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PREFACE

The research described in this thesis v/as carried out by 

the author at the University of Bath between October 1977 and 

May 1980.

IR spectra were determined on a Perkin-Elraer 197 spectrometer as nujol
.-V j

mulls or liquid films between NaCl windows in the range 4000 - 600cm
-1The spectra in the range 600 - 200cm were recorded on a Perkin-Elraer

597 spectrometer as nujol mulls between Csl windov/s and V ismax
- 1  —  1expressed in cm (to the nearest +5cm ). UV spectra were

determined on a Perkin-Elraer 402 ultraviolet spectrometer in 95%

ethanol and A expressed in nm. PMR spectra were recorded with max
a JEOL PSIOO spectrometer equipped with a variable temperature 

13controller and C NMR spectral measurements were made using a

JEOL FX90Q FT NMR spectrometer. Chemical shifts are expressed

in both cases in ppm (to the nearest +0.05 for PMR and+0.01 for 
13C NMR) downfield from TMS (or DSS for D^O solutions) as internal 

standard. Mass spectra were measured on a AEl MS12 spectrometer 

with a VG micromass console. Microanalyses were performed by 

Dr, Strauss, Oxford. All m.p.'s are uncorrected.
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SUMMARY

As indicated by the title of this thesis, the aim of the work

described herein was to develop metal-assisted organic syntheses

of certain natural products or their intermediates. After a short 

preface surveying the types of reaction brought about by transition metals, 

the first three chapters, comprising Part I of this thesis, are devoted 

to reactions of cobalt(IIl) complexes, particularly those containing 

the chelated iraine systems [coL^(NH=CRCO^ where L = or

 ̂ and R = alkyl or aryl. It was hoped that a stereospecific

synthesis of proline and isoquinoline derivatives might be achieved

using the following three known reactions of these chelated iroines,

(a) simple nucleophilic addition to ^C=N, (b) deprotonation of the

inline nitrogen followed by itŝ  subsequent alkylation, and (c) deprotonation 

of the o6-carbon atom of the C-alkyl group to achieve cyclisation to 

nitrogen.

Attempts to synthesise proline were unsuccessful as the imine 

nitrogen either could not be alkylated by the appropriate halide, or 

the reaction yielded inseparable mixtures. Two routes were used 

in an attempt to synthesise isoquinoline derivatives. The first 

involved condensation of a coordinated o^,-ketoacid with ammonia in 

the complex [co(NH^)^OCOCOrJ ^ to produce an imine which could then 

be alkylated; and the second involved dehydration of a coordinated 

p-hydroxy- o(-amino acid in the ethylenediamine complex 

[co(en)^NH^CH(CHOHR)CO^ ^. Neither acid could be obtained readily 

and as before the final alkylation step could not be achieved.

Consequently, this project was terminated at this stage and an



investigation into the potential of palladium(II) complexes for 

similar syntheses was initiated. Hence, the remaining three 

chapters of Part II of this thesis are concerned with the reactions
I Iof orthopalladated tertiary amine complexes (ArCH^NR^-PdCland 

their analogues with various substituted alkenes.

The enones, methyl vinyl ketone and ethyl acrylate, and the 

alkene, acrylonitrile, reacted with di-/i-chlorobis(3,4-dimethoxy- 

N,N-dimethylbenzylamine-6-C,N)dipalladium(II) by inserting into the 

Pd-C bond and yielding trans- p-substituted products of the type 

ArCH=CHZ where Ar = 3, 4-dimethoxybenzylamine and Z = COMe, CO^Et

and CN. A range of eight styrene derivatives reacted similarly 

forming trans-o-aminomethylstilbenes in relatively high yields, unless 

the styrene contained an o-substituent which led to reduced yields, 

and in the case of o-chlorostyrene, produced small amounts of the 

cis-isomer as well as traces of the od-alkene, oC-(o-chlorophenyl)-2 - 

(N,N-dimethylaminoraethyl)-4,5-dimethoxystyrene. These reactions 

were investigated primarily with a view to converting these 

trans-o-aminomethylstilbenes to 3-arylisoquinoline derivatives 

which could be used in the preparation of isoquinoline alkaloids 

possessing the benzo^oj phenanthridine and berberine skeletons.

3,4-Dimethoxybenzylamines were used because such a substitution 

pattern is frequent in a number of naturally occurring alkaloids.

The next step in the synthetic route was to functionalise 

the tertiary amine side-chain of the complexes to facilitate ring 

closure of the resultant stilbenes. Hence attempts were made to



prepare orthopalladated complexes of the tertiary amines,

3.4-(OMe) C H CH NMeR where R = Bz and CO Et, and 3,4-(0Me) C H CH(NMeCH )2 3 2 " 2 2
as well as of the imine, phenylhydrazone and oxime derivatives of

3.4-dimethoxybenzaldehyde. Orthopalladation was achieved with the 

tertiary amine, N-benzyl-N-methyl-3,4-dimethoxybenzylamine, and the 

imine, 3,4-diraethoxy-N-methylbenzaldimine, whereas the phenylhydrazone

and oxime derivatives yielded only adducts, trans-(ArCH=NR)2PdCl2 , where 

R = NPh or OH. However, the orthopalladated complexes either failed 

to react with styrene or produced intractable mixtures of products.

In an attempt to obtain some information on the Pd-C bond, which

might help explain the differences in reactivity of the various
1 13complexes, the spectroscopic properties (infrared, H and C NMR) 

of representative binuclear cyclometallated complexes and their
I-------- 1

bridge split products ArCH^NR^-PdCl(MPh^), where M = P or As,
13were examined, and the first full C NMR assignments for such 

complexes made.
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GENERAL INTRODUCTION

Metallic ions are known to catalyse reactions in

industrial and biological processes. The Ziegler-Natta olefin

polymerization , the hydroformylation process for the

preparation of alcohols from alkenes by addition of carbon
2

monoxide and hydrogen*", and the Wacker olefin oxidation to

aldehydes are a few of the commercial applications of

metal catalysts. In addition, the role of metal ions at the

active sites of many enzyme systems (for example, molybdenum

in xanthine oxidase) is now of great interest in biochemistry^.

In the last two decades many synthetic and mechanistic studies

have been carried out which have given rise to a number of

interesting synthetic reactions, many of which would otherwise

have been impossible by conventional organic methods.

However, metal assisted reactions also suffer from disadvantages

due to heavy metal toxicity, lack of specificity, catalyst

poisoning and the difficulty in handling unstable complexes.

Consequently, many organic chemists are rather reluctant to

use such procedures routinely on the laboratory scale. In

inorganic chemistry, on the other hand, the emphasis has

generally focused on the properties of the central metal ion

and the primary coordination sphere, and only comparatively

recently has there become an increasing awareness of the changes

which can be induced in the reactivities of the ligands on
6coordination to metals.
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Characteristic Properties of Transition Metals

The transition metals are normally defined as those 

elements whose ions have a partially filled set of d-orbitals. 

Since this definition covers more than twenty elements, each 

having a rich and diverse chemistry, few useful generalizations 

can be made about their behaviour.

Unlike the s~ and p-block elements which form ions in 

only one or two oxidation states, the d-block transition 

metals are able to exist in a variety of oxidation states.

The chemistry of the cations is dominated by their ability to 

act as Lewis acids, forming stable complexes with a wide variety 

of Lewis bases.

The coordination number, which is the number of donor

or ligand atoms directly bound to a central metal atom, is not

fixed and generally varies between 2 and 9 depending upon the

nature of the ligands, the oxidation state of the central atom

and often upon the reaction conditions. One effect of

coordination is to orientate organic species in a manner

appropriate for further reactions - the well known "template

synthesis". An example is the formation of the Ni(II) Schiff

base chelate (3) by the treatment of tetrakis-(ethylenediamine;-
7

tetrachlorodinickel(II) with pyridine followed by acetylacetone.

The suggested mechanism involves the formation of complex (2) 

followed by the replacement of a molecule of pyridine by an oxygen 

from each of two ̂ -diketone molecules and condensation with an



3.

adjacent amino-group. Pyridine is only required in catalytic 

amounts and hence it was suggested that, besides being required 

to break down the dimer(l) to a monomer (2 ), it acted as a 

base in removing a labile proton from the j3“diketone. The 

metal complex (2 ) v/as then acting as a template for the 

reaction and serving as a source of "buffered" pyridine base, 

so providing a facile route to the final product. Interaction 

of the dimer (1 ) with acetylacetone in the absence of pyridine 

resulted only in destruction of the dimer and no product (3).

H? HoN 
Cl

CL'
N H z  H 2 N

(1)
CHgCOCH^COCHg ̂

M

N = C

(3)
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A transition metal may also function as a protecting 

group and sometimes as a protecting and activating centre 

combined. This property will be discussed further with 

reference to cobalt(III) ions in amino acid complexes, but 

in general the additional activity of the metal ion in a 

positive oxidation state is to withdraw the charge density 

from an organic ligand thus increasing its susceptibility to 

nucleophilic attack, and less frequently, electron-rich metal 

centres may promote electrophilic attack on a coordinated 

ligand. Such reactions are extremely important in organoraetallic 

and coordination chemistry. Fischer^ described a reaction of 

coordinated carbon monoxide which involved the nucleophilic 

attack by alkyllithiura (or phenyllithium ) to form an anionic 

-bonded acyl group. An example of this is the reaction of 

tungsten hexacarbonyl with methyllithium to form the acotyltungsten 

pentacarbonyl anion (4). Further treatment of the anion with acid 

followed by diazomethane resulted in méthylation to form a neutral 

carbene complex (5) whose structure was determined by x-ray
9

crystallography , thus initiating the large and important field 

of metal-stabilised carbenes.

0
W(COl (CH3)4N" LCH„C-W(COk]~

W(CO)

(5
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Another significant example occurs in nitrogen fixation. 

Coordinated dinitrogen is generally inert and on reaction, most 

complexes decompose with loss of N^, However, in dinitrogen 

complexes of the type (6 ), where M = Mo(0) or W(0), electrophilic 

attack at the terminal nitrogen atom can occur.

t ra n s  — [IVI( N ,),(Ph?PCH,CH?PPh,)?]
(6)

M = Mo or W

R = Me, Et, Pr, Bu, C H  
MeCO, EtCO, BuCO, 
PhCO, or CH COOEt

P h a P x

-R

PPh

(7)

In delocalized carbocyclic ring systems the coordinated 

Cr(CO)g moiety acts as a strong electron withdrawing group and 

may be used to promote nucleophilic displacement reactions in 

substituted arenes. Thus, the increased susceptibility of the 

system (8 ) to nucleophilic displacements of chloride from the 

ring has been noted.



G.

NaOCH

(8)

CH;;

(9)

12

Formation of metal complexes may also create 

stereospecificity at the reactive site of the ligands by 

restricting the geometry of the molecule. Verier and Frost' 

in their investigation of the transestérification of uncomplexed 

ester group of certain bis(salicylaldimine)copper(II) chelates, 

found that only the trans-isomer could react through a mechanism 

which involved intramolecular assistance via a coordinated 

phenoxide group (Scheme 1), In support of this mechanism it 

was found that a similar complex which could only assume a 

cis-structure (1 2 ) failed to undergo this reaction under similar 

conditions.
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RO-G

OR

(10)

R. OH

U

:cu+
:N ,0

^ Ç t - O R i

V rC  ̂^
'  HOR,

(11)

Scheme 1



AX. •o-
-CÛ

X  N

C H 3O—G—C H—(CH 2)5*0 H2 
O (12)

R^OH
-5^ No reaction

This stereospecificity in metal complexes lias become

very useful in asymmetric synthesis of organic molecules.
13For the resolution of trans-cyclooctene, Cope prepared a 

platinum(II)-olefinTT“Complex containing an asymmetric amine 

which resulted in two diastereoisoraeric complexes which were 

separated by fractional crystallization. The individual 

complexes were then decomposed with aqueous cyanide and the 

asymmetric cyclooctene recovered (Scheme 2). These 

enantioraorphs were not racemized upon heating and owed their 

asymmetry to the inability of the trans double bond to rotate 

with respect to the rest of the molecule.

Enantioraorphs of Trans-Cyclooctone
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K [P t  C lg (C 2H 4)] +  R* NH2

Cl<
H 2 Ç

Pt
C H ,2

R* N H2' CL

CL ,C8H i 4

«S-
trans-CgH^^

Pt

R ^ N H a CL

1 . fractional crystallization 
2. 4KCN

t ra n s  — C rH i4  + R*-NH2 + l<2P t(C N ) 4  + 2KCL

CH.

R* = C H^CH- 
0 5-

Schenie 2.



10.

Redox Reactions

Some transition metals have the ability to donate 

additional electrons to, or accept electrons from, organic 

substrates and can simultaneously change their valencies and 

coordination numbers. In the Wacker process olefins are 

converted to aldehydes in the presence of Pd(II) salts which 

are reduced to palladium metal. The mechanism involves 

Pd(II) olefin complexes which undergo hydrolysis followed by 

hydride shift (Scheme 3).

PdCl/- + [p d C l (C  H ) ] '  + C l'3 2 4

[pdCl^CH^OXCgH^)] + Cl" 

[p d C l2 (H 2 0 ) (C 2 H ^ ) ]  + HgO ^  [P d C l^ f OH ) (  C ^H ^)] ^ + HgO+

[P d c i  (C  H ) ] -  + H,

OH
slow

^  [ClzPd-CHzCHzOHlsoLvent)]

\l

HCL +C H3CHO

+ Pd(0) + CL'

H 0-— H

C l— l^d-H 
Cl

Scheme 3.
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The redox process through a metal plays an important 

role in organic synthesis especially in catalytic reactions 

where it is often a reversible reaction. The oxidation (or 

reduction) of many organic molecules is slow. Metal ions 

or metal complexes can sometimes catalyse these reactions by 

providing a path of lower activation energy or by special 

steric requirements. The path followed may be generalized 

in either of the two ways shown below where S and are 

the reducing substrate and oxidising agent respectively.

The metal complex is denoted by ^Mcj

8 + A * 8 *  + A

1) McJ + A^ ^ 5 5   ̂McJ ^ + A

[ McJ^ + S — [ m c J +

2) S + [Me] + a "̂ S —  [ Me] —  A + [ Me] + A

A well known example is the use of ferrous ion to catalyse

oxidations with hydrogen peroxide (Fenton's reagent). The

ferrous ion is oxidised to the ferric ion and a hydroxyl

radical is liberated which acts as the effective oxidising agent 
14in the system

Fe^^ + HgOg  --- ^  Fe - OH + .OH
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Primary and secondary alcohols oxidise by a chain reaction 

where the hydroxyl radical abstracts a hydrogen from the substrate

HO. + CHg-CHg-OH

CHgCH-OH + Fe3 + -5> CHgCH=0 + + Fe^^

The transition metal ions of copper, cobalt, iron and molybdenum

are involved in a number of biological oxidations where the redox

change in the metal ion is associated with the catalytic activity of

the metalloprotein. The enzyme, xanthine oxidase, which catalyses

the oxidation of xanthine (13) to uric acid (14) by molecular oxygen,
15contains molybdenum(VI) which is reduced to Mo(IV) . It was 

suggested that molybdenum formed an active site in the enzyme by 

complexing with its substrate as in (15).

HN

H

o2
«2°

enzyme

HN
O

(13) (14)

Q  H t OH
H N  I ^ H

\ /— Mo(VD— N 
I \
(15)



13.

Although the detailed function of metal ions in such 

enzymic reactions are still frequently unknown, they seem 

to act as an activating agent, as a template, or both.

Use of transition metals in organic syntheses still 

remains largely empirical, as there are many factors 

simultaneously controlling the reaction course, besides steric 

and electronic effects.

This thesis will describe a study of the use of cobalt(III) 

and palladium(II) as the transition metals used in the synthesis 

of amino acids and some heterocyclic compounds.
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CHAPTER 1

7 2
Cobalt (3d 4s ) is an electropositive metal with two 

important oxidation states, (II) and (III) although there 

are also some important complexes and organometallic compounds 

of cobalt(I), (0 ) and (-1 ).

In aqueous solutions containing no additional complexing 

agents, cobalt(II) is the more stable, the oxidation to Co(III) 

being very unfavourable (Eq. 1).

[co(HgO)g]3+ + e = [co(HgO)g]2+ E° = 1.84v (Eq. I.)

Consequently cobalt(II) forms a large group of simple and 

hydrated salts, whereas very few simple salts of Cc(III) are 

known. Simple ionic salts of Co(III) such as CoF^ and ^^£^^^4^3 

are stable only in the solid state and in aqueous solution, the 

Co(III) ion is rapidly reduced to Co(II) with liberation of 

oxygen. However, the relative stability of the two oxidation 

states is considerably altered by the presence of complexing 

agent (Eq. 2), but even so, many cobalt(III) complexes are 

thermodynamically unstable with respect to cobalt(II) complexes.

[co(NHg)g]^+ + e = [co(NHg)g]^+ E° = O.leV (Eq. 2)
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Cobalt(II) complexes.

Cobalt(II) forms a wide range of complexes which usually

have octahedral or tetrahedral geometry though a lesser number
7of square-planar species are also known. For a d ion,

ligand field stabilization energies disfavour the tetrahedral

configuration relative to the octahedral one to a smaller

extent than any other d^ (where n = 2 to 9 ) configuration,

and consequently both tetrahedral and octahedral complexes may

be formed with the same set of ligands (e.g. 0001^.2 pyridine).
5 2Octahedral Co(II) complexes normally adopt a high spin t.. eg

electronic configuration and the small Crystal Field Stabilization 

Energy (-^ A )(where is the octahedral crystal fieldO OO L OC u
splitting energy) contributes to the kinetic lability of Co(II) 

complexes. An important feature of the chemistry of Co(II) 

complexes, is their very ready oxidation by molecular oxygen 

in the presence of a variety of complexing ligands, especially 

nitrogen donors so providing a facile synthetic route to a 

large range of Co(III) complexes.

Cobalt(III) complexes

A vast number of cobalt(III) complexes are known and

virtually all of these have the octahedral structure and 
6 0adopt a low spin t^^ e configuration. They benefit from

12a larger Crystal Field Stabilization Energy of — - ^oct 

compared to octahedral Co(II) complexes, and as a result 

are kinetically inert. They undergo ligand exchange
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reactions at conveniently measurable rates and have 

therefore been extensively studied and contributed to our 

knowledge of the mechanisms of substitution reactions of 

octahedral complexes. The particular affinity of the 

Co(III) ion for nitrogen donors such as NH^, ethylenediamine 

(en), and others, together with water, carbonate or hydroxide 

ions has resulted in many stable mixed Co(III) complexes, the 

stereochemistry and isomerism of which have been studied since 

the days of Werner and JOrgensen.

The cobalt(III) ion also plays an important role in 

nature as the metal substituent in the coenzyme Vitamin B 

(5 -deoxyadenosine cobalamin), which consists of a highly 

substituted porphyrin-like corrin ring in which a Co(III) ion 

is bound to the four nitrogen atoms. The metal ion is 

additionally bound to the four nitrogen atoms of the nucleotide 

base which is attached to the sugar moiety by a jj-glycosidic 

linkage. In addition to the normal 5,6-dimethylbenzimidazole 

shown in Figure 1, other bases such as adenine, 2-methyladenine 

and guanine have been found in naturally occurring Vitamin B^^ 

analogues. The principal role of Vitamin B^^ is in the 

maturation of the erythrocyte. In its absence, the pro

erythroblast fails to reach the normoblast stage. Instead 

it is released as the immature megablast. These cells lose 

the nucleus and are found as the macrocytes in the peripheral 

circulation causing Macrocytic anaemia (also known as pernicious
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or Addisonian anaemia). The erythrocyte count can be rapidly 

restored to normal by treatment with Vitamin supplements.

H2NCOCH2ÇH2 Me CH2CONH2

H g N C O C H z ^

Më
- - C H 2 C H 2 C O N H 2

H2NCOCH 2

H 2 N C OC H 2C H 2 
C H 2

' C H 2 C H 2 C O N H 9

H OCH2

Figure 1.
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Chemistry of Organic Ligands in some Co(III) complexes

As mentioned previously, cobalt(III) complexes have a 

well-defined, normally octahedral, stereochemistry and show 

great kinetic stability, and consequently have been used 

extensively as substrates for systematic studies of coordination 

compounds . These include outer-sphere complexing, redox and 

substitution reaction mechanisms, ion effects, studies of 

stereochemical change in octahedral complex reactions, cis- and 

trans-effects, acid and base hydrolysis, and the reactivity of 

coordinated ligands. These complexes are normally stable under 

acidic conditions at ambient temperatures although high 

temperatures and very basic conditions often cause decomposition 

to Co(II) compounds. A very brief survey of some of the studies 

in which Co(III) complexes have played a prominent role is 

presented below.

1. Outer-sphere complexing.

Solvent in the solvated ion can be replaced by other 

ligands; for example, in the case of a neutral unidentate 

ligand L replacing H^O,

[m(H 0) + L [m(H 0) lI"’'" + H OL 2 nJ L 2 n-1 J 2

both charged species are termed inner-sphere complexes. There

is a secondary interaction of an inner-sphere complex with free

ligands in solution (which may be solvent) to give an outer- 
2sphere complex , a term first coined by Werner in 1913. The
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presence of an outer-sphere complex has been demonstrated
3

by kinetic studies in the following reaction ,

[co(NHg)5H20]3+ + Nj- Co(NII^)^HgO^-- -
(Outer-sphere complex)

I
[co(NHg)gN2]2+ + HgO
(Inner-sphere complex)

2, Mechanism of redox reactions.

Cobalt(III) complexes are often chosen as the oxidant
4in the study of the mechanism of redox reactions . Thus 

mononuclear Co(III) complexes can use a variety of ligands, 

both inorganic and organic, to form links with the reducing 

agents, so allowing an inner-sphere redox process, an example

of which is ,

Co(NHs)5 - 0 - C - R

2 +

+ 5H

(aq)Cr - 0 - C - R

2+
2 + + + Co, , + 5NH^ (aq) 4

The site of attack by Cr^* (a or b) is still uncertain 

though there is evidence for attack at the carbonyl oxygen 

atom in the reaction of the Ru(III) analogue^, and model (1) 

has been proposed for the activated complex.^
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,c

Co(lli)— O"' ''̂ O— Cr(Il)
(1 )

However, Cr(II) reductions of related binuclear

jU-aniido-/i-carboxylato-dicobalt( III ) complexes (2; R = H,
7

CHg, CHgCgH^) were shown to exhibit a different behaviour

because the carboxylate group is now bonded to two cobalt(III) centres
2 +and is no longer available as a site for inner-sphere Cr attack.

Rate constant measurements showed that such reactions proceeded 

via an outer-sphere mechanism.

H z  "14+

(NH3)400^'^ ^ o ( N H 3)4 + Cr ^ +
4 N lV  +

R  [ ( N H 3 ) s C o - O C R O ] ^ ' '
(2)

[ ( N H 3 )5 C o - O C R O ] ^ ^  +  Cr^"'---------------------- 5 N H 4

+
Cr— O C R O

Studies on the Cr^^ reduction of /i-carboxylato-complexes 

having a second carboxylate group which is not coordinated to 

the metal (2; R = CH^CO^H, CMe^CO^H), have been shown to proceed 

via both inner- and outer-sphere mechanisms.®
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3. Ion effects.

Ion effects rather than changes in reaction pathways

might be responsible for variation of rate with ion

concentration in solution. The reaction between [co(NH,, ),_Brl*- 3 5-"
and OH to form [c o CNH^ )̂ OIl] in the presence of univalent ions

9
was found to follow second order kinetics as expected. On the

2-other hand, when divalent anions such as SO^ were included 

in the medium, a great deviation from this behaviour was observed 

This effect is usually ascribed to the formation of an outer- 

sphere coraplex^^ such as Co(NH^ )̂ Br̂ .t. SO^^ .

4. Stereochemical change.

Important studies of stereochemical changes in octahedral

complexes have frequently featured Co(lII) complexes^^.

Octahedral complexes containing two or three bidentate ligands

can exist in geometrical and optical isomeric forms. In

methanol and related solvents, rearrangements may occur without

net chemical changes, although solvolysis may play an important

role. In such solvents, the ion /-cis-^Co(en)2 ^^2l ̂ ’ for

example, loses its optical activity and is converted from

the cis- to the trans-isomer. The reaction is considered
12to proceed via an optically inactive pentacovalent ion.
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slow
Z - cis - [Co(en) Cl ■]■*■ Co(en) Cl^^ + Cl'

^2-1 fast ^

/ ^ C l
1+ fast

slow

trans - [co(en) 2 Cl 2 ]^ (d + /) - ci£ - [co(en)^Clj

135, Cis- and trans-effects.

The experimental approach to the study of cis- and trans-

effects (i.e. electronic effects transmitted through the central

metal atom) often involves a comparison of the relative effects

of a series of different ligands (X) on a single ligand Y,
13Tobe and co-workers have carried out kinetic studies on the 

effect of X in cis- and trans-positions relative to Y in the 

acid and base hydrolysis of [co(en)2 XY^. At low pH in the 

hydrolysis reaction,

[co(en)^XCl] + H^.O ^  [Co(en)2XH20]* + Cl'

the trans-isomer reacted slightly faster than the cis-complex 
— 14when X = NCS , but when X = N^, the cis-isomer reacted 

about two hundred times faster^^. Such cis- and trans-effects 

in Co(III) complexes are especially important in Vitamin 

derivatives of which a large number are known differing in 

their axial ligands and side chains.
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6 . Acid and base hydrolysis.

Certain bidentate ligands retain sufficient basicity so 

that their removal from the metal coordination sphere is acid 

catalysed. It is not known, however, whether protonation 

produces a reactive species which hydrolytically cleaves more 

easily, or whether the proton functions by aiding ring opening 

in the rate determining step. In the hydrolysis of some 

carbonato-Co(111 ) complexes, [c o L  CO there is evidence for

the latter view where the first step occurs with Co - 0 bond 

breakage and the second with C - 0 rupture. The basicity of 

L was found to have an effect on the rate of tlie first step.^*^

r  . 0 ,  n + ' r  o\u4- '2
1-4 Co" C= 0 + H3O c is — L4C0/

0 ()( :c )O k i

2 r

C IS

O H'
L/i Cq\OH-

3 +

The ability of hydroxide ion to modify a reactant is 

especially important in the base catalysed hydrolysis of metal 

ammine and amine complexes containing anionic ligands^^^ and 

a number of studies have involved Co(III), for example.

[Co (NH3)jX]2-' + OH [Co(NHg) + x'

There is evidence to support the original mechanism proposed 
17by Garrick , in which the base removes a proton from the
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ammonia or amine ligand to form a labile amido-complex (3 ). 

Uniraolecular solvolysis of this conjugate base produces an 

araido-aqua-compiex (4) that rapidly converts to the final 

product.

|2 +[co(NH^)^x] + OH

[c o (N H  ) (NH )x]

3 4 2

[Co(NH2)^NH2(H20)]2 +

:̂ o -— ^
2

-->

[co(NH2)^(NH2)x]+ + HyO

(3)

[Co(NH2)^KH2)]+ + X-

[Co(NH2)^NH2(H20)|2+

(4)

^  [co(NHg)^OH]

6 . Reactivity of coordinated ligands.

The kinetically inert Co(III) complexes are important 

for studying the reactivity of coordinated ligands. Some of 

the ways in which the Co(JII) metal ion has been used to show 

the functions of metal ion centres in altering the reactivity 

of ligands will be considered here.

a) As a focal point for reactants.

This function of the metal ion can be associated with the 

neighbouring group effects, which could promote enhanced rates 

of reaction, and the template effect.
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The ring closure reaction,

H z  1 4 4

( N Co Co((\]H3)4 ^

OHg Cl
"““'2

( N H 3 ) 4 C o(" ' ^ C o ( N H 3 ) 4

N H o  - f ' ' '

O H z

2was found to be some 10 times faster than the intermolecular
18aquation of tne corresponding mononuclear complex (6 ). Since 

the bridge complex (5) reacts without the formation of the 

diaquo intermediate (which was separately prepared and studied), 

the neighbouring group effect of the adjacent coordinated H^O 

was established.

[co(NH^)^Cl]^'^ + HgO  [co(NH2)^H20]3+ + q I

(6)
The template effect by Co(III) has been used in the total

19synthesis of Vitamin • Apart from the requirement that

cobalt be present in the final product anyway, it also holds 

the corrin nucleus together in a way which will facilitate the 

cyclisation reaction to (7) which is a precursor of Vitamin 

In fact, the cyclisation of the complex takes place in high 

yields under various basic conditions.
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M e O g C

M e O g C

Me'' \

IVIeOgC

M e O a O

M e O a C

Me

M e O g C

CONMe 
Mle

. ^ C O a M e

M

N, CN M

COzMe

R  CM .. ^

M CN W

ONMe 
Me .

\ y C O 2 M e

C 0 2 M e
(7)

b) Promoting electron shifts in the metal-ligand system.

Induced by the positive charge of the metal, the electrons 

may be shifted away from the ligand, which would result in 

enhanced nucleophilicity at this ligand. This effect has been 

shown by the considerable increase in the rate of hydrolysis of 

nitriles on coordination to the [c o (N H  moiety, resulting3 '5-
in the formation of the amido-complex (8 )20,21
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[ ( ^ 13)500 - N = C - 11] ^ ^ --- >  [(^13)300 - NH - C - +
(8)

The polarisation effects of metals could also enhance

proton ionization of certain coordinated acidic ligands. Any

ligand that can release a proton in the free state can also do

so on coordination to a metal. However, on coordination, the

positive charge originally on the metal is dissipated over the

whole complex and the resultant neutralisation of negative

charge at the coordinated ligand centre will result in the

centre being more acidic. Thus the increased acidity of

water on metal coordination is shown by the pK^ values of
22 23the Co(111 )-aqua-amraine complex (9) ’ ,

for H O  pK = 15.8, and2 a

for [co(NH3 )^H20]+ pK^ = 6 .1 ;

(9)
and the metal complexes can donate OH in conditions (pH = 7 )

where the concentration-of free OH is small. In aqua-complexes,

an aqua-hydroxo- equilibrium can exist in the pH range 3 - 1 1 .

Hence, the different reactivity of the hydroxo-forra compared to

its acidic aqua-form may effect the rates of substitution and

redox reactions in which aqua-complexes are involved. The

enhanced reactivity of cis- [^Co(en)^(H^O)OhJ^^ compared with

cis- ahd cis- [co( en )^(0H >3  ̂ is shown in its

behaviour towards racemization^^, H^O exchange^^ and reaction
26with glycine ester and peptides , the last of which will be 

discussed later.
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The enhanced ionization effect in coordinated -NH groups has 

also been studied in Co(III) complexes. When the coordinated 

nitrogen is asymmetric, the relation between proton exchange and 

inversion has been explored. In the coordinated system (10) 

containing an asymmetric nitrogen atom, successful resolution can 

be carried out in acid conditions, since inversion is expected only
27after deprotonation which is base catalysed . Other Co(III)

complexes containing secondary amines have been resolved and their
28raceraization studied

Ç H 3 - ^ 2+

( N H 3 ) 4 C o ^

O —
(10) ^0

The acidity of the 06-methylene protons of the nitriles were
,34- . . 29

'3'5-
The carbanions generated (12) by adding base to these coordinated nitriles

also shown to be increased by coordination to the [co (N H  ) moiety

(11) were shown to undergo nucleophilic reactions with CH^I, formaldehyde 

and tolyl chloride to form complexes of the type (13, = CH^, CH^OH,

[(NH ) Co-N=C-CH -R]^+ [(NH ) Co-N=C-CH-r]^^3 5  “ 2 J 3/5
(11) (12) A;.

[( NH ) Co-N= C- CH- r] ̂3 5
(13)



Since the first part of this thesis will be concerned 

with the preparation and reactivity of Co(III) coordinated 

amino acids and iraines, some of the work which has already 

been carried out on these ligands will be discussed here in 

more detail.

A. Chelated Amino Acids

A large proportion of the work with amino acids has been 

carried out on glycine derivatives and so will be discussed 

separately at the beginning of this section.

1. Cobalt(III) - promoted hydrolysis of chelated glycine 

derivatives.

It was established over 25 years ago that metal ions

promote the non-enzyraic hydrolysis of amino acid esters and

peptides. A detailed analysis of the divalent metal ion

(Cu^^, Ni^^, Co^^, Zn^^ ) catalysed reaction was complicated by
30ligand lability in the metal complexes . However, for related 

kinetically inert Co(III) systems, the mechanism is now loiown 

with some degree of certainty.

Acid hydrolysis of t-butylacetate was shown to proceed
31mainly by means of alkyl-oxygen fission . A unimolecular

32dissociation was proposed in which transfer of a negative 

charge from the alkyl group to the oxygen atom leads to the 

formation of the tertiary carbonium ion.
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R - C - 0 - CCCHg)^ ------ >  R - C— Ô CCCH^)^

R - 0 = :  0  4- ([^ 3 ) 3 0 0 8

Simple primary and secondary acetate esters, on the 

other hand, underwent hydrolysis by acyl-oxygen fission

initiated by the bimolecular attack of water at the carbonyl
. 32oxygen atom

Studies on the mode of hydrolysis in glycine ester 

complexes of the form [co(en)2 (glyOR)j^^ (14) showed a 10^ 

fold increased rate of hydrolysis [r = CH3>  CH2CH3>  CH(CH3 )̂ ]

when compared to similar hydrolysis of the corresponding
3 3 3 5 3 3 " 3 VN-protonated glycine esters' . This reaction was shown

to occur via a bimolecular attack by water leading to an

acyl-oxygen fission, since reaction carried out in labelled
18water resulted in the 0 finishing as the carbonyl oxygen

atom in the glycinato chelate (15). Hydrolysis of chelated

t-butyl ester [co(en )3(glyOC( CH3 )3 }] [l4, R = C(CH3 )3] was
37shown to proceed exclusively by alkyl-oxygen fission and the 

rate was considerably faster than in the reaction of the methyl 

ester complex.
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— iS-t-
I

\
0 = G x

-h

OR
(14)

(en)2 Co
■NHa

n 2+

\O'
CH.

■ % 8

W

+

(15)

ROM

A similar result was obtained with hydroxide as 

nucleophile with the rate laws for the two reactions being 

for H^O :- rate = k [ester complex^

for OH rate = k[ester complex] [oH ]

For the water reaction, there was no proton catalysed 

path since the metal ion occupied the protonation site on the 

carbonyl oxygen. Thus the amino group was protected and the 

carbonyl centre activated at the same time. An explanation 

provided for the activating effect of the metal involved 

polarization of the carbonyl centre and regeneration of an 

incipient carbonium ion at the carbon atom, hence effecting
-  37

an OH or H^O attack . This implied that the activation 

energy for the nucleophilic attack in the coordinated species 

was lower than that of the same reaction of the uncoordinated

species.



34.

Earlier studies had shown that complexes of the type

j^Co(NH^ )^(OH)(H^O)J enhanced the cleavage of dipeptides^^'^^.

The activation was attributed to an intermediate formed by

chelation of the terminal -NH^ group and the carbonyl oxygen,

and in one instance such a complex was isolated from the 
39reaction mixture . Thus a variety of N - 0 chelated glycine

amine and peptide complexes of the type | Ĉo(on )2 (glyNR^ )J

(16) were prepared and their rates of base hydrolysis measured*^.

The results established that hydrolysis of the ethylenediamine

complexes consumed one equivalent of base at high pH to produce

^Co(en)2glyj ^ and HNR^R^. The reactions were more than 10^

fold faster than the uncoordinated species, though on an absolute
5 ' 6scale the rates were 10 - 10 times slower than for coordinated

glycine ester hydrolysis. It was also found that the 

glycinamide (16, R^ = R^ = H ) hydrolysed some ten times faster 

than the N-substituted amides (16, R = H, R = CH ; R = R = CH^)1 2i o  i .  2  o

-|3 +

(16) N R 1R 2

2+NH

^ N H ,
( e n ) 2 C o ^  ^ C H g

o— e-OH 
I ^ R i R 2

(17)

+- NHR1R2
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The proposed mechanism involved the formation of the 

amine-alcoliol complex (17) followed by loss of the amine.

In primary and secondary amides, the rate law showed a first 

order dependence on OH at low pH changing to independence

of OH at high pH, whereas in the [co(en)^{glyN(CH^)^] '

ion (16, -- CH^ ), a first order dependence on OH was

observed at all pH values. This was attributed to deprotonation 

of the primary and secondary amides dt high pH, resulting in the 

formation of unreactive amide complexes (18) which did not 

contribute to the hydrolysis. Similarly, dipeptide acids 

(19, R^ = H) and esters showed an increase in their rates ox 

hydrolysis on coordination. This reaction could be used as a 

sequencing method for peptides, since [co(en )^(OH)(H^0)J reacts 

with peptides by chelating at the N-terminal amino acid at pH 7 - 8

which could then be cleaved from the rest of the peptide at pH 10 - 11

The N-terminal amino acid could be identified either as the complex 

or after removal of the metal.

— 13+  —
, , ' OH- '(en)2 Co"-̂  '7CH2  > (en)2 Co"  ̂ "/CH2

° = <  ■ '  '  "(16) R̂̂ R2 ( i g )  NR2

13+ '— 12+

 > ( e n ) 2 C o ^

o  c
HNCHRCOR1 O

(19)

+ NH2CHRCOR1 
O
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In monodentate amides and esters of glycine where cobalt(III)

is bound only to the -*NH group, e.g. [co(NH ) NH CH
^ d 5 3 3 3 2 5

only small rate enhancements were found41 Little effect was

gained by the Co(III) ion except to protect the -NH^ group in 

the same way that a proton does.

However, hydrolysis of Co(III) coordinated N,N-dimethylformaraide 

(20) (a carbonyl bound monodentate complex, since the lone pair 

electrons on the amide nitrogen are not sufficiently basic for
4coordination) showed a 10 fold increase in activity relative to

42the same reaction for uncoordinated diraethylformamide. This

increase in rate corresponded closely to the effect seen in the 

chelated glycine dimethylamide (16, = R^ = CH^).

( N H 3 ) s C o — O' 
(20)

~|3+

c
H

OH
NMe<

%
( N H 3 ) 5 C 0

( N H 3 ) 5 C o - 0 .  . 0

MegNH H

1
2+

•o.

I V t e g N '

1
OH

H

2+

2+

HIMMg2 4" Co— Q—C
o

(21) H
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Studies were carried on similar reactions in

six-merabered chelate ring systems to prove that activation 

on chelation to a metal ion was primarily due to the involvement 

of the coordinated carbonyl group rather than the size of the 

chelate ring. In ̂ -alanine derivatives (22) the acceleration 

observed was about 10^ fold. On an absolute scale, this was 

a little slower than the glycine derivatives, but then the 

parent ̂ -alanine ester reacted more slowly than the parent 

glycine derivative.

—13+

( e n ) 2 C o  " ^ C H 2  +  O H '

/ C H  

I 
O R(22)

(en)? Co

(23) II

Thus, only coordination of the carbonyl oxygen was 

necessary for nucleophilic substitution at such centres.

This effect of the metal ion was comparable to protonation 

of the carbonyl oxygen in acid-catalysed hydrolysis of such 

species.
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2. Lysis of cobalt(111 )-cnelated glycine esters by oxygen

and nitrogen bases.

