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ABSTRACT

Severa series of ligands, designed to chelate silver(l) specificaly in the presence of
base metals, have been synthesised. The ligands include: - dithiodiamide compounds,
prepared by the condensation of acetanilide derivatives with 1,2-dibromoethane;
propanenitrile and propanoic ester derivatives prepared from pyridine-2-carbaldehyde
via the Morita-Baylis-Hillman reaction; and novel malonamide ligands from the
reaction of diethyl malonate with a range of primary amines. The malonamide
derivatives were prepared under both conventional thermal and microwave-assisted
conditions, the latter proving to be highly efficient. The ligands were al characterised
using a combination of spectroscopic and, where appropriate, elemental analysis; in
one case, the structural assignment was confirmed by single-crystal X-ray analysis.
The fragmentation patterns in the electron-impact mass spectra of the malonamide
derivatives have been explored using high-resolution and meta-stable peak scanning
techniques.

Complexes of the malonamide ligands with copper(ll) and silver(l) have been
synthesised, and examination of these complexes has revealed distinct differences in
their co-ordination preferences towards silver(l) and copper(ll). Tentative, computer-
modelled structures for the complexes have been proposed using the available
spectroscopic and elemental analysis data.  Computer modelling, at the Molecular
Mechanics level, has also been used to assess the capacity of the ligand systems to
adopt conformations suitable for the chelation of tetrahedral silver(l).

Solvent extraction studies have been undertaken using aqueous metal ion solutions
and various organic solvents. The dithiodiamide derivatives typically presented
solubility problems, but one of the ligands, N,N"-bis(3-chlorophenyl)-3,6-
dithiaoctanediamide, exhibited significant but slow extraction of silver(l) into toluene.
The malonamide derivatives, however, proved to be readily soluble in ethyl acetate
and, in some cases, exhibited good to excellent selectivity for silver(l) in the presence
of the base metals copper and lead. Atomic absorption analysis reveaded rapid
equilibration times (<15 min) and high extraction efficiencies over a wide pH range
(2.78 - 9.0). Metal sdlectivity has been determined by ICP-MS analysis of the
residual silver, copper and lead present in the agueous phase after 15 min, and one of
the ligands, N,N"-bis(2-benzylsulfanylethyl)malonamide, exhibits excellent (= 96 %)
silver(l) specificity.
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1 I ntroduction

1.1 Silver and its Compounds

Silver belongs to the same group as copper and gold in the periodic table, and they are
colleaively referred to as the "coinage metals' because of their usage since the late
Stone Age for coins and jewelry. Silver occurs with an abundance of 0.08 parts per
million (ppm) in the eath's crust, existing as the sulfide ore, Ag,S (argentite), silver
chloride salt, AgCl (horn silver) or asthe native metal. The main producers of silver
are Mexico (16 %), the United States of America (USA) (11 %), Russia (11 %),
Canada (10 %), Peru (10 %), Australia (7.5 %) and Poland (7 %). Silver is obtained
as a by-product during the extradion of copper, lead and zinc or is extraded as the
cyanide complex during gold remvery. The main uses of silver are in photographic

emulsions (AgCl or AgBr), jewelry, batteries and for silvering mirrors.*?

Silver has the eledronic configuration [Kr] 5s' 4d™. It is easily oxidized to silver(l)
(Ag"), the standard reduction potential (SRP) being +0.80 V. The wrresponding
SRPs for silver(Il) (Ag®) and silver(lll) (Ag®) are +1.98 V and +2.1 V,
respedively.! These values give an indication as to why the mmpounds formed with
silver are dominated by silver(l) systems. The recent literature on silver is reviewed
in the following chapter, but due to the volume of work reported only seleded

examples have been cited.
1.1.1 Silver (I111) Complexes

Silver(lll) is a rather unusual metal caion, and is therefore the focus of attention of
specialist groups. Silver(lll) compounds are used mainly as oxidizing agents, as the

following examples from the recent literature illustrate.

Banerjee et al.® reported the kinetics of the silver(l) catalyzed oxidation of HsPO,
with the [(ethylenebis(biguanide)]silver(lll) cation ([Ag(H-biguan)]**) 1 in agueous
perchloric acid solution. The [Ag(H.biguan)]®* cation is one of the few examples of

water soluble silver(lll) complexes* The study revealed the mechanism of the
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reaction and the structure of the intermediate generated, as illustrated in Figure 1
below.

N N
m N\A 3+/N <
N\ 3+/N gt N/ g\ Ag* UN
Al H3;PO —
N/ Q\N"' 3P02
w O\"

2Ag"
+
H2PO;,

1
Figure 1. Mechanism for the silver(l) catalyzed oxidation of H3PO, by complex 1.

Dasgupta et al.* studied the electron transfer reaction between the [Ag(H-biguan)]**
cation and ascorbic acid (H2Asc) in acidic aqueous solution. The reaction was shown
to involve the formation of a 1:1 intermediate between [Ag(H.bguan)]®*" and H.Asc,
which decomposes via a two electron transfer process, to yield dehydroascorbic acid,
silver(l) and the free ligand. The authors identified three intermediate adducts in
solution,  viz,  [Ag¥(H.biguan)(H.Asc)],  [Ag*(Hsbiguan)(HAsc)]  and
[Ag® (Hsbiguan) (H,Asc)].

Gupta et al.> examined the kinetics of the oxidation of azide to N, by
bis(dihydrogentellurato)silver(l11) 2 (Equation 1). The reactant may be represented as
[M3{(TeO.)»(OH)4}]°" in which the metal, Ag®*, adopts a square planar geometry
and the hydroxyl ions (OH") are bound to the tellurium. The authors found that the
reaction proceeded through a 1:1 intermediate complex with a one-step two-electron
reduction of silver(I11). The rate of the reaction increased with an increase in azide
ion concentration but decreased with increasing alkalinity.
2N~ + [AG* (H2TeOg)2>” — 3N, + [Ag'(H2TeOg)2] Equation 1
2
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1.1.2 Silver (1) Complexes

Silver(ll) is also an unusual metal cation, but is more reaily available to reseachers
than silver(lll). The mordination chemistry of this caion has been explored, as is
illustrated by the following examples from the arrent literature; the cdion is

commonly used as an oxidizing agent.

Lucier et al.® studied the preparation, structural and magnetic properties of silver(ll)
complexes of the type AgF'MFs (M = Ir, Ru, Sb, Bi) and Ag*'(BiFs ), systems. The
authors found that for the AgFMFs systems they could identify three different
structural types. For M = Ir the structure was found to contain two, linealy
coordinating fluoride ligands in a one-dimensional chain. Where M = Ru the
structure was found to be very different, consisting of a one-dimensional zig-zag
ribbon, even though the RuFs~ anion is only ~0.3 A smaller in sizethan IrFs. The
structures of the complexes in which M = Sb and Bi are unknown but the complexes
were shown by X-ray powder diffracion to be isostructural. For the Ag(MF)2
systems the structures of Ag(BiFs)2, AgBiFsRuFs and Ag(SbFg), were shown to be

similar and correspond to structure 3.

N,
Fo | F—MF
Ag M =Bi, Sb, Ru
FsM—F" | F
F“u
"MFsg
3

Giraudeau et al.” studied the @mmplexation behavior of a phenanthroline-capped
porphyrin 4 with silver. The aithors found that when there is an excess of silver(l) in
solution, the phenanthroline and porphyrin moieties each chelate asilver caion in the
monovalent oxidation state, but, the silver(l) in the porphyrin complex is rapidly

oxidized to silver(ll), thus affording a homodinuclear multivalent complex.
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1.1.3 Silver (I) Complexes

Complexes containing silver(l) are dealy the most abundant of the silver complexes.
What makes the silver(l) cation remarkable is its ability to coordinate in a range of
geometries, from linea through to octahedral and, in some @ses, even higher
geometric orders. Silver(l) coordinates with a wide variety of donor atoms including
the common donors, nitrogen, oxygen, phosphorous and sulfur, as well as unusual
elements such as tellurium, arsenic and antimony. In the review of the recant
literature, which follows, an attempt has been made to illustrate the range of
geometries adopted by silver(l) and the nature of the complexes formed. In view of
the number of such silver(l) complexes reported in the recent literature, only systems
containing the donor atoms, nitrogen, oxygen and sulfur have been considered. The
examples have been classified acording to the donor atom involved, with each class
further subdivided into (a) monomeric, (b) polymeric and (c) maaocyclic

systems 2910

1.1.3.1 Silver(l) Complexeswith Nitrogen
(@) Oligomeric Slver(l) Complexes

Munakata et al.'* have studied the mordination of 3,5-bis(2-pyridyl)pyrazole 5 with
silver(l) and showed that this ligand has the aility to chelate in threedifferent modes
(Figure 2). The aithors synthesised two silver(l) complexes and determined their
structures by X-ray crystallography. The first complex was identified as a dinuclea
silver(l) complex, [Agz(5)4][ClO4]2:2Me,CO, in which each silver(l) is chelated to

two ligand moleaules, in mode B; ead complex is then hydrogen bonded to another
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complex. The silver(l) adopts a distorted trigonal-pyramidal geometry. The second
silver(l) complex forms a polymeric substance, and is therefore discussed in the

polymeric sedion.

/N
Wath

N N-NH N—=
5

Figure 2. The possible mordination modes of ligand 5.

Amoroso et al.* have determined the aystal structure of the cmmplex formed between
silver(l) and trig3-(2-pyridyl)-pyrazl-1-yllhydroborate 6. The @mplex was
charaderized as a trinuclear silver(l) cluster, with formula [Ags(6)2][CIO4]. Each
silver(l) atom adopts a distorted octahedral geometry and is coordinated to the other
two silver atoms and in a bidentate fashion to one am of each ligand.

=N NN-+BH
L

3

6

Hartshorn and Sted® reported on their study of the @mplexation between the bis(2-
pyridyloxy)benzenes 7-9 and silver nitrate (AgNQOzs). Their previous work involving
the ligand 7 had produced a dinuclear complex of formula, [Agz(7)2], which has some
interesting structural charaderistics. In the complex, each silver(l) atom adopts a 'T-
shaped' geometry, bridging the pyridyl nitrogen atoms from the two donor ligands and
coordinating a solvent (H,O) molecule. The benzene ring sub-units are also involved
in TeTt stacking.  The authors were interested in determining whether similar effeds
would be observed for ligands 8 and 9. They showed that in [Agz(8),] the silver(l)
centres are slightly distorted from the 'T-shape’. The complex formed with ligand 9
did not afford crystals auitable for X-ray crystallography, but from elemental analysis

it was concluded that a complex of stoichiometry, Ags(9)4, was formed.
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o 7\
O O
SRS IsheRe
7 8 9

Schneider et al.** studied the formation of the metallomaaocycle using silver
hexafluorophosphate (AgPFs) and the p-aminopyridine (1,5-dipyridin-4-yl-
[1,5]diazonane) derivative 10. The metallomaaocycle was shown to have the
formula, [Ag2(10),](PFe)2, and to exhibit C,, symmetry. The silver(l) centres, which
adopt alinea geometry, bridge the pyridyl nitrogen atoms from two ligand moleaules,

and there ae Ag-aromatic interadions between adjacent units.
O O
10
(b) Polymeric Slver(l) Complexes

The polymeric complex synthesised by Munakata et al.** using 35-bis(2-
pyridyl)pyrazole 5 and silver(l), was $rown to have the formula{[Ag(5)]ClO4}.. The
polymer consists of silver(l) ions chelating adjacent ligands by coordinating the
pyridyl nitrogen atom of one ligand and the pyridyl and pyrazolyl nitrogen atoms of a
seoond ligand. The resulting structure, in which silver(l) ions adopt a distorted

trigonal planar geometry, is similar to that observed for binding mode C (Figure 2).

Masciocchi et al.™ used X-ray powder diffraction to determine the structure of the
polymeric complex formed between AQNO; and imidazole 11. The silver(l) ions are
linealy coordinated to two imidazole ligands, thus forming the polymeric chain
{[A9(11)]NOz3}, in which a close mntad between silver(l) centres was observed
(Ag-Ag = 3.161A).



Introduction 7

Carlucci et al.*® studied the silver(l) complexes formed with pyrazine 12 and isolated
four different polymeric products. With aligand : metal ratio of 1.1, {[Ag(12)]BF4}
was obtained, with silver(l) linealy coordinating two ligand moleaules. With aratio
of 2:1, {[Ag2(12)3]BF,}. was obtained, and was shown to comprise two dfferent
crystal morphologies, with the silver(l) centres adopting a planar geometry
intermediate between T-shaped' and trigonal. At higher ligand - metal ratios,
{[A9(12)3](BF4)}. was obtained, with the silver(l) ions coordinating four ligand
moleaules in adistorted tetrahedral geometry.

_N
L
N
12

Venkataraman et al.!” have reported zeolite-like behavior from a polymer formed
between sil ver triflate (AgOsSCF3) and the symmetrical ligand 13. In this system, the
silver(l) ions adopt atrigonal pyramidal geometry, coordinating to the nitrile nitrogen
atoms from threedifferent ligands, with the triflate ("O3SCFs3) counterion in the axial

position.

Carlucci et al.*® observed rather different geometries in the X-ray crystal structures of
the polymeric complexes {[Ag(14);]BF4. and {[Ag(12),]PFs}., formed using
piperazine 14 and pyrazine 12. In the polymeric piperazine mplex
{[A9(14);]BF4}», the silver(l) cation adopts a distorted tetrahedral geometry,
coordinating to the nitrogen atoms of four bridging ligands. In order to achieve this

geometry, two of the ligands coordinate in a quasi equatorial-equatorial and the other
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two in an axial-equatorial fashion. The polymer can be cnsidered to consist of 2-
dimensional sheds. Similar 2-dimensional sheets charaderise the pyrazine cmplex
{[A9(12),] PF¢} «, even though ligand 12 is far more rigid than ligand 14. Inthe latter
polymer, the silver(l) ions adopt a"see-saw" (disphenoidal) geometry.

)

Hirsch et al.'® investigated the influence of the @unterion on the polymerization of
silver(l) salts with the ligand 4,4 -biphenyldicarbonitrile 15, and found that use of
AgO3;SCF; afforded a linear polymeric chain of the formula {[Ag(15)(CF3S03)]} .
When AgPFs was used, a complex of formula {[Ag(15).]PFs}. was isolated. The
structure of this complex was described as comprising a nine-fold diamondoid
network, in which the ligands bridge the tetrahedral silver(l) ions. The network
structure is D large that eight similar networks fill the spacewithin the framework,

resulting in a nine-fold diamondoid arrangement.

15

Robinson and Zaworotko® anticipated that the polymeric complex formed between
AgNO; and 4,4 -bipyridine 16 would exhibit either linear or tetrahedral geometry.
Unexpectedly, they found that the polymer consisted of silver(l) centresthat adopted a
"T-shaped' geometry with one of the bonds to another silver(l) atom, and the others to
two 16 ligands, forming, in total, threeinterpenetrated networks.

16

Plappert et al.”* examined the silver complexes formed between AgPFs and the
ligands bis(2-aminoethyl)amine 17, tris(2-aminoethyl)amine 18, N,N'-bis(2-amino-
ethyl)propane-1,3-diamine 19, and found that ligand 17 afforded a polymeric
complex, {[Ag(17)PFg]}«, in which the silver(l) ions adopt a T-shaped' geometry,

coordinating to two nitrogen atoms of one ligand unt, and one nitrogen atom of



Introduction 9

another unit. In the cae of the {[Ag(18)PF¢]}. polymer, the silver(l) ions adopt a
distorted tetrahedral geometry, with one am of the ligand coordinating to another
silver(l) ion. Unfortunately the {[Ag(19)PFs]} polymer yielded no crystals auitable
for analysis. The authors pursued the ideathat the aldition of monodentate ligands
could hamper the formation of polymers, and, using this grategy, synthesised the
following complexes [Agx(17)2(PMe&s),](PFe)2,  [Ag(17)(PPi)]n(PFe),  and
[Ag(17)(BUNC)]+(PFe)n. From the analysis of these @mplexes they concluded that,
while the aldition of the monodentate ligands restricted polymerization, it resulted in

dimeric structures.

(\N/ﬁNHz
K\uﬁ NH; ‘> HZN/\/NH\/\/NH\/\NHz

NH2 NH2 H2N
17 18 19

The bis(2-pyridyl) ligands 20 and 21 were used by Hartshorn and Sted™® to obtain
polymeric complexes in which the silver(l) ions bridge the pyridyl nitrogen atoms
from two ligands non-linearly, forming metallopolymers rather than metallocycles,

with TeTtstadking oceurring between the aomatic rings.

20 21 22

Janiak et al.? considered the dfed of metal - ligand ratio (1:1 or 2:1) and the nature
of the counterions NOsz ', BF, or PFg on the silver(l) complexes of 2,2"-dimethyl-
4.4 -bipyrimidine 22. Using a metal - ligand ratio of 1:1, and NO3™ asthe cunterion,
afforded a polymer comprising Ag-NOs-Ag chains in which the silver(l) ions are
bridged by the ligand moleaules. With a metal - ligand ratio of 2:1, the polymeric
framework illustrated in Figure 3 was observed. Use of acdonitrile & the solvent
and the sdlts, silver tetrafluoroborate (AgBF;) and AgPFs, afforded isostructural

complexes, having the polymeric structure shown in Figure 4.
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Figure 3. Polymeric framework. Figure 4. Polymeric framework.

(c) Slver(l) Complexes of N-containing macrocycles

The nitrogen-containing maaocyclic ligands 23-26 have been shown to chelate
silver(l). Thus, Adams et al.® reported the synthesis and crystal structure of the
decaine macrocycle disilver(l) complex 23, which acommodates two, mutually non-
bonded silver(l) ions. Eacd of the silver(l) ions is five-coordinate, and hinds to four
of the maaocycle nitrogens and to one of the nitrogen-containing pendant arms.
Harding et al.?* reported the encgpsulation of two silver(l) ions using the octazne

maaocycle 24, but were unable to isolate aystals suitable for further analysis.

A
) L
<\:§I\Z\g+ A9+N\_/ {/ (] 'j"}
S 7

&N N
S

N N

o

The decaine caje maaocycle 25 was shown by Takemura et al.® to acoommodate

23

either one or two silver(l) ions. From eledrochemicd studies, the aithors owed
that the single silver(l) species is very stable and does not demetallate eaily. The *H
NMR spedrum of this complex at low temperature (~ -90 °C) resembles that of the
potassium salt, and therefore the wnclusion was drawn that the silver(l) ion lies in the

heat of the cavity; however, the aordination mode culd not be established. Inthe
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case of the disilver(l) complex the metal centres, which do not bond to ead other,
were shown to adopt a distorted tetrahedral geometry.

/l N l\
N~
N/\N
N
| S,
C N N\
Ay
| N N
= N
26

The disilver(l) complex formed with the octazne maaocycle 26 was shown by Coyle
et al.® to have both silver(l) ions exposed on the surfaceof the maaocycle. Each
silver(l) centre is trigonally coordinated to three nitrogen atoms and is bonded to the

other silver(l) ion with an Ag-Ag axial bond.

1.1.3.2 Silver(l) Complexeswith Sulfur

(&) Monomeric and Oligomeric Slver(l) Complexes

In the omplex of slver(l) with the ferrocene ligand 11'-
bis(diphenylthiophosphoryl)ferrocene 27, reported by Gimeno et al.,?’ the silver(l)
ion binds linealy to the two sulfur atoms (JS-Ag-S = 176.83°), and no interadion

with the ferrocene iron was observed.

N

i o)

Fe o

HS
LD pes HSJ\ J\©
Ph" Ph
28 29

Sampanthar, Vittal and Dean’® studied the @mplexation of silver(l) with the
thiocarboxylate ligands thioacdic acid 28 and thiobenzoic acid 29. The complex
[PP][Ag(28),] aso exhibits linea coordination between silver and the two sulfur
donor atoms ([IS-Ag-S = 17896°), whereas in the [EtsNH][ Ag(29),] complex, some
distortion from lineaity was observed with the S-Ag-S angle reduced to 16116°.

This deaease has been ascribed to interadions with a second complex unit, involving
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hydrogen bonding to the cabonyl oxygen and wegk, additional silver-sulfur bonding;
these interadions result in the silver(l) ion adopting a 'T-shaped' geometry.

Steiner et al.” have reported the synthesis of a multinuclea complex based on 2,4,6-
trii sopropylbenzenethiol, zinc and AgOs;SCF;. As illustrated in Figure 5, eath
silver(l) centre aopts an esentially linea geometry [1S-Ag-S = 174.7° (average)].
The complex is gable upto 70 °C, but is moisture sensitive, and on exposure to water,

forms a polymeric product [AgSR]«.

Figure 5. The structure of the multinuclea complex formed with silver(l) and Zinc.

(b) Polymeric Slver(l) Complexes

Texidor et al.>° have reported the synthesis of a polymeric silver(l) complex with the
cage @wmpound exo-dithio-7,8-carba-nido-undecaborane 30. The structure of the
polymer consists of silver(l) ions trigonally coordinated to the sulfur atoms of three

ligand units, with a very weak Ag-S interadion to additional sulfur atom of one of the

SN
Y
S/
30

threeligand units.

Black et al.* investigated the polymeric complexes arising from the wordination of
the ayclic thioethers 1,3-bis(methylsulfanyl)propane 31 and 1,3-bis(phenylsulfanyl)-
propane 32. Inthe polymer {[Ag(31)]BF4}. the silver(l) ions adopt atrigonal planar
geometry coordinating to three ligand moleaules. The aithors noted that in the

polymer of the three sulfur donor atoms coordinated to the silver(l) caion, two are
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bidentate and one is monodentate. In the {[Ag(32),]BFs}. polymer, however, the

silver(l) ions coordinate tetrahedrally to four ligand molecules.

e OO
S/\/\S

31 32

Nomiya et al.** investigated the use of electrospray ionization mass spectroscopy
(ESI-MYS) to identify and characterize silver(l) polymers. The authors identified the
cyclic tetrameric subunit {Nag[Ag(Htma)]4}~ in the MS spectrum of the polymer
formed between thiomalic acid (Hstma) 33 and AgNOs. From **C and ®Ag NMR
gpectroscopic evidence it was found that the silver(l) ion bridges the sulfur atoms,
with no coordination to the carboxylic oxygen atoms.

O

HO)WOH
S
SH O H \/\NHonCI
33 34

In the polymer generated by Su et al.>® from silver chloride and 2-mercaptoethylamine
hydrochloride 34 the base unit is an octanuclear cation [Ags(34)Clg]?*. In this cation,
six silver(l) ions adopt a distorted tetrahedral geometry, with three bonds to the sulfur
atoms of the zwitterion ("SCH,CH,NH5") and one to a chlorine counterion. The other
two silver(l) ions in the unit are trigonal planar, coordinating to three zwitterions,

which exhibit 4 bridging i.e. linking four metal centres.

(c) Slver(l) Complexes of S-containing macrocycles

A number of macrocyclic silver(l) complexes have been reported in the recent
literature - complexes that clearly illustrate the capacity of the silver(l) ion to adopt a

variety of coordination geometries.

De Groot, Jenkins and Loeb* have explored the relationship between the counterion
(X = ClO4, BPh;, CF:SO; and BF4) and the structure of the complexes formed
between with the trithia macrocycle 35 and the corresponding silver(l) salts. While
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al the complexes were observed to have the general formula [Ag(35).]X, their
geometry proved to depend on the nature of the munterion. Thus, in the perchlorate
(X =ClO4) and tetrafluoroborate (X = BF,) complexes the silver(l) coordinates with
an approximately octahedral geometry. When X = BPh, the silver(l) ions adopt a
distorted tetrahedral geometry, coordinating to the two sulfur atoms neaest the
aromatic ring in each ligand, whereas for the triflate (X = CF3SO3;") complex, the
silver(l) ion adopts a tetrahedral geometry, coordinating to three sulfur atoms of one
ligand and one sulfur atom of the other.
(S D
s S
s S S S
e WA YN
35 36 37
The aalogous binuclear complex with the ligand 25,8,17,20,23
hexathia[9](1,2)[9](4,5)cyclophane 36 was shown by Loeb and Shimizu®® to form a
silver(l) complex, of formula [Agz(36)(PFhs)2][ BF4]2, in which each of the silver(l)
ions adopts a distorted tetrahedral geometry and coordinates in an anti arrangement

(on opposite sides of the plane described by the aomatic ring) to three sulfurs and a
PFh; ligand.

The meta-substituted trithia analogue 2,5,8-trithia[ 9]-m-cyclophane 37 was shown, by
Casab6 et al.*, to form a polymeric complex with silver triflate.  X-ray
crystallography reveded that the silver(l) ions adopt a trigonal planar geometry and

coordinate to the sulfur atoms of threeligands.

Complexes of 1,4,7,10,13-pentathiacyclopentadecane 38 with various silver(l) salts
(X = PFs, BPhs", B(CsFs)s)) were studied by Blake et al.>” In al the caes, the
silver(l) ionis formally coordinated to all five sulfur atoms. With the counterion PFg~
a polymeric complex is obtained, in which the silver(l) ions adopt a distorted
octahedral geometry and the cmplex consists of two independent and antiparallel
chains, formed by the wordination of the silver(l) ionsto [4 + 2] S-donor sets. With

the counterion BPh,", a dimeric complex is obtained in which the two silver(l) ions
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are tetrahedral and coordinateto a[3 + 1] S-donor set. With the counterion B(CgFs),4

a simple mononuclear complex is formed.
5
s s
e o
/
38

The macrocycle 1,5,9,13-tetrathiacyclohexadecane-3,11-diol 39, synthesised and
characterized by Munakata et al.*®, forms polymeric complexes with AgNO; and
silver(l) acetate (CH3CO,AQ) in which the silver(l) ions adopt a tetrahedral geometry
while coordinating to four ligand molecules. In the latter case, however, the
tetrahedral geometry is very distorted.

[
HO‘<:S S:>7OH
P

The silver(l) complexes of the trithia macrocyclic ligand 40 and hexathia macrocyclic
ligand 41 have been investigated by Demirhan et al.*°, who found that with ligand 40,
in the presence of the neutral PPh; ligand, silver(l) coordinates tetrahedrally to all
three sulfur atoms. Reacting AgBF, with ligand 41 gave a 1:1 adduct, in which the
silver(l) ion coordinates to four of the six available sulfur atoms and exhibits a

severely distorted tetrahedral geometry.

(CO)3Co—=C0(CO)s
sﬁs

JU 8
-

o

(CO)sCo Co(CO)3
40 41

(CO)CEZ=—>C0(CO)s
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1.1.3.3 Complexeswith Oxygen

(@) Slver(l) Complexes with O-containing macrocycles

Takeda et al.*° studied the seledivity of the maaocycles 15,15-dimethyl-16-crown-5
42 and 15(2,5-dioxahexyl)-15-methyl-16-crown-5 43 and found that while the
presence of a side chain has no effed on the seledivity of the maaocycles for Na',
TI*, K*, Sr**, Ba®" and Pb®*, an enhancement in seledivity for Ag" was observed for

ligand 43 over ligand 42.

.
XHXOO

/

43

The propertties associated with the silver(l) complexes of C-
methylcalix[4]resorcinarene 44, cdix[6]arene 45 and calix[4]arene 46 have been
investigated by Munakata et al..** With AgCIO,, the ligand 44 was observed to form
a dinuclea complex with the formula [Ag(44)(CsHe)2][ClO4]-5C4HgO. In this
complex, the silver(l) ions each adopt a distorted tetrahedral geometry, coordinating
to the solvent (benzene), the aomatic rings of resorcinarene and two phenolic groups.
The maaocycles 45 and 46, on the other hand, form complexes in which the silver(l)
ions are tetrahedrally coordinated to the aomatic rings and the oxygen atoms of the

counterions.

Nabeshima et al.** studied the extradion capabilities of a series of thiolariat ethers 47-
53 and found that their affinity for alkali metal ions was almost the same & for the
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corresponding lariat ethers, in which the sulfur atom in the pendant arm is replacel
with oxygen. Seledivity for heavy metal ions, however, was only exhibited by
thiolariat ethers which contained a 15-crown-5ring, i.e. 48, 50 and 51, and these three
ligands extraded Ag" with efficiencies of 95, 95 and 97 % respedively.

[ﬂf g LU

n R n R
47 1 Bu 52 2 Bu
48 2 Bu 53 2 Bn
49 1 Bn
50 2 Bn
51 2 CioHos

(b) Polymeric Slver(l) Complexes

Two reseach groups have reported complexes of this class Michaelides et al.*® have
prepared a polymeric complex from glutaric acid 54 and AgNOsz;. The monomeric
unit has the formula [Ag4(54),], and ead silver(l) centre is coordinated to another
silver(l) ion and the oxygen atoms of three ligand moleaules, in a very distorted
tetrahedral arrangement. Wu et al.** studied the mordination polymers formed wsing
the ligands 2,5-bis(trimethylammonium)hexanedioic acid 55 and 25-dipyridin-1-
ylhexanedioic acid 56 with AgNO3; and AgClO,4. While the AgCIO, complexes both
exhibited 'T-shaped' coordination of the silver(l) atoms, the AgNO; complexes
exhibited rather different coordination geometries. Thus in the AgNOs; complex with
ligand 55, the silver(l) ion displays a distorted tetrahedral geometry, while in the
corresponding system with ligand 56, the silver(l) ion is gjuare pyramidal.
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54 55 56

1.1.3.4 Silver(l) Complexeswith Nitrogen and Sulfur

Silver(l) complexes containing the mixed donor atoms, nitrogen and sulfur, have been

reported in the recent literature.
(8) Monameric Slver(l) Complexes

The ketimine-based ligand N,N'-bis(1-thiophen-2-ylethylidene)ethane-1,2-diamine 57,
synthesised by Modder et al.*®, forms a silver(l) complex with the formula
[Ag(57),]O3SCF;. The authors found that the flattened tetrahedral geometry of the

silver(l) ion, in the solid state, was maintained in solution.

Py
S \ / S
N N
NN
57

Ishikawa et al.*® synthesised the cyclic and acyclic polythiazaalkane ligands 58-63
and used *H NMR spectroscopy, spectrophotometry and spectrofluorometry, to study
the complexation of these ligands with silver(l). On addition of silver(l) the UV
spectra of the ligands exhibited hypsochromic and hypochromic effects, there was
also a decrease in the fluorescence intensity. However, no spectral changes were
observed on the addition of other metal ions (Mn?*, Co**, Ni%*, Cu?*, Zn?*, Cd?**, Pb**
and TI"). From the NMR studies the authors concluded that the silver(l) ion binds exo
to ligands 58 and 59, but for the remaining ligands, the silver(l) ion appears to

coordinate to al the donor atoms available within the cavity.
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(b) Polymeric Slver(l) Complexes

Haanstra et al.*” synthesised a polymeric complex of AgNO; and 1,5-bis(3,5-
dimethylpyrazol-1-yl)-3-thiapentane 64, in which the silver(l) ion adopts a distorted
tetrahedral geometry, coordinating to one sulfur atom, one nitrate counterion and two
nitrogen atoms from different ligand moleaules. In the polymeric complex of
AgO3SCF; and N-[N-((5-methyl-2-thienyl)methylidene)-L-methionyl] histamine 65,
however, Modder et al.* found that the silver(l) centres adopt atrigonal geometry and
coordinate to three ligand moleaules via the non-aromatic sulfur atom, the imine

nitrogen and the aomatic nitrogen.

N
H
W \(Y
N—N S N—N S
/N / /

64 65

Hartshorn and Sted®®  investigated the @mplexation of the (2-
pyridylsulfanylmethyl) benzene ligands 66, 67 and 68 with AgNOg3, and observed that
the silver(l) ions adopt different coordination geometries with each of the ligands.
Thus, ligand 66 yielded a dimetalloparacyclophane, [Ag.(66),], in which the silver(l)
ions are mordinated to nitrogen atoms from two ligand moleailes and to the
counterion in a distorted T-shaped' geometry. In the metallopolymer with ligand 67,
the silver(l) ions coordinate, in a distorted tetrahedral geometry, to the counterion, two
pyridyl nitrogen atoms and one sulfur atom from different ligand moleaules. In the

metallopolymer with ligand 68, the silver(l) ions coordinate to the counterion, to
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another silver(l) ion, one sulfur atom and two pyridyl nitrogen atoms from different

ligand molecules, in adistorted trigonal bipyramidal geometry.

s@ X N s S
@S @A N "L/
N
66 67 68

In the coordination polymer formed between AgNO; and 1,4-bis(2-
pyridylmethylsulfanylmethyl)benzene 69, Hanton and Lee® observed that the
polymer consists of repeating units in which the silver(l) ions bridge two ligand
molecules. The silver(l) ion coordinates in a distorted tetrahedral geometry to two
oxygen atoms from the counterion, to the pyridyl nitrogen atom of one ligand and to

the sulfur atom of another.

(c) Slver(l) Complexes with N,S-containing macrocycles

Mention has already been made of the macrocyclic ligands 58-63 developed by
Ishikawa et al.*® Chen et al.>! have reported the formation of a complex between the
diazatetrathia macrocycle 70 and AgClQO,, but have provided no details of the actual

structure of the complex.

1.1.3.5 Silver(l) Complexeswith Nitrogen and Oxygen
() Dimeric Slver(l) Complexes

The cytosine nucleobase, 1,5-dimethylcytosinate 71, has been found, by Holthenric et

al.>?, to form a tri-metal complex with one platinum(I1) ion and two silver(l) ions.
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The platinum ion is coordinated to the imine nitrogen atoms of two ligand moleaules,
while one of the silver(l) ions coordinates two carbonyl oxygen atoms, and the other

to the two amine nitrogen atoms.

NH, o
;\]l\)}/ HNJ\NH
° T O)\NHJ%O
71 72

(b) Polymeric Slver(l) Complexes

Rao et al.> have reported the synthesis of the polymer formed between AgNO; and
cyanuric acid 72, in which the repeding unt [Agx(72)] contains two dfferently
coordinated silver(l) ions. One of the silver(l) ions is linearly coordinated to the
amine nitrogen atoms of two ligand moleaules, while the other is coordinated to the

carbonyl oxygen atoms of two ligand unts and the amine nitrogen atom of another.
(c) Slver(l) Complexes with N,O-containing macrocycles

Medina et al.> investigated the silver(l) complexing potential of the ferrocenyl
system, 1,1-(1,4,10,13-tetraoxa7,16-diazacyclooctadecane-7,16-dimethyl)ferrocene
73. They found that the silver(l) ion is encapsulated within the ayptand, coordinating
to all six donor atoms, and that there was an interaction between the iron and silver(l)

ion, which serves to stabilizethe mmplex.

)

o0 s/ \ N\
F . ]j HO [N Nj OH
N JO HO uN\_/N\_/OH
73 74

Potentiometric analysis and NMR spedroscopy was used by Turonek et al.* to study
the  cmplexation properties of 1,4,7,10tetrakis(2-hydroxyethyl)-1,4,7,10-
tetraazayclododecae 74. The stability constant of the silver(l) complex was found
by potentiometric titration, to be 1257 log(K/dm®mol™) in methanol and 1116
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log(K/dm>mol™) in dimethylformamide. The silver(l) complex had a higher stability
constant than complexes of all the other metals tested (Na', K™, Li*, Rb*, Cs".

The polyaza cryptand 75 was shown by Wang et al.*® to encapsulate no less than five
silver(l) ions. In the complex, each silver(l) ion exhibits distorted hexagonal-
bipyramidal geometry, and is coordinated to a phenoxide oxygen atom, two imine

nitrogen atoms and two, other silver(l) ions.

NT > ON=

=N._~_N | N
OH _—

43 4
75 76

The crysta structure of the complex formed between AgClO,4 and 5,11,17,23-tetra
tert-butyl-[25,26,27,28-tetrakis(2-pyridylmethyl)oxy] calix[ 4] arene 76 was reported by
de Namor et al.>” In this unusual complex, the silver(l) ion is coordinated to four
pyridyl nitrogen atoms and four ethereal oxygen atoms, in what is described as a

"distorted Archimedean square antiprism".

