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CHAPTER ONE

INTRODUCTION

Tobacco smoke contains over 3000 chemicals, of which only
relatively few have been investigated regarding their
pharmacological and toxicological effects on the body (1). Cigarette
smoke contains hydrogen cyanide (HCN) in concentration of about
0.5 pg/ml (2).

It is well known that the gold(l) thiolate drugs (polymer) do
not enter red blood cells (3,4). But the polymeric gold complexes

react with the cyanide ion to yield the aurocyanide complex ion,
Au(CN),", which is readily taken up by red blood cells (5-10). Thus,

chrysotherapy patients who are tobacco smokers accumulate gold in
their red blood cells from injectable drugs, while nonsmokers do not
(11). Cyanide is probably acting as a shuttle to carry gold into red
blood cells, and it is unlikely that the aurocyanide complex ion is
bound within the cell. So cyanide from the inhaled smoke alters the
metabolism of gold, therefore the reaction of cyanide with gold(l)

thiolates in vivo are therapeutically significant (8).



It was found that thiolate complexes react with cyanide (CN")
even at the low concentration forming an intermediate, RS-Au-CN°,

which disproportionates to give Au(CN)," that enters red biood celis

and changes the metabolism of gold drugs (5,7).




Objectives
The main objectives in this research are as follows:

1.  To study the interaction of the labelled cyanide C15N™ ion with

gold(l)thiomalate and gold(l)thioglucose.
2. Synthesis of a new gold(l)captopril complex as a 1:1 ratio of
gold:captopril. This complex was prepared in a crystalline

form.

3. To study the exchange reactions of gold(i)captopril with
thiomalate and cyanide ion using 13C NMR spectroscopy.

4. Preparation of some R3PAuCl complexes [where PR3 = PEts,
PPh3, P(n-Propyl)3 and P(MeEtPh)].

5.  Preparation of R3PAuC!SN where PR3 = PMe3, PEt3, PPhs, and
P(i-Pr)s.

6. 13N NMR studies in methanolic solution of Rz3PAuC!>N
complexes, and interpretation of the spectral results with

respect to their equilibrium constants.




CHAPTER TWO

LITERATURE REVIEW

Gold, the first pure metal known to man, has been valued since
the very earliest times and even today has a special interest
connected with its value as a metal. Gold is the 79th element in the
Periodic Table. It has a single s electron outside a complete d shell

with an electronic configuration of:

152 2s2 2pb 3s2 3d10 452 4d10 414 552 5p6 5d10 6s.

1. Oxidation States Of Gold

Compounds of gold having the oxidation states -l, O, I, Il, Il
and V have been characterized and reported (12), with | and Il being
the most common. Very few examples of Au(-l) are known, CsAu and
RbAu, which are ionic crystals containing auride ions (13,14).

Au(l) (5d'0) has a closed d shell and a pronounced tendency
toward covalent rather than ionic metal-ligand bonds is apparent.

Indeed it forms stronger complexes with the more polarizable




anions.
The thermodynamic stability of AulL, complex depends on type
of ligand L attached to the gold atom (15).

For anionic ligand the trend is as follows:
CNO" <CNS™ ~ CI' < Br < I" <<(CN..

For neutral ligand the trend is as follows:

Ph3PO < Me,S < Py < AsPhg < NH3 <CgHq{NH, << PPhs.
The most stable being complexes containing x-acid ligands i.e.
cyanide and phosphine.

Gold(l) complexes have large variety of different ligands.
Goid(l) halides, have long been known and their structures have been
characterized. Early interest in compounds of sulfur and gold also
was shown. Examples of ligands containing sulfur bonded to gold(l)
are thiolates, sulfides, thioethers and thioureas. Gold(l) forms
stable coordination compounds with phosphorus, mainly with

triorganophosphine ligands, with a general formula:
RsP-Au-X and  (RgP-Au-PR3)*X".

where X is a halide ion (16).

Higher oxidation states contain unfilled d orbital, i.e.

Au(l1)(5d%) (16,17), and Au(v)(5d®) (18), although known, are




extremely unstable.
Au(lil) has been synthesized with various ligands. Gold forms

trihalides with fluorine, chlorine, and bromine (16). The large
majority gold-halides complexes have the general formula AuX,".

Such haloaurate complexes, and especially the tetrachloroaurate
complex, are components of numerous salt-like compounds. Gold
trihalides known to form stable complexes with many ligands such
as nitriles, amines, phosphine oxides, suifides, and

triorganophosphines (16).

2. Structure And Bonding In Au(l)

Au(l) adopts a coordination number of 2, 3, or 4 in solid state
and in solution as shown in Table 1.

The coordination number of two is very common, the
coordination number of three may be common in solution as
indicated by the ease of ligand exchange on Au(l), and the
coordination number of four including Au-Au bond may be more
common than presently recognized. (Figure 1 shows complexes

having coordination number of two).



TABLE 1 Some Variations of Au(l) Coordination Number (15).

Example goid coordination number geometry
Au(CN)," 2 linear
AuCN 2 linear (polymeric)
AuCl(PCi3) 2 linear
AuCi(PPh3), 3 trigonal planar
Au(CN),(o-phen)” 4 square planar
Au(ditertiaryphosphine),* 4 tetrahedral
Linear Au(l) complexes with 4 square planar

Au-Au bonds




.9 .5

@_ P _Au'—p Cl—Au —P

© © ©

bis(triphenyl chloro(tripheny!
phosphine)gold(i) phosphine)gold(l)

Figure 1 Examples of two coordinate gold(l) complexes.

Other examples which provide linear 2-fold coordination are
AuCN polymer and AuCl which form chains with bidentate cyanide

(15), or bridging Cl ligands (16):

Cl
S /N

Au /Au
-Au-C-N-Au-C-N-Au- 1’ I
Two different bonding schemes have been proposed for gold(l)
complexes depending on the type of ligand attached and the way of
bonding. The simpler explanation supposes donation from the ligands

to the empty 6s and 6p, orbital of the gold atom (the z axis being the



ligand-gold-ligand axis). An alternative explanation, involving the
formation of two sd,2 hybrid orbitals (one empty, one occupied),
supposes the occupied hybrid to lie in the xy plane, and donation to
take place into the empty hybrid directed along the Z-axis. In both
models = acceptance can take place from the d,, and d,, orbitals
(19).

Three and four-coordinated gold(l) complexes with phosphine
ligands have been characterized. In the solid state tris(triphenyl-
phosphine)gold(l) cation and chlorobis(triphenylphosphine)gold(l) are

planar three-coordinate complexes (20,21), as shown in Figure 2.

— L ._+
Au
_L/ \LJ

Figure 2 General structure of three-coordinate gold(l) complexes.

Four coordinate complexes with phosphine ligands have been
prepared and analyzed by elemental analysis and spectroscopic

methods. From the spectroscopic data they are assumed to be
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tetrahedral in accordance with expectation (22,23).

The formation of tris and tetrakis (thiolate) complexes is less
likely, a possible reason is because of the large charge buildup
which would make the [(RS)3Aul2" and [(RS),4Aul3~ions energetically
less favourable. Even in the absence of overall charge effects of
gold, the formation of a 3-coordinate gold(l) requires the formation
of spZ hybrid, which entails an additional energetic requirement for
involvement of a second 6p orbital on gold. Thus the combination of
charge buildup and hybridization effects will render discrete three
and four-coordinate gold(l) thiolates much less stable than the

corresponding phosphine complexes, which maintain a positive

charge (12).

3. Structure And Bonding In Au(lll)

Gold(lil) generally forms square-planar four-coordinate
complexes which are typical of d8 metal ions of the second and third

row transition elements. Typica! complexes which have been
characterized crystallographically (24,25) include AuCl,", and

Ph3PAuCl; are shown in Figure 3.
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Cl
| o
Au—C|
CH— PhyP —Au —ClI
l
- - o

Figure 3 Typical mononuclear square planar gold(ill) complexes.

The tendency to form four-coordinate complexes with gold(lil)
is sufficiently strong that complexes of empirical formula Aulj,
such as AuBrz and AuCl;, in fact, contain bridging groups to
complete the four-coordination about the gold and are correctly

formulated as Au,Brg (26) and Au,Clg (27) as shown in Figure 4.

CI\ Cl\ Cl Br Br Br
Au/ Au/ \Au/ \Au/

CI/ \‘,l/ \CI Br/ xr/ \Br

Figure 4 Four-coordinate gold(lll) complexes with bridging ligands.

Five and six coordinate complexes have been prepared

including trans-diiodobis(o-phenylene-bis(dimethylarsine)gold(lil)
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(28), [ClAu(tetraphenylporphyrin)] (29), and Br3Au(2,9-dimethyl-
phenanthrene) (30).

4. An Early Start Of Gold Drugs

The biological use of gold can be traced back as far as the
Chinese in 2500 B.C. (15). The element is one of the easiest to obtain
in pure form, and up to the eighth century metallic gold was
considered to be the cure-all for every known disease. Chemical
knowledge was advancing, and by the thirteenth century auric
chloride was recommended for the treatment of leprosy. Even in the
eighteenth and nineteenth centuries gold compounds were popular
drugs for every disease, often producing favourable results (15).

Koch’s experiments on the effect of AuCN on bacterial growth
in 1890 represent the beginning of gold molecular pharmacology and
attempts to design gold drugs (15). AuCN was lethal to tubercle
bacilli in the test tube. However, it was much less effective when
introduced into the blood serum of infected animals. Attempts to put
this discovery to clinical use met with partial success for skin
tuberculosis and syphilis, but toxic side reactions were severe. The
period of 1913-1927 was a time of intense search for Au(l)

compounds of lower toxicity. At this stage organic thiols were
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introduced as ligands.

