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" ABSTRACT
/S
Molecular and crystal structure studies related to
various aspects of the chemistry and biochemistry of.platinum
are presented. The first terminal Pt(II)-OH, bond observed
in-a single crystal verifies the existence of'a stable, four-
coordinate "agquaplatinum(II) complex. The Pt-OH, b6n§ is
normal and the gig—;Pt(OHz)(NH3)3(l-methylcytosine)]2+ ion
models a proposed initial monofunctional Pt-DNA complex. The
molecular stéuqture of trans-{Pt(NO3),(NH5) ;1 in the solid
state is shown to be similar to the cis isomer .in that it
has two monodentate nitrato ligands, but it differs in that
the non-bgnded oxygen atoms of the two nitrato'ligands lie
above and below the ligand square. plane. Evidence is presented
for ionic and tetravalent platinum impurities in freshly
prepared solutions of EEEEE'[PtClz(NHB)ZI' The structure of
3:_£§§§-LPt(NH3)2(1-—methylcytosine)(9—ethyl§uanine)]2+ offers
a possible model for DNA interstrand crosslinking whi;h can
explain the thermal stabilization of. DNA (with the preser-
‘vation of base stacking) observed after exéosure to low con-
centrations of Er_agé-[P£C12(NH3)2] .
| Vafious problems of crystallographic interest are
‘discus$eg. The geometry.oﬁ diethylenetriamine complexes in

the solid state is examined, and a convention is proposed

~
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for éssiéning conformations. A survey of dien complexes is
used to emphasize the importance of intermolecular hydrogen-
bonding, as opposed to intramolecular steric interactions,
in the configuraticon of the dien-ligand. Various types of
disorder in linear chéin halogen-bridged mixed-valence
platinum compounds are examined. An unusual example of a
Pt(II)...él-PthV)-Cl chain compound with three—dimensional-
ordering at the Pt(II) site is presented. The importance of
weak intensity data and careful photographic work in these
systems is also demonstrated. ’ d

The structure} analyses of aqua, nitrato, and ammine
nitrate complexes are aided by the use of the bond Vvalence
model. Quéntitative bond length and qualitative packing
predictions are made, and §§rugtural angmalies are éxplained,

using empirical bond valence curves.
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Abbreviations

L4

A : adenine ‘

A2L2 (amine) 5, (ligand) 5

-adg. agueous

fave. average

C . cytosine

d {(GpG) . 3'-deoxyguanosinemonophospha deoxy-

guanosine

dien diethylenetriamine—'
dien-3H diethylenetriammonium
diff. difference |

DNA debxyribénuclei
E-coli Escherichia €dli

en _ ethylenediamjne s

eq. ‘ eguivalent

9-EtG /' 9-ethylguanine

fac Fv facial

G guanine '

IR infrared g
iso isbtropic

M metal

max. maximum

1-MeC l-methylcytosine
l-Me-Cyt

mer meridonal

min.. minimum
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PY
refl.

r{GpC}

tRNAPDE

undet.

Xs

Abbreviations {continued}

molecular orbital

molar mass (relétive) ' .
nuclear magnetic resonéhce
photoelectron spectroscopy

“
pyridine
reflection
3'-guanosinemonophosphate~5"'-cytidine
ribonucleic acid
thymine
phgnylalanine transfer-RNA

undetermined

halogen

excess
"!
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cm

deg,

- kv

=

min
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Unit Abbreviations

ingstfom.

degfees Celcius
centimeter
day

degree
electron
gram

hour
Kelvin
kilovolt.
litre
molar
mill}amp
minute
millilitre
millimolar
millimeter’
millimole
mole
milliwatt

valence unit
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Code

3A

15 12 18 s g 15 s 18 18 & |

.Compound Abbreviations

-Compound

fac-[PtCl;(dien)] -C1-H,0

" [P%Cl(dien)] -Cl

[Pt (NO3) (dien) ] NO

cis- [Pt(NH3)2(OH2)(l-MeClJ'(NO3)2 H20

trans- [Pt(NO3)2(NH3)2]-[Pt(NH )412 (No3)4
trans -[PtCl (NH3)4J (N03)2 |
EEEEE‘[Pt012(NH37410.a7-fpt(NH3f414.13"Cl°4’1o
Ky« [PEBry (NH3) - [PBrg (NH4)1- (Hy0),

(NEg) 5+ (PtBry (NH3) 1 - [PtBrg (NH3) ] - (H,0)
frans-[PtCl (NH3) 5 (1-MeC)] *Cl- (H,Q) 3 &5

trans-[Pt(NHy), (1-MeC) (S-EtG)] - (C104) 5° (Hy0); ,
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

The work presented in this thesis is a part of a
series of structural studies of possible platinum complexes
involved in the biological interactions of various amino-
platinum compounds, some of which are antineoplastic. It
includes examination of simple 1norgan1c complexes, nucleo-
base complexes, and varlous related compounds of mainly
chemical and,crystallographlc,lnterest. ‘In this chapter the
chemicdl and biochgmical‘grééerties of platinum which -
prompted these experiments are outlined. More introductory

details are given in the relevant chapters.

“<

1.2 Biochemical Activity of Platinum Complexes

Since it was discovered.bf Rosenberg (1971) that cis-
diamminedichloroplatinum comple;és«wére active against.
certain tumors, a great deal of effort has béen directed
toward determining the molecular mechanism of the drug
aetiEZZ}\ It is hoped that this information will allow the
design off more active, less toxic drugs. There ar2 several
recent symposia proceedings which detail these studies

(Martell (ed.)(1980); Lippard (ed.) (1983); Hacker, Douple,

Krakoff (eds.) (1984)).
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The process by which cis-PtCl,(NH3), kills cells and
inhibits the growth of tumors is very complex, and may
involve the disruption of' normal enzymé and protein activity,
and of the reproductive process. The fact that the cis isomer
is active ané the trans isomer is inactive (Cleare (13874))
(see Figure 1.1}, however, indicates that there is a basic

structural requirement for effective interaction. Furthermore,
-

oo

it has been found that,the amine ligand must be either primary
or secondary, thuirhaving at least one hydrogen atom

bound to the coordinated nitrogen (Cleare, Hoeschele {1973)).
These simple geometric restrictions justify the study of

simple model systems.

~

1.2.)1 The Hydrolysis of Pt Complexes

It has long been known that when neutral, square
planar PtCl;(NH3) , complexes are dissolved in water, the

Pt-Cl bonds are slowly hydrolysed to give mono- and diagua

* ions (Werner, Miclati (1893)). This process can be hastened

by the addition of silver salts, such gg‘AgNO3, which quanti-
tatively remove the chloride from solution. An anion (eg.

NO3-) is chosen which is a poor ligand for platinum. Jensen

(1939) has found that the IPt(NH3)2(OH2)212+ species can

form mono- and dihydroxo species, with PKy = 5.56 and pKj =

7.32 for the cis isomer and pPK; = 4.32 and pKz = 7.38 for the
trans isomer. Recently various hydroxo-bridéed oligomers have

been isolated (Lock (1980)) from the cis-diammine systems.

™
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Cl Cl

2.33(1) 2.32(1)
2.01(4) 2.05(4)

Cl Pt NH, ¥ H3N— Pt ’,?\ NH3
NH, ¢ “Cl
cis . trans

S~
' »
T

\ . .

Figure 1.1. The isomers of PtCl,(NH3), with average bond

lengths (A) (Milburn, Truter (1966)) " .
o
. ‘ ‘\"
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No analogues are known fo; the trans compounds, for which
cyclic di- and trinuclear complexes are geometrically
impossible. King (1938) has isolat?d some diammine complexes
which he claims %;e monomeric [Pt(NH3)(H20)(OH)]OH,
[PE(NH3) 5 (OH) 5], [PE(NH3), (0H) (NO3)1, and [Pt(NHj) , (Hp0) -
($O4T]'H20, based 5n elemental analyses, conductivity measure-
ments, and molecular weightfdeterminations. Unfortunately,
in the cryoscopic molecular weighf determinations water was
used as a solvent, therefore monomers were actually observed
in solution. Thus the solid samples may not have been
monome®%~ but oligomers which werg'hydrolysed. No single
Crystal X-ray analyses were éone,.A iecent lsN, 195Pt qﬁr
study of gigf[Pt(ISNHgsz(H20)212+ with various weakly-coord-
inating oxygen-donor arfions, X07, démonstratéd an equiIibrihm
between the diaquo complex and gig—[Pt(lSNH3)2x(H20%](2"?x+
(X = nitrate, sulfate, phosphate, or acetate). For X ; phos-
phate or acetate, dimeric énd oligemeric species were also '
observed, including highi& coloured mixed-oxidation state
'compounds (Appleﬁon, Bawie,ﬁHall, Ralph (1984)). The oxida;
ltive-additio of‘two ligands to_squére planar, lé6e”, platinum-
(I1) to give o tahedrai: lBe'-blétinum(IV)complexes is
common in the aguéous chemisqry_of the divalent compounds.

In the blood; where chloride concentration is apprgxi-
mately 103'mM, the dichloroplatinum spécies prédominates

(95%, Lim, Martin (1978)). After the neutral complex enters

the cell ( C17) = 4 mM) hydrolysis occurs, giving mainly

-
Al



. L
[Pt(OH)(Hzo)(NH3)2]+, as well astthe chloroaqua, chlorohy-
croxo, diagua, dihydroxo, and possibly some oligomeric
compliexes. The labile agua ligand can then be replaced by
more stable eiectron donors, such as N and $ atoms of the
cell constituents. Because the deoxyribgnucleic acid (DNA)
molecule is by far the largest in the cell {(Mp? 2,500,000,000
g-mol"l in E. coli, whereas the next largest molecule (RNA)
has Mp™~ 1,000,000 g-mol'l) and makes up most of the organic
nuclear mass it is the main target of platinum cdé;dination.

A

1.2.2 The Interaction with DNA 3

The primary structure of .DNA (see Figure 1.2) is
that of a polymeric chain of alternating, covalently linked
phosphate and deoxyfibose moietiés, with a purine or pyrimi-
diqe base covalently attachéd to each ;ugar (deoxyribose)
molecule. The sequence of Aases along the sugar-phosphate
backbone is responsible for preserving and transmitting the
genetic information of the cell.

The secondary structure of DNA is the unioh of two
matched single strands via hydrogen-bonds between complemen-
tary base pairs (GEEEC andlA;::T; Watson, Crick (1953)). The
resulting dimer forms a helix, with the base pairs almost
perpend}cular to the helix axis. In A-DNA, the helix is
right-handed, with two large grooves and 10.9 base pairs .

per 31.6& turn. In E-DNA, also right—handgd, théfe are 10.0

base pairs per 34.04 turn, with a major and a minor groove



Figure 1.2. A segment of a DNA molecule showing the sugar-

3
phosphate backbone, base pairing, and standard

labelling (from Levine (1969))

I



along the helix. In Z-DNA the helix is left-handed, with six
sets of two base pairs per turn. This odd structure is
adopted because the guanine sugars are flipped (syn) relative
to the bases. In each type of DNA there are local modifica-
tions to the twist angle between bases along the chain (16 -
44" for A-DNA) which depend on the local base seguence.
These modifications are resgpnsible for thé tértiary, or
superhelical structure of DNA, and are imporgant for the
protein and enzyme recognition of instructions {eg. where
the genetic code starts and stops). An excellent review of
these and more subtle structural features of DNA has been
presented by Dickerson (1983):

The current description of the major lesion of cis-
PtClz(NH3)2 which results in the antitumoral activity is é
bidentate intrastrand chelation of two neighbouring G's
{(either d(GpG) or d (GpNpG) where N is another nucleobase)
(Lippard (1984)). A clip such as this would disrupt the local
structure of the DNA and possibly interfere with cell repro-
duction. This disturbance of base stacking is also consistent
with circular dichroism measuremen;s (Macquet, Butour (1978)),
which in turn are dependent on guanine content in‘'the DNA.
Furthermore, this stacking disorder can explain the decrease
in|melting poinﬁ'(thqrmal unwinding)  of DNA after treatment
with gig—PtClz(NH3)2 (Macquet, Butour, Johnson il9é3)).

EEEEE—PtCIZ(NH3)2r when administered in high enough

doses, can cause many of the phenomena observed with the cis

—

-



analogue. The cis and EEEEE“Pt(NH3)22+ hydrolysis products
both favour coordination to N7 of G when reacted with DNA
(Macguet, Butour, Johnson, Razaka, Salles, Vieussens, Wright
*(1984)), and both were bound to two G's after digestion of
the DNA. Both can cause inhibition of DNA, RNA, and protein
synthesis (Macéuet et al. (1884)); they can kill cells
(Macquet et al. (1983));, they can unwind supercoiled DNA and
interfere with restriction endonucleases.(Scovell, Kroos,
Capponi {(1983) ). For both the initial binding to D§A is mono-
éﬁnctiénal becoming bifunctional with time (Zwelliég (1983)) .
They can form interstrand crosslinks (Zwelling (1983)), and
they prevent the B—Z transition in poly (dG-+dC) -poly (dG-dC)
(Ushey, Santella, Caradonna, Grunberger, Lippard (1982}).
These experiments imply that none bf these processes are
directly involved in antitumor activity, since the trans
isomef 1s inactive.
The trans isomer différs from the cis in that it

forms DNA-protein crosslinks (Zwelling {(1983)), it is non-

mutagenic (Johnson, Hoeschele, Rahn, O'Neill, Hsie (1980);

Zwelling (1983)), it does not enhan E“the rate of nuclease

digestion (Scovell et al. (1983)) stabilizes DNA at low

Pt/base ratios (Macquet et al. (1383)) without disrupting

- A
the stacking. These differences can be explained by the

2+

inability of trans-Pt(NH;) to form an intrastrand cross-

link between two adjacent guanines. What is nct explained is

the nature of the DNA-DNA crosslink (likely interstrand) of

»
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the trans-species which stabilizes the polymer. The trans--G2
L.
species proposed by Macgquet et al. (l§§4), whether intra- or

interstrand, would cause disruptions to the base stacking.

1.3 Objectives

At the outset of this work three structural problems
were chosen for examination. Firstly, what is éhe nature of
the Pt (II)-OH, bond? Can it be stabilized in the solid
state? Are cis-IPt(OH) (NH;) ,(nuclecbase) 1 * or cis-IPt(OH,) -

(NH3)2(nuc1eobase)]2+

plausible intermediates in the initial
interaction with DNA (Reedijk, denHartog, Fichtinger-
Schepman, Marcelis (1984))? These questions have been answered
in Chapter 3. |

Secondly, what is the nature of EEEEE‘Pt(N03)2(NH3)2
and its hydrolysis products? Are oligomers possible? A
partial answer is given in Chapter 4.

Thirdly, is there a model for EEEEE‘Pt(NH3)22+
binding which can account for the observed thermal stabili-~
zation of DNA? One is presented in Chapter 6.

In the course of these studies, several other
interesting crystalloéraphic problems arose, such as the
conformation possibilities for the diethylenetriamine ligand
(Chap;er 3) and disorder phenomena in halogen-bridge: mixed-
valence compounds (Chapter 5). They are introduced and

discussed in their respective chapters. The theory and

methods of heavy-metal X-ray crystallography (the procedure



used throughout this work) are first outlined in Chapter 2.
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CHAPTER 2

CRYSTALLOGRAPHIC METHODS

2.1 Introduction

A good measure of the importance and usefulness of
any physical technique is its rate of change in terms of
theoretical basis and technical methods. As the ﬁrecision
and -accuracy of the physical measurement are improved, and
as the 'biind' faith iﬁ the results becomes acceptable,
more demands are made on the nigue, and stricter experi-
mental criteria must be imp;:::§\}\ra ystallography is

fast becoming one of the most important tedhnigques for the

characterization and study of various compounds, and as a
result the methods of acquisition and treatment of X-ray
diffraction data are constantly improving, especially in the
study 6f macromolecules. Although basic diffraction theories
still apply, there have been many advances in the practice
and theory of data collection (area detectors, synchrotron
radiation, triple-beam experiments, computer controlled dif-
fractometers, etc.}, of data analysis (more efficient compu-
ters and algorithms, new direct methods of phasing, etc.),
and of interpretation of results (graphics, information
storage and retrieval, correlation studies, etc.).

In our laboratories, X-ray crystallography procedures

11
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are continuously being upgraded as a result of new computer
software and hardware, stricter requirements imposed by
crystallographic journals, and knowledge gained from tackling
difficult problems. The material presented in this chapter
focuses on the proéedures and computations used for the most
recent structure solutions, and any significant differences
from earlier methods (i.e. those used for certain structures
Presented in this thesis) are mentioned. Where problems are
incurred in solving crystal structures, methods of handl;ng
or avoiaing them are sﬁggested. Before discussing procedures,
however, a brief outline of the basic points of single crys-
tal diffrgction theory is presented in SectiSn 2.2. Full
introductory treatments can be found in such texts as those
of Buerger (1942), Stout and Jensen (1968), Woolfson (1979),

or Luger (1980).

BN
2.2 Single Crystal Diffraction Theo:x/////’f\\\

In order to appreciate some of the methods and results

presented in thls thesis, an understanding of the interaction
of X-rays with a crystal lattice is necessary. In this section
the diffraction process and the relationship between scat-
tered X-ray intensities and model electron density (i.e.

crystal structure) are examined.

2.2.1 The X-ray Scattering Process '

The X-rays used in these experiments are chosen

because their wavelengths (~lA) are of the same order of
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magnitude as interatomic distance's, the guantities sought.
Furthermore, the radiation energies involved are suitable
for interaction with core electrons, which have density
distributions centered about the atomic positions. '

This interaction is mainly an absorption of the
radiation and an elastic, spherical scattering of coherent”
radiation phase-shifted by = radians relative to the incident
beam. This process, known as Thompsoﬁoscattering, is possible
because each electron is in a fixed energy state. For an
atom in a monochromatic X-ray beam an atomic scattering
factor, f,, can be calculated from the known radial distribu-
‘tion of electrons around the atom, using theoretical elec-
is the ratidq of the total

tronic wave functions, ¥ £

n* “a
amplitude of the coherent scattered radiation from the n
electrons to that of one free electron positioned at the
atomic center. Its magnitude decreases radially:as the angle
28 (between the direction of the iﬂE}dent beam and the dir-
ection of the scattered radiation)Y increases .to © radians
{see Figure 2. 1) The atomic scattering factors for X-rays
are tabulated in the “International Tables for X- ray Crystal-
lography" (Cromer, Waber (1974)).

For an atom shifteq from an arbitrary origin Q by a
vector r,lthe scattering amplitude is given by fa’28exp—
(2rir-s), where the scattering vector s is defined in Figure

2.2. The exponential term accounts for the phase difference

of 2ar-s in the wave scattered from the atom relative to the
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0.0 0.5 1.

Figure 2.1. Typical atomic scattering factor curves

14
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phase of a scatterer at the origin. Thus for a macroscopic
solid sample of n atoms, each atom exposed to —irradiation
of the same intensity, the total amplitude of the scattered
radiation at angle 26, relative to that of all atoms scat-

tering from the origin, is given by

n
Fog =j§afj’263xp(2ﬂirj'§) (2.1)
or
n . n
F28 =j§ifj,29cos(2nrj-s)+§£Efj'2651n(2nrj-s) (2.2)

The intensity of the scattered radiation" is directly propor-

tional to the square of the wave amplitude:

&

.
T2 = KF24F2¢ (2.3)

2.2.2 Single Crystal Scattering

B The X-ray scattering experiment described thus far
can yield no information on the molecular structure of the
.compound unless the sample is a single cfystal. In a single
crystal, the atoms or molecules are packed in such a way that
a pattern is repeated in three dimensions. The building block,
or unit cell, is defined in terms of a basis set of non-co-
planar vectors a, b, and ¢, or the scalars and angles:
@ opposite a, 8 opposite b, and y opposite c.

A unit cell can belong to one of seven crystal

systems, defined by symmetry-imposed restrictions on the

cell parameters (see Woolfson (1979), p.9). The cell symmetry

1 . ) ’ o
. .
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o 7 | ] -
is a result of symT?try relationspips among the atoms of.
the cell (rotation axes, mirror planés, inversion centers).
biffergnt combinations of symmetry eleﬁents allow th ty-two
poqﬁibie cryshal classes.'With the addition of translafional
symhet;y—el_mz
which generate the fourt avais lattices from the seven
crystal systems, a totififiajzo threé;dimensional spa?g/ '

) o
groups are possible. .

nts (screw axes, glide planes, centerlng),‘

The periodic arrangement of jtoms in a single crystal”

gives rise to sets of parallel plan:s of identical electron \“‘)
dlstrlbutlon Each plane is separated from its pe;allel ne1gh*

. bour by a constant vectdr d along the normal to the plane
+ {the w-axls). The set of planes which cut the a, b and ¢ axes \\—"—

~ . at 1/h 1/k and 1/1, ~respect1¥aly, are indexed hkl. The
repeating nature of the cell in the lattice restricts h, k,
and 1 to integer values. Bragg (1913) has shown that in order”
for constructivg interference'of,Tﬁompson scattered X-rays

Q . ,
to occur, these, planes must be allgnedbat an angle 6 from

-~

the incident beam such that

2dpxisine = na : (2.4)

The direction‘ofAthéVﬂreflé&ted' beam is 28 from that of the )
incident beam or ¢ from the set of élanes (as in Figgre 2.2
with the hkl Qla£§<§isecting'and perpendicular to g, i.e,r

sl . The inteéef n is simply the factor which relates the

Miller indices of the external-face of a crystal to the hkl

'\.-/‘ ! / ' a



indices of an internal set of planes (eg. the 422 set is

parallel to the (211) face, with n = 2). Braég;s eguation
- - _
thus explains why, for a crystal with at least several

hundred planes per set, the scdttering is discrete and not

continuous, similar to a reflection vf the incident beam

-~

from the set of planes. ‘¥’,/3'
It can ‘be seenm from Figure 2.2 that the magnitude of
$ is given by - o ' ' *
Shxl = 2s5ing/a ] {2.5)
, ,
" 4
From Bragg's law, with n = i,
- 1
s = 1i/d (2.6)
o~ . +5hkl = Ydpky .
or ) a)
_ ) 2
. Shrl = dhkl/dhkl (2.7)

: . s .
since § and 4 ‘are parallel. Laue (1912) defined conditions
for diffraction by a single crystal in terms of the vector

. He stated that discrete diffracted beams would arise only

= h, bé= k, and ¢-8 =1 (2.8)

simultaneoﬁsly: Again, f& set'of‘integers h, k, and 1, a -

am angle 8, is reguired for an observ-

able 'reflection’ ¢ \\'”)(J

To simplify ﬁﬁ?émg}schssion, it {s convenient to

;“&n&;‘,nﬁ-h‘*d”“
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. . . ' *
define a cell in 'reciprocal space', with basis vectors a’,

b* and ¢* related to a, b and ¢ such that

a-a* =1 a-b* = 0 a-c* =0 -
b-a* = 0 b.-b" =1 b-e* =0 (2.9)
cra* =@ c-b* =0 ¢-¢* =1 /

This gives a r?ciprocal cell, fixed relative to the real ;;1&7.
with the basis vectors perpenaicular to the real cell faces
(eé. a*lb ang a*J.c) and witﬁ,inverse length for unit dimén-
sions. The complete set of relationshipé among the scalar
constants of the two cells is presented by Stout and Jensen

(1968}, page 31.

(2.10)

Therefore, the planes hkl iq real space each have g corres-
ponding lattice point# hkl in reciprécal Epace, at a distante
Shkl or ;/dhkl from the'origin.along the normal to the piane
(parallel tp d} . Equation (2.10) has the integers h, k, and
l‘as scalars since they give a solution for the Laue diffrac-
tion conditions (2.8).
From equation (2.1), the (struéture factor' or ampli-

tude now becomes .

.}3 it . * * 5 * .

Fyg) = ;E;fj’zeexptznlr-(ha +kb™ +le*)) Cod2.11)
and is.zero when the diffraction conditions-are ndt met. The

b W
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summation is now over the n atoms of the unit cell, each at

position

in the cell. Fpry 1S now relative to the potential scattering
amplitude of the total cell contents situated at the cell

origin. Equations (2.11) and (2.12) can be combined to give

n .
= i L] » - * * *
Frkl = -iifj’ZBexp(Zﬂl(xja+bi+ZJc) (ha™+kb +1lc )}

J:
or .
n
Foxl = jgifj,ZeexP(Z“l(hxj+kyj+lzj))
or
n -
Fuk1 .= ﬁzifjrzeexp(l¢j) {2.13a)

where.¢j +=the phase shift of the jth atom,

65 2n(hxj+kyj+1zj) . | . (2.-1313)

9

In section 2.2.1 it was stated that stationary atoms
were scattering X-fays phase-shifted by n radians relative to
the uniform intensity ihcident beam. Three assumptions in
tﬁis model are not generally valid, and corrections must'bé
made to the calculation of the structure factor, Frky-
Firstly, atomg afe not stationarx, but'haQe thermal motion
which, in general; is-aﬁisotropic. This results in the spread;

.

ing out of the electron cloud for eaghfétom, thereby adjus-
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\iiig the radial scattering power. To account for this, the

dsgmic scattering factors aré modified:

-

fﬁr2§= fj,ZGex?(—Tj) (2.14)
where
2 %2 2. %2 2 %2 *x % *
Ty = 2-2(Uy 0% 0, k% 24 51 % +2U,,hka b cosy +
- * % * * * *
2U13hla c COs3 +2U23klb ¢ COSg ) (2.15)

\

and the tensor’Ui- represents both the mean sguare amplitudes

J
of vibration along the principal axes of ar- ellipsoid (i = j)
and the orientation of the ellipsoid (i # j§).

Thé second assumption is that the X-rays are elasti-

s cally scattered with a scattering phase angle of » radians.
This is not true for the tightly held core electroné, espe-
cially when the energy of the X-ray is near an absorption
edge of the scatteriﬁg atom. fa,Ze ﬁust therefofe be modi-

fied by an amplitude factor, Af', and a phase factor, iaf",

the so-called "anomalous dispersion" corrections:

fj.= (f5’28+ﬂf'+iﬂf") ‘ (2.16)
These extra terms are, of‘cgurse, functions of £he waﬁelength,
but do not vary with sing because of their core electron
origins. The magnitude of the effect generally increaées with‘
increésing atomic weight. The correction factors are tabulated

in'the‘international Tables"(Cromer (1974)) .

The third assumption is that the whole of the crystal
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interacts with x-irradiaiion of a constant intensity. This
is true for weaker reflecpiohs, but for strong, low angle
reflections the ihcident beam is significantly weakened by
upper planes of scatterers. Thus the lower planes cannot
contribute fﬁlly_to the 'reflected' beam, and the intensity
of the affected reflection is weakened relative to the rest.
of the data set. Zachariasen (1963) has formulated a correc-
tion for this 'secondary extinction' which was applied to
the célculated strﬁcture factors by Larsoﬁ (1967){Fc = F .

hkl

(1 + 95F§k1’j% with g variable and B8 a function of 2¢). This

was later modified by Sheldrick (1976) to give

-
= F,. . (1-0.0001aqF2 _/singy
F, = Fhkl(1-0.0001thkl/51nB) (2.17a)
where g is a variable pParameter of the order of 10~3. Frkl
1s now given by'
n :
Fikl = jEi(fj,26+ﬂf'+iAf")exP(i¢j)exP("Tj) (2.17b)

~

In order to make use of equation‘(2.17), the inten-
sity data, Ihkl' musﬁ be expressed as .2 set of stJLcture
factors, Fo. In general, the intensity of a'beam of light is
pr0port10nal to the sguare of the modulus of the amplitude.

' For 51ng1e crystal diffraction the proportlonallty constant .
must accdunt for several factors. Corrections are made for(

absorption (%), polarizationi(p), and the Lorentz effeot (L) :

Ihkl = LPIFp, | 2/a%t2 (2.18)
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1/t is a proporticnality constant. Rearranging (2.18) gives

=" +t(1_, . A%/Lp)* (2.19)

Fo = [Pyl hkl

where the plus sign indicates that the positive root is
taken. For the remainder of the text |[F,|, although some-
times redundant, will be used for clarity. The transmission
factor A" is used to correct for the X-ray absorption by

the atoms of the crystal, and has the general form

-

AY = V{fexp(ux)av) -1 (2.20a)
* : N

where u is the linear absorption coefficient, V is the

crystal volume, and x is the length of the X-ray path

’

through the crystal.

n .
b= Ty, (2.20b)
=1 :

Sl , ~,

where the summation is over the n atoms of +: tnit cell.

"The atomic Mar, 1n units of cm-l, are tabulated in the

"International Tables”(Cromer (1974)) .
The integration can be a roximated numerigcally if the cr s-’
g ‘ car PP (C Y‘/*\ Y

tal dimensions and orientation are known accurate%y;#;§¥ -

practice, a traAsmission factor composed of an'analyticai\'

* L. * .
term, Ae, and an empirical term, Aw, are satisfactory (Flagi\\

(1974)). Thus
N ’

>

* * &
A = AGAw (2.21)

A: is calculated and applied at the time of data

N
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collection. An intensity measurement for a reflectiqn_of -

reasonable intensity is taken at several ¢ settings (By

rotating the crystal around the diffraction vector 8), and

an empirical correction curve for the shape of tne crystal

in that 26 region is obtained. This process is repeated

using reflections representing 26 values which span those

of the data set. A value for A; can then be interpolated

fq; eacﬂ reflection in the data set. The data is thus mod-

ified to represent a crystal with a C, axis. Therefore the

crystal can be approximdted-as a cylinder or sphere of radius

R, which can be calculated from the volume oi\EPe crystal,

and an analytical correction‘for 20 dependence of absorption

can be applied when uR is known. The values oftA; can be '

.

obtained by interpolation of the values given by’Bond (1974),
The Lorentz correction, L, is necessary because the

intensity of tse diffracted beam is a function of the time it

takes for the reflecting planes to pass rough the Bragg

angle. This in turn depé&ds on the gegfietry of thelgata col-

lection.nethod, and for the procedur used for this work

{c.f. 5 2.4) - ¢

- , . L = 1/sin2g ‘. _(5.22)

) | K

The polarization factor, p, accounts for the i%ss of
. . : n
intensity of both the incident and reflected beams becauge
of polarization by the monochrometer {(m) and the crystal'_(c),

respectively: ’ : -

r
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w

. l+c0522ch05225c . l+c0526mc05226c
p=f ‘ + {(1-£) (2.23)
l+cos22-:~m . l+cos2&m

where f represents the fraction of mosaic spread in the
monociiromator. When no monochromator is used, (2.23) recuces

to
p = (l+tcos?2e)/2. - (2.24)

The scale factor t in eguation (2.19) can be esti-
mated from a Wilson plot {(Wilson (1942)) when the cell ton-
i : .

tents are known. This is not often the casef however, so a

'relative' structure factor and its estimated standard devia-

tion are defined:

-

Fre1 = |Fol/t = +(1,, a%/Lp)® (2.25a)
© G(F) = o(1)- (a%/2p * Ip) (2.25b)
7 rel ? . '

2.2.3 The Phase P}oblem

In section 2.2.2 an expression reléting the coordi-
nates of the atoms in the unit ceil of a single crystal to
a reflection (hkl) structure factor, F.» was derived (egua-
tion (2.17)); By substituting F. for Fyky in (2.18) the‘
intgnsity;lhkl, for a reflection from the set of planes hkl,
can be obtained. In the X-ray experiment, however, it is the
intensities which. are measured, from which are derived the

-

structure factors (the |F0|'s or F..1's}). Eguation (2il9)
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shows that IFOI is the modulus of F +H(FLF )%, and the

hkl’
phase angle § is not available. Therefore the F.'s caﬁﬁag

be obtained analytically from thé‘Ihkl's, and the atomic
parameters cannot be calculated.