Atkinson et al.® investigated the silver(l) complex of 14,22-di-tert-butyl-18-(2-
pyridylmethyl)-2,10-dioxa-18,25-diazatetracyclopentaicosa-4,6,8(25),11,13,15,20, -

22,24-nonaene 77. The crystal structure revealed that the silver(l) ion is coordinated
to the two ethereal oxygen atoms, the two pyridyl nitrogen atoms and the amine ring

nitrogen atom in a distorted trigonal bipyramidal geometry.

| X
tBu N/ tBu
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N
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77
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In an extensive investigation, Matsumoto et al.>® explored the ability of the lariat
ethers 78-104 to extract silver(l). They found that, for ion-selective transport across
aliquid membrane, ligands 79-84, 88-93 and 97-102 transport Ag* almost exclusively
over Li*, Na", K*, Pb*, Cu?* and Cd*". In contrast, the pyridylmethyl derivatives 85,
94 and 103 effectively transport Li*, Na', K*, Pb** and Cu®*", while the N-benzyl
derivatives 86, 95 and 104 showed high Na', K*, Ag®" and Pb®* selectivity. From
extraction studies, however, it was found that ligands 94, 95, 103 and 104 extracted
Ag" competitively at 99, 96, 96 and 99 % respectively. The two lariat ether
benzothiazolium styryl dyes 105 and 106, were found® to coordinate with silver(l)
but failed to show selectivity for silver over other metals. Surprisingly, the analogous
lariat ether dye 107 does not complex Ag", whereas the unsubstituted aza-15-crown-5

ether does. &

1

R -H =1 <10 <10 <) <> <= O 0
n=0 78 79 80 81 82 83 84 85 86
n=1 87 88 89 90 91 92 93 94 95
n=2 96 97 98 99 100 101 102 103 104

“0s3S

105 106
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1.1.3.6 Silver(l) Complexeswith S,O-containing macrocycles

In their study of the complexation of 1,4,7-trioxa-10,13-dithiacyclopentadecane 108
with silver(l), Blake et al.® isolated two products from the reaction of ligand 108 with
AgNO; and NH4PFg, viz., the polymeric complex {[Ag(108)]PFs} . and the binuclear
species [Agx(108)3](PFe)2. In the polymeric complex, the silver(l) ions coordinate to
all the donor atoms in the macrocycle as well as to the sulfur atom of another ligand
molecule, thus forming a linear polymer in which the silver(l) ions adopt a distorted
octahedral geometry. In the binuclear complex, each silver(l) ion is bound, in a
distorted trigonal planar geometry, to two sulfur atoms of one ligand molecule, and

one sulfur atom from a bridging ligand molecule.

e
{ Sj Q ) Q )
<—o\/fs NCHCN NC>:<CN

108 109 110

Sibert et al.® prepared silver(l) complexes with 1,4,7-trioxa-10,13-
dithiacyclopentadec-11-en-11,12-dicarbonitrile 109 and 1,4,7,10-tetraoxa-13,16-
dithiacyclooctadec-14-en-14,15-dicarbonitrile 110. When the macrocycle 109 was
used as the ligand, a monomeric and a polymeric product were obtained. In the
monomeric product, the silver(l) ion exhibits distorted pentagonal pyramidal
geometry and coordinates to all five macrocycle donor atoms and to the counterion.
In the polymeric form the same geometry is observed around the silver centre, but the
bond to the counterion is replaced by a bond to a nitrile group of an adjacent ligand
unit. Complexation with the macrocycle 110 yielded a polymeric complex, in which
the silver(l) centre adopts a distorted square pyramidal geometry and coordinates to
one sulfur atom, three oxygen atoms and one of the nitrile groups of an adjacent

macrocycle, thus forming a linear polymer.
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1.1.3.7 Silver(l) Complexeswith N,S,0-containing macrocycles

In the complex formed between the diazadithia ether macrocycle 111 and silver(l) the
metal centre exhibits a distorted trigonal bipyramidal geometry through coordination

to the two amine nitrogen atoms, the two sulfur atoms and the oxygen atom. *

Q a @
S S
HN O\_/NH

111

As can be readily seen from the examples cited in the above sections, the chemistry of
silver, particularly that of silver(l), is very diverse and while the coordination
chemistry of silver(l) is complicated, some general conclusions can be drawn.

i) Silver(l) prefers linear and tetrahedral coordination geometries, but other
geometries can be expected.

i) The nature of the donor atoms has a bearing on the coordination geometry,
with silver(l) having a high affinity for soft donor atoms, e.g. sulfur.

iii) The number of donor atoms available in a system may influence the mode of
coordination.

iv) The choice of counterion may determine whether the complex formed will be
monomeric/oligomeric or polymeric and, in some cases, the counterion is
involved in coordination to the silver(l) ion itself, complicating matters
further.

These observations emphasise the need for caution in predicting what may be

expected with a particular ligand and a silver(l) salt.
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1.2 Solvent Extraction of Metal 1ons

1.21 Theory

Solvent extraction is the process whereby a metal ion in an agueous phase is
selectively extracted into an organic phase by an appropriate organic reagent, thereby
separating and purifying the particular metal ion. The process relies on the reversible
formation of stable metal-ligand complexes of the specific metal ion. The rate of
formation, and extraction, of these complexes determines the residence time required
to achieve efficient extraction and, consequently, the choice and design of the
extraction equipment. The rate of extraction is a function of the rate of diffusion of

the various components.®

Of course, in order for extraction to occur, the metal ions and the extracting ligand
must react. This can occur in three ways viz., (a) diffusion of the ligand into the
agueous phase, (b) diffusion of the metal ion into the organic phase, or (c) reaction at
the interface of the two phases. The products formed by the reaction must then

diffuse away from the region of interest. These processes are shown schematically in

Figure 6.
Organic Phase
HL ML
HL + M* H + ML
HL + M* H™ + ML
M+ H+A)
Agqueous Phase

HL = ligand
ML = metal complex

Figure 6. Reaction pathways in solvent extraction.

The diffusion processes are, typically, the slowest and, therefore, control the overall
process. In most extraction processes, both the organic and agqueous phases are so

efficiently stirred that the concentrations of all species in the system may be
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considered to be the same in a given phase. At the interface however, the role of

diffusion can till be important.®

Whitman's two-film theory can be used to describe the diffusion processclose to the
interface  The first premise of the theory is that all turbulence due to the girring of
the phases dies out close to the interface, such that a laminar sub-layer exists in each
of the phases nea the interface The theory assuumes that, becaise there is no
turbulence assted transportation, there ae no concentration gradients anywhere
except in the laminar sublayer. This assumption implies that diffusion is the only
mechanism for transportation acossthe laminar sub-layer and that the @mncentration

gradient is linea as shown in Figure 7.%°

Cho, Interface i Phase 2
Chi,

Cai
Phase 1 o I Cho,

Figure 7. Concentration gradients at interface.

In the diagram, the dashed lines represent the theoretical concentration gradients,
while the solid lines refer to the actual concentration gradient. It is assumed that an
equilibrium exists at the interface and, therefore, Ca; and Cai, are in equilibrium. If
the mass transfer istreated as a steady state process,

Ficks law N, =D& (1)
D

becomes N, 25_1 Ao, _CAil)z K |:ﬁCAol _CAil) )
1

or in the second phase terms, N, :%Eﬁ%z —CAOZ):k2 EﬁCAiz —CAOZ) 3

2
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Where, Na = amount of substance diffusing;
D = diffusion coefficients,

% = concentration gradient;
z

ki =rate of diffusion for phase 1,

k. =rate of diffusion for phase 2;

Cao1 = original concentration of substance in phase 1;
Cao2 = original concentration of substance in phase 2;
Cai1 = concentration of substance at interface in phase 1;
Cai2 = concentration of substance at interface in phase 2;
0, = region of concentration change for phase 1 and

O, = region of concentration change for phase 2.

Provided the complex does not accumulate at the interface, the two rates will be
identical and can be related as follows™ : -

k (CAi2 - CAo2 )

R (4)
k, CAq - CAi1

1.2.2 Silver-selective systems

In 1993, Paiva® published an exhaustive review on the recovery of silver from
agueous solution by solvent extraction. The following conclusions can be drawn from

this compilation.

() Open-chain systems containing thiophosphorus exhibit remarkably good
extraction properties. A commercially available extractant from Cyanamid,
Cyanex” 471X 112, selectively extracts silver from nitric, sulfuric and
hydrochloric acid media, and can also be used to separate palladium from

?@
Cyanex® 471X
112

platinum.
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(b) Open-chain systems containing four sulfur donor atoms, e.g. asin ligand 113, or a
combination of sulfur and nitrogen, particularly aromatic nitrogen donor atoms,

e.g. asin ligand 114, also show excellent extraction behavior.

aleNel
/- s S SN e TN TN
113 114

(c) Macrocyclic ligands containing nitrogen, oxygen and sulfur donor aoms in
various combinations, whether in the ring or in pendant arms, show high
selectivity for silver. Unfortunately, the contact times required tend to be longer
than that for open-chain systems, and are more suited for other applications, such
as ion-selective electrodes.

A concise overview of recent reports on the selective solvent extraction of silver
follows. Examples of solvent extraction systems already cited in Section 1.1.3 are
those of Takeda et al.*° (page 16) and Matsumoto et al.> (page 22).

Ohmiya and Sekine®” studied the extraction of silver by 2-thenoyltrifluoroacetone and
4-isopropyltropolone into chloroform, both in the presence and absence of
tetrabutylammonium ions. Extraction in the presence of tetrabutylammonium ions
was quantitative for both ligands, but proved poor in the absence of
tetrabutylammonium ions. Mendoza and Kamata® examined the ability of ligand 115
to extract silver selectively. The authors found that this ligand forms a 1:1 complex
with Ag", extracting it with an efficiency of 99.2 % in preference to Cd**, Co*", Cr¥",
Cu2+, Fe3+, Isz+, Ni2+, Sn2+, Pb2+, Pt** and Zn2+.
0
\/S\/\OJ\S/\/\SJ\O/\/S\/
115

Tsukube et al.*® synthesised a series of stereospecific acyclic podands 116-120, each
containing three pyridine moieties. Ligand 116a forms an insoluble compound, SS-

117a effecting 96 % extraction of silver in the presence of equimolar concentrations
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of Cu**, Ni**, Pb**, Co* and Zn**, while the meso-ligand 117a effects 76 %

extraction of Ag” under the same conditions.

N
db&é@ﬁdb5 5

116 X 117 X 118 X 119 X
a H a H a OAc a H
b  CHOTBDMS b  CHOTBDMS b  OTBDMS b  CH(CH5)OPa
c CH,OPdl c CH,OPdl c OPal
d Br
e CH,0OBn
f CH,OTr

Pal = CO(CH2)14CH3

Kumar et al.”® studied the factors which influence selectivity for silver in the acyclic
and macrocyclic systems 121-135 and found that the acyclic systems 121-126 show
good complexation of Ag" and Pb*, but poor selectivity towards Ag". The
conversion of the amino function to amide was found to lower complexation
efficiency but increase selectivity for Ag*. The macrocycles 127-135 on the other
hand, showed higher extraction and selectivity properties.

O O

N Y

n n
121 1 124 1
122 2 125 2
123 3 126 3
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127 1 130 1 133 1
128 2 131 2 134 2
129 3 132 3 135 3

The thiazacrown macrocycles 136-139, investigated by Sakamoto et al.”*, showed
good silver selectivity.  The extraction efficiencies was found to decrease in the
order: - 138 > 137 > 136 > 139.

S§ 25 o0 GG

136 137 138 139

Other, crown ether ligands, developed by Kumar et al.”” and Saito et al.” have shown
silver chelation capacity. Thus, Kumar et al.”* reported on the extraction capabilities
of the trithiabenzenecyclophane 140 and dithiabenzenapyridinacyclophane 141. The
authors found that ligand 140 extracted Ag® 172 times more efficiently than Pb*".
Ligand 141, on the other hand, extracted Ag* 602 times more efficiently than Pb*".
Saito et al.” determined the logarithmic distribution constant (log Koc) and the
logarithmic extraction constants [log Kexao)] for copper(ll) and silver(l) into octan-1-
ol for ligand 142 [for copper(I1) log Kexio) = -7.42, and for silver(l) log Kexio) = -2.24
and log Kpc = 0.49].
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Calixarenes have also found application in silver extraction. Ohto et al.”*" found that
a tetrameric ketonic calix[4]arene 143 was capable of separating silver selectively
from palladium™, and observed a similar result for the amide calix[4]arene 144.7
The amide analogues 145a-f, developed by de Namor et al.”, exhibited particularly
good silver extraction abilities (log Ke : 4.9-6.9).

Ry
_CH3
—C2Hs
—CH(CH3)2

——

(

Finally, Otsuka et al.”” found that the capped calix[6]arene 146 showed remarkable
selectivity towards Ag” and Cs'.
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1.3 Previous work done in the group and aims of present

investigation

It can be seen from the previous sections that there are many examples of systems
designed and synthesised by research groups with a particular goal in mind. Previous
rescarch at Rhodes has focused on the design and synthesis of novel organic
compounds with the potential to act as metal-specific or biomimetic ligands.
Hagemann™ developed a series of bidentate, tridentate’ and tetradentate ligand
systems™ containing amide and sulfanyl groups, with the aim of selectively extracting
platinum and palladium from mixtures containing base metals contaminants. Burton®*
and Wellington® have synthesised series of diamido, diamino and diimino ligands®™®*
with various spacer groups, with the intention of generating biomimetic copper

complexes which would model the active site of the enzyme, tyrosinase.

Although there have been many recent attempts (Section 1.2.2, p. 28) at developing a
ligand-solvent extraction system which is specific for silver(l), there is still room for
improvement, i.e. @) to increase selectivity for silver(l) by exploring more diverse
ligand systems; b) to increase the efficiency of the system by decreasing the time
taken to extract silver(l); and c) to develop simple systems which are readily
synthesised and which do not require expensive reagents or complex synthetic
methods. MINTEK had, in fact, identified a need to develop a ligand capable of
extracting silver(l) selectively from a strongly acidic, ore-leach solution containing

silver (ca. 100 g/l) and ca. 20 g/l of each of the metals, copper, gold, lead, mercury.

Specific objectives in the present study have included the following.

1. The design and synthesis of ligand systems containing combinations of nitrogen,
oxygen and sulfur donor atoms to achieve selective extraction of silver(l).

2. The application of computer modelling in designing the ligands, and as an aid in
predicting extraction ability.

3. An evaluation of the capabilities of the synthetic ligands in extracting silver(l)
selectively from a nitric acid solution containing silver, copper, lead, mercury and

gold ions.
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2 Discussion
2.1 Ligand Design and Synthesis

The review published by Paiva® provides detailed examples of ligands that have been
studied for the solvent extraction of silver (Section 1.2.2, p. 28) and it is apparent,
from this review, that many combinations of donor atoms, whether located in acyclic,
macrocyclic or cryptand systems, have some extraction capability. On closer
examination, however, it becomes evident that certain donor atom combinations
achieve better extraction than others. These donor combinations may be identified as
nitrogen and sulfur and, to a lesser degree, nitrogen and oxygen. Acyclic systems
containing two, three or four donor atoms appear to be most efficient for silver
extraction. lllustrated below (Figure 8) are some examples of previously investigated
systems that showed good extraction potential.

N _R

N S

yZ S S
. oI e
| . R\NJ\N/R R N
H H H

R',R" = Alkyl, Aryl

C,Hs—S S
2 > H,N O |, NH,
S

CaHs—S n=1273
. .2,

Figure 8. Examples of systems examined for the solvent extraction of silver.®

Designing ligands for solvent extraction application is a complex task, and the

following ligand properties were identified as important design criteria.

0] The ligand should contain a suitable combination of donor atoms, such as
nitrogen, sulfur and oxygen, to effect selective and efficient solvent extraction
of the metal.

(i) The synthesis of the ligand should, ideally, be simple, efficient and cost-
effective. This implies that the synthetic route should involve a minimal
number of steps, each of which needs to be high-yielding, thus minimizing the
overall cost and affording adequate quantities of the ligand.
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(i)  The ligand system should be caable of extrading the metal efficiently at low
pH, be impervious to oxidation and relatively inert towards adds.

(iv)  The ligand, and the cmplex formed with the metal, should be sparingly
soluble in the ajueous phase.

(v) Stripping of the metal from the organic phase and regeneration of the ligand
should be eaily achieved without significant degradation of the ligand.

An investigation of the ordination chemistry of slver revealed that two
coordination geometries are favoured, viz, linea and tetrahedral - as ill ustrated by the
examples cited in the introduction (Sedion 1.1.3). This suggests that ligands that are
either bidentate or tetradentate should be suitable for chelation with silver(l). In light
of the foregoing design criteria and the examples quated in Sedions 1.1.3 and 1.2, the
bidentate and tetradentate ligand templates illustrated in Figure 9, weretargeted. The
bidentate template | contains a pyridine moiety with a suitable side chain containing a
seoond donor atom and a substituent 'R’, which could be varied to control metal
seledivity. The tetradentate template || comprises versatile cmmponents with options
for varying: - i) the donor atom combinations; ii) the type of space group(s) locaed
between the donor atoms; and iii) the 'R' substituents. Appropriate seledion of these
variables was expeded to permit efficiency and selectivity in the solvent extradion of
silver(l) to be optimized.

| : Bidentate template

/ \ R Group
—Y—R =<=— to fine tune
selectivity
v

Alkyl spacer

Il : Tetradentate template

R Group

R_\Z/ &Y/ &Y/ &Z/—R < (o fine fune
N

Alkyl or aromatic spacers

Yand Z=N, S, Odonor atoms

Figure 9. Bidentate and tetradentate ligand templates.
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2.1.1 3,6-Dithiaoctanediamide Derivatives

In previous work in our group, Hagemann’® used aceanilide derivatives to produce
tetradentate ligands of the type illustrated in Figure 10 to extrad platinum and
palladium. These ligands, which contain appropriately spacal nitrogen and sulfur
donors, correspond to the tetradentate template |1 (Figure 9) and were, therefore, also
considered as candidates for silver extradion.

Sulfur donor atoms

O /\ O
R =aromatic

R—N S s N—R < groupto
H \ /H fine tune
selectivity

Amide nitrogen donor atoms

Figure 10. 3,6-Dithiaoctanediamide ligands with potential for chelating silver(l).

Applying Hagemann's synthetic methodolgy,’® the aniline derivatives 147a-f were
readed with sulfanylacetic acid 148 under nitrogen (Scheme 1), to produce the
corresponding acdanilides 149a-f in yields ranging from 29 to 99 % (Table 1). The
'H NMR spedra of the products 149a-f, illustrated for compound 149a in Figure 11,
are dharaderized by a sulfanyl proton triplet at dy ca. 2.0 ppm, a methylene doublet at
ca. 3.4 ppm, a broad amide singlet at ca. 8.5 ppm and cluster of multiplets in the

aromatic region.

Scheme 1. Synthesis of acdanilide derivatives.

0]
NH, o N, Y\SH
R N — NH
OH A R@/

147a-f 148 149a-f

4-MeO
3-Cl
2-Cl
2-Me

2-MeO

—n(DQ.OO'QJ|

The ac¢anilides 149a-f, which were all crystalline solids, were purified hy
reaystallisation before being readed with dibromoethane and potassium hydroxide
(Scheme 2) to yield the aysalline 3,6-dithiaoctanediamide derivatives 150a-f in
yields varying from 49to 82 % (Table 1).
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Scheme 2. Synthesis of 3,6-dithiaoctanediamide derivatives.

R
0 0 /\ 0 al H
Y\SH Br/ \Br Y\s Sy b |4-MeO
NH NH HN c | 3c
R KOH R R d| 2cl
e | 2-Me
f |2-MeO

149a-f 150a-f

The *H and **C NMR spedra ill ustrated for compound 150a in Figures 12 and 13,
respedively, are typical of the ligands 150. The @nversion of the acéanilide to the
3,6-dithiaoctanediamide is clealy evidenced in the 'H NMR spedrum by:- the
disappeaance of the triplet a ca. 2.0 ppm; the gpeaance of the ahylene singlet at
ca. 2.9 ppm; and the mllapse of the methylene doublet at ca. 3.4 ppm into a singlet.
The shift in the amide signal from ca. 8.5 ppnto ca. 10.1 ppm, while charaderistic of
the ligands 150, may simply reflea the dange in the NMR solvent from CDCl; to
DMSO-ds. The **C NMR spedrum (Figure 13) ill ustrates the symmetry of the 3,6-
dithiaoctanediamide with only seven carbon signals being observed, ead signal
representing two carbons, with the exception of the signalsat 6 1191 and 1286 which

represent four carbons each.

Table 1. Data for the acéanilides 149a-f and 3,6-dithiaoctanediamides 150a-f.

o) H o) S/_\S o)
NH NH HN
'3y 'S ¢!
Acetanilides 3,6-Dithiaoctanediamides
149a-f 150a-f
R Yield?/ % mp®/°C Yield?/ % mp®/°C

a H 57 111(110-111) 56 159161 (150-152)
b 4-MeO 99 118(118-119) 82 180-182(163-165)
¢ 3l 93 72-73(70-73) 49 137-139(114-117)
d 2-Cl 29 60 (56-59) 61 169172 (165-167)
e 2-Me 86 91 (88-91) 52 189-192(176-179
f 2-MeO 63 66 (64-66) 75 140-143(137-140)

? Based on reaystallized product. ® Foll owed in parentheses by the values reported by Hagemann.”™
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Figure 11. 400 MHz *H NMR spectrum of compound 149a in CDCls.
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Figure 12. 400 MHz *H NMR spectrum of ligand 150a in DM SO-de.
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Figure 13. 100 MHz **C NMR spectrum of ligand 150a in DM SO-ds.

As can be seen from Table 1, the melting points obtained for the 3,6,-
dithiaoctanediamides 150a-f are consistently higher than those reported by
Hagemann.”® All other data (NMR, MS and IR) obtained in the process of
characterizing the products confirmed that the compounds were, in fact, the 3,6-
dithaioctanediamides 150a-f. The higher melting points are, therefore, presumed to
indicate that purer products were obtained in the present study.

The coordination potential of a ligand depends, in part, on its ability to accommodate
a particular metal ion within its structure or to adjust its conformation to optimize
chelation. Thus, for the tetradentate 3,6-dithiaoctanediamide ligands 150a-f, the
guestion is. "Can the ligands readily adopt an appropriate conformation to
accommodate the silver(l) cation in atetrahedral geometry ?'. In order to estimate the
steric energy* cost for effective chelation, the conformations of the ligands 150a-f and
their respective complexes 15la-f (Scheme 3) were explored using computer-

modelling techniques.

* Theterm steric energy can be defined as "the additional energy associated with the deviations of the
structure with respect to an ideal situation where all geometrical e ements would be in areference
state" %
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Scheme 3. A schematic representation of the possble tetrahedral coordination of the
ligands 150a-f with silver(l) via formation of 5-membered chelates.

o} R R

o) / N\ o) / Z
Y\s s“f . S. HN
NH HN Ag |: A
R R s HN—@
<\
o R

150a-f 151a-f

4-MeO
3-Cl
2-Cl
2-Me

2-MeO

—..(DQ_OD'SJJ|

Using a Moleaular Mechanics (MM) approach, the ligand structures were constructed
with the MSI Cerius® modelling padkage®® Following minimizaion of eah
structure to a local minimum, the cnformational space was explored to find the
global minimum; for this purpose, a Molealar Dynamics - Simulated Annealing
routine was applied. The lowest-energy conformer obtained for ead ligand was then
used to construct the arresponding silver(l) complex and, using the Universal Force
Field (UFF), the same MM methodology was applied to identify the global minimum.
Comparison of the steric energies of the freeligand and its "chelating conformation”
(obtained by removing the silver ion) provided an estimate of the energy cost (AEwwm)
asociated with the cnformational change necessary for chelation. The models
obtained for the freeligand 150a (Structure 1), its silver(l) complex (Structure 11) and
the mrresponding "chelating conformation™ (Structure 111) are illustrated in Figure
14. The AEyy values obtained were relatively small (-12to 78 kcd.mol™) and, while
the gplicaion of Moleaular Mechanics to metal centres may be problematic,®’ it
appeas that ead of the ligands examined is, in fad, cgable of adopting a
conformation that should permit tetrahedral coordination of silver(l).

A detailed discusdon of the gplicaion of Moleaular Mechanics and other
computational methods to the modelling of these and aher complexes will be
deferred to Section 2.3 (p. 92), while the complexation and solvent extraction abilities
of the ligands will be discussed in Sedions 2.4 (p. 103) and 2.5 (p. 112), respedively.
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Structure |

Structure || Structure [ 11

Figure 14. Computer models of: - I: the 3,6-dithiaoctanediamide 150a; I1: its
silver(l) complex; and I11: the "chelating conformation”. The hydrogen atoms have
been omitted for clarity and the elements colour-coded as follows:- carbon (cyan);
oxygen (red); nitrogen (blue); sulfur (yellow); and silver (brown).
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2.1.2 Applicationsof the M orita-Baylis-Hillman reaction in the construction of

pyridine-containing ligands

Research conducted previously in our group by Bode® and George® involved the
synthesis of indolizines 152 via the cyclisation of Morita-Baylis-Hillman (MBH)
products 153, obtained, in turn, by reacting pyridine-2-carbaldehyde with various
vinyl derivatives in the presence of 1,4-diazabicyclo[2.2.2]octane (DABCO) (Scheme
4). Deane® and Whittaker™ subsequently explored the conjugate addition of various
nucleophiles to MBH products, obtaining compounds of type 154.

Scheme 4. Cyclization and conjugate addition reaction of Morita-Baylis-Hillman
products.

g
= EWG Za—
| + ( DABCO \N OH A / EWG
\N 0 | — > N
EWG
EWG = Electron withdrawing group
153 152

=
N | OH
N

RY =Nulceophile
EWG

YR
154

The latter compounds bear some resemblance to the pyridine system targeted as a
template for silver-specific ligands (Figure 9, p. 35), and the structural correlations
are evident in Figure 15; these include: - i) a pyridyl nitrogen as one of the donor
atoms; ii) a second donor atom Y iii) an alkyl spacer; and iv) a terminal group R,
which can be varied to fine-tune selectivity.

Additional

donor atom

R Group to
YR <«— fine tune

=
— selectivit
{ > Jv= | E < | y
=N N EWG
T OH\

Pyridyl nitrogen
donor atom

Templatel Alkyl spacer

154

Figure 15. Structural correlations between template | and the conjugate addition
products 154.
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The Morita-Baylis-Hill man reacion was thus identified as a potentiall y useful method
for generating a-substituted pyridine derivatives as silver(l) ligands. Using pyridine-
2-cabaldehyde 155 and pyridine-2,6-dicarbaldehyde 156 as substrates, various
"single-" and "twin-chain" ligands (Figure 16) were envisaged as synthetic targets.
Conjugate adition of seleded nucleophiles to the MBH products was expeded to
permit the introduction of the alditional donor atom(s) (Y =N, O, §) in each case.

(a) "Single-chain" ligands

OH R1=CN, COOM
[ & e
=
Ej\/ — > =N RlL — » =N Rl YR2=sMe, OMe,
N O
v {30
YR2 YR2 '

155

(b) "Twin-chain" ligands

Q
HO N OH
2 N
| - >
O S R1 R1
Y Y
R2 R2

156

Figure 16. Proposed accessto MBH-derived ligands: @) "single-chain” and b) "twin-
chain” systems.

While metal chelation involving the pyridyl and "Y" donors would afford 7-membered
rings, other combinations of donor atoms could afford 5 and 6-membered rings - as
illustrated in Figure 17.

=
Sy OH R1 | N, Rl
RrR1 N\YRZ N/
YR2 = N\M/OH HO\M/Y\R2
Ligand 5-membered ring 6-membered ring 7-membered ring

M=Metal Y=N,O,S

Figure 17. Chelation possibilities for ligands of type 154.
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In order to investigate the relative stability of such chelate rings, computer modelling
was performed on the ligand 157. The computer models generated for the freeligand,
the 5-, 6- and 7-membered chelates and the @rresponding chelating conformation
adopted by each ligand are illustrated in Figure 18. Comparison of the steric energies
of the freeligand (in its most favoured conformation) and the dhelating conformations
should permit qualitative prediction of the preferred ring size for the silver(l)
complexes of ligands of the type 154.

From the modelling data it seems that formation of a 6-membered chelate is least
likely, the steric energy cost for the ligand to adopt the necessary chelating
conformation being the greaest (AEyw = 12.5 ked.mol™)*. The steric energy costs for
the formation of the 5- and 7-memebered rings, are significantly lower (AEyw = 6.75
and 161 kcal.mol™, respedively). It is also, perhaps, significant, that, in the 7-
membered chelate, the silver(l) atom adopts the favoured tetrahedral geometry. Some
examples of silver(l) complexes involving various ring sizes have been reported and
areillustrated in Figure 19,5292

N / \
O '\E\/[ MeN NH, Phsp\Ag/F’Phs
N~ —N
07 N7 ONH, \ P oL s/ Ng P
| | | O O—Ag-O—N NN S
o it 1o 0-Ag—0 O o AN
N—O-Ag— Y N
P P O _N_ _NH, N RN /S o
\ / Y\ji /N Ag
A H,N NM PhsP” ~"PPh
g /N Pz 2 € 3 3

Figure 19. Examples of different Ag(l) chelate sizes.>*%

The generally accepted mechanism for the DABCO-catalyzed Morita-Baylis-Hill man
readion of an aaylic ester and an aldehyde is outlined in Scheme 5. The first,
reversible step of the reaction is considered to involve nucleophilic atadk of DABCO
158 on the aceylic ester 159 to form the awitterionic intermediate 160. This
intermediate then attadks the aldehyde 161 to form a second zwitterion 162, which has
been proposed to undergo protonation and base-assisted anti E2 elimination of the
caalyst to give the MBH product 163.%

¥ AEyw; represents the differencein steric energy between the lowest energy conformation of the li gand
and the given chédating conformation.
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(@
= s
\N OH .
Gy
JE J
157
(b)
(©) )
(d)

Figure 18. Computer-generated models for: - (a) the lowest energy conformation of
ligand 157; (b) the 5-membered ring complex and the corresponding chelating
conformation of the ligand; (c) the 6-membered ring complex and the corresponding
chelating conformation of the ligand; and (d) the 7-membered ring complex and the
corresponding chelating conformation of the ligand. See Figure 14 for the colour
coding.

Recent computational studies, however, suggest that the elimination proceeds via the
resonance-stabilized enolate intermediate 164, i.e. via an E1cB mechanism.**
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Scheme 5. Mechanism of Morita-Baylis-Hillman reaction.
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The Morita-Baylis-Hillman reaction was performed using pyridine-2-carbaldehyde
155 and, as the activated vinyl component, acrylonitrile 165a or methyl acrylate 165b
(Scheme  6). The resulting MBH  products, 2-[hydroxy(pyridin-2-
yl)methyl]acrylonitrile 166a and methyl 2-[hydroxy(pyridin-2-yl)methyl]acrylate
166b were obtained in good yield (Table 2) and characterized by NMR spectroscopy.
The H and *C NMR spectra for methyl 2-[hydroxy(pyridin-2-yl)methyl]acrylate
166b are shown in Figures 20 and 21. The ester methyl protons resonate at 3.61
ppm, while the corresponding methyl carbon signal appears a 51.5 ppm in the *C
NMR spectrum. The changes in the vinylic region (&4 5-7 ppm) are particularly
diagnostic of the transformation of the acrylate ester to the MBH product [see inset
(b) in Figure 20Q], the apparent absence of coupling between the geminal vinyl protons
being typical of MBH products.
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Scheme 6. Application of the Morita—BayIis-HiII man reaction.

= R
| . DABCO 2| CN
N /O |
N b | COOMe

155 165a,b 166a,b

Acetylation of the MBH products 166a and 166b, with acetic anhydride, as illustrated
in Scheme 7, afforded 2-[acetoxy(pyridin-2-yl)methyl]acrylonitrile 167a and methyl
2-[acetoxy(pyridin-2-yl)methyl]acrylate 167b, respectively, in moderate yields (Table
2). The H NMR spectrum of the ester 167b (Figure 22) clearly reveals the
disappearance of the hydroxyl signal at ca. 5.6 ppm, the presence of the acetyl methyl
signal at 2.10 ppm and a down-field shift in the methine proton signal from 5.0 to
6.70 ppm.

Scheme 7. Acetylation of the Morita-Baylis-Hillman products.

=
| ACZO
SN OH a|CN
100°C b | COOMe
R

166a,b 167a,b

Table 2. Yields of the MBH products 166 and their acetylated derivatives 167.

74 7
X | OH X | OAc
N N
R R
MBH products Acetylated derivatives
R Compound Yield®/ % Compound Yield®/ %
CN 166a 88 167a 51
COOMe 166b 93 167b 46

? Based on pure product obtained following flash chromatography.
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Figure 20. 400 MHz *H NMR spectrum in CDCl; of &) the ester 166b and b) methyl

acrylate (partial spectrum).
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Figure 21. 100 MHz **C NMR spectrum of the ester 166b in CDCls.
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Figure 22. 400 MHz *H NMR spectrum of the acetylated ester 167b in CDCls.

The first series of ligands, based on the MBH products, were obtained by conjugate
addition of various nucleophiles (Scheme 8) to the MBH products 166a and 166b.
The resulting propanenitriles 168a-d and methyl propanonate derivatives 168e-h were
isolated in widely-ranging yields (5-90 %; Table 3). Under the conditions used, it is
apparent that the nitrile 166a underwent more efficient transformation; at this

exploratory stage, yield optimization was not addressed.

Scheme 8. Formation of the conjugate addition products.
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Table 3. Yields of the conjugate addition products 168.

OH

T
N r2
Compound R* R? Yield?/ %

168a CN SMe 80
168b CN OMe 90
168c CN 1-Pyrrolidinyl 22
168d CN 1-Piperidinyl 86
168e COOMe SMe 52
168f COOMe OMe 28
1689 COOMe 1-Pyrrolidinyl 6
168h COOMe 1-Piperidinyl 8

% Based on pure product obtained following flash chromatography.

From the 'H and ®*C NMR spectra of the nitrile 168c (Figures 23 and 24,
respectively), it can been seen that many of the signals are doubled due to the
formation of diastereomers during the addition reaction. Based on the 'H NMR
gpectrum of the nitrile 168c, the calculated diastereomeric ratio is 2:1 [from a
comparison of the integrals for each of the doubled signals in the aromatic region (7-9
ppm)]. To determine which diastereomer was favoured, the substrate 166a was
subjected to computer modelling. As indicated in Figure 25(a) the nucleophile can
attack from either face of the alkene moiety, and the computer-generated model of the
lowest energy conformer [Figure 25(b)] suggests that the "outer” face would be more

open and thus favoured for nucleophilic attack.

Z/
In
| | ]‘|||H N

(@ (b)

Figure 25. Illustration of (@) nucleophilic attack on both faces of the nitrile 166a and
(b) the favoured conformation of the nitrile 166a.
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However, the new chiral centre is only generated on tautomerisation of the
intermediate adduct 169 (Scheme 9), and the computer-modelled conformations of
the intermediate 169 and the diastereomeric products 170 and 171 were inspected in
an attempt to determine the relative configuration at the new chiral centre in the major
diastereomer. While the relative access to the two faces of the intermediate 169
[Figure 26(a)] is not easy to assess by inspection, the steric energy of the R,R-product
170 [Figure 26(b)] is ca. 1 kcal/mol less than that of the diastereomeric R,S-product
171 [Figure 26(c)]. The operation of "product development control"® should then
favour the R,R-product (and, of course, its S S-enantiomer).

Scheme 9. Generation of the new chiral centre in the MBH-derived ligand 166a.

* = RorS

166a 169 170o0r 171

(@

(b) (0)

Figure 26. Computer-modelled structures of:- (a) the intermediate 169 formed during
the nucleophilic attack on the R-substrate; (b) the R,R product 170; and (c) the R,S
product 171. The carbon centre of interest is coloured orange. The hydrogen atoms
are coloured gray, for the others see Figure 14 for the colour coding.
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The formation of the conjugate addition product is characterized, in each case, by an
up-field shift of the hydroxyl signal from ca. 5.2 ppm to ca. 5.0 ppm and, more
importantly, by the replacement of the methylene proton signals at ca. 6.0 ppm by a
multiplet at ca. 2.8 ppm (cf. Figure 20).

In an attempt to obtain an additional set of potentia ligands, reaction of the acetylated
MBH products 167 with the same nucleophiles was examined (Scheme 10). These
transformations, however, proved to be largely unsuccessful with side reactions
leading to intractable mixtures in several cases. In fact, only the thiomethylated
products 172a and 172e could be isolated (Table 4).

Scheme 10. Reaction of the acetylated MBH product.

R1 R2
= NaR?2 ~ | al CN SMe
N | OAc or SN €| COOMe SMe

A > f | coome OMe
Z Rl R2H Lo Rt g | COOMe ”C|
h| coome * )

167a,b 172a,e-h

Table 4. Yields for the reaction of the acetylated MBH products with various

nucleophiles.
oad
M R2
Compound R* R? Yield?/ %

172a CN SMe 49
172e COOMe SMe 93
172f COOMe OMe b
1729 COOMe 1-Pyrrolidiny! P
172h COOMe 1-Piperidinyl P

4 Based on pure product obtained following flash chromatography. ® An intractable mixture was
obtained.

Due to the formation of complex mixtures when the ester 167b was treated with

sodium methoxide, pyrrolidine or piperiding, no attempt was made to react these
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nucleophiles with the nitrile 167b. Although the mechanism of these transformations
may well involve Sy displacement of the acéate moiety, the possibility of a
nucleophilic addition-elimination sequence @nnot be excluded (as illustrated for the
aaylonitrile substrate 167a; Scheme 11).