Gold caught the public imagination from 1925-1935. These
years have been termed the “gold decade” in tuberculosis treatment
(15). However laboratory ground work on the curative effect was
insecure, and toxicity was still a problem, although the clinical
benefits were erratic, there was an astonishing acceptance of the
drug during these years, followed by a rapid rejection without the
immediate introduction of a substitute.

It was during the gold decade, in 1927 when Au(l) compounds
for the treatment of arthritis was introduced (15). It was
mistakenly assumed that a relationship existed between chronic
polyarthritis and tuberculosis. However, good results were reported
and these compounds have remained in clinical use ever since.
According to medical opinion now, they are as effective as any other
available drug for difficult cases, and are amongst the few drugs
that can alter the course of the disease.

Some commonly used drugs are represented in Figure 5 with

their trade names and abbreviations (31).
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gold thioglucose
(Solganal) (Autg)
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gold sodium thiomalate
(Myochrysin) (Autm)
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chloro(triethylphosphine)gold(l)

Figure 5 Structures of some important gold drugs.
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5. The Biological Activity Of Gold Drugs

Gold is an element which is present in the body only in
subtrace levels, but which can be accumulated upon environmental
exposure or due to deliberate introduction to the organism.

The distribution of gold following injections of its compounds
has been thoroughly investigated and it appears to be widely
dispersed throughout the body. In a systematic study using rats,
soluble compounds such as gold(l)thiomalate, gold(l)thioglucose and
gold thiosulfate were found to concentrate in the liver, spleen and
kidney with the greatest concentration in the kidney (32,33). These
compounds were eliminated primarily via urinary excretion.
insoluble compounds, such as colloidal gold and gold sulfide,
accumulate in the same organs, but with the greatest concentration
in the liver and with fecal excretion as the primary route of
elimination. Also, a much larger percentage of the gold remained
localized at the site of the injections. The concentration of gold in
the liver, kidneys and spleen following injection of various gold
compounds has also been observed with rabbits, mice, and humans
(34,35).

The natural accumulation of gold in the blood is known to be

small. Its concentration is below 1 ng/g tissue (36,37). During gold
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chemotherapy this value increases dramatically.

Numerous investigations have found that gold in the blood
stream is localized mostly in the plasma fraction of humans (38,39),
rabbits (40) and rats (32).

Because the primary pathogenesis of rheumatoid arthritis is in
the joints and particularly the synovia, the delicate lining
lubricating the joints which is disrupted during rheumatoid
arthritis, the physiology and to a lesser extent biochemistry of gold
in the joints during rheumatoid arthritis has been investigated. Gold
accumulates in the joints, with greater concentration in inflamed

joints than in those which are unaffected (38,41-46).
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6. Gold(l)Thiomalate

Gold thiolate complexes are widely used in the treatment of
rheumatoid arthritis (15,47,48). The most widely used gold
complex, Myochrysin or sodium gold(l)thiomalate (Autm; disodium
salt of gold(l)mercaptobutanedioic acid) is a 1:1 complex of gold to

sodium thiomalate. The structure (31) of this complex is shown in

Figure 6.
HB
H—C—CONa
H— C‘—CsO?_Na
(Au — S)n

Figure 6 Structure of Autm.

Sodium gold(l)thiomalate can be prepared by mixing thiomalic
acid (RSH) and Au(lll) in aqueous solution at a 3:1 ratio (49).
Reduction occurs as some of the ligands are oxidized and the others

stabilize the Au(l). In its simplest form the equation would be:
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3 RSH + AuCl,” ====> Au(l)SR + RS-SR + 3 HCl + CI"  (eq. 1)

Gold(l) shows a strong preference for linear coordination in
most of its complexes. The structures of gold(l)thiomalate could
have three possible structures: linear, dimer or boat (50). These
structures are represented in Figure 7. Lowering pH, or increasing
concentration or increasing the ionic strength of the solution of
Autm, generally will increase the polymerization and change the

structure of Autm, which in effect will increase the broadening of

TH and 13C NMR peaks and change their chemical shifts (50).

HO0- Au - SR RS - Au— Au - SR
(A) (B)

Figure 7 The possibilities of gold(l)thiomalate structures in aqueous
solution.
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A variety of thiols can react with gold(l)thiomalate in aqueous

solution as shown in the following equations:

1/n (Autm)n + RSH == tm-Au-SR + H' (eq. 2)

RSH + tm-Au-SR =5 RS-Au-SR + tmH (eq. 3)

where both equations have been observed, and equation 3 occurs upon
the presence of excess thiol (51).

TH and 13C NMR spectroscopy was used to examine the in vitro
interaction of Au(l)tm with thiomalic acid (52-54), glutathione
(52,53), L-cysteine derivatives (52,54), D-penicillamine (52), and
ergothionine (55). It is found that at a 1:2 mole ratio of Autm:thiol,
thiomalate (Htm) is ejected as a free ligand. The rates and
activation parameters for thiol-exchange reactions of some of these
species have been reported (52).

The 1H NMR spectrum of Autm is shown in Figure 8 together
with the changes produced by the addition of cyanide and thiomalate.
The addition of 0.4 molar equivalents of cyanide produced
considerable broadening and loss of fine structure of all peaks. It is

likely that this is due to exchange reactions involving thiomalate
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. 3s 3 2.5

Figure 8 TH NMR spectra of 2 mM Autm in absence and presence of
0.4, 1, and 2 molar equivalents of cyanide and 2 molar equivalents of
thiomalate.

Key: resonances from Autm (1), tm-Au-CN” (2), Au(tm),” (3), free
thiomalate (4) and glycerol (g).
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that are of intermediate rate on the NMR time scale, or to the
formation of high molecular weight polymeric species. The addition
of one equivalent of cyanide to Autm produced a complex spectrum in
which all thiomalate peaks were sharper than they were for Autm.

The major species showed an ABX spectrum present as a quartet.
These resonances are probably due to a mixed complex, tm-Au-CN".

Minor peaks were also present at a ratio of cyanide:Autm at a 1:1
ratio. Resonances corresponding to a small proportion of free

thiomalate were clearly present. The addition of a further equivalent

of cyanide (to have Autm:CN™ at 1:2 ratio) again produced changes in

the TH NMR spectrum with the resonances of the major peaks being
identical to those of free thiomalate. Resonances corresponding to a
small proportion of the intermediate mixed complex were also

present (5).
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The release of thiomalate is consistent with the production of

[Au(CN), T (5):

kl
-

- +
Autm + HCN = [tm-Au-CN] + H (eq. 4)

- k -
[tm-Au-CN] + HCN 1—3- [Au(CN)zl + Htm (eq. 5)

Chemical shifts and coupling constants of TH NMR resonances

of gold(l)thiomalate and free thiomalate are given in Table 2.

TABLE 2 Chemical Shifts and Coupling Constants of 'H NMR
Resonances of Gold-Thiomalate Complexes and Free Thiomalate (5).

Chemical Shifts & (ppm) Coupling constants J (Hz)

CH, CHy  CHg J as Jax  Jex
Autm 4.074 2.854 2.683 15.8 7.8 6.6
Thiomalate 3.611 2.827 2.446 15.3 5.7 9.7
[Autm,]” ~ 3.828 2.760 2.517 15.6 8.8 6.3
[tm-Au-CN]~ 3.821 2.741 2.439 15.4 7.4 7.6

Recorded at pH* 7.4; H chemical shifts are relative to sodium 3-(trimethyilsilyl)-1-
propanesulphonate as an internal standard.
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Chemical shifts in the TH NMR spectrum of Au(tm),” were

close to those of the presumed mixed complex, tm-Au-CN". This is

consistent with similarities in their electron distributions and
chemical structures. In both cases, each thiomalate is bonded to only
one gold atom. By contrast, the sulfur bridging in Autm leads to a
deshielding and the greatest chemical shifts of resonances was due
to the proton of the CH group attached directly to sulfur.

13C NMR studies of reactions between 13C-enriched cyanide

and Au(l)tm produced further evidence of the formation of the mixed

ligand complex, [tm-Au-CN]~, and finally the production of

[Au(CN),1" (5). At different ratios of 13C-cyanide:Autm, two peaks

were clearly present in the 13C NMR spectra as shown in Figure 9.
The mixed gold(l)thiomalate cyanide species gave rise to a
broadened peak at low cyanide:Autm ratios which sharpened and
shifted downfield as further cyanide was added. This may due to an

equilibrium exchange reactions.
The resonance attributed to [Au('3CN),]™ had a chemical shift

of 154.27 ppm at cyanide to Autm ratios between 0.4 and 1.5. This

corresponds to previously reported chemical shift of 154.2 ppm
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1
2
—/
0.75
1.5
154 ' $3 154 ' 153 ‘

Figure 9 13C NMR spectra of solutions containing different molar
ratios of 13C-cyanide:Autm. downfield resonance is due to [Au(CN),]

and upfield resonance to [tm-Au-CN]J".
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for [Au(13CN),1” (56). Within the cyanide to Autm range of 0.4-1.5,
the linewidth at half height (Av,,,) varied, reaching a minimum of
3.3 Hz at a ratio of 1. At a ratio of cyanide to Autm of 2:1, the Av,,,
of the [Au(13CN),]™ peak increased to 12.7 Hz with a slight upfield
shift to 154.05 ppm. The addition of a third equivalent of cyanide
produced a further marked broadening of the [Au('3CN),]" peak

together with a further upfield shift to approximately 148 ppm.
These changes in the Av,,, and chemical shift are consistent with a
chemical exchange reaction occurring between bound and free

cyanide (chemical shift 114.5 ppm) at an intermediate rate on the
NMR time scale (ca.4000 s°') (5). Chemical shifts of 13C NMR

resonances of gold(l)thiomalate complexes and free thiomalate are

given in Table 3.
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TABLE 3 Chemical Shifts & (ppm) of 13C NMR Resonances of Gold(l)-
Thiomalate Complexes and Free Thiomalate.

compound ¢ C, Cs3 Cs
Autm 182.10 47.57 47.90 179.54
Thiomalate 181.67 42.38 45.61 180.45
[Au(tm),]" 185.20 43.40 47.90 181.40
[tm-Au-CNJ~ 184.30 43.47 47.96 180.52
HB
c'—Cco
H,—C—CONa
1 3
H—C —CO,Na
(Au —=S)
n

Structure of Autm.
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7. Gold(I)Thioglucose

Gold(l)thioglucose have been used to treat rheumatoid arthritis
for many years, but less than gold(l)thiomalate (15).
Gold(l)thioglucose (Autg, Solganal) is a 1:1 complex of gold to
thioglucose. The structure (31) of gold(l)thioglucose is shown in

Figure 10.

