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Prefacee

This thesis is submitted in order to obtaln a degree
called "Doctor o©of Philosophy'e It strikes me as stranges
therefores to find that most scientific research today has
1ittle connection with 'Philosophy's or even attempts to do
much more than produce resulits, I must immediately say

that +this thesis is no exception ¢, it +too vcontains
original resultse However, I would like 40 +try to put them
into a rather wider contexte

This is because every "thing' is not, Iin my understanding,
a product of chance, but rather in some degree reflects the
glory of the God who made ite Through my probing into a few
relatively simple molecules, this opinion has been con—
firmedas Indeed, modern experimental science began in the
17th century because God—oriented men recognised that the
crea;ion was not Jjust a machine set going ages ago, but in
fact 11s continually wupheld by His word moment by momentoe
Thus a study of creation ought to reveal a little of the
character of Him who makes 1{teo

Onty a ltittlie. howevere It is an oft—repeated error +to
spend more time studying the creation rather than follewing
the Creator Himself. He has already revealed His personal
character to us through Jesus Christsy in such a way as +o
make it pbssible for us to come to know Him in a personal
ways rather as a son to a fathers In a words He loves uss

And therey 1 must end.‘If anything else strikes you from
reading the thesisy may i+ be this wonderful: fruth that
*God so Loves the world +that He gave His only begotten
Sony that whoever betievegvin Him should not perishs but

have eternal life'o {John 3:16),
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Chapter 1 A, Experimental

Introductione.

The use of X—RAY diffraction techniques for the elucidat—
fon 0of molecular structure has become widespread since the
early observations of Von-Laue and 8Bragg (1), Mang excell-
ent treatises (2) have been published which clearly outline
the theory and application of diffraction to crystalline
materials, these require no further expansion he;e. This
chapter serves to outline the experimental procedures us 21
throughout the shuctural, determinations contained in this
thésis. A brief deseription.of the preparation of suitable
sinagle crystals for three—dimensional structural analysis
appears in chapter 1C, Thus; assuming the proviston of such
a cfystat. the determination proceeds essentially by 4
stages which are® unit cell and space group Aeterminations
data# collections structure solution,s, and structure refine—

ments These steps are outlined belows

Unit cell and sgspace group.

A crystal contains groups of atoms in particular arranga-—
mentss which repeat in a regular way in tﬁree dimensions,
Ry considering each identical groun of atoms as a point,
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
asb and c» with inter-vector angles o B Y AL though in
general any lattice can be described as triclinicy usually
the Lattice can be simplified by allowing for symmetry
elements bretating the contents of part of the unit cell
with itselfs There are 7 crystal systems s Tecoe unit—cell
shapes, which with Lattice centering give 14 Bravais
Ltattices, Application of point—-group and translational
symmetry elements to the Bravais La%ti;es give a unique
set 6f space groupss totalling 230 in numbers

A very useful way of treating X—ray diffraction phenom—
ana is by assuming that diffraction maxima arise from a
reflection off plLanes within the crystal, giving rise to
the_f@miliar Bragg equation:

nih 2z 2edesing

where d is the interplanar spacings A the X-ray wavelength,



Figure

le 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 30cms The collection

collimator apé?ture is 2mms, with a Llength of 10cme

11



6 the reflection angle, and n an_integer {assumed 1 for
most practlical purnposes).

Ptanes within a crystal are conveniently described by
Miller indicess Another useful construction is the recin-—
rocal lattices, defined as an array of points at the ends of
Ltines {(of length inversely proportional to the interplanar
spacing) drawn perpendicular to the planess The interpret-
ation of X-ray phctographs is straight-forward because the
reciprocal ltattice is directly related to the geometry of
the photographic informations The unit cell can be deter—

mined from the reciprocal lLattices

Space group determinations.

Normally oscillation and Weissenbery photographs gield
sufficient information, but triclinics and sometimes monoc—
Linics crystals require the use of a precession camera. For
prekiminary works crystals are mounted on glass fibres with
greasey and optically aligned so that edges are paraltlel to
the centre axis of the camera, CGscillation and “eissenbery
camera geometries require that the crystal rotates about 3
real lLtattice vector: precession geometry requires mounting
about.a reciprocal lattice vector.

Space group determination is necessarily indefinate in som
casessy as only translational symmetry 2lements and Lattice
centering cause systematically absent reflections, but the
choice can often be restricted by considering the knoun
chemical properties of the crystal in question, For example
optical activity precludes space groups having either mirro

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 fs termed
data-coLLectidﬁ, and was done on a Siemens ~automatic off—
Line 4—circle diffractometer {(see figure 1), at 10°Ce The
diffractometer was operated in w-20 coupled modes is2. W=20

The crystal under investigation is mounted with araldite
on a quartz fibre which is fitted to a eucentric gonifometer
head.‘and aligned so that a real crystal axis is coincident

with the ¢ axis of the diffractometers, Program LISTER cal—

12



culates setting angles for the circles from unit—-cell param-
etersys allowing manual lLocation of reflections and measure-—
ment of accurate B-values, which in turn are refined by
program CEDI to give accurate unit-cell dimensionse. These
allow generation of a S—frack' paper tape which contains
angle drive information for directing the diffractometer
to the correct position for measuring the reflections.
Crystal alignment is carried out using horizontal half-—-
shutters to set up a reciprocaL—Léttice plane in the W-20
planes thus defining a real axis perpendicular to this
planee Suitable reflections for alignment are at about 30°
iﬁ 0 s Adjustment of the goniometer arcs rapidly convergas
+o give equal half-shutter counts for the hkl and ARl
reflectionss provided that the alignment reflections come
ffé& planes roughly parallel to the goniometer adjusting
arcss The height of the crystal in the X-ray beam can also
be checked wusing +the horizontal half-shutters until the
open—shutter count is twice the half-—shutter count, Final
setting is done using coupled H6-¢ scans to find the
optimum $ value for a particular control raeflections and
the ¢ vosition recording ring is set to the value required

by the steering tape program for that reflections

Diffractometer details.,

Nata collection wuses a S—value measuring onrocedure (3},
which counts one stde of peak, background, full peakys
background, and other side of peak,; the scan proceediny at
D.o07 per step in fe Background is measured for the time
taken for a full peak scan (see figs 2). The scan ranqge
is normally set to vary as a function of 6 according to the
shape of the diffraction maxima of a particular crgsfaL-
Vatues of 0e5° either side of the theoretical O values
are +typical at g ca 50.6& The maximum time per step can be
presetsy for example values of D412s 0424y and 0«6 secs give
dafaAchLeétion rates of 1000, 600 and 300 réftections 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 fs a Nal[TL)I scintillation countecre.

13
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The X=-rays are generated by a copper tube running at 40%v,
13 mase and filtered with a nickel foil CuKf filter, This
passes Cuk g () =1-5418 A} and longer wavelength radiation.
The take—~ocff angle is ca 3°.ana beam collimators are avail-—-
able from 0.4 +0 140 mme Iin diameter, usually the example
chosen is about 0.2 mm bigger than the crysfal 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 +/— 0422, the machine embarks on a 0.01°
step search fo 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 bulse—height analysis of the counter output,

NData processing.

The counts for each part of the scans tojether 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 SODI which scales the data to
the referznce reflection, and applies Lorentz and potaris-
ation corrections, both of which are simple functions of
the data collection geometry., The program checks on the
relative sizes of half- and full—-peak counts to2 ensura the

intensity is roughly centred about the nominal B wvaltue,

Reflection intensity is computed from the following squation

I(nett) = 1/72{1(1)+1(3)+1(5)) —({1{2)+1{4))
and .girk defined by 172 /LTI +I(2)+1{3)+1{4)+1(5))
A test given by I < X, d I codes a reflection as '
*unobserved?, X is usually set to 258y which represents

99% probabilitye.

Absorption éorrec+i0n.

The final treatment of raw data is through the applicat-
fon 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 B8+ 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 lawssy but the problem is to
determine the path length within the crystal of the incid-
ent and diffracted beams, The 4ransmission factor, A, is
given by the expression:
Alhxt) = [ (1/V)exp-Tulri + r4)d dv
where 1 is the Linear absorption coefficiont; this is not
usualty solved analyticallys ITnstead a numerical integr—
ation technique is used (4), which approximates the inteqg—
ral to the sum of a number of weighted terms. These are sect
up as a grid of points within the crystal having a weight
dependent on their position and the shape of the crystale
The program IpABS' a modification of the algorithm of
Coppens 2tsale{5)s per forms, the calculationss. The final
exofcssion for intensity of the .hkL reflaction is
Flobs = KeIlobs)el1/Leplal1/A1
¥Where X is a scale factor adjusted to put I{2bs) onto
an absoltute scales LzLorentz factor, p=polarisation
corrections A=transmission factor.
p=(1+co§26)/2
L=1/(s5in2g)

Structure solution,

The next stage is to find the phase of Fs 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 follows:?

Flhkl) = Zfiexpzﬂi{hg + ky; + Lz )
f; is the statterinq factor of the j*'th atom at position
Xj v 7 {in fractions of a unit—cell *ranslation along
asb and ¢ reSpeétively). fyis a function of the number
of electrons in atom }J» and +the diffraction angle 9. f
decreases with increasing g . In some cases, especially
those atoms with X-ray absorption edges close to the .A
vatue of the diffracting X~-raysy other scattering omccurs
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 calcutlation. Scattering factors
of heavy atoms were Yaken from Cromer and Waber {6), and

those for hydrogen from Stewarts, Davidson and Simpson {7) .
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The an-omalous 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 B. The full anisotropic temperature
factor is

Expl-2at{Uy h?o%2 4, K2 B2 $Upy 12 M +20p, hka¥ b¥ +2U5 hla® ¥
+2U23ktb*c’)]
Fourier synthesis,

The structure factor may be expressed as a simple func-—
tion of electron density. Electron density, being a
per..iodic fﬁncfion 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-—

tions Thus we obtain hEL

/
plxsysz) = 17V Zz Flhkil)expl—-2milhx +ky +l1z )
-h
Subgtituting Flhkl)=|F {hkt)| exp{2i: Q)
Akl
plxsysz) =1,V Zzz {F(hkl)+c0921dhx +ky +lz — O
-3

showing the problem of structure solution to be detar-
mining the phase angle %;f The heavy atom methnd computes a
Datterson synthesis using F2 as the coefficient, resulting
in a map representing inter—atomic vaectors. Since the paak
size is proportional to the product of the scattering powear
of the atoms, heavy—atom vectecrs stand up against the back-—
ground of Light—atom—Llight—atom vectors. From a knowledge
of the likely space group symmetry of the cell, the heavy
atom co—-ordinates can usually bé determineds They are used
to compute F{calc)le The calculated phase is then Vcombined
with the modulus of the observed structure factor. to give
an electron density map sufficiently close to the true
electron density Yo Locate further atom positions,

A common approach uses a difference Fourier synthestis,

which uses |Fobsl— Fcalc+ 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 models Jsually successive
cycles of difference Fourier calculations are combined
with some parameter refinements and Location of most non-—
hydgrogen atoms is straightforward. Progress of the
solution is monitored by the R factor:

regar]| = Z]|Fovsf ~|Funl |

L|f | LR |

17



which tends to 0 as Fl{calc) approaches F{obs}.,

Difference Fourier syntheses aid atom type identificat-
tons as does observation of the temperatur:z factors of
individual atoms., A retatidety high temperature factor
suggests too heavy an atom, as does a negative peék in the

mapes

Refinement,

.The refinement of atomic coordinates and temperature
factors proceeds via a lLleast—squares procedure, well
documented and programmed in X-RAY 72, The function
minimized is

: .z

D= AELVJ(hkL)(|F0|'—-|kFc|)
The scale factor k is the itnverse of the factor in the
expression for ‘Fl on gagelb. but must appear on the right
sida of the minimisation function with the other variables.
w is generally unity for intttal refinementy but during
the tater stages the scheme of Hughes {(3) was applied,
where W=1 for Fc<F*, %W = [F*/Fc)® for Fc > F%,
F¥ is adjusted to give approximately constant W.IA Fl
Thrcughout the struétures in this 'thegis full—-matrix
refinement was used,

Problems which may arise at later stages of refinement
often stem from disorder; several examples occur in this
thesisa. Although normally not too serious, the effect is
an overall reduct ion in the accuracy of the structure
determination, and often prevents Location of hydrogen
atoms from difference mapss {In such casess hydrogen atom

positions‘ can somet imes be calculated by program HYDGNY),

18
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Chapter 1 8, Comnuting

Introductione.

Modern crystal structure refinement relies very heavily on
sonhis%{cated computer technatogy. which works very well in
genaeral terms, but often not so efficiently at Local sites,
Part of the Mé;k of this thesis has been the development of
user—oriented software which simplifies us2 of the large
computer pvpackages available, These will be described in the
context of a general overview of computing methods used,.
Hardwara,

The principal sites used were the Jniversity of London and
Imperial College computer centres [(ULCC and ICCC)s ULCC has
CDC 7600, 6500 and 6400 machines, and ICCC has a dual-main-—
frame CDC 6500 and Cyber 174 systeme ALL CDC machines have
60—ﬁit word memories. Both sites possess card punching fac—
ttities,y, JLCC has a microfilm machine, and ICCC a Kingmatic
fLat-bed plotter, 1CCCis operating systems, NOSs supports

over 200 interactive terminalss including several Tektronix

interactive graphics consoles. The graphic terminals are

controlled by a CDC 1700 computer, which also handles paoer

tape 1/3y and a fast Link +o0 the ULCC computers.

Software,

The principal crystallographic programs used were taken
from the X—RAY 72 system (1}, which is avallable from disc
at ULCCe The following Links of the system were most often
requireds and execcuted on the 7600,

DATORN Ihpuf of reflection intensities, atomic scattering
factors, and unit—cell parameters,; including space—group
symmetrye.

NORMSF  Determines *quasi-normalised structure factors ',
used for the Datterson synthesis as well as for direct
phase determination. It also examines Sfatistics of the
reflections to estimate overall temperature factorse
LOADAT Input of atomic coordinatess temperature factors,
and editing reflections.,

CRYLSQ LLeast—squares refinement program,.

FOUR? ‘Fourier syntheses from most coefficients{

FC Structure factor calculations for fixed atoms.,

20
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BONDLA Inter—atomic bond—tength and angles, with standard

deviations,
WTLSSO Apolies weighting scheme
LsQrL: BDest~plane calculations.

WTANAL Cxamines weighting schemes

The rest of the computing work was done at ICCC, the
following programs used without modification:

LISTFR Generates diffractometer setting angles

CEDI NDoes a lLeast-squares best—fit calculatiaon on 6
valtuesg to give accurate unit—cell parameters, It is
interactive, allowing free—format input and editing.
SEKO Sroduces a steering tape to direct the diffract-—

ometer to the correct posttion to start measuring thea
reflection intensity.

SODT Dyrpcesses the output paper tape from the A3 ffract—
ometprrs and applies lorentz and polarisation correctionse.
It scales the data to the reference reflections and checks
relative valtues of the half{f— and full—- peak counts, to
detect alignment errcorse.

1CABS Applies absorption correction, 1t is a very time-
consuming processsy offen taking over 10 mihu+e? on the 5500
or 174,

HYDGNY Calculates exnected hydrogen atom co—ordinates for

any type of parent atom bonding.

Data handlers,

5001 produces a card—image file containing one reflection
per records, This s rather wasteful, especially if the
data is off~lLined as cardss Accordingly PACKIT and WIZARD
were wfitten to condense and process the reflection datas
PACKIT produces a 6-reflection per card—image filesy in
integer form [i.,e the output can be read manually and thus
edited 1f required).

WIZARD unpacks the data again to its orfginal 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 paqe12 » The subsequently smaller disc
filtes ﬁan be easily stored, and this Led to the develop—

ment of terminal job submissiony rather than batch card



PRAGRAM CONDEN (BUTPUT i TAPE7 + TAPES s TAPEG=AUTPUT
C THIS PREGRAM CONDEMSES XRAY CARD IMAGES ON TAPE?7 TG 6 REFLECTIONS
C PER CARD IMAGE ON TAPEB. BASED BN D.J.W.S ARCHIVE.AND B.A.C.S
C DATCOD. MOVEMBER 77.
C FILE VERSIGM NGVEMBER 8 1977 8.A,C.
DIFENSIBN TITLEC16) » ICH (65 » ICK (B » ICL (6) » IFGB (6 » ISIG (6
C SCAN FILE TO CHECK FOR BIG REFLECTIONS
sC = 1.
REWIND, 7 .
14 READ(7,1000) (TITLE(D +J=1416)
13 READK.END.=11,7+ 10D1) ANAME » JCODE s IH, 1Ky IL sFSG 4 SIGF
IF (FSQ/SC.GT.999980. D GA 76 12
GB TB 13
12 SC = SC¥5.0
LRITE (61,3001 SC
3001 FGRMAT (1HO» 20X 344BH DEARY MY SCALE FACTER LAS HRBNG. /20X,
+  15HFSG DIVICED BY +F5.1>
WRITE (6,3002) TH» IK: ILFSG
3002 FARMAT C(1HO+ 19X, 3HTHE 314, 12H REFLECTIEN J8HHAS I = ,F10.2)
REWING 7

T0 14
C READ FIRST CARD T@ GET COMPOUND IDENTIFIER
11 REWIND,7
READ (7 1000> (TITLE (J) +J=1516)
1000 FDBRMAT (1BAS)
NCARO=0
N=1
IE=D
C....RERD FIRST DRTA CARD TQ GET COMPRAUND NAME
RERD {7+ 1D01) ANAME » JLADE» IH4 IKs IL +FSGsSIGF
1003 FORMAT (7X»AB» 1Xs11:314,F10.2,F10.4
HRITE (8,2100) ANAME
WHAT = ANRME
2100 FORMAT (GHREMARK 49X, R6)
GO 7O 2

1 N=Q
C.....INITIALISE THE BUTPUT ARRAYS
08 3 I=1.6
ICH (D = ICK (D =ICL (D =IFAB (I =ISIGKI) =0
3 CONTINUE
4 N=N+1

C....REA0 THE REST GF THE ORTA
6 REAQ C.EMD. =547+ 1001) ANAME » JCBDE » IH» IKs IL 1FSQSIGF
IF(IH.EQ.D0.ANC, IK.EQR.O.AND.IL.EQ.0) GG TO
2 NCARD=NCARD+1
FSA=FSG./SC
ICH (M) =JH+50
ICK =IK + 50
ICL M =IL + 50
F = SGRT(FSA)
IFEB () = FX100.
IF (JCOOE.EQR.2) IF BB (N) =~IF@B (N)
SF =SIGF/SC
ISIG(N) = SFX10. EI
IF(N.LT.6)G2 7O 4
WRITE(B,2101) (ICH (J) s ICK LD » ICL (D) » IFBB ) » ISIGKS) s =146
2101 FORMIT(B(3I2:I5:12)s2H &

G2 70 1
C....ENO GF THE DRTA SEQUENCES
5 IF(N.ED.1 GG T3 10
HRITE(B:2101) (JCHLD » ICK () + ICL () » IFGB LS + ISIGLD + J=1+6
10 CALL OATE (THING)
WRITE (65,2000 THING
2000 FORMAT (1HO. 19X, 32HYBUR DATA HAS BEEN CONDENSED GN .A1Q)
HRITE (620013 WHAT
2001 FDRMAT (1HO /20X, 23HYDUR COMPAUND NAME IS A6
HRITE (6,2002) (TITLE (M «M=1416) sNCARD
2002 FORMAT (1HO» /20Xs 16RS s /220X, EGHIT HAS, 14+ 12H REFLECTIGNS)
sToP .
NO

PROGRAM WIZARD CINPUT, QUTPUT TRPE 10, TAPE7=INPUT, TAPEG=BUTPUT)
C....THIS PROGRAM OECBOES 'CONDEN' CAROS INTE XRAY FARMAT
C....ALL SINGING CUM ORNCING VERSION WILL READ ANY CARD.BUT ONLY UNPACKS
C....CONDENSEC DATA. A COMPCUND IC. CARD IN 10X:R6 FCRMAT MIST BE THE
€....FIRST CARD OF THE OECK CF CARDS BEING READ» NB @THER CONCITIOGNS.
C... PRESENT READ FDRMAT ASSUMES 6 REFL. PER CARD.NGV.77 B.A.C.

DIMENSION ICH (B) + ICK (63 s ICL <6 + IFOB (6} + ISIG (6}

DIMENSIGN ARY (8)

RERQD (7, 1000 ANAME
1000 FRRMAT(10X,AB)
12 READK.END.=5,7+1100) ARY
1100 FORMAT (BAID)
DECOOE <80+ 1101 :ARY) AF
1101 FORMAT(79XsA1)
IF(AF.ED.1HOGE TO 2
HRITE (10, 1100 ARY
Ge D 12
C SET CRUNTERS
c READ THE CONDENSED DATA CARD
2 'OECDDE <80+ 1001sARY) (JCH (W + ICK(J) 5 JCL D s IFRPB () s ISIG (D) » =146 «AF
1001 FERMAT(E (312 15+ 12 »R2)
C.....UNPRCKING THE CARD
3 N=N+l
JCROE=0
IFCIFEB (N) LER.OVGO TB 4
IF CIFGB (N .GT.VGO T3 10

JCDDE = 2

IFEB (M) = -IF@BN)
20 IH = ICHIN - 50

IK = ICKN - 50

IL = ICLMW - 50

FT = IFGBN)

F=F 1./100.000
FSQ=rsF



submission,

The analysis of the atomic parameters can, in addition to
the SBONDLA Link in X~-RAY,s be carried out interactively with
program TWIDLE. This program has two main streams of Logic:
the first is an interactive bond-Llength, angle and torsion
angle routine capable of examining specific bonds, or cont-
acts within a range, and sequential torsion angles. The cal
culation software was originally written by Dr DsJ.Williams
and has been modified to take free format input from +the
terminal., Jpdating. editing, and output in particular
format for use by X-PAY or ORTIP, is possible.

The second scheme involwves thes generation and orientation
of specific qgqroups or molecules from a file containing
external structural information. They are inserted in the
cell as correct starting models for rigid-oody refinement,
The poutines can also rotate a set of atoms about a given

vector, The program invents new atom Labels, or updates

-

P

evious co—ordinates as requireds, The complete program
is L

isted on pages 24 to 27, and a brief description of
the program is now jJivene

Entry into the prdgram will put ub prbmots for data or
keywords that can usually be answered without difficultys.
Generally, a carriage return will etither éause a warning
messagey or use of preset default valuess.s Lists of numbers
require two C/R to terminate the RLADs Alsos mixed keyword
~numeric data Lines are not allowed by free—-format READs .
Major keywords are ATDM’LIST.BOND.ﬂGDELoSTORE.VECTOR.STUCK
MODPOS+RESTARTLEND. Their purpose is generally self-evid-
ent, and consultation of the Listing should allow a start
to be made in using the programs The program requires
on—line input/output on units S5 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 3TORE facility. This routine also allows
for the correct generation of unit 4y for Later 1use by
M0DPOS., Unit 3 is a simple atomic co~ordinate file for
input to X-RAYese The program's internal co—ordinate system
is orthogonal Angsfroh. re—~conversion into cell co—ordin-—

ates oécurring via STORE.
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PROEGRAM TWIDLE {IMPUT.BUTPUT. TAPE4, TAPED, TAPES=INPUT« TRREG
+=0BUTPUT TAPED« TAPED

CeM-DN ATMIS0D + X (S0} + Y5002 »Z (500 + TMAT (3033 + NN

COMON ISYMs IEN.BRA 20105 +ORB (50, 10y

COMMDN A+B.C.AL,BEGA, TJIG IRUN (25)

COMDON IR NRUN.MEASSCALE » IENANT

COMON TITLE (16} AX(A0) +ATI2DY »AZIZ0) « TIM{3 D) 1 APBT.GM

C.....BOND LENGTH AND ANGLE PRBuRﬂH OF D.d.W. IN INTERACTIVE FORM
C

USE MNF COMPILER NO. 3 B.R
c TWIDLE VERSION USER PQBGRQH

C.....M3IDPAS ROUTINES BF B.A.C. AND SMBOTHER GPERATION MBDS AUGT78

LRITE\B-GUDU)
6000 FORMAT (XSUPERTWIDLE ..
C...CHECK IF TAPE? DATA IS RVAILRBLE THIS 15 IN ORTEP FORMAY
LRITE (6.6005)
6005 FORMAT (XI5 DATA AVAILABLE ON TAPE 7%
READ (5+5110) AVE
$110 FORMAT (A2)
IF (RVC .EQ.2KNG) GO TO 700
C...CHECK FOR LOCAL FILE DATA BN TAPE 7
CALL GREAD
GO 70 701
C...INPUT BF OATA FROM TERMINAL
700 WRITE6.6007)
8007 FORMAT (XTYPE TITLEX
RERD (END = 94544000 (TITLE (U 1 JJ=14 16
4000 FORMAT (16A5)
WRITE (6.6008)
6008 FORMATXTYPE CELL DIMENSIANST)
READ (END=9+5,) AB+CyALIBE,GR
AP=AL
BT=BE

GM=GA
C......STORES ANGLES AS DEGREES
CALL ORTOG

701 WRITE (65,6009
6008 FORYAY (XTYPE GRIO®
READ (END=BDD,5 ) AGBGCG
C...THIS SEQUENCE IS THE MAIN CBNTROLLER OF THE PROGRAM
C...GENERALLY. CONTROL IS RETURNED TO THIS PDINT
C..ONLY END WILL JUMP OUT OF THE LOGP
800 VRITE (6.6010)
6010 FURrﬂT\xTYPE IN REQUIRED COMANDTY
IcH = ICH +
IF JICM.EQ. ID)HQKTE(S-GUBB)
B08S FORMAT (XBINGD .T.///:XSPRRY ABDUT THATX./, XTYPE COMMANDT)
READ (EMD=9,5+5000) ANAME
5000 FORMAT (A%
IF (ANAME LEQ.SHRBMD > GG@ TO 86D
IF ¢(ANAME _EQ.5HATOM 3GB TO 710
IF (ARNAME LEQ.5HSTOREY GO T3 B70
IF (ANAME.EQ.SHLIST » GB TO 880
IF (ANAME . EQ.5HMCOPDY GO TO S0D
IF(ANAME _EQ.5KENC ) GO TG 890
IF (ANAME . EQ. SHMERDEL) GO T@ 900
IF (ANAME LEQ.SHVEC T GU 0 510
IF (AMAME LEQ, SHRES TR TQ
IF (ANAME .ED .SHSTUCK) GU T 2
WRITE (6. 70002

7000 FORMAT (XUNRECOGNISED COMMAND, TRY AGAIN. STUCK WILL LIST COFMRANDSX)
800

T3
WRITE (6,7010)
7010 FERMAT (XTOMAND FUNCTIEN®
WRITE (6473117
7D11 FORMAT (FATCM
+TX5
WRITE (6+7012>
7012 FORMAT (XBOND
WRITE (670133

n

7013 FORMAT (XSTORE PUTS ORTEP READABLE DATA ON 7.MBDPAS DATA ON <4x,

1/,XXRAYT DATA ON3IX)

WRITE (647014
7014 FORMAT (A IST

WRITE (E:7015)

COMMAND SUMMARY DBTRINED BY ‘STUCK *

)

COGRD. ENTERING. KIND =1.2:3 FGR CELLGRID\ANGS

CALLS BONDLENGTHsANGLE,AND OIKEDRAL SUBROUTINEX)

GIVES @& QUICK TABLE OF ATOM NAME AND NUMBERX)

IF (AL .EQ,2KNGY GO TB BOO .
WRITF 54399

399 FORMAT (PSEQUENCE NUMBER OF FIRST AND LAST LISTED ATOMSY
RERD (END=5151+) NA.NB

NN-1

C..LISTIN CF ATOMIC ANGSTREM CRORDS
6 WRITE (65,6013

6013 FORMAT GNUMBERSNAME , X 1 Ad ’ Z X
D3 250 NJ = NA.NB
WRITE (660143 NIy ATMINIS « X{NJS 1 Y IND + 2 (NJY

6014 FORMAT(IX, ]212X,R6,3FF, 4

250 CONTINUE

GO 10 8OO

c BOND LENSTH AND ANGLE CONTROLLER . co cveeavannnnnn treeaneaa

6860 WRITE (6.6020)

8020 FORMAT (XENTER ATOM NUMBER SEQUENCEST™Y
IR=a
J=0
READ (END = 34540 (IRUN () +J=1:25)

300 103 I = 1.4

IFCIRUNCIT LLE.O) GO TO 104
IR = IR +1

103 CONTINUE

104 CALL DIMANG
G@ T2 80O

C.......MI0EL INITIALIZES JIG SCALES AND FLAGS:THEN GBES TG BOND

900 WRITE (6,602
6021 FORMAT CENTERIMEAS SCALE IENANTX)
READ (END=3,513 MEAS ) SCALE « IENANT
IF ¢EAS.E£Q. D WRITE (6,6022) SCALE
6022 FORMATXSCALE ISX,F4, 2, %IN. NNG. T
IF (MERS .EQ. 25 WRITE {6.2023) SCALE
2023 FORMATXSCALE IS%,F4.2, 3CMAANG. X3
IF (IENANT.ED. 15 WRITE(E.6024)
6024 ;BRmTG{NQNTIDY‘ﬂRPH HAS BEEN REQUESTED®)
2
GG T0 86D
€ EOF RECOVERY SECTION
S WRITE (6, 70207
7020 FORMAT (XBOTHER.X)
GO T3 80G
C..... DATA STORAGE ON TAPE 4 AND 7
870 CALL STORE
GG T3 8cD
Co.ae LLOUICK LIST GPTIBM LISTS ATOM NUMBER AND NAME
880 LWRITE{E,7D)

