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ABSTRACT 

Chapter 1:A. 
A brief guide to the crystatlo;graphic techniques used 
to determine the structures in this thesis, including 
di f fractometer details. 

Chapter 1:9. 
Computing methods used, including both the X-ray package 
and Local data processing programs. Program TWIDL_E, an 
on-Line bond Length and model program, WIZARD and PACKIT 
condensed data handlers, interactive ORTEP, and a text 
justifying program JUST* 

Chapter 1:C 
Nucleotide chemistry, formulation, and use of the parent 
bases as models for transition-metal nucleic acid inter-
action. Some crystal ;growth methods. Osmium tetraoxide stains 
in microscopy. 

Chapter 2. 
Crystals of 9-methylhypoxanthine-dichloro- mercury(II) 
are monoclinic, space group P21/c, with a=10.204,b=13.671,c= 
7.167 A,AA 	98.24: The structure consists of trigonal mercury 
co-ordinateA by 2 Clatoms and N(7)o N(7)-H,=2o305Ā,Hg-CL are 
2.402,2.351A. Weak secondary CL co-ordination is observed. 

Chapter 3* 
Crystals of hexaquomanganese(II)iodidestetrakis 

(4,6-dimethyLpyrimidine-Q one) are triclinic, PT, with a= 
12.022, b=7.661,c=10.235 Ā,x=93068°, 3=105 92_,V=92_084% The 
structure consists of octahedral hexaquomanjanese ions , to 
which the DMP molecules are hydrogen bonded, 

Chapter 4 
Crystals of bis11,3-Oimethyturacil)dichLoro-copper(ii) 

are triclinic, P1, a=120C29,b=8.449,c=30833 A,  «2=93066` 
3=93,69;x-101.27: The structure consists of square-planar 
co-ordinated Cu, with two trans CL li;,ands, Cu-CL 2.269, and 
two trans 0(4) bound 1,3DMU Ligands. This is the first 
observation of strong metal-uracil binding at neutral pH. 

Chapter 5. 
Crystals of Cobalt-5•Uridinemonophospha teqwater are 
monoclinic, C2, a=28.693,b=140393,c=4,761 z., p=90,960 The 
structure consists of polymeric chains, made up of pairs of 
phosp lcLte-oxygen-bridged cobaLt ions. The polymer Linkages 
are phosphate groups binding to 4 different cobalt ions. 
Each Co ion is octahedratly co-ordinated by 4 phosphate 0 
atoms from 4 different phosphate groups, and to two water 
molecules* There is no uracil interaction with the metal. 

Crystals of Di-u-oxobi st (Cyclohexane-1, 2-di otato )oxo 
(quinuctidine)osmi m(vi)l are orthorhombic, Pbca, a=23.394, 
b=10.303, c=1 10743A The structure consists of a dimer of 
6-co-ordinate Os, held together by a unique 	 ~ a ,ymetric 
Os-0 bridge, with distances of 1.78 and 2022 $, Evidence 
for a 5-co-ordinate monomer with unique cis oxo Ligands is 
presented. 

Chapter 7. 
Crystals of u-cyclooctane-1,2-diotato-5,6-diotato-bis 

(dioxodipyridine)osmium(vi))tetrahydrate are orthorhombic, 
P222i , a=8.363,b=14.546,c=14.441 A. The structure consists 
of two octahedraLly co-ordinated Os atoms linked via ester 
bonds to opposite sides of the cyclooctane ring. Each osmium 
also has 2 trans oxo Ligands and 2 cis pyridine Ligands. 

Appendix A. 
Crystals of tris(diethytmalonato)iron(III) age  
mo oclinic, C2/c, a=18e176,b=11.918,c=1.3.811 A43=115.36* The 
sticture consists of three chelating diethylmatonate Ligands. 
Jiving t e iron close octahedral co-ordi i action. Mean Fe-O 
is 1.994E This is the first malonic ester-metal complex. 

Appendix R. 
The crystal and molecular structures of catena-
u-Formato-formatobis(pyridine)copper(ii)monohydrate. and 
tris(4,6-dimethylpyrimidine-2-thi'onato)cobalt(iii), done as 
part of supervision of third-year projects. 
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In the beginning was the Word, and the Word 

was with God, and the Word was God. 

He was in the beginning with God. 

ALL things came into being through Him,and 

apart from Him nothing came into being that 

'has come into being. 

In Him was Life; and the Life was the Light 

of men. 

And the Light shines in the darkness; and the 

darkness did not overcome it. 
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Preface. 

This thesis is submitted in order to obtain a degree 

called 'Doctor of Philosophy'. It strikes me as strange, 

therefore, to find that most scientific research today has 

Little connection with 'Philosophy's or even attempts to do 

much more than produce results, I must immediately say 

that this thesis is no exception I, it too contains 

original. results. However. I woutd Like to try to put them 

into a rather wider context. 

This is because every 'thing' is not, in my understanding, 

a product of chance, but rather in some degree re f Lects the 

glory of the God who made it. Through my probing into a few 

relatively simple molecules, this opinion has been con- 

firmed. 	Indeed, modern experimental, science began in the 

17th century because God—oriented men recognised that the 

creation was not just a machine set going ayes ago, but In 

fact is continually upheLd by His word moment by moment. 

Thus a study of creation ought to reveal a Little of the 

character of Him who makes it. 

Only a Little, however. It is an oft—repeated error to 

spend more time studying the creation rather than fat-towing 

the Creator Himself. He has already revealed His personal. 

character to us through Jesus Christ, in such a way as to 

make it possible for us to come to know Him in a personal 

way, rather as a son to a father. In a words He Loves us. 

And there, I must end. If anything else strikes you from 

reading the thesis, may it be this wonderful. truth that 

'God so Loves the world that He gave His only begotten 

Son, that whoever believes in Him should not perish, but 

have eternal Life'o IJohn 3.'16)0 

9 



10 

Chapter 1 A. Experimental 

Introduction. 

The use of X-RAY diffraction techniques for the elucidat-

ion of molecular structure has become widespread since the 

early observations of Von-Laue and Bragg (1). "Many excell-

ent treatises (2) have been published which clearly outline 

the theory and 	application of diffraction to crystalline 

materials; these require no further expansion here. This 

chapter serves to outline the experimental procedures used 

throughout 	the 	sipr,irtural, de-terminations contained in this 

thesis. A brief description of the preparation 	of suitable 

single crystals for three-dimensional structural analysis 
appears in chapter 1C. Thus, assuming the provision of such 

a crystal, 	the determination proceeds essentially by 4 

stages which are: unit cell and space group determination, 

data collection, structure solution, and structure refine-

ment. These steps are outlined below. 

Unit cell and space group. 

A crystal contains groups of atoms in particular arrange-

ments, which repeat in a regular way in three dimensions. 

By considering each identical group of atoms as a aoint, 

a three-dimensional regular lattice may be described by 

the distance between each point, and the angle between the 

vectors along the Lattice, conventionally referred to as 

a,b and c, with inter-vector angles a B 	. 	Although 	in 

general any Lattice can be described as triclinic, 	usually 

the Lattice can be simplified by allowing for symmetry 

elements relating the contents of part of the unit cell 

with itself. There are 7 crystal. systems 	, i.e. unit-cell 

shapes, which with Lattice centering give 	14 Bravais 

lattices. 	Application of point-group and translational 

symmetry elements to the Bravais lattices give a unique 

set of space groups, totalling 230 in number. 

A very useful way of treating X-ray diffraction phenom-

ena is by assuming that diffraction maxima arise from a 

reflection off planes within the crystal, giving rise to 

the . familiar Bragg equation: 

n A = 2.d.sinO 

where d is the interplanar spacing, 	the X-ray wavelength, 



Fi,ure to A schematic representaticn of the Siemens AED, 

a 4—circle diffractometer, showing the naming 

of the axeso The counter to crystal. distance 

is variable, but for aLL the structures in 

this thesis it was fixed at 30cm. The coLLection 

collimator aparture is 2.mm, with a Length of 10cm. 
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12 
C the reflection angle, 	and n an, integer (assumed 1 for 

most practical purooses). 

Planes within a crystal are conveniently described by ' 

'Hiller indices. Another useful construction is the recip-

rocal Lattice, defined as an -array of points at the ends of 

Lines (of length inversely proportional to the 	interplanar 

spacing) drawn perpendicular to the planes. The 	interpret- 

ation of X—ray photographs is straight—forward because the 

reciprocal lattice is directly related to the geometry of 

the photographic information. The unit cell can be deter-

mined from the reciprocal Lattice. 

Space group determination. 

Normally oscillation and Weissenberg photographs yield 

sufficient information, but triclinic, and sometimes monoc-

linic, crystals require the use of a precession camera. For 

preliminary work, crystals are mounted on glass fibres with 

grease, and optically aligned so that edges are parallel to 

the centre axis of the camera. CsciLlation and 	L:eissenberg 

camera geometries require that the crystal rotates about a 

real Lattice vector: precession geometry requires mounting 

about a reciprocal lattice vector. 

Space group determination is necessarily iniefinate in some 

cases, as only translational symmetry elements and Lattice 

centering cause systematically absent reflections, but the 

choice can often he restricted by considering the known 

chemical properties of the crystal in question. For example 

optical activity precludes space groups having either mirror 

or inversion symmetry elements present. 

Data collection. 

The unit—cell and space group parameters determine the 

Location of particular diffraction maxima in space. Meas-

urement of the intensity of these reflections is termed 

data collection, and was lone on a Siemens.  automatic off—

line 4—circle diffractometer (see figure 1), at 10°C. The 

diffractometer was operated in w-26 coupled mode, i.e. w=20 

The crystal under investigation is mounted with araLdite 

on a quartz fibre which is fitted to a eccentric goniometer 

head, and aligned so that a real crystal axis is coincident 

with the 	axis of the diffractometer. Program LISTER cal- 



culates setting angles for the circles from unit-cell param-

eters, allowing manual Location of reflections and measure-

ment of accurate 0-values, which in turn are refined by 

program CEDI to give accurate.  unit-cell dimensions. These 

allow generation of a 5-track paper tape which contains 

an 	drive information for directing the diffractometer 

to the correct position for measuring the reflection. 

Crystal alignment is carried out using horizontal half-

shutters to set up a reciprocal-Lattice plane in thew-2e 

plane, thus 	defining a real 	axis perpendicular to this 

plane. Suitable reflections for alignment are at about 7e 

in 9. Adjustment of the goniometer arcs rapidly converges 
to give equal half-shutter counts for the hkl and hkl 

reflections, provided that the alignment reflections come 

from planes roughly parallel to the goniometer adjusting 

arcs. The height of the crystal in the X-ray beam can also 

be checked using the horizontal half-shutters until the 

open-shutter count is twice the half-shutter count. Final 

setting is done using coupled e -0 scans to find the 

optimum 	value for a particular control reflection, and 

the q position recording ring is set to the value required 

by the steering tape program for that reflection. 

Diffractometer details. 

')afa collection uses a 5-value measuring procedure (7), 

which counts one side of peak, background, 	fuLL peak, 

background, and other side of peak, the scan proceeding at 

0.0f per step in 0. Background• is measured for the time 

taken for a full peak scan (see fig. 2). The scan range 

is normally set to vary as a function of 0  according to the 

shape of the diffraction maxima of a particular crystal. 

Values of 0.5°  either 	side of the theoretical 0 values 

are typical at e ca 50.00. The maximum time per step can he 

preset, for example values of 0.12, 0.24, and 0.6 secs give 

data collection rates of 1000, 600 and 300 reflections per 

day respectively. The counter circuits briefly check the 

intensity of the reflection before starting the scan. 

and adjust the step-time to give suitable counts (ca 

10000) up to the preset maximum time. The very intense 

reflections are attenuated with nickel foil screens in 

the detector, which is a Na(TI)I 	scintillation counter. 

13 
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Fi;jure 2s The 5—value reflection measuring procedure. 



The X—rays are generated by a copper tube running at 40kv, 

13 ma., and filtered with a nickel foil Cui3 filter. 	This 

passes C.uk a  (X =1.5413 A) and Longer wavelength 	radiation. 

The take—off angle is ca 3°,and beam collimators are avail-

able from 0.4 to 1.0 mm. in diameter, usually the example 

chosen is about 0.2 mm bigger than the crystal under 

study. 

A reference reflection 	is measured every 50 reflections, 

and 4 control reflections every 300 reflections 	to monitor. 

crystal misalignment and decomposition. Angle drive errors 

can be corrected to +/— 0.20, the machine embarks on a 0.0? 

step search to find the correct value. Larger errors can 

get through, but cause zero—check failure at reference 

check -time. Longer wavelength radiation can be chopped out 

by pulse—height analysis of the counter output, 

rOata' processing. 

The counts for each part of the scan, together with scan 

times and attenuator information is punched onto an output 

paper tape along with the hkl of each reflection. This 	is 

used as input to program SOP!, which scales the data to 
the reference reflection, and applies Lorentz and polaris-

ation corrections, both of which are simple functions of 

the data collection geometry. The orogram checks on the 

relative sizes of half— and full—peak counts to ensure the 

intensity is roughly 	centred about 	the nominal 0  value. 

Reflection intensity is computed from the following equation 

I(nett) = 1/2(I(1)+I(3)+1(5)) —(I(2)+I(4)) 

and 	_O.I 	defined 	by 	1/2 ✓ (I(1)+I(2)+I(3)tI(4)+I(5)) 

A test given by I < X. Q I codes a reflection as 

'unobserved', X is usually set to 2.58, which represents 

99% probability. 

Absorption correction. 

The final treatment of raw data is through the applicat-

ion of an absorption correction, which allows for the 

absorption of incident and diffracted X—ray beam within the 

crystal. For spherical crystals this would be solely a 

function of 0, but most real crystals are anisotropic in 

shape, and thus the 	intensity of the diffraction varies 

15 



with crystal orientation, The absorption of X—rays follows 

the usual inverse exponential Laws, but the problem is to 

determine the path Length within the crystal of the 	incid- 

ent and diffracted beams. The transmission factor. A, is 

given by the expression: 

A(hkL) = f (1/V)exp—[p(ri, + 	rj.) l dv 

where pis the Linear absorption coefficient; this is not 

usually solved analytically. Instead a numerical integr- 

ation technique is used (4), which approximates the 	integ- 

ral to the sum of a number of weighted terms. These are set 

up as a grid of points within the crystal having _a weight 

dependent on their position and the shape of the crystal. 

The program ICAf3S, a modification of the algorithm of 

Copperas et.al.(5), performs the calculations. The final. 

expression for intensity of the hkl reflection is : 

F(obs)2  = K.I(obs).L1/L.pl.t1/A) 

Where K is a scale factor adjusted to put I(obs) onto 

an absolute scale, L=Lorentz factor, p=polarisation 

correction, A=transmission factor. 

p= (l+co s'2e) /2 

L=1/(sin20) 

Structure solution. 

The next stage is to find the phase of F, the structure 

factor. This can be done by several methods; the one used 

for this thesis is the heavy—atom method. 

The stucture factor may be expressed as fotlo4s: 

F(hkl) = 	f3 exp2rfilhxj + kys + Lzj ) 

fj is the scattering factor of the j'th atom at position 

xj yj zj (in fractions of a unit—cell translation along 

a l b and c respectively). 	fl is a function of the number 

of electrons 	in atom 	j, and the diffraction 	angle 6. f 

decreases with 	increasing a  . In some cases, 	especially 

those atoms with X—ray absorption edges close to the .A 

value of the diffracting X—rays, other scattering occurs 

This results in a phase change as well as a reduction in 

scatter; 	the effects are called anomalous dispersion and 

can be allowed for in the calculation. Scattering factors 

of heavy atoms were taken from Cromer and Waber (6), and 

those for hydrogen from Stewart, Davidson and Simpson (7) . 
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The an omo.Lous dispersion corrections were 	from Cromer 

and Libermann (8). 

Scattering factors are also modified by the thermal mo-

tion of the atoms which causes a further reduction in f 

with increasing 8. -The full anisotropic 	temperature 

factor is 

Expf-2Rt(!in  hi- E 	+I/2%  k2  h*l  +U33  12  ea +2u1.1 hkey h'it  +2013 hLa+t''c 

+2U23klbk̀ c*) 3 

Fourier synthesis. 

The structure factor may be expressed as a simple func- 

tion of electron density. Electron density, 	being a 

periodic function within a crystal, can be described by 

a Fourier synthesis. 	The Latter is a series of solvable 

periodic equations summed to fit a real electron distribu-

tion. Thus we obtain V,kl 
p(x,y,z) = 1/V 

-
T 	F(hkl)expt-2ii(hx +ky +Lz ) 

Substituting F(hkL)=1F (hkl)l exp(2-ifi, a') 
h K L 

p(x,y,z) =1/V p  .IF(hkl)fcos2T(hx +ky +Lz — ki 
showing the problem of structure solution to be deter- 

mining the phase angle 
ct's 

 The heavy atom method computes a 

Datterson synthesis using F2  as the coefficient, 	resulting 

in a map representing inter—atomic vectors. Since the peak 

size is proportional to the product of the scattering power 

of the atoms, heavy—atom vectors stand up against the back-

ground of Light—atom—Light—atom vectors. From a knowledge 

of the likely space group symmetry of the cell, 	the heavy 

atom co—ordinates can usually be determined. They are used 

to compute F(catc). The calculated phase 	is then combined 

with the modulus of the observed structure factor, 	to give 

an electron density map sufficiently close to the true 

electron density to Locate further-atom positions. 

A common approach uses a difference Fourier synthesis, 

which uses 	IFobsl— /Foal-el as the 	coefficient, providing 

an electron density map that 	is zero for perfect model 

agreement, positive for unaccounted—for electron density 

and negative for errors in the model. JsuaLly successive 

cycles of difference Fourier calculations are combined 

with some parameter refinement, and Location of most non-

hydgrogen atoms is straightforward. Progress of the 

solution is monitored by the R factor: 

R=11A Fl 	=  I I Fot,41 

EIFa I 	 EI ro 



which tends to 0 as F(caLc) approaches F(obs). 

Difference Fourier syntheses aid atom type identificat- 

ion, as does observation of the temperatur± 	factors of 

individual atoms. A relatively high temperature factor 

suggests too heavy an atom, as does a negative peak 	in the 

map. 

Refinement. 

The refinement of atomic coordinates and temperature 

factors proceeds via a Least—squares procedure, welt 

documented and programmed in X—RAY 72. The function 

minimized is 

D  	W(hkl)(I FoI=IkFc1)2  
The scale factor k is the inverse of the factor in the 

expression for IFl on page fit, but must appear on the right 

side of the minimisation function with the other variables. 

w is generally unity for initial refinement, but during 

the Later stages the scheme of Hughes (9) was applied, 

where W=1 for Fc<F*, W = (F*/Fc) for Fc >.F*. 

F* is adjusted to give 	approximately constant w.1 A  F-1 
Throughout the structures in this thesis full—matrix 

refinement was used. 

Problems which may arise at later stages of refinement 

often stem from disorder; several examples occur in this 

thesis. Although normally not too serious, 	the 	effect 	is 

an overall. reduction in the accuracy of the structure 

determination, and often prevents Location of hydrogen 

atoms from difference maps. (In such cases, hydrogen atom 

positions can sometimes be catcul.ated by program HYDGNY). 
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Chapter 1 9. Com>uting 

Introduction. 

Modern crystal structure refinement relies very heavily on 

sophisticated computer technology, which works very well in 

general terms, but often not so efficiently at Local sites. 

Part of the work of this thesis has been the development of 

user—oriented software which simplifies use of the Large 

computer packages available. These will be described in the 

context of a general overview of computing methods used. 

Hardware. 

The principal sites used were the Jnivers i ty of London and 

Imperial College computer centres (JLCC and ICCC). ULCC has 

COC 7600, 6600 and 6400 machines, and ICCC has a dual—main-

frame CDC 6500 and Cyber 174 system. ALL CDC machines have 

60—tit word memories. 9oth sites possess card punching fac-

ilities, 'JLCC has a microfilm machine, and ICCC a Kingmatic 

flat—bed plotter. 	ICCC's operating system, NOS, supports 

over 200 interactive terminals, including several Tektronix 

interactive graphics consoles. The graphic terminals are 

controlled by a CDC 1700 cornouter, which also handles paper 

tape I/J, and a fast Link to the ULCC computers. 

Software. 

The principal crystallographic programs used were taken 

from the X—RAY 72 system (1), which is available from disc 

at ULCC. The following links of the system were most often 

required, and executed on the 7600. 

DATORN Input of reflection intensities, atomic scattering 

factors, and unit—cell parameters, including space-group 

symmetry. 

NORMSF Determines 'quasi—normalised structure factors 

used for the oatterson synthesis as well as for direct 

phase determination. 	It also examines statistics of the 

reflections to estimate overall temperature factors. 

LOADAT Input of atomic co.ordinates, temperature factors, 

and editing reflections. 

CRYLSO Least— squares refinement program. 

FOURR Fourier syntheses from most coefficients. 

FC 	Structure factor calculations for fixed atoms. 
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DONDL A Inter—atomic bond—Length and angles, with standard 

deviations. 

WTLSSO Apolies weighting scheme 

LSQPL Best—plane calculations. 

WTANAL Examines weighting scheme. 

The rest of the computing work was done at ICCC, the 

following programs used without modification: 

LISTER Generates diffractometer setting angles 

CEBI 	Does a least—squares best—fit calculation on O 

values to give accurate unit—cell parameters. It is 

interactive, allowing free—format input and editing. 

EKO 	°roduces a steering tape to direct the diffract- 

ometer to the correct position to start measuring the 

reflection intensity. 

S;ODI 	Processes the output paper tape from the dif fract- 

ometl=r, and applies Lorentz and 	polarisation 	corrections. 

it scales the data to the reference reflection, and checks 

relative values of the half— and full— peak counts, to 

detect alignment errors. 

ICABS 	Applies absorption correction. It is a very time— 

consuming process, often taking over 10 minute> on the 6500 

or 174. 

HYDGNY Calculates expected hydrogen atom co—ordinates for 

any type of parent atom bonding. 

Data handlers. 

SODI produces a card—image file containing one reflection 

per record. This is rather wasteful, 	especially if the 

data is off—Lined as cards. Accordingly PACKIT and WIZARD 

were written to condense and process the reflection data. 

PACKIT produces a 6—reflection per card—image file, in 

integer form (i.e the output can be read manually and thus 

edited if required). 

WiZAPD unpacks the data again to its original format, 	and 

will pass unchanged any card other than condensed data. 

This enables condensed data to be treated as if it were 

single reflection—per—card format data. Listings of both 

programs are on pagelZ . The subsequently smaller disc 

files can be easily stored, and this 	Led to the 	develop- 

ment of terminal job 	submission, rather than batch card 



PROGRAM CONDEN(OUTPUT. TAPE7. TAPER. TAPE6=OUTPUT) 
C THIS PROGRAM CONDENSES XRAY CARD IMAGES ON TAPE7 TO 6 REFLECTIONS 
C PER CARD IMAGE ON TAPES. BASED ON D.J.W.S ARCHIVE.AND B.A.C.S 
C DATCOD. N3VEFDER 77. 
C FILE VERSION NOVEMBER 8 1977 B.A.C. 

DIMENSION TITLE(16),ICH(6),ICK(6). ICL(6). IFOB(6),ISIG(6) 
C SCAN FILE TO CHECK FOR BIG REFLECTIONS 

SC = 1. 
REWIND.? 

14 READ(7.1000) (TITLE(J),J=1.16) 
13 READ(.END.=11.7,1001)ANAME.JCODE.IH, IK,IL.FSQ,SIGF 

IF(F5O/5C.GT.999980.0)GO TO 12 
GO TO 13 

12 SC = 5Cx5.0 
LRITE(6.3002) SC 

3001 FORMAT(IRD.20X,34HON DEAR'I MY SCALE FACTOR WAS WRONG./20X. 
+ 	15HFS0 DIVIDED BY .F5.1) 
WRITE(6.3002) IH.IK,IL,FSQ 

3002 FORMAT(iH0.19263HTHE.311.12H REFLECTION ,8HNA5 I = .F10.2) 
REWIND.7 
GO TO 14 

C READ FIRST CARD TO GET COMPOUND IDENTIFIER 
11 REWIND.7 

READ (7.1000) (TITLE (J) .J=1.16) 
1000 FORMAT(16A5) 

M:ARD=O 
N=1 

1E=0 
C....READ FIRST DATA CARD TO GET COMPOUND NAVE 

READ(7.1001) ANAME.JCODE. lH•IK. IL,FS0,SIGF 
1001 FORMAT(7X.A6.IX.I1.3I4,F10.2,F10.4) 

WRITE (6.2100) ANAFE 
WHAT = ANAFE 

2100 FORMAT (6NREMARK . 4X, A6) 
GO TO 2 

1 	N=0 
C 	INITIALISE THE OUTPUT ARRAYS 

DO 3 1=1,6 
ICH (I) =ICK (I)=ICL (I)=1FOB (I)=ISIG(I)=0 

3 CONTINUE 
4 N=N+1 

C....READ THE REST OF THE DATA 
6 	READC.END.=5.7.1001)ANAME.JCODE.IH.IK.IL.FSQ.SIGF 

IF(IH.E0.0.AND.IK.EQ.0.AKD.IL.E0.0) GO TO 6 
2 	NCARD=VCARD+1 

FSA=FSQ/SC 
ICH(N)=IH+50 
ICK(N)=IK + 50 
ICL (N) = IL + 50 

F = SORT(FSA) 
IFOB (N) = FW100. 

IF (JCODE.E0. 2) IFOB(N)=—IFOB (N) 
SF =SIGF/SC 
I5IG(N) = SF.10.0 
IF(N.LT.6)GO TO 4 
'RITE(8.2101) (ICH(J) ,ICK(J),ICL(J).1F0B(J),I5IG(J).J=(,6) 

2101 FORMAT (6 (3I2. I5. I2) .2H C 
GO TO 1 

C....END OF THE DATA SEQUENCES 
5 IF(N.E0.1) GO TO 10 

WRITE (8.2101) (ICH (J) .ICK (J) .ILL (J) . IFOB (J) , ISIG (J) .J=1.6) 
10 CALL DATE(THING) 

alRITE(6,200D) THING 
2000 FORMAT(IH0.19X.32HYOUR DATA HAS BEEN CONDENSED ON .8101 

WR ITE(6. 2001)LWAT 
2001 FORMA7(1H0.20X.21NYOUR COMPOUND NAME IS .A6) 

LRITE(6.2002) (TITLE(FG .M=1.16) .NCARD 
2002 FORFqT(lH0.20X.16R5.20X.6HIT HAS•S4.12H REFLECTIONS) 

STOP 
END 

PROGRAM WI2ARD(INPUT, OUTPUT. 7APE1O, TAPE7=INPUT. TAPE6=OUTPUT) 
C 	THIS PROGRAM DECODES 'CONDEN' CARDS INTO XRAY FORMAT 
C 	ALL SINGING CUM DANCING VERSION WILL READ ANY CARD.BUT ONLY UNPACKS 
C 	CONDENSED DATA. A COMPOUND ID. CARD IN 10X.86 FORMAT MUST BE THE 
C 	FIRST CARD OF THE DECK OF CARDS BEING READ. NO OTHER CONDITIONS. 
C... PRESENT READ FORMAT ASSUMES 6 REFL. PER CPRD.NOV.77 B.A.C. 

DIMENSION ICH(6). ICK(6),ICL(6),IFOB(G),I5I0(6) 
DIMENSION ARY(8) 
NCARD = 0 
NREF = 0 
READ(7.1000) ANAME 

1000 FORMT(10X.A6) 
12 READ(.END.=5,7.1100)RR7 

1100 FORMAT(RA10) 
DECODE(80.1101.ARY)AF 

1101 FORMAT(79X.A1) 
IF(AF.E0.1H 0 G0 TO 2 
WRITE(10. 1100) ARY 
GO TO 12 

C SET COUNTERS 
C READ THE CONDENSED DATA CARD 

2'DECODE(80,1001.ARY)(ICH(J),ICK(U),(CL(J). IFOB(J),ISIG(J).J=1,6).AF 
1001 FORFRT(6(312.(5.I2),A2) 

C 	UNPACKING THE CARD 
N=0 

3 N=N+1 
JCODE=O 
IF(IFOB(N).E0.0)GO TO 4 
IF(IFpB(H).GT.0)G0 TO 10 
LODE = 2 
IFOB (N) _ —/FOB(N) 

10 IH = ICH (N) — 50 
IK = ICK (N) — 50 
IL = 'CL UJ) — 50 
FT = IFOB (N) 
F=FT/100.000 
FS0.1,F 
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submission. 

The analysis of the atomic parameters can, in addition to 

the RON`)LA Link in X-RAY, be carried out interactively with 

program TWIDLE. This program has two main streams of Logic; 

the first is an interactive bond-length, angle and torsion 

angle routine capable of examining specific bonds, or cont-

acts within a range, and sequential torsion angles. The cat 

cuLati on software was originally written by Or D. J.Wi lli jms 

and has been modified to take free format input from the 

terminal. Updating, editing, and output in particular 

format for use by X-°AY or ORTEP, is possible. 

The second scheme involves the generation and orientation 

of specific groups or molecules from a file 	containing 

external structural information. They are 	inserted in the 

cell as correct starting models for rigid-body refinement. 

The routines can also rotate a set of atoms about a given 

vector. The program 	invents new atom labels, or update, 

previous co-ordinates as required. The complete program 

is Listed on pages 24 to 27, and a brief lescription of 

the program is now given. 

Entry into the program will put up prompts for data or 

keywords that can usually be answered without difficulty. 

Generally, 	a carriage return will either cause a warning 

message, or use of preset default values. Lists of numbers 

require two C/P to terminate the READ. Also, mixed keyword 

-numeric data tines are not allowed by free—format REA')s• 

lajor keywords are ATOM,LIST,fOND,4ODEL,STORE,VECTCR,STUCK 

'-IODPOS,RESTAPT,END. Their purpose is generally self-evid-

ent, and consultation of the Listing should allow a start 

to be made in using the program. The program requires 

on-tine input/output on units 5 and 6, and optionally will 

use unit 7 to read data (at present in ORTEP format). A 

correct format file can be generated during the initial 

run through the STOP: facility. This routine also allows 

for the correct generation of unit 4, for Later use by 

IODPOS. Unit 3 is a simple atomic co-ordinate file for 

input to X-RAY. The program's internal co-ordinate system 

is orthogonal Angstrom. re-conversion into cell co-ordin-

ates occurring via STORE. 
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PROGRAM THIDLE(INPUT.OUTPUT.TAPE4.TAPE8,TRPE5=INPUT.TAPE6 
+=DUTPUT.TAPEO,TAPE7) 
COMMON ATM(500..1(500) .1)500) .2(500) .TMAT 13.3) .NN 
COMMON ISYM. IEN.ORA(20.101, 085(50.10) 
COM5)N A.B.C.AL.BE.GA,IJIG. IRUN(25) 
CONTIN IR.NHUN.M.AS.SCALE. IENANT 
COMON TITLE(16).AX(20).AYf20).82(20).TIM(3.3).80,87.011 

C 	BOND LENGTH AND ANGLE PROGRAM OF D.J.H. IN INTERACTIVE FORM 
C 	USE MiF COMPILER NO. 3 B.A.0 
C 	THIDLE VERSION USER PROGRAM 
C 	MDPOS ROUTINES OF B.R.L. AND SMOOTHER OPERATION MODS AUG78 

1 NN = 1 
ICM 0 
MRUN = 0 
IJIG = 1 
SCALE = 1.0 
(RITE:6,6000) 

6000 FORMT(.SUPERTHIDLE 	COMMAND SUMMARY OBTAINED BY STUCK' .) 
C.-CHECK IF TAPE? DATA IS AVAILABLE THIS 15 IN ORTEP FORMAT 

WRITE (6.6005) 
6005 FORMAT(.I5 DATA AVAILABLE ON TAPE 7.) 

