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ABSTRACT

F dissertation in concerned with the ptereochemical problem 

of pervtaco-ordiriation.

The ecTly theoretical work of Pauling, Dauael and "uoher and 

Linnett gave conflicting predictions about the relative stabilities 

of the square pryramid and the trigonal bipyramid, -.na offered no explanation 

for the many distortions front these idealised geometries observed in 

peritaco-crdinate complexes. u»ue to the uasutisfaotory description 

given by these rather ai-rule theories alone, several workers have 

recently suggested other factors which they consider important in 

determining the relative stabilities of the possible geometries. 

They are:-

a) vale icy- r. he 11 electron-pair repulsions

b) crystal field stabilization energy

c) Bteric requirements of the ligand

d) packing requirements in the crystal

The crystal and molecular structures of four como lexer have been analysed 

by X-ray dif:raction techniqueF in order to rain further information 

about the relative importance* of thepe factors in determining the stereo­ 

chemistry of pentaco-ordinate complexes.

The comp lexer studied have the following molecular formulae:-

a) ^^Hg_co(CO) L™* = «iethyl-bis ' o-diraethyl arF.inophenyl)



il

b) rPd(TP,'.r V"|"| Cl... .„,.... ( ;-pher.ylene bir,- v o-diniothyl arsin- L J if c o I
ophenyl-m^thyl ar? ine)|

C' l\.j 1 J ^h, { - tris (o-diphanyl phoephii,ophenyl)

3
d) frl ,: , 7 :0i;h " "I .XV,.L- «_ * •* 4
There complexes have between tr/onty-four a.nu eighty-five atoms per

asymmetric unit. Their X-ray analyses have beeu coufused both by over- 

determination (of the phar-es) in b) ana d) and by underietermination

ia c, . .;~.-r ^I..Q uornu-.i r rocadures 01 heavy-atom r trueture analysis — 

r{'t/; -r-!(?.-• , •; olution of T ''•=•.I.-^.er?••>•.• ,^- u-uiA^tical and 

superposition methods, Fourier raetlioda and lea;.t squares refinement —• 

have involved the rtudy of badly resolved and also in c) pteudo- 

symmetrlcai oiectroa density maps, and have been supplemented by the 

roil-,"*- ->rk involvin,; relatively i^->, wcci.ua-viuct: .

(i) A study of intensity statistics ha?: been carried out ia order 

to distinguish between any triclinic, monoclinic or orthorhambic space 

groups of crystals conta several heavy ato;u: which -nay be iri any 

combine*, ^ "_ci t*j. ^ • ^UB-M.«^ coni^utor progru^i.;^ hae bacn 

written to calculato the absolute sc-1.- ->ad overall temperature factor, 

to calculate normalised structure factors and to curry out various 

probability tests including 2.,, : ; and the calculation of theoretical 

ana observed higher moments. '. critical discufsion of thet-e methods 

i e: given.



Ill

(ii) The successful uee of the anomalous dispersion technique 

of Roman and Ramachandran in the X-ray analysis of rCo(^p)ClJ BPh^ 

i» described. A comparison of the phases obtained with those from 

refinement by Fourier methods is included, and suggestions are made 

concerning the general use of this technique.

(iii) An attempt to refine phases by the tangent formula in the 

early stages of the structure analysis of Co(^P)Clj 3Hi, and the 

computer programmes written for this purpose are described.

All computer programmes have been written in C-autocode» 

with sections in KDF»> user code. In each case the overall strategy 

of the programme is fully discussed, and flow diagrams are given 

describing the tactics used in detail*

The structure analyses have given final reliability factors of 

0.08 to 0.11.

The results of the structure analyses are briefly as follows.

The molecular structure of (TTAS)Ag-Co(Co), shows the cobalt has 

a distorted trigonal bipyrasidal co-ordination, with the silver-cobalt 

single-bond in the apical position and the equatorial carbonyl groups 

bent towards the silver atom. An explanation for this stereochemistry 

in terms of valency-shell electron-pair repulsions is suggested. The 

stabilization resulting from rehybridisation and consequent decrease 

of non-bonding electron repulsions, and also the importance of inter- 

molecular contacts are discussed.



The crystal ..truetux e ui [I o\'i* AO;UJL] ^10, .Cx.^ has clathrated

benzene molecule; with a square pyramidal co-oroiuati,u ^a.xj.^uiura 

atom, -he chlorine occupic: ,, oasal plane position, the palladium and 

four basal atoms are closely coplanor and the apical bond, is 

considerabry longer thai, the basal pit^ne bunas. No oxygen atom from 

the perchlorate ion is witi.L.'i j» cjA of the pal-u.aium atom, and no 

hydrogen atom of the ligand occupies the sixth o-ordinatio.i position to 

make the co-ordination octahedral, ihe preferred stereochemistry is 

described in term:: of crystal ield stabili?atio-.i.

The distorted trigonal bijjyraiaidal co-orai;iation of cobalt in 

^Co(QP)Cl]3Ph, ir not due t^ f^ric roquireraents of the ligand. The 

large distortion from trigonal teyrsmetiv giving one equatorial angle of
r)

157*2 is attributed to a Jahn Teller efi'ect.

epl|1C-len|Cl., is not pentaoo-oroi: ate. The thallium has a 

co-ordination be; t described as pentagonal bljyramidal with one equatorial 

position vacant. The perchlorate iont arts wtakly bidentate giving rise 

to a polymeric structure in the crystal. The rationale of this structure, 
attributed to importuut p..ckin£, requirements, anl also the non-linear 

thallium dimethyl group are discussed.

To conclude, it appears that in some pentaco-ordInate complexes one 

of the factors discussed In this thesis may claarly be most important in 

determining the geometry but the preferred ?tfcreochemistry will usually 
result from a delicate uaj.c.ace of ruvcr<. f .ctore.
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Introduction

For many years, pentaco-oriinate complex©* were considered 

unstable because their geometry must lack a centre of symmetry. 

This identification of a lack of high syaaetry with a lack of 

stability caused chemists and crystallographers alike to overlook

•any stable pentaco-ordinate complexes. However, reco tly lyholm,
z 3 

Gillespi®, Venanzi, \ r^ell snd others have presented convincing

evidence oi' the stability of these unsyrorrietrical geometric--', and

•any chemist? and erystaj-lographers are now actively involved in
u-

investigating pentixo-orciinate Rter-.o chemistries.

Of course, the idea that nature is highly symmetrical has long 

been a dondn&jnt influence in th« formation of scientific hypotheses. 

In many c&ses, this belitf hae been beneficial to the advancement of 

scientific k;.c, , e, :/ut ..-a others the desire to find & symmetrical 

raodel to explain natural phenomena hag retarded progress 01* "cience. 

This side has raardftFted itsoif in es?Tly objection^ to the helio­ 

centric cosmology of Arip.tarchuF, in Plato** atomiptlr theory of the 

elements, and in roligiouf opposition to Kepler's law? concerning the 

elliptic orbits of the planet?. More recently it held up the 

development af ideas concerning the Facondary structure of poly- 

pep tides, on which cryptallo^rapherr other th«r Linus Pauling tried t; 

force a highly ayrametrical screw axis. The lack of interest in



stereocheiaictry for ruch a time cruet surely be 

yet a further manifestation of this 'Icsire to find nature 

•yauaetrica^,

However, like the unsyiaraetrl c&i <*. -holl , the pentaco-ordinate 

stereochemistries h;jve ^roved to ha not oiuy very stable;, but also 

ft faeoinating and rewarding topic for study. ievertheles», despite 

the Increased interest in pentaco-oruanircioa, the ste* ^Jch^iiicaJL 

problem has not yet been resolved.

For pentu,co-ordin&tion there are two possible idealised 

geometries, riie&e tii^e the kqaai'w pyraoid uuid the trigaa«*l bipyramid, 

and they are represented in Figure 1.1. The >>quart- ,>a. „ ,^ ui 

on its side ia order to eaphfcs -^e its oloee reeerabliuice oo the 

trigonal bipyramid. The stereocheudc&i prooj.em is this, /irat, 

which of the tv/o iiealised geo«etrif will be assumed in co-ordination 

cosiplexos, e-^id, secondly, if the iaeoli&ed ^oc^tries are not assumed, 

what will be 'h* iLture of the distortions froci thcia? Chesir.tr> and 

cryptallogreuher* require ge ^«r&l working rules ;;h _ch will enable them 

to preJlot trie preferi'ed gisorj®try of any pentaco-ordinate corrtplex»

The different attempts to provide a general theoretical model for

this co-oraination forra an historical introduction to the ri . s. .. L.I
5" 

193SS Idnn* i auling predicted on the basis of the vale, ca-bond. theory

that the square pyramidal arrangenent woulu. b«; of "little significance"
6 

while Daudel and Sucker a few years later concluded tiutt it would be

the most favouraoi.e geoaetry when ! j.es electron:- 'ti* do valence sont



Possible pentaco-ordinate stereochemistries
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: -i cents'. These authors used anorthogonalieed orbit^li? . In
7

* > i3t published a p~per agree i n • -ith -tiling'}? prediction

of the ^rof'ter p-t*-V-* t ; f*or tho trigonal bi >yronidal geometry. 

Ho A ever, even where these different approach's* predict the Fame 

preferred etereochemi- ' r> , the clirr^cti risation of the bonding is 

different. Moreover, no correlation between the calculated strength 

of bonding in the square jyr.vn.id and the trigonal bi, yrartid, and 

th-^ir relative stabilities appears to have been discovered. The 

theories often predict the srrong relative str^--^th» of the equatorial 

aad apical bonds, F:r instance, the valence-bond theory leads to the 

conclusion that the equatorial bonds will be weaker ana, therefore, 

loirer thai J h? «,ri.il bonds of a trl s^onal bipyraraid. -rhif i? not 

observed* Finally, these theories give ao explanation for tho many 

distortions fron idealised ^eom^try that aro observed in pentaco- 

ordioate eosiple^es.

In an r^tompt to ?rplain these anomalies, various loitnorr? have 

recently euggasted fttctorr t cy consider isportant in deterri/iing the 

relative stab I lilies of the bits geometric p.

T' • ' ••rt^Vk; of uiiese i^jpe&r to be:-
d

(a) valency-sht^ i. electron-pair repulsions
0|

(b) crystal field stabilisation energy effects
"2- 3 

(o) sterio requirements of the ligandb

(d) packing requirements of the ooa^lex in the crystal • 

At the present ti*e, ther© is insufficieat evx.^uoa



the importance of these factorr. further, there ha a;i : &o;ae 

confusion in the literature and many authors have chosen to 

ignore the suvie? tlon? . These publications will be considered mor« 

fully in th- final ui: ou. . ion in th,s thesis.