70 FORMAT (B, NAME NB. NAME  NO. NAME NO. NAME  NO. NAMED

LT=NH-1
00 71 KK=1,LT)5
JAzKK
JB=KK 44
MRITE (6,72} (JsATMIY » J=JR, JB)
72 FORMATIS {131 1X.A64 1203
71 CONTINGE
GO 10 80D
500 CALL OCPaS
0 T3 830 : .
510 CRLL VECTOR
0 TO 800
890 m.rs\s 60801
6060 FORMAT (XTRANSFORMATION MATR [Xews .,
LRITE (6460813 (CTMAT T 5 o J1ad) s TRETR

6081 FORMAT(SX,2FB.3

WRITE 6.6181
6181 FORMATIXINVERSE MATRIXS

WRITE (6,6182) {{TIM(I+J) +J=1, I TTYTIP
6182 FORMAT(3F8.5)

WRITE (5.60827

6082 renmr\/x A C .+ ALPHA + BETA .W".}
TE {6,60833 A,B C,np»a'r,cn >
6083 F‘GRmT\/-E.FB 3
LRITE (6,608
6084 FCRMAT(/,XT0 RESTART.TYPE TWIDLE  CHEERIG.®
T30
END

SUBRAUTINE ORTRG
ROUTINE T@ CGNVERT T@ QRTHOGONRAL CLORDINATES

7015 FORMAT (XMBDPDS CALLS GROUP ROTATIDN THETAPHISAND CHI ARE RLBNE....SETS UP TRANSFARMATION HATRIX THAT AND ITS IMVERSE TIM

4G X+Y ANDZX)
WRITE (6570163
7016 FORMAT (RDDEL
LRITE (6:7101)
7101 FORMAT (XVECTOR
WRITE (647017
7017 FORMAT (END
LRITE (617018)
7018 FORMAT(XRESTART  STARTS PROGRAM AGAINX
WRITE 6, 7018)
7018 FORMAT (XYES,NO GBVIBUS REPLYS TG PREMPTSH

CALLS GENERAL GROUP ROTATION PACKAGEX

STOPS PROGRAMF)

GO TO 800
C...0...ATOM POSITION READING IN SECTION CALLED BY ATOM.......
NN = NN + 1
710 WRITE (6,601
N = NN
6011 FORMAT (XATBM NAME CR C/RD
RERD (END=719.5.:51005 RTM(MN]
5100 FORMAT (ARG
IF (ATMINN) (EQ.SHND 260 TO 719
WRITE (6,6012)
6012 FORMAT(RXIND, Xo Ye 2%
READ (END=8+5:1 P . XT+ YT, LT
K = NN - 1
DB 715 JJ = 1.k
C  THIS LITTLE ROUTINE ENRBLES T'HE RTUH ARRAY TG BE UPDATED
JIFATHMIJY: LEQ.ATMN ) NN =
715 CONTINUE
IF¢IP.EQ.1) GO TO 702
IF(IP.EG.2) GO TO 703
XINN) = XT
YINN) = YT
2NN = 2T
GO 10 716
703 XT = XTAAG
YT =2 YT/8G
2T = 276
C...,THIS SERIES IS NOT TEALLY REQUIRED. BUT IM LEAVING IT IN
702 X(NMY = XTETHAT(I. 1)
YINM) = XTRTMATI2: 10 + YTETMAT2.2)
Z(NNW) = XTETMAT(3+1) + YTRETMRT(3,2) + ZTITMATOLD
IFMNN.LT.N N = N - 1
NN =
210 720
719 WRITE(E,5015)
6015 FORMAT(XDG YBU WANT A LIST®
READ (END=9,5,5005) AL
5005 FORMAT(A2)

K4

(]

CALLS WIRE MODEL INITIAL IZATIBN PACKAGE®

COMON ATHMS00) « X (S00) » T 50D «Z (5007 + TMAT (3,32 s NN
COMMANM ISYMs IENBRA (20,107 »ORB (50, 10

CeMON R:BICrAL BEGAY TJIG s IRUN (25)

COMN IR NRUM) MERS 1 SCALE s JTENANT

ceMen TITLE €16> +AX(20) AT (20) +RZ (20> + TIM(343) 4AP BT GM

GA=GATP 1,180
RSB=AXS IN (BE)
ACB=AXCOS (BE)
BSA=BXSINAL)
BLCA=8XC3S (AL)
CGS=(COS (AL XTOS (BEY —COS (GA ) /(SN (ALY *SINIBEY )
SGS=50RT (1-CGSICES)
c SETUP TRANSFORMATION MATRIX XX THAT XX
TMAT (1. 1) =ASB¥SCS
TMNY 24 1) =-ASB*CGS
TMAT (2,2) =BSA
THAT (34 1) =ACB
THAT (3:2) =8CA
THATG. D =C
Coven .SET up INVEQSE MATRIX
G 210 I=]

Tmez.n/(Tm‘ru.ancz,z))
STHRTR242)

TIMQ, D =TMAT2, DXTMAT2) -THAT 2, 2 XTMAT3 1))
+/(TMT L D FTMAT.2) XTHAT S, )

TIM(3. 2= =TMAT3,2) 2/ L(TMAT (2. 2) XTMAT (3,320
TIMGLDH ] AAMRTSD

RETURN

END

SUBROUTINE DIHANG

c SUBROUTINE TQ CALCULATE BOND LENGTHS, ANGLES AND OIKEDRAL ANGLES

MO ATMB0D) » X<5007 + Y(500) » Z2(500) « THAT (3433 +KN

COMDN [SYM. IENBRA (20,107 ,BRB (50 100

COMMDN A,8,CsAL «BEGAs TJIGY IRUN (26)

COMDN IR, NRUN,MEAS SCALE » TENANT

COMMDN TITLE {165 »AX (205 +AY (200 +AZ (200 1 TIM(3:3) AP (BT+GM
=4 IR= NO OF ATOMS IN RUN NRUN= MO OF RUN

IF(IR.CT.0) GB@ TQ 862

WRITE 65,6030

IRUN= RUN RTOM
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5030 FORMAT (30 ATOMS [N SEQUENCEX)
RETURM

B62 IF {IR.GT.1) GO T8 B61
+. BOND LEMGTH FRDM FIRST ATEMM T3 ALL TtOTHERS
= IRUN LD
WRITE(E,B03I ATMIIAL
5033 FORMAT (*BOND LENGTHS FRDM X.A6)
WRITE (6,6034
5034 FORMAT XENTER MIN AND MAX BOND LENGTHSX)

WRITE (6,6035)
FORMAT (XTARGET ATOM. NUMBER,»BONOLENGTHY
NL = NN -1
@ B63 JJ = 1.NL
IF (JJ.EG.IA) GO 10 B63 0
USL'F!L ORTHDOGENAL EXPRESION FOR BOND LENGTH
XD~ x<IA
Y = YA
24 - 2(IA;
RAB = SGRT(DXZDX + DYZDY +DZFDD 6052
IF (RAB.LT.BMIN.OR.RAB.GT.BM0 GO TO 8563
WRITE (6,60363 ATM(JJ) » JJRAB
5036 FORMAT(AX,ABY4X s 1303X(F6. 45 866
863 CONYINUE 6053
RETURN
861 NRUN = NRUN + 1 864
LRITE (6,6031) HRUM, IR 6070
3031 FORMAT GRRUN NB, X, [2,% NDB. OF ATBMS = =,12)
P1=3.1415926536 €071
SET UP OIRECTION COSINES FOR FIRST 3 BANDS
ROT=0.0 865
IF (JIG.EQ. DMEAS = 1 6072
AaJIc=0
IF (MEAS.EQ.1) AL IMES.5 6073
IF MEAS.E0.2)  AJLIM=25.0

oo
<%
W

-

XG-‘QUH [$5]

IB= IRUM () 74
DELX1=X{I8) ~-X{IA)

DELY. (I8 ~Y (LAY 75
DELZ1=Z (IB) -2 (1M 76
RAB = SORT (DELX1*DELX1 + DELTIZDELY1 + OELZIXDELZD)

IF{IR.EQ.2)GC TD B854

IC = [RUN(D) C..,.THIS CHANGES CELL PARAMETERS [NTP ORTHOGOMAL ANGSTROM C3CRDINATES
C

DELX2=X (1L ~X B

DELZ2=Z < IC
SECOND Bamy AND ANGLE
REC=SART (DEL X22DEL X2 +0EL Y2XDEL Y240EL Z25DEL 22)
DIRECTIBN COSINES DL (DM/ON
DL I=DEL X1,RAB
DM1=DEL Y1/RRB
OML=DELZ] /RAB
DL 2=DEL X2 /RBC
DM2=DEL Y2/RBC

DN2=DELZ2-RBC C.....THIS CONVERTS ANGSTROM CCCROS TO FRACTIONAL CELL COORDS

ANGLE BETWEEN FIRST 2 BONOS
RI2=Dt 13DL 240M1 ¥DM2+DN1FDN2
S12=S3RT(1-R127R12)

ANG1=ACOS (R12>
ANG1=ANG1*1B0PT
BEND1=ANG1

TANG] = 180.0 - ANG1
IF(IR.EQ.3) GO TO B6S

6050 FORMAT (RATOM ATDM  BAND  AMGLE  DIME  JIGSET BEND  ROT. %)
c THIRD BOND RCD
ID = IRUN (4
“01 DELX3=XI{ID) -X(IC)
DELY3=Y(ID) =Y LIC)
DEL23=2 (ID) ~ZLIC)
RCO=S0RT {DEL XI*DEL X +DEL YI*DEL YI+DEL 23*DEL 235
DL DELXARCO

L Y3/RCD COMDN TITLE (163 1AX {205 »AY (203 +AZ (20> + TIM(3,35 L AP BT, GM
DN:S DEL 23 REWIND7

R13=DL 1 XDL 3+DM1 XDM3+DH 12303 4 WRITE (6,605

R23=0L 25DL 3+0M2ADMI+DN2ADNT 60 FORMAT CHAT FILE 3 XRAY,4 MIDPOS +0R 7 GRTEP FORMATX
523=50RT (1-R23:R23) ND=NMN-1

RNG2=ACOS (R23)
ANG2=ANG2X180P 1

TAPE4 CONTAINS ANGSTREM CBARDS OF ATOMIC GROUPS.
-MODPAS.ANQ TAPE? IS A DUMYY ORTEP FILE.PLOTTED WITH X AXIS HORIZONTAL
COMMDBN  ATMIB00) » X {5003 »Y(SCC; »2 (5005 » TMRT (3,33 4 NN

DELZI DELZ2

5]2 523

ANG 1=ANG2

BEND1=BEND2

I1=I+1

GAToe 401

CONTINUE
AJIG=AJIG+SCALEIRBC
BL IMIT=AJIG+SCALEXRCD
TANG2 = 180.0 - ANG2

WRITE (6,6052) ATMIIBS ,ATM(IC) +RBC, TANG2, AJIG BEND2

FORMAT (/A6 1XsAB IXsFB. 391X FB. 27X 2F 7. 43
IF (BLINIT.GT.AJL M AJIG=0
AJIG=AJIG+SCALE*RCD

WRITE (6,6053) ATM(IC) LATMLIO) (RCDHAJIG
FORMAT (/+AG» IX AG) 1X4FE, 35 14X F7. 1)

RETURN

WRITE (6.6070)

FORMAT(XATOM, .. ..., TOMS,

WRITE (6,607 1) ATMCIAY vFZnB ATMCIR)

FORMAT (RB,FE.35 1Xs AB)

RETURN

WRITE (6,6072)

FORMAT (XATOM. .. ..... ATOM ZANGLE “...... LATOME

WRITE (6+6073) ATMIIR) +RABATMIBY » TANG LS RBC ATM(IC)

FORMATABIFE. 3y 1XiABYFE. 2, 1XsFE.34 1XsRE)
RETURN

END

FUNCTIBN [S100

IF¢0 74,75,75

SUBROUT INE THOG (XA YA 2R X, YO 205

MMON ATMOS0D) « XI5005 » Y5005 + 2500 s THAT (3,3 1 NH
COMMBN [SYM, IEN.OGRA (20,101 +CRB (50, 1)
cartonN A,B,CHAL LBELGAN [JIG, [RUN (29
COMDN IR, HRUN MEAS s SCALE . JENANT

COMEN TITLE (16 1AX (207 +AY (203 +AZ (205 s TIM{3: 3 +RPBTIGM

XA=XCXTMAT (1. 1)

YA XCXTMAT 2.1 + YCFTMRT(2:.2)

ZA = XCXTMAT(3, 1) + YCXTMAT(3,2 + ZCXTMAT '3,
RETURN

EM . -

SUBRBUTINE CELL (XC» YC2ZL+ XA YA ZR)

COMMON ATMISCID « X{500) » Y (500 »2 (5003 s TMAT (3,35 , NN
COrroN [SYM, IEN,ORA (20, 10 »ORD {50+ 105

COMON RYB,CH AL +BEGAL TIIG, [RUN(25)

COMON IR, NRUN, MEAS  SCALE . IENANT

COMMDN TITLE (163 .AX{20) 4AY (205 5AZ (200 » TIM{3,37 »AP.BT.GH

!C XAXT ML, 1)
XAXTIM(24+1% + YRXTIM(2+2;
= XAXTIMI3, 13 + YAXTIM(3,2) + ZAXTIMA,D
RET'URN
END
SUBROUTINE STORE

COMEN [SYM, JEN,ORA 20, 105 10RB (50, 103
COMMON AR, CyAL BEGA TJIIG) IRUN(25)
COHON IRy NRUN,MERS s SCALE » JENANT

RERD (ERR=113,END=133+5¢) IF [
IFUFI.EQR.4 GB 10 10

BEMD2=ANG2 IFCIFILEQ. DGR TR 10O
TANG] = 180.0 - ANG1 LRITE (6.66)
IF (JRUNID (ERLIRUN(I+D) ) GOTD 402 66  FORMAT GNEL DECK GR QLD
c CALCULATE DIHEDRAL ANGLE READ (5,505 ON
DIKE=ACHAS ( (R13-R123R2I) ~ (S12FS23)) WRITE (B+61)>
c CALCULATE SIGN BF ROTATIOD 61 FORMAT(XTAPE 7 IS BEIING WRITTEN®
DET=DL 13DM2TDNT +0M1FDN230L 3+DN 15DL 2*DM3-DN 1 FDM2ADL 3—DM1FDL 25PN~ WRITE (77007 {TITLE (J) »i=1516)
+ DL15DNZIDM3 700 FORMATI16A5)
=1 WRITE(7.7011RB-CrAPBT,GH
IF(ET.LT.0.0 JS=-1 701 FORMAT(EFS.4:17X. 1H1)
DIHE= (1BO-DIHEX180PI) *JS IF (ON.EQ.2HNEXGE TB 40
IF C(IENANT.EQ. 1> DIHE=S-DIHE ISY=[SYM-1
caTe 403 C.....COPIES STORED SYMBPS BACK TB FILE
402 DIHE=0.Q 00 85D 11=1,]ISY
403 CONTINUE . HRITE(?,800) CQRA LT UL » JJ=1,6)
AJIG = AJIG + SCALEXRAB ) 800 FORMAT(1X,AD, 7RI
BLIMIT=AJIG+SCALEFREC B850 COMTINLE
c FORBIDDEN RDTATION SIGN REVERSAL SERUENCE HRITE (7,80 1) (ORACISYM.UD » dU=1,8)
IBE1=ISICBENDID 801 FORMAT(1H1,A9.:7AI0}
IDE=IS[ {OIHE) Ga TD 851
IF (IBE1.NE.IDE) COTS 410 S0 FORMAT(AR2) to-
_PUY=RBT—(IBD—DIHE)- 40 WRITE(?. 719
IBE2=-18l 719 FORMAT(IH1W 16Xy IH1+26X5 1H1 426X, 1H1)
gENDZ;éBEZ’BEND? C...THIS LOOP WRITES THE CELL COOROS OUT .. .
0 e Sy
410 IBE2=IBE] 851 20 NT = 1.NO
ROT=ROT+0 IHE CALL CELL(CXHEYIL2eX INT) W Y(NT) 2 2(NT))
BEND2= IBE2XPEND2 WRITE (74 702D ATMINTY 4CXaCYC2
420 CONTINUE 702 FORMAT (AHATOM, 3XAG.3FB. 4)

IF ¢(RDT,GT.1680.03 ROT=-(360-ROT
IF (ROT.LT.~180.0) ROT=3604R0T

[ PRINT FIRST L INE GF BUTPUT 704
HRITE (6,605 1) ATMIIAR) 1 ATMLIB) +RAB, TANG 1, DIHE AJIGBEND] ,ROT

6051 FORMAT (LAG,1X1AB11X0FE.311X/FG.204F 7. 1) 30
IF(BLIMIT,GT.AJLIM AJIG=0 703
IFCI.GE.K GO T 450 720

c RESET SEQUENCE
=B

803
853

IF(NT.EQ.NOYGG T@ 30

WRITE (7+704) ATMINT
FORMAT (1HU 6X+A6 5 3H, 063

GA@ 10 720

WRITE (7, 703) ATM(NT)

FORMAT (1HU+ 6X+AG . 3H. 06+ 55X 1H11
CONTINUE

IF (DNLEQ.2HNE) GO T3 852

€....COPIES TRAILER CARDS BACK TO FILE

00 853 N=1, [EH

WRITE (74803 (ORB (N1 ,M=1,8)
FORMAT (BA1D

CONTINUE

GO TO BS4

F3R LATER USE B

Y

25



L...THE NEXT SERIES OF STATEMGNTS LRITES INSTUCTION CARDS FOR ORTEP
... THE FORMAT SHIULD BE FASILY RECOGMIZABLE AS BASED ON ORTEP COMHNDS

LRITE(7.705)

705 FORMAT (BX»3H2013

LRITE (7, 706)

706 FORMAT (BX3H203,3H1.0)

WRITE (7,707)

707 FORMAT \6X-3H301-3X03N15. sBXs3HIZ2 . 16X 3HI0. 1BX2H.5)

WRITE (7.

08 FBRMTKEX'BHBUZ 3HO.0¥
0

=
WRITE (7,709 U4

709 FORMAT (6X» 34901, 3XBH1I55501 » J4.5H5550 1)

725

WRITE (74725

43X, B6H15E501+ 17X0 IHD)
WRITE(7,71D)

710 FORMAT (5X,441101)

WRITE(7.711)

711 FORMAT (6X: 34604 30X, IH0. D

HWRITE(7,7121

712 FURMAT(BX:3HB11:121X+2H. 9

WRITE(7,713

713 FORMAIT(EX3H714)

HRITE (7,714

714 FORMAT (X1 IH2:3X. JHBLD)

715 FORMAT (6X:IHB12»3H

HRITE (7, 715)ND»ND
1:13:3H 1.I3,20H 3 1,1 1.7 .08)

HRITE(7+716>

716 FORMAT(SX.4H11021

WRITEL7.717

717 FORMAT (6X,3H2023

WRITEL?.71I8

718 FORMAT (7X«2H-1)
854 WRITE (6.62)
B2 FORMAT (XTAPET? CREARTED REAOQY FOR CGRTEPX)

ENDFILE7
RETURN

10 WRITE (6,604}
604 FORMAT (HENTER GROUP NAMEX)

'

READ (END=1154.402) ANY

402 FORRT(ALD
GO

11 RERAD {5,402) NGRP

C...

RITE NEH GROUP DATA,..,.
WRITE (6,402 NGRP
WRITE (4,402 NGRP
00 750 KN=1.:NO
WRITE (4, 400) ATHIKN) + X (KN) 3 TIKN) » 2 (KM)

400 FORMATIAG:IF9.4
750 CONTINUE

HRITE (4,401
1 FORMAT (JHEND!
HRITE (6.63)

B3 FORMAT (XGROUP DATA WRITTEN TQ TAPE 4%)

RETURN

REWIND3

WRITE (6,101

FORMAT (XXRAY ATOMS OH TAPEI™D
HRITE (65105

10% FORMAT (X]ST AND LAST ATEMS TG 8E STOREDX

READ (END=110+5,+) IAF, JAL
Ge TO 111

110 IRF=1
I

11

AL=ND
1 FRITE (6, 106)

106 FORMAT (XTEMP. FACTORT

READ (5 TF

104 FORMAT (41ATOMs 3X.AE4F 8. 4

103
11

03 103 KK=IAF. JAL
CALL CELL (CXeCYsC2s X KK » Y (KK) 12 (KK} )
LRITE (31104 ATMXK) «CX LY C2i TF
CONTINUE

3 RETURN

SUQRGUTXNE ORCAD
COMMEN ATHS00) » X (5005 » Y(500) s 25001 » TMAT (3)3) o NN
COMON

ISYM. JEN,BRA (201 10) +BRB (50, 1)
A:8,C1AL,BEGR: TUIGY IRUN (251
IR MRUN, MEAS SCALE » IEMANT
TITLE (163 + AX(20: (AY(20) s AZ (2D » TIMC3+3) sAPBTGM

x=0

rass e JORTEP DECK READING +.00was Vereeeaas
REWING?
READ (7, 7000) C(TITLE (31 ,J=1+16)

7000 FORMAT (1BAS)

IF(TITLE{D) .£Q.5HATOM GO TQ 10
READ(7,7001) A8, C4ALHBEGR
1 FORMAT(GFO. D
GO T3 11
0 Ik=1
HRITE (6,6000)

6000 FORMAT (XTELL PARAMETERST)

12

READ (5+1AB-CHAL +BEGA
1 AP=AL
BT=BE
GH=GA
CALL GRTOG
IFUK.LT. DGO TO 12
REHIND7

GO TO 13
<STORE SYHOPS
DO 200 1=1.20
READ (7, 70033 (JHT. (BRACIJI 9 J=1+80)
IF(INT.EQ. 1GO TQ 201

7003 FORMAT(I1,AI,7A1D)

20
1

200. CONTINUE
1 IS
3 CONTINUE

READ (7570040 ATHINI »CX»C Y CZ

TOO4 FORMAT (7X.A6,3FE . 4

CALL THOG (XN « T(N) »2Z (N1 ,CXsCY. CO
REAQ (747009 TU

7005 FORMAT (71X 11

2
C...

IF(U.NE.DICO TO 2

CONT INUE

N=500

NN=N+]

IF (IK.GT.DIRETURN

<STERE TRAIL ING INSTRUCTION CARDS
0@ 203 1=1,50
READ (7, 7006 (ORB (T+.0) 5 U=1+8)

-

7006 FORMAT (BRI

IF(BRB (1,12 .€Q, 10H -1)>G68 TO 3

203 CONTINUE

3 IEN=T

FORMAT (6X23HD01 s 3X0BH 155501 »3X1BHIS5501 +3XEH 165501 1 IXH6H155501 »

26

RETURN
END

SUBROUTINE VECTER
COMMBN ATHMISN0Y » X (500D » Y (5000 +2 (500 + TMAT (353) oNN
COMMEN ISYM. TENCRA (205 I05 +ORB (50, 10)
CBMMON A.B,CsAL.BEGA.IJIG IRUN(25)
COMMEN [R/NRUNMERSSCALE: JENANT
COMON TITLE (16} s AX(20) »AY {203 s A2 (203 » TIMI3»3) AP BT GM
DIMENSION T(3.99) +R(3,3
+.THIS ROUTINE WILL ROTATE ANY GROUP OF ATAMS DEFINEQ FROM A SEQUENCE
..RUN ABOUT A VECTCR DEF INED BY TWO ATOMS WITH A RPIVOT DEFINEQ BY
ONE ATOM. ONLY ATOMS ALREADY IM THE MAIN ARRAY CAN BE USED.PESITICN
URDATING IS AUTOMATIC.BUT NOT OISASTOROUS IF THE ROUTINE HAS BEEM
CALLED FROM MODPOS.

ODooo0nn

«v..« INPUT OF PERTINENT OARTA
WRITE (6,600
600 FORMAT )40, OF FIRST AND LAST ATOMD
REAQ {(END=10,5+) HAMB
C.e...TRIS OF COURSE ASSUMES THE GROUP TO BE CORRECTLY SEQUENCED IIN THE LIST
WRITE (6+601>
601 FARMAT (X*ATAM NUMBERS WHICH DEFJNE THE VECTORX
READ EENDB=10.5, 3 MvAMVB
Ci.e»SET UP DIRECTIDON COSINES OF THE VECTOR
OX=X (MVR) =X {MvB)
Y=Y (MVA) ~ T (MVB>
DZ2=2 (MVA) ~2 (MVB)
DE=SGRT (DX*UX4D YO YHO23DZ)

WRITE (6,502
502 FORMATOXPIVOET ATOM NUMBERX
READ(END=10450) P
Coeenn PRINT CURRENT DATA
1 WRITE (6.B07: ATMIMVAY +ATHMVBI , ATH (P
BQ7 FORMAT(XVECTOR FRCGM X,;A6,X TQ X.A6:X. PIVRT ATOHM *,/A)
C.....SHIFT GROUP TQ QRIGIN LRT PIVDT
J=0

02 200 I=MAMB
Jalel

TLLs D =X D =X P
T DY (=Y P>
T3, D=2(D =2 P

200 CONTINUE
C.ee...SET UP THE RATATIUN MATRIX R
WRITE (65,6031

803 FORMATXROTATIOGN ALPHA IN DEGREES™
RERD(EHD 10,5.1A0
Civsn GL'RORF\NT CHECK ING SEQUENCE
32 IFRD.LT.0.00G0 T3 31
IF(RD.LT.IBU.D)GB T 30

RD QO 180 ]

Go 32
30 COMTINUE
C..... CONVERT AD TO RADIANS AND 08 TRIG CALC.