Scheme 11. (a) S\' displacement and (b) conjugate aldition-eli mination mechanisms
for the reaction of aaylonitrile substrate 167a with MeS .

=
(a) X |
s .
S\ displacement
N p N
N
/S

Conjugate A —
addition QN® Elimination

g
4)
C
With the inefficiencies observed in some of the &ove readions and, more
significantly, the tendency of the products to degrade over time, it was decided not to
investigate the formation of the envisaged "twin-chain" analogues derived from

pyridine-2,6-dicarbaldehyde. The complexation properties of the ligands, which were
prepared, will be discussed in Sedion 2.4 (p. 103).
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2.1.3 Malonyl Derivatives as Silver(l) Ligands

A number of malonyl derivatives have found use as extraction agents for other metals.
The N,N’-disubstituted malonamides 173 and 174, for example, exhibit potential as
lanthanide and actinide extractants.® Malonyl derivatives, with structures that clearly

resemble template Il (Figure 27) were considered as possible silver(l) ligands.
QLI O
o o
ALAS LI O
| | N N
a0
C

173 174

The presence of two acyl moieties and an active methylene group make simple
malonyl derivatives ideal substrates for the introduction of the structura features
considered necessary for silver(l) chelation, viz, i) the appropriate donor atoms (Y
and Z = NH, O or S); ii) a selection of spacer groups (alkyl or aromatic); and iii) the
ability to fine tune selectivity and lipophilicity by varying the substituents R* and R" .

Malonyl-derived ligand

O O

R _Z\/\YMY/\/Z_R
/ :/
tR' %‘ R'ltgroups / T Selected donor atoms
0 Tnetune Alkyl or aromatic spacers to enhance selectivity

selectivity and

lipophilicity / l \ Y,Z=NH, 0, S

Z Y Y Z
SV

Template I

Figure 27. The malonyl system and its relationship to template 11 .
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Diethyl malonate 175 and malonyl dichloride 176 were identified as substrates for the
synthesis of several series of malonyl-derived ligands. The targeted tetradentate,
acyclic and cyclic systems, illustrated in Figure 28, were expected to permit
formation of 5-6-5- or 6-5-5-5-membered silver(l) chelates, respectively, and
variation of the donor atoms (Y and Z = NH, O or S), the substituents (R}, R?) and the
carbonyl moieties (C=0, C=S). The ester groups of diethyl malonate are susceptible
to acyl substitution, while the introduction of alkyl groups a the methylene carbon
can be effected by treating the enolate with an alkyl halide, thus providing ready
access to a variety of substituted derivatives. Further variation may be achieved by
functional elaboration of the carbonyl groups. Malonyl dichloride 176 is a very
reactive acid halide, and could also be used as an activated substrate for the
construction of the desired ligand systems.

- e e
e T T )

175: R = OEt
176: Rt = ClI

R2, R3 = Alkyl, Aryl — Y Y
R4=0,S [ j [ j
z 4

Yand Z=NH, O, S ' '

Figure 28. Maonyl-derived synthetic targets
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2.1.3.1 Substituted malonic esters

In order to explore the relative solubility of the malonyl systems in aqueous and
organic phases, a range of substituted malonic esters 177a-j were prepared from
diethyl malonate 175 (Scheme 12). The sodiomalonic ester enolate, prepared using
sodium ethoxide, was reacted with various alkyl halides to afford the substituted
products 177a-, typically, in good yield (Table 5). These compounds, which were to
form the "backbone pool" for the synthesis of the ligand systems discussed in
subsequent sections, were characterized by NMR, IR and MS analysis.

Scheme 12. Synthesis of substituted malonates 177a-j.

O o | R
)J\/U\ NaOEt a Me
o o ™ > b Et
Cc Pri
d Pr
RX e | CH,=CHCH
175 J (X =Br, Cl, ) 2 2
f Bu
g | CH3(CH;)3CH;
O OH o 0 h | CHa(CH,)4CH.
PN /I\ NL =——= N i Bn
O)H © OMO j | cHCHsCH
R R
178a+ 177a

The keto-enol tautomerism, illustrated in Scheme 12 (177a-j =— 178a-j), was
evident in both the *H and **C NMR spectra of all the substituted malonic esters. In
the *"H NMR spectrum of diethyl ethylmalonate 177b (Figure 29), for example, the
methine proton of the keto form gives rise to a triplet at 3.36 ppm, while the
corresponding hydroxy signal of the enol appears as a singlet at 3.45 ppm. The keto-
enol tautomerism is also evidenced by the occurrence of two triplet signals, at 0.88
and 0.74 ppm, due to the methyl group of the ethyl chain being in different chemical
environments in the keto and enol forms. In the **C NMR spectrum (Figure 30), the
dominant signals are attributed to the keto tautomer, and the smaller signals to the

enol tautomer.
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Table5. Yields for the substituted malonic esters 177a-f.

58

A

R

Alkyl halide preausor Substituted malonic ester

R Yield®/% bp®/°C
177a methyl iodide Me 65 104107
177b ethyl iodide Et 70 105107
177¢c isopropyl iodide Pr 83 110-113
177d propyl iodide Pr 72 112115
177e 3-bromopropene CH,=CHCH> 64 169171
177f butyl iodide Bu 82 128132
1779 pentyl iodide CH3(CH,)3CH, 74 121-126
177h hexyl iodide CH3(CH,)4CH. 79 149153
177 benzyl chloride Bn a7 178181
177 heptyl iodide CH3(CH,)sCH, 77 161-165

? Based on pure product ohbtained following distillation. ® At ca. 20 mm Hg; determined during

digtillation.
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2.1.3.2 N,N’-Bis(2-hydroxyethyl)malonamides

As mentioned previously, malonamides have found use in solvent extraction
systems,®® mainly as N-alkylated derivatives. We proposed to lengthen the alkyl
groups atached to the amide nitrogens and introduce alditional donor atoms into
these "side chains'. To generate the malonamide preaursors, the C-alkylated malonic
esters (175 and 177a-j) obtained previously were readed with excess ethanolamine
179 in the absence of added solvent (Scheme 13), to afford the N,N'-bis(2-
hydroxyethyl)malonamides 180a-d,f-k, in varying yields (1895 %) and readion
times (2-168h) (Table 6).

Scheme 13. Readion of substituted malonic esters with ethanolamine.

R
a Me
b Et
HO ¢ Pr
e i o |
b — H H
g | CH3(CH)3CH>
h
i
j
k

CH3(CH3)4CH;
Bn
CH3(CH3)sCH3

H

175, 177a-d,f-] 179 180a-d,f-k

The products, which were all crystalline solids, were characterized by *H and °C
NMR, MS and IR spedroscopy and elemental analysis (high-resolution MS).
Surprisingly, the ligands 180b, 180d, 180f and 180k were the only known compounds
of the series, as identified from a literature seach of Chemical Abstrads and Beilstein
(19082000. The formation of the N,N'-bis(2-hydroxyethyl)malonamides is evident
from their 'H NMR spedrain: - the disappeaance of the triplet at &, ca. 1.2 ppm and
the quartet a ca. 4.1 ppm, corresponding to the ehyl group of the ethyl ester
substrate; the gppeaance of triplets at ca. 4.7 and 80 ppm, assigned to the hydroxyl
and amide hydrogens respedively; and the presence of two quartets at ca. 3.1 and 34
ppm, ascribed to the ehylene protons in the product. The *H NMR spedrum for N,N*-
bis(2-hydroxyethyl)malonamide 180k isillustrated in Figure 31.
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Table 6. Yields of the N,N*-bis(2-hydroxyethyl)malonamides 180a-d,f-k.

(0] (0]

HO\/\NMN/\/OH
H R H
Compound R Yield?®/ % Time/ h mp/ °C
180a Me 88 4 115117
180b Et 81 4 113114
180c pr 35 24 120122
180d Pr 18 24 117-118
180f Bu 89 48 123125
180g CH3(CHy)3CH, 45 168 124126
180h CH3(CHy)4CH; 43 168 108109
180i Bn 50 168 130131
180; CH3(CH3)sCH, 61 168 111-112
180k H 95 2 125126

% Based on pure product obtained foll owing reaystalization.

8.04
8.02
8.01

NV N ==
HO\/\NUN/\/OH
H H
|
11 10 9 8 7 6 5 4 3 2 1 ppm

Figure 31. 400 MHz *H NMR spedrum of N,N'-bis(2-hydroxyethyl)malonamide
180k in DM SO-d.
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The keto-enol tautomerism observed in the NMR" spedra of the substituted malonic
esters is not manifested in any of the spedra obtained for the N,N'-big(2-
hydroxyethyl)malonamides. To understand why this was the cae the relative heds of
formation (Hy) of representative examples of the substituted malonic esters and N,N'-
bis(2-hydroxyethyl)malonamides were lculated using semi-empirical MO (AM1)
methods. From these values, the Gibbs freeenergy (AG = AH - TAS) were estimated,
asuming the ntribution of the entropy term to be negligible in the euilibrium
between the enol and keto tautomers, i.e. TAS = 0 and AG = AH:.* From the AG
values, the equilibrium constants for the respedive systems were estimated using the
equation, AG = -RT In K. The K values thus obtained are listed in table Table 7.

Table 7. The euili brium constants determined for keto-enol tautomerism in
seleded systems.

R Compound AH; 2 K Kops ”
Substituted Malonic Esters
H 175 34.394 1.03x10° -
Pr 177d 35.080 7.79x107 0.428
CHs3(CHy)s 177h 35.186 7.47x107 0.500

N,N'-bis(2-hydroxyethyl)malonamides

H 180k 76.136 5.53x10™ -
Pr 180d 70.898 452x10%3 -
CH3(CHy)s 180h 56.009 1.77x10%° -

4 AM1 enthapy differences for the eguilibrium; keto form — enol form in klmol™. ® Determined

from theratio of theintegrals of the keto triplet and enol hydroxyl signalsin the'H NMR spedra.?’

As is evident from Table 7, the euilibrium constants for the substituted malonic
esters examined are esentially of the same order of magnitude, while for the N,N'-
bis(2-hydroxyethyl)malonamides the eguilibrium constants vary significantly and are

threeto seven orders of magnitude lower than the values for the corresponding esters.

T keto-enol tautomerism istypically slow relative to the NMR time-scale.®
* The asuumption was based on the premise that, sincethe systems are chemicaly similar, the entropy
would also be similar.
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The significant difference between the calculated and observed equilibrium constants
for the esters is attributed to the fact that the calculations assume isolated (gas phase)
molecules, while the observed values are determined in solution. The effect of the
solvent could explain the large differences, but the assumption that the entropy terms
for the various systems are negligible could also play arole. However, the calculated
data do indicate that: - i) the keto-enol tautomerism is more likely to be observed for
the substituted malonic esters than for the N,N'-bis(2-hydroxyethyl) malonamides; and
ii) since the equilibrium congstants are very small, the keto tautomer should be

dominant in the keto =— enol equilibrium.

The hydroxyl group is a poor-leaving group and, in order to facilitate nucleophilic
displacement of oxygen by sulfur, an attempt was made to convert the "parent”
bis(hydroxy)amide 180k to the corresponding p-toluenesulfonate derivative 181
following the method reported by Kabalka et al.*® (Scheme 14). Treatment of the
parent system 180k with p-toluenesulfonyl chloride and pyridine afforded a complex
mixture, shown by NMR spectroscopy to contain some of the desired product 181.
However, after purification by flash chromatography and recrystallisation, only 8 %
of the p-toluenesulfonate derivative could be isolated. Repetition of the reaction
failed to improve the yield and it was concluded that the tosyl group was being
cleaved during purification, resulting in low yields. The tosylated malonamide 181
was reacted with 1,2-ethanedithiol in an attempt to obtain the cyclic ligand 182
(Scheme 14), but without success. In an alternative approach to the replacement of
oxygen by sulfur, N,N'-bis(2-hydroxyethyl)malonamide 180k was treated with
thiourea as the sulfur source, using the method of Kofod'®(Scheme 14);

unfortunately, only starting materials were isolated.
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Scheme 14. Attempted replacement of hydroxyl groups by sulfanyl.

o 0 p-TsCl o 0
HO\/\N MN/\/OH —> TSO\/\N N/\/OTS
. H Pyridine H H
180k 181

S jf Yam\
% )]\ HS SH
H,N~ “NH,

183 182

Attempts to access the cyclic ligands 184 and 185 by treating the N,N'-bis(2-
hydroxyethyl)malonamide 180k with 1,2-dibromoethane and 1,3-dibromopropane,
respectively, were also unsuccessful (Scheme 15) and, consequently, alternative
synthetic routes were explored; these are discussed in Section 2.1.3.4 (p. 65).

Scheme 15. Attempted ring-closure reactions.

o) o)
0 o Y
HO\/\N MN/\/OH BY Br [NH HN]
. H —>
KOH 0\_/0
180k 184
0

KOH K)

2.1.3.3 Dithiomalonic esters

Applying the same methodology used for the synthesis of the N,N'-bis(2-
hydroxyethyl)malonamides  180a-k, diethyl malonate was reacted with
mercaptoethanol 186 in the presence of KOH, to yield the dithiomalonic ester 187
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(Scheme 16). The reaction proceeded with moderate yield (40 %), but the
purification proved to be difficult and, in consideration of the criteria for synthesis
outlined in Section 2.1, it was decided not to proceed further using this methodology.
Attempts to generate the diamino dithiomalonic ester 188, by reacting diethyl
malonate 175 or malonyl dichloride 176 with 2-sulfanylethylamine hydrochloride
under basic conditions, afforded complex mixtures and further investigation of this

synthetic route was also discontinued.

Scheme 16. Synthesis of the dithiomalonic ester derivatives.
KOH

O O O O
—_—
N )J\/U\O/\ A _SH HO\/\SMS/\/OH
HO
175 186 187

188 176

2.1.3.4 Synthesis of substituted malonamide derivatives

Given the difficulties encountered in the syntheses discussed in the previous sections
(2.1.3.2 and 2.1.3.3), it was envisaged that greater success could be achieved by
reacting malonic esters with amines which already contained additional donor atoms
in the side-chains - an approach which was expected to provide access to a series of
polydentate malonamide ligands. The functionalised amines 189-193 were identified

as suitable candidates.

Based on the knowledge gained in generating the N,N'-bis(2-
hydroxyethyl)malonamides 180a-k, it was envisaged that mild reaction conditions,
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i.e. girring at room temperature could be used to effect the formation of the desired
products (Scheme 17).

Scheme 17. Reaction of malonic esters with amines (see Table 8).

o 0] R'—NH, 0] 0]
/\D )J\)]\O/\ e R'\NJK/U\N/RI + EtOH
RT or A H H
175 194-197

Consequently, the synthesis of the malonamides was first attempted by stirring the
reagents together at room temperature. This proved to be a slow and inefficient (see
Table 8). Closer examination of these reactions confirmed that ethanol was the only
major side-product, and it was presumed that modification of the reaction conditions
to promote the removal of ethanol would increase the yield of the malonamide. The
simplest way to achieve this was to heat the reaction mixture under reflux. In fact, a
search of the literature revealed that a number of malonamide derivatives (Figure 32)
had been obtained in yields ranging between 3-50 %, by heating the reagents under
reflux for 3-48 h.1®+192193 The results of these reactions are also summarised in Table
8.

e] 0]
0] e]
N N N N
ooy T
OH | HO o
@ )

(b)

| |
o O
[ :] O O [ :I
" H
(©)

Figure 32. (a) 2-Allyl-N,N'-bis(2-hydroxybenzyl)malonamide; (b) 2-(2-ethoxyethyl)-
N,N'-bis(2-methoxyphenyl)malonamide; and (©) 2-ethyl-N,N'-bis(2,3,4-
trimethoxyphenyl) malonamide.
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Table 8. Datafor the synthesis of substituted malonamide derivatives.

Compound Conditions Time Yield?/ %

o o rt.” 7 days 24

- qu’\/‘kEwo\ reflux” 16 h 62
194
(] (0]

©v£ \/\NJ\)]\N/\/S\/Q rt.” 7 days 24

H H

195

o o rt.” 7 days -C

Q~ MNQ rt. 24 h 23

o Ho o reflux 48 h 66
196

O O
©\~ J\)J\NQ reflux® 48 h 30
/S ' H S\

197

& Calculated from recrystallized product. ® Reaction performed using diethyl malonate. “No product
was isolated from reaction mixture. ¢ Reaction performed using malonyl dichloride.

As is clearly evident from Table 8, heating under reflux both decreased the reaction
times and improved the overall yields. The yields observed under reflux conditions
are, in fact, comparable with those reported for similar systems**1%1%  The
malonamides obtained were characterized by elemental (high resolution MS) and
gpectroscopic (NMR, IR and MS) analysis. Selected NMR spectra of N,N"-bis(2-
methoxyphenyl)malonamide 196 are illustrated in Figures 33, 34 and 35. The *H
NMR spectrum of the malonamide 196 (Figure 33) is characterized by the methylene
singlet at 3.55 ppm, the methoxy singlet at 3.89 ppm, four signals in the region 6.87 -
8.35 ppm corresponding to the aromatic protons and the amide signal at 8.98 ppm.
The most interesting features of the *C NMR spectrum (Figure 34) are: - the
methylene carbon signal at 45.8 ppm, assigned on the basis of the DEPT spectrum
(Figure 35); and the carbonyl signal at 164.8 ppm, as they are likely to be most
sensitive to chelation, and hence useful as indicators of coordination. The structure

of the malonamide 196 was confirmed by single-crystal X-ray analysis (see Section
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2.3, p. 96). Crystal data, atomic coordinates and other relevant data are tabulated in
the Appendix (p.185).
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Figure 34. 100 MHz **C NMR spectrum of the malonamide 196 in CDCls.
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Figure 35. 3*C-DEPT-135 NMR specrum of the malonamide 196 in CDCls.

In order to extend the range of malonamide-based ligands, the wnversion of the
carbonyl groups to thiocarbonyls was explored using Lawes®n's reagent’™ (Scheme
18). After numerous unsuccesgul attempts, the thiocarbonyl derivative of N,N"-bis(2-
methoxyphenyl)malonamide 196, N,N"-Bis(2-methoxyphenyl)dithiomalonamide 198,
was finally isolated in 1 % overall yield from the rea¢ion mixture! The low yield was
ascribed to the difficulty in obtaining adequate dromatographic separation of the
components, dueto stre&king and, possbly, readion of the components with the silica
gel; no attempt was made to optimise this readion. The novel dithiomalonamide 198
was fully charaderised by elemental and spedroscopic analysis. In *C NMR
spedrum (Figure 36), the methylene cabon is shifted downfield (relative to the
dicarbonyl preaursor 196) from 45.8 to 69.6 ppm, and the cabonyl signal at 164.8
ppm isreplaced by athiocarbonyl signal at 1923 ppm.
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Scheme 18. Readion of N,N’-bis(2-methoxyphenyl) malonamide with Lawesson's
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Figure 36. 100 MHz *C NMR spedrum of the dithiomalonamide 198 in CDCls.
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2.1.3.5 Synthesisof malonamide derivatives using microwave irradiation

2.1.3.5.1 Principles of microwave-assisted reactions

The application of microwave irradiation in the field of organic synthesis is in its
infancy, but it is a rapidly expanding field of research'® - a field dogged by
controversy over the question as to whether or not there is a "microwave effect”. The
controversy concerning the "microwave effect” arises from the enormous difference
in results observed between various reactions carried out in a microwave
environment, and those conducted using classical methods. In the cases studied,
"microwave-assisted” reactions are completed in less time, are generally more
efficient and, for some organic transformations, more product selective.'® To explain
these differences, many authors subscribe to a "microwave effect”, although the
evidence suggests that the kinetics of the reactions are not different to those measured

for classical methods,'%>1%®

The problem in studying these systems is in being able to control as many of the
variables as possible.!® In classical thermal reactions, variables such as reaction
temperature and pressure are readily controlled, but the same cannot be said for
microwave reactions. Controlling the pressure within the microwave system and the
energy of the microwave radiation are relatively simple tasks, but controlling the
temperature of the system is a non-trivial matter. The problem is due to the fact that,
during irradiation, the temperature is not uniform throughout the reaction mixture.
This non-uniform heat distribution is due to the mechanisms of heating involved in
microwave radiation. It is generally accepted that such heating is due to either
"dielectric heating" or "conduction loss’, depending, largely, on the constituents of the
system being irradiated. For the "dielectric heating" to operate in a system, the
components of the reaction mixture must have dipoles with which the electric field
can interact. The electric field enhances polarization of the dipoles, and the
subsequent relaxation of this polarization leads to heat transfer to the reaction mixture.
The "conduction loss' mechanism occurs in systems containing charge carriers and in
which there is a high electrical resistance. The resistance of the system leads to a
build-up of energy, which dissipates as heat. Both of these mechanisms lead to non-

uniform heating, referred to as "hot-spots' within the reaction mixture!® A few



Discussion 72

examples, discussed below, illustrate the dtractiveness of microwave-asssted

synthesis.

Scheme 19. Preparation of coumaran-2-one.*°®

199 200

Goncalo et al. *°® studied the intramoleaular cyclisation of 2-hydroxyphenylaceic acid
199 into 2,3-dihydro-2-oxo-1-benzofuran 200 (Scheme 19), using both microwave
irradiation and clasdcal heating methods. The product was isolated in 63 % yield
after heaing for 6 minutes, but in 85 % yield after exposure to microwave radiation
for the equivalent time. Although there was only a moderate increase in yield, the
major advantages for the authors were:- i) time saving, as the microwave readion
only took 6 minutes, whereas the clasdcal heating method required preheating the oll
bath for 0.5 h and ii) energy saving, since the total energy cost for the microwave
readion was calculated at 108 kJ, compared to 540 K for the dassicd readion
(excluding the preheaing energy of approximately 3000 k).

Scheme 20. Sulfonation of napthalene.*®®
SOH

98 % H,S0, SOgH
— 0 - U
201 202a 202b

The sulfonation readion of naphthalene 201 (Scheme 20) is known to be adifficult
reacion to perform, under both conventional and microwave conditions.**®> However,
given adequate antrol of temperature and presaure, the microwave-asssted readion
affords, within 3 minutes, a 93 % yield of the sulfonic acids 202a and 202b, in aratio
of 186:1.%°

Reacions performed in a microwave oven can also be gplied to the synthesis of
coordination compounds. lllustrated in Scheme 21 is the preparation of a

ruthenium(lll) chloride mmplex with 2,2°-dipyridyl in DMF. The nventional
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method requires 168 h, while the microwave-assisted synthesis involves three
exposures, under pressure, of 20 seconds each, to yield the complex in an overall yield
of 49 %.'%

Scheme 21. Preparation of ruthenium coordination complex.'%

co 1cCl
o 7\
\ 7
N N=
RUCI3*xH,0 + @—@ _DMF_ h174
N N— —N/ \N
<L 7\
] o
203 204 205

2.1.3.5.2 Application in malonamide synthesis

We were interested to explore the possible benefit of using microwave-assisted
methodology in the preparation of malonamide-based ligands, and the reaction
between diethyl malonate 175 and o-anisidine 190 was studied under conventional
and microwave conditions (Scheme 22). The microwave-assisted reaction was
performed in a conventional domestic microwave with the reagents placed in a 25 ml

conical flask fitted with a condenser-vent.

Scheme 22. Preparation of the substituted malonamide 196.
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In order to monitor the microwave-assisted synthesis of the malonamide derivative
196, it was decided to use *H NMR spectroscopy as an analytical tool. Examination
of the *H NMR spectra of the starting materials, the intermediate monoamide 206 and
the final diamide product 196 revealed that the methylene proton signal could be used
asan NMR probe. The chemical shift for the methylene nuclei in diethyl malonate is
3.35 ppm, for the diamide 196 3.54 ppm, and for the intermediate monoamide 206
3.47 ppm. A typical 'H NMR spectrum of a crude reaction mixture, displaying the
three tracer signals, is illustrated in Figure 37. Using these three tracer signals, the
reaction mixture was analyzed at intervals and the resulting data is summarized in
Figures 38 and 39. The distribution between the species after each interval was
determined from the relative integrals of respective methylene signals, and is
expressed as relative percentages. The classical reaction was performed over a 48-
hour period, while the microwave reaction was limited to 5 minutes. For comparative

purposes al the reactions were performed with neat reagents.

Mﬁ% N Z7 N
QL g Q P
8§
# | * D;ethylpl?/IZIonate
S v
ST S |

Figure 37. 400 MHz *H NMR spectrum in CDCl; of the crude mixture containing
diethyl malonate 175, the monoamide 206, and the malonamide derivative 196.
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Figure 38. The percentage distribution of the starting material 175, monoamide 206
and product 196 over time for the classical thermal reaction (Scheme 22).
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Figure 39. The percentage distribution of the starting material 175, monoamide 206
and product 196 over time for the microwave-assisted reaction (Scheme 22).

Inspection of the figures reveals that, in both reactions, formation of the monoamide
206 precedes formation of the malonamide product 196. It is also apparent that the
consumption of the intermediate monoamide 206 is faster in the microwave-assisted
reaction than in the conventional thermal reaction. This is evidenced by the relative
abundance of the intermediate 206, which peaks at 42 % for the thermal reaction but
a 24 % for the microwave-assisted experiment. In the microwave-assisted process
the intermediate 206 is the only product for the first 2.5 min, after which there is a

rapid increase in the formation of the malonamide 196. The "quiescent periods’ of
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ca. 1 minute and 2.5 minutes prior to the detection of the monoamide 206 and the
malonamide 196, respectively, presumably reflect the times needed to achieve

reaction temperature under microwave-assisted conditions.

In order to determine whether the microwave-assisted reaction is influenced by bulk
effects, the reaction was repeated for the same time period, but varying the amounts of
the reagents. The distribution of the components was determined by inspection of the
'H NMR spectra of the reaction mixtures after 5 minutes, and the results obtained are
summarized in Table 9. Inspection of the data reveals that there is no apparent bulk
effect on changing the total mass of the reactants in the microwave experiment, from
2.6 g to 13 g; in the cases examined the product was obtained in essentially the same
yield (ca. 84 %).

Table 9. The effect of sample size on the microwave assisted synthesis of the

malonamide derivative 196.

Ratio of Integrals of Signals after 5 minutes/ %

Compound 19/169° 259/4¢9° 59/8g?
Diethyl Malonate 175 5 7 2
Monoamide 206 11 7 16
Malonamide 196 84 85 82

& Mass of di ethyl maonate and o-anisidine.

Given the results obtained for the microwave-assisted generation of the malonamide
derivative 196, it was decided to apply the same methodology to the preparation of

other malonamide ligands. The results are summarized in Table 10.
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Table 10. Data for the malonamide derivatives obtained by microwave-assisted
synthesis.

Compound Time®/s Yield ®/ %
(0] (0]
©\/S\/\NJ\/U\N/\/5\/© 210 55
4 4 (7 days) © (24)°
195

o o
QNMNQ 270 65
o *H Ho o (48h)° (66) ©
196
o o
. . 450 54
o A | Aol
207
(@] (@]
A, 360 56
s H s (48 h) ¢ (30) ¢
197

o o
@CuM:“/@ 360 96
i i

208

2 Performed in a 2.45 GHz multimode 1000 W domestic oven using the defrost setting and neat

reagents. P Calculated followi ng recrystallisation. ¢ Corresponding data for the conventiona thermal
reaction (see Table 8).

As can be seen from Table 10, the isolated yields, following recrystallisation, range
from moderate to excellent (54 - 96 %) and, at the power levels used, the reaction
times are six minutes or less. Interesting points to note are: - i) the increase in
reaction time required for the allyl malonamide 207 compared to the unsubstituted
analogue 196; ii) the difference in reaction times for compounds 196 and 197, where
the ring substituent changes from methoxy to methylsulfanyl; and iii) the difference in
reaction times and overall yields for the N-benzyl and N-phenyl analogues (208 and
196, respectively).
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From these results it is apparent that the microwave-assisted reaction is of great usein
generation of the malonamides. The reactions proceed in good yields and in short
reaction times. The method used to isolate and purify of the products was the same as
the one used in the thermal synthesis, viz, filtration and washing of the precipitate
formed on cooling. The main advantages of this synthetic method are clearly the ease
of application and the short reaction times. The only disadvantage encountered was
the degradation of the reaction mixture on prolonged exposure to the microwave
radiation. A similar effect was observed when the heating period was extended in the
classical thermal synthesis.

An attempt to generate a "mixed" malonamide ligand 209, by isolating the
monoamide intermediate 206 from the reaction mixture and reacting it further with a
different reagent, proved difficult (Scheme 23). This was largely due to the rapid
transformation of the monoamide intermediate 206 into the diamide product 196.

Scheme 23. Proposed synthesis of "mixed" malonamide ligand 209.

O o NH uwave
P @? Q M

- EtOH
175 191
M pwave ©:
N N
e H H S - EtOH
209

Discussion concerning the computer-modelling of the malonamide ligands and their

respective complexes is deferred to Section 2.3 (p. 92).
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2.2  Fragmentation Patter nsin the Electr on-impact M ass Spectra

of Selected M alonamide Derivatives

Mass fragmentation studies were conducted on a series of selected malonamides to
identify possible fragmentation patterns. High-resolution electron-impact (EI) mass
spectra (illustrated for compound 180j in Figure 40) and meta-stable peak data were
obtained for the malonamides 180k, 180j, 194, 195, 196, 197, 198, 207 and 208.
Examination of the spectrarevealed that the fragmentation patterns which characterise
the "alkyl-spacer”-containing malonamides (180k, 180j, 194 and 195) differ
significantly from those which characterise the "aromatic-spacer"-containing
malonamides (196, 197, 198, 207 and 208). Schemes 24-32, which illustrate the
proposed fragmentation patterns for each of the malonamides studied, are followed by
analyses of the common features of each of the two sets of compounds (Schemes 33
and 34); the corresponding high-resolution data are summarised in the accompanying
tables (Tables 11-19).

SCAN GRAPH. Flagging=High Resolution M/z. Fiiter=[Excl: Ref/Ex.] Highlighting=Base Peak.
100 Scan 46#5:54 - 50#6:25. Sub=20#2: 38 - 38#4:54 52#6:40. Ertries=264. Base M/z=228.15874. 130% Int.=1.72694. EI. POS

228.15074

90
80
70
b 88.0?008 141,?2819

50

Intensity (%age)

40 70.02921 116.(3?086 147.97703

256.19422

i 17015382 257.18687,
30 62.05058 1 N 200.16479

130.05062 % 1730018

245.1865 %

98.06226

| l
04 L !II} ‘ I.I.\: gl
50 100 50 ..

20 L
i 190.09504

288.20543

1 ;I T |n'vz

Figure 40. High-resolution electron-impact mass spectrum of compound 180 .
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Scheme 24. Proposed fragmentation of compound 180Kk.

o 0 o o o T
HO J\/lL OH * J\/lL
" NH NHT > PO oSO
MH®, m/z 191 M1, m/z 190
lH
(0] (0] .
N O X g8
\/\NH NH T HO\/\NH NH/\/OH
m/z 188 H m/z 189
*J \ *l
o o o o o 0 ®
HO U+ JJ\/IL@ > J\/U\ OH
~"NH NH—CH; 1O NH= 7 NH NHT N
m/z 160 m/z 159 m/z 171
«| (Also from & | (Also from *
m/z 159) m/z 160)
1 ®
o] o] . J? + o SH
/\ J\/U\ . HO\/\ J\/[L
NH NH—CHj3 NH A NH NH
m/z 142 m/z 103 miz 129
®
o) OH % | (Also from m/z
* 130 and 142)
From m/z189 —~ 5 HO\/\
—~— NH NH2 (0]
- CH,=C=0 e
miz 147 J\//
ZNH
(Also from m/z m/z 112
159 and 160)
0 o®
Z
HO J\//
~NH
m/z 130

* = Meta-stable connection;
other meta-stable connections are indicated in parentheses

Table 11. Fragmentation (n/z) and relative abundance data for compound 180k.

Observed Formula Calculated Relative Abundance / %
191.1026 C/H5N50O4 191.1032 0.95
190.12 C/H14N5O4 190.0954 <0.2
189.0881 2 C/H3N5O4 189.0876 <0.2
188.1° C/H N0, 188.0797 <0.2
171.1° C/H11N-O4 171.0770 0.48
160.0855 CeH15N-0O4 160.0848 99.34
159.0778 CeH11N-O4 159.0770 75.57
147.0780 CsH11N-O4 147.0770 8.79
142.0744 CeH1oN5O, 142.0742 10.53
130.0514 CsHgNOg 130.0504 100
129.0666 CsHgNLO, 129.0664 16.29
112.0402 CsHgNO» 112.0399 10.89
103.0634 C4HoNO, 103.0633 25.39

2 Present in the meta-stable peak spectrum.
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Scheme 25. Proposed fragmentation of compound 180;.

o o _‘L o
HO OH HO, OH
A COGE R S G5
-H*
H
M}, m/z 288 " m/z 287
-HCO-

(0] (0] (0] (0]
Jr OH © OH
CH3;—NH NH >0 X L =nH NH >
-H*
m/z 258 m/z 257
*l(mso from m/z 257) *l(AIso from m/z 258)
(0] (0] (0] (0]
Jr U OH * @ OH
CH3;—NH NH 0 X =nH NH >
m/z 160
m/z 173
*
l From m/z 257
*
cor 0 l
R (0]
\\/ILNH/\/OH @O% /\/OH
NH
m/z 130
*l m/z 228
*
@0 0
\/lL A ®OW
NHT N
m/z 112 m/z 141

* = Meta-stable connection;
other meta-stable connections are indicated in parentheses

Table 12. Fragmentation (nVz) and relative abundance data for compound 180j.

Observed Formula Calculated Relative Abundance / %
288.20543 C14H25N-0, 288.2049 <15
287.1% C1H»7N5O, 287.1971 <15
258.1942 Ci13H26N-05 258.1943 24.32
257.1869 Ci13H25N-05 257.1865 19.78
228.1597 CoHoNO4 228.1600 100
173.0918 C/H11N-O4 173.0926 14.73
160.0854 CeH15N-0O4 160.0848 14.15
141.1282 CoH;O 141.1279 50.06
130.0506 CeH1oN>O, 130.0550 20.64
112.0398 CsHgNOg 112.0399 4.11

2 Present in the meta-stable peak spectrum.
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Scheme 26. Proposed fragmentation of compound 194.

@ L]
O OH o o _‘+
*
o A L,
/O\/\NHUNH/\/O\ g s \/\NH NH/\/ ~
MH®, m/z 219 Mi , m/z 218
*l AL
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< ""NH NHY ~ NN NHTS
m/z 203 H m/z 186
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m/z 173)
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0 [e]C) M SN
Z N
/o\/\NHJ\/ H2N NH
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m/z 128)

0] 0]
o * o U@
WOCﬁ From m/z219 —> ~°~""\H NH=
Z NH

m/z 173

m/z 112

* = Meta-stable connection;
other meta-stable connections are indicated in parentheses

Table 13. Fragmentation (nVz) and relative abundance data for compound 194.

Observed Formula Calculated Relative Abundance / %
219.1344 CoH19N5O4 219.1345 <2

218.2% CoH1sN5O4 218.1267 <2

203.1034 CgH15N504 203.1032 2.12

186.1006 CgH14N-O4 186.1004 594

173.0929 C/H13N-O4 173.0926 57.00

144.0665 CeH1oNO5 144.0661 100

128.0585 CsHgNL,O, 128.0586 39.87

112.0399 CsHgNO» 112.0399 28.81

2 Present in the meta-stable peak spectrum.
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Scheme 27. Proposed fragmentation of compound 195.

@SwNHUNstv@i

M+, m/z 402 \ o o \/@4
*
*l /\NHUNH/\/S

m/z 280

. *
HZNMNH/\/S

iz 252 . U v@
HS S
*l NN NH O

(Also from
m/z 311) m/z 311

O
A

miz 236 @\/©
vs
*l \ m/z 151

m/z 91 m/z 112

* = Meta-stable connection;
other meta-stable connections are indicated in parentheses

Table 14. Fragmentation (nVz) and relative abundance data for compound 195.

Observed Formula Calculated Relative Abundance / %
402.1444 CxHN50,S, 402.1436 1.60
311.0895 C14H10N505S, 311.0888 75.84
280.1247 C14H50N50,S 280.1246 1.61
252.0934 CoH16N50.S 252.0933 2.02
236.0745 Cp,H1ANOLS 236.0745 4.48
151.0578 CoH;1S 151.0582 9.98
112.0399 CsHgNO» 112.0399 3.22

91.0549 CH, 91.0548 100
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Scheme 28. Proposed fragmentation of compound 196.