Fortunately, there are two general methods which can
-be used to determine the phases. The first of these, known
as 'direct methods', solves the structu;e by directly assign-
ing phases to the IFo['s. Direct methods are" divided into
two cases: centrosymmetric and non-centrosymmetric-

In a centrosymmetric packing of atoms in a celi the
inversion center at the standard origin relates the position
X,¥,2 to -x,~y,-z such that the electron density dlstrlbutlon
at each of the two points is identical. From (2.13b}, —¢j =
—2n(hxj+kyj+lzj) = Zn(h(-xj)+k(-yj)+l(-zj)): Using (2.13a)
and (2.14) and sepafating the center-related atoms in the

.cell: *

*n/2

Faent = }:lfi 281exp(i¢j}+exp(—i?j))

and by Euler's formula

‘n/2

[ 2 .
Foent = z:lf3,26( cos¢j) (2 26{

« ' ‘ ﬁi:
?ince ‘the cosine is an even function,

Feeng (hrk,1) = Fcent( ~h, -k, -1) (2.27)

Equation (2.27) is Friedel's law, and holds for centrosym- /.
A .

’
i e

)
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) :
metric structures whether or not there are anomalous disper-

-

sion éffeats. Equation (2.26) illustrates that for centro-
symmetéic structures with negligable anomalous di5persion:
the total structure-rfactor is a real (not complex) number
with a total phase of either 0 or . Thus the centrosymmetric
direct methods involves only the determinaqion of the signs
of the |F_|'s. This is accomplished by eétmining_strong
reflections, assigning a few starting phases based on origin
shift parity considerations, and then using the Sayre Equa-
tion (Sayre (1952)) and probability statistics for phase
extension to other réflections. Full treatments of’the method
are presented by Lugeé (1980) and Sayre (1982). For the non-
centrosyﬁmetric case a modification of the Sayre Eéuaiion

due to Karle and Hauptman (1956), known as fhe ztangeht
formula', must be used. This case is also. discussed by Luger
and 5} Sayre. Direct methods were not required for any of

the structures presented in this work, and therefore will

not be discussed further.

The alternative épproach to solving the phase prob-
lem involves finding a model structure, ca%su{ating the
Structure factors with their phases (centrosymmgtric or non-
centrosymmetric), and then refining the model so Ihat the
moduli of the F_'s approach the [Fol's. This proceéé is
carried out in three separafg steps:

1) Rough or.partial model is found and F.'s are obtained.

2) The |F_|'s are compared to the iFoI'i and an agreement

. rs ¥
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(R) factor is determined. An electron density difference
map is calculated from which modifications to the model
are obtained.
3) The model is refined by least-sguares calculations mini-
mizing gif(|po|-tiy)2' Steps 2 and 3 are repeated until a
satisfactory model is obtained.

Although ﬁost of these calculations are automated,

: )
intervention by the crystallographer is necessary in steps

one and two,ﬂénd often required in step three. Therefore
these procedures will be examined briefly.

Several methods exist ﬁo find a.starting model,
including trial—and—érror, heavy-atom, anomalous dispersion,
and Patterson methods (see Stout and Jensen (1968), chapters
11, 12 and 14). In any strucfurg solution, the symmetry of
the cell contents is the first consideration. Examination of
the cell patamefers and fhe intensity weiahted reciprocal
lattice gives indications of mirror planes, rotation axes,
and pbssible inversion centers. This is normally doné by
photographing layers of the reciprocal lattice and indexing
the spots. Translational symmetry operations are indicatéd
by one-(screw axes), two-(glide planes) or three-dimensional
(face or body‘cgntering) extinction patterns in the lattice.
A two-fold screw axis alpng b, for eﬁample, is a result of
an interleaving layer of eiecFron density between and identi-

cal to the faces perpendicular to the axis, but rotated by

m radians around the axis. This layer diffracts exactly out
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of phase with the 0k0, k odd, layers and the resultant
intensities are identically zero.

The determination of the space group possibilities
from the known symmetry operators can greatly reduce the
volume of the cell for which an aﬁomic rmodel must -
be found, and conseguently reduce the numbetr of calculations
involved. In this work, further simplifications arose because
the compounds studied all contgined the heavy atom platinum.
This allowed all unknown starting‘models to be found using
the Patterson method.

Since the measured intensity of a reflection is pro-
portional to the product  of the structure factor and its
coﬁplex conjugate, we get from (2.%) (simplifying'subscriptsij
I~FF = (L f.exp(Znii‘."S) ) (L ffexp(-2nir. +8))

3 3 o J.. 5 3 J R

or

1 --fi_‘ )5"_,' (fjf:)exp(Zni(rj—ri) -8) | 52.23)'
where the f's'are the corrected scattering factors. Equation
{2.28) illustrates that thg measured intensities are related
to the interatomic vectors,‘rs—ri, weighged by the product
of the scattering powers of the atom pairs (fjf;) at that
particular sine/)» value. P%ttersoﬁ {1935) ust a Fourier
transformation to map the intensities, or IFOIZ'S;“in recip-

rocal space into interatomic vectors in real space. Thus,
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P(U) = (EF cosZnu §5I/V (2.29)

where V is the cell volume and P{u) is.the value {(or height)
of the Patterson function at u - ua+vb+we. A three dimensional
map of P(u) W1th1n the Patterson asymmetric unit of
the cell gives peaks corresponding to the interetpmic vectorsl
for all atom pairs. (A more rigorous derivation using the
convpblution theorem is given by Luger (1980}). Because the
peaks are proportional to fjfl, vectors between heavy dtom.
centers will be much hlgher than those between heavy-~light
or light-light atom pairs. Therefore in heavy-atom structures
the position (x,y,z) of the heavy atom can be derived from
the positions of the strongest Patterson peaks with knowledge
of the symmetry relatibeships among the atoms. For example,
in a centrosquetric Structure with Pt atoms at (x,v,2) and
(-x,-y,-z), a Patterson_peak will eépear with u = 2x, v = 2y,
and w = 2z. The situation becomes more compllcated when several
independent heavy atoms are ip the cell, but the same pProce-
dures (with more variables)' will give a solution. With a
partial model available a trial set of Fé‘s‘cen-be obtained.
The second step in solving the structure (after any
method of phase determination, including direct methods)

requires a comparison of the F.'s to the [F,|'s. The R-factor

' - .
is used as a figure of merit:

!

EHFl-IF o |
R = Ef’ I < _ (2.30)
| Fg
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d ,?
or )
(Cutlr_|~|F_[)2)%
. Rm = L* 2C {/ (2-31)
(Culr |2 | - |
where
- t u o= (o el )P (2.32)

and the summations are over all |F, | 's greater than zero.
e 1s the estimated standard deviation in |Fol from counting
statistics. G is of the order of 10-3 and allows HFrgl-

|F.|| to be independent of |F |- The IFo];s are scaled to

&pproximately absolute values by equating J . [F, | to_'.E |F.].

If the R~factor indicétes that the model is reasonable
‘(ie. R<0.4) then a Fourier synthesis of a three dimengional
electron density difference map is produced.

Electron density in a single crystal is a periodic

function and can be represented by the Fourier series

p(x) = (jEFjeirp(-—Ztlrir-stV | 2.33)

where the Fj are structure factors with phases and p (r) is
| . . .
the density at posidion r, and it is mapped in three-dimen-=
3 . P .

sions over the asymmet

ic unit on a grid of r values. To
relate the F_, density model (which is not actua ly cal-
culated) to the [F0| generated- density, the IFb s are gi

the phases, §' s, from %he correspondlng Fo

. » A
F, = ch]exp(is) = A+iB (2.34)

L&)
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where

“hg
>~ tané = B/A , (2.35)
) ~,
: C\/—'
and
~
|F. | = (a2+2)r - ~H2.36)
- x-‘-*/ﬁ
A‘diffgiggéﬁ map -ig obtainé? when the Fj in gquation (2.33)
are replaced by L ol -
AFj =’(lFo|—[Fc])jexp(16j) | ‘ (2.37)

The finite number of ‘terms, AFj, in the Fourier
'synthesis and the dhcertainty.iq the Gj's result in spurious
peaks and valleys in the map, but in general the larger peaks
correspond to missing atoms nd the deeper valleys indicate

-
incorrect at positions. For an adequate model, the peaks

: co e o . C . ; -
and valleys may indicate that slight position adjustments

are réqhired, or temperature factors need.médification.
Absorption and extinctidn’problems also increase fhe 'noise’
on a drfgé:ence map. The noisy difference map for heavy atom
sﬁfuctures often makes it dlfflcult to locate hydrogen atoms,
althdugh when low angle feflectlons are given 1ncreased
weight, they ftep appear{iSheldrlck {1876)).

Following construcgihg\of the model, several cyclgs

of lfast-squares refinement of the model parameters are

performed.. The technique is standard and automated. For X-ray

data, the quantity minimized ijs M = e(|F __|~|F ])2, where
. /2€~ = or' "Ver

_f f’\ﬁ“‘ :

J -

s el e ke Lcam

il e e et e e R =
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the summation is over all observed (EFOi>O) data and the
variable parameters are *he positional and thermal atomic
parameters which define the F.'s. Other parameters such as
scale factors and secondary extinction parameters are often’

-

refined. The basic process involves differentiating M with

respect to each of the parameters, ané setting the sum of

‘the partial differentials equal to zero. |F.| must be expres-

|
cl
$ed as a truncated Taylor series in order to make it
linear. After differentiation, a set of NP linear equations

with NP unknowns is set up in matrix form:

Ax = v . ’ (2.38)

. L.
where NP is the number of parameters, A is a sguare matrix of
aij representing sums of weighted products of partial deriv-

atives of F_.'s for pairs of parameters p:

- . : | :
aj4 = gurachrl 9|Fcr, (2.39)

3P 3P, i A

X is a column matrix of the approximate correction to the
parameters, épj, and v is a column matrix with elements v,

representing the sums of weighted differences, ]IFO]-[FCII =

AF, times the partial derivatives:

vi = L wp(sF) a[Fc (2.40)

i !
r

api

The corrections contained in the X matrix are found by

Ca
ST
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'invertiﬁg A, with B = A ™, and multiplying through (2.38):

x = By, (2.41)

The Apj's are then added to the pj's to obtaig a new set of
pj's, and the F_'s and R-factors are recélculated to check for
improvement in the model. Estimated standard deviations in

the parameters are obtained from the diagonal elements of

the B matrix, the bii's
- - X .
Op; = ((bll z mIAF )/(Nused-l\[P)) (2.42)

where N,seq is. the number of reflections used for refinement.
The B matrix also contains information about the
correlation of parameters in the refinement. A correlation
éoefficient is given by cj5 = b‘-.(b--)";i(b--)_!'j and can range
from —l to +1. Slmply put, when |c13[ is much greater than
0.5, it is approximately an average of Pi and pj which is
refined, and convergance may be slow or impossible. This
problem is averted in cases where correlation is not a necés—
sity (for example whpn atoms are related by pseudo-symmetry)
by using a block dfggonal matrix instead of the full matrlx
A, and refining different parameter blocks in different
refinement cycles. An even number of consecutive cycles for
each block is required to prevent,divergehce of the correlated
parameters. The:final cycle of refinement regquires use of the

full matrix in order to give a proper estimate of the op's.

The refinement is considered complete when the ]Ap/cp[ratios
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become very small (<0.l), and the R -factor is reasonable
(<0.07).

From the final set of atomic parameters a set of
interatomic distances ({(bonds and contacts) and the angles
"between the interatomic vectors can be obtained, with their

estimated standard deviations. Torsion a gles and least-

squares planes can also be® calculated. The uations used
are given by Stout and Jensen (1968) and by Pippy and Ahmed
(1968) . XKnowledge of the struéture also allows an accurate

crystal density calculation to be made.

2.3 Preliminary Experiments

In this ;ectioh the discussion will focus on the
procedures used to obtain information on the cell contents &\
before the collection of intensity data. It will begin with
the selection aed handling of single crystals. The actual
sources of the crystals and any soectroscoplc studles not
dlrectly related to the X-ray work are outlined in the appro-
priate section for each compound studied. In general, however,
each type of crystal was obtained from ehe slew'evaporation
of an aqueous solution of the compound and was. at least

- '
temporarily air stable.

W

2.3.1 Cryséal Preparation

The crystals were first examined under the stereop-
microscope, and were considered zcceptable if they were

clear and were at least 0.05 mm across the smallest
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dimension. They were then rotated under the polarizing

microscope, where uniform extinction indicated single .
crystals. following this, stability in air was tested by

dbserving the response to cutting or pressure. Often hydrated ;
crystals will lose lattice water to the air,‘and this process ’
is hastened when thne Erystal is fractured. Crystals-which
were found to slowly decompose were handled carefully\in a
petri dish which was sitting on crushed ice. Spegimens' £
apprOpEiéte size and shape were guickly sealed in 0.2 mm
(inner éigmeter) glass capillary tubes containing-water
droplets.

Hard, irregular crystals were_ground to sphéres in
order to simplify the cofrection for absorption. ﬁeedle-
shaped crystals were mounted with the needle axes col%inear
with the glass fiber axes. This simplified crystal alignment
on the camera, since the needle axes are often par&llel'to
cell axes. It also makes analytical absorption c&rre;tions,
easier. The maximum crystal dimension allowed wés 0.5 mm,
to guarantee that the crystal reﬁained fully immersed in the
X-ray -beam. Some ¢rystals were cut to tﬁe desired size and
- shape if they were too soft to be grodh&?*?be size was
chosen to minimize the absorption problem and maximize the
intensity, withlthe average dimension approximately 3/u ..
when the linear absorption coefficient, p, was known.

In some cases, crystals with well defined faces were mounted

as found, with the glass fiber axes parallel to as many Taces
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as possible (i.e. g%png possible zone axes). Each crystal
was glued to the fiber (qr capillary when ne;essary),with
epo;y glue. The fiber was stabilized in a brass pin with
plasticine and a coating of type correction fluid ("Liquid
Paper") was applied around the base ﬁo assure rigidity.
After securing the Pin in a goniometer head, the crystal

was optically centered on a Buerger precession camera for

initial X-ray examination.

2.3.2 X-ray Photographs

b

- The Buerger precession camera was used to determine
the cell constants and the space group possibilities by
photographically mapping out the necessary regions of the
reciprocal'lattice for each crystal. The sample was aligned
on the precession camera (usinq standard methods, Buerger
(1964)) so that a reéal cell axis (eg. a) was parallel to

the primary X-ray-beam and cne of the perpendicular recip;
rocal cell axes was in the horiéont%f planf-(eg. ¢y, o
parallel to the spindle, or ¢-axis of thé camera. The rad-
iation used was Zr-filtered MoKa at a 59 kv, ;2 TA power
setting (A = 0.71069 ). A film-holder, perpendicular to

the primary beam, was mechanically coupled to the crystal at
a distaﬁce of 60 mm. An annular screén was positioned betfeen
the cfystal and the film in such a way as to allow only one
layer (or cone) of }eciprocal %ftgice points to d@ppear on
the film. By adjgsting.the crystal, screen, and film to an

angle of 30°'from thqurimary beam, and allowing the sys%em
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" to precess at this angle arcund the beam axis, the hkl.

-
-

planés of the crystal cquld each repeatedly come into reflect-
ing position and produce a reciprocal lattice point on the
film. The resulting photogréph {after appréximately 24 h
exposure) showed an undistorted representation of a zero
layer of reciprocal space (eg. Ok{) scaled by 60X mm-A.
Rotation about the spindle axis ieg. by y. to place a second
axis (eg. b) parallel to the beam was su ficient toc align
the crfstal for a different zero layer photograph (eg. ho0l).
‘\ht each spindle sét ng film positions, screen sizes, and
écréen positﬂé;;>wére_calculateﬁ (ﬁnternational Tables®
Vel. II, page 194) and set to obtain photographs of upper

layers {eg.‘

hil, 1k1l), which were required to determi the
Space group possibilities. '
The reciprocal cell axes were chosen_ﬁg coincide

1 -
,_\Eiir any symmetry elements observed in the reciprocal lattice

{eg. diad axes, tetrad axes, mirror planes) and right angles\hx

between axels were noted. Patterng of extinguished reflections,

N T

when observed, helpgd identify the axés and were used to
N | )

decide on space group possibilities (International Tables';
vVol. I) T , ‘ /)

\4-"—-\_‘__ '
C— Another type of photograph used was the rotation
photograph, obtained on a Weissenberg camera. On this
camera the crystal is aligned and rotated about a real axis,
which is perpendiculaf to the primary beam and coincides

with the axis of the cylindrdcal film holder. The resulting
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‘photogfaph shows the reciprocal lattice planes perpendicular
to the rotation axis as parallel lines of unevenly spaced
reflections. The spacing between the lines is directly
related to the lattice constant of the rotation axis (see

b
>
Luger (198J) pp. 52-56). When a third zero layer was required

[

(to checkkintensity symmetry, foE)example) the aligned cry-
stal was transferred from theiBSéfger camera to the Weiséen-
berg, camera and a.fuff'zero layer was_photographed (eg.. hko).
The camera was fifted with a slotted screen to allow only

the zero layer line to be récorded, and a translational///
motion of the film in the direction of the crystal's rotation
axis, coupled to the rotatiQQ (2°/mm in the 280 direction),

mapped the zero layer onto the film in two dimensions. Thus

the spots could be indexed (and compared) .

2.3.3 The Cell Conternts ™

Any physical or chemical evidence suééﬁgging possible ~
molecular. species or functional groups in the crystal is
often useful in structure solution, but the crystallographer
must not be‘too biased as QP what the answer should be. The
Tost trustworthy experiments are ddne with isomorphous cry-
stals from the same batch, and the two most useful are
elemental analyses and density measurements.

The él%Pental analyses of crystals prepared in our

laboratory were done by either A. B. Gyglj; Microanalyses

Laboratory, Toronto or by Guelph Chemical Laboratories,

- "
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Guelph.

Densities were measured, when possible, by the flot~-
ation method, using a mixture of two l% ulds,~one more dense
and one less dense than the crystal uner study. The density

of the liguid mixture was measured by the standard pycno-

meter technique.
The results of these tests were useful in determining
the exact atomic contents of the unit cell, and in checking

the density calculated from the model structure.

oo

2.4 Data Collection

2.4.1 The Diffractometer * ) \

The X-ray diffraction inﬁénsity data for,this study
were collected using either a Syntex P2y or a Nicolet P3
diffractometer. The following discussion applies to both
instruments, since the hardware and software required were
essentially identical. All data measurements were made at
room temperature, using Mo Ko radiation and a graphite mono-
chromator (the‘200 reflection, 29m=12.06°).

The diffractometer consists of a four-circle gonio-
meter, an X-ray tube, éqd'a scinéillation counter resting
on an X-ray genératorﬂ and a separate computerized control
module with a keyboard, printer, and magnetid tapé mount.
The four concentgic circles (see Figure 2.3) 26, w, ¢, and
x can be used independently to adjpst the position of the
scintillation counter and the orientation gf the crystal,

c
N
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detector

The four-circle goniometer
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which is optically positicned at the intersection of tiz/
circle centers. The 26-circle moves the detector relative

to the fixed incident beam such that all measurements are
1
made in a plane parallel to the base of the goniometer.
The w-axis céincides with the 28-axis and is used to orient

the y=circle, the plane of which is always perpendicular to

the base pl&ne. In the normal data collection mode (26-6)

]

‘the w-circle is coupied to. the 26-circle such that w» = 9.

1 3

The ¢ and x—circié; are then required to adjust the orienta-
tion of the crystal so that the diffraction vector 8 for the
reflection being measured is_in the x—circle.and pafallel to
the base of the plane, bisecting the 26 angle. There are né/f’

restrictions on the $ or x settings in the room temperature
T

- 20-8 mode, but 28 is restricted (physically)} to the 0-120°

range.
‘n
2.4.2 Orientation ' o
: *
The first step was the optical centering of the

crystal, which was aided by the telescope attached to the
x-¢ircle. The orientation of the crystal was not crucial
because of the four circle design, but.attempts were made to
alién cylindrical crystals with the cylinder a*es along the
2;, w=axis (with x = 0°) in ordgr to miﬂimize eiFors in Fhe
absorption corrections. The crystal shape and dimensions

wexe then recorded.

_ The second step was the determination of the

=
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orientation tfix, Whifh relates the cell axes to the

.

crystal axes (. Figure 2.3), which in turn are related

to the diffractometer angles. The process involved first

ll‘

setting all diffractometer angles to zero and then taking

a full o-rotation flat polaroid photograph of the crystal.

' - . . '
The full rotation generated a ~vertical 2—fold axis on the !

ed twice) and a horlzontalq
2- fold axis relating the Friedel pairs. Examination of the
spot shape.andJFEQ%Fsity range w?s used to{indicate whether
®r not the crystal and the power setting (ﬂormqily 50 kv,
15 mA) were appropriate. o

Up to fifteen sets of &%stances between the symmetry,
related Spéfs 6n theﬁZ&lm were entered into the diffracto-

meter ComPUteE“\iﬁé,/

e x and 2 values for each reflection

‘were calculated. A centéring routine was ed to determine
: | M
the—péecise location of each reflection: wi the calculated

x and 2¢ angles fixed, ¢ was rotated untll a reflection was
detected. The 6/;1ng process began with a slow w-scan
through the peak to find its maximum. Thiﬁf%as followed by a
2¢-scan, ansther w pass, and finally a scan using y rotation.
The process was automatically repeate\Luntll the changes in i
w,, 28, a re less than 0.001, 0.0%, and 0.04°
respective .
The set of centered reflections was .then uggﬁ to

generate a set of 30 indexed vectors “Nn an arbitrary cell.

Each vector length and the cosines of hhe angles to all other

oy .

> 4v

T
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vectors were printed outg::;;\from thlS llst the” basis

vectorsﬁjf thgkﬁrue cell, previously @s é%j}ned on the

precession camera, Wwere used to reindex the chosen.iéflec-
\
tions. These properly indexed reflections with refihed

angles were used in a least-squares calculation to determine
the orientation matrix and the cell parameters with their
estimated standard deV1at10ns. The matrix was stored in

computer memory for use in calculating the orlentatlon of
-,

.. the crystal for diffractioanaﬁﬁfany given set of hkl planes.

iater, when reflectiOns with 26 values between 20° and 40°

had‘been measured, the centerlng and least-squares procedures

—

-uefé repeated using fifteen ‘of the strQQger high-angle reflect-

;
|

g

I
/

{

3

ions. Choosing all flfteen reflectlons from the s )

hkl
octant gives better unit cell_paramete:s;‘bgt‘when S en.or
eight of them are from the opposite octant, the orientation
matrix is better for ddEa‘collection, Thé algorithms used in

the Syntex-Nicolet software are _.tlined by Sparks (1982).
v . .

I

2.4.3 Intensity Measurement . -

The ranges of h, k, and I values, which were dbl-
lected, were determinéd by the space group possibilities,
the lengths of the cell edges, and the time available for °
data collection. The space group symmetry dictated how many
octants of reciprocal space fg;e-requi;gd to make up a full
unique set{ of |F0| data. When a non-centrosymmetric spagé

group was a possibility, data were collected to include

A

) |

-
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the Friedel pairs, or their symmetry equivalents. A minimum -
of two octants was collected in,6all cases. Whed‘%ime
allowed, symmetry relatedjoctants were examined to-study .
absorptlon effects aggxto reduce’ errors by averaging EQUlV-'
alent reflectlons The upper llmlt for the modulus of each
index was llmlted to the integer nearest to the ratio of\the
.corre5pond1ng cell axis divided by A. A further restriction
limited Zé to a‘maximum of 55°. However, when the,polaroid
rotation photograph indicated that fairly inténse reflections
could be measured at higher angle, a larger vglume of recié-,
. S~y .
rocal space was examined, The philosophy, the or deciding
which reflections to collect was to assume a primifive cell
with no systematic absences, and to collect~everything‘that
could ﬁossibly be needed —— the first time. A trustﬁoft%;
space group determlnatlon could then be made by careful *

[
examination of the dlffractometer dada .

R
Periodically during data collection two or three

b

' standards were measured (eg. after every 48 or 47 reflectlons)
The" 1nten51t1es and peak profiles (printed out on the" console)
were regulwrily examined for any signs of crystal decay or -

movement. If a ‘crystal moved slighfly, the fifteen re

order of  data collection was 1 var ing ﬁastest,‘then k, then _ﬂ

-

h, each incremented in ascending order,
—

4y




ning and the vard scan rat;’option were used. The max-~

v -
R

imum scan .rate wyas 9.30 /mln and the mlnlmum (RBED ) yas

scan

1

no*mally -about”5° /min. Rgégn was set to 2.93 °/min when more

'accurate measurements 'of weak reflections were required.

The intensity measurement was preceded by a fast .scan across

"

the peak whi&h\yas used to determiné Fhe scan rate for that
reflection. The rate was automatically chosen such that the
relative experimental st;ndard deviation was roughly the
‘same for ali‘refiections. The peak was then scanned with the
detector (26 movemeﬂf)_from“}§0° below Kay (31 = 0.70926A)
to '1.0° above Ka, (A, = 0.71354A), with simultaneous move-
ment of the crystal (in w) at half the 26 scan rate. The
tgtal baiF ound measurement time was qét equaf to the peak
sc;nning time,’ and tﬁe counts were made at the 26 limits

- for each scan. o w

The reflection infensity and estimated standard

deviation are given by ' (F’___-_;/' o

I = (N ) (R

T T BGl BG2 (2.43)

Rscan)/8u

TI) =T (NgNp o N VB (R ) /e . (2.44)

—_—

BG1 and NBGZ are the

whe;e NT isg tﬁﬁgtotal peak count, N
background counts, and Au’js the scan range in the w-cikcle

{(Aw = 1°).

.For every intensity measurement the reflection

e —————— =

ORI
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number (negative for a standard), h, k, 1, 2¢, w, &, x, 26
scan range, Rscan"a (16 step) peak profile, NBGI’ N_, NBGZ'

I, ch), and the cumulative exposure hours were printed on

the console'and written on magnetic tape. The local program
'PRELIM, written by Zin Tun, was iused to store all but the
profile information as a file on the CYBER 170/730 or 170/815
computers. Earlie;‘programs did not store angle data, which
are required for calculating empiriéal absorption corrections
based on y-scan data.

Thé Y-scan collectionAwas the final proceduré using
the diffractometer. 36 intensity measﬁrements aE 10° intervals
éround the diffraction vector (y-axis) were.madé for e;ch- |
particular reflection chosen to represent a 26 range. 16 .to
20 reflections were choseh,-with X = 2701"_20.° or x = 90%20° .
The y scan data were stored in a separate file and used

by the program PSI (Calabrese, Burnett (1%(80)) to apply the

empirical absorption correction to the full data set. -

2.5 Procedures and Programs

2.5.1 Data Reduction

The dgta reduction process was used to generate
a unique set Yvof Frel's from the-raw data. After a y-scan
correction, tHe program XRAY76 (Stewart (1275)[ was used to
apply group séale factors based on the fluctuations of the
standards. For each standard,‘a.plot of intensity vs. Sequen—

ce number (i.e. time) was generated boefore and after the

i\\\
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scaling, so that any systeaatic.errOQS in the data ‘could be .
revealed. The estimated standard deviations for the standards
were also caloulated (before the scalingf% A listing of the )
reflectioﬁs was generated, and standardé, negative intensities,
wegk reflectiong (I<30(I)f, and uneven profile reflections
Were flagged. Identical reflections {ie. standards) were then :
averaged. A

The A;, L, and p corrections (equation 2.25) were

>

then applied to the I's and o(I)'s (with I'< 0 reflections
'set to I = 0) to give a set of Frep's and o (F) 's. When the
A; values were unavailable because the cell contents were
not known, A;'was set to 1.0, and after the structure solu- ) !

tion_jA:}ﬁ was applied to each F and o(F).

The resulting set of unaveraged F's and o(F)'s along ﬂﬂ

- with the carresponding h, k, and 1 indices and a flag (obser- °
ved, weak, or systematically absent), were stored as a
file on the CYBER computer for subseguent use in other pro-
grams. o ,
: ~

The averaging of syﬁmetry‘equivaleﬁt F's to give a
'unique' set of data for the chosen space group was done by X i
XRAY76 for the first two structures (3a, 3B: chapter 3).

Because this program supplied only an arithmetic average,

tﬁaveraging for the later structures was done with programs i

al].ov.fing-c{"2 weighted averaging. When enough symmetry related
~data were collected (e.g. 4 or 8 equivalent reflections) the

local: program ABSCHK was used (3C, 3D, 3E; chapter 3), which

T A




‘ally for low symmetry structures. The SHEL(}(Sheldrick (1976))
1
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-2

2 and « =0 in the weighted average. The

set 0 = ¢ _(F}+GF
value of G was determined by fitting (by trial and error) a

curve of SDEV vs. FMEAN to a curve of ESD vs. FMEAN, where

FMEAN = [ wiF'i'/ Cou, (2.45)
- N -_Jl 1 v’: .
- ~
SDEV = ( J w:) ™% (2.46)
i .
. b I wi (F;-FMEAN) 2] %
< ESD = |3 (2.47)

»
/s

: (,JTN—JJ f: wy
, i

with sums over the N symmetry equivalent F;'s”in each set.

After averaging, the’FME'AN'? and SDEV's replaced the F's and

cc's in the reduced data set. Thus later.Structure refinement

using.w = o2

wéights in equation (2.38), that is the o's were 'F—weighted'.x“‘”q?

was equivalent to using eguation (2.32) for the

Also, the tables of |Fg|, |F.|, o data (Britten (1984))

for da sets processed by ABSCHK have 'F-weighted' ¢'s.

UnfQrtunately, the use of ABSCHK was very time con-
N & .
suming, bggﬁ)on the diffractometer and.the computer, especi-

averaging with o weights was used for a

C..

2,5.2 Structure Solution'

The reduced data were processed by-~the structure
solving programs, as outlined in Section '2.2.3. For the
first two structures (3A, 3B; Chapter 3), the programs CUDLS

{Stephens (1973)) and SYMFOU (Rutherford (1965)) were used

other structures. T
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for the full-matrix least-squares and Fourier calculations,

respectively. N was defined as the number of reflections

used
with I > 30(I) plus those with 30(I) > I > 0 and|F, | > [F )
The secondary extinction correction was due to Larson (1967)
The remaining structures were solved using the pro-
gram SHELX (Sheldrick (1976)), which was chosen because of
its great efficiency. SHELX offered full-or blocka&imatrix
least-séuares, Fourier map peak search with a plot of possib-
le molecules , (made up of atoms and Fourier difference map
peaks), condensed data decks, and 'tied' variables. The sub-

routine MOLGEOM from CUDLS was retained for geometry calcula-

tions (bond lengths and angles) and NRC-22 (Pippy, Ahmed

' (1968)) was used for the calculation of least-squares planes )

and torsion angles.
The SHELX calculations (outlined in this chapter)

were adopted from Cruickshank's (1970) text. N,geq Was - ;
defined as the number of measurements with I > 0. The second-
ary extinction correction is given by equation (2.l7a).

For all structures, the final refinement cycles used

full-matrix (occasionally without hydrogen atom parameters)

least-squares methods.

2.5.3 Data Presentation

For each compound studied, the source of the crystal
is first presented, followed by the elemental analyses. A

crystal data summary is then given in abbreviated form:
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s£ructural formula, ionic formula; M, = relative molar mass;
space group; diffractometer used; reflection 26 range for

- cell parameter least-sguares refinement; the cell parameters
not defineg by symmetry; V = cell volume, 2 = ;he number of
formula units in the cell; Dx-= calculated;deﬁsiﬁy, D, =
measured density, 'solvents' used for Dpni e limit for data,
Nieas .= total number of reflections measugéd {including all
standards), minimum Rscan;'temperature at wﬂich data:were
collected; h k 1 (estimated standard deviation from XRAY76)
for standards; the type of absorption correction used, u,

crystal dimensions, A; limits; N = number of reflec-

_ unigue
tions in the reduced data set, including those with I = 0,
Nyseg: NP = number of parameters in final cycle; F(000) not

including Af' or Af"; the weighting factpr w, 5§ = (Ew(]FOI-
|l='c|)2/‘(1‘\1,.158‘:-1—1\113});j (when available from programs used);‘the
secondarf extinction factor g; the maximum shift perierror
[ﬁp/op] (and the éféragg in brackets), R and R, (equ;tions
" (2.307and (2.31)); thé\hiéhest peak and lowest valley on
the final difference map; the programs used.