AR=. RD*’J 1415927/180 1]
CR=COS
oCc=1. U—Cﬂ
SR = SINGARY
Conenn BUILD THE RDOTATIBN MATRIX

R(3)3>=CA + 0I®ICT
Covo ' JPERFORM THE ROTATIONI A MORE SOPHISTICATED FORTRAN COULD USE TLO
C.....00 LOOPS » THE INNER ONE OF THE FORM A=R+T{M,»IDAR(N.K;» N FROM 1 TO 23
0B 201 I=1,J
TX=T(1. DD
. Ty=T@vD
TEZ=T( D)
D0 202 K=1,3
T H=2TAR LK + TYR2,K) + T2ZTR (JWK)
202 CONT INUE
201 CONTINUE
IF (IG.EQ. GO T3 40
C..... SHIFT GROUP COORDS BACK INMTG REAL CELL
C.....AND UPDARTE ATAM ARRAY
00 203 I=tR.tB
SS=dI+l
KD =T LS SO +X P
Y =T (2 D +Y IMPY
2D T U +Z (M
203 CONT INUE
Covrns LIST NEW CCORDS
HRITE (6,604
604 FCRMAT (X NAME . X Y Zn
204 NP B
WRITE (6:6055 ATMIN) « X (N) o Y{N) 4 2{N)
605 FORMT (A6 .2X.3F9. 4
204 CONTINUE
C.evs . .CONTINUATION OR DROP
WRITE {6.6062 ° -
606 FORMAT DB YOU WLISH TO CONTINUEX
READ (END=10.5,5003 CC
500 FORMAT (A2
JF {CC.E0.2HYEY GO TO 1
Covunn E-O.F AND TERMIINATION
10 WRITE {6/,606)
608 FORMAT (XENQ OF VECTOR ROUTINEX)
RN

END
SUBRBUTINE MIDPBS
COMMBN ATH(SD0) 4 X (5003 + Y (S00) « 2 (S00) s TMAT (3435 +NN
COMMON ISYM. JEN.ORA (20, 10) «CRB (50, 11
COMDN R:B.CoAL+BESGA LG, JRUN (253
COMMDN  TRWNRUN MEAS ) SCALE s TENANT
COMON TITLE (1B) +AX (20} sAY(20) »AZ{20) » TIM(3.3) AP, BT GM
DIMENSION EA {50, MADX (505 »MBDY (50 » MODZ (BD3
REAL HOOX,MBDY,MOOZ
Cocune .THéS IS THE CALCULATION SUBROUTINE
MU=

1415927




WRITE (6:5000)

€000 FORMAT (RENTER GROUP NAMEX)
READ (5 1000 NGP

1000 FORMATCALDY
GO T8 11

12 WRITE (6,6001)

6001 FORMAT RENTER PIVAT ATAM NAMED
READ (5 100 1D PATH

1001 FORMAT (AG)

WRITE (5,6002)
6002 FORMAT (3RING NUMBER THETAPHILCHI*)
C...i...-FINO THE PIVOT ATGM COGRDS

CALL NCK (PATM, IP)
IFUIP.LT.ONGD T9 12
DELX=X(IP)
CEL (342
DELZ=Z CIPy

40 READ IRM: THETAPHICHI
THETASTHE YA I/180.
PHI=PHI*PI/180.
CHI=CHI3P]/180.
IF(C.EQ.2HYEXGE TO 41

Gl TO 2
..GET THE GROUP COORDS GFF TAPE 4
11 REWINDS
1 READ LEND=6,4» 1000) MGP
IF(MGP.EQ.NGPXGE TO B
GB T3 1
8 WRITE (64 1009 'GP
Go To 12
2 HJ = Mi+L
1009 FORMAT (XGREUP NAME IS X:A10)
READ (4, 10062 £A (M) »FADX ML - MODY (M) »MBD2 (M)
1006 FORMAT (RZ2,4X+3F9.4)
IFEAMMN (EG.2HENIGO TO 3
Q 70 2

3 M =HU-1
41 D@ 400 N=1.H
CALL ANGLE (TET, THETA.MBDT (N3 , MEDZ N3 1 R)
YY =RICES(TET
EZ=RESINITET
CALL ANGLE(PHITPHINZZ,MIOXN) »5)
2Z=BXCOS (PHIT
XX=S¥SINCPHITY
CALL ANGLE (CHIPCHIXXYY,T)
XX=TICES (CHIPY
YYsTESIN (CHIP)
AXINY =X + DELX
ATIN
AZND =
400 CONTINUE
REWIND 8
DO 350 M=1sM
WRITE (8,8000) EA (M 4 IRN MM AXIMMD LAY MMD ,AZ 01D
350 CoNTINUE
WRITE(E.67)
67 FORMAT (XSHALL I LIST GENERATED CORDINATES®
READ 5, 1CO7I LA
1007 FORMAT (A2}
IF(LA.EQ.2HNDIGB TO 4
00 250 J=1sM
WRITE (6,800 EA L » IRN1 JAX (D) JAT I +AZ (D
8000 FORMAT(A2,212:3F3. %
250 CONTINUE

610 FORMAT (XCONCURRENT RETATIGN®
4 WRITE (6,610
READ (5410075LC
IF (LC.EG.2HNO) GO TO 30
C.....REAOTAPES AND SUBTRACT DELX/Y,/2 TG GET NEW MIDEL POSITION
RERINDE
DO 300 L=1,M
READ (8, 1006) EA (L1 ,PX,PY,PZ
MODX (L) =PX-0ELX
MDY <L) =PY-DELY
MODZ (L) =PZ-DEL2
300 CONTINUE
WRITE (6.6002)
Go TC 40

30 WRITE (56000
600 FORMAT (XUPDATE ATAM ARRAT:
READ (5,10075LB
IF (LB .EQ. 2HNG: RETURN
NA=Q

REWINDS

00 351 K=1.M

READ (8480013 RATAX (K} +AY (K} +AZ (K>
B001 FORMAT (AG,IF9, 4

NT=NN+K—1

II=NT

CALL NCK (RAT.NTY

JFINT.GT.OGO TO 5

NASNA+]

NT=IT

& ATMINT) =ART
XART) =

ZND =
351 CORTINUE
HN=NA+NN
WRITE <6+6005)
6005 FORMAT(XVECTOR .30
READ (END=20+5, 1007) VN
IF 0N EQ,2HNOX GO TO 20
CALL VECTOR
GO TO 4
20 RETURN
6 WRITE (6,607 NGP
607 FLRMAT (313 GROUP CALLED *+A10,XBN TAPE 40
TURN .
END
SUBRABUTINE ANGLE(DE+F 4Gt
PI=3,14159
IF(F.EQ.C.0.AND.G.EQ.D.0VGD TQ 1
Ga T 2

C...TEST FOR ZERG COCRORS
2 HTSORT (FXx24G%%2)

IF (F.EQ.0.0>GO TO 50
Q=GF
IFR.LT7.0.0)8=-Q
P = ATAN (D)
IF(F.LT,0.0.8MD.0.
IF(F.LT.0.0.AND.G
IF(F.GT.0.0.AND.G
IFCF.LT.

27

S3 P=PI2
IF (G.LT.0.D) P=PI+P
D=E+P

60 CONTINUE
RETURN
END
SLBRAUTINE NCK (AR, IP)
COMBN ATMS00) + X (5003 + Y {500) +2 (500) « TMAT (3135 58N
COMMON ISYM, IENSORA (20 10) +ORB (50, 10>
COMON A13+CiAL +BEGAY IJIGs IRUN2S)
COMON IR NRUN,MEAS. SCALE « 1ENANT
COMMON TITLE (165 »AX <203 1AY (20) +AZ (205 « TIMIZ+ 35 4 APBTIGH
P = -1
NO=hN~-1

C.....IP REMAINS -VE IF NO ATOM MATCH FOUND

00 10 I=1.ND
IF (RALEQ.ATMID > IP=T

10 CONTINUE
RETURN
END
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The nlotfinq of molecular diagrams is the final stage of
a structural determination, and often the most time—consu—
mings, because here one has the ability to chonsse a view of
the compound based on subjective jJjudgementss The process
has been greatly speedead up by overlaying . the plotting
program (RTEP, {2), so that i1t can be executed on-lLine.
Two versions of the program were modifieds the earlier and
smaltler ORTIP1 being further adapted to run _interacfively.
and the Llarger ORT;PQ having hidden—Lline removalt facilit-
ies can be run on—Ltine.

The overlay scheme is outlined below, with core sizes
given in ocfé[ words, The Limit for on—-Line or interactive
work at ICCC is 60000RB.{about 24K},

OVERLAY [DRTED 4 040) Requires 53473113

Contains the main program, and smalier subroutines.,
OVERLAY {DRTEP,1,0) An extra 34303
FR00sBONDILAP300

OVERLAY (ORTED,2,0) An extra 25703

F7004,LARP700

OVERLAY {ORTER,340) An extra 24368

PRELIM, Z1IGEN

OVECRLAY {DRTEP,4,0) An extra 6448
F900
OVERLAY {ORTERP 4 5,0) An extra 4723
Fa400

OVERLAY(ORTEP,S41) An extra 24763

SEARC
DVERLAY (ORTEP+64+0) An extra 5208
F200
OVERLAY (ORTEP 4 74+0) An extra 3318
F600

The QOVERLAY commands are standard FORTRAN featuress, and
the set—up of the various subroutines should be straight—
forward., Overall saving of core is about 40%,s compared
to the unal tered wversion, at the expense of additional
execution time because of reduced buffer sizes and extra
disc 1/0 operations,

The earlier version of ORTEP has no hidden—-iline removal
feafﬂres, therefore overlaying the program in a simitar
way.provides ample room to modify the main subroutine to

enable génuine Iinteractive control of the programs The



modifications are based on the *saved sequence'. instruct-
ton nos1103, The occurrence of the 1103 card ftriggers a
change in the input READ wunit number from file to the
terminal, and a routine of key—-word recognition sets up
instructions directly by inse}tinq values into the
correct READ array Llocationss. The following set of
commands available are QRAW.SDIQgNAME.BOND,STEREO.PAGEo‘
SHIFTHEZLP and ENDe A Llisting of the HELP directory shows
the genecral 1dea as to the operations aVaitébLe:
HELP DIRZCTORY
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 ploftter axis
{Dummies a %02 instruction])
NAME Labels the atoms.All atoms Labelled at given size
3OND, Labels bonds between two specified atoms, given by the

AD™ of both atoms.

%)

TEREQ Plots a stereo pair of the screen contents
DAGE Changes the page sizes

SHIFT Moves origin along the pyotfer X axis
HELDP Displays this directory
CAPY Puts a copy of the diagram on file for subsequant

microfilm generation,

END Teminates the session, displaying accumulated rotation

The use of the program enables rapid generation of 3 view
of the molecule in the desired orientation, The final
diagram 1i1s plotted with ORTEPRR from the rotations found
interactivelye. This is also an on—line operations, and a
check of the dtagram can be made visually before sending
the file to be microfilmed,

The Last program wrttten was JUST, used to jJustify the
text of this thesise I+ (s a simple Justifier, assuming
that the text {s within a few characters of the desired
right-hand’ margin. I+t was executed on %ﬁe University of
"Cambridge IRM370/165 computer, It will only try to justify
Lines starting in columns 1 or 2, and adds blanks after
words tonger than 3 characters, Location of extra blanks
depends on the number of blanks to be inserteds The program

is Listed belows
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30

CeecoeTeoe TEXT JUSTIFIER

Coesecnsee MCROOM VERSION 60 ILINES PTIR FASGE
DIMENSION AA(BD),PP{S9),LB(10}
DATA SP/1H / ’

NP=0
DO 7 I1=1,65
AA(TTI)=SP

7 CONT INUE
VRITE(6,204)5P
2 PEAD({S 2190 +END=9)Y (AA(N)sN=1,65)
100 FLRMAT(65A1)
3 NP=NP+1
CesecesTHIS 1S THE LIND CCUNTER FOR DAGINATIUON PURPQOSES
IF{NPeEG3C) GO TO 32
Ceoeee CHECK FOR LBANK INPJT LINC
IT{AA(1)0EQoSPe ANDo AA{2) o EQLSPIGO TO S50
CeeeooCHFECK FOR CHARACTER IN CQOL. 59
IT{AA(S59) e NEeSPP) CGC TO S0
Ceces«FIND END OF STRING
HN=53
1 M=N-1
IF{AA(N)«NE«SPYIGD TO 30
50 TO 1
30 NB=59-N
Cececee e HUMBER OF CEXTRA LBANKS=ND
Ceeees CHECK FUR SHUORT L INZS
IF(NBeGTeS)GO TUO S0

T CeoeeoNUW FIND LBANKS AFTER 3CHARe WORDS.

Coeocc INITIALIZE LB ARRAY
DC 25 JK=1,10
L3(JUK)=0
25 CONTINUE
=0
DO 31 JU=4,.N
IF{LAA(J)«EQ.SP)Y GO TO 32
GO T 31
JJJ=J-3
JONE=U—-1
JJ=J-2
IF(AATJJI) e NEeSPe ANDcAA(JI) o NEeSPe AND e JOMNEeNC 5P )G T 323
560 TO 31
32 M=M+1
CeeeeePUT LOCATION OF MTH LBANK INTO L3
LE(MI=J
31 CONTINUE
Ceess e CHECKS FOR FORMATING OF QUPJT T3 AVOID SROUPS OF SDACES
Ceoecceo AT ONC END DF THE LINC
MT=M
MH=MT/2 ‘
IF{NBLTMH)GO TO 73
IF(NBGEeMT)GO TO 76
GO 19 77
76 NE=MT
GO 1D 34
77 HBI=N3+1
DO 75 IM=NB1.MT
CoeeernasSTT LB TO 0 WHEN MTH IS MORE THAN NB
LB{IM)Y=0
7% CONTINUE
GO TO 34

CeeseaeeNOW PAD LAST NB SPACES
73 MK=MT-NB+1
K=0
DO 74 IK=MK MT
K=K+1
LBIKI=L3(IK)
74 CONTINUE
34 CONTINUE
Coevec ACTUAL JUSTIFYING
NC=0
M=1
DO 63 KK=1,59
PP(KK)=5P
62 CONTINUE
Coooeew THIS ENSUFES LB3ANKS ARE IN PP

9]
)



DO 59 J=1sN

HC=NC+1

PPINC)=AA( D)
IF{JeEQL.B(MY)IGD TG 61
GO TO 59

NC=NC+1

PP{NC)=SP

M=M+1

CONTINUE
VWRITE(E 2201 )Y (PP {N) yN=1,50)
FORMAT{ 16X +59A1)
WRITE(6,204)SP

GO 170 2

CenseeCOPY WITH NO FURTHER ACTION

200

WRITE(6+200) (AA(N) »H=1,465)
FURMAT (16X, 65A1)
WRITE(6+.204)SP

Ga 70 ?

CeceseoMNIDW PAGE RQUTINE

32

204

LT

4

le

[o]

e

— £

WRITE(H6,204)SP
NP=0
WRITE(6+,204)5P
FORPMAT (AL1)

S0 TO 3

sSTOP
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Chapter 1Ce Chemisiry

Introduction to nucleic acid chemistrj e

The role of metal ions in biochemical systems has lonj
been established as beiny of essential significance, with
almost all processes in Living tissue reguiring the pres—
ence of metals of one kind or anothere¢ In the area of nucl-
eic acid bicchemistry;y metallo—enzymes are key molecules in
the system of cell replications and much work has been done
to establish the way in which replication occurse Generally
the metals most widely found are alkali, or alkatli earth
Sroup mefaLs‘such as sodium or ma_jnesiume Since these ions
have relatively simple electronic confijurations they do
not Lend themselves to study by spectroscopic methodsy, The
use'of transition metals as replacement probes for the inv-—
estigation of the environment of metal sites is thus a
commaen technique (142),

Almost all studies of nucleic acid/metal systems attempt
to determine the precise Location and binding of the metale
A review of the techniques available has recently appeareds
and deals comprehensively; with spectroscopic studies (3).

UOf sgpecial interest is *he wuse of X—ray crystallography
to determine the precise nature of a metal—-nucleic acid
compeounds and in recent years a great deal of work has
been carried out on nucleic acid derivatives {4+3)a

Generally the exact determination of a nucleic acid stru-—
cture is not possible because of the Large size of the
molecule (MW cae 0¢5 million)e This results in a very targe
unit celle In fibre diffraction of nucleic acid strands
thelll—fold repeat and the inter—base distance can be obs—
erveds consistent with +the double—helix model for the
structures Individual base sequencing is not possible by
crystallographic techniqueseo Therefore the single nucleo—
tidesy or their parent basess are used in crystallographic

studies as models of the macro moleculeo

Constitution of a nucleotides

A nucleotide consists of three moieties; an aromatic hete—
roc,clic 'base®, a sujar, and a phosphates The bases can
be of two +typesos the purine type leoygo adenine) or the.

yyrimidine type (eoyge cytosine)e See figure 1 for exampleso
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A nucleoside is formed by a (D)-ribose (or 2—deoxy—ribose)
sujar binding to the base at N(9) in puriness and N(1) in
pyrimidiness Most studies use the ribose sugar (because of
avatlability). The names are abbreviated to letters: for
example adenosine is the nucleoside formed between adenine
and riboses Ae The deoxy form is represented by dAs dU etce
A nuclteotide is a nucleoside with a phosphate zroup bonded
to the sugars, either the 3' or the 5% positions and this is
represented as S'UMP (for 5'Uridine monophosphates fige2)e

A nucleic acid (s a polymer formed b, 3'5' phosphate links
between the sugars (Figure 3)s RNA for ribose sugarss and
DMA for deoxyribose sugarse The sequence.of different bases
alony the chain is responsible for transmitting genetic
fnformatione DNA exists normélly as a double—stranded fibre
with the strands linked tojether by hydrogjen bonds between
fhevbaseSa The complementary base pairingy system (6)s rest—
ricts the hydrogen bondiny to particular pairs of bases on
opposite stdes of the double strands For example s G-C
and A-Ta Thi; selectivity enables the copying of the sequ—
ence of bases to occur 'durlng replications thus passing
on jenetic informations

The binding of a metal to a nucleotide Is clearly capable
of interfering with the hydrogen bondings and it i{s known
that certain transition metals have destructive effects on
cell replications Some platinum complexes in particular
have beeﬁ shown to have selective effects on certain kinds
of celly Leading %0 possible antineoplastic wuse of such
complexese The mode of metal interaction thus has consid-
erable importance fn elucidating the nature of the anti-—
cancer drug effecte

Any comparative study of crystalline nucleic acid const—
ftuents with in vivo RNA or DNA must include chefut ref—
erence to the effects of pH. solid state "forces, and the
relation between the structure of the model with the real
nucleic acide Most relevant work is carried out on nucleo
bases which have been substituted at N(9)y or N(1}, lee.
the lccation of the sugar moietye None the less much inter-—
esting chemistry i{s associated with structures of the free
basess and a great deal of structural work has been done

in this fielde
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Figure 3e Section of a polynucleotide

shawing 3'—-5' phosphate Llinkss



Care must also be taken in drawinj conclusions about the
tocation of metal ions from studies on bases aloney as the
nucleotides have +the possibitity of phosphate and sugar
co—ordinations Even sos certain jeneralities can be mades
so that for N{9) blocked puriness we expect N{7)—metal
bindings and N(1) blocked cytosine gives N(3)-metal binding

Purine—metal complexes +tend to crystallize much more
readily than the pyrimidine equivalentss and there Is still
a paucity of information on pyrimidine-metal complexess of
special interest is uracils; and analojuesy because uracil
has no free nitrogen for co—ordination at neutral pHe The
chemistry of metal ion interaction with uraciltl and thymine
has been extensively studied (7+8:9), work which Led to the

isolation of many of the crystals examined in this thesises

General structural features,.

In examining +the structures of nuctelc acid bases and
derivatives, certain general features will need to be taken
into considerations These inctude +the +tendency to form
strong; hydrogen bonds if at all possibley and also the ten—
dency of the aromatic bases to stack above each other in a
parallel fashion at about 3eSA separation (10+11)eThis base
stacking usually occurs {n such an orlentation as to allow
polar exocyclic substituents to overlap the delocalised 17 -
s,s5tem of the aromatic ringe
Empirical

Generally the methods used to prepare the compounds are
based on the slow evaporation of solutions containing the
starting constituents {n suitable molar ratiose Recrystal—
Lisation s seldom usefule At a rouzgh approximation most
of the crystals studied were small, elongated prismss often
crystallising in a mass of very fine fibreseo

Normally a sample of the crystalline batch is sent for
analysis for CsH and N {Microanalytical Laboratory Imperial
Colle ,e)s This is not always possible for Limited batches
of difficult growtha The se Llection of a crystal suitable
for X—ray work is initially performed by examination using
a polarising microscopee In jgeneral single crystals should
Sive sharp extinction of polarised Light, unltess they
belon_, to the cubic s steme Usually the crystals have some

rejular morphotogy that allows orientation of the crystal

36
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about a principal crystallographic axiss The crystals are
mounted initially on glass fibre with gjrease, allowing
re-mounting during preliminary worke. Final mounting ts on

hand—drawn quartz fibres, usiny aral dite as cementa

Osmium microscopic stainse

One of the wuses of heavy metals in biochemical research
is as dyes for electron and optical microscopy of tissue
{12Y¢ Obviously If certain metals can be shown +to bind +to
specific sites, a means of Labelling a particular compound
{is made avatlables The fixation o0f double bonds by osmium
tetraoxide compounds is such an examples

Osmium tetraoxide is commonly used to catalyse cis— hydr-—
oxy;lation of isolated double bondss but it will form stable
adducts in the absence of waters The presence of tertiary
amines greatly speeds up the catalysiss yet in the absence
of water stable compounds can be isolatede These adducts
are of interest in determining the nature of the binding
of osmium ' tetraoxide to plLant ¢tissue containing double
bonds such as in unsaturated alkaloidsse The resultant
adduct {s either 5~ or €G-co-ordinate depending on the
ratio of alkeneiosmlium tetraoxidelaminee The structures of

some such compounds appear In chapters 65 and 7»
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Chapter 2.
The crystal and molecular structure

of dichloro—(9—methylhypoxanthine)mercury{(IIj)e.

Introductions

9-methyjLlhypoxanthine has several possible co—ordinating
sites for metal atoms, and the possibility of chelation.
using the N(7) and the exocyclic D(6) atom, especiatly
to large atoms such as mercuryo, existse Mercury can co-
ordinate weakly +to exocyclic oxygens as in dichlorobis
(Uracil)mercury(II),. and dichlorobis{di hydrouracil)mercury
{II) (1), and also tnteracts slightly with the 0(2) oxygen
tn-the N{3) co—ordinated complex di-u—chiorobisichloro{1l-
methylcytosine) lmercury(Il) (2).

Good crystals of a mercury—hypoxanthine compounds formula
Hy(9MeHYP)ICLy) + were jsolated, altowing a full structural
investijation to be carrtfed out (3)e Infra-red spectros-—
copy at Low frequencies showed bands in the region expected
for terminal Hg—-CL bondse These were at 275(w) and 325(s)
in the iers, and 276(s)s 325{(w) in the Raman spectras There
was no indication of bridging chlorine bondse The structure
could therefore have contained 4—co—ordinate mercury,
Ltinked through purine bridges with N(3) and N{(7) bonds. or
a chelate with 01(6) and N(7), or three—co—ordinate mercurys
9-Methyladenine complexes are known to Link to two metal
atoms via N(1) and N(7) (4—6)s but this would require +the
proton normally found on N{1) to move elsewhere I{n 9—methyl

hypoxanthines

Experimentale.

Crystals were grown from solutions of 131 acetone/water
containing equimolar amounts of mercury{(IIl)chloride and
9—-Methylhypoxanthineas{(7)sa Analysis results were found:
c$17.15x H=1435% N=12¢79%e Calculated for C6 H6 N4 O Hg CL2
C=17e¢11% H=1¢43% N=13s30%e

The crystals were of simple morpholoyys best described as
clear elongated prismse Prelliminary oscliltiation and
Weissenberg photographs showed them to be monoclinics with
systematic absences hOL Ll=2n+1, O0k0 k=2n+l,s consistent
with space group P21/7¢c (noel4d)de

A crystaly Oell x 0s14 x 0035 mm was mounted with its *c*
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axis parallel to the ¢ axis of the diffractometers and 21
hijh~angle Cu K a reflections were measured accurately in 8
These, on lLeast—squares analysiss, gave a=10.204{(1), b=
13.671(1) and c=7.167{1) As B = 98.24(1) » U=989.5 Aa
Other unit—cell data are z=4, Dcalc=2.%3 gc: » M= 421, <75,
FL000)=763 p=34643 cm e
1846 independent reflections were collected +to 9=78 s at

1000 reflections per days of which 104 were considered
'unobserved' as their nett count did not exceed 258 O 1.
The S5+s44,0 reflection was monitored every 50 reflections as
a references and used to scale the datas Its nett count
did not vary significantly during data collection (c.a.2
days)s The data wew corrected for Lorentz and polarisation
effects in the wusual waye At a Later stage the data w~we

corrected for absorption using a 3 x 8 x 12 grilde

Solution and refinement of the structure,

A sharpened, origin-removed Patterson synthesis provided a
straightforward determination of the mercury atom co-
ordinatess and a Fourler synthesis gave R=0e38» Inclusion
of the +two <chiorine atoms gave R=0e19e¢ From a differ—
ence synthesis the Light atoms were located, giving R=0+088
LLeast—squares full-matrix refinement with anisotropic temp-
erature factors gave R=0077, and use of absorption correc—
ted data gave R=0+.067s Application of anomalous dispersion
corrections for Hg and Cle removal of 7 reflections thought
to be suffering from extinction, and inclusion of a welgh-
ting scheme with F%¥=40 gave the final R of 04059« Hydrogen
atoms were added at f@e calculated positionssy with +thermal
parameters of U=0-04k»and-not refinede Table 231 Lists the
refined atom co—ordinates, Table 2:3 their thermat param—
eters and Table 2:2 the calculated hydrogen atom positionse
Observed and calcutated structure factor amplitudes are
Listed on pages 47 and 48'e

The final difference Fourier map has no significant posi-
tive features, but does show some negative regions in the
vicinity, of the mercury atoms due most probabtiy to absorp-
tion errorse The crystal had a broken tops but continued
trial—-and—error absorption correction runs were not thought
worthwhile in view of the straightforward nature of the

structuree
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Figure 231 The molecule of 9-Methylhypoxanthine dichloro

mercury(li), showing the secondary co—ordinations

Fijure 2:2 A stereoscopic view of the contents

of the unit cell,.
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Description and discussion of structurees

The molecular structure is shown in figure 211, from which
it can be seen that the mercury is trigonal planars binding
to N{7) and to two chlorine atomse The Hg—CL bond Lengths
are 2.402(3)5 and 2.35!(3)3. normal for strong trigonal Hg—
ClL bonds (B8+9)e However, the N(7)-Hg bond is slightly Long
at 24305(8) compared with 2,16 A found in the guanosine—~Hg
compound (Catena—(u~chloro)-chtloro{guanosinelmercury(11))
{10)s which has sp* hybridisation. This longer bond length
may reflect a slightly different hybridisation of the
mercurye The short Hg—CLlL bond Iin the guanosine complex is
2¢339(7)R, which is significantly shorter than the sp? Hg-Cl
bonds in the +title complexs Bond tengths and angles are
Jiven In Table 2:4,From this the asymmetrical nature of the
trigonal co-ordination, compared with ideal sp? inter—ligand
angles of cae 120% can be seen. The inter-ligand angles are
N(7)=Hg—CL(1) 101s5(2)s N(7)—Hg—CL(2) 11840(2), CL{1)=Hg-
cr{2) 14045{1)e These four atomss, however, Lie almost
exactly in the same plane {see Table 2:5 for Least—squares
planes calculations)s The reason for the wide CL{1)-Hg—CL(2)
angyle i{s not immedliately 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 ccme in between the two
bondingy chlorine atomse. The close approach distance is 3,49
A for CL{2)asse0(6)s CLU1)sese0(6) beiny more than 4 As The
sum of the Van—de~Waals raditi is only 3.2 R howevers so
there should not be severe steric straine An atternative
approach to explain the co—ordination about the mercury is
to assume that ft¢+ is a highly distorted Linear CL—Hg-CL sp
systems the distortion being caused by the addition of a
fairly weak Hg-N{7) bonds The asymmetrical nature of the
resultant co—~ordination sphere is more than Likely caused
by the size of the purine ring restricting geometrys Fligure
2:3 depicts a space—~filling diagram of the molecules
Bond Lengths and angles within the 9-methylthypoxanthine
moiety are unexceptional, and may be compared wmith those
found In tetra—-aquabis—(9—-methylhypoxanthine)l—copper(Il)
sulphate (11) and also those of Iinosine (12), and hypox-—
anthine hydrochloride (13)e A Least-squares plane through
the purine ring indicates that (t is satisfactorily planar,
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Thermal - ellipsoid plots with the eliipsocids

scaled to include 50X probabilitye

Fijure 2:3

The molecules drawn as a space'filling diagram,

using Van—de—Waals radiis



with exocyclic atom deviations of —0e09 and —0403 2 for
0{6) and the methyl groupe These values are Lless than the
equivalent value for 0O(6) and C{1*) in inosine, which are
~0e16 and ~0e15 R respectivelys

A view of the molecule showiny thermal e2llipsoids is
Jiven in figure 214, from which it may be noted that many
of the ellipsoids have principal axes in similar directions
This probably reflects the absorption errore The purine
base plane makes an angle of 60° with the mercury co—~ordin—
ation planes and 0(6) does not approach the mercury atomy
bein; over 3.84 A awaye U(6) does form a strong hydrogen
bond to a neighbouring purine base at N(1) of 2-853.

