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ABSTRACT

An important class of carbonylation reactions to construct lactams are those that
involve the direct "stitching" of carbon monoxide into a nitrogen heterocycle resulting
in ring expansion. Cobalt carbonyl catalyzed the carbonylation of a serics of 2-
substituted pyrrolidines to form piperidinones. The reaction is regiospecific in most
cases and the yield of product is increased when ruthenium carbonyl is present as a
second catalyst. Chapter 2 of this thesis describes this picce ol work.

During the investigation of the ring expansion carbonylation reactions of
pyrrolidines, a new rcarrangement process was discovered which occurred with nitrogen
heterocyclic ketones [(CH,),NCH,COR, n=4-7] to give lactams in 72-93% yiclds,
catalyzed by the dual metallic {Co,(CO)¢/Ru,(CO),,] system. Studies, including several
labeiling experiments, indicated a hydrogen-oxygen positional exchanging path. Afler
rearrangement, Ru,(CO),, could be recovered, and no Ru-Co clusters was detecled. The
most probable explanation for this finding may be that some of the steps in the reaction
pathway are catalyzed by ruthenium while others are more cffectively catalyzed by
cobalt complexcs. This work is discussed in detail in Chapter 3.

A novel cyclization reaction was also observed during mechanistic studies giving
information on the rearrangement reaction, That is, when ketones in which only one of
the hydrogen atoms at an ot-carbon atom of a nitrogen-containing heterocycle is replaced
by an alkyl group (c.g. 2-methyl (or 2,6-dimethyl)piperidinyl ketones), the reaction
afforded the bicyclic 5,6,7,8-tetrahydroindolizines in 72-94% yields. In contrast o the
rearrangement process which requires both Co,(CO), and Ru,(CO),, as catalysts,

I



Co,{CQ), or Ruy(CO),, only could catalyze the cyclization reactions in high yiclds.
These bicyclic products are well known precursors of many alkaloids. Reaction of 2-
aryl-5,6,7,8-tctrahydroindolizines  with singlet oxygen, whether generaed under
sensitized photorcaction conditions or by cobalt catalyzed oxidation under mild
conditions, gave 2-aryl-3a-hydroxy-6,7,8,8a-tetrahydro-3(SH)indolizinones in 63-71%
yicld. Chapter 4 dealts with these transformations.

Under phase transfer catalysis conditions some five and six-membered nitrogen-
containing heteroaromatics reacted with acetylcobalt tetracarbonyl, gencrated in situ
from CO, CH,I and dicobalt octacarbonyl. Isoxazoles or isothiazoles gave N-acylated
I-amino-2-alken-3-ones or thiones, i.c. ring-cleavage reductive acylation products. The
highest stercoselectivity (Z/E: 10/1) of the acylation reaction was found in the case of
5-methylisoxazole. Under the same conditions phthalazine, quinoline and isoquinoline
gave N-acylated dimers in low to moderate yields. The reactivity of scveral other
nitrogen-containing heterocycles such as pyrazoles was also investigated and the results

are summarized in Chapter 5.
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Chapter 1

Introduction

In this introduction some important aspects of organometallic chemistry will be
briefly reviewed including homogencous and hetcrogeneous catalysis, phase transfer
catalysis, transition metal carbonyl complexes, carbonylation reactions, and mixed-metal
homogencous catalysis. A more detailed survey will then be made of the ring expansion

carbonylation reaction.

1.1 Homogeneous and Heterogeneous Catalysis

Catalysis using metal-complexes is now an integral part of organic synthesis in
the laboratory and in industry. Complexes containing transition metals with partly filled
d or f shells (mainly d-block) arc extremely versatile in bonding ability, ligand effects,
variability of oxidation state and coordination number. A transilion metal catalyst can
thus provide a site where the rate-determining step of a reaction can take place faster.
Organotransition metal complexes arc uscful in organic synthesis, as they can offer
different pathways to a given organic reactant depending on the nature of metal and

ligands.



Metal catalyzed reactions arc classified as homogencous or heterogencous
processes. By definition, in homogeneous catalysis the catalyst and the reactants are
molecularly dispersed in the same phase, cither liquid or gascous. It implies that the
catalyst is a discrete cnlity, i.e. a single transition-metal complex or a combination of
discrete complexes. A heterogencous reaction is onc in which one or more of the
constituents are in different phases. The catalyst is usually present as a solid and the
reactants as liquids or gases. Thus a vacant coordination site of the metal complex is
locaied at a phase boundary, i.c., only the surface atoms are catalytically active.

Being bulky sofids and generally thermal stable, heterogencous catalysts are
, casily sépﬁralcd from their reaction products, i.c. they can be simply recycled. This
[')ixrticular advantage has, up to recently, been of an over-riding importance in the large
scale industrial applications of catalyst systems, e.g. methanol synthesis, Fischer-Tropsch
synthesis etc.. The past two decades has witnessed the development of new surface
tcchniques ¢.g. LEED, ESCA and AES providing new information regarding surface
alomic and clectronic structure, but yet few surface reactions are well understood at the
molecular level.’! At the same time, homogeneous catalysts are becoming increasingly
important.™ Such catalysts are highly active and selective, and often work under mild
conditions. Studies on the mechanism of homogeneous catalytic reactions have advanced
rapidly owing to the possibility of using spectroscopic methods and Kkinetic
meassurements, as well. Homogeneously catalyzed carbonylation, hydroformylation,
hydrogenation, isomerization, oligomerization, polymerization, oxidation and metathesis
arc well known processes. That is why, all of them are industrially important. There are

numerous reviews on homogencous transition metal catalysis in the literature,



1.2 Phase Transfer Catalysis

Phase transfer catalysis (PTC) is the most widely used method for solving the
problem of mutual insolubility of nonpolar and ionic compounds. Two compounds in
immiscible phases are able to interact because of the phase transfer agent. The latter
provides lipophilic cations, which transfer the anion of the reagent from the aqueous or
solid phase to the organic phase. PTC can be grouped into three categorics based on the
physical states of the two phases : liquid/liquid, liquid/solid and liquid/gas.

Quaternary ammonium salts and compounds possessing cation-solvating or
bonding properties such as crown. ethers, cryptands or podands are commionly used
catalysts. The mechanism of PTC with a quaternary ammonium sait (Q"Y") catalyst was

first proposed by Starks:'

Aqueous Phase Na*X- + QY —— Na*Y*

D E— + Q*X
Organic Phase RX + Q+Y- -:_b- RY + Q-o.x-

Further studies have demonstrated that migration of the lipophilic quaternary onium salts

to the aqueous phase is not nccessary for the anion exchange that occurs at the

interface:™

RX + Q'Y ——%» RY + Q'Y

-
o —
|

Y + 2Na* +



The use of phase transfer catalysis in reactions involving metal complexes began
in the mid seventies.®™ This is one of the most intensively developing variants of two
or three-phase catalytic techniques."® “Some of the most innovative work in this area
has been done by Alper and his co-workers. He illustrated that gas-liquid-liquid transfers
with complex catalyst systems provided methods for catalytic hydrogenations with
gaseous hydrogen, catalytic carbonylation of halides, olefins and acetylenes with carbon
monoxide gas".'!

A particularly important phase transfer process is the conversion of dicobalt
octacarbonyl to the mononuclear cobalt tetracarbonyl anion using aqueous alkali
hydroxide, organic solvent (e.g. CHCl,, CH,Cl,, C;H."CH,C4H,, hexane) and quaternary

ammonium halide under CO atmosphere. A possible mechanism follows:'?!

H
- t
OH™ + Coy(CO)3 —+ (CO)3Co— Co(CO)q —= (CO);3 1c£c°(c0)4
\
C A\
07 “oH 0% o~

!

HCo(CO); + Co(CO),~ + CO,
col lon"
- Hzo 72—
CO(C0)4 0# HCO(CO)4 CO3 + Hzo
-

In the presence of alkyl halide, such as methyl iodide, acetylcobalt tetracarbonyl is
gencrated in situ, subsequently reacting with unsaturated substrates or strained ring
compounds to give mono"?-, double"™- or even triple!'*l-carbonylated products.

Reactions carried out in two-phase systems, in the presence of a phase transfer



agent and transition metal complex are considered in detail in a recent monograph (see

Ref. 5, Chapter 4).

1.3 Transition Metal Carbonyl Complexes

Studies on metal carbonyls have not only produced a rich chemistry with
enormous scientific value but have also proved to be very useful in synthetic
chemistry.l'sl Numerous books and reviews discuss the preparation and structure of metal
carbonyls."*# It has been over 100 years, since Mond first discovered the formation of
Ni(CQ), from metallic nickel and carbon monoxide. A variety of transition metal .
carbonyls have been prepared and served as starting materials for the preparation of
many other organometallic compounds. Virtually all ransition metals coordinate with
carbon monoxide, as CO is an excellent w-acceptor ligand, stabilizing the low oxidation
state of the metal center.

Anionic transition metal carbonyis are usually prepared by reacting

bi/polynuclear carbonyls with alkali/alkali hydroxide, for example:

Fe,(CO),, + Na — Na,[Fe(CO),]*
Co,(CO); + Na/Hg——» Na'[Co(CO),J

Ruy(CO),, + OH —— Ru,(CO),>

The anionic metal carbonyls are useful starting materials for synthesizing other



organotransition metal complexes. Nucleophilic attack of an anion on a positive center

leads to important intermediate complexes.

Co(CO);” + RCOX ———» RCOCo(CO), + X

Co(CO), + Mel —»MeCo(CO), —»MeCOCo(CO),

The latier is widely involved in important acylation reactions of olefins and amines,
even under mild phase transfer chwlysis conditions. The formation of substituted metal
carbonyl complexes by a ligand exchange process is a common feature of transition
metals. Substitution of carbon monoxide by andther ligand may take place through a

dissociative path or an associative path:*!

M(C0)ES-M(CO), .t M(CO),..L
M(CO), - M(CO),LEG- M(CO), L

Association reactions of binary carbonyl complexes are not commonly observed. The
casc of carbonyl c{issocialion as well as the strength of the metal carbonyl bond decrease
with the electron density at the metal center which is equivalent with the metal basicity.
They are both unfavoured by electron rich metals, and basic ligands. This is due to the
weak o-donor and the strong x-acceptor properties of CO which removes charges from

the metals (illustrated by the resonance structures).

& &* & & . .
M-C=0 4» M&C=0 <> M=C=0

A B '



The MO terms may be more appropriately describe the feature of M-CO bonding '
Most of the carly work on transition metal carbonyl complexes Tocused on the
physical propertics of this class of compounds.” Mecchanistic studies started with
Basolo and coworkers in the carly 1960°s."" In the past three decades advances have
been made in understanding transition metal carbonyl reactivity.! Recently, based on
kinetic data, Atwood and co-workers concluded that: (1) the effect of charge and
oxidation state on the metal in CO substitution are not as straightforward as expected;
(2) the ground state weakening of the M-CQO bond, as charge and oxidation state are
increased, is offset by a ‘similm' increase in the cnergy of the transition state, resulting
in very small rate changes; (3) odd clectron complexes with cither 17 or 19 electrons
rcact at least 10 orders of magnitude more rapidly than similar 18 clectron complexes;
(4) clectronic configuration has a large cffect on CO substitution with the order of
reaclivity: d'’>d*>d%>d® for 18 cleciron complexes; (5) changing a metal alom in a
cluster complex affects the reactivity of the other metal centers; (6) dissociative
reactions are accelerated by the presence of a stronger o-donor/weaker w-acceptor that
stabilizes the 16 electron lransition states. Since many transition metal carbonyls are
quite electron-rich, they react as nucleophiles and as clectron-transfer reducing agents.
Additionally, the ease of migration of CO, insertion, as well as that of metal carbonyl
anion formation are reactions being used extensively in industrial and laboratory
processes both in stoichiometric and catalytic reactions. Carbonyls of nickel, iron and
cobalt are inexpensive and often applied to organic synthesis.”*”! Anionic transition melal
carbonyls such as [Rhy(CO),,]" have been found to be most active in CO hydrogenation

and anionic complexes such as [Co(CO),]’, [Rh(CO),L], [Ni(CO),I]" or [HRu(CO),,J



have been postulated as active species for carbonylation reactions.” There are numerous
literature reports describing the application of the transition metal carbonyls in organic
synthesis. ™ In the past three decades the parent ligand of the transition metal carbonyl
family, CO, has been joined by a series of ;élalives such as CS, CNH and C=CH2-,”

which, though short-lived in the free state, form stable complexes with transition metals.

1.4 Carbonylation Reactions

One of the most fascinaling reactions in catalysis is the direct insertion of a
functional group into substrate molecules giving rise to useful products. Since the carbon
monoxide moiety is the simplest synthon for introducing a carbonyl group into an
organic compound, carbonylation reactions have become one of the most attractive of
homogenous catalytic reaclions. Carbonyiation of various compounds has been
extensively studied and some of these reactions are used in indus_y.ry}“‘f“‘ These
processes can often be carried out under mild conditions, with good yields and high
sclectivities.

Free carbon monoxide is a rather unreactive compound. There are 14 electrons
in CO molecule. Four of them are nonbonding and the remaining ten valence electrons
are distributed in the following five molecular orbitals: 36, 46, 1ny, 1%, and 5¢ which
consists of two antibonding orbitals with a larger coefficient at the carbon atom.*" The

bonding between C and O involves 36, 17y and 17, molecular orbitals and consists of



one ¢ and two m-bonds, slightly asymmetric toward the oxygen atom. The synergistic
type of bonding with a transition metal , in which carbon monoxide donates electron
density from the HOMO weakly antibonding 5o orbital and accepts clectron density
from filled or partly filled d-orbitals of a transition metal into th= LUMO strongly
antibonding orbital 2x". It leads to the weakening of the carbon oxygen triple bond, the
first presumed step of CO activation. Thus, the carbon and oxygen of the coordinated
CO ligand become susceptible to nucleophilic and electrophilic attack respectively. The
transition metal carbony! complexes may undergo some key reaclions, among these

reactions, the insertion process being one of the most important.*?

M
e — o

The carbon of the carbonyl ligand is attacked by another ligand and the reaction occurs
within the coordination sphere of the metal. The reaction is readily reversible if some
additional ligand is not present to occupy the coordination site vacated by the migration
of the alkyl, aryl or other 1-electron ligand group. The reverse reaction, decarbonylation,
also has synthetic utility!*>*! The insertion of carbon monoxide is normally
stercospecific. It has been shown to proceed with complete retention of configuration

at the migrating carbon atom, which is consistent with “front-side” attack implied by

concerted migration. For example:**!



R R

: H :
H.J-R “ 3R L e R
& o ‘C
| —_— s \ ~
L —Pd-C=0 L—Pd-Csq ' P-C” TR
| L L 0
L

The extensive thermodynamics and kinetics***! as well as molecular orbital
studies™*” of CO insertion and decarbonylation of different complexes,” substrates, and
~ solvents'™*¥ have received widespread attention. Generally, the reactivity of the carbon
monoxide ligand is modified by the interaction between CO and the metal.
Destabilization of the ground state with respect ta the M-CO and M-R bonds and
stabilization of the transition state for the formation of acyl intermediates increase the
rate of reaction. The reacti\.rity depends in part on the strength of the metal-carbon bond.
The first and second-row transition metals undergo this reaction more easily than the
third row transition metals of the same subgroup.” All transition metals of group VIII,
especially those in a jow valent state, have proved to be active homogeneous catalysts
for CO activation.*!

The second key reaction is nucleophilic attack of a carbonyl ligand by an anionic

reagent to form a series of adducts:

M-CO + Nu ~—mp [M—C/O]'
\Nu

Nu:OH, OR, NRR’, H, R, X, etc.

Carbon monoxide is a weak o-donor ligand. The bonding with the transition metal is

10 ‘



reinforced by back-donation from filled d-orbitals to the CO antibonding orbitals of
appropriate symmetry. If a partial positive charge exists on the carbon atom, then attack
by a nucleophilic reagent can occur. It can be qualitatively correlated with the
electrophilicity of the carbon of the coordinated carbonyl group. Thus, a more electron-
withdrawing LnM fragment would be expected to make the carbonyl more positive and
more susceptible to reaction with nucleophiles. For example, the cationic Re(I) complex,
Re(CO)s™ undergoes facile **O enrichment of the carbonyls by exchange with oxygen
of **O-labelled water presumably via intermediacy of a hydroxycarbony! species formed
by the attack of water on the coordinated CQP*SS:
Re(CO)s* + H,0" — Re(CO"),' + H,0

Both stoichiometric and catalytic reactions involving nucleophilic activation of metal
carbonyls are well-known.® Such reactions include substitution, insertion of alkene,
hydrogenation, decarbonylation, etc. The Waler Gas Shift Reaction (WGSR) has
received renewed attention because of the need to produce hydrogen from non-petroleum
sources. Using alkaline solutions of various metal carbonyls, the reaction can proceed
homogeneously, via attack of hydroxide on LnMCO presumably forming an anionic

carboxylic acid intermediate.

Another useful reaction is an attack of coordinated CO at the oxygen atom by

electrophiles:™*"
O
HO
Il ROH R R
o . 3¢ — G0,y
> M \ 1 '
M R OR OR
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Depending on the reaction conditions, the M-acyl group may be liberated as RCHO,
RCOOH, RCOX, RCONRR’, RCOR’ or RCOOCOR'

The importance of carbon monoxide "insertion" into a metal-carbon bond should
be emphasized, but in carbonylation chemistry there are several other reactions in which
a one-electron ligand migrates from the metal to an unsaturated ligand. For example, in
hydroformylation or hydroesterification, the migration of hydride to a coordinated alkene
generates an alkyl ligand that subsequently migrates to coordinated carbon monoxide.
Similarly, alkyne ligands can insert into both M-H and M-C bonds. and the resulting
vinyl ligands migrate to coordinated carbon monoxide. Even acyl groups can migrate
from the metal to coordinated alkenes forming keto-alkyl ligands. Thus, by the
mechanistic patterns carbonylation reactions may be grouped into six classes:** direct
carbonylation, substitutive carbonylation, additive carbong;lation, multicomponent
carbonylations, oxidative carbonylation and decarbonylation. Carbonylation chemistry
is being developed increasingly in research and on a larger scale for fine cl;emica]s

production.

1.5 Mixed-Metal Homogeneous Catalysis

Mixed-metal homogeneous catalysis can be carried out using two different metal
complexes or with mixed-metal clusters as a catalyst precursor.”” The goal of this
discussion of mixed-metal homogeneous catalysis is to evaluate its achievements and

potentials, The use of mixed-metal clusters in homogeneous catalysis is in its beginning,

12



and almost nothing is known about the actual role of such species in cillalylic
transformations. One of the characteristic features of mixed-metal catalysts is synergism,
"Synergism" may be defined as a disproportionate increase in reaction rate observed
upon mixing two catalytic systems, both of which will individually catalyze the reaction
in question".!!

In mixed-metal homogeneous catalysis the adjacent metal centers olfer the
possibility for cooperative reactivity and the intrinsic polarity of heterometallic bonds.
The stereochemical properties of each metal center can direct the selectivity of substrate-
cluster interaction. Some metal-specific reactions may occur simultancously or
consecutively on the multi-sites during the activation and transformation of substrate
molecules. Because of the high mobility of ligands in clusters, it may promote reactions
between different partners, and the reactions of ligands themselves in mixed metal
clusters may be proceeding differently (reduction, oxidation, oxidative addition,
reductive elimination, etc.).

Generally, reactions of clusters may lead to changes in their structurc or may
only change the clusters’ coordination sphere. These reactions may also cause changes
within the ligands themselves.®! It should also be recognized that mixed-metal
complexes often fragment into homonuclear species under catalytic conditions while
they can be produced in situ upon mixing of the individual metal complexes. Due to
their unusual properties, mixed metal clusters find application as catalysts in organic
synthesis, synthesis of inorganic complexes and organometallic compounds, etc.

It is known that ruthenium carbonyls arc active catalysts for the water gas shift

reaction (WGSR) under basic conditions:

13



H,0(g) + CO(g) —»H,(g)} + CO,(g)

Interestingly, it has been found that Fe(CO), increases the activity of the ruthenium
complexes and the mixed-metal complex H,FeRu,(CQ),, proved to be more active than
cither ruthenium carbony! or iron carbonyl individually.**®! Spectral characterization
as well as isolation of various reaction components indicates the presence of several
mixed-metal clusters, including H,FeRuy(CO),, in these alkali solutions of mixture of
Fe(CO); and Ru,(CO),,. This synergetic catalysis is consistent with catalytic cycles in
which the rate-limiting path is reductive elimination of H, from a cluster hydride
species, with mixed-metal clusters being more reactive toward H, elimination. Further,
more research work has been done on the catalytic activity of mixed-metal carbonyl
precursors of group 8 and 9 in the WGSR.™! il

The rhodium-catalyzed synthesis of eihylene glycol from CO hydrogenation is
promoted by ruthenium carbonyl complexes.**%! Optimum results were achieved with
Rh:Ru ratios of l:i when quaternary phosphonium salts were used, and in this case a
mixed Rh-Ru carbonyl cluster Ru,Rh{CO},, has been isolated from the reaction product.
With tetraglyme as a solvent, the highest selectivities and reaction rates were observed
at surprisingly low Rh concentrations (Rh:Ru=1:10). No mixed-metal clusters have been
found in the reaction mixtures. The most probable explanation for these findings may
be that some of the individual steps are catalyzed by rhodium and others more
effectively by ruthenium complexes.

The hydrogenation of alkenes, dienes and alkynes as well as the isomerization

of alkenes and dienes were also investigated with a variety of mixed metal clusters.'*”

Interestingly, ruthenium complexes have been employed as cocatalysts with

14



Co,(CO), to improve the selectivity of methanol homoiogation, and the influcnce of the
Ru:Co ratios on the yields of ethanol and acetaldehyde has been studied'*”

Under basic phase transfer catalysis conditions, in the presence of Co,(CQO), and
Ru,(CO),, (1:1) alkynes react with CO and methyl iodide to give B-keto acids.*™! With
Co.{CO), alone, but-2-enolides are formed;" Ru,(CO),, alone is inactive. The surprising
effect of Ru,(CO),, is ascribed not to the formation of a mixed-metal cluster catalyst,

but rather to the nucleophilic addition to the intermediate:

R H

R H /
RCXCH \ ]
CH,COCo(CO), — > /\C‘- C( Lo, /°= C\ + HRuy(COY,
(C0)4C0 COCHJ (C0)4CU'IC| COCH:‘
o}
l- Co(CO)
H
R Ru,(CO) H
\C_ (I:/ 3 1]
7
\
o COCH,
i l
N
Rﬂéggzzcocua . 7S~ GHz + RuycOy,
Ru,(CO),jp

One of the most fascinating goals in mixed-metal catalysis is to create effective
multicatalyst systems which can promote sequential multistep reactions cooperatively
giving useful chemical substances from simple starting materials, that is, mimicking
enzymes. One of the successful examples is reported by Ojima.®"! He has found that
the hydroformylation-amidocarbonylation process is effectively promoted by the

homogeneous binary catalyst system Co,(CO)4/Rhy(CO),, to give a varicty of N-acyl-a-
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amino acids (1) directly from allylic alcohols, oxirancs, and fluoroolefins. The use of
Co,(CO); alone gave N-Ac-trifluoronovaline (2). Thus, the regioselective

hydroformylation was successfully combined with amidocarbonylation.

1209 10h COCH
CF,CH=CH, + H,NCOCH, ———" ctl; CooH

CO, H, +
CF, NHCOCH; CF;  NHCOCH,
1 2
catalyst  yield (%)
Coy(CO); 83 96 4
Coy(CO)y-Rhg(COYq 87 6 94

A unique Co-Rh mixed cluster, CoRh(CO), was shown to be the active catalytic species.

More recently, the mixed-metal system Co,(CO)s/Ru,(CO),, was shown to have
synergistic effect in the ring expansion carbonylation reaction.”” When Co,(CO); was
used 2lone for the carbonylation of N-substituted pyrrolidines, the product piperidinones
were generated in low yields. Addition of a second catalyst, Ru,(CO),;, changed the

reaction pathway, resulting in a remarkable mixed-metal catalyzed rearrangement leading

to a variety of lactams:

(CH,)
K_) > CO rﬁHz)n

N k..
- N
| Co,(CO)g,Ru4(COY,, | 7

R= l'Bu. Ph. 2‘C10H1. n-C6H|3; n= l. 2, 3
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No Co-Ru mixed cluster was observed, only Ru,(CO),, recovered.

The potential advantage of homogencous mixed metal catalysis is the possibility
of multisite activation of a substrate leading to an unusual product. Such a system
occupies an intermediate position between molecular (homogeneous) and solid-state
(heterogeneous) catalysis, so they may fill the gap that still exists between homogencous
and heterogeneous catalysis by transition metals. This project remains an active arca of
research, and has been subjected to several reviews.!””"! The prospects in this area are
bright owing to new technology for the preparation mixed-metal-derived catalysis and
spectroscopic methods developed for their study such as IR spectroscopy, FT solid-state
NMR, EXAFS (Extended X-ray Absorption Fine Structure), XPS (X-ray Photoelectron

Spectroscopy), Missbauer spectroscopy, STM (Scanning Tunnel and high-rcsolut'iun

electron microscopy).l™
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1.6 Ring Expansion Carbonylation Reaction

About half of the known organic compounds have structures that incorporate at
least one heterocyclic compound.™ Heterocyclic compounds are predominant among
the types of compounds used as pharmaceuticals, agrochemicals and veterinary products.
For example, rescarch on design and synthesis of new antibacterial agents based on the
B-lactam structure of penicillin are of continuing interested by chemists. Amongst the
numerous synthetic ways to construct biologically important lactones and lactams, the
process of ring expénsion c_arbonylation via Lrar.lsition metal com;jlex catalysis from
heterocycles is one of the most simple, convenient and fascinating methods.

l. As distinguished from a large variety of carbonylation processes of functionalized
organic substrates which lead to heterocyclic products, Alper has developed a number
of heterocarbonylation reactions of three-five membered ring oxygen-, sulphur- and
nitrogen-containing heterocycles that proceed under mild conditions and produce useful

compounds.”!

Ring Expansion Carbonylation Reactions of Three Membered

Ring Heterocycles

The chemistry of three membered heterocycles is dominated by ring strain. This

lecads to enhanced reactivity in processes in which the strain is rclieved. The
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organotransition metal chemistry of oxiranes, thiiranes, azirines and aziridines shows that
strained rings undergo appropriale ring opening and subsequent cyelization reactions to

form other cyclic systems."™*!

Oxiranes and Thiiranes

Oxiranes are commonly used reagents in synthetic chemistry because the ring
system can be both created and destroyed easily in a highly selective manner. Transition
metal complexes can be involved in such cases, for example, vinyl oxiranes react with
carbon monoxide in the presence of a catalytic quantity of chloro(l,5-

cyclooctadiene)rhodium dimer, to give unsaturated 8-lactones:®

7
% + CO [(I,SCOD)R.hCl],’

0 §) 0O
15%

3
4

Recently Yamamoto’s group reported the results on palladium-catalyzed reaction of
alkenyloxiranes with carbon monoxide. Four types of products are produced depending
on the nature of the substituent R? of the alkenyloxirane 5. Carbonylation products such
as unsaturated esters 6 and f-lactones 7 were obtained in the reaction of terminal
alkenyloxiranes and alkenyloxiranes having electron-donating substituents, whereas the
reaction of alkenyloxiranes having clectron-withdrawing groups gave dienes 8 and allylic

alcohols 9 instead of carbonylation products.™"
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1
R

Rl
R! ~ X R
Pd,(C4H7),Cl, R .
O

i-PryNEL, NaBr OH

\<;\//\R2 maleic anhydride 6 o ,
0 EtOH, CO, r.t
5 NN 2 4 \r\/\R
R
OH
8 9

B-Lactone was produced using phenyl substituted epoxides (styrene oxides) and

RuCKCO)(PPh,),:™

Ph Ph
RhCI(CO)(PPhs),
0. 28 atm CO : O
110°C, 20h Y
10 67%
11

The application of transition metal complexes in phase transfer catalysis (PTC)
was pioneered by Alper and coworkers, in the mid 1970’s. Particularly useful is cobalt
carbonyl as the metal catalyst under PTC conditions. Single and double carbonylation
reactions occur by reactions of acylcobalt tetracarbonyl generated in situ (from
Co,(CO)s CH,I, CO) with unsaturated and strained ring compounds. E.g., vinyl oxiranes
undergo monocarbonylation to form unsaturated hydroxy acids' while styrene oxides

experience double carbonylation, atfording the eno! tautomer of an a-keto lactone:™"

Ph R
0 R 4 co Coy(CO);, CTAR MeI> I
Ph/Ll’ ' NaOH(0.5M), CgH, ué °
b R.T. 1 atm 5
[CTAB = C;gHy;N(CHy);*Br] 13

20



B-Epoxy alcohols 14 undergo a unique phase transfer catalyzed tripte carbonylation

reaction to form lactonic hydroxy acids 15:™!!