The reactivity of |̂ Co(en {glyOCH( CH^ ) towards lysis
44 45by nitrogen and oxygen bases has been studied ' in aqueous

solution. The rates were found to be enhanced by more than 

10^ fold relative to the uncoordinated ester. The product of 

ester lysis by a variety of substituted acetates, water and 

hydroxide ion was [co(en)2gly]^^ (15). For example, the glycine 

ester (24) reacted with acetate in the presence of water to give 

the glycine ,complex (15) with the formation of isopropanol and 

acetic acid as shown below.

44,45The mechanistic pathway for the hydrolysis was shown 

to involve the nucleophilic addition of acetate anion forming an 

anhydride intermediate (25) followed by its rapid hydrolysis 

(Scheme 1).

( e n ) 2 C o
-Nld^

3+

\
o c

/,CH2
\

(24) 0CHIVle2

+ CH3COO

M G 2 C H O

-,2+
Hg

( © 0 ) 2 0 0 ^  H g  +

O —
(15)

+ (e 0)2 Co ,CH2
3+

/
c

(25) OCCH.
O

CH3COO + 2 H'

Scheme 1
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Similarly, aininolysis of the chelated glycine ester (24) 
44-46was shown to proceed via an addition-élimination process

involving a stable chelated araine-alcohol intermediate (26) 

which gave rise to the amide product (27) in neutral and alkaline 

solutions, but loss of amine competed with the loss of alcohol 

in a 1 : 3 ratio in acid solution. This was regarded as the 

result of the preferential loss of the -NH^R group from the 

intermediate (28) in acid solution (Scheme 2).

N H g R  +  ( e n ) 2 C o Ç

o = <

n
3+

(24)  0 C H I V l e 2

(0 0 ) 2  C q ^  H 2

o = c

+ (27) HNR
MegCHOH

pHb>6
n

^ 3 +
N H2

(0 0 ) 2  C o ^  ' ^ C H 2

o = <
+ (27) HNR

.IVlegCHOH

I jo
( e n ) 2 C o C ^  ^ C H 2

o = c
(2 4 )  O C H M G 2

+ N H g R

C—NHR
(2G), OCHMe

pH<6

-,2+
( e n ) 2 C 0 ' ^  ^ T H 2
  \ / +

O Ç-IMH2R 

0 C H M e 2' (28)

Scheme 2.
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A comparison of the reaction coordinate diagrams

(Figure 2) for metal ion assisted (A) and unassisted (B)
46aminolysis of an organic ester showed that the intermediate

(A) was substantially stabilized with respect to the ester, and 

this led to more rapid addition of the amine. Thus, relative to 

analogous organic reactions, a pronounced stabilization of the 

intermediate adduct had occurred which lowered the overall 

activation energy for the addition and elimination processes.

( A ) (B)

e

84 !6l3
co•H
«>•H■PÜ<

OR RCOR

Figure 2. Reaction Coordi nate
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However, loss of alcohol was slower in (A) compared with

(B) where elimination was either subsequent to (full curve) 

or concurrent with (dotted line) amine addition.

Similarly, the reaction between the chelated glycine ester 

[co(en)^{glyOCH(CH2 )2] and glycine ethyl ester in dimethyl

sulphoxide was shown to form the addition product (29)

followed by elimination to give the dipeptide complex (30). 

However, the reaction was not concerted and both the rate of 

formation and decay of (29) were observed as two separate 

reactions. Quenching the reaction with water during the 

addition process produced both [co(en ) ^ g l y ] a n d  

[co(en)2 (glyglyOC2 Ĥ )] (30), the former arising from the 

rapid hydrolysis of the glycine ester complex (24) and the 

latter from the amine-alcohol intermediate (29). However, 

quenching the reaction with water (pH >  5) after the completion 

of the addition step resulted in the chelated dipeptide 

ester (30). The presence of a large supply of proton donor 

promoted the decomposition of the amine-alcohol complex by

-l3+

( e n ) 2 C o  y C  H 2  +  N  H 2 C  H 2 C O 2 C 2 H 5

o = c
( 24 ) O C H M e g

M/ —i 2 +

W H ,  

( e n ) 2 C o ^  / C H 2 
^ ~ ‘f ~ ^ ' ^ 2 C H 2 C 0 2 C 2 H 5  

O C H M 6 2

( e n ) 2 C o ^  C H 2 +  M e 2 C H 0 H
o = c

(30) (\lHCH2CO2C2 H5
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releasing the alcohol rather than the alkoxide ion. This 

was proposed to occur by amine catalysed transfer of a proton 

to the leaving group (Path A), although addition of protonated 

amine appeared to increase the rate slightly (Path B), Scheme 3.

Hence, the polarising influence of a Co(III) ion on an acyl 

carbon centre promotes nucleophilic attack similar to a proton 

in an acid-catalysed reaction and it stabilizes the amine- 

alcohol intermediate.

The formation of chelated dipeptides is of synthetic 

importance because the N-terminal amino acid is protected 

whereas in free amino acids a mixture of peptides is possible, 

for example.

RCH - NH_ + - CH - NH_  5» R - CHNHC - CH - R^?l
2 . 2

COgH COgH CO^H NHg

0
1 II+ R - CH - NH - C - CH - R

COgH NHg
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n

_ , N H 2
(9 n)2Cc^ y- H  2

O --C— IMH2C H 2C 02Et
( 2 9 ) O C H M e 2

2+

Patn B

Path A

NU CH 00 Et 2 2 2

NU CH 00 Et
3 2 2

2 + ^ N H . 2
( e n ) 2 C o ^  

0 ' - ^ - Ç - N H 2 C H 2 C 0 2 E t  
i 5+ M 02 CH—O —H'“NH2CH2C 02Et

 ̂ 2 + ^ N p l 2
(0 0 )2 0 0 ^  y C H 2

O  Ç^NHCHzCOgEt
M e z C H - O  H

H — K ) H C H 2 C 0 2 E t

\/

\/

(en)2Co,
. N H

1
3+

\ G-
(30)

/CHC
N H C H z C O g E t  

+  M e 2 C H 0 H
+

+  N H 3 C H 2 C 0 2 E t

2+
( e n ) 2 C o ^

■Nhi^

Q :
/C H 2

^ Ç ' - N H C H 2 C 0 2 E t

M e a C H Ô H
\

N H 2 C H 2 C 0 2 E t

(3 0 )  + 

M 6 2 C H O H  +  

N H 2 C H 2 C 0 2 E t

Scheme 3.
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3. Reactions of chelated amino acids.

Some special attention has been directed at the reactivity

of coordinated amino acids and their derivatives because of

their biological importance and the fact that trace elements

occur in enzymes with which the amino acid substrates react.

Some of these aspects have been reviewed by Greenstein and 
47Winitz.

Each of the twenty or so naturally occurring L- rxL-amino 

acids may form a stable five-membered chelate ring with a 

metal ion via the amino- and carboxylate-donor groups, when 

there are no side chains which could interfere with this mode 

of coordination. Much work has been reported on amino acid 

complexes of copper(II), nickel(II) and cobalt(III) and (II) in 

particular, whereas simple peptides combine less strongly with 

these metal ions.

48In 1957 Sato, Okawa and Akabori reported that 

bis(glycinato )copper(11) reacted with acetaldehyde in aqueous 

sodium carbonate to yield a mixture of threonine and allothreonine 

The coordinated glycine was considered to favour the reaction by 

activation of the oc-carbon atom towards electrophilic attack and 

in addition the amino-group was protected from unfavourable 

side reactions (Scheme 4).
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Reactions of CuCgly)^ with other carbonyl compounds
49-51yielding od-araino-p-hydroxyacids were also reported.

Similar Khoevenagal type condensation reactions were reported
52for the coordinated dipeptides CuCgly.gly)^ and CuCgly.ala)^ , 

although no coordination products were usually isolated in these 

reactions.

The complex cations [co(en>2gly]^^ and |^Co(^-propylenediamine

gly]^^ and the neutral complex Co(gly)^ were used to prepare threonine

and allothreonine; the cations yielded up to 80% of the hydroxy- 
53amino acids while the trisCglycinato )-complex gave yields of 

below 30%^^.
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Proton NMR spectral studies of o6~amino acid complexes showed

that the <>t-carbon proton underwent base-catalysed exchange in 
55,56aqueous solution, thus supporting the mechanism shown in

Scheme 4. This exchange involved the formation of a coordinated

carbanion which could react with solvent water molecules to either

retain or invert the symmetric group about the carbon atom, thus

resulting in mutarotation of coordinated amino acids. The rates

and rate laws of proton exchange and mutarotation of coordinated

L-(+)-valine and L-(+)-alanine in the ions D- and L-^Co(en)^AAj^^

were measured and shown to be the same for both processes and
57were similar for both amino acids. The proposed mechanism

is shown in Scheme 5.

2+
A -[C o (G n )2 --L (A A )] + OH

A

rate
deterrainii

\/

(0 0 ) 2  C o ^

o — A
(31) O

2+

A — [ C o ( e n ) 2 — L ( A A ) ]

+ O H"

24-

fast

\/

(en)2Co:
. N H

\
O c

/ /
C—R

\
(32)

o

2+

A —[Co(en)2“D(AA)] 
+ OH”

2+
AA = amino acid

valine ; R = -CH(Cfl^)^
alanine

Scheme 5.
R = -CHg
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This work led to a non-enzyraatic procedure for the facile
2 58preparation of enantiomorphically pure 2- H amino acids.

The experimental procedure employed is shown below:

1) Synthesis of complex

[Co(en) C0 ]+ + L - A A  >A"[co(en) L - AAj""^

+ A  -[co(en) L - Aa] n+

2) Separation of diastereomers by ion-exchange chromatography

A(L) ______ ^ A(L) + A(L)

A (L)

3) Deuteration and racemization of the amino acid
2 -O H  2

Ar[co( en - L - (AA)]^^ ------> A“ ^ - 2 - H AA)]^^

(or A  ) + A "  [Co(en ) ( D - 2 - AA)]^^

R

2(2 - H AA = H^N   C   CO^H)
2i I 2*

4) Separation of diastereomers by ion-exchange chromatography

A (D  A ( l) + A(D)
-------

A ( d)

5) Removal of amino acid from the complex
NaBH

A “ [co(en)_(D - 2 - H AA)]^"^ ------ ^
2 NaDH^ chromatography

2D - 2 - H AA
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A high degree of stereoselectivity lias been observed in

many enzymatic reactions involving tbe enantiotropic 11-atoms
59of a methylene group in a prochiral substrate. However,

such stereoselectivity is difficult with chiral reagents

derived from relatively small m o l e c u l e s . I n  1975 Golding 
G1and co-workers reported a non-enzymatic method for achieving

2a chemical synthesis of 2- H-glycine which required the preferential 

exchange of one of the diastereotopic methylene hydrogens of 

glycine in a chiral complex of Co(III). Their synthesis depended 

upon the stereospecific chelation of N-benzylglycine to a 

bisCethylenediamine)cobalt(III ) template; two sets of 

diastereomers being possible due to chirality of cobalt(7\.or^ ) 

and nitrogen (R or S), one of which is shown below (33).

Co

(33)

2+

R isomer ; = H, R^ = CH^Ph

S isomer: R = CH Ph, R = H 1 2 2

( = ethylenediamine
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In such a complex, the methylene hydrogens of the glycinate

group were expected to show different reactivities and the

prospect of a selective base-catalysed deuteration of this site

was examined. The deuteration of the cobalt chelated

N-benzylglycine in D O  containing PO  ̂ ions (pH 10.5) showed4
the glycine protons exchange with D^O. The methylene doublet

pairs centred at about 3.52 ppm and 3.12 ppm in its proton NMR

spectrum collapsed and a singlet at 3.16ppm rapidly appeared.

This was caused by the removal of a proton from the chelated

irethylene moiety so giving rise to a chelated carbanion which
4'then captured D from D^O. However, the bulky benzyl substituent

on the glycinate N-atom was believed to direct the entry of the 

D^O molecule. The approach to the carbanion being more likely 

from the side of the chelate trans to the N-benzyl substituent. 

Hence a stereoselective non-enzymatic synthesis of labelled 

glycine could be achieved. However, conversion to free

deuterated glycine has not yet been reported.
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B. Cobalt(III) - Promoted Intramolecular Reactions

Base hydrolysis of cis-[co(en)^X(NH^COQR)]  ̂ ^34; X = Cl|2.

or Br and R = CH , C II CH(CH„) , C(Ch' )̂ , Oil C,.H 1 resulted 

in the complex [co(en)2glyj^ ' as the major product^^. The 

mechanism involved the loss of the halide group to form a five- 

coordinate intermediate (35) which allowed the carbonyl oxygen 

or water to compete for the vacant coordination position. The 

former gave rise to the chelated ester (36) and the latter the 

cis-hydroxy ester complex (37). Both these species reacted 

rapidly in basic medium giving the chelated glycinate as the 

product. Both of the two competing processes, intermolecular 

hydrolysis of the chelated ester (Path A),* and the intramolecular 

attack of coordinated OH at the carbonyl centre of the monodentate 

ester (Path B), were fast compared to halide loss, and so could 

not be observed independently. However, they were distinguished 

by tracer studies with an ^^0 labelled carbonyl function in

the chelated ester (34), as shown in Scheme 6.

Similarly, the base hydrolysis of cis-[co(en)2Br (glyNR^R^)]^

ions (40) over the pH range 9 - 1 4  proceeds through two paths for the

production of [ c o ( e n  )2gly] though in this instance tfie two

processes were observed as separate reactions because of their
62rate difference (Scheme 7).
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H
H

f\l
N H o

:c6

N  H 2

(40)
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,NH2CH2CR-f\l
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2+
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'NH2

o
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1
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NH.

N H 2 '
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n
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R 2
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All three complexes (40; = H ; = II, = CH^;

= Rg - CHg) showed similar rates for loss of bromide ion 

following which the five-coordinate intermediate (41) competed 

for adjacent nucleophiles, with attack of water resulting in 

the hydroxo-complex (42), while entry of carbonyl oxygen of

the monodentate amide formed the chelated N,0-species (43).
18The 0 tracer studies showed that methyl substitution resulted 

in a reduction in the path ( B ) process which was suggested to 

be consistent with increased steric crowding by the amide group 

in the transition state, so restricting cis entry of water.

63Such intramolecular reactions were also shown to be just 

as efficient for chelation of saturated carbon derivatives where 

the coordinated nucleophile acted in an SN2 process. Treatment 

of cis- [C-o(en)^(NH^CH^CH^Br)Brj^^ with base in the pH range 8 - 14 

resulted in the hydrolysis of coordinated bromide ion, followed 

by lysis of bromide in the coordinated amine. The first process 

formed the hydroxo-broraethylamine complex (45). Attack by 

coordinated OH at the saturated C - 2 atom resulted in cyclisation 

to the ethanol amine chelate (46). This reaction was generally 

independent of pH. At pH 12, however, a term in the rate 

equation first order in OH appeared which coincided with the 

production of coordinated ethyleneiraine (47) (resulting from 

deprotonation at the C - 2 atom) together with the ethanol amine 

chelate (46). (Scheme 8). Once formed, the ethyleneimine 

complex was stable even to acid treatment because the metal ion
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occupied the protonation site. Cis-^Co(en)^(NH^CH^CH^CH^Br)DrJ

on the other hand was recovered unchanged after 3 hours treatment 

with aqueous NaOH.

2 +

( e n ) 2 C o

pH 8-12

— 12+

> (en)2Co c H2
O hi L H 2

1

(45)

N H 2

(en) 2 CH2
gf-

H H

2+

Br
pH 12

NH" - --)CH2— Br
/  \  /(en)2 Co(^ CH2 
OH

+

\/

N H 2
( e n )2 C o ^  ^ C H 2  

HO CH2
(46)

(en)2 Co(

V

N H

CH

.1
C H ;

2+

OH
(47)

Scheme 8.
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Deprotonated amino centres were also used as nucleophiles

to induce chelation as in the example shown in Scheme 9.

Treatment of (48) with NaOH resulted

in |̂ Co(NĤ  )^(NH^CH^CONH)j (49) containing a glycine iraide
64chelated through both nitrogen atoms. At lower pH, some of

the monodentate glycinato-complex IpoCNH^ )̂ (̂NH2 CH2C O O ) J w a s  

produced and both the acid and iraide complexes were isolated.

1 3+
N H 2 ~ C ^ H 2  

(NH 3)400:^ C=:0
(48) "^^3 OEt 

+ OH"

"12+
hi? OH

(NH 3)400̂  /CH2 <—
H N---C— 0 ~

' o E t

i2t
.Nh)^ 

( N H 3 ) 4 C 0  O H ;

OEt

\/

Co\
H 2 N

^ 2
/ C H 2

^c-o-
OEt

■| 3 4-

( N H 3 ) 4 C q^

HN-
N H2

(49)

1

,C H 2

b

2+
4- Et OH

Scheme 9
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Another example of a deprotonated amine centre acting 

as a nucleophile was provided by base treatment of the 

coordinatedc4-keto acid (50) (Scheme 10) when cyclisation to 

the imine (51) occurred.  ̂ This reaction will be further 

discussed in the next section.

(NHg)4 Co'
• N H 3  B

' O — C

n

(50)
\X

O

2+
OH

(NH3)^C0x

— rf

N H r \  R 

o

.NH.
2+

( n H 3 ) 4 C o ; ^  ^ c - r  <  

o C\
-H 0 2

O
(51)

^ N h b  / R  

( N H 3 ) 4  C ( T  C

n
2+

\
o-

Scheme 10

\ \
O H

O

In all the above mentioned intramolecular processes, the 

reaction rates were increased compared to analogous organic 

reactions in metal free systems. The coordinated nucleophiles 

seemed to be extraordinarily efficient even though their 

basicities were reduced on coordination to Co(III), Other 

advantages in using coordinated nucleophiles to effect organic 

reactions involved protection of sensitive areas in ligands by 

metal atoms, and the formation of stereospecific products.
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C. Cobalt(III)-Chelated Imines,

The imine functional group ^ C  =  N - plays an important 

role in synthetic organic, biological and coordination chemistry, 

There is a vast literature on the reactions of coordinated imine 

groups, in Schiff's bases and polyimines^^, whereas the 

reactivities of simple coordinated imines are comparatively 

unknown. In some cases coordination facilitates the hydrolysis 

of an imine, whereas in other instances coordination enhances 

imine formation.

TABLE I

BOND TYPE C = C C = N 0 = 0

Bond lengths ( X) 1.397 1.36 1.21
(CHg = CHg)

Overlap Integrals 0.271 0.230 0.218

Bond Dipole Moments (D) 0.0 0.9 2.3
— ̂

Bond Energies (kJ mole ) 598 616 750 
(ketones)

The imine group is in many ways an intermediate function 

between the %:C =  and =  0 groups, all three groups

having two electrons in TT-orbitals which account for most of 

their properties. Table I^^ shows some typical values for 

bond lengths, overlap integrals, bond dipole moments and bond 

energies of these three groups. The presence of a lone pair 

of electrons on the nitrogen atom and the electron donating character 

of the double bond result in the imine-containing compounds 

possessing basic properties. They can accept a proton from a 

Lowrey-Bronsted acid to form the conjugate cation.
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have a tendency to form hydrogen-bended complexes with 

compounds containing a hydrogen atom linked directly with an . 

oxygen or nitrogen atom (52), and they also behave as Lewis 

bases in donating an electron-pair to metal atoms forming 

coordination compounds.

The base strength of the N - group is insufficient

by itself to permit formation of stable complexes by simple 

coordination of the lone pair electrons on the nitrogen to a 

metal ion. Therefore to form stable complexes, it is necessary 

for a functional group, such as a hydroxyl group, to be present

(52)

in the molecule near enough to t h e ^ C =  N - group to permit

formation of a 5- or 6-membered ring by chelation to a metal

atom. Hence coordinated carbonyl groups will often condense

with amines so forming chelating imine derivatives. Such
68reactions were first reported by Pfeiffer who observed

condensation of salicylaldéhyde chelates with both aliphatic

and aromatic amines to form the corresponding Schiff base complexes
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M

c = o

RNH, O.
:m/2 4- H 2 O

R

69Dwyer has suggested that stabilization of coordinated 

imines may to some extent involve back donation from the metal 

resulting in some double bond character in the metal - nitrogen 

bond, hence lowering the effective positive charge on the imine 

carbon.

The oC-iminocarboxylato-Co(III) chelates are examples of

such complexes. The preparation and some aspects of the chemistry

of simple Co(III )-iraine complexes have been outlined by Sargeson 
65,70-73and co-workers and are summarised below.

1, Preparation of c5C-iminocarboxylato- Co(III) chelates.

The oC-iminocarboxylato- Co(III) complexes that have been 

prepared in the tetraamraine and ethylenediamine series are of 

the type (51) and (53) respectively.

N H 3
n
2+

HoN

HoN' % 
N H 3

NH
/
Ç—R

■c
O

(51)

NHCo

(53)

n
2+
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The Co( 111 )-imine complexes in the tetraanimine series

were prepared via the pentaamminecarbonato-Co(1II) complex

(54) by the route shown in Scheme 11. The carbonato-complex
74itself was prepared by bubbling a stream of air through a

mixture of Co(II) nitrate, ammonium carbonate and aqueous

ammonia (Eq. 3).

4Co(N0g)2 + 4(NH^)2C02 + IGNH^ +--- --->4[co(NH2)^C02]N02
(54)

+ 4NH NO + 2H/0
^ (Eq. 3)

The o6-ketocarboxylatopentaaramine- Co(III) complexes (50') were

prepared by a modification of the general procedure reported by 
75Taube and Price in which a mixture of the carbonato-complex (54) and the 

respective oC-ketoacid were heated together. The complex (50) was

then treated with NaOH followed by acidification with perchloric

acid.^^ The intramolecular cyclisation was signalled by a 

dramatic colour change from the pink of the complex (50') to 

the intense red of the deprotonated imine complex (56).

Acidification of the reaction mixture caused a similar change 

which was characteristic of the protonated imine complex (51).

The reaction was assumed to occur by attack of the deprotonated 

ammonia cis to the carboxylate ligand, at the carbonyl centre of 

the keto form of the pyruvate. Kinetic measurements showed that 

the carbinolaraine intermediate (55') does not attain significant
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concentrations and that the reaction proceeded first order 

in reactant complex concentration.

The overall process occurring on base treatment of the

oC-ketocarboxylatopentaammine complexes was defined from a
65,72study of proton NMR spectra , the spectra of all complexes

showing the characteristic features of the pyruvate imine

chelate. A very low field proton resonance attributable to

one imine = N H  proton was recorded in all cases^^ (Table II),

but resonances due to the diastereotopic protons of a

carbinolaraine - NH^ protons were not observed. The infrared
— Ispectra of imine chelate showed an absorption at 1680cm ',

typical of = N - M, which was absent in the 2-ketocarboxylato- 

coraplex (50).

TABLE II

R <5c =

12.1*

12.65^

11.37*’

CH2CH2CO2H 12.01*’

11.17**

1
N H ^

( N H 3 ) 4 C o - r  ^ 0 — R
-c,

2+

(51)
\\

0

a - in DMSO-d, b - in DMSO“d„ acidified with traces of D_SO^ 6 2 4
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The known imine complexes in the tetraamraine series are

[5I; R = CHg, CCCHg)^, and CO^H ]^each of

which were prepared from tneir respective o6"ketocarboxylato- 
76complex.

The Imown Co(III) imine complexes in the ethylenediamine

series were prepared, from the carbonato-complex (57) via the
76route shown in Scheme 12 . The carbonato-perchlorate complex

77
(57) was readily formed by addition of NaClO^ to an aqueous 

solution of [0 0(6 0 )^0 0 ^ 0 1  which in turn was directly prepared 

from hydrated CoOl^, ethylenediamine, 00^ £ind H^O^ in basic 

solution (Eq. 4).

H KOH OH NH + 00   ^  NH OH OH NHOO H
2d 2à ^ ^ 2 2 2 2 2

20o01_ + 2LiOH + 4NH. OH OH NHOO H + H _ 0 ------>
2 2d 2 2 2 2 2

2 [0 0(6 0 )^00^]01 + 200g + 2Li01 + 2HgO (Eq. 4)

Addition of acid to the carbonate complex converted it 

to [oo(en)2(0H^)^]^' (58). These cis- and trans-aqua complexes 

and their conjugate base forms are interconvertible.
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CÔ Ĥ
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The cis isomers were formed at temperatures below 5°C and the 

trans isomers were formed at elevated temperatures and precipitated 

when the reaction mixture was cooled to room temperature. The 

xrans-aquahydroxy complex (59) was formed by adding equiraolar 

amounts of NaOH to a solution of and cooling

to room temperature. The greatly enhanced lability of the 

(OHg )0H ^ species relative to the and (OH)^^ complexes

was most significant. Thus one site for rapid ligand substitution 

was created on formation of [co(en)^(OH^)0h]

trans- [co( en )̂ ( OH^ ) J  ci^- [ c o ( e n ) ^ ( O H ^ ) ^ ] ^ '^

trans- rCo(en)^(OH^ )0h ]̂'*' cis- [co(en )^(OH^ )0h1

\h "

trans- [ c o (e n  )^(0H )̂ ] ~̂ — ^  cis- [ c o (en)^(OH)^1 ̂

The trans-aquahydroxycobalt(III ) complex was treated 

with ^-hydroxy- oi-araino acids to give the amino acid chelates

(60) which on dehydration resulted in the imine-Co(III) complexes

(61). However, only a few^-hydroxy-cd-amino acids are readily 

available. Hence another route to the complex (60) was achieved 

by condensing the glycine complex (15) with an aldehyde in the 

presence of a base, a reaction already discussed in the section 

on coordinated amino acids (page 44). The conversion to the 

imine complex (61) was completed by dehydration of the ̂ -hydroxy 

amino acid complex (60) using concentrated sulphuric acid.
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The expected enaraine complex (62) resulting from dehydration 

was not isolated. These imine complexes were again characterised 

by NMR and IR spectroscopy and by their characteristic reactions 

The imine complexes in this series known before the present work 

began were (53, R = CH^ and CH^CH^).^*^

2. Reactions of Co(III )-chelated imines.

In some preliminary work by Sargeson et. al. in Canberra, 

three fundamental properties of these imine chelates were 

discovered and studied.

a) Simple nucleophilic addition to = N -
67Addition reactions characteristic of imines were also 

65shown to occur in chelated imines. Reduction of (63) 

with BH^ in the presence of carbonate buffer gave the 

alaninatotetrammine-Co(III) ion (64). In acid solutions, 

below pH 6,however,BH^ instantly reduced the metal centre as 

well as the imine function. The addition of carbanions also 

occurred rapidly. For example, reaction of (63) with 

nitromethane in aqueous Na^CO^ buffer (pH 10) gave the addition 

product (65).
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~n2+  ̂ — ,2-
bh " J\jlq2

Co,^ y C  L H g  (l\IH3)z).Co ~ C H ' H Z H ^o C\ " o— c
(63) ' o  „ „  ' b

CH NO 3 2
pH 10

^  — 12-<-
^ N H 2  X H 2 N O 2 

( N H 3 ) 4 C q '  q C

t — d  ' C H 3\'O(65)

b ) N--Deprotonation and alkylation.

One of the important properties of the imine chelates is 

their ready reaction with a base to give the deeply coloured 

deprotonated species (67).

-l2+ -j-i'
Qij-

A 4  C 0(3  ^ C — R  ------------------- >  A 4 C o : ^  ^ G - R

b — c ,  . o —

(66) b  o
(67)

A = (NHg)^ or (en)g

This structure (67), rather than the adduct formed by 

addition of OH to the %>0 = N - bond, was suggested by the lack 

of major shifts in the R group in the proton NMR resonances.

The methyl protons of the pyruvate derivative (63) shifted 

upfield by only '^O.l ppm in basic solution whereas formation 

of the species (68) would cause a much larger upfield shift.
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Also, there were no resonances attributable to the diastereotopic 

protons of the carbinolamine -NH^ group which would be formed if 

addition had taken place, and the rate of reaction was also too 

fast for an addition reaction when compared to those of 

nucleophiles such as and CII^NO^ .

1 ^ +  / R i

N H 2  / C H 3
( n h 3 ) 4 C o  A 4  C c T  X - R

b — <  OH b — <
o  o

(68) (69)

The deprotonation of (66) exposed a nitrogen nucleophile 

which reacted readily with active alkylating agents such as 

nethyl iodide, allyl bromide and benzyl bromide to give the 

N-alkylated complex (69) in near quantitative yields, both in 

the tetraamraine [66, A^ = (>;Ĥ  )̂ J and bisethylenediamine 

[66, A^ = (en)^] series. The reaction was cleaner when the 

deprotonated complexes(67) were first isolated and then reacted 

with the alkylating agent in dimethyl sulphoxide as solvent.

The course of the reaction was followed by the colour change 

from the red of the deprotonated complex in DMSO, to the 

orange colour of the N-alkylated species (69). However, all 

the deprotonated complexes in the tetraamraine series underwent 

fairly rapid decomposition in solution in the presence of excess 

base, the solution fading to pink with the slow formation of a 

gelatinous brown precipitate. Even when isolated, many of these 

deprotonated imine complexes were unstable and had to be reacted 

quickly.
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N H ^
c) Deprotonation at the 06-carbon in'’ r' i 1

It was shown that the half-life for the C-raethyl 

proton exchange at pPî 10 and 25^0 for the tetraamraine complex 

(70) was approximately five minutes. However, the proton 

exchange on the imine C-methyl was slow when the imine N-centre 

was deprotonated as in (71) (t^ ca. 10 hours, pH 10, 32°C).

“ |2+
— 1+

C o ^  ^ C - C H 3  ( N H 3 ) 4 C cT' " ^ C - C H s

These three fundamental properties of the imine chelates 

were demonstrated by the following intramolecular reactions of 

the pyruvilidene-imine chelate complex (6 6 , R = CH^).

73(i) Reaction with biacetyl :-

When the imine complex (63) was mixed with NaOH (1 mol 

equivalent) and an excess of biacetyl, a rapid reaction occurred, 

complete in less than 30 seconds (pH 12). After quenching with 

acid, an orange crystalline perchlorate salt was isolated, the 

proton NMR spectrum of which was consistent with either of the 

structures (72) or (73). However, the pyrroline structure (73) 

was established by 3-dimensional X-ray structural analysis and 

the hydroxy groups were shown to be cis to each other and the 

C - N distance (1.292^A) was consistent with that expected for a 

:C = N bond. The addition of the deprotonated imine nitrogen to

a carbonyl centre was preferred as the initial mechanistic step.
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followed by the deprotonation of the N-alkylated cC-methyl group 

(Path B) for nucleophilic attack on the other carbonyl centre. 

Hence, this reaction led to the stereospecific synthesis and 

stabilization of a pyrroline ring system (74), Scheme 13.

(!\JH3)4Co ^

O'
(S3)

NH
H o

9  ^+ CHoG— CCH G)

Path A
% OH

OH

g  p  

b h

H 3 C - - d P . ^ 9

Pa tl j B

k c H s  T

( N H g ) 4 C o  P C k C H ?
2 o- c

(NH 3)400^ X -C H 3
/C
b

o

H3C o 1
2+

( N H 3 ) 4 C o "  p C - C H g  

O  C k

(72) O

(NH 3)4 c o p

(73)

Scheme 13.

— 124-

(74)
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HgN-

H3N

HgN-

H g N -

H3N.

H3N"

71(ii) Reaction with acetylacetone :-

In basic solution, the imine complex (63) underwent an 

intramolecular chelation with acetylacetone. The product 

isolated was found to be the complex (75) and the mechanism

proposed for its formation is outlined in Scheme 14.
o

' n  -|2+ G-ivie

C6 ,C -M e C-Me
g , \|/

H 0 2

N H 3
(63)

H N H "

OH H 3N

H 3N

O -C/;
o

/ Me
~1 2+

:Co

\i

N'
H.

\Me O

Me.̂ /P n
+ NH-

H g N

/,0-

c; 9
H G~G—Me

;c6

NHs

■N"
H 2

c f o
G - M e

HN

lyie
2+

H N

/O-
:cc) ^

NH3
(75)

■N"
H 2

C

1  

Ç H 2

o

+ MeOH

H3N-

H s N ’

0-

lyie
H C

c J o

o
II-G

n
2+

Me

- r /  V  

H z
NH3

«2°

Scheme 14.
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78(iii) Reaction with HCN

It was reported that tne chelated imine complex in the 

ethylenediamine series (76) rapidly added HCN at pH 8 -- 10 

to give the 2-cyano alanine complex (77) which then rapidly 

condensed with a deprotonated ethylenediamine unit to form the 

quadridentate amidine products (79) (90%) and (80) (10%).

The structure (79) was shown to be the more highly strained 

isomer (largely caused by the deformation about the bound 

amidine N-atom) and thus less stable than its diastereoisorcer 

(80). Treatment of (79) with 12M HCl caused cleavage of the 

Co-carboxylate-bond resulting in the chloro-complex (81), in 

near quantitative yield. There was no change in configuration 

a t the chiral carbon centre but the molecule became less strained 

At pH 5, the chloro-complex released Cl to yield an aqua- 

intermediate (detected by proton NMR spectroscopy) which finally 

resulted in the least strained diastereoisomer (82), where the 

configuration at the chiral carbon remained unchanged (Scheme 15)

(78)
OH

12+

Nli2 f  
Co.'' C®«-IVle

(77)
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N t b  Ç
C ^ M e

HCl (12M)

^ NH2 1

— 1 +1

>  aquQ -  intermediate

(81)

(82)

Scheme 15.
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Hence, the three properties of the imine chelates, 

that is (i) addition across the double bond, (ii) deprotonation 

of the relatively acidic '^C ~ NH exposing an active nucleophile 

for alkylation, together with (iii) the N-alkylated imine carbon 

acting as a weak electrophile and generating a carbanion at tne 

ot-carbon, all offered the potential for cyclisation reactions 

involving the imine nitrogen. Reduction of the cobalt(III) 

centre of the product in aqueous acid would then release the 

modified amino-acid. Thus there is a capacity for expanding the 

synthetic value of these chelated imine systems.

The next chapter of this thesis is concerned with the 

preparation of both simple and synthetically useful imine 

systems, and the investigation of their chemical properties.



DISCUSSION

■j
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CHAPTER 2

As pointed out in Chapter 1, two series of chelated 

imine complexes of Co(IlI) were prepared by Sargeson et, al.,^^ 

namely the tetraammine complexes (51) and the bisethylenediamine 

derivatives (52). Although the former series of complexes were 

more readily prepared, the bisethylenediamine complexes were 

more acidic and hence less sensitive to base. Thus the 

deprotonated imine complexes of the tetraamraine series were 

very unstable and had to be used immediately after their 

preparation, whereas those containing ethylenediamine could 

be kept for long periods.

(NH3) 4Co^ C—R (en)2 Co Ĉ—R
o — C ,  0 — 0 ^

(51)
(52)

R = 01 , CH C„H , C(CH^)^, C^H . CO_H, R = CIlJ 2 ^ 5  0 d 6 5  o
CH^COgH, CHgCHgCOgH

In addition the tetraamraine complexes were generally 

unstable to heat and decomposed with evolution of ammonia 

under prolonged reaction. The ethylenediamine complexes, 

in contrast, provided a non-labile centre on which to carry 

out reactions on the ligands coordinated at two adjacent sites 

The existence of _A_ and A diastereoisomers in this system is 
potentially useful for the resolution of dissymmetric ligands 

by separation into the respective diastereoisoraers, using ion
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exchange chromatography. Hence, where possible, the 

ethylenediamine series of imine complexes were prepared 

aid reacted in these researches.

R
n
2+

A 4 Cq^  '^C — CH—R

° - < b

(83) = (en) or (NH )4 2 3 4

The work described in this chapter is aimed at utilising 

the three fundamental properties of imine complexes (83) (page 66 ) 

for the synthesis of organic nitrogen-containing compounds that 

might be difficult to synthesise by traditional methods. Two 

nitrogen-containing ring systems were chosen for this work.

One was the 5-membered pyrrolidine ring system (84), leading to 

the amino-acid hydroxyproline (85), and the other led to the 

preparation of isoquinoline (8 6 ) derivatives.

H
(84)

H O -

N ^ C O z H
H
(85) (86)
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A brief comment about isolation procedures used for 

these cobalt derivatives is warranted. The complexes were 

insoluble in most organic solvents and reactions were generally 

carried out in either water or dimethyIsulphoxide (DMSO). The 

reaction mixtures were then diluted or treated with water and 

absorbed onto cation exchange columns consisting of either 

Dowex SOW (200 - 400 mesh) or Sephadex SP C25 resins. The 

cobalt complexes with different charges on them were separated 

by using the eluting agents listed in the table b e l o w , t h e  

most appropriate solution chosen in each case through trial 

and error.

Sephadex Dowex

0.05M NaCl or NaClO,4 0.5M NaCl or HCl

0.05M sodium citrate 1 to 2M NaCl or HCl

0.05M sodium citrate 2M NaCl

or O.IM Na^HPO,2 4 or 3M HCl

or O.IM Na^SO^

Frequently, to obtain separation of complexes bearing the 

same charge, it was necessary to chromatograph the reaction 

mixture first on a Na^ resin column (i.e. eluting with sodium 

salt solutions) and then chromatograph the fractions 

individually on a form Dowex column eluting first with 

0.5M HCl solution to remove sodium salts and then with the 

appropriate HCl solution to remove the cobalt complexes. 

Evaporation of the second eluate gave the cobalt complexes free

of sodium salts.
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A , Proline Derivatives

The reduction of imine chelates with NaBH^ in acid solution 

leads to the reduction of the imine >C=N- double bond 

followed by the reduction of the metal to Co(II), thus releasing 

the amino-acid. Hence, the possibility of alkylating the 

deprotonated nitrogen in the imine complex (88) with suitable 

organic halides which could undergo cyclisation by attack of 

the carbanion generated in (90) at the carbonyl carbon, seemed 

a likely method for the preparation of proline derivatives
79(Scheme 16). According to Baldwin's rules for ring closure , 

the cyclisation in (90) would involve a 5-exo-trigonal system 

which is a favoured process, hence the facility for ring formation 

was present.

The classical synthesis of the amino-acid,4-hydroxyproline 
80by Leuchs involved the initial formation of ethyl-5-chloro-4- 

valerolactone-2-carboxylate (100) from sodium ethoxide-mediated 

condensation of malonic ester (99) and epichlorohydrine (98). 

Treatment of (100) with bromine or chlorine resulted in the 

conversion to either 2-brorao-5-chloro-4-valerolactone (101,

X = Br) or 2,5-dichloro-4-valerolactone (101, X = Cl). These 

were then transformed to a diastereomeric mixture of racemic 

hydroxyprolines (96) upon aminolysis (Scheme 17),

(e 0)2 C 0 C H3 > (e 0)2 Co C H3

(87)   (88)

(89)
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(88)
XCH COR2 ,[\l

/
O

C H 2 C - R

n 2+

(en)2 Co. C—CH3
O  C

Ho G c!.
D

:c h 2

(g 0)2 Co'"^

(91) . C)
Na BH4

CO^ buffer V

NH.
C H

(93) O

or

n
2+

HO n
2 +

.NH
■CH

(94)

NaBH
pH<6

(96)

(89)
\\

O

OH

(en)2 Co
À

ÇH2

( s o ^ O

n
2+

HO
• 'H H g C —  

(en)2

(92)

NaBH
2-CO, buffer

HO

N H
O H

(95)

1 2 +

NaBH4
pH<C6t

H O ' h r
H

N-" X O 2 H  
H
(97)

Scheme 16.
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CLCHgCH— CHz + CHaCOaEtV C 0 2 E t
(98) (99)

V

NaOEt

"2' "2°
A

CLCH2CHCH2CHX

o CO
(101)

CLCHzCHCHzCHCOgEt6— <0
(100)

\1/

HO

(96)

Scheme 17.