Secondary co~ordination of ¢trijonal mercury is almost
always observeds, for example (CH;)S*(H3GI) (14), and the
series [CH3]+N+ HgXg~ {X=CLlsBrsor 1) (8,9)s This normally
consists of occupying the two *axial® positions of the mer~—
cury atom at about 2.9 R. with halogen atomse The title
complex is no exception to this observations and has symme-—
try related chlorine atoms at 2.979(2)R [CL(1)] and 2925
(3) 2 [CL(2)3e They are shown in Figure 231, with dotted
Lines representing the interactionss Inclusion of these
atoms would Llead to the description of the co—ordination
as beiny midway between square—-planar and trigonal bti-
pJramidale

The crystal packing diagram (Figure 2:12) shows that this
secondary c¢o—ordination LlLeads to a two-dimensional net in
the bc planey and explains the easy cleavage af the
crystals in this planes Other intramolecular forces are
atso involved within the net In the form of purine base—
base stackinge A view perpendicutar to two such stacked
bases 1s shown in figure 2:15e¢ The pattern of the overltap
is typical for purine bases (15), the interplanar distance
being 3.472 which compares with 3,50 R in inosine{13)e The
0(6)eeaaN(1)?* hydrogen bond is the only specific source of
attraction between the bc planess and at 2485 R is typical

of strong hydrogen bondinys

*—-x—l‘ —3,—2
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Table 22

standard

Atom
Ha
cuil)
cii2)
N(1)
c(2)
N(3)
C(4)
C{3)
Cc(6)
80(6)
N{T)
c(8)
N(9)}
c(10)

Table 222

Fraction

1
deviations

x
001373{5)
0+1359(2)
0603831 3)

~045092(9)

~0e5630(10)
~-Ce5010(8)
~0e3729(9)
~023079(S3)
~0e3793(10)
=03395(8)

-0el1789(7)

-0+1697(9)

-0s2841(9)

-0e3092112)

Calculated

number refers to the

al atomic

in parenthes

3

0+13345(3)
0s2C98(2)

0e0239(2)
0+1376(7})
02270(3)
02101(3)
0e2374(3)
0.2104(3)
061204 (3)
0+0376({6)
02298 (5)
03259(8)
043711 (6)
04749 (9)

hydrogen aton pasitions.

parent atom

Atom x Y z

H(1) ~04575 0e¢090 00050
H{(10) —0e417 04480 -0.,021
H(11) ~0e272 0503 06129
H{12) ~0e 269 Q0e511 —-0.097
H(2) -—0e658 0e230 (e064

H(8) -0.079

06367 —~0,050C

44

co—ordinates with estimated

es3 {Non H—atoms)

z
—~0+00350(6)

0e2756{4)

~Je2330(4)
0.0270(14)
0«0637(11)
04C389(10)
0.0084{14)
—0s0095(14)
—0.,0072(16)
~0e0315(13)
—-0,0342(11)
—040315(15)
~0+00569(13)
0« 0026(21)

The.



Table

2:3

h,drojen

Anisotropic
@2

atoms.ﬂ,with

temperature

estimated

prarenthesese Hy x 10% ,others x 19§

Atom
Hy
cL(1)
cL{z2)
HO1)
c(z)
MNE3)
Cl4a}
c(5)
C(o)
s
N(7)
c(8)
M{9)
C(10)

Figure

2

standard

utra
15(2)
1{1)
5(1)
-9 (4)
S5(4)
1(3)
-4 (4)
-2{4)
-5(4)
-5 (3)
2(3)
1{4)
-1{3)

-0{5)}

sarame ters

deviations

13
55(2)
4(1)
20(1)
7(4)
8(4)
10(4)
4(4)
3(4)
6(4)
12(4)
5(3)
9(4a)
3(32)
19 (6)

Ull uaz U33
468(4) 2911 4) 33204)
33(0) 44(1) 3611)
e7(2) 23(1) 38(1)
24(4) 43(7) 43(5)
220 4) 430¢€) 33(5)
24(4) 39(3) 44 (5)
21(4) 32(5) 2915}
22(4) 3415) 27(3)
204(4) 40(96) 27(3)
3604) 30(4) 66(6)
20(3) 27(4) 29(14%)
22(4) 2913) 37035)
26(4) 3104) 35(73)
41(6) 25(%) 64(3)
5 A View perpendicular

to the

of the non-—

in

Jz23
-71(2)
-11(1)

—-4(1})
E€(4)
€(5)
C(4)
cia)
404)
G(a)

-504)

-0(3)
i(a)

-4(3)

—-2(6)

purine basess,

showing the overlap of symmetry related bases-



Table

2:4

with estimated standard deviations

{*)= —x» =~y
Hy—-Ci(1l)

Hg—CrL(1)*?

CL{1)—-Hg-CL(2)

CLI2)—Hg-N(7)

N{1)-C(2)
H{3)-C(4)
C(s)-C (o)
C(6)-0L(6)
N{7)=-C(8)
N{3)=C(4)
Cle)-H1)Y)=-C(2)
C{2)-N(3)-C(4)
M{3)-C(4)~-N(9)
C(4)=C(5)-C(6)
C{E)~-C(S)-NLT)
C{S)-C(6)~0u(6)
C(S)-N(7)—Hg
C(5)=-H(7)-C(8)
CLB)=-H({9)-C(4)
C(4)-MN(9)-C(10)

-
a:s

Table

Estimated standard deviations

Interatomic

~ze{t1)=

X 9
Ze@02 (3)

24305182

26979 1(3)

140e95(1)
117e5(2)

143E3(15)
le 3€EG(13)
l1e431(15)
1e224(14)
1.318(12)
1¢370(13)
12500 (19)
1119(13)
125,3(10)
119.2(9)
13166(G)
127.,8(10)
134¢5(7)
10449(8)
1055 8)
126.5(9)

Least—squares planes,

bond

I/Z—Ji

Lenjths (%)
z—1/z
hg=-cLv{2)

Hy—Cl{2)?*

CL1) = ,—N({7)

C(2H)—H(3)
Cl4)-C15)
Cl{o)-8N(1)
CLS)-H(7)
CL3)-H(%9)
H{w)}-Ccl10)
HE1)Y=C(2)-M{3)
HZS)=-C(4)—-C(5)
C(S)=Cl4)—M ()
Cla)—C{sS)-ti(7)
C(5)—-C(L)=-r(1)
HLL)=-C(E)—3(06)
Cla)=t(7)-Hy

HL7I=C(3)=H{9)

C(8)-R(I)-=C(10)

and

in

Jeviations

andi angjles

in parenthesess

101:35(2)

e 202(152)
1.3758(15)
lo402(14)
14379(12)
1e 354(1 3)
le4435(15)
125 4(10)
127.5(10)
107.1(9)
109, 1(9)
1107(9)
121.5(019)
1136 4(5)
113 2(9)
128, 0(3)

sarentheseses

(%),

therefromo

Fiuation of planees 44875x% + Qeda4, — 4e33Fz —~ 14432& = 0
Defining, the plane:
H, =Ce037(1) CL{1l) 0.013(3) CL(2) CeQ14(3) N(7) 00010(2)
Zquation of planes 1s8449%x ~ 04522, + @370z + 046322 = 0
Definin_, the plane:

H{1) 0.010(10) Cl2) —04000(11) H3) 0013(9)

Cl4) —0e4005(10) c{3) Qe Cl2{12) C(L) —0e029(11)

MCT) 0.019(8) C(3) 0.301(1D) H{5) —0.,020(%}
ilct defining the plane:

0(€) —0095(9) C(l0) —0e045 (1) 15 Gae555(1)
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Chapter 3.
The crystal and molecular structure %fLHexaquo—

dirvie
manganese{ll)slodide Tetrakis{4,6—pyrimidine—2-—-onels

Introductions

The interaction of pyrimidine bases with metals has been
the sub ject of Iinvestigation within this department {1+2)
and crystatl structures of several metal-pyrimidine comp—
Lexes have been determined (354)s Preparative work with 4,6
dimethyl pyrimidin—-2—-one {(4,6—-DMP) and manganese lted +to the
isolation of small yellow crystals of stoichiometry 4 .565—-DMP
IMn varying between 3211 and 4Z1e Their eepsrs spectra could
not bte explained on the basis of éimpte molecular modelss
The methyl groups probably prevent N—Mn co—ordination, and

thus the compound was thougzht to contain O0(2)—-Mn bonds,

49

and so a structuratl investigation using X—-ray diffraction

was ‘ini ttateds

Experimentale

Powder diffraction photoyraphs of the first batches of the
material confirmed its crystallinitys 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 Mnl, in propan—l1-olo{The manganese
iodide was prepared by mixing dried MnCl, and sodium iodide
in propan—-1-oly this resulted in the precipitation of salt
Leaving a solution of manganese iodicde)s Ratios of 1:4
4,6-DMP to Mnlz were usede Large jyellow prismatic crystatls
appeared on standing the solution for 2 or 3 dayse
Preliminary Weissenberj and precession photographs showed
the crystals +to be triclinics space group Pl or PTe A
crystal of size Dol6 x 0e0l2 x 0046 mm was mounted with its
i¢ce axis parallel ‘to the diffractometer ¢ axiss and 36
higzh-anjle reflections were measurede By least—squares
fitting +these gave unit—cell parameters of a=12,022(1),b=
7.661(5), €=10.235(1) A, o =93.63(1)7 B =105.92(1)% Y =
92484(1)° ,U=902443 A% Qther pertinent data are F(000) 455
D{calc)=1.68 gm/cm3 .P=183a8 cm’ oM = 913436 {for €24 HA44
I2 Mn NS 010)s A grid of 10 x 10 x 10 was used for +the
absorption correction of the r data at a Later stages

3449 independgnt reflections were measured on the diffra-—



Figure 321

C17

The components of the chemically unigque contents

of the unit cells The manjanese atom lies on a

- centre of symmetryes Thermal ellipsolds are scaled

to include 50% probabilitys
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ctometers collecting at a rate of cae 1000 reflections per
daye The 39340 reflection was monitored as a reference
every 50 reflections, and its count did not alter signif-
icantly during the period of data collections 182 reflec-
tions were treated as unobserveds their nett count being
Less than 2058 © Io Lorentsz and polarisation correcff

ions were applied, and the data scaled by the references

Solution and refinement of the struétura;

‘A sharpened, origin-removed Patterson synthesis showed
3 Large peakss the Largest of which was assigned as an
{odine—iodine vectors At this staje refinement was in Pl
and a Fourier synthesis wilth one iodine gave R=O-49. From
the difference map two further peaks consistent with the
Patéerson were assigned as iodine and manjanese the man-—
sanese being fixed at the origin for conveniences This
reduced R to 0229, and the rest of the structure could be
easily locatede The space group was changed to PT, and
isotropic refinement of all ¢the atoms gave R=0e11 using
data Llimited to 40° in 8¢ Use of all the data (8=70°)
Jave PR=0615s and anisotropic refinement of manganese and
iodine reduced R to 0087, Application of an absorption
correction reduced R to 06056, and full—-matrix Least—
squares refinement of all the atoms anisotropically reduced
R to 0e040e From a difference Fourlier all ¢the hydrogen
atoms could be located, and were contributed as fixed—atom
parameterse Anomalous dispersion corrections for Mn and I,
removatl of the 1+=2,1 reflection for extinction effects,
and application of the usual weighting scheme with F*=45
Jave the final R of 06034s Table 3:1 Lists the non—-hydrogen
atomic co—ordinates, Table 3:2 Lists the anisotropic
thermal parameters, and Table 313 the hydrogen atom posit-—
ionse The observed and the «calculated structure factor

amplitudes can be found on pages 61 to62 .

Description and discussion of the structurees

The crystal structure consists of three different compo—
nents and they are shown in Figure 3lle The manganese is
surranded by six water molecules in closely octahedral
co-ordinations and the 446~DMP molecules are not co-—-ordin-

ating, but associate +through hydrogen bonds to the water

51
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co—ordination spheres The iodine ions are also hydrogen
bonded 10 the hexaquomanganese catione

The cctahedral geometry about the manganese is distorted
very slightlys, with two shorfpr equatorial and one longer
axial bond 1lengths of 2:166{(4)s 2.:160{4) and 2.214(3) Rs
whilst the unique angles are 90e¢1(1):92e8(2)s and 95.,0{1)%
Table 3:4 1lists all the bond—lengths and angles in thé
structures The manjanese co—ordination is similar to that
in Tutton's salt (5)s manganese ammonium sulphate hexa-—
hydrates but with a reversal of the relative Llengths of
the eguatorial and axial bonds, which are 20193{(6)+2200
(6)s and 2.150(6) Aa

The angular distortion is sufficient to show very clearly
on the CepPer spectrum of the compounds It consists of a
peak at g=2, which is expected for a high—-spin 4% electron
configuration, and also +two brouad shoulders which are
normfatly attributed to marked off—axis distortionss The
reason for the dﬁstortion is not clear, because high—spin
d5 systems should not show Jahn-Teller distortions {6)c No
other obvious structural features indicate a reasons and
thus the distortion mqst be tentatively atfribufed to fav-
ourable hydrogen bonding schemess and ‘base overlape

Both independent 4,6-DMP molecules are Llinked via hydro—
sen bonds to water molecules co—ordinated to the manganese
ione Internal bond-lenyths and angles are stmitar between
the ringss and closely similar to those found in the free
molecule (7) apart from <the carbonyl bondss which are
10248(5) and 10265(5) Xo These are significantly tonger
than those found for pyrimidine carbonyl bonds (cas 1022 X)
{8)y and they probably reflect the involvement of carbonyl
oxygen electron density with strong hydrogen bondss

Least—squares pltanes through the pyrimidine moletles are
shown in Table 315, from which it can be seen that they
are essentially planare | )

Tﬁe'hydrogen bonding network is shown in Figure 3:2, and
tabulated in Table 3160 Both carbonyl oxygens are bonded
to two atomsi 0(12) to N{23) and 0O{1), 0O{22) ¢to N{(13) and
0(2)s The hydrogen atoms are on the water molecules, which
confthms that the C-0 linkage is in the keto rather <than
the enol forme The protonatipn of N{n3) is further conf-—

irmed by the internal angles of 122s3°and 123+.0% compared
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with the unprotonated values of 11808%and 11806° for N{nl)
{see Singhts paper {(2))o The angles at the water molecules
to their hydrogen atoms are also in Table 3:6s Although
they are consistent with the difference of the equatorial
and axial bondss they do not heip in explaining the origin
of the differences
. The bases overlap at a perpendicular distance of 3.32 R;
and make an angle of 1e2° with each othere The orientation
is similar to that found in cytosines with the carbonyls
overlapping the aromatic ring (10)» and is depicted in
Figure 3:3. Figure 334 shows a view of the unit—cell,
fndicating the mode of packing of the molecules, which is
clearly influenced by hydrogen bondin; and good Base stack-—
inyo

Thé tack of direct manjanese—pyrimidine co—ordination
precludes much discussion as to the significance of the
strdcture in biological <termse Re—examination of the
original spectroscopic data showed clear differences to
that of the batch of crystals actually used for structure
determinatione Attempts at the growth of dehydrated
examples which ought to have metalfbasg bindings has so
far been unable to produce crystals suitable for X-ray
structure determinatione Howevers the unit-cell and space
group has been determined as triclinics Pl or P, a=10+00,
5=9.86s c=10e655A %=61200 R=1152C% ¥ =12040% v=775 A% The
experimental work consisted of drying all the starting
compounds in a vacuum desiqétor. and using distilled solv-
ents over sodium or molecular sievese The biggest problen
is allowing solvent evaporation %o occur in a dehydrated
environment, which seems best overcome by using a Llarge
des icétor with phosphorous pentoxide as the drying agento
The stoichicometry of the dry compound is 4231 4 +6—=0DMP:IMn,
with no water present {confirmed by ifeor spectrale This
must lead to a very crowded environment about the manganese
an& .thus vprobably accounts for the instability of the

resultant compounds
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Fi-dre 324 A stereoscopic view of the conterits of the unit cell
~ .

Fijure 3:3 A view perpendicular to the pyrimidine bases

showing how they overlaps.



Table 3:1 Atomic coordinates of the nonmhydrogen atoms

Atom
Mn

I
0(1)
0(2)
0e3)
N(11)
c(12)
uftrz)
HE13)
C(14)
c(195)
Cc(16}
c{17)
c(18)
H21)
c(22)
u(z2)
N(23)
c(24)
c(25)
C{26)
car)
c(z28)

x
0
0e3643(1)
0e0613(3)
0e0870(3)
0el442(3)
0e1483(3)
0e0775(4)
-0,0253(3)
0e1200(3)
0e2302(4)
0.3017(4)
Ce2572(4)
0e2636(4)
Oe3334(4)
~0+2082(3)
~0e1326(4)
~0.0300(2)
-0e16E5(3)
~0.2786(4)
-0e35564( 4)
~0+31641(4)
-0+3065(4)
-0.3991(4)

o
0
062695(1)
—0e25835(4)
Qe 0S17(5)
0¢0812(5)
05475(5)
Cad804(5)
06 4050{4)
Qe 3G97(S)
00 4415(6)
0e5353(H)
065870(5)
0+43809{(7)
06 6876(7)
040393(5)
Oe1341(5)
Qe 1797{4)
D0:1844(5)
Del12Z19(5)
Ge 0E4Q(O)
0+0063(5)
0e2159(5)
—00953(7)

with standard deviations in parenthesess

z
0

0+2011(1)

0o0364(3)

Co2152(3)
-Ce 0750(4)
—-Ce1502(4)
-Co2593(4)
—Ce26€6(3)
- L 3074(3)
~Ce3673(4)

—Ce2578(3)

—0e1488(4)
~0e4934(5)
—Ce0239(51}
Cs 3056(4)
Ced4127(4)
Co&125(3)
Ce5252(3)
Ce5316(4)
Cod218(5)
Ce3101(4)
De6598(5)
Ce1905(5)
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Table 322 Anisotropic thermal parameters x103{MnaI110*)“f

with estimated standard deviations in parenthesess

ATOM U1 ua2 u33 e Ul3  U23
Mn 365(5) 513(0) 344(5) —-39{4) 1u8{(4) ~-8314)
I 413(2) 621(2) 50S(2) —51(1) 186(1) —66(1)
Le1) 73(2) S7(2) 48(2) 11(2) 35(2)  4(2)
uL2) a5(2) 73(2) 40(2) —10(2) 18{1) 16(2)
0(3) 45(2) B4(2) 52(2) —-17(2) 28(2) —23(2)
N(11) 4102) 42(2) 3€(2) -5(1) 15(1) =5(1)
c(12) 39(2) 40(2) 37(2) -2(2) 16(2) -2(2)
o(12) 41(2) 67(2) 44(2) —13(1) 20(1) —13(1)
MO13) © 43(2) 40(2) 35(2) =—4(1) 16(1) ~5(1)
c(14) a2(2) 39(2) 45(2)  4(2) 24(2)  3(2)
C(15) 34(2) 48(2) 4€(2) —2(2) 15(2)  0(2)
C(16) 4a1(2) 35(2) 3S(2) -2(2) 13(2)  1(2)
c(17) 57(3) S57(3) 48(3)  T(2) 30(2) =—3(2)
c(18) 4703) S59(3) 4S(3) —10{2) 114(2) —6(2)
M(21) 38(2) 40(2) 38(2) =-2(1) 14(1) =—4(1)
c(az 38(2) 36(2) 37(2)  0(2) 17(2)  0(2)
022 35(1) S59(2) 45(2) —-6(1) 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)
c2s) 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) S56(3) 44(3) =-3(2) 27(2) =-5(2)

c{213)} 46(3) 55(3} 46(3) =7(2) 10(2) —12(2)



Table 313 Unrefined hydrogen atom

Parent

ufl)

aez)

03)

N{13)

c{15)
clt17)

c(1s)

N{zZ23)
c(zs)
c(27)

c(z2u)

Atom
H(10)
H{20)
H(30)
H({40)
H(50)
H(60)
H(13)
H(15)
H(171)
H(172)
H(173)
H{181)
H(182)
H{183)
H{23)
H(25)
H(271)
H(272)
H(273)
H(281)
H(282)
H(283)

X
0+107
0«033
Ce 050
De 160
0.167
0e210
0e 077
06390
04350
0e213
Oe247
0260
06400
Oe 350

-0ell7
-04443
-0e253
-0e350
—0e.300
-04273
-0e467
—0e427

J
—0350
=0 #+3420
Q0el25
00135
0033
04162
Ca315
Qo550
04410
Oel45
0250
0,775
0725
D600
0275
0.050
Q315
Qe250
Oells
=0+175
—=Q0s030

~0:225

58

pusitionse
z
—0.012
Ue 084
0«2280
02220
~0e156
-0e012
-Uo440
0252
-0 4506
-0:568
~-0520
—-Qe012
-~0a040
0052
0e¢588
Oesll
Ue720
06643
o720
0s104
O.152
Ce2216



59

Table 34

Bond Llengths (X) andg angtes (%) of the %three

molecules in the unit celle EoSeD*s in parehtheses-
The Mn({H,0), ion:
Mn—-0(1) 2e¢ 166(4) Mn—-0(2) 2¢2141(3) Mn—0{ 3) 2¢160(4)

3(1)-Mn—-0{2) 90.15(12)
0{(2)-Mn—-0{3) S4.,96(12)

O(1)—Mn-U(3) 92.78(15)

Since the Mn atom is on a centre of symmetrys the other

co—ordination sphere angyles are conmplements of the uniques

The 4,46—-DMP Ligands:

Ligand 1 Ligand 2
N(11)-C{12) 16¢353(5) N{21)-C(22) 14 357(5)
c(12)-0{12) 1+248(5) cizz)y-atz22) 16 265(5)
C(12)-N(13) 13781(6) C(22)—-N(23) 1«375(6)
N(13)-C(14) 1347(5) N(23)-C(24) le 355(€)
Cl14)—-C(17) 1507(7) C{24)-C(27) 1.500(7)
C(14)-C{(15) 14351(6) C(24)-C(25) 1e357(3)
Clis)-C(16) 1e40S(7) C(25)—-Cl(z26) 1e4061(7)
c(16)-C(18) 1e453(6) C(26)-C(238) 1e 492 (€)
Cl(16)—-N(11) 16325(6) Cl26)—-N{21) te327(8)

C{16)-N(11)-Cl12) 118e8(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)
M{11)-C{12)-0(12) 122.2(4) N{21)-C(22)-0(22) 122+ 2(4)
O(12)—-Cl12)-N(13) 1184€(3) 0{22)-C(22)-N(23) 118.61(3)
C{12)-N(13)-C(14) 122.2(3) CL22)-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)
MO13)-C{14)-C(17) 116+3(3) N((23)-C(24)-C(27) 11745(3)
C{17)—-C{14)-C(15) 124e7(4) CL(27)1-C(24)-C(25) 124.81(4)
Cl1a)-C(15)-C{16) 118+2{4) C(24)-C(25)-C(26) 118s7(4)
Cl15)—C(16)-N(11) 122.7(3) C{253)-CL26)-N(21) 122.7(3)
Cl15)~C(16)—C(18) 12062(4) C{235)-C{(26)-C(23) 119431(4)
C{18)—C({16)-N(11) 117e1(4) C(23)-C(25)-N(21) 118¢0(4)
Table 3:5 Least—squares planes calculationss with

distances from the plLane in X. Eesed?s in
Parenthesesoe

PlLane le Equation —2sCS€x+6e82y—4e262-3e99=0

Defining pltanel

0+0051(7)

0e004(8)

N(11)
c(14)

C(12) —=040051(7)
c{15) —-0.,001(8)

N({(13) —0001(5)
ClL16) —0006(7)
Not defining planel



0(12) —0020(5) C(17) 0e040(9) C{18) —-0.050(3)

Plane 2+ Equation —2¢322x+0e91,~4+1S24+030=0
Defining planes

N{21) —0,013{(7) C(22) 0.023(7) N{23) -0.013(5)
C(24) —0008(7) C(25) 0601G(3) C(25) —0,008(7)
Not defining plane:

o2z 0e101(5) C{27) —0e033(8) C{28) —-06022(9)

°© 2
Table 31%e¢ Hydrogen bondse Distances in Ay anjgles in

seesed Iin garenthesaesoe

H{11)eee0(1) 2.790(5)" NI23)ees0(12)° 24757(4)
Gl22)eoaN{13)% 2.855(5) leael(3) 3¢473(3)
0{2)oco0(22) 2e826(3) 0(1)e0al0(12)7  2302(5)
U{Z2)oosaN(21)3 26793(5) U{2)sco00l >365

ME10Y=N(1)-H(20) 95.7(3) HE30)=-0(2)=t1(40) 22 0(3)
H{Z0)—U(3)~H(60) 110,4(3)

Gl1)=tH{10)eeoeaN(11) 1555(2)
UC1)=H(20)oececO({12) 1450.9¢(2)
U(2)=H{30)secees3(22) 176656(2)
O(3)=1{50) easseh(21) 1775(35)
MIZ3)~H(23) seese3(12) 166+0(3)
M{13)~H{13)ows e U(22 16092(2)
[ 9(,/*%, 2 BT -, ~q -2

~ 5 x, 4 l+z
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Chapter 4.
The crystal and molecular structure of

bis{1s+3-Dimethyluracil)dichlorococpper (I11]).

Introduction, .

143-Dimethyluracil (1,3-DMU)} is a molecule which has both
nitrogen nositions blocked by methyl groups,; anid thus can
only use expcyclic oxygens for binding to metalss 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 characteriged specifically
{1). Work by Drts M,Goodgame and Kydohns {2} led to the
isolation of crystals of stoichiometry <Cull,3-DMU)yCla .
Such a compound would be consistent wi th metal—oxygen
bindings atthéugh the presence of Sridging chlorine atoms
could not be ruled out at this stages A structural determ—

inabion was therefore carried ocut (3).

C“xperimental

A hot saturated ethanolic scolution of CuClgy 2Hg 0 was
added to a hot solution of 7%—by-weight 1,3-DMJ (%) in
ethyl acetate, in a 122 Cutl 43-2MU molar ratios A clear,
pale green solution was formed which was allowed to
slowly evaporate to dryness over a period of cas 4 weeksae
This yielded a green fibrous crystalline materiale From
the mass of crystals so formeds, a very small sinjle frag-
ment was isolated and was mounted with its 'c! axis para-—
Llel to the camera axise It was measured at D.02323 x 0.116
X 0+308 mms PDreliminary osciltlation, ﬂeissenberg and

precession photographs gave approximate unit—cell dimens-—

ions and a triclinic space groupsy either Pl or 921,

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 {p=50°
-60% reflections and doing a least-squares calculation.
This gave a=12.029(1), b=8.449{1), c=3.883(1) &, o =93.6¢°
(1)y B =93.69({1)% Y =101.27(1)% Other crystal data are:
U=386.99 K3 2z=1, F(000)=211, Dlcalc)=1.79 g/cA slinear ab-
sorétion coefficient u=54.99 em™! 4 and absorption grid 10 x

10 x 10« Microanalytical results are ! Found C=33.77% H=

3.56%, N=13.80%, calculated for CulCs6 H8 N2 02)2CL2 are
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Fljure 421 The molecule of bis{l,3—-dimethyluracit)dichloro
copper(ii), with thermal ellipsoids scaled to
include S0% probabiltye



6
C=34.75%, H=3.,89%s N=13.57%., The molecular weight is
M=414.71,

1155 reflections were measureds collecting at a rate of c¢a
300 reflections per days The 3,4,0 reflection was monitore:l
as a referencesy and itg nett count did not change during
data collection. Data p}ocessing showed 221 reflections to
have nett counts lLess than 2.53 a I3 these were coded

unobserved,

Solution and refinement of the structures

A Patterson synthesis gave peaks corresponding to copper-—
other atom vectors, from which atmost altl of the structure
could be seens Reflection statistics suggested a centro-—
symmetric space groups A Fourier synthesis in Ply with
copper fixed at the origi;, and a chlorine atom in a jJene-
ral position gave RF=0.+.35. ALL the other atoms were easily
Ltocateds and isotropic refinement gave R=D.11, Fully aniso—
tropic refinement gave R=0057s and correction for absorn+t—
ion further reduced 2 to DN.053s From the difference Fourier
all the hydrogen atoms coutld be Located, Thesea were innput
as fixed—atom contributions with the temperaturea parameter
of their parent atoms, Correction for anomalous di sperstion
for copper and chlorine, and application of the usual
weighting schemes, with F*=13, gave the final R of 0.034.
Table 431 lists atomic co—ordinates, and Table 4212 the
anisotropnic thermal parameters, Observed and calculated

structure factor amplitudes are Listed on page 72 »

Description and discussion of the structures

Figure 4:1 shows the molecule of bis{1:3-Dimethyluracil)
dichlorocopoer{Il), The copper atom is co-ordinated to two
trans chlorine atoms, and two trans exocyclic oxygen atoms,
{in a square—planar fashions The Cu-0 distance i3 1.985(3) 3
and Cu—ClL is 24269(1) A. Both are typical of strong bonds
to the copper atom, for example in a recently determined
copper—formato structure (5) mean Cu-0 is 1.959§’and a
Ltiterature mean of 2.30A for square—-planar Cu~ClL has been
reported (6).

Thg ‘copper atom Lies on a centre of symmetry and so its
co—ordination geometry {is sfricfly planars The unique Cu—(Cl

-0 angle is 88+5(1)° + At a distance of 2.933{3) A in the
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direction of the 'axis' of the square plane, are chiorine
atoms of neighbouring molecules,s giving a pscudo—elongaten
octahedral arrangement about the copper atoms.