The list is followed gy the details of the phase

solution, and tables of the atomic parameters XyyYe 2 and U

where U is either U;go ©OF Ueq' ,<::E;«\

U = (U11+p22+U33+2U12c057+2Ul3cosB+2U2 cosa) (2.48)

eq 3

Selected bond lengths énd angles are tabulated, and the mol-

ecular geometry and packing is discussed; with the aid of
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ORTEPII (Johnson (1976)) diagrams. ¢ values used for com~
parison of bond lengths or- angles are given by

0= (012 + 0,2 (2.49)

—

Tables of hydrogen atom parameters ani/égzgzéropic

temperature factors are found in the appendices. The moduli

.of Fg and F, (with o) are given in a separate volume (B;itten

~r :
(1984)). ’




CHAPTER 3

DIETHYLENETRIAMINE AND AQUA COMPLEXES OF Pt

3.1 Introduction A . i

The mechanism of action of the anticancer drug cis- ,
Pt(NH3)2C12 is thought to involve the hydrolysis of the
Pt-Cl bonds in the cell, where the chloride ion is in low
concentration. The resultingbéqua and hydroxo complexeé
(monomers, dimers, trimers, etc.) can then attack the bases
of the DNA, and prevent proper éell replication (Lock,
Bradford, Fagglanl, Speran21n1, Turner, Zvagulis (1977), Lock
(1980), Cleare (1974); Thomson (1974) ; Cleare (1977)). In the
study of the hydrolysis products, compounds having bridging
hydroxo groups have been 1solated in the solid state, such
as [(Nh3)2Pt(OH) Pt(NH;) 5] (NO3), , [(NH3)2Pt(OH)]3(N$)3,
[{(NH3)2Pt(OH)) 1, (80, ) 3-6H 50, [{(NH3)2Pt(OH)2Pt(NH3)2] ](C03)
+3H30 (Lock (1980) and references thereln). However, conplexes
of Pt(II) having terminal hydroxo or agqua llgandi, which are
known to exist in solution (Basolo, Gray, Pearson (1960) ;
Reishus, Martin (1961)), could not be crystallized, even
from solutions at low pH (Lippert, Lock, Rosenberg, Zvagulis
(1977)) . The measurement of th:,» pt(IIi-onz or Pt(II)-OH b;:nd
distance would 5e of interest.in relating the thermodynamic

strength of the bond to its obvious kinetic lability.:ﬁpf

example, is the Pt(II)-0O bond stronger in a nitrato complex
53

e



54

than in an aqua-complex, since only gi_s-Pt(NﬁB)z{ONOZ)Z,
and not an agua-complex, crystallizes froﬁ solutiong*
At the suggestion_of Harrf B. Gray, complexes of

the type [Pt(dien)X]X, where x=I",C1”,NO,~, or F~, and dien=
diethylenetriamine, NH,(CH,),NH(CH,)NH,, wgre prepared.

T@e tridgntate dien ligdand would leave onl&\ons};oordination
site remaining on Pt(II), minimizing the possibilitfy of OH~
bridges forming in'soiution (although mOné;bridged species

are known (Lippert (1933))5. The crystai structures of
- [Pt(dien)Cl]iCl, 3¢, and [ft(dien)ON02]+-N03’,.gg, were deter-
>mined, aﬁd are presented here. Two othgr compounds,‘IPtClilz"'
2 {NE4 (CHy) NHj (CH,) pNH3) 3+-4C17, 3A, and fac-[Pt(dien)Clyl*-
le-HZO, 3B, were also prepared (unexpectedly} in an attempt
to make CgH;4ClgNgOPt3 ( for details see discussion

below). A comparison of the configuration .of the dien ligand .
in 3B to similar fac-M(dien) complexes prompted a more p:écise
definition of the geometry of such compounds, gnd a revision
of the prediction of configuration as found in the literatu;e
(Schrtfdtke, .Garthoff (1968)) . <

After failing to obtain [Pt(dien) (0Hp)1%*-(M0,),” in
the solid state, the fluorine analoéue was prepafed. This
conmpound was very hygroscopic, and yielded a glassy, yellow- .
brown solid when dried under N, at room temperature. No
crfsta%s were obtained. The infrared spectrum c?uld not unam-
_biguously distinguish between 1Pt(dien)F]*-F~-nH,0 and
IPt(dien)(052)]2+(F)£'(n—1)H20 since the Pt-OH, and Pt~F
- .

/
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vibrations absorb in the same region, and lattice “bound water
molecules would be strongly hydrogen-bonded. At present,
proton and 1%r solid state NMR‘are not readily available.

| Using Brown's (1981) bond valence method, it—was
possible to explain why terminal OH, and QH~ moieties on
Pt(II) were difficult to crystallize, and why the nitrato
complexes were stable (cf. §3.3.4). Predictions on the type
of environment which would stabilize such bonds were also
possible (Lock (1980); Britten, Lock, Pratt (1982)). Lippert
did succeed in preparing crystals containing terminal agua
anq’hydroxo ligands, and the structure of [Pt (NH;), (OH,) -
(CgH7N3O)32+'(N03)2“1H29, 3E, is presented here. The envirdn-
ment of the coordinated water molecule is as predicted, and
nicely illustrates Brown's bond valence rules. The hydroxo
complex also crystallized as expected. Its structure is
presented elsewhere (Britten, Lippert, Lock, Pilon (1982),
Pilon (1984)). . | |

Inthisechapter:’zgg chemistry and structures of 3a,

3B, 3¢, 3D, and 3E are discussed in detail, and the bond

valence model is outlined and used where reguired.

3.2 Bis(diethylenetriammonium) Tetrachloroplatinate (II)

Tetrachloride (3A).and fac-Trichloro(diethylenetriamine-

Nl,Nz,N3)platinum(IV) Chloride Monohydrate (3B), with a

Proposed Convention for the Description of Tridentate Dien

Configurations. ’ {




The synthesisAof [Pt(dien)X1X, where X=C1, I, is
presented by Watt and Cude (1968). In their paper, they also
discuss the synthesis, chemlstry, and IR spectrum of

C8H30C18N60Pt3, which they postblate as

-IPtc1¥;2“-H20.

H2 H2 2+
H_C—N Cl N—CH2

T N N\
L HZC——N///. \\t T-—-caz

H2C~—CH2 H,C—CHy
NH3C1 ClH;N
The evidence used to justify the proposed structure was
1) CgH3yClgNgOPt3 + xs 6M aqueous ammonié - .
Ipt(dien)NH3124[Ptc1412‘ (pink, 87% yield) +
[Pt (dien)NH3]1#* + 217 + 2HCL + H,0
(Pt(dien)N 12+IP£C14JQ' + Xs 6M agqueous ammonia
[pt(2351412+5ptc1412‘ (gFeen)'(+IPt(NH3)4]2++2Cl_)
2} maintenance of“coordination number 4 for Pt(II)

3) t

n bidentate role for dien in relatively strong
agidic solutions (no references) ‘

the] preference for a five-membered ring over the altern—a
ve eight-membered ring N

similarity in the "NH4Cl1" stretching bands ;3100-3200 em~1
in the IR) to those of ClCH,CHoNH3CL

strongf}R absorption at 1510 cm 1, assigned as SNH3Cl:
"the influence of the added mass of the HC1 unit should

lower thé frequency (from 1611 cm—1 presumably) owing to



inertial effects"
7) elemental analyses;: Pound; Pt, 53.36; c, 8.85; H, 80;

&

Cl, 25.60%. Calculated: Pt, 53.44; C, 8.77; H, 2.76;

Cl, 25.90%. - - ' J

Watt and Cude prepared this compound by reducing, (:"
KoPtClg{aqg) with NoH,*HC1 (2:1) and using 20% .KOH to neyt- ¢
ralize the resulting KoPtCly, HCl solution. Two equivalents
of dien-3HCl were then added (ie. 2dien:1Pt), and the
solution was refluxed for 8 hours. Orange crystals of
Cgﬁ30C18N60Pt3 were obtained by cooling the solution to 5C.
Recrystallization from 1M HC1l gave the same compound as dark
red crystals. / t

It was decided that single—c;ystal X-ray analysis of
this compound was needed to determine the struct re, as the
proposed structure seemeévdoubtful.

Firstly, the "=NH3Cl unit" is certainl‘not a unit,j,
but an ion pair, —NH3+ + C17, and the mass. of Cl~ should hav
little or no effect on the "-NH;*" vibration. Secondly,
the dimer [(Pt(dien-H)Cl)2]4+ w?s formed, it would vety
likely be unstable in excess Cl~™ and a threefold excess of
dien, since for Cl-bridged Pt dimers, equilibria generally
lie towards the mononuclear complexes (Cotton, Wilkinson
(1980), p. 952). Thirdly;Treprystallization from 1M HCL
would likely déuse_decomposition, yet none was observed.
Fourthly, no ev}dénce of a Cl-bridge was observed in the IR
spectrum. A more likely formulatjon for CgH3gClgNgOPt3 would

) #
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be 2[Pt(dien-H)Cl,]*-[PtCly12 7 Ho0. *

Two atté;pts were made to p?epare CgH3gClgNgOPt3. In
the first preparation, the procedure was modified because of
thj@&xailability of KyPtCly. 0.26g K PtCly (.626mmol) was

refuxed with 0.13g dien (1.26 mmol) in 50 mL 1M HCl for Sh.

The high‘acidity of the solution cauf:g compleﬁe pfotonation
of the dien, and the resuiting compotnd, 33, contained dieth-
ylenetriammonium and tetrachloroplatihate(II) in a 2:1 ratiol
with four Cl- ions balancing the charge. Large red-orange
crystals were obtained. (Analysis: Found: C, 14.0; ﬁ, 4.8;
Cl, 41.2; N, 12.1%. Calculated:for 2(die:>3QL}f'IPtCl4]2-°Cl4“
:Cc, 13.9; H, 4.7; Cl. 41.0; N, Lz.z%f) ' '

For the second synthesis, the Watt and Cude procedure
was followed carefully. K,PtClg was prepared by the method
of Kauffman and.Teter (1963). To a suspension 2.306 g of the
KoPtClg (4.745 mmol) in 20 mL H20 ﬁgs added 0.249 g of oven-
dried N£ﬁ1r2HC1 (2.372 mmol) and the mixture was stirred for
20 h, giving the expected deep-red sglution. The solution
was filtered at-#Som temperature (nQ solid observed) ' and ‘the
pH was adjusted to 7.0 with 20% KOH(aq). At this point,
however, a black precipitate formedrhwhich was not found in
the original procedure. ‘It _was suspegted tﬁgéjigL Pt(II)
disproportionated to give Pto.gﬂd PtIV, so the solﬁxion was

refiltered, and an excess of dien-3HCl (2.0167 g, 9.488 mmol)

was added to the supernatant to test for Pt(II) or.P}AIV)_

Large yellow crystals of fac-[PtIv(dien{C13J -CIGO, 3B, .

S .
Y ’ WL BN

y
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U

formed when {the watrer was allowed vaporate, andywere - ) -~
used directly fo crystallographlc study. (Analysis: Fouhd:

- C, 10 8; H, 3.6; Cl, 31.2; N, 9.4%. Calculated: C, 10.5; H,
3.3; cl, 31.0; N, 9.2%:)

No furtder attempts were made to synthesize

]

3.2.1 C£;;;al Data for 3a
2[NH3 (CHp) 2NHp (CH) pNH3] " [PtC14] *Cl,, 2C4H)gN;3*-

4Cl"-C%9Pt2'; 691.09 g'mol';; C2/c{‘Syntex_P21 diffractometer; _

. 15 refl. (17?429225;) for cell; a=zif496(3), b=6.841(1), )
c=15.820(4)4, 8=104.14(2)°; v=2256.0(7)43, z=4; D, =2.03,
Dp=2.02 g-cm™3 in CH212/CC14;.26max-55°', +h, +k, +1;
Nmeas-2935 min Rgoyn=8.37 deg- -min~1; 23C standards: -5"'1 -2
(1. 9%8), -11 1 2 (2.3%); Bond abs. corr., p=74.9cm™t, cyi.:
:r:'=0.._157rr|m," l=0.506mm,-4.61<A°<6.7-7; Nunj_que'lZSSS, Nyseq=2472;
NP=71; F(000)=1344; w=(c + 0.00090F%) -1, S=undetermined,

)\/ g (€UDLS) =1.353x10"7; mshift/error, (ave.)=0.020(0.003),

‘R=0.034, Rm=01650; Diff. map: ~1.5, 2.8 e--&8~3, both near Pt;

'xngme &upLs, symrou! pais, ORTEPII.

-The Pt atqgiwas located on special pos;tion 4e : 4
th the use of the hipte;eén metho ffe nce -
s revealed all of he non-hydroge

jons) . The hydrogen atoms wer noE\detected

Fourier eyﬂ

(in general

. The flnal p051t10nal parameters and lsotrople/ﬁemperature | ‘} :
- . T - L
~ factors ﬁ@é\dﬁ%fn in Table 3.1. - o ' - op S
PR, e \
\ I ,\ 3 i‘{
& / ' N P
td - * ‘- -. 4‘*
[ 1 t:" J . Vv ,‘ “ ‘g



Table

- Pt

-€1(1)

CL&Z)
Cl(3)
Cl(4)

N(L)

(1)
C.(2)
N(2)
c(3)

c(4)

N(3)
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3.1l. Positional parameters (x104) and isotropic

temperature factors (A%) (x103) for 3A.

x

0

Y

.741.0(4)

200.7(7) 3095(2)

156.2(7) -1613(2)
1946.7¢80,  -642(2)
1979.7(7)  5254(2)

3935(2)
3601(3)
3514 (3)
3295 (2)
38467(3)
3644 (3)
3429(3)

e

775(6)
-954(7)
-642(7)

-2553(7)
~3795(9)

—5729(8f

-5602(7)

-

z
2500
3575.6(9)
3562.8(9)
2704 (1)

4556.6(9).

2382(3)
2627 (3)
3548 (4)
3866 (3)
4321 (4)
4621(4)
5452 (4)

*
U, or Ueq

180
23.5(2)"
33.1(n Y
33.5(7)‘,
36.3(7) "
35.8(7) "
32(1)

28 (1)
30(1)
30(1)
35(1)
37(1)

N

U

. b teeee s - N
iy . B M i Y - 45 (\) -

P Y A

—ny)
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A crystallographically good model composed of 2K*.-
2C1"'[PtCl4]2?261enHF was rejected for chemical reasons f{(a
plus 1 dien molecule would have been coorﬁinaked to Pt). The
correct structure, verified by elemental\analyses, comprises
aiscrete diethylenetriammonium IN(l)C(l)C(Z)N(Z)CkB)C(4jN(3)J,
chloride iC1(3),Cl(4)]1 and tetrachloroplatinate(II) I[PtCl(1)-

€C1(2)] ions. Bond distances and angles (see Table 3.2) within

the tetrachloroplatinate(II) ion are normal (Purnell, Hodgson

(1976)) . .Distances and engles within the diethflenetriammon-
ium ion, Idien-3H]3+, are siﬂ&iar to those observed’in

Idlen 3H) [Cu{II)Cls)Cl (Greenhough Ladd (1977}), but there
are some differences in the two halves of the cation in 33

and. between cations in the two compounds. Equivalent bond

distances- do not difXer significantly except that C(2)-H(2)

‘is 3;70 longer than the'equivalent distance in the Cu complex.

Digferences in angles are much more marked. In the copper

\Complex, the angles N{terminal)-C-C {112.0(2)°] differed by

15.20 from C-C-N(middle) [107.7(2)°]. In 3A there are insign-
ificant differences in these angles in a given half {113.6(5) )

113.4(5) and 108.5(4), 108.4(4)°], but, clearly the two halve (7

differ markedlxq(?.BQé). o , 3

]

The normal‘configurations of a non-ceordinat da N-C-

C-N system are, trans where the dlhedral angle betw%i’ the

\

N-C-C planzzﬁiﬁifiose to 180 and ClS where the dihedral

.

angle is about 70 (N—{Er—N or. N-;GD). The former arrange—
B

ment is observed for 3A in the half where the Mc-c angles

‘. ‘ . _—

~ . " , RN

S 2
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-]
Table 3.2. Selected interatomic distances {A) and

sk e o R

.;:Efngles (deg) for 3A.

{a) Bonded

(b) Non-bonded 6r
hydrogen bonded
Pt-Cl (1) 2.306 (1) N(1)-ca (3l 3.080(5)
Pt-CL (2) 2.293(1) N(1)-cl(4)ii 3.233(5) ’
N(1)~C(1) -1.482(7) N(1)-c1(1)ii 3.239(6)
> . .
c(l) -c(2)" 1.529(8) CoN(L~cL(2)t 3.267(6) i
g C(2)-N(2) 1.516(7) N(1)-cl(2)iv 3.344(5) ﬁ
\\\\\ N(2) -C(3) 1.492(7) N -cL(1 T 3.438(5) ?
C(3)~C(4) 1.505(9) N{2)-Cc1(4)V 3.127(5)
C(4) N (3) 1.50(1) N2y -cL(3)it 3,205 ¢s5) N\
C14¢1) ~Pt-~Cl (1) N39(5) N(2) ~C1 (3) 3.300(4) ;
C1 (1) -Pt-C1 (2) - 88.97)(5), N(2)-cl(4) V3 3.599(5)
~ L) N .
C1 (1) -Pe-C1{2) (5) N(3)-cl(4) Vi 3.147(5)
- Cl(2)-Pt-Cl(2)  90.76(5) N(3)-c1(4)Vi 3 300(5)
B N(IP-C(1))-c(2) - 108.5(4) N(3)-cL(HVIL  3.323¢6)
v C(1)-c(2) 108. 4 (4) N(3)-cL(2)ViL 3. 414¢s)
C(2)-N(2)}-C(3)  112.2(4) _N(3)~c1(1) Vil 3.426(5)
. ‘2 . N(2) -C(3k-C(4) 113.4(5) ') &
' C(3)~C(4) =N (3) 113.6(5) . “‘\a_;/>
L - ™ S )
. ., o .
Atoms with superscripts are related to the atoms in Table 3.1 '
by the transformation’s: : -
\ (1) %-x, Y+y, %-z; (ii) %-x j,zk,‘%_-z:. (1ii) 35+, y-%, z; .
L/ (iv) %+x, %+y, z; (v) %—x, k-y, l-z; (vi) Xy y-1, z; < 3
(Vii) %-xf -y#%: laz. ‘ . ‘ | ;
. , o
+ 4
- L ! J
N /f-’{* P .
B .
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are close to the tetrahedral angle (dihedral angle 169.0°),
but larger N-C~C angles are found in the half with the cis
arrangement (dihedral angie 79.9°) . This geometry brings
N(3) and N(2) fairly close together [3.22(1)A] and apparently
induces QE;ficient strain\to enlarge the N—C;C'angles. In -
the Cu structure, both halﬁes have the trans arrangement. The
central”C-N-C angle in 3A is 6.93; smaller than that of the
Cu compound. .In both cases, the conformation %5 dictated by
hydrogen-bonding and packing requirements in the crystal.
Although hydrogen-bonding is clearly important in
‘holding the crystal £Ogether, there are ambiguities as to

which atoms *are hydrogen—bgnded and these cannot be resolved
ﬂ

by consxderlng interatomic distances and angles (see Table‘ ‘Fﬁ*ﬁ

3.3\3. The -arrakgement of the three N atoms about CI (1) and _
a~ .
Cl(2) is interesting because it is essentlally the same for

both atoms. The gLree ‘N atoms form the aplces of a T with

the junction at Cl, the' T being oriented such that the Pt-Cl-

N angles are dll close to 90°. >

» ) :
The packing within the unit cell is shown tin Figure

3.1. It is interesting that althduéh the Pt and Cu complexes

' are made up of similarly shepeé and charged ionj, the differ-
“ent stoichiometries result in'cqppletely diff Eeht cr&stal
structures. The structure of 3A is essentially, a series of

layers parallel to the be plane. Core lavers of PtCl42" ions

dh,

lie gt X = 0 and 0.5 and these are sandw1c ed between and
s

hydndae;-agnded to layers of dien-3H i
. ‘ p

laced rou




.T-@.

Figufe 3.1. fThe unit cBll contents
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/

+ 0.15 along a. These catjon layers are in turn separated and

cross hydrogen-bonded to irregular layers of C1(3) and Cl(i)

ions centered at x = 0.23 and 0.75. Packing within the be
.

planes shows To pecul%ariﬂles and is determined by the hydro-
gennbohding requirements. The [PtCl4}rions do not form the
asymmetrically Cl-bridged chains seen in the Cu compound.

The IR speCtruﬁlof 3A (Figure 3.2) is guite different

1

from that of CgH3gClgMgOPt;, although the 1510 cm™! absorb-

ance KG-NH3) is seen at approximately 1485 cn™1 for 3A.

-

3.2.2 The Cryvstal Structure of 3B

3
[Pt (NE(CHip) QNH (CHj) pNH,) C13) "C1+H20, C,4H13Cl3N,ptt-

.l

Cl—-H20; 458.08 g'mol'l,,Pbca; Syntex P2, diffractometer;

15 refl. (22.5<26<34.4°) for cell; a=16.606(8), b=12.490(4),
c=11.293(2)R; v=2342(1)43, 2=8; D,=2.60, D_=2.60 g-cm~3 in
Al

CHI»/CCly; 28p,4=55°, +h, +k +1; N__. =2297, min. R

meas scan=

8.37 deg-min~l; 23C; standards: 1 0 6 (1.7%), 2 1 4 (1.4%);
Bond abs. corr., p=135cm—1, approx. sphere: r=0.10lmm,
4.67<Ag<$.90; Nyniqe=2207, Ny eq=1722; NP=79; F(000)=1712;

})L(aF ¥ ..00123r%) "1, S=undet., g(CUDLS)=6.973x10"7, max,

-

stift/etrdt, (ave.)=0.033(0.007), R=0.058, R, =0.059; Diff.

map: -3.8, 2.1 e-A~3, both near Pt; XRAY76, CUDLS, SYMFOU,

PALS, ORTEPII. o

£
The platinum atom was located from a three-dimensional
Patterson map and all other non-hydrogen ézasiﬁy.se found

f;om electron density difference-ayntheses e hydrogen’

atomf were noi found. The final positional ;arameters’qnd

/
”
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®
isotropic temperature factors are given in Table 3.3. THQ\J

temperature factor for C(l) is large and the possibility of
disorde; was considered, particularly since in the structural

- packing of the crystal C(l)”ln one nolecule is ;iose to C(1)
of another. Attempts to refine C(l) in two different .positions
using partial occupancies led to the’éé:;;ancy at tQF
present position tending to 1.0.

»

The structure comprises discreye fac-trichloro(dien) -

platinum(IV) and chloride ions and water molecules. The

molecular cation is illustrated in FPIwyre 3.3.

Bond distances
and angles are given in Table 3.4. The (1) distance is
sigalficahtly shorter than the ?/-CI(B) distance [2.315(3)"
vs. 2.332(4)A)} the ;eason beinéz;lscure. All Pt—él distances
are within'the range previously observed (Lock, Speraazini,
Zvagulls (1980)-,. and references therein), as are the Cl-Pt-Cl1,
N~Pt-N, and N-Pt~Cl angles. Bond distances and angles within
the dien'groug-agree well with those found previously ({see a
references gf@én in Table 3.5).

The packing within the crystal is sBown in F1g¥\e 3.4.

Th olecular ion is arranged such that N(l)...C1(3), N(2)-~

,,Cl(Z), and N(3)...Cl(1) e almost parallel to a, b, and
c\respectively As a’consequence, the PtN(1)C(2)N(2) and .
PtN(2)N(3) planes are almost parallel tolthe ab and be planes

respectlvely Thus there are weak dlpole—dlpole 1nteractlons

Y

in ﬂhe a, b and ¢ dlrectlons between molecules related by

-

7
Fhe a, b, and ¢ glides, respectlggg%. These forces arg not

;1” Y o . ) s V2
» ) ' ,
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-
Table 3.3. Atomic positional parame‘i':ers and isotropic
| temperature factoré (A2) (xi03) for 3B.
& )
X Yy z Uiso- or Ueq*
. Pt 151.05 (3) 135.10(3) 230.23(4) 20.4(4) "
- Cl(1) 154.8(2) 121.2(2) / 25.9(3) . 3a*
| C1(2) \‘152.7(2) 321.2(2) 223.5(3) 30(2)*
SN c1(3)  291.2(3) 125.8(3) 236.2(3) 37(2)"
CON(L) 27.9(7)  137.9(8) 220.2(8) 25(2)
c (1) :2(11 31(1) 182(2) 59(5)
) ¢(2) 46 (1) ~55(1) 238(1) " _4203)
N(2) 137.0(7) -28.7(9) 248.3(9) 28(2)
c(3 171.9(8)  -60(1) 363(1) 28 (3)
\ c(4) 142.3(8) 20(1) 456 (1) 28(3)
N(3) ' 153.7 (6) 133.0(8) 414(1) 26 (2)
Cl(4)  474.6(2) 215.5(3) 16.3(3) 34(2)"
o) 307.2(6) 167.0(7) 552.3(8) 36(2)
;-
‘) . .
<
\. ’ /
‘ _ " “a
\/\__/ \_, .
~
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Figure 3.3. The molecular cation in 3B

o

"

¢

69



N{(2%-Pt-N(3)"
1)-C(1)~C(2)

(of | ) =~C(3)

C(3)-C(4 (3)

~

Table 3.4.

Selected interatomicldistances (&)

and angles (deg) for 3B.

Pt-C1(1) 2.315(3)
Pt-Cl(2) 2.326(3)
Pt-Cl (3} 2.3324)
N{1l)~C(1) 1.50(2)
N(3)-C(4) =50(2)
C(2)-N{2) .54(2)

Possible hydrxogen bon

N(3)c1(n)V
Cl(3)-01 e s
. N(1l)-Cl(4) 1l
N(3)-Cl(4) 1
Ccl(4)-0*

Cl(l)=Pt-Cl(2).

Cl(1l)y-Pt-N(1)
Cl{l)-Pt-N(3}
Cl(2)~Pt-N(1)
Cl(2)-Pt-N(3)

Cl(3)~Pt-N(2) .

N{l}~Pt-N(2)

© Pt-N(2)-C(2)

1:,
3.32(1

3.33(1)
3.25(1)
3.24 (1}
3.17(Q1)

92.4(1)
88.5(3)
174.3(3)
89.61(3)
92.6(3)
93.5(3)
84.8(4)
83.8 (4)
110(1)
113 (1)
111(1)
108.2 (8)
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Cl(1)-Pt~Cl(3)
Cl(1l)-Pt-N{2)
Cl(2)-Pt-Cl(3)
Cl(2)-Pt-N(2)
Cl{3)-Pt-N(1l)
Cl(3)-Pt-N(3)
N(1l)-Pt-N(3)
Pt-N(1)-C(1)

- C(1)=-C(2) -N(2)

N(2)-¢(3)-C(4)
C(4)-N(3)-Pt
Pt-N(2)-C(3)

Atqgms are related to those,in Table 3.3 by
(1) x, Y/2~-y, z-1/%; (Yi) x-1/2,.1/2-y, -z;

(iii) x-1/2, y, 1/2-z;

(v) Xr—~1/2-y, 1/2+z.

(iv) 1/2-x, -y, 2z-1/2;

Pt-N(1) 2.05(1)
Pt-N (2) 2.07(1)
Pt-N (3) 2.08 (1)

S C{l)~C(2) 1.48(2)
C(4)~C(3) 1.53(2}
C{(3)-N(2) 1.48(2)
Cl(2)-0r . . 3.22(1)
N(1)-C1l(4)*? 3.36(1)
N(2)-01Vv 2.96 (1)
N(3)-0 3.02(1)

89.9(1)
91.6(3)
92.2(1)
173.1(3)
177.6(3)
87.1(3)
94.4(4)
109.5(9)
114(1)
108(1)
108.8(7)
107.7(8)

~ .

{



L PFigure _,3'4' The packing of 3_B‘ within the unit cell
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as important in holding tszcrystal Ppgether, however, as
W . -

u

are the the hydrogen-bonds{. The molecular cations can be !

considered as packing in double layers about planes‘Eéntefed ~
. 1

at x = 0.25 and 0.75 with molecules in the doubl layer being
_ , | _ T ‘
related/by the a~- and c—glide operation$. Thus the hydrocarbon

-

fragments areﬁharallel to the double layer, or p01nt out of

————

it, providing hydrocarbon—hydrocarbon contacts between

double layers at x = 0 and 0.5. Within the Layer{pgmgortant

-

hydrogen-bonding is between Cl (1) and N(3) of adjacent molec=-

ules related by the c-glide and alse between the water

-

molecule and C1(2) and c1(3) *of one molecule, N{3) of a cation
- J

related to the flrst by the c—gllde, and N(2) of a cation

related to the flrst by the b—glldei’In addltfzn, the whter
'mplecule provides c¢ross-linking between double layers since "
. «~ it is hydrogen-bonded to Cl(4) which is in turn hydrogen=-"
bonded to N(1) and N(3) of a molecule in the next double
layer and to N(l) of its c-gliée related neighbotr.

The infrared ctrum.of 3B, (Figure 3.5), differs
significantly from those of the compfexes prepared by éatt
and Cude (1968), but is very similar to those reported for
fac-M(dien)Lj complexes by Schmidtke and Garthoff (1968),

with minor variations. In particular, the band at 1250 cm~1’

*

is stronger than would be expected for a pure fac-dien’
complex. It was .considered that this undue strength'might have
arisen from a mer—dien'contaminant, which normally has a ‘

strong band at 1250 cm™t (Schmidtke, Garghoff (1968)) . N

-

N
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However, the spectrum is reproducible when using selected
single crystals to prepare the sample for vibrational spect-
roscopy. In addition, the X-ray powder diffraction pattern

of the same sample matched one generated from the single-
c¢rystal parameters. Therefore, the observed spectrum is that
of a pure compound.

The paper of Schmidtke and Garthoff (1968) made some
predictions about un;;able ring conformations in fac-(dien)M
complexes which were at variance with results found in a
literature search. In addition, the conformation of EEE'M°O3"
(dien) was incorrectly assigned. Therefore), a detailed study
of the ring conformations in gggfdien complexes was made.

There are various possible combinations of conforma-
tions for the two rings of dlethylenetrlamlne and these have,

,been extensively studied and discussed (see references in
Table 3.5). Two methods of discussing the conformation are
(1) in terms of the torsional angles about the C-C bonds, in
other words the dihedral angle between the N(A)C(A)C(B) and .

