INFORMATION TO USERS

This manuscript has been reproduced from the microfim master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

in the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Aiso, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.9., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overiaps.

Photographs included in the originai manuscript have been reproduced
xerographically in this copy. Higher quality 6° x 9" black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

Bell & Howell Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1348 USA
800-521-0600

®

UMI






Université d'Ottawa - University of Ottawa






i+l

National Library

of Canada du Canada

Acquisitions and Acquisitions et

Bibliographic Services

395 Wellington Street
Cttawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

Bibliothéque nationale

services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Your file Votre référence

Qur fle Notra rélérence

L’auteur a accordé une licence non
exclusive permettant a la
Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propriété du
droit d’auteur qui protége cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisation.

0-612-48082-8

Canadi



To Andrei, Victor, mom and dad



Acknowledgments

I am grateful to my supervisor, Professor Howard Alper, for his permanent guidance
throughout my years at Ottawa University. I thank him for his advice, support and
encouragement, which I always found, for the opportunity to carry out research, gaining
valuable knowledge.

I am thankful to the people which I met in the lab over the years: students, post-doctoral
fellows and visiting scientists. I learned much from their suggestions, help and friendship,
among the most precious things I experienced in my Ph. D studies.

Thanks to the professors of the Chemistry Department for their continuous effort in their
work with students. I also thank Dr. Glenn Facey and Mr. Raj Capoor for NMR experiments,
Dr. Clem Kazakoff for mass spectra and to all the staff members of the Department for their
support.

Special thanks to Dr. Gary Jefferson for reading a big part of this thesis and for his
suggestions.

I also thank Victor, my husband, and Andrei, my son, for giving sense to all my work and

achievements. I thank my parents for all their patience, help and love over the years.



Abstract

This thesis describes a study of the hydrogenation of different functional groups in the
presence of clays or metals anchored on clays as catalysts. The thesis also describes the
selective aerobic oxidation of sulfides to sulfoxides using a palladium based catalyst .

Chapters 2 and 3 detail work on the hydrogenation processes. Ruthenium clays were
prepared using montmorillonite-phosphine or montmorillonite-bipyridine and RuClyH,0.
The clays obtained were found to be effective catalysts for the reduction of unsaturated
esters, epoxides, sulfones and phosphonates. It was shown that Ru-phosphine clay is an
efficient catalyst for reduction of the a-carbonyl group of a-ketoesters and a-ketoamides,
and the a-imine group of a-iminoesters and a-iminoketones. The reductive amination of a-
ketoesters with amines, catalyzed by ruthenium clay, was studied. The diastereoselectivity of
the reactions was studied using chiral amines. Modification of the clay structure using
organic ligands and/or metals was also investigated.

The reduction of aliphatic and aromatic ketones by hydrogen transfer was studied. The
reaction was catalyzed by sodium montmorillonite and took place under basic conditions
(0.06 M KOH in isopropanol). The cis/trans selectivity of the process was also examined.

The last chapter (Chapter 4) describes the selective oxidation of sulfides to sulfoxides.
The palladium complex [Pd(PBu',H)(u-PBu')]2, on exposure to oxygen in tetrahydrofuran,
generates an active catalytic system for this reaction. The presence of other functional groups
(amide, carboxyl) does not interfere with the oxidation process at sulfur. It was shown that

this process is stereospecific in the case of (+)-biotin-sulfoxide 4-nitropheny! ester.
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Chapter 1.

Oxidation and Reduction Processes

1.1 Oxidation and Reduction

Oxidation and reduction processes play an important role in most synthetic
sequences. They are indispensible when functional groups must be oxidized or reduced to the

level required in the products, or in order to facilitate the introduction of other groups'.

The number of oxidizing or reducing reagents employed in organic transformations is
very large, and often many reagents effect the same type of transformation, but with
different efficiencies and under different conditions’. At the same time the diversity of
mechanisms involved in these processes covers a broad range and many mechanistic
questions are still not clear. But important progress has been made and, due to the
development of techniques and equipment, reactions could be examined almost step by
step and experimental evidence was obtained for the composition and structure of reaction
intermediates. Advances made in different fields contributed to the understanding of related
areas (e.g. the research into homogeneous hydrogenation contributed to the development of
homogeneous catalysis in general, but the ideas developed during this research were also

important for heterogeneous catalysis)>.



1.2 Oxidation and Reduction Reactions Catalyzed by Metal Complexes

The majority of the processes employed industrially involve catalysis by metal
complexes. Catalytic methods have the advantages, over non catalytic counterparts, of
proceeding efficiently under milder conditions, thus leading to more energy-efficient
processes. They are generally more selective and make possible the optimal utilization of raw
materials. The catalytic processes, unlike the stoichiometric transformations, do not produce
vast amounts of inorganic effluents which are difficult to dispose of (e.g. stoichiometric
oxidation with traditional oxidants such as permanganate and dichromate).

The scope of catalytic hydrogenation and oxidation is very broad; most functional
groups can undergo such transformations, in high yield, to any of several possible products.
Molecules with various functional groups can often be reduced or oxidized at any of these
functions with a high degree of chemoselectivity and stereocontrol.

The first observation of a catalytic oxidation can be attributed to Davy, who showed

in 1820 that ethanol is oxidized to acetic acid in the presence of platinum’:

[Pt]
CH3CH20H + 0)_ _— CH3COOH +H20 (eq l)
Initially, the majority of the important industrial processes involved vapor — phase oxidation
over heterogeneous catalysts, like the oxidation of ethylene into ethylene oxide.
Homogeneous catalysis in liquid phase became more important for larger scale applications
in the late 1950s. Examples which illustrate this development are the production of

terephthalic acid:



H; OOH

[Co(OAc),/Br]
-

+ 2H,0 (eq.2)
HOAc

CH,; COOH

and the Wacker process for the synthesis of acetaldehyde:

2 H,C=CH, + O, “"‘C':{/%“C'z] > 2 CH;CHO (eq.3)
2

A variety of metal - catalyzed reactions have been developed for selective oxidations that
can be carried out in laboratory scale synthesis.

Metal — catalyzed oxidations may be conveniently divided into homolytic and
heterolytic processes®. The first type of catalysis usually involves soluble transition metal
salts (homogeneous) such as the acetates or naphthenates of Co, Mn, Fe, Cu, etc. or metal
oxides (heterogeneous). Free radicals are formed as intermediates from organic substrates.
Heterolytic catalysis involves reactions of organic substrates coordinated to transition metals.
In this case the metal complex acts as a Lewis acid. For instance, transition metals such as V,
Mo, W and Ti can promote heterolysis of the O-O bond in hydrogen peroxide and alkyl
hydroperoxides®. The distinction between the two types of catalytic processes is not always
clear and there are transition metal complexes that are capable of participating in both types

of catalysis. The most important characteristics of metal catalysts used in oxidation reactions
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are the accessibility of several oxidation states as well as the accommodation of various

coordination numbers. Both of these features are characteristic of transition metal complexes.

It is well known that many metals having partially filled d or f electron shells are also
able to function as hydrogenation catalysts. Transition metal complexes present interesting
features which make them suitable to act as hydrogenation catalysts*:

O capacity to coordinate compounds containing T-electron systems and to bind them
through strong bonds;
Q they can have different coordination numbers and can accommodate different ligands in
their coordination sphere;
0 they allow the choice of the ligand which has the best electronic and steric effect at the
active site.
Under ambient conditions the H, molecule is not very reactive and catalytic hydrogenations,
either homogeneous or heterogeneous, always involve steps of H; activation. In the process
of activation molecular hydrogen is transformed either to hydride (H"), hydrogen radical (H’)
or proton (H"). Hydrogen (H) is not the only possible source of hydrogen, and other
molecules (hydrogen donors, DH,) are also used as reactants in hydrogenations (hydrogen
transfer reactions). Another process, hydrogenolysis, can take place during or subsequent to
the addition of hydrogen. Hydrogenolysis is applied in the removal of protecting groups and
unwanted functionalities or cleavage of small rings. During the reaction fragments (AH and
BH) may be reductively removed from the initial substrate (AB).
The pathways for some catalytic hydrogenation processes have been well established

by mechanistic studies and an important step is represented by the discovery of dihydrogen



complexes. Schemes 1 and 2 show idealized proposals for the homogeneously catalyzed

hydrogenation of alkenes, but the actual mechanisms are, in general, more complex®,

M]

H,
l alkene

saturated
product

[M(alkene)] [MH,]

l H, alkene

[MH,(alkene)]

Scheme 1

Scheme 1 presents two possibilities for the hydrogenation of alkenes by metal complexes
which do not contain a M-H bond*. The first possibility, the “alkene route”, involves initial
coordination of the substrate followed by activation of molecular hydrogen by the resulting
complex. The second possibility, “the hydride route”, implies initial reaction with molecular
hydrogen followed by coordination of the substrate. The mechanism presented in Scheme 2
may be adopted by hydrogenation catalysts which contain an M-H bond*. The olefin inserts
into the M-H bond to give a hydride alkyl species [M-alkyl], and then, the alkene is
reductively eliminated to regenerate the catalyst.

The success of homogeneous catalysts in all types of hydrogenation reactions led to
research on the attachment of the complexes onto a insoluble support. This new direction can
take advantage of the properties of homogeneous complexes but it also facilitates catalyst

5



removal and reuse. The supports used for metal complexes are very varied. Early work
employed conventional polymers such as polystyrene and supports like silica and metal
oxides have become more common recently due to the fact that they are inexpensive, easily

functionalised and chemically, thermally and mechanically stable. More difficulties are

[M-H]
saturated
product alkene
H,
[M-alkyl]
Scheme 2

encountered in mechanistic studies and often there are not many clues regarding the nature of
the catalytically active species. Different techniques for solid surface analysis were

developed to facilitate a better insight into the chemical process.



1.3 Aims of Research

A large number of catalytic systems have been developed for the oxidation or reduction
of a wide range of compounds, but the search for the improvement of the present
technologies continues, with the goal of finding cheaper and recyclable catalysts and milder
conditions for these very useful transformations. One of our objectives was to find very
selective systems for both oxidation and hydrogenation processes. We focused on the
“heterogenization” of homogeneous catalysts using clays as supports for anchoring transition
metals (Chapter 2). There is an increasing interest in the use of clays as supports due to their
low price, thermal and mechanical stability and the possibility of functionalization. The use
of ruthenium complexes for the hydrogenation process is well documented but there are few
reports of ruthenium anchored on clays. It was our intention to develop such a system and
test its efficiency, selectivity and recycling possibility with a broad number of substrates.

During this study we also became interested in the catalytic activity of the clay itself.
The structure of clays with Bronsted and Lewis acid sites made them useful in organic
reactions. In Chapter 3 we show the results obtained in the transfer hydrogenation of ketones
in the presence of Fluka K-10 montmorillonite as the catalyst.

In our search for new catalytic systems, we envisioned that a new palladium dimer,
previously used in reduction processes could be successfully applied to oxidation reactions.
The use of this complex for the selective oxidation of sulfides to sulfoxides is described in

Chapter 4.
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Chapter 2.

Hydrogenation Reactions Catalyzed by Ruthenium Clays

2.1 Hydrogenation Reactions by Heterogeneous Catalysis —
Supported Metals

Catalytic processes are becoming more important for the large commodity chemicals
business, as well as in the synthesis of fine chemicals and pharmaceuticals. Heterogeneous
catalysts are involved in a variety of reactions among which hydrogenation is one of the most
developed, due to its great utility and broad scope. This process has been applied to almost
all groups of organic compounds: alkenes and dienes, alkynes, carbocyclic and heterocyclic
aromatics, carbonyl compounds, nitroderivatives, nitriles, imines, etc.

The hydrogenation of molecules with a single functional group is now a common
transformation. The search for new catalysts, has as an objective, the discovery of very
selective systems, suitable for the hydrogenation of complex substrates. Much effort has been
expended in finding catalysts with high chemoselectivity, regioselectivity or
stereoselectivity'. Selectivity is difficult to attain when the two functional groups have
similar activities, but it can sometimes be achieved by manipulating the reaction conditions.

For instance, the formation of an allyl alcohol from an a,B-unsaturated aldehyde can be



accomplished by modifying a platinum catalyst with Fe** and Zn** ions'. Without these
modifications the main products would be the saturated aldehyde and the saturated alcohol.
One of the most important applications of the hydrogenation reaction is for the
selective production of one stereoisomer over the other. The product stereochemistry can be
controlled, in heterogeneous catalysis, by the manner in which the substrate is adsorbed on
the catalyst. The hydrogenation of 4-tert-butyl methylene cyclohexane can be considered as

an example. The formation of the frans or cis product depends on the steric hindrance on

each side of the m cloud (Scheme 1).
CH
H2 -l 3 CH3
H,
» CH;
trans
CH, A
H;
CH;

| H2 - H3

CH;

cis

H;
CH,

Scheme 1

Another factor which has been observed to have a significant effect in determining the
stereoselectivity of hydrogenation is the anchoring of the substrate onto the catalyst surface
through a functional group present in the molecule (haptophilic effect). Hydroxy groups can

play this role because they interact with the catalyst surface and determine a favored
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direction of adsorption. Many reactions of this type involve the hydrogenation of olefins over
nickel or palladium catalysts.

A heterogeneously catalyzed hydrogenation, as a particular case of heterogeneous
catalysis, represents a complex process which occurs in several steps:

Q@ Transport of the reactants to the catalyst.

Q Interaction of the reactants with the catalyst (adsorption).

0 Reaction of the reactants, adsorbed on the catalyst, to afford the products.

o Desorption of the products from the catalyst.

o Transport of the products from the catalyst.

There are some physical characteristics of the support which are important for the
performance of the supported catalyst: hardness of the material, particle size and particle
shape and surface area, which is directly related to pore size, pore distribution and pore
volume. Among the inorganic solids which have been used as catalyst supports for the
hydrogenation reaction the most common are alumina, silica, carbon, clays and titania.

There are several ways to incorporate the catalytically active species or the precursors
onto the support. The process can involve surface bonding - through direct contact of the
support with an impregnating solution, or by sublimation of a metal complex onto the solid,
coating of the support with a liquid phase catalyst or attachment of the catalytic species
through a chemical bond by reaction with functionalized supports. There is usually
interaction between the functional groups on the surface of the support ( e.g. OH groups) and
the compound which is attached to it.

A major direction in catalysis research, and particularly in hydrogenation, is the

“heterogenization” of homogeneous catalysts®>. Following this methodology, different

11



inorganic oxides were functionalized by reaction with organic compounds to yield
chemically bound ligands. The most used organic molecules for this process are alcohols,
which also contain another functional group [HO(CH,),L, L=NH,, PPh;, SH], silanes that
offer an option for the length of the alkyl chain (RSiX3, X=Cl, OR’, O,CCHj; ), or amines
and aromatic compounds anchored on the surface after the treatment of the inorganic support
with thionyl chloride. N-based chiral ligands were anchored on modified USY-zeolites,
using the second route mentioned (silanes derivatives). The Rh complexes formed
subsequently (1) proved to be effective in the enantioselective hydrogenation of N-
acyldehydrophenylalanine derivatives with higher enantiomeric excess values than those

obtained for the unsupported complex’.

NH NH(CH,);Si-{ Support}

The combination of the properties of solid supports with those of metal complexes can offer
new possibilities to avoid the disadvantages of homogeneous and heterogeneous catalysts
and to benefit from their advantages. The immobilization of metal catalysts on solid supports
has different advantages, including the ease of separation of the catalyst from the reaction
products. Many heterogenized complexes preserve the coordination sphere from the

homogeneous phase but, in other cases, this approach gives information on the extent to

12



which changes in the coordination sphere of the metal determine modifications in the activity
or selectivity of the complex*. The ability of the supported catalyst to remain active at high
temperatures, and their recycling capacity can not be neglected as advantages.

The complexity of catalyst surface (composition and structure) makes more difficult
the investigation of the processes which take place. The development of modern science
provides the means to have a deeper insight into the mechanisms of many catalytic
reactions’. A wide range of surface science techniques have been developed to detect the
intermediates formed and to probe the steps of the catalytic cycle:

0 electron — mediated spectroscopy (X-ray photoelectron spectroscopy, Auger — electron
spectroscopy);

a molecule - and ion - mediated spectroscopies (neutron/helium diffraction, ion scattering
spectroscopy);

O photon - mediated spectroscopy (infrared, Raman, extended X-ray absorption fine
structure; solid-state spin resonance)

Q scanning probe microscopies.

There was an important progress in the field of heterogeneous hydrogenation in the
past years. While the process is well developed for some metals (Ni, Pd, Pt, Rh) there are still
metals (Ru, Ir, Co, Cu) for which the investigation of the heterogeneous process can

contribute to new advances in catalysis .

13



2.2 Constitution and Properties of Clay. Organic Reactions Catalyzed by
Clays.

Among the different metal supports, clays have good chemipal and physical stability
and the advantage that they are inexpensive. Their interlayer spacing can be adjusted by the
introduction of substituents, by pillaring or by solvent swelling.