READ(5.5110) RVO 
5110 FORIPT(A2) 

IF(RI-C.E0.2HNO) GO TO 700 
C...CHECK FOR LOCAL FILE DATA ON TAPE 7 

CALL DREAD 
GO TO 701 

C...INPUT OF DATA FROM TERMINAL 
700 lRSTE(6.6007) 

6007 FORIMTT(. YPE TITLE.) 
READ(END = 9.5.4000) )TITLE(JJ).JJ=1.16) 

9000 FORMAT (16A5) 
WRITE(6.6008) 

6008 FORIMiT(N7YPE CELL DIMENSIONS.) 
READ(END=9.5, ) R.B,C. AL, BE.GA 
AP=AL 
BT=BE 
SKGB 

C 	STORES ANGLES AS DEGREES 
CALL ORTOG 

701 WRITE(6.6009) 
6009 FORIPT(ATYPE ORION) 

READ(END=1300.50AG. 90.00 
C...04/5 SEQUENCE IS THE MIN CONTROLLER OF THE PROGRAM 
C...GENERALLY, CONTROL IS RETURNED TO THIS POINT 
C..ONLY END 	WILL JUMP OUT OF THE LOOP 
800 WRITE(6.6010) 
6010 F0RIMT(,TSgE IN REQUIRED COMMAND.> 

ICM = ICM + 1 
2F.ILM.E0. lO)iRITE(fi.6085) 

6085 FORMAT(xBINGO ...///..SORRY ABOUT THATx./..TTPE COM?IN0.) 
READ(END.9.5.5000) ANAME 

5000 FORMAT (A5) 
IF(ANAM£.E0.5HB0nD I GO TO 860 
IF(PNAME.E0.5HAT0M 100 TO 710 
IF(ANAIME.E0.5HSTORE) GO T3 870 
IF(ANAME.E0.5HLIST ) GO TO 880 
IF(ANAME.E0.5H.00P0> GO TO 500 
IF(ANAFE.E0.5HEND ) GO TO 890 
IF(AIAME.E0SHN5DEL) GO TO 900 
IF(ANAM£.E0.5HVECTO) GO TO 510 
!FCANRPE.F0.5HRESTA) GO TO 1 
IF(ANAPE.EO.5HSTUCK)GO TO 2 
WRITE (6.7000)  

IF(AL.E0.2H1(0)G0 TO 800 
WRITF.G.399) 

399 FORMT)TICQUENCE NUMBER OF FIRST AND LAST LISTED ATOMS.) 
READ(EN0=5.5.)NA,NB 
GO TO 

5 ETA-61 
C..LISTING OF ATOMIC ANGSTROM COOR05 

6 WRITE (6.6013) 
6013 FORMAT) NUMER.NAME . X 	Y 	. 	2 . 

00 250 NJ = NA.N5 
WRITE(6.6014)NJ.ATM(NJ).X(NJ(.Y(NJ).2(NJ) 

6014 F0Rf-AT(3X•I2,2X.A6.3F9,4) 
250 NT COINUE 

GO TO 800 

	

C 	BOND LENGTH AND ANGLE CONTROLLER 	  
860 WRITE(6.6020> 

6020 FORMAT(VENTER ATOM NUMOER SEQUENCES.) 
IR = 0 
J=0 
READ (END = 3.5.) (IRUN (J) .J=1.25) 

3 DO 103 II = 1.J 
IF(lR0(1I).LE.0) GO TO 104 
IR = IR 41 

103 CONTINUE 
104 CALL DIHANG 

GO TO B00 

	

C 	MODEL INITIALIZES JIG SCALES AND FLAGS.THEN GOES TO BOND 
900 WRITE.6.8021) 

6021 FORMA7(.ENTER.FEAS.SCALE. IENANTH) 
READ(END=9.5,)MEAS.5CALEJENANT 
IF (FEAS. E0. 1) WR ITE (6.6022) SCALE 

6022 FORMT(xSCALE lS..F4,2.xfN./t)NG..) 
IF (EAS, E0.2. WRITE(5.2020) SCALE 

2023 FORrPT(.S=RLE IS,.F9.2..CM/ANG.x) 
IF(IENANT.ED. 1) iRITE(6.6O24) 

6024 FORMT..ENRNTIOM1RPH HAS BEEN REQUESTED.) 
IJIG = 2 
GO TO 860 

C EDF RECOVERY SECTION 
9 (PITE(6.7020) 

7020 FORMAT. BOTHER . N) 
GO TO 800 

	

L 	 DATA STORAGE ON TAPE 4 AND 7 
870 CALL STORE 

GO TO 800 

	

C 	 QUICK LIST OPTION LISTS ATOM NUMBER AND NAME 
880 WRITE(6,70) 

	

70 FORMAT(o1O• NAME NO. NAME NO. NAME 	NO. NAME NO. NAME.) 
LT=NN-1 
DO 71 KK=1.LT.5 
JA=KK 
JO=KK+4 
WRITE (6.72) (J.ATM(J) .J=JA.JB) 

72 FORMAT ;5.I3.1X.A6.1X)) 
71 CONTINUE 

GO TO 800 
500 CALL MCDPOS  

GO TO 800 
510 CALL VECTOR 

GO TO 800 
890 IRITE(6.6080) 

5080 FORIMTCTAANSFORMTION MTR IX+, 
WRITE (6.6081) ((TMAT(I.J) .J=1=O).4'r..9~ 
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7000 FORfAT(VMRECOGNISED COMIND.TRY AGAIN. STUCK WILL LIST COMPNDS.) 6081 FORNTcSX.3F8•7) 
GO TO 800 	 WRITE(6.6181) 

2 WRITE(6.70I0) 	 6181 FORMAT...INVERSE MATRIX. 
7010 FORTPT(VEDMNPND 	FUNCTION.) 	 (RLTE(6.6182) ((TIM(I.J),J=1.3i779179T• 

(JUTE (6.7011i 	 6182 FOR711T(3F8.5) 
7011 FORMT(.ATOM 	CO0RD. ENTERING. KIND =1.2.3 FOR GELL•SRID•ANGS 	LRITE(6.6082) 

+TT 	 6082 FORMIC/. A 	B 	. C . ALPHA . BETA . IiHf 
6RITE(6,7012) 	 LRITE(6.6083) A.B.C.AP.BT.GM 	 J 

7012 FORTPT(•BOND 	CALLS BONDLENGTH.ANGLE.AND DIHEDRAL SUBROUTINE.) 5087 FORMS(/.6F8.3) 	 "~ 
WRITE .6.7013: 	 WRITE (6.6084) 

7013 FORMATC.STORE 	PUTS ORTEP READABLE DATA ON 7.1130POS DATA ON 4.. 6084 FCRTPTC/..TO RESTART.T)PE THIOLE CHEERIO..) 
1/..XRAY DATA 093.) 	 STOP 
WRITE(6.7019) 	 ENO 

7014 FORTPT(•LIST 	GIVES A QUICK TABLE OF ATOM NAME AND NUMBER.) 	SUBROUTINE ORTOG 
LRlTE(6.7035) 	 C 	ROUTINE TO CONVERT TO ORTHOGONAL COORDINATES 

7015 FORTPT)NIIODPOS 	CALLS GROUP ROTATION THETA.PHI.AND CHI ARE ALONCC....SETS UP TRANSFORMATION MATRIX TMT AND ITS INVERSE TIM 
+G 2.7 ANDZA) 	 LDMIAN ATM(600).2(500).7(500).Z)500..7MAT(3.3).88 
147ITE(60016) 	 . 	COMMON ISYTI. IFN.ORA(20.10), ORB(50.10) 

7016 FORMT(.MODEL 	CALLS HIRE MODEL INITIALIZATION PACKAGE•) 	COMON A,B.C.AL.BE.GA,IJIG.IRLN(25> 
WRITE(6.7101) 	 COMON IR.NRUN.FEAS.5CALE,fENANT 

7101 FORMAT(NVECTOR 	CALLS GENERAL GROUP ROTATION PACKAGE.) 	COMON TITLE(16).82(20).A7120).AZ(20),TIM(3.3),AP.BT.GM 
WRITE(6.7017) 	 DO 200 I=1.3 

7017 FORMAT(NEND 	STOPS PROGRAM.) 	 DO 200 J=1.3 
WRITE(6.7018) 	 200 TMAT(I.J)=0.00 

7018 F0RNT(.RES7RRT STARTS PROGRAM AGAIN.) 	 PI=7.1415926536 
WRITE.6.7019) 	 AL=ALGPI/180 

7019 FORNKtNVES,MO 	OBVIOUS REPLYS TO PROMPTS.) 	 BE=KE=PI/180 
GO TO 800 	 GA=GAWI/180 

C 	ATOM POSITION READING IN SECTION CALLED BY ATOM 	ASB=A.SIN(BE) 
720 NN = NN + 1 	 ACBOA.COS(BE) 
710 LRSTE(6,6GI1) 	 BSR=BxSfN(AL) 

N = NM 	 BCA=Bmc05(AL1 
6011 FORIMT (.HTOM NAME: CR 0/8.1 	 CGS=1COS (AL) ALOS (BE) -COO (GA)) / 1519 (AL) N5IN (BE) ) 

READ(END=719.5.5100)ATM(NN) 	 SGS=SORT(1-COS.CGS) 
5100 FORMAT(A6) 	 C 	SETUP TRANSFORMATION MATRIX .. TMT .. 

IF(ATM(NN) .E0.5HNO 	)GO TO 719 	 7iPT(1.1)=ASBNSGS 
WRITE (6.6012) 	 TMT (2, 1) =-ASB=CGS 

6012 FCRTPTf99IN0, X. Y. 2.) 	 TMAT(2.2)=BSA 
READ(END=9.5.) IP.XT.YT.ZT 	 TMPT(7.1)=RCB 
K = NN - 1 	 TMT(3.2)=OCA 
DO 715 JJ = 1.K 	 TMAT(3.3)=C  

C THIS LITTLE ROUTINE ENABLES THE ATOM ARRAY TO BE UPDATED 	C 	SET UP INVERSE MATRIX 
JF(RTM(JJ:.fQ.ATMAN)1 NM = JJ 	 DD 210 1=1.3 

715 CONTINUE 	 DO 210 J=1.3 
IF(IP.E0.1) GO TO 702 	 210 TIM)I.J( =0. 
IF(fP.E0.2) GO TO 703 	 TIM(l.l)=l./RA7(1.0 
X(NN) = XT 	 TIM(2.1)=-TIMM(2.l)/(TMAT(1.1)xTMR7(2.2)) 
Y(NN) = YT 	 TI1(2.2)=1•/T08T)2.2I 
2(MN) = ZT 	 TIM(3.1)=)TMPT)2.1)NTMPT(3.2)-TMA7(2.2).TIMT(7, 1)) 
GO TO 716 	 +/(T771T(I.1).T7WT(2.2)NTTPT(0.3)) 

703 XT = XT/AG 	 TIM(3.2)= -TM7(3.2)./((TMAT(2.2).TMi(3.7))) 
TT = YT/BG 	 T1M(3.3)=1./7MNPT(3.3) 
21. = 27/CG 	 RETURN 

C....THIS SERIES IS NOT TEALLY REQUIRED. BUT IM LEAVING IT IN 	END 
702 X(NN) = XT.71AT(1.1) 	 SUBROUTINE DIHANG 

Y(NN) = XT.TM7f2.1) + Y7.TI11T(2.2) 	 C 	SUBROUTINE TO CALCULATE BOND LENGTHS. ANGLES AND DIHEDRAL ANGLES 
2(NN) = XT•TMI7(3.1) + YT*iNATC3.2) + 2THTMP7f3,3) 	 COON ATM(500).X(500).1(501).2)500),TMT(3.3).NN 

716 IF(NN.LT.N) N = N - 1 	 00115)9 ISYM.IEN.ORA(20.S0).ORB(50 10) 
NN = N 	 COMON A.B.C.AL.BE.GA,IJIG.IRUN(25) 
GO-TO 720 	 COMON IR,NRUN.NEAS.SCALE.IENANT 

719 LRITE(6.6015) 	 00)1139 TITLE(161.80(20).81(20).R2(20),TIM(3,3).AP,BT.GM 
6015 FORMT(.130 70U WANT A LIST.) 	 C 	1R= NO OF ATOMS IN RUN 	NRUN= NO OF RUN 	IRU9= RUN ATOM 

READ(END=9.5.5005)AL 	 IFCIR.GT.0) GO TO 862 
5005 FORMAT(A2) 	 iK2TEc6,60701 
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RETURN 
C 	THE NEXT SERIES OF STATEMENTS (RITES INSTL'CTION CARDS FOR ORTEP 	END 

	

C....THE FORMAT SHOULD BE EASILY RECOGNIZABLE AS BASED ON ORTEP COMFNNDS 	SUBROUTINE VECTOR 
852 WRITE (7.705) 	 COMTJN ATM1(500).X (500) .1(500) .5(500). TMT (3.3) .NN 
705 FORMAT(6X.3H201) 	 cOrrOn iSYM. IEN.ORA (20. 10) .058(50.10) 

WRITE (7.705) 	 CONTON A.B.C.AL .BE•DA•IJIG,IRUN(25) 
706 FORhK7(6X.3R2C3.3H1.0) 	 cOM13N SR,NRUN,FEAS.SGALE.IENPNT 

WRITE <70E17) 	 COM'ON TITLE (16).RX(20).81(20).85)20) .TIM(3.3) .AP.BT.GM 
707 FORMAT (6X.3H3Gi.3X, OHIO. ,6X.3H12..5X. 31430..6X.214.5) 	 DfPENSION T(3.991.5 3.3) 

WKITE(7,708) 	 C 	THIS ROUTINE WILL ROTATE ANY GROUP OF ATOMS DEFINED FROM A SEQUENCE 
708 FORMAT(6X.3H702.34-10.0) 	 C 	RUN ABOUT A VECTOR DEFINED BY TLD ATOMS WITH P PIVOT DEFINED BY 

JJ=-ND 	 C 	ONE ATOM. ONLY wars ALREADY IN THE MAIN ARRAY CAN BE USED.P05ITION 
WRITE (7.709) 22 	 C 	UPDATING IS AUTONTTIC.BUT NOT DISASTOROUS IF THE ROUTINE HAS BEEN 

709 FORMAT(6X.3H9D1.3X,6H155501.I4,5N555011 	 C 	CALLED FROM IIDPOS. 
WRITE47.725) 	 C 

725 FORMAT (6X.314501.3X.6H155501.3X,6N155501.3X.6H16550J ,  3X.614155501. C 	INPUT OF PERTINENT DATA 
+3X.6(1156501. 17X, 181) 	 WRITE (6.600) 
WRITE (7.710) 	 600 FORMATPT(O. OF FIRST AND LAST ATOM.) 

710 FORMAT(5X•4H1101) 	 READ (EN/1=1065.)MA.MB 
WRITE:7,711) 	 C 	THIS OF  COURSE ASSUFES THE GROUP TO BE CORRECTLY SEQUENCED IIN THE LIST 

711 FORMAT 46X. 3116D4,30%.3(1D.9( 	 1RITE(6.601) 
1RITE (7,712) 	 601 FORMAT(.ATOM NUMBERS WHICH DEFINE THE VECTOR.) 

712 FORMA746X.3H61I.21X•2N,9) 	 REPO(END=10.5.)MVA.MVB 
' 	LRITE(74712) 	 C 	SET UP DIRECTION COSINES OF THE VECTOR 

713 FORMAT(6X,3N714) 	 DX=X VIVA)-X(MVB) 
LRITE(7,71) 	 DY=Y(MVA)-7'(MVO) 

719 FORMAT (20. 1H2.3X. 314812) 	 05=2(11.44) -2(MA) 
(RITE (7.715) ND.NC 	 DE=SORT (DXMDX+OY UY+0ZAO2) 

715 FORMAT(DX.3H812.314 1.13.3H 1.03.20H 3 1.1 	1.7 	.06) 	 01=DX/DE 
WRITE (7.716) 	 02=DY/DE 

716 FORMAT 45X• 4111102) 	 03=DZ/OE 
LRITE(7.717) 	 C 	SELECT A PIVOT ATOM 

717 FORM T(6X,3H202) 	 WRITE (6.502) 
(RITE (7.738) 	 602 FORMAT(WIVOT ATOM NUMBER.) 

716 FORhgT(70.25-1) 	 READ (END=10.5,)FR 
654 WRITE(6.62) 	 C 	PRINT CURRENT DATA 
62 FORMAT(.TAPE7 CREATED READY FOR ORTEP.) 	 1 LA ITE (6.507) ATM:MIVP) .ATM(IVB) .ATM(MP) 

ENDFILE7 	 607 FORMT(.VECTOR FROM 0,86.0  TO 0.86,.. PIVOT ATOM •,Rfi) 
RETURN 	 C 	SHIFT GROUP TO ORIGIN LRT PIVOT 

10 WRITE46.604) 	 J=0 
604 FORMAT(OENTER GROUP NAME.) 	 DO 200 I=MA,MB 

9 READ (END=11.4.402)ANY 	 J=J+1 
402 FOPMAT0710) 	 T<1.J)=X(1)-X01P) 

O0 TO 9 	 T(2.J)=Y(I)-Y(I1.) 
11 READ45.402)NGRP 	 T(3.J)=2 CI) -2(IP) 

C....ERITE NEW GROUP DATA 	 200 CONTINUE 
WRITE (6.402) NGRP 	 C 	SET UP THE ROTATION MATRIX R 
WRITE (4.402) NGRP 	 WRITE (6,603) 
DO 750 KN=1.ND 	 603 FORMAT(AROTATION ALPHA IN DEGREES.) 
WRITE 44,400) ATM(KN) . 00(N) 1Y 0•11) .Z(KN) 	 READ (E50=10,5.) AD 

400 FORMRT(A6.3F9.4) 	 10=0 
750 CONTINUE 	 C 	QUADRANT CHECKING SEQUENCE 

WRITE(4,401) 	 32 IF(AD.LT.0.0)G0 TO 31 
401 FORMAT COHEN)) 	 IF (AD .L T.180.0) GO TO 30 

WRITE (6.63) 	 I0=1 
63 FORMT(.GROUP DATA WRITTEN TO TAPE 4.) 	 AD=110-180.0 

RETURN 	 GO TO 30 
100 REWINDS 	 40 R0=180.0 

WRITE (6.101) 	 10=0 
101 FORt1T(.77tAY ATOMS ON TAPE3A) 	 GO TO 30 

WRITE )6.105) 	 31 A0=3604.40 
105 FOR117T(.1ST AND LAST ATOMS TO BE STORED.) 	 GO TO 32 

READ (END=1J0,5.) TAF,IAL 	 30 CONTINUE 
GO TO 111 	 C 	CONVERT RD TO RADIANS AND DO TRIG CALC. 

110 IPF=1 
IAL=NO 

111 WRITE(61106) 
106 FORNAT(.TEMP. FACTOR.) 

READ (51) TF 
104 FORMAT(4AATOM,3X, A6.4F8.4) 

00 103 KK=IAF.IAL 
CALL CELL (CX.CT•CZ.X(KK) , Y(KK) .5(1(K)) 
('RITE (3,1044 ATN (KK ) .CX.CY.CZ. TY 

103 CONTINUE 
113 RETURN 

END 
SUBROUTINE DREAD 
CONflII ATM(5D0).X(500(.Y<500) .2(500) .7117(3,3) ,NN 
COMDN 15711, IEN.ORA (20.10) • ORB (50.10) 
COn'ON A.B•C,AL,BE•GA,IJIG. SPUN :25) 
COMON IR ,NRUN.FEAS,SCALE.IENANT 
COF113N TITLE(16).80(20). RY(20) ,AZ(20)1TIMC3.3) •AP.BT.G11 
1K=0 

L 	ORTEP DECK READING 	  
REWIN07 
READ (7.700D) (TITLE (J) .J=1,16) 

7000 FORMAT (16A5) 
IF(TITLE(1),E0.SRATOM (GO TB  10 
READ (7.7001) 8.6, C .AL .BE.GA 

7001 FORK, T(6F9.4) 
GO TO 11 

10 SK=1 
WRITE (6,50130) 

6000 FORMAT(=īELL PARAMETERS.) 
READ(5.)R18.C.AL• BE.GA 

11 AP:AL 
BT=BE 
GMHGA 
CALL ORTOG 

IF)IK.LT.1)GO TO 12 
REWIND7 
GO TO  13 

C....STORE 500705 
12 DO 200 7=1.20 

READ(7. 7003) (INT. (ORA (1. J) • 
IF((NT.f0.I1GC TO 201 

7003 FORNAT (II .A9.7A10) 
200. CONTINUE 
201 IStt1=1 
13 CONTINUE 

DO 1 N=1,500 
READ (7.7004) ATM Ch) .CX.CY.CZ 

7004 FORMAT (7X,P6.3F8.4) 
CALL TWIG 4XUN) .Y(5) •Z (N) .CX•CY.CZ) 
READ (7.7005) IU 

7005 FORMAT C71 X. 11) 
IF(IU.NE.0100 TO 2 

1 CONTINUE 
N=500 

2 NM=N+I 
IF (1K.67.0) RETURN 

C....STORE TRAILING INSTRUCTION CARDS 
DO 203 I=1,50 
READ(7.7006) (ORB (11.1)1.1=1.8) 

7006 01061ST:61110) 
IF (ORB (I.1). ED.IOH 	-1 190 TO 3 

203 CONTINUE 
3 1EN=1  

RR=AD03. 1415927/190.0 CR=COS(AR) OC=1.0-CA 
58 = SIN(AR) 

C 	BUILD THE  ROTATION MATRIX 
9)1.1) =CA+01X01';3C 
R(1.2)=D1=02AOC + D3TSA 
Ri1.3)=03i'01A0C - 02•SA 
R(2,1)=D1+0253C - 0305A 
8(2.2)=CA + 02.02.0C 
R(2.3)=D2y03•0C + OLSR 
R(3.1)=03A0IN0C + 02•SA 
R(3,2)=02PE3•0C - 01NSA 
R(3,07=CR + 03P03.0C 

L 	PERFORM THE ROTATION) A MORE SOPHISTICATED FORTRAN COULD USE TLD 
C 	DO LOOPS . THE INNER ONE OF THE FORM q=R+T (M. I).R (N, K(, N FROM I TO 3 

DO 201 I=1.J 
TX=T(1.1) 
TY=T (2, 1) 
T2=T 13,1) 
DO 202 K=1.3 
T((.I)=TXPR(l.K) + TYAR(2.K) + TZRR(3.K) 

202 CONTINUE 
201 COIU 

IF
NT
(ID

N
.ER

E  
.1)GO TO 40 

C 	SHIFT GROUP COORDS BACK INTO REAL CELL 
C 	AND UPDATE ATOM ARRAY 

JJ=O 
DO 203 I=MA.FO 
JJ=224. 
X(I)=T)

1  
(.22)+X(101) 

1)11 =T (2. 2J) +Y (1011 
2(1)=T(3,JJ)+2(FP) 

203 CONTINUE 
C 	LIST NEW COORDS 

WRITE (6,604) 
604 O 0 	NAPE D 

204 
 N  

DO 204 =111.F0 
LRITE(6.605)ATM(5) .%(14).7 (M).Z (N) 

605 F0RN7(A6.2X.3F9.4) 
204 CONTINUE 

C 	CONTINUATION OR DROP 
LR ITE (6.606) 

606 FORMAT(A00 YOU WISH TO  CONTINUER 
READ(END=I0.5.50O)CC 

500 FORMAT(82) 
IF(CC.E0.2147E) GO TO 1 

C ..... E.O.F AND  TERnSTNRTTOM 
10 ERITE(6.608) 

606 FORMAT(sEND OF VECTOR ROUTINE•) 
RETURN 
END 
SUBROUTINE MODPOS 
COMMON ATM(500).0(500).Y(500).5)500).7MT(3,3).FIN 
COFTDN ISYM.IEN.ORA(20.10).ORB(50,10) 
CON13N A•0.L.RL,BE.GR,iJ7G,IRUn(25) 
COFFON IR,NRUN.FEAS,SCALE. TENANT 
COFFON TITLE(16).AXC20).RY(20).R2:20).TIM(3.3).RP•BT,GM 
DIIENSION EA(50),FODX(5O).MODY(50), FODZ(50) 
REAL FODX.FODY.l13DZ 

L 	 THIS IS THE CALCULATION SUBROUTINE 
MJ=0 
P1=3.1415927 
IP=O 



(-RITE (6, 6000) 
6000 FORMAT (TESTER GROUP NAME) 

READ (0.10(10) NGP 
1000 FORMAT 0110) 

GO TO 11 
12 !.RITE (6.6001) 

6001 FORMAT (=ENTER PIVOT ATOM NA1E.) 
READ (5. 1001) PATH 

1001 FORMAT(A5) 
WRITE (6.60021 

6002 FORFAT(=RING NU(BER.THETA,PH I. CHI=) 
C 	FIND THE PIVOT ATOF1 COORDS 

CALL NCK (PATM. IP) 
IF(IP.LT.0)GD TO 12 
DEL X=X(IP) 
DEL Y=Y(IP) 
DEL2=2(IP) 

40 READ. SRN. THETA. PH I.CH I 
THETA=THETA1?I/1130. 
PHI=PHI.FPI/180. 
CHI=CHI117I/180. 
IF( C.EO.?RYE) GO TO 41 
GO TO 2 

C....GET THE GROUP COOROS OFF TAPE 9 
11 REWIND4 

1 READ (END=6.4.1000) MGP 
IF (MGP. EO.NGP) GO TO B 
GO TO 1 

B 1.RITE (6.1009) MGP 
GO TO 12 

2 111 = I1.1+1 
1009 FORMAT (V AOUP NAPE 15 •.AIC) 

READ (4, 1005) ES (NJ) . Mlox cFL) . FOOY (Tt)) .(-1002  (EL) 
1006 FOTMIT(R2,4X.3F9.4) 

IF <EA (MU).EO.2HEN) GO TO 3 
GO TO 2 

3 n =FL1-1 
41 D0 400 N=1,11 

CALL ANGLE (TET. THETA. MDT (N) .1026(14). R) 
YY =R9005 (TET) 
22=R.SiN (TET) 
CALL ANGLE (PH IT .PH I.ZZ.T)DX(N) .5) 
ZZ=1.005 (PHIT) 
)0(=S1-5 IN (PH IT) 
CALL ANGLE (CHIP .CHI, XX. YY.T) 
X0<=TTE85 (CHIP) 
TY=T65IN (CHIP) 
AX (N) =XX + DELX 
AY(N) =YY + DELI 
AZ(N) =6Z + DELZ 

400 CONTINUE 
REWIND.B 
DO 350 FYC1.M 
WRITE (3.0000) EA (MTD , /RN .MLAX(MO .AY(M9 , AZ 011) 

350 CONTINUE 
"RITE C5.67) 

57 FORMAT ..SHALL I LIST GENERATED CORDINATE56) 
READ (5 , 1007) L A 

1007 F'ORMTT (92) 
IF (LA .EO.?HNO) GO TO 4 
DO 250 J=1 (F1 
(-RITE (6 ,6000) EA (J). /RN .J.AX(J) .91 )J) .AZ (J) 

8000 FOR.M)T(A2.212.3E9.4) 
250 CONTINUE 

610 FORMAT (TEONCURRENT ROTATION.) 
4 WRITE (6.610) 

READ(5.1007) LC 
IF (LC.E0.2HN0) GO TO 30 

C 	READTAPE8 AND SUBTRACT DELX/T/Z TO GET NEU IODEL POSITION 
REVISOR 
DO 300 L=10M 
READ (801006) EA(L).PX,PY.PZ 
11101 (L)=PX-DELX 
1`001(L) =PY-0EL Y 
MIDI (L) =PZ-0EL Z 

300 CONTINUE 
WRITE (6.6002) 
GO 10 40 

30 WRITE (51600) 
600 FORMRT(AJPDATE ATOM ARRA7:n 

READ (5.1007)LB 
IF (LB.EO.2HNO) RETURN 
NR=O 
REWINDS 
D0 351 K=1.M 
READ (8.8001) ART .AX (K). AY (K) .RZ(K) 

8001 FORMAT (96.319.4) 
NT=NO+K-1 
I1=NT 
CALL NCK (941.01) 
IF (NT .GT.0)GO TO 5 
NR=NA+1 
MT= II 

5 ATM (NT)=AAT 
X(NT) =AX(K) 
Y(FT) =AY (K) 
2(51)=AZ (K) 

351 CONTINUE 
NN=NR+FIN 
(-RITE (6,6005) 

6005 FORNAT(6VECTOR .n 
READ (END=20.5.1007)V0 
IF (VN .E0.2H(10) GO TO 20 
CALL VECTOR 
GO TO 4 

20 RETURN 
6 MtITE (6.607) MOP 

607 FLPMAT(sr10 GROUP CALLED ..A10.63N TAPE 4.1 
RETURN 
END 
SUBROUTINE ANGLE (0,E,F,G.H) 
P1=3.14159 
IF (F ED .0. D. AND. G. ED. 0.0) GO TO 1 
GO TO 2 

1 D=H=0.0 
RETURN 

C... TEST FOR ZERO COORDRS 
2 R=SORT (1.92+G662) 

IF (F.EQ.0.0)GO TO 50 
0=G/F 
IF(O.LT.0.010=-0 
P = ATAS(0) 
IF (F.LT. 0.0.AND.G. LT. 0.0) P=PI+P 
IF (F.L T.O.O.RND.G. GT.0.0) P=PI-P 
IF (F.GT. 0.O. AND .0. L T.0.0) P=2.0601-P 
IF(F.LT.0.O.AND.G.E0. 0.0) PP/ 
O=E+P 
GO TO 60 

27 

50 P=PI/2 
IF(G.LT.0.0)P=PI+P 
O=E+P 

60 CONTINUE 
RETURN 
END 
SUBROUTINE MGR(RA.1P) 
CO1fON ATM(500).X.5D3).1)500).6(5O0).71ATC3.3).NN 
COmON I5)TI. IEN.ORR (20. 10) .098 (50.10) 
CO1113n R1:1.C.AI.BE.GA , 2JSG+ERL'N(25) 
0011100 IR,NRUN,FEAS.SCALE.IENANT 
COMMON TITLE(16).AX(20).AY(20).A2(20).TIM(3.3).AP.BT,GM 
IP = -1 
N0=NN-1 

C 	IP REMAINS -VE IF NO ATOM MATCH FOUND 
00 10 I=1.ND 
IF(AA.E0.ATM(I)) IP=I 

10 CONTINUE 
RETURN 
END 
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of The plotting of molecular diagrams is the final stage 

a structural determination, and often the most time—consu-

ming, because here one has the ability to choose a view of 

the compound based on subjective judgements. The process 

has been greatly speeded up by overlaying the plotting 

program O RTEP, 	(2)1 	so that it can be executed on—Line. 