C(A)C(BIN(B) planes, and (2) in terms of the distances of the

carbon atoms from the MN(A)}N{B) plane. Here three types of
distortion can be seen. The carbon atoms can be symmetrically '
distriayted about the plane(I), asymetrically distributed
about the plane(II) or both asymetrically distributed on the
same side of the plane(IIIl;

I NE)‘E’N S g;qsy L III ?\c‘

N-M-N
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These distortions have generally been explained in terms of
non-bonding hydrogen interactions on adjacent CH, or Nﬁz
croups, following the digcussiorls of Corey and Béilar-(1959)
concerning ethylenediamine (en) complexes. There)is an"
alternative, and hopefully better, way of looking at these
structures which shows more clearly that thsy represent a
continuum. By working in terms of the plane N(A)<C>N(B),

where <C> is the midpoint between C(A) and F(BL;(&here'is an
advantage in that C(A) and C(B) are symetrically displaced
about the plane and the distance of C(A) or C(B) out of the
plane correlates well with the torsion angle (Tables 3.5,3.9).
The most important feature is that one now measures the
distance of M out of the N(A)<C>N(B) plane, and I, II, and

III represent points on a continuum as the metal moves out

of the plane. Considering the problem in this way raises the
question of why the metal atom moves out of the plane. The
most important reason is that it is caused by the rotation

of the NH, and NH groups in.order to ﬁaximize hydrogen-bonding
interactions in thé crystal. '

The same effec? is probably important in determining
ring conformations. Keene and Searle (1972,1%74) have shown
thét this is an important factor in determining tﬁe geometry
of the bis(dien)cobalt(III) cation. The other factor determin-~
ing ring conformation is intramolecular non-bonded hydrogen

interactions on the CH, and NH, groups. Based on the arguments

of Corey and Bailar (1959), it has been suggested {(Schmidtke,
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Garthoff (1968)) that »I should be the stable conformation
for geg—complexes, while *: or 3¢ should be the stable con-
formation for fac-complexes. In particular, it is argued that
the 53 conformation will be "ruled out because of the steric
hindrance*.due\to hydrogen atoms which approech each other
appreciably in this ring structure”. As can be seen from
Table 3.5, the &» conformation is found for gég-complexes.
d For Table 3.54 all aﬁoms in thé original papers were
relabelled to correspond to the geometry shown in Figure 3.3.
The convention for conformation adopted here (column I in
Table 3:5) is based on the IUPAC (1970) rules ehich use & and
A to designate ring conformations. The dien ligand has been
numbered so that if the three nitrogen atoms are placed in
tﬁe pléne of the paper and numbered as shown, N(2) ’

N(3) N(1l)

the metal atom is behind the plane of the vaper. This is the
same convention as that used by Konno, ‘Marumo and Saito {1973).
In considering the least-squares plahes, the NH, group is
place® to the left, as in NH2CH2CH2NH-, and the metal is
placed behind the N and C atoms. Therefore, for both rings,
a positive dihedral angle corresponds tq a § configuration
and a negative angle to a l'confiéuration. The conventien
used by Schmidtke ana Garthoff (1968) is based on the k, k'
convention of Corey and Bailar (1959) fer ethylenediamine

rings. The correspondence is k=X and k'=é. Note, however,

that Schmidtke and Garthoff number their rings in the opposite
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sense and therefore the ring conformation symbols have to be
reversed before conversion. Thus f::kk' and %::zk'k'. Column
IT in Table 3.5 shows how Schmidtke and Gartho®f would Bave
labelled the rings.

Since thesd) ring conformation is observed for fac

metal complexes of dien, despite the predictions, based on
calculations of intramolecular CH, and NE, fepulsions, that

it should not occur, it can be concluded that this interaction
1s not the most important factor in determining ring conforma-
tion. The more important factor is the directionality reéuiref

ments of intermolecular hydrogen-bonds. . .
¢ -
3.3 Chloro(diethylenetriamine—ql,N2,N3)platinum(II) éhloride,

3C, and {Dieth lenetriamine-N;,Nz,N3)nitrato latinum{II)
y P

Nitrate, 3D, and Some, Comments on the Existence of Pt(II)-0OH,

and Pt(II)-OH Bonds in the Solid State.

[Ptﬂ!ign)I]I, was prepared by the mcthod of Watt and
Cude (1968). 3.0000 g KoPtCl, (7.227 mmole) was dissolved in
the minimum amount of boiling water, and a hot agueous solu-
tion of 3.5992 g KI (21.681 mmole) was added. 2.7976 g 12 S

Hy0 (5.992 mmole) precipitated from the solution, was filtered

-and was slurried in a petri dish with 0.58 mL dien {5.4 mmole)

and 0.5 mL H,0 over a stegm bath for 24 h, wvith intermittent
stirring. (Pt(dien)I)I was extracted with 175 mL hot (907C)
water and the excess PtIz-HZO was removed by filtration.

Clumps of fine vyellow crystals separated upon evaporation of



Fhe solvent. The [Pt{dien}I]I from this and several other
batches was used to prepare tne chloride, fluoride, and
nitrate ana;ogués ;y the addition of 2 equivalents of the
appropriate silver salt in watef. AgI was removed by filtra-
tion. The reaction was carried out under §2 in the dark.
Pale yellow crystals of [Pt{(dien)Cl]Cl, 3C, were prepared
and charactef}xgg for use in other studies. The structural
information presgnted here differs from the published .data
(Britten, Lock, Rratt (1982)) in that further refinement was
carried out with \the inclusion of the.hydrogen atoms. Analyses
for 3JC: Found: ; lé.?; H, 3.7; N, 12.8%., Caloulated: C, 13.0;
H, 3.6; N, 11l.4%.

| [Pt(dien)ONOZINb3, QQ,.and the fluoride analogue, TN
‘were synthesized with the hope of obtaininé.the [Pt(dien)OH2]2+
ion in the solid state. Analyses for colourless crystals of-
3D: Found: C, 11.0; H, 3.3; N, 15.8%. Calculated: C, 10.9;
H, 3:4; N, 15.9%. The fluoride compound formed a yellow
hygrQsEOpic glass, and'did not crystallize (see introduction

to this_chapter).

3.3.1 Crystal Structure of 3C

{Pt(ﬁHz(CHz)2NH(CH2)2NH2)C11-Cl, C4Hp 3CINgPEY-CL™;
369.17 g-mol-l; Pca2;; Syntex P2; diffractometer; 15 refl.
(19°<26<36°) for cell; a=13.954(3), b=4.828(1), c=13.272(4)4;
v=894.2(4)&3, z=4; D,=2.74, D=2.74 g-cm~3 in C¢lg/CHBry;

26max=50", h, k, +1, N___ _=1957, min. R____=3.91; 23°C;

meas scan

standards: 2 0 3 (l1.6%), 3 1 1 (1.3%); Bond abs. corr.,

-



N o
=156 cm™L, approx. sphere, r=0.09 mm; 5.96<A,<6.68;

N =1593, N___,=1561; NP=110; F(000)=680; u=(c§ +

unique use

0.00070F2) "1, s=undet, g(SHELX)=0.00076; max. non-H shift/

error=.52ffﬁ§30mﬂ29, R_=0.036; Diff. map: -2.22, 2.30 e-X~3,
I

%9;ﬁ near Pt; XRAY76, LX, NRG-22, ORTEPII.

\ .
///\&Ei/k-ray crystal structure of [Pt(dien)BrlBr (Pca2,

,/;_“\ Melanson, Hubert, and Rochon (1#75) have determined

V’ .
a=14.211(7), b=4.940(3), c=}3.459(s)). The Pt position from
this compound was used for the initial phasing of the chloro .
complex, because of the cell and space group similarities.
The remaining atoms of 3C were found by difference Fourier
Syntheses. The final positional parameters and isotropic
temperature factors are given in Table 3.6. The parameters
for [Pt(dien)Br ]Br are related by x, y, z = x', y', k-2'
(ie. the molecules paéi in the opposite sense for these
particular crystals). The possibility of a centrosymmetric
space group (Pcam, non-standard for Pbcm) was ruled out by
the successful sélution in Pca2;. Only the Pt atoms pack
with %’penter of symmetry. | )

The structure of 3C will be discussed in conjunction

with the nitrate analogue, 3D (cf. §3.3.3).

3.3.2 The Crystal Structure of 3D

(Pt (NHj (CHy) HNH (CH ) )NH,) ONO, 1+NOy, C,Hy;N,0.Pt+ NO;™;
422.27 g-mol~l; pbca; Syntex P2, diffractometer; 15 refl.
(19°<26<31°) for cell; a=12.777(4), b=9.749(3), c=17.145(4)A;

V=2135.6(1)A3, 2=8; D,=2.63, D_=2.63 g-cm~3 in CHoI,/CCl,;
X m 2+2 4



. ) 8l

.- =5476, min. R =3.91 deg-min—1;
meas scan

23°C; standards: 2 1 3 (1.4%), 1 2 6 (1.3%); Bond abs. corr.,

2emax=55°, +h, +k, +1; N

u=139 em™l, cyl.: r=0.082 m, 1=0.328 mm, 5.527<A%<6.266;

~
p— -_ - = - = - — 2
Bunique=2481, N  4=2314; NP=141; F(000)=1584; w=(o2 +
0.00070F2) -1, s=undet, g(SHELX)=0.00019; max. non-H shift/
\

error=0.22; R=0.065, R,=0.050; diff. map: -1.9, 2.0(e-ﬁ'3,
both near Pt; XRAY76, SHELX, NRC-22, ORTEPII.

For 3D, the coordinates of. the Pt atom were found
from a three-dimensional Patterson synthe;ié,‘and a séries
of least-squares refinements, followed by three-dimensional
electron difference syntheses, revealed all the non-hydrogen
atoms. At this stage the temperature factors of the Pt,~C1}
N, and O atoms were made sequentially anisotropic. Tests were
made to shod\tngt the use of extra parameters was justi-
fied (Hamilton (1965)). Ten of the thirteen H atoms were
found from the difference ﬁap. Attempts to find the remaining
f§ atoms from a difference map using the SHELX weighting
scheme giving increased weight to the low-angle reflections
(s = 0.3) were unsuccessful. The atom parameters for 3D are

given in Table 3.7. | >

3.3.3 Comparison of the Structures of {Pt(dien)CliCl and

[Pt (dien)ONO,]NO,

The molecular cations of 3C and 3D are illustrated
in Figure 3.6 and selected interatomic distances and angles
are given in Table 3.8. These results will be compared with

previous structural determinations of the [Pt (dien}X]™ unit

~»

+



Table 3.6. Atomic positional parameters (x104) and

temperature factors (ﬁz)(xlOB) for 3C.

i

x Sy z Uigo ©OF Ueq*

Pt 1813.3(2) 2009.07(6) 2500 (0) 23.9(2)"
€1(1) 2934 (2) 4710(6) 1674 (2) ISRE N
N(1) 2609 (6) 1470(18) 3790(7) 31(s) "
C(1) 1957 (6) T 321(26) 4578 {8) 37(2)
c(2) 1257(7) -1675 (20) 4082 (8) 30(2)
N(2) 799 (5) -76(18) .  3256(6) 27(4)
c(3) 181 (6)  -1546(17) 2518(14) - 35(2)

. C(4) -29(7) 494 (24) 1680 (8) 36 (2)
N(3) 873 (6) 1625(19) '1309(7) 33¢5) "
cl(2) 818 (2) 6607 (5) -473(2) 35(1)



Table 3.7.

Pt

NG1)

c(1)

C(2)
N(2)
C(3)
C(4)
N(3)
0(1)
0(2)
0(3)
N{4)
0(4)
0(5)
0(6)
N(5)

temperature factors (A2) (x103) for 3D.

X
1263 (0)
1538 (8)
2636(10)
3005 (9)
2737(7)
2836 (9)
2256 (10)
1192(8)
-282(6)

~68(7)

1607(6)
-652(7)
4405 (7)
5887(7)
4586 (8)

4976 (8)

Y
4421 (0)

4521(9)
4906 (13)
5800(12)
5035 (9)
5834 (11)
4994 (13)
4669(10)
4004 (8)
1927(8)
2§36(9)
2807(10)
3135(10)
2508(10)
2604 (11)

2776(10)

-

z
1234 (0)

65 (6}

-63(7)-

607 (6)
1333 (4)
2090(6)
2681(6)
2417 (5)
1091 (5)
1566(5)
1178 (5)
1296 (5)
1690 (5)
1247(5)

485 (5)
1142(5)

-

iso

83

Atomic poSitional parameters (x10%) and

*
or U
e

32.0(2)"
48(5) "
48(3)
40(2) .
34(2)
35(2) °
46(3)
47(5) "
51(4)"
%
61(5)
64(6) "
44(2)
*
65(5) .
*
75(7)
*
79 (7)
47(2)
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.Figure 3.6. The molecular qations of 3C and 3D.

(a) The (Pt(dien)cl)?t catioﬁ viewed down the N(2)-Pt axis.
Pt is hidden by N(2). | '
(b) The [Pt(dien)0N02]+-cation showing the monodentate

nitrate ion.
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{9)6-L0T (£)0°80T (€)= (Z)N-3d (9)e-to1 (9)0°60T 3d-(ZIN-(2)D
(6)6°G0T (8)5°S0T {ZYN-(Z)O-(T1)D (T)60T (8)6°80T (Z)o~-{T)o-(T)N
(L)0"60T (9)GS° 0T (T)O-(T)N-34d (v)s-s8 (p)s'€8 (€)N-3d-(2)N/
(v)o-891 (¥)6°69T1 (E) N=3d-(T)N {p)9°v8 (€)E°v8 (ZYN-3d-(T}N
.{p)8-se - (E)N-3d-(T)O (E)L ELT -- (Z}N-3d-(T)O
AN RN -- (T)N-3d-(T) O - - (£)8° 96 (E)N-3d-(T) IO
- (€£)8°6LT {(ZYN-3d- (1) 1D -1q (z)8°s6 (T)N-3d~-(T)TD

ac * ¢ ac o3
N :um—.:.:.”uﬂoov. "g8°FE °19ed
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Lsée Table 3.9) and the averages quoted here refer to values
based on ﬁhose determinations.
The cation of 3C is almost identical to I[Pt(dien)Br]?t.
In the cation of 3D the nitrate ion is monodentate, being
coordinated through O(l), and the dihedral angle between the
nitrate ion and the ligand plane is 71(1)°. The Pt-0(2)
‘diétance of 3.020(8) A is too long to be considered a bonding
.interact@on.(Lippert, Lock, Rosenberg, Zvagulis (1977)).
Pt-N(1) and Pt-N(3) [range: 2.036(9)-2.063(9) Al in
both 3C and 3D are longer than PL-N(2) [2.006(8), 1.984(8)A;"
This was not detéqtable from previous results because of
larger errors. It is not possible to state, because of the
errors, that a givén C-C bond is longer than a giwyen C-N
bond in 3C and 3D but the N(1,3)-C(1,4),.C(1,4)-C(2,3),
. = o

C(2,3)~N(2) averages of 1.47(1), 1.52(1), 1.50(1)A for 3¢
and 3D agree‘yell with the averages for previous results
(1.48, 1.52, 1.48) and are consistent with a difference in
the C and N covalent radii of about 0.04A (Pauling (1960)).
There are differences in-some angles:lthe larger X-Pt-N(2)
angle [175.8(3)°) for X = Cl Ivs. 173.7(3), X = O] being
compensated by the.smaller N(l)-ft—N(B} aﬁgle01165.9(4f.E§.
158.0I4)°]. These small differences are probably caused by
packing constraints. That 0,C1-Pt-N(1,3) angles [range: 93.4
(41-96.8(3)°] are larger than N(1,3)-Pt-N(2) aﬁgles {range:
83.5(4)-85.5(4)°] has been'noted previously (see references

~in Table 3.9).

L
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Within the dien ligand angles are close to the tetra-
hedral angle but i£ appears that the N(1,3)-C(1,4)-C(2,3)
angles (average 109.6°) are larger than N(2)-C(2,3)}-C(1,4)
angles (average 105.7°). Errors preclude this conclusion on
the basis of an angle—for—aﬁgle comparison, but the averages
for 3C and 3D agree well with the averages for previous
results (110°, 106° respectively). The Pt-Ci(l) bond length
is normal.

In Table 3.9 is presented a comparison of the confor-
mations of [Pt(dien)XJ™" cations. The conventions and defin-
itions are the same as in Table 3.5. All Pt(II) cations
(mer-configuration) adopt the A§ or & conformations predicted
by Schmidtke and Garthoff (1968), so that each molecule looks
like a sting-ray with the front edges of the 'wings' up and
the X group forming the tail. An examination of the distances
of the atoms from the least-squares planes formed by the Pt-
bound ligand atoms (the 'ligand planes') shows different
distortions. The nitrate complex is distérted towards a square
pyramid (N(1l) 0.014(9), N(2) -0.011(8), N(3) 0.014(10), 0(l)
-0.008(8), Pt -0.1160(3)3), whereas the chloride, like the
bromide, is distorted towards a tetrahedron [N(1l} 0.13(1),
N(2) —0.}3(1), N(3) 0.14(1}, C1(1) -0.010{(3), Pt 0.0080 (3)A]
{(Note: éhe Pt atoms were given no weight in calculating the
planes). The directioﬁ and magnitude of these distortions
appear to be determined by packing considerations, rather

than intramolecular factors, since one (Pt{dien)Br)* cation
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in the tetrabromide complex is essentially planar, tending
to a square pyramid, and the other is distorted towards a
square pyramid, and the guanosine and inosine complexes are
planar (see references in Table 3.9)

For the ggg—[M(dien)x3]n+ complexes, hydrogen-bonding
caused changes in ligand conformation, significant variation
in the distance the M atom was out of the N<C>N plang [range
0.01-0.58A) and the NCCN torsional angles [36.6-50.3°] (see
Table 3.5). The M distance range is less for the [Pt{dien)-
X1™* complexes, even including one of the rather distorted
cations (B) in the PtBr4é; complex [0.161(0)—0.493(3)&].

The steric restraints on the tridentate dien ligands in
the mer-configuration in the [Pt(dien)x)n* catioﬁs are greater
and apparently hydrogen-bonding can cause iess variation.

The packing of 3C is‘shown in Figure 3.7. Like the

bromide it is a layer structure with the cations centered at

0 and the anions at y = 0.5. Cations along the ¢ direction

I

Yy
related by the c-glide at x = 0.25, 0.75 are oriented so that
Cl(l) on each molecule is pointing inpo the same anion layer,
“but up the a direction the cations are related ﬁy the a-glide
at y = 0 so that alternate molecules have Cl(li pointing into
anion layers on opposite sides. The cations afe hydrogen-bond-
ed to the anion layer through C1(2)...N(1)1, Cl(2)...N(2)11,
Cl(2)...N(3), and C1(2)...n(3)3%ii,

The packing of 3D is shown in Figure 3.8. Surprisingly,

because of the rather different shape of the cation, the



Figure 3.7,

The packing of [Pt(dien)Cl]Cl (3C) in the

unit cell showing the layer structure.

91



Figure 3.8.

The packing of [Pt{dien)ONO

unit cell showing the layer structure.

—

52
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packing is again a layer structure, very similar to that of
the chloride, but now the repeat distance along b is doubled,
compared to 3C. Also, the 8 and ¢ directions in’;g correspond
to the ¢ and a directions in 3D, respectively. The effects
of orientation of the coordinated nitrate group afe compar-
able to 3C. Cations in the ac lafer form chains up £ and the
nitrate groups on alternate cations lie in opposite anion
layers. In 3D, cations along the a direction are related by
the a-glide, and the nitrate groups lie in the same anion
layer. Each cation is hydrogen-bonded by a medium hydrogen-
bond N(2)...0(4) [2.89(1)A) and weak N{1)...0(5)%V and N(3)
...0(4)V,0(5)Y bifurcated hydrogen-bonds to nitrate ions in
the same layer. There is a remaining weak cation-cation link
along ¢ through N(3)...0(2) Vil rhe principal reason for the
doubling of the b axis and the. space group change 1is fhat in
3C all cations with the same x have the Pt-Cl(l) bonds point-
ing in roughly the same direction along b, whereas for 122
cations with roughly the same z have Pt-0(l) bonds oriented
in opposite directions in alternate layers along b. 0Of the
othef structures presented in Table 3.9, only IPt(dien)Br]z-
[PtBry] can be cons%dered a layer structure and it is differ-
ent from the structu%es'here in that the cations are 6riented
so that the bound Br atoms all point into the same anion

layer.

‘Although IPt(dien)0N02]N03 was prepared, it was hoped

that [Pt(dien)OH2]-(N03)2-xH20 would crystallize from water,
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where the nitrate ion is not coordinated. The Raman spectrum
of solid 3D (Figure 3.9) shows vibrational bands both for
the ionic ané coordinated nitrate ions, but the solution
spectrum shows that no coordinated nitrate atom is present,
even when the spectrum was measured less than 2 min after
the solid was dissolved in the-minimum of water. (Spectra-
physics 164 argon ion laser, 300 mW,” A = 5145A; Spex Double
Monochromater Model 14018; 295K). Only bands from ionic
nitrate are observed in solution. This problem has been
encountered previously (Lippert, Lock, Rosenberg, Zvagulis
(1577)). Brown's bond valence concept (Brown (1981); Brown,
Shannon (1973)) can be ﬁsed to explain why attempts to
prepare aqua-species of Pt(II) have been unsuccessful and to-
suggest conditions under which it may be pbssible to obtain

»

terminal aqua- and hydroxo-Pt(II) species.

3.3.4 Bond Valence Considerations

Brown's bond valence model is an extension of Pauling's
(1960) bond-order bond-length relationship, the main differ-
ence being_that-Brown assigns a bond valence to all neazest-
neighbouf’interactions, regardless of whether they are colval-
ent 'bongs}, ionic or Van der Waals intergctions. The on
requirement is that the sums of the bond valences shall be
equal to the modulus of the fofmal oxidation state of the atom
under éénsideration: consider Figure 3.10(a). The N-O bond

valence in the free nitrate ion is 1.67 (3 x 1.67 = 5) leav-

ing a residual, unsatisfied valence of 0.33 (1.67 + 0.33 = 2)
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on each O atom (its base strength), which will normally be
satisfied by some ionic, covalent, or hydrogen bond. Similar
figures are shown for water (c) and hydroxide (e) obtained
from Brown's empirical relationghips. For the [Pt(dien}]2*
species, if it is assumed that Pt-N bonds are as strong as
Pt-0 bonds (a not unreasonable assumption since in a number
of structures Pt-0 bonds are.as short or shortér\than Pt-N
bonds, although agua- or hydroxo-Pt(II) monomers are needed
to verify this), the éituation shown in Figure 3.10(g)
arises. The IPt(dien)12+ fragment has an unsétisfied bond
valence of 0.5. Since a bond can only have one bond valence,
(Pt (dien)]2* cannot bond directly to either nitrate or water
without some redistribution of therbond valence. Figures 3.10
(b) and (d) show how this might occur. The redistribution of
bond v%ésnce can be tested by comparing observed bond lengths
with vaiues calculated from Brown's empirical bond-valence
bond-length relationship and the excellent agreement for the
nitrate ion is shown in Table 3.10.

One éight expect a strong hydrogen bond to tge unco-
ordinated O atoms of the nitrate ion, but, as Brown (1981)

has shown,'oxygen is normally four-coordinate, so the residual

-,

"~ bond valeqqe of 0.25 at each O atom will be distributed over .

three hydrogen-bonds of only 0.08 valence units, which woulgd
represent rather weak hydrogen-bonds. In addition, the hydro-
gen-bond to the coordinated 0 atom 0(l) will increase the

external bond valence at 0(1l), weakening 0(1}-N(4), strength-
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~ening ¥(4)-0(2) and N(4)-0(3), and further reducing the base
strenth at 0(2) and O(3¥.

Fer water coordinated to Pt(II) through oxygen there
must be an increase in the residual valence at each H atom
(acid strength) on the water molecule which must be satisfied
by stronger proton-donation hydrégen-bonding. Since hydrogen
is normally only two-coordinate (Brown (1981)) the residual
bond valence of 0.25 wzll only be satisfied by one rather
strong hydrogen-bond.

In aqueous solution this can take place, the water
molecules acting as acceptors (and stabilizers). In the solid,
coordination of the nitrate ion seems to be preferred, insuf-
ficient strong hydrogen-bonds being formed to stabilize
water coordination. Clearly, if one wants to Stabilize water
coordinated to Pt(II) in the solid state, one must use small
counter-ions which are good hydrogen-bond acceptors but poor
ligands, such as fluoride, or salts which are'extensively
hydratea and have counter-ions which are poor ligands.

For the hydroxide ion there is no simple arrangement
to allow monofunctional bonding to Pt(II) since it results
in a negative unsatisfied bond valence at hydrogen (Figure
;3.10(£)), which iz impossible. The residual bond valence at
oxyéén of 1.05 can easily be split into 2 x 0.53, each
matching the valence at Pt(II) (h) and it is easy to see why
hydroxide bridges Pt(II) so readily. An alternative way of

satisfying the ~0.5 base strength at oxygen would be to form
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two st;ong proton-aceeptor hydrogen-bonds, 0.25 v.u. each.
This can only occur in agueous solution or in an extensively
hydrated salt. To stabilize such g System the bond valence

of the OH bond should approach 1.0 viu. and thus the residual
acid strength of the hydrogen will'be near 0.0 and will no

be involved in any significant hydrogen-bond. This arrange-
ment is seén n hydroxorgig—diaqgine(L—methylcytosine-N3)-

\
Platinum(II) nitrate dihydrate (Pilon (1984)) .

- 3.4 EiE-Diammineaqu§ﬁl—methylcytosine~N3) Platinum(II)

Dinitrate Hydrate, 3E ’ .

-

For several years our lagbratory has been systematic--
ally studying the interactions of the [Pt(NH3).2]2+ moiety,
both cis and trans, with model nuclecbases of DNA (Lock
(1980) and references therein). This work has been caf}ied.
ouf ié\conjunctién with the laboratory of ‘Bernhard Lippert
at the Anorganisch-Chemisches Institut, Technische Universi-
tdt Munchen, 8046 Garchiﬁg,'Federa{ Repuélif of Germany. In
a reaction of gig-fpt(NHB)2(1—Me-Cyt)CliCl'H20 (where l-Me-
Cyt = l—methylcytosine, C5H7N30) with two equivalents of.
AgNO3 {(Britten, Lippert, Lock, Pilon (1982)), Lippert qbtainea
Cis-[Pt(NH3) ,(l-Me-Cyt) (OHjy) ] - (NO3) 5 *H,0, 3E, and several
other components. The facg that tﬁghfqua-complexlwas'not f//
Esolated aé the exclusive'producé Clearly shows that there
must be a delicate balance of conditions leading to its cry#;\{

taﬂiizétion. There are two main reason? for the fdrmation of

3E: first, the specific hydrogen-bonding conditions (see

-
-
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§3.3.4) which stabilize the coordinated water (sge beloﬁ),

and second, the poor nucleophilicity of 0(2) of 1-Me-Cyt
tqward Pt(II) in agueous solution. With Ag, for example, N(3},
O(b) bridging occurs rather than agua@-complex formation |
(Kistenmacher, ééssi, Marzilli (1979)), and bidentate (N(3), .
0(2)) binding is also observed in complexes of Cd(II)

(Gagnon, Beaughamp, Tranqui (1979)), Hg{II), and Cu(IIl)
(Authier-Martin, Beauchamp tl977); Marzilli, Wilkowski,
Chiang, Kistenmacher (1979)). Many more examples of varying
degrees of 0(2) inveolvement in metal binding are known

*u
{(Martin, Mariam (1979); Gellert, Bau {(1979); Marzilli,

Kist&n§§cher, ﬁichhorn (1980}, p.1l81). ) -

To prepare 3E, Lippert reacted gig-Pt(NH3)iCl2 and .
1-Me-Cyt in 1:1 ratio in H,0 to give cis-IPt(NH4),(l-Me-Cyt)-
Cl]‘Cl'HZO (Britten, Lippert, Lock, Spe%anzini). 1.0 mmol of
this product was reacted with 2.0 rfmol of AgNOj3 in 15 mL H,0
at room t%@peratureﬁfor 24 h, and the solutian was then con-
centrated to a l;S‘hL volume (pH 1.8). Upon cgpling, 230 mg
of 3E Qere obtained. Further concentration of the filtrate
and cooling gave.a mixtfre of 3E (150 mg) and 10 mg of cis-

- .
[Pt(NH3)2(OHf;Pt(NH3)2]'(N03)2 (Faggiani, Lippert, Lock,
R;senberg (1977)) . Warming during the. concentration pro;e;s

had to be\?voided in order to prevent darkening of the solu-

- . ‘R
tion and formation of a brown glassy material. The addition g:\)
of 1 eﬁuivalent'of base to a solution of 3E gave crystals of

cis-[Pt(NH3) 3 (1-Me-Cyt) (OH)]-NO3-2H,0 (Pilon (1984)), while
— . ,
T —

———

- -

A
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0.5 eguivalents of base yielded [Ptz(NH3)4(l-Me—Cyt)Z(OH)]-
(NO3)3, a Pt dimer with a single hydroxo-bridge. The structur-
al formulations were based on IR and Raman data, and ele-

mental analyses (Britten, Lippert, Lock, Pilon (1982)).

3-4.1 The Crystal Structure of 3E

cis—[Pt(Nﬁ3)2(C5H7N30)(OHZ)]-(NOB)Z*HZO, CSHISNSOZ—

Pt2+-2NO3'-H20; 514.32 g-ﬁol‘l; PIE Nicolet P3 diffractometer:
15 refl. (27°<28<35°) for cell; a=12.380(6), b=6 - 3},
c=10.895(3)A, a=90.39(3), 8=110.26(3), y=114.68(

V=744.5(5)A3, z=2; D,=2.29, D_=2.31 g-cm~3¥ in CH¢ GBI g;

Zem =55°P.h, tk, il? Nm =3.91 deg'min‘l;

ax s=3603' min. R

ea scan

22°C; standards: 2 1 1 (1.4%), 1 1 -1 (1.3%); Bond abs.corr.;

u=91.0 cm’l, sphere,,r=0.lo mm, 3.45<A;<3.66; N =3442,

unique

— - — - - _ - 2
Nyseg=3317; NP=191; F(000)=492, u=(of

g{SHELX)=0.00039; max.nc :-H shift/error=.312, K ‘2,

+ 0.0012072) -1, g=undet,

R,=0.061; diff. map: -2.8, 4.2 e-A”3, both near .t; XRAY76,
SHELX, NRC-22, ORTEP ff

The coordinates offthe Pt atom were found from a
three-dimensional Patterson map, and a series of full-matrix
least-squares refinements followed by, three-dimensional elec-
tron dénsity difference syntheses revealed all other atoms,
'iﬁéluding hydrogens. Statistical tests were used to deteréine
which atoms should have anisotropic tempefature factors
(Hamilton (1965)). The final atomic parémeters for the non-

hydrogen atoms are listed in.Table 3.11.

