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Chapter 1

INTRODUCTION

1.1

Background and aim of research

Considerable attention has been given to the synthesis and reactivity of functionalized smallring heterocycles during the last two decades in the Department of Organic Chemistry of the
University of Nijmegen. These type of compounds show a high reactivity because of the strain
energy present in the small-ring systems. An additional feature of the investigated compounds is
that they contain a second reactive functionality. These studies deal with epoxy sulfones', epoxy
ketenes2, epoxy acyl azides3, epoxy isocyanates3 and aziridine-2-carboxylic esters4 and especially
α,β-epoxy diazomethyl ketones 1 .

о

ι
Compounds 1 can undergo a number of selective transformations dependent on the
conditions used. Proton acids selectively react at the diazo function5. For instance, reaction with
hydrogen chloride gives α,β-epoxy-a'-chloromethyl ketones'0. However, when Ri or R2 is a phenyl
group subsequent epoxide opening takes place to produce halohydrins5b'5c. The outcome of a
reaction with the Lewis acid boron trifluoride is dependent on the nature of the substituents Ri, R2
and R3. In essence, a selective acyl migration of the epoxy ketone system takes place to produce 1diazo-2,4-diketones. These intermediates react further to give acetáis or dihydrofuranones6.
Treatment with the halogen donating Lewis acid tin tetrachloride leads to the formation of
oxetanones via an intermediate chlorohydrin7. The reactions mentioned above are depicted in
scheme 1.1.

1

Chapter 1
Scheme 1.1: Reactions of epoxy diazomethyt ketones with proton and Lewis acids
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Epoxy diazomethyl ketones 1 also can undergo several metal-catalyzed reactions.
Cyclopropanations can be performed using palladium acetate8 or rhodium acetate9. These
cyclizations proceed via a metal-stabilized ketocarbene which reacts with an olefin. The
ketocarbene intermediate also plays an important role in the copper-induced formation of 1,1dialkoxy-3-alken-2-ones from compounds l 1 0 . These acetáis are also produced by heating diazo
compounds 1 in an alcoholic solvent51". These reactions are summarized in scheme 1.2.
Scheme 1.2: Metal-catalysed and pyrolytic reactions of epoxy diazomethyl ketones
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Introduction
From synthetic point of view the most important reaction of epoxy diazomethyl ketones is
the photo-induced rearrangement2". Upon irradiation nitrogen is eliminated which leads to a
ketocarbene. This intermediate rearranges to an epoxy ketene. In inert solvents, i.e. benzene or
tetrachloromethane, the epoxide oxygen atom intramolecularly attacks the ketene function to give
butenolides 2. In alcoholic solvents an intermolecular reaction takes place between a solvent
molecule and the epoxy ketene to produce Y-hydroxy-cc,ß-unsaturated esters 3. These reactions are
depicted in scheme 1.3.
Scheme 1.3: The photo-induced rearrangement of epoxy diazomethyl ketones
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It is of importance to note that these rearrangements occur with retention of the optical
integrity of the stereogenic center at G»12. Therefore, these reactions can be used for the synthesis of
enantiopure butenolides 2 or unsaturated esters 3. This powerful synthetic application was utilized
in the synthesis of several naturally occurring compounds all containing the 4-hydroxy-2-alkene
ester moiety, i.e. aspicilin13, pyrenophorol14, colletallol15, patulolid C 1 6 · 1 7 and isopatulolid С and
analogues17. Also the macrocyclic subunit of cytochalasin В has been prepared by this method18.
These synthetic target molecules are depicted in figure 1.2.
A spin-off of the preparation of y-hydroxy-a,ß-unsaturated esters by irradiation of epoxy
diazomethyl ketones is the synthesis of enantiopure γ-lactones. This type of compounds is
frequently encountered in nature and often used as aroma constituent in food. Hydrogénation of the
esters 3 leads to γ-hydroxy carboxylic esters, which give a facile ring closure to yield enantiopure 4alkyl-y-lactones19. This method was recently applied in the synthesis of the naturally occurring γlactone rubrenolide20, the structure of which is depicted in figure 1.1.
Figure 1.1: Naturally occurring y-lactone, synthesized using the
photo-induced rearrangement of epoxy diazomethyl ketones
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Figure 1.2: Natural products that contain the 4-hydroxy-2-alkene ester moiety, synthesized
using the photo-induced rearrangement of epoxy diazomethyi ketones
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Epoxy diazomethyi ketones can be prepared by two different methods The first route starts
with compounds that already contain the diazo function. The epoxide group then has to be
introduced using a Darzens condensation. This method, which was applied by Woolsey and
Khalil5a, cannot be used for the synthesis of optically active epoxy diazomethyi ketones. The second
method of preparation of epoxy diazomethyi ketones involves the use of glycidic acids in which the
diazo function is introduced by diazomethane50,21. Glycidic acids with high enantiopunty are in turn
readily accessible from allyhc alcohols using the Sharpless epoxidation22. By this method both
enantiomeric epoxy diazomethyi ketones can be obtained dependent on the chiral inductor, i.e L-(+)
or D-(->diethyl tartrate, used m the epoxidation step". This synthetic sequence is depicted in scheme
1.4.

4
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Scheme 1.4
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So far, the photochemical reactions were performed in most cases with fra/w-alkyl
substituted epoxy diazomethyl ketones12. Only a small number of higher substituted compounds 1
have been irradiated2. In addition to this, only few studies deal with the irradiation of epoxy
diazomethyl ketones that bear other functionality's adjacent to the epoxide ring23. Therefore, the
aim of the research described in this thesis is a further exploration of the photo-induced reactions of
a large variety of substituted epoxy diazoalkyl ketones. The newly acquired knowledge will be
applied in the synthesis of a natural product. Also several attempts were made to develop new
synthetic routes to y-hydroxy-a,ß-unsaturated esters.

1.2 Literature study of synthetic methods for homochiral 4,5-dihydroxy-2-alkene esters
The photo-induced rearrangement of epoxy diazomethyl ketones as synthetic method for
enantiopure 4-hydroxy-2-alkene esters has induced interest in the preparation of 4,5-dihydroxy-2alkene esters. Several procedures are reported in the literature for the synthesis of enantiopure
compounds that contain the 4,5-dihydroxy-2-alkene ester moiety. In principle, two different
approaches are possible. The first method starts with an appropriate 2-alkene ester in which the 4,5dihydroxy functionality is then introduced. In the second route the dihydroxy moiety is already
present in the starting material which in subsequent steps is elongated to a 2-alkene ester.
The best synthetic approach for the asymmetric introduction of a vicinal diol is the Sharpless
asymmetric dihydroxylation which makes use of an osmium complex as chiral inductor24. The
highest enantiomeric excesses (ee's) using this method (exceeding 90%, often more than 95%) are
obtained with íra/ií-alkenes and the phthalazine class of ligands25. Applying this method to 4,5dihydroxy-2-alkene esters, the starting materials are 2,4-diene esters, as depicted in scheme 1.526.

5
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Scheme 15
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Diastereomenc diols can be obtained starting with сю-alkenes However, the ее's for the
asymmetric dihydroxylation starting with these alkenes are not satisfactory27. So far this
dihydroxylation method has not been used in the synthesis of naturally occurring 4,5-dihydroxy-2alkene esters
A number of synthetic methods has been developed for the second approach for the synthesis
of a 4,5-dihydroxy-2-alkene ester which starts with compounds already containing the vicinal diol
moiety Several synthetic sequences start with enantiopure carbohydrate-derived compounds that
preferentially exist in the furanoside or pyranoside form28 3 1 The open form of these materials is
then olefinated by a Wittig(/Homer)-reaction to give the 4,5-dihydroxy-2-alkene esters This
method, which uses the chirality of the starting carbohydrates, is exemplified in scheme 1 6 3 0 b
Scheme 1 6
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This procedure is not general because only a limited number of carbohydrates have the
appropriate configuration for the final product Nevertheless several naturally occurring compounds
29 3 2
have been prepared by this method
33

Seebach et al have synthesized the macrodiolide colletodiol starting from (S,S)-tartanc
acid They used the Сг/Сэ chirality of this acid for the construction of the d/Cs-dio! moiety in the
final product (scheme 1 7)
Scheme 1 7
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Introduction
The macrolide Cladospolide A was synthesized by Morí and Maemoto34 using a nucleophilic
addition of a suitable precursor for a 2-alkene ester to a homochiral l-epoxy-3-alcohol (scheme 1.8).
This enantiopure epoxy alcohol was prepared using a Sharpless epoxidation22 of a 3-hydroxy-lalkene.
Scheme 1.8
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In principle, applying this method and starting with racemic 3-hydroxy-l-alkenes, two
enantiomeric diols can be prepared, dependent on the chiral inductor used in the epoxidation step
To synthesize all four stereoisomers diols the chiral center at Сз of the epoxy alcohols has to be
epimenzed This methodology has been applied in a total synthesis of four homochiral o-hydroxy-γlactones35.
However, no general synthetic method has been reported for the preparation of enantiopure
4,5-dihydroxy-2-alkene esters. In this thesis attention is given to this synthetic problem

1.3

Outline of this thesis

In the introductory chapter the synthesis and reactions of epoxy diazomethyl ketones are
briefly reviewed. In this survey the photochemical reaction of these compounds in an alcoholic
solvent is emphasized. In addition, an overview is presented of synthetic methods for homochiral
4,5-dihydroxy-2-alkene esters.
Chapter 2 is devoted to a detailed study of photo-induced reactions of substituted epoxy
diazoalkyl ketones (compounds 4). A large number of these compounds was synthesized and
subsequently irradiated in inert solvents and alcoholic solvents. The product composition has been
analyzed in terms of the preferred conformations of the intermediate epoxy ketenes in these
irradiation reactions. Semi-empirical calculations are performed to determine the influence of the
substituents on the preferred conformations.
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In chapter 3 irradiation reactions of epoxy diazomethyl ketones containing a stereogenic
center, i.e. a protected hydroxyl function adjacent to the epoxide function (compounds 5) are
described. Starting with simple enantiopure allylic alcohols and using this irradiation reaction,
enantiopure y,o-dihydroxy-a,ß-alkene esters have been synthesized.
Chapter 4 deals with the synthesis of the naturally occurring 6-hydroxy-y-lactone (4R.5R)muricatacin 6 and its nonnatural (4R.5S) diastereomer by extending the strategy developed in
chapter 3. Both chiral centers at C4 and C5 have been introduced using the photo-induced
rearrangement of epoxy diazomethyl ketones.
In chapter 5 some attempted new potential synthetic methods for the preparation of
enantiopure y-hydroxy-a,ß-alkene esters are described.
This thesis is concluded with summaries in English and Dutch.
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THE PHOTO-INDUCED REARRANGEMENT OF
α,β-ΕΡΟΧΥ α'-DIAZOALKYL KETONES:
MECHANISTIC ASPECTS

2.1

Introduction

As mentioned in chapter 1, epoxy diazomethyl ketones 1 are versatile compounds, which can
undergo a variety of interesting reactions1. The photo-induced rearrangement is of special interest
from synthetic point of view. Loss of nitrogen from 1 leads to an intermediate keto carbene, which
undergoes a Wolff rearrangement2 to give an epoxy ketene3. In alcoholic solvents this ketene reacts
intermolecularly with an alcohol molecule to produce y-hydroxy-a,ß-unsaturated esters 2 as the
predominant products. In inert solvents, such as benzene, this ketene cyclizes to butenolides 3 3 .
Both pathways are depicted in scheme 2.1. An important aspect of this photo-induced reaction is
that the stereogenity of C4 is retained in the products4.
Scheme 2.1
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The above reaction to γ-hydroxy-alkene esters predominantly gave the ester with the E
configuration, but a minor amount of the Ζ isomer was always present. A ratio of £ to Ζ of 9:1 was
most commonly observed. The stereochemistry of this product formation was explained as follows.
During the reaction of the ketene moiety with an alcohol molecule in an SN2 fashion the formation
of the C2-C3 double bond of 2 requires that the π-orbital of the developing carbanionic center at C2
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is positioned parallel to the Сз-oxygen bond. Two conformations of the epoxy ketene can be
envisaged in which the above conditions are fulfilled, viz. the fra/u-conformation A and the cisconformation B. The former will lead to the £-alkene ester, while the latter will produce the Zïsomer. Structure В suffers from a considerable allyhc strain5 and therefore the reaction will
preferentially proceed via A to give the £-product (scheme 2.2).
Scheme 2 2
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So far, most of the irradiation reactions have been carried out with substrates with R2=H,
thus with frans-monosubstituted epoxy diazomethyl ketones. However, the mechanism as depicted
in scheme 2.2 strongly suggests, that the use of higher substituted epoxy diazoalkyl ketones (4,
figure 2.1) may have influence on the preferred conformations of the epoxy ketene 5 The rotation
about the C2-C3 bond will be affected by the size of the substituents R2, R3 and R4. Differences in
the relative stabilities of the conformers and the rotational barriers between them may influence the
product composition.
Figure 2.1
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In this chapter the effects of the substituents R2, R3 and R4 will be considered. A series of
epoxy diazoalkyl ketones having different substitution patterns has been subjected to the
photochemical reaction, the results of which will be described in the following section.
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2.2

Synthesis and photochemical reactions of substituted epoxy diazoalkyl ketones

2.2.1

Synthesis and irradiations of epoxy diazomethyl ketones

2.2.1.1

Synthesis of differently substituted epoxy diazomethyl ketones

The first type of epoxy diazoalkyl ketones 4 that has been investigated are the compounds
with R4=H, the diazomef/iy/ ketones. Thus far, most irradiation reactions have been performed with
frans-ß-substituted diazo compounds4 (Ri=alkyl, R2=R3=R4=H). In this section the synthesis of a
number of differently substituted epoxy diazomethyl ketones is described. The compounds prepared
are depicted in figure 2.2. They are divided into various classes according to the type of substitution
at the oxirane function, as shown in table 2.1.
Figure 2.2: Synthesized epoxy diazomethyl ketones
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Compounds 6a and 6b are representatives of cii-ß-monosubstituted epoxy diazomethyl
ketones. Both substrates were synthesized from their glycidic sodium salts following literature
procedures6-7 in a yield of 62 and 48%, respectively. Compound 6a was obtained with high
enantiomeric excess (ее), as the oxirane moiety was introduced using the Sharpless epoxidation8.
Epoxy diazomethyl ketone 6b was synthesized as racemate using a Darzens condensation6.
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Table 2.1: Classification ofepoxy diazomethyl ketones
entry

substitution pattern1

class

compounds

1
2
3
4
5

R2; Ri=R3=H
R3; Ri=R2=H

6a, 6b

Ri and R2; R3=H
Rt and R3; R2=H

ci'5-ß-monosubstituted
α-monosubstituted
β,β-disubstituted

7
8a, 8b, 8c, 8d

fran*-a,ß-disubstituted

9a, 9b, 9c

R2 and R3; Ri=H
Ri, R2 and R3

cjs-a,ß-disubstituted
α,β, ß-trisubstituted

12

6

R

;>"<Λ
N Ä

.R3
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Compound 7, an α-monosubstituted epoxy diazomethyl ketone, contains a methyl group at
the R3-position. This substrate was synthesized from methyl methacrylate9 (scheme 2.3) in 20%
overall yield. Afefa-chloro perbenzoic acid (mCPBA) was used as epoxidizing reagent, sulfide 12 as
radical scavenger10.
Scheme 2.3
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The compounds 8 are β,β-disubstituted epoxy diazomethyl ketones. The epoxides 8a and 8b
were synthesized from their glycidic sodium salts according to literature procedures6-7 in 60 and
56% yield, respectively. Epoxy diazomethyl ketone 8c was prepared starting with a Darzens
condensation of acetone and ethyl chloroacetate, using potassium fert-butoxide as the base. This
was followed by a sequence of well-documented reactions (cf. scheme 2.3) to give 8c in a total yield
of 25%. Compound 8d was synthesized as depicted in scheme 2.4. Sharpless epoxidation8 of
geraniol, using L-(+)-DET as chiral inductor, gave epoxy alcohol 13 in 80% yield (Iit.8b 95%). This
compound showed an ее of 88% according to its optical rotation (lit.8b 90%, lit." 78%). Alcohol 13
was oxidized to glycidic acid 14 by a mild two-step procedure, because of the sensitivity of the
double bond in the alkyl chain towards oxidation. The first step, a Swern oxidation12, had to be
performed at -78°C with diwopropyl ethyl amine as base to give the aldehyde in 95% yield. Other
conditions gave unsatisfactory results. The second oxidation, using sodium chlorite13, had to be
accomplished at 0°C to produce glycidic acid 14 in quantitative yield. The double bond in the alkyl
chain appeared to be stable under these conditions. Performing this reaction at room temperature13
gave low yields. Compound 14 was converted into epoxy diazomethyl ketone 8d by a series of
standard operations to give the product in 42% yield calculated on epoxy alcohol 13.
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Scheme 2.4
Sharpless
epoxidation
Hff

Х

a

0

-.. / \ ..·-

СНгОН L - W - D E T H 3 c '

GeranJol

4

1. Swem

CH2OH2-NaCK?«Hrfi

13

R - (СНз)2С=СН(СН2)2-

7Vani-a,ß-disubstituted epoxy diazomethyl ketones, with substitutions at Ri and R3, are
represented by structures 9. Compound 9a was prepared in 47% yield from its glycidic sodium salt
following literature procedures6'7. The synthesis of optically active compounds 9b and 9c started
from alkene ester \5-E. This compound was synthesized by two different methods as is depicted in
scheme 2.5.
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The Wittig/Homer route to acrylate 15-E was performed as a one-pot reaction according to
Tay et al.14 Ethyl diethyl phosphonate, prepared via an Arbuzov reaction of triethyl phosphite and
ethyl iodide, was treated with lithium diisopropyl amide (LDA) and diethyl carbonate to give
phosphonate 16 after loss of ethanol. Compound 16 was olefinated with n-valeraldehyde, resulting
in acrylate 15. Adding the aldehyde in the Wittig/Homer reaction at various temperatures had a
great impact on the £/Z-ratio of unsaturated ester 15. At low temperature (-30°C) this ratio was 3:1,
at higher temperatures (0°C to room temperature) the ratio changed to 7:1. However, the yield (43%
on E-product) and the EIZ ratio were low, compared to Tay et al. ' 4 , who performed this reaction
with /jobutyl aldehyde (yield 95%, only E-product formed). This is probably due to the fact that the
wobutyl group is sterically more crowded than the η-butyl group. This results in a larger difference
in stability of the erythro vs. the threo betaine which finally determine the EIZ ratio of the product.
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The Wittig olefination route to acrylate 15 (scheme 2.5) was performed according to
literature procedures16 to give the product in high yield (96%) and high EIZ ratio (14:1). Executing
this reaction with sterically more bulky aldehydes gives higher EIZ ratios (100:0 and 50: l) 1 6 which
indicates the same difference in stability of the intermediate erythro and threo betaines15.
The conversion of unsaturated ester 15-Д to epoxy diazomethyl ketone 9b is depicted in
scheme 2.6. Reduction of compound 15-£ with DIBAL-H gave allylic alcohol 17-E in 88% yield.
Sharpless epoxidation8 thereof using L-(+)-DET as chiral inductor gave epoxy alcohol 18 in 50%
yield with an ее of 91% (as determined by a combination of Ή-NMR and shift reagent Eu(hfc)3 on
the acetate of 18). Oxidation of alcohol 18 to the glycidic acid was performed in one step with
ruthenium tetroxide17. Conversion of the acid into the diazomethyl ketone6 gave compound 9b
(47%, starting from epoxy alcohol 18). Diazo compound 9c was synthesized from alcohol 17-E by
the same method but using D-(-)-DET as chiral inductor in the epoxidation step to epoxy alcohol 18a
(79% yield, ее 90%). Conversion into 9c was realized in 53% calculated on alcohol 18a.
Scheme 2.6
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C/i-a,ß-disubstituted epoxy diazomethyl ketone 10 was synthesized via Z-alkenol 19 as
depicted in scheme 2.7. Ylide 20 was prepared from its phosphonium bromide salt18 by
deprotonation with potassium hexamethyl disilazane19 in a mixture of THF and HMPA (10:1). This
unstable ylide was treated with protected acetol 21 20 in a lithium salt-free Wittig olefination to give
Z-alkene. This type of olefination of ylides is known to give a high Z/£-ratio when acetols with
bulky protecting groups, like tetrahydropyranyl ethers, are used19,21. The product ratio is determined
by the large difference in stability of the intermediate erythro and threo betaines. Removal of the
tetrahydropyranyl protecting group resulted in allyl alcohol 19 (75% total yield). The £/Z-ratio was
1:15 which is moderate for the used conditions. Still et al.19 have found a ratio of 1:60 when using
an ylide that contains a η-propyl instead of an η-butyl group. Sharpless epoxidation8 of alcohol 19
using L-(+)-DET gave epoxy alcohol 22 in 87% yield. Conversion thereof into diazo compound 10
was accomplished in 48% yield using a series of standard operations6.
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Scheme 2.7
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Compound 11 is an α,β,β-trisubstituted epoxy diazomethyl ketone. This substrate was
67
synthesized from its sodium salt according to literature procedures ' .
2.2.1.2

Irradiations of differently substituted epoxy diazomethyl ketones in inert solvents

Irradiation of α,β-epoxy diazomethyl ketones in inert solvents like benzene or carbon
tetrachloride gives A^-butenolides, also called 2[5H]-furanones3. In this reaction, which is
performed in high dilution, the intermediate epoxy ketene only can undergo an intramolecular
cyclization in which the oxygen atom of the oxirane ring attacks the ketene carbonyl function
(scheme 2.1). Butenolides, which exhibit a wide variety of reactions, can also be synthesized using
other methods22.
The epoxy diazomethyl ketones described in the preceding section were irradiated at 300 nm
in an inert solvent (scheme 2.8). These reactions were monitored by Ж (disappearance of the diazo
absorption at 2110 cm"1). The results are listed in table 2.2.
In all cases butenolides 23 were the predominant products and they were formed in moderate
to good yields, as was determined by NMR-spectroscopy and capillary GC of the crude reaction
mixtures. However, during purification of these compounds using chromatography considerable
loss of material had to be accepted mainly due to degradation of the products on silica gel or on
aluminum oxide.
Most of these reactions were completed in 1 to 3 hours. Irradiation of compound 9a (entry 4)
was completed in 6 hours. Probably the phenyl group partly absorbs the radiation, although an aryl
group normally absorbs at shorter wavelength23. Nevertheless irradiation at longer wavelength (360
nm) gave no better results as yield and reaction time appeared to be the same.
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Scheme 2.8
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Table 2.2: Irradiation reactions of differently substituted epoxy diazomethyl ketones in inert
solvents
entry

cpoxy diazo
methyl ketone

solvent

butenolide

yield (%)'

yield (%) after
chromatography

yield side product
243 (%)

1
2
3
4
5
6
7
8
9

8a
8b
8d
9a
9b
9c
9c
10
11

CCI4
CCI4
benzene

23d
23e

ecu

23h
23i
23J
23І
23І
23k

78
50
43
58
63
66
59
70
56

20
26
12
35
n.d.2
25
n.d.2
n.d.2
n.d.2

8
11
8
12
-

CCI4
benzene
CC14
benzene
CCI4

Ш

ir
он

of the erode reaction mixtures.
Not determined

H

OH3

Epoxy diazomethyl compounds 9c and 10 (entry 6-8) gave upon irradiation the same βsubstituted butenolide, because the configuration at C 4 is retained while the (different) configuration
at C3 is lost. The yields of both rearrangements are comparable. Apparently, the configuration of the
starting materials has no influence on the progress of the photochemical reactions.
Compounds 9b (entry 5), 9c (entry 6,7) and 10 (entry 8) gave two main products upon
irradiation. In addition to the ß-methylsubstituted butenolides 23j or 23j also cyclopentenoid
structure 24 was formed. This compound, which was never encountered in irradiation reactions
before, was characterized by means of its spectral and chemical (acetylation) features. In order to
shed light on the formation of compound 24, attempts were made to convert 23j into
cyclopentenone 24. Butenolide 23j was stirred in chloroform in the presence of /»-toluene sulfonic
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acid, according to Feringa et al. They report the racemization of butenolides via an unstable 2hydroxy-furan, which may also be an intermediate in the rearrangement of 2^1 to 24. However,
compound 23j did not react. Also stirring in different solvents {i.e. chloroform or benzene) or as
pure compound for a few days, failed. Butenolide 23i showed no reaction at all. Therefore,
compound 24 must be formed from the starting epoxy diazomethyl ketones. A tentative and
somewhat speculative mechanism, exemplified for substrate 9ç, is depicted in scheme 2.9.
Scheme 2.9
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After loss of nitrogen from compound 9c the epoxide oxygen atom attacks the carbene
function to give bicyclic intermediate 24a. This structure rearranges via the cyclic oxonium ion 24b
to a-oxoaldehyde 24c. Via an enolization and a subsequent ring closure resembling an acid induced
aldol condensation, the ultimate product 24 is obtained. It seems probable that this ring closure is
promoted by acid of which traces may be present in the reaction medium {e.g. from an slightly
acidic glass wall). The first part of this mechanism is also encountered when epoxy diazomethyl
ketones are treated with copper or copper(II)sulfate in the presence of an alcohol. In these reactions
the acetáis of 24c are formed25.
Strikingly, only the photochemical reactions of epoxy diazomethyl compounds which
possess a substituent at R3 show this side reaction. Apparently, replacing a hydrogen atom by an
alkyl group influences the product composition of this irradiation. However, compound И (entry 9)
for which on these grounds also a cyclopentenone-like product {cf. 24) was expected, gave no side
products upon irradiation according to NMR-spectroscopy and GC analysis of the crude reaction
mixture.
2.2.1.3

Irradiations of differently substituted epoxy diazomethyl ketones in an alcoholic
solvent

Upon irradiation in an alcoholic solvent frani-ß-monosubstituted epoxy diazomethyl ketones
give E-y-hydroxy-a,ß-alkene esters as predominant products, concomitant with a small amount of
19
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Z-alkcne esters . These products are formed via an intermediate epoxy ketene {cf. scheme 2.1). The
mechanism of this reaction and AMI-calculations (see section 2.3 of this chapter) suggest that
substitution around the epoxide function will influence the preferred conformation of this ketene.
This may lead to different product compositions.
A number of differently substituted epoxy diazomethyl ketones was irradiated in methanol at
300 nm. This resulted in three principle products as depicted in scheme 2.10. The reactions were
monitored by Ш-spectroscopy (disappearance of diazo peak at 2110 cm"1). The results are collected
in table 2.3.
Most of these irradiation reactions were completed within 90 minutes. Epoxy diazomethyl
ketones with phenyl substituents had to be irradiated for longer times: compound 6b (entry 2) for 2
hours, diphenyl-substituted substrate 9a (entry 8) for 7 hours. Apparently, when the number of arylsubstituents increases the reaction takes more time to be completed. Probably the phenyl
substituents partly absorb radiation.
The yields mentioned in table 2.3 are determined in the crude reaction mixtures by NMRspectroscopy and capillary GC. Hence, these numbers give the ratios of the products formed. The
actual yields were difficult to determine since 4-hydroxy-2-alkene esters and butenolides are
unstable during chromatography on silica gel or on aluminum oxide. Therefore, if possible, the
products were protected first by acetylation and then chromatographed. This acetylation reaction
normally proceeds in good yields but lowers the actual yields on esters. Ultimately, the protected
esters were isolated in 40 to 60% yield calculated on epoxy diazomethyl ketone. Exceptions are the
reactions in which butenolides are formed. The yields of the protected esters are then much lower
{e.g. 7% in entries 8 and 9). The product of the irradiation of 6a (entry 1), alkene ester 25a, was
purified by direct crystallization from the crude reaction mixture.
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Scheme 2.10
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ГаЫе 2.3: Irradiation reactions of differently substituted epoxy diazomethyl ketones in methanol
side
yield
product
23 (%)'
(%)'
-

entry

epoxy
diazo
ketone

Ri

R2

R3

1

6a

Η

П-СізН27

Η

25а: 78

-

2

6b

Η

Ph

Η

69

-

-

-

3

7

Η

Η

СНз

29

-

23c: 54

-

4

8a

Η

25d:91

-

-

-

5

8b

Η

80

-

-

-

СНз

Η

90

-

-

27 2 ;9

&
СНз

6

>

7

L·
8d

(СН3)2С=СН(СН2)2

СНз

Η

25g; 91

-

-

8

9a
9b
(3R.4S)
9c
(3S,4R)
10
(3R.4R)

Ph

Η

Ph

21

-

23h;21

9
10
11
12

3

£=3

yield 25 yield 26

11

3

П-С4Н9

Η

СНз

27 (4S)

5(4S)

23i;20

24 ;12

П-С4Н9

Η

СНз

25j;31
(4R)

-

23i; 18

-

Η

П-С4Н9

СНз

69 (4R)

7(4R)

23j;7

-

СНз

25k: 75

-

23k:10

-

£zy

Yield determined by NMR-spectroscopy and capillary GC
of the crude reaction mixtures. The isolated yields are
reported in the experimental section
24 cf. table 2.2 and scheme 2.9
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As mentioned in section 2.1 frans-ß-substituted epoxy diazomethyl ketones give on
irradiation the E and Z-7-hydroxy-a,ß-unsaturated esters 25 and 26 in a ratio of 9:1. Also a small
amount (<5 percent) of butenolide was found in these reactions4. As shown in table 2.3 cii-ßmonosubstituted epoxides 6a and 6b exclusively give £-4-hydroxy-2-alkene esters (entries 1 and 2).
Also β,β-disubstituted oxiranes 8a, 8b and 8c give this product (entries 4-6). The fact that no cisalkene esters were found indicates that the allylic strain5 of the ketene function with the R221
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substituent in the cw-conformer is much more pronounced then in the case where R2 is hydrogen (cf.
scheme 2.2). This is illustrated in figure 2.3.
Figure 2.3: Allylic strain in R ^^substituted

epoxy ketenes

R, = H, alkyl
R2 = alkyl, aryl
trans:

cis:2SB

Irradiation of the R|/R2-substituted epoxy diazomethyl ketone 8d resulted in two products in
the crude reaction mixture (entry 7). These compounds were successfully purified by
chromatography without alcohol protection. £-alkene ester 25g (51% yield on pure product)
together with the β,γ-epoxy ester 27 (6% yield on pure product) were obtained in this remarkably
clean reaction. Product 27 can simply be explained by assuming a reaction of the ketene moiety with
methanol, without concomitant opening of the epoxide function (scheme 2.11). This is the only
example whereby such ketene reaction has been observed.

C0 2 Me

R = (CH3)2C=CH(CH2)2-

2Z

No butenolides were observed in the reaction described in the entries 1, 2,4-7. This indicates
that epoxy ketenes with R[ and R2-substituents react via the preferred franj-conformation A to give
4-hydroxy-2-alkene esters (cf. scheme 2.2).
The other epoxy diazomethyl ketones all have a substituent at the R3 position (entries 3, 812). Irradiation of these compounds resulted in the formation of 4-hydroxy-2-alkene esters together
with ß-substituted butenolides. The crude yields on these butenolides varied from 7% (entry 11) to
54% (entry 3). These five-membered rings must be formed via an intramolecular reaction as shown
in scheme 2.1. Irradiation of α-monosubstituted compound 7 (entry 3) gave a surprisingly high
crude yield (54%) on ß-methyl butenolide 23c. Apparantly, when at the ß-carbon two hydrogen
atoms are present such butenolide formation is favored. Compounds 9a, 9b and 9c are trans-ct,$disubstituted epoxy diazomethyl ketones. Irradiation of these compounds gave E-4-hydroxy-222
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alkene esters 25 and butenolides 23 in a ratio of about 1.5 to 1 (table 2.3, entries 8, 9 and 10),
displaying no distinct product preference. Epoxy diazomethyl ketones 10 and 11 have a substituent
at R2 (entries 11 and 12). These compounds clearly show a preference for the formation of transesters. Therefore, substitution at R2 in the presence of a group at R3 prefers the irons-conformation
of the intermediate epoxy ketene and increases the amount of £-ester formed. A substituent at Ri
lowers this yield (entries 9 and 10).
Irradiation of epoxy diazomethyl ketone 9b (entry 9) resulted in the formation of
cyclopentenoid structure 24 along with the esters 25 and 26 and butenolide 23i. Compound 24 was
isolated after acetylation of the crude reaction mixture. The formation of 24 is already explained in
scheme 2.9. The reaction of 9b in methanol is the only reaction in which product 24 was observed.
Irradiation of compounds 9c and 10 (entries 10 and 11) gave the same products. The starting
epoxy diazomethyl ketones are diastereomers with the same configuration at C4. This configuration
is retained in the reaction4. The ratio between ester 25 and butenolide 23j is much higher for
compound 10 than for compound 9c (table 2.2) and is explained above. Besides this, also Z-ester 26
was found on irradiation of compound 10 The E/Z ratio in this reaction was 10:1, whereas
irradiation of R|-substituted compound 9b showed these two esters in a ratio of about 5:1. This
means that, with a group at R3, a substituent at R2 reduces the amount of Z-ester formed. The reason
for this is the allylic strain between the ketene function and the groups at R2 and R3 as depicted in
figure 2.4.
Fiaure 2.4
Epoxy ketene of
compound 3b
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0?Нз
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cis: 29B (-»-Z-ester)

o?^
H

пС 4 Н 9 г" С

l_l

trans: 30A (-»-E-ester)

о

cisr. 3flB (-^Z-ester)

The energy difference between the írawí-conformations 29A and 30A is very small because
the allylic strain in these conformations between the ketene function and the methyl group at R3 is
the same. However, the energy differences between the c/'s-conformations 29B and 30B is much
larger. In transition state 29B the allylic strain effect between the ketene function and the hydrogen
23
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atom is very small, whereas in conformation ЗОВ this strain effect is large due to the presence of the
η-butyl group. Therefore the £/Z-ratio of compound 10 is much larger than of epoxy diazo ketone
9b.
The above experiments show that in the photochemical reaction of epoxy diazomethyl
ketones the product composition is highly dependent on the R2 and R3 substituents at the epoxide
function.

2.2.2

Synthesis and irradiations of epoxy diazoethyl ketones

2.2.2.1

Synthesis of differently substituted epoxy diazoethyl ketones

In this section the synthesis of a number of epoxy diazoefAy/ ketones is described. In these
diazo ketones the carbon atom with the diazo functionality is neighbored by a methyl group. The
compounds synthesized are portrayed infigure2.5.
Figure 2.5: Synthesized epoxy diazoethyl ketones
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Compounds 31 are divided in three classes: the frani-ß-monosubstituted epoxy diazoethyl
ketone 31a, the ris-ß-monosubstituted compound 31b and the β,β-disubstituted oxiranes 31c and
31d. No α-substituted compounds were synthesized as will be explained later on.
The frani-ß-monosubstituted epoxide 31a was synthesized as depicted in scheme 2.12.
Pentyl bromide was elongated with the three carbon unit of propargyl alcohol. The product was
reduced with lithium aluminum hydride26 to give the trans allylic alcohol. This compound was
epoxidized using mCPBA. The resulting epoxy alcohol was oxidized to the glycidic acid in a onestep procedure with ruthenium tetroxide17. The acid was converted into the mixed anhydride using a
standard procedure . Finally the anhydride was treated with an ethereal diazoethane solution
(prepared from ethyl amine and urea27"29) to give diazoethyl compound 31a.
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Scheme 2.12
1.Li/NH3
2. пСвНцВг " ^
»>
HCSC—CH2OH
3. UAIH4
4. mCPBA

1.RU04
2. CIC02/Bu/Et3N " ^ 1 4

Vi

CHjOH 3 - CH3CHN2

ífc
СНз

Η
31а

Compounds 31b and 31c were prepared from their sodium glycidates according to literature
procedures6'7. Using diazoethane instead of diazomethane 31b and 31c were prepared in SO and
67% yield, respectively. This yield is comparable to the analogous diazomethyl compounds 8a and
6b (48 and 55%). Epoxy diazoethyl ketone 31d was synthesized via the Darzens condensation
product of acetone and ethyl chloroacetate as described in section 2.2.1. Now diazoethane was used
instead of diazomethane to give 31d in 52% yield from the intermediate sodium glycidate (cf. 57%
yield for diazomethyl ketone 8c).
Attempts to prepare R3-substituted epoxy diazoethyl ketones failed. Two different methods
were tried, namely the mixed anhydride route (cf. scheme 2.12) and the acid chloride method6. Both
methods started with the sodium glycidates which have cyclohexyl, methyl or phenyl groups at Ri
and R2 and a methyl group at R3. IR-spectroscopy indicated that in both methods the desired
activated glycidic compounds were formed. However, the reaction with diazoethane gave bad
results. No diazoethyl ketones were isolated. Probably for steric reasons (R3-substitution) the
diazoethane molecule is not able to attack the activated carbonyl function.