Two version, of the program were modified, the earlier and 

smaller ORT-P1 being further adapted to run interactively, 

	

and the Larger (1RTEP2 	having hidden—Line removal 	facilit- 

ies can be run on—line. 

The overlay scheme is outlined below, with core sizes 

given in octal words. The Limit for on—Line or interactive 

work at ICCC is 600008.(about 24K.). 

	

OVF:FLAY(ORTE2,0,0) 	Requires 547313 

C=ontains the main program, and smatter subroutines. 

	

OVF.RLAY(iORTEP,1,0) 	An extra 3'-303 

F,800 , O3Np ,LAP300 

	

OVEWLAY(OPTE0.2,0) 	An extra 25703 

F700,LAP700 

	

(?VERLAY(ORTEP,3,0) 	An extra 24368 

0RELI4,21GEN 

	

OVERLAY(ORTEP,4,0) 	An extra 6443 

F900 

	

OVEOLAY(ORTEP,5,0) 	An extra 4728 

F400 

OVERLAY(ORTEP,5, 1) An extra 24763 

SEARC 

	

OVERLAY(ORTEP,6,0) 	An extra 5200 

F200 

	

OVERLAY (ORTEP, 7, 0) 	An extra 3313 

F600 

The OVERLAY commands are standard FORTRAN features, and 

the set—up of the various subroutines should be straight-

forward. Overall saving of core is about 40%, compared 

to the unaltered version, at the expense of additional 

execution time because of reduced buffer sizes and extra 

disc I/O operations. 

The earlier version of ORTEP has no hidden—Line removal 

features, therefore overlaying the program in a similar 

way provides ample room to modify the main subroutine to 

enable genuine interactive control of the program. The 
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modifications are based on the 'saved sequence* instruct- 

ion no.1103. 	The occurrence of the 1103 card triggers a 

change in the input EEA'J unit number from file to the 

terminal, and a routine of key—word re.cognition sets up 

instructions directly by inserting values into the 

correct =READ array tocations. The following set of 

commands available are DRAW,SPIN,NAME,i10ND,STEREO,PAGE, ' 

SHIFT,HELP and END. A listing of the HELP directory shows 

the general idea as to the operations available: 

HELP DIRECTORY 

DRAY; Draws diagram at current scale and orientation. 

The program initially draws the view set up on the 

input data file (unit 7). 

SPIN Allows concurrent rotation about any plotter axis 

' (Dummies a 702 instruction) 

NAME Labels the atoms.All atoms Labelled at given size 

30NL,Labels bonds between two specified atoms, given by the 

ADP of both atoms. 

STEREO dots a stereo pair of the screen contents 

GAGE Changes the page size. 

SHIrT Moves origin along the plotter x axis 

HELP Displays this directory 

COPY Puts a copy of the diagram on file for subsequent 

microfilm generation. 

END Teminates the session, displajing accumulated rotation 

The use of the program enables rapid generation of a view 

of the molecule in the desired orientation. 	The final 

diagram is plotted with ORT`P2 from the rotations found 

interactively. This is also an on—Line operation, and a 

check of the diagram can be made visually before sending 

the file to be microfilmed. 

The Last program written was JUST, used to justify the 

text of this thesis. 	It is a simple 	justifier, assuming 

that the text is within a few characters of the desired 

right—hand margin. It was executed on the University of 

Cambridge 19M370/169 computer. It will only try to justify 

Lines starting in columns 1 or 2, and adds blanks after 

words Longer than 3 characters. Location of extra blanks 

depends on the number of blanks to be inserted. The program 

is Listed below. 
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Ccecos7c.eTEXT.JUSTIFIER 
C 	 MCROOM VERSION 60 LINES PER PAGE 

DIMENSION AA(6),PP(59)•LO(10) 
DATA SP /1H / 
NP=0 
DO 7 II=1,65 
AA(II)=SP 

7 CONTINUE 
1RITE(6,204)SP 

	

2 	PEAD(5, 1')0,END=D) (AA(N),N=1 •65) 
100 FLRMAT(65A1) 

3 NP=NP+1 
C 	 THIS IS THE LINE CCUNTER- FOR PAāINATION PURPOSES 

IF(NPoE0a30) GO TO 82 
C 	 CHECK FOR LBANK INPJT LINE 

Ir { AA(1)oEOoSPoANJOAA(2)QEQUS!')GO TO 50 
C 	 CHECK FOR CHARACTER IN COL. 59 

If (AA(59) o NEo 5P) GC TO 50 
C 	 FIND END OF STRING 

N=59 
1 N=N-1 

IF(A.A(N).NE.SP)GO TO 30 
GO TO 1 

30 N9=59—N 
CccoccNUM9ER OF EXTRA LOANKS=NB 
C.. s e s CHEC K FUR SHORT LINES  

IF (NBOGTeS)GO TO 50 
Coo..oNUW FIND LBANKS AFTER 3CHAR. WORDS. 
CacoccIOITIALIZE LA ARRAY 

DC 25 JK=1 , 10 
L3(JK)=0 

25 CONTINUE 
M=0 
DO 31 J=4,N 
IF(AA(J).EQ.SP) GO TO 32 
GO TO 31 

	

2 	JJJ=J-3 
JONE=J-1 
JJ=J-2. 
IF( AA( JJJ) cNEoSPoANDcAA (JJ)o NF_s5PoAND.JONFEc NE. SP)GO TO 33 
GO TO 31 

32 M=M+ 1 
C 	 PUT LOCATION OF MTH LBANK INTO Lac 

LF(M)=J 
31 CONTINUE 

C 	 CHECKS FOR FORM AT I NG OF OU' JT T3 AVOID GROUPS OF SPACES 
CeoccoAT ONE END OF THE LINE 

MT=M 
MH=MT/2 
IF(NSeLT.MH)GO TO 73• 
IF(NB0 GEeMT)GO TO 76 
GO TO 77 

76 NP=MT 
GO TO 34 

77 NB1=N3+1 
DO 75 I M=NO1 . MT 

C 	
 
SET LA TO 0 WHEN MTH IS MORE THAN NB 

LB(IM)=0 
75 CONTINUE 

GO TO 34 

C 	 NOW PAD LAST NB SPACES 
73 '1K=MT—N9+1 

K=0 
DO 74 .IK=MK,MT 
K=K+1 
LB(K)=L3( IK) 

74 CONTINUE 
34 CONTINUE 

- C.s..cACTUAL JUSTIFYING 
NC=0 
M=1 
DO 63 KK=1,59 
PP(KK)=SP 

62 CONTINUE 
cogDeo.THIs ENSURES L3ANKS APE IN PP 



DO 59 J=10N 
NC=NC+1 
PP(NC)=AA(J) 
IF(J.EQeLB(M))GO TO 61 
GO TO 59 

61 NC=NC+1 
PP(NC)=SP 
M_M+1 

59 CONTINUE 
WRTTE(E,201) (PP(N) ,N=1 ,59) 

201 F0RMAT(16X,59A1) 
WRITE(6,204 )SP 
GO TO 2 

C 	 COPY WITH NO FURTHER ACTION 
50 W'FITE(6.200)(A A(N),N1,65) 
200 FURMAT(16X,65A1) 

1:'PITF(6,204)SP 
GO TO ? 

CceseoNE_w PALE ROUTINE 
32 	WRITE(6,204)SP 

NP=0 
WRITE(6.204 )SP 

204 FO MAT(A1) 
GO TO 3 

9 .STOP 
cNO 

cr~ncesc 

1. J..!i.i:t a wurt , ,. J.Kru,,cr, H•L.A:mWon, C. J ick i nson 
anj 	.,iaLL (1972) The Y— . AY s„Ste::n Tech.!'sp. 

Co'nputo-_r :;e(ence c.ntr-_, Univ arS itj of 

43rjLan••1, CoLLeje Par=., '1arjland 

2. C.K.Johnson Cf.T P ;:.roJrams for thernIaL 2LLpsoiJ 
dLotso Oak F:(d;jc NationaL L3 boratur,,, Tennessee. 

31 
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Chapter ICo Chemistry 

Introduction to nucleic acid chemistry;. 
The role of metal ions 	in biochemical systems has long 

been established as beim of essential significance, with 

almost all processes in Living tissue requiring the pres-

ence of metals of one kind or another. In the area of nucl-

eic acid biochemistry, metatto—enzymes are key molecules in 

the system of cell replication, and much work has been done 

to establish the way in which replication occurs. Generally 

the metals most widely found are alkali, or alkali 
	

earth 

,;roue metals such as sodium or magnesium. Since these 	ions 

have relatively simple electronic configurations they do 

not Lend themselves to study by spectroscopic methods. The 

use of transition metals as replacement probes for the inv-

estiation of the environment of metal sites is thus a 

common technique (1,2). 

Almost all studies of nucleic acid/metal_ systems attempt 

to determine the precise Location and binding of the metal. 

A review of the techniques available has recently appearei, 

and deals comprehensively with spectroscopic studies 	(3). 

Of special 	interest is the use of X—ray crystaLLo;yraphy 

to determine the precise nature of a metal—nucleic acid 

compound, and in recent years a great deal of work has 

been carried out on nucleic acid derivatives (4,5). 

Generally the exact determination of a nucleic acid 	stru- 

cture is not possible because of the Large size of the 
molecule (MW ca. 0.5 million). This results in a very Large 
unit cell. 	In fibre diffraction of nucleic acid strands 

the 11—fold repeat and the inter—base distance can be obs-

erved, consistent with the double—helix model for the 

structure. 	Individual base sequencing is not possible by 

crystallographic techniques. Therefore the single nucleo-

tides, or their parent bases, are used in crystallographic 

studies as models of the macro molecule. 

Constitution of a nucleotides 

A nucleotide consists of three moieties; an aromatic hete-

rocyclic 'base', a sugar, and a phosphate. The bases can 

be of two types, the purine type (e.g. adenine) or the 

pyrimidine type (e.g. cytosine). See figure 1 for examples. 
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Figure 1. Som, 	 ommon nucteotide bases. 
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A nucleoside is formed bj a (D)-ribose (or 2-deoxy-ribose) 

sugar binding to the base at N(9) in purines. and N(1) 	in 

pyrimidines. Most studies use the ribose sugar (because of 

availability). The names are abbreviated to Letters• for 

example adenosine is the nucleoside formed between adenine 

and ribose, A. The deoxy form is represented by dA. dU etc. 

A nucleotide is a nucleoside with a phosphate group bonded 

to the sugar, either the 3' or the 5' positions and this is 

represented as 5'UMP (for 5'Uridine monophosphate. fig.2). 

A nucLeic acid is a potymer formed b,, 30 5' phosphate Links 

between the sugars (Figure 3). RNA for ribose sugars. and 

DNA for deoxyribose sugars. The sequence of different bases 

along  the chain is responsible for transmitting genetic 

information. DNA exists normally as a double-stranded fibre 

with the strands Linked together by hdrogen bonds between 

the bases. The complementary base pairing sjstem (6) • rest-

ricts the hydrogen bonding to particular pairs of bases on 

opposite sides of the double strands For example • G-C 

and A-T. This selectivity enables the copying of the sequ-

ence of bases to occur during replication, thus passing 

on genetic information. 

The binding of a metal to a nucleotide is clearly capable 

of interfering with the hydrogen bonding. and it is known 

that certain transition metals have destructive effects on 

cell repLication. Some platinum complexes in particular 

have been shown to have selective effects on certain kinds 

of cells Leading to possible antineopLastic use of such 

complexes. The mode of metal interaction thus has consid-

erable importance in elucidating the nature of the anti-

cancer drug effect. 

Any comparative study of crystalline nucleic acid const-

ituents with in vivo RNA or DNA must include careful ref-

erence to the effects of pH• solil state forces. and the 

relation between the structure of the model with the real 

nucleic acid. Most relevant work is carried out on nucLeo 

bases which have been substituted at N(9), or N(1), t.e. 

the location of the sugar moiety. None the Less much inter-

esting chemistry is associated with structures of the free 

bases, and a great deaf of structural work has been done 

in this field. 
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Care must aLso be taken in drawing conclusions about the 

Location of metal ions from studies on bases atone, as the 

nucleotides have the possibility of phosphate and sugar 

co—ordination. Even so, certain generalities can be made, 

so that for N(9) blocked purines, we expect N(7)—metal 

binding, and N(1) blocked cytosine gives N(3)—metal binding 

Purine—metal complexes tend to crystallize much more 

readily than the pyrimidine equivalents, and there is still 

a paucity of information on pyrimidine—metal complexes. Of 

special interest is uracil, and analogues, 	because uracil 

has no free nitrogen for co—ordination at neutral pH. The 

chemistry of metal ton interaction with uracil and thymine 

has been extensively studied (7,8,9), work which Led to the 

isolation of many of the crystals examined in this thesis. 

General structural features. 

In examining the structures of nucleic acid bases and 

derivatives, certain general features will. need to be taken 

into consideration. These include the tendency to form 

strong hydrogen bonds if at all possible, and also the ten-

dency of the aromatic bases to stack above each other in a 

parallel fashion at about 3.5% sedaration (10,11).This base 

stacking usually occurs in such an orientation as to allow 

polar exocyclic substituents to overlap the detocatised Tt -

sg stem of the aromatic ring. 

Empirical 

Generally the methods used to prepare the compounds are 

based on the slow evaporation of solutions containing the 

starting constituents in suitable molar ratios. Recrystat-

lisatton is seldom useful. At a rough approximation most 

of the crystals studied were small, elongated prisms, often 

crystallising in a mass of very fine fi•breso 

Normally a sample of the crystalline batch is sent for 

analysis for C,H and N (Microanalytical Laboratory Imperial 

College). This is not always possible for Limited batches 

of difficult growth. The selection of a crystal suitable 

for X—ray work is initially performed by examination using 

a polarising microscope. In general single crystals should 

give sharp extinction of polarised Light, unless they 

belong  to the cubic system. Usually the crystals have some 

re,ular morphology that allows orientation of the crystal 
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about a principal crystallographic axis. The crystals are 

mounted initially on glass fibre with grease, allowing  

re-mounting during preliminary work. Final mounting is on 

hand-drawn quartz fibres, using araLdite as cement. 

Osmium microscopic stains. 

One of the uses of heavy metals in biochemical research 

is as dyes for electron and optical microscopy of tissue 

(12). Obviously If certain metals can be shown to bind to 

specific sites, a means of LabeLLin; a particular compound 

Is made available. The fixation of double bonds by osmium 

tetraoxide compounds is such an example. 

Osmium tetraoxide is commonly used to catalyse cis- hydr-

oxylation of isolated double bonds, but it wilt form stable 

adducts in the absence of water. The presence of tertiary 

amines ;greatly speeds up the catalysis, yet in the absence 

of water stable compounds can be isolated. These adducts 

are of interest In determining the nature of the binding 

of osmium tetraoxide to plant tissue containing double 

bonds such as in unsaturated alkaloids. The resultant 

adduct is either 5- or 6-co-ordinate depending on the 

ratio of alkene:osmium tetraoxide:amine. The structures of 

some such compounds appear in chapters 6 and 70 
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Chapter 2. 

The crystal and molecular structure 

of dichloro—(9—methylht'poxanthine)mercury(II). 

Introduction. 

9—tAethythqpoxanthine has several possible co—ordinating 

sites for metal atoms, and the possibility of chelationi 

using the N(7) and the exocyclic 0(6) atom, especially 

to Large atoms such as mercury. exists. Mercury can co-

ordinate weakly to exocyclic oxygens as in dichLorobis 

(hach)mercury(II). and dichLorobis(dihydrouraciL)mercury 

III) (1), and also interacts slightly with the 0(2) oxygen 

in the N(3) co—ordinated complex di—u—chiorobistchloro(i-

methyLcytosine))mercury(II) (2). 

Good crystals of a mercury—hypoxanthine compound. formula 

Hg(9MeHYP)CL2 it were isolated, allowing a full. structural 

investigation to be carried out (3). Infra—red spectros-

copy at Low frequencies showed bands in the region expected 

for terminal Hg—CL bonds. These were at 275(w) and 325(s) 

in the i.r. and 276(s), 325(w) in the Raman spectra. There 

.tat no indication of bridging chlorine bonds. The structure 

couLd therefore have contained 4—co—ordinate mercury. 

Linked through purine bridges with N(3) and N(7) bonds, or 

a chelate with 0(6) and N(7), or three—co—ordinate mercury. 

9—Methytadenine complexes are known to Link to two metal 

atoms via N(1) and N(7) (4-6), but this wouLd require the 

proton normally found on N(1) to move elsewhere in 9—methyL 

hypoxanthine. 

Experimental. 	 - 

Crystals were grown from solutions of 1:1 acetone/water 

containing equimolar amounts of mercury(II)chLoride and 

9—Netht'thypoxanthine.(7)• Analysis results were found: 

C=17.15X H=1.35% N=12.79%. Calculated for. C6 H6 N4 0 Hg CL2 

C=17.11% H=1.43% N=13.30X. 

The crystals were of simple morphology. best described as 

clear elongated prisms. Preliminary oscillation and 

Weissenberg photographs showed them to be monoclinic. with 

systematic absences hOL 1=2n+1, Ok0 k=2n+1, consistent 

with space group P21/c (no.14). 

A crystal, 0.11 x 0.14 x 0.35 mm was mounted with its •c• 
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axis parallel to the 	axis of the diffractometer, and 21 

high-angle Cu K a reflections were measured accurately in 9 

These, on Least-squares analysis, gave a=10.204(1), b= 

13.671(1) and c=7.167(1) A, 	= 98.24(1) , U=989.5 A. 
-3 

Other unit-ceLL data are z=4, DcaLc=2.f3✓  ,gcm ,MW= 41-21.5S, 
F(000)=769 p=346. cm -%. 

0 
1846 independQnt reflections were collected to 8=70 , at 

1000 reflections per day, of which 104 were considered 

'unobserved' as their nett count did not exceed 2.58 	a, 1. 
The 5,4,0 reflection was monitored every SO reflections as 

a reference, and used to scale the data. Its nett count 

did not vary significantly during data collection (c.a.2 

da,$). The data were corrected for Lorentz and polarisation 

effects in the usual way. At a Later stage the data 

corrected for absorption using a 3 x 8 x 12 grid. 

Solution and refinement of the structure. 

A sharpened, origin-removed Patterson synthesis provided a 

straightforward determination of the mercury atom co- 

ordinates, and a Fourier synthesis gave R=0.38. Inclusion 

of the two chlorine atoms gave R=0.19. From a differ- 

ence synthesis the Light atoms were Located, giving R=0.088 

Least-squares full-matrix refinement with anisotropic temp-

erature factors gave R=0.077, and use of absorption correc- 

ted data gave R=0.067. AppLication of anomalous dispersion 

corrections for Hg and Cl. removal of 7 reflections thought 
to be suffering from extinction, and inclusion of a weigh- 

ting scheme with F*=40 gave the final R of 0.059. Hydrogen 

atoms were added at the caLcuLated positions, with thermal 

parameters of U=0.04/J,'  and not refined. Table 2:1 Lists the 

refined atom co-ordinates, Table 2:3 their thermal param-
eters and Table 2:2 the caLcuLated hydrogen atom positions. 

Observed and caLcuLated structure factor amplitudes are 

Listed on pages 47 and 48'• 

The final difference Fourier map has no significant posi-

tive features, but does show some negative regions in the 

vicinity of the mercury atom, due most probably to absorp-

tion errors. The crystal had a broken top, but continued 

trial-and-error absorption correction runs were not thought 

worthwhiLe in view of the straightforward nature of the 

structure. 



Cl 1' 

40 

N3 

Figure 2:1 The ♦ooLecuLe of 9—MethyLhypoxanthine dichLoro 
mercury(ti), showing the secondary co—ordination. 

Figure 2:2 A stereoscopic view of the contents 
of the unit ceLL. 
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Description and discussion of structure. 

The moLecuLar structure is shown in figure 2:1, from which 

It can be seen that the mercury is'trigonal pLanar. binding 

to N(7) and to two chLorine atoms. The Hg-CL bond Lengths 

are 2.402(3)1 and 2.351(3)X. normal for strong trigonal Hg-

CL bonds (8,9). However, the N(7)-Hg bond is sLightLy tong 
0 

at 2.305(8) compared with 2.16 A found in the guanosine-Hg 

compound (Catena-(u-chloro)-chLoro(guanosine)mercury(II)) 

(10). which has spl  hybridisation. This Longer bond Length 

may refLect a sLightLy different hybridisation of the 

mercury. The short Hg-CL bond in the guanosine compLex is 

2.339(7)X. which is significantLy shorter than the sp2 Hg-CL 

bonds in the title compLex. Bond Lengths and angles are 

given in Table 2:4.From this the asymmetricaL nature of the 

trigonal co-ordination, compared with ideal splinter-Ligand 

angles of ca. 120: can be seen. The inter-Ligand angles are 

N(7)-Hg-CL(1) 101.5(2). N(7)-Hg-CL(2) 118.0(2). CL(1)-Hg-

CL(2) 140.5(1). These four atoms, however, Lie almost 

exactly in the same plane (see Table 2:5 for Least-squares 

pLanes calculations). The reason for the wide CL(1)- Hg-CL(2) 

angLe is not immediateLy apparent; a view of the packing of 

the moLecuLes (Figure 2:2) shows that 0(6) of a purine on a 

symmetry related moLecuLe seems to come in between the two 

bonding chLorine atoms. The close approach distance is 3.49 

A for CL(2)....0(6). CL(1)....0(6) being more than 4 Ā. The 
sum of the Van-de-Waste radii is onLy 3.2 X however, so 

there should not be severe steric strain. An alternative 

approach to explain the co-ordination about the mercury is 

to assume that it is a highly distorted Linear CL-Hg-Ct sp 

system, the distortion being caused by the addition of a 

fairtg weak Hg-N(7) bond. The asymmetricaL nature of the 

resultant co-ordination sphere is more than Likely caused 

by the size of the purine ring restricting geometry. Figure 

2:3 depicts a space-fiLLing diagram of the moLecuLe. 

Bond Lengths and angles within the 9-methyLhypoxanthine 

motet;; are unexceptional.. and may be compared with those 

found in tetra-aquabiis-(9-methyLhypoxanthine)-copper(II) 

sulphate (11) and also those of inosine (12). and hypox-

anthine hydrochloride (13). A Least-squares pLane through 

the purine ring indicates that it is satisfactorily pLanar. 



Figure 2:4 ThermaL eLLipsoid pLot. +ft#h- this ett psvids 

scaLed to incLude 50% probabiLity• 
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Figure 2:3 The molecule, drawn as a space fitting diagram, 
using Van—de—Waats radii• 
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with exocyclic atom deviations of —0.09 and —0.03 R for 

0(6) and the methyl group. These values are Less than the 

equivalent value for O(ō) and C(1') in inosine, 	which are 

—0.16 and —0.15 X respectively. 

A view of the molecule showing thermal ellipsoids is 

given in figure 2:4, from which it may be noted that many 

of the ellipsoids have principal axes In similar directions. 

This probably reflects the absorption errors The purine 

base plane makes an angle of 60 with the mercury co—ordin-

ation plane, and 0(6) does not approach the mercury atom, 

being, over 3.84 Ā away. 0(6) does form a strong hydrogen 
r 

bond to a neighbouring purine base at N(1) of 2.85A. 

Secondary co—ordination of trigonal mercury is almost 

always observed. for example (CH3 ).S*(Hg1[ (14). and the 

series [ CH3  )4N+ HgX3— (X=CL, Br ,or I) (8119). This normally 

consists of occupying the two 'axial' positions of the mer-

cury atom at about 2.9 A. with halogen atoms. The title 

complex is no exception to this observations and has symme-

try related chlorine atoms at 2.979(3)X [CL(1) ] and 2.925 

(3) Ā CCL (2) ]. They are shown in Figure 2:1. with dotted 

Lines representing the interactions. Inclusion of these 

atoms would Lead to the description of the co—ordination 

as being midway between square—planar and trigonal 

pyramidal..   

The crystal packing diagram (Figure 2:2) shows that this 

secondary co—ordination Leads to a two—dimensional net in 

the bc plane, and explains the easy cleavage of the 

crystals in this plane. Other intramolecular forces are 

also involved within the net in the form of purine base—

base stacking. A view perpendicular to two such stacked 

bases is shown in figure 2:5. The pattern of the overlap 

is t;,pical for purine bases (15), the interplanar distance 
0 

being 3.47A which compares with 3050 Ā in inosine(13). The 

O(6)...N(1).  hydrogen bond is the only specific source of 

attraction between the bc planes. and at 2.85 X is typical 

of strong hydrogen bonding. 

* —x—r — y, —2 
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Tabte 	2:1 	Fractional atomic co-ordinates with 	estimated 

standard deviations in parentheses 	(Non 	H-atoms) 

Atom x z 

Ha  0.01373(5) 0.13945(3) -0.00350(6) 

CL(1)  0.1359(2) 0.2098(2) 0.2756(4) 

CL(2)  0.0383(3) 0.0239(2) -).2390(4) 

N(1) -0.5092(9) 0.1376(7) 000270(14) 

C(2) -0.5630(10) 0.2270(9) 0.0437(11) 

N(3) -0.5010(8) 0.3101(3) 0.0389(10) 

C(4)  -0.3729(9) 0.2974(3) 000034(14) 

C(5)  -0.3079(9) 0.2104(3) -0.0095(14) 

C(6)  -0.3793(10) 0.1204(3) -0.0072(16) 

0(6) -0.3395(8) 0.0376(6) -0.0315(13) 

N(7) -0.1789(7) 0.2298 (6) -000342(11) 

C(8) -0.1697(9) 0.3259(8) -0.0315(15) 

N(9) -0.2841(9) 0.3711(6)  -0.0069(13) 

C(10) -0.3092(12) 0.4749(9) 0.0026(21) 

TabLe 2:2 CaLcuLated hydrojen 	atom positions. 	The. 

number 	refers 	to 	the parent 	atom 

Atom 	x 	9 z 

H(1) -0.575 0.090 00050 

H(10)  -0.417 0.480 -0.021 

H(11)  -0.272 0.503 0.129 

H(12)  -0.269 0.511 -0.097 

H(2) -0.658 0.230 0.064 

11(0) -0.079 0.367 -0.050 



Toble 2:3 Anisotropic temperature parameters of the non-

h,droyen atoms.Illwith estimated standard deviations in 
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parentheses. 	Hy x 	104 	,others 	x 	101 

Atom 011 U22 03_) 012 

ft 468(4) 291(4) 332(4) 15(2) 

CL(1)  33(1) 44(1) 35(1) 1(1) 

CL(2)  67(2) 29(1) 33(1) 5(1) 

H(1) 24(4) 43(7) 43(5) -9(4) 

C(2) 22(4) 43(5) 33(5) 5(4) 

N(3) 24(4) 39(5) 44(5) 1(3) 

C(4)  21(4) 32(5) 29(5) -4(4) 

C(5)  22(4) 34(5) 27(5) -2(4) 

C(b) 20(4) 40(6) 27(3) -5(4) 

U(6) 36(4) 30(4) 66(s) -5(3) 

N(7) 20(3) 27(4) 29(4) 2(3) 

C(8) 22(4) 29(5) 37(3) 1(4) 

N(9) 26(4) 31(4) 35(3) -1(3) 

C(10) 41(6) 25(5) 6d(3) -0(5) 

	

013 	02.3 

35(2) -71(2) 

	

4(1) 	-11(1) 

	

20(1) 	-4(1) 

	

7(4) 	6(4) 

	

8(4) 	5(5) 

	

10(4) 	G(4) 

	

4(4) 	0(4) 

	

3(4) 	4(4) 

	

6(4) 	G(4) 

	

12(4) 	-5(4) 

	

5(3) 	-0(3) 

	

9(4) 	1(4) 

	

3(3) 	-4(3) 

	

19(6) 	-2(6) 

N7 

F(yure 2:5 	A View perpendicular to the purine bases, 

showing the overlap of symmetry related bases. 
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Table 	2:4 	Interatomic 	bond 	Len;;ths 	(f) 	ani 	anjles 	(°). 

with 	estimated 	standard 	deviations 	in parentheses© 

(')= -x. 	-j. 	-z•(")= 	x, 	1/2-j, 	z-1/2 

Hg-C1(1) 	2.402 (3) 	hj-CL(2) 	2.351(3) 

Hg-N(7) 	2.305(2) 	h,,-CL( 2)' 	2.925(3) 

Hj-C1(1)" 	2.979(3) 

C1(1)-Hj-CL(2) 140.5(1) CL (1) - 1 J- N( 7) 101.5(2  ) 

CL(2)-H3-N(7) 117.9(2) 

N(1)-C(2) 1.353(13) C(2)-N(3) 1.302(1'3) 

U(3)-C(4) 1.36.6113) 0 (4)-C(S) 1 J379( 15) 

C(5)-C(ō) 1.431 (15) C(6)--'4( 1) 10402(14) 

C(5)-U(6) 1.2 24(14) C(5)-N( 7) 1.379(12) 

N(7)-C(8)  1.318 (13) C(3)-N(9) 1.354(13) 

N(9)-C(4) 1.370(13) :J(9)-C(10) 1.443(15) 

C(6)-N(1)-C(2) 125.0(10) IJ(1)-C(2)-N(3) 12504(10) 

C(2)-,N(3)-C(4) 111.9 (10) N(3)-C(4) -C(5) 127.5(10) 

.N(3)-C(4)-N(9) 125.3 (10) C ( 5 )-C( 4)-n  (9 ) 107.1(9) 

C(4)-C(5)-C(6) 119.2(9) C(4)-C(2)-N(7) 109.1(9) 

C(6)-C(5)-N(7) 131.6(5) C(5)-C(r) -11( 1 ) 11007(9) 

C(3)-C(6)-U(6) 127.8 (10) N(1)-C(5)-O (6) 121.5(10) 

C(5)-N(7)-H9 134.5(7) CCu)-N(7)-Nj 115.4(6) 

C(5)-t1(7)-C(8) 104.9(8) 'J(7)-C:(<8)-t4(9) 113. 3(9) 

C(5)-U4(9)-C(4) 105.5(8) C(5)-N(9)-C(10) 128.0(9) 

C(4)-N(9)-C(10) 126.5(5) 

Table 	2:5 Least-squares 	planes, 	anti 	deviations 	therefrom. 

