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Abstract

Cis-Pt(NH3)2Cls is now well established as an antitumor drug. There are still
difficulties in its widespread administration, however, because of its numerous side

effects and toxicity. Replacement of the NH3 groups by amines more compatible to the

human system might possibly be a way of surmounting these problems. One such amine

is 1-adamantanamine which has been demonstrated to exibit both antiviral and anticancer
activity.

New platinum(II) complexes of the type [Pt(A")Cl3]-, Pt{A)(A")Cl and
Pt(A)(A"p, where A = methylamine, ethylamine, cyclobutylamine and cyclopentylamine
and A' = l-adamantanamine, 2-adamantanamine and 1-methyladamantanamine have been
synthesized. The structure of [2-adanH][Pt(EtNH3)CI3] complex has been determined
by X-ray diffraction.

The synthesis of platinum(II) complexes containing the dimethylformamide

ligand (DMF) was undertaken to study the reactivity of DMF with chloro-bridged dimers

and trimers. When platinum complexes of the type [Pt(A)Cls]- were stirred in perchloric
acid, oligomeric species were formed which can be cleaved by O-donor ligands such as
DMF, water or acetone. A series of complexes of the type [Pt(A)Clz], and
[Pt{A)(DMF)CI>], where A = methylamine, ethylamine, cyclobutylamine,
cyclopentylamine, dimethylamine and DMF has been synthesized. The crystal structure
of a cyclic trimer, cyclo-tri-u-chloro-tri-[chloro(dimethylamine)platinum(II)] was
determined. All the compounds have been characterized by infrared and Raman
spectroscopy, by 195Pt- and TH-NMR spectroscopy (when soluble) and occasionally by

X-ray diffraction when suitable crystals could be obtained.




Cis-Pt(NH3)2Cly est actuellement le médicament le plus utilise en
chimiothérapie. Cependant, son administration A grande €chelle est limitée par se
nombreux effets secondaires et par sa toxicité. Le remplacement des groupements N3
par des amines plus compatibles avec le corps humain pourrait &tre un moyen de
surmonter ces problémes. Une de ces emines est 'adamantanamine-1, qui poss¢de un
activité antivirale en plus d'une activité antitumorale.

De nouveaux complexes de platine du type [Pt(A")Cl3}-, Pt(A}A)Cla et
Pt(A)(ANIp, ot A = méthylamine, éthylamine, cyclobutylamine et cyclopentylamine et A’
= 1-adamantanamine, 2-adamantanamine et 1-méthyladamantanamine ont té synthétisés.
La majorité de ces complexes n'a pas encore €€ rapportée dans la littérature. La structure
du complexe 2-adamH{Pt(EtNH2)Cl3] a ét€ déterminée par diffraction des rayons-X.

La syntheése de complexes de platine avec le ligand diméthylformamide (DMF) a
été entreprise en vue d'étudier la réaction du diméthylformamide avec les dimeres ou
triméres & ponts chlorés. Lorsque les complexes de platine du type [Pt(A)Cl3)" sont mis
en présence d'acide perchlorique, ils forment des oligomeéres qui peuvent s'ouvrir ¢n
présence d'un ligand oxygéné, tel le DMF, l'eau ou I'acétone. Une série de compiexes du
type [Pt(A)Cl2]n et [Pt(A)(DMF)CI2], ot A = méthylamine, éthylamine,
cyclobutylamine, cyclopentylamine et diméthylamine a été synthétisée. La diffraction des
rayons-X a mis en évidence une espéce trimére a4 ponts chlorés avec la diméthylamine.
Tous les produits ont été caractérisés par spectroscopie infrarouge et Raman, par
résonance magnétique nucléaire du 195Pt et 1H (lorsque solubles) et de temps en temps

par diffraction des rayons-X lorsque des cristaux adéquats ont pu &tre obtenus.
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CHAPTER1

Introduction



1.1 Platinum Chemistry

Platinum is a noble metal which exists naturally in association with small traces
of iridium, osmium, palladium, rhodium and ruthenium. This metal has numerous
applications, e.g., in catalysis, jewellery and cancer chemotherapy. Its ground state
electronic structure is [Xel4f145d96s!. Although platinum exibits oxidation states ranging
from 0 to 6, the divalent state is the most common in aqueous systems. Platinum(ll) has
the electronic configuration [Xe]4f145d8, The most common type of complex involving a
d8 configuration has coordination number 4 with square-planar geometry resulting in low-
spin diamagnetic complexes. In term of crystal field theory, the d8 electrons ocen py the
low-energy dyz, dxz, dz2 and dxy orbitals while the high-energy d«2-y2 orbital remains
unoccupied (1, 2). The crystal field stabilization energy is thus normally high, as shown
by examination of the relative energies of the d orbitals in different coordination

environments given in Figure 1 (2).

Square-planar platinum(Il) complexes are relatively kinetically inert and they
form stable compounds with both ©- and n-electron donating ligands.  The ligands are
generally anionic or neutral and the relative affinity of ligands for Pt(1I) follows the trend
CN-> NH3z= RNH2 = OH > I" > SCN- > Br >Cl" >> F- = H0 = MeOll.
Platinum(II) shows a preference for nitrogen (in amines and NO7°), halides, cyanide and
heavy donor atoins (e.g., P, As, S, Se) and relatively low affinity for fluoride and
oxygen donating ligands unless it is deprotonated as in the carboxylate anion.
Ammonium or alkali metal (Na or K) salts of the halide anions [PtX4]2- are common
starting materials for the synthesis of Pt(Il) complexes. The red | PtCl4]2- ion is made by

reduction of [PtClg]4- with oxalic acid ().
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Figure 1. Relative energies of the d orbitals in differert coordination environments
(adapted from ref. 2).




1.2 Antitumor P rties of Platinum Complex

The antitumor activity of platinum(Il) complexes was discovered accidentally by
Rosenberg and his collaborators over 20 years ago (3, 4). Since that time, efforts are
being made by many research groups to understand the inorganic and biological

properties of platinum complexes that exibit antitumor properties.

Antitumor activity usually requires neutral square-planar platinum complexes
with two leaving groups in a cis configuration, PtA2X2, where A is NH3 or an amine
ligand. Even though both cis and trans isomers inhibit replication, very few case of
activity in a trans compound has been reported (5, 6). The leaving ability of the X ligands
is important and two main classes have been found successful: monodentate anionic
ligands, mainly Cl-, also Br- to a lesser extent and bidentate carboxylate ligands (c.g.,
oxalate, malonate). As an example, the 1,1-cyclobutanedicarboxylato analogue,
Pi{(CBDCA)(NH3)2 shows a similar activity to "cisplatin" (% T/C = 205 ) but has a better
solubility (17 mg/ml compared to 1 mg/ml for cisplatin) and a lower toxicity (LDsp = 130
mg/kg compared to 13 mg/kg for cisplatin) (7, 8). The % T/C is the mean survival time
of treated mice over the mean survival time of untreated mice (significant when > 150 %)

(9, 10). The lethal dose, LDsg , is the dose required to kill 50% of the animal population.

The geometry of the amine ligands (A) is also important in the antitumor
property. Lower alkyl substitution of the H atoms in NH3 seems to diminish activity
against the tumour, while heterocyclic and alicyclic amines show an increase in the
activity, mostly due to lowered toxicities. The toxicity of the ammine complexes is

thought to be due to an increase in hydrogen bonding with the DNA (10-12).

The complex actually used in chemotherapy is cisplatin, cis-Pt(NH3)2Cly. Itis

active against two major types of malignant tumors: solid tumors (e.g., solid Sarcoma




ol

180) and disseminated tumors (e.g., leukemia L1210). Comparison with other

established and clinically-used drugs shows that cisplatin has a wider spectrum of activity

than adriamicin or S-fluorouracil (10). When these molecules are used in combination

with cisplatin, a marked synergy is shown.

Platinum complexes of the type cis-Pt(A)2Cl2 can react with other ligands
according to a bimolecular SN2 substitution mechanism that follows a two-path
mechanism in aqueous solution (11). The upper-half pathway involves the replacement
of the X group by a solvent raolecule (water) generating a solvated intermediate with
trigonal bipyramidal geometry. The solvent molecule is then replaced by the incoming
group Y. This process is entirely stereospecific: cis and trans starting materials lead,

respectively, to cis and trans products.

A A A
l | X l
A— M-— X +S A —M -Xa A— N — S
| N | R +X |
X X X
-Y]+Y(fast)
T s
/
A— Pt
Y
X
+Y S f+s
-Y
!l\ A
X |
A—M T X, A—M—Y
| Y YT +X |
X X

where S = solvent, Y = entering ligand and X = leaving group
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An alternative route, the lower-half pathway, involves the direct replacement of the

leaving group by the nucleophile Y without participation of the solvent.

The most important factors that can influence the substitution reactions in
platinum(II) complexes are the type of entering and leaving groups, the solvent effects
and the trans and cis effects. The kinetic trans or cis effect differs from the
thermodynamic trans and cis influence (1) which is the tendency of aligand to weaken the
bond rrans or cis to itself in the metal complex. It reflects the ground state of a complex.
The trans and cis effects involve a reaction transition state or intermediate, assumed to
have a trigonal bipyramidal structure. The trans influence determines which ligand is less
strongly bonded while the trans effect determines how quickly the designated ligand will
depart. The order of trans labilizing ability is H20, OH-, NH3, amine, py < Cl-, Br- <
SCN-, I, NO7-, CgHs™ < SC(NH»)2, CH3™ < H-, PR3 < CoHg4, CN-, CO (1).

In aqueous solution, Pt(NH3)2Cly complexes undergo hydrolysis to form a
variety of hydrolyzed species. Both cis and trans isomers, in aqueous solution, exchange
only two of their ligands, the chloride ions, for incoming groups such as H;0, OIT-,
RNHj, RS- or RSCH3, which are abundant in a biological milieu (13). Aside from the
formation of these hydrolyzed species, hydroxo-bridged oligomers are also formed at
neutral pH when the chloride concentration is low and contributes to increase the toxicity

of these species.

Patients are treated with intravenous injection of cisplatin. In the plasma, the
neutral, dichloro form is maintained because the concentration of the chloride ions is
sufficiently high enough (= 104 mM). After passive diffusion across the lipid membrane,
the concentration of the chloride ion decreases sharply (to = 4 mM) and promotes the

hydrolysis of the labile chloride ligands (13). In aqueous solution, the following two

equilibria are set up:

6



Pt(NH3)2Clp + HO ——»  [P((NH3)2CI(H20)]t  +CI°
[PYNH3),CI(Ho0)}t + H)O——>  [Pt(NH3)2(H20))2+ +CI-

Aqua species, such as [Pt(NH3)2(H20)2]2+ , can undergo loss of protons to form the

monoaquamonohydroxo and dihydroxo species.

2+ NH OHy|* NH OH
NP\I? Pt/ o K \3 Pt/ K \3 Pt/
N —al PN —2, <N
NH; OH - H+ NHj3 OH - H+ NH;3 OH
pKai= 35,51 pKaz =7,37

Thus, at physiologic pH, the active species is the monoaquamonohydroxo compound.
These aquated species can subsequently react with a variety of intracellular components,
including DNA. At this pH, hydroxo-bridged oligomers are also formed rapidly and

these have been shown to be toxic.

The possible modes of binding by common drugs and metal complexes to DNA
are intercalation, outer-sphere binding, inner-sphere binding and strand breakage (10).
Platinum(Il) complexes prefer inner-sphere binding and Figure 2 shows three possible

models of the interaction between DNA and platinum complexes.

Cisplatin might inhibit DNA replication by chelation at N7-QOg site of guanine
(Figure 2a), by formation of interstrand crosslink between adenine units (Figure 2b) or by
formation of intrastrand crosslinks with two adjacent guanine bases (Figure 2c). Models
a and b are not good models. It is believed now that the activity of cisplatin is due to the
adducts formed by intrastrand crosslink with two guanosine nucleosides on the same
strand (model ¢) which cannot be formed by the zrans isomer due to stereochemical

reasons (15, 16). This kind of binding seems to explain the difference between the



activity of the cis and trans isomers of Pt(NH3)2Clz. The local disruption caused by
cisplatin is lethal for the cell because it inhibits replication and eludes the repair enzymes
especially in cancer cells where the repair mechanism is repressed. The trans isomer,
binding to purines (guanine and adenine) separated by one or two other bases, does not
cause DNA to bend by 30-40° as does cisplatin. The inactivity of the trans isomer is

explained by the fact that the lesions caused by the trans complex are more readily

repaired than those caused by cisplatin (17).

(a) (b) (©)

Figure 2, Possible models for the interaction of cisplatin with DNA (adapted from refs.
13, 14).



Platinum complexes are not selective. They react with normal cells as well as
tumor cells, but the DNA repair mechanism is different in the two cases. In normal cells,
the DNA repair mechanism is rapid enough and cisplatin lesions are repaired before
replication, while in cancer cells, where there is a deficiency in this repair process, the
lesions are not repaired before replication and this leads to the death of the cells. But,

because platinum complexes are not selective, they cause sericus side-effects.

The most severe side-effect is due to damage to the kidney function, in particular
to the proximal convoluted tubules. This damage causes a decrease in the filtering
capacity of the kidney, thus an elevation of the blood-urea nitrogen and a decrease in the
creatinine clearance. To limit the toxic effects of the metal in 'he kidney, the patients are
treated at weekly intervals and/or with low doses in combination with other drugs more
compatible with the body system. Other agents, all sulfur nucleophiles, such as sulfiram
or thiourea, are also used in spite of the fact that they often reduce the activity of cisplatin.
These compounds inhibit cisplatin nephrotoxicity probably because they react as
competitive agents with the renal SH groups (10). Another way is to force or induce
diuresis; the anticancer activity of platinum compounds does not decrease but the kidney
toxicity is decreased. While doses around 50 mg/m-2 (dosage given as milligram per
square meter surface area) are significantly toxic in normal conditions, with these

techniques, doses around 120 mg/m2 can be given.

Since the action of cusplatin is due to inhibition of DNA synthesis, tissues with a
high rate of cellular proliferation like hair follicules are also affected (10). Nausea and

vomiting are also severe, thus antiemetic drugs are used in treatment (11).




The studies with aminoadamantane derivatives are interesting for several
reasons. The first reason is that adamantane itself and its denvatives have attracted some
attention due to their globular structure and the possibility for them to form plastic
crystalline phases (18-20). The second is the fact that homoconjugated [NHN]* cations
in salts of 2:1 ratio, present an interesting type of strong hydrogen bonding (21, 22). The

third one, which we are interested in, is their biological activity.

1-Adamantanamine is a stable, colorless, crystalline amine with a symmetrical
cage structure. 2-Adamantanamine is a similar amune which is commercially available as

its hydrochloride salt. 1-Methyladamantanamine 1s a colorless hiquid.

OO0

1-adamantanamine 2-adamantanamine  1-methyladamantanamine

The direct inactivation of virus is not a major factor in the activity of the
adamantane compounds in tissue culture (23). 1-Adamantanamine and 2-adaman-
tanamine have been reported to inhibit the multiplication of certain strains of influenza
virus by slowing or blocking the penetration of virus into the host cells (24). Studies by
electron microscopy show that intact influenza particles are taken into the cells by
phagocytosis. This engulfment process is prevented by NH4Cl and various amines. The
fact that this effect can be eliminated by a simple washing of the cells suggests that the
compounds may interfere with the penetration process by causing ionic changes at the cell
surface. In the presence of one of the compounds, the viruses do not penetrate the cell

and thus remain susceptible to inactivation by antibodies (23). The failure of the agents to
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block a virus of influenza type B, indicates that viruses of type A and B may penetrate the
cells at different sites or differ in their tolerance of changes in ionic conditions (24). It
seems that the pKj of the nitrogen atom rather than its lipophilicity, is the major factor in

the antiviral activity of this class of compounds.

Metal ions are important in many biological processes and, depending on their
concentration, may either contribute towards the health of the organism or cause toxicity
(25). Many research groups (25-28) have investigated the effects of metal complexes of
several amines structurally related to 1-adamantanamine on virus replication. They found
a considerable increase in antiviral activity when the metal complexes, rather than the
uncomplexed ligands, were used. This situation may be due to enhanced lipid solubility

of the metal complexes.

In addition of virucidal properties, the antitumor activities of adamantanamine
derivatives have been determined by Ho, Hakala and Zakrsewski (29). Since 1-
adamantanamine is also reported to have antitumor activity by itself against
angiocarcinoma and pancreatic carcinoma (30), it would be interesting to examine the
addition of adamantanamino ligands, which are polycyclic molecules, to platinum(II) to

see if the antitumoral activity could be enhanced.

Platinum(ll) complexes containing 1,2-diaminoadamantane of the general
formula R,Pt(1,2-diaminoadamantane) where R= halides, NO3-, OH-, SO42- have been
synthesized by Shionogi and Co. Ltd (31). These compounds exibit antitumor activity,
but have no antiviral properties. The complex 1,2-diaminoadamantane(dichloro)-

platinum(ll), is actually used in Japan for ireatment of human cancers as is cisplatin (31).

KN o
RN
:Zn R
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Other complexes Pt(1-adam)2Cl2 and Pt(2-adam)7Cla have been synthesized by

Braddock et al. (32) and they show no antitumor activity. According to these authors, the
lack of anticancer properties is probably due to their low solubility but, as will be

discussed later, we have some doubt about their method of synthesis.

Neutral square-planar complexes of the general formula MA2X2 where A is an
amine and X is a halide, exhibit cis-trans isomerism and these isomers can be
differentiated by the presence of a dipole moment (pp) in the cis isomer but none in the

trans isomer (33).

up#0
/ \ A/

A
Pt < Up =

X

Another way to distinguish cis and trans isomer in platinum complexes PtA2X2
is the Kurnakov test (33). The addition of thiourea (tu) to the cis complex results in

complete replacement of the X ligands according to the following reaction:

tu
cis-Pt(A)2X2 —_— [Pi(tu)s ]2+

whereas for the trans isomer, the replacement stops after the two halide ions have been

replaced since the trans amine ligands does not labilize each other:

tu
trans-Pt(A)2X2 _— [Pt(A)2(tu)2]2*




The main objective of the thesis was the synthesis of new platinum(II)
complexes with adamantanamine derivatives. The characterization of these complexes
was achieved by infrared and Raman spectroscopy, multinuclear NMR spectroscopy and
X-Ray diffraction when suitable crystals were obtained. The different experimental

methods are discussed in Chapter II.

Chapter III deals with the synthesis and characterization of the starting materials

[Pt(A)Cl3]" and [Pt(adam)Cl3]".

Chapter 1V presents the synthesis of the mixed-amine compounds of the type
Pt(A)(adam)X, (X = CI, I). In this chapter, a comparison is made with data for
complexes already published in the literature. A few compounds screened for antitumor

properties by the group of Braddock (32) lead us to the conclusion that there are some

ambiguities in their published results.

Chapter V concerns the synthesis of complexes of the type Pt(A)(DMF)Cl, and
Pt(A)Clz]y, and cleavage of the choro-bridged oligomers [Pt(A)Cls],.
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2,1 Experimental

The platinum salt, K2[PtCls], was purchased from Johnson Matthey and Co.
and was recrystallized from water before use. Methylamine (MeNH3, 40% in water),
ethylamine (EtNH2, 70% in water), cyclobutylamine (CBA), cyclopentylamine (CPA),
dimethylamine (DMNH, 40% in water), 1-adamantanamine (1-adam), 2-adamantanamine
(2-adam), 1-methyladamantanamine (1-Madam) and N,N-dimethylformanude (DMI)
were obtained from Aldrich and Eastman and were used without further purification. All

the complexes were dried in a drying pistol under P20s.

The microanalyses were done by Galbraith Laboratories, Inc. The melting points
were measured on a Fisher-Johns instrument. The IR spectra were recorded on a Perkin-
Elmer 783 or Digilab FT50 spectrometer (CsI beamsplitter with a resolution of 1 cml,
256 scans). The Raman spectra were measured on a2 U-1000 Ramanor spectrometer
equipped with a microscope, with the argon-ion green line (514.5 nm), with a slit width
of 300 wm and a power of 200 mW, 20 scans were accumulated (40 for best resolution)
and 9-point smoothing was done. The !95Pt nuclear magnetic resonance spectra were
taken on a Bruker WH-400 FT NMR spectrometer at 85.832 MLz, spectral window
1000 ppm, in DMF, acetone or CH2Cl3 ( conc: 30-60 mg / 3 ml) with a D20 external tube
for lock purposes and K[PtCls] as an external reference adjusted at -1628 ppm relative 10
Nap[PtClg] or on a Varian X1.-300 FT NMR spectrometer at 64.374 MHz, spectral
window 1500 ppm, in DMF, acetone, D20 or CH,Cly. The spectrometer was locked on
D70 and K[PtCls] was used as an external standard adjusted at -1628 ppm. Proton
nuclear magnetic resonance spectra were taken on a Varian XL- or Gemini-200 or on a

XL- or Gemini-300 FT NMR spectrometer, in DMF-d7, acetone-dg, CD2Cl or D20.




»2.1 X-Ray Diffracti

X-ray crystallography is one of the best methods to determine the precise
composition and atomic arrangement in a molecule. The packing of the molecules into the

crystal defines the symmetry of the electron density distribution and the size of the unit cell,

The parameters of a unit cell are defined by the axes a, b, c and the angles are a, 3,
¥. The volume, V, may be used to calculate the density, D¢, of the crystal according to the

following formula:

Dc = ZMw
VN

where Z is the number of formula weights in the unit cell, My, is the molecular weight and

JV is Avogadro's number. The selection rule for X-ray diffraction is given by Bragg's law

defined as:

2dsin O = nA,

One of the methods used to obtain information on a single crystal is the precession
method (1). The unit cell parameters and space group can be determined by this method.
The data collection then can be made by a diffractometer. The observed intensity (Ihk1) of the
measured reflections, is defined by the equation:

Ihk1 = Uine - (B1-Bp)l v
Rt

where Iint = integrated intensity

By = contribution of the left background



L

B; = contribution of the right background
v = scan rate

R = ratio of total background measurement ime over scan time (0.5 1n
our model)

T = transmission coefficient
The standard deviation o(I) is obtained by:
62(Ink)) = {[ine + (B1 + By) / RZ] v2 + (C Ik} / ©
where C is the instability factor of the measurement system (0.02 in our model).

After the data collection on the diffractometer, a data reduction program transforms

the intensity data into Fopg values, making corrections for the Lorentz and polarization terns

of the observed intensity (Ihkl) of the hkl reflections as follows:

Fra'? = Klpg
Lp
The Lorentz correction depends on the measurement technique. It can be defined for a
diffractometer by the equation: L = 1/5in28. The polarization correction is a simple function
of 20 (p = (1 + cos220)/2) and is independent of the method used for the data collection.
The K parameter is a constant depending upon the properties of the data collection system,
such as crystal size, beam intensity and a number of fundamental constants. The K term is
taken care of by a scale factor which is varied in the least-squares refinement program (2).
The resulting Fpiy value is called the observed structure factor amplitude. This 15 the
absolute value of the structure factor, Fghs, and in solving a crystal structure, the Fohs values
are compared with the Fcalc values that are calculated from an assumed arrangement of atoms

in the unit cell.
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When a system contains a heavy atom, the structure solution can be obtained by the
heavy atom (or Patterson) method. The metal atom is the first atom localized in the unit cell
model. In this method, it is assumed that the unit cell contains only the heavy atoms. After
refinement of the coordinates and isotropic thermal factors of these atoms by a least-squares
program, an electron density map of the residual atoms can be obtained from difference
Fourier map calculations. The program used is a Fourier program that can be used to
calculate the Patterson function, Fops electron density maps, or [Fgps! - IFcalc! density maps.
Since each peak in the electron density map corresponds to an atomic position, it is simple to
pick out the locations of the atoms from the Fourier and Fourier difference maps. The least-
squares refinement program varies the parameters of all atoms and the scale factor to obtain
the best agreement between the Fohs and Fcalc values. This program is also responsable for
calculating structure factors for use in the Fourier program. The goodness of the model is
judged by the R factor, which can be written as R = ZllFol - IFcll / ZwlFol and a weighted
residual wR = [Ew(IFol - IFcl)2 / £(IFol)2]1/2 (w = 1/02(Itx1). In general, the values of R or
wR should be nearly the same at the end of refinement, and as low as possible for a good

model.

Several problems may occur during refinement of a structure. The problem arising
from the existence of two different onentations of a lattice in what is often apparently one
crystal is called rwinning and causes all reflections to be doubled. Absorption is another
problem. Corrections are usually made based on the equation of the crystal faces. When the
faces can be well described, the absorption correction can be made with fairly good
precision; for irregular shapes, the correction is less precise. No correction is needed if the

absorption coefficient is very small. Disorder, when it is found, is often a very difficult
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problem. The difficulty arises when some atoms in the unit cell or in different cells can be

placed in two (or more) positions (3).
2,2 Infrared and Raman Spectr

In recent years, dispersive, i.e. prism and grating, infrared spectrophotometers have
been replaced by Michelson interferometers equipped with minicomputers for performing
fast Fourier transforms of the resulting interferograms. The latter development has added
high spectral resolution (0.06-1.0 cm1) and good time resolution (4). The advantages of
Fourier transform spectroscopy over prism and grating techniques can be summarized as

following:

1) Felgett's advantage: the information is recorded throughout the IR spectrum
simultaneously at all frequencies; thus a single interferogram covering 4000 to 200 cm-! can

be recorded in a few seconds.

2) Jacquinot's advantage concerns the improvement of the optical throughput. In a
dispersive spectrometer, radiation reaching the detector is attenuated by the entrance and exit
slits of the monochromator (which must be very narrow for high-resolution spectra), while

with an interferometer, there is no such limitation, except the size of the mirrors.

3) Connes' advantage concerns the accuracy of the frequency determination. This is

possible by using a He-Ne laser interferometer to reference the position of the moving

mirror.

