf2CH3), 1.56
(ЗН, s, =С(Ш)СЯ 3 ), 1.50 (ЗН, d, J = 6.0 Hz, =СНСЯ3), 1.18 and 1.16 (ЗН, 2 χ d, J = 5.4 and 5.3
Hz, ОСНСЯ3), 1.02 (3H, 2 χ t, J = 7.0 Hz, ОСН2СЯ3). MS (EI) m/e: 183 ([M]+, 0.1), 157 ([M CNJ + , 3.6), 128 ([C(CN)OEE]+, 7.2), 110 ([M - EE]+, 15.5), 73 ([EE]+, 12.4), 55
([H3CCH=CCH3]+, 100).
2,2-dimethyl-3-hydroxy-5-methyl-5-penten-4-one(39)
Compound 39 was synthesized as described in the general procedure for acyloins 32 - 39 in § 4.6,
and was purified by kugel rohr distillation. Overall yield 91 %. lH NMR (100 MHz) δ ppm: 6.62
(IH, q, J = 7.3 Hz, =СЯСН3), 4.55 (IH, d, J = 8.4 Hz, СЯОН), 3.34 (IH, d, У = 8.4 Hz, СНОЯ),
1.86 (ЗН, d, J = 7.3 Hz, =СНСЯ3), 1.83 (ЗН, s, =C(CR)Œ 3 ), 0.87 (ЗН, s, С(СЯ3)з). MS (CI) m/e:
171 ([M + H]+, 1.6), 115 ([С(0)СН(ОН)С(СН3)з]+, 4.6), 113 ([M - С(СН 3 ) 3 ] + , 6.1), 87
([СН(ОН)С(СН 3 )з] + , 17.1), 83 ([Н 3 ССН=С(СНз)СО] + , 100), 57 ([С(СН 3 )з] + . 59.6), 55
([Н3ССН=ССНз]+, 73.9).
l-cyclohexyl-l-hydroxy-3-methyl-3-penten-2-one(41)
Compound 41 was synthesized as described in the general procedure for acyloins 32 - 39 in § 4.6,
and was purified by kugel rohr distillation. Overall yield 77 %. lH NMR (100 MHz) δ ppm: 6.60
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(IH, q, J = 6.9 Hz, =СЯСНз), 4.58 (IH, d, J = 6.8 Hz, СЯОН), 3.49 (IH, d, J = 6.8 Hz, СНОЯ),
1.83 (3H, d, J = 6.9 Hz, =СНСЯ3), 1.77 (3H, s, =C(CR)CT3), 1.95 - 0.85 (ПН, m, cyclohexane
part). MS (CI) m/e: 197 ([M + H]+, 8.2), 179 ([M - OH]+, 3.9), 113 ([С 6 НцСНОН] + , 16.1), 95
([СбНцС]+, 100), 83 ([H3CCH=C(CH3)CO]+, 78.5), 55 ([H3CCH=CCH3]+, 57.1).
l-hydroxy-3-methyl-l-(l-methyl-cyclohexyl)-pent-3-en-2-one(42)
Compound 42 was synthesized as described in the general procedure for acyloins 32 - 39 in § 4.6,
and was purified by flash chromatography. Eluent hexane-ethyl acetate 4 : 1 (v/v). Overall yield 52
%. IR (neat film): υ 3700 - 3100 (OH), 3040 - 2790 (C-H), 1770 (C=0). 'H NMR (100 MHz) δ
ppm: 6.58 (IH, q, J= 6.4 Hz, =СЯСН3), 3.91 (IH, s, СЯОН), 3.27 (IH, br s, СНОЯ), 1.82 (ЗН, d,
J = 6.4 Hz, =СНСЯ3), 1.79 (ЗН, s, =C(CR)Ctf3), 1.90 - 0.70 (13H, m, CH 3 and cyclohexane part).
MS (CI) m/e: 211 ([M + H]+, 36.2), 193 ([M - OH]+, 7.8), 127 ([C6Hio(CH3)CHOH]+, 5.6), 97
([C 6 Hio(CH 3 )] + , 100), 83 ([H3CCH=C(CH3)CO]+, 11.8), 55 ([H 3 CCH=CCH 3 ] + , 46.4). Exact
Mass, caled, for C0H22O2 [M + H]+: 211.16981; found: 211.16964.
2-(l-[l,3]dioxolan-2-yl-ethyl)-l-(l-ethoxy-ethoxy)-3-methyl-but-2-enylcyanide(44)
A mixture of 7-isopropylidene-8-methyl-2,5,9-trioxa-bicyclo[4.2.1]nonane (19) and 2-(l-[l,3]
dioxolan-2-yl-ethyl)-3-methyl-but-2-enal (20) (0.55 g, 2 mmol; 19 : 20 = 2 : 3), was dissolved in
dichloromelhane (25 mL) containing a few crystals Znl2- A solution of Me3SiCN (0.41 g, 4 mmol)
in dichloromcthane (25 mL) was gradually added. GLC analysis showed that the mixture of 19 and
20 had almost disappeared after 2 h. The reaction mixture was washed with a water (25 mL), dried
over anhydrous Na2S04, filtered, and concentrated under reduced pressure, yielding 0.46 g (81 %)
crude 2-(l-[1.3]dioxoIan-2-yl-ethyl)-3-methyl-l-trimethylsiloxy-but-2-enylcyanide (43). GLC
analysis showed a purity of > 90 %.
A solution of the crude product 43 and a catalytic amount of citric acid in methanol (25 mL) was
stirred for 10 min. After most of the methanol was removed under reduced pressure,
dichloromelhane (25 mL) was added. The reaction mixture was washed with a water (25 mL) and
dried over anhydrous Na2S04. After filtration, a few crystals TsOH were added to the reaction
mixture, after which a solution of ethyl vinyl ether (0.15 g, 2.1 mmol) in dichloromethane (5mL)
was gradually added. After stirring for 30 min, the reaction mixture was washed with a saturated
aqueous solution of NaHC0 3 (25 mL), dried over anhydrous MgS04, filtered, and concentrated
under reduced pressure. Rash chromatography (hexane - ethyl acetate, 4 : 1 v/v) yielded 0.54 g (60
% overall yield) of product 44 as a mixture of diastereomers. IR (neat film): υ 3025 - 2800 (C-H),
2220 (C = N). ІН NMR (400 MHz) δ ppm: 5.20 (IH, m, СН2ОСЯОСН2), 4.99 and 4.91 (IH, 2 χ s,
OŒCN), 4.76 and 4.73 (IH, 2 χ q, J = 5.2 Hz, OŒ(CH3)OEt), 3.95 - 3.25 (6Н, m, ОСЯ 2 СЯ 2 0
and ОСЯ2СН3), 2.95 and 2.80 (1 H, 2 χ q, J= 7.2 Hz, =ССЯ(СН3)), 1.69 (6H, s, =С(СЯ 3 ) 3 ), 1.25
(ЗН, d, J = 5.2 Hz, ОСН(СЯ3)ОЕі), 1.12 (ЗН, t, J = 7.0 Hz, ОСН 2 СЯ 3 ), 0.98 (ЗН, d, J = 7.2 Hz,
=ССН(СЯ3)). MS (ΕΙ) m/e: 283 ([Μ]+, 0.01), 268 ([M - СН3]+, 2.7]), 238 ([M - OEt]+, 4.7), 89

98

Chapter 5

([OEE]+, 8.2), 73 ([EE]+, 100). Exact Mass, caled, for C15H25O4N [M] + : 283.17836; found:
283.17829.
l-(2-allyloxymethyl-cycU>hexyl)-3-(l-[l,3]dioxolan-2-yl-eihyl)-l-hydroxy-4-methyl-pent-3-en-2one (45)
A solution of LDA was prepared, under argon, in the usual way13 from diisopropylamine (4S.S mg,
0.45 mmol) in anhydrous THF (3 mL) and л-BuLi in hexane (2.5 M, 0.18 mL, 0.45 mmol). After
cooling to - 78 °C, 2-(l-[l,3]dioxolan-2-yl-ethyl)-l-(l-ethoxy-ethoxy)-3-methyl-but-2-enylcyanide
(44) (120 mg, 0.42 mmol) in anhydrous THF (1 mL) was added. The reaction mixture was allowed
to warm up to 0 °C. 2-allyloxymethyl-cyclohexanecarbaldehyde (31) (76.4 mg, 0.42 mmol) in
anhydrous THF (0.5 mL) was added very slowly with a syringe. After stirring for 2 h, the reaction
mixture was stored at - 15 "C for one night. Saturated aqueous ammonium chloride (2 mL) was
added and the reaction mixture was stirred for 5 min. Water (3 mL) was added and the mixture was
allowed to warm up to room temperature. The reaction mixture was extracted with dichloromethane
(3 χ 10 mL). The organic layer was washed with saturated aqueous ammonium chloride ( 2 x 5 mL)
and brine (10 mL), dried over anhydrous Na2SÛ4, filtered, and concentrated under reduced
pressure. Flash chromatography (hexane - ethyl acetate, 6 : 1 v/v) yielded 44.3 rag (58 %) of 31 and
a fraction of partly deprolected coupled product (35 mg). The product was dissolved in methanol (1
mL) and H2SO4 (5 %, 0.5 mL) was added. The reaction mixture was stirred at room temperature
over night. Subsequently, water (3 mL) was added and the reaction mixture was extracted with
diethyl ether ( 3 x 5 mL). The organic layer was vigorously shaken with an aqueous solution of
NaOH (0.5 N, 5 mL) over a period of 15 min. After washing with brine, the organic layer was dried
over anhydrous MgS04. Flash chromatography (hexane - ethyl acetate, 3 : 1 v/v) yielded 26 g (17
%) of product 45 as a mixture of diastereomers. Ή NMR (400 MHz) δ ppm: 5.87 (IH, m,
СЯ=СН 2 ), 5.50 -5.04 (2Н, m. =СЯ 2 ), 4.92 (IH, m, ОСЯО), 4.05 and 3.57 (8Н, m, ОСЯ2СЯ2О
and СЯ2ОС#2СН=СН2), 3.35 (IH, m, С/ГОН), 3.00 (IH, m, СЯСН3), 2.64 (IH, m, СНОЯ), 2.25
- 1.12 (19 H, m, СНСЯ3 and =С(СНз)г and cyclohexane part). MS (CI) m/e: 367 ([M + H] + , 0.3),
183 ([C6Hio(CHOH)CH20Allyl]+ and [M - СбНю(СНОН)СН20А11у1]+, 28.9), 155 ([dioxalan
(СН(СНз)С=С(СНз) 2 ] + , 6.1). 73([dioxolan part]+, 18.1), 57 ([OCH 2 CH=CH 2 ] + , 21.8), 41
([СНгСН=СН2]+, 34.2). Exact Mass, caled, for C21H34O5 [M+ H]+: 367.24845; found: 367.24858.
isopropylidene-3-me(hyl-l-trimethylsiloxy-2-but-3-enylcyanide (46)
A mixture of 2-isopropylidene-3-methyl-but-3-enal (28) (2.3 g, 18.5 mmol), trimethylsilyl cyanide
(1.95,22.4 mmol) and a catalytic amount of Znh was stirred for 4 h. Water (20 mL) was added and
the reaction mixture was extracted with dichloromethane (2 χ 20 mL). The combined organic layers
were dried over anhydrous Na2S04, filtered, and concentrated under reduced pressure followed by
kugel rohr distillation. Yield 3.9 g (95 %) of product 46. IR (neat film): υ 3100 - 2750 (C-H), 2230
(CasN), 1630 (C=C). J H NMR (100 MHz) δ ppm: 5.25 (IH, s, Œ(CN)OSiMe3), 5.12 and 4.80
(2H, 2 χ m, =СЯ 2 ), 1.88 (3H, s, Н 2 С=ССЯ 3 ). 1.80 and 1.73 (6H. 2 χ s, =С(СЯ3)г), 0.19 (9Н, s,
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Si(Ctf 3 ) 3 ). MS (EI) m/e: 223 ([M]+, 5.6), 208 ([M - CH 3 ] + . 5.6), 197 ([M - CN]+, 2.2), 75
([HO=Si(CH 3 ) 2 ] + . 46.7), 73 ([Si(CH3)3]+, 51.3). Exact Mass, caled, for C12H21ONS1 [M] + :
223.13924; found: 223.13935.
l-(l-ethoxy-ethoxy)-2-isopropylidene-3-melhyl-but-3-enylcyanide(47)
A solution of isopropylidene-3-methyl-l-trimethylsiloxy-2-but-3-enylcyanide (46) (3.6 g, 16 mmol)
and a catalytic amount of citric acid in methanol (20 mL), was stirred for 6 h at room temperature.
After most of the methanol was removed under reduced pressure, dichloromethane (25 mL) was
added. The reaction mixture was washed with water (20 mL), dried over anhydrous MgS04,
filtered, and concentrated under reduced pressure. The crude cyanohydrin (2.1 g, 13.8 mmol) and
ethyl vinyl ether (1.1 g, 15 mmol) were dissolved in dichloromethane (20 mL) and a catalytic
amount of TsOH was added. After 3 h the reaction mixture was washed with a saturated NaHC0 3
solution, brine, dried over anhydrous MgS04, filtered, and concentrated under reduced pressure
followed by kugel rohr distillation. This yielded 2.6 g (73 %) of product 47 as a mixture of
diastereomers. lU NMR (100 MHz) δ ppm: 5.26 (IH, s, Cff(CN)OEE), 5.16 (IH, m. ОСЯО), 4.78
and 4.63 (2H, 2 χ m. =CH2), 3.60 - 3.25 (2H, m, ОШ2СН3), 2.17 (ЗН, s, Н 2 С=ССЯ 3 ), 1.94 and
1.79 (6Н, 2 χ s, =C(CW3)2), 1.76 (ЗН, d, OCH(Ctf3)OEt), 1.23 (3H. m, OCH2C//3).
l-(2-aUyloxymethyl-cyclohexyl)-l-hydroxy-3-isopropylidene'4-methyl-pent-4-en-2'One(48)
From (47):