Bond lengths and angles within the 1,3-DMU molecule are
very similar to those found in 1,3-DMU {itself (7}, Table
423 lists the relevant bond Lengths and angles. Of part-
icular interest are the tengths of the carbonyl bondds,
which in the title compound are 1.246{4) A for C(4)-0(4),
and .212(5) for ©{2)-0{2), because these groups can he
recognised using infra—red spectroscopys 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 GCl{4) is slight, as seen by com-—
paring the values of 1.225(3) & (c{2)-0(2))« and 1.227(3)
R for 153-DMU itself. The changes however, is significant,
and shows the strength of the Cu-3{(4) bond whan compared
with the retated structure of bis—uracjL-dichLoromercury
{11}, (1)« This compound has a C{4)-0/(4) distance of
1.25(3) 2, which is not significantly greater than the
1. 2452} A found in uracil itself [{3)s The 1.re spectrum
reflects these small cﬁanges in bond lengths, but
peak shifts are very smalls ca 10 ca”' sand require care-
fuli measurement in order to detect stignificant changes
due to strong metal—oxygen binding {(2+3).

The other interesting feature of the structure is a
ltarge Cu-0(4)-Cl4) angle of 133.5(2)° , which may indicate
some T-bonding of the oxygen to the coppers This would he
consistent with the Low ligand field found for uracil {2)
and theoretical electron dens ity calcuLafions for uracil
[T}

Table 4:4 gives Least—squares planes calculations, and
for the uracitl base shows very LittLe‘ deviation from
planaritys. even for the exocyclic atoms of the Lligand.
The carbonyl oxygens are not significantly displaced from
the planes This is not the case in (1), in which 0(4) is
displaced 0.07R toward the mercury atoms The 1+3-DMU  base
makes an angle of 60e6° with the copper co—-ordination
planes and the copper atom is Q0+64 X out of the uracil
base plane.

No hydrogen bonding is possibley so packing of the

molecules is probably determined by base-base stackings
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he unit cell
the contents of ¥

. o tereoscoplc view of

Fijure 412 A s

04 04

02

Fi;ufe 4

.
Y

A view perpendicular to the pyrimidine base,

showing the overlap of the uracil Ligandse



and the chlorine atom occupation of the Long axial sites
about the coppere. Tigure 412 shows the arrangement of
2

the molecules within the unit cell, and Figurasa 403 shows

<
the overlap nf the basess This {3 at the expected 34373 A

separations aInd shows +he alignment of C{2)-n{(2) carbonyl
bonds above 1the aromatic ringss This similar to that found
in the free Ligand structurc, Fitgure 414 depicts a space

filling drawing of the molecule.

The existence of strong copper—oxygen interaction must
not necessarily be used to predict metal=0(%) interaction
in nucleotides and nucleosides; for example the structure

of dicopp2r—bispyridylamine—bis—-3'JIMP{10) shows only copoer
to0o vphosphate-oxygen bindings, (in the other hanid, care must
be taken Iin the use of infra-red spectroscopy as a diagnos—

tic Yool For such bindings.

1t seecms, however, that conper—3{4) bindiny must not b»e
ruled out in cases where phosphate binding (s not possihla
because of steric cr other Freasons. Thus mar =2 work on
nuel eic acid units is required before generatisationss
concerning the binding sites of uracil~base nuclzotides,

can be made,

Fijure 414 A space—fillinyg diagram of the molecule (PLUTO78)
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Table

ATOM
Cu
cL
N{1)
c(2)
p{2)
N(3)
Cl{4)
o(4)
C{5)
c{6)
C(?X
c(8)

Unrefined

that the first digit

H{3)

H(6)

H{71)
H{72)
H{73)
H(31)
Hi{82)
H{383)

(<3t 8
Table 432 Anisotropic thermal parameters x103(Cux104)’A

ATOM
Cu

ci

N(1)
c{2)
0(2)
N(3)
c{4)
0(4)
c(s)
Cci16)
c{7)

cC(R)

L=

431 Atomic co—ordinates
deviations
x y
0 0]
0+ 0699(1}) 0:1988(1)
002927(3) —0044031({3)
03501 (3) —0+2942{4)
De4409(2) —02784(3)
De 2956 (2) —0+16421(3)
0o 19181 3) —001749(4)
0e1550(2) —0,0473(3)
0+ 1390(3) —0+3295(4)
Oe 1908( 3) —0045%1{4)
043524 (3) —0.0067(4)
0e34441(4) —025838(5)

0061
Oel161
0e 400
0«304
0e 393
Oe 404
0296
0375

with

Uit
274(4)
40(1)
3e6t2)
32(2)
41(2)
30(1)
29(2)
32(1)
34(2)
41(2)
40(2)

52(3)

wifh

in parenthesese

z

0

0+442361{2)
~001482{(8)
—0e2412(9)
—0+3669{(8)
—0.1860(7)
—004781{9)
—00135(7)

0.0479(9)

estimated

standard

hydrogen

atom

~0e335

—0+570
—00010
02050
De 060
—00585

—0e685

—0e575

ua22
227(4)
22(1)
22(2)
27(2)
44(2)
211(1)
25(2)
29(1)
33(2)
28(2)
27(2)
27(2)

u33
4261(5)
3701)
491(2)
41(2)
81(2)
39(2)
33(2)
58(2)
39(2)
41(2)

56(2)

79(3)

—00025{10)

—0+2511(11)
—0+1946(13)

positions:

0e17
0405
~0e47
—0.36
—0.12
0400
—0+20
—0.40

estimated standard deviations

ulz
87(3)
3(1)
12(1)
10{(1)
17(1)
6(1)
6(1)
12(1)
6(2)
3(2)
7(2)
19(2)

the numbering

is such

is that of the parent atome

in parenthesess

Uil3 u23
31 (3 -—-84(3)
5(1) -2(1)
o(1) 1(1)
3(2) 0(2)
22(1) 2(1)
6(1) 2(1)
-21{1) =-3(1)
6{(1) -6(1)
61(2) ot 2)
-3(2) 7(2)
9{2) 9(2)
-21(2) 0(2)
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Table 4:30 Bond lengths (A) and angles {®) with estimated

standard deviations in parentheseseo

Superscripts denote the following symmetry operationss?

{*) Xsyez—1 5 (' )=X3—ys—2Ze

Cu—-Ct 2¢269(1) Cu—-0(4)

CLl—Cu~0{4) B885(1) ClL—CueceCl*' 95¢2(1)

1-985(3) CuseesoCl? 20951(1)

Cl-Cu-0(4)** 91.5(1) 0{4)Y-CuooCLl" 83.31(1)
Cu-0(4)-Cl4) 133.5(2)

The 1+3—-Dimethytluracil molecule.

N{1)-C(2) 16373(4) C(2)-N(3) 1e397(5)
ct{2)-02) 1¢212(5) N{3)-C(4a) 1379(5)
C(é)—C(S) 16420{5) c{4)-0(4) 1e246(4)
C{5)-C(6) 16342(56) C(b6)-N{1) 1e370(5)
C{7)-N(3) le468(4) c{8)—-N(1) 14474 (S)
c(s)-N(1)-C(2) 1219(3) C(6)-N{1)-C(3) 11941(3)
C{8)-N{1)-C(2) 1190(3) N({1)=-C(2)-N(3) 115632(32)
N{1)-C(2)-D(2) 122+8(3) N{3)-C(2)-012) 121.5(3)
C{2)-N(3)-C(4) 124061({3) C(2)-N{(3)~-C(7) 117.1(3)
Cl4)-N(3)-C(7) 11863(3) NI3)-C(4)-C(53) 11667(3)
N{3)-C(4)-01(4) 1167(3) C{s5)-C(4a)-0(4) 1264 €(3)
C(4)-C(5)-C(6) 11922(3) C(5)-C(6)-NI(1) 1223(3)

Conformation of the methyL groups:
C{2IN(1)C{B)H(81) B0.0

C{2IN{1)C(BIH(B2) —-160.5
CI{2)N(1)C(BIHI{B3) —406

C(2IN(3)IC(7IH(T1) 269
CL2N{3)ICLT7IH{T72). 1477
C(2IN{(3IC(T7IH(TI) —97.8

Table 4:4e Least—squares plane calculations for the uracil
ﬁoei;y;‘Distances from the plane are in 2, with
estimated: standard deviations in parentheseses

Defining ptltane?

N{1) =0e.012(5) C(2) 0o 005(6) NI{(3)

c(4) 0.001(6) C(5) 0.001(6) c{6)

De005(4)
0.001(6)
Not in plane?

0(2) 0003(5) 0(4) 06 000({4) C{7) —-0s017(6)
c(8) 04000(8) Cu —0e643
The equation of the plane is inen by?s

4459x + Ds4By # 3440z ~0+64 = O
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Chapter 5,
The crystal and molecular structure of the
metal—nucleotide complex St—uridinemonophosphate

cobalt{I1).water,

Introductione.

Cobalt can be used to replace zinc and magnesium tons in
some metal—activated enzyme systems, without the eanme
tosing its activitye. Since cobalt(II) is paramagnetic
{normally high-spin 47 with a magnetic moment of about =
BeMs) it can be us=2ful as a probe to study its immediate
surroundings {1}, a&n example of such an enzyme is5 terminal
deoxynucleotidyl transferase {22}, which adds on mono deaxy
nucleotides o the end of a DNA chain, The enzyme is
seriously inhibited by chelating Ligands such as EDTA, and
its rate of catalysis depen-s on the type of metal ian
present, Purine nucleotides work best with magnesiumy and
pyrymidina nucleotides best with cobalt {(3)s The studies
also show that anionic interactions can bYe important in
enzyme reactions, It is thought that the mechanisn for the
reaction is dependant on the formation of a catian—nucl=20-
tide triphosphate complex, cleavage of phosphate from the
NTP, and formation of a new link to the 3'0H of the end of
the existing DNA. It is interesting to note that RNA's 10
not work very weallg onlty two rNTP's can be incorporated
per chaines

Differences between cobaLt(fl) and manganese(II) binding
to various nuﬁLeotides have been reported structurally.
The purine nucleotides have similar structures involving
N[7) co-ordination and octahedral stereochemistry. These
were [ CoS5tGMP(H4 D%JZBHI o {4), {Mn(S'GMP)(HIQ)S].EHZO {5)
and [ ColS*'IMP){H4 DM-JEHQ 0 [(6)s The pyrimidine nucleotide
STCMP forms_a tetrahedral compound with cobalt(11) invol—
ving N{(3) and phosphate binding (7)s but an octahedral
complex with manganese (I}, which has phosphate binding
and D{?) co—ordination {38},

This wouldd seeam to suggest that nucleotide—-base intar-
action is important in the enzyme processs as the rates
seem to depend on how the metal is bounds, 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 promp ted work on compounds of 5'"UMP with trans-—
ition matats {10}, This work Led to the isoilation of single
crystals of 1:1 cobal+{Il):15TvUumMp, and the structure

determination by x—ray diffraction (11).

Zxperimental .

Crystals of the compound, henceforth referred to as COUMP,
were made by slow evaporation of a solution of cobalt
nitrate hexahydrate, and the sodium salt of uridine S'mono-—
phosphate, in water at a pH of 6,3 {[10,11). Crystals
appeared after 2 weekss, and were filtered and washed with
cold water, They were small, pink prismatic crystals of
Low optical quality and poor surface,

Dreliminary osciliation, Veissenberg and precession photo-
graphs of a suitable crystal showed 1t to e monoclinics
SpPacse groun C2 {No.,53), with systematic absences hkls h+k
=2ns Measurement of 13 high—angle reflections on the di ff—
ractometer followed by least—squares refinement gave uni t—
cell parameters of a=28,693(2), 5=148.393{1), c=4.761(1) A,

8 = 90.36(2)% These are similar to those reported by
Mosset ets ale (12).

Other pertinent data were Z=4, F{000)=1052, Dobs=1.73 g/cm3
{flotation]}, Dcalc=1e71, MsW=507,18 {for CofUMPD,7H4a 1),
Analysis results were | Found C=21,12%, H=4474"% N=5.45%;
calculated for Co H11 Co N2 09 PI TH, C= 21e31%, H=4,937¢
N=5.52%, The linear absorntion coefficient was p=52.,0 em™h

The crystal was measured and mounted on the diffractometer
with its *ct' axis parallel to the Q axise Its dimensions

were 0408 X 0409 X 0425 mme 1949 reflections to 8=70° (CuKO,

‘A= 1.54183) were measured by the diffractometer collecting

at ca. 200 reflections per daye If these 226 were coded as
*unobserved!' as their nett count did not exceed 2.52 g I
Close inspection of the photograph showed that the crystal
was twinned to about 10% of {ts volumejy no correction was
thought neccessary as the twin reflLections were widely
separated from the main oneses The 1145+0 reflection was
monitored as a refefence after every S50 reflections, and
its nett count did not change significantly over the period
of data collectione, Lorentz and polarisation corrections

were applieds and the reference used to scale the datas At



a lLater stage the data was corrected for absorption us ing

a 10 x 10 x 10 gride.

Solution and refinement of the structure,

A sharpened, origin—-removed Patterson synthesis of Low-—
angle reflections +to 8=4S°qave a peak at the origfn. with
a simitar peak 32 either side along the y axiss, A cobalt
atom was fixed on the origin and used to compute a Fourier
synthesiss giving R=0.473. Since the oriygin is a speciatl
positions in order 40 maintain a 131 ColUMP ratios anocther
cobalt atom on a diad axis is requireds, This was located
at about BX alony the y axis, Further cycles of least—
squares refinement with delta—-F syntheses LlLocated all hut
42 of the expected non—hydrogen atoms, giving R=0.11 with
dafg Limited to 45 in 9, At this stage the data Web e corr—
ected for absorptiony, the R for full data being 007G,

5 possible sites for waterr molecules could be located,
and SO oxygen atoms were allocated these positions with
fixed temperature factors of U=0.,07 and allowad to refine
occupancys Full anisotronic refinement atlowed location
of the}maqdroqen atomg from the difference map and these
were input as fixed—-atom condtributions with U=0.04§%

For final refinement a weighting scheme with F%=30.,0
was applied., Anomalous dispersion corrections for Co anAd
D were added, the absolute configuration of thz2 molecule
being known from the sugars Incidentallys the aresence of
an optically active compound ﬁ?rces the space group to he
C2s mot the alternative C24BZ—623 reflection was removed
from the data as tt was thought to be suffering from
extinctions, The final ag ireement factor was R=0,065s The
final difference synthesjs shows some diffuse density in
the region of the *column' of water molecules and is best
explained as the presence of Lloosely co—ordinated water
of crystallisation within the structures Table SI1 Llists
refined atom co—ordinates, Table 5:2 the hydrogen atom

positons,y and Table 513 the anisotropic thermal parameterss.

Observed and calculated structure factor modulii are on

pages 88 to 80 .

Description of the structure. .

The major feature of the crystal structure is a polymeric
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Figure 5:1.

77

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.
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Fijure 533 A view perpendicular *to the uracil bases showing

the unusual staggerings and no overlape



chain runniing parallel to the *c?! axis of the unit—cell
-3

with a repeat distance of 4.761As The polymer is formed by

pairs of cobalt Atoms, Linked by the phosphate groups of

the STUMP nucleotide in such a way that the pairs of cobalt

atoms 1lie on a crystallographic +two—-fold axis 2Z2.932(2) A

apart.,

Figure 5!1 shows the monomer unit viewed down the 'c? axis
and Figure 5:12 shows the polymer chain, Sach of the cobalt
atoms is octahedrally co—-ordinated to 4 different phosphate
qfouos and to 2 water molecules, Each phosnhate group in
turn Links 4 different cobalt atoms, via two single Co-
oxyagen bonds and a bridging oxyg=an Link, Thus every free
oxygen on the phosphate group ‘'ts involved in strong co-—
ordination to the metal.

Aond Lengths and angles are given in Table 524, Co—1(")
honds are in the range 2.038 to 2.16 R. with the indepandent

Co-0OH bonds of 2.,076{3) and 2.103(9)'2.

The !Jracil base is 2ssentially planar, and its bond ltengths

and angles are closely related to those found in similar
compounis containing uracil (13)s and with uracil itself
{14), The uracil base does not interact with the metal fon
either directly or via a co—cocrdinated watar molecules, A
similar result has subsequantly been found in the crystal
structure of copper{ll}s'uyMP,dipyrydylamine {15). This
compares well with the title complex as far as 5'1U4d pary—-
meters are concerned, Least-squares planes throujh the
pyrimidine base are given in Table S5:I5.

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 occ#}ence (16} A least—squares plane through the
other A atoms shows clearly this deflection (table 5:5),
and a view of the moiety is given in Figure S5:%, Torsion
angles are given in Table 5:¢, defined according to Saenqger
{17)y and show the glycoscidic bond to be anti, with a X of
1909 This is typical of C{3)' endo puckered pyrimidine
nucleosides and, nucleotides (17). The conformaticn about
the Cla)'—-c({s5)! bond (s described as gauchesgauches again
normal for ribose sugars.

The packing of the molecule is5 shown in Figure 524, and is

best +thought of as chains of (Coz 50 UMP4H, O Jn Linked to
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each other by intra-molecular hydrogen bonds between the
base and the sugars The 'columns?! between the chains are
filtled with Loosely co—-ordinated water molecules., Not allL
the expected water molecules could be found, although the

formula of CoS'UMP:?Hzﬂ was confirmed by thermogravimetric

anaw}vsis. It thus seems tikely that some water is Lnst

under X—raysy and that the remaining water is imprq;cisely
fixed in the crystal structure,

The overlap ofF the uracil bases is shown in figure 5:3,
and is somewhat unusual in that the C=0{2) bond is not
oriented immediately above the aromatic ring, hut displaced
+o one sidey, so that no pernendicular overtap oCcCuUrss The
itnterplanar spacing is stitl 3.3 K. typical of these
systems, I+ appears Likely that th Co-phosnhate chain is
foréing the repeat distance of the ﬁtructureq rather than
base stackings and thus full overlap (s prevented.,

Tiglire 5:6 shows a space filling diagram of the tpolymer!?

to give some i{dea as to the shape of the molecules

I+ seems likely that cobalt(Il) will not interact directly
with the uracil bases bearing in mind the difficulties in

comparing solin state studies with in vivo environmentss.

e
Powder diffraction has shown manganesi{I1) to form an iso-
morphous comnound {13), ieeoe no uracil—manganese inter-—

actions This is in contradiction to CB NeMeR studies which
suggest 0{(2) and 0O(4) proximity to the manganese {on {19),
as well as phosphate binding. Studies with Cu(ll) show the
metal {on can interact with the ribose hydroxyl groupss and
also with the base {(20), Neither were observed in Cullll)
5'yMPbypy (132)s and so metal interaction with the uracit
bases must be considered unlikely if there are other sites
available such as the phosphoester Link in polynucleotides.
More recent NMR work ajain suggests that copper binds close
to N{3) of the uracil base {(21), and in view of the struc-—
ture of Culll)dimethyl uracil {(Chapter 4) copper—-0(4) bind-
ing cannot be ruled out. However, as a general rule it is
untikely for any metal ion to bind to the uracil base in a
nucleic acid in preference to phosphate bondinga.
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Figure 514 A stercoscopic view of a section through the unidt’

celly clearly tndicating the region of water in

between the phosphate—metal chainse

Figure 5:5 A view essentially parallel to the in-plane atoms

of the sugar, depicting the 3" endo puckere



Table S:1 Fractional atomic co—ordinates of the non-—

hydrojen atoms, with estimated standard deviations in

parenthesess

Atom x v z PP,
Cof{1l) 0 0 0
Col2) 0 0.20786(16) 0
p D« 0601 01028(2) 04853(4)
019} 0e0494(2) 0s0157{5) 063219(13)
o(7) 0«0518(3) 0.,1936(5) 0e32411(14)
0{s) 0¢1149(2) 0e0941{(5) 0+5393(12)
o(8) 06 0375{2) 0s1061(6) 0677138110}
0{10) -—D+0365{3) —0,1008(6) 0.2302(17)
O0{20) —0.0338{(2) 03101{6) 0.2270(17)
0{30) 0e1273(3) De3183{7) 052628(26)
D{40)% 0.067(1) =D.2B2(1) De793(4) Oe61
0(s5d)*  0.118(1) 004421(2) 0e772(5) 0e47
D{60)% Qe0491(2) Do 613(5) 0.3081(11) OelB8
D(70)% —0«011(3) D+ 496{5) 0.209(15) 0«15
0(B80)Y%* (Qe132(1) 0.532(3) De194(3) C+26
o(11) 0e2048{(2) 000371(5) 067592(14)
c(11) 02388{(3) 0s40092{(7) De5342{19)
c{z21) 04251813) 0»,0980{9) 063988(18)
o(21) 02897(2) 0e13392(5) 065517(15)
c{31) 0e2069{4) 0o1535{7) 0e4126(20)
0(31) 042137{3) 0s2490{6) 03639{(17)
C{41) 0+1907(3) 0.1338(7) 0.7103(18)
c(51) Ce1394(3) 0o1444(8) 0:27571(19)
N(1) 042160{3) —0,05G8(7) 043622(19)
ci{2) 022446(4) —041052(8) 0.1324(21)
0f(2) Ce2867({3) ~0.0B68{6) 061710(19}
N(3) De2246({3) —0s1705(7) 0.0120(19)
c(a) 061780(4) —041934{(8) 0,0047(23)
ol4) De1639(3) —02545(7) —01605(19)
c(s) 041496(4) —-0.1418(8) 041934(29)
c(6) 0¢1690(4) —0e0804(8) 0s3510(23)
ot
* These atoms had fixed temperature factors of 0.03?

and the population parameter refineds
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Table 5:2 ¢t Unrefined hy drogen atom positions, input

with U=0e04e Numbers refer to their parent atoms

Atom x Y] z

H(3) OCs 240 =—-04197 -—-0a.182
HIS) Oell3 -—-04160 0e182
H{6) OCal57 —0,033 0545

H{1l1) 0e271 —-0,023 Ce591
H{21) Ce 269 0« 090 O0s218
H{31) 0.187 0127 0e255
ti{41) 0183 0ea167 —-06091
H{51) Ce 131 0227 0e745
H(52) Oel27 Cel123 —0,055

Fisure 5:6 A space—filling diagram showing the polymer chain,
-

giving some tdea as to the packing atong *'c%s.
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Table 5!3 Anisotropic temperafgre parameters of the refined
-]
atoms (CosP x IO*chOnN X ldﬁf\Estimated standard deviatons

in parentheseses

Atom ull uz2 . u33 U1z Ui3 u23
Co(1l) 288(12) 243{(11) 171(11) o -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)
01(9) 30(4) 3314) 17(3) 1{3) =3(3) 3(3)
0{(7) 4104) 31¢(4) 26(4) -2(3) 1(3) 5(3)
v 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) €(4) 13(4)  -2(3)
0(30) 46(5) 54{6) 112(8) —14(4) 4(5) 6{6)
0(11) 36(4) 3613) 28(3) §(3) 6(3) 5(3)
cl11) 29(4) 3415) 25(4) 2(4) 4(3) 2(4)
c{21) 17(3) 47(6) 301{4) —-5(4) 1(3) -11(5)
o(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) 614)
C(41) 35(4) 36(5) 23(4) 2(a) —1(3) 1(3)
c(51) 32(5) 52(6) 25(4) =—12(4) -2{(3) -9(4)
N{1) 35(4) 3815) 29(4) 1(4) 3(3) 0{4)
c(2) 35(5) 36(5)  34(5) 0(4) £(4) 7(4)
ot2) 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) 441(6) 37(s5)  39(5) —1(4) 1(4) ,—3(4)'
0(4) 52(5) 54(5) 59{5) 2(4) —4(4) -22(4)
Cc(5) 34(5) 40(6) 65(8) —4(5) =—1(S5) =-13(5)

c{o6) 32(5) 451(6) 40(6) 0(4) 9(4) 7(3)



Tabte S:4 Interatomic bond LlLenjths (3) and angles (%)
with estimated standard deviations in parenthesess
f X sy 92=1389=—Xyyal—2zs? 8 ¥=—x,ys—2z +iv xXsy—1lsz+l
Cobalt coordinations
Co(1)eesessCo(2) c2+992(2)
Col1)-0(9)  24083(6) Cot2)-0(7)  24135(7)
Co{1)-0(10) 2,108(%G) Col(2)-0(20) 2:076{9)
Co(1)-0(8)* 2¢169(7) Col(2)~0(8)7" 2126(7)
0{9)—-Co(1)-0(10) 918(3) 0O(7)-Co(2)-0(20) 91.0(3)
0(9)-Co(1)-0(8)" B7.4(2) O{7)-Co(2)-0(8)° B7e0212)
0(9)-Co(1)-0(8B)"? 830812) 0(7)-Co(2)-D(8)"" BS5e2(2)
0(9)-Co(1)-0{9)**? 167.5(3) O(7)-Co(2)-0(7)**" 169.01(3)
D(Q)—Co(l)—U(lO)"‘ 96.8(3) 0(7)-Co(2)-0{20)*'*"* 36.8(3)
0(10)—-Co(1)—-0(8)" 17846(3) 0(20)-Co(23-0(8)"* 177.5(3)
D{10)~Co(1)—D(B)'' 88,2(3) 0(20)-Co(2)-0(8)"'* BB.7(3)
0(10)=Co(1)-0(10)*2793,0(3) 0(20)-Co{2)-0(20)'789,71(4)
g(g)*'—-Co{t)-0(8)*"* 9065(33 0(3)*—Co(2)-0(8)*" 9209(3)
Co{1)-0{(B){iv)—-Co(2) 88.3(2)
Phosphate groups
P-0(5) 1593(6) P-0(8) 1521(5%)
pP-0(7) 1¢532(8) P-0(9) 15041(3)
0(9)-pP-0(7) 115.1(4) 0(7)-r-0(8) 111.0(4)
0{9)-P-D(5) 102+1(4) 0(5)-P-0(8) 107+ 0(3)
0(7)-P-0(5) 107.0(4) 0€9)=F-0(8)  11348(4)
Co{1)-0(92)-P 126:9(4) Col2)~0(7)-P 123.01{4)
Coll1)(iv)-D(B)}-P 130+5({5) Co(2)(iv)-0O(8)-P 134.5(5)
P-C{5)-C{51) 123+1(H)
Ribose sugare
c{11)—-C(1i11) 1+448(12) 0{11)-C(41) 14467(12)
C{11)-C(21) 16526(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+4408(13) Cl{41)-C(51) 1¢501{13)
C€{51)-0(5%) 14439(12) N(1)-C(11) 1e4394(14)
C{41)-0(11)-C(11) 11061(7) D(ll)—C(ll)—C(Zl) 10545(8)
0(11)-C(11)-N{1) 107.7{8) cC(21)-C{11}-N(1) 111.6(7)
C{11)-C{21)-C(31) 101.9(7) C{11)-C(21)-0(21) 1069(7)
C{31)-C{21)-0(21) 113.,4(9) C(21)-C{31)-C{(41) 102+4(8)
C{21)-C{31)-0(31) 11248{9) C(41)-C({31)-0(31) 112.3(8)
C{31)-C{41)-0(11) 1037(7) €{31)-C{41)-C(51) 115.8(8)
0(11)-C(41)—-C(S1) 110.0(8) C{41)-C{(51)-0(5) 10841(7)
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Uracil basee.

N(1)-C(2) 1364(14)
C(2)-N(3) 1-362(19)
N{3)-C14) 1379(14)
c{s5)-C(6) 1e310117)
C(6)—-N{1)—-C12) 1194 61(9)

C{2)-N{1)-C(11)
N{1)-C(2)-D{(2)
C{2)-N(3)-C(4)
N({3)-C(a)-01(4)
Cl{4)-Cc{35)-C(6)

Hydrogen bondse

N{3)ooo0(31)!
D{2)eeseD(50) 3
D(40)eeeD(4)”
0(60)ee«0(B0)
0(20)0ee0(70)
0(40)ee0(60)°

116011(9)

121 6(10)

12504(9)

119.4(10)
119.51{10)

20789(12)
2277{2)
2480(2)
271(7)
2¢76(7)
2¢791(6)

Ve oHz2- T2y, -2

2: Yz-,

> '/Z")t,

llz_‘%’ -7
"’2*‘—3; (-2

N{1)-C{0)

c(2)-0(2)

C{4)-C(3)
C(4)-0(4)

1.380(14)
1238(13)
14311{17)
1o243(14)

86

AR Y
9 =

C{6)-N{1)-C(11)
N(1)-C{2)-N(3)
N{3)-C(2)-0(2)
N{3)-C(a)-C(53)
C(5)-C(4)-0(4)
C{5)-Cl6)—N(1)

0(21)e0c0{4)?
G(10)oeen(40)¥
0(30)ese0(31)
D{7)seeC(30)

12443(9)
116+ 9(9)
121.6{(10)
1150(10)
125.5(11)
1236(10)

20770112)
26 7(2)

24713{13)
22837(12)
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Table S5:15 tLeast-squares planes, with estimated standard

deviations in parenthesese Distances are given in R.

