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cis -Arenediols as Versatile Chiral Synthons in
the Synthesis of Prostaglandins, Cyclitols,
Carbohydrates, and Alkaloids

by

Hector Luna Contla

(Abstract)

The oxidation of simple benzene derivatives by a mutant of Pseudomonas putida ,
called 39-D, produces cis-arenediols (1). The diols are enantiomerically pure and can be
used as synthons for the preparation of a variety of interesting compounds because of their
stereochemistry and the special array of functional groups.
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cis -Toluenediol (2) served as a chiral intermediate in an efficient synthesis of enone
(3). which has been used to attain prostaglandin Fra and Neplanocin A. The same diol (2)

was transformed into both enantiomers of a terpene synthon (4).

Terpenes =— @\‘—' &E0>< — PGFp

Oxidative functionalization of cis-chlorobenzenediol (8) afforded intermediates
suitable for transformation into L-erythrose (6), conduritol C (7), dihydroconduritol C (8)
and aminoconduritol F-4 (9).
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The application of this versatile synthetic protocol culminated in an approach to

kifunensine (10), an important glycosidase inhibitor, which was approached according to
the following retrosynthetic analysis:
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The advance in this approach reached the synthesis of amidine 12.
A detailed study of the nucleophilic opening of epoxide 13 was carried out in order
to better understand the parameters of the diastereoselective functionalization of arenediols.

Details are provided for the oxidative functionalization of chlorobenzenediol (§), the key
compound in all of the projects discussed.
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I. INTRODUCTION.

Synthetic organic chemistry has evolved over the years from emphasis on
chemoselectivity to regioselectivity, to focus on diastereoselectivity and enantioselectivity,
continuing into the area of enantiospecific and general design of synthesis. The state of the
art of organic synthesis today, for both natural products or specifically designed molecules,
is the incorporation of highly stereo- and regiocontrolled synthetic methods.

For the preparation of enantiomerically homogeneous molecules, the chemist has
basically two options. First, the molecules can be synthesized in racemic form and later
resolved into their optical antipodes, an option that is slowly becoming obsolete. The
second choice is to perform the synthesis in an enantioselective (or preferably
enantioespecific) fashion to produce chirally enriched products in either enantiomeric form.

The first option, namely the technique for resolving enantiomeric pairs of
molecules. has been in practical use for well over a century.! One of the methods dictates
that the compounds to be separated contain either an acid or an amine functionality in order
to form a diastereoisomeric salt. Another method of resolution involves the formation of a
covalent bond between the reaction substrate and a chirally pure molecule to form a pair of
diastereomers, which in many instances may then be separated by chromatography. This
method again requires that the substrates to be separated must possess some sort of a
"handle" capable of reacting with the resolving agent. Molecules that are enantiomeric but
relatively inert (biphenyl, alkanes, etc.) cannot be resolved by such means.

Advances have recently been made in resolution techniques by chromatography of
racemates on chiral adsorbants.> The enantiomeric separation is achieved through a
combination of m-acidity, hydrogen bonding, and steric interactions. The method is
applicable to a wide range of compounds and can be performed on a preparative scale.

Even with the great advances in resolution methods previously mentioned, a
number of problems continue. One of the major disadvantages of resolution is that half of
the mixture is the undesired enantiomer, which is usually discarded, diminishing the
chemical yield of the preparation.

The solution to the aforementioned problems relies on asymmetric procedures,
which continue to form a current trend in organic synthesis. Strategically, this can be
accomplished by two basic approaches; in one of them, asymmetry in the target molecule
can be induced by means of an external chiral auxiliary reagent that, under ideal conditions.

is recoverable and recyclable.3 The asymmetry set in this fashion can then be used as a



further element of stereocontrol in subsequent transformations in the molecule, provided
the operator takes an advantage of the actual knowledge of the reaction mechanism.

In the other approach, the synthesis of a target molecule can be designed so as to
incorporate a chiral fragment whose absolute stereochemistry is already established. In this
respect, nature's "chiral pool" offers a tantalizing array of such fragments that can be
judiciously used to the chemist's advantage.