This thesis concerns the structure analyse& (by X-ray 

diffraction methouo; -d i'our complexes, which were chocen to give 

inforraation about the relative importance of these factors in 

determining the stereocheraistr., of pentaco-ordination. -^aoii complex 

was chosen to ena^hasise one of tho factor*, but th^ir interplay if* 

the dominant theme in ,1 ?"-:si . The ooa^o-cxt;: ta . introduced in the 

relevant discu? ".on of the factors listed above.

«
a) Yftlaney-shell electron-^alr repul:io_ns;-

The valericy-Rhell alectron-r>oil" repulsion approach 1. arrociutcd 

vd.th f^r Ottawa: Sed^ &v<ick, Poweii, lyholm «.i,- uilteapie. The 

preferred gtoaetry of co-or;iination is derived by presupposing thax 

tho bonding electro--pairs are placed la orbitais &£ far ^wt as 

possible, so that reptilsiona between th© eieeu-ons in different 

orbitais are lainimiped. •••..^ -J^ are orjit**.^ *.i.tio ,^*j. t>vt; ^uju 

overlap considered.

For pentaco-ordination this is b«st achieved with the trigoruu. 

bi^yraraldal geometry. Th« Bitel orbita^.-. d, 2» .£» ^..% j^* and D can 

then be ured to overlap with the L.I i-i orjitais. ;aii- stereocheaistr 

IF found in PC1-.



less stable than the trigonal bipyramid ir the square 

.»ith the angle between the apicui aiiu the bai ai ^-it^its uuads

slightly greater than ^0 (figure 1o) which is f-unci i- man,;; copper
«f complexes with oxygen and idtrogen iiganae. usatt stable of all is

the regular square pyramid with the basal bonar, ana the Metal atom 

coplanar.

In the trigonal bipyrfmia, th© bonds 4-r- - M: eouivalent. Closer

•Sijdrmtion of the boaoing obir interootiona thow.- thai r.c

•quetorial bonds are different froai the ttxiaj. on«j . i'he asci. i bonding 

electron-pair^ have three buau.a &t rife-nt-a;i;jlc R tio T-nom wherear the

equatorial bonae have tiro at right-angles ami. t«.. ,. i. 120 . 'i.^ %s 

soon a? charge clouas interact they repei each otnur vsiUi fore .li 

increase great xy in prop or no.. «u a hi£.h pov»er of the reciprocal of the 

diataiice between tho eruoiron*. "in i'act, ther^ :.-• much greater 

repuleion cLue to two eleotroii pair?: « ri i.t ;..'i^ioe tha^i two at 120 .

Moreover, acoorcidxig t,u ^-illespie, the repulsion due to two electron 

pairs at 120 to a bond is ioss than that of one a.\, 90 . :;.jrcforo f 

a£ far as these interact Lone are concerned torial ei«ctron 

pairs of a trigonal bipyr&ci5.d fur-e more st&biii ,••«.! thai the axial ones 

This, it has been suggested is the reason f r the shorter equatorial 

bonds in i'Cl.» The importance of bonding electron-pair repulsions 

between bonds in the same co-ordination sphere would be increased if 

the bonds are covaient rather n t^ ionic, ar.a uiu.Lu.ple bonded rather
JOthan single bonded* The fact that trigonal bipyramidax i-e^v/vj^ ,



8

if ia, iS
Tco(?TCCH )"]*, Pt(SnCl 3 )|", and Co(CO) (PPh XC^H) all contain

several strongly multiple bonding ligands is consistent with this

idea.
"t

The complexes, triphenylphosphinegold-cobalt tetracarbonyl

and methyl-bisvO-dimethylarfcinophenyl)arsino-£ilver cobalt-
t$ 

tetracarboriyi are relevant to thie point. Each has & five

co-ordinate cobalt atom with one inetal-metal and four rnotal-carbonyl 

bonds in the co-ordination sphere* They would probably be trigonal 

bipyramidal if tht effect of bonding electron-pair repulsions were

important.
IS

Chemical and specti oscopic evide.ict indicate that ohcoe ^-lecules

have £, Fytnmatry. The structure* are shown diagrrrr.n tic ally in 

Figure 1.2. The crystal structure of triphenylphosphinegold-cobalt 

tetracarbonyl was analysed by X-ray diffraction methods by the author 

as his researcn project for Part TI of the Oxford Chemistry J-ogree. 

The cryp"--1 tructure o" i/rr<T&H)A^-Co(CO), has? now been determined.

The investigations were carried out in order to confirm the 

chemical and spectroscopic result? which are consistent with the 

dominance of eleotron-ppir repulrion effects, and to investigate

distortions from C., symmetry which ar not oi^tinguifihed by—^ w ^

spectrosoopic method*, ""he ptructurRS h^d tho added interest of an 

unusual metal-metal bond.

b) Crystal field stabilisation energy i-

A gaseous inetal ion has five degenerate d orbit alt. In a field



Fig. 1.2 a) Triphenylphosphorus-gold-cobalt-tetracarbonyl

I
-An C ——0

C' C

I \

Fig» 1»2 b) Triarsine-silver-cobalt-tetracarbonyl

C——0
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di. .. wloc'lronic charges or dipoles of 11 go; ids Et the apices 

of a square pyramid or a tri bi^yr&mid, -:K orbital* 10 

longer degenerate, bu , ; o: r-re stabil . - V u ••-f- 7 tlve to others. The 

crystal field stabili: M ^ e:ie>*.; rc-ullif u >. ^ -tiallv fining 

these jl orbital.- is different for •> ti ^ bi^^ranid and square 

pyramid. It is an important factor ia determining the relative 

stabili lie:- 3f tiie two idetuj.£.ea

*he euergiAt of the ^ orbitalc in a oryatai

predicted by use of a combined iUantua ae«hanic&i tna

model* A set of Slater type dl wave functioa» ara a»tu ied, & i

order perturbuiiou theory fo* ^ .. ^cnerate orbitt'l.' ,..j calculate

the riew energies and wave functions- produoea by the electric field of

the ligands, which art idealised as point charges or dipoles. Energy

levels in termr of one or snore radial parameters (B f B^ tB, after
V £-. *t- 

Ib

Ballhauseu; a: givea.

for the s qu are p^rani u , t hr .-• r. :.ro : -

£ (d 2. )

xy
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where M is the dipole moment of the basal plane Uganda, which are 

assumed to be equivalent, and k is the dipoie of the apical ligand, 

For the trigonal bipyramidal geometry the energy levels

f

H - - . / o L,

The square pyrraddal geonetry has four orbitcls, one of which is doubly 

derenarate, while the trigonal bipyrairid har- t ... It rith 

t?/o doubly degcr4©r&te .

Tf/^-yU , and if B * 2B, amproxio&tcly, these ex^ressio.^ may be 

simplified as followe:- 

For the square pyramid: For the trirmal bipyramid;

'(do) K y5V*V«E.) i(4 , } . Ky^5B -2V168B 
v gS 7 ' v xy* x'-y*- 7 y

E(d ) " y 5B0-3M\) E(d_ >(i _ ; , y530-l3/42B4)
3QT -^2 j <:

d ) -f: -^ 1V
yz ' 

where K is a conFtant that depends on the distance of the ligand froni

the ion.
<\

^Tiese energy levels .^re plotted in Figure 1.3i,a). Both cases

conpirt of a gr°up of orbit alf which are low in energy, arid one orbital
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Fig. 7.3

CRYSTAL FIELD STABILI SATION FOR FIVE CO-ORDINATE COMPLEXES

trigonal bipyramid •quart pyramid

1C

-v

-4

da.*

increasing 
•tablltsation -8



which is clearly much less favourable than the others*. This is the

d 9 p orbital for the square pyraraid, and the d o for the *~&~ **jj. T *~

trigonal bipyrGmid.

Assuiaing that the energy levels are the BOM for any dn 

configuration, the crystal field stabilisation for the tri o.u.l 

bipyraoiuai > . < r /x-anddal geometries may be calculated 

for different ft1 electron configurations. Thi? it rhown on the 

graph in Figure i.3(b). he-re are two possible way o; filling th* 

levels for reaaoaably strou.- fiells. The continuous line -->n the 

graph assumes that t;<- v: - ron« are pairca in e^r;' :?1 before the 

next is Milieu., hile 41' f broken line assuffien v - t electron.': go into 

the lotrer group of orbitals before any pairing ooc , TJie last is 

the more realistic due to the conee aent gaii of exchange eneri^y 

betweer: electron? in iii'feropt orbit? Is which are not very different 

in energy.

/ detnonstrates ver:/ clearly that the crystal field 

stabilisafcio u^^, ^-y i« ,: ter in d. to d csonfifurationr for the

square pyriiiidai ^ .':« mort carefi, '' differer ce if not fre^t,
6 8but for d to _d corif*i fc^i-.^-.iuat. t..e differs ill trobab-^ -JQ

responsiblK fo.- quare pyraaidal geoiietry u^'f . .ectr n-r >air 

repulsions, steric ru<iuirea«atr- of thu, lig:aid or crystal packing forces

are very large.

gFor £ ooafiguratioua, the, - -.-.rucfcir. ". ... ' • r to be consirte it
10 r

with these ideas* Trigonal Mp/ramldal complex*? ?e(CO)_, [Co(*"
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am fVtfCnCl-),.! have imiltiple-bonded li#and» and thus high

valency electron-pair repulfions, (see Section ^a, , age b / uhile 

wAS)i (where , = tris(o-diphenylarsinophenyline)arsine) and
>•• 

-L have ligaads %ith a etoric preffcrerce for a tr. ,onal

bipyramldal co-ordination (gee Section 1c, ^e 17 '»
8 v /7 

For ji configuration?:, ; ^r arE)Br_ ana the triphosphino

palladium dichloride (^bez»e the phosphine Is t.-phunyii»ophoy,pi-dyL-
<S

doli \Q ) are almost satire pyramidal* They ooth have a bromine ^.tora

in the Apical position, aad the bromine atom in the basal plan<? in 

both oaeep lit£ below the plane of1 the other thr*;* . ,,t&^ ^.c.... '.ji^a.:id 

atorap . Their geometries could ba explained b7' *"nrlnr the ^-^.ira'R 

pyr^iid is preferred by the ««te.l utoia, but fchtn a aorvll distortion 

occur? to mininitc the electrostatic repulrion between the brorain* 

atom?.. *^he erjrEtal field stabilisatioii energy r. ;', tl.-/ aomiiant 

factor in ther c^^^-.

A further Pd(II) compound, trans-di-iodobi8(diiaet.hyl;>ivriylphos- 

phine)palladiu^i(ll) hat a square pyramidal geometry in the crystal 

r-tate. f r- this ir ;firt of a p.jlyuerie array lat, :. ache mi.? try does 

not give any useful evidence abou' the iiaportancfc of crystal. field 

stabilisation energy, crystal packing forces (considered in Section 

1d, page 21) are obvi <u sly important.