The molecular cation is illustrated in Figure 3.11
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Table 3.11. Atomic positional coordinates (x103) and

temperature factors (ﬁz)(x103) for 3E.

e

*

Atom x y z U;oo OF Ueq
Pt 53.63(3) 114.44(6) 217.16(3) 28.4(2)"
0(3) 112.0(8) 448 (1) 288. 6 (8) 48 (4)"
N(5) -11.3(9)  -213(2) 137 (1) _ 40 (2)

" N(6) -130.9(9)  68(2) 161.7(9) 31(4)"
N (1) 431.778) . 299(1) 241.3(8) 38(2)
c(2) 302.3(9) 238 (2) - 195.2(9) 34(2)
N(3) 240.4(7) 169(1) 283.3(8) 32(2)
C(4) 302.8(9) 145(2) 406(1) 38(2)
c(5) 437(1) 205(2) 451(1) 44 (2)
c(6) 496 (1) 280(2) 369 (1) 43(2)
C(1) 499 (1) 385(3) 154(1) 56 (3)
0(2) 245.5(7) 251(1) 80.5(7) 38(4)
N (4) 237 (1) . 73(2) 483(1) 52 (2)
N(7) . 133(1) 441 (2) 606(1) 49 (2)
0(71) ’ 197.1(8)  566(2) 545.1(9) 53(5)"
0(72) 173 (1) 515(2) 728.7(9) 76(7)*
0(73) . 4w 262¢2) 547(1) 83(8)*
N(8) 706.7(9) 263(2) + 875.7(9) 43(2)
0(81}) "670.2(8) 285(1) 754.9(8) 52(5)*
0(82) 822.2(8) 320(2) 939.8(9)  47(5)*
0(83) ~  626.5(9) 184 (2) 926.5(9) 59(5) "

o(7) 358.2(9) 13(2) - 749.6 (9) 57(2)
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and selected'interatomic distances and angles are given in
Table 3.12. The bond lengths and angles agree well with
previously reported value; (Lippert, Lock, Speranzini 198la,b).
The cation is very similar to the hydroxo-analogque (Pilon

{1984)), having no significant differences in bond lengths

-O0r angles. The principal difference is in the sguare plane-

ring dihedral angle, which is 90.9(5-)° for the aqua-complex
but only 79.8(5)° for the hydroxo-complex, probably a result
of the hydrogen-bonding réquirements. Neither the Pt-OH,
distance [2.052(8)&] nor the Pt-OK distance [2.027(9)A]

are unduly long, and are comparable to the Pt-N distances.
Thus the Pt-OH, distance gives no indication of weakness of
the Pt-O0 bond which has been suggested by the rapid rate of
reaction of square-planar a8 complegxes, Thié work suggests,

therefore that the rapid rate of reaction of OH™and OH

2

groups on Pt(II{ 1s associated with a marked weakening of the
Pt-0O bond in the five-coordiffate state. Such weakening of a
metal-oxygen bond in a a8 system has been demonstrated previ-
ously in Rh(I) complexes when the Rh-0-distance to an acetyl-
acetonate ion incrgased from 2.025(5) and 2.037(5)A in the
square planar com Lo (Allen, Lock, Turner, Powell {1975)}) to
2.217(9) and 2.23%(8)A in the five-coordinate complex (Buqﬁes,
Kfishnamachari, Lock, Powell, Turner (1977)). .
The packing of 3E'is shown in Figure 3.12. It is

characterized by a series of 3 parallel layers, formed by the

cytosine ring, the N{(7) nitraté ions, and the water melecules,

-
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The unit cell contents for 3E

Figure 3.12,
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lying roughly parallel to the aec face. Surprisingly there is
no hydrogen bonding within these layers. In particular, the
amino group N{4)H, is not involved in hydrogen bonds, The
layers are arranged such that the cytosine ring of a molecule
related to another by the ¢ translation is in the next layer.
The platinum atoms lie close to the Y = 0 plane and here
there is extensive hydrogen-bonding. Two cations related by -
the 0, 0, 0 inversion center lie with the square planes
separated by roughly 3.4A, a feature seen extensively before
for Eig-émine complexes (Lock, Speranzini; Zvagulis (1980)).
This cation pair is hydrogen-bonded together through N(5)...
O(B)iii, N(6)...O(2)iii. Hydrogen~-bonding in the e-direction
is through N(5)...0(72), 0(3}...0(71) and in both the‘a and
¢ direction through N(S5)...0(82)1V, N(6)...0(82)V. Other
hydrogen—bonds stabilizing the structure and providing
cation-anion links are 0(3)...0(81)%, N(6)...0(7)i%, ana
0(7)...0(72). .
In section 3.3.4, it was predicted, using Brown's
{1981) bond valence relationships, that_the coordinated water
molecule would have to form two strong hydrogen-bonds, where
it donates the protons, and a hydrogen-bond to a proton donor
would be very weak or non-existent. Clearly both requirements
are fulfilled:! the only hydrogeg—bond distances are 0(3)...
0(81) [2.74(1)A) and 0(3)...0(71) [2.60(LJA]. Both interac-

tions are strong and the hydrogen atoms are in the correct

positions. The closest proton donor {3.35(21&] is‘N(S) on a
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symmetry related molecule (x, 1+y, z).
3E is the first definite example of a Pt (II)-OH,
bond stabilized in the solid state. It also suggests that a
cis—IPt(OHz)(nucleobase)(Nh3)2} model for the preliminary

DNA lesion is a reasonable one.

1
-



* CHAPTER 4

SOME_REACTIONS OF TRANS-Pt (NH,),Cl,
.

4.1 Introduction

The anticancer drug gig—Pt(NH3)2C12 has 'been shown
to yiéld several differént hydrolysis products after removal
of the chloride ligands by the action of silver salts (Lock
(1980) ; Rosenberg (1978)). The g}__s_—Pt(NHB}z(NOB)2 complex
has been characterized by infrared speéprescgpy and x-ray.
crystéllography (Lippert, Lock, Rosenbérg,_Zvagulis (1977)},
as have several hydroxo-bridged complexes (Lock (1980),
Bushnell (1978), Pilon (1984)). As a result of these fin@ings,

toxicity studies on'fresh cis—Pt(NH3)2(NO were repeated

3)2
and the results were found to differ from previous studies
(Rosenberg (1978)). The hydroxo-bridged cqmpounds were found
to be very toxic, while the pure cis-dinitrato complex
(aguated) was active.

The inactive isomer EEEEE‘Pt(NH3)2C12 is often used,
either halogenated or hydrolysed, for comparison tests in
chemical and clinical studies of the glg,dfug (see §6.1). It

"was decided that solutions of EEEEE‘Pt(NH3)2(Nd3)2 at various
PH's should be examined to determine if any more complex -

species were present. Three questions needed answering.

Firstly, is the gtarting material trans-Pt(NH3)2(NO3)2
ﬂ .

r

111 .
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Or‘EEEEE_[Pt(NH;)z(OHQ)zl(NO3)2? The Eii—i;omer exists as
the neutral molecule cis-Pt(NHj),(NO,), in the solid but is
rapidly hydrolysed to Eii—[Pt(NH3)2(620)2]2+ in solution.
Similariy'{Pt(dien)(OHZ)]{NO3)2 could not be isolated as a
soclid (Chapter 3).

Secondly, is there only one Pt speciés in solution,
or is it a mixture as found in the case of the ¢is-analogue?
Are pure compounds being used for clinical testing?

Thirdly, what type or types of hydroxo compound (s)
can be formed? Since they must be géometrically different
from the cis-hydroxo-bridged complexes, any proposed mecha-
nism of anti-cancer action.involving the formation of
hydroxo-bridged oligomers may rule out Eﬁéﬂi“Pt(NH3)2C12

activity on this basis.

4.2 Trans-Diamminedinitratoplatinum(II) Bis(tetraammine-

platinum(II)) Tetranitrate, 4a . -

The preparation of K,PtCl, from Pt waste residues
was ddne according to the procedures.of Kauffman, Teter
{1963) and Kauffman, waan (1963) . Large red crystals were
obtained. trans-Pt(NH;) ,C1, was prepared by the method of
Kauffman and Cowan (1963). 0.5 g K, ,PtCl, was dissolved in
9>mL of water and 0.3 mL of ébncentrateé HCl. 1.2 mL of concen-
trated aqueous ammonia was addeq te convert  the Kthéléfto
[Pt(NH3)4JC12 and KCl, and the volume was reduced to 2.5 mL.

50 mL 6M HCl was added and the solution was evaporated to a
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volume of 4 mL, cooled on an-icehbath for 15 min , and
filtered. The 6M HC1l treatment of the remaining solution was
repeat;d. The solid EEEEE'Pt(NH3)2C12 was air dried. It was
pale yellow-green. The X~ray powder diffraction pattern
revealed no impurities.

Because of the greenish color, indicating Magnus's
Green Salt (IPt(NH3)4]1PtCl4J) as an impurity, the product
was redissolved in the minimum amount of concentrated aqueous
ammonia to convert back to IPt(NH3}4]z+ and the 6M HCl treat-
ment was repeated. The resulting powder was straw-yellow in
colouri This preparation of EEEEE*Pt(NH3)2012 was repeated
several times with fresh KoPtCl, (scaled by mole ratios), and
the products combined.

EEEEE‘Pt(NH3)2(NO3)2 was prepared by susPending 1.000
g {3.33 mmol) EEEEE‘Pt(NH3)2Cl2 in 750 mL warm water and
slowly adding an aqueous solution céntaining 1.131 g (6.66
mmol) AgNO3 with comstant stirring in the dark. AgCl was
removed from the vessel after 24 h and the solution was
allowed to evaporate to dryness at room‘temperature in the
dark. Three visuélly distinguispable products were obtained:
a&orphous yellow semi-~spheres, small twinned cross—shaped
vyellow crystals, and large, thick colourless, needle-shaped
crystals of m-[Pt(NH3)2.(NO3)2] [Pt (NH3) 415 (NO3),, gg
Samples of these needles were separated froﬁ the solid

residues for X-ray study, density determination, and elemen-

tal analysis. (Analysis: Found: N, 20.63%. Calc: N, 19.87%)

'4 | o
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4.2.1 Cryétal Data fEr 42

L

f

2+ -, ho1L. g
2H12N4Pt -4N03 ; 1127 .61g+mol —; Pnma;

. J’—\\;i?meter,.ls refl. (22.0°<28<30.1°) for'celég a=21.170(4),

b=10.946 (2}, c=10.946(2)4&; v=2536.4(8)4&3, z=12; p,=2.92,

ntex P21 diffract-

. Q
Dm=2.963;5pé3’15 CHIp/CClyi 20p,,=55", +hy ¥k, +1; Npg o=
) 5837, min. Ry ,.=2.93 dég-min~l; 23°C; sfandards: 0.2 0
(1.9%), 8 2 2 (3.7%); Péi-scan, Bond abs. corr., p=160cm™1,
: . ) _
approx. cyl:: r=.10 mm, 1=.14 mm, 9.5<A,<12.3; Nuhggue 3076~

N, _.4=2747; NP=194, F(000)=2080; w=g~2

used i ‘ ’ _
0.00004; magk\shift/error(ave.)=2.0?”(0.28 ), R=0.104, R =

s= 2.43 _, g(3HELX)=

0.039; Diff. map: -4.7, 5.9e-A73, ~.375,.25,0 ; pSI)

SHELX, ORTEP-II. \
“The precegsion photographs of 4A indicated tﬁgt the

space group was either Pnma or the non—centrosymmetric Pnzla

f(non-sténdard'for Pna2,), thus the +h +k +1 refléctions were

collected. Tetrégog;l symgetry,was ruled out on the basis of
reflection intensities. Initially Pnma_symmetry was used for
structure solution and thig proved to bé th?'correct choice.
The Patterson map was solved for three symmetry independent
Pt atoms,.using the assumption that they all had.the same y
cbordin;ié (y‘r= %, special position 4c). The remaining non-
hyd n atoms were found'from electron. density difference
d::> _ syn:igies, indicatingfthat the previous assumption was valid.
" No disorder in the nitraté moieties, bound or free, could be

*

detected in Phma or Pnzla.

/a
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It was expected that tetragonal pseudo-symmetry (b =
€) may have caused reflnement prqblems. There were serious
convergence.problems, but the source was a pseudo-inversion
| ¢enter at Pt(1l), -(.375, .25, .50). (There were ﬁigh correla~
.tions between the following atom pairs; N(lz;, N(13); o(2),
0(5); 0O(3), oO(6); Pt(2), PtgzlL/Nﬁzz}, N(23); N(22), N(31):
N(1l), Q}Z); 0(12), 0(21).)‘For example, a large temperature
factor for N(1l) was compensatedlby a small‘one for N(2). The
problem was minimized by usiné blocked-matrix refinement for
an even oumber Qf cycles for each parameter set;—The full
parameger’matrix was used for ihe final refinement cycles.
Hydrogen atoms coulo not be located. The final atomic param-
" etefs are given in Table 41, and selected bona distances and
angles are given'in Table 4.2,
‘42 contalns discrete [Pt (NH5) ] 2+ and NO3~ ions,
Wlth normal molecular geometry. The trans-Pt(NH3)2(N03)2
moiecule, the compound sought, is also found in the lattice
and is shown in Figure 4.1. The nitrate moieties are coordi-
nated to the Pt atom, as found in the cis analoguefuaqu
monodentate interaction is seen. The Pt{l}:g(ki¥‘bonds are
perpendicular to the plane conta;ning Pt(l) and the nitrate
'Iigandéi;The trans-dinitrato complex has a non-crystallograpic‘
center‘of

-
sides ®f Pt (l).

try, because 0(3) and 0(6) lie on opposite

he cis compound was found to have the cor-
responding oxygsf, atoms on the same side of the ligand
square pl e,/giving it noQ-crystallographio mirror symmetry.

‘,
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Table 4.1.

Pt (1)
N(11l)
N{12)
0(1}
0{2)
0(3)
N(13)
0(4)
0(5)
0(6)
Pt{2}
N(21)
N(22)
N(23)
Pt (3)
N(31)
N(32)
N(33)
N(34)
N(1)
0(1l1)
0(12)
0(13)
N(2)
0(21)
0(22)
-~ 0(23)

Atomic Positional Parameters (x103) and

116

Isotropic Temperature Factors (R%) (x102) for 4A

X

" 374.66(6) 250
374.7(7)
360(2) 250
404 (1) 250
382(2) 250
306 (1) 250° -
378 (2} 250
339(1) 250
364(2) 250
431 (2) 250
120.62(6) 250
120.7(7)

24.8(9) 250
217(1) ' 250
131.71(5) 250
226 (1) 250

36.6(9 2540
152(1) 250
107.4(9) 250
258(1} 4(2)
248.1(7) 19(1)
306 (1) - =56(2)
229(1) : 40(2)

9(1) T 4{2)

61(1) 5113)
~17(1). ' -32(2)
«13(1) -35(3)

436.5(8)

438.1(8)

z

490.7(1)
492(2)
739 ()
‘667 (2
857(2)
726 (3}
234 (4)
318(3)
130(2);
258(2)
493.20(9)
495(2)
486(2)
500(3)
-6.69(9)
=39(2)
© 26(2)
177(2)
-186(2) .
233(2)
119(1) .
249(1)
317(3)
241 (2}
240(2) .
148 (2)
338(2)

Ueq
3.42(4)
4.7 (6)
7(2)
7(2)

14(3)
11(3)
“10(2)
12(2)
16(3)
13(3)
3.08(4)
4.5(6)
3(1)
6(1)
2.48(4)
5(1)
3(1)
3(1)
3(1)

7 6(1)

5.9(9)
10(2)
14(2)

6(1)
11(2)
14(2)
15(3)
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The high errors in bond lengths preclude an;\ai5cussion of the
relative trans influence of the ammine and nitrate ligands.
N-O bond lengths iq 4A cannot be compared for the same reason.
The packing of 4A is shown in Figure 4.2 with the
view down b. The platinum complexes form layers at z = and,
z = 0.5, and are separated by layers of nitrate ions at z =
0.25 and z = 0.75. The nitrate ligands are packed into the
anion layer, similar to the packiﬁg for 3D (53.3.3),
IPt(dien)(NO3)}NO3.
- The trans-Pt(NH,),(NO;), molecule lies with the Pt
atom and nitrate ligands 'in the mirror plane at y = 0.2;(7The
. platinum ligénd plane is.roughly parallel to the bec-face.
Each bound nitrate is surrounded by four anions oriented to
nminimize contact. The nitrate ion planes are approximately
+32° from the mirror plane, fofmigg an 'open pocket' for the
coordin%;ed nitrate. The nitrate layer is stabilized’by
relatively weakrpydfogen—bonding to the ammine ligands in the

platinum layers (N(1l), N(2F), N(22), N(23), N(31), N(32))

and to the ammines sitting in the 'closed pockeE' (N(33),
s .

'N(34)} of the nitrate layer. This thfee— imen®ional array of
hydrogen-bonds and the ionic interactions\ﬁfrve to hold the
crystal together. _ \“\\

The Pt{2} and Pt(3) cations pack parallel to the ab-
’
and ac-faces, respectively. The Pt (2) square plane has its
Pt-N bonds roughly parallel to the cell edges, and N(33) and

N(34) ammines block the vacant octahedral sites. The N{(23)

A
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‘Figure 4.2. The packi of 4A in the unit cell
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ammfgg'in turn sits above the Pt(l) sguare plane. Tﬁe sixth
site on Pt(l) is blocked by N(32). The Pt(3) sguare plane,
which is capped above and below by N(ll) ammines, is slightly
rotated (approx. 5“) around b to maximize hydrogen-bonding.
The range of Pt...ﬁ3ﬁ contacts'observed [3.36(2)—3.53(2)3]
does not permit any conclusions on the possibility of pfoton
interaction with filled 5dxy and 5dyz orbitals of platinum;'
Was it these contacts or the nitrate-ammine hydrogen-bonding
netwerk which determined Efe similarity in cell axial lengths?
Because the normal hydrogen-bonding can account for this
observation, piatinum—ammine hydrogen-bonds ecann :t be veri-
fied.
Three other points are of note. Firstly, there are

no water molecules in the lattice, similar to the gii-analoéue
and 3D. Only the'aqua complex (3E) formed a hydrate, aﬁd the
nitrates were not goordinated. Thus the competition between
amine-nitraté?and.amine—water.hydrogen—bonds seems to be
reaaily won by the nitrate ions (at least in these PE(II)
systems) . Thé cytosine ligand of 3E (53.4) provided the neces-
sary environment for water molecdlesrto be incorporated
in the cell. ‘

.. Secondly, the pseudo-symmetry problem is clearly
evident inefhe packing. Not only does the EEEEE“Pt(NH3)2(NO3)2.
molecule have a center of symmetry, but the planes parallel

to the be-face which contain Pt (1) are also centrosymmetric

"at the.Pt sites and in between them. The anions above and
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belowrthese planes are approxim y related by these'pseudo—
centers. This 'Symmetry’ is only destroyed\Secause‘the'next
layer of molecules along +@ (another plane containing pseudo-
centers) has its cations-rotated by 90° relative to the cor-
responding tetraammines in the -a direction (see Figure 4.2).
Finally, s;ncejphe environment of the dinitrato
complex is made up of ammines and nitrates, it is very
likely that pure E£§E§—Pt(NH3)2(NO3)2, with no [Pt(Ng3)4].
2 N03 in solution, will crystallize as the neutrat molecule
and not a nitrate salt of an agua complex. A similar environ-
ment could be provided by symmetry related molecul?s. This
hypothes;s isecurrentiy being examinedlby Brenda Brown in our
research group. The sourfce of the ions in ialwill be discussed

in section 4.4.

4.3 Trans-Dichlorotetraammineplatinum(IV) Dinitrate, 4B

LN

A fresh batch of trans-Pt(NH;),Cl, (1.756 g) was
érepared (§4.2). The infrared spectrum of a sample from this
lot matched that found by Poulet. Delorme, Mathieu(1964).
Two experiments were then performed, using a Corning 130 pH
meter w1th glass (#476022 ) and calomel (#476002 )
electrodes.

‘ :
The first experiment was an attemgf to reproduce

Jensen's (1939) tltratlon curve of aqueous trans- [pt(NH )

(0H5) 51 " (NO3)2. 0 300 g (l 00 mmol) trans-Pt(NHj3) ,Cl, was

dissolved in 1 L of warm water and 0.340 g AgNO,
a E | %

[}

was added

+

D
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with stirring in the dark. After 24 h Ehe AgCl was‘removed

by filtration, and the solution was‘concentrated to 100 mL
(now 0.01 M in Pt).to give the same concentration Jensen

used, .but a 20-fold volume. Titration with 0.0999 N NaOH
(standardized using potassium hydrogen phthalate) with
constant stirring did not givei the same results as those
reported by Jensen. The pH-fEadingf_were consistently lower
than the published results, by appfoximately one pH unit.

The starting pH was 2.36, compared to 3.20. As the experiment.

progressed, the readings were found to be less stable. For

.examplé, after the addition of 6.33 mL NaOH, the pH was

4.857. Twenty-five minutes later it had decreased to 4.700.
At 6.67 mL NaOH the pH was 5.400, but a}ter.24_hours the
reading was 4.516 pH units. The titratidn was therefore
stopped. )

In the second experiment 0.6003 g EEEEE‘Pt(NH3)ﬂS12
was dissolved in water and stirred with 0.6795 g AgNO;. The
AgCl was removed by filtration and thé solution was allowed
to evaporaﬁe for three weeks at room temperature in the dark.
The pH dropped steadily. A white solid which precipitated
from the yellow solution, was removed by filtration and dried.
At this point, the pH was 1.3 and still dropping. Also, a
fine stream of yellow powder was observed descending frOT the
calomel electrode in the still solution. ‘

The white precipitate was examined under the sterec-

microscope, revealing & colourless microcrystalline powder,
. - -

- ’ L
ﬂ * .
.



125

some yellow material, and some colourless single crystals.
The bulk sample contained a surprising 10% Cl by~ weight. The
siﬂgle crystéls were of two types: needle-shaped and rhombo-
hedral—snaped; The latter was determined to be Ezggg-[PtClz-
(NH3)4]'(N03)2LIQ§, by X-ray crystallography. (Analysis:
Found: Cl:'lé.45; N, 18.4; H, 2.6%. Calc: Cl1, .15.48; N, 18.3;

H, 2.6%)

4.3.1 Crystal Data for 4B

[PECL, (NH3) 41 ° (HO4) 5, Hy,N,Cl,pt?*-2n0.7; 458.13g-
- mol™1, PI, Syntex P2, diffractometer; 15 refl. (32.1°<26<
46.5°) “for cell; a=6.635(1), b=7.114(2), ¢=6.548(1)3,
«=114,41(2), s=9s.é2(2), v=100.33(2) ", v=271.8(1)43, z=1;
D,=2.80, D =2.79g-cm~3 in CH,I,/CCl,; 26,,,=70.13", th, ik,
*#1; Npeag=4795, min. Rgo,,=3.66deg-min~l; 23°C; standards:
301 (1.3%{,_1 3 0 (1.5%), 0*3 1 (1.8%); Psi;écan, Bond abs.
corr., p=129cm'lJ approx. sphere, r=0.08mm, 5.00<A;<5.98;
Nunique=2398, N, . 4=2398; NP=89, F(000)=214; u=(02+0.00109r2) L,
s=1.00, g(SHELX)=0.00007,  max. shift/error(ave)=0.051(0.002),
R=0.0216, R =0.0276; Diff. map: -1.0, 1.6e-8~3, both near Pt;
PSI, XRAY76, SHELX, ORTEPII. .
Precessjon photographs'of 4B revealed only a tri-
clinic cell, and Delauney reduction revealed no hidden
symmetry. The polaroid rotaéion photograph showed fairlz‘

intense reflections at high angle,'so the 2¢ limits were

ézfended from 0—55o to 0-70°. All reflections measured had

P
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I>0, so it was assumed that the Pt atom was on the origin,
and that the space group was PI. These assumptions proved to T
be correct, and the remaiﬁing atoms (including H atoms) were .
found from electron density difference synthesis. The weight-
ing function_was refined for ;his structure. The atomic
parameters are given in Table ?.B’and selected bond lengths
and angles are presented in Table 4.4, ‘

The molecular ions énd their packing are.shown in
Figure 4.3. The cation, which is on the inversion center, ¢
has bond lengths which are within the ranges éreviously | 5
found in Pt(IV) complexes (Et-Cl, 2.26 to 2.309(6); Pt-N,
1.97(4) to 2.07(2) &) (Bjorling (1941); Craven, Hall (1961);
Liu, Ibers (1970); Faggiani, Hoﬁard-@ock, Lock,\fjppert,
Rosenberg (1982)), aléhough they lie at the longer end of
the réﬁge. The Pt-~NH, distaﬁces in ig are significantly
longer than those found in gig—dichlofodiammine-Egggg-dihﬁ-

droxoplatinum(IV) (2.0041) R, Faggiani et al. (1982)), but

not significantiy longe; than the 'normi;' Pt—NR3 distance
of 2.03 & (Shustorovich, Porai—koshits, Buslée? (1975)) ..
nitrate ion was found to have .the expected (see 53.3.4) B d
lengths ;nd angles, although the N(3)-0(3) bond is'3.7a’
longer than thé N(35-O(2) bond.

The packing of the ions is complétely dete
the ammine-nitrate hydrogen-bonding. Each ammine i

bonded to the three non=equivalent nitrate oxygen

bonds involving all hydrogen atoms. The hydrogen bo



Table 4.3.

Pt
cl
N(1)
N(2)
N(3)
0(1)
0(2)
0(3)
H(i)
H(2)
H(3)
H4)
H(5)
H(6)

U.
iso

atom.

Y
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Atomic positional parameters (x103) and |

temperature factors (iz)(xlOB) for 4B.

X

0
255.1 (1)
170.1(4)
-146.5(4)
680.5(5)
598.2(6)
570.2(5)
876.8(5)
88(10)
243(10)
223(10)
~156(10)
-90(10)

-309(19)

for H atoms set

Y
0

-60.4(1)
-61.2(4i
-317.4(4)
552.5(4)
388.0(5)
659.2(5)
611.4(6)
~105(10)
-149(10)
55(10)

'=351(10)

-417(10)

-371(10)

0
215.2(2)

-258.3(5)

-137.4(5;\
© 284.4(5) -

300.7(8)
239.2(6)
309.7(7{
=373(11)
—253(10[
-279(11)
~17(11)
-275(11)

-262(11)

to approximately 1.5 U,

iso

or U
e
17.80(1) "
28.6(3)"
*
25(1)
26(1) > .
*
26(1)
a1
38(2) "
02"
37
37
37
38

38

- 38

of bonded
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Figure 4.3. The packing of 4B in the unit cell
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indicated in Fiéure 4.4. The chlorine atom is not involved
in any significant hydrogen—bonding;

Brown's boﬁd valence model (53.3.4) can be used to
explain the difference_ in bond lengths seen in the nitrate

]
ion of 4B [r = 1.242(5) A for N(3)-0(2) and r

2,0bs 3,0bs
1.266(4) A for N(3)-0(3)]. Figure 4.4 shows that 0(3) is
hydrogen-bonded to three ammines via H(5), H(1l), and H(4),
while 0(2) interacts with.H(?} and H(6). Us@ng Brown's O-H
bond valence (s) versus distance (r} curve {Brown (1981)),"
and the assumption that the N-H bonds are all l.l.ﬁ, the
calculated Lewis acid strength of thé hydrogen—bondinéﬁgi:h
environment of 0(3) is Q.39 valence unité (vu) ; for 0(2)

s = 0.22 vu. This leaves 0(3) with a base strength of 1.61°
vu and 0(2) with 1:78 Qu for bondfng to the central nitrogen.
Empirically, r = 1.43570-23 & sfor an N-O bond. Thus T3, calc™
1.269 A and r2,calc=l'24o i, in excellent agreement with the
measured values. Table 4a5_shows hydrogen;bonding distances,
selected angles, adjusted distances, and individual bond

valences.

4.4 Source of Impurities

The attempts to prepa;e E£g5§~Pt(NH3)2(N03)2 outlined
in this chapter .did producé-and verify the structure of this
complex, but unwanted complex ions were also obseryed,
IP&(iI)(NH3)4}2+ and Eiggi-le(IV)Clz(NHS)412+, as nitrate

salts.
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Figure 4.4. The hydrogen-bonding about the nitrate group

shown in the upper left corner of Figure 4.3.
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There are two likely sources of the IPt(NHB) 12+
ion, botn of them contaminants of trans-Pt(NH )zclz. The
first is Magnus' Green Salt, IPt{NH3)4]1PtClél, which/may
not have been completely removed.in the preparation /
(Kauffman, Cowan (1963}). The [PtCl412_ ion, or some‘halo-
genated derivative, may be present in one or more of the un-
identified products. The second gassibi ity is [Pt(NH3)4JC12,
formed either. by adding too much concentrated agueous ammonia °
(to aestroy Magnus' Salt}, or b}-condensing the trans-pt-
(NH3)2C12/6M HC1 solution too much before fil£ering. The
presence of this impurity would also result in a low Cl per-
centage in the solid, and therefore an excess of AgNO, in
the 'stoichiometric' reaction.

The tetravalent platinum complax ﬁay have formed at
any ;;;ge in the preparation, but there ls ev1dence to suggest -
that the trans- -Pt(NH) Clz is again ;he source of the
impurity. When dissolving the KthCl4 in dllute HCl, a small
amount of black pr§c1p1tate was sometimes obsqrved aqd
removed by filtration. On one occasion a temporary féint
yellow cloud in the red solutlon was noticed. Thus a small
amount of the KthCl4 appears to have dlsproportlonated in
the HCl sdlution to give Pt metal and KZPtClsf Treatment
with concentrated NaOH and then 6M HCl would likely give
[Pt(NH3)6—nC1n]C14-n ds a contaminant in the EEEEE‘Pt(NH3)2'
Cl,. The structure of 4B suggests that n = 2..This wbuld

result in an underestimate of the amount of AgNO3 required



&\#// 134
. : ?

to remove all of the Cl. This gannot, however, explain the

- prepence of Cl Both in 4B and as 10% of the remaining solid.
This excess chloride was found to come from the

saturated KCl solution in the caloﬁel electrode of the pH

meter, via the porous ceramic salt bridge. This fact explains

the stream of yéllow solid below the electrode (trans-pt-

(NH3)2012 is not very soluble) and may also explain the
failure of the titration experiment.'Jensenu(l939), however,
claims that addition of C1~ ion\to the solution causes the-
pH to rise. It is possible that the slow formation of
hydroxo-bridged oligomers caﬁsed the pH-tO decrease.

For future studies, careful preparation and analysis
of the trans- Pt(NH3)2C12 is required. Elemental analyses‘ nd
gravimetric determlnatlon of chlorlde with silver salts "are
" not very sensitive technigues, conSLderlng the types of
impﬁrities_and the small quantities used. Infrared and‘k—ray
powder studies are also ineffective, without g great deal of
analysis. Conductivity<%éééurements could be useful because
most of the poséible'impurities are ionic. Any gig-Pt(NH3)2—
Cl2 contaminant gives an 1ntense violet coldu£ in the
présence of phenoxytelluriné di (hydrogen sulfate).

The‘cglomel electrﬁde problem can bg soived by using

a second salt bridge of KNO5 in order..to keep the reference

electrode in a separate beaker.

The study of the reactions of trans—Pt(NﬁS)ZCl2 with

t

other small inorganic molecules, and itf/possible hydrolysis

N .
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products, is currently being continued by- Brenda Brown in
[

our laboratory.
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CHAPTER 5

MIXED-VALENCE HALOGEN-BRIDGED CHAIN COMPOUNDS OF Pt

. 1

5.1 Introduction -

The two ofgbeding Chapters have discussed-the cheﬁ-
‘1stry agpd crjgtallography of (1) platinum(II) aqua and (2)
EEEEE‘AZHZPt(II) compounds. Problems with (3) impure starting
materials and- (4) oxzdatlon of Pt(II) to Pt(IV) have Dé;n
outlined. The work presented in this chapter resulted from a
convergence of all four of these aspects of Pt chemistry
through the synthesis of a mixéd—valence halogen-bridged
chain .compound. It waé hoped that the removal of one equiva-
lent of chloride from EEEEE’Pt(NH3)2C12 with AgClO4 would
yield E£§5§-[Pt(0ﬁ;TTNH3)2Cl](C104), since perchlorate is
not well suited for coordinati;n 1é_€t. However, a hard,
yellow crystalline compound was obtained which was determined
to be [Pt(NH3) ,Clylg g7 lPL(NH;) 41, ;5 (C104) 10, 5A.

=7: helongs to a class of compounds exhi@iting linear
chains of halogen-bridged metal atoms in which the metal
atoms appear in two diffe:ent oxidation states. For compari-
son, the structures of two other mixed-valence Pt—halﬁgen
ghain compounds were determined: 2 K '[Pt(Nﬁ3)Br3l-[Pt(NH3)—
Brs)] -2H,0, 5B, and 2(NHy) -Ef(wﬁysrﬂ " [Pt (NH3) Brg) * 2H,0,
2C. 3B and 5C were prepared by T./Theophanide% and D. Layek

at the Université de Montréal, Montréal, P.Q., Canada.