Other methods of preparation reported later^^ involved 

the preparation of various analogues of valerolactone. However, 

the product was nearly always a mixture of the normal and the 

allo-forras of DL-hydroxyproline in equal amounts except in two 

cases where the pure DL-allohydroxyproline was isolated. The 

diastereomers were separated by fractional crystallisation 

after conversion to their copper(II) salts and the amino acids

later released by reduction of the metal ion to Cu(I) by H^S gas
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82It has however been shown that hydroxyproline can be separated 

completely from allohydroxyproline on a Dowex 50 resin column
-f(Na form) eluting with a buffer at pH 3.3. Interconversions

between the naturally occurring isomer and the alio form were

achieved by the procedures previously used by Neuberger^^^ for

conversion of L-hydroxyproline to L-allohydroxyproline, and by
83bRobinson and Greenstein , for conversion of D-allohydroxyproline 

to [^hydroxyproline, where inversion at occurs with retention 

of configuration at .

The successful synthesis of hydroxyproline derivatives

via the imine-Co(III) complex would become a novel method of

preparation of such c<ramino acids (Scheme 16). There was the

possibility also of stereochemical control at one or both chiral

centres (marked *) of hydroxyproline since a number of reactions

of organic ligands are stereochemically controlled. Hence,

attack by the generated carbanion at the carbonyl carbon in (90)

could be stereospecific' for the formation of (92). Reduction

of (92) with NaBH in the presence of a carbonate buffer would 4
reduce the imine double bond without affecting the metal. The 

possible diastereomers of (95) could then be separated by column 

chromatography on a Na^ form cation exchange column and the 

individual fractions then treated with NaBH^ in acid solution to 

effect reduction to Co(II), thus releasing the amino acid with 

the chiral centres indicated. In the case of the cyclisation 

product (91) (Scheme 16), reduction with NaBH^ in the presence 

of a carbonate buffer could either just reduce the carbon - 

nitrogen double bond to form (93), or it could in addition
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reduce the ketone to the alcohol complex (94). It may be 

possible to separate the diastereomers of the amino acid 

formed while still coordinated to the metal which then could 

be released by reduction with IÎ S gas or NaBH^ in acidic 

solution. To this end the reactivity of the imine complex

(87) was investigated.

The imine complex (87) had been prepared by Sargeson and 
76co-workers by dehydration of the amino acid complex

[co(en)^(L-Serine )]Cl^ and has been discussed in Chapter 1.

The insolubility of the imine complex in most organic solvents
1made it impossible to obtain a H NMR spectrum showing the 

imine = NH proton absorbance. However, the colour change from 

the initial orange to a deep red on adding acid was evidence 

for its presence.

The reactivity of the nitrogen in the deprotonated complex (88) 

towards various alkylating agents was first investigated. The 

alkylating agents to be used had to- possess a functional group for 

promoting cyclisation to the carbanion generated at the C-methyl 

group of the alkylated product, and thus forming the five-mernbered 

heterocyclic ring of coordinated proline derivatives. Reaction 

of the nitrogen nucleophile exposed on deprotonation has been 

shown to occur with methyl iodide and allylbromide^^. The 

reaction, however, was reported to be cleaner when the solid 

deprotonated complex (88) was used in place of the protonated 

form (87) plus base, and the yields of the products were greatly
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increased. Another advantage in using tlie isolated complex

(88) was its ready solubility in DMSO, whereas the protonated 

complex (87) was soluble only in water. The deprotonated 

complex was isolated by treating the complex (87) with an 

equimolar amount of NaOH and precipitating it at 0°C as the 

perchlorate salt. Its H NMR spectrum in DMSO-d^ did not show 

any absorbance at low field due to C = NH proton, but 

acidification with a few drops of aqueous HCl gave rise to a peak at 

12.3 ppm, indicating protonation of the imine nitrogen.

The deprotonated imine complex dissolved in DMSO was 

alkylated by adding 2 - 3  fold excess of the respective alkyl 

halide. The observation of a colour change from the dark red to 

orange indicated alkylation of the nitrogen. The colour change 

was rapid in the case of both methyl iodide and allyl bromide, and 

the N-methyl and N-allyl imine complexes (102, R = CH^ and 

R = CH^CH = CH^) were both obtained in near quantitative yields.

The absence of any absorption due to C = NH proton, together 

with the presence of proton absorbances of the respective R group 

in the ^H NMR spectra, indicated complete alkylation. Moreover, 

no colour change to red was observed on addition of a base.

(en)2 Co.̂  M e
o — 4

O(102)
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Addition of etnyl bromoacetate to tbe deprotonated

inline complex (88) in DMSO showed the expected colour change

to orange. However, the colour change occurred rather rapidly

for an alkylation reaction, and precipitation of the crude product

by the careful addition of ether and ethanol and triturating,

yielded a mixture of the required alkylated complex (103) and

the unalkylated iraine complex (87). The 1̂1 NMR spectrum in

DMSO-d^ showed an absorption at 12.3 ppm due to the = NH proton, o
Absorptions at 2.2 ppm and 2.32 ppm were due to C-mothyl protons 

of the alkylated iraine complex (103) and the unalkylated iraine 

complex (87) respectively. Suspecting that the presence of 

acidic impurities in the ethyl bromoacetate had generated the 

iraine, the reactant was treated with Na^OO^. However, the 

crude product was again shown to be a mixture, and warming the 

reactants did not improve the result. The best ratio of alkylated 

to unalkylated iraine complex in the product mixture was 1 : 1 

(NMR 1). This was achieved by using dry DMSO, vacuum dried 

deprotonated iraine complex and carrying out the reaction over 

molecular sieves. Attempts made at separating the two components 

by cation exchange column chromatography on H^ form Dowex resin 

eluted, with IM HCl solution was unsuccessful. Moreover, elution 

with dilute acids seemed to break down the N-alkylated complex 

yielding a mixture with a higher proportion of the unalkylated 

imine complex (87), as indicated by the relative intensities 

of the N = C - CH^ proton absorptions in the ^H NMR spectrum.

Column chromatography of the reaction mixture on the Na^ form 

Dowex resin and eluting with IM NaCl solution, did give a good
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separation of the two components. However, difficulty arose 

in removing the NaCl in the eluate. Desalting techniques 

followed by gel chromatography failed to remove the last traces 

of NaCl as the complex did not have a large enough molecular 

weight compared with NaCl for such techniques to be successful. 

If the alkylated product had not been sensitive to acids, 

separation of the components might have been possible on a Na 

form Dowex resin column followed by further chromatographic 

separation of the two fractions on a form resin column.

Hence isolation of the pure product seemed to be impossible.

-N
, C H 2 C 0 2 E t

2+

(en) 2 Co Me
o — C ,

(103) O

(en) 2 Co'
b —

NMR 1 (D2O)
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The reaction was repeated under similar reaction conditions 

using etnyl chloroacetate. No colour change was observed to 

show alkylation had occurred, and no reaction occurred even on 

stirring the mixture for long periods or warming the reaction 

mixture. Since Cl is not as good a leaving group as Br , 

ethyl chloroacetate is not as good an alkylating agent.

The reactivity of the deprotonated imine complex in the 

tetraararaine series (71) towards ethyl bromoacetate was investigated 

as an alternative route to the required heterocycle. Complex (71) 

was formed by treating (63) with equiraolar amounts of NaOH and 

isolated as the brownish-red perchlorate. The organic halide was 

added to the deprotonated imine in dry DMSO in the presence of 

molecular sieves. However, no colour change was observed inspite of 

using excess alkylating agent, warming the reaction mixture or 

leaving the mixture stirring for long periods.

-^2+ -|+

_.Nia
(NH3)4 Co:^  '^CHVle (f\lH 3 )4C o ;^  ^ C - M e

(63) (71)

Hence the nucleophilicity of the deprotonated iraine N-atom 

in the ethylenediamine complex (88) seems to be greater than that 

of the N-atom in the corresponding tetraammine deprotonated imine 

complex (71). Also, the mixture obtained in the reaction of 

ethyl bromoacetate with complex (88) must result from a side
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reaction taking place after the formation of the alkylated 

complex (103). Thus, with each molecule of the complex (103) 

formed, the nucleophilic N-atom of another molecule of the 

deprotonated iraine complex could be abstracting an acidic proton 

from the methylene group of the product forming the iraine complex

(87). This side reaction could be assisted by catalytic amounts 

of water present, and the reaction must have proceeded until.all 

the deprotonated imine complex had been used up. However, the 

full mechanism of this reaction was not well understood.

(en) 2 Co,

- p -  
(en)2 C o ^

n
2+

\

(en)2 Co

'G“Me

G-Me

\H-O-COoEt
/ ^
H  (103)

12+
-NH.

\O'
^ e - M e%

(87)



88

If the pure alkylated complex (103) or its tetraammine 

analogue had been isolated, attempts were to be made to 

generate a carbanion at the C-raethyl group, and cyclisation to 

the complex (91) with the elimination of the ethoxy group 

might have been possible (Scheme 18). This route would then 

lead to the preparation of hydroxyproline. However, since only 

a mixture of the alkylated complex and the unalkylated complex 

was isolated, it was likely that treatment of the mixture with a 

base could lead to cyclisation of the alkylated imine to the comple; 

(91), leaving the unalkylated iraine complex (87) unreacted. The 

two components could then be separated on a cation exchange column 

assuming complex (91) to be stable. Hence Na^CO^ was added to a

o n
2+

/C H 2 C - O E t

(en)2 Co

(103)
\(

(en)2 C o \
O

9CHsQ-OEt
h L  \,C“ CH2

n
2+

/
c

H g C

O
2+

■C\
(en ) 2 C o ^  pz

O  Cx

/C H 2

( e n ) 2 C o
-NH,

(91)
o

-c— Me 
%(87)

Scheme 18
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DMSO-d solution of the iraine mixture and its NMR spectrum 6
was compared to that of the mixture before the addition. The

former spectrum showed a reduction in intensity of the peak at

2.35 ppm, assigned to the imine C-methyl protons, with its

complete disappearance after 30 minutes. However, the peak

at 2.45 ppm due to C-methyl protons of the unalkylated imine

complex (87), also decreased in intensity. Column chromatography 
+on a H form Dowex resin eluted with IM HCl solution gave 

three components, the major one being the last orange band 

eluted which was later identified as the unalkylated imine 

complex (87). The other two components were present in only 

trace amounts and their ^H NMR spectra showed signals at 2.19 ppm 

and 2.26 ppm due to the imine C-methyl protons, showing that the 

expected cyclisation had not occurred. Moreover, the complex 

absorption in the regions 4.0 - 5.5 ppm and 2.5 - 3.0 ppm in the 

H NMR spectra, due to the ethylenediamine (^^2^2 ^^̂ 2̂ ̂ 2

protons respectively, made the interpretation of the spectra 

difficult. The methylene protons of the N-alkylated imine complex

(103) being acidic could cause other complex reactions in the 

presence of a base. Hence as only low yields of the alkylated 

derivatives were obtained and with complicated side reactions 

occurring this route for the preparation of hydroxyprolines 

was not pursued.

It was interesting at this stage to see if ethyl 3-bromopropionate 

could alkylate the N-atom of the imine complex (88). Though there 

was a rapid colour change to orange, a ^H NMR spectrum of the 

isolated product showed it to be solely the unalkylated iraine
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complex (87). Following the course of the reaction by H 

NMR spectroscopy showed the rapid reprotonation of the complex

(88) by the appearance of a peak at 12.3 ppm due to the %ZC = NH 

proton. There was also a complex absorption in the olefinic proton 

absorption region 6.4 - 5.8 ppm, and it seems likely that the 

N-atom of the deprotonated imine complex was basic enough to 

abstract a proton from the c>6-carbon by the mechanism shown in 

Scheme 19, so yielding the unalkylated imine complex (87) and 

ethyl acrylate (104).

O

Br— C H2“~CH—C—O Et

" A

(en)2 Co'' Me
O  C \

( S S ,  O

N H
1

(en)2 CcT ^ -M e
b -------- C

(87) O
4-

o

2+

CH2—CH“ C OEt
(104)

Scheme 19.
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Ethyl 4-bromocrotonate (105) was then used as the 

alkylating agent but the reaction failed to proceed (as noted 

by the absence of the colour change to orange). The lack of 

reactivity could be the result of a mesomeric effect caused by 

the carbonyl group being cC to the double bond, thus making the 

carbon atom carrying the bromide group electron deficient (106)

I
0

»
Br - CH - CM = CH - C - OCH CH --> Br - CH - CH - CH = C - OCH,.CH6 2 o 2 X 2

( 1-05 ) ( 106 )

Since the reaction with ethyl bromoacetate‘was not successful, 

other alkylating agents including bromoacetaldehyde diethyl 

acetal and glycidol, both possessing an active group at the end 

of the chain for nucleophilic attack, were used. The acetal, 

after alkylation of the imine nitrogen could be hydrolysed to 

the aldehyde (109) which could then be used as a centre for 

attack by the carbanion generated at the imine C-methyl (Path A). 

In the case of glycidol, the c<.-diol complex (108) formed if 

alkylation did take place, could be oxidised by periodic acid 

causing cleavage and formation of the aldehyde (109) (Path B), 

Scheme 20.
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(00)2 Co C— M e ----
o —

(A) (88) (B)

0

CHg - CHgCHgOH

/p H 2 C H ( O E t C

2+ OH
— 12+

(enbCo jZ— M g (en) N
^Hg CHCHg OH

o — c
y— Me

(107) t )
o — a

(108)o

HIO

f/ -i2 +

on

C H 2C H O  

(en)2 (:o ""x:--Me
(109) ^

o  1"+ ■ 1-̂ ^
C H r ^ - H  H g C —

(en);, (:(), ]̂---(:H4;) ------ (eri),, Co--""

2+

\
\

O \ o
(110)

Scheme 20.



However, in both cases, no colour changes were observed and 

the unreacted imine complex was recovered. Hence, the part of 

the project aimed at the preparation of 4-hydroxyproline was 

abandoned.

Sargeson and co-workers^^ had, on the other hand achieved 

ring closure at the nitrogen atom, as shown in Scheme 21, so 

obtaining tine pyrroline ring system (111). Hence such 

cyclisations are possible, but not via new carbon - carbon bond 

formation as attempted here. The main difficulty arising in 

Sargeson's route to the derivatives of the pyrroline ring system 

lies in the preparation of the relevant o6~keto acids required 

for the formation of complexes of the type (50), and amino acids 

for complexes (60) so that an alternative procedure is still 

desirable.

1

/{\1H3 CH2CH2CH2OH (NH3)4 C o X

'6 . HO-

(NH5)4 Co;

(111)

( N H 3 ) 4 C q
■NK

\O'

/;c
OH

•c,
\o

(NH3)4 C o\

1
2+

Br
-NK.

O C/
r

\\o

- i 2 +

Scheme 21.
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1 
R

2+

\
o

(50) %
, N H 2

OH “12+

(e n)z C 0 ^  '^CH-èh-R 
O  C,

(GO) o

B . Isoquinoline Derivatives

There were several possible routes to these compounds, the 

most attractive being;-

2+

.N H .

RCHO or

RCOCO H
(112) : Base

4 Co

(113)

R = H or CO H 2

Scheme 22.
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where stereochemical control may be possible if were to be

two molecules of ethylenediamine. The above reaction would

s imulate the biosynthesis of the isoquinoline alkaloids in

which the amino acid tyrosine (114) was postulated and proven
84by tracer experiments to be a precursor . For example,

Scheme 23 summarizes the steps from tyrosine to norlaudanosoline 

(118). Norlaudanosoline, the common intermediate of biogenetic 

hypothesis, as well as some of its 0~ and N-methylated derivatives, 

served as specific precursors of alkaloids belonging to the morphine, 

aporphine, erythrina, protoberberine, protopine, phthalideisoquinoline 

and benzophenanthridine series. Hydroxylation of tyrosine gives 

dopa (115) which was also ah isolable intermediate in the reaction 

sequence. Dopamine (116) is obtainable from dopa (115) by 

decarboxylation and 3,4-dihydroxypyruvic acid (117) is the deamination 

product of dopa. It is not known whether the carboxyl group of this 

oC-~keto acid is detached before, during or following its condensation 

with dopamine.

Another useful route is shown in Scheme 24 where the 

alkylated complex (120) could be cyclised using polyphosphoric 

acid to yield 4-hydroxyisoquinolines. However, if the imine 

double bond in (120) is reduced before cyclisation, then the
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(114)

NH

W

(118)

C O 2HO
NH

(115)

V

(117)

CO.

Scheme 23

4-ketotetrahydroisoquinoline derivative ought to be formed.

Towards this end, the next part of the project was devoted 

to the preparation of chelated iraines with the appropriate R 

group in (66). Suitable substituents may alter the basicity 

of the deprotonated imine nitrogen atom and alkylation with
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Azi Co XCH^CO^Et

(119)

OH 2+

A 4 Co

(122)

^ 0 2 E t

A4 Co

n
2+

A4 Co

(120)

(121)

Scheme 24

reagents such as ethyl bromoacetate may then be possible.

Again it seemed reasonable to choose the ethylenediamine 

series of complexes because of their stability and ability 

to exist as diastereoisomers as well as the other advantageous 

factors mentioned at the beginning of this chapter.
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A ^ C O ^  R

O ---------

'^O — ,2+
' “ ' W H :  p H  7

(en)z CcT^ ^CH-CH-R 
O  C.

(60)

^ N H  !
(en) 2 Co CHCH2R R

o — S  I(61) H-Ç-OH
H 2 N — C H — C  O 2 H

(123)

In the ethylenediamine series, however, amino acids with 

an c/.-hydroxy group (123) were required to obtain the coordinated 

imine complex (61) by dehydration of the respective amino acid 

complex (60) as shown in Scheme 12, page 64. However, not 

many such amino acids (123) were readily available. Hence, 

it was envisaged that, if a chelated amino acid such as (124) 

could be prepared, its dehydrogenation using mercuric acetate 

in acetic acid should yield the required imine complex (52).
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trans —  [Co (e 11)9(0 Ho) OH]
(59)

2 +

-H,

2+

(en) 2 Cq ;c -R

(52)

( e n ) 2 C q

H NCH-CO, II 2 2

12+
\
o — c

/CH-R
\ \

( 124 ) O

Tlie reaction was carried out using 06-pnenyl glycine as

the amino acid since it seemed a likely reactant for the synthesis

of isoquinoline derivatives via the route shown in Scheme 24.

Unfortunately, the best yield of the amino acid complex

(124, R = CgH^) obtained after column chromatography was 43%

which is very low for a starting material in a sequence of

reactions. However, the synthesis was continued by reacting

the amino acid complex with 4 mole equivalents of mercuric

acetate in boiling 5% aqueous acetic acid for 3.5 hours. This

precipitated raercurous acetate which was filtered off. The

complex was isolated by column chromatography on Dowex

cation exchange resin eluting with IM HCl solution, and showed

an absorbance at 12.96ppm in its proton NAIR spectrum, which

was assigned to the imine =NH proton. However, absorbances in

the aromatic region of the spectrum showed that a 1 : 3 mixture

of the imine complex (52, R = Cl H^) and the amino acid complex
6 5

(124, R = CgH^) was formed. Better yields were obtained by
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increasing the reaction time. Any unreacted amino acid

complex (124, R = was removed by column chromatography

on a Na^ form Dowex column eluted with IM NaCl solution.

A maximum yield of 54% of the iraine complex (52, R = C^H^) was

finally achieved. Its total insolubility in DMSO-d^ or other

organic solvents made it difficult to obtain a proton N1\1R

spectrum to show the absorbance due to the iraine =NH proton.

It was, however, sufficiently soluble in D^O at 70°C for the

aromatic proton absorbances to be seen as two multiplets at 8.1

aid 7.7 ppm in the ratio 2 : 3 .  This spectrum was comparable

to the proton NMR spectrum in DMSO - d of the analogouso
tetraamraine-imine complex [66; A^ = R = C^H^] with

aromatic proton absorbances appearing as two multiplets at 8.1 

and 7.6 ppm, again in the ratio 2 : 3 .

85The mechahism postulated by Leonard for the dehydrogenation 

of cyclic tertiary amines using mercuric acetate in 5% aqueous 

acetic acid, involves the formation of the mercurated complex 

(125) (Scheme 25). This is followed by the concerted abstraction 

of the proton from the tertiary carbon, with cleavage of the 

nitrogen mercury bond and separation of raercurous acetate.

This mechahism, however, does not apply to amino acid complexes 

cf the type (124) sihce they do not contain a tertiary amine.

On the other hand, it was interesting to note that attempted 

dehydrogenation of the glycine complex (124, R = H) to give the 

iraine complex (52, R = H) was not successful. This was in 

accordance to Leonard's postulation which requires the hydrogen
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to be abstracted from a tertiary carbon atom and not a secondary 

one as in (124, R = H).

Hg(OAc)

(125)

OAc

AcOH

Scheme 25

OAc

The next step in this project was to prepare phenyl 

amino acids with various substituents on the aromatic ring, 

complex them with Co(III) to form amino acid complexes and then 

dehydrogenate the ligand so forming the respective imine complexes 

Ring substituents in the correct positions could help promote 

cyclisation of an N-alkylated imine complex of the type (126),
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/ R

1'"

26> O(126

3,4-Dimethoxyphenylglycine was chosen because raethoxy substituents 

are common in a number of alkaloids in the isoquinoline system, 

and the electron-donating effect of the para-group should assist 

cyclisation.

o6-Amino acids can be prepared via the Strecker synthesis

which involves the acid hydrolysis of the aminonitrile intermediate

(127) formed from the interaction of the appropriate benzaldehyde

with ammonium chloride (or ammonia) followed by potassium cyanide
8 6(or hydrocyanic acid) , Scheme 26. However, although the 

isoelectric point of the amino acid, 3,4-dimethoxyphenylglycine 

was found to be at pH 5.6, its insolubility in most organic 

solvents made its extraction from the aqueous reaction mixture 

difficult and hence its isolation as the zwitterion unsuccessful.

When the amino acid was isolated as either the sodium salt of the 

acid group or the hydrochloride of the amino group, it did not 

complex with Co(III) to form the amino acid complex [l24, R = (0CH^)2CgH^ 

Instead it caused the decomposition of Co(III) to Co(II).
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N H ,C 1 KCNRCHO ---  > R-CH-OH ---  R-CH-CHJ... HCN I
M H 2 N H 2

(127)

— j2 P
(MH 2 trans- [coCenUn 0)0n]

(e n )2 C o -^  '^ C H -R  <---------- --- R— CH-CO2H

R \  fJjH a
(124 (128)

Scheme 26

The difficulty in the preparation of suitable amino acids, 

the first step in the reaction sequence towards imine complexes 

of the ethylenediamine series, led to an investigation of the 

preparation of imine complexes in the tetraammine series.

Although one of the main purposes in using imine complexes of 

the ethylenediamine series was in the preparation and isolation 

of optically active complexes, it seemed important to investigate 

the scope of the alkylation reactions of imine complexes and 

their ease in cyclisation while still coordinated to the metal, 

before investigating possible diastereoisomers.

In the tetraammine series, the imine complex (130) was easily 

prepared by the intramolecular cyclisation of the oC-ketocarboxylato- 

pentaammine Co(III) complex (129) which in turn was obtained by 

heating a mixture of the carbonate complex (54) and benzoylformic 

acid. This imine complex and its deprotonated form had been
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prepared by Sargeson and co-workers'^^. The N-raetliyl imine 

complex was prepared by treating the isolated deprotonated 

imine complex with methyl iodide as before. The deprotonated 

imine complex (131) was found to be more stable than that of the 

pyruvilidenato-complex (51, R = CH^), probably due to extra 

conjugation provided by the aromatic ring. If this is the 

case, its stability could be compared to that of the imine 

complexes bound to Co(III) in the ethylenediamine series.

Again there was a prospect of preparing C-phenylimine 

complexes with substituents on the benzene ring which could 

promote cyclisation by reacting with an active functional group 

on the imine nitrogen.

[C o (IMH3)5C03] + C6H5COCO2H
(54)

1. OH

\1/

2. H ( N H 3 ) 4  Co'

-12+

N H 3

(129)

1
2f

N K  / = -
( N H 3 ) 4 C 0  C — <( /

0  (A  ^\\
(130) O

I""

\ \
O

(131)
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The iraine complex (134) was thus prepared from

3,4-dimethoxybenzoylformic acid (132).

[Co (NH3)5 COsf + M g0 ~ / ^ ^ C 0 C 0 2 H
(54) /---

\ 0«le

(NH3 ) 4  Co(

1  _  K  "
(NH3)4CcT^ ^ - 4  y O M e  (133)°

O  -C 
'"O O M e(134)

The difficult stage in this reaction sequence was the 

preparation of 3,4-dimethoxybenzoylforraic acid (132) on a large 

scale. The 06-keto acid was prepared by the oxidation of

3.4-dimethoxyacetophenone (135) which in turn was prepared

by a Friedal Crafts acylation of 3,4-dimethoxybenzene using 
88acetyl chloride . The oxidation to the o6-keto acid was 

possible with potassium permanganate in basic solution below 

20°C. However, the product obtained from the oxidation was 

always a mixture of the 3,4-dimethoxybenzoic acid (136),

3.4-diniethoxybenzoylformic acid (132) and the unoxidised ketone 

(135). Use of excess KMnO^ resulted in a higher proportion of

3.4-dimethoxybenzoic acid when the ketone was completely reacted.
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M

o
+ CH3-

[0]
'il

RMeOvïJï^C-C-OH
MeO'

( 132 )

Al Cl

M CH3
MeO

(135)

O
II

M e O ^  ̂  

(136)

The temperature of the reaction was critical as above 

20°C more benzoic acid derivative (136) was formed.

The ketone (135) was easily removed by an acid workup 

procedure or a dichloromethane wash. The mixture consisting 

of the acids (132) and (136) was heated with [co(NH^ )^CXD^]NO^ 

to give a mixture of the complexes (133) and (137). Treating 

the mixture of Co(III) complexes with base resulted in only the

12+
/ N H 3

(en) 4 Co / W ^ O M e
O — C \

(137)

\
0
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c56-ketocarboxylatopentaararainecobalt(III ) complex (133) cyclising 

to tbe inline complex. Addition of solid sodium perchlorate to 

the reaction mixture after acidification, resulted in the 

precipitation of the orange imine complex (134) as the perchlorate 

salt, free from any uncyclised carboxylatopentaammine Co(III) 

complex (137) which remained in solution.

Another route to the preparation of the oô-keto acid involved 

the oxidation of 3,4-dimethoxyphenylglyoxal (139) with milder 

oxidising agents. The glyoxal was isolated as its hemiacetal 

(140) because of its instability (Scheme 27).

(135)

Br.

Eton

R ? "
r - C H ~ O H

(140)

(VleO

(138)

C H g B r

Et NOH

- C H OMeO

MeO
(139)

M  —  C — O H

(132)

Scheme 27.
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Mild oxidising agents like manganese dioxide and alkaline

silver nitrate (Tollen's reagent) gave 3,4-dimetnoxybenzoic
89acid (136). It bad been reported that cupric sulphate in 

pyridine formed a complex in water which could oxidise ketols to 

<36“diketones and benzil (142) was prepared in 86% yield by 

oxidation of benzoin (141).

-  r  r
OH 0 
(141 )

CuSO^-py

^6 ^5  |j |j ^6^5 
0 0
(142)

Hence glyoxal acetal (140) was heated,with CuSO^-pyridine 

solution and the o6-keto acid (132) was isolated in 78% yield. 

However, this route to the o6-keto acid was not in anyway better 

than the oxidation of the ketone (135) with alkaline KMnO^ 

solution because it involved more steps with poor yields in the 

bromination (60%) and oxidation to the glyoxal^^’̂ ^ (26%),

whereas the one step oxidation of 3,4-dimethoxyacetophenone with 

KMnO^ gave 75% yield of the acid mixture and fewer reactants 

were required. Also, the 3,4-dimethoxybenzoic acid (136) 

impurities could be removed during the preparation of the 

Co(111 )-iraine complex (134).

The imine complex (134) showed a peak at 12.0 ppm in its 

proton NMR spectrum (which was removed on deuteration) due to 

the iraine NH proton. The deprotonated imine complex (143) 

was obtained in the usual manner by treating the chloride form 

of the complex (134) with an equiraolar amount of NaOH in aqueous
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solution and precipitating it as the perchlorate. It was 

found that the deprotonated complex was very stable and could 

be kept for a month or even more without decomposition. This 

was unlike the deprotonated imine complex (88) which was very 

unstable in air and had to be used immediately. The absence 

of ethylenediamine protons in this complex could also make 

interpretation of proton NI\ÏR spectra easier.

Co 
O

(143)

(N Cô  
O

Ç — C H 3

(88)
The deprotonated imine complex (143) reacted quite readily 

with methyl iodide and allyl bromide to give the N-methyl (144) 

and N-allyl (145) imine complex respectively. Both complexes 

were insoluble in DMSO-d^ and hence a proton MIR spectrum showing 

absence of imine NH proton could not be obtained. However, the 

proton NMR spectrum of the N-methy1-imine complex in D^O showed 

a single aromatic proton absorption at 7.22 ppm (NMR3) whereas 

the unalkylated imine complex (134) had a two proton absorption 

at 7.95 ppm and a one proton absorption at 7,20 ppm, which allowed 

their differentiation from each other (NMR2). The N-allyl imine



NMR 2 (DMSO)

4f0
1«0

MDO

Mb
•OMe

NMR 3 (DgO)
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complex was too insoluble even in D^O to obtain a good spectrum. 

Reactions with other halides including ethyl bromoacetate and 

ethyl bromocrotonate were unsuccessful. There was no colour 

change from red to orange of the reaction mixture which is 

normally observed on alkylation of deprotonated Co(111 )-iraine 

complexes. In all cases, the unalkylated complex (134) was 

recovered in near quantitative amounts. This could be compared 

to the attempted alkylation of the pyruvilidenato imine complex 

(71) with ethyl bromoacetate which did not react at all. Again, 

if the ethylenediamine complex had been used, alkylation might 

possibly have occurred with ethyl bromoacetate, since in the 

previous section on hydroxyproline synthesis, it had been shown 

that the pyruvilidenato complex in this series had resulted in 

at least 50% alkylation although the separation was unsuccessful.

(144)

(N 143)4 Cq  ̂ p — /^OMg —|2+
^  ' C H 2 C H = C H 2

(NHg)4 Co p — d p — OlVle
' b — c  ^

With the difficulties associated with the preparation of the 

starting cxl-keto acids and amino acids leading to the low yields 

of imine complexes in the tetraammine and ethylenediamine series 

respectively, it was decided that this route to isoquinoline 

derivatives was not worth continuing and so was abandoned.
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c. Miscellaneous

During the investigation of the reactivity of chelated 

imines, the acylation of the imine nitrogen with acyl halides 

was attempted. Aldehydes themselves were shown not to react 

with deprotonated imine complexes, only starting material being 

recovered. Hence, acyl halides with a better leaving group 

might be considered better reactants especially in the route 

shown in Scheme 22 for the preparation of isoquinoline 

derivatives. Benzoyl bromide was used initially to attempt 

the acylation since if the reaction was successful, the proton 

NMR spectrum of the product would be easy to assign. Excess 

benzoyl bromide was added to the deprotonated imine complex (88) 

in DMSO when there was a slow change in colour from the red due 

to the deprotonated imine complex to the orange of the expected 

benzoylated product (146). However, dilution of the reaction 

mixture with water resulted in the rapid precipitation of a 

white solid which on isolation was identified to be benzoic 

acid and the remaining orange Co(III) complex was found to be 

the reprotonated imine complex (87). The course of the reaction 

was then followed by proton NMR spectroscopy in DMSO-d^. The 

colour change to orange and the absence of a peak at 12.3 ppm 

due to the protonated complex (87), indicated that benzoylation 

to (146) must have taken place. However, on addition of water, 

hydrolysis to the reprotonated imine complex (87) and benzoic 

acid occurred (Scheme 28).
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H'

(en)2 C q
■N-

■C-Me
C, c H COBr

%  (88) U
'o o

2i'

(en) 2 Co

COC5H5 

C— Me
C
\ \

2+

M e

(146)
O

(en) 2 Co
H,

b
(87)

C/
1

Me

2+

\ \
O

+  C 6 H 5 C O 2 H

Scheme 28.

The mechanism of the reaction could be compared to the 

related nucleophilic catalysis process of particular significance 

in reactions of carboxylic acid derivatives (Scheme 29). Here, 

the attack of the amine is faster than attack by the less 

nucleophilic water; the amine addition intermediate (147) has 

an extremely active carbonyl group because of the positive charge 

on the nitrogen, and thus is attacked by water.
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Similarly, the chelated imine nitrogen must have activated 

the carbonyl of the benzoylated complex (146) to attack by water. 

Hence, the rapid hydrolysis of the N-acylated imine complexes made 

their isolation difficult. However, in the route to

R

X'
/

—O + NRg

R 3 N

 ̂ / O H "2°

R O'
o C

N R 3

R
+ ==(3 + X'

RoN
(147)

R

HO
/ C = 0  + NR3 + h ’*'

Scheme 29.

isoquinoline derivatives shown in Scheme 22, it seems possible 

that acyl halides could be used instead of aldehydes, as long 

as the reaction is carried out under anhydrous conditions. 

However, we again return to the problem of preparing more 

versatile imine complexes. Unless shorter routes are found, 

the synthetic strategy on which this project lies, would be 

of no significant value, because a good synthetic route would 

be one which involves the fewest number of steps with high
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yields in almost every step. Otherwise, it would be better 

to keep to conventional organic synthetic methods of preparation, 

especially when the metallic salts used as starting materials 

are relatively expensive. Although it must be emphasized that 

this procedure has the potential for the preparation of optically 

active compounds, the use of Co(III) complexes was abandoned 

because of the difficulties outlined earlier and a study of 

palladiuraC11 ) compounds was initiated in a further attempt to 

develop facile metal-assisted routes to natural product precursors 

Thia work is the subject of part II of this thesis.
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CHAINER 3

A . Preparation of Organic Starting Materials.

3,4-Dimetnoxyacetopnenone (135)
91The title compound was prepared by a literature method ,

88but using dichlorornethane instead of carbon disulphide as 

solvent.

Aluminium trichloride (50g, 0.40 mol) was added in small 

quantities to a stirred solution of 1,2-dimethoxybenzene 

(50 g, 0.36 mol) in dichloromethane (200ml) at room temperature. 

When all the solid had dissolved (ca. 1 h), the solution was cooled 

in an ice bath and acetyl chloride (28 g, 0.30 mol) added dropwise, 

keeping the temperature below 5°C. The reaction mixture was 

stirred for 2 h and then poured into ice-cold water (200ml).

The aqueous layer was removed and washed with dichloromethane 

(50 ml). The combined organic fractions were washed with 2 M 

NaOH solution (50 ml), followed by water (2 x 50 ml) and dried 

over sodium sulphate. The solvent was removed to yield a yellow 

oil (61 g ) which was dissolved in boiling ether (100 ml). On 

cooling, colourless prisms were deposited which were filtered, 

washed with ice-cold ether and dried under suction. Yield

55g (84%)*; m.p. 49 - 50°C (Lit.^^ m.p. 49 - 50°); ^ 1660.

PMR (CDClg) : 2.7 s [3] (CH^CO), 4.1 s [g] (OCH^ x 2),

7.1 - 7.4 c [3 ] (Ar H's).
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W - Rromo - 3,4-dimetnoxyacetophenone (138)^8,90

Bromination of the acetophenone (135) was carried out by
90the method reported by Mannich and Hahn , using dichloromethane

88instead of chloroform

Bromine (13.5 ml, 0.25 mol) in dichloromethane (80 ml) was 

added dropwise to a stirred solution of 3,4-dimethoxyacetophenone 

(45 g, 0.25 mol) in dichloromethane (600 ml) over a period of 1 h 

at room temperature. The mixture was stirred for a further 0.5 h, 

then washed with 2M sodium carbonate solution (2 x 250 ml). The 

organic layer was separated, washed with water (2 x 250 ml), dried 

over sodium sulphate and the solvent removed to yield a red gum.

On cooling, the gum became more viscous and trituration with 95% 

ethanol yielded a yellow solid which was filtered off and

recrystallized from ethanol yielding colourless needle-shaped

crystals. Yield 38 g (59%) ; m.p. 80 - 81°C (Lit. m.p.

80 - 81°); = 0 1G80.
PMRXCDClg): 3.95 s [3 ] and 4.0 s [s] (0CH^x2), 4.4 s [ 2 ] (CH^Br),

6.9 d (J = 8Hz) [1] (C^ - H), 7.6 d (J = 2Hz) [l] (C^ - H), 7.6 

d of d (J = 8Hz and 2Hz) [l] ( -  H).

* While this work was in progress, the preparations of both

3,4-dimethoxyacetophenone (135) and the brominated product (138)
92were reported . Yields of 95 and 67% and melting points of 

o o50 - 51 and 80 - 81 C were recorded for these products formed by 

modifications of the known synthetic procedures.
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883,4-Dimethoxyphenylglyoxal isolated as the neiiiiacetal (140)
93The procedure used by Gunn and Anselme"" for other 

phenylglyoxals was used here.

A solution of (138) (28g, 0.12 mol) in methanol (300 ml)

and N,N-diethylhydroxylamine (10.3 g, 0.12 mol) was heated under

reflux for 2.5 h. The solvent was removed under vacuum to yield

a dark red gum to which was added ether (400 ml). The

precipitated diethylamine hydrobromide was filtered and the

filtrate evaporated to dryness to yield a red gum (19.4 g). To

this was added ethanol (10 ml) and the solution left standing for 
o1 h at 0 C whereupon crystals of the product (140) were obtained.

These were collected and washed in a little ether. Yield 14.6 g

(53%); m.p. 132 - 134°C (Lit®® m.p. 130-132°); V ^ 1690,0 = 0
V O _ H 3300.

PMR(CDClg): 1.5 t (J = 8Hz) [o] (OCH^CH^), 3.85 q (J = 8Hz) [2 ]

(OCH^CH^), 4.1 s [3] and 4.15 s [ s] (OCH^ x 2), 4.3 s [l] (OH),

5.8 s [1] (-CHOH-), 6.85 d (J = 8Hz ) [l] (C^ - H), 7.5 d (J = 2Hz )

[1] (Cg - H), 7.65 d of d (J = 2Hz and 8Hz) [l] (C^-H).

3,4-Dimethoxybenzoylformic acid (132)

In a 100 ml 3-necked flask fitted with a reflux condenser 

and an inlet 'tube for introduction of air, was placed a mixture 

of hydrated copper sulphate (2.5 g, 0.02 mol), pyridine (2.5 g, 

0.03 mol) and water (10 ml). This was heated on a steam bath 

with stirring until the copper salt dissolved completely to give a 

blue solution. To this solution was added 3,4- dimethoxyphenyl- 

glyoxal ethyl hemiacetal (140) (1.4 g, 5.8 mmol) and heating and
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stirring continued for 0.5 n with a constant stream of air passing 

through the reactants. The dark green reaction mixture was cooled, 

acidified with. 2M hydrochloric acid (50 ml) and any unreacted 

glyoxal extracted with dichloromethane. The aqueous layer was 

saturated with sodium chloride and extracted with ethyl acetate 

(1 X 100 ml and 2 x 50 ml). The organic layer was washed with 

a saturated solution of sodium chloride, dried over sodium sulphate 

aid the solvent removed to yield the product (132) as a yellow 

powder (1.0 g, 85%), which on recrystallization from ethanol 

formed pale yellow crystals, m.p. 137 - 139°C (Lit.®^ m.p. 138 - 139°) 

_ Q 1670, 1730.