PALIIT o CLLLL
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% NH» J: ]
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* = Meta-stable connection ;
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Table 15. Fragmentation (nVz) and relative abundance data for compound 196.

Observed Formula Calculated Relative Abundance / %
314.1273 C17H1gN>O, 314.1267 93.20
283.1077 C16H15N205 283.1083 <2

165.0795 CoH11NO, 165.0790 60.72
150.0550 CgHgNO», 150.0555 8.77

134.0604 CgHgNO 134.0606 17.27

123.0682 C/HyNO 123.0684 100

108.0451 CeHeNO 108.0449 56.89
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Scheme 29. Proposed fragmentation of compound 197.

PILLI o GRILLS

M1, m/z 346 m/z 299

! |
QS o 1, L0

NH,
m/z 160
/S

m/z 139

@
NH,

S
m/z 124 * Meta-stable connection

Table 16. Fragmentation (nVz) and relative abundance data for compound 197.

Observed Formula Calculated Relative Abundance / %
346.0820 C17H15N50,S, 346.0810 40.70
299.0857 C1H15N-0.S 299.0854 14.93
160.0410 CoHgNO» 160.0399 10.54

139.0475 C/HoNS 139.0489 100

124.0221 CeHeNS 124.0221 30.85
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Scheme 30. Proposed fragmentation of compound 207.

M ,m/z 354 m/z 323
(Also from *-H,0
m/z 323)
O /©
* AN
NH N @
/O
*
_‘+
*
E— ®@
NH> NH;
O 0
m/z 123 m/z 108

* = Meta-stable connection;
other meta-stable connections are indicated in parentheses

Table 17. Fragmentation (nVz) and relative abundance data for compound 207.

Observed Formula Calculated Relative Abundance / %
354.1585 CooH2N-0, 354.1580 46.55
323.1392 C19H19N>O3 323.1396 <2

305.2° C19H17N505 305.1290 <2

205.1101 C,H1sNO, 205.1103 25.08

123.0684 C/HyNO 123.0684 100

108.0451 CeHsO 108.0449 23.56

2 Present in the meta-stable peak spectrum.
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Scheme 31. Proposed fragmentation of compound 198.
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Table 18. Fragmentation (nVz) and relative abundance data for compound 198.

Observed Formula Calculated Relative Abundance / %
346.0818 C17H15N50,S, 346.0810 100

315.0644 C1H15N0S, 315.0626 23.54

181.0555 CoH1NOS 181.0561 15.55

150.0380 CgHgNS 150.0378 37.07

148.0766 CoH{oNO 148.0762 77.23
123.0683 C/HyNO 123.0684 25.38

108.0450 CeHeNO 108.449 18.98
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Scheme 32. Proposed fragmentation of compound 208.
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Table 19. Fragmentation (nVz) and relative abundance data for compound 208.

Observed Formula Calculated Relative Abundance / %
342.1588 C19H2N-0, 342.1580 17.85
311.1381 C1gH19N>O5 311.1396 <0.5

221.0928 C11H13N>0O5 221.0926 15.57

162.0556 CoHgNO, 162.0555 3.17

136.0763 CgHioNO 136.0726 100

121.0637 CgHO 121.0653 17.48

107.0495 C/H/O 107.0497 2.17

91.0546 CH, 91.0548 23.64
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Inspedion of the mass gedra of the "alkyl-space™-containing malonamides 180,
180k, 194 and 195 revealed threefragmentation pathways common to all the spectra,
and these ae illustrated in Scheme 33. The corresponding fragments have been
labelled asion types A, B, C and D.

Scheme 33. Common fragmentation patterns for the malonamides 180j, 180k, 194
and 195.

o o ]+ @ 9 ®
Y YH
Rl/Y\/\NMN/\/Y\Rl ___ o RI” \/\NMN/\(
H g H H o rz H
A B

J-HZNCH2CHY

O i 0@
@ Pz
- 1
H - R2
C

In the eledron-impad mass gedra of these malonamides, the moleaular ion A
undergoes lossof the radical *R* to give the cdion B, which fragments further to yield
the acylium ion C. The acylium ion C fragments further to yield another acylium ion
D. These fragmentation patterns were observed regardless of the substituents R* and
R?. The cmmon fragment types and their respective nominal masses are listed in
Table 20.

Table 20. Seleded MS pedks (mV2) for the malonamides 180j, 180k, 194 and 195.

lon Fragment Types

Compound Y R R? A B C D
180k O H H 190 189 130 112
180; O H CH3(CHy)6 288 287 228 112
194 O Me H 218 203 144 112
195 S Bn H 402 311 236 112

The "aromatic-space”-containing malonamides, however, exhibited significantly
different fragmentation patterns to those of the "alkyl-space"-containing
malonamides. Thus, acgylium ions which charaderise the mass gedra of the latter

compounds were not observed in the spedra of the malonamides 196, 197, 198, 207
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and 208 Instead, the formation of a primary amine radical cation B', via
fragmentation of the molecular ion A", and the subsequent fragmentation to yield ions
of type C' were observed for all of the "aromatic spacer”-containing malonamides,
except compound 208 (Scheme 34). Another common ion type, observed in the
fragmentation of these malonamides, was cation D', formed by loss of the substituent
on one of the aromatic rings. In the case of malonamide 208, the N-substituents are
benzyl groups (rather than phenyl) precluding the formation of fragments of type B'
and C'; instead of an ion of type C', this compound affords the fragment E' (m/z 136).
However, a fragment (m/z 311) corresponding to ion type D' is observed. The masses
for the common fragment ions observed for the various malonamides are listed in
Table 21.

Scheme 34. Common fragmentation ions for the malonamides 196, 197, 198, 207 and

208
z oz + 7z z /@
H H -CHaY* H H
Y R1 Y 3 Y R1
A’ D'
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Table 21. Selected MS fragmentation peaks (nVz) for the malonamides 196, 197, 198
and 207.

lon Fragment Types

Compound Y Z R A B ¢ D'
196 O O H 314 123 108 283
197 S O H 346 139 124 299
198 O S H 346 123 108 315
207 O O CH,=CHCH,- 354 123 108 323

Inspection of Table 21 reveals that for compounds 196-198 and 207 the
fragmentation patterns in Scheme 34 are observed regardless of the substituent on the
aromatic ring (Y = O or S), the presence of carbonyls or thiocarbonyls (Z = O or S),
or the presence or absence of an alkyl chain (R* = CH,=CHCH,).
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2.3 Computer Modelling Studies

2.3.1 Basc principlesin computer modelling

The fundamental premise in moleaular modelling is that all significant moleaular
properties, i.e. stability, readivity, eledronic properties, etc. are related to the
structure of the @mpound concerned.?” Consequently, if it is possible to model the
structure of a cmpound, using an algorithm, it should be possible to compute the
moleaular properties, and vice versa. Various methods are available, including ab
initio cdculations, semi-empiricd molealar orbital methods (MO), moleaular
mechanics (MM), ligand field calculations and density functional theory (DFT).

In contrast to the quantum mecdhanical-based calculations, the MM method caculates
the forces between atoms using a classcal mechanicad approadh. Thus, for example,
bonded atoms are wnsidered to be held together by mechanical springs, while non-
bonding interadions are treated as a combination of attractive and repulsive forces
which together produce a typical van der Waals curve. In order to optimize the
geometry of a moleaule, the total energy arising from these forces is minimized by a
computational method. The resultant energy, referred to as the "steric energy”, is
related to the molecule's potential energy and stability. Early MM studies defined the

steric energy Urqwm @s the sum of four principal energy terms (Equation 5).8’

UTotal = z (Eb + EG + qu + Enb) (5)
MaTlecule
where: > Ey isthe total bond deformation energy,

> Egisthe total valence angle deformation energy,
> Ey is the total torsional (dihedral) angle deformation energy,

and ) Ep is the total nonbonded (van der Waals) interaction
energy.

In more recent packages, additional terms have been added to this summation.®” An
out-of-plane deformation ¥ Es is included for systems that contain aromatic or sp?

hybridized atoms, while electrogtatic (5 E,) and hydrogen bonding (3 Enp) terms are
included in modelling the interaction of metal complexes with biological systems.

These functions together with the values that describe their parameters constitute the
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"force field". The goa of MM modelling, once a model and a force field have been

chosen, isto find the geometry with the lowest steric energy.?’

In the case of metal ion selectivity, MM has been used to study the chelate ring size,
the macrocycle hole size and the effect of preorganization of the ligand on
selectivity.?” There are, however, major limitations to the prediction of metal ion
selectivities using MM modelling alone. Application of the same force field for
various metal ions leads to the assumption that the force field parameters do not
change for different metal ions - an assumption that is hardly justified.®” Moreover,
different conformations and configurations of the ligands may lead to different cavity
sizes, which also need to be considered. In the case of macrocycles, the method does
not take into account the preference of a metal ion for a particular geometry or its
electronic effects® A further limitation is the fact that MM typically affords
structures for isolated (gas phase) molecules; in solvent extraction systems, solvation
effects are likely to be significant. On the positive side, MM calclulations are rapid

and applicable to large molecular systems.

2.3.2 Application of computer modelling in the present study

In this project, an attempt has been made to use MM-based calculationsto assist in the
design of ligands for the solvent extraction of silver, and as atool for predicting which
systems might be most selective. For this purpose the MSI modelling programme
Cerius®"®® was used for all the MM-based calculations. In selected cases, some semi-
107

empirical and ab initio calculations were performed using the PC-Spartan Pro

programme.

To ensure consistency throughout the MM modelling experiments, a general and

rigorous method was required that could produce reliable and reproducible results.

The following protocol was developed and applied to all the systems investigated

(including the models presented in the previous sections).

@ The models were constructed with the appropriate bonds, charges and
conformational properties, i.e. for ligand systems the overall charge

distribution was set to zero (neutral), while for the complexes containing
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silver(l) the overall charge was %t to +1; the Universal force-field (UFF) was

used to type the aoms and bonds.

(b) Using a Newton-Raphson algorithm, the model was minimized to a local

minimum.

(©) The model corresponding to the local minimum was then used as the initial

structure in a Dynamics Simulation to seach for the global minimum. The

Dynamics Simulation was performed with the following "settings": -

i)

v)

volume and temperature were kept constant at 300K ;.

500 inter-dynamic annealing cycles, from 300 to 500 K, with
50 K increments per dynamic step, were used to overcome
rotational energy barriers,

after ead anneding cycle the molecule was minimized
("quenched") using atruncated Newton algorithm;

after eadr "quenching', the moleaule's conformation was
recorded; and

the Dynamic Simulation was run for 100000steps, generating

500 dfferent conformers of the moleaule.

An example of the data obtained from such a simulation is illustrated in

Figure4l.

(d) The 5 lowest-energy conformers were then inspeded.

Potential Energy
kcal/mol

144

162
160
158
156 -
154
152
150
148 -
146 -

Potential Energy Profile

0 100 200 300 400 500

Conformer Number

Figure 41. The potential energy profile obtained from a typicd dynamic-annealing

simulation.
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This protocol lent itself to automation and the settings and script used are listed in the
experimental section. It was hoped that the computer modelling would be of
assistancein: -

i) determining the capacity of the various ligands synthesised to adopt
conformations suitable for chelating silver(l) (see Sections 2.1.1, p. 41;
2.1.2,p.45and 2.3.2.1, p. 97);

i) predicting extraction efficiency trends within various series of ligands
(see Sections 2.3.2.2, p. 99 and 2.3.2.3, p. 100); and

iii) visualising possible structures for the complexes (see Sections 2.4.1, p.
104 and 2.4.3, p. 107-109).

In an attempt to assess the ability of the Cerius®® programme to model the ligands
and the metal complexes satisfactorily, the crystal structure of the ligand 196,
prepared in this study, and the silver complex 210, reported by Wong et al.,'*® were
compared to their respective computer-generated models.

(2
svar)
Y O 3T

The X-ray crystal structure of ligand 196 is illustrated in Figure 42, while the crystal
structure of the complex 210 was retrieved from the Cambridge Crystallographic Data
Bank and is shown in Figure 43. The computer-generated models were constructed
using the protocol mentioned previously, and are illustrated for the ligand 196 in
Figure 44 and the silver complex 210 in Figure 45. The representations of the crystal
structures in Figure 44 and 46 were obtained, for comparative purposes, by reading

the crystallographic atomic coordinates into the Cerius* programme.
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Figure 42. X-ray crystal structure of ligand 196, showing the two ligands in the unit
cell and the crystallographic numbering.

Figure 43. X-ray crystal structure of the complex 210,'® showing the
crystallographic numbering.
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(@ (b)
Figure 44. Comparison of the crystal structure (a) of ligand 196 with the computer-
generated model (b).

Similarities between the crystal structure of the ligand 196 and the computer-
generated, gas-phase model are clearly evident (Figure 44). The correspondence
between the crystal structure of the complex 210 and its corresponding model (Figure
45), however, is less apparent, although closer inspection reveals a number of
important correlations, viz., the distortion of the silver(l) centre and the conformation
of the ligand. The results serve to illustrate both the usefulness and limitations of the
MM methodology.

(@ (b)

Figure 45. Comparison of the crystal structure (&) of 210 with the computer-
generated model (b).

2.3.2.1 Modelling the silver(l) chelation capacity of the malonamide ligands

To confirm that the malonamide ligands 180j, 195, 196, 197 and 208 could chelate
the silver(l) ion, MM models of the ligands and their proposed complexes were
generated (Figure 46). The complexes exhibit silver(l) centresthat are predominantly
tetrahedral, and the "chelating” conformations (obtained by removing the metal ion
from the complex) are not very different from the minimum-energy conformations of
the respective "free" ligands. In fact, the steric energy differences between the "free"
and "chelating” conformations in each case are < 70 kcal.mol™, suggesting the

capacity of these ligands to adopt conformations appropriate for coordination.
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Figure 46. Computer-generated models for: - (a) the lowest energy conformation of
the free ligand; (b) the corresponding silver(l) complex; and (c) the chelating
conformation of the ligand; for the ligand systems. - (1) 180j; (2) 195; (3) 196; (4)

197; and (5) 208. See Figure 14 for the colour coding.
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2.3.2.2 Predicting the extraction efficiency of the 3,6-dithiaoctanediamide ligand

series

Scheme 35. Complexation of the 3,6-dithiaoctanediamides with Silver(l).

o R | R
al H
o 0
Y\S S/Y o S\ ) HN @ b |4-MeO
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R R s’ HN d| 2-Cl
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\ R
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In the case of the 3,6-dithiaoctanediamide series (Scheme 35), the ligands differ only
in the nature and position of the substituent on the aromatic ring. If Equation 6 is
assumed to represent silver(l) chelation in this series, Equation 7 can be used to
predict the influence of the substituent since the metal centre will be the same for all
the complexes. Of course, such analysis ignores speciation effects and the solubility
distribution of the ligands and their respective complexes in the agueous and organic

media - factors which could contribute significantly to overall extraction efficiency.

ML, + L, — ML, + L, 6)
AEyy :(EMLH +ELX)_(EMLX +ELH) (7)
where : - Ew, and Ey ae the potential energies of the lowest-energy

conformers for the metal complexes of the parent (R=H) and derivative
ligands (R=X), respectively; and

E, and E_ ae the potential energies of the lowest-energy
conformers of the parent (R=H) and derivative (R=X) ligands.

If the energy difference (AEwwm) is positive the ligand (R=X) should form a less stable
metal complex than the parent system (R=H), if negative the opposite applies. From a
plot of AEww for the 3,6-dithiaoctanediamide series 150a-f (Figure 47) it seems that:
0] ortho substituents are likely to destabilize the silver(l) complexes (cf.

150b and 150f; 150c and 150d); and
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(i) the 3-chloro derivative 150c should be the most efficient extractant for
silver(l).
However the selectivity and efficiency of the system can only be proven by actual

extraction studies.

80 - ®f
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50 ¢d
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30 ®c
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3,6-dithiaoctanediamides 150a-f

Figure 47. The effect of the substituent R, relative to R = H, on the potential energy
for the silver(l) complexes with the 3,6-dithiaoctanediamide ligands 150a-f.

2.3.2.3 Predicting the extraction efficiency of the malonamide ligands

The prediction of extraction efficiency in the malonamide series presented a different
problem. In this series, the ligands are structurally diverse, and cannot be so readily
related to one another. An additional problem in assessing metal selectivity is how to
accommodate the influence of different metals on the potential energy of the

complexes.

Steric energy differences (AEpis) obtained from MM analysis of different systems
cannot be equated with heat of formation differences. It was hoped that higher-level
calculations (AM1 or DFT) could be used to determine the latter but, unfortunately,
parameters for silver were not included in the computational packages available to us
(HyperChem/Momec and PC-Spartan Pro). Consequently, the MSI Cerius™®
package was simply used to assess the relative conformational (steric energy) costs
associated with complexation of each of the ligands 180j, 195, 196, 197 and 208 with
the different metals, Ag(l), Cu(ll), Hg(ll) and Pb(11).
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This was achieved by examining the conformations of the coordinated ligand in each
complex, following removal of the metal ion. In all cases, it was assumed that the
ligands remain neutral (i.e. chelate without deprotonation), and that the coordination
sites were same, irrespective of the metal concerned (i.e. coordination through the

amide nitrogens and the oxygen or sulfur donor atoms in the side chain).

Plots of the AEpix values (Equation 8) for complexation of: - a) the various ligands
with silver(l); and b) selected ligands with the metals Ag(l), Cu(ll), Hg(ll) and Ph(Il),
areillustrated in the Figures 48-50.

AEpist = AEmL-m - AEL (8)

where: - AEy v isthe potential energy of the coordinated ligand after the
metal removed.
AE, isthe potential energy of the free ligand.

100 -
90 |
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70 | .

60 - . *
50 1
40
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20 |
10 |

AEpifi / kcal/mol

180j 195 196 197 208
Ligands

Figure 48. The steric energy costs (AEpir) for ligands 180j, 195, 196, 197 and 208 to
coordinate silver(l).

The trend exhibited by ligands (Figure 48), based on the AEp values, suggest that
the ligands 180 and 195 could be possible candidates for silver extraction, while the
derivatives 196, 197 and 208 are less likely candidates. It must be stressed, however,
that the steric energy data (AEpix) take no account of the crucial bond energy terms

associated with chelation and solvation processes.
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Figure 49. The steric energy cost (AEpi) for the ligand 2-heptyl-N,N"-bis(2-
hydroxyethyl)malonamide 180j to coordinate the metals ions Ag*, Cu**, Hg** and
=

The trends in selectivity in Figures 49 and 50 suggest that both ligands 180j and 195
should exhibit a higher selectivity for silver(l) than copper(ll), but not discriminate
readily between silver(l), mercury(ll) and lead(ll). From these predicted trends, its
clear that ligands 180 and 195 appear to be the most promising candidates. It was
recognised, however, that the assumptions concerning the coordination sites may well
have been unfounded, and that the trends indicated by the MM modelling data

required confirmation by conducting extraction experiments.
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Figure 50. The steric energy cost (AEpi) for the ligand N,N-bis(2-
benzylsulfanylethyl)malonamide 195 to coordinate the metas ions Ag", Cu**, Hg**
and Pb*".



Discussion 103

2.4 Investigation of the silver (1) and other complexes

Since the extraction process involves the formation of metal-ligand complexes, it was
decided, where possible, to explore their structures. None of the complexes afforded
material suitable for single-crystal X-ray analysis and, consequently, our conclusions
are based on a combination of spectroscopic, elemental (high resolution-MS and/or
combustion) analysis and computer modelling. The computer-modelled structures are

necessarily tentative and, of course, represent isolated systems.

2.4.1 Complexesof the 3,6-dithiaoctanediamide ligands

The formation of silver(l) complexes of the 3,6-dithiaoctanediamide ligands 150b-d,
using silver triflate (CF3SOsAQ) and silver nitrate (AgNO3) was attempted.

150b-d

The insolubility of these ligands in various organic solvents presented a major
difficulty in preparing their silver complexes. The other major problem experienced
was the tendency of the complexes to degrade rapidly, making analysis and complete
characterization difficult. NMR analysis (*H, **C, *°F, and 1®Ag) of the complexes
proved fruitless as, in the NMR solvents used (DMF, DMSO and MeCN), the
complexes disproportionated into the free ligand and metal ion. Evidence of complex
formation was provided, however, by IR spectroscopy. The changes observed
between the IR gspectra of the free ligand N,N'-bis(4-methoxyphenyl)-3,6-
dithiaoctanediamide 150b and its silver(l) complex 151b, formed with CF;SOsAQ,
include: - i) adecrease in intensity and a shift in the position of the NH band, from ca.
3304 to 3291 cm™; i) the shift of a band, attributed to the C-S stretch, from 968 to
958 cm™; and iii) an increase in the frequency of the carbonyl (LC=0) band from
1655 to 1667 cm™. These changes suggest coordination between silver and the

nitrogen and sulfur donor atoms, the increase in the vC=0 band reflecting a decrease
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in nitrogen lone-pair delocalization in the complex. The computer-modelled structure
of the proposed complex 151b (Figure 51) illustrates such coordination to give a
tetrahedral silver(l) ion. The complexes 151c and 151d exhibited a similar trend in
the shift of the uC=0 band to higher frequency, i.e. 1664 to 1671 cm™* for 151c and
1656 to 1680 cm™ for 151d. No other, significant changes were observed in the IR

spectra of these complexes, which we expected to adopt a structure similar to that of
complex 151b.

[ =
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=

Figure 51. Proposed computer-modelled structure of silver(l) complex 151b.

2.4.2 Complexesof the Morita-Baylis-Hillman-derived ligands

The formation of metal complexes of the ligands 3-hydroxy-2-
(methylsulfanylmethyl)-3-(pyridin-2-yl)propanenitrile  168a and  3-hydroxy-2-
(methoxymethyl)-3-(pyridin-2-yl)propanenitrile 168b was investigated using the
following metal salts. - silver(l) nitrate, copper(ll) nitrate, copper(l) acetonitrile
hexafluorophosphate, mercury(l1) nitrate and lead(l1) nitrate.

Q
Sy OH | Rt R2
a CN SMe
R1 b CN OMe
R2
168a,b

The ligands were dissolved in acetone to give 1.0 M solutions, while the metals were

typically dissolved in H,O-acetone (1:1) to 0.5 M solutions [Pb(NOs), was dissolved



Discussion 105

in H,O]. Equa volumes (2.5 ml) of the ligand and metal solutions were stirred
together for 1 day and the mixture then left to stand and evaporate. Colour changes
(blue to brown) were observed for the copper salts, while all the other solutions
changed from colourless to brown. Soon after mixing, the silver solutions formed
silver mirrors on the glass of the vessel; the other metal solutions afforded black,
intractable masses - attributed to rapid degradation of the ligands in the presence of air
and the metal salt. Attempts to prevent degradation of the ligands by performing the
reactions under nitrogen were unsuccessful. It was therefore decided that the MBH-

derived ligands would not be considered for solvent extraction experiments.

2.4.3 Complexesof the malonamide-derived ligands

The formation of silver(l) and copper(l1) complexes of the ligands 180j, 194-208 was
explored using the metal salts, silver(l) triflate and copper(l1) nitrate. The complexes
were prepared by boiling solutions of the ligands and metal salts under reflux for
several hours. IR spectroscopy provided an ideal tool for the identification of the

complexes, and the results obtained for the various systems are reported in Table 22.

24.3.1  Copper(ll) complexes

From an inspection of the data for the copper complexes (Entries 2, 4, 6, 9, 11 and
14), it is apparent that the NH sretching band (UNH) frequency varies little on
complexation, while the uC=0 band shows significant shiftsto lower frequency. This
suggests that coordination involves the carbonyl oxygen atoms, rather than the amide
nitrogen donors. For the ligands containing oxygen in the side-chain (Entries 2, 4, 9
and 14), decreases in the C-O stretching band (VCOR) freguencies indicate
coordination of copper to the side-chain oxygen atoms. Unfortunately, the C-S
stretching band (VCSR) for the ligands containing sulfur atoms in the side-chains
could not be identified, due to masking by stronger bands in the region 700 -

600 cm™.1%1% Consequently, coordination involving the sulfur donors could not be

deduced with any certainty.
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Table 22. IR data (cm™) for the ligands 180j, 194-208 and their silver(l) and

copper(I1) complexes.

Entry Compound UNH? uvC=0?% uLCOR*
(o] (o]
1 “"wg SN"” 3103 1674 1089
180j 1057
1043
2 211 Cu(180j)(NO5), 3092 1624 1077
1049
1040
(o] (o]
3 B NN 3202 1650 1093
194 H H 1633
4 212 Cu(194)(NOy), 3280 1619 1070
(o] (6]
5 ©vSwNMN/\/Sv© 3300 1630 -
195 H H 3374 1678° -
6 213 Cu(195)(NOs), 3364°  1656° -
7 214  CF;SO:AQ(195) 3356°  1678° -
(] (o]
8 @NMNQ 3369 1676 -
196 o H ool 3295
9 215 Cu(196)(NO>) 3314 1676 -
10 o o 3225 1682 -
197 s " Hoos 1673
11 216 Cu(197)(NOy), 3264 1634 -
12 217 CF,S0,Ag(197) 3223 1644 -
(o] [e]
13 CCNMN«/@ 3207 1655 1049
o " 1034
208 | | 1028
14 218 Cu(208)(NOy), 3301 1622 1052
1030
1016

a Spectrarecorded using KBr discs. o Spectrarecorded in a CaF, solution cell, using MeCN as solvent.
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Further information concerning the structures of the copper(ll) complexes was
provided by the nitrate stretching (UNOs) band at ca. 743 cm®.  All of the mpper
complexes changed colour on contact with KBr suggesting an ion exchange process
To overcome this, the spedrawere recorded in nujol®, which revealed that the nitrate
counterion was coordinated to the copper(ll) ion in some of the complexes (218), but
was freein others (211- 216). Combustion and FAB-MS analysis of the complexes
provided further evidence for the demental composition of the mmplexes. The
copper complex formed with 195 yielded a paste, which was shown, by IR
spedroscopy, to be solvated, but attempts to remove the solvent (EtOAc) proved
fruitless This solvation was also evident in the cmbustion analysis data of the

complex.

The most intriguing copper(ll) complex was that formed with ligand 196. On
addition of the ligand to the solution containing the copper(ll) ion, a rapid colour
change from blue through green to brown, was observed. The IR spedra of the
complex formed (215) exhibited no changes in the any of the key bands. However,
'H NMR analysis of the cmmplex showed minimal broadening of the proton signals.
These fadors suggested that the paramagnetic copper(ll) ion had been reduced to
diamagnetic copper(l); this conclusion was confirmed by the combustion analysis
data, which indicaed the presence of only one nitrate unit. The cmposition of the
other copper(ll) complexes analyzed, proved to be & expeded. The proposed,
computer-generated structure of the copper(I1) complex 211 is illustrated in Figure
52.

Figure 52. Computer-generated model of the proposed sructure of the copper(Il)
complex 211.
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2.4.3.2  Slver(l) complexes

The data for the two-silver(l) complexes listed in Table 22 (Entries 7 and 12) show
some interesting patterns. Both of the ligands 195 and 197 contain sulfur atoms, and
as mentioned previously, metal coordination involving these donor atoms could not be
confirmed by IR spectroscopy. However, both complexes exhibit minor shifts in the
UNH band frequency, while uC=0 increases significantly. Unlike the paramagnetic
copper(ll) complexes, the silver(l) complexes can be studied by 'H NMR
spectroscopy and, by using appropriate organic solvents, dissociation of the complex
in solution can be avoided. Unfortunately, the *H NMR spectrum of the complex 217
proved difficult to interpret as the NMR solvent chosen (MeOH-d;) masks some of
the signals. However, the singlet at d 2.45 ppm, due to the methylsulfanyl group in
the ligand, is not masked and its downfield shift to 2.64 ppm in the complex is clearly
evident. Fromthe IR and *H NMR spectroscopic data it is apparent that coordination
of silver(l) to the ligand 197 is through the carbonyl oxygen atoms and the
methylsulfanyl sulfur, with the triflate counterion coordinated to the metal. The
combustion analysis confirmed the empirical formula of the complex, a computer-
modelled structure of which isillustrated in Figure 53.

Figure 53. The computer-modelled structure for the silver(l) complex 217.

The silver(l) complex of ligand 195 was obtained as a paste, and comparison of the IR
gpectra of the ligand and its complex 214 revealed no significant changes and no
evidence of solvation. However, significant differences are apparent in the *H and *3C
NMR spectra (Figures 54 and 55, respectively). The broadening of signals in the *H
NMR spectrum of the complex 214 is attributed to the coordination of the metal to the

ligand, implying that the complex structure is maintained in solution. It is also
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significant that the multiplicities of the signals do not change, suggesting that none of
the protons, in particular the amide proton, are lost on complexation. Notable
differences between the NMR spedra of the ligand and the @mplex include’
coalescence of the aomatic proton signals into a multiplet; downfield shifts of: - i) the
benzyl methylene signal from 3.70 ppm to 3.87 ppm; ii) the signal corresponding to
the methylene group neaest to the amide moiety from 3.38 ppm to 3.57 ppm; iii) the
sulfanyl methylene signal from 2.55 gpm to 2.97 ppm; iv) the malonyl methylene
singlet from 3.10 ppm to 3.32 ppm; and v) the amide proton signal from 7.12 ppm to
7.58 ppm. Fromthe 'H NMR datait is clea that coordination to silver occurs through
the amide nitrogen and sulfanyl sulfur donors, while F NMR spedroscopy
confirmed that the triflate @unterion is not coordinated to the metal centre. The
FAB-MS spedrum of the product exhibited a fragmentation pattern corresponding to
a homodinuclear [Agx(195] complex. This is not totally unexpeded, given the
examples cited in the introduction. An X-ray crystal structure would be necessary to
charaderise the cmplex conclusively, but attempts to obtain a suitable aystal proved
fruitless A tentative, computer-modelled structure for the silver(l) complex 214,

which acaommodates the a&ove spedroscopic data, isillustrated in Figure 56.

Figure 56. The cmmputer-modelled structure for the silver(l) complex 214.

* The indicated changes are from the freeligand 195 to the complex 214.
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complex 214 in CDCls.
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2.5 Solvent Extraction Studies

The main focus of this projed has been to extract silver from an ore stream containing
50-100 gl Ag (4.6-9.3 x 10* M) in the presence of Cu (2.0-3.0 x 10° M), Hg (0.05-
1.0 x 10* M), Pb (0.5-9.7 x 10% M) and possibly Au (0.05-1.0 x 10* M) in a 6M-
nitric acid medium,*** using a solvent extraction system. Certain conditions were
placel on the solvent extraction abilities of the ligands, viz., they should be stable
under highly acidic conditions and should effect significant extraction of the metal
within 5 minutes. In other words, the distribution equilibrium of the metal between

the ajueous and organic phases should be readed within 5 minutes.***

Magnetic >

stirrer bar 25 °C H,0

Figure57. The jacketed beaker used in solvent extraction studies.

In order to study the efficiency of the ligands, which we had synthesised, the
conditions used in industry were reproduced as closely as possible, but lower
concentrations of metals ions (<25 pom) and ligands were used. The methodology
described by Sole'*? was followed for all extradion experiments, with the
experiments being carried out in a jadketed 150ml be&ker (seeFigure 57), kept a a
constant temperature of 25 °C by circulating heaed water through the jadket from a
thermostaticall y-controlled water-bath. Equal volumes (50 ml) of agueous and
organic phases were mixed vigoroudy, for the duration of each experiment, in order
to maximize the surface ontad between the phases. At regular time intervals,
suitable, equal aliquots (< 5 ml) of both the ajueous and organic phases were
removed, and the ajueous phase was analyzed for the residual metal content. The
influence of pH on the extraction ability of the ligands was gudied using the same
methodology, but small volumes of concentrated NaOH were alded to increase the
pH, which was measured using a pH meter. The results obtained for the various

ligand systems gudied are discussed below.
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2.5.1 Metal extraction using the 3,6-dithiaoctanediamide ligands

4-MeO
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150a-f

The 3,6-dithiaoctanediamide ligands 150a-f were investigated for their ability to
extrad silver(l) and palladium(ll).*** (Palladium extraction was examined in order to
compare the results obtained in the present study with those reported previously by
Hagemann.”®) Due to the relative insolubility of these ligands in most organic
solvents, the ligand concentration in the organic phase (toluene) was limited to the
range 2.1-2.8 x 10° M (1000 ppm). In order to maintain the overall ionic strength of
the ajueous phase during extradion, the ajueous phase wmprised a 1.0 x 10* M
NaNOs solution for the silver extradion and 10 x 10* M NaCl solution for the
palladium extractions. For both metals, the starting concentrations were 2.3 x 10* M
(25 ppm). The extraction studies were performed at 25 °C and pH 1.7. Unfortunately,
under these conditions, vigorous girring resulted in the formation of emulsions within
5 minutes. By increasing the temperature to 40 °C and the pH to 7, the formation of
an emulsion was avoided only in the ase of the ligand, N,N"-bis(3-chlorophenyl)-3,6-
dithiaoctanediamide 150c. The residual, aqueous metal concentrations were
determined by atomic absorption spedroscopy (AAS), and the resulting extraction
curves obtained for this ligand are illustrated in Figure 58. The ligand 150c extraded
palladium as expeded, with similar efficiency (ca. 98 % for palladium within 10
minutes) to that reported by Hagemann.”® However the ligand did not extrad silver to
the same extent; as can be seen from the aurves, distribution equilibrium between the
agueous and organic phases was only reached after ca. 0.5 h, with an extradion
efficiency of ca. 90 %. Given their tendency to form emulsions and the long
equilibration period for the extradion of silver, the 3,6-dithiaoctanediamide ligands

were not examined further.



Discussion 114

100 ~ &
90 -
80 -
70 -
60 -
50
40 ~
30 -
20 -
10 -
Oe \ \ \ \ \ \ \ \ \ \ \ \

0O 10 20 30 40 50 60 70 80 90 100 110 120

4
4
L 2

Extarction / %

Time / min

-o- Silver -+ Palladium

Figure 58. The etradion efficiency of N,N’-bis(3-chlorophenyl)-3,6-dithia
octanediamide 150c in toluene & 40 °C and pH 7 for palladium(ll) and silver(l).

2.5.2 Silver(l) extraction using the malonamide ligands

The aility of the malonamide ligands to extract silver(l) was investigated using the
methodology described in the previous sedion. In preliminary extradion studies, the
metal ion concentration was 9.3 x 10° M (10 ppm) and the ligand concentration
approximately 1.8 x 10° M (i.e. a 200 fold excess with resped to silver). Ethyl
acdate was used as the organic phase; and the ionic strength was maintained by a 2.5
x 10% M NaNOj; solution. AAS was used to determine the residual agueous silver(l)
concentration, and atypica calibration curve, which exhibits the required lineaity (R?
=0.996), isillustrated in Figure 59.
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0.5 ~
0.4
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0 T T T T 1
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Figure59. A typical calibration curve for the AAS analysis of silver(l).
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To determine the appropriate time-scale for the extraction experiments, a sudy was
undertaken using 2-hexyl-N,N’-bis(2-hydroxyethyl)malonamide 180h, and the
residual agueous silver(l) concentration determined at 5-minute intervals during a 15-

minute period. The resulting extraction curve is shown in Figure 60.
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Figure 60. The changein silver(l) concentration during extraction using the ligand 2-
hexyl-N,N"-bis(2-hydroxyethyl) malonamide 180h in EtOAcC.

From Figure 60 it is apparent that 15 minutes was more than adequate for an
extraction experiment, and this time limit was used for al subsequent extraction
experiments. The results obtained for the extraction of silver(l) using the series of

malonamide ligands are summarized in Table 23.
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Table 23. Datafor the extraction of silver(l) using the malonamide ligands.*

Ligand Extraction efficiency ®/ %
o o
HO\/\N N/\/OH
i i 180h 32
(@] (@]
/0\/\NJ\/U\N/\/O\ 194 18
H H

©\/5\/\NUN/\/S\/© 195 97

H H

(o] (o]
@NMNQ 196 10(42) ¢
/O H H O\
(o] (o]
NJ‘PAKN 207 34
/O H H O\
|

(o] (o]
@NMNQ 197 12(35)
/S H H S\
(o] (o]
@?ﬁuﬂﬁ@ 208 19
i i

& All extractions performed at pH 2.78 and at 25 °C with EtOAc and an aqueous lution containing
10 pm Agin a2.5x10% M NaNOs solution. ® Extraction efficiency determined by AAS
andysis after 15 min. ¢ Extraction performed usinga 0.25 M NaNO; solution.

The first comment that can be made @ncerning the results listed in Table 23, is that
very few of the ligands show any real potential to extract silver(l). Ligands 180h and
207 show moderate extraction performance (ca. 33 %). Ligands 194 and 208 extrad
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silver(l) with even less efficiency (ca. 18 %), while ligands 196 and 197 perform very

poorly (ca. 11 %).