A solution of LDA was prepared, under argon, in the usual way 1 3 from

diisopropylamine (0.21 mL, 1.5 mmol) in anhydrous THF (3 mL) and л-BuLi in hexane (2.5 M, 0.6
mL, 1.5 mmol). After cooling to - 78 "C, l-(l-ethoxy-ethoxy)-2-isopropylidene-3-methyl-but-3enylcyanide (47) (0.33 g, 1.5 mmol) in anhydrous THF (1 mL) was added. After stirring for 10 min,
2-allyloxymcthyl-cyclohexanecarbaldehyde (31) (0.30 g, 1.6 mmol) in anhydrous THF (3 mL) was
added very slowly with a syringe. The reaction mixture was stirred for 30 min at - 78 °C. After
stirring for 2 h, the reaction mixture was stored at - 15 "C for one night. Saturated aqueous
ammonium chloride (2 mL) was added and the reaction mixture was stirred for 5 min. Water (3
mL) was added and the mixture was allowed to warm up to room temperature. The reaction mixture
was extracted with dichloromethane (3 χ 10 mL). The organic layer was washed with saturated
aqueous ammonium chloride (2x5 mL) and brine (10 mL), dried over anhydrous Na2S04, filtered,
and concentrated under reduced pressure. The crude coupled product was dissolved in methanol
(1 mL) and H2SO4 (5 %, 0.5 mL) was added. The reaction mixture was stirred at room temperature
over night. Subsequently, water (3 mL) was added and the reaction mixture was extracted with
diethyl ether ( 3 x 5 mL). The organic layer was vigorously shaken with an aqueous solution of
NaOH (0.5 N, 5 mL) over a period of 15 min. After washing with brine, the organic layer was dried
over anhydrous MgS04. Rash chromatography (hexane - ethyl acetate, 5 : 1 v/v) yielded 26 g (20
%) of product 48 as a mixture of diastereomers. IR (neat film): υ 3580 - 3200 (OH), 3170 - 2700
(C-H), 1670 (C=0). !H NMR (400 MHz) δ ppm: 6.10 - 5.75 (IH, m, OCH2C//=CH2), 5.40 - 5.20
(2H, m, OCH2CH=C//2), 5.08 and 4.89 (2H, 2 χ m, C(CH3)=CW2), 4.72 (IH, s, C//OH), 3.94 (2H.
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d.J= 5.4 Hz, OCtf2CH=CH2), 3.44 (2H, d, J = 6.1 Hz СЯ2ОСН2СН=), 1.90 (3H, s, Н2С=СС#з).
1.83 (6H, s, =С(СЯ3)з), 2.10 - 0.85 (ЮН, m, cyclohexane part). MS (El) m/e: 306 ([M]+, 5.9), 183
+
+
+
([АІ1уЮСбНіоСНОН] , 46.1). 123 ([С 8 НпО] , 28.1), 95 ([C 7 H n ] , 48.7), 41 ([Allyl]+, 48.2).
Exact Mass, caled, for C19H30O3 [M]+: 306.21950; found: 306.21942.
l-(2-allyloxymethyl-cyclohexyl)-3-isopropylidene-4-meíhyl-l-trimethylsiloxy-pent-4-en-2-one
(51)
A solution of LDA was prepared, under argon, in the usual way13 from diisopropylamine (1.68 mL,
11.9 mmol) in anhydrous THF (10 mL) and n-BuLi in hexane (2.5 M, 4.75 mL, 11.9 mmol). A
solution of trimethylsilyl-protected cyanohydrin 46 (2.4 g, 10.8 mmol) in anhydrous THF (10 mL)
was added to the LDA solution at - 78 'C. After stirring for 15 min, cyclohexanc dialdehyde
equivalent 31 (2.15 g, 11.8 mmol) in anhydrous THF (10 mL) was gradually added. The reaction
mixture was stirred for 30 min at - 78 °C. Subsequently, a saturated solution of aqueous ammonium
chloride (10 mL) was added and the reaction mixture was stirred for 5 min. The reaction mixture
was allowed to warm up to room temperature. Water (10 mL) was added and the reaction mixture
was extracted with dichloromethane (3 χ 25 mL). The combined organic layers were washed with a
saturated solution of aqueous NaHCOs (2 χ 25 mL) and brine (25 mL), dried over anhydrous
Na2SÜ4,filtered,and concentrated under reduced pressure. Flash chromatography (hexane - ethyl
acetate, 10 : 1 v/v) yielded 2.65 g (65 %) of the coupled product 51. IR (neatfilm):υ 3070 - 2750
(C-H), 1690 (C=0), 1630 (C=C). ·Η NMR (400 MHz) δ ppm: 6.00 - 5.55 (IH, m, OCH2C//=CH2),
5.29 - 5.00 (2Н, m, OCH2CH=Ctf2), 5.08 and 4.83 (2Н, 2 χ m, C(CH3)=Ctf2), 4.76 (IH, s,
CtfOSiMe3), 3.89 (2H, d, J = 5.4 Hz, OCtf2CH=CH2), 3.31 (2H, d, J = 3.5 Hz, C//2OCH2CH=).
1.80 ( 6H, s, =C(Ctf3)3), 1.72 (3H, s, Н2С=ССЯ3), 2.05 - 0.60 (ЮН, m, cyclohexane part), 0.07
(9H, s, Si(CH3)3). MS (CI) m/e: 379 ([M + H]+, 0.1), 363 ([M - СНз]+, 0.9), 305 ([M - SiMe3]+,
1.2), 255 ([AllylOC6HioCHOSiMe3J+, 64.2), 123 (lC 8 H u O] + . 21.2), 75 ([HO=Si(CH3)2]+, 19.5),
73 ([Si(CH3)3]+. 75.5), 41 (lAllyl]+, 65.9).
l-(2-allyloxymethyl-cycbhexyl)-l-hydroxy-3-isopropylidene'4-methyl-pent-4-en-2-one(48)
From (46-* 51): A solution of l-(2-allyloxymethyl-cyclohexyl)-3-isopropylidene-4-methyl-ltrimethylsiloxy-pent-4-en-2-one (51) (1.8 g, 5.0 mmol) and TBAF (IM, 5.5 mL, 5.5 mmol) in ethyl
acetate (20 mL) was stirred for 2 h at room temperature. The reaction mixture was washed with a
aqueous KHSO4 (IN, 2 χ 15 mL) solution, dried over anhydrous Na 2 S04, filtered, and
concentrated under reduced pressure. Flash chromatography (hexane - ethyl acetate, 5 : 1 v/v)
yielded 1.47 g (96 %) of the coupled product 48. IR (neatfilm):υ 3580 - 3200 (OH), 3170 - 2700
(C-H). 1670 (C=0). >H NMR (400 MHz) δ ppm: 6.10 - 5.75 (IH. m, OCH2C//=CH2), 5.40 - 5.20
(2H, m. OCH2CH=CW2), 5.08 and 4.89 (2H, 2 χ m, C(CH3)=C//2), 4.72 (IH, s, CtfOH), 3.94 (2H,
d, J = 5.4 Hz. ОСЯгСН=СН2). 3.44 (2H. d. J = 6.1 Hz, СЯ2ОСН2СН=), 1.90 (3H, s, Н2С=СС«з),
1.83 (6H, s, =С(СЯ3)з), 2.10 - 0.85 (ЮН. m, cyclohexane part). MS (El) m/e: 306 ([M]+, 5.9), 183
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([А11у10СбНюСНОН]+, 46.1), 123 ([С 8 НцО] + , 28.1), 95 ([С 7 Нц] + , 48.7), 41 ([Allyl]+, 48.2).
Exact Mass, caled, for C19H30O3 [M]+: 306.21950; found: 306.21942.
l-hydroxy-l-(2-hydroxymethyl-cyclohexyl)-3-isopropylidene-4-methyl-pent-4-en-2-one(S2)
A solution of

l-(2-alIyloxymethyl-cyclohexyl)-l-hydroxy-3-isopropylidene-4-methyl-pent-4-en-2-

one (48) (1.25 g, 4.1 mmol) and TEAF (5.3 g, 12.3 mmol) in acetonitrile (80 % aqueous, 50 mL),
was stirred for 15 min, while argon was passed through the reaction mixture. Pd(OAc)2 (10 mg,
0.041 mmol) and PPI13 (43 mg, 0.164 mmol) were added and the reaction mixture was heated under
reflux for 30 min in an argon atmosphere. After the reaction mixture was cooled to room
temperature, ethyl acetate (50 mL) was added. The organic layer was washed with a saturated
aqueous solution of ЫаНСОз (25 mL), brine (25 mL), dried over anhydrous Na2S04, and
concentrated under reduced pressure. Flash chromatography (hexane - ethyl acetate, 2 : 1 v/v)
yielded 0.93 g (85 %) of 52. lU NMR (100 MHz) δ ppm: 5.23 and 4.86 (2H, 2 χ m. С(СНз)=СЯ2),
4.67 (IH, m, СЯОН), 3.59 (2Н, d, J = 4.5 Hz, СЯ 2 ОН), 3.50 (2H, m, 2 χ OH), 1.87 (3Η, s,
Н2С=ССЯ3), 1.75 (6Н, s, =С(СЯ3)з), 2.10 - 0.85 (ЮН, m, cyclohexane part).
l-(2-hydroxymethyl-cyclohexyl)-3-isopropylidene-4-methyl-pent-4-ene-l,2-diol(53)
To a stirred solution of 1 -hydroxy- l-(2-hydroxymethyl-cyclohexyl)-3-isopropylidene-4-methylpent-4-en-2-one (52) (0.93 g, 3.5 mmol) in ethanol (20 mL), NaBUj (160 g, 4.2 mmol) was added
at room temperature. After stirring for 5 h, ethyl acetate (25 mL) was added and the reaction
mixture was washed with an aqueous solution of KHSO4 (10 mL, IN), a saturated aqueous solution
of NaHC03 (10 mL), brine (10 mL), dried over anhydrous MgS04, and concentrated under reduced
pressure. Flash chromatography (hexane - ethyl acetate, 3 : 2 v/v) yielded 0.56 g (60 %) of 53. Ή
NMR (100 MHz) δ ppm: 5.04 and 4.59 (2H, 2 χ m, С(СН 3 )=СЯ 2 ), 4.55 (IH, à, J = 8.4 Hz,
=ССЯОН), 3.98 (3H, br s, 3 χ ОН), 3.72 - 3.35 (ЗН, m, СЯОН and СЯ 2 ОН), 1.81 (ЗН, s,
Н 2 С=ССЯ 3 ), 1.68 and 1.64 (6Н, 2 χ s, =С(СЯ3)з), 1.90 - 0.95 (ЮН, m, cyclohexane part). MS
(FAB) m/e: 269 ([M + H]+, 1.6), 251 ([M - ОН]+, 81.0), 233 ([M - ОН - Н 2 0]+, 16.3), 215 ([]М ОН - 2Н 2 0]+, 2.4), 143 ([С 6 Ню(СН 2 ОН)СНОН]+, 17.9), 125 ([Н 2 С=С(СН 3 )С=С(СН 3 ) 2
+

CHOHJ+, 66.0), 95 ([Н2С=С (СНз)С=С(СН3)2] , 85.3).
{2-[5-(l-isopropylidene-2-methyl-aUyiy2,2-dimethyl-[l,3]dioxolan-4-yl]-cyclohexyl}-methanol

(54)
A mixture of l-(2-hydroxymethyl-cyclohexyl)-3-isopropylidene-4-methyl-pent-4-ene-l,2-diol (53)
(0.55 g, 2 mmol), dimethoxypropane (280 μι, 2.3 mmol), and a catalytic amount of TsOH in
dichloromethane (25 mL), was stirred at room temperature for 1 h. Subsequently, the reaction
mixture washed with a saturated aqueous solution of NaHCOs (10 mL), brine (10 mL), dried over
anhydrous MgS04, and concentrated under reduced pressure. Flash chromatography (hexane - ethyl
acetate, 4 : 1 v/v) yielded 0.37 g (60 %) of 54. lH NMR (400 MHz) δ ppm: 5.10 and 4.59 (2H, 2 χ
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d, J = 7.2 Hz, С(СН3)=СЯ2), 5.05 (IH, s. =ССЯО), 4.59 (IH, d, J = 3.1 Hz, СНСЯО), 3.64 (2H, d,
J = 4.5 Hz, СЯ2ОН), 1.85 (ЗН, s, Н2С=ССЯз). 1.73 and 1.68 (6Н, 2 χ s, =С(СЯ3)з), 1.47 and 1.36
(6Н, 2 χ s, С(СНз)2), 1.95 - 1.05 (ЮН, m, cyclohexane part).
2-[5-(l-isopropylidene-2-tnethyl-allyl)-2,2-dimethyU[l>3]dioxolan-4-yl]-cyclohexanecarboxaldehyde (55)
A solution of oxalyl chloride (0.23 g, 1.8 mmol) in anhydrous dichloromethane (15 mL) was
brought in a nitrogen atmosphere and cooled to - 78 °C. DMSO (0.28 g, 3.6 mmol), dissolved in
anhydrous dichloromethane (5 mL), was gradually added. After stirring for 5 min {2-[5-(lisopropylidene-2-methyl-allyl)-2,2-dimethyl-[ 1,3]dioxolan-4-yl]-cyclohexyl} -methanol (54) (0.37
g, 1.2 mmol), dissolved in anhydrous dichloromethane (5 mL), was gradually added. The reaction
mixture was stirred for 20 min and triethylamine (0.84 mL) was added. After the mixture was
allowed to warm up to room temperature, it was washed with an aqueous solution of HCl (IN, 5
mL). The aqueous layer was extracted with dichloromethane (2x10 mL) and the combined organic
layers were washed with a saturated aqueous solution of ЫаНСОз (10 mL), dried over anhydrous
Na 2 S04, filtered, and concentrated under reduced pressure. Rash chromatography (hexane - ethyl
acetate. 9 : 1 v/v) yielded 0.35 g (95 %) of 55. lH NMR (100 MHz) δ ppm: 9.59 (IH, d, J = 2.5 Hz,
СЯО), 5.10 and 4.57 (2H, 2 χ m, С(СН3)=СЯ2), 5.05 (IH, s, =ССЯО), 4.29 (IH, dd, J = 7.0 and
3.0 Hz, СНСЯО), 3.37 (IH, m, СЯСНО), 1.86 (ЗН, s, Н 2 С=ССЯ 3 ), 1.75 and 1.59 (6Н, 2 χ s,
=С(СЯ3)з), 1.47 and 1.35 (6H, 2 χ s, C(CH3)2), 2.05 - 1.00 (9Н, m, cyclohexane part).
Allyl deprotection of(2-allyloxymethyl-cyclohexyl)-methanol (30)
A solution of 2-allyloxymethyI-cyclohexyl)-methanol (30) (1 g, 5.4 mmol) and TEAF (8.2 g, 19
mmol) in acetonitrile (80 % aqueous, 15.9 mL), was stirred for 15 min, while argon was passed
through the reaction mixture. Pd(OAc)2 (12 mg, 0.054 mmol) and PPI13 (66.2 mg, 0.25 mmol) were
added and the reaction mixture was heated under reflux for 30 min in an argon atmosphere. After
the reaction mixture was cooled to room temperature, ethyl acetate (15 mL) was added. The organic
layer was washed with a saturated aqueous solution of NaHC03 (20 mL), brine (20 mL), dried over
anhydrous Na2SC<4, and concentrated under reduced pressure. This yielded 0.77 g (99 %) of (2hydroxymethyl-cyclohexyl)-methanol (29).
When NaCN (26.5 mg, 0.54 mmol) was added to the reaction mixture, it took 6 h heating under
reflux to obtain 0.23 g (30 %) of (2-hydroxymethyl-cyclohcxyl)-methanol (29). IR (neat film): υ
3600 - 3100 (OH), 2920 - 2850 (C-Η). >H NMR (100 MHz) δ ppm: 3.92 (2H, s, СН 2 ОЯ), 3.50
(4H, br s, СЯ2ОН), 2.05 - 0.65 (ЮН, m, cyclohexane part). MS (CI) m/e: 145 ([M + H]+ 0.4), 127
([M - OH]+, 9.5), 96 ([C6HioCH2]+, 100), 82 ([С 6 Н Ю ] + , 28.3).
3-(2-allyloxymethyl-cyclohexyl)-3-hydroxy-prop-l-enyl'2-cyanide(59)
A teflon high pressure ampoule of 7.5 mL was charged with a mixture of 2-allyloxymethylcyclohexanecarbaldehyde (31) (2.5 g, 13.7 mmol), acrylonitrile (0.87 g, 16.4 mmol), DABCO (77
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mg, 0.69 mmol) and a few crystals of hydroquinone as a radical scavenger. The ampoule was filled
up with hexane and brought to 8 kbar. After 18 h at room temperature the reaction mixture was
dissolved in diethyl ether (25 mL) and washed with an aqueous solution of HCl (1 Ν, 15 mL),
saturated aqueous NaHC0 3 solution (15 mL), and brine (15 mL). The organic layer was dried over
anhydrous Na2S04, filtered, and concentrated under reduced pressure. Flash chromatography
(hexane - ethyl acetate, 4 : 1 v/v) yielded 2.25 g (70 %) of Baylis-Hillman product 59. IR (neat
film): υ 3660 - 3160 (OH), 3040 - 2700 (C-H), 2220 ( C B N ) . lH NMR (400 MHz) δ ppm: 6.11 and
6.05 (2H, 2 χ m, C(CN)=CW2), 5.94 - 5.80 (IH, m, OCH 2 Ctf=CH 2 ), 5.35 - 5.15 (2H, m,
OCH 2 CH=C// 2 ), 4.59 (IH, m, CtfOH), 3.98 (2H, d, J = 5.9 Hz, ОС#2СН=СН2), 3.42 (2H. m,
Cff2OCH2CH=), 3.22 (IH, d, J = 4.9 Hz, СНОЯ), 1.80 - 0.95 (10 H, m, cyclohexane part). MS
(EI) m/e: 236 (ΓΜ + H]+, 0.3), 218 ([M - OH]+, 4.3), 178 ([M - OAllyl]+, 11.2), 41 ([Allyl]+, 100).
Exact Mass, caled, for C ^ i C ^ N [M]+: 235.15723; found: 235.15428.
3-(2-allyloxymethyl-cyclohexyl)'3-(l-ethoxy-ethoxy)-prop-l-enyl-2-cyanide(60)
3-(2-allyloxymethyl-cyclohexyl)-3-hydroxy-prop-l-enyl-2-cyanide

(59) (2.0 g, 8.5 mmol) and ethyl

vinyl ether (0.9 g, 12.5 mmol) were dissolved in dichloromethane (50 mL) and a catalytic amount
of TsOH was added. After 45 min the reaction mixture was washed with a saturated aqueous
solution of NaHC0 3 (20 mL), brine (20 mL), dried over anhydrous Na 2 S04, filtered, and
concentrated under reduced pressure. Flash chromatography (hexane - ethyl acetate, 2 : 1 v/v)
yielded 2.15 g (81 %) of 60 as a mixture of diastereomers. IR (neat film): υ 3000 - 2800 (C-H),
2220 ( C e Ν). lU NMR (400 MHz) δ ppm: 6.09 and 6.02 (2H, 2 χ d, J = 12.4 Hz, C(CN)=Ctf2),
6.00 - 5.80 (IH, m, ОСН 2 СЯ=СН 2 ), 5.28 and 5.17 (2H, 2 χ d, J = 17.2 Hz and 10.3 Hz,
ОСН 2 СН=СЯ 2 ), 4.80 - 4.55 (IH, m, OCtf(CH3)OEt), 4.48 (IH, d, J = 15.0 Hz, С/ГОЕЕ), 3.96
(2H, d, J = 5.6 Hz, ОСЯгСН=СН2), 3.70 - 3.35 (4H, m, C//2OCH2CH= and ОСЯгСНз), 1.32 (3H,
d, J = 3.6 Hz, OCH(C//3)OEt), 1.20 (3H, m, ОСН 2 СЯ 3 ), 1.95 - 1.05 (10 H, m, cyclohexane part).
MS (CI) m/e: 308 ([M + H]+, 0.3), 262 ([M - OEt]+, 6.8), 234 ([M - EE]+, 5.5), 218 ([M - OEE]+,
59.7), 73 ([EE]+, 100), 45 ([OEt]+ 31.7). Exact Mass, caled, for CigH 2 9 0 3 N [M + Η]+: 308.22257;
found: 308.22285.
3-(2-hydroxymethyl-cyclohexyl)-3-(l-ethoxy-ethoxy)-prop'l-enyl~2-cyanide(61)
A solution of 3-(2-allyloxymethyl-cyclohexyl)-3-(l-ethoxy-ethoxy)-prop-l-enyl-2-cyanide

(60)