Among those natural products used as starting materials are amino acids? and
alkaloids for nitrogen-containing compounds. For non-nitrogenous compounds, sugars,
terpenes, and a-hydroxy acids are most frequently used.> An example of this strategy is
the use of L-(+)-glutamic acid (1) in the synthesis of (-)-sulcatal (2)6 and (+)-trans-
bursevan (3).7

Sugars are among the most commonly used natural products to control
stereochemistry in organic syntheses. For example, D-(+)glucose (4), a very common

sugar. has been successfully transformed into PGFa, (5)8 and (+)-spectinomycin (6).7

In the last 10 years a new approach has attracted the attention of researchers,

namely the use of biocatalysis, biotransformations, or microbial transformations. These
processes involve chemical transformations mediated by microorganisms or enzymes. The

use of cell-free enzymes has attracted intensive attention as shown in several reviews.10.11



The practical importance of this synthetic strategy has been shown in the preparation of
mevalonolactone,!® the transformation of steroids and sterols, the synthesis of
semisynthetic penicillins and cephalosporines, to name a few applications.!3 The main
feature of biotransformations is that some functional group transformations can be
performed stereospecifically and under mild conditions; such transformations by chemical
means are sometimes impossible or require stringent conditions that produce low yields or
present technical difficulties.

The objective of this work is to use one such biotransformation, dioxygenation of
arenes developed by Gibson et.al.,14 in the preparation of chiral synthons (in this case cis-
benzenediols, 7) from aromatic compounds. This transformation can be effected
chemically in several steps in racemic fashion, but no equivalent asymmetric process is

known to date.

X
oH 7
a, X= CH3
OH b, X=Cl

The versatility of two of these cis-cyclohexadienediols, those derived from
toluene (7a) and chlorobenzene (7b), is demonstrated in this work. Both compounds are
used for the synthesis of prostanglandins, derivatives of sugars, and an approach to the
alkaloids kifunensine and azafuranose. The rich functional content of such diols is
exploited in further transformations along with precisely defined symmetry considerations
that lead to enantiodivergent synthetic protocols. This last feature conforms to the most
recent trend in asymmetric synthesis, namely the requirement that any preparation of
bioactive materials provide both antipodes for testing.



II. HISTORICAL.
11.1 Biotransformations.

During the past two decades, biochemical reactions performed by microorganisms
or catalyzed by enzymes have been extensively evaluated from the viewpoint of synthetic
organic chemists. The use of such reactions or methodology is referred to as microbial
transformations, microbial conversions, biotransformations, or bioconversions. 15

Microbial transformations are somewhat different from the so-called fermentations.
A microbial transformation is the conversion of a chemical substance (substrate) fo another
substance (product) by a microorganism. The chemical reaction can be catalyzed by a
particular cellular enzyme or organism or by an enzyme originally produced within the cells
for a specific function that has evolved to catalyze reactions of compounds structurally
related to the natural substrates.

The enzymes (or biocatalysts) used for microbial transformations increase the
reaction rate by lowering the activation energy just as normal catalysts do. Enzymes,
however. have more specificity, although this sometimes represents a limitation. Despite
the high selectivity of enzymes, side reactions also occur in microbial transformations, and
they can be avoided only by the use of single purified enzymes. High catalytic efficiency is
another characteristic property of enzymes; for example, the rate of hydrolysis of an amide
by chymotrypsin is about 4000 times faster than that for the corresponding base-catalyzed
reaction.’® Enzymes also exhibit their activity under milder conditions than normal
chemical catalysts, as the usual conditions for enzymatic reactions are temperatures in the
range of 20 to 40 °C with pH near neutrality. This topic has been widely reviewed by both
biotechnologists!7-26 and chemists.27-35 The International Union of Biochemistry lists
more than 2000 enzymes3© which are classified according to the reactions they catalyze. In
addition, more than 800 kinds of purified enzymes are commercially available.37

The use of microorganisms to produce chemicals and fuels in the broadest sense
dates back to the production of ethanol and acetic acid (as vinegar) by fermentation in
prehistoric times. The latter process has been involved in the production of wine, which
has been practiced since at least 10 000 BC.38 The earliest recorded production of ethanol
as a beverage was reported around 2000 BC in Assyria.3® The preparation of distilled
alcohol was first reported in the 12th century version of Mappae Clavicula (Key to



Painting).3° with the first reported (non-beverage) use of spirits as incendiaries, solvents,
and later in medicinal applications.