Figure 10 Structure of gold(l)thioglucose.

Gold(l)thioglucose was synthesized by addition of Natg to the

aqueous solution of NaAuCl,. The assumed reaction (57,58) is:
Audt 4+ 3 tg” ====> Autg + tg-tg + 3HCI + CI"  (eq. 6)

Other method for preparing gold(l)thioglucose was proposed by the
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reaction of AuX,~ generated in situ with thioglucose (12).

=> AuCl,” (eq. 7)

AuCly™ + SOp(gas)

AuCl,™ + tg =====> Autg + CI" (eq. 8)

Unlike glucose, which exists as an equilibrium mixture of the a
and p conformers and exhibits resonances arising from each
conformer (59,60), thioglucose exists only as the g-form and has
only six signals in the 13C NMR spectrum (61).

The 13C NMR spectrum of gold(l)thioglucose, Autg, is presented
in Figure 11. Six intense peaks corresponding to the peaks of
thioglucose are present along with five weaker peaks for impurity
which is proposed to be as the sulfinic acid derivative of
thioglucose, tgO,H (61). However, they are broadened considerably
due to the polymerization of the compound in solution. The chemical
shifts of a-gluco§e (a-glu), B-glucose (p-glu), p-D-thioglucose (Htg)

and gold(l)thioglucose (Autg) are presented in Table 4.
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Figure 11 13C NMR spectrum of gold(l)thioglucose at pH* 7.4. o = Htg,
¢ = impurity.
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TABLE 4 13C NMR Chemical Shifts of Glucose, Thioglucose and
Gold(l)thioglucose (61).

compound ¢, C, Cs Cs Cs Cg

p-glucose 96.70 7490 76.70 70.40 76.50 61.60
a-glucose 92.80 7230 73.60 7040 7230 61.60

Htg 86.52 79.64 8248 73.06 81.04 63.99
Autg 86.80 79.57 82.88 72.77 8225 63.66
tgO,H 95.99 74.74 85.59 74.02 7595 63.50

The reaction between unlabelled and labelled '3CN~ with
gold(l)thioglucose have been studied using 13C NMR spectroscopy (7).
As shown in Figure 12A the Autg '3C NMR spectrum is very broad.
When 1 equivalent of CN™ (unlabelled) was added to the Autg solution
the broad peaks of Autg became sharper. Also, a small peak at

153.31 ppm due to Au(CN),” appeared. In solution as the

concentration of CN™ was increased relative to Autg (Figure 12 B and

C) no significant change was observed in the high field region. This

shows that the different species of tg- exist in fast exchange and
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Figure 12 The noise-decoupled '3C NMR spectra of 0.15 M Autg:CN”
(unlabelled) at different molar ratios: (A) 1:0, (B) 1:1, and (C) 1:4.
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only averaged resonances of tg™ are observed.

The equilibrium reactions are proposed to exist:

Autg + HON == tg-Au-CN + H' (eg. 9)
tg-Au-CN" + HCN == Au(CN), + Htg (eq. 10)
Autg +Htg == Au(tg), + H (eq. 11)
2 (tg-Au-CN) = AU(CN), + Autg), (eq.12)

The 13C NMR chemical shifts of Autg and the addition of CN™ at

cifferent ratios are summarized in Table 5.

TABLE 5 13C NMR Chemical Shifts of Gold(l)Thioglucose:CN~ at
Various Molar Equivalent Ratios (7).

Gold(Itg:ClN~ C; C; C3 C, Cs Cg

1:1:0 85.75 74.01 80.89 70.82 77.61 61.74
1:1:1 8489 77.61 80.81 70.88 80.11 62.01
1:1:2 84.88 77.71 80.63 71.10 79.63 62.05

1:1:4 85.04 77.73 80.50 71.26 79.45 62.13
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When 13C-enriched cyanide was added to Autg solution (7), two

more resonances appeared in the low field region (Figure 13). The
down-field resonance, which is due to Au(13CN),” is less intense
and appeared at 154.36 ppm. The more intense peak is due to

tg-Au-13CN" and appeared at 153.17 ppm. As the concentrations of

13CN” were increased the tg-Au-13CN™ and Au('3CN),” resonances
merged, as shown in Figure 13 C to E.

Equation 12 indicates that the linear RS-Au-CN™ complex is

unstable in solution ana tends to give Au(SR)z‘ and Au(CN),".
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Figure 13 The 50 MHz H noise-decoupled 13C NMR spectra of 0.15 M

Autg:13CN™ (labelled) at different molar ratios: (A) 1:0.25, (B) 1:0.5,
(C) 1:0.75, (D) 1:1, and (E) 1:2.
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8. Gold(1)Captopril

It has been known for many years that the venoms from several
species of snake have an effect on blood pressure, in most cases
reducing it. In the late 1960’s, researchers were successful in
fractionating the vasodilating components of the venom of the South
American snake, Bothrops Jararaca (62). The most active component
was a nonapeptide, teprotide, which proved to be very effective in
the treatment of hypertension for humans (63).

in the process of determining which fragments of the
nonapeptide were important for activity, and trying out many
modifications eventually led to the development of captopril (cap);
1-[2(S)-3-mercapto-2-methyl-1-oxopropyl}-L-proline.

Economically producing captopril is viable. As a drug captopril
is orally active, and is an effective hypertensive agent, reducing
blbod pressure in many patients whose hypertension could not be
controlled by other available drugs (64-67). More recently captopril
has been used with some success to treat rheumatoid arthritis (68).

It is well-known that proline-containing peptides (Figure 14)
normally exist as an equilibrium mixture of trans and cis isomers
with respect to the peptide bond involving the proline amino group

(69).
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Figure 14 Proline structure.
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Thus, captopril is expected to be present in aqueous solution

as the trans and cis forms Figure 15, | and |, respectively, with the

relative population of the two forms dependent on the protonation

state of the molecule (69-71).

H, | HO,C H,
- scle 2" N\a _CX
HzC/ \CHz - HC/B\CHZ
3 2 —— 3 2
HSCH,CH I\&—(!HCOZH HSCH,CH H,
Ne/ © | e/ 8
CHs || CH; ||
o 0
) (1)

Figure 15 Structures of trans-cis isomers of captopril
equilibrium.

in
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Nuclear magnetic resonance (NMR) spectroscopy was used to
determine the presence of trans-cis isomers of captopril and to
study the solution chemistry of the two isomers. The two isomers of

captopril can be observed in both acidic and basic solution from pH 1
to pH 13 by both 'H and 13C NMR spectra (72).

The 50.3 MHz 13C NMR spectra for captopril (H,A) is shown in
Figure 16, HA™ and A2 conjugated bases of captopril are also shown.
(H,A is captopril with both acidic protons of carboxylic group and

sulfhydryl group, HA™ is captopril with sulfhydryl group only, and
A2- is captopril without any acidic proton).

Generally, the cis isomer of HA™ and A2~ of captopril are less

kineticly stable than the trans isomer. However, the cis isomer is
still detectable by NMR spectroscopy. For H,A, however the cis
isomer is much less kineticly stable to an extent that it was not
easy to detect by NMR. Resonance assignment and chemical shifts of

these isomers are given in Table 6.
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Figure 16 The 50.3 MHz 13C NMR spectrum of 0.55 M captopril as a
function of pH in H,0 solution containing 0.16 M NaCl.



TABLE 6 13C NMR Chemical Shifts for Captopril (72).
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H>A HA" AZ-
Cs trans 27.630 27.730 29.689
cis b 27.560 29.101
C, “trans 42.553 42.333 44.832
cis 43.141 42.850 b
CH3 trans 16.898 16.901 16.751
cis b 16.750 16.089
CON trans 177.153 176.505 178.476
cis b 177.373 179.726
C. trans 60.049 62.550 62.475
cis b 63.210 63.211
Ce trans 29.836 30.433 30.497
cis 31.673 32.190 32.261
C, trans 25.204 25.130 25.131
cis b 23.290 23.293
Cs trans 48.655 48.800 48.802
cis 47.722 47.921 47.772
CO,” trans 177.006 180.534 178.402
cis b b 179.729

(b) Resonances either too small to detect or not resolved
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The more abundant isomer has been suggested to trans
conformation on the basis of the following (71) :
i) The trans isomer is the most abundant for the related proline
molecules.
ii) The chemical shift of the amide carbon of the trans isomer
undergoes a characteristic desheilding upon deprotonation of the

carboxylic group, as shown in Figure 17.

e o

/ _o HSCH, /
CH—g  T=0 “ceH—t

\
C
CH3/ & H/\C!} - CH3/ }) J

Figure 17 Deprotonation of carboxylic group and desheilding of the
amide carbon of the transisomer of captopril.