PMR(CDClg): 4.1 s [s] and 4.15 s [o] (OCH^ x 2), 7.05 d (J = 8Hz)

[l] (C^ - H), 7.9 d (J = 2Hz) [l] (Cg - H), 7.9 s [l] (OH), 8.2 

d of d (J = 2Hz and 8Hz) [ l] (C^ - H).

Attempted preparation of oLr 3,4-dimethoxyphenylglycine 

[124, R =

A raethanolic solution of 3,4-diraethoxybenzaldehyde was stirred

for 5 h with a mixture of potassium cyanide (6.0 g, 0.09 mol) and

ammonium chloride (5 g, 0.09 mol) in water (40 ml). The oil that

separated was extracted with benzene (100 ml). The organic layer

was washed with water, extracted with 6M hydrochloric acid

(3 X 25 ml), and the aqueous extract heated under reflux for 2 h.

Removal of solvent under vacuum yielded 13.1 g of the crude amino

acid hydrochloride, a white powder, ^ 1750 (broad).0 =  0
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A pH titration was carried out on 0.5 g of the white 

powder to find the isoelectric point of the amino acid. The 

compound was dissolved in water (25 ml) and the pH of the 

solution noted. A 2M sodium hydroxide solution was added 

dropwise (ca. 0.1 ml at a time) while stirring and the pH change 

observed. A graph of pH versus volume of sodium hydroxide 

solution used was plotted.

Volume(ml) pH Volume(ml) pH Volume(ml) pH

0 2.65 0.80 3.30 1.25 7.825

0.10 2.70 0.85 3.40 1.30 7.95

0.20 2.775 0.90 3.50 1.40 8.15

0.30 2.825 0.95 3.65 1.50 8.375

0.40 2.90 1.0 3.85 1.70 8.55

0.50 2.975 1.05 4.48 2.0 8.80

0.60 3.09 1.10 6.85 2.50 9.0

0.70 3.19 1.15 7.35 3.0 9.20
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Graph of pll versus Volume of (2M) NaOH used (ml)
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Thus, the isoelectronic point was found to be at pH 5.6.

The hydrochloride salt was dissolved in water and 2M sodium 

hydroxide solution was added dropwise with stirring until the 

solution reached pH 5.6. However, attempts to extract the 

compound with several organic solvents under these pH conditions 

were unsuccessful because of the great affinity of the zwitterion 

for aqueous media.
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B , Preparation of Cobalt Complexes of ttie Ethylenediamine Series.

CarbonatobisCethylenediamine)cobalt(III) perchlorate (57)

This complex was obtained in 87% yield using the procedure
77described in Inorganic Syntheses

±xans-Aquabis(ethylenediamine)hydroxocobalt(III) perchlorate (59)
94The title complex was prepared by literature methods . A

solution of cis- |̂ Co(en )^(OH^ )̂  J(C1Q^ )̂  was prepared by dissolving

cis-[co(en)^CO^JCIO^ (34 g, 0.10 mol) in a mixture of water (50 ml)

and 70% perchloric acid (20 ml) and heating until all the carbon

dioxide was displaced. This solution was then cooled to room

temperature, treated with sodium hydroxide (4,5 g, 0.11 mol)

dissolved in water (20 ml) and the brownish-violet crystals of

pure t£an^“ [co(en)^(0H^)OhJ(010^)̂  allowed to separate out at room

temperature. This procedure has been described by Kruse and 
25Taube . Yield 34.4 g (87%).

Bis(ethylenediamine )pyruvilidenatocobalt(III ) chloride (87)^^

a) Preparation of bis(ethylenediaraine)-L-serinatocobalt(111 ) 

chloride (60, R = H).

A well stirred mixture of L-serine (2.6 g, 0.024 mol) and 

trans- [Co(en)_(OH_)OHj(010^)̂  (10 g, 0.024 mol) in dimethyl 

sulphoxide (50 ml) was heated on a steam bath for 45 minutes.

The resulting orange solution was cooled to room temperature, 

diluted with water (500 ml) and absorbed on a column of form 

Dowex 50w x 2 (200 - 400 mesh) cation exchange resin. The
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column was washed well with water (500 ml) which removed any 

uncharged, pink Co(L-Ser)g. Then the columnwas eluted with IM

hydrochloric acid solution when two minor components which
76 r 1Sargeson identified as isomers of |̂ Co en(L-Ser)2jCl were

24-first removed along with some Co species which formed a very 

diffuse band not readily visible on the column. The desired 

product was eluted next and the eluate was taken to dryness under 

vacuum to give an orange oil which consisted of a mixture of 

[co(en)2L-SerJci2 diastereomers. (These diastereoroers could be
4-separated op a Na form Dowex cation exchange column eluted 

with IM sodium chloride solution. The combined fractions of 

each isomer were evaporated to near dryness and excess sodium 

chloride filtered off. Final traces of sodium chloride were 

removed on a H Dowex cation exchange column which was washed 

with water and then eluted with IM hydrochloric acid solution. 

Sodium chloride was eluted first followed by the orange complex. 

The solid amino acid isomers were isolated by evaporation 

of the respective eluate to near dryness followed by 

precipitation with ethanol.) The oil obtained from the 

column could be converted to an air stable orange powder by 

dissolution in boiling methanol followed by partial evaporation 

of the solvent until precipitation occurred. This powder 

consisted of a 1 : 1 diastereoisoraeric mixture which was not 

generally separated since the complex was to be converted to 

the imine derivative (87).
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Yield 6.4 g (75.4%); _ 1620.C = O
PMR (dilute DCl with internal standard DSS): 2.6 - 3.1 br.s

[s] (HgN CH^CHgNHg), 3.8 br.m [l] (NH^ CHCO^), 3.9 br.s [2 ]

(CH OH), 4.2 br.s (removed on addition of K CO ) [ 2] (NH CHCO ),2 2 3 ^ 2 2

4.6 - 6.0 br.m (partially removed on addition of CO^ ) sj

(HgNCHgCHgNHg).

b ) Conversion of [co(en)^L-Ser]Cl^ to

bis(ethylenediamine)pyruvilidenatocobalt(III)chloride (87). 

Concentrated sulphuric acid (25 ml) was gradually added to 

[co(en)^L-SerJci^ (10 g, 0.028 raôl), resulting in the vigorous 

evolution of hydrochloric acid gas at each addition. The final 

mixture was heated on a steam bath for 15 minutes to ensure 

dissolution of the last traces of complex, and then heated and 

stirred with 97% sulphuryl chloride (10 ml, 0.12 mol) for 0.5 h. 

(Note: SOgClg is not very soluble in aqueous sulphuric acid. )

The mixture was cooled and the less dense layer of sulphuryl chloride 

separated from the acid solution of the complex. The aqueous 

layer was slowly added to 300 ml of well-stirred ethanol and the 

flocculent orange precipitate obtained was filtered. The last 

traces of complex were precipitated by adding ether to the filtrate. 

To remove a considerable volume of occluded solvent, the complex 

was recrystallized as the chloride salt by dissolution in the 

minimum volume of 3M hydrochloric acid (<l50ml) followed by addition 

of ethanol (or acetone). The orange powder obtained was dissolved 

in sufficient IM sodium hydroxide solution to give a final pH 12 or 

greater, filtered and the filtrate immediately acidified with glacial
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acetic acid. The solution was diluted to 200 ml with water
4-and absorbed on a H form Dowex cation exchange column. The

column was washed well with water and then eluted with IM
24-hydrochloric acid solution. A trace of pink Co species was

first removed but only one significant orange band was seen.

(Although rco(en) L-Serlci^ ran ahead of the imine complex on 
>- 2 - ' 2

Dowex 50w x 2 eluted with IM hydrochloric acid, the small 

amount of this contaminant usually found in the imine complex 

did not separate unless a very light column loading was used, 

and it was most conveniently removed on crystallization of the 

imine complex which was less soluble than |^Co(en )^L-Ser jci^ ).

The orange band was eluted and the eluate* taken to dryness under 

vacuum. The residue was dissolved in the minimum volume of water 

at room temperature, filtered and a two-fold excess of ethanol 

added. Orange crystals of the chloride salt of the imine complex 

(87) were readily deposited. These were collected, washed with 

ethanol, then ether, and dried in air. Yield 8.3 g (87%);

Vc = 0
PMR (IM DCl): 2.5 s [3 ] (N = C - CH ), 2.6 - 3.1 br.m [s]

(H^NCH^CH^NH^), 4.0 - 5.7 br.m (partially removed on addition of 

K CO ) [s] (H NCH CH NH ). Note: the complex was insoluble in

organic solvents and NH = C proton exchange occurred rapidly even 

in IM DCl.
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Isolation of the deprotonated bis(ethy1encdiamino)pyruvilidenato 

cobalt(III) compiex (88)^^

The chloride salt of the imine chelate (87) (3.36 g, 0.01 mol) 

was dissolved in the minimum volume of water and cooled in ice.

Ice-cold IM sodium hydroxide solution (10 ml, 0.01 mol) was added 

to give a dark red solution of the deprotonated imine complex. 

Immediately excess solid sodium perchlorate was added to precipitate 

the deprotonated imine chelate as tne perchlorate salt. The deep red 

crystals were collected and washed with a little ice-cold ethanol 

followed by ether and air dried. Yield 2.2 g (59%); ^ 1605,

%  = N
PMR (DMSO - d ): 2.3 s [3 ! (N = C - CH ), 2.7 br.s [81 ( H NCH^CH NH,. ),o o L J 2 " z., 2 2
4.0 - 5.5 br.m (partly removed with D^^)[s] (H^NCH^CH^NH^ ).

Preparation of N-alkylated bis(ethylenediamine )pyruvilidenato 

cobalt(III) complexes'̂^

1) N-methyl imine chelate (102, R = CH^)

Tne deprotonated imine perchlorate complex (88) (l.Og, 2.80mmol) 

was dissolved in dimethyl sulphoxide (25ml) to give a red solution, and 

methyl iodide (0.55 ml, 8.8 mmol) added dropwise with stirring.

The solution turned orange in colour which indicated the disappearance 

of the deprotonated imine complex (88). The reaction mixture was 

diluted with water (50 ml) and the excess methyl iodide and dimethyl 

sulphoxide removed by extraction with chloroform (3 x 20 ml). The 

aqueous solution was absorbed onto a H^ form Dowex cation exchange 

resin column and the column washed well with water. It was then
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eluted with liM hydrochloric acid and an orange hand of the 

N-methyl imine complex was collected and evaporated to near 

dryness. I'he complex was precipitated as an orange powder by 

addition of ethanol, collected, washed with ethanol followed 

by ether and dried under suction. The product was obtained 

as its chloride in 96% yield (0.94g). ^ 1680.

PMR (DgO): 2.4 s [s] (N = C - CH^), 2.8 br.s [s] (H^NCHgCP^NHg), 

3.45 s [3] (= N - CH^), 4.3 - 5.5 br.m (partially deuterated)

2) N-allyl imine chelate (102, R --- CH^CK = CH^ )

The chloride salt of this complex was prepared by the above 

method using 1.0 g of the deprotonated imine complex (88) and 

allyl bromide (0.75 ml, 8.7 mmol). The product was obtained in 

92% yield (0.97 g). ^ 1680.

PMR (D O): 2.5 s [3 ] (N = C - CH ), 2.84 br.s [8] (H,NCH CH^NH ),2 2 2 2 2
4.1 - 6.0 br.c (partially deuterated)(-CHCH ^ CH and H NCH CH NH )2 2 2 2 2 2

3) Attempted preparation of (102, R = CH^CO^CH^CH^)

The deprotonated imine complex (l.Og, 2.8 mmol) was vacuum 

dried at room temperature, and dissolved in dry dimethyl sulphoxide 

(25 ml) in the presence of molecular sieves. Acid-free ethyl

bromoacetate (1.0 ml, 9.0 mmol) was added dropwise resulting in a 

rapid colour change from the red of the deprotonated imine complex 

Id orange. Ethanol was added to the mixture (50 ml) followed by 

ether (25 ml) and the solution triturated so causing precipitation 

of the complex. The orange solid was washed with absolute ethanol
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1followed by ether and dried by suction. The H NMR spectrum

of the product showed a mixture of unalkylated imine complex (87)

and the expected alkylated imine complex (102, R = CH^CO^CH^CH^)

in an approximate 1 : 1 ratio ^ 1660, 1680; V ̂  ^ 1730,

PMR (DMSO - dg): 1.25 t (OCH^CH^), 2.2 s (C - CH^ of alkylated

complex), 2.3 s (C - CH^ of unalkylated complex), 2.6 br.s

(n NTH CĤ  NH ), 4.15 q (OCH^CHL ), 4.0 - 6.0 br.m (H, NClI Œ  Nil ),2 — 2 — 2 2 — 2 J — 2 2 2 — 2
12.5 br.s (HN = C of unreacted complex) (NMRl).

The mixture was dissolved in water (25 ml) and absorbed on a 

H^ form Dowex cation exchange resin column and washed well with 

water. Only one orange band was eluted with IM hydrochloric acid, 

and evaporation of the eluate to near dryness (5 ml) followed by 

addition of ethanol precipitated the orange product. ^H NMR 

spectroscopy showed it to be mainly the unalkylated complex (87) 

with only about 5% of the alkylated imine complex (102, R = Cil̂ CÔ CĤ CIl. 

However, the ester group of the alkylated imine complex had not been 

hydrolysed by the acid conditions on the column.

The alkylation was repeated to give the same 1 : 1 mixture 

but this time it was absorbed on a Na^ form Dowex cation exchange 

resin column and eluted with IM sodium chloride solution. The two 

fractions were easily separated and much sodium chloride removed 

from the products by evaporation to low bulk. Final desalting 

was attempted by gel permeation chromatography on a Sephadex 

LH 20 column , but the eluants still gave positive tests for chloride.
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H NMR spectra of the individual complexes showed the first 

orange band eluted to contain the unalkylated imine complex 

(87), and the second band to be the alkylated complex 

(102, R = CHgCOgCH^CHg), free of each other but still 

containing sodium chloride.

The alkylation was again attempted using ethyl chloroacetate 

but no reaction occurred.

Attempted cyclisation of (102, R = CH^CO^CH^CH^)

1.0 g of the crude 1 : 1 mixture of Che unreacted imine 

complex (87) and N-alkyl complex (102, R = CH^CO^CH^CH^), was 

dissolved in water (10 ml) and sodium carbonate (0.5 g) added 

to the solution. The reaction mixture was stirred for 2 h at 

room temperature after which it was acidified with glacial acetic 

acid, diluted to 50 ml with water and absorbed on a Dowex 

cation exchange column. The column was washed well with water 

and three orange bands eluted with IM hydrochloric acid. The 

final, major band was identified as the uhalkylated imine complex 

(87) (0.65 g) by NMR spectroscopy and elemental analysis.

Calc, for CyHggN^O^ClCo: C, 20.07; H, 5.42; N, 20.89.

Found: C, 24.46; H, 5.96; N, 20.10%

The first two bands eluted yielded 35 mg and 20 mg respectively

of 2 orange complexes. The NMR spectra in DMSO - d showed6
bands at 2.19 and 2.26 ppm respectively with no absorptions below 

10 ppm, and no peaks indicating the presence of an ester group.
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Hence, cyclisation to the pyrroline ring system in (91) had 

not taken place. There was also a lot of decomposed material 

remaining at the top of the column.

The course of the reaction was followed by ^H NMR

spectroscopy. 30 mg of the mixture from the alkylation

reaction was dissolved in DMSO - d^ (1.0 ml). The spectrum

of the solution showed absorbances at 2.20 ppm (s) and 2.32 ppm

(s) assigned to the C - CH^ protons of the alkylated complex

(102, R = CîH^CO^CH^CH^ ) and the unalkylated imine complex (87)

respectively. Sodium carbonate (0.08 ml of IM solution in DO)2
was added to the DMSO - d,, solution and the spectrum rerun. The6
peaks due to C - CH protons of the complexes fl02, R = CH CO CH CH )o 2 2 2 * ^
and (87) showed a downfield shift to 2.35 and 2.45 ppm respectively. 

After 5 minutes the peak at 2.35 started to decay and continued 

decreasing with time. However, the intensity of the peak at 

2.45 ppm also began to diminish after 15 minutes indicating that 

the C - CH^ of the unalkylated imine complex (87) was also 

involved in a side reaction. This reaction was thus abandoned.

4) Attempted preparation of N-ethyl propionate (102, R = CH^CH^CO^CH^CH

The deprotonated imine complex (88) (l.Og, 2.8 mmol) was

dissolved in dimethyl sulphoxide (25 ml) and treated dropwise with

ethyl 3-broraopropionate (1.10 ml, 8.4 mmol). An almost

instantaneous colour change occurred and the mixture was diluted

with water to 50 ml and extracted with chloroform as for previous
4-alkylation reactions. The solution was absorbed on a H Dowex 

cation exchange resin column, washed with water and the single
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component eluted witn IM hydrochloric acid. Partial evaporation, 

precipitation with ethanol, and filtration gave an orange powder 

(0.9 g) which was identified as the reprotonated imine complex (87), 

in near quantitative yield.

The course of the reaction was then followed by NMR 

spectroscopy in DMSO - d^. A drop of ethyl 3-broraopropionate 

was added to the deprotonated imine complex (88) (30 mg'' resulting 

in an instant colour change to orange. The NTilR spectrum of

the reaction mixture showed peaks at 12.3 ppm ( q '' and a

broad complex at 8.4 - 5.8 ppm ( Ô qj.} _ indicating reprotonation
—2 ~

to the imine complex (87) and formation of = CHCO^CH^CH^.

5) Reaction with ethyl 4-broiiiocrotonate, glycidol and 

bromoacetaldehyde diethyl acetal.

The method used for al1 three reactants was similar to that 

above but in no case did a colour change occur even on warming the 

reaction mixture, and the unalkylated imine complex (87) was 

recovered as before.

6) Reaction with benzoyl bromide.

The method used was as above in which the vacuum dried 

deprotonated imine complex (1.0 g, 2.8 mmol) in dry dimethyl 

sulphoxide (25 ml) was treated dropwise with benzoyl bromide 

(1.0 ml, 8.5 mmol). A rapid colour change from red to orange 

was observed, and diluting the reaction mixture with water
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caused precipitation of a white solid which was filtered and 

identified as benzoic acid. The orange coloured filtrate was
-I-absorbed on a H form Dowex cation exchange column and eluted 

with IM hydrochloric acid in the usual manner. Evaporation 

of the eluant yielded an orange powder (0.85 g) which was shown 

to be unreacted imine complex (87),

The reac tion was followed by  ̂H NMR spectroscopy in DMSO - d6
as before. A drop of benzoyl bromide added to the solution 

caused a rapid change in colour to orange but no NMR signal at 

12.3 ppm was found. To this solution was added a drop of D^O 

which precipitated a white solid and the resultant mixture showed 

a peak at 12.3 ppm ( in Jts NMR spectrum. This sliowed

that initial benzoylation of the imine nitrogen had taken place 

but D^O caused hydrolysis of the product to give benzoic acid and 

the unalkylated imine complex (87). '

Bis(ethylenediamine )-gt-phenylglycinatocobalt(III) chloride

(124, R = C.Hr)----------- 6—5—
This amino acid complex was prepared by the procedure 

described earlier for the preparation of [co(en)^L-SerJCl^

(60, R = H) using trans- [co(en )^(OIL )0h ](C10̂ )̂̂  (10 g, 0.024 mol) 

and DL-^-phenylglycine (3.6 g, 0.024 mol) in dimethyl sulphoxide 

(50 ml) heated on a steam bath for 45 minutes. The reaction 

mixture was cooled, diluted with water (500 ml) and absorbed 

on a form Dowex column, and the single orange band eluted 

with IM hydrochloric acid. Evaporation yielded an oil which on
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treatment with etnanol gave the orange jjroduct (124, R = .

The complex was thoroughly washed with ethanol and then ether.

No attempt was made to separate the diastereoisomers of 

[co(en)2 ÜL“ o6-phenylglycine] Cl^ (124, R = ). Yield 5,2 g

(54%); ^ Q 1620.
PMR (D^O); 2.8 br.s rsl (H NCR CH NH ), 4.2 - 5.8 br.c f?'] ̂ ^ À 2i LJ
(NCHPh and undeuterated H^NCIl^CII^NH^ ), 7.4 - 7.85 c [5] (Ar H's).

BenzoyIformilidenatQbis(ethylenediamine)cohalt(III) cnloride 

(52, R=C„11 )
The amino acid complex (142, R - ) (1.0, 2.5 mmol) and6 5

mercuric acetate (3.3 g, 10 mmol) were dissolved in 5% aqueous 

acetic acid (50 ml) and heated under reflux for 3.5 h. During 

this time, a white precipitate of mercurous acetate formed and 

was removed after cooling the mixture. The filtrate was diluted

with water (150 ml) and absorbed on a form Dowex cation exchange

column and washed well with water. It was then eluted with 2i\1

hydrochloric acid and the orange eluant evaporated down to near

dryness. To the resultant oil was added ethanol so precipitating 

an orange powder which was collected, washed with ethanol 

followed by ether and air dried. Yield 0.70 g (71%).

Calc, for C H N OCl^Co; C, 36,19; H, 5.53; N, 17.59;X ̂  ̂4̂ D  ̂ Zi

Cl, 17.84. Found: C, 35.90; H, 5.60; N, 17.63; Cl, 17.65%.

= N
PMR (DMSO - dg): 2.6 br.s [s] (H^NCH^CH^NH^ ), 4.3 - 6.5 br. in

[e] (H^NCHgCHgNHg), 7.3 - 7.7 c [s] and 8.1 - 8.4 c [2] (Ar H ’s),

11.5 s (removed on deuteration) [ij (C = NH).
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PentaainminecarbonatocobaltÇ III ) nitrate (54).
74Tlie title complex was prepared by tne standard procedure 

in 50.4% yield.

75Pentaamminepyruvatocobalt(111 ) perchlorate (50, R = CH^)
76This complex was prepared by a modification of the

literature method^". [co(NH.^ ),.̂ CÔ ]n o .̂ (27 g, 0.1 mol) was

added to a solution of pyruvic acid (36 g, 0.41 mol) in water

(200 ml) and heated on a steam bath for 1.5 h (longer reaction

periods caused extensive decomposition) to give a dark red solution,

The mixture was cooled to room temperature, 70% perchloric acid

(30 ml) was added, and the mixture stood in ice for 15 minutes

when red crystals were deposited. The crystals were collected,

washed with a little ethanol followed by ether and dried under

suction to yield the perchlorate salt of the complex (50, R - ClÎ  )

(23 g, 73%). Further purification was not required for

cyclisation to the imine complex (63). V 1630 (br).C = 0

Tetraamminepyruvilidenatocobalt(III) chloride (63).

Pentaamrainepyruvatocobalt(III) perchlorate (50, R'= CH^)

(15 g, 0.035 mol) was dissolved in the minimum volume of water 

at room temperature (ca. 1 litre), and sodium hydroxide (1.6 g,

0.04raole) in v/ater(15 ml) added with vigorous stirring. After 

30 seconds, the mixture was quickly acidified with 70% 

perchloric acid (2 ml). The solution was absorbed on form 

Dowex cation exchange column, washed well with water and eluted
2  -rwith IM hydrochloric acid. A small amount of pink Co ion came
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off first, followed by an orange solution of the required product

The eluant was reduced to 100 ml on a rotary evaporator keeping

the temperature below 50°C. Ethanol (250 ml) was added and the

solution cooled in ice for 0.5 h. The orange needle shaped

crystals were collected, washed with EtOH followed by ether and

dried under suction. Yield 8.6 g (87%). The complex was

recrystallized from aqueous ethanol. V 1680,C N
PMR (DMSO - dg): 2.3 s [ 3] (CH^), 2.95 s [s] (NH.̂ ), 3.35 s [g ] 

(2NHg), 3.9 s [3] (NHg), 12.0 s (removed with D^O) [ l] (C = NH ).

Pentaamrainebenzoylformatocobalt( III ) perchlorate (50, R = C' H )^̂  ---------------------------------------------- ;--------------- 6— 5 —
The complex was prepared by the method described above for 

(50, R = CHg) using [co(NH^)^C0J n O^ (5.0 g, 0.018 mol) and 

benzoylformic acid (11.4 g, 0.076 mol). The product 

[co(NH^)^OCOC OPh] (010^)̂  was deposited as orange crystals.

Yield 6.4 g, (80%); ^ 1630 (br).

PMR (DMSO - dg): 2.75 s [3 ] (NB^), 3.9 5 [1 2] (4NH^), 7.8 c [ s] 

(Ar H’s).

Tetraamminebenzoylformilidenatocobalt(III ) chloride (130)^^

The cyclisation of (50, R = C^H^) to the imine complex (130)

was carried out as in the method for the pyruvilidenato complex (63)

using (50, R = O H  ) (4.9 g, 0.011 mol) in the presence of sodium 0 5

hydroxide (0.60 g, 0.015 mol) in water (10 ml) followed b]/ 70%

perchloric acid (10 ml). Yield 2.2 g (63%); V , 1685.C -• N
PMR (DMSO - dg): 2.9 s [3] (NH^), 3.4 s [ s] (2NHg), 3.95 s [3] (NH„), 

7.6 c [3] and 8.1 c [2J (Ar H ’s), 12,85 s (removed on deuteration )

[1 ] (C = NH).
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Deprotona t ion of tetraamniinGpyruv i 1 idena toe obalt( I Hior i d c

The method used here was analogous to that for tne complexes 

of the ethylenediaiiiine series (88). The deprotonated imine complex 

(71) was very unstable and had to be used immediately. Yield 0,90 g 

(85%).

Reaction of deprotonated imine complex (71) with ethyl bromoacetate 

The deprotonated imine complex (71) (1.0 g, 3.3 mmol) was 

dissolved in dry dimethyl sulphoxide (25 ml) in the presence of 

molecular sieves and ethyl bromoacetate (1.1 ml, 9.9 mmol) was 

added dropwise with stirring. No colour change was observed even 

after 24 h stirring or warming the reaction mixture. The solution 

was diluted with water ('25 ml), washed with chloroform and the 

aqueous layer acidified with glacial acetic acid when the solution 

turned orange. It was then absorbed on a h"*" form Dowex cation 

exchange column, the column washed with water and the orange band 

eluted with IM hydrochloric acid. The volume of the eluate was 

reduced and the complex precipitated by ethanol. After v/ashing . 

with ice-cold ethanol and then ether, 0.77 g of the reprotonated 

imine complex (130) was isolated.

Pentaammine-3,4-dimethoxybenzoylformatocobalt(III) perchlorate (133) 

This complex was prepared by the method described for the 

o6-ketocarboxylatopentaararaine complexes (50, R = CH^) and (50, R = )

using [co(NH^)^CO^JnO^ (2.8 g, 0.01 mol) and 3,4-dimethoxybenzoylformic 

acid (8.4 g, 0.04 mol). The product (133) was obtained in 71% yield

(3.9 g). P _ 1680, 1730.L = U
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PMR (DM80 - d^): 2.7 s [sl (NH^), 3.8 s Tel (OCH^ x 2), 3.9 sb 3 L J 3
[12] (4NH^), 7.05 d (J = 8Hz) [1] (C^ - H), 7.35 d (J = 2Hz) [ l]

(C., - H), 7.5 d of d (J = 2Hz and 8Hz) fll (0 - II).2 ^ 6
(Note: Tf tne 3,4-diiDotnoxybenzoylformic acid used was contaminated

with 3,4-dimethoxybenzoic acid, small amounts of the respective 

3,4-dimethoxybenzoato-complex (137) were also precipitated with the 

main product. However, this complex was easily removed in the 

cyclisation step).

Tetraainmine-3,4-dimethoxybenzoy1formi1idenatocoba1t(IIT) chloride (134)

This complex was prepared by the cyclisation procedure described 

earlier for the complexes (63) and (130) using the complex (133)

(2g, 3.6 mmol) and sodium hydroxide (0.5g, 0.012 mol). The 

perchlorate salt of the imine complex was obtained free of complex 

(137) and then converted to the chloride form by absorbing a solution 

of the perchlorate on a Dowex cation exchange column and eluting 

with IM hydrochloric acid as before. Yield 1.3 g (88%).

Calc, for C H N O Cl Co: C, 29.56; II, 5.42; N, 17.24; Cl, 17.49.X L/  ̂6 D ^
Found: C, 29.01; II, 5.85; N, 16.93; Cl, 17.30%. - N l^TO.

PMR (DMSO - dg): 3.55 br.s [9 ] (3NH3 ), 3.8 s [ô] (CXH^ x 2), 4.2 s

[3] (NIÎ ), 7.15 d (J = 8Hz) [1] (C^ - II), 8.05 c [2](C^- II and C^ - II),

13.0 br.s (removed on deuteration) [ l] (C = NH).
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N-Alky.l ation of Te traainmine-3, 4-ci ime tnoxy benzoyl form il idena tocoba 11 ( .ÏI Ï ) 

complex,

The deprotonation of (134) was carried out by the method used 

for the other imine complexes usingequimolar amounts of imine complex 

(2 g, i.9 mmol) and sodium hydroxide (0.2 g, 5.0 mmol). The 

deprotonated imine complex was isolated as a brownisb-orange 

perchlorate salt in 63% yield and was used immediately for alkylation.

The following N-alkyl complexes were obtained as the chlorides by the 

procedure used previously for other imine complexes.

a) N-Methyl imine complex (144); yield 78%.

Calc, for C H  N O  Cl Co: C, 31.43; H, 5.72; N, 16.67.X J- ^ 4 v) 4 ^
Found: C, 31.20; H, 6.16; N, 16.22%. V ' , 1670.C = N
PMR (DgO): 3.7 s [3 ] (NCH^), 3.9 s [ 3] and 3.4 s [ s] (OCH^ x 2),

7.2 s [3 ] (Ar H's).

b ) N-Allyl imine complex (145); Yield 54%

Calc, for C H N^O^Cl Co: C, 34.98; H, 5.83; N, 15.70; Cl, 15.92.i. o ^ k) O 4 6
Found: C, 34.30; H, 5.84; N, 15.39; Cl, 15.68%. ^ 1670.

PMR (D^O): (poor resolution) 4.0 s [s] and 4.05 s [3] (OCH^ x 2),

4.4 - 6.2 br. c [s] ("CH CH = CH ), 7.1 - 7.3 m [l] (C - H),

7.65 - 8.05 c 2 (C! - H and C - H).2 6
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CHAPTER 4

Organoinetallic reagents have been used for the synthesis of 

organic chemicals for more than one hundred years^. In the 

nineteenth and early twentieth centuries attention centred on

cy-alkyl derivatives of the non-transition metals such as
2 3dialkylzinc and Grignard reagents , since they are readily formed

by oxidative metallation reactions,

nRX + 2M ---- > R M + MX (Eq. 1)n n

RX M  > RMX (Eq. 2)

are thermally stable at room temperature but are very reactive. 

Reagents derived from easily oxidised metals such as lithium 

(Eq. 1; M = Li, R = R CH , R R CH, R R R C, CHR = CH, CHR =-L  ̂ j. 6 X X
CHCH^, CR^ = CCH^, Ph) are still extremely important in the

laboratory, while alkyl and aryl derivatives of the less

electropositive elements such as aluminium, tin, lead and silicon
4have great commercial significance

In general the reactivity of organic halides increases in 

the order Cl B r I ,  thus with metals of relatively low reactivity 

only highly reactive organic halides such as alkyl iodides, allylic, 

benzylic and propargylic halides and oC-halocarbonyl derivatives can 

be used in the laboratory for the synthesis of this type of 

organometallic compound by this route. Such organic halides are 

often difficult or expensive to prepare, and of late much attention 

has been devoted to routes using simple unsaturated substrates, 

and also to the direct activation of C - H links by a variety of 

reagents. Of great importance in this former category are
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5 6 7nydrometallation , oxomelallation and nalometallation

reactions of alkenes and alky nos, but in \’iew of the subject

matter of the remainder of tiris thesis only the latter process

in which a metal-carbon linkage is formed by direct reaction

with a carbon-hydrogen bond will be considered in any detail.

Metal-Carbon Bond Formation from Active C - H Compounds

Two types of reaction have been used for this process.

One is an oxidative addition reaction analogous to that between 

organic halides and nucleophilic metal containing species, an 

example of which is given below^,

NaFe(CO)^C^H^ + CH^ = CllCOCi -------  >

CTF = CHCOFe(CO), C II + NaCl 2 2 5 5
while the other involves metal-hydrogen exchange.

1. Oxidative addition of a C - H bond to a metal.

RH + ML ----> RM(H)L . ( Eq. 3 )n n

The first reported interaction of tiiis type between a C - H

bond in a ligand and a soluble transition metal complex was that
9reported by Chatt and Davidson', in which trans- RuCl^Cdrape)^ 

(dmpe = Me^PCH^CH^PMe^) reacted with anionic arene derivatives 

such as sodium naphthalenide to form the Ru(0) complex (2), as a 

very reactive species which underwent an oxidative addition 

reaction to form the Ru(II)-hydrido(aryl )-coraplex (3).
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N q  C-ioHg +
C l

P

P ' 

Ru"'

\
P

.P
(1)

C l

(3) (2 )

P P = Me, Pen m  m e  2 2 2 2

Since then oxidative addition of uncoordinated sp C - H and
3sp C - H bonds has been observed for tbe very reactive 16 electron

10tungstenocene species ♦

c p a W
H

-> [ c p z W  ] ^  CpgVV

nV
xylene

V

C p 2 W [ C  H 2 ( J A  ■ M 0 2 ^ 6  ̂ 3̂̂ ]?.

cp = cyclopentadienide ion
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Sucn reactions are still rare for C - II compounds in homogeneous 

solution but are becoming increasingly important for transition 

metals that can change their oxidation state by two units, readily 

form M " II bonds, and whose properties can be greatly modified 

by additional ligands.

2. Metal-hydrogen exchange

RH -f- MX ---- > RM + HX (Eq. 4)

There are two distinct processes here, one involving a simple 

acid-base reaction in which a metal-containing reagent acts as a 

base, whereas in the other, the metal-containing reagent acts as a 

Lewis acid.

a) Metal-hydrogen exchange with basic reagents.

This method provides a very general and increasingly important 

route from one organometallic compound to another (Eq. 4 in

which MX is an organometallic). RH must be more acidic than HX 

for the reaction to proceed and consequently in the series of 

decreasing basicity of MX , Cs>Rb>»K>Da>Srl>Nal>Ca>-Li>Mg, the 

less electropositive metals are of little use. Hence, in the 

reaction of the n-butyl derivatives of K, Na, Li and Mg with 

n-butane (pKa = 50), benzene (pK^ = 43), triphenylmethan'e 

(pKa = 30) and acetylene (pK^ = 25), n-butylmagnesium bromide will 

only metallate acetylene, whereas n-butyHithiura readily metallates 

triphenylmethane as well. n-Butylsodiura metallates all except
12n-butane and n-butylpotassium reacts with all four hydrocarbons , 

Typical saturated hydrocarbons are therefore often not acidic 

enough for this metal-hydrogen exchange reaction to be of practical 

use, although the method has long been used with organic compounds
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with relatively acidic C - H bonds (pK̂  ̂ = 30) including 

terminal acetylenes, various carbonyls and cyano derivatives 

containing o6-carbon-hydrogen bonds, and with cyclopentadiene 

derivatives.

There are two important drawbacks to this reaction. Because 

of the strong basicity of the reagents, reaction with a variety of 

electrophilic functional groups can occur resulting in a lack of 

chemcselectivity. The regiospecificity of the reaction can also 

be a problem depending on the nature of the base used. For 

instance a strongly basic reagent such as KCH^SiMe^ tends to attack 

the most acidic hydrogen, whereas weaker bases such as n-BuLi and 

t-BuOK can be strongly influenced by steric hindrance and so
13attack the meta- and para- hydrogens in compound (4) for example ,

n-Bu Li 
t-BuOK Ü Me /i<CH2SiWiG3

Me
(4)

Lithiation reactions are thought to involve nucleophilic 

attack of the anionic hydrocarbon residue on the most acidic 

hydrogen atom of the compound undergoing metallation. The 

evidence for this mechanism includes,

i) Lithiation of phenoxanthin (5) with n-butyllithium occurs in 

a position ortho-to oxygen rather than to sulphur because of the 

greater electronegative (or electron-withdrawing) inductive effect 

of the oxygen atom^^.
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(

n-BuLir->

ii) Higher yields are obtained in polar solvents.

iii) The addition of strongly coordinating solvents such as 

tetramothylethylenedianiine (TMEDA) enhances the basicity of MX by 

coniplexing with the lithium ion. Thus in non-polar solvents, 

n-BuLi does not metallate toluene, whereas its TMEDA complex does 14

-CH' n-BuLi TMEDA
C / /

— C H 2 L (

15
In 1963, Hauser and co-workers reported the ortholithiation 

of dialkylaminoaryl derivatives to produce relatively stable 

organolithiura derivatives which reacted with electrophiles to form 

o-substituted aromatic compounds. The ability of certain 

substituents on aromatic systems to induce exclusive orthometallation 

has since then been found to be typical in a number of metallation 

reactions involving organolithium reagents. This phenomenon is 

of synthetic interest since such a procedure enables one to 

produce ortho-disubstituted products virtually uncontaminated by 

meta- or para-isomers. Scheme 1 shows some examples of

stabilizing ligands (6) and some of the electrophiles employed 16-18
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X X
■Li E

( 6 •)

X = NMe, (CH^) NMe_ (n = 1 or 2), CONK , CH = NR, SO NR, CF ,^ 2 j"i  ̂ ^ ^

OCHg, F.

E"̂  = RX, RCHO, R^CO, CO^, D,0, Me SiCl, IICONMe^, (CO CII CH )2  ̂ 2 \j 2 2 2 V/ 4-,

Scheme 1.

A book review on the synthetic chemistry of organolithiura
19compounds has been published by Wakefield

b ) Metal-hydrogen exchange with acidic reagents
20Metal-containing reagents such as HgCOAc)^ and 

21Tl(O^CCF^)^ which are Lewis acids, undergo metal-hydrogen

exchange reactions, especially with arenes. This time the

reaction can be viewed as an electrophilic aromatic substitution

involving metal-containing electrophiles. The reaction, typicaJ

of electrophilic aromatic substitution, generally results in

mixtures of ortho-, meta- and para-isomers, and deactivated

aromatic compounds fail to react. In the thallium reactions

simple alkyl groups were shown to induce p-metallation. In

aromatic compounds containing a substituent with a nucleophilic

moiety in such a position as to permit a five- or six-membered

ring transition state, the o-isoraer has been shown to be the 
22major product , Scheme 2.
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C O  OR
TKO^CCFg)^

R O .  _. 0

,,tl(02CCF3)2

COOR
T I ( 0 2 C C F 3 ) 2

C H2CH2OH
T1(0„CCP,),z, 0 0  
 > r^^^jy-tl(02CCF3)2

Ç H 2 C H 2O H

J L ( 0 2 C C F 3 ) 2

Scheme 2

Cyclometallation

In 1963, Kleinraann and Dubeck reported tbe first cyclomeLaila ted
23compound involving a transition metal". Complex (7) was prepared

in low yields from dicyclopentadienylnickel and azobenzene.