Clay minerals consist of silicate or aluminosilicate layers. These layers contain sheets
of tetrahedrally coordinated cations (mainly Si** and varying AI** or Fe** content) and sheets
of octahedrally coordinated cations (A", Mg®" Fe?*, Fe**) which are linked through shared
oxygens. Each individual tetrahedron is connected with adjacent tetrahedra by sharing three
corners and the fourth corner is oriented in a direction perpendicular to the sheet. The oxygen
in the fourth corner belongs to the plane of junction between the tetrahedral and octahedral
sheets. The junction plane also contains OH groups, but these groups are unshared (they
belong only to the octahedral sheet) (Fig.1). When one octahedral sheet is linked to one
tetrahedral sheet a 1:1 layer is formed, as in kaolinite, and when one octahedral sheet is
linked to two tetrahedral sheets, one on each side, a 2:1 layer is produced as, for example in
talc or pyrophyllite®. The space between two successive layers is called an interlayer and the
sum of a layer and an interlayer represents a structure unit .

The main groups of clay minerals are distinguished according to the following criteria:
a the ratio between the octahedral and tetrahedral sheets which constitute the layers,

Q@ the nature of the cations at the tetrahedral or octahedral sites,

Q the layer charge density

14



Q the type of particles which are present in the interlayer space (water, cations, hydrated
cations).

Montmorillonite, the clay used in the present work, belongs to the smectite type. It is

characterized by 2:1 layers with hydrated cations (mainly Na, K, Ca) in the interlayer space

and a low layer charge. The formula unit is Nao33(Al, s7Mgo.33)SikO10(0OH)z nH,0 and its

structure is illustrated in Fig.17.
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Fig.1  2:1 layered structure of smectite (montmorillonite). (Chamley 1998)

The use of aluminosilicates in heterogeneous catalysis is mentioned beginning with
Von Liebig (1865). He showed that hydrogen and oxygen or sulphurous acid and oxygen
react in the presence of “powdered porcela-in or ordinary pumice” to form water and sulfuric
acid, respectively®. The reactions tz}ke place at temperatures at which the initial compounds

would usually not react. Polygorskite (Florida earth) was found (1911) to catalyze the
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isomerization of pinene to camphene and to polymerize pentenes and hexenes to di- and
trimers and higher polymers (1923). Clays were used as cracking catalysts for gasoline
production (1923) and, when the problem of catalyst regeneration was solved®, this process
became commercial (1938). In 1952 clay catalysts accounted for 40 % of USA catalyst
market of 470 tons/day® but, in recent years, the clay-based catalyst has been replaced by
zeolites. One way to re-establish the importance of these minerals is the development of
synthetic “clay-like” structures: 2:1 layer — lattice silicates.

There are several features of clay minerals which make them suitable to catalyze organic
reactions”.

»  Clays are characterized by surface acidity.

The Bronsted acidity of clays is explained by the replacement of Si** with AI’** in
tetrahedral coordination. This gives rise to a negative charge which is balanced by H;O". The
Bronsted acidity is due also to the hydrate interlayer cations. This acidity, arising from
protonic sites, is expressed by the Hy value, application of the Hammett and Deyrup function
to the clay surface — pH indicator interaction®. The acid strength of montmorillonite clays,
after washing with mineral acid, corresponds to that of sulphuric acid solutions with
concentration between 71 and 90 wt % H,SQO.. A clay surface also bears Lewis acidic sites.
Octahedral AI**, which is located at a platelet edge , can function as a Lewis acid site after
dehydration®.

»  In a good approximation, clays can be considered as two-dimensional solids.

This characteristic can be a significant advantage for different types of reactions (e.g.

bimolecular reactions). The reaction is constrained to occur on the surface of the clay sheets

instead of taking place in a three-dimensional space. In this way the number of reactive
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collisions is increased, which corresponds to an enhancement of the rate of the reactions
conducted on a clay surface’.

»  Clays have a ordered layered structure: the platelets are arranged like a “deck of cards”.
The ordered structure of clays can have a favorable effect for reactions (e.g. Diels-Alder)
characterized by a highly organized transition state, due to the requirement of maximum
overlap between the frontier molecular orbitals. Clays have the capacity to stabilize this
transition state.

»  The interface of clay minerals posses an electric double layer (i.e. positively charged
ions in the interlayer space attracted by the negatively charged tetrahedral layer of
montmorillonite clay). This characteristic can influence the transition state, especially for
reactions which involve polar transition states or intermediates (e.g. Wheland intermediate).
The electric field next to the clay surface can reach the value of 10'® V'm®, which is
sufficient to surmount the energy barrier for an Sx2 reaction'®.

»  The high specific surface area (of the order of several hundred square meters/gram)
represents another feature of clays which allows an increased adsorption capacity.

» Clay platelets offer protection against UV radiation of the molecules placed in the

interlayer space.

Clay minerals proved their effectiveness in electrophilic aromatic substitutions,
addition and elimination reactions, oxidation and hydrogenation processes. Different types
of clays (bentonite, Japanese acid clay, montmorillonite, franconite, etc) were used as
catalysts in the alkylation of phenols with olefins and the catalytic activity was correlated

with the acid strength''. The yields obtained in this process varied from 75 to 98%°. Acid
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activated montmorillonite — H;PO4 catalyst was used at 200-300 °C and 1-25 bar'? for the
industrial scale production of isopropanol from propene. Na montmorillonite catalyzed also
the oxidation of benzylalcohol, benzylamine, thiophenol and aniline, under heterogeneous
conditions, using potassium ferrate (VI)"’ as oxidizing reagent. Some of the results are

summarized in Table 1.

Table 1. Oxidation Processes with K,FeO, Catalyzed

by Na Montmorillonite'?

Substrate Product Yield (%)
benzyl alcohol benzaldehyde 63
benzhydrol benzophenone 100
cinnamyl alcohol  cinnamaldehyde 88

Texier-Boullet er al. reported’®, in 1986, a new preparative method for the synthesis of
pyrroles and pyrazoles in 90-95 % yield, in the presence of montmorillonite as the catalyst
(eq.1). Another type of clay — kaolinite- with a 6 % of Fe;0; and 3.4 % TiO, catalyzed the
chemoselective acetalization and thioacetalization of carbonyl compounds with 1,2-ethane-

diols and 1,2-ethane-dithiols respectively (eq. 2)"°.

CH;COCH,CH,COCH; + RNH, —dmontmorilionite_ C/[}\; 2H,0 (eq.1)
N

20°C;26h g, H;

R = Et, Pr, Ph, PhCH, 1|1
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X 2
A A H A~y 10 % clay E R
2 XH——— + HO (eq.2
R' R benzene X><Rl 20 (eq-2)

X=0,8

These reactions represent just a part of the processes which involve clays. They take
advantage of the low cost, ease of handling, non-corrosiveness and recycling capacity of

clays, as well as of their Bronsted and Lewis acidity.

2.3 Transition Metals Immobilized on Clays

Clay minerals are among the inorganic supports used to anchor transition metals. In
this category are also included other materials, which, similar to clays, possess a high surface
area and are resistant to different reaction conditions (silica, glass, alumina, zeolites). The
immobilization of metals or metal complexes on clays can be achieved in two major ways:

a) intercalation of metal complexes by ion exchange,
b) reaction of the metal complex with the clay which was previously functionalized.
a) Intercalation of metal complexes by ion exchange.

The layered structure of clays offers the possibility to conduct solution-like reactions

in their interlayer space. This process approaches the reactions carried out under

homogeneous conditions but, in the limited interlayer region, there are new forces which can
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change the course of the reaction. The cations present in the interlamellar spaces of clays can
be exchanged, to a certain degree, with transition metal ions. The exchange reaction between
cations M and N, with charges m+ and n+, in the interlayer space of the clay (C), can be

expressed® (eq.3):

nMC,, + mN"" == nM™ + mNC, (eq.3)

In this process two phases are always involved: the solution containing the new cation and
the surface region of the clay.

There are numerous examples of ion exchange clays acting as catalysts. Co™-
exchanged montmorillonite was applied for the oxidation of cyclohexane to cyclohexanol
and cyclohexanone (85% conversion at 125 °C and 2.8 bar air)®. Cu?"-montmorillonite
proved to catalyze the hydrolysis of thiophosphate esters and AlI**-montmorillonite is active
for the dehydration of primary alcohols to afford 1,1’-dialkyl ethers®.

NMR and ESR experiments carried out by Pinnavaia, Fripiat and Stone brought more
information about the interlayer environment in the presence of exchanged cations.®.
Pinnavaia et al.'® investigated the formation of Rh(PPhs)," species, from intercalated di-

rhodium acetate ions and a solution of triphenylphosphine in methanol.

JULULLLGL LY FIVITFET VI T

" PPh, +
Rhy(OAc),., 2Rh(PPh;), (eq.- 4)
TR MeOH TR

The intercalated species was tested in hydrogenation reactions and the results were compared

with the comresponding homogeneous system. In the reduction of 1-hexene the rate of the
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reaction was lower for the clay based catalyst but the extent of isomerization to 2-hexene was
decreased. This was explained by the fact that the clay can shift the equilibrium between the
Rh monohydride and dihydride complexes, formed during hydrogenation, in favor of the
dihydride complex which is a poor isomerization catalyst.

Studies made on this system or using [Rh(NBD)(PPhs),]" (NBD=norbornadiene) as a
precursor, showed the importance of other factors on the hydrogenation process: the water
content of the solvent, the nature of the solvent (the swelling power of solvent decreases from
methylene chloride and methanol to benzene®) and the size of the substrate. Another
important factor to be considered in the intercalation process is the size of the metal complex.
A large size complex can replace a smaller percentage of the ions initially present in the
interlayers and, at increased loading of the metal complex, can reduce the rate of the reaction.

The literature mentions other different examples of intercalated cations with different
applications'’. A reaction with industrial importance is the etherification of fert-butanol with
alcohols. It was observed that Fe**-exchanged Wyoming bentonite catalyzes the reaction and
no symmetrical ethers are formed (eq. 5). The methyl tert-butyl ether can replace tetraethyl

lead as a high-octane gasoline additive'®.

CH, CH,
Fe’*-bentonite
HsC—C—OH + ROH — —— H,;C—C—OR +H,0 (eq. 5)
Dioxane
H; CH3

R=Me, Pr, i-Pr

Hydroformylation processes using different interlamellar catalyst precursors -

[RhCI(COD)],, [Rh(CO),Cl} and positively charged ligands such
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[Ph,PCH,CH,PPhy(CH,C¢Ha)]" (P-P”) showed better yields in the linear aliphatic aldehyde
than the same complexes under homogeneous conditions'®.

Another step approaching the results obtained in solution was made by Mazzei er al. %
who prepared an insoluble chiral complex of Rh using different mineral clays. Cationic Rh
complexes were immobilized on clay by ionic exchange, at room temperature, in methanol.
The optical yields in the hydrogenation of certain aminoacid precursors were close to those
obtained with the soluble catalyst. The results obtained for different substrates with

homogeneous and intercalated [Rh(COD)(PNNP)(+)]" [PNNP = NN’ bis(R(+)-a-

methylbenzyl)-N,N’bis(diphenyl-phosphino) ethylenediamine] (2) are presented in Table 2.

Ph,P -~ ~
2 PPh,

In the above study it was observed that, in the case of «-acetamidocinnamic acid, the optical

yield depends on the type of smectite used (hectorite, bentonite or nontronite).
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Table 2. Optical Yields Obtained with [Rh(COD)PNNP(+)]” Complexes in
Solution and Intercalated in Hectorite™

No. Substrate Homogeneous (%) Intercalated (%)
COOH 72-75 70
1. =
NHCOCH;
2, __COOH 80-85 49
h NHCOCH;
COOH
Ac OMe

Reactions carried out at 25 °C, 20 atm H 5, 1.5-1.6' 10" molar concentration of the

substrate, substrate/Rh=100.
b) Immobilization of metal complex by reaction with the clay which was previously
functionalized.

The reaction of metal complexes with functionalized clays allows retention of the
molecular character of the complex which can be altered under other conditions (direct
reaction with the support). It brings also an improvement of the quality of the new species
obtained, from the point of view of metal leaching. In the case of intercalated complexes, the
formation of a neutral compound, during the reaction, has as a consequence the desorption of

the new species from the support.
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For solid supports, like silica, this method was developed and studied using mostly
reaction between surface hydroxyl groups and a wide range of compounds of type RSiX;. In
the case of clays, Choudary and co-workers reported the immobilization of PdCl; using
organofunctionalized montmorillonite?'**#*_ The possibilities used by the above group to

functionalize the clays are summarized in Scheme 2.

HC] [Ty SOClo [T

oo HCL 2,
Montmorillonite NaCl OH -S0, Ci
'HCl i mnn
3
PhyPLi il
-LiCl PPh,
T
4
PdCl, or
3 LiCeH,PPh,  wummumuuuy  \PACla(PhCH;CN),
-
Licl . CeHyPPh,
T,
5
LiCH2C5H4N I T T
-LiCl CH,CsH,N
TV
6

> [Pd-clays]

Scheme 2. Synthesis of Pd immobilized on clays

The above sequence represents a proposal for the reactions which take place between

montmorillonite, phosphine and picoline ligands and the metal complex. The reactions
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written are based on the data obtained from solid-state CP/MAS *'P-NMR, IR, X-ray
diffraction and elemental analysis*. The palladium complexes obtained proved to selectively
hydrogenate terminal alkenes and alkynes with the internal double bond or triple bond
remaining unaffected®’. Styrene is reduced to ethylbenzene under mild conditions (25 °C, 1
bar H,)**. Palladium acetate immobilized on montmorillonite, using the phosphinated species
4, catalyzed the hydroesterification of ary! olefins with very good regioselectivity (92 %) for
the branched isomer®’.

Palladium (II) was also anchored on montmorillonite using bipyridy! ligands® obtained
after reaction of chloromontmorillonite with n-BuLi and bipyridine. The clay modified in this
way was used as a catalyst for the stereoselective hydrogenation of alkynes, alkenynes and
dienes. The hydrogenation of 1,3-butadienes with substituents in positions 1 and 4 occurs
with complete regioselectivty for the 1,2 addition. Unsymmetrical dienes are also
hydrogenated at the less hindered double bond and internal alkynes are reduced with high
cis-selectivity (98 %)>. The same clay-based catalytic system was used for the reductive
carbonylation of nitroarenes to urethanes® (eq.6), the oxidative carbonylation of aliphatic
mono, di- and triamines’ (eq.7) and for the stereospecific synthesis of B, y-unsaturated

acids®® (eq.8).
Pd clay/Ru;(CO)
OzN_'Q_NOQ + 6CO +2MeOH it
bpy, 70 atm, 180 °C

(eq.6)
MeOOCI-IN—O—NHCOOMe + 4CO,

67-72 % yield
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Pd-clay, bpy, NaI
R-NH, +CO+1/20,+ MeOH 210°C. 6125 —» RNHCO,Me +H,O (eq.7)

60-94 % yield

R
Pd-clay, HCI 3 R!
Rl + CO ey »- R — ( 8)
) CgHs, 600 psi HOOC R2 €q.
HO R 48-72h

39-56 % yield

The reaction of OH groups of H-montmorillonite with 3-aminopropyltriethoxysilane

of immobilized quaternary ammonium salts used as triphasic catalysts®.

and 3-chloropropyltrimethoxysilane was reported as an intermediate step for the preparation

When PdCl; is reacted with ethylsilyldiphenyl-montmorillonite, obtained from H-

product in the arylation of acrylates with iodobenzene *° (eq. 9).

= |
_\COOMe @\
PdCl,-clay

=

montmorillonite, the new species formed catalyzes the preferential formation of only one

+ COOMe + HI
BusN, 100°C
coo.
ALLLLMRARLAALLARLLLAAL AL LA ALSLAAEAS0EE0
' =
PdCly-clay= OSiCH,CH,PPh,PdCl, 78=1001  (eq9)
Mg
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Other methods for the immobilization of metal complexes on solid supports, like
adsorption on the clay surface, are better developed for non-silicate oxides (oxides of Fe, Mn,
Al, Ti, including also a second cation). The adsorption of metal cations on these type of soil

oxides was investigated for the possible use in pollution control.
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2.4 Results and Discussion

2.4.1 Ruthenium Based Complexes as Hydrogenation Catalysts

Several investigations concerning the catalytic activity of transition metals anchored on
clays were made in our group, using palladium or rhodium compounds as catalyst
precursors’*??**' Our attention was now directed towards ruthenium which is known
among transition metals for forming a wide variety of complexes which have catalytic
properties. The activity of ruthenium compounds in homogeneous hydrogenation have been
extensively studied. Compounds which contain ligands other than phosphines, like
chlororuthenate(I), tetrachloro(bipyridyl)ruthenate (II)**, were investigated in hydrogenation
reactions. Complex 9, containing cyclopentadienyl ligands, was found to be a precatalyst for
the hydrogenation of alkenes, alkynes and carbonyl groups at moderate pressure of hydrogen

(500 psi)®.