Of all the malonamide ligands examined, N,N"-bis(2-benzylsulfanylethyl)malonamide
195 clearly performed the best with an extraction efficiency of no less than 97 % at
pH 2.78. To determine whether the extraction ability of this ligand was affected by a
change in pH, extraction studies were carried out at various pH values; the results are
illustrated in Figure 61. It is evident from Figure 61 that N,N’-bis(2-
benzylsulfanylethyl)malonamide 195 extracts silver(l) most efficiently at lower pH,
but maintains very good overall extraction efficiency (i.e. above 95 %) over the pH
range 2.5-9.0. This ligand thus clearly meets the design criteria of efficient silver(l)

extraction at low pH.

98 -
97

96 -

Extraction / %

95 ~

9 4 T T T T T T 1

pH

Figure 61. Effect of pH on the silver(l) extraction efficiency of the ligand N,N"-
bis(2-benzylsulfanylethyl)malonamide 195.

The various starting materials, used for the construction of the malonamide ligands,
contain donor atoms and could, conceivably, act as ligands in their own right.
Consequently, for comparative purposes, their ability to extract silver(l) was also

examined; these results are reported in Table 24.
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Table 24. Datafor the extraction of silver(l) using malonamide ligand preaursors.®

Compound Extraction efficiency ® /%
Diethyl malonate 175 15
2-Ethanolamine 179 16
Mercaptoethanol 186 38
2-Methoxyethylamine 189 14
S-Benzylcysteamine 190 13
o-Anisidine 191 15
2-Methylsulfanylphenylamine 192 15
2-Methoxybenzylamine 193 22

& All extractions performed at pH 2.78 and at 25 °C with EtOAc and a ajueous olution containing

10 pm Agin a2.5x102 M NaNOs solution. ® Extraction efficiency determined by AAS analysis
after 15 min.

Table 24 reveals that, in most cases, the preaursors extract silver(l) with efficiencies
that are similar to or less than the respedive malonamide ligands of which they form
part. It is interesting to note the dficiency with which mercaptoethanol extrads

silver(l), asit isclealy the most efficient of all the preaursors.

The projed brief has been to design ligands which ot only extraa silver(l) efficiently
at low pH, but do s0 in the presence of certain base metals, viz., copper, lead, mercury
and gold. To test how selective these ligands were for silver(l) in a competitive
environment, extradion studies were performed using the malonamide ligands 180h,
195, 196, 197 and 208 in EtOAc and a mixed metal ion aqueous phase, containing
NaNO; (2.5 x 102 M) to maintain ionic strength and 10 pom of each of the following
metals: - &) silver (9.3 x 10> M); b) lead (4.8 x 10° M); ¢) mercury (5.0 x 10° M);
and d) copper (1.6 x 10* M). The ajueous smples were analyzed by Inductively
Coupled Plasma-Mass Spedroscopy (ICP-MS), with each metal ion being deteded as

two of its isotopes; the initial, overall results are ill ustrated in Figure 62.
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Figure 62. ICP-MS data for the extraction efficiency of the malonamide ligands for
the metals, copper, silver, mercury and lead: -

a) 2-Hexyl-N,N-bis(2-hydroxyethyl)malonamide 180h,

b) N,N’-bis(2-benzylsulfanylethyl)malonamide 195,

¢) N,N’-bis(2-methoxyphenyl)malonamide 196,

d) N,N’-bis(2-methylsulfanylphenyl)malonamide 197,

€) N,N’-bis(2-methoxybenzyl) malonamide 208.
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A number of problems with the initial ICP-M S data set were immediately apparent.

1 It is clearly evident from a comparison of Figure 62 and Table 23 that the
|CP-MS data for silver(l) do not correlate well with the AAS data.

2. With the exception of ligand 195, the ligands all appear to exhibit the same
trend in extraction efficiency, i.e. copper > silver > lead.

3. The mercury results show an increase in concentration with successive
analyses and were discounted due to the apparent build up of mercury on the
detector.

4, Careful investigation revealed that the ICP-MS results are severely influenced
by the presence of any organic solvent in the agueous phase - clearly a major
problem since the agueous phase was likely to be saturated with the organic

solvent during the extraction process.

To correct for these problems, the extraction experiments and ICP-MS analyses were
repeated, excluding mercury from the agueous phase and concentrating each aqueous
phase sample on a steam bath to remove all traces of the organic solvent; the samples
were then diluted to the appropriate volume prior to analysis. The results obtained are
illustrated in Figure 63, from which it is clearly evident that there is a radical
improvement in the ICP-MS data obtained, using this method. In fact, these ICP-MS

results for silver(l) are very similar to those obtained using AAS analysis.

In general, the malonamide ligands 180j, 196, 197 and 208 exhibit selectivity for
silver over copper and lead, but with relatively low extraction efficiencies. In striking
contrag are the results for the N,N’-bis(2-benzylsulfanylethyl)malonamide 195 -
clearly the best in the series of ligands studied.
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Figure 63. ICP-MS data for the extraction efficiency of the malonamide ligands for
the metals, copper, silver and lead: -

a) 2-heptyl-N,N"-bis(2-hydroxyethyl)malonamide 180 .

b) N,N’-bis(2-benzylsulfanylethyl)malonamide 195.

¢) N,N’-bis(2-methoxyphenyl)malonamide 196.

d) N,N’-bis(2-methylsulfanylphenyl)malonamide 197.

€) N,N’-bis(2-methoxybenzyl) malonamide 208.
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As can be seen from Figures 63 and 64, the ligand 195 exhibits remarkable
selectivity, extracting silver(l) with an efficiency of no less than 97 % for both
isotopes ( a result which correlates well with the previously obtained data by AAS
analysis), while copper(l1) and lead(11) are extracted with efficiency levels of only ca.
10 %! The malonamide 195, which contains two amide nitrogens and two alkyl

sulfur donors, is clearly a highly efficient silver(l)-specific ligand.
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Figure 64. ICP-MS isotope extraction results for the ligand N,N’-bis(2-
benzylsulfanylethyl)malonamide 195.
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2.6 Conclusions

The aim of this study was to develop a silver-specific ligand for the solvent extraction
of silver(l) from nitric acid media containing base metals. A search of the literature
revealed certain ligand characteristics necessary for silver(l) specificity, viz., soft
donor atoms (nitrogen and sulfur) and appropriate spacer groups. Certain ligands,
previously synthesised by the Rhodes group, appeared to contain these desired
features. Thus, a series of 3,6-dithiaoctanediamide derivatives were prepared by the
condensing acetanilides with 1,2-dibromoethane, and a series of propanenitrile and
propanoic ester derivatives were prepared from pyridine-2-carbaldehyde via the
Morita-Baylis-Hillman (MBH) reaction. The 3,6-dithiaoctanediamides, however,
proved too insoluble in organic solvents and formed emulsions during the extraction
studies, rendering them useless as extraction reagents for silver(l). The MBH-derived
ligands degraded rapidly in the presence of metals and, as a result, were not
investigated further.

Attention was consequently turned to the use of malonic esters and malonamides
which contained sulfur or oxygen donor aoms. A series of (2-
hydroxyethyl)malonamides were prepared by reacting substituted malonic esters with
ethanolamine, while a series of substituted malonamides were prepared from the
reaction of diethyl malonate and various primary amines. A novel method of
preparing the substituted malonamides was also developed, involving the use of
microwave irradiation. The application of microwave-assisted synthesis afforded the
target ligands rapidly and efficiently, with overall reaction times of 4.5 - 6 minutes,
compared to the 24 h or more required for classical thermal reactions.

The electron-impact mass spectral fragmentation patterns exhibited by the
malonamides 180j, 194, 195, 196, 197, 198, 207 and 208 were explored using high-
resolution MS and meta-stable peak scanning techniques. Significant differences
were apparent between the fragmentation patterns observed for the "alkyl-spacer”-
containing ligands and the "aromatic-spacer"-containing ligands. The former
fragmented to yield several common ion types, of which two were identified as

acylium ions. The "aromatic-spacer"-containing ligands fragmented along simpler



Discussion 124

pathways, to yield a number of common ion types, of which the most abundant was

the primary amino radical cation.

The use of computer modelling at the molecular mechanics level provided useful
insights into the coordination and solvent extraction potential of the ligands
synthesised. Given the underlying assumptions, conclusions based on such modelling
are necessarily tentative and, not surprisingly, there were discrepancies between the
predicted and experimentally observed properties. Copper(Il) and silver(l) complexes
of the malonamide ligands were synthesised but, unfortunately, none of the
complexes afforded material suitable for single crystal X-ray analysis. Consequently,
IR, NMR, MS and elemental analysis data were used, together with molecular

modelling, to propose structures for these complexes.

The metal extraction properties of the synthetic ligands were, of course, critical to the
overall success of the project, and solvent extraction studies revealed that several of
the malonamide ligands showed good selectivity towards silver(l) in the presence of
copper(ll) and lead(Il) a low pH. All of the ligand-metal systems studied were
shown to reach equilibrium within 5 minutes - an important property for a solvent
extraction system intended for industrial application. Of the malonamide ligands
examined, the N,N’-bis(2-benzylsulfanylethyl)malonamide 195 ligand emerged
clearly as the most efficient and selective ligand [> 97 % for silver(l)] over awide pH
range (2.5 - 9.0); the base metals were extracted with much lower efficiencies
[Cu(ll): 10 %; Pb(I1): 11 %]. This ligand system, which contains two amide nitrogen
and two sulfur donor atoms, appears to have significant potential for commercial

development.

Future research in this area is expected to include: -

0] conclusive elucidation of the structures of the silver(l) complexes 214 and
217, and the copper(I1) complexes 211, 212, 213, 215, 216 and 218;

(i) the synthesis of malonamide derivatives, similar to ligand 195 but containing
different spacer groups;

(iii)  the synthesis and investigation of dithiomalonamide derivatives, and

(iv)  refinement of the computer modelling methodology.
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3 Experimental

All reagents were purchased from Aldrich, Merck or Fluka and used without further
purification.

NMR spectra were recorded on a Bruker 400 MHz AV ANCE spectrometer at 303 K.
Chemical shifts are reported relative to the solvent peaks (&4 : 7.25 ppm for CDCl3
(CHCl3), 2.50 ppm for DMSO-ds (DMSO-ds); & : 77.0 ppm for CDCl3, 39.43 ppm
for DMSO-ds). IR spectra were recorded on a Perkin-Elmer FT-IR Spectrum 2000
spectrophotometer, using KBr discs, NaCl windows or a CaF; solution cell. The AAS
data were acquired on a Varian AA-1275 spectrophotometer at MINTEK, and a GBC
909AA spectrophotometer using an air-acetylene flame. The ICP-MS data were
obtained by the Metal Separations Group a the University of Port Elizabeth. Low-
resolution mass spectra were recorded on a Finnigan GCQ instrument, the high-
resolution mass spectra and FAB-MS spectra were recorded a the Cape Technikon
Mass Spectroscopy Unit. All melting points were determined on a Kofler hot-stage
and are uncorrected. Combustion analyses were obtained by Dr. Bencasa of the

Department of Chemistry at the University of Cape Town.

The microwave oven used in synthesis was an unmodified 1000 W DEFY domestic
multimode oven, operating at 2.45 GHz, with five power level settings.

107

The software programs Cerius’® 4.0 and PC Spartan Pro'® were used for the

computer modelling on a SGI O? and pentium |11 machines, respectively.
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3.1 Synthetic Procedures

3.1.1 Synthesis 3,6-dithiaoctanediamide-derived ligands

N-Phenyl-2-sulfanylacetanilide 149a"
L J
M _sn
N
H

A mixture of aniline (4.10 g, 44.0 mmol) and 2-sulfanylacetic ecid (3.93 g 42.6
mmol) was girred for 2 hours at 110-120 °C under a dry nitrogen atmosphere. The
mixture solidified on cooling and was crushed into a fine powder under H,O. The
powder was then filtered off, washed with dilute HCI and then with H,O, and dried in
vacuo. The powder was reaystallised from EtOH and washed with Et,O to afford, as
colourless crystals, N-phenyl-2-sulfanylacetanilide 149a (3.11 g, 57 %), mp 111°C
(from EtOH) (lit.,”® 110111 °C); (400 MHz; CDCl3) 2.02 (1H, t, J 9.2 Hz, SH),
3.38 (2H, d, J 9.2 Hz, CH,SH), 7.13 (1H, t, J 7.4 Hz, ArH), 7.33 (2H, t, J 7.9 Hz,
ArH), 7.53 (2H, d, J 7.9 Hz, ArH) and 850 (1H, br s, NH); mVz (El)167 (M", 60 %)
and 93(100.

N-(4-Methoxyphenyl)-2-sulfanylacetanilide 149b™®

0)
HSC/ \©\ 1
AhsH
H

The eperimental procedure described for the synthesis of N-phenyl-2-
sulfanylacetanilide 149a was followed, using 4methoxyanili ne (5.08g 41.3 mmol)
and 2-sulfanylacetic acid (3.74 g, 40.6 mmol). The aude product was reaystallised
from aqueous EtOH to afford, as grey plates, N-(4-methoxyphenyl)-2-
sulfanylacetanilide 149b (7.89 g, 99 %), mp 118°C (from EtOH) (lit.,”® 118.5-119.5
°C); &4(400MHz; CDCI3) 1.86 (1H,t,J 8.3 Hz, SH), 2.81 (2H, d, J 8.3 Hz, CH,SH),
3.29(3H, s, CH30) 6.34 (2H, m, ArH), 7.03(2H, m, ArH) and 9.26 (1H, br s, NH).
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N-(3-Chlorophenyl)-2-sulfanylacetanilide 149¢™
O
Cl NJ\/ )
H

The eperimental procedure described for the synthesis of N-phenyl-2-
sulfanylacetanilide 149a was followed using 3-chloroaniline (4.16 g 32.6 mmol) and
2-sulfanylacdic ecid (3.04 g 33.0 mmol) to afford, as a white solid, N-(3-
chlorophenyl)-2-sulfanylacdanilide 149c (6.20 g 93 %), mp 7273 °C (from EtOH)
(lit.,”® 70-73 °C); &;(400MHz; CDCl3) 2.09 (1H, t, J 9.2 Hz, SH), 3.11 (2H, d, J 9.2
Hz, CH,SH), 7.20-7.96 (4H, m, ArH) and 9.92 (1H, br s, NH).

N-(2-Chlorophenyl)-2-sulfanylacetanilide 149d"®

ci H

The eperimental procedure described for the synthesis of N-phenyl-2-
sulfanylacetanilide 149a was followed using 2-chloroaniline (5.55 g 43.5 mmol) and
2-sulfanylacdic acid (4.17 g 453 mmol). No predpitate formed on pouring the
mixture into cold water. The mixture was acidified by the addition of several drops of
conc. HCI and then extracted with CHClI3 (3x 30 ml). The combined CHCI; extracts
were washed with 10 % aqueous NaOH. The NaOH washings were aidified with 32
% HCI before being extraded with CHCl;. The combined CHCI3; extrads were dried
over anhyd. MgSO,, and the solvent was removed in vacuo to yield, as a white solid,
N-(2-chlorophenyl)-2-sulfanylacetanilide 149d (2.61 g, 29 %), mp 60 °C (from
CHCI3) (lit.,”® 56-59 °C); &,(400MHz; CDCl3) 2.08 (1H, t, J 9.3 Hz, SH), 3.48 (2H,
d, J 9.3 Hz, CH,SH), 7.09 (1H, t, J 7.6 Hz, ArH), 7.30 (1H, t, J 8.2 Hz, ArH), 7.41
(1H, d, J 8.0 Hz, ArH), 8.38 (1H, d, J 8.2 Hz, ArH) and 9.17 (1H, br s, NH).
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N-(2-Methylphenyl)-2-sulfanylacetanilide 14%"®

o)
CHz H

The eperimental procedure described for the synthesis of N-phenyl-2-
sulfanylacetanilide 149awas followed using 2methylaniline (3.68 g 34.3 mmol) and
2-sulfanylacdic acid (3.13 g 34.0 mmol) to afford, as a white powder, N-(2-
methylphenyl)2-sulfanylacetanilide 14% (5.29 g, 86 %), mp 91 T (from EtOH)
(lit.,”® 8891 °C); 44(400 MHz; CDCl3) 2.03 (1H, t, J 9.3 Hz, SH), 2.30 (3H, s,
CH3Ar), 3.43 (2H, d, J 9.3 Hz, CH,SH), 7.06-7.24 (3H, m, ArH), 7.89 (1H, d, J 8.0
Hz, ArH) and 851 (1H, br s, NH).

N-(2-Methoxyphenyl)-2-sulfanylacetanilide 14%®

o)
LA
0O H
HsC”

The eperimental procedure described for the synthesis of N-phenyl-2-
sulfanylacetanilide 149awas followed using 2-methoxylaniline (4.09 g 33.2 mmol)
and 2-sulfanylacetic acid (3.05 g, 33.2 mmol) to afford, as light grey solid, N-(2-
methoxylphenyl)-2-sulfanylacedanilide 149f (4.14 g, 63 %), mp 66 T (from EtOH)
(lit.,”® 64-66 °C); &4(400 MHz; CDCl3) 2.00 (1H, t, J 8.7 Hz, SH), 3.12 (2H, d, J 8.7
Hz, CH,SH), 3.61(3H, s, CH30), 6.70(3H, m, ArH), 7.93 (1H, d, J 7.3 Hz, ArH) and
8.77 (1H, br s, NH).

N,N’-Diphenyl-3,6-dithiaoctanediamide 150a"®
L 2,0
oS s
H H

A solution of N-phenyl-2-sulfanylacdanilide 149a (1.70 g, 10.2 mmol) and KOH
(0.57 g, 10 mmol) in MeOH (60 ml) was added dropwise to a stirred solution of 1,2-
dibromoethane (0.95 g, 5.1 mmol) in MeOH (20 ml). The mixture was girred at
room temperature for 24 h; H,O (30 ml) was then added and the MeOH evaporated in
vacuo. The residual agueous lution was extraded with EtOAc (3x 30 ml). The
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combined EtOAc extrads were dried over anhyd. MgSO, and the solvent was then
removed in vacuo. The residue was reaystallised from EtOH to yield, as white
crystals, N,N"-diphenyl-3,6-dithiaoctanediamide 150a(1.02 g, 56%), mp 159161 °C
(from EtOH) (lit.,”® 150152 °C); Vma(KBr)/cm™ 3295(NH) and 1660(CO); (400
MHz; DMSO-dg) 2.91 (4H, s, SCH,CH,), 3.34 (4H, s, COCH,S), 7.05 (2H, t, J 7.3
Hz, ArH), 7.30 (4H, t, J 7.8 Hz, ArH), 7.57 (4H, d, J 7.8 Hz, ArH) and 1005 (2H, br
s, NH); (100 MHz; DMSO-dg) 31.5 (C-4 and C-5), 35.2 (C-2 and C-7) 1191,
1233, 1286 and 1388 (ArC) and 1679 (CO); m/z (El) 360 (M*, 12 %) and 120
(200).

N,N’-Bis(4-methoxyphenyl)-3,6-dithiaoctanediamide 150"

H3C/O\©\ 0 0 ©/O\CH3
NJ\/S us\)J\N
H H

The eperimental procedure described for the synthesis of N,N’-diphenyl-3,6-
dithiaoctanediamide 150a was followed, using N-(4-methoxyphenyl)-2-
sulfanylacetanilide 14% (5.36 g, 27.2 mmol), 1,2-dibromoethane (2.54 g 13.5 mmol)
and KOH (1.71 g 30.6 mmol). The residue was reaystallised from EtOH-H,0 to
afford, as light grey crystals, N,N’-bis(4-methoxyphenyl)-3,6-dithiaoctanediamide
150 (4.66 g, 82 %), mp 180182 °C (from EtOH-H,O) (lit.,”® 163-165 °C):;
Vmax(KBr)/em™ 3304 (NH) and 1659(CO); (400 MHz; DMSO-ds) 2.90 (4H, s,
SCH,CH,), 3.31 (4H, s, COCH,S), 3.71 (6H, s, OCH3), 6.87 (4H, d, J 9.0 Hz, ArH),
7.47 (4H, d, J 9.0 Hz, ArH) and 9.99 (2H, br s, NH); (100 MHz; DMSO-ds) 31.5
(C-4 and C-5), 35.1 (C-2 and C-7), 55.0 (OCH3), 1138, 120.6, 1320 and 1552 (ArC)
and 1674 (CO); m/z (El) 420 (M", 27 %) and 223(100).

N,N’-Bis(3-chlorophenyl)-3,6-dithiaoctanediamide 150c®

S0

The eperimental procedure described for the synthesis of N,N’-diphenyl-3,6-
dithiaoctanediamide  150a was followed, using N-(3-chlorophenyl)-2-
sulfanylacetanilide 149 (3.19 g, 15.8 mmol), 1,2-dibromoethane (1.45 g 7.7 mmol)
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and KOH (1.05 g 18.6 mmol). The resulting aqueous phase was extraded using
CHCI3 (3x 30 ml), and the combined CHCI3; extrads were washed with 10% aqueous
NaOH before drying over anhyd. MgSO,. The solvent was evaporated in vacuo, and
the yellow residue was reaystallised from EtOH-H,0 to yield, as fine yellow needles,
N,N’-bis(3-chlorophenyl)-3,6-dithiaoctanediamide 150c (1.63 g, 49 %), mp 137139
°C (from EtOH) (lit.,”® 114117 °C); Vma(KBr)lcm* 3390 (NH) and 1665 (CO);
3:(400 MHz; DMSO-dg) 2.90 (4H, s, SCH,CHy), 3.44 (4H, s, COCH,S), 7.11 (2H, d,
J 7.9 Hz, ArH), 7.33 (2H, t, J 8.0 Hz, ArH), 7.42 (2H, d, J 8.2 Hz, ArH), 7.79 (2H, s,
ArH) and 1025 (2H, br s, NH); &(100 MHz; DMSO-dg) 31.4 (C-4 and C-5), 35.2
(C-2 and C-7), 117.4, 1185, 1230, 130.3, 1330 and 1403 (ArC) and 1683 (CO); m/z
(El) 428 (M*, 10%) and 228(100).

N,N’-Bis(2-chlorophenyl)-3,6-dithiaoctanediamide 15042

@gﬁv Susvﬁg@

The eperimental procedure described for the synthesis of N,N’-diphenyl-3,6-
dithiaoctanediamide  150a was followed, using N-(2-chlorophenyl)-2-
asulfanylacetanilide 149d (2.39g, 11.9 mmol), 1,2-dibromoethane (1.20 g, 6.4 mmol)
and KOH (0.73 g 13 mmol). The aude product was reaystallised from EtOH to
afford, as white aystals, N,N’-bis(2-chlorophenyl)-3,6-dithiaoctanediamide 150d
(1.68 g, 61 %), mp 169172 °C (from EtOH) (lit.,”® 165167 °C); Vma(KBr)/cm™
3401 (NH) and 1656(CO); (400 MHz; DMSO-ds) 2.93 (4H, s, SCH,CH,), 3.47
(4H, s, COCH,S), 7.19 (2H, t, J 7.7 Hz, ArH), 7.32 (2H, t, J 7.7 Hz, ArH), 7.49 (2H,
d, J8.0 Hz, ArH), 7.76 (2H, d, J 7.9 Hz, ArH) and 9.65 (2H, br s, NH); (100 MHz;
DMSO-dg) 31.4 (C-4 and C-5), 34.6 (C-2 and C-7), 125.4, 1259, 126.2, 127.3, 129.3
and 1345 (ArC) and 1682 (CO); m/z (El) 428(M", 6 %) and 228(100).
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N,N’-Bis(2-methyl phenyl)-3,6-dithiaoctanediamide 150"

o) o)
Q\NJK/ . /SJNQ
CHs H H  CH,

The eperimental procedure described for the synthesis of N,N’-diphenyl-3,6-
dithiaoctanediamide  150a was followed, using N-(2-methylphenyl)-2-
sulfanylacetanilide 14% (2.69 g, 14.8 mmol), 1,2-dibromoethane (1.47g, 7.8 mmol)
and KOH (0.97 g 17 mmol). The aude product was reaystallised from EtOH to
afford, as a white powder, N,N-bis(2-methylphenyl)-3,6-dithiaoctanediamide 150e
(158 g, 52 %), mp 189192 °C (from EtOH) (lit.,”® 176178 °C); Vma(KBr)/cm™
3392(NH) and 1659(CO); 34(400 MHz; DMSO-ds) 2.20 (6H, s, CHs), 2.94 (4H, s,
SCH,CH,), 3.39 (4H, s, COCH,S), 7.06-7.22 (6H, m, ArH), 7.40 (2H, d, J 7.7 Hz,
ArH) and 941 (2H, br s, NH); d(100MHz; DMSO-ds) 17.6 (CH3), 31.5 (C-4 and C-
5), 34.6 (C-2 and C-7), 1247, 125.1, 1258, 130.2, 131.5 and 1359 (ArC) and 1679
(CO); m/z (El) 388(M"*, 14%) and 207(100).

N,N’-Bis(2-methoxyphenyl)-3,6-dithiaoctanediamide 150"

o) o)
@NJ@“ Qk@
o H H o
HsC” “CHj

The eperimental procedure described for the synthesis of N,N’-diphenyl-3,6-
dithiaoctanediamide 150a was followed, using N-(2-methoxyphenyl)-2-
asulfanylacetanilide 149 (2.98 g, 15.1 mmol), 1,2-dibromoethane (1.62 g, 8.6 mmol)
and KOH (1.00 g 17.9 mmol). The aude product was reaystallised from aqueous
EtOH to afford, as a light grey powder, N,N-bis(2-methoxyphenyl)-3,6-
dithiaoctanediamide 150F (2.73 g 86 %), mp 1406143 °C (from EtOH) (lit.,”® 137-140
°C); Vma(KBr)/em™ 3394(NH) and 1660(CO); (400 MHz; DMSO-dg) 2.90 (4H,
s, 2x SCH,CH,), 3.47 (4H, s, COCH,S), 3.81 (6H, s, OCH3), 6.90 (2H, t, J 6.8 Hz,
ArH ), 6.88-7.10 (4H, m, ArH), 7.97 (2H, d, J 7.9 Hz, ArH) and 933 (2H, br s, NH);
&c(100MHz; DMSO-ds) 315 (C-4 and C-5), 35.0 (C-2 and C-7), 56.0 (OCH3), 111.0,
1202, 121.2, 124.3, 1269 and 1493 (ArC) and 1678 (CO); m'z (El) 420 (M" 8 %),
223(100.
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3.1.2 Synthesisof Morita-Baylis-Hillman products

2-[Hydroxy(pyridin-2-yl)methyl]acrylonitrile 166a%*
— OH
\ N/ /) C=N

A solution of pyridine-2-carbaldehyde (4.06 g, 37.9 mmol), acrylonitrile (2.16 g, 40.8
mmol), and 1,4-diazabicyclo[2.2.2]octane (DABC0)(0.188 g, 1.7 mmol) in CHCI;
(10 ml) was stirred for 3 days. The solvent was removed in vacuo and the crude
product purified by flash chromatography [elution with EtOAc-hexane (40:60)] to
yield, as an orange oil, 2-[hydroxy(pyridin-2-yl)methyl]acrylonitrile 166a (5.34 g, 88
%); (400 MHz; CDCl3) 5.25 (1H, s, CHOH), 5.55 (1H, s, OH), 5.95 and 6.11 (2H,
2xs, C=CHy), 7.23 (1H, t, J5.0 Hz, ArH), 7.40 (1H, d, J 7.9 Hz, ArH), 7.71 (1H, t, J
7.7 Hz, ArH) and 8.48 (1H, d, J 5.7 Hz, ArH); (100 MHz; CDCl3) 73.1 (CHOH),
116.5 (CN), 121.0 and 123.4 (ArC), 125.5 (C=CH,), 130.9 (C=CH,), 137.3, 148.2 and
156.6 (ArC).

Methyl 2-[hydroxy(pyridin-2-yl)methyl]acrylate 166b™

— OH
/) O_CH3
\ N
o)

The method used to synthesise 2-[hydroxy(pyridin-2-yl)methyl] acrylonitrile 166a was
followed using pyridine-2-carbaldehyde (3.81 g, 35.6 mmol), methyl acrylate (3.23 g,
38.3 mmol) and DABCO (0.21 g, 1.9 mmol). The solvent was removed in vacuo and
the crude product purified by flash chromatography [elution with EtOAc-hexane
(40:60)] to yield, as a yellow oil, methyl 2-[hydroxy(pyridin-2-yl)methyl]acrylate
166b (6.42 g, 93 %); &4(400 MHz; CDCl3) 3.61 (3H, s, CH30), 5.03, (1H, d, J 5.2
Hz, CHOH), 5.55 (1H, d, J 3.9 Hz, OH), 5.88 and 6.26 (2H, 2 x s, C=CH,), 7.09 (1H,
t, J 6.9 Hz, ArH), 7.33 (1H, d, J 7.9 Hz, ArH), 7.57 (1H, t, J 7.7 Hz, ArH) and 8.44
(1H, d, J 4.8 Hz, ArH); (100 MHz; CDCl3) 51.5 (CH30), 71.9 (CHOH), 121.1 and
122.4 (ArC), 126.4 (C=CH,), 136.6 (ArC), 141.6 (C=CH,), 148.1 and 159.6 (ArC)
and 166.3 (CO).
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2-[ Acetoxy(pyridin-2-yl)methyl]acrylonitrile 167a%

O

A mixture of 2-[hydroxy(pyridin-2-yl)methyl]aaylonitrile 166a (4.09 g, 25.5 mmol)
and acdic anhydride (13.25 g) was heaed in a round-bottomed flask at 100 °C for 0.5
h. The mixture was cooled and poured into a NaHCOgs-ice slurry, and stirring
continued for a further 0.5 h. The mixture was then basified with 1IM-NaOH and
extraded with Et,O (3 x 30 ml). The Et,O extrads were mmbined, washed with
agueous NaHCO; and then dried over anhyd. MgSO,. The solvent was removed in
vacuo and the aude product purified by flash chromatography [elution with EtOAc-
hexane (70:30)] to vyield, as an orange oil, 2-[acdoxy(pyridin-2-
yl)methyl]aaylonitrile 167a (2.65 g, 51 %); J&4(400 MHz;, CDCl3) 2.14 (3H, s,
CH3CO), 6.13and 6.16 (2H, 2 x s, C=CH,), 6.37 (1H, s, CHOAc), 7.27 (1H,d, J 7.5
Hz, ArH), 7.40(1H, d, J 7.7 Hz, ArH), 7.75 (1H, t, J 7.7 Hz, ArH) and 857 (1H, d, J
5.1 Hz, ArH); (100 MHz; CDCI3) 20.9 (CH3CO), 75.7 (CHOAC), 1161 (CN),
1210 (ArC), 1216 (C=CHy), 123.7 (ArC), 133.7 (C=CH,), 137.3, 149.6 and 1549
(ArC) and 1692 (CO).

Methyl 2-[acetoxy(pyridin-2-yl)methyl]acrylate 167b®4

— O
0

\N///
O_

The method used to synthesise 2-[acdoxy(pyridin-2-yl)methyl]acrylonitrile 167a was
followed using methyl 2-[hydroxy(pyridin-2-yl)methyllaaylate 166b (4.34 g, 22.8
mmol) and acdic anhydride (22 ml) to yield, as an orange oil, methyl 2-
[acdoxy(pyridin-2-yl)methyl]aaylate 167b (2.45 g, 46 %); J&4(400 MHz; CDCly)
2.12 (3H, s, CH3CO), 3.67 (3H, s, CH30), 5.92 and 6.45 (2H, 2x s, C=CH,), 6.70
(1H, s, CHOAC), 7.18(1H,t,J 7.7 Hz, ArH), 7.41(1H, d, J 7.8 Hz, ArH), 7.65 (1H, t,
J 7.8 Hz, ArH) and 855(1H, d, J 5.2 Hz, ArH); &(100MHz; CDCl3) 20.6 (CH3CO),
515 (CH30), 73.7 (CHOAC), 1223 and 1226 (ArC), 126.5 (C=CH), 136.2 (ArC),
1387 (C=CH,), 1496 and 1569 (ArC) and 1643, 169.2 (CO).
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3-Hydroxy-2-(methylsulfanylmethyl)-3-(pyridin-2-yl)propanenitrile 168a®

OH

2-[Hydroxy(pyridin-2-yl)methyl] acrylonitrile 166a (2.65 g, 16.5 mmol) and THF (5
ml) were placed in a three-necked, round-bottomed flask, fitted with scrubbers.
Aqueous NaSMe (21%, 4.5 ml) was added dropwise over a five-minute period, and
the resulting mixture was stirred for 0.5 h before being extracted with EtOAc (3 x 30
ml). The combined extracts were washed with satd. brine and dried over anhyd.
MgSQO,, and the solvent was removed in vacuo. The crude product was purified by
flash chromatography [elution with EtOAc-hexane (80:20)] to yield, as a yellow oail,
3-hydroxy-2-(methylsulfanylmethyl)-3-(pyridin-2-yl)propanenitrile 168a (2.75 g, 80
%):  J&4(400 MHz; CDCl3) 2.00/2.07° (3H, s, CH3S), 2.60 (2H, m, CHCH,S), 2.82
(1H, m, CHCN), 4.54 (1H, m, OH), 4.89 (1H, m, CHOH), 7.21 (1H, m, ArH), 7.44
(AH, m, ArH), 7.71 (1H, m, ArH), 8.44 (1H, m, ArH); &(100 MHz; CDCl3) 16.0
(CH3S), 32.5 (CH,SCH3), 40.7 (CHCN), 71.2 (CHOH), 118.9 (CN), 121.2, 1234,
137.0, 149.1 and 157.3 (ArC).

3-Hydroxy-2-(methoxymethyl)-3-(pyridin-2-yl)propanenitrile 168b%

OH

A methanolic solution of NaOMe (0.1 M, 130 ml) was added to a solution of 2-
[hydroxy(pyridin-2-yl)methyl]acrylonitrile 166a (2.04 g, 12.7 mmol) in THF (5 ml)
and the resulting mixture was stirred for 1 h. The solvent was removed in vacuo and
the product extracted into EtOAc (3x 30 ml). The combined extracts were washed
with satd. brine and dried over anhyd. MgSO,. The solvent was removed in vacuo
and the crude product purified by flash chromatography [elution with EtOAc-hexane
(80:20)] to yield, as an orange oil, 3-hydroxy-2-(methoxymethyl)-3-(pyridin-2-
yl)propanenitrile 168b (2.22 g, 90 %); A4(400 MHz; CDCI3) 3.24 (1H, m, CHCN),
3.38/3.41 (3H, s, CH30), 3.67 (2H, m, CHCH0), 4.43 (1H, m, OH), 4.92 (1H, m,

8 Chemical shiftsreported in this format, here and el sewhere, reflect the signals for the diastereomeric
components.
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CHOH), 7.23 (1H, m, ArH), 7.43 (1H, m, ArH), 7.72 (1H, m, ArH) and 8.51 (1H, m,
ArH); &(100 MHz; CDCl3) 40.0 (CHCN), 59.0 (CH50), 69.3 (CHCH,0), 70.4
(CHOH), 118.1 (ArC), 120.8 (CN), 123.3, 137.1, 148.5 and 157.7 (ArC).

3-Hydroxy-2-[ (pyrrolidin-1-yl)methyl]-3-(pyridin-2-yl)propanenitrile 168c

OH
4N

"D

A solution of 2-[hydroxy(pyridin-2-yl)methyl]acrylonitrile 166a (1.62 g, 10.0 mmol)
and pyrrolidine (0.81 g, 11 mmol) in THF (5 ml) was stirred for 2 days. The crude
product (2.28 g) was purified by flash chromatography [elution with EtOAc-hexane
(80:20)] to yield, as a red oil, 3-hydroxy-2-[(pyrrolidin-1-yl)methyl]-3-(pyridin-2-
yl)propanenitrile 168c (0.51 g, 22 %), (Found: MH®, 232.144897. Ci3H1sNsO
requires M+1, 232.14487.); Vma(NaCl)/em™ 3242 (OH) and 2243 (CN): &4(400
MHz; CDCl3) 1.79 (4H, m, CH,CH,N), 2.65 (4H, m, CH,CH,N), 2.86 (2H, m,
CHCHN), 3.21 (1H, m, CHCN), 3.39(1H, m, OH), 5.08 (1H, m, CHOH), 7.22 (1H,
m, ArH), 7.56 (1H, m, ArH), 7.74 (1H, m, ArH) and 8.54 (1H, m, ArH); (100
MHz; CDCI3) 23.5 (CH,CH2N), 36.0 (CHCN), 54.4 (CH,CH,N), 55.5 (CHCH,N),
75.2 (CHOH), 119.3 (CN), 121.1, 122.7, 136.9, 148.9 and 159.0 (ArC); nmvz (El) 132
(M*, 1.7 %) and 109 (100).