This was closely followed by papers on tbe palladium and platinum 
24analogues , and subsequently extended to a wbole range of
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25transition metal complexes containing nitrogen , arylphospiiine
26 27(8) and arylpnospnite (9) ligands.

fMi

Ph
(7)

PPh
R K

PPh

(8)

o

CL— Rû<— P(0 Ph)2
( P h O ) 3 P P ( 0 P h ) 3  

P(0 Ph)3
(9 )

Tne terra "cyclometallation” was introduced by Trofiraenko 
28in 1973 to cover ortnoraetallation and other reactions resulting 

in the ring systera(ll) containing a coordinate bond between a 

transition raetal M and a Group V (N, P, As) or Group VI (O, S) 

donor atom Y, and a covalent raetal-carbon bond. The M - C bond 

is formed by intramolecular ring closure of the coordination 

complex (10) by elimination of HX, where X is a suitable leaving 

group such as halide or acetate. In many cases the intermediate 

coordination complex (10) may be isolated and hence shown

.Y.
^ ivi ) 4" H X

(10) (11 )
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unequivocally to be tbe precursor of the cycloinetallated 

derivative. This will be discussed later with reference to 

palladium and platinum complexes.

The formation of orthometallated products is not always

easily detected by chemical analysis, but can be readily

demonstrated by spectroscopic examination. Thus the infrared

spectra of cyclometallated derivatives show extra bands

characteristic of an ortho-disubstituted aromatic nucleus in
— Xthe 700 - 800 and 1100cm regions when compared to the non-

26metallated complexes . For example, the iridium complex (13)
— 3showed strong bands in the IR spectrum at 1100 and 800cm ' which

were not present in the iridium(I) starting material (12), so
27cconfirming that metallation had occurred ,

IrCL(CO)[P(OPh)3]2
(12)

P c (0 P h )3  

H

( P h O ) 2 P Cl 
P c(O P h )3

A
acetone
P(OPh)

(13)
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Similarly, diagnostic changes occur in the proton N'vlR spectra

of such complexes v/ith the appearance of multiplets shifted

upfield (for N-donor ligands) or downfield (for P-donor ligands)

from the main aromatic proton signals. In complex (13), the

presence of the hydride ligand and its position relative to the

phosphite ligands were also readily established by such

measurements. A high field doublet of triplets J(P^-H)=275Hz,

J(P^-H)=19Hz centred at -9.3[)pm indicated the stereochemistry

shown for (13)^^'". More recently, C NMR spectroscopy has been

used to determine the presence of a metal-carbon Ch-bond in this

type of complex. A typical example is the Rh complex (14) which

showed a low field doublet centred at 166 ppm due to the rhodium
103 13substituted carbon atom with Rh- C coupling of 37Hc. There

was another doublet centred at 152.0ppra J(Rh-C)-2Hz which the
29authors assigned to C2

N  
11
N

(14)
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In some cases, the mass spectrum provides evidence for the

presence of the chelate group although care must be taken

to ensure that cycloraetallation has not occurred in the mass

spectrometer as is the case with certain molybdenum and
30ruthenium complexes , In an increasingly large number 

of cases, complexes have been characterised by complete x-ray 

structure determination.
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ORTHO-DIRECTED PALLADATION

Of the many transition metals which undergo cyclonietallation

reactions, palladium has been most frequently used. In common

with other Platinum Group metals, this element forms a vast.

array of neutral and anionic complexes, predominantly with

halides and Group V donors and also forms stable compounds with 
_ 31n-acid ligands . Other highly characteristic features of these

elements include the formation of polynuclear and hydrido-complcxes,

and their ability to formO- and H-bonds to carbon compounds.

These properties together with their ability to often simultaneously

change their oxidation state and coordination number by two units,

partly explains their importance as catalysts in a wealth of organic 
32reactions ,

Palladium in the 2+ oxidation state commonly forms square

planar complexes, and such a geometry is invariably found for

cyclopalladated complexes. The first such derivative (16) was
24reported in 1965 by Cope and Siekraann in a reaction analogous 

to that reported for the nickel complex (7) and the crystal

structure of the platinum analogue was determined some ten years
33a 33blater . Balch and Petridis reported the isolation of the

intermediate trans- (PhN=NPh)2 PdCl^ (15, M = Pd) which could be

converted to (16, M=Pd, R=H) by refluxing in THF.



15’?,

/ R

P h

Me OH

m :

P h

- C U

' c r

(16)

R P h

•l\l̂
'-M
i.Hi

(15)

"R

M = P(3, R = H

Ph
M

M = Pd, Pt 
R = H, Me, Et
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Similar reactions involving N,N~diraetiiylbenzylamine and related

compounds were later reported by Cope and Friedricb^^, wbo used

tbe ligands C^H (Oil ) NH (Cli (m = 0 - 3, n = 0 - 2), too 5 2 m  n o 2-n
determine tbe conditions required for cycloraetallation. Tbeir 

conclusions are summarised below:

a) Tbe )ring must contain five atoms.

For tbe ligands wbere ra = 0, 2, 3; n = 0 (wbich could only 

give 4-, 6- or 7-membered ring systems on cyclisation), only 

compounds of tbe type ML^Cl^ were obtained in wbicb L was 

coordinated to tbe metal via the nitrogen.atom. There were no 

exceptions to this condition at that time, although recently 

a four-raembered ring system containing Pt has been prepared by 

amination of coordinated aliénés. Scheme 3.

P P h g  / C M e 2

P h l P  / Me NH
R

^ C U \ Q 2  

CL— Rt-C 
Cl ^^CHR 

H I^ M e a
-HCl

CMe-
PhoP

;CHR

Scheme 3.
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b) The nitrogen atom must be tertiary

With ligands L(n=l or 2), only ML^Cl^ complexes were obtained 

This condition was later amended to include highly sterically 

hindered secondary and primary amines when complexes of the 

type fl7) were prepared It was proposed that the driving

CL

(17)

R - Me or H

force for the metallation of these amines arose from the effect, 

of the bulky groups, bound to or around the nitrogen atom forcing 

one of the aryl groups sufficiently close to. the metal atom for 

metallation to occur.

c) The carbon atom must be substituted by electrophilic attack.

34Cope and Friedrich found that p-nitro-N,N-diraethylbenzylamine

only formed an adduct coordinated via the amine group, with no

metal-carbonO~bond since the carbon atom ortho- to the CH NMe2 2
group was deactivated for electrophilic attack. This is only 

relevant to some metals in particular oxidation states such as



IGO.

Pd ( 11 ) and Pt(I T) since nucleopiil lie attack takes place on the 

carbon atom with other metals (eg. lithiation, as mentioned 

earlier ).

Other donor ligands which give cyclometallated products

with Pd or Pt metals include P, As and S, examples of which are
37 37 38(18) , (19) , and (20) respectively.

P M q ^

(18)

. C L

M = Pd, Pt

V
-Pt,

PhoP

(19)

PPh-
Pt

(21)
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In the case of phosphines, the Cope rules for nitrogen 

donor ligands are not applicable, since four atom rings are
39

frequently found for example (21) , and similar compounds

with Mn, Ru and Rii and Ir (22), (23) and (24)^^ are now known

P P h

(22)

'PPh2 

■Pu— CL

M = RJi, Ir

P P h 2

f^ln(C0)4

(23)

P P h a
(24)

Tbe palladation reactions first described by Cope nave nov/ 

been extended to many other nitrogenous ligands some of which ar; 

indicated below.

A. Benzylaroines
34Since Cope's paper on the orthopalladation of N,N-dimethyl- 

benzylaniine, a variety of other tertiary benzylamine-Pd(II ) 

complexes (25) have been reported ^4,36, 12 i Most of theni



1G2.

were prepared by tbe reaction of tbe tertiary base witb Li,,Pdbl^ 

in riietbaiiol to produce tbe cl)loro-bridged dimer. In some cases 

tbe acetato-bridged dimer bas been prepared using Pd(OAc)^ in 

refluxing acetic acid.

R.

X 

X

(25)

R—
Pel

*7

a) X = Cl
b) X z: OAc 

Palladation at C6

R, Rl = CHg: Z = H^'^; 4-OMe*; 3,5-(OMeI^; 3,4-OCH^O^;

2-Me^; 4-Me^.

R,Rl = CgH^: Z = 3,4-OCH^O^; 3-OH, 4-OMe*; 3-OAc, 4-OMe^;

S^MeOCHgO, 4-OMe^; 3-PbCH20, 4-OMe^.

R,R^ = -(CHg)^-: Z --Z

Although the slightly activated N,N,2- and N,N,4-trimethyl- 

benzylamines both reacted to form dimeric species (25; R = R^ = Me,

Z = 2- or 4-Me, X - Cl), the highly hindered N,N,3,5-tetramethyl 

benzylaraine gave the bis(benzylamine )dichloridopalladium(II) 

complex (26). This is in contrast to the similarly hindered 

but more highly activated N,N-diraethyl-3,5-dimethoxybenzylamine 

which gave the chloro-bridged dimer [35; R = R^ = Me, Z = 3,5-(0Me)^; 

X = Cl]



163.

M e

, P d  C I 2

\

(26)

Trof irnenko^^ ' has reported di-orthopallada ted compounds,

formed in the reaction of the tetrachloropalladate ion with 

N,N,N ,N - te trae thy l-p-xy].enedi amine (27) in the presence of a 

hindered tertiary amine. A mixture of (28) and (29) in the ratio of 

7 : 3 resulted, and their structures were inferred from their 

physical properties and bridge-splitting .reactions (discussed later) 

with pyridine and acetyladetone, and in one case by x-ray analysis 

Complex (29) has two types of chlorine atoms, one of v/hich is 

involved in a relatively inert intramolecular Pd - Cl -■ Pd bridge. 

Thus in preparing the ionic pyridine derivative (31), this bridge 

remained intact.

Compounds of the type (32) were shown to react with Na^PdCi^

(or the corresponding Ft salt) to give the chelated complexes (33), 

which on heating with NaOAc yielded the orthometallated compound 

(34). The greater flexibility of the 6-merabered ring in (34, n = 3) 

would be expected to enable the benzyl group to approach the 

metal and become metallated. However, prolonged reflux in 

xylene gave only the diraetallated Pt compound (35) in low 

yield.
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N E t z

fJEt2 
(27)

4- 2F)d(:i4
2-

NEt

->

(28)

CHgCOCHgCOCHg

/

M

(29)

py/NH^PFg

(30)

P F ô

(31)



J-UO ,

(32)
M e 2 -MCl

V y

NaOAc
M = Pd, Pt 
n = 2, 3

M = Pd, Pt 
n = 2,3

(35)
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B . Benzaldimines

Benzaldiniines cari also form complexes wild a C-mombered ring

structure similar to Pd-benzylamine derivatives. Tuesc complexes
46were first reported by Molnar and Orcbin in 1969 . when tJiey

treated bis(benzon i trile)d icb1 or id opa1lad iurn(II) wi tb 

N-pbcnylbenzaldiniine derivatives (36) in methanol. Bis(benzylidjno- 

araine-6-C,N)dicblorodipalladium(II) complexes crystallized on 

cooling.

Y

N
(36)

(PbCN)^rdCl^

MeOlI

(37)

47However, Onoue and Moritani in 1972 , reported that duplication

of Molnar's procedure with (38) resulted in a mixture of the two 

complexes bis(aniline )dichloropalladium(11 ) (39) (insoluble in 

dichlororaethane ) and bis(N-phenylbenzaldimine)d ichloropalladi um(11) 

(40) (soluble in dichloromethane), Scheme 4,rather than the 

cycloraetallated derivatives.
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MeOH

^ N P h

(38)

\
N H o  /2

P(dC

(39) = 3280, 3200, 
2 3170, 3125

= 1585 cm-1

K G

(40)
V,c=c

= 1610 cm-1

-1

(39)

(40)

PPh

PPh

-> (PPh3)2PdCL2 + C 6H 5N H 2

(PPh3)2PdCL2 + CaHgCH^NPn

Treatment of (39) and (40) with triphenylphosphine gave

dichlorobisCtriphenylphosphine )palladiiira(II) in both cases, and

aniline and N-phenylbenzaldimine respectively, instead of the

normal bridge-split products typical of binuclear cyclometallated

palladium complexes. Bis(aniline)dichloropalladium(II) (39) was

presumed to be formed by the methanolysis of N-phenylbenzaldimine
48coordinated to palladium . A similar metal-assisted cleavage 

reaction of the azomethine bond had been reported by Bruce and

49co-workers .
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47Onoue and Moritani finally obtained the cyclometallated 

derivative of N-phenylbenzaldimine (42, (R = H, ) by

using P d ( O A c i n  refluxing acetic acid. The corresponding 

chloro- and bromo-bridged complexes (43) were then prepared by 

metathetical reaction of the carboxylate complex with NaCl and 

NaBr respectively. A series of related complexes were obtained 

similarly from (41).

(41)

Pd(OAc)

Ac OH

V

R —. H; R = Ph, CH , p-CH C H 1 3 — 3 6 4
CH^; R̂  = Ph 
Ph ; R^ = Ph

R 
R
X = 01, Br

R "

1 . iV!e

NaX/acetone

(43)
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Orthometaliation by Pd(II) has also been observed for various

oximes (44)^^ which give the chloro-bridged complexes (45) with the

usual 5-membered ring structure. K^PtCl^ did not yield dimeric

derivatives, instead the complexes (47; M = Pt, R = Me, i - Pr)

were isolated. By varying the reaction conditions, Onoue and 
50co-workers were able to isolate the palladium analogues of (47),

OH
(44)

Li PdCl 2 4
MeOH.

•CL

OH
(45)

R = H, Me, Pr, i-Pr, Ph.

Z = H, OMe, 3,4-(0Bz)g, 4,5-(OBz)^

c>.

OH
(46)

OH

K PtCl
MeOH

h

(47)
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2-Reaction of PdCl^ vvitn IRe 0-metnyl oxime of bonzophenone
50yielded predoniinantly tne complex (49). The authors concluded 

that the strong coordination of palladium with nitrogen due to 

the presence of the electron-donating methyl group, reduced the 

electropliilicity of the metal, hence preventing its attack on the 

arene ring. However, in the 0-acetyl- and 0-benzoylacetophcnone 

oximes (48; R = CH^, R^ = CH^CO or PhCO) the electron-withdrawing 

acyl groups reduced the coordinating power of the nitrogen atom 

and hence orthometallation giving a chloro-bridged complex of the 

type (50) proceeded.

R =

(48)

R

CO, PhCO

OR.

R "N

R = Pli, = CH^

a  
IRd 
Cl
(49)

Q R i

r ^ ^ / R
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In 1973, Lewis and co-workers reported that 

benzopnenone pbenylnydrazone (50) readily formed a Pd 

complex with Na^PdCl^. There are two possible sites for 

O'-bond formation on orthopalladation of (50) which would 

result in complex (51) or (52). To distinguish between them, 

the authors repeated the reaction using cyclohexanone 

pbenylnydrazone (53) which has only one ring available for 

O'-bond formation, but only complex (54) was isolated with 

none of the metallated complex (55). This indicated that

the pbenylnydrazone (50) formed complex (51), rather than (52).

A new method of synthesising orthopalladated complexes
51 52(58) was reported by Dehand and co-workers ’ whereby coordinated 

N,N-disubstituted hydrazines (56) were reacted with organic 

ketones or aldehydes. Regardless of the nature of and R^ 

only simple hydrazine adducts (57) are formed when R^ and/or 

R^ are not phenyl groups. Scheme 5.

52In complex (58) the authors suggested that additional 

stabilization of the molecule would be provided by conjugation 

of the azomethine bond with the aromatic ring.

(50)
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( 5 0 )

CL

]
K

/
Ph

C = N

(5i)

,NH

(52)

N H
W

(53)

(55) <  / C L><
CL > N ;  

H N ^ y
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R
jN— NHg + PdCl2 

R 2

j \ | — N H 2
R 2

-Cl

Y(56) \

R^COR

= H,Me,Ed

■Cl

i  Ri

(57)

(58)

Scheme 5.
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C. Miscellaneous
53The reaction of various ylides of general formula 

ArCO-NY^ (Ar=Ph, m- and P~CILC^H^; Y=py, NlVlê , PPiy ) with 

halide salt of Pd(Il), afforded products containing cyclometallated 

betaines with the ylide acting as a bidentato ligand (61). The 

intermediates (59) and (60) were isolated by slight modification 

of the experimental conditions.

V

Y'J
P d C l

5iv % c O

O -^ (M

(60)
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Various other nitrogen-containing neteroaromatic compounds

such as pyridine^^’ quinoline^^'^^, benzo[hjquinoline^^' 
also give complexes with five-merabered N - Pd “ C ring systems,

a few of which are shown in Scheme 6.

CL

CL

CH

Li PdCl

Scheme 6
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N'

C H 2I
C H 3

Li PdCl 2 4

Pd CI2

PdCl

Scheme 6.



178.

Finally pseudoaroroatic systems can also be pallariated. 

Thus aniinoalkyllerrocenes of the type (62) react witb Na^PdCl^ 

in tbe presence of NaOAc'' to form tbe diastereoisomers (63) 

and (64), and it seems likely that tbis reaction is capable of 

being extended to other pseudoaroniatic systems.

Me,

Fe

f\)Ro

I

(62)

Me,

NR

(63)

+

R o NCL-
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Structure Elucidation and Spectroscopic C ti a r a c t e r i g a t i o n

As mentioned earlier on Page 153. both nuclear magnetic

resonance and vibrational studies bave been extensively employed

in tbe characterization of cyclometallated complexes. In early

studies, aromatic palladation was established by KTvlR

measurements on both the palladium complex and on the deuterated

organic compound formed by LiAlD^ reduction of the organometallic 
34derivative (Table 1).

OfVle
Li PdCl

(65)

OMe

LiAlD

NMe 2
(67)
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Compound
NMR 6

o- to CH^
( ppm )

m- to CIÎ2
65 7.27 d 2H 6.9 d 2H

66 7.80 d IH 6.78 br.s IH

6.62 q IH

67 7.27 d IH 6.97 m 2H

Table 1

As well as changes in the aromatic region, considerable 

changes in chemical shifts of protons on carbons c6~ to the 

nitrogen atom occur on palladation of dialkyl.benzylamines

The N-raethyl and methylene carbons also suffer a downfield
13 ' 29 34shift in the C N1\1R spectra of these complexes ' ’ as

shown in Table 2, For nuclei with a non-zero nuclear spin,

such as the platinum analogue of complex (69, Z = H), coupling

occurs with both the methyl and methylene protons

NIVlG'

Li^PdCl

z

(69)
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Compound Z
'̂11 NMR 6( |.)pm )

PhClI N 2

NT.1R

NMCg

à(ppm) 

PhCII^N

68 II 2.22 3.39 44.7 63.9

4-OMe 2.22 3.39

3,5-(0Me)2 2.25 3.37

69 H 2.83 3.92 52.6 73.1

4-OMe 2.83 3.89

3,5-(0Me)^ 2.70 3.95
1

Table 2

In contrast, an upfield snift of 0.66 ppm was found for tbe
47imine proton on formation of complex (70) . Tnis indicated that 

coordination to Pd still occurred tlirough tne lone pair of 

electrons on the nitrogen atom rather than the C = N double 

bond . If the TT-electrons of the azometiiine group were 

involved in the coordination process, a much greater upfield 

shift would be expected

Pd(OAc)

NPh

.OAc

r  /V
(70)
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Infra-red spectroscopy gives additional information about 

tne nature of the complexes. For the binuclear complexes two 

isomers are possible as indicated in (71) and (72), In the 

solid state, x-ray diffraction studies have invariably revealed

N

C
(71)

X
P(jP(j

(72)

-N.

that the -trans- isomer (71) is preferred The bridging

nature of the ligands (X) is most clearly shown when X = CH^CO^ .

Thus the imine complex (70) exhibits two strong infra-red absorptions
—  1at 1570 and 1410cm due to the asymmetric and symmetric stretching

47frequencies of the CO^ group , These band positions are

similar to those of the free acetate ion, as noted previously for

acetate-bridged complexes (73). The separation between V (CO )a 2
and V (CO ) in the infra-red spectrum of complexes possessing the s 2
unidentate acetate ligand is much greater than this, and for a

63bidentate acetate ligand V (CO ) - V (CO ) is small ,a z s 2
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(VI— O, 

M — O

(73)

In tne cnloro-bridged complexes, two V(Pd-Cl) absorptions
— Iare normally found in the 320 - 250cm region for trans-complexes

(71) as indicated in Table 3 for a series of imine complexes (43).

The (C = N) frequencies of these complexes are shifted to lower
—  1wavelengths by about 40cm on complexation, again indicating

that nitrogen is coordinated to Pd through its lone pair of

electrons The strong arene C - H out of plane bending
— 1modes are observed at £a. 720cm which are characteristic of

26aortho-substituted aromatic rings .

(41)
(43)

OAc

(42)
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Compounds
R

(43),(42) — 1Ligand(cm ) 
V(C = N) V( C=N )

Com pie: 
VCCOg")

x ( cm ) 
v(Pd-Cl ) V(C-h)

II Ph 1637
1599

1570,1410
318,254 76],745, 

713,694

Me Ph 1640
1580

1580,1410
299,256 756,750,

718,700

Ph Ph

L_ ..

16] 5
1587

1570,1410
297,258 753,723,

702,692

Table 3

Bridge Cleavage Reactions

Ortbopaliadated bridged dimers (71) characteristically 

undergo bridge cleavage reactions with good O'-donors (L) such as 

pyrxdine, phosphines and arsines to produce monomeric species, 

which being more soluble than the corresponding dimer aie of 

great help in structure elucidation by NMR methods. The second 

stage of the reaction, only occurs with certain combinations of

N  C — P d  X  L z  < PdXL
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ligands, and in at least one of tliese complexes C74) the

neutral ligands (L) have been shown by x-ray crystallography to
6 6occupy trans-positions. ,

PdN

(74)

The strong trans-effect^^ of theC^-carbon bond is shown by the 

considerable lengthening of the trans-M - Cl bond in the binuclear 

complexes (75) and (76) ^, and consequently in the first stage

CHO
•Me

2 036 2 076
CHO

(75)

Ph
(76)
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of foridge'-splitting reactions, the incoming ligand is expected 

to be directed towards the position trans to theO-bonded carbon 

atom, although other factors such as steric hindrance may well 

determine the final configuration (77) or (78) of the product.

IM-. A'

X
(77) (78)

The positions of the raetal-halogon stretching frequencies in the 

IR spectra of the above complexes (X  ̂halogen) give good indications

of their structures because changes in trans-ligands affect their
69values markedly, whereas cis-substituents do not . Crociani and co- 

65 'workers in 1970 carried out a far-infrared study of Pd(II)-nalogen 

dimers and their bridge-split products in order to examine the 

influence of the chelating agent (N - C) on the binuclear unit 

Pd Pd and to correlate structural information with IR data

for the mononuclear products. They prepared the corresponding 

bromo-derivatives by nietathetical reactions with LiBr in acetone, 

to assist them in their assignments. Table 4 shows the V (Fd - X) 

frequencies of the complexes (79), (80) and (81).
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P/ N C = az

1 ^ X
• / P d C
/

■"NMea
(80)

Kl C = bz

M e x . ^ C H 2

M G 2

.X
Pd

(81)

L

r T c — p'd— X

N C ̂ al

(82)
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Compound V(Pd-Cl)cm V(Pd-Br)cm ^

79 337, 262. 191, 162
A -1 — 1A  V =: 75cm A v " 29cm ^

80 330, 247 191, 155
Av = 83cm"^ A  v =

-146 cm

81 315, 220 190 138
Av = -195cm A  V = 52cm ^

Table 4

65The authors assigned the higher frequency band to the stretching

vibration V(Pd - X) trans to the nitrogen atom and the lower one

to V(Pd - X) trans to the(^-bonded carbon, on the basis of the

higher trans-influence of a -bonded carbon compared to the

nitrogen atom. They also noted that the separation y between

the two stretching frequencies of complexes (79) - (81) increased

for both the chloro- and b^'omo-derivativos, and considered that

this reflected a change in reactivity towards bridge splitting

agents, with the reactivity of the dimers being in the order (79)!>

(80)!1>(81). Table 5 summarises the results obtained by these 
65authors for the monomeric products of the type (77) and (78) 

obtained by bridge splitting reactions of complexes (79), (80) 

and (81). The complex with structure (82) could only be 

obtained when a 4 molar excess of either triethyl- or triphenyl 

phosphine v/as used.
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Complex V(FW - X)cm"^ Structur

Pd az py Cl 352, 280 77 and 78

Pd az py Br i1 196 78

Pd az(PPh2)2Cl 298 82

Pd az(PPh^)^Br 172 82

Pd bz py Cl 298 78

Pd bz py Br 162 78

Pd bz(PPh^)Cl 299 78

Pd bz(PPh^ )Br 174 78

Pd al py Cl 285 78

Pd al py Br 160 78

Pd al(PPhg)Cl 278 78

Pd al(PPhg)Br 193, 174 77 and 71

Table 5.

In tbe H NMR spectra'of tbe majority of tbe monomeric

complexes, pyridine and tripbenylpbospbine caused large shielding

effects on the aromatic protons, which was consistent with the

new ligand being cis to the aryl ring, and hence trans to the 
44,70nitrogen atom ’ , In the monomeric tripbenylpbospbine complex

(83), the proton NMR spectrum showed long range coupling between

the N-methyl protons and the phosphorus atom which again suggested
70a trans assignment of these two ligand atoms . The two N-methyl 

groups were diastereotopic owing to the presence of an asymmetric 

carbon and so have different chemical shifts.
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XLM e

Me

II miR 6(ppm): 1,76, d , J(P - H) = 6.3Hz, CCH^: 2,76 d, 

J(P - H) = 3.0 Hz, NCHgj 2.82 d, J(P - H) = 1.5Hz, NCH^; 

3.78 ni, CH; 6.3 - 7.85 ni, Ar H's.

71Dehand and co-workers reporting on the reactivity of 

cyclopalladated dimers of hydrazones (84) towards pyridine, 

phosphines and triphenylarsines were able to use a different 

criterion to establish the stereochemistry of their products. 

They noted that the V(N - H) stretch for (85) occurred at lower 

wavenumbers than those for.complexes (84) and (86), due to 

intramolecular bonding between the N - H proton and halogen 

atom. This is only possible in structure (87).

In kinetic and H NMR studies on bridge splitting reactions 

of N,N-dimethylbenzylaroine complex (80) with pyridine, 2- or 

7-raethylquinoline, and benzo^hJquinoline, Deeming and co-workers 

have shown that the incoming group, which takes up a position 

trans to the Pd - N bond is tilted in such a way as to lessen 

Pd......H - C interactions of the neutral ligand which tend to

72
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Me-

(84)

-Cl

4PPH

2PPH

PP
-Pd

Me3

(85) .

Ph-5

P P h 3

(86)

PH

- C \
;pci

L 

:CL

(87)
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destabilize tbe complex. Thus in the complex (88), the pyridine 

ring plane is almost perpendicular to the coordination plane of 

the palladium.

'N M G 2
(80)

M e

A e

2py

'C L

(88)

Mechanism of Orthopalladation

Aromatic palladation was concluded to be an example of an 

electrophilic aromatic substitution reaction based on the following 

observations ;
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a) Although palladation occui-rcd readily with N, N-d iniethy lben/̂ \ lamines
34no such reaction occurred with 4-nitro-N,N-dimethylbenzylamine

b) The order of reactivity in p-substituted azobenzenes decreased
73in the order OMe H Cl ,

c) The rate of palladation of N,N-dimethyIbenzylaraines was faster
34than that of azobenzenes ,

d) In asymmetrically substituted azobenzenes, the electron-rich
74ring is preferentially palladated

A possible mechanism is shown in Scheme 7, where a ll-complex

initially formed rearranges to a O'-aryl complex, which then 1 oses
72a proton and dimerises , The mechanism for the

rearrangement is not Itnown although a recent kinetic study by

Russian workers on arylation of styrene by benzene in the

presence of PdCOAc)^ to form stilbene suggested the
75rearrangement to be the rate determining step *

Although there seems little doubt that palladation does 

involve electrophilic substitution, it seems extremely unlikely 

that all raetallations with transition metal complexes will 

follow this mechanism. For example, a low-valent transition 

metal such as MnR(CO)^^R = alkyl, is unlikely to act as an 

electrophile and evidence has been presented that MnMe(CO)
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(3 d (:L 4

"Ph
-Cl

CL
cL— P d — Cl

A

N~iM- Ph

"Cl HI

H

+

Cl 
p / — Cl

•Ph
0\“aryl complex

I-H

CL 

d— CL

" N = N .
-Ph

-Cl

C l

P d - C l

Ti -complex

Cl

'N=(\)
Ph

Scneme 7
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76behaves as a nucJ.eopnilic reagent towards aromatic ring systems , 

and ortnomanganation using this reagent is encouraged by electron 

wit lid rawing substituents .

\Ph

V

IV!nMe(C0)5

Z—^  — IVln(C0)4 CH4

Ph

Z = electron-withdrawing substituent.

The difference between the behaviour of aryls as ligands 

and that of the more familiar ligands of transition metal 

chemistry, is that complexes containing the latter can decompose 

with the formation of ions (eg. Cl , NO^ ) or neutral molecules 

(eg. H^O, PEt^) all of which are relatively stable species,

whereas dissociation of a M - C G'-bond yields a very reactive 

product such as a free radical or less likely a carbanion, so 

that for stability the Pd - C O-bond must have a high activation 

energy barrier toward decomposition. As the kinetic stability 

of a compound decreases with temperature, low temperatures are often
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necosGP.ry for tne successful prépara tion of complexes 

containing metal - carbon O-bonds. However, in cycloraetallated 

aromatic complexes, extra stability relative to simple G>“aryl 

compounds is achieved by the chelate effect and by effectively 

hindering the attack of reagents at the metal centre in some 

cases.

Ilegj ospecif icj ty in 0rthopalladation

In compounds with non-equivalent ortho-positions some
43 4 4regiospecificity has been observed ' , In 3,4-disubstituted

benzylamines (89), palladation occurred exclusively at (90) 

either due to the electron-uonating nature of the C^-substituent 

or due to steric effects. If one of the substituents was capable 

of functioning as a ligand, tiien a different regiospecificity was 

observed, example (91).

M gO- •iVleO'
-7»

(89) (90)

O

N E t2

Ri Cl

(91)

R = H, COCH^, CHgOCHg, CH^Ph

\ = CH_, Ph
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In 2~diinet!iylanilnomethylnaplithalcne (92) where the

directing influence of substituents is absent, palladation

occurred on both the 1- and 3-positions, (S3) and (94), in 
4Gthe ratio 2 : 1 , and with the diamine (27) no regiospecificity

(92)

4-

N M G '

(93)

(94)

was observed, a mixture of (28) and (29) being obtained, 

with the ratio dependent on the size of R However, for

the meta-diamine (95), only complex (96) was obtained with
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(MR2

+ PdCU

' N R 2

(27)

(28)

-CL
Pd

Pd
NR

(29)

R = Et; (28) : (29) = 7 : 3 

R = r.-Pr; (28) : (29) = 2 : I

45no evidence for the alternative cycloiDetallated complex (97) *
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RgN.

+ PdCL
2-

4

-NR2

(95)

M/

.Cl, CL

Rofll—
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Réactions of Synthetic Potential

So far only two types of reaction JeacJing to synthetically 

useful products nave been reported.

A . Reaction with bard nucleophiles

The reductive cleavage of cyclometa1lated complexes by

LiAlD to form ortho-deuterated derivatives has been used to 4
determine the structure of orthopalla^ted complexes ' as mentioneci 

earlier.

LiAlD,

N M S 2 N M e 2

77In 1978, Murahashi and co-workers reported that 

o-palladated iraines, benzylaraines and azobenzenes underwent 

coupling reactions witn either organolithium compounds or 

Grignard reagents in the presence of triphenylphosphine , 

giving the o^-substituted aromatic compounds in nigh yields.

Thus, the complexes (79), (80) and (98) reacted with 

metnyllitniura in the presence of a four molar excess of 

triphenylphosphine to give the corresponding o-methyl compounds (99) 

in greater than 90% yields. The products of the reaction were 

assumed to be formed via nucleophilic attack at the palladium 

of the phosphine complex (100) by reductive coupling
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CL

(98)

4PPh.

^ P P h 3

rf"' (101)

RLi

R = C H 4 9

C H 3 C H 2 C H = C H 2

+

-à.

P h s R  C L  
^ /

' ^ ^ ^ P h ;

H
(100)

'' ' (102)

V  -a

' P = ^ - - P h

(104)

~ H

CHO
(103)

Ph

Scheme 8.
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(79)

(99)

R = N=NPn(91%), 
CHgKMe^ (99% 
CH=NPh (95%)

N M G2
(80)

Ph

(98)

Pd %2 A c/\

A
+ H + Pd(0 ) 

+ X~
nucleopnilic substitution ^

H - C — C— 4- Pd(0 )

À  .Z x "

nucleopnilic addition

>T<
A — X?d — X 

X

Î1 -complex

i
H - C — C—

A P -X

O  --complex

Scheme 9
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Tiie hydrolysis of the imine product (102) to give the

o-benzaldehyde derivative was thus a useful route to this class

of compound (103), Reaction with alkyl lithium reagents

possessing jQ-hydrogens, however caused ^-hydrogen elimination

with the loss of an alkene so leading to the palladium-hydrido

complex (104) which then underwent reductive coupling withi the

formation of the starting imine (Scheme 8). This side reaction

could be suppressed by two mole equivalents of tripheny1pnosphine

per palladium atom, although the mechanism was not understood.

Grignard reagents reacted in an analogous manner but because of

their lower nucleophilicity, an excess of the reagent was required.

The alkylation described above seemed to proceed only in the case

of hard nucleophiles such as alkyl lithium or Grignard reagents and
79,80not with softer carbanions ,

B. Insertion reactions

In synthetic reactions involving palladium, activation of 

molecules such as CO, acetylenes, alkenes and aromatic

compounds, takes place through coordination. Alkenes, for 

example, are usually susceptible to electrophilic attack, but 

on complexation will react with nucleophiles. In the palladium 

reaction, a ligand A on palladium attacks a H-bonded alkene which 

rearranges to a(^-bonded complex. The palladium-Ch-bond is 

reactive and may undergo decomposition immediately or after a 

further transformation such as an insertion reaction as shown in 

Scheme 9.
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Insertion reactions via aryl palladium complexes can be 

divided into two types:

1) Insertion into transient aryl palladium complexes formed 

by oxidative addition of aryl halides to Pd(0), or by metal 

exchange witn aryl mercurials (the Heck reaction), and

2) Insertion reactions involving stable preformed aromatic 

palladated complexes.

1. The Heck reaction.

While the work on stable aromatic palladated complexes was 
82being developed, Heck reported the palladium catalysed arylation 

of olefins. Initially his method consisted of forming a reactive 

aryl palladium complex from a main group organometallic (such as 

mercury) and carrying out an olefin insertion reaction (Scheme 10)

PhL-gX + PdXg + 2L   PhPdL^X + HgX^

RCH = CH^

X = Cl, OAc PhCH = CHR + Pd(0) + HX

L = ligated solvent molecule

Scheme 10.

While this reaction worked well, it suffered from considerable

disadvantages in that many desirable main group organometallics

were not readily accessible, and even when they were, they had

to be used in stoichiometric amounts. Moreover, the insertion

reaction was not stereospecific, and also sometimes gave mixtures
83of cis- and trans-isomers. For example ^
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PhPdLstoAc) + CH2=CHCH3
anti-
Mar ko vni ko ff

Markovnikoff

C H 2- C H  
I \

Ph

AcO -Pd

l!

CH.

-H

V

PhCH^CH-CHg
I
Pd— OAc 
L

V

'-benzylic H

H (60%) CH3

+

Ph\ /CH3 
,C=C

H/  A H
(9%)

-terminal H

\/

CH2=C
/Ph
\

(16%)
CH3

PhCHgCH^CHg
(15%)
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84More recently, Heck developed direct palladium catalysed 

vinylic substitution reactions witn organic halides as a new 

and useful method for producing C - C bonds. The reaction could 

be accomplished with aryl, heterocyclic, benzylic, and vinylic 

bromides and iodides. Insertion reactions witn organic halides 

reported by Heck include:

a) Carboalkoxylation
1 3 "Pd" 1 3 4- “RX 4 CO 4- R OH + R N  RCO R 4- R NH X3 2 3

(b) Amidation
1 2  3 "Pd" 1 2 3 4--RX 4 CO 4- R R NH 4- R N  rcONR R + R NH X3 3

c) Formylation
3 "Pd" 3 4- -RX 4- CO 4- 4- R N  RCHO -f- R Nil X2 3 3

d ) Etnynylic substitution

RX 4- HC = CR^ 4- R ^N RC = CR̂ ' 4- R '̂ NIl'̂ X3 3

e) Reduction
3 4- - "Pd" 3 4- -RX 4- Rg NH CO^H ----^  RH 4- CO^ 4- R^ NH X

f) Vinylic substitution
\  % 3 "Pd" I / 3 4--RX 4 C = C 4 R, N --->  RC = C 4 R NH X\ 3 \ 3

g) Aj3“substituted ketone or aldehyde synthesis

0
h) Dienylation

3 "Pd" 3 4RX 4 ^  4 Rg N ___ ^  4 R^ NH X
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where "Pd" was either finely divided palladium metal or more 

frequently tetrakis(triarylphosphine)palladium(0) complexes.

In the vinylic substitution reaction, essentially all

common functional groups were tolerated under the same conditions

with the exception of oC, j3 -unsaturated ketones and aldehydes

which only reacted normally in the form of their ketals or acetals

The reactions proceeded well with conjugated or isolated double

bonds with mono-, di- and often tri-substituted olefins,

generally in a sterospecific manner. Although the mechanism

of the vinylic substitution was not known in detail, there was
84good evidence for the mechanism shown in Scheme 11 involving 

syn addition of the organopalladium compound to the olefin 

followed by syn elimination of the palladium hydride.

The direction of addition of the organopalladium compound 

to the olefin was shown to depend upon the substituents present, 

with both steric and electronic influences being observed.

The reaction was found to be catalytic in palladium if the 

organic halide was added together with a base to remove 

hydrogen halide from the final equilibrium. Triethyl- or 

tri-n-butylamine was generally employed although in some 

cases, where no side reactions could occur, secondary amines 

were preferred. Frequently, palladium(O) phosphine complexes 

were used instead of fine divided Pd metal to form the
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RPdL2X 4 RtCH=CH2

H— r-
r /

H\
R'

C-
/Rl
\Fjd—X 

L

C — C
/ R i

'H

-L
C H o — c

i
R — P d — X

L

H \  /Ri
; c = = c

R !
H— Pd—X

+

L 
H -p |d —X 

L

(n-2)L

(3d L n  +

R = aryl, heterocyclic, benzyl, vinyl,

X - Br or I, R^ = alkyl.