R=Ph
R' = Ph, p-CI-C¢H,

CO Coco Cco
9

Ruthenium catalysts which contain tertiary phosphine ligands can achieve very high
hydrogenation rates of carbon-carbon multiple bonds and carbon-oxygen double bonds™.
Chlorohydridotris(triphenylphosphine)ruthenium(ll), [RuHCI(PPh3)s], catalyzes the

hydrogenation of terminal alkenes. It was observed that, when [RuCl;(PPhs)s] is used, the
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reaction time is increased, compared to [RuHCI(PPh;);] case, and an induction period is

necessary for the formation of the hydridocomplex (eq. 10).
[RuCly(PPh3);] + Hy — [RuHCI(PPh3);] + HCl (eq. 10)

The measurement of the hydrogen uptake rate showed that the alkene hydrogenation rate is
first order in alkene concentration and is inhibited by the addition of PPh;. A possible

mechanism was proposed (equations 11-13)**:

[RuHCI(PPh3);] === [RuHCI(PPh3),]+ PPh; (eq.11)
[RuHCI(PPh;),] + alkene =——== [Ru(alkyl)CI(PPhs),] (eq.12)
[Ru(alkyl)CI(PPh;),] + H, === [RuHCI(PPh3),}+ alkane (eq.13)

The kinetic study of the reduction of butenedioic acid in N,N-dimethyl-ethanamide as
solvent supported the above mechanism and indicated that the rate of the hydrogenation is
first order in hydrogen, between zero and first order in alkene and has an inverse dependence
on the PPh; concentration®. A subsequent NMR study showed no detectable dissociation of
[RuHCI(PPh3);] in soiution (CH,Cly) in contrast to [RuClx(PPh;);] which dissociates
triphenylphosphine, detectable in CHCls, CH,Cl, and toluene, forming [RuCly(PPhs);}*. It
was suggested that the life time of the catalitically active species is too short and they are
undetectable by NMR spectroscopy.

Aldehydes and ketones are reduced to alcohols in the presence of [RuHCI(PPhs);] but it
was observed that [RuHCI(CO)(PPh;);] is more efficient for the hydrogenation of these
substrates®. Interesting results were obtained in catalysis with ruthenium compounds

containing water-soluble phosphines®’*®. Complexes of the type [HRuCI(CO)Ps*] (P* =
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sodium salt of m-monosulfonated triphenyl phosphine, TPPMS, or trisodium salt of m-
trisulfonated triphenyl phosphine, TPPTS) are effective in the hydrogenation of trans —
cinnamaldehyde with a product distribution (hydrocinnamaldehyde, cinnamyl alcohol and 1-
phenylpropanol) which depends on pressure and temperature’’. The use of
[RuCl(TPPMS);]; in a biphasic system (water-toluene) affords better selectivity towards
cinnamyl alcohol (83 %)*.

Compounds containing carbon nitrogen double bonds, nitriles, nitro derivatives and
aromatic compounds can also be reduced using ruthenium based systems™.

Another important aspect of the use of ruthenium in catalysis is the high enantiomeric
excess and turnover numbers obtained with binaphthyl-containing phosphines. This
direction, derived from Noyori’s work, is continuously diversified from the point of view of
ligands, metal complexes and substrates. [Ru(OCOCH;),((S)-Hz-BINAP)] (10) and [Rul(R)-

Hg-BINAP)(p-cymene)]I (11), for example, are effective catalysts for the asymmetric

hydrogenation of o,B-unsaturated carboxylic acids*’ (ee = 41-96 %).

ot | O0Le

\Ru/O \Ru/ r
Ph, o < Ph,
10 - 11 -



Another class of chiral diphosphine ligands was also reported*': bis(diphenylphosphino)five-
membered biheteroaryls (12). With these type of ligands Ru(Il) complexes were prepared
using [RuCly(CsHs)]l and [Ru(p-cymene)l;], and they were tested as catalysts in the
asymmetric hydrogenation of a- and 3-oxoesters and other olefinic substrates. The ee values
obtained ranged from 78 to 99 %. Other ruthenium complexes, active in asymmetric
hydrogenation reactions, are based on aminophosphine phosphinite ligands and on

ferrocenyl biphosphines*.

a)X=§; R=CH;
b)X=S§; R=H
c)X=0; R=H

The above results show the efficiency of ruthenium complexes as catalysts and they
prompted us to investigate the possibility of immobilization of this metal on clay with
analysis of the catalytic properties of the new species. This direction of research was also
determined by the fact that there is a limited number of reports concerning heterogeneous
ruthenium systems, which is in contrast with its wide use in homogeneous catalysis. The
anchoring of organometallic ruthenium ions on clays through cationic exchange'” has been
mentioned before. There are also reports and patents regarding the use of supported
ruthenium, sometimes in combination with other metals, for the reduction of aromatic
hydrocarbons — a process important for the production of gasoline with reduced aromatics

content®. These procedures involve Ru(0) supported on a carrier: carbon black, alumina,
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silica, titania, magnesia, zirconia, zeolites, naturally occurring silicates, clays or a
combination of these materials. Heterogeneous ruthenium systems are also reported to be
active for selective reduction of the carbonyl group of carboxylic acids*, for the selective
transformation of methyl oleate to oleyl alcohol*’ (Ru-Sn/alumina), or for the hydrogenation
of nitrobenzene (Ru supported on the copolymer styrene-divinyl benzne)*.

During our work on this project results were published using ruthenium supported on
carbon and alumina for the selective hydrogenation of o-toluic acid derivatives to 2-
methylcyclohexanoic acid with high diastereoselectivities (74-85 %)*’ (eq. 14), and on the

reduction of olefins with ruthenium intercalated in pillared montmorillonite*®.

Ox;)\coom O/(:)\coom Oé[;)\coom
RWALO; or RWC_ . &
Y H, (5 MPa) Y O Y
Me e “Me

(eq. 14)

The immobilization of Ru (II) complexes on silica through thin films containing
terminal donor ligands or the preparation of dendrimers, with [Ru(bpy);}** as their core, have

been reported*™*’, but their catalytic activity remains to be investigated.
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2.4.2 Synthesis of Ruthenium Clays

Our approach was to use either phosphine or bipyridine as the ligands to attach to the
clay, and these ligands serve as the link for binding ruthenium to the clay. The clay used in
the study was Fluka K10 montmorillonite and in some experiments SWY-2 (Crook County,
Us).

Na montmorillonite was initially purified following the procedure described
previously? and transformed into H-montmorillonite by stirring with 0.1 N HCI solution,
followed by drying in air and then in vacuum. We chose two different methods to anchor

23.51

ruthenium. The first route follows the procedure used by Choudary and also by our

group®®*” . The clay, in its acidic form, is reacted with thionyl chloride , followed by

treatment with n-BuLi and bipyridine and finally by addition of commercial ruthenium (I1I)

chloride (Scheme 3).
§_OH 50Cl, ;_Cl 1) n-BuLi/THF
CeHe 2) bipyridine

;_bpy RuClyH,0 ;_bpy (Ru]

13 14

Scheme 3. Synthesis of Ru bipyridine clays.

The reaction of bipyridine with lithiated substrates was also employed in the preparation of

polymer-bound bipyridine®?. In this procedure bipyridine is attached to phenyl residues of
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polystyrene-divinylbenzene copolymer after bromination and lithiation of the aromatic ring.
The reaction of chloromontmorillonite with #2-BuLi is based on the metal-halogen exchange
process. Metal-halogen exchange reaction is in competition with alkylation reaction. Control
of the reaction temperature [(-78) — (-80) °C] and the choice of »-BuLi as lithiation agent
instead of PhLi or MeLi, favors the metal halogen exchange™. The reaction can be
envisioned to proceed further by attack of the Li species on bipyridine. The addition of R-Li
compounds to nitrogen heterocycles is documented in the literature® and it may proceed by
the addition of the lithium derivative to the C-N double bond at low temperature followed by
elimination of lithium hydride on heating.

The IR spectrum of species 13 showed the characteristic absorption of bipyridine in the
region 1562-1438 cm™ (Fig. 2a). After treatment with commercial ruthenium chloride the
only absorption observed in the region 1600-1500 cm™ is the one corresponding to the water
contained in montmorillonite (1642 ¢cm™) (Fig. 2b). In solution, the absorption due to
dipyridyl ligands, to which ruthenium is coordinated, is reported® as a weak sharp peak at
1600 cm™. It was assumed that the amount of bipyridine that remained on clay after addition
of ruthenium chloride, followed by washings with water and THF, was very small. This is in
agreement with the ruthenium content of clay 14, 0.18 mmol Ru/g clay, determined by flame
emission spectroscopy (wavelength 372.8 nm). The modification of the clay was also
followed by measuring the basal spacing, d(001), which was 14.1 A compared to 9.9 A in the
initial Na-montmorillonite.

The second method used to anchor ruthenium on clay is based on the reaction of
Si(OMe)3(CH3);Cl with the OH groups present in the clay, followed by addition of KPPh,

and subsequent treatment with commercial ruthenium (IIT) chloride hydrate (Scheme 4).
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Fig. 2a,b IR spectra of 13 (a) and 14 (b)
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OMe

Me0),SiCH,CH,CH,Cl |
g—OH Lt S8t g—o—?icnzmzcuzcn LY
OMe
CI)Me (I)Me
—>§_O—?ICH2CH2CH2PPh2 RUCI3H20 _O—?ICHZCH2CH2PPh2 [Rll]
OMe 15 OMe 16

Scheme 4. Synthesis of Ru phosphine clay.

%5 to immobilize rhodium on silica. The reaction of

This procedure was used by Allum et al/
silane compounds with the OH group of inorganic oxides is a known method for
functionalization of solid supports’. For clays this method is less developed than the
immobilization of metals through cationic exchange. Choudary and his group used a similar
procedure in the preparation of triphasic catalysts and also in the synthesis of palladium
clays®°,

The chlorine content, determined by X-ray fluorescence, was 2.9 mmol Cl/g after
reaction with (MeO);SiCH,CH,CH;Cl. The phosphination of chloromontmorillonite was
carried out using a 0.5 M solution of KPPh; in THF followed by extraction with methanol
and toluene. Commercial ruthenium (IIT) chloride was used as source of ruthenium to
coordinate to the phosphine. The reactions were carried out under nitrogen in order to avoid
the oxidation of phosphorus. The CP/MAS *'P-NMR spectrum has a signal at —17.2 ppm
(Fig. 3a) which was assigned to the phosphorus in siloxypropyldiphenylphosphine, which is

close to the value reported for the same ligand grafted on silica (-16 ppm )*. After the
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coordination of ruthenium the spectrum shows a broader peak at 34 ppm (Fig. 3b) and the
signal at —17.2 ppm disappeared. It is known that the coordination of ruthenium to
phosphorus generally leads to a shift of the *'P signal to a lower field (40 ppm)*’. A similar
shift takes place in the case of Pd coordinated to phosphine on clay*.

In the IR spectrum of species 15 the 2880-2900 cm™ peak can be assigned to the
carbon-hydrogen stretch for the propyl group attached to the phosphorus atom and the
enhanced absorption between 770 - 665 cm™, compared to pure K10 montmorillonite, might
be due to the presence of the aromatic rings bound to phosphorus. In aromatic phosphines the
substitution pattern, in the region mentioned above, is known to be broken up into a number
of strong absorptions. The IR spectra of both Ru clays show strong absorptions due to the
montmorillonite which makes the identification of the attached organic molecules difficult to
assign. X-ray powder diffraction of 16 showed a basal spacing d(001) of 13.3 A and the
ruthenium content, determined by flame emission and also by ICP analysis, was 0.17 mmol
ruthenium/g clay. For different batches of catalyst, subsequently prepared, the ruthenium
content of 16 varied from 0.13 to 0.17 mmol Ru/g.

On a macroscopic scale, both clays are powders, similar to the initial Na-
montmorillonite. They have different colors: before complexation of ruthenium, 13 has a
pink-violet color and 15 is pale yellow. After treatment with RuCl; the two compounds show
different shades of grey.

On a microscopic scale (1-10 um), the clays were observed by scanning electron
micrographs (SEM). Figures 4 (a, b) show the SEM of Na montmorillonite in comparison to

the clay treated with bipyridine and ruthenium chloride (14) (1 x 10 000 enhancement).
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Fig. 4 a,b Scanning electron micrographs (SEM) of Na montmorillonite (a) and 14 (b)
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Fig. 4 c¢,d. Scanning electron micrographs (SEM) of 14 (c) and 16 (d)
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Figures 4 (c, d) represent the SEM for the clay with bipyridine and ruthenium cloride (14)
and the phosphinated clay reacted with ruthenium chloride (16) (1 x 2 000 enhancement).

The main characteristics of the ruthenium clays 14 and 16 are summarized in Table 3.

Table 3. Physical and Spectroscopic Data for Clays 14 and 16

Ru clay Color Ru content d(0ot) 3lp.NMR
(mmol Ru/g) (A) (ppm)

Ru-bipyridine  grey (violet 0.18

14.11 )
clay 14 shade)
Ru-phosphine grey (Sllghtly 0.17 13.36 34
clay 16 yellow)
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2.4.3 Reduction of Unsaturated Esters

Our objective was to investigate the catalytic activity of the ruthenium clays obtained,
their stability and what advantages they have over other catalytic systems. First, the
effectiveness of clays 14 and 16 was studied in the selective reduction of the double bond of
unsaturated esters”’, a reaction of substantial interest in organic chemistry””.  The
hydrogenation of methyl methacrylate catalyzed by Ru clays 14 and 16, with a substrate to
catalyst ratio of 370:1 (30 mg clay which contained 0.005 mmol Ru) showed complete
conversion to the corresponding propionate ester in 22 h at 300 psi H; and 75 °C. Clays 14
and 16 had comparable activity for selective reduction of the double bond of methyl
methacrylate and methyl crotonate (Table 4 , entries 1, 2). In the case of methyl crotonate the
complete hydrogenation takes longer (45 h) and a higher pressure is required (600 psi H).
The reaction was stopped when no more increase in the conversion of the substrate was
determined. The conversion was calculated from the '"H-NMR spectrum , in the presence of
an internal standard. The two catalysts behaved differently when both terminal hydrogens of
the double bond are replaced by methyl groups, as in the case of ethyl 3-methyl-2-butenoate:
16 is inactive towards the substrate even at 600 psi H,, while 14 catalyses the complete
hydrogenation (600 psi Hy) in 45 h (Table 4, entry 3). Neither 14 or 16 was effective for the
hydrogenation of ethyl 2,3-dimethyl-2-butenoate (Table 4 , entry 4). In contrast with the
increased activity of Ru-bipyridine clay in the reduction of the carbon-carbon double bond of
ethyl 3-methyl-2-butenoate, Ru-phosphine clay is the catalyst of choice for ethyl trans-
cinnamate: 100 % conversion resulting in the formation of ethyl 3-phenylpropanoate in 85 %

isolated yield (Table 4 ,entry 5). Catalyst 14 gave only 21 % conversion of ethyl trans-
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cinnamate to the saturated ester, the rest being unreacted starting material. Ru clay 16 is also
effective in the case of ethyl frans-B-methyl cinnamate with 100 % conversion to the
saturated ester (Table 4, entry 6). The activity displayed by 14 for this substrate is similar to
that of catalyst 16 (Table 4, entry 7). The difference in the value of the d(001) parameter for
the two clays might explain the efficiency of the Ru-bipyridine clay in the hydrogenation of
ethyl 3-methyl-2-butenoate and the inactivity of the phosphine based clay for the same
substrate. The increased volume of the substrate (e.g. ethyl 2,3-dimethyl-2-butenoate) blocks
the reaction even for catalyst 14. This is in agreement with the previous observation that a
Pd-clay catalyst hydrogenates preferentiaily the less hindered double bond in unsymmetrical
dienes®. An increase of hydrogen pressure from 600 psi to 800 psi did not show any
hydrogenated product for ethyl 2,3-dimethyl-2-butenoate. The planar geometry of the phenyl
ring seems to fit better the clay catalytic system than the tetrahedral arrangement specific for
a carbon sp® (Table 4, entries 5,6). These observations suggest that tuning of the interlayer
space may be a useful process for the separation of mixtures of compounds.

The hydrogenation reactions were performed in benzene. Cyclohexane, obtained from
reduction of the aromatic ring, was observed in the crude mixture. Several other solvents
were used for the hydrogenation reaction with 16 as the catalyst. Reaction of methyl
methacrylate catalyzed by 16 in methylene chloride gave complete conversion to methyl 2-
methylpropionate, while in the reaction using methanol as the solvent, the starting material

was recovered and only traces of hydrogenated product were found.
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Table 4. Reduction of Unsaturated Esters Using 14 and 16 as Catalysts®

No. Substrate Catalyst Pressure Time Conv. (Yield)b
(psi Hy) (h) (%)
1 )\ 14 100 (90)
COOCH; 16 300 22 100 (87)
2 14 100 (91)
~Z" COOCH; 600 45
16 100 (85)
14
45 100
3. 7/\ COOC,H; P 600 v !
14
4. 7/4 COOC,H; 16 600 40 -
2. PN~ coocH, :: 800 63 e
52 100 (80)
100
AL 14 800 24
7T COOCH; 100 (84)?

a. Reaction conditions: substrate 2.0 mmol; 30 mg 14 or 16 (0.005 mmol Ru); temperature 75 °C;
benzene 8 ml.

b. Determined by 'H NMR using an intemnal standard.
¢. | mmol substrate.
d. Isolated yield.