Uracil bases Equation —4e307x + 10094y — 363052z + 24727=0
Defining plane:

N{1) —0e005(9) C{2) 04008{(9) N(3) —0e.002{10)

C(4) —0.008{11) C((5) 04012(13) C(6) -Da006(11)
Not defining planes

0(2) 0+050(9) 0(4) —-0.018(10) C(11) -0.041(10)

Ribose sugars Equation 19.53x + 3,65y + 3222z =~ 6529 = 0
Defining plane '

C(21) 0.029(12)sC{11)-06048(10)50(11) 0+050(7)»C{41)—-0e041(11)

Not defining plane C(31) —0a4600(9)

Table 5:6 Ribose sugar conformation, defined according to

Saenger {(17)e

To Be8 X{C11-N1) 190 anti

T 309 Y 00 295 jauchesjauche

T2 40 Y QcC 1 about C({51)C{(41l)
T3 325 P e3

Ty 17

Glycoscidic bond O(11)C(11)IN(1)C(2) X =190 (anti)

i 0

/TSZT\\ c;‘/ .

2

c1'
T3 | '
Tq C4|
ot K

c5'

/

0

N
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Chapter 6
The crystal and molecular structure of the assym—
etrically bridged osmium dioxoe complex Di—-u—oxo=-
bisl{ (cyclohexane—1s2-diolato)oxol{guinuclidine)

osmium(vi)Jy TOsO;(CeHye 02 )(CaH;3 N I,

Introductione.

Osmiumn tetraoxide forms adducts with a wide range of
tertiary aminess giving compounds of formula Os04 L, (where
n is 1 or 2)e These greatly speed up the catalytic hydrox—
ylation of alkenes to cis diols {1+2+3)e 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)e

One such adduct is formed with quinuclidine, and has the
stoichiometry 0s04 Iquinuclidines This reacts with cyclo-
hexene to form a compound of empirical formula OsO+ Tquin=—-
uclidinelcyclohexene (5), This is diamagnetic: and thus

expected to contain +trans oxo tigands, and a suggested

structure represented §y fig HBlae 0
For the d? electron configuration l‘/’o
of osmium(VI) this would lead to L — ﬁi\o
the dxz and dyz orbitals forming 0
[T-bonds to oxygensy leaving the

o . Figure 6:a
dxy orbital non-bonding and .

fitled with the two 'd! elec-—

tronse The vibrational spectra of the speciessy however,
indicated a non—-Llinear arvangement of the 0=0s=0 uni?t (6)»
and since crystals sutitable for X—ray study were avallable

the determination was carried out {7).

Experimentale

Osmium tetraoxide {1603) dissolved in 20 cm?

of water was
slowly added to a solution of quinuclidine hydrochloride
(0«573) In 10 cm3 of waters the soLQtion having been adjus—
ted to pH7 with sodium hydroxide solutione The adduct form—
ed as an orange precipltate, which was filtereds washedy
and dried under vacuume A solution of this adduct, CsCy ¢
quinuﬁlidine {0eSg)s iIn 10cm® of diethyl ether was made ups

4;

to which 5 cm of cyclohexene was addedy and the mixture

cooled to 0°Ce Dark brown crystals of stoichiometry Os0g =

91
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quinuclidinelcyclohexene were formed (5)s Analysis results
are y Found C=3503%, H=5«26% N=3200%¢ Calculated for
C13 H23 N 04 Os 2C=34,09%, H=5,18%s N=3e13%.

Preliminary oscillation and Weissenbery photographs showed
the crystals +to be orthorhombics space yroup Pbca {(Nos61),
with unique systematic absence conditions Okls, k=2n+1;
hOls, 1=2n+1; hk0Os h=2n+1ls A crystaly Oeld4 x 0012 x 0026 mme
was mounted with {ts *'c' axis parallel to the  axis of the
diffractometersy and measurement of hijgjh—angle axial Cu K“:°
and Ke(,» reflections gave unit—cell dimensions of -
a=23¢394{1)s b=10e303(1)y c=11+743(1) As Other unit—cell
parameters are Z=4 dimeric moleculess U=2830+4 Rzg F(o00)=
17284 Dcalc= 2-IOg/cm2 ,F=174o49 cm! sMU=895.06. Data were
collected using the usual procedures to a 8 max of S5°, at
1000 reflections per dayoe 1794 unique reflections were
measureds and processed in the usual waye During the Later
stages of refinement it was noted that some very weak refl—
ections were calculating with extremely Llow F'se The data
weve then reprocessed using a sigma value of 3 to code the
unobserved reflections in the hope of raising the +thresh—
hold to include the 'dédgy' reflectionse This resulted in
139 unobserved reflectionse The 10:13+0 reflection was mon—
itored as a reference; its nett count did not alter
significantly over the period of data collection and it was

used to scale the reflectionse At a later stage the data

was corrected for absorption using a 10 x 10 x 10 gride

Solution and refinement of the structures

A sharpened: origin-removed Patterson synthesis rapidly
allowed allocation of unique osmium co-ordinates, and a
difference Fourier gave R=0022s from which altl the other
non—hydrogen atoms were 1located without difficultys With
the osmium refining anisotropically and all the other non—
H atoms isotropicallys R was 0+080. The application of
various corrections made very Litlhe individual improJEenf.
and the final fully anisotropic full-matrix lLeast—squares
refinement gave R=0e405%9e This included absorption corrected
datas anomalous dispersion correction for Os, the insertion
0of hydrogen atoms as fixed—atom contributions, with U=0.04ﬁ
and removal of the strongest {25050) reflection as suffer—

ing from extinctione The structure-factor listings (pio2)
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show for about 25 weak observed reflections that Fobs is
appreciably higher than Fcalcs This might be due to slight
disorder in the rejion of the quinuclidine moietys where
one rather long C—C bond {s obtainede Final atomic co—ord-
inates are in Table 631, with anisotropic temperature
parameters in Table 6120 Calculated hydrogen atom positions

are in Table 6: 3¢

Description and discussion of the structure

Figure 6:2 shows the dimeric molecule [0s0,{0,CcH,)
CaHpN Y], in which the +two monomers are held together
throuz;h two oxygen bridgess and are related via a centre of
symmetryo The Us, 04 bridge is unique in being asymmetrics
with independent Os—0 distances of 1:78(1) and 2022(1) Ae
The only other structure containing an asymmetric bridge
is [Na(NH,)Mo043(C,0,)1n (10), where there is a single oxo
Linksage having Mo—0 bonds of 1873 and 2.230 Re In
the title compound +he shorter bridge bond is slightly
Lon_jer than the terminal oxo Ligand (Os-D 1.73(1) A)e This
compares with O0s-0 of 14712 A in 0sOy itself (13), and
is somewhat longer than the values found for Os—-0D apical
bonds {n some square—byramidat osmium étruétures; eg 1675
t7) R in 0s,0,(0,C (CH ), ), (B)s and 16670 Afor the diester
compound 0s0(0,C,H,) (9)e Octahedral Us=0 bonds have values
of cae 174 As eg 1s75{2)R (refla), 1.734 and 1714 (reflS)
and 1473 and l.?Sﬁ(refll)-

Table ©6HI4 gives all the interatonmic bond lengths and
anjles of the dimeric molecules The two ester bonds are
similar to those found for other osmium(VI) diolato species
for example; 14863{7) and 1876{6) in refe(8)s 1873(7) and
1,896(8) 2 in ref(9)e The longer bridyje bond {5 obviously
sufficient to hold the dimer intact during crystallisationoe
Its weakness cany however; be asseﬂgd by comparison with
the 2400 A reported for an osmium{(VI)-OH bond (12}« The
nitroyen bond to the quinuclidine unit Aat 2¢23(1) A is
longer than normatlly founds but not exceptionals similar
values of 20164 and 24173 R found in (Dst(O—mefhthhymine)
Pyg) (11)e

The guinuclidine ligand has internal bond lengths similar
to thoge reported in other structures con%aining ite eg

dimethylbis({quinuclidine)magnesium (16)e This has averages
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for the three different tynes of bonds as N-C 1501, <C-C
10569y and C—C bridgehead 1547 3» These compare with 1509
153 and 155 found in the title complexe {However the long
C{41)-C(51) distancesy and the thermal ellipsoids of these
+wo atoms suggest that +there may be a trace of disorder
presentde

The cyclohexane rinjy has a chair conformation, and again
has typical interatomic bond lengths and angless The ester
ox,;Jjen—carbon distancess 1245(2) and 148(2)R, are slighttly
lLonger than the lLiterature mean for t'organic' esters (1.426
refal7)e The 1increased LlLength is consistent with similtar
findings for osmium diester complexese Torsion angles for
the cyclohexane ring and quinucliﬂine Ligand are 1in Table
650

The complex is known from molecutlar wi.-  j;ht determinations
to be monomeric in chloroform {found 465, calc 447 )» which
indi%ates the breaking of the double oxo bridges The vibra-—
tional spectra show two palirs of bands assignable to (=0s=0

stretching; a polarised strong Raman band at 923 cﬁq with

a weak foer equivalent at 919 cm ! s+ and a weak depolarised
Raman  band at 881 em !, having a stong ier counterpart at
879 cm™" o These have been assigned as Vsymm and Vasymm
0=0s=0 stretches respectivelys which indicates a non-tinear
0=0s=0D unit {(qev clis dioxo species {(6))e From the observed
solid state dimer it is Likely +that the monomer has a
trigonal bipyramidal structure with terminal oxo lLigands in
the equatorial plane, and an axial guinuclidine ligandes
Equatortial oxo Ligands are known in RuOz(DH;) (18)s but not
in any a? species at present,

The dimer can be seen to arise from the approach of twao
trigonal bipyramidal molecules in such a way as to open
up the erstwhile D=0s=0 angle, of caes 120° , to 154° in the
dimers forming a lonj oxygygen bridge linkageeo

Figure 623 shows a view of the packing of the unit cells
Space filling diagrams (Figureb:d) show the molecule to
have an approximately ovoid shapes The <crystallinity must
be maintained by Van-Jdkv-Waals forcess ¢there being no

opportunity for hydrogen bondinye



Fijure 632

Figure 613

A sterecosopic view of the contents of the
cell

A space—filling diagram of the dimers

unit
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Table H6:le Fractional co—ordinates of the non-—
hydro jen atoms, with estimated standard deviations

in parenthesese

Atom X Y z

Os 0603048(3) 0,11511(7) 0e07024(7)
i) 0e0171(5) Callol(ll) 0021531 (9)
g2y —0.0195(4) —0e0677(11) CeQ7331(9)
a(12) 0e0745(4) 0e26€2(12) 060452(11)
u(zz) 001055(4) Co0287(10) OQedB45(10)
c(12) 0e1359(7) Oe24€E6(18) 0e0095(13)
c(e2 06 1502(7) Celll7(18) 0:0390(14)
c{32 0+2088(7) 060654 (19) D 0689(21)
c(42) 0s2189(8) CaDO59(21) 0-1974(19)
c{52) 0e209¢(9) «23G3(22) Qe 2217(22)
c{62) 0e 1482(8) Ce2799(19) Cel9ls (19)
NM{11) —0+0478(5) 062385(13) Ue Q009 (12)
C(21) —0s0966(7) 0.1753{16) O0el1211{13)
C(31) -0s1501(7) 042619(20) 0«1128(20)
C(41) ~0e1368I(7) Ca3891(18) Ve 0875 (17)
C(51) -0e1125(8) O0e 3646(21) -0+ 0686(18)
c(el) —0+0638(7) 062665(17) -020592(16)
C(71) —0e0354(7) 0e3656(17) De1215(156)
c(8l) ~0.0890(8) 044517(19) 0s1280(19)



Table 6:2 Anisotropic temperature factors, with

estimated standard deviations in parenthesess Os

x10%

Atom
Us
utl)
a(z
acia2)
a2
c(12)
c(z2)
C(32)
c(42)
c(52)
c(62)
N({11l)
cl{z1)}
C(31)
Cl{41)
Ci{51)
c(6l)
C(71)
c(gl)

others x103 A

yll

310(4)

£4(7)
25(05%)
33(0)
33(0)
S35(9)
24(9)
36010)
g2(12)
73114)
55(12)
36(7)
44(10)
33{(10)
44(10)
&2{13)
43(9)
41010)
S0(11)

XN

Ja22
335(4)
51(7)
c0(7)
51(7)
42(7)
46(11)
61(12)
55(12)
74(15)
65(141}
504(1 3)
32(7)
45(10)
56(12)
53(11)
77(195)
40(10)
42(10)
51112}

U3a
£€3534(5)
G49(7)
S9(6)
73(8)
64 (3)
B7{15)
44 (10)
111(18)
77(14)
102(20)
S2(16)
S5(%)
26(8)
104(17)
73(13)
70(13)
59(12)
o3(12)
85(15)

4(%)
i0(11)
=10(13)
=-3(10)
7(0)
1(3)
1¢10)
2(%)
27(11)
(&)
308)

=-3(10)

U113
-261(3)
~20(¢&)

—-2(5)

0w{6)
~4(6)
—-17¢(10)}

-21{(8)

15¢(11)

13{11)}
—24(13%)

-1(12)

-5(7)

10(7)

11(11)

37¢10)
—-25(11)

10(5)

~-5(9)

-7{11)

g3
4(4)
1(6)
14()
0(7)
5{6)
22(11)
13(9)
6413)
16(12)
6(14)
~a(12)
-10(7)
-9(8)
3(12)
-124¢11)
22(12)
-16(5)
-14(10)
-5¢11)



Table 6:3 Calculated hydrogen atom postionse.

The first two digits are those of the parent atom

Atom x v z

H{12 0,160 0.307 0.027
H{22 N0s146 0,104 -0.048

H{321) 0.212 -0.031 0,055
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) 04238 0.293 0.175
H{621) 04120 0,230 0.244
H(A22) 0,142 0,375 04207
H{211) —0,104 0,088 0,035
H{212) -0.086 D161 0,203
H(311) —-0.181 0,215 0,067
H{312) —-0.166 0,278 0.191
H{41) =04173 0.443 0,052
H{St1) —-0.1484 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 0,030
H{811) —-0,103 0.459 0,210
H{312) —-0.081 0.541 0,099



Table 614 Interatomic bond lLengths (A) and anjles (©)

with estimated standard deviations in parenthesese

(i) refers to position —=xs—ys—z

Osmium coe—ordinations

Os=-0{1) 1lo

Us-0(2)

Us-0(12)
g{1)—-0s-0(2)
0(1)-0s-D(12)
0{1)-0s~-0(22)
0(1)-0s—-N(11)
0(1)—-0s-0(2)"
0(2)-0s-0(12)
0(223)-0s~-N(11)
N{11)—-3s-0(2)"*

730(11)

2217(11)
1.895(12)

84.6(5)
10344(S)
9561(5)
83.5(5)
15602(5)
172.0(5)
171.9(3)
89.515)

Cjclohexane moietye

c(12)-0(12)
c(22)—-C(32)
c(32)-C(42)
c{s2)-C(e2)}

1.48(2)
1449(2)
1,561(3)
1454(3)

Os=0Qf(22 1975(10)
Os—N(11) 2231(12)
Os=gc(2}? 14779(11)

Q(2)-Cs-0(22)
J(2)-0s—ML11)
o(2)-Ccs—-0t2) "
0{12)-0s~-0(22
0(12)-0Os—-n(11)
ot12)-0s—-0(2)1*
0(22)-0s—0(2)!
O0s—-0(2)-Us?

c(1z)-c(2z

c(2z)-0((22)
C(a42)-C(52)
c{62)-C(12)

cl{o2)—-Cc(i1z2y-ctrzz)
0(12)-C(12)-C(22)
Cl12)-C(22)-0(22)
C(ZQ);C(BE)-C(42)
Cl42)-C(52)-C(62)
cC(12)-0(12)-0Gs
Quinuclidine moietye.
M(11)-C(21)
N{11)-C(71)
C(31)-C(41)
cf{ar)-c(st)
C(81)-C(71)
C(61)-N{11)~-C({21)
C{61)-N(11)-0s
C{21)-N{11)-C(71)
N{11)-C(21)-C(31)
C(31)-C{41)-C(51)
C(81)-C(a1)-C(31)
C(51)-C(61)-N(11)
C{71)-C{(81)-C{41)

114(2)
108(1)
108(1)
1081(2)
111(2)
112(1)

1e¢49(2)
1e52(2})
1450(3)
1e53(3)
1454(3)
110¢(1)
112(1)
107(1)
110¢1)
110(2)
108¢(1)
114(1)
109(2}

o{22)-Cc(22)-Cci{32)
C(32)-C(42)-C(52)
C(s2)-Clez2)—-C(12)
c(22)-Cl22)-0s

Hi11)-C(61)
C(21)—-C(31)
C(41)—-Cl(51)
C{51)—-C(61)

Clo1)-N(11)=C(71)
C(21)-N(11)-0s

Cl71)-N11)-0s

Cl21)-C(3,)-C(41)
C(31)-C(41)-C(81)
Cl41)-C(51)-C(61)
N(11)=C(71)-C(81)

G4814)
93014}
73:014)
B4e4(4)
8341(5)
GGe1(5)
F4 4G(5)
10740(5)

1,47(3)
1a%5(2)
132(3)
1+30(3)
cle2)-Cc{12)-0(12)
C{i2)-Cc(22)-C(32)

110(1)
117(2)
113(1)
111(2)
110(2)
110{1)

1.49(2)
le54(2)
1a611(3)
1e51(3)

108{(1)
111013
108(1)
111(1)
1-07( 2)
108(2)
111(1)

100
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Table 6:5 Torsion angtesﬁfor the cyclohexane and

wulinuclidine moietiesa
Cjyclohexane:?
C(621C(12)C(22)C(32)
c(223C(32)C(42)C(52)
C(42)C(52)C(62)C(12)
gli1z2)c(i1a2yc(zayorzz2)
Quinuclidine?
N{11)C(21)C(31)C (41}
C{31)CL41)C(SL)INI{1L)
N{11J)C(81)C(71)CL41)
CL21IN{11)C(71)C(81)
C{71)1C(81)C(41)C(31)

. o
Errors in the anjles are cae lo

cliz2)ciz2)c(32)ceaz2) 51

C(32)C(42)C(52)1C(62) . 60 .

CL52)C(62)C(1230012) 172
c(as2yc(iayceazyaggaz) 77

C21)C{31)C(41)C(51) [ene]
Cl21)I)N(11)C(B1YC(71) 128
C{31)C(71)C(41)C{31) —121
N(11)C(71)C{(51)C(41) -7

101
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Chaptevr 7o
The crystal and molecular structure of
u—cyclooctane—1y2-diolato-5y6—diolato-bis—

{dioxodipyridine osmium(vi)) <tetrahydratee

Introductione

In chapter 6 the outline of the preparation and use of
osmium tetraoxide adducts was mentioneds 0s0, with alkenes
Jive products of stoichiometry 050,310,R swhich are in fact
dimeric, containing an 0Os0;0s bridge, with each osmium co-
ordinated 1In a square—-base pyramidal fashion {1+2)0

The presence of tertiary amines grecatly accelerates the
cis hydroxylation of double bonds for which osmi um tetra-
oxide is classically known (3+455,6)e This gives compounds
of stoichiometry UOsO4RL, swhere R is any alkene, or 0504 RL
for lower ligand concentrationse CsOyis widely used as a
stafning 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
compoundse With dienes, the product depends on the ratio of
Os0Oy to dienes With 221 0504:dienes products of stoichio-
metry (OsO+ )QR.Py4 are formed in the presence of excess
pyridinee A ratio of 1450504 idiene produces mono—osmium
additione During the course of this work the isolation of a
crystalline complex with cyclooctadiene enabled the charac-—
terisation of the first osmium—diene complex to be carried

outy by single crystal X-ray diffractometrye

Experimentala.

(Chemistry from refe. 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 l.S—cyﬁLooctadiene at 0e5 molar amount
under nitrogene Large black crystals were formed and washed
with dry diethylethers Analysis of the crystals gave C=
3599% H=3¢45%, N=5457%s Calculated results were for the
formuta(DsOﬂ}O4 C8 H12)(C5 HS NLL: C=36¢05% H=3+46% N=6.01%
{8)e On solution of the structure it was found that in the
crystal under study there were 4 water molecules per cyclo-

octadiene, which would give *calculated constitutions of

iq

T7#%e It seems Llikely that the sampl

C=33c46% H=3e98% s N=5oe

u
b

o



105

used for analysis was dried beforehande

Preliminary oscillation and Weissenbery photographs
showed the crystals to be orthorhombic, with probable
space group P222, o The absence condition along the screw
axis was not exactly obhserveds some very weak reflections
with L=2n+1 being noted. T he alternative orthorhombic
space Jroups P222, did not allow sensible refinement, so
P222‘ was confirmed on structure refinements The presence
0of the weak axial reflectionss if genuines might be due to
the disorder of one of the pyridine ringse

A crystals De45 x 0235 x 025 mmy, was mounted with (ts
‘at axis parallel +to the ¢ axis of the diffractometeres
Measurement of 9 high—anjle Cu Kga reflections followed by
Least—squares fitting gave unit-cell dimensions of -
a=Be363(1)s b=14.546(1), c=14+4441(1) R, U=1756.8 R? Gther
crystal parameters are orthorhombic, space group P222; (No.
17)
F(000)=968, Dcalc=1+90 gm/cm® ,u(CuKa)=142.2 cml,

* 2=2 formula unitsy MW=1005,04 {C283 H40 N4 0l2 0Os2),

1980 reflections were collected +o0o 8=70% at about 1000
reflections per days of which 41 were considered as unob-—-
served as their nett céunt was Lless than 2458 o Is The
0s697 rveflection was monitored as a reference every 50
reflectionsy and used to scale the datas 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 wew corrected for absorption by
using a 10 x 10 x 12 grida Several runs were made in an
attempt to account for the shape of the crystals which had
two curved facese Althoujgh any description brought a great
improvement over uncorrected data, differing details of the
crystal description did not further improve agreemente
Finall;s the sﬂ;ngest 101 reflection was removed because
its absorption correction was the Larjests and very sens—

itive to the description of the curved facese

Solution and refinement of the structures
A sharpened, oriyin—-removed Patterson synthesis gave the
osmium co—ordinates easilys and confirmed the presence of
2 symmetry within the cells This required that the diene
must Llie on a two—fold axiss A structur

factor calculation

e
with osmium ont ave R=0s179 R for P222 being 039. From
v i >
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the delta-Fourier synthesis most of the remaining non-—
hydrogen atoms could Dbe determineds: and a few cycles of
isotropic refinement found all of the diene motlecule and
pyridine Ligands. plus four isolated water molecules,
At this stage it was noted that one o0of the pyridines
was refining with very high temperature factors and unusual
bond lengths; attempts at refinement in different space
Jroups proved unsuccess full The conclusion is that there is
some positional disorder of the pyridine which cannot be
easily fitted ¢to a simple alternative orientation of the
Jroupe

Refinement using anisotropic temperature factors and absor
ption corrected data gave R=0,069. Application of anomolous
dispersion correction for osmium gave R=0067 and 0.064 for
the¢two possible configurations of the molecules Two strong
reflections were flagged to be omitted as they were thought
to be suffering from extinctione Application of the usual
weijhting scheme with F¥=45 gave the final R of 0.062¢ This
included calculated hydrogen atom positions for the cyclo-
octane ring and one of the pyjridine lLigandse They were
given the isotropic teﬁperature parameters of their parent
atomss

The final difference Fourier synthesis shows peaks close
to0 the osmium of ca lexi which may reflect either absorp-—
tion errors or some jeneral disorder of the whole molecules

Table 7:1 Lists refined atomic co-ordinates, Table 722
anisotropic thermal parameters, and Table 713 calcutated
hydrogen atom positionse Observed and calculated structure

factor amplitudes .are on page 115,

Description and discussion of the structures.

Figure 7:1 shows the molecule of cyclooctane—ls2-diclato-
5,6—diolato-bis(dipyridinedioxoosmium{vi))e The molecule
Lies across a crystallographic diady which passes perpend-—
fcular to the 1line Joining the two osmium atomse The
osmiuﬁ is octahedrally co—ordinated to two <¢is pyridine
Lijands, two trans oxo ligands, and two cis diotato oxygen
atomse The environment about each osmium atom is typlicals
and. finds paratlel in four monoalkene compounds? Adenosine
bis{pyridine)osmatel(vi) {7)s an anthracene-bispyridine—

dioxo compound (i0), a methylam

]

ne—bispyridinedioxo comp—
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ound (11, and a thymine bispyridineoxo <compound {(12).
The structure is the first reported osmium—diene compounde
Internal bond Lengths and angles are given in Table T34
from which It can be seen that the values are typical of
six co—ordinate osmium {vi)s Literature averages for the
bonds are as follows: Os—N 2e14 A, 0s=0 1.73 A, Os-0 1+96 A
{10,11)y with the averaged values for the title complex of
Os—=N 2019y 05=0 172y 0s5~=0 1695 Ro Care must be taken with
conclusions from these values, however, as some distortion
of the bond ltengths may be caused by the disorder within
the structures Bond angles are unremarkable except for the
0=0s=0 angle of 163e5(7) » which is significantly bent from
the theoretical trans angle of 180+0% Most other angles are
within 5%0f expected values for octahedral stereochemistrys
Sond Lengths within the organic part of the molecule are
typical and require no further comment within the Limited
accuracy of the determinatione The second pyridine ring sths
siyns of probable slight disorders consistent with high tem-
perature parameters for all but the nitrogen atome The pat—
tern of the thermal ellipsoids sugjgjests both "bending and
rptation about the Os—-N{(21)-C(24) vectors pivoting at
N{21). The mean bond Lengtﬁs o0f this ring are slight\tiy
shortery C—C 1236 C-N 134y than the other ring which has
C~C 1639y C—~N 1e30e¢ This is typical of high thermal para—
meterss which in turn are consistent with positional dis—
orders {[{See Figure 7:2)

The coenformation of the cyclooctane ring is given_in table
7:5, and indicates a "trans? orieﬁtation of the erstwhile
double bondss with the two osmium diester Linkages on opp-

osite sides 0of the cyclooctane ring {(see below)e

Trans Cis
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Fijure 7:2 A view showing thermal ellipscids, at 30% probability

The disorder of thesecond ring is apparentes

| = PN
fﬁ 9 X & Q{\ %"d;\
N S T

Fijgure 7:3 A stereoscopic packing diayrame
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An interesting feature of the structure is the presence
of two {rece water moleculese These are not co—ordinated to
the medial atomy but hydrogen bond to the co-ordinated
oxyen atoms at 2e74 A (G(6)=0(4))s and 2.76 A (0(5)=C(2))a
Both the unique watlenr molecules Lie close Yo diadss but
arc reasonable distances apart, O{5)-0{(5) 270 and C{H)Y-—-
G{6) 2675 ?0 The presence of the water is interesting in

that no hydrolysis o0f the osmate ester has taken place to

Jive a cis— dioloe Such an observation is not unigques ref
{11) recports a single wunco—ordinated water molecules but
the ratio of {two water molzcules per double bond ts twice

that prcviously observede.

Fijure 7:3 shows a packingy d4iagrams from which 1t can
be seen that the structure is maintained by two intra-
molecular hydrogen bond Links via the water moleculess
There are no heavy atom contacts less {1 han 3.0 Xe Apart
froﬁ the hydrogen bonds the shortest h,drojen-heavy atom
contact is 263 ﬁ between 2{4) and H{15)e There is nothing
obvicus to account for the disorder of onc of the pyridine
moecitiess Figure 714 is a space—filling diagram of *the

molecules without the water molecules tncluded.