0 Co,(CO)3, TDA-1 . Od AL
) . - —
[\ CHOH 4 o+ cHjl —————> e, I )
14 [ TDA-1 : tris(2,6-dioxaheptyl)amine |
' 15 16
CH,N
Ar=Ph l 2
1.C0,{(CO)s TDA-1,IN NaOHPhCH, OH
»- —_— F
2. DBU, THF, CH;,l b/l\ CHj
07 O coocH,
17

When the trisubstituted oxirane 18 was used as the reactant, approximately cqual
amounts of the triple carbonylation product 19 (33%) and monocarbonylation product

20 (36%) were formed.

Ph  CH, Ph CH,4 Ph CH
\7LCH OH+CO+CHy 2w DAL o 3
+ + - —_ H —_—
0 2 3 IN'NaOH, PhCH, CH; *
0”0 COOH 07 O
18 19 20

The process was diastereospecific where only the anti diastereomer was present in the
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solid state and in solution, as shown by X-ray and NMR analyses of 17, formed either
by reaction of 15 with diazomethane or from 15 by a two step process in 44% yield. A
labelling experiment using "*CO resulted in labeling at the lactone carbonyl, carboxylic
acid carbon, and the carbon bearing the hydroxyl group. This triple carbonylation
reaction also requires primary alcohols, since the secondary alcohol 21 gave only the

monocarbonylation product 22 and the rearrangement product 23,

OH Ph OH
i\ CH
CHy—> J k7, PhJXT\ CH,
o 070" Ny o

21 .22 23

Thiiranes have much in common with the other three membered ring
heterocycles, but some of their chemistry is associated specifically with the presence of
the sulphur atom. For example, thiiranes undergo phase transfer catalyzed reaction with
in situ generated acylcobalt carbonyls to give B-thiolactones which are hydrolyzed to f3-

mercapto acids under the basic conditions.”™

3 X Ph
Co,(CO)g, PEG-400, CH;l
+ CO —>-
Ph 3N KOH, CgHg, r.t., 1 atm COOH 'SH
24 ( PEG : polyethylene glycols) 25
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2H-Azirines

Generally, the chemistry of 2H-azirines is characterized by three main type of
reactions : (1) reaction at the C=N bond, (2) cleavage of the N-C2 bond, and (3)
cleavage of the C2-C3 bond with ultraviolet light. When azirines were treated with
carbon monoxide and a transition metal complex, e.g. tetrakis(triphenylphosphine)

palladium(0) under very miid conditions, aza analogues of penicillin were formed in 37-

63% yield:!B#

| H R
AR o P Sy e N
R lam, 40°C - o N R’

2 27 H

When bis(dibenzylideneacetone)palladium(0) was used as catalyst, vinyl isocyanates

were obtained in high yields (77-99%):!

NCO
N r Pd(dba),, CsHg
//A/ + CO >
C Ny
28

29

It was found that the presence of molybdenum carbonyl in the reaction of

stabilized enolates with azirines results in a stereospecific production of cyclic imides:*

23



N $
Ar,l/_\\ + RCHCO,C,Hs + Mo(CQ); ——»
H
0”7 N ~o
H
30 31 32
33

This novel reaction is applicable to a variety of azirines giving disubstituted imides in
27-68% yield. The carbanions can be derived from ethyl benzoylacetate 31 (R=PhCO

and ethyl cyanocacetate R=CN).

Aziridines

Aziridines have found wide use both as intermediates in laboratory synthesis and
in industry. For example, aziridines are good alkylating agents because of their tendency
to undergo ring-opening reactions with nucleophiles. Many aziridines are thus actively
mutagenic and toxic. The naturally occurring mitomycin C 34, shows antibiotic and
antitumour activity which are associated with the presence of an aziridine ring. The
alkylating properties of aziridines have been investigated for potential industrial

applications, e.g., as monomers for polymerization and as components of reactive dyes

for cellulose fibres.™!
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Catalytic chemistry involving aziridines has attracted wide interest in recent years. When
azirings were treated with a stoichiometric quantity of ¢hlorodicarbonyl rhodium(l).
dimer, only vinyl isocyanates were obtained, but not any heterocyelic compounds.®! Use
of catalytic quantitics of the same Rh(l) dimer resulted in ring expansion of aziridines
to B-lactams. The reaction is regiospecitic, i.e. CO insertion occurs only in the more

substituted C-N bond:***!

+ Ph

N [Rh(CO),Cll,, CgHg
/\ + co > N
Ph 20 atm, 90°C X
100%
35 36

Excellent yields were obtained when the reaction was effected at 90°C, under 20atm. of

carbon monoxide in benzene. A metallacyclic complex may participate in the process.

R? | i VR
Y [RKCOXCllz CKCOW\)S — CI(CO)th/
R! . f{'l g'
39
37 38 ©
R2 ? R2
j;l ~——— c:ucohah?\\f
0 R ' El
41 40

Oxidative addition of rhodium(I) to the more substiluted carbon-nitrogen bond of the

aziridine 37 can give an azametallacyclobutane 38. Subsequent CO insertion followed
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by reductive elimination affords the B-lactam 41. Recently a similar azairidocyclobutane
has been isolated and characterized."

In 1988 a reaction with opposite regioselectivity was reported®! by use a
stoichiometric amount of nickel carbonyl under an inert atmosphere with carbonylation

occurring onto the less substituted C-N bond of the aziridine:

) N—R N o
N I, THF )_\ Ni(CO), THE ~ N—
—_— —_——
reflux, 15 min. {ie 1 reflux, 3 h )_
Mé R = CH,Ph, SO,Me Argon Mo
42 43 .44

For R=CH,Ph, the yield of B-lactam was 51%. When nitrogen was substituted by an
electron withdrawing group (c;.g. methyl sulphone SO,Me), the lactam was formed only
in 18% yield.

Further research® on the stereochemistry and enantioselectivity of ring
expansion and carbonylation of aziridines shows that the process is both stereo- and
cnantiospecific, occurring with retention of configuration e.g., S-1-tert-butyl-2-
phenylaziridine is converted to S-1-tert-butyl-3-phenylazetidin-2-one:

stercospecific:

Ph Me

Ph Me
~,

-

S eco RMCONCH
- T
A o7

45 : 46
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enantiospecific:

N +CO -
47
Ph - : P
7 =
(S)
\ + CO - !
-+ o7 X
49 50

In addition, use of d- or l-menthol as a chiral ligand in the carbonylation of racemic
aziridines leads to the asymmetric synthesis of B-lactams with high 6plical purity (87-
99% e.e). It was also found that the R enantiomer reacts more -mpidly in the presence
of d-menthol than in the presence of l-menthol and the recovered aziridine is also

cbtained in fine optical yield (77-85% e.e).

Ph
(R) (S)
Ph Y

56% : Ph ' +

85‘55 op 63%

p 77% op
 [RR(COD)C}, 0,05eq [Rh(COD)Cl}, 0,05¢q 47 -
l-menthol 3eq, 20atm N “Ementhol 3eq, 20atm

Ph 90°C, 24h o
\@'_| 3s+ 90°C, 24 “(R) .
N racemic " "
Ve + N
c X CO o) X
23% I
100% op 97% op
48 50
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It is conceivable that binuclear rhodium complexes, containing bridging menthoxy
ligands, arc primarily responsible for the observed chiral discrimination.
Aziridinones experience regiospecific ring expansion and carbonylation to

azetidin-2,4-diones in {ine yields using rhodium or cobalt complexes.™

¢ /7 © [Rh(CO),C1] R 0
N + CO 272
! CeHg NR’

O

51 52

Rh(I): [Rh(CO),Cl],, [RhCI(1,5-COD)],, {RRCI(1,5-HD)],
Co(0): Co,(CO)y, Co,(CO),,.
The two processes are significantly different: the rhodium reaction occurs under carbon
monoxide and is catalytic; the cobalt reaction is inhibited by carbon monoxide and is
not catalytic.

The paliadium complex, Pd(PPh,), catalyzes the conversion of
methyleneaziridines to a-methylene-B-lactams with coordination of the nitrogen lone
pair and the n-clectrons of the double bond to palladium, fixing the site of incorporation

of carbon monoxide:**

R R\ 0
r|~1 Pd(PPh,), N
L& co
53 54

28



Highly stereoselective conversion of 2-benzyloxymethyl-1-{tert-butoxycarbonyl)-
3-vinylaziridine S5 into trans-4-benzyloxymethyl-1-(tert-butoxycarbonyl)-3-vinyl-2-
azetidine 56 via ring opening, carbonylation and ring closure, was accomplished by use

of pailadium (0) [Pd,(dba),CHCl,] and CO (1 atm)."™

Boc
| B0
N Pd,(dba),CHCl, N
—_—
55 (cis/trans=1/3) 56

Diaziridines

Carbonyi insertion into the weak nitrogen-nitrogen bond, rather than the carbon-
nitrogen bond occurs when diaziridines are employed as substrates in the presence of
palladium or cobalt complexes.®™ It was found that while [Rh(CO)Cl],, [(1,5-
COD)RRCI],, Rh,(CO),, and palladium acetate or trifluoroacetate were inert, the
electrophilic palladium(II) complex, [Pd(CH,CN),][BE,],, tetrakis(acetonitrile)palladium
bis(tetrafluoroborate) did catalyze the carbonylation of 3-substituted- 1,2-diaziridines Lo
give the 1,3-diazetidinone in 37% yield. The use of the palladium(0) complex,
[Pd(dba),]l, in DMF at 120°C and 1 atm. of CO afforded the ring expansion
carbonylation product in quantitative yield, except for 3,3-disubstituted diaziridines. In
contrast, cobalt carbonyl, which was incapable of forming 1,3-diazetidinones from

diaziridines monosubstituted at C-3, cleanly carbonylated 3,3-disubstituted diaziridines
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to give aza-P-lactams in 11-65% yield, depending on the nature of the substituents.

Rn R"
R N Co,(COY, CO R >< TR" Pd(dba),, CO R><N:
-
R'>< :: 0= CgHg, 1-6h R’ “Nrv DMF, 1 day H O
N R' =H N
Rln R’ £ H Rn 1]

58 57 : 59

Ring Expansion Carbonylation Reactions of Four Membered

Ring Heterocycles

Four membered ring heterocycles show much less evidence of ring strain, and
they have found correspondingly less use as synthetic intermediates (B-lactams are
exceptional).”™ The tendency to undergo ring expansion to five or six (seven in some

cases) membered ring system via transition metal catalysis has greatly improved this

feature,

Oxetanes and Thietanes

Oxetanes undergo ring cleavage by nucleophiles, although the conditions required
are generally more vigorous than those for the ring opening of oxiranes. Early work in
the patent literature indicated that metal catalyzed ring expansion carbonylation reactions

could be achicved for oxetane itself using a cobalt catalyst under forcing conditions:™
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D Co,(CO)

0 + CO —— | L
250 atm 0
200°C

60 61

o

But when Ni(CO), was uscd instead of Co,(CO), the reaction occurred at lower pressure

(250°C, 60 atm.).

Ni(C0O), E_/‘
| l + Q0 —m ——»
O 60 atm 0

2500C

O

The four membered ring B-lactones 62 could also be carbonylated to {ive membered

ring cyclic anhydrides 63.°"

COz(CO)s + ==\
> i L —
&(; O oam 0700 COOH
150°C
62 63 64

Recently investigations in our laboratory have shown that a wide range of

oxetanes and thietanes may similarly be carbonylated under less vigorous conditions,

affording thiobutyrolactones or butyrolactones;™!

R'
+ €O COz(CO)isU3(CO)|2
X 60 atm, DME X o

R 120-190°C R
65 (X=0)

R =CH,, n-CqHy3; R'= CH;, CH,0, CH,0COCH,
Yield: 45-100%

67 (X=0)
68 (X=S8)
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The reactions are regiospecific. Carbonylation occurs only at the least substituted
carbon-heteroatom bond and the preferred catalyst appears to be a mixture of cobalt and
ruthenium carbonyls. Because of the nature of the carbon-sulphur bond, the .thietanes
ring system is more easily carbonylated, as the reaction conditions are much milder than
those required for the corresponding oxetanes and the product yields are also higher.

This process occurs with retention of substituent group stereochemistry.

CH, CH3
CH Q
CH o3 :
CH&H3 py 3 Co,(CO); Ph
L0 0 RU3(CO) 1 o . fo)
o CO 60 atm
’ DME
Ph CH;
- Ph CH3
69 70 71 72

Azetidines

The azetidine ring is much less strained than that of aziridine, so its properties
are much more like that of a normal secondary amine.®™ %! Direct carbonylation of
azetidines, in the presence of cobalt carbonyl as catalyst has recently been shown to give

high yields of pyrrolidinones (74,75) under mild conditions (85-90°C, 3.4 atm. CQ):1!%!

R R
| [ Co,(CO)q g—/k l L
. + CO » 07 "N +
NR 85-90°C | R N" o
3.4 atm R’ R’
73
74 75
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The reaction proceeds with high regiospecificity depending on the type of substituent.
In the case of 1-methyl-2-phenylazetidine, coordination of the arene ring to cobalt may

generate 76, which could undergo insertion of cobalt in the ring C2-N bond ta give 77.

Ph
+
. CO [ + Co(CO)y
C .Co(CO 4
Ilq__ Co(CO); o(CO)y ————» T (CO),
CH; CH,4
76 77

* A stereospecific reaction was also observed when trans-2,4-dimethylazetidine was used

as the substrate:

CH3 ) CH3
E—( Cox(CO)g d
] + CQ————»
&N 34br o, Y O
78 79

Carbonylation of 2-vinyl azetidines under these conditions, leaded to further ring

expansion, with formation of seven membered lactones in good yield:'™

CH,
H CH
CH3C 3 3
COQ(CO)S CO
:
I N[ R 34atm 80°C N
4 ’ o
R
80 o1
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An attractive feature of the reaction of all three classes of four membered ring
heterocyeles is the observed stereospecificity, and consequently this methodology is of
value for the construction of five membered ring lactams, lactones or thiolactones, with
stereachemically defined substituents. For example, this reaction provides a facile entry

to the mesembrine atkaloids (c.g. 84), several of which exhibit CNS activity.I'®1¥

Ar Ar
" E :g L1.DIBAL
Co,(CO)g 1. DIBAL
EN( + CO———%" N
85-909C l 02.CH,=CHCOCH; N o
CH;, 3.4 atm ‘ / H
CHB CH3
82 83 84

A question arises whether the noted ring expansion-carbonylation process is
limited to strained ring systems. If not, are the regio- and stercochemical features in

accord with those found in the case of azetidines?

Ring Expansion Carbonylation Reactions of Five Membered Ring

Heterocycles

Five membered rings containing one or more heteroatoms are the most important
group of heterocycles. Most of these ring systems are formally derived from furan,
pyridine or thiophene or by replacement of one or more of the CH groups by sp*-

hybridized nitrogen. There have been few studies on the metal catalyzed expansion of
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saturated or partially saturated five membered ring heterocyeles. Recently, it was found
that the carbonylation of 1,3-dioxolane with Cu(CO), in acid solution alfforded

lactones:1%!

] Cu(CO),. CO 1/\ 0
O >

~° [H*] O\AO

85 86

Some N-substituted pyrrolidines were investigated more recently"™" The study of the
effect of temperature and concentration on the reactions showed that pyrrolidines do
experience ring expansion and carbonylation but needed comparatively more drastic

conditions than those for azelidines.

| | c Co,(CO)g/Ru;(CO);, (l
+ -
r|~1 0 225-230°C, 2-3 days N
R

54 atm, CO | O

87 88

R=H, CHj;, n-Pr, CH,COOC,Hs, CH,COC(CH,);Yield: trace-59%
Only one vicinal substituted pyrrolidines has been tested:  1-methyl-2-(3'-

pyridyl)pyrrolidine, the regioselective product 1-methyl-3-(3’-pyridyl)piperidin-2-one was

obtained but in low yield (22%).
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In conclusion, the direct metal catalyzed ring expansion carbonylation reactions
can be used to construct larger cyclic carbonyl systems ( from three to four or more
membered ring, from four to five or more, from five to six). However, it is clear now
that ring size does play an important role in this type of reactions (severity of conditions
depends on ring size). The possible extension of these processes to larger ring systers

may leud to new and interesting chemistry.

1.7 Aims of Research

The widespread occurrence and pharmacological activity of lactam rings make
them attractive target systems to chemists who employ transition metal based
methodologies to construct lactams. An important class of metal catalyzed carbonylation
reactions to construct these interesting molecules are ring expansion carbonylation via
transition metal activated carbon monoxide. Having the knowledge of the
organotransition-metal chemistry of three and four membered ring heterocycles as well
as 1,3-dioxolane and 1-substituted pyrrolidines in the presence of carbon monoxide, we
were interested in learning what would happen to 2-substituted pyrrolidines and larger
nitrogen-containing heterocycles such as piperidines, if they were treated with carbon
monoxide and an organotransition-metal complex. Would they react and if so, would
they undergo carbonylation with ring expansion to afford lactams? In that event, is the

CO inscrtion regioselective mimicking that of the four-membered ring heterocycles?
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Should azametallacycles be involved in the metal catalyzed reactions. then
pyrrolidines would experience expansion to piperidinones via azametallacycloheptanes,
assuming an analogous mechanistic pathway. What about the stability of
azametallacyclooctanes? If the ring size is a determining factor to a metal catalyzed
ring expansion carbonylation reaction, what is new about larger nitrogen-containing
rings?

Mixed-metal homogeneous catalysis, for example Co,(CO)¢/Ruy(CO),, system in
our previous works, usually has a synergistic effect.- and it may lead to new

transformations of starting molecules to vseful molecules.
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Chapter 2

Regioselective Synthesis of Piperidines by Metal
Catalyzed Ring Expansion Carbonylation Reactions

2.1 INTRODUCTION

Carbonylation based methodologies for the construction of lactams have
attracted considerable interest in' recent years.['%5- 1061 Both stoichiometric and
catalytic processes have been developed including, among others, the photochemical
reaction of carbene chromium complexes with imines to give p-lactams in good
yield: 1971 and the cyclization of N-alkyl-2-bromophenethylamines with carbon
monoxide to form tetrahydroisoquinol-1-ones, a reaction catalyzed by palladium
acetate in the presence of triphenylphosphine.t18]

A different strategy for the synthesis of lactams involves the metal catalyzed
“stitching" of carbon monoxide into a nitrogen heterocycle. The size of the ring
system and the overall shape of the molecule are important factors which determine
the reactivity of heterocyclic compounds. Oxiranes, thiiranes, azirines, aziridines,
diaziridines, dve to ring strain, undergo facile ring cleavage reactions. Oxetanes,
thietanes and azetidines can also ekperience ring expansion carbonylation in
modcra'fc to good yield. Pyrrolidines are not strained ring heterocycles. Their
conformations are a series of freely interconverting nonplanar structures, such as the
envelope form 89 and the half-chair form 90, in which the eclipsing interactions of

adjacent C-C bonds are relieved.[3]
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=4 L

89 90

Pyrrolidines, unlike aziridines and azetidines, do not easily undergo ting
cleavage reactions. Chemical properties of pyrrolidines are similar to those of
secondary amines, However, some rather specific reactions of pyrrolidines are due
to their cyclic structure. For example, pyrrolidine rcadily forms ﬁl N-nitroso
derivative which can be lithiated in the 2-position, and subsequent reaction with
electrophiles arid-deprotection yields 2-substituted pyrrolidines.!%! Pyrrolidines are
dehydrogenated, for instance, when heated with palladium on carbon, to give the
corresponding pyrroles.['*®  Pyrrolidine telomerizes butadiene in the presence of
palladium complexes.[!11]

In principle, pyrrolidines 87 can experience carbonylation and ring
expansion to give piperidinones 88 possibly via azametallacycioheptancs.!'®!
Limited experiments by Roberto showed that the carbonylation of 1-substituted

pyrrolidines can undergo ring expansion:(1%4

[ I COz(CO)g ’ RU3(C0)12 ’ CO

54 atm , benzene , 2-3 days

Z
]

R

2 =

87

R=H, CHj, n-Pr, CH,COOC,H,, CH,COC(CHy);  yield: trace-59%
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The optimized ratio of pyrrolidine : Co,(CO)g : Ru3(CO),, was found to be
4+ 1:0.5 at a temperature of 225-230°C and a concentration of 0.11M in benzene.

What about the regiochemical feature of the reaction? The results described
below demonstrate the excellent regiochemical control being realized in nearly all
cases, and the yield of piperidinones is increased when ruthenium carbonyl is a
co-catalyst with cobalt carbonyl.

During this investigation, a remarkable rearrangement process was
discovered which occurs with appropriately substituted pyrrolidines and some other
nitrogen heterocycles to give a series of lactams. The mixed-metal catalytic system

[Co,(CO)g/Ru4(CO);,] is also useful for this novel reaction.
2.2 RESULTS AND DISCUSSION

The carbonylation of 1,2-disubstituted pyrrolidines 91 was investigated in

the presence of cobalt carbony! or cobalt/ruthenium carbonyls as catalysts.

R
: :\ =2 > Il * (I
N” "R Coy(CO)y R N 0 N 0
R o |
R’ R’
91a-f 92a-f 93a-f

a, R=Ph, R’ =CHj;

b, R =CH,Ph, R’ = CHj;

¢, R =CH,0CH;, R’ = CH,COOC,Hs;
d, R =CH,0CH;, R’ =CH,COC(CH,);;
e, R=1-C,gH;, R'=CHsj;

f, R=H, R’ =CH,CO0C,H;
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Initially, l-methyl-2-phenylpyrrolidine (91a, R=Ph, R’=CHj3) was used as a
model substrate. Reaction conditions were found to affect regiospecific ring
expansion and carbonylation of 1,2-disubstituted pyrrolidines. Indeced, 56% of
1-methyl-3-phenylpiperidin-2-one (93a) was isolated with no other regioisomer

(92a) detected, when the pyrrolidine was treated with dicobalt octacarbonyl in dry
benzene . The reaction was carried out at 200-205°C for 72 hrs under 54 atm of
carbon monoxide. If one repeats the reaction with added triruthenium
dodecacarbonyl, the isolated yield of 93a increases Lo 63%.

It is important to keep constant temperature and vigorous stirring during the
reaction. At higher temperature (e.g. 240-245°C), a greater conversion of
1-methyl-2-phenylpyrrolidine was achieved (95%), but the yield of the regiospecific
product 93a was not higher. Some polymerization may occur at higher temperatures.
At lower temperature (160-164°C for 5 days), the reaction was also regiospecific,
but the conversion of pyrrolidine was very poor (less than 10%). See Table 1 for
experimental results.

The structure of 93a was assigned on the basis of spectral data. Nuclear
magnetic resonance {(NMR spectroscopy) results were especially helpful for
establishing the structure, e.g., the proton NMR spectrum gave a triplet at § 3.63 due
to the methine proton at C3. If isomer 92a was formed the signal for the methine
proton at the 6-position would occur at lower ficld, The DEPT of the 3C NMR
spectrum gave a signal at § 48.36 due to the methine carbon at the 3-position. In the
isomer 92a the CH at the 6-position would occur at § > 55 ppm (reference data in
section 2.3 ). The resonance at 53.62 for the prolon at C3 and at & 47.72 for the
carbon at the 3-position is also consistent with the structure of

1-methyl-3-phenylpyrrolidin-2-one.[1%0
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Tablel Ring Expansion Carbonylation of 1-Methyl-2-Phenylpyrrolidine (91a)

& time, conversion ... a
1\|I o Cox(CONg:Ru5(CONz Te day  of substrate, % e
CH, ' %

4 :1 0 200-205 3 71 56

-4 11 :05 200-205 -3 82 63
4 : 1 05 160-164 5 9
4 : 1 :05 240-245 3 95. 56
4 .1 :05 245 5 97 . uace?®
2 jsolated yield of product 93a
b 4-methyl-2-pentanone as solvent

It scemed conceivable that one could induce chirality in the cobalt and
ruthenium carbonyl catalyzed carbonylation of 1-methyl-2-phenylpyrrolidine in the
presence of an added chiral ligand. For this reason, (R)-(+)-l,1‘;bi-2-naphthol and
(18, 2R, 58)-(+)-menthol were used as chiral ligands for the reaction. When using a
1:1.5 ratio of cobalt/ruthenium carbonyls to (R)-(+)-1,1'-bi-2-naphthol, only traces
of racemic product were formed. With (1S, 2R, 55)-(+)-menthol as the chiral ligand,
and a reaction time of five days, good conversion of 1-methyl-2-phenylpyrrolidine
(96%) occurred affording  1-methyi-3-phenylpiperidin-2-one (66%), but no
asymmetric induction took place { [a]® = +0.07).

1-Methyl-2-(1'-naphthyl)pyrrolidine (91e) was treated with dicobalt

octacarbonyl and ruthenium dodecacarbonyl (ratio of 4:1:0.33), at 220-2359C for 3
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days, and gave only 6% yield of the ring expansion carbonylated product,
1-methyl-3-(1"-naphthyl)piperidin-2-one (93e).

The process is regiospecific for two pyrrolidines having a methoxymethyl
substituent at the 2-position (91c¢ or 91d), with insertion occurring solely into the
least substituted ring C-N bond to give 92c or 92d. The observed regiochemistry is
in accord with that found for the analogous azetidines.'” The bicyclic
perhydroindoles (94a and 94b) underwent regiospecific carbonylation to 952 and

95b in 46% and 49% isolated yield, respectively. The remainder was unreacted

starting material.
R R
94a,b 95a,b

a, R= CH2COOC2H5; b, R= CH2C0C(CH3)3

The structures of 92¢, 92d, 95a and 95b were determined by spectroscopic
data, i.e., IR, 'H NMR, '3C NMR, MS data. Most of these products gave parent ions

in the mass spectrum. The fragment ion of type 97 occured as the base peak in these

PN
N ~Np

|

CH,

MS spectra.

97
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These ions are formed as a resuit of fragmentation of COOC,Hs or
COC(CH3,), from the molecular ion. The same trends are also observed in the mass
spectra of the corresponding starting materials,

The proton and carbon-13 NMR spectroscopic data are especiaily helpful in
detemining the structure of the product e.g., all the chemical shift values of the
proton and carbon atoms of the CHN group in the ring expansion carbonylation
product molecules are key to the determination of the structure of the regiospecific
product. The chemical shift characteristic CHN value of 3 2.90-3.30 ppm in the
proton NMR spectrum and & 57.00-62.50 ppm in the carbon-13 NMR spectrum
support 92¢, 92d, 95a, and 95b as the structure. If 93¢,93d (or 96a, 96b) were

formed, these signals should occur at higher field.

Another important characteristic feature of proton NMR data of these
products is the regular pattern of protons of the CH, group at the 1-position
[CH,COOC,H; or CH,COC(CH,;);]. The chemical shift value of these protons is
considerably different (the differences are between 0.15-0.52 ppm in the 'H NMR
spectra of the four products) and their coupling constant values are large (J= 18 Hz).
The geminal coupling constant, 23y , varies greatly, from approximately -17 to +42
Hz. Although the mathematical signs are important in the detailed theory of
spin-spin coupling, differences in sign do not affect the appearance of NMR spectra.
According to the rules of the effects of bonding features on the trends in 2Jyy
summarized by Pople and Bothner-Byl!12), the withdrawal of electron density from
orbitals symmetric between hydrogen atoms (sigma orbital inductive effect) by C=0
dircctly bonded to the C atom, leads to a negative shift in the coupling constant

resulting in the 18 Hz negative value.