The recycling capacity of the catalyst (both 14 and 16) was tested by reusing the Ru-
clays three times consecutively, and no loss of activity was observed. In the three consecutive

runs, using 16, the conversion to saturated ester was always complete (Fig. 5). The benzene

Variation of conversion and yield in three
consecutive reactions

100(”.
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Consecutive reactions

Fig. 5 Variation of conversion and yield in consecutive reactions

solution, which was obtained after the filtration of the clay, was analyzed for the presence of
ruthenium by atomic absorption. No ruthenium wad detected. To confirm that the Ru-clay
system is the active catalyst, the reaction of methyl methacrylate at 300 psi H; and 75 °C,
using Na montmorillonite without any metal, was tested in which case no reaction was
observed. The use of RuCls-H;O as the catalyst for the same substrate, in benzene, gave only
27 % conversion to methyl 2-methylpropionate in 22 h. It was also demonstrated that the

solid obtained by stirring a dry THF solution of Na montmorillonite and RuCls, under
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nitrogen, and then washing with water and THF, followed by drying in vacuum, does not
give any reduction of methyl methacrylate.

Once the catalytic activity of the ruthenium clays was established our research focused
on finding hydrogenation processes in which the new catalytic species could bring an
improvement compared to the catalysts currently in use. The ruthenium-phosphine clay 16
was used for subsequent research. This decision was based on the comparable catalytic
activity of the two species and also on the more documented hydrogenation process for
homogeneous catalysis in the case of phosphine-based ruthenium compounds. Analogy with
the homogeneous system might help us to understand better the present heterogeneous
catalyst.

Catalyst 16 was tested for the selective hydrogenation of the double bond of vinyl

epoxides (eq. 14’; Table 5). Reactions such as production of ethyl oxirane starting from

R /R R R

16, H, '

R’ » R (eq. 14)

o 300-500 psi o
75°C
17a-20a 17b-20b

R = alkyl, phenyl

R'= methyl, H

R"= alkyl, H

butadiene are of industrial importance. Vinyl oxirane can be obtained with high selectivity
from butadiene, using titaniumsilicates®’. The next step to ethyl oxirane is selective reduction
of the double bond. The use of palladium or rhodium on carbon was disclosed in a patent®!

while iridium and palladium are employed under homogeneous conditions®.
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For the Ru-clay good selectivity was obtained for 2-phenyl-3-vinyloxirane, which
afforded, at 500 psi Hj, 2-ethyl-3-phenyloxirane in 60 % isolated yield (Table 5, entry 1). In
the case of 2-methyl-2-phenyl-3-vinyloxirane, an appreciable amount of saturated aldehyde
(2-methy-2-phenylbutanal) 21 together with 2-phenyl-3-pentanone 22 was obtained in
addition to the saturated epoxide 18b (eq. 15), which represented only 30 % of the products

(Table 5, entry 2). The hydrogenation of 1,3-cyclohexadiene monoxide at 500 psi H; gave

I ?
BW/‘ 300 psi Hy '>Y7/—+ CH3CH7-C-CHO + CH3C|3H-C-CH',CH3

Ph (eq.15)
18a 18b 21 22

cyclohexene oxide in 16 % yield, the principal product being cyclohexanone (Table 5, entry
3). In the case of 1,3-cycloheptadiene monoxide the yield of cycloheptene oxide was higher
(50 %) (Table S, entry 4) with the accompanying product being cycloheptanone.
Cycloheptene oxide is obtained in lower yield (33 %) when the hydrogen pressure is reduced
to 300 psi Ha.

The Lewis acidic sites of the clay and the temperature used in the reaction might
determine the rearrangement of the epoxide. Both the thermal and acid-catalyzed

rearrangement of epoxides have been studied® and it is assumed that the ketones formed in
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these reactions result from hydride migration. The aldehydes observed as by-products in the
case of substrates 17a and 18a may be formed through cleavage of the epoxide ring and
generation of carbenium ion intermediates followed by ethyl migration. Similar behavior has
been reported in the case of BF3-Et;0 which catalyzes the cleavage of the oxirane and
migration of the acyl or phenyl groups (eq. 16) or in the reaction of cycloheptene oxide with
LiClO4 which affords cycloheptanone and cyclohexyl aldehyde (eq.17)®>. It has also been
reported that metal complexes like [Rh(CO).Cl}, and Mo(CO)s catalyze the alkyl or aryl

migration of epoxides®*.
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Table S. Reduction of Unsaturated Epoxides Using 16 as the Catalyst

No Substrate Pressure Time Conversion Isolated yield
(psi Hy) (h) (%) (%)
P - <
1. V 500 24 100 60
(@)
17 a
Ph —
2 Me 300 24 100 30
0]
18 a
3. @o 500 48 100 16"
19a
0 b
4. 500 19 100 50
20a

a. GC isolated yield using an internal standard.
b. NMR yield (intemnal standard).
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CHO

0O
0O
. \
O LiCIO, O/\o ; d (eq. 17)

Considering the limited number of methods designed to selectively reduce the double

P CCH; I
[ BEcEuQ %cm q 16
0

bond of vinyl epoxides, the procedure involving Ru-clays represents an alternative with fair
yields of alkyl oxiranes.

The catalytic activity of 16 was investigated for two other classes of functionalized
olefins: a,B-unsaturated sulfones and phosphonates. Sulfur represents a very effective
catalyst poison and sulfones, in which there are no unshared electron pairs on the sulfur
atom, were chosen as substrates. Ethyl vinyl sulfone and phenyl vinyl sulfone (Table 6,
entries 1,2 ) afforded diethyl sulfone and ethyl phenyl sulfone in 64 and 94 % yield,
respectively. The use of ruthenium clay compares favorably, in terms of yield and selectivity
for reduction of the carbon- carbon double bond, with commonly used hydride reagents such
as NaBH; or [(PPhs)CuH]s* or with the catalyst generated from the reaction of

[Pd(PBu’H)(u-PBu',)]; with O, in THF®.
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Table 6. Reduction of Unsaturated Sulfones and
Phosphonates Using 16 as the Catalyst

No Substrate Time Conversion Isolated yield
(h) (%) (%)
I
1 y S—" 66 80 64*
}
]
2 /—i_Ph 63 100 94
3. CH /
2 So\p/ 22 100 90
C,H;0” \\O

Reaction conditions: | mmol substrate; 0.005 mmol Ru; temperature 125 °C
(sulfones); 100 °C (phosphonate); 500 psi H 5; 8 ml benzene.
*Yield determined by GC using an intemal standard.
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Phosphorus containing moieties play a vital role in biological systems®’. The problem
of selective double bond reduction of a phosphonate without any secondary reactions (e.g.
hydrogenolysis) may arise in organic synthesis. The use of Pd/C has been reported® as an
heterogeneous catalytic system. In the presence of Ru-clay the hydrogenation proceeded
readily (90 % yield) for diethyl vinyl phosphonate (Table 6, entry 3). As for basic alkenes,
increasing degree of substitution at the double bond inhibits reduction. Either diethyl a-

styrylphosphonate 23 or diethyl (1-propenyl)phosphonate 24 were recovered unchanged.

CH,
H;C,0 J(Ph HsC20N f
2 P
HCO™ N g H:C,07 N

23 24

It can be concluded, for this part of our investigation, that ruthenium trichloride,
immobilized on clay by means of phosphine or bipyridine containing units, showed good
catalytic activity for the reduction of o,B-unsaturated esters. The phosphine-containing clay
is an efficient catalyst for the reduction of unsaturated sulfones but is less selective for
unsaturated epoxides and not generally effective for phosphonates.

High rates of hydrogenation for alkenes, alkynes or heteroaromatic compounds are
achieved with [RuHCI(PPhs);] in homogeneous catalysis. The Ru-phosphine clay system
may involve a similar species. We observed that, in the hydrogenation reactions carried out,

there is an initial period of time (3.5 - 4 h) before the pressure in the autoclave started to
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decrease. This observation may be associated with an induction period necessary to form a
ruthenium hydrido derivative.

An XPS study, carried out on samples of Ru-clay, provided more information although the
small concentration of ruthenium makes the analysis more difficult. The spectrum of clay 16
obtained by XPS is shown in Fig. 6 and that of RuClsin Fig. 7%°. In the spectra of RuCls (Fig.
7) the peaks at 286.2 and 281.7 eV represent Ru** 3d3; and Ru’" 3ds, signals. The carbon
peak (C 1s) was used as an internal calibration signal (284.6 eV). The Ru-clay sample has an
appreciable amount of carbon compared to ruthenium and the high resolution peak of
ruthenium 3d is almost covered by the carbon /s peak. The carbon peak has a shoulder at the
low energy end (281.5 eV) and this could be the 3ds; peak for ruthenium. The signal at 281.5
eV is too high for Ru metal (280.0 eV) or Ru (IV) (280.7 eV) but is close to Ru (II) (281.7
eV)™. The ruthenium 3p peaks were also run at high resolution and appear at the proper
position and the correct 22 eV apart but their position is not very informative about the
oxidation state. A report™ on hydrogenation reactions using Ru KL zeolite as a catalyst
showed that the species present, according to XPS studies, are Ru (IIT) and Ru (0).

A Ru (IT) hydride may be formed during the catalytic cycle, under hydrogen pressure, in the
heterogeneous clay system. The alkene is adsorbed and coordinates to ruthenium. Hydrogen
insertion gives the metal alkyl. According to the size of the functionalized olefin this step
may or may not be likely. Addition of H; may lead to a dihydrido metal alkyl species. The
alkane is formed by reductive elimination and the active catalytic species is regenerated
(Scheme 5).The ruthenium system on clay, developed herein, has the general characteristics

observed for Ru catalysts, homogeneous or heterogeneous: it is less active for the
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Fig. 7 XPS spectrum of RuCls
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hydrogenation of non-activated olefins and it is efficient for the reduction of aromatics.
Attempts to reduce 1-decene failed even when the reaction time was increased to 48 h (eq.

18) but the double bond in styrene or substituted styrene is selectively reduced (eq. 19).

H H

P | P |
N Y, N
P*/Ru"\ + R__/

Cl

RCH,CH,

P* = phosphine attached to clay

Scheme 5. Possible catalytic route for hydrogenation of the
carbon-carbon double bond.
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16 .
_—
TR G080 psiH,T oreaction  (eq. 18)

48 h; 80 °C

600 psi H2 (eq. 19)
10 h; 80°C

R=H, Bu'

The formation of cyclohexane in the reaction carried out in benzene led us to
investigate the efficiency of the Ru-phosphine clay for the reduction of different aromatic
systems. In the reduction of neat benzene, after 2.5 h, 17 % conversion was obtained,
corresponding to a turnover number (TON) of 3530 (mol product/mol catalyst) and a

turnover frequency (TOF) of 1412 (mol product/mol catalyst - h) (eq. 20).

© oot O (¢a: 29
80°C

Methoxy benzenes are hydrogenated to the corresponding cyclohexanes. No
hydrogenolysis of the carbon — oxygen bond occurs and cis substituted cyclohexane was the
major isomer in the hydrogenation of ortho and para methylanisole (Table 7, entries 1, 2).

For naphthalene, the fully hydrogenated product was obtained at 500 psi H; and 80 °C,
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Table 7. Reduction of Aromatic Rings Catalyzed by Ru - clay

No. Substrate Time Cis/trans ratio
(h) of the product*
L. Q_OCH3 20 86/14
CH;

2. mc—@—ocn_,, 21 62/38
3. 17 85/15

I mmol substrate; 0.005 mmol Ru (30 mg clay); 500 psi H ,; 80 °C.
* Completely hydrogenated product.

with cis - decalin as the major isomer (cis-decalin/trans-decalin = 85/15) (Table 7, entry 3).

The results obtained for the reduction of aromatic hydrocarbons show similar behavior to
other ruthenium heterogeneous based catalysts (e.g. Ru/C) '. The reactions conditions
employed are generally milder than those of other reported procedures (e.g. 150-200 °C and

140-1100 psi H;) but other metals, like Rh or Co, are more efficient’" "2,
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2.4.3 Reduction of the Carbonyl Group in a-Ketoesters and a-Ketoamides

The reduction of o-ketoesters has attracted considerable attention in recent years’.
This process represents an alternative approach to the synthesis of hydroxy acid derivatives.
Very good results have been obtained using homogeneous rhodium catalysts. Rhodium
phosphine systems with a neutral ligand (BPPM, CyDIOP) were found to be effective for the
asymmetric reduction of a-ketocarboxylic esters’*, a-ketoamides’’, and ketopantolactone“.
The most popular catalysts for heterogeneous hydrogenation of these type of substrates are
based on platinum, palladium and nickel. The catalytic hydrogenation of a-ketoacids and a-
ketoamides has been carried out using Pt/AL,Q;, PtO,, Pd/C, Pd/CaCO;, Pd/BaSO, or Raney
nickel”””. Platinum supported catalyst can be chirally modified with cinchona alkaloids or
other simple nitrogen containing compounds and this allows the synthesis of a-hydroxyesters
and a-hydroxyamides with enantiomeric excesses up to 95 and 60 %, respectively>'®. A
comparative study, on the enantioselective hydrogenation of pyruvate esters catalyzed by Pd
and Pt in colloidal and supported form, was recently published”. It was concluded that the
rate of the reaction is reduced in the case of palladium and the sense of the enantioselectivity
is reversed with respect to that of the Pt system. Both systems used cinchonidine and
cinchonine as chiral modifiers.

We were interested in investigating the activity of the Ru-phosphine clay 16 for the
hydrogenation of a-ketoesters and a-ketoamides. The reaction of a-ketoesters with hydrogen
in the presence of Ru clay proceeded for most of the substrates at 500 or 600 psi H; and 75

°C, affording the corresponding hydroxyesters in 60-100 % conversion and 80-89 % isolated

yields (eq. 21).
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Ru-clay, H,

RCCOOR' RCHCOOR' (eq.21)
500-600 psi; 75 °C
OH
25a-28a 25b-28b

Commercially available substrates were hydrogenated using the Ru catalyst. The
conversion of methyl pyruvate to lactic ester was 60 % after 45 h at 500 psi H; and 100 %, in
the same time, but at 600 psi H; (Table 8, entries 1,2). The same favorable pressure effect
was observed for methyl benzoylformate — 100 % conversion at 600 psi H; but only 66 %
conversion at 500 psi H, (Table 8, entries 4,5). The keto group connected to a longer alkyl
chain, such as in ethyl 3-methyl-2-oxobutyrate, can be reduced completely at 500 psi Ha,
(Table 8, entry 3). It was also observed that the reduction of substrates containing a phenyl
ring, methyl benzoylformate and ethyl 2-oxo-4-phenylbutyrate, proceeds more rapidly (24 h
and 18 h, respectively — Table 8, entries 4, S, 6). The longest reaction time (66 h) and the
highest pressure (850 psi H;) was necessary for the reduction of ketopantolactone 29a to
pantolactone 29b (Table 8, entry 7). Pantolactone was obtained in high yield (89 %) as the
sole product of the reaction.

The results obtained for a-ketoesters prompted us to study the activity of the Ru
catalyst for other derivatives of a-ketoacids such as a-ketoamides (eq. 22). The substrates
were synthesized by the reaction of a-ketoesters with dimethylaluminum amides generated in

situ from trimethylaluminum and the corresponding amine® (eq. 23, 24).
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Table 8. Reduction of the Keto Group ina -Ketoesters and o -Ketoamides Using
Ruthenium Clay®

No. Substrate Pressure Time  Conversion (Yield )b
(psi H,) (h) ()

1. CH3COCOOCH; 25a 500 45 60

2. CH3COCOOCH; 600 45 100

3. CH;CH(CH;)COCOOC,H; 26a 500 45 100 (80)

4. PhCOCOOCH; 27a 500 24 66

5. PhCOCOOCH; 600 20 100

6. PhCH,CH,COCOOC,H; 28a 500 18 100 (87)

7. H2CLC(CH3)2C(O)C(O)(I) 29a 850 66 100 (89)

8. PhCOCON(C,Hs), 30a 500 60 92 (50)

9. PhCOCONH(CH,);CH; 31a 500 43 100 (68)

10. PhCOCONHCH,Ph 32a 500 50 90 (71)

? 1 mmol substrate; 30 mg Ru-clay; (0.005 mmol Ru); 8 ml benzene, 75 °C.
® Isolated yield.
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RI(IZCONR'R" Ru-clay, b, RCHCONRR" (eq. 22)

0 500 psi; 75 °C OH

30a-32a 30b-32b

(CH3)3Al + HNR'R? —» (CH;)LAINR'R® + CH; (eq.23)

Z0 0
(CH; ANR'R? + wacZ ™ CHChL Mcf  (eq.29)
OR 25-41°C NR'R?

R'; R? = H, alky!; aryl

All the a-ketoamides were hydrogenated to a-hydroxyamides with high conversions
(90-100%) without any competitive reactions taking place. A more rapid loss of hydrogen
pressure was observed for N-butyl-benzoylformamide (43 h) than for N-benzyi-
benzoylformamide (50 h) and N,V -diethyl benzoylformamide (60 h). These differences may
be attributed to the type of amide (primary or secondary) and the nitrogen substituent
(aliphatic or aromatic). Neither of these two factors have a dramatic effect on the reaction
time.