Althou^i a considerable body of chemical and spectral information
Ahas accrued concerning peMtaco-ordinate ooim>le.xe! of -i, t . ,/itn 

configurations, further eryst&llo graphic fitudie? of the si* contpoundfi 

are necessary to confirm the. structural speculation,



In order to gain more definitive tructural evidence it was
p 

decided to deteraine tho ; ructure of a furkher &* coraplex whtire

crystal fi-i- > ,-. Dilatation energy maybe an important factor 1 > 

determining the "tt-r eochemirtry. The ligand should either be small 

aad unideiVt&te or <:ltematively polydentate but very flexible.

Such a ligani appeared to be TPAS (Tr « o~phenylenebis-(o-diiaethyl-
aui

ai'r 1 aophenyi-u.; f • ::.yxut*:: - > ; ";re 1 «4(s.}> widoL oouiu w ^-^i'dinatc

either in a square pyramidal or a tidgo'^l blr-trr&ratilnl geoaetry, 

provided it was not required to spun two equatorial positi

The ii^aad was •yttthe.siBea. oy Di-* A* T. Phillip in

Professor ,yhoin r laboratory, it ^/v^" , ^w-rit ..uatacc— jru.xne.te 

ooa^lexes with Ht(II) or w.tTT} ** ^^r- . ^-n— n~^ f A^>TS] .. 

where U i£ either Ft (II) or rd(II) &..id I^ f a i.L L M aoiild be I*',

Cl r, '10.** aiid CIO.*'. * *f

of v. • 1. Ui tii£,t 01 |^ a. y I „.,+... E 

(o-dl.i, , 'LaopheayleieVdimathylarfeine J iadioatod that the 

complexes wtre pr . uqu..xe pyramidal vidth u f in the apical 

position. Coauuct-Laiutric t-.trationt confirmed the existence of

i.'» solution. The evidsacs is least conclusive , hu'_ L 1 

is Cl'as the . a-i. L- ^trrtchiu^ fre.;u«iuc ^.- ..„ . ... -.^j. .-..,.•. 

Th© proposed structure is ihow^ in figure 1.L'b v »

The author deciaed to dc' . w stal etruoturt of 

£pd(TPAS)ClJv'"0, . The chloriae (tiij ftttali „ ,vould cause 

least steric hindrarice a^w. the ^m-colax^te would be th-3 least likely 

to co-ordinate i. . uu«j *»i.j6^. ^oaitioa. The UA>U . .0^1 analyels i
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Fig (Pd(TPAS)Cl)Cl04 .C6H£

CH.

As As

CH CH CH CH

a) The ligand, TPAS.

Cl

As As

rPd

As As

b) The proposed stereochemistry.
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that the complex crystallises with one molecule of benzene of 

crys tallisation •

A crys tallographic analysis would determine which isomer of 

which geometry was assumed, and also indicate the nature of 

distortions such as extension of the apical bond and non-planarity 

of the basal plane atoms if it were a square pyramid.

The geometry of this complex should give information about the 

importance of crystal field stabilisation energy in determining the 

preferred stereochemistry. Only this factor prefers the square pyramidal 

geometry.

o) Sterio requirements of the

If the stabilisation energies resulting from valency electron-pair 

repulsions and crystal field stabilisation for the square pyramid and 

and the trigonal bipyraraid are not very different, the geometry of the 

complex may be determined by the sterie requirements of the ligand.

Two types of sterie requirements are relevant. The first is that 

due to large ligand atoms, giving rise to large non-bonding- electron 

repulsions between ligands in the same co-ordination sphere. These 

intramolecular repulsions may strongly disfavour a particular geometry. 

The second is the sterie preference of polydentate ligands for a 

particular geometry.

Intramolecular repulsions, of course, are present in all complexes. 

We can make an estimate of their relative importance by making 

calculations on simple electrostatic models. For instance, a trigonal
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bipyramid with a central atom with a positive charge of +Z, ligands 

with charge -e and metal-ligand distances of r has an energy given

by £TBp
For the equivalent square pyramid the energy is given by

T?•£>,SP 

if the basal plane atoms and the positively charged atom are all

ooplanar.

If the angle between the apical bond and the basal bonds ( 

is not 90 the energy is given byi-

•2 f 2,5 2 "] 
r? LsinZS 1-cos j3J

p w— I f-Jt^L . £. I e 6Z

This is a minimum when p « 103° J&

Then Ssp
This shows that the trigonal bipyramid is the most stable. The 

square pyramid with the four ba£al plane ligand atoms coplanar with 

the central atom is much less stable, but a distortion giving a

augle of 103 34* gives a situation which is almost a£ favourable as 

the trigonal bipyramidal. These simple calculations give a guide to 

the relative stabilities of actual complexes although the charge on 

the ligands and central atom will vary a d, of course, is very 

difficult to calculate. The bondlengths will also differ.

Complexes like fptCSnCl,),. j^" with very bulky ligands would be 

expected to be trigonal bipyramidal on this basis. The observed 

trigonal bipyramidal stereochemistry is also consistent with ideas
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about valence electron-pair repulsions which, of course, oust 

reinforce the non-bonding electron repulsions discussed here.

If the square pyramidal geometry is favoured by either ligand 

field stabilisation effects or crystal packing forces, a compromise 

geometry of a square pyramid with a bu^l angle of about 103 might 

be assumed. This is consistent with the fact that the metal atom

lies above the plane of the four basal ligand atoms in moft Cu(ll),
14

Ifi(ll) and Co(ll) square pyramidal complexes. Some examples are
VL

nitrosylbis j^lM'-dimethyldithiooarboaatoJcobaltCll) where the p angle
2.1

is 103 3Q 1 , bis(^T l -di-n-propyldithiocarbama.to)copper(II) where the 

angle is about 100°, and M(DEAS) 0 [where M * Co(ll) or Si(H) and

DBAS is the Schiff base ;l-B-diethylamine-ethyl-5-ohloroEalioylaldi-
l i<f o 

mine! which has a ft angle of about 100 .

This factor might b of importance in the structure of 

rPd(TPAS)ClJ 1', discussed in the previous section.

The second type of steric requirement of ligands is that of 

polydentate ligands which prefer to co-ordinate in a particular 

geometry.

Many of these ligands involve 1,2-substituteci phenyl rings which 

spaa ligand atoms. A typical example is o-phenylene-bis(diraethyl- 

arsine). The distance between the arsenic atoms in the free ligand 

is about 3.4! and with ;aetal-ars«nio bouds of about 2.4& it will 

subtend a right angle at the metal atom. Therefore, this ligand could 

not co-ordinate at two equatorial positions of a trigonal bipyraraidal
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Pig. 1.5. (Co(QP)Cl)3Ph4

PPh,

PPh,

PPh,

a) The ligand, QP,

b) The proposed ctereochemistry
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complex with equatorial bonds of about 2.1fX.

The span of chelates is easier to estimate than the possible 

stereochemistry of the ligand atoms. It is easily shown that the 

ligand, QAS(tris-(o-diphenyl-ar8inophenyl)arsine) prefers the 

trigonal bipyramidal geometry of [pt(QAS)l}* but it would be 

difficult to preclude the formation of a square pyramid because the 

geometry of the arsenic co-ordination i« v<sry flexible*

To gain further information on the sterio requirements of 

ligands, the structure of £co(QP)Cl]BPh, (QP • tris(o-diphenylphos- 

phinophenyl)phosphine) has been determined. The ligand, QP, is shown 

in Figure 1.5(&)» The complex was prepared by Venanzi et al.

Chemical and spectroscopic data indicated that the complex has a 

trigonal bipyramidal co-ordination with the chlorine atom in the 

apioal position. However, the d configuration should give rise to a 

Jahn Teller distortion of the equatorial plejne of the trigonal 

bipyramid. Also the crystal field stabilisation energy for the 

trigonal bipyramid is less than that of a square pyramid for d 

configurations. How far from the trigonal bipyramid, the preferred 

geometry for the ligand, QP, would these factors distort the stereo­ 

chemistry?

d) Crystal packing require.-!, nts;-

The geometry of many pentaco-ordinate complexes may be partially 

determined by their node of packing in the crystal structure. This
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may result in polymerisation or a distortion of the molecular 

geometry in the solid state.

An example 3f polymerisation to give pentaco-ordination is the 

formation of the red-form of trans-di-iodobis(dimethylphenylpho8phine

palladiura(Il). The planar (CH ) (C II )r f^1? groui) are

through iodine bridges to give a polymeric array of distorted square
il 

pyramids about the palladium atoms .

It is much more difficult to identify a distortion of geometry 

resulting from intermolecular interactions. An intermoleoular 

distance of considerably less than the sum of the van der v/aals radii 

of the atoms concerned may be indicative of strong intenaolecular 

forces* However, it does not necessarily indicate a stereochemistry 

distorted by thase foro«*£. In fact, it most probably results from 

stereochemioal rigidity. Also the fact that the undistorted mole c lie 

if packed in the same way as the observed one would have less van der 

sSaals energy is not an argument that the molecule has been distorted 

to gain this energy. Changes in the geometry of most molecules in a 

crystal structure result in a loss of packing energy.

The most conclusive evidence for intenaole collar forces is a 

comparative structural study in the gaseous and solid states using 

electron diffraction and X-ray diffraction methods respectively. Few 

molecules are volatile or simple enough to allow an electron diffraction 

study, however.

Crystal packing requirements may be postulated convincingly if no
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other effects would $ive the obserred distortion. Such an example
7.4

is the crystal structure of antimonypentaphenyl. The complexity of 

the molecule precludes an effective electron diffraction study. In 

the solid elate, the molecule is almost square pyramidal although the
47

analogous phosphor s and arsenic complexes are trigonal bipyramidal. 

Valency-shell electron-pair and non-bonding electron repulsions 

would favour a trigonal bipyramidal geometry. Consider the following 

argument. The Sb-C bonds are 0»3A longer than th«s average P-G bond. 

A trigonal bipyramidal SbPh- molecule would have intramolecular 

distances greater than the sum of the van der Waals radii between the 

phenyl carbons. A distortion of the square pyramidal geometry as a 

result of the intermolecular forces introduced on crystallisation might 

then lead to a gain in van der Waals attraction •nergy. This 

argument in the absence of others seems plausible. However, it is

still diff icult to reconcile with the trigonal bipyraaddal stereo-
•i* a-t 

chemistries of Sb(Ph) 2Cl. and Sb(Fh).Cl2 .

Finallyj if two identical molecules crystallise in the same 

asymmetric unit, or in two different crystal lattices and have 

different geometries in the two oases, this may be indicative of 

distortions due to crystal packing forces.