In addition to these optical advantages, the Fourier transform spectrometers have
very important data processing advantages. The minicomputer used to do the Fouricr

transform is also used in manipulating and displaying the spectra (4). Both IR and Raman




spectroscopy provide information about molecular vibrations, but the selection rules are quite
different. For IR activity, there must be a change in the dipole moment derivative,
(91/0Q)g# 0, where p is the dipole moment and Q is the normal coordinate that describes the
relative motions of the atoms in the molecule during the vibration. For Raman activity, on
the other hand, there must be a change in the molecular polarizability derivatives, (90/0Q)o #
0, during the vibration. An important consequence of these selection rules in the case of
centrosymmetric systems is the rule of mutual exclusion, which states that molecular
vibrations that are Raman active are IR inactive and vice versa. The non-coinciderce of IR
and Raman peaks in the spectra of a compound is thus good evidence for the presence of a
center of symmetry. This could be applied to platinum(Il) complexes to determine the
isomerism of the synthesized compounds. Cis and trans platinum(II) complexes can usually
be determined by this method (5). The patterns of the v(Pt-Cl) vibrations are quite
characteristic for a molecule containing three chloride bonds (as in [Pt(A)Cl3]~ complexes),
two chloride bonds in cis or trans position (as in cis- and trans-PtA3X2, X =ClL, I) or
Pt(A)Y(DMF)CI; or bridging and terminal chloride (as in oligomers species, [Pt(A)Cl2]n). An
example of each of these patterns is presented in Figure 3 and the group theory (6) is given

in Appendix L.
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Eigure 3. Infrared spectra in the v(Pt-Cl) region for different platinum(II) complexes.
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2.2.3 Nuclear Magnetic Resonance Spectroscopy

Nuclei having spin = 0 cannot experience magnetic resonance, while nuclei having
spin different from 0 can produce a NMR spectrum. Spin states are not of equivalent energy
in an applied magnetic field (Bo) and any charged particule generates a magnetic field of its
own. Thus a nucleus has a magnetic moment (i) generated by its spin. In an applied

magnetic field, all nuclei will have their 4 (magnetic moment) aligned or opposed to it (7).
- 1/2 higher state E4 opposed with the field
+1/2 lower state E¥ aligned with the field
When nuclei aligned with an applied field are induced to absorb energy and change their spin

orientation with respect to the applied field, NMR occurs . The energy absorption is a

quantized process and is equal to the energy difference between the two states involved.
-12 e -
aad I\ R 4 Bo
+1/2-4-- e

Spin 1/2 nuclei have an angular momentum (I) which is quantized in units of

h (Planck constant)/2r:

I=VI(+1) /2r  where I refers to the nuclear spin quanturn number

of nuclear spin

195t is an isotope with a natural abundance of 33.7%, with a nuclear spinI=1/2
and can be studied by nuclear magnetic resonance spectroscopy. This is a powerful method

of identifying different platinum complexes. The studies in the past fifteen years have
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produced an accumulation of !93P-NMR measurements, so that some qualitative
generalizations (8) have been made. The chemical shift (5Pt) of the platinum complexes are
influenced by the presence of all the ligands in the coordination sphere of the metal and
resonances move to high field in the order P > As > S > N > CI- > O. Thus the anions
[Pt(H20)CI13]-, [Pt(NMe3)Cl3]- and [Pt(PMe3)Cl3]- are observed at -1180, -1715 and
—3500 ppm, respectively. The resonances ot Pt(Il) complexes appear at higher field than
those of Pt(IV) compounds. By convention, the platinum chemical shifts are defined relative
to Nap[PtClg]which is fixed at O ppm. The higher field resonances have negative signs. As
an example K7[PtCly] appears at -1628 ppm relative to Nap[PtClg] fixed at O ppm. There is
a dependence of 8195Pt on complex geometry. For PtXaLo types, where X is a relatively
hard ligand such as Cl-, and L= PR3 or AsR3, the cis complex is upfield of the rrans analog
by 400-500 ppm. Where X and L are not so markedly different (X = Cl- and L = H20), the
difference is smaller, about 10-20 ppm. Substitution of a group by another one (on the
same donor atom) or simply lengthening an alkyl chain produces small variations in the
3195Pt, Interestingly, if the ligand becomes sterically larger, there is a marked downfield
shift of the platinum signal. This has been explained by solvent effects. If steric hindrance
around the platinum atom is large, solvent molecules cannot "bind” to platinum atom and
there is no net change in the chemical shift. If there is no steric hindrance, the solvent
molecule can approach the platinum and there is a shift towards higher field, because the
electronic density around the nucleus increases. Therefore, the solvent is very important for
comparison purposes. Both solvent and temperature affect the 3195Pt signal. Even in the
octahedral dianion complex [PtClg]2, a spread of 400 ppm has been observed on going from
H70 to DMSO with the latter appearing at higher field. A change in temperature of 100° C

could result in a 40-50 ppm effect.




Fold over

To represent the frequency of a signal correctly, the sampling rate must be greater
than or equal to twice the signal frequency (Nyquist theoren). If a signal lies outside the
selected range, it can appear in the spectrum but at a wrong frequency and it will be distorted
in phase compared to the rest of the spectrum. Depending upon the implementation of the
Fourier transform algor’thm used, the aliased signal will appear on the same side of the
spectrum or be flipped across and appear on the other side (9-12). Quadrature data may be
collected in two different ways. In the first method, two data points are collected
simultaneously at each sampling interval (Varian); in the second, the two quadrature signals
are sampled sequentially (Bruker). Aliasing is caused by sampling the data too slowly, i.e.,
at a rate which violates the Nyquist theorem. Thus, aliased peaks arise from regions which
lie outside the chosen spectral width, SW. When simultaneous acquisition is used (Varian),
the aliased signals are zoned or wrapped around the SW to appear at the opposite end of the
spectral width from their real position; but when alternate acquisition (Bruker) is used the

aliased signal are folded about the nearest end of SW.

The best method to distinguish between aliased and real signals is to change the
SW. Movement of TO (transmitter offset position) will only distinguish between a real
signal and an aliased one if alternate acquisition is used (Bruker). If simultaneous
acquisition is used (Varian), distinguishing aliased peaks needs a change of SW. The phase
properties of aliased lines also change with the sampling scheme. Thus, an aliased line may
appear out of phase with the rest of the spectrum. A peak whose real position is AW beyond
the edge of the SW will appear aliased as a peak at AW inside (but at the opposite end) the
spectral width when simultaneous acquisition is used (Varian). If alternate acquisition is

used, an aliased peak will appeai folded about the nearest end of SW (Bruker).
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As an example, if we define SW from -1000 to -1500 ppm on a Bruker
spectrometer, the aliased peak whose real position is at -1700 ppm will appear at -1300 ppm.
If we move the window from -900 to -1400 ppm, the aliased peak will now appear at -1100

ppm indicating that it is not a real peak. Thus, moving the window (change TO) is cnough

to detect a fold over (Figure 4).

Now, if we define the same spectral window on a Varian spectrometer, the aliased
peak (whose real position is also at -1700 ppm) will appear at -1200 ppm. 1f we move the
SW from -900 to -1400 ppm, the aliased peak will again appear at -1200 ppm. Thus,
moving the window (change TO) is not enough to detect a fold over on a Varian
spectrometer, changing the window is a better procedure (change SW). If we change SW
from -1000 to -1400 ppm, the aliased peak will now appear at -1300 ppm, indicating that it

is not a real peak.
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Figure 4. Comparison between a Bruker and a Varian spectrometer for the detection of

aliased peaks (values in ppm).
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3.1 Introduction

The classic, square-planar, platinum(Il) complex, K[Pt(NH3)Cl3], was first
discovered in 1890 by Cossa (1). It is best prepared nowadays by refluxing a mixture of
cis-Pt(NH3)2Clp and KCl in N,N-dimethylformamide (2). Related complexes of the type
K[Pt(py)Cls] have since been synthesized by reacting Ko[PtCls] with pyridine or pyridine
derivatives (py) in DMF solution (3-4). These methods are not appropriate, however, tor
the preparation of monoamine platinum(II) complexes. In 1988, Rochon and Fleurent (5)
reported a synthetic route to such compounds involving the reaction of Kp[PtCly] witha
monoamine and an excess of KCl in aqueous solution. Although this method is usclul
for bulky amine ligands such as tert-butylamine and isopropylamine, it is totally unsuited
for smaller amines, owing to the rapid formation of unwanted disubsvtuted complexes. A
successful synthesis of small monoamine platinum(Il) complexes has been achieved
recently that involves cleavage of iodo-bridged amine dimers with aqueous AgNO3 and

subsequent reaction with KCl (6). These specific reactions will be discussed in more

detail in section 3.3.1.

Monoamine platinum(II) complexes are important because they are convenient
precursors to mixed-ligand complexes Pt(A)(L)Clz (A = amine and L = monodentate
ligand). Many of the currently known, active anti-tumor agents are square-planar
platinum(II) complexes with cis stereochemistry containing two identical primary amine
ligands. Platinum(Il) complexes with secondary amines and pyridine derivatives are less
active. Cyclic primary amines complexes seem to be more active as the ring size increases
(7), although complexes with two adamantanamine derivatives showed no activity
presumably because of their low solubility in biological media (8). If complexes

containing two different amine ligands could be systematically synthesized, the screening




=

range of platinum complexes could be greatly extended and the antitumor activity, toxicity
and solubility could be significantly modified. Rochon and Kong have already
synthesized complexes of the type Pt(A)(A")Clp, but not with adamantanamine derivatives
(9). The cage molecule 1-adamantanamine (C1oH15NH2) has been the subject of some

attention lately, chiefly because of its own antiviral (10-12) and antitumor activity (13).

Platinum(II) complexes containing the related 1,2-diaminoadamantane ligand
(14) apparently possess antitumor activity comparable to that of the commercially-licensed
drug, cisplatin, cis-Pt(NH3)2Clz (15). The development of a new method for the
synthesis of K[Pt(A)Cl3] complexes (6) has led to a convenient synthetic route to mixed-
ligand platinum(iI) complexes of the type cis-Pt(A)(L)Clp. Compounds with L = alkene
or acetylenic glycol have been recently reported (16) and it was felt that it would be
worthwhile attempting to synthesize similar complexes with various adamantanamine
ligands. The ultimate hope is that such synthetic combinations might result in compounds

with enhanced antitumor activity and reduced toxicity.
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3.2 Experimental

[AdamH]>[PtCly] One equivalent of Ko[PtCls] was dissolved in water and the
filtered solution was treatedwith two equivalents of aminoadamantane hydrochloride in
water. The insoluble pale pink chloroplatinite of the protonated amine was filtered off,

washed with water and dried.

K[Pt(A)Cl3] The K[Pt(A)Cl3] complexes (A = methylamine (MeNH>j),
ethylamine (EtNHj) cyclobutylamine (CBA), cyclopentylamine (CPA) and dimethylamine
(DMNH)) were synthesized by the literature procedure (6). This method did not prove
suitable for adamantanamine ligands.

K[Pt(adam)Cl3] Since adamantanamine derivatives are bulkier than the amines
mentioned above, the compounds were synthesized as reported for lutidine ligands (4).
The same method was used for 1-adamantanamine (1-adam), 2-adamantanamine (2-adam)
and 1-methyladamantanamine (1-Madam). Only K[Pt(1-adam)Cl3] was successfully
isolated; the other complexes decomposed on contact with water.

K[Pt(1-adam)Cl3] Yield: 12 %; dec. pt: 195-210°C; Anal. Calcd: C, 24.4; H, 3.5; Cl,
21.6; N, 2.9. Found: C, 24.4; H, 4.0; Cl, 20.7; N, 3.1.

[NMe4]{Pt(adam)Cl3] An exchange resin (Dowex 50W-X8, Ht, 20-50 mesh)
was used to change one mmole of potassium tetrachloroplatinate(Il) to the H¥ form
(H2PtCly), which was neutralized with tetramethylammonium hydroxide. The resulting
salt, tetramethylammonium tetrachloroplatinate(II), was then isolated and dried. The
reactions of [NMeg]2[PtCls] with the adamantanamine ligands were performed as
described above for the synthesis of K[Pt(adam)Cl3], scarting with one mmole of
[NMey]2[PtCly]. They were identified by the similarity of their spectroscopic properties
with the K[Pt(1-adam)Cl3] complex.



[NMeg][Pt(2-adam)Cl3] Yield: 26%; dec. pt: 163-266°C
[NMeg][Pt(1-Madam)Cl3] Yield: 72%; dec. pt: 212-265°C

[2-C1oH 1sNH3][Pt(EtNH2)ClI3] One mmole (0.385 g) of K[Pt(EtNH,)Cl3],
synthesized by the method already reported (6), and 1.1 mmole (0.168 g) of
2—-adamantanamine (2-CjoHjsNHj2) were stirred in a minimum quantity of water (10 ml)
for 90 min. Then, 10 ml of 0.1N HCI was added to the solution and the mixture was
stirred for a further 10 min. The resulting yellow precipitate was filtered off and the
filtrate was evaporated to dryness. The yellow residue was dissolved in acetone and
filtered to remove KCl and Pt(EtNH2)(2-C19H1sNH2)Clj. The filtrate was again
evaporated to dryness and the residue was washed in ether, filtered and dried over P7Os.
The crystals used for the crystallographic work were recrystallized by slow evaporation of

an acetone solution. Yield: 65%; dec. pt. 140-160 °C
3 Results and Di i

The syntheses of the starting materials K[Pt(A)Cl3] were done according to a

method recently developed in our laboratories (6). The different steps of the synthesis are

as follows :
H»>O
Ka[PtCly] +4Kl —— >3 Kjo[Ptl4] + 4KCl
HyO

Ko[Ptl4] +2A —— 5 cis-Pt(A)pl; +2 KI

HCIO4 A\ S0 A1
2 cis-Pt(A)2lp —_— Pt
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AgNO3 KCl
[Pt(A)I2]p ———» hydrolysed ————> 2 K[Pt(A)Cl3]
-Agl species -KNO3
Complexes with A = methylamine, ethylamine, cyclobutylamine,

cyclopentylamine and dimethylamine were synthesized. They have already been studied
by infrared spectroscopy, X-ray diffraction and proton-NMR spectroscopy (6) but not by
195pi-NMR spectroscopy. The 195P(-NMR spectra were measured as part of this thesis
and the results will be discussed in Section 3.3.2. The method used to synthesize the
K[Pt(A)Cl3] complexes could not be applied to the preparation of the adamantanamine
derivatives, because the dimerization does not occur, probably due to the low aqueous

solubility of the Pt(adam)pI; complexes.

New complexes of the type K[Pt(adam)Cl3] were synthesized by a method

previously reported for lutidine ligands (4), according to the following reaction:
DMF

Ko[PtCly]  + ladam —m K[Pt(adam)Cl3] + KCI
One equivalent of adamantanamine derivative is added to one equivalent of potassium
tetrachloroplatinate(II) in 100 ml of DMF and stirred for 3 h at 80°C. The
2-adamantanamine, commercially available as the hydrochloride salt was neutralized with
one equivalent of sodium hydroxide before the reaction. If an excess of ligand is added,
the disubstituted complexes Pt(adam)Cly are rapidly formed. If the ligand is added too
slowly, there is formation of impurities due to decomposition of DMF (17). Complexes
with adam = 1-adamantanamine, 2-adamantanamine and 1-methyladamantanamine were
prepared. The complex K[Pt(1-adam)Cl3] is stable, but was isolated only in a very low

yield (12%); the results of its elemental analysis are excellent. This compound was
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characterized by its 195Pt-NMR and infrared spectra, which will be discussed in Section
3.3.2 and 3.3.3. The complexes K[Pt(2-adam)CI3] and K[Pt(1-Madam)Cl3] were not
isolated because they decomposed readily on contact with water. Therefore, the DMF

solutions were concentrated as much as possible, cooled to ~0°C, and the KCl was

filtered off. The 195Pt-NMR spectra of these solutions were measured at room

temperature.

In an attempt to isolate the [Pt(adam)Cl3]- complexes with 2-adam and
1-Madam, the larger cation, [NMey]* was employed. The [NMe4]2[PtCls] complex was

prepared according to the following reaction:

resinHt 2{NMeslOH
Ko[PtCly] ————> HoPtCly ———> [NMegl2(PiCls]
A Dowex 50W-X8,H*, 20-50 Mesh resin, was used to change the potassium ions to H*
ions, which in the presence of tetramethylammonium hydroxide, NMe4OH, gave
tetramethylammonium tetrachloroplatinate(II), [NMe4]»[PtCls), which was isolated and

dried. The adam ligand was then added to [NMey]2[PtCly] dissolved in DMF:

[NMe4)o[PtCl4] + adam _—Tl_) [NMe4]{Pt(adam)Cl3] + NMe4Cl

The experimental conditions were the same as those used for K[Pt(adam)Cl3],
starting with one mmole of {NMe4]s[PtCls)} and one mmole of 2-adamantanamine or 1-
methyladamantanamine. The complexes formed were appreciably more stable and could
be isolated. The complex with 2-adam is water soluble, but the one with 1-Madam is
much less soluble. These compounds have been characterized by NMR and IR

spectroscopy and these data will be discussed in Section 3.3.2 and 3.3.3, respectively.
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3.3.2 195p¢. and 'H- NMR Spectra

Natural platinum contains three main isotopes: 194, 195 and 196. The only one
with non-zero nuclear spin is 195pt, It has I = 1/2 and reasonable abundance (33.7%) and
sensitivity (9.94 x 10-3) for an equal number of nuclei at constant field (18), and is
amenable to study by nuclear magnetic resonance spectroscopy. The 195Pt resonances for
the complexes [Pt(A)CI3]- and [Pt(adam)Cl3] are given in Table I, together with the
chemical shifts of some [PtClg)?- complexes with different counterions. The reference
was an external standard, K2[PtCl4] in D20, which has a resonance of -1628 ppm,
relative to Nap[PtClg]. From Table I, the chemical shifts are solvent dependent, since the
resonance of Ko[PtCla] appears at 202 ppm lower field in DMF than in D70, while the
[Pt(L)CI3]- resonances appear only 19-35 ppm higher in acetone than in DMF. The large
difference observed between DMF and D20 for [PtCls]2- and the small difference
between DMF and acetone for [Pt(A)Cl3]- might be explained by the degree of ionization
of these compounds in the different solvents. In general, protic solvents can solvate an
anion by hydrogen bonding to it while aprotic solvents ¢aennot stabilize any anion by
hydrogen bonding. Since these compounds are ionic complexes, they are totally
dissociated in D70, whereas in organic solvents, the dissociation is much less and might
be similar for DMF and acetone. Studies by Pesek and Mason (19) have shown similar
features for ((n—C4Hog)4N)2[PtCl4]. An important downfield shift has been observed
from water (-1624 ppm) to organic solvents, while very little difference was observed
between the chemical shift of this species in acetone (-1388), acetonitrile (-1384) or
DMSO (-1372 ppm). This difference was explained by the increasing possibility of ion
pairing in organic solvents for the tetra-n-butylammonium cation. There 1s also a small

dependence on the counterion. In water, the difference is relatively small, but in DMF
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there is a 39 ppm downfield shift when the potassium ions in K2[PtCls] (-1426 ppm) are
replaced by tetramethylammonium ions (-1387 ppm). This observation is in agreement
with a similer study reported by Freeman et al. (18) who observed a comparable
differcnce in the position of 8(Pt) for the [Ph4P]2[PtCl4] (-1461) compared to
[BugN]2[PtCls] (-1437 ppm) in CHCly. They explained this difference by a less
efficient pairing of the ions in [PhqP]2[PtCl4], due to a more diffuse positive charge
loca.ed on the P atoms, which are larger than the nitrogens in [BugN]2[PtCl4). No
difference was observed between the chemical shift of Nas[PtCly] (-1618 ppm) and
K7[PtCl4] (-1618) in water (18), even though there is a significant size difference
between Na and K. The cations are so strongly solvated in water that the anion is
completely independent of the cation and the resonance of [PtCl4]2" is unchanged. In
Table I, thereis a29 ppm upfield shift in DMF when K is replaced by hydrogen, and a
46-62 ppm upfield shift when it is replaced by an adamantylammonium derivative. In the
potassium and tetraalkylammonium salts, there is no possibility of hydrogen bonding
between the cations and the solvent, or between the different ions. In Ho[PtCls] or
l[adamNH?3)]2[ PtCly], the presence of hydrogen bonds between the solvent and the
cations might result in a less efficient pairing of the ions, thus a better solvation of the
anions, which results in a upfield shift. The same trend is observed in the [Pt(L)CI3]"
complexes but the range is smaller, the ionicity being smaller due to the smaller formal
negative charge on the complexes. When K is replaced by [NMeg], there is a 8-9 ppm
downfield shift, while the replacement of K by an adamantylammonium group leads to a

5 ppm upfield shift.
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Table 1. 195Pt resonances for {PtCls]?-, {Pt(A)Ci3)- and [Pt(adam)Cl3} complexes and

pKa of some of the amine ligands in water.

3195Pi(£5ppm)

Compounds DO acetone DMF pKyof A
Ks[PtCla] -1628 -1426
Ho[PtCla] -1455
[NMeslp[PtCly] -1614 -1387
[1-adamH][PtCls] -1486
[2-adamH][PtCl4] -1482
[1-MadamH]2[PtCl4] -1472
K{Pt(D;0)Cls] -1194

-1180 (18)
K[Pt(MeNH;)Cl3] -1842 10.66(20)
K[Pt(EtNH3)Cl3] -1850 10.81(20)
K[P(CBA)ClI3] -1875 -1852
K[Pt(CPA)Cl3] -1866 -1847
K[Pt(1-adam)Cls] -1822 9.92(21)
K[Pt(2-adam)Cls] -1859
K[Pt(1-Madam)Cl3] -1865
[NMe4){P1(2-adam)Cl3] -1851
[NMey]{Pt(1-Madam)Cls] -1856
[2-adamH]}[Pt(EtNH3)Cl3] -1855
K[Pt(DMNH)ClI3) -1860 -1825 10.73(20)

There is also a dependence on the concentration of the species in solution. The

chemical shift for K[Pt(D20)ClI3] in D20 is located at -1194 ppm in our reference

spectrum. Freeman et al. (18) have observed that the resonance of this solvolysis species

lies between 1180 and -1194 ppm depending on the concentration of the aqua or
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tetrachloro ion in solution, and moves to higher field with increasing concentration. In
concentrated solution, the resonance appears at -1194 ppm, while the peak at -1180 ppm

is obtained for a dilute solution of Ko[PtCls].

The platinum resonances are therefore dependent on several factors such as
solvent effects, the presence of different counterions and concentrations of species in
solution. Nevertheless, when they are measured under similar conditions, some valid
comparisons can be made. All the chemical shifts of the [Pt(A)Cl3}-, {Pt(adam)Cl3]- and
[PtCl4]?- complexes have been measured in DMF, and a few have been measured in D20
or acetone. The resonances appear between -1822 and -1875 ppm for [Pt(A)Cl3]- and
[Pt(adam)Cl3]", in good agreement with the chemical shifts observed at -1826 ppm for
K[Pt(NH3)Cl3] in water and at -1863 ppm for [NPr4][Pt(DMNH)Cl3] in CH2Cl2 (22).
All the [Pt(A)Cl3]- and [Pt(adam)Cl3}- anions show only one resonance except
K[Pt(2-adam)Cl3] and K[Pt(1-Madam)Cl3] and [NMe4][Pt(1-Madam)Cl3]. The spectra
of the complexes K[Pt(2-adam)Cl3} and K[Pt(1-Madam)Cl3), which have not been
isolated, showed other peaks around -2200 ppm, which were attributed to the
disubstituted species Pt(adam);Cl;.  The spectrum of [NMe4][Pt(1-Madam)Cl3] also
showed another peak at —2242 ppm, which was assigned to the disubstituted species

Pt(1-Madam);Cly.

Besides solvent effects, the platinum chemical shift is highly sensitive to the kind
of ligands coordinated to the platinum atom. According to a rule suggested first by Kift et
al. (23), an increase in the electron density on the platinum atom upon coordination (thus
an increase in basicity of the ligand) should lead to a chemical shift towards higher
frequency. In a study on trans-Pi(py)(C2H2)Cl2 (py = pyridine or substituted pyridine),

Motchi et al. (24) noted the opposite trend: an increase in basicity of the ligand led to a
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downfield shift (max. A = 116 ppm). This effect has also been observed in a study on
cis and trans-Pt(py)(DMSO)Cl; (25). The authors found a shght linear dependence of
chemical shift on pKa for pyridine or 4-substituted pyridines ranging in pKa from 1.9 to
9.7. For the trans series, increasing basicity of the ligand led to a downfield shift (max.
A8 = 135 ppm) as observed for trans-Pt(py)(CoH2)Cl, while in the cis series, upficld

shifts were observed with increasing basicity of the ligands (max. Ad =261 ppm).

We tried to see if in our study some correlations could be made between the pKy
of the ligands and the d(Pt) chemical shifts of the platinum complexes. As seen in Figure
5a, for EtNH; (pKa = 10.81), MeNH7 (pK; = 10.66) and 1-adamantanamine (pK, =
0.92), the chemical shifts of the platinum complexes respectively at ~1850, —1842 and
—1822 ppm, apparently showed a linear relationship. When a secondary amine,
dimethylamine, (pKa = 10.73) is considered in the data (Figure 5b), the chemical shift of
the platinum complex (—1825 ppm) is very similar to the chemical shift of the complex
containing the 1-adamantanamine ligand. The only pK; values in water available in the
literature are for methylamine, ethylamine, dimethylamine and 1-adamantanamine (20-
21). These data are sufficient tc show that besides the basicity of the amine, other factors
like steric hindrance or solvent etfects could affect the chemical shifts of the platinum
complexes. A study by Pregosin (26) showed that steric hindrance also played a role in
O(Pt) and a downfield shift was observed when the ligand became sterically larger.
When one methyl group of the dimethylamine ligand in PUDMNH)(C,Hy)Cly (-3074
ppm) was replaced by an isopropyl group, a 44 ppm downfield shift was observed.
Replacement of one hydrogen on the nitrogen of the methylamine higand by one methyl
group lead to more steric hindrance around the platinum atom. This could explain why the

chemical shift of the dimethylamine platinum complex is in the same region as that for the




1-adamantanamine platinum complex, even though the basicity of the ligand is much

higher.