2.2.2.2

Irradiations of ^-substituted epoxy diazoethyl ketones in inert solvents

Epoxy diazoethyl ketones 31 were subjected to the photochemical reaction in two different
inert solvents. Compounds 31a and 31c were irradiated in hexane, compounds 31b and 31d in
tetrachloromethane. The results of these reactions are listed in table 2.4 (cf. scheme 2.8). In these
irradiations the a-methylsubstituted butenolides 32 were the only products. The crude yields of
these butenolides (determined by NMR-spectroscopy and capillary GC) were moderate. However,
due to decomposition on silica gel, chromatography resulted in low isolated yields (10-20%).
Table 2.4: Irradiations of ^-substituted epoxy diazoethyl ketones in inert solvents
entry

epoxy diazo
ethyl ketone

Ri

R2

R3

irradiation
time

yield 32

1

31a

ПС5Н11

H

H

15 min

32a:35

2

31b

H

Ph

H

3 h 45 min

32b:41

3

31c

4

31d

£=3
CH3

СНз

H

15 min

32c: 33

H

45 min

32d:57

' Yield determined by NMR-spectroscopy and capillary GC of the crude reaction
mixtures The isolated yields are reported in the experimental section.
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These photochemical reactions were completed in very short time compared to the
irradiations of epoxy diazomethyl ketones (section 2.2.1.2). This indicates that the formation of the
epoxy ketene is facilitated followed by an easy ring closure to give butenolide. On irradiation the
diazo compound gives after loss of nitrogen an α-methyl ketocarbene. This carbene is stabilized by
a hyperconjugative effect of the adjacent methyl group. The carbene then readily rearranges to the
epoxy ketene which will adopt the right conformation for a cyclization reaction. The irradiation
reaction of the phenyl-substituted compound 31b took quite a long time. This indicates light
absorption by the phenyl group. The reactions in hexane (entries 1 and 3) were faster than in
tetrachloromethane. However, the yields on butenolides were lower in the firstmentioned solvent.
Also more side products were formed, but all in very low yield according to capillary GC.
Therefore, tetrachloromethane is a better solvent than hexane for these irradiations.

2.2.2.3

Irradiations of ^-substituted epoxy diazoethyl tetones in an alcoholic solvent

Irradiation of compounds 31 in an alcoholic solvent, viz. methanol, resulted in the formation
of E-alkene esters and α-methyl butenolides as depicted in scheme 2.13. The yields as determined
by NMR-spectroscopy and capillary GC of the crude reaction mixtures, are listed in table 2.5.
Hydroxy compounds 33 were protected by acetylation and isolated by chromatography in yields
ranging from ca. 15% (entries 2-4) to 47% (entry 1).
Scheme 2.13

3££

32

Table 2.5: Irradiations of ^-substituted epoxy diazoethyl ketones in methanol

32

entry

epoxy diazo
ethyl ketone

Ri

R2

irradiation
time

33-Е
yield (%)'

1

31a

nC5Hii

Η

15 min

52

yield (%)'
6

12 hr

23

42

15 min

33c; 35

21

15 min

41

23

2

2

31b

3

31c

4

31d

Η

2

Ph

/==y

СНз

CH3

Yield determined by NMR-spectroscopy and capillary GC of the crude reaction
mixtures. The isolated yields are reported in the experimental section.
Irradiated at 360 nm
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The irradiations performed at a wavelength of 300 nm proceeded very fast (15 minutes). The
phenyl-substituted compound 31b was irradiated at 360 nm. This resulted together with light
absorption by the phenyl group in a long reaction time (12 hours).
Most of the reactions summarized in table 2.5 show a relatively high yield on butenolide
formation. Therefore a substituent at R» favors this intramolecular reaction. The amount of E-4hydroxy-2-alkene esters formed is relatively low. No Z-alkene esters were found in these reaction
mixtures. The possibility that these Z-esters were converted into the butenolides during work-up
(evaporation in vacuo) was excluded by performing the irradiation of compound 31c also in
deuterated methanol (CD3OD). This reaction was executed in an NMR-tube and completed in 4
hours. Every 20 minutes the reaction mixture was monitored by 'Н-NMR showing no formation of
the Z-Y-hydroxy-ot,ß-unsaturated ester. Only the formation of the Ε-product and the butenolide was
observed.
The low yields on 4-hydroxy-2-alkene esters indicate that both the rrawj-conformation 34A
and the a'f-conformation 34B are disfavored now, because of allylic strain as depicted in figure 2.6.
A possible explanation for the high yields on butenolides is that a substituent at R4 enforces the
intermediate epoxy ketene to take up a different preferred conformation. Rotation around the C2/C3
bond can result in a conformation in which the allylic strain between the group at R4 and the
substituents at R2 and Rj is minimized. In this so-called .ryn-conformation 34C the distance between
the epoxide-oxygen atom and the carbonyl function is decreased, as is calculated with AM1computations30 (see also section 2.3). This can favor butenolide formation.
Figure 2.6
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Also the ira/w-ß-monosubstituted diazoethyl ketone 31a (table 2.5, entry 1) gave more
butenolide than the diazomef/ty/ analog4. This relatively high amount of butenolide is formed in
spite of the fact that the rrans-conformation of the intermediate epoxy ketene of compound 31a is
less disfavored than of the epoxy ketenes of the entries 2,3 and 4. Compound 31a still gave the
highest yield on E-ester.
In conclusion, an R»-substituent raises the yield on butenolides and lowers the amount of
alkene ester formed.
27
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2.2 J

Attempts to synthesize epoxy diazoneopentyl ketones and analogs

Substitution of a methyl group next to the diazo function of epoxy diazoalkyl ketones results
in higher butenolide yields upon irradiation. The use of a more bulky group at this position should
lead to a small decrease of the epoxide-oxygen/carbonyl distance as suggested by AMI-calculations
(see section 2.3). This facilitates the intramolecular butenolide formation. Therefore, it was decided
to attempt the preparation of diazo compounds 35 and 36 (figure 2.7) which have a fert-butyl or a
trimethylsilyl substituent at the diazo carbon atom.
Figure 2.7
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Compounds 35 needed to be synthesized by a reaction of an activated carbonyl compound
with diazoneopentane. This diazo compound was synthesized as shown in scheme 2.1427'28.
Pivalonitrile was reduced with LÌAIH4 to the corresponding amine31 followed by conversion into its
HCl-salt (96% yield). Subsequent reaction with urea gave neopentylurea which was converted into
the nitroso-derivative using sodium nitrite (29% yield). This compound was treated with base
„29
according to Regitz and Maas to give diazoneopentane as a solution in ether.
Scheme 2.14
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Attempts to synthesize compounds 35 failed. Starting with the sodium glycidates6'7 no epoxy
diazoneopentyl ketones were formed. Neither the mixed anhydride route7, nor the acid chloride
6
method were successful.
Compounds 36 were prepared from sodium glycidates and trimethylsilyl diazomethane
(TMSCHN2)33 as depicted in scheme 2.15. Because of its better safety properties trimethylsilyl
diazomethane is used as an equivalent for diazomethane34, which is known for its highly explosive
and toxic qualities35 and its limited stability. TMSCHN2 can be synthesized by several different
methods36. The procedure of Shioiri et a/.36,,k using trimethylsilylmethyl magnesium chloride and
28
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diphenyl phosphoryl azide (DPPA) was followed By this method a 0 6 M ethereal solution of
TMSCHN2 was obtained
Scheme 2 15
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'H-NMR analysis of the crude product showed the formation of the compounds 36 However
chromatography over silica gel led to the isolation of the epoxy diazomethyl ketones 8a, 8b and 6b
instead of the desired silylated compounds 36a. 36b and 36c, respectively The yields were
67
comparable with the diazomethane method Also storage of crude 36a in the refrigerator for two
days resulted in complete conversion into the diazomethyl compound This demonstrates that
compounds 36 are extremely sensitive to acidic (silica) and humid (air) conditions The isolation of
the diazomethyl compounds shows that TMSCHN2 is a good alternative for diazomethane in the
synthesis of epoxy diazomethyl ketones
The fact that silyl compounds 36 can be synthesized in contrast to the diazoneopentyl
structures 35 cannot be explained on stenc grounds, as both diazo reagents are comparable in stenc
size However, electronic factors may play an important role Probably, the dn-pit interaction
between silicium and the methme carbon atom33 raises the electron density and therefore the
nucleophilicity of this carbon atom in TMSCHN2 In other words, the presence of a silyl group next
to the methine group in TMSCHN2 makes this molecule a harder base compared with
diazoneopentane Therefore, it will have a greater affinity for the epoxy acyl moiety (hard acid) of
the acid chloride (HSAB principle37)

2.3

Conformational analysis of epoxy ketenes
In the introductory section of this chapter the mechanism of the reaction of epoxy ketenes

with alcohols was discussed (scheme 2 2) It was shown that two principle conformations of the
epoxy ketenes fulfill the requirements for orbital alignment, namely the s-trans and s-cis
conformation (figure 2 8)
Figure 2 в
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An essential assumption in this mechanistic consideration is that the transition state of this
reaction is substrate-like, i.e. closely resembling the epoxy ketene structure in which the epoxide
ring opening hardly has made any progress. In this context the preferred conformations of these
epoxy ketenes are relevant. Therefore, with the aim to gain more insight in the conformational
behavior of epoxy ketenes a computational conformation analysis was undertaken for a series of
differently substituted epoxy ketenes 5.

c=o

In this computational approach , the epoxy ketenes 5 are first preminimized using
molecular mechanics calculations (MM2)38. This method employs a so-called 'force field' to locate
the energetically lowest conformation. The thus obtained conformation is the input for further
minimization by semi-empirical AMI calculations39. This computation technique is based on the
principles of the molecular orbital theory in which the configuration of a many electron molecule is
built up by assigning electrons to one-electron wave functions or orbitals. These orbitals describe
the interaction of an electron with other electrons and nuclei of the molecule. The molecular orbitals
(MO's) are constructed by a Linear Combination of Atomic Orbitals (LCAO approach). The energy
levels of the MO's can be calculated. The MO's are improved in an iterative process until the
electronic energy reaches a minimum. These semi-empirical AMI calculations are reliable to
identify preferred conformations of epoxy ketenes. The respective conformers of the epoxy ketenes,
in essence the rotamers around the C2-C3 bond, are conveniently described by the torsion angle τ
(figure 2.9). The distance d is a parameter which will be helpful in discussing the preferred
conformations. The results of the above calculations are collected in table 2.6.
Figure 2.9: Newman projection of the C¿-C3 moiety of epoxy ketenes
τ: torsion angle between R 3 and R4
d: distance between epoxide O-atom
and carbonyl C-atom

Rg

5a
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Table 2.6: AMI calculations on epoxy ketenes 5a. Torsion angle X between Rj and R4 and distance
d between epoxide-O-atom and ketene carbonyl group as function of different R¡, R2, R3
and R4 substituents. Preferred conformations and energy differences between synconformation Ç and anti-conformation D.
entry

R.

R2

R3

R4

torsion
angle τ (°)

distance
d(Â)

preferred
conformation

ΔΕ
(kcal/mol)

1

H

H

H

H

142

3.68

anti

0.46

2

П-С4Н9

H

H

H

142

3.68

anti

0.63

3

П-С4Н9

H

СНз

H

-53

2.88

syn

0.97

4

П-С4Н9

H

i-Pr

H

-56

2.86

syn

0.28

5

П-С4Н9

H

(-Bu

H

-57

2.86

syn

0.54

6

Ph

H

Ph

H

142

3.68

anti

0.45

7

П-С4Н9

CH3

H

H

142

3.68

anti

0.26

8

(СНз)2С=СН(СН2)2

СНз

H

H

142

3.68

anti

0.26

H

H

142

3.68

anti

0.24

H

H

142

3.68

anti

0.26

9

10

л

¿&

11

СНз

СНз

H

H

142

3.68

anti

0.29

12

H

n-C4H9

H

H

142

3.68

anti

0.19

13

H

Ph

H

H

164

3.65

anti

0.38

14

H

H

-53

2.88

syn

0.01

15

H

H

CH3

H

-53

2.88

syn

0.25

16

П-С4Н9

СНз

СНз

H

-63

2.90

syn

0.05

СНз

H

-53

2.88

syn

0.07

П-С4Н9 СНз

17

£=3

18

H

H

H

CH3

-44

2.85

syn

0.84

19

П-С5Н11

H

H

СНз

-44

2.85

syn

0.80

20

H

Ph

H

СНз

-53

2.87

syn

0.66

21

СНз

CH3

H

СНз

-43

2.85

syn

0.73

H

СНз

A3

2.85

syn

0.70

22

P=j

23

СНз

СНз

H

j-Pr

-40

2.85

syn

0.62

24

СНз

СНз

H

f-Bu

-34

2.84

syn

0.86

31
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The data in this table reveal that two distinct preferred conformations are present, namely the
^«-conformation С and the аигі-conformation D (figure 2.10). In the луи-conformation the ketene
unit is in the bisecting plane of the C3-O bond and R3, with a torsion angle between Rj and R4 of
about -50°. In the anfi-conformation the ketene function is in the bisecting plane of the C3-C4 bond
and R3, the R3/R4 torsion angle being about 145°. However, the energy differences between these
two conformations are very small.
Figure 2.10: Syn and anti-conformation of epoxy ketones in Newman projections
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The respective epoxy ketenes can be divided in 9 classes representing the various
substitution patterns (table 2.7). The non-substituted epoxy ketene (class I) has the anticonformation, as is the case for both ß-monosubstituted epoxy ketenes (class Π and Ш). In class Г
(frans-ct,ß-disubstituted epoxy ketenes) entry 6 is an exception. Probably this can be attributed to
the presence of two phenyl rings which often show an anomalous behavior. The β,β-disubstituted
epoxy ketenes all have the preferred antf-conformation (class V). When a substituent is present at
C a invariably the preferred .гул-conformation is adopted (class VI,

П and

Ш). The same holds

(class DC) for epoxy ketenes which have a substituent at the ketene carbon atom (R4*H).
It should be emphasized that the energy differences between the preferred conformations are
small. For example, the class V epoxy ketenes which have the αηί/'-conformation need to undergo a
rotation around the C2-C3 bond of ca. 180° in order to accomplish a butenolide formation. This
rotational barrier amounts to only 1.6 kcal/mol and, therefore, can be easily overcome.
The small energetic distances between the preferred conformations are also reflected in the
Boltzmann distribution of these conformers. By applying this distribution in the above AMI
calculations it was found that both conformers occur in a comparable percentage. This situation is
different for the epoxy ketenes having a substituent at the ketene carbon atom (class IX) because
now the conformational preference is more pronounced.
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Table 2.7: Classification of differently substituted epoxy ketenes 5. Dependency of the preferred
conformations of epoxy ketenes on the substitution pattern as related to entries of table
2.6.
class

substitution pattern

entry in
Table 2.6

preferred
conformation

I

non-substituted

1

anti

Π

franj-ß-monosubstituted

2

anti

Ш

cis-ß-monosubstituted

12,13

anti

IV

frans-ot,ß-disubstituted

3-6

syn (1 anti)

V

β,β-disubstituted

7-11

anti

VI

α'ί-α,β-disubstituted

14

syn

П

α-monosubstituted

15

syn

vm

α,β,β-trisubstituted

16,17

syn

DC

various, R4#H

18-24

syn

V

'β α

c=o

The above conformational analysis refers to energy calculations in the gas phase, thus
neglecting all solvent effects. These data may have some relevance for the reaction in inert solvents.
However, as the energy differences between the respective preferred conformers are small, the
predictive value of these calculations is rather limited as was demonstrated above. Anyhow,
butenolide formation can take place in practically all cases as was experimentally confirmed (see
table 2.3 and table 2.5).
Attempts were made to incorporate a solvent effect in these calculations. Solvent effects can
be approximated by applying the so-called EPS routine implemented in the AMI calculations. This
routine uses the dielectric constant as a measure for the polarity of the solvent. This calculation
technique may lead to better results when dipolar or charged molecules or transition states are
subjected to minimization. A disadvantage of the EPS-routine is that it can not deal with hydrogen
bonds, which probably play a role when epoxy diazoalkyl ketones are irradiated in an alcoholic
solvent. Using a dielectric constant with a magnitude corresponding to methanol, these
computations lead to the results shown in table 2.8. Only a selected number of the differently
substituted epoxy ketenes has been calculated in this way. A representative of all classes shown in
table 2.7 has been incorporated.
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Table 2.8:

AMI calculations on epoxy ketenes 5a using the EPS-routine for methanol. Torsion
angle τ between R3 and R4 and distance d between epoxide-O-atom and ketene carbonyl
group as function of different R¡, R2, R3 and R4 substituents. Preferred conformations
and energy differences between the two energetically lowest conformations.
preferred
confor
mation

ΔΕ
(kcal/mol)

3.52

anti

1.14

168

3.51

anti

1.17

Η

169

3.52

anti

0.12

Η

Η

166

3.51

anti

1.10

П-С4Н9

Η

Η

176

3.57

anti

1.34

Η

П-С4Н9

СНз

Η

156

3.46

anti

0.39

П

Η

Η

СНз

Η

148

3.39

anti

0.09

Ш

П-С4Н9

СНз

СНз

Η

147

3.40

anti

0.04

torsion
distance
d(A)
angle τ (°)

entry

class

R.

R2

R3

R4

1

I

Η

Η

Η

Η

167

2

Π

П-С4Н9

Η

Η

Η

3

IV

П-С4Н9

Η

СНз

4

V

П-С4Н9

СНз

5

Ш

Η

6

VI

7
8
9

EX

Η

Η

Η

СНз

136

3.30

anti

0.11

10

EX

СНз

CHj

Η

СНз

-25

2.91

syn

0.81

11

EX

СНэ

СНз

Η

i-Pr

-34

2.88

syn

0.91

The EPS option leads to slightly different preferred conformers as can be deduced from the
torsion angles τ in table 2.8 when compared with those in table 2.6. The preferred jyn-conformation
Ç and ал/í'-conformation IV are shown in figure 2.11. In the .гул-conformation Ç the ketene unit is
parallel to the epoxide C3-O bond when viewed along the C2-C3 bond. The torsion angle τ amounts
to -30°. In the anff-conformation JV the ketene unit and the R3 group are almost parallel when
viewed along the C2-C3 bond. The torsion angle τ amounts to 160-170°. The data in table 2.8 reveal
that in almost all cases the anfi-conformer is preferred, except for two members of class K . It may
be expected that in view of the short distance between the epoxide-oxygen atom and the carbonyl
Figure 2.11: Syn andanti-conformation £_and¡üjof epoxy ketenes Sa in Newman projections

°V
Rz

•M

>fcj

"2

NN

0

-30°
syrr. Cl

anti: fil
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function (ca. 2.9À) butenolide formation takes place readily, as was experimentally confirmed (see
table 2.5).
The gratifying result of the application of the EPS routine is that the preferred anticonformation ІУ is almost the same as the i-frenj-conformation required for the transition state in
the reaction with methanol (see figure 2.8, τ is about 160°, d is about 3.3À). However, it should be
noted that the energy differences between the preferred conformations are very small. The rotational
barrier between the respective rotamers is always less that 2 kcal/mol, in some cases (epoxy ketenes
having a Rj-substituent) even less than 1.1 kcal/mol. This rotational barrier can easily be overcome.
Comparison of the EPS calculations with the normal AMI calculation shows that in the EPS
routine solvent (polarity) effects compensate the electrostatic effects. Steric effects therefore
become more important in the EPS calculations, in other words allylic strain effects are more
pronounced in this calculation.
The above results show that the preferred conformations of epoxy ketenes depend on the
substitution pattern of the compounds. A comparison of this conformational analysis with the
experimental findings is very tempting. However, this is only allowed with the greatest possible
care, because of the small energy differences between the preferred conformations. The rotational
barriers between these conformers can be easily overcome under the conditions of the reaction. An
additional restriction is that such comparison is only allowed for a transition state that has a high
substrate-like character. Nevertheless, a few conclusions can be drawn.
Epoxy diazoalkyl ketones lacking substituents at R3 and R4 (entries 1, 2, 4-7, table 2.3)
invariably give £-4-hydroxy-2-alkene esters as the predominant product of the photo-induced
reaction in methanol. EPS calculations point to the preferred anti-conformation IV which almost
coincides with the required s-frans-conformation (A, figure 2.8) for the formation of E-alkene
esters. The amount of butenolide in these reactions is negligible as expected.
Most of the epoxy diazomethyl ketones having a substituent at C a give E-alkene esters as the
main products when irradiated in methanol. The EPS calculations suggest a preferred anticonformation which is congruent with the í-traní-conformation required in this conversion (see
scheme 2.2). In this case a substantial amount of butenolides is formed (entries 3, 8-12, table 2.3)
which is quite feasible in view of the small energy differences between the preferred conformations
(less than 1.1 kcal/mol).
Diazo ketones with an alkyl group at the diazo carbon atom result in a relatively high yield
on butenolides and a lower yield on alkene ester. The calculation suggests that the .ryn-conformation
is preferred, which would explain a facile butenolide formation. The fact that also alkene ester is
obtained shows that rotation to other conformations is only slightly hampered.
For a more reliable computational analysis elaborate calculations of all transition states
would be required. Special attention has then to be given to the progress of the epoxide ring opening
on the reaction coordinate and the bond formation with the reactant, i.e. methanol. The reaction may
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have a more concerted character than assumed above. Sophisticated calculations are complicated,
especially in bimolecular processes. It should be emphasized however that, even in more
sophisticated calculation protocols, energy differences between various reaction pathways may be
that small that no clear cut answers can be obtained.
In spite of all limitations and restrictions the conformational analysis presented above has
provided valuable insight in the conformational behavior of epoxy ketenes.

2.4

Concluding remarks

A number of differently substituted epoxy diazoalkyl ketones has been synthesized and
subjected to irradiation in various solvents. In inert solvents (tetrachloromethane, benzene) this
reaction leads to Δ -butenolides as main products in moderate to good crude yields. However,
during purification a considerable loss of material had to be accepted due to instability of the
butenolides under the conditions of chromatography. Irradiation in alcoholic solvents results in a
mixture of products consisting of E and Z-4-hydroxy-2-alkene esters and Δ -butenolides in
moderate to good yields.
Changing the substitution pattern around the oxirane ring and at the diazo carbon atom of the
starting epoxy diazoalkyl ketone influences the product composition of the irradiation reaction. The
different types of epoxy diazomethyl ketones give the following main products. Trans-$monosubstitution leads to E and Z-alkene esters in a ratio of 9 to l 4 . G's-ß-monosubstituted
oxiranes produce only Ε-unsaturated esters on irradiation, as do β,β-disubstituted diazomethyl
ketones. Substitution at the α-position raises the amount of 3-substituted A^-butenolides formed
especially with frans-a,ß-disubstituted compounds. Cw-a,ß-disubstitution still results mainly in Ealkene ester formation. Trisubstituted epoxy diazomethyl ketones give Ε-unsaturated esters and ßmethyl butenolides in a ratio of 10 to 1.
Epoxy diazoethyl ketones could only be synthesized without substituent at the a-position.
Irradiation of these compounds in alcoholic solvents leads to a mixture of 2-methyl substituted
butenolides and α-methyl substituted E-alkene esters. The latter products are formed in relatively
low yields compared to the diazomethyl ketones. Butenolide formation is favored with these
diazoethyl compounds.
The experimental findings could be rationalized by an analysis of strain effects in the s-trans
and s-cis conformation of the key intermediates of the photochemical reaction, viz. epoxy ketenes.
Especially, allylic strain effects were taken into account.
A computational conformation analysis of epoxy ketenes was also performed. Two distinct
preferred conformers could be identified, however the energy differences never exceed 2 kcal/mol
thus allowing an easy interconversion of these preferred rotamers under the conditions of the
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reaction Involvement of the EPS routine in these calculations to account for the solvent effects gave
a preferred αηίί-conformation which is almost congruent with the s-fra/ii-conformation required for
the transition state in the reaction in methanol