Using the benzyl analogue 91b as the substrate in the presence of Coy(CO)g

at 215-220°C for 3 days, 92b and 93b were isolated in a ratio of 1.5/1.0.

ﬁ CH,Ph
: : N —_— +
N" “CH,Ph oZ N CN\/Q

| | CH,Ph ‘ 0
CH
? CH3 CH3

91b 92b 93b

Repetitior of the reaction with Ru3(CO),, as a second catalyst gave 92b/93b
in a ratio of 3.3/1.0. Note that use of higher temperatures and a 1/1 ratio of

Co,(CO)g/Ru;(CO),,, gave no regioselectivity in the process.
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Table 2 Ring Expansion Carbonylation of 1-Methyl-2-benzylpyrrolidine (91b)

0 a Ratio of
N~ CH.Ph T,"C Time, Conversion Yield Products,b
cHy CoCORRI(COn day ofsubstrate, o  92b : 93b

%

4 :1:0 215-220 3 68 39 1.5:1.0
4 : 1 :03 215-220 4 73 44 3.3:1.0
4 :1:05 220 6 79 32 2:1
6 :1:1 245-250 4 62 28 1:1

aisolated yield; P by GC

As mentioned in Chapter 1, Section 6, the mixed-metal catalyst system can
provide high reactivity and selectivity in some reactions. Based on the results of
Table 2, the role of the mixed-metal system is unclear. Nevertheless, some
comparative experiments show the synergistic effect operating in this catalytic ring

expansion carbonylation reaction [Table 3.
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Table 3 Influence of the catalyst on the carbonylation of 91{ and 94b at 205-210°C

EN:I : C0,(CO)g : Ru3(CO)y, Time, Conversion of Isolated yield of

b , % roduct, %
CH,CO,C,H day substrate, % p
921
4 .1 : 0© 3 51 30
4 : 1 : 05 3 89 67

OQ: Cox{(CO)g : Ru(CO), Time, Conversion of Isolated yield of

' day  substrate, % _ product, %
CH,CO,C,H;
95b
4 :1 : 0 3 67 46
4 1 : 05 3 91 79

Such a mixed-metal catalytic system was shown to be effective for the
conversion of oxetanes and the thictancs to lactones and thiolactones,
respectively.(34

The cxpected ring 'cxpansion occurred  when  1-pymrolidinyl-
3,3-dimethyl-2-butanone (91g) was carbonylated in the presence of dicobalt

octacarbonyl, affording 92g in 42% yield:(*4!

47




Co,(CO)g /l
Q CcO > LN 0

CH,COC(CH,); CH,COC(CHs),
91g 928

However, when the reaction was repeated using both Cox(CO)g and
Ru,(CO),, as catalysts, a suprising product 1-(3,3-dimethyl-1-butyl)pyrrolidin-2-one
(119a) was isolated in 72% yield, with none of the ring expansion product (92g)

formed in the reaction;. -

[ ] Co0,(C0)3/Ru;(CO);, | L :
- N o)

IT CO |
CH2COC(CH3)3 CHZCH2C(CH3)3
91g ~ 119a

 This new rearrangement reaction will be discussed in Chapter 3.
The mechanism of dicobalt octacarbonyl induced ring expansion

carbonylation of 1,2-disubstituted pyrrolidines may be similar to that proposed for

the carbonylation of azetidines!'®! (sce Scheme 1).
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Scheme 1 R\' R
_N
Co{CO)4
| J\ Co(CO),
/I: Co(CO)4' >
R’ Co(CO), __
Co(CO)”
91 98 (CO)y (|:6N + R’
C
|l
0
[j\ Co(CO)—IN
I\J\ N° °R c:o(co;
07N R LR 100
| -98
R’ q
92 — (C0)4Co

Z],N

CO

CO(CO)4

When the 2-substituent is an alkyl group, (c.g. mecthoxymelhyl or fused

carbon ring), the pyrrolidine coordinated with cobalt complex via nitro

gcn lone pair

would form the cationic inlermediate 98. Cobalt insertion into the least substituted

C-N bond of the pyrrolidine ring would be favoured on steric grounds, leading to the

formation of the metallacycle 99. The subsequent ligand migration involves the C-N

bond rather than C-C bond!'!3), followed by reductive climination of 9

regiospecific product 92.

8, to give the

In the case of I-methyl-2-phenylpyrrolidine 91a, coordination of (he

w-system of the arene ring to cobalt may genecrate complex 101,

49

which could



undergo cobalt insertion into the ring C2-N bond fellowed by the CO addition to

give 103. Ligand migration and subscquent reductive elimination can afford 93a

(Scheme 2).

Scheme 2

[ N l COz(CO)s

P
CH;

91a

H3 Co(CO);*

+
[ ~ CoCo);

CH
3 102

+C0

CH

— c@(c0)3 (Y@
“To Co(CO),

N ~o

CH,

93a

CH3

103

In the case of 1-Methyl-2-benzylpyrrolidine 91b, the presence of an extra

CH, group between the carbon of the 2-position and the phenyl group may make

metal complex picces more close to the ring and easy to attack both C-N bonds of

the ring. {(Scheme 3):



Scheme 3

Me

/
=

Z-z

105 106

This investigation of the mctal catalysed chemistry of 1,2-disubstituted
pyrrolidines has revealed that such compounds can experience cobalt
carbonyl-catalyzed regiospecific ring cxpansion and carbonylation in most cascs
(summanzed m Table 4). Use of the mixed-melal catalytic system
[Co,(CO)g/Ru;3(CO),,] has a beneficial effect upon these carbonylation reactions.
Triruthenium dodecacarbony! alone is unable to catalyze the carbonylation of

pyrrolidines.
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Table 4 Regioselective Ring Expansion Carbonylation of 1,2-disubstituted Pyrrolidines

Pyrroiidine Product Isolated Yield %
Ph
(A 93 (\L 56"
91a "N” Ph a
5 N0 b
CH; oK 63
A m (:[
92b 24
91b N" CH,Ph 92b O CHZPh 93b
CH, 93b 15
3
91c N* CH,0CH; 92c OQ CH,OCH; 492
CH2C00C2H5 CH,COOC,H;
91a N CH,OCH; 92d0J’:\I\’LCH20CH3 61°
CHzCOC(Cﬁs)a CHZCOC(CH3)3
2-CyoHy a
N 93e (I trace
9le S -Cyoty N7F0 P
3 CH ‘
Qw "
94a I;I 95a Crlflo ¢
CH,CO0C,H; CH,CO0C,H; »
94b N"So 49?
CH;COC(CH3)3 CH,COC(CH;);
* pyrrolidine:Co,(C0)y=4:1, benzene, 200-220°C, 54 atm CO, 3days, 0.1M
busing 1/3 Ru3(C0),,/Co5(CO)y, € using 1/2 Ruy(CO),;5/Co,(CO)g
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2.3 Experimental Section

2.3.1 GENERAL COMMENTS

Spectral data were obtained by usc of the following instrumentation:
Perkin-Elmer 783 spectrometer for infrared spectra, Gemini 200 or Varian XL 300
for proton and carbon-13 magnetic resonance spectra (dccoﬁplcd from 'H), and VG
Micromass 7070E for mass spectra. GC-MS were obtained with a Varian 3300
chromatograph, fitted with a megabore DBS capillary column in tandem with the
VG Micromass 7070E speclrometer.

Gas chromatography was carricd out with a Varian Vista 6000 or Varian
3400 gas chromatograph cquipped with a flame ionization detector and a Varian
4270 integrator. Glass columns packed with 3% OV-101 or 3% OV-17 on
chromosorb W, 80-100 mesh were utilized. FID weight percent response factors
were relative to benzene. The absolute calibration or internal standardization were
also used for GC yields or the convertion of slarting malerials.

Melting points were obtained with a Fisher-Johns apparalus.

Elemental analyscs were carricd out by MHW laboratorics, Phoenix,
Arizona,

Organic solvents were dried and distilled prior Lo use.

Cobalt and ruthenium carbonyls were purchased from commercial firms and
used as received.

Gases were obtained from Air Products Company.

High pressure reactions were carried out in 45ml-serics 4700 stainless sieel,
screw-cap autoclaves manufactured by Parr Instruments. “

Thin layer chromatographic plates, and silica gel or neutral (type E) alumina
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oxide for column chromatography were obtained from commercial sources.
A Perkin-Elmer 241 polarimeter (Na lamp) was uscd for the measurement of

optical activity.
2.3.2 SYNTHESIS OF PYRROLIDINES
2.3.2.1 1-METHYL-2-PHENYLPYRROLIDINE (91a)

1-Methyl-2-phenylpyrrolidine 91a was prepared in 65% yield [om
cyclopropyl phenyl ketone, N-methylformamide, and magnesium chloride,
following the procedure of Blake and Gillies.!!14]

The pure product is a colourless liquid. Yield 65%; b. p.: 56-58°C/0.8 mmHg
(Lit.: b. p.: 52-54°C/0.7 mmHg);

'H NMR (CDCl5): & 1.68-2.32 (m, 5H, ring H); 2.15 (s, 3H, CHs); 2.90 [m,
1H, (cis) 3-H]; 3.22 (m, 1H, CH); 7.18-7.38 (m, 5H, C4Hs);

MS (EI): m/e 161 [M]*; base peak m/e 84 [M-Ph]*.

2.3.2.2 1-METHYL-2-BENZYLPYRROLIDINE (91b)’

1-Methyl-2-benzylpyrrolidine 91b was synthesized following the literature

procedure!!14), starting from cyclopropyl cyanide:
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Scheme 4

CN COCH,Ph
PhCH,MgBr MeNHCHO,N, U ]
> ™ “N” “CH,Ph
MgCl,,reflux I 2
230°C, 24h CH,
107 108 : 91b

Benzyl cyclopropyl ketone: colourless liquid, yield 75%, b.p.. 83°C/0.55
mmHg, yield 75% (Lit.['**): b.p.: 80°C/0.5 mmHg).
| 1-Methyl-2-benzylpyrrolidine: colourless liquid, yield 58% b.p.: 92-94°C/0.9
mmHg, yield 58% (Lit!1*1: b.p.: 709C/0.2 mmHg) '

IH NMR (CDCl,): 5 1.63-2.65 (m, 8H, 6 ring H and CH,Ph); 2.52 (s, 3H,
CH,); 3.21-3.30 (m, 1H, CH); 7.28-7.46 (m, SH, C¢Hs);

MS (EI): m/e 84 [M-PhCH,]* base peak.

2.32.3 1-METHYL-2-(I’-NAPHTHYL)PYRROLIDINE (91e)

1-Methyl-2-(1’-naphthyl)pyrrolidine 91e was prepared by the same
procedure as that used to prepare  I-methyl-2-phenylpyrrolidine  and
1-methyl-2-benzylpyrrolidine.[!!4] In the case of 1-naphthyl cyclopropy! ketone, the
product from the Grignard reaction, after hydrolysis with aqucous hydrochloric acid,

was found to be the chloroketone (109):
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COCH,CH,CH,CI

99

109

Crude yield 95% (Lit!'1%]; 99%). Treatment of this compound with
potassium t-butoxide in tetrahydrofuran resulted in ring closure lo. the cyclopropyl
ketone in 61% yield, b.p.: 135°C/0.1 mmHg, m.p.: 48-50°C, (Lit!'¥l: b.p.:
130°C/0.04 mmHg, m.p.: 50-52°C);

1H NMR (CDCly) 60 MHz: & 0.8-1.2 (m, 2H, trans ring-H); 1.2-1.5 (m, 2H,
cis ring-H); 2.3-2.7 (m, 1H, CH); 7.3-8.0 (m, 6H, ArH); 8.3-8.6 (m, 1H, 8-H).

The crude yiéld of 1-methyl-2-(1’-naphthyl)pyrrolidine was 92%, and the
pure product was isolated in 70% yield, b.p.: 115-120°C/0.1 mmHg (Lit.l!!4]: b, p.:
99-100°C/0.04 mmHg); .

'H NMR (CDCl,) 200 MHz: § 1.68-2.54 (m, 5H, ring-H); 2.27 (s, 3H, CHy);
3.27-3.41 (m, 1H, cis 3-H); 3.78-3.87 (m, 1H, CH); 7.43-7.58 (m, 3H, ArH);
7.73-1.97 (m, 3H, ArH); 8.18-8.27 (m, iH, 8’-H),

MS (EI): m/e 211 [M]*, base peak m/e 84 [M-naphthyl]*.

2.3.2.4 GENERAL PROCEDURE FOR THE PREPARATION OF 91c,
91d, AND Y%4a, 94b

(a) Deprotonation of pyrrolidine. A 10% molar excess of a solution of

n-butyl or tert-butyl lithium in hexane, was added drop-by-drop 10 a stirred solution
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of 10 mmol of 2-methoxymethyl pyrrolidine (or a perhydroindole) in 70-80 ml of
dry cther at 0°C under nitrogen. The reaction mixture was stirred for another hour at
0°C, and then at room temperature for 2-4h,

(b) Alkylation. The solution obtained from the first step was added dropwise
to a cold (0°C), stirred ether (50 ml) solution of 10.5-11.0 mmol of a-bromo ketone
or ester under a nitrogen atmosphere (the addition generally required 1.5-2.5 h). The
reaction mixwure was then stirred overnight at room temperature. Work-up was
cffected by washing the reaction mixture with water (3 x 20 ml), drying the organic
phase using anhydrous K,CO;, and concentration by rotary evaporation. The crude
product was purified by distillation under reduced pressure.  Yields and

characterization data for the products follow.

91c: l |

N”""CH,0CH,
CH,COOC,H

Light yellow liquid, yicld: 57%, b. p.: 56-58°C/0.45 mmHg;
IR (CHCl,): v (co) 1735 cm™;
IH NMR (CDCl;) 8 1.28 (1, 3H, CH,CH,0), 1.82 (m, 4H, CH,CH,), 2.38
(m, 2H, NCH,ring), 2.79 (m, 1H, CH), 3.34 (s, 3H, OCH,), 3.46 {m, 4H, CH,OCH,
and COOCH,CH,), 3.98 (m, 2H, NCH,CO);
MS (EI): m/e 201 [M]*, 156 {M-OC,H;]*, 128 [M-COOC,H;]* base peak.

57



N CH20CH3

H
CH,COC(CH,),

91d:

Light yellow liquid, yield 85%, b. p.: 43-45°C/0.35 mmHg;

IR (CHCl3): v (co) 1720 cm’};

IH NMR (CDCly) 8 1.09 (s, 9H, C(CHj3)3), 1.81 (m, 4H, CH,CH)), 2.32 (m,
2H, NCH,ring), 2.82 (m, !H, CH), 3.24 (s, 3H, OCH,), 3.34 (m, 2H, CH,0), 3.74
(m, 2H, NCH,CO);

MS (EI): m/e 16§ [M-CH,0OCH,]*, 138 [M-COOC,H;]* base peak.

94a : : N

|
CH,COOC,Hs

Colourless liquid, yield 79%, b. p.: 94-96°C/0.8 mmHg;

IR (CHCl;): v (co) 1733 cm’);

'H NMR (CDCly) & 1.20 (t, 3H, CH,CH;), 1.49-1.60 (m, 8H, protons at
C4-C7), 1.82 (m, 2H, proton at C3), 2.05 (m, LH, proton at C9), 2.63 (m, 2H,
NCH,ring), 3.13 (m, 1H, NCH), 3.18, 3.37 (d each, 2J=16Hz, 2H, NCH,COO)}, 4.19
(q. 2H, OCH,);

MS (EI}: m/e 211 [M]*.
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94b : : N

|
CHzCOC(CH3)3

Light yellow liquid, yield 65%, b. p.: 809C/0.55 mmHg; -

IR (CHCl3): v (co) 1675 cm™t, 1720 cm™!;

IH NMR (CDCl,) 3 1.15 (s, 9H, C(CH;)3), 1.2-2.6 (m, 14H, ring H), 3.2, 3.4
(d each, J=16Hz, 2H, NCH,CO);

. MS (ED): m/e 223 [M]*, mfe 138 [M-COC(CH,);]* base peak.

2.33 GENERAL PROCEDURE FOR THE CARBONYLATION AND
RING EXPANSION OF PYRROLIDINES

A mixture of the pymolidine (91 or 94, 1.32 mmol), dicobalt octacarbanyl
(0.103g, 0.30 mmol), and dry benzene (10 ml) was placed in an autoclave containing
a glass liner and a stirring bar. The autoclave was purged several times with carbon
monoxide and pressurized to 54 atm. The reaction mixture was stirred at 200-205°C
for 3 days. The cooled autoclave was opened, and after standing in air, the mixture
was filtered through Celite and lﬁe filtrate was concentrated by rotary evaporation.
Purification of the resulting crude material was cffected using preparative thin-layer

chromatography on alumina with hexane-ethyl acetate or hexanc-accltone as

developer.
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2.3.3.1 CARBONYLATION OF 1-METHYL-2-PHENYL
PYRROLIDINE (Y1a)

2.3.3.1.1 GENERAL PROCEDURE

The reaction was carricd out at 200-205°C for 3 days. The crude product was
purificd by preparative TLC (alumina) using a mixture of 100 to 15 volume ratio of
hexanc-cthyl acetate as eluant to afford 1-methyl-3-phenylpiperidin-2-one (93a) in

56% yicld.

93a: N

IR (benzene) v (co) 1640-1675 cm! br;

IH NMR (CDCl3) § 1.60-2.10 (m, 4H, CH,CH,), 2.99 (s, 3H, NCHy), 3.40
(m, 2H, CH,N), 3.63 (m, 1H, CHPh), 7.11-7.33 (m, SH, Ph);

13C NMR (CDCl3) $§ 20.51, 30.33 (CH,CH),), 34.84 (NCHj), 48.36 (CHPh),
50.13 (CH,N), 126.41, 128.26, 128.42 CH at Ph), 141.72 (q-C at Ph), 170.83 (CO);

MS (EI): m/e 189 [M]*;

Anal. Caled for CpHsNO: C,76.16; H,7.99; N,7.40

Found: C,75.91; H,8.30, N,7.61.

60



2.3.3.1.2 VARIATION IN REACTION CONDITIONS

Optimization experiments were carried out and followed by GC using
undecane as the internal standard.

The influence of catalyst upon the reaction was studied. The reaction was
carried out at 200-205°C using the general procedure, but with 0.064g (0.10mmol)
of triruthenium dodecacarbonyl as the second catalyst and 72mg of undecane, Work
up as described above gave 1-methyl-3-piperidin-2-one in 63% yield.

The effect of temperature was studied by using the same ratio ol
1-methyl-2-phenylpyrrolidine  to  dicobalt  octacarbonyl to  triruthenium
dodecacarbonyl = 4 : 1 : 0.33. At temperatures ranging from 160-245°C, highly
regioselective carbonylation witl_l ring expansion occurred. At 160-164C, the
reaction was very slow, since after 5 days, only 9% -conversion of
1-methyi-2-phenylpyrrolidine was observed by GC, with 93a being the only
piperidinone formed. At 240-245°C, the reaction was fast, but the regiosclectivity
was lower, because the ratio of 93a to 92a was found to be 8 : 1 by GC-MS.
Unfortunately, attempts to isolate the by-product in pure form failed.

The influence of solvent upon the reaction was examined using
4-methyl-2-pentanone instead of the less polar solvent, benzene, at 245°C for Sdays.
While the starting material reacted nearly completely, more than 20 compounds
were formed according to GC and GC-MS analysis. Among these products, only a

trace amount of 1-methyl-3-phenylpiperidin-2-one was produced.
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2.3.3.1.3 ATTEMPTED ENANTIOSELECTIVE CARBONYLATION
OF 1-METHYL-2-PHENYLPYRROLIDINE (91a)

A mixture of l-methyl-2-phenylpyrrolidine 91a (0.115 g, 0.65 mmol),
(R)-(+) 1,1’-bi-2-naphthol (0.086 g, 0.30 mmol), dicobalt octacarbony! (0.051 g,
0.15 mmol), triruthenium dodecacarbonyl (0.051 g, 0.15 mmol), 40 mg undecane
and ‘benzene (6 ml) was stirred under 54 atm of carbon monoxide at 205°C. After 1
day, the reaction was stopped, and GC indicated that only a trace amount of starting
malterial was consumed. The reaction was continued for 2 more days. Aflter work-up,
78 mg of slarting malerial was recovered. If the same reaction was carried out for 3
days at 190-205°C and at 220-230°C for 2 more days using 0.062 g(0.4 mmol) of
(1S, 2R, 5S)-(+)-menthol instead of (R)-(+)1,1’-bi-2-naphthol, the pure
carbonylation product, l-mcthyl-S-phenylpiperidin-2-one 93a was isolated in 66%
yicld by using thick alumina TLC plate and a 100 : 13 hexane-ethyl acetate mixture
as cluant. The product showed almost no optical activity ( [e]p? = + 0.07, C=0.102,
CH,Cl,).

2332 CARBONYLATION OF 1-METHYL-2-BENZYL
PYRROLIDINE (91b)

2.3.3.2.1 GENERAL PROCEDURE

The reaction was carried out at 215-220°C for 3 days. The conversion of
1-methyl-2-benzylpyrrolidine 91b was 68% (GC data). Using alumina TLC plate
and a 100 : 15 o mixture of hexane-ethylacetale as eluant,
1-methyl-6-benzylpiperidin-2-one  (92b) was separated in 24% yield and its
regioisomer, 1-methyl-3-benzylpiperidin-2-one (93b), in 15% yield.
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92h - OQ

N“~ "CH,Ph
|
CH;

IR (CgHg) v (co) 1645 cm™);
IH NMR (CDCl;) & 1.28-1.84 (m, 4H, CH,CH,), 2.33 (m, 2H, CH,CO).
2.60 (m, 2H, CH,Ph), 2.93 (s, 3H, CH3), 3.65 (m, 1H, CHN), 7.10-7.30 (m, 5H, Ph);
13C NMR (CDCl;) & 17.31, 25.66 (CH,CH,), 31.97 (CH,CO), 34.10

(NCH,), 38.97 (CH,Ph), 60.60 (CHN), 128.43, 128.56, 129.00, 137.91 (aromatic),
170.10 (CO);

MS (CI): m/e 204 [M+1]%;
Anal. Calcd for Cj;H,sNO: C,76.81; H,8.43; N, 6.89
Found: C, 77.02; H;8.62; N, 6.66.

(ICHZP}]
93b :

N7 O
|
CH,

IR (CcHg) v (co) 1642 cm™l;

IH NMR (CDCl;) & 1.50-2.10 (m, 4H, CH,CH,), 2.32 (m, 2H, PhCH,), 2.98
(s, 3H, CH3), 3.11 (m, 1H, CH), 3.38 (m, 2H, CH,N), 7.10-7.32 (m, 5H, Ph);

I3C NMR (CDCly) & 21.90, 29.92 (CH,CH,), 32.92 (NCH,), 38.24
(CH,Ph), 42.09 (CHCO), 52.18 (NCHj,), 128.22, 128.32, 129.21, 137.40 (aromatic),
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(CH,Ph), 42.09 (CHCO), 52.18 (NCH,), 128.22, 128.32, 129.21, 137.40 (aromatic),
169.70 (CO);
MS (EI): m/e 203 [M]*.
Anal. Calcd for C3H;NO: C,76.81; H,843; N,6.89
Found: C,76.21; H,8.33; N, 6.97.

2.3.3.2.2 VARIATION IN REACTION CONDITIONS

When the carbonylation reaction described in section 2.3.3 was repeated in
the presence of 0.064 2(0.10 mmol) of triruthenium dodecacarbonyi for 4 days, 92b
and 93b were obtained in a ratio of 5 : 1.5. If 0.15 mmol of triruthenium
dodecacarbonyl were added to the reaction mixture at-220°C for 6 days. the ratio of
92b to 93b decreased to 2 : 1. At higher temperature, 245-250%C, using the ratio of
pyrrolidine : Cox(CO)g : Ru3(CO)y, =6 : 1 : 1, the ratio of products 92b to 93b was

nearly 1: 1.

2333 CARBONYLATION OF 1-METHYL-2-(1’-NAPHTHYL)
PYRROLIDINE (91¢)

Using the general procedure but adding 0.064 g(0.10 mmol) of triruthenium
dodecacarbonyl at 220°C for 3 days, 91e reacted with CO to give only traces of
product. Changing the ratio of pyrrolidine to dicobalt octacarbonyl to triruthenium
dodecacarbonyl to 14 : 3 : 2, at 205-210°C(4 days), gave
I-methyl-3-1'-naphthylpiperidin-2-one {93e)} in 6% yield.



S
93e:

N O

CH,

White solid, m. p.: 146-148°C;

IR (CHCl;) v (co) 1683 cm');

IH NMR (CDCly) 5 1.45-1.98 (m, 4H, CH,CH,), 3.01 (s, 3H, NCH,), 3.45
(m, 2H, CH,N), 3.69 (t, 1H, CHAr), 7.24-8.08 (m, 7H, ArH);

I3 NMR (CDCly) $ 17.97, 22.40 (CH,CHy), 34.20 (NCH3), 44.02 (CH),
53.21 (CH,N), 12391, 125.64, 12594, 126.42, 127.73,128.26,134.00. 145.20
(aron_matic), 170.03 (CO);

MS (EI): m/e 239 [M]* base peak.

2334 CARBONYLATION OF 91c, 91d USING THE GENERAL
PROCEDURE

The reaction of 91d with CO was carried out at 220°C for 3 days to give 92d

in 61% isolated yield with the remainder being unreacted starting material,

N CH,0CH,8
CH,COC(CHy);
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IR (C¢Hy) v (CO) 1647 cmt, 1720 cm;

IH NMR (CDCly) 5 1.10 [s, 9H, C(CHs)s), 1.60-1.82 (m, 4H, Cif,CH,),
2.35 (m, 2H, CH,CON), 3.20 (s, 3H, OCH;), 3.25 (m, 1H, CHN), 3.35 (m, 2H,
OCH,), 4.19, 4.63 (d each, 2H, NCH,CO (J=18Hz));

13C NMR (CDCl;) & 18.18, 25.75 (CH,CH,), 2645 (C(CHy)y), 31.76
(CH,CO0), 43.14 (g-C), 51.20 (NCH,), 57.45 (CHN), 58.90 (OCHa), 75.42 (CH,0),
170.48 (NCO), 209.66 (CO);

MS (EI): m/e 156 [M-COC(CH3)s]%

Anal. Calcd for Cy3H,3NO5: C, 64.70; H, 9.61; N, 5.80

Found: C, 64.72; H,9.80; N, 6.04.

Reaciion of 1-CH,COOC,;H;-2-methoxymethylpyrrolidine (91cj with CO at
220-225°C for 3 days gave the ring expansion product 92c¢ in 49% yield.

92¢c: Q CHZOCH3

0 |
CH,CO0C,Hs

Light yellow-green liguid;

IR (C¢Hg) v (CO) 1645 cm!, 1735 cm!;

'H NMR (CDCl;) & 1.18 (t, 3H, CH;CH,); 1.55-1.80 (m, 4H, CH,CH,);
2.28 (m, 2H, CH,CO0); 3.10 (m, 1H, CHN); 3.15 (s, 3H, OCHj3); 3.20-3.35 (complex,
4H, 2CH,0); 4.21, 4.35 (d, each, 2H, J=18Hz, NCH,CO);

MS (EI): m/e 156 [M-COOC,Hs]* base peak.
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Anal. Caled for C H;gNO,: C, 57.62 H, 835 N,6.11
Found: C,57.98 H,890, N, 5.89
2.3.3.5 CARBONYLATION OF %4a and 94b

2.3.3.5.1 GENERAL PROCEDURE

Carbonylation of 94a at 200-210°C for 3days afforded 95a in 46% yicld after
work-up by TLC (AL,O3) using 5/1 of hexane-acetone as developer.