It would be interesting to plot the d(Pt) values of the complexes against the
proton affinity of the ligands determined in the gas phase, which are intrinsic measures of
the basicity of the ligands (27). This could bring a better understanding of how steric
hindrance and solvent effects are related to the chemical shifts. Unfortunately, the proton
affinit.es of the ligands used in this work, except for MeNH» (AG®25°¢ = -11.0 kcal/mole)
and EtNH2 (AG®5ec = -9.8 kcal/mole) (27), are not available in the literature,
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ppm): (a) methylamine, ethylamine and 1-adamantanamine (b) including dimethylamine.




The proton-NMR spectrum of K[Pt(1-adam)Cl3] has been measured in CDCl3

on a Varian XL 200-MHz spectrometer and the resonances of the protons were detected
at lower fields when coordinated (Table II). The protons of the amine group were not
observed and no coupling constant with platinum could be obtained, but this is probably
due to the very low solubility of the complex. The proton-NMR spectra of the other
complexes were not measured because of their low solubilities in the available deuterated

organic solvents.

Table 1. YH-NMR resonances for K[Pt(1-adam)Cl3] complex.

Compounds H Hp Hj
1-adam 2.057 1.590 1.529
K[Pt(1-adam)Cl3} 2.179 1.688 1.591
NH;
1
2
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The infrared spectra of the free adamantanamine ligands are typical of primary
aliphatic amines with a rich structure of bands due to the vibrations of the adamantane
cage. We have observed the stretching v(NH) bands of 1-adamantanamine at 3342 (v
asym) and 3265 (v sym) with an additional band at 3172 cm-! attributable to Fermi
resonance. The 8(NH2) bending mode is located at 1608 cm-!. The observed values
are comparable to those found by Gretch et al. (28) for 1-adamantanamine where the
corresponding vibrations appear at 3340, 3270, 3170 and 1605 cm!. The very low
intensity of the v(NH) vibration has to be emphasized and has been linked by Grech et al.
(28) to a considerable freedom of reorientational motion. These vibrations are also at
lower frequencies than for the other primary amine ligands used in this work, but this is
normal since the spectra of the latter are usually measured in the gas phase or as neat
liquids. For example, for free gaseous methylamine, the V(NH) frequencies appear
between 3470 and 3360 cm! (29), which is a much higher range than for the
adamantanamine derivatives measured in the solid state. The values for 1-adam are
similar to those found for the secondary amine DMNH, which displays only a single

band at 3335 cm-L.

Table III lists the stretching vibrations v(N-H) and v(Pt-Cl), as well as the
deformation vibrations &(NH2) observed for the [Pt(adam)Cl3|- complexes. In the
infrared spectra of the [Pt(adam)Cl3}- complexes, the presence of the amine is confirmed
by three V(N-H) vibrations between 3120 and 3282 cm-! and by the 8(NHj) vibrations
between 1560 and 1586 cml. Only one deformation band is present in the spectrum of
K{Pt(1-adam)Cl3}, while two bands are observed for [NMes}[Pt(2-adam)Cl3}. The
spectrum of K[Pt(MeNH7)Cl3).xH20 published by Kharitivov et al. displayed two bands
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in this region, attributed to the 8(NH>) vibration (30), while in our spectrum for the same

complex, only one band appears in this region at 1581 c¢m-! (6). For the
[NMes}[Pt(1-Madam)Cl3]} complex, the presencc of two bands in the same region is
probably due to the presence of Pt(1-Madam),Cly, since the 195Pt-NMR spectrum
showed two resonances. These sharp bands, characteristic of stretching and deformation
vibrations for primary amines, are shifted to lower frequencies by about 26 to 177 cm-l,
indicating that coordination with platinum takes place via the nitrogen atom. Upon
coordination to platinum, the N-H bond is weakened and so the force constant of the
bond is reduced. In addition, the amine groups are often involved in hydrogen bonding
with the chloride ligands which weakens the bonds and this also contributes in lowering
the energy of the v(NH) vibrations (5). These results are in good agreement with our
earlier work on [Pt(A)Cl3]" complexes (6). The spectra of all these complexes, except
K[Pt(DMNH)CIl3], showed at least three peaks between 3120 and 3280 cm-l,
characteristic of v(NH) vibrations for primary amines, which are slighltly higher in
energy than for the adamantanamine complexes. The complex K[Pt(DMNH)Cl3] showed
only one v(NH) vibration at 3208 cm-l, in the same region as for the adamantanamine
complexes. This is in good agreement with a study on trans-Pt(L)(RR'NH)Cl,
complexes (L = CaH4, PEt3) where a decrease in the frequency of the NH stretching
vibrations was observed with increasing bulkiness of the R group, R’ being a hydrogen
or an alkyl group (31-32). For the K[Py(A)Cl3] complexes (6), there was also one
vibration between 1568 and 1581 cm-! for the N-H deformation mode. In addition to
these bands, there are two sharp bands for each complex between 3522 and 3600 cm-!
and another band between 1590 and 1597 cm! (6). Similar values were found in the
spectrum of K[Pt(MeNH2)Cl3].xH20 published by Kharitivov et al. (30). These bands

have been assigned to stretching and deformation vibrations of water of hydration in the
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complexes. The crystal structure of two of these complexes, K{Pt(isoPr)Cl3}-1/211,0
and K[Pt(CPA)Cl3}-1/2H,0 (6,33) have confirmed the presence of one half molecule of
water per platinum atom. It seems that the complexes with adamantanamine derivatives
do not crystallize with water of hydration since these bands are absent in the IR spectra of

the [Pt(adam)Cl3]- complexes.

Table III, Main infrared bands of the ligands and [Pt(adam)Cl3}- complexes in the solid
state (cm1).

Compounds v(NH) O(NH3) v(Pt-Cl)

1-adam 3342(m), 3265(m) 1608 (m) .
3172(w)

2-adam 3350(m), 3285(w) 1608 (m) -
3184 (w)

1-Madam 3389 (m) 1612 (m) -
3278(m)

K[Pt(1-adam)Cl3] 3230(w), 3200(m) 1570(m) 330(m)
3125 (w)

[NMes][Pt(2-adam)Cl3] 3282(m), 3190(w) 1582(m) 332(s)
3132(w) 1560(w) 312(m)

[NMe4])[Pt(1-Madam)Cl3}* 3212(w), 3198(m) 1586(m) 328(s)
3120(w) 1572(sh)

m: medium; w: weak; sh: shoulder; s: strong
* contains 50% of Pt(1-Madam)yCly

If L is considered as a point mass in space, the skeleton symmetry for a complex
of the type [Pt(L)CI3]- (25) is Cyy and the group theory (Appendix 1) predicts three

infrared-active v(Pt-Cl) stretching vibrations (2A; + B, modes). Sometimes, the
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vibrations are very close in energy and fewer bands are observed. From Table III, two

bands are observed for [NMes][Pt(2-adam)Cl3] at 312 and 332 cm1, while only one
large band was observed for the two other complexes. The infrared spectrum of
[NMe4][Pt(1-Madam)Cl3] represents the superposition of this complex with the
disubstituted amine compound Pt(1-Madam),Cly, since the 195Pt-NMR spectrum
showed the presence of the two compounds in approximately equal amounts. Group
theory also predicts one infrared-active v(Pt-N) vibration (A;) in the spectra of the
[Pt(A)Cl3]- complexes. In a study on methylamine complexes by Kharitinov et al. (30),
the v(Pt-N) vibration has been located at 523 cm-! for K{Pt(MeNH2)Cl3]:xH20. In the
spectra of K[Pt(1-adam)Cl3] and [NMes][Pt(2-adam)Cl3], there is one band for each
complex in this region, at 555 and 508 ¢m-!, respectively, but they are very low in
intensity and it is difficult to assign them definitely to v(Pt-N) vibrations. The spectrum

of [NMeg4][Pt(2-adam)Cl3] shows no band in this region.



34 Cr S re of [2-adamH EANE 1

This crystal has been obtained from the filtrate of the reaction of
K[Pt(EtNH2)Cl3] with 2-adam, which contained HCl from the washing of

Pt(EtNHy)(2-adam)Cly. It was apparently synthesized according to the following

reactions:

HO
K[Pt(EtNH2)Cl3] + 2-adam —> Pt(EiNH7)(2-adam)Cl,

Pt(EtNHj3)(2-adam)Cl; + HCl ——>  [2-adamH][Pt(EtNH)Cl3}

Reaction of K[Pt(EtNH2)Cl3] with 2-adamantanamine (2-adam) yield the mixed-
amine complex Pt(EtNH3)(2-adam)Cl; but, upon treatment with dilute HCI during the
work-up of the product, yellow crystals of the (2—adamH)*{Pt(EtNH)Cl3]- salt are also
produced. This complex is probably the result of displacement of the coordinated
adamantanamine ligand by Cl- and subsequent quaternization of the amine group. This
compound was characterized by X-ray diffraction and the resuits have been published

recently (34).

The structure of a crystal of {2-CjoH;sNH3}[Pt(EtNH3)Cl3] was first determined
in the space group P2;/c by X-ray diffraction with MoK (A= 0.71069 A) radiation.
From the 4698 reflections measured, only 1558 (I>2.50(I)) reflections were observed
and used for the structure determination. The intensities were corrected for Lorentz and
polarization factors, but no correction for absorption was applied. Usually, correction for
absorption gives better results but, in our case, the results were worse after applying this

correction. The crystal data in this space group are presented in Table IV.
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The X-ray diffraction study revealed significant distortion of the adamantane ring

as seen by the high thermal factors resulting in high e.s.d.'s in the bond distances and

angles. The C-C distances for the adamantanamine varied between 1.32(8) and 1.7303)A

for an average C-C of 1.55(12)A. The C-C-C angles varied between 88(6)° and 128(6)°

with a mean value of 108°. It was not possible to refine the structure lower than R =

0.099, which was unacceptable.

Table IV. Crystallographic data for the {C19H15sNH3][Pt(EtNH2)Cl3] complex.

First crystal Second crystal
Space group P2,/c P2y/n
Formula PtCI3N2Ci2Has PtCI3N2C12H2s
Molecular weight 498.80 g/mol 498.80 g/mol
Crystalline system monoclinic monoclinic
Cell parameters a=12411(15A a =12.401(10)A
b = 6.845(1)A b = 6.859(15)A

Volume

Z

Calculated density
F(000)

Wavelenght A(MoKa)
R

wR

¢ =25.545(30)A
B =129.07(6)°
1685(3) A3

4

1.973 Mg/m3
960

0.71069 A
0.099

0.100

¢ =20.199(15)A
B = 100.72(6)°
1688(2) A3

4

1.962 Mg/m3
960

0.71069 A
0.060

0.049

A second crystal of superior quality was then studied. It was hoped that better

data would be obtained and that the thermal factors of the atoms would be reduced. In

order to reduce the correlation factors, the non-standard P21/n space group was chosen.
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The crystal data of 2-adamantylammonium trichloro(ethylamine)platinate(ll) in this space

group are presented in Table IV.

The difference between the two unit cells is that the glide plane is along the
diagonal of the unit cell (which was the c axis of the unit cell defined by the spuce group
P2,/c) (Figure 6.) In Figure 6, the cell parameters for the space group P2y/c are defined

by a, b, c and B = 129° while the corresponding values for the space group P2/n are

a\b', ¢' and B'= 101°,

P21/c

Figure 6. Differences between the cells defined by the space group P2;/c and
P2y/n.

n

to
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The faces and dimensions (mm) of the yellow crystal are: 101-101 (0.120), 103-
103 (0.100), 101-101 (0.192), 1T1-111 (0.366) and 111-111 (0.366). The intensity data
were measured on a Syntex PT diffractometer with graphite-monochromatized MoK
radiation. The space group was determined from a set of precession photographs and the
cell parameters were determined from the refined angles of 15 centered reflections (20 =
7.28-23.91°). From the 4236 independent reflections measured up to 28 < 35° by a 20-0
scan echnique (range of hkl: h =0 -5 16,k =0 — 8, 1=-26 — 25), 1801 unique
observed reflections (Inet > 2.5 (1)) were used to solve the structure. The scan rate and
the o(l) were calculated as in Melanson et al. (35). The standard reflectuons used were 5,
1, -1; 1, 3, Iand 0, O, 6, with vanations less than 2.0%. Absorption correction
(W(MoKa) = 8.86 mm-!) was based on the equations of the crystal faces (transmission

factors from 0.242 to 0.465) and the data were corrected for Lorentz and polarization

effects.

The position of Pt was determined from the three-dimensional Patterson map and
the other non-hydrogen atoms were located by structure-factor and Fourier-map
calculations. The H atoms were fixed at the calculated positions (C-H = 0.95A and N-H
= 0.85A) with isotropic Ueq = 0.076, except for -CH3 (H could not be located). One H
atom in the NH3* group was located and the other two H were calculated. The refinement
was done by full matrix least-squares calculations minimizing Sw(Fo-|IFd)? and the ratio
of maximum least-squares shift to e.s d. in the final refinement cycle was <0.9 for C(2)
and <(0.5 for the other atoms. The isotropic secondary extinction corrections were done
according to Coppens and Hamilton (36). The scattering curves used were those from
Cromer and Waber (37) for Pt, Cl, N, C and of Stewart, Davidson and Simpson (38), for

H. The anomalous dispersion terms of Pt and Cl from Cromer (39) were included in the

wn
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calculations, which were done on a Cyber 830 with programs already described (33).
The individual weights were calculated according 1o w = 1/02(F). The maximum
residual peak was close to the platinum atom in its final Fourier synthesis with Appmay =
1.0 eA-3, The goodness of fit was 1.36; the residual index, R = 0.060 and the weighted

residual index, wR = (.049,

The refined atomic parameters are given in Table V. A labeled diagram of the
complex [2-CipHisNH3][Pt(EtNH>)CI3] is shown in Figure 7. As expected, the
platinum complexed ion has a square-planar geometry and the angles around the Pt atom
are close 10 90 and 180°. The weighted best coordination plane was calculated through
the five atoms and the deviations are: Pt, -0.0005(5); Ci(1), 0.018(4); CI1(2), 0.021(4),
C1(3), -0.005(4) and N(2), -0.05(1)A.

The bond lengths and angles are listed in Table V1. The Pt-Cl bonds are
2.281(4), 2.278(4) for the cis bonds and 2.301(4) A for the trans bond. The two Pt-Cl
bonds cis to the amine ligand seem slightly shorter than the trans bond. The values found
in [Pt(NH3)Cl3]- are 2.288 (27), 2.280 (18)A for the cis bonds and 2.317(7) A for the
trans bond (40). In [Pt(isopropylamine)Cl3], the corresponding values are 2.296(4), and
2.299(3) for the cis bonds and 2.320(3)A for the trans bond (6), while 1n
[Pt(cyclopentylamine)Cl3} they are 2.311(4), 2.302(4) and 2.315(4) (33). In
K[Pt(t-butylamine)Cl3), the cis bonds are 2.299(2) and 2.314(2) while the trans bond 1s
2.317(2)A (41). In [PUNH3)4l(Pt(isopropylamine)Cl3y, the corresponding values are
2.301(3), 2.300(4) and 2.321(4) A (41). In most of these compounds, the trans bond
seems slightly longer but the difference might not be significant. The shght lengthening
may be due to a higher trans influence of amunes or to the fact that in these compounds the

trans chloride ligand is usually more involved in the hydrogen bonding system than are
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the other chloride ligands. The Pt-N bond is 2.03(1)A and agrees well with the
published values for aminechloroplatinum(ll) complexes (6, 33, 42-44) The organic
ligand is normal with bond distances N(2) - C(11) = 1.47(2) and C(11) - C(12) = 1.49(2)
A and angles Pt- N(2) - C(11) = 116.9(9) and N(2) - C(11) - C(12) = 117(1)°.

Table V.  Atomic coordinates (x 104 for Pt, Cl and x 103 for C, N) with their e.s.d.'s.
and thermal parameters Ueq (x 104 for Pt, Cl, N and 103 for C).

Ueq = 1732iZjUjj aj*aj*ai.a;

X y z Ueq
Pt 1103.9(4) 2265.4(8) 1753.5(3) 440
CK1) 1847(3) -362(5) 1311(2) 678
Cl(2) 417(3) 4878(6) 2235(2) 708
Cl(3) 354(3) 3385(6) 694(2) 746
N(1) SS51(1) 275(2) 416(1) 824
N(2) 171(1) 128(2) 270D 535
C(1) 758(Q2) 322(5) 467(1) 129
C(2) 673(6) 413(12) 431(2) 503
C@3) 667(2) 473(5) 357(2) 206
C(4) 754(3) 624(3) 380(2) 137
C5) 867(3) 552(5) 408(3) 219
C(6) 834(3) 454(8) 479(2) 289
C(@) 810(6) 211(6) 433(2) 407
C(8) 820(2) 234(5) 360(2) 222
C) 717(2) 319(6) 330(1) 184
C(10) 903(2) 394(6) 384(1) 141
C(11) 97(1) 13(2) 303(1) 82
C(12) 135(1) -33(3) 376(1) 85
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Figure 7, Structure of the complex [CioHsNH3|[Pt(EtNH2)Cl3] with the

atomic numbering (the H atoms are absent).

Most of the carbon atoms in the 2-adamantylammonium cage are disordered as
evidenced by the high thermal factors especially those of C(2) and C(7), resulting in very
high e.s.d.'s in the bond distances and angles. It was not possible to resolve the
disorder. The C - C bond distances vary from 1.28(6) to 1.72(6) A with an average value
of 1.44 A, while the C - C - C angles range from 89(3) to 127(4)° (average = 108°).



Table VI. Bonds distances(A) and angles(®).

Atom-atom Distance (A) Atom-atom Distance (A)
Pt-Cl(1) 2.281(4) C(4)-C(5) 1.49(5)
Pi-Cl1(2) 2.278(4) C(5)-C(6) 1.72(6)
Pt-CI(3) 2.301(4) C(5)-C(10) 1.29(5)
Pt-N(2) 2.03(1) C(™)-C(8) 1.51(5)
C(1)-C(2) 1.32(7) C(8)-C9) 1.44(4)
C(1)-C(6) 1.30(5) C(8)-C(10) 1.52(4)
C(1)-C(7) 1.28(6) C(11)-C(12) 1.49(2)
C@)-C@3) 1.54(6) N(1)-C(2) 1.75(8)
C(3)-C@4) 1.50(4) N(@)-C(11) 1.47(2)
C(3)-C) 1.38(5)

Atom-atom-atom  Angle (°) Atom-atom-atom Angle (°)
CI(1)-Pt-Cl(2) 177.6(1) C2)-C(1)-C(T) 115(4)
CI(1)-Pt-NQ2) 89.9(3) C(2)-C(3)-C4) 89(3)
Ci(1)-Pt-ClI(3) 91.3(1) CQ2)-C(3)-CH) 104(4)
CI(2)-Pt-N(2) 87.9(3) C(3)-C(4)-C(5) 117(3)
C1(2)-Pt-Cl(3) 90.9(1) C(3)-C(9)-C(8) 124(3)
CI(3)-Pt-N(2) 178.1(3) C4)-C(3)-CH) 108(3)
Pt-N(2)-C(11) 116.909) C(4)-C(5)-C(6) 95(3)
N(1)-C(2)-C(1) 114(5) C(4)-C(5)-C(10) 120(3)
N(H-C(2)-C(3) 95(4) C(5)-CM-C(8) 118(3)
N@Q2)-C(11)-C(12) 117(1) C(6)-C(1)-C(T) 95(3)
C()-C(2)-C(3) 123(5) C(6)-C(5)-C(10) 98(3)
C()-C(6)-C(5) 113(3) C(7)-C(8)-C(9) 104(3)
C()-C(N)-C(8) 127(4) C(7)-C(8)-C(10) 87(3)
C(2)-C(1)-C(6) 104(4) C(9)-C(8)-C(10) 115(3)




From previous work on adamantane denvatives (45-46), disorder of the

adamantane ring system was expected at room temperature. Our values can be compared
to those obtained for the disordered room-temperature phase of l-adamantanecarboxylhic
acid, where the C - C bonds range from 1.453(16) to 1.602(16) A and the C-C - C
angles from 103.1(9) to 116.0 (11)°. The corresponding values for the ordered low-
temperature phase of the acid are 1.527(4) to 1.548(3)/\ and 108.4(2) 10 111.3Q2)° (46).
Adamantane (C1oH ;) itself and many of its derivatives are well known to undergo order-
disorder phase transitions (47) over a wide temperature range and with a large variation
in entropy of :he transition. With the exception of 1-adamantanol, CigH sOLL (4R), the
phase transitions occur below room temperature and the room-temperature phases iare
usually disordered (45-46, 49-50). The calculated torsion angles of the adamantyl-
ammonium cage in [2-CyoH15sNH3][Pt(EtNH2)Cl3] , listed in Table VII, indicate
distortion from the expected perfect chair conformation. The overall mean torsion angle of
52(5)° is not very close to the expected value of 60° for a perfectly staggered chair
conformation with tetrahedral bond angles. Figure 8 shows the packing of the molecules
in the unit cell. It consists of layers of anions and cations parallel to the diagonal plane
(101). The crystal structure 1s stabilized by hydrogen bonding and the distances and
angles between atoms involved in hydrogen bonds are shown in Table VIII. The
hydrophilic moiety of [2-CjoH sNH3]™ is oriented towards the chloride ligands of the Pt
complexed anions. All the H atoms of the -NH3* group are involved in hydrogen bonds
with the chloride ligands. Two of these are shown in Figure 8, the third one is
downward along the b axis.  One of the H atoms of the ethylamine ligand is also
involved in hydrogen bonding with CI(1). The N - Cl distances vary from 3.12(2) to
3.34(1) A. Apart from these hydrogen bonds, there are no other short contacts. In

contrast to similar complexes (6, 33), this molecule crystalhzes without water of
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hydration. The hydrogen bonds formed between the large cation and the chloride ligands
might be sufficient to stabilize the crystal. This suggestion is supported by the absence of
water molecules in the crystal structure of [Pt(NH3)4)[Pi(isopropylamine)Cl3]p (41). The
anisotropic thermal parameters (Table 1X), the equution and deviations from the best
weighted least-squares plane (Table X) and the calculated H coordinates (Table XI) are

shown in Appendix 2.

Table VII. Torsion angles (°) for the adamantylammonium cage in the crystal
[CioH)sNH3][Pt(EtNH2)Cl3].

Atom-atom-atom-atom angle(®) Atom-atom-atom-atom  angle(®)
C1-C2-C3-C4 -70(6) C3-C4-C5-C10 34(5)
C2-C3-C4-C5 69(4) C4-C5-C10-C8 -33(5)
C3-C4-C5-C6 -69(4) C5-C10-C8-C9 36(4)
C4-C5-C6-C1 59(4) C10-C8-C9-C3 -46(4)
C5-C6-C1-C2 -59(5) C8-C9-C3-C4 46(4)
C6-C1-C2-C3 73(6) C9-C3-C4-C5 -35(4)
C1-C7-C8-C10 71(5) C1-C2-C3-C9 38(6)
C7-C8-C10-C5 -67(4) C2-C3-C9-C8 -48(5)
C8-C10-C5-C6 67(4) C3-C9-C8-C7 45(4)
C10-C5-C6-C1 -62(4) C9-C8-C7-Cl -33(5)
C5-C6-C1-C7 58(4) C8-C7-C1-C2 28(7)
C6-C1-C7-C8 -80(5) C7-C1-C2-C3 -30(7)
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Figure 8. Stereoscopic view of the packing in the unit cell (¢ axis horizontal, down b

axis; dashed lines correspond to H bonds).

Table VIII. Distances (A) and angles (°) of atoms involved in possible hydrogen bonds

Atom-atom

Distance (A)

Atom-atom-atom

Angle (°)

N(1)-H--Cl(1)a
N(1)-H--Cl(3)P
N(1)-H--C1(3)2
N(2)-H--CK(1)a

3.18(1)
3.23(2)
3.12(2)
3.34(1)

C(2)-N(1)--CK(1)
C(2)-N(1)--C1(3)
C(2)-N(1)+-C1(3)
Pt-N(2)--CI(1)

C(11)-N(2)---CI(1)

123(2)
99(2)
141(2)
113.5(4)
114.2(8)

a)-x+1/2,y+1/2,-z+1/2
b)x+1/2,-y+12,z+1/2
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HAPTER 4

Synthesis
of

Pt(adam)2X> and Pt(A)(adam)X3 (X = C}, I) Complexes
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4.1 Introduction

The screening range, antitumor activity, toxicity and solubility of platinum
complexes would be greatly expanded if cis mixed-ligand square-planar complexes could
be systematically synthesized. It is already known that platinum amine complexes with
cyclic amines have better antitumor activity than does cisplaun, cis-Pi(NH3)Cly, or other
non-cyclic amine complexes (1). The changes in therapeutic index are structure related
and are caused by a decrease in toxicity as the ring size increases . The low toxicity is
thought to be due to the greater flexibility of the larger rings, which permits orientation of
these rings so that they protect the axial positions above and below the platinum plane,
thereby preventing coordination to the sultur atoms in the kidney wbules (2). Some
mixed-amine plainum(II) complexes of the type Pt(NH3)(cycloalkylamine)Clp have been
synthesized and their antitumor activities and toxicities compared to those of cisplatin and
Pt(cycloalkylamine),Cly (3, 4). It seems that the toxicities of the mixed-amine
compounds are much greater than those of the corresponding Pt(cycloalkylamine);Cla.
The toxicity values for the mixed-amine complexes vary from 6 to 20 mg kg-! compared
to 57 to 3200 mg kg-! for the complexes with two cyclic amines (1-4). The mixed-amine

complexes have similar toxicities to that of cisplatin (13 mg kg1).

The choice of adamantanamine derivatives as ligands for platinum(II) has been
guided by their biological activity (5-9). Indeed, the aminoadamantane derivatives in
general (particularly 1-adamantanamine) show antiviral activity against influenza A. This
antiviral activity is due to an ionic change at the cell surface that blocks the penetration of
the virus into the cell, which thus remains susceptible to inactivation by antibodies (10).
This inhibiting effect increases when a metal is added to the amine due to the enhanced

lipid solubility of the metal complexes (11). 1-adamantanamine also has antitumor
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activity by blocking DNA replication. When adamantanamine is bonded to the substrate,
it increases the lipid solubility of the new molecule formed which can then bind to the
receptor more easily (12, 13). Shionogi and Co. Ltd (14) have synthesized platinum(li)
complexes with 1,2-diaminoadamantane and these complexes exibit antitumor activity
similar to that of platinum(II) complexes with two cyclopentylamine ligands. Braddock et
al. (1) have studied the antitumor activity of Pt(adam)2Cl2 (adam = 1-adamantananune

and 2-adamantanamine) (Table XII).