The reduction of the carbonyl group might involve a pathway similar to the
homogeneous process like coordination of the oxygen of the CO group to ruthenium and
hydride transfer to the carbon atom followed by reductive elimination giving the product

alcohol ( Scheme 6 ). Recent results® have shown that 7-coordinate 18-electron Ru (IV) -

61



RUC[:;‘H:)_O + P* + L

|

[RuCl,P*,L3]
"
H ~OH 0
R/C\R' [RuHCIP* L3 )L
R R
S Sho
7 1 NocHre 71 o _p
R
\_— ~ | }{ H P*orL
p* Ru—™ H
7 |\ 2
e
33 R
P* = Ph,P \AAAI
L =-0OH;-0; solvent.
Scheme 6

intermediates are improbable and the complex 33 formed represents a Ru(Il)-dihydride —
dihydrogen complex. At the same time the modified Horiuti-Polanyi mechanism for the
hydrogenation of carbonyl groups' assumes, as in the case of alkenes, the coordination of the
carbon-oxygen bond through the m cloud of the double bond, followed by addition of
hydrogen from the active site of the catalyst (Scheme 7). The effect of hydrogen pressure on
the value of the conversion of the substrate (observed for methyl pyruvate and methyl
benzoylformate) involves that the hydrogen availability to the catalyst is a determining factor
in the mechanism of the reaction. A low hydrogen availability makes the addition of

hydrogen-step the rate-determining step of the reaction. A hydrogen pressure higher than 600
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psi ( Table 8, entries 2, 5) means a high hydrogen availability and that the addition of
hydrogen becomes a non-reversible step.

The distinction between the pathway similar to the homogeneous process and the
Horiuti-Polanyi mechanism is not very strict, but the organic ligands anchored on solid

supports might bring the reaction closer to the homogeneous mechanism.

Scheme 7. Horiuti-Polanyi mechanism for the hydrogenation of
carbonyl groups

Quayle and Pinnavaia ®! in studies of intercalate Rh complexes in the interlayer of hectorite,
proposed that the apparent substrate size selectivity arises from the spatial requirements of

the reaction intermediate (Fig.8a). If the L-Rh-L axis is parallel to the clay layers and the
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carbon-carbon triple bond is perpendicular to the layers the intermediate could be less stable
as the size of R increases due to repulsion between the silicate layers and R groups. The

coordination of the keto-derivatives through the carbonyl oxygen (Fig. 8b) might

L) L£—1Y

/III, .\\\\ ///,, N

L/

ISt
y L7

a b

Fig. 8 a, b Metal complexes in the interlayer of clays

make the dimensions of the substrate less critical for the reaction.
The results obtained in the hydrogenation of the a-carbonyl group in a-ketoesters and
a-ketoamides demonstrate that the ruthenium-phosphine clay is a good hydrogenation system

which is stable and retains high efficiency during consecutive catalytic cycles.



2.4.5 Attempted Asymmetric Hydrogenation Using the Ru Clay

One of the important objectives in developing a new catalytic system for hydrogenation
reactions is the achievement of an enantioselective process. Two main approaches were
considered in attempting to realize asymmetric hydrogenations. The first approach was to
adsorb a chiral ligand onto the catalyst. Platinum catalysts modified with cinchona alkaloids
are effective for the hydrogenation of c-ketoesters™*’. Naphthalene based aminoalcohols
and aminoesters were developed as chiral ligands for the Pt catalyst used in the above
process’ . Other examples of effective enantioselective heterogeneous catalytic systems are
nickel complexes modified with tartaric acid and sodium bromide!, which are most effective
for the reduction of P-ketoesters, and palladium-cinchonidine catalysts used for the
hydrogenation of (E)-ct-phenylcinnamic acid to (S)-2,3-diphenyl propionic acid (44 % ee)'.

For the Ru-clay system BINAP was the first chiral ligand to be used in the reduction
process. The BINAP/Ru molar ratio was varied from 1 to 4. Trans-2-methyl-2-pentenoic

acid, the corresponding ester (34 or 35) and also ketopantolactone 29a were chosen as model

substrates for reduction of the C-C and C-O double bond, respectively.

COOR HLC
H
/c=c< H,
CH3CH2 CH3 0
R= H, C2H5
34,35 29 a
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No favored formation of one enantiomer over the other one was observed (polarimeter or
chiral gas chromatographic analyses). Similar behavior was observed when other chiral
ligands were used: (-)-BPPM, (-)-DUPHOS, (R,S)-BINAPHOS. Pretreatment of the clay
with hydrogen and pressure increases to 1200 psi did not show any improvement regarding
enantioselectivity.

A recent study® analyzed the results reported previously regarding the variation of
enantioselectivity with changes in pressure in asymmetric catalytic hydrogenation. The study
shows that the increase in the value of enantioselectivity, observed with the increase of
pressure, can be obtained by only changing the hydrogen concentration in the solution by
variation of the gas-liquid mass transfer rate. The concentration of hydrogen in the ligiud
phase, during the catalytic hydrogenation reaction, depends on the rate of gas-liquid mass
transfer and on the kinetic rate law for the reaction. If the rate of mass transfer (gas-liquid)
has a close value to that of hydrogen consumption in the reaction, the hydrogen concentration
of the solution becomes very low. In the case of the reactors with inefficient stirring this
condition persists throughout the course of the reaction and even the increase of pressure
does not improve the enantioselectivity. This requirement of very efficient stirring is more
difficult to satisfy in the laboratory apparatus which were used for the reduction (Parr
autoclaves with magnetic stirrers) and can be a direction for further improvement.

The second approach involves immobilization of a chiral ligand onto the support
through chemical bonding. There are few reports published using this route, but some of
those have proved to afford good results regarding enantioselectivity (e.g. Rh on zeolites was
reported for the catalytic hydrogenation of prochiral alkenes). For clays, only the

intercalation of chiral complexes has been reported”.
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The method adopted in order to anchor the chiral phosphine ligand on clay is shown below
(Scheme 8). It is based on similar reactions carried out in the homogeneous phase® and
follows the same principle used for immobilization of the achiral ligand. The CP/MAS *'P-
NMR of the final product showed a chemical shift at 0.9 ppm (broad peak), which is different
from that of the binaphthyl phosphine ligand in solution (-13 ppm). The long time (48 h)
after which the spectrum could be recorded and the increased noise present, determined the

conclusion that the amount of phosphorus containing compound on the clay is very small.

g—lsli\/\/CI + 8 —> g-lsli\/\/ @O
O l[I>Ph2 thfj’ OO

Io |

i I OO
CLSIHEGN g—'Si ~~0
PhaF OO

11

Scheme 8

Other approaches could be of real value to try (i.e. reaction of the phosphine clay with
a chiral ruthenium complex like [RuCl((S)-(-)-tol-BINAP)}, or reaction of the ruthenium-

phosphine clay with the chiral complex of another metal).
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2.4.6 Reduction of a-Iminoesters and a-Iminoketones and Reductive Amination of
a-Ketoesters

The ability of the ruthenium clay system to reduce the a-imine moiety was
invesigated. This process would lead, after hydrolysis of the ester group, to the formation of
a-aminoesters and a-aminoacids respectively.

Transition metal complexes, such as [Fe(CO)s], [Co2(CO)s], [Mo(CO)s)/NaOMe,
[RhCl,(DMF)(py).][BFs] and [(n®-PhBPh;)Rh’(1,5-COD)] catalyze the reduction of the
carbon-nitrogen double bond of imines in the homogeneous phase®*®. Li[Ir(P-P)L;] (P-P =
chelating diphosphine)®’ was described as a catalyst which can tolerate ester, ketone, nitrile
and nitro functional groups, and the species generated in situ from [Ir(COD)CI]; and chiral
diphosphines (BPPM, BDPP, DIOP) catalyzes the reduction of imines with hydrogen
obtaining enantiomeric excesses up to 84 %

The transfer hydrogenation of imines has been well developed over the past years.
Ruthenium based catalysts showed high activity in this alternative route to imines. Backvall
et al. demonstrated that imines are reduced by hydrogen transfer in propan-2-ol in the
presence of catalytic amounts of [RuCl,(PPh;);] and a base (KCO3)¥”. [Ru3(CO):2] also
proved active for this process**. Significant progress was made by Noyori’s group®®, showing
that complex 36, in the presence of suitable chiral 1,2-diamines (L*), efficiently catalyzes the
asymmetric reduction of imines with a formic acid-triethylamine mixture (eq. 25). The
number of heterogeneous systems reported for the reduction of the imine group is smaller
than for the comresponding homogeneous catalytic systems. Usually palladium or Raney
nickel are used’, and the reaction conditions are mild ( room temperature and atmospheric

pressure).
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ArSO, 6 .
l N R, n -~ -arene: mesitylene; p-cymene; benzene

., N .
. N NUA
Ru’
N/ \ Cl
36
CH, CH,
I +HCOOH —>8 » | + CO, (eq.25)
N L* NH
CH, CH,
R R

L* = chiral 1,2-diamines

A related process is reductive amination, which assures the hydrogenation of an imine,

formed in situ by condensation of an amine with a carbonyl compound (eq. 26)".

>—CHO+HN ) + Hz% \(—N ) (eq.26)
. a

The most important heterogeneous catalysts for reductive amination are based on Pd/C
or Raney Ni. The reaction can give a mixture of products if the amine produced competes
with the reactant amine in the condensation step'. Based on this process another approach to

the enantioselective synthesis of aminoacids was developed: the reductive amination of a-

ketoesters using a chiral amine. Chiral amines (R)- and (§)-a-methylbenzylamine or (R)- and
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(S)-phenylglycine are reacted with an a-ketoester and the Schiff base formed was reduced

over a Pd catalyst (eq. 27)%.

i NH, MeOOC R’ MeOOC R’
-+ H2 L
—— —_—— 27
COOMe R)*\ R -HO0 )*N ~R Pd/C );N ™R (eq. 27)

The substituent on nitrogen can be removed by hydrogenolysis after reductive amination (eq.

28).

MeOOC R COOH
R _.I'.I_z__> + (eq. 28)
CNOR pOMC ~wm, T KR

excess of Ror S

2.4.6.1 Reduction of a-Iminoesters and a-Iminoketones
Several a-iminoesters were prepared by the known condensation reaction of an a-

ketoester with different amines® (eq. 29, 30).

0 ﬁIR
\ :
PhﬂCOOCH3 + RNH, Molecularsieves  ppCCOOCH, (eq. 29)
CHCl,, reflux

yield 62-71 %
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o) NPh

molecular sieves
+ PhNH —
2 CHCly, reflux (eq. 30)
(0) (0)

yield 82 %

The hydrogenation reactions were carried out at 600 psi H, and 75-80 °C with 30 mg of

Ru-clay (0.005 mmol Ru) (eq. 31).

Ru cl ;H "
R-CCOOR" A’ R-CHCOOR"  (eq. 31)
600 psi |
NR' 75-80 OC NH-R'
37a -39a 37b -39b

The reactions are clean, and the only product is the a-aminoester. For the a-
iminoesters which are derivatives of aniline the conversion is almost complete after 41 h
(Table 9, entries 2,3). In the case of the N-butyl derivative, after the same reaction time, the
conversion to aminoester is 59 % (Table 9, entry 1). 3-Methyl-2-oxo-butyrate was also
considered as a possible starting material. The preparation of the imine was carried out using
the procedure mentioned above and also by a more recent reported synthesis involving the
use of TiCl,’'. Both reactions gave more complex mixtures than the reactions which used
ketoesters without a hydrogen in the o’ position to the keto group. In this case a mixture

containing the enamine 42 was formed.
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Table 9. Hydrogenation of o -Iminoesters and a-Iminoketones Catalyzed by Ru Clay

No. Substrate Pressure Temperature  Time Conversion
(psi Hy) (°C) (h)  [isolated yield (%)]
0
Ph
1. %OC% 600 75 40 59 (51)
N~
37a
2 P MNoch, 600 75 41 97 (86)
NPh
38a
NPh
3. 600 75 41 94 (82)
(o)
39a
4 Ph ot 900 100 44 100 (95)
NPh
40a
0
S Ph 900 100 42 100 (60)
Ph
NPh(p-CH
ata )

1 mmol substrate; 0.005 mmol Ru; 8 ml dry benzene.
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Hydrogenation of the a-iminoester 43 resulted in incomplete conversion of the substrate

after 64 h and the reaction mixture contained the aminoalcohol together with 42.

NHPh NPh
|
CH3—C=C—COC2H5 CH:;— CH— C—COC2H5
CH; O CH, 0

42 43

The tautomerization of the imine 43 to enamine 42 probably takes place under the reaction
conditions and reduction of the C-C tetrasubstituted double bond is more difficult to
accomplish with the present catalytic system. This fact is in agreement with our previous
observations that a fully substituted alkene was not hydrogenated using the Ru phosphine
clay.

The a-ketoimines used in the hydrogenation reactions were synthesized by direct
condensation between benzil and aniline or an aniline derivative using the conditions

described by Knoevenagel® (eq. 32).

<O O Oy
[ ) 130°C !
o O 0

(eq. 32)

R=I'I,CH3
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The main difference from the case of a-iminoesters is that more severe conditions are
necessary: increase of pressure to 900 psi H; and increase of temperature to 100 °C. The
reaction of the aniline derivative 40a (R = H, Table 9, entry 4) afforded 95 % yield of the
corresponding a-aminoketone which was the only product of the reaction. The reaction of
41a (R = CH;) gave complete conversion of the starting material (42 h) but a-aminoalcohol
diastereoisomers are formed in addition to the aminoketone. The yield of a-aminoketone was

only 60 %.

2.4.6.2 Comparison Between the Reduction of the Carbon-Nitrogen Double Bond

Catalyzed by Ru Clay and Pd Clay.

A search for other efficient clay based catalytic systems was simultaneously conducted
in our group. A palladium catalyst was synthesized based on the reaction of Na

montmorillonite and [Pd(PhCN),Ch]” (eq. 33 ).

CH,C
[Clay-Na"] + [PA(PhCN),Cl] ——2»  [Pd-clay] (eq. 33)

room

temperature 44
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A similar process, using [Rh(COD)CI], has been previously reported®. The rhodium
containing clay proved to be effective in catalyzing the hydroformylation of trialkylvinyl
silanes with high selectivities (95-100 %) for linear silylaldehydes.

The Pd content of 44, determined by inductively coupled plasma analysis (ICP), was
0.08 mmol Pd/g clay and the the basal spacing d(001) was 12.5 A, as determined by X-ray
diffraction.

The Pd-clay 44 confirmed the known behavior of palladium supported catalysts —
efficient reduction of carbon-nitrogen double bond under mild conditions (room temperature
and 100 psi H;). Table 10 shows the results obtained with Pd-clay for some of the substrates
which were also reduced in the presence of the Ru clay. The reduction of the N-butyl a-
iminoderivative of benzoylformate, using the Pd catalyst, occurred in high yield (95 %),
compared to 51 % yield obtained using ruthenium clay (Table 10, entry 1). The products
obtained from the reduction of a-iminoketones were similar for the two systems. Reduction
of 40a afforded the a-aminoketone (88 % NMR yield) without any further reduction to
aminoalcohol (Table 10, entry 2) while 41a gave a mixture of o-aminoketone and a-
aminoalcohols diastereisomers (Table 10, entry 3). In the Pd catalyzed reaction the
percentage of aminoalcohols in the final mixture increases as the reaction time increases.
After 7.5 h at 100 psi H; and room temperature the aminoalcohols represent 16 % of the total
mixture, while after 19 h the aminoalcohols are 30 % of the reaction mixture. The reaction
conditions used for the palladium system utilize lower hydrogen pressure (100 psi) and the
reaction proceeds at room temperature , compared to the ruthenium clay system which uses

a hydrogen pressure of 900 psi and needs a temperature of 100 °C.
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Table 10. Hydrogenation of a-Iminoesters and a-Iminoketones Catalyzed by Pd Clay

No. Substrate Time (h) Yield (%) Product
Ph 14 95° Ph
L. CH; OCH;
Na~ N\~
Ph b Ph
2. - 19 88 Ph
NPh NHPh
75 86" OH
3. Ph Ph Ph
Ph 19 70° Ph * Ph
NPh(p-CHy) NHPh(p-CH;)  NHPh(p-CH;)

1 mmol substrate; 0.004 mmol Pd (50 mg clay); room temperature; 100 psi Hy; toluene 5 ml.
? Isolated yield.
® NMR yield, determined using an intemal standard.

The same regioselectivity (formation of the aminoketone) in the hydrogenation process of a-

iminoketones was observed when Pd/C was used” and previously for the hydrogenation of

derivatives of benzilmonooximes in acidic medium®>.

The reactions carried out showed that ruthenium clay can efficiently catalyze this

process which could be interesting to study for chiral a-iminoketones when a-aminoketones

are obtained as mixtures of diastereoisomers. There was no diastereomeric excess obtained in

the studies carried out using the Pd/C. Even if the ruthenium based catalytic system requires
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more severe reaction conditions, it represents a new and cheaper alternative for the reduction
of iminoesters and iminoketones. The substrates are hydrogenated to the corresponding

amino compounds in fair to high yield.