=
X

3-Hydroxy-2-[ (piperidin-1-yl)methyl]-3-(pyridin-2-yl)propanenitrile 168d

OH
4N

~ I

N N/\:>
The method used to synthesise 3-hydroxy-2-[(pyrrolidin-1-yl)methyl]-3-(pyridin-2-
yl)propanenitrile 168c was followed using 2-[hydroxy(pyridin-2-
yl)methyl]acrylonitrile 166a (1.59 g, 9.9 mmol) and piperidine (1.00 g, 11.7 mmol) to
yield, asared oil, 3-hydroxy-2-[ (piperidin-1-yl)methyl]-3-(pyridin-2-yl) propanenitrile
168d (2.09 g, 86 %), (Found: MH+, 246.160648. Ci4H20N3O requires M+1,
246.160637.); Vmx(NaCl)/cm™* 3183 (OH) and 2243 (CN); &4(400 MHz; CDCl3)
1.40 (2H, m, CH,CH,CH,), 1.56 (4H, m, CH,CH,N), 2.45 (4H, m, CH,CH,N), 2.68
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(2H, m, CHCH,N), 2.81 (1H, m, CHCN), 3.34 (1H, m, OH), 5.03 (1H, m, CHOH),
7.19 (1H, m, ArH), 7.53 (1H, m, ArH), 7.69 (1H, m, ArH) and 8.52 (1H, m, ArH);
&(100 MHz; CDCls) 23.7 (CH,CH,CH,), 25.9 (CH,CH.N), 355 (CHCN), 55.1
(CH,CH,N), 58.7 (CHCH,N), 74.8 (CHOH), 119.2 (CN), 121.1, 123.0, 136.9, 148.8
and 159.0 (ArC); mvz (El) 246 (M*, 1.7 %) and 109 (100).

Methyl-3-hydroxy-2-(methylsulfanylmethyl)-3-(pyridin-2-ylmethyl)propanate 168e™

OH O

The method used to synthesise 3-hydroxy-2-(methylsulfanylmethyl)-3-(pyridin-2-
yl)propanenitrile 168a was followed using 2-[hydroxy(pyridin-2-
yl)methyl] methylacrylate 166b (1.19 g, 6.1 mmol) and NaSMe (21 % soln., 1.9 ml) to
yield, as a yellow oil, methyl-3-hydroxy-2-(methylsulfanylmethyl)-3-(pyridin-2-
yl)propanate 168e (0.811 g, 52 %); J4(400 MHz; CDCl3) 1.80/1.84 (3H, s, CH3S),
2.42-2.75 (2H, m, CHCH,S), 2.96-3.04 (1H, m, CHCO), 3.39/3.40 (3H, s, CH30),
4.52 (1H, s, OH), 4.81/4.86 (1H, s, CHOH ), 7.00 (1H, m, ArH), 7.19 (1H, m, ArH),
7.49 (1H, m, ArH) and 8.30 (1H, m, ArH); (100 MHz; CDCI3) 16.4/16.8 (CHsS),
32.5/33.6 (CH,SCHj3), 40.7/40.9 (CHCO), 51.2/52.3 (CH30), 70.4/71.6 (CHOH),
117.4/118.2, 120.9/121.6, 131.1/132.6, 136.9/137.5 and 148.7/149.8 (ArC) and
169.0/169.2 (CO).

Methyl-3-hydroxy-2-methoxymethyl-3-(pyridin-2-yl)propanate 168f*°

OH O

The method wused to synthesise 3-hydroxy-2-methoxymethyl-3-pyridin-2-
ylpropanenitrile 168a was followed using methyl 2-[hydroxy(pyridin-2-yl)methyl]
acrylate 166b (1.94 g, 10.0 mmol) and methanolic NaOMe (0.1 M, 104 ml) to yield,
as an orange oil, methyl 3-hydroxy-2-methoxymethyl-3-(pyridin-2-yl)propanoate
168f (0.673 g, 28 %); A4(400 MHz; CDCl3) 3.08/3.11 (3H, s, CH30CH,), 3.17/3.43
(1H, m, CHCO), 3.52-3.63 (2H, m, CHCH0), 3.66/3.75 (3H, s, CH3;0CO), 4.43/4.52
(1H, s, OH), 5.04/5.06 (1H, s, CHOH), 7.11 (1H, m, ArH), 7.32 (1H, m, ArH), 7.62
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(1H, m, ArH) and 8.44 (1H, m, ArH); &(100 MHz; CDCls) 51.4/52.0 (CH3O),
58.7/58.8 (CHsOCH,), 70.0/70.6 (CHCH,O), 72.0/72.3 (CHOH), 82.2/82.8
(CHCOCHs), 120.8/121.6, 122.4/122.9, 136.2/136.9, 148.4/149.1 and 158.7/160.0
(ArC) and 172.4/172.6 (CO).

Methyl-3-hydroxy-2-[(pyrrolidin-1-yl)methyl]-3-(pyridin-2-yl)propanate 168g

OH O

The method used to synthesise 3-hydroxy-2-[(pyrrolidin-1-yl)methyl]-3-(pyridin-2-
yl)propanenitrile 168c was followed using methyl 2-[hydroxy(pyridin-2-
yl)methyl]acrylate 166b (2.58 g, 13.3 mmol) and pyrrolidine (1.10 g, 15.5 mmol) to
yield, as an red oil, methyl-3-hydroxy-2-[ (pyrrolidin-1-yl)methyl]-3-(pyridin-2-
yl)propanate 168g (0.209 g, 5.6 %), (Found: MH", 265.155204. C14H,1N,O3 requires
M+1, 265.155218.); Vma(NaCl)/lcm™ 3360 (OH) and 1737 (CO); (400 MHz;
CDCl3) 1.76 (4H, m, CH,CH,H), 255 (4H, m, CH,CH,H), 2.80/3.11 (2H, m,
CHCHN), 3.30 (1H, m, CHCO), 3.55/3.61 (3H, s, CH30), 450 (1H, s, OH),
5.17/5.22 (1H, s, CHOH), 7.14 (1H, m, ArH), 7.46 (1H, m, ArH), 7.66 (1H, m, ArH)
and 849 (1H, m, ArH); &(100 MHz, CDCIl3) 235 (CH,CH:N), 48.6/49.5
(CH,CH2N), 51.6 (CHCOCH3), 54.2/54.4 (CH3CO), 56.8 (CHCH,N), 74.9 (CHOH),
120.8/121.6, 122.1/122.4, 136.3/136.5, 148.5/148.7 and 161.3 (ArC) and 172.6/172.8
(CO); m/z(El) 265 (M™, 0.6 %), 156 (100).

Methyl-3-hydroxy-2-[ (piperidin-1-yl)methyl]-3-(pyridin-2-yl) propanate 168h

OH O
MO/
N

The method used to synthesise methyl-3-hydroxy-2-[(piperidin-1-yl)methyl]-3-
(pyridin-2-yl)propanenitrile 168d was followed using methyl 2-[hydroxy(pyridin-2-
yl)methyl]acrylate 166b (2.67 g, 13.8 mmol) and piperidine (1.38 g, 16.0 mmol) to
yield, as an red oil, methyl-3-hydroxy-2-[ (piperidin-1-yl)methyl]-3-(pyridin-2-
yl)propanate 168h (0.321 g, 8.0 %), (Found: MH+, 279.170822. C;5H,3N,03 requires
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M+1, 279.170868.); Vmx(NaCl)/cm™ 3195 (OH) and 1737 (CO); 4(400 MHz;
CDCls) 1.41 (2H, m, CH,CH,CH,), 1.57 (4H, m, CH,CH,N), 2.27-2.55 (4H, m,
CH,CH,N), 2.70/3.02 (2H, m, CHCHN), 3.12/3.50 (1H, m, CHCO), 3.52/3.64 (3H,
2x s, CH30), 450 (1H, s, OH), 5.13/5.26 (1H, s, CHOH), 7.15 (1H, m, ArH),
7.40/7.46 (1H, 2x m, ArH), 7.66 (1H, m, ArH) and 8.50 (1H, m, ArH); (100 MHz;
CDCls) 23.9/24.0 (CH,CH,CH,), 25.9/26.0 (CH,CH,N), 46.4/47.7 (CHCO), 51.6
(CHsCO), 54.7 (CH,CH:N), 56.9/60.3 (CHCH,N), 752 (CHOH), 120.7/121.2,
122.0/122.6, 136.2/136.5, 148.6/148.7 and 161.2/161.6 (ArC) and 172.5/172.6 (CO);
m/z (E1) 279 (M, 2.1 %), 189 (100).

2-Methylsulfanylmethyl-3-(pyridin-2-yl)acrylonitrile 172a*®

4N
sad
N

S/

Method (a). 2-[Acetoxy(pyridin-2-yl)methyl]acrylonitrile 167a (1.04 g, 5.56 mmol)
and THF (5 ml) were placed in a three necked round bottomed flask, fitted with
scrubbers. A solution of NaSMe (21 % soIn., 2.3 ml) was added dropwise to the
mixture over a five-minute period. The resultant mixture was stirred for 0.5 h and
then extracted with EtOAc (3x 30 ml), washed with brine, and dried over anhyd.
MgSO,. The solvent was removed in vacuo and the crude product was then purified
by flash chromatography (EtOAc-hexane 80:20) to yield, as an yellow oil, 2-
methylsulfanylmethyl-3-(pyridin-2-yl)acrylonitrile 172a (0.48 g, 49 %); &4(400 MHz;
CDCl3) 2.06 (3H, s, CH3S), 4.59 (2H, s, CH,SCHg), 7.23 (1H, t, ArH), 7.44 (1H, d,
ArH), 7.65 (1H, s, HC=C), 7.72 (1H, t, ArH) and 8.65 (1H, d, ArH); (100 MHz;
CDCl3) 14.0 (CH3S), 20.6 (CH,SCH3), 116.9 (CN), 122.3 (ArC), 124.6 (ArC), 136.7
(C=CH), 136.7, 136.9, 149.8 (ArC) and 156.3 (C=CH).

Method (b). A mixture of 3-hydroxy-2-(methylsulfanylmethyl)-3-(pyridin-2-
yl)propanenitrile 168a (0.4 g, 2.0 mmol) and p-toluenesulfonic acid (pTSA) (0.5 g,
3.0 mmol) were refluxed for 4 hin benzene (20 ml) in athree necked round bottomed
flask, fitted to Dean-Stark apparatus. The mixture was allowed to cool, and the
solvent removed in vacuo. *H NMR spectroscopic analysis of the crude product

revealed only starting material present.
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Methyl 2-methylsulfanylmethyl-3-(pyridin-2-yl)acrylate 172e™

The method used to synthesise 2-methylsulfanylmethyl-3-(pyridin-2-yl)acrylonitrile
172a was followed using methyl 2-[acetoxy(pyridin-2-yl)methyl]acrylate 167b (1.18
g, 5.1 mmol) and NaSMe (21 % soin., 2.3 ml) to yield, as an yellow oil, methyl 2-
methylsulfanylmethyl-3-(pyridin-2-yl)acrylate 172e (1.05 g, 93 %); o4(400 MHz;
CDCl3) 1.99 (3H, s, CH3S), 3.81 (3H, s CH30), 4.22 (2H, s, CH,SCH3), 7.16 (1H, t,
ArH), 7.34 (1H, d, ArH), 7.56 (1H, s, HC=C), 7.65 (1H, t, ArH) and 8.61 (1H, d,
ArH); &(100 MHz; CDCIl3) 14.1 (CH3S), 15.1 (CH30), 28.8 (CH,SCH3), 122.5
(ArC), 126.5 (ArC), 133.2 (C=CH), 136.3, 136.5, 149.2 (ArC), 154.2 (C=CH) and
168.0 (CO).

Attempted synthesis of Methyl 2-methoxymethyl-3-(pyridin-2-yl)acrylate 172f*

Methyl 2-[acetoxy(pyridin-2-yl)methyl]acrylate 167b (1.979 g, 8.48 mmol) in THF (5
ml) was stirred with methanolic NaOMe (0.1 M, 104 ml) for 1 h. The solvent was
removed in vacuo, and *H NMR spectroscopy of the crude product indicated the
formation of a complex mixture, which could not be readily purified by flash
chromatography.

Attempted synthesis of Methyl-3-(pyridin-2-yl)-2-[(pyrrolidin-1-yl)methyl]acrylate
1729

Methyl 2-[acetoxy(pyridin-2-yl)methyl]acrylate 167b (2.10 g, 9.00 mmol) in THF (5
ml) was stirred with pyrrolidine (0.70 g, 9.86 mmol) for 2 days. The solvent was
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removed in vacuo, and *H NMR spectroscopy of the crude product indicated the
formation of a complex mixture, which could not be readily purified by flash
chromatography.

Attempted synthesis of Methyl 2-(piperidin-1-yl)methyl-3-(pyridin-2-yl)acrylate
1729

O
26
= N '\O

Methyl 2-[acetoxy(pyridin-2-yl)methyl]acrylate 167b (1.99 g, 8.52 mmol) in THF (5
ml) was stirred with piperidine (0.84 g, 9.81 mmol) for 2 days. The solvent was
removed in vacuo, and *H NMR spectroscopy of the crude product indicated the
formation of a complex mixture, which could not be readily purified by flash
chromatography.
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3.1.3 Synthesisof malonamide ligands
3.1.3.1 Substituted malonic esters

Diethyl methylmalonate 177a"

AO)HAKOA

Diethyl malonate 175 (7.33 g, 45.3 mmol) was added to ethanolic NaOEt [generated
in situ by reading sodium (1.1 g, 48 mmol) with dry EtOH (60 ml)], and the resulting
mixture was boiled under reflux for 2 h under dry nitrogen. Methyl iodide (6.39 g
45.0 mmol) was then added dropwise and the mixture was boiled for a further hour.
On cooling, water (50 ml) was added, and the resulting mixture was extraded with
Et,O (3 x 50 ml). The Et,O extrads were mmbined, washed with brine and dried
over anhyd. MgSO,. The solvent was evaporated in vacuo to obtain the aude product
(7.18 g, 92 %), which was then distilled in vacuo using a fradionating column to
yield, as a wlourlessoil, diethyl methylmalonate 177a (5.10 g, 65 %), bp 104107 °C
/ ca. 20 mmHg (lit.,**%¥ 198199 °C), (Found: M*, 174.0887. CgH140. requires M,
1740892); Vma(NaCl)em® 1732 (CO); 3;(400 MHz; DMSO-dg)" 1.18 (6H, t,
CH3CH0), 1.27 (3H, d, J 7.2 Hz, CH3CH), 3.53 (1H, q, J 7.2 Hz, CH3CH) and 4.53
(4H, m, CH3CH,0); d(100MHz; DMSO-dg)" 13.2 (CH3CH), 13.7 (CH3CH,0), 45.2
(CHsCH), 60.7 (CH3CH,0) and 1695 (CO); mVz (El) 174(M", 60 %), 148(100).

AOJ\ikOA

The experimental procedure described for the synthesis of diethyl methylmalonate
177a was followed, using ethyl iodide (7.08 g, 45.4 mmol). The aude product (7.18
0, 92 %) was digtilled in vacuo to yield, as a mlourless oil, diethyl ethylmalonate
177b (5.89 g, 70 %), bp 105107 °C / ca. 20 mmHg (lit. ***® 7577 °C / / 5 mmHg)
(Found: M, 188.1039 CgH1¢0. requires M, 1881048); Vima(NaCl)/cm™ 1732(CO):

Diethyl ethylmalonate 177b"®

T Shown by *H NMR spectroscopy to comprise amixture of the keto and enol tautomersin
DMSO-ds. The dted NMR datarefer to the mgjor, keto tautomer.
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34(400 MHz; DMSO-dg)' 0.88 (3H, t, J 7.4 Hz, CH3CH,CH), 1.18 (6H, t, J 7.2 Hz,
CH3CH,0), 1.79 (2H, m, CHsCH,CH), 3.36 (1H, t, J 7.4 Hz, CHsCH,CH) and 4.12
(4H, q, J 7.2 Hz, CH3CH,0);  &(100 MHz; DMSO-dg)" 112 (CH3CH,CH), 13.7
(CH3CH,0), 21.5 (CHsCH,CH), 52.4 (CHsCH,CH), 60.6 (CH3CH,O) and 1687
(CO); mVz (El) 188(M*, 31%), 132(100).

Diethyl isopropylmalonate 177d™

O O
/\D )‘:ﬁko/\

The experimental procedure described for the synthesis of diethyl methylmalonate
177a was followed, using isopropy! iodide (7.63 g, 44.9 mmol). The aude product
(7.57 g, 83 %) was digtilled in vacuo to yield, as a olourless oil, diethyl
isopropylmalonate 177d (6.07 g, 67 %), bp 116113° / ca. 20 mmHg (lit.,**® 100-112
°C / 21 mmHg) (Found: M7, 2021193 C;oH:g04 requires M, 202.1205);
Vma(NaCl)/em® 1735 (CO); 34400 MHz; DMSO-dg)" 0.94 (6H, d, J 6.7 Hz,
(CH3),CHCH), 1.18 (6H, t, J 7.1 Hz, CH3CH,0), 2.24 (1H, m, (CH3),CHCH), 3.19
(1H, d, J 8.3 Hz, (CH3),CHCH), and 4.14 (4H, q, J 7.2 Hz, CH3CH,0); &(100MHz;
DMSO-dg)" 137 (CHsCH,0), 19.7 [(CH3),CHCH], 27.9 [(CH3),CHCH], 57.9
[(CH3),CHCH], 60.5 (CH3CH,0) and 1680 (CO); mvz (El) 202 (M*, 37 %), 132
(100.

Diethyl propylmalonate 177d™

AOJ\&)A

The experimental procedure described for the synthesis of diethyl methylmalonate
177a was followed, using propyl iodide (7.66 g 45.0 mmol). The aude product (7.92
0, 87 %) was digtilled in vacuo to yield, as a olourless oil, diethyl propylmalonate
177d (6.59 g, 72 %), bp 112115 °C / ca. 20 mmHg (lit.,**” 111 °C / 23 mmHg)
(Found: M*, 202.1201 CyoH1g04 requires M, 202.1205); Vma(NaCl)/em™ 1732
(CO); 34(400 MHz; DMSO-dg)" 0.88 (3H, t, J 7.3 Hz, CH3CH,CH,), 1.18 (6H, t, J
7.0 Hz, CH3CH,0), 1.37 (2H, m, CH3CH,CH,), 1.74 (2H, m, CH,CH,CH), 3.42 (1H,



Experimental 145

t, J 7.5 Hz, CH,CH,CH) and 412 (4H, g, J 7.0 Hz, CHsCH,0);  &(100 MHz;
DMSO-dg)' 133 (CHsCH.CH.), 137 (CHsCH,0), 19.7 (CHsCH.CH,), 30.2
(CH,CH,CH), 50.8 (CH,CH,CH), 60.6 (CHsCH,0) and 1688 (CO); miz (El) 202
(M*, 33 %), 132 (100).

Diethyl (3-propenyl)malonate 177e"

N O%O/\
=

The experimental procedure described for the synthesis of diethyl methylmalonate
177a was followed, using 3bromopropene (5.44 g 44.9 mmol). The aude product
(8.21 g, 91 %) was digtilled in vacuo to yield, as a wlourless oil, diethyl (3-
propenyl)malonate 177e (5.77 g, 64 %), bp 169171 °C / ca. 20 mmHg (lit.,"* 104-
105 °C / 5 mmHg) (Found: M*, 2000968. CioH160, requires M, 200.0970.);
Vma(NaCl)/em? 1732 (CO);  44(400 MHz; DMSO-dg)" 1.18 (6H, t, J 7.1 Hz,
CH3CH0), 251 (2H, d, J 7.4 Hz, CH,=CHCH,), 3.54 (1H, t, J 7.4 Hz, CH,CH),
413 (4H, g, J 7.1 Hz, CH3CH,0), 5.06 (2H, m, CH,=CH) and 574 (1H, m,
CH,=CH);  &(100 MHz; DMSO-ds)' 137 (CHsCH,0), 32.2 (CH,CH), 50.6
(CH,CH), 60.7 (CH3CH,0), 117.2 (CH,=CH), 134.2 (CH,=CH) and 1683 (CO); nVz
(El) 201 (M* 100%) 127 (35).

Diethyl butylmalonate 177"

The experimental procedure described for the synthesis of diethyl methylmalonate
177a was followed, using butyl iodide (8.28 g 45.0 mmol). The aude product (9.07
0, 93 %) was distilled in vacuo to yield, as ared oil, diethyl butylmalonate 177f (7.99
g, 82 %), bp 128132 °C / ca. 20 mmHg (lit.,**™9 235240 °C), (Found: M*,
216.136Q C;1H,004 requires M, 216.1361); Vma(NaCl)/cm™ 1733 (CO); &4(400
MHz; DMSO-dg)" 0.85 [3H, t, J 7.0 Hz, CH3(CH,)sCH], 1.19 (6H, t, J 7.1 Hz,
CH3CH,0), 1.26 [4H, m, CH3(CH,),CH,CH], 1.75[2H, m, CH3(CH,),CH,CH], 3.39
[1H, t, J 4.1 Hz, CH3(CH,)3sCH] and 4.12 (4H, g, CH3CH,0); &(100MHz; DMSO-
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de)’ 135 [CH3(CH,)sCH], 13.7 (CHsCH,0), 21.6, 27.8, 28.6 [CH3(CH,)sCH], 51.0
[CH3(CH_)sCH], 60.6 (CHsCH,0) and 1688 (CO); mvz (El) 216(M* 100 %).

/\O)%O\/;

The experimental procedure described for the synthesis of diethyl methylmalonate
177a was followed, using pentyl iodide (8.91 g, 45.0 mmol). The aude product (9.30

Diethyl pentylmalonate 177g"

0, 90 %) was ditilled in vacuo to yield, as a red oil, diethyl pentylmalonate 177g
(7.62 g, 74 %), bp 121126 °C / ca. 20 mmHg (lit.,**® 125°C / 20 mmHg) (Found:
M*, 230152. CpH»,04 requires M, 2301518); vme(NaCl)/cm* 1733 (CO);
A:(400MHz; DMSO-dg)" 0.85[3H, t, J 6.3 Hz, CH3(CH,)3sCH,CH], 1.18 (6H, t, J 7.1
Hz, CHsCH,0), 1.25 [6H, br s CHs(CH2)sCH,CH], 1.74 [2H, m,
CH3(CH3)3sCH,CH], 3.40 [1H, t, CH3(CH,);CH,CH] and 4.13 (4H, g, CH3CH,0);
(100 MHz; DMSO-dg)" 136 [CH3(CH,)4CH], 13.7 (CH3CH,0), 21.6, 26.0, 28.0,
30.7 [CH3(CH,)4CH], 51.0 [CHs(CH,)4CH], 60.6 (CH3CH,0) and 1688 (CO); mz
(El) 230 (M* 100%).

Diethyl hexylmalonate 177h"®

UL,

The experimental procedure described for the synthesis of diethyl methylmalonate
177a was followed, using hexyl iodide (9.55 g, 45.0 mmol). The aude product
(10.23 g, 93 %) was distilled in vacuo to yield, as a red oil, diethyl hexylmalonate
177h (8.72.g, 79 %), bp 149153 °C / ca. 20 mmHg (lit.,**° 152154 °C / 19 mmHg)
(Found: M*, 244.166Q Ci3H»404 requires M, 244.1674); Vma(NaCl)/em® 1733
(CO); 34(400MHz; DMSO-dg)" 0.85[3H, t, J 7.6 Hz, CH3(CH,)4CH,CH], 1.18 (6H,
t, J 7.2 Hz, CH3CH,0), 1.25 [8H, br s, CH3(CH).CH,CH], 1.75 [2H, m,
CH3(CH),CH,CH], 3.40 [1H, t, J 7.4 Hz, CH3(CH2)4CH,CH] and 411 (4H, q,
CH3CH,0); &(100MHz; DMSO-dg)" 136 [CH3(CH.)sCH], 13.7 (CH3CH,0), 21.8,
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26.3, 280, 28.1, 30.7 [CH3(CH2)sCH], 51.0 [CH3(CH2)sCH], 60.6 (CHsCH,0) and
1688 (CO): mz (El) 244(M* 100%).

Diethyl benzylmalonate 177i"®

The experimental procedure described for the synthesis of diethyl methylmalonate
177a was followed, using benzyl chloride (5.70 g, 45.0 mmol). The aude product
(1047 g, 93 %) was digtilled in vacuo to yield, as a ®lourless oil, diethyl
benzylmalonate 177i (5.34 g, 47 %), bp 178181 °C/ ca. 20 mmHg (lit.,**%9 162163
°C / 10 mmHg) (Found: M®, 250.1203 Cy4H:0; requires M, 250.1205);
Vma(NaCl)/em® 1733 (CO);  44(400 MHz; DMSO-dg)" 1.18 (6H, t, J 7.1 Hz,
CH3CH,0), 3.09(2H, d, J 7.4 Hz, PhCH,CH), 3.80 (1H, t, J 7.4 Hz, PhCH,CH), 4.09
(4H, g, CH3CH,0) and 7.26 (5H, m, ArH); (100 MHz; DMSO-ds)" 138
(CH3CH,0), 33.9 (PhCH.CH), 52.8 (PhCH,CH), 60.7 (CH3CH,0), 1280, 128.6,
1299 and 1375 (ArC), and 1688 (CO); m/z (El) 250(M* 48%) 132 (100).

Diethyl heptylmalonate 177}

/\O)%O\/:\/

The experimental procedure described for the synthesis of diethyl methylmalonate
177a was followed, using heptyl iodide (10.22 g, 45.0 mmol). The aude product
(1114 g, 96 %) was distilled in vacuo to yield, as a yellow oil, diethyl heptylmalonate
177j (9.00 g, 89 %), bp 162165 °C / ca. 20 mmHg (lit.,*?° 136138 °C / 3 mmHg)
(Found: M*, 258.1828 Ci4H»60s requires M, 258.1831); Vma(NaCl)/cm™ 1736
(CO); 34(400MHz; DMSO-dg)" 0.85[3H, t, J 7.5 Hz, CH3(CH,)sCH,CH], 1.17 (6H,
t, J 7.2 Hz, CH3CH,0), 1.24 [10H, br s, CHs(CH)sCH,CH], 1.75 [2H, m,
CH3(CH2)sCH,CH], 3.42 [1H, t, J 7.6 Hz, CH3(CH,)sCH,CH] and 4.14 (4H, g, J 7.2
Hz, CHsCH,0); &(100 MHz; DMSO-dg)" 137 [CH3CH,O and CHs(CH,)sCH],
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219, 263, 280, 282, 284, 309 [CH3(CH,)sCH], 510 [CHs(CH,)sCH], 60.6
(CHsCH,0) and 1688 (CO); mVz (El) 258 (M* 33%) 172 (100).

3.1.3.2 N,N’-bis(2-hydroxyethyl)malonamide derivatives

N,N’-Bis(2-hydroxyethylYmalonamide 180k*?

0 @)

HO\/\NJ\)J\N ~_-OH

H H
Diethyl malonate 175(1.61 g, 10.0 mmol) was girred with ethanolamine 179 (1.26 g,
20.6 mmol) for 2 hours. The resultant predpitate was filtered off and reaystalli zed
from EtOH-Et,0, yielding, as cream flakes, N,N’-bis(2-hydroxyethyl)malonamide
180k (1.81 g, 95 %), mp 125126 °C (from EtOH)(lit.,*** 1271275 °C) (Found:
MH®, 1911031 C;H14N,O4 requires MH, 191102.); Vma(NaCl)/cm™ 3306 (OH),
3097(NH) and 1639(CO); 3;(400MHz; DMSO-dg) 3.04 (2H, s, CH,CO), 3.12 (4H,
g, J 5.8 Hz, CH,NH), 3.39 (4H, g, J 5.8 Hz, CH,OH), 4.69 (2H, t, J 5.3 Hz, OH) and
8.02 (2H, t, J 5.1 Hz, NH); (100 MHz; DMSO-ds) 41.5 (CH,NH), 43.0 (CH,CO),
59.6 (CH,OH) and 1670 (CO).

N,N"-Bis(2-hydroxyethyl)-2-methyl-1,3-propanediamide 180a

The eperimental procedure described for the synthesis of N,N’-big(2-
hydroxyethyl)malonamide 180k was followed, using diethyl methylmalonate 177a
(1.76 g, 10.1 mmol), ethanolamine 179 (1.23 g, 20.1 mmol) and stirring for 4 hours.
The resultant precipitate was filtered off and reaystallized from EtOH-Et,0, yielding,
as cream flakes, N,N’-bis(2-hydroxyethyl)-2-methyl-1,3-propanediamide 180a (1.82
g, 88 %), mp 115117 °C (from EtOH) (Found: MH", 205133L. CgH16N,O, requires
MH, 205.1332); Vma(NaCl)/cm™ 3311 (OH), 309 (NH) and 1642(CO); &4(400
MHz; DMSO-dg) 0.91 (3H, d, J 7.1 Hz, CH3CH), 3.04 (1H, g, J 7.0 Hz, CHCH3),
3.12(4H, q, J5.8 Hz, CH,NH), 3.39 (4H, q, J 5.8 Hz, CH,0OH), 4.69 (2H, t, J 5.4 Hz,
OH) and 802 (2H, t, J 5.1 Hz, NH); (100 MHz; DMSO-dg) 13.2 (CH3CH), 415
(CH,NH), 53.0 (CHCH3), 59.6 (CH,0OH) and 1692 (CO).



Experimental 147

2-Ethyl-N,N’-bis(2-hydroxyethyl)-1,3-propanediamide 1802

The eperimental procedure described for the synthesis of N,N’-big(2-
hydroxyethyl)malonamide 180k was followed, using diethyl ethylmalonate 177b
(1.88 g, 10.0 mmol), ethanolamine 179 (1.24 g, 20.2 mmol) and stirring for 4 hours.
The resultant precipitate was filtered off and reaystallized from EtOH-Et,0, yielding,
as cream flakes, 2-ethyl-N,N"-bis(2-hydroxyethyl)-1,3-propanediamide 180 (1.77 g,
81 %), mp 113114 °C (from EtOH) (Found: MH", 219.163L. CoH1sN,O, requires
MH, 219.1632); Vma(NaCl)/cm™ 3302 (OH), 30% (NH) and 1636(CO); &4(400
MHz; DMSO-dg) 0.89 (3H, t, J 7.0 Hz, CH3CH,), 1.10 (2H, m, CH3CH,CH), 3.04
(1H, t, CHCHy), 3.18(4H, q, J 5.8 Hz, CH,NH), 3.36 (4H, g, J 5.8 Hz, CH,0OH), 4.69
(2H, t, 3 5.3 Hz, OH) and 801 (2H, t, J 5.1 Hz, NH); (100 MHz; DMSO-ds) 13.7
(CH3CH,), 22.0 (CHCH,), 41.6 (CH,NH), 54.0 (CHCH,), 59.4 (CH,OH) and 1680
(CO).

N,N’-Bis(2-hydroxyethyl)-2-isopropyl-1,3-propanediamide 180c'?3

O O

° \/\N )Ei‘\,\] ~_-OH
H H

The eperimental procedure described for the synthesis of N,N"-big(2-
hydroxyethyl)malonamide 180k was followed, using diethyl isopropylmalonate 177c
(2.03g, 10.0 mmol), ethanolamine 179 (1.24 g, 20.2 mmol) and stirring for 24 hours.
The resultant precipitate was filtered off and reaystallized from EtOH-Et,0, yielding,
as cream flakes, N,N’-bis(2-hydroxyethyl)-2-isopropyl-1,3-propanediamide 18Cc
(0.81 g, 35 %), mp 126122 °C (from EtOH) (Found: MH", 233.122Q C;¢H2N204
requires MH, 2331219.); Vma(NaCl)/cm™ 3311 (OH), 3098 (NH) and 1631(CO);
(400 MHz; DMSO-dg) 097 [6H, d , J 7.0 Hz, (CHj3),CH], 2.10 [1H, m,
(CH3),CHCH], 3.07 (1H, d, J 7.7 Hz, CHCH), 3.12 (4H, q, J 5.7 Hz, CH,;NH), 3.40
(4H, g, 3 5.7 Hz, CH,0OH), 4.67 (2H, t, J 5.3 Hz, OH) and 801 (2H, t, J 5.2 Hz, NH);
(100 MHz; DMSO-ds) 20.0 [(CH3).CH], 28.7 [(CH3),CH], 41.5 (CH,NH), 56.0
[(CH3)2,CHCH], 59.6 (CH,OH) and 1684 (CO).
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N,N"-Bis(2-hydroxyethyl)-2-propyl-1,3-propanediamide 180d

HO\/\NJ\QI\ /\/OH

The eperimental procedure described for the synthesis of N,N’-big(2-
hydroxyethyl)malonamide 180k was followed, using diethyl propylmalonate 177d
(2.03g, 10.0 mmol), ethanolamine 179 (1.24 g, 20.2 mmol) and stirring for 24 hours.
The resultant precipitate was filtered off and reaystallized from EtOH-Et,0, yielding,
as cream flakes, N,N’-bis(2-hydroxyethyl)-2-propyl-1,3-propanediamide 180d (0.42
g, 18 %), mp 117118°C (from EtOH) (Found: MH™, 233122Q CygH»0N,0, requires
MH, 233.1219); Vma(NaCl)/cm™ 3316 (OH), 302 (NH) and 1620(CO); &4(400
MHz; DMSO-ds) 0.84 (3H, t, J 7.3 Hz, CH3CH,), 1.17 (2H, m, CH,CH3), 1.64 (2H,
g, J 7.7 Hz, CHCH,), 3.05(1H, t, J 7.6 Hz, CHCH,), 3.12 (4H, g, J 5.8 Hz, CH,;NH),
3.38(4H, g, J 5.6 Hz, CH,0H), 4.69 (2H, t, J 5.3 Hz, OH) and 802 (2H, t, J 5.4 Hz,
NH); (100 MHz; DMSO-dg) 136 (CHgz), 20.0 (CH,CHg3), 32.5 (CHCH,), 41.4
(CH,NH), 52.8 (CHCH,), 59.6 (CH,0OH) and 1698 (CO).

2-Butyl-N,N’-bis(2-hydroxyethyl)-1,3-propanediamide 180f *2*

)Kit/\/OH

The eperimental procedure described for the synthesis of N,N’-big(2-
hydroxyethyl)malonamide 180k was followed, using diethyl butylmalonate 177
(2.17g, 10.0 mmol), ethanolamine 179 (1.23 g, 20.1 mmol) and stirring for 48 hours.
The resultant precipitate was filtered off and reaystallized from EtOH-Et,0, yielding,
as cream flakes, 2-butyl-N,N’-bis(2-hydroxyethyl)-1,3-propanediamide 180 (2.21 g
89 %), mp 123125 °C (from EtOH) (Found: MH*, 247.1370. Cy;H,,N,0, requires
MH, 247.1371); Vma(NaCl)/cm™ 3310 (OH), 3089 (NH) and 1630(CO); &4(400
MHz; DMSO-dg) 0.83 (3H, t, J 7.3 Hz, CH3CH,), 1.14 (2H, m, CH,CH,CH,), 1.24
(2H, m, CH3CH, ), 1.65 (2H, q, J 7.6 Hz, CHCH,), 3.02 (1H, t, J 7.6 Hz, CHCH)),
3.12(4H, q, J5.8 Hz, CH,NH), 3.44 (4H, g, J 5.8 Hz, CH,0OH), 4.70 (2H, s, J 5.4 Hz,
OH) and 7.86 (2H, t, J 5.6 Hz, NH); (100 MHz; DMSO-dg) 13.8 (CH3CHy), 21.9
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(CHsCH3), 29.1 (CH,CH,CH,), 30.1 (CHCH,), 41.4 (CH,NH), 53.0 (CHCH,), 59.7
(CH,OH) and 1699 (CO).

N,N"-Bis(2-hydroxyethyl)-2-pentyl-1,3-propanediamide 180g
o o

HO\/\N N/\/OH
H H

The eperimental procedure described for the synthesis of N,N’-big(2-
hydroxyethyl)malonamide 180k was followed, using diethyl pentylmalonate 1779
(2.31 g, 10.0 mmol), ethanolamine 179 (1.23 g, 20.2 mmol) and stirring for 1 week.
The resultant precipitate was filtered off and reaystallized from EtOH-Et,0 to yield,
as cream flakes, N,N"-bis(2-hydroxyethyl)-2-pentyl-1,3-propanediamide 180g(1.18 g,
45 %), mp 124125 °C (from EtOH) ( Found: MH™, 2611815. C1,H,4N,O, requires
MH, 261.1814); Vma(NaCl)/cm™ 3283 (OH), 3074 (NH) and 1660(CO); &4(400
MHz; DMSO-ds) 0.84 [3H, t, J 7.1 Hz, CH3CH,),CH], 120 [6H, m,
CH3(CH3)3sCH,CH], 1.64 [2H, q, J 7.3 Hz, CH3(CH,)3sCH,CH], 3.02 [1H, t, J 7.8 Hz,
CH3(CH,)3CH,CH], 3.12 (4H, g, J 5.6 Hz, CH,NH), 3.38 (4H, g, J 5.6 Hz, CH,OH),
4.69 (2H, t, J 5.3 Hz, OH) and 7.86 (2H, t, J 5.2 Hz, NH); (100 MHz; DM SO-ds)
13.8 [CH3(CH,)4CH], 21.9, 26.4, 30.3, 30.9 [CH3(CH,),CH], 414 (CH,NH), 53.0
[CH3(CHy)4CH], 59.7 (CH,OH) and 1698 (CO).