Table XII. Characterization and antitumor activity of platinum(Il) complexes with two

adamantanamine ligands (from ref. 1).

Elemental analysis Infrared  Antitumor activity

%C %H %N %Cl  V(P-Cl) LDsg  IDgg

Pt(l-adam)Cly calc 422 6.0 4.9 12.5

exp 42.1 59 4.7 - 328,324 >625 >625
Pt(2-adam)Cly calc 42.2 6.0 4.9 12.5

exp 421 6.0 4.8 - 331,312 >800 >800

The compounds are inactive with respect to the PC6, Walker and L1210 tumor
systems (1) . The authors claimed that: " ...with the three fused six-membered rings,...
the generally inert nature of these complexes may arise from their low solubility” (1).
We have repeated the synthesis of the compound with 1-adamantanamine and we found
that their synthetic method is inadequate. These results will be discussed later in this

chapter.
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The development of a new method for the synthesis of monoamine platinum
complexes, K[Pt(A)CI3] (15), has opened the door for the rational preparation of mixed-
amine complexes. Since 1-adamantanamine has been reported to have antitumor activity
against angiocarcinoma and pancreatic carcinoma, it was felt that it would be interesting
to examine the coordination of adamantanamine derivatives, which are polycyclic
molecules, to platinum(ll) to see if the antitumor activity of the resulting complexes
would be enhanced, and concomitantly increase the screening range of these potential
antitumor agents. A series of mixed-amine platinum(II) complexes, Pt(A)(adam)Xp (X =
ClL, I'; A = methylamine, ethylamine, cyclobutylamine, cyclopentylamine and adam =
1-adamantanamine, 2-adamantanamne and 1-methyladamantanamine) has been
synthesized. Our aim was also to extend the chemistry of platinum complexes in order to
have, in the future, some clues to the identification of the structure of new platinum

complexes.
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4.2 Experimental

Pt(A)(adam)Cly One mmole of adamantanamine was added to an agueous
solution (5 ml) of one mmole of K[Pt(A)Cl3] and the mixture was stirred at room
temperature for ¢-3 h. The insoluble product was filtered off and the free adam ligand was
removed by washing with water. After drying briefly in air, the residue was washed with

ether and left under vacuum in a drying pistol containing P2Os for 12 h.

Compounds Yield  Dec.pt (°C) Elemental analysis
%C %H %Cl %N

Pi(MeNH)(1-adam)Cly  60% 205-217  Caled: 295 49 158 63

Found: 28.5 4.8 142 6.0
Pt(EtNH2)(1-adam)Cly  47% 195-220  Caled: 312 5.2 153 6.1
Found: 31.3 5.7 145 6.2
Pt(CBA)(1-adam)Cly 90%  206-225 Caled: 344 5.4 144 57

Found: 34.1 5.7 13.8 5.7
Pt(CPA)(1-adam)Clp 16% 195-217 Caled 359 5.6 14.1 5.6

Found: 34.1 5.6 13.3 5.3
Pt(MeNH2)(2-adam)Cly 65% 192-212  Caled: 29.5 49 158 6.3

Found: 299 4.9 159 6.2
Pt(EtNH3)(2-adam)Cl,  24% 170-192  Caled: 31.2 5.2 153 6.1

Found: 30.9 5.2 15.1 6.2
Pt(MeNH>)(1-Madam)Cl, 44% 195-209 Caled: 31.2 5.2 153 6.1

Found: 31.8 4.8 13.5 5.6

Pt(adam);Cl; One mmole (0.514 g) of K2[PtCl4] and 2 mmoles of the
adamantanamine ligand were heated in DMF solution at 80°C for 3 h. The DMF solutions

were concentrated as much as possible, cooled to ~0°C, and the KCl which had formed

o8
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was filtered off. The 195Pt-NMR spectra of the solutions were measured at room

temperature. The mixtures was then evaporated to dryness and the yellow residues were
washed sequentially with ether, acetone and water, to remove DMF, K[Pt(adam)Cl3] and

KClI, respectively. After drying briefly in air, the residues were washed with ether and

dried over P70s.

Compounds Yield Dec. pt (°C)
Pt(1-adam)2Clp 65% 180-205
P1(2-adam);Cla 72% 185-215
Pt(1-Madam);Cl, 68% 195-225

Pt(A)2l,, Pt(adam);I2 and [Pt(A)I2]2 The compounds with methylamine,
ethylamine, cyclobutylamine, cyclopentylamine, dimethylamine, 1-adamantanamine, 2-

adamantanamine and 1-methyladamantanamine were synthesized as already described in

the literature (3, 16).

Compounds Dec. pt (°C) Elemental analysis
% C %H
Pi(1-adam)l;  164-279 Caled: 32.0 4.6
Found 325 4.8
Pi(2-adam)ylp  250-295 Caled: 32.0 4.6
Found 334 4.5
Pt(1-Madam)plo 188-295 Caled: 33.9 4.9
Found: 36.5 5.5
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Pt(A)(adam)I The requisite adamantanamine ligand (1.5 mmole) was added to

an aqueous solution of 1 mmole of [Pt(A)I2]2 and the mixture was stirred for 2-3 h. The

insoluble product was filtered off and the free adam ligand was removed by washing with

water. After drying briefly in air, the residue was washed with ether and dried under

P20s5. The yields were almost quantitative.

Compounds Dec. pt (°C) Elemental analyses
9% C %H
Pt(MeNH?)(1-adam)l, 160-175 Caled: 209 3.5
Found: 24.3 3.7
Pt(MeNH>)(2-adam)I, 171-195 Caled: 209 35
Found: 23.1 3.8
Pt(EtNH»)(2-adam)Iy 140-170 Caled: 22.3 3.8
Found: 22.8 3.6
Pt(CBA)(2-adam)Ip 185-200 Caled: 250 39
Found: 26.6 4.2
Pt(CPA)(2-adam)l> 186-212 Calcd: 26.3 4.1
Found: 26.6 4.4
Pt(EtNH)(1-Madam)lp 205-240 Caled: 23.7 4.0
Found: 34.8 5.2
Pt(MeNH3)(1-Madam)I, 130-168 Caled: 22.3 3.6
Found: 26.5 4.1




43,1 Svnthesis of Pt(adam)>X> and PH{A)adam)X> Complexes

The Pt(A)(adam)Cl; complexes were synthesized according to the following

reaction:
H20

K[Pt(A)Cl3] + adam — Pt(A)(adam)Clp + KCl

The complexes with A = MeNHp, EtNHj, CBA, CPA and adam = 1-adam, 2-
adam and 1-Madam were prepared. In water, the cis isomers should be formed first since
the trans effect of chloride is greater than the trans effect of amines but other factors like
the bulkiness of the ligands might lead to the formation of the trans isomers. The
compounds were first washed with dilute HCI to get rid of the free adamantanamine
ligand. This explains the second peak in 195Pt-NMR spectra in the region of [P(A)Cl3)-
and will be discuss later in section 4.3.2. From the moment 1t was demonstrated that HCl
reacts with coordinated adamantanamine, washing with HCI was replaced by washing
with a large quantity of water. The presence of the second peak in 199Pt-NMR spectra

wis then eliminated.

All the products isolated are insoluble in water, but they are soluble in DMF and
DMSO. For the complexes Pt(MeNH3)(2-adam)Cly, Pt(EtNH2)(2-adam)Cl>,
Pt(EtNH2)(1-adam)Cl, and Pt(CBA)(1-adam)Clp, the elemeital analyses are very good.
For the complexes Pt(MeNH3)(1-adam)Cl, , Pt(CPA)(1-adam)Cl; and Pt(MeNH>)(1-
Madam)Cly, the results show the presence of impurities. The chloride values are lower
than expected, probably due to the presence of free adamantanamine ligand, since there is

only one species detected by 195Pt-NMR spectroscopy. These new compounds were
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characterized by their NMR, IR and Raman spectra and the results will be discussed

Sections 4.3.2 and 4.3.3.

The Pt(adam)yCly complexes were synthezised according to the following

reaction:
DMF

K»[PtCl4] + 2adam —_— Pt(adam)Cly + 2KClI

The compounds were isolated immediately after recording their '95Pt-NMR
spectra. The DMF solutions were concenirated as much as possible, cooled to ~0°C and
the KCI was filtered off. The 195Pt-NMR spectra of the solutions were measured at room
temperature (see Section 4.3.2). The DMF solvent was then evaporated off and the
resulting yellow residues were washed with ether to remove DMF and unreacted ligands.
Further washing with acetone and water eliminated the [Pt(L)Cl3}- complex and KCL
The yields varied from 65 to 72 %. The different compounds were characterized by IR

and Raman spectroscopy (see Section 4.3.3).

The disubstituted iodo and the iodo-bridged complexes, Pt(A)212 , Pt(adam)zl;
and [Pt(A)la)2, were synthesized as described previously (3, 16). The different steps

in the preparation are:

H0
Ko[PtCly] +4KI —uwy Ko[Ptly) + 4KCI
Hy0
Ko[Ptly] +2A —) cis-Pt(A)aly +2 KI
HCI04 A\ / I\ 7/ :
2 cis-Pt(A )22 e Pt Pt

A AN
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According to the earlier work of Elding and Olsson (17), the mechanism of

dimerization of cis-Pt Ajly in acidic media could be:

Pt _+H*, ™ p + AH*
A" TN - Ht A" TN
Ho0 \ H,0 I
~ " T p
AL T A" | N1
| N :
i ~— :
1 A I A
~_ o - ~ l:)t/
TN 1~ NHo
+ H20 {-H2O
\ 1
| A — Pt
A— i’t—-—-ll -H0 | \}
+Hy0 I A
N
I — Pt— A o
- -~
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The iodo-bridged dimer is a good starting material for the synthesis of mixed-

ligands complexes (3). It can be cleaved by another amine to give the mixed-amine iodo

complex Pt(A)(adam)lz according to the following equation:

Pt Pt + adam  —,— 2 cis -Pt{A)(adam)l»

1 7 N I e \A

The synthesis of iodo complexes is important since they are more soluble in
organic solvents than are the chloro compounds. The 'H-NMR spectra could be
measured because they are soluble in CDCl3 and this solvent does not interfere with the
resonances of the ligands. Far-IR measurements in solution are also possible and these
data can be compared with the results obtained for solids. Raman data can also be
recorded in the same way for the solids and in solution. The 195Pt-NMR spectra were
measured in DMF and compared to the chloro series. DMF was chosen in order to
compare the chemical shifts of the iodo complexes with the chloro compounds. The
same trend would be expected if steric and/or solvent effects are responsible for the

observed chemical shifts,

The iodo complexes could also be good starting materiels for many other
interesting compounds. The mixed amine iodo complexes Pt(A)(adam)l2 can be treated
with silver nitrate and KCI to complete the chloro series. The disubstituted iodo
complexes can also be treated with silver nitrate and then with adamantanecarboxylate
derivative. This might be useful since carboxylate complexes are less toxic than the

chloro complexes.
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4,32 195pt- and 'H-NMR Spectra

The 195Pt-NMR chemical shifts are very sensitive to the nature of the ligands in

the coordination sphere, and the platinum resonances move to lower field in the ligating

atom order I > P > As > S > N > Cl > O (18). These shifts have been related to a decrease
in covalence in going from iodide to oxygen and this has been interpreted in terms of
covalency effects in the op contribution to the shielding (19, 20). As an example, in a
serics of [Pt(L)Cl3)- complexes where L = NH3, Cl and H2O, the chemical shifts in
water are, respectively, —1826, —1628 and —1180 ppm (18). Changing three chloride
ligands to iodide leadsto an extremely large upfield shift, e.g., [NR4][Pt(DMNH)Cl3]
(R = Pr? or Bun) at ~1863 and [NR4][Pt(DMNH)I3] at —-4004 ppm in CH2Cly solution
(21). Changing one chloride ligand to a nitrogen ligand is also important: K[Pt(NH3)Cl3]
is observed at —1826, Pt(NH3)>Cl, at 2097, [Pt(NH3)3Cl]Cl at 2354 ppm (18) and
[Pt(NH3)4]Cl2 at —2560 ppm (20).

The 195Pt-NMR spectra of the different complexes studied in this chapter were
measured in DMF solution (unless otherwise mentioned) and the results are given in
Table XIII. The compounds were expected to exhibit resonances between those for the
ammine complex, Pt(NH3)2Cl2 (2048 ppm in DMF; 2097 ppm in DMSO; 2168 in
H20) (18, 22) and the ethylenediamine complex Pt(en)Cly (~2345 ppm in DMSO) (23).

All the spectra of the diaminodichloro complexes displayed resonances between -
2141 and -2242 ppm, in good agreement with the values observed in DMF solution by
O'Halloran (24) for Pt(MeNH2)2Cly at -2222 ppm and by Dion for cis- and trans-
Pt(CBA),Cl; at -2235 and -2225 ppm, respectively (25).
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Table XIIL 195P-NMR for disubstituted amine compleaes.

Compounds S195Pt (+5ppm) Other peaks
observed

Pt(MeNH3)2Cly -2222 (24)

cis- Pt(CBA)Cly -2235 (25)

trans- Pt((CBA)Cly -2225 (25)

cis -Pt(DMNH)»Cly -2188

trans -P{ODMNH)Clp -2181

Pt(iso-PrNH»),2Cly <2224

Pt(2,6-CH20HPy),Cla -2095

Pt(1-adam)>Clp -2141 (trans, 52%), -1823 (29%)
-2184 (cis, 19%)

Pt(2-adam);Clp -2193 (trans, 27%) -1851(60%)
-2230 (cis, 13%)

Pt(1-Madam);Clp -2242 (cis, 71%) -1861(29%)

Pt(MeNH>)(1-adam)Cly -2213

Pt(EtNH3)(1-adam)Cly -2208

Pt(CBA)(1-adam)Clp -2199

Pt(CPA)(1-adam)Cl (washed with HCl) -2188 (56%) -1842 (44%)

Pt(MeNH»2)(2-adam)Cla(washed with HCl)  -2219 (97%) -1828 (3%)

Pt(MeNH>?)(2-adam)Cl, -2219

Pt(EtNH»)(2-adam)Clp(washed with HCl) -2222 (98%) -1851 (2%)

Pt(EtNH2)(2-adam)Cly -2223

Pt(EtNH3)(2-adam)Cly (reaction with HCl)  -2225 (26%) -1854 (74%)

Pt(MeNH3)(1-Madam)Cly -2235

For several of the adam complexes, two resonances were displayed in the

Pi(L)2Cly region. The upfield resonance was assigned to the cis isomer, the other to the

trans isomer. Similar assignments have been reported by other research groups. The




values observed (26) for the PtiCH3(CH2)s!3NH3]2Cly complexes are -2130 ppm in

CDClI3 for the trans isomer and -2215 in DMSO-dg for the cis isomer. For similar
complexes with cyclobutylamine, the observed values are -2225 ppm (trans ) and -2235

ppm (cis ) in DMF (25).

For the cis complex with the secondary amine, DMNH, the 8(Pt) resonance
appears at lower field (-2188 ppm) than do those for the other diamine complexes. The
same trend is found for the cis complexes with two 1-adamantanamine ligands (2184
ppm) but not for the complexes with two 2-adamantanamine (-2230 ppm) or two
1-methyladamantanamine (-2242 ppm) ligands. Pregosin (18) has noticed a downfield
shift of the platinum signal when the ligand becomes sterically larger. In the case of the
complex with 1-methyladamantanamine, the -CHj- group between the amine and the
bulky adamantane ring is sufficient to relieve the steric hindrance and this compound
resonates in the same region as other less bulky primary amine complexes. The same
trend is observed for the mixed-ligand complexes of 1-adamantanamine. There is a
downfield shift from MeNHj to the CPA ligand and the CPA ligand apparently creates a

similar steric environment as do two DMNH ligands.

In addition to the resonances of the disubstituted complexes, the 195Pt-NMR
spectra of many of the compounds with adamantanamine derivatives showed a low
intensity peak in the -1850 ppm region (Figure 9a) which we attribute to

[adamH][Pt(A)Cl3].
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Figure 9. Typical 195pt-NMR spectrum of Pt(A)(adam)Cly: (a) washed with
dilute HCI and (b) without washing with dilute HCI.

The presence of the resonance due to the K[Pt(A)Cl3] starting materials in the
spectra was initially surprising. Since these complexes are very soluble in water, they
should have been eliminated during the synthetic work up. This dilemma was resolved by
determining the crystal structure of the complex obtained from the washings during the

treatment of Pt(EtNH2)(2-adam)Cly with dilute HC1 (27). The washing was done to
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eliminate any free adamantanamine ligand. The 8(Pt) resonance at -1854 ppm 1s assigned
to the ionic complex [2-adamH][Pt(EtNH?2)Cl3], the crystal structure of which was
discussed in Chapter 3. The '5Pt-NMR spectra of the complexes prepared without

washing with dilute HCI showed no peak in this region (Figure 9b).

After determining the crystal structure of 2-adamantylammonium
trichloro(ethylamine)platinate(II), which was the result of displacement of the coordumated
adamantanamine ligand by Cl- and subsequent quaternization of the amine group, we
decided to look more closely at the structures of the adamantanamine platinum(ll)
complexes, Pt(1-adam);Clz and Pt(2-adam),Cla, tested by Braddock et al. since these
authors used concentrated HCI for washing. We had washed our compounds only with
dilute HCI and had observed a small quantity of [adamH|{Pt(A)Cl3]. We therefore
decided to repeat Braddock et al.'s synthetic work (1) and measured the 195Pt-NMR

spectra of the products in order to verify the authenticity of the compounds.

If we look at the values reported by Braddock et al. (1) for the elemental analyscs
of the Pt(adam)Cl; (Table XII), the calculated and found C, N and H values are in good
agreement but no Cl analysis is given. For the complexes Pt(adam)zClp and
[adamH][Pt(adam)Cl3], the calculated analyses are C, 42.2; N, 6.0; H,49; Cl, 12.5 and
C, 39.7; N, 4.6; H, 5.8; Cl, 17.6, respectively. The differences (AC, 2.5, AN, 1.4; AH,
0.9) between calculated values for C, N and H are small. The greater chfference expected
for the chloride analysis (ACI, 5.1) would have afforded more information about the
empirical formula of the complex. If the proportion of the 1onic complex is small, a
mixture of the two compounds (three if we assume the presence of cis- and trans-

Pt(adam)7Cl3) would give similar analysis for C, N and H. There is a similar problem
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with the IR data. For the IR-active v(Pt-Cl) vibrations, the results are not conciusive

since a mixture of complexes would give the same results.

The synthesis of Pt(1-adam)>Cly was therefore repeated, exactly as published in
the literature by Braddock et al. (1) and the 195Pt-NMR spectrum of the product was
measured in DMFE.  The compounds Pt(1-adam)2Cl; was prepared as follows. One
cquivalent of K| PtClg] was dissolved 1n water and the filtered solution was treated with
two equivalents of aminoadamantane hydrochloride in water. The insoluble pale pink
chloroplatinite of the protonated amine was filtered off and washed with water. The
complex (adamH)z[PtCls] was suspended in water with two equivalents of sodium
hydroxyde and the mixture was stirred overnight. The pale yellow product was filtered
off, washed with concentrated HCI, water, methanol and then ether and finally dried
under vacuum. The i95Pt-NMR spectrum of the product obtained dissolved in DMF is
sfown in Figure 10a. Three peaks were observed, the most intense peak (-1822 ppm)
being assigned to [1-adamH][Pt’ 1-adam)Cl3]. Although [1-adamH]{Pt(1-adam)Cl3] is
not believed to be very soluble in water (otherwise it would have been eliminated during
the workup). it is surely more soluble than the Pt(1-adam)2Cla complex. The compound
that was tested by Braddock et al. (1) for antitumor activity was more likely a mixture
containing the ionic complex and the cis and trans disubstituted species. It was normal

that the results of the biological tests were negative since only cis coinplexes have any

significant antitumor activity. In order to compare the 195Pt-NMR spectra, complexes of

the type K[Pt(1-adam)Cl3} and Pt(1-adam);Cly were also synthesized by another method.

The spectrum obtained for the latter before isolation also showed three 8(Pt) peaks in the
same region, the most intense being attributed to the trans isomer. The NMR spectra are

compared in Figure 10. The resonances appear at -2190 (38%), -2155 (11%) and -1822



(51%) for Braddock's compound compared to -2184 (19%), -2141 (52%) and -1823

(29%) ppm for our 1-adam compound.
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Figure 10. Comparison of the 195Pt-NMR spectra for the Pt(1-adam);Cly

complex (a) prepared by the method described by Braddock et al. (1) and (b) by our
method.

—

As we have already sein, 1 (Euviiz)(2-adam)Cly gives only one resonance, at -
2223 ppm, when it is not washed with HCl. To prove that the resonance at -1823 ppm
belongs to [adamH][Pt(adam)Cl3], the Pt(EtNH;)(2-adam)Cl2 complex was stirred in
HCI and the 195Pt-NMR spectrum of the mixture was recorded (Figure 11), and

compared to the spectrum of Pt(A)(adam)Cl, (Figure 9a) following washing with dilute
HCI.
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Figure 11, 195Pt-NMR spectrum of Pt(EtNH)(2-adam)Cl; after stirring in HCI
for 10 min.

The spectrum shows a new intense resonance at -1854 ppm which can be
attributed to [2-adamH][Pt(EtNH?)CI3]. This is in the same region as that for the least
intense peak in Figure 9a, thereby confirming that when concentrated HCI is used to wash
the disubstituted amines complexes, species of the type [adamH][Pt(A)Cl3] are produced.
Indeed, when these complexes are in contact with HCI, the acid reacts with the
coordinated adamantanamine and the CI- replaces the amine in the coordination sphere. It
is now important to find a new synthetic route to the pure cis complexes in order to

eventually examine the potential antitumor properties of these complexes.
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Similar complexes with two iodo ligands were synthesized and the 195P-NMR

spectra were measured in DMF. The results are histed n Table XIV.

Table XIV. 195Pt resonances for the iodo complexes.

Compounds 195py(+5ppm)
Pt(en)I» -3462 (28)
Pt(NH3)2lo -3264 (28)
Pt(MeNH>)>1» -3327
Pt(EtNH>)21- -3330
Py(CBA)I, -3346
Py(CPA) 1> -3302
Pt(DMNH);I2 -3211

Pt(1-adam)Iz

Pt(2-adam);I»
Pt(1-Madam);I»
Pt(MeNH>)(1-adam)],
Pt(MeNH»)(2-adam)Ip
Pt(EtNH>2)(2-adam)I»
Pt(2-adam)(CPA).»
Pt(2-adam)(CBA)I>

Pt(MeNH>»)(1-Madam)l

Pt(EtNH2)(1-Madam)l»

-3331 (trans, 63%)
-3364 (cis, 37%)
-3333

-3354

-3336

-3328

-3327

-3328

-3358 (trans, 86%)
-3387 (cis, 14%)
-3336 (trans, 75%)
-3389 (cis, 25%)
-3388

A 1000-ppm upfield shift is observed going from two chloro to two iodo

ligands. Lippard has already synthesized such complexes with NH3 and ethylenediamine

ligands (28). The resonances for Pt(NH3)2I2 and Pt(en)l> were observed at ~3264 and
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~3462 ppm respectively, in DME solutions, i.e., 1167 and 1117 ppm to high field

compared to the values for the chlore analogs. It was expected that our compounds
would display resonances between these two values since, in the chloro series, the
diamino complexes showed resonances between the ammine and the ethylenediamine
complexes, as discussed previously. All the complexes, except PUDMNH)212 howed a
resonance between -3302 and -3389 ppm. The Py(DMNH);l2 complex resoaates at
lower field (=3211 ppm) than does the ammine complex (-3264 ppm) and, in thiy case,

steric hindrance mught possibly be the predomin:ut factor.

In the proton-NMR spectra, there is no solvent problem for the iodo compleres
because they are usually soluble in most common organic solvents. In our case, CDCl3
or acetone-dg were chosen and the results are shown in Table XV. The electronic density
is drained toward the platinum atom upon coordination and there are downfield shifts for
the protons of the coordinated higands when compared to those of the free ligands. For
Pt(MeNlH2)a10, a triplet is observed at 2.65 ppm (Figure 12a) for the methyl group due
to coupling with the amine protons (3J(H-H) = 6 Hz) with the two triplet satellites due to
coupling with platinum-195 isotope (3J(195Pt-H) = 49 Hz). The resonance of the amine
protons appears at 4.50 ppm tor Pt(MeNH2)212 and no coupling is observed with
platinum-195.  For the dimethylamine complex, the same trend is observed and the
resonance of the methyl groups is found at 2.80 ppm as a doublet plus a doublet of
doublets with coupling constants 3J(H-H) = 6 Hz and 3J(195Pt-H) = 43 Hz. For
Pt(1-adam)alz (Figure 12b) and Pt{(CPA)2I2 complexes , in addition to the expected
peaks for the ligands, the resonances of the amine protons at 3.61 and 4.34 ppm with

coupling constants 2J(195Pt-NH) = 68 and 70 Hz, respectively, could be detected.
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Table XV. 'H resonances (ppm) for thy ligands and the 10do complexes (in CDCly

solution).
Compounds Hi H2 H3 NH  KPLNHD)
s

MeNH» 2 25(@) not obsd

Pi(MeNHo)I, 2 2 65(t+dt) 4.50 not obsd

EtNH»> 0.97() 2590 not obsd

PUEWNH2)2[> 1.21(0) 2.95(m) 4.45 not obsd

a 1.29 304 3.24 not obsd

CBA 1.297(m) 1.872(m) 3.053(m) not otssd

PY(CBA) I 1.94(m) 2.30(m) 3.73(m) 348 not obsd
1.64(m)

CPA 1.064(m) 1.563(m) 3.132(m) not obsd

PY(CPA)I, 1.68(m) 2.11(m) 3.61(m) 4.34 70

1-adam 1.529(s) 1.590(m) 2.057(m) not obsd

Pi{1-adam);I2 1 59(m) 1.98(m) 2.11(m) 3.61 68

DMNH 1.85(dy

PYDMNH);[, 2 2 80(d+dd) 497 not obsd

Pi(MeNH)(1-adam)l,  2.61(t) 3.80 not obsd
1.55(m) 1.99(m) 2.12(m) 363 not obsd

JI-CHy
Hs

49

not obsd

not obsd

not obsd

not obsd

not obsd

43

not obsd

not ohsd

a In acetone-dg solution
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(a) (b)

Figure 12, 'H-NMR spectra for (a) Pt(MeNHj)>I3 in acetone-dg and
(b) Pt(1-adam)3zI5 in CDCl3.