Scheme 11
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organopalladium derivative of the typo (105), and it was

found that triarylpiiosphines were more effective than

RX +  ^ R P d ( P R g ^ )2X + (n - 2)P R g^

(105)

2
2 R CH=CHr V

R CH = CHR < ---  —  RPdCPR )X
™ 3

+ nx + PdCPRg^)^

trialkylphosphj nes, triphenylphosphi te or bisCdiphenj'lphosphino )-- 

ethane. After carrying out a number of these vinylic insertion

reactions, Heck and co-workers formulated the following
T. 84,85generalizations

a) The organic group (R) of RX added predominantly to the least 

substituted carbon of the double bond.

b) Although electron-withdrawing substituents on the double 

bond generally caused exclusive addition of the organic group

to the olefinic carbon not liaving this substituent; witn electron- 

donating groups, some addition to the carbon carrying the 

substituent was usually observed.

c) The reaction was stereospecific with 1,2-disubstituted 

alkenes, proceeding by a cis-addition-cis-elimination sequence.

If there was a choice of hydrogens for elimination, the most basic 

hydrogen tended to be lost with the formation of the most stable 

products.
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d) Generally, organic bromides only reacted in the presence 

of a triarylphosphine or amine as a catalyst whereas, organic 

iodides did not require such a catalyst. Organic chlorides 

however, would not usually undergo the reaction under similar 

conditions ( <Cl50°C).

Some useful applications of the Heck reaction have been 

reported in the last few years. For instance, quinolines 

have been obtained easily from the reaction of a variety of 

oC, p-uns&turated esters, acids or amides with 2-iodoaniline^^, 

Scheme 12.

86,87Ban and co-workers - recently developed the intramolecular 

version of Heck's reaction for the synthesis of indoles and 

isoquinolines. The substituted aniline (106) was cyclised 

to the indaloyl ester (107) in reasonable yield, presumably 

via the intermediate (108)^^, The base tetraraethylethylenediamine 

(n\ŒD) was required for regeneration of the Pd(0) from the 

hydridopalladium complex (HPdXL^), the optimum ratio of base 

to substrate being 2 : 1 .  If greater than this, no cyclisation 

product was obtained although the reason for this has not been 

established yet. A plausible mechanism is shown in Scheme 13 

where the Pd(II) complex, Pd(OAc)2 (PPh2 is first converted 

to the zerovalent palladium derivative, PdL^, followed by its 

oxidative insertion into the aryl halide, so forming the Pd(11 ) 

complex (108). This rearranges to the(^-complex (109), from 

which HPdL^Br is eliminated to form (110) which easily isomerises 

to (107). Hence the catalytic requirement of Pd(OAc)^ makes this
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+  E t j N  +
i H.

i)

ÇO2CH3

CO2CH3 Pd(OAc)g

C O 2C H 3 CHgCN

'CONHPh

■Ph

(71%)
+ CH3OH

Ph

(06%)
+  P h N H 2

iii)
C OgH 0“ PhMH

(71%)
OH

+  H 2 O

iv)
H 3 C

(55%)

N H .

+ CH3OH

(22%)

Scheme 2.2.
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■Br

'NHAc
4

COpCHn
J

CH2 Bi

(106) /\C

2% PdCOAc)^ 
4% PPhg
200% TMED

C O 2 C H 3

4

43%
(107) 20-30%

4
(MHAc

15%

Scheme 13.
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Ç O z C H j

Ac

Pd(OAc'.^(PPh ^2 3 2

\  / B r
/ P d  / C O / H 3

f\!—^
(1C8 )

Ac
(109)

(110) Ac

■CO2CH3

Ac
(107)

HPdLnBr + TMED Pd(0 )

+ TMED. HBr

Scheme 13.
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reaction a good synthetic route to indole derivatives. The 
8Gaauthors then used benzylamine (111) for cyclisation to 

4-substituted isoquinolines under similar reaction conditions

P'n

(111)

Ph

8%

■ +

•Ph

27%

Ran and co-workers^^ continued investigations on these 

reactions to determine whether they proceeded with formation 

of an endo- or exo-double bond. Using the compounds (112), 

(114), (116) and (118), intramolecular cyclisation via aryl 

palladium complexes were shown to proceed by an exo-type reaction 

to give (113), (115), (117), and (119) respectively with none of
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5,6,7-Exo-Trig.

2

7,8-Endo-Trig.

tne products (120), 021), (122) or (123) expected from an endo-

type reaction.

f - ï ^ c O a l V I e

5-Exo-Trig. (112)

N'-'-'O

^  COzlVle
A

COalVle

(113)
Ph

(120)
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5-Exo-Trig.

6-Exo-Trig.

W Ph
(114)

Ph
(115)

C 02,Vie
(121)

/ C O a M e  

O
C O a M e

(117)
/
C O 2M G (122)

r ^ ^ B r

7t Exo-Trig.
'N-v( Et X

COa.Me (118)
V

C O a M e

C O g E t

Bz
C O a E t

(119) (123)
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It is l-QTOv.n, However, tnat aryllialides are not always 

required for the insertion reactions of olefins. There is a 

vast literature^^'^^ on the insertion of olefins such as 

ethylene and styrene into benzene itself where nucleophilic 

substitution of olefins occur.

(excess)

c r - q  
H  A

Pd(OAc)
AcOH

2

H — C H 2

Pd(0Ac)2 : = 1 : 1

It is interesting to note that Pd(II) assisted intramolecular

amination of olefins has been achieved in the synthesis of indoles whe;
90a C - N bond is formed. Hegedus and co-workers cyclised

0-allylanilines to 2-raethylindoles in high yields under mild 

reaction conditions in the presence of PdCl^(CH^CN)^ in THF.

They prepared a variety of o-vinylanilines (124) in high yields 

via the reaction of î]-allylnickel bromide with substituted

01-bromoaniline in DMF at 50°C, a method reported by Corey and
91Semmelheck . The mild conditions allowed a variety of 

differently substituted o-allylanilines to be used. The authors90
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Br
B,. -f

DMF
so^c

(124)

z

Br

N  H 9

Z

(124)

E t a N

+  P d C l g ( C H 3 C  N)g

z

\ NH.

Cl

Cl

Et3N

> c T  
^  \

(126)

(127)

HgN— >F)d-C l 

C l(125)

Pd— Cl

(128)
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(127)
-HCl

-"Pdll”

(128)

(129)

Scheme 14,

proposed the mechanism in Scheme 14 for the cyclisation

reaction to the 2-methylindoles. The complex (125) with

the amino and olefinic groups coordinated in a chelating

manner was suggested to be the yellowish-brown precipitate

seen but was not isolated during the reaction. Treating

this solid with triethylamine caused dissolution of the

solid followed by deposition of metallic palladium and

formation of 2-methylindolo (129). Hegedus proposed that

the addition of triethylamine caused the displacement of the

weakly basic aromatic amine to generate the complex (126) where

the aromatic amine could achieve the trans-stereochemistry
92required for amination of coordinated olefins . This was 

followed by attack of the aromatic amine on the coordinated 

olefin resulting in theO-alkylpalladiura complex (127) which 

upon elimination of hydrogen chloride and palladium induced 

P"hydrogen elimination, gave the compound (128) which 

rearranged spontaneously to 2-methylindole (129).
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Witn methyl-substituted allylanilines, ring closure

occurred at the most substituted carbon of tne double bond

allowing Pd to occupy tne less substituted position. Thus

o-(2-metnallyl)aniline (130) gave 2,2-dimetnyldinydroindole (131)

exclusively, rather than 3-raethylquinoline (132). Other

cyclisations by these authors included that of o-(2-cyclohexenyi)•

aniline (133) to tetrahydrocarbazole (134) and o-allylbenzylamine

(135) to 3~roethyl-l,2,3,4-tetrahydroisoquinoline (136) via a

mixture of dihydroisoquinolines, which showed that the reaction

also proceeded with the more basic benzylamines (pK-^9)a
(compare anilines, pKa*^5). They also showed that nucleophiles 

other than nitrogen could undergo this reaction, as in 

o-allylbenzoic acid (137) to give 3-methylisocoumarin (138).

(130)

(132) (131)

(133) (134)
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(135)

C H

m

(136)

(137)

C H

(138)

2. Insertion reactions into preformed aromatic palladated 

complexes.

Cyclopalladated complexes involving nitrogen donor ligands 

described in the earlier part of this chapter have been found 

to insert a variety of unsaturated substrates including 

carbon monoxide, isocyanides, thiocyanogen, alkenes and 

acetylenes.

a) Carbon monoxide

Ten years ago the azobenzene complex (79) was found to

insert CO in protic solvents (EtOH or H^O) at 50^C under

pressure (150 atm.) to give 2-phenyl-3-indazolinone (139) in 
73high yield , via the proposed mechanism shown in Scheme 15.
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C O

PdCO

"Ph

C O
Pd— CL

'̂1

N— Ph
N ^ P ^ d — Cl 

C O

V

OII
C,

"2°

N —
N 
H

(139)

/

N—  Ph

CL--F)d---CO

-CO
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Pd V
CO

CL
IOC— ^d— CO  
C=:0

( C O ) 2 P d C l  / 9

(140)

Scheme 15.
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42Later in 1976 Thompson and Heck reported the reactions 

of a variety of orthopalladated complexes with CO. They 

repeated the reaction with the azobenzene complex (79) in the 

inert solvent xylene which gave a purple complex, the structure

of which was not determined. On treating this with warm

methanol, they obtained the lactone (139) in 70% yield, together 

with 20% of a second lactone (140), the proposed mechanism of 

this reaction is also shown in Scheme 15. Carbonylation of Schiff 

base complexes gave only 3-acetoxy-2-phenylphthaliraidine (142) 

in 65% yield in xylene at lOO^C, although in the presence of

nucleophiles like aniline, it led to insertion of the

nucleophile in the product to give (143, = C^H^NH ), In

the presence of alcohol, two reaction pathways were possible, 

either attack by the alcohol on the carbonyl group to form the 

non-cyclised ester (144), or the compound may undergo internal 

addition of the acyl-palladium group to the C = N bond forming 

(145) followed by insertion of the alcohol to give (143; = CH^O,

CgH^O), Scheme 16.

Benzaldazines (42, R^ = N=CHPh ) and hydrazones 

[4 2 , R^ = N(CH^)^, R = CHg] were also shown to react similarly 

with CO to give (146) and (147) respectively. Similar reactions 

with tertiary benzylamine complexes (25) gave mixtures of
49dealkylated phthaliraidine structures (148) and the acid (149)*".
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AcO

R

aljM)
xylene, 100* Ĉ

(141)

w

0
1

NPh

AcO
■CO

OAc

COV
■ n P h

ROH, R^ = II

(145)

R1

NPh

(142)

NPh
CH

^ N P h  

Ri
(144)

"2 = ^6"5'"'2' °*3°'

Scnerae 16.
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Here the nieciianisni for tiie C - N bond cleavage dealkylalion 

to (148) was not understood.

AcO

R
(42)

N=CIjPh, R = H 
N C C ng)^ , R = CH3

AcO

(25) R

CO

Ac

R

- C O 2

■NH(R),

OAc
Pd

R

()]R
OAc

(146)

1
o  OAc

C O

Î  ,
NJ-R

NR

(148)

(149)
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Treatment of halo-oxime complexes (45) witn CO only

resulted in bridge splitting v/nicb resisted further insertion

of CO, .possibly due to the rigid 5-inenibered chelate rings
93being strengthened by intramolecular hydrogen bonds " (150).

X

200(1 atm)
z

o n

R
(451

(150)

b) Isocyanides and thiocyanogen

Isocyanides were glso shown to insert into azobenzene 
94complexes , the reaction proceeding via the formation of 

stable monomeric complexes (151) which on thermal degradation 

formed 3--imino-2-phenylindazolines (152). It was also shown 

that treatment of the monomer (151) with CO in MeOH at 40°C 

under pressure, inserted CO to give (153).
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T"" F)d'

2P!--rJEEC

^Cl

2

A

(152)

(>|-Ph

^ C — N — R

'CL

(151)

CO/CII^OH

(153)

R = t - C II , o - CH„C H : Z = H, OCH^4 y ~ o o 4 o

95Subsequently, tne insertion of thiocyanogen v/as described 

altbougn the dimeric species (154) bad first to be converted to 

the monomeric complex (155) for a clean reaction.
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(154) NR

NPh
(155)

(SCN)
CHCl

96
c) Alkynes

Very recently, Deriand and co-workers*''' reported the 

insertion of two disubstituted alkyne molecules into the Pd - C 

Ch-bond of the cycloraetallated compounds (80) (or their monomers), 

and (157) to give stable complexes of the type (156) and (158) 

respectively. It was found that with unsymraetrically substituted 

alkynes, two isomers (156b) and (156c) were formed whose 

structures were confirmed by x-ray crystallography. With 

hexafluorobut-2-yne, the palladated dimers were found to insert
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only one molecule of the alkyne to give the chloro-bridged 

dimers of compounds containing 7-membered metallocycles such 

as (159), (160) and (161), the monomers of which were 

obtained by bridge splitting with neutral ligands. The 

reaction of N,N-dimethyl-l-naphthylaraine palladium(II) 

complex (162) with hexafluorobut-2-yne resulted in the 

deposition of metallic palladium and the isolation of the 

organic product (163) where déméthylation of the nitrogen 

had occurred. None of the expected precursor (164) was 

isolated.

Me

FgCCgCCFg

:N-

Me
I

X

1 2R C=CR

(excess)

(156)

a) R^=R^=R^=R^
b) R^=R^=Me; R^=R^=Ph
c) R^=R^=Me; R^=R^=Ph

X = Cl, Br

(159)
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(157)

Cl

FgCCsCCFg

PiiC=CPn

V

"jh y f ) h

N — ^ P d — C. ■Ph
X

(158)

i\)— >Pc)

(160)

(161)
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M

FgCCsCCFy

Me

M e
C F

C F 3

(163)
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97
d ) Alkenes

In 1969, Tsuji"' briefly reported the insertion of

styrene into the dimethylbenssylaraine complex (25) to form

the stilbene (165) but no experimental details were given

and no further mention of the reaction has appeared. In 
981975, Julia e_t reported the insertion of ethyl acrylate

into 1-[^(dimethylaraino)methyl]-naphthalene complex (167) to 

form (168) in good yield, but again, no experimental details 

were provided. They also reported that the tertiary amine 

(166) in the presence of Pd(OAc)^ in acetic acid at lOO^C 

also gave the same insertion product (163) though in lower 

yield.

CL

(25)

(165)
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cnco. EtCH
70%

OEt
(168)K PdCl

rdCOAc)̂ , CH2=CHC02Et 
AcOH (100°C)
60%

In 1977, Holton reported the addition of cC, ^-unsaturated 

letones to tertiary benzylamine palladium complexes (69) in high 

yields under mild conditions and with complete regiospecificity. 

Treatment of the complex with excess enones in refluxing toluene 

or benzene containing excess triethylamine gave the product (169) 

He also found that the reaction was accelerated in the presence 

of acetic acid. This reaction seemed less general compared to 

Heck's reaction since only terminal vinylic ketones were found 

to react. This reaction will be discussed further in the next 

chapter.
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(69)

Ri 0
I IICH =CH-C>R 2

2

Doubly-cnelated complexes such as (91) appeared less willing to

undergo tliis reaction although with alkyl lithium reagents,
44

regiospecific products (170) were obtained

O

H o C

CH„=CHCOCH„ 2 3

— N Et 2

IVl

R ^ S C H  g O
NEt.

y

(170)

Thus the full scope of this type of insertion reaction 

involving alkenes has not been investigated and will be the 

topic of discussion in the next chapter.



DISCUSSION
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CHA]̂ TER 5

3-Arylisoquinoline derivatives (171) are important

intermediates in one synthetic route to alkaloids containing

benzo^cjpnenanthridine and berberine skeletons which can be

derived from (171) by the addition of a two-carbon bridge from
99-102either C-4 (172) or from nitrogen (173) to the 3-aryl group,'

(171)

(173)

(172)

Thus, the preparations of two 5-hydroxyberberine alkaloids

(176) have been achieved by acid catalysed cyclisation of the

3-aryl-N-substituted-1,2,3,4-tetrahydroisoquinoline (175) via
99 100the route shown in Scheme 17 ' . The overall yields from

the starting 3-aryl-l,2,3,4-tetrahydroisoquinoline (174) were about

40%.
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(174)

glycidol

NCH2CHOHCH2OH

Ri
(175)

R = OMe, = H 

R = H, R^ = OMe

NalO4

MeO OH
Ri

(176)

Scheme 17

A successful conversion of 3-aryl-l,2-dihydroisoquinoline

(177) to sanguinarine (178), an alkaloid possessing a benzo[c]-
103phenanthridine skeleton, has been reported by a photochemical 

cyclisation and subsequent oxidation steps.
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h V
M e

(177)

(178)

However, a slightly different route to benzoj'cjphenantnridine

derivative shown in Scheme 18 proved unsuccessful although the

3-aryl-4-ethoxalyl-l,2-dihydroisoquinoline (179) could be obtained 
99in moderate yields

The important routes already available for the synthesis of 

3-arylisoquinoline derivatives with alkoxy substituents in the 

6- and 7- or 7- and 8-positions (as found in naturally occurring 

alkaloids) are outlined below:

a) The cyclodehydration of P “phenethylamides (the Bischler-Napieralski 
104cyclisation ), provides a general route to 3,4-dihydroisoquinolines. 

Thus, N-forrayl-1,2-(3,4-dimethoxyphenyl)ethylaraine (180) was readily 

converted to the 3,4-dihydroisoquinoline (181) which on dehydrogenation
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iVleO|
IVleO'

NllVle
NaBH

MeO
MeO' ClCOCCl Et

NMe

MeO

C O z E t  

CO C^^^OMe Ig/EtOH

+

M e O p C ^

I V I e o L ^

t O ^ ^ O M e

< : ^ O M e ,

COzEt
ct) f ^ O M e  

OMe

(179)

Scheme 18
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gave the 3-arylisoquinoline (182), although in low yields 105

+ OMe 
OMe

M C I
O

HCO^H, HOMO 

(NH^)2"c03 2-

M e O O : ; ^

//
C \,% :^O M e  

OMe

r ^ ^ ^ O M e

MeO
MeO

POCl

(180)
< ï ^ O M g  

OMe

MeO

(181)

r ï ^ ^ O M é  

OMe

(182)
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104b) The Pictet-Spengler synthesis op isoquinolines was used 

for the preparation of 3-aryl-1,2,3,4-tetrahydroisoquinoline

(184) in high yields from 1,2-diaryleihylarnine (183) The

disadvantage of this reaction is the requirement of an electron- 

donating substituent in a position to facilitate ortho-ring closure 

Hence, a 7,8-dialkoxyisoquinoline derivative cannot be prepared by 

this route.

HONCHO
HCO^ H

HCHO, H

NH
(184)



24%.

c) A niodiX'ied Pomeraiitz-Fritscn synthesis ^ was used by Vinot^^^ 

for the preparation of a 4-"ethoxy-3-aryl-l,2,3,4-totranydroisoquinoline

(186). The iiirine obtained from the condensation of benzylamine 

with a 2,2-o'icthoxyacetaldehyde was treated with phenyl magnesium 

bromide to give an N-benzyl-2,2-diethoxy-l-arylethylamine derivative

(185) which was then cyclised to a 3-arylisoquinoline derivative (186). 

The 7,8-dialkoxy analogues have not been prepared via this route, 

aid better yields were obtained for the 6,7-dialkoxyisoquinoline 

derivatives using the Pictet-Spengler method.

N H 2
(EtOloCHCHO

EtO^ /OEt

OEtEtc

NH
(185) OEt

N H

(1861
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d) Investigations into ortliolitniation of aromatic carboxamides
109(187) by Hauser et. al. ' led to tne development of a useful 

syntbetic route to 3-aryl-3,4“dihydroisocarbostyrils (188) in good 

yields.

NHR
(187)0

o
(188) R = Me, Pn

NR
NHR

o

An adaptation of this raetnod was reported^^^ in wMicb

2-metbylbenzonitrile (189) was treated witn a base and

methylbenzoate to give desoxybenzoin (190), wbich was converted

to a ketal (191), reduced to the amine (192) and subsequently

cyclised and oxidised to 3-arylisoquinoline (171) in an overall

yield of 24%. However, reaction of (189) with a base and an

aromatic nitrile was reported to give the 3-arylisoquinoline (171) 
111directly , although no yield or any other analogues were reported
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C H o  PiiCO Me

NaH
CN

(190)

VAr 
— N  H 2

Ar
CN
(191)(192)

PnCN

112 113e) Reissert compounds ' such as (193), which are readily

obtainable from aromatic isoquinolines have been shown by Kirby 
114and co-workers to rearrange to 3-arylisoquinolines (194; R = H, 

CHO). However, the usefulness of this reaction for the preparation 

of alkaloids would depend on the susceptibility of alkoxy substituted 

aryl groups to oxidation by reagents necessary to produce (193).
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PhCOCl

C H O

P h
. NaOH/EtOH

O E t

(194)

N

T

P h

V

HOCl

CL

O H

C N

f) Thermolytic ring closure of o6-pnenylstyrylisocyanate (197) was
115reported to give 3-pnenylisocarbostyril (198) Tne isocyanates

were obtained by condensing benzaldebyde witn phenylacetic acid to 

give c/.-arylcinnainic acid (195) and subsequent synthesis of tne 

isocyanate group through an acyl azide (196). Although the yield 

of the isocarbostyril from the cyclisation reaction was high, the 

preceding steps gave relatively low yields as shown in Scheme 19.
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- C H O

\i

C O C l

37%

(195)

49%

W

Ph 
C O N i

(196)

Ph
75%

(197)

(198)

97

Scheme 19

Tsuji’s brief statement that styrene reacted with 

organopalladium complexes of the type (25) to give o-arainomethylstilbene 

derivatives (165) provides a basis for another very simple route to
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3-arylisoquinoline derivatives, via ring closure of these products. 

Cyclisation could be brought about on a secondary amine derivative

Cl

(\jlVle2
(25)

(1G5)

by functionalising the C = C double bond to an epoxide or a dihalide 

in order to facilitate intramolecular nucteophilic attack by the amine

M H R
N H R
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In most of the routes to 3-arylisoquinoline derivatives 

outlined above, the cyclisation reactions were very dependent on 

tne substitution pattern in the aromatic ring (A). This restriction 

is unlikely to apply to syntheses carried out via organopalladium 

complexes of the type (25), which should therefore provide a convenient 

route to either the 6,7- or 7,8-dialkoxyisoquinoline derivatives. 

However, the full scope of the insertion of styrenes or other 

alkenes into such complexes and the requirements that allow these 

insertion reactions to proceed have not been explored. Thus the 

aim of the work described in this part of the thesis was to examine 

the reactivity of some of those nitrogen-containing cyclopalladated 

complexes towards a series of alkenes and attempt to modify the 

substituents in a synthetically useful way. In the process, a 

number of cyclopalladated complexes were prepared and studied 

with particular attention given to their spectroscopic properties.

All the complexes prepared in this thesis have the 3,4-diniethoxy- 

benzyl-moie ty in view of the synthetic route to naturally occurring 

isoquinoline alkaloids.

A . The Preparation and Reactivity of Di-/J -chlorobis(3,4-dimethoxy- 

N,N-dimethylbenzylamine-6-C,N)dipalladium(II).

1. Preparation

Treatment of 3,4-dimethoxy-N,N-dimethylbenzylaraine with lithium 

tetrachloropalladate in a 2 : 1 mole ratio in methanol at O^C resulted 

in regiospecific palladation at giving an 87% yield of di-ji- 

chlorobis(3,4-dimethoxy-N,N-dimethylbenzylamine-6-C,N)dipalladium(II) 

(200). Traces of dimethoxy-N,N-dimethylbenzylaramonium tetrachloro

palladate (201) were readily removed by washing with chloroform in 

which the neutral dimer (200) was almost insoluble.
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M g

M e O ' ^

Li^PdCi.^

NMe
(199 )

M e

MeO 
Me 'i\i H M g '

PdCl

(201)

If tJie preparation was carried out using equiiriolar amounts of 

amine (199) and tetrachloropalladate in the presence of triethylamine, 

only low yields of the cyclopalladated complex (200) were obtained. 

Like all the tertiary benzylamine complexes reported, the dimer 

(200) was stable indefinite]y in the solid-state under normal 

storage conditions, and so provided a convenient material for the 

synthesis of o-substituted benzylic amines. The spectral data on 

this and related complexes will be discussed in detail in Section C 

of this chapter.

2. Reactions of the dimer (200)

There is an apparent similarity between the alkene insertion 

reactions of cyclic palladium complexes and the Heck reaction, already 

described in the last chapter. Heck concluded from his study of the 

arylation of olefins that electron-releasing groups, such as p-OMe, 

p-OH and p-NEt^, on the aryl group of theC^-bonded Pd-aryl species (202) 

caused a decrease in the yields of the final product d\ie to formation 

of stable palladium complexes.
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ArHgX + PdXg + 2L

X = Cl, OAc

L = solvent.

ArPdLgX + UgXg
(202)

RCH = CH,

ArCH=CHR + Pd(0) + HX

He also found that bulky groups near the reactive Pd - C link of the
82arene ring did not influence the course of the reaction . Kinetic

117studies on this reaction indicated that Pd-aryl O'-bond formation 

is a slow irreversible step in the mechanism, thus making it impossible 

to study the alkene insertion step in detail. The study of insertion 

reactions of preformed aromatic palladated complexes should therefore 

help our understanding of this important stage, as well as yield 

synthetically useful organic compounds. Thus the complex (200) was 

reacted with the enones, methyl vinyl ketone and ethyl acrylate, a 

series of styrene derivatives, and with some functionalised vinylic 

compounds.

a) Enones
43Holton had reported that o6, j3-unsaturated ketones readily 

inserted into the Pd - C bond of complex (25) to yield compounds 

(204) in high yields. He also found that although the bulk of the 

substituent R on the enone (203) had little effect on the rate of 

the reaction, steric effects appeared to play a major role in 

suppressing the addition when the starting enone bore substituents 

in either the or p-positions. Substituents at the ̂ -position 

prevented reaction altogether whereas those in the composition
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Cl
\

(25)

2

K iM g o
+ r^ c h = c h r ' c o r

V o

NMe
(204)

reduced both the rate and yield. He also reported that only trans 

products (204) were isolated with no cis isomer detected. Table 6 

summarizes the results obtained by Holton for the above reaction.

Enone (203)
Adduct (204) Yield (%)

R

CH^COCH=CH^ H H 95

C HrCOCH=CHr2 5 2 H H 93

cyclo-CgH^^COCH^CHg cyclo- "6"ll « H 96

PhC0CH=CH2 Ph H H 94

CH^COCH=CHCH^
""3

H
“ 3

0

CH COC(Ph)=CH^ 3 2 “ '3
Ph H 80

Table 6.
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CHg = CncOMe

(205)

NfVie?

(206)

The 3,4-niethylenedioxy palladium complex (205) was also shown to

react with methyl vinyl ketone to give an analogous trans adduct
34 84(206) in high yield (95%) . Since Heck reported that electron-

releasihg groups on the aromatic ring decreased the yields of the

insertion products in reactions of O^-aryl palladium derivatives,

it was interesting to note that in contrast the methylenedioxy

complex (205) gave such a high yield of product. When the 3,4-diraethoxy

N,N-dimethylbenzylaraine palladium complex (200) was reacted with an

excess of methyl vinyl ketone or ethyl acrylate by the same procedure 
43used by Holtoh , high yields of (207a) and (207b) were also obtained 

after deposition of metallic palladium.

The H NMR spectrum of the products (207a) (PMR 1) and (207b) 

showed singlets at 6.8 and 6.9 ppm respectively for their C^-protons,
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MeO
MeO N M 0 2

(200)

(VleO

(207)

a) H = CHg (98%)

b) R = OEt (85%)

and at 7.1 and 7,15 for the C^-protons confirming that the enones 

had substituted at the C^-position of the benzylamine. The splitting 

constants of 16Hz for the olefinic protons of both compounds indicated 

a trans-geometry about the double bond.

Holton^^ had reported that the reaction with enones was

accelerated by using the more polar solvent acetic acid. Thus

the reaction of (200) with ethyl acrylate was repeated in an acetic

acid/dichloromethane mixture (3 ; 1). Solutions of the reactants

were cooled to 0°C before mixing and the reaction mixture then allowed

to warm up to room temperature. Deposition of metallic palladium

only occurred at room temperature although it was necessary to mix
othe reactants initially at 0 C, otherwise some 3,4-dimethoxy-N,N- 

dimethylbenzylamine was formed by decomposition of complex (200), 

resulting in lower yields of the final products. When the reaction 

mixture was worked up after eight hours from the start of the reaction,
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compound (207b) was obtained in 93% yield, vvPicb was a considerable 

improvement on that obtained in refluxing benzene. Holton showed 

that the acetate complex (208) could not be an active intermediate 

in this reaction because the preformed complex reacted with methyl 

vinyl ketone more slowly than the corresponding chloro-coraplex in 

both refluxjng toluene, and in acetic acid/dichloromethane mixtures 

at room temperature.

o

'f\]MG2 (209)

(2C8)

Reaction of complex (200) with 2-cyclohexeno-l-one (209) did not 

give any addition product under any of the conditions tried. This 

is similar to Holton's findings with 3-pentene-2-one (Table 6).

The above reaction with enones could be applied to the 

preparation of Ganem’s intermediate (211), a key step in the synthesis 

of Lycorine type alkaloids (213). This intermediate has been 

prepared previously by a very lengthy route^"^. Synthesis of (211) 

via orthopalladation of (210) is conceivable and would provide an 

easy alternative method. In general this route could be used to
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1. LigPdCl^
(2100

C!i =CHCO:\ïe

•Me

(211)

: Base

Me

H

(213)

prepare intermediates sucn as (214) which are suitable for internal 

Michael addition so yielding (215).
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; Basez
Me ■Me

(2

Compound (207a) was used to snow that sucn a cyclisation is 

possible. It was reacted with etnyl bromoacetate in etner 

containing a ti'ace of etnanol, to give tbe quaternary bromide salt 

(21G) in 32% yieJ.d. Tne salt (216) was tbcn treated witn potassium 

carbonate in ethanol for the Michael addition. The spectral data 

of the product showed that cyclisation had taken place although the 

ester group in (217) had partially hydrolysed and was in equilibrium 

with the free acid. The UV spectrum of the product showed a 

reduction in conjugation and there was no absorption due to olofinic 

protons in the NMR spectrum.

O

M e

MeO
MeO

BrCH C0„Et

Me
(207a) Me

OEt

(216)

K„CO,

(217)
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However, since this thesis was concerned with the preparation of

3-arylisoquinoline derivatives, the above reaction was not 

investigated further.

b) Styrenes

None of the styrene derivatives used would react with the 

dimethoxy complex (200) in refluxing benzene. But in view of the 

increased reactivity of the palladium complex with enones when a more polar 

solvent system was used, the reaction with styrene derivatives was 

repeated using a 3 : 1 mixture of acetic acid and dichloromethane.

By cooling the solutions of the reactants to 0^0 before mixing and 

allowing the reaction to slowly warm up to rooin temperature, generally 

high yields of the trans-stilbene derivatives (219) were obtained.

In several reactions small amounts of unreacted 3,4-dimetiioxy-N,N-

(VieO
M e O N M e 2

(200)

-h

AcOH/CHgClg (218)

\/

M e '

(219)



253.

dj.raetliylbenzylaniine were also isolated. Table 7 summarises the
1yields and significant H NMR spectral data on those styrene

derivatives that readily inserted into the Pd-C linkage of complex

(200). In most cases, the olefinic protons H and H absorbed asA B
wel1 separated doublets (J = 16Hz) of an AX spin system in their 

H NMR spectra . However, deshielding of the H^ protons by tne
a

^-substituents -01, -Br and -NO^ caused these protons to exhibit 

similar chemical shifts such that the AX pattern was replaced by an AB 

quartet centred at 7.35 and 7.5 ppm for the o-brorao- and £-nitro- 

derivatives respectively.

Styrene (218) Yield ^H NMR (CDClg) 5 (ppm) (J\= = 16Hz AB ) of (219)
Z (%) 0 - H3 HA "b

H 94 6.85 7.15 7.55 6.9

p- OMe 76 6.85 7.2 7.45 6.9

jrci 94 6.85 7.15 7.55 6.9

p-NOg >75^ 6.85 7.15 7.75 6.9

m - 01 61 6.85 7.1 7.5 6.8

m - NOg 80 6.85 7.15 7.7 6.9

o - 01 >61'^ 6.9 7.2 7.55 7.3

o - Br 37 6.85 7.2 7.35*^ (AB q)

o - No2 32 6.85 7.15 7.5*" (AB q)

‘a) = 15. 5Hz, % = 16Hz

+ Approxi.mate yield quoted because of separation and purification 
difficulties.

Table 7.
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In the reaction witn o-cnlorostyrene small quantities of two

isomeric derivatives (less than 5% of the total product) were

indicated by thin layer chromatography and spectroscopy, in

addition to the trans-o-dirnethylaminomethylstilhene (219, Z = £ - Cl).

Although the major product (219, Z = £ - Cl) was freed from the

minor components by precipitation of the hydrochloride salt from an

ethereal solution, followed by recrystallisation from ethanol,

attempts at separating and purifying the minor components by

chromatographic means were not completely successful. Both

products were always contaminated with traces of the major trans-

stilbene product so preventing their complete characterisation.
1Nevertheless mass spectral and H NIVIR spectra indicated that one

minor product was the cis-stilbene (220) in which C_ " H (6 6.5ppra)6
was shielded by the aromatic ring, and the coupling of the olefinic

protons was seen in the doublet centred at 6.85ppm (J = 8Hz). To

confirm the identity of this product, a trans^~=»» cis isomerism study

was carried out. The trans-isomer in CDCl^ was irradiated with UV
1light of long wavelength for five hours. A H NTMR spectrum of the

solution showed a doublet at 6.85ppm (J = 8Hz) due to olefinic protons

of the cis-isoraer and an upfield shift of the C - H and C - OCH6 5 3
protons to 6.5 and 3.5 ppm respectively. Further irradiation resulted in

the disappearance of the olefinic doublet and changes in the aromatic

proton absorptions, implying gross chemical changes such as cyclisation

to a phenanthrene derivative. The cis-compound was then isomerised

to the trans-isomer by treating the oil obtained from the five hour

UV irradiation reaction with 2M hydrochloric acid solution and heating

under reflux. The oil recovered from this reaction had an identical 
1H NMR spectrum to that of the trans-isomer initially obtained as the 

major component from the insertion reaction.
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(VieoL
ivie

NfVIe'
(220) (221)

Tile other minor constituent of the mixture was tentatively

identified as the c<.-aIkene (221) from its NMR spectrum which

had significant bands at 6.65ppm due to the shielded C proton and6
a quartet at 5.6 ppm assigned to the terminal --:CH group. The2
other absorbances were little shifted from the corresponding band 

positions in the cis- and trans-stilbene derivatives.

The mechanism postulated for alkene insertion reactions into 

cycloraetallated derivatives is basically similar to that for the 

Heck reaction in which syn addition of the organopalladium compound 

to the olefin, followed by syn elimination of the palladium hydride 

occurs (Scheme 11). Thus by analogy, the insertion of olefins into 

the P d - C  bond by the mechanism shown in Scheme 20 can be tentatively 

suggested.
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CL

M

•Pd\

(200)
Styrene MeO

MeO 
M GÜ

(222)

<5-

MeO
fyieo H— Rd— Cl

MeO 
M

Z

(\1MG2
+ Pd(0) + EtgNHCl

(219)

Scheme 20.
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Although an unstable seven-ineinbered ring system must be 

postulated in one of the intermediates (222), there is now chemical

and crystallographic evidence for the stability of closely related
96large ring systems in complexes (160) and (161)' . The ^-hydrogen

elimination process can yield either the cis- or trans-stilbene, 

but in the absence of stabilizing effects the trans-isomer is 

expected to predominate from a consideration of both the stereochemistry 

of the intermediate (223), and thermodynamic effects.

/CFg,-C

(160)

(161)

iPd
Ph

(223)
H\
Ph/

C = C /\
Ph(Z)

H
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The .initial coordination of the olefinic moiety in an apical

position of the square planar palladium complex v/as suggested by 
43Holton . He found that the monomeric triphenylphosphine complex

(224) underwent addition to the methyl vinyl ketone at essentially 

the same rate as the dimer (25), whereas significant rate retardation 

was observed when tiie addition of (224) to methyl vinyl ketone was 

conducted in the presence of one equivalent of added triphenylphosphine 

which would occupy the olefin coordinating site (225).

Cl

•Rd P h g R

(25) NMe?
(224)

P h a P  ^ P P h 3  

:pd— C L

W  M e g

(225)

84Heck's studies revealed that the addition of an organopalladium 

compound to an olefin resulted in the organic group adding to the least 

substituted carbon of the double bond (cf. Markovnikoff's addition).
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The insertion reactions of styrenes described above follow the same pattern 

as shown by the absence of anyod-alkenes with the single exception of 

o-chlorostyrene. Reaction of the dimer (200) with oC- and ^-methyl- 

styrenes [c H c(CH ) = CH and C H CH = CH(CH )1 resulted in slowL o D  o 2i ut)
decomposition of the palladium complex but no stilbene derivatives

were detected, so revealing important steric constraints on the

addition reaction. Steric effects have been studied in the related

phénylation reaction of styrenes (226) where traces of <?C-alkenes
119have been detected

ArCH = CH + PhH 2
(226)

Pd(OAc), 
Ac OH Ar'

(227)

-Ph Ar
+

H Ph-
•C = CH

(228)

a) Ar = Ph

b) Ar = o-tolyl

c) Ar r raesitylene

d) Ar = 2,5-di-Bu CgKj

Watanabe and co-workers reported that formation of arylated products 

decreased on introduction of alkyl groups in the o-position of 

styrene (Table 8),

Styrene (226) 
(Ar )

Products (Yields%)
(227) (228)

^6^5 a (95) a (not detected)

b (50) b (3)

2,4,5-Me3CgH^ c (55) c (5)

d (36) d (not detected)

Table 8
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They also noted that bulky o-substituents lowered the yield of the 

stilbene (227), and the o(.-alkene (228) could not be detected. Similar 

results were found in the work carried out in these laboratories 

where the reaction of the cyclopalladated complex (200) with 

o-brorao- and ^-nitrostyrene produced low yields compared with 

o-chlorostyrene and no o6-alkene such as (230) was found. The 

trace of the nd-alkene formed in the insertion reaction with 

C)-chlorostyrene may arise from ̂ -hydrogen elimination from the 

intermediate (229) in which the alkene has inserted in an anti- 

Mar kovnikoff direction so as to minimize the steric interaction of 

the bulky o-substituent with the Pd atom, but too large a substituent 

may prevent the formation of any such intermediate. Alternatively 

both intermediate types (222) and (229) may be in equilibrium and 

the final product(s) formed will then depend upon the ̂ -hydrogen 

elimination step.

fVleO<::^

(229)

(230)
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The reaction of the dimer (200) wi th 3,4-dimethoxystyrene 

gave a mixture of three components in similar amounts. One ; 

compound was readily identified as the decomposition product 

3,4“Uiraethoxy“N,N-diraethylbenzylamine, but attempts at separating 

these compounds were laigely unsuccessful. Repeated column

chromatography gave a fraction rich in one major component shown
1 r cby H MIR spectroscopy to be the trans-isomer (231) j^0(ppm)6.8

(C - H), 7.1 (C - H), 7.4 d (J = 16Hz) (H )] .3 6 A

OMe
OMe

(231)

Since there is some dispute as to whether steric (as stated

by Heck^^'^^^) or electronic effects (as indicated by Yamamura and 
121Watarai ) are the more important in determining the course of 

arylation reactions of olefins, a brief attempt was made to study 

the electronic effect of £-Cl, -NO^, and -OMe substituents in the 

aromatic ring of the styrenes on their reaction with the cyclopalladated 

complex (200). From Table 7 it can be seen that p-chlorostyrene and 

styrene gave similar yields of the respective trans-stiIbenes (219)

(94% in both cases), whereas p-methoxystyrene gave a very much lower 

yield (76%). Thus a series of competition reactions were carried 

out between styrene, p-chlorostyrene and p-rnethoxystyrene. The 

usual, procedure for the insertion reaction involved a five-fold 

molar excess of styrene to palladium, and so three different reactions
-,we3re carried out, the ratios of palladium complex (200) ; total styrenes
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being 1 : 1 (Reaction A), 1 : 5 (Reaction B) and 1 : 10 (Reaction C). 