(1.2 g, 3.9 mmol) and TEAF (5.9 g, 13.7 mmol) in acetonitrile (80 % aqueous, 11.5 mL), was
stirred for 15 min, while argon was passed through the reaction mixture. Pd(OAc)2 (8.7 mg, 0.039
mmol) and PPh 3 (47.8 mg, 0.18 mmol) were added and the reaction mixture was heated under
reflux for 30 min in an argon atmosphere. After the reaction mixture was cooled to room
temperature, ethyl acetate (15 mL) was added. The organic layer was washed with a saturated
aqueous solution of NaHC0 3 (20 mL), brine (20 mL), dried over anhydrous Na 2 S04, and
concentrated under reduced pressure. Flash chromatography (hexane - ethyl acetate, 1 : 1 v/v)
yielded 0.7 g (70 %) of 61. IR (neat film): υ 3640 - 3180 (OH), 3020 - 2760 (C-H), 2220 ( C B N ) .
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IH NMR (400 MHz) δ ppm: 6.11 and 5.90 (2H, 2 χ s, C(CN)=Ctf2). 4.82 - 4.55 (IH, m,
OCtf(CH3)OEt), 3.80 (IH, d, J = 10.8 Hz, С/ГОЕЕ), 3.70 - 3.45 (4H. m, CH2OU and ОСЯ2СН3),
2.27 (IH, br s. CH2OH), 1.35 (3H, d, J = 5.4 Hz, OCH(CH3)OEt), 1.22 (3H, m, ОСН2СЯ3), 1.90 1.05 (10 H, m, cyclohexane part). MS (CI) m/e: 268 ([M + H] + . 0.4), 250 ([M - OH]\ 1.1), 222 QM
- OEt]+, 26.5), 178 ([M - OEEJ+, 45.3), 73 ([EE]+, 100), 45 ([OEt]+, 43.8). Exact Mass, caled, for
C15H25O3N [M + H]+: 268.19127; found: 268.19134.
3-(2-formyl-cyclohexyl)-3'(l-ethoxy-ethoxy)-prop-l-enyl-2-cyanide(62)
A solution of oxalyl chloride (0.49 g, 3.8 mmol) in anhydrous dichloromethane (10 mL) was
brought in a nitrogen atmosphere and cooled to - 78 °C. DMSO (0.61 g, 7.7 mmol), dissolved in
anhydrous dichloromethane (2.5 mL), was gradually added. After stirring for 5 min 3-(2hydroxymethyl-cyclohexyl)-3-(l-ethoxy-ethoxy)-prop-l-enyl-2-cyanide (61) (0.6 g, 2.6 mmol),
dissolved in anhydrous dichloromethane (2.5 mL), was gradually added. The reaction mixture was
stirred for 15 min and tricthylamine (2 mL) was added. After the mixture was allowed to warm up
to room temperature, it was washed with an aqueous solution of HCl (IN, 2 χ 25 mL). The aqueous
layer was extracted with dichloromethane (2 χ 25 mL) and the combined organic layers were
washed with a saturated aqueous solution of ЫаНСОз (25 mL), dried over anhydrous Na2SÛ4,
filtered, and concentrated under reduced pressure. Flash chromatography (hcxane - ethyl acetate, 3 :
1 v/v) yielded 0.33 g (56 %) of 62 as a mixture of four diastereomers in a ratio of 1 : 2 : 2 : 7. Two
of the diastereomers (I and П) could be separated. IR (KBr): υ 3000 - 2760 (C-H), 2220 (C=N),
1720 (C=0). ·Η NMR (100 MHz, diastereomer Ι) δ ppm: 9.31 (IH, d, J = 4.6 Hz, СЯО), 5.98 and
5.80 (2Н, 2 χ s, =CH2), 4.55 (IH, q, J = 5.4 Hz, ОСЯ(СН 3 )0), 3.61 (IH, d, J = 8.9 Hz,
=C(CN)Ctf), 3.45 (2H, m, ОСЯ2СН3), 1.96 (IH, m, СЯСНО), 1.18 (3H, d, J = 5.4 Hz,
ОСН(СЯз)О), 1.07 (3H, t. 7=7.7 Hz, ОСН2СЯ3), 1.85 - 0.65 (9H, m, cyclohexane part). *H NMR
(100 MHz, diastereomer II) δ ppm: 9.37 (IH, d, J = 4.3 Hz, СЯО), 6.08 and 5.84 (2H, 2 χ s,
=СЯ 2 ), 4.64 (IH, q, J = 5.5 Hz. ОСЯ(СН3)0), 3.86 (IH, d, J = 9.1 Hz, =C(CN)Ctf), 3.37 (2H, m,
ОСЯ2СН3), 1.98 (IH, m, СЯСНО), 1.20 (3H, d, J= 5.4 Hz, ОСН(СЯ3)0), 1.10 (3H, t, J = 7.2 Hz,
ОСН2СЯ3), 1.85 - 0.65 (9H, m, cyclohexane part). Ή NMR (100 MHz, diastereomer III) δ ppm:
9.55 (2H, d, J = 2.6 Hz), 6.06 and 5.88 (2H, 2 χ s, =СЯ 2 ). 4.44 (IH. q, J = 5.2 Hz, ОСЯ(СН 3 )0),
4.33 (IH. d, J = 3.5 Hz, =C(CN)Œ), 3.40 (2H, q, J = 7.0 Hz, СЯ2СН3), 2.40 (IH. m, СЯСНО),
1.24 (3H, d, J = 5.3 Hz, ОСН(СЯз)О), 1.10 (3H, t, J = 7.1 Hz, ОСН2СЯ3), 2.20 - 1.00 (9H, m,
cyclohexane part). ІН NMR (100 MHz, diastereomer IV) δ ppm: 9.53 (2H, d, J = 2.7 Hz), 5.98 and
5.90 (2H. 2 χ s, =СЯ 2 ), 4.61 (IH, q, / = 5.2 Hz, ОСЯ(СНз)О), 3.61 (IH, d, J = 8.9 Hz,
= С ( С ^ С Я ) , 3.55 (2H. m. СЯ2СН3), 2.30 (IH, m, СЯСНО), 1.22 (3H, d. J = 5.3 Hz,
ОСН(СЯз)О), 1.08 (3H, l, J = 7.7 Hz, ОСН 2 СЯ 3 ), 2.20 - 1.00 (9H, m, cyclohexane part). MS
(FAB) m/e: 266 ([M + H] + , 12.0), 220 ([M - OEt]+, 18.0). 176 ([M - OEE]+, 28.5), 89 ([OEE]+,
9.3), 73 ([EE]+, 100).

Approaches to the Total-Synthesis ofTaxol

105

5.8 References and Notes
1.
2.
3.

4.

Hardy P.M., Nicholis A.C., and Rydon H.N.; J. Chem. Soc., Perkin Trans. 2, 2270 (1972).
Overberger CG. and Roberts C.W.; J. Am. Chem. Soc., 71, 3618 (1949).
(a) Hünig S. and Schäfer M.; Chem. Ber., 126, 177 (1993). (b) Hünig S., Schäfer M., and
Schweeberg W.; Chem. Ber., 126,191 (1993). (с) Hünig S., Schäfer M., and Schweeberg W.;
Chem. Ber., 126, 205 (1993).

(a) Klein L.L.; Tetrahedron Lett., 34, 2047 (1993). (b) Kingston D.G.I., Samaranayake G.,
and Ivey CA.; J. Nat. Prod., 53,1 (1990).
5.
Harrison J.W., Scrowton R.M., and Lythgoe В.; J. Chem. Soc., 1933 (1966).
6.
Hertenstein U., Hünig S., Reichelt H., and Schaller R.; Chem. Ber., 119,722 (1986).
7.
Jacobson R.M., Lahm G.P., and Clader J.W., 45, 395 (1980).
8.
(a) Hünig S. and Öller M.; Chem. Ber., 113, 3803, (1980). (b) Hünig S. and Wehner G.;
Chem. Ber., 112, 2062, (1979).
9.
Yamada T., Goto K., Mitsuda Y., and Tsuji J.; Tetrahedron Lett., 28,4557 (1987).
10. Drewes S.E. and Roos G.H.P.; Tetrahedron, 44,4653 (1988).
11. Nicolaou K.C., Hwang C-K., Sorensen E.J., and Claibome CF.; J. Chem. Soc., Chem.
Commun., 1117(1992).
12. Aben R.W.M, and Scheeren J.W.; J. Org. Chem., 52, 365 (1987).
13. LDA was prepared as described in § 4.6 (compound 22).

106

Chapter 5

Approach to the Semi-Synthesis of 7-Deoxy Taxol

107

Approach to the Semi-Synthesis of 7-Deoxy Taxol

6.1 Introduction
In most semi-syntheses of taxol described in the literature, precursors isolated from the common
yew tree (Taxus boccata L.) have been used. The yew tree is a very reliable source of taxol
precursors because it is a relatively fast growing tree, from which branches can be lopped. The yew
regenerates quickly and hence large amounts of taxol precursors are continually available. Several
successful semi-syntheses of taxol (10) have already been published starting with 10-deacetyl
baccatin III (la) as a precursor.1·3
The first successful semi-synthesis of 10-deacetyl taxol (6), from 10-deacetyl baccatin ΙΠ (la), was
developed by Potier et al. (Scheme 6.1).l Treatment of compound l a with trichloroethyl
chloroformate gave the 7,10-protected derivative 2. Reaction of 2 with cinnamoyl chloride in the
presence of silver cyanide afforded cinnamate ester 3. Application of the Sharpless
hydroxyamination procedure2 to compound 3, using N-chloro-N-sodio-f-butylcarbamate as the
amine component, yielded У -í-Boc derivative 4. Besides compound 4, its regio isomer with the
amino and the hydroxyl group reversed and both diastereomers thereof were formed. The yield of
the desired diastereomer was improved by carrying out the reaction in the presence of
dihydroquinidine chlorobenzoate. Under the best conditions 4 and its regio isomer were obtained as
an 1 : 1 mixture in a yield of 67 %. Removal of the N-t-Boc group with trimethylsilyl iodide,
benzoylation, and removal of the trichloroethyl carbonyl groups with zinc in acetic acid afforded
10-deacetyl taxol (6). A similar overall sequence applied to baccatin III (lb) as starting material
gave taxol as the final product in an overall yield of 7 %.3
Scheme 6.1: Semi-synthesis of 10-deacetyl taxol (6) from 10-deacetyl baccatin III (1)
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(a) CICO2CH2CCI3; 94 %. (b) PbCH=CHCOCl/AgCN; 71 %. (c) i-BuO2CNNaCl/AgN03/Os04; 25 %.
(d) Zn/MeOH/AcOH/60 'C; 90 %. (e) Me3SiI/0 °C; 75 %. (0 PbCOCVpyridine; 100 %. (g) Zn/AcOH, 90 %.
The chemistry described above has obvious limitations. First, the oxyamination reaction proceeded
with complete lack of regiochemical control. Furthermore, the oxyamination reaction proceeded
with partial lack of stereochemical control. Nevertheless, this work did have an important benefit,
since it resulted in the synthesis of N-debenzoyl-JV-f-butoxycarbonyl-lO-deacetyl taxol (5) by
deprotection of intermediate 4. Compound 5, now named taxotere, appeared to be somewhat more
active than taxol in certain assays.4 It is currently used in clinical trials as an antitumor compound.
In addition, the formation of several taxol and 10-deacetyl taxol analogs enabled Potier et al. to
provide valuable data for establishing structure-activity relationships.5

Scheme 6.2: Semi-synthesis of taxol (10) from 10-deacetyl baccatin III (1) and side chain 8
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(a) Et3SiCI/EtjN; 85 %. (b) CH3COCI/E13N/O 'C; 86 %. (c) DPC/DMAP/73 'C; 40 %. (d) 0.5 % HC1/0 *C; 89 %.

The problem of acylating 10-deacetyl baccatin ГП (la) with a suitable protected side chain was first
solved by Greene and Potier (Scheme 6.2).6 Selective protection of the hydroxyl group at the C7
position of precursor la, followed by acylation of the hydroxyl group at the Сю position, afforded
7-(triethylsilyI) baccatin III (7). Treatment of this protected baccatin derivative with the protected
side chain 8 in the presence of DPC and DMAP afforded coupled product 9 in a yield of 80 % at
50 % conversion. Removal of the protective groups with 0.5 % HCl gave taxol (10) in ал overall
yield of 26%.
The synthesis of taxol side chain 8 has been described by Greene et al.1 In addition to the acylation
of baccatin III with a protected /V-benzoyl-3-phenylisoserine such as 8, acylation has also been
achieved with ß-lactams or oxazinones as the acylating agent. Reaction of 7-(triethylsilyl) baccatin
III (7) with excess У -benzoyl ß-lactam 11, followed by removal of both protecting groups, afforded
taxol in a yield of 83 %.8 Even better results were obtained with oxazinone 12.9
Figure 6.1: Taxol side chain 8, ß-lactam 11 and oxazinone 12
О
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The use of 10-deacetyl baccatin III (la) as a precursor in the semi-synthesis of taxol seems very
attractive, although it also has some major disadvantages. First, 10-deacetyl baccatin III (la) is
isolated in a rather low yield (200 mg/kg dried leaves).6·10 Furthermore, the isolation procedure of
precursor la is rather labor-intensive as it requires several chromatographic steps. '°
6.2 Taxine В as Potential Precursor for 7-Deoxy Taxol
We decided to use taxine В (13) as the precursor in the semi-synthesis of 7-deoxy taxol (40)
(Scheme 6.5). Taxine В (13) is also isolated from the leaves of the T. boccata, but in much higher
yields (2 - 3 g/kg dried leaves) than 10-dcacetyl baccatin ΠΙ (la). Furthermore, taxine В (13) can be
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purified without laborious chromatographic steps and no organic solvents are required in the
primary extraction procedure. Taxine В (13) has no hydroxyl group at the C7 position and for that
reason it is better apt to synthesize 7-deoxy taxol (40). Structure activity-relationship studies have
shown that the hydroxyl group at the C7 position of taxol may even have a negative effect on the
biological activity11 (§ 1.4). Remarkably, 7-deoxy taxol (40) is even 40 times more cytotoxic to
P388 leukemia cells than taxol.12
Scheme 6.5 outlines our synthetic plan for the semi-synthesis of 7-deoxy taxol (40). Unfortunately,
while we were carrying out this synthetic plan, Potier et al. published the semi-synthesis of taxane
derivative 22 starting with taxine В (13) as precursor (Scheme 6.3).13 This synthesis has several
similarities with our synthetic plan. However, as will be described in § 6.4, our strategy for the
semi-synthesis of 7-deoxy taxol (40) may have some advantages compared with the synthesis of
Potier.
In the first step of the synthesis of Potier et al. taxine В (13) was converted into O-cinnamoyltaxicin-I triacetate (14). Next, the acetate groups were hydrolyzed with NaOMe. Tetraol 15 was
protected with acetone after which the cinnamate ester was hydrolyzed yielding diisopropylidene
ketal 17. Cii-dihydroxylation with osmium tetroxide in the presence of a large excess of
4-methylmorpholine N-oxide (NMO) afforded compound 18, which was converted to mesylate 19
after protection of the primary hydroxyl group. Deprotection of the primary hydroxyl group,
followed by treatment of mesylate 19 with tetrabutylammonium acetate gave oxetane derivative 20,
which was acylated to acetate 21. Reduction of the Сіз-carbonyl function of compound 20 with
DIB AL afforded a mixture of the 13a- and 13ß-hydroxyl compounds in a ratio of 3 : 1.
Cinnamoylation of the 13a-hydroxyl compound yielded cinnamate ester 22, which has not been
further converted into taxol derivatives by Potier et al.13
Scheme 6.3: Semi-synthesis of taxane derivative 22
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(a) CH3I. (b) K2C03/H20/MeOH. (с) Ac20/pyridine; 52 %from(a), (d) 0.1 N NaOMe; 62 %. (e) Acetone/H2S04;
69 %. (f) 20 N NaOH; 98 %. (g) NMO/OsCU; 81 %. (h) »-Butyldimethylsilyl chloride/imidazole, 100 %. (i)
MsCl/pyridine; 88 %. 0) TBAF; 88 %. (k) Bu4N+AcO"; 80 %. (1) Ac20/DMAP; 58 %. (m) DIBAL; 39 % (α-isomer),
(n) Cinnamic acid/DCC/DMAP; 57 %
6.3 Extraction and Purification Procedure of Tarine В
Taxine, which consists of a mixture of at least ten taxanes, was first isolated from the leaves of the
T. boccata by Lucas in 1856.14 Due to the amine group in the side chain, taxine В (13) can be
isolated, from the leaves by extraction with aqueous acid solution. Taxine В (13) is one of the
constituents of taxine and was first isolated by Graf et α/. 15 Based on the isolation procedures
described by Lucas 14 and Graf15, we developed an extraction and purification procedure which
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yields between 2 and 3 grams of taxine В from 1 kg of dried leaves, depending on the quality of the
dried leaves.
Figure 6.2 outlines the extraction and isolation procedure of taxine В from the leaves of the
T. boccata. Clippings of the yew tree were dried on a wire netting for three weeks. The dried leaves
were separated from the branches and were soaked in 0.5 % v/v sulfuric acid in a glass column with
a capacity of 3 kg, for three days. The sulfuric acid solution was then separated from the leaves and
extracted with ether, which removed a lot of non-desired neutral organic compounds from the
aqueous solution. The sulfuric acid solution was then brought to pH 9 by addition of aqueous
Figure 6.2: Extraction and isolation of taxine В from T. boccata
Taxus baccalà L. clippings
Drying