N
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4,33 Infrared and Raman Spectig

The IR (4000-250 cm 1) and Raman (300-200 cm-1) spectra ot the
Py(A)(adam)Cly and Pt(adam);Cly complexes were recorded in the sohd state, Table NV
lists the V(NH), 6(NH?>) and v(Pt-N) vibrations from the IR measurements. The IR- and
Raman-active v(Pt-Cl) bands are histed in Table XVII The complexes used tor the
vibrational studies were those synthesized without washing with dilute HCL and we
assume that the ionic complexes were not formed on the basis of the P-NMR spectra
of the Pt(MeNH?)(2-adam)Cly and Pt(EtNH?)(2-adam)Cl complexes ‘Section -4 3 1)
For the complexes with two adamantanamine derivatives, the IR and Raman spectra were
recorded after the work-up to eliminate the K[Pt(adam)Cl3} complex. The IR spectin
were obtained on a FT 50 DIGILAB spectrometer, 256 scans at 1 cm! resolution. The
Raman spectra were measured on a U-1000 Ramanor spectrometer and using an argon-
10n laser on the green line (514.5 nm) equipped withi a Nachet microscope (4X objective).
The assignments given have been made according to the group theory and by comparisor
with the results published by otuier workers on stmular complexes (3, 29-32).  The IR
spectra of the K[Pt(amine)Cl3]-1/2H0 complexes exibit two siiirp V(OH) bands between
3600 and 3480 cm-! and one S(OH) between 1597 and 1590 cm-! due to water of

hydration (15). These bands ate absent in the mixzd-ligand complexes.

The IR spectra of the Pt(adam),Cly complexes are very similar to those ot the
K[Pt(adam)Cl3] complexes. The amine bands are shifted to lower energies by about 65
to 120 cmr1, due to coordination to platinum. For the mixed-amime complexes, additional
bands due to the presence of the second amine are observed. This is particularly true in
the region of the stretching vibrations of the amine group. The spectra of all the mixed-

amine complexes show three-to-five V(NH) vibrations between 3287 and 3118 cml. A«

87



an example, the v(NH) vibiations i K[ Pt(1-adam)Cl3] were located at 3125, 3200 and
3230 em! while in K[Pt(MeNH,)Cl3| the corresponding vibrations were observed a hittle
higher at 3140, 3245 and 3270 cml. The spectrum of Pt(MeNH3)(1-adam)Cly shows
almost a superposition of these bands. Five v(NH) bands are observed between 3276
and 3124 cm’!  The complexes shov' one or two IR-active 8(NH3) vibrations between
1595 and 1563 cm!, lowered by about 25 to 60 cm-1, compared to absorption bands of
the free hgand. The platinum-nitrogen stretching vibrations are located berween 555 and
455 cm-!. Except for Pt(CPA)(1-adam)Cly and Pt(2-adam);Cl2 which show only one
band, all the other spectra exibit two bands in this region. These assignments for the

v(Pt-N) vibrations are based on previous work (29-31).

The above spectral observations correlate well with the published values for
sunilar complexes. An IR study on Pt(en)Clz showed two v(Pt-N) vibrations at 545 and
464 cm! (31).  Kharitinov et al have already reported the IR absorption spectra of
several methylamine complexes (29). They observed that the general nature of the spectra
is retauned even if there 1s one, two or four methylamine ligands coordinated to the
platinum atom. They did not observe any band spiitting as the result of solid-state effects
or due to the presence of several molecules of methylamine 1n the complex. For all the
compounds, the v(Pt-N) modes appear between 526 and 490 cml; these vibrations are
shifted to lower energies by about 30 cm-! upon isotopic substitution at the amino group.
For example, the v(Pi-N) vibrations of P(MeNH?2)2Clj have been assigned to 523 ¢!
for the rrans 15omer and to 517 and 505 cm-! for the cis 1somer. For the latter, the lower
energy band, which 1s the most intense 1n the IR spectrum, has been assigned to the
antisymmetric and the other to the symmetric v(Pt-N) vibratton. The same authors (29)

also observed two 8(NHp) at 1598 and 1577 cm-! for the cis isomer, while only one band
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was observed at 1396 cnr! for the trany 1somer.  These complenes have abo been
studied by Watt, Hutchison and Klett (30) who assigned the v(Pt-N) vibranons to SIS
cm! (zrans) and 506 and 517 cm-t (cis).  Only one S(NH») deformaton vibiaton was
observed at 1594 cm-! for the trans compound while three bands appear m the same
region at 1596, 1581 and 1575 cm! for the cis 1somer. The same 18 true tor ¢iv-and
trans-Pt(CBA)Cla which were studied by Lock and Zvagulis (32). bor the i
compound, the §(NH2) vibrations are located at 1662, 1586 and 1562 cim'! and tor the
trans isomer at 1591 cm=!. In a study on cis-mixed ligand complexes, reported by
Rochon and Kong (3), all the compounds except one showed two or more S(NH»)
vibrations between 1642 and 1525 cm-!. In these publications, the presence of a tewer
S(NH>») deformations of the amino group for the trans 1somer s always mentioned, hut
never discussed. If there is still D2 "local” symmetry (ignoring the nature of the anunce),
there will be an "in-phase” and "out-of-phase” (NH2) wibration  Simce it s
centrosymmetric, the "in-phase” motion will be Raman active only while the other motion
will be IR active only (Rule of Mutual Exclusion). For the civ compounds (Coy

symmetry), both motions will be IR and Raman-active.

Cis- and trans-Pt1(A)2Cla complexes can often be disunguished by IR
spectroscopy. The local skeleton symmetry for the Pt-Cl bonds 15 Coy for the cis 1somer

and Doy for the trans 1somer. Group theory predicts two IR-active v(Pt-Cl) bands

(ay1+by) for a cis isomer and one (byy) for the trans isomer (see Appendix )
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fable XVI Muain IR bands for Pt(A)(adam)Cl» and Pt(adam)>Cls complexes n nujol

mulls (em!).

Compounds

Pt(MeNH2)(1-adam)Cl,

PrEINH)(1-adam)Cly
PUCBA)(1-adam)Clp
PUCPA)Y(1-adam)Cly
Pt(tMeNH7)(2-adam)Cly
Pt(EtNH)(2-adam)Clp

PuMeNIDY(I-Madam)Cla

Pi(l-adam)>2Ch

Pt(2-adam)»>Cl>

Pt(1-Madam)>Cl>

v(NH) 0(NH») V(Pt-N)

3276 (w), 3231 (s) 1569 (s) 555 (m), 462(w)

3196 (s), 3144 (w)

3124 (w)

3224 (s), 3195 (s) 1577 (s) 555 (w), 462(vw)

3129 (s)

3260 (w), 3213 (s) 1575 (s) S550(vw),462(vw)

3122 (s)

3215 (s), 3188 (s) 1590 (w), 550(w)

3121 (s) 1563 (s)

3273 (m), 3237 (s) 1590 (s), 525(w), 505(w)

3214 (s), 3145 (s) 1571 (s)

3265 (w), 3197 (s) 1570 (m) 555 (w), 498(m)

3131 (m)

3287 (s), 3238 (s) 1586 (s), 545(w), 515(w)

3214 (s), 3141 1576 (s)

3118 (m)

3208(m), 3122(m) 1572(m) 550(w), 461(w)
1595(sh)

3305(m), 3279(w) 1578(s) 503(mw)

3261(w), 3238(m)

3190(s), 3123(s)

3298(m), 3235(s) 1571(w) 545(vw), 455(w)

3218(s), 3142(s) 1594(m)




The v(Pt-Cl) stretching vibrations, both symmetric and antisymmettic, are expected o
absorb in the 400-300 cm1 region (32). For the cis complex, both modes should be
active in th: Raman spectra, while for the trans isomer, only the symmetric mode (ay) will
be Raman active. The symmetric M-Cl stretch which gives the least intense IR peak,
affords the strongest Raman band. The antisymmetric mode often provides the most
intense M-X stretching band in the IR but is generally weak and often not observable i
the Raman spectrum. The corresponding mode 1n trans-ML7X2 15 Raman mactive
Sometimes the two vibrations of a cis complex have very close energies and only one
band (shightly broader) is observed. In this case, the geometrical 1somerism of the
complexes can sometimes be determined by the position of the band. The cis complexes
absorb at around 320-315 cmrl, while the trans complex absorb at higher eneigies
(around 340-335 cmr-!) (32). For complexes with two different amines, approximations
can be made and, very often, two v(Pt-Cl) bands are observed in both the IR and Raman
spectra of a cis complex while only one band is detected for a rrans 1somer. In the study
on mixed-amine complexes by Rochon and Kong (3), some compounds exibited two
bands between 327-308 cm-! while others showed one large band between 320-310 ¢!
The cis isomerism was confirmed by x-ray diffraction for two complexes,

Pt(CBA)(NH3)Cly and Pt(CPAY(NH3)Cly:!/4 HyO, which showed only one band in the
IR spectrum (4, 33).

In our case, on the basis of the IR and Raman data (Table XVII), it seems that
the complexes Pt(EtNH»2)(1-adam)Cl2 and Pt(EtNH»7)(2-adam)Cl; are cis isomers since
they have two bands coinciden® in the IR and Raman spectra in the Pt-Cl stretching
region. In the Raman spectra, the peak at higher wavenu nber 1s the most intense,

indicating that this is the symmetric stretching mode. The other mixed-amine complexes

9



P

Pt(MeNH2)(1 —_adam)Clz, Pt(CBA)(1-adam)Clp, Pt(CPA)(1-adam)Cly and
Pt(MeNI3)(2-adam)Cly show only one band around 325 cm-! which is closer to the
value for a ¢is complex and since these bands are coincident both in IR and Raman, we
have assigned them as cis isomers. For the complex Pt(MeNH?)(1-Madam)Cly, there is
one additional band in Raman and the compound may be a cis isomer with an unresolved
peak in IR. The compound is not a mixture of isomers since only one peak was observed

in its 195P-NMR spectrum.

Table XVII. Infrared and Raman v(Pt-Cl) bands for Pt(A)(adam)Cly and Pt(adam);Clp

complexes (cm 1),

IR RAMAN
Compounds v(Pt-Cl) v(Pt-Cl)
Pt(MeNH»)(1-adam)Cly 325(s) 324(s)
Pt(EtNH3)(1-adam)Cly 329(m), 314(s) 325(s), 311(m)
Pi(CBA)(l-adam)Cl, 323(s) 322(s)
Pt(CPA)(1-adam)Cly 322(s) 322(s)
Pi(MeNH3)(2-adam)Cly 329(s) 328(s)

Pt(EtNH»)(2-adam)Cly
Pt(MeNH»)(1-Madam)Cly

328(s) , 313 (m)
326(s)

327(s), 311¢.
338(s), 327(m)

Pt(1-adam),;Clp 329(m) 342(w), 337(mw)
323(s), 318(m)

Pt(2-adam)Clo 335(m) 329(s), 322(m)

Pt(1-Madam)>Cly 341(m), 325(m) 334(s), 325(m)

For the complexes with two adamantanamine derivatives, Pt(1-adam);Cly and

Pt(2-adam)yCly each shows only one band at 329 and 335 cmrl, respectively in the IR.

In the Raman, these bands are split to four and two components, respectively, and are not
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coincident. The compounds is a mixture of isomers, since the 193Pt-NMR spectra display
two peaks in the Pt(adam);Clp region. The complex with 1-Madam also exibits two bands
in IR and Raman. Since there is an addiional resonance in ?Pt-NMR in the region of
[Pt(adam)Cl3]-, these bands are probably due to a mixture of |Pt(1-Madam)Cl3]- and

Pt(1-Madam)>Cl».

Another problem may arise in the IR and Raman spectra of platunum(ll)
complexes. In a study by Hendra (34), the Raman spectrum of zrans-Pt(NH3)2Cl
showed two v(Pt-Cl) vibrations at 335 and 318 cm! and two v(Pt-N) vibrations at 540
and 528 cm-!, while the infrared spectrum showed only one band for each of the two
vibrations, at 330 and 506 cm! respectively. The splitting of the bands in the Raman
spectrum was attributed to an intermolecular coupling (Factor group spliting). This
phenomenon might explain the four bands observed in the Raman spectra of Pt(l-
adam),Cly. The two lower energy vibrations could be assigned to the cis isomer. The
two higher bands could be assigned to the trans isomer, and the vibration, being split by

intermolecular effects, appears as a doublet.

Because our spectra were recorded in the solid state, splitting of the bands may
occur and it could be difficult to identify whether or not the two bands observed in the
v(Pt-Cl) region are the bands expected for a cis compound or are due to factor group
splitti.r;g. Thus, it would be important to run the spectra in solution to know if factor
group splitting has an effect on the IR and the Raman spectra 1n the solid state  Since the
compounds are soluble only in DMF and DMSQO, solution IR or Raman spectroscopy 15
not easy. Subtraction of the solvent peaks would be possible using the modern computer

software. Unfortunately, in certain conditions, both DMF and DMSO can react with Pi(Il)

to form DMF and DMSO complexes. An alternative suggestion would be to synthesize




the analogous iodo complexes, which are more soluble in organic solvents, and then to
study the v(Pt-I) vibrations. For this reason, a series of mixed-amine platinum(II)
complexes, Pt(A)(adam)lp, were prepared, where A = methylamine, ethylaminé,
cyclobutylamine, cyclopentylamine and adam = 1-adamantanamine, 2-adamantanamine
and 1-methyladamantanamine. The main IR bands for the aminodiiodo complexes
measured in the solid state are listed in Table XVIII and the IR and Raman v(Pt-I) bands
are compred in Table XIX. All IR spectra between 400 and 110 cm-! were recorded on
a single-beam, cvacuated grating spectrometer using samples as Nujol mlls squeezed
between rigid polyethene sheets. With the exception of Pt(l-adam);ly, Pt(2-
adam)(CBA)I; and Pt(MeNH3)(1-Madam)Iy, all the other complexes exibited only one

peak in their 195Pt-NMR spectra.

The general appearance of the spectra is retained when the 4000-600 cm! region
for the chloro and iodo complexes are compared. For the Pt(adam);l complexes, the
spectra are very similar to those of the K[Pt(adam)Cl3] and Pt(adam),Clz complexes. As
for the chloro analogs, all the amine bands are shifted to lower energies conforming amine
coordination to platinum. In the mixed-amine complexes, additional bands due to the
presence of the second amines are present in the IR spectra. One or two §(NH>3)
vibrations are observed between 1595 and 1563 cm-! (lowered by about 25 to 60 cm-1,
compared to the free ligands). There are fewer literature values available for metal-iodide

and metal-nitrogen stretching modes than for the analogous chloro vibrations (31, 34-35).
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Table XVIIL. Main IR bands for the diaminodiiodo complexes measured in the sohid state in

nujol mulls (cm-1).

Compounds V(NH) S(NH») v(P’t-N)

Pt(MeNH»)11lp 3113(m), 3169(s) 1591(vw) A85(w)
3212(s), 3251(s) 1565(s) 495(m)

Pt(EtNH)),1, 3119(w), 3218(s) 1580(s), 1569(sh) J98(vw)
3250(m) 1590(sh) ST8(w)

Pt(CBA)I» 3125(s), 3190(s) 1568(s), 1558(sh) 568(m)

1579(sh)

Pt(CPA)I> 3118(m), 3192((s) 1570(s) 530(vw)
3240(m) 585(w)

Pt(DMNH)1, 3195(s) - 478(m)

502(w)

Pt(1-adam)sly 3112(w), 3200(s) 1552(s) 455(vw)
3262(m) 1565(s) 580(vw)

Pt(2-adam)slp 3118(w), 3202(s) 1572(s) 500(vw)
3288(s)

Pt(MeNH;)(1-adam)l; 3120(w), 3198(s) 1565(s) 480(vw)
3250(m), 3262(vw) 590(vw)
3290(m)

Pt(EtNH»)(2-adam)lp 3119(w), 3201(s) 1575(s) 495(w)
3262(m)

Pt(CBA)(2-adam)l, 3125(w), 3204(s) 1576(s) 500(w)
3246(m), 3279(w)
3292(m)

Pt(CPA)(2-adam)l, 3122(w), 3202(s) 1565(s) -
3272(w), 3295(m)

Pt(MeNH)(1-Madam)l,  3379(m), 3332(m) 1580(s) 485(vw)
3310(s) 1561(sh) 528(vw)

Pt(EtNH)(1-Madam)lp 3235(m), 3295(mw) 1562(s) A60(vw)
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In the Raman spectrum of trans-Pt(NH3)212, the v(Pt-1) vibration has been
reported at 153 cm-! and the v(Pt-N) ai 532 cm! (34). Similarly, in the IR spectrum of
Pt(en)Iy, the v(Pt-I) vibrations have been observed at 192 and 181 cm-l, while the v(Pt-
N) modes were observed at 524 and 444 cm-1 (31). Extensive studies on cis- and rrans-
Py(L)2X2 complexes (L = SMe2, SEtp, AsEt3, PPhy PMe3s, AsMe3 and X = Cl, Brand 1)
have been performed by Duddell, Goggin, Goodfellow, Norton and Smith (35) and Park
and Hendra (36). These two groups are not in agreement for the v(Pt-I) assignments
however. For example, the symmetnc v(Pt-1) stretching frequency for trans-Pt(PMe3)alp
complexes has been located 1n the Raman at 150 cm-! because it is extremely intense and
polarized in solution. The corresponding antisymmetric mode which should be strong in
the IR has been assigned to a peak at 206 cm-! eventhough it 1s very weak. The same
vibrations for the Pt(PMe3),l2 and Pt(AsMe3);12 complexes have been assigned by Park
and Hendra (36) to 189 and 169 cm°l, respectively, in the IR spectra. The argument of
Duddell et al. (35) against Park and Hendra's (36) assignment is that the frequency
difference between the two classes of compounds (Cl — 1) is too great since metal-
halogen frequencies are relatively insensitive to changes in the accompanying neutral
ligand. For the only cis-diiodo complex obtained by Duddell et al. (35), Pt(PMe3z);l, the
symmetric and antisymmetric v(Pt-I) bands were assigned at 148 and 133 cm-! in Raman

with coincident IR bands at 146 and 137 cm1, respectively.

There scems to be agreement for the platinum-ligand frequencies and these are
located in the same region as those of the chloro complexes. On this basis, the bands
between 590 and 455 cm'! have been assigned to the platinum-nitrogen stretching
vibrations.  There is no such general agreement for the platinum-iodide stretching

frequencies in the literature. The following assignments are only tentative (Table XIX)
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and are made by comparison with published work on similar complexes. It seems that IR

spectroscopy does not provide charactenstic band c.iteria for the iodides in the same way

that it generally can for the chlorides (35). The only assignment which seems conclusive

is for the symmetric v(Pt-1) vibration around 150 cm-! in the Raman spectra. Since our

Raman spectra all exibit a strong band in this region, we have assigned it to the symmetric

v(Pt-I) vibration. In most of the complexes, this band has a counterpart in the IR spectia,

which is a good indication of cis complexes. The second band, the antisymmetric v(Pt-1)

vibration, is more difficult to locate.

Table XIX. Infrared and Raman v(Pt-1) bands for diaminodiiodo complexes in the sohd

state(cm™1).

IR Raman
Compounds v(Pt-I) v(Pt-1) N
Pt(MeNH»>)21» 150(m), 140(mw) 149(mw), 137(m)
Pt(EtNH»)2I> 148(w), 142(m) 154(w), 140(m)
177(s), 164(m)
Pt(CBA)I, 178(s), 142(w) 179(m), 147(s)
Pt(CPA)zI2 180(s), 152(w) 176(ms), 149(s)

Pt(1-adam)zI>
Pt(2-adam)3lp

Pt(MeNH>)(1-adam)Ip
Pt(EtNH3)(2-adam)Ip

Pt(CBA)(2-adam)l

Pt(CPA)(2-adam)l
Pt(MeNH7)(1-Madam)I7
Pt(E(NH,)(1-Madam)Ip

161(vw), 142(w)
201(sh), 195(s)

151(ms), 141(s)
203(vs), 179(vy)

150(m), 142(mw)
191(vs), 168(mw)
163(w), 150 (w)
181(s)

193(s), 178(s)
184(s), 151(w)

183(s), 151(w)
192(s), 153(w)

165(w), 152(s)
152(m), 149(s)

150(s), 140(w)
167(w)

162(m), 147(w)
178(s)

149(s)
147(s)

181(m), 149(s)
150(s)




On the basis of the chloro spectra, this mode should be at a lower frequency than
the symmetric mode and should be weak in the Raman and strong in the IR. In general,
there 1s a weaker band at lower frequency in the Raman spectra, which has also a
counterpart in the IR spectrum but this band is also very weak. On the other hand, in
many cases, there 1s a strong band around 200-180 cm! in the IR spectrum which has in
many compounds no counterpart in the Raman spectra. Since it 1$ known that this
vibration is generally weak 1n the Raman and often cannot be observed, we have assigned

this band to the antisymmetric V(Pt-1) vibration. This 1s close to the value of 180 cm-!

reported for the [Ptl4]2- ion (37).

In conclusion, it was difficult to obtain good IR and Raman spectra even in the
solid state for these complexes and the results presented in Table XIX arr :.:ntative.
Systems containing iodine present greater difficulty since their vibration frequencies are at
low energy and 1t is difficult to distinguish between intramolecular and lattice modes. In
addition, in IR spectroscopy, the absorpiion of the v(Pt-I) vibration is in a region where
there are problems with water absorptions. Nevertheless, the appearance of two v(Pt-I)

and two V(Pt-N) peaks in most cases is strongly suggestive of cis isomers.
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CHAPTER §

Synthesis of Pt(A)(DMF)Cl; and [Pt(A)Ch]j (A = amine; X = CL, 1)

and

Crystal Structure of Cyclo-tri-\.-chloro-tri-

[chloro(dimethylamine)platinum(IT)]
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5.1 Introduction

Halo-bridged complexes of platinum are of special interest sinee they are otien
excellent starting materials for the synthesis of muxed-ligand Pt(ID) complenes, Halo
bridged palladium and platinum compounds have been known since 186X (1), but these
complexes are not typical and the methods of synthests are not generally appheable. Chau
and Venanzi have reviewed the different available methods and have developed a new
more general synthesis (1). Their method gives chloro-bridged dimers [Pt1)Cla]a with
ligands containing as donor atoms, nitrogen (pyridine derivatives), phosphorus, sulphur,
arsenic, selenium, antimony and tellurium (1-2). Further investigations by other workers
(3-9) yielded chloro-bridged dimers with similar ligands but not with normal primary
amine ligands. The crystal and molecular structures of trans-di-p-chloro-dichloro-
bis(tripropylphosphine)diplatinum(Il) (structure 1) (3), di-p-chloro-dichlorobis(in-
methylarsine)diplatinum(lII) (structure II) (4) and trans-di-pt-chloro-his(phenylazophenyl-
2)diplatinum(ll) (structure 1) (5) have been determined by X-ray ditfraction Complexes
of the type [Pt(L)X(u-X)]2 with L = sulphoxide and X = CI, Br and I have been reported
(6). Chloro-bridged compounds of the type [Pt(L)Clz]2 (I. = pynidine, picohne and
lutidine) have been prepared in our laboratory. Molecular weight measurements showed
that these compounds are dimers in chloroform solution at room temperature (7) The
crystal structure of di-p-chloro-dichlorobis(2,6-lutidine) diplatinum (i) dichloromethane
solvate (structure IV) has been determined and showed a trans  configuration (X).
Courtot, Rumin, Perron and Girault (9 and references therein) have studied complexes ot
the type [PtCI(L)(u-Cl)]2 (L = methylpyridine, tert-butylamine, pipendine). The
compound with the bulky amine fert-butylamine is the only one reported in the literature

for a chloro-bridged dimer with an aliphatic primary amine.
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structure |

structure 111 structure IY

Structures adapted from refs.. 3, 4, 5 and 8, respectively.




Mote recently iodo-bridged dimers with aliphatc anunes have been repotted (10,
11). These dimers are prepared from cis-Pt{amme)a1 in acud solutton and e excellent
starting materials for the synthesis of mixed-ligand compounds (10, 12) o
{Pt(amine)Cl3]- complexed ions (13). Chloro-bridged dimers with alphane amines cannot

be prepared by a similar method.

Although several chloro- and hydroxo-bridged dimers have been reported, the
presence of chloro-bridged trimeric species have never been confirmed even 1f the
existence of oligomers with iodo bridges has been suggested (11) A few hydroxo-
bridged trimers have been characterized in the literature. The crystal structuie of bis-
[cyclo-tri-p-hydroxo-tris(cis-diammineplatinum(il))] trisulfate hexahvdrate (structure V)
(14), cyclo-tri-u-hydroxo-tris[cis-diammineplatinum(ll) nitrate (structure VI) (15),
bis[cyclo-tri-u-hydroxo-tris(trans-1,2-diaminocyclohexane)planinum(ll))| trisuitate
(struc-ture VII) (16) and cyclo-tri-p-hydroxo-(trinitroargentio)tris[(ethylenediammine)

platinum(II)] nitrate (structure VIII) (17) have been determined by X-rav diffraction. The

crystal structures of two cyclic hydroxo-bridged tetramers have also been reported (18-

19).