95a: : N :O

I
CH,COOC,H;

IR (C4Hg) v(CO) 1650 cm’L, 1740 cm°!;

IH NMR (CDCly) § 1.20 (t J=7Hz, 3H, CHj3), 1.10 (m, 10H, protons at
C4-C8), 2.40 (m, 2H, NCOCH,), 2.47 (m, 1H, H4"), 2.96 {m, 1H, H8’), 4.12 (q
J=7Hz, 2H, OCH,), 4.00, 4.32 (d cach, 2H, NCH,COO (J=18Hz));

13C NMR (CDCly) & 14.20 (CH,), 24.95, 25.30, 27.80, 31.23, 32.10, 32.50
(C3-C8), 40.91 (C4'), 53.70 (NCH,COQ), 61.00 (OCH,), 62.30 (C8"), 169.60, 171.22
(CO; |

MS (EI): m/c 239 {M]*, 166 [M-COOC;H;]* base peak;

Anal. Caled for Cj3H,NO;: C, 65.25; H,8.84; N,5.85

Found: C, 64.97; H,8.64; N, 5.89.
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Application of the ring expansion carbonylation rcaction for 94b gave 95b in

49% yield using the same isolation procedure as that described for 9a.

95b : (IN\’\LO

)
CH,COC(CHg);

IR (ncat) v(CO) 1645 cm?, 1720 cm’!;

'H NMR (CDCl;) & 1.08-1.83 (m, 10H, protons at C4-C8), 1.15 (s, 9H,
3CHj3). 2.43 (m, 2H, NCOCH,), 2.46 (m, 1H, H4’), 3.01 (m, 1H, HS"), 4.16, 4.67 (d
cach, 2H, NCH,CO(I=18Hz));

3C NMR (CDCl;) & 24.96, 25.29, 27.81, 31.23, 32.10 (C4-C8), 26.55
(3CH;), 32.44 (NCOCHj,), 40.88 (C4'), 43.34 (g-C), 46.69 (NCH,CO), 62.02 (C8’),
171.06, 209.85 (CO);

MS (EI): m/e 251 [M]*, 166 [M-COC(CH,);]* base peak.

Anal. Caled for CysH,sNO,: C, 71,67 H, 10.03 N, 5.57

Found: C, 72.55 H, 10.31 N, 6.01

2.3.3.5.2 USING Co,(CO)y/Ru4(CO),, (2/1) AS CATALYST
Using the same carbonylation conditions as described for reaction of 94a,
except for the use of the mixed Co,(CO)g/Rusz(C0O)y, (0.30 mmol/0.15 mmol)

catalyst system, cthyl 1-perhydroindolyl acetate was converted to 95a in 96% crude

yield and isolated as pure sample in 79% yield.
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2.3.3.6 CARBONYLATION OF ETHYL 1-PYRROLIDINEACETATE
(911)

When a mixture of 0.207 g (1.32 mmol) of ethyl (1-pyrrolidylacctate (911).
0.103 g(0.30 mmol) of dicobalt octacarbonyl, 0.071 g of undccane and 10 ml of dry
benzenc was heated at 215-220°C for 3 days under 54 atm of carbon monoxide, the
conversion of compound 91f was 57% (bv GC analysis). After work-up, the

carbonylation product 92f was isolated in 30% overall yicld by alumina thin-layer

chromatography.
92f . (Nlo
|
CH,COOQOC,H;

IR (CHg) v (CO) 1648 cm!, 1740 cm-';

IH NMR (CDCl;) & 1.26 (t, 3H, CH;CH,), 1.71-1.86 (m, 4H, CH,CH,),
2.41 (m, 2H, CH,CO), 3.34 (m, 2H, NCH,ring), 4.10 (g, 2H, OCH,), 4.08, 4.17 (d
each, 2H, NCH,CO(J=16Hz));

13C NMR (CDCly) & 14.23 (CH3), 21.40, 23.21 (CH,CH,), 32.11 (CH,CO),
48.67 (NCH,ring), 54.23 (NCH,CO), 61.13 (OCH,), 169.00, 170.31 (CO);

MS (EI): mfe 185 [M]*;

Anal. Caled for CgH,sNO;: C, 58.36; H,8.16; N, 7.56

Found: C, 58.29; H, 8.41; N, 7.90. -
Repetition of the reaction with added triruthenium dodecacarbonyl (0.095 g,

0.15 mmol) as the second catalyst gave 92 in 67% yield.
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2.33.7 ATTEMPTED CARBONYLATION OF 91g USING
Co,(CO)y/Ru,(CO);, AS CATALYST

A mixwre of 0.223g (1.32mmol) of 91g, 0.103g (0.30mmol) of dicobalt
octacarbonyl, 0.089g (0.14mmot) of triruthenium dodecacarbonyl, and 10ml of dry
benzene was heated at 210-220°C for 3days under 54atm of carbon monoxide, and
workup was carricd out by alumina column chromatography with CH,Cl,/hexane
and then ethyl acctate as the cluant. The unexpected product 119a was isolated in
72% yicld. The structure of 119a was determined by spectral data (including COSY
and HETCOR).

LA

I 0
CH,CH,C(CH;);

119g:

IR (C¢Hy) v (CO) 1656cm™!;

H NMR (CDCly) & 0.92 (s, 9H, C(CH,);), 139 (AA’XX’, 2H,
CH,C(CHj)3), 2.00 (m, 2H, protons at C-4), 2.35 {t, 2H, CH,CO), 3.26 (AA'XX’,
2H, NCH,), 3.35 (1, 2H, NCHj, ring);

BC NMR (CDCl;) § 17.93 (C4), 29.33 (C(CH;)3), 29.80 (C(CH,)3), 31.22
(C3), 39.17 (CH,C(CH;);), 40.45 (NCH,), 47.06 (C5), 174,56 (CO);

MS (EI): m/e 169 [M]*;

Anal. Caled for C(oH;oNO: C, 70.96; H, 11.31; N, 8.275

Found: C, 72.05; H, 11.60; N, 6.50
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Chapter 3

Metal Catalyzed Rearrangement of Alkyl(aryl)
(N-Heteryl)Methyl Ketones to the Corresponding

N-Alkyl(arylalkyl) Lactams

3.1 INTRODUCTION

The subject of metal-catalyzed rearrangements has attracted considerable
attention in recent years.['!3116] Several topics related to rearrangements have been
reviewed. These include silver(I)-promoted,[!!?] organoaluminum compounds and
their Group I analogues,[!!8! and organomagnesium rearrangements,!''?! aryl
migration in organometallic compounds of the alkali metals,'?! fluxional and
non-rigid  behaviour  of  organo-transition  metal  m-complexes,!'?!l
o-m-rearrangements of organo-transition metal complexes including their role in
catalysis,[115:116.122.123] molecular rearrangements in polynuclear transition metal
complexes,l'?! rearrangements involving ring-opening and ring-closure,!!!%!14l
intramolecular exchange, isomerizations for a wide varicty of monodinuclear and
cluster organometallic compounds,1?126l and  mechanisms of skeletal
rearrangements of hydrocarbons on metal.[!27]

In the recent work on metal-catalyzed rearrangements, the
palladium-catalyzed exchange reaction of tertiary amines has been reported.!'?®! The
initial step in this reaction may be insertion of palladium into a carbon-hydrogen
bond adjacent to nitrogen leading to a highly active iminium ion complex (Scheme
5).
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Scheme 5

R R R
| | |
R— C— NR'R'ZE R—— C—= NR'R” 5= R'— C = NR'R"
'
H  Pd \Pd" ~ H PO
110 111 12

Herein we wish to demonstrate a novel rearrangement of alkyl(aryl)
(N-heteryl)methyl ketones to the corresponding N-[B-aryl(alkybethyl] lactams
catalyzed by the dual catalylic system [Co,(CO)g/Rus(CO)y,] in good yield. The
rearrangement reaction is a process of considerable potential. The present method
complements the nice work by Kuehne and Parsonst!?! on the photochemical or
thermal rearrangement of oxaziridines as a route to B-arylations (particularly with an

j1dole) of the cthyl amine chain { Scheme 6, R" = B-arylethyl).

Scheme 6
Rll
>ﬁ‘.\((jﬁz)n ﬁCHzm ﬁCH n R (CHy)n
113 114 115 116

This route is of synthetic potential for the synthesis of alkaloids and

particularly for the synthesis of vincamine.
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The rearrangement process involves a net oxidation at a ring carbon bonded
to nitrogen. A number of such oxidations, including electrochemical processes, have

been reported in the literature.[130)
3.2 RESULTS AND DISCUSSION
3.2.1 THE NEW CATALYTIC REARRANGEMENT

As mentioned in Chapter 2, the expected ring expansion occurred when
1-pyrrolidinyl-3,3-dimethyl -2-butanone (91g) was carbonylated in the presence of
dicobalt octacarbonyl, affording 92g in 42% yield.['%! However, when the reaction
was repeated using both Coy)(CO); and Ruy(CO), as  catalysts,
1-(3,3-dimethyl- 1-butyl)pyrrolidin-2-one (119a) was isolated in 72% yield, with
none of the ring expansion product (92/93) formed in the reaction. No reaction
occurs with Ruy(CO),, as the only catalyst. Fascinated by the mixed-metal
Co,(CO)g/Ru;(CO),, system catalysis of the remarkable carbonylation and ring
expansion of oxctanes, thictanes!®! and pyrrolidines!'®), we asked ourselves why in
the case of 1-pyrrolidinyl-3,3-dimethyl-2-butanone (91g) did the surprising product
1-(3’,3’-dimethylbutyl)pyrrolidin-2-one (119a) form. Further, the question arises as
to what would happen with other (heteryl)methyl ketones which were treated with
the same procedure as that used for ketone 91g. Would they react and if so, could
the rearrangement reaction be extended to other systems? [n that event, the question
of the origin of the carbonyl group (i.c. the carbon monoxide atmosphere or the
carbony! of the ketone in the molecule) arises. Is there carbon skeletal exchange or
just oxygen-hydrogen positional exchange and if so, what mechanism could be

considered for this novel metal-catalyzed rearrangement?
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These intriguing questions prompled the following investigations.

3.22 THE REARRANGEMENT OF [(5-8 MEMBERED NITROGEN
-CONTAINING BETEROCYCLE)-1-YLIMETHYL KETONES

In order to study the transformations of different sized nitrogen heterocycle

systems under the rcarrangement conditions, we prepared the following

representative (1-heteryl)methyl ketones (118a-d); (see Section 2.3.2.4):

o S

rlq — N
|
H CH,COC(CH;)3
117a-d 118a-d

a, n=1; b, n=2; c,n=3; d,n=4

The (1-pyrrolidinyl)methyl tert-butyl ketone 118 (1.32 mmol) was treated
with Co,(CO)y (0.30 mmol) and Ru;(CO};, (0.14 mmol) in dry benzene (10 ml)
under 54 atm of carbon monoxide. After stirring and heating at 200-220°C for 3
days, the reaction affords the corresponding rearrangement product 119 in 85-87%

isolated yield without even trace amounts of normal ring expansion-carbonylation

products:

74



(CH;,)n

(CHz)n

CoyCONRuCOY,, N O

|
CHZCOC(CH:;):J, CH2CH2C(CH})3

118b-d 119b-d

b, n=2; ¢, n=3; d, n=4

The structure of products (119b-d) was supported by spectral data (see
Experimental data and discussion 3.2.5).

These results show the applicabilily of the rearrangement reaction to 5-8
membered-ring nitrogen heterocycles. There was no relation between ring size and
the ease of the rearrangement e.g. yield of product. Further questions, such as the
reaction of other substituted groups instcad of the particular tert-buty! in starting

molecules, naturally arose.

323 THE REARRANGEMENT OF (N-HETERYL)METHYL
ARYL{(OR ALKYL OTHER THAN t-BUTYL)KETONES

The new type of rearrangement reactions was extended o various sizes of
heterocyclic nitrogen systems. If applicable to other ketones (e.g. aryl or other than
t-butyl (N-heteryl)methyl ketones), this novel rcarrangement reaction would be of
general utility, For this reason, five representatives (120a-e) were synthesized.

Compounds 120a and 120c-e were prepared by procedures similar to lhosc' in

section 2.3.2.4 :
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W N

) | Y
i
H CH,COR
117b-d 120a-e
b. n=2 a, n=2, R=Ph;
b, n=2. R=n-C6H13;
¢, n=3
¢, n=2, R=2-naphthyl;
d,n=4 | . _d, n=3, R=Ph;
‘ e, n=4, R=Ph

The procedure for synthesis of the 1-piperidinyl-2-octanone (120b) involved
deprotonation of piperidine (117b) and subsequent reaction with 2-hexyloxirane

followed by oxidation!31 of intermediate alcohol 121. Compound 120b was
isolaied in 64% total yield :

) o () om O

| @0 CH I\II |

-n
H LN OB CH)  CHCOM-CeHyy)
117 121 120b

Interestingly, the reactions of compounds 120a-e with CO in the presence of
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Co,(CO)g/Ru4(CO) 5 gave the expected rearrangement products (122a-¢) in

excellent yield (79-93%):

(CH;)n (CH,)n
[ N ) COz(CO)g[RU:;(C O)’lz [ /\’)

1 co Y
CH,COR CH,CH,R
120a-e 122a-¢
a, n=2, R=Ph; " Yield: a, 91%
b, n=2, R=n-C¢H,3, b, 79%
¢, n=2, R=2-naphthyl; c, 88%
d, n=3, R=Ph; _ d, 93%
e, n=4, R=Ph e, 92%

The results demonstrate that the novel rearrangement reaction is of general
utility, being applicable to heterocycles containing cither aliphatic or aromatic
ketone side chain groups (i.e., 120a-e).

The next question was what would happen when two different sites both in
the a-position with respect to the N atom are available for the rcarrangement. It
was unknown whether regioselectivity would be observed, as in the ring expansion

carbonylation reaction.
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324 THE REGIOSELECTIVE REARRANGEMENT OF
(1-PERHYDRO ISOQUINOLYLYMETHYL t-BUTYL KETONE

In order to determine whether the rearrangement proceeds  with
regioselectivity such as that observed in the general ring expansion carbonylation,
(1-trans-perhydroisoquinolylmethyl tert-butyl ketone (123) was prepared using the
method described in Sec. 2.3.2.4. The compound 123 , on exposure o Co,(CO)y and
Ru;(CO)y, under carbon monoxide, gave
1-[(3' 3'-dimethyl)butyl]-perhydroisoquinolin-3-one  (124) in 90% yield. with

isomeric perhydroisoquinolin-1-one (125) isolated in 9% yield :

H H H

z N 5
g~ CH,COC(CH3);  H CH,CH,C(CH;); H

N\ .
CH,CH,C(CH3),

123 124 125

This result demonstrated that the rearrangement process showed considerable
site selectivity, namely, the rearrangement occurred mostly at the less sterically
hindered site. The other useful feature of this reaction was the possibility of
obtaining single crystals from the solid products. While X-ray quality crystals ol 124
could not be successfuily obtained, crystals of 125 were grown and an X-ray
structure determination confirmed the structure which was assigned on the basis of
spectral data. From the X-ray analysis data it could be found that the two transfused

C-H bonds of 123 were retained in 125, The ORTEP drawing is shown in Fig. 1:
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H

! ORTE? 1’RAWING OF COMPOUND 125
3
: ™ CH,CH,C(CH,); |

FIGURE1 -
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3.2.5 ANALYSIS OF SPECTRAL DATA OF REARRANGEMENT
PRODUCTS

Upon carefully studying the spectral data of these unexpected products, we
have found many similarities and trends with change in the structures of starting
compounds. A discussion of these similaritics and regularities is meaningful even

fhough the final correct structures have already been verified.
3.2.5.1 IR AND MASS SPECTRAL DATA

All the IR (vicg) cm’! in CDCl;) and MS (m/e, EI at 70ev) spectral data
obtained from these rearrangement products are listed in Table 5.

The IR spectrum of the rearrangement prdducl shows vp, at 1656 cm!
(CDCl,) for the five-membered ring laclam; 1626-1630 cm™! for the six-membered
ring lactams (products 119b, 122a-c); 1622-1628 cm! for the scven-membered ring
(products 119¢ and 122d) systems, and 1622 cm! for eight-membered rings
(products 119d and 122e). Thus, when the ring size is smaller than six, the wave
number increases with decreasing ring size. But with an increase in ring size, the
C=0 vibrational frequency decreases. The regularitics observed ia the IR spectra of
lactams are therefore similar to those known for lactones!!32],

As in the case of piperidin-2-ones (sce Section 2.2), all the parent ions
appeared in the mass spectra in various intensities depending on the stability of the
molecular ions. In most cases, the iminium ions (126) appeared as the most intense

peaks.
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C /EHZ)D

N0
CH,

126

Déspite different substituents on the molecule, the spectra of six-membered
ring lactams e.g., 119b, 122a-c all showed a base peak at mie = 112,
seven-membered ring lactams e.g., 119¢, 122d at m/e = 126, and eight-membered
rings 119d, 122e at m/e = 140, the difference being only the number of additional
CH, groups in the ring. The same trends are also observed in the case of the

corresponding starting compounds.
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Table 5 IR and MS data of rearrangement products

Code of Structure of : MS (EI) m/e
IR -
product  product i Base peak
119b @0 1630 183 112 [M-CH,C(Cil,),}*
1
CH,CH,C(CH,);
1226 N 1624 211 112 [M-C,H,g-n]*
|
CgH 17-1'1
122a N"o : 1626 203 112 [M-CH,Ph]*
!
CH,CH,Ph
1
CH,CH,(3-CyoH7)
119¢ Qo 1628 197 126 [M-CH,C(CH,),]*
1
CH,CH,C(CH;3);
122d Qo 1626 217 126 [M-CH,Ph]*
CH,CH,Ph
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Table 5 IR and MS data of rearrangement products (cont’d)

MS (EI) m/e
Code of Structure of IR v(coyC mel
product product MT* Base peak
119d 1622 211 140 (M-CH,Ph]*
: N O :
]
CH,CH,C(CH3);
122¢ Oo 1622 231 140 [M-CH,Ph}*
N
|
CH,CH,Ph
H
O
124 1625 - 237 180
H N\
H CH,CH,C(CH;);
H
125 N 1620 237 129

H

\
o  CHyCH,C(CH);
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3.2.5.2 TH NMR AND 3C NMR SPECTRAL DATA (HETCOR, COSY)

In order to assign the spectral data to exact positions of proton and carbon in
each individual molecule, COSY and HETCOR spectra were also run for most of

these compounds. For convenience, we numbered the rings as follows:

4
5 3 6 6 3
3

7@ A 7 ¥; o
N O N g— N
I I 0 |
CH,CH,R CH,CH,R CH,CH,R
7 8 38 9 9 10
127 128 129

The 'H NMR ( including COSY and HETCOR) obtained from all the
rearrangement products is listed in Table 6. '

The most characteristic coupling pattern is the appearance of the AA’XX’
coupling pattern at considerably different & values of Lﬁe protons on the CH,CH,
group of the side chain of compound 119a-d. The difference in chemical shift value
of 8y and &, is between 1.86-1.97 ppm, due to the dilference of the chemical
environment of these two methylene protons.

An entire AA’XX’ spectrum contain 24 lines. the 12 transitions of the A

spectrum form a group centrosymmetric about v, :
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]

34

6 7

10 9l|12 11
SO s

A

The 1,2 and 3,4 are always degenerate, and together will always contain half
the intensity of the A spectrum. The following is one example of this AA’XX"

coupling pattern from the proton NMR spectrum of compound 119b (Fig. 2).

The AA’XX’ coupling patterns disappeared on changing the substituent from
a t-butyl (119b,c,d) to phenyl (122b,e) or naphthyl (122¢) group, because of the
decrease in the chemical shift between the two protons on each of the methylene

groups to come AA'BB’ coupling patterns.
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Table 6 'H NMR spectral data of rearrangement products

Code of Structure of lH NMR (ppm)
product product
3 4 5 6 7 8§ 9 10 R
) X X . . 0.
119b Qo 233 176 174 322 333 140 )91 s
t
. , CH
CH,CH,C(CH,); m t XX AN 3
1.15-1.45
233 175 174 323 330 149 m
122b ~N"o 0.84 t
! m dd dd m CH
CsHl'?'n 3
Q 234 168 167 307 356 2.84 7.23m
A » RR? Ph
CH,CHpPh ° m t AA’ BB
Q 237 170 165 3.08 3.3 3.02 7.77 3H) d
122¢ N0 ) ===
- : ) ’ 7.45 (4H) m
CH,CH,(,-C oHy) m t AA' BD (4H)
119 Q 246 162 165 134 327 334 137 0.90 s
Noo ¢ m t  XX' AA’ CH,
CH,CH,C(CH,)4
7.24 m
1224 Qo 247 162 153 148 324 3.54 278
N t m m  AA’ BB’ Ph
CH,CH,Ph
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The 13C NMR spectral data are listed in Table 7.

The range of '3C chemical shifts of the carbon atoms in lactams of various
ring size have little effect on their substituents and structures. In six-membered ring
lactams the carbonyl carbon resonances at & 169.09-171.39 ppm, are observed at a
higher field than those in seven-membered (8 174.44-174.62 ppm) and
eight-membered ring lactams (8 175.35-175.58 ppm). Six-membered ring lactams
with t-butyl and n-octyl groups show carbonyl carbon resonances at 169.27 and
169.37 ppm respectively. These values are somewhat higher than those observed in
13C spectra of six-membered lactams with phenyl and 2-naphthyl group in the side
chain (§ 169.99 and 169.77 ppm respectively). Similar results also appeared in the
spccira of seven- and eight-membered lactams. These differences averagé around
0.2-0.7 ppm.

COSY and HETCOR spectra are most helpful for assigning the correct
structures. For COSY and HETCOR spectra of 1-(3',3’-dimethylbutan-1-yl)
-piperidin-2-one (119b), see Fig. 3 and Fig. 4. From these data the exact assignment

of protons and carbon at each position can be achieved.
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Table 7

BC NMR spectral data of rearrangement products

Codeof  Structure of

3¢ NMR (ppm)

product product 2 3 4 5 P . g 9 R
12b Qo 169.29 32.16 23.07 21.19 47.38 43.53 39.90 29.494C
) 29.03CH,
CH,CH,C(CH,),
37.71 29.3129.13
14b 169.37 32.25 21.34 23.22 47.70 47.11 26.97 26.86 22.55
N0 9-13
CsHy7n 13.99CH,
(1 139.31 qC
14a N0 169.99 32.09 21.01 22.95 48.60 49.31 33.32 128.82
' 128.40 T1-C
CH2CH2Ph .
126.33
136.77 133.51
14c 169.67 32.35 21.12 23,15 48.75 49.29 33.67 132.11(qC)127.96
NS0 127.93 127.88
CH,CH,(2-C,oH,) 127.54 127.38
127.11 125.31
12¢ Q 175.35 37.15 23.18 28.56 29.80 49.30 44.73 41,01 29454C
N0 29.06 CH,
CH,CH,C(CHj),
139.26 C
14d o  175.5837.5129.8923.33 28.45 50.41 50.61 34.49 12877
| N | 128.30 Ph
CH,CH,Ph 126.54
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3 .2.6 Mechanistic Studies of the Novel Rearrangement

In order to study the mechanism of the novel rearrangement reaction,
1-piperidinyl-2,2-dimethylbutan-2-one (118b) was used as a model in the following
series of experiments.

»

3.2.6.1 BLANK REACTION AND REACTION IN THE PRESENCE
OF DIFFERENT CATALYSTS

A mixture of 1 mmol of 118b and 42 mg of undccane (internal standard) in 8
ml of dry benzene was prepared under 600 psi of carbon monoxide and heated at
230-235°C for 3 days. After the reaction was stopped, the mixture was analyzed by
GC and GC-MS. Greater thaﬁ 95% starting material was recovered when the
reaction was effected in the absence of a metal complex (neither rearangement nor
ring expansion carbonylation products).

To this unchanged system, Rus;(CO),, (0.12 mmol) was added and the
mixture was kept under the same conditions for 2 days. The reaction mixture was
worked up, and 1-(3’,3’-dimethylbuten-1-yl)-piperidin-2-one (compound 130) was
isolated in 13% yield.

The remainder of the reaction mixture consisted of unchanged starting
material. If cobalt (III) 2 ,4-pentancdionate, Co(CsH,0,);, was used  with
Ru;(CO),, as catalyst, the reaction of 118b with CO gives 119b in only 26%

isolated yicld and many by-products such as 1-formylpiperidine and

1-acetylpiperidine.
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These results indicate that the novel rearrangement reaction occurs smoothly

only in the presence of Co,(CO)g and Ru3(CO)y,.
3.2.6.2 REACTION WITH LABELLED CARBON MONOXIDE(**CO)

In order to determine whether the carbonyl group of the lactam comes from
carbon monoxide via the metal carbonyl complexes or from the carbonyl of the
ketone of the side chain, several labelled experiments were undertaken to probe the
mechanism of the rearrangement reaction. First, 500 ml of commercial 13C labelled
carbon monoxide sealed under 1 atm was condensed into the 45 ml stainless steel
autoclave with glass liner using a special procedure (see experimental section) to
obtain a pressure of 310 psi. The reaction of 118b with Co/Ru carbonyl catalysts in a
13CO atmosphere (310 psi) resulted in no incorporation of the label in the product
119b. This was substantiated by the fact that !3C NMR and MS spectra were
identical to those of the unlabelled reaction product 119b. From this result emerged

the question of what would happen using only a nitrogen atmosphere.
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3.2.6.3 REACTION UNDER NITROGEN PRESSURE

The reaction mixture of 118b with Co/Ru carbonyl catalysts was run under
identical conditions but using 180 psi of nitrogen yiclded less than 5% of the
rearrangement product 119b as determined by GC. Most of the starting material was
recovered and the catalyst was isolated as a black precipitate.

In order 10 confirm that the rearrangement reaction is not stoichiometric, a
similar procedure was followed but the mixture was in the ratio 118b: Co:Ru=1:
1 : 0.5, resulting in the formation of only 3% of 119b and a black precipitate.

Apparently, carbon monoxide is required to gencraic and stabilize

catalytically active species.

3.2.6.4 REACTION OF 1-(2°,2°,6*,6’-TETRADEUTERIO
PIPERIDINYL)-2,2-DIMETHYLBUTAN-2-ONE

In order to determine whether the rearrangement involves positional
exchange of one oxygen and two hydrogen atoms or transition of methylene and
carbonyl groups, the following labelled experiments were performed.

First, 1-(2',2’,6',6’-tetradeuteriopiperidinyl)-2,2 -dimethylbutan-2-one (134)

was prepared by the following four step procedure (Scheme 7).
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Scheme 7

NO x'qo H CH,COC(CH3);

131 132 133 134

The first three steps followed the reference route.!!3%]

Compound 134 treated with Co/Ru carbonyls under similar reaction
conditions gave a mixture of product 119b with different degrees of deuteration on
every hydrogen of the methylene groups in the molecule 119b, proved by 'H NMR,
2D NMR, C NMR and MS (EI and CI). The so-called isotopic "scrambling”
phenomenon may be catalyzed by the Co/Ru carbonyls via a procedure similar to

that reported in the literature.f134]

3.2.6.5 REACTION OF 3C LABELLED (AT CARBONYL CARBON)
137

While the deuterium labelled experiment was unfruitful, we were gratified
with the results obtained with '*C-labelled reactant. The specifically *C labelled
starting compound 137 was synthesized (Scheme 8) by bromination of acetophenone
labelled at the carbonyl carbon, using the literature method for the unlabelled

analogue.!'351  Deprotonation of the a-bromoketone and reaction with piperidine
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gave 137 in an overall yield of 82%.

Scheme 8 O

CH;"COPh— BUNBL, gicH, COPh—-———b- O
CH2C12-CH3OH t-BuLi
CH,*COPh
135 136 137

Following the standard procedure compound 137 was used to obtain the
rearrangement labelled compound 138 in good yield. The most intense resonance of
the 3C-NMR spectrum was at 33.44 ppm of the product 138, while that of 137

occurred at 196.82.

() — A

) o
CH,*COPh CH,*CH,Ph
137 138

This result clearly provides evidence for the positional exchange of the
oxygen and two hydrogen atoms. Our next question was what would happen if there

were two methylene groups between the nitrogen atom and the carbonyl group.
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3266 ATTEMPTED REARRANGEMENT OF PHENYL
B-PIPERIDINOETHYL KETONE 139

In order to answer this question, phenyl B-piperidinoethyl ketone (139) was

prepared in 68% yield by dehydrochlorination of the corresponding hydrochloride.