In each case, tiie three styrenes were in a 1 ; 1 : 1 molar ratio.

The reactions were carried out in the presence of a five-fold 

excess of triethylamine by the usual procedure using a constant 

reaction time of forty-eight hours to ensure complete reaction.

The reaction mixture was worked up for total bases and the relative 

amounts (% of total bases) of stilbenes in each case found by 

GLC analysis (Table 9), However, no firm conclusions could be 

drawn from these preliminary experiments as it appeared that both 

the ci_s-addition and cis-elimination steps in the mechanism proposed 

in Scheme 20 may be affected by electronic factors. Only a thorough 

kinetic study of this reaction could substantiate the mechanism and 

there was insufficient time to investigate this aspect of the reaction

Ring substituent of 
stilbene (219)

Reaction (% of total bases)
A B C

p - OMe 37.7 33.8 3.1

p - Cl 23.1 26.5 40.6
H 39.2 39.7 56.3

Table 9.

c) Miscellaneous

The substitution reactions of the cyclopalladated benzylamine 

(200) with olefins (232) containing a polar group such as ON, OAc, 

OEt, CH(0Et)2 and CHO, were attempted in both refluxing benzene and

in acetic acid/dichloromethane mixtures. Except for acrylonitrile
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(232, R u. CN), which gave trans-p-cyano-2-(N,N-diroethylamieomethyl 

4,5-diinethoxystyrene (233, R = CN) in 14 and 35% yields in the two 

solvent systems respectively, none of the others reacted. The only 

basic material isolated in these reactions was 3,4-diraethoxy-N,N~ 

dimethylbenzylamine formed by decomposition of the palladium 

complex (200).

M e + CH2—CHR
(232)

H\/R

NMe-
(233)

CH2-CHR + CôHô
(232)

Ph
H
\ /HC = C  
/ ^R

\l

• ><R

H
(234) (235)
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In the phénylation reaction of similar olefins (232, R = CN,
89 122OAc, OEt) using Pd(OAc)̂  in acetic acid, Moritani and co-workers '

isolated compounds (234) and (235) in very low yields as shown in

Table 10. The authors claimed that the low reactivity of acrylonitrile

was caused by the formation of a stable intermediate, acrylonitrile-

palladium(II) acetate complex (236) in which Pd - N bonding is

preferred to Pd-alkene bonding, as found for knov/n bis(acrylonitrile)
123adducts of palladium dichloride . A similar explanation may account 

for the low yields in the reaction of acrylonitrile with the 

cyclopalladated amine complex (200).
OAcI

CH = CH-CN + Pd(OAc)  ?H C = CH-CN >Pd < NC-CH = CH
2 2 2 I 2

OAc '

(236)

Olefin (232) Product Yield (%)

R = CN 234 17

235 8

R = OCOMe 234 7

235 4

AcO-CH = CH-CH CH-OAc 6

AcO-CH = C(Ph)-C(Ph) = CH-OAc 9

R = OEt 234 1

Ph-CH = C(OAc)-OEt 10

AcO-CH = CH-OEt 2

Table 10
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The low reactivity of vinyl acetate and vinyl ether towards

cyclopalladated complexes cannot be ascribed to stable complex

formation, as palladium has in general a low affinity towards oxygen
122donor ligands. Moritani and co-workers found that attempts

to phenylate vinyl acetate, caused coupling reactions to occur as

well (Table 10). In contrast, ethyl vinyl ether which has an

electron-donating group od-to the olefinic bond afforded low yields

of both phenylated and coupled products. From these studies the 
122authors concluded that the reactivity of olefins decreased in

the order: CH = CHPh >  CH = CHCN CH = CHOCOCH >  CH = CHOEt2 2 2 3 2
They suggested that electron-withdrawing groups on the olefinic

carbon atom enhanced the substitution reaction and that reactivity

partly depended on the ease with which the olefin initially formed

a n-complex with palladium. For reaction with cyclopalladated

complexes, the reactivity of these olefins decreased in a similar

order, but with no differentiation between vinyl acetate or vinyl

ether, neither of which reacted, CH = CHPh >  CH = CHCN >  CH =2 2 2
CHOCOCH , CH = CHOEt.3 . 2

Reaction of the palladium complex (200) with acrolein (232,

R = CHO) and acrolein diethyl acetal [232, R = CH(OEt)^] only 

resulted in decomposition of the palladium complex and isolation 

of polymeric material.
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B , Preparation and Reactivity of Other Cyclopalladated Nitrogen- 

Containing Complexes.

To improve the versatility of the cyclopalladated amine ligand 

for organic syntheses, modifications to the -CH^NMe^ side-chain 

in complex (200) are desirable so that cyclisation of the resultant 

arainomethylstilbenes (237) to 3-arylisoquinolines will be facilitated. 

As secondary amines do not normally undergo cyclopalladation reactions, 

a functional group capable of undergoing this reaction as well as one 

of the conversions shown below was required.

— CH2-NRR1 -------- >  -CH2NHR o r -C H O

M e O  

MeO^^^C-k^NRRi
( 2 3 7 )

1 , Pi- JU -chlorobis(N-benzyl-N-methyl-3,4-dimethoxybenzylamine-6-

C,N)dipalladium(II)

The first modification tried involved replacement of one N-methyl

group by the N-benzyl group. Because of the electronic similarity

of (240) to N,N-dimethylbenzylamine, it was hoped that it could be

palladated, would react with styrene, and that hydrogenolysis of

the benzyl group  ̂ in the resulting stilbene (242) would give

rise to the secondary amine (243) as in Scheme 21 . Baltzby and 
125co-workers have already shown that in tertiary dibenzylaraines 

containing one substituted aromatic ring, hydrogenolysis results in 

the removal of the unsubstituted benzyl group required in Scheme 21.



273,

M e  

MeO
M e  

MeO

NaBH

O N B z
(238)

Me
MeO

HCIIO, HCOgH

eBz ■ N H B z

(240)
(239)

Li, PdCl2 4

V

CL

Me 
MeO

(241)

"72

|\]Me
Bz

Styrene
AcOH/CH Cl 2 2

MeO

Bz

Me '

(242)

Hg, P d / c

(243)

Scheme 21
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The tertiary benzylamine (240) was prepared by tne reductive 

alkylation of the secondary amine (239) witn formic acid and 

formaldehyde. The palladium complex (241) was prepared in 86% 

yield by the procedure used for the analogous N,N-dimethylbenzylamine 

complex (200), except that the reaction gave better yields when the 

reactants were mixed at room temperature rather than 0°C. Being 

insoluble in most organic solvents, the complex (241) was purified 

by washing thoroughly with chloroform.

Complex (241) was then reacted with excess styrene in the 

presence of excess triethylamine in a mixture of acetic acid and 

dichloromethane as described previously. The reaction occurred 

rather slowly and produced three basic components in the approximate 

ratio 1 : 4 : 8  (from NMR intensity measurements). The major 

component was recognized as the decomposition product (240) of tne 

complex (241), while the two minor products appeared to be stilbene 

derivatives, as no absorbances due to the =CH^ protons of an 

oC“alkene such as (244) were observed. The doublet at 7.55ppm with 

a splitting constant of 16Hz was assigned to the trans-stilbene (242) 

present in much greater quantities than the cis-isoroer. The mass 

spectrum of the oil at low eV showed a peak with m/e 373 corresponding 

to the molecular ion for the stilbene (242) together with another peak 

m/e 271, for the amine (240). In addition, the UV spectrum showed a 

broad A absorption centred at 300nm indicating greater conjugation

in the product when compared to that of the amine (240) (UV 1).
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M e O

0-0
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0-2

03 ,(245)
0-4
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Attempts to separate the three components were unsuccessful, 

so a catalytic débenzylation of tbe mixture was attempted, in 

order to determine wbetber reduction of the double bond of tbe 

stilbene occurred under tbe conditions required for débenzylation. 

Treatment with hydrogen in tbe presence of 5% palladium/charcoal 

catalyst in etbanol or in acetic acid at room temperature and 

atmospheric pressure, did not change tbe composition of tbe mixture. 

However, when tbe reaction was repeated at 4 atmospheres pressure of 

hydrogen in either etbanol or acetic acid at room temperature, 

reduction of tbe double bond occurred without bydrogebolysis to 

tbe secondary amine. This was confirmed by mass spectral evidence 

[(m/e) 375 M for (245)] and from tbe proton NAÏR spectrum in which 

a broad singlet at 2.9 ppm replaced tbe doublet of tbe starting 

iiHterial at 7.55 ppm. Tbe UV spectrum also showed a reduction in 

conjugation (UV 1). Moreover, tbe oil was now found to be a 

mixture of just two components, one being tbe amine (240). This 

verified that tbe original products from tbe insertion reaction 

were cis- and trans-isomeric stilbene derivatives, but confirmed 

that this route was not worth pursuing.

MeO
MeO

NMeBz
(245)
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2. Reaction of uretiiane and aminal derivatives witn I,i PdCl 

a ) ]^-Carbetnoxy"N--metny].-3, 4-dimetiaoxybenzylamine .

Palladation, followed by insertion of styrene into a urethane 

derivative such as (247) seemed another possible route to produce 

more functionalized systems, since hydrolysis of urethanes results 

in the corresponding acids which undergo decarboxylation to 

secondary amines. Although most aliphatic urethanes are very 

stable and need rather strong conditions for hydrolysis, the 

t-butoxycarbonyl group has been used as a protecting group in 

amino acid chemistry and is very sensitive to acid-catalysed cleavage

(VleO
M e O

MeO (247)
Cl CO R(246)

The urethane (247, R = Et) was initially prepared by the
] 26reaction of the hydrochloride salt (246) with ethyl chloroformate

and was then treated with Li^PdCl^ in methanol as before. However,

palladation did not occur even with extended reaction times or at

higher temperatures. This was not entirely surprising since being

an amide, the lone-pair electrons on the nitrogen are not available

for coordination with palladium. In related work carried out by
127Dyke and Quessy , it was found that the N-benzylglycine ester

(248) will undergo a cyclopalladation reaction yielding complex

(249) so indicating that it is the amide function praventijig 

palladation.
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C O z E t

(2 !8 )

Li^PdOl4
CL

M e
(249)

b ) AiDiml derivatives

Aminals (250) are analogous to ketals, and can be hydrolysed

back to the aldehyde or ketone from which they are derived. They

are formed by the base catalysed reaction of two moles of secondary
37amine with aldehydes or ketones without o6-hydrogens

: Base 'NRr
RCHO + 2HNR, RCH

■NR,

(250)

Thus if cyclopalladated aminals of benzaldehydes undergo insertion 

reactions with styrenes to form stilbene derivatives (253) as shown 

in Scheme 22, then hydrolysis of the products should give 

o^formylstilbenes such as (254). These can then be condensed with 

the appropriate amines for cyclisation to 3-aryl isoquinoline 

derivatives.
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MeO
M gO + 2NHR2 "2“ ,3

10
V

Li Pel Clz 4

MgO
MeO

1 . NH R2
2. NaBH

MeO 
M e O ^ > .

(251)

styrene

(252) (MRg

(253)

(254)

•N R 2 

'N R2

MeO

Scheme 22
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Diethylamlne was found to be unreactive towards

3,4-diraetboxybenzaldebyde in the presence of potassium carbonate, so 

that (256) could not be prepared. Consequently, the reaction was 

repeated using the more basic N,K'-diraethylethylenediaraine which 

when present in excess readily gave the aminal (255) in 97% yield. 

The H NMR spectrum of (255) showed multiplets at 2.4 - 2.5 and 

3.3 - 3.5ppra for the ethylene protons which form an AA'BB' spin 

system, otherwise the spectrum was as expected.

MeO
MeO +

M e O C ^
N-
N-

(255)

MeNHCHzCHzNHMe

X H
■''H

y H
H

MeO
MeO

(256)
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Treatment of the aminal (255) with niethanolic Lî PdC.l ̂  resulted 

in rapid deposition of metallic palladium and hydrolysis of the 

aminal to the benzaldehyde [ô(CHO) 9.95ppm, 1680cm '̂] . A

■ similar reaction occurred in the presence of added triethyfamine.

Since arainals are acid sensitive, the liberation of hydrogen chloride 

on palladation (which is a slow reaction) may be aiding the hydrolysis 

of these aminals, despite the presence of free base, or alternatively, 

palladium behaves as a Lewis Acid so causing decomposition.

The failure of these tertiary amines to palladate and insert 

styrene cleanly led to the investigation of other nitrogen-containing 

ligands.

3. Imine complexes.

An alternative method of obtaining the o-forraylstilbenes (254)

is by the hydrolysis of the Schiff's bases (258) which are known to form
42cyclopalladated complexes and then insert carbon monoxide 

Consequently it was hoped that these palladium derivatives would also 

react with styrenes.

The .imine complex (260) was prepared in 58% yield by the method
47described by Onoue and Moritani in which the Schiff’s base (259) 

is reacted with palladium acetate in refluxing acetic acid. The 

chloro-bridged dimer (261) was readily obtained in 90% yield from 

the acetate-bridged complex (260) by a metathetical exchange reaction 

with sodium chloride in acetone^^'^^.



283.

MeO
MeO

(257)

MeO OHO
(264)

Pd(OAc).M e O r ^

(259 )

AcQ
MeO 
Me \

!G

(260)

MeO
MeO

(261)
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Both the complexes (260) and (261) were treated with styrene in 

an acetic acid/dichloromethane solvent system, but in both cases a 

small amount of metallic palladium was deposited only at elevated 

temperatures leaving the rest of the complex unreacted. In the 

case of the acetate-bridged dimer (260), a small amount of

1,4-diphenyl-l,3-butadiene (262) was isolated from the reaction 

mixture [(m/e) 206 §(011 = CH - CH = CM) 6,55 - 7. 6ppm] . The

palladium complexes were also recovered intact on treatment with 

methyl vinyl ketone and consequently it seems likely that the 

^-electrons of the C = N double bond provide extra stability to these 

complexes, so inhibiting reaction.

= C H -C H = C H

(262)

4. Hydrazones and oximes

Palladium complexes of hydrazones (263)^^ and oximes (264)^^ 

have been prepared as mentioned in the last chapter. Since 

hydrazones and oximes are used as protecting groups for carbonyl 

compounds, the hydrolysis of the products (265) expected from the 

reaction of such complexes with styrenes, should give rise to 

o-formylstilbenes (266).
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(263)

NNHPh
styrene

z-
f\l-R

R = NUPn or OH

styrene

(264)

R' (265)

+

(266)
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Thus, the 3,4-dijnetnoxybenzaldchyde phenylhydrazone and

3,4-dicietnoxybenzaldoxiine were treated with Li^PdCl^ as reported 

in the literature for related compounds In neither cases,

however, did orthoraetallation occur. Instead analytical and 

spectral data indicated that dichlorobis(3,4-diraethoxybenzaldehyde 

phenylhydrazone)palladium( 11) (267) and dichlorobisC3,4-dimethoxy- 

benzaldoxime)palladium(1I) (268) were formed. The latter was not 

obtained in a pure state as it decomposed on recrystallization.

(267)

PdClz

M  e(
F\d(:l2

(268)

50Onoue and co-workers reported that electron-donating substituents 

which increased the basicity of the nitrogen in oxime complexes, 

reduced the electrophilicity of the palladium and so prevented attack 

on the benzene ring. Thus the presence of the methoxy group in the 

p-position to the side-chain of the ligand in (268) must be behaving 

in a similar manner.

52In the literature on phenylhydrazone complexes , it was noted 

tiat a cyclopalladated derivative of (269) could be formed but was 

unstable. Hence introduction of the C^-raethoxy group might be

expected to stabilize such a complex, but the C^-methoxy group
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would stabilize the adduct (267) as explained above. Consequently 

conflicting effects would be in operation with the latter 

predominating presumably, as no cycloraetallated derivative could 

be prepared.

Ph
(269)

Since the spectral data on orthopalladated complexes are few, 

a study was made on these with a view to obtaining some information 

about the reactivity of the Pd - C bond.

c . Spectral Study on the Complexes Prepared.

1. Infra-red spectra

The infra-red spectra of the two series of complexes shown below 

have been examined, with particular attention to the far-infrared 

region where Pd - Cl stretching frequencies are expected.



288.

(MMeR

(25^ R = H, R = Me

(200) R = OMe, R = Me

(241) R = OMe, R = Bz

R
R

1(224) R =

(270) R = OMe, R = Me, M = P

(271) R = OMe, R^ = Me, M = As

(272) R = OMe, R = Bz, M = P

(273) R = OMe, H = Bz, M = As

P h s P

IVleO
fVleO

(261) R = OMe

(274) R = H

(275)

For the chloro-bridged dimeric palladium complexes two strong
—  1Pd “ Cl stretching bands were observed in the 320 - 240 cm region,

130as found for other cyclopalladated chloro-complexes , and as
131expected from simple symmetry considerations applied to the
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planar trans- Pd^Cl^(N C)^ skeleton. The approximate descriptions 

of the two infrared-active stretching modes are illustrated below.

(276)
.G-

'N'

(277)

Coupling between these and other modes will undoubtedly occur, but

mode (276) can be seen to be essentially a M - Cl stretch of the

bridging Cl trans to nitrogen and mode (277) a M - Cl stretch of the

bridging Cl trans to carbon. In view of the strong trans-effect

of the -bonded aryl ligand (as shown for example by the lengthening

of the Pd - Cl bond trans to this ligand in the solid state structure 
33of such dimers ), the band at higher wavenumbers is assigned to mode 

(276) as shown in Table 11,

Compound No.
V(Pd - Cl) 1. -1 .(cm )

Trans to Pd - N Trans to Pd - C V ( cm  ̂)

25 335 252 83

200 315 245 70

241 300 245 55

261 300 275 25

274 295 261 34

224 305

270 300

271 295

272 285

273 300

274 300

Table 11
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65Crociani and co-workers noted on a limited number of 

examples that the separation (Z\v) between the two stretching 
frequencies of mode (276) and (277) correlated with the reactivity 

of the dimers towards bridge-splitting agents; complexes with 

large values of/^v being the more reactive. It is interesting to 

note (Table 11) that complex (261) has a very small /\v value 

and is the only dimer unreactive towards insertion of methyl vinyl 

ketone or styrene.

In the infra-red spectrum of the acetate bridged dimer of the

imine complex (260), the asymmetric and symmetric stretching
-1frequencies were at 1575 and 1415cm respectively.

AcO

(260)

The chloro-bridged dimers were readily cleaved by 

triphenylphosphine and arsine (L) to yield monomeric complexes 

[Pd(lT~^])C1L] containing one terminal Pd - Cl link. Two structures 

are possible for square planar complexes of this stoichiometry, and

(278)

N

C
(279 )
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the position of the single Pd - Cl stretching band is diagnostic of the

structure adopted. It has been found that V(Pd -Cl) trans to a

tertiary amine nitrogen as donor atom falls in the range 350 - 320cm ^^5,132

whereas V (Pd - Cl) trans to aC7>-bonded carbon atom occurs at lower
-1 65 132wavenumbers (280 - 305cm ) ’ . Thus the data in Table 11 clearly

indicates the second structure in which the chlorine atom is trans to

tlie carbon atom. Moreover, the V(Pd - Cl) values cover only a small 
-1range (295 + 10cm ) indicating that electronic and steric changes 

occurring on the nitrogen atom cis to the halogen have little effect 

on the Pd - Cl stretch.

The reactions of 3,4-diraethoxybenzaldehyde phenylhydrazone and

3,4-diraethoxybenzaldoxime with Li^PdCl^ yielded adducts (267) and (268)

only, with no indication of cyclopalladated derivatives. Both complexes
—  1showed only one Pd - Cl stretching frequency at 335 and 340cm 

respectively in their infrared spectra as expected for a trans- 

arrangement of halogen atoms as shown below.

PhHN
NHPh

OfVIe
(267)

L.

M gO
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M gO<^
MeO^

V .  , / O H

OMe 
kr^OMe

(268)

Table 12 contains significant infrared stretching frequencies for 

these two complexes and data on the free ligands.

Compound
— 1Free ligand, V (cm ) 

C = N NH/OH
Complex, 
C = N

-1V (cm ) 
NH/OH Pd - Cl

267 1590 3300 1620 3300,
3250

335

2G8 1600 3450 1640 3450
3150

340

Table 12.
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2 . H NMR spectra

a) Benzylaraine complexes

The dimeric cyclometallated complexes were only slightly soluble

in most organic solvents and consequently their NMR spectra were

recorded in DMSO-d , a solvent usually avoided if possible for 6
coordination and organometallic compounds because of its strong 

donor properties. However, for these complexes no complicating 

solvation reactions were apparent.

The lack of splitting in the absorptions of the two aromatic 

protons in the spectra of the 3,4-diraethoxybenzylamine complex (200) 

(PMR 2) revealed that palladation had occurred regiospecifically at 

carbon rather than at carbon . Thus the protons bonded to

and absorbed as singlets at 6.65 and 7.32ppm respectively

with - H little shifted from its position in the free ligand, 

but all three types of protons adjacent to the nitrogen suffered 

the usual downfield shift on raetallation of the ligand (Table 13).

V\
!Y1
M g

(200)

MeO
MeO f\lMe2

M e '

M G O f\j M G 2
(270) L = PPh

(271) L = AsPh

(199)
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Compound

111 NMR Ô(ppiii)

C - II 2 c - II 5 NAIOg C - OMe 5 C - OMe 
4

199 G.8 (Ar H ’s) 3.3 2.2 3.8 and 3.85

200 6.65 7.3 3.9 2.7 3.63 and 3.65

270 6.6 5.9 4.05 2.9 3.7 2.9
( br )

271 6.6 6.05 4.15 3.05 3.85 2.9

Table 13.

On bridge-splitting reactions with tripbenylpbospbine or 

-arsine, infrared spectroscopy indicated the stereoisomer shown 

below (279) for products (270) and (271) and the relative positions 

of the four ligated atoms C, N, Cl and P (or As) are the same in all the

(279)

mononuclear adducts. Consequently the aromatic proton on C^ was 

shielded by the phenyl groups and resonated at 5.9 and G.lppm in

(270) and (271) respectively. In addition the methoxy protons on 

C^ were slightly shielded, again indicating that the newly formed

Pd - MR_ bond was trans to the Pd - N bond. In (271) the C^ proton 3 5
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O CT-

CNi

o o

3 z

PMR 2 (DiMSO)
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occurred as a sharp singlet whereas this signal was broadened
31 3 1 1by ' P coupling in complex (270) so indicating P - H coupling

can occur through four bonds, including the metal atom, in this

system.

The spectrum of the N-benzyl-N-methyIbenzylamine complex (240), 

was more complex and exhibited temperature dependence (PMR 3).

Table 14 summarizes this data compared to that of the monomeric 

triphenylphosphine and -arsine adducts (272) and (273).

(240)

Cl

L

MeO
MeO

Mg
(272) L = PPh

Me

(241)

(273) L = AsPh.
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o -O-

CM

(DMSO)PMR 3

K dd Z



CQ

KQ
o

(CDCl,)PMR 4



2DÜ.

ro

«

PMR 5 (CDCl^)
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The following h N?,IR observations were made:

i) All the protons on the carbon atoms directly bonded to nitrogen 

were shifted downfield on complexing.

ii) The N-methyl protons of the dimer (241) absorbed as 2 singlets
o oat 3.15 and 2,95 ppm at 28 C. At 55 C however, only one singlet

at 2.95 ppm was seen and the spectrum remained invariant on reducing the 
otemperature to 28 C. This observation can best be explained in terras 

of the presence of two possible geometrical isomers (280) and (281) at 

room temperature, with the less stable isomer reverting to the more 

stable isomer, on heating.

^ M e
CL------

Bz
(280) (two diastereoisomers possible)

(281)
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In tne monomeric species (272) and (273) there was only one singlet

for the N-methyl protons, and in complex (272) these protons resonated
31as a doublet due to P coupling (J = 2Hz ) (PMR 4).

iii) In both the monomeric complexes (272) and (273), (PMR 4 and 5) the 

“ H portons were shielded by the phenyl groups of the phosphine and

arsine ligands and appeared at 5.9 and 6.0 ppm respectively. In (272) 

this proton absorbed as a doublet with a coupling constant of 8Hz

iv) The - OMe protons in both (272) and (273) were also shielded 

(ca. 1 ppm) by the ligand phenyl groups, and in the dimeric species 

(24]) the “ OMe and ~ OMe protons were indistinguishable as in 

the free ligand (240).

v) The most interesting observation concerned the two sets of

methylene protons. In the spectrum of the dimer (241) these protons showed

a complex absorption pattern in contrast to that in the free ligand

where they absorbed as two singlets at 3.5 and 3.55ppm. Again, this

could be due to the presence of two geometrical isomers (280) and (281).

In the triphenylphosphine monomer (272) these protons werfe seen as two
31AB quartets at room temperature in the P decoupled spectrum (PMR 4).

In the normal spectrum, one proton from each AB system is coupled with 

phosphorus, both with a coupling constant of 4Hz.

Me /

Ph
(282 )
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These observations can be described in terras of the structure (282)

where restricted rotation about the C - N bond of the N-benzyl group

is caused by the bulky phenyl ring, and thus each proton is in a

different environment. In the spectrum of the triphenylarsine
ocomplex (273) at 28 C, three broad absorptions centred at 4.7, 4.3

and 3.8 ppm integrating for 1, 2 and 1 protons were seen. At 55°C,

these became a broad unresolvable peak, stretching from 4 to 5ppm, 
oHowever, at -20 0, these protons appeared as the expected two AB spin 

systems, centred at 4.1 and 4.6ppra respectively (NMR 5). Thus at 

this temperature the rotation about the C - N bond in N-benzyl group 

must be slow. The dimer (241) may also show these complications 

but low solubility and superimposed absorptions make spectral detail 

more difficult to see.

Compound C -H C -H 2 5

Ir
NMR 5 (ppm) THzJ
Ph CH x2 2 NMe C -OMe 3 C -OMe 4

(240) 6.95c 
(Ar H’s)

7.34s 3.53s
3,55s

2.25s 3.9s and 3.95s

(241) 6.6s 7.4-- 7.8c 2.75-3.5c 3.15s 
and 
2.95s 
(At 55°C 
2.95s)

3.8s and 3.75s 

/

(272) 6.55s 5.9d 
[sa]

7.9-7.2c 3.65^ d of 
d[l3, 4̂ ] 
4.0® d of 
d[l3,4^ , 
4 .35b d [13] 
4.75® d[l3]

2.95d
[2&]

3.75s 2.9s

(273) G.Gs G.Os 7.2-7.8c 3.6-5.0 
br. c
At -20°C: 
3.8b d[l^ 
4 .35b d[l^ 
4.4® d[12] 
4.86 d[l2]

3.05s 3.75s 2.85s

a) H coupling constant; b, e) gerninal protons

Table 14.
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b) Inline complex.

The NI\1R spectrum of the acetate dimer (260) showed only one

signal at 2.2ppm for tne acetate methyl group indicating trans-

• isomerism about the bridged ligand. That the palladation was at

and not at was confirmed by the lack of splitting in the aromatic

proton absorptions at 6.7 and 6,75ppm which were thus assigned to

the and C protons respectively. In the chloro-bridged dimer

(261), these protons absorb at 7.05 and B.lppm respectively. In

the triphenylphosphine complex (275), the C proton was again5
shielded by the phenyl groups on the phosphorus (5.95ppm) with which

it showed coupling (J = 7Hz). The - OMe protons were also shielded
31and both the NMe and CH = N protons showed coupling with P, the data 

is summarized in Table 15.

M (VI e
(259 )

MeO
MeO NM g

(261)

P h s P

M e O ^  iT \

(275)
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OMe

N k  / H

M e

(260)

Compound C^-H C5-" C -H 
0

NMR 
CH = N

Ô (ppm ) J
NMe

[Hz]
C^-OMe C^-OMe

259 7.4d
[4

6.85d
[«]

7.1 d of
[2 ,8]

d 8.15d 
[̂ ]

3.5s 3.8s and 3.85s

260 6.7s 6.75s 7.35s 2.95s 3.85s and 3.95s

261 7.05s 8 .1s 7.6br 3.4s 3.7s and 3.75s

275 6 .8 s 5.95d
[7I

7.95d
[8 ]̂

3. 65d

[4*]
3.75s 2.85s

31a) P - H coupling constant

Table 15.
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c) Plienynydrazone and oxime complexes.

The complexes which were obtained from the reaction of the 

hydrazone and oxime with Li^PdCl^ had H NMR spectra consistent 

with structures (267) and (268) respectively.

OMe
fV1eOi<

N-

R

CL,

-fjd-

CL

R

OM.e

(276) R = NHPn 

(268) R = OH

M gO

In both cases, three aromatic protons were apparent in their spectra 

The CH = N proton of the oxime complex (268) was shifted upfield 

(to 7.05ppra) when compared to that of the free ligand (8.15ppm) 

whereas the CH = N proton of the phenylhydrazone (267) was shifted 

downfield from 7.5 in the free ligand to 7.9ppra in the complex.

The reason for this is not understood.

133. C NMR spectra 
13The C NMR spectral study was made in the hope of obtaining

some information about the Pd - C bond which might be related to

the reactivity of the palladium complexes towards olefins. Moreover,
13there is only partial C spectral data for such complexes in the

literature, and no complete assignment for a cyclopalladated aromatic

ring has been made. The monomeric cyclopalladated species were used 
13for C NMR studies mainly because of their greater solubility in 

organic solvents. Both the triphenylphosphine and triphenylarsine
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complexes were used to help in the assignment of the peaks in

the spectra. In the triptienylphospnine complexes, those carbons
31with protons that coupled with ' ' P were expected to show coupling 

31 13with P in their C NÎ\ÎR spectra, as was in fact found to be the

case as will be shown later. The triphenylarsine complexes were
13 33used so as to differentiate C - P coupled absorbances from 

individual peaks. The presence of raothoxy groups on the aromatic 

ring also assisted in the assignment of bands since methoxy-containing

The

C NîvlR shift parameters of triphenylphosphine and triphenylarsine

shown in Table 16 have been reproduced from the pape is by Gansow and

Kimura^^^^ and Jakobsen and Manscher^^^^ to help in the assignment

of these carbons in the spectra of these complexes. The authors

also reported that on coordination the ' resonances of PPh moved
31upfield whereas that of ' was shifted downfield. The P coupling

carbons are shifted downfield from other aromatic carbons. 
13

constants decreased in the order J31i ^31p - Cl' ^  3̂1,

>  J31p _ 04

-P -0 2* “ ^1 '"̂ P - C3
, and on coordination there was an increase in the 

31magnitude of the P - C ' coupling constant.

Compound
(283) S'

NMR Ô(ppm )
S'

J3IP _

S' S'
PPHS 138.3 134.4 129.2 129.3

[1 2 .3] * [1 9 .9] [6 .1] [1 .3]

AsPh3 140.5 134.3 129.3 129.0

* There is a misprint in the J31P - C^'
value quoted in reference (129a)

Table 16



307.

P (As)4

13 13Tables 17 and 18 summarise the ' C NMR spectra ( C NMR 1 - 6 )

of 3,4-dimetboxy-N,N-diraetbylbenzylamine and N-benzyl-N-methyl-3,4-

dimetboxybenzylamine and tbeir monomeric complexes.

\  / C l  

IV le O -

-NlVlegMeO
(199 )

(270) L = PPn3
(271) L = AsPn

"^'■\Com p o u n d 
C

13c NMR 
(199)

(CDClg) 6(ppm) 
(270)

Hz]
C J

(271)

N(CH^)^ 45.29 50.44 d[2 .4] 51.14

C - OCH 4 “ 3 55.99
54.99 54.88

Cg - OÇHg 55.8 55.85

64.196 73.11 d [ 3 .7] 73.62

"2
112.41 106.4 106.4

C5 111.17 121.51 d [1 2 .2] 121.67

128.04 d [1 1 .0] 128.61

C4 ' 130.45 d [1 .8] 130.18

b' 131.58 d [4 4 ,0] 133.37
135.22 d [1 2 .2] 134.4

s 131.81 140.37 140.64

s 121.24 140.64 d [7 .3] 137.55

C4 148.33 145.0 d [ 6 .1] 145.02

C3 149.2 145.73 146.0

Table 17



3C)8.

MoOl

13C NMR.l

CH.

cvk:

13c m R  2



30D.

JJ ..LU;.;.
rt-r

I

;;;L

■ ' " .. . 1■ -- — • j i il. : . .... p 1
■ : ! ' 1 , I 1 ; h' 1 ; ;r: ii•  i ' ■! ' j ; • ! • i
• : ■ • -t : : j i ' -1 1 • 1 . ! ■ [Ü

i.  : ■ • • ' 1 : . ! : 1 ; ..j . i
; ; ■ L-i . : i ■ i;:.i ;c/C. , ! I : i.-.i • 1> X /r' ' < ■ .

... ... 1 , ! c I ‘ j 1 i
y

• 1! / 1
i J . . . 1 • ! • 1

>. c« 1 lc\11 j
i i

' • '
; '■!

i.
i

: ! . t . : : !■  !

: C.J i :
' 1 : 1

: :  j ; i i , r , 1  1 ■ttl-
1

i i ‘ i  i- ‘ i  i ■ 1 ivi.i: 1 i ’ 1 i " 1 .  I .  i i i i i: ii 1, 1 : , i, ill In .

N(CH3)z
AW-

13C NMR 3

■ i i ! I ' I - ' '; i : I i ; ::
j ! :
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Mo

l-i

13

CĤ 2 • ' Cg-OÇA]:

13 C NMR 6
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(240) 5
(VeO

(272) L = PFli

(273) L = AsPn,

^^^^^^pound 13 C NMR (CDClg) (5 (ppm) [J31p _ Q Hz]
C (240) (272) (273)
NCK3 42.26 47.9 br* 48.43

^4 ■ °^"3 55.91
55.1 br* 55.09

S  - ° ™ 3 55.9 55.9

CH X 2 61.7 63.93 br* and 64.57 and2 67.61 br* 68.25

^2 112.36 106.51 106.45

^5 111.27 121.57 d [1 2 .2] 121.56

c V C , ” 128.18 128.12 128.12

c," 126.93 128.37 128.12

Cs'/Cg' 128.15 d [1 1 .0] 128.61

"4 ' 130.61 br* 130.12
c ^ V C e " 128.88 132.02 131.91
Cl” 139.45 133.59 133.14

C P 131.73 d [4 5 .2] 133.32

Cz'/Cc' 135.33 d [1 2 ,2] 134.35

"6 121.08 140.69 br* 138.19

^1 132.19 141.56 140.85

C4 148.28 144.97 br* 144.91

S 149.2 145.89 146.0

31* Sharpened on p decoupling
Table 18
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13The following points helped in assigning the bands in the C NMR 

s pectra.

i) The and carbons were assigned to the peaks which were 

furthest downfield and which did not couple with protons in the

off-frequency resonance spectra of these complexes. These carbons

in the triphenylphosphine complexes (270) and (272) were
31differentiated by the coupling of with P and in addition this 

carbon absorbed further upfield than that of because of shielding 

by the phenyl groups on phosphorus.

ii) The and 0 carbon resonances were identified by their
31coupling with a single proton and was coupled with P in the 

triphenylphosphine complexes (J31p _ ^ = 12Hz)

iii) and carbons were readily identified, as neither were

coupled with protons but the latter was coupled to phosphorus.
31 13 31 13P - Cg coupling was smaller than P - coupling in both

the triphenylphosphine complexes (270) and (272).

The chemical shifts of the carbons adjacent to nitrogen 

(i.e. CH^ and NCH^) in the complexes were found to be shifted 

downfield compared with those of the free ligands as noted for 

the corresponding protons in the NMR spectra. These carbons 

were also coupled with phosphorus.

13The C NMR spectrum of the iraine complex (275) was also
13recorded and the data ( C NMR 7 and 8) is summarized in Table 19
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MeO 
MeO -NMe

(275)
P h g P

MeO
M e O M e

(259)

The only notable difference from the previous complexes 

concerns the imine carbon atom which shifted d'owhfield on 

palladation in contrast to the imine proton which shifted 

upfield (Table 15) in the NMR spectra.

^^^^^Compound 13C NTMR (CDClg) 5(ppm) [J31p -  c
C (259) (275)
NCH3 47.84 47.24
C4 - 0ÇH3 76.17 54.99
C3 - 0ÇH3 55.91

Cg 108.84 110.9

C5 110.62 121.7 d [1 1 .0]

Cg'/Cs'
128.1 d [1 1 . Ô]

C4 ' 130.78 br*

c f 130.13 d [5 0 .0]
Cz'/Cg' 135.38 d [1 2 .0]

^6 122.81 139.77

Cl 129.69 145.68

C4 149.47 148.76 br*
C3 151.36 151.53
C = N 161.82 175.04

31* Sharpened on P decoupling.

Table 19.
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13C NMR 7

Me(
Cl C ^

C=N
Y'VhASwvYWVviWHfiS'AWVvfHW^ *^/l^Vr>WvH^WV\SvW

13c NMR 8
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Comparing the chemical shifts of the atom in the tertiary benzylamin< 

complexes with that in the imine complex, it was seen that palladation 

had caused downfield shifts of about 19 ppm in the former and 17 ppm in 

the latter, but no correlation with reactivity could be made since their 

chemical shift values were very similar (ca. 140ppm).

D. Conclusion

Although a range of styrene derivatives were readily inserted into

the preformed cyclopalladated complexes of N,N-dimethylbenzylamine, so

giving high yields of trans-stilbene derivatives, the problem of

finding complexes bearing a side chain which can be modified so as

to be useful in organic syntheses remains. Although the iraine

complex did not insert styrene, a change in the substitution pattern

on the aromatic ring might be sufficient to activate them. If the

chemistry outlined is successful, it could be extended to heterocycles,

naphthalene and phenanthrene derivatives and there is also a possibility

of preparing aromatic steroids. The main disadvantage of such a

synthetic procedure is cost, and priority should be given to making

this a catalytic process in palladium, analogous to Heck's reaction.

In fact, a palladium-catalysed ortho-halogenation of azobenzene has
137been reported by Fahey who was able to isolate the carbon- 

palladium O'-bonded intermediate (79), Scheme 22, prior to the 

halogénation step.
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1.'N

"X
N-

■N
c

Y

+ PdCl2

\l

(79)

X = Cl, Br 

Y = H or X

Scheme 22
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CHATTER 4

A . Preparation of Organic Starting Ma teria Is

3,4-Dimetnoxy-N,N-dimethylbenzylamine (199)

The Scniff's base 3,4-dimetnoxy-N-metbylbenzaldimine (259) was
133prepared in 95% yield by literature methods from 3,4-dimethoxybenzai- 

dehyde and aqueous raethylaraine b.p, 140 - 145°C (10mm) |l,i t. b.p. 145°C 

(11mm), yield 97%1 > Vc = N 1640;

PMR (CDCl^): 3.5 s [̂ 3] (NCH^), 3.8 s [3 ] and 3.85 s [3j (OCH^ x 2),

6.85 d (J = 8 Hz) r ll (C - H), 7.1 d of d (J = 8 Hz and 2Hz ) fll (C, - H),L J 5 L. J 6
7.4 d (J = 2Hz) [1 ] (C^ -' H), 8.15 d (J 2Hz)[l] (CH = N).