Dried leaves
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ammonia. Subsequent extraction with ether yielded between 7 and 10 gram taxine from 1 kg of
dried leaves. Taxine В was isolated from taxine with a pH-controlled acid/base extraction
procedure, as described by Graf et al.,5b
HPLC analysis and the 'H NMR spectrum showed that taxine В is a mixture of two isomers. The
ratio of the isomers changes with time, and can be explained by an acyl-shift between the C9 and
С10 hydroxyl groups (Scheme 6.4). The isomers were separated by flash chromatography, but after
a short period of time the individual isomers will be present as mixtures again. There is also some
discussion in the literature about the position of the acyl group. Graf et al. believed the acetyl group
to be at the C2 position16, but Potier et al. recently reassigned it to the C10 position.17 We found
that the acyl group shifts over the C9 and Сю hydroxyl groups and that the ratio of the isomers
probably depends on the isolation procedure and the way the compound is stored. When the
mixture of isomers was treated with acetic anhydride and pyridine all secondary hydroxyl groups
were acylated, and according to HPLC and lH NMR compound 23 was the only product (Scheme
6.4).
Scheme 6.4: Acyl-shift over the C9 and C¡o hydroxyl groups of taxine В (13)
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6.4 Strategy for the Semi-Synthesis of 7-Deoxy Taxol (40)
The synthetic plan for the semi-synthesis of 7-deoxy taxol (40) from taxine В (13) as the precursor
is outlined in scheme 6.5.
Even when taxine В (13) was stored at - 20 *C, dimethylamine eliminated slowly from the molecule
and caused degradation of the compound. For this reason we decided to eliminate the dimethyl
amino group directly after isolation of precursor 13, following the method described by Baxter
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Scheme 6.5: Synthetic plan for the semi-synthesis of7-deoxy taxol (40)
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et α/. This will result in the more stable cinnamate ester 25. The next step will be removal of the
acetyl group of compound 25. This will afford tetraol 15. Potier et al. have already synthesized
compound 15 (Scheme 6.3). 13 However, they first acylated compound 25, yielding compound 14.
After removal of the acetyl groups, they obtained compound 15. The acylation of compound 25 was
meant as a purification step. Because this means an extra step compared with our strategy, we
expect that our overall yield will be higher.
Potier et al. next protected the hydroxyl groups of tetraol 15 as a bis-isopropylidene ketal. Because
it may be difficult to perform a selective deprotection of one of the isopropylidene ketals, we
decided to protect the C9-C10 hydroxyl groups as isopropylidene ketal, followed by protection of
the secondary hydroxyl group at C2 as a THP-group. The selective protection of the hydroxyl
groups of tetraol 15 probably allows selective functionalization of the hydroxyl groups at the C2, C9
and C10 position.
Reduction of the carbonyl group at the С13 position of compound 20 by Potier et al. resulted in a
mixture of diastereomers at the C13 position in moderate yield. Performing the reduction of the
Сіз-carbonyl in another phase of the synthesis and the use of another reduction agent may result in
a more selective reduction.
Our synthetic strategy for the formation of the oxetane ring is analogous to the method of Potier et
al. (Scheme 6.3). This is an established method which has been applied successfully in related
oxetane syntheses. 19 Furthermore, Danishefsky et al. described their synthesis of a CD-ring
fragment (Scheme 3.13), a preparation of an oxetane ring which can also be applied to compound
30.
After the introduction of the benzoyl function at the C2 hydroxyl group and removal of the
isopropylidene ketal at the C9-C10 position, the necessary acyloin moiety of taxol can be formed
analogous to the method of Harrison et al.20 They showed that acylation of compound 41 resulted
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1 (Scheme 6 6) The selective acylation is based on the

higher acidity of the allyhc hydroxyl group and stenc hindrance of the hydroxyl group at the C9
position caused by the methyl group at Ce Compound 42 was oxidized affording product 44
After deprotection of the hydroxyl group at C13 of compound 39 (scheme 6 5) the taxol side chain
21

can be introduced, for example by the method of Greene et al , to produce target molecule 40.
Scheme 6.6 Selective formation of the taxol acyloin moiety at Су-Сцр^
HO

OH

*cA^Ph
ОСНэ
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(a) Ac20/pyndine, 55 % (b) Crftypyndine, 97 %
6.5 State of Affairs in the Semi-Synthesis of 7-Deoxy Taxol (40)
Tetrahydroxy compound IS was synthesized in an overall yield of 67 %, according to the synthetic
plan as outlined in scheme 6 5 The overall yield, from taxine В (13) to tetrahydroxy compound 15,
obtained by Potier et al was only 32 % (Scheme 6 3 ) 1 3 Selective protection of the hydroxyl groups
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at the C9-C10 position of compound 15 as an isopropylidene ketal, using CUSO4 as the catalyst
during the acetalization, afforded compound 27 in a yield of 75 %. Treatment of compound 27 with
one equiv. dihydropyran under acid catalysis, gave compound 28 in a yield of 50 %. When
dihydropyran was added in excess, the tertiary hydroxyl group at the C\ position was also
protected. Because in the case of complete protection the yield was much higher (82 %), we
decided to continue the synthesis with the fully protected intermediate 45 (Table 6.1 ).
Table 6.1: Reduction offully protected taxane intermediate 45

Reduction
THPO

THPO

OTHP
46 R ^ H . R2 = OH
47 R ^ O H , R 2 = H

Reducing agent

Product

NaBH4/EtOH

48 and 49

NaBH4/MeOH/CeCb

48

L1AIH4

50 and degradation of taxane part

9-BBN

No reaction

DIBAL

46 and 50

,„A^

Ph

Д^к

EtO

49

THPO

Ph
SO

Reduction of the carbonyl group at Q 3 of compound 45 with NaBltj in ethanol gave partial
transesterification, yielding ethyl cinnamate (49). Furthermore, another unexpected product was
formed. Ή and

,3

C NMR spectra showed that the Сц-Сіг double bond had disappeared but the

compound still contained two carbonyl groups. The

13

C NMR spectrum of the product showed an

additional C-OH carbon, compared with compound 45. The IR spectrum of the product indicated
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that a hydroxyl group was formed. On account of these spectroscopic results, we concluded that the
product could be compound 48. It is not clear how this compound is formed. Reduction with
NaBH4 in the presence of СеСІз22, gave the same result. We tried several other reduction methods
(see table 6.1). With L1AIH4 as the reducing agent a complex mixture of products was obtained
from which cinnamyl alcohol (50) was the only product that was identified. Reduction with 9-BBN
gave no reaction, probably due to steric hindrance. Fortunately, reduction with DIBAL gave very
satisfactory results. The reduction of the Сіз-carbonyl proceeded completely stereospecific,
affording the 13o-hydroxyl compound 46 in a yield of 75 %. The 13ß-hydroxyl isomer 47 was not
detected. Furthermore, the cinnamate ester unit of compound 45 was reduced to cinnamyl alcohol
(50). Figure 6.3 gives a possible explanation how the reduction of the carbonyl group at the C13
position may have proceeded with complete stereoselectivity. The Cn-ketone function will
probably be reduced faster than the carbonyl group of the cinnamate ester. MM2 calculations
showed that the л' face of the Сіз-carbonyl of compound 45 is shielded, so that the hydride ion has
to attack from the re face. Reduction of the Сіз-carbonyl function of compound 20 by Potier et al.
afforded a mixture of the 13a- and 13ß-hydroxyl compounds in a ratio of 3 : 1 from which the 13aisomer was isolated in a yield of 39 %. 13 This lower stereoselectivity is a result of the fact that the
si face of the Сіз-carbonyl function of compound 20 is not as much shielded as in the case of
compound 45 (Figure 6.3).
Figure 6.3: Hydride attack at Сіз-carbonyl oftaxane intermediate 45 and 20
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Reduction of compound 45 with DIBAL not only reduced the Сіз-carbonyl, but also the cinnamate
ester at the С5 position. As a result, the strategic plan outlined in scheme 6.5 had to be adapted at
this stage of the synthesis. Nevertheless, we decided to study the formation of the oxelane ring,
following the sequence given in scheme 6.5, with compound 46 instead of compound 28.
Scheme 6.7: Formation of the oxetane ring
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The double bond at the C4 position was ci's-dihydroxylated with OSO4/NMO13, yielding compound
51 (Scheme 6.7). Dihydroxylation occurred from the sterically less hindered re face (Figure 6.4).
The primary hydroxyl group was protected with a r-butyldimethylsilyl group, affording compound
52. Next, the hydroxyl group at the C5 position had to be selectively mesylated. Unfortunately, the
hydroxyl group at the C13 posilion is expected to have a comparable reactivity. Indeed, mesylation
of compound 52 yielded a mixture of mono- and bis-mesylated products, from which compound 53
was isolated in a yield of only 24 %. Tosylation of the hydroxyl group at the C5 position occurred

Approach to the Semi-Synthesis of7-Deoxy Taxol

121

with an even lower yield. It was not possible to increase the yield of compound 53 and due to lack
of time no further conversions of 53 were undertaken.
Figure 6.4: Stereoselective cis-dihydroxylation of compound 46

6.6 Discussion and Conclusion
Taxine В (13) is an easy available precursor for the semi-synthesis of 7-deoxy taxol, because the
extraction and purification procedure for the isolation of taxine В (13) yields 2 - 3 gram taxine В
from 1 kg of dried leaves of the T. boccata.
The synthetic strategy outlined in scheme 6.5 may have several advantages compared with the
semi-synthesis described by Potier et al.13 (Scheme 6.3). First, our route to tetraol 15 is shorter and
proceeds in much higher overall yield. Furthermore, we protected the hydroxyl groups at the Ci,
C2, and the C9-C10 positions with different groups. This could result in a more selective
introduction of the necessary functional groups at these positions.
Another advantage may be the fact that the carbonyl at the C13 position of compound 45 is reduced
with complete stereoselectivity. This resulted in the required 13o-hydroxyl compound 46 in a good
yield (75 %). Reduction of compound 20 by Potier et al., resulted in a mixture 13a- and 13ßhydroxyl compounds in a ratio of 3 : 1 in a moderate yield (39 % of the 13ct-isomer).
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A major problem was the mesylation of the hydroxyl group at the C5 position of compound 52.
Because the mesylation was not selective, product 53 was isolated in a maximum yield of only
24 %. This problem has to be solved by adaptation of the synthetic strategy of scheme 6.5.

6.7 Experimental
The infrared (IR) spectra were taken on a Perkin Elmer 298 spectrophotometer. High pressure
liquid chromatography (HPLC) analysis was carried out with an ACS 350/04 equipped with a
Techsil 5C18 column, with an appropriate gradient from 0 % acetonitrile in water containing 0.1 %
TFA to 50 % acetonitrile containing 0.1 % TFA. For detection, a variable wavelength detector was
used operating at 277 nm. Melting points were determined on a Reichert thermopan microscope and
are uncorrected. Optical rotations were measured using a Perkin Elmer 241 automatic Polarimeter.
Elemental analyses were determined with a Carlo Erba E A 1108 instrument. 'H NMR spectra were
recorded on a Bruker AM-400 spectrometer. Chemical shifts are reported in ppm relative to
tetramethylsilane as intern standard and CDCI3 as solvent.

13

C NMR spectra were recorded on a

Bruker AC-100 spectrometer. Mass spectra (MS) were obtained using a VG 7070E double focusing
spectrometer. Thin layer chromatography (TLC) was carried out on Merck precoated silica gel 60
F254 plates (0.25 mm). Spots were visualized with UV or a 6.2 % H2SO4 aqueous solution (1 L)
containing ammonium molybdate (42 g) and eerie ammonium sulfate (3.6 g) followed by charring.
For flash chromatography23 Merck Kieselgel 60 H was used. Unless otherwise stated, materials
were obtained from commercial sources and used without further purification. All solvents were
dried and distilled according to standard procedures. The MM2-calculations were made with the
computer program Model.24

Extraction procedure of toxine
Dried leaves (3 kg) of T. boccata were soaked in an aqueous solution of H2SO4 (20 liter, 0.5 % v/v)
for three days. The H2SO4 solution was separated from the leaves and extracted with diethyl ether
(3 L) in a continues extraction apparatus for 1 day, to remove the major part of the non-desired
neutral organic compounds. The sulfuric acid solution was brought to pH 9 by addition of aqueous
ammonia. This solution was extracted twice with diethyl ether (3 L) in a continues extraction
apparatus for 1 day. The combined diethyl ether layers were dried over anhydrous Na2S04, filtered,
and concentrated under reduced pressure, yielding taxine (18 to 27 g, depending on the quality of
the leaves) as a white colored amorphous powder.
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Isolation procedure of toxine В (13) from toxine

13a R1=Ac, R ^ H
13b R1 = H, R ^ Ac

The taxine was dissolved in a solution of sodium dihydrogen phosphate (18.5 g) and HCl (16 mL,
30 %) in distilled water (1 L). which was brought to exactly pH 5.2 with an aqueous solution of
concentrated NaOH. This solution was extracted with chloroform (2 χ 100 mL), followed by ether
(100 mL), to remove the non-desired taxane diterpenoids. The buffered phase was brought to pH
9.0 by addition of aqueous ammonia (25 %). This solution was extracted with ether (2 χ 100 mL).
The combined diethyl ether layers were dried over anhydrous Na2S04, filtered, and concentrated
under reduced pressure. The procedure was repeated three times, giving pure 6 to 9 g taxine В
(13a : 13b = 3 : 2) as a white colored amorphous powder, mp 109 'C (lit. 109 °C) 16 . [ajo 2 0 + 108*
(c = 1. chloroform) (lit. 116.9е)16- HPLC purity 98 %. IR (KBr): υ 3570 (OH), 3050 - 2750 (C-H),
1720 (C=0), 1665 (C=C). MS (CI) m/e: 584 ([M+ H]+, 9.0), 566 ([M - OH]+, 3.7). 524 ([M OAc]+, 5.1), 331 ([M - OAc - PhCH(N(CH3)2)CH2COOH, 3.7), 194 ([PhCH(N(CH 3 ) 2 )CH 2
COOH 2 ]+, 52.7), 149 ([PhCH=CHCOOH2]+, 11.9), 134 ([PhCH(N(CH 3 ) 2 )]+, 100), 60
([CH3COOH]+, 52.4).
>H NMR (400 MHz, 13a) δ ppm: 7.29 (5H, m, Ph), 5.85 (IH, d, J = 9.5 Hz, 10-H), 5.41 and 5.37
(2H, 2 χ s, 20-H), 5.12 (IH, s, 5-H), 4.28 (IH, d, J = 9.5 Hz, 9-H), 3.95 (IH, d, J = 7.0 Hz, 2-H),
3.86 (IH, t, J = 7.0 Hz, З'-Н), 3.13 ( 1 Η, d, J = 6.9 Hz, 3-H), 2.91 and 2.53 (2Н, 2 χ dd, J = 16.0 and
J = 7.0 Hz, 2'-H), 2.67 and 2.65 (2H, 2 χ d, J = 18.1 Hz, 14-H), 2.22 (6H, s, N(C//3)2), 2.20 (3H. s.
18-H), 2.16 (3H, s, С(0)СЯ 3 ), 1.73 and 1.37 (2H, 2 χ m, 7-H), 1.52 (3H, s, 16-Н), 1.56 (2Н, m, 6Н), 1.25 (ЗН, s, 17-Н), 1.13 (ЗН, s, 19-Н).
ІН NMR (400 MHz, 13b) δ ppm: 7.32 (5Η, m, Ph), 5.55 (IH, d, J = 9.5 Hz, 9-H), 5.42 and 5.39
(2H, 2 χ s, 20-H), 5.12 (IH, s, 5-H), 5.01 (IH. d, J = 9.5 Hz, 10-H), 4.05 (IH, d, J = 6.9 Hz, 2-H),
3.84 (IH, t, J = 7.0 Hz, 3'-H), 3.13 (IH. d, J = 6.9 Hz, 3-H), 2.90 and 2.52 (2H. 2 χ dd, J = 16.0 and
J = 7.0 Hz, 2'-H), 2.68 (2H, s, 14-H), 2.22 (6H, s, N(C// 3 ) 2 ). 2.20 (3H, s, 18-H), 2.09 (3H, s.
C(0)CW3), 1.73 and 1.37 (2H, 2 χ m. 7-H), 1.69 (3H. s, 16-H), 1.56 (2H, m, 6-H), 1.35 (3H, s. 17H), 0.93 (3H, s. 19-H).
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diacetyl toxine В (23)

Taxine В (Mixture of 13 and 13b) (1 g, 1.7 mmol) was dissolved in pyridine (2 mL). After addition
of acetic anhydride (2 mL), the reaction mixture was stirred for 4 days at room temperature. The
reaction mixture was poured on ice. Subsequently, the solution was brought to pH 3.0 with an
aqueous solution of HCl (2N). After extraction with diethyl ether (2 χ 20 mL), the aqueous layer
was brought to pH 9.0 by addition of aqueous ammonia (25 %). The aqueous layer was extracted
with diethyl ether (2 χ 20 mL). The combined organic layers were dried (Na2S04), filtered, and
concentrated under reduced pressure. Flash chromatography (dichloromethane - methanol, 95 : 5
v/v) yielded 1.05 g (93 %) of product 23 as a white colored amorphous powder, mp 160 °C (lit. 162
Ό 1 6 . [ a b 2 » + 105" (c = 1, chloroform) (lit. 107°)»7. HPLC purity > 99 %. IR (KBr): υ 3500 (ОН),
3125 - 2700 (C-Η), 1735 (С=0), 1670 (С=С). 1Н NMR (400 MHz) δ ppm: 7.28 (5H, m, Ph), 6.08
(IH, d, J = 10.4 Hz, 10-H), 5.90 (IH, d, J = 10.4 Hz, 9-H), 5.58 (IH, d, J = 6.8 Hz, 2-H), 5.29 and
4.69 (2H, 2 χ s, 20-H), 5.11 (IH, s, 5-H), 3.79 (IH. t, J = 7.6 Hz, 3'-H), 3.32 (IH, d, J = 6.8 Hz, 3H), 2.91 and 2.54 (2H, 2 χ dd, J = 15.3 and J = 7.0 Hz, 2'-H), 2.79 and 2.65 (2H, 2 χ d, J = 19.7 Hz,
14-H), 2.26 (3H, s, 18-H), 2.23 (6H, s, N(CW3)2), 2.13, 2.08 and 2.07 (9H, 3 χ s, 3 χ С(0)СЯ 3 ),
1.66 (2H, m, 7-H), 1.69 (3H, s, 16-Н), 1.53 (2Н, m, 6-Н), 1.22 (ЗН, s, 17-Н), 0.89 (ЗН, s, 19-Н).
+

+

MS (CI) m/e: 668 ([М+ Н] , 24.0), 650 ([M - ОН]+, 3.5), 608 (IM - ОАс] . 10.0), 415 ([M - ОАс PhCH(N(CH 3 )2)CH 2 COOH, 7.9), 194 ([PhCH(N(CH 3 )2)CH 2 COOH2] + , 25.9), 134
([PhCH(N(CH3)2)]+, 100), 61 ([CH3COOH2]+. 34.9).