2-Hexyl-N,N"-bis(2-hydroxyethyl)-1,3-propanediamide 18th
o o

HO\/\N N /\/OH
H H

The eperimental procedure described for the synthesis of N,N-bis(2-
hydroxyethyl)malonamide 180k was followed, using diethyl hexylmalonate 177h
(2.47 g, 10.1 mmol), ethanolamine 179 (1.23 g, 20.1 mmol) and stirring for 1 week.
The resultant precipitate was filtered off and reaystallized from EtOH-Et,0 to yield,
as cream flakes, 2-hexyl-N,N"-bis(2-hydroxyethyl)-1,3-propanediamide 18th (1.20 g,
43 %), mp 108109 °C (from EtOH) (Found: MH", 2751970. C13H6N,04 requires
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MH, 275.1971); Vma(NaCl)/cm* 3337 (OH), 3120 (NH) and 1677(CO); 34(400
MHz; DMSO-dg) 0.85 [3H, t, J 7.1 Hz, CH4CH,)sCH], 122 [8H, m,
CHa(CH2)4CH,CH], 1.64 [2H, g, J 7.6 Hz, CH3(CH,)4sCH-CH], 3.02 [1H, t, J 8.3 Hz,
CHa(CH»)4CH,CH], 3.12 (4H, g, J 5.6 Hz, CH,NH), 3.38 (4H, g, J 5.6 Hz, CH,0H),
4.69 (2H, t, J 5.4 Hz, OH) and 7.85 (2H, t, J 5.1 Hz, NH); (100 MHz; DMSO-ds)
13.9 [CH4(CH,)sCH], 21.9, 26.7, 28.3, 30.4, 31.0 [CH3(CH,)sCH], 41.4 [CH,NH],
53.0 [CH3(CH2)sCH], 59.7 (CH,OH) and 1698 (CO).

2-Benzyl-N,N’-bis(2-hydroxyethyl)-1,3-propanediamide 180i

)‘\%\/OH

The eperimental procedure described for the synthesis of N,N’-big(2-
hydroxyethyl)malonamide 180k was followed, using diethyl benzylmalonate 177
(2.51g 10.0 mmol), ethanolamine 179 (1.23 g, 20.1 mmol) and stirring for 168 hours.
The resultant precipitate was filtered off and reaystallized from EtOH-Et,0, yielding,
as cream flakes, 2-benzyl-N,N"-bis(2-hydroxyethyl)-1,3-propanediamide 180 (1.41 g,
50 %), mp 1306131 °C (from EtOH) (Found: MH*, 2811523. C14H,oN,O4 requires
MH, 281.1527); Vma(NaCl)/cm™ 3308 (OH), 309 (NH) and 1642(CO); &4(400
MHz; DMSO-dg) 3.09 (2H, d, J 7.7 Hz, CHCH,), 3.12 (4H, q, J 5.8 Hz, CH,NH),
3.24(1H,t, J 7.8 Hz, CHCHy,), 3.39(4H, g, J 5.8 Hz, CH,0OH), 4.69 (2H, t, J 5.2 Hz,
OH), 7.21 (5H, m, ArH) and 802 (2H, t, J 5.1 Hz, NH); (100 MHz; DM SO-ds)
415 (CH,NH), 47.0 (CHCHy), 53.0 (CHCH,), 59.6 (CH,OH), 128.1, 1286, 129.9
and 1377 (ArC) and 1689 (CO).
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2-Heptyl-N,N"-bis(2-hydroxyethyl)-1,3-propanediamide 180;
o o

HO\/\N N /\/OH
H H

The eperimental procedure described for the synthesis of N,N-bis(2-
hydroxyethyl)malonamide 180k was followed, using diethyl heptylmalonate 177
(2.59 g, 10.0 mmol), ethanolamine 179 (1.23 g, 20.1 mmol) and stirring for 1 week.
The resultant precipitate was filtered off and reaystallized from EtOH-Et,0 to yield,
as cream flakes, 2-heptyl-N,N"-bis(2-hydroxyethyl)-1,3-propanediamide 180 (1.75 g,
61 %), mp 111112 °C (from EtOH) (Found: MH", 289.2123 Cy4H2sN,0, requires
MH, 289.2127); Vma(NaCl)/cm™ 3337 (OH), 3108 (NH) and 1675(CO); &4(400
MHz; DMSO-dg) 085 [3H, t, J 7.1 Hz, CH3CH,)¢CH], 1.22 [10H, m,
CH3(CH3)sCH,CH], 1.64 [2H, q, J 7.6 Hz, CH3(CH,)sCH,CH], 3.02 [1H, t, J 8.6 Hz,
CH3(CH,)sCH,CH], 3.12 (4H, g, J 5.8 Hz, CH,NH), 3.38 (4H, g, J 5.6 Hz, CH,OH),
4.70 (2H, s, OH) and 7.86 (2H, t, J 5.1 Hz, NH); (100 MHz; DMSO-ds) 13.9
[CH3(CH,)sCH], 22.0, 26.8, 28.4, 28.6, 30.4, 311 [CH3(CH,)sCH], 41.4 (CH,NH),
53.0 [CH3(CH,)6CH], 59.7 (CH,OH) and 1698 (CO).

3.1.3.3 Substituted malonamides

N,N’-Bis(2-tosylethyl)malonamide 181%

i T i

{%i O\/\EME/\/O E@

The synthetic method for tosylation of alcohols described by Kabalka et al.*® was
followed using N,N’-bis(2-hydroxyethyl)malonamide 180k (1.00 g, 5.2 mmol)
dissolved in CHCI3 (10 ml) and cooled in an ice bath (0 °C). Pyridine (1.6 ml, 20
mmol) was added, followed, in small portions, by the aldition of p-toluenesulfonyl
chloride (2.85 g, 15 mmol) while stirring. The resulting mixture was allowed to stir
for afurther 4 h. Ether (30 ml) and water (10 ml) were then added, after which the
organic layer was sparated off, washed with HNO3; (2 M), NaHCO; (5 %), and water,

and dried over anhyd. MgSO,. The solvent was removed in vacuo and the aude
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product purified by flash chromatography [CH,Cl,-hexane (80:20)] to yield, as an
orange oil, N,N"-bis(2-p-tosylethyl)malonamide (0.21 g, 8 %); &4(400 MHz; DM SO-
ds) 2.29 (6H, s, CH3), 3.04 (2H, s, CH,CO), 3.13 (4H, g, CH,NH), 3.41 (4H, q,
CH,0), 7.14 (4H, d, ArH), 7.51 (4H, d, ArH) and 8.59 (2H, t, NH).

Attempted synthesis of 1,4-Dithia-7,11-diazacyclotridecane-8,10-dione 182

O, _0

[NH HN
' s
L |

N,N"-Bis(2-tosylethyl)malonamide 181 (0.05 g, 0.1 mmol) was stirred with 1,2-

dithioethane (0.01 g, 0.1 mmol) and KOH (0.006 g, 0.1 mmol) in MeOH (3 ml) for 1

week. NMR spectroscopy of the crude mixture revealed that reaction had not

occurred.

Attempted synthesis of N,N"-Bis(sulfanylethyl)malonamide 183
O o

HS\/\NMN/\/SH
H H

N,N’-bis(2-hydroxyethyl)malonamide 180k (0.5 g, 2.5 mmol) was refluxed with

thiourea (0.4 g, 5.0 mmol) and conc. HCI (2 ml) for 4 h. NMR spectroscopy of the
crude mixture revealed that reaction had not occurred.

Attempted synthesis of 1,4-Dioxa-7,11-diazacyclotridecane-8,10-dione 184

N _0

NH HN

EU]

N,N’-bis(2-hydroxyethyl)malonamide 180k (0.5 g, 2.5 mmol) was stirred with 1,2-
dibromoethane (0.47 g, 2.5 mmol) and KOH (0.14 g, 2.5 mmol) in MeOH (5 ml) for 1
week. NMR spectroscopy of the crude mixture revealed that reaction had not

occurred.
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Attempted synthesis of 1,11-Dioxa-4,8-diazacyclotetradecane-5,7-dione 185

Ox o)

NH HN

[U’
N,N’-bis(2-hydroxyethyl)malonamide 180k (0.5 g, 2.5 mmol) was stirred with 1,3-
dibromopropane (0.5 g, 2.5 mmol) and KOH (0.14 g, 2.5 mmol) in MeOH (5 ml) for
1 week. NMR spectroscopy of the crude mixture revealed that reaction had not

occurred.

Attempted synthesis of Dithiomalonic acid bis-S-(2-hydroxyethyl) ester 187

O O

HO\/\S )J\/U\S ~_-OH

Diethyl malonate 175 (0.5 g, 3.0 mmol) was stirred with mercaptoethanol 186 (0.25 g,
3.0 mmol) and KOH (0.17 g, 3.0 mmol) in MeOH (5 ml) for 1 week. The solvent was
removed in vacuo to give a pale yellow paste (0.26 g, 40 %). NMR spectroscopy of
the crude mixture revealed a complex mixture and the presence of inorganic material.
Isolation of the product from the crude mixture by flash chromatography
[EtOACc:hexane (80:20)] proved fruitless.

Attempted synthesis of Dithiomalonic acid bis-S-(2-aminoethyl) ester 188

O o

HzN\/\S)J\)J\S/\/NHz
Method (a). Diethyl malonate 175 (0.5 g, 3.0 mmol) was stirred with 2-
sulfanylethylamine hydrochloride (0.34 g, 3.0 mmol) and triethylamine (0.17 g, 3.0
mmol) in MeOH (5 ml) for 1 week. NMR spectroscopy of the crude mixture revealed

a complex mixture and isolation of the product from the crude mixture was not
attempted.

Method (b). Maonyl dichloride 176 (0.42 g, 3.0 mmol) was stirred with 2-
sulfanylethylamine hydrochloride (0.34 g, 3.0 mmol) and triethylamine (0.17 g, 3.0
mmol) in dry MeOH (5 ml), under nitrogen overnight. NMR spectroscopy of the
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crude mixture revealed a complex mixture and isolation of the product from the cude

mixture was not attempted.

N,N’-Bis(2-methoxyethyl)malonamide 194

O O

/O\/\NJ\/U\N/\/O\
H H

Method (a). A solution of diethyl malonate 175 (1.0 g, 6.2 mmol) and 2-
methoxyethylamine 189 (0.978 g, 13.0 mmol) in MeOH was heaed under reflux for
16 hours. The solvent was then removed in vacuo, and the aqude product was
reaystallised from EtOAc-hexane to yield, as a mlourless needles, N,N’-bis(2-
methoxyethyl)malonamide 194 (0.837 g, 62 %), mp 9394 °C (EtOAc:hexane),
(Found:, M*, 218.1258 CgH:1gN,O, requires M, 218.1266; Vma(KBr)/cm™ 3280
(NH) and 1667 (CO); &4(400 MHz; CDCl3) 3.16 (2H, s, CH,CO), 3.33 (6H, s,
CH30), 3.42 (8H, m, OCH,CH,NH) and 7.17 (2H, s, NH); (100 MHz; CDCl3)
39.3 (CH,CH,NH), 43.0 (CH,CO), 58.7 (CH30), 70.8 (CH,CH,0) and 1673 (CO);
m/'z (El) 219 (M*, 10%), and 112(100).

Method (b). A solution of diethyl malonate 175 (2.1 g, 12.8 mmol) and 2-
methoxyethylamine 189 (2.0 g, 26.5 mmol) in hexane (10 ml) was dirred for 7 days.
The solvent was then removed in vacuo, and the aude product was reaystallised
from EtOAc-hexane to vyield, as a @lourless nedalles, N,N-big(2-
methoxyethyl)malonamide 194 (0.674 g, 24 %).

N,N"-Bis(2-benzylsulfanylethyl)malonamide 195

©\/SV\NUN/\/S\)©

H H

Method (a). Diethyl malonate 175(1.60 g, 10.0 mmol) and S-benzylcysteamine [

3.34 g, 20.0 mmol; obtained by the readion of S-benzylcysteamine hydrochloride 190
with 0.1 M methanolic NaOMeg] were placal in a conical flask (25 ml) fitted with a
bleed and exposed to microwave irradiation (defrost setting) for 210 semnds. The
mixture was allowed to cool, the resulting precipitate filtered off, washed with Et,O
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and then reaydallised from EtOH to yield, as yellow crystals, N,N’-bis(2-
benzylsulfanylethyl)malonamide 195 (2.21 g, 55 %), mp 105106 °C (from EtOH),
(Found: M, 402.1441 Cy1H»6N-0,S; requires 4021435; Vma(KBr)/cm™ 3300(NH)
and 1630(CO); Vma(CaF)/cm™ 3374(NH) and 1678(CO); 44(400 MHz; CDCls)
2.53 (4H, m, CH,S), 3.10 (2H, s, COCH,CO), 3.38 (4H, m, CONHCH>), 3.70 (4H, s,
PhCH,S), 7.18 (2H, t, NH) and 7.30 (10H, d, ArH); &(100 MHz; CDCl3) 359
(CH,CH,S), 39.3 (PhCH,S), 42.9 (CH,CO), 70.8 (CH,CH,NH), 127.1, 1285, 128.7
and 1380 (ArC) and 1672 (CO); m/z(El) 403 (M*, 4 %), 311 (100).

Method (b). A solution of diethyl malonate 175 (0.401 g, 25 mmol) and S
benzylcysteamine hydrochloride 190 (0.991 g, 4.9 mmol) in methanolic NaOMe (0.1
M, 50 ml) was girred for 7 days. The solvent was then removed in vacuo, and the
crude product reaystallised from EtOAc-hexane to yield, as a fine yellow powder,
N,N’-bis(2-benzylsulfanylethyl)malonamide 195 (0.237 g, 24 %).

N,N’-Bis(2-methoxyphenyl)mal onamide 196'%

O o
NHUNH
/O O\

Method (a). Diethyl malonate 175 (1.02 g, 6.4 mmol) and o-anisidine 191 (1.63 g,
13.2 mmol) were placed in a @nical flask (25 ml) fitted with a bleed, and subjected to
microwave irradiation (defrost setting) for 300 seconds. NMR analysis of the aude
product (1.76 g) revealed that 81% of the diethyl malonate 175 had been converted to
the desired product. The aude mixture was reaystallised from EtOAc-hexane to
yield, as colourless needles, N,N"-bis(2-methoxyphenyl)malonamide 196 (1.13 g, 65
%), mp 1635 °C (from EtOH-hexane)(lit.,*® 160-163 °C; from EtOH) (Found: M*,
3141256 Cy7H1gN-0;4 requires M, 314.1266); Vma(KBr)/em™ 3369 (NH) and 1676
(CO); &4(400MHz; CDCIs3) 3.54 (2H, s, CH,CO), 3.89 (6H, s, CH30), 6.88 (2H, d,
ArH), 6.95 (2H, t, ArH), 7.04 (2H, t, ArH), 8.33 (2H, d, ArH) and 896 (2H, br s,
NH); &:(100MHz; CDCI3) 45.8 (CH,CO), 55.8 (CH30), 110.1, 1203, 120.9, 1243,
127.2 and 1484 (ArC) and 1648 (CO); m/z(El) 314 (M", 100%), 165 (52).
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Method (b). Diethyl malonate 175(1.0 g, 6.2 mmol) was dirred with o-anisidine 191
(16 g 130 mmol) for 7 days. The desired product, N,N-bis(2-

methoxyphenyl) malonamide 196 could not be isolated from the resulting mixture.

Method (c). A solution of malonyl dichloride 176 (0.5 ml, 4.0 mmol) in anhyd. THF
(100ml) was added dropwise, over 3.5 hours, to a solution of o-anisidine 191 (1.02 g,
8.3 mmol) and pyridine (0.7 ml) in dry THF (200 ml), under dry nitrogen. The
readion mixture was girred overnight, water (20 ml) was then added and the resulting
mixture extraded with EtOAc (3 x 50 ml). The EtOAc extrads were dried over
anhyd. MgSO,, and the solvent was removed in vacuo to yield the aude product
(1.51g). The qude product was filtered through a silica plug and reaystalli sed from
EtOH-Et,0O to yield, as colourless needles, N,N’-bis(2-methoxyphenyl)malonamide
196(0.293 g, 23 %).

Method (d). A mixture of diethyl malonate 175 (1.0 g, 6.2 mmol) and o-anisidine
191 (1.6 g, 13.0 mmol) was heated under reflux for 48 hours. Volatile material was
removed in vacuo, and the residue was dislved in a mixture of EtOAc (1 ml) and
hexane (5 ml). The resulting precipitate was filtered off and washed with hexane until
the organic phase remained colourless The residue was then dried to yield, as a fine,
light-brown powder, N,N’-bis(2-methoxyphenyl)malonamide 196 (1.283 g, 66 %),
which was shown by TLC and NMR analysis to be pure.

N,N"-Bis(2-methylsulfanyl phenyl)malonamide 197

O o
NHUNH
S S

Method (a). The experimental procedure described for the synthesis of N,N"-bis(2-
methoxybenzyl)malonamide 196 [method (a)] was followed, using diethyl malonate
175 (1.0 g, 6.2 mmol) and 2-methylsulfanylphenylamine 192 (1.74 g, 12.5 mmol).
The reagents were subjected to microwave radiation (defrost setting) for 360 seconds.
NMR analysis of the aude product (2.22 g) revealed that 62% of the diethyl malonate
175 had been converted to the desired product. The aude mixture was reaystalli sed
from EtOAc-hexane to yield, as a fine light-yellow crystals, N,N"-bis(2-
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methyl sulfanylphenyl)malonamide 197 (1.076 g, 49 %), mp 114116 °C (from EtOAc-
hexane) (Found: M, 3460822 C17H1sN,0,S, requires M, 3460809); Vma(KBr)/cm*
3225 (NH), 16& and 1673(CO); 84(400 MHz; CDCl3) 2.39 (6H, s, CH3S), 3.63
(2H, s, CH,CO), 7.09 (2H, t, ArH), 7.27 (2H, t, ArH), 7.46 (2H, d, ArH), 8.26 (2H, d,
ArH) and 9.33 (2H, br s, NH); &(100 MHz; CDCl3) 186 (CHsS), 45.6 (CH,CO),
1213, 1250, 126.7, 1284, 132.2 and 1374 (ArC) and 1650 (CO); nvz (El) 346 (M*,
85 %), 299 (100).

Method (b). The experimental procedure described for the synthesis of N,N"-bis(2-
methoxybenzyl)malonamide 196 [method (d)] was followed, using diethyl malonate
175 (1.0 g, 6.2 mmol) and 2-methylsulfanylphenylamine 192 (1.74 g, 12.5 mmol).
Volatile material was removed in vacuo, and the aude product was then dissolved in
a mixture of CHCl3 (1 ml) and hexane (5 ml). The resulting mixture was filtered and
the residual solid washed with hexane until the organic phase was colourless The
product was dried to yield, as a fine light-yellow powder, N,N’-bis(2-
methylsulfanylphenyl)malonamide 197 (0.643 g, 30 %), which was shown by TLC
and NMR analysisto be pure.

N,N"-Bis(2-methoxyphenyl)thiomalonamide 198

s s
NHJ\/”\NH
/O O\

A mixture of N,N"-bis(2-methoxyphenyl)malonamide 196 (0.5 g, 1.6 mmol) and
Lawesson's reggent (0.6 g, 1.6 mmol) in anhyd. THF (10 ml) was girred overnight at
room temperature. The solvent was removed in vacuo and the aude product purified
by rotating plate crromatography [elution with CH,Cl,-Et,O (90:10)] to yield, as a
fine, light-yellow powder, N,N"-bis(2-methoxyphenyl)thiomalonamide 198 (0.035 g, 1
%), mp 116118 °C (from CH,Clx:Et,0), (Found: M*, 346.0814. C;7H1sN,0,S;
requires M, 346.0809); Vima(KBr)/em™ 3232(NH) and 1399 1254 and 1113(N-C=9);
(400 MHz; CDCl3) 3.89 (6H, s, CH30), 4.43 (2H, s, CH,CS), 6.92 (2H, d, ArH),
6.99 (2H, t, ArH), 7.19 (2H, t, ArH), 8.91 (2H, d, ArH) and 1024 (2H, br s, NH);
(100 MHz; CDCl3) 56.0 (CH30), 69.6(CH,CS), 1106, 120.2, 1216, 126.9, 1281
and 1502 (ArC) and 1923 (CS).
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2-Allyl-N,N'-bis(2-methoxyphenyl)-1,3-propanediamide 207
o o
NH NH
/O O\

Diethyl (3-propenyl)malonate 177e (2.0 g, 10 mmol) and o-anisidine 191 (2.47 g,
20.0 mmol) were placed in a wnical flask (25 ml) fitted with a bleed, and subjected to
microwave irradiation (defrost setting) for 450 sends. The mixture was allowed to
cool, and the resulting precipitate filtered off, washed with Et,O and then
reaystallised from EtOH to yield, as colourless crystals, 2-allyl-N,N'-bis(2-
methoxybenzyl)-1,3-propanediamide 207 (1.91 g 54 %), mp 144146 °C (from EtOH)
(Found: M*, 354.1585 C,oH2N»0,4 requires M, 3541579; Vmm(KBr)/cm™ 3371
(NH) and 1677 (CO); &4(400 MHz;, CDCl3) 2.84 (2H, t, CH,CH), 3.37 (1H, t,
CHCO), 3.89 (6H, s, CH30), 5.18 (2H, dd, CH,=CH), 5.88 (2H, m, CH,=CH), 6.87
(2H, d, ArH), 6.95 (2H, t, ArH), 7.05 (2H, t, ArH), 8.34 (2H, d, ArH) and 8.79 (2H, br
s, NH); (100 MHz; CDCl3) 36.6 (CH,CH), 55.8 (CH30), 57.5 (COCHCO), 1101
(ArC), 1183 (CH,=CH), 1201, 120.9, 1243 and 1272 (ArC), 1337 (CH,=CH),
1484 (ArC) and 1677 (CO); m/z(El) 354(M*, 79 %), 205(100).

N,N"-Bis(2-methoxybenzyl)malonamide 208

Shhtpe

The eperimental procedure described for the synthesis of N,N’-bis(2-
methoxybenzyl)malonamide 196 [method (a)] was followed, using diethyl malonate
175 (1.0 g, 6.2 mmol) and 2-methoxybenzylamine 193 (1.74 g 125 mmol). The
regents were subjeded to microwave radiation (defrost setting) for 210 seconds.
NMR analysis of the aude product (2.15 g) revealed that the sasmple @ntained only
the desired product. The aude mixture was reaystallised from EtOAc-hexane to
yield, as a fine, white aystals, N,N’-bis(2-methoxyphenyl)malonamide 208 (2.04 g,
96 %), mp 126122 °C (from EtOAc-hexane) (Found: M™*, 3421585. C1gH»N,O,
requires M, 342157); Vma(KBr)/em® 3297 (NH) and 1655(CO); &4(400 MHz;
CDCl3) 3.14 (2H, s, CH,CO), 3.82 (6H, s, CH30), 4.41 (4H, d, ArCH,;NH,), 6.86
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(4H, m, ArH), 7.22 (4H, m, ArH) and 7.41 (2H, br s, NH); &(100MHz; CDCl3) 39.2
(ArCH,), 43.2 (CH,CO), 55.2 (CHs0), 1103, 120.5, 1259, 128.7, 1293 and 1574
(ArC) and 1670 (CO); mvz (El) 342(M*, 40%), 136(100).

N-(2-methoxyphenyl)-N"-(2-methyl sulfanylphenyl)malonamide 209

O o
NHUNH
/O S\

The eperimental procedure described for the synthesis of N,N’-bis(2-
methoxybenzyl)malonamide 196 [method (a)] was followed, using diethyl malonate
175 (1.0 g, 6.2 mmol) and 2-methylsulfanylphenylamine (0.87 g 6.2 mmol). The
reggents were subjeded to microwave radiation (defrost setting) for 360 seconds. On
cooling, o-anisidine (0.82 g 6.6 mmol) was added to the mixture, which was then
exposed to further microwave irradiation (defrost setting) for 300 seconds. *H NMR
analysis of the qude product (2.40 g) revealed a complex mixture, and isolation of the
desired product was not attempted.
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3.1.4 Synthesisof selected silver(l) and copper(I1) complexes

Silver (1) [N,N"-bis(4-methoxyphenyl)-3,6,-dithiaoctanediamide]triflate 151b

To a solution of N,N"-bis(4-methoxyphenyl)-3,6,-dithiaoctanediamide 150b (0.202 g,
0.5 mmol) in DMF (4.5 ml), CF;SOsAg (0.123 g, 0.5 mmol) was added. The mixture
was allowed to stir overnight in adark room. Diethyl ether (20 ml) was added to the
mixture ad the resultant precipitate was filtered off, to yield, as a fine, brown
powder, silver(l)[N,N"-bis(4-methoxyphenyl)-3,6,-dithiaoctanediamide]triflate 151b
(0.139g, 41 %); Vma(NaCl)/cm™ 3294(NH) and 1667(CO).

Copper (11) [2-heptyl-N,N"-bis(2-hydroxyethyl)-1,3-propanediamide] nitrate 211

A solution of Cu(NOg3), (0.1 g, 0.5 mmol) and 2-heptyl-N,N"-bis(2-hydroxyethyl) -
1,3-propanediamide 180j (0.163 g, 0.5 mmol) in MeOH was boiled under reflux for 2
h. The solvent was removed in vacuo, to yield a fine, blue powder, which was
reaystallised from MeOH to afford, as blue aystals, copper(Il) [2-heptyl-N,N"-bis(2-
hydroxyethyl)-1,3-proparediamide] nitrate 211 (0.202 g, 80 %), mp 126128 °C (from
MeOH) (Found: C, 37.5; H, 6.7; N, 10.9. C14H28N40;0Cus2(CH30OH) requires C, 35.6;
H, 6.7; N, 10.4 %); Vma(KBr)/cm™ 3265(0OH), 3092(NH) and 1624(CO)..

Copper (1) [N,N"-bis(2-methoxyethyl)malonamide]nitrate 212

A solution of Cu(NOsg), (0199 g, 10 mmol) and N,N-bis(2-
methoxyethyl)malonamide 194 (0.231 g, 1.0 mmol) in MeOH was boiled under reflux
for 2 h. The solvent was removed in vacuo, to yield a fine, blue powder, which was
reaystallised from MeOH to afford, as blue aystas, copper(ll) [N,N"-bis(2-
methoxyethyl)malonamide] nitrate 212 (0.3459, 85 %), mp 144146 °C (from MeOH)
(Found: C, 25.6; H, 5.2; N, 12.1. CoH1gN4010Cu«2CH30H requires C, 27.4; H, 5.1; N,
12.8 %); Vma(KBr)/cm™ 3280(NH) and 1619(CO).
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Copper (1) [N,N"-bis(2-benzylsulfanylethyl)malonamide]nitrate 213

A solution of Cu(NOs), (010 g 05 mmol) and N,N-bis(2-
benzylsulfanylethyl)malonamide 195 (0.212g, 0.5 mmol) in EtOAc was boiled under
reflux for 2 h. The solvent was removed in vacuo, to yield, as a green paste,
copper(I1) [N,N"-bis(2-benzylsulfanylethyl)malonamide] nitrate 213 (0.246 g, 78 %)
(Found: C, 48.6; H, 4.7; N, 7.7. C;1H26N40gS,Cus1.5(EtOAC) requires C, 43.9; H, 5.2;
N, 7.6 %); Vma(CaF2)/cm™ 3364(NH) and 1656(CO).

Silver (1) [N,N"-bis(2-benzylsulfanylethyl)malonamide]triflate 214

A solution of CFSO:;Ag (013 g, 05 mmol) and N,N-big(2-
benzylsulfanylethyl)malonamide 195 (0.212g, 0.5 mmol) in EtOAc was boiled under
reflux for 15 minutes. The solvent was removed in vacuo, to yield, as a yellow paste,
slver(l) [N,N’-bis(2-benzylsulfanylethyl)malonamide]triflate 214 (0.316 g, 90 %)
(Found: C, 40.6; H, 4.1; N, 4.7. CxH2¢N,0O,S;F3Ag-2(CH3;0H) requires C, 42.9; H,
4.7: N, 4.4 %); Vma(CaF)/lcm™ 3356(NH) and 1678(CO). m/z (FAB) 6188 (MaL*",
2.4 %) and 1069 (100).

Copper (1) [N,N"-bis(2-methoxyphenyl)malonamide] nitrate 215

A solution of Cu(NOs), (0186 g, 10 mmol) and N,N-bis(2-
methoxyphenyl)malonamide 196 (0.310 g, 1.0 mmol) in MeOH was boiled under
reflux for 4 h. The solution, which was initially green, turned brown after 4 h. The
solvent was removed in vacuo, to yield a fine, brown powder, which was
reaystallised from MeOH to afford, as brown crystals, copper(l) [N,N"-bis(2-
methoxyphenyl)malonamide] nitrate 215 (0.410g, 93 %), mp 9394 °C (from MeOH)
(Found: C, 47.9; H, 4.4; N, 9.95. C;7H1sN30;Cu requires C, 46.5; H, 4.1; N, 9.6 %);
Vimax(KBr)/em™ 3314(NH) and 1676(CO).
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Copper (1) [N,N"-bis(2-methylsulfanylphenyl)malonamide] nitrate 216

A solution of Cu(NOs), (0108 g, 05 mmol) and N,N-bis(2-
methylsulfanylphenyl)malonamide 197 (0.194 g, 0.5 mmol) in MeOH was boiled
under reflux for 4 h  The solvent was removed in vacuo, to yield a fine, olive-
coloured powder, which was reaystallised from MeOH to afforded, as olive-coloured
crystals, copper(ll) [N,N’-bis(2-methylsulfanyl phenyl)malonamide] nitrate 216 (0.206
0 72 %), mp 7880 °C (from MeOH) (Found: C, 39.9; H, 4.0; N, 93.
C17H18N40sS,Cu requires C, 38.2; H, 3.4; N, 10.5 %); Vma(KBr)/cm™ 3264 (NH)
and 1634(CO).

Silver (1) (N,N"-bis(2-methylsulfanylphenyl)malonamide)triflate 217

A solution of CF;SOzAg (0.258 g, 1.0 mmol) in aceonitrile (1 ml) was added to a
solution of N,N"-bis(2-methylsulfanylphenyl)malonamide 197 (0.347 g, 1.0 mmol) in
CHCI3; (10 ml) and the resulting solution was girred overnight. The resultant
precipitate was filtered off, washed with Et,O, to afford, as a fine, white powder,
silver(l) [N,N"-bis(2-methylsulfanylphenyl)malonamide]triflate 217 (0.419 g, 77 %),
mp 228230 °C (from MeCN-CHCl3) (Found: C, 387, H, 29; N, 50.
Ci1gH1aN20sS5F3Ag requires C, 35.8; H, 3.0; N, 4.6 %) Vma(KBr)/cm™® 3223 (NH)
and 1644(CO).

Copper (11 (N,N"-bis(2-methoxybenzyl)malonamide)nitrate 218

A solution of Cu(NOs), (0188 g, 10 mmol) and N,N-bis(2-
methoxybenzyl)malonamide 208 (0.344 g, mmol) in MeOH was boiled under reflux
for 4 h under a dry nitrogen atmosphere. The solvent was removed in vacuo, to yield,
as fine, blue powder, copper(Il) [N,N"-bis(2-methoxybenzyl)malonamide] nitrate 218
(0.40 g, 68 %), mp 176178 °C (from MeOH) (Found: C, 46.0; H, 4.4; N, 10.0.
C1oH2oN4010Cu requires C, 43.1; H, 4.2; N, 10.6 %); (Found:, ML (NOa3)*, 467.94.
Ci1gH2N30;Cu requires M, 467.0753; Vma(KBr)/cm™ 3301 (NH) and 1622 (CO).
m/z (FAB) 467.9 (ML", 3.7 %) and 1211 (100).



Experimental 163

3.2 Computer Modelling Data

A typical script used to perform Molecular Mechanics Dynamic Simulation on a
structure in the Cerius®™® modeling package is listed below. For the free ligands the
mid-cycle anneal temperature was set a 500 K, while for the metal complexes it was
increased to 1000 K.

FILES/LOAD "./Model.msi"
FORCE-FIELD/LOAD_FORCE_FIELD "./Cerius2-Resource FORCEFIELD/UNIVERSAL 1.02"
FORCE-FIELD/CALCULATE_TYPING
FORCE-FIELD/CALCULATE_BOND_ORDER
CHARGE/CALCULATE

MECHANICS/METHOD "NEWTON RAPHSON"
MECHANICS/MINIMIZE

FILES/SAVE "./Model.min.msi"

DYNAMICS/METHOD "CONSTANT NVT"
DYNAMICS/QUENCH YES

DYNAMICS/ANNEAL YES

DYNAMICS/RUN_TIME 100000
DYNAMICS/ANNEAL_CYCLES 500
DYNAMICS/MID-CYCLE_TEMPERATURE 500
DYNAMICS/TRAJECTORY_PERIOD 1
DYNAMICS/ANNEAL_TRAJECTORY YES
DYNAMICS/TRAJECTORY_FILENAME "Model_anneal”
DYNAMICS/RUN_SIMULATION
SYSTEM/REINIT_ALL

The resultant data consisted of a collection of 500 conformers, which were analyzed
to determine the conformer with the lowest potential (steric) energy. The steric
energy (kcal.mol™) of this conformer was then used in the subsequent calculations.

Unless indicated to the contrary, the modelling data cited in the following tables were
obtained using the MM package Cerius’.
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3.2.1 Modeling datafor the 3,6-Dithiaoctanediamide ligands and complexes

Table 25. Steric energies of the free ligand and complex with silver(l) for the ligand
series 150a-f.

150 Ligand / kcal.mol*  Complex / keal.mol™  AE,,, ®/ kcal.mol™
a -40.98 145.45 -
b -25.74 144.83 15.9
(o -67.06 131.40 -12.0
d 42.03 178.36 50.1
e -8.94 145.94 31.6
f 111.29 219.06 78.6

a AE,, =(E,. +E.)-(E.. +E.) where AE,, and AE,_are the energies of the complex and free ligand of
150a, respectively, and AE,, and AE, are the energies of the complex and free ligand of 150b-f.

3.2.2 Modeling data for the M orita-Baylis-Hillman ligands

The steric energy values were determined by the method described previously, using
the Cerius®® 4.0 package.

Table 26. Data for the steric energy cost for coordination of silver(l) by ligand 157.

Coordination Conformer ~ Steric Energy / kcal.mol™ AEym 2/ keal.mol™

Free 27.2810 -
5-membered 34.0257 6.7447
6-membered 39.7873 12.506
7-membered 28.8894 1.6084

2 Relative to the free ligand.

Table 27. Data for the generation of the new chiral centre in the MBH-derived ligand
166a.

Compound Stereochemistry Steric Energy / kcal.mol™

170 RR 27.2810
171 RS 28.2712
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3.2.3 Modeling data for the Malonamide ligands and Complexes

3.2.3.1 Keto-enol tautomerism data

The H,values were determined using the semi-empirical MO (AM1) calculation

option in the PC Spartan Pro™®’ computer modelling package.

Table 28. Calculated AH  values for the substituted malonic esters.

R Compound H H, AH
/ kdmoal™? / kdmoal™? / kdmol™
H 175 -778.630 -744.237 34.394
Pr 177d -852.056 -816.976 35.080
CH3(CH>)s 177h -935.004 -899.819 35.186

Table 29. Calculation of the equilibrium constant K for tautomerism in the substituted

malonic esters.

R Compound AH ( / kImal™ InK? K

H 175 34.394 -13.790 1.03 x10%

Pr 177d 35.080 -14.065 7.79 x10%"
CH3(CH.)s 177h 35.186 -14.107 7.47 x10%7

& Assuming AH; = AG = -RT In K.

Table 30. CalculatedAH; values for the

tautomeric forms of the N,N'-bis(2-

hydroxyethyl)malonamides..
R Compound ~ H /kimo™ H, /kimo® AH /kimol*
H 180k -807.059 -730.923 76.136
Pr 180d -879.375 -808.477 70.898
CH3(CHy)s 180h -943.323 -887.314 56.009
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Table 31. Calculation of the equilibrium constant K for tautomerism in the N,N'-
bis(2-hydroxyethyl)malonamides..