Apparently the earliest record which refers to vinegar are the Old and New
Testaments.40 The use of vinegar, an aqueous solution of acetic acid, as a condiment and
in pickling has been known and practiced for as long as the art of wine making has existed.
Another important fact in the history of fermentations is the preparation of acetone and
butanol. The earliest work on this fermentation was performed by Pasteur in 1862.41 The
fact that acetone was also a fermentation product was not known until Schardinger made
the discovery in 1905.42

In general, there are two ways of using microorganisms in the preparation of useful
compounds: microbial transformations and fermentations. Living or growing cells are
required for fermentation where the products are always those that result from the natural
enzymatic pathways of that particular organism. In microbial transformations it is not
important whether the cells are alive or not, as the life process is required only for the
production of enzymes and the microorganism itself is simply used as a convenient source
of that enzyme. Table 1 shows some of the fundamental differences between fermentations
and microbial transformations.

Table 1. Differentiation Between Microbial Transformations and Fermentations.

Microbial

transformation Fermentation
L
Microorganism growing, resting, or generally
treated cells growing cell
Reaction simple catalytic reaction life process (multistep
(one or several steps) reaction sequence)
Reaction time short long
Starting materials sometimes uses inexpensive carbon and
expensive subtrates nitrogen sources
Product natural or unnatural natural
Product concentration high : usualy low
Product isolation easy tedious

The use of biotransformations is an ancient art, the oldest and best known prototype
of this kind of reaction being the aforementioned vinegar production, which has been



performed since the dawn of recorded history. In 1921, a microbial reaction for the
stereospecific preparation of D-(-)-ephedrine was described.#3 It was only much later that
microbial transformations gained great significance through their use in the modification of
steroids via bioxidations.44 Some of the reactions reported using this methodology cannot

be achieved by chemical synthesis.
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Figure 1. Overview of Biotransformations

Thousands of microbial transformations involving different types of reactions with
organic compounds and natural products are now known.43> The current technological
importance of microbial transformations is well recognized in many fields of biotechnology

as shown in Fig. 1.



In certain cases enzymes are considered the best practical catalysts for the
preparation of specialty fine chemicals. There are many commercial processes for the
production of such biological molecules as amino-acids, nucleic acid-related compounds,
sugars, and lipids. For example L-alanine,46 L-aspartic acid,47 high-fructose corn
syrup,*8 and 6-aminopenicillanic acid4® are produced almost solely through enzymatic
processes.>0

The preparation of chiral synthons through enzyme catalysis is currently an area of
intense activity in organic and pharmaceutical chemistry. The practical importance of this
area has been shown in the preparation of mevalonolactone,12 carbai)ene antibiotics,3!
nucleoside antibiotics,52 insect hormones,33 a-tocopherol,34 muscone,>5 a prostaglandin

synthon.> and others.
In designing a microbial transformation process, the following aspects require

careful consideration:
1. Microbial physiology
2. Microbial metabolism and biosynthesis
New microbial reactions
New synthetic routes
3. Enzyme catalysis
Properties of enzymes
Mechanism of enzyme reaction
Evaluation of potential as catalyst
4. Enzyme production
Mechanism of enzyme production (inducers. regulators,etc.)
Strain improvement (screening. mutation, gene engineering.etc)
Optimization (environmental conditions)
5. Enzyme modification
Chemical and/or biochemical modification, immobilization,etc.
6. Microbial or enzymatic synthesis and transformation
Optimization
Process designing
Even vegetative cell cultures are commonly used, but there are other alternatives and
those are described as below:

1. Transformation with growing cells

2. Transformation with previously grown cells

3. Transformation with spores

4. Transformation with immobilized cells

5. Transformations with cell-free enzymes or purified enzymes.

The types useful for microbial transformations include whole or treated cells,
organelles, cell-free multienzyme systems and simple cell-free enzymes. A new approach

is emerging that has great potential for organic synthesis, the enzymatic catalysis in organic

~I



solvents. It was believed for a long time that enzymes were only active in an aqueous
medium >’

When a purified enzyme is used, the organic "substrate” to be transformed binds to
an "active site" of the protein, which is complementary to its shape and chemical function;
the chemical reactions are catalyzed by the functional groups in the vicinity of the
substrate 38 The initial binding of the substrate to the enzyme involves some selectivity,
because the functional groups are arranged in particular orientation relative to the substrate.
At this stage the stereochemistry of the product is determined. And consequently enzyme-
catalyzed reactions are highly stereoselective and even stereospecific.