The chloro-bridged dimers, discussed above, can be cleaved by nucleophiles
such as pyridine, ethylene, acetonitrile and DMF. Dimethylformamide 1s a commonly
used organic solvent whose interaction with metals is not wzll known. Examination of the
urbital energy diagram of DMF shows two possible donor orbitals available for the
coordination to a metal ion: the nonbonding orbital containing the free electron doublet of

nitrogen and the nonbonding orbital containing the free electron doublet of oxygen.
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;f Structures adapted from refs. 14, 15, 16 and 17, respectively.
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Although platinum usually shows a preference for N-donor ligands, bonding
through nitrogen is unknown in transition metal DMF complexes and all published
structures have shown that the binding site in DMF complexes 15 the oxygen atom (7, 20-
22). It has been postulated that coordination via oxygen is more favored due to steric
hindrance at the substituted nitrogen atom. In addition, DMF possesses a resonance

structure of two mesomeric forms:

-~

CH3 P 0 CHj3 + _ 0]
~N—c” — > N=C
- ~N - ~
CHj3 H CH3 H

Because of its ionic structure, DMF will bind platinum trough its oxygen atom
easier than with its nitrogen atom. Since the ionic form is favored when DMF 13
coordinated to a metal, a more pronounced decrease in multiplicity of the C - O bond
along with an increase of multiplicity of the C - N bond would be expected. But it is
interesting to observe that a brief survey of several DMF crystal structure determinations
has shown that DMF has almost the same structure, whether it is free, coordinated to a
metal or uncomplexed as a molecule of crystallization (22). The structure of DMF in the
gas phase was determined in 1962 by electron diffraction (23). The molecule is planar
and the C - O bond length was fixed at 1.20 A while the N - C distance was found to be
1.34(4) A. The results of the brief survey (22 and references therein) have shown that in
the crystal structures where DMF is a solvent molecule of crystalhization, the C - O bond
distances varied from 1.211 to 1.36 A (in some structures, the standard deviations were
very high due to disorder), while the N - C bond distances were from 1.30 to 1.41 A. In
the metal-bonded DMF structures, the corresponding distances varied from 1.222 to 1.32

A and from 1.28 to 1.35 A, respectively. In all the published structures, bonded and




non-bonded DMF has a planar geometry. These results seem to indicate that the ionic

form n free DMFE 1s important.

Few platinum(Il) complexes with DMF has been reported in the literature. Chatt
and Venanzi (1, 2, 24) published a general method for the synthesis of PtLL'Cly
complexes, from the cleavage of chloro-bridged dimers of the type [PtLCI3]2, where L
and L' = CoHy, pyridine, PR3, AsR3, SeRp, TeRp. Depending on the ligands, the
authors obtained mixtures of cis-trans isomers or pure trans-isomers. The authors were
unable to synthesize nuxed-complexes with aliphatic amines or DMF ligands. Courtot et
al. (9) have studied complexes of the type PtaCla(L)2 (L = methylpyridine, tert-
butylamine, piperidine) and their cleavage by various ligands including DMF. They have
observed the formation of rrans-Pt(L)(DMFIClp with L = 4-methylpynidine, 2-
methylpyridine and 2,4,6-trimethylpyridine, but not with tert-butylamine. Kong and
Rochon have also synthesized by a different method chloro-bridged dimers [Pt(L)Cls]»
(L. = pyridine, picoline and lutidine) and investigated the cleavage of these molecules with
dimethylformanude. The authors believed that cis and trans-Pt(LLY(DMF)Cly complexes
were obtained but were unable to prove the existence of cis isomers (7). The crystal
structure of the complex trans-Pt(2,6-lutidine)(DMF)Cly was determined and DMF was
shown to be bonded through 1ts oxygen atom as expected (22). Bonding throuzh the
oxygen atom was confirmed by IR spectroscopy by a lowering of the stretching C=0
vibration and by 'H-NMR spectroscopy from the coupling of the aldehydic proton with

platinum. No 195Pt coupling with the methyl groups of DMF was observed.

Primary aliphatic amine complexes of platinum(ll) with DMF are not yet known.
One objective of this thesis was to develop a method to synthesize Pt(A)Y(DMF)Clp (A =

primary anune) compounds. This method 1s based on the cleavage of halo-bridged
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oligomers as reported for pyridine compleaes (7). We have now svathesized a seres ot

complexes of the type Pt(A)(DMF)Cl» where A= methylamine, ethvlamine,

cyclobutylamine, cyclopentylamine and dimethylamine. All the compounds were

characterized by proton- and platinum-NMR and IR spectroscopy.

5.2 Experimental

[Pt(A)Clala. The compounds were synthesized as already reported for pynidine

ligands (7). Compounds with methylamine, ethylamine, cyclobutylamine,

cyclopentylamine and dimethylamine were synthesized. The elemental analyses were

determined for the methylamine, ethylamine and dimethylamme complexes. The

composition of the other compounds were assumed identical because of the similarity of

their spectroscopic properties.

Compounds Elemental analvsis
Yield Dec. pt. %C 9cH 7 Cl

[PtMeNH2)Clh)2  77% 183-191°C calec.  4.04 170  23.86
exp. 4.16 1.66 2338

[Pt(EtNH2)Cl2],  84% 175-184°C cale. 7.72 267 2278
exp. 7.75 2,19 2223

[Pt(CBA)Clz]2 37% 180-187°C

[P(CPA)CIZ])2 61% 150-165°C

[Pt(DMNH)Cl;]2 42% 170-178°C calec. 7.72  2.67 2278
exp. 7.86 226 2272

YoN

4.71
4.95

4.50
4.76

4.50
4.62
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[PUDMNII)Cl5]3. One mmole of K[Pt(DMNH)Cl3], synthesized by the method
already reported (13), was stirred in 10 ml of perchloric acid for 10 min. The solution
was then concentrated under reduced pressure at 30°C until an orange compound
precipitated. The compound was filtered off and dissolved in dichloromethane. The
solution was placed in a beaker and sealed off with wax paper. Crystals were obtained
by slow evaporation of the solvent with slight warming (40°C). One of these crystals was

chosen for X-ray diffraction studies. [Pt{DMNH)Cl3]3 Yield: 48%, dec. pt.: 160-168°C.

Pt(A)(DMF)Cla. One mmole of the chloro dimer was dissolved in DMF and the
solutton was evaporated to dryness under reduced pressure. The resulting product was
washed with ether and filtered off. The complex Pt(MeNH2)(DMF)Cl; must be isolated
under nitrogen atmosphere since 1t decomposes in air. The products were dried over
P20s. The elemental analyses were determined for the methylamine, ethylamine and
dimethylamine complexes. The structures of the other compounds were established by

the similarity of their spectroscopic properties.

Compound Elemental Analysis
Yield Dec.pt.(°C) %C %H %Cl %N

PMeNH)(DMF)Cl,  33%  74-104  cale. 1298 3.27 19.15 7.57
exp. 1073 297 19.89 6091

Pt(EtNH2)(DMF)Clp 29%  78-98 calc. 15.63 3.67 1845 7.29
exp.- 1269 3.07 1945 6.27

Pt(CBA)(DMF)Cla 14%  92-101
Pt(CPA)(DMF)Clp 17%  98-123

Pt(DMNH)(DMF)Cl; 78%  115-122 calc. 15.63 3.67 1845 7.29
exp. 1479 3.38 19.06 7.13




5.3 Results and Discussion

5.3,1 Svnthesis of P DMFE)Cl> Complexes

Primary aliphatic amine complexes of platinum(Il) with DMF are not yet known.
One objective of this thesis was to develop a method to synthesize P{AYDME)Cly (A ==
primary amine) comp sunds. The first attempt involved the simple reaction of DMI¥ with

the monoamine complex K[Pt(A)Cl3] in aqueous solution or in DMF solution,

DMF or
K[Pt(A)Cl3] —A—> Pt(AY(DMF)Cl,
DMF/D;0
This method, which works very well with nitrogen donor ligands to produce the mixed-
ligands complex is not adequate for DMF. There was no reaction with DMF under these
conditions, as established by 199Pt-NMR spectroscopy. The spectrum of a DMF solution
of K[Pt(MeNH>)Cl3], heated at 50°C over a 3-week period, exhibited only a resoniance at

-1847 ppm, at the position of the K[Pt(MeNH>)Cl3] complex (see Chapter I11).

The second synthetic method that we tried was more successful. It 1s basced on
the cleavage of halo-bridged oligomers as reported for the pyridine complexes (7). The
oligomers which will be discussed later in this chapter, can be easily cleaved by DMF-.

DMF

[Pt(A)Clz2]n _ n Pt(A)Y(DMF)Cl,

A series of complexes of the type Pt(A)(DMF)Clz where A = methylamine,
ethylamine, cyclobutylamine, cyclopentylamine and dimethylamine has been synthesized.
The results of the elemental analyses have shown that a few compounds, especially
Pt(EtNH2)(DMF)Cly, contains a small quantity of chloro-bridged oligomers. All the

compounds were characterized by proton- and platinum-NMR and IR spectroscopy.



5.3.1 1 195pPt- and 'H NMR spectra

The 195pt- and 1H-NMR spectra of the compounds Pt(A)(DMF)Cl; have been
measured 1n different solvents and the results are presented in Tables XX and XXI,
respectively. There is no solvent difference for the 195Pt-NMR spectra of these
complexes in acetone and DMF and maybe a slight upfield shift (10 ppm) in CHCl».

Each complex shows only one 195Pt resonance in the different solvents.

Table XX. 195P¢ resonances (8 +5ppm) of the Pt{A)(DMF)ClI; complexes.

Solvent DMF Acetone CH)Clp

Compound
Pt(MeNH2)(DMF)Cly -1560 -1559 -
Pt(EtNH32)(DMF)Cl, -1571 -1567 -1569

(atter heating at 35° for 5 min.) -1569, -1715

83% 17%

Pt(CBA)(DMF)Cl» -1578 -1576 -1588
Pt(CPA)(DMF)Cly -1566 -1565 -
Pt(DMNH)(DMF)Cl, -1515 -1514 -1522
old solution (1 month) -1524, -1576, -1700

55% 10% 35%

There are several possible complexes that could be formed when the oligomers
[Pt(A)Clz]n react with DMF. The most probable are the cis (I) and irans (II) monomers
with one DMF and one amine ligand, since terminal chloro ligands form stronger bonds
with Pt than DMF. There are other less likely possibilities like the cis (III) and trans (IV)

disubstituted DMF monomers and the trisubstituted DMF moncmer (V). Partially cleaved



species containing a single chloro bridge such as compounds ¢y (V1) and rrany (VI

dimers are also possible. Other partially-cleaved oligomers (e.g., trimers) nu ght possibly

be present, but not very likely. Such species would produce more than one resonance m

the 195Pt-NMR spectra. Structure VII (trans isomer) would also produce two different

resonances and therefore these structures were eliminated.

A Cl A Cl A Cl
NS NS N
Pt Pt Pt
/S N\ N N\
DMF Cl Cl DMF DMF DMF

I 11 11
A DMF A DMF
N N
Pt Pt
S N\ N
DMF Cl DMF DMF
v A\

A Cl A A Cl Cl
N s N / NNy
Pt Pt

/S N\ / N\ / N\ /
Cl DMF DMF (l Cl DMF DMF A
VI Vil

The 'H-NMR spectra, measured on fresh solutions in acctone or

dichloromethane (Figure 13, 15 and 17), showed only one series of resonances for the

amine and the bonded DMF ligands. Therefore, structures 111 (two DMF li gands in the cis

LY ]



positions) and V (three DMF ligands) must be eliminated. Only four possible species
reman: I, 11V and VI. On the basis of the integration measurements, the species with
two DMF hgands (1V) can be rejected since the DMF resonances should be two times
more intense than the amine resonance. The integration measurements give one DMF
ligand for one amine ligand. This leaves three possible species: the cis (I) and trans (1I)
monomers with one DMF and one amine, and the partially-cleaved cis dimers. Since the
partially-cleaved dimer 1s not a strong possibility, the most likely products, are either the

cis and the trans monomers with one DMF and one amine ligand.

The 195Pt chemical shifts are observed at about -1550 ppm, :n an acceptable

region for a platinum environment consisting of one amine, one O-bonded ligand and two
~~ o~

chloro ligands. This is very close to the value reported for [Pt(N O)Cla]- (N O =

glycinate) complex at -1602 ppm (25).

The presence of bonded DMF has been confirmed by H-NMR spectroscopy of
the Pt(A)(DMF)Cl; complexes. The aldehyde proton was observed around 8.1 ppmas a
singlet + doublet, with a coupling constant 3J(Pt-H) = 23 Hz, in acetone. The presence
of coupling of this proton with platinum confirmed the coordination through the oxygen
atom since the methyl resonances should have shown a coupling with platinum if the
bonded site was the nitrogen atom. This 3J(195Pt-1H) coupling constant 1s close to the
values found by Courtot et al. for complexes of the type trans-Pi(py)(DMF)Cl, (py = 4-
methylpyridine, 2-methylpyridine and 2,4,6-timethylpyridine) where the aldehyde
resonances were found at 8.30 ppm with coupling constants of 27 Hz in chloroform
solution (9). Similarly, Kong and Rochon reported for complexes Pt(LY(DMF)Cl» (L =

pyridine, 2-picoline, 4-picoline, 2,4-lutidine and 2,6-lutidine) an aldehyde chemical shift



between 8.15 and 8.35 ppm in chloroform with coupling constants of about 40 He. (7).
These coupling constants are higher than our values and those reported by Courtot et al

with similar ligands (9).

The 'H-NMR spectrum of a fresh acetone-dg solution of PyMeNH2)(DMEF)Cla,
shows only one species and the corresponding 'SPt-NMR spectrum gives only one
resonance at -1559 ppm (Figure 13a and 13b). The methyl group of the methylamine
ligand appears as a triplet, centered at 2.36 ppm, resulting from the coupling of these
hydrogens with the hydrogens of the nitrogen with 3J(CH-NH) = 6 He. A doublet of
triplets can be observed on each side of this signal resulting from the coupling ot these
hydrogens with platinum with a coupling constant 3J(Pt-Ci1) = 48 Hz. The hydrogens of
the nitrogen atom are observed at 4.49 ppm. The methyl groups of the DMF Ligands are
not equivalent and appear respectively at 3.16 and 2.88 ppm while the aldehyde proton

resonance appears as a singlet plus doublet at 8.13 ppm with the coupling constant 3J(Pt-

H) =23 Hz.

The results of the NMR study indicate that the products of the reaction of the
chloro-bridged dimers (or higher oligomers) with DMF are Pt(A)(DMF)Cly, but it does
not give us any information on the isomer produced. IR spectroscopy is a better method
to determine the geometry of such compounds and will be discussed later in this chapter.
But since it is important at this stage to know the geometry of the 1somers formed, we

will accept the fact that these compounds are trans-isomers.

1S



Table XXI. 1H-NMR resonances of DMF and the Pt(A)(DMF)Cl; complexes in acetone-dg [8(ppm) and coupling constants J(H2)]

amine DMF
Hj 31(Pt-Hy) Hp Hy+H3 NH CH3 H J(P1-H)
DMF 2.82(s) 2.98(s) 8.01(s)
trans-Py(MeNH2)}(DMF)Cl2 2.36 (1+dt) 48 - 4.49 2.88(s) 3.16(s) 8.13(s+d) 23
cis-Pi(MeNH2)(DMF)Cl2 2.32(t+dt) - - 4.70 2.85(sY3.13(s)  8.09(s+d)
PYEINH2XDMF)Cl(acetone)  2.66(m) 1.29(t) - 2.90(s) 3.18(s) 8.15(s+d) 23
(CDClR)  2.77(m) 1.26(1) . 3.82 2.93(s) 3.06(s) 8.23(s+d) 22
PYCBA)(DMF)Clp 3.51(m) 2.30(m) 2.06(m) 4.68 2.89(s) 3.17(s) 8.13(s+d) 22
: 1.66(m)
% PY{CPA)YDMF)Cl2 3.41(m) 2.06(m) 1.81(m) 448 2.90)s) 3.18(s) 8.15(s+d) 22
1.57(m)
| PYDMNH)DMF)C (acetone)  2.53(d+dd) 38 - 5.20 2.88(s) 3.17(s) 8 09(s+d) 23
(CD2Cly)  2.60(d+dd) 38 - 5.05 2.92(s) 3.05(s) 8.14(s+d) 24

911
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The complex trans-Pt(CH3NH2)(DMECl decomposes inacetone o methylene
chloride solutions as shown by NMR spectroscopy. The proton spectium (Ligure 14a)
of an old solution of the complex in acetone shows in the region wound 8 ppm the
presence of two Pt-DMF species (8 = 8.13 and 8.09 ppm, with satellites) and free DMFE
at & = 7.96 ppm. The loss of DMF suggests a possible rearrangement of trans-
Pi(CH3NH?)(DMF)CI; to the chloro-bridged dimers and other oligomeric species as
already noted by other workers 1n non-coordinating solvents (1,7, 8, 26). As an example,
the complex Pt(2,6-1utidine)(DMF)Cly was synthesized and dissolved in CHaCla. Sia
weeks later, red crystals which proved to be the chloro-bndged dimer [P1(2,6-
lutidine)Cla]2, were obtained at room temperature (8). The aldehydic signal observed for
the old solution at 8.13 ppm is assigned to trans-Pt{MeNH2)(DMF)Cla. In addinon to
oligomeric species, a new aldehyde resonance is observed at 8.09 ppm with
corresponding resonances for the methyl groups of DMF at 3.13 and 2 85 ppm. These
new signals are assigned to cis-Pt(MeNH2)(DMF)Cl2 which is formed from the reaction
of chloro-bridged oligomers with free DMF. We will sce later in this section that the
195pt-NMR spectrum of a fresh solution of chloro-bridged dimers (or oligomers)
measured in DMF, produced two resonances corresponding to the presence of cis- and
trans-Pt(MeNH>)(DMF)Cla. Cis to trans isomerization is common in solvents like
acetone, but trans to cis isomerization is not frequent for these types of ligands. In this
particular case, trans-Pt(MeNH2)(DMF)Cly decomposes to chloro-bridged oligomers
releasing DMF. The oligomers will react with free DMF to produce first cis-
Pt(MeNH2)(DMF)Clj. In the cleavage reaction of chloro-bridged oligomers which will
be discussed later, we suggest that the cis compound is first formed and the trans

compound is obtained from subsequent isomerisation of the c¢ie isomer. This equilibrium

1o



will be seen in solution, since 1n the solid state, we believe that only trans-

Pt(MeNH9)(DMF)Cly was isolated.

Since the resonance of the aldehydic proton in the cis 1somer appears at higher
ficld compared to the trans isomer, we should expect the 195Pt resonance for the cis
species at lower field. The 19°Pt-NMR of an old sample which was measured in DMF,
exibits three resonances: at -1560, -1537 and -1012 ppm. It is difficult to compare
exactly this spectrum to the proton one, since in this case, the acetone solvent was
evaporated to dryness. DMF was added to the residue and the 195Pt-NMR spectrum was
measuted. The signal observed at -1560 is trans-Pt(MeNH2)(DMF)Cly, while the -1537
ppm resonance 1s the corresponding cis isomer, which is observed at lower field as
expected. Oligomeric species are not observed since they are cleaved in DMF. The
resonance at -1012 ppm might be assigned to a species containing three DMF ligands and
one amine ligand. This is a reasonable chemical shift, since substitution of one chloride
for DMF in K[Pt(A)CI3] results in a downfield shift of approximately 280 ppm.
Substitution of a second chloride in these complexes will result in a resonance at =-1280
ppm and substitution of a third chloride should lead to a resonance at =-1000 ppm close
to the -1007 ppm value in our spectrum. Other calculated values have been found close to
the observed platinum chemical shifts by assuming that the effects of substitutions are
additive (27). As an example, Appleton et al., calculated values of —2126 and —1544 ppm
for the complexes Pt(NH3)2Cly and Pt(NH3)2(OH); while the observed values were
—2100 and -1572 ppm.

The 'H-NMR spectrum of Pt(EtNH2)(DMF)Cly complex has been measured in

acetone-dg and dichloromethane. Both spectra were very similar except for the position

120



of the different peaks due to solvent effects. The !93Pt- and 'H-NMR spectra of a tresh
solution of this complex in CD2Cly show only one species (Figure 135) which 1s assigned
to trans-Pt(EtNH2)(DMF)Cla. The methyl and methylene groups of the ethylamine
ligand appear, respectively, as a triplet centered at 1.26 ppm and a mulupletat 2.77 ppm
suggesting possible coupling of the methylene protons with platinum. The methyl groups
of the DMF ligand are at 3.06 and 2.93 ppm, while the aldehydic resonance appears as a
singlet plus a doublet at 8.23 ppm with a coupling constant ot 22 Hz. Some free DMF
can be observed even after 2 mun. of spectral accumulation indicating that these
compounds decompose very rapidly in acetone. The corresponding 1“SPi-NMR

spectrum shows only one resonance at -1569 ppm.

The 1H-NMR spectrum of Pt(EtNH7)(DMF)Cl, complex measured after sli ght
heating in dichloromethane, shows an intense free DMF peak in the aldehyde region
(Figure 16a). No new aldehydic or methyl resonances for the DMF ligand aire detectable,
but new resonances for the ethylamine ligand arc apparent suggesung the rearangement
to chloro-bridged dimers or oligomers. The 195Pt-NMR spectrum atter heating for 5
min. (=40°) in CD3Cly (Figure 16b) shows a new resonance at -1715 ppm in the region
of the chloro-bridged trimer. No cis-Pt(EtNH2)(DMF)Cl3 1s observed, since the

oligomers are quite stable in dichloromethane.

121




(gt}

(g
TUDTAD Ut UD(AWNA)CHNIFIG-Sup1 JO uonnjos ysayy e jo endads YN -1dge; () PUe -Hy () CT 3Ty
(®
Wdd } 2 € L 4 1 9 L ]
.»—»F-—r.-r—-.-—p.-.—b...-E._.p.._...pL»ElL.lrrL.lrpl—lr.—lrFlF—ler.Lkpr.-.—..»-r-f
“id 6°0 2'e
) Jesesdesaatesnrlaaselesay oo
3 l)) v s
\ / @
0083~ 009%- aorvi-
. 4 -
o o0
i B
o o 2
S8 °
i
Ve




2102a) ut TDEINA)THNIAN Jo uonnios pio ue jo endads YWN-Mdger (@) PUE -Hy () 9T 03]
®
Widg b 2 € [ 4 s ] L [ ]
" i 1 | i L a4 L 4. o | .!PF-P i L ] 1 i —r» 2l Ph 4 22 £

8LT
00’8
XA

000%- 0093~ oors-

¥8°C
i

9Tl

008

£T8
GILY-

90t

t6'C
69¢1-




The NMR spectra of fresh solutions of the compounds Pt(CBA)(DMF)Cl, and
Pt(CPA)(DMF)Cl, show the presence of only one species. The 195Pt resonances are 1n
the same region as the other amine-DMF compounds, suggesting similar structures. The
coupling constants of the aldehydic proton of DMF with 195Pt is 22 Hz for both
complexes. No 3J(195Pt-1H) was observed for the amines, since the signals are

multiplets of weak intensity.

The 1H-NMR spectrum of a fresh CD2Cly solution containing trans-
P(DMNH)(DMF)Cl,, shows only one species and the corresponding 195Pt-NMR
spectrum gives only one resonance at -1522 ppm (Figure 17). The methyl groups of the
dimethylamine ligand appear as a doublet, centered at 2.60 ppm, showing the coupling of
these hydrogens with the hydrogens of the nitrogen with 3J(CH-NH) = 6 Hz. A doublet
of doublet can be observed on each side of this signal resulting from the coupling of these
hydrogens with platinum with a coupling constant 3J(Pt-CH) = 38 Hz. The hydrogens of
the nitrogen are observed at 5.05 ppm. The methyl groups of the DMF ligands are not
equivalent and appear respectively at 3.05 and 2.92 ppm while the aldehyde proton
resonance appears as a singlet plus doublet at 8.14 ppm with a coupling constant 3J(Pt-H)

=24 Hz.

The proton spectrum of the old CH2Cly solution of the same complex, shows
that the free DMF aldehydic signal is almost twice as intense as the bonded DMF (Figure
18). The loss of DMF suggests a rearrangement of trans-P(DMNH)(DMF)Cl, to chloro-
bridged oligomeric species [Pt(DMNH)Cl2],, whose methy! resonances appear as a
doublet centered at 2.78 ppm with a coupling constant of J(CH-NH) = 6 Hz. These
resonances are close to those of the trimeric species (2.73 ppm) measured in CD2Cly

(Figure 23c , next section). Since this resonance is observed at lower field in the 1H-



NMR spectra, the 195Pt resonance is expected at higher field The 195Pt-NMR of the old
sample exibits three resonances: at -1524, -1576 and -1700 ppm corresponding to the
resonances of trans-, cis-Pt(DMNH)(DMF)Cl> and the chloro-bridged trimer,

respectively (see section 5.3.2.2).
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Figure 17. (a) 1H- and (b) !95Pi-NMR spectra of a fresh solution of trans-
- Pt(DMNH)(DMF)Cl2 in methylene chloride.
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Figure 18. (a) IH- and (b) !95Pt-NMR spectra of an old solution of

Pt(DMNH)(DMF)ClI; in methylene chloride.
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5.3.1.2 Infrared Spectra

A normal-coordinate analysis for DMF has indicated that the v(CO), v(CN) and
O(CH) modes are coupled significantly and are not really good vibrations for frequency
shift comparisons (28). Nevertherless, valence bond considerations predict that oxygen
coordination should result in a decrease in v(CO) and an increase in v(CN). The spectia
of the Pt(A)(DMF)Cly complexes have shown v(CO) vibrations around 1640 cm!, 18 -
28 cm-1 lower than the v(CO) for the free ligand (1670 cm"1) indicating coordination
through the oxygen atom for the DMF ligand. The O-C-N bending mode found at 660
cm-l in free DMF is not coupled to other vibrations and might be a better choice for
frequency shift comparison. An increase in wavenumber is expected for this vibration if
the coordination is through the oxygen atom and we observe this vibratton between 718
and 723 cm! in our spectra. The presence of the coordinated amine is contirmed by
lower V(N-H) vibrations between 3121 and 3305 cm-! and 8(NH>) vibrations around
1580 cm! (except for the dimethylamine complex where the latter band is often 100 weak
to be observed). These values are close to those observed for Pt(py)(DMF)Cl> where py

is a pyridine derivative (7, 9).