Figure 7:4 A space filling drawing of the molecule




Tatle 7:1 Fractional atomic coordinates

standard deviations

Atom
s
0(1)
az)
3(3)
ufa)
2(5)
006)
c{i0)
c(z20)
Cc(30)
Cc{40)
fH(11)
ciiz2)
C{13)
c{14)
c(15)
CcC(16)
N{21)
c(z22)
c{23)
c(24)
c(2s)
C(26)

X
0621713(7)
De1327(22
0e3400(15)
0e¢2112(15)
0.0177(15)
V0e5761(37)

-0e1812(29)

0:0466(23)

—0s0164(21)

0:05344(22)
040739(24)
06¢4453(15)
De4446(24)
0e5757({39)
Q0e7266(30)
0e7224(28)
0eS5778( 22
0e2234(23)
062097(560)
042173(823)
0s2418(76)
0e2198(74)
0.2295(54)

in parenthesess

J
0e213721{4)
0.1473(10)
0e2935(7)
001235(8)
Qe2508(7)
063427(232)
Je4092(113)
0e2846(11)
0.2194(12)
0e1250(12)
J30.0767(12)
0.1540(£D)
0 0636(14)
0.0272(153)
De0721(13)
0el1590(21)
0¢1823(16)
0063170(J)
03015(222)
03673(31)
0.4527(20)
Qe4777(13)
0+ 4076(17)

0eN1480(4)
0.0956(10)

~-0e¢0431(10)
-0e0351(9)

-0+03701(7)

-0el1874(17)
—=0e0250(14)
-02039(11)
-061271(10)
—0e1289(12)
-0:2186(12)

Q040633(9)
021001(10)
Oel234(17)
Oel143(17)
00772(17)
0.0532(14)
Oel234(10)
D«2122(15)
042771 (18)
0e2529(42)
CalS540(206)
060993128)

with estimated
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Table 7:2 Anisotropic temperature factorss with essasd's

a2
in parenthesese Us x 10000, rest x 1000 A

Atom Ulil va2a2 U33 uiz Uli3 uz3
Os 425 4) 4151(4) 316(4%) 1{(2) ~23(2) 13¢(2)
0(1) 77(8) 831(8) 55(7) -6(8) -11(58) -4 (8)
o(2) 73(8) 53(6) 501(6) ~-6(6) 3(7) 10(€)
0(3) 43(9) 53(5) 55(6) 4(5) ~8{(6) S(ig)
(4) €6(6) 45(4) 29(4) 11(5) -4(5) -1(4)
u(b) 124(20) 200(22) 102(13) 24 (20) 43(1¢e) 47(13)
a(86) 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(20) 55(8) 46(7) 33(6) 2(7) -9(9%) -2(¢€)
cC(30) 56(9) S7(3) 4203) 6{7) -5(3) =-3(7)
C(40) 70{10) €62(8) 46(7) 18¢(9) =-22(10) -56(8)
N{1l1) 43(6) 66(8) 43(6) 6{56) —-4(5) 5(7)
c({i12) 59(10) 69{(10) 71(11) g(9) 1(190) 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) 1o0(12) 23(13)
c(15) 51(10) 139(18) 6€1(11) 14(12) -1(9) 25(14)
c(1s) 38(7) 104(14) 56(9) 2(9) 3(3) 26(11)
H{21) 66(8) 48(6) 49(7) 2(7) =-151%3) -16(¢£)
claz 204(37) 120(20) 37(8) -4(3) —13(15) 11(11)

c(z23) 372(71) 214(36) 50(14) 82(54) —-0641(26) -42(16%)
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)
ciz2e) 203(34) 59(12) 145(27) 3{19) 81(32) 18(15)
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Table 7:3 Calculated hydrogen atom positionse The

first two digits refer to the parent atoms

Atom 3 S z

H{101) 0e159 04260 —0+4228
H(102) 0e 072 06347 —0e177
H{20) —0e¢132 0209 —04143
H{30) -0.+001 0e0Q86 ~0,085
H{401) Os 166 0Qel1l08 —-0,2E5
H{402) 00109 04012 —0.207

H{12) 0336 04034 04103
H{13) O0eS74 —0e036 00152
H{14) 0e835 04043 0.127
H15) 06843 02139 0,066
H{16) Oe567 06252 00021

Table 7:4 Interatomic bond lLengths (X) and angles(®),

with estimated standard deviations in parenthesesa

(*)= —x» ys —1/2-2z,
0s—-0(1) Le6872(15) Os—-13(2) Le761{ 14)
0s—-0(3) 1¢948(12) O0s—0(4) 1¢947(12)
Ds=-N(11) 2210(13) Os=N{21) Z2e6172(14)

0(1)-0s-0(2) 163.5(7) 0(1)—0s~-3(3) 26.8(6)
0(1)-0s~-004) 96e1(7) 0(1)-0s—-N{(11) 85.2(7)
0(1)-0s—-N{21) B84e6(6) 0(2)-0s5-0(3) 9640(56)
0(2)~-0s-0(4) 95e2{6) D(2)—-0s—-N(1l1l) B84.6(5)
0(2)-0s~-N{21) B2e7(6) 0(3)—-0s—0l4) 856 7({5)
0(3)-Us—-N{11) B9:6{5) O(3)—0s—N{Z1l) 17844(5)
0(4)—0s-N{11) 1752(5) 0(4)—-0s—-N(21) 93.5(6) -
N(11)—-0s-N(21) 913(6)

C(10)-C(20) 1455(2) C(20)—-C(30) 1449(2)
C(20)-0(4) 1,45(2) C(30)-C(40) 1+48(2)
C(30)-0(3) led6(2) C(10)=C{10)" 1454(2)

C(40)1-C(40)* 1.53(3)

C(10)-C(20)-C(30) 115(1) C(10)—-C(20)-0(4)  109(1)
D(4)—C(20)-C(30)  108(1)  C(20)-C(30)-C(40) 120(1)
C(20)-C(30)-0(3)  111(1)  C(40)=C{30)-0(3)  106(1)
C{40)°=C(40)-C(30) 115(2) C(10)¢-C(10)-C(20) 116(1)
C(20)-0(4)—-0s 1124(1) C(30)~-G(3)-0s 110(1)



114

N{11)}-C(12) 135(3) N({21)-C(22) 131(3)
c{i1z2)-c(13) 1e32(4) cr22)~-C(23) 135(5)
C(13)-C(14) 1+43(4) c(22)-C(24) 1.30(56)
C(14)-C(15) 1.381(4) C(24)-C(25) 1e49(7)
C(i15)Y-C(16) 1+42(3) C(25)-C(26) 1:29(4)
C{16)-N(11) 1¢25(2) C{26)-N(21) 136(3)

Cl16)-N(11)—-C(12) 117(2) CL26)-N(21)—-C(22) i115{(2)
N(11)-C(12)-C(13) 123(2)  N(21)-C{22)-C(23) 124(3)
Cl12)—-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)
Cl15)-C(16)-N{11) 129(2) C{23)-C(26)—-N(21}) 127(4)

Hydrogjen bondss )
0(4)eoses0(06) 2:74(2) O0(2)eses0({3) 2a76(2)
0(6)seseB(6)T  2475(4) 0(5)esel0(5) 2.70(4)

Torsion angless
C(10)°C(10)C(20)C(30) 89+7  C{10)C(20)C(30)C(40) =426
C(20)C(30)C(40)CL40)" —49.0 C(ZG)C(}DQC%f05*é(20)“-93.@
¢(30)L(40)C(40)"6(30)" 117.2

= =, 9 "2-2

x, l“-j, -2
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Appendix A,
The crystal and molecular structure of

tris—-diethylmalonato—iron{iii),

Introductiona

Studies on the compounds of high oxidation states of iron
have been carried out by the workers of the inorganic res;
earch group of . Mrofessor Wilkinsons, with the view to trapo-
ing and characterising a complex, Eiperimentat work involv-
ing B-diketones and Iron{iii) chloride in inert atmospheres
Led to the isolation of an unstable, brown crystalline
substance of Suépecfed const{titution Fe(diethytmaLonate)1CL1
{1). Since crystals were available, an X-ray structure det-—
ermination was carried out in order to etucidate the nature

of the environment about *the {ron atom.

Expdrimantal.

The compound crystallized as long brown fibres, with easy
cleavage along the fibre direction. For X—ray study thay
were mounted in De3mm Lindemann tubes un ier nitrogens

Preliminary oscillation and Weissenperg'photographs gave
systematic absence conditions of hklL, h+k=2n+1; hil.l=Zn+1l.
monoclinice 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 143 mm was mounted on the diffrac—
tometer with its ¢ needle axis paratlel to tha ¢ axis. and
also aligned along the Length of the capillary tubes 14
high—-angle CuKg, reflections were measured and analysed by
a Least—squares' procedures. The resulting unit—-cell param-—
eters did not correctly drive the diffractometer, and it
was found that the a axis had changed slightly by 0.013.
Recalculation gave actual unit—-cell parameters of a=18.176
{4)s b=11.91812), c=13.811{4) A, g =115.356(2)5 space
qroup C2/ce Z=4 formula unitss U=2703.5 K§M=_533.31. F{000)
1124, formula C21 H33 Fe 012, dcalc= le31 g/&m’.p= 53.39cm"

1706 independent reflections were measured on the diffrac-—
tometer, collecting at ca 600 per day to a € max of Sg'. of
which 213 were considered unobserved with I Less than 2.58

O le The 1133,0 reflection was monitored as a reference
every 50 reflections and used to scale the data « 1ts nett

. :

cantly constant during the 3 days of

S

~y

count remained signl
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Fijure At1 A view roughly parallel to the psecudo three—fold
axis of the irons with thermal ellipsoids scaled
to include 30% probabilitye The disordered CS51

and C52 atoms have dummy isotropic spheres,



data collections Lorentz and polarisation corrections were
applied in the usual manner. At a Llater stage the data was

corrected for absorption using a 10 x 10 x 12 grids

Solution and refinement of the structure.

Statistical analysis of the data gave a centric distribu-
tionsy, consistent with space group C2/ce This suggested thaf
the molecule ought to Lie on a special position, etther a
centre of symmetry or a two—-fold axises A sharwpeneds, origin-
removed Patterson synthesis located the iron atom on a diad
and a structure factor calculation gave R=0+,5%« Fraom the
corresponding Fourier difference synthesis the co-ordinated
oxygen atoms could be ltocateds giving R=0s 45 Location of
the remaining non—hyrdrogen atoms proved to bes rather diff~
icults successive cycles of isotropic Least—squares refine-—
ment with new atom positions producing only very jraduisl
reduttions In Re The Location of all the heavy atoms jave
N=0,100, with anisotropic refinement giving R=0.073. The
use of absorption corrected data gave R=0.078s and apnlica-~
Yion of the usual weighting scheme with Fx=35, and inclusio
of anomalous scattering corectionslfor iron gave R=0.05%
The final R with calcutated hydrogen afoms. inoput as fixed
atom contributicnss with the isotropic temperature factors
of their parent atomss was 0+050s The —44032 reflection was
thought to be suffering from extinction and ramoveds

Table Al Lists refined atom co~-ordinatesy Table A2
anisotropic thermal parameter s, and Table A:3 calculateqd
hydrogen atom positionss. 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
tron{iii)s This is the firsf reported complex of a malonic
estery and the first example of a chelating malonate group.
The {iron 'atom Lies on a fwo-—-fold axis wh{éh also passes
through the central carbon atom of one of the three chela—
ting diethyl malonate Ligandss The iron is octahedrally co-
ordinated by the carbonyl oxygens of the chelating diecthyl
malqnafe Ligands, and has approximate 32 point symmefry

{Dg)s The diethyl malonate lLigands are approximately planar

with the exception of the terminal CS5 methyl atom of one of

119
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the ethyl groups. This shows positional disorder botween
two sites of equal occupancys both of which are out of the
mean plane of the rest of that malonate Ligands, The planes
of the three malonate Ligands are mutually perpendicular,
and the overall shape qf the molecule is analogous tno that
found for +risacetylacetonatoiron(iit), Fe(acacb {7
Table A4 lists interatomic bond Llengths and angles, an-
Table AIS gives best planes through the diethylmalonate

Ligands.

The three independant iron—-oxygen distances are clos=ly
similar,s, having a mean of 1.991 &. The related comp lex of
iron{iit) with acac has a mean iron{iii)-N distance of
1994 A {2+3+4)s The other bond Lengths and angles are as
expected for the diethyl malonate Lligandss A comparison of
some bond Ltengths and angles between the title compl=z2x,
Fe{acac)s complexes and unco-~ordinated malonate esters is
given in Table AiHe This shows the expected lengthening of
the carbonyl bond from 1.204 in the free esters to 1,253 X
in the co—ordinated Liqaﬁd. and a corresponding shortening
of the C—Z bonds from 1,506 X to 1.33¢ X. 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 OU=C-D anjle from
123.,5  to 113, and a corresponding increase of 0O=C-C to 1277
from 123.53 The Latter angle in acac complexes is not as
highy, but this is probably due to the ester Linkage on the
carbonyl carbon, rather than a methyl group.,

The carbonyl bond Llength is shorter than that Iin acac com-—
plexess which should increase the nucteophil ic nature nf
the carbon atom, This will aléo b; increased relative to
the acac complexes by wvirtue of an oxygens rather than
a methyls substituent, The C~0) ester bond is significantly
Ltonger than that in the unco-ordinated malonates (1.33% to
1325 K) thus the combination of all these factors suggests
that the co—-ordinated malonate should be much more suscen-—
tible to nuclgophit(c attack at the carbonyl oXygene Such
attack, for exa&ptélby water, would lead to hydrclysis of
the ester bond. .

Thg nucteophihgic stte is also less sterically restricted
than the corresponding site in ﬁhe free matonates as eviden—

‘ ° o
ced by the ingcreased O-C~C angle from 111.5 tn 114,9 » and
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unitcasl L,

f the contents of the

»

»

2 A stereoscopic view o

Figure A



the restriction of movement of the whole Ligand caused by
binding to the iron atoms. These factors may help +to account
for the instabil ity of the complexs which is all the mora
remarkable when one considers that iron(ii'i){acac)3 ks one
of the most stable iron{iit) complexes knowns

Figure A2 shows the contents of the unit cell, The rather
awkward shape of the molecule may cause packing difficut;
ties, and may be responsible for the disorder of C(%5).
Howevers, there are no short C-C(5) éontacts either intra or
inter molecularly, and either position of C(%)_cputd be
accommodated in one molecule, ‘

'Fiqure A*3 shows a space filling diagramy, which serves to
indicate the rezlative sase of approach to the cafbonyt car—

bon atom,

Table AtH.

A cfomparison between the title complexy co—ordinated
acetyl acetonates, and unco-~ordinated malonic esters, The
data were obtained from the Cambridge Crystallographic

Data Centre, searching for the following fraqmént:

The references for the iron acetonates are given, but since

30 different malonic ester cont@ining compounds were found

they have not been Listeds, Only data with R Less than 007

has been includede.

Fe-0 0=¢C o-C c-C 0=C-0 0=C-C 0-C-C C-C-C

. . . - o
Title 1.983 14245 1,347 1.384 1175 127.7 114.9" 122.2
compa 1995 16261 1+335 1.384 118.4 126.7° 115.1° 121.3°

1.983 14253 14335 143291 118.0° 126,.9° 114.7°

Mean 1,990 1253 1,339 1.386 118.0° 127.1° 114.¢° 121.2
Acac 14795 1,271 1,417 124.7° 12446
“lalonates 1.206. 1.22% 1.:00. 122.8 122,53 111 .7

122



123

Figure Az3 A space filling diagram of the complexe



Table Al1:1 Fractional coordinates of

atoms with standard deviations

Atom
Fe
0(1)
atz)
0(z2)
0(4)
al(s)
o(e)
c(1l)
c(z)
c(3)
C(4)
C(51)=*
C{52)x*
C(6)
c(7)
c(g)
C(9)
C(10)
c(1l)

¥ Atom

in two

c(5)

¢]

0« 0498(2)
Qe 0987(2)
040507 (2)
0. 0908(2
Os 2181(2)
0.1364(2)
0e 1589(2)
Qe 1710(3)
0.1158{3)
Ve 0765(4)
0e 0520(9)

o
0e01C09(7)
0e13203(2)
0e0032(2)
—0e1C59(2)
De2695(2)
—De0E53(2)
—0e2373(3)
—0e0613(3)
~0e1410{4)
—0e1530(3)
—0e2706(5)
-043777 (11

0e0322({10)-0e3€43(11

02092(3)
0e2865(3)
0
0e0460(2)
0e1420%t23)
0e1922(4)

positons.,

with

0sC264(4)
De 0222 1(4)
0629204{95)
0e2341{3)
022423(4)
0e32761(6)

is disordered,

site

but refines

in parenthesess

z
1/4

0e3579(2)
Do22160(2)
Ve 26ZT7(2)
Qea277(2)
Ce23Ca(2)
0s4605(3)
026324 (3)
99341?(3)
0e 3886 3)
Q0e4933(9)
0e54067(15)
Je4349(17)
0e1485(4)
0135061(5)
174

0e3434(2)
05270(4)
Qed0U34 (4)

population parameters

124

the non—-hydrogen

satisfactorily

of Qe



Table A2 Anisisotropic temperature factors, with

estimated standard deviations {n parenthesess Fe x Idt
SN

others x 103 F3

Atom ull ya2 U33 Uiz ui3 uz23
Fe 572(6) 502({5) 581(6) ¢] 209(4) 0

0(1) 65(2) 5312) 53(2) -3(1) 1341) 1(1)
n(2) 58(2) 61(2) 60(2) 1{1) 24(1) 9(1)
0{3) 64(2) 591(2) 69(2) 7(1) 34(2) 1141)
0t4) 100(2) 60{2) 51(2) -8(2) 11(2) =3q1)
0(5s5) 64(2) 72(2) 656{2) 4(1) 36(2) 11{2)
0(s6) 90(2) 741(2) 91(2) 20(2) 55(2) 35(2)
ct1) 57€(2) 84(2) 52(2) -6(2) 20¢(2) —-6({2)
cr2) 64(3) 681(3) 71(3) 14(2) 33(2) 17(2)
ci3) 69(3) 48(2) 57(2) -0{2) 26(2) 5(2)
Cl4) 109(4) 88(4) 101(4) 12(3) 65(3) 32(3)

cisl1) 135(11) 98{9) 188{(15) 32(8) 105(11) 78(10)
C(52) 151(13) 78(8) 2331(19) —~46{(9) 121(14) —-36{11)

ci{6) 81(3) 641(3) 61(3) —12{(2) 33(2) 0{2)
C(7) 99(4) 92143) 87(4) -17(3) S7T(3) —-3¢3)
c{8) 101 (5) 834(3) 659(4) o 17¢4) o

c{9o) 65(2) 561(3) 51(2) -5(2) 20(2) -4(2)
cl(10) 85(3) 724(3) 56(3) —-4a(2) 12(2) -14{2)

c{(11) 138(5) 1121(4) 64(3) -21{4) 6(3) —-5(3)



atom

sets

positionse The first

C{10)sC{11))a

of positions which

Table A3 Calculated hydrogen
di it refers +o the parent atom (1st two for
Atom x v z
H(71) 0e¢292 —04058 D« 107
H(72) 0e 285 0. 081 0e082
H{73) 0334 0es038 0«205
H(61) 0,163 0. 005 0e 079
H{62) 0200 0s102 0al170
H(2) 0222 -0.189 0e368
H(8) 0 04379 1/4
H{111) 0e222 00296 0,671
H{112) 0e232 0360 04575
H(113) 0Qel157 0e392 Oe+6C6
H(101) 0s107 0+204 0e 558
H(102) 0a.176 0»184 0«515
H{41)% 0075 ~—0e212 Oe 552
H{42)% 06020 —-06271 0a 437
H{43)% 04102 —0.289 0.577
H(44)% 06036 ~-0,206 0s488
¥ HMydrogjens on C(4) have +two
correspond Yo the +1wo methyl

were given half occupancye

positions

of C(5), and
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Table A4 Interatomic bond lengths (A) and angles {©),
with estimated standard deviations inparenthesess.

(*) = = xo ys 172 — 2z

Fe=0D(1) 14938(3) Fe—-0(2) 1¢595(3) Fe-0(3) 1e988(3) .

0(1)—-Fe-0(2) 91«0(1) O(1)—-Fe~0f( 3} 90:4(1)
D(1)—-Fe-0(1)" 873{1) O(1)-Fe-D(2})" F2+4(1)
O{1)-Fe-0(3)* 1776(1) 0{2)-Fe-0(3) 88e4(1)
0(2)-Fe—-0(2)' 175¢3(1) 0(2)-Fe-0(3)* 83803(1)

0(3)-Fe-0(3)"* 91¢9(1)

a¢1)-Ct9) 1e245{(E) C(9)-C(8) 1+3841(5)
C(9)-0(4) 1¢347(5) 0(4)-C(10) 12456(5)
C(10)-C(11)1a468{(7) 0(2)-c(1) 1+261(5)
c(1y-c(2) 14384(6) C(2)-C(3) 1¢391(8)
C{3)-0(3) 1¢253(5) C(3)-0(&) 1e335(5)
0{6)-C(4) 1e¢448(8) Cl4)=-C{51) 1412(15)
C(4)-C(52) 14434(15) Ci1)-0(5) 1335(6)
o0(s)-c(&) 1453(8) C(6)-C(T) 1e494(9)
Fe-0(1)-C(9) 12843(2) O(1)Y-C(2)-C(8) 1272704)

C(9)—-C(8)-C(9)* 1206 3(53) O(1)-C(9)-0(4)  117.5(3)
C(e)-0(4)-C(10) 1167(3) 0(4)-Cl10)—-C{11)107.6(4)

Fe-0(2)-C(1) 127 7(3) g(2)-c(13-C(2) 12647(5)
Cc{l1)-C(2)-C(3) 122421(4) C(2)—-C(3)-0(3) 126+49(4)
C(3)-0(3)-Fe 127,8(3) 0(2)-C(1)-0(5) 118Be+41(4)

C{1)-0(35)-Ci6) 117¢9(3) 0(5)-Cl{6)-C(7) 106:3(4)
0{(3)-C(3)-0(&) 11840(5) CL3)-0{6)~C(4) 117.9{4)
0(6)~-C(4)-C(51) 1124 7(9) 0(6)-C{4)—-C(52) 10649(11)
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Table A:5 Least squares planess with distances from the

Planes in Ry cesed's in parenthesese

PLane 1y Equation 17445x — 94162z + 2429 =0

t=g mop —Xsys l/2-2

Defining plane:
citl) O0s116{(5) C{10) —-0,059(4) 0(4) —0e043(3)
C(9) —0053(4) 0{1) —-0.11803) c{8) 0
c(o) 0:053(4) 0(11)* 0.11a(3) o(4)? 0«043(3)
C{10)"* 0+059(4) C(11) —0.110(5)

Not defining plane Fe 0 (b, symmetry)

Plane 2» Equation 3¢21x + 8403y + 7eS1c — Z2ell =0
Defining plane;
Cc(7) De052(4) C{6) —-0e056(4) a(S) —0e031(2)
C(1) —0+016(3) 0{(2) —-0.018(2) c{2) 0+¢001 (%)
c(3) 0040(3) 0(3) 0069(2) OC(6) 0.058(3)
Cl{4) —0.099{(2)
Not+ defining plane?
Fe —04054(1) C(51) —0e52(1) C(52) —1¢50(1)



10l Fel

[=3127]

oD J -z e m (] TR s
& an “2.3 - “ 4 FERET I
-3 am £ s 2 w8 o ate s % 16 a4 s4d
7 oz eqs D% e #oosie 3 T D& 34 -5 128 L3 s im 388
- 4 1w s x o w13 Wiy g 2 Mo 33 3 s m 1o e 12 2w e s
B > 8 2 L 2 nuo w3 T 210 G e 37 12 e 13 a1 e W

1w m < W W . 3 me o3 ¢ oo (3 Lok e EIE S B ) ”

W oE an % 0% e i s xm ! . € 1 ane - £ ne2.8 e 3 20 i e 10

% L3 g i a2 o Cm o ow [ s 2e om) = e 97 8 a2

- a2 -7 7 B o - 10 w7 T PO ) 2 1s i 633
= a2 - ] e B 4 = a 44 3 o =
w.0.10 3 % me 3 el . F T 51 °s [t
- »” S w0 3o oam na n % -0 23 5
0 am -nw 29 am @ 1 129 £ o 13 33
-0 M7 T a0 & > P Pom -2 1@ 1 o 120

% i o S-S B o H e -ie o (3] pt w2 -4 ke » 108

- nr 3 e any EE e b » -8 T -t - is - <12 - 0 u3

S “ e e £ S BT 128 L e e -3 .7 s2 -z A 18 183

-2 e = ) - HeLrw 4 083 012 3 me ey a 4; 3 - 1 ”

0 wea T N s 2 m2 x) s 168 n o ¢ "3t

2 a0 1o pre B B4 [~ O St B B T 2 - Y @

a4 [ e i ;m bhd 2 9 208 pr) v 1 -7 a

. 23 oy sa 571 - -1 02 - 28 37 i .11 2 ° -r B -1 0

s 2z w2 28 2ee i 2 20 3 % s N 2 h i 2

1 A ©1 15 e 2 e jeie 3 08 » LT [ B ) 2 -1 198 100 PERY . 31

12 38 3 B a2 R I 2 10 e D s im 1 a 3 72

262 247 - 820 Az T e o+ 1 12 13 179 -3 126 12 im 183 u.3.8
LR R 23 ey ise 3w s w22 LS el 2 BOE S ar w o0

« ® ax 4m ia Bl A 2w 3 i - ™ PLI O B
2 s 5= “1e W jee u.z.s 40w s o 28
o an an R a3 ses . R~ S - T rodwm s

) iy WO s e o T2 oE OB e e w o “.2.0 LY 0

- n . < 2 T @ e e - - S I - Wit 14 4

- o bl 9 non o 4 M4 wx 3 b3 o ©2 1o I TR wa.e

3 b= T E I A | BT w®ou - 3

H w3 % 'R T 2w w aie20 Ga e = ¢ m o am w3 a7 s a2

H e P o o w2 2 H ’ ® 0 3.8 w2 ¢ me 0n Sis o o1e2 474

H s b T N e S SR 3@ » 2 2 108 .y aer im0 s - E -7 83 e o33 e 31

. 208 3 5 i I £ 3 & A 0w w4 9 = Wi s 10 7 3 . *

I =B o * s 33 1o o 130 1 L3 s e .z 13w s ERRETC I It

PR B 4 15ee a7 3 im e v e L. LA T 1 o RTREEC It ) B = - 3 -

@ W - 21e 7 wis o s 5 270 200 -9 13 e ok e 6]
P Pt~ 3 A . 8 2 x4 ? ‘o e e B4 o34 s e a2 u.3.10
us  am £ N e m M a8 2@ oz 17 %

4 34 23 3 £ o FY 08 % n LES] 2 (3 & -7 s s -17 s 150
12 3@ s x b4 F- O+ P I = waa 4 197 206 -8 2N wmd -l a4 i
B I L T ] o 3 - << B . 0 aw iz « ix 1% 1B im e 3 32 8

- 1w e w2 Py 1 30 pod kil kel " o 34 13 - - i W 304
> ™ 30w on %0 w2 2 188 ase Haen 3 % e
4 W M2 a3 o e e [ 3 oo ks ., % » o .
2 o3 o3 u o o5 3 - un om 231 E R U ) - "

6y s [ ST RS . Be 18 en @ =37 i

3 e R 3SR 8T 0 w3 W % 30 s Wozea aoam o s %

i e % PR S 174 R 44 + 261 2 107 -10 f 1 I -7 w2 o1

. - et -3 9203 -1 e 614 -r o 3 1081 o -8 309 ] -2 o 13 3 -1 s »

. © o 1m0 Jes = e 116 T o [ €07 s 17 m 22 -3 w2 13

@71 20e 3 s wm 3 N Bmoowm 7 e % wae 31 e w7
w0 o1 813 3 : om . w0 a3 8 [ < ” - w2
‘ 1 @ - w E 4 S = 2.5 L 1 3 % B
- -3 B is .2 ot
m 3 ue ™ i BN B
(3 W R 3y o R T
v e I s ws e 1 5 24 3 g2 - 3w .
e “ 3 0m 7 nooae * o a0 s w2 1w - S ee (]
a0 e Ve ol ws we » s owr oA % 3 2
S0 e wx - a1 e 32 PEN) 0 s w4 1 w.a11 A e 08

- e - -0 2 1m0 103 1 [ 4 on £

s i e = 3 234 -3 w2 w0 a3 s o Xt na 2 - bl 11 e
A s PR YT B+ TRy Br S R - <1} ¢ 2 1 FERC I b8 -1 e gea 3 1™ =
2 m m s esr s 4 e 3 . m o 8 b &7 n o w TR B S s o an

3 re B2 3 e e a3 s 32 3 1 s es T A ] e e e

i o em 4 W - am am I T 12 241 24 [t} . 22 e 1 e e PR

4 3w xe 3 s 2o oy 22, + Cam Tia 3w 33

s w1 nae 3 wr 7o 4o 13w nea - - - O

¢ e w8 234 7302 P ) u - 0 2 a0 was 3 s »

% % w12 W w2 314 34 318 a0 - 208 2 LS R B 3 w2 « i oW 24

G ® = 7w 7 2 a7 I am Im e ® ax w ” 2 W am s e @ L e w

[EX I - @ [T 2] 7 a2 (1 . e 70 ise 8 w3 T - 9 . F)
R F. ] ez 60 S ses  am ot 2 m ar 12 74 72 3 oy m

-14 v s - 7 o En D My s E noour o 30 Cae T3
L aw - 2 = o 2 mm s -1 108 » Gom %
I I T s t -3 3 36 7 e 57 -2 B am ey 1 e 2

- e 2 x 1 ara wa 2 o« s e 3T sy 1 m &

< a3 - = 0 4 o wm s s 84 17 1w

< Tm n.2010 T e () 520 28 - a5 o

- 2 e = 1m w ¢ w3 e - we -3 te7 e

3 & w0 0 20 3 = ot w o e me = 182 7 sz % -1 ”

2 2@ zo < » @ “ - ° 1% s @ n a1 o o7

a2 Ta = - o3 e e T

¢ w % A S e % 3 %64 e sy A1

. 23 2 o2 05 - o 5 e« @ .2 20 37 2 oz na

0 s =4 @ o oms -1z W ooy e 3 3 ”
14 ™ a2 CEX] - 222 a3 -0 m -15 2 200 -1 a »”
w2ets " [ o s 7 - B ST TR 1
-13 28 o B a3 o e 4 sn - 10a s m = ".5.13
2 m - w= s a2 T o e - s T 20 1
1 18 s e e - o G s 4m - < 2 W36 e -y er 03\

- 72 - a9 2 e em z e 0 2 I &

- 2 -3 dem 1w R e e s us.e 7 e =

A ma wag YT Rt 3 3 o s a2 m2 3 0w o

2 e im - 2 m T ST s wn e 14 ma 1 3 -7 m

0 em  me e 2o e ione e 18 w1 s " £ I - R

2 ™ m FICY 3 o2 a3 3 ais 3w

4 w  xa O X} 3 e ms uaay 3 » P2

. e > T e PRy S e s s7 -

» 87 19 e 3 am aza| -1 103 . B r -
wa.r YO 1 s M e 1 W a3 . | s = . 3 o o2
n ey wr  sm o 57 6 am 36 2w o2 13 e s u.s.9
e w2 o o m a3 oz < ™m m 1+ o W s n - -
2w e PR ¢ 1w 2 e @ - @ ar e P
S wm am s S e 2 Nea2 w2 Ss eax <

- n b TR R he) w3 -t e o 5 ex el - )

4 @ om o m i e i H 5 ses 1w am P DR TR {1

S am aw wm - 07 R I 101 e s s a7 1 e

-2 22 - -7 131 133 41 154 ] .30 . s LT X0 208 i3 [ 205 3 04

- - - - a5 8 n1 e - - 11 a3 3 . rs

i = s A am am 2w ;e w 7 0 e e n 13 Fre

4 ma aw o0 FEC £ < s o a3 -1 108 w318 ot

¢« n » FR an A m T s ses .t o8 F>

3 Gy e P ST ) S ) « 13 i
2 3 = ] 1w E T w0 .2 [T F Rt -
I [ Y
WA 0 e my 4 ® 36 3
T m o om 2oz = = 3 =
g 7 2 % 2 e 20 » - e on PR TR ) s & n

] o 3 v T i 1+ e = 22 3 s 2 & oz 200

4 e D@ ®m a1 w M FEH G om o e o [ - S 7

4 @ e al w0 ] » 4w I} : wo w0 v 1 » n

2 s w0 4 o me 2% 3 & e FA-] oo 2 R = v

o e 01 4 w2z o 10 e 5 W w4 < iso

3 1557w e -1 = o 3% - = isa nrat wriis LI .