Packing requirements in the crystal might be the dominant factor 

if the bonds are weak, mainly ionic, and other factors such as 

electron-pair repulsions and crystal field stabilisation are 

unimportant.
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Such a crystal structure is that of 1,10-phenanthrolinedimethyl
. >c 

thallium(III)perchlorate, prepared by Beattie et al.. It closely

resembles ?J-pyr5.dyl-dimethylthalllura(lIl)perohlorate, which has a
+ *c

'T'-shaped MeJTlpyr cation. Infrared and .arnan data are

indicative of a 5lightly bent dimethylthallium group in solution. 

Both complexes show a strong band at approximately 500 cm/" (the 

Me-Tl-Me symmetric stretch) in the Ramn, and a very weak band at

491 cm," in the Infrared suggesting that Lta-Tl-Me is weakly infrared
jo

active.

The phenanthroline adduot in the solid might be pentaoo-ordinate 

if the perchlorate is weakly unldentate. Strong perchlorate oxygen - 

thallium interaction giving a band of considerable covalent character 

is precluded by the Ransn and infrared spectroscopy of nujol imlls.

These indicate only a very slight distortion of the C10,r tetrahedron.
4

They do not show the gross changes found for several co-ordinated 

perchlorate spectra.

The Tl-0 interactions must therefore be weak, and the geometry 

of the complex in the crystal i truoture would probably be determined 

by packing requirements. The crystal structure determination of 

1,10-phenanthroline-dimethyl-thalliuiBh-perchlorate is reported here.

The complexity of the Problem

Although each of the complexes studied by X-ray diffraction 

methods has been introduced in the discussion of one of the factors
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thought to be important in determining the stereochemistry of 

pentaco-ordination, several factors might be important in each case. 

For (TTAs)Ag-Cc(CQ), crystal packing factors might distort the

geometry preferred by valency electron-pair repulsions. In 

the crystal field stabilisation energy nda-ht predominate despite the 

tteric requirement* of the ligand. In [Pd(7PA5)Cl]'f , crystal packing 

requirements or valency electron-pair repulsions may be more important 

than crystal field stabilisation. In each case the interplay of 

factors mart be emphasised* In all case*, the results might enable 

a statement, "the structure is consistent with the dominance of ".his 

factor", to be made. The aiir is to add to the body of structure! 

information concerning pentaco-ordination which aty give a better 

understanding of the stereoohemical problem. A definitive answer to 

the problem is not yet feasible.

Part II of the thesis is concerned with X-ray diffraction studies 

of the four complexes while Part III comprises a discussion of the 

results of these studies in the tight of the factors described above 

which may be important in the stereochemioal problem of pentaco- 

ordination.
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PART II 

THE CRYSTAL STRUCTURE ANALYSIS
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Introduction

The crystal structures of the four complexes (TTAs)Ag-Co(CO), , 

/~Pd(TPAS)ClJciO, , £co(^P)CljBPh4 and£TlMe 2 1 f 10-phen]ciO

described in the introduction to the stereo chemical problem of 

pentaco-ordination have been determined by means of X-ray diffraction 

methods .

The structure analyses have involved indirect methods . In each 

ease, chemical and structural features of the molecules were 

tentatively assumed, and information based on these assumptions was 

used in the structure analyses .

The structure analyses presented a variety of orystallographic 

problems . The problems varied in giae from 83 atoms per asymmetric 

unit in the ^Co(^p)Cl]^t crystals to 20 in the £TlMe21 , 1 0-phenJ CIO 

crystals. The determination of the space group of the £Co( 1J )C1J rph, 

complex stimulated a full investigation into the use of intensity 

statistics of molecule: containing heavy atoms . The Patterson 

functions of [pd(TPAS)Cl]ciO; , [bo(QP)Cl]3Ph and (_TTAs]Ag-Co(CQ) 

involved interpretation by use of implication diagrams, analytical 

and superposition methods^ there are seven, six and five heavy atoms 

respectively per asymmetric unit. The Fourier of the thallium complex 

was confused by diffraction ripple? and over-determination of the 

phases by the thallium, whereas for |Co( ,P)CljBPh, the Fourier was 

badly resolved due to the small number of phases determined correctly 

by the heavy atoms. The latter difficulty resulted in a study of 

anomalous dispersion techniques and the method of refinement by the
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tangent formula in tfoU type f problem*

As many parts of the structure analyses af the four complexes 

were very similar, the analysis of each will not be discussed 

separately. Partf of the analyses which have become routine are 

only briefly mentioned, so that more space can be devoted to 

describing the applications of more unusual techniques. Thus, there 

are full discussions of the use of rece it developments in intensity 

statistics, of the interpretation of the Patterson functions, of the 

subsequent study of the badly resolved electron density maps, and 

of the use of anomalous dispersion techniques and the tangent formula* 

On the other hand, full details of the photography, determination of 

eell constants, the interpretation of clearly resolved electron density 

maps and the many cycles of least squares refinement are not included 

in the mail discussion.

A complete summary of the crystal data, the determination and 

refinement of the structures and all the necessary structural data are 

given for each of the four complexes in the Appendices (pages \5l - V&7)

It is hoped that this procedure will enable the reader to follow 

the discussion without being confronted with too such unnecessary 

detail.

Two sets of computer programmes have been written to make an 

analysis of intensity statistics and to calculate *E f values and refine 

phases using the tangent formula. These are described in the 

Appendices (pages i^-3-OLf ). Details of the programmes are given, 

including flow diagrams, and information complementary to the
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discussion of their use in this chapter.
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COLLECTION AND REDUCTION OF DATA

Initial Investigations

A preliminary X-ray diffraction study with Cu-K^ radiation 

was made with the crystals of the four complexes as a feasibility

study. Oscillation, and aero an i first layer ft'eisseriberg
3i 

photographs were taken about two or three crystal axes* From these

approximate cell dimensions, cell volume and '•: ace- group were 

determined. The densities of the crystals were measured by the 

method of flotation. Assuming the molecular formulae given by the 

chemists, the number of molecules per unit cell, ja, was calculated 

for each crystal structui-e, A value close to four in each case 

confirmed the proposed molecular formulae. Figure 2,1 gives the 

molecular formulae, space-groups and cell dimensions derived from 

these preliminary investigations and also the pages of this thesis 

on which relevant chemical and further crystallographic information 

may be found,

Tone of the crystals was twinned, find there were no obvious signs 

of disorder such as streaking of i^

Choice of crystals

The linear absorption coefficients (]\ ) of the crystals were
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calculated for Cu-TC, radiation using the nrlfcular formulae 

confirmed in the preliminary study. The value* are given in the

Append^, cee .

The choice of pize of crystals is dependent upon the 

radiation used which IE in turn dependent upon the values of th® 

linear absorption coeff icients «

The absorption coefficient? of £rirfe 9 1,10-ph6n]ciG, and 

rpd(TiJAS )Cl"JciO, -C^EL increase witii increasing wavelength of the 

incident radiation* The ure of the shorter wavelength Mo-K..
^v

radi vtion improved for frai/iVAb^l/Clu, •C,;.., as only very small
U \ M- o o**

crystal? were available. urther, the axis lengths of about 20A 

in both of these complexe*: iade indexing difficult with the erui-

inclination .*eispehber5 method. In the care of (TTAajAg-CofCO), , no*f

apparatus with a ohangeablc target war available,

Thus, in all there c^ F nicl:.el-filtered Gu-:\ radiation war

f

ufled with crystal? less h optiisum fisse, /n . The crystals of

|jJd(TPAS)CljClQ.CxHL were very small, irregular plates with & >,aaximura
2 thickness considerably less than //{ • Immerred in paraffia the

i.

crystals wore cleaneu ;aecn^iiic?J.ly of £?aall adhiering pieaes of crystal 

)\pproximately cube-ahapaa crystal? of the other compounds were 

produced by cutting them uuuer paraffin, rhis procedure minimiseft 

errors caur-ed by absorptio r\ 9 which are greatly decreasud a^
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the crystal approximates to a sphere.

The Cu-Ktf r idiation linear absorption coefficient of 

£co(QP)Cl]BPh, it lees than that of the other oon^lexes, but there 

was considerable fluorescence. However, anomalous dispersion effects 

were observed. It wa:* decided to collect both 3ijvoet pairs, as it 

was not clear that "one heavy atora method would be sufficient to 

determine the structure. Crystals of less than optimum sine were used.

The crystal dimensions were measured accurately, and the 

orientations of the faces of the crystal relative to the crystallographio 

axes were recorded in order that absorption c .rrections to the 

intensities could later be calculated.

Aocur&to Cell Liraengion&

Accurate cell dimension? were obtained from »ero layer 

photographs about the three principal axes* These were calibrated by 

the superposition of aluminium powder lines. Measurements of the 

distances of reflections on one side of the film to the related 

reflections on the other side weve made using a Cambridge travelling 

microscope. The known cell dimensions of the aluminium allowed 

corrections for film shrinkage, uncertain camera radius and eccentricity. 

This was carried out in two ways:- 

1) A graph was drawn of the correction required again* t values of

the Bragg angle, 6 , and ? correction for each reflection was then

read directly. The cell dimensions were derived from reflections

of high "sin $ " only.



2) The true Bragg angle, G., is assumed to be related to the

measured value.G >m
$ . * 6 + k. sin © cos 6 + k0 G v tm 1 ci m 2m

where *k, sin 0 cos 6 * is a correction for eccentricity and 1 BI m
fkL 0 f allows for film shrinkage, k and k0 are derived by a 

least squares raethol from the aluminium powder lines, and corrections 

to the measured Bragg angles for the complex are calculated using 

these values, The calculations were computed by a programme written 

by Dr. 3. T. Kilbourn,

Accurate values of P for the raonoclinic space groups were

determined from values of d/^^%, &( 107>» ^Yi^O) an(i ^fQO-O **y the 

method of triangulation.

Collection and Measurement of data

Intensity data were collected by the equi-inclination W@i«cenberg 

technique on a Nonius /eirsenberg Camera, Type ft.B., on a Hilger and 

iVatts Microfocus X-ray Unit Y33*

Two-axis data (with the two shorter axes as rotation axes) were 

collected in all cases. Details of the number of layer* collected on 

each axis are given in the Appendices (pages tS^I - \^7 )• The number 

of data that were collected for the crystal structure of the 

£pd(TPAS)ClJ complex was limited by the high temperatnre factors of 

this complex. Low-temperature apparatus was not available at this 

stage*
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Measurement* of the intensities of the reflections were made 

by visual comparison with a standard scale, prepared by isolating 

one of the rtflact-.ons and recording it for a aeries of known time 

intervals. The scale was checked by measuring the intensity of each 

of the rpots with a ^.icrodeiv^itometei .