N-Methyl ammonium iodide of taxine В (24)
R'Q

OR 2

24a R1 = Ac, R2 = H
24b R1 = H, R2 = Ac
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Taxine В (Mixture of 13 and 13b) (9 g, 15.4 mmol) was dissolved in diethyl ether (50 mL). Methyl
iodide (10.8 g, 76 mmol) was added gradually at room temperature. After stirring for 24 h, the
product was filtered off and washed with diethyl ether. The remaining diethyl ether was removed
under reduced pressure, which yielded 10.2 g (91 %) of product (24) as a white colored amorphous
powder, mp 129 °C. [ a ] D 2 0 + 81° (c = 1, methanol). IR (KBr): υ 3400 (OH), 3100 - 2800 (C-H),
1725 (C=0), 1655 (C=C). J H NMR (400 MHz, CD3OD) δ ppm: 7.70 - 7.30 (5H, m, Ph), 4.10 (IH,
2-H). 3.22 (9 H, s, N(Ctf 3 ) 3 ), 2.85 and 2.65 (2H, 2 χ d, J= 19.5 Hz, 14-H), 2.16 (3H, s, 18-H). 2.15
(3H, s, С(О)СЯз), 1.60 (3H, s, 16-H), 1.33 (3H, s, 17-Н), 1.09 (ЗН, s, 19-Н). MS (FAB) m/e: 598
([M -1] + , 100), 582 ([M -1 + H - OH] + , 17.6), 556 ([M -1 + H - Ac]+, 23.0), 540 ([M -1 + H N(CH 3 ) 3 ] + , 3.7), 194 ([PhCH(N(CH3)2)CH2COOH2]+, 6.9), 134 ([PhCH(N(CH3)2)]+, 16.9).

O-cinnamoyl-taxicin-I acetate (25)
R1Q.

OR2

25a R1 = Ac, R2 = H
1
25b R = H , R2 = Ac

A solution of compound 24 (10 g, 13.8 mmol) in ethanol (50 mL) was gradually added to a stirred
solution of K2CO3 (12.4 g, 90 mmol) in water (600 mL). After stirring for 2 h at room temperature,
the product was filtered off and washed with water. The product was dissolved in ether (100 mL),
dried over anhydrous Na2S04, filtered, and concentrated under reduced pressure, yielding 6.6 g (89
%) (25a : 25b = 6 : 4) as a white colored amorphous powder, mp 121 °C. [ α ] ο 2 0 + 19Γ (с = 1,
chloroform). HPLC purity 97 %. IR (KBr): υ 3470 (OH), 3100 - 2820 (C-H), 1720 (C=0), 1635
(C=C). MS (EI) m/e: 538 ([M]+, 0.7), 520 ([M - Η2θ] + , 0.7), 478 ([M - HOAc]+, 0.9). 390 ([M PhCH=CHCOOH, 6.8), 348 ([M - Ac - PhCH=CHCOO]+, 9.8), 43 ([Ac]+, 100).
!H NMR (400 MHz, 25a) δ ppm: 7.75 (2H, d, J = 6.8 Hz, Ph), 7.65 (IH, d, J = 15.9 Hz, З'-Н), 7.44
(ЗН, m, Ph), 6.38 (IH, d, J = 15.9 Hz, 2'-H), 5.88 (IH, d, J = 9.3 Hz, 10-H), 5.48 and 5.37 (2Н, 2 χ
s, 20-H), 5.35 (IH, s, 5-H), 4.33 (IH, dd, J = 9.3 and 4.5 Hz, 9-H), 4.05 (IH, dd, J = 6.9 and 7.0
Hz, 2-H), 3.63 (IH, s, OH at Ci), 3.42 (IH, d, J = 6.9 Hz, 3-H), 2.71 (2Н, s. 14-H), 2.37 (IH, d, J =
7.0 Hz, OH at C 2 ), 2.14 (IH, d, J = 4.5 Hz, OH al C9), 2.26 (3H, s, 18-H), 2.16 (3H, s, С(0)СЯ 3 ),
1.95 (2H, m, 7-H), 1.54 (ЗН, s, 16-H), 1.55 (2H, m, 6-H), 1.27 (ЗН, s, 17-Н), 1.19 (ЗН, s, 19-Н).
1

Н NMR (400 MHz, 25b) Ъ ppm: 7.75 (2Н, d, J = 6.8 Hz, Ph), 7.65 (IH, d, J = 15.9 Hz, З'-Н), 7.44

(ЗН, m, Ph), 6.39 (IH, d, J = 15.9 Hz, 2'-H), 5.79 (IH, d, J = 9.3 Hz, 9-H), 5.47 and 5.43 (2H, 2 χ s,
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20-H), 5.35 (IH, s, 5-H), 5.10 (IH, dd, J= 9.3 and 4.5 Hz, 10-H), 4.13 (IH, dd, J = 6.9 and 7.0 Hz,
2-H), 3.44 (IH, s, OH at Ci), 3.42 (IH, d, J = 6.9 Hz, 3-H), 2.70 and 2.63 (2H, 2 χ d, J = 16.5 Hz,
14-H), 2.45 (IH, d, J = 7.0 Hz, OH at Сг), 2.34 (IH, d, J = 4.5 Hz, OH at Сш), 2.18 (3H, s, 18-H),
2.11 (3H, s, С(О)СЯз), 175 (2Н, m, 7-Н), 1.72 (ЗН, s, 16-Н), 1.55 (2Н, m, 6-Н), 1.37 (ЗН, s, 17Н). 0.99 (ЗН, s, 19-Н).

0-cinnamoyltaxicin-I (15)

Methanol (200 mL) was treated with sodium (0.28 g, 12 mmol) in a nitrogen atmosphere at 0 °C. A
solution of 0-cinnamoyltaxicin-I acetate (25) (6.0 g, 11.2 mmol) in methanol (10 mL) was
gradually added, and kept at 0 °C for 16 h. The reaction mixture was acidified with glacial acetic
acid and concentrated under reduced pressure. Subsequently, water (120 mL) was added and the
mixture was extracted with diethyl ether (2 χ 50 mL). The combined ether layers were washed with
a saturated aqueous solution of ЫаНСОз (25 mL), brine (25 mL), dried over anhydrous Na2S04,
filtered, and concentrated under reduced pressure. This yielded 5.4 g (98 %) of crude product 15,
which was used in the next step without purification. For analytical purpose a small amount was
further purified by flash chromatography (chloroform : methanol = 9 : 1 v/v). mp 136 'C. [ofo 2 0
+ 214° (c = 1, chloroform). HPLC purity 85 %. IR (KBr): υ 3450 (OH), 3040 - 2820 (C-Η), 1695
(C=0), 1635 (C=C). !Н NMR (400 MHz) δ ppm: 7.75 (2H, d, J= 6.8 Hz, Ph), 7.64 (IH, d, J = 15.9
Hz, З'-Н), 7.43 (ЗН, m, Ph), 6.39 (IH, d, J = 15.9 Hz, 2'-H), 5.46 and 5.38 (2H, 2 χ s, 20-H), 5.32
(IH, s, 5-H), 4.92 (IH, dd, J = 9.3 and 2.4 Hz, 10-H), 4.17 (IH, dd, J = 9.3 and 3.8 Hz, 9-H), 4.05
(IH, dd, J = 6.9 and 6.4 Hz, 2-H), 3.54 (IH, s, OH at Ci), 3.37 (IH, d, J = 6.9 Hz, 3-H), 2.70 and
2.66 (2H, 2 χ d, J = 16.0 Hz, 14-H), 2.64 (IH, d, J = 3.8 Hz, OH at C 9 ), 2.58 (IH, d, / = 2.4 Hz,
OH at Сю), 2.41 (IH, d, J = 6.4 Hz, OH at C 2 ). 2.10 (3H, s, 18-H), 1.82 and 1.75 (2H, 2 χ m, 7-H),
1.70 and 1.40 (2H, 2 χ m. 6-H), 1.61 (3H, s, 16-H), 1.36 (3H, s, 17-H), 1.17 (3H, s, 19-H). MS (El)
+

m/e: 496 ([M]+, 0.35), 478 ([M - H 2 0 ] , 2.2), 348 (([M - PhCH=CHCOO, 18.7), 148
([PhCH=CHCOO]+, 5.7).
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isopropylidene derivative 26

O-cinnamoyltaxicin-I (15) (5.0 g, 10.1 mmol) was added to a stirred suspension of anhydrous
CUSO4 (20 g) in anhydrous acetone (300 mL). The suspension was stirred for 2 days at room
temperature. The CUSO4 was removed by filtration, and the filtrate was concentrated under reduced
pressure. Flash chromatography (chloroform : methanol = 9 : 1 v/v) yielded 4.0 g (75 %) of
isopropylidene derivative 26. mp 112 °C. [а]ц20 + 233° (с = 1, chloroform). HPLC purity > 98 %.
IR (KBr): υ 3450 (OH). 3040 - 2820 (C-H), 1695 (C=0), 1635 (C=C). ] H NMR (400 MHz) δ ppm:
7.75 (2H, d, J = 6.8 Hz, Ph), 7.63 (IH, d, J = 15.9 Hz, З'-Н), 7.43 (3H, m, Ph), 6.35 (IH, d, J = 15.9
Hz, 2'-H), 5.46 and 5.38 (2H, 2 χ s, 20-H), 5.33 (IH, s, 5-H), 4.92 (IH, d, J = 9.3 H?, 10-H), 4.34
(IH, d, J = 9.3 Hz, 9-H), 4.08 (IH, dd, J = 6.7 and 7.5 Hz, 2-H), 3.59 (IH, s, OH at Ci), 3.23 (IH,
d, J = 6.7 Hz, 3-H), 2.71 and 2.59 (2Н, 2 χ d, J = 19.5 Hz, 14-H), 2.64 (IH, d, / = 3.8 Hz, OH at
C 9 ), 2.58 (IH, d, J = 2.4 Hz, OH at Сю), 2.43 (IH, d, J = 7.5 Hz, OH at C 2 ), 2.12 (3H, s, 18-H),
2.00 and 1.76 (2H, 2 χ m, 7-Η), 1.70 and 1.55 (2Н, 2 χ m, 6-H), 1.64 (3H, s, 16-Н), 1.51 and 1.44
(6Н, 2 χ s, C(CH3)2), 1.38 (3H, s, 17-Н), 1.10 (ЗН, s, 19-Н). MS (ΕΙ) m/e: 536 ([M]+, 2.9), 478 ([M
- OC(CH 3 ) 2 ] + , 1.4), 460 [M - (НО) 2 С(СНз) 2 ] + . 0.4), 388 ([M - PhCH=CHCOOH, 7.6), 148
([PhCH=CHCOOHJ+, 10.1).

mono-THP derivative 27
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To a stiired solution of the isopropylidene derivative 26 (4.0 g, 7 5 mmol) and a catalytic amount of
TsOH in dichloromethane (60 mL), dihydropyran (0.64 g, 7.6 mmol) in dichlororneihane (10 mL)
was slowly added at room temperature After 1 day the reaction mixture was washed with a
saturated aqueous solution of ЫаНСОз (10 mL). bnne (10 mL), dried over anhydrous Na2SC>4,
filtered, and concentrated under reduced pressure. Flash chromatography (hexane THF = 3 : 1 v/v)
yielded 2.3 g (50 %) mono-THP protected product 27 and 52 mg (10 %) of the bis-THP protected
product 45. [ a b 2 0 + 21Г (с = 1, chloroform) HPLC punty > 98 %. IR (KBr). υ 3420 (OH), 3100
- 2700 (C-H), 1705 and 1665 (C=0), 1635 (C=C). ІН NMR (400 MHz) δ ppm: 7 72 (2Η, d, У = 6 8
Hz, Ph), 7 62 (IH, d, У = 15 9 Hz, З'-Н), 7 41 (3H, m, Ph), 6.33 (IH, d, У = 15.9 H?, 2'-H). 5 58 and
5.33 (2H, 2 χ s, 20-Η), 5 29 (IH, s. 5-H), 4 91 (IH, m, 4'-H), 4 90 (IH, d, У = 9.3 Hz, 10-H), 4.34
(IH, d, У = 9 3 Hz, 9-Н), 4.15 (IH, d, У = 5 6 Hz, 2-H), 3 64 (2H, t, У = 6.1 Hz, 5'-H), 3 09 (IH, d. У
= 5.6 Hz, 3-H), 2.67 (2H, s, 14-Н), 2.13 (ЗН, s, 18-Н), 1 95 and 1.70 (2Н, 2 χ m, 7-Н), 1 70 and
1 55 (2Н, 2 χ m, 6-H), 1 60 (ЗН, s, 16-Н), 1 50 and 1 46 (6Н, 2 χ s, C(CH3)2), 1 36 (ЗН, s. 17-Н).
1.10 (ЗН, s, 19-Н), 1.80 - 1 25 (6Н. m, ТНР part). MS (ΕΙ) m/e. 620 ([M]+. 0 4), 472 ([M PhCH=CHCOO, 0.19), 370 ([M - PhCH=CHCOOH - OTHP]+, 0 84), 312 [M - PhCH=CHCOOH OTHP - ОС(СНз)2]+. 0 6), 148 ([PhCH=CHCOOH]+, 12.1), 85 (ΓΓΉΡ]+, 17 1).

bis-THP derivative 45

X

To a stirred solution of the isopropylidene derivative 26 (4 0 g, 7.5 mmol) and a catalytic amount of
TsOH in dichloromethane (60 mL), dihydropyran (1.9 g, 22.4 mmol) in dichloromethane (10 mL)
was gradually added at room temperature After 1 day the reaction mixture was washed with a
saturated aqueous solution of №НСОз (10 mL), brine (10 mL), dried over anhydrous Na2S04,
filtered, and concentrated under reduced pressure. Flash chromatography (hexane · THF = 4 : 1 v/v)
yielded 4 3 g (82 %) bis-THP protected product 45. mp 66 °C. [a]o 2 0 + 258° (c = 1, chloroform).
HPLC purity > 98 %. IR (KBr) υ 3150 - 2800 (C-H), 1705 and 1670 (C=0), 1635 (C=C). Ή
NMR (400 MHz) δ ppm. 7 72 (2Η, d, У = 6 8 Hz, Ph), 7 62 (IH, d, У = 15 9 Hz, 3'-H), 7 42 (3H. m,
Ph), 6.33 (IH, d, У = 15 9 Hz, 2'-H), 5.58 and 5 33 (2H, 2 χ s, 20-H), 5 28 (IH, s, 5-H), 4 91 (IH,
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m, 4'-H), 4 90 (IH, d, / = 9 2 Hz, 10-H), 4 57 (2H, m, 6'-H), 4 31 (IH, d, J = 9 2 Hz, 9-H), 4 14
(IH, d, У = 5 2 H?, 2-H), 3 85 and 3 73 and 3 49 and 3 39 (4H, 4 χ m, 5'-H and 7'-H), 3 10 (IH, d, J
= 5 2 Hz, 3-H), 2 67 (2Н, s, 14-Н), 2 00 (ЗН, s, 18-Н), 1 59 (ЗН, s, 16-Н), 1 51 and 1 46 (6Н, 2 χ s,
С(СН3)2), 1 36 (ЗН, s, 17-Н), 1 10 (ЗН, s, 19-Н), 1 80 - 1 30 (16Н, m, 6-Н and 7-Н and ТНР part)
ІЗС NMR (100 MHz) δ ppm 200 (C13), 166 (Cr), 154, 145, 141, 135, 130, 129 (2 χ), 128 (2 χ),
122,117 (2 χ) (6 χ Ph, C 2 ', C 3 \ C4, C20, С ц , and C12) MS (FAB) m/e 705 ([M + H] + , 6 5), 619
([M - THP1+, 68 0), 603 ([M - OTHP] + , 3 4), 534 [M - 2 THP]+, 3 7), 472 ([M - THP PhCH=CHCOO]+, 64 1), 371 ([M - THP - OTHP - PhCH=CHCOO]+, 100), 85 ([THP]+, 84 9)
Anal caled for C42H56O9 С 71 57, Η 8 01, found С 72 13. Η 7 96.