2.5

Experimental section

General remarks
'H-NMR spectra were recorded on a Vanan EM 390 (90 MHz, CW), a Braker AC-100 (100 MHz,
FT) or a Bruker AM-400 (400 MHz, FT) spectrometer with TMS as internal standard 13C-NMR
spectra were recorded on a Bruker AM-400 (100 MHz, FT) or a Bruker AC-100 (25 MHz, FT)
spectrometer with CHCI3 as internal standard IR spectra were run on a Perkin-Elmer 298
spectrophotometer Elemental analyses were standard earned out in triplicate on a Carlo Erba
Instruments CHNSO EA 1108 element analyzer For mass spectroscopy a double focusing VG
7070E was used For the chemical ionization (CI) technique, methane was used as reacting gas
GC/MS spectra were recorded on a Vanan Satum Π Separation was earned out on a fused sihcacapillary column (DB-5, 30m χ 0 25 mm, film thickness 0 25 μιη), using the EI-ionization method
Melting points were measured on a Reichert Thermopan microscope and are uncorrected Optical
rotations were determined on a Perkin-Elmer 241 polanmeter GC was performed on a HewlettPackard 5890 or a Hewlett-Packard 5890 Senes Π instrument, equipped with a capillary HP crosslinked methyl silicone (25 m χ 0 31 mm) column, connected to a HP 5890 calculating integrator
For chromatography the 'flash technique'40 was used with silica gel 60H (Merck) as stationary
phase and a pressure of about 1 5 bar Compounds were detected using UV and oxidizing reagents,
« e 5% H2SO4 in EtOH or a mixture of (Ш^бМотС^НгО (21 g), (NH^CeiSO^ 2H 2 0 (18 g),
water (469 ml) and 97 % H 2 S0 4 (31 ml)
Dry solvents were obtained as follows dichloromethane was distilled from phosphorous pentoxide
or from calcium hydride Diethyl ether was pre-dned on calcium chlonde and distilled from calcium
hydride Hexane, benzene and dimethyl sulfoxide were distilled from calcium hydnde, pyndine,
dusopropylamine and tnethylamine from potassium hydroxide Tetrahydrofuran was distilled from
lithium aluminum hydnde, Ν,Ν-dimethylformamide from calcium sulfate and acetonitnle from
phosphorous pentoxide Oxalyl chlonde and 2,3-dihydro-4H-pyran were distilled, followed by
storage under nitrogen at 4°C, hexamethyl phosphorous tnamide (HMPA) was stored at room
temperature after distillation All other solvents and reagents were of either Ρ A or 'reinst' quality
When diazomethane was used, proper safety precautions were taken
(3R,4R)-l-Diazo-3,4-epoxy-heptadecan-2-one (6a)
Compound 6a was synthesized according to Thys et al2S by dissolving its sodium glycidate6 7 (285
mg, 0 98 mmol) in a mixture of water (100 ml) and diethyl ether (50 ml) followed by cooling to 0°C
and addition of sulfuric acid (0 25 ml, 4 N) The layers were separated, the aqueous layer was
extracted with ether (2x) The combined organic layers were washed with bnne, dned (MgSd) and
concentrated in vacuo For instability reasons the crude product (303 mg) was immediately
dissolved in dry ether (10 ml) at 0°C under nitrogen, followed by the addition of uo-butyl
chloroformate (131 μΐ, 1 mmol) and tnethylamine (167 μΐ, 1 2 mmol) After stimng for 1 h the
mixture was filtered under nitrogen followed by addition of an ethereal CH2N2 solution (0 3 M, 15
ml, 4 5 mmol) Stirring overnight was followed by removal of excess diazomethane (flushing with
nitrogen) The residue was concentrated in vacuo followed by chromatography (hexane/ethyl acetate
5 1) to give pure 6a as a yellowish solid (180 mg, 62%) Μ ρ 60 5-62°C Ή-NMR (90 MHz,
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CDCI3): δ 0.9 (t, ЗН, СНз, J 7 Hz), 1.1-1.7 (m, 24H, (CH2)i2), 3.0-3.2 (m, IH, CH2CHOC), 3.45 (d,
IH, CHC(O), J 4.5 Hz), 5.55 (s, IH, CHN2) ppm. IR (CCI4): V 3110, 2920-2850, 2110, 1640 cm"1.
MS (CI): m/e (%) 295 (64, M + +l), 267 (13, -N2), 249 (4, -N2, -H 2 0), 225 (21, -HCOC(H)N2), 207
(5, -HCOC(H)N2, -H 2 0), 151 (4), 137 (9), 135 (10), 123 (16), 121 (15), 111 (27, -N2, -C U H 23 ), 109
(32), 97 (33, -N2, -СгНи), 95 (56), 83 (75, -N2, -C l3 H 27 ), 81 (52), 69 (64), 67 (41), 57, (72, C4HO,
55 (96), 43 (100, C 3 H 7 + ). EI/HRMS: m/e caled, for C,7H3oN202 294.2307, found 294.2305 ± 0.0011
a.m.u.
Cis~l-diazo-3,4-epoxy-4-phenyl-butan-2-one (6b):
Epoxy diazomethyl ketone 6b was prepared following the procedure for compound 6a, starting with
its sodium glycidate6·7 (2.52 g, 13.53 mmol) which was dissolved in water (50 ml). After the
addition of sulfuric acid (12 ml, 1.25 M) the solution was extracted with ether and the combined
organic layers were dried (MgS04). Concentration in vacuo gave the crude acid which was
converted into the diazo ketone 6b. Purification by chromatography (hexane/ethyl acetate 4:1) gave
compound 6b (1.20 g, 48%) as a yellow oil. Ή-NMR (100 MHz, CDC13): 6 3.66 (d, IH, CHC(O),
J 4.5 Hz), 4.29 (d, IH, PhCHO, J 4.5 Hz), 5.34 (s, IH, CHN2), 7.20-7.50 (m, 5H, Ph) ppm. IR
(CCI4): V 3120, 3100-3000, 2950-2860, 2110, 1640 cm'. MS (CI): m/e (%) 189 (1, M++l), 161 (4,
-N2), 131 (75), 125 (34), 115 (23), 105 (100), 91 (54), 77 (43, C6H5+), 69 (38), 63 (14), 51 (23).
EI/HRMS: m/e caled, for C,oH8N202 188.05858, found 188.05861 ± 0.00090 a.m.u.
]-Diazo-3,4-epoxy-3-methyl-butan-2-one (7):
Methyl methacrylate (7.5 g, 75 mmol), mCPBA (85%, 30 g, 150 mmol) and a catalytic amount of
sulfide 12 were refluxed for 48 h in 100 ml of 1,2-dichloroethane. After cooling (ice) the mixture
was filtered (removal of precipitated m-chlorobenzoic acid) followed by washing with a 5%
Na 2 S 2 0 3 solution (250 ml). The layers were separated, the organic layer was washed with saturated
bicarbonate and brine. After drying (MgS04) the solvent was removed in vacuo to give a
brown/orange oil. Chromatography (hexane/ethyl acetate 5:1) gave pure methyl 2,3-epoxy-2-methylpropanoate as a yellow oil (4.42 g, 51%). Ή-NMR (100 MHz, CDC13): δ 1.52 (s, ЗН, C(CH3))F
2.71 and 3.05 (2d, 2H, CH2C, J 6.0 Hz), 3.70 (s, 3H, OCH3) ppm. IR (CCI4): ν 3020-2840, 1740
1
cm" . This ester was saponified to the sodium glycidate. This salt (100 mg, 0.81 mmol) was
converted into compound 7 following the procedure for compound 6b, yielding pure product after
chromatography (hexane/ethyl acetate 4:1) as a yellow oil (50 mg, 50%). Ή-NMR (100 MHz,
CDC13): δ 1.55 (s, ЗН, CH3), 2.85 (s, 2Н, СН2), 5.57 (s, IH, CHN2) ppm. IR (CC14): ν 3130, 29502840, 2110, 1645 cm"1. MS (CI): m/e (%) 127 (1, M++l), 113 (15, -CH2), 99 (12, -N2), 89 (30), 85
(16), 73 (22), 69 (14), 57 (100, -HC(0)CHN2), 41 (57). EI/HRMS: m/e caled, for С 5 ЩЧ 2 0 2
126.04293, found 126.04310 ± a.m.u.
2-Diazo-l-(l-oxa-spiro[2.5]oct-2-yl)-ethanone (8a):
The preparation of 8a was performed following the procedure for compound 6b, starting with its
sodium glycidate6,7 (1.00 g, 5.66 mmol). After chromatography (hexane/ethyl acetate 5:1) pure 8a
6
(561 mg, 55%) was obtained as yellow needles. M.p. 68-69°C (lit. 66-68°C). Ή-NMR (100 MHz,
CDC13): δ 1.55 (m, ЮН, (CH2)5), 3.22 (s, IH, CHC(O)), 5.56 (s, IH, CHN2) ppm. IR (CCI4):
ν 3120, 2980-2820, 2105, 1635 cm"1. MS (CI): m/e (%) 181 (8, M + +l), 163 (19, -Н20), 153 (5,
-N2), 135 (11, -N2, -Н 2 0), 117 (14), 111 (100, -HC(0)CHN2), 98 (57), 93 (54, -HC(0)CHN2,
-H 2 0), 81 (82), 79 (80), 67 (88), 55 (94), 43 (47, C3H7+). EI/HRMS: m/e caled, for C 9 H, 2 N 2 0 2
180.0899, found 180.08970 ± 0.00084 a.m.u.
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2-Diazo-l-(sDÍro[oxirane-2,2'-tricyclo-¡3.3.1.137ldecan-3-yl)-ethanone (8b)7:
Epoxy diazomethyl ketone 8b was prepared following the procedure for compound 6b starting with
the sodium glycidate (400 mg, 1.74 mmol). The crude product was chromatographed (hexane/ethyl
acetate 3:1) to give pure 8b (260 mg, 65%) as yellow crystals. M.p. 88-89°C (lit.6 91-92.5°C).
Ή-NMR (100 MHz, CDCb): δ 1.1-2.3 (m, 14H, adamantyl), 3.34 (s, IH, CHC(O)), 5.62 (s, IH,
CHN2) ppm. IR (CC14): ν 3120, 2980-2840, 2105, 1640 cm'1. MS (CI): m/e (%) 233 (12, M++l),
215 (26, -H 2 0), 205 (36, -N2), 175 (65, -H 2 0, -CHN2), 164 (28, -C(0)CHN2), 147 (100, -H 2 0,
-C(0)CHN2), 135 (59, -OCHC(0)CHN2), 121 (63, -OCHC(0)CHN2, -CH2), 105 (75), 91 (83), 79
(91), 67 (39), 41 (60). EI/HRMS: m/e caled, for С і 3 Н ^ 2 0 2 232.08750, found 232.08766
± 0.00092 a.m.u.
l-Diazo-3,4-epoxv-4-meth\l-pentan-2-one(8c)3:
Ethyl chloroacetate (5.0 g, 41.0 mmol) and acetone (2.4 g, 41.0 mmol) were mixed with dry ether
(100 ml) and refluxed. A suspension of potassiumterr-butoxide(4.6 g, 41.0 mmol) in dry ether (50
ml) was added in 30 min. The mixture was cooled to room temperature and stirred until the reaction
was complete (3.5 h). Ice-cold water (50 ml) was added and the layers were separated. The aqueous
layer was washed with ether. The combined organic layers were washed with water (2x) and dried
(MgSO,»). Evaporation of the solvent in vacuo was followed by chromatography (hexane/ethyl
acetate 5:1), to yield pure ethyl 2,3-epoxy-3-methyl-butanoate (3.24 g, 55%) as an oil. Ή-NMR
(100 MHz, CDCb): δ 1.20 (t, 3H, CH2CHj, J 71 Hz), 1.25 and 1.35 (2s, 6H, C(CH3)2), 3.22 (s, IH,
CHC(O)), 4.15 (q, 2H, СНгСН3, J 7.1 Hz) ppm. IR (ССЦ): V 3010-2820, 1750 cm"1. This ester was
saponified with sodium ethoxide to give the sodium glycidate in 81% yield. Starting with this
compound (686 mg, 4.97 mmol) and following the procedure for diazo ketone 6b pure 8c was
obtained as a yellow oil (400 mg, 57%) after chromatography (hexane/ethyl acetate 3:1). Ή-NMR
(100 MHz, CDCb): δ 1.38 and 1.42 (2s, 6H, C(CH3)2), 3.31 (s, IH, CHC(O)), 5.60 (s, IH, CHN2)
ppm. IR (CCI4): ν 3120, 3000-2840, 2105, 1640 cm"1. MS (CI): m/e (%) 141 (1, M + +l), 113 (4,
-N2), 83 (16), 71 (12, -HC(0)CHN2), 57 (35), 43 (100, C3H7+). EI/HRMS: m/e caled, for C 6 H B N 2 0 2
140.05858, found 140.05860.
(2S,3S)-3,7-Dimethyl-2,3-epoxy-oct-6-en-l-ol (13):
Compound 13 was synthesized according to Sharpless et al.**1 To a suspension of 4Â mol. sieves
(3.0 g) in dry dichloromethane (250 ml) under nitrogen at -20°C, L-(+)-DET (1.0 g, 4.9 mmol) and
Ti(OiPr)4 (950 μΐ, 3.3 mmol) were successively added followed by a solution of tórt-butyl
hydroperoxide in 1,2-dichloroethane (3.8 M, 27 ml, 99.2 mmol) after 10 min of stirring. The
mixture was stirred for 20 min and geraniol (10.0 g, 65.0 mmol), dissolved in dry CH2C12 (50 ml),
was added. After completion of the reaction (monitoring by TLC), work-up was performed as in
ref.8b. Distillation (86°C, 0.35 mm Hg) of the crude product gave pure 13 as an oil (8.81 g, 80%).
[ct]25D -5.14° (c 2.0, CHC13), lit.8" [a] 25 D -5.3° (c 3.0, CHC13), lit.11 [a] 15 D -4.6 (c 3.0, CHC13), lit.41
[a] D -5.89 (CHCI3); ее 88%. Ή-NMR (400 MHz, CDC13): δ 1.29 (s, ЗН, CH3CO), 1.45-1.50 (m,
2Н, СН2С(СН3)СО), 1.61 and 1.68 (2s, 6Н, (СН3)2С=С), 2.08 (q, 2Н, С=СНСН2, J 7.6 Hz), 2.89
(dd, IH, OCHCH2, J 6.8 Hz and 4.1 Hz), 3.1 (br s, IH, OH), 3.66 (dd, IH, CHHOH, J 12.2 Hz and
6.8 Hz), 3.80 (dd, IH, CHHOH, J 12.2 Hz and 4.1 Hz), 5.08 (m, IH, C=CH) ppm. I3C-NMR (100
MHz, CDC13): δ 16.5 and 17.5 ((ÇH3)2C), 23.4 (CHzÇHjCO), 25.4 (ÇH3CO), 38.4 (C=CÇH2), 61.1
(CH2OH), 63.0 (CH3ÇO and OÇCH2), 123.1 (C=ÇH), 137.4 (Ç=CH) ppm. IR (ССЦ): ν 3700-3100,
3600, 2970-2850, 1030 cm"1. MS (CI): m/e (%) 171 (2, M + +l), 153 (18, -Н 2 0), 135 (33), 109 (90),
69 (100, (СНз)2С=СНСН2+), 43 (97, С3Н7+).
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(3R, 4S)-1 -Diazo-4,8-dimethyl-3,4-epoxy-non- 7-en-2-one (8d):
Compound 13 was oxidized to the aldehyde following the procedure of Swem et al.12 To a solution
of oxalyl chloride (632 μΐ, 6.95 mmol) in dry CH2C12 (20 ml) at -78DC under nitrogen dimethyl
sulfoxide (1.34 ml, 17.3 mmol) was added. After stirring for 10 min epoxy geraniol 13 (1.00 g, 6.0
mmol), dissolved in dry CH2CI2 (4 ml) and dimethyl sulfoxide (2 ml), was added followed by
stirring for 30 min. After addition of diisopropyl ethylamine (5.0 ml, 29.4 mmol) the mixture was
warmed to room temperature. Water (50 ml) was added and the layers were separated. The aqueous
layer was extracted with CH2CI2 (2x). The combined organic layers were washed with brine and
concentrated in vacuo to 20 ml. The residue was successively washed with HCl (1%), water,
NaHCC>3 (5%) and water. The organic layer was dried (MgSd) and concentrated in vacuo yielding
a yellow oil which was immediately converted into the acid, according to Bai et al.n The aldehyde
was dissolved into a mixture of feri-butyl alcohol (120 ml) and 2-methyl-2-butene (28 ml) at 0°C. A
solution of NaC102 (5.0 g, 55 mmol) and NaH 2 P0 4 (5.0 g, 41.5 mmol) in water (50 ml) was
gradually added followed by stirring overnight. The volatile compounds were evaporated in vacuo
and the residue was dissolved in water (100 ml). The mixture was extracted with hexane (2x), the
water layer was acidified with HCl (2 Ν) to pH 3 followed by extraction with ether (2x) and ethyl
acetate (2x). The combined organic layers were washed with cold water and dried (MgSO,»)
followed by concentration in vacuo to yield crude glycidic acid 14 (888 mg, 75%) as an oil which
was immediately converted into the epoxy diazomethyl ketone 8d following the procedure for
compound 6a. Pure 8_d was obtained as an oil (43%, starting from alcohol 13) after chromatography
(hexane/ethyl acetate 3:1). Ή-NMR (90 MHz, CDCI3): δ 1.1-1.8 (m, 2H, CH2CO), 1.40 (s, ЗН,
СНзСО), 1.60 and 1.70 (2s, 6Н, (CHj)2C=C), 2.10 (q, 2H, C=CHCH2, J 8 Hz), 3.30 (s, IH,
CHC(O)), 5.1 (m, IH, C=CH), 5.60 (s, IH, CHN2) ppm. IR (CC14): V 3110, 2970-2850, 2110, 1640
cm 1 . MS (CI): m/e (%) 209 (0.3, M++l), 181 (0.3, -N2), 163 (1.0, -N2, -H20), 121 (11), 109 (18), 95
(28, (СНз)2С=СН(СН2)2С+), 83 (12, (CH3)2C=CHCH2CH2+), 81 (26), 69 (100, (СНз)2С=СНСН2+),
55 (32, (CH3)2C=CH+), 43 (62, C3H7+), 41 (76). EI/HRMS: m/e caled, for С ц Н ^ О г 208.1212,
found 208.1210 ± 0.0010 a.m.u.
1 -Diazo-cis-3.4-diphenvl-3,4-epoxy-butan-2-one (9a) 37 :
Compound 9a was prepared following the procedure for compound 6b, starting with its sodium
glycidate6,7 (2.58 g, 9.84 mmol). After chromatography (hexane/ethyl acetate 10:1), pure epoxy
diazomethyl ketone 9a (1.23 g, 47%) was obtained as a yellow oil. Ή NMR (100 MHz, CDCI3):
δ 4.40 (s, IH, PhCH), 5.75 (s, IH, CHN2), 6.90-7.45 (m, 10H, Ph) ppm. IR (ССЦ): ν 3120, 31002800,2105, 1645 cm'.
Wittig-Homer route to ethyl E-2-methyl-hept-2-enoate (15-EY.
Acrylate 15-E was synthesized according to Tay et al.14 To a solution of LDA (157 mmol) in dry
THF (100 ml) ethyl diethyl phosphonate (9.13 g, 78.6 mmol) was added as solution in THF (15 ml)
at -78°C under nitrogen. After stirring for 5 min a solution of diethyl carbonate (9.39 g, 78.2 mmol)
in THF (15 ml) was added. The mixture was wanned to 0CC followed by the addition of freshly
distilled valeraldehyde (7.45 g, 86.5 mmol) in THF (22 ml). After stirring overnight the mixture was
acidified with HCl (2 Ν) to pH 6 followed by separation of the phases. The aqueous layer was
extracted with ether (3x). After washing with water (3x) the combined organic layers were dried
(MgSCU) and concentrated in vacuo. The crude product was purified by chromatography
(hexane/ethyl acetate 10:1) to yield compound 15-E (5.7 g, 43%) as an oil. Ή-NMR (400 MHz,
CDCI3): δ 0.90 (t, ЗН, СН3(СН2)з, J 7.7 Hz), 1.29 (t, 3H, OCH2CH3, J 7.1 Hz), 1.25-1.45 (m, 4H,
CH3(CH2)2), 1.83 (d, 3H, C=CCH3, J 1.3 Hz), 2.17 (q, 2H, CH2CH=C, J 7.3 Hz), 4.20 (q, 2H,
OCH2CH3, J 7.1 Hz), 6.76 (dt, IH, CH=C, J 7.5 Hz and 1.3 Hz) ppm. I3C-NMR (100 MHz,
CDCI3): δ 12.1, 13.8, 14.2 (СНз), 22.4, 28.3, 34.2 (CH2), 60.3 (OÇH2CH3), 127.6 (CH=Ç_), 142.3
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(ÇH=C), 168.3 (C=0) ppm. IR (CCI4): ν 3000-2880, 1700, 1650, 1270-1150 cm'. MS (CI): m/e
(%) 171 (11, M++l), 170 (13, NT), 169 (29, MM), 143 (22, -C2H4), 141 (29, -С2Нб), 139 (15), 125
(9, -OEt), 115 (20), 97 (48, -C02Et), 95 (24), 87 (11), 85 (18), 71 (32, C 5 H„ + ), 69 (34), 43 (100,
C3H7+).
Wittig route to ethyl E-2-methyl-hept-2-enoate (15-£):
(Carbethoxyethylidene)triphenyl phosphorane (5.0 g, 14 mmol) and valeraldehyde (1.14 g, 13.2
mmol) were refluxed overnight in benzene (150 ml) in a nitrogen atmosphere according to literature
procedures16. The mixture was cooled to room temperature followed by concentration to 20 ml in
vacuo. The solidified mixture was heated followed by filtration over silica using benzene as eluens.
Evaporation in vacuo gave pure 15-E (2.16 g, 12.7 mmol, 96% yield). For spectral features vide
supra.
E-2-Methyl-hept-2-en-I-ol (17):
To a solution of acrylate 15-E (10.5 g, 61.7 mmol) in dry ether (220 ml) a DIBAL-H solution (1.6
M, 140 ml) was added under nitrogen at 0°C. After completion of the reaction (1 h of stirring, TLC)
Na2SC>4.10H2O was added until no more hydrogen evolved. Stirring for 1 h was followed by
filtration over hyflo. The ethereal solution was extracted with HCl (2 Ν, 2x) and water. The
combined aqueous layers were extracted with ether (2x), the combined organic layers were dried
(MgSO,)) and concentrated in vacuo. Chromatography (hexane/ethyl acetate 1:1) gave pure allyl
alcohol Π (6.9 g, 88%) as an oil. Ή-NMR (100 MHz, CDCI3): δ 0.85 (t, 3H, СНз(СН2)3, J 7.7 Hz),
1.15-1.50 (m, 4H, CH3(CH2)2), 1.57 (s, 3H, C=CCH3), 1.98 (q, 2Н, CHjObC, J 7 Hz), 2.83 (br s,
IH, OH), 3.88 (br s, 2H, СДгОН), 5.31 (dt, IH, CH=C, J 7.1 Hz and 1.3 Hz) ppm. IR (ССЦ):
ν 3610, 3540-3300, 2960-2860, 1670, 1460 cm"1.
(2S,3S)-2,3-Epoxy-2-methyl-heptan-l-ol{ÌS):
Starting with allylic alcohol 17 (5.57 g, 43.4 mmol), using the chiral inductor L-(+)-DET and
Ti(OiPr)4 in stoichiometric amounts and following the procedure for the preparation of compound
13, crude epoxy alcohol was synthesized, which was chromatographed (hexane/ethyl acetate 1:1) to
give pure epoxy alcohol 18 (3.15 g, 50%) as an oil. [a] 25 D -0.57 (c 3.0, CHC13); ее 90% (determined
with shift reagent Eu(hfc)3 on acetate of 18). Ή-NMR (90 MHz, CDC13): δ 0.9 (t, 3H, CH3(CH2)3,
J 7 Hz), 1.30 (s, 3H, OCCH3), 1.25-1.65 (m, 6H, СН3(СШз), 2.70-3.10 (m, 2Н, ОН and
СН2СНО), 3.50-3.75 (m, СЩЭН) ppm. IR (ССЦ): V 3600-3300, 2960-2860, 1200 cm"1.
(2R,3R)-2,3-Epoxy-2-methyl-heptan-l-ol(l&a):
Starting with allylic alcohol 17 (6.58 g, 51.3 mmol), using D-(-)-DET as chiral inductor and
following the procedure for the preparation of compound 18, pure epoxide 18a (5.90 g, 79%) was
obtained as an oil. Ее 91% (determined as above). Η-NMR and IR are the same as for enantiomer
18.
(3R,4S)-1 -Diazo-3,4-epoxy-3-methyl-octan-2-one (9b):
Epoxy alcohol 18 was oxidized to its acid according to Bai et al.11 To a solution of compound 18
(1.00 g, 6.95 mmol) in a mixture of tetrachloromethane/acetonitrile/water 2/2/3 (49 ml) were
successively added sodium metaperiodate (4.45 g, 20.8 mmol) and a catalytic amount of ruthenium
chloride.hydrate. After completion of the reaction CH2C12 (80 ml) and water (10 ml) were added.
The phases were separated and the aqueous layer was extracted with CH2C12 (3x). The combined
organic layers were dried (MgSO<t) and concentrated in vacuo. For instability reasons the residue
was immediately converted into the diazo compound following literature procedures6,7 to give after
chromatography (hexane/ethyl acetate 3:1) pure compound 9b (601 mg, 47%) as an oil. Ή-NMR
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(90 MHz, CDCI3): δ 0.85 (t, ЗН, СНз(СН2)з, J 7 Hz), 1.40 (s, 3H, CHOCCHj), 1.20-1.60 (m, 6H,
СНзССШз), 2.78 (t, IH, CHOC, J 5.2 Hz), 5.52 (s, IH, CHN2) ppm. IR (ССЦ): ν 3110, 2960-2860,
2110,1645, 1355 cm"1.
(3S,4R)-l-Diazo-3,4-epoxy-3-methyl-octan-2-one(^ç):
Starting with epoxy alcohol 18a (4.4 g, 30.5 mmol) and following the procedure for compound 9b,
pure diazoketone 9c (2.97 g, 53%) was prepared as an oil. Ή NMR and IR are the same as for
enantiomer 9b.
Z-2-Methyl-hept-2-en-l-ol (19):
According to the procedure of Still et al}9, a solution of KN(SiMe3)2 (25.5 g, 128 mmol) in THF
(130 ml) was added to a solution of triphenylpentyl phosphonium bromide (55.6 g, 135 mmol,
prepared according to Cope and Engelhart2 ) in dry THF (430 ml) and hexamethyl phosphor
triamide (43 ml) under nitrogen. The now red/orange mixture was stirred at room temperature for 10
min followed by cooling to -78°C. A solution of protected acetol 21 (15.2 g, 96.1 mmol, prepared
according to Sondheimer et al.20 from freshly distilled acetol, 2,3-dihydropyran and a catalytic
amount of pTosOH) in THF (25 ml) was added and the mixture was warmed to room temperature
(2 h), followed by dilution to 1 1 with hexane/water 1:1. The phases were separated, the water layer
was extracted with hexane (2x). The combined organic layers were successively washed with
saturated bicarbonate, water, HCl (1%), brine (2x) and water (2x), followed by drying (MgSO,0 and
concentrating in vacuo. The resulting oil was filtered over silica with hexane/ethyl acetate 10:1 as
eluens. The concentrated filtrate was dissolved in MeOH (250 ml), followed by the addition of
pTosOH (550 mg, catalytic). The mixture was stirred for 70 h, saturated bicarbonate was added (10
ml) and the methanol was evaporated in vacuo. The residue, dissolved in water, was extracted with
ether (3x). The combined organic layers were washed with brine and water, dried (MgS04) and
concentrated under reduced pressure. Chromatography (hexane/ethyl acetate 3:1) gave pure allyl
alcohol 19 (9.2 g, 75%) as an oil. Ή-NMR (400 MHz, CDCI3): 6 0.89 (t, ЗН, СНз(СН2)3, J 7 Hz),
1.28-1.33 (m, 4H, СН3(СНг)2), 1.70 (br s, IH, OH), 1.79 (d, ЗН, СН=ССНз, J 1.2 Hz), 2.01-2.07
(m, 2H, СШСН=С), 4.12 (s, 2H, CH2OH), 5.30 (dt, IH, CH=C, J 7.4 Hz and 1.2 Hz) ppm.
13
C-NMR (100 MHz, CDCI3): δ 13.9 (ÇH3CH2), 21.1 (ÇH3C=C), 22.2 (CH3CH2), 27.2
(СНгСНЬСНг), 32.2' (ÇH2C=C), 61.4 (СН2ОН), 128.7 (ÇH=C), 134.1 (CH=Ç) ppm. IR (CCI4):
ν 3610, 3520-3200, 2960-2860, 1450-1380, 1010 cm-1. MS (CI): m/e (%) 129 (2, M++l), 128 (2,
M+), 113 (3, М+-СНз), 111 (6, M+-OH), 106 (13), 105 (100), 91 (51), 71 (11, С5Нц+), 69 (11), 57
(15, С4Н9+), 55 (15), 43 (20, С 3 Н 7 + ).
(2S,3R)-2,3-Epoxy-2-methyl-heptan-l-ol (22):
Starting with allylic alcohol 19 (10.2 g, 79.6 mmol) and following the procedure for the preparation
of compound 8 pure epoxy alcohol 22 (9.48 g, 87%) was obtained as an oil. [a]25D 9.4° (c 2.5,
CHCI3). Ή-NMR (400 MHz, CDCI3): δ 0.92 (t, 3H, CH3(CH2)2, J 7.3 Hz), 1.31-1.52 (m, 4H,
СНзСОШ, 138 (s, ЗН, ОССНз). 1.57-1.62 (m, 2Н, СНгСНО), 2.36 (br s, IH, OH), 2.48 (t, IH,
CHOC, J 6.3 Hz), 3.66 (br s, 2H, CH2OH) ppm. 13C-NMR (100 MHz, CDCI3): δ 13.9 (ÇH3(CH2)3),
20.0 (ÇH3CO), 22.4 (CH3ÇH2), 27.7 (CHzÇHzCHj), 28.7 (ÇH2C(CH3)), 60.9 (OÇCH3), 63.9
(CH2OH), 64.9 (CHOC) ppm. IR (ССЦ): V 3620-3600, 3520-3300, 2960-2860, 1030 cm"1. MS (CI):
m/e (%) 145 (1, M++l), 133 (95), 127 (3, -H 2 0), 105 (16), 104 (82), 87 (15, СНОС(СН3)СН2ОН+),
77 (16), 76 (45), 69 (14, СОС(СН3)СН2+), 47 (18), 43 (35, С3Н7+), 41 (100).
(3R,4R)-l-Diazo-3,4-epoxy-3-methyl-octan-2-one(W):
Starting with epoxy alcohol 22 (3.0 g, 20.8 mmol) and following the procedure for the synthesis of
compound 9b pure diazoketone 10 (1.82 g, 48%) was obtained as an oil. Ή-NMR (100 MHz,
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CDCI3): δ 0.86 (t, 3H, СНз(СН2)з, J 7 Hz), 1.25-1.65 (m, 6H, СНзСОШ, 1.47 (s, ЗН, СОССНз),
2.89 (t, IH, CHOC, J 5.8 Hz), 5.64 (s, IH, CHN2) ppm. IR (CCI4): V 3120, 2960-2860, 2110, 1640
+
cm'. MS (CI): m/e (%) 183 (10, M +l), 155 (5, -N2), 141 (4, -N2, -CH), 113 (25, -N2, -C(O)CH),
+
+
97 (14, -N2, -C4H9), 85 (11), 83 (9), 71 (20), 69 (22, CH2COC(CH3) ), 57 (19, C 4 H 9 ). 55 (33,
+
+
COC(CH3) ), 43 (100, C 3 H 7 ). EI/HRMS: m/e caled, for C9Hi4N202 182.1055, found 182.1055
± 0.0011 a.m.u.
2-Diazo-l-(2-methyl-l-oxa-spiro[2.5]oct-2-yl)-ethanone (11) :
Compound 11 was prepared following the procedure for compound 6b and starting with its sodium
glycidate (996 mg, 5.19 mmol). After purification by chromatography (hexane/ethyl acetate 5:1)
pure Π (200 mg, 20%) was obtained as a yellow solid. M.p. 90-91°C, lit.6 92-93.5°C. Ή-NMR (100
MHz, CDCI3): δ 1.49 (s, ЗН, СНз), 1.60 (m, ЮН, (СН2)5), 5.69 (s, IH, CHN2) ppm. IR (CCI4):
ν 3120, 2980-2820, 2105, 1630 cm 1 . MS (CI): m/e (%) 195 (1, M + +l), 167 (8, -N2), 149 (86, -N2,
-H20), 126 (14, -C(0)CHN2), 111 (13, -C(0)CHN2, -CH3), 97 (21), 83 (29), 69 (33, C 5 H 9 + ), 57
(100, C4H9+). EI/HRMS: m/e caled, for CioHi4N202 194.10553, found 194.10545 ± 0.00096 a.m.u.
General procedure for irradiation reactions in inert solvents (procedure A):
Epoxy diazoalkyl ketones were dissolved in an inert solvent (CCI4, benzene or hexane), followed by
flushing with nitrogen for 30 min. The mixture was irradiated at 300 nm with nitrogen flushing. The
reaction was monitored by IR-spectroscopy (disappearance of diazo peak). The crude product was
analyzed using NMR-spectroscopy and capillary GC. The mixture was chromatographed to give
butenolides as the main products. It should be noted that in the detailed description of the
experiments yields of isolated products are mentioned while in Table 2.4 the product ratios
determined from the crude reaction mixtures are listed.
l-Oxa-spiro[4.5]dec-3-en-2-one (23d):
Irradiation of compound 8a (92 mg, 0.51 mmol), dissolved in CCI4 (50 ml), was performed
following procedure A for 3 h. After chromatography (hexane/ethyl acetate 5:1) 23d (15 mg, 20%)
was obtained as an oil. Ή-NMR (100 MHz, CDCI3): δ 1.67 (m, ЮН, (CH2)5), 5.99 (d, IH,
CH=CHC(0), J 5.7 Hz), 7.44 (d, IH, CH=CHC(0), J 5.7 Hz) ppm. IR (CCI4): V 3000-2800, 1770
1
+
cm" . GC/MS (CI): m/e (%) 153 (100, M +l), 135 (12, -H 2 0), 124 (8, -СО), 107 (9, -СО, -H 2 0), 81
(22), 68 (И), 53 (9), 39 (20). EI/HRMS: m/e caled, for C 9 Hi 2 0 2 152.08374, found 152.08369
± 0.00090 a.m.u.
l7