Acid dissociation constants for the carboxylic acid and
sulfhydryl groups of the trans and cis isomers of captopril were
determined using 13C NMR spectroscopy. The average values obtained
for pK, of the trans and cis isomers are 3.52 and 2.86 respectively,

where K; is the acid dissociation constant for the carboxylic acid

group (72).
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HZC/ \CHZ K1 HZC/C\CHZ
HSCH,CH__ /h'l—éHCOZH T HSCHCH_ N— o
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0 0
(HA) (HA-)

Equation 13 Dissociation of carboxylic acid group of captopril.

Also, the average values for pK, were found to be 9.71 and 9.99
for the trans and cis isomers, respectively, where K, is the

sulfhydryl dissociation constant (72).

H, Hy
/c\C K C
H,C H, 2, H,C~ CH,
HSCH,CH r& HCO, -SCH2CH r&—éHco "
(!\c’ A\C/ 2
(HA) (A?)

Equation 14 Dissociation of sulfhydryl group of captopril.

The results in Figure 18 indicates that for captopril, the
relative stability of the trans and cis conformations depends

markedly on protonation state. The enhanced stability of the trans
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Figure 18 Relative stability of the transand cisisomers of captopril
depending on protonation state.
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conformation of the H,A form relative to that of the HA™ form is

probably due to stabilization of the trans form of H,A through
intramolecular hydrogen bonding between the carboxylic acid
hydrogen and the amide carbonyl oxygen (70,71,73). Suchs hydrogen

bond is not possible in the cis isomer, as shown in Figure 19.

HSCH,CH Q
cC=—=0

I~

cns\})\H/J

/

hydrogen bond

Figure 19 Stabilization of the trans form of (H,A) by hydrogen
bonding between carboxylic acid hydrogen and the amide carbon
oxygen.

The trans isomer stability (70,71) is enhanced by the
intramolecular hydrogen bond as observed in other trans isomer of
the carboxylic acid forms of related small peptides such as, proline
as in Figure 19.

Since the hydrogen involved in the proposed hydrogen bond is

the one titrated when the trans isomer goes from H,A to



44

HA", the carboxylic acid group of the trans isomer would be expected

to be somewhat less acidic than that for the cis isomer, as is found

to be the case (71).

The enhanced stability of the trans isomer of the A2~ form

relative to that of the HA™ form is presumably due to the increased
charge-charge repulsion between the deprotonated sulfhydryl and
carboxylic acid groups in the cis conformation of the A2~ form.

Space-filling molecular models show the separation of these two
groups to be larger in the trans conformation (72).

The binding of captopril with zinc(il), cadmium(il), lead(ll),
and copper(li) has been reported (74,75). Since these studies carried
out by potentiometric titrations, the trans and the cis isomers were
not resolved. The interaction of captopril with gold(l) has also been
reported (76). The chemical shift differences of the trans and cis
isomers bonded to gold(l) were not resolved because of the
overlapping of some resonances. Complexation of CHszHg(ll) by
captopril has also been studied by 'H and 13C NMR spectroscopy (77).

The equilibrium constants for the trans(l) <==> cis(ll)

equilibrium, Keq = [lI}/[1}, are given in Table 7 for free captopril.
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TABLE 7 Equilibrium Constants Keq = [1/01] of the Trans(l) and
Cis(11) \somers of Captopril (77).

pH Species Keq
0.59 HoA 0.17
7.43 HA" 0.69
12.30 A2- 0.30

A reaction of gold(l)thiomalate Autm with captopril was
carried out in aqueous solution at pH* 7.20 using 13C NMR
spectroscopy (76). When captopril was added to Autm solution, free
thiomalate resonances appeared. As the concentration of captopril
was increased to ratios of [Autml]:[captopril] of 1:2 and 1:3
respectively, the free thiomalate resonances increased in intensity,
and bound thiomalate resonances almost disappeared at a 1:3 ratio.

The appearance of free thiomalate resonances at a 1:1 ratio
indicates that when captopril binds to gold(l), it ejects some of the
thiomalate into solution. This shows that captopril may be forming
two types of complexes:
the Au(l)-captopril (one ligand per metal) and possibly a thiomalato-

gold(l)captopril complex (cap-Au-tm-)complex (76).
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9. Cyanotri(alkyl/aryl)phosphinegold(l) Complexes

Gold(l) as a slightly charged, large, and easily polarizable
metal ion which forms particularly stable coordination compounds
with phosphorus. Various complexes of this type are known, mainly
with triorganophosphine ligands. In the case of the simplest type
R3zPAuUX numerous examples have been reported. Various R groups are
bonded to phosphorus (alkyl-, aryl-, alkylaryl) to form phosphine
ligands (16).

Cyanotri(alkyl/aryl)phosphinegold(l) complexes, (R3PAuCN),
have been prepared, isolated and studied. Two methods have been
used for preparing R3PAuUCN complexes. The preparation of the
R3PAUCN complexes was carried out by the addition of R3P to an
excess of Au(l)CN in methanol or acetone (R = Methyl (Me), Ethyl (Et),
Phenyl (Ph), iso-Propy! (i-Pr), and Cyclohexyl (Cy)). Generally the
reaction is almost instantaneous (78). In the other procedure the
aqueous solution of potassium cyanide (KCN) was added to the
aqueous solution of [Au(H;0)(PR3)INO3 to give R3PAUCN (79-81). The
complex [Au(H,0)(PR3)INO; has been prepared by the addition of an
aqueous solution of silver nitrate, AgNO3, to the ethanolic solution
of the R3PAuCl complex.

The solid-state structures of cyano(triethylphosphine)gold(l)
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(80), cyano(trimethylphosphine)gold(l) (81), and cyano(triphenyi-
phosphine)gold(l) (82) have been investigated.

From the crystal structures of these complexes the phosphine
and cyanide ligands appear to coordinate to the gold atom forming
linear two coordinate complexes. Solid state, Mossbauer (80,83),
infrared (79,80,84) and Raman (79) spectroscopies have also been
used to provide information about the bonding of cyano group with
gold(l) atom in the presence of phosphine ligand.

Recently, the solution chemistry of cyanotri(alkyl/aryl)-
phosphinegold(l) complexes has been studied. Ligand scrambling
reactions of gold(l) complexes that are initiated by the presence of
excess ligands have been known for some time (85-87). Also, the
reaction in equation 15 has been studied, such disproportionation

takes place without the presence of excess ligand:

Keq

2 R3PAUCN = (R3P)2Au+ + AU(CN)Z- (eq. 15)

The ligand scrambling reaction of R3PAUCN to from (R3P)2Au+

and Au(CN)," in solution has been studied for R = Me, Et, Ph, i-Pr and

Cy (78). The reactions are conveniently studied by 13C and 3P NMR
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and infrared spectroscopy. Since the equilibrium constants (Kgq) of
these reactions have been affected by extrinsic effect such as
initial concentration of the complex [R3PAuUCN],, ionic strength of
the medium and intrinsic factors such as steric hindrance and
electronic properties of the phosphine ligands, they were reported at
constant concentration. Solvent and ionic strength of the medium are
kept constant (78).

The effect of the initial concentration, and the effect of the
presence of NH4NO3 on the equilibrium constant were studied only
for Et3PAuUCN. It was found that as the initial concentration of
Et3PAUCN complex was increased the Kgq also increased. There is
also a direct relationship between K., for EtPAuUCN and the

concentration of NH4NO3. The Kg, of these scrambled reactions have

been monitored using 13C and 3P NMR spectroscopy (78).
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CHAPTER THREE

EXPERIMENTAL AND RESULTS

1. Chemicals

Gold(l)thiomalate and gold(l)thioglucose were purchased from
ICN K and K Labs (Plainview, NY). Captopril was provided by Bristol
Myers-Squibb Institute for Medical Research, Princeton, New Jersey.
Sodiumtetrachloroauratedihydrate, chloro(trimethylphosphine)-
gold(l), chloro(tri-iso-propylphosphine) gold(l), and phosphine
ligands [triethylphosphine PEt;, triphenylphosphine PPhg,
tri-n-propylphosphine n-Pr3P and methylethylphenylphosphine
P(MeEtPh)] were obtained from Stream Chemical Co. KC15N (99%) and

K13CN were purchased from Merck Sharp and Dohme, Canada.
Potassium cyanide, thiomalic acid, 99.7% D,0, 40% NaOD in D,0, 35%
DCl in D,0, CD30D and all other reagents were obtained from Fluka

Chemical Co.
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2. pH Measurements

All pH measurements were made at 2_2°C with a Fisher
Accumet pH meter, model 620, equipped wifh Fisher microprobe
combination pH electrode. The pH* indicates the actual meter
reading for D,O solutions with no correction for deuterium isotope

effect. The pH* was adjusted by DCl or NaOD as necessary.

3. NMR Measuremer;ts
3.1. 1SN NMR Measurements

The 15N NMR spectra for the interaction of gold(l)thiomalate

and gold(l)thioglucose with labelled 1SN cyanide ion were obtained
by continuous proton decoupling at 20.266 MHz on a XL-200 NMR
spectrometer using D,O0 solutions.

The T, values were not measured. The spectral conditions
were: 5.0 s delay time, 32 K data points, spectral width 10,000 Hz,
pulse width 5.0 ps (20°), 10 mm multinuclear probe.

The line shape analysis for the observed resonances was

carried out using a library package (88).
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The 15N NMR spectra for disproportionation reaction of

R3PAUCISN complexes were obtained at 27.24 MHz on a Jeol 270
spectrometer using CD30D solutions at the probe temperature of
300 K.