"'he multiple film technique with a five-film pack was used. The 

values of the film-factors used in bringing all these films onto the 

sane scale invoked considerable diroussion. The ratios of reflections

on two film packs were consistently found to be less than 2*93> the
^H- 

experimentally determined transmission factor. This seemed to bo due

to a systematic over-estimation of reflections measured at the low 

end of the usual scale. The result of using these calculated film 

factor? would be to underestimate the intense reflections giving rife 

to data which may appear to suffer badly from extinction. The us» of 

calculated film-factors had been general practice in the Oxford 

Laboratory, and these were used In the crystal structure analyses of 

•OHpounds other than the Co(CP)C1 complex. The inadequacies of 

this method were later realised, and experimental trantmission factors 

were used for the data scaling of this complex,

Data reduction

Corrections for absorption, Lorentz factor, polarisation and spot 

shape were first applied to the measured intensities.

Abaorption corrections for all crystals were calculated by the
1 s*

method of Busing and Levy, using a programme written by R. H. B. ','ais
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in Ferranti "Mercury" machine code and translated by the author into 

c-autooode for u e on the J2DF9 computer.

The absorption correction for a crystal of volume, V, and linear 

absorption coef f ioient ,R , is given by

A. i

where the primary and diffracted beam path-lengths are given by j* and

r, for reflection by a volume elemt-nt, d.^,

A set of orthogonal axes x 9 jr, j& are defined such that jz 1 is 

parallel to the rotation axi? and % is in the direction of one ol the 

reciprocal axes. The crystal boundaries, which raust .not Involve any 

re-entrant angles, are defined by equations of the form

x + by + c * - 1 « 0— ""31 "3. "~

where a » b and c are the direction cosines of the perpendicular at
1 ft **^8 i>

the surface plane passing through the origin of the orthogonal axes, 

which wist be Inside the crystal .

With the aid of the direction cosines for reflections calculated 

from expressions given by Wells for the equi-inclination ra&ti JLOOL the 

angle betvree? the primary and diffracted beams is easily coraputed. 

Thun, for a given point in the crystal a knowledge of these angles 

combined with the perpendicular distance of the point from the 

Rurfaces through which the beam enters and leaves, the path- lengths of 

the primary and diffracted beams in the crystal are calculated.
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The method reduces the integral by the Gauss quadrature method 

to v triple summation• ^-*; number of sampling points in each 

direction was ntade equal to the next integer greater than <^/{jt, where 

t is the crystal thickness in that direction.

Two limitations of thin method are apparent. The fir?t of these 

is that the method leads to a ridiculous distribution of rarapling 

points if the crystal has any of the orthogonal axes in the direction 

of a diagonal of a rectangular crystal. This leads to the choice of 

the sane number of sampling points for different crystal widths. 

This difficulty was avoidable in all cases, except for the 

£/ilMe^1, 10-phenJClQ, crystals. Here it would have been better to 

rewrite the computer programme to give a number of sampling points 

proportional to the thickness of the crystal in the direction of the 

orthogonal axes.

Secondly, if the absorption is considerable and the crystal 

large, most of the sampling points are chosen such that beams diffracted 

at these points would be effectively completely absorbed. It was 

hoped that the choice of crystals smaller than optimum size would 

avoid this source of error.

Corrections fbr absorption were made using the Buying-Levy method 

for the data of the four crystals. Lorcatz factor and polarisation 

corrections were made using the standard formulae given by Buerger 

(Computer Programme:- Data Reduction Ok, written by C. K. Prout,)

Spot shape corrections were made for the [Co( . i : )Clj coi^plex only. 

Here the & axis and b^ axis data were measured on the expanded and



38

contracted sidea of the photograph respectively. Spot shape correctioaB 

were calculated aaplricelly by plotting the reciprocal of the spot 

length against 'sin & * for each layer. The spot lengths were measured 

with a Cambridge travelling microscope. Valuer f the corrections could 

then be derived for reflec'ion? of any 'sin © * >n any layer.

For the thallium complex, data collected oa the expanded and co re­ 

tracted sides on the & and l> axes respectively were merged. On both the 

other complexes data were raec,r>ur©d on the contracted side for both axes*

Deterstinetio-i of layer seele-factorr

The integrity datii obi . by vir,. .. .1 from the <eie.1 ©nberg 

photogr phs were on arbitrary scales. .^yers of rocal space 

collected from two ores interaect, giving more tione than necesftary to

determine the scale-factors. -c- ^^ ^.., , ^,1 ,, oonunon scale.
38 

In the TTnadlto ;, Rol1~tt r-.d f^ar ; ; fu- ction minirai»ed is

, n 2 -1 ^.V
2 2" *'where the reflection F, is ".u^sured as #,. on lay/or *i' and is uncertainn ni

by (^u) : - ^4 i> ^b* scale-factor for layer 'i 1 and £^ is
~'

An advantage of thia mconj-. is> ti,; * the rainimis&tion functiuii it. not 

altered by raultij.)lyin^ evei\ by the saoe fact. . here fore, k. 

raay be unity af no nora&liK&tlon is it quired and consequently no 

latent vectors: need be found.

Initially irial vaiutt of k, oui-iv-a i'r.ui o;^ 3 .sure times were 

used, which were iraproved by . i iterative process. ..eights were
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ettimated from the uncertainty of neasureiaent of each reflection 

tts*d in the scale-factor calculation* Factors ruoh as the nu iber 

of times the reflection wa* measured, the whereabout? on the visual 

comparison scale of the equivalent reflection an! the effects of 

spot-shape errors were taken Into account,

The data were placed on a co'nmon scale UP lag the pcale-f actors 

calculated by this method by a programme written in autocode by 

Dr. Sparkp. The scale-factor application programme was written in 

autocode and usercode for the KDP9 computer by r,'r. 0. J. R. ladder.

Int9ng.i.ty statistics
2 A statistical analysis of the £ values was required to provide

two ty^es of information:-

a) a knowledge of their absolute scale and an overall temperatur* 

factor for the crystal,

b) information about the space-group symmetry that cannot be 

obtained from systematic absences.

In the crystal structure aralyni- of [TlMe^/ »10-i hsnl CIO. ,•- f. —"tf.
(TTA*)Aff-Co(CO), and [pd(TPAc )Cl]dO .C^, the space group? ara 

determined unambiguously by the symmetry of the reciprocal lattice and 

the systematic absences. Moreover, the calculation of absolute scale 

and of temperature factors was not required by this me+V d. The 

temperature factors were estimated quite accurately by inspection of 

the 7reiRsenberg photographs. More accurate values of these parameters
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&8 well as the scale factor were then obtained by least squares 

refinement. The ruccess of thi? method which if discussed in more 

detail on page k>3 , depends on the derivation of accurate atomic 

positions of heavy atoms/from the Patterson function)that are at

least 90*" of the scattering matter. Thus, no statistical analysis
2 of F values was carried out for these complexes.

For the £co(gP)CljBPh, crystals, both types of information 

were r nnired from an analysis of the statistical properties or 

reciprocal space. First, the absolute scale and temperature factors 

could not be determined by least squares procedures. The values of

these parameters were needed for the calculation of normalised F-o

values, Si values and for use in the Fourier syntheses. Secondly, in 

order to distinguish between PjS^nb and Panb a test for a centre of 

syametry was required. This should confirm information from a piezo­ 

electric te?t and the observation of anoaialouE dispersion effects both

indicating the correct ppace gr*up to be P2.nb.*™* I**™""

As this type of problem involving several thousands of data has 

frequently re-occurred in the laboratory, the author decided to write 

a general computer pro^ramae to deal with intensity statistics, giving 

special emphasis to canes with heavy atoms. A discuseion of the 

methods used as far &r they are relevant to the structure of 

£Co( T;p)Cl]BPh, is included in this section. A fuller description 

including flow diagrams and other details of the program ie, which is 

written in C203 autocode for the KDF9 computer, are included i,i the



Appendix "2 »

a) The intensity may be expressed as

where g. is the scattering factor adjusted for thermal attenuation

for atom i. In calculating the mean, Wilson assumed that the

second term "n the expression would cancel out, there being an equal 

chance of its being positive or negative. Thus

N

The measured intensities, 

= K I

Thus,

and a plot of In
T" *\

I /F2(h)} / ^
LN° x J*1

re on an arbitrary scale so that

= InK « 2B sin2 0 ' \ 2
A

f versus sin2 d / V 2 should give

a straight line, and thence !C and <B,

The mean of the taeasured reflecioons was calculated allowing f 

multiplicity factors, and the following:-

1) Reflections in a sphere around the origin with sinQ/tya*v ^ rain



where a , is the shortest axis length ftni£t be excluded as the vectors—rain *

for these in the phase-amplitude diagram oaf mot be treated as 

independent ranu>m variables*

2) Certain characteriatio groups of reflections have abnormally 

high intensity avera^a^• -i^or instance, if a crystal has a mirror plane 

perpendicular to la, in projection on (01u) atory will overlap in pairs 

and the average intensity will then be given by

^ Tr = 22, •3«i
In this case the symmetry number is 2, Similar abnormally high local 

averages result froia ji-foll rotors or screif axer /-here the gyiaEietry 

number is 11 and also glide planes. However, if reciprocal space were 

integrated to infinity, the off-c lagonal termr must cancel out, 

Wilson'? equation must be true even when these local averages must be 

compensated for in other parts of reciprocal irpaco. In the care of 

glide planes or screw axes, this is achieved by syrtematic absences, 

but in oases of airror planer and rotors there are parallel low 

intensity region?• In the latter region?, the mean does not appear

to be affected by such a great percentage change ar in the high local
£*c. 

average regions; they cover greater regions of reciprocal space.

ja fact, if a mirror plane or rotor were known to occur, it would 

be best to modify the reflections in order to compensate for these 

abnormal local averages. However, as so little ie known about there 

factors, it is probably unwise at the present time. The author has



43

divided only reflections in the abnormally high local average zones 

by i;inaetry nunbe^. This is probably the best procedure as ignoring 

these high local averager • oula tend to increase the local means at 

low sind , whereas the low local averages ere more evenly distributed 

in reciprocal space. f course, systematic absences in zone' >f 

reciprocal space raurt be ignored.

3) ?ke Wilson plot may also be affected by a large off-diagonal 

terra. ".'his cannot be foreseen in most ca^ef* However, it IB >i e 

to examine the Patterson function in conjunction with the intensity 

stati.' tics, when, an abnormally large peak due to superposition of 

several vector-peaks will p;ive evidence of & perturbation of the 

Vfilson plot or other intensity statistics. Of course, heavy atonp in 

the unit cell give rise to sinilar perturbation?.