Estimated 	standard 	deviations 	in 	parentheses. 

E,uation of plane. 4.375x + 	9•444,, 	- 	4.339z 	- 	1.43E = 	0 

De; ininu  the plane: 

H,, 	-C.037(1) CL(1) 00013(3) CL(2) 	0014(3) 	N(7) 	00010(3) 

E ,u at i o n of plane. 1.449x - 0.522d 	u. 370z 	+ 	0.632 	= 	0 

Deiinin,, the plane: 

N(1) 	00010(10) C(2)  -0.000(11) N(3) 0.013(9) 

C(4) -0.005(10) C(5)  00012(10) C(0) -0.029(11) 

N(7) 	0.019(5) C(3)  0.001(10) N(9) -3.020(9) 

Not 	defininj 	the 	plane: 

0(6) 	-0.095(9) C(10) -0s045(1..) N3 0.555(1) 
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Chapter 3. 

The crystal and molecular structure QQf Hexaquo- 
ci+rneiU4 L 

manganese(11),Iodide Tetrakis(4,6-pyrimidine-2-one). 

Introduction. 

The interaction of pyrimidine bases with metals has been 

the subject of investigation within this department 	(1,2), 

and crystal structures of several metal-pyrimidine comp-

lexes have been determined (3,4). Preparative work with 4,6 

diinethyl pyrimidin-2-one (4,6-DMP) and manganese ted to the 

isolation of small yellow crystals of stoichiometry 4,6-DMP 

:Mn varying between 3:1 and 4:1. Their e.p.r. spectra could 

not be explained on the basis of simple molecular models. 

The methyl groups probably prevent N-Mn co-ordination, and 

thus the compound was thought to contain 0(2)-Mn bonds, 

and so a structural investigation using X-ray diffraction 

was'ini ti ated. 

Experimental. 

Powder diffraction photographs of the first batches of the 

material confirmed its crystallinity, and so experimental 

work on growing crystals suitable for single-crystal X-ray 

studies was implemented. The crystals were prepared from 

solutions of 4,6-DMP and MnIt  in propan-1-o1,o(The manganese 

iodide was prepared by mixing dried MnClz  and sodium iodide 

in propan-1-ot, this resulted in the precipitation of salt 

Leaving a solution of manganese iodide). Ratios of 1:4 

4,6-DMP to MnI2  were used. Large yellow prismatic crystals 

appeared on standing the solution for 2 or 3 days. 

Preliminary Weissenberg and precession photographs showed 

the crystals to be triclinic, space group 01 or P1. A 

crystal of size 0016 x 0012 x 0.46 mm was mounted with its 

'c' axis parallel to the diffractometer 4) axis, and 36 

high-angle reflections were measured. By least-squares 

fitting these gave unit-cell parameters of a=12.022(1),b= 

7.661(5), c=10.235(1) A , a 93.69( 1 ); (3 =105.92(1), 	Y = 
03 

92.84(1)6  ,U=902.43 A. Other pertinent data are F(000) 455 

D(calc)=1.68 gm/cm 3  ,p=183.8 cml  ,M = 913.36 (for C24 H44 

I2 Mn NB 010). A grid of 10 x 10 z 10 was used for the 

absorption correction of the •data at a Later stage. 

3449 independent reflections were measured on the diffra- 

49 
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Figure 3:1 The components of the chemicaLLy unique contents 

of the unit ceLL. The manganese atom ties on a 

centre of symmetry. Thermal ellipsoids are scaled 

to include 50% probabitity. 



ctometer, collecting at a rate of ca. 1000 reflections per 

da. The 3, 3,0 reflection was monitored as a reference 

every 50 reflections, and its count did not alter signif-

icantly during the period of data collection. 182 reflec-

tions were treated as unobserved, their nett count being 

less than 2.58 0 	I. Lorentz and polarisation correct- 

ions were applied, and the data scaled by the reference. 

Solution and refinement of the structure. 

A sharpened, origin-removed Patterson synthesis showed 

3 large peaks, the Largest of which was assigned as an 

iodine-iodine vector* At this stage refinement was 	in P1, 

and a Fourier synthesis with one iodine gave 8=0.49. From 

the difference map two further peaks consistent with the 

Patterson were assigned as iodine and manganese, the man-

ganese being fixed at the origin for convenience. This 

reduced R to 0.29, and the rest of the structure could be 

easily located. The space group was changed to PT, and 

isotropic refinement of all the atoms gave R=0.11 using 

data Limited to 40 	in 8. Use of all the data (8=70°  ) 

gave R=0015, and anisotropic refinement of manganese and 

iodine reduced R to 0.037. Application of an absorption 

correction reduced R to 0.056, and full-matrix Least-

squares refinement of all the atoms anisotropically reduced 

P to 0.040. From a difference Fourier all the hydrogen 

atoms could be Located, and were contributed as fixed-atom 

parameters. Anomalous dispersion corrections for Mn and 1, 

removal of the 1.-2,1 reflection for extinction effects, 

and application of the usual weighting scheme with F*=45 

gave the final R of 0.034. Table 3:1 Lists the non-hydrogen 

atomic co-ordinates, Table 3:2 lists the anisotropic 

thermal parameters, and Table 3:3 the hydrogen atom posit-

ions. The observed and the calculated structure factor 

amplitudes can be found on pages 61 to62 

Description and discussion of the structure. 

The crystal structure consists of three different compo-

nents and they are shown In Figure 3:1. The manganese is 

surrounded by six water molecules in closely octahedral 

co-ordination, and the 4,6-DMP molecules are not co-ordin-

ating, but associate through hydrogen bonds to the water 

51 



52 

Figure 3:2 The hydrogen bonding network• 
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co—ordination sphereo The iodine ions are also hydrogen 

bonded to the hexaquomanganese cation. 

The octahedral geometry about the manganese is distorted 

very slightly, with two shorter equatorial and one longer 

A, axial bond lengths of 2.166{4), 2.160(4) and 2.214(3) A, 

whilst the unique angles are 90.1(1),92.8(2), and 95.0(1)% 

Table 3:4 lists all the bond—lengths and angles in the 

structureo The manganese co—ordination is similar to that 

in Tuttones salt (5), manganese ammonium sulphate hexa-

hjdrate, but with a reversal of the relative lengths of 

the equatorial and axial, bonds, which are 20193(6),2.200 
0 

(6), and 2.150(6) A. 

The angular distortion is sufficient to show very clearly 

on the e. p. r spectrum of the compound. It consists of a 

peak at g=2, which is expected for a high—spin d5  electron 

configuration, and also two broad shoulders which are 

norrrtally attributed to marked off—axis distortions. The 

reason for the distortion is not clear, because high—spin 

d6  systems should not show Jahn—Teller distortions (6)o No 

other obvious structural features indicate a reason, and 

thus the distortion must be tentatively attributed to fav-

ourable hydrogen bonding schemes, and base overlap. 

Both independent 4.6—D;iP molecules are Linked via hydro—

,;en bonds to water molecules co—ordinated to the manganese 

iono Internal bond—Lengths and angles are similar between 

the rings, and closely similar to those found in the free 

molecule (7) apart from the carbonyl bonds, which are 
0 

10248(5) and 1.265(5) Ao These are significantly Longer 

than those found for pyrimidine carbonyl bonds (ca. 1o22 A) 

(8), and they probably reflect the involvement of carbonyl 

oxygen electron density with strong hydrogen bonds. 

Least—squares planes through the pyrimidine moieties are 

shown in Table 3:5, 	from which it can be seen that they 

are essentially planar. 

The hydrogen bonding network is shown in Figure 3:2, and 

tabulated in Table 3:60 Both carbonyl oxygens are bonded 

to two atoms; 0(12) to N(23) and 0(1). 0(22) to N(13) and 

O(2)o The hydrogen atoms are on the water molecules, which 

confirms that the C—O Linkage is in the keto rather than 

the enol form. The protonatipn of N(n3) is further conf-

irmed by the internal angles of 122.3band 123.0°, compared 
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with the unprotonated values of 11808°and 118a6°  for N(n1) 

(see Singh's paper (9))e The angles at the water molecules 

to their hydrogen atoms are also in Table 3:6o Although 

they are consistent with the difference Of the equatorial 

and axial bonds, they do not help in explaining the origin 

of the difference. 
0 

The bases overlap at a perpendicular distance of 3.32 A, 

and make an angle of 1.2°  with each other. The orientation 

is similar to that found in cytosine, with the carbonyls 

overlapping the aromatic ring (10), and is depicted in 

Figure 3:3. Figure 3:4 shows a view of the unit—cell, 

indicating the mode of packing of the molecules, which is 

clearly influenced by hydrogen bonding and good base stack-

ing. 

The Lack of direct manganese—pyrimidine co—ordination 

precludes much discussion as to the significance of the 

structure in biological terms. Re—examination of the 

original spectroscopic data showed clear differences to 

that of the batch of crystals actually used for structure 

determination. Attempts at the growth of dehydrated 

examples which ought to have metal—base binding, has so 

far been unable to produce crystals suitable for X—ray 

structure determination. However, the unit—cell and space 

group has been determined as triclinic, P1 or P1, a=10.00, 

b=9.66, c=10.65,A ac.=61.0os f=115..C°t J(=120.0 	V=775 Al The 

experimental work consisted of drying all the starting 
G 

compounds in a vacuum desiccator, and using distilled solv- 

ents over sodium or molecular sieves. The biggest problem 

is allowing solvent evaporation to occur to a dehydrated 

environment, which seems best overcome by using a Large 

des ictor with phosphorous pentoxide as the drying agent. 

The stoichiometry of the dry compound is 4:1 4,6—OMP:Mn, 

with no water present (confirmed by ter spectra). This 

must Lead to a very crowded environment about the manganese 

and thus probably accounts for the instability of the 

resultant compound. 
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Figure 3:4 A stereoscopic view of the contents of the unit cetL 

Figure 3:3 	A view perpendicular to the pyrimidine bases 
showing how they overlap. , 



Table 3:1 Atomic coordinates of 	the non-hjdrogen atoms 

with 	standard deviations in 	parentheses. 

Atom x 	 y 	 z 

Mn n 0 	0 	0 

I 0.3643(1) 	0.2695(1) 	0.2011(1) 

0(1) 0.0613(3) 	-0.2535(4) 	000364(3) 

0(2) 0.0870(3) 	0.0917(5) 	C.2152(3) 

0(3) 0.1442(3) 	000812(5) 	-C.0750(4) 

N(11) 0.1483(3) 	0.5475(5) 	-C.1502(4) 

C(12) 0.0775(4) 	0.4504(5) 	-CO2593(4) 

0(12) -0.0253(3) 	0.4050(4) 	-0.2666(3) 

N(13) 0.1200(3) 	0.3997(5) 	-C.3674(3) 

C(14)  0.2302(4) 	0.4419(6) 	-003673(4) 

C(15)  0.3017(4) 	0.5353(6) 	-0.2576(5) 

C(16)  0.2572(4) 	0.5870(5) 	-0.1488(4) 

C(17)  0.2636(4) 	0.3809(7) 	-0.4034(5) 

C(18)  0.3334(4) 	0.6876(7) 	-000239(5) 

N(21) -0.2082(3) 	0.0393(5) 	C.3056(4) 

C(22) -0.1326(4) 	0.1341(5) 	C.4127(4) 

0(22) -0.0300(2) 	001797(4) 	004125(3) 

N(23) -0.1685(3) 	0.1244(5) 	C.5252(3) 

C(24)  -0.2786(4) 	0.1519(5) 	0.5316(4) 

C(25)  -0.3556(4) 	0.0640(6) 	C.4218(5) 

C(26)  -0.3164(4) 	0.0063(5) 	C.3101(4) 

C(27)  003065(4) 	0.2159(6) 	0.6593(5) 

C(23) -0.3991(4) 	-0.0953(7) 	C.1005(5) 
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TabLe 

with 

ATOM 

Mn 

I 

3:2 Anisotropic 	thermal 	parameters 	x103  (Mn,Ix10'-)r fi
oz  

estimated 	standard 	deviations 	in 	parentheses. 

011 	U22 	L33 	012 	U13 	U23 

365(5) 	513(6) 	344(5) 	—39(4) 	168(4) 	—93(4) 

413(2) 	621(2) 	50S(2) 	—51(1) 	186(1) 	—66(1) 

U(1)  73(2) 57(2) 48(2) 11(2) 35(2) 412) 

U(2)  45(2) 73(2) 40(2) —10(2) 10(1) 16(2) 

0(5) 45(2) 84(2) 52(2) —17(2) 23(2) —23(2) 

N(11) 41(2) 42(2) 36(2) —5(1) 15(1) —5(1) 

C(12) 39(2) 40(2) 37(2) —2(2) 16(2) —2(2) 

0(12) 41(2) 67(2) 44(2) —13(1) 20(1) —13(1) 

N(13) 43(2) 40(2) 35(2) —4(1) 16(1) —5(1) 

C(14)  42(2) 39(2) 45(2) 4(2) 24(2) 3(2) 

C(15)  34(2) 48(2) 46(2) —2(2) 15(2) 0(2) 

C(16)  41(2) 35(2) 39(2) —2(2) 13(2) 1(2) 

C(17)  57(3) 57(3) 48(3) 7(2) 30(2) —3(2) 

C(18)  47(3) 59(3) 4S(3) —10(2) 11(2) —6(2) 

N(21) 38(2) 40(2) 38(2) —2(1) 14(1) —4(1) 

C(22) 38(2) 36(2) 37(2) 0(2) 17(2) 0(2) 

0(22) 35(1) 59(2) 45(2) —6(l) 19(1) —10(1) 

N(23) 37(2) 42(2) 35(2) —4(1) 15(1) —3(1) 

C(24)  39(2) 37(2) 42(2) 1(2) 20(2) 1(2) 

C(25)  35(2) 50(3) 47(2) —3(2) 19(2) —2(2) 

C(26)  39(2) 36(2) 40(2) —2(2) 13(2) —1(2) 

C(27)  52(3) 56(3) 44(3) —3(2) 27(2) —5(2) 

C(28)  46(3) 55(3) 46(3) —7(2) 10(2) —12(2) 



Table 

Parent 

3:3 Unrefined hydrogen atom 

Atom  

positions,. 

0(1) H(10) 0.107 -0.350 -0.012 

H(20) 0.033 -0.340 0.084 

0(2) H(30) 0.050 0.125 0.280 

H(40) 0.160 0.135 0.220 

U(S) H(50) 0.167 0.035 -0.156 

H(60) 0.210 0.160 -0.012 

N(13) H(13) 0.077 0.315 -0.440 

C(15) H(15) 0.390 0o565 -00252 

C(17) H(171)  0.350 0.410 -0.490 

H(172)  0.213 0.445 -0.568 

1-1(173) 0.247 0.250 -0.520 

C(18) H(181)  0.290 0.775 -0.012 

H(182)  0.400 0.723 -0.040 

H(183)  0.350 0.600 0.052 

N(23) H(23) -0.117 0.275 0.580 

C(25) H(25) -0.443 0.050 0.412 

C(27) H(271)  -0.253 0.313 0.720 

H(272)  -0.390 0.250 0.643 

H(273)  -0.300 0.115 0.720 

C(25) H(281)  -0.373 -0.175 0.104 

H(282)  -0.467 -0.030 0.152 

H(283)  -0.427 -0.225 0.216 
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Table 3:4 Bond Lengths (X) and angtes 1°) of the three 

moLecuLes in the unit cell.,. E.S.D's in parentheses. 

The Mn(H1.0)6 ion: 

Mn-O(1) 2.166(4) Mn-0(2) 2.214(3) Mn-O(3) 2.160(4) 

0(1)-Mn-0(2) 90.15(12) 	0(1)-Mn-U(3) 92.78(15) 

0(2)-Mn-O(3) 94.96(12) 

Since the Mn atom is on a centre of symmetry, the other 

co-ordination sphere anjles are complements of the unique. 

The 4,6-DMP Ligands: 

Ligand 1 

N(11)-C(12) 1.358(5) 

C(12)-0(12) 1.248(5) 

C(12)-N(13) 1.378(6) 

N(13)-C(14) 1.347(6) 

C(14)-C(17) 1.507(7) 

C(14)-C(15) 1.351(6) 

C(15)-C(16) 1.405(7) 

C(16)-C(18) 1.493(6) 

C(16)-N(11) 1.325(6) 

Ligand 2 

N(21)-C(22) 1.357(5) 

C(22)-U(22) 1.265(5) 

C(22)-N(23) 1.375(6) 

N(23)-C(24) 1.355(6) 

C(24)-C(27) 	1.500 (7) 

C(24)-C(25) 1.357(5) 

C(25)-C(26) 1.406(7) 

C(26)-C(23) 1.492(6) 

C(26)-N(21) 	10327 (6) 

C(16)-N(11)-C(12) 118.8(4) C(26)-N(21)-C(22) 113.6(4) 

N(11)-C(12)-N(13) 119,1(4) N(21)-C(22)-N(23) 119.2(4) 

N(11)-C(12)-O(12) 122.2(4) N(21)-C(22)-U(22) 122.2(4) 

0(12)-C(12)-N(13) 118.6(3) 0(22)-C(22)-N(23) 118.6(3) 

C(12)-N(13)-C(14) 122.2(3) C(22)-N(23)-C(24) 123.0(3) 

N(13)-C(14)-C(15) 119.0(4) N(23)-C(24)-C(25) 117.8(4) 

N(13)-C(14)-C(17) 116.3(3) N(23)-C(24)-C(27) 117.5(3) 
C(17)-C(14)-C(15) 124.7(4) C(27)-C(24)-C(25) 124.8(4) 

C(14)-C(15)-C(16) 118.2(4) C(24)-C(25)-C(26) 118.7(4) 

C(15)-C(16)-N(11) 122.7(3) C(25)-C(26)-N(21) 122.7(3) 

C(15)-C(16)-C(18) 120.2(4) C(25)-C(26)--C(23) 119.3(4) 

C(18)-C(16)-N(11) 117.1(4) C(23)-C(26)-N(21) 118.0(4) 

Tabte 3:5 Least-squares planes calculations, with 
O 

distances from the pLane in A. E..s.d's in 

Parentheses. 

PLane 1. Equation -2.56x+6.929-4.26z-3.99=0 

Defining pLane: 

N(11) 	0.009(7) C(12) -0.005(7) 	N(13) -0.001(5) 

C(14) 	0.004(8) 	c(15) -0.001(8) 	C(16) -0.006(7) 

Not defining pLane: 



1'55.5(2) 

14509(2) 
176.6(2) 
17705 (3 ) 
166.0(3) 
16902(2) 

0(12) —0.020(5) C(17) 0.040(9) C(18) —0.050(9) 

60 

PLane 2. Equation — 2.32x+6.91;r-4.1Ez +0.50=0 
Defining pLane: _ 
N(21) —0.013(7) C(22) 0.023(7) N(23) — 0.013(5) 
C(24) —0.008(7) C(25) 0.019(3) C(26) —0.008(7) 
Not defining plane: 
0(22) 00101(5) C(27) —0.033(8) C(28) —0.022(9) 

0 
Table 3:. Hydrogen bonds° C)istances in A , anjLes i f, 	 n 

,ecsod in parentne3aso 
!(11)...0(1) 2.799(5) 	N(23)...0(12)-4  2.757(4)  
0(22)...N(1J)2  2.855(5) 	I...U(3) 	30473(3) 
0(2).000(22) 2.626(5) 0(1).0.0(12)3  2r ;I03(5) 
u(2)00N(2l)3  2,793(5) 	0(2)000.I >305 

li(10)—'1(1)—H(20) 95.7(3) H(30)—D(2)—H(40) 12200(3) 
H(!:0)-0(3)—H(60) 11004(3) 

0(1 )—ii( 10)e o...N( 11 ) 

0(1)—H(20) e eoe c0( 12_) 

0(2)—H(30) o....C)(212) 

U(3)—H(50) 	N(21) 

N(23)—H(23) 	0(12) 

N(15)—H(13)o.0oU(22) 
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Chapter 4. 

The crystal and molecular structure of 
bi s(1 ,3-Dimethyturaci l )dichl.orocopper (I1) . 

Introduction. 

1,3-Dimethyluracil (1,3-DMU) is a molecule which has both 

nitrogen positions blocked by methyl groups, and thus can 

only use expcyctic oxygens for binding to metals. Therefore 
any compound formed by the molecule is of obvious interest. 

As previously noted in chapter 1C, only weak metal-oxygen 

interaction in uracils has been characteri4ed specifically 
( 1) . Work by Dr's M.Goodgame and K.Johns (2) Led to the 

isolation of crystals of stoichiometry Cu(1,3-0MU)2CLR, . 
Such a compound would be consistent with metal-oxygen 

binding, although the presence of bridging chlorine atoms 
could not be ruled out at this stage. A structural determ- 

i nahi on was therefore carried out (3) . 

Experimental 

A hot saturated ethanolic solution of CuCL2 :2H2s  [) was 

added to a hot solution of 7%-by-weight 1,3-DM,J (4) in 

ethyl acetate, 	in a 1:2 Cu:1,3-DMU molar ratio. A clear, 

pate green solution was formed which was allowed to 

slowly evaporate to dryness over a period of ca. 4 weeks. 

This yielded a green fibrous crystalline material. From 
the mass of crystals so formed, a very small single frag- 
ment was isolated and was mounted with its 'c' 	axis para- 

llel to the camera axis. It was measured at 0.033 x 0.115 

x 0.308 mm. preliminary oscillation, 	4eissenberg and 

precession photographs gave approximate unit-cell dimens-

ions and a triclinic space group, either P1 or T. 
The crystal was then mounted on the diffractometer with 

its 'c ' axis parallel to the 	axis. Accurate unit-cell 

dimensions were determined by measuring 28 high-angle (0=50 0 

-60°) reflections and doing a least-squares calculation. 

This gave a=12.029(1), b=8.449(1), c=3.883(1) 	pt, 93.6e 

(1), 	(3 =93.69(1)°, •y =101.27(1): 	Other crystal data are: 

U=384.99 f,: z=1, F(000)=211, D(calc)=1.79 g/cr ,Linear 	ab- 

sorption coefflcirant p=54.99 cm"1  , and absorption grid 10 x 
10 x 10. Microanalyti cat results are : Found C=33.79°ō, 	H= 

3.56%, N=13.80%, calculated for Cu(C6 N8 N2 O2)2Cl2 are 



0 2 	C8 

C l' 

Fijure 4:1 The molecule of bis(1,3—dimethyLuraciL)dichLoro 

copper(ii), with thermal eLLipsoids scaled to 

include 50% probabiftys 
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C=34.75!, H=3.89, N=13.577.. The molecular weight is 

M=414.71. 

1155 reflections were measured, collecting at a rate of c3 

300 reflections per day. The 3,4,0 reflection was monitore-i 

as a reference, and its nett count did not change during 

data collection. Data processing showed 221 reflections to 

have nett counts Less than 2.58 	0" 	I; these were coded 

unobserved. 

Solution and refinement of the structure. 

A Patterson synthesis gave peaks corresponding to copper-

other atom vectors, from which almost all of the structure 

could be seen. Reflection statistics suggested a centro- 

symmetric space group. A Fourier synthesis 	in +̀ '1, with 

copper fixed at the origin, and a chlorine atom 	in a gene- 

ral position gave P=0.35. Alt the other atoms were easily 

located, and isotropic refinement gave R=0.11. Fully aniso-

tropic refinement gave P=0.057, and correction for absorpt-

ion further reduced P to 0.053. From the difference Fourier 

all the hydrogen atoms could be Located. These were 	inr)ut 

as fixed-atom contributions with the temperature parameter 

of their parent atoms. Correction for anomalous 	dispersion 

for copper and chlorine, and application of the usual 

weighting scheme, with F*=13, gave the final P of 0.074. 

Table 4:1 	Lists atomic co-ordinates, 	and Table 4:2 the 

anisotropic thermal parameters. Observed and calculated 

structure factor amplitudes are listed on page 72 . 

Description and discussion of the structure. 

Figure 4:1 	shows the molecule of bis(1,3-Dimethyluracil) 

dichLorocopoer(II). The copper atom is co-ordinated to two 

trans chlorine atoms, and two trans exocyclic oxygen atoms, 

in a square-planar fashion. The Cu-O distance is 1.965(3) 
0 

and Cu-CL is 2.269(1) A. Roth are typical of strong bonds 

to the copper atom, 	for example in a recently determined 

copper-formato structure (5), mean Cu-0 is 1.939A and a 

Literature mean of 2.30A for square-planar Cu-CL has been 

reported (6). 

The copper atom ties on a centre of symmetry and so its 

co-ordination geometry is strictly planar. The unique Cu-CL 

-D angle is 88.5(1)6  . At a distance of 2.933(3) Ā in the 



67 

direction of the 'axis' of the square plane, 	are chlorine 

atoms of neighbouring molecules, giving a pseudo-elongated 

octahedral arrangement about the copper atoms. 

Bond Lengths and angles within the 1,3-D 1U molecule 4  are 

very similar to those found in 1,3-DMU itself (7). Table 

4:3 Lists the relevant bond Lengths and angles. Of part-

icular interest are the lengths of the carbonyl bonds, 

which in the title compound are 1.246(4) 	X for 	C(4)-0(4), 

and 1.212(5) for C(2)-0(2), because these groups can he 

recognised using infra-red spectroscopy. This is respon-

sive to changes of bond strength caused by oxygen inter-

action with external atoms. The change caused by strong 

binding to copper through 0(4) is slight, 	as seen by com- 

paring the values of 1.225(3) X (C(2)-0(2)), 	and 1.22.7(3) 

X for 1,3-DiU itself. The change, however, 	is significant, 

and shows the strength of the Cu-0(4) bond when compared 

with. the related structure of bis-uracil-dichloromercury 

(II), 	(1). This compound has a C(4)-0(4) 	distance of 

1.25(3) X, which is not significantly greater than the 

1.245(2) A found in uracil itself (3). The i.r. spectrum 

reflects these small changes in bond Lengths, but 

peak shifts are very small, ca 10 cn-4  ,and require care-

ful measurement in order to detect significant changes 

due to strong metal-oxygen binding (2,3). 

The other interesting feature of the structure is a 

Large Cu-0(4)-C(4) angle of 133.5(2)°  , which may 	indicate 

some 7-bonding of the oxygen to the copper. This would he 

consistent with the low Ligand field found for uracil 	(2) 

and theoretical electron density calculations for uracil 

(9) . 

Table 4:4 gives Least-squares planes calculations, and 

for the uracil base shows very Little deviation from 

planarity, even for the exocyclic atoms of the Ligand. 

The carbonyl oxygens are not significantly displaced from 

the plane. This is not the case in (1), 	in which 0(4) 	is 

displaced 0.071 toward the mercury atom. The 1,3-DMU base 

makes an angle of 60.6° 	with the copper co-ordination 

plane, and the copper atom is 0.64 R out of the uracil 

base plane. 

No hydrogen bonding is possible, so packing of the 

molecules is probably determined by base-base stacking, 



Figure 4:2 A stereoscopic view of the contents of the unit cell- 

Figure 4:3 	A view perpendicular to the pyrimidine base, 

showing the overlap of the uracil Ligands• 
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and the chlorine atom occupation of the Lone axial 	sites 
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about the copper. Figure 4:2 shows the arrangement of 

the molecules within the unit ceLL, and Figure 4:3 shows 

the overlap of the bases. This is at the expected 3.3") A 

separation, and shows the atigrrment 	of C12)-r)(2) 	carbonv 

bonds above the aromatic rings. This similar to that found 

in the 	free 	ligand 	structure, Fi :lure 4: 4 depicts a space 

filling drawing of the molecule. 

The existence of strong copper-oxygen 	interaction must 

not necessarily be used to predict metal-0(4) interaction  

in nucteoti les sind nucleosides; for example 	the 	structure 

of dicot.}per-bis pyridytemine-bis-3'!JMP(1O) shows only copper 

to phosphate-oxygen binding. On the other hand, 	care must 

be taken in the use of infra-red spectroscopy as a diagnos-

tic toot for such binding. 

It seems, 	however, 	that 	copper-J(4) bi ndi a3 must not he 

ruled out in cases where phosphate binding is not possiht€' 

because of steric or other reasons. Thus more work on 

nuc( eic 	acid 	units 	is required 	before 	generalisations. 

concerning the binding sites of uracil-base nucteotides, 

can be male. 

Figure 4:4 A space-ftlltng diagram of the molecule (PL_UT078) 
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TabLe 4:1 Atomic co-ordinates with estimated standard 

deviations in parentheses. 

x ATOM 

Cu 

CL 

N(1) 

C(2) 

0(2) 

N(3) 

C(4)  

0(4) 

C(5)  

C(6)  

C(7)  

C(8)  

0 

0.0699(1) 

0.2927(3) 

0.3501(3) 

0.4409(2) 

0.2956(2) 

0.1918(3) 

0.1550(2) 

0.1390(3) 

0. 1908(3) 

0.3524(3) 

0.3444(4) 

0 

0.1988(1) 

-004403(3) 

-0.2942(4) 

-0.2784(3) 

-0.1642(3) 

-0.1749(4) 

-0.0473(3) 

-0.3295(4) 

-004551(4) 

-0.0067(4) 

-0.5838(5) 

z 

0 

0.4236(2) 

-001482(8) 

-0.2412(9) 

-0.3669(8) 

-0.1860(7) 

-0.0478(9) 

-0.0135(7) 

0.0479(9) 

-0.0025(10) 

-0.2911(11) 

-0.1946(13) 

Unrefined hydrogen atom positions: the numbering is such 

that the first digit is that 

H(5) 0.061 	-0.335 

H(6) 0.161 	-0.570 

H(71) 0.400 	-0.010 

H(72) 0.304 	0.050 

H(73) 0.393 	0.060 

H(81) 00404 	-0.585 

H(82) 0.296 	-0.685 

H(83) 0.375 	-0.575 

of the parent atom. 
0.17 

0.05 

-0.47 

-0.36 

-0.12 

0.00 

-0.20 

-0.40 

TabLe 

ATOM 

	

4:2 	Anisotropic thermal 

	

with 	estimated standard 

Ull 	U22 	U33 

parameters 	x103(Cux10 1  

deviations 	in parentheses. 