The T, values of any resonance were not measured. The

spectral conditions were: 5.0 s delay time, 16 K data points,
spectral width 20,000 Hz, pulse width 6.0 us (20°), and 10 mm
multinuclear probe. For the 15N NMR spectra approximately 60,000
scans were accumulated.

The chemical shifts for 15N NMR spectra were measured using
a sealed external NH41°NO3 as an external reference which has a

resonance at 375.11 ppm relative to pure CH3NO, which has a

resonance at 380.2 ppm (89).




52

3.2. 13C NMR Measurements

13C NMR spectra were measured at 50.03 MHz on a Varian
XL-200 spectrometer operating in the pulsed Fourier transform
mode. The 13C NMR measurements were carried out with coherent
off-resonance 'H decoupling or with broad-band TH decoupling.
13C NMR chemical shifts were measured relative to internal dioxane
or glycerol which occurs at 67.40 ppm and 63.33 ppm respectively
upfield from SiMe,4. All spectra were recorded after 50,000-70,000

scans.

3.3. 3P NMR Measurements

The 3P NMR spectra were obtained at 109.25 MHz on a Jeol
270 spectrometer using CD30D solutions at the probe temperature of
300 K. The 3P NMR chemical shifts are measured from external 1%
TMP (90).

The T; values were not measured. The spectral conditions
were: 1.0 s delay time, 65 K data points, spectral width 40,000 Hz,
pulse width 12.0 us (20°), and 10 mm multinuclear probe. For the 31pP

NMR spectra approximately 10,000 scans were accumulated.
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4. Interaction Of Gold(l)Thiomalate With KC1SN

The yellow 0.20 M gold(l)thiomalate solution was prepared by
dissolving 0.093 g (0.20 mmol) of gold(l)thiomalate in 1.0 mi D,0. As
solid, potassium cyanide (13N labelled) was added gradually to the

Au(l)tm solution to give different molar equivalent ratios. The pH*

of the solution was kept at 7.40 throughout the titration. Spectra of
[Autm]:[CI3N7] in the following molar ratio: (A) 1:0.5, (B) 1:1, (C)
1:1.5, (D) 1:2 are shown in Figure 20.

When labelled C15N™ was added as a solid to a 0.20 M Autm
solution, only one peak at 260 ppm appeared up to a molar equivalent

ratio of 2:1 for [Autm]:[CN"]. This resonance is attributed to
tm-Au-C15N~ complex. However at higher concentrations of C13N",
[Autm]:[C15N7], 2:1.5, the resonance at 265 ppm appeared and

increased in intensity as the concentration of CN~ was increased,

(Figure 20). From previous work reported in the literature (5,7) it

can be concluded that, the resonance at 265 ppm is due to
Au(C'5N),” complex. The chemical shift and the Av,,, of the

resonances are given in Table 8.
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TABLE 8 The 'SN NMR Chemical Shifts of tm-Au-C!'°N~ and
Au(C'5N)," at the Various Concentration Ratios of Autm:C1>N".

[Autm] : [C'SN]  &("SN) 8(°N) @ Avy,, ™S)P
tm-Au-C1SN™ Au(CN),~ (Hz)

0.20M:0.050M 260.61 - -
0.20M:0.100M 260.70 - -

0.20M:0.150M 260.70 265.94 5.38x10% 10 0.100
0.20M:0.175M 26040 265.66 1.42x102 10 0.060
0.20M:0.200M 260.24 265.61 3.63x102 12 0.045
0.20M:0.225M 260.12 265.70 8.96x102 13  0.025

0.20M:0.250M 260.09 265.77 0.124 15 0.020
0.20M:0.275M 260.21  265.57 0.189 40 0.012
0.20M:0.300 M 263.26 c 75  0.0028
0.20M:0.325 M 263.30 c 55 0.0013
0.20M:0.350 M 263.88 c 42 0.0009
0.20M:0.400 M 264.85 c 15 -

a = ratio of [Au(CN),"] / [tm-Au-C15N -}2

b = life time for tm-Au-CN ~ species
¢ = beyond coalescence
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5. Interaction Of Gold(l)Thioglucose With KC15N

Gold(l)thioglucose solution of 0.20 M (0.078 g, 0.20 mmol), in

1.0 ml D,O was prepared. This solution was titrated with the solid

KC1SN, at a pH* 7.4. The Autg solution was yellow during this

titration up to the ratio of Autg:C'>N" of 1:0.75. Figure 21 shows the

spectra of [Autg]:[C'3N~] at different molar ratios as follows:
(A) 1:0.25, (B) 1:0.5, (C) 1:0.75, (D) 1:1 and (E) 1:2.

When 0.05 molar equivalent of C13N~ was added as a solid to
the 0.20 M Autg solution, two resonances at 260.10 and 265.41 ppm
were observed. As the concentration of C13N™ was increased, the
resonance at 265.41 ppm increased in intensity up to the ratio of

Autg:C15N” of 1:0.75. However beyond this ratio (e.g. at 1:1) both

resonances coalesced and as the concentration of C15N” was further

increased the coalesced resonance became sharper. The chemical

shift and the Av,,, of these resonances are given in Table 9.
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Figure 21 The 20.266 MHz 'H noise-decoupled 1SN NMR spectra of

0.20 M Autg:C'5N" at different molar ratios: (A) 1:0.25, (B) 1:0.5,
(C) 1:0.75, (D) 1:1 and (E) 1:2.
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TABLE 9 The 1SN NMR Chemical Shifts of tg-Au-C'SN~ and
Au(C5N)," at the Various Concentration Ratios of Autg:C15N".

[Autg] : [C'SNTT  8(13N)  &('5N) Q Avys  T(S)P
tg-Au-C1SN™ Au(C1oN)," (Hz)

0.20M:0.050M 260.10 265.41 9.07x103 22 0.10
0.20M:0.100M 260.30 265.67 1.56x102 5.5 0.025

0.20M:0.150M 260.12 265.73 3.08x102 28 0.0083

0.20M:0.200 M 259.89 c 105  0.0037
0.20 M : 0.300 M 265.65 c 80 0.0020
0.20 M :0.400 M 266.46 c 16 -

a = ratio of [Au(CN),"12 / [tg-Au-C15N "}2

b = life time for tg-Au-CN ~ species
¢ = beyond coalescence




59

6. Gold(1)Captopril Complex

6.1. Preparation Of Gold(l)Captopril Complex

To a solution of chloroauric acid (1.9 g, 5.0 mmol) in deionized
water (100 ml) maintained at 0°C, a solution of 2.2’-thiodiethanol
(thiodiglycol) (1.2 g, 10.0 mmol) in deionized water (30 ml) was
added dropwise with constant stirring. After the mixture became
colorless {indicating reduction of Au(lli) to Au(l)} (91), a solution of
captopril (1.1 g, 5.0 mmol) in deionized water (20 m!) was added.
The mixture was stirred for 30 minutes at room temperature. The
white precipitate was filtered, washed three times by deionized
water, and left to dry overnight (yield 75%, at 241°C- 244°C with

decomposition).
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6.2. Elemental Analysis

The elemental analysis for hydrogen, carbon, nitrogen and
sulfur of gold(l)captopril complex was carried out with Carlo Erba
Model 1106 Elemental Analyzer. The analytical data is given in

Table 10 along with the calculated values:

TABLE 10 Elemental Analysis of Gold(1)-Captopril Complex.

elements found% cal.%
carbon 25.8 26.16
hydrogen 3.5 3.41
nitrogen 3.1 3.39

sulfur 7.4 7.76
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6.3. Infrared Absorption Spectra

The infrared absorption spectra in KBr pellets of the pure

captopril and Au(l)cap complex were carried out on Nicolet 5D X B
FTIR from 4800 to 200 cm™!. The IR spectra of the pure captopril

and Au(l)cap complex are shown in Figure 22 and Figure 23
respectively.

The IR spectrum of the Au(l)cap complex shows the
disappearance of SH absorption at 2500 cm™! (92). This suggests
that gold(l) binds via thioi group of the ligand. Absorption at 345

cm™! was assigned to Au-S resonance (58), however, there was no
Au-Cl absorption observed within 310-320 cm™! region (79) which

eliminate the possibility of the formation of cap-Au(l)-CI” complex.
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6.4. Interaction Of Au(l)Captopril With Thiomalate

A solution of Au(l)cap (0.25 M in 2 ml D,0) was prepared. The
Au(l)cap complex is insoluble in water at a pH* lower than 12 and
only soluble at high pH*. A concentrated solution of NaOH was used
to increase the pH* of the Au(l)cap solution, which was very viscous
and colorless. Then '3C NMR spectrum was measured for this
solution. It is shown in Figure 24A. This spectrum is very broad.

When one equivalent of solid thiomalate (Htm) (0.25 M) was
added to the Au(l)cap aqueous solution, the pH* was decreased and
adjusted to the physiological pH* 7.20. Then 13C NMR spectrum was
recorded and represented in Figure 24B.

When a second equivalent of solid thiomalate (0.5 M total) was

added to the Au(l)cap solution, the pH* again adjusted to 7.20, and

the 13C NMR spectrum was recorded and shown in Figure 24C.