Spiro[furan-2(5H),2 '-tricyclo[3.3.].l ]decan]-5-one (23e):
Diazo ketone 8b (98 mg, 0.42 mmol) was irradiated (2 h) in ССЦ (40 ml) following the procedure
for compound 23d to give butenolide 23e (22 mg, 26%) as an oil. •H-NMR (100 MHz, CDCI3):
6 1.6-2.4 (m, 14H, adamantyl), 6.04 (d, IH, CH=CHC(0), J 5.8 Hz), 7.87 (d, IH, CH=CHC(0),
J 5.8 Hz) ppm. IR (CCI4): ν 3000-2800, 1770 cm"1. GC/MS (CI): m/e (%) 205 (100, M + +l), 176 (4,
-CO), 131 (4), 105 (4), 91 (8), 65 (3), 53 (5), 39 (16). EI/HRMS: m/e caled, for С,зНі 5 0 2
204.11504, found 204.11501 ± 0.00096 a.m.u.
(5S)-4-Methyl-5-(4-methylpent-3-enyl)-[5H]-furan-2-one (23g):
Compound 8d (150 mg, 0.72 mmol), dissolved in benzene (100 ml), was irradiated for 2 h
according to procedure A. Chromatography (hexane/diethyl ether 3:2) gave pure butenolide 23g (15
mg, 12%) as an oil. !H-NMR (100 MHz, CDCI3): δ 1.20-1.80 (m, 2H, CH2CO), 1.47 (s, ЗН,
СНзСО), 1.58 (s, ЗН, СН3С=С), 1.66 (s, ЗН, СН3С=С), 1.80-2.10 (m, 2Н, С ^ Н С Ш . 5.10 (m,
IH, С=СН), 6.01 (d, IH, СН=СНС(0), J 6.0 Hz), 7.36 (d, IH, CH=CHC(0), J 6.0 Hz) ppm. IR
(ССЦ): ν 2970-2850, 1760, 1640 cm"1. GC/MS: m/e (%) 181 (33, M + +l), 180 (11, M+), 163 (18,
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-H20), 135 (31, -CO), 108 (55, -(CH3)2C=CH), 98 (53, -(CH3)2C=CH(CH2)2), 69 (100,
(СНз)2С=СНСН2+).
4,5-Diphenyl-[5H]-furan-2-one (23h)3:
Compound 9a (198 mg, 0.75 mmol) was irradiated (6 h) in ССЦ (50 ml), following the procedure
for diazo ketone 23b to give crude solid 23h (61 mg, 35%) which was not purified. Ή-NMR (100
MHz, CDCI3): δ 6 34 and 6.56 (2d, 2H, CHC(Ph)=CH, J 1.6 Hz), 7.10-7 60 (m, 10H, 2Ph) ppm IR
(CCI4): ν 3100-2800, 1760,1620 cm '. Irradiation of compound 9a at 360 nm gave the same results.
(5S)-5-BuM-4-methyl-[5Hl-furan-2-one (23i):
The irradiation of compound 9b (118 mg, 0 65 mmol), dissolved in ССЦ (110 ml), was performed
following procedure A for 1 h. After chromatography (hexane/ diethyl ether 3:2) pure 23i (16 mg,
16%) was obtained as an oil together with some impure butenohde (34 mg). Ή-NMR (100 MHz,
CDC13). δ 0 90 (t, 3H, СНз(СН2)з, J 7 Hz), 1.0-1.7 (m, 6H, С Щ С І Ш , 2.05 (d, 3H, CH3C=C,
J 0 8 Hz), 4.85 (m, IH, CHO), 5.80 (m, IH, C=CHC(0)) ppm. For , 3 C see enantiomer 23j IR
(ССЦ): ν 2960-2860, 1760, 1645 cm '. MS (EI): m/e (%) 154 (15, M+), 125 (34, -C2H5), 113 (18),
111 (11, -C3H7), 98 (43), 97 (60, -C4H9), 85 (26), 75 (23), 71 (16), 69 (62), 55 (27), 43 (100,
C3H7+), 41 (59) EI/HRMS· m/e caled, for C 9 H, 4 0 2 154 0994, found 154 09932 ± 0 00086 a m.u.
(5R>-5-Butvl-4-methvl-f5Hl-furan-2-one (23i):
Compound 9b (150 mg, 0 82 mmol), dissolved in benzene (or ССЦ) (100 ml), was irradiated for 2 h
following procedure A. After chromatography (hexane/diethyl ether 3:2) pure 23j (32 mg, 25%) was
obtained as an oil [aj^o -3 4° (c 0 6, CHCI3). For Ή-NMR, IR and MS see enantiomer 231.
13
C-NMR (100 MHz, CDCI3). δ 13.7 (СН3(СН2)3), 13.8 (ÇH3C=C), 22 3 (CH3ÇH2), 26 3
(СНгСНгСНг), 35.2 (ÇH2CHO), 84 6 (CHO), 116 8 (C=Ç_H), 159 (Ç=CH), 169 (CO). Compound
23i was also obtained by irradiating epoxy diazomethyl ketone 10 (144 mg, 0.79 mmol) in benzene
(110 ml) (see table 2 3).
5-Hydroxy-2-methyl-4-propylcyclopent-2-enone (24)·
Compound 24 was obtained by repeated chromatography of crude 23j. Ή-NMR (100 MHz,
CDCb): δ 0.95 (t, 3H, CH3(CH2)2, J 6 6 Hz), 1 20-1 70 (m, 4H, CH3(CH2)2), 1 80 (d, 3H, C=CCH3,
J 1.5 Hz), 2 60-2.85 (m, IH, CHC=C), 3.22 (br s, IH, OH), 3 81 (br d, IH, CH(OH), J 3 Hz), 7.14
(m, IH, CH=CC(0)) ppm. IR (ССЦ): ν 3500-3300, 2960-2860, 1715, 1630, 1260 cm 1 GC/MS
(EI)· m/e (%) 154 (11, M+), 139 (2, -CH3), 125 (5, -C2H5), 111 (100, -C3H7), 97 (8, -C(OH)CO), 83
(14, -C3H7, -CO), 67 (10), 55 (24), 43 (21, C3H7+). GC and Ή-NMR analysis of the crude
irradiation mixtures described in table 2.2, entries 8-11, showed the presence of compound 24.
4-Methyl-1-oxa-spiro[4.5]dec-3-en-2-one (23k).
Compound 11 (28 mg, 0.14 mmol), dissolved in ССЦ (40 ml), was irradiated following procedure
A for 1 h. The crude product (56% pure in 23k, according to capillary GC) was not purified.
Ή-NMR (100 MHz, CDC13): δ 1.64 (m, ЮН, (CH2)5), 2 02 (d, ЗН, СН3, J 1 Hz), 5.72 (q, IH,
C=CH, J 1 Hz) ppm IR (ССЦ): V 3000-2850, 1765 cm'1.
General procedure for irradiation reactions in methanol (procedure B)·
Epoxy diazoalkyl ketones were dissolved in methanol followed by flushing with nitrogen for 30
min. The mixture was irradiated at 300 nm with nitrogen flushing and monitoring by IR. The crude
product was analyzed by NMR-spectroscopy and capillary GC These product ratios are collected in
Table 2.3. These mixtures were acetylated unless stated otherwise. Acetylation- the crude product
was dissolved in a mixture of pyridine (0.5 ml) and acetic anhydride (0.5 ml) under nitrogen
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followed by the addition of a catalytic amount of DMAP. Stirring overnight was followed by the
addition of water and stirring for 30 min. The aqueous layer was extracted with ether (4x). The
combined organic layers were washed with water, saturated bicarbonate and brine, followed by
drying (MgSCU) and concentration in vacuo. The residue was chromatographed to give the pure
products. It was not always possible to isolate the butenolides as such. It should be noted that in the
detailed description of the experiments yields of isolated products are mentioned while in Table 2.3
and in Table 2.5 the product ratios determined from the crude reaction mixtures are listed.
Methyl E-(4R)-4-hydroxy-heptadec-2-enoate (25a) (table 2.3, entry 1):
Starting with epoxy diazo compound 6a (100 mg, 0.34 mmol), dissolved in MeOH (100 ml),
irradiation procedure В was followed to give after 1 h the crude product (78% pure, according to
capillary GC). Crystallization from hexane gave pure 25a as a solid. M.p. 43.5-46°C. [a] 2 5 o -17.0°
(c 0.3, CHClj). Ή-NMR (400 MHz, CDCI3): δ 0.88 (t, 3H, CHj(CH 2 )i 2 , J 7 Hz), 1.20-1.50 (m,
22H, СНз(СН 2 )іі), 1.54-1.63 (m, 2H, CH 2 CH(OH)), 1.80 (br s, IH, OH), 3.75 (s, ЗН, ОСН э ), 4.31
(m, IH, СН(ОН)), 6.03 (dd, IH, CH=CHC(0), J 15.6 Hz and 1.5 Hz), 6.95 (dd, СН=СНС(0),
J 15.6 Hz and 4.9 Hz) ppm. I 3 C-NMR (100 MHz, CDCI3): δ 14.1 (CH 3 CH 2 ), 22.7, 25.2, 29.3, 29.5,
29.6, 31.9, 36.6 ((CH 2 ) 1 2 ), 51.6 (OCH3), 71.1 (CH(OH)), 119.6 (C=CC(0)), 150.5 (Ç=CC(0)),
166.9 (CO) ppm. IR (CCI4): ν 3610, 3500-3300, 2920-2850, 1725, 1660, 1310-1270, 1170 c m 1 .
MS (CI): m/e (%) 299 (65, M + +l), 281 (57, -H 2 0), 267 (73, -MeOH), 249 (14, - H 2 0 , -MeOH), 206
(14), 130 (22), 116 (37), 115 (70, -Ci 3 H 2 7 ), 111 (17), 98 (18), 95 (19), 87 (100, -C 13 H 2 7CO), 83
(30), 69 (19), 55 (54), 43 (57, C 3 H 7 + ). EI/HRMS: m/e caled, for C18H34O3 298.2508, found
298.25082 ± 0.00088 a.m.u.
Methyl E-4-acetoxy-4-phenyl-but-2-enoate (table 2.3, entry 2):
Compound 6b (225 mg, 1.20 mmol) was irradiated (2 h) in MeOH (120 ml) followed by acetylation
of the crude product according to procedure B. After chromatography (hexane/ethyl acetate 5:1) the
pure acetate (126 mg, 45%) was obtained as an oil. Ή-NMR (100 MHz, CDCI3): δ 2.13 (s, ЗН,
С(О)СНз), 3.74 (s, ЗН, ОСНз), 6.05 (dd, IH, СН=СНС(0), J 16 Hz and 1 Hz), 6.40 (dd, IH,
PhCH, J 5 Hz and 1 Hz), 7.03 (dd, IH, PhCH=CH, J 16 Hz and 5Hz), 7.36 (m, 5H, Ph) ppm. IR
(CCI4): ν 3100-2800, 1730, 1660 cm"1.
Methyl E-4-acetoxy-3-methyl-but-2-enoate (table 2.3, entry 3):
The irradiation of epoxy diazomethyl ketone 7 (84 mg, 0.7 mmol), dissolved in MeOH (75 ml), was
performed according to procedure B. After acetylation the crude product was chromatographed
(hexane/ethyl acetate 4:1) to give pure ester (16 mg, 14%) as an oil. Ή-NMR (100 MHz, CDCI3):
δ 2.12 (m, 6H, C(0)CHj and С(СН 3 )), 3.71 (s, ЗН, OCH 3 ), 4.57 (d, 2H, СШС, J 1.0 Hz), 5.86 (q,
IH, C=CH, J 1 Hz) ppm. IR (ССЦ): ν 3100-2800, 1750, 1720, 1660 cm"1. GC/MS (El): m/e (%)
130 (11, -C(O)CHj), 113 (14, -CO2CH3), 98 (26, -C(0)CH 3 , -OCH3), 69 (14, -C0 2 CH 3 ,
-НС(О)СНз), 53 (10, -H0 2 CCH 3 , -C0 2 CH 3 ), 43 (100, C 3 H 7 + ). EI/HRMS: m/e caled, for QH9O3
(М-С(О)СНз) 129.05519, found 129.05514 ± 0.00095 a.m.u. Butenolide 23ç was detected in
considerable amounts (estimated yield 54%) in the crude product according to NMR and capillary
GC. However, this product could not be isolated as such. The NMR-spectrum was obtained from
the crude product. Ή-NMR (100 MHz, CDCI3): δ 2.01 (m, ЗН, CH 3 C=C), 4.89 (m, 2Н, СН 2 0),
5.95 (m, IH, C=CH)ppm.
Methyl E-3-(I-hydroxy-cyclohexyl)-prop-2-enoate (25d) (table 2.3, entry 4):
Compound 8a (200 mg, 1.11 mmol), dissolved in MeOH (120 ml), was irradiated according to
procedure В. The crude product was chromatographed (hexane/ethyl acetate 3:1) to give pure
alcohol 25d (139 mg, 68%) as an oil. Ή-NMR (100 MHz, CDCI3): δ 1.54 (m, ЮН, (CH 2 ) 5 ), 1.85
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(br s, IH, OH), 3.73 (s, 3H, OCH3), 6.02 (d, IH, CH=CHC(0), J 16 Hz), 7.01 (d, IH, СН=СНС(0),
J 16 Hz) ppm. IR (ССЦ): V 3600, 3560-3200, 3040-2800, 1720, 1655 cm'1. MS (CI): m/e (%) 185
(21, M++l), 167 (80, -H 2 0), 153 (100, -НОМе), 135 (25, -Н 2 0, -НОМе), 125 (9, -НС02СН3), 113
(29), 107 (21, -НС02СНз, -Н 2 0), 81 (20), 55 (11). EI/HRMS: т/е caled, for CioH 16 0 3 184.10996,
found 184.10997 ± 0.00072 a.m.u.
Methyl E-3-(2-acetoxy-adamant-2-yl)-prop-2-enoate (table 2.3, entry 5):
Starting with diazo compound 8b (458 mg, 1.97 mmol), dissolved in MeOH (200 ml), and
following procedure В pure product (258 mg, 47%) was isolated as a yellow oil after
chromatography (hexane/ethyl acetate 5:1). Ή-NMR (100 MHz, CDC13): δ 1.3-2.2 (m, 14H,
adamantyl), 1.92 (s, ЗН, С(0)СН3), 3.63 (s, ЗН, ОСН3), 5.80 (d, IH, СН=СНС(0), J 16 Hz), 7.32
(d, IH, CH=CHC(0), J 16 Hz) ppm. IR (ССЦ): ν 3000-2800, 1730, 1650 cm 1 . MS (CI): m/e (%)
279 (2, M + +l), 236 (35, -C(0)CH3), 219 (100, -HC02CH3), 205 (21, -C(0)CH3, -OCH3), 175 (28,
-HC02CH3, -HC(0)CH3), 159 (20, -HC(0)OCH3, -H02CCH3), 151 (12), 135 (14), 117 (11), 91
(11), 79 (10). EI/HRMS: m/e caled, for Ci 6 H 2 2 0 4 278.15183, found 278.15175 ± 0.00081 a.m.u.
Methyl E-4-acetoxy-4-methyl-pent-2-enoate (table 2.3, entry 6):
Compound 8c (65 mg, 0.46 mmol) was dissolved in MeOH (50 ml) and irradiated according to
procedure B. After chromatography (hexane/ethyl acetate 1:1) pure acetate (46 mg, 53%) was
obtained as an oil. Ή-NMR (100 MHz, CDC13): δ 1.52 (s, 6H, C(CH3)2), 2.00 (s, ЗН, С(0)СН3),
3.71 (s, ЗН, ОСНз), 5.85 (d, IH, СН=СНС(0), J 16 Hz), 7.02 (d, H, СН=<:НС(0), J 16 Hz) ppm.
IR (ССЦ): ν 3100-2800, 1730, 1660 cm'1. MS (CI): m/e (%) 187 (7, M++l), 149 (25), 127 (100,
-HC02CH3), 113 (18, -C(0)CH3, -OCH3), 95 (14, -HOCH3, -H02CCH3), 83 (31, -HC02CH3,
-HC(0)CH3), 57 (17, C4H9+), 43 (41, CJHT*). EI/HRMS: m/e caled, for С 9 Н м 0 4 186.0892, found
186.0893 ± 0.001 la.m.u.
Methyl E-4,8-dimethyl-4-hydroxy-nona-2,7-dienoate (25g) and methyl E-(3S,4R)-4,8-di-methyl-3,4epoxy-non-7-enoate (27) (table 2.3, entry 7):
Irradiation of compound 8d (140 mg, 0.67 mmol), dissolved in MeOH (100 ml), was accomplished
according to procedure B. The crude product mixture was chromatographed (hexane/ethyl acetate
3:1), yielding pure 25g (72 mg, 51%) and 22 (8 mg, 6%, 80% pure according to GC) as oils. 25£:
[a]25D -2.63° (c 0.6, CHC13). Ή-NMR (100 MHz, CDC13): δ 1.33 (s, ЗН, CH3CO), 1.51-1.75 (m,
2Н, СН2С(ОН)), 1.60 (s, ЗН, СН3С=С), 1.66 (s, ЗН, СН3С=С), 1.88-2.18 (m, ЗН, С=СНСН2 and
ОН), 3.75 (s, ЗН, ОСН3), 5.11 (m, IH, С=СН), 6.04 (d, IH, СН=СНС(0), J 15.6 Hz), 6.98 (d, IH,
CH=CHC(0), J 15.6 Hz) ppm. I3C-NMR (25 MHz, CDC13): 17.7 (ÇH3C=C), 22.7 (ÇH3C=C), 25.6
(ÇH3C(OH)), 27.6 (CH2C(OH)), 41.6 (C=CHÇH2), 51.6 (OCH3), 73.3 (СОН), 116.3 (C=ÇC(0)),
123.8 (CH3C=ÇJ, 132.5 (CH3Ç=C), 154.5 (Ç=CC(0)), 167.2 (CO) ppm. IR (ССЦ): ν 3600, 36003300, 2970-2850, 1720, 1655, 1310-1280, 1170 cm'1. MS(CI): m/e (%) 213 (4, M++l), 212 (6, M+),
211 (9, MM), 195 (70, -H 2 0), 179 (53, -H 2 0, -(CH3)H), 163 (31, -H 2 0, -MeOH), 135 (100, -H 2 0,
-HC02CH3), 83 (55, (CH3)2C=CH(CH2)2+), 69 (76, (CH3)2C=CHCH2+). EI/HRMS: m/e caled, for
C 12 H 20 O 3 212.1412, found 212.14129 ± 0.00082 a.m.u. 27: Ή-NMR (100 MHz, CDC13): δ 1.28 (s,
3H, CH3CO), 1.50-1.75 (m, 2H, CH2C(CH3)0), 1.61 (s, 3H, CH3C=C), 1.69 (s, 3H, CH3C=C),
1.90-2.20 (m, 2H, C=CHCH2), 2.60 (dd, 2H, CH2C(0), J 6 Hz and 1 Hz), 3.13 (t, IH, CHOCH2, J 6
Hz), 3.73 (s, 3H, OCH3), 5.05 (m, IH, C=CH) ppm. IR (ССЦ): ν 3600-3400 (OH, enol), 29702850, 1740 cm"1. GC/MS (El): m/e (%) 212 (1, M+), 194 (5, -H 2 0), 179 (1, -H 2 0, -CH3), 143 (6,
-(CH3)2C=CHCH2), 130 (15), 120 (14), 103 (42), 95 (43), 85 (21, -(CH3)2C=CHCH2, -C02Me), 82
(24), 71 (45, -(CH3)2C=CH(CH2)2, -C02Me), 69 (85, (CH3)2C=CHCH2+), 67 (38), 61 (24), 55 (30,
(CH3)2C=CH+), 43 (89, C3H7+), 41 (100). EI/HRMS: m/e caled, for Ci 2 H 20 O 3 212.1412, found
212.1411 ± 0.0010 a.m.u.
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Methyl E-4-acetoxy-3,4-diphenyl-but-2-enoate (table 2.3, entry 8):
Epoxy diazomethyl ketone 9a (200 mg, 0.76 mmol) was dissolved in 200 ml of MeOH and
irradiated following procedure B. After acetylation the mixture was chromatographed (hexane/ethyl
acetate 5:1), yielding pure acetate (15 mg, 6.5%) as a yellow oil. Ή-NMR (100 MHz, CDC13):
δ 2.14 (s, ЗН, С(О)СНз), 3.55 (s, ЗН, ОСН3), 6.25 and 6.42 (2d, 2Н, PhCHC=C and С=СНС(0),
J 1.3 Hz), 6.90-7.50 (m, ЮН, 2Ph) ppm. IR (ССЦ): ν 3100-2800, 1730, 1650 cm"1. MS (CI): m/e
(%) 311 (6, M++l), 268 (44, -С(О)СНз), 251 (52, -HC02CH3), 236 (50, -HC02CH3, -CH3), 219
(45, -НС02СН3, -НОСНз), 207 (25, -HC02CH3, -HC(0)CH3), 191 (100, -HC02CH3, -H02CCH3),
179 (19), 167 (10), 149 (29), 131 (13), 121 (14), 105 (68), 91 (14, C7H7+), 77 (20, ΟΗ 5 + ), 57 (15),
43 (52). EI/HRMS: m/e caled, for C, 9 Hi 8 0 4 310.12053, found 310.12014 ± 0.00091 a.m.u. The
butenolide 23h. which presence was identified by NMR and GC, could not be isolated.
Irradiation of 9b in methanol (table 2.3, entry 9):
Compound 9b (200 mg, 1.10 mmol) was dissolved in MeOH (220 ml) and irradiated according to
procedure В for 30 min. The crude product mixture was acetylated and chromatographed
(hexane/ethyl acetate 5:1) to give pure E-ester (19 mg, 7%), pure butenolide 23i (27 mg, 16%) and
the acetyl ester of cyclopentenone 24 (91 % pure according to GC, 3 mg, 2%), all as oils. The Z-ester
could not be isolated, but GC-analysis (comparison with table 2.3, entry 11) showed the presence of
5% of this ester in the crude reaction mixture. Methyl E-(4S)-4-acetoxy-3-methyl-oct-2-enoate: ΉNMR (400 MHz, CDC13): δ 0.90 (t, 3H, CHj(CH2)3, J 6.9 Hz), 1.20-1.39 (m, 4H, С Н ^ С І Ш , 1.65
(m, 2H, CHjCHO), 2.09 (s, ЗН, С(0)СН3), 2.13 (d, ЗН, СН3С=С, J 1.1 Hz), 3.70 (s, ЗН, ОСН3),
5.12 (t, IH, СН2СНО, J 6.5 Hz), 5.83 (s, IH, C=CHC(0)) ppm. 13C-NMR (100 MHz, CDC13):
δ 13.9 (ÇH3(CH2)), 15.1 (ÇH3C=C), 21.0 (ÇH3CO), 22.3 (CH3ÇH2), 27.3 (СНгСНгСНг), 32.4
(ÇH2CHO), 51.0 (OCH3), 77.6 (CHO), 115.7 (C=ÇC(0)), 156.3 (C=CÇ_(0)), 166.8 (Ç=CC(0)),
170.1 (Ç(0)CH3) ppm. IR (CC14): ν 2960-2860, 1740, 1720, 1655, 1230 cm"1. MS (CI): m/e (%)
229 (5, M++l), 196 (7, -HOMe), 186 (16, -CH3CO), 169 (100, -H02CCH3), 125 (58, -H02CCH3,
-C3H7), 109 (54, -CH3CO, -CH3C02, -H 2 0), 43 (73, C3H7+). 5-Acetoxy-2-methyl-4-propylcyclopent-2-enone (acetyl ester of 24): •H-NMR (100 MHz, CDC13): δ 0.95 (t, 3H, CHj(CH2)2),
1.21-1.70 (m, 4H, СН 3 (СІШ, 1.81 (d, 3H, C=CCH3, J 1.5 Hz), 2.15 (s, 3H, C(0)CH3), 2.80 (m,
IH, CHC=C), 4.90 (d, IH, CHO, J 3.0 Hz), 7.15 (m, IH, CH=CC(0)) ppm. IR (CC14): V 29602860, 1745, 1725, 1635, 1225 cm'. MS (CI): m/e (%) 197 (4, M + +l), 169 (25, -CO), 155 (22,
-CHjCO), 153 (14, -C3H7), 141 (13), 137 (10, -Н02ССН3), 125 (36), 113 (13), 95 (11, -С3Н7,
-СН3С02), 85 (11), 71 (17), 69 (12), 57 (40, С4Н,+), 55 (23), 43 (100, С3Н7+). For compound 23і
vide supra.
Irradiation of9ç in methanol (table 2.3, entry 10):
Compound 9c (203 mg, 1.11 mmol), dissolved in MeOH (200 ml), was irradiated following
procedure В for 1 h. The crude product contained unsaturated ester 25i and butenolide 23j (31 and
18%, respectively, according to NMR-spectroscopy and capillary GC). The mixture was not further
purified. For spectral features of 23j vide supra, for the acetate of 2§i vide infra.
MethylE-(4R)-4-acetoxy-3-methyl-oct-2-enoate (table 2.3, entry 11):
Compound 10 (144 mg, 0.79 mol) was dissolved in MeOH (110 ml) and irradiated for 1.75 h
according to procedure B. After acetylation the reaction mixture was chromatographed
(hexane/ethyl acetate 5:1) to give pure acetate (66 mg, 37%) as an oil. [ a ] 2 ^ 20.9° (c 0.6, CHC13).
'H-NMR (400 MHz, CDC13): δ 0.90 (t, ЗН, СНз(СН2)3, J 7.2 Hz), 1.24-1.36 (m, 4H, С Щ С Н ^ ) ,
1.65 (m, 2H, CHjCHO), 2.09 (s, ЗН, С(0)СН3), 2.13 (s, ЗН, СН3С=С), 3.70 (s, ЗН, ОСН3), 5.12 (t,
IH, СН2СНО, J 6.5 Hz), 5.83 (s, IH, C=CH) ppm. I3C-NMR (100 MHz, CDCI3): δ 13.8 (ÇH3CH2),
15.1 (ÇH3C=C), 21.0 (C(0)ÇH3), 22.3 (CH3ÇH2), 27.3 (СНгСНгСНг), 32.4 (ÇH2CHO), 51.0
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(ОСНз), 77.6 (СНгСНО), 115.7 (C=ÇHC(0)), 156.2 (Ç=CHC(0)), 166.8 (C=CHÇ(0)), 170.0
(С(О)СНз) ppm. IR (ССЦ): ν 2960-2860, 1740, 1720, 1655, 1230 cm"1. MS (CI): m/e (%) 229 (9,
M++l), 196 (12, -HOMe), 169 (86, -Н02ССН3), 155 (42, -СН3, -СН3С02), 127 (41, -СН3СО,
-СН3С02), 125 (93, -Н02ССН3, -С3Н7), 43 (100, С3Н7+). EI/HRMS: т/е caled, for С, 2 Н 20 О 4
228.1361, found 228.13616 ± 0.00088 a.m.u. Methyl Z-(4R)-4-acetoxy-3-methyl-oct-2-enoate: this
compound was isolated after chromatography as a mixture with the Я-alkene ester. 'H-NMR (100
MHz, CDC13): δ 0.90 (t, 3H, CHj(CH2)3, J 7 Hz), 1.30-1.65 (m, 6H, СН3(СН.г)э), 1.51 (s, ЗН,
CH3C=C), 2.13 (3, ЗН, СН3СО), 3.70 (s, ЗН, ОСН3), 5.12 (m, IH, СН2СНО), 5.67 (s, IH,
C=CHC(0)) ppm. IR (ССЦ): ν 2960-2860, 1730, 1650 cm'1. For spectral features of butenolide 23j
vide supra.
Methyl E-3-(]-hydroxy-cyclohexyl)-3-methyl-prop-2-enoate (25k) (table 2.3, entry 12):
Starting with compound 11 (200 mg), dissolved in MeOH (200 ml), irradiation was performed
according to procedure B. The crude product was chromatographed (hexane/ethyl acetate 5:1) to
give pure alcohol 25k (73 mg, 36%) as an oil. Ή-NMR (100 MHz, CDCl·,): 5 1.60 (m, 1 IH, (CH2)5
and OH), 2.16 (d, 3H, C(CH3)=CH, J 1 Hz), 3.69 (s, 3H, OCH3), 6.10 (q, IH, C(CH3)=CH, J 1 Hz)
ppm. IR (ССЦ): V 3590, 3560-3200, 3040-2800, 1720, 1645 cm 1 . MS (CI): m/e (%) 199 (100,
M++l), 181 (89, -H 2 0), 167 (93, -HOMe), 149 (91, -HOCH3, -H 2 0), 139 (64, -HC02CH3), 121 (69,
-HC02CH3, -H 2 0), 110 (32), 95 (68), 81 (57), 67 (40), 55 (43), 43 (70, C3H7+). EI/HRMS: m/e
caled, for C n H i 8 0 3 198.12561, found 198.12560 ± 0.00096 a.m.u. The presence of butenolide 23k
was established by NMR-spectroscopy and capillary GC of the crude reaction product. However,
this product could not be isolated as such. For spectral features vide supra.
Diazoethane (as 0.3 M solution in ether):
According to the procedure of Arndt27 concentrated HCl was added to a 70% aqueous ethylamine
solution (27.3 g, 0.43 mol) until acid to methyl red. Urea (85.0 g, 1.42 mol) was added followed by
heating under reflux overnight. After cooling to room temperature sodium nitrite (29.3 g, 0.43 mol)
was added followed by cooling to 0°C. The mixture was slowly siphoned into a stirred and cooled
(ice/salt) mixture of ice (100 g) and concentrated sulfuric acid (28 g), at such a rate that the
temperature did not rise above 0CC (the end of the siphon was dipped below the surface). Nitroso
ethylurea came to the surface as a yellow crystalline foamy precipitate which was obtained after
filtration, washing (few ml ice-cold water) and drying in 40% yield. Ή-NMR (100 MHz, CDC13):
δ 1.04 (t, 3H, CHjCH2, J 7.0 Hz), 3.88 (q, 2H, СН3СНг, J 7.0 Hz) ppm. IR (ССЦ): V 3520 and
3410, 3000-2900, 1735, 1570 cm'1. This compound (2.00 g, 17.09 mmol) was added slowly at 0°C
to a stirred two-phase system consisting of 50% aqueous KOH (21 ml) and ether (57 ml), according
to Short et al.2S After 1.5 h the ethereal diazoethane layer was decanted onto KOH-pellets at 0°C
and was ready for use after 30 min (concentration 0.3 M).
Trans-2-diazo-4,5-epoxy-decan-3-one (31a):
Compound 31a was prepared from its racemic epoxy alcohol (2.00 g, 13.88 mmol, synthesized
following the procedure of Ariaans from the f-allylic alcohol2 ) according to the procedure for
compound 9b but now using ethereal diazoethane (100 ml, 30 mmol). After chromatography
(hexane/ethyl acetate 3:1) pure epoxy diazoethyl ketone 31a (1.04 g, 39%) was obtained as a yellow
oil. Ή-NMR (100 MHz, CDC13): δ 0.86 (t, 3H, CHj(CH2)4, J 7 Hz), 1.10-1.80 (m, 8H, СЩСЩ)4),
1.95 (s, ЗН, C(CH3)N2), 3.03-3.15 (m, IH, CH2CHO), 3.40 (d, IH, CHC(O), J 2.0 Hz) ppm. IR
(ССЦ): ν 3000-2800, 2090, 1620 cm"1. MS (CI): m/e (%) 197 (29, M + +l), 169 (30, -N2), 125 (22),
95 (21, -H 2 0, -HC(0)C(CH3)N2), 81 (22), 69 (75, COCHC(0)+), 55 (100), 43 (91, C3H7+).
EI/HRMS: m/e caled, for C, 0 Hi 6 N 2 O 2 196.12118, found 196.12102 ±0.00077 a.m.u.
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Cis-2-diazo-4,5-epoxy-5-phenyl-pentan-3-one (31b):
Epoxy diazoethyl ketone 31b was prepared following the procedure for compound 6b. Starting with
sodium glycidate (1.40 g, 7.53 mmol) and using ethereal diazoethane (85ml, 25.5 mmol) pure 31b
(766 mg, 50%) was obtained as yellow crystals after chromatography (hexane/ethyl acetate 3:1).
M.p. 42-43°C. 'H-NMR (100 MHz, CDCI3): 6 1.73 (s, 3H, C(CH3)N2), 3.96 (d, IH, CHC(O), J 4.6
Hz), 4.27 (d, IH, PhCH, J 4.6 Hz), 7.32 (m, 5H, Ph) ppm. IR (ССЦ): ν 3100-3000, 2950-2840,
2090, 1620 cm'. MS (CI): m/e (%) 203 (0.1, M++l), 175 (2, -N2), 131 (13), 105 (12), 91 (10), 83
(17), 77 (4, C6H5), 69 (6, COCHC(0)+), 42 (100). EI/HRMS: m/e caled, for C11H10N2O2 202.07423,
found 202.07415 ± 0.00096 a.m.u.
2-Diazo-l-(l-oxa-spiro[2.5]oct-2-yl)-propan-l-one (31c):
Starting from its sodium glycidate (1.00 g, 5.62 mmol), following the procedure for compound 8a
and using ethereal diazoethane (50 ml, 15 mmol) pure compound 31c (724 mg, 67%) was obtained
as a yellow oil after chromatography (hexane/ethyl acetate 5:1). H-NMR (100 MHz, CDCI3):
δ 1.58 (m, ЮН, (CH2)5), 1.99 (s, ЗН, C(CH3)N2), 3.50 (s, IH, CHC(O)) ppm. IR (ССЦ): ν 30002840, 2100, 1620 cm"1. MS (CI): m/e (%) 195 (30, M++l), 167 (45, -N2), 149 (26, -N2, -H 2 0), 139
(18, -HC(CH3)N2), 123 (52), 111 (100, -HC(0)C(CH3)N2), 93 (38, -HC(0)C(CH3)N2, -H 2 0), 83
(41), 69 (42, COCHC(0)+), 55 (78), 43 (41, C 3 H 7 + ). EI/HRMS: m/e caled, for CioH 14 N 2 0 2
194.10553, found 194.10545 ± 0.00096 a.m.u.
2-Diazo-5-methyl-4,5-epoxy-hexan-3-one (31d)
Starting with its sodium glycidate (1.50 g, 10.87 mmol), following the procedure for the preparation
of compound 8c and using ethereal diazoethane (100 ml, 30 mmol) pure 31d (860 mg, 52%) was
obtained as a yellow oil after chromatography (hexane/ethyl acetate 3:1). Ή-NMR (100 MHz,
CDC13): δ 1.30 and 1.39 (2s, 6H, C(CH3)2), 1.96 (s, 3H, C(CH3)N2), 3.48 (s, IH, CHC(O)) ppm. IR
(ССЦ): V 3020-2820, 2090, 1620 cm'1. MS (CI): m/e (%) 155 (1, M++l), 143 (16), 127 (27, -N2), 99
(42, -HC(CH3)N2), 83 (29), 71 (48, -HC(0)C(CH3)N2), 57 (74), 43 (100, C 3 H 7 + ). EI/HRMS: m/e
caled, for C7Hi0N2O2154.07423, found 154.07421 ± 0.00060 a.m.u.
3-Methyl-5-pentyl-[5H]-furan-2-one (32a):
Starting with compound 31a (200 mg, 1.02 mmol), dissolved in hexane (500 ml), and following
procedure A pure 32a (30 mg, 18%) was obtained as an oil after chromatography (hexane/ethyl
acetate 5:1). Ή-NMR (100 MHz, CDC13): 6 0.89 (t, ЗН, СНз(СН2)4), 1.10-1.80 (m, 8H,
CH3(CH2)4), 1.91 (d, ЗН, C=C(CH3), J 1 Hz), 4.75-5.00 (m, IH, CHO), 7.03 (m, IH, CH=C) ppm.
IR (ССЦ): ν 3050-2800, 1765, 1660 cm"1. MS (CI): m/e (%) 169 (100, M++l), 151 (14, -H 2 0), 139
(29, -СОН), 123 (35, -CO, -H 2 0), 112 (8), 99 (38), 95 (24), 81 (11), 69 (33), 55 (17), 43 (41,
C3H7+). EI/HRMS: m/e caled, for Ci 0 H, 6 O 2 168.11504, found 168.11501 ± 0.00093 a.m.u.
3-Methvl-5-Dhenvl-f5Hl-furan-2-one(32bY.
Compound 31b (150 mg, 0.74 mmol) was dissolved in ССЦ (50 ml) and irradiated according to
procedure A to give after chromatography (hexane/ethyl acetate 4:1) pure 32b (10 mg, 8%) as an
oil. 'H-NMR (100 MHz, CDC13): δ 2.0 (d, 3H, C=C(CH3), J 1 Hz), 5.87 (m, IH, PhCH), 7.13 (m,
IH, CH=C), 7.35 (m, 5H, Ph) ppm. IR (ССЦ): ν 3100-2800, 1770, 1660 cm"1. MS (EI): m/e (%)
174 (65, M+), 149 (49), 145 (40, -СОН), 117 (23), 105 (100, -HCC(CH3)COH), 96 (11, -СбН6), 91
(9), 83 (13), 77 (35, C6H5+), 69 (19, CH=C(CH3)COH+), 57 (42), 41 (36). EI/HRMS: m/e caled, for
СцН 10 О 2 174.06809, found 174.06761 ±0.00084 a.m.u.
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3-Methyl-l-oxa-spiro[4.5]dec-3-en-2-one Q2e):
Starting with diazoethyl compound 31c (150 mg, 0.77 mmol), dissolved in hexane (350 ml), and
following procedure A butenolide 39c (82% pure according to GC, 20 mg, 16%) was obtained as an
oil after chromatography (hexane/ethyl acetate 5:1). Ή-NMR (100 MHz, CDC13): δ 1.64 (m, ЮН,
(CH2)s), 1.88 (d, 3H, С=С(СНз), J 1.6 Hz), 7.04 (q, IH, CH=C), J 1.6 Hz) ppm. IR (ССЦ): ν 30001
+
2800, 1775, 1665 cm" . GC/MS (CI): m/e (%) 167 (6, M +l), 149 (27, -H 2 0), 139 (11, -CO), 121
(36, -CO, -HzO), 105 (12), 93 (18), 79 (18), 67 (15), 55 (14), 43 (100, C3H7+). EI/HRMS: m/e caled,
for C10H14O2 166.09939, found 166.09934 ± 0.00077 a.m.u.
5.5-Dimethvl-3-methvl-f5Hl-furan-2-one (32d):
Compound 31d (10 mg, 0.06 mmol) was dissolved in ССЦ (10 ml) and irradiated following
procedure A. The crude product 32d (57% pure according to GC) was not further purified. IR
(ССЦ): ν 3050-2800, 1770, 1660 cm"1.
Methyl E-4-acetoxy-2-methyl-non-2-enoate (table 2.5, entry 1):
Compound 31a (115 mg, 0.59 mmol) was dissolved in MeOH (60 ml) and reacted according to
procedure В to give pure ester (67 mg, 47%) as an oil after chromatography (hexane/ethyl acetate
12:1). Ή-NMR (100 MHz, CDCI3): δ 0.87 (t, 3H, CH3(CH2)4, J 7 Hz), 1.10-1.80 (m, 8H,
СНз(СІЬ)4), 1.92 (d, 3H, C=C(CH3), J 1.4 Hz), 2.03 (s, 3H, C(0)CH3), 3.73 (s, 3H, OCH3), 5.3-5.6
(m, IH, CHO), 6.54 (dq, IH, CH=C(CH3), J 8.9 Hz and 1.4 Hz) ppm. IR (ССЦ): ν 3100-2800,
1745, 1720, 1655 cm'. MS (CI): m/e (%) 243 (3, M++1), 199 (9, -HC(0)CH3), 183 (100,
-HCO2CH3), 167 (12, -HC(0)CH3, -HOMe), 151 (19, -OCH3, -H02CCH3), 141 (12, -C02CH3,
-С(О)СНз), 123 (60, -НОС(0)СНз. -HC(0)OCH3), 43 (45, C 3 H 7 + ). EI/HRMS: m/e caled, for
Ci 3 H 2 2 0 4 242.15183, found 142.15194 ± 0.00093 a.m.u. Butenolide 32a, which presence was
established by NMR and GC, could not be isolated.
Methyl E-4-acetoxy-2-methyl-4-phenyl-but-2-enoate (table 2.5, entry 2):
Starting with diazo compound 31b (150 mg, 0.75 mmol), dissolved in MeOH (75 ml), and
following procedure В pure ester (30 mg, 16%) was isolated as an oil after successive
chromatography over silica gel (flash, hexane/ethyl acetate 7:1) and A1203 (no flash, hexane/ethyl
acetate 15:1). Ή-NMR (100 MHz, CDC13): δ 1.92 (d, 3H, C=C(CH3), J 1.4 Hz), 2.03 (s, 3H,
C(0)CH3), 3.67 (s, 3H, OCH3), 6.45 (d, IH, PhCH, J 8.8 Hz), 6.81 (dq, IH, CH=C), J 8.8 Hz and
1.4 Hz), 7.27 (m, 5H, Ph) ppm. IR (ССЦ): ν 3100-2800, 1740, 1720, 1655 cm"1. MS (CI): m/e (%)
249 (0.2, M + +l), 205 (69, -HC(0)CH3), 189 (100, -HC02CH3), 173 (59, -HC(0)CH3, -HOMe), 161
(30), 145 (28, -HC(0)CH3, -HC02CH3), 129 (87, -H02CCH3, -HC02CH3), 115 (13), 105 (27), 91
(16), 77 (16, C6H3+), 43 (65). EI/HRMS: m/e caled, for C, 4 H, 6 0 4 248.10486, found 248.10509
± 0.00097 a.m.u. Butenolide 32b. which presence was established by NMR and GC, could not be
isolated.
Irradiation ofepoxy diazoethyl ketone 31c in methanol (table 2.5, entry 3):
Irradiation of compound 31c (185 mg, 0.96 mmol), dissolved in MeOH (100 ml), was performed
following procedure B. The product mixture, which was partly acetylated, gave after
chromatography (hexane/ethyl acetate 7:1) the acetate (72% pure according to capillary GC, 39 mg,
17%), together with alcohol 33c (79% pure according to capillary GC, 13 mg, 7%) and butenolide
32c (83% pure according to capillary GC, 10 mg, 6%), all as oils. Methyl E-3-(l-acetoxycyclohexyl)-2-methyl-prop-2-enoate: Ή-NMR (100 MHz, CDCI3): δ 1.58 (m, ЮН, (CH2)5), 1.91
(d, ЗН, С=С(СН3), J 1.4 Hz), 2.04 (s, ЗН, С(0)СН3), 3.71 (s, ЗН, ОСН3), 6.91 (q, IH, СН=С, J 1.4
Hz) ppm. IR (ССЦ): V 3050-2800, 1765, 1720, 1650 cm"1. GC/MS (El): m/e (%) 166 (36,
-C(0)CH3, -OCH3), 138 (22, -C02CH3, -C(0)CH3), 123 (25, -C02CH3, -C(0)CH3, -CH3), 110 (30),
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95 (56), 82 (24), 67 (38), 55 (23), 39 (100). EI/HRMS: m/e caled, for Ci 0 Hi 4 O 2 (M -C(0)CH3
-ОСНз) 166.09939, found 166.09934 ± 0.00093 a.m.u. Methyl E-3-(l-hydroxy-cyclohexyl)-2methyl-prop-2-enoate (33c): Ή-NMR (100 MHz, CDC13): δ 1.62 (m, ПН, (CH2)5 and ОН), 2.09
(d, ЗН, C=C(CH3), J 1.4 Hz), 3.73 (s, 3H, OCH3), 6.77 (q, IH, CH=C, J 1.4 Hz) ppm. IR (ССЦ):
V 3050-2800, 1765, 1720, 1645 cm"1. GC/MS (EI): m/e (%) 181 (20, -OH), 166 (63, -HOCH3), 138
(25, -HC02CH3), 123 (63, -HCO2CH3, -СНз), 110 (32), 95 (65), 81 (37), 67 (47), 55 (58), 43 (79),
39(100).
Methyl E-4-acetoxy-2,4-dimethyl-pent-2-enoate (table 2.5, entry 4):
Starting with epoxy diazoethyl ketone 31d (175 mg, 1.14 mmol), dissolved in MeOH (125 ml), and
following procedure В pure ester (32 mg, 14%) could be isolated as an oil after chromatography
(2 times, hexane/ethyl acetate 4:1 and 10:1). Ή-NMR (100 MHz, CDCI3): δ 1.56 (s, 6H, C(CH3)2),
1.91 (d, ЗН, С=С(СНз), J 1.4 Hz), 2.01 (s, ЗН, С(0)СН3), 3.71 (s, ЗН, OCH3), 6.90 (q, IH, CH=C,
J 1.4 Hz) ppm. IR (ССЦ): V 3050-2800, 1740, 1720, 1650 cm'1. MS (CI): m/e (%) 201 (7, Mt+1),
149 (30), 141 (5, -HCO2CH3), 127 (4, -C(0)CH3, -OCH3), 111 (8, -ОСН3, -02ССН3), 97 (16,
-НС02СНз, -НС(О)СНз), 83 (17, -02ССН3, -С02СН3), 71 (28), 57 (53), 41 (100). EI/HRMS: т/е
caled, for C10H16O4 200.1049, found 200.1049 ± 0.0012 a.m.u. Butenolide 32d, which presence was
established by NMR and GC, could not be isolated.
Diazoneopentane (as solution in ether):
A solution of pivalonitrile (20.0 g, 0.24 mol) in dry ether (180 ml) was added dropwise to a
refluxing suspension of L1AIH4 (27.4 g, 0.72 mol) in ether (60 ml). The mixture was refluxed
overnight, followed by cooling to 0°C and careful addition of water until no more gas evolved. The
suspension was filtered and the residue washed with warm ether. The filtrate was dried (MgS04)
followed by bubbling through HCl-gas. The precipitated white solid was filtered and dried
(exsiccator), giving neopentylamine.HCl (28.6 g, 96%). A solution of this salt (15.0 g, 0.12 mol) in
water (few ml) was acidified with concentrated HCl (acid to methyl red). Urea (24.3 g, 0.41 mol)
was added and the solution was refluxed overnight followed by cooling to room temperature. The
precipitated white solid (neopentylurea) was filtered and washed with water and subsequently
dissolved (13.3 g, 0.10 mol) in a mixture of 70% acetic acid and 30% acetic acid anhydride (100 ml)
while cooling (ice). A solution of sodium nitrite (7.1 g, 0.10 mol) in water (42 ml) was added
dropwise over 45 min. After stirring for 1.5 h (cooling with ice) the product came to the surface as a
yellow crystalline foamy precipitate, which was filtered and washed with ice-cold water (few ml).
The crystals were dried to give nitroso neopentylurea (5.5 g, 29%). Ή-NMR (100 MHz, CDC13):
δ 0.85 (s, 9H, C(CH3)3), 1.63 (br s, 2H, NH2), 3.71 (s, 2H, CH2) ppm. IR (CHC13): V 3530, 3420,
3000-2850, 1740, 1570 cm"1. This compound (3.00 g, 20.13 mmol) was added slowly at 0°C to a
stirred two-phase system consisting of 50% aqueous KOH (25 ml) and ether (67 ml). After 2 h the
ethereal diazoneopentane layer was decanted onto KOH-pellets at 0°C and was ready for use after
1 h.
Trimethylsilyldiazomethane (as a solution in ether/hexane):
To a mechanically stirred solution of diphenyl phosphoryl azide (DPPA, prepared according to
42
ref. , 20.0 g, 72.7 mmol) in dry ether (60 ml) a solution of trimethylsilylmagnesium chloride
(prepared via a Grignard reaction of Me3SiCl (9.3 g, 76.4 mmol) and Mg (1.8 g, 75.7 mmol)) in
ether (20 ml) was added dropwise under nitrogen at -10°C. A white precipitate was formed and the
mixture was stirred for 2.5 h at 0°C followed by storing overnight at 4°C and stirring the, mean
while yellow, suspension for 1 h at room temperature. Cooling to -10CC was followed by dropwise
addition of water (temperature kept below 0°C) until the exothermic reaction was complete. The
mixture was filtered (glass-filter), the filtrate extracted with ether (3x). The combined organic layers
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were washed with cold water (2x) and dried (MgS04>. The yellow solution was carefully
concentrated in vacuo to 50 ml while cooling the water-bath (ice). Dry hexane (50 ml) was added
followed by distillation at atmospheric pressure (cooling the fractions with isopropanol/COî). The
(most yellow) fraction boiling at 68-74°C was collected and the concentration (0.6 M) was
determined by NMR-spectroscopy.
2-Diazo-l-(l-oxa-spiro[2.5]oct-2-yl)-ethanone (8a) via 37a:
Starting with its sodium glycidate (300 mg, 1.69 mmol), following the procedure of Thijs et al.6 and
using an excess of TMSCHN2 (0.6 M, 8.0 ml) crude compound 37a (321 mg) was prepared which
was converted during chromatography (hexane/ethyl acetate 5:1) to epoxy diazo compound 8a (170
mg, 63%), which was obtained as yellow crystals. For spectral features vide supra.
2-Diazo-l-(spiro[oxirane-2,2'-tricyclo-[3.3.1.1 ' ]decan]-3-yl)-ethanone (8b) via37b:
Starting with its sodium glycidate (250 mg, 1.09 mmol), following the procedure for compound 8a
via this route (above) and using excess TMSCHN2 (0.6 M, 7.0 ml) compound 8b (154 mg, 61%)
was obtained as yellow crystals. For spectral features vide supra.
l-Diazo-3,4-epoxy-4-phenyl-butan-2-one (6b) via 37c
Starting with its sodium glycidate (250 mg, 1.34 mmol), following the procedure for compound 8a
via this route (above) and using excess TMSCHN2 (0.6 M, 7.0 ml) compound 6b (101 mg, 40%)
was obtained as a yellow oil after chromatography (hexane/ethyl acetate 3:1). For spectral features
vide supra.
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Chapter 3

STEREOSELECTIVE SYNTHESIS OF HOMOCHIRAL
4,5-DIHYDROXY-2-ALKENE ESTERS FROM SIMPLE
ALLYLIC ALCOHOLS

3.1

Introduction

The photo-induced rearrangement of α,β-epoxy diazomethyl ketones constitutes an
attractive synthetic method for the preparation of Y-hydroxy-ot,ß-unsaturated esters l1,2. The starting
materials for epoxy diazo ketones are allylic alcohols which by Sharpless epoxidation3 are
converted into 2,3-epoxy alcohols. Subsequent oxidation of these alcohols gives oxirane-2carboxylic acids of high enantiopurity. Transformation into the corresponding epoxy diazo ketones
can readily be accomplished using a series of standard operations4. The photochemical conversion
into γ-hydroxy-alkene esters is carried out in alcoholic solvents. It is of importance to note that the
chiral integrity of the stereogenic center at Сз of the starting material is retained in the product2. The
sequence of events is depicted in scheme 3.1.
Scheme 3.1
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This methodology has been applied in the synthesis of several naturally occurring
macrocyclic lactones, such as (+)-aspicilin5, the macrocyclic subunit of cytochalasin B6,
pyrenophorol7, colletallol8, patulolid C 9 1 0 and isopatulolid С and analogues10, all containing the
4-hydroxy-2-alkene ester moiety. Hydrogénation of the γ-hydroxy-alkene esters 1 gives γ-hydroxy
carboxylic esters, which readily give ring closure to yield enantiopure γ-lactones4. This spin-off of
the preparation of γ-hydroxy-alkene esters has successfully been applied in the synthesis of some
naturally occurring γ-lactones, e.g. rubrenolide .
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An interesting question anses whether it will be possible to introduce a new stereogenic
center, adjacent to an already existing one, without affecting the chiral integrity of this neighboring
center, by the method shown in scheme 3 1 The synthetic outline for this planned senes of
operations is depicted in scheme 3 2 To execute this plan it is convenient to start with suitably
protected allylic alcohols, which already contain a stereogenic center, preferably a secondary
hydroxyl function By a proper choice of the chiral inductor in the Sharpless epoxidation the
configuration of the newly introduced chiral center can be selected at will
Scheme 32
PH
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In this chapter the results of the approach shown in scheme 3 2 will be descnbed

3.2

Results and discussion

D-Mannitol and L-malic acid were chosen as starting materials for the preparation of allylic
alcohols containing a stereogenic center (R)-isopropyhdene glyceraldehyde 2 can readily be
1213
obtained from D-mannitol by a glycol cleavage procedure that is well documented
Allylic
alcohol 3 was prepared from this aldehyde in a two-step process, viz a Wittig-Homer type chain
elongation with triethyl phosphonoacetate14 (E/Z-ratio 25 1), followed by a reduction with DIBALH (scheme 3 3) By following the sequence of reactions shown in scheme 3 2, epoxy diazomethyl
ketones 6a and 6b were synthesized Asymmetnc epoxidation of allylic alcohol 3 to the epoxy
1516 7
alcohols 4a and 4b was realized by using either L-(+)-DET or D (-)-DET as chiral inductor ' Both
epoxidations showed a high diastereomenc excess, as was determined by capillary gas
18
chromatography (cf ref ) Catalytic one-step oxidation of 4 to 5, employing RUO4 in aqueous
tetrachloromethane/acetomtnle19, gave unsatisfactory results as undefined products in low yields
were obtained Therefore, the oxidation to the carboxyhc acids 5 had to be performed in a two-step
procedure using non-aqueous conditions because of the high water-solubility of compounds 4 and
5 1 7 It was found that Collins's reagent20 is suitable for the conversion to the aldehyde and that
pyridinium dichromate21 gives satisfactory results in the second oxidation to the carboxyhc acids 5
For the preparation of the diazo ketones 6 the standard procedures4 could be used successfully
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Scheme 3.3
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Irradiation of compounds 6 in methanol leads to alkene esters 7, which both have two welldefined stereogenic centers (scheme 3.4). In the Ή-NMR spectrum of the products 7a and 7b a
difference was observed for the chemical shift of the C4-protons. In 7a this signal is part of the
multiplet at 3.83-4.30 ppm, while in 7J) this signal appears at 4.48 ppm. Compound 7b was
synthesized previously by Regeling and Chittenden22 from D-glucono-1,5-lactone. The spectral
Scheme 3.4
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features are in full accordance. The spectra of the products 7 showed no signals of the other epimer,
which means that the stereochemical configuration at C4 is retained during the synthetic sequence
starting with 4. It should be noted that by starting from enantiomeric (S)-isopropylidene
glyceraldehyde23 the (4R.5S) and (4S,5S) diastereomers of 7 are also accessible.
As a second chiral substrate for this study, cyclic acetal 8 was selected (scheme 3.5). This
compound can conveniently be obtained from L-malic acid by borane-dimethyl sulfide reduction
according to Hanessian et αί2Λ, followed by a trans-acetalization with benzaldehyde dimethyl acetal.
In this manner the six-membered ring acetal 8 is formed regioselectively (nofive-memberedring
product was present) displaying the (S)-configuration at the phenyl substituted carbon atom25.
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Swem oxidation26 of 8 leads to an aldehyde suitable for chain elongation by a Wittig-Homer type
reaction (E/Z-ratio 20:1). Reduction of the alkene ester obtained with DIBAL-H produces allylic
alcohol 9. This secondary hydroxyl protected compound is used as substrate for the synthetic plan
shown in scheme 3.2. Sharpless epoxidation with either L-(+)-DET or D-(-)-DET as chiral inductors
gave epoxy alcohols 10 (both reactions proceeded with high diastereomeric excess, as was
determined by capillary gas chromatography), which in turn were converted into carboxylic acids
11, using again a two-step procedure, viz. Swem oxidation266 to the aldehyde and subsequent
oxidation with sodium chlorite27 to the carboxylic acid. An attempted one-step oxidation of 10
using ruthenium tetroxide19 did not give satisfactory results, due to oxidation of the phenyl ring. The
two-step procedure mentioned above is different from that used for the conversion of 4 into 5, due
to the low solubility of 10 and 11 in water. During the work-up of 11, acidification was very critical,
because of the acid-sensitivity of the acetal function in the dioxane ring. This sensitivity towards
acid also played a role during chromatography over silica gel. Diazo ketones 12, which were
synthesized from 11 without any difficulty, could be isolated but a considerable loss had to be
accepted due to decomposition and rather large amounts of benzaldehyde were isolated as well.
Irradiation of 12 in methanol solution gave alkene esters 13 with defined stereogenic centers
at C4 and C5 (scheme 3.6). In the Ή-NMR spectra of 13a and 13b a considerable difference for the
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H

13a: (4R.5S) (50%)

hv (300nm)
MeOH

15Ь: (4S.5S) (75%)

signals of the C4 protons was observed. In 13a this proton gives a multiplet at 4.41-4.53 ppm,
whereas in 13b it is part of the multiplet at 4.18-4.38 ppm. In comparison with 7a and 7b, the
stereogenic center at C5 of compounds 13a and 13b has an opposite absolute configuration. As a
consequence the NMR spectrum for the C4 and C5 protons of 7a resembles that of 13b and the same
holds for 7b and 13a. As with products 7, the NMR spectra of compounds 13 show no signals of the
other epimer, indicating that the configuration at C 4 is retained during the synthetic operations
starting from 10. It should be noted that when enantiomeric D-malic acid would be used as starting
material the (4R.5R) and (4S.5R) diastereomers of 13 are accessible too.
As mentioned, in both sets of experiments the diastereomeric excess in the epoxidation
reaction using either L-(+)-DET or D-(-)-DET is high. Using the same starting allylic alcohol and
epoxidation method, Sharpless et al.1* reported a diastereomeric excess of 95.6 and 98.9% for the
epoxy alcohols 4a and 4b, respectively. However, no experimental details were reported. From
synthetic point of view our results indicate that in the latter (D-(-)-DET) case the chiral center at C4 of
allylic alcohol 3 cooperates with the chiral auxiliary in the epoxidation reaction, whereas in the
former (L-(+)-DET) case there is no significant influence of the chiral center at C4 on the chiral
induction.