A .vil«on plot was computed for thef"Co(;P)ClJ v h crystals. The 

space group could be either Pmnb or jP2^nb, Due to thif ambiguity, 

reflection? J),]^,^ were OTdtted from the calculations, but the 

reflections with high intensity averages due to glide planes were 

divided by the relevant symmetry ouabe.. • . lAultiplicity numbers were 

allowed for and reflections of sin^^ 1.52/18.?5 were excluded. Values 

of j( and J3 were calculated from the values of lal/:•'"'(;i,y /Z. 1 ^ 

different valuer of *sin &' both graphically and by fitting a straight 

line by least squares in th*. computer (see Appendix X » i•• z& 1^% ).

The values of K. and 3^ derived from the least squares fit to the
O

Wilson plot are 15«7 and 1.?A respectively. The value of K compares



quite closely with 13«7> obtained by the final least squares

refinement of all parameters,

») The information about the space-group is obtained in two ways:-

1) The first is by examining doubtful zones of reciprocal space

to see if they have abnormally high intensity averages. For this
2 all the ]? values were corrected for known symetry numbers, thermal

vibrations and fall-off of intensity due to fall-off of the scattering 

factor? with sin $ , The computer programme doer this in th*» T.".chine 

immediately after calculating ji and K (pee Appendix 3Z" , page l$$ ).

The mean value of reflections (0,k,l) was? compared to that >f 

othar reflections. This aone did not appear to have an abnormally 

high average - the first confirniation that the space-group is not Pmnb.

2) The second method was to analyse the intensity distribution 

of the whole of reciprocal space* The analysis of zones was not carried 

out as these are liable to lead to errorr through non-randoninees.

For a ceatrosymmetric crystal with a large number of random 

distributed, approximately equivalent atoms, the probability, -P(l), of

finding an intensity between £ and dl is given by:-
""4.

—P (I )dl = ( 2iT pi j£.j°~ exp (—I/2p f )dl 1

while the con-esponding expression for a non-centropymmetric crystal is :•

/ ^-xH , / ^-v *f'»V^. P(l)dl * (p£ ) exp(-I/p2L)dI

It is advisable to carry out as many tests as possible to 

determine whether the observed distribution is centric or acentric.



The following methods are all different ways of defining these 

distributions, and, of course, they should only hold when there 

are many randomly distributed, equivalent resolved atoms. All 

computations were made by the programme described in Appeddix 

page

L«t be defined as

Initially plots of Jp£ .P(F) against £ and P(l) against £ were 

computed for (Co(^?)Cl)Bi h, . The area under the curv© between two 

values of js should give the probability of finding a value of F_ or js 

between these values.

These probability plots are very dependent on good and inefficient

data. Although variou.? authors have recommended their use with full
43 r 1three-dimensional data, the plots forTco( p)Cl]BPh, were unlike the

theoretical distributions? rtrobably due to sampling error* , Mo

deduction^ were made fron thir- work,
ftf 

Text the equivalent cumulative plots were computed. These are

shown in Figure 2.2. "he values of N(z) and T(F) at small values of 

JB were ignored. This was because intensities leps than the mininsum 

on the visual eoiaporison scale were igiored, and were interpolated as 

«ero by the 'intensity-statistic* 1 computer programme. The plots are 

close to the acentric distribution confirming the space grcnap, P2.nb.
I

The centric and acentric distributions arf not valid when the- unit cell 

has non-crystttllographic centres of symmetry, or when the atoms are 

few in number or differ in weight, or occupy both general and special
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Cumulative probability graphs for (Co(QP)Cl) +
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positions. The success of the adaption of the methods described 

above to such ca&es hac depended on the spaoo group. They are 

most reliable when there is only one heavy atom in the asymmetric 

unit.

Harfreaves claims the use of general moment testa are more

reliable. The theoretical and experimental moments of j5(= /
/ j»

are compared, the jrth moment of j, being £iven by {z

The calculation of these theoretical moments for particular structures 

is not difficult. In fac4 only seven types of formulae are required 

to calculate the theoretical moment.* for atoms in general positions 

of all the triclinic, monoclinic and orthorhombic space groups 

except Fddd and Fdd2.

For LCo(.x?)Cl]BPh, two possible space groups arc £2,jgjb for which

» 2 - ?S(4)/S(2)2

= 6 -| S(4)/S(2)2 * S(6)/S(2)3

and Pmnb

,2where z * 3 - 3s(4)/S(2)

S(4)/S(2)2 4 | S(6)/S(2) 3
*T

In these exprefisions S(r) = 51 r .
< —1LSS I

However, in rCo(QP)Cl|3Fh, , if the space group is funb a cobalt, a 

chlorine and a phosphome atom and some lighter atoms itnist lie on the



mirror plane. The positional parameters of the atoms lying on the 

mirror plane arc only variable in two dimensions and give rise to 

a different expression for the geometrical structure-factor. The 

correct expressions are

X2

V 'fo« of equivalent special position;: in the unit cell 
w f> ~ N[O< of equivalent general positions in the unit cell

where / 1 \ and / 1 / fi^^ evaluated as above for the atoms in 

general and special positijns.

Ths theoretical Values of /^V ^^ £^^ for Co(QP)Cl BPh, 

were close to 2 and 6 for £12. nb and 3 and 15 for Pmnb, which are the 

values for the random model of equivalent resolved atoias • The 

observed values were 2.2? and 7«09 for /.* / and v« / > confirming 

the non-c^ntrorymmetric space-group*



CHATTER 3

SOLUTION OF THE PHASE PROBLEM

Patterson Functions

Three-dimensional, sharpened Patterson functions were confuted 

for the four crystal structures reported here. Two-dimensional 

functions were not conrputed; in all oase£ the required stereochemical 

information necessitated the use of -aore accurate three-dimensional

studies. For the crystal structures of fpd(TPAS)CllciO. .C,H/. and
*~ A- 6 6

(TTAS)Ag-Co(CO) , two-dimensional analyses might have indicated the 

approximate stereochemistry and confirmed the existence of a metal- 

metal bond respectively. These were not proven chemically. However, 

the complexity of the Patterson functions resulting from these molecules 

with several 'heavy* atom* seemed to preclude any reliable conclusions 

from the two-diraer-sional functions .

The three-dimensional Patterson functions were computed using the 

general Fourier synthesis programme written by J. S. Ftollett for the 

KDF9 computer.

The scales of the Patterson functions were adjusted to give an 

origin peak of 999 in order to simplify the map output routine. All 

peaks recorded in the f llowing discussion are on thie scale .

The expected peak-heights were calculated from the following 

appror I mat ion :-
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Height of Patterson peak (ij) « Height of origin peak x
.2

where Z. and J5. are the atomic numbers of atoms i^ and j^ respectively.

Analytical procedures making full use of superposition methods 

and implication diagrams of Harker lines a.1 d sections were used in 

conjunction with the chemical information available in the interpretation 

of the Patterson functions. Usually it was difficult to decide the 

'weight 1 to be given to the chemical information. £pd{TiJAS)cyclO, .C,Kx, 

for instance, might have been trigonal bipyramidal, square pyraiaidal 

or some intermediate geometry, or even four co-ordinate. In fact, the 

chemists indicated the complex was square pyramidal with an apical 

chlorine atom. This proved to be Incorrect. Thus, chemical information 

was always treated as suspect, and any hypothesis concerning the 

structure based on thi» was. carefully checked as soon as possible.

The Patterson function of ^TlMe^l ,10-phenJClQ is not described. 

The solution was trivial. The crystal structures of the other three 

complexes contained between five and seven atoms per asytametric unit, 

and the interpretations :>f their Patttreon functions are described i:i 

detail. 

The interpretation of the Patttrson function of £pd(TPAS)cf]ciO, .Cx-iv

This complex crystallises in space group P2. /o. with one palladium, 

one chlorine and four arsenic atoms in the asymmetric unit (Appendix II, 

Page/&k )* Chemical information Indicates that the complex haa a square 

pyramidal stereochemistry with a chlorine in the apical position (Page '5 )
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The Ilarker section at y a J was first investigated. (Figure 2,3(a), 

Page ° ' )• An implication diagram of this Korker section was generated 

and sets of peaks corresponding to a projected square pyramid were 

investigated. Confusion was caused by the fact that the very large 

peak, Q f , was not in fact a Ilarker peak, and also that peak heights were 

not consistent with the lighter ligand atom, chlorine, beiru: at the apex 

of a square pyramid, A model giver in Figure 2.3(b), Page SI was 

choien as the most reasonable arrangement of atoms.

To confirm this model intramolecular vectors were inveatigat d, TJo 

arrangement could be found that was consistent with Q' being a Barker peak, 

Many of the intramolecular vectors were unresolved. Further it was 

discovered that peak „' w&s clearly elongated compared with other peaks 

on the Marker section, confirming that this was not a Harker peak.

An investigation of the g neral vectors between the molecules 

related by the two-fold screw axis identified j^ 1 as a superposition of 

three vectors between the ligand atoms, and indicated that IJ was 

probably the chlorine atom.

The interpretation of the Jlarker line, (0, ^, J) given in Figure 2.4 

was confused by the fact that palladium atoms related by the two-fold 

screw axis had almost the same 3C and ^ co-ordinates, so that the palladium 

inversion vector at y s 0,213 also fell on the Harker line. The palladium 

Harker pea<: at £ = 0*288 was surrounded by unresolved ligand larkor peaks.

The general vectors between the molecules related by the glide plane, 

the inversion vector peaks and the corresponding general vector peaks 

were identified, giving final confirmation of the deductions alreiAy made.



0M fRtt

Fig. 2.4 

(Pd(TPAS)Cl)C10 

Patterson Function 

Harker Line
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The co-ordinates and peak-heighte of all the vector peaks 

identified were tabulated. They comprised 45 peaks apart from those 

related to vectors involving the atom IJ. The co-ordinates of the 

atoms of one molecule in real space were derived from these data, 

weighting the information from each peak according to its shape, and 

the degree of overlapping with other peaks. Thus, Har-rer line peaks 

were given little weight in the derivation of the atom co-ordinates, 

although they were very useful in the initial identification of vector 

peakr. The co-ordinates of the atoms derived from this Patterson 

function compered closely wit! the values derived from the least squares 

refinement after the placing of all ih light atoms.

The fifth ligand atom, U, was correctly identified as the chlorine 

atom. It wa? not included in the subsequent Fourier synthesis, as most 

of the general vector-peakr between other ligana atoms and IJ (which are 

important in its correct positioning) were not identified with confidence. 