2.4.6.3 Reductive amination of a-ketoesters

The good activity of Ru clay for the reduction of the imine bond of a-iminoesters
suggested that direct formation of the a-aminoesters without isolation of the imine derivative
may be possible. Reductive amination has previously been studied using heterogeneous
catalytic systems based on palladium and nickel. The process is envisioned to proceed via the
formation of an iminium ion which is then quickly reduced to the amine® (eq. 34). The

possibility that species 16 catalyzes this process was first investigated using achiral amines.

R-NH,

2 OH )
—>=0 >< _—__->=§HR =, H : NHR (eq. 34)

The reaction of ethyl 2-oxo-4-phenylbutyrate with #-butylamine at 600 psi H, and 100
°C, in the presence of Ru clay 16 gives the a-aminoester in 65 % yield (Table 11, entry 1).
The reaction was carried out in the presence of molecular sieves as drying agents. No
hydrogenation product is formed if the reaction proceeds only in the presence of molecular
sieves, without Ru clay. The conversion of the a-ketoester is complete. The reaction mixture

also contains unreacted amine (0.1 molar excess used in the initial mixture relative to a-
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ketoester), small amounts of a-hydroxyester and traces of another product which was not
identified. For substrates in which the a-carbonyl moiety is bound directly to the phenyl ring
the competitive process, formation of the a-hydroxyester, occurs more quickly. Methyl
mandelate is formed in 72 % yield, while the aminoester constitutes the rest of the mixture
(Table 11, entry 2) .

In the reaction of ketopantolactone with n-butylamine, the aminoderivative 46 of
pantolactone was obtained in 51 % isolated yield as the major product of the reaction (Table
L1, entry 3). No ketopantolactone was recovered in the final mixture. If ketopantolactone is
reacting with an aromatic amine (aniline) the products obtained suggest that a simultaneous
reduction of the phenyl ring is occurring. N-phenyl and N-cyclohexyl amino derivatives of
ketopantolactone are both obtained (eq. 35). N-Cyclohexylamine detected in the mixture
suggests that the hydrogenation of the aromatic ring occurs before the reaction with
ketopantolactone. As proven by the reduction of the AN-phenyl-imino-derivative of
ketopantolactone no hydrogenation occurs in the aromatic moiety once the imine bond is

formed.

39b 49
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Table 11. Reductive Amination of o -Ketoesters in the Presence of Ru Clay

No a-Ketoester Amine Product Yield (%)
45
l'lN \N
OCH
2 /ﬁj‘/ OCH, HN~ A~ Ph ’ 28
- Ph
0]
0 37b
H
COOCH
Ph 3 72
o
o 0 51
(0
46
NH, Q
0 Ph N 76
(R)H+) *Ph (75 % de)
47
NH
s. 2
OCH;, /k ¢ ~OCH;
N
0 P s 81
R)~(+) Np
48 (78 % de)

I mmol substrate; 1.1 mmol amine; 0.005 mmol Ru; 0.6 g molecular sieves; 600 psi Hy; 100 C.
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Reductive aminations are often utilized in organic synthesis in conjunction with the
use of chiral amines. The reaction often leads to the formation of one major
diastereoisomer. This can be used in the synthesis of a-aminoacids, formed by removal of the
chiral auxiliary on the nitrogen. In reactions carried out using Pd/C, the diastereomeric
excess was postulated to arise from interaction of the Schiff base with the catalyst -

adsorption onto the catalyst from the less bulky face of the molecule ( 50).

-

Ph

In order to examine if any diastereoselectivity would be obtained using the Ru clay the
substrates chosen were methyl pyruvate, (R)-(+)-a-methyl benzylamine and (R)-(+)-1-(1-
naphthyl) ethylamine. These reactants were chosen due to the fact that the product of their
hydrogenation is a precursor of the aminoacid alanine, and because in this way the results
obtained with the new catalytic system can be compared with previous data.

The main concern was that use of chiral aromatic amines could be problematic as
reduction of the aromatic ring may occur giving a complex mixture of products. Contrary to

the result obtained with ketopantolactone and aniline, the reaction between methyl pyruvate
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and the chiral amines proceeded with very good selectivity towards the formation of N-
arylaminoesters. The aminoesters represent the major product of the reactions which occur
with complete conversion of the methyl pyruvate.

The reaction of methyl pyruvate with either a phenyl or a naphthyl amino derivative
produced two diastereoisomers. In the case of (R)-(+)-a-methyl benzylamine the
diastereomeric mixture was isolated in 76 % yield and with 75 % diastereomeric excess,
determined by 'H-NMR (Table 11, entry 4). Using (R)-(+)-1-(1-naphthyl) ethylamine the
yield of aminoester was 81 % and the diastereomeric excess was 78 % (Table 11, entry 5). It
was reported that for the hydrogenation of the Schiff bases of i-butyl pyruvate with (R) or (S)
alanine, over palladium on charcoal, the measured diastereomeric excess was 71-81 % and
the same catalyst afforded 40-70 % de in the hydrogenation of Schiff bases prepared from
benzyl esters of pyruvic acid and amino acid esters’.

The new catalytic system is, to our knowledge, the first which uses ruthenium on clays
for the reductive amination process. The results obtained have similar or even higher values
in terms of yield and diastereomeric excess compared to previously reported systems

(palladium or nickel) for reductive amination.

Conclusions
The ruthenium clays prepared were found to be effective catalysts for the reduction of
unsaturated esters, epoxides, sulfones and phosphonates. Ru-phosphine clay is an efficient

catalyst for reduction of the a-carbonyl group of a-ketoesters and a-ketoamides and the a-

imine group of a-iminoesters and a-iminoketones. Ruthenium clay is an alternative to other
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heterogeneous catalytic systems (palladium or nickel) for the reductive amination of a-

ketoesters with amines.
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2.5 Experimental Section

General Considerations

All 'H and “C-NMR spectra were recorded on Gemini 200, Varian XL 300 and Bruker
AMX 500 NMR spectrometers. Infrared spectra were recorded on a BOMEM MB 100 FTIR
spectrometer. Liquid samples were run neat, and solid samples were run as KBr pellets. Mass
spectra were obtained on a VG7070E mass spectrometer. Gas chromatography was carried
out using a Varian 3400 chromatograph, fitted with a glass column packed with 1.5 % OV-17
& 1.95 % OV-210 on CHROMOSORB W HP 100/200 mesh. Column chromatography was
performed with Merck Silica gel 60 (70-230 or 230-400 mesh) using solvent combinations
determined via initial TLC analysis with Merck Silica gel 60 F,s4 plates. Chemicals were
purchased from Aldrich, Lancaster, Fluka and Sigma, and were used as received unless

otherwise noted. Solvents were purified and dried using standard techniques”’.

Synthesis of ruthenium clays

Synthesis of ruthenium-bipyridine clay 14. H-montmorillonite was prepared from Na
montmorillonite K10 (purchased from Fluka, surface 200:20 m?/g and bulk density
810+40g/1). Na montmorillonite was treated with saturated NaCl solution followed by 0.1 N
HCI solution. It was dried in air and then in vacuum. H-montmorillonite (7 g) was suspended

in dry benzene (50 ml), and reacted with SOCL, (10 ml, 0.13 mol) under reflux for 24 h®.
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The chloromontmorillonite obtained was filtered and dried under vacuum.
Chloromontmorillonite (2 g) was reacted with excess n-butyllithium (3.5 ml, 5.6 mmol, 1.6
M in hexane) at -78 °C in dry THF. The solution was stirred at 0 °C for 4 h and then allowed
to warm to room temperature and stirred for 1 h. Bipyridine (1.18 g, 7.6 mmol) was added
and the mixture was refluxed for 4 h. The reaction mixture turned purple during refluxing. It
was then cooled to room temperature and air was bubbled through the solution. The
montmorillonite was washed with THF, ethyl acetate and benzene followed by Soxhlet
extraction with THF for 24 h. The solid obtained (13) was dried under vacuum and
commercial (Aldrich) ruthenium chloride hydrate (0.20 mmol, 42 mg) was added to 13 (2.0
g) suspended in THF. The mixture was stirred for 8 h under nitrogen. The resulting Ru clay
was thoroughly washed with water and THF to remove excess RuClyH,O and dried in
vacuum. The Ru content determined by flame emission spectroscopy (wavelength 372.8 nm)
was 0.18 mmol Ru/g clay.

Synthesis of ruthenium-phosphine clay 16: H-montmorillonite (4.0 g) was suspended in
benzene (40 ml), (3-chloropropyl)trimethoxysilane (5.0 ml, 0.027 mol) was added and the
mixture was refluxed for 12 h. The clay was extracted (Soxhlet) with toluene for 24 h, and
dried®. The clay (2.5 g) was then suspended in dry THF (30 ml) and KPPh, (4 mmol, 8 ml
0.5 M solution in THF) was added dropwise. The mixture was refluxed overnight under
nitrogen®. The excess KPPh, was quenched with methanol and the clay was subjected to
extraction with methanol for 24 h and then toluene for additional 24 h, and subsequently
dried in vacuum. The dried montmorillonite 15 (0.8 g) was suspended in THF (15 ml).
RuCl3H;0 (0.10 mmol, 21mg) was added and the mixture was stirred for 8 h under N, and

then washed with water and THF and vacuum dried affording clay 16. The Ru content
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determined by flame emission (wavelength 372.8 nm, slit width 0.1 nm, fuel - acetylene) was
0.17 Ru mmol/g clay.

XRD analysis was performed using a PW3710 BASED type diffractometer (start angle [°
20]: 3.000, end angle [° 260]: 80.000, and step size [° 26]: 0.040). The basal spacing d(001)
was 14.1 A and 13.3 A for 14 and 16, respectively.

XPS analysis was carried out by Kratos Axis XPS using monochromated Al K a x-radiation

and charge neutralization.

Synthesis of ethyl 2,3-dimethyl butenoate’

Preparation of the enol phosphate of the B-keto ester:

A solution of 9 mmol of ethyl acetoacetate in dry ether was added to a suspension of 9.9
mmol of sodium hydride in ether, all under nitrogen, at 0 °C. After the mixture was stirred
for 15-20 min at 0 °C, 9.9 mmol of diethyl chlorophosphate was introduced and stirring was
continued for 2 h at room temperature. The reaction mixture was quenched with aqueous
ammonium chloride solution. The ether solution was then washed with a saturated solution of
sodium bicarbonate, dried over magnesium sulfate, filtered, and the solvent removed under
reduced pressure. The enol phosphate was used directly in the dialkylcuprate coupling

reaction.

Preparation of dialkylcuprate:

Methyllithium (9 mmol, 1.4 M solution in ether) was added to a suspension of cuprous iodide

(4.5 mmol) in ether under nitrogen and at -20 °C. This solution was used directly.
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Dialkylcuprate coupling:

The enolphosphate (4.0 mmol) in ether was added to a cooled -78 °C solution of
dialkylcuprate (prepared as above). The resulting mixture was stirred at -78 °C for 2 h and
then at — 47 °C for 1 h. The reaction mixture was worked up by pouring it into saturated

ammonium chloride solution. The aqueous layer was extracted with ether. The extracts were
combined, washed with dilute ammonia in brine and then brine, dried over magnesium
sulfate, filtered, and the solvent was removed. The product was purified by column

chromatography using hexane/ ethyl acetate (7/3) as eluent.

Ethyl 2.3-dimethyl butenoate (Table 4, entry 4)°®
'H-NMR (CDCl;) § 1.30 (t, 3H, -CH,CHs, °/=7.4 Hz), 1.79 (s, 3H, CH3), 1.83 (s, 3H, CHj),

1.97 (s, 3H, CHs), 4.14 (q, 2H, CH,, */=7.4 Hz); IR (neat) 1705 (C=0) cm™, MS m/e 142

M].

Synthesis of vinyloxiranes™

Synthesis of 17a and 18a

To a suspension of anhydrous zinc chloride (16.8 mmol, 2.3 g) in dry THF (200 ml), at
-78°C, under a nitrogen atmosphere, was added allyl chloride (12.6 mmol, 0.97 g).
Preformed LDA [10 mmol, prepared from BuLi (16.8 mmol) in dry THF (15 mi) and
diisopropylamine (16.8 mmol, 1.69 g) in 15 ml dried THF, stirred at 0 °C for 0.5 h] was
added dropwise during 20 min followed by stirring (10 min) and addition of benzaldehyde

(8.4 mmol, 0.89 g). The reaction mixture was quenched after 0.5 h with saturated NaHCO;
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solution (150 ml) at the same temperature (-78 °C), extracted with ether, dried (Na;SO,) and
concentrated to give the crude chlorohydrin. The product was purified by passing through a
silica gel column using hexane/diethyl ether as eluent.

The chlorohydrin (2.5 mmol, 0.4 g) was reacted with 2.5 mmol NaOCHj3; (25 % weight
solution) in 20 ml anhydrous ethanol. The mixture was stirred for 1 h at room temperature
(reaction followed by GC). The reaction mixture was neutralised with a 0.1 N solution of
HCI and extracted with diethyl ether, dried over MgSO, and the solvent removed under
vacuo. The vinyloxiranes were pure by spectroscopic and chromatographic analysis, and they

were used directly in reactions.

2-Phenyl-3-vinyloxirane 17a (cis isomer)**-!*

'"H-NMR (CDCl;) § 3.61-3.82 [m, 1H, CH(CH=CH,)], 4.22 (d, 1H, CHPh, °J = 4.8 Hz),

5.21-5.59 (m, 3H, HC=CH,), 7.21-7.43 (m, SH, ArH); IR 1640, 1250 (C-O) cm™; MS m/e

146 [M'].

'H-NMR (CDCls) § 1.66 (s, 3H, CHs—one isomer), 1.70 (s, 3H, CHj-the other isomer), 3.30
[d, 1H, CH(CH=CH,)-one isomer], 3.49 [m, 1H, CH(CH=CH;)-the other isomer}], 5.11-5.95
(3H for each isomer, HC=CH;), 7.20-7.41 (SH for each isomer, ArH); *C-NMR (CDCl;)
(two isomers) & 17.5 (CHs), 24.5 (CH;), 64.0 (CCHsPh), 65.7 [CH(CH=CH;)], 66.8
[CH(CH=CH)], 120.7, 120.8, 124.9, 126.3, 127.2, 127.3, 128.0, 128.3, 132.8, 133.7, 139.5,

141.1 (aromatics and C=C); IR (neat) 1650, 1230 (C-O) cm™.
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Synthesis of 19a and 20a''

m-Chloroperbenzoic acid (m-CPBA) (10.6 mmol) was added portion-wise to a stirred slurry
of the diene (10.6 mmol) and sodium carbonate (22 mmol) in methylene chloride (30 ml) at 0
°C. After all the peracid was consumed (test with starch-iodide paper) the mixture was
filtered and the precipitate was washed with methylene chloride. The solvent was removed
and the product was purified by HPLC.

101

1,3-Cyclohexadiene monoxide 19a

'H-NMR (CDCl3) § 1.53-1.66 (m, 1H), 1.96-2.27 (m, 3H), 3.19-3.24 [m, 1H, CH(O)), 3.47-
3.51 [m, 1H, CH(0)), 5.88-5.94 (m, 2H, CH=CH), >C-NMR (CDCl;) & 20.5 (CH), 20.7
(CHy), 47.0 [C(O)CHg], 55.1 [C(O)HC=CH], 123.0 and 133.0 (C=C); IR (neat) 1639 (C=C),
9925, 806 (C-0) cm™"; MS m/e 96 [M"].

1,3-Cycloheptadiene monoxide 20a'®!

'H-NMR (CDCls) § 1.49-1.61 (m, 2H), 1.85-2.39 (m, 4H), 3.18-3.32 [m, IH, CH(O)], 3.38-
3.48 [m, 1H, CH(O)], 5.69-5.96 (m, 2H, CH=CH); IR (neat) 1666 (C=C), 952, 881 (C-O);

MS m/e 110 [M].

Synthesis of vinylphosphonates 23 and 24'"

To a stirred mixture of dialkyl phosphite (8.8 mmol) and triethylamine (8.8 mmol) in toluene

(5 ml) under N, was added Pd(PPh;), (0.4 mmol) and then vinyl bromide (8 mmol). The

resultant mixture was stirred at 90 °C for different times, depending on the substrate used (40

88



h for 23 and 2 h for 24) and after being cooled at room temperature was washed with brine in
order to remove Ets;N'HBr. The product was purified by column chromatography using a
mixture of hexane/ethyl acetate as eluant.

Diethyl a-styrylphosphonate 23'*

'H-NMR (CDCl3) § 1.25 (t, 6H, CHs, °J = 7 Hz), 3.96-4.21 (m, 4H, CH,, °J = 7 Hz), 6.25
(br, 1H, H,C=C), 6.38 (dd, 1H, H,C=C, °J p.y= 72 Hz), 7.25-7.30 (m, 3H, ArH), 7.32-7.54

(m, 2H, ArH); IR (neat) 1235 (P=0), 1050-1020 (C-O) cm™; MS m/e 240 [M"].