R Compound AH , / kImol™ InK? K

H 180k 76.136 -30.525 5.53x10"

Pr 180d 70.898 -28.425 452 x10%
CHs3(CHy)s 180h 56.009 22456  1.77 x10%°

& Assuming AH; = AG = -RT In K.

3.2.3.2 Coordination trend data

The steric energy values were determined by the method described previously, using
the package Cerius®% 4.0.

Table 32. Coordination trend for the malonamide ligands 180j, 195, 196, 197, 208.

Ligand Number 180j 195 196 197 208

Free Ligand / kcal.mol™ 92.297 -52.375 16.566 -30.021 38.754

Ag(l) Complex / kcal.mol™ 216348 149.630 93.821 119511 186.839

Chelating Conformer / 126822 -7.043  72.363 37.005 98.346
keal.mol ™

AEpiss / keal.mol™ 34525 45332 55797 67.117  59.592

Cu(ll) Complex / kcal.mol™  -53.690 152.443 -102.851 -165.385 -136.698
Chelating Conformer / ~ 179.007 31544 70.867 56.281 138.684
keal.mol ™
AEpiss / keal.mol™ 86.710 83918 54301 86.303  99.930

Hg(l1) Complex / kcal.mol™™ 338426 202.091 116.134 214.804 239.993
Chelating Conformer / 147535  2.838  74.258 39.857  84.770
keal.mol ™
AEpiss / keal.mol™ 55.238 55212 57.602 69.879  46.016

Pb(I1) Complex / kcal.mol?  127.831  76.192 -110.420 28.868  89.739

Chelating Conformer /  149.355 1662  70.643 37.016  76.927
keal.mol ™

AEpiss / keal.mol™ 57.058 54.037 54077 67.037 38.173

a AEp = differencein steric energy between the chelating conformer and the free ligand.
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3.3 Solvent Extraction Studies

3.3.1 General Method

All studies were performed in a 150 ml jadketed bedker at 25 °C. Equal volumes of
the organic and agqueous phase (50 ml) were stirred together vigoroudly. The organic
phase (toluene or EtOAC) contained the ligand in excess with resped to the metal
concentration, and was pre-saturated with 0.5 M add (HNO;3; or HCI) by shakinga 4:1
mixture of solvent and acid for 15 minutes. The ajueous phase cnsisted of a known
concentration of metal and the gopropriate sodium salt (NaNO3 or NaCl), to maintain
the overall ionic strength of the aqueous phase. At regular time intervals, aliquots (<5
ml) of each phase were removed, and the ajueous phase was analyzed for the residual
metal concentration, by AAS or ICP-Ms methods

For the pH dependence experiment, small volumes of agqueous NaOH (10 M) were
added to the original mixture, and the resultant pH determined with apH meter. The
extradion study was conducted following the general method, with the ajueous phase

being analyzed for the residual metal concentration.

3.3.2 Extraction data for the 3,6-dithiaoctanediamide ligand 150c

The 3,6-dithiaoctanediamide ligand 150c was dislved in toluene to yield a
concentration of 1000 pm. For the silver studies, the aqueous phase @ntained 25
ppm Ag in a 0.1 M NaNO; solution, while, for the palladium studies, the metal
concentration was 25 ppm in 0.1 M NaCl solution. The experiments were conducted
at 40 °C and pH 7. The ajueous samples were diluted by 2/5 prior to analysis, and the

results are summarised in Tables 33-36.
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3.3.2.1 Silver extraction using the 3,6-dithiaoctanediamide ligand 150c

Table 33. AAS cdlibration data.

Absorbance
Concentration / ppm Reading 1 Reading 2 Average

0 0.000 0.004 0.002

2 0.079 0.078 0.079

4 0.132 0.137 0.135

6 0.177 0.177 0.177

8 0.216 0.214 0.215

10 0.239 0.236 0.238

Regression Statistics®

Multiple R 0.9670
R Square 0.9351
Adjusted R Square 0.7351
Standard Error 0.02259
Observations 6

% Determined using the regression analysis tool in Microsoft Exce 97 and the average absorbance
values.

Table 34. AAS extraction analysis data.

Time Absorbance Concentration 2 Extraction efficiency * / %
Readingl Reading 2

0 0.240 0.237 22.42 0

5 0.082 0.087 7.94 65
10 0.068 0.071 6.53 71
15 0.053 0.055 5.08 77
20 0.053 0.054 5.03 78
25 0.038 0.040 3.67 84
30 0.025 0.029 2.54 89
45 0.021 0.024 2.11 91
60 0.018 0.019 1.74 92
90 0.013 0.015 1.32 94
120 0.018 0.016 1.60 93

% In the aqueous phase (ppm); calculated from the calibration curve and multiplied by the dilution
factor 2.5. ° Expressed as a percentage change in concentration relative to the original concentration.
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3.3.2.2 Palladium extraction using the 3,6-dithiaoctanediamide ligand 150c

Table 35. AAS cdlibration data.

Absorbance
Concentration / ppm Reading 1 Reading 2 Average

0 0.000 0.004 0.001

2 0.113 0.114 0.110

4 0.223 0.227 0.222

6 0.315 0.310 0.313

8 0.397 0.403 0.396

10 0.468 0.458 0.460

Regression Statistics ®

Multiple R 0.9930
R Square 0.9861
Adjusted R Square 0.7861
Standard Error 0.02052
Observations 6

% Determined using the regression analysis tool in Microsoft Exce 97 and the average absorbance
values.

Table 36. AAS extraction analysis data.

Time Absorbance Concentration 2 Extraction efficiency * / %
0 0.459 24.95 0
5 0.023 1.177 95
10 0.008 0.409 98
15 0.010 0.512 98
20 0.008 0.409 98
25 0.003 0.154 99
30 0.007 0.358 99
45 0.003 0.154 99
60 0.009 0.461 98
90 0.010 0.512 98

120 0.010 0.512 98

% 1n the aqueous phase (ppm); calculated from the calibration curve and multiplied by the dilution
factor 2.5. ° Expressed as a percentage change in concentration relative to the original concentration.
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3.3.3 Extraction data for the malonamide ligands

3.3.3.1 Silver extraction analysisby AAS

The malonamide ligands 180h, 194, 195, 196, 207, 197 and 208 (and the synthetic
preaursors 175, 179, 186, 189, 190, 191, 192 and 193) were dislved in EtOAC to
yield concentrations of approximately 1.8 x 10° M.
aqueous phase mntained 10 pm Ag in a 25 x 10° M NaNO; solution.
experiments were onducted a 25 °C and pH 2.78. The ajueous samples were
analysed undiluted. Calibration curves were determined for ead data set, before

analysis.

For the silver studies, the

Table 37. AAS extradion analysis data for the malonamide ligands.

Time Absorbance Concentration 2 Extraction efficiency * / %

Ligand 180h

0 0.5456 9.72 0

5 0.3704 6.60 32

10 0.3711 6.61 32

15 0.3691 6.58 32
Ligand 194

0 0.5416 9.65 0

5 0.4523 8.06 16

10 0.4457 7.94 18

15 0.4516 8.05 17
Ligand 195

0 0.4530 1050 0

5 0.0167 0.39 97

10 0.0155 0.36 97

15 0.0151 0.35 97

% In the aqueous phase (ppm); cdculated from the cdibration curve. P Expressd as a percentage
change in concentration relative to the original concentration.
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Table 37 (continued). AAS extraction analysis data for the malonamide ligands.
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Ligand 196 at 2.5 x 102 M NaNOs

0 0.4967 8.85 0
5 0.4458 7.94 10
10 0.4608 8.21 7
15 0.4630 8.25 7
at 0.25 M NaNO;
0 0.4697 10.11 0
5 0.2719 5.85 42
10 0.2701 5.81 42
15 0.2719 5.85 42
Ligand 207
0 0.5910 10.00 0
5 0.4093 6.93 31
10 0.3927 6.65 34
15 0.3902 6.60 34
Ligand 197 at 2.5 x 102 M NaNOs
0 0.5411 9.64 0
5 0.4888 8.71 10
10 0.4834 8.61 11
15 0.4776 8.51 12
at 0.25 M NaNO;
0 0.4607 9.91 0
5 0.3640 7.83 21
10 0.3018 6.49 34
15 0.3013 6.48 35
Ligand 208
0 0.5717 9.68 0
5 0.4817 8.15 16
10 0.4755 8.05 17
15 0.4603 7.79 19
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Table 38. AAS analysis data for the pH dependence of extraction by ligand 195.

pH Absorbance Concentration 2 Extraction efficiency ® / %
Ligand 195
- 0.4839 10.26 -
2.78 0.0024 0.29 97
3.00 0.0022 0.25 97
4.09 0.0024 0.27 97
5.24 0.0032 0.30 97
7.17 0.0053 0.39 96
8.81 0.01%4 0.58 9

% In the aqueous phase (ppm); cdculated from the calibration curve. P Expressed as a percentage
change in concentration relative to the original concentration.

Table 39. AAS extraction analysis data for the precursors.

Time Absorbance Concentration 2 Extraction efficiency * / %

Compound 175

0 0.5632 9.55 0

5 0.5043 8.55 10

10 0.5085 8.62 10

15 0.4798 8.14 15
Compound 179

0 0.5275 9.40 0

5 0.4624 8.24 12

10 0.4574 8.15 13

15 0.4429 7.89 16
Compound 186

0 0.5276 9.40 0

5 0.3267 5.82 38

10 0.3374 6.01 36

15 0.3305 5.89 37
Compound 189

0 0.5450 9.71 0

5 0.4900 8.73 10

10 0.4816 8.58 12

15 0.4662 8.31 14

% In the aqueous phase (ppm); cdculated from the calibration curve. P Expressed as a percentage
change in concentration relative to the original concentration.
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Table 39 (continued). AAS extraction analysis data for the precursors.
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Compound 190
0 0.5314 9.47 0
5 0.4699 8.37 12
10 0.4629 8.25 13
15 0.4676 8.33 12
Compound 191
0 0.5421 8.98 0
5 0.4885 8.09 10
10 0.4756 7.88 12
15 0.4594 7.61 15
Compound 192
0 0.5429 8.99 0
5 0.4616 7.65 15
10 0.4667 7.73 14
15 0.4664 7.73 14
Compound 193
0 0.5886 9.75 0
5 0.4881 8.09 17
10 0.4883 8.09 17
15 0.4577 7.58 22

3.3.3.2 Competitive metal extraction analysisby ICP-MS

The same experimental conditions used for the AAS analyses were applied for the

competitive extraction studies. The agueous phase contained 10 ppm of each of the
metals, silver, lead and copper in a2.5 x 10 M NaNO; solution. Aliquots (25 ml) of

the aqueous phases, obtained following extraction, were concentrated on a steam bath

for 0.5 h, after which the samples were re-diluted up to 25 ml. All standards and

samples were diluted 20-fold for the ICP-MS analysis, and two isotopes of each metal
were used in the analysis, i.e. ©Cu and ®°Cu; 1 Ag and *®Ag; and **°Pb and **Pb.

Each ICP-MS result represents the average of 6 successive readings.



Experimental

174

Table 40. Calibration data for the ICP-MS analytes.

Metal | sotope ®
Concentration / ppm %Cu ®cu  YAg  PAg  ®pp Bpp
0 2116 1786 8579 8081 1850 2527
2 37330 19500 52051 49630 42271 79317
4 71532 36891 111618 106774 75487 140139
6 108672 55295 160278 151359 120058 225867
8 146465 74045 214565 204563 160672 300580
10 182597 92131 274182 260547 197979 373886
R2P 09996 0.9992 0.9978 0.9977 0.9989 0.9988
coefficient of x 18230 9236 27139 25802 19873 37354

a Expressed asits MSintensity. ® Determined us ng the regression analysis toal in Microsoft Excel 97.

Table 41. ICP-MS extraction analysis data for the malonamide 180;.

Metal | sotope ®

T| me 63Cu 65Cu 107Ag 109Ag 206Pb 208Pb
0 145939 73702 213912 204346 160590 303731
15 170562 85358 182303 174379 192601 363763

Metal Concentration / ppm
0° 10.01 9.97 9.85 9.90 10.10 10.16
15°¢ 9.16 9.08 6.58 6.59 9.34 9.37
Extraction Efficiency ¢
8 9 33 33 8 8

2 Expressed asits MSintensity. ° Corrected for dilution of 4/50. © Corrected for dilution
of 5/50. ¢ Expressed as a percentage change in concentration relative to the original

concentration.
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Table 42. ICP-MS extraction analysis data for the malonamide 195.

Metal | sotope ®
T| me 63Cu 65Cu 107Ag 109Ag 206Pb 208Pb
0 180467 91017 265840 253537 198930 375732
15 165638 83265 7979 7659 184935 344252

Metal Concentration / ppm

0 9.90 9.85 9.80 9.83 10.01 10.06
15 9.09 9.01 0.29 0.30 9.31 9.22

Extraction Efficiency °

8 9 97 97 7 8

a Expressed asits MSintensity. P Expressed as a percentage changein concentration
relative to the original concentration.

Table 43. ICP-MS extraction analysis data for the malonamide 196.

Metal | sotope ®
T| me 63Cu 65Cu 107Ag 109Ag 206Pb 208Pb
0 143763 72410 210291 200839 160086 301709
15 168471 85549 231247 220574 190581 359981

Metal Concentration / ppm

0° 9.86 9.80 9.69 9.73 10.07 10.10
15°¢ 9.24 9.26 8.52 8.55 9.59 9.64

Extraction Efficiency ¢

6 5 12 12 5 5

2 Expressed asits MSintensity. ° Corrected for dilution of 4/50. © Corrected for

dilution of 5/50. ¢ Expressed as a percentage change in concentration relative
to the original concentration.
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Table 44. ICP-MS extraction analysis data for the malonamide 197.

Metal | sotope ®
T| me 63Cu 65Cu 107Ag 109Ag 206Pb 208Pb
0 183030 91500 270248 257370 203449 383569
15 169584 85331 196183 187334 188708 355869

Metal Concentration / ppm

0 10.04 9.91 9.96 9.97 10.24 10.27
15 9.30 9.24 7.23 7.26 9.50 9.53

Extraction Efficiency °

7 7 27 27 7 7

a Expressed asits MSintensity. P Expressed as a percentage change in concentration
relative to the original concentration.

Table 45. ICP-MS extraction analysis data for the malonamide 208.

Metal | sotope ®
T| me 63Cu 65Cu 107Ag 109Ag 206Pb 208Pb
0 181682 91208 268971 256641 203360 383724
15 165852 83190 203145 194251 192403 362553

Metal Concentration / ppm

0 9.95 9.90 9.81 9.85 10.11 10.14
15 8.92 8.87 7.33 7.34 9.35 9.36

Extraction Efficiency °

10 10 25 25 7 8

a Expressed asits MSintensity. P Expressed as a percentage change in concentration
relative to the original concentration.
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Appendix

5  Appendix

Crytallographic Data for N,N"-Bis(2-methoxyphenyl)malonamide 196

Table46. Crystal data and structure refinement for 196.

Identification code
Empiricd formula
Formulaweight
Temperature
Wavelength

Crystal system
Spacegroup

Unit cdl dimensions

Volume

Z

Density (cdculated)
Absorption coefficient

F(000)

Crystal size

Thetarange for data allection
Index ranges

Refledions coll eded
Independent reflections
Completenessto theta =25.35°
Max. and min. transmisson
Refinement method

Data/ restraints / parameters
Goodressof-fit on F2

Final R indices[I1>2sigma(l)]
Rindices (all data)

Extinction coefficient

Largest diff. pea&k and hde

196

C34H36N4 08

628.67

1732) K

0.710BA

Moncclinic

P21/n

a=8.567q1) A a=90°.
b=15.32993) A B=99.11§1)°.
c =23.5141) A y=90°.
3049.42) A3

4

1.369Mg/m3

0.099mnr1
1328

0.27x 0.25x 0.25mm3

2.20to 25.35°.

-10<=h<=6, -18<=k<=18, -18<=1<=28
15787

5458[R(int) = 0.034§

97.5%

0.9758and 0.9739

Full -matrix least-squares on F2
5458/ 4/ 436

1.056

R1 = 0.0424wR2 = 0.0850
R1 = 0.0808 wR2 = 0.0953
0.00184)

0.216and-0.214eA-3

184



Appendix 18¢

Table 47. Atomic coordinates ( x 10%) and equivalent isotropic displacement
parameters (A2x 103) for 196. U(eq) is defined as one third of the trace of the
orthogonali zed Uil tensor.

X y z U(eq)
o@3) 91732) 26841) 101(1) 27(1)
o(3) 150942) 35471) 12121) 31(1)
o(1) 188742) 8331) 23391) 34(1)
0(2) 98552) 23741) 14651) 36(1)
0(2) 141832) 152911) 100911) 33(2)
o(1) 150732) 29451) 25001) 37(2)
c(8) 155642) 1761(1) 11451) 23(1)
o4 196542) 48871) 734(1) 38(1)
N(1) 165162) 14841) 16291) 24(1)
N(2) 170692) 388q1) 7021) 25(1)
O(4) 1339%2) 11071) -428(1) 38(1)
N(1) 123312) 2861(1) 183Q(1) 26(1)
N(2) 113132) 17791) 168(1) 24(1)
c(11) 169032) 48091) 695(1) 24(1)
C(10) 161032) 3321(1) 924(1) 24(1)
C(10) 105212) 2471(1) 3291) 22(1)
C(16) 9201(2) 895(1) -390(1) 28(1)
c(12) 154472) 52121) 664(1) 28(1)
c(12) 118692) 8031) -579(1) 28(1)
c(14) 166433) 66141) 646(1) 35(1)
c(2) 138142) 280Q(1) 27821) 27(1)
C(9) 114292) 29971) 812(1) 23(1)
C(9) 163342) 23741) 7721) 25(1)
c(11) 107542) 11691) -274(1) 23(1)
C(16) 182442) 53241) 7021) 27(1)
c(3) 123432) 27421) 24271) 25(1)
C(4) 110043) 26051) 26741) 32(1)
C(6) 125723) 25841) 3616(1) 35(1)
C(13) 1531Q3) 6111(1) 641(1) 33(2)
c(7) 161452) 8721) 20341) 24(1)
C(8) 111232) 26991) 13991) 24(1)
C(6) 146263) 596(1) 20831) 35(1)
c(2) 174252) 517(1) 2411(1) 27(1)
C(13) 1140%3) 179(1) -995(1) 34(1)
C(15) 87443) 267(1) -811(1) 33(2)
C(14) 98433) -87(1) -11071) 35(1)

c(5) 144033) -35(2) 24851) 45(1)
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Table 47 (continued).

18¢

C(5)
C(15)
C(3)
C(7)
C(1)
C(4)
c(@a7)
C(1)
C(17)

111243)
181053)
171843)
139273)
166193)
156653)
210673)
202343)
145853)

25251)
62291)
-106(1)
27271)
28942)
-380(2)
54032)

441(2)

7322)

32641)

6751)
28151)
337q1)
282q1)
28441)

837(1)
267q1)
-707(2)

36(1)
33(1)
3(1)
33(1)
44(1)
44(1)
57(1)
44(1)
56(1)
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Table48. Bondlengths[A] and angles[°] for 196.

0(3)-C(10) 1.2372)
0(3)-C(10) 1.2282)
O(1)-C(2) 1.36§2)
O(1)-C(1) 1.4272)
0(2)-C(8) 1.2272)
0(2)-C(8) 1.2372)
O(1)-C(2) 1.3673)
O(1)-C(1) 1.4232)
C(8)-N(1) 1.3552)
C(8)-C(9) 1.5043)
O(4')-C(16) 1.3722)
O(4)-C(17) 1.4353)
N(1)-C(7) 1.4152)
N(2)-C(10) 1.3543)
N(2)-C(11)) 1.4233)
0(4)-C(12) 1.3782)
O(4)-C(17) 1.4213)
N(1)-C(8) 1.3543)
N(1)-C(3) 1.4133)
N(2)-C(10) 1.3452)
N(2)-C(11) 1.4222)
C(11)-C(12) 1.3873)
C(11)-C(16) 1.3923)
C(10)-C(9) 1.5173)
C(10)-C(9) 1.5073)
C(16)-C(12) 1.3803)
C(16)-C(15) 1.3933)
C(12)-C(13) 1.3823)
C(12)-C(13) 1.3833)
C(12)-C(11) 1.3993)
C(14)-C(13) 1.3793)
C(14)-C(15) 1.3793)
C(2)-C(7) 1.3903)
C(2)-C(3) 1.4033)
C(9)-C(8) 1.5153)
C(16)-C(15) 1.3933)
C(3)-C(4) 1.3813)
C(4)-C(5) 1.3923)
C(6)-C(5) 1.3763)
C(6)-C(7) 1.3833)
C(7)-C(6) 1.3893)
C(7)-C(2) 1.4053)

C(6)-C(5) 1.3853)
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Table 48 (continued).

18¢€

C(2)-C(3)
C(13)-C(14)
C(15)-C(14)
C(5)-C(4)
C(3)-C(4)

C(2)-O(1)-C(L)
C(2)-0(1)-C(1)
0(2)-C(8)-N(1)
0(2)-C(8)-C(9)
N(1)-C(8)-C(9)
C(16)-O(4')-C(17))
C(8)-N(1)-C(7))
C(10)-N(2)-C(11))
C(12)-0(4)-C(17)
C(8)-N(1)-C(3)
C(10)-N(2)-C(11)
C(12)-C(11)-C(16)
C(12)-C(11)-N(2)
C(16)-C(11)-N(2)
0(3)-C(10)-N(2)
0(3)-C(10)-C(9)
N(2)-C(10')-C(9))
0(3)-C(10)-N(2)
0O(3)-C(10)-C(9)
N(2)-C(10)-C(9)
C(11)-C(16)-C(15)
C(13)-C(12)-C(11)
O(4)-C(12)-C(13)
0(4)-C(12)-C(11)
C(13)-C(12)-C(11)
C(13)-C(14)-C(15)
O(1)-C(2)-C(7)
O(1)-C(2)-C(3)
C(7)-C(2)-C(3)
C(10)-C(9)-C(8)
C(8)-C(9)-C(10)
C(16)-C(11)-C(12)
C(16)-C(11)-N(2)
C(12)-C(11)-N(2)
O(4)-C(16)-C(15))
O(4)-C(16)-C(11))
C(15)-C(16)-C(11)

1.3843)
1.3833)
1.3673)
1.3733)
1.3813)

117.4917)
117.8417)
123.5718)
121.4418)
114.9317)
116.8916)
127.2717)
124.9417)
117.7§17)
127.2517)
126.6516)
119.0318)
122.0417)
118.8%17)
123.8618)
122.1418)
114.0718)
124.4018)
121.3718)
114.2817)
120.22)

120.92)

124.7%19)
115.4417)
119.82)

1202(2)

124.7q19)
115.2q19)
120.0419)
112.4416)
111.8417)
119.4%18)
123.1q18)
117.3617)
123.819)
116.2417)
119.9419)




Table 48 (continued).

C(4)-C(3)-C(2)
C(4)-C(3)-N(1)
C(2)-C(3)-N(1)
C(3)-C(4)-C(5)
C(5)-C(6)-C(7)

C(14)-C(13)-C(12)

C(6)-C(7)-C(2)
C(6)-C(7)-N(1)
C(2)-C(7)-N(1)
O(2)-C(8)-N(1)
O(2)-C(8)-C(9)
N(1)-C(8)-C(9)
C(5)-C(6)-C(7)
O(1)-C(2)-C(3)
O(1)-C(2)-C(7))
C(3)-C(2)-C(7)
C(12-C(13)-C(14)
C(14)-C(15)-C(16)
C(15)-C(14)-C(13)
C(4)-C(5)-C(6)
C(6)-C(5)-C(4)

C(14)-C(15)-C(16)

C(2)-C(3)-C(4)
C(6)-C(7)-C(2)
C(5)-C(4)-C(3)

119.32)
124.1419)
116.5318)
120.12)
120.22)
119.82)
118.6719)
124.8718)
116.5%17)
124.42)
121.6418)
113.8717)
120.42)
124.5719)
114.7q18)
12077(19)
120.42)
119.92)
120.42)
120.712)
120.42)
120.12)
119.42)
119.92)
120.42)
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Table49. Anisotropic displacenent parameters (A2x 103) for 196. The anisotropic
displacement factor exporent takes the form: -

2p[ h2 a2ull+ | +2 hkar b* U12]

yll u22 u33 u23 uld yl2

O(3) 22(1) 32(1) 26(1) -2(1) 2(1) 5(1)
O(3) 29(1) 30(1) 36(1) -2(1) 14(1) -3(1)
O(1) 24(2) 39(1) 37(2) 7(1) -3(1) 2(1)
O(2) 28(1) 5(1) 26(1) -3(1) 4(1) -14(1)
0(2) 22(1) 33(1) 40(2) 6(1) -3(1) -3(1)
o) 221) 54(1) 33(2) 1(1) 2(1) -3(1)
C(8) 21(1) 20(1) 27(1) -4(1) 3(1) 1(1)
O(4) 24(1) 27(1) 66(1) -2(1) 15(1) -4(1)

N(1) 21(1) 25(1) 26(1) 3(1) 3(1) 0(1)
N2) 23(1) 23(1) 31(1) 1(1) 8(1) “1(1)
o) 28(1) 37(2) 521)  -11(1) 17(1) 2(1)
N(1) 23(1) 37(1) 20(1) -2(1) 3(1) -3(1)
N©2) 20(1) 26(1) 24(1) -2(1) 2(1) 4(2)
C(11) 28(1) 24(1) 21(1) “1(2) 7(1) -1(2)

C(10) 18(1) 29(1) 23(1) 0(1) -1(1) -2(1)
C(10) 21(1) 25(1) 22(1) 4(2) 8(1) 0(1)
C(16) 28(1) 29(1) 26(1) 1(1) 5(1) 3(1)
C(12) 26(2) 32(1) 26(1) 1(1) 7(1) -1(1)
C(12) 31(1) 23(1) 31(1) 1(1) (1) 0(1)

C(14) 45(2) 24(1) 35(1) 0(1) 11(1) 3(1)
C(2) 291) 24(1) 26(1) 0(1) 3(1) -2(1)
C(9) 24(1) 23(1) 23(1) 0(1) 4(1) 0(1)
C(9) 23(1) 2X(1) 26(1) 1(1) 1(1) -1(1)
C(1D) 26(2) 21(1) 23(1) 1(1) 3(1) 2(1)
C(16) 26(1) 29(1) 29(1) 0(1) 11(1) 2(1)
C(3) 291) 24(1) 21(1) -3(1) 5(1) -2(1)

C(4) 28(1) 40(1) 27(1) -1(1) 4(1) -4(1)
C(6) 50(2) 33(1) 21(1) 0(2) 5(2) -6(1)
C(13) 35(1) 32(1) 31(1) “1(1) 7(1) 9(1)

c(7) 302 20(1) 24(1) -1(2) 7(1) 2(1)
C(8) 24(1) 23(1) 2¥(1) -5(2) 4(1) 0(2)

C(6) 30(1) 34(1) 42(2) 6(1) 10(1) 3(1)
C(2) 291) 28(1) 24(1) -3(1) 4(1) 2(1)
C(13) 452) 28(1) 34(1) -3(1) 17(1) 4(2)
C(15 32(1) 31(1) 34(1) 0(1) 1(1) -2(1)
C(14) 47(2) 28(1) 31(1) -5(1) 5(1) -4(1)
C(5) 37(1) 43(1) 58(2) 13(1) 20(1) 2(1)
C(5) 391) 40(2) 32(2) -3(1) 10(1) -8(1)

C(15) 36(2) 27(1) 38(1) -2(1) 11(1) -6(1)
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Table 49 (continued).

191

C(3) 43(1)
C(7) 34(1)
C(1) 24(1)
C(4) 50(2)
C(17) 27(2)
C(1) 32(1)
C(17) 352)

33(1)
3(1)
592)
41(1)
36(1)
48(2)
592)

28(1)
29(1)
47(2)
43(2)
110(2)
47(2)
80(2)

5(1)
-1(1)
-4(1)
14(1)
-4(1)

3(1)

-20(2)

5(1)
-4(1)
-5(1)
16(1)
181)
-8(1)
25(1)

6(1)

-2(1)
-3(2)

4(1)

-7(1)

8(1)
4(1)
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Table50. Hydrogen coordinates ( x 10%) andisotropic displacenent parameters
(A2x 103)for 196.

X y z U(eq)
H(16) 8440 1136 -182 33
H(12) 14520 4866 658 33
H(14) 16554 7233 630 41
H(9A) 11128 3619 759 28
H(9B) 12574 2949 796 28
H(9'A) 15887 2274 363 30
H(9'B) 17485 2246 820 30
H(4) 10000 2566 2437 38
H(6) 12643 2533 4021 42
H(13) 14303 6379 623 39
H(6") 13742 839 1840 42
H(13) 12159 -69 -1204 41
H(15) 7674 84 -893 40
H(14) 9530 -519 -1392 42
H(5) 13363 -230 2510 54
H(5) 10200 2427 3436 44
H(15) 19020 6580 676 39
H(3) 18056 -342 3068 42
H(7) 14920 2773 3616 40
H(1A) 16743 3350 3123 66
H(1C) 17404 2982 2570 66
H(1B) 16773 2321 3009 66
H(4') 15493 -812 3119 52
H(17'A) 21122 5777 502 85
H(17'B) 21991 5018 900 85
H(17'C) 21055 5767 1178 85
H(L'A) 20210 533 3080 66
H(1'C) 21192 706 2567 66
H(1'B) 20236 -186 2589 66
H(17B) 14643 103 -631 84
H(17A) 15606 1001 -560 84
H(17C) 14329 832 -1123 84
H(2) 1241%10) 169715) 37998) 46(7)
H(1) 1336713 302414) 171710) 48(7)
H(1) 176548) 165315) 1681(10) 49(7)

H(2) 1790G20)  362914) 500(9) 53(7)




Table51. Torsionangles[°] for 196.

0(2)-C(8)-N(1')-C(7)
C(9)-C(8)-N(1)-C(7))
C(10)-N(2)-C(11)-C(12)
C(10)-N(2)-C(11)-C(16)
C(11)-N(2)-C(10)-0(3)
C(11)-N(2)-C(10)-C(9)
C(11)-N(2)-C(10)-O(3)
C(11)-N(2)-C(10)-C(9)
C(16)-C(11)-C(12))-C(13)
N(2)-C(11')-C(12)-C(13)
C(17)-O(4)-C(12)-C(13)
C(17)-0(4)-C(12)-C(11)
C(1)-0(1)-C(2)-C(7)
C(1)-0(1)-C(2)-C(3)
0O(3)-C(10)-C(9)-C(8)
N(2)-C(10)-C(9)-C(8)
0(2)-C(8)-C(9)-C(10)
N(1)-C(8)-C(9)-C(10)
0(3)-C(10)-C(9)-C(8)
N(2)-C(10')-C(9)-C(8)
C(15)-C(16)-C(11)-C(12)
C(15)-C(16)-C(11)-N(2)
O(4)-C(12)-C(11)-C(16)
C(13)-C(12)-C(11)-C(16)
O(4)-C(12)-C(11)-N(2)
C(13)-C(12)-C(11)-N(2)
C(10)-N(2)-C(11)-C(16)
C(10)-N(2)-C(11)-C(12)
C(17)-O(4')-C(16)-C(15)
C(17)-O(4')-C(16)-C(11)
C(12)-C(11)-C(16))-O(4)
N(2)-C(11')-C(16))-O(4)
C(12)-C(11)-C(16))-C(15)
N(2)-C(11')-C(16)-C(15)
O(1)-C(2)-C(3)-C(4)
C(7)-C(2)-C(3)-C(4)
O(1)-C(2)-C(3)-N(2)
C(7)-C(2)-C(3)-N(1)
C(8)-N(1)-C(3)-C(4)
C(8)-N(1)-C(3)-C(2)
C(2)-C(3)-C(4)-C(5)
N(1)-C(3)-C(4)-C(5)
C(15)-C(14)-C(13)-C(12)

3.43)

-175.7417)

-30.1(3)
151.7§19)
-10.03)
168.4417)
-1.03)
180.0q17)

-0.1(3)

-178.2419)

-2.2(3)
177.42)

9.33)

-171.8§18)

89.32)
-91.7(2)
88.92)
-91.92)
-16.43)
165.1§16)
-0.6(3)

-177.1X18)
-179.1717)

0.4(3)
-2.4(3)
177.1118)
-36.1(3)
147.32)
10.23)
-170.12)
179.8418)
-1.903)
-0.4(3)
177.8118)

-179.3418)

-0.53)
-1.53)
177.3619)
-13.93)
168.4719)
-0.1(3)

-177.7%19)

-0.2(3)




Appendix

Table 51 (continued).

194

C(11)-C(12)-C(13))-C(14))
C(8)-N(1)-C(7)-C(6)
C(8)-N(1)-C(7)-C(2)
C(3)-N(1)-C(8)-O(2)
C(3)-N(1)-C(8)-C(9)
C(10)-C(9)-C(8)-0(2)
C(10)-C(9)-C(8)-N(1)
C(2)-C(7)-C(6)-C(5)
N(1)-C(7)-C(6)-C(5)
C(1)-O(1)-C(2)-C(3)
C(1)-O(1)-C(2)-C(7")
C(6)-C(7)-C(2)-O(1)
N(1)-C(7)-C(2)-O(1)
C(6)-C(7)-C(2)-C(3)
N(1)-C(7)-C(2)-C(3)
O(4)-C(12)-C(13)-C(14)
C(11)-C(12)-C(13)-C(14)
C(11)-C(16)-C(15)-C(14)
C(16)-C(15)-C(14)-C(13)
C(12)-C(13)-C(14)-C(15)
C(7)-C(6)-C(5)-C(4)
C(7)-C(6)-C(5)-C(4)
C(3)-C(4)-C(5)-C(6)
C(13)-C(14)-C(15')-C(16")
O(4)-C(16))-C(15)-C(14)
C(11)-C(16)-C(15))-C(14)
O(1)-C(2)-C(3)-C(4)
C(7)-C(2)-C(3)-C(4)
C(5)-C(6)-C(7)-C(2)
O(1)-C(2)-C(7)-C(6)
C(3)-C(2)-C(7)-C(6)
C(6)-C(5)-C(4)-C(3)
C(2)-C(3)-C(4)-C(5)

0.4(3)
-15.93)
163.3719)
-3.83)
173.0717)
-30.03)
152.9617)
-1.7(3)
177.42)
5.4(3)

-174.3118)
-179.2918)

1.43)
1.003)

-178.3118)

179.2519)
-0.2(3)
0.6(3)
-0.53)
0.33)
1.34)
-0.2(3)
0.4(3)
-0.33)
-179.12)
0.6(3)
-179.52)
0.1(3)
-0.4(3)
179.52)
0.7(3)
-0.1(4)
-0.6(4)




Appendix 19¢

Table 52. Hydrogen bond for 196 [A and 9.

D-H..A d(D-H) d(H..A) d(D..A) <(DHA)
N(2)--H(2)..0(2)  0.9997 1.9591 2.9247 161.1
N(1)--H(1)..O(1) [Intra] 0.9999  2.1677 2.6162 105.4
N(1)--H(1)..0(3)  0.9999 2.1877 3.1477 160.8

93.33 359.3
N(2)--H(2)..0(3)  0.9999 2.1216 3.0752 158.81
N(1)--H(1)..0(2)  0.9997 2.3083 3.2444 155.48
N(1)--H(1)..O(1) [Intra] 0.9997  2.1311 2.6084 107.24

96.91 359.63

Table 53. Hydrogen bong for 196 [A and 9 invaving H-atoms bonded to carbon

D-H..A d(D-H) d(H...A) d(D..A) <(DHA)
C(9)--H(9A)..0(4)  0.9900 2.3140 3.2634 160.36
C(4)--H(4B)..0(3)  0.9900 2.4063 3.2430 141.84
C(9) --H(9B)..0(2)  0.9900 2.5836 3.2407 123.81

79.96 345.61
C(16) --H(16)..0(3)[Intra] 0.9500 2.5167 2.9777 109.93
C(4)--H(4)..0(2) [Intra] 0.9500 2.2878 2.8783 119.62
C(9)--H(9B")..0(3)  0.9900 2.4859 3.1371 123.01
C(9)--H(9A")..0(2)  0.9900 2.3444 3.1912 143.01

83.11 349.13
C(14)--H(14)..0(4)  0.9500 2.5902 3.5278 169.18
C(12)--H(12)..0(3) [Intra] 0.9500 2.4134 2.8965 111.27

C(6)--H(6))..0(2) [Intra] 0.9500  2.3039 2.8751 118.01
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