Enzyme reactions are performed in one of two ways: 1. Treatment of the solution
(usually aqueous) of the compound with a purified enzyme. Recent technological advances
in immobilized enzymes technology where an active form of an enzyme is attached to an
inert support made enzyme-catalyzed reactions more attractive. 2. Addition of the
compound to a suspension of a growing microorganism that produces the required enzyme.
The use of the whole microorganism is usually simpler and cheaper than the use of isolated
enzymes. Furthermore, any cofactors required in the transformation are regenerated
automatically by the living microorganism. There are limitations to this method, however;
the compound must be sufficiently soluble in the growing media and be taken up by the
microorganism.

A new approach in this area, explored only recently, is the fascinating concept of
using antibodies as catalysts. The basic idea involves raising antibodies to a stable mimic
of the transition state of the reaction under investigation and then using these for the actual
transformations.™”

In conclusion, the future holds many fascinating rewards for workers in the area of
biotransformations. and many more application of these techniques are expected as this area

gains recognition as a "clean " alternative to chemical processes.



I1.2. Microbial Oxidation of Arenes.

Pseudomonads have played an important role in our current understanding of the
pathways and mechanisms used by bacteria in the degradation of a wide range of natural
and man-made compounds. In 1955 Hayaishi and his colleagues showed that
pyrocatechase (catechol:oxygen 1,2-oxidoreductase; EC 1.13.1) from a Pseudomonas
species incorporated both atoms of molecular oxygen into catechol to form cis,cis-
muconate.50 Subsequent studies revealed that at least two hydroxyl substituents are
required for oxidative fission of the benzenoid nucleus. Because of this phenomenon the
enzymes involved in the incorporation of two oxygen atoms are called dioxygenases.5!

Aromatic hydrocarbons, ranging in size from benzene to benzo[a]pyrene, are also
known to be metabolized by this microorganisms.52 Consequently pseudomonas
oxygenases must be broad in specificity, as some of these enzymes may allow aromatic
compounds with various ring substituents to be metabolized.

It is clear that living organisms have been in contact with aromatic hydrocarbons
throughout evolutionary periods of time, leading therefore to the prediction that
microorganisms would have evolved the enzymes necessary to convert these aromatic
compounds to carbon dioxide and water. This assumption is supported by the fact that it is
relatively easy to isolate bacteria that utilize simple aromatic hydrocarbons as sole sources
of carbon and energy for growth. Attention was originally focused on the initial reactions
utilized by a strain of P. putida to perform the incorporation of oxygen into benzene and
toluene: the objective of these studies was to determine the mechanism of oxidation of
aromatic nuclei by this microorganism.53 These studies led to the discovery of a novel
hyvdroxylation reaction and later to the use of chiral aromatic hydrocarbon metabolites in the
synthesis of new polymers and pharmaceutical products.54

A fluorescent pseudomonad that utilizes ethylbenzene as the sole source of carbon
and energy for growth was isolated.65 This organism was identified as P. putida biotype
B. Cells grown with ethylbenzene or toluene rapidly oxidized benzene, toluene,
ethylbenzene, catechol, 3-methylcatechol, 4-methylcatechol, and, to a lesser extent, phenol,
o-cresol, and m-cresol. Gibson in 1968 reported for the first time the role of cis-arenediols
in the microbial metabolism of aromatic compounds, showing a marked difference with the
equivalent transformation performed in mammalian metabolism.%6 The most surprising
result was that both whole cells and cell extracts were able to rapidly oxidize cis-1,2-
dihydroxy-1,2-dihydrobenzene (cis-benzene dihydrodiol). This indicated that cis benzene



dihydrodiol was an intermediate in benzene degradation, and this was confirmed by the
isolation of a mutant, P. putida 39/D, that accumulated cis-benzene dihydrodiol in the
culture medium after growth on glucose in the presence of benzene. Experiments with
180, showed that both oxygen atoms in the dihydrodiol were derived from atmospheric
oxygen.7 The initial reactions in the oxidation of benzene by P. putida are shown in Fig.
2.