derivative 48

NaBH4 (61 mg, 1 6 mmol) was gradually added to a solution of compound 45 (1 g, 1 42 mmol) in
methanol (10 mL) at room temperature After stirring for 90 mm, most of the methanol was
removed under reduced pressure Water (50 mL) was added and the aqueous layer was extracted
with diethyl ether (2 χ 25 mL) The combined organic layers were washed with bnne (10 mL),
dried over anhydrous Na2S04, filtered, and concentrated under reduced pressure
chromatography (hexane - THF, 3

Flash

1 v/v) yielded 267 mg (26 %) of product 48 Addition of

СеСІз 6H 2 0 (1 4 g, 4 mmol) gave the same result IR (KBr) υ 3550 - 3120 (OH), 3100 - 2700 (CH), 1700 (C=0), 1635 (C=C) ·Η NMR (400 MHz) δ ppm 8 07 (IH, s. OH at C12), 7 70 (IH, d,
J= 16 0 Hz, З'-Н), 7 64 and 7 38 (5H, m, Ph), 6 87 (IH, d, J= 16 0 Hz, 2'-H). 5 90 and 5 36 (2H, 2
χ s, 20-H), 5 36 (IH, s, 5-H), 4 86 (IH, m, 4'-H), 4 57 (2H, m, 6'-H), 4 33 (IH, d, J = 9 7 Hz, 10-H),
4 22 (IH, d, J = 4 4 Hz, 2-H), 4 13 (IH, d, J= 9 7 Hz, 9-H), 3 85 and 3 73 and 3 50 and 3 39 (4H, 4
χ m, 5'-H and 7'-H), 2 78 (IH, s, 11-H), 2 80 and 2 70 (2H, 2 χ d, J = 19 8 Hz, 14-H), 2 03 (IH, d,
J = 4 4 Hz, 3-H), 1 76 (3H, s, 18-H), 1 60 (3H, s, 16-H), 1 46 and 1 40 (6H, 2 χ s, C(CH 3 ) 2 ), 1 32
(3H, s, 17-H), 1 12 (3H, s, 19-H), 2 00 - 1 30 (16H, m, 6-H and 7-H and THP part)

13

C NMR (400

MHz) δ ppm 205 (C13), 167 (Ci ), 145, 140, 135, 130, 129 (2 x), 128 (2 x), 120, 119 (6 χ Ph, C2·,
C3·, C4 and C20) An additional C-OH carbon peak at 79 ppm, compared with conpound 45

Chapter 6

130
Derivative 46

1

X

HO···'

46

A solution of compound 45 (4 g, 5.7 mmol) in anhydrous dichloromethane (100 mL) was brought
in an argon atmosphere and at a temperature of 0 °C. DIBAL (25 mL, 25 mmol, IM in hexane) was
added gradually with a syringe. After stirring for 45 min at 0 *C, the reaction mixture is allowed to
warm up to room temperature. An aqueous solution of citric acid (25 mL, 10 %) was added
gradually. The aqueous layer was extracted with dichloromethane (2 χ 10 mL). The combined
organic layers were washed with an saturated aqueous solution of NaHC03 (25 mL), brine (25
mL), dried over anhydrous Na2S04, filtered, and concentrated under reduced pressure. Flash
chromatography (chloroform - methanol, 70 : 1 v/v) yielded 2.4 g (75 %) of product 46. mp 57 °C.
[cr] D 2 0 + 100° (c = 1, chloroform). IR (KBr): υ 3390 (OH), 3100 - 2750 (C-H), 1640 (C=C). Ή
NMR (400 MHz) δ ppm: 5.51 and 5.14 (2H, 2 χ s, 20-Η), 4.85 (IH, d, J= 9.3 Hz, 10-H). 4.82 (IH,
m, 4'-H), 4.58 (2Н, m, б'-Н), 4.54 (IH, br t, 13-H), 4.26 (IH, s, 5-H), 4.06 (IH, d, J = 9.3 Hz, 9-H),
3.95 (IH, d, J = 4.8 Hz, 2-H), 3.87 and 3.75 and 3.50 and 3.40 (4H, 4 χ m, 5'-H and 7'-Н), 3.21 (IH,
d, J = 4.8 Hz, 3-H), 3.17 (IH, br s, OH at C13), 2.58 (IH, br s, OH at C 5 ), 2.42 (IH, dd, J = 16.0
and 10.0 Hz, 14α-Η), 2.07 (IH, dd, J = 16.0 and 2.5 Hz, 14β-Η), 2.06 (3H, s, 18-H), 1.48 (3H, s,
16-Н), 1.45 and 1.43 (6Н, 2 χ s, C(CH3)2), 1.13 (3H, s, 17-Н), 1.03 (ЗН, s, 19-Н), 1.80 - 1.30 (16Н,
m, 6-Н and 7-Н and ТНР part). MS (EI) m/e: 576 ([M]+, 0.1), 491 ([M - THP]+, 1.6), 473 ([M ΤΉΡ - H 2 0]+, 0.6), 433 [M - THP - OC(CH 3 ) 2 ] + , 1.3), 348 ([M - 2 THP - OC(CH 3 ) 2 ] + , 1.9), 85
([THP]+, 100). Anal, caled. forC 33 H 52 Og: С 68.72, Η 9.09 found: С 68.85, Η 8.93.
The configuration at C i 3 of product 46 was determined with a 400 MHz го^Н^Н-ШЕЗУ NMRspectrum. The proton at C i 3 has weak cross-peaks with the protons at C14 and Cjg, and a strong
cross-peak with the protons at C17.
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Derivative 51

Compound 46 ( 2.4 g, 5.75 mmol) and NMO (0.53 g, 4.5 mmol) were dissolved in a mixture of
THF (25 mL) and water (12.5 mL). OSO4 (6 mL, 0.6 mmol, 2.5 % in f-butyl alcohol) was gradually
added at room temperature and the reaction mixture was stirred for 2 days. Florisil (2 g), water (25
mL) and Na2S2Û4 (280 mg, 1.6 mmol) were added successively. After stirring for 10 min, the
reaction mixture was filtered over hyflo. The solution was neutralized with a saturated aqueous
solution of ammonium chloride, followed by extraction with ethyl acetate (3 χ 25 mL). The
combined organic layers were washed with brine (10 mL), dried over anhydrous Na2S04, filtered,
and concentrated under reduced pressure. Flash chromatography (chloroform - methanol, 97 : 3 v/v)
yielded 1.9 g (75 %) of product 51. mp 70 °C. [ a ] D 2 0 + 90" (c = 1, chloroform). IR (KBr): υ 3450
(OH), 3100 - 2750 (C-Η). ІН NMR (400 MHz) δ ppm: 4.92 (IH, m, 4'-H), 4.77 (IH, d, J = 9.4 Hz,
10-H), 4.57 (2H, m, 6'-H), 4.54 (IH, br t, 13-H), 4.02 (IH, s, 5-H), 3.99 (IH, d, J = 9.4 Hz, 9-H),
3.95 (IH, d, J = 4.9 Hz, 2-H), 3.90 (IH, s, OH at C 4 ), 3.88 and 3.20 (2H, 2 χ m, 20-H), 3.86 and
3.76 and 3.49 and 3.41 (4H, 4 χ m, 5'-H and 7'-H), 2.83 (IH, d, J = 4.9 Hz, 3-H), 2.83 (IH, br s, OH
at C13), 2.70 (2H, br s, OH at C 5 and OH at C20). 2.44 (IH, dd, J = 13.7 and 9.7 Hz, 14a-H), 2.30
(IH, dd, J = 13.7 and 3.1 Hz, 14β-Η), 2.05 (3H, s, 18-H), 1.48 (3H, s, 16-Н), 1.43 and 1.40 (6Н, 2 χ
s, С(СНз)г), 1.15 (3H, s, 17-Н), 1.06 (ЗН, s, 19-Н), 1.80 - 1.30 (16Н. m, 6-Н and 7-Н and ΤΗΡ
part). MS (FAB) m/e: 634 ([M + Na + H]+, 19.4), 533 ([M + Na + Η - OTHP]+, 6.8).
Derivative 52
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A solution of f-butyldimethylsilyl chloride (1.5 g, 10 mmol) and triethyl amine (1 g, 5 mmol) in
DMF (10 mL) was gradually added to a stirred solution of compound 51 (1.5 g, 2.45 mmol),
triethylamine (2.25 g, 22.3 mmol) and a catalytic amount of DMAP in DMF (20 mL). The reaction
mixture was stirred over night at room temperature. Most of the solvent was removed under
reduced pressure. Ethyl acetate (50 mL) was added and the reaction mixture was filtered over hyflo,
followed by concentration under reduced pressure. Flash chromatography (hexane - ethyl acetate,
3 : 1 v/v) yielded 1.3 g (73 %) of product 52. mp 52 "С. [ a ] D 2 0 + 74° (c = 1, chloroform). IR (KBr):
υ 3450 (OH), 3050 - 2750 (C-Η). ! H NMR (400 MHz) δ ppm: 4.87 (IH, m, 4'-H), 4.76 (IH, d, J =
9.4 Hz, 10-H), 4.58 (2H, m, б'-Н), 4.51 (IH, br t, 13-H), 4.22 and 3.54 (2H, 2 χ d, J = 9.6 Hz, 20H), 4.02 (IH, d, J = 9.4 Hz, 9-H), 3.87 and 3.73 and 3.51 and 3.38 (4H, 4 χ m, 5'-H and 7'-H), 3.84
(IH, d, J = 4.1 Hz, 2-H), 3.75 (IH, s, 5-H), 3.62 (IH, s, OH at C4), 2.77 (IH, d, J = 4.1 Hz, 3-H),
2.70 (IH, br s, OH at C13), 2.55 (IH, dd, J = 15.6 and 3.0 Hz, 14α-Η), 2.35 (IH, dd, J = 15.6 and
9.9 Hz, 14β-Η), 2.50 (2H, br s, OH at C 5 ), 2.03 (3H, s, 18-H), 1.47 (3H, s, 16-Н), 1.43 and 1.40
(6Н, 2 χ s, C(CH 3 ) 2 ). 1.13 (3H, s, 17-Н), 1.01 (ЗН, s, 19-Н), 0.89 (9Н, s, ОЯіФи), 1.80 - 1.30
(16Н, m, 6-Н and 7-Н and ТНР part), 0.06 (6Η, s, OSiMe2). MS (FAB) m/e: 747 ([M + Na]+, 8.9),
647 ([M + Na + H - THP]+, 3.6), 85 ([ΤΉΡ]+, 100).
Derivative S3

Το a solution of compound 52 (75 mg, 0.10 mmol) in anhydrous pyridine (1.5 mL), which was
brought in an argon atmosphere and at a temperature of 0 °C, mesyl chloride (35 μ ι , 0.45 mmol)
was added gradually with a syringe. The reaction mixture was allowed to warm up to room
temperature and stirred over night. After addition of chloroform (5 mL), the reaction mixture was
washed with citric acid (3x5 mL, 10 %), brine (5 mL), dried over anhydrous MgS04, filtered, and
concentrated under reduced pressure. Flash chromatography (hexane : ethyl acetate = 4 : 1 v/v)
yielded 20 mg (24 %) of product 53. Ή NMR (400 MHz) δ ppm: 4.89 (IH, m, 4'-H), 4.88 (IH, s,
5-H), 4.74 (IH, d, J= 9.4 Hz, 10-H), 4.57 (2H, m, 6'-H), 4.44 (IH, br q, 13-H), 4.27 and 3.63 (2H,
2 χ d, J = 10.5 Hz, 20-H), 4.02 (IH, d, J = 9.4 Hz, 9-H), 3.87 and 3.75 and 3.51 and 3.39 (4H, 4 χ
m, 5'-H and 7'-H), 3.84 (IH, d, J = 4.0 Hz, 2-H), 3.47 (IH, s, OH at C 4 ), 3.06 (3H, s, OS0 2 Me),
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2.76 (IH, br d, OH at Сіз). 2.69 (IH, d, J = 4.0 Hz. 3-H), 2.41 (IH, d, J = 6.3 Hz. 14-H). 2.06 (3H.
s, 18-H). 1.46 (3H, s, 16-H), 1.43 and 1.41 (6H. 2 χ s, С(СНэ)г). 1.13 (3H, s. 17-Н), 1.06 (ЗН. s.
19-Н), 0.91 (9Н. s, OSi'Bu), 2.00 - 1.30 (16H. m. 6-Н ала 7-Н and ТНР part), 0.08 (6Н. s,
OSiMe2). After finishing this thesis compound 53 was prepared in an analogous way and showed
correct mass and satisfactory elemental analysis.25
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The Baylis-Hillman Reaction

7.1 Introduction
As described in § 4.3 and § 5.5, the Baylis-Hillman reaction1 is a useful method for the introduction
of the dienophile part into the cyclohexane dialdehyde equivalent under relatively mild conditions.
There is no alternative for the direct coupling of the α-position of an electron poor α,β-unsaturated
vinyl system and an aldehyde. With an organometallic reaction (e.g. a Grignard reaction), the
electron withdrawing substituent has to be protected or the vinyl system has to be present in a
masked form. As the Baylis-Hillman reaction, which is strongly accelerated by pressure2, fits
perfectly with the high pressure expertise of our group, we decided to study this reaction more
closely. This chapter describes the results of our investigations regarding the mechanism of the
Baylis-Hillman reaction. Furthermore, some preliminary experiments concerning chiral induction
with a chiral catalyst will be presented.
7.2 The Baylis-Hillman Reaction
The Baylis-Hillman reaction is a base-catalyzed reaction between an activated α,β-unsaturated vinyl
system and suitable electrophiles {e.g. aldehydes). * Although other tertiary amines (e.g. ΈΧτ,ϊϊ) can
be used as a catalyst, l,4-diazabicyclo[2,2,2]octane (DABCO) is mostly employed.3 Frequently,
this reaction has been referred to as the "DABCO reaction". This name is inappropriate since it
implies a restriction to this particular base. Apart from tertiary amines, tertiary phosphines4 and
5

rhodium complexes have also been employed as catalysts, although these catalysts are far less
effective than tertiary amines.
Scheme 7.1: The Baylis-Hillman reaction
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The reaction in scheme 7.1 was first reported in a patent granted to Baylis and Hillman, in 1972.6
They described the reaction between α,β-unsaturated esters, nitriles, amides or ketones with a
variety of aldehydes. The catalysts listed in the patent, including DABCO, are all tertiary amines.
The catalyst, which is used in 0.1 to 10 % of the reactant weight, should be a relatively strong
tertiary amine base. Furthermore, the reaction may be carried out at temperatures between 0 and
200 *C. Solvents such as dioxane, THF, hexane, ethanol or chloroform are all suitable but in many
cases a solvent is unnecessary.
Despite the obvious potential of the reaction for the introduction of, for instance, α-substituted
acrylates and related systems, little or no interest was shown in this reaction for 10 years. Especially
the acrylate unit features prominently in a large number of naturally occurring compounds that
possess biological activity.7
Scheme 7.2 gives the mechanism proposed by Isaacs8 and Bode9. This mechanism involves an
addition-elimination sequence, which is initiated by nucleophilic attack of the tertiary amine on the
activated α,β-unsaturated vinyl system 1, thus forming zwitterionic intermediate 2. The next step is
the rate-determining step, and involves the attack of intermediate 2 on the electrophilic aldehyde to
afford adduct 3. Proton transfer and elimination of the tertiary amine results in the coupled product
4. This final step is supposed to proceed very fast.8
Scheme 7.2: The mechanism of the Baylis-Hillman reaction
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Addition of methanol to the reaction mixture or the use of 3-hydroxyquinuclidine (3-QDL) instead
of DABCO sometimes leads to a considerable rate enhancement.1 The zwitterionic intermediate 2,
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Reaction

can be stabilized by hydrogen bonds with the solvent or with the catalyst itself as in the case of 3QDL (Figure 7.1, compound S).1
Figure 7.1: DABCO, 3-QDL and 3-QDL-methyl acrylate adduct (5)
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The scope of the Baylis-Hillman reaction at atmospheric pressure is rather limited. However,
3
-1
because of the very high negative volume of activation (- 70 cm mol ) this reaction is strongly
2
accelerated by pressure which extends the scope of the reaction considerably.
7.3 The Baylis-Hillman Reaction with ß-Substituted Alkenes
To study the Baylis-Hillman reaction in more detail we investigated the reaction of ß-substituted
electron poor alkenes with benzaldehyde. Since ß-substituted electron poor alkenes react only very
slowly at atmospheric pressure, high pressure was used to accelerate the reaction. The use of ßsubstitutcd alkenes will lead to the formation of £/Z-isomers. In order to find out whether stereo
control is possible we studied the effect of the solvent, pressure and catalyst on the £/Z-ratio of the
Baylis-Hillman products formed in the reaction of crotononitrile or methyl crotonate with
benzaldehyde. The results give also additional information about the details of the mechanism of
the Baylis-Hillman reaction.
7.3.1 Crotononitrile and Benzaldehyde
The Baylis-Hillman reaction between crotononitrile and benzaldehyde yields a mixture of E- and Zisomers 6 and 7 (Scheme 7.3).
Scheme 7.3: Formation ofE- and Z-isomers 6 and 7
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Instead of pure cis- or franj-crotononitrile, the commercially available mixture of these isomers in a
cis/trans ratio of 2 : 1 was used in all cases because the isomerisation under influence of DABCO
was much faster then the Baylis-Hillman reaction with benzaldehyde (Scheme 7.4), as was
demonstrated by comparing the reaction of pure cis- or frani-crotononitrile with benzaldehyde
under the same reaction conditions. Both isomers gave the same £/Z-ratio.
Scheme 7.4: Isomerization of cis- and trans-crotononitrile under influence of DABCO

H

,CN

3CS¿¿

©I

&

(С
ν :ιJ

+ DABCCL

%

ИзСЦ,

.CN

*H

Rotation _

®M

*ί"

N

-DABCO
H3C'

VJ
&

- DABCO.
+ DABCO

С

СНз

9

8

7.3.1.1 Variation of the Solvent
Figure 7.2 shows the influence of solvent on the ratio of 6 and 7 at 8 kbar. Under neat conditions
the E/Z-ratio was close to 1. Also in less polar solvents such as tetrahydrofuran and chloroform the
£/Z-ratio was close to 1. In polar solvents such as methanol and acetonitrile, the Ε-isomer was
formed in excess.
Figure 7.2: Variation of the solvent
5
EfL

neat

THF

CHCI3

CH3CN

MeOH

Reagents and conditions: Crotononitrile/Benzaldehyde/DABCO = 1/1/0.05; RT; 8 kbar; 17 hours; solvent 50 vol%.
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Reaction

7.3.1.2 Variation of the Pressure
Under neat reaction conditions and in aprotic solvents the percentage of the £-isomer increased
with increasing pressure (Figure 7.3). In chloroform, at 15 kbar pressure the Ε-isomer was formed
in 96 % excess. In the very polar protic solvent methanol no pressure dependence was found.
Figure 7.3: Variation of the pressure
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Reagents and conditions: Crotononitrile/Benzaldehyde/DABCO = 1/1/0.05; RT; 17 hours; solvent 50 vor%.