Diethyl 1-propenylphosphonate 24 (mixture of £ and Z isomers)'®
'H-NMR (CDCls) & 1.21-1.32 [m, CH3(CHy) for both isomers], 1.81-1.87 (m, CHy) 1.98-

2.04 (m, CH;), 4.00-4.08 [m, CH3(CH:) for both isomers], 5.46-5.70 (m, one H for each
isomer), 6.30-6.85 (m, one H for each isomer); *C-NMR (CDCl;) & 16.1 and 16.3
(CH:CHy), 19.7/20.2 (HsCC=), 61.2, 61.3, 61.4, 61.5 [CH3(CHy)], 115.5, 116.4/ 119.2, 120.1
(=C(P)H, two isomers: 'J cp = 43.3 Hz and 'J c.p= 48.6 Hz), 148.7, 148.8, 148.9, 149.0

[=C(CH3)H]; IR (neat) 1635 (C=C), 1060-1040 (C-O) cm™".

General procedure for the hydrogenation reactions™

A mixture of unsaturated substrate (2 mmol) and Ru clay, 14 or 16 , (30 mg — 0.005 mmol
Ru) in benzene (8 ml) was placed in a 45 ml autoclave. The autoclave was purged three times
with H; and then pressurized to the desired level. The reactor was placed in an oil bath and
maintained at constant temperature. The reactions were run until all the substrate was

transformed or no significant change in the conversion of the starting material was observed.
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The conversion of the substrate was determined from 'H-NMR spectrum using an internal
standard added to the mixture after reaction.  After the appropriate reaction time, the
autoclave was cooled to room temperature, excess H, gas was released and the reaction
mixture was filtered through Celite and the solvent was removed by rotary evaporation. The

products were purified by distillation or column chromatography.

Ethyl hydrocinnamate (Table 4, entry 5)'*'%

'H-NMR (CDCL) § 1.21 (t, 3H, CH;, °/=8 Hz), 2.61 [t, 2H, CH,(COOC,Hs), >/=10.4 Hz],
2.93 (t, 2H, CH,Ph, °/=10.4 Hz), 4.12 [q, 2H, CHx(CH), */=8 Hz], 7.12-7.40 (m, SH, ArH);
BC-NMR (CDCl;) 5 14.1 (CHs), 30.9 (CH,COOC,Hs), 35.9 (OCH;CHs), 60.3 (CH-Ph),

126.1, 128.2, 128.4, 140.5 (aromatics), 172.7 (C=0); MS m/e 178 [M'].

Ethyl 3-phenyl-butyrate (Table 4, entry 6)'%°

'H-NMR (CDCl) & 1.18 [t, 3H, CHy(CHy), */=7.2 Hz], 129 [d, 3H, CH:(CH), */=8 Hz],
2.58 [m, 2H, CHy(CH)], 3.25 (m, 1H, CHPh), 4.07 [q, 2H, CHy(CH), *J =7.2 Hz], 7.13-7.32
(m, SH, ArH);, ®C-NMR (CDCL) § 14.1 (CHs), 21.7 (CHs), 36.4 (CH;COOC;Hs), 42.9
(OCH,CHs), 60.2 (CH-Ph), 1263, 126.7, 126.7, 145.7 (aromatics), 172.3 (C=O); IR (neat)

1220 (C-0), 1739 (C=0) cm™".

2-Ethyl-3-phenyl oxirane 17b%%!%
'H-NMR (CDCl;) 5 0.88 (t, 3H, CHs, *J = 7.4 Hz), 1.05-1.43 (m, 2H, CHy), 3.11-3.19 [m,

1H, CH(CH;CH3)], 4.07 (d, 1H, CHPh, °J = 4.2 Hz); *C-NMR (CDCL) § 9.9 (CH;), 20.1

(CHz), 57.4 [C(0)], 60.5 [C(O)], 126.4, 127.3, 127.9, 135.9; MS mve 149 [M"].
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2-Ethyl-3-methyl-3-phenyloxirane 18b%*'%*
'H-NMR (CDCl3) § 0.89 (t, 3H, CHa, °J = 7.2 Hz -one isomer), 1.02-1.33 [m, 2H (CH,-one

isomer], SH (CH;CH,-the other isomer), 1.62-1.78 [br s, CH;C(Ph) for both isomers], 2.80 [t,
1H, CH(CH,CH;)-one isomer], 3.01 [t, 1H, CH(CH,CHs) °J = 6.4 Hz -the other isomer]; >C-
NMR (CDCls) & (major isomer) 9.9 (CH;CHy), 21.9 and 24.5 [CH3C(0)] and [CH.C(O)],
62.6 (C-0), 67.9 (C-0), 126.3,126.9, 127.8, 139.7 (aromatics); IR (neat) 1210 (C-O), 1615,

1480 (Ph) cm™".

Ethyl phenyl sulfone (Table 6, entry 2)'%

White solid: mp 42 °C; '"H-NMR (CDCl3) § 1.18 (t, 3H, CHs, */= 7.3 Hz), 3.04 (q, 2H, CH;,
3] =13 Hz), 7.49-7.69 (m, 3H, ArH), 7.80-7.93 (m, 2H, ArH); *C-NMR (CDCL) & 8.0

(CHs), 50.5 (CHy), 128.3, 129.8, 134.9, 138.4 (aromatics), MS m/e 170 [M'].

(O, O)-Diethyl ethyl phosphonate (Table 6, entry 3)'®
'H-NMR (CDCl) § 1.09 [t, 3H, CH;CH:0, °J = 7.5 Hz], 1.18 [t, 3H, CH:CH;0, °J = 7.9

Hz], 1.30 (t, 3H, CHsCH,P, °J = 7.1 Hz), 1.60-1.82 (m, 2H, CHsCH,P, °J = 7.1 Hz, *J p=16

Hz), 3.98-4.16 (m, 4H, CH;CH,0); IR (neat) 1739, 1217 cm™'; MS m/e 166 [M'].

General procedure for the reduction of the aromatic rings of benzene derivatives and

naphthalene
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A mixture of the substrate (1 mmol) and ruthenium clay (30 mg — 0.005 Ru) in dry benzene
was placed in a 45 ml autoclave equipped with a glass liner and a magnetic stirrer bar. The
autoclave was purged three times with hydrogen and then pressurized at 500 psi H,. The
reactor was placed in an oil bath and maintained at constant temperature (80 °C). In order to
stop the reaction the autoclave was cooled to room temperature and the excess hydrogen gas
was released. The reaction mixture was filtered to remove the ruthenium clay. The ratio of
the cis/trans isomers in the filtrate was determined by 'H-NMR or gas chromatography. The

compounds were identified by comparison with literature data or with commercial products.

Synthesis of a-ketoamides®

In a typical experiment 1.2 ml (3 mmol) of a 2.5 M solution of trimethylaluminum in hexane
was added, at room temperature, to a solution of amine (3.0 mmol) in dry methylene chloride
(7 ml), under nitrogen. The mixture was stirred for 20 min at room temperature and then 3.0
mmol of a-ketoester was added. The flask containing the mixture was kept at 30 °C and the
progress of the reaction was followed by TLC. The reaction times varied, according to the
substrates used, from 5 to 23 h. The reaction was quenched with dilute HCI and extracted
with methylene chloride. The organic phase was dried (MgSO,) and concentrated by rotary
evaporation. The a-ketoamide was purified by silica gel column chromatography using

hexane/ethyl acetate as eluent.

N.N-diethyl benzoylformamide 30a'%
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'H-NMR (CDCl) § 1.12 (t, 3H, CHs, °J= 7.1 Hz), 1.26 (t, 3H, CHs, °J = 7.1 Hz), 3.21 (q,
2H, CH;, °J=7.1 Hz), 3.53 (q, 2H, CH,, °J= 7.1 Hz), 7.43-7.61 (m, 3H, ArH), 7.88-7.92 (m,
2H, ArH); "C-NMR (CDCl;) & 12.8 (CHs), 14.0 (CHs), 38.7 (CH,), 42.0 (CH,), 128.9,
129.5, 133.2, 134.5 (aromatics), 166.7 [C(O)NC,Hs), 191.5 [C(O)Ph]; IR (neat) 1640 ( C=0,
amide), 1685 (C=0, ketone) cm™".
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N-butyl benzoylformamide 31a
'H-NMR (CDCL) 8 0.93 (t, 3H, CHs, *J = 7 Hz), 1.36-1.61 (m, 4H, -CH,CH,-), 3.32-3.42
(m, 2H, -CH;NH), 6.95-7.20 (br, 1H, NH), 7.41-7.60 (m, 3H, ArH), 8.29-8.34 (m, 2H, ArH);
BC-NMR (CDCl;) 8 13.6 (CH3), 19.9 (CH), 31.2 (CHy), 39.0 (CHy), 128.3, 131.0, 133.2,
134.2 (aromatics), 161.7 [CO(NH)], 187.9 [CO(Ph)]; IR (neat) 1666 (C=0, amide), 1690
(C=0, ketone), 3322 (NH) cm™'; MS m/e 205 [M'].

N-benzy! benzoylformamide 32a'%

'H-NMR (CDCls) § 4.57 (d, 2H, CH;Ph, J = 6 Hz), 6.70-6.90 (br, 1H, NH), 7.26-7.64 (m,
3H, 5H, ArH), 8.34-8.39 (m, 2H, ArH), “C-NMR (CDCls) § 43.4 (CH;Ph), 127.7, 127.8,
128.4, 128.7, 131.1, 133.2, 134.4, 137.0 (aromatics), 165.5 [CO(NH)], 187.5 [CO(Ph)]; IR
(neat) 1655 ( C=0, amide), 1690 (C=0, ketone), 3259 cm™'; MS m/e 239 M.

General Procedure for the hydrogenation reactions of a-ketoamides and a-ketoesters

A mixture of the substrate (1 mmol) and ruthenium clay (30 mg, 0.005 mmol Ru) in dry
benzene (8 ml) was placed in a 45 ml autoclave equipped with a glass liner and a magnetic

stirrer. The autoclave was purged three times with hydrogen and then pressurized to the
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desired level. The reactor was placed in an oil bath and maintained at constant temperature.
In order to stop the reaction the autoclave was cooled to room temperature and the excess
hydrogen gas was released. The reaction mixture was filtered through Celite to retain the
ruthenium clay and the solvent was removed by rotary evaporation of the filtrate. In the case
of recycling the catalyst, the mixture was fiitered through fine filter paper and the ruthenium
clay was then washed several times with benzene, followed by THF, and subsequently
vacuum dried. The purification of the products was made by silica gel column

chromatography using different ratios of the mixture hexane — ethyl acetate as eluent.

Ethy! 2-hydroxy-3-methylbutyrate 26b'"’

'H-NMR (CDCls) & 0.83 (d, 3H, CHsCH, °J = 6.9 Hz), 1.00 (d, 3H, CHsCH, °J = 6.9 Hz),
1.28 (t, 3H, CH;CH,0-, °J = 7.1 Hz), 2.01-2.09 [m, IH, CH(CHa),], 2.67-2.70 (d, 1H, OH),
4.01-4.02 (m, 1H, CHOH), 4.23 (dq, 2H, CH;CH;0-, °J= 7.1 Hz); *C-NMR (CDCl) 5 14.1
(CHs), 15.1 (CHs), 18.6 (CH3), 32.0 [CH(CH;),), 61.4 (CHsCH,), 74.8 (CHOH), 174.8

(C=0); IR (neat) 1733 (C=0), 3479 (OH) cm™".

Ethyl 2-hydroxy-4-phenylbutyrate 28b'"’ (Figure 9)

'H-NMR (CDCls) § 1.27 (t, 3H, CH,CHs, °J = 7.1 Hz), 1.95-2.09 [m, 2H, CH,CH(OH)],
2.76 (t, 2H, PhCHy), 2.87-3.10 (br, 1H, OH), 4.18-4.25 (m, 1H, CHOH), 4.22 (t, 2H, CH,, °J
= 7.1 Hz), 7.12-7.32 (m, 5H, ArH); “C-NMR (CDCl3) § 14.1 (CHs), 31.0 (CHy), 35.9 (CHy),
61.1 (CH;CH,0), 69.6 [CH(OH)], 125.9, 128.3, 128.5, 141.1 (aromatics), 175.1 (C=0); IR

(neat) 1732 (C=0), 3458 (OH) cm™'; MS mve 208 [M'].
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Pantolactone 29b'®-1%

White crystals: mp 89 °C; '"H-NMR (CDCL) § 1.06 (s, 3H, CHs), 1.22 (s, 3H, CH3), 2.62 (d,
1H, OH, J = 3.1 Hz), 3.92 (d, 1H, CHy, °J =9 Hz), 4.02 (d, 1H, CH,, °J=9 Hz), 4.09 (d, 1H,
CH, J = 3.1 Hz); "C-NMR (CDCl;) 5 18.7 (CHs), 22.8 (CHs), 40.8 [C(CH3),], 75.7 and 76.4
(CH,O and CHOH), 177.7 (C=0); IR (KBr) 1779 (C=0), 3417 (OH) cm™; MS mse 130

M].

N.N-diethyl mandelamide 30b'*®
'H-NMR (CDCls) § 0.76 (t, 3H, CH3, °J= 7.1 Hz), 1.11 (t, 3H, CH3, °J = 7.1 Hz), 3.08 (m,

2H, CHy), 3.46 (m, 2H, CH,), 4.81 (d, 1H, OH, 'J = 6.4 Hz), 5.12 (d, IH, CH, °J = 6.4 Hz),
7.26-7.34 (m, SH, ArH); "C-NMR (CDCl;) § 12.5 (CH;), 13.0 (CHs), 40.6 (CHy), 40.9
(CH,), 71.5 (CHOH), 127.4, 128.4, 129.4, 139.8 (aromatics), 171.4 (CO); IR (neat) 1636
(C=0), 3392 (OH) cm™".

N-butyl mandelamide 31b'® (Figure 10)

'H-NMR (CDCls) § 0.85 (t, 3H, CHs, °J =7 Hz), 1.18-1.44 (m, 4H, CH,CHy), 3.17 (q, 2H,
CH,NH, °J =7 Hz), 4.10 (d, 1H, OH, °J = 3.7 Hz), 491 (d, 1H, CH, °J = 3.7 Hz), 6.28-6.41
(br, 1H, NH), 7.27-7.35 (m, 5H, ArH); *C-NMR (CDCl;) § 13.6 (CHs), 19.8 (CH,), 31.4
(CHy), 39.1 (CHp), 74.0 (CH), 126.7, 128.4, 128.6, 139.6 (aromatics), 172.1 (C=0); MS m/e

207 (1), 205 (17), 108 (15), 105 (100), 100 (9), 79 (14), 77 (58), 57 (57).

N-benzyl mandelamide 32b'%
White crystals: mp 98.8-99.3 °C; 'H-NMR (CDCl) & 3.65 (d, 1H, OH, °J = 3.5 Hz), 441

(dd, 2H, CH;Ph, °J = 2.2 Hz, °J = 5.8 Hz), 5.04 (d, 1H, CHPh, *J = 3.5 Hz), 6.40-6.60 (br,
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1H, NH), 7.13-7.39 (m, 10H, ArH); “C-NMR (CDCl) § 43.4 (CHy), 74.2 (CH), 126.8,
127.5, 128.6, 128.8, 137.6, 139.3 (aromatics), 172.0 (C=0); IR (KBr) 1624 (C=0), 3212,

3270 (NH, OH) cm™'; MS m/e 241 [M'].

Procedure for attempted asymmetric hydrogenation of o,p-unsaturated esters and a-
ketoesters

A mixture of substrate 29, 34, or 35 (2 mmol), Ru clay 14 ( 30 mg, 0.005 mmol), chiral
ligand, BINAP (molar ratio m = BINAP/ Ru, m =1, 2, 3 or 4 for different experiments), in
dry benzene (8 ml) was placed in a 45 ml autoclave. The autoclave was purged three times
with H; and then pressurized to the desired level. The reactor was placed in an oil-bath and
maintained at constant temperature. Different experiments were run for 17 h, 30 h and 48 h.
The reaction was stopped by cooling the autoclave to room temperature, excess H; gas was
released and the reaction mixture was filtered through Celite. The solvent was removed by
rotary evaporation. The chiral ligand present in the reaction mixture was removed by
distillation or by column chromatography. The favored formation of one enantiomer over the
other one was observed by chiral gas chromatographic analyses or polarimeter. In the case of
gas chromatograph the result was compared to the racemic compound. The experiments
which involved the pretreatment of the clay with hydrogen were run using the same amounts
and ratios of substrate, catalyst and chiral ligand. The Ru clay was suspended in dry benzene
and pretreated with hydrogen (300 psi) for 2 h at 80 °C. The autoclave was cooled to room
temperature and the substrate and the chiral ligand were added. The autoclave was purged

again with Ha, pressurized and placed in the oil-bath.
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Attempted functionalization of montmorillonite with chiral ligand

(8)-2-(diphenylphosphinyl)-2’-hydroxy-1,1’-binaphthyl, L, (1.45 mmol, 0.680g) — previously
synthesized in our laboratory — was reacted with sodium hydride (60 % oil suspension, 1.60
mmol, 0.038 g) in Sml THF at 0 °C and the mixture was stirred for 5 min at room
temperature. Montmorillonite, which was treated with (3-chloropropyl)trimethoxysilane
(0.500 g, chlorine content 2.90 mmoVl/g), was added at 0 °C and the reaction mixture was
stirred at ambient temperature for 5 h. The mixture was diluted with ether and quenched with
small amount of water. The clay was separated by filtration, washed with methanol and dried
in vacuum. It was subjected further to reaction with HSiCl3/Et;N. The clay obtained from the
previous step was suspended in xylene followed by addition of Et;N (29 mmol, 2.930 g) and
HSiCl3 (7.25 mmol. 0.980 g). The reaction mixture was stirred at 120 °C for 5 h, under
nitrogen. After being cooled to room temperature the mixture was diluted with ether and
quenched with 2 ml saturated solution of NaHCOs. The clay was filtered under nitrogen

atmosphere, washed with methanol and dried under vacuum. CP/MAS *'P-NMR: 0.9 ppm.