. 136
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The crystal structures of 3A, 5B, and 5C show some

o

interesting order-disorder features in thé packing. In this

chapter an outline of congE“physical and optical propertie€s

of this class of compounfis and the interpretation in terms

of crystal packing are presented.

5.2 Dichlorotetraammineplatinum(IV) Tetrakis(tetraammine-

platinum(II)) Decaperchlorate, 5A.

1.0000 g (3.333 mmol) of trans-PtCl,(NH3) 5 was
stirred in 50 mL hot water. 0.6910 g (3.333 mmol) AgClOy in
> mL water was added dropwise, and stirred for.24 h. AgCl
was filtered fronh%he solutioq, and after slow evaporhtiop,
several hard yellow.crysfals of 5A were obtained. The white
microcrystalline residue which co-precipitated with 2A turned
green after several weeks exposure to the air in the dark.

Precession photographs of spherically—grouﬁd single
crystals of 53 revealed a primiti?e tetragonal cell with no
systematic absences. The poséible space qﬁpups were P4, P%,
P422, P4mm, P32m, PIm2 (noncentrosymmetric) or P4/m, P4 /mmm
(centrosymmetric) . Because the crystal chésen wds aligned
along the unique axis (e¢), rotation and Weissenberg (hk0)
photographs were taken ta verify the four-fold symmetry ..
Analyses: Found: N, 11.87; H, 2.46%. Calculated for [Pt (NHq),-
Cl 30_37"Pt(NH3)414.13'(C104)10=‘ N, 11.81; H, 2.55%.‘Not

2
k4
enough sample for Cl analysis.

("\.
\\ —_—
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5.2.1 Crystal Data for 5A

[Pt (NH )4c12]0 g7 [Pt{NH3) 3, 13" (CLlOy) 0.87Hj o~

, lof
C12N4Pt2+ 4.13H, ,N,Pt2*-10C104~; 2372.26 g-mol-l, P4 /mmm,

Syntex P2y diffractometer; 15 refl.'(22.0°<26<35.2°) for cell;

a=11.500(2) , c=11.147(2)A, v=1474.2(5)A3, 2=1; D,=2.67,

- -3 = v . _ [ . ’ -
D,=2.66 g-cm in Cd2I2/CCl4, 28max—55 ' +hf +k, +1; Nmeas

3751, min. Rg.,,=4.88 deg-min~l; 23°C; standards: 2 -4 -2

(2.1%), 2 0 6 (2.3%}; Psi-scan, Bond abs. corr., u=120 cm‘l,

sphere: r=0.151 mm, 10.22<A%<13.59; Nunique=1050/ ¥,qeq=1039;

NP=74, F(000)=1114; u=c;2, 5=4.17, g(SHELX}=0.00015, max.

shift/error (ave)=0.012(0.001), R=0.065, R, =0.042; Diff. map:
-3.7 e-A™3 near Pt, 4.5 e-&2~3 at (0,0,0.5); PSI, XRAYTE,
SHELX, ORTEPII. ~—

The Patterson map for 5A was highiy symmetric, and

——

showed several Pt...Pt vectors. It was solved with four inde-

-

“Spéce‘group P4/mmm. The remaining non-hydrogen atoms were

found from ‘electron density aifferenceigyntheses. The per—\\,/

chlorate (Cl1(l), O(l)) at position-2f appeared with eight

' half-oxygen atoms forming a cube around the chlprlne atom,

indicating a two-fold disorder. The symmetry lndependent per-
chlorate at position 8r showed large temperature factors for
v

the oxygen atoms, but could not be resolved into two differ-

ent orientations; Hydrogen atoms were not found,'since they

.are hlghly dlsordered The 4.5 e-A” 3 residual peak at p051t10n

lb was tested as a water molecule, but the enormous tempera-

-
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ture factor ruled this out'(Uiso=3.3 ﬂz). Possibi?/aisordered
water positions around (0,0,0.5) were similarly

uled out.

Furthermore, the elemental analyses do not suggest that water
)

is present. The peak is likely an aberration caused by the

high symmetry of the position.

The raw data were then averaged in both P4 and P4
space groups to determine if lowering the symmetry would
remove ény of the disorder in the per;hlorates. A modél‘con-
taining only Pt, N and Cl1l atons showeé no further ordéring qf
the oxygen atoms in the difference maps, and refinemeﬁt,with
the half-oxygen atoms gave corfglatioﬁs which indicated the
full P4/mmm symmetry. Again, residual électrdn densitx/was
observed near (0,0,0.5), but an okygen agégiyas not acc?pt_
able in that area. ‘

At this point in the refinément,‘it was clear .that
there were chains of Pt(II)...Cl-Pt(IV)~Cl...Pt(II)... etc.
parallel to ¢, with an unsymmetric Cl bridge. It is common
for structures of this type (cf. §5.4) to have these ordered
chains disordered relative to one another because of random
shifting of-the chains along ¢ by a Pt{(IV)...Pt(II) distance,
resulting in a symmetry equivalence of the two platinums, p
and a symmetric disordering of .Cl atoms about the Pt...Pt
mid’point. No evidence of this type of c:lisorder was found. 4
However, it was found that there is a three-dimensional&ﬁngH%;,_

order at the position of the Pt(IV). It was suspected that

the [Pt(NH3)4]2+ ion could occasionally replace the trans-
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Pt(NH3)4p12]2+. The evidence for this was thﬁ similarities
of the charge and the ammineé square-planes for 'the two ions,
the lack of any strong interaction of the chloride atom (only

a weak interaction with Pt(II)), the .(approximately) four to

one ratio of [Pt(NHj),l2% to [PE(NH;)4Cl,12%, and the slightly
e . '

high témperature'f ors of the Cl atom. The ocg ancy of Cl

was subsquEEEE;/éZ::ned, and both the Eémperature factors

and R factors improved. The 0.87 occupancy of Cl also improved
1eh;ntal\qnaljses fit. The final atomic parameters are

given in Table 5.1, ®mnd bond éistances and anglé; are given

in Table 5,2. 7

5A compriges discrete trans—[Pt(NH3)4Cl2]2+.

[Pt(NH3) ]2+ and C104 ~ ions. The Pt-N bond lengths are

’?akigiwely long in general, but because of large errors are
. . g ]

not significantly different Lro¥~the identical ions examined
in 4A and 4B. The Pt~Cl bogzﬂ}éiﬁfﬁ is normal. All angles
iﬁgggs\jye Pt atoms are fixed at the ideal 90° or 180° by
symm;try. The geometry of the disordered ﬁérchloratg at
(0,0.5,0) is normal for eacﬁf;f the superimposed species. The
perchloraté at roughly (.25,.25,.25) has an ill-defined dis-
order, with very large\%ﬁfgen tempe;atﬁre factors, and not

o- ideal geometry.

The packing of these ions is shown in Figure 5.1.
—
The Pt(II)}...C1-Pt(IV}-Cl...Pt(IX)... chain runs parallel to

¢, centered in the ab-face. Pt(IV) is found only in the ab-

face, with the Pt-N bonds parallel to a and b. The [Pt(II)-

-

L =L ] . ]

~ A, N

o



Table 5.1.

Al
\vi

Ty aN
’J ‘

Pt (1)
N(1)
Pt (2)
N(2)

Pt (3)

N(3a)

N{3C)
Pt (4)
N{4)
ci”*
C1(1)
o(1)
cl(2)
0(2)
0(3)

0(4)

N

[\

temperature

X
.0
179(1)

500
316(2)

01—*’/}

0
»
500
500
500

0

C 73
246.4 (4)
262 (n_-)\

l66(1)
347(2)

fadtors (x103) (%) for 5a.

A

0

500

500

500 -
317(2)
500
500
319(2)
506;

+ 500

-

428(1)

246.4 (4)

262 (1)

166(1)

221(2)

*refined site occupancy for Cl:

e

0

500
500
500

688(2)

75 (1)

254.6(6)

131(1)

249(2)
:!’,'.

300(2)

0.87(2)

/f
d

-
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Positional parameggrs 1x103) and isotropic

eq
30.0(7)

62(14)
26.5(7)
78(16)
=~
492 3(9)
62(15)

65 (14)

30.4(8)

55(13)
65 (6)
58 (7)
55(9)
64 (2)
180 (15)
455 (42)

. 313(24)



. . ' 142

*

Table 5.2.  Selected interatomic distances (A} and angles
. [

‘d(deg) for 5a. . =
bonds:{g‘ _ hydrogen-bonds
Pt(1)-N(1) 2.06(2) N{l)...o(1?t © o 3.10(2)
Pt(2)-N(2) t2.11(2) N(2)...0(491 3.04(2)
\“*‘yPt(B)-N(BA) 2.11(2) N(3C)...0(1) i1 2.89Y2)

Pt (3)-N(3C) 2.09(2) N(3C) .. .o(4} il 3.10(2)
Pt (4) -N(4) 2.08(2) N(4)...0(1) 3.07(2)
Pt (49 -C1 2.30(1) N(4)...0(2) 3.17(2)
Cl(1)~0 (1) 1.44(1) : -
Cl(2)-0(2) 1.41(2) " contacts
Cl1(2)-0(3) . 1.31(2) -
Cl(2)-0(4) 1.29(2) Pt(2)...Cl 3.28(1) .

. Cl...0{2) .3.96(2) -

i /:Ei;..ot4) . 3.81(2)
a gl /
ngiLes .
o(l)-cl()-~o(1)1V 109¢01) - 0(2)-C1(2)-0(3) 98 (1)
0(l)-C1(l)~0(1)V. 110(1) 0(2)-Cl(2)-0(4) 107(1)
0(1)-C1(1)-0(1}V1 | 109(1) 0(3)-Ccl(2)-0(4) ™ 119(1)

. 0(4)~Cl(2)-0(4)* 104 (1)
s . 5 -
‘Atoms are relates-to those in Table 5.1 by:
(1) vy, x, z; (ii) -x, y, l-z; (iii) -y, x, 1-z;
“(iv) -x, 1-y, z; (v) -x, Yo =27 (vi) x, l-y, -z.
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Figure 5.1.
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The unit cell contents pf 5A

The thermal elipsoids of the oxygen atoms
(0(2), 0(3), 0(4)) of the internal perchlorate

ions have been reduced for clarity.

/C

N
s cinad

At e e o

R LI [ PSET RS

PN PENPIFT Pt PRC RN, ST ¥ TSP

=g

Sty T dme W




(-'

-144

(NH,),1 2% ion is found at (0,0,0) and (0.5,0.5,0.5), with
'the same orientation as the Pt(IVl(NH3)4 group. Two symmetry
related [Pt(II)(NH3)432+ ions are centered in Fhe acland be
-faces, withlthe Pt-N bonds parallel to the axes defining each
respective face. Thé disoraered perchlorate ions centered on
the a and b cell edges serve to hold the étructure togethef
rigiﬁly. The cation at the origin is linked via these edge\s
perchlorates to the cations centered on each of the three |
faces. Each oxygen (0(1)) is hydrogen-bonded to N(1) [3.10(1)
Ay, N(3c) [2.89(2)&), and N(4) [3.07(1)R;. The eight interior
perchlorates, one centered in_eacﬁ of the eight oégéhts of
the cell, are held in place mainly by the ionic lattice sur-
rounding them, and are loosely oriented by weak hydrogen-
bonds [0(2)...N(4),.3.l7(2); O(4)...N(3C), 3.10(2); 0O(4)...
N(2), 3.04(2)A). The [Pt(II) (NH3),) 2% ion at the center of
the cell is held in place by the surrounding eight perchlorate
ions, and_h%s a very weak interaction with the chloride
ligands of Pt(IV) (Pt(2)...Cl, 3.28(1)R] (cf. §5.4). It
shoula be noted that the;e is a cavity centered at (0,0,0.5),
surrounded By eight perchlorate oxygens (0(2)) and four
ammines (N(3A)i. This space could-easily accommodate a dis-
ordered water molecule, although one coﬁld not be located. -
:, The generally high thermal parameters of the nitrbgen atoms
and the relatively high errors on the bond lengths are a
result of the slight pogitional disorders of the cations

required for hydrogen-bonding to the disordered perchlorate

™
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ions. This c;h be seenlin the anisotropy of the thermal — ‘
- ellipsoids in Figure 5.l1. Thus the hydrogen-bonding may be
«<lightly stronger than is igdicafed by the distances given

in Table 5.2. X-ray analysis at low temperature might resolve .

"

these dlsorders 4/

5.3 Dipotassium and Diammonium[Tribromo (ammine) platinate (IT)) - °

[Pentabromb(ammine)platinate(IV)] Dihydrate, SB and 5C.

The two bromo-compounds were prepared by the oxidation
of an aqueous solution of M&?E(NH3)Br3] with Br, according
to the methods described by Werner f1896), Elleman, Rishus,
and Martin (1958}, Fanwick and Martin (1973) and Lajgk (1981),
where MI= K+, NH4+. The oxidation yielded red crystals 6f .
the type M&Pt(NH3)Br5], A mixture of hot aqueous solutions\
of eguivalent amounts of MﬁPt(NH3)Br3] and M&Pt(NH3)Br5]J
yielded bronze crystals with metallic appearance. Large
crystals of SB and 5C in\thé form of dark, shiny, rectangular
neeales were obtained by sl?w evaporation of an aqueous |
solution in the presencé oﬁyMBr. Chemical analyses for Hy C,
N, and Br were repofted by Layek (1981)..

The isomorphous crystals of 5B and 2C were found to_
‘have the needle axis coincidiﬁg with the a axes of the ortho-lj'..
fhoﬁbic cells. The distances between the (010} and (0I0)
faces ranged from about one (in the crystals chosen for
study) to one tenth times tﬁe distances between the (001)
and (00I) faces, indicating slight“ weaker intermolecular

interactions in the b direction. Precession photographs of
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5B, tne potassium salt, indicated the space group Pbcap The
very weak odd-h reflections corresponded to the weak, aiffuse
layer-lines observed 1nterleav1ng tne stronger Bragg lines
on the rotation photograph allgned along a. These weak, odd-

i
h reflegtions for the ammonium salt, 5C, did not appear on

the pr;cession photographs, sugge;ling a cell of approximately
Khalf the volume in space group Cmem, Cnc2y, or Cmc2 ann-
standard form of AmaZ2). Diffuse interleaving layer-lines were
seen of/zﬁ;eek—long rotation photograph of igf but a week-
long precession photo%raph of ad}arge crystal was necessary

to revégl theAeIagg reflections which dopbled the a-axis.

Thus X-ray data were collected for both compounds in the

- Pbca cell.

'1=0.100 mm, 5.76<A§<6.57; N

H

5:3.1 Crystal Data for 5B —E//’ﬁ
4 2K -[PtBr3(NH4)]:[PtBrg (NH, )1-21,0, 2K* "H3Br NPt~ .-

HLBrgNPL™ -2H20' 1177. 71 g-mol~!, Pbca; Syntex P21 diffract-

ometer; 15 refl. {(32. l <26<51.8°) for cell; a=11.068(2),
]

b=20.296(10), c=8.292(1)A; v=1863(1)A%, 2z=4; D_-4.20, D_>3.33
grem™3; 26,..=55", +h, +k, iti Noeas=4135, min. Ry.,,=3.66
deg-min“l; 23°C; standards: 0%2 1 (0.9%), 2 -1 0 (l.Q@!; //

Psi scan, Bond abs. corr., »=317 cm™T, approx. cyl.: r=0.035,

=2145,'Nused—

unigue =1866; NP=81;
F(000)=2056; w=0"2; 5=2.47 ; g(SHELX)=0.00022, max. shift/
error(ave)=0.430(0.088) , R=0.128, R,=0.056; Diff. map: ~3.4,

4.0 e-A73, both near the K¥, H,0 chain; PSI, XRAY76, SHELX,
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ORTEPII.

The Pt coordinates for 5B deduced from a Patterson
synthésis were for the general position (.125, .402, -.750).
A series of least-squares refinements followed by three-dim~
ensional electon-density syntheses revealed all the‘non—
nydrogen atoms. The Br atom bridging the two platinum atoms
in the a direction was found to be digordered, and was rép-
resentéd by two ér'S'(Br(4) and Br(5)), each with half occu-
pancy. Refinement in space groups of -lower symmetry (eg.
P2y/c or P212121) which allowed adjacenty platinums along the
chain to be symmetry independent, revealed no ordering of
this Br atom. The potassium.;nd oxXygen atoms were completely
ordered in general positions. ‘

In the early stages of structure refinement, it was
necessary to use blocked least-squares calcqlations to avoid
high correlations between the two half bréminéﬁrand between
the two Br atoms (Br(2) and Br(3))‘E£Eg§ to one another,
parallel to ¢. The final refinemen£s used ﬁpll—matrix least-

squares procedures. Two peaks in the final difference map
corresponded to the hydrogen atoms of the water_molecule and
were in chemically sensible positions. Nevertheless it was'
not possible to refiné the positions. Theyldid'not reach a
stable minimum in chemically sensibke positions, so thef
were not refained, especially since other-peaks oﬂ the map,

presumably caused by.the high absorption problems, were much

S S
larger:. The final R and R, values were 0.128 and 0.056,
: : *
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-2

o weighting greatly im@roving the

respectively, with the ¢
residual. The high value of R is a result of the inclusion

of the -very weak odd~h data.(With removal of the odd-h data,
the refinement converged to R = 0.075.) The positional para-

meters and temperature factors for 5B are listed in Table 5.3.

~

5.3.2 Crystal Data for 5C aﬂd a Comparison of 5B and 5C

2 NHy " [PtBr3(NHy) 1 IPtBrs(NH3)] 2H,0, 2HN*-H;Br N-
Pt H3BrgNPt~.2H,0; 1135.58 g-mol~l, Pbca; Syntex P2, diff-
ractometer; 15 refl. (29.5° s26<4l.3 ) for cell; a=11.162(l),
b=20.765(3), c=8.3166(9)A; v=1927.5(4)&3, 2=4; D,=3.91,
Dm>3.33 g-cm—3; Zemax=55°, +h, +k, £1; N =4422,.min. R

meas scan™

2.44 deg-min~l; 23°C; standards: 4 0 0 (1.48), 0 -2 1 (1.6%);

‘D

Psi scan, . Bond abs. cofr., u=302 cm'l, cube: 1=0.10 mm,
5.75<A:§6.$7; Nunique=223°; Niused=1855; ﬁps78; F(000)=1992,
w=0"2; 5=1.86 ; g (SHELX)=0.00027; max.'shift/errbr(ave)=
0.43340.090), R=0,148, R,=0.046; Diff." map: -4.4, 5.1 e-A~3,
both neax;Pti PSI, XRAY76, SHELX, ORTEPII.

Since the early precession photographs of the ammon-
ium salt, 5C, indicated the Cmcm cell (a=5.58A) and the potas-
sium éalt of the pyridine (py) analogue (2 K -Ip ry{py)l--
IPtBrS(py)] 2H,0; Beauchamp, L§¥9k¥’fh?ophanid%§i3

had prev1ously been solved in Cmg\;zihe initial data set was .

1982a))

collected for this cell. Normal Patterson synthesis, least-
squares refinements, and electron density difference syntheses

yielded a crystal structure (discussed below) isomorphous to



Table 5.3.

Pt

Br(l)

Br(2)

"Br(3)
Br{4)

Br(5s)

RN Lol

Atomic positional paraméters_(xloa) and

temperature factors (82) (x103) for SB.

X
125.1(2)
124.6(7)
117.0(5)
142.4(3)

-101 (1)
349 (1)
123 (4)
621 (1)
125(3)

-

///’Sb\\
402.54(3)

282.02(9)

. 408.0(2)

403.3(2)
410.7(5)
398.4 (5)
506.4(9)
788.5(3)
675(1)

z
748.8(2)
754.8(6)

1042.8(4)
453.1(4)
730 (1)
764 (1)
740 (4)

29.1(8)
647(3)

149

Ueg
21.5(3)
43(1)
47(2)
33(2)
29(5)
38(5)
39(10)

61(4)

" 67(13)

\Y;
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to the pyridine compound, with the Pt atom on special position
4c at (0, .3443, .25), having 2mm point symmetry. The ammonia
nitrogen and water oxygen atoms were found to be disordered

on the mirror plane at 8f, (0, 7044, .038) and (0, .d?B, -131)

respectively. The coordinated mitrogen atom and trans-bromine
i

-

atoms we:e;pn the 4¢ mm axis (y = .246 and .463 respectivély),
the disordered Br atom on special position 8g (.446, .341,
.25) and the final Br atom on 8f (0, .341, .544). The final
residuals ‘were R = 0.041 and R, = 0.027, with w=0-2, for 662
unigue, non-zero reflections. The maximum peak on the final
difference map was 1.9 e-i'az‘near the disordered ammonium-
.water chain. s = 2.80.

Begause‘the Pbca cell for 5B resulted in ordered
cation-water, chains, but wa§ otherwise packed similarly to

more carefully to check for a doublin f the a-axis (ie. the

5C and the p&rridine analogue, the amj}.um salt Was examined
one week exposure precession photograph), Since the cation
was invelved in the scattering which cauéed the doubling,
the odd-h Bragg spots were'harder to detect .for the lighter
ammonium salt. '

With pfoof of a doubled cell, the cell parameters
were redetermined and the data for 2C were recollected, as
described above.~&he coordinates for the atbms of 5B were
used (replating the N scattering curve for that of K) and
the structure refined to R and Ry values of 0.1482 and 0.0463.

The final difference map was again very noisy in regions of
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high electron density. It should be noted that for both 5B

o
and 5C it wa; necessary to fix Uj3y = 623 = 0 for Br(4) to
keep both Br(4) and Br(5) from refining to hyperbolic temp-
erature factor tensors. N(1) of 5C was restricted to Uj;p =
Uz = U3 = 0 for the same réason. The applied restrictions
were borrowed from the correspdnding atomic special ﬁositions
in t@e Cmcm cell in order to-retain some degree of aﬁisotroPy.
The pdsitional parameters -and isotropic temperature factors‘
for 5C are ligted'in Table 5.4. Selected interatomic distances
and angles for both 5B and 5C age listed in Table 5.5. The
cation geometries are normal and indistinguishable.

For comparison, the eveqwh data for 5B were used to
do a structure calculation in Cmcm. The transformation from
the Pbca cell to the higher symmetry C-centered cell is x' =
2x-0.25, y' = y+0.25, zf'f.z; After slight positional adjust-~
ments to fix all of the atoms on the previously described
Cmcm mirror positions, the refined structure gave residuals_
R = 0.040 and R, = 0.043 with w=(o§ + 0.000lF?)"l, s=2.53 for
627 I 0 reflections. When tﬂe ﬁnadjusted positiogs were used,
and occupéncy factors modified to fit:the reéulting disorder,
the refineﬁent would not converge. '

When the even-h data for 5B were used fér refinement
in Pbca, convergence was reached with R = 0.075J§nd R, =
0.049. Removal of the 257 nén—zerg even-h reflécﬁions with
(0.5h + k) odd (systematically extinct with Cmcm” symmetry)
from the‘even—h data set caused divergence of the refinement

]



Table 5.4. Atomic positional parameters (x103) and

- Pt

Br (1)
Br(2)
Br(3)
Br (4)
Br(5)
N(1)
N{(2)

-
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tempgrature factors (ﬁz)(xIQB) for 5C (Pbca).

be
123.9(2)
124.8(6)
118.2(5)
138.5(4)
-98.7(8)
346.8(9)
111(3)
606(2)
113(3)

Yy

405.74(3)

288.08(8)

411.7(2)
405.4 (2}
415.5(3)

402.5(4)

503.7(6)

800 (1)

673(1) -

4
748.7(2)
752.8(7)

1042.2(4)
454.7 (4)
737.5(9)
766 (1)
739 (4)

43(3)

626(2)

U
eq
23(3)

40 (1)
43(2)
38 (2)
2143)
49/s)

(10)
57(17)
62(14)



153

PE-TART ARy (TIHA)
i2-7'4-1"x- (a])

(£)a‘e
(g)9° 121
(5)y'611
($)1-001
(s)i:z01
{¢)6°LCT
(L)s'901
(x}o1t
{6)1' 01

(8%)

(tyo'ml
(1)821
(1)s21

teyeon

(¢yesot
(1611
(1)901
(1)901

{6)Z 801

(3%)

(0yee'e (1)Ie'e
(ehsvt=— (1)15°C
(res e 2 (s c
(E)1y'C ' (1)85°C
(et (1)ss°¢
ite's  (1)e9c
ec (Dov't

, {38) (as)

‘DS pue g¢ 103

f1ezih-Fyia-by (JH) 12-TldeT'x-Y
fa-htAtahy (FIA) 13T AT hex (14)
ezt h-T %= (F¥D)

xp(EYAT (TN A o g (W) 2

xp (€)@ e (Z)N* A0 a0
LTS FEI O LS

«naaﬁvnn ¢ SE b SERESV)
anﬁevun .ﬁuuz.u...awbc
a—ao .ﬁmuz.u...ud>c
->A~w= Jades-0r ralBInl 2
yalZIN mbu...o...baanunu
AN su...o...saanvnn
(DR (£)oec
piNg (IR (€)18°T
()38 ()N'1  (930°C
quAnVun...awvz.u (nie
ﬁuaﬁuun...mwuz¢u (£)vs e
x{1)38...(Z)N"2 (1)¢9°0
dddn—vun..mnﬂvt.u (1)v0°t
Lt —
' s {085)

(6)5°901
(8)9"111
(L)oot
(E)L°SE
(6)C*18
(DAL T2

{1)se
(£)s 68
@-te

(28)

(1)i9°€
(zise e
[£21 154
(f)yov'¢
(314N
(Z)19°0
{11y

(%)

(bo2p) satbue mvm A%v MMWEMM

1K1 Kex (F)

-kt Ak x-T (x)
ta-hhis-x (a)
Al (1)

(x)

thq y*5 puw (-5 soTqQel uy

980Uy3 03 pajelal 8IP SWOIY

(1err «>A~u=.~>u o $1f{T)e
(6)6°901 A(TIH 430000 233(2)00
BIRL apledage o} ()2

(44113 (TIR'H-33-($) 24

(1)s8 (TN 'H-13-(y)21
(y)osl1 (c)ag-32-{y)3g
(@)i°18 (1R*H-13-(C)34
(€)y o0 U (p)ag-22-{£)9
(2)6°06 . (v)ag-1a-(0)ag
{ds)

, xdﬁﬁvun.h.auvz.u

TE3A0+ -~ (Z)R"Y 10 (2N Jadec 0
33a0+ ¢+ (TIR'A 30 (TR AA---0
ap(£)3g...0

yy3{2)ag-+.0

py(8)ag- -« (s)aq

(T)R*N-23

r

(1)68
(E)z*en
(Z)v 06
@)y oL

(1)9L1
(£)1'99
(2)6°%6
(2)s'06
1§ 2881

{3%)

(1014
(1)6r°2
(6)901°C
(8)y69°T
(c)osy 2
(r)syy°?
(z)eer?

(3%

(R)y° b8 (DN*R-33-17)3n
{€)C-60 {$)39-14-(2) 34
(€ye 16 (¥)2g-13-{1)31
(-l (€)3g-14-(2)a1
(1)6L1 (DI R-3d-(1) 32
(#3841 (g)ag-1a-(1)1d
(c)e e (y)ag-1a-(1)3g
(TIS*16 (£)3g-14-(1)aq
Tivie (2yag-14-(1)24
(@%) .
P
(Dot (921 CREEF ]
{1)ey2 (g)ag-34
(1)y0°¢ 3(¥)39--.22
(st {(y)an-3d
(£309%°7 {£)ag-14
(€)zze't {T)ag-1d
(et (1)35-33
(as)
S°G arqer

STp puoq ps3osTasg



__
o

1 154

4
in the Pbca cell. The latter ¢alculakion was modeled after

the data set (Cmcm) collected for the ridine analogue,
&t

wnich would not converge in a refinement Pbca (Britten,

,fiﬁimmﬁhamp, \

S, oy

C: -
4 J

) in the Cmcm cell

-

is shown in Figure 5.2. Figure 5.2(a) sHows the Pt-Br chains

Faggiani, Gayowski, Harvey, Lock, Montgomer
Layek, Theophanides (in press))-.

The packing for 5B {(analogous to

parallel to a, with four chains cutting the bec-face. Both
equivalent positions for the disordered Br (Br(4) and Br(5) .QQSE
in Pbca) are shown. Two symmetry eéuivalent Br atoms (Br(2) '
and Br(3) in Pbca) extend from the Pt atom in the plps and
minus ¢ directions. The final Br atom (Br(l) in Pbca) is
Egéggfé; the nitrogen ?tom, bonding parallel to b. ,The ammines
(or pyrldlnes in "the (py) analog; are found in la

-
Yy = 0.25 and y = 0.75. Disordered chains of water molecules

and potassium (or ammonium) ions centered at x = 0.0, y = 0.0

and x = 0.5, y = 0.5 run parallel to ¢, binding adjacent

layers of Pt-Br chains. These double~lay are hydrogen- \(/f
bonded to each osher via ammine;brominé interactions (hegli -~

gible for the pyriéine analogue) . Figure 5.2(b) gives the

view doﬁn the chain axié,'showing the 'siﬁusoidal'

K -Oh2 (NH4 -OH,) chains disordered in the mirror plane.

o Flgure-S 3 is a stereo view of 5B through the bc-

:facé‘of the Pbca cell. The major improvement is the ordering
-of the K-0 chains. The disordered chains which were related

by a two-fold axis in Cmcm are now related by a two-fold

¥ . \#*‘
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Figure 5.2. The unit cell contents for SB with Cmcm

symmetry. (a) the ab projection o

- I {(b) the bc ﬁrajec#ion _
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'--f‘igure 5.3. The unit cell contents for 5B (with Pbca
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.whdt was found for the packing in‘Cmcm
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screw axis. Another important change is that all atoms are
now in general positions and no longer have any point-symmetry

2] -

restrictions. The result is a noticeable twist in the Pt:?f/
chain. ‘

) Figure 5.4 shows this twiép from another angle, and
also illustrates thé coordination of the waéer molecule and
the cation. The oxygen atom is at the center of an approx-
iﬁgzértetrahedron, with coulombic interactions to two cations
and hydfogen-bonds to Br(2) and Br(3) on adjaceﬁt Pt's along
a chain, ﬁolding the Br's at a separation of 5.816(4)A for
5B and 5.809(5)A for sC. Tﬁe cation is cenpered in a trigonal
prism, made up of four Br{l)'s {(from 2 chains,\one in each
layer) and an adjacent Br(2), Br(3) pair. The Br(2}-Br(3)
distance in this case is 5.254(4)4 for 5B and 5.356 (5)A for
5C. The prism is face—éapped by the disordered briéging Br
atom and two water molecules. Again, tnis almost parallels'

However; the femoval
of the mirror planes revealed the true p klng detalas which.
explaln why the cation/water chain is or ered. Thg different
geometric requlrements of the water moleéié; and catlons fon‘

the Br(2)- Br&ﬁ) clips cause a twist along- th;\P t-Br chain,
Pt

since €§bse two Br atoms alternate along oppo&ite’éides of ///ﬂ,

the chain. Thus lnformatlon qfrpaﬁkzng order ksjtispsmltted

along the a and ¢ directions for double layers ofﬁ\} Br égg}__

(see schematlc draw1 w";.g‘ere 5;5 Br(l), bBek4) B¥(5) and\"/d

N have bﬁen omltted). These double laygrs are stacked in £he

- N . _:__ /"'\\Elj EJ/ Y \’kH
e N _ . « Ty

g - : LR > e

- . [ L= . *
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The watﬁr and cation coordinatiQf?for SB. ﬁ :

The packing in 5C is similar.
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re 5.5. Scheématic drawing showing the traﬁg;::sion

of
(2

m’

the packing twist in tFE/a and ¢ diréqti?ag..