7.3.1.3 Variation of the Tertiary Amine Catalyst
Figure 7.4: Variation of the tertiary amine catalyst
E/Z

5

EbN

3-QDL

DABCO

Reagents and conditions: Crotononitrile/Benzaldehyde/Base = 1/1/0.1; RT; 8 kbar; 17 boms; solvent 50 vol% CHCI3.
3-QDL = 3-hydroxyquinuchdine.
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Figure 7.4 shows that the E/Z-ratio is also dependent on the tertiary base used as the catalyst. The
reactions were carried out in chloroform to increase the solubility of the various catalysts. For
DABCO as a base the E/Z-ratio is close to 1. Decreasing the basicity of the amine base led to
increasing excess of the E-isomer.
7.3.1.4 Proposed Mechanism for the Baylis-Hillman Reaction
The obtained stereochemical results can be explained by the mechanism presented in scheme 7.5.
Since the calculated MM2-energies of the zwitterionic intermediates 8 and 9 are almost the same,
they will probably both be present in nearly equal amounts in the reaction mixture. Zwitterionic
intermediates 10 and 11 are formed after reaction with benzaldehyde. Following the E2-mechanism
proposed by Isaacs and Bode nearly equal amounts of the E- and Z-isomers 6 and 7, via compound
10 and 11 respectively, should be formed.
The reaction can also follow the ElcB-elimination route via rotamers 12 and 13, which are formed
via an intramolecular proton transfer in intermediates 10 and 11. The calculated MM2-energy of
rotamer 12 is about 4 kcal mol'1 less than the energy of 13. It may be expected that the equilibrium
between rotamers 12 and 13, will be mainly at the side of the less hindered rotamer 12. ElcBelimination via 12 gives £-isomer 6. The Z-isomer 7 is formed via 13. Consequently, if the reaction
follows the ElcB-elimination route, E-isomer 6 will be formed in excess.
Polar solvents such as methanol and acetonitrile will stabilize the zwitterionic rotamers 12 and 13
better than less polar solvents such as tetrahydrofuran and chloroform This could explain the
formation of excess of E-isomer 6, in polar solvents at 8 kbar.
The ElcB-mechanism is favored by increasing pressure since pressure favors the formation of
zwitterionic intermediates. Furthermore, the E2-elimination will be retarded with increasing
pressure because of increasing viscosity of the reaction medium, which explains that the highest
E/Z-ratio is found at 15 kbar pressure. As expected a small pressure effect was found in the very
polar protic solvent methanol, having the smallest électrostriction.10 A protic solvent, because of
competing protonation of 10 and 11, also suppresses the intramolecular proton transfer in the
conversion of 10 and 11 into 12 and 13, which also explains the lower £/Z-ratio found in methanol
at pressures higher than 12 kbar. In agreement with this observation, the E/Z-ratio at 15 kbar was
lower in THF containing 10 % H2O (£/Z-ratio = 3.7) than in dry THF (£/Z-ratio = 11.4).
Also the effect of the base will effect the ratio between E2- and ElcB-elimination. With DABCO as
the base, nearly equal amounts of the £- and Z-isomers were formed, suggesting that the products
are formed via the E2-elimination route. The weaker base triethylamine, gave an excess of £isomer 6. Since basicity of triethylamine is probably not strong enough to give E2-elimination, the
ElcB-elimination route is favored.
Fort et al. claim that the overall reaction must be considered as an equilibrium.11 To study this in
our case, we have heated E-isomer 6 for 2 days with 0.1 equiv. of DABCO at normal as well as at
high pressure. Neither crotononitrile nor benzaldehyde could be detected after these experiments.
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Moreover, no isomerisation to the Z-isomer was detected. It seems that in our case the overall
reaction is not an equilibrium.

Scheme 7.5: Proposed mechanism for the Baylis-Hillman reaction

Η

3

H
( \ ν θ 0 . CN

Ν
ГсЛі

H
НэС^\я .Η

Η

Ν
KL/]

Rotation

CN

Ν'
9

PhCHO

PhCHO

ÇH(09)Ph

Η

HS4

HcN

S

Η

ÇH(cP)Ph

H3C

^ М "

Θ

^-NR3

л

H

3 c 4¿.re t ,.CH(OH)Ph Н з С ^ ^ - ^.СМ

Н3С
'©i

CH(OH)Ph
б

Ε-isomer

7
Z-isomer

"CH(Òw)Ph

Chapter 7

142
7.3.2 Methyl Crotonate and Benzaldehyde

We also studied the Baylis-Hillman reaction between methyl crotonate and benzaldehyde. Results
obtained from these experiments are in agreement with the proposed mechanism depicted in
scheme 7.S. The £/Z-ratio of the reaction between methyl crotonate and benzaldehyde varied from
2 to 1. In accordance with this £/Z-ratio, the calculated MM2-energy of rotaraer 19 is about 1.2
kcal mol"1 lower than the energy of 18, which explains that JE-isomer 21 was formed in excess
(Scheme 7.6).
The reaction between methyl crotonate and benzaldehyde was much slower than the reaction of
crotononitrile with benzaldehyde, and therefore had to be carried out at 15 kbar and 50 °C. For this
reason it was not possible to study this reaction at lower pressures. Variation of solvent and tertiary
amine catalyst had the same effect as in the reaction of crotononitrile and benzaldehyde (Figure
7.5).

Figure 7.5: Variation of the solvent or the tertiary amine catalyst

Reagents and conditions' Methyl crotonate/
Benzaldehyde/DABCO = 1/1/01, 50 *C; 15
kbar, 45 hours; solvent 50 vol%.

Reagents and conditions: Methyl crotonate/
Benzaldehyde/Base = 1/1/01; 50 'C; 15
kbar; 45 hours; solvent 50 vol% THF.
3-QDL = 3-bydroxyquinucudine.
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Scheme 7.6: Proposed mechanism for the Baylis-Hillman reaction
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7.4 Asymmetric Induction in the Baylis-Hillman Reaction
Asymmetric induction in the product of the Baylis-Hillman reaction may be controlled by chirality
in the aldehyde, the vinyl system, the base or the solvent. Drewes et al. studied the asymmetric
12

induction of chiral oc-alkoxy aldehydes with activated vinyl systems. They found a maximum d.e.
of 42 %. Isaacs et al. studied the Baylis-Hillman reaction with chiral acrylates.13 The reaction
between benzaldehyde and (-)-menthyl acrylate, under high pressure conditions (7.5 kbar), resulted
in a diastereomeric excess of 100 %. 1 3 Surprisingly, when this reaction was conducted at
atmospheric pressure the d.e. was only 22 %.
Table 7.1: Chiral catalysts in the Baylis-Hillman reaction with benzaldehyde and acrylonitrile
О

OH

" . If"

Chiral amine .

I

Pressure (kbar) Time (h) Conversion (% GLC) e.e. (%)a

Chiral base
DABCO
l-(-)-3-QDL

5
15

1
1

95
45

5

rranj-2,3-diphenyl-DABCO (23) l 4

12

15

53

11

Brucine (24)

15

15

75

<3

Brucine (24)

5

15

8

Brucine (24)

0.001

168

50
45

11

Strychnine (25)

12

15

38

15

Cinchonidine (26)

12

15

40

15

Cinchonine (28)

12

15

32

12

Quinine (27)

12

15

35

<3

12
Quinidine (29)
15
42
<3
e e. was determined with 'H NMR (Eu[hfc]3 shiftreagent)and with HPLC (Daicel Chiralcel OB column)

a

.0„N.

.Ph

R.

CSX X Û
23
24
25

R = OMe
R=H

26 R = H
27 R = ОМ

28 R = H
29 R = OMe
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Since very little is known about chiral induction with chiral amines we decided to investigate the
influence of a chiral catalyst in the Baylis-Hillman reaction. Table 7.1 gives the results of
asymmetric induction in the Baylis-Hillman reaction of benzaldehyde and acrylonitrile with various
chiral amines.
Unfortunately, none of the reactions above proceeded with satisfactory enantiomeric excess. The
Baylis-Hillman reaction with brucine (24) as a catalyst had the highest e.e. at atmospheric pressure,
which is opposite to the pressure effect described by Isaacs et al. with chiral acrylates.13
In an attempt to increase the e.e. we repeated the chiral catalysis experiment with benzaldehyde and
cii-crotononitrile. We argued that a substituent at the ß-carbon may have a positive effect on the
asymmetric induction. The chiral amine induces a new chiral center at the ß-carbon of
crotononitrile. This chiral center transfers the chirality of the amine to the Baylis-Hillman
intermediates (Scheme 7.7).
Scheme 7.7: Influence of the methyl group at the ß-carbon on the asymmetric induction
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-CN
Chiral amine
7

6
£-isomer

ZAisomer

Pressure

Time

Conversion

(kbar)

(h)

(%GLC)

DABCO

12

15

87

-

-

Brucine (24)

12

15

80

19

31

Cinchonidine (26)

15

15

56

<3

<3

Quinine (27)

15

15

67

<3

20

Quinidine (29)

15

15

69

<3

23

Chiral base

e.e. (*: Ia
£-isomei (6) ζ- isomer (7)

"e.e. was determined with Ή NMR (Eufhfcb shift reagent) and with HPLC (Daicel Chiralcel OB column)
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Table 7.2 shows the results of the Baylis-Hillman reaction between crotononitrile and
benzaldehyde. Indeed, an increase of the enantiomeric excess was observed (as expected) in the
case of a Baylis-Hillman reaction with crotononitrile in stead of acrylonitrile. The Z-isomer was
formed in higher enantiomeric excess than the Ε-isomer. The reason for this larger induction is not
clear. Catalysis with brucine (24) resulted in the formation of Z-isomer (7) with an e.e. of 31 %,
which is the highest e.e. for chiral catalysis of the Baylis-Hillman reaction everreported,but still
not very satisfactory.
As described above, a substituent at the ß-carbon of crotononitrile enlarged the chiral induction. To
increase this induction even more, we tried <röni-4-phenyl-but-3-en-2-one (30) and dimethyl
fumarate (31) both bearing a bulky ß-substituent (Figure 7.6) as substrate in the Baylis-Hillman
reaction.
Figure 7.6: trans-4-phenyl-but-3-en-2-one (30) and dimethyl fumarate (31)
О

Q
MeO,

OMe
31

Unfortunately, these vinyl compounds did not react with benzaldehyde in a Baylis-Hillman
reaction. After 250 hours, at 15 kbar and 50 °C, with DABCO as a catalyst, no products were
detected in the reaction mixture.
From the results described in this section, it may be concluded that asymmetric induction with a
chiral catalyst does not produce high e.e.'s. A methyl group at the ß-carbon improves the
enantiomeric excess of the Baylis-Hillman reaction, but with larger substituents no reaction took
place due to steric hindrance.
In our approach to the total-synthesis of taxol, a dienophile (e.g. acrylonitrile) has to be introduced
via a Baylis-Hillman reaction with an aldehyde group of a chiral CD-ring fragment (Scheme 7.8).
In this case asymmetric induction may be expected from the chiral CD-ring fragment, analogous to
asymmetric Baylis-Hillman reactions described by Drewes12 and Isaacs13.
Scheme 7.8: Introduction of the dienophile into the CD-ring fragment

Acrylopimle/DABCO
High pressure

|

R = H, OSibuMej
| = Protective group
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7.5 Experimental
Gas liquid chromatography (GLC) analysis was carried out with a Hewlett Packard 5890 Series Π
using a HP1 (cross-linked methyl silicone gum) column with a column length 25 m, a column ID of
0.32 mm, a film thickness of 0.17 micron, and a phase ratio of 450. High pressure liquid
chromatography (HPLC) analysis was carried out with a Pharmacia LKB HPLC pump 2150 with a
Daicel Chiralcel OB column, and an UV detector operating at 254 nm. The infrared (IR) spectra
were taken on a Perkin Elmer 298 spectrophotometer. lH NMR spectra were recorded on a Braker
AM-400 spectrometer. Chemical shifts are reported in ppm relative to tetramethylsilane as intern
standard and CDCI3 as solvent. Mass spectra (MS) were obtained using a VG 7070E double
focusing spectrometer. Thin layer chromatography (TLC) was carried out on Merck precoated silica
gel 60 F254 plates (0.25 mm). Spots were visualized with UV or a 6.2 % H2SO4 aqueous solution (1
L) containing ammonium molybdate (42 g) and eerie ammonium sulfate (3.6 g) followed by
charring. For flash chromatography Merck Kieselgel 60 Η was used. Unless stated otherwise,
materials were obtained from commercial sources and used without further purification. All
solvents were dried and distilled according to standard procedures. Crotononitrile (Aldrich) was
used as a aV/ra/ii-mixture (2:1) unless stated otherwise. The high pressure equipment used in this
experiments has been described previously.15 The MM2-calculations were made with the computer
program Model. 16
Baylis-Hillman reaction between benmldehyde and an activated vinyl system (generalprocedure)
A teflon ampoule of 1.5 mL. was charged with a reaction mixture prepared from freshly distilled
benzaldehyde (1.27 g, 12 mmol), vinyl compound (12 mmol), and tertiary amine (0.6 to 1.2 mmol).
To prevent polymerization of crotononitrile, a few crystals hydroquinone were added. The reaction
mixture was dissolved in a solvent (50 vol. %) when necessary. The ampoule was brought under the
desired pressure. After 17 hours, at the pressure indicated, the mixture was dissolved in diethyl
ether (20 mL) and washed with an saturated aqueous solution of ammonium chloride (10 mL). The
organic layer was dried over anhydrous MgS04, filtered, and concentrated under reduced pressure.
The E- and Z-isomers were separated by flash chromatography using the eluent indicated below
and identified with decoupling and NOE-difference NMR-techniques.
l-hydroxy-l-phenyl-but-2-enyl-2-cyanide (6) and (7)
Eluent hexane - ethyl acetate, 4 : 1 (v/v). The £/Z-ratio of the product was determined with GLC
analysis directly from the reaction mixture (/R: E = 5.4 min; Ζ = 5.7 min. Temperature: 100-250
°C/10 min). IR (neat film): υ 3441 (OH), 3172 (C-H), 2222 (C-N), 1642 (C=C). MS (EI) m/e: 173
([M + ], 35), 107 ([PhCH(OH)]+, 100), 105 ([PhCHO]+, 14), 79 ([CH3CHC(CN)CH]+, 50). 77
([PhJ+, 33). Exact Mass, caled. forCnHuON [M]+: 173.08406; found: 173.08410.
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Ε-isomer (6): ІН NMR (400 MHz): δ 7.41 - 7.31 (5Η, m, Ph), 6.56 (IH, dq, J = 7.0 Hz, 4J = 1.2
Hz, =СЯСН3), 5.27 (IH, br s, СЯОН), 2.59 (IH, br s, CHOH), 2.01 (3H, dd. J = 7.0 Hz, Sj = 1.0
Hz, =СНСЯ3).
Z-isomer (7): ІН NMR (400 MHz): δ 7.46 - 7.33 (5H, m, Ph), 6.56 (IH, q, / = 7.3 Hz, =СЯСН3),
5.65 (IH, s, СЯОН), 2.36 (IH, br s, CHOtf), 1.97 (3H, d, J = 7.3 Hz, =СНСЯ3).
Equilibration experiments with E-l-hydroxy-l-phenyl-but-2-enyl-2-cyanide (6)
Atmospheric pressure: A mixture of £-1 -hydroxy- l-phenyl-but-2-enyl-2-cyanide (6) (1 g, 5.8
mmol) and DABCO (65 mg, 0.58 mmol) was stirred at 50 °C for 2 days. GLC analysis and lU
NMR showed that no reaction took place.
High pressure: A teflon ampoule of 1.0 mL. was charged with a mixture prepared from £ - 1 hydroxy-l-phenyl-but-2-enyl-2-cyanide (6) (1 g, 5.8 mmol) and DABCO (65 mg, 0.58 mmol). The
ampoule was kept at 50 °C at a pressure of 12 kbar for 2 days. GLC analysis and lH NMR showed
that no reaction took place.
methyl l-hydroxy-l-phenyl-but-2-ene-2-carboxylate (20) and (21)
Eluent hexane - ethyl acetate, 4 : 1 (v/v). The £/Z-ratio of the product was determined with GLC
analysis directly from the reaction mixture (ÍR: Ζ = 5.7 min; E = 5.9 min. Temperature: 100-250
'C/10 min). IR (neat film): υ 3450 (OH), 3130 (C-H), 1704 (C=0), 1647 (C=C). MS (EI) m/e: 206
([M+], 53.5), 191 ([M - CH3]+, 16.3), 174 ([M - CH3OH]+, 43.8), 159 ([CH3CH=C(CH(OH)Ph)
C]+, 10.8), 146 ([M - HC02CH 3 ] + , 70.0), 129 ([M - Ph]+, 33.8), 105 ([PhCHO]+, 100), 77 ([Ph]+,
56.2).
Z-isomer (20): J H NMR (400 MHz): δ 7.35 - 7.22 (5H, m, Ph), 6.31 (IH, q, J = 7.2 Hz, =СЯСН3),
5.45 (IH, d, J = 5.9, СЯОН), 3.69 (3H, s, ОСЯ3), 3.15 (IH, d, J = 5.9, СНОЯ), 2.04 (3H, d, J = 7.2
Hz, =СНСЯ3).
Ε-isomer (21): lH NMR (400 MHz): δ 7.37 - 7.22 (5H, m, Ph), 7.09 (IH, q, J = 7.3 Hz, =СЯСН3),
5.73 (IH, d, J = 11.0, СЯОН), 4.20 (IH. d, J = 11.0, СНОЯ), 3.68 (3H, s, ОСЯ3), 1.98 (3H, á,J =
7.3 Hz, =СНСЯ3).
2-hydroxy-l-methylene-2-phenyl-ethyl-l-cyanide(22)
Eluent chloroform. Cw-crotononitrile was distilled from a ciVíranj-mixture with a Spalt-Rohrcolumn (bp cij-isomer 104 °C; iranj-isomer 120 °C). Enantiomeric excess was determined with lH
NMR (Eu[hfc]3 shift reagent) and with HPLC analysis (Daicel Chiralcel OB column; UV detection
at 254 nm; isopropanol : hexane = 1:9). IR (neat film): υ 3435 (OH), 3150 (C-H), 2230 (CaN),
1650 (C=C). !H NMR (400 MHz): δ 7.37 (5H, s, Ph), 6.07 and 5.99 (2H, 2 χ s, =СЯ2), 5.25 (IH, s,
СЯОН), 2.85 (IH, br s, СНОЯ). MS (El) m/e: 159 ([Μ+], 28.9), 107 ([PhCH(OH)]+, 100), 77
([Ph]+, 37.5). Exact Mass, caled. forCioH9ON [M]+: 159.06841; found: 159.06859.
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Summary