U12 	U13 	U23 

Cu 274(4) 227(4) 426(5) 87(3) 31(3) -84(3) 

CL 40(1) 22(1) 37(1) 3(1) 5(1) -2(1) 

N(1) 36(2) 22(2) 49(2) 12(1) 0(1) 1(1) 

C(2) 32(2) 27(2) 41(2) 10(1) 3(2) 0(2) 

0(2) 41(2) 44(2) 81(2) 17(1) 22(1) 2(1) 

N(3) 30(1) 21(1) 39(2) 6(1) 6(1) 2(1) 

C(4)  29(2) 25(2) 33(2) 6(1) -2(1) -3(1) 

0(4) 32(1) 29(1) 58(2) 12(1) 6(1) -6(1) 

C(5)  34(2) 33(2) 39(2) 6(2) 6(2) 0(2) 

C(6)  41(2) 28(2) 41(2) 3(2) -3(2) 7(2) 

C(7)  40(2) 27(2) 56(2) 7(2) 9(2) 9(2) 

C(8)  52(3) 27(2) 79(3) 19(2) -2(2) 0(2) 
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X) TabLe 4:30 Bond Lengths ( A) and angLes ( e') with estimated 

standard deviations in parentheseso 

Superscripts denote the -foLLowiny symmetry operations: 

(') x,y,z-1 ; (")-x,--y,-z. 

Cu-Ct 2.269(1) 	Cu-0(4) 1.985(3) 	Cus...Ct' 2.951(1) 

CL-Cu -0(4) 88.5(1) CL-Cue.CL' 95.2(1) 

CL-Cu-0(4)" 	9105(1) 	0(4)-Cuo0CL' 	83.3(1) 

Cu-0(4)-C(4) 	133.5(2) 

The 	1,3-DimethyLuracit moLecuLe. 

N(1)-C(2) 	1.373(4) 	C(2)-N(3) 	1.397(5) 

C(2)-0(2) 	1.212(5) 	N(3)-Ct4) 	1.379(5) 

C(4)-Ct5) 1.420(5) C(4)-0(4) 	1.246(4) 

C(5)-C(6) 10342(6) C(6)-Nt 1) 	10370(5) 

C(7)-N(3) 1.468(4) C(8)-N( 1) 	1.474 (5) 

C(6)-N(1) -C(2) 	121.9(3) C(6)-N( 1)-C(3) 119.1(3) 

C(8)-N(1) -C(2) 	119.0(3) N(1 )-C(2)-N(3) 115.2(3) 

N(1)-C(2) -0(2) 	122.8(3) N(3)-C(2)-0(2) 121.9(3) 

C(2)-Nt3)-C(4) 	124.6(3) C(2)-N(3)-C(7) 117.1(3) 

C(4)-N(3) -C(7) 	11803(3) "J(3)-C(4)-C(5) 116.7(3) 

N(3)-C(4) -0(4) 	116.7(3) C(5) -C(4)-0(4) 126.6(3) 

C(4)-C(5) -C(6) 	119.2(3) C(5)-C(6)-N(1) 122.3(3) 

Conformation of the methyl groups: 

C(2)N(1 )C(8)H(81) 80.0 C(2)N(3)C(7)H(71 ) 26.9 

C(2)N(1)C(8)H(82) -160.5 C(2 )N(3 )C(7)H(72). 147.7 

C12)N(1)C(B)H(83) -40.6 C(2)N(3)C(7)H(73) -97.8 

Table 4:4. Least-squares plane catcuLations for the uracil 
0 

moeity. Distances from the plane are in A, with 

estimated 

Defining 	plane: 

standard 	deviations 	in parentheses. 

N(1) 	-0.012(5) C(2) 00005(6) N(3) 0.005(4) 

C(4) 	0.001(6) C(5) 0.001(6) C(6)  0.001(6) 

Not 	in 	plane: 

0(2) 	0.003(5) 0(4) 0.000(4) C(7)  -0.017(6) 

C(0) 	00000(8) Cu -0.643 

The equation of the 	plane 	is 	Liven by: 

4.59x + 0.48y + 3.40z -0.64 = 0 
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Chapter 5. 

The crystal and molecular structure of the 

metal—nucleotide complex 5'—uridinemonophosphate 

cobaLt(II).water. 

Introduction. 

Cobalt can be used to replace zinc and magnesium ions 	in 

some metat—activated enzyme systems, without the enzyme 

Losing its activity. Since cobatt(II) is paramagnetic 

(normally high—spin d7  with a magnetic moment of about c 

H.M.) 	it can be useful as a probe to study its immediate 

surroundings (1). An example of such an enzyme 	is terminal 

deoxynucleotidyl transferase (2), which adds on mono deoxy 

nucleotides to the end of a DNA chain. The enzyme is 

seriously inhibited by chelating ligands such as EDTA, 	and 

its rate of catalysis depends on the type of metal ion 

present. Purine nucleotides work best with m-agnesium, 	and 

pyrymidine nucleotides best with cobalt (3). The studies 

also show that anionic interactions can be important in 

enzyme reactions. It is thought that the mechanism for the 

reaction is depend-gent on the formation of a cation—nucleo-

tide triphosphate complex, cleavage of phosphate from the 

NTP, and formation of a new Link to the 3'OH of the end of 

the existing DNA. It is interesting to note that ^NA's 	in 

not work very well; only two rNTP's can be incorporated 

per chain. 

Differences between cobalt(II) and manganese(II) binding 

to various nucleotides have been reported structurally. 

The purine nucleotides have similar structures involving 

N(7) co—ordination and octahedral stereochemistry. These 

were LCoS'GMP(H2 O)51:3H2 0 (4), L ln(5'GNdP) (111'7)5 1.3H2O (5) 

and 1- Co(5'IMP)(H1 O)s 12H1 C (6). The pyrimidine nucleotide 

5'CMP forms a tetrahedral compound with cobalt(II) 	invol- 

ving N(7) and phosphate binding (7), but an octahedral 

complex with manganese(II), which has phosphate binding 

and [l(2) co—ordination (a). 
This would seem to suggest that nucleotile—base inter-

action is important in the enzyme process, as the rates 

seem to depend on how the metal is bound. This has been 

forwarded as a proposition by Eichorn(9). 

Uracil nucleotides have a special interest, 	in that they 
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have no unprotonated nitrogens for metal co-ordination, and 

this has prompted work on compounds of 5'UIp with trans-

ition metals (10). This work led to the isolation of single 

crystals of 1:1 cobatt(II):5*UMP, and the structure 

determination by x-ray diffraction (11). 

Experimental. 

Crystals of the compound, henceforth referred to as COU' P, 

were made by slow evaporation of a solution of cobalt 

nitrate hexahydrate, and the sodium salt of uridine 5'mono- 

phosphate, 	in water at a pH of 6.8 (10,11). 	Crystals 

appeared after 3 weeks, and were filtered and washed with 

cold water. They were small, pink prismatic crystals of 

Low optical quality and poor surface. 

'preliminary oscillation, Weissenberg  and precession photo-

graphs of a suitable crystal showed it to be monoclinic, 

space group C2 (No.5), with systematic absences hkt, h+k 

=2n. Measurement of 18 high-angle reflections on the diff-

ractometer followed by least-squares refinement gave unit- 

cett parameters of a=28.693(2), 5=14.393(1), c=4.761(1) 	R, 

S 	= 90.36(2)
0
. These are similar to those reported by 

Mosset et, at. (12). 

Other pertinent data were Z=4, F(000)=1052, Jobs=1.73 g/cm3  

(flotation), Dealc=1.71, M.W=507.18 	( for Cu:Um-t.7H2  `7). 
Analysis results were ; Found C=21.12%, H=4.74';, 	N=5.45%; 
calculated for C9 H11 Co N2 09 P: 7H10 0= 21.31:0, H=4.97`" 

N=5.92%. The linear absorption coefficient was p=92.0 cm"i. 

The crystal was measured and mounted on the diffractometer 

with its 'c' axis parallel to the tp axis. 	Its 	dimensions 

were 0.08 x 0.09 x 0.25 mm, 1949 reflections to 6=70° (CuKct, 

	

X= 1.5418) were measured by the diffractome.ter 	collecting 

at ca. 300 reflections per day. Of these 226 were coded as 

*unobserved' as their nett count did not exceed 2.58 	0 1. 

Close inspection of the photograph showed that the crystal 

was twinned to about 10 of its volume; 	no correction was 

thought neccessary as the twin reflections were widely 

separated from the main ones. The 11,5,0 reflection was 

monitored as a reference after every 50 reflections, and 

its nett count did not change significantly over the period 

of data collection. Lorentz and polarisation corrections 

were applied, and the reference used to scale the data. At 
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a later stage the data was corrected for absorption using 

a 10 x 10 x 10 grid. 

Solution and refinement of the structure. 

A sharpened, origin—removed Patterson synthesis of tow— 

angle reflections to 	45 gave a peak at the origin, 	with 
a 

a similar peak 3A either side along the y axis. A cobalt 

atom was fixed on the origin and used to compute a Fourier 

synthesis, giving R=0.47. Since the origin is a special 

position, in order to maintain a 1:1 Co:U'dP ratio, another 

cobalt atom on a diad axis is required. This was Located 
0 

at about 3A along the v axis. Further cycles of least—

squares refinement with delta—F syntheses Located all but 

4 of the expected non—hydrogen atoms, giving R=0.11 with 

data limited to 4+5` in 9. At this stage the data 	w.tv-e corr- 

ected for absorption, the P for full data being 0.078. 

9 p'ossibLe sites for water molecules could be Located, 

and so oxygen atoms were allocated these positions with 

fixed temperature factors of U=0.07 and allowed to refine 

occupancy. Full anisotropic refinement allowed location 
pin 

of the/ -hydrogen atoms from the difference map and these 
ex 

were 	input 	as fixed—atom contributions 	with 	!.J=0.046 . 

For final refinement a weighting scheme with F#=30.0 

was applied. Anomalous dispersion corrections for Co and 

were added, 	the absolute configuration of the molecule 

being known from the sugar. Incidentally, the presence of-

an optically active compound forces the space group to he 
or C vr. 

C2, not the alternative C?_/N k One reflection was removed 

from the data as it was thought to be suffering from 

extinction. The final agreement factor was R=0.065. The 

final. difference synthesis shows some diffuse density in 

the region of the 'coLumn* of water molecules and is best 

explained as the presence of Loosely co—ordinated water 

of crystallisation within the structure. Table 5:1 Lists 

refined atom co—ordinates, Table 5:2 the hydrogen atom 

positons, and Table 9:3 the anisotropic thermal parameters. 

Observed and calculated structure factor modulii are on 

pages 88 to 89 • 

Description of the structure. 

The major feature of the crystal structure is a polymeric 
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Figure 5:1. The monomer unit, showing the cobalt co-ordination, 
with thermal ellipsoids scaled to include 50% 
probability. 
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Figure 5:2 . The polymer chain, showing the phosphate links. 

Fijure 5:3 A view perpendicular to the uracil base• showing 

the unusual staggering, and no overlap. 



chain running parallel to the 'c' axis of the unit—cell 
a 

with a repeat distance of 4.761A. The polymer is formed by 

pairs of cobalt atoms, Linked by the phosphate groups of 

the 5'UMP nucleotide in such a way that the pairs of cobalt 

A 
 

atoms lie on a crystallographic two—fold axis 2.992(2) A 
• 

apart. 

Figure 5:1 shows the monomer unit viewed down the 'c' axis 

and Figure '3:9 shows the polymer chain. Each of the cobalt 

atoms is octahedratLy co—ordinated to 4 different phosphate 

groups and to 2 water molecules. Each phosphate group in 

turn Links 4 different cobalt atom.;, via two single Co—

oxygen bonds and a bridging oxygen link. Thus every free 

oxygen on the phosphate group is involved in strong co-

ordination to the metal. 

9ond lengths and angles are given in Table 5:4. Co—O(') 

bonds are in the range 2.03 to 2.16 A. with the independent 

Co-041 bonds of 2.076(9) and 2.103(9) 

The !.iracil base is essentially planar, and its bond Lengths 

and angles are closely related to those found in similar 

compounds containing uracil 	(13), and with uracil itself 

(14). The uracil base does not interact with the metal_ ion 

either directly or via a co—ordinated water molecule. A 

similar result has subsequently been found in the crystal 

structure of copper(II)5't-1'.lP.dipyrydytamine (15). This 

compares well with the title complex as far as 3'U''T3  para-

meters are concerned. Least—squares planes through the 

pyrimidine base are given in Table 5:5. 

The sugar has a fairly typical conformation. Its internal 

bond Lengths and angles are not exceptional, and its con- 

formation can be described as C(3)' endo, which 	is a very 

common occu1rence (16). A Least—squares plane through the 

other R atoms shows clearly this deflection (table 5:5)9 

and a view of the moiety is given in Figure 5:5. Torsion 

angles are given in Table 5:6, defined according to Saenger 

(17), and show the glycoscidic bond to be anti, with a X of 

190. This is typical of C(3)' endo puckered pyrimidine 

nucleosides and. nucleotides (17). The conformaticn about 

the C(4)'—C(5)' 	bond is described as gauche.gauche, again 

normal for ribose sugars. 

The packing of the molecule is,shown in Figure 5:4, and is 

best thought of as chains of (Cot  5'UMP:OH1O )n Linked to 
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each other by intra—molecular hydrogen bonds between the 

base and the 'sugar. The 'columns' between the chains are 

filled with Loosely co—ordinated water molecules. 	Not 	all 

the expected water molecules could be founds 	although the 

formula of Co5'UMP:7HZO was confirmed by therrnogravimetric 

ana lysis. 	It thus seems Likely that some water is Lost 

under X—rays, and that the remaining water is imprecisely 

fixed in the crystal structure. 

The overlap of the uracil bases is shown in figure 5:3, 

and is somewhat unusual in that the C=O(?) bond is not 

oriented immediately above the aromatic ring, but displaced 
to one side, so that no perpendicular overlap occurs. The 

interplanar spacing is still 3.3 %, typical of these 

systems. 	It appears Likely that th Co—phosnhate chain is 

forcing the repeat distance of the structure, rather than 

base stacking, and thus full overlap is prevented. 

r"igtire 5:6 shows a space filling diagram of the 'polymer' 

to give some idea as to the shape of the molecule. 

Discussion. 

It seems Likely that cobatt(II) will not interact directly 

with the uracil base, bearing in mind, the 	difficulties 	in 

comparing solid state studies with in vivo environnents. 
e 

?owder diffraction has shown manganeVI I) 	to form an iso- 

morphous comaound (13), 	i.e. 	no uracil—manganese inter- 

action. This is in contradiction to C13  N.'i,R studies which 

suggest 0(2) and 0(4) proximity to the manganese ion 	(10), 

as well as phosphate binding. Studies with Cu(II) show the 

metal. ion can interact with the ribose hydroxyl groups, and 

also with the base (20). Neither were observed in Cu(II) 

5'UMPbypy 	(13), 	and so metal interaction with the uracil 

bases must be considered unlikely if there are other sites 
available such as the phosohoester Link in polynucleotides. 

More recent NMR work again suggests that copper binds close 

to N(3) of the uracil base (21), and in view of the struc-
ture of Cu(II)dimethyt uracil (Chapter 4) copper-0(4) bind- 

ing cannot be ruled out. However, as a general 	rule 	it is 

unlikely for any metal ion to bind to the uracil base 	in a 

nucleic acid in preference to phosphate bonding. 
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Figure 5:4 A stereoscopic view of a section through the unit" 

ceLL• cLearLy indicating the region of water in 

between the phosphate—metal. chains. 

81 

Figure 5:5 A view essentiaLtg paratl.et to the in—plane atoms 

of the sugar, depicting the 3' endo pucker. 
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Tab t e 5:1 Fractionat atomic co-ordinates of the non- 
hydrogen 	atoms. 	with 	estimated 	standard 	deviations 	in 

parentheses. 

Atom 	x 	 z 	PP. 

Co(1) 0 	 0 	 0 

Co(2) 0 	0.20786(16) 	0 

P 0.0601 	0.1028(2) 	0.4853(4) 

0(9) 000494(2) 	0.0157(5) 	0.3219(13) 

0(7) 0.0518(3) 	0.1936(5) 	0.3241(14) 

0(5) 0.1149(2) 	0.0941(5) 	0.5393 (12) 

0(8) 0.0375(2) 	0.1061(6) 	007718(10) 

0(10) -0.0368(3) -0.1008(6) 	0.2302(17) 

3(20) -0.0338(3) 	0.3101(6) 	0.2270(17) 

0(30) 0.1273(3) 	0.3189(7) 	0.2628(26) 

0(40)* 0.067(1) 	-0.282(1) 	0.793(4) 0.61 

0(56)* 0.118(1) 	0.442(2) 	0.772(5) 0.47 

0(60)* 0.049(2) 	0.613(5) 	0.308(11) 0.18 

0(70)* -0.011(3) 	0.496(5) 	0.209( 15) 0.15 

0(80)* 0.132(1) 	0.532(3) 	0.194(9) 0.26 

0(11) 0.2048(2) 	0.0371(5) 	007592(14) 

C(11) 0.2388(3) 	0.0092(7) 	0.5342(19) 

C(21) 0.2518(3) 	0.0980(9) 	0.3988(18) 

0(21) 0.2897(2) 	0.1392(5) 	0.5517(15) 

C(31) 0.2069(4) 	0.1535(7) 	004126(20) 

0(31) 0.2137(3) 	0.2490(6) 	0.3639(17) 

C(41) 0.1907(3) 	0.1338(7) 	0.7103(18) 

C(51) 0.1394(3) 	0.1444(8) 	0.7571(19) 

N(1) 0.2160(3) 	-0.0598(7) 	0.3622(19) 

C(2) 0.2446(4) -0.1052(8) 	0.1824(21) 

0(2) 0.2867(3) 	-0.086816) 	O.1710(19) 

N(3) 0.2246(3) 	-0.1705(7) 	0.0120(19) 

C(4)  0.1780(4) 	-0.1934(8) 	0.0047(23) 

0(4) 0.1639(3) 	-0.2545(7) -001605(19) 

C(5)  0.1496(4) 	-0.1418(8) 	0.1934(29) 

C(6)  0.1690(4) -0.0804(8) 	0.3610(23) 

a= 

A 
* These atoms 	had 	fixed 	temperature factors of 0.07x• 

and the population parameter refined. /1  
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Table 5:2 At Unrefined hydrogen atom positrons. 	input 

with U-0.04,(. Numbers refer to their parent atoms 

Atom 	x 	y 	Z  

11(3) 0.240 -0.197 -04.182 
H(5)  0.113 -0.160 0.182 

H(6)  0.157 -0.033 0.545 
H(11) 0.271 -0.023 0.591 

H(21) 0.269 0.090 0.218 
H(31) 0.187 0.127 0.255 

11(41) 0.183 0.167 -0.091 
11(51) 0.131 0,227 0.745 

P1(52) 0.127 0.123 -0.055 

Figure 5:6 A space-fitting diagram showing the poly mer chain. 

giving some idea as to the packing along 'c•. 
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TabLe 5:3 Anisotropic 	temperature 	parameters of the 	refined 
atoms (Co,P x 104  ,C,O,N x 1033 Estimated standard deviatons 

in parentheses. 

Atom U11 U22 . U33 U12 U13 U23 

Co(1)  288(12) 243(11) 171(11) C —15(8) 0 

Co(2)  295(12) 253(12) 195(11) C 31 (8) 0 

P 231(10) 288(11) 161(9) 1(11) 20(6) 9(11) 

0(9) 30(4) 33(4) 17(3) 1(3) —3(3) 3(3) 

0(7) 41(4) 31(4) 26(4) —2(3) 1(3) 5(3) 

0(8) 29(3) 30(3) 21(2) 4(3) 4(2) 4(3) 

0(5) 29(3) 34(4) 24(3) 2(3) 1(2) —6(3) 

0(10) 64(6) 39(4) 34(4) —21(4) 13(4) —0(4) 

0(20) 62(5) 35(4) 35(4) 8(4) 13(4) —2(3) 

0(30) 46(5) 54(6) 112(8) —14(4) 4(5) 6(6) 

0(11) 36(4) 36(3) 28(3) 5(3) 6(3) 5(3) 

C(11) 29(4) 34(5) 25(4) 2(4) 4(3) 2(4) 

C(21) 17(3) 47(6) 30(4) —5(4) 1(3) —11(5) 

0(21) 26(3) 53(4) 44(4) —11(3) —1(3) 2(3) 

C(31) 46(5) 31(5) 26(4) —1(4) —11(4) —2(4) 

0(31) 42(4) 37(4) 47(4) —7(3) 7(3) 6(4) 

C(41) 35(4) 36(5) 23(4) 2(4) —1(3) 1(3) 

C(51) 32(5) 52(6) 25(4) —12(4) —2(3) —9(4) 

N(1) 35(4) 38(5) 29(4) 1(4) 3(3) 0(4) 

C(2) 35(5) 36(5) 34(5) 0(4) 5(4) 7(4) 

0(2) 34(4) 45(4) 66(5) —3(3) 14(4) —3(4) 

N(3) 34(4) 40(5) 42(5) 5(4) 5(4) —3(4) 

C(4)  44(6) 37(5) 39(5) —1(4) 1(4) —3(4) 

0(4) 52(5) 54(5) 59(5) 2(4) —4(4) —22(4) 

C(5)  34(5) 40(6) 69(8) —4(5) —1(5) —13(5) 

C(6)  32(5) 45(6) 40(6) 0(4) 9(4) 7(5) 

,31k 



TabLe 5:4 Interatomic bond Lengths (A) and angles (°) 
with estimated standard deviations in parentheses. 

'=xsysz-1;°'=-x,ysi-zs • ° '=-x ,y.-z siv xsy-1 sz+1 

Cobalt coordination. 
Co(1) 	 Co(2) 	•2.992(2) 
Co(1)-0(9) 2.083(6) Co(2)-0(7) 	2.135(7) 
Coi 1)-0(10) 2.108(9) Co(2)-0(20) 	20076(9) 
Co(1) -0(8) 1  2.169(7) Co(2)-0(8)' 	2.126(7) 

0(9)-Co(1)-0(10) 	91.8(3) 	0(7)-Co(2)-0(20) 	91.0(3) 
0(9)-Co(1)-0(8)" 	87.4(2) 	0t7)-Co(2)-0(8)' 	8702(2) 

0(9)-Co(1)-0(8)" 	8303(2) 	0(7)-Co(2)-0(8) " 	85.2(2) 
0(9)-Co(1)-0(9)'" 	167.5(3) 	0(7)-Co(2)-0(7)'' ' 	169.0(3) 
0(9)-Co(1)-0(10)"' 	96.8(3) 	0(7)-Co(2)-0(20)"' 	96.8(3) 
0(10)-Co(1)-0(8)' 	178.6(3) 	0(20)-Co(2)-0(8)' 	177.5(3) 

0(10)-Co(1)-0(8)" 	88.2(3) 	0(20)-Co(2)-0(8) " 	88.7(3) 
06.0)-Co(1)-0(10)"'9300(3) 0(20)-Co(2)-0(20)" 189.7(4) 
0(8)'-Co(1)-0(8)" 90.5(3) 0(8)'-Co(2)-0(8)" 9209(3) 

Co(1)-O(8)(iv)-Co(2) 	88.3(2) 

Phosphate group. 
P-0(5) 	1.593(6) 	P-0(8) 	1.521(5) 
P-0(7) 	1.532(8) 	 P-0(9) 	1.504(8) 

0(9)-P-0(7) 	115.1(4) 	0(7)-P-0(8) 	111.0(4) 
0(9)-P-0(5) 	102.1(4) 	0(5)-P-0(8) 	107.0(3) 

0(7)-P-0(5) 	107.0(4) 	0(9)-P-0(8) 	113.8(4) 
Co(1)-0(9)-P 	126.9(4) 	Co12)-0(7)-P 	123.0(4) 

Co(1)(iv)-0(8)-P 	130.5(5) 	Co(2)(iv)-0(8)-P 	134.9(5) 

P-0(5)-C(51) 	123.1(6) 

Ribose sugar. 

C(11)-C(11) 	1.448(12) 	0(11)-C(41) 	1.467(12) 

C(11)-C(21) 	1.526(16) 	C(21)-C(31) 	1.518(14) 

C(21)-0(21) 	1.428(11) 	C(31)-C(41) 	1.525(13) 

C(31)-0(31) 	1.408(13) 	C(41)-C(51) 	1.501113) 

C(51)-0(5) 	1.439(12) 	N(1)-C(11) 	1.494(14) 

C(41)-O(11)-C(11) 110.1(7) 	0(11)-C(11)-C(21) 

O(11)-C(11)-N(1) 107.7(8) 	C(21)-C(11)-N(1) 111.6(7) 

C(11)-C(21)-C(31) 101 .9(7) 	C(11)-C(21)-0(21 ) 106.9(7) 

C(31)-C(21)-0(21) 113.4(9) 	C(21)-C(31)-C(41) 

 105.5(8) 

102.4(8) 

C(21)-C(31)-0(31) 112.8(9) 	C(41,)-C(31)-0(31 ) 112.3(8) 

C(31) -C (41)-0(11 ) 103.7(7) 	C(31)-C(41)-C(51) 115.8(8) 

D(11)-C(41)-C(51) 11 0.0(8) 	C(41) -C(51)-0(5) 108.1(7) 

85 
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Uracit 	base. 

N(1)-C(2) 1.364(14) N(1)-C(6) 1.380(14) 

C(2)-N(3) 1.362(14) C(2)-0(2) 1.238(13) 

N(3)-C(4) 1.379(14) C(4)-C(5) 1.431(17) 

C(5)-C(6) 1.310(17) C(4)-0(4) 1.243(14) 

C(6)-N(1)-C(2) 

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

N(1)-C(2)-0(2) 

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

N(3)-C(4)-0(4) 

C(4)-C(5)-C(6) 

119.6(9) 

116.1(9) 

121.6(10) 

125.4(9) 

119.4(10) 

119.5(10) 

C(6)-N(1)-C(11) 

N(1)-C(2)-N(3) 

N(3)-C(2)-0(2) 

N(3)-C(4)-C(5) 

C(5)-C(4)-0(4) 

C(5)-C(6)-N(1) 

124.3(9) 

116.9(9) 

121.6(10) 

115.0(10) 

125.5(11) 

123.6(10) 

Hjdro en bonds. 

N(3).o.0(31)1 2.789(12) 0(21).090(4)-z 2.770(12) 

0(2)...0(50) 3 2.77(2) 0(10)9990(40)4. 2,7(2) 

0(40)...0(4)5 2.80(2) 0(30)...O(31) 2.713(13) 

0(60)...0(80) 2.71(7) 0(7)...0(30) 2.837(12) 

0(20)...0( 70) 2.76(7) 

0(40)...0(60)6 2.79(6) 

= I/ 2->< -1/2 r~, -2 	4.= 	y / 

2:  	//24 y , - 7 
= 	1 /2.- 	, 	- I/2+ 	f- H 

	C:  
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Table 5:5 Least-squares planes, with estimated standard 

deviations in parentheses. Distances are given in Ā. 

Uracil base. Equation -4.307x + 10.094u - 3.305z + 2.727=0 

Defining plane: 

N(1) -0.005(9) 	C(2) 0.008(9) 	N(3) -0.002(10) 

C(4) -0.008(11) C(5) 0.012(13) C(6) -0.006(11) 

Not defining plane, 

0(2) 	0.050(9) 	0(4) -0.018(10) C(11) -0.041(10) 

Ribose sugar. Equation 19.53x + 3.65j + 3.22z - 6.529 = 0 

Defining plane 

C(21) 0.029(12).C(11)-0..048(10),0(11) 0.050(7),C(41)-0.041(11) 

Not defining plane C(31) -0.600(9) 

Table 5:6 Ribose sugar conformation, defined according to 

S'aenjer (17). 

to 8.8 	XIC11—N1) 

Ti 329 	 1P 00 

T2 40 	) OC 

T3 325 	 Y'• 

T4 17 

190 anti 

295 jauche,jauche 

51 about C(51)C(41) 
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Gljcoscidic bond Ot11)C(11)N(1)C(2) X = 190 (anti) 
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Chapter 6 

The crystal and molecular structure of the assym-

etricaLLy bridged osmium dioxo complex Di—u—oxo-

bisl (cyclohexane-1,2—dloLato)oxo(quinucl.1dine) 

osmi um( v i) ], I OsOZ (C4H,o 02) (C;H1; U) ]z. 

Introduction. 

Osmium tetraoxide forms adducts with a wide range of 

tertiary amines, giving compounds of formula 0s04 Ln  (where 

n is 1 or 2). These greatly speed up the catalytic hydrox-

ylation of alkenes to cis dioLs (1,2,3). They are also of 

considerable interest as models for the staining agents 

used in electron microscopy of plant tissue containing 

unsaturated alkaloids with tertiary amine units (4). 

One such adduct is formed with quinuclidine, and has the 

stoichiometry 0504  :quinuclidine. This reacts with cyclo-

hexēne to form a compound of empirical formula OsO4._ :quin-

uclidine:cyclohexene (5). This is diamagnetic, and thus 

expected to contain trans oxo Ligands, 	and a suggested 

structure represented by fig b:ct. 	O 

For the d2  electron configuration 	11/
0 

 
L 	Os 

of osmium(VI) this would Lead to 	11N0 
the dxz and dyz orbitals forming 

nil 

l—bonds to oxygen, Leaving the 

dxy orbital non—bonding and 	
Figure 6:a 

filled with the two 'd' elec- 

trons. The vibrational spectra of the species, however, 

indicated a non—Linear arrangement of the 0=0s=0 unit (5), 

and since crystals suitable for X—ray study were available 

the determination was carried out (7). 

Experimental. 