P. putida 39/D also oxidized toluene to a dihydrodiol that was isolated in crystalline

form. This product was unstable and, at pH values below 7.0, spontaneously eliminated

O, OH OH OH
e —> — COH _" Cycle
OH OH CHO

Benzene  cis-Benzene- Catechol 2-Hydroxymuconic
dihydrodiol Semialdehyde

Figure 2. Oxidation of Benzene to 2-Hydroxymuconic Acid by P. putida

water to yield o-cresol. The position and relative stereochemistry of the hydroxyl groups in
the dihydrodiol were determined by proton magnetic resonance spectrometry of a Diels-
Alder adduct.%® The latter was formed by reacting the diacetate of toluene dihydrodiol with
maleic anhydride. The absolute stereochemistry of the metabolite was determined by X-ray
crystallography of a Diels-Alder adduct formed from the diacetate by reaction with 4-(p-
bromophenyl)-1.2,4-triazoline dione.59 The absolute stereochemistry of the toluene
dihydrodiol was also determined by converting it to methyladipic acid of known absolute
stereochemistry and by application of the dibenzoate chirality rule of Nakanishi and
Harada.’0.7! These experiments confirmed that the product formed from toluene is (+)-cis-
(1S.2R)-dihydroxy-3-methylcyclohexa-3,5-diene (cis-toluene dihydrodiol).

Crude cell extracts prepared from toluene-grown cells of P. putida oxidize toluene
to cis-toluene dihydrodiol (Fig. 3). The enzyme was designated toluene dioxygenase and

10



its activity was shown to depend on the presence of NADH and oxygen. In addition, the

NADH+H" NAD"
CH; CH,
Fe™ O
OH
Toluene 0, cis-Toluendiol

Figure 3. Oxidation of Toluene to cis-Toluenediol by P. putida F1.

rate of toluene oxidation is stimulated by the presence of Fell.7> Subsequent studies led to
the isolation of three protein components that are essential for toluene dioxygenase activity.
These have been characterized as a flavoprotein (ferredoxinToL reductase),’ a [2Fe.2S]
ferredoxin (ferredoxinToy ),’4 and an iron sulfur protein (ISPpor,), which is the terminal

CH,
O, +
Reduced Oxidized Reduced NAD”
CH;
OH o .
Onidized Reduced Oxidized NADH+H
oH ISP;,;  Ferredoxingg, Reductasep
151,000 15,400 46,000 Mol. Weight
52,500 15,400 46,000 Subunit Mol. Weight
20,800
todC1 todB todA Gene Designation
todC1 todC2
52,500 20,800

Figure 4. Organization and Gene Designation of the Components of Toluene Dioxygenase

from Pseudomonas putida.

11



oxygenase in the sequence as shown in Fig. 3.74 It was at this point that it was given to P.
putida the designation F1 strain.”> It has been recently reported the standardized methods
for the isolation of toluene dioxygenase (from P. p F1),77 as well as for other two related
enzymes, benzene dioxygenase from P. p MLINCIB 12190]78, and naphtalene
dioxygenase from P. p NCIB 9816.79

The genes encoding the first four enzymes in toluene degradation are coordinately
induced and form part of the Tod operon.80 DNA from P. putida F1 was cleaved with
EcoRl, and the resulting fragments were cloned into Escherichia coli HB101 by using the
cosmid cloning vector pLAFR1.81. The recombinant organism E coli IM10%pDTG601),
after induction with isopropyl-B-D-thiogalactopyranoside, oxidized toluene to cis-
toluenediol.

Toluene dioxygenase is a remarkable enzyme that has the ability to oxidize a wide
range of substrates. The enzyme produces optically pure hydroxylated products as
mentioned above. The same absolute stereochemistry is found in the dihydrodiols formed
from ethylbenzene, chlorobenzene, p-fluorotoluene, and biphenyl.”0 In addition, toluene
dioxygenase oxidizes (+)-3-methylcyclohexene to cis-diols that have the same absolute
stereochemistry in the carbon atoms bearing the hydroxyl groups.8> The relative
importance of steric and electronic factors can be seen in p-halogenated toluene derivatives,
in which the size of the halogen increases as its electronegativity decreases in the series of
F. Cl, and Br. All three p-halogenated substrates are oxidized to the corresponding cis-
dihydrodiols. However, only p-fluorotoluene dihydrodiol is optically active. Apparently,
the enzyme can not distinguish between the sizes of methyl, chloro, or bromo in substituted
benzenes. and the electronegativity of the substituents seems not influence the course of the
oxidation.”!