The interpretation of the Patterson function of (TTAS )AgCo<v CQ),
______»_____—————««-.»___________««.__________________. I . • , -.-......^-l. L T- -.-... ..._....______________________ *4-

This complex, which crystallises in F2 /a, ha? five heavy atorae per—* i ****

aeymetric unit. Chemical evidence indicated that the three -at*SQnic 

atoms and the cobalt atom form a distorted tetrahedron arouna the silver 

atom«

The solution of the Patterson function was a similar problem to the 

solution of the Patterson functi >n of £pd(TPAS)Cl]ciO, .C^H,. However, 

as the Karker plane (Figure 2*5) contained several large non-Harker 

peaks, superposition and analytical procedures were first used to
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Pig* 2.5. The Patterson Function of fTTAS)Ag-Co(CO).

oV/ /,

\ \ t v w
' I "N

1 ^ V 1I I x ' - —.

Harker Section (;x , ^ ^ z)

Scale : Origin peak ,P( 0,0,0) = 999 
Contour» at intervals of 30»



identify intramolecular vector peakr to give the fundamental set. It 

war then possible to identify S 1 as the silver Linker peak and A 1 , B 1 , 

C 1 and D* as ligand Harker peaks on the Marker piano. The interpretation 

of the Fatte.son functi :: v,afc the., completed by the systematic identifi­ 

cation of all llarker-line vectors, inversion vectors and the 

corresponding general vectors.

This work conf'iraea the initially cnoseu iuaa&meatal sot, indicating 

a distorted tetrahedral co-ordiru-tion of the silver with small /As-Co-Ae 

angles.
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The interpretation of the Patterson function of £o( 4 ir i ;Cl]TPh,

This oompounu crystallises in space-group r2.nbj with one cobalt 

complex cation and one totraphen 1 borate anion per asymmetric unit. 

Chemical and spectral evidence indicateu that the cobalt complex had 

an approximately trigonal bipyraraidal stereochemistry as required by 

the quadridentate phosphorus li^and, QP (page 2,| ). The chlorine atom 

was assumed to occupy an axial rite.

The fundamental spac^. symmetry is P2 oo., for which an atom at 

3c, £9 je has equivalents at

due to the screw axis, b^ u.d: glide and diagonal ^..ide re

The space group of the Tatter son function is Pmnua, one atom and its

equivalents producing peekf in P(j£>^»^) at the points

(i, + 2& * 2z), (0, J, + 2z). (^ ^ 4 ^r, 2r) 

and symmetry related points.

A three-ciiaension&l sharpened Patterson function was computed, 

Tht Karker liner rerulti:^ 1,0 , the :j,xial and diagonal ^;lide planes 

(Figure 2.6) and the liarker pectioa from the screw axis (Figure 2.7) 

are represented on a scale such that the origin peak is 999* Cobalt, 

phosphorus and chlorine liarker vectors should then occur with peak 

heights of 15£> 5'° and 7- respectively.

Usually, the Karker section is the beet place to start the analysis 

of such a Patt«r ton function, but in this caee it clearly contains a 

considerable number of non-llarker peaks, and alco the peaks on the
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Fig. 2. b The Crystal Structure of fCo(QP)Cl)3Ph.

a) Barker Line ,(i,y,i)

' ' / H H a
C B A A B C
ii H t I 4-4- I I II

0*1 O«l O«S

B) Implication diagram, (-2»y>i

0-7 /•o

E

O'l

c) Harked Line ,(o,



Figure 2.7

ThB Patter son iUiotion for Lto^jbxj - n i

Marker section

Iinp lie a t i o n ' * ^ f>iti
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Harker line resulting from the diagonal glide. It seemed very likely 

that some of the peiik£ with jr, and £ co-ordinates less than 0.25 were 

the riarker peaks due to the Bcrew axir, but the complexity of the 

implication diagram resulting from these peak;, underlines the difficulty 

of starting the interpretation of the Patterson function at this point. 

Part of the implication diagram is shown in Figure 2.8. It ha* been 

generated by including all peaks of height 20 on the Barker section.

la feet the Uarker line at -,^,T due to the diagonal glide vmt 

first interpreted, The reason for this war because the peak, A, v-as the 

only peak large enough to be e. cobalt Marker peak, whereas two peaks 

ware of the required hei^ ht on the other Harker line.

The implication diagram corresponding to this Harker line 1& shown 

in Figure 2.6(b), The peak heights are not indicated, and the diagram 

has been generated usinf only peakE A, B and C or the Harker line.

Let A' be the pordtio. of the coba.lt a:om projected onto L010J. 

Now the covaleat radii of Co(il) and P are give . by auling as 1 .30A 

and 1..A, and therefore a Co-P bond length in the cooplex should be of 

the order of :?.4o£. Thus possible ligand atom positions projected onto 

£01 oj are C', B 1 , 3 tt , C !t , A". The intramolecular bond lengths in 

projection would then be

A 1 A" 0.45?

A 1 C 1 1.83
A' B» 1.38
A 1 B" 1 

A 1 C" 2.28

In the interpretation of the Patterson function, a trigonal
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bipyramidal model is assumed (see Page 2-I )• No distinction was -nade 

between the chlorine and the phosphorus ligand atoms, which were 

labelled as in Figure <- .; •

Using thio model the Harker line could be interpreted in three 

different ways. There are a? follows:-

1) The axis of the trigonal bipyramid. ie parallel to b, (Figure 2»9(bl). 

The two axial bonas woula then be aoout 1 .8A and ^.3A ii* axial positions 

were at G 1 and 0", This reeraed unlikely st the time for two reasons, 

First, the peak at B would be difficult to explain, and certainly could 

not be a Marker peak. Secondly, the bond length of 1 ,8A was much too 

short, eve : if it were slightly shortened by a non-coincidence of 

direction of the unit cell axis and the trigonal bipyramidal axis. This 

possibility war, therefore, excluded. In retrospect the evidence seems 

less conclusive as one of the axial bonds turned out to be very short at 

2.06X.

2) Ihe axi? of the trigonal bipyramid is perpend:! cular to b_, but one 

equatorial bond, Co-L(l), of length 2.3A, lay parallel to b with L(1) at 

C" (Figure 2.^(b2). The other two equatorial atoms, L(2) and L(3) would 

superpose in projection at B', This is possible as peak B is twice the 

height expectfca. for a phosphorus Harker peak.

3) he axis :>f the trironal bipyra-Tdd is perpendicular to js with one 

equatoial bond, Co-L(3)> in the direction of £ (Figure 2.9(b3^» The 

Marker peaks of cobalt, l«(3)f M4) and L(5) would then superpose, "^
otwo remaining equatorial liga/id bonds would then make an angle of 30
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Fig. 2 A .The Crystal Structure of (Co(QP)Cl)BPh,

L(2)

L(4) Co

a) The labelling of the ligand atoms

L(5)

2.33A*

Co

L(2)

(1)

L(2) L(3)

(3)

b) Interpretation of the Barker Line Q-,y,J
Three possible orientations for the trigonal bipyramid.



with b^, and project onto ID at C* and BH «

With these two hypotheses in mind, possible general vectors 

between atoms of the diagonal glide plane related molecules were 

investigated. /Iso the superposition method was used. The co-ordinates 

of the vector peaks around the origin and the Karker peak, A, were 

listed. The vector set around the Harker peak was then, put at the 

origin, and coincidences of points in the two superposed vector sets 

were used to delineate fundamental set. This set was in fact constant 

with the third hypothesis.

Vector peak positions for all intramolecular vectors and all 

general vectors between the six heavy atoms of the two molecules 

related by the diagonal glide were identified, and recorded.

These vectors showed that the axis of the trigonal bipyramid lay 

approximately parallel to «i, with one equatorial bond, parallel to £ 

as shown in Figure *2,IO .

At this stage in the analysis, it was apparent that the approximate 

coincidence of the molecular axis with a crystal axis giving rise to the 

complete or partial superposition of inany peaks would prohibit the 

exact locating of the molecular axis.

The second stage of the analysis of the Patterson function of the 

cobalt complex was the interpretation of the Karker line (0, -, z), due 

to the ]> axis glide plane. This Harker line is show* in Figure 2*6, 

and has two well resolved, very large peaks E and P.

Both these peaks have a greater peak height than required for a 

cobalt Harker peak.



The information derived previously indicated that the 

approximately trigonal bipyraiaidal model has its axis almost 

perpendicular to the £ axis, v/hich approximately bisects the angle 

between atoms L. and L in the equatorial plane. The peak 'JS 1 is 

consistent with this model if it represent: the superposition of 

Karker vector peaks due to the cobalt and two ligand atoms *j. >>and !#•_> 

Peak 'J? 1 results from the coincidence of Harker vectors from the 

ligand atonic ^(<\)» ^(t) ^^ Lt(T(}* ^e 6fcneral vector peete resulting 

from two molecules related by the 'V glide plane were then identified, 

and their co-oroinates recorded.

Finally, the Harker section at j, X> JE. was interpreted. This is 

shown with its implication diagram in Figure 2.7» There are a large 

number of non-Karksr peaks on this section, which aake its interpretation 

very confusi i& without some prior knowledge of the atomic positions. All 

the vectors between two molecules related by the two-fold scrfcw axis were 

identified, and their position recorded.

Two disquieting facts were evident. The first was the very 

distorted nature of the trigonal plane of the trigonal bipyra-aid. Al though 

most evidence of this was obscured by the overlapping of peaks in the 

Patterson function, it became very apparent in the Harker section 

analysis. The implication diagram (Figure 2.8) shows that one 

equatorial angle IE about 135 . Although some distortion was expected

(see Page SU )# this seemed too large.

Secondly, although the elongated shapes oi many vector peaks



indicated that the axis of the trigonal bi^yraaid was not parallel to 

JL, it was impossible to locate it accurately. In fact, this 

confu?ion was added to by the fact that the angle, L/. \ - Co - ^fc\t 

was about 170 , and the axial bonds differed considerably in length,

As a result of these difficulties, it was decidea to use an 

undistorted geometry by Fourier and other refinement techniques* The 

axis of the trigonal bipyramid was moved away from the direction of SL, 

as shown in Figure 2.10.

Although the positioning of the cobalt atom (X was put at 0,25) 

was fairly accurate, it can be seen by comparison with the overlay in 

Figure 2.10, that the ligand atom positions were considerably in error. 

The final co-ordinates derived in the structure analysis show the 

complex has an unexpectedly distorted stereochemistry.



a) Projection on (010)
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Fig.2.tO The Crystal Structure of (Co(QP)Cl)BPh,

Heavy atom positions derived from the Patterson function. 

Final heavy atom positions are shown on the overlay.

o-a

a) Projection on (010)

b) Projection on (100)

1(5)



67

The location of light atoms in the crystal structures

The determination of the light atom positions and the refinement 

of positional ieotropic vibrational parameters has involved Fourier 

synthesas, including the heavy atom method and anomalous dispersion 

techniques, and refinement by the least-squares method and the use of 

the tangent formula.