From these spectra it can be concluded that when one
equivalent of Htm (0.25 M) was added a few captopril resonances
appeared as shown in Figure 24B. Also thiomalate bound to gold(l),
b, = 47.96 ppm and b; = 43.57 ppm and free thiomalate resonances

f, =45.15 ppm and f; = 42.37 ppm appeared in the spectrum.
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Figure 24 The 50 MHz 'H noise-decoupled 3C NMR spectra of
(A) 0.25 M Au(l)cap at pH* 12.20, (B) 0.25 M Au(l)cap:Htm at a 1:1
ratio at pH* 7.20 and (C) 0.25 M Au(l)cap:Htm at a 1:2 ratio at pH*
7.20.
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But when a second equivalent of solid thiomalate (0.5 M total)
was added to the Au(l)cap solution, the captopril resonances
sharpened, a very small enhancement of b, and b, resonances were
observed, and the f, and f; resonances increased in intensities.
These free and bound thiomalate resonances show that it is in
equilibrium with Au(l)cap solution. The chemical shifts of various

Au(l)cap resonances are given in Table 11.
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TABLE 11 13C NMR Chemical Shifts of Au(l)Captopril and Thiomalate
at pH* 7.2.

Resonance Free Captopril Au(l):Captopril: Htm
Assignments and free Htm 1:1:2
) trans 27.72 b
cis 27.56 b
C, trans 42.33 b
cis 42.85 b
CH; trans 16.90 18.45, 17.40, 16.84
cis 16.75 -
CON trans 176.51 -
cis 177.37 -
C, trans 62.55 62.58
cis 63.21 63.17
Ce trans 30.43 30.53
cis 32.19 32.23
Cy trans 25.13 25.17
cis 23.29 b
Cd trans 48.80 49.50
cis 47.92 b
CO," trans 180.53 -
cis b -
b, Au-tm - 47.96
b, Autm - 43.57
f5 Htm 45.13 45.13
f, Htm 42.37 42.37

(b) Resonances are either too small to detect or overlapped with other resonances.
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6.5. Interaction Of Au(l)Captopril With CN”

A solution of Au(i)cap (0.25 M in 2.0 mi D,0 ) at pH* 12.20 was
prepared. 13C NMR spectrum was measured for this solution and

shown in Figure 25A.

When one equivalent of KCN as a solid was added to the
Au(l)cap solution, it became less viscous, and 13C NMR spectrum was
measured at pH* 12.20. The captopril resonances appeared relatively
broad.

When another equivalent of KCN was added, the spectrum was
recorded at pH*12.20, as it is shown in Figure 25B, the captopril

resonances became sharper. The 153.67 ppm and 154.20 ppm
resonances were assigned to cap-Au-CN™ and Au(CN),” complexes.

The spectrum of the solution of Au(l)cap and KCN at a molar

ratio of 1:2 was recorded again but the pH* was adjusted to 7.20. As

shown in Figure 25C, the resonances were assigned for cap-Au-CN~

and Au(CN),~ complexes at pH* 12.20 shifted to 154.09 ppm and

155.38 ppm at pH* 7.2.
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Figure 25 The 50 MHz 'H noise-decoupled '3C NMR spectra of

(A) 0.25 M captopril itself at pH* 12.20, (B) 0.25 M Au(l)cap:CN" at a
1:2 ratio at pH* 12.20, (C) same as (B) but the pH* is 7.20.
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The chemical shifts of Au(l)cap in the presence of CN~ are
given in Table 12. These assignments are based on similar studies

for the reaction of CN™ with Autm and gold(l)glutathione (5,8).
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TABLE 12 13C NMR Chemical Shifts of Au(l)Captopril and CN-
Complexes at pH* 12.20 and 7.20.

Resonance Free Captopril Au(l)cap:CN”  Free captopril Au(l)cap:CN”
Assignments at pH* 12.20 (1:2) at pH* 12.20 at pH* 7.20 (1:2) at pH* 7.20

Cs trans 29.69 30.56 27.72 27.84
cis 29.10 29.82 27.56 b
C, trans 44.83 45.15 42.33 42.39
cis b b 42.85 42.92
CH; trans 16.75 17.61 16.90 16.78
cis 16.09 16.28 16.75 b
CON trans 178.50 177.36 176.51 176.80
cis 179.26 b 177.37 177.38
Ca trans 62.48 62.75 62.55 62.67
cis 63.21 b 63.21 63.21
Cs trans 30.50 30.56 30.43 30.47
cis 32.26 32.38 32.19 32.19
Cy trans 25.13 25.20 25.13 25.19
cis 23.29 b 23.29 23.33
Cs trans 48.80 49.18 48.80 48.98
cis 47.77 b 47.92 47.91
CO,” trans 181.06 180.90 180.53 180.66
cis 180.92 b b b
Au(CN)," - 154.20 - 155.38
Cap-Au-CN- - 153.67 - 154.09

(b) Resonances are either too small to detect or overlapped with other resonances.
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6.6. Interaction Of Au(l)Captopril With Labelled 13CN”

A solution of 0.50 M of Au(l)cap was prepared by adding 0.20 g
(0.50 mmol) of solid Au(l)cap to 1.0 ml of D,0 then enough NaOH was
added to dissolve it. Glycerol was added as a reference. The pH* of
the solution was measured to be 13.08. The solution was very
viscous and colorless. The spectrum of this solution is shown in
Figure 26A. |

When 0.125 molar equivalent of (100% labelled) K13CN was
added as a solid to the Au(l)cap solution the viscosity decreased and
the solution remained colorless. The pH* of the solution was
adjusted to 7.4. Then 13C NMR spectrum was recorded, which is
shown in Figure 26B. The resonances were broad in the high- field
region. However, three intense resonances appeared in the low field
region. These three resonances were assigned based on the mole

ratio of cis and trans isomers of captopril as cap(c)Aul3CN-,

cap(t)Au'3CN- and Au('3CN),” at 143.83 ppm, 152.18 ppm and
154.06 ppm respectively (72).

Assuming the T, are about the same, the percentage were
estimated by measuring the integration of 13C NMR resonances as

36% Au(13CN),", 52% trans and 12% for the cis complex.




73

AU(CN), =
154.06

trans cap-Au-'3CN”
152.18

cis cap-Au-“CN -
143.83

Figure 26 The 50 MHz H noise-decoupled '3C NMR spectra of the low
field region: (A) 0.50 M Au(l)cap itself at pH* 13.08, and (B) 0.125 M

100% labelled 13CN™ added to Au(l)cap solution at pH* 7.40.
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6.7. Interaction Of Au(l)Captopril With KCN (10% Label)

A solution of 0.50 M of Au(l)cap was prepared by adding 0.20 g
(0.50 mmol) of Au(l)cap to 1.0 mi of D,0 then enough NaOH was added
to dissolve it. Glycerol was added as a reference. The solution was
very viscous, colorless, and has pH* 13.08.

To the Au(l)cap solution which was previously prepared (10%
label) KCN was added gradually, as shown in Table 13. When KCN was
added the viscosity of the Au(l)cap solution decreased and the pH*
was adjusted for each step. Then 13C NMR spectra were monitored as

shown in Figure 27.

TABLE 13 Additions of (10% label) KCN to Au(l)cap Solution with its
Measured pH*.

spectrumi# - [Au(l)cap):[KCN] pH*
mole ratio
A 8:0 13.08
B 8:1 7.35
C 8:3 7.50
D 8:4 7.50
E 8:8 7.60
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Figure 27 The 50 MHz TH noise-decoupled 13C NMR spectra in the low
field region of (a) 0.50 M Au(l)cap at pH* 13.08, (b)-(e) show the

effect of the addition of 10% labelled 13CN" and 90% unlabelled CN"
to 0.50 M Au(l)cap at different molar ratio, as shown in Table 13.
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When K13CN (100% label) was added to Au(l)cap solution the

three resonances in the low field region appeared for cap(c)Au!3CN-,

cap(t)Aul3CN-, and Au(13CN),". The peaks were very intense
compare to other captopril resonances. Because of this the whole

experiment was repeated by gradual addition of 10% labelled 13CN-
and 90% unlabelled CN™ to the 0.50 M Au(l)cap solution. As shown in

Figure 27 B-E (only the low field ragion is shown), the Au(CN),"
resonance at 154.09 ppm was sharp and increased in intensity. Also,

as expected, as the concentration of 13CN~ was increased the
intensity of trans and cis cap-Au-13CN" resonances increased. At a
1:1 ratio of Au(l)cap:!'3CN~ both trans and cis isomers as well as
Au(13CN)," were in fast exchange and the average resonance moved
toward Au(3CN)," resonance to an extent that cis complex seems to

disappear as in Figure 27E. When the concentration of 13CN~ was
increased it gave a precipitate. (Note in this experiment the

concentration of Au(l)cap and CN~ are higher than the first

experiment which caused Au('3CN)," to precipitate). The precipitate
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was not resolved. When the precipitate was filtered and redissolved

in DMSO-dg, only one resonance at 153.67 ppm appeared which is due

to Au(13CN),~ complex.
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7. Cyanotri(alkyl/aryl)phosphinegold(l) Complexes

7.1. Preparation Of R3PAuCl Complexes

Different methods were used to prepare different R3PAuCl

complexes as follows:

7.1.1. Preparation Of Ph3PAuCl

Chloro(triphenylphosphine)gold(l) was prepared by dissolving
sodium tetrachloroaurate (2.0 g; 5.0 mmol) in a 1:1 mixture of
acetone and ethanol (15 ml). Triphenylphosphine (2.6 g; 10 mmol)
solution in chloroform (15 mil) was added to the sodium
tetrachloroaurate solution with stirring. The solution became warm,
the yellow color disappeared, and a white precipitate formed. The
solution was filtered, and the volume of the filtrate was reduced to
10 ml. When cooled in a refrigerator, white crystals were formed

(vield is 66%) (93).
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7.1.2. Preparation Of EtsPAuCl

A solution of sodium tetrachloroaurate (2.0 g; 5.0 mmol) in
(10 mi) ethanol was prepared. This solution was cooled to 0°C in an
ice-bath and stirred vigorously. Triethyiphosphine (1.5 ml; 10 mmol)
was added slowly and carefully using a syringe. An orange
precipitate was first filtered. Then the mixture was diluted with
distilled water (20 ml), and left for one hour with stirring. A white
product was collected, washed two times with 10 ml of distilled

water, and dried overnight (yield is 72%) (94).