()

|
CH,CH,COPh

139

The latter was obtained in 86% yield by the Mannich reaction of
acetophenone, paraformaldehyde, and piperidine hydrochloridel13l. No
rearrangement took place when compound 139 was treated with CO and Co/Ru
carbonyls under standard conditions but decomposition products such as
1-ethylpiperidine, acetophenone, ethyl phenyl ketone were detected by GC-MS.
Thus, if one more carbon atom is placed between the nitrogen atom and the carbonyl

group, the rearrangement will not occur.

3.2.6.7 REACTION OF 1-(2°,2',6’,6’-TETRAMETHYL
PIPERIDINYL)-2,2.DIMETHYLBUTAN-2-ONE (140)

Compound 140 in which all of the hydrogen atoms at the o-carbon atoms of

the heterocycle were replaced by methyl groups, was synthesized by a method

similar to that in Sec.2.3.2.4. (starting from 2,2,6,6-tetramethylpiperidine).
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Compound 140, treated using the standard procedure, gave no rearrangement
product, providing more evidence for the positional exchange of the oxygen and two
hydrogen atoms.

What would happen if only one of the hydrogen atoms at an a-carbon atom
was replaced by an alkyl group? The reaction could perhaps be stopped at some

intermediate step, and it might be possible to separate these species.

3268 REACTION OF 1.2',6-DIMETHYLPIPERIDINYL)-
2,2-DIMETHYLBUTAN-2-ONE (141)

Compound (141) was prepared according to the procedure in Sec. 2.3.2.4.
Surprisingly, the ketone 141 gave the bicyclic product 142 under the rearrangement
conditions. The structure of 142 was determined by spectral data (see Experimental

Seqt.ion).

CH3>(]< CH co Y
-

H 1}1 H Coq(CO)g/Ru3(CO)12 H NTR
CH,COC(CHj3), —

C(CH,);
141 142

The studies performed on this unique cyclization reaction will be discussed

in detail in Chapter 4.
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3.2.6.9 A POSSIBLE MECHANISM FOR THE REARRANGEMENT
REACTION

Based on the results of the studies on the rearrangement process, a possible

mechanism is outlined in Scheme 9 for 118 or 120, n=2.

Insertion of the metal into the ring C-H bond of 118 or 120, n=2, would give
143. Elimination of the anionic metal hydride (to form 144 ) and subsequent
cyclization of the iminium salt would afford 145. Repetition of the C-H bond
insertion process {145-146) followed by loss of MH" would form 147. Ring cleavage
of 147 to the vinyl cation 148 and then reaction with MH" would afford the enamide
130. The product would then result by metal catalyzed hydrogenation of 130, the
hydrogen having been generaled during the conversion of 144 to 145.

Evidence for this pathway comes from the Ru,(CO),, catalyzed reaction of
118k. While, as noted previously, no reaction usually occurs with Ruy(CO),; as the
only metal catalyst in the rearrangement reaction, 118b did react to a limited extent,

affording 130 ( R = C(CH,)3) in 13% yield.
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Scheme 9

118 or 120
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In conclusion, the mixed-metal system Co,(CO)e/Ru3(CO),, catalyzes the
rearrangement of alkyl(aryl) (N-hetery)methyl ketones to the corresponding
N-[p-aryl(alkylethyl}lactams in high yields. The rearrangement is most likely an
intramolecular positional exchange process involving one oxygen from the ketone
and two hydrogen atoms from the «-carbon of nitrogen heterocycle. Since
Ru,(CO),, was recovered after the rearrangement reaction of 118b (The recovered
red-orange crystal structure was proved by IR, MS and X-ray analysis. No Ru-Co
mixed clusters were formed), the most probable explanation for this finding may be
that some of the individual steps are catalyzed by ruthenium and others more
effectively by cobalt ( e.g. cobalt may be more effectively responsible for the last
hydrogenati_on; due to separating the compound 113 when Ru3(CO),, was the only
catalyst).

If one hydrogen atom on the a-carbon of the nitrogen heterocycle is replaced
by a methyl group, a unique cyclization takes place instead of rearrangement to give

substituted 5,6,7,8-tetrahydroindolizine.

103



3.3 Experimental Section
33.1 GENERAL COMMENTS

The general comments of Chapter 2 are applicable here.

Special pieces of equipment made by Dr. Regent Dutrisac working in Dr,
Keith Preston’s lab at the National Research Council, Canada, were used to transfer
the commercial 500 ml of 13C labelled carbon monoxide gas at 1 aum to a 45 ml
autoclave and to bring the pressure to 300 psi for the purpose of reaction of
1-piperidyl-2,2-dimethylbutan-2-onc 118b under standard rearrangement conditions

(See section 3.3.4.1).

332 GENERAL PROCEDURE FOR PREPARATION OF
REACTANT KETONES

The general procedure of Chapter 2, Section 2.3.2.4 is also applicable for the

preparation of starting ketones such as 118b-d and 120a,c,d,e.

118hb : O

N

|
CH,COC(CH,);
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88% yield; bp 100-102°C/1.0 mmHg;

IR (CDCly) v (CO) 1715 cm’l;

IH NMR (CDCl;) §1.02 (s, 9H, C(CHs)s); 1.31-1.49 (m, 6H, protons at C3,
C4, C5); 2.28 (m, 4H, protons at C2, C6 of piperidine); 3.21 (s, 2H, NCH,CO);

MS (E) m/e 183 [M]*, 98 [M-COC(CH3),] base peak.

.118c : Q

.
CH,COC(CH,),

91% yield; bp 115-117°C/4 mmHg;

IR (CDCl;) v (CO) 1712 cm’);

'H NMR (CDCl;) 3§ 1.10 (s, SH, C(CH,)3): 1.50-1.75 (m, 8H, protons at
C3-C6); 2.72 (m, 4H, protons at C2, C7); 3.59 (s, 2H, NCH,CO);

MS (ED) m/e 197 (M]*, 112 [M-COC(CHj,);]* base peak.
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N

1184 : \
CH,COC(CH3);

91% yield; bp 118-119°C/3.5 mmHg);

IR (CDCl;) v(CO) 1710 cm'!;

IH NMR (CDCly) & 1.06 (s, 9H, C(CH,)3); 1.53-1.68 (m, 10H, protons at
C3-C7); 2.63 (m, 4H, protons at C2, C8); 3.59 (s, 2H, NCH,CO);

MS (EI) m/e 211 [M]*, 126 [M-COC(CH3),]* base peak.

120a: O

N
CH,COPh

94% yield; bp 110-112 °C/0.4 mmHg;

IR (CDCl;) v (CO) 1686 cm'!;

'H NMR (CDCl;) 3 1.43-1.61 (m, 6H, protons at C3, C4, C5 of piperidine);
2.49 (m, 4H, protons at C2, C6); 3.72 (s, 2H, NCH,CO); 7.43 (m, 3H, meta and
para protons of phenyl); 7.90 (m, 2H, ortho protons);

MS (EI) m/e 203 [(M]*, 98 [M-COPh]* base peak.
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()

120¢:: 1*|1
CH,CO(;-CoH7)

85% yield; bp 160-162°C/0.4 mmHg;

IR (CDCl;) v (CO) 1677 cm™;

'H NMR (CDCl;) § 1.56-1.71 (m, 6H, protons at C3, C4,: C5 of piperidine);
2,65 (m, 4H, protons at C2, C6); 3.96 (s, 2H, NCH,CO0); 7.51-8.40 (m, 7H, C,oH;);

MS (EI) m/e 253 {M]*, 98 [M-CO(2-C,oH;)]* base peak.

120d : Q

CH,COPh

93% yield; bp 118-120°C/0.4 mmHg;

IR (CDCl;) v (CO) 1680 cm™!;

'H NMR (CDCl;) 5 1.49-1.72 (m, 8H, protons at C3-C6 of azepine); 2.78
{m, 4H, protons at C2,-C7 of azepine); 3.95 (s, 2H, NCH,CO); 7.38 (m, 3H, meta
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and para protons of C¢Hs); 8.01 (m, 2H, ortho protons of CgHs):
MS (EI) m/e 217 [M]*, 112 [M-COPh]* base peak.

120e : N

\
CH,COPh

91% yield; bp 135-136%C/0.4 mmHg;

IR (CDCly) v (CO) 1675 cml;

IH NMR (CDCl,) 5 1.50-1.68 (m, 10H, protons at C3-C7 of azocane); 2.68
(m, 4H, protons at C2, C8 of azocane); 3.87 (s, 2H, NCH,CO); 7.36 (m, 3H, meta
and para protons of C¢Hs); 7.95 (m, 2H, ortho protons of CqHs);

MS (EI) m/e 231 [M]*, 126 [M-COPh]* base peak.

When certain 1-bromomethyl ketones were not available or the starting
ketone yields were not satisfactory after using the general procédurc described in
Section 2.3.2.4., such as in the case of 120b, the second procedure was used to
prepare starting materials. The second process involved deprotonation and reaction
with an epoxide followed by oxidation (used for the preparation of 120b),

After generation of the anion as described in the first step of the general
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procedure in Section 2.3.2.4. (1), the solution was added dropwise to a solution of

1 tmmol of 2-n-hexyloxirane in ether (30ml). Workup as described for procedure a

afforded the alcohol (121) :

®

121: N
CH,CH(OH)CgH, 1,

Oxidation of the alcohol to the requisite ketone was effected by known

methodology with chromium trioxide.['3!]

con:lpound 121:

95% yield; bp 116-118°C/0.4 mmHg;

IR (CDCl;) v (CO) 3413.43 cm™! (OH), 2934.02 cm™! (CH);

'H NMR (CDCl,;) 3§ 0.82 (t, 3H, CH;); 1.17-1.48 (m, 12H, 6CH,); 1.57 (m,
4H, 2CH,); 2.30-2.48 (m, 4H, protons at C2, C6 of piperidine); 2.54 (m, 2H,
NCH,CH); 3.61 (m, 1H, CHOH);

MS (EI) m/e 213 [M]*, 212 [M-H]*, 98 [M-CH(OH)CgH5-n]* base peak.

()

120b : N

|
CH2C0C6H13-H
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67% yield; bp 115-117°C/8 mmHg;

IR (CDCly) v (CO) 1718 cml;

IH NMR (CDCl;) 8 0.81 (t, 3H, CHy); 1.18-1.57 (m, 14H, CH;(CHy),,
protons at C3-C5 of piperidine); 2.20 (1, 2H, COCH,CgHy,); 2.32 (m, 4H, protons
at C2, C6 of piperidine); 3.08 (s, 2H, NCH,CO);

MS (EI) m/e 211 [M]*, 98 [M-COC¢H,;3]* base peak.

333 GENERAL PROCEDURE FOR REARRANGEMENT
REACTION OF REACTANT KETONES

A mixture of the (N-heteryl)methyl ketone (118 or 120 ), dicobalt
octacarbonyl (0.103 g, 0.30 mmol), triruthenium dodecacarbonyl (0.895 g, 0.14
mmol), and dry benzene (10 ml) was placed in an autoclave containing a glass liner
and stirring bar. The autoclave was purged several times with carbon monoxide and
pressurized to 54 atm. The reaction mixture was stirred at 200-220°C for 3 days. The
cooled autoclave was opened, and after standing in air, the mixwre was fillered
through Celite and the filtrate was concentrated by rotary evaporation. Purification
of the resulting crude material was carried out by column chromatography (neutral
aluminium oxide) with dichloromethane-hexane ( 10'% to 30 %) and then ethyl
acetate as the eluant.

Only yields and analytical data for the products are presented as the spectral

data have been listed in previous tables (see Sec.3.2.5).
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119b:

119¢ :

1194 :

122a:

122b:

122¢:

86% yicld;
Anal. Caled for Cy,H,,NO: C, 72.08; H, 11.55; N,7.64
Found: C,71.92; H,11.28; N, 7.46.

85% yield
Anal. Caled for CjpHp3NO: C, 73.04; H, 11.75; N, 7.10
Found: C,73.41; H,11.81; N,6.73.
87% yield
Anal. Caicd for C|3H,sNO: C,73.88; H, 11.92; N, 6.63
Found: C,74.28; H,11.57; N, 6.46.
91% yield
Anal. Calcd for C3H,sNO: C,76.81; H,843; N, 6.89
Found: C,76.89; H,8.66; N,7.0l.
79% yield
Anal. Caled for C3HpsNO: C,73.88; H, 11.92; N, 6.63
Found: C,74.12; H, 12.24; N, 6.65.
88% yield

Anal. Caled for C;HpNO: C, 80.60; H,7.56; N, 5.53
Found: C,80.56; H,7.61; N,S5.8l.
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1224 : 93% vyield
Anal. Caled for CiyH | oNO: C,77.38; H,8.81; N,6.45
Found: C,77.51; H,8.52; N,642,

122e : 92% yield
Anal. Calcd for C\sHy NO: C,78.05; H,9.15; N,6.06
Found: C,77.81; H,9.34; N,5.7.

124 : 90% yield
. Anal. Caled for CsHyNO: C,75.895; H, 11.465; N, 5.90
‘Found: C,76.70; H, 11.89; N, 6.23.

125 : 9% yield

Anal. Caled for C;sHpNO: C,75.895; H, 11.465; N,5.90
Found: C,76.42; H,11.73; N, 6.20.

The view of 125 showing the atom-numbering scheme is in Figure 5. Crystal

data collection and refinement information are listed in Table 8. The atomic

parameters x, y, z and By, of 125 are in Table 9. Tables 10 and 11 will show the

interatomic distances (in angstroms) and angles (in degrees) of 125 respectively.
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TABLE 8 CRYSTAL DATA COLLECTION AND REFINEMENT INFORMATION
FOR COMPOUND 125

Empirical formula NoC1l5H27
Formula weight o 237.38
Crystal shape ' PLATE
Crystal dimensions .3,.2,.13
Crystal system monoclinle
No. Reflection used for unit 25 '
cell dimension (2theta range) 40,47
Lattice parameters , Am 6.001(6{
" b= 9.4868(17)
: t= 26.197(3)
Space group p 21/n
Z value ' ' .4
Dcalc 1.06
F(000) 659.91
mu .08
No of reflection measured 2459
No of reflection unique 2219
No of reflection observed 1186
No of atoms 44
No of variables N §-1-
Rf {sign refl) .099
Rw {(sign refl) .070
REf (all refl) .168
Rw (all refl) .070
Goodnegs of fit 7.98
Last difference fourler map
max peak .260
min peak - .280
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TABLE 9 ATOMIC PARAMETERS X, Y, Z AND B, FOR 125

Table of Atomic Parameters x,y,z and Biso.
E.S.Ds. refer to the last digit printed.

x Y z Biso
0 0.3047( 8) 0.6293( 6) 0.21901(18) 5.90(23)
N -0.0163( 9) 0.7335( 6) 0.18875(18) 4.39(23}
c1 0.1381(11) 0.6987( 7) 0.22664(22) 4.2 ( 3)
c 2 ~0.2259(11) 0.8070( 8) 0.1941 ( 3) 5.3 ( 3)
c 3 -0.2315(13) 0.8822( 8) 0.2458 ( 3) 5.8 { 3)
c 4 -0.1387(11) 0.7856( 7) 0.28794{24) 4.7 ( 3)
c5 0.1049(11) 0.7559( 7) 0.28048{(21) 4.0 ( 3}
c6 0.2114(13) 0.6563( 8) 0.32165(25) 5.7 ( 4)
c7 0.1927(17) 0.7229( 9) 0.3745 ( 3) 7.5 ( 5)
ces -0.0479(19) 0.7552(10) 0.3829 ( 3) 8.4 { 5)
c9 -0.1579(15) 0.8519( 9) 0.3411 ( 3) 6.7 ( 4)
cl10 0.0172(12) 0.6810( 8} 0.13605(22) 5.0 ( 3)
Cl1 0.1438(12) 0.7934( 8) 0.10735(24) 5.0 ( 3)
Cl2 0.1968(12) 0.7503( 8) 0.05291(24) 5.1 ( 3)

-~ Cl3 0.3384(15) 0.6197( 9) 0.0534 ( 3) 6.9 ( 4)
cl4 0.3275(18) 0.8716(10) 0.0317 { 3} 8.4 ( 5)
C1l5 -0.0159(16) 0.7275(13) 0.0197 ( 3) 8.6 ( 6)
H 2A ~0.258 0.881 0.162 5.9
H 2B -0.365 0.730 0.191 5.9
H 3A -0.400 0.920 0.252 5.9
H 3B -0.125 0.979 0.245 5.9

‘H 4 -0.237 0.687 0.285 5.2
H S 0.194 0.856 0.285 4.5
H 6A 0.125 0.557 0.318 6.0
H 6B 0.386 0.641 0.314 6.0
H 7A 0.289 0.819 0.378 7.9
H 7B 0.259 0.649 0.404 7.9
H 8A -0.141 0.658 0.383 8.3
H 8B -0.053 0.804 0.421 8.3
H SA -0.328 0.876 0.348 6.8
H 9B ~0.065 0.955 0.342 6.8
H10A- 0.111 0.583 0.139 5.5
H10B -0.145 0.660 0.115 5.5
H11lA 0.300 0.819 0.130 5.7
H1l1lB 0.044 0.891 0.104 5.7
H13A 0.493 0.640 0.082 8.0
H13B 0.259 0.530 0.068 8.0
H13C 0.404 0.599 0.018 8.0
Hl4A 0.480 0.894 0.059 8.3
H14B 0.384 0.850 -0.005 8.3
H1l4cC 0.230 0.968 0.031 8.3
H15A -0.117 0.645 0.036 8.5
H15B -0.113 0.823 0.016 8.5
H1SC 0.020 0.693 -0.018 8.5

Biso is the Mean of the Principal Axes of the Thermal Ellipsoid
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TABLE 10 ATOMIC BONDS IN ANGSTROMS OF 125
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TABLE 11 ATOMIC ANGLES IN DEGREES OF 125

c{1)~N-C
C(1)-N-C
C(2)-N-C
0-C{1)-N
0-C(1)-C(5)
N-C(1)-C(5)
(3
2

— Ty
SR Y)
OO~
A

)
N-C(2)-H{2A
N-C(2)-H(2B
Cc(3)-C(2)-H
C(3)-C(2)-R
H{2A)})-C(2)-H
c(2)-C(3)-C(4)

C(2)-C{3)-H(3A)
C{2)-C(3)-H(3B)
C(4)-C(3)-H(3A)
C(4)-C(3)-H(3B)

)
)
(
(

H(3A)-C(3)-H(3B)

C(3)-c(4)-C(5)
C(3)-C(4)-C(9)
C{3)-C(4)-H(4)
€(5)-Cc(4)-C(9)

C(5)-Cc(4)-H(4)
C(9)~C(4)-H(4)
c{l)-c(5)-c{4)
c(l)-Cc(5)=-C{6)
C{1)-C{5)-H(S)
C(4)-C(5)--C(6)
C(4)-C(5)-H(5)
C(6)-C(5)~H(5)
C({5)~C(6)~C(7)
C{S)-C(6)-H({BA)
C({5)-C(6)-H{6B)
C(7)-C(6)-H(6A)
C(7}-C(6)-H(6B)
H{6A)-C(6)-H(6B
Cc(6)~C(7)-C(B)
C(6)-C(7)-H(7A)

C(6}-C(7)-B(7B)
C(B8)-C(7)-H(TA)
8)-C(7)-H(TB)

A)-C(7)-H(TB)

)-C(8)-H{8A)

C(

H(7
C{7)-C(8)-C(9)
C(7
C(7)-Cc(8)-H(8B)

2A)
2B)
(2B

)
)
)
)
)
)
)
111.4(7)
108.2(6)
112.7(6)
109.5(7)
105.5(6)
108.8(5)
111.4(6)
107.9(6)
109.5{6)
110.4(95)
108.7{(5)
)

)

)]

)

)
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C(9)-C(8)-H(8A)
C(9)-C(8)-H(8BB)
H(8A)-C(B)-H(8B)
c(4)-Cc(9)-C(8)
C{4)-C(9)-HE(9A)
C(4)-C(9)-H(9B)
C(8)-C(9)-H(9A)
C(8)-C{9)-H(9B)
H(9A)}-C{9)-H{9B)
N-C(10)-C(11}
N-C(10)~H(10A)
N-C(10)-H(10B)
C(11)-C({10)-H(10A)
C{11)-C(10)-H(10B)
H{10A)-C(10)-H(10B)
c(10)-C(11)-C(12)
C(10)-C(11)-H(1l1lA)
C(10)-C{11)~H(11B)
C(12)-C(11)-H(11A)
c(12)~-C(11)-H(11B)
H(11A)~-C(11)-H{1l1B}
C(11)-Cc{12)-C(13)
C(11)-Cc(12)-C(14)
C(1l1)-c(12}-C(15)
C(13)-Cc(12)-C(14)
C(13)--C(12)-C(15)
C{14)~C(12)-C(15)
C(12)-C(13)-H(13A)
C(12)-C(13)-H(13B)
C(12)-C(13)-H(13C)
H{13A)-C(13)}-H(13B)}
H(13A)-C(13)-H(13C)
H(13B)-C{13)-H{13C)
C(12)-C(14)-H(14A)
c{12)-C(14)-H(14B)
c(12)-C{14)-H{14C)
H{14A)-C(14)-H(14B)
H{14A)-C(14)-H(14C)
H{14B)-C{14)-H(14C)
C(12)}-C(15)-H{(15A)
C(12)-C(15)-H(158B)
c{12)-C(15)-~H(15C)
H(15A)-C(15)~H(15B)
H{15A)-C(15)-H{15C)
H{15B)-C(15)-H(15C)



3.3.4 EXPERIMENTS TO PROBE THE REACTION MECHANISM

3.3.4.1 THE REACTION OF 118B WITH *CO

A mixture of 118b (247 mg, 1.32 mmol), Cox(CO) (103 mg, 0.30 mmol)
and Ru4(CO),, in 12 ml dry benzene was placed in an autoclave, which was purged
with unlabelled CO (4 times) and closed. The autoclave was connected to the special
pieces of equipment in the system (See Figure 6) designed and built by Dr. Regent
Dutrisac of Dr. Keith Preston’s lab. The exact procedurc may be described as
follows:

(1) The mixture was solidified by cooling down the autoclave 1 using liquid
N,, ensuring that a was closed.

(2) The sysitem was degassed for several minutes by opening b, ¢, d, e and f.

(3) d and f were closed. 2 (previously packed with a known amount of
molecular sieves, type 13X) was cooled down. A was opened and 13CO gas was
condensed in 2 and absorbed.

(4) E was closed, [ was opened and 1 was cooled. 2 was warmed in order to
transfer 13CO from 2 to 1. After 10-20 minutes, f was closed.

(5) The cooling system was removed and the presure of the autoclave 1 at
room temperature was allowed to reach 310 psi.

The autoclave was heated in an oil bath at 210-2209C for 72h. The reaction
mixture, worked-up using the general procedure followed by tolumn
chromatography (neutral alumina oxide) with 30% dichloromeihane-hcxanc and
ethyl aéctate as cluant, afforded the product (205 mg, 85% yicld). The product was
identifided by IR, MS, !H NMR and especially '3C NMR as being identical to the

unlabelled 119b. No incorporation of labelling to the product was found.
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3.3.4.2 THE 2,2,6,6-TETRADEUTERIOPIPERIDINYL KETONE (134}

1-Nitrosopiperidine was prepared by reacting piperidine with sodium nitrite
in an acidic medium{**® and was obtained in 92 % yield, bp 170°C/20mmHy
(reference data: only for l-nitrosopyrrolidine: 60%, bp 99°C/15mmHg ).
1-Nitrosopiperidine readily underwent base-catalyzed exchange with D,O under
reflux for 24hr to afford 1-nitroso-2,2,6,6-tetradeuteriopiperidine (132) in 71 %
yield, bp 63-65°C/0.3 mmHg with 85 % H-D exchange ratio checked by MS and H
NMR. Hydrolysis with hydrochloric acid, gave 2,2,6,6-tetradeuteriopiperidine (133)
in 27 % yield. Compound 133 was deprotonated by t-butyllithium and reacted with
1-bromo-3,3-dimemylbl_.|tan-2—one, following the general procedure of Sec. 2.3.2.4.,

to give 134 in 80 % yield, bp 54-56°C/1.1 mmHg.

DQD
compound 134 : N

D D
CH,COC(CH3)3

H{ NMR (CDCl;) § 1.07 (s, 9H, C(CH3);); 1.38-1.54 (m, GH, protons at C3,
C4, C5 of piperidine); 2.32 (m, 0.6H, protons at C2, C6); 3.28(s, 2H, NCH,CO);

MS (EI) m/e 187 [M]*,186,185,184, i02 [M-COC{CH,),]*, 101, 100 base
peak.
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Compound 134 underwent the standard reaction to give the rearrangement
product in 84 % yicld, but NMR and MS spectral data showed that it was a mixture

of different levels of deuteration at all positions of CH, groups in the molecule.

3.34.3 13C LABELLED (CARBONYL CARBON)PIPERIDIN-1-YL
ACETOPHENONE (137)

Treatment of lg of commercial CH,'COPh with tetrabutylammonium
tribromide (4.40 g, 9.16 mmol) in 100 ml dichloromethane and 40 ml methanol at
room lemperature overnight, and work up following the literature procedure,!!32]
gave 1.534 g of labelled 2-bromoacetophenone in 91% yield, mp 48-50°C (ref. 78%
yicld, mp 49-59°C), and reaction of the latter with piperidine and tert-butyllithium in
cther gave 137 in 89% yield.

BrCH,"COPh (136):

IR (CDCl3) v (CO) 1648 cm';

TH NMR (CDCly) § 4.42 [d(Jy.13c 11.2Hz), 2H, NCH,'3*CO); 7.55 (m, 3H,
meta and para protons of phenyl); 7.95 (m, 2H, meta protons of phenyl);

13C NMR (CDCl;) & 30.66 [d(Jo.;3c 86Hz), BrICH,); 12838 (5C of
phenyl), 134.10 (g-C of phenyl), 191.87 (33CO, intense).

121



(]

137 N

CH,*COPh

bp 105-107°C/0.3 mmHg;

IR (CDCl3) v (CO) 1656 cm!;

TH NMR (CDCl;) & 1.47-1.59 (m, 6H, protons at C3, C4, C5 of piperidine);
2.48 (m, 4H, protons at C2, C6); 3.72 (d, 2H, %;;0.13¢=10.1 Hz, NCH,CO); 7.43
(m, 3H, meta and para protons); 7.94 (m, 2H, ortho protons);

13BC NMR & 23.99 (C4 of piperidine), 25.79 (C3, C5), 51.84 (C2, C6), 65.27
(NCH,"CO), 128.08, 128.30, 128.47, 133.06 (aromatic), 196.82 ('*CO, intense
signal);

MS (ED) m/e 204 [M]*, 98 [M-3COPh]* base peak.

When 137 was subjected to rearrangement using conditions identical to those
for 118 or 120, the rearrangement product 138 was obtained in 90 % yicld, with the

label remaining at the carbon atom adjacent to the phenyl group.

138 : (N\’\l\

0
CH,*CH,Ph
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IR (CDCl,) v(CO) 1626 cm™!; mp 38-40°C

'H NMR (CDCl;) $ 1.67 (m, 4H, protons at C4, C5 of piperidine); 2.32 (1,
2H, CH,CO); 2.88 (dd, 2H, CH,Ph); 3.08 (t, 2H, NCH,ring); 3.54 (dd, 2H,
NCH,); 7.25 {m, 5H, Ph)

13C NMR (CDCl;) & 21.07 (C4 of piperidinone), 23.09 (CS), 32.14
(CH,CO), 33.44 (13CH,Ph, intense signal), 48.68 (NCH,, ring), 49.38 (NCHy),
126.22, 128.39, 128.80, 139.30 (aromatic), 169.92 (CO)

MS (EI) m/e 204 [M]*, 112 [M-'3CH,Ph]* base peak, 92 [Ph3CH,J*.

3.3.4.4 COMPOUNDS 139, 140 AND 141

Phenyl B-piperidinocthyl ketone (139) was prepared in 85 % yield by the
known Mannich reaction of acetophenone, paraformaldehyde, and piperidine
hydrochloride following the literature procedure.l'3¥ Then dehydrochlorination of

the hydrochloride gave 139 in 68% yield.