3.3

Concluding remarks

In conclusion, the two investigated allylic alcohols derived from D-glyceraldehyde and
L-malic acid, both containing a protected secondary alcohol function as stereogenic center, can be
stereoselectively converted into enantiopure 4,5-dihydroxy-2-alkene esters using the photo-induced
rearrangement of α,β-epoxy diazomethyl ketones. This synthetic strategy may be useful in the
construction of molecules, for instance natural products, with hydroxy groups attached to two
different stereogenic centers.
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3.4

Experimental section

General remarks
'H-NMR spectra were recorded on a Vanan EM 390 (90 MHz, CW), a Braker AC-100 (100 MHz,
FT) or a Bruker AM-400 (400 MHz, FT) spectrometer with TMS as internal standard 13C-NMR
spectra were recorded on a Bruker AM-400 (100 MHz, FT) spectrometer with CHCI3 as internal
standard IR spectra were run on a Perkin-Elmer 298 spectrophotometer Elemental analyses were
standard carried out in triplicate on a Carlo Erba Instruments CHNSO EA 1108 element analyzer
For mass spectroscopy a double focusing VG 7070E was used For the chemical ionization (CI)
technique, methane was used as reacting gas Melting points were measured on a Reichert
Thermopan microscope and are uncorrected Optical rotations were determined on a Perkin-Elmer
241 Polarimeter GC was performed on a Hewlett-Packard 5890 or a Hewlett-Packard 5890 Senes Π
instrument, equipped with a capillary HP cross-linked methyl silicone (25 m χ 031 mm) column,
connected to a HP 5890 calculating integrator For chromatography the 'flash technique'28 was used
with silica gel 60H (Merck) as stationary phase and a pressure of about 1 5 bar Chromatography
over flonsil was performed under normal pressure Compounds were detected on TLC plates using
UV or oxidizing reagents, ι e 5% H 2 S0 4 in EtOH or a mixture of (ΝΗ4)6Μθ7θ24 4H 2 0 (21 g),
(NH04Ce(SO4)4 2H2O (1 8 g), water (469 ml) and 97 % H 2 S0 4 (31 ml) Chemical compounds were
named using the Autonom® program, version 1 0
Dry solvents were obtained as follows dichloromethane was distilled from phosphorous pentoxide
or from calcium hydnde Diethyl ether was pre-dned on calcium chloride and distilled from calcium
hydride Hexane and dimethyl sulfoxide were distilled from calcium hydride, pyridine and
triethylamine from potassium hydroxide Tetrahydrofuran was distilled from lithium aluminum
hydride, Ν,Ν-dimethylformamide from calcium sulfate and acetonitnle from phosphorous
pentoxide All other solvents were of either Ρ A or 'reinst' quality When diazomethane was used,
proper safety precautions were taken
E-3-[(4R)-2,2-Dimethyl-l,3-dioxolan-4-yl]-prop-2-en-]-ol(3)
To a stirred suspension of oven-dried LiCl (6 9 g, 175 mmol) in dry acetonitnle (140 ml) were
successively added tnethyl phosphonoacetate (37 0 g, 175 mmol), N,N-dusopropyIethylamine
(DIPEA, 25 6 ml, 146 mmol) and aldehyde 2 (19 0 g, 146 mmol) 1 2 1 3 under nitrogen and at room
temperature During the addition of 2 the mixture became cloudy and warm The reaction was
followed by TLC and after 1 h the aldehyde had disappeared Water was added until the solution
became clear and acetonitnle was evaporated The residue, a cloudy oil, was taken up in water and
extracted with ether (4x) After drying (MgSC>4) the combined organic layers were concentrated to
give 33 98 g of crude product Of this mixture 12 0 g was chromatographed (hexane/ethyl acetate
4 1) yielding pure frawi-ester as an oil (8 54 g, 83%) Ή-NMR (CDCI3, 100 MHz) δ 1 22 (t, 3H,
CH2CHj, J 7 1 Hz), 1 34 and 1 41 (2s, 6H, C(CH3)2), 3 60 (dd, IH, OCHHCHO, J 8 4 Hz and 7 1
Hz), 4 11 (dd, IH, OCHHCHO, J 8 4 Hz and J 6 5 Hz), 4 14 (q, 2H, СШСН3, J 7 1 Hz), 4 60 (m,
IH, OCH2CHO), 6 02 (dd, IH, CH=CHCO, J 15 5 Hz and 1 3 Hz) and 6 82 (dd, IH, CH=CHCO,
J 15 5 Hz and J 5 5 Hz) ppm IR (ССЦ) ν 2980, 2940, 2870, 1720, 1660, 1380, 1370, 1300, 1250
cm ' Also pure cw-ester was isolated as an oil (0 62 g, 6%) The franc-ester (8 0 g, 40 mmol) was
dissolved in dried ether (125 ml) under nitrogen at 0°C DIBAL-H was added using a syringe (80 ml
of a 1 0 M solution in hexane) After 15 mm the ester had disappeared (TLC) and Na2SÛ4 10H2O
was added until no further reaction took place Stirring for 1 h was followed by filtration over hyflo
The residue was washed with warm ether (2x) The combined filtrates were washed with water
After drying (MgS04) the solvent was evaporated in vacuo, to yield pure 3 as an oil (6 0 g, 95%)
'H-NMR (100 MHz, CDC1-0 δ 1 35 and 1 38 (2s, 6H, C(CH,)2), 2 01 (br s, IH, OH), 3 55 (dd, IH,
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OCHHCHO), 4.10 (m, 3H, OCHHCHO and CH2OH), 4.54 (m, IH, CHOCH=C), 5.80 (m, 2H,
CH=CH)ppm. IR (CCI4): V 3600, 3450, 2980, 2940, 2875, 1380, 1370, 1210, 1060cm'.
{(2S,3R)-3-[(4R)-2,2-Dimethyl-l,3-dioxolan-4-yl]oxiran-2-yl}methanol(4a):
A suspension of finely powdered, activated molecular sieves (4Â, 0.5 g) in dry dichloromethane (20
ml) under nitrogen was cooled to -20°C and Ti(Oi'Pr)4 (2.83 ml, 9.5 mmol) and L-(+)-diethyl
tartrate (2.35 g, 11.4 mmol, dissolved in 3 ml of dry dichloromethane) were successively added. The
mixture was stirred (20 min) and allylic alcohol 3 (1.5 g, 9.5 mmol dissolved in 10 ml of dry
dichloromethane) was added over 5 min. After stirring (30 min) a tert-butyl hydroperoxide solution
in 1,2-dichloroethane (5.40 ml of a 3.4 M solution, 2 equiv.) was added dropwise. The mixture was
kept at -20°C overnight. The reaction was quenched by adding a solution of 3.4 g of FeS04.7H20
and 1.1 g of tartaric acid in 10 ml of water at 0°C. After stirring for 10 min the mixture was filtered
over hyflo, the residue was washed with 25 ml of CH2CI2 (3x). The filtrate layers were separated
and the aqueous layer was extracted with ether (7x). The combined organic layers were stirred at
0°C for 1 h with 5 ml of a 30% NaOH (w/v) solution in saturated brine3b, after which the layers
were separated and the aqueous layer was washed with ether (3x). Drying of the combined organic
layers (MgS04) and concentration gave 1.58 g of crude product. This was chromatographed
(hexane/ethyl acetate 2:1), to give pure 4a as an oil (1.16 g, 70%). [a] 25 D -20.5° (c 1.21, CHCI3);
lit.14 [a] D -21.5° (с 0.77, CHC13); lit.20 [a] 2 0 D -26° (с 2.1, CH2C12). Ή-NMR (400 MHz, CDCI3):
δ 1.37 and 1.45 (2s, 6H, C(CH3)2), 2.40 (br s, IH, OH), 3.06-3.11 (m, 2H, epox-H), 3.65-3.72 (m,
IH, OCHHCHO), 3.88-3.98 (m, 3H, OCH2CHO), 4.10-4.14 (m, IH, OCHHCHO) ppm. 13C-NMR
(100 MHz): δ 25.2, 26.4, 55.2, 57.1, 61.0, 66.7, 75.2, 109.8 ppm. IR (CCI4): V 3600, 3480, 2990,
2935, 2875, 1380, 1370, 1210, 1060 cm"1. MS (CI): m/e (%) 175 (12, M + +l), 159 (96), 117 (12,
-СНзС(О)СНз), 101 (15, -CHOCHCH2OH), 99 (41), 84 (17), 69 (33).
{(2R, 3R)-3-[(4R)-2,2-Dimethyl-1,3-dioxolan-4-yl]oxiran-2-yl}carbaldehyde:
Chromium trioxide (3.0 g, 33 mmol) was suspended in dry dichloromethane (55 ml), followed by
the addition of pyridine (4.80 ml, 30 mmol). The mixture was stirred for 10 min after which epoxy
alcohol 4a (870 mg, 5.0 mmol dissolved in 6 ml of dry dichloromethane) was added. After 20 min
the reaction was complete according to TLC and ether (55 ml) was added, followed by stirring for
15 min. The organic layer was decanted, the residue was washed with ether (2x) and with warm
ether (3x). The combined organic layers were chromatographed (ether) over a 15 cm florisil column,
giving after concentration crude aldehyde (622 mg, 73%), which was immediately converted into
acid 5a. Ή-NMR (100 MHz, CDCI3): δ 1.36 and 1.42 (2s, 6H, C(CH3)2), 3.33-3.43 (m, 2H, epoxH), 3.85-4.11 (m, 3H, ОСЦ2СН and OCH2CH). 9.06 (d, IH, CHOCH(O), J 6 Hz) ppm. IR (ССЦ):
ν 2990, 2930, 2890, 1735, 1380, 1370, 1070 cm'.
I(2R,3R)-3-1(4R)-2,2-Dimethyl-l,3-dioxolan-4-yl]oxiran-2-yllcarboxylic acid (5a):
Pyridinium dichromate (PDC, 2.6 g, 7.2 mmol) was dissolved in dry DMF (3.5 ml). The mixture
was stirred for 4 min after which the aldehyde (620 mg, 3.6 mmol dissolved in 4 ml of dried DMF)
was added quickly. Stirring was continued for 75 min and then ether (20 ml) was added, followed
by another 15 min of stirring. The organic solvent was decanted, the residue was washed with warm
ether (4x). The combined organic solvents were filtered (hyflo) and concentrated until constant
weight, yielding crude acid 5a (350 mg, 52%). IR (ССЦ): ν 3500-2500, 2980, 2930, 2880, 1680,
1380, 1370 cm"1. For instability reasons the product was immediately converted into diazo ketone
6a.
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l-{(2R,3R)-3-[(4R)-2,2-Dimethyl-l,3-dioxolan-4-yl]oxiran-2-yl}-2-diazo-ethanone (6a):
Crude glycidic acid 5a (350 mg, 1.86 mmol) was dissolved in dry ether (30 ml) under nitrogen at
0°C. /ίο-butyl chloroformate (276 μ], 1.86 mmol) was added, followed by dried triethylamine (404
μΐ, 2.88 mmol). A white solid appeared, which was filtered off (under nitrogen) after 1 h of stirring.
To the filtrate was added a 0.3 M diazomethane solution in ether (20 ml). After stirring for 2 h
excess diazomethane was evaporated and the mixture was concentrated and chromatographed
(hexane/ethyl acetate 3:2), to give pure diazo ketone 6a as an oil (252 mg, 64%). Ή-NMR (100
MHz, CDCb): δ 1.36 and 1.43 (2s, 6H, C(CH3)2), 3.11 (dd, IH, CHCHC(O), J 5 Hz, 1.7 Hz), 3.44
(d, IH, CHCHC(O), J 1.7 Hz), 3.84^.16 (m, 3H, CH2CH and CH2CH), 5.53 (s, IH, CHN2) ppm.
IR (ССЦ): V 3120, 2980, 2930, 2880, 2105, 1645, 1380, 1370 cm"1.
Methyl E-4-((4R)-2,2-dimethyl-l,3-dioxobn-4-yl]-4-(R)-hydroxy-but-2-enoate (7a):
Diazo ketone 6a (100 mg, 0.47 mmol, dissolved in 45 ml of absolute methanol) was irradiated
under nitrogen at 300 nm. The progress of the reaction was monitored by IR. After 75 min the diazo
peak had disappeared. Concentration of the mixture gave 92 mg of crude product, which was
chromatographed (hexane/ethyl acetate 2:1), yielding unsaturated ester 7a as a solid (53 mg, 52%).
M.p. (pentane) 74-74.5°C. Ή-NMR (100 MHz, CDC13): δ 1.37 and 1.46 (2S, 6H, C(CH3)2), 2.60
(d, IH, OH, J 7 Hz), 3.75 (s, 3H, OCH3), 3.83-4.30 (m, 4H, OCH2CH, CH2CHO and CH(OH)C),
6.17 (dd, IH, C=CHC(0), J 16 Hz and 1.6 Hz), 6.88 (dd, IH, CH=CHC(0), J 16 Hz and 4.5 Hz)
ppm. IR (ССЦ): V 3600-3300, 2980, 2940, 2880, 1725, 1660, 1380, 1370 cm 1 . MS (CI): mJe (%)
217 (30, M+ + 1), 201 (39, -CH3), 199(10, -H 2 0), 185 (3), 169 (8), 159 (28, -C02Me), 141 (19,
-C02Me, -H 2 0), 127 (32, -H 2 0, -CHC02Me), 101 (100, -CH(OH)CH=CHC02Me). EI/HRMS: mJe
caled, for Сі0Н,бО5 216.09977, found 216.09962 ± 0.00082 a.m.u. Caled, for С,оН,б05: С 55.55, Η
7.46%, found С 54.91, Η 7.26%.
f(2R,3S)-3-[(4R)-2,2-Dimethyl-l,3-dioxolan-4-yl]oxiran-2-yl}methanol(^):
Epoxy alcohol 4b was prepared following the procedure for epoxy alcohol 4a, using D-(-)-diethyl
tartrate as chiral inductor, as crude product. No extensive extractions were performed (cf. compound
4a), consequently the yield was relatively low. After chromatography (hexane/ethyl acetate 2:1)
pure 4a was obtained as an oil (34% yield). [ а ] и 0 +35.8° (с 1.07, CHC13); lit.14 [ct]D +38° (с 1.45,
СНСЬ); lit.20 [a]20D +29° (с 3.2, CH2C12). Ή-NMR (100 MHz, CDC13): δ 1.37 and 1.45 (2s, 6H,
C(CH3)2), 1.62 (s, IH, OH), 3.05-3.20 (m, 2H, ерох-Н), 3.50-4.20 (m, 5Н, ОСН2СН, СН2СНО and
1
СНЬОН) ppm. IR (ССЦ): ν 3600, 3480, 2990, 2870, 1380, 1370, 1210, 1060 cm" . MS (CI): m/e
+
(%) 175 (6, M +l), 159 (96), 117 (14, -СН3С(0)СН3), 101 (29, -СНОСНСН2ОН), 99 (50), 69 (37).
{(2S,3S)-3-[(4R)-2,2-Dimethyl-l,3-dioxolan-4-yl]oxiran-2-yl)carbaldehyde:
This aldehyde was prepared following the method for the (2R,3R)-diastereomer. Starting with
epoxy alcohol 4b (450 mg, 2.6 mmol), crude aldehyde was synthesized as an oil (289 mg, 65%).
Ή-NMR (100 MHz, CDC13): δ 1.35 and 1.42 (2s, 6H, C(CH3)2), 3.25-3.35 (m, 2H, epox-H), 3.864.21 (m, 3H, OCH2CH and CH2CH), 9.06 (d, IH, CH(O), J 6 Hz) ppm. IR(CC14): ν 2990, 2935,
2880, 1735,1380, 1370, 1065 cm"1. This aldehyde was immediately converted into acid 5b.
{(2S,3S)-3-[(4R)-2,2-Dimethyl-],3-dioxobn-4-yl]oxiran-2-yl}carboxylicacid(5h):
Following the procedure for the preparation of glycidic acid 5a, compound 5b was synthesized as an
oil (80% yield). IR (ССЦ): ν 3600-2500, 2980, 2930, 2870, 1680, 1380, 1370 cm"1. The product
was immediately converted into diazoketone 6b.
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l-{(2S,3S)-3-[(4R)-2,2-Dimethyl-l,3-dioxolan-4-yl]oxiran-2-yl}-2-diazo-ethanone(6ti):
Starting with glycidic acid 5b (300 mg, 1.60 mmol) and following the procedure for compound 6a,
pure epoxy diazo ketone 6b (chromatographed with hexane/ethyl acetate 2:1) was obtained as an oil
(80 mg, 25%). Ή-NMR (100 MHz, CDCI3): δ 1.36 and 1.45 (2s, 6H, C(CH3)2), 3.09 (dd, IH,
CHCHC(O), J 4.4 Hz and 1.8 Hz), 3.35 (d, IH, CHCHC(O), J 1.8 Hz), 3.77^.13 (m, 3H, ОСШСН
and CH2CH). 5.50 (s, IH, CHN2) ppm. Ж (ССЦ): V 3120, 2980, 2940, 2880, 2105, 1645, 1380,
1370 cm"1.
MethylE-4-[(4R)-2,2-dimethyl-l,3-dioxolan-4-ylJ-4-(S)-hydroxy-but-2-enoate(JV)·.
Starting with diazoketone 6b (80 mg, 0.38 mmol) and following the procedure for compound 7a,
pure ester 7b was obtained as an oil (52 mg, 64%) after chromatography (hexane/ethyl acetate 2:1).
Ή-NMR (400 MHz, CDCI3): δ 1.37 and 1.46 (2s, 6H, C(CH3)2), 2.45 (br s, IH, OH), 3.76 (s, 3H,
OCH3), 3.89 (dd, IH, OCHHCHO, J 8.5 Hz and 6.2 Hz), 3.95 (dd, IH, OCHHCHO, J 8.5 Hz and
6.6 Hz), 4.16 (m, IH, CH2CHO), 4.48 (m, IH, CH(OH)C), 6.19 (dd, IH, CH=CHC(0), J 15.7 Hz
and 1.9 Hz), 6.92 (dd, IH, CH=CHC(0), J 15.7 Hz and 4.1 Hz) ppm. IR (CCI4): V 3600-3300,2990,
2940, 2880, 1725, 1665, 1380, 1370 cm"1. MS (CI): m/e (%) 217 (27, M + +l), 201 (33, -CH3), 199
(8, -H2O), 185 (12), 169 (11), 159 (24, -C02Me), 141 (11, -C02Me, -H 2 0), 127 (34, -H 2 0,
-CHC02Me), 101 (100, -CH(OH)CH=CHC02Me). EI/HRMS: m/e caled, for СюНі 6 0 5 216.09977,
found 216.09983 ± 0.00082 a.m.u.
(2S,4S)-2-Phenyl-l,3-dioxane-4-carbaldehyde:
To a stirred solution of freshly distilled oxalyl chloride (3.84 ml, 44 mmol) in dry dichloromethane
(100 ml) dimethyl sulfoxide (6.9 ml, 80 mmol dissolved in 15 ml of dry dichloromethane) was
added at -78°C under nitrogen. The white suspension was stirred for 10 min, after which alcohol 8
was added (7.68 g, 39.6 mmol), to give a clear solution. Stirring for 40 min was followed by
addition of diisopropylethylamine (35 ml, 195 mmol). The mixture was allowed to reach room
temperature, after which it was washed with water. The organic layer was extracted successively
with 1% HCl, 5% Na2CC>3 and brine. After drying (MgSQ») the mixture was concentrated in vacuo
to give the crude aldehyde (7.12 g, 94%), which was reacted further without purification. Ή-NMR
(100 MHz, CDCI3): δ 1.60-2.10 (m, 2H, OCH2CH2CH), 3.60-4.35 (m, ЗН, ОСНгСН2СН and
OCH2CH2CH), 5.60 (s, IH, CHPh), 7.30-7.64 (m, 5H, Ph), 9.72 (s, IH, CHC(O)H) ppm. IR (ССЦ):
ν 3090, 3065, 3040, 2970, 2930, 2850. 2820, 1740, 1370 cm 1 .
Ethyl E-3-[(2S, 4S)-2-phenyl-1,3-dioxan-4-yl]prop-2-enoate:
To a suspension of oven-dried lithium chloride (1.855 g, 43.75 mmol) in dry acetonitrile (200 ml)
under nitrogen and at room temperature was added triethyl phosphonoacetate (9.8 g, 43.74 mmol)
and diisopropylethylamine (6.33 ml, 36.46 mmol). Stirring for 5 min was followed by the addition
of crude (2S,4S)-2-Phenyl-l,3-dioxane-4-carbaldehyde (vide supra, 7.0 g, 36.36 mmol) in dry
acetonitrile (50 ml). The mixture was stirred for 2 h (progress of reaction monitored by TLC), after
which water was added until all salts had dissolved. Acetonitrile was evaporated and the residue
was taken up in water and washed with ether (3x). The combined ethereal layers were dried
(MgS04) and concentrated in vacuo to yield a yellow solid as crude product (11.12 g). This was
chromatographed (hexane/ethyl acetate 4:1), giving pure trans ester as a white solid (6.12 g, 65%).
M.p. (pentane) 67.5-68°C. [a] 2 5 D -22.6° (c 1.5, CHCI3), lit.25" [a] 2 3 D -23.8° (c 1.8, CHCI3).
Ή-NMR (100 MHz, CDCI3): δ 1.29 (t, 3H, CH3, J 7.2 Hz), 1.58-2.12 (m, 2H, ОСНгСДгСН), 3.864.40 (m, 2H, OCH2CH2CH), 4.41-4.67 (m, IH, CHOCH=C), 4.21 (q, 2H, ОСШСНз, J 7.1 Hz),
5.59 (s, IH, CHPh), 6.13 (dd, IH, C=CHC(0), J 15.7 Hz and 1.8 Hz), 6.97 (dd, IH, CH=CHC(0),
J 15.7 Hz and 4.1 Hz), 7.29-7.58 (m, 5H, Ph) ppm. IR (ССЦ): V 3090, 3065, 3040, 2980, 2960,
2920, 2850, 1720, 1660, 1540, 1300 cm"1. MS (CI): m/e (%) 263 (39, M + +l), 217 (42, -EtOH), 157
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(61, -PhC(O)H), 139 (44, -PhC(0)H, -H 2 0), 127 (58, -EtOH, -PhCH), 111 (67, -PhC(0)H, -ЕЮН),
+
+
107 (62, PhC(0)H +l), 106 (46, Р Щ О ) ^ ) , 105 (100, PhC(0) ), 94 (57), 83 (47), 67 (55). Caled,
for Ci 5 H 1 B 0 4 : С 68.69, H 6.92%, found С 67.72, H 6.81%.
E-3-((2S,4S)-2-Phenyl-l,3-dioxan-4-yl}prop-2-en-ol(9):
Allylic alcohol 9 was synthesized from the α,β-unsaturated ester described above, following the
procedure for the preparation of allylic alcohol 3. Starting with the ester (3.0 g, 11.45 mmol) transalcohol 9, purified by chromatography (hexane/ethyl acetate 3:1), was prepared as an oil (1.88 g,
75%). Ή-NMR (100 MHz, CDCI3): δ 1.41-1.60 (br d, IH, OCH2CHH, J 13 Hz), 1.93 (dq, IH,
OCH2CHHCH, J 11 Hz and 4.9 Hz), 2.76 (br s, IH, OH), 3.83-4.27 (m, 4H, OCH2CH2CHO and
C=CCH2OH), 4.28-4.47 (m, IH, OCH2CHCHO), 5.55 (s, IH, CHPh), 5.81-5.91 (m, 2H, CH=CH).
7.27-7.57 (m, 5H, Ph) ppm. IR (CCI4): V 3610, 3440, 3190, 3160, 3140, 2980, 2950, 2920, 2850,
1550 cm·1. MS (CI): m/e (%) 221 (41, M + +l), 203 (19, -H20), 163 (6, -CH=CHCH2OH), 149 (15),
134 (19), 115 (21), 107 (35, P h C ^ l F + l ) , 106 (20, PhC(0)H+), 105 (45), 97 (100, -PhC(0)H,
-H2O), 91 (26), 80 (39), 69 (27), 49 (29). EI/HRMS: m/e caled, for Сі3Н,6Оз 220.10994, found
220.10990 ± 0.00088 a.m.u.
/(2S.3R)-3-[(2S.4S)-2-Phenvl-1.3-dioxan-4-vlloxiran-2-vllmethanol (10a):
Compound 10a was prepared following the procedure for epoxy alcohol 4a. Starting with allylic
alcohol 9 (950 mg, 4.3 mmol) and using L-(+)-DET as chiral inductor, crude epoxide was obtained as
a white solid (965 mg), which was recrystallized from ether at -20°C, yielding epoxy alcohol 10a
(568 mg, 56%). M.p. 84-84.5°C. [ct]25D -8.85° (c 1.17, CHCI3). Ή-NMR (100 MHz, CDCI3):
δ 1.50-1.77 (m, 2H, CH2CHHCHO and OH), 2.01 (dq, IH, CH2CHHCHO, J 11.5 Hz and 4.9 Hz),
3.15 (dd, IH, CHOCHOCH2OH, J 4.3 Hz and 2.0 Hz), 3.25 (dt, IH, CHOCHOCH2OH, J 6.0 Hz
and 2.0 Hz), 3.65 (ddd, IH, CHOCHHOH, J 12 Hz, 7.5 Hz and 4.0 Hz), 3.80-4.12 (m, ЗН
СН2СН2СН0 and CHOCHHOH), 4.33 (ddd, IH, CH2CH2CHOCHO, J 11.5 Hz, 6.0 Hz and 1.6
Hz), 5.50 (s, IH, CHPh), 7.31-7.50 (m, 5H, Ph) ppm. IR (CCI4): V 3500, 2960, 2870, 1120 cm"1.
MS (CI): m/e (%) 237 (4, M + +l), 236 (24 ,M+), 235 (47, M+-l), 163 (67, -CHOCHCH2OH), 131
(13, -PhC(O)H), 113 (55, -PhC(0)H, -H 2 0), 107 (81, PhC(0)H++l), 106 (32, PhC(0)H+), 105
(PhC(0)+), 95 (24), 91 (50), 87 (72), 83 (61), 79 (52), 77 (46), 71 (73), 67 (41). 55 (50), 41 (100).
EI/HRMS: m/e caled, for C| 3 H 1 6 0 4 236.1049, found 236.10496 ± 0.00046 a.m.u. Caled, for
C 1 3 Hi 6 0 4 : С 66.09, H 6.83%, found С 66.66, H 6.92%.
f(2R.3R)-3-f(2S.4S)-2-Phenvl-1.3-dioxan-4-ylloxiran-2-yllcarboxylic acid (lia):
Glycidic acid lia was synthesized in a two-step procedure from epoxy alcohol 10a via the
aldehyde. Starting with the alcohol (500 mg, 2.12 mmol) and following the procedure for the
synthesis of (2S,4S)-2-phenyl-l,3-dioxan-4-carbaldehyde (vide supra), crude aldehyde was prepared
as an oil (623 mg). Ή-NMR (100 MHz, CDCI3): δ 1.59 (br d, IH, CH2CHHOCH, J 13.1 Hz), 1.99
(dq, IH, CH2CHHOCH, J 11.4 Hz and 5.2 Hz), 3.35 (dd, IH, epox-H, J 3.9 Hz and 1.9 Hz), 3.47
(dd, IH, epox-H, J 6.0 Hz and 1.9 Hz), 3.81-4.13 (m, 2H, ОСНгСНгСН), 4.31 (ddd, 1 H,
CH2CHOCHO, J 11.6 Hz, 5.2 Hz and 1.5 Hz), 5.55 (s, IH, CHPh), 7.20-7.53 (m, 5H, Ph), 9.05 (d,
IH, CHO, J 6.0 Hz) ppm. IR (CCI4): V 3090, 3070, 3040, 2980, 2960, 2920, 2850, 2820, 1735,
1110, 700 cm'1. The aldehyde was immediately dissolved in a mixture of /erf-butyl alcohol (40 ml),
2-methyl-2-butene (12 ml) and CH2C12 (3 ml, to raise the solubility of the aldehyde), to which a
solution of NaC102 (1.7 g, 18.8 mmol) and NaH 2 P0 4 (1.7 g, 14.2 mmol) in water (17 ml) was
added. The slightly yellow mixture was stirred overnight, after which the volatile solvents were
evaporated. Acidification to pH 5, followed by extraction with ether (4x), drying of the combined
ethereal layers (MgS04) and concentration in vacuo yielded crude glycidic acid 11a (529 mg),
which was immediately converted into diazo ketone 12a. Ή-NMR (100 MHz, CDCI3): δ 1.49-1.74
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(m, IH, CH2CHHCHO), 1.80-2.23 (m, IH, CH2CHHCH0), 3.36 (dd, IH, epox-H, J 3.9 Hz and 1.8
Hz), 3.58 (d, IH, epox-H, J 1.8 Hz), 3.80-4.12 (m, 2H, OCH2CH2CHO), 4.22-4.55 (m, IH,
CH2CH2CHO), 5.49 (s, IH, CHPh), 7.30-7.65 (m, 5H, Ph) ppm. IR (ССЦ): V 3600-2500, 2920,
2860, 1725 cm'.
l-{(2R,3R)-3-[(2S,4S)-2-Phenyl-l,3-dioxan-4-yl]oxiran-2-yl}-2-diazo-ethanone (12a):
Starting with crude acid 11a (530 mg, 2.12 mmol) and following the procedure for the synthesis of
diazoketone Sa, crude product was synthesized (475 mg). This was chromatographed (hexane/ethyl
acetate 1:1), yielding compound 12a as an oil (170 mg, 30%). The low yield is due to
decomposition on the silica gel column, as was indicated by the isolation of benzaldehyde. Ή-NMR
(100 MHz, CDCI3): 6 1.52 (br d, IH, CH2CHHCHO, J 13.1 Hz), 1.70-2.20 (m, IH, CH2CHHCHO),
3.20 (dd, IH, epox-H, J 3.3 Hz and 2.0 Hz), 3.54 (d, IH, epox-H, J 2.0 Hz), 3.92-4.18 (m, 2H,
OCH2CH2CHO), 4.30 (ddd, IH, CH2CH2CHO, J 10.5 Hz, 5.2 Hz and 1.3 Hz), 5.49 (s, 2H, CHN2
and CHPh), 7.31-7.53 (m, 5H, Ph) ppm. IR (CCI4): V 3120, 3060, 2960, 2920, 2850, 2110, 1645,
1110, 910, 700 cm"'. MS (CI): m/e (%) 275 (1,M++1),273(23, M+-l), 197(5), 163(35), 131 (11),
124 (7), 107 (22, PhC(0)H++l), 106 (15, P n C ^ l T ) , 105 (100, PhC(0)+-l), 91 (32), 83 (22), 77
(19), 69 (23), 55 (24), 43 (23), 41 (41). EI/HRMS: m/e caled, for C14H14N2O4 274.09536, found
274.09523 ±0.00081 a.m.u.
Ethyl E-4-[(2S,4S)-2-phenyl-l,3-dioxan-4-yl]-4-(R)-hydroxy-but-2-enoate (13a):
Following the procedure for the synthesis of unsaturated ester 7a and starting with epoxy diazo
ketone 12a (160 mg, 0.60 mmol dissolved in 50 ml of methanol), crude ester was synthesized (133
mg). After chromatography (hexane/ethyl acetate 4:1) pure compound 13a was isolated as an oil (80
mg, 50%). Ή-NMR (100 MHz, CDCI3): δ 1.41 (br d, IH, OCH2CHHCHO), 2.04 (dq, IH,
OCH2CHHCHO, J 13 Hz and 5.3 Hz), 2.61 (d, IH, OH, J 4.0 Hz), 3.75 (s, 3H, OCH3), 3.91 (t, IH,
OCHHCH2CHO, J 2.4 Hz), 4.03 (t, IH, OCHHCH2CHO, J 2.8 Hz), 4.23-4.36 (m, IH,
OCH2CH2CHO), 4.41-4.53 (m, IH, CHOCH(OH)CH), 5.55 (s, IH, CHPh), 6.18 (dd, IH,
CH=CHC(0), J 15.6 Hz and 1.8 Hz), 6.97 (dd, IH, CH=CHC(0), J 15.6 Hz and 4.3 Hz), 7.32-7.54
(m, 5H, Ph) ppm. IR (CC14): ν 3590, 3060, 3030, 2965, 2950, 2870, 1725, 1665, 1435, 1310, 1170,
1110, 700 cm'. MS (CI): m/e (%) 279 (7, M++l), 247 (3, -MeOH), 173 (18, -PhC(O)H), 163 (100),
155 (43, -PhC(0)H, -H 2 0), 141 (21, -PhC(0)H, -MeOH), 123 (10, -PhC(0)H, -MeOH, -H 2 0), 107
(20), 91 (24), 79 (14), 57 (11), 41 (22). EI/HRMS: m/e caled, for Сі 5 Ні 8 0 5 278.11542, found
278.11544 ±0.00081 a.m.u.
«2R.3SÌ-3-1(2S.4S)-2-Phenyl-l,3-dioxan-4-yl]oxiran-2-ylfmethanol (10b):
Starting with allylic alcohol 9 (0.95 g, 4.3 mmol), following the procedure for the synthesis of 4a
and using D-(-)-DET as chiral inductor, crude epoxy alcohol was prepared (1.013 g), which was
recrystallized from ether at 4°C, to give pure 10b (0.737 g, 72%). [a] 25 D +29.5° (c 1.08, CHCI3).
M.p. 98.5-99°C. 'H-NMR (100 MHz, CDCI3): δ 1.42-1.82 (m, 2H, OCH2CHHCHO and OH), 2.05
(dq, IH, ОСНгСННСНО, J 12 Hz and 5.2 Hz), 3.17-3.24 (m, 2H, epox-H), 3.50-4.10 (m, 4H,
ОСН2СН2СНО and СНОСН2ОН), 4.32 (ddd, IH, ОСН2СН2СНО, J 11.5 Hz, 4.6 Hz and 1.4 Hz),
5.52 (s, IH, CHPh), 7.31-7.55 (m, 5H, Ph) ppm. IR (ССЦ): V 3600, 3400, 3050, 2970, 2930, 2870,
1110 cm'. MS (CI): m/e (%) 237 (7, M++l), 236 (33, M+), 235 (48, M+-l), 163 (65,
-CHOCHCH2OH), 131 (8, -PhC(O)H)), 113 (45, -PhC(0)H, -H 2 0), 107 (71, PhC(0)H++l), 106
(30, PhC(0)H+), 105 (100, PhC(0)+), 95 (23), 91 (42), 87 (63), 83 (61), 79 (47), 77 (46), 71 (63), 67
(35), 57 (46), 41 (57). EI/HRMS: m/e caled, for Ci 3 Hi 6 0 4 236.1049, found 236.10496 ± 0.00046
a.m.u. Caled, for СізНі 6 0 4 : С 66.09, H 6.83%, found С 66.53, H 6.88%.
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{(2S.3SÏ-3-f(2S.4S)-2-Phenvl-1.3-dioxan-4-vl]oxiran-2-yUcarboxvlic acid (lib):
Glycidic acid l i b was prepared following the procedure for the synthesis of compound 11a.
Starting with epoxy alcohol 10b (500 mg, 2.12 mmol) crude aldehyde was prepared (610 mg).
'H-NMR (100 MHz, CDCb): δ 1.56 (br d, IH, OCH2CHHCHO, J 13 Hz), 2.05 (dq, IH,
OCH2CHHCHO, J 11.7 and 5.2 Hz), 3.41-3.48 (m, 2H, epox-H), 3.83-4.09 (m, 2H,
ОСНгСНгСНО), 4.33 (ddd, IH, OCH2CH2CHO, J 11.6 Hz, 5.2 Hz and 1.4 Hz), 5.51 (s, IH,
CHPh), 7.31-7.54 (m, 5H, Ph), 9.06 (d, IH, C(0)H, J 6 Hz) ppm. IR (CCI4): ν 3090, 3070, 3030,
2970, 2920, 2850, 1735, 700, 650 cm'1. The aldehyde (600 mg) was oxidized in a mixture of tertbutyl alcohol (50 ml), 2-methyl-2-butene (12 ml) and CH2C12 (2 ml, cf. compound 11a). yielding
acid l i b as a yellow oil (250 mg), which was immediately converted into the epoxy diazo ketone.
'H-NMR (90 MHz, CDCb): δ 1.45 (br d, IH, OCH2CHHCHO, J 12 Hz), 1.63-2.17 (m, IH,
OCH2CHHCHO), 3.30-3.60 (m, 2H, epox-H), 3.65-4.05 (m, 2H, ОСНгСНгСНО), 4.05-4.33 (m,
IH, OCH2CH2CHO), 5.46 (s, IH, CHPh), 7.30-7.55 (m, 5H, Ph), 8.77 (br s, IH, C0 2 H) ppm. IR
(CCI4): V 3600-2700, 2950, 2920, 2860, 1725 cm"1.
l-{(2S.3S)-3-H2S.4S)-2-Phenyl-I.3-dioxan-4-ylloxiran-2-ylì-2-diazo-ethanone (lib):
Following the procedure for the synthesis of compound 5a, crude diazo ketone 12b was prepared
(137 mg), starting from crude glycidic acid l i b (180 mg). Chromatography of the crude product
(hexane/ethyl acetate 1:1) yielded diazo compound 12b as an oil (58 mg, 30%). The low yield was
due to decomposition on the silica gel column (isolation of benzaldehyde). 'H-NMR (100 MHz,
CDCb): δ 1.47-1.65 (br d, IH, OCH2CHHCHO, J 13 Hz), 2.04 (dq, IH, OCHjCHHCHO, J 11.5 Hz
and 5.2 Hz), 3.20 (dd, IH, CHOCHCH(O), J 5 Hz and 2 Hz), 3.51 (d, IH, CHOCHCH(O), J 2 Hz),
3.76-3.90 (m, IH, OCHHCH2CHO), 4.01 (dd, IH, OCHHCH2CHO, J 11.8 Hz and 2.7 Hz), 4.31
(ddd, IH, 0CH 2 CH 2 CH0, J 11.4 Hz, 5.1 Hz and 1.3 Hz), 5.50 (s, 2H, CHPh and CHN2), 7.31-7.53
(m, 5H, Ph) ppm. IR (CCI4): V 3120, 3070, 3040, 2960, 2930, 2860, 2110, 1645, 1370 cm'1. MS
(CI): m/e (%) 275 (14, M++l), 273 (M+-l), 197 (6), 163 (18), 131 (7), 124 (12), 107 (20,
PhQCOlT+l), 106 (14, PhC(0)H+), 105 (100, PhC(0)+), 91 (19), 83 (25), 77 (19), 69 (23), 55 (26),
43 (20), 41 (40). EI/HRMS: m/e caled, for Ci4H 14 N 2 0 4 274.09536, found 274.09550 ± 0.00081
a.m.u.
EthvlE-4-f(2S.4S)-2-phenyl-].3-dioxan-4-yll-4-(S)-hvdroxy-but-2-enoate(13bY.
Starting with diazo ketone 12b (58 mg, 0.21 mmol) and following the procedure for the synthesis of
compound 7a, unsaturated ester 13b was obtained as an oil (52 mg, 75%) in absolute methanol as
the solvent. Ή-NMR (100 MHz, CDCb): δ 1.52 (br d, IH, OCH2CHHCHO, J 13 Hz), 1.98 (dq,
IH, OCH2CHHCHO, J 11.6 Hz and 5.2 Hz), 2.82 (d, IH, OH, J 4.1 Hz), 3.75 (s, 3H, OCH3), 3.763.86 (m, IH, OCHHCH2CHO), 3.99 (dd, IH, OCHHCH2CHO, J 11.9 Hz and 2.8 Hz), 4.18-4.38
(m, 2H, OCH2CH2CHO and CHOCH(OH)), 5.53 (s, IH, CHPh), 6.21 (dd, IH, CH=CHC(0), J 15.6
Hz and 1.7 Hz), 6.95 (dd, IH, CH=CHC(0), J 15.6 Hz and 4.8 Hz), 7.32-7.54 (m, 5H, Ph) ppm. IR
(CCI4): V 3620, 3400, 2970, 2920, 2880, 1725 cm'. MS (CI): m/e (%) 279 (2, M++l), 247 (2,
-MeOH), 223 (2), 163 (47, -CH(OH)CH=CHC02Me), 155 (31, -PhC(0)H, -H20), 149 (32), 141
(53, -PhC(0)H, -MeOH), 123 (18, -PhC(0)H, -MeOH, -H 2 0), 116 (25), 105 (36, PhC(0)+), 86
(51), 75 (16), 57 (36), 41 (100). EI/HRMS: m/e caled, for C 1 5 H 1 8 0 5 278.11542, found 278.11517
±0.00081 a.m.u.
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Chapter 4