The approximate skeleton symmetries for cis and trans complexes with two
amine ligands are Cyy and Doy, respectively. For dichloro compounds, group theory
predicts two v(Pt-Cl) vibrations for the cis isomer and only one for the trans isomer. For
complexes containing two neutral ligands with different donor atoms like DMF and amine
ligands, the approximate symmetry is at best Cg for the two isomers and group theory
(see Appendix 1) predicts two v(Pt-Cl) vibrations (2A’), one v(Pt-0) (A') and one v(Pt-
N) (A") modes for both complexes.
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Table XX1I. Man IR bands (cm-!) of the Pt(A)(DMF)Cl3 complexes in the solid state (KBr
pellets).

Compounds

v(NH) v(C=0)

8(NH)  3(OCN)

v(Pt-N)  v(Pt-Cl)
v(P1-O)

Pi(MeNH2)(DMF)Cl; 3121(m)  1645(s) 1582(ms) 721(m) 442(w)  341(ms)
3218(ms) 1595(m) 402(mw)
3259(ms)

PY(EINH2)(DMF)Cly  3140(mw) 1650(s) 1570(ms) 723(m) 442(w)  342(ms)
3198(m) 1592(ms) 397(mw)

3220(m)
3245(ms)

Pt(CBA)YDMF)Cl 3121(mw) 1640(s) 1587(m)  720(m) 444(w)  341(ms)
3278(m) 400(mw)
3305(ms)

Pi(CPA)(DMF)Cl; 3130(w)  1642(s) 1570(m) 721(m) 442(w)  338(ms)

3208(m)
3240(m)

Py(DMNH)(DMF)Cly 3219(m)  1641(s)

- 718(m)

398(mw)

443(w)  343(m)
392(mw)

When the chloro-bridged dimers react with DMF, the v(Pt-Cl) modes of the

products are observed at =340 cmr-1. The intensity of this band s strong, when compared

to those of the dimer. A weak band observed around 280 c¢m-! for all the complexes

(except Pt(EtNH)DMF)Cly) was assigned to a ligand vibration. On the basis of Cg

symmetry, both the cis and trans isomers should show two v(Pi-C1) vibrations in the IR.

The difference between the two vibrations should be smaller for the rrans isomer. In the

literature, most trans dichloro compounds with two different ligands display only one

v(Pt-Cl) band, while cis compounds usually have two bands or a single broadened one




(10, 29-31). For these reasons, we can conclude that the compounds have a trans

configuration.

Since platinum-oxygen and platinum-nitrogen stretching vibrations are of simular
energy and of the same symmetry, coupling of the two vibrations is very likely and could

lead to mixed character. Thus, in all the spectra (Figure 19) even though the v(Pt-N) 15
expected at slightly higher frequency than the v(Pt-O) band, these two vibrations have not

been separated and are located between 392 and 444 cm! with the higher band belonging

chiefly to the v(Pt-N) vibration.
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Figure 19. Typical IR spectrum for Pt(A)(DMF)Cl, complexes in the 800-250 cm-!
region (A = DMNH).



5.3.2 Synthesis of [PHAIX>]n

The chloro-bridged compounds were synthesized as already reported for
pyridine ligands (7). The starting material K[Pt(A)Cl3] was synthesized by the cleavage
of the iodo-bridged dimers as described recently (13). The chloro-bridged oligomers are
formed from the reaction of the complexes K[Pt(A)Cl3] in the presence of perchloric acid

according to the following equation:
nK[P(A)Cl3] + HCIO4 ——> [Pi(A)Clh], + KClOs + KCI

The KC1O4 salt is removed by filtration after cooling the solution to about 0°C.
The oligomers precipitate when the solurion is concentrated close to dryness. The method
is believed to produce trans dimers, since the trans effect of chloride is greater than the

trans effect of an amine.

(CH3)2HN . Cl Cl Cl (CH3),HN Cl Cl
\P/' \P/ N/ N\ /
t + t v—-_" Pt Pt
/ \ 7\ /N / \
Cl Cl Cl NH(CH3); Cl Cl NH(CH3),

trans isomer

The crystal structure of the chloro-bridged dimer with 2,6-lutidine has shown a trans

configuration (8).

Complexes of the type [Pt(A)Cla], where A = methylamine, ethylamine,
cyclobutylamine, cyclopentylamine and dimethylamine have been synthesized. All these

complexes were characterized by proton- and platinum-NMR and IR spectroscopy.
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The isolated compounds are thought to be mainly chloto-bridged dumets 1 the
solid state. These compounds were 1solated as orange to brownish-red powders. Shght
heating (=400, for a few hours) of a methylene chlonde solution containing the ohigomer
(mainly dimers) with dimethylamine, produced on standing red crystals which were
suitable for X-ray diffraction methods. The crystal structure of one of these crystals was

determined and the results have shown that the compound is a chloro-bridged trimer.

CH>Cl,
[Pt(DMNH)Cl»]> > [Pt(DMNH)CIs |3
A

The red trimeric crystals were also studied by R and proton and 195Pt NMR

spectroscopy and the data compared to those of the dimers. These results will be

discussed later in this chapter.

5.3.2.1. Crystal Structure of [PU{DMNH)Cl»}3

Although the crystal structure of several chloro- and hydroxo-brnidged dimers
and a few hydroxo-bridged trimers have been reported in the literature, there is no
example of a chloro-bridged platinum trimer containing amine ligands. Our X-ray
diffraction study of the structure of the trimer, cyclo-tri-p-chloro-

tri[chlorodimethylamineplatinum(II)], provided evidence of such a complex. The results

of this study are discussed below.

The crystals were obtained by heating slowly (409) a dicloromethane solution of

the orange powder (containing mainly dimers) obtained by the method described above.
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A red crystal was selected after examination under a polanzing microscope for
homogeneity. The unit cell parameters were obtained by least-squares refinement of the
angles 20, w and  for 15 well-centered reflections on a Syntex P1 diffractometer using
graphite-monochromatized MoKa. radiation. The 20 range of the reflections was 10 -
259, From the systematic extinctions, the possible space groups were R3, R3, R32, R3m
and R3m. Successful refinement of the structure, showed that R3 was the correct space
group. Crystal data and other information are summarized 1n Table XXIII. The
background-to-scan time ratio was 0.5. Scan rates (from 2 to 24%/min. depending on the
intensity of the reflection) and data treatment have already been descnibed (32). The o(I)
was calculated as described previously (32). The intensity data were corrected for

absorption (based on the equations of the-crystal faces) and Lorentz-polarization effects.

The coordinates of the Pt atom were determined from a three-dimensional
Patterson synthesis and the positions of all the other non-hydrogen atoms were obtained
by structure factor and Fourter-map calculations. One H atom from each methyl group
was located and the positions of the other H atoms were calculated with C - H =0.95 A
and N - H = 0.85 A. The positions of these atoms were fixed with 1sotropic U = 0.076.
The refinement of the structure was done by using full-matrix least-squares calculations
minimizing 3 w({FHFJ)2. [sotropic secondary-extinction corrections (33) were included in
the calculations. Individual weights w = 1/62(F) were applied. The scattering curves of
Cromer and Waber (34) were used for Pt, Cl, N and C and those of Stewart, Davidson
and Simpson (35) were used for H. The anomalous dispersion terms of Pt and Cl were
included in the calculations (36). The refinement of the scale factor, coordinates and
anisotropic temperature factors of all non-hydrogen atoms converged to R = 0.031 and

wR = 0.029. The ratio of maximum least-squares shifts to esd 1n the final refinement
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cycle was <0.1. There were a few residual peaks (<0.4 ¢ A=) m the close environment ot

the Pt atom. The calculations were performed on a Cyber 830 using the programs already

described (32). A listing or1 the final observed and calculated stiucture tactors is avalable

from the author.

Table XXIII. Experimental details of the X-ray diffraction studies of [Pt{DMNINClIr|s.

Compound

Cr\;"stalline system
Space group

a(A)

b (A)

c (&)

o (%)

B®)

Y (©)

Volume (A3)

Z

F(000)

Pealcd Mg m‘3)
A(MoKay) (A)
w(MoKo) (mm-l)
Crystal faces and dimensions (mm)

Transmission factor range

20 max (9)

Quadrants measured

h, k, 1

Scan technique

Standard reflections (dev.)

T(°)

no. of independent reflections

n0. of observedd reflections (I > 2.5¢(1))
R = 2IIFyl - IFcl / 2IF!

No

wR = [Zw(IF,l - IFch2 / JIF,2])1/2
S (standard deviation, unit weight)

CeH21N3ClgPt3
933.24

trigonal (hexagonal cell)
R3

15.463(6)
15.463(5)
13.984(5)

90.0
90.0

120.0
2895(2)
6

2484

3.211

0.71069

22.75 o
(101)-(101) (0.172)
(111)-(111) (0.134)
(011)-011) (0.192)
0.049 . 0.122

52

h, k, 0

0-16, 016, -17--17
20/6

300, 030, 00-6 (2%)
295

1627

1054

0.031

<0.1

0.029
1.16




The refined atomic parameters of the structure are listed in Table XXIV.
Labelled diagrams of the molecules are shown in Figure 20. The bond distances and
angles are reported in Table XXV. The results of the crystal structure determination have
shown that the compound 1s a 6-membzred chloro-bridged cyclic trimeric species with a

three-fold axis in the center of the ring.

Table XXIV. Atomic coordinates (x105 for Pt and x104 for Cl, N, C) with their e.s.d.’s
and thermal parameters Ueq (x10%). Ueq = 1/3%;%jUjj a*ja*jaj.aj.

X y z Ueq
Pt 71889(3) 47711(3) 10440(3) 380
CI(1) 8072(2) 4234(2) 1974(2) 550
Cl(2) 6318(2) 5309(2) 153(3) 667
N 8458(5) 5587(5) 255(6) 408
C) 8303(9) 5463(9) -801(8) 647

C(Q) 8998(8) 6650(8) S18(8) 570
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Figure 20. Structure of the complex [Pt((CH3)2NH)Cl;]3 with the atomic numbering.
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The coordination around each Pt atom is square-planar. The best weighted plane
was calculated through the five atoms. The deviations from this plane are: Pt, -0.0006(4);
CI(1), 0.014(3); CI(2), 0.017(3); CI(1)', 0.001(3) and N, 0.014(8) A. The angles

around the Pt atom are close to the expected 90 and 180°. The internal angles CI(1)-Pt-

CI(1)' and Pt - CI(1) - Pt are 90.5(1) and 93.9(2)° respectively.

Table XXV. Bonds distances(A) and angles(®).

Bond Distance (A)

Pt-Cl(1) 2.319(3)

Pt-CI(1") 2.332(3)

Pt-CI(2) 2.274(3)

Pt-N 2.046(9)

N-C(1) 1.494(15)

N-C(2) 1.470(12)

Bonds Angle (0) Bonds Angle (0)
CI(1)-Pt-C1(2) 179.1(1) Pt-N-C(1) 114.3(7)
CI(1)-Pt-N 88.2(3) Pt-N-C(2) 112.9(7)
Ci(1)-Pt-CI(1)’ 90.5(1) Pt-Cl(1)-Pt’ 93.9(2)
Cl(2)-Pt-N 92.3(3) C(1)-N-C(2) 110.8(9)
CIl(1)-Pt-N 178.6(3) CI2)Pt-Ci(1) 89.1(1)




L

-

137

The terminal Pt - Cl(2) bond distance is 2.274(3) A, stgmificantly shorter than
the bridging Pt - CI(1) bond distances which are 2.332(3) and 2.319(3) A. No chloo-
bridged trimer has been reporte yet in the literature. Our Pt - Cl values are similar to
those observed for the 2,6-lutidine chloro-bridged dimer where the terminal bond was
2.272(3) A and the bridged bonds 2.321(3) and 2.320(3) A.(8). Our values also agree
v ith those found in other chloro-bridged dimers (3-5). The bridging Pt - CI(1)' (2.332(3)
A) which is located in trans position to the amine ligand 1s shghtly longer that the
bridging Pt - CI(1) (2.319(3) A) located in trans position to the terminal chloro ligand.
For the chloro-bridged dimer with 2,6-lutidine, the two bridging bonds are identical
(2.321(3) and 2.320(3) A) (8). For monomers of the type [Pt(amine)Cl3]", several crystal
structures have shown a slightly longer Pt - Cl distance for the beond located in trans
position to the amine ligand (37-40). The trans influence of amines might be shghtly
larger than the one of chloro ligands. But this slight lengthening might also be due to
hydrogen bonding. In these structures, the trans chloro ligand is usually much mose

involved in the hydrogen bonding system than are the cis chloro ligands {see Chapter 3)

The Pt - N bond length is 2.046(9) A, close to the values found in other Pt-
amine complexes (53-56). The dimethylamine ligand is normal with N - C(1) = 1.49(1)
and N - C(2) = 1.47(1) A. The Pt - N - C angles are slightly larger [114.3(7) and
112.9(7)°] than the tetrahedral vaiue as observed in other Pt-amine compounds (37-40)).

The angle C(1) - N - C(2) is normal [110.8(9)°].

The conformation of the molecule is similar to that of the hydroxo-bridged
trimers [(Pt(u-OH)(NH3)2)3]2(504)3-:6H20 (14) and [(Pt(u-OH)(trans-dach))s},
(804)3-14H70 (16). The average value for the torsion angles (Table XXVI ) in the
Pt3Cl3 ring of the [Pt(DMNH)Cl3}3 complex is 88.2(1)9, not very far from the values
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found for the P1303 rings in the above complexes, 80.6° and 83.69, respectively. This
clearly indicates similar conformation in the three complexes. The Pt3Cl3 ring assumes a
"crown" conformation with C3 symmetry. All the bridging chlondes lie on the same side
of the three platinum plane as scen in Figure 20, with a distance between the two planes
of 1.300(3)A. This is in contrast to the NH3 hydroxo-bridged tnimer with nitrate anions
(15). where one oxygen atom of the Pt303 ring is almost on the plane of the three
platinum atoms (0.02A), while the two other oxygen atoms lie on each side of this plane,

at 1.16 and 1.02 A, respectively, leading to a pseudo-twofold axis symmetry.

Table XXVI. The torsion angles for the [Pt(DMNH)Cl3]3 complex.

Pi-Cli-Pt-Cl - 88.3(1)
Cli-Pt-Cl-Pt(1)# 88.0(1)
CI(1)-Pt-N-C(1) 131.8(7)
Cl(2)-Pt-N-C(1) -49.0(8)
CI(1)-Pt-N-C(2) -100.3(7)
C1(2)-Pt-N-C(2) 78.9(7)
i) 1-y, x-y, 2

it) 1+y-x, 1-x, z

A stereoscopic view of the packing of the molecules in the unit cell is shown in
Figure 21. It consists of layers of cyclic trimeric molecules parallel to the ab plane. Each
layer contains on one side the chloro-bridged atoms and on the other side the amine and
terminal chloro ligands. The the Pt atoms are located in the center. There are two such
layers in each unit cell and the molecules are superimposed on top of each other with a

600 rotation. Furthermore each layer is reversed to form pairs (with the amine and
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terminal chloro ligands facing each other) which are bonded by weak H bonds between
the amine and the terminal chloro ligands, increasing the stability of the crystal. The N -
Cl(2) = 3.417(9) A and the angles Pt - N --- CI(2) and C - N --- CI(2) are reasonable
(Table XXVII).

The anisotropic thermal parameters (Table XX VIII), the calculated H coordinates
(Table XXIX), the equation and deviations from the weighted best plane (Table XXX)
are listed in Appendix 3.

Figure 21. Stereoscopic view of the packing in the [[Pt((CH3)2NH)Clp]3 crystal ( b axis

horizontal, view down ¢ axis).



Table XX VII. Distances (A) and angles (°) between atoms involved in possible hydrogen

bonds.
Atoms distance Atoms angles
N-H - CIQ)Y 3.417(9) Pt-N - Cl(2) 93.9¢3) |
C(1)-N - CI(Q) 87.1(6)
C2)-N - CI® 137.6(6)

) 1+y-x, 1-x, z




5.3.2.2 195pt- and TH-NMR Spectra

The chloro-bridged platinum oligomers have been studied by proton- and 2Pt
NMR spectroscopy. The chemical shifts 8(Pt) obtained in different solvents are
presented in Table XXXI. These reddish orange compounds are soluble in several
organic solvents such as acetone, DMF and methylene chloride. Solubility n
coordinating solvents is probably due to the cleavage of the platinum oligomers since
these solvents can be considered as weak donor ligands for platinum. This 1s 1n fact the
best way to obtain mixed-ligand complexes with weak donor atoms as seen in the

previous section with DMF.

Table XXXI. 195Pt resonances for [Pt(A)Clz]n complexes in different solvents.

8195Pt(x5ppm)
A DMF Acetone CH-Cl2 2-0)
MeNH» -1537¢, -1560t -1622a - -
42% 58%
EtNH», -1532c¢, -1568t - -1713tr
47% 53%
CBA -1531c, -1574t -1601w, -1630a 171l
35% 65% 53% 47%
CPA -1530c, -1563t -1584w, -1623a -1700tr
18% 82% 66% 349%
DMNH(powder) -1513t, -1553¢ -1570w -1703tr, -1570w  -1563w
30% 70% 27% 13%
DMNH(crystals) -1514t, -1553¢ -1567w -1700tr, -1565w
31% 69% 85% 15%

c: cis, t. trans, a: acetone complex, w: aqua complex, tr: trimer
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For the chloro-bridged oligomeric complexes, the 195Pt resonances are expected
at shghtly lower field than those of |Pt(A)CI3]-, whose average value is -1848 ppm 1n
DMF (see chapter 1II). The spectra of the oligomers dissolved in DMF showed two
resonances between -1530 and -1574 ppm. These values are at lower fields than expected
for chloro-bridged species and we suggest than the oligomers are cleaved by DMF to

produce compounds of the type Pt(A)(DMF)Cl3 as discussed previously.

All the 195Pt-NMR spectra of the [Pt(A)Clz], complexes with primary amines
shows a first resonance around -1535 ppm in DMF. After a few minutes of accumulation,
a second signal appears around -1570 ppm which becomes the most intense resonance
after one hour In each case, this last peak corresponds to the monomeric species trans-
Pt(A)(DMF)Cl obtained from the cleavage of the oligomer with DMF as seen in the
previous section (5.3.1 1). The first signal is believed to be the cis isomer which is first
produced upon cleavage, because of the larger trans effect of chloride compared to the

one of amines.

A\ /Cl\ /Cl DMF DMF

Pt Pt —> 2cis-Pt(A)Y(DMF)Cly ——> 2trans-Pt(AY(DMF)Cly
7 N _ 7 N\
Cl Cl A
The complex with a secondary amine, [Pt(DMNH)CIl>], does not react in the

same manner as the primary amine complexes. The 195Pt-NMR spectrum of the

[Pt‘ODMNH)Cl>], complex shows two resonances at -1513 and -1553 ppm in DMF. The

first peak to appear in this case 1s the higher frequency one at -1553 ppm, while the lower
frequency one now corresponds to the peak obtained by reaction of this oligomer with
DMEF (see section 5.3.1.1). We suggest that tlie first compound observed at -1553 ppm,

1s cis-PtDMNH)(DMF)Cl,, while the second compound is the trans isomer.



T

All the oligomers are insoluble in aqueous acidic solution since they are 1solated
as precipitates from perchloric acid solution. When & water suspension contatning the
oligomeric species |[PUDMNH)Clzl, 1s agitated tor several days, solubility occurs as seen
by its proton and platinum NMR spectra in deuterated water (Figure 22). The other
complexes with primary amine ligands are much less soluble under the same condinons,
The IH-NMR spectrum of [Pt{DMNH)Cly |, measured on a 60-MIHz spectrometer shows
a triplet plus a doublet of triplets centered at 2.40 ppm with a coupling constant 3J(Pt-11)
= 39 Hz. The central triplet is in fact a superposition of a singlet and a doublet. The
singlet observed at 2.40 ppm is caused by the resonance of the -CHz groups in the
bonded deuterated amine (DN(CH3)»), while the doublet centered at 2.41 ppm s for the
methyl groups of the bonded non-deuterated dimethylamine ligand. The latter protons are
coup'ed with the hydrogen of the nitrogen atom with a coupling constant 2ZJ(NH-CH) = 6
Hz. In deuterated water, the amine proton is partly exchanged by the deuterium of water
and the signal of the deuterated amine is observed at slightly higher field (2.40 ppm) than
the signal of the non-deuterated amine (2.41 ppm). In the spectrum ot the same sample
taken on a 300-MHz spectrometer, the singlet at 2.40 ppm on the 60-MIz spectrometer,
is resolved and appears as two singlets of almost equal intensity at 2.42 and 2.43 ppm
with a coupling constant 3J(Pt-H) = 38 Hz. The corresponding '99Pt-NMR spectrum
shows only one resonance at -1583 ppm. Several possibilities were examined in order to
interpret these spectra. The proton spectrum could be explained by the presence of a
mixture of cis- and trans-PYDMNH)(H20)Cl2 monomers, 1f the two 1somers are present
in equal amounts. The presence of a trans dimer partially cleaved by water,
(DMNH)CI(H20)Pt(n-ChHPt(HoO)CI(DMNH), would give a stmular spectrum, since the
methyl groups of the dimethylamine ligand being 1n a different environment, would give

two different signals of equal intensity. But this last possibility 1s not very probable, since
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there would be free chloride 1ons which are stronger bonding ligands than are aqua

ligands. Other partially-cleaved species like structure I would give two very different Pt

signals and therefore were eliminated.

DMNH Cl DMNH OH»
N/ N 7/
Pt Pt
7\ VAN
Cl OH» Cl Cl
trans cis
<<
N

™~ 2.40

“l) e
o l
5~ T
(.) (b)

DMNH Cl Cl
N /7 N/
Pt Pt
/ \ 7/ \
Cl OH; Cl DMNH
I

-1583

T,

4400 -8800 ~4800

Figure 22, (a) lH-NMR spectrum of [Pt{DMNH)Cl], in D20 (on a 60-MHz

spectrometer), (b) same sample on a 300-MHz spectrometer, (c) corresponding

195Pt-NMR spectrum (value in ppm).
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We suggest that the first compound observed when the chloro-bridged oligomer
with dimethylamine is cleaved with water, 18 the cus tsomer since the trans etfect of
chloride is larger than the one of amines. The cis compound might then 1somerize partially
to the trans isomer. The difference between the two isomers would be 0o small to be
observed by 195Pt-NMR. The doublet assigned to the coupling for the non-deuterated
compound on the 60-MHz spectrometer appears also as a pair of two singlets on the 300-
MHz instrument, and are seen only on the left side of the two man singlets. The other

part of this signal is hidden under the right part of the two main singlets.

Although there are some complexes with acetone as a ligand known in the
literature (41), the isolation of Pt compounds containing acetone has not yct been reported
and was also unsuccessful in our case. Platinum is a soft metal and does not form strong
bonds with O-donor ligands, unless they are deprotonated. This does not mean however
that acetone cannot act as a ligand for platinum when in solution. This ligand will be

easily lost by evaporation of the solvent.

The 195Pt-NMR spectra of the oligomers measured in acetone have shown that
the compounds are cleaved to produce complexes of the type Pt(amine)(solvent)Cla.
Acetone always contains a small quantity of water which is probably a better ligand for
platinum than is acetone. The resonance for the ohigomer with DMNH 1n acetone was
observed at -1570 ppm, very close to the value of -1563 ppm observed for the compound
in water. We therefore suggest the presence of the same species in the two solvents,
Pt(DMNH)(H20)Cl;. For the CBA and CPA oligomers, which are quite insoluble in
water, two signals were observed in acetone. One signal is thought to belong to a species
produced from the cleavage of the oligomer with water, Pt(A)(H0)Cla (-1601 and -1584

ppm, respectively), and the second 1s obtained from the cleavage of the dimers with
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acetone, Pt(A)(acetone)Cla (-1630 and -1623 ppm, respectively). The spectrum of the
MeNH2 oligomer in acetone showed only one resonance at -1622 ppm, which was
assigned to a cleaved product with acetone, Pt(CH3NH2)(acetone)Clp, since this dimer is
very insoluble in water and the resonance is close to the values assigned to the acetone

complex for the other ligands.

In dichloromethane, the DMNH oligomer showed two signals at -1570 ppm
corresponding to the cleaved product with HpO, discussed above, while the second
resonance at -1700 ppm is assigned to the chloro-bridged trimer. In non-coordinating
solvents like CH2Cly, it 1s believed that the oligomeric species are favored, even in the
presence of a small quantuties of weak nucleophiles as shown by similar studies done in
our laboratory (7, 8). Red crystals obtained from a dichloromethane solution of Pt(2,6-
lutidine)(DMF)Clp, after standing at room temperature for severai weeks, were shown by
X-ray diffraction to be the chloro-bridged trans dimer [Pt(2,6-1utidine)Clz]; (8). In the
same study, measurements of molecular weights have also indicated that the compounds
were dimers 1n chloroform solution at room temperature. We also believe that at room
temperature, the chloro-bridged oligomeric species are mostly dimers while slight heating
results in trimer formation. The !H- and 195Pt-NMR spectra of the oligomer with
dimethylamine have been measured and are presented in Figure 23. The orange powder

obtained from the reaction:

HCIO4
nK[Pt(A)Cl3]

> [Pt(A)Cla]y

has been dissolved in CHpCl, and the 195Pt-NMR spectrum is shown in Figure 23a.
Two signals were observed, the most intense at -1570 and a weaker one at -1703 ppm.