2 T a4 = o ¢ ‘o= n 4z ma E ™ e

e wm 3 - R I “o.a & -3 1% 137 .y o )

. 1 [ e a3 m w1 a4 1

s T ze 1w % . % Pl
s - -3 o8 o me - FE T 2o @ s
2 oy a4 > >4 4 3%
i oae w3 W o3 oz o % E 2 4 s om 3R
aa s um - T > o a2 = e -+ 1w ) n

- a4 = Y X om0 3 5 5% 3 = wrs 1 ies 190 -4 ma =3

= m e bt 3 0% '8 T = Dz oam @4

- @ 1x w0 S1owos  oeee F-- s e e werens o oo 2

2 e s 00y »s “e.0 a2 e - H ]

¢ W 2 1o 200 EYTR it LI Ml - 1 . e

2 e w2 3 2 an [ 8 ey 7 s - m . e

3 s 52 E R TTO 11 226 1 @ e o = : a i

W % 7 m 2 A % s . 218 . = H

¢ = x LI w8 ¢ X aw a8 ar 4 3 B

M M s s I me - S - -1 % -4 ox s

Hean -1 v " o ™ B - . o+
RS s e -~ -3 xo &3

-2 4 o8 - so e S 1+ 72 i) 3 e PR
15 %4 Xe -3 e M e 8 114 P a4 1 YR -+ im m ®
-4 sm s - 4 o B e N T T | g o = s ns i -2 e " 0 (73 < m an e

a s sm D am 20e =2 sz . s 2 - ] w0 o s i < oz e > w in o les
3 w2 an > = 84 Rt - x a3 P4 . 8 om s @ 7 " 2
2 e we R S = 51 © ez < w e

8 520 a0 pu 5 < 7 s 2 o4 - 2 =z 3 "y

I S a7 4] oe F = -8 10 s 2 o s 8 o w

2 % im x2 2y 1 2 wa  me . oo oses | TH Y aa -3 w2 W oo w4 W n

« @ ax: el RO G- B [ S ) o s a3 A 0 -z e w

2% s I 32 3% ) b ay owe [ . e m

a7 % 1 86 2 m e 8 = 8 1 et 1 e m - A

2 It T ) @1 a4 e  me [ o i ™4 $ 0 mr A o e e - o6

-2 e -+ o we - v T ar G2 omx =] e
~10 180 18 7 be Pt F 1 T -0 e 162 -2 w3

. s £ - s sm Iowow "0 e ar 12 H s
3 me 2% o sn swm 3 o2 - » ey e s s1 o omt » PR AT H -
“ W e - ww e o 3 1 p<f vl a2 -3 e n m 2 v 0 b3 s
2 o s R il 82 io1u e 4w » -2 aoe 0s e . 108

9 e wm - % = 3 sm s 1 T e 2es e | IS oE e =

2 e m b - 3w i a - e e 3 E W= u

E ) -t o 5 + e e kg o B s e m

1isz 107 e H4 T RS Ny wn2 PO T T B P BT O TR L) .
w1332 Iom 2= 5] PO 15 T TR B 7 ST B A 7
343 ui a2 s T %3 o w »+ e iis B Lo ws N
2 o om e m 4 = . - 2 am 43 10 v 19s o o aE a3 - o5 0
Cie Wy e 2 e 5 ne -8 T TR 52 im0 R - w5
T Y L o e “ia s @ m R A e I
4 #s ex Y 2 a - o8 2 52 224 3 e 2 s a0
- 3 M e -n w0 a4 w0 s | [ 8 ) s a o 12 e
< w [T M FRR Y T b4 - x i e 2 a0 e on z ®e s
2 ia R X . 83 nooa2 W o0 A M =
) 7 a0
Ea ) Haba2 s = © W8 10 R TR = - -
- E A @ - m w [ R] -6 3 e | 4
-l b 3 m * 32 .4 e e he| 2 O L0% 3w 3o w1 1 e L3
S o 1 W 3w 4 w8 e 4 e i@ e ex S -l Py » 3 W =
13 I Yor -2 64 -3 0 00 2 s PS4 2 - - - 4 pd by
LI 18 s 182 198 -1 20 2. 4 . am = 83 P s 208 1 ate * %, R T i e
1 w2 an 1 0w w2 ¢ 2 3 % - s Fory it 3 ¥ ar
W 1 E 8 3 ¥R s 2w owm™ 2 omoan — [
- . EE] B2 RSt ] - b Por g -
- 1 oS 1 e 3 asa 1 P
3 B8 = s E -1 3e e R 4
2 = ] " oo T o™ EEE I R 1] © x4 ) Ed
3208 ¥ 4 oae e 30O AN O, an 2 o 3 om @

L w©e -1 e 33 % e 31 -5 sa 1ea ~ta - “to B2 “ e 2 4 - B m

I w4 e PR T T - w2 m [ - . . © -1 111 s lu ]

LI R B LR = B ERE R S T N S FES - S - S S+ R 4

© P-4 : e
o= - 3 32 R IR o= 3 LA
I n . e m o wma : e O 1 .
T 2w » N 3 s 10 2 - - 4 Ne10.8 W12
e 347 e o 3 . 3 404
4 o o s ;e @ 1 e ] w054 oeenr , N g & B " b .
3 m n 3 I m e sm o - 3 I R e B 2 3o W

- [ -1 e B TR o <7 13w - 2 £ f+1 - H o 3 % o
% w3 e 1w e ) ] - 02 = v HE- I - - 4 3 & M
-1 7 e 3 s < a4 M w4 14w e -t . 13 8 2B s 2 ' i -1 4 e

3oL e s et (Y ® - ] 4 20 H bl LR

. 3 e @ "ery 2 e T -] " . o on 3 w3y 2

3 @ e ERET ey v -10:4 H " 134 5 @ &

7 188 -1 el (13 HehaO » -13 P 7 10 . - 4t - T s

v e e . e - 10 ) n 3 o - = s am

3 am m e 23 7n O 7 R R 4 T8 % Vi iz
ura G me e - 2 o M [ I n " e I + 10
e s 4 Lt e i xo 80 e v 4 2 3 on 0 2 5 »

- 27 - w1 ™ M1y s z ey H 5 i i3 aoon 33
e - <] wra R o ] - 50 2 8 e 3 om im
2 o HE S w m w0 [} B3 an w5 M e
P I ) < s 20 3 e o 2 P ] w 7 P-4 . » e 4 o4 4. bed
O ST 1t - LT ¢ o 7 . b % 2 o ione s

W % 2 . b1 s 1 m 3 an e

3 e 8 ™ Rete2 w ad 2 . a B LA

s #o - w2 T S (1]

7 @ o8 g 3 o » CEX 73 -1 ” Mo t8eT Mot

71 BTN TC R - S . - t8r
XY ) 3 a3 e -0 m R TR T 3o a8 i@ I e B L L
. e B a nz ta 5 ‘wmx e 5 h ot A 14

- H ) 2 2 = £ - 4 7w am - = £y
2 as w @ e s 3 5 3 o m o= * = b+ A @ %
< i [ H e i P e e 2w 8 TN R
32 e 3 o et 52 e ee : is 1 e X e 2 e a TS S
q4 == . u e [ w7 3 e H s = 3 @ m

s m %0 » - i P ] L ” $ow e

h
I 38 2 - HEA
. x 7 e
rw =1 2 n o Heta o ".10.3 -+ 14w £y
W i e W 3 = o ow 2 o owe s 31D
A = 5o S g 3w om BB
- s o H 7 B I e e H . I H red

129

0



v

130

_— dore m e e e .
2308 e 1w on 1B

PR OER L. e 2omom 3ol E e

s -3 145 154 «z 126 1 2 168 m - 4 1

, o P oag ot e R
- nr anm 4 . 146 e 9 n i
3R % 3% o1n 2 oz o3

»

RHeferences.,

le Prof. SaeWilkinson, Inorganic Resecarch group, Imnerial

Colleqge,

2s Jelballl and CeHsMorgan, Acta Cryste 23 (1367) 234

3a LeP.Massimboni and M,M,Thackery Acta Cryst., 230 {1374)
1072
4, H,S0ling Acta Chems ScandeSersA 30 {1976) 153

Other iron acetonatzs are:

Fslholotton ad Ge¥W.Rice NouvsJ,Chem 1,301,1977
SeShibatasS.Onumas,A,Iwase and Hylnolte InorgeChem

Acta Cryst. B33 {1S77) €7°5.



131

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 1ike 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 O. LANGGUTH JR AND ANDRZEJ C. SKAPSKI

Chemical Crystallography Laboratory, Imperial College, London SW1 2A4Y, England

(Received 21 July 1978; accepted 1 September 1978)

Abstract

Co(C4H;N,S),.(CH,),CO, C;H,,CoN.S,.C,H.O,
is monoclinic with a = 8:292 (1), b = 16-604 (1), ¢ =
18-167 (1) A, B = 90-34 (1)°, space group P2,/n, Z =
4. Refinemert 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, point symmetry. A mean distance of 2-259 A
is found for Co—S8, 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 oceurring 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(pym2§),Cl,, has
revealed only a very weak Co—S interaction
(McConway, 1975). We find the title compound to

0567-7408/79/010063-05801.00

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, Jceves, Lang-
guth & Skapski, 1977).

Experimental

Tris(4,6-dimethylpyrimidine-2-thionato)cobalt(III) was
prepared from cobalt(Il) 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 A0/: & + [ = 2n + 1, and OAO:
k = 2n + 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 ¢ axis on a
Siemens off-line four-circle automatic diffractometer,
and measurement of 19 high-angle «, reflexions,
followed by least squares, gave a = 8-292(1), b =
16-604 (1), ¢ = 18-167 (1) A, B = 90-34(1)°, U =
2501-2 A% Other crystal data are: D, = 1-43 (by
flotation), D, = 1-42 Mg m~? for Z = 4 and a formula
of C,H,,CoN.OS,, M, = 534-6, F(000) = 1116,
2(Cu Kea) = 7-70 mm~1.

Intensitics were measured with Cu Ka radiation (4 =
1-5418 A) at a take-off angle of 3°, a Ni Sfilter, and a
Na(T!! scintillation counter. The #-28 scan technique
was employed with a five-value measuring procedure
(Alien, Rogers & Troughton, 1971). 3142 independent
reflexions were measured to @ = 55°; of these, 90!

. were considered to be unobserved with I < 2-58 o(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
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
as previously gave R = 0.090. Inclusion of the
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 isotropic temperature factors of their

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 valuie of 0-044. The final difference synthesis
was featureless. Table 1 lists the coordinates of the non-

Table 1. Atomic coordinates withe.s.d.’s in parentheses

X y z
Co(1) 0-62213 (10)  0-70916(5)  0-29437(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(1n 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)
cn 0-1849 (9) 0-8521 (5) 0-5267 (4)
C(28) 0-6623 (9) 0-9132 (4) 0-3652 (4)
$(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)
ci37 0-8902 (8) 0-9336 (4) 0-0622 (4)
C(38) 1.0351 (7) 0-7833 (5) 0-2923 (4)
o(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(@) 0-3118 (18)  0-5173(9) 0-1603 (8)

* Atoms of the ligands are numbered (mn) where m is the ligand
number, and 7 is the atom number within each ligand.

Table 2. Fractional coordinates of the H atoms

Each atom has a number which cdrresponds, except for the last
digit, to that of the parent C atom.

X y z
H(151) 1-060 0-603 0-476
H(171) 1-100 0-428 0-378
H(172) 1-200 0-475 0-444
H(173) 1-235 0-500 0:356
H(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
H(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
H(351) 1-085 0.873 0-173
H(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@31D) 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
atoms are given in Table 2.7

The weighting scheme was that suggested by Hughes
(1941) where w = 1 for F < F*, w2 = F*/Ffor 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
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(I11) 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.). Copics may be
obtained through The Executive Secretary, International Union of
Crystallography, 5 Abbey Square, Chester CH1 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 (111). 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 7 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 C, point symmetry, and the threc 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(Q-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)-S5(20) 2-255(2) Co(1)-S(30) 2:269(2) Co(1)-S(m0) 2-259
Co(1)—-N(1D) 1-986 (5) Co(1)-N(21) 1-976 (5) Co(1)-N(31) 1-975 (5) Co(1)—N(m1) 1-979
S(10)-C(12) 1-724 (6) $(20)-C(22) 1-723 (6) S(30-C(32) 1-738 (6) S(m0)--C(m2) 1-728
N(11)-C(12) [:351(D) N(21)-C(22) 1-356 (T N(@E1)~-C(32) 1-365 () N(mD)—-C(m2) 1-357
C(12)—N(13) 1-333(7) C(22)-N(23) 1-328 (8) C(32)—N(33) 1-320(8) C(m2)—N(m3) 1-327
N(13)-C(14) 1-342 (8) N(23)-C(24) 1-344 (9) N(33)-C(34) 1-355(8) N(m3)—C(m4) 1.347
C(14)—C(15) 1-381 (9) C(24)-C(25) 1-377 (10) C(34)—C(35) 1-369 (9) C(m4)—C(m5) 1-376
C(15)—C(16) 1:392 (8) C(25)-C(26) 1-393 (9) C(35)-C(36) 1-386 (9) C(m5)—C(mé6) 1-390
C(16)—N(L1) 1-342 (7) C(26)—-N(21) 1-344 () C(36)-N(@31) 1-354 () C(m6)—N(m1) 1-347
C(14)-C(17) 1-502 (8) C(24)—CQ27) 1-513 (10) C(34)-C(37) 1-495 (9) C(ma)-C(mT) 1-503
C(16)—-C(18) 1-494 (9) C(26)-C(28) 1-493 (9) C(36)—-C(38) 1-476 (9) C(m6)--C(m8) 1-488
O1)-C(2) 1-188 (13) C(2)-C(3) 1-459 (16) C(2)-C4) 1-477 (18)
S(10)—Co(1)—N(11) 72-58 (14) S(20)—-Co(1)-N(21) 72.47 (14) SBEO)—-Co(1)-N@E1) 72-35(13)
S(10)—Co(1)—S(20) 94.99 (7) S(10)—Co(1)--S(30) 94.12(7) S(20)—Co(1)—S(30) 96-05 (6)
S(10)—Co(1)-N(31) 90-72 (14) S(20)—Co(I)-N(11) 92-63 (14) S(30)-Co(1)—-NQ21) 92.06 (14)
N(11)-Co(1)—N(21) 102-54 (19) N({11)-Co(1)—-N(31) 99-76 (18) N(21)-Co(1)-N(31) 102-53 (19)
S(10)—Co(1)—-N(21) 166-56 (15) S(20)—-Co(1)—N(31) 167-44 (14) S(30)-Co(1)-N(11) 164-73 (14)
Co(1)-S(10)—C(12) 79-2 (2) Co(1)-S(20)—C(22) 79:4 (2) Co(1)--S(30)—-C(32) 79-5(2)
Co(I)—N(11)—C(12) 98-8 (3) Co(1)-N(21)-C(22) 99-4 (4) Co(1)-N(31)-C(32) 100-3 (3)
Co(1)~N(11)~C(16) 142.8 (4) Co(1)—N(21)-C(26) 141-6 (4) Co(1)-N@31)~-C(36) 142-4 (4)
C(12)-N(11)-C(16) 118-4 (5) C(22)-N(21)-C(26) 118-7 (5) C(32)-N(@31-C(36) 1171 (5)
S(10)—C(12)—N(11) 109.3 (4) S(20)—-C(22)-N(21) 108:7 (4) S(30)—C(32)—N(31) 107-8 (4)
S(10)—C(12)—N(13) 124-3 (5) S$(20)-C(22)—N(23) 125-2 (%) S(30)—C(32)—N(33) 124-7 (4)
N(11)—C(12)—N(13) 126-4 (5) NQ1D—C(22)-N(23) 126-0 (5) N(31)-C(32)—-N(33) 127-5(5)
C(12)—-N(13)-C(14) I15-5(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) 1216 (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(14)—C(17) 1221 (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(11)-C(16)—C(18) 118-9 (5) N(21)—-C(26)-C(28) 119-9 (5) N@ID-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&) 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),] (dtc =
N,N-diethyldithiocarbamato). Co—N distances ar¢ 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),Cl,]  (McConway &
Rogers, 1975; McConway, 1975), as the latter is a Co
complex. Although no Co™-N (pyrimidine) distance is
available for comparison, the value is similar to the
1-979 A in [Co¢TPP)(piperidine),}* and the 1-983 A in
[Co(TPP)(imidazole),|* (Ibers, Lauher & Little, 1974),
where TPP = «,f,y0-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),Cl,] where

. © (d)
Fig. 2. A comparison of some average bond lengths (A) and bond

angles (°) in four related ligand systems: (a) title complex, (6)
Ru(pyridine-2-thionato),(PPh,), (Fletcher & Skapski, 1972), (c)

Co(pyrimidine-2-thione),Cl, (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), J(C10,), (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(ml)-C(m2)
angles. In Fig. 2(c) this distortion is relatively small,
especially for the more rigid S—C(m2)—N(m1) 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(1n): 5-62x + 10-39y — 7.07z = 8-66

N(ID 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
can* 0-033 C(18* —0-036

Ring(2n): 5-02x — 5:30y + 13-192=13-34

N2 0.010 C(22) 0-000 N(23) —0-009

C(29) 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@31D)  —0-003 C(32) 0-007 N(33) —0-007

C(34) 0-005 C(35)y —0-001 C(36) 0-000
Co(1)* —0-140 S(30)r -0-024
c@En* 0-015 C(38)* 0-003

Acetone: 6-35x + 10-26y + 3-172 =17-80

o(l) —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, ¢ 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(m3), are deprotonated. :

We thank Drs D. M. L. Goodgame and 1. 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
BACQC).
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A Square-Pyramidal Copper Complex Containing both Monodentate and anti-syn
Bridging Formate Groups: Crystal Structure of catena-u-Formato-
formatobis(pyridine)copper(II) Monohydrate

By BriaN A. CARTWRIGHT, LORRAINE COUCHMAN AND ANDRZEJ C. SKAPSKI

Chemical Crystallography Laboratory, Imperial College, London SW12AY, England

(Received 4 August 1978; accepted |5 September 1978)

Abstract

Crystals of the title complex, Cu(HCO,),-
(pyridine),. H,0, are orthorhombic with a = 9-731 (1),
b = 14351 (1), ¢ = 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 O atoms (mean
Cu—0 = 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),H,0), (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(HCO,),(pyridine)], which has g gof 1-15
BM (Gillard, Harris & Wilkinson, 1964). It can be
obtained by heating a blue complex of formula
Cu(HCO,),(pyridine),. H,0, which has u. of 1.88
BM, characteristic ‘of magnetically normal Cu d°
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.

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 -
propanol (40 ml) containing pyridine (10 ml) on a hot
plate, and the solution filtered and allowed to cool. The
resuiting blue needles were washed with a little cold 1-
propanol.

Photographs showed the needles to be orthorhombic
with systematic absences Okl: k + [ = 2n + 1, and hk0O:
h = 2n + 1. These are consistent with space groups
Pr2,a and Pnma. Successful refinement showed the
latter to be correct. Measurement of high-angle «, and
a, reflections on a diffractometer gave a = 9-731 ().
b=14351(1), c = 10-302 (1) A, U = 1438.7 A? (at
283 K). D, = 152 (by flotation), D, = 1-52Mgm™3 for
Z = 4 and a formula C,,H CuN,0,, M, = 329.8,
F(000) = 676, u(Cu Ka) = 2.38 mm~L

A crystal 0-33 x 0-13 x 0-08 mm was mounted
with a parallel to the ¢ axis of a Siemens off-line
automatic four-circle diffractometer. Intensities were

. measured with Cu Ka radiation (1 = 1-5418 A) at a

Table 1. Atomic coordinates with e.s.d.’s in parentheses

x y z
Cu(l) 0-11500 (6) It 0-14374 (6)
c() 0-0615(4)  0-4410(3)  0-2303 (4)
c@) 0.0728(5)  0.5363(3)  0-2388(5)
c(3) 0-1594(5)  0.5825(3)  0-1559 (4)
C() 0.2310(6)  0.5309(3)  0-0662 (5)
c(s) 0-2142(5)  0-4354(3)  0.0621(4)
C(6) 0-1390 (5) i —0-1291 (5)
c(? 0-3000 (4) 1 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) i —0-0365 (3)
o(3) 0-2636 (4) i —0-1209 (4)
0(d) 0-1730 (3) i 0-3267(3)
o(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.

0567-7408/79/040824-04$01.00 *© 1979 International Union of Crystallography
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take-off angle of 4.0°, a Ni f-ilter, and a Na(TDI
scintillation counter. The #-26 scan technique was
employed with a five-value measuring procedure (Allen,
Rogers & Troughton, 1971). 1424 independent reflec-
tions were measured to # = 70°, and of these 294 were
considered to be unobserved with I < 2-580(J). 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), witha 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 O 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 O
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 O(5) and have site
population parameters of 0-5.

x y z
H(D —0-008 0-400 0:296
H(2) —0-013 0.557 0-308
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
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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*, \/w= 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

2.4

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.

+ 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 Sccretary, International Union of
Crystallography, 5 Abbey Square, Chester CH1 2HU, England.

r—i

Fig. 1. Part of the chain structure of Cu(HCO,),(pyridine),. H,0.
Dashed lines indicate the hydrogen bonds which attach the water
molecules to the chain. Thermal vibration ellipsoids are scaled to
enclose 209 probability.
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Both the crystallographically independent formate
groups and also the Cu atom lic 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 O atoms, one from a
monodentate formate group and one from a bridging
formate; the apex is an O atom f{rom 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 O 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
unusual]y small for a square-pyramidal Cu complex,
and in fact the two basal O 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 (°)
with e.s.d.’s in parentheses

Superscripts refer to atoms in the following positions:
Mx—4i-pi-z)x -0+ x51-31-

(a) Metal coordination

Cu(1)—0(2) 1-951 (3) Cu(1)-0(4) 1-967 (3)
Cu(1)~N(1) 2-025 (3) Cu(1)-0(1hH 2-313(3)
Cu(1)---0(1) 3-027(3) . Cu(l)---0(3) 3.087(4)
N(D)—=Cu{1)-N(1'") 170-87(11) 0(2)—Cu(1)-0(4) 178-78 (13)
N(I)—Cu(1)-0(19 94-24 (8) N(1)—Cu(1)-0(2) 91-41(8)
0(2)—-Cu(1)-0(1% 93-54 (12) N(1)-Cu(1)-0(4) 88-68 (8)
O(4)-Cu(1)-0(1)  85-25(12)
(b) Formate groups
C(6)-0(3) 1:216 (7) C(NH-0(1) 1-220(5)
C(6-0(2) 1-266 (6) C(1)-04) 1-265 (5)
Cu(1)-0(2)-C(6) 121.0(3) Cu(1™-0(—C(7) 117-0(3)
0(2)-C(6)-0(3) 127-1 (5) Cu(1})-0(4)-C(")  119-0(3)
o(1)-C(7)-0(4) 126-1 (4)
(¢) Pyridine ring
C(H)-C(2) 1-375 (6) C(4)-C(5) 1-381(6)
C(2)-C(3) 1-371(7) C(5)—-N(1) 1:329 (5)
C(3)-C(4) 1.374(7) N(H-C(1) 1-335 (5)
Mean C--C 1.375 Mean C—N 1.332
N(D-C(1)-C(2) 122.7 (4) C(4)-C(5)—-N(1) 122-1(4)
C(1H)-C(2)-C(3) 119-4 (4) C(1)-N(1)~C(5) 118-0(3)

- C(2}-C(H)~C(4) 118-0 (4) Cu(1)-N(1)-C(1) 119-9 (2}
C(3)-C(4)-C(5) 1197 (4) Cu{)—N(1)-C(5) 122-0(2)
(d} Hydrogen bonds
0(4)---0(5) 2.7177(6) O(4)-H(51)-0(5) 16l
0(3)---0(™) = 2.751(D) 0(3)-H(52)-0(5) 157

“N(1)  0.087 0O(2) —0-085

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(HCO,), (Barc]ay
& Kennard, 1961), and an acetate complex
Cu(acetate)Br(NH;), (Belicchi Ferrari, Calzolari
Capacchi, Gasparri Fava & Nardelli, 1972), both have
the carboxylate bridge linking square-pyramidal coor-
dinations base-to-base. In Cu(HCO,),(H,0),, one of
the formate groups bridges in an anti-syn mode
between  octahedral Cu  atoms  (Bukowska-
Strzyzewska, 1965). The only structure similar to that
of the title complex is of u-formato-(diethylene-
triammine)copper(Il) formate (Davey & Stephens,
1971) where the bridge links base-to-apex. In this
compound the angle between the Cu— O(ap1cal) bond
and the normal to the base is 7-8°.

Both the formate groups are asymmetric, with C—-0O
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 O atom, while the other short
distance is to the O atom involved in the long apical
Cu—0 bond. The two longer C—O distances are to O
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 O—H-- - O hydrogen bonds,
of length 2-75 and 2-78 A, to formate O atoms. As can
be seen in Figs. | 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— 150y + 6-72z = 1-34
N(1) 0006 C(1) —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

0(4) —0-089
N(1') 0-087
Not defining plane: Cu(1) --0-066, 0(11}—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.

We thank Dr D. M. L. Goodgame for suggesting the
problem and for discussions, Mr P. C. Page for
preparing the crystals, Professor D. Rogers for the use
of a diffractometer, the Science Research Council for a
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