SYNTHESIS OF (4R,5R)-MURICATACIN AND ITS (4R,5S)-ANALOG
BY SEQUENTIAL USE OF THE PHOTO-INDUCED
REARRANGEMENT OF EPOXY DIAZOMETHYL KETONES

4.1

Introduction

As was mentioned in the preceding chapters the photo-induced rearrangement of α,β-epoxy
diazomethyl ketones in an alcoholic solvent is a convenient synthetic route to 4-hydroxy-2-alkene
esters (scheme 4.1)1. The chiral integrity of the stereogenic center at the ß-carbon atom of the
epoxide function is retained in the product and therefore 4-hydroxy-2-alkene esters with defined
stereochemistry at the C4 carbon atom can be prepared2. This synthetic methodology was utilized for
the total synthesis of a series of natural products, viz. aspicilin3, colletallol4, pyrenophorol5, patulolid
C6'7 and isopatulolid C7 and also for the macrocylic subunit of cytochalasin B8.
Scheme 4.1

О
.OH Sharpless
epoxidation
ОН

It was also demonstrated in chapter 3 that an allylic alcohol already containing a stereogenic
center, i.e. as a protected secondary alcohol function, can be used as starting material. In this manner
alkene esters with alcohol functions at C4 and C5 can be prepared with defined stereochemistry at
both stereo centers (scheme 4.2).

OProt

OProt

OProt

R'OH'
OH

In the above case the allylic alcohol was derived from a starting material available from the
chiral pool and therefore enantiopure (see chapter 3). An attractive extension of the sequence of
reactions depicted in scheme 4.2 would be if the starting allylic alcohol could be prepared from a 469

Chapter 4
hydroxy-2-alkene ester which in tum can be synthesized by the methodology shown in scheme 4.1.
The actual starting material then is a simple achiral allylic alcohol. This proposed sequential use of
the Sharpless epoxidation9 is depicted in scheme 4.3.
Scheme 4.3

OH
OR1 1. protection^

OH chemical
transformation
(cf. scheme

2. reduction

OProt

OProt

OR

This sequence of reactions has the attractive feature that the stereochemistry of the
respective stereogenic centers in the ultimate product can be controlled at will simply by choosing
the right chira! inductor in the sequential Sharpless epoxidations. 4,5-Dihydroxy-alkene esters can
also be obtained by employing the Sharpless asymmetric dihydroxylation10 using an osmium
containing reagent. However, with this methodology the newly introduced alcohol functions at
adjacent carbon atoms always have a syn relationship. The proposed scheme 4.3 has the advantage
of being completely flexible.
The strategy depicted in scheme 4.3 was applied in the total synthesis of the naturally
occurring γ-lactone (4R,5R)-muricatacin 1 ' ' and its unnatural (4R.5S) diastereomer 2. The results
are described in this chapter.

HO i
Η

С 1 2 Нг5

Η ι
HÓ

(4R,5R)-muricatacin 1

4.2

С-) ¿Hg

(4R.5S) diastereomer 2

Literature survey of synthetic routes to muricatacin
During the past few years several synthetic routes to muricatacin have appeared in the

literature. This naturally occurring γ-lactone was first described by Rieser et al.u as a cytotoxic
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acetogenin from the seeds of Annona nutricata L The compound was isolated as a mixture of the
(4R.5R) and the (4S,5S)-enantiomers with a slight excess of the first-mentioned stereo isomer.
Tochtermann et al.n synthesized the (4R,5R)-enantiomer as depicted in scheme 4.4. Keto lactone 3
was converted into camphanoic acid derivative 4, which after chromatography of the diastereomers
and reduction with L-Selectride®, was transformed to muricatacin 1.
Scheme 4.4
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L-Selectride® was also used by Figadère et al.13 in the synthesis of (4S,5S)-muricatacin.
They converted L-glutamic acid, which contains the CU-chirality of the final product, into keto
lactone 5. This compound was reduced with L-Selectride® to give the (4S.5S) isomer as the main
product (scheme 4.5). The (4R,5R)-enantiomer is not accessible from this amino acid as starting
material. Very recently they also used a n-BußSnH/SiCb-reduction to synthesize the (4S,5S) and
(4S.5R) epimers in a ratio of 28:7214.
Scheme 4.5
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Marshall and Welmaker realized the synthesis of both (4R,5R) and (4S,5S)-muricatacin.
They started with a stereoselective reduction of stannane compound 6 with (R)-BLNAL-H, followed
by a rearrangement to derivative 7. The stereochemistry at C3 of this compound directed the
diastereoselective addition to an appropriate aldehyde to give alcohol 8, which was converted to
(4R,5R)-muricatacin as shown in scheme 4.6. When using this sequence of reactions and employing
a (S)-BINAL-H reduction, the (4S.5S) enantiomer was synthesized.
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Scheme 4.6
О

OH

II

SnBus OTBS

I

^s.
JL
(R)-BINAL-H
^s^ ^ L
2 steps
4
C10H21 ^ * ^
SnBua
^ С ю Н г Г ^ - ^ ^SnBus
•"C10H21''
OTBS
BF3.OEt

R

OEt - ^ в * ^ -

*• СюНг

он

16

Shaipless et al.

C12H25

4

1

synthesized the (4R.5R) and the (4S,5S)-enantiomers by using the
10 17

asymmetric dihydroxylation method ' . Performing this reaction with a suitable frawj-y,6-alkene
ester, followed by ring closure, gave Ô-hydroxy-y-lactone 1, as depicted for (R,R)-muricatacin in
scheme 4.7. Dependent on the conditions used, AD-mix-ß or AD-mix-ot, the (R,R) or the (S,S)
isomers, respectively, were accessible. Although this method is a short one, it is not general,
because the synthesis of the appropriate alkene precursor for a S-hydroxy-y-lactone sometimes is
complicated and the asymmetric dihydroxylation of a cii-alkene does not proceed with high
enantiomeric excess 18 .
Scheme 4.7
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Recently three groups have synthesized different diastereomers of muricatacin by treatment
of terminal epoxides with nucleophiles. Sai'ah, Bessodes and Antonakis 19 prepared the (4S.5S) and
the

(4S,5R)-diastereomers

by treating

two

diastereomeric

l,2-epoxy-3-aIcohols

with

the

dilithioacetate dianion, followed by an acid catalyzed ring closure to the γ-Iactones (scheme 4.8,
(a)). Liu et al.,20 employed a comparable method using lithio acetonitrile as the nucleophile.
Depezay et al.21 prepared (4R,5R)-muricatacin from D-woascorbic acid via bis-epoxide equivalent
9. By two successive treatments of terminal epoxides with nucleophiles first the alkyl chain was
introduced, followed by the lactone moiety (reaction (b)).
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Scheme 4.8
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Recently Kang et al.11 synthesized (R,R)-muricatacin from D-glucose according to the
sequence of reactions depicted in scheme 4.9.
Scheme 4.9
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Related natural products, which have the same structural features as muricatacin 1, are the
so-called 'L-factors' 10, which were first isolated by Gräfe et al.23 Also these products have been
the subject of several synthetic studies24, indicating the importance of optically active ô-hydroxy-ylactones as target compounds for the evaluation of new synthetic methods.

(HO)H P K H )

(4S.5R) and (4S,5S)-L-factors Щ
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4.3

Synthesis of (4R,5R)-muricatacin and the (4R,5S) epimer using the photo-induced
rearrangement of epoxy diazomethyl ketones

The retrosynthetic analysis of natural (4R,5R)-muricatacin, which makes use of the strategy
shown in scheme 4.3, is presented in scheme 4.10. In principle, the lactone can be obtained from a
4,5-dihydroxy-2-alkenoate with the C5 alcohol function selectively protected. The synthesis of γlactones from 4-hydroxy-2-alkene esters which were obtained from epoxy diazomethyl ketones
25
according to scheme 4.1, has been accomplished previously . The same retrosynthesis holds for the
unnatural (4R.5S) diastereomer, the only difference being the choice of the chiral inductor in the
first Sharpless epoxidation.

OProt
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*0 II
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>f
Nj

-^-" ff

JO
η

^ ^ »
^^
ОН
Ц R = C 12 H 25

The actual synthesis is outlined in scheme 4.11. The required starting allylic alcohol 11 was
readily obtained by a chain elongation of dodecyl bromide with the three-carbon unit of propargyl
alcohol and subsequent reduction of the triple bond with LÍAIH425. Asymmetric epoxidation of
allylic alcohol 11 using D-DET as chiral inductor resulted in epoxy alcohol 12a with the (2R,3R)
configuration. This alcohol was converted into the corresponding carboxylic acid 13a by a two-step
procedure involving first the Swem oxidation26 to the aldehyde and subsequently oxidation with
sodium chlorite27 to the acid. Diazomethyl ketone 14a was prepared by a standard series of
operations25. Irradiation of this diazo compound in ethanol gave the 4-hydroxy-2-alkene ester,
which was silylated to derivative 15a. The ester thus obtained was reduced with DIBAL-H to give
the allylic alcohol 16a for the second Sharpless epoxidation. It should be noted that this epoxidation
was only successful when allylic alcohol 16a was added to the reaction mixture prior to /ert-butyl
hydroperoxide. Reversed addition gave no epoxidation at all. With comparable allylic alcohols, all
containing an alkoxy group at C4, the same procedure was used in literature28. The oxidation of
epoxy alcohol 17a was carried out with ruthenium tetroxide29 to give the corresponding carboxylic
acid in one step. Under these oxidation conditions the silyl ether protecting function turned out to be
stable. The oxidation used in the first part of the sequence, namely the Swem oxidation, gave poor
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results The carboxyhc acid was converted into epoxy diazomethyl ketone 18a in the usual
manner25, which then was subjected to irradiation in ethanol as the solvent The resulting alkene
ester 19a was then hydrogenated by using P-2 Nickel as the catalyst The alkene ester was added to
a solution of Ni(OAc)2 in ethanol, followed by the addition of a NaBHVethanol solution It was
possible to perform this reduction of alkene ester 19a as obtained from the irradiation reaction,
without additional purification and without a hydrogen atmosphere During the reduction of the
carbon double bond in 19a partial lactonization to 20a was observed This lactonization was
completed by treatment of the lactone/ester mixture with p-toluenesulfonic acid in benzene Finally
silyl ether 20a was deprotected to give the desired (4R,5R)-muncatacin 1, m ρ 72 5-73°C and
[a]25D -23 3° (c 0 5 in CHC13) These physical data as well as the spectral features (Ή-NMR, 13CNMR, IR, MS) were identical with those reported for the natural (4R,5R)-product1213 ' 5 1 6 ' 8 1 9
The same sequence of reactions was used to prepare the unnatural (4R,5S) diastereomer The
essential difference was the chiral inductor in the first Sharpless epoxidation, for which now L-DET
was chosen The unnatural diastereomer obtained in this manner has a m ρ of 71 5-72°C and an
[a]25D of -13 6° (c 0 4 in CHCI3) The Ή-NMR spectrum of this diastereomer differs in only one
signal, namely that of the C5 proton (4R,5R)-muncatacin has a multiplet at 3 58 ppm, the (4R.5S)compound at 3 93 ppm 13C-NMR, IR and MS spectra show the same characteristics
It is important to note that the initially introduced stereogenic center does not influence the
asymmetric induction during the second Sharpless epoxidation In neither the natural nor the
unnatural diastereomer could any of the other epimer be detected in the Ή-NMR spectrum
It was also attempted to perform an asymmetric epoxidation of the first obtained 4-hydroxyalkene ester 21 according to Bailey et al30 They realized this epoxidation with enantiopure 2methanol-2-alkene esters, using the stereogenity of the carbon atom with the free hydroxyl function
as chiral inductor If this reaction was successful a short cut to epoxy ester derivative of 17 would be
possible This epoxidation of 21 did not give the desired epoxy ester but instead starting material
and keto ester 22 were isolated in a ratio of 1 1, as depicted in scheme 4 12
Scheme 4 12
^C0 2 Et ТІ(ОІРГ)4ЯВНР/
OH
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4.4

Concluding remarks
The strategic sequential use of two Sharpless epoxidations in combination with epoxy diazo

ketone chemistry constitutes a flexible synthesis of ô-hydroxy-y-lactones as illustrated by the
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synthesis of (4R,5R)-muricatacin and its (4R,5S) epimer. By choosing the appropriate chiral
inductor in the respective epoxidation reactions the chirality of both stereogenic centers can be
selected at wish. In principle, this methodology can be extended to the introduction of several
contiguous chiral centers to produce, for instance, homochiral polyhydroxylated compounds.
However, the disadvantage then will be that the method is a linear synthesis and therefore the
ultimate yield is strongly affected by the number of steps.

4.5

Experimental section

General remarks:
'H-NMR spectra were recorded on a Varian EM 390 (90 MHz, CW), a Braker AC-100 (100 MHz,
FT) or a Braker AM-400 (400 MHz, FT) spectrometer with TMS as internal standard. 13C-NMR
spectra were recorded on a Braker AM-400 (100 MHz, FT) spectrometer with CHCI3 as internal
standard. IR spectra were ran on a Perkin-Elmer 298 spectrophotometer. Elemental analyses were
standard carried out in triplicate on a Carlo Erba Instruments CHNSO EA 1108 element analyzer.
For mass spectroscopy a double focusing VG 7070E was used. For the chemical ionization (CI)
technique, methane was used as reacting gas. Melting points were measured on a Reichert
Thermopan microscope and are uncorrected. Optical rotations were determined on a Perkin-Elmer
241 Polarimeter. GC was performed on a Hewlett-Packard 5890 or a Hewlett-Packard 5890 Series Π
instrument, equipped with a capillary HP cross-linked methyl silicone (25 m χ 0.31 mm) column,
connected to a HP 5890 calculating integrator. For chromatography the 'flash technique'31 was used
with silica gel 60H (Merck) as stationary phase and a pressure of about 1.5 bar. Compounds were
detected using UV and oxidizing reagents, i.e. 5% H 2 S0 4 in EtOH or a mixture of
(ΝΗ4)6Μθ7θ24 4Η 2 0 (21 g), (NH4)4Ce(S04)42H20 (1.8 g), water (469 ml) and 97 % H 2 S0 4 (31
ml).
Dry solvents were obtained as follows: dichloromethane was distilled from phosphorous pentoxide
or from calcium hydride. Diethyl ether was pre-dried on calcium chloride and distilled from calcium
hydride. Hexane and dimethyl sulfoxide were distilled from calcium hydride, pyridine and
triethylamine from potassium hydroxide. Tetrahydrofuran was distilled from lithium aluminum
hydride and Ν,Ν-dimethylformamide from calcium sulfate. All other solvents were of either P.A. or
'reinst' quality. When diazomethane was used, proper safety conditions were taken.
Pentadec-2-yn-1 -oh
To a mechanically stirred solution of lithium (100 mg) in liquid ammonia (500 ml, under nitrogen at
-35°C) were added a few crystals of Fe(N03)3.9H20, followed by finely cut lithium (6.45 g, 0.90
mol) in small portions over 25 min. After the mixture turned gray, it was stirred for another 30 min.
Distilled propargylic alcohol (25.30 g, 0.45 mol, dissolved in 26 ml of dry THF) was added over 20
min, followed by stirring for 90 min. Dodecyl bromide (72.25 g, 0.30 mol), dissolved in THF (73
ml), was added in 1 h. The mixture was stirred overnight to evaporate the ammonia. After adding
water (400 ml) and ether (400 ml), and stirring for 30 min the layers were separated and the aqueous
layer was extracted with ether (3x). The combined organic layers were dried (MgS04) and
concentrated under reduced pressure, giving crude alkynol (72.03 g), which was distilled in vacuo
(p 1.0 mm Hg, cooling with warm water). The fraction, boiling at 138-140°C was collected, which
solidified at room temperature (49.0 g, 80%). M.p. 38-4 ГС. Ή-NMR (100 MHz, CDCI3): δ 0.85 (t,
3H, CH3, J 7 Hz), 1.20-1.50 (br s, 20H, (CH2),0), 1.85 (br s, IH, OH), 2.15-2.25 (m, 2H, CH 2 CsQ
4.25 (br s, 2H, СШОН) ppm. IR (ССЦ): ν 3610, 3400, 2920, 2850, 2290, 2220 cm"'. MS (CI): m/e
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(%) 225 (1, M + +l), 193 (7, -CH 2 OH), 149 (7), 137 (8), 135 (25), 123 (23), 121 (39), 111 (50), 109
(57), 107 (31), 97 (32), 95 (100), 93 (64), 83 (54), 81 (94), 79 (53), 70 (61), 69 (60), 67 (85), 57