Osmium tetraoxide (1.Og) dissolved in 20 cm3  of water was 

slowly added to a solution of quinuclidine hydrochloride 

(0.578) in 10 cm3  of water, the solution having been adjus-

ted to pH7 with sodium hydroxide solution. The adduct form-

ed as an orange precipitate, which was filtered, washed, 

and dried under vacuum. A solution of this adduct, 0504 : 

quinuclidine (0.50, in 10cm3  of diethyl ether was made up, 

to which 5 cmc  of cyclohexene• was added, and the mixture 

cooled to 0°C. Dark brown crystals of stoichiometry Os04_ : 
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quinuclidine:cyclohexene were formed (5). Analysis results 

are ; Found C=35.03%, H=5.26%, N=3.06%* Calculated for 

C13 H23 N 04 Os :C=34.09%, H=5.18%, N=3013%* 

Preliminary oscillation and Weissenberg photographs showed 

the crystals to be orthorhombic, space group Qbca (No*61), 

with unique systematic absence conditions OkL, k=2n4-1; 

hot, 1=2n+1; hkO. h=2n+-10 A crystal, 0014 x 0012 x 0.26 mm* 

was mounted with its 'c' axis parallel to the ill axis of the 

diffractometer, and measurement of high-angle axial Cu K 0(1 0 

and K&2. reflections gave unit-cell dimensions of :-  
0 

a=23.394(1), b=10.303(1), c=11.7 43(1)X* 43(1) 	. Other unit-cell 

parameters are Z=4 dimeric molecules, U=2830.4 A , F(000)= 

1728, Dcalc= 2.108/cm ,F=174-049 cm I  ,MW=895006. Data were 

collected using the usual procedures to a 6 max of 55°, at 

1000 reflections per day* 1784 unique reflections were 

measured, and processed in the usual way* During the Later 

stajes of refinement it was noted that some very weak refl-

ections were calculating with extremely Low F's. The data 

wesve then reprocessed using a sigma value of 3 to code the 

unobserved reflections in the hope of raising the thresh-

hold to include the 'dodgy' reflections* This resulted in 

139 unobserved reflections. The 10,3,0 reflection was mon-

itored as a reference; its nett count did not alter 

sisnificantty over the period of data collection and it was 

used to scale the reflections* At a Later stage the data 

was corrected for absorption using a 10 x 10 x 10 grid* 

Solution and refinement of the structure. 

A sharpened, origin-removed Patterson synthesis rapidly 

allowed allocation of unique osmium co-ordinates, and a 

difference Fourier gave R=0022, from which all the other 

non-hydrogen atoms were located without difficulty. With 

the osmium refining anisotropically and aLL the other non-

H atoms isotropically, R was 0.080. The application of 

various corrections made very little individual i mpro+ent. 

and the final fully anisotropic full-matrix Least-squares 

refinement gave R--0.059. This Included absorption corrected 

data, anomalous dispersion correction for Os, the insertion. 
A 

of hydrogen atoms as fixed-atom contributions, with U=0.04f. 

and removal of the strongest (240,0) reflection as suffer- 

ing from extinction. The structure-factor Listings (plot) 
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N11' 	C 61 

01 	02 
0 s 

0 s' 

0 2' 
C12 	022 

C 2 2 

C42 	C32 

Fijure 6:1 The dimeric molecules with thermal eLLipsoids 

seated to include 30% probabiti ty. 
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show for about 25 weak observed reflections that Fobs is 

appreciably higher than Fcalc. This might be due to slight 

disorder in the region of the quinucLidine moiety, where 

one rather Long C—C bond is obtained. Final atomic co—ord-

inates are in Table 6:1, with anisotropic temperature 

parameters in Table 6:20 Calculated hydrogen atom positions 

are in Table 6:30 

Description and discussion of the structure 

Figure 6:2 shows the dimeric molecule E0s01.(O1C6H10 ) 

C?H13N )72. in which the two monomers are held together 

through two oxygen bridges, and are related via a centre of 

symmetry. The 0s102 bridge is unique in being asymmetric, 0 
with independent Os-0 distances of 1.78(1) and 2022(1) R. 
The only other structure containing an asymmetric bridge 

is I Na(NH4,)MoO3(C~04) )n (10) , where there 	is a single oxo 

Linkage having Mo—O bonds of 1.873 and 2.230 X. In 

the title compound the shorter bridge bond is slightly 

longer than the terminal oxo Ligand (Os-0 1.73(1) X). This 
0 

compares with Os-0 of 1.712 A in 050+ itself (1.3), and 

is somewhat longer than the values found for Os-0 apical 

bonds in some square—pyramidal osmium structures; eg 10575 

(7) Ā in Os.0 (02Cx(CH3)¢ )Z (8), and 1.670 4iQQfor the diester 4
compound 0s0(02C2H4) (9). Octahedral Os=0 bonds have values 

0 
of ca. 1.74 A, eg 1.75(2) 	(ref14), 1.734 and 1.714 (ref15) 

and 1.73 and 1.75A(ref11). 

Table 6:4 gives all the interatomic bond Lengths and 

angles of the dimeric molecule. The two ester bonds are 

similar to those found for other osmium(VI) diotato species 

for example; 1.863(7) and 1.876(6) in ref.(8), 1.873(7) and 

10896(8) A in ref(9)o The Longer bridge bond is obviously 

sufficient to hold the dimer intact during crystallisation. 

Its weakness can, however, be asses) d by comparison with 

the 2.00 A reported for an osmium(VI)—OH bond (12). The 
0 

nitrogen bond to the quinucLidine unit at 2.23(1) A is 

Longer than normally found, but not exceptional, similar 

values of 2.164 and 2.173 Ā found in (0s0(O—methyLthymine) 

pg2) (11). 

The quinuclidine Ligand has internal bond Lengths similar 

to those reported in other structures containing it, eg 

dimethgtbis(quinuclidine)magnesium (16)0 This has averages 
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for the three different types of bonds as N-C 10501, C-C 
0 

10569, and C-C bridgehead 10547 A0 These compare with 1.50, 

1.53 and 1.55 found in the title complex. (However the long 

C(41)-C(51) distance, and the thermal ellipsoids of these 

two atoms suggest that there may be a trace of disorder 

present). 

The cyclohexane ring has a chair conformation, and again 

has typical interatomic bond Lengths and angles. The ester 

ox,•gen-carbon distances, 1.45(2) and 1.48(2)X, are slightly 

Longer than the literature mean for 'organic' esters (1.426 

ref017). The increased length is consistent with similar 

findings for osmium diester complexes. Torsion angles for 

the cyclohexane ring and quinucLi fine Ligand are in Table 

6:5o 

The complex is known from molecular w. ;;ht determinations 

to be monomeric in chloroform (found 465, talc 447 ), which 

indicates the breaking of the double oxo bridge. The vibra-

tional spectra show two pairs of bands assignable to C=Cs=O 

stretching; a polarised strong Raman band at 923 car' with 

a weak for equivalent at 919 cm I  ; and a weak depolarised 

Raman band at 881 cm-I, having a stong i.r counterpart at 

879 cm-1  e These have been assigned as Vsymm and Vasymm 

0=0s=0 stretches respectively, which indicates a non-Linear 

0=0s=0 unit (q.v cis dioxo species (6)). From the observed 

solid state dimer it is likely that the monomer has a 

trigonal bipyramidal structure with terminal oxo Ligands in 

the equatorial plane, and an axial quinuclidine Ligand. 

Equatorial oxo Ligands are known in Ru03(OH2) (18), but not 

in any d2  species at present. 

The dimer can be seen to arise from the approach of two 

trigonal bipyramidal molecules in such a way as to open 

up the erstwhile 0=0s=0 angle, of cao 120°  , to 154 in the 

dimer, forming a Long oxygen bridge Linkageo 

Figure 6:3 shows a view of the packing of the unit cell. 

Space filling diagrams (Figure6:4) show the molecule to 

have an approximately ovoid shape. The crystallinity must 

be maintained by Van- ('r-Weals forces, there being no 

opportunity for hydrogen bonding. 
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Fijure 6:2 
C 

A stereoso, is view of the contents of the unit 

Fijure 6:3 A space— f i LL inj di ajrarn of the Jimera 



Atom 

Os 

0(1) 

5(2) 

0(12) 
U(22) 

C(12) 
C(22) 
C(32) 
C(42) 

C(52) 

C(62) 

N( 1  (11) 
C(21) 

C(31) 
C(41) 

C(51) 
C(61) 
C(71) 
C(51) 

x 

0403048( 3 ) 

0.0171(5) 

-0.0195(4) 

0.0745(4) 

0.1055(4) 

0.1359(7) 

0.1502(7) 

0.2068( 7 ) 
0.2189(8) 
0.2099 (9) 
0.1482(8) 

-0.0478(5) 

-0.0966(7) 

-0.1501(7) 

-0.1368(7) 

-0.1125(8) 

- 0.0638(7) 

-0.0354(7) 

-0.0890(8) 

Table 6:1. Fractional. co-ordinates of the non-
hjdrojen atoms, with estimated standard deviations 
in ;parentheses. 
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z 

041 1 51 1 ( 7 ) 0,07024(7) 

C.1101(11) 042151(0) 
-0.0677(11) 0.0733(9) 

0.2669(12) 0,0452 (11) 
C.0287(10) 040845 (10) 
0.2466 (1 W ) 0.0695(18) 
0.1117(18) 0.0390 (14) 

0.O654(19) 0.0689 ( 21 ) 
C.0959(21 ) 	0.11974(19) 

0.2353 (22. ) 	0.2217(22) 
0.2799 (19 ) 	001916 (19) 
O.2385(13) 	0.0609 (12) 
01,1753(16) 	041211 (13) 

0.2610(20) 	0.1128(20) 
0.3891 (18 ) 0.0576 (1 7) 

0.3646 (21 ) -0.0636 (18 ) 
0o2695(17 ) -040592(16) 
0.3656(17) 0 .1215(16) 
0.4517(19) O.1200(19) 
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TabLe 	6;2 Anisotropic 	temperature 	factors, 	with 

estimated 	standard devia:-ions 	i.n parentheses. 	Os 
02 

x10+ 	others 	x10* P 

Atom 	511 	022 	533 	512 	U13 	U23 

Us 310(4) 335(4) 554(5) 19(3) -26(3) 4(4) 

5(1) 54(7) 51(7) 49(7) 7(6) -20(6) 1(6) 

3(2) 25(5) 50(7) 39(6) 12(5) -2(5) 14(6) 

3( 12) 33(s) 51(7) 73(8) 2(6) 0(6) 0(7) 

3(22) 53(6) 42(7) 64(6) 1(5) -4(6) 5(6) 

C(12) .36(9) 46(11) 37(15) 7(S) -17(10) 22(11) 

C(22) 34(9) 61(12) 44(10) -1(9) -2(8) 13(9) 

C(32) 36(10) 55(12) 111 (16 ) 4(S) 15(11) 6113) 

C(42) 52(12) 74(15) 77(14) 10(11) 13(11) 16(12) 

C(52) 73(14) 65(14) 102(20) -10(1.3) -24(14) • 6(14) 

C(62) 55(12) 50(13) 90(16) -3(10) -1 (12) -9(12) 

N(11) 36(7) 32(7) 55(9) 7(6) -5(7) -10(7) 

6(21) 44(10) 45( 10) 26(8) 1(6) 10(7) -9(6) 

C(31) 38(10) 56(12) 104(17) 1(10) 11(11) 3(12) 

C(41) 4+(10) 53(11) 73( 13) 2(S) 37(10) -12(11) 

C(51) 62(13) 77(15) 70(13) 27(11) -25(11) 22(12) 

C(61) 43(9) 40(10) 50(12) 0(E) 10(9) -16(5) 

C(71) 41( 10) 42(10) 63(12) .3(3) -5 (9) -14(10) 

C(31) 50(11) 51(12) 85(15) -3(10) -7(11) -5(11) 



Table 6:3 CaLcutated hydrogen atom postions. 

The first two digits are those of the parent atom 

Atom x 	y 	z 

H(12) 0.160 0.307 0.022 

H(22) 0.146 0.104 -0.048 

H(321)  0.212 -0.031 0.059 

H(322)  0.239 0.111 0,021 

H(421)  0.192 0.044 0.247 

H(422)  0.260 0.071 0.221 

H(521)  0.219 0.259 0.305 

H(522)  0.238 0.293 0.175 

H(621)  0.120 0.230 0.244 

H(622)  0.142 0.375 0.207 

H(211)  -0.104 0.088 0.035 

H(212)  -0.086 0.161 0.203 

H(311)  -0.181 0.215 0.067 

H(312)  -0.166 0.278 0.191 

H(41) -0.173 0.443 0.052 

H(511)  -0.144 0.331 -0.121 

H(512)  -0.098 0.451 -0.103 

H(611)  -0.075 0.187 -0.100 

H(612)  -0.029 0.306 -0.101 

H(711)  -0.021 0.346 0.201 

H(712)  -0.004 0.413 0.080 

H(811) -0.103 0.459 0.210 

H(.812)  -0.081 0.541  0.099 
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TabLe 6:4 Interatomic bond Lengths (X) and angles ( 0) 
with estimated standard deviatians in parentheses. 
(i) refers to position -x.-y,-z 

Osmium co-ordination. 
Os-O(1) 	10730(11) 

Os-O(2) 	2.217(11) 

Us-O(12) 	1.895(12) 

U(1) -0s-0(2) 	84,6(5) 

Us-0(22) 	1.975(10) 
Js-h(1 1 ) 	2.231 ( 12 ) 
Os-G(2)' 	1.779(11) 

(3(2)-1s-O(22) 	94.8(4) 
O(1)-Os-O(12) 103.4(5) U(2)-Os-N(11 ) 93.0(4) 
O(1)-Os-O(22) 95.1(5) O (2 ) -Cs-0(2) 73.0(4) 
O(1)-Os-N(11) 83.5(5) O(12)-05-0(22 ) 34.4(4) 
O(1)-Os-O(2)' 156.2(5) 0( 12) -Os-N( 1 1 ) 83.1 (5) 
O(2)-Os-O(12) 172.0(5) O( 12)-  99.1(5) 
0(22) -Os-N (11) 171.9(5)  O( 22)-0s-0(2  )' 94.9(5 ) 
N(11)-Os-O(2)' 89,5(5) Os-O(2)-Us' 107.0(5) 

Cyclohexane moiety. 

C(12)-0(12) 1048(2) C(12)-C(22) 1.47(3) 

C(22)-C(32) 1.49(2) C(22)-O(22) 1.45(2) 

C(32)-C(42) 1.56(3) C(42)-C(52) 1.s2(3) 

C(52)-C(62) 1.54(3) C(62)-C(12) 1.50(3) 

C(62)-C(12)-C(22) 

0(12)-C(12)-C(22) 

C(12)-C(22)-O(22) 

C(42)-C(32)-C(42) 

C(42)-C(52)-C(62) 

C(12)-0(12)-Os 

114(2) 

108(1) 

108(1) 

108(2) 

111(2) 

112(1) 

C(62)-C(12)-O(12) 

C(12)-C(22)-C(32) 

O(22)-C(22)-C(32) 

C(32)-C(42)-C(52) 

C(52)-C(62)-C(12) 

C(22)-C(22)-Os 

11011) 

117(2) 

113(1) 

111(2) 

110(2) 

110(1) 

QuinucLidine 	moiety. 

N(11)-C(21) 1.49(2) N(11)-C(61) 1.49(2) 
N(11)-C(71) 1.52(2) C(21)-C(314 1.54(2) 
C(31)-C(41) 1.50(3) C(41)-C(51 ) 1061(3) 

C(41)-C(81) 1.53(3) C(51)-C(61) 1051(:3) 

C(81)-C(71) 1.54(3) 

C161)-N(11)-C(21) 110(1) C (6 1 )-N(11 )-C(71) 108( 1  ) 
C(61)-N(11)-Os 112(1) C(21)-N(11 )-Os 111(1.) 
C(21)-N(11)-C(71) 107(1) C(71 )-N( 11)-Us 108(1) 
N(11)-C(21)-C(31) 110(1) C(21 )-C( 334)-C(41) 1 1 1 (1 ) 
C(31)-C(41)-C(51) 110(2) C(31)-C(41)-C(81) 107(2) 
C(81)-C(41)-C(51) 10811) C(41)-C(51)-C(61) 108(2) 
C(51)-C(61)-N(11) 114(1) N(111-C(71)-C(81) 111(1) 

C(71)-C(81)-C(41) 109(2) 

100 
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TabLe 6:5 Torsion angles 	for 

.4,uinuclidine 	moieties. 	Errors 

the cycLohexane and 

in the 	an3Les are ca. 	10 

Cjc Lohexane: 

C(62)C(12)C(22)C(32) —51 C{12)C(22)C(32)C(42) 51 

C(22)C(32)Ci42)C(52) —56 C(32)C(42)C(52)C(62) . 	60 

C(42)C(52)Ci62)C(12) —56 C(52)C(62)C(12)O(12) 172 

O(12)C(12)C(22)O(22) —45 C(62)C(12)C(22)O(22) 77. 

Qu i nuci (d ine: 

N(11)C(21)C(31)C(41) —6 C(21)C(31)C(41)C(51) 60 

C(31)C(41)C(51)N(11) —57 C(21)N(11)C(31)C(71) 128 

N(11)C(81)C(71)C(41) 7 C(31)C(71)C(41)C(31) —121 

C(21)N(11)C(71)C(81) —55 NC 11)C(71)C(51)C(41) —7 

C(71)C(81)C(41)C(31) 63 

101 
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Chapter 7. 

The crystal and molecular structure of 

u—cycLooctane—1,2— diolato-5,6—dioLato—bis-

(dioxodipyridine osmium(vi)) tetrahydratee 

Introduction. 

In chapter 6 the outline of the preparation and use of 

osmium tetraoxide adducts was mentioned. 0s0y., with alkenes 

give products of stoichiometry 0s04:0,LR ,which are in fact 

dimeric, containing an OsOzOs bridge, with each osmium co-

ordinated in a square—base pyramidal fashion (1,2). 

The presence of tertiary amines greatly accelerates the 

cis hydroxylation of double bonds for which osmium tetra—

oxide is classically known (3,4,5,6). This gives compounds 

of stoichiometry 0s04RL2  ,where R is any alkene, or 0504 RL 

for Lower Ligand concentrations. Cs04is widely used as a 

staininy agent for electron microscopy of plant tissue (7), 

and the existence of both unsaturated compounds and tert-

iary amines in natural products prompts the study of such 

compounds* With diener, the product depends on the ratio of 

0s04 to diene. With 2:1 0s04:diene, products of stoichio- 

metry (0504 )2R.Pyil_ 	are formed in the presence of excess 

pyridine. A ratio of 1.50sO¢ :diene produces mono—osmium 

addition. During the course of this work the isolation of a 

crystalline complex with cjclooctadiene enabled the charac-

terisation of the first osmium—diene complex to be carried 

out, by single crystal X—ray di f fractometryo 

Experimental. 

(Chemistry from ref. 8) 

A solution of osmium tetraoxide in ethanol containing 2.5 

times the molar amount of pyridine was mixed with a diethyl 

etheric solution of 1,5—cyclooctadiene at 0.5 molar amount 

under nitrogen. Large black crystals were formed and washed 

with dry diethyl-ether. Analysis of the crystals gave C= 

35.99Y H=3.45%, N=5.57:. Calculated results were for the 

f ormuta (OsOx)(04 CB H1 2) (C5 H5 N)41„: C=36.05% H=3.46% N=6.01% 

(8). On solution of the structure it was found that 	in the 

crystal under study there were 4 water molecules per cycto-

octadiene. which would give •calculated constitutions of 

C=33.46% H=3.98%, N=5.57%. It seems likely that the sample 
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used for analysis was dried beforehand. 

Preliminary oscillation and Weissenberg photographs 

showed the crystals to be orthorhombic• with probable 

space group P2221  . The absence condition along the screw 

axis was not exactly observed, some very weak reflections 

with L=2n+1 being noted. The alternative orthorhombic 

space group, P222, did not allow sensible refinement, 

P2221 was confirmed on structure refinement. The presence 

of the weak axial reflections, if genuine, might be due to 

the disorder of one of the pyridine rings. 

A crystal, 0.45 x 0.35 x 0.25 mm, was mounted with its 

'a, axis parallel to the 4l axis of the diffractometer. 

Measurement of 9 high—angle Cu K 6L, reflections followed by 

least—squares fitting gave unit—cell dimensions of :-  
e3 

a=8.363(1), b=14.546(1), c=14.441(1) R, U=1756.8 Ao Other 

crystal parameters are orthorhombic, space group P2221 (No. 

17) ,' Z=2 formula units, MW=1 005.04 (C28 H40 N4 012 0s2) , 

F(000)=968, DcaLc=1.90 gm/cm3  ,t+(CuKa)=142.2 cm-1. 

1980 reflections were collected to 9=70°, at about 1000 

reflections per day, of which 41 were considered as unob- 

served as their nett count was Less than 2.59 	cr I. The 

0,6,7 reflection was monitored as a reference every 50 

reflections, and used to scale the data. Its nett count did 

not alter significantly over the period of data collection. 

The usual Lorentz and polarisation corrections were applied 

At a Later stage the data w4=v2  corrected for absorption by 

using a 10 x 10 x 12 grid* Several runs were made in an 

attempt to account for the shape of the crystal, which had 

two curved faces. Although any description brought a great 

improvement over uncorrected data, differing details of the 

crystal description did not further improve agreement* 

Finatt;,, the stkongest 101 reflection was removed because 

its absorption correction was the Largest, and very sens-

itive to the description of the curved faces. 

Solution and refinement of the structure. 

A sharpened, origin—removed Patterson synthesis gave the 

osmium co—ordinates easily, and confirmed the presence of 

2 sL,mmetry within the cell.. This required that the diene 

must tie on a two—fold axis. A structure factor calculation 

with osmium only gave R=0.17, R for P222 being 0.39. From 

so 
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the delta-Fourier synthesis most of the remaining non-

hydrogen atoms could be determined, and a few cycles of 

isotropic refinement found aLL of the diene molecule and 

pyridine Ligands, plus four isolated water molecules. 

At this stage it was noted that one of the pyridines 

was refining with very high temperature factors and unusual 

bond Lengths: attempts at refinement in different space 

groups proved unsuccess full The conclusion is that there is 

some positional disorder of the pjridine which cannot be 

easily fitted to a simple alternative orientation of the 

gro upo 

Refinement using anisotropic temperature factors and absor 

ption corrected data gave n=0.069. Application of anomalous 
dispersion correction for osmium gave R=0.067 and 0.064 for 

the two possible configurations of the molecule. Two strong 

reflections were flagged to be omitted as they were thought 

to b'e suffering from extinction. Application of the usual 

weighting scheme with F*=45 gave the final R of 0.062. This 

included calculated hydrogen atom positions for the cyceo-

octane ring and one of the pyridine ligands. They were 

given the isotropic temperature parameters of their parent 

atoms. 

The final difference Fourier synthesis shows peaks close 

to the osmium of ca leA, which may reflect either absorp-

tion error, or some general disorder of the whole molecule. 

Table 7:1 	Lists refined atomic co-ordinates, Table 7:2 

anisotropic thermal parameters. and Table 7:3 calculated 

hydrogen atom positions. Observed and calculated structure 

factor ampli tudes .are on page 115, 

Description and discussion of the structure. 

Figure 7:1 shows the molecule of cycLooctane-1,2-diotato-

5,6-diotato-bis(dipyridiredioxoosmium(vi )). The molecule 

Lies across a crystallographic diad, which passes perpend-

icular to the tine joining the two osmium atoms. The 

osmium is octahedralty co-ordinated to two cis pjridine 

Li,,ands, two trans oxo Ligands, and two cis diotato oxygen 

atoms. The environment about each osmium atom is typical, 

and finds parallel in four monoalkene compounds: Adenosine 

bis(pjridine)osmate(vi) (9), an anthracene-bispyridine-

dioxo compound (10). a methyLamine-bispyridinedioxo comp- 
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ound (11)9 and a thymine hispjridineoxo compound (12)0 

The structure is the first reported osmium—diene compound. 

Internal bond Lengths and angles are given in Table 7:4 

from which it can be seen that the values are typical of 

six co—ordinate osmium (vi). Literature averages for the 
0 	0 	0 

bonds are as follows; Os —N 2.14 X, Os=0 1.73 X. Os—O 1.96 A 

(10,11), with the averaged values for the title complex of 

Os—N 2,319. Os=0 lo72, Os—O 1o95 X. Care must be taken with 

conclusions from these values, however, as some distortion 

of the bond Lengths may be caused b& the disorder within 

the structure. Bond angles are unremarkable except for the 

O=Os=O angle of 163.5(7) , which is significantly bent from 

the theoretical trans angle of 130.0°. Most other angles are 

within 54of expected values for octahedral stereochemistry. 

Bond Lengths within the organic part of the molecule are 

typical and require no further comment within the Limited 

accuracy of the determination. The second pyridine ring shows 

signs of probable slight disorder, consistent with high tem-

perature parameters for all but the nitrogen atoms The pat-

tern of the thermal ellipsoids suggests both "bending" and 

"rotation" about the Os—N(21)—C(24) vector, pivoting at 

N(21). 	The mean bond Lengths of this ring are slightly 

shorter, C—C 1.36 C—N 1.349 than the other ring which has 

C—C 1.39, C—N 1.30. This is typical of high thermal para-

meters, which in turn are consistent with positional dis-

order. (See Figure 7:2) 

The conformation of the cyclooctane ring is given in table 

7:5, and indicates a "trans" orientation of the erstwhile 

double bonds, with the two osmium diester Linkages on opp-

osite sides of the cyclooctane ring (see below). 

Trans 	 Cis 



Fi,,a.tre 7:2 A view showinj thermal. ellipsoids, at 30% probabi Lity 

The disorder of thesecond ring is apparent. 
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Figure 7:3 A stereoscopic packinj diagramv 
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An interesting feature 	the 	structure is the presence 

of two free water molecules 0  These are not co—ordinated to 

the metal atom, but hddrojen bond to the co—ordinated 

ox;; jcn atoms at 2.74 1 (0(6)-0(4)), and 2.76 A (0(5)-0(2)). 

Both the unique wafer molecules Lie close to diads, but 

arc reasonable distances apart, 0(5)-0(5) 2.70 and 0(6)— 

0(6) 2075 2. The presence of the water is interesting in 

that no hydrolysis of the osmate ester has taken place to 

v e a cis— diol. Such an observation is not unique, ref 

(11 ) reports a single unco—ordinated water molecule• but 

the ratio of two water molecules per doubLe bond is twice 

that prcviousLy observed. 

Fi,;ure 7:3 shows a packing diagram. from which it can 

be seen that the structure is maintained by two intro—

molecular hydrogen bond Links via th- water molecules. 

There 	are no heavy atom contacts less than 3.0 X. Apart 

from the hydrogen bonds the shortest hydrogen—heavy atom 
0 

contact is 20.i A between 0(4) ani H(15). 	There 	is nothing 

obvious to account for the disorder of one of the pgridine 

moeities. Figure 7:4 is a space—filling diagram of the 

molecule, without the water molecules included. 

Figure 7:4 A space filling drawing of the molecule, 

Ring 2 
	

Ring 2 



Table 7:1 FractionaL atomic coordinates with estimated 
standard deviations in parentheses. 
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Atom 

Us 

0(1) 

0 (2) 

5(=) 

0(4) 

0(5) 

0(6) 

C(10) 

C(20) 

C(30) 

C(40) 

N (1 1 ) 

C(12)  

C(13)  

C(14)  

C(15)  

C(16)  

N(21) 

C(22) 

CC23) 

C(24)  

C(25)  

C(26)  

x 	 J 

0.21713(7) 0.21372(4) 0.01480(4) 

0.1327(22) 0.1473(10) 0.0956(10) 

0.3400(19) 0.2935(7) -000431(10) 

0.2112(15) 041239(8) -3.0351(9) 

0.0177(15) 0.2598(7) -0.0370(7) 

	

0.5761(37) 	0.3427(20) -0.1674(17) 

	

-0.1812(29) 	0.4002(13) -0.0260(14) 

0.0466(23) 0.2846(11) -0.2039(11) 

	

-0.0164(21) 	0.2194(10) -0.1271(10) 

0.0534(22) 0.1250(12) -0.1269(12) 

	

0.0739(24) 	000767(12) -002186(12) 

0.4453(15) 0.1540(10) 0.0633(9) 

0.4446(24) 0.0636(14) 0.1001(16) 
0.5797(39) 0.0272(15) 001231(17) 

0.7266(30) 0.0721(19) 0.1143(17) 

0.7324(26) 0.1596(21) 0.0772(17) 

0.5778(22) 0.1923(16) 0.0532(14) 

0.2234(2.3) 0.3170(9) 0.1254(10) 

	

0.2097(60) 
	0.3015(0) 0.2122 (15) 

	

0.2173(93) 
	0.3678(31) 0.2771 (18) 

0.2418(76) 0.4527(20) 0.2529(42) 
0.2198(74) 0.4777(13) 001540(26) 

0.2295(54) 0.4076(17) 0.0993(26) 
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Table 	7:2 Anisotropic 	temperature 	factors, 	with 
02 

in parentheses. 	Os 	x 	10000. 	rest x 	1000 A 
e.s.d's 

Atom till U22 U33 U12 U13 U23 

Os 425(4) 415(4) 316(4) 1(2) -23(2) 13(2) 

0(1) 77(8) 83(8) 55(7) -6(3) -11(8) -4(8) 

0(2) 73(8) 53(6) 50(6) -6(6) 3(7) 10(6) 

0(3) 43(5) 53(5) 55(6) 4(5) -8(6) 5(5) 

0(4) 66(6) 45(4) 29(4) 11(5) -4(5) -1(4) 

U(5) 124(20) 200(22) 102(13) 24(20) 43(16) 47(13) 

0(6) 133(15) 95(11) 93(14) 39(12) -1(14) -3(11) 

C( 10) 67( 10) 49(7) 43(7) -3(3) -4(8) -1(7) 

C(2O) 55(8) 46(7) 33(6) 2(7) -9(6) -2(t) 

C(30) 56(9) 57(8) 42(3) t (7) -5(8) -3(7) 

C(40) 70(10) 62(8) 46(7) 13(9) -22(10) -6(8) 

N(11) 43(6) 66(8) 43(6) 6(6) -4(5) 5(7) 

C(12)  59(10) 69(10) 71(11) 9(9) 1(10) 20(11) 

C(13)  99(7) 85(13) 65(11) 29(13) 1(14) 13(12) 

C(14)  74(12) 105(14) 71(12) 37(13) 10(12) 23(13) 

C(15)  51(10) 139(18) 61(11) 14(12) -1(9) 25(14) 

C(16)  38(7) 104(14) 56(9) 2(9) 3(3) 26(11) 

IJ(21) 66(8) 48(6) 49(7) 2(7) -15(3) -16(5) 

C(22)  204(37) 120(20) 37(8) -4(3) -13(15) 11(11) 

C(23)  372(71) 214(36) 50(14) 32(54) -64(26) -42(19) 

C(24)  234(54) 79(16) 244(38) -1(28)- 102(46) -69(24) 

C(25)  283(57) 79(14) 101(22) -15(23) 75(36) 2(16) 

C{26) 203(34) 59(12) 145(27) 3(19) 81(32) 13(15) 



Table 7:3 CalcuLated hydrogen atom positions. The 
first two digits refer to the parent atom. 