Synthesis of a-iminoesters™

A mixture of a-ketoester (6 mmol), amine (7.2 mmol) and molecular sieves (4 A) was
refluxed in chioroform (10 mi). The progress of the reaction was checked by TLC and GC.
The reaction time varied from 3 to 24 h according to the substrate used. The mixture was
then filtered from molecular sieves which were washed with solvent. The solvent was
removed from the filtrate and washings by rotary evaporation, and the product was purified

by column chromatography using a mixture of hexane/diethyl ether as eluent.
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Reaction of ethyl 3-methyl-2-oxobutyrate with aniline’’

To an ice-cooled solution of ethyl 3-methyl-2-oxo-butyrate (S mmol, 0.72 g) and aniline (20
mmol, 1.86 g) in diethyl ether (12.5 ml), TiCly (2.5 mmol, 2.5 ml solution 1 M TiCl, in
methylene chloride) was added dropwise. After complete addition, the ice-bath was removed
and the reaction mixture was stirred at room temperature for 2 h. A red-brown precipitate,
formed when TiCls was added, disappeared after stirring and a yellow suspension was
formed. After 2 h the suspension was cooled to (10 °C) and poured into NaOH (20 ml). The
organic layer was separated and the water layer extracted twice with ether. The combined
organic extracts were dried (K2COs), filtered, and the solvent was removed in vacvo. The
reaction mixture was worked-up by column chromatography using a ether-hexane (2/8) as

eluent.

Methyl a-( N-butylimino) benzenacetate 37a'®

'H-NMR (CDCl3) § 0.92 (t, 3H, CH3, °J = 7.3 Hz), 1.39-1.51 (m, 2H, CH,), 1.62-1.80 (m,
2H, CHy), 3.50 (t, 2H, CH;N, °J = 7.0 Hz), 3.90 (s, 3H, OCH3), 7.37-7.40 (m, 3H, ArH),
7.64-7.72 (m, 2H, ArH); >C-NMR (CDCl;) § 13.8 (CH3), 20.4 (CHy), 32.7 (CHy), 51.7
(CHy), 55.0 (OCH3), 127.0, 128.3, 130.7, 134.3 (aromatics), 159.6 (C=N), 166.1 (C=0); IR

(neat): 1735 (C=0), 1634 (C=H) cm™; MS mse 219 [M'].

Methy! a-( N-phenylimino) benzenacetate 38a 109
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'H-NMR (CDCls) & 3.62 (s, 3H, CH3), 6.91-7.52 (m, 8H, ArH), 7.81-7.92 (m, 2H, ArH); *C-
NMR (CDCl) & 51.9 (CHi), 119.4, 124.9, 1279, 128.7, 12838, 131.8, 133.7, 149.9
(aromatics), 160.7 (C=N), 165.4 (C=0); IR (neat) 1736 (C=0), 1630 (C=N), MS m/e 239

M'].

3-(N-phenylimino)-4,4-dimethy!-butyrolactone 393'"°
'H-NMR (CDCls) 5 1.12 and 1.39 [both s, 6H, C(CH3)s, syn and anti isomers], 4.12 and 4.29

[both s, 2H, CH3(O), sin and anti isomers], 6.78-6.82 (m, 2H, ArH), 7.07-7.38 (m, 3H, ArH);
>C-NMR (CDCL) & 24.5 (CH3), 40.5 [C(CHs)), 77.2 (CHy), 118.2, 124.5, 124.9 148.2
(aromatics), 161.2 (C=N), 166.5 (C=0); IR (KBr) 1685 (C=N), 1779 (C=0); MS m/e 203
[M'].

Synthesis of a-iminoketones®

A mixture of benzil (9 mmol, 2 g), aniline (21 mmol, 2.0 g) and iodine (0.010 mmol, 2.5 mg)
was heated for 5-10 minutes at 130 °C. Ethanol was added after the flask containing the
mixture was removed from the oil-bath. The solid product was dissolved in ethanol and was
allowed to stay at room temperature. The crystals formed were filtered, washed with cold

ethanol on the filter and dried under vacuum.

92,111

N-phenyl-1-benzoylbenzylidenamine 40a
Yellow crystals: mp 105 °C; 'H-NMR (CDCl) § 6.81-7.55 (m, 11H, ArH), 7.70-7.79 (m,

2H, ArH), 7.82-7.91 (m, 2H, ArH); "C-NMR (CDCl) § 120.3, 124.6, 128.2, 128.3, 128.5,
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128.7, 129.2, 131.6, 134.2, 134.6, 135.0, 149.1 (aromatics), 166.2 (C=N), 197.5 (C=0); MS

m/e 285 [M'].

N-(p-tolyl)-1-benzoylbenzylidenamine 412°%'"!

Yellow crystals: mp 117 °C; 'H-NMR (CDCl;) § 2.18 (s, 3H, CHs), 6.78-6.96 (m, 4H, ArH),
7.31-7.58 (m, 6H, Ar H), 7.78-7.89 (m, 4H); *C-NMR (CDCl3) § 20.8 (CHs), 120.5, 128.0,
128.7, 128.8, 129.2, 129.3, 1314, 134.2, 1343, 134.5, 135.2, 146.5 (aromatics), 165.7

(C=N), 198.0 (C=0); IR (KBr) 1665 (C=0), 1618 (C=N) cm™".

General procedure for the hydrogenation reactions of a-iminoesters and -

iminoketones

A mixture of the substrate (1 mmol) and ruthenium clay (0.005 mmol Ru) in dry benzene (8
ml) were placed in a 45 ml autoclave equipped with a glass liner and a magnetic stirrer. The
autoclave was purged three times with hydrogen and then pressurized at the desired level
(600-900 psi H;). The reactor was placed in an oil-bath and maintained at constant
temperature (75 or 100 °C). In order to stop the reaction the autoclave was cooled to room
temperature and the excess hydrogen gas was released. The reaction mixture was filtered
through Celite to retain the ruthenium clay and then the solvent was removed by rotary
evaporation of the filtrate. The purification of the products was effected by silica gel column

chromatography using different ratios of hexane and ethyl acetate as eluent.
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Synthesis of Pd clay”®

A mixture of [Pd(PhCN),Cl;] (38.3 mg, 0.10 mmol) and Na montmorillonite (1 g) in dry
dickloromethane (25 ml) was stirred for 10 h at room temperature(under nitrogen). The
resulting yellow solid material (Pd clay) was filtered, washed thoroughly with dry
dichloromethane and dried by blowing with nitrogen and dried under vacuum. The Pd

content, determined by ICP analysis, was 0.08 mmol Pd/g clay.

General procedure for the hydrogenation of a-ketoimines using Pd clay™

A mixture of substrate (1 mmol), Pd clay (0.050 g - 0.004 mmol Pd) and dry toluene (5 ml)
was placed in a 45 ml autoclave equipped with a glass liner and a magnetic stirrer. The
autoclave was flushed three times with hydrogen and then pressurized to 100 psi. The
autoclave was kept at room temperature. After 7.5 —19 h the excess hydrogen was released
and the reaction mixture was worked-up in a similar way to the reaction catalyzed by Ru
clay. The yield of hydrogenated product was determined either by isolation of the product or

by 'H-NMR using an internal standard.

Methyl a-(N-butylamino) benzenacetate 37b'"?
'H-NMR (CDCl) § 0.86 (t, 3H, CH;, °J = 7.1), 1.22-1.55 (m, 4H, -CH,CH;-), 1.90-2.09 (br,
1H, NH), 2.48-2.63 (m, 2H, CH,NH), 3.66 (s, 3H, OCHs), 4.34 (s, 1H, CH), 7.28-7.42 (m,

5H, ArH), "C-NMR (CDCL) & 13.8 (CHs), 20.3 (CHy), 32.0 (CHy), 47.4 (CHy), 52.1
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(OCHs), 65.5 (CHPh), 127.3, 127.9, 128.6, 138.2 (aromatics), 173.5 (C=0); IR (neat) 1739

(C=0), 3335 (NH); MS m/e 178 (8), 162 (100), 149 (31), 106 (65), 77 (30), 57 (14).

Methy a-(N-phenylamino) benzenacetate 38b'‘?

White crystals: mp 78 °C; 'H-NMR (CDCls) & 3.72 (s, 3H, OCH), 4.88-5.25 (br, 1H, NH),
5.07 (s, 1H, CH), 6.53-6.73 (m, 3H, ArH), 7.07-7.51 (m, 7TH, ArH); “C-NMR (CDClL) &
52.8 (CH3), 60.7 (CHPh), 113.3, 118.0, 127.2, 128.2, 128.8, 129.2, 137.5, 145.8 (aromatics),

172.3 (C=0); IR (KBr) 1737 (C=0), 3345 (NH); MS m/e 241 [M"].

3-(N-phenyamino)-4.4-dimethyl-butyrolactone 39b'"

Fine crystals, pale yellow: mp 108 °C, 'H-NMR (CDCl3) & 1.05 (s, 3H, CH;), 1.31 (s, 3H,
CH;), 3.97-4.08 (m, 4H, CH,, CH, NH), 6.67-6.81 (m, 3H, ArH), 7.14-7.24 (m, 2H, ArH);
C-NMR (CDCl:) & 19.9 (CHs), 24.0 (CHs), 41.6 [-C(CHs)z], 62.9 (CH), 77.1 (CHy), 113.4,
118.8, 129.3, 147.1 (aromatics), 176.3 (C=0); IR (KBr) 1766 (C=0), 3378 (NH); MS m/e
203 [M'].

N-phenyl-(a-benzoyl)benzylamine 40p%*

Pale yellow crystals: mp 98 °C, 'H-NMR (CDCl;) & 5.35-5.50 (b, 1H, NH), 5.90-6.09 (s, 1H,
CH), 6.63-6.72 (m, 3 H, ArH), 7.01- 7.60 (m, 10H, ArH), 7.95-8.06 (m, 2H, ArH); >C-NMR
(CDCl3) 6 62.6 (CH), 113.4, 117.7, 128.0, 128.3, 128.6, 128.8, 129.0, 129.2, 133.5, 134.9,

137.6, 146.0 (aromatics), 197.0 (C=0); IR (KBr) 1682 (C=0), 3394 (NH) cm™'; MS m/e 287
M.
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N-p-tolyl-(a-benzoyl)-benzylamine 41b>*

Fine yellow crystals: mp 146 °C; '"H-NMR (CDCl) § 2.11 (s, 3H, CH3), 5.35-5.60 (br, 1H,
NH), 6.00 (s, 1H, CHPh), 6.57-6.61 (m, 2H, ArH), 6.90-6.94 (m, 2H, ArH), 7.17-7.52 (m,
8H, ArH), 7.94-7.99 (m, 2H, ArH); *C-NMR (CDCl;) § 20.3 (CHs), 63.1 (CH), 113.8,
127.6, 128.0, 128.1, 128.6, 128.8, 129.0, 129.7, 133.4, 134.7, 137 4, 143.5 (aromatics), 196.7

(C=0); IR (KBr) 1674 (C=0), 3397 (NH) cm™".

General procedure for the reductive amination of a-ketoesters in the presence of Ru
clay

A mixture of a-ketoesters (1 mmol), amine (1.1 mmol), ruthenium clay (0.005 mmol Ru) and
molecular sieves - 4 A (0.6 g), in dry benzene (8 ml), was placed in a 45 ml autoclave
equipped with a glass liner and a magnetic stirrer. The autoclave was purged three times with
hydrogen and then pressurized to 600 psi Hz2. The reactor was placed in an oil-bath and
maintained at 100 °C. The decrease of the hydrogen pressure was observed on the
manometer of the autoclave. In order to stop the reaction the autoclave was cooled to room
temperature and the excess hydrogen gas was released. The reaction mixture was filtered
through Celite. The molecular sieves and the Ru clay were washed with benzene and the
solvent was removed from the filtrate and washings by rotary evaporation. The purification
of the products was made by silica gel column chromatography using different ratios of

hexane/ethyl acetate as eluent, or by HPLC.

Ethyl 2-(N-butylamino)-4-phenylbutanoate 45'**(Figure 11)
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'H-NMR (CDCl) 6 0.88 (t, 3H, CH;, °J = 6.8 Hz), 1.26 (1, 3H, CH;CH,0, °J= 7.1 Hz), 1.34-
1.49 (m, SH, CH,CH,, NH), 1.86-2.02 (m, 2H, CH,NH), 2.35-2.62 (m, 2H, CH,CHNH),
2.68 (t, 2H, CH,Ph, °J = 7.8 Hz), 3.20 (t, 1H, C H,CH, °J = 6.8 Hz), 4.15 (q, 2H, OCH,, °J=
7.1 Hz), 7.14-7.32 (m, 5H, ArH); *C-NMR (CDCL;) & 13.9 (CHs), 14.3 (CHs), 20.3 (CHy),
32.0 (CHy), 32.6 (CH), 35.1 (CHy), 47.8 (OCH3), 60.5/61.1 (CHNH/CH,Ph), 125.9, 128.3,

128.4, 141 .4 (aromatics), 175.5 (C=0); IR (neat) 1731 (C=0), 3326 (NH) cm™".

3-(N-butylamino)-4.4-dimethy| butyrolactone 46'*(Figure 12)

'H-NMR (CDCl3) 8 0.89 (t, 3H, CH;CH,, °J = 6.9 Hz), 0.98 (s, 3H, CH;C), 1.16 (s, 3H,
CH;C), 1.28-1.53 (m, SH, CH,CH,, NH), 2.56-2.71 (m, 1H, NHCH,), 2.77-2.91 (m, 1H,
NHCH,), 3.11 (s, 1H, CHNH), 3.83 [d, 1H, C(O)H, °J = 8.8 Hz], 3.92 [d, 1H, C(O)H, J =
8.8 Hz]; C-NMR (CDCl) § 13.9 (CHs), 19.7 (CH3), 20.1 (CH), 23.9 (CH3), 32.3 (CHy),
40.8 [C(CHs),], 49.4 (CH,NH), 66.5 and 76.5 (CHNH ard CH,), 177.9 (C=O); IR (KBr)

1777 (C=0), 3324 (NH) cm™'; MS m/e 185 [M"].

Methy 2-[N-(a-methyl)-benzyl] aminopropionate 47 (major diastereoisomer)®®

'H-NMR (CDCls) § 1.20 [d, 3H, CH3(CHCOOCHs), °J = 7.1 Hz], 1.31 [d, 3H, CH3(CHPh),
°J = 6.4 Hz], 1.75-1.90 (br, 1H, NH), 3.09 [q, 1H, CH(COOCH3), °J = 7.1 Hz], 3.68 (q, 1H,
CHPh, °J=6.4 Hz ), 3.69 (s, 3H, OCHs), 7.14-7.28 (m, 5H, ArH); '*C-NMR (CDCl;) 5 19.7
(CH3), 25.2 (CH3), 51.6, 54.1 and 56.8 (CHCOOCH:/OCH3y/CHPh), 126.7, 127.0, 128.3,

144.8 (aromatics), 176.8 (C=0); IR (neat) 1736 (C=0), 3352 (NH) cm™"; MS m/e 207 [M'].

104



'H-NMR (CDCls) & 1.26 [d, 3H, CH3(CHCOOCHS), °J = 7.1 Hz], 1.46 [d, 3H, CH3(CHNp),
’J = 6.5 Hz], 1.90-2.10 (br, 1H, NH), 3.17 [q, 1H, CH(COOCH;), °J = 7.1 Hz], 3.64 (s, 3H,
OCHs), 4.57 (q, 1H, CHNp, °J = 6.5 Hz ), 7.43-7.51 (m, 3H, ArH), 7.68-7.79 (m, 2H, ArH),
7.82-7.87 (m, 1H, ArH), 8.12-8.17 (m, 1H, ArH); “C-NMR (CDCl) § 19.9 (CH;), 24.4
(CHs), 51.6, 52.4 and 54.2 (CHCOOCH:/OCH,/CHNp), 122.9, 123.1, 125.2, 125.5, 125.6,

127.2, 128.8, 131.4, 133.9, 140.3 (aromatics), 177.1 (C=0); IR (neat) 1735 (C=0), 3370

(NH) cm™, MS m/e 257 [M].
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Fig. 9 'H-and C- NMR of 28b (CDCls)
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Fig. 11

'H- and *C-NMR of 45 (CDCly)
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