The Schiff's base (2.0g, 0.11 mol) was dissolved in ethanol, 

sodium borohydride (4.2g, 0.11 mol) added, and the solution stirred 

overnight. The ethanol was evaporated, the residue dissolved in water 

and extracted with chloroform. The organic layer was extracted with 2M

hydrochloric acid, the aqueous layer basified with 2I\1 ammonium hydroxide

and the solution extracted with chloroform. The organic layer was 

washed with water, dried over sodium sulphate and the solvent removed 

to yield 3,4-dimethoxy-N-methylbenzylamine as an oil. Yield 18.8g

(95%). ^ 3325.N-H

The above secondary amine (9.0g, 0.05 mol) was added to 90% formic 

acid (6.4 ml, 0.14 mol) in a 250 ml flask cooled in ice. To the 

resulting clear solution, was added formaldehyde (4.8ml, 0.06 mol) and 

the mixture heated on a steam bath for 2h under reflux, causing evolution 

of carbon dioxide. The solution was cooled and treated with 4M 

hydrochloric acid (28ml). Excess acid and unreacted aldehyde were

removed on a steam bath and the solution evaporated to dryness under
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reduced pressure. The white solid obtained on cooling was dissolved 

in water (25ml) and the organic base liberated by addition of 30% 

sodium hydroxide solution (30ml). The resulting oil was extracted 

with chloroform, the organic layer dried over sodium sulphate and 

the solvent removed to yield 3,4-dimethoxy-N,N-dimethylbenzylamine

as a colourless oil. Yield 8.7g (89%), b.p. 117 - 123°C (5mm)
r 134 o -1[Lit b.p. 113 - 119 0 (3mm )]

PMR (CDCl̂ ): 2.2 s [s] N(CH^)^ , 3.3 s [2 ] (OH^), 3.8 s [3] and

3.85 s [3] (OCH^ X 2), 6.8 c [3] (Ar.H'.s).

N-Benzy1-N-methy1-3,4~dimethoxybenzyfamine (240)

N-Benzyl-3,4-dimethoxybenzaldimine (238) was prepared by the 

condensation of 3,4-dimethoxybenzaldehyde (20g, O.llmol) with 

benzylamine (13.1ml, 0.12mol) in etiianol (100ml). Yield 24.Ig (86%);

V n 1G40;

PMR ( C D C l g ) :  3.9 s [3] and 3.95 s [3] (UCH^ x 2), 4.8 s[2](CH^),

6.8 - 7.5 c [s] (Ar H's), 8.3 d (J = 2Hz) [l] (CH=N) .

Subsequent reduction of this base (24.Og, 0.094mol) with sodium 

borohydride (3.6g, 0.095mol) in ethanol (100ml) gave N-benzyl“3,4-dirnethcxy 

benzylamine (239) as a colourless oil. Yield 24g (98%), \/̂  ^ 3320.

The secondary amine (25.7g, O.lOmol) was methylated using formic 

acid (12.9ml, O.28mol) and formaldehyde (9.6ml, 0.12mol) as described 

for the preparation of the tertiary amine (199). Yield 25g (92%); 

m.p. of HCl salt, 179^0; (£): 246 (16,909), 280 (18,993).
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PMR (CDClg): 2.25 s [s ](NCH^), 3.5 s [2] and 3.55 s [2 ] (CH x 2),

3.9 s fsl and 3.95 s [h I (OCH x 2), 6.95 c fsl C H (OMe)^ , 7.35 s
“* L J 3  L J 6 3  2

[ 5 ] (Ar H s).

N-Carbetnoxy-N-metnyl-3,4-dimethoxybenzylaraine (247, R=Et).
126The title compound was prepared by a literature method

3,4-Dimethoxy~N-methylbenzylamine hydrochloride (6.0g, 27.6mraol) 

was stirred in 10% sodium hydroxide solution (115ml, 255raraol) and 

ethyl chloroforma te (11.4ml, 120mraol) added dropwise with cooling.

The mixture was then shaken vigorously for 5 minutes and extracted 

with dichloromethane. The organic layer was washed with water, 

dried over sodium sulphate and the solvent removed to yield the product 

(247, R=Et) as a colourless oil'. Yield 6.63g (95%); b.p. 200 - 205°C 

(16mm) [bit.^^® yield 61%; b.p. 203 - 204°C (16mm)] ; V^_q 1695;

(m/e): 253 (M^), 238 [(M - CH^)^];

PMR (CDClg): 1.3 t (J = 8Hz) [3 ] (OCH^CH^), 2.85 s [3 ] (NCH^), 3.9 s [g] 

(OCHg X  2), 4.2 q (J = 8Hz) [2] (OCH^CH^), 4.4 s [2] (CH^N), 6.85 s [ s ]  

(Ar H’s).

o- and p-Nitrostyrenes (218, z = o- and p-NO^).

These styrenes were prepared by standard procedures involving the 

decarboxylation of the respective cinnamic acids, which in turn were 

prepared by the reaction of the substituted benzaldehydes with raalonic 

acid in the presence of pyridine and piperidine.
135o-Nitrostyrene *. Yield 43%

PMR (CDClg): 5.5 - 5.75 ra [2] ( = CH^), 8.05 - 6.95 c [ 5] (Ar H's and

CH = CHg)
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_p-Nitrostyrene : Yield 38%, m.p. 30°C (Lit.^"'^ m.p. 29°C)

PMR (CDClg): 5.4 - 6.1 m [2 ] (=CH^), 6.85 d of d (J = 14Hz and GHz) 

[1 ] (-CH=), 7.55 d (J=8Hz) [ 2] (C^-H and C^-H), 8.25 d (J = 8Hz) [2] 

(C3-H and C^-H).

2-(3',4'-Dimetnoxyphenyl)-l,3-dimethylimidazolidine (255)

The above compound was prepared by the method used by Mannich 
128and Davidsen for the preparation of aminals.

A mixture of 3,4-dimethoxybenzaldehyde (4.5g, 0.025raol), anhydrous 

potassium carbonate (lOg, 0.072mol), and N,N'-dimethylethylenediamine 

(6ml, 0.05mol) in benzene (25ml) was stirred overnight. Unreacted 

potassium carbonate was removed by filtration and the filtrate 

extracted with water, dried over sodium sulphate and the solvent 

and excess diamine removed on a rotary evaporator to yield the 

product (255) as a pale yellow oil which solidified on standing.

The solid was then crystallized from petroleum ether (40 - 60°).

Yield 5.7g (97%), m.p. 35°C; (m/e) 236 (m "̂ ), 192 [ M-N(Me )^]^,

99 (HCNMemie)^;

PMR(CDCl^): 2.2 s [6] (NMe^), 2.4-2.7 m [2 ] AA' part of AA'BB'

spin system in MeNCH^CH^NMe), 3.2 s [l] (CH), 3.3 - 3.5 ra [2]

(3B’ part of AA'BB' spin system in MeNCH^CH^NMe), 3.92 s [3] and

3.95 s [3] (OCHg X 2), 6,65 d (J = 3Hz ) [2] (C^-H and C^-H), 7.1 s

[1] (Cg-H).
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B . Preparation of Pd(TI)-Complexes

Preparation of lithium tetrachloropalladate, Li^PdCl,
82The method described by Heck was used , Finely divided 

palladium(II) chloride (3.0g, 0,017raol) and anhydrous lithium chloride 

(1.44g, 0.034raol) was stirred at room temperature in dry methanol.

The brownish red solution was then diluted to 50ml with methanol to 

provide a stock solution of 0.34M lithium tetrachloropalladate.

Pi" jU -chi orobis(3,4-dimethoxy-N,N-dimethyIbenzylamine-6-C,N) 

dipalladium(II) (200)
34This procedure was similar to that described by Cope and Friedrich 

A solution of 3,4-dimethoxy-N,N-dimethylbenzylamine (2.0g, 10.3mmol) in 

dry methanol (10ml) was cooled in ice and stirred with a 0.34M methanolic 

solution of lithium tetrachloropalladate (15.1ml, 5.1ramol) for 3h. The 

light brown solid was filtered off, washed with cold, dry methanol and 

air dried. The crude product was extracted with chloroform (5 x 25ml) 

to remove traces of tetrachloropalladate salts and was isolated as a 

yellow powder. Yield 1.5g (87%), m.p. 160°C (d).

Calc, for C__H N 0 Cl Pd : C, 39.30; H, 4.76; N, 4.17; Cl, 10.57.2 4 2 2
Found; C, 40.73; H, 4.75; N, 4.47; Cl, 10.88%.

Vpd-Cl 315' 245;
PMR (DMSO-dg): 2.7 s [c] (NMe^), 3.6 s [3] and 3.65 s [3] (OCH^ x 2),

3.9 s [2 ] (CHg), 6.65 s [l] (C^-H), 7.30 s [l] (C^-H).

Evaporation of the chloroform extract to low bulk yielded brown 

crystals of the tetrachloropalladate salt of the protonated base, 

m.p. 154°C (d).
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Calc, for 41-22; H, 5.62; N, 4.37; Cl, 22.17

Found: C, 40.78; H, 5.90; N, 4.32; Cl, 22.04%

V Pd-ci 330;
PMR (DM80-dg): 2.7 s [6] (HN^Me^, 3.8 s [c] (OCH^ x 2), 4.2 s 2 

(CH ), 7.05 - 7.3 c [3] (Ar H's), 10.5 br.s [l] (&HMe ).

The triplienylpliospbine derivative (270).
65The method used was that described by Crociani and co-workers 

A suspension of the chloro-bridged complex (200) (336nig, 0.50 mmol) in 

dichloromethane (20ml) was treated with triphenylphosphine (260mg, 

l.Omraol) to give a yellow solution. The solution was filtered to 

remove any unreacted dimer and the filtrate evaporated to dryness 

leaving a yellow powder which was crystallised from a dichloromethane/ 

ether mixture to give yellow needles of the product (270). Yield 0.56g 

(93%), m.p. 19cfc (d). 300;

PMR (CDCl ): 2.3 s [9] (NMe and C -OCH ), 3.75 s [3] (C -OCH ),3 2 4 3  3 3
4.05 s 1̂2 ] (CH^), 5.9 br.s (sharpened on 3^p decoupling) |̂ lj (C^-H),

6.6 s [ 1] (Cg-H), 7.25-7.45 br.c [9] and 7.6-7.85 br.c (coupled with
31 r 1P) [ej (PPhg).

The triphenylarsine derivative (271)

A suspension of the dimer (200) (670mg, l.Ommol) in dichloromethane 

(20ml) was shaken with triphenylarsine (610rag, 2.Ommol) to form a clear 

yellow solution which on evaporation yielded a yellow oil. Trituration 

of the oil with ether gave the product (271) as a yellow powder which 

was purified by recrystallization from a dichloromethane/ether mixture. 

Yield 1.2g (93%), m.p. 157-160°C (d); 295;

PMR ( C D C l g ) :  2.9 s [3 ] ( C ^ - O C H ^ ) ,  3.05 s [6] (NMe^), 3.85 s [3 ] (C^-OCH^),

4.15 s [2 ] ( C H g ) ,  6.05 s [l] ( C ^ - H ) ,  6.65 s [l] ( C ^ - H ) ,  7.3-7.9 c [l5]

(AsPhg).
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Di“ pi - en 1 or ob i s(N, N- d i me t. iiy 1 benzylainine-2-C, N )dipalladium( 11 ) (25 >

Tbe title complex and its tripbenylpbospbine derivative were
9 10prepared by literature methods' ' . Chloro-bridged dimer ( 25 ) ;

Yield 95%, m.p. 185-188°C (d) Lit.^ yield 96%, m.p. 185-187°C (d) ; 

%d-Cl 335. 252;

PMR (DMSO-dg): 2.85 s [6] (NMe^), 3.9 s [2] (CH^), 6.9 c [4 ] (Ar H's).

Triphenylphosphine derivative (224): yield 98%, m.p. 183°C (d);

%d-ci 305;
PMR (CDClg): 2.9 d J(P-H)=2Hz [g ] (NMe^), 4.1 d J(P-H=2Hz

[2 ] (CHg), 6.4 c (31p coupled )[ 2] (C^-H and C^-H), 6.75- 7.1 c [ 2]

(C -H and C -H), 7.3-7.9 c [l5](PPh ).

Pi- /i -chlorobis (N-benzyl-N-rnethy 1 - 3 , 4-d ime thoxybenzylamine-6-C, N)-

dipalladium(II) (241)

The procedure was similar to that used for the preparation of
34other chloro-bridged dimers , except that the addition of the 0.34M 

methanolic solution of lithium tetrachloropalladate to the tertiary amine 

(240) was made at room temperature. Yield 86%, m.p. 179°C (d);

%d-Cl 300, 245;

PMR (DMSO-dg): Two isomers were present at 28°C. 2.95 s [2 .25] and

3.15 s [0 .75] (merged to a single peak at 2.95 at 55°C with an intensity 

of 3) (NMe), 3.75 s [ 3] and 3.8 s [3] (OCH^ x 2), 3.5 - 4.75 m [4 ] 

(CH^x2), 6.6 s [1] (Cg - H), 7.4 c [ 4] and 7.8 c [2] (C^-H and Ar H's).
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The triphenylphosph>ine and tiipnenylarsine derivatives of (241).

Both derivatives were prepared as described previously.

Triphenylphosphine derivative (272): Yield 89%, m.p. 165°C (d).

Calc, for C H Cl.PPd : C, 62.31; H, 5.19; N, 2.08; Cl, 5.27.vj o o o 2 2 2
Found: C, 62.04; H, 5.33; N, 2.24; Cl, 5.75%. 285;

PMR (CDClg): 2.9 s [s] (C^-OCH^), 2.95 d J(P-H)=2Hz [ 3] (NMe),

3.75 s r3 I (C -OCH^), 3.65 d of d J(P-H)=4Hz j =13Hz)F llt -1 3 3 Hgem L J
(NHCHPh), 4.0 d of d J(P-H)=4Hz , J„ =13Hz) fll (MeO) PhHCHN,— Hgem L J 2 —
4.35 d (J,, =13Hz) I’ll (NHCHPh), 4.75 d (J„ =13Hz) [ llHgem L -J Hgem L J
(MeO^PhHCHN , 5.9 d J(P-H)=8Hz [ l] (C^-H), 6.55 s [ l] (C^-H),

7.2-7.9 c [2 0](Ar H's).

Triphenylarsine derivative (273'); yield 90%, m.p. 196°C (d); 300;

PMR (CDClg): 2.85 s [3] (C^-OCH^), 3.05 s [s] (NMe), 3.75 s [3] (C^-OCH^)

3.6-5.0 br. c [fj^at -20°C, 3.8 d (J = 12Hz) [ l] and 4.35 d (J = 12Hz)

[1] , 4.4 d (J = 12Hz) [1] and 4.8 d (J = 12Hz) [ l] } (CH^ x 2), 6.0 s [ l]

(C^-H), 6.6 s [1] (Cg-H), 7.2-7.8 c [ 2o] (Ar H’s).

Pi- /i-acetatobis(3,4-dimethoxy-N-methylbenzaldimine-6-C,N)dipalladium(II)

(260)

The method used was similar to that described by Onoue and 
47Moritani , A mixture of 3,4-dimethoxy-N-methylbenzaIdimine 

(1.9g, O.Ollmol) and palladium(II) acetate (2.2g, O.Olmol) was heated under 

reflux in glacial acetic acid (50ml) for 45 minutes. The solution was 

cooled, diluted with water (100ml) and extracted with dichloromethane.

The combined dichloromethane extracts were washed with water, and dried over 

magnesium sulphate. Filtration and removal of the solvent left a brownish- 

yellow solid which was recrystallized from a dichlororaethane/ether 

(40-60 ) mixture to give yellow crystals of the title complex (260).
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Yield: 2.1g (58%), m.p. 20Ü-201°C (d); ^ 1G24, _ 1575, 1415;C=iN LU 2
PMR (CDClg): 2.2 s [ 3] (OCOCH^), 2.95 s [ 3] (NMo), 3.85 s [ ^  and

3.95 s [3 ] (OCH^ X 2), 6.7 s [ l] and 6.75 s [ l] (C^-H and C^-H),

7.35 s [ 1] (CH=N).

Pi-jU -chlorobis (3 , 4-dimet.hoxy-N-methyIbenzaIdimine-6-C, N )dipalladium( 11_)

(261).

An acetone solution of the acetate-dimer (260) (1.5g, 2.2mmol)

was stirred with an aqueous solution of sodiurachloride (0.5g) for 0,5h
47following the method described by Onoue and Moritani . Addition of 

water (ca. 20ml) deposited the chloro-bridged dimer (261) as a pale 

yellow powder. The solid was collected by filtration, washed with a 

little water, followed by acetone and then ethei'. Yield: 0.62g

(90%), m.p. 250°C (d); 1624, 300, 275;

PMR (PMSO-dg): 3.4 s [ 3 ] (NMe), 3.7 s [3] and 3.75 s [ 3 ] (OCH^ x 2),

7.05 s [ 1] (C -H), 7.6 br.s [l] (CH=N), 8.1 s [ l] (C^-H).

The triphenylphosphine derivative of (275)

This derivative was prepared from the above chloro-bridged dimer 

as for previous analogues. Yield; 88%, m.p. 199°C; 1635,

% d - c i  300;
PMR (CPClg): 2.85 s [ s ]  (C^-OCH^), 3.65 d J(P-H)=4Hz [ s] (NMe),

3.75 s [ 3] (Cg-OCH^), 5.95 d J(P-H)=7Hz [ l] (C^-H), 6.8 s [l] (C^-H)

7.2-7.8 c [15] (PPhg), 7.95 d J(P-H)=8Hz [l] (CH=N).
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Reaction of 3,4-dimethoxybenzaldehyde phenylhydra%one with lithium 

tetrachloropallada te.

To the hydrazone (2.6g, O.Olmol) in methanol (20ml) was 

added 0.34M methanolic solution of lithium tetrachloropalladate 

(14.7ml, O.OOSmol) and the solution stirred for 3h at room temperature. 

The yellow product was collected by filtration, washed with methanol 

followed by ether and air dried. Yield: 2.9g (8G%), m.p. 140°C (d).

Spectral and analytical data confirmed that the compound was 

dichlorobis(3,4-dimethoxybenzaldehyde phenylhydrazone)palladium(II)

(267) instead of the cycloraetallated compound.

Calc, for C H N 0 Cl^Pd: C, 52.22; H, 4.64; N, 8.12; Cl, 10.29.wU 4: 4L
Found: C, 52.06; H, 4.86; N, 7.49; Cl, 9.15%.

3300' 3250; 1620; 335;

PMR (DMSO-dg): 3.8 s [ s] and 3.85 s [s] (0CH^x2), 6.7-7.4 c [s]

(Ar H's and C^-H, C^-H); 6.85 s [ l] (C^-H); 7.9 s [ l] (CH=N).

Reaction of 3,4-dimethoxybenzaldoxime with lithium tetrachloropalladate

A solution of 3,4-dimethoxybenzaldoxime (l,81g, O.Olmol) in ice-cold 

methanol was treated with a 0.34M methanolic solution of lithium 

tetrachloropalladate (14.7ml, 0.005mol) and the mixture allowed to 

warm to room temperature and stirred for 3h. The yellow powder

deposited was collected, washed with methanol followed by ether and

air dried. Yield 2.5g (93%), m.p. 189°C (d). Analytical and

spectral data indicated that the complex was dichlorobis(3,4-dimethoxy

benzaldoxime )palladiura( I I ) (268). Calc, for C N 0 Cl Pd:18 22 2 6 2
C, 40.04; H, 4.07; N, 5.19; Cl, 13.16. Found: C, 38.4; H, 4,39;

N, 4.82; Cl, 11.57%. ^ 3450, 3150; 1640; 340;
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PMR (DMSO-dg); 3.8 s [o] (0CH^x2): 6.8-7.3 c [s] (Ar H's);

7.05 s [l] (CH=N); 11.1 br.s (removed with D^O) [l] (ÜH).

Reaction of N-carbethoxy-N-methyl-3,4-diroethoxybenzylamine (247, R=Et) 

with lithium tetrachloropalladate

A 0.34M methanolic solution of lithium tetrachloropalladate 

(6.4ml, 2.2ramol) was added to the amine (247, R-Et) (l.Ig, 4.35mmol) 

in cold, dry methanol (10ml), and the stirred mixture allowed to warm 

up to room temperature. No signs of complex formation were evident 

even after 24h stirring, and evaporation of the solution followed by 

thin-layer chromatography on alumina (eluting with dichloromethane) 

showed that the amine (247, R=Et) had not reacted.

Reaction of 2-(3',4'-dimethoxyphenyl )-l,3-dimethylimidazolidine (255) 

with lithium tetrachloropalladate

The procedure given above was used, but the reaction mixture quicEly 

turned black due to deposition of metallic palladium. The solution 

was filtered and the filtrate taken to dryness. Analysis of the reddish 

brown gum showed it to contain 3,4-dimethoxybenzaldehyde, resulting 

from hydrolysis of the amine (255); V ̂  ^ 1680; ^*^5ppm.

The reaction was repeated in the presence of a base (triethylaraine ) 

using equimolar amounts of the amine (0.50g, 2.1romol) and 0.34M 

methanolic solution of lithium tetrachloropalladate (6.24ml, 2.Irarnol).

The mixture again immediately turned black with the deposition of 

metallic palladium and hydrolysis of the amine to the aldehyde.
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C . Insertion Reactions of Cycloinetallated Compounds

1. Insertion reactions of di-/i -chlorobis (3, 4-diinet hoxy-N, N-dimet h >■’ 1 - 

benzylamine-G-C,N )d ipalladium(II) (200)

Two procedures were employed to react the cycloraetallated complex 

(200) with the alkene derivatives. The -unsaturated ketones were

found to react with the Pd(II) complex by both procedures A and B, 

whereas styrenes only reacted via procedure B. Both employed a five-fold 

excess of alkene and the base, triethylaraine. One example of each 

procedure is given below.

Procedure A

Reaction with methyl vinyl ketone.

To a suspension of the palladium complex (200) (0,50g, O.75ramol) 

in dry benzene (15ml) was added triethylaraine (0.5ml, 3.6mmol) and 

methyl vinyl ketone (0.3ml, 3.Gmmol). The solution was heated under reflu: 

for 2h during which time a mirror of metallic palladium was deposited 

in the flask. The solution was cooled, filtered over celite and the 

residue washed with 2M ammonium hydroxide (5ml) followed by chloroform 

(5ml). The aqueous layer was extracted with chloroform and then 

discarded, and the combined chloroform extracts evaporated leaving an 

oily residue. This residue and the benzene filtrate were combined 

and extracted with 2M hydrochloric acid solution. The aqueous acidic 

layer was washed with benzene and then basified with ammonium hydroxide 

solution and extracted with dichloromethane (3 x 25ml). The extract 

was washed with water, dried over sodium sulphate and the solvent 

evaporated to yield the crude product. Final traces of palladium were 

removed by filtering a dichloromethane solution of the product through 

a short column of basic alumina and eluting with dichloromethane.
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Evaporation of the solvent and recrystallü z.ation from diethyl ether 

yielded the /3-aryl enone product (207a) as white crystals. Yield

0.39g (98%), m.p. 83-84.5°C.

Calc, for C, G8.44; H, 7.84; N, 5.32.

Found: C, 67.95; H, 8.00; N, 5.42%.

Vr_n 1G55, V 1G35; A (E): 245 (9.890), 305(sh), 340(12,729);Lv.— U ÎTiâX
PMR (CDClg): 2.25 s [ô] (NMe^), 2.35 s [3 ] (COCH^); 3.45 5 [2] (CH^);

3.9 s[e] (OCH^ X 2), 6.5 d (J=16Hz) [ l] (CHCOCH^), 6.8 s [ l] (C^-H),

7.1 s [1] (Cg-H), 8.0 d (J=16Hz) [l] (ArCH=).

Procedure B 

Reaction with styrene

To a suspension of the palladium complex (200) (l.Og, l.Sinmol) in 

glacial acetic acid/dichloromethane ( 3 : 1 )  (30ml), was added
otriethylamine (1.04ml, 7.4 mmol) and the solution cooled to 0 C,

Styrene (0.86ml, 7.4mmol) was added and the stirred reaction mixture 

slowly allowed to warm up to room temperature. After 48h the mixture 

was filtered over celite and the residue washed with 2M sodium carbonate 

solution (10ml), followed by dichloromethane (5ml). Both the aqueous 

end non-aqueous washings were combined with the original filtrate and 

basified with sodium carbonate. The organic layer was separated, 

washed with water, and the solvent evaporated. The brown oil remaining 

was dissolved in benzene (25ml) and extracted with 2M hydrochloric 

acid (3 X 25ml). The aqueous layer was washed with benzene, basified 

with 2M ammonium hydroxide solution and extracted with dichloromethane 

(3 X 30ml). The organic layer was washed with water, dried over 

sodium sulphate and the solvent evaporated to yield the crude product 

as a yellow oil. Final traces of metallic palladium were removed by 

column chromatography as above, and the product recrystallized from a

mixture of ether/petroleum ether (40 - 60°) to give colourless needle- 

shaped crystals of the substituted stilbene (219,Z = H). Yield 0.83g
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(94%), m.p. 89 - 9o"c. Calc, for C^yH^gNO^: C, 76.77; H, 7.74;

N, 4.71. Found; C, 77.01; H, 7.76; N, 4.67%

V _ 1590; A (a): 215 (sh), 235 (14,019),307 (19,246), 325 (19,246);L/—. U lïlâ X
PMR (CDClg): 2.3 s [ 6 ] (KMe^), 3.45 s [2 ] (CFÎ ), 3.9 s [ 3 ] and 3.95 s

[3 ] (OCHg X 2), 6.85 s [ 1] (C^ - H), 6.9 d (J = 16Hz) [ l] (CHPli),

7.15 s [1] (C^-H), 7.35 c [s] (Ar H’s), 7.55 d (J = 16Hz)[l]

(CH =CHPn).

Table 20 describes the results obtained when the palladium 

complex (200) was reacted with a series of styrenes and vinylic 

compounds.
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Reaction of (200) with o-cnlorostyrene

Procedure B was used but TLC showed the presence of four components 

The major component 0 6 1 % -yield ) was obtained free from the minor 

components by precipitation of the hydrochloride salt from an ethereal 

solution of the crude basic products, followed by recrystallisation 

from dichloromethane. The free base was obtained as a colourless oil 

and identified as the trans-isomer of the stilbene (219, 7> ~ o-Cl),

m.p, of hydrochloride salt 238 C (hygroscopic).

Calc, for Cl2^l9"23^^2' 61-96; H, 6.25; N, 3.80; Cl, 19.30.

Found: C, 62.55; H, 6.48; N, 3.83; Cl, 18.82%. For the free

base: (m/e) 333/331 289/287 (M-NMe )̂  ̂ A (E): 243(12,431),2 max
300(sh), 325(15,539);

PMR(CDCl^): 2.25 s[G](NMe^) , 3.45 s [2] (CH^),. 3.9 s [3] and 3.95 s

[3 ] (OCHg X 2), 6.9 s [1] (Cg-H), 7.15-7.45 c [s] (C^'-H, C^'-H and

C^'-H), 7.2 s [1] (Cg-H), 7.3 d (J=16Hz) [l] (CHC^H^Cl), 7.55 s 

(J=16Hz) [ 1] (CH=CHCgH^Cl), 7.7 d of d (J=2Hz and 8Hz) [l] (C^'-H).

The mother liquor from the recrystallisation of the hydrochloride 

was evaporated to dryness, dissolved in water and basified with 2M 

ammonium hydroxide solution. Tliis solution was then extracted with 

dichloromethane, the organic layer washed with water, dried over 

sodium sulphate and the solvent evaporated to yield a pale yellow oil 

which consisted of the three minor components and a small amount of 

the major component. This mixture was chromatographed on a basic 

alumina column, eluted with a dichloromethane/petroleum ether (40-60^) 

mixture. The last component obtained from the column was identified as 

3,4-dimethoxy-N,N-dimethylbenzylamine (199), formed by decomposition of
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the palladiura complex (200). The other two minor components. though 

separated, were both contaminated with traces of the major trans-sti I ben*, 

product, so preventing their complete characterization.

The first minor component was shown to be mainly the cis-stilbene 

(220); (m/e) 333/331 (M*);

PMR (CDClg): 2.3 s[6](NMe2), 3.45 s[2](CH2), 3.45 s[3](C^-0Cn2),

3.85 s[3](C^-0CHg), G.5 s [l] (C^-H), G.85 d (J = 8Hz)[ 2 ] (CH=CH),

6.9 - 7.4 c r5I (Cl -H and C. H Cl).L -J 3 6 4

The second minor component appeared to be the ht-ai kene (221);

(m/e) 333/331 (M*^

FMR (CDClg): 2.1 s [g] (Mle^), 3.3 s [ 2 ] (CH^), 3.8 s [s] and 3.9 s

[3 ] (OCH X 2), 5.6 q (J = 7Kz ) [2 ] (C = CH ), 6.65 s [l] (C -II),
3 2

7.15 s [1] (Cg-H), 7.1 - 7.5 c [4 ] (Ar H’s)

Trans- Cis-isomerism of (219, Z = o-Cl).

A deuterated chloroform solution of the trans-isomer was irradiated

with UV light of long wavelength for 5h. The NMR spectrum of the

solution Showed a new doublet at 6.84 ppm (J = 8Hz) due to the olefinic

protons of the cis-isomer and an upfield shift of the Cl -H and   o
q^-OCH^ protons to 6.52 and 3.50 ppm respectively. Further- irradiation 

resulted in the disappearance of the olefinic doublet and changes in 

the aromatic proton absorptions.

The solution obtained after 5h irradiation was evaporated to 

yield an oil. 2M Hydrochloric acid solution (20ml) was added to the 

oil and the solution heated under reflux for 4h. The aqueous
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solution was basified with 2i\I aminoniuia hydroxide solution and 

extracted with dichloromethane. Evaporation of the organic 

solvent gave an oil which was shown to be the trans-i somer from 

its H NMR spectrum. This procedure was used to confirm that one 

of the minor components was the cis-isomer.

Reaction of dimer (200) with 3,4-diraethoxystyrene.

Using procedure B, 1.5g (2.25mmol) of palladium complex (200) 

gave 0.71g of basic material which was shown to be a mixture of three 

components, one of which was identified as 3,4-dimethoxy-N,N-dimethyl

benzylamine. The mass spectrum of the crude mixture showed a low 

eV peak at m/e 357, a value expected for the stilbene (231).

NHR.spectroscopy did not aid in identification, and separation of the 

various components proved difficult. Repeated chromatography on 

basic alumina eluted with a dichloromethane/ether mixture finally gave 

a fraction containing the trans-i somer as a major component.

PMR (CDClg): 2.25 s [ô] (NMe^), 3.45 s [2] (CH^), 3.85 ra [l2j (OCH^ x 4),

6.8 s [ 1] (Cg-H), 7.1 s [1] (Cg-H), 6.7-7.2 c [5] [=CHC^H^(OMe)J , 7.4 

d (J = 16Hz) [1] [cH=CHCgH^(OMe )̂'l . Further purification was not

successful.

2. Insertion reaction of di-^-chlorobis(N-benzyl-N-methyl-3,4- 

dimethoxybenzylamine-6-C,N)dipalladium(II) (241) with styrene

The reaction was carried out as before by procedure B. The 

palladium complex (241) (4.2g, 5.Ommol) in acetic acid/dichloromethane 

( 3 : 1 )  mixture (120ml) was mixed with a five-fold excess of triethylamine 

(3.55ml, 25.Ommol) and styrene (3ml, 25.Ommol) at 0°C and the solution 

allowed to warm up slowly to room temperature, resulting in the 

deposition of metallic palladium. The reaction mixture was finally
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worked up for total bases by the procedure described previously, 

to yield an oil (3.2g) containing three main components, one of 

which was identified as the stilbene product (242), The mass 

spectrum showed a peak at m/e 373 corresponding to IvB for the 

stilbene (242), and another peak at m/e 271 for the amine (240);

*^max (br); the NMR spectrum (in CDCl^) showed 3

singlets at 3.2, 3.25 and 2.25 ppm (1 ; 4 r 8) for N-methyl proton 

resonances, the band at 2.25 ppm being that of the amine (240).

Other band maxima: 3.5-3.7 m (CH^), 3.8 - 3.9 m (OCH^), 6.8 - 7.65 c

(Ar H's and =CHPh), 6.9 s (O -H), 7.55 d (J = 16Hz) (CH = CHPh).6 —

Repeated attempts at separating the components by chromatography 

were unsuccessful.

Reduction of the above reaction mixture.

The crude mixture (500mg) dissolved in 95% ethanol and 5% 

palladium-on-charcoal were stirred together under hydrogen (1 atm.) 

at room temperature for 24h. No absorption of hydrogen was observed. 

The solution was filtered and evaporated to dryness to yield an oil, 

which contained the same three components.

The reaction was repeated under 4 atm. pressure of hydrogen at room 

temperature for 24h. The reaction mixture was worked up as before 

to yield an oil, which proved to be a mixture of 2 major components 

by thin-layer chromatography on alumina (1% methanolic dichloromethane 

as solvent). The spectral data of the oil indicated that the two 

components were the N-benzyl-N-methy1-3,4-dimethoxybenzylamine, and a
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1,2-diphenylethane derivative (245) produced by reduction of the 

stilbene (242). m/e 375, 271 (M of the respective components);

A 242, 284;max
PMR (CDClg): 2.9 br.s (probably CHgCHgPb), 3.35 c and 3.45 c (CH^^

6.6 s (C -H), 6.9 s (Ch-H), 7.2 br.c (Ar H's).o o

3. Reaction of 3,4-dirnetboxy-N-metbylbenzalQimine palladium complex

(257, X = Cl, OAc ) with styrene

Di-/J -cblorobis(3,4-dimetnoxy-N-metbylbenzaldimine-G-C,N)di-

palladium(II) (257, X - Cl) (l.Og, l.Gmmol) was treated with styrene

(0.9ml, 9.mmol) and triethylamine (1.1ml, Bmmol) in a solution of acetic

acid/dichloromethane ( 3 : 1 )  (30ml) as described before. No

deposition of metallic palladium was observed when the mixture was at 
o0 C or room temperature, although on refluxing metallic palladium

was deposited very slowly. The reaction mixture was cooled, filtered

over celite and the residue extracted with dichloromethane. The

filtrate was washed well with water (3 x 50ml) and the organic layer

evaporated to dryness to yield a red oil. Thin layer chromatography

(on silica eluted with dichloromethane) of the residue showed 2 components,

one of which was styrene and the other being 3,4-dimethoxybenzaldehyde.

( V  1680). The mass spectrum of the mixture showed peaks at m/e 166 c=u
and 104, being the ions for the benzaldehyde derivative and styrene 

respectively,

The reaction was repeated with the acetato-bridged palladium 

complex (257, X = OAc) but again the same results were obtained.

There was no change in results when refluxing benzene or acetonitrile 

were used as solvents.
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D . Miscellaneous

Quaternization of the -aryl substituted methyl vinyl ketone 

(207, R = Me) with ethy1 bromoacetate.

The p-unsaturated ketone (207, R - Me) (l.Og, 3.8 mmol) 

together with ethyl bromoacetate (1.7ml, 15.2mmol) in ether (50ml) 

was heated under reflux for 24h. A white precipitate formed which 

was filtered, washed with ether and air dried, and identified as 

the bromide salt of the quaternary amine (216). Yield 0.53g (32%),

m.p. 121-123°C. _ 1745, 1675; A (E) 250(14,774),0=0 COOEt max
320(14,501), 235(sh);

PMR (DMSO-dg): 1.25 t (J = 7Hz) [s] (OCH^CH^), 2.45 s [s] (COCH^),

3.2 s [e] (N^Me^), 3.85 s [3] and 3.95 s [s] (OCH^ x 2), 4.2 q 

(J=7Hz) [2 ] (OCHgCHg), 4.55 s [ 2 ] (N+CH^CO^Et),' 5.05 s [ 2] (PhCH^N^),

6.85 d (J = IGHz) [ 1] ( = CHCOCII^), 7.3 s [l] (C^-H), 7.4 s [l] (C^-H),

7.9 d (J = 16Hz ) [ 1] (PhCH=CH).

Cyclisation of the quaternary salt (216).

The bromide salt of the quaternary amine (216) (25Omg, 0.ommol)

was dissolved in absolute ethanoi (25ml) and treated with anhydrous

potassium carbonate (O.lg, 0.7mmol). The resulting mixture was

stirred overnight, then filtered and the residue washed with absolute

ethanol. The combined filtrate and washings were evaporated to dryness

to yield a white powder (175mg) which was shown by spectroscopy to be

the cyclised product (217). ^ 1630, 1710; A 243, 285;0=0 COO max
PMR (DgO): 2.3 s [ g] (OCH^ x 2), 3.1 - 4.8 c [ s] [cĤ Sltê ,

PhCH(CH COMe)CHCO ], 6.95 s [ 2 ] (C -H and C -II).
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Competition between styrene, p-ciilorostyrenu and p-methoxystyrene i 1

the insertion reaction with di-/-*-cnlorobi.s(3 , 4-dimethoxy-N, N-dimet.by]benzyl.

amine-6-C,N)-dipalladium(II^

Reaction A

Triethylamine (0.5ml, 3.7mmol) was added to a solution of the

palladium complex (200) (SOOmg, O.74mniol) in an acetic acid/dichloromethane
J

solution cooled in ice. A mixture of the styrene (39Omg, 3.7mmol), 

p-chlorostyrene (SOOmg, 3.7mmol ) and p-methoxystyrene (SOOmg, 3.7mniol ) 

were introduced resulting in an immediate deposition of metallic palladium. 

The solution was worked up for total bases as before, and the oil 

obtained was analysed on a GLC column (24% OV 1 on Chromosorb W - AW - i)CM.S, 

250 C/N^, 40ral/min./ 5' x 0.25") for the relative amounts of the three 

stilbenes formed (retention times; styrene = 1.3, p-chlorostyrene = 2.2, 

p-methoxystyrene = 2.6min).

Reaction B

The above reaction was repeated using a mixture of the three 

styrenes in a 1 : 1 : 1 molar ratio ; styrene (130mg, 1.24mmol), 

p-chlorostyrene (17Omg, 1.24mmol), p-methoxystyrene (170mg, 1.24mraol)

(i.e. a five-fold excess of total styrenes over the palladium complex).

Reaction C

The reaction was again repeated but this time a two molar excess 

of each styrene over the palladium complex was used i.e. styrene 

(160mg, 1.49 mmol), p-chlorostyrene (210mg, 1.49mraol ) and 

p-methoxystyrene (200rag, 1.49 mmol) .
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The following values were obtained for the relative amounts (%) 

of the three stilbenes in each of the reactions.

Ring substitution Reaction

of stilbene (219) A B C

H 39.23 39.73 56.27

p-Cl 23.10 26.45 40.6

p-OMe 37.67 33.82 3.12
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