Br(2), 3 § Br(3)) \,‘ .
_ ™,

-

W
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kb direction (see Pigure 5.3). They retain order relative to
one another because packing lnformatlon isg transmltted at
the interface by the ordered 21g-zag rows of ammines via
interaction with nelghbourlng Br's. These interactions are
~ relatively weak, eepeeially in the case of the pyridine

analogue which has little, if any, hydrogen-bonding capacit
(althoqgh steric factors may be important). This interfacéfy
- is a potential source of crystaL%oéraphic disorder in theeeﬁ'
systems. - . h

Table 5.6 illustrates the transformation from the »
'(symmetrlcally bridged) Cmcm model to the final Pbca solution,
and its effect on the F's for some pf the odd-h data.,

The packlng differences between SB aﬂﬂ 3ﬁﬁgre a 9
rasult of the larger ionic radius otLPH4 relqplve to K+
(1.48 vs 1.33%, Pauling (1960)). The most important of these
aré’the larger Br(4il Br(5)li.-.Pt distances, the larger

Br(Z), Br(3) cation clip, and the longer cell axes for SC.
.f' [IN l — Wl
> 5.4 Linear Platlnum-Hafﬁae Chain Compounds Order vS.

Disorder

Mixeé valence compounds hage been grouped into three
general classeés, (Robin, Day (1967)). Class I includes com-
eoends in which’two oxidation states of the same metal exist »
in completely_different environments, such that exchange gsa
'energetica;ly forbidden. An example is GaC#,, .which has

Ga(III) in a tetrahedral sitd, and Ga(1)

in a dodecahedral S

site{ Class II compbunds afe th@s# which have two digting- -

r‘l
L
g
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Table 5.6. Dependence of 0dd-h Structure Factors on

RN

. \
Ordering and)?acking Twist for K iplt in

Pbca.

. Fcalc TN ' '

hkl Fpe(®) A B c nf E !
t

341 93(2) 0 0 7 44 104
741 90(2y~ 0 0 17 6 89
351 121(2) 0 0 7 58 127
751 106(2) o 0 20 41 109
171 0~ 0 5 87 9
571 0 0 15 43 90 .
523 1 1 6 36 93 ‘
374 0o, 0 27 92
506 0 0 11 33 97
536 0 10 25 85

. % No twist, disorderd®\ K-0, isotropic T, symmetric Br bridge,
¥ . No twist, disordemed K0,  isotropic T, disordered Br bridge.
c. N& twist, disordered E-U,)\anisotropic T.

D. No twist, ordered K—(\Fln
E. Twist in Pt-Br chain.

.
L

al“\ solution. .

- & /\i )
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. s
. uishable but very similar sites, and exchange ig/possible-- . Sy
The Ptti;);..X—Pt(IV)—X...Pt(II)...X-Pt(IV)AX-.. compounds
are of-this type. Class III mixed Val%pee solids have indis- ‘ -
Atinguisﬁ.ble metal sites, but the chemical formulae indicate
nixed valeﬁces (eg. 2 K -[Pt(CN)4]'(Br)O.3 '3H20), which cah
often be represented by MO band theories.
— The Pt(II,IV), X chain compounds exhibit some inter-
esting optical and physical properties, which can be inter-
preted in terms of, the packlng of the molecules. Figuré 5.6(a)
shows a one dimensionally ordered {and chemically sensible)
chain of PtLy and trdns-PtX,Lg molecules, where r is the
Pt (II)-Pt(1V) distance. For Xl=-Cl, Br, I the (Pt(IV)-X/Pt(iI)
...X) distance ratios average 0. 74 0.83, 0.93, respectively
(keldier, Keppler, Ledezma-Sanchez, Steiger (198l); Endres, Kel~- xv§

»

ler, Martln, Traeger, Novotny(lBSO) ;Matsumoto, Yamashita,)Ueda, -

Klda (1978) ; Craven, Hall (1961); Beauchamp, Layek, Theoph-

anides (1982a)). The ratio for 5A is 0.70, indicating a fafirly

weak Pt(II)...Cl interaction. This is a result of the cfystal
_2} -\_,// ' packing (see §5.2.1). For 5B the ratio for the Br(4) "
v/

. // Br(5) distanqes_are 0.83 and 0.8l respectively. The corresp-
ondiﬂg values for 5C gre 0.80 and '0,80; smaller because of
the Nqu, Kt radius difference. | “~
These halpgen bridged miked oxide cﬁains are respon-
siblelfor the da‘;} metalllcﬁij?tga’of the Br and I compounds. El

Al
Some Cl compounds¥are dark, le others are yéllowfbr orange.

. The light' ones, however sh

- L ) :

sharp dichréism. 5a, for example,
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B ¢ is bright yellow when incident polarized light is parti:el :
to the chain axis, but ‘golourless when the light is perp T~

dicular. Coﬁpounds of this type also show anisotropic conduyc-
tivity (300 times gregier in the chain direction)'and.are
ressure .and temperature sensitive one-~dimensional semiconduc;
tors (Clark (1980)) 'They have a strong absorbance aroyhd

L7
23000 cm~1 wh;ch is attributed to electronic charge| trangfer

betéeen the metal atoms via the halogen, possibly fyom X/ to
the empty p, orbital of Pt(II).ﬁThis accounts for the
dichroism, aud other anisotropic properties. Furth¢rmore, the
-'Pt(II)..if distances are clqgse enough that a cgpcerted/;ym—
metric stretch (planar) throughout“fge chain could result in
an exche;ge of oxidation states (Figure 5.6(a)+(b)). ThlS
D symmetric X~Pt(IVL~x (4.) vibration is used in resonance

Raman studies. Excitation with a beam around 23000 £m 1,
polarlzed parallel to the ' .iin axis, results in resonanoe
enhancement of y {31224, chlorides; 176+7, bromides: 12318
cm~l, jodjdes; Clark (1980}¥ Papavassilion, Layek, Theophan-

’ ' ides (1980)), thus uerif ing thg charge transfer assignment

in the visible spegtra.

—

) _ . X-ray photoelectrdn spectra have been used to verify
_,/// the fact that Pt(II) d Pt(IV). both exlst in the crystals ’

(Matsumotoeet al.(1978), as opposed to Pt(III). 4f ‘ééd 4f‘

. T——
//// binding energies clearly show the two, é;:;;EIBn st&teizl:ith
~
| S |

t(IV), Pt(II) dlfperences decreasxng_as the Pt(IV)-Xx/
. PE(ZI)...X ratio increases. X-ray PES was attempted for 5A
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g (Tarmy Chan, University of Western Ontario, London, Ontario,
Canada) but good spectra were not obtained. This was Iikely
because of the three (if not five) different environments of
Pt(II).

. A full review of mixed valence compounds‘is presented
by D. B. Brown }1989}. \ \
Although X-ray crystallography has proven invaluable
in explaining the properties of Pt(II,IV)-X chain compound,
it has also shown that several types of packing disorder can
exist in these crystals. The most commonfdisorder-eccure ﬁhen
equivalent chains in different cells have been randomly
shifted by r along the chain-axes (Figure 5.6(a) gg:-Figure
i, 3.6(b)). This could be a packing fault or it could arise from
concerted halogen transfer from Pt(IV} to Pt(II), resulting
in a switch in oxidation 'states. fhe crystallographic result
is .shown in Figure 5.6 (c), where each of the disordered
halogen atoms.nas half-occupancy. \A consequence of this two
dimensional disorder is a supercelll ‘with period‘Zr along the ’
chain axis. Because there is perl iciéy in only one dimen-
sion, only one of the three Laue onditipns‘(see Chapter'gg

is met, and diffuse dlffraction planes, rather then'diffrac—?.

tion spots, are seen. The intensity for. 5he dlffuse dlffrac-

-

’ tlon is ‘derived only from the asymmetrlcally brldglng ;

~

D LY

halogens, and ‘is a function of halogen atomic number and\the
separation of the disordered posxt;ons.-Thus Br gives more

easi observed diffuse diffraction than either Cl or I )
7/\/\-/ ‘ . . . ) -

f
L]
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‘since Cl is lighter and I forms a nearly symmetric

bridge. Furthermore, the even diffuse layers (not the Braggq
reflecti6énsh.of the supercell are extinguished. Por example,
for any'one/phain with origin at Pt(IV) an odd index&d éet

of reflection planes contains the Pt (IV) atoms and has X's : =

nearby (Figure 5.6(a), solid line » Interleaving this set

of planes is a‘set which is centered & Pt(II), and differs
because of the greater distance to the halogen atoms (dashed
lines)., Thus an odd reflection is almost, but not guite,
extinguished. Any even-indexed set of planes would contaln
both regions of electron density (5011d and dashed llnes),

and the interleaving set would be identical, thus comgletely
extinguishiﬁé it. This phenomenon was observed for 2B and 5¢
in the rotation photographs, prov1ng that the chains are
dlsordered relative to one another. For 3A, no diffuse lines."'
weré observed in a 10 d photograph, 1nd1cat1ng (not prov1ngf

that the dhalns were three dlmen51onally ordered.

This type of disorder has reSulted in some problenis

2

~in 1nterpret1ng crystallographlc data. Tﬁﬁee examples are

noteworthy. In one iodine compound (example oneg {Endres, - '{:::i\

Keller, Martin, “Praeger, Novotny (1980)) the chains were
found to be disordered, but no diffuse layer lines were cbser-

. ]
ved. This was interpreted in terms_of a brealgown of the ”
4 ‘ )

.on imensional ordering of thechain, involving inter?;diate'
L Y

states.of the (unlikely) ‘type I-Pt...I, or rapid I exchdnge.

It is very pbssible that a much longer exposure time &r the

‘ “ ..
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rhotograph is reqdired (details were nat giyeﬁ), és has been
found in the case of bis(ethylenediamine)pailadiup(II) dithdro;
bis(ethylenediamine)palladium(IV) tetraperchlorate (Beaﬁ;
champ, Layek, Theophanides (1982b)). This disordered palladium.
Structure has also been used to refute the claim £hat its Pt
‘analogue (example twd) is 3—dimghsionally ordered with

distinct Pt(II) and Pt(IV) sites (Matsumoto et al-. (1978)).

\ . - . '
close ex%pination of the environment of the Cl atom in the

Pt(en)z structure. shows ﬁhe closest oxygen (perchlorate)
contact at 3.@46 A. The undccugigg disordered site is 3.71
A from the nearest oxygen atom and the Pt (IV)-Cl/Pt(II).
ratio of 0.75 suggests normal ch$in axial interactions. It
seems, therefore, that there-is no apparent reason for an
érdered mbﬁel. In the case of 5A, the bridging has per-

' fﬁhlorate contacts (closest) 3.81(2) A, while the noccupied
-'Cl (on 'Pt(2)) site has 3.39(%) A contacts. The distance ratjo
of 0.70 suggest weak interaction, and occupancy refinemen;
reached 98% ordering. Thus for 5A the ordered state seems -
reasonable It does, howevéer, show a three afmensional dis;

order in that,13% of the [PtC1 (NH3) is replaced by
[Pt(N)!3)4J -

/ An ordered structure has been reported for-bisil 2~
dlamlnopropane)platlnum(II IV) tribromide (example three)
(Endres,'Reiier, Martlﬁ Notzel (l980ﬂ Although dlffuse

' lnterleav' g layer lines were observed in the rotatlon photo-
b

graph, and t iéging Br was found to be unsymmetric and
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disordered in the early stages of refinement (distanée ratio
= 0.85?, the final solﬁtion is reported to have a symmetric
Br bridge statistically distributed over four sites around
the Pt—pPt midpoint: This indidaﬁés a Pt(III) structure w;th )
a Pt-Br bond length 2.673(1) A. Again, no reason for this
ahomaly is presented;-The diffuse'diffraction giving a super-
cell is suggested tolg?ise from 1igana configuration, but no
details are giﬁen.

Another type of disorder j systems involves
the liq?nds. For example; the pyridine in the 5B analogue is
Aiisérdered over two positigms. The hydrogen atoms of thlie
ammines in 5A, 5B, and 5C are likely disordered. This packiﬁg
ambiguity thus has little effect on the physical broperties
of*tﬂe system. The pééking of counter2ions and lattice waters,
however,.may have some effect. The switch from Cmcm to Pbca
on the basis d% an ordered czation m;ael'revealed a non-lin-
earity in the Pt(II,IV)-Br chain. This indicates Eh?t orbital

v

overlap forﬁérarge transfer may not be ideal, nor are the

- -

chain vib;ations. The problem is,therefore, slightly more -
'complicatéd than was assumed. Thus from the crystallographer's
point of view, it is Gery importanﬁ to examine the diffuse
layer-lines for evideﬁce of Brggg reflections resultihg frém
counter-ion ordering with.t period of the supercell. Other-

wise the iﬁpositiqn of the wrong symmetry restrictions may

~ result in the loss ¢f information.
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o : CHAPTER 6 ~ t o
A MODEL COMPLEX OF A POSSIBLE CROSS~LINKING PRODUCT
OF TRANS-Pt (NH,) ,2+ : OSINE AND GUANANE
; e
S _ .7 o |
e : -

6.1 Intioductien\ _ “

.The well established similagities and différences in
the physiological activity between cis and trans-diammine S
» . . . . - -- _— . r
platinum(II} coordination complexes have been outlined in ¢

Chapter 1. Both dichloro isorers®bind to:DNA, eiéhgr by co- >
'ordinatign to & single'Stféndl(the-majoril& of lesions) or
.”byaingerstrand crossligking;Jand‘pause shbrteniﬁgfzdisruption3
of base stacking, aqd unwinding at high pfztinﬁm binding.! 1§;.
. levels. Howéver, the Ei§-complex is antifumog active ;Bd' 4
'ﬁutagenié, whereaé the corresponding Egggg isomer is inactivé'
and less mutagéniq;(Rosenberg (1980)) . Another interesting
' differegss/égjthat a£ iow Pt/nuclecbase ratios, the t:l_llerma;l.mr T}.‘*
stabilities of DNA and sqythetic double-strahdé@ polf C: poly
I are increased by Ezégg—Pt((NHB)zclz but decreased by the
cis analogue. The same experiment using [Pt(dien)Cl]C1 .(3C}
showed stahilization at very low ratios, then subsqquent
destabilization at higher doses .(see Figure 6.1).
Various differences in the properties gfwthe cis and.

trans isomers may be relevant to the observed physiological

) -\
and chemical ‘activity. The first one refers to the kinetics

. . ¥
¥ 169
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(c)

(a)

(Macquet, Butour, Johnson (1983))

Figure 6.1. The

(a)
(b)
(c)

(AT

m

Ty

melting curve changes for DNA treated with
cis—PtClz(NH3)2

trans—PtClZ(NH3)2

[Pt(dien)Cl]Cl

= temperature change in melting point:

= bound Pt/nucleobase)
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of reaction: with the hydrolysis of the chloro complexes
believed to be the rate—limit{pg step in the reaction with
DNA, the difference in the rate of aguation (cis faster than
trans , (Filipski, Kohn, Bonner (1980)) ) is noteworthy. A
second one possibly related to the first, cdncerns the selec-
tivity of bglh isomers for certain donor atoms in DNA. From
model studies with mixtures of the four nmucleotides of DNa

it hasibecome clear that €is and trans isomers exhibit some-
what different selectivities (Moller, Bruck, O'Connor,
Armatis, Knolinski, Kottmair, Tobias (1980)). While the cis
isomer appears to prefer guanine (N7) over any other base,
_the trans isomer also shows substantial reaction with adenine.

Another remarkable feature of trans-Pt(NH3)2C12 in this

respect is the fact that it reacts with tRNAPR®, despite a
variety of Egtential donor atoms, in a monodentate fashion
through the N7 sife of guanine34, with the‘NH3 groups acti
as hydrogen donors in hydrogen-bonds with 06 of guani
the oxygen atoms of the phosphate group_(Jack, Ladner, Brown,
Klug (1977)). These hydrogen-bonds can help stabilize the
local geometry of the sugarhphosphate linkage in tﬂe RNA. A
similar binding pattern with DNA (initial lesions are likely
monodentate for both isomers), with hydrogen-bonding to éhe
sugar-phosphaté backbone by either E-Pt(NH3)22+ or Pt (dien)?*,
might be an explanation for the initial increase in thermal
stability. A th%rd major difference between the two isomers

concerns the degree of distortion of the DNA secondary
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Structure on binding. This stereochemical aspect, possibly
the most important, ﬁas been examined (Kistenmacher, Orbell,
Marzilli (1983); Hitchcock, Lippert, Loék, PraFt'(1983))

using the X-ray structural results of nucleobase c&mplexes

of cis- and trans- Pt(II) as moéels. In'pﬁrficular}-the

crystal structures of the bis(l-methylcytosine) (Orbell,

Marzilli , Kistenmacher (1981); Faggiani, Lippert, Lock

{1982) ; Lippert, Lock, Speranzini (1981b)régﬁ bisf7,9~dimeth-
ylhypoxanthine) (Kistenmacher, Wilkowski, de Castro, Chiang,

Marzilli (1979); Orbell, Wilkowski, Marzilli, Kistenmacher

(1982)) complexes have been used for this purpcse. A fourth

possible explanation of the biological difference of the

two isomers relates to the difference in the tumor cell's

capacities to repair the different lesions (Roberts (1981)).

Strictly speaking, t¢..s guestion comes back to the possibil-

ities of'different sites and modes of binding of the two

isomers. .

In this chapter is presented the preparation (by B. |
Lippert, Technische Universitdt Munchen, FRG) and crystal
struéture of a complex containing the nucleobases l-methyl-
cytosine (1-MeC), and 9-ethylguanine (9-EtG), coordinated to
i,), (1-MeC) (9-Etc) 12,
The results are compared with those of the respective cis-

the trans-Pt(NHj’)z2+ moiety: trans-[Pt(NH

complex (Faggiani, Lippert, Lock, Speranzini (1982)), and
the possible relevance of cytosine, guanine cross-linking in

DNA will be discussed (¢! 6.4). First, the structure of its ,%
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laboratory precursor is examined.

*

6.2 Chloro-trans-diammine (l-methylcvtosine)platinum{II)

Chloride Sesguihydcrate, 63

.EEEEE—pt(NH3}2C12, prepared as described by Kauffman
and Cowan (1963), was reacted with one eguivalent oﬁ 1-MeC
to give EEEEE-[Pt(NH3)z(l—MeC)Cl]'Cl'l.SHZO, Eﬁ, among other
products. The colorles% crystals of 6A decomposed to a white
powder when cleaved or dried in air. A spherically-shéped
Crystal was sealed in a 0.2 mm capillary and used for data

collection.

6.2.1 Crystal structure of 6A

trans-{Pt(NH;) , (CgH,N30)Cl) *CLl-1.5H,0, CgHy ,C1N_OPt*-

2 5
Cl"'l.SHZO; 452.21 g-mol-l; P2l/c; Syntex P2, diffractometer;

15 refl. (21°<26<33°) for cell; a=10.085(2), b=9.169(2),
c=28.865(4)A, £=99.83(1)°, =2629.9(8)A3, z-8; D _=2.28,
D,=2.29g-cm™? in CHCly/CHBry; 2, =55, +h, +k, *1; Nooas=

6381, min R =3.66deg-min~1; 22°C; standards: -1 2 1(l.5%),

scan

1 04 (1l.2%); Bond abs. corr, u=106.7cm—l, sphere, r=0.091

mm, 3.8 (Az.4.1; N =6043, N __

unique= s d=5313; Np=28l; F(000)=

1704, =02, s= 2.34 , g(SHELX)=0.00012; max shift/error(ave)=

0.43 (0.07 ), R=0.101, R =0.063; Diff. map: -0.8, 1.3e-A~3,
both near PtA ; XRAY76, SHELX, NRC-22, ORTEP-II.

The coordinates of the two independent Pt atoms were
found from a Ehree-dimensional Patterson map: The remaining

non-hydrogen atoms were located using electron density
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difference methods. No hydrogen atoms in refinable positions
were found. All atoms were given anisotropic temperature
factors. A v-scan of the crystal was performed, but not used'
for the final data set. The v-scan iprrecéion brohght equiva-
lenté reflections to slightly better agreemen£ (averaging
residual = 0.0702 vs. 0.0759), but this included only the
0 k %1 set for the‘data collected. Removal of the y=correction
improved R and ﬁw by 0.005 for the refined Structure. This
check was made because data f;om a crystal of spherical shape
should not require an empirical absorption correction. The
A; correction'made an improvement of only 0.001 in the
resfﬁuals. ‘ .

The cis analogue of this compéund is curréhtly
being inﬁestigated in ogr lab, and it too shéws a fairly
higﬂ R-factor (Britten, Lippert, Lock, Speranzini). Low
temperature data may have to be taken to improve the results
for these two compounds. The findl ;g;mic parameters are
listed in Table, 6.1, and selected bond lengths and angles are
given in Table 6.2.

The molecular cation (A) is illustrated in Figure
6.2. The chloro ligand is trans to the N(3)A atom of the
Planar 1-MeC ligand. The interatomic distances and bond
angles are normal, although C(2)A-N(3)A [1.42(2)A] and
N(3)A-c(4)Aa [1;42(1)] are 3.2¢ and 3.8¢, respectively, longer

than the standard neutral cytosine residue values {(Taylor,

Kennard 5%982)). The ligand-square-plane/ring dihedral angle

/



Atomic positional parameters (x103) and

temperature-—-factors (Az)(xlo‘) for 6A

Table 6.1.

% -
~

PtA 417.28(6)

Cl(l)A 198.7(4)
N{(2)A 361(2)
N(5)A 468 (1)
N(1)A 756 (1)
c(2)a 626 (2)
N(3)A 607 (1)
C(4)A 711 (2)
C(5)A 846 (2)
c(6)A 863(2)
c(l)a 771(2)

- 0(2)A 533 (1)
N(4)A 691 (1)
PtB 638.84 (6)
Ccl(l)B 424.0(5)
N(2)B 645 (1)
N(5)B 618 (1)
N(1)B 979(2)
c(2)B 845 (2)
N(3)B 833 (1)
C(4)B 939(2)
C(5)B 1075(2)
C(6)B W 1085(2)
c(1)B 995 (2)
0(2)B 750 (1)
N(4)B 915 (2)
CL(2) 373.4(5)
C1(3) 95.7(5)
O (W1) 162 (1)

0 (W2) 177(2)
0 (W3) 320(2)

Y

391.85(7)
377.1(7)
330(2)
448 (2)
532(2)
521(2)
421(1)
326(2)
359(2)
451(2)
633(2)
589(1)
232(1)
371.82(8)
329.2(6)
154 (2)
586 (1)
523(2)
491(2)
414 (1)
360(2)
384 (2)
470(2)
219 (2)
537(1)
283(2)
732.8(6)
528.8(6)
311(1)
867(2)
467(2)

-

2z Ueq

245.76(3)
256.8(2)
177.5(6)
314.4(6)
188.4 (6)

+198.6(7)

234.7(7)
254.9(7)

245.3(6)

211.7(7)
149.5(7)
179.3(4)
287.0(5)
429.56(2)
443.3(2)
410.2(6)
446.4(5)
373.8(6)
379.6(7)
417.6(5)
451.0(7)
441.7(8)
402.4(7)
334.8(7)
351.7(4)
488.2 (6)
372.8(2)
127.8(2)
50.3(6)
433.0(5)
-1.0(7)

175

or Uiso
2.46(4)
4.5(3)
4(1)
3.3(5)*
3.3(9)
2.5(9)
2.4(3)*
2.4(4)
4(1)
3(1D)

4 (1)
3.0(7)
3.0(9)
2.47(4)
4.0(3)
4.0(9)
2.9(8)
3.3(9)
{1
2.8(8)
4(1)
3(1)
3(1)
4(1)
3.3(8)
5(1)
4.9¢(3)
4.6(3)
5(1)
7(1)
9(1)

*



Table 6.2.

Selected interatomic

angles (deg) for 6A

bonds
A B

Pt-Cl(1) 2.284(5) 2.302(%)
Pt-N(2) 2.04(2) 2.07{1)
Pt-N(5) 2.02(1) 2.04(1)
Pt-N(3) 2.01(1) 2.Q08(1)
N{1)-C(2} 1.40(2) 1.42(3)
C(2)-N(3) 1.42(2) 1.34(2)
N(3)-C(4) 1.41(3) 1.40(2)

épssible hydrogen-bonds

N(2)a...0(2)B2 2.98(2)
N(2)a...c1(3) 3.35(2)
N(2)A...Cl(2)1" 3.38(2)
N{(5)A...0(2)B 2.98(2)
N(5)A...C1(2). 3.33(2)
N(4)a...0(2)al 02.92(2)
N(4)Aa...c1(3)1 -3.52(1)

_ O(Wl)...0(wW3) 2.75(3)
"O(Wl)...C1l(3) 3.16(2)
O(W2)...C1(2) 3.11(2)
O({wW2)...c1(3)11 3.34(2)
angles -

Cl(l)-Pt-N(2)
Cl(1)-Pt-N(5)
Cl(1)-Pt-N{3)
N(2)-Pt~N(5)
N(2)~Pt-N(3)
N{(5)-Pt-N(3)
C(6)-N(1)-C(2)
C(e)~N(1)-C(1)
C(I) =N (1) -C (2)
N(1)~-C(2)-N(3)
N(1)-C(2)-Q(2)
0(2)-C(2)~N(3)
C(2)~-N(3)-C(4)
C(2)~N(3)-pt
Pt-N{3)-C(4)
N(3)~C(4)-C(5)
N(3)~C(4)-NL4)

176
distances (&) and
- A B
Cl41-C(5) 1.46(37 I.45(3)
C(5}-C(6) 1.32(3) 1.40(3)
C(6)-N(1) 1.38(2) 1.33(2)
N(1)-C(1) 1.49(3) 1.46(3)
C(2)-0(2) 1.18(2) 1.22(2)
C{4)-0(2) 1.31(2) 1.34¢(3)
f : )
N(2)B...0(2)al 2.94(2)
N(2)B...0(w3)1 3.10(2)
N(2)B...C1(3)1 3.22(2)
N(5)B...o(w1) 111 3.02(2)
N(5)B...Cc1(1)B1V 3.37(2)
N(5)B...Ccl(2) 3.26{1)
N(4)B...0(W1}V 2.94(2)
N(4)B...0o(w2)1V 2.94(2)
O(W3)...0(w2)Vv1 2.67(2)
O(W3)...c1(1)BvVi1 3.41(2)
A B
90.1(5) 87.4(4)
88.0(5) 89.1(4)
175.6(4) 179.1(3) -
177.7(7) 175.7(5) .
90.0(6) 93.5(6)
92.1(6) 93.0(5)
123(2) 122(2)
122(2) . 121¢(2)
115(1) 117 (1)
116 (1) 116 (2)
124 (2) 121 (2)
120(2) 124 (2)
121(1) 126 (2)
117 (1) 117(1)
121 (1) 117 (1)
117(2) 117 (2)
120(2), 121(2)
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I
/

- Table 6.2. {continued)

A _BB )
N({(4)-C(4)-C(5) 122(2) 122(2)
C(4)-C(5})-C(6) 120(2) 1l6(2)
C{5)-C{6}-N(1) l2lﬁ2) 1231(2)

Atoms are ‘related to those in Table 6.1 by: :

(1} 1-x, y=%, %-z; (ii) -x,_%+y, %-z; (iii) l-x, k+y, %-z;
(iv) 1=-x, l-y, 1-z; (v) 1l+x, %=y, %+z; (vi) x, lk-y, z-%;
(Vll) X, %“Y. Z";S-

,
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»

is 61.1(5)° ; lower than observed for 3E afid lower than the '

ranges previuosly observed (63°-79°, Kistenmacher, Orbell,
Marzilli (1983), for bis(base) complexes; 64.4°-89.1°,
Lippert, Lock, Sperapiini(lQqub}and 3E, for monobase) for
pyrimidine ligands. The symmetry independent cation (B) of
6A is almost identical to cation A. The only differences are
found in the interligand angles Cl(l)B—PtB—N(2)B, -4.2g,
Cl(1)B-PtB-N(3)B, +7.0g., and N(2)B-PtB-N(3)B, +4 .1 ; anq
the square plane-ring dihedral angle [71.4(5)°%for B) . The
variation in dihedral angle is likely a result ofblnter-
molecular hgdrdgedzbonding fqQr these two catioms.

The packiﬁg diagram (Figure‘6.3) shows stacks of
cations spiraling dowﬂrthe 2, éxes at (0.5, y, 0.25) and
(0.5, y, 0.75), with the square planes 16.2(5)" from the
axes. They dre directly hydrogen-bondéd along the column by
N(4)§._...O(2)Ai contacks [2.92(2)R}. There are no. n-r inter-
actions. The B cations stack on either side of edch A cation
stack, but the B~B separation along b is the full 9.169 R.
0(2)B atoms form hydrogen-bond bridges between alternate A
cations via N(5)A and N(2)A links. The N(2)B ammines are -
also hydrogen-bonded to the 0(2)A atoms. This bundlé of three
stacks is fugther sfabilized by the chloride ions,C1(2) and
Cl(3}. There is one contact linking these bﬁndles in the ¢

direction: the N(5)B...c1(1)B1YV hydrogen-bond (3.37(3)4) .

a ~
<

e o s
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The three symmetry independent water molecules (O (W1)
0(W2), and O(W3)) serve té stabilize the crystal lattice in
the a and ¢ @irections. Each one is surrounded.by an approx-
imate tetrahedron consisting of two proton donors and two
proton acceptors. The important role played by these water‘
molecules in holding the crystal together explains the decom-
position of the crystals in air, and lends credence to the-
hope that low temperature- data will' result in an improvemént
in the structurerdetermination. /

Although the structure of the ¢is analogue ofngg is
not yet availabie, the crystal structures of two forms of
the anhydrous nitrate salt of chloro-c1s—d1amm1ne(l-MeC)—
plat1num(IQ§ have been published (Lippert, Lock, Speranzini
\{1981a). As with 63, no significant intramolecular hydrbgen¥
bonding was observed. The crystal packing, of course, was

1
completely different. The range of Pt-N and Pt-Cl bond .
lengths and their errors do not allow any discussion of the

-possible structural trans influerice of the nueleobase ligands

(Orbeli, Wilkowski, Marzilli, Kistenmacher {1982)).

6.3 trans-bDiammine(9-ethylguanine-N’) (l-methylcytosine-N3)-

platinum(II) Diperchlorate Hydrate, 6B. k

Lippert reacted a 0.03 M solution of 6A with two
equivalents of AgClO4-H20 and one eguivalent of 9-E§G (24 h,
40°C), filtered the Agll; and'crystallized the colorless
product at 50°-80°C (pH 5) with a 65% yield. The crystals

-,

decompose in air. X-ray and elemental analyses revealed the
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structure trans—[Pt(NH )2(9-EtG)(l-MeC)] -{Cl0 )2 "1.4H_O, €B.

2
{Analysis: Found: C 18 8; H, 3.4; N, 18.6; 0O, 24.4%. Calcu-

lated: C, 19.0; E, 3.3; N, 18.5% 0, 24.1%).
'S

. 6.3.1 The Crystal Structure of 6B
trans-[Pt(NH3)2(C7H9Nsb)(CSH7N3O)}-(C104) "1.4H,0,
- - ' - L -l .. -
.C12H22 1002Pt 2ClO4 -l.4h20, 757.58g 'mol™; P21/c, Syntex
P24 dlffractOmeter; 15 refl. (18.9%°<26<31.3°) for cell;
a=13.988(2), b=12.040(4), c=15.752(3)ﬁ, B=112.24(l)°
V=2455.5(9)A3, z=4; D,=2.05, D _=2.05g-cm~3 in CHCly/CHBr;
=cc° . R ; ' = emin—Ll.
26max—5$ ’ +hT +k, x1; Nmeas 5898, min Rscan 2.44deg min~+;
22°C; standards: 6 0 2 (2.04%),- 2 _ -8 (1.76%)(:Psi scan;
Bond abs. corr., u=57.5cm'l, ground cylinder, r=0.085mm,\

1=0.42mm, not applied ; N 74, Nu =5072; NP=307;

unique” sed
F(000)=1479, w=(o? + 0.0007F,%)7L, s-undet., g(suEL¥)=-0.00031;
max shift/error(ave)=0.411(0.042), R=0.063, R,=0.056; Diff.