()

139 : III
CH,CH,COPh

mp 27-29°C; ( mp of the chioride : 186-189°C, lit.: 185-189°C);

IR (CHCL,) v (CO) 1681 cm!;

'H NMR (CDCl,) § 1.42-1.55 (m, 6H, protons-at C3-C5 of piperidine); 2.41
(m, 4H, NCHring); 2.75 (m, 2H, CH,COPh); 3.12 (m, 2H, NCH,); 7.44 (m, 3H,
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protons at meta and para positions of Ph); 7.95 (m, 2H, ortho protons of Ph);

MS (CD) m/e 218 [M+1]*.

o Yon
140 :

CH, I]I CH,4
CH,COC(CH;),

Compound 140 was synthesized in a manner similar to that outlined in
Sec.2.3.2.4. in 11 % yield, bp 50-519C/0.25 mmHg.

IR (CHCl,) v(CO) 1717 cm’!; -

IH NMR (CDCly) 8 1.10 (S, 9H, C(CHa);); 1.19, L.2L (s, I12H, CH3);
1.21-1.40 (m, 6H, CH,ring); 4.07 (s, 2H, NCH,CO);

MS (EI) m/e 239 [M]*.

CHs)(j( CH;
131: N

H H
CH,COC(CH,),

bp 60-62°C/0.2mmHg, yield : 30%;

IR (CDCly) v(CO) 1710 cm™;

IH NMR (CDCl;) 5 0.98 (d, 6H, CH3); 1.12 (s, 9H, C(CH,)y); 1.18-1.65
(m, 6H, ring CH,); 3.05 (m, 2H, CHN); 3.81 (s, 2H, NCH,CO);
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MS (EI) m/e 211 [M]*, 126 [M-COC(CH,);]* base peak.

When 141 was subjected to rearrangement using conditions identical to those
described above for 118 or 120, surprisingly, the new cyclization product 142 was
isolated in 86 % yicld, without any by-products ( GC conversion of 141 was found

to be 100 %). The structure of 142 was supported by analytical and spectral data.

142 : H” N

C(CHy)s

IR (CDCl3) v (CH) 2938 cm’!; 1463.73 cm’!, no v (C=0);
'H NMR (CDCl3) & 1.19 (s, 9H, C(CH,)3); 1.43 (d, 3H, CH3); 1.56-1.81
(m, 4H, protons at C6, C7 of indolizine); 2.70 (m, 2H, protons at C8); 3.94 (m, 1H,
CHCH,); 5.72 (d, 1H, J=2 Hz, proton at C1); 6.39 (d, 1H, 4J= 2 Hz, NCH=);
13C NMR (CDCl;) 8 19.51, 23.53 (C6, C7), 22.09 (CH3), 29.63 (C(CH;)5),
30.46 (g-C of t-Bu), 32.06 (C8), 50.18 (CHCHj3), 102.76 (C1), 111.69 ((C3), 129.10
(C2), 134.85 (C8a);
MS (EI) m/e 191 [M]*, 176 [M-CH;]* base peak.
Anal, Calcd for C3HyN: C, 81.61; H, 11.06; N, 7.32
Found: C, 81.54; H, 10.95; N, 7.25.
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3.34.5 THE RECOVERED CATALYST

After the rearrangement reaction, the reaction mixture was exposed 10 air
overnight and part of the solvent benzene was removed to give some red-orange
metal complex crystals. The structure of these crystals from the reaction of 118b

was shown to be Ru;(CO),, and analysed by IR, MS and further confirmed by X-ray
analysis (ORTEP drawing: Figure 7).

FIGURE 7 THE ORTEP DRAWING OF THE RECOVERED CATALYST
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Chapter 4

Metal Catalyzed Cyclization of 2-Methyl(or 2,6-di
-Methyl)Piperidinyl Ketones and the Oxidation of

5,6,7,8-Tetrahydroindolizines

4.1 INTRODUCTION

The indolizidine system 149 is present in many alkaloids isolated from

plants, and also from fungal and animal sources.[*7]

149

From a synthetic viewpoint, 5,6,7,8-tetrahydroindolizines are synthetic
precursors of octahydroindolizines,!!38! including a number of natural products. For
cxample the alkaloid &-coniceine 151 can be derived from 150 by catalytic

hydrogenation. 11391
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150 151

The litcrature on the syntheses of indolizidine alkaloids has been the subject
of some reviews.[137:140-1431 A number of general methods have been developed for
the syntheses of the basic skeleton of indolizidines and substituted indolizidines.
Only a few examples have appeared in the literature for cationic cyclizations in
which the terminator is a pyrrole.l'¥] A mecthod providing 5,6,7.8-lctrahydro
indolizines by an exo-tet type of reaction has not been described until 1990.114%1 This

is likely due to the instability of pyrroles towards oxygen and acids.

This chapter is concerned in part with an unusual cobalt or ruthenium
carbonyl catalyzed cyclization reaction of 2-methyl(or 2,6-dimethyl)piperidinyl
ketones affording (5-methyl)5,6,7,8-tetrahydroindolizines in 37-94% yiclds. This
reaction was discovered during the pursuit of mechanistic information for the
rearrangement  reaction (see  Chapter 3).  Appropriately  substituted
tetrahydroindolizines and related indolizidine alkaloids are of considerable
pharmacological interest.[!37-145] During the investigation of a single crystal X-ray
structure  of 2-phenyl-5,6,7,8-tetrahydroindolizine, a photoassisted catalytic
oxidation of 5,6.7,S-muahydroindolizines to 8a-hydroxy-2-pheny!
~ -6,7.8,8a-tetrahydro-3(5H)indolizinone s at room (emperature under [ aim of O, was

discovered and further studied.
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4.2 RESULTS AND DISCUSSION
4.2.1 The cyclization of 2,6-dimethylpiperidinyl ketones

As described in Chapter 3, in order to get more information about the
unusual rearrangement reaction, a ketone was prepared in which only one of the
hydrogen atoms at an o-carbon atom is replaced by an alkyl group. Deprotonation of
commercially available 2,6-dimethylpiperidine by n-butyllithium, followed by
reaction with 2-bromo-3,3-dimethylbutan-1-one (See Sec. 2.3.2.4) gives the reactant
ketone 141. Exposure of 141 to the reaction conditions utilized for rearrangement
resulted in cyclization to form the S-methyl-2-tert-butyl-5,6,7,8-tetrahydroindolizine
142 in 86% yield.

CH"’;(]( CHs o (CONRuyCO)y, T
N -

H H co H® N X
CH,COC(CHs), —
C(CH,),
141 142
Similarly 152 gives 153 in 94% yield.
CH CH
3>Cj< CHs )
H” N g —— > g~ 'N°=
CH,COPh —
Ph
152 153
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152 was prepared via 1-phenyl-2-(2,6-dimethyipiperidinyl) ethanol, obtained
in 85% yield from 2-phenyloxirane and lithium 2,6-dimethylpiperidide.

In contrast to the rearrangement process which requires both Co,(CO)y, and
Ru;(CO);, as catalysts, when starting from 152 using Cox(CO)y ( or Ruy(CO)y,) as
the only catalyst this unique cyclization reaction affords 153 in high yicld (94% for
152 : Co,(CO)g = 4 : 1; 84% for 152 : Ruy(CO)y, = 9 : 1) Another
2,6-dimethylpiperidinyl  ketone, 154, was prepared  via  1-(2,6-dimethyl
piperidinyl)-2-octanol, obtaincd in 80% yicld from 2-n-hexyloxirane and lithium
2,6-dimethylpiperidide (see Experimental Scclion). Using Co,(CO)q as the only

catalyst gave 155 in 91% yicld by the cyclization reaction of 154,

CH

CH 3
3@ CHs Co,(COR ;j\'
H NN ——2 47 N°R

| \=«
CH2COC H =Tl
65113 CeHzn

154 155

4.2.2 The cyclization of 156 in the presence of Co,(CO)y/Ru;(CO),,

An interesting question arises as to the seleclivity, when there is one o-CH,
capable of undergoing rearrangement and one o-CH which can cyclize using both
metal carbonyls as catalysts. For this reason, the 2-methylpiperidinyl ketone 156
was prepared in 63% yield by a similar synthetic method to that described in Section
2.3.2.4. That is, 156 was used (o assess the relative facility for rearrangement versus
cyclization. Using both Ca,(CQO)q and Ru,(CO),, as catalysts for the reaction of 156
under carbon monoxide results in 10 : 1 selectivity (77% yield) for cyclization o

157, compared with rcarrzingcmcnt to 158,
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COz(CO)g
CH
CHSO Ru3(CO)y2 . 3{1
—————

H™ N N7 H 1]1 o
CH,COPh — CH,CH,Ph
Ph
156 157 158

The preference for cyclizatioh may be due to kinetic control. Only

cyclization occurs ( 72% 157) when Cop(CO)g is employed as the catalytic species.

4.2.3 The cyclization of the other 2-methylpiperidinyl ketones in the
presence of Co,(CO)g

Two other 2-methylpiperidinyl ketones 159a,)b were synthesized by the
method described in Section 2.3.2.4. Using Co,(CO)g as the only catalyst for the
reactions of 159a,b under carbon monoxide gave the cyclization product 160a,b in

76% and 83% yicld, respectively.

CH:*Q Co,(CO)g
N _ N7

"
CH,COR
R
159a,b 160a,b
a, R =CH,CH,4 yield a, 76%
b, R=4-CH;C¢H, b, 83%
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4.2.4 Analysis of spectral data of cyclization products

The structures ol the metal catalyzed cyclization reaction  products
(substituted tetrahydroindolizines) were determined by analytical and spectral data.
For example, in all the 'H NMR spectra of these products the two protons at the C1
and C3 positions of the indolizine ring appear as a doublet at a range of 5.8-7.2 ppm
with a coupling constant 4Jy;; = 1-2Hz due o four-bond W type long-range
coupling. The further coupling of C'H to onc of the protons of C*H, by the same
4-bound coupling is usually observed in these '"H NMR spectra, A part of the 'H

NMR spectrum of compound 153 is shown in Figure 8.

161

The meta () coupling in aromatics is one example of long-range coupling.
These range from ca. 1-3Hz, are always positive,['8l and are very similar to
long-range coupling in saturated systems. 4I Coupling in freely rotating fragments,
e.g. CH,.C.CHj, is very small, but for specific orientations of the bonds the coupling
may be appreciable. It is largest (1-2Hz in non-strained systems) if the bonds are in a

planar zig-zag orientation, i.e.

C
NN/
C
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Representative 'H NMR, *C NMR (including DEPT) spectra (for 155) are

shown in Figures 9, 10, 11.

4.2.5 Variation in reaction conditions

In order to optimize the reaction conditions further experiments, starting
from reactant 159a, at different temperatures and rcaction times revealed that the

conversion of 159a to 160a proceeds with Cox{(CO)g at a higher reaction rate than

the rearrangement process.

CH3>O Co,(CO)g (0.25¢q.)
-

H N 54at.m CO, C6H6 N \
CH.COCH,CHj —
CH,CH,
1592 160a

100-110°C, 3days, conversion of 159a: 0%

150-160°C, 60h, 32%
194-196°C, 60h, 82%
200-205°C, 2days, 100%

A reaction temperature around 200°C is necessary for this catalytic
cyclization reaction. A blank reaction i.c. without any catalyst, shows no cyclization

occurring at all, but only some decomposition of 159a.
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Finally, in order to determine what would happen if one hydrogen of the
NCH, fragment chain of the reactant ketone is replaced by an alkyl group such as
methyl, 2-methylpiperidinyl ketone 161 was prepared from 2-bromopropytophenone
and 2-methylpiperidide in 39% yield. The cyclization reaction of 161 gave the
2,3-disubstituted-5,6,7,8-tetrahydroindolizine 162 in 54% yield.

CH3>|\/j Co,(CO)s, CO
N

-
H 190-195°C, 3days NTR
CH(CH,)COPh N
161 ‘ ' 162

4.2.6 A possible mechanism for the cyclization reaction

A possible mechanism for the cyclization reaction is outlined in Scheme 10.

The initial step (141, 152, 154 or 156, 159a,b) in the conversion of
2,6-dimethyl(or 2-methyl)piperidiny! ketones to 5,6,7,8-lctrahydroindolizines is
likely the same as that for the rearrangement process. Hydrogen transfer from the
methyl group to the metal (B-elimination process) would form 164 which can
collapse to the monodentate complex 165. Cyclization to 166 [oliowed by
conversion to 167 and subsequent reductive elimination of MH, would result in the
formation of 168. The 5,6,7.8-tetrahydroindolizine would then be produced by
dehydration. Note that 164 can alternatively undergo decomplexation o give the
enamino ketone (uncomplexed analogue of 165) which can, by an analogous
reaction sequence, be converted to the 5,6,7,8-tetrahydroindolizines. Nevertheless,
in the presence of a metal complex which can function as a Lewis acid,
intramolecular addition to the carbonyl group of 164 occurred to give

5,6,7,8-tetrahydroindolizine.

138



Scheme 10

C“’;O(‘*’B CH"'>(\/]< s CHB&
H N H

My g7 N “M—n

—» H N MH, — ™
R

R R
141,152,154 163 164
CH; CH, . CcH
A Itl/ A~ H 2 .
QMH, ]
R OMH, OMH,
R
R
165 166 167
-H, CH CH
“MH" — [M] ’ “H,0 3
P ——m—i
H N7 g N
R OH R

168 142,153,155
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4.2.7 The oxidation of 5,6,7,8-tetrahydroindolizines with singlet oxygen

A crystal sample of 2-phenyl-5,6,7.8-teirahydroindolizine 157 was grown in
a small vial by dissolving in CH,Cl, and keeping at room temperature for about 30
days, and the singlc crystals were sent for X-ray analysis. Surprisingly, the structure
solution and refincment shows a new compound 169 with good Rf = (.34, and Rw =
0.21 data (sce Experimental Section). The ORTEP drawing is shown in Fig. 12.
Further all the spectral data e.g. TH NMR, MS, GC (RT data) were consistent with

the structure of 169 but not with 157 (sce Experimental Section).

OH

Ph

157 169

Compound 169, in crystalline form, is very stable 1o air, moisture and light.
A crystalline sample of 169 was dissolved in a solvent such as CH,Cl,;, CH30H or
CDCl,. After several months, the solvent had evaporated and the sample remained
in powdered form. 'H NMR, COSY and HMQC (500 MHz) spectra of this powder

(170) showed that it was a completely dehydrated form of 169 (See Figure 13, 14,
15, 16).
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169 170

Figure 13 shows the unchanged IH NMR spectrum (200 MHz, in CDCly) of
the crystalline sample 169 after standing in air, exposed to light and at room
temperature for three months. Figure 14 shows the e NMR spectrum (500 MHz, in
CD,0D) of the powdered sample 170 after 10 months. Compared with the 'H NMR
of 169, the 'H NMR spectrum of 170 shows the new absorption signal arising at
5.83 ppm, due to the proton attached at sp? carbon C® ( different from the original
two protons at sp? carbon C? at about 2.4 ppm). Figure 15, the COSY spectrum of
170, clearly shows the correlation between the protons at each position. Figure 16 is
the HMQC spectrum of 170 and shows the correlation between the protons and the

attached carbon.
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To our knowledge, there are no examples of 8a-hydroxy-6,7.8.8a-
tetrahydro-3(5H)indolizinone. Recently, Gilbert and Blackburn!!47) have developed
a synthetic method via N,N—disubstituwd—Z-oxopropanamidés with diethyl
(diazomethyl)phosphonate under basic conditions to give 3-pyrrol-2-onés including

alkyl substituted 6,7,8,8a-tetrahydro-3(5SH)-indolizinones 171 in 63-70% yield.

Rll
Ril‘
R’ N )
0 Rl
171 a-d

a,R=CH,,R'=R"=R" =H
b,R=CH;,R' =CH;,R'=R"=H
¢,R=CH;, R’ =R =H,R" =CH,4

d,R=CH;, R'=R" =H,R =t-Bu

The transformation of compound 157 to 169 seems to proceed via an
oxidative reaction by oxygen in air. In order to prove this, compound 157, prepared
by the cyclization reaction of 156, was reacted with oxygen bubbled at 1 atm in
CH,Cl,. after 6 hours, the conversion of 157 was 92% (GC yield) and after work-up,
the isolated yield of 169 was 63%.



1 au:l- O ZI E.\- I .
> N

CH,Cl, y/

N™ X

Ph 0O Ph

157 169

Side reactions are complicated and resulted in several low yield by-products

of unproved structure.
Oxidation of other 2-alkyl-5,6,7,8-tctrahydroindolizines (e.g.  2-cthyl
5,6,7.8-tetrahydroindolizine), gave analogous 172a but in lower yicld than 169 and

172b.

OH
latm 02
NTN CH,Cl, N /
2 0 R
160a,b 172ab
a, R = CH,CH; yield: 219"
b, R = 4'CH3C6H4 68%

(* GC yield )

The structure of the oxidation product 172b was also proven by single crystal
X-ray analysis data and IR, 'H NMR, '*C NMR, and MS (sce Experiment Scction).
The ORTEP drawing of 172b is shown in Fig.17.
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One  representative  compound 155  of  5-methyl-2-substituted
5,6,7,8-tetrahydroindolizine undergoing an oxidation reaction under the same mild

conditions, converted to 173a in 10% (by GC-MS) and several other products.

155 R=CH3, R'=C6H|3"n 173 10%

The results of this oxidation reactions show that oxygen is the oxidizing
agent for these transformations. Air, the cheapest oxidant, is used only rarcly
without irradiation and without catalysts for such oxidation reactions. Examples of
oxidations by air alonc are the conversion of aldehydes into carboxylic acids
(autoxidation) and the oxidation of acyloins to o-diketones.!'¥! Usually, exposure to
light, irradiation with ultraviolet light, or catalysts arc nceded. Under such
circumstances, oxygen is in an excited state (singlet oxygen) with two odd clectrons

possessing antiparallel spins:
* -0:0 - +

In the presence of sensitizers that absorb the light of a particular wavelength,

e.g. benzophenone, rose bengal, methylene blue, etc., under irradiation of gaseous
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oxygen, singlet oxygen forms and reacts with organic compounds in the same way
as singlet oxygen generated chemically.(148] For example, singlet oxygen (produced
by dye-sensitized irradiation) forms the same type of peroxide but probably by
electrophilic attack at C-3 of indoles, since the zwitterionic intermediate 174 to be

expected for such an attack on 1,3-dimethylindole has been detected.!14%)

0

/
N4

CH,

CH,

174

In order to know whether singlet oxygen was involved in these oxidation
reactions, 157 was trerted with singlet oxygen generated in situ, using rose bengal as
a sensitizer by irradiation of oxygen by a 450-W high-pressure mercury immersion
lamp (Hanovia 679 A36, cooled by running water) with a pyrex filter.'01 After 2

hours of irradiation and left to stand at room temperature in the dark over night, 169

was obtained in 71% yield.
OH
laim O,, MeOH, 0-15°C
N -
N Rose bengal, hv, 2h /
Ph 0 Ph
157 169
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Apparently, the transformation of 5,6,7.8-tetrahydroindolizines  to
8a-hydroxy-6,7,8,8a-tetrahydro-3(5H)-indolizinones can proceed by a singlet
oxygen mechanism process. But the question arises why in our case the oxidation
reaction could occur without irradiation (but exposure to light) and without any
sensitizer. There must be some catalytic species to make this reaction possible.
Because oxidations with oxygen are free-radical reactions, free radicals should be
good initiators. In practice many oxidations are catalyzed by transition metals, such
as platinum,!!51.152] or, more often, metal oxides and salts, especially salts soluble in
organic solvents, Cobalt{153154] is one of the many favored catalysts.l'8) Some
transition metal complexes have been shown to be effective as catalysts for the
selective oxidation of organic substrates in combination with oxidizing agents such
as lydroperoxides!!%! or amine oxides.!'3) While such procedures are of obvious
utility, they do require the consumption of expensive organic oxidants. Clearly the
ability to use molecular oxygen in a procedure which selectively oxidizes organic
compounds under mild conditions would be more desirable. Examples include the
homogeneous PdCl,-NaOAc catalyzed oxidation of secondary alcohols to
ketones!!57! by molecular oxygen at room lemperature or H,PICl; and CuCly
catalyzed selective oxidation of both aliphatic and allylic primary alcohols to
aldehydes without over-oxidation to the carboxylic acid!'>#! under 1 atm and visible
light.

Since the reactants, such as 157,160a,b are prepared by Co,(CO); calalyzed
cyclization reactions, and then used in the next oxidation reaction, it is possible that
a trace amount of oxidized cobalt complex such as cobalt oxide or hydroxide
participated in the oxidation reaction with 157 or 160a,b. In order to check this
possibility, the following synthetic methods were used to prepare the analogue of

157, i.e. 5,6,7,8-letrahydroindolizine 15015143} [n this way, the presence of any
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race amonts transition metal in the reaction can be avoided.

OH
HOAc El3N,Tf20
+ HO(CHI).‘NHZ—’ W N \
OcH; ©0CH; N Y Rr.3n
175 150

4-(1-pyrrolyl)butal 175 was prepared in 54% yield by the reaction of
2. 5-dimethoxytetrahydrofuran with 4-aminobutanol in glacial acetic acid following
the literature procedure.[!5%) Treatment of 175 with TE,O/EGN yielded 150 in 50%
yield.[1#5] 150 is now a model compound. A solution of 150 in CH,Cl, was bubbled
with oxygen gas (exposéd to the light in a fumehood) and the reaction was
monitored by GC. After 3 days more than 95% of unchanged 150 was recovered (a
colour change to brown as compared to the original colourless was observed).
However, treatment of 150 with 3% Co,(CO)g (which had oxidized to a blue colour)
and 1 atm 0O, for 12h, about 20% of 176
(8a-hydroxy-5,6,7.8-tetrahydro-3(5H)-indolizine was produced.

OH

150 176

153



If 5% CoCl, was used as a catalyst, the similar results were obtained. The
photoreaction of 150 in the presence of rose bengal as sensitizer afforded about 25%
(GC yield) of 176. During all the oxidation reactions of 150 with singlet oxygen and
following work-up procedure, some decomposition and polymerization were
observed. It was probably due to the lack of an electron withdrawing group (e.2.
phenyl at 2-position) to stabilize some transition states. Nevertheless, the results
show that the transformation of  5,6,7,8-tetrahydroindolizines (o
8a-hydroxy-6,7.8,8a-tetrahydro-3(5H)-indolizinones  does need singlet oxygen
whether generated undef photo- or catalysis circumstances. .

It is known that, heterocyclic systems such as furans, oxazoles and
imidazoles undergo photooxidation reactions to afford useful oxidation products.
However, very little use has been made of them in pyrrole systems because of
normally low yields and multiple product formation along. with considerable
decomposition. One piece of work performed in the Wasserman group in 1991
involved reactions of singlet oxygen with 3-niethoxy-2-carbalkoxypyrro!cs. The
reactions lead to the 2,5-oxygenation product in 45% yield; if pyridine (10%) is
present, the yield was enhanced to 80%. In that event, the irradiation in the presence
of a photosensitizer, e.g. methylene blue or rose bengal, is necessary. Our results
involving O, based catalytic oxidation (or alternatively photooxidation) of
5,6,7,8-tetrahydroindolizines 1o give 8a-hydroxy-6,7,8,8a-tetrahydro-
3(5H)-indolizinones under very mild conditions (! atm, room temperature} may also
have some potential synthetic uses. This is especially true, when there is a phenyl
group at  the 2-position, where the yicld ol
8a-hydroxy-2-phenyl-6,7,8,82-tetrahydroindolizinones can be as high as 63% (16Y)
and 68% (172b).
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The transformation of 5,6,7,8-letrahydroindolizines to 8a-hydroxy-6,7,8,8a
-tetrahydro-3(SH)-indolizinones in the presence of singlet oxygen prececds the
formation of oxides or endooxides from conjugated dienes by 1,4-addition
(Dicls-Alder  reaction). The formation of 8a-hydroxy-6,7.8,8a-tetrahydro
-3(5H)-indolizinones arc in accord with the cxpected decomposition of an
intermediate 3,8a-transannular peroxide 177 by a B-elimination or from the formed

zwiltterion 178 (Scheme 11).

Scheme 11

*-0:04
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4.3  Experimental Section

4.3.1 GENERAL COMMENTS

The general comments of Chapter 2 are applicable here,

A 450-W high-pressure mercury immersion lamp (Hanovia 679 A36, cooled
by running water) with a Pyrex filter were used for the photoreaction of
2-phenyl-5,6,7,8-tetrahydroindolizine  (157) or 5,6,7,8-tctrahydroindolizine  (150)

with oxygen (1atm) in the presence of rose bengal as a sensilizer.

432 GENERAL PROCEDURE FOR THE PREPARATION OF
REACTANT KETONES

The general procedure of Chapter 2, Scction 2.3.2.4, is also applicable for the

preparation of stariing ketones such as 152, 154, 159a (method b), 156 159b and 161
{method a).

CHQ CHs
152

H N H

CH,COPh
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69% yield;

IR (CDCly) v (CO) 1689cm’Y:

I NMR (CDCl;) 8 1.03 (d, 6H, CH3); 1.28-1.53 (m, 6H, protons at C3-C5);
3.03 (m, 2H, 2NCHCH,); 4.20 (s, 2H, NCH,CO); 7.45 (m, 3H, meta and para
protons of Ph); 7.93 (m, 2H, ortho protons of Ph);

MS (EI) m/e 231 [M]*.

152 was prepared via 1-phenyl-2-(2,6-dimethylpiperidinyl)ethanol:

CH3>(j< s
N H

H

CH,CH(OH)Ph

85% yield; bp 125-128°C/0.4mmHg;

IR (CDCl,) v (OH) 3385cm-);

IH NMR (CDCl,) § 1.16 (d, 6H, CH, at C2, C6); 1.30-1.72 (m, 6H, protons
at C3-C5); 2.61 (m, 4H, NCH, and 2NCH); 4.56 (m, 1H, CHPh); 7.27 (m, 5H, Ph);

MS (EI) m/e 215 [M-H,01*.

cm)(l CH,

154: H N H

|

CH2COC6H13-H
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90% yield; bp 108-109°C/0.3mmHg;

IR (CHCl) v (CO) 1712cm’l;

IH NMR (CDCl;) § 0.83 (t, 3H, CH;CH,); 0.98 (d, 6H, CH; at C2, C6);
1.23-1.54 (m, 14H, CH;(CH,)4 and C3-C35 of ring); 2.3% (1, 2H, COCH,); 2.72 (m,
2H, protons at C2, C6 of ring); 3.39 (s, 2H, NCH,CO);

MS (EI) m/e 224 [M-CH;]*.

154 was prepared via 1-(2,6-dimethylpiperidinyl)-2-octanol:

CH3>L/\)|< cHs
N

H H

CH,CH(OH)CgH,3-n

80%; bp 103-106%/0.4mmHg;

IR (CHCly) v (OH) 3385¢m");

IH NMR (CDCl;) 3 0.85 (t, 3H, CHy); 1.01 (d, 6H, CH; a1 C2, C6);
1.20-1.60 (m, 16H, CHy(CHy,)s, protons at C3-C5 of ring); 2.49 (m, 4H, NCH, and
INCH); 3.49 (m, 1H, CHOH);

MS (EI) m/e 208 [M-H,0-CH,]*.
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CH3>O
N

159a; H |

CH,COCH,CH,

yield 87%; pale yetlow liquid;

IR (neat) v (CO) 1717em’;

IH NMR (CDCly) & 0.99 (d, 3H, CH;CH); 1.02 (t, 3H, CH,CH,); 1.30-1.51
l(m, 6H, C3-C5 ring); 2.33 (m, 2H, NCH, ring); 2.43 (q, 2H, CH,CH,); 2.72 (m, 1H,
CH); 2.99 (d 2y,,=19Hz, 1H, H, of NCH,); 3.41 (d yap=19Hz, 1H, H, of
NCH,);

MS (ED m/e 154 [M-CH,]*, 112 [M-C,H;CO}* base peak.