This solution was heated with hot water for 10 min. and the spectrum measured again
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(Figure 23b). The same two resonances were observed, but now the signal at -1700 1
much more intense. The red crystals 1solated trom the reaction:
[Pt(A)Cla]a CibCla, [PA)Clal3
A

have been dissolved in deuterated CH2Clp and the 'H1- and M35Pt-NMR spectra are shown
in Figure 23c and 23d respectively. The spectra 23b and 23d are almost identical. Since
the crystal isolated for structure analysis and identified as a cyclic chloro-bridged trimer
was taken from a solution after slight heating, we believe that this species is favored
under such conditions and the most intense peak around -1700 ppm should be assigned to
the cyclic chloro-bridged trimeric species. It was not possible to isolate only the trimers,
since the two species are soluble in CHpCla. The red crystals have been taken out one by
one under the microscope, but some powder sticks on them. The 'H-NMR spectrum of
these crystals (Figure 23c) shows a doublet for the DMNH ligand centered at 2.73 ppm
with its coupling with platinum 3J(Pt-H) = 42 Hz. Two other weak resonances at the
right of the first one centered at 2.51 ppim are also observed. The integration is 88/12 for
the proton spectra, in good agreement with the integration of the corresponding platinum
resonances for the same solution, i.e., 85/15. From these NMR studies, we can assign
the 8(Pt) peak at -1700 ppm to the trimer. All the other complexes, except
[Pt(MeNH>)Cl2]q, show only one resonance in the -1700 ppm region and can be
similarly assigned to the trimeric species. The spectrum of [Pt(MeNH2)Cla ], was not
measured because this complex is not sufficiently soluble in CHpCls. The peak at -157()
ppm was first assigned to the dimer, but after the synthesis of the Pt(A)(DMF)CI,
complexes whose resonances are observed in the same region, this idea has been

reconsidered. It is not logical to find the resonance for a dimer with an environment
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consisting of three Cl and one N donor atoms in the same region as a monomer with one
N, one O and two Cl donor atoms. The proton-NMR spectrum of dichloromethane has
shown the presence of a small quantity of water which can cleave the dimeric species to
produce an aqua complex whose resonance appears at -1570 ppm. This aqua species
would be the same as that produced wiien the DMNH oligomers are cleaved by water.
This also concurs with the fact that when the dimers are rearranged to inimers, there must

be some cleavage of one of the bridged bonds.

The 195Pi-NMR spectra of the oligomeric species containing EtNHp, CBA and
CPA showed only one resonance around -1710 ppm corresponding to the presence of the
chloro-bridged trimers  Additonal evidence for the oligomeric nature of these species is
afforded by the 195Pt-NMR spectra of the [Pt(CBA)Clp], complex in CD1Cly (Figure
24). This spectrum exhibits only one resonance at -1711 ppm. When one drop of DMF
is added, this peak disappears and a new resonance appears around at -1587 ppm, which
is assigned to Pt(CBA)(DMF)Cly, taking into account a 10 ppm highfield shift for the

effect of solvent on going from DMF (-1574 ppm) to CH2Cl.
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Figure 23. Comparison of the NMR spectra of the tnimer and dimer with dimethylamine

(a) 199Pt-NMR spectrum of powder in methylene chloride before heating (b)
195Pt-NMR spectrum powder in methylene chloride after heating (¢c) 'H-NMR

spectrum of crystals in CD2Cls and (d) 195Pt-NMR spectrum of crystals
CD2Clo.
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Figure 24, (a) 95Pt-NMR spectrum of the [Pt(CBA)Cly}, complex 1n CD,Cl5 (b) one
drop of DMF 1s added in the solution.




The Y5P-NMR spectia of some iodo dimers, [PiAMa]>, or olicomers have
been measured in DME and in CH>Cla and the results ate presented wn Table NXNI The
observed chemical shifts vary from -3901 to -4084 ppm. Since the four-membered rning
is less strained than 1n the chloro compounds due to the longer Pt-1 bonds, the resonances
of these species are expected to be closer to those for [Pt(A)3]- complexes The value
found by Kidd and Goodfellow for NR4[PIDMNIDI] (R = P or BuM) s -3004 ppmn

CHaCly (42), very close to our values.

Attempt to 1solite species of the type PHAWDMIN: by reaction of [PuA)s
with DMF was not successful but agmn this does not mean that these weak donor
molecules cannot act as higands when n solution. A DMFE solution containing |Pr(A)»|2
was heated during 3h and then the DMF was evaporated. The IR spectra of the solated
compounds were measured and the spectra were wdentical to those of the dimenie species
No C=0 band was detectable in the IR spectra indicating the absence of bonded DM,

When the solutions were heated overnight, decomposition occuried

Table XXXII. 195pt resonances for [PYA)2 ], complexes in ditferent solvents

A DMF CH»(Clh
MeNH3 -3984, -3999 not measured
EtNH» -3996 -4032
CBA -4014, -4030 -4046
CPA -3992, -4006 -4022
DMNH(powder) -3905, -3934 -3924, 23946
-3901, -3929 (acetone) -3920), -3942 (Brukern)
1-adam -3068, -40K84 not measured

2-adam -4030 not measured
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53.2 3 Infrared spectra

The IR spectra of the [Pt(A)Cla], oligomers have been measured and the most
important vibrations are listed in Table XXXIII. These spectra are the most simple spectra
actually presented in this work and suggest a high symmetry. For the chloro dimers, the
synthesis usually gives the trans 1somers, since the trans effect of the chloride 1s greater
than the trans effect of the amne. The skeleton symmetry for a complex trans-PtpA2Cl4
15 C2n (Coy for a ¢y 1somer) and group theory predicts three v(Pt-Cl) (3B, modes)
vibrations in the IR Table XX X1I presents the results for these complexes. There is one
v(Pt-CI)¢ (t = termumal) and two v(Pt-Chp (b = bridged bonds). From the latter two, there
is one V(Pt-Cl)p, trans to the chloride, at a higher frequency, and one v(Pt-Cl)p trans 1o
the amine group at a lower frequency (43). The spectra of the complexes have shown one
V(Pt-Cl); vibration between 340-350 cm-!, one V(Pt-Cl)y, vibration trans to the chloride
ligand between 308-325 cm-}, and one v(Pt-Cl)y, vibration trans to the amine higand
between 291-305 cm-l. An example of a typieal spectrum 1s presented in Figure 3
(Experimental part, Chapter 2). The IR spectra of the [Pt(A)Clz]2 complexes give the
pattern expected for a trans isomer but because the bands are large enough and show
some shoulders, the possibility of having a cis 1somer cannot be rejected. The presence
of the amine ligand 1s confirmed by the v(NH) vibrations between 3105-3276 cm! and

the 8(NH>) vibration between 1560-1571 cm-l,
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Table XXXII. Main IR Bands (cm!) for [P{A)Cla]> complenes,

Compounds V(NH) O(N1H)) v(P-Cl)y vP-Chy w(P-Chyy
nansto Cl oprans to A

[Pt(MeNH>)Clal2 3222(m)  1560(m)  340(s) 308(m) 293(m)
3270(m)

[PHEINH2)Cls)s 3220(sh)  1561(s)  338(s) 309(m) 291(m)
3245(s)

[Pt(CBA)Clo ]2 3105(m)  1569(m)  338(s) 305(m) 295(m)
3126(m)
3276(s)

[Pt(CPA)Cl2 ]2 3119(m)  1571(s)  340(s) 325(m) 305(m)
3190(s)
3239(s)

[Pt(DMNH)ClI>]» 3210(s) - 350(m) 320(m) 303(m)

[PtDMNH)Clz2i3 3198(s) - 341() 312(w) 204(m)

For the cyclic trimer, there are minor differences compared to the chloro dimer
For the trimeric species, [PUDMNEH)CI, |3, we observed the v(N-H) vibration at slightly
lower wavenumber than for the corresponding dimer. The v(N-H) vibration at 3210 cm!
is shifted to 3198 ¢m-! 1n the trimer. The w(Pt-Cl) wvibrations are shitted to lower
frequencies and the band shapes are not the same. The v(Pt-Cl)p1s stronger in the tnimer
spectrum while the v(Pt-Cl)p vibration trans to the chloride higand 1s stronger in the duner
spectrum. Some additional bands are also observed in the spectrum of the trimer,
indicating a change 1n molecular structure. These weak-to-medium intensity bands are at
525, 1037, 1392, 1417, 1430, 1441, 1451, 2999 and 3022 cm! and are designated by a

"x" on the IR spectrum of the complex shown n Figure 25.




- Patine
MMWM ;/.»\ /_ y ~ —~— |
4 Iy A T
| i b
«60 %00 3000 2500 00 W00 W00 W00 250 000 ) R—) x5
(a)

) —350 oo 2500 2000 T80 800 00 200 1600 800 00

(b)
Figure 235. Comparison of the IR spectra of (a) powdered [P(DMNH)Clz], and (b) crystaihine {PI(DM NH)Clh}s.
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HAPTER

Contributions to knowledge
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‘The various steps for the different syntheses can be sumnazed by to the tollowing

KIPt(adam)C13)
4

Tadam / DME

scheme:
Pt(adam)>Cl, NMey|Pt(adam)Cl;)
0 Tl adam/ DMF
(NMeg)[PtCly)
2 adam / DMF TNmesom
HoPtCly
TresinH*
KoPtCly
L KI
KoPtly
|24
Pt(A)lp
HCLO,
[P A)I2]2
AgNO3
Hydrolysed species
/Kl
K[Pi(A)Cl3]
HCIOy wm
[Pt(A)Clz)n
DMF CHyClp
A
Pt(A)(DMF)Cl, [PUDMNH)Cl, 3

adam
Pt(A)(adam)I>

Pt(A)(adam)Clp —_HCY 2 adamH[PUENH,)Cl4)




New complexes of the type K[Pt(A")Cl3] (A’ = l-adamantanamine, 2-
adamantanamine and 1-methyladamantanamine) have been synthesized. These complexes
with 2-adam and 1-Madam were not stable enough and needed the presence of a larger
cauon, NMea, in order to be isolated. The 195Pt resonances for the [Pt(A)Cl3]-
complexes where A = methylamine, ethylamine, cyclobutylamine, cyclopentylamine,
dimethylamine and the [Pt(A"YCl3]- complexes appear between -1822 and -1865 ppm.
With the exception of [NMe4][Pt(1-Madam)Cl3], all the complexes showed only one
resonance, which 1s a good indication of the punty of the compounds. The second
resonance observed for [NMeg][Pt(1-Madam)Cls] at -2242 ppm was assigned to the
disubstituted species Pt(1-Madam)Clp. The plannum resonances were found to be
dependent on solvent effects, the presence of different counterions and the concentrations
of the species 1n solution. No direct correlation between the pKa of the amine ligands and

the 195Pt chemical shifts was found.

The structure of [2-C1oHsNH3][Pt(EtNH2)Cl3] has been determined by X-ray
diffraction. Contrary to similar complexes of the type K[Pt(A)Cl3].1/2H,0, this
molecule does not crystallize with water of hydrauon. In the case of the K[Pt(A)Cl3)
species, water molecules play an important role in stabilizing the complexes. In the [2-
Ci1oH)sNH3][PYEtNH2)Cl3] complex, the larger cation in able to form hydrogen bonds
with the chlonde ligands and this is sufficient to stabilize the crystal. This is in agreement
with the crystal structure of [Pt(NH3)4][Pt(isopropylamine)Cl3]y which crystallizes

without water of hydration.

Mixed-ligand complexes of the type Pt(A)(A")Cla have been synthesized from
the reaction of K[Pt(A)Cl3] with the appropriate adamantanamine ligands in water. 195Pt-

NMR measurements on these species obtained after washing with dilute HCI showed the
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presence of a peak in the region expected for [Pt(A)Cl3]" complexes. This resonance has
been attributed to species of the type [adamH][Pt(A)Cl3] which are formed by
displacement of the coordinated adamantanamine ligand by Cl- and subsequent
quaternization of the amine group This result lead to some doubt about the real nature of
Pt(1-adam)>Cls and Pt(2-adam)2Cl» tested for antitumor activity by Braddock et al., since
the authors washed their compounds with concentrated HCL. 195Pt-NMR measurements
confirm the presence of three species when this method is used and so the compounds

tested might be a mixture of the three species, [adamH][Pt(adam)Cl3, cis and trans-

Pt(adam);Cl».

The IR and Raman spectra of the mixed-ligand complexes, Pt(A)(adam)Cla,
showed that most of the species were cis isomers while the disubstituted compounds,

Pt{adam)»Cl>, were found to be a mixture of isomers.

For the corresponding 10dide complexes, it was difficult to obtain good far-IR
and Raman spectra and the results presented are only tentative, even for the solid state.
Systems containing iodides present greater difficulty since their vibrational frequencies are
at low energy and it is difficult to distinguish intramolecular and lattice modes. In
addition, in IR spectroscopy, the absorption of the v(Pt-1) vibration is 1n a region where
there are problems with water absorptions. Nevertheless, the appearance of two v(Pt-1)
and two v(Pi-N) peaks in most cases is strongly suggestive of cis isomers. The
symmetric v(Pt-I) vibration was easier to locate and has been assigned at 150 cm-!. The
antisymmetric mode, more difficult to locate, was assigned to a band around 200-180

cmrl, close to the value of 180 cm’! reported for this vibration in the {Ptl4}2- ion
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In Chapter 5, we have shown that the reaction of oligomeric species of the type
[PUA)Cla[n with DME produces Pt(AYDMF)Clo, which from the IR results probably
have a trans configuration in the solid state. When Pt(A)(DMF)Cl3 1s dissolved 1n a
solvent like DMF, acetone or dichloromethane, the structure is retained and only one
species was observed by 195Pt- and 'H-NMR spectroscopy. But on standing, these
compounds are partially rearranged to chloro-bndged oligomers, probably mainly dimers
and trimers. In DMF, the oligomers are rapidly cleaved to produce first the cis-isomer
which isomerized to the trans compound.  In dichloromethane, the chloro-bridged
species are more stable and the presence of trimers was detected by 195Pt-NMR
spectroscopy. The decomposition of trans-Pt(CoHsNH2)(DMF)Cly was faster than the

corresponding methylamine and dimethylamine DMF complexes.
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‘The number of active vibrations in the IR and Raman spectra can be

caleulated from the following equation:

a=1 2 xR 1 R
h R

where & = number of times the i-th irreducible representation appears
h = order of the point group

X (R) = character of the R-th operation in the reducible representation

xi = character of the R-operation in the i-th irreducible
representation.
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Ov(rz)  Oy(y?)

- X
“al a’ Cay |
N / =
Pt I'pi-ci
a” ™~ N, IpeN
2
Cov
I'pici

nA; = %[(3)(1)(1)+(1)(1)(1)+(3)(1)(1)+(1)(1)(1)] =2
nAy = %[(3)(1)(1)+(1)(1)(1)+(3)(1)(-1)+(1)(1)(-1)] =0
nB; = %[(3)(1)(1)+(1)(1)(-1)+(3)(1)(1)+(1)(1)L-l)] =1

nB; = %[(3)(1)(1)+(1)(1)(-1)+(3)(1)(-1)+(1)(1)(1)] =0

I'pe-c1=2A1+1B1
IRR IRR

I'peN
nA; =%[(1)(l)(1)+(1)(1)(1)+(1)(1)(1)+(1)(1)(1)] =1
nAz = %[(1)(1)(1)+(1)(1)(1)+(1)(1)(-1)+(1)(1)(-1)] =0
nB, =‘11[(1)(1)(1)+(1)(1)(-1)+(1)(1)(1)+(1)(1)(-1)] =0
nB; = _14[(1)(1)(1)+(1)(1)(-1)+(1)(1)(-1)+(1)(1)(1)] =0

I'ptN=4
IR/R

3

1
1

3

1

1
1
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Cly
CZ\
For the ¢y 1somer
Cay | I Ca(z)  ou(x2) Oy(yz)
[p-cl 2 0 0 2
I'Pi-N 2 0 0 2

nAp=1 QMM +0+0+2)HM] =1
4

nAp=

(MM +0+0+ X1 =0

q—kl,_.

o

nByr=1[ QMM +0+0+@)D(-D]=0

ESS

n B2 =4l [@MD) +0+0+ @YD) =1

I'pci=A; + B, IRR)
I'PN=A, + B, ARR)
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"l N
~ . -
1
N 7N Cl
rans \)'

Don

For the trans isomer.

D2h I 1 Ca(z) Cay)y Cxx) 1 Ov(A\Y) O.(xZ) O,(y?)
I'r-c 2 0 ) 0 0 2 0 2
I'piN 2 0 0 o 0 2 2 0

I pe-C:

n Ag =%[(2)(1)(1)+0+(2)(1)(1)+O+0+(2)(1)(1)+0+ )N (Di=1
nBjg =%[ @MM+0+QNMED +0+ 0+ @I +0 + 2)1)(-1)] =0
nBzg.-% [@DM +0+@Q)AND +0+0+ YD +0+ 2(1)-1)] =0
n B3, =1§[(2)(1)(1) +0+QMED+0+0+ YDED +0+ QX)) =0
nAu=%[(2)(1)(1) +0+ @M +0+0+ )DL +0+ 2)(A)-1)] =0
n By =% [@DMA) +0+ @YD) +0+0 + 2)1(-1) + 0 + 2)(1)(1)] = 0
n By =18 [@AXD) + 0+ )11 + 0+ 0+ (2)(1)(1) + 0+ (2)(1)(1))= |

n B, =§ (X)) +0 + 2)(1)(-1) + 0 + 0 + (2)(1)(-1) + 0 + (2)(1)(1)] = 0
I'PeCl = Ay +Bo,

R IR (because of rule of mutual exclusion )
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rPl-N:
nAg =11 2)I)D+0+0+ 2} +0+ (2)(1)(1) + (2)(1)(1)+OJ=1Ag
8

n Brg =81[ 2)DD+0+0+2UDED +0+ QAN + 2)(1)(-1) +0] =0
n Bag =% [ QMM +0+0+)DED +0+ QMDD + () +0]=0
n B3g =81{ DM +0+0+ QDM +0+ MDD + A1) +0]=0
a Au=%[ MM +0+0+ QDM +0+ QMED + @)W1+ 0] =0
aBpy =%[ QMM +0+0+ QMDD +0+ @MED + )11 +0] =0
a Bay =§l M +0+0+ MWD +0+ @D + 2)(1)(-1) +0]=0

a B3y =L 2)ID) +0+0+ @D+ 0+ )11 + 2)(1)(1) +0] = 1
8

I'PN = Ag+B3,

R IR (because of rule of mutual exclusion )




Cl ~ P N
Pt

Cl < 0
ciy
Cs

For the cis or trans isomer:

CS 1 Oh
1 Pt-Cl 2 2
I'rr-0 ] 1
I'pe-N 1 1
I'pt-ci:

nA'= %2[(2)(1)(1)+(2)(1)(1)J =2

nA" = 1@)(AND+)(-D] = 0
2

I'Pi-c1=2A' qRR)

l \ - N
P Pt ~
O Cl
lrany
Cs

PO and 'PeN.

nA' =

f—

[HD+HHD)] =1

(B

nA" = H(DMD+)D(1)] = 0
2

I'Pt-0 = 1A' (IR/R)
[PeN = 1A (IR/R)
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For the ¢y dimer

Y4
- ™~ p ~ X ~ /L
------ t7======---Pl-z---my
« - ~ X - ~ X
cis
Cay
Cay I Cx(z) ov(xz) oy(yz)
['pr-x, 2 0 0 2
I'pi-x,, 4 0 0 4
rpl-X[
aAr= QMM+ 0+0+ Q1M =1 aAl=
4
aA2= 1[EDHM+0+6+@)1)-D)=0 aA)=
4
aBr= 1[I+ 0+0+Q)1(-D]1=0 aBy=
4
aBa= 1{@QMM+0+0+ )] =1 aBy=

4

I'Pi-X, = 1A, + 1B,
IRR IRR

I'pi-xy,

H@OMM+0+0+ MM =2
4

L@AXD+0+0+@@)-1))1=0
4

L@+ 0+0+ @HA)-1))=0
4

LI+ 0+0+ @A) =1
4

I'p-Xp =24,+28B,
IRR IRR
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For the trans dimer:;

X
L X X
\ P —~
R 1 B e Y
trans
Cop
Con I Ca(z) i on(xy)
I'P-xt 2 0 0 2
I'pi-xb 4 0 0 4
I'pi-x, I'pexy
a Ag = 1{YDHMD+0+0+ OMMy=1 a Ag = 1[@HMMH+0+0+ @mmmi=2
4 4
aBg=  1I@MM+0+0+QM(DI=0  aBg= L [@(N(D)+ 0 + 0 + @)(1)-1)] = 0
4 4
aAu=  LIQMM+0+0+@MEDI=0  aAy=  1[@N1)+0+0+@)-1)] =0
4 4
aBy=  1[@)1)(1)+0+0+ Q1)) =1 aBy= L {(@)1)(1) + 0+ 0+ @)1)D] = 2
4 4
I'Pex = 1A, + 1B, I'Pt-x, = 2A, + 2B,
R IR R IR

(because of rule of mutual exclusion )



For the tnmer

N
Cl \ b /
t
/

Cl ~a
N | | _a

Pt Pt

Cl N
Cs 1 Cs C32
I'picy, 3 0 0
I'pi-cyy, 6 0 0
I'picyy,

aA= 1[G +0+0]=2
3

aE=  1[6XDHA)+0+0]=2
3

I'pi-cly=2A + 2E

IRR 1IR/R

I'picy

aA=  1[3)(H(1)+0+0]=1
3

aE=  1[3)MD+0+0]=1
3

I'pcl=1A + 1E

IRR 1R/
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‘Table 1X. Anisotropic thermal parameters (x 107 for Pr, Cl; x103 for N, C except C(2) and

C(7): x102) of atoms 1n 2-adamH|P(EtNH,)Cl3).

Atom

bt
CI(1)
Cl(2)
CI(3)
N(1)
N(2)
C(1)
C@)
C@3)
C)
C(5)
C(6)
C
C(®)
CO®
Cam
C(nD
C12)

Un U22 Us33 Uiz U13 Uz3
417(3)  509(4) 424(3)  -25(4) 28(2) 56(4)
825(27)  684(26) 538(22)  172(23)  44(19) -6(21)
812(27)  764(28) 627(24)  272(23)  138(21)  73(22)
907(28)  904(32) 488(21)  189(24)  24(20)  136(21)
S57(7) 104(11) 94(11) -2(9 20(7) 1(10)
41(6) 65(8) 57(7) 1(6) 1(5) 3(6)
70(12) 289(36) 45(9) -41(19) 1(9) 47(17)
51(9) 106(16) 17(4) 51(1) 26(5) 34(6)
1121  161(27) 270(38)  73(21) -11124)  -96(27
168(26)  68(15) 207¢30)  -8(17) 67(23) 18(17)
84(21) 112(25) 474(74)  -48(19) 34(32) -3(32) |
102(22)  550(75) 17931y  -163(37) 37(21)  -133(40)
91(15) 28(5) 22(4) 33(7) 37(7) 12(4)
63(13)  224(31) 314(41)  4020)  6(19) -180(34)
122(21)  284(41) 11217y -7726)  18(15)  -108(23)
67(14) 261(36) 100(16)  20(21) 35(12) -18(21)
83(12) 83(12) 89(13) -17(11) 16(10) 8(11)
99(13) 129(15) 47(9) 18(12) 9(9) 46(10
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Table X. Equation and deviations from the best weighted least-squares plaae passing

through Pt, CI(1), C1(2), C1(3) and N(2) for crystal 2-adambl[Pt(EINEHR)Cly).

Equation: 0.8552x + 0.5177y - 0.0247z = 1.3263

Atom-to-plane distance (A)

Pt -0.0005(5) can -1.38(2)
CI(1) 0.018(4) CQ12) -1.40(2)
Cl(2) 0.021(4)
C1(3) -0.005(4)

N&) -0.05(1)




Table XI. Calculated H coordinates (x103) for crystal 2-adamH[Pt(EtNH)Cla).

Atom

X y z

HIC1 729 266 504
H1C2 653 487 459
H1C3 604 520 327
H1C4 760 704 342
H2C4 731 701 413
H1C5 919 653 405
HI1C6 807 553 505
H2C6 896 394 505
H1C7 866 229 457
H2C7 788 87 439
H1C8 834 129 333
H1C9 666 217 323
H2C9 729 364 287
HIC10 934 428 346
H2C10 957 338 418
HIC11 30 83 299
HIC11 84 -108 280
HIN2 227 58 267
H2N2 191 227 294
H1N1(located) 480 280 400
H2N1 563 204 384
H3N1 540 195 448
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Table XXVIII. Anisotropic thermal parameters(x 104 for crystal [P{DMNH)Clo]s.

Atom Ul1 Uao U33 U2 Ui3 Uu23

Pt 464(2) 415(2) 515(2) 254(2) -35Q2) -131(2)
Cl(1) 720(18) 675(17) 611(15) 357(14) 273(18)  -113(13)
Cl(2) 553(15) 582(16)  1232(26) 366(13) -46(16) 149(16)
N(1) 484(44) 437(42) 555(50) 252(36) -109(38) -190(37)
C(1) 867(82) 1041(92) 608(79) 574(76)  9(64) -230(68)
C(2) 552(61) 531(61) 909(85) 284(52) -14(56) -169(56)

Table XXIX. Atomic H coordinates (x 10%)for crystel [PYDMNH)Cly|3.

Atom

X y z
H(1)C(1) 8080 5980 -920
H(2)C(1) 8020 4870 -980
H3)C(1) 8960 5770 -1080
H(1)C(2) 9220 6810 1140
H(2)C(2) 8420 6850 340
H@3)C(2) 9670 7070 180
H(1)N(1)(calc) 8458 5587 255




Table XXX. Equation and deviations from the best weighted least-squares plane passing

through Pt, CI(1), CI(1)', CI(2) and N in [Pt‘DMNH)Cl3}3.

Equation: 0.1234x - 0.7811y - 0.6120z = 4.9684

Atom-to-plane distance (A)

Pt 0.0006(4) C(1) 1.00(1)
CI(1) -0.014(3) CQ2) -1.35(1)
CI(1y -0.001(3) H(1)N 0.2098
Cl1(2) -0.017(3)

N -0.014(8)




Calculated Structure Factor Amplitudes

for

[2-adamH][Pt(EtNH3)Cl3]

s
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Calculated Structure Factor Amplitudes

for

[Pt(DMNH)Cl213
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