(63), 55 (81), 43 (86), 41 (88).
E-Pentadec-2-en-l-ol Ql):
Starting with pentadec-2-yn-l-oI (48.0 g, 0.214 mol), compound 11 was prepared according to
literature procedures25. The crude product was purified by distillation in vacuo (p 0.7 mm Hg,
cooling with warm water), the fraction boiling at 128-130°C was collected, which solidified at room
temperature (43.5 g. 95%). M.p. 27-28°C. Ή-NMR (100 MHz, CDC13): δ 0.85 (t, 3H, CH3, J 7 Hz),
1.20-1.45 (br s, 20H, (CH2),0), 1.65 (s, IH, OH), 1.95-2.05 (m, 2H, СШС^С), 4.02-4.15 (m, 2H,
СШОН), 5.61-5.72 (m, 2Н, НС=СН) ppm. IR (ССЦ): ν 3610, 3400, 2960, 2930, 2850, 1380, 970
cm '. MS (CI): m/e (%) 227 (1, M++l), 226 (3, М+), 225 (7, М+-1), 209 (14, -Н20), 208 (17), 153
(12), 139 (18), 137 (15), 125 (27), 123 (24), 111 (39), 109 (38), 97 (60), 95 (56), 83 (72), 81 (56),
69 (48), 67 (42), 57 (99), 55 (45), 49 (100), 43 (57), 41 (56).
(2R,3R)-2,3-Epoxy-pentadecan-l-ol (12а):
Following literature procedures9b, namely that for the preparation of 2,3-epoxy-octan-l-ol (using 5
mol% Ti(Oi'Pr)4 and 6 mol% D-(-)-DET), epoxy alcohol 12a was synthesized in a total yield of 85%
after recrystalhzation from ether. [a] 25 o + 23.6 (c 1.11), ее 91% (relatively low ее as compared with
12b is due to temperature fluctuations during addition of reagents). M.p. 72.5-74°C. Ή-NMR (100
MHz, CDCb): δ 0.88 (t, 3H, CH3, J 7 Hz), 1.26 (broad s, 20H, (CH2),0), 1.45-1 55 (br s, 2H,
CHjCHOCH), 1.60 (s, IH, OH), 2.96 (m, 2H, epox-H), 3.55-3.95 (m, 2H, CH2OH) ppm 13C-NMR
(100 MHz, CDCb): δ 14.0, 22.6, 25 8, 29.2 (2C), 29.4 (2C), 29.6 (3C), 31.4, 31.9, 55.2, 56.5, 64.7
ppm. IR (ССЦ): ν 3600-3300, 2920, 2850 cm'. MS (CI): m/e (%) 243 (62, M++l), 225 (35, -H20),
207 (39), 165 (8), 151 (17), 135 (10), 125 (38), 123 (53), 121 (15), 111 (68), 109 (69), 97 (89), 95
(83), 83 (100), 81 (69), 71 (36), 69 (98), 67 (40), 57 (72), 55 (77), 43 (90). Caled for C,5H3o02
(242.403) С 74.33, Η 12.47%, found С 74.34, Η 12.72%.
(2S, 3S)-2,3-Epoxy-pentadecan-1 -ol (12b):
Epoxy alcohol 12b was prepared according to the literature procedure for compound 12a, using
L-(+)-DET as chiral inductor (75% yield). [a] 2 5 D -26.1 (c 1.05, CHCh). ее > 99%, according to 400
MHz NMR (using Eu(Fod)-shift reagent with the acetate of compound 12b). Ή-NMR, IR and MS:
the same as for compound 12a.
(2S, 3R)-2,3-Epoxy-pentadecanal:
To a stirred solution of freshly distilled oxalyl chloride (4 98 ml, 57 mmol) in dry CH2C12 (150 ml)
at -78CC was added under nitrogen, dimethyl sulfoxide (9.8 ml, 150 mmol dissolved in 60 ml of dry
CH2C12). The white suspension was stirred for 15 min, after which alcohol 12a was added (12 0 g,
49.6 mmol as solution in dichloromethane/dimethyl sulfoxide 9:1 (200 ml)), giving a clear solution.
This solution was added in 8 mm (slower addition gave lower yields). Stirring for 90 min was
followed by addition of diisopropylethylamine (36.0 ml, 275 mmol). The mixture was allowed to
reach room temperature, after which it was washed with water. The organic layer was successively
extracted with 1% HCl, 5% Na 2 C0 3 and brine. After drying (MgSÛ4) the mixture was concentrated
in vacuo, yielding the crude aldehyde (12.2 g). Ή-NMR (100 MHz, CDC13): δ 0.88 (t, 3H, CH3, J 7
Hz), 1.26 (br s, 20H, (CH2),o), 1.50-1.70 (m, 2H, (СВДюСНзСНО), 3.09-3.28 (m, 2H, epox-H),
9 01 (d, IH, C(0)H, J 6 Hz) ppm. IR (ССЦ): ν 2930, 2850, 1730 cm'1. MS (CI)· m/e (%) 241 (3,
M++l), 205 (2), 137 (3), 135 (3), 123 (7), 121 (4), 111 (13), 109 (13), 97 (25), 95 (21), 83 (32), 81
(19), 71 (100), 69 (36), 67 (14), 57 (38), 55 (29), 43 (32), 41 (31). For instability reasons, the
product was immediately converted to the acid.
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(2R,3S)-2,3-Epoxy-pentadecanal:
The (2R,3S)-epoxy aldehyde was prepared in the same way as its (2S,3R)-enantiomer, giving 85%
crude product. Ή-NMR, IR and MS are the same as for the (2S,3R)-compound.
(2S,3R)-2,3-Epoxy-pentadecanoic acid (13a):
Employing literature procedures27 crude glycidic acid 13a was synthesized in a total yield of 90%.
The reaction mixture became cloudy after adding a NaC102/NaH2P04-solution. After stirring
overnight the mixture was concentrated to 350 ml (white suspension). Then work-up proceeded
according to the literature27. Ή-NMR (100 MHz, CDCI3): δ 0.88 (t, 3H, CH3, J 7 Hz), 1.26 (br s,
20H, (CH2)io), 1.55-1.70 (m, 2H, (СНгЬСНгСНО), 3.12-3.33 (m, 2H, epox-H) ppm. IR (CCI4):
ν 3550-2500,2960, 2920, 2850, 1720 cm"1. MS (CI): m/e (%) 257 (3, M + +l), 211 (51, -C02H), 193
(19, -CO2H, -H2O), 137 (16), 123 (26), 111 (40), 109 (45), 97 (69), 95 (68), 83 (81), 81 (54), 69
(91), 67 (40), 57 (100), 55 (79), 43 (95), 41 (88). The crude product was immediately converted into
diazo ketone 14a.
(2R,3S)-2,3-Epoxy-pentadecanoic acid (13b):
Compound 13b was synthesized according to the procedure for compound 13a. Yield: 80% of crude
glycidic acid 13b. Ή-NMR, IR and MS are the same as for the (2S,3R)-enantiomer.
(3S,4R)-3,4-Epoxy-1-diazo-hexadecan-2-one (14a):
Crude glycidic acid 13a (7.4 g) was dissolved in dry ether (200 ml) under nitrogen at 0°C. /io-butyl
chloroformate (3.18 ml, 25 mmol) was added, followed by dried triethylamine (5.26 ml, 38 mmol).
A white solid appeared, which was filtered off (under nitrogen) after 1 h of stirring. To the filtrate
was added an ethereal 0.3 M diazomethane solution (250 ml). After stirring overnight, excess
diazomethane was evaporated and the mixture was concentrated in vacuo, to give crude diazo
ketone 14a as a yellow solid (8.48 g). Chromatography (hexane/ethyl acetate 4:1) yielded pure
epoxy diazo ketone as a solid (6.98 g). Total yield, calculated on epoxy alcohol 12a (4 steps): 60%.
M.p. 38.5-40°C. Ή-NMR (100 MHz, CDCI3): δ 0.88 (t, 3H, CH3, J 7 Hz), 1.26 (br s, 20H,
(CH2)io), 1.45-1.60 (m, 2H, (СВДюСНгСНО), 2.90-3.02 (m, IH, CHOCHC(O)), 3.23 (d, IH,
CHOCHC(O), J 2 Hz), 5.47 (s, IH, CHN2) ppm. IR (ССЦ): ν 3120, 2960, 2930, 2860, 2110, 1650
cm 1 . MS (CI): m/e (%) 281 (46, M++l), 253 (7, -N2), 211 (4, -COCHN2), 193 (3, -COCHN2, -H 2 0),
123 (11), 121 (10), 111 (31), 109 (27), 97 (35), 95 (48), 83 (35), 81 (44), 71 (20), 69 (81), 67 (35),
57 (68), 55 (100), 43 (80), 41 (67). Caled, for C 1 6 H 2 8 N 2 0 2 (280.412) С 68.53, H 10.06, Ν 9.99%,
found С 68.12, Η 10.19, Ν 8.73%.
(3R,4S)-3,4-Epoxy-1-diazo-hexadecan-2-one (14b):
Employing the procedure for compound 14a, epoxy diazo ketone 14b was prepared in a total yield
of 50%, starting from epoxy alcohol 12b. Ή-NMR, IR and MS are the same as for diazo compound
14a.
Ethyl E-(R)-4-teñ-butyldimethylsilyloxy-hexadec-2-enoate (15a):
Diazo ketone 14a (4.0 g, 14.3 mmol) was dissolved in nitrogen-flushed absolute ethanol (1 1) and
irradiated at 300 nm under nitrogen. The progress of the reaction was monitored by IR
(disappearance of the diazo peak). After 2 h the reaction was completed. The solvent was
evaporated in vacuo, yielding a yellowish/brown oil (3.4 g). After chromatography of a small
sample (hexane/ethyl acetate 6:1), pure compound 21 was isolated as a solid. M.p. 28.5-29.5°C.
Ή-NMR (100 MHz, CDCI3): δ 0.83 (t, 3H, СНз(СН2),0, J 6 H z >· l·22 ( b r s- 2 0 H · CH3(CH2)10),
1.24 (t, 3H, OCH2CH3, J 7 Hz), 1.45-1.60 (m, 2H, (CH2),oCH2CHO), 2.66 (d, IH, OH, J 4.4 Hz),
4.23 (q, 2H, OCH2CH3, J 7 Hz), 4.33 (m, IH, (СНгЬСНгСЩОН) 6.05 (dd, IH, CH=CHC(0),
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J 15.6 Hz and 1.6 Hz), 6.99 (dd, IH, CH=CH(0), J 15.6 Hz and 4.9 Hz) ppm. IR (CC14): ν 3610,
3520-3050, 2960, 2930, 2850, 1725, 1660 cm 1 . MS (CI): m/e (%) 299 (77, M++l), 281 (38, -H20),
253 (50, -EtOH), 235 (12, -EtOH, -H 2 0), 205 (19), 192 (6), 144 (15), 130 (18), 129 (40), 101 (100),
73 (27), 43 (8). The crude reaction mixture was dissolved in dimethylformamide (80 ml) under
nitrogen. Imidazole was added (2.43 g, 35.8 mmol), followed by a solution of tertbutyldimethylsilyl chloride (TBDMSC1, 4.31 g, 28.6 mmol) in DMF (70 ml) and a few crystals of
N,N-dimethylaminopyridin (DMAP). The mixture was stirred overnight. Water (100 ml) was added,
followed by extraction with ether (3x). The combined organic layers were washed with brine and
water. After drying (MgSO^), the mixture was concentrated in vacuo to give the crude product (5.54
g). This was chromatographed (hexane/ethyl acetate 6:1), yielding protected unsaturated ester 15a as
an oil (3.04 g, 55%). Ή-NMR (100 MHz, CDCI3): δ 0.00 and 0.02 (2s, 6H, Si(CH3)2), 0.85 (12 H:
t, 3H, CH3(CH2)io, J 7 Hz and s, 9H, (CH3)3CSi), 1.22 (br s, 20H, (CH2),0), 1.25 (t, 3H, ОСН2СНз,
J 7 Hz), 1.45-1.60 (m, 2H, (СШСНО), 4.15 (q, ОСІЬСНэ, J 7 Hz), 4.26 (m, IH, CHOCH=C), 5.93
(dd, IH, CH=CHC(0), J 15 Hz and 1.6 Hz), 6.89 (dd, IH, CH=CHC(0), J 15 Hz and 5 Hz) ppm. IR
(CCI4): V 2960, 2930, I860, 1725, 1385 cm'. MS (CI): m/e (%) 413 (14, M++l), 367 (13, -EtOH),
355 (100, -tBu), 309 (9), 281 (9, -OSiMe2tBu), 243 (20, C n H 2 5 + +l), 149 (8), 103 (7), 81 (4), 75
(18), 73 (18), 57 (10), 43 (10), 41 (16). EI/HRMS: m/e caled. 412.33727, found 412.33728
±0.00081 a.m.u.
Ethyl E-(S)-4-tert-butyldimethylsilyloxy-hexadec-2-enoate (15b):
Unsaturated ester 15b was prepared following the procedure for compound 15a. in a total yield of
60%. Spectra of 15b are in full accord with those of its enantiomer 15a.
Ethyl E-4-oxo-hexadec-2-enoate (22):
To a suspension of finely powdered molecular sieves (4À, 0.3 g) in dry dichloromethane (10 ml)
under nitrogen at -20°C was added Ti(OiPr)4 (20 μΐ, 0.067 mmol) followed by unsaturated ester 21
(200 mg, 0.67 mmol dissolved in 2 ml of CH2C12). After 20 min of stirring, a solution of /ert-butyl
hydroperoxide in 1,2-dichloroethane was added (354 μΐ of a 3.8 M solution, 1.34 mmol), followed
by stirring overnight (-15°C). No reaction occurred. After stirring at room temperature (48 h) TLC
indicated two products. The mixture was worked-up (quenching with water, extraction with CH2C12
(3x), washing with brine and drying over MgS04, followed by concentrating in vacuo), to give
crude material (195 mg). After chromatography (hexane/ethyl acetate 4:1) starting unsaturated ester
was isolated (76 mg, 38%) together with oxo-compound 22 (68 mg, 35%). M.p. 29-30°C. Ή-NMR
(100 MHz, CDC13): δ 0.87 (t, 3H, СНз(СН2)10, J 7 Hz), 1.26 (br s, 23 H, (CH 2 ) 10 and ОСН2СНэ)>
2.62 (t, 2H, (СНгЬОВДО), J 8 Hz), 4.20 (q, 2H, ОСНгСНз, j 7 H z ) , 6.66 (d, IH, CH=CHC(0),
J 16 Hz), 7.08 (d, IH, CH=CHC(0), J 16 Hz) ppm. IR (CCI4): V 2960, 2930, 2850, 1725, 1700,
1560 cm'. MS (CI): m/e (%) 297 (100, M++l), 251 (8, -EtOH), 223 (84, -CO, -EtOH), 169 (32,
-C(0)CH=CHC02Et), 142 (47), 141 (17), 137 (27), 127 (33), 123 (15), 114 (16), 99 (16), 97 (15),
85 (16), 83 (13), 71 (22), 69 (18), 57 (36), 55 (44), 43 (45), 41 (49).
(R)-4-tcTt-Butyldimethylsilyloxy-hexadec-2-en-1-ol (16a):
Ester 15a (1.9 g, 4.6 mmol) was dissolved in dry ether (75 ml) under nitrogen at 0°C. A DIBAL-H
solution in hexane was added using a syringe (9.2 ml of a 1.0 M solution). After 1 h the ester was
consumed (TLC) and Na2SO4-10H2O was added until no further reaction took place. Stirring for 1 h
was followed by filtration over hyflo. The residue was washed with warm ether (2x). The combined
filtrates were washed with water. After drying (MgS04) the solvent was evaporated in vacuo,
yielding crude alcohol (1.8 g). Chromatography (hexane/ ethyl acetate 4:1) gave pure 16a as an oil
(1.38 g, 81%). 'H-NMR (100 MHz, CDC13): δ 0.03 and 0.05 (2s, 6H, Si(CH3)2), 0.90 (12H: t, 3H,
CH3(CH2),o, J 7 Hz and s, 9H, (CH3)3CSi), 1.25 (br s, 20H, (CH2),0), 1.45-1.60 (m, 3H, CH^CHOSi
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and OH), 4 14 (m, 3H, CH2CHOCH=C and CHjOH), 5 73 (m, 2H, CH=CH) ppm. IR (CC14)
ν 3610, 2960, 2920, 2850, 1390, 1375, 1360, 1250 cm ' MS (CI) m/e (%) 371 (6, M++l), 353 (67,
-H20), 313 (98, -tBu), 239 (29, -OSiMe2tBu), 221 (55, -OSiMe2tBu, -H 2 0), 201 (83, -Ci2H25), 145
(17), 131 (29), 109 (38), 95 (56), 81 (48), 75 (100), 67 (35), 57 (58) EI/HRMS m/e caled
370 3267, found 370 3261 ± 0 0011 a m u
(S)-4-\eñ-But\ldimethvlsilvloxv-hexadec-2-en-l-ol(16b)
Unsaturated ester 16b was synthesized following the same procedure as for compound 16a Yield
90% Spectra of 16b were identical to those of 16a
(2S, 3R,4R)-4-len-Butyldimethylsilyloxy-2,3-epoxy-hexadecan-I-ol (17a)
A suspension of finely powdered molecular sieves (4À, 0 5 g) in dry dichloromethane (50 ml) under
nitrogen was cooled to -20°C L (+)-DET (0 581 g, dissolved m 2 ml of dichloromethane, 1 2 equiv )
and Ti(OiPr)4 (0 699 ml, 1 0 equi ν ) were sequentially added The mixture was stirred for 15 min
and allylic alcohol 16a (0 78 g, 2 11 mmol dissolved in 5 ml of dichloromethane) was added After
stirring for 30 min a 4 0 M solution of fert-butyl hydroperoxide in 1,2-dichloroethane was added
dropwise (1 17 ml, 2 0 equiv ) The mixture was kept at -20°C overnight Work-up was performed
as in ref9b (cf preparation of 2,3-epoxy-octan-l-ol), to give the crude product as an oil (1 06 g)
Chromatography (hexane/ethyl acetate 4 1) gave pure epoxy alcohol 17a as an oil (0 75 g, 92%)
Diastereomenc excess > 95% (as was determined by capillary GC) Ή-NMR (100 MHz, CDCI3)
δ 0 05 and 0 09 (2s, 6H, (CH3)2Si), 0 86 (t, 3H, CH3(CH2)io, J 6 Hz), 0 88 (s, 9H, (CH3)3CSi), 1 25
(br s, 20H, (CH2),o), 1 45-1 60 (m, 2H, CH2CHOSi), 1 80 (s, IH, OH), 2 98 (m, 2H, epox-H), 3 263 75 (m, 3H, CH2OH), 3 80-4 02 (m, IH, CH2CHOSi) ppm IR (ССЦ) ν 3600, 2960, 2920, 2850,
1375 cm 1 MS (CI) m/e (%) 378 (23, M++l), 369 (39, -H 2 0), 329 (100, -tBu), 311 (50, -H 2 0,
-tBu), 285 (47, -tBu, -CH2CH2OH), 255 (39, -OSiMe2tBu), 237 (64, -OSiMe2tBu, -H20), 219 (17),
131 (64), 117 (63), 95 (26), 81(23), 75 (91), 73 (39), 57 (26) EI/HRMS m/e caled 386 3216, found
386 3215±0 0011 am u
(2S,3R,4S)-4-teñ-Butyldimethylsilyloxy-2,3-epoxy-hexadecan-l-ol(17b)
Following the procedure for the synthesis of epoxy alcohol 17a. compound 17b was prepared in
83% yield as an oil Diastereomenc excess > 95% (GC) Ή-NMR (100 MHz, CDC13) δ 0 04 (s,
6H, (CH3)2Si), 0 87 (12H t, 3H, CH3(CH2),0, J 6 Hz, s, 9H, (CH3)3CSi), 1 25 (br s, 20H, (CH2)10),
1 45-1 60 (m, 2H, CH2CHOSi), 2 36 (broad s, IH, OH), 2 91 (dd, IH, CHOCHCH2OH, J 4 3 Hz
and 2 3 Hz), 3 14 (qui, IH, CHOCHCH2OH), 3 51-3 74 (m, 2H, CH2OH), 3 84-4 06 (m, IH,
CH2CHOSi) ppm IR (ССЦ) V 3600, 2960, 2920, 2850, 1375 cm ' MS (CI) m/e (%) 387 (2,
M++l), 369 (12, -H 2 0), 329 (31, -tBu), 313 (27), 311 (46, -tBu, -H20), 285 (20, -tBu, -CH2CHOH),
255 (-OSiMe2tBu), 237 (-OSiMe2tBu, -H20), 219 (10), 161 (20), 157 (22), 143 (15), 131 (65), 117
(100), 97 (21), 95 (30), 83 (27), 81 (29), 75 (98), 73 (68), 57 (41), 55 (27), 43 (48), 41 (47)
(3R,4R,5R)-5-ten-Butyldimethylsilyloxy-3,4-epoxy-l-diazo-heptadecan 2-one (18a)
Epoxy alcohol 17a (500 mg, 1 3 mmol) was dissolved in a mixture of acetonitnle (5 ml),
tetrachloromethane (5 ml) and water (7 5 ml) Sodium тле/apenodate (0 9 g, 4 2 mmol) and a
catalytic amount of RuCl3 xH 2 0 was added The black mixture was stirred until the alcohol was
consumed (TLC, 90 min) After adding dichloromethane (10 ml) the layers were separated and the
aqueous layer was washed with dichloromethane (3x) The combined organic layers were dried
(MgS04) and concentrated in vacuo The resulting oil was taken up into dry ether (40 ml) under
nitrogen at 0°C and wo-butyl chloroformate (1625 μΐ, 13 mmol) was added, followed by
tncthylamine (262 2 μΐ, 19 mmol) The mixture was stirred at room temperature for 1 h, after
which the solid was filtered off To the filtrate was added a 0 3 M diazomethane solution m ether
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(15 ml) and the mixture was stirred for 1 h. Evaporation of excess CH2N2 followed by concentration
in vacuo gave a dark oil, which was chromatographed (hexane/ethyl acetate 4:1), to give pure epoxy
diazo ketone 18a as an oil (281 mg, 52%). Ή-NMR (100 MHz, CDCI3): δ 0.05 and 0.07 (2s, 6H,
(CH3)2Si), 0.85 (br s, 12H, СНз(СН2)ю and (CH3)3CSi), 1.25 (s, 20H, (CH2)10), 1.45-1.60 (m, 2H,
CH2CHOSÌ), 2.95 (m, IH, CHOCHC(O)), 3.15-3.65 (m, 2H, CH2CHOSi and CHOCHC(O)), 5.55
(s, IH, CHN2) ppm. IR (CCI4): ν 3120, 2950, 2930, 2860, 2110, 1645, 1365 cm"1.
(3R,4R,5S)-5-teTt-Butyldimethylsilyloxy-3,4-epoxy-I-diazo-heptadecan-2-one (18b):
Employing the procedure for the preparation of diazo compound 18a. epoxy diazo ketone 18b was
synthesized in 42% yield from alcohol ITb. Ή-NMR (100 MHz, CDCI3): δ 0.04 (s, 6H, (CH3)2Si),
0.87 (br s, 12H, CHj(CH2)io and (CH3)3CSi), 1.25 (br s, 20H, (CH2)io), 1.45-1.60 (m, 2H,
QbCHOSi), 2.96 (m, IH, CHOCHC(O)), 3.46 (d, IH, CHOCHC(O), J 2 Hz), 3.70-3.85 (m, IH,
CH2CHOSi), 5.48 (s, IH, CHN2) ppm. IR (CCI4): V 3120, 2950, 2920, 2850, 2110, 1640, 1360
cm"'.
(R)-5-[(R)-l -teñ-Butyldimethylsilyloxy-tridecyl]-dihydrofiiran-2-one (20a) :
Epoxy diazo ketone 18a was converted into unsaturated ester 19a. following the procedure for
compound 21. The crude alkene ester was then hydrogenated according to literature procedures25.
No hydrogen atmosphere was needed for this reaction. IR-spectroscopy of the crude product (oil)
indicated, that it was partly closed to the lactone. This reaction was completed by dissolving the
mixture in a few ml of benzene, followed by addition of a few crystals of p-toluenesulfonic acid.
After 1 h of stirring, usual work-up gave the crude lactone. Chromatography (hexane/ethyl acetate
4:1 ) yielded pure lactone 20a as an oil (27%, starting from diazo compound 18a (3 steps)). Ή-NMR
(100 MHz, CDC13): δ 0.07 (s, 6H, (CH3)2Si), 0.89 (br s, 12H, СНэ(СН2)ю and (CH3)3CSi), 1.25 (br
s, 20H, (СН2)ю), 1.50-1.65 (m, 2Н, CH2CHOSi), 2.02-2.20 (m, 2H, СНгОВДО)), 2.35-2.55 (m,
2Н, СНгСІШО)), 3.45-3.60 (m, IH, CH2CHOSi), 4.30-4.50 (m, IH, CHOC(O)) ppm. IR (CCI4):
ν 2950, 2920, 2850, 1785, 1375 cm"'. MS (CI): m/e (%) 399 (18, M + +l), 341 (100, -tBu), 323 (17),
313 (46, -lactone moiety), 267 (4, -OSiMe2tBu), 249 (8), 185 (3), 171 (4), 159 (10), 145 (5), 129
(7), 115 (8), 97 (12), 83 (14), 75 (52), 73 (50), 69 (18), 57 (42), 55 (38), 43 (61).
(R)-5-[(S)-l-ttn-Butyldimethylsilyloxy-tridecyl]-dihydrofiiran-2-one(2ßb):
Lactone 20b was prepared employing the procedure for compound 20a in a total yield of 49% as an
oil, starting from diazoketone 18b. Ή-NMR (100 MHz, CDCI3): δ 0.06 and 0.07 (2s, 6H,
(CH3)2Si), 0.87 (br s, 12H, СНз(СН2),0 and (CH3)3CSi), 1.25 (br s, 20H, (СН2)ю), 1.40-1.55 (m,
2H, CHzCHOSi), 2.00-2.25 (m, 2H, CH2CH2C(0)), 2.30-2.55 (m, 2H, CH2C(0)), 3.80-3.95 (m, IH,
CH2CHOSi), 4.20-4.45 (m, IH, CHOC(O)) ppm. IR (ССЦ): V 2960, 2930, 2860, 1785 cm'. MS
(CI): m/e (%) 399 (26, M++l), 341 (100, -tBu), 323 (25), 313 (60, -lactone moiety), 259 (13), 249
(11), 169 (29, Ci 2 H 25 + ), 141 (11), 129 (9), 115 (12), 97 (22), 86 (18), 84 (28), 75 (61), 73 (66), 69
(34), 57 (50), 55 (65), 49 (93), 43 (75), 41 (72).
(4R,5R)-Muricatacin (1):
Silyl protected lactone 20a (72 mg, 0.18 mmol) was dissolved in dry THF (15 ml) under nitrogen at
0°C. Tetrabutylammonium fluoride (TBAF, 360 μΐ of a 1.0 M solution in THF) was added and the
reaction was followed by TLC. After 2 h it was complete and saturated NH4CI was added (15 ml).
The layers were separated and the aqueous layer was washed with ether (3x). The combined organic
layers were dried (MgS04) and concentrated in vacuo. Chromatography (hexane/ethyl acetate 1:1)
gave lactone 1, (38 mg, 75%) which was further purified by recrystallization from petroleum ether
60-80. M.p. 72.5-73°C. [a] 2 5 D -23.3° (c 0.5, CHC13). Lit.12 -22.9° (c 1.1, CHC13), lit.15 -23.3°
(CHCb), lit·' 6 -23.1° (c 2.36, CHC13). Ή-NMR (400 MHz, CDC13): δ 0.88 (t, 3H, CH3, J 7.0 Hz),
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1.26 (m, 20H, (CH2)io), 1.48-1.57 (m, 2H, СШСНОН), 1.91 (d, Ш, OH, J 5.7 Hz), 2.06-2.16 (m,
IH, CHHCH2C(0)), 2.21-2.29 (m, IH, CHHCH2C(0)), 2.49-2.65 (m, 2H, CH2C(0)), 3.58 (m, IH,
CH2CHOH), 4.42 (dt, IH, CHOC(O), J 7.4 Hz and 4.6 Hz) ppm. 13C-NMR (100 MHz, CDCI3):
14.1, 22.7, 24.1, 25.4, 28.7, 29.3, 29.5 (3C), 29.6 (3C), 31.9, 33.0, 73.7, 82.9, 177.1 ppm. IR (ССЦ):
ν 3580, 2950, 2920, 2850, 1785 cm 1 . MS (CI): m/e (%) 285 ( 28, M + +l), 267 (68, -H 2 0), 239 (16,
-H 2 0, -CO), 199 (8, -lactone moiety), 125 (7), 111 (10), 97 (17), 87 (19, (lactone moiety)++l), 86
(100, (lactone moiety)+), 85 (23, (lactone moiety)M), 83 (17), 69 (18), 57 (21), 55 (20), 43 (23).
Caled, for С, 7 Нз 2 0 3 (284.441) С 71.79, H 11.34%, found С 71.10, H 11.08%.
(4R,5S)-Muricatacin (2):
Lactone 20b was deprotected following the procedure for compound 1. Yield: 80%. [a]25D -13.6°
(c 0.4, CHCI3). M.p. 71.5-72°C, after recrystallization from petroleum ether 60-80. Ή-NMR (400
MHz, CDCI3): δ 0.88 (t, 3H, CH3, J 7.0 Hz), 1.26 (m, 20H, (СН2)ю), 1.40-1.54 (m, 2H,
CHjCHOH), 1.94 (broad s, IH, OH), 2.13-2.18 m, IH, СННСН2С(0)), 2.22-2.29 (m, IH,
СННСН2С(0)), 2.47-2.63 (m, 2Н, СН2С(0)), 3.93 (m, IH, СН2СНОН), 4.44 (dt, IH, CHOC(O),
J 7.4 Hz and 3.3 Hz) ppm. 13C-NMR (100 MHz, CDCI3): 14.1, 21.1, 22.7, 25.6, 28.7, 29.3, 29.5
(3C), 29.6 (3C), 31.9 (2C), 71.4, 82.7, 177.4 ppm. IR (ССЦ): V 3590, 3500-3300, 2920, 2850, 1770
cm"1. MS (CI): m/e (%) 285 (11, M++l), 267 (31, -H 2 0), 239 (9, -H 2 0, -CO), 199 (7, -lactone
moiety), 125 (6), 111 (8), 97 (14), 87 (16, (lactone moiety)++l), 86 (100, (lactone moiety)+), 85 (20,
(lactone moiety)+-l), 83 (14), 69 (16). EI/HRMS: m/e caled. 284.2351, found 284.23506 ± 0.00084.
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Chapter 5

THE SEARCH FOR NEW SYNTHETIC ROUTES
TO 4-HYDROXY-2-ALKENE ESTERS

5.1

Introduction

The photo-induced rearrangement of enantiopure α,β-epoxy diazomethyl ketones is a
convenient method for the stereospecific synthesis of 4-hydroxy-2-alkene esters1. These diazo
ketones are prepared in good yields in a sequence of reactions from enantiopure 2,3-epoxy alcohols2
as was described in the preceding chapters. In this synthetic route diazomethane is used for the
introduction of the diazomethyl group. Since this reagent is known for its hazardous and toxic
properties, it is of interest to search for a new and safer route for the synthesis of 4-hydroxy-2alkene esters. In the literature a few methods are known3'8 which have been reviewed by Leemhuis9.
However, none of these strategies is a general synthetic method to 4-hydroxy-2-alkene esters.
Since 2,3-epoxy alcohols 1 can be prepared with high optical purity10, these compounds are
interesting starting materials for a new synthetic approach to enantiopure 4-hydroxy-2-alkene esters
3, different from the one mentioned above. In the new approach it is proposed that alcohols 1 are
homologated to 3,4-oxiranecarboxylic esters 2, which then are converted into esters 3 (scheme 5.1).
Scheme 5.1

OH

a

Several methods are known for the homologation of alcohols or the corresponding
11
aldehydes . However, the presence of an epoxide function limits the number of methods that can be
used in the present case. The search for new synthetic routes to 4-hydroxy-2-alkene esters is
described in this chapter.
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5.2

The epoxynitrile strategy

A seemingly straightforward strategy for the conversion of epoxy alcohol 1 into ester 2
would be changing the alcohol function of compound 1 into a leaving group, and subsequent
substitution by a cyanide ion, followed by acidic alcoholysis. Starting with epoxy alcohol 4 several
conditions were tried to convert sulfonates 5 into cyanide 6 (scheme 5.2). These attempts are
summarized in table 5.1.
Scheme 5.2

ЧХ^'

OH

4
R = C4H9

. *41>4^L £ ^ f 4 L > ^ C N J * . F4iX^C02R·
R'OH

5a L=OTs
Sb L=OMs
5£

fi

L=OTf

Table 5.1: Procedures used for conversion of epoxide derivatives 5 into cyanides £
Entry

Epoxy
compound
5a
5a

1
2
3
4
5
6

ÍS
5a

7

5a

8

5a

9
10

5a
5a

5b
5b

11

5b

12
13

5ç
5£

Reagent (equiv.)

Solvent

NaCN(l.l)
NaCN (2.2)
NaCN(1.9)
Botl^CN-il.l) 14
Ba,N*CN"(1.3)
NaCN (1.2) and
15-crown-5(10mol%)
NaCN (1.2) and
15-crown-5 (10 mol%)
NaCN (1.2) and
15-crown-5 (100 mol%)
NaCN (2.1)
NaCN (2.1) and
15-crown-5 (10 mol%)
NaCN (2.1) and
15-crown-5(10mol%)
NaCN (4.2)
NaCN (3.9) and
15-crown-5(10mol%)

T(°C)

Time

Product

DMF 12

45

MeOH 13

reflux

3hr
6hr

2*

Yield
(%)
28
53

4*

hexane

reflux

3 days

starting material

CH2C12

r.t.'

o/n*

starting material

CH2CI2

reflux

o/n

S*

CH3CN

rt.

5 days

starting material

CH 3 CN

reflux

5 days

!*
starting material

22

CH3CN

r.t.

S days

8*

15

starting material

10

CH3CN

r.t.

CHjCN

r.t.

o/n
o/n

45

starting material
4«

7

starting material

88

CH3CN

reflux

o/n

2*

21

CHjCN

r.t.

CHjCN

r.t.

o/n
o/n

4*
i*

96
95

r.t.. room temperature
o/n. overnight

36

GrtvJ^N^^OH

C4l-tY
> ^ ^ C N

Crt-v-^CN

он
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In all these reactions epoxy cyanide 6 could not be isolated. The use of different cyanide
reagents at low temperatures (entries 4, 6, 9) gave no reaction. In some cases (entries 1, 10, 12, 13)
the epoxy alcohol 4 was recovered, probably the cyanide ion had attacked the sulfonate function
instead of the С ι-atom of 5. Nucleophilicreactionat this С ι-atom may be difficult because of steric
effects exerted by the neighboring epoxide function. The steric surrounding of this С ι-atom can be
compared with that of a «eopentyl carbon atom. When an apolar solvent (entry 3) was used, no
reaction was observed because of the low solubility of sodium cyanide. Performing thereactionsat
higher temperatures or using tetrabutylammonium cyanide14 (entry 5) or sodium cyanide in
combination with crown-ether (entry 7) gave compound 8 as the product. Under these conditions the
cyanide anion was dissolved to a reasonable extent. The formation of 8 is explained in scheme 5.3.
First, the desired displacement of the tosyloxy group by cyanide takes place to give 6. In a
subsequent reaction cyanide acts as a base in an epoxide opening reaction to give product 8. The use
of more crown-ether (entry 8) gave product 8 even at room temperature, because of the relatively
high cyanide concentration.
Scheme 5.3

O.
„,
oj
C ^ v ^ l ^ ^ - O T s ÇN^ C 4 H 9 X J > ^ C N
Η

5a

£

fi

Surprisingly, reaction of compound 5a with sodium cyanide in refluxing methanol (entry 2)
and of compound 5b with cyanide in the presence of 15-crown-5 (entry 11) both gave 4-oxonitrile
7. So far the mechanism of thisrearrangementis unclear.
The finding that epoxy cyanide 6 could not be isolated in the above reactions resembles the
behavior of activated (sulfonate) glycidol derivatives during nucleophilic Ci-substitution, reviewed
by Hanson15. These substitution reactions can only be effected using hard nucleophiles (e.g. F ,
АЮ", R2C=NO"). Other reagents, including cyanides, gave addition at the Сз-position of the
terminal epoxide group. Although glycidol derivatives are not fully comparable'with compounds 5,
their behavior demonstrates the difficulty of С ι -substitution of 2,3-epoxy-alkylsulfonates.
Esterification of unsaturated nitrile 8, obtained in entries 5, 7 and 8, will give the target
16
molecule 3. This conversion takes place under harsh acidic conditions which may cause
Scheme 5.4
OMe

, ^ н емнст
I
н2о

„CN HCI(g)/
*•

MeOH

OH
RsCjHg

OH

Η

OMe

^

^

^

OH
S (15% yield)

fi
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racemization at C4. Performing this reaction with racemic compound 8 produced alkene ester 9 in
low crude yield (scheme 5.4). Purification of the product was troublesome, probably due to the
small scale of the reaction.
The failure to synthesize epoxy cyanide 6 from epoxy sulfonates 5 and the low yields of the
obtained products (probably due to instability of the epoxide function under the conditions used)
makes this nitrile strategy inattractive as synthetic method for 4-hydroxy-2-alkene esters.

5.3

The ketene (thio)acetal strategy

In principle, 4-hydroxy-2-alkene esters can be synthesized from aldehydes corresponding
with compounds 1 by conversion of these aldehydes into a latent carboxylic ester function via a
chain elongation. For this strategy ketene acetáis were selected as carboxylic ester equivalent.
Therefore, the introduction of a ketene acetal or ketene thioacetal by means of either a Peterson or a
Wittig/Homer type reaction was considered.
Homologations of various types of aldehydes and ketones using the Peterson reaction were
performed by Seebach et al.11 and Carey18 employing metalated trimethylsilyl formaldehyde
dithioacetals. This formation of ketene dithioacetals is unknown for 2,3-epoxy aldehydes. However,
dithioacetals might be less appropriate for the present purpose, because of the strong acidic
conditions or the use of toxic mercury salts needed for their hydrolysis 19,2°. Only a few examples
are known in which this hydrolysis is realized using p-toluenesulfonic acid21. Therefore, it was
decided to study the homologation reaction with a monothioacetal as shown in scheme 5.5. The
required reagent 10 was prepared in four steps from dimethyl sulfide following literature
procedures22,23.
Scheme 5.5

2.2,3- роху
^

SiMe 3

aldehyde

S^
SMe

л^
^2

SMe

The Peterson olefination reaction was first attempted with benzaldehyde and heptanal,
however, the results were unsatisfactory as either starting materials (at -90°C), or a manifold of
inseparable products (at -78°C) were obtained. To check if the deprotonation of 10 had taken place,
the treatment with LDA at -78°C was followed by quenching with methyl iodide. The yield of
methylated substrate amounted to 15% only at best, indicating that the deprotonation of 10 is
difficult. Therefore, this Peterson approach was abandoned.
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The next option for the preparation of ketene thioacetals from epoxy aldehydes is the use of
a Wittig type olefination reaction. Recently Yu and Wang treated enantiopure 2,3-epoxy aldehydes
with methoxymethylene triphenylphosphorane (МеОСН=РРЬэ) and obtained stereospecifically 4hydroxy-2-alkenals in 80% yield24. Ketene acetáis were prepared from various aldehydes and
ketones by Van der Gen et al.75, using dialkoxymethyl diphenylphosphine oxides as the
Wittig/Homer reagents. Mikolajczyk et al. have used different S.S-thioacetal formylphosphonates
as starting reagents in the synthesis of ketene-S,S-thioacetals21b and conjugated ketene-S,Sthioacetals26. Similarly, ketene-O.S-thioacetals were prepared employing O.S-thioacetal formyl
phosphonates2lb. However, no 2,3-epoxy aldehydes were used in these reactions.
Application of this approach in the present study leads to the reaction depicted in scheme
5.6, wherein two types of Wittig/Homer reagents are proposed for the ketene acetal synthesis, viz.
diethoxymethyl diethoxyphosphonate ll 2 7 and dimethoxymethyl diphenylphosphonate 1225a,2g.
Scheme 5.6

2.2,3-epoxy
aldehyde
11: X=OEt, R'=Et
12: X=Ph, RVMe

For the deprotonation step the strong bases LDA and n-butyllithium were used. According to
Mikolajzyk et al.2lb deprotonation of acetal 11 is not possible because of the low anion stabilizating
ability of the alkoxygroups, compared to thioalkyl groups. To check if anion formation was taking
place in the proper manner, quenching experiments with methyl iodide were performed. These
results are collected in table 5.2.
Table 5.2: Deprotonation and subsequent methylation of li and 12
entry reagent

base

temperature (°C)

product yield (%)

1

И

LDA

-78

13

34

2

π

n-BuLi

-78

13

28

3

η

LDA

-95

87

4

12

LDA

-95

13
li

83

EtCk
,ΟΒ
P-rCc
ЕЮ'
OB
Me
О
,OMe
Ph'
OMe
Me

*

+-f~ M

The data in this table reveal that the deprotonation at very low temperature with LDA as the
base gives the best results. Probably at -78°C the anion is not stable. At -90°C the stability of the
anion is high and the methylated products were obtained. These deprotonation conditions were also
used in the reaction with aldehydes. The experimental recommendation described by Van der Gen et
25
al. , i.e. isolation of the Wittig/Homer adducts and subsequent treatment with base, followed by
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acidic hydrolysis, were employed for the preparation of ketene acetáis and their subsequent
hydrolysis. Reactions with benzaldehyde and butyraldehyde were carried out to check the
experimental conditions. The results, which are collected in table 5.3, reveal that with these simple
aldehydes high yields of homologated products are obtained, irrespective of the amount of aldehyde
used. The same reaction sequence was also tried for a 2,3-epoxy aldehyde. Disappointingly, the
results are much less satisfactory (table 5.3). The products obtained are already the desired
4-hydroxy-2-alkene esters, which means that the intermediate epoxy derivatives underwent a
subsequent ring opening under the conditions of the acidic hydrolysis (scheme 5.7). This
preparation of 4-hydroxy-2-alkene esters was accompanied by the formation of various side
products which however could not be identified.
Scheme 5.7
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Table 5.3: Wittig/Horner reactions of acetáis 12 and 13 with different aldehydes at95°C
entry

reagent

aldehyde (equiv.)

product

yield (%)

1

Π

benzaldehyde (1.1)

ethyl phenylacetate

79

2

11

butyraldehyde (1.1)

ethyl pentanoate

88

3

π

2,3-epoxyheptaldehyde (1.1)

ethyl 4-hydroxy-oct-2-enoate

34

4

и

benzaldehyde (1.2)

methyl phenylacetate

71

benzaldehyde (2.0)

methyl phenylacetate

77

5

12

6

12

butyraldehyde (2.0)

methyl pentanoate

70

7

il

2,3-epoxyheptaldehyde (1.0)

methyl 4-hydroxy-oct-2-enoate

12

Also an attempt was made with dithioacetal reagent 15 ' . This compound is known to give
ketene dithioacetals of a great number of different ketones and aldehydes in good yields2lb'26.
Reaction of 2,3-epoxy aldehydes with deprotonated reagent 15 did not meet with success, despite
the fact that anion formation takes place in a satisfactory manner as was checked by its quenching
with methyl iodide.
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15

From the experiments above it may be concluded that the Wittig/Horner approach to ketene0,0-acetals leads to 4-hydroxy-2-alkenoates in low yield. It seems that 2,3-epoxy aldehydes are not
good substrates for this type of Wittig/Homer reactions. Because of the disappointing yields this
method was not further elaborated.