159a was prepared via 1-(2-methylpiperidinyl)-2-butanol:

CHS@
N

H

CH,CH(OH)C,H;

75% yield; bp 63-65°C10..2mmHg;

IR (CDCl;) v (OH) 3364cm;

'H NMR (CDCly) 5 0.95 (t, 3H, CH,CH,); 0.9 (d, 3H, CH;CH); 1.25-1.67
(m, 6H, protons at C3-C5 ring); 2.01 (dq, 2H, CH,CH,); 2.52 (m, 4H, 2 NCH,); 2.89
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(m, 1H, CHCH,); 3.45 (m, 1H, CH(OH)); 3.80 (br, 1H, OH);
MS (EI) m/e 153 [M-H,O1"

CHB@
N

156 : H

CH,COPh

63% yield; bp 114-116°C/0.45mmHg;

IR (CDCl3) v (CO) 1683cm’!;

IH NMR (CDCl;) & 1.31 (d, 3H, CH;); 1.23-1.83 (m, 6H, protons at C3-C5
of piperidine ring); 2.79 (m, 2H, NCHj ring); 3.40 (m, 1H, CHCH3); 4.00 (m, 2H,
NCH,CO); 7.35 (m, 3H, meta and para protons of Ph); 8.01 (m, 2H, ortho protons of
Ph);

MS (EI) m/e 112 [M-PhCO]* 105 [PhCOJ*.

CH’@

159b: H N

CHQCO'D'C6H4CH3

50% yield; bp 107°C/0.1mmHg;
IR {neat) v (CO) 1684cm!;
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1H NMR (CDCl;) & 1.08 (d, 3H, CH,CH); 1.26-1.69 (m, 6H, protons at
C3-C5 ring); 2.33 (s, 3H, Ph-CH,); 2.85 (m, 2H, CH,N ring); 3.05 (m, 1H, CH)
3.75 (d 2= 20Hz, 1H, H_ of CH,N chain); 4.09 (d 2]= 20Hz, 1H, H, of CH,N
chain); 7.22 (dd, 2H, meta-protons of Ph); 7.88 (dd, 2H, ortho-protons of Ph);

MS (ED) m/e 231 [M]*, 112 [M-COC¢H,CH;]* base peak.

CH"’@
N

161 H

CH(CH3)COPh

39% yield; bp 143-145°C/0.55mmHg;

IR (neat) v (CO) 1684cm™;

iH NMR (CDCl;) § 1.12 (d, 3H, CH3CHring); 1.24 (d, 3H, CH;CHchain);
1.35-1.68 (m, 6H, protons at C3-C5 ring); 2.54 (m, 2H, NCH,); 2.97 (m, 1H, CH
ring); 4.54 (g, 1H, CH chain); 7.28-7.65 (m, 5H, Ph);

433 GENERAL PROCEDURE FOR THE Co,(CO); AND/OR
Ru,(CO),; CATALYZED CYCLIZATION REACTION OF 2-METHYL(OR

2,6-DIMETHYL)PIPERIDINYL KETONES

Application of the “rearrangement” procedure (Chapter 3, Experiment

Section) to 152, 154, 156 resulied in exclusive cyclization to 153, 155 while 156
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afforded the cyclized heterocycle 157 as the predominant product, with the
rearranged ketone 158 obtained as a minor product. Note that the cyclization of 152
to 153 occurs in almost in high yield using only Co,(CO)y or Ruy(CO),, rather than
both metal catalysts. Yiclds and characterization data for the bicyclic heterocycles

153 and 155 as well as rearranged 158, are as foliows.

CH,

153 H
Ph

94% yicld; (84% using Ru;(CO),, only);

IH NMR (CDCls) § 1.49 (d, 3H, CH,); 1.81-2.01 (m, 4H, CH;CHCH,CH,).
2.76 (m, 2H, CH,C=); 4.09 (m, 1H, CHCHj,); 6.11 (d *I;3;;;3= 2Hz, 1H, proton at
C1); 6.92 (d *Jyy331,= 2Hz, 1H, proton at C3); 7.28-7.46 (m, SH, Ph);

3C NMR (CDCl;) & 19.69, 22.30 (CH;CHCH,CH,), 22.31 (CH5), 31.89
(CH,C=), 50.56 (CHCH,), 102.12 (C1), 113.64 (C3), 124.87, 125.00, 128.40,
129.05 (aromatic CH), 130.66, 136.17 (g-C);

MS (ED) m/e 211 [M]*;

Anal. Calcd for C;sH9N: C, 85.26% H, 8.11% N, 6.63%

Found: C, 84.86% H, 8.32% N, 6.57%
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155:

CGH 13-11

91% yield;

1H NMR (CDCly) § 0.83 (t, 3H, CH;CH,); 1.25-1.68 (m, 11H, CH;(CHy),
and CH,CH); 1.78-1.91 (m, 4H, CH;CHCH,CH,); 2.39 (t, 2H, CH;(CH;),CH,);
2.71 (m, 2H, CH,C=); 3.98 (m, 1H, CHCH,); 5.56 (d 4Jqus= 2Hz, 1H, proton at
C1); 6.56 (d *Jyy3,= 2Hz, 1H, proton at C3);

13C NMR (CDCly) § 14.17 (CH;CH,), 19.99, 23.63 (CH;CHCH,CH,), 22.30
(CH,CH), 22.67, 27.29, 29.49, 31.23, 31.83 (CH;(CH,)s), 32.13 (CH,C=), 50.49
(CHCHS,), 104.08 (C1), 113.82 (C3), 124.27 (C2), 129.34 (C38a);

MS (EI) m/e 219 [M]*;

Anal. Calcd for C,sH,sN: C, 82.13% H, 11.49% N, 6.385%

Found: C, 81.79%, H, 11.11%, N, 6.18%

157 : N™ ™

Ph

73% yield;

163



IH NMR (CDCl;) & 1.73-2.08 (m, 4H, protons at C6, C7); 2.78 (m, 2H,
CH,C=), 3.80 (m, 2H, CH,N); 6.15 (d *Jy;;3= 2Hz, 1H, proton at C1); 6.86 (d
4Tam= 2Hz, 1H, proton at C3); 7.35 (m, 5H, Ph);

13C NMR (CDCl,) § 21.39, 23.30 (C6, C7), 29.26 (CH,C=), 45.42 (NCH,),
102.12 (C1), 11545 (C3), 124.94, 125.21, 128.33, 128.77 (aromatic CH), 13047
(C2), 137.10 (C8a);

MS (EI) m/e 197 [M]*;

Anal. Calcd for C4H,sN: C, 85.24% H, 7.66% N, 7.10%

Found: C, 84.89%, H, 7.27, N, 6.98%

CH"Q
158 : N

CH,CH,Ph

7% yield;

Ik (CHCI;) v (CO) 1628cm™;

'H NMR (CDCl;) 8 1.35 (d J=6Hz, 3H, CH;CH); 1.69 {m, 4H, protons at
C4, C5 ring); 2.32 (t, 2H, CH,CO); 2.81 (AA'BB’, 2H, CH,Ph); 3.36 (AA’BB’, 2H,
NCH,); 3.81 (m, 1H, CHCH,); 7.28 (m, 5H, Ph);

MS (EI) m/e 217 [M]*.

This metal catalized cyclization reaction contrasts to the rearrangement

process which requires both Co,(CO), and Ru;(CO),, as catalysts, For example, the
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cyclization of 152 to 153 occurs in high yield using only Co0,(CO)q or Ruz(CO)yp
rather than both metal catalysts. Cyclization products 160a,b, and 162 are produced
by the reactions of 159a,b, 161 using Co,(CO)g as only catalyst.

160b :

p-CeHoC'l3

83% yield;

'H NMR (CDCl3) § 1.67-1.94 (m, 4H, protons at C6,C7); 2.51 (s, 3H, CH3);
2.72 (m, 2H, CH,C=); 3.86 (m, 2H, CH,N); 6.06 (d *Iy;u3= 1.5Hz, 1H, proton at
C1); 6.72 (d ¥Tyypy= 1.5Hz, 1H, proton at C3); 7.12 (m, 2H, meta-protons of Ph);
7.79 (m, 2H, ortho-protons of Ph);

13C NMR (CDCl;) 5 21.06 (CHj), 21.58, 23.30 (C6, C7), 26.85 (C8), 45.32
(C5), 102.22 (C1), 115.10 (C3), 124.83, 128.30, 128.41, 129.21 (Ph-CH), 130.03,
133.8¢, 134.67, 143.79 (qC);

MS (EI) m/e 211 [M]*
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160a :

C,Hs

76% yield;

IH NMR (CDCl,) § 1.16 (t, 3H, CH;CH,); 1.55-1.91 (m, 4H, protons at C6,
C7); 2.45 (q, 2H, CH,CH,); 2.71 (t, 2H, CH,C=); 3.84 (1, 2H, CH,N); 5.685 (d
4Ju1u5= 1.5Hz, 1H, proton at C1); 6.28 (d “Jyzu,= 1.5Hz, 1H, proton at C3);

13C NMR (CDCly) & 15.44 (CHy), 20.23, 21.65, 23.36, 24.01 (C6-C8 and
CH, at chain), 45.105 (C5), 103.89 (C1), 115.32 (C3), 125.91 (C2), 129.03 (C8a);

MS (EI) m/e 149 [M]*, 134 [M-CH,]".

162 :

CH, Ph

54% yield;

'H NMR (CDCl3) 5 1.87-2.10 (m, 4H, protons at C6, C7); 2.34 (s, 3H, CH,);
2.85 (t, 2H, CH,C=); 3.83 (t, 2H, CH,N); 6.08 (s, 1H, proton at C1); 7.25-7.65 (m,
5H, Ph);

13C NMR (CDCl;) 5 10.51 (CH3), 21.16, 23.70, 23.795 (C6-CR), 43.04 (C5),
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103.88 (C1), 124.92, 125.30, 128.29, 128.60 (PhC), 125.70, 132.92, 137.75 (qC of
C2, C8a and PhC).
MS (EI) m/e 211 [M]™.

4.3.4 PREPARATION OF 5,6,7,8-TETRAHYDROINDOLIZINE 150

5,6,7,8-letrahydroindolizine 150 was prepared from
1-(4-hydroxybutyhpyrrole 175 following the literature methods.[1%9:1451 Compound
175 (141 g, bp 63-67°C/0.02mmhg), thus obtained fiom the reaction of
4-aminobutanol (5.00 g, 56.1 mmol) with 2,5-dimethoxytetrahydrofuran (2.51g, 19.0
mmol), in glaciai HOAc solution (10 ml} in 54% yield (ref. b.p 69%). The reaction
of .175 (1.41 g, 10.1 mmol), triecthylamine (1.025 g, 10.15 mmol) and
rifluomethanesulfonic anhydride [1.71 ml (d=1.677), 10.144 mmol] in 30 ml
CH,Cl, at r.oom temperature for 3h afforded 150 (0.615 g, b.p 22-249C/0.03 mmhg)
in 50% yield.

150 : colourless liguid;

'H NMR (CDCl;) & 1.72-1.98 (m, 4H, protons at C6, C7); 2.78 (i, 2H,
protons at C8); 3.92 (t, 2H, protons at C5); 5.82 (m, 1H, proton at C1); 6.10 (dd, 1H, -
proton at C2); 6.49 (dd, 1H, proton at C3);

MS (EI) m/e 121 [M]*, 120 [M-H]* base peak.

4.3.5 VARIATION IN CYCLIZATION REACTION CONDITIONS

In order to optimize the reaction conditions for the cyclization, experiments

with 159a were carried out and followed by GC using undecane as the internai
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standard.

A mixture of 106mg (0.64mmol) of 15%9a, 55mg (0.16mmol) of Co,(CO),
and Sml of dry, freshly distilled benzene and 39mg of undecane was placed in a
autoclave with glass liner, and pressurized to S4atm CO. When the stirred reaction
was run at 100-110°C after 3days, no conversion of 15%a occurred. I the
temperature was increased to 150-160°C for 60h, the conversion increased to 32%,
while at 194-196°C for 60h the conversion rose to 82%. If the reaction tcmperature

reached to 200-205°C for 2days, the complete conversion of 15%a was obtained.

4.3.6 BLANK REACTION

A mixture of 60mg (0.26mmol) of 152 and 2img of undecane (iriternal
standard) in 3.5ml of dry benzene was placed in a autoclave with a glass lincr under
54 atm of carbon monoxide and heated at 205-210°C for 60h without any catalyst.
The cooled mixture was analyzed by GC and GC-MS. No cyclization product 153

appeared at all, but decomposed fragments of starting materal 152 appeared, such as

acetophenone.

4.3.7 GENERAL PROCEDURE FOR THE OXIDATION OF
2-SUBSTITUTED 5,6,7,8-TETRAHYDROINDOLIZINES WITH OXYGEN

A mixture of 120mg (0.6 mmol) of 2-phenyl-5,6,7,8-tetrahydroindolizine
157 (as a modei compound) and 3ml dry freshly distilled CH,Cl, was bubbled with
oxygen gas. The reaction was followed by GC, and after 6h bubbling of O, the
conversion of 157 reached 95%. The reaction mixture was then allowed o stand

over night, followed by rotary evaporation of the solvent, Dry ether (20 ml) was
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carefully added, and filtration gave 87mg (0.38mmol) of 169 as a brownlish solid,
mp 123-125°C. When CH,Cl, as solvent was added into the residue and kept in a
small vial with loosely capped, at room temperature for several days, colourless
crystals of 169 were grown and some of these crystals were subjected by

crystallographic examination.

OH

169 : /

63% yield; mp 123-125°C;

IR (CDCl;) v (OH) 3625cm’!, v (CO) 1687cmt;

IH NMR (CDCly) § 1.65-2.24 (m, 6H, protons at C6-C8); 3.02 (dt, J=3Hz,
14Hz, 1H, H, of NCH#CH,); 4.16 (dd, J= 6Hz, 14Hz, 1H, H, of NCHXCH,); 7.04
(s, 1H, proton at C1); 7.32 (m, 3H, meta and para-protons at Ph); 7.83 (m, 2H,
ortho-protons at Ph). |

MS (EI) m/e 229 [M]*, 211 [M-H,0]* base peak.
The single crystal X-ray analysis data including description of experimental

procedures, listing of atomic parameters, bond lenths and angles for 169 are shown

as following Table 12-15.

169



TABLE 12 CRYSTAL DATA COLLECTION AND REFINEMENT INFORMATION

FOR 169

Empirical formula
Formula weight

Crystal shape

Crystal dimensions (mm)
Crystal system

No. Reflection used for unit
cell dimension (2theta range)

Lattice parameters

Space group

Z value

Dcalc {g.cm-3)
F(000)

mu (mm-1)

No of reflection measured
No of reflection unique
No of reflectinn observed
No of atoms

No of variables

Rf (sign refl)
Rw (sign refl)
Rf (all refl)
Rw (all refl)
Goodness of fit

Last difference fourier map
max peak
min peak

170

NO2C14H15
229.28
losange
.2,.1,.3
triclinic

25
40,50 .

a=8.383(3)
b=10.638(4)
€=6.5937(15)
alpha=100.333

(23)
beta=94.117(22)
)

. gamma=85.38(3

P -1
2
1.323
244.10
.09
2165
2015
1648
215
.034
.C21
.046

.021
3.58

.180
-.170



TABLE 13 ATOMIC PARAMETERS X, Y, Z AND B,  FOR 169

Table of Atomic Parameters x,y,z and Biso.
E.S.Ds. refer to the last digit printed.

x Y z Biso
0l 0.31947(15) 0.40067(10) 0.15180(16) 2.35( 6)
02 0.36781(18) 0.68617(12) -0.27195(20) 2.52( 6)
N1 0.29361(17) 0.57436(13) -0.01449(20) 1.95( 7)
cl 0.30726(20) 0.44723(16) -0.0089 ( 3) 1.96( 9)
c2 0.26404(24) 0.67599(18) 0.1629 ( 3) 2.34( 9)
'c3 0.0918 ( 3) 0.73387(20) 0.1389 ( 3) 2.72( 9)
c4 0.0594 3) 0.77510(20) -0.0716(% 3) 2.84(10)
C5 0. 0911@(25) 0.66242(19) -0.2474 ( 3) 2.47( 9)
Cé 0.26141(22) 0.60007(16) -0.2261 ( 3) 2.11( 8)
c7 0.28110(23) 0.463749(16) -0.3504 { 3) 2.17( 9)
c8 0.30236(21) 0.37816(16) -0.22978(24) 1.88( 8)
c9 0.30976(21) 0.23724(16) -0.2933 { 3) 1.95( 8)
Cl0 0.27134(25) 0.18542(17) -0.4994 { 3) 2.59( 9)
Cl1 0.2683 ( 3) 0.05440(18) -0.5633 { 3) 3.30(10)
Ccl2 0.3052 ( 3) -0.02803(18) -0.4235 { 3) 3.09(10)
Cl3 0.3457_( 3) 0.02171(18) -0.2203 ( 3) 2.77( 9)
Cl4 0.34797(23) 0.15295(17) -0.1542 { 3) 2.36( 9}
H2A 0.3400 (19) 0.7396 (14) 0.1638 (22) 2.0 ( 4)
H2B 0.2881 (20) 0.6316 (15) 0.3098 (24) 3.8 ( 4)
H3A 0.0165 (20) 0.6648 (15) 0.1552 (23) 3.2 ( 4)
H3B 0.0690 (19) 0.8087 (14) 0.2541 (22) 2.8 { 4)
H4A 0.1254 (20) 0.8467 (15) -0.0829 (23) 2.7 ( 4)
B4B -0.0550 (21) 0.8098 (15) -0.0877 (24) 3.0 ( 4)
H5A 0.0153 (19) 0.5962 (14) -0.2475 (22) 2.3 ( 4)
H5B 0.0744 (19) 0.6891 (13) -0.3918 (22) 2.3 ( 4)
H7 0.2801 (17) 0.4561 (12) -0.5040 (21) 1.6 ( 3)
H10 0.2503 (19) 0.2414 (14) -0.5985 (22) 2.3 ( 4)
H11 0.2428 (20) 0.0207 (14) -0.7104 (23) 3.0 ( 4)
H12 0.3035 (20) -0.1242 (15) -0.4666 (23) 3.4 ( 4)
H13 0.3732 (20) -0.0343 (14) -0.1241 (21) 2.7 ( 4)
H14 0.3728 (18) 0.1880 (13) -0.0063 (21) 1.9 ( 4)
OH2 0.464 ( 3) 0.6588 (21) -0.258 { 3) 7.0 ( 8)
Biso is the Mean of the Principal Axes of the Thermal Ellipsoid
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TABLE 14 ATOMIC BONDS IN ANGSTROMS OF 169

C6-02-0H2
C1-N1-C2
C1-N1-C6
C2-N1-C6
01-C1-N1
01-C1-C8
N1-C1-C8
N1-C2-C3
N1-C2-H2A
N1-C2-H2B
C3-C2-H2A
C3-C2-H2B
H2A-C2-H2B
C2-C3-C4
C2-C3-H3A
C2-C3-H3B
C4-C3-H3A
C4-C3-H3B
H3A-C3-H3B
c3-c4-c5
C3-C4-H4A’
C3-C4-H4B
C5-C4-R4A
C5-C4-K4B
H4A-C4-H4B
€4-C5-C6
C4-C5~H5A
C4-~C5-H5B
C6-C5-H5A
C6-C5-HSB
HSA-CS-H5B

111.9(16)
125.16(1

02-C6-N1
02-C6-C5
02-C6-C7
N1-C6-C5
N1-C6-C7
C5-C6-C7
C6-C7-C8
C6-C7-R7
C8-C7-H7
Ci-Cc8-C7
cl-C8-c9
C7-C8-C9
C8-C9-C10
C8-C9-C14
Cl0-C9-C14
€9-C10-C11
C9-C10-H10
Cl1-Cl0-H1l0
Cl0~Cc1i-c12
Cl10-Cl1-H11
Cl2-Cl1-H1l1
Cl1-Cc12-C13
Cl1-Cl2-H12
Cl3-Cl2-H12
Cl2-C13-c14
C12-C13~H13
C14-C13-H13
C9-~-C14-C13
C9-Cl14-H14
Cl13--Cl4-H14

TABLE 15 ATOMIC ANGLES IN DEGREES OF 169

01-Cl

02-Cé6
02-0H2
N1-Cl
N1-C2
N1-C6
cl-cs
C2-C3
C2-H2A
C2-H2B
C3-C4
C3-H3a
C3-H3B
C4-C5
C4-H4A
C4-H4B
C5-C6

1.2421(20)
1.4126(23)
0.839(22)
1.3549(21)
1.4641(227

1.005¢

C5-H5A
C5-H58B
c6-C7

C7-H7 0.998(
c8~C9
c9-C1l0 .
C9-C14 1.3984
C10-Cl1l1 1.384(
C10-H10 0.959
Cl1i-C12 1.386
Cll-H1ll 0.986

Cl2-H12 1.012
Cl3-Cl1l4 1.387
Cl3-H13 0.951
Cl4-H14 0.993
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(3)
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119.4(8)
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The compound 169 in CDCl; was capped in a NMR tube for a long-term,
c.g. 10 months, The solvent was gradually evaporated and the sample remained as
powder form which *H NMR spectrum showed a completely transformation from

169 10 170.

176 : N
/

O Ph

'H NMR (500MHz, CD,;0D) & 1.976 (m, 2H, CH, at C6); 2.447 (m, 2H,
CH, at C7); 3.516 (m, 2H, CH, at C5); 5.846 (1, J=4.7Hz, 1H, CH at C8); 7.307 (s,
1H, CH at C1); 7.339 (m, 3H, meta and para protons at phenyl ring); 7.971 (m, 2H,
ortho protons at phenyl ring);

13C NMR information from HMQC spectrum (126 MHz, CD,0D) & 22.5
(C6), 23.5 (C7), 38.5 (C5), 117.0 (CB8), 128.0 (C1), 127.0-130.0 (carbon at phenyl
ring).

OH

- 172b: N /

0 p-CgH,CH;

68% yield; mp 166-167°C;

TR (CH,Cl,) v(OH) 3691cm!, wW(CO) 1698cm™;

'H NMR (CD,0D, 500MHz) 1.28 (m, 1H, axial H at C6); 1.35 (m, 1H,
equatorial H at C8); 1.72 (m, 2H, 2H at Cg, and C,,); 1.93 (m, 1H, H at C;,); 2.14
(bd, 1H, H at Cg); 2.32 (s, 3H, CH;); 3.06 (m, 1H, H at Cs,); 4.07 (m, 1H, H at
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Cs.); 7.20 (s, 1H, H at C1); 7.21 (m, 2H, meta H at Ph); 7.77 (m, 2H, ortho H at Ph);

13C NMR (CD;0D, 126 MHz) § 21.317 (CHj), 20.324, 26.301, 36.139
(C6-C8), 37.489 (C5), 86.354 (C8a), 128.231, 129.831 (CH at Ph), 136.335, 140.765
(q0), 144.194 (C1), 168.274 (CO).

MS (EI) m/c 243 {M]*, 225 [M-H,0]* base pcak.

The 'H NMR, COSY (500MHz, CD;0D) spectrum of 172b is showed in
Figure 18, 19). The Table 16-19 will list crystal X-ray analysis data for 172b.

4.3.8 SENSITIZED PHOTOOXIDATION OF 2-PHENYL-5,6,7,8-
TETRAHYDRO INDOLIZINE 157 WITH 1 ATM OXYGEN

A mixture of 97mg (0.49mmol) of 157, and 4.5mg of rose bengal (sodium
salt) in 10ml dry distilled methanol was placed in a quarlz tube. Oxygen was
bubbled through the solution for 5 min, the mixture was cooled with ice and water to
15%C and irradiated with a 450-W high-pressure mercury immersion lamp (Hanovia
697 A36, cooled by running water) with a Pyrex filter. the passage of oxygen was
continued for 2h, and after standing over night at room temperature in the dark, the
solvent was evaporated at reduced pressure, the residue was purified by column

chromatography {Al,0O; ncutral) to afford 81mg of white powder, mp: 123-124°C,
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Empirical formula
Formula weight

Crystal shape

Crystal dimensions (mm)
Crystal system

No. Reflection used for unit
cell dimension (2theta range)

Lattice parameters

Space group
Z.value

Dcale (g.cm-3)
F(000)

mua (mm-1)

No of reflection measured
No of reflection unique
No of reflection observed
No of atoms

No of variables

Rf (sign refl)
Rw {(sign refl}
Rf (all refl)
Rw (all refl)
Goodness of fit

Last difference fourier map
max peak
min peak
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TABLE 16 CRYSTAL DATA COLLECTION AND REFINEMENT INFORMATION
FOR 172b

O2ZNC1SH17
243.30

cube

h o] nl
ehay by o ke

monoclinic

25
40-590

a=13.781(7)
b=10.102{1)
c=18.414(4)
beta=99.49(3)

C 2/e

8

1.278
1040.40
0.08

2312
2217
1763
35
232

.065
. 042
.083
.042
6.52

.270
-.250



TABLE 17 ATOMIC PARAMETERS X, Y, Z AND B, FOR 172b

Table of Atomic Parameters x,y,2z and Biso.
E.S.Ds. refer to the last digit printed.

x Y 2 Biso
01 0.78235(15) 0.43752(21) 0.95282{11) 2.85(11)
02 0.91985{16) 0.09625(21) 1.08904(11) 3.00(11)
N1 0.87691(19) 0.31087{24) 1.04018(13) 2.45(13)
Cl 0.83863(23) 0.3442 ( 3} 0.97085(16} 2.34(15)
c2 0.87770(23) 0.2440 ( 3) 0.92140(16) 2.40(15)
c3 0.93806(24) 0.1650 ( 1) 0.96433(17) 2.75(16)
c4 0.94704(23) 0.2031 { 3) 1.04516(16) 2.58(16)
cS 1.04856(24) 0.2476 ( 3} - 1.07951(17) 3.01(17)
cé 1.0458 ( 3) ~ 0.3248 ( 4) 1.15215(18) 3.64(20)
o) 0.9736 ( 3) 0.4386 ( 3) 1.13851(18) 3.61(18)
c8 0.87138(25} 0.3929 ( 3} 1.10508(17)  2.99(17)
c9 0.85573(23) 0.2436 ( 3) 0.84031(16) 2.39(1s)
Ccl0 0.88554 (25) 0.1349 { 3) 0.80201(17) 3.18(18)
cl1 0.8688 ( 3) 0.13486 ( 3) 0.72548(17) 3.27(18)
cl2 0.82416(24) 0.2389 ( 3) 0.68472(17) 2.78(16}
C1i3 0.79316{24) 0.3457 ( 3) 0.72291(17) 2.91(16)
Cld 0.80816(24) 0.3475 ( 3) 0.8000S(16) 2.81(17)
C15 0.8120 ( 3) 0.2399 ( 4) 0.60098(17) 3.47(18)
H3 0.9719 (18) 0.0885 (25) 0.9486 (12) 2.9 (7)
OQH2 0.8410 (17) 0.0807 (24) 1.0687 (12) 2.5 {7
H5A 1.0689 (17) 0.3159 (24} 1.0448 (12) 2.9 (1)
HSB 1.0963 (21) 0.161 ( 3) 1.0962 (15} 5.8 ( 9)
HEA 1.1243 (17) 0.3589 (24) 1.1774 (12) 2.5 (7}
H6B 1.0267 (19) 0.248 ( 3} 1.1872 (13) 4.8 { 8)
H7a 0.98%6 (19) 0.507 ( 3) 1.1057 (14} £.7 ( 8)
H7B 0.9809 (20) 0.49% { 3) 1.1855 (14) 5.8 ( 9}
HBA 0.8469 (19) 0.335 ( 3} 1.1339 (14) 4.0 ( 8)
H8B 0.8107 (19) 0.473 ( 3) 1.0838 (14) 4.7 ( 8)
H10 0.9226 (20) 0.047 ( 3) 0.8354 (14) 5.7 { 9}
H1ll 0.8908 (18) 0.060 ( 3) 0.7017 (12} 3.9 { 8)
H13 0.7508 (17) 0.4175 (25) 0.6931 (12) 2.7 (1)
H14 0.7928 (18) 0.434 (3 0.8205 (13} 3.8 (7
H15A 0.7615 (19} 0.319 ( 3) 0.5749 (13) 4.1 ( 8)
H1SB 0.7680 (20) 0.162 { 3) 0.5767 {(14) 5.4 ( 9)
H15C 0.8700 (23) 0.252 ( 3) 0.5953 (15) 6.6 (10)