Phenol and certain substituted phenols are oxidized by toluene dioxygenase to the
corresponding catechols.83. Catechol formation was observed with P. putida F39/D,
which contains a defect in the structural gene for cis-toluene dihydrodiol dehydrogenase.®
These observations suggest that toluene dioxygenase catalyzes dioxygenation of phenol to
form the first intermediate shown in Fig 5, which is a hydrated ketone that rearomatizes to
give catechol .85 Substrates oxidized by P. putida F 39/D and E. coli IM109(pDTG601)
are listed in Table 2.64

12
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Dioxygenase OH OH OH
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Figure 5. Proposed Mechanism of Phenol Oxidation by Toluene Dioxygenase from
Pseudomonas putida

It has been proposed that the presence of halogen, as well as nitro and sulfonate
substituents, appears to reduce or prevent the complete biodegradation of many aromatic
compounds; whereas carboxylic and phenolic hydroxy! groups favors degradation of
substituted benzenes. The mera isomers were commonly found to be the most resistant.86

However, Pseudomonas putida F1 has shown utility not only in the preparation of
cis-dihydrodiols but also as a potential antipollution agent. Toluene dioxygenase has been
implicated as an enzyme of degrading trichloroethylene (TCE). This has been confirmed
with E. coli IM109(pDTG601) that contains the structural genes of toluene dioxygenase.
The latter microorganism was shown to degrade TCE.87

Because the utility of cis-dihydrodiols as synthetic intermediates has been already
proved, the necessity to produce these kind of compounds in a multigram scale has arisen,
generating studies related to the optimization and the scale-up of the process. An example
is the recent report related to the preparation of cis-toluene diol .88

The utility of the microbial oxidation can be expanded by the use of a variety of
substrates. For example it has been observed that other microorganism can perform these
kind of hydroxylations in polycyclic arenes; for example, cis-1,2-dihydroxy-1,2-
dihydronaphtalene was produce in appreciable quantities.8? Later P. purida 119 was
shown carry out the same transformation.90 On the other hand, Gibson and Ziffer
demonstrated that single double bonds can be transformed in cis-diols using P. purida
39/D, demonstrating that the oxidation was stereoselective, providing the same
stereochemistry present in cis-toluenediol.82 A recent review of compounds prepared by
dioxygenation of arenes has been published.5!

In summary the hydroxylation of olefins by means of microorganisms seems to
have a promising future, especially when the stereochemistry of the outcoming diols is

properly handled in further synthetic manipulations.
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Table 2. Substrates oxidized by Toluene Dioxygenase

Organism
Substrate Major Product(s)? P.putida E. coli
F39/D JM109(pDTG601)
Benzene cis-1,2-dihydrodiol
Toluene cis-2,3-Dihydrodiol
Ethylbenzene cis-2,3-Dihydrodiol
Propylbenzene cis-2,3-Dihydrodiol
Cyanobenzene cis-2,3-Dihydrodiol
Fluorobenzene cis-2,3-Dihydrodiol
Chlorobenzene cis-2,3-Dihydrodiol
Bromobenzene cis-2.3-Dihydrodiol
Trifluorotoluene cis-2,3-Dihydrodiol
Anisole cis-2,3-Dihydrodiol
Styrene cis-2,3-Dihydrodiol

4-Fluorotoluene
4-Chlorotoluene
4-Bromotoluene

cis-2,3-Dihydrodiol
cis-2,3-Dihydrodiol
cis-2,3-Dihydrodiol

1.2-Dimethylbenzene
13-Dimethylbenzene
1.4-Dimethylbenzene
1.2-Dichlorobenzene
1.3-Dichlorobenzene
1.4-Dichlorobenzene

2,3-Dimethylphenol
2.4-Dimethylphenol
cis-2,3-Dihydrodiol
cis-3,4-Dihydrodiol
cis-4,5-Dihydrodiol
cis-23-dihydrodiol

Biphenyl
2-Chlorobiphenyl
3-Chlorobiphenyl
4Chlorobipheny]
Naphthalene
2-Chlorophenol
3-Chlorophenol
4-Chlorophenol
2-Methylphenol
3-Methylphenol

cis-2,3-Dihydrodiol
cis-2,3-Dihydrodiol©
cis-2,3-Dihydrodiol€
cis-2,3-Dihydrodiol€
c¢is-1,2-Dihydrodiol
3-Chlorocatechol
3-Chlorocatechol
4-Chlorocatechol
3-Methylcatechol
3-Methylcatechol

+ 3334338+ 344+ +++++ G b r bbb 444

4-Methylphenol 4-Methylcatechol
indan 1-Indanol
Indene cis-1,2-
Dihydroxyindan +
1-Indanone +
1-Indenol +
Indole Indigo +
Trichoroethylene Unidentified +

2 Monosubstituent arbitrarily assigned position 1.

b NT. Not tested.