5.4

Experimental section

General remarks:
Ή-NMR spectra were recorded on a Bruker AC-100 (100 MHz, FT) or a Braker AM-400 (400
MHz, FT) with TMS as internal standard. I3C-NMR spectra were recorded on a Bruker AC-100 (25
MHz, FT) or a Bruker AM-400 (100 MHz, FT) with CHCh as internal standard. 31P-NMR spectra
were recorded on a Bruker AM-400 (162 MHz, FT) with TMP as internal standard. IR spectra were
run on a Perkin-Elmer 298 spectrophotometer. For mass spectroscopy a double focusing VG 7070E
was used. For the chemical ionization (CI) technique, methane was used as reacting gas. Melting
points were measured on a Reichert Thermopan microscope and are uncorrected. GC was performed
on a Hewlett-Packard 5890 or a Hewlett-Packard 5890 Series Π instrument, equipped with a
capillary HP cross-linked methyl silicone (25 m χ 0.31 mm) column, connected to a HP 5890
calculating integrator. For chromatography the 'flash technique'31 was used with silica gel 60H
(Merck) as stationary phase and a pressure of about 1.5 bar. Compounds were detected using UV
and oxidizing reagents, e.g. 5% H2SO4 in EtOH or a mixture of (ΝΗ4)6Μθ7θ244Η20 (21 g),
(Na,)4Ce(S04)4 2H 2 0 (1.8 g), water (469 ml) and 97 % H 2 S0 4 (31 ml).
Dry solvents were obtained as follows: dichloromethane was distilled from phosphorous pentoxide
or from calcium hydride. Diethyl ether was pre-dried on calcium chloride and distilled from calcium
hydride. Hexane and dimethyl sulfoxide were distilled from calcium hydride, pyridine and
triethylamine from potassium hydroxide. Tetrahydrofuran was distilled from lithium aluminum
hydride, Ν,Ν-dimethylformamide from calcium sulfate and acetonitrile from phosphorous
pentoxide. All other solvents were of either P.A. or 'reinst' quality.
2,3-Epoxyheptan-l-ol (4):
Compound 4 was prepared from E-2-hepten-l-oI2. To a solution of this allylic alcohol (11.42 g,
0.10 mol) in dry CH2C12 (125 ml) dried mCPBA (20.5 g, 85%, 0.100 mol) was added. The mixture
was refluxed overnight. After cooling to 0°C the mixture was filtered and the residue was washed
with CH2C12. The combined organic layers were successively washed with 5% Na 2 S 2 0 3 , 10%
Na2CC>3 and brine, dried (MgS04) and concentrated in vacuo to give pure compound 4 as an oil
(9.64 g, 74% yield). Ή-NMR (100 MHz, CDCI3): δ 0.91 (t, 3H, CH3, J 6 Hz,), 1.20-1.70 (m, 6H,
СН3(СН2)з), 2.18 (t, 1 H, OH, J 6 Hz,), 2.95 (m, 2H, CHjOH), 3.75 (m, 2H, epoxy-H) ppm. IR
(ССЦ): ν 3550-3250, 2960, 2920,2860 cm"1.
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2,3-Epoxy-heptyl-l-tosylate (5a):
Recrystallized tosyl chloride (2.28 g, 1.2 equiv.) was added to a solution of epoxy alcohol 4 (1.30 g,
10 mmol) in dry pyridine (6 ml) at -18°C (ice/salt) under nitrogen followed by stirring for 1 h. After
storage overnight in the refrigerator the reaction was complete (TLC). Ice was added to the mixture
followed by ice-water. After stirring for 1 h at 0°C the mixture was extracted with ether (2x). The
combined organic layers were successively washed with HCl (1 M), 5% NaHC03, brine and water,
then dried (MgS04) and concentrated in vacuo to give compound 5a as an oil (2.250 g, 79% yield).
'H-NMR (100 MHz, CDCh): δ 0.89 (t, 3H, CH3, J 6 Hz), 1.20-1.60 (m, 6H, CHjiQbb), 2.45 (s,
ЗН, Аг-СНз), 2.87 (m, 2Н, ероху-Н), 3.96 (dd, IH, CHHOTs, J 11 Hz and 5 Hz), 4.19 (dd, IH,
CHHOTs, J 11 Hz and 5 Hz), 7.35 (d, 2H, Ar-Η meta to sulfonyl, J 8 Hz), 7.80 (d, 2H, Ar-Η ortho
to sulfonyl, J 8 Hz) ppm. IR (ССЦ): V 2960, 2940, 2870, 1380, 1190, 1180, 1100, 975,740 cm"1.
2,3-Epoxy-heptyl-l-mesylate (5b):
Following the procedure for the synthesis of tosylate 5a and starting with epoxy alcohol 4 (0.660 g,
5.08 mmol), compound 5b was prepared as an oil (850 mg, 80% yield). 'H-NMR (100 MHz,
CDCI3): 60.92 (t, ЗН, СНз, J 6 Hz), 1.20-1.70 (m, 6H, СЩСШэ), 2.96 (m, 2H, ероху-Н), 3.08 (s,
ЗН, SCH3), 4.10 (dd, IH, CHHOMs, J 12 Hz and 7 Hz), 4.51 (dd, IH, CHHOMs, J 12 Hz and 3
Hz) ppm. IR (ССЦ): ν 2960, 2940,2870,1370,1160,960 cm 1 .
2,3-Epoxy-heptyl-l-triflate (5c):
To a solution of 2,6-lutidine (1.86 ml, 2.1 equiv.) in dry CH2C12 (40 ml) at -10°C under nitrogen,
trifluorosulfonic anhydride (2.56 ml, 2.0 equiv.) was added followed by stirring for 10 min. Alcohol
4 (0.988 g, 7.60 mmol) was added and after stirring for 3 h the reaction was complete (TLC). Usual
work-up gave crude tritiate 5ç as an oil (3.22 g). For instability reasons the product was not purified
further. •H-NMR (100 MHz, CDCI3): δ 0.92 (t, 3H, CH3, J 6 Hz), 1.20-1.80 (m, 6H, CHjiQbh),
3.05 (m, 2H, ероху-Н), 4.37 (dd, IH, CHHOTf, J 11 Hz and 6 Hz), 4.72 (dd, IH, CHHOTf, J 11 Hz
and 4 Hz) ppm. IR (CCI4): ν 2960,2940,2870, 1440,1210,1150,950 cm'.
Reactions of 2,3-epoxy-heptyl-1 -sulfonates 5a, 5b and 5c with cyanides (cf. table 5.1):
Entry 1:
Following the procedure of Baker et al.n sodium cyanide (78 mg, 1.1 equiv.) was added at 0°C to a
solution of tosylate 5a (451 mg, 1.48 mmol) in dry DMF (5 ml). The mixture was heated to 45CC
and monitored by TLC. After 3 h the mixture was cooled and precooled water was added. Usual
work-up with hexane extraction gave a yellow oil (130 mg) which contained (42%) epoxy alcohol 4
(yield 28%) according to GC and NMR.
Entry 2:
Sodium cyanide (49 mg, 2.2 equiv.) was added to a solution of tosylate 5a (142 mg, 0.47 mmol) in
MeOH (5 ml) following literature procedures13. The mixture was refluxed and the reaction was
completed after 6 h. Usual work-up gave a brown oil (47 mg). After chromatography (hexane/ethyl
acetate 4:1) pure 4-oxo-octanenitrile T_ was obtained as an oil (35 mg, 53% yield). ]H-NMR (100
MHz, CDCI3): δ 0.91 (t, ЗИ, СНз, J 6 Hz), 1.10-1.80 (m, 4H, CHsíCÍDz), 2.30-2.90 (m, 6H,
СНгСОСНгСНгСЫ) ppm. 13 С NMR (100 MHz, CDCI3): δ 206.3 (CO), 119.0 (CN), 42.2 (ÇH2CN),
37.7 (ÇH2CH2CN), 25.7 (СНз(СН2)2СН2), 22.2 (СНзСНгСНг), 13.8 (CH3ÇH2), 11.4 (СН3) ppm.
IR (ССЦ): ν 2960, 2930, 2870, 2250, 1720, 1460, 1420, 1370, ИЗО, 1070 cm"1. MS (EI): m/e (%)
139 (7, M+), 85 (86, C4H9CO+), 82 (52, NCC^CO*), 57 (100, С Ж ) . 41 (48, С3Н5+), 29 (49,
С2Н5+).
Entry 3:
Sodium cyanide (40 mg, 1.9 eq) was added to a solution of tosylate 5a (130 mg, 0.43 mmol) in dry
hexane (20 ml). The mixture was refluxed and monitored by TLC. After 72 h water was added.
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Extraction with Et2Ü (3x) was followed by usual work-up to give an orange oil (80 mg) which
contained (74%) epoxy tosylate 5a according to GC and NMR.
Entry 4:
Following the procedure of Ròsslein and Tamm14 tetrabutylammonium cyanide (268 mg, 1.1 equiv.)
was added to a solution of tosylate 5a (284 mg, 0.93 mmol) in dry CH2CI2 (6 ml) under nitrogen.
After 16 h water was added, followed by usual work-up to give an orange oil (200 mg), containing
(40%) starting material according to GC and NMR.
Entry 5:
Starting with epoxy tosylate 5a (83 mg, 0.27 mmol) the procedure of entry 4 was used, however
with refluxing the mixture overnight. The crude product (yellow oil) was purified by
chromatography (hexane/ethyl acetate 4:1) to give 4-hydroxy-2-octenenitrile 8 as an oil (21 mg,
45% yield). Ή-NMR (100 MHz, CDCI3): δ 0.92 (t, 3H, CH3, J 6 Hz),"l.20-1.70 (m, 6H,
СНз(СШз), 1-76 (d, IH, OH), 4.33 (m, IH, CHOH), 5.68 (dd, IH, CH=CHCN, J 16 Hz and 2 Hz),
6.76 (dd, IH, CH=CHCN, J 16 Hz and 4 Hz) ppm. IR (CCI4): V 3620, 3560-3200, 2960, 2920,
2870,2230, 1460, 1380, ИЗО, 1080,970 cm"1.
Entry 6:
Sodium cyanide (55 mg, 1.2 equiv.) and 15-crown-5 (18.5 μΐ, 10 mol%) were added to a solution of
tosylate 5a (284 mg, 0.93 mmol) in dry acetonitrile (2 ml) under nitrogen. The mixture was stirred
and monitored by TLC. After 120 h saturated NH4CI was added, followed by usual work-up to give
an orange oil (240 mg) of almost pure (97%) starting material according to GC and NMR.
Entry 7:
Following the procedure of entry 6, now with refluxing the reaction mixture, gave after work-up a
yellow oil (209 mg) which contained 46% of epoxy tosylate 5a and 15% of 4-hydroxy-2-octenenitrile 8 (according to GC and NMR). After chromatography (hexane/ethyl acetate 4:1) pure
4-hydroxy-2-octenenitrile 8 (31 mg, 22%) was isolated as an oil. For spectral features vide supra.
Entry 8:
Following the procedure of entry 6 and using 100 mol% 15-crown-5 gave, after work-up, a yellow
oil (270 mg) which contained 46% of epoxy tosylate 5a and 12% of 4-hydroxy-2-octene-nitrile 8
(according to GC and NMR). After chromatography (hexane/ethyl acetate 4:1) pure 4-hydroxy-2octenenitrile 8 (21 mg, 15% yield) was obtained.
Entry 9:
Sodium cyanide (98 mg, 2.1 equiv.) was added to a solution of mesylate 5b (208 mg, 0.96 mmol) in
dry acetonitrile (10 ml) under nitrogen. The mixture was stirred overnight. Saturated NH4CI was
added followed by usual work-up to give recovery of starting material (160 mg, 77%).
Entry 10:
Following the procedure of entry 9 and adding 15-crown-5 (19.1 μΐ, 10 mol%) a yellow oil (110
mg) was obtained which contained 88% of starting material and 7% of epoxy alcohol according to
GC and NMR.
Entry 11:
Following the procedure of entry 10 and refluxing the reaction mixture overnight a brown oil (126
mg) was obtained. After chromatography (hexane/ethyl acetate 4:1) pure 4-oxo-octanenitrile 7 (30
mg, 21% yield) was isolated as an oil. For spectral features see entry 2.
Entry 12:
Following the procedure of entry 9 sodium cyanide (230 mg, 4.2 equiv.) was added to a solution of
epoxy triflate 5c (313 mg, 1.13 mmol) in dry acetonitrile (10 ml). Work-up gave a brown oil (201
mg) which contained (70%) epoxy alcohol 4 according to GC and NMR.
Entry 13:
To a solution of epoxy triflate 5c (333 mg, 1.20 mmol) in dry acetonitrile (10 ml) were successively
added sodium cyanide (230 mg, 3.9 equiv.) and 15-crown-5 (23.8 μΐ, 10 mol%) under nitrogen.
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After 16 h of stirring and usual work-up a brown oil (205 mg) was obtained containing (73%) epoxy
alcohol 4 according to GC and NMR.
Methyl 4-hydroxy-oct-2-enoate (9):
Following literature procedures 6 hydrogen chloride gas was bubbled through a solution of
4-hydroxy-2-octenenitrile 8 (31 mg, 0.21 mmol) in MeOH (3 ml) for 1 h at 0°C. After storage in the
freezer for 72 h the mixture was wanned to 0°C and a 6 N HCl-solution (0.75 ml) was added. After
stirring for 1 h saturated NH4CI was added followed by usual work-up to give a yellow oil (15 mg)
containing (40%) ester 9 according to GC and NMR. Further purification by bulb-to-bulb vacuum
distillation gave no better result. Ή-NMR (100 MHz, CDC13): δ 0.92 (t, 3H, CH3, J 6 Hz), 1.201.70 (m, 6H, СЩСШэ), 1-73 (s, IH, OH), 3.76 (s, ЗН, ОСН3), 4.30 (m, IH, СНОН), 6.03 (dd,
IH, CH=CHC02, J 15 Hz and 2 Hz), 6.97 (dd, IH, CH=CHC02Me, J 15 Hz and 5 Hz) ppm. IR
(CCI4): V 3610, 3600-3100, 2960, 2930, 2870, 1720, 1610, 1460, 1370, 1170, 1040 cm 1 .
fMethoxv(methvlthio)methvlltrimethvlsilane(10):
Starting with freshly distilled dimethyl sulfide (18.25 ml, 0.25 mol) and following literature
procedures22,23 75% pure (according to GC and NMR) silane 10 was obtained in four steps (25%
total yield) as an oil. Ή-NMR (100 MHz, CDCI3): δθ.10 (s, 9H, Si(CH3)3) 2.16 (s, ЗН, SCH3), 3.27
(s, ЗН, OCH3), 3.79 (s, IH, CH), ppm. IR (CCI4): V 2960, 2920, 2810, 1440, 1250, 1180, 1070, 960,
920, 870-720, 700, 630 cm'.
Deprotonation experiment with compound 10:
Compound 10 (75% pure, 164 mg, 0.75 mmol) was added to a solution of LDA (1 mmol, 1.3
equiv.) in dry THF (30 ml) at -78 °C under nitrogen. After stirring for 15 min methyl iodide (78 μΐ,
1.7 equiv.) was added. The mixture was allowed to reach room temperature. Usual work-up gave an
oily product mixture containing 15% of starting material, 15% of methylated product and various
other unidentified products according to GC and NMR. [Methoxy (methyl thio)ethyl]trimethylsilane:
Ή-NMR (100 MHz, CDC13): δ 0.10 (s, 9H, Si(CH3)3), 1.31 (s, ЗН, СН3), 2.16 (s, ЗН, SCH3), 3.27
(s, ЗН, ОСН3) ppm.
Reactions of compound 10 with aldehydes:
Compound 10 (75% pure, 330 mg, 1.51 mmol) was added to a solution of LDA (1.66 mmol, 1.1
equiv.) in THF (45 ml) at -78DC (heptanal and benzaldehyde reaction) or -90°C (benzaldehyde
reaction). Stirring for 5 min was followed by addition of the aldehydes (at -78°C 1.2 equiv., at
-90°C, 2.4 equiv.). The -78°C reactions were warmed to room temperature and addition of
saturated NH4CI was followed by usual work-up to give the product mixture which contained
various unidentified products. This mixture could not be purified by chromatography or distillation.
The -90°C reaction was quenched at -30°C with water, followed by heating to room temperature
and usual work-up to give a product mixture (110 mg) which contained 83% benzaldehyde and a
small amount of compound 10 according to GC and NMR.
Diethoxymethyl diethoxyphosphonate (11):
Following literature procedures27 this compound was prepared as an oil (14.0 g, 58% yield).
Ή-NMR (400 MHz, CDC13): δ 1.26 (t, 6H, COCH2CHj, J 7 Hz), 1.35 (t, 6H, POCH2CH3, J 7 Hz),
3.70 (dqui, 2H, СОСНзСНэ, J 7 Hz and 2 Hz), 3.85 (dqui, 2H, COCH2CH3, J 7 Hz and 2 Hz), 4.21
(qui, 4H, РОСНгСНз, J 7 Hz), 4.67 (d, IH, CH, J 5 Hz) ppm. 13C-NMR (100 MHz, CDC13): δ 15.0
(2C, СОСНгСНз), 16.3 (2C, POCH2ÇH·,), 62.9 (2C, CCCH2), 64.5 (d, 2C, POCH2CH3, J 10.6 Hz),
98.9 (d, 1С, PCH, J 209 Hz,) ppm. 31P-NMR (162 MHz, CDCI3): δ 11.83 (sextet, J 7.4 Hz) ppm,
decoupling with Η at 4.67 ppm gives a quintet, Η-decoupling gives a singlet and a doublet (' C-'j
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209 Hz) at 11.83 ppm. IR (ССЦ): ν 2980, 2930, 2900, 2870, 1255, 1060, 1035 cm'. MS (CI):
m/e (%) 241 (1, M + +l), 195 (11, M+-OC2H5), 167 (13, M+-OC2H5, -C2H4), 103 (100,
(C2H50)2CH+), 75 (24, CH(C2H50)(OH)+), 47 (20, CH(OH)2+; P(0)+).
Dimethoxymethyl diphenylphosphonate (12):
Compound 12 was prepared according to Dietsche28. Chlorodiphenyl phosphine (33.0 g, 150 mmol)
was added slowly to trimethyl orthoformate (15.9 g, 150 mmol). The mixture was heated to 90CC
and stirred for 2 h. After cooling to room temperature the mixture was recrystallized from
benzene/hexane to give pure product 12 (24.5 g, 59% yield). M.p. 84°C. lH-NMR (400 MHz,
CDCI3): δ 3.54 (s, 6H, ОСНз), 4.94 (d, IH, CH, J 8 Hz), 7.44 (m, 4H, meta-АгН), 7.50 (dd, 2H,
para-ArH, J 7 Hz and 1 Hz), 7.89 (dd, 4H, ortho-ArH, J 11 Hz and 7 Hz) ppm. 13C-NMR (100
MHz, CDCI3): δ 58.0 (ОСНз), 58.1 (OCH3), 105.8 (d, PCH, J 117 Hz), 128.0 (d, 4C, ortho-ArC,
J 12 Hz), 129.8 (d, 2C, PC(Ar), J 97 Hz), 131.6 (d, 4C, meta-ArC, J 9 Hz), 131.7 (2C, para-ArC)
ppm. 31P-NMR (162 MHz, CDCI3): δ 22.92 ppm (double multiplet, J 10 Hz), Η-decoupling gives a
singlet and four doublets (J 117 Hz, 97 Hz, 12 Hz and 9 Hz). DÄ (CC\4): ν 3060, 3000, 2960, 2930,
2830, 1440, 1300, 1205, 1190, 1120, 1100, 1080, 695 cm 1 . MS (CI): m/e (%) 291 (100, МЧСНз),
277 (17.2, M++l), 247 (12.7, PhP(0)C(OH)0+), 231 (6.5, M+-OCH3, -CH3), 216 (20.3, M++l
-(ОСНзЪ), 201 (17.5, Ph2PO+), 185 (17.8, Ph2P+), 75 (26.2, (MeO)2CH+).
Deprotonation experiments with compounds 11 and 12 {cf. table 5.2):
Entries 1, 2 and 3:
Reagent 11 (240 mg, 1.0 mmol) was added to a LDA-solution (1.2 mmol) in dry THF (40 ml) (entry
1) or a n-BuLi solution (0.75 ml, 1.6 M in hexane) was added to a solution of Π (1.0 mmol) in dry
THF (entry 2) at -78°C under nitrogen. Stirring for 5 min was followed by the addition of methyl
iodide (93.4 μΐ, 1.5 equiv.). The mixture was stirred for 15 min and then allowed to reach room
temperature. Water was added, followed by usual work-up to give the product as an oil (130 mg,
30% yield) which contained (65%) (according to NMR and GC) ¡,1-diethoxyethyl-ldiethoxyphosphonate 13. The reaction of entry 3 was performed at -95°C following the procedure
of entry 1 to give product 13 as an oil (240 mg, 87% yield, 92% pure). Ή-NMR (400 MHz, CDCI3):
δ 1.21 (t, 6H, COCH2CHj, J 7 Hz), 1.34 (t, 6H, РОСН2СНэ, J 7 Hz), 1.54 (d, 3H, CCH3, J 12 Hz),
3.70 (dq, 4H, COCH2CH3, J 9 Hz and 7 Hz), 4.20 (qui, 4H, POCH2CH3, J 7 Hz) ppm. 13C-NMR
(100 MHz, CDCI3): δ 15.3 (2C, ОСНзСНз), 16.5 (2C, РОСНгСНз), 21.0 (d, PCÇH3, J 10 Hz), 57.8
(d, 2C, COCH2CH3, J 6 Hz), 62.8 (2C, POÇH2CH3), 100.2 (d, PÇCH3, J 206 Hz) ppm. 3IP-NMR
(162 MHz, CDCI3): δ 15.2 (m) ppm, Η-decoupling gives singlet and two doublets (J 206 Hz and 16
Hz). IR (CCI4): ν 2980, 2930, 2910, 2870, 1445, 1390, 1370, 1250, 1030 cm'1. MS (CI): m/e (%)
209 (48.5, M+-HOC2H5), 181 (29.5, M+-HOC2H5, -C2YU), 117 (100, (C2H50)2CCH3+), 89 (46.4,
CiCjHsOXHOXCH^), 61 (53.1, C(OH)2CH3+).
Entry 4:
An LDA-solution (1.20 mmol) in THF (40 ml) was added to a solution of reagent 12 (276 mg, 1.00
mmol) in dry THF/Et20 (3:1, 30 ml) at -95°C under nitrogen to give a dark red-brown mixture.
After stirring for 5 min methyl iodide (93.4 μΐ, 1.5 equiv.) was added, followed by stirring for
another 5 min. The mixture was heated, quenched with water at -60°C, and then allowed to reach
room temperature. Then К2СОз was added, followed by extraction with Et 2 0 (3x). The combined
organic layers were dried (MgSO,») and concentrated in vacuo to give 1,1-dimethoxyethyl-1diphenylphosphonate 14 as an oil (265 mg, 83% yield, 91% pure). ^-NMR (100 MHz, CDCI3):
δ 1.50 (d, 3H, CCHj, J 11 Hz), 3.30 (s, 6H, OCH3), 7.49 (m, 6H, meta and para-ArH), 8.00 (m, 4H,
ortho-ArH) ppm. IR (ССЦ): ν 3060, 3000, 2980, 2930, 2830, 1440, 1300, 1205, 1190, 1130, 1100,
1070,700 cm"1.
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Wittig/Homer reactions of reagents 11 and 12 with aldehydes (cf. table 5.3):
Entries 1-3:
Reagent 11 (240 mg, 1.00 mmol) was added to a LDA-solution (1.20 mmol) in dry THF (40 ml) at
-95°C under nitrogen. After stirring for 5 min the respective aldehydes were added, followed by
stirring for 15 min. The mixture was allowed to reach room temperature, water and solid K2CO3
were added, followed by extraction with Et 2 0 (3x). The combined organic layers were dried
(MgS04) and concentrated in vacuo. The product was dissolved in THF (10 ml) and KOtBu (123
mg, 1.1 mmol) was added, followed by stirring for 1 h and addition of HCl (1 M, 5 ml). Usual
work-up gave the crude products as oils, yields see table 5.3. The crude product of entry 3 (97 mg)
was purified by chromatography (hexane/ethyl acetate 5:1) to give ethyl 4-hydroxy-oct-2-enoate (50
mg, 34% yield). ' H - N M R (100 MHz, CDC13): δ 0.91 (t, 3H, CHj(CH2)3, J 6 Hz), 1.20-1.70 (m, 6H,
СНз(СН2)з), 1.30 (t, 3H, OCH2CH3, J 7 Hz), 1.83 (s, IH, OH), 4.21 (q, 2H, OCH2CH3. J 7 Hz),
4.31 (m, IH, CHOH), 6.02 (dd, IH, CH=CHCO, J 15 Hz and 2 Hz), 6.95 (dd, IH, CH=CHCO, J 15
Hz and 5 Hz) ppm. IR (ССЦ): V 3610, 3600-3100, 2960, 2930, 2870, 2860, 1720, 1610, 1370, 1310
cm'1.
Entries 4-7:
Reagent 12 (276 mg, 1.00 mmol), dissolved in THF (10 ml), was added to a LDA-solution (1.20
mmol) in dry THF/Et20 (3:1, 40 ml) at -95CC under nitrogen. Stirring for 5 min was followed by
the addition of the respective aldehydes. After stirring for 5 min the mixture was wanned to -70°C,
quenched with water, and allowed to reach room temperature. Saturated NH4CI was added,
followed by extraction with Et 2 0 (4x). Further work-up as described for entry 1 gave the crude
products as oils. The crude product of entry 7 (230 mg) was purified by chromatography
(hexane/ethyl acetate 5:1) to give methyl 4-hydroxy-oct-2-enoate as an oil (12% yield). 'H-NMR
(100 MHz, CDCI3): δ 0.90 (t, 3H, CH3, J 6 Hz) 1.20-1.70 (m, 6H, СН3(СН2)з), 1.87 (s, IH, OH),
3.76 (s, 3H, OCH3),4.31 (m, IH, CHOH), 6.01 (dd, IH, CH=CHCO, J 15 Hz and 2 Hz), 6.95 (dd,
IH, CH=CHCO, J 15 Hz and 5 Hz) ppm. IR (ССЦ): ν 3610, 3600-3100, 2960, 2930, 2870, 1720,
1610, 1370 cm'1.
Dithioethylmethyl dìethoxyphosphonate (15):
Starting with compound 11 (3.0 g, 12.5 mmol) and following the procedure of Gross et al?0
phosphonate 15 was synthesized as an oil (2.97 g, 87%). 'H-NMR (100 MHz, CDCI3): δ 1.25 (t,
6H, SCHjCHj. J 7 Hz), 1.33 (t, 6H, OCH2CH3, J 7 Hz), 2.77 (q, 4H, SCH2CH3, J 7 Hz), 3.81 (d,
IH, PCH, J 17 Hz), 4.22 (qui, 4H, OCH2CH3, J 7 Hz) ppm. IR (ССЦ): V 2970, 2920, 2900, 1390,
1365, 1270, 1240, 1055, 1025,910 cm 1 .
Deprotonation experiment with compound 15:
Following the deprotonation procedure of compounds Π and 12 (vide supra), compound 15 (272
mg, 1 mmol) gave 1,1-dithioethyl-ethy7-1-dìethoxyphosphonate as an oil (279 mg, 80% pure, yield
80% together with 20% starting material). Ή-NMR (100 MHz, CDCI3): δ 1.17 (t, 6H, SCH2CH3,
J 7 Hz), 1.29 (t, 6H, ОСН2СНз, J 7 Hz), 1.63 (d, 3H, PCCHj, J 15 Hz), 2.75 (q, 4H, S Q b C ^ , J 7
Hz), 4.16 (qui, 4H, OCH2CH3, J 7 Hz) ppm. IR (CCI4): V 2970, 2920, 2900, 2860, 1390, 1365,
1270, 1240, 1055, 1025,910 cm'1.
Wittig/Homer reactions of 15 with 2,3-epoxyheptaldehyde:
Dithioacetal 15 (272 mg, 1 mmol), dissolved in dry THF (5ml), was added to a solution of LDA
(1 mmol) in THF (10 ml) at -78°C under nitrogen. Stirring for 5 min was followed by the dropwise
addition of 2,3-epoxyheptaldehyde (108 mg, 1 mmol), dissolved in THF (3 ml). The mixture was
stirred at -78°C for 1 h, followed by warming to room temperature. The solvent was evaporated and
the residu was dissolved in CHCI3 (15 ml). Usual work-up yielded a mixture of products as an oil
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(328 mg) containing starting material (70%), together with many unidentified products. Performing
the reaction with n-BuLi as base gave the same results.
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SUMMARY

This thesis deals with some aspects of the chemistry of α,β-epoxy diazoalkyl ketones, with
emphasis on the photo-induced rearrangement.
In the introductory chapter a survey is given of the chemistry of epoxy diazomethyl ketones.
In addition, the methods for the synthesis of homochiral 4,5-dihydroxy-2-alkene esters are reviewed.
In chapter 2 a mechanistic study of the photochemical reaction of α,β-epoxy diazoalkyl
ketones 1 is described. A series of differently substituted compounds 1 was synthesized. Irradiation
of these diazo compounds leads, after loss of nitrogen, to epoxy carbenes which rearrange to epoxy
ketones 2. In inert solvents, e.g. benzene, tetrachloromethane or hexane, these intermediates
undergo ring closure to give butenolides 3. In alcoholic solvents three main products are formed,
namely the E and Z-4-hydroxy-2-alkene esters 4a and 4b and the butenolide 3 (scheme 1). The ratio
of these compounds is dependent on the substitution pattern at the epoxide and the ketene function
of intermediate 2.
Scheme 1: Product formation upon irradiation of epoxy diazoalkyl ketones
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The photo-induced rearrangement proceeds via epoxy ketenes as the key intermediates.
During the reaction of the ketene moiety with an alcohol molecule in an SN2' fashion, the formation
of the C2-C3 double bond of 4 requires, that the π-orbital of the developing carbanionic center at C2
is positioned parallel to the Сз-oxygen bond. Two conformations of the epoxy ketene fulfill these
conditions, viz. the j-frani-conformation A and the f-cw-conformation B. The former will produce
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the £-alkene ester, the latter the corresponding Z-ester (see also L· Thijs, F.J. Dommerholt, F.M.C.
Leemhuis and В. Zwanenburg, Tetrahedron Lett, 31, 6589 (1990)) (scheme 2).
Scheme 2
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It is assumed that the transition state of this reaction is substrate-like, i.e. closely resembles
the epoxy ketene structure in which cleavage of the epoxide function hardly has made any progress.
With this assumption the experimental findings can be explained in qualitative terms of strain
effects, especially allylic strain, in the s-trans and i-ci'j-conformations 5A and 5B, respectively
(figure 1).

Figure 1
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A computational conformation analysis on differently substituted epoxy ketenes was also
performed with the aim to gain more insight in the conformational behavior of these epoxy ketenes.
Using AMI calculations two distinctly different preferred conformations, viz. .гул-conformation Ç
and cmíí-conformation D, were identified. The energy difference between these rotamers never
exceeds 2 kcal/mol, an energy difference that easily can be overcome under the conditions of the
reaction. Solvent effects were accounted for by means of the EPS routine which simulates the
solvent effects. These amended calculations lead to preferred conformations syn Ç and anti ІУ
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(figure 2). The latter conformer is almost congruent with the i-frortj-conformation required for the
transition state of the epoxy ketene reaction.
Figure 2: Newman-projections of preferred conformations of epoxy ketones2 according toAM1 calculations
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Chapter 3 describes the stereoselective synthesis of enantiopure 4,5-dihydroxy-2-alkene
esters 7 from simple allylic alcohols 6 using the photo-induced rearrangement of epoxy diazomethyl
ketones according to the strategy depicted in scheme 3. Via this method it is possible to introduce a
new stereogenic center, adjacent to an already existing one, without affecting the chiral integrity of
this neighboring center. By a proper choice of the chiral inductor used in the Sharpless epoxidation
the configuration of the newly introduced chiral center can be selected at will. Both epimeric esters
7 of two different starting materials were prepared in a stereoselective manner.

1. protection

OProt
O.

OProt
irradiation
^
in alcoholic
solvent

2. Sharpless
epoxidation
3. conversion
into epoxy
diazo ketone

C02R'
OH

The diastereomeric excess in the Sharpless epoxidation reaction using either L-(+)-DET or
D-(-)-DET was high. From synthetic point of view this indicates that there is no mismatch of the
chiral induction by the chiral center at C 4 of the allylic alcohols and the chiral auxiliary in the
epoxidation.
In chapter 4 the results of chapter 3 are extended to a sequential use of the photo-induced
rearrangement of epoxy diazomethyl ketones. Starting with a simple achiral allylic alcohol two
adjacent stereogenic centers were introduced using this irradiation reaction. The stereochemistry of
the respective stereogenic centers in the ultimate product can be controlled at will by choosing the
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right chiral inductor in the Sharpless epoxidations, used in the conversion of the allylic alcohols to
the epoxy diazomethyl ketones. This method is a general synthetic route to enantiopure
4,5-dihydroxy-2-alkene esters. This strategy was applied in the synthesis of naturally occurring
ô-hydroxy-y-lactone (4R,5R)-muricatacin 8 and its nonnatural (4R.5S) diastereomer 9. The
sequence of events is depicted in scheme 4 for the natural product. The nonnatural γ-lactone is
synthesized by an analogous sequence of reactions. The only difference is the chiral inductor used in
the first epoxidation step.

Scheme 4
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Summary
Chapter 5 deals with an attempted search for a new synthetic method for 4-hydroxy-2-alkene
esters using non-hazardous chemicals. Two different approaches were investigated: the epoxy nitrile
approach and the ketene acetal approach (scheme 5). The former route was not successful because
the intermediate epoxy nitrile 10 could not be synthesized from an epoxy sulfonate. The latter
method gave the desired y-hydroxy-a,ß-alkene esters in low yield. Further research is needed to
elaborate this approach.
Scheme 5
Epoxy nitrile approach:
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R = C4H9
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Ketene acetal approach:
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This thesis is concluded with summaries in English and Dutch.
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SAMENVATTING

In dit proefschrift worden een aantal aspecten van de chemie van α,β-epoxydiazoalkylketonen beschreven, met speciale aandacht voor de foto-geïnduceerde omlegging.
Hoofdstuk 1 bevat een overzicht van de chemie van epoxy-diazomethylketonen. Daarnaast
worden de literatuurmethoden voor de synthese van homochirale 4,5-dihydroxy-2-alkeenesters
samengevat.
In hoofdstuk 2 wordt het onderzoek naar het mechanisme van de foto-geïnduceerde reactie
van α,β-epoxy-diazoalkylketonen beschreven. Een groot aantal verschillend gesubstitueerde
verbindingen 1 is gesynthetiseerd. Bij bestraling elimineren deze diazo-verbindingen stikstof onder
de vorming van epoxycarbenen, die vervolgens omleggen tot epoxyketenen 2. In inerte
oplosmiddelen, bijvoorbeeld benzeen, tetrachloormethaan en hexaan, sluiten deze intermediairen tot
butenolides 3. In alcoholische oplosmiddelen kunnen drie hoofdprodukten gevormd worden,
namelijk de E- en Z-4-hydroxy-2-alkeenesters 4a en 4b en butenolide 3 (schema 1). De verhouding
van deze produkten is afhankelijk van het substitutiepatroon van de uitgangsstoffen.
Schema 1: Produktvorming bij bestraling van α,β-epoxy diazoalkylketonen
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De foto-geïnduceerde omlegging verloopt via epoxyketenen als belangrijke intermediairen.
Voor de vorming van de C2-C3 dubbele binding is het nodig, dat tijdens de SN2'-reactie van het
keteengedeelte met een alcoholmolecuul, de π-orbitaal van het zich ontwikkelende carbanionisch
centrum op C2 parallel staat aan de Сз-zuurstof-binding. Er zijn twee conformaties van het
epoxyketeen die aan deze eisen voldoen, namelijk de s-franj-conformatie A en de í-cfí-conformatie
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В. Eerstgenoemde conformatie leidt tot de vorming van de E-alkeenester, terwijl laatstgenoemde
rotameer de overeenkomstige Z-ester geeft (zie ook L. Thijs, F.J. Dommerholt, F.M.C. Leemhuis
and B. Zwanenburg, Tetrahedron Lett., 31, 6589 (1990)) (schema 2).
Schema 2
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Aangenomen wordt, dat de overgangstoestand van deze reactie lijkt op de uitgangsstof, met
andere woorden veel overeenkomsten vertoont met de epoxyketeen-structuur, waarbij de opening
van de epoxidefunctie nog niet in een vergevorderd stadium is. Met deze aanname kunnen de
experimentele resultaten kwalitatief verklaard worden met behulp van spanningseffecten,
voornamelijk allylische spanning, in de s-trans- en de f-cíí-conformaties 5A, respectievelijk 5B
(figuur 1).
Figuur 1

R4

frans: 5A

cis:5B

Een conformatie-analyse aan de hand van verschillend gesubstitueerde epoxyketenen is
uitgevoerd om meer inzicht te krijgen in het conformationele gedrag van deze intermediairen. Met
behulp van AMI-berekeningen zijn twee duidelijk verschillende voorkeursconformaties gevonden,
namelijk de yyn-conformatie Ç en de anfi-conformatie D. De energieverschillen tussen deze
rotameren zijn in alle gevallen kleiner dan 2 kcal/mol. Dit energieverschil kan gemakkelijk
overwonnen worden bij de gebruikte reactiecondities. Om rekening te houden met
oplosmiddeleffecten zijn ook zogenaamde EPS-berekeningen uitgevoerd. De EPS-routine in AM1108
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berekeningen kan oplosmiddeleffecten benaderen. Deze verbeterde berekeningen geven de syn- en
anri-conformaties Ç en Dl als voorkeursconformaties (figuur 2). Laatstgenoemde rotameer komt
bijna overeen met de j-fra/M-conformation die nodig is voor de overgangstoestand van de
epoxyketeen-reactie
Figuur 2 Newman-projecties van de voorkeursconformaties van epoxyketenen 2 volgens AM 1-berekeningen
O

160-170°

145°

syrr С

antr D

syrr £ 1

Normale AM1 -berekeningen

anti ß l
EPS/AM1 -berekeningen

Hoofdstuk 3 beschrijft de stereoselective synthese van enantiomeerzuivere 4,5-dihydroxy2-alkeenesters 7, uitgegaande van eenvoudige allyhsche alcoholen 6 en gebruik makend van de
foto-geïnduceerde omlegging van epoxy-diazomethylketonen, volgens de strategie, zoals die is
weergegeven in schema 3 Met behulp van deze methode is de introductie mogelijk van een nieuw
stereogeen centrum, dat zich naast een reeds aanwezig centrum bevindt, zonder de chirale integriteit
van dit naburige centrum te beïnvloeden Door een goede keuze van de chirale inductor in de
Sharpless-epoxidatie reactie, kan de configuratie van het nieuw geïntroduceerde chirale centrum
naar wens bepaald worden Beide epimere esters 7 van twee verschillende uitgangsstoffen zijn
stereoselectief gesynthetiseerd
Schema 3
OProt

_

_

с

°гР!

2 Sharpless
epoxidatie
3 omzetting
in epoxydiazoketon

In de Sharpless epoxidatie-reactie was de diastereomere overmaat groot bij gebruik van
zowel L (+) DET als D-(-)-DET Vanuit synthetisch perspectief bekeken betekent dit, dat de chirale
inductie door het chirale centrum op C 4 van de allyhsche alcoholen en de chirale hulpstof in de
epoxidatie elkaar niet tegenwerken
In hoofdstuk 4 worden de resultaten uit hoofdstuk 3 uitgebreid tot een opeenvolgend gebruik
van de foto-geïnduceerde omlegging van epoxy-diazomethylketonen Uitgaande van een eenvoudige
achirale allyhsche alcohol zijn twee naburige stereogene centra geïntroduceerd door gebruik te
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maken van deze bestralingsreactie. De stereochemie van de opeenvolgende stereogene centra in het
uiteindelijke produkt kan naar wens bepaald worden door de goede chirale inductor te kiezen in de
Sharpless-epoxidaties, die gebruikt worden om de allylische alcoholen om te zetten in de epoxydiazomethylketonen. Deze methode vormt hierdoor een algemene syntheseroute tot
enantiomeerzuivere 4,5-dihydroxy-2-alkeenesters. Deze benadering is toegepast in de synthese van
het natuurlijke S-hydroxy-y-lacton (4R,5R)-muricatacine 8 en de niet-natuurlijke (4R.5S)
diastereomeer 9. De voor het natuurprodukt gevolgde syntheseroute is weergegeven in schema 4.
Het niet-natuurlijke γ-lacton is gesynthetiseerd via een analoge reeks van reacties. Het enige verschil
is de chirale inductor die gebruikt is in de eerste epoxidatie-reactie.
Schema 4
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In hoofdstuk 5 wordt beschreven hoe geprobeerd is een nieuwe synthesemethode voor
4-hydroxy-2-alkeenesters te vinden waarbij gebruik gemaakt wordt van minder risicovolle
chemicaliën. Twee verschillende benaderingen zijn onderzocht: de epoxynitril-strategie en de
keteenacetaal-methode (schema 5). De eerstgenoemde route had geen succes, aangezien het
intermediaire epoxynitril 10 niet kon worden gesynthetiseerd, uitgaande van een epoxysulfonaat. In
de tweede benadering werd de gewenste y-hydroxy-a,ß-alkeenester in lage opbrengst
gesynthetiseerd. Verder onderzoek is nodig om deze methode te verbeteren.
Schema 5
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Samenvattingen in het Engels en het Nederlands vormen het sluitstuk van deze dissertatie.
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