7.1.3. Preparation Of n-Pr3PAuCl

To a solution of chloroauric acid (3.0 g; 8.0 mmol) in deionized
water (150 ml) maintained at 0°C, a solution of 2.2’-thiodiethanol
(thiodiglycol) (2.0 g; 0.016 mol) in deionized water (40 ml) was
added dropwise with constant stirring. Once the mixture turned
colorless, the tri-n-propylphosphine (1.3 g; 8.0 mmol; 1.6 ml) was
added by a syringe. The mixture was stirred for 30 minutes at room
temperature. An emulsion was formed and separated from the
aqueous layer, which was cooled in a refrigerator overnight, forming

pale yellow oil.
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7.1.4. Preparation Of (MeEtPh)PAuC!

A solution of chloroauric acid (3.0 g; 8.0 mmol) in deionized
water (250 ml) was prepared, cooled to 0°C in an ice-bath, a diluted
solution of 2,2’-thiodiethanol (thiodiglycol) (2.0 g; 0.016 mol) in
deionized water (40 ml) was added dropwise while stirring. As the
solution turned colorless, (methylethylphenyl)phosphine ligand
(1.2 g; 8.0 mmol; 1.5 ml) was added using a syringe. Stirring
continued at room temperature for an additional 50 minutes. The
resulting emulsion was cooled in a refrigerator overnight to give a
clear yellow oil. The oil was separated from the aqueous layer by

extraction with dichloroethane.

7.2. Preparation Of R3PAuC'SN Complexes

Labelled tri(alkyl/aryl)phosphinegold(i)cyanide complexes
were prepared by adding solid KC15N (10% labelled and 90%
uniabelled) directly to an alcoholic solution of R3PAuCl. The method
of preparation was similar for all the cyanide compounds, as an
example detailed preparation for the cyanotriethylphosphinegold(i)
compound is mentioned as follows:

A solution of chlorotriethylphosphinegold(l) was prepared by
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dissolving 0.085 g (0.25 mmol) in 3 ml of ethanol to give a pale pink
solution. An aqueous solution of (10% label) KCSN in 1.0 ml of
deionized water was added to the ethanolic solution. This solution
was stirred for S minutes at room temperature, then cooled in an
ice-bath. The resulting crystals were filtered, washed two times
with deionized water, then dried under vacuum.

Acetone was used as a solvent for chlorotriphenylphosphine
and chlorotri-iso-propylphosphine because they were not soluble in

ethanol.

7.3. Elemental Analysis

The elemental analysis for carbon, hydrogen and nitrogen of
chlorotri(alkyl/aryl)phosphinegold(l) and label cyanotri(alkyl/aryl)-
phosphinegold(l) complexes were carried out with Carlo Erba Model
1106 Elemental Analyzer. The analytical data are given in Table 14

and Table 15 along with the calculated values:



TABLE 14 Elemental Analysis of R3PAuCl and Percentage Yield.

PR Found (cal.)% %yield
C H

PPh, 42.9 3.01 66
(43.66) (3.03)

PEt, 21.1 4.4 72
(20.5) (4.3)

P(n-Pr), 24.4 6.9 oily
(27.5) (5.4)

P(MeEtPh) 28.5 3.4 oily

(28.1) (3.4)
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TABLE 15 Elemental Analysis of R3PAuUC!SN, Melting Points and
Percentage Yield.

R Found (cal.)% Found (lit.) %yield
o H N m.pt.
Me 1594 297 3.86 201 80

(16.0) (3.0) (5.0)

Et 25.08 4.54 4.16 109 (113)80 41
(24.58) (4.39) (4.39)

i-Pr 3164 577 3.80 108 54
(31.27) (5.47) (3.91)

Ph  46.23 3.29  2.81 209 (204)80 90
(46.93) (3.08) (3.08)




84

7.4. Disproportionation Reactions Of R3PAuC'>N In CD30D

Disproportionation reactions of R3PAuC!SN in CD30D have been

studied using 3'P and 13N nuclear magnetic resonance spectroscopy

as follows:

7.4.1. Disproportionation Reactions Using 3P NMR Spectroscopy

Solid compounds of Me3zPAuC!5N, Et3PAuC!SN, and

i-Pr3PAuUC'SN  were directly transferred to an NMR tube where 1.0
ml of CD30D were added to make solutions ready for direct NMR

studies. All complexes are soluble in the solvent. A solution of
Ph3PAUC'SN (0.01 Min 1 ml CD30D) was also prepared in NMR tube.
Because of the low solubility of PhzPAUC!SN complex in methanol, a

lower concentration of the complex was used. 3P NMR spectra were

monitored for all solutions.

Figure 28 shows the 31P NMR spectra of 0.02 M Me3PAuCN,
Et3PAUCN, i-Pr3PAUCN and 0.01 M Ph3PAUCN complexes in CD30D

solution. In each case two resonances of R3PAuUCN and (R3P),Au™ are

observed as indicated in Equation 15. Note that the ratio of R3PAUCN
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Figure 28 The 109.25 MHz 'H noise-decoupled 3P NMR spectra in
CD30D of (A) 0.02 M Me3PAUCTSN, (B) 0.02 M EtgPAUC?SN, (C) 0.02 M
i-Pr3PAUCTSN and (D) 0.01 M PhyPAUC?SN.
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to (R3P)Au™ resonances (R = Me, Et, i-Pr and Ph) which can be

monitored by NMR peaks are different for different complexes. And
this is may be due to the fact that Keq is different for each complex

(78).

7.4.2. Disproportionation Reactions Using 1N NMR

Figure 29 shows the 15N NMR spectra of MezPAuC13N,
Et3PAuCTSN, and i-PrsPAuC!SN complexes of the same sample as

have been used for the 3P NMR measurements. The chemical shift
difference for i-Pr3PAuC?>N and Au(C'SN)," probably are very close

and therefore only one peak is observed. For MezPAuC!SN two peaks
overlapping and appearing almost as one peak was observed. However

two peaks are observed for Et;PAuC!SN complex. These two peaks
are due to Au(C'5N),” and EtzPAUC'SN complexes. The less intense

peak at 264.0 ppm is due to Au(C'5N)," complex and more intense
peak at 262.5 ppm is due to Et;PAuC?3N resonance (78).
For PhgPAuC'SN only one peak representing 15N resonance was

observed at 265.5 ppm. However the signal to noise ratio was not

high enough for good analysis (Figure 30).
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Figure 29 The 27.24 MHz 'H noise-decoupled 15N NMR spectra in
CD30D of (A) 0.02 M Me3PAUCTSN, (B) 0.02 M Et3PAuCTSN and (C) 0.02
M i-PrgPAuC1SN.
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IO S

Figure 30 The 27.24 MHz 'H noise-decoupled 1SN NMR spectra in
CD30D of 0.01 M PhgPAUC?SN.
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CHAPTER FOUR

DISCUSSION AND CONCLUSION

1. DISCUSSION

As described in the literature (5,8,95) when CN™ is added to
gold(l)thiols, it immediately binds to this complex forming

RS-Au-CN~. This asymmetric gold complex is reported to

disproportionate to give Au(CN),” and Au(SR)," as follows (5,8,95):

AuSR + HCN <===> RS-Au-CN" + Ht (eq. 16)
RS-Au-CN™ + HCN <===> Au(CN),” + RSH (eq. 17)
AuSR + RSH <===> Au(SR),” + H* (eq. 18)

2(RS-Au-CN") <===> AU(CN),” + Au(SR),” (eq.19)
The C'SN” binds to gold(l) very strongly, and the formation
constant of Au(CN)," is reported (96) as log B, 36.6.

It is interesting to note that in both cases, tm-Au-C'>N" and
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tg-Au-C15N~, the 1SN NMR chemical shifts are very similar ca.
260.30 ppm, which indicates that the electronic environments of
CN” ligand are very similar in both cases, which may be explained as

the binding site of complexed thiols is further away.

As noted in Table 8 and Table 9, two resonances are observed
for Au(C15N),™ and RS-Au-C'SN” species and the integration can be

easily measured for both species. It is assumed that T; for both
species are constant throughout the experiment.

It was attempted to calculate equilibrium constants for
reactions 16 through 19, however the free [CN'] concentration is

extremely small and could not be determined, therefore the Ko, was

not reported (5). In the present study, the same problem is also

encountered, so the ratio of [Au(CN),"]2 / [RS-Au-CN"]? (assuming
[Au(CN),"] = [Au(SR),"]) was calculated and reported in Table 8 and

Table 9 as to be Q. When the concentration of CN™ increases, the Q

increases in both Autm and Autg cases, which indicates the

dissociation of the polymer and an equilibrium shift in the direction

of Au(CN),".
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It was attempted to calculate life time of RS-Au-CN™ species

on the basis of a noncoupled two-site exchange model for the system
noted in equation 19. Populations of species beyond coalescence
were estimated from the extrapolation of precoalescence
populations. Fitting the calculated spectral data are not very
satisfactory, indicating that the process involved is not a simple
two-site exchange. There must be various species at equilibrium as

noted in equations 16 to 19 involving multisite exchange.