-3

map: ~1.0, l.le-A”>, both near Pt; PpsI, XBAY76, SHELX, NRC-22,

ORTEP-II. .
— The platinum atom position was éhosen after exaﬁina—

tion of the three-dimensional Patterson map. Electron density

difference syntheses revealed the poéitions of all remaining

non-hydrogen atoms. However, the refinement residual remained

‘at .27 and purihe and pyrimidine'fikg geometries were far

from ideal. The atom positions were then ShlftEd to (xe y+0.5,

z+0.25), ﬂglch gave the same gross packing.features, but

molecules p;eV1ously related by a 2, axis were then relategd
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by an inversion center, and vice versa. This had the effect
- ¥

of altering the relative orientation of the ethyl groups,

removing a slight disorder of the ammines, and significantly
changing the dihedral angles between molecules centered near

the *bec-face. The refinement residual dropped.to 0.08. Thel Qt:§g'
necessity of a similar shift as a result of ligand orienta-
tion has previously been noted (Zvagulis (1980)) for. this
space group.
In the remainingzrefinement cycles the Pt, 0, and N
atoms were given anisotropic temperature factors. Eleven
positionally refinable hydrogen atoms were found from the
difference syntheses. The water molecuygs were found to be
disordered, and packing Ebnsiderations (diséussed be low)
permitted nonstoi&hiometry of the water. The independently
refined water occupancies gave.- a Pt:water ratioc of 1: l 4,
using 'a common isotropic temperature factor for all frac-
_tigpal .0 atoms. This brought the calculated densi&y into
better agreement with the measured density. The atom p%ram—
eters for the non—hfdrogen atoms are listed in Table 6. 3.
The molecular cation of 6B is illustrated in Figure
6.4 and selected interatomic disﬁances and angles are given
in Table 6.4. The bond Pengths and angles- involving the
platinum atom are within the ranges previously observed

-

(Lippert, Lock, Speranzini({l98lab); Faggiani, Lippert, LG

r

Speranzini (1981, 1982); Faggiani, Lock, Pollock, Rosenberg,

.

Turner (1981); Lock, Speranzini, dvagulis (1980)) with the
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Table 6.3. Atomic Positional Parameters (x104) and
Isotropic Temperature Factors (a2) (x103) for 6B
\/)
x | y z Ujeo OF Ueq*
Pt -172.3(2) 7585.8 (2) 3480.7(2) 30.5(2)
N(5) -280(6) 7421(6) 2154 (5) 50(4)*
N(6) ~32(5) 7737 (6) 4829(5) 483{4)*
N(1l) 2406 (5) 10487(5) 4620(5) 36(4) ™
- C(2) 3424 (6) 10221 (6) 4819 (5) 39(2)
N(3) 3732(4) 9211 (5) 4717 (4) Y&
C (4) 2940 (5) 8492(5) 4407(5) 30(1)
€(5) 1910(R) 8691(6) 4176(5) 33(2)
C(6) 1566 (6) 9792 (6) 4280(5) 40(2)
N(7) 1360(4) * 7702 (5) 3902 (4) 34(3)*
c(8) 2072(6) 6931(6) 3989 (5) 35(2)
N(9) 3024 (4) 7358 (5) 4287(4) 31(3)
N(2) 4107 (6) 11047(6) 5107(7) 57(5) %
0(6) 686 (4) 10135 (5) 4131(5) 51(4)
c(9) 3971(7) 6719(7) 4475(6) * 43(2)
c(10) 4540(9) 6516 (10) 5486 (8) 61(3)
O (W1)*t 200(41) -555(33) 1069(33) 117 (6)
o(w2rt -75 (23) . -198(24) 1782(22) 117 (6)
o(w3r 278(22) -339(22) 326(21) 117 (6)
o(war  87(42) -838(33) 1372(30) 117(6)
N(1})'  -3336(5) 6664 (6) 2606 (5) 46(4)*
C(2)' -2284(6) 6642 (6) 2752(6) - 42(2) .
N(3)' -1737(4) 7613 (5) 3066 (4) 36 (3)
C(4)' -2219(6) 8563 (6) 3119(6) 43(2)
C(5)' =3298(7) 8578 (7) - 2933(6) 52(2) Y
C(6)' =3795(7) 7624(7) 2698 (6) 48 (2)
Cfl)' -3920(9) 5595 (8) 2346 (7) . 69(3)
0(2)' -1881(5) 5806 (5) 2625(5) 57(4)"
N(4)' -1638(7) 9484 (6) 3378(7) 54 (5) *
Cl(l)  2781(2) 7690(2) 6786 (1) 49(1) 7
0(11) 2353(7) 7007 (7) 5997 (5) 80(6)
0(12) 1973(7) 8043 (8) 7068 (6) 95(7):
0(13) 3560(7) 7111(8) 7493(6) 92(6)
0(14) 3230(8) 8660(6) 6553 (7) 96(7)
Cl(2) -2564(2) 6272 (2) 5158(2) 46 (1)
0(21) -1953(6)} 7214 (5) 5149 (6) 67(5)*
0(22)  -=3635(5) 6524 (7) 4603 (6) 80(6):
0(23) -2250(7) 5388(7) 4743(7) 94T}
0(24) 5986 (10) 6054 (7): 131(9) o

*The site occupancy factors for the-water oxygen atoms were refined:
0(W1), 0.36(4); 0(W2), 0.34(2); O(W3), 0.37(2), O(W.y, 0.33(4).

s

b
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Table 6.4. Selected bond distances (&) and angles

(deg) for €B.

2.0:73) Jisten 0 .. 3800 HESSRE Sl b I L4011} Tl =0l
2..m6.07) s 1.3 Cloy=nmene 1.338:1) Clily=-Cild)
2.333106) ni . 2201) BIRIRE e R PURLESY] Clilt=0(1M)
1.235¢(¢) 2 i.33819} T4y =5 L.43{1y Clilr-0014y
1.23(1) n 2.39119) CUsS1" =716y 1,22 CLi2)-0121)
PR - 233D ey =N .Ml clty=0(22
L1859 1.23M1) Cilr-nu{1)"’ 2.50(1 Cli2)-0020)
<370 S13)ent9) 1.46(1) [sE B3 Tnl g I 1.21{1) Cli2)=0i24)
S(5r-Tig) loasd{l} CM1o1~C1i%) 1.51({1) Hidf-crdy .3l

Possible Hydrocen-pond Length

Nt53=20123)  3.25(1)  Srer-N(4f 3.110l) owiy-020Y 32,2005 ombi-o2n Y 2.9344)
F(5)=D(2LrY 17(1) NU4V=CIL2)3Y 3.05(1) O(W2)-N(S+3V 2.96()) Q(WQI=N{5)2¥ 13,00(5)
HIB}-Ot11} 3.28¢1) Hidr-ortt 3191y o -or2fvt 2.81{3) Ofwd)-N(BIVY  3.21()

Ni6)-=3121) = 1.98(1) O(WLI-N{5)'Y 3,19(5] O(W2}-0(24}V 31703 O(w4l-012YL 2 ga(q)
i -0tz 2.893¢91  oimlpentssV  3.22(5) otwn-owavil 3 200851 oqwd)-0(11Y 2.97(6}
NiD-wipidd o 2 ies(1) owireor2iVt 2.96045  0w2)-0dWd) 2.53(5] QiW4)~3(1D)VY  3.16{d)
Niy-oun it 30711 SIWI}-N(§) Y 2.98(3)

Bond Angles . ‘
AR TNEY 174,7(3) Z(5)=C(6)-0(6) 129.747)  Pe-n(3)'-C{4}’ 113.8(5)
%{5}-PreN(7} 90.1(3) 016 -C6)=NI1) 123,04 RO '-Ct4) '=ctst'  121.047T)
N15)=PreN{l)" 91.1(0) CIS)I-NITI-C(B) 105.2006)  N{YM'-Ccdd)'-nN(4f.  117.5(8)
NIG)=PL-K{T) 88.B{M) CUS)=K{71-Pt 123,105 Naf-cod)'-cisy ' 121.518)
Hi6)-Pr-¥(2)* 90,011 Pi=K{T)~C{8) 13c.8(5)  Ct4r'-cs1'=ci6)’  1i16.7(m
N(T)=proN(y 175.0(2) K{T71=C(B)-%(5) 112,106}  Ct51'=CU6) "-N(11"  123.5(9)
CL6)=N{1)=C(2)  127.3(7} TIBY=N(9)=C(4} 107.406)  OQ(1l}-CL(1}=0(12) 10B.9(S)
R{l}=Ci{2)=N(3] 123.0(7} CU8) =N{9)-C (9} 125.216)  O(l1)=C1(2)-0f13) 110.4(%)

NIl -CI2)«N(2)  116.8(7) C(9)=N(3}-C14) 127.3(8) O{11)-C1(1)-0(14} 109.1(8)
NI2)=Cl2)=8(3)  120.2(8) N19)=CI9}=C(10) 112,349 ofl2)-CL(1}=0(13)  111.5(6)

Ci2}=N{D)=C(4) 112,1(6) CLEN ' =N (L' =C() " 120.6(7) O{12)-CL{1)=0{14} 108.2(6)
NI =C{d1-C(5) 128,716} Ci6} '=N(I}'-C(1)  122.1(8) 0(13)=Cl{1)-0(14} 108.7(6)
N{)}-C(4)=N(9) 125.6(6) Crlr=N{1)’=ct2y’'  117.3(8) C(21)-C1l{2)=0(22}  10B.3(%}
N{9)=C(4}-C(S}  105.7(6) NIL'-C(2) '-m(3)" 116.6(7)  O(21)-Cl{2}-0(21) 107.8(6)
Cla)=CI5}=Ci6)  119.6(6) B '-C(D '=002F 1211070 o(213-Cl(21-0(24) 110.1148)
ClaY=CIS)-N(7)  109.6(&) 0(-C2)'=N(3}"  122.3(8) ' O122)-Cl(2)-0(23} 108.2(5)
N{T}-C{5)=C(6)}. 130.7(T) cLar-n(a’-ct)' 121,24 Mm Of22}-CL(2)=0(24)  113.1(7)
CI5)I=-CiB)~N{L)  109.4(M Ci2f-N{3)"-Pe 118.9{5) 0O(23)1-Cl{2)-0(24)  109.3(T}

Atoms are related to those in Table 6.3 by:

(1) x, 1lYy-y, =-kez: (ii} =-x, 2-y, l=2; (iil) l-x, 2=y, l-z;
. fiv) x, =l+y, z; (v) x, W~y, =hez; (vi) -x, ~hty, 4=z;

(vii) -x, -y, -z,

S An e — " L e
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N(7)-Pt-N(3)' angle {175.0(2) ] at the lower end of the
range. The G and C planes are 73.8 and 71.8° respectively
from the Pt coordination plane. The bond lengths and angles
of the cytosine and gquanine ligands do not differ signifi-
cantly from those for the standard (Taylor, Kennard (1982))
neutral nucleic acid base residues except for C(8)-N(9),
=3.90; C(6)-N(1)-C(2}, +3.30; C(3)-C(6)-N(1}), -3.20; and
N(l)'-C(Z)'-N(3)', -3.20. Greatgr deviations are seen in the
bond angles relative to the standard protonated (N7 for G and
N3 for C) residues: C(5)-N(7)-C(8), -4.6¢; N(7}-C(8)-N(9),
+4.30; N(1)'-C(2)'-0(2)", =3.30; C(2)'-N(3)'-C(4)"', =5.40;
and N(3)'-C(4) '-C(5)', +4.80. This difference iy’ the effects
of platination and protonation on nucleic acid base geometry
has been observed previously (Faggiani, Lippert, Lock (1982)),
although not for 6A. The dihedral angle_betﬁeen the pyrimi-
dine and imidazole rings of the guanine ligand is 3.2°. The
perchlorate geometry is normal.

An interesting feature of the EEEBE—[Pt(NH3)2(9-EtG)_
(l—MeC)]2+ ion is the Veak intramolecular hydrogen-bond
between N(4)' and O(Gl f3.ll(l)ﬁ], shown in Figure 6.4. The
two bases are almost coplanar (dihedral angle of 5.00), and
.the hydrogen-bond causes the nonlinearity of the N(7)-Pt-
N{(3)' angle by pulling the bases together. The bases, in fact,
resemble a Hoogsteen pair (Hoogsteen (1963); Guschlbauer
(19761), but with the intervening proton replaced by trans--

Pt(NH3)22+ (see Figure 6.5) . The problem with the Hoogsteen

~



(c)

Figure 6.5.

G-C base pairing

a) Watson-Crick bése pairing

(
- (b) Hoog&teen base pairing
(c)

the trans-GC complex
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model 1is that the separatién of the deoxyribose positions is
only 8.80 A, much less than the normal Watson-Crick (1953)
distance of 10.85 A {Guschlbauer (1876)) . Iﬂ 68 the.insertion
- of the EEEEE'Pt(NH3122+ molety separates the sugar positions
by 10.34(1) A, and this unit can easily be accommodated by
the DNA double helix. This rmolecule, therefore, represents

a model for a very stgble interstrand cross-link.

Figure G.i‘;}lustrates the packing of 6B. The primary
feature is the_fg;érs of catioﬁs and anions centered in the
bec-face. Within the layers the cations are arranged such that
the N({5)-Pt-N(6) axis is nearly parallel to the e-axis and
an ammonia group of one molecule nearly touches the other
ammonia group of the next molecule. Thié arrangement makes
the bases nearly parallel to each other. However, there are
no base-base interactiqps because sets of bases in adjacent
cations are separated by the perchlorate ions, which in turn
with the water mblecules, act‘ag links between cations by
hydrogen-bonding to the ammonia groups. Separate chains of
cations within the layer are linked by hydrogen-bonds from
the bases to the perchlorate ions (N(l)...O(Zl)ii, N(2)...
o221, N '...oa2)M, Ny .. .o14) i) | Interaction ]
between the layers is by Van der Waals forces and N(2)iii...
N{(3) hydrogen-bonds. This type of purine-purine bonding has
been observed in several other 2-aminopurine structures
(Mandel, Marsh (1975) ; Simundza, Sakore, Sobel (1970);

O'Brien (1967): Purnell, Hodg9son (1976)).
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The packing in the unit cell for B -

Figure 6.6.

T BT
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Within each layer there is an extended cavity which
can accomodate the water molecules, and within this cavity
four favourable symmetry independent sites occur twice
giving eight sites in all. However, only two of three of
these sites can be occupied, simultaneously in any one cavity
resulting in a non-stoichiometric water content. Tpengzer
molecules are involved in 0(2)...0(W)...ammine and O(2)...

O(W)...0(perchlorate) hydrogen-bonds.
1

(Britten, Lippert, Lock (1984)).

The "H NMR and acidity of 6B have been reported

6.4 Possible Relevance of the Cross-link Model -

Mononuclear complexes of (NH3)2Pt(II) containing .two
purines (adenipe and/or guanine) coordinated to Pt through
‘N7 each represent models of DNA cross-links involving two
donor sites from the periphery of DNA (see Figure 6.7a).

2:1 complexes of (NH3)2Pt(II) with l-methylcytosine (coordi-
nation through N3) and 7,9-dimethylhypoxanthine (coordina-
tion through Nl) represent models for cross-links involving
donor atoms from the interior of.double—stranded DNA (see
Figure 6.7 d). Metal binding to these sites’requires partial
opening or local_denaturation of DNA to permit the metal to
get inside the helix. These two types of possible DNA cross-
links and their effects on‘the DNA secondéry structure have
been discussedlin detail bf Kistenmacher, Orbell, and Marzilli-

I

(1981, 19313 .
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The mixed l1l-MeC, 9-EtG complexes of cis-and trans-
Pt(NH3)22+ belong to a third group of possible cross-links,
involving one donor atom from the interior of DNA (N3 of C)
and the second donor atom from the periphery (N7 of Gl. For
an intra—straﬁd cross-link, either of the two bases must
rotate about the glycosidic bond from the anti to the syn
conformation to bring the two donor atoms into closer pProx-
imity. Because of the lesser stereochemical restraint of
purines for the syn conformation (Jordan, Pullmap (1968)),
rotation of guanine is more likely to occur. With the iso-
lated dinucleotide r(GpC) the formation of a guanine-N7,
cytosine—NBrcross-link through g_i_g-(NHB)zpt(II)z+ is achieved
by rotation of guariine (Chottard, Girault, Chottard,
Lallemand, Mansuy (1980); Jordanov, Williams (1978)). For
han interstrand crosslink, therefore, rotation of guanine to
the syn conf;fmation is required.

The syn conformation of guanine has been postulated
to play a role in spontaneous base substitution mutations
(Topal, Fresco (1976}) and %Fs Occurance in Z-DNA is firmly
established (Dickerson (1983) and refs. therein). Platinum
binding could occur either to G already_in the syn confor-
mation, or to G.in the anti conformation followed by rotation
of G to the syn conformation. It has been shown that

Pt (dien)Cl IC1 (ggfibinds to poly(dé-dC}poly(dG‘dC), presum;
ably through N7, causing the rotation of the sugar,to give

G the syn conformation, resulting in a B—Z transition

or
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{Malfoy, Hartmann, Leng (1981); Ushay, Santella, Caradonna,
Gruberger, Lippard (1982)). The fact that cis- and trans-
(NH3)2Pt2+ prevent a similar B—Z transition may be a result
of cis intra-strand GG cross-linking (non-neighbouring G's),
or inter—strand cross-linking with rotation of the guanine
and not its sugar.

The coplanarity of the two bases in the 6B cation,
the comparable disthnces between the 'glycosidic bonds' "in
the model compound and B-DNA, and the minimal steric inter-—
ference of the NH3 groups on a hypothetical DNA sequence,
suggest that a cross-link of this type should ﬂot distort
DNA greatly (see Figure 6.7e). The replacement of the Watson-
Crick ﬁydrogen—bonds,by the much stronger Pt-N covalent -
bonds further suggesﬁ that DNA might indeed be stabilized by
c¢ross-links of this type. This idea would be consistent with
findings that at low Pt/base ratios,EEEEE-Pt(NH3)22+ causeg

argincrease in the melting temperature of DNA with no appre-

ciable effect on base staqking (Macquet, Butour, thnson
(1983)) . ;urtherﬁore, the observed prevention of intercalation
of ethidium bromide by EEEEE‘Pt(NH3)2C12 can be explained in
térms4of the trans-ammine groups blocking the space between

. costacked. bases and, more importantly, stabilizing the
costacking by.hydrpgen—bonding. In contrast, formation of
either an intra (Figure 6.7b) or interstrand (Figure 6.7ci
cross-link betwéén G and C by cis-Pt(II) would cause sériops

distortions to the DNA structure because of unfavourable
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dihedral angles of the bases (70-3%0°) and very much reduced
sugar separations (7.75-8.43A). The lowering of the DHA
melting point (see Figure 6.l1) and changes in the CD spectra
are consistent with this. Similarly, cross-links of types

cis—I(NHB)ZPtC ‘or cis—(NH3)2PtT2 should have such an

5]
effect. For a EEEEE'[(NH3)2PtC2]2+ cross-}ink, on the other
hand, a smaller distortion of DNA might be expected (Figure-
6.7d) . In the trans-C, model compounq the two bases are
coplanar (Lippert, Lock,-Speranzini (1981b)), and the sugar-
sugar distance will be a maximum of 10.7 or 9;6 A, depending
on whether the sugar positioné are cis or trans with respect
to the piatiﬁum. It can be argued tiat the former distance

is comparéble to the sugar-*sugar distance for a Watson—Crick
pair (10.85 &) or the distance between opposite bases of
adjacent pairs (assuming a 36° twist angle, 10.86 A), but
there will still be greater distortion than in the Egggg— ‘/
Pt(NH3)ZGC2 case. This is because the two cytosine molecules
must come from opposite sides of adjacent base pairs, result-
ing in two unpaired guanine molecules an tilting of the
C-Pt-C system with respect to the original base pairs (see
Figure 6.7d) . The trahs-adenine, cytosine model, another of“’
‘this type, is currently being examined. by Brend® Brown in our

lab.



CHAPTER 7

CONCLUSIONS

L’ . " '; ‘-, ’f
7.1 StructuralAspéects of Pt-DNA Binding -

A variety of chemical, physical, and biological
experiments are belng undertaken to clarify the mechanism
of ft-DﬁA interacnion. g;géEaPtClZ(NHBJZ and [gtﬁdien)Cl]Cl,
both inactive agaiﬁst cancer, é;e often used as éontrols in
studies of the active drug EigthClzﬁNH3)2. The structural
aspects of the proposed DNA-binding modes of these compounds
will now be outlined. The discussion isibased on recent pub-
lished experiments (Eﬁckgr et al, (19841)-and on the struc-
tural information o&tlined in this thesis,

Reaction of pure DNA or of live cells with, the three
chloro complexes is;generally slow because of the poor
SOIubility of the neutral complexes andNLhe slow hydrolygis_
of the Pt-bound chlorides. Therefofe AgNO; treatment of the
PL{ compounds to give soluble nitrate salts of the correspon-
4

g divalent agua ions is often employed. The homogeneity

of each of these aqueous solutions is not guaranteed,

however. The cis complex (Lock (1980)) and the dﬂ§§ complex

(Martin (1983)) form hydfoxo bridged oligomers, and the same
"
is expected with the trans complex, b:ﬁgd on the stag;lity

of the OH” bridge (see Chapter 3). Cafe must alsc be taken

r

196
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in the preparation of the trans complex to prevent the
formation of Pt(IV) and tetraammine Pt(I1}) complexes (Chap-
ter 4). |

Each aquaplatinum.monomer can then bind to the

exposed N7 position on guanine. For the cis complex tins

may be assisted by hydrogen-bonding of the agua ligand t

06 of guqnlne {Reedijk et a%. (1984)) . The aquacytosxne

complex (3E) represents a stable aqua‘(base)platinum(II)
intermediate. Isolétion Ofrehé.éﬁﬂnine analogue would be of
interest to ver&fy iné}amolecular.hydrogen—bonding and to
see if an OG..iaqua interactéon would be strong -enough ,to
help stabilize th; Pt{II)-OH, bond. The interaction of the
ammine ligand on-N7~bound EEEEE-Pt(§H3)22+ with 06 of G has
been observed (Jacﬁ\gg_gi. (L877})), and would havs approxi-
mgfely the same geometry as a cis agua chelate. The‘gii;
EEEEE' and dien complexeé, then, .could all form hydrogen-

bonds to the DNA.

The double strand helix ole&A,is not a rigid struc-
ture when in solution. Itlunaergoes a breathing (local un-
winding) motion which.can be enhanced by ‘the inductive
weakening of the Watson-Crick hydrogen-bonding by the N7

bound Pt (Speranzini (1980)). Thus various bifunctional modes

of binding are available to fhe-cis and trans épecies,,but

the dien'complex can only bind monofuﬁctionally. This may

: . . ¥
.explain the ability of Pt(d:.en)?‘+ to enhance -B—w727 transf%i6ns

» Y -

while the other two complexes cannot (Macquet et al. (1983)),
’ - _
»

»
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and why cis and trans can shorten DNA and the dien complex Ve

cannot {Macquet et al. (1983)).

It is the mode of bifunctional binding which differ-

entiates the cis and trans complexes as far as drug activity

+1is concerned. Only the gig—Pt(NH3)22+ moiety can form an

intrastrand GG crosslink between neighbouring guanines. This

is thought to be the major event in the interaction of the

cis complex with DNA, and the lesion responsible for anti--

tumor activity (Lippard (1984)). The resulting distortion

in the local DNA helical ~structure must eventually result in .
a somewhat selective tumor cell kill by interfering with

the normal (or abnormal) cell reproductive’ or immune process. E:

-~
The mechanism is still obscure.

-~

P The trans complex must form.a second bond to either .

a protein molecule near the DNA surface or to another guanine

N7 site brought nearby by a folding of the DNA. Some of the

T e s e eale ade L -

bifunctional binding is interstrand, and the trans-GC model
presented in é;apter 6 describes a stable link which can °
easily be accomodated in theﬂhelix withoug exteﬁ%ive disrup- o tl
tion af the base_etacking. This model nicely explains the
melting 901nt data (see Figure ; 1) when compared to the
p0351b1e dlstortlons caused by the cis isomer.

‘\ In the llVlng cell, there are proteins and enzymes

which can eventuallg~repa1r.the damage caused by the traans -
/’ . et

and the dien complexes, and by most of the cis lesions, when

the Pt concentration is not too high. Fortunately, this _

b
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repair process is not as effective for the Cis complex in
the tumor cells (Rosenberg {1977)), and they can be selec-

tively destroyed for certain cancers.

7.2 Suggestions for Further Study

The simple hydroxo and agua complexes of cis and
trans diammines which were proposed by King (1938) are cur-
rently under investigation in our lab, as are the reduction
potentials of-various multidentate ligand Pt (IV) complexes,
Pt oligonucleot%@e complexes are also being synthesized and
studied. \

Other %rojects which would be of interest include the
preparation of an aquaguanine complex, (mentioned above):and
further studies on variation of thé ligands on the Pt drug.
For exampie, ﬁéruta'Zvagulis (1980} has examined the struc-
ture—acgivity relationships of various amine ligands. Certain
bulky amines showed a decrease in toxicity, but were limited
in activity. An examination of a list of active compounds
currently under investigation (Reedijk’ (1984)) reveals that
all have the required hydrogen atom on the bound nitrogen
atom, but as yet no convincing reason for this feature is
eviaent from the intrastrand_gig-G,G crosslink model. Macquet
and coworkers (1984) have suggested that thé primary or‘second--
ary amine allows for rotation about the initjal Pt-N7 bond

to permit the proper orientation for bifunctional binding.

It is curious that all of these potential drugs have a
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symmetric arrangement of amine ligands. It would be inter-
esting to prepare and test a complex with one NH3 group
and a much larger amine as the ¢is ligand. This complex
should still have free rotation on DNA if bound trans ‘to
the bulky ligand. Would there still be a reduction in
toxicit§ or activity?

, Certainly the chemistry and biochemistry of platinum

still "merits an exacter Inquiry into its Nature than hath

hitherto been made.™



APPENDIX 1

Hydrogen atom positional parameters (x103) and isotropic
temperaﬁure factors (ﬁz)(x103). The temperature factors were

fixed at approximately l.Sﬂtimes Upog ©f the attached atom.

[o/

g
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Table Al.l. Hydrogen atom parameters for 3C

(not refined in final cycles)

H(N11)
H(N12)
H(Cl1l)
H(C22)
H(C21)
H(C22)
H(N2)

H(Cal)

H(C32)

H{Cdl{

H(C42)
H(N31)

H(N32)

308
292

237

154

158
85
56
60

-42

-38
114

65

356

401

502

484

377
464
349
236
316
194
108

92

95

iso
48
48
56
56
46
46
43
53
53
52
52
51

51

202




Table Al.2. Hydrogen atom parameters for 3D

H(N11l)
H(C1ll)
H(C12)
H(C21)
H(C22)
H(N2)

H(C31)
H(C32)
H(C41)

. H(N31)

x
144(9)
311(10)
309(11)
379(9)
267(9)
306 (10)

246(9)

1 359(9)

260(11)

73(11) -

Y
358(13)
417(13)
557(13)
583 (12)
645(14)
441(11)
640 (13)
590 (12)
419 (13)
413(13)

z
-22(7)
2(8)
-39(8)
61(7)

62(7)

129(6)7

203 (e6)
223 (7)
287 (7)

269(7)

iso
66 (7)
73(4)
73 (4)
60 (4)
60(4)
SlkB)
53(3)
53(3)
69 (4)
69 (8)

203
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Table Al.3. Hydrogen atom parameters for 3E

X ¥y 2 Uiso
H(31) 116 (14) 464(25) . 369(15) 66
H(32) 168(14) 519(25) 263 (15) 66 .
H(51) -40(13) -291(23) 192 (14) 60
H(52) 63 (13) -246(21) 124(13) 60
H(53) -57(13) -238(22)  47(14) 60
H(61) ~193(14) -69(25) 101(14) ' 67
H(62) -117(13) 159(23) 234(14) 67
H(63) -125(13) 213 (24) 117 (14) 67
H(5) 445 (14) 21%(24) 511 (14) 65
H(6) 568 (13) 323(22) 370(13) 64
H(11) 460(15) 462(28)  84(17) 84
H(12) 469 (15) 300(28) 90 (17) 84
H(13) 586 (15) 528(27) ' 198(15) 84
H(41) 291(15) 70(25)  '576(15) . 78
H(42) 123 (14) 36(25) 44715 . 78
H(71) 458 {15) 80(26) ~  814(16) - 85

H(72) 315(15) -125(28) - 777(15) 85



Table Al.4.

H(1)
H(8)
' H{21)
. B(22)
H(91)
H(92)
H(93)

H(94)

H{95)
H(6)

H(41)

Hydrogen atom parameters for 6B

x
228 (7)
193(6)
477(9)
398 (9)
440(7)
390 (7)
476 (9)
510 (9)
426 (9)

~445(9)

-182(9)

Y
1115(7)

609 (6)
1096 (8)
1163 (9)
724(7)
613(8)
728(9)
607(9)
620(9)
764(7)

987(9)

¥4
477(6)
383(5)
517(7)
518 (8)
416 (7)
413 (6)
569 (9)
551(7)
583(7)
267(7)

352(8)

205

iso
54
52
85
85
64
64
92
92
952
73

79



APPENDIX 2

Anisotropic temperature factors used in the expression

expi-272 (U h%a*? + U, k%*2 + Ujql2e*2 + 2U; ,hka’b” +

2U; shla%e* + 20,5klb%c*))

206

ey



L

207

1. Anisotropic temperature factors (&2) (x10%)

Table A2.
for 3a
U1 Uz2
Pt 186(2) {  242(2)
Cl(l)  333(7) 289 (6)
Cl(2) 387(7) 314(7)
C1(3) 356(7)  347(7)
Cl(4)  364(7)  439(7)
Table A2.
for ;é
Un Uz22
Pt 29.4(4) 16.4(3)
c1l(1) s5(2r 30(2)
S CLl(2) 43(2) 15(1)
Cl(3) 34(2) 40(2)
cl{4) 38(2) 36(7)

Us3
277(2)

3712(7)
304 (6)
386(7)

270(6)

Usz
15.4(3)

l6(1)
32(2)
38(2)

29(2{

Ui2

0.7(2)

7(2)
2(1)
4(2)
0(1)

Uij
33(1)

62(5)

Uzs
0

-36(5)

11 (5) 4 22(5)

55(6)

43(5)

Ui3
2.1(2)

7(1)
3(1)
4(1)

-2(1)

78 (5)

-38(5)

2. Anisotropic temperature factors (A2) (x107)

Uaj
1.0(2)

1(1)
1{1)
4(1)
0(1)
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Table A2.3. Anisotropic temper'ature factors (iz) (x103)

for 3C

Y11 P Usz U2 U13 U23
Pt 23.3(2) 24.9(2) 23.6(2) 0.1(1) 1.2(3) -1.1(4)
Cl(l) 40(1) 44(2) 39(1) ~13(1) 5(1) . 7(1)
*N(1)  23(4)  35(5) 35(5) 3(4) -9(3) - 2(4)
N(2)  23(4) 35(5) 35(4) 0(4)  1(3) 2(4.
N(3)  35(5)  34(5)  30(4) 0(4)  -3(4) 14)
CL(2) 36(1) 36 (1) 34(1) 4(1) -3(1) 2(1)

—

Tt
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