¢ Hydroxylation occurs on the unsubtituted ring.
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I1.3. Functionalization of Olefins and Dienes by Oxidation.
I1.3.1. Ozonolysis.

Ozone has proved to be highly useful and powerful oxidizing agent not only on a
laboratory scale, but also in the chemical industry. The use of ozone in organic chemistry
dates back to 1903.92  An important step in this area was the proposition of the reaction
mechanism by Staudinger,®3 followed by the determination of the ozonide structure.94
However, Criegge can be considered the father of modern organic chemistry of ozone,
thanks to his contributions in the understanding of the reaction mechanism. In this
discussion the term ozonolysis will be used as a synonym of ozonization, because the
cleavage of a C-C double bond is involved throughout; the term ozonide will be given to
the 1.2.4-trioxolane structure.95

The structure of the ozone molecule can be described as a resonance hybrid of the

four canonical forms represented in Fig. 6; each oxygen atom is sp-hybridized, with two

//O\H/\<—>/Q\<—>/O\

8 9 * 10 11

Figure 6. Resonance Structures of Ozone.

of the three sp> orbitals the apex atom forming localized sigma molecular orbitals by
combining with bonding sp- orbitals of the terminal oxygen atoms. The ground state angle
of the ozone molecule is 116°45".

Ozonolysis is the most important of all reactions involving ozone. The mechanism
of this reaction, as proposed by Criegee, is outlined in Scheme 1.96 The first intermediate
(12). assumed to be very unstable, cleaves to the zwitterion 13. A carbonyl compound
(15) and a carbonyl oxide (14) are then produced from the cleavage of 13. The direction
or regiochemistry of this last fission depends on the structure of the reacting molecule.
Stabilization of these two intermediates can occur by: (a) an intermolecular rearrangement to
give the ozonide (16), accompanied by some polymeric material; (b) dimerization of the
carbonyl oxide to give the tetraoxane , with polymeric peroxides; (c) reaction with the
solvent, usually called a participating solvent; and, (d) rearrangement to give "abnormal”
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ozonolysis products; this situation occurs when not only the C-C double bond is cleaved
but also one of the C-C single bonds next to it is cleaved..

3 /R o ©Gs) < o*

o= —> R—f—O—R —> \c C/
R/~ _ NTR

R R R 12 R R, 13 \R
i 0

0—0

O_O a BV [

R -~ |4, N

6
+ pol)menc
ozinides
O_
R
>< >( R 17
rearrangement

products + polymenc
peroxides

Scheme 1. Criegee Mechanism

Although the mechanism depicted in Scheme 1 is universally accepted, research
continues on various details of ozonolysis. A complete understanding of the ozonolysis
must include the following: (a) the nature of the initial attack of ozone on the olefin; (b) the
structure of the initial ozone-olefin adduct; (c) the mechanistic route for the decomposition
of the initial adduct; and, (d) the elements controlling the regiochemistry of formation of the
carbonyl oxide.

Although ozonolysis has been widely used and studied, it is surprising that
ozonolysis of conjugated dienes has not been seriously addressed. The few reports in the
literature are mainly concerned with the description of non-peroxidic stable end products
resulting from the cleavage of one olefin, %8 or both%-104 ip acyclic and of cyclic diene
compounds. Thus, in some cases it was reported that diozonolysis of a diene system
followed a conventional pattern and resulted in the cleavage of the double bonds only,
whereas in other cases abnormal reactions have been observed, in which the carbon
skeleton has been cleaved both at the double bonds and at the central single bond.
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All of these previous reports did not provide a unified view of the reaction because

of the existence of many rearranged unexpected products. For example Griesbaum

— 03, CDCl3 o)
o N e
a MeOH
@]

Scheme 2.