Summary
The natural product taxol® (1) is isolated from the bark of the Pacific yew (Гол« brevi/olia Nutt.).
It is a very promising antitumor agent, especially against ovarian and breast cancers. The
mechanism of action of taxol is unique. The drug acts as a promoter of tubulin assembly as well as
an inhibitor of the disassembly process, thereby preventing further development of the mitosis.

HO
R = OH
R=H

'••
OAc
ÒCOPh

taxol (1)
7-deoxy taxol (2)

Since the yield of taxol from bark is very small and bark can only be harvested by cutting down the
slowly growing trees, the availability of taxol is very limited. The clinical effectiveness, the unique
mechanism of action and the limited availability have stimulated considerable efforts toward the
total- and the semi-synthesis of taxol.
This thesis describes a total-synthetic approach toward taxol (1) and a semi-synthetic approach
toward 7-deoxy taxol (2) and its derivatives.
Prior to the total-synthesis of taxol we made a retrosynthetic analysis of the fully functionalized
taxane part of taxol with LHASA, which is described in chapter 3. LHASA is an interactive
computer program designed to assist synthetic chemists in planning syntheses of complex organic
molecules. For the analysis of the target structure 3 we selected the Long-range "Diels-Alder"
strategy and the Topological (disconnective) strategy. This resulted in a synthetic route with the
following key steps: an intramolecular Diels-Alder reaction generating the AB-rings, and the
coupling reactions of the required diene 5 and dienophile 6 with CD-ring fragment 7.

3

R1 = H, OR

4
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As first target molecule we selected compound 8, which in principle is conceivable from a
cyclohexane dialdehyde equivalent in stead of CD-ring fragment 7. The feasibility of the coupling
reactions of the diene unit and dienophile part with a cyclohexane dialdehyde equivalent were
studied, by performing some model reactions (Chapter 4).

The Baylis-Hillman reaction between acrylonitrile (9) and cyclohexane dialdehyde equivalent 10
afforded coupled product 11 in a nice yield of 90 %.

DABCO
12kbar
CN

For the introduction of the diene unit into the CD-ring fragment, LHASA suggested an Umpolung
reaction. Model reactions showed that it is not possible to couple a diene fragment with a
cyclohexane dialdehyde equivalent via a dithiane anion addition, as suggested by the LHASA
program. Coupling via Umpolung. employing trimethylsilyl-protected cyanohydrins as the
cyclohexane dialdehyde equivalent, was also not successful. However, model reactions of several
ethoxyethyl-protected cyanohydrins with various aldehydes afforded coupled products in good
yields.
OEE

NC

Α.,

1)LDA

NC.

PEE
1

R

2) Aldehyde
OH

1)H2S0 4
R

2) NaOH

1

OH

Chapter 5 describes the state of affairs in the approaches toward the total-synthesis of taxol. First,
the syntheses of diene precursor 12, diene aldehydes 13 - 15, and ethoxyethyl-protected
cyanohydrin derived of a cyclohexane dialdehyde 16 are given. Unfortunately, aldehydes 12 -15
cannot be coupled with ethoxyethyl-protected cyanohydrin 16 in satisfactory yield. Probably the
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coupling reaction is an equilibrium which in this case is at the side of the starting materials, due to
steric hindrance.

1

CO "
12

RJ

J^

H

13-15

R = H, OAc, OSt'BuM^

Fortunately, it was possible to couple trimethylsilyl-protected cyanohydrin 17 with the free
aldehyde of cyclohexane dialdehyde equivalent 18. This "reversed" coupling afforded coupled
product 19 in a satisfactory yield of 65 %. This is explained by a 1,4-0,0-trimethylsilyl shift and
concomitant formation of an α,β-unsaturated ketone. Coupled product 19 was used to synthesize
taxane synthon 20. Compound 20 contains a diene part and an aldehyde which will allow the
introduction of a variety of dienophiles.

OSiMe 3
6 steps

Another approach to the intramolecular Diels-Alder reaction is, first introduction of the dienophile
unit followed by introduction of the diene moiety. This route started with a Baylis-Hillman reaction
between acrylonitrile (9) and cyclohexane dialdehyde equivalent 18. Coupled product 21 was used
to synthesize taxane synthon 22. Compound 22 contains a dienophile part and an aldehyde which
will allow the introduction of the diene unit via coupling with trimethylsilyl-protected cyanohydrin
17.

4 steps
CN
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Chapter 6 describes our approach toward the semi-synthesis of 7-deoxy taxol (2), starting with
taxine В (23) as a precursor. Taxine В was isolated from the leaves of the Taxus boccata L. in a
yield of 2 - 3 grams/kg dried leaves. Intermediate 25 was synthesized in an overall yield of 23 %.
The DIB AL reduction of the carbonyl at the Сіз position of compound 24 proceeded completely
stereospecific. A major problem was the mesylation of the hydroxyl group at the C5 position of
compound 25. Because the mesylation was not selective, product 26 was isolated in a maximum
yield of only 24%.
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The Baylis-Hillman reaction, which may play a important role in our approach toward the totalsynthesis of taxol, is studied in more detail in chapter 7. We investigated the reaction of
crotononitrile and methyl crotonate with benzaldehyde. Since ß-substituted electron poor alkenes
react only very slowly at atmospheric pressure, high pressure was used to accelerate the reaction.
The use of ß-substituted alkenes will lead to the formation of £/Z-isomers. In order to find out
whether stereo control is possible we studied the effect of the solvent, pressure and catalyst on the
£/Z-ratio of the Baylis-Hillman products. A better insight in the mechanism of the Baylis-Hillman
reaction was obtained. We found that the elimination step in this Baylis-Hillman sequence can
proceed by an E2 mechanism Heading to the Ε-isomer and the Z-isomer in a ratio of 1 : 1) or an
ElcB mechanism (leading to an excess of the £-isomer), depending on the reaction conditions.
Finally, some preliminary experiments concerning chiral induction with a chiral catalyst are
presented. Without a substituent at the ß-carbon of the electron poor alkene, none of the BaylisHillman reactions proceeded with satisfactory enantiomeric excess. A methyl substituent at the ßcarbon of the electron poor alkene gave a moderate increase of the enantiomeric excess.
Unfortunately, the Baylis-Hillman reaction did not proceed with alkenes with more bulky ßsubstituents.
The research described in this thesis has, in principle, led to the development of a feasible approach
to the total-synthesis of taxol (1) using the intramolecular Diels-Alder strategy. Furthermore, the
semi-synthetic route to 7-deoxy taxol (2) from taxine В offers good prospects for success.

156

Samenvatting

157

Samenvatting
De natuurstof taxol (1) is een veelbelovende antitumor-verbinding die wordt geïsoleerd uit de bast
van de Noord-Amenkaanse taxusboom (Taxus brevtfolia Nutt.) Taxol is vooral werkzaam tegen
eierstok- en borstkanker en heeft een uniek werkingsmechanisme De verbinding veroorzaakt de
vorming van microtubuh en remt tevens het depolymensatie proces van microtubuh Hierdoor
worden delende cellen tijdens de mitose geremd
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De beschikbaarheid van laxol is zeer beperkt omdat de opbrengst uit de bast van de taxusboom erg
laag is en omdat de bast alleen kan worden gewonnen door de langzaam groeiende laxusbomen te
kappen. De klinische werkzaamheid, het unieke werkingsmechanisme en de grote schaarste aan
taxol hebben onderzoek gestimuleerd om taxol via totaal- en semi-synthetische weg te verkrijgen
In dit proefschrift wordt een totaal-synthetische benadering van taxol (1) en een semi-synthetische
benadering van 7-deoxy taxol (2) en enkele derivaten beschreven
Voorafgaand aan de totaal-synthese van taxol, werd eerst het volledig gefunctionaliseerde taxane
gedeelte van taxol retrosynthetisch geanalyseerd met behulp van LHASA (Hoofdstuk 3) LHASA is
een interactief computer programma dat chemici assisteert met de synthese-planning van complexe
organische moleculen Verbinding 3 werd geanalyseerd met de "Long-range Diels-Alder strategy"
en de 'Topological (disconnective) strategy" Dit resulteerde m een synthese-route met de volgende
sleutelstappen een întramoleculaire Diels-Alder reaktie waardoor het AB-ring gedeelte wordt
gevormd, en de koppelingsreakties van het vereiste diècn 5 en diènofiel 6 met CD-nng fragment 7
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Als eerste doelmolecuul werd verbinding 8 gekozen. De synthese van verbinding 8 is in principe
denkbaar uitgaande van een cyclohexaandialdehyde-equivalent in plaats van CD-ring fragment 7.
De uitvoerbaarheid van de koppelingsreakties van het diëen en het diënofiel met een cyclohexaandialdehyde-equivalent werd bestudeerd aan de hand van enkele model reakties (Hoofdstuk 4).

De Baylis-Hillman reaktie tussen acrylonitril (9) en cyclohexaandialdehyde-equivalent 10 leverde,
in een goede opbrengst van 90 %, het gekoppelde produkt 11 op.

DABCO
12kbar
CN

Voor de koppeling van het diëen-gedeelte aan het CD-ring fragment suggereerde LHASA een
Umpolungs-reaktie. Model reakties lieten zien dat het niet mogelijk is om het dièen-gedeelte met
het cyclohexaandialdehyde-fragment te koppelen via een dithiaan-anion-additie, zoals door
LHASA werd voorgesteld. Ook de koppeling via Umpolung met gebruikmaking van een
trimethylsilyl-beschermd cyanohydrin van het cyclohexaan dialdehyde was niet succesvol. Modelreakties van diverse ethoxyethyl-beschermde cyanohydrins met verschillende aldehydes leverden
echter wel in goede opbrengst gekoppelde produkten.
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In hoofdstuk 5 wordt de stand van zaken van de benadering van de totaal-synthese van taxol
beschreven. Als eerste werden dieen-precursor 12, dièenaldehydes 13 -15 en het ethoxyethylbeschermde cyanohydrin van cyclohexaandialdehyde-equivalent 16 gesynthetiseerd. De
koppelingsreakties van aldehyde 12 -15 met ethoxyethyl-beschermde cyanohydrin 16 verliepen
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helaas niet in goede opbrengst Waarschijnlijk is de koppeling een evenwichtsreaktie, waarbij het
evenwicht aan de kant van de uitgangsstoffen ligt Dit is te wijten aan stensche hindering

13-15

12

R = H,OAc,OSi'BuMe2

Gelukkig was het wel mogelijk om tnmethylsilyl-beschermd cyanohydnn 17 met de aldehyde
functie van cyclohexaandialdehyde-equivalent 18 te koppelen. Deze "reversed" koppeling gaf in
goede opbrengst het gekoppelde produkt 19. Dit kan worden verklaard via een 1,4-0,0tnmethylsilyl shift, waardoor een α,β-onverzadigde keton functie wordt gevormd. Produkt 19 werd
gebruikt om taxaan-synthon 20 te synthetiseren. Verbinding 20 bevat een dißen gedeelte en een
aldehyde-functie die, in principe, de introductie van diverse dienofielen mogelijk maakt
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Het is ook mogelijk om het diènofiel-gedeelte voor het dièen-gedeelte met het cyclohexaandialdehyde-equivalent te koppelen. Deze alternatieve benadering van de intramoleculaire DielsAlder reaktie begint met een Bayhs-Hillman reaktie tussen acrylonitril (9) en cyclohexaandialdehyde-equivalent 18 Gekoppeld produkt 21 werd gebruikt om taxaan-synthon 22 te
synthetiseren. Verbinding 22 bevat een diënofiel gedeelte en een aldehyde-functie die, in beginsel,
de introductie van het dièen fragment, via koppeling met tnmethylsilyl-beschermd cyanohydnn 17,
mogelijk maakt

H
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Hoofdstuk 6 beschrijft onze benadering van de semi-synthese van 7-deoxy laxol (2). Hierbij wordt
uitgegaan van Taxine В (23), een precursor die werd geïsoleerd uit de bladeren van de Taxus
boccata L. Taxine В werd in een opbrengst van 2 - 3 gram/kg gedroogde bladeren geïsoleerd.
Intermediair 25 werd gesynthetiseerd in een totaalopbrengst van 23 %. De DIBAL-reduclie van de
carbonyl-functie op de Сіз-positie van verbinding 24 verliep compleet stercospecifiek. De
mesylering van de hydroxyl-functie op de Cs-positie van verbinding 25 bleek een groot probleem te
zijn. Omdat de mesylering niet selectief verliep, kon produkt 26 slechts in een opbrengst van 24 %
worden geïsoleerd.
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In hoofdstuk 7 wordt de Bayhs-Hillman reaktie, die een belangrijke rol bij de totaal-synthese van
taxol kan spelen, meer gedetailleerd bestudeerd. De reaktie tussen crotononitnl en methylcrotonaat
met benzaldehyde werd onderzocht. Omdat ß-gesubstitueerde electronarme alkenen slechts zeer
langzaam reageren bij atmosferische druk, worden de reakties uitgevoerd onder hoge druk. Het
gebruik van ß-gesubstitueerde alkenen leidt tot de vorming van E/Z-isomeren. Om uit te zoeken of
het mogelijk is de reaktie stereogecontroleerd uit te voeren, werd de invloed van het oplosmiddel,
de druk en de katalysator op de £/Z-verhouding van de Baylis-Hillman-produkten onderzocht.
Hiermee werd een meer gedetailleerd inzicht in het mechanisme van de Bayhs-Hillman reaktie
verkregen Afhankelijk van de reaktiecondities kan de eliminatiestap via een E2-mechanisme
(leidend tot een E/Z-verhoudmg van 1 : 1) of via een ElcB-mechamsme (leidend tot een overmaat
van de £-isomeer) kan verlopen.
Afsluitend werden enkele oriënterende experimenten uitgevoerd waarbij de chirale inductie met een
chirale katalysator werd bekeken. Zonder een substituent aan het ß-koolstof atoom van het electronarme alkeen verliepen de Baylis-Hillman reakties in geen van de gevallen met een redelijke
enantiomere overmaat. Helaas verliep de Baylis-Hillman reaktie niet met alkenen met grotere
ß-substituenten
Het onderzoek beschreven in dit proefschrift heeft een goede aanzet gegeven voor de totaalsynthese
van taxol (1) op basis van de ïntramoleculaire Diels-Aider reaktie strategie. Tevens, werd een goed
begin gemaakt met de semisynthese van 7-deoxy taxol (2) uitgaande van taxine В De stand van
zaken is zodanig dat deze route waarschijnlijk met succes kan worden voltooid
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