Biso is the Mean of the Principal Axes of the Thermal Ellipsoid
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C4-02-0H2
C1-N1-C4
Cl-N1-C8
C4-N1-C8
01-Cl-N1
01-C1-C2
N1-C1-C2
Cl-C2-C1
Cl-C2-C9
C3-Cc2-C9
C2-C3-C4
C2-C3-H3
C4-C3-H3
02-C4-N1
02-C4-C3
02-C4-~C5
N1-C4-C3
N1-C4-C5
Cl-C4-CS
C4-C5-C6
C4-CS-HSA
C4-CS5-HSB
C6-C5-H5A
C6-CS-H5B

HSA-CS5-~-H5B

CS5-C6-C7

CS-C6-H6A
C5-C6-HEB
C7-C6-H6A
C7-C6-H6B

H6A-C6-HEB

€6-C7-C8

C6-C7-H7A
C6-C7-H7B
C8-C7-H7A

104.5(12)
113.73(24)
124.7(3)
119.79(24)
125.5(3)
128.2(3)
106.30(25)
107.1(3)
125.1(3)
127.6(3)
112.1(3)
126.0(13)
121.9(13)
111.57 (24)
111.9(3)
107.39(24)
100.50(23)
111.5(3)
114.0(3)
111.0(3)
105.9(13)
110.6(15)
104.5(13)
104.7(14)
120.0(20)
110.3(3)
109.9(12)
101.4(14)
112.7(12)
115.6(14)
106.3(18)
112.2(3)
115.6(16)
109.5(15)
104.9(15)

01-C1 1.232(4)

02-C4 1.435(4)
02-0H2 1.101(23)
N1-C1 1.341(4)
N1-C4 1.449(4)
N1-C8 1.466(4)
ci-c2 1.519(4)
€2-C3  1.318(4)
€2-C9  1.474(4)
c3-c4  1.521(4)
C3-H3 0.972(25)
€4-CS  1.506(5)
C5-C6 1.554(5)
C5~HS5A 1.012(24)
C5-H5B 1.10(3)
€6-C7 1.514(5)
C6-H6A 1.157(23)
C6-HEB 1.07(3)
c7-c8 1.513(5)
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TABLE 18 ATOMIC BONDS IN ANGSTROMS OF 172b

ca-C7-H7B
HTA-C7-H7B
N1-C8-C7
N1-C8-HSA
N1-CB-H8B
C7-C8-HBA
C7-Cc8-H8B
HBA-CB-HBB
c2-Cc9-C10
C2-C9-C14
C10-C95-Cl4
C9-C10-Cl2
C9-C10-H10
C11-C10-H10
€10-Cl1-c12
C10-C11-H11
Cl12-Cl1-H1ll
Cl1-Cl2-C13
Cl1-C12-C15
€13-Cc12-C15
Cl2-C13-C14
C12-C13-H13
C14-C13-H13
C5-C14-C13
C9-C1l4-H14
C12-C14-H14
C12-C15-H15A
C12-C15-H15B
C12-C15~-H15C
H15A-C15-H15B
H15A-C15-H15C
H15B-C15-H15C

TABLE 19 ATCMIC ANGLES IN DEGREES OF 172)b

C7-H7A
C7-H7B
C8-HB8A
Cce-HBB
Cc9-Cl10
C9-Cl4
C10-C11
C10-H10
Cli-Cl2
C1l1-Hil
C12-Cl3
c1l2-C15
Cl3-Cl4

0.96(3)
1.05(3)
0.85(3)
1.18(3}
1.403(4)
1.386(4)
1.390(4)
1.15(3)
1.376(S)
0.95(3)
1.392(5)
1.523 (4}
1.401(4)
C1l3-H13 1.031{(24)
Cl4-H14 0.99(3)
C15~-H15A 1.12(3)
C15-H15B 1.05(3)
C15-H1SC 0.83(2)

118.0{1%)
95.8(22)
109.5¢{3)
101.1(17)
104.2(12)
112.1(17)
119.1(13}
109.1{21)
118.9(3)
122.7(3)
118.4(3)
119.9(3}
118.6(14)
121.6(14)
122.4(3)
117.3(14)
120.3(14)
117.6(3)
121.4(3)
121.0(3)
121.1(3)
118.0(13)
120.4(13)
120:7(3)
125.3(14)
113.2(14)
113.4(13)
112.7(15)
100.4(19)
94.5(20)
112(3)
123(3)



439 NON-PHOTOLYTIC OXIDATION OF 150 WITH 1 ATM
OXYGEN

4.3.9.1 Without Catalyst

Oxygen gas was bubbled into a solution of 51mg (0.42mmol} of 15¢ in 3ml
dry, freshly distilled CH,Cl, for 3 days and 49.8mg brownish liquid was recovered
which contained about 98% of unchanged 150 as proved by GC.

4.3.9.2 With Catalytic Amount of Oxidized Co,(CO)g

A mixture of 51mg (0.42mmol) of 150, 6mg(0.0175mmol_. calculated by the
mole weight of Co,(CO)g) oxidized Co,(CO)g (the colour had turned blue} and 3ml
of dry, freshly distilled CH,Cl, was placed in a glass vial and bubbled with latm
oxygen overnight. The GC-MS analysis of this reaction mixture showed the

presence of 20% of 176.
4.3.9.3 With Catalytic Amount of CoCl,
The same procedure as that described in section 4.3.9.2 was used, but 2.4mg

of anhydrous Co,Cl, was used instead of oxidized Co,(CO)g. Thus, the ratio of 150

to catalyst was 100 : 4.5. The reaction lead to the production of 19% of 176.
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4.3.10 SENSITIZED PHOTOOXIDATION OF 150 WITH 1 ATM
OXYGEN

A solution of 150 (100mg, 0.826mmol), rose bengal (4.5mg) in 10ml dry
methanol was placed in a quartz tube. The tube was irradiated using a 450-W
high-pressure mercury immersion lamp (Hanovia 679 A36, cooled by running
water) with a pyrex filter for 2h and then was left in the dark ovcmighl. About 25%
of 176 was produced (GC-MS). The attempted separation on a small column

(neutral activated AlyO3) failed to give purc 176.
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Chapter 5

Phase Transfer Catalyzed Reductive Acylation of
Nitrogen-Containing Heteroaromatics with Acetyl-
cobalt Tetracarbony!

5.1 INTRODUCTION

Phase transfer catalysis (PTC) is widely used for the in situ generation of
anionic metal carbonyl complexes under mild conditions.l!%!31021611  Qne of the
more valuable phase transfer processes is the conversion of cobalt carbonyl to the
mononuclear cobalt tetracarbonyl anion using aqueous alkali, benzene or toluene as
the organic phase and a quaternary ammonium halide (CI', Br') as the phase transfer
agent. The subsequent reaction of cobalt tetracarbonyl anion with methyl iodide and
carbon monoxide gives acetylcobalt tetracarbonyl. A variety of unsaturated
substrates, e.g., dienes,!1%2 rienes,[16%) fulvenes!!®! and azadienes,!'%! react with
acetylcobalt tetracarbonyl under mild conditions to form the acylated products in a
regiosclective manner. An interesting direct diacylation of Schiff bases 179 using
catalytic quantities of Co,(CO)g under PTC conditions has also been reported.[!66]
Keto-amides 180 are formed as major products in fair to good yields, with the

monoamides 181 as a reaction by product.
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COCH; COCH,

R-CH=N-R'+ CO + CHyl o208 22 br !
~Ch=N-R + + 3 CHzC]z. PEG400 R'CI:HN-R + R-CHzN“R
60°C, latm.  COCH;
179
180 181

Transition metal carbonyls such as [Fe,(CO)gl,11¢7! Coy(COY ' and
M(CO), [M=Mo,l169-1711 Cl170] and WII!) have been used for the reductive
cleavage of heterocycles, including isoxazoles,!6%! isoxazolines,!!”?!
isoxazolidines,!7®! 1,2-oxazines!!’¥ and azirines.!'” The highly functionalized
products of these reactions such as B-amino enones and y-amino alcohols can be
used in subsequent transformations.[!73)

It seemed conceivable to us that nitrogen-containing heteroaromatics would
undergo reductive acylation with acetylcobalt tetracarbonyl under mild PTC
conditions. We now describe the reactions of isoxazoles, isothiazoles and other five
and six-membered ring nitrogen heterocycles with acetylcobalt tetracarbonyl,
generated in sitt from CO, CH;l and dicobalt octacarbonyl. Isoxazoles or
isothiazoles give N-acylated 1-amino-1-alkene-3-ones or thiones i.e. ring-cleavage
acylated products while under the same conditions phthalazine, quinoline and
isoquinoline give N-acylated dimers. The reactivity of several other

nitrogen-containing heterocycles such as pyrazoles was also investigated.
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5.2 RESULTS AND DISCUSSION

Treatment of 3,5-dimethylisoxazole 182a with carbon monoxide, benzene,
water, TDA-1 [tris(2,6-dioxaheptyl)amine] as the phase transfer catalyst, methyl
iodide and cobalt carbonyl (4 : 1 ratio of 182a : Co,(CO)g) at room temperature for
60 h gives 2-(N-acetyl)aminopenten-2-one4 183a in 45% yield by gas
chromatography (36% isolated yield), the remainder being recovered starting
material. When the ratio of Co,(CO)g to 182a was increased to 1 : 1, the reaction
time decreased to 48 h.. In this case, the 1,2-disubstituted ethylene 183a is formed in

79% GC yield (61% isolated yield of analytically pure material).

lR 2R
\ +CO+CH ICoz(CO)s, HQ RC(RYC=C(R2)NHCCH
/ N TS TIDAT RT T
R 0/ 1 atm. 0
182a-¢ 183a-c

182,183 a: R=R?=Me,R'=H
b: R=Me, R=R%=H

c: R=R2=Me. R'='CH20C2H5
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Similar treatment of 5-methylisoxazole 182b afforded 183b after 48 h in
42% isolated yield, the remainder being unreacted 182b. In the case of 182¢, the
yield of the corresponding acylation product 183c was substantally lower. 1n all

cases, a mixture of (Z) and (E) products are formed (Table 20).

Isothiazoles 184 are cleaved in the same manner as isoxazoles to give 185,

which are thia-analogues of 183.

R

J\/—\( ettt 220 18 RO RecH=cRINHCCH
g+ OO+ CHl = ror — RGEH=CIOREGES

R‘ ' latm. - S 0
1843, b 185,b

184,185a: R=R'=CH,

b: R=CH3. R'=H

Isothiazoles 184a,b are less reactive than the comresponding isoxazoles
182a,b resulting in lower yiclds of (E) and (Z)-185a,b as compared to 183a,b. In
the case of 185a, the stereoselectivity of the acylation (Z : E=3 .1 : 1) is
appreciably lower when compared with that of the isostructural 183a (Z : E = 10 :
1). The structures of 183a-c and 185a-b were assigned on the basis of spectral data.
The Z : E ratioc was determined by '!H NMR spectroscopy (sce experimental

section). One example of these 'H NMR spectra is showing as the following Fig. 20.
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A varicty of reaction conditions were used in order to investigate the
influence of the phase transfer catalyst, base concentration and reaction time on the
yield and the E : Z ratio of the functionally substituted o-amido cthylenes (ie.,
enamides - Table 20).

The experimental findings revealed that the yield of 183a was higher when
water was used as the aqueous phase rather than 3N KOH (runs 3 and 4). The
substitution of PEG-400 for TDA-1 as the phase transter catalyst did not inlluence
.the E : Z ratio of 183b but did affect the yield (runs 3 and 5). Also, decreasing the
concentration of base increases the E : Z ratio of 183b (runs 3 and 4).

It is well known that isoxazoles unsubstituted at the 3-position (e.g., 186) arc
easily cleaved by bases giving (Z)-enolates (e.g., 187), the reaction being

stereoselective below -40°Cl1761,

{

) —— 7. CN
I
R OJN /Q;

R

186 187

The reaction of 182a with CO in the presence of Coy(CO)y/T DA-1 was also
carried out without methyl iodide using water or 3N KOH as the aqueous phase. In
both cases, the unchanged starting material was recovered quantitatively afler
reaction for three days. Therefore, the reaction mechanism differs significantly from
the aforementioned base-induced cleavage of isoxazoles. A possible mechanism for

the reductive ring-cleavage acylation reaction is outlined in Scheme 12.
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SCHEME 12

2

R R R R R R
)\I—\% CH3COCc;(c0):z/—e Co(CO); H,0 ﬁﬁ
N T _N— COCH _
182,184 188 189
OH
X=0, S 1
R2
R,R!,R2=H,Me H,0 izé(
) N— COCH
RN yg COCH,
190
R l R

OH HO lz_\(
N— COCH,
R
Rl R2 @
— ) 191a
? HNCOCH, I
1

X

| R R?
183,185 f{

191b
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1,2-Addition of the organocobalt compound to 182 or 184 would generate
188. The latter can experience C-Co bond cleavage by water to give 189.
Deprotonation of 189 can give 190 which, on N-X bond rupture, affords 191a,
which is in resonance equilibrium with 191b. The product can then arise by
protonation of 191. The formation of the (Z)-isomer as the main product in
reaclions involving 182a and 184a is probably due to the methyl group (R?) in the
intermediate ambident open-chain anion 191. The other possible path is shown in

Scheme 12°.

Scheme 12°

R!

1—’ CH;COCocc0>4 ']??‘ CO‘Z"“ I ‘Nncocns
182, 184 O(CO) HOCO(CO)“

X=0, S 183, 185

Benz[disoxazole, under the same phase transfer conditions, is transformed
to 2-hydroxybenzonitrile in 71% isolated yield. No acylation occurred in this case,
ﬁossibly due to the presence of an electron withdrawing benzene substituent which
decreases the nucleophilicity of the C=N bond and, at the same time, increases the
acidity of the proton in the heterocyclic ring. Thus, the addition of CH;COCo(CO),
does not take place at the C=N bond and the base-induced ring cleavage is the only
reaction.[!811 As expected, this transformation does not occur under neutral (H,O)

conditions.

In the case of other five-membered ring nitrogen-containing heterocycles,

c.g. pyrazoles, only 3,5-dimethylpyrazole 192 reacts with acetylcobalt tetracarbonyl
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under PTC conditions to give l-acetyl-3,5-dimethyl pyrazole 194 in 30% yield.
Unlike isoxazoles and isothiazoles, pyrazole 192 reacts with CH{COCo(CO), only
when 3N KOH is used as the aqueous phase. No reaction occurs in {N KOH or
water. Therefore, the reaction most probably proceeds by deprotonation of 192 to

193 at the interface, followed by reaction with CH3;COCo(CO),4 to form 194.

CH, CH; CH;,
} CH,COCo(CO) \
I o, Y SO N
- PIC N’ CH N
b H “hoe 3 clzocu
(Co(CO)yy 3
192 193 194

N-Phenylpyrazole, 3-methyl-1-phenylpyrazole and 1,3,5-rimethylpyrazole,
all of which are already substituted at the 1-position do not react with acetylcobalt

carbonyl under the same PTC conditions even under prolonged heating.
The reaction of phthalazine 195, isoquinoline 196 and quinoline 197 with

acetylcobalt tetracarbonyl under the same PTC conditions, results in the formation

of acylated dimeric products 198-200 in low-moderate yields (Table 21).
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The structure of these products was established by analytical and spectral
data, including COSY and HETCOR NMR methods (see experimental section).
These acylation and dimerization reactions may proceed via a radical pathway

involving a benzyl radical and then homocoupling.

SN

|
N—— COCH3

H

201

No acetylation-dimerization occurs in the case of 1,4-diethoxyphthalazine,

due probably to steric reasons.

OCH,CH;

| ‘g CH,COCO(CO),

”,

OCH,CH,;
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5.3 Experimental Section

53.1 GENERAL COMMENTS

The general comments of chapter 2 are applicable here.
Cobalt carbonyl and most of the organic reactants were purchased from

commercial sources and were used as received.
5.3.2 PREPARATION OF 182c AND 184b

182¢ was prepared in 80% yield by reacting 3.5»diinethyl-4—chloromethyl
isoxazole and NaOC,Hs/C,H;OH at 45°C for 12 h.

CH,0C;Hs CH,

182C: ] !
CH; "0’

'H NMR (CDCl,) 5 1.19 (t,3H,-OCH,CH;); 2.24 (s, 3H, CH; at C3); 2.35
‘(s. 3H, CH, at C5); 3.45 (q, 2H, -OCH,CH3); 4.23 (s, 2H, -OCH, at C4); MS (ED)
m/e 112 [M-CH;COJ*.
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184b was prepared in 35% yicld from 3,5-dimethylisoxazole.[177)

1.4-Diethoxyphthalazine was prepared in 60% yicld by reacting
1,4-dichlorophthalazine and NaOC,H¢/C,HsOH at 45°C for 12 h. 'H NMR
(CDCl3) & 1.45 (t, 6H, 2xCH,); 4.40 (q, 4H, 2xOCH,); 7.50-8.11 (m, 4H, aromatic
protons);

MS (EI) m/e 218 [M]}*, 203 [M-CH;]*.

1.3,5-Trimethylpyrazole was prepared in 66% yield by deprotonation of
3,5-dimethylpyrazole with n-BuLi in THF, followed by methylation with CH,l at
0°C - R.T., for 20 h, and workup by TLC.

5.33 GENERAL PROCEDURE FOR THE REACTION OF
ISOXAZOLES, ISOTHIAZOLES, BENZ[d]ISOXAZOLE, PHTHALAZINE,
QUINOLINE, ISOQUINOLINE AND PYRAZOLES WITH
ACETYLCOBALT TETRACARBONYL

Carbon monoxide was bubbled through a solution of 3N KOH (or IN KOH
or H,O - 15 ml) containing 0.6 mmol (180 mg) of TDA-1. Afler stirring for 30
minutes, a degassed solution of Co,(CO)g [171 mg, 0.5 mmol.] in benzene (20 ml)
was added, and the mixture was heated at 35 - 40°C for 20-40 minutes (or overnight
at R.T. in H,O ) to generate [Co(CQO),]". After cooling to R.T., methyl iodide (2 ml)
was added, followed 30 minutes later by the starting material (I mmol} in benzene
(5 ml). The reaction mixture was stirred under CO at R.T. and 1 atm. for 2 or 3 days

(monitored by GC). After reaction was complete, the phases were separated. The
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aqueous phase was neutralized (IN HC), and extracted with ether (4 x 25 ml). The
combined organic layer was dried (MgSQ,) and concentrated by rotary evaporation.
Pure products were isolated by preparative TLC using hexane-CHyCl, (4:1) as

eluant,

CHARACTERIZATION DATA FOR PRODUCTS:

H /CH3 COCH; CH,
: \C= C >C= C<
. 183a; COCH; NHCOCH; H NHCOCH;
A E

IR (neat): vy 3500 cm), veg 1720 cm?, 1655 em™’;

'H NMR (CDCl) § 2.09 (s, 3H, =C1-CH;, (Z)); 2.10 (s, 3H, CH;COC?H=);
2.19 (s, 3H, =C!'CH, (E)); 2.31 (s, 3H, CH,CONH); 5.27 (s, 1H, C?H,); 5.72 (s, 1H,
C?Hg);

13C NMR (CDCl,) & 21,80 (CH,COC?H=), 25.39 (CH;CONH), 30.47
(CHC!H=). 105.20 (=C2H), 155.09 (=C!CH,NH), 169.48 (CONH), 199.34
(COC2H=),

MS (m/e) 141 [M]*.

Anal, calcd. for C;H,,NO,: C, 59.56; H, 7.85.

Found: C, 59.66; H, 8.61.
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H ) COCH, H
\C=C / :C<
Z E

IR (neat): vy 3360 cm™}, veg 1710 cm'l, 1665 cm'l;

IH NMR (CDCl,) 5 2.11 (s, 3H, CH,COC?H=); 2.22 (s, 3H, CH,CONHY);
5.49 [d(3)., z2y!= 8.7 Hz). 1H,H?%;); 5.71 [d(%m 2.1= 14.6 Hz), 1H,H%;]. 7.34
(ddC;, 125 = 8.7 Hz, gt = 11.0 Ha), 1H, HIZE 7.91 [ddClirans il 42 =14.6
Hz, Clging =9.3 Ha), 1H, Hlg); 8.55 (S(br), 1H exchangeable with D,0);

13C NMR $§ 23.29 (CH,COC?H=), 26.15 (CH;CONH), 104.02 (=C?HCO),
111.64 (=C!HNH), 168.94 (CONH), 198.99 (COC?H=);

MS (ED) m/e 127 [M1*;

Anal. Calcd. for CgHgNO,:  C, 56.68; H, 7.14.

Found: C,56.32; H,7.22.
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CH,COC,HH COCH; CH

2L, \c= / 3
c=c\ S

183c: COCH3 NHCOCH3 CHzCOCzH's'ICOCH3

IR (neat): vyy 3410 cm'L, voo 1718 em'?, 1680 cm™;

IH NMR (CDCl;) & 1.09 (t, 3H, OCH,CH; Eor Z ); 1.14 (1, 3H, OCH,CH;3

Z or E); 2.03 (s, 3H, CH;C!H=E or 2 ); 2.15 (s, 3H, CH;C!= Z or E); 2.23 (s, 3H,
CH;COC?= E or Z); 2.40 (s, 3H, CH3COC? = Z or E); 2.52 (s, 3H, CH;CONH E or
Z); 2.66 (s, 3H, CH;CONH Z or E); 3.355 (g, 2H, OCH,CH; Z or E); 3.425 (g,
2H,0CH,CH, E or Z); 4.08 (s, 2H, OCH,C? =Z or E); 4.14 (s, 2H, OCH,C?=E or

MS (EI) m/e 156 [M-CH;CO]*, 43 [CH;CO]* base peak.
Anal. Caled. for C,gH,sNO3:  C, 60.28; H, 8.60.
Found: C, 59.99; H, 8.47.
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H CH, CSCH; CH;,
o S
CSCH; NHCOCH; H NHCOCH;
185a: )
Z E

IR (neat): vy 34185, voo 1719, veoc 1640, veog 1255cmt;
'H NMR (CDCl3) § 2.12 (s, 3H, CH;C(S)); 2.11 (s, 3H, CH,C! = (2)); 2.22
(s, 3H, CH;C! = (E)); 2.33 (s, 3H, CH;CONH); 5.29 (s, 1H, C?H,); 5.77 (s, 1H,
C2Hg); 8.20 (s(br), 1H, NH exchangeable with D,O);
MS (EI) m/e 142 [M-CH,]%;
Anal. Caled. for C;H,NOS: C, 53.47, H, 7.05
Found: C, 53.56; H, 7.00.

H M CSCH; H
N\e=c = C<
185b: CSCH, NHCOCH, H NHCOCH,
zZ E

IR (neat) vy 3410, veo 1720, veuc 1645, veog 1255cm™,;
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'H NMR (CDCl,) §2.00 (s, 3H, CH;COC?H = ); 2.24 (s, 3H, CH;CONH);
5.36 [d Gl g2 =8.5 Hz), IHHZ); 571 [d Clyuna@ 1 = 14.5 Hz), 1H, H%);
734 [dd Al 2=8.5 Hz, Aligng=109 Hz), 1H, HL); 7.88  [dd,
(lyas it 42 =14.5 Hz, 3Iyng=90 Hz, 1HH'G: 824 (sbr), 1H, NH
exchangeable with D,O);

MS (EI) m/e 143 [M]*;

Anal, Caled. for CgHgNOS: €, 50.32; H, 6.33

Found: C,50.52; H, 6.61.

XN
|
N~—— COCH,
N—— COCH;
|
_N

IR (KBr) vco, o 1675 cm™! br;

TH NMR (CDCl3) § 2.32 (s, 3H, CHy); 5.79 (s, 1H, HY); 6.16 [d(J=7.4 Hz),
1H,H%; 7.11 (m, 1H, H"); 7.35 (m, 2H, H3,HS); 7.79 (s, 1H, H%);

13C NMR (CDCl;) § 21.29 (CH,), 50.09 (CY), 124.82 (C%), 128.18 (C8 °F9),
128.70 (C?), 128.81 (C5°r6), 130.08 (C7), 131.42 (C**), 142.00 (C%), 171.73 (CO);

MS ‘El) m/e 173 [%ﬂ]”, MS (CI) m/e 347 [M + 1}*;

Anal. Calcd. for CooH,gN,O,:  C,69.35; H, 5.24

Found: C,6947;H,5.18.

198:

M.p.: 194 - 196°C;
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A
N—— COCH,
N—— COCHj
o

199:

M.p. 190 - 192°C;

IR (KBI) vep 1670 cm™!;

IH NMR (CDCly) 8 2.14 (s, 3H, CH;); 5.79 (s, 1H, H'); 5.93 [d (J = 7.6 H),
1H, H%: 6.18 [d (J = 7.8 Hz), 1H, H%]; 6.63 [d ( = 7.8 Hz), 1H, H%); 6.74 (m, 1H,
H7); 7.13 (m, 2H, H5 HS);

13¢ NMR (CDCly) 8 21.62 (CHj), 52.58 (C1), 110.99 (C3), 124.07 (Ch,
125.73 (C%), 127.91, 125.75 (C5, C%), 128.74 (CP), 128.82 (C"), 130.60 (C*),
168.58 (CO);

MS (EI) m/e 172 [%]*, MS (CI) m/c 345 [M + 1]*;

Anal. Calcd. for CooHygN,O5: €, 76.72; H, 5.85

Found: C,77.00; H, 5.88.
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1 cC (1
200: N N

COCH,  COCHj

M.p. 184 - 187°C;

iR (KBr) v 1650 cm);

'H NMR (CDCls) §2.12 (s, 3H, CH,); 5.70 (s, 1H, H?); 5.91 [d (J = 7.0 Ha),
1H, H*°r3); 6.17 {d (J =7.0 Hz), 1H, H***4]; 6.31 [d (J = 7.7 Hz), 1H, H°]; 6.70 [d
(} =9.4 Hz), 1H, H3; 7.18 (m, 2H, H” H%);

MS (CI) m/e 345 [M + 11%;

Anal. Caled for CpH,gN,0,:  C, 76.72; H, 5.85

Found: C,76.64; H, 5.82.
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Conclusion

The process of ring expansion of heterocycles via carbonylation reactions in the
presence of transition mectal catalysts is one of the most simple, convenient and
fascinating methods. Applying this novel carbonylation mctho.dology and cxtending it
in an evolutionary fashion, a serics of novel, useful rcactions have been discovered
which appropriate to the goals of the investigation.

Cobalt carbonyl catalyzed the carbonylation of a scries of 1,2-disubstituted
pyrrolidines to form pipcridinones in a highly regio-selective manner. When ruthenium
carbonyl is present as a second catalyst, the yield of product is increased. However, in
the presence of a dual metallic [Co,(CO)/Ru,(CO},] sysiem, a new rearrangement
reaction i.e., with nitrogen heterocyclic ketones [(CH,),CH,COR, n=4-7] occurred to
lactams in good yields. During mechanistic studies a novel cobalt or ruthenium carbonyl
catalyzed cyclization reaction was discovered, i.e. the reaction ol 2(2,6)-
(di)methylpiperidinyl ketones afforded the bicyclic 5,6,7,8-tetrahydroindolizines in good
to excellent yields. The reaction of 2-aryl-5,6,7,8-letrahydroindolizines with singlet
oxygen, either generated under sensitized photoreactions or by cobalt catalyzed oxidation
under very mild conditions, gave 2-aryl-8-hydroxy-6,7,8,8a-tctrahydro-
3(5H)indolizinones in good yields. The PTC rcactions of isoxa(thia)zoles and some other
five and six-membered nitrogen-containing hetleroaromatics  with  acetylcobalt
tetracarbonyl to the corresponding acylation products were discussed.

In conclusion, the reactions developed in this thesis afforded biological
interesting products, e.g. lactams, indolizines and multifuctionalized alkenes. One could
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further extend these synthetic methods to different rings, substituted B-ethyl lactams, and
bicyclic systems (e.g. 5+5. 7+5, 8+5, elc). Also, a modification of the catalytic system
to other mixed metal systems, especially to large ring systems might lead to novel and

" interesting chemistry.
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