The 15N resonance of free C'SN™ is not observed in any of the

gold complexes. This effect has also been reported in 13CN-

exchange studies with other gold(l) drugs (5,8,95), although the

aqueous saturated free KC15N shows a peak at 177.8 ppm (97). Since
the free C15N" resonance was not observed, the concentration could

not be determined. Its exchange with various gold species which
exist in solution might explain the lack of an observable peak.
Another factor which introduced errors in the calculation is
the uncertainty in the concentrations of these drugs. It was
estimated that Autg is only 80% pure (61). For the Autm complex, it
is assumed 10% free thiomalate, 0.3 mole glycerol and 2 mole water

for every 1 mole of Autm (51).
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It is interesting to note that at low concentrations of C13N” to
Autm up to 1:2 molar ratios, no Au(C! 5N)2' was observed (Table 8).
This shows that very little disproportionation of tm-Au-C!'5N-

species occurs. However, at higher concentrations of C15N~, the
Autm polymer breaks down and Q increases. Upon the addition of
C!SN™ to Autg, the Au(CN),” resonance was always observed

regardless of concentration ratio. This observation is important
because even for patients who are not heavy smokers, still the lower

accumulation of cyanide concentration will bind to Autm or Autg
forming a RS-Au-CN™ linear complex, which can also cross
membranes to red blood cells. Even though for heavy smokers
Au(CN)," is the carrier of gold to red blood cells, RS-Au-CN", though

not as effective, is another form of carrier of gold to red blood cells
for moderate smokers.

The gold(l) thiol complexes are known to form polymers, in the
region of hexa- to octamers (12,15,50,91,98,99). As was observed in
Figure 24A, 26A and 27A the '3C NMR resonances are very broad and

the solution was very viscous suggesting the formation of polymers.
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The Autm in the presence of tm~ or other added thiols usually

forms Au(SR),” complexes (52,54,61,100). As shown in Figure 24B
the resonances b, and b, at 47.96 ppm and 43.57 ppm appeared at a
1:1 ratio of Au(l)cap:tm™. At a 1:2 ratio of Au(l)cap:tm~ there was no
significant change in the spectrum of 24C. These results indicate

that tm™ bound to the Au(l)cap complex, but it did not displace all

the captopril in the Au(tm),” complex. The displaced captopril is in

fast exchange with gold(l) and therefore only the exchange averaged

resonances are observed. These resonances may be due to the various
species present as tm-Au(l)-cap”, Au(cap),” etc.

As noted in Table 11 and as shown in Figure 24C, the various

-CH3 resonances are observed for the captopril in the presence of

thiomalate. These -CH3 resonances are due to the tm-Au(l)-cap™ as

well as Au(cap),” species present in solution. However, the Au(l)cap

polymer is very stable, so it will not react even with excess
thiomalate and therefore the resonances for the different species
could not be resolved .

When KCN was added to Au(l)cap solution, at a 1:1 ratio, the
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resonances were broad, however, at a 1:2 ratio of Au(l)cap:CN" the
resonances of captopril were sharper as shown in Figure 25B. Note
that the cap-Au(l)-CN™ complex at a 1:1 ratio was only soluble at
pH* 12.20 however, at a 1:2 ratio the complex was soluble even at
pH* 7.20, suggesting the formation of Au(CN),” complex which is

soluble even at neutral pH* (5,8).

The equilibrium competition of HCN and thiols (RSH) for gold(l)

favours cyanide and mixed ligand complexes (RS-Au-CN”) which
disproportionate to Au(SR),™ and Au(CN)," species (5,8).

The two resonances observed in the 1:2 Au(l)cap:CN™ spectrum
at 155.38 ppm and 154.09 ppm are due to the Au(CN), and

cap-Au-CN”~ species (Figure 25 B and C). In the high-field region

0-70 ppm, the resonances are not well resolved. This may be due to

the formation of various species which are in equilibrium as

Au(l)cap, cap-Au(l)-CN™ and Au(cap),”.

In the presence of labelled '3CN-, it can be seen that both

trans and cis Au(l)cap complex give two distinct isomers. The trans
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cap-Au(l)-13CN" resonance is low field compare to cis isomer. The

assignment of these two resonances are based on the mole ratio of
the free two isomers present in the solution (72).

In previous studies, it was found that the formation constant
for the cis isomer is greater than that of the trans for CH3Hg-

captopril complex (77). In this study, it was found that cis cap(c)-
Au-13CN” resonance is higher field than trans cap(t)-Au-13CN”
resonance. This can be explained in terms of the stability of the Au-

cap bond. The d_-p, back bonding in the cap(c)-Au-13CN” is greater

than cap(t)-Au-13CN” which in turn will shift the 13CN~ resonance

upfield (101).

The X-ray structure of Me3PAuCN, Et3PAuCN, and PhzPAuCN
shows that these complexes are monomer in solid state (80-82).
However, these complexes undergo ligand scrambling reaction in
solution as soon as they are dissolved (78-80) as shown in
equation 15. The Keq of these complexes are given in Table 16.
Various factors which Keq depends on have been studied (78) and
these are: The nature of the solvent, the size of the ligands, initial

concentration of complexes, the ionic strength of the medium etc.

(78,80). Figure 28D shows the 3P NMR spectrum of Ph3PAuUCN. The
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Keg Of this complex is 0.112, therefore (Ph3P),Au* resonance is

much less intense compare to Ph3PAuUCN resonance. On the other hand

(Me3P),Au* resonance is much more intense as shown in Figure 28A

compare to that of Me3PAuUCN because the K is 0.37 for this

complex (78).

TABLE 16 5N and 3P NMR Chemical Shifts in ppm and K, Data for

R3PAuC?SN.
15N 31p 31p
R R3PAUCN  R3PAUCN (R3P)Aut  (Kg)™®  (6,deg)”®
Me  263.0 -1.60 7.200 0.37 118
Et  262.5 36.50 45.07 0.24 137
i-Pr  262.2 66.10 75.20 0.29 160
Ph  265.5 37.90 43.80 0.112 145
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Unfortunately, the 1SN NMR chemical shift difference between
the Au(C15N),” and R3PAuC3N were very small and therefore the
peaks are not resolved, except for Et;PAuC'SN complex for which
two resonances were observed. The assignment of Au(C'5N),” and
EtzPAUC1SN resonances are based on Keq Of the complex (78) which
is 0.24. Therefore Au(C'3N)," resonance should be less intense than

the Et;PAuC!SN resonance as noted in equation 15. The broad SN

resonance for MegPAuC!SN shown in Figure 29A indicates that
Au(C'5N),” and Me3PAuC'SN are exchanging slowly, however the

sharpness of the i-Pr3PAuC!3N resonance indicates that both
compounds are in fast exchange.

The 3J for cis [Mo(N,),(PMe,Ph),](thf) is reported to be 0.9 Hz
(102) however, no 3J coupling for any 31P-Au-C-15N complex studied
here was observed. The 2J coupling (15N-31P) for R3P-Au(5N-
phthalimide) where R = Me, Et, Ph, i-Pr etc. were monitored (103)
and found to be in the following order Me > Et > i-Pr.

From Me to i-Pr, the phosphorus cone angle (104) increases
(Table 16) consequently the s character on the phosphorus lone pair

decrease and therefore a weaker P-Au o bond is expected. Which
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means that Au-CN o bond will be stronger. For Ph3P-Au-CN the K¢, is
smaller and for Me3zPAuCN is higher (Table 16). The
disproportionation for Ph3P-Au-CN complex is less than that of
Me3PAuCN.

it should be noted here that in previous studies, only one 31P
resonance for PhgPAUCN complex at 297 K was found (78,80,105)
however at low temperature 200 K, two resonances for (Ph3P),Au*
and Ph3PAuCN were observed. Contrary to this observation, in the
present study two resonances are observed even at room
temperature, although similar concentration and NMR frequency is

used in both studies.
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2. Conclusions

On the basis of the above investigations the following
conclusions are drawn:

1. 15N and 13C NMR techniques are very useful tools for studying
the interaction of cyanide ion with gold(l)thiolate complexes
because the spectra are simple, giving only few resonances for
a given system.

2. When cyanide ion interacts with Au(l)thiolate complexes,
aurocyanide complex, [Au(CN),"], is the major product at a

ratio of Au(l)thiolate:CN™ greater than or equal two. At lower
ratios a mixed ligand complex, [RSAuUCN], is also produced.

3. From !'SN NMR spectra, approximate lifetime of the RS-Au-CN~
species has been calculated. It shows that as the concentration

of CN" increases in solution the disproportionation reaction of
RS-Au-CN™ species to Au(CN),™ and Au(SR)," also increases.

4. For the first time a crystalline gold(l) thiolate complex has
been isolated.

5.  Gold(l)captopril complex at 1:1 ratio was synthesized and
forms a high molecular weight polymer in aqueous solution.

6. Both thiomalate and CN™ binds to Au(l)cap complex, but CN”
binds more strongly than thiomalate. Based on the 13C NMR

chemical shifts, the cis cap(c)-Au-13CN" isomer is found to be
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more stable than the trans. isomer.

15N label cyanotri(alkyl/aryl)phosphinegold(l) (RzPAuC15N)
complexes were prepared. In solution these complexes
disproportionate to give (R3P),Au* and Au(CN),”. The

disproportionation reactions of these complexes shown to be
affected by the steric hindrance of phosphine ligands.

Since RS-Au-CN”~ was not isolated, and a mixture of
RS-Au-CN~, Au(SR),” and Au(CN),” are always observed in

solution, this led to the conclusion that RS-Au-CN” is always
in equilibrium with Au(SR),” and Au(CN),".

The 15N NMR chemical shift range for all the RyPAuC!SN
species is 262.2-265.5 ppm in CD30D. The >N NMR chemical

shift range for RS-Au-C15N~ and R3P-Au-C'SN is between

260-265 ppm. Which indicates that >N NMR chemical shift is
insensitive to the type of ligand attached to gold(l).
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