Atom X 	 2 

H(101) 0.159 0.260 -0.223 

H(102) 0.072 0.347 -0.177 
H(20) 	-0.132 0.209 --0.143 
H(30) 	-0.001 0.086 -0.085 
H(401) 0.166 0.108 -0.255 
H(402) 0.109 0.012 -0.207 
H(12) 0.336 0.034 0.103 
H(13) 0.574 -0.036 0,152 
H(14) 0.835 0.043 0.137 
H(15) 0.843 0.1g9 0.066 
H(16) 0.567 0.252 0.021 

Table 7:4 Interatomic bond Lengths (X) and angLes(°), 
with estimated standard deviations in parentheses. 
(')_ -x, y, -1/2-z. 

Os-0(1) 1.672(15) 	Os-0(2 ) 1.761(14) 
Os-O(3) 1.948(12) 	Os-O(4) 1.947(12) 

Os-N(11) 2.210(13) 	Os-N(21) 2.172(14) 
O(1)-Os-0(2) 163.5(7) O(1)-Os-O(3) 96.8(6) 

0(1)-05-0(4) 96.1(7) O(1)-0s-N(11) 85.2(7) 

O(1)-Os-N(21) 84.6(6) O(2)-Os-O(3) 96.0(6) 

0(2)-0s-O(4) 95.2(6) 0(2)-Os-N(11) 84.6(6) 
0(2)-Os-N(21) 82.7(6) O(3)-0s-O(4) 85.7(5) 

O(3)-Os-N(11) 89.6(5) O(3)-Os-N(21) 178.4(5) 

0(4)-Os-N(11) 175.2(5) 0(4)-0s-N(21) 93.5(6) - 

N(11)-Os-N(21) 91.3(6) 
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C(10)-C(20) 1.55(2) 

C(20)-0(4) 	1.45(2) 

C(30)-0(3) 	1.46(2) 
C(40)-C(40)' 1.53(3) 

C(10)-C(20)-C(30) 115(1) 

0(4)-C(20)-C(30) 	108(1) 

C(20)-C(30)-O(3) 	111(1) 
C(40)'-C(40)-C(30) 115(2) 

C(20)-O(4)-Os 	112(1) 

C(23)-C(:30) 1.49(2)  
C(30)-C(40) 1.48(2) 

C(10)-C(10)' 1.54(2) 

C(10)-C(20)-O(4) 	109(1) 
C(20)-C(30)-C (40) 	.120(1) 
C(40)-C(30)-0(3) 	108(1) 
C(10)'-C(10)-C(20) 116(1) 

C(30)-G(3)-Os 	110(1) 
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N(11)-C(12) 1.35(3) N(21)-C(22) 1.31(3) 

C(12)-C(13) 1032(4) C(22)-C(23) 1035(5) 

C(13)-C(14) 1.43(4) C(23)-C(24) 1.30(6) 

C(14)-C(15) 1.38(4) C(24)-C(25) 1.49(7) 

C(15)-C(16) 1.4'2(3) C(25)-C(26) 1.29(4) 

C(16)-N(11) 1.25(2) C(26)-N(21) 1.36(3) 

C(16)-N(11)-C(12) 117(2) C(26)-h(21)-C(22) 115(2) 

N(11)-C(12)-C(13) 123(2) N(21)-C(22)-C(23) 124(3) 

C(12)-C(13)-C(14) 119(2) C(22)-C(23)-C(24) 120 (4) 

C(13)-C(14)-C(15) 120(2) C(23)-C(24)-C(25) 118(4) 

C(14)-C(15)-C(16) 112(2) C(24)-C(25)-C(25) 113(3) 

C(15)-C(16)-N(11) 129(2) C(23)-C(25)-N(21) 127(4) 

Hydrogen bonds. 

0(4)....0(6) 2.74(2) 0(2)...0(5) 	2.76(2) 

0(6)....0(6)*2" 2.75(4) 0(5)...0(5) 	2.70(4) 

Torsion angles. 

C(10)'C(10)C(20)C(30) 89.7 C(10)C(20)C(30)C(40) -42.6 

C(20)C(30)C(40)C(40)' -49.0 C(2&)C(10)Ct1Oy (20)'-g3. 9~ 

C (30)c_(.,0 )C (40 )' C (30) ' 11 7.2 

g:: — ~c  	//2— 2 

2=  	,— ~, — 
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Appendix A. 

The crystal and molecular structure of 

tris-di ethytmalonato-iron(iii). 

Introduction. 

Studies on the compounds of high oxidation states of iron 

have been carried out by the workers of the inorganic res-

earch group of. Professor Wilkinson, with the view to trapp-

ing and characterising a complex. Experimental work involv-

ing R-diketones and Iron(iii) chloride in inert atmosvheres 

Led to the isolation of an unstable, brown crystalline 

substance of suspected constitution re(diethyLmalonate)zCLt  

(1). Since crystals were available, an X-ray structure det-

ermination was carried out in order to elucidate the nature 

of the environment about the iron atom. 

Experimental. 

The compound crystallized as Long brown fibres, with easy 

cleavage along the fibre direction. For X-ray study they 

were mounted in 0.3mm Lindemann tubes un-er nitrogen. 

"reliminary oscillation and Weissenberg photographs gave 

systematic absence conditions of hkl, h+k=2n+1; hOL,L=2n+1. 

monoclinic. These are consistent with either space group Cc 

or C2/c. The Latter was confirmed by refinement. 

A crystal 0.16 x 0.26 x 1.3 mm was mounted on the diffrac- 

tometer with its c needle axis parallel to the 	axis, 	and 

also aligned along th.e Length of the capillary tube, 14 

high-angle CuK at  reflections were measured and analysed by 

a Least-squares procedure. The resulting unit-cell param- 

eters did not correctly drive the diffractometer, and it 
. 

was found that the a axis had changed slightly by 0.01A. 

Recalculation gave actual, unit-cell parameters of a=19.176 

(4), b=11.918(2), c=13.311(4) A, (3 =115.36(2), space 
03 

group C2/c, Z=4 formula units, U=2703.5 A,1=533.31, F(000) 

1124, formula C2.1 H33 Fe 012, dcatc= 1.31 g/cm3 .p= 53.89c771  

1706 independent reflections were measured on the diffrac-

tometer, collecting at ca 600 per day to a e max of 55°  , of 

which 213 were considered unobserved with 1 Less than 2.58 

Q.I. The 11,3,0 reflection was monitored as a reference 

every 50 reflections and used to scale the data . Its nett 

count remained significantly constant during the 3 days of 
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Figure A:1 A view roughly parallel to the pseudo three—fold 
axis of the iron, with thermal ellipsoids scaled 
to include 30% probabttityo The disordered C51 
and C52 atoms have dummy isotropic spheres. 
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data collection. Lorentz and polarisation corrections were 

applied in the usual manner. At a later stage the data was 

corrected for absorption using a 10 x 10 x 12 grid. 

Solution and refinement of the structure. 

Statistical analysis of the data gave a centric distribu-

tion, consistent with space group C2/c. This suggested that 

the molecule ought to tie on a special position, 	either 	a 

centre of symmetry or a two—fold axis. A sharaened, origin—

removed Patterson synthesis Located the iron atom on a diad 

and a structure 	factor calculation gave R=0.55. From the 

corresponding Fourier difference synthesis the co—ordinated 

oxygen atoms could be located, giving R=0.45. Location of 

the remaining non—hydrogen atoms proved to be rather diff-

icult, successive cycles of isotropic Least—squares refine-

ment with new atom positions producing only very gradual 

reductions in R. The location of all the heavy atoms gave 

P=0,100, with anisotropic refinement giving R=0.073. The 

use of absorption corrected data gave R=0.078, and applica-

tion of the usual weighting scheme with Fxc=35, and inclusion 

of anomalous scattering corections for iron gave R=0.055. 

The final R with calculated hydrogen atoms input as fixed 

atom contributions, with the isotropic temperature factors 

of their parent atoms, was 0.050. The —4,0,2 reflection was 

thought to be suffering from extinction and removed. 

Table A:1 Lists refined atom co—ordinates. Table N:2 

anisotropic thermal parameters, and Table 4:3 calculated 

hydrogen atom positions. Observed and calculated structure 

factor amplitudes are Listed on page 129.& 130. 

Description and discussion of the structure. 

Figure A:1 shows the molecule of tris—diethylmalonato—iron 

iron(iii). This is the first reported complex 	of a matonic 

ester, and the first example of a chelating malonate grout). 

The iron atom ties on a two—fold axis which also passes 

through the central carbon atom of one of the three chela-

ting diethyl malonate Ligands. The iron is octahedral-1.y co-

ordinated by the carbonyl oxygens of the chelating diethyl 

malonate ligands, and has approximate 32 point symmetry 

(D3). The diethyl malonate Ligands are approximately planar 

with the exception of the terminal C5- methyl atom of one of 
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the ethyl groups. This shows positional disorder between 

two sites of equal occupancy, both of which are out of the 

mean plane of the rest of that malonate Ligan ::l. The planes 

of the three malonate ligands are mutually perpendicular, 

and the overall shape of the molecule is analogous to that 

found for trisacetyLacetonatoiron(iii), Fe(acac)3 ,(9). 

Table A:4 Lists interatomic bond Lengths and angles, and 

Table A:S gives best planes through the diethylmatonate 

Ligands. 

The three independant iron—oxygen distances are closely 
0 

similar, having 3 mean of 1.991 A. The related complex 

iron(iii) with acac has a mean iron(iii)-0 distance of 
0 

1.994 A (2.3,4). The other bond Lengths and angles are as 

expected for the diethyl malonate Ligands. A comparison of 

some bond Lengths and angles between the title complex. 

Fe(acac)3 complexes and unco—ordinated malonate esters is  

giver in Table A:6. This shows the expected lengthening of 
a 

the carbonyl bond from 1.204 in the free esters to 1.253 A 

in the co—ordinated Ligand, and a corresponding shortening 
0 

of the C—C bonds from 1.506 A to 1.336 A. These values are 

consistent with delocaLisation of the double bond system 

which occurs on proton loss from the malonate ester. Other 

noticeable changes are the closing of the 0=C-7 angle from 

123.5 to 113°, and a corresponding increase of 0=C—C 	to 127°  

from 123.5t The latter angle in acac complexes is not as 

high, but this is probably due to the ester Linkage on the 

carbonyl carbon, rather than a methyl group. 

The carbonyl bond Length is shorter than that in acac com-

plexes, which should increase the nucleophil ic nature of 

the carbon atom. This will also be increased relative to 

the acac complexes by virtue of an oxygen, 	rather than 

a methyl, substituent. The C-(l ester bond is significantly 

Longer than that in the unco—ordinated malonates (1.339 to 

1.325 A) thus the combination of all these factors suggests 

that the co—ordinated malonate should be much more susceo- 

tible to nucleophilic attack at the carbonyl oxygen. 	Such 

attack, for example by water, would Lead to hydreLysis of 

the ester bond. 

The nucLeophit,ic site is also Less stericatLy restricted 

than the corresponding site in the free malonate, as eviden-

the increased n—C—C angle from- 111.5 to 114.9 , and ced 
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Figure A:2 A stereoscopic view of the contents of the unitc<ll. 
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the restriction of movement of the whole Ligand caused by 

binding to the iron atom. These factors may help to account 

for the instabil ity of the complex, which is all the more 

remarkable when one considers that iron(iii)(acac)3 	is one 

of the most stable iron(iii) complexes known. 

Figure A:2 shows the contents of the unit cell. The rather 

awkward shape of the molecule may cause packing difficul- 

ties, 	and may be responsible 	for the disorder of C(5). 

However, there are no short C—C(S) contacts either intra or 

inter molecularly, and either position of C(9) cpuld be 

accommodated in one molecule. 

Figure A:7 shows a space filling diagram, which serves to 

indicate the relative ease of approach to the carbonyl car-

bon atom. 

Table A:.5. 

A Comparison between the title complex, co—ordinated 

acetyl acetonates, and unto—ordinated malonic esters. The 

data were obtained from the Cambridge Crystallographic 

Data Centre, searching for the following fragment: 

The references for the iron acetonates are ;liven, but since 

30 different malonic ester conko.lning compounds were found 

they have not been listed. Only data with R Less than 0.07 

has been included. 

Fe-0 0=C O—C C—C 0=C—J 0=C—C 0—C—C C—C—C 

Title 	1 .9£33 1.245 1.347  1 .384 117.5°   127.70 	114.9.   122 .2 

comp. 1.995 1.261 1.335 1.384 113.4°  126.7°  115.1°  121.3°  

1.983 1.253 1.335 1.391 116.0°   126.9°  114.7°   

Mean 	1.990 1.253 1.339 1.336 110.0°  127.1° 	114.9°  121.3°  

Acac 	1.995 1.271 	1.417 	124.7° 	124.6 

Malonates 	 723«5 I2?..5 	111. 
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Fijure A_3 	A space fittinj diagram of the complex. 



Table A1:1 	Fractional 	coordinates 	of the 	non-hydrogen 

atoms with 	standard deviations in parentheses. 

Atom x z 

Fe 0 	0.01009(7) 1/4 

0(1) 0.0498(2) 	0.1203(2) 0.3579(2) 

0(2) 0.0987(2) 	0.0032(2) 0.2210(2) 

0(3) 0.0507(2) 	-0.1059(2) 0.3627(2) 

0(4) 0.0908(2) 	0.2995(2) 0.4277(2) 

U(5) 0.2181(2) 	-0.0553(2) a.23C9(2) 

0(c) 0.13b4(2) 	-0.2278(3) 0.4608(0) 

C(1) 0.1589(2) 	-0.0613(3) 0.2634(3) 

C(2) 0.1710(3) 	-0.1416(4) 0.3417(3) 

C(3) 0.1158(3) 	-0.1530(3) 0.3956(8) 

C(4) 0.0765(4) 	-0.2706(5) 0.4933(5) 

C(51)* 0.0920(9) 	-0.3777(11) 0.5467(15) 

C(52)* 0.0322(10)-0.3643(11) 004349(17) 	• 

C(6)  0.2092(3) 	0.0264(4) 0.14E5(4) 

C(7)  0.2865(3) 	0.0222(4) 0.1350(5) 

C_(8) 0 	0.2920(5) 1/4 

C(9)  0.0460(2) 	0.2341(3) 0.3434(3) 

C(10)  0.1420t3) 	0.2423(4) 0.5270(4) 

C(11)  0.1922(4) 	0.3270(6) 0.6024(4) 

* Atom C(5) 	is 	disordered, 	but 	relines 	satisfactorily 

in 	two poli tons , 	with 	site 	poduIation parameters 	of 	0.5 
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Table A2 

estimated 

Anisisotropic temperature factors, 	with 

standard 	deviations 	in parentheses. Fe x 	10, 
.z.. 

others x 104 A 

Atom U11 U22 U33 U12 U13 U23 

Fe 572(6) 502(5) 581(6) 0 209(4) 0 

0(1) 65(2) 53(2) 53(2) —3(1) 13(1) 1(1) 

0(2) 58(2) 61 (2) 60(2) 1(1) 24(1) 9(1) 

0(3) 64(2) 59(2) 69(2) 7(1) 34(2) 11(1) 

0(4) 100(2) 60(2) 51(2) —8(2) 11(2) —3(1) 

0(5) 64(2) 72(2) 65(2) 4(1) 36(2) 11(2) 

0(6) 90(2) 74(2) 91(2) 20(2) 55(2) 35(2) 

C(1)  57(2) 54(2) 52(2) —6(2) 20(2) —6(2) 

C(2)  64(3) 68(3) 71(3) 14(2) 33(2) 17(2) 

C(3)  69(3) 48(2) 57(2) —0(2) 26(2) 5(2) 

C(4)  109(4) 88(4) 101(4) 12(3) 65(3) 32(3) 

C(51)  135(11) 98(9) 188(15) 32(8) 105(11) 78(10) 

C(52)  151(13) 78(8) 233(19) —46(9) 121(14) —36(11) 

C(6)  81(3) 64(3) 61(3) —12(2) 33(2) 0(2) 

C(7)  99(4) 92(3) 87(4) —17(3) 57(3) —3(3) 

C(8)  101(5) 53(3) 59(4) 0 17(4) 0 

C(9)  65(2) 56(3) 51(2) —5(2) 20(2) —4(2) 

C(10)  85(3) 72(3) 56(3) —4(2) 12(2) —1(2) 

C(11)  138(5) 112(4) 64(3) —21(4) 6(3) —5(3) 



Table A3 CatcuLated hydro,en atom positions. The first 

digit refers to the parent atom (1st two for C(10),C(11)). 

Atom 	x 	y 	 z 

H(71)  0.292 -0.058 0.107 

H(72)  0.285 0.081 0.082 

H(73)  0.334 0.038 0.205 

H(61)  0.163 0.005 0.079 

H(62)  0.200 0,102 0.170 

H(2) 0.222 -0.189 0.368 

H(8) 0 0.379 1/4 

H(111)  0.222 0.296 00671 

H(112)  0.232 0.360 0.575 

H(113)  0.157 0.392 0.606 

H(101)  0.107 0.204 0.550 

H(102)  0.176 0.184 0.515 

H(41)* 0.075 -0.212 0.552 
H(42)* 0,020 -0.271 0.437 

H(43)* 0.102 -0.289 0.577 

H(44)* 0.036 -0.206 0.488 

* Hydrojens on C(4) have two sets of positions which 

correspond to the two methyl positions of C(5), 	and 

were given half occupancy. 
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0(1)-C(9) 

C(9)-0(4) 

C(10)-C(11) 

C(1)-C(2) 

C(3)-0(3) 

0(6)-C(4) 

C(4)-C(52) 

0(5)-C(6) 

Fe-0(1)-C(9) 1 
C(9)-C(8)-C(9)' 

C(9)-0(4)-C(10) 

Fe-0(2)-C(1) 

C(1)-C(2)-C(3) 

C(3)-0(3)-Fe 

C(1)-0(5)-C(6) 

0(3)-C(3)-0(6) 
0(6)-C(4)-C(51) 

1.245(5) 

1.347(5) 

1.468(7) 

1.384(6) 

1.253(5) 

1.448(8) 
1.434(15) 
1.453(6) 
28.3(2) 

120.3(5) 
116.7(3) 
127.7(3) 
122.2(4) 

127.8(3) 

117.9(3) 

118.0(5) 

112.7(9) 

Table A4 Interatomic bond tenaths (Ā) and angLes ( 0). 
with estimated standard deviations inparentheses. 
(') = - x. y, 1/2 - z. 
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Fe-0(1) 1.9d8(3) Fe-0(2) 
U(1)-Fe-0(2) 	91.0(1) 
0(1)-Fe-0(1)' 87.3(1) 
0(1)-Fe-0(3)' 177.6(1) 
U(2)-Fe-0(2)' 175.3(1) 

0(3)-Fe-0(3)' 91.9(1) 

1.995(3) Fe-O(3) 1.988(3) 
0(1)-Fe-0(3) 	90.4(1) 
0(1)-Fe-0(2)' 92.4(1) 
0(2)-Fe-0(3) 	88.4(1) 

0(2)-Fe-0(3)' 88.3(1) 

C(9)-C(8) 	1.384(5) 

0(4)-C(10) 1.455(5) 

0(2)-C(1) 	1.261(5) 

C(2)-C(3) 	1.391(8) 

C(3)-0(6) 	1.335(5) 

C(4)-C(51) 1.412(15) 

C(1)-0(5) 	1.335(6) 

C(6)-C(7) 	1.494(9) 

0(1)-C(9)-C(3) 127.7(4) 

O(1)-C(9)-0(4) 117.5(3) 

0(4)-C(10)-C(11)107.6(4) 

0(2)-C(1)- C(2) 	126.7(5) 

C(2)-C(3)-0(3) 126.9(4) 

0(2)-C(1)-0(5) 118.4(4) 

0(5)-C(6)-C(7) 106.3(4) 

C(3)-0(6)-C(4) 117.9(4) 

0(6)-C(4)-C(52) 106.9(11) 



Table A:5 Least squares pLanes, with distances from the 
0 planes in As e.s.d's in parentheses. 

Plane 1, Equation 17.45x — 9.16z + 2.29 =0 
'=s,;rnoi; —x,y, 1/2—z 
Defininj plane: 

C(11) 0.116(5) 	C(10) —0.059(4) 	0(4) —0.043(3) 

C(9) —0.053(4) 0(1) —0.118(3) C(8) 0 

C(9)' 0.053(4) 	0(11)' 0.11(3(3) 	0(4)' 0.043(3) 

C(10)' 0.059(4) 	C(11) —O.116(5) 

Not 	defining 	plane Fe 0 (bg 	s;jmrnetry) 

Plane 	2, 	Equation 	3.21x + E3.03y + 7.91z — 2.11 	=0 

Defininj 	plane; 

C(7) 	0.052(4) 	C(6) —0.056(4) 0(5) —00031(2) 

C(1) 	—0.016(3) 	0(2) —0.018(2) C(2) 0.001(4) 

C(3) 0.040(3) 	0(3) 0.069(2) 0(6) 0.058(3) 

C(4) —0.099(2) 

Not 	defining 	plane: 

Fe 	—0.054(1) 	C(51) —0.52(1) C(52) —1050(1) 
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Appendix B. 

The following two structures were done as part of the 

supervision of third year undergraduate students at 

Imperial College. Most of the photographic work was under 

the direct supervision of Dr Skapski. I was responsible 

for data collection, and practical aspects of the computing 

procedures. 

I would like to thank Paul and Lorraine for their interest 

and help. 
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X-ray Crystal Structure of the Acetone Solvate of Tris(4,6-dimethylpyrimidine- 
2-thionato)cobalt(III): A Complex Involving Three Four-Membered Rings with Nitrogen 

and Sulphur as Donor Atoms 

BY BRIAN A. CARTWRIGHT, PAUL 0. LANGGUTH JR AND ANDRZEJ C. SKAPSKI 

Chemical Crystallography Laboratory, Imperial College, London SW7 2AY, England 

(Received 21 July 1978; accepted 1 September 1978) 

Abstract 

Co(C6H,N2S)3 • (CH3)2CO, 	C18H2,CoN6S3. C3H6O, 
is monoclinic with a = 8.292 (1), b = 16.604 (1), c = 
18.167 (1) A, /3 = 90.34 (1)°, space group P2,/n, Z = 
4. Refinement with 3137 counter reflexions gave R = 
0.044. A chelate mode of binding via N and S atoms is 
found for the 4,6-dimethylpyrimidine-2-thionato lig-
ands. These bidentate groups are arranged round the 
Co atom such that the three S atoms are cis to each 
other giving a facial octahedral complex of approxi-
mate C 3  point symmetry. A mean distance of 2.259 A 
is found for Co-S, and the mean Co-N length is 
1-979 A. Distortion caused by the limited bite of the 
ligands is reflected in S-Co-N angles of ca 72.5°. The 
acetone molecules are neither coordinated nor 
hydrogen-bonded to the complex. 

introduction 

While interest in S as a site for binding metals to 
naturally occurring substances containing thiolated 
chelates is well established (Eisenberg, 1970; Cox & 
Darken, 1971), as is that in S and N bidentate ligands 
(Ali & Livingstone, 1974), there is a paucity of 
structural information for the latter complexes 
(Fletcher & Skapski, 1972; Heitner & Lippard, 1974; 
Sletten & Apeland, 1975). An understanding of these 
interactions is important in work involving metal ions 
and complexes which are used as probes to study the 
conformation of such naturally occurring molecules in 
solution (Heitner & Lippard, 1974). 

As part of a programme of structural studies on 
metal complexes with pyrimidine-based ligands (e.g. 
Cartwright, Reynolds & Skapski, 1977) we have 
studied the crystal structure of a Co complex with 4,6-
dimethylpyrimidine-2-thionato ligands, especially as 
recent X-ray work on a Co complex of the parent 
ligand pyrimidine-2-thione, Co(pym2S)2C12, has 
revealed only a very weak Co-S interaction 
(McConway, 1975). We find the title compound to 

0567-7408/79/010063-05$01.00 

be a facial chelate complex with relatively strong Co-S 
and Co-N bonds. This is the first compound involving 
three four-membered rings with N and S as donor 
atoms, and preliminary details of the structure have 
been reported (Cartwright, Goodgame, Jeeves, Lang-
guth & Skapski, 1977). 

Experimental 

Tris(4,6-dimethylpyrimidine-2-thionato)cobalt(III) was 
prepared from cobalt(II) perchlorate hexahydrate and 
4,6-dimethylpyrimidine-2-thione (in a 1 :3 molar ratio) 
in a warm acetone solution (Cartwright. Goodgame, 
Jeeves, Langguth & Skapski, 1977). Chemical analysis 
indicated that the dark-green prismatic crystals con-
tained acetone of solvation in a Co :acetone ratio of 
1: 1. 

Photographs showed the crystals to be monoclinic, 
with systematic absences h01: h + I = 2n + 1, and OkO: 
k = 21? + 1. These absences uniquely determine the 
space group as P2,/n. A crystal 0.19 x 0.13 x 0.05 
mm was mounted with a parallel to the (p axis on a 
Siemens off-line four-circle automatic diffractometer, 
and measurement of 19 high-angle n, reflexions, 
followed by least squares, gave a = 8.292 (1), b = 
16.604 (1), c = 18.167 (1) A, ,6 = 90.34 (1)°, U = 
2501.2 A3. Other crystal data are: D„ = 1.43 (by 
flotation), D, = 1.42 Mg m-3  for Z = 4 and a formula 
of C,,H27CoN6OS3, Mr  = 534.6, F(000) = 1116, 
,a(Cu Kar) = 7.70 mm-1. 

Intensities were measured with Cu Kr, radiation (A = 
1.5418 A) at a take-off angle of 3°, a Ni /1-filter, and a 
Na(Tl)I scintillation counter. The 0-20 scan technique 
was employed with a five-value measuring procedure 
(Allen, Rogers & Troughton, 1971). 3142 independent 
reflexions were measured to 0 = 55°; of these, 901 
were considered to be unobserved with I < 2.58 a(I). 
The 085 reflexion was monitored as a reference every 
50 reflexions and its net count did not alter noticeably. 
This reflexion was used to scale the data, and Lorentz 
and polarization corrections were applied. At a later 
©' 1979 International Union of Crystallography 
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stage the data were corrected for absorption (Busing & 
Levy, 1957) with a 10 x 10 x 10 grid, and with crystal 
path lengths determined by the procedure of Coppens, 
Leiscrowitz & Rabinovich (1965). 

Solution and refinement of the structure 

An origin-removed Patterson synthesis resulted in a 
 

solution for the Co atom to give R = 0.56. Difference g 
syntheses and isotropic refinement located the remain- 
ing non-hydrogen atoms and reduced R to 0.104. The 
data were now corrected for absorption and refinement 

previously gave R = 0.090. Inclusion of the as P 	5 g 
anomalous-dispersion correction and refinement of all 
atoms with anisotropic temperature factors resulted in 
R = 0.066. From a difference map all the H atoms 
were located. These were included as fixed-atom con-
tributions with the isotro P 	P 
parent C atoms to give R = 0.046. Introduction of a 
weighting scheme and the removal of five strong low- 
angle reflexions most affected by extinction reduced R 
to its final value of 0.044. The final difference synthesis 
was featureless. Table 1 lists the coordinates of the non- 

Table 1. Atomic coordinates with e.s.d.'s in parentheses 
x 	 y 	 z 

S(l0) 

	

0.70406 (10) 	0.60369 (5) 	0.22623 (5) 
S(10) 	0.70406 (18) 	0-60369 (9) 	0.22623 (8) 
N(11) 	0.7863 (5) 	0-6497 (3) 	0.3530 (3) 
C(12) 	0-8248 (7) 	0.5927 (4) 	0.3032 (3) 
N(13) 	0.9383 (6) 	0.5364 (3) 	0.3107 (3) 
C(14) 1-0198 (7) 	0.5376 (4) 	0.3747 (4) 
C(15) 0-9847 (7) 	0.5926 (4) 	0.4293 (3) 
C(16) 0.8634 (7) 	0.6494 (4) 	0-4182 (3) 
C(17) 1.1501 (7) 	0.4754 (4) 	0.3837 (4) 
C(18) 0.8179 (8) 	0.7104 (4) 	0.4748 (3) 
S(20) 	0.41613 (18) 	0.64278 (9) 	0.34751 (9) 
N(21) 	0-5261 (5) 	0.7819 (3) 	0.3682 (3)  
C(22) 	0.4068 (7) 	0.7335 (4) 	0.3933 (3) 
N(23) 	0-2963 (6) 	0-7534 (3) 	0.4427 (3) 
C(24) 0-3083 (7) 	0.8286 (5) 	0.4696 (3) 
C(25) 0.4245 (8) 	0.8820 (4) 	0-4465 (4) 
C(26) 0-5353 (7) 	0.8578 (4) 	0.3936 (3) 
C(27) 0.1623 (9) 	0.93 	(5) 	0.3652 (4) 
C(28) 0.6623 (9) 	0.911322 (4) 	0.3652 (4) 
S(30) 	0.47373 (16) 	0.76438 (10) 	0.20199 (8) 
N(31) 	0.7646 (5) 	0.7822 (3) 	0.2387 (2) 
C(32) 	0.6608 (7) 	0.8074 (4) 	0.1849 (3) 
N(33) 	0.6938 (5) 	0-8537 (3) 	0.1276 (3) 
C(34) 	0-8486 (7) 	0.8797 (4) 	0.1252 (3)  
C(35) 	0.9614 (7) 	0.8579 (4) 	0.1767 (4) 
C(36) 0.9189 (7) 	0.8084 (4) 	0.2349 (3) 
C(37) 0.8902 (8) 	0.9336 (4) 	0.0622 (4) 
C(38) 1.0351 (7) 	0.7833 (5) 	0.2923 (4) 
0(1) 	0.2780 (9) 	0.5745 (5) 	0.0425 (4) 
C(2) 0.2476 (11) 	0.5757 (7) 	0.1063 (6) 
C(3) 0.1353 (13) 	0-6334 (9) 	0.1381 (7) 
C(4) 0.3118 (18) 	0.5173 (9) 	0.1603 (8) 

Table 2. Fractional coordinates of the H atoms 

Each atom has a number which corresponds, except for the last 
digit, to that of the parent C atom. 

x 	y 	z 

11(151) 	1.060 	0.603 	0.476 
H(171) 1.100 	0- 428 	0.378 
H(172) 1.200 	0.500 	0.444 
H(181) - 840 	0.500 	0.356 
11(181) 	0-840 	0.773 	0.456 
H(182) 0.710 	0.703 	0.500 
H(183) 0-900 	0.703 	0.524 
H(251) 	0.435 	0.935 	0.473 
H(271) 	0-250 	0.908 	0-553 
11(272) 	0.080 	0.873 	0.498 
H(273) 	0.160 	0.810 	0.578 
H(281) 0.650 	0.970 	0.378 
H(282) 0- 770 	0.885 	0.364 
H(283) 0.640 	0.923 	0.316 

is temperature factors of their 

 
H(351) 	-875 	0.905 	0-173 
11(371) 	0-875 	0-905 	0-016 
H(372) 1.025 	0.953 	0-078 
H(373) 0-800 	0.983 	0.067 
H(381) 1.050 	0.728 	0.289 
H(382) 1.005 	0-785 	0.340 
H(383) 1.130 	0.810 	0.280 
H(31) 0.100 	0-675 	0.089 
H(32) 0.025 	0-613 	0.156 
H(33) 0.190 	0-675 	0.184 
H(41) 0-425 	0-518 	0.138 
H(42) 0.350 	0-540 	0-211 
H(43) 0-270 	0-458 	0.160 

hydrogen  atoms, while the unrefined positions of the H P 
atoms are given in Table 2.t 

The weighting scheme was that suggested by Hughes 
(1941) where w = 1 for F < F*, wt'-  = F*/F for F 
F*, with F* = 58 as the optimum value. Its 
introduction appreciably improved the e.s.d.'s of atomic 
parameters. Scattering factors of Cromer & Waber 
(1965), and for H of Stewart, Davidson & Simpson 
(1965), were used; the anomalous-dispersion correc-
tions for Co and S were from Cromer & Liberman 
(1970). The July 1974 update of the XRAY 72 system 
(Stewart, Kruger, Ammon, Dickinson & Hall, 1972) 
was used, least-squares refinement being carried out by 
means of CRYLSQ. Most of the calculations were per 
formed on the University of London CDC 7600 Y 
computer; steering-tape generation, data processing 
and structural illustrations were performed on the 
Imperial College CDC 6400 machine. 