observed that ozonolysis of 18 led to product s19 and 20 (Scheme 20), which resulted
from the cleavage of both double bonds and the single bond in the conjugated diene.104
The objective was frequently not the desire to understand of the reaction, but only as
structure proof of an exocyclic diene.9%100

More insight into the mechanism came when it was shown that the ozonolysis of
non-conjugated dienes or trienes could be performed selectively.98.105 These results
indicated that the attack of ozone on the double bond was sequential and not simultaneous.
The eighties marked the initiation of some studies on the ozonolysis of dienes. Veysoglu
demonstrated that selective mono-ozonolysis can be controlled.106

Mechanistic studies were initiated by Grisbaum, who demonstrated the striking
influence of the solvent on the products of the reaction and therefore on the reaction
pathway.107 In further studies the cleavage of not only the double bond but also the single
bond was corroborated by the monitoring of the stepwise ozonolysis of 7.97

In the first step, 2,3-dimethyl-1,3-butadiene (Scheme 3) was cleaved by ozone to
-afford the fragments 22 and 23. In a subsequent ozone cleavage step, 22 was postulated
to react to give fragments 24 and 25. Of these, 24 can undergo subsequent reactions with
22 and/or 21 to form 27 and by acid catalysis to form 19, as had been previously
demonstrated with authentic 24.198 Compound 25 is essentially completely cleaved at the
central carbon single bond and at the peroxide bond to form 29, 30, and minor amounts of
31. The predominance of 30 over 29 after 22 h of reaction time was probably due to
partial esterification of 29 in the methanolic medium.

The latter results show that the anomalous cleavage of the central single bond in
2.3-dimethyl-1,3-butadiene does not occur in the ozonolysis step itself. This report also
indicated the great influence of the solvent in controlling this reaction: the use of non-polar
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solvents resulted in unstable products (a violent explosion occurred), but a participating
solvent, like methanol, allowed the safe completion of the reactions.’

o

03, MeOH
-~ |
éHz MeOH HC=0 +
- =
Ho21 22 23 ocor?;4
L (O]
O3, MeOH
HCOOH
26 OCHg
(I;H2 + >/—<OOH
H2c=ol -HZOl HOO 4 O 25 OCH,
CH:O G . \ed' 0
CH 00 OCH, Hoch)z & >/——<
27 0 32
00 H
HaCO2 CHOOCH,  (CHaOkD
29 30 31

Scheme 3. Ozonolysis of 2,3-dimethyl-1,3-butadiene

A similar result using cyclic 1.3-dienes was reported by Hudlicky and coworkers.
In a non-participating solvent it was shown that the reaction was a stepwise process, with

OCH3 OCH,

HsC HC OOH HiC
OOH ?
OOH o}
OCH, HC OCHs  HC OCH, HaC
33 34 35 36 37

one of the double bonds (more electron-rich) attacked first. This was demonstrated
by subjecting the products of mono-ozonolysis to further ozonolysis.109 Details of this

topic will be discussed later.
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More recently the presence of a-methoxyhydroperoxides as intermediates in the
ozonolysis of dienes in methanol, as well as the sequential nature of this reaction, have
been demonstrated.110 The work described in this report indicated that the course of the

43 OR R'

PS AcO. Et N OOH Mes O
R “OR _—
R H

42 44

Scheme 4. Mechanism of Formation of a-alcohoxyhydroperoxide Intermediate

ozonolysis of conjugated dienes deviates considerably from that of similarly structured
non-conjugated dienes both in the sequence of ozone attack and in the direction of cleavage
of the two double bonds. Furthermore, the previously postulated!!1.112 intermediacy of
1.4-bis-methoxyhydroperoxides like 24 was proven by the isolation of 27. It was shown
that these species serve not only as precursors for compounds like 25 or 28, but also react
also to give the hitherto unknown class of compounds 27, Scheme 3.

The formation of the a-alkoxyhydroperoxide 42 resulted from the nucleophilic
attack of the solvent (ROH) on the carbonyl oxide 40 (Scheme 4).113,114 AJso as a
consequence of the chemical manipulation of the a-methoxyhydroperoxides, different
functional group arrays can be obtained, as shown by Wang (Scheme 5)!14 and others.!1>
119 The stabilization of the carbonyl oxides could also lead to rearranged products, as
shown by Griesbaum.120.121 The author concluded that, especially for cyclodienes,1! the

fragmentation pattern of the primary ozonides may depend on the size of the ring.
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