Description of the structure and discussion 

The crystal structure consists of molecules of tris(4,6-
dimethylpyrimidine-2-thionato)cobalt(III) and acetone. 

t Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 33885 (9 pp.). Copies may be 

* Atoms of the ligands are numbered (Inn) where m is the ligand obtained through The Executive Secretary, International Union of 
number, and n is the atom number within each ligand. 	 Crystallography, 5 Abbey Square, Chester CH 1 2HU, England. 
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Fig. 1 shows the structure of the complex, and the 
thermal ellipsoids of the non-hydrogen atoms (Johnson, 
1965). The more important bond lengths and angles in 
both molecules are given in Table 3. 

Fig. 1. Molecular structure of tris(4,6-dimethylpyrimidine-2-
thionato)cobalt(III). Thermal-vibration ellipsoids are scaled to 
enclose 30% probability. 

A distorted octahedral coordination is found for Co, 
with the three 4,6-dimethylpyrimidine-2-thionato lig-
ands binding in a chelating mode via N and S atoms. 
The three S atoms are cis to each other giving a facial 
complex, with the plane of the S atoms nearly parallel 
to that of the N donor atoms, the angle between the two 
planes being 0.8°. A cis configuration of the S atoms 
can be rationalized on the grounds that it allows maxi-
mum n back-bonding to S, because the orbitals of the 
three S atoms can overlap different metal orbitals. The 
energy difference between cis and trans forms, 
however, is small and steric factors often cause the 
trans variant to be formed (Heitner & Lippard, 1974). 

As can be seen from Fig. 1, the complex has approxi-
mate C3 point symmetry, and the three bidentate 
ligands give it a propeller-like shape with a blade angle 
of incidence of ca 54°, this being the mean angle 
between the ring planes and the planes of the S and the 
N atoms. 

Table 3 shows that the distortion of the coordination 
from octahedral is quite severe. The S-Co-N angles of 
72.4-72.6° show the greatest deviations, with 
N-Co-N angles of 99.8-102.5° and S-Co-N trans 
angles of 164.7-167.4°. A similar, though slightly 
smaller, degree of strain can be seen in tris(O-ethyl 

Table 3. Bond lengths (A) and angles (°) with e.s.d.'s in parentheses 

Mean 

Co(1)-S(10) 2.252 (2) Co(1)-S(20) 2.255 (2) Co(1) -S(30) 2.269 (2) Co(1)-S (m0) 2.259 
Co(1)-N(11) 1.986 (5) Co(1)-N(21) 1.976 (5) Co(1)-N(31) 1.975 (5) Co(1)-N(m 1) 1.979 
S(10)-C(12) 1.724 (6) S(20)-C(22) 1.723 (6) S(30)-C(32) 1.738 (6) S(m0)-C(m2) 1.728 
N(11)-C(12) 1.351 (7) N(21)-C(22) 1.356 (7) N(31)-C(32) 1.365 (7) N(m1)-C(m2) 1.357 
C(12)-N(13) 1.333 (7) C(22)-N(23) 1.328 (8) C(32)-N(33) 1.320 (8) C(m2)-N(m3) 1.327 
N(13)-C(14) 1.342 (8) N(23)-C(24) 1.344 (9) N(33)-C(34) 1.355 (8) N(m3)-C(m4) 1.347 
C(14)-C(15) 1.381 (9) C(24)-C(25) 1.377 (10) C(34)-C(35) 1.369 (9) C(m4)-C(m5) 1.376 
C(15)-C(16) 1.392 (8) C(25)-C(26) 1.393 (9) C(35)-C(36) 1.386 (9) C(m5)-C(m6) 1.390 
C(16)-N(11) 1.342 (7) C(26)-N(21) 1.344 (7) C(36)-N(31) 1.354 (7) C(m6)-N(m 1) 1.347 
C(14)-C(17) 1.502 (8) C(24)-C(27) 1.513 (10) C(34)-C(37) 1.495 (9) C(m4)-C(m7) 1.503 
C(16)-C(18) 1.494 (9) C(26)-C(28) 1.493 (9) C(36)-C(38) 1.476 (9) C(m6)-C(m8) 1.488 
O(1)-C(2) 1.188 (13) C(2)-C(3) 1.459 (16) C (2)-C(4) 1.477 (18) 

S(10)-Co(1)-N(I l) 72.58 (14) S(20)-Co(1)-N(21) 72.47 (14) S(30)-Co(1)-N (31) 72.35 (13) 
S(10)-Co(1)-S(20) 94.99 (7) S(10)-Co(1)-S(30) 94.12 (7) S(20)-Co(1)-S(30) 96.05 (6) 
S(10)-Co(1)-N(31) 90.72 (14) S (20)-Co(1)-N (11) 92.63 (14) S(30)-Co(1)-N(2I) 92.06 (14) 
N(11)-Co(1)-N(21) 102.54 (19) N(11)-Co(1)-N(31) 99.76 (18) N(21)-Co(1)-N(31) 102.53 (19) 
S(10)-Co(1)-N(21) 166.56 (15) S(20)-Co(1)-N(31) 167.44 (14) S(30)-Co(1)-N(11) 164.73 (14) 
Co(1)-S(10)-C(12) 79.2 (2) Co(1)-S(20)-C(22) 79.4 (2) Co(l)-S(30)-C(32) 79.5 (2) 
Co(1)-N(11)-C(12) 98.8 (3) Co(1)-N(21)-C(22) 99.4 (4) Co(1)-N(31)-C(32) 100.3 (3) 
Co(1)-N(11)-C(16) 142.8 (4) Co(1)-N(2l)-C(26) 141.6 (4) Co(1)-N(31)-C(36) 142.4 (4) 
C(12)-N(l1)-C(16) 118.4 (5) C(22)-N(21)-C(26) 118.7 (5) C(32)-N(31)-C(36) 117.1 (5) 
S(I0)-C(12)-N(11) 109.3 (4) S(20)-C(22)-N(21) 108.7 (4) S(30)-C(32)-N(31) 107.8 (4) 
S(l0)-C(12)-N(13) 124.3 (5) S(20)-C(22)-N(23) 125.2 (5) S(30)-C(32)-N(33) 124.7 (4) 
N(l1)-C(12)-N(13) 126.4 (5) N(21)-C(22)-N(23) 126.0 (5) N(31)-C(32)-N(33) 127.5 (5) 
C(12)-N(13)-C(14) 1 15.5 (5) C(22)-N(23)-C(24) 115.3 (5) C(32)-N(33)-C(34) 114.5 (5) 
N(13)-C(14)-C(15) 121.6 (5) N(23)-C(24)-C(25) 122.6 (6) N(33)-C(34)-C(35) 122.3 (6) 
N(13)-C(14)-C(17) 116.3(5) N(23)-C(24)-C(27) 116.1 (6) N(33)-C(34)-C(37) 116.2 (5) 
C(15)-C(l4)-C(17) 122.1 (6) C(25)-C(24)-C(27) 121.3 (7) C(35)-C(34)-C(37) 121.5 (6) 
C(14)-C(15)-C(16) 119.9 (5) C(24)-C(25)-C(26) 119.3 (6) C(34)-C(35)--C(36) 120.2 (5) 
C(15)-C(16)-N(11) 118.1 (5) C(25)-C(26)-N(21) 118.1 (5) C(35)-C(36)-N(31) 118.4 (5) 
C(15)-C(16)-C(18) 122.9 (5) C(25)-C(26)-C(28) 122.0 (6) C(35)-C(36)-C(38) 122.6 (5) 
N(I1)-C(16)-C(18) 118.9 (5) N(2l)-C(26)-C(28) 119.9 (5) N(31)-C(36)-C(38) 119.1 (5) 
O(1)-C(2)-C(3) 122.6 (10) O(1)-C(2)-C(4) 124.0(10) C(3)-C(2)-C(4)  113.4 (10) 
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dithiocarbonato)cobalt(III) where the corresponding 
angles are ca 76, 96 and 165° (Merlino, 1969). The 
relatively acute chelate angles are due to the strain 
involved in having a four-membered ring with the 
metal, and the difference between the two arises from 
the somewhat smaller bite of the thionato ligand as 
against that of the thiocarbonato. 

The Co-S lengths are in the range 2.252-2.269 A 
(mean 2.259 A), in good agreement with means of 
2.277 A in tris(O-ethyl dithiocarbonato)cobalt(III) 
(Merlino, 1969), and 2.258 A (Merlino, 1968) and 
2.267 A (Brennan & Bernal, 1969) in [Co(dtc)3] (dtc = 
N,N-diethyldithiocarbamato). Co-N distances are in 
the range 1.975-1.986 A (mean 1.979 A). As 
expected, this is appreciably shorter than the 2.098 A 
in [Co(pyrimidine-2-thione)2 C12] (McConway & 
Rogers, 1975; McConway, 1975), as the latter is a Con 
complex. Although no Cot"-N (pyrimidine) distance is 
available for comparison, the value is similar to the 
1.979 A in [Co(TPP)(piperidine)2]+ and the 1.983 A in 
[Co(TPP)(imidazole)2 I+ (Ibers, Lauher & Little, 1974), 
where TPP = n4,y,8-tetraphenylporphyrin dianion. 
Given the strain necessarily present in a four-membered 
chelate ring both the Co-S and Co-N distances 
correspond to quite strong bonds. 

The S-C length is also an indication of the strength 
of the Co-S bond. Its values range from 1.723-1.738 
A (mean 1.728 A). Fig. 2 shows a comparison of four 
related pyrimidine-2-thione and pyridine-2-thione sys-
tems, and it can be seen that in (a) and (b) where 
chelate bonding takes place the C-S length is 1.73-
1.74 A, while in [Co(pyrimidine-2-thione)2 C12] where 

(c) 	 (d) 

Fig. 2. A comparison of some average bond lengths (A) and bond 
angles (°) in four related ligand systems: (a) title complex, (b) 
Ru(pyridine-2-thionato)2(PPh3 )2  (Fletcher & Skapski, 1972), (c) 
Co(pyrimidine-2-thione)2C12  (McConway & Rogers, 1975; 
McConway, 1975), (d) pyridine-2-thione (Penfold, 1953). 

the Co-S interaction is at best weak and also in free 
pyridine-2-thione this length is ca 1.68 A. In the 
tetrahedral 	complex 	[Zn(1-methylpyrimidine-2- 
thione),](C104)2  (Skapski & Woode, 1979) C-S is 
1.659 A, again with insignificant M-S interaction. 
Another indication of the strength of metal-ligand 
bonding in these systems is the distortion from ca 120° 
of the S-C(m2)-N(ml) and Co-N(m1)-C(m2) 
angles. In Fig. 2(c) this distortion is relatively small, 
especially for the more rigid S-C(m2)-N(ml) angle, 
while it is much greater for the title compound with a 
mean S-C(m2)-N(ml) angle of 108.6°. Here the 
strain seems to be taken up by the whole four-
membered ring rather than at one atom, although, as 
expected, the distortion is greatest at the donor N atom 
with a mean Co-N(m1)-C(m2) angle of 99.5°. 

Although the crystal structure of the free ligand is 
not known, the C-N and C-C bonds are typical of 
those found in heterocyclic rings. In all three ligands the 

Table 4. Planarity of groups of atoms in the structure 
and distances (A) from the least-squares planes 

Equations of the planes are expressed as Px + Qy + Rz = S in 
direct space. Atoms not defining planes are marked with asterisks. 

Ring(ln): 5.62x + 10.39y - 7.07z = 8.66 
N(11) 0.017 C(12) -0.007 N(13) -0.007 
C(14) 0.011 C(15) -0.001 C(16) -0-013 

Co(1)" 0.126 S(10)* -0.027 
C(17)* 0-033 C(18)* -0.036 

Ring(2n): 5.02x - 5.30y + 13.19z = 3.34 
N(21) 0.010 C(22) 0.000 N(23) -0009 
C(24) 0.007 C(25) 0.003 C(26) -0.011 

Co(1)* -0.096 S(20)* -0.076 
C(27)* 0.016 C(28)* -0.042 

Ring(3n): -2.00x + 13.34y + 9.92z = 11.28 
N(31) -0.003 C(32) 0.007 N(33) -0.007 
C(34) 0.005 C(35) -0.001 C(36) 0.000 

Co(1)* -0.140 S(30)* -0.024 
C(37)* 0-015 C(38)* 0-003 

Acetone: 6.35x + 10.26y + 3.17z = 7.80 
0(1) -0.006 C(2) 0.016 C(3) -0.005 
C(4) -0.005 

Fig. 3. Stereoscopic drawing showing packing of the complex and 
the acetone solvate molecules. The b axis is vertical, c is to the 
right and a is into the page, from an origin in the bottom left-
hand corner. 
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shortest bond is C(m2)-N(m3). This is consistent with 
a lessening of double-bond character in the C-S bonds, 
and with the direction of bending of the C-S bonds out 
of their normal positions. 

Table 4 shows that the pyrimidine rings are 
satisfactorily planar, while some of the exocyclic atoms, 
e.g. S(20), show a slight departure from the plane. The 
maximum distance of the Co atom from a ring plane is 
0.14 A. 

Packing of the two molecular species in the unit cell 
is shown in Fig. 3 (Johnson, 1965). Solvate acetone 
molecules are' only loosely held as indicated by tem-
perature parameters which are much higher than those 
of atoms in the complex. The whole structure is held 
together by van der Waals forces. There is no 
possibility of hydrogen bonding between acetone and 
the ligands since the only potential sites on the rings, 
N(nt3), are deprotonated. 

We thank Drs D. M. L. Goodgame and I. Jeeves for 
providing the crystals and for discussions, Professor D. 
Rogers for the use of a diffractometer, and the Science 
Research Council for a Research Studentship (to 
BAC). 
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Abstract 

Crystals of the title complex, Cu(HCO2)2- 
(pyridine)2 . H2O, are orthorhombic with a = 9.731 (1), 
b = 14.35'1 (1), c = 10.302 (1) A, space group Pnma, 
Z = 4. The structure was refined to R = 0.043 for 1420 
independent reflections. Both independent formate 
groups and the Cu atom lie on a mirror plane, and the 
complex has a polymeric chain structure. One formate 
is monodentate and the other bridges in an anti-syn 
fashion. Thus each Cu atom is coordinated to three 
formate groups and to two pyridine molecules. Co-
ordination about Cu is essentially square-pyramidal, 
the base consisting of two trans pyridine N atoms 
(Cu-N = 2.025 A) and two formate 0 atoms (mean 
Cu-O = 1.959 A), while the apical atom is from a 
bridging formate with a relatively long Cu-O of 
2.313 A. The water molecules are not coordinated, but 
are attached by hydrogen bonds to individual chains. 

Introduction 

Many Cu-carboxylate complexes have a dimeric struc-
ture based on that of [Cu(acetate)2H 2O12  (van Niekerk 
& Schoening, 1953; de Meester, 'Fletcher & Skapski, 
1973), and show antiferromagnetic coupling, the nature 
of which is still a subject of debate (Catterick & 
Thornton, 1977). One such dimer is the emerald-green 
complex [Cu(HCO2)2(pyridine)]2  which has /Jeff  of1.15 
BM (Gillard, Harris & Wilkinson, 1964). It can be 
obtained by heating a blue complex of formula 
Cu(HCO2)2(pyridine)2 . H20, which has Pei  of 1.88 
BM, characteristic of magnetically normal Cu d9  
compounds. The structure of the latter complex was 
not known, and a number of possibilities could be 
envisaged, given that the stoichiometry allowed up to 
seven potential coordinating atoms per Cu atom. We 
have, therefore, determined its structure by X-ray 
diffraction, and find the complex to be a five-
coordinate polymeric species with the water not 
coordinated to the metal. 

0567-7408/79/040824-04$01.00 

Experimental 

Crystals of the title complex were obtained by the 
method of King (1930) as modified by Goodgame 
(1977). Cupric formate (5 g) was dissolved in 1-
propanol (40 ml) containing pyridine (10 ml) on a hot 
plate, and the solution filtered and allowed to cool. The 
resulting blue needles were washed with a little cold 1-
propanol. 

Photographs showed the needles to be orthorhombic 
with systematic absences Okl: k + 1 = 2n + 1, and hk0: 
h = 2n +  1. These are consistent with space groups 
Pn2,a and Pnma. Successful refinement showed the 
latter to be correct. Measurement of high-angle a, and 
a2  reflections on a diffractometer gave a = 9.731 (1). 
b = 14.351 (1), c = 10.302 (1) A. U = 1438.7 A 3  (at 
283 K). D,= 1.52 (by flotation), Dc = 1.52 Mg m_

3  for 
Z = 4 and a formula C12 H14CuN,05, M r  = 329.8. 
F(000) = 676, ,u(Cu Kn) = 2.38 

A crystal 0.33 x 0.13 x 0.08 mm was mounted 
with a parallel to the W  axis of a Siemens off-line 
automatic four-circle diffractometer. Intensities were 
measured with Cu Ka radiation (a, = 1.5418 A) at a 

Table 1. Atomic coordinates with e.s.d.'s in parentheses 

Cu(1) 
x 

0.11500 (6) 
y 

ā 

z 

0.14374 (6) 
C(1) 0-0615 (4) 0.4410 (3) 0.2303 (4) 
C(2) 0.0728 (5) 0.5363 (3) 0.2388 (5) 
C(3) 0.1594 (5) 0.5825 (3) 0.1559 (4) 
C(4) 0.2310 (6) 0.5309 (3) 0.0662 (5) 
C(5) 0.2142 (5) 0.4354 (3) 0.0621 (4) 
C(6) 0.1390 (5) f -0.1291 (5) 
C(7) 0.3000 (4) } 0.3529 (4) 
N(1) 0.1316 (3) 0.3906 (2) 0.1438 (3) 
O(1) 0.3937 (3) 1} 0.2743 (3) 
0(2) 0.0535 (3) } -0.0365 (3) 
0(3) 0.2636 (4) 1 -0.1209 (4) 
0(4) 0.1730 (3) i 0.3267 (3) 
0(5)* 0.0329 (6) 0.2855 (5) 0.5562 (5) 

* The water is disordered and this atom has a site population 
parameter of 0.5. 

' © 1979 International Union of Crystallography 
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take-off angle of 4.0°, a Ni /3-filter, and a Na(Tl)I 
scintillation counter. The 0-20 scan technique was 
employed with a five-value measuring procedure (Allen, 
Rogers & Troughton, 1971). 1424 independent reflec-
tions were measured to 0 = 70°, and of these 294 were 
considered to be unobserved with I < 2.58a(1). The 
055 reflection was monitored as a reference every 50 
reflections, and its net count did not alter noticeably. 
The data were scaled with the reference reflection, and 
Lorentz and polarization corrections applied. 

At a later stage the data were corrected for 
absorption (Busing & Levy, 1957), with a 10 x 10 x 8 
grid and crystal path lengths determined by the vector 
analysis procedure (Coppens, Leiserowitz & 
Rabinovich, .1965). 

Solution and refinement of the structure 

An April 1974 version of the XRAY 72 system 
(Stewart, Kruger, Ammon, Dickinson & Hall, 1972) 
was used for the solution and refinement of the struc-
ture. The calculations were carried out on the Univer-
sity of London CDC 7600 computer with CRYLSQ 
used in the refinement. Steering tape generation, data 
processing and structural illustrations were done with 
the Imperial College CDC 6500/Cyber 174 machines. 

An origin-removed Patterson synthesis showed the 
position of the Cu atom to give R = 0.37, and all other 
non-hydrogen atoms were located from a difference 
synthesis. Both formate groups and the Cu atom were 
on a mirror plane, while the water 0 atom was 
disordered, close to but significantly off the mirror 
plane. It was given a site population parameter of 0.5, 
and isotropic refinement in Pnma reduced R to 0.084. 
Anisotropic refinement gave R = 0.060. After ab-
sorption correction, refinement gave R = 0.054. All the 
H atoms were located from a difference synthesis, and 
their inclusion as a fixed-atom contribution, with 
isotropic temperature factors of their parent C or 0 
atoms, reduced R to 0.048. Introduction of a weighting 
scheme, an anomalous-dispersion correction, and the 

Table 2. Fractional coordinates of the H atoms 

Single-digit atomic numbers are the same as those of the parent C 
atoms; H(51) and H(52) are attached to 0(5) and have site 
population parameters of 0.5. 

x y z 

11(1) —0.008 0.400 0.296 
H(2)  —0.013 0.557 Q.308 
H(3)  0.179 0.653 0.163 
H(4)  0.296 0.560 0.000 
H(5)  0-279 0.387 0-004 
H(6)  0.100 0.250 —0.221 
H(7)  0.325 0.250 0.442 
H(51)  0.058 0.273 0.475 
H(52)  —0.058 0.260 0.563 

removal from refinement of four strong low-angle 
reflections thought to be suffering from extinction gave 
the final R of 0.043. Refinement in Pn2,a resulted in 
only a negligible improvement in R and produced 
unacceptable divergence in the geometry of the two 
pyridine molecules. 

The weighting scheme (Hughes, 1941) was w = 1 for 
F < F*, Vw = F*/F for F >_ F*, with F* = 19 as the 
optimum value. Scattering factors were those of 
Cromer & Waber (1965) and for H those of Stewart, 
Davidson & Simpson (1965); the anomalous-dispersion 
corrections for Cu were from Cromer & Liberman 
(1970). Table 1 lists the atomic coordinates; the 
unrefined coordinates of the H atoms are given in Table 
2.t 

Description of the structure and discussion 

Fig. 1 shows the structure, which consists of a chain in 
which each Cu atom is bonded to two pyridine 
molecules, a monodentate formate group, and to two 
formate groups which bridge in an anti-syn fashion; the 
water molecules are not coordinated to the metal. The 
chain runs in the a direction, and translation along the 
chain is by a combination of a 2, screw axis and an a 
glide. The more important interatomic distances and 
bond angles are given in Table 3. 

t Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 33968 (9 pp.). Copies may be 
obtained through The Executive Secretary, International Union of 
Crystallography, 5 Abbey Square, Chester CH 1 2HU, England. 

Fig. 1. Part of the chain structure of Cu(HCO2)2(pyridine)2 .H 20. 
Dashed lines indicate the hydrogen bonds which attach the water 
molecules to the chain. Thermal vibration ellipsoids are scaled to 
enclose 20% probability. 
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Both the crystallographically independent formate 
groups and also the Cu atom lie on a mirror plane, and 
Cu has an essentially square-pyramidal coordination. 
The base of the pyramid is formed by two trans 
pyridine N and two formate 0 atoms, one from a 
monodentate formate group and one from a bridging 
formate; the apex is an 0 atom from a second 
symmetry-related bridging group. 

The Cu-N lengths are 2.025 A; two basal Cu-O 
distances are 1.951 and 1.967 A, the shorter of these 
two being to a monodentate formate. As expected, the 
apical Cu-O bond is weaker, with a length of 2.313 A. 
On the side opposite to the apex the octahedral position 
is blocked by two formate 0 atoms at 3.03 and 3.09 A 
from the Cu atom. Of the two links formed by the 
bridging formate, the syn link corresponds to the short 
basal bond, and the anti to the longer apical bond. 

A distance of 0.066 A of the Cu atom from the least-
squares plane through the four basal atoms (Table 4) is 
unusually small for a square-pyramidal Cu complex, 
and in fact the two basal 0 atoms are fractionally 
further out of the plane in the apical direction. This 
distortion clearly arises because of the bridging groups, 
for which the angle O(apical)-Cu-O(basal) is 85.3°, 
with the Cu-O(apical) bond 4.1° from the normal to 
the basal plane. 

anti-syn bridging by formate groups was originally 
postulated by Martin & Waterman (1959), and since 

Table 3. Interatomic distances (A) and bond angles ( 0 ) 
with e.s.d.'s in parentheses 

Superscripts refer to atoms in the following positions: 
(I)x-1,1-y,}- z;( 11 )x, i - y,  z; (111)1+ x,i - y,1- z. 

(a) Metal coordination 
Cu(l)-O(2) 
Cu(l)-N(1) 
Cu(1)••.0(1) 

1.951 (3) 
2.025 (3) 
3-027 (3) 

Cu(1)-0(4) 
Cu(I)-0(11) 
Cu(1)• • .0(3) 

1.967 (3) 
2.313 (3) 
3.087 (4) 

N(1)-Cu(1)-N(1") 170.87 (1 1) 0(2)-Cu(1)-0(4) 178.78 (13) 
N(1)-Cu(1)-0(l') 94-24 (8) N(1)-Cu(1)-0(2) 91-41 (8) 
O(2)-Cu(1)-0(I') 93.54 (12) N(l)-Cu(1)-0(4) 88-68 (8) 
O(4)-Cu(1)-0(I') 

(b) Formate groups 

85.25 (12) 

C(6)-0(3) 1.216 (7) C(7)-0(1) 1-220 (5) 
C(6)-O(2) 1.266 (6) C(7)-0(4) 1.265 (5) 

Cu(l)-0(2)-C(6) 121.0 (3) Cu(I'")-0(1)-C(7) 117.0 (3) 
O(2)-C(6)-O(3) 127-1 (5) Cu(1)-0(4)-C(7) 119.0 (3) 

(c) Pyridine ring 

0(1)-C(7)-0(4) 126.1 (4) 

C(l)-C(2) 1-375 (6) C(4)-C(5) 1.381 (6) 
C(2)-C(3) 1-371 (7) C(5)-N(I) 1.329 (5) 
C(3)-C(4) 1.374 (7) N(I)-C(1) 1.335 (5) 
Mean C-C 1.375 Mean C-N 1.332 

N(1)-C(1)-C(2) 122.7 (4) C(4)-C(5)-N(I) 122-1 (4) 
C(l)-C(2)-C(3) 119.4(4) C(1)-N(1)-C(5) 118.0 (3) 
C(2)-C(3)-C(4) 118.0 (4) Cu(1)-N(1)-C(1) 119.9 (2) 
C(3)-C(4)-C(5) 

(d) Hydrogen bonds 

119.7 (4) Cu(1)-N(1)-C(5) 122-0 (2) 

0(4)• • • 0(5) 2.777 (6) 0(4)-H(51)-0(5) 161 
0(3)... 0(51") 2.751 (7) 0(3)-H(52)-0(5'") 157  

then only a few structures have been found which 
incorporate this type of bridge system. All of these are 
Cu complexes. 

A formate complex, anhydrous Cu(HCO2)2  (Barclay 
& Kennard, 1961), and an acetate complex 
Cu(acetate)Br(NH3)2  (Belicchi Ferrari, Calzolari 
Capacchi, Gasparri Fava & Nardelli, 1972), both have 
the carboxylate bridge linking square-pyramidal coor-
dinations base-to-base. In Cu(HCO2)2(H20)2, one of 
the formate groups bridges in an anti-syn mode 
between octahedral Cu atoms (Bukowska-
Strzyiewska, 1965). The only structure similar to that 
of the title complex is of p-formato-(diethylene-
triaminine)copper(II) formate (Davey & Stephens, 
1971) where the bridge links base-to-apex. In this 
compound the angle between the Cu-O(apical) bond 
and the normal to the base is 7.8°. 

Both the formate groups are asymmetric, with C-O 
distances of 1.216 and 1.266 A for formate centred on 
C(6), and 1.220 and 1.265 A for that centred on C(7). 
The shortest of these bond lengths is associated with 
the non-coordinated 0 atom, while the other short 
distance is to the 0 atom involved in the long apical 
Cu-O bond. The two longer C-O distances are to 0 
atoms involved in the strong basal Cu-O bonds. 

Table 4 shows that the pyridine ring is closely planar, 
with the Cu atom ca 0.1 A out of the ring plane. The 
plane of the pyridine ring is inclined 58.5° to that of the 
basal plane of the Cu coordination. Bond lengths and 
angles within the ring are typical of those found in other 
pyridine-containing compounds. 

The disordered water molecule occupies one of two 
positions close to the mirror plane. It is associated with 
an individual chain by two 0-H...0 hydrogen bonds, 
of length 2.75 and 2.78 A, to formate 0 atoms. As can 
be seen in Figs. 1 and 2 this hydrogen-bonding 
probably plays an important role in providing a 
secondary link in the chain to counterbalance the 
snaking covalently bonded strand. 

Table 4. Planarity of groups of atoms in the structure 
and distances (A) from the least-squares planes 

Equations of the planes are expressed as Px + Qy + Rz = S in 
direct space. 

7.31x- 1.50y+6.722= 1-34 
N(1) 0.006 C(I) -0.001 C(2) -0.004 
C(3) 0-003 C(4) 0-002 C(5) -0.006 
Not defining plane: Cu(1) 0.096 

9.29x - 3-07z = 0-69 
N(1) 0.087 0(2) -0-085 0(4) -0.089 
N(1") 0.087 
Not defining plane: Cu(1) -0.066, 0(1')-2.374 

Superscripts have the same meaning as in Table 3. 
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Fig. 2. A stereoscopic pair of drawings showing the packing of the 
chains in the structure. View is approximately down the length of 
the chains, and for the sake of clarity only one of each pair of 
disordered water molecules is drawn. 

Fig. 2 (Johnson, 1965) shows how the chains are 
packed in the cell. Since cross-linking of chains by 
hydrogen bonds is not present, the forces holding them 
together are essentially of the van der Waals type. 
Although pairs of pyridine rings from different chains 
lie parallel across centres of symmetry, the perpen-
dicular distance between them is >4 A, much greater 
than the ca 3.3 A typical of structures where base 
stacking occurs. 
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