The heavy atom method
*9>^ 

The graphs (Figure 2.11) calculated by Sim, give the errors in

phasing for oentrpsymmetric and non-centrosymmetric structures for
« n

different values of r, where r = 2.f p/Jf L . The confutations are 

strictly valid for cases of one heavy atom in triclinic space groups, 

but they give an approximate eftimation of the usefulness of the heavy 

atom method for other cases.

The £ value.0 for the three centrosymmetric crystals are greater 

than if> indicating that over 95^ of the phases will be computed correctly. 

This IF greater than the optimum condition of r_^1. The increased 

contribution of the heavy atoms to the scattering introduces errors- due 

to diffraction ripples, and makes accurate data more necessary, without 

greatly increasing the number of phases which are correctly determined. 

This Introduces serious errors into the analysis of the thallium 

complex where £*>! 8.

The non-centroeymraetric rCo(QP)ClJ3Ph, cryptale introduced errorsu» ^
due to a very small value of r_. If the phosphorus atoms had been located 

accurately, the problem would have been optimum for the heavy atom method.
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However, as the cobalt only was positional correctly, a more 

realistic £ value is 0.23. Then only 20^ of the phases would be 

determined within 20 and ^5 ' within 60°, which hardly seems sufficient

to give information about the unknown parts of the structure, Besides 

this problem, the group of heavy atoms show pseudo-symmetry. The 

symmetry of the space group, Pmnb is simulated and the phases tend to be 

close to 0 and TT .

Thus, the use of Fourier methods in the four crystal structure 

analysis presents difficulties due to both largy and fcia&ll £ values.

The in terpr station of the heavy-atom phased Fourier of the silver 

complex wa? similar to that of the palladium complex and will not be 

described.

The use of the he ̂ vy atom method in the structure analysis of 

f Pd(TPAS )ClJdO , .C^Hg

This pentaco-ordinate palladium complex has a quadridentate arsenic 

ligand, TPAS, (see Page '*> ) f and a chlorine atom in the co-ordination 

sphere. The Patters on function (Page 50 ) indicated a square pyramidal 

co-ordination with a chlorine probably in the basal plane rather than at 

the apex as predicted by the chemists*

A Fourier synthesis was computed with phases calculated using the 

palladium and four arsenic positions, an overall ieotropic vibration 

parameter estimated from visual inspection and an arbitrary scale, ail of 

which had been refined L>y least squares.

The electron density map showed the palladium ami four arsenic atons
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Fig. 2.11

too .

ao

(a) Centrosymmetrio structures:- The fraction^ , of 
structure factors whose signs are determined, by a heavy atom

(b) Non-oentrosymmetrio structures:- errors if phase angle is 
assumed to be that of the heavy atom alone»
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clearly, and, also, a further peak with height, 0.23 of the palladium 

peak due to the chlorine aton in the fourth basal-plane position.

Altogether, there are 28 ways of fitting the ligand on the square 

pyramid, but only 6 ways if the basal plane position, V, (Figure 2.12b) 

is the chlorine atom. Of the six possible ways, four have bridging 

phenyl groups 1»-2 f , 3'-2', ^'-5*, 3*-5', "but only two have bridging 

groups in position 2 I ~5*• Thus, bridging phenyl groups in the first 

four positions were initially investigated. Arsenic-carbon bond lengths 

of — 2A in the plane of the phenyl ring v-rere assumed.

The Fourier synthesis contained very many spurious electron density 

peaks, which confused the identification of the pheayl rings. Fhenyl rings 

bridging arsenic atomr 0*) and (5 f ) sjid also arsenic atoms (2 f ) and (3*) 

were found, but the position of central phenyl rings with carbon atoms

(231) to (236) could not be identified easily. The ring must bridge 

either arsenic atoms (1*) and (2 f ) or alternatively arsenic atoms (2 1 ) and 

(5*)» but carbon atoms (231) and (236), (i«e., those bonded to the 

arsenic atoms) could not be found* In fact, peaks at carbon positions

(232) to (235) were better resolved, and established the existence of a 

bridging ring between arsenic atoms (2) and (3)* Thus, Figure 2.12(o2) 

gives the correct stereochemistry.

The next step was to attempt to identify the methyl carbond. This 

would be more difficult tha? identifying the phenyl carbon? as the 

stereochemistry of four co-ordinate arsenic can be greatly distorted from 

tetrahedral and also they would probably be vibrating more than the 

phenyl carbons. Peakr corresponding methyl carbon?, except
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Fig. 2.12. The location of the light atoms in the 

crystal structure of (Pd(TPAS)d)C10, .C^Hg

(b)

(a)

(2) (4)

Cl

(5)

(o)

(6)
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C(42) were identified.

A three-din* nsioaal model of the crystal structure as it was at 

this stage WEB then built. The main feature of the cry tal structure 

appeared to be a distorted hexagonal array of the palladium complex 

cations* The hexagonal hole enclosed by these cat'ous war extended 

continuously throu&h the crystal to give ohaarels in the direction of 

the j» axis. (See Figure 3-» )

The perohlorate molecules would most probably lie in. this channel 

in the region of the palladium atoms which are positively charged. Yhe 

closest of the larger peaks in the Courier that had not been identified 

but could be the chlorine of the perchlorate moiecuxas lay at about 5A 

from the palladium atom* rhere ware no peak? within covalant bonding 

distaaoe i.e., about 3* of the palladium atom*

The peak at 5X from the palladium atora was chosen tentatively as 

the chlorine atom. The chlorine to oxygen distance in the perchlorate 

group should bti about 1 «4X« The many badly resolved peaks at about this 

distance from the chlorine peak appeared, at first, to indicate disorder 

or possibly rotation of the perohlorate group. uowever, if a 

tetrahedral model for the perchlorate group was assumed one particular 

orientation appeared to be considerably more plausible than the others. 

The positions of atoms for the perchlor&te in the orientation were 

recorded*

Finally, possible carbon atom positions for the included benzene 

molecule were found. These peaks were the iuo;-t badly resolved of all the 

phenyl carbons* The benzene ring is included in the channel ar si own in
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Figure , page

A further Fourier synthesis was computed after refinement of the 

positional and assumed isotro^ic vibrational parameters by th« method 

of least squares . The purpose of this Fourier synthesis was both to 

confirm and improve the positions derived from the initial heavy atoms 

synthesis, and secondly to locate tlie three remaining carbon atoras. 

This was achieved by u^ing J, 3. Rollett's programme 'Fourier Analyser 

for Testing Atomic Locations', (F.A.T.A.L,), in which local maxima of 

electron density are found by interpolation, using a least squares fit

of a function o'~ the form,
222 (xyz) = exp(a + bx + cy + Iz + ex + f y + y*^ + hyz + kyz + Ixy).

The ten parameters are fire t determined using nineteen points in the 

electron density, and the maximum is found for the (x,y,z)for which

/, =0. o x
The programme identifies aaaxLoa above a value determined by the 

user, indicates non-elliptical peaks and recordi the electron density 

at points at which an atom wa« placed for the calculation of itructure 

factors .

A 'FATAL* demonstrate! thai all the atomic positions chosen from 

the heavy atom Fourier were close to the correct positlonf except for 

one of the carbon atoms in the included benzene ring. At this position 

there was a region of negative electron density, although all the other 

carbon atom positions seemed to be correct* A new position for this 

atom was derived from the geometry of the benzene ring and the known 

positions, la five other c&ses, atomic positions were shifted by about
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0.25A. This included two of the perchlorata oxygen? and a methyl

carbon. Peaks resulting from the remaining carbon atom? were also

identified.

The use of the heavy atom method in the crystal structure analsis

OF

The location of the light atoms from the heavy atom Fourier synthesis 

for this complex was similar to the analysis described above for the 

palladium complex. However, the electron density map was confused by 

large diffraction ripples. A section of this map through the thallium 

atom is given in Figure 2.14« These diffraction ripples were not oaused 

by serious series termination effects but are merely emphasised by the 

very high proportion of tho scattering power u.ue to the thallium atom.

The positions of the ripples corresponded to those calculated by the
*f7

Fourier transform method for data within the Cu-K^ reciprocal sphere.

The computation of an electron density map was in fact a mistake. 

A difference Courier would have been more suitable. However, even this 

would not have eliminated all the spurious electron density. Althou^i 

most f the phases were determined correctly, the large contribution of 

the thallium atom to the structure factors necessitated very accurate 

intensity measurements in order to estimate the part contributed by the 

light atoms. In fact, the identification of the phenanthroline ring 

proved difficult, although a retrospective slant Courier (shown in 

Figure 2.13) demonstrate? that once the phenanthroline plane is determined 

the spurious electron density does not greatly interfere with its 

interpretation.
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Fig. a.ri 'Slant Fourier 1 in plane of thallium and 

1,10-phenanthraline in the crystal structure determination 

of (TlKe 2 1,10-phen)ClO/f
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Although the R, value for the structure factors computed from the 

thallium and chlorine positions was 0.14^> the methyl carbons could 

not be identified from this Fourier synthesis. 

The location of the light atoms in the crystal structure of £co{ :?)Cl]BPh

The interpretation of the Pattersoa function (rage 57 ), gave the 

position of the cobalt atom, but ouly very approximate positions for the 

ligand atoms due to the overlapping of vector peaks,

The co-ordinaLion appeared to be approzimately trigonal bipyramidal, 

with the axis of the trigonal bipyramid parallel to the a, axis, giving 

rise to pseudosyrametry. The heavy atom positions almost simulated, the 

symmetry of Pmnb, Thut? the atoms are almost related by a centre of 

syiBBetry, and the phase angles of their contributions to the structure 

factors are close to either 0 orTT . If these phase ar.gler. were then 

used to calculate the electron density, the map would almost be 

centrosymme trie•

The combination of the problem of pseudosymmetry with the fact that 

the Sim £ value is considerably less than the optimum value I'or the 

heavy atom method indicated that normal Fourier methods may not be 

successful. The use of anomalous scattering and direct refinement of the 

phases by the tangent formula were also investigated at the saiat- time as 

the Fourior syntheses were used, They are described on pages ?4 * ^t.

Siructure f^ctore were computed using the cobalt and five inaccurate 

ligand positions, ihosphorus scattering factors were used for ail the 

ligand atoms. The temperature factor and the scale factor derived by
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the Wilson method and were used, figure 2.15 gives the distribution of 

phase angles of these structure factors. The large number of phase 

angles close to 0 and IT iilustratefc the problem of pseudosymoetry. Ihe 

R-value wa* 5Q-*

A three-dimensional courier synthesis using these phase angles wa* 

computed.

The difficulty of interpreting the xourier consisting of two 

superposed structures (related to each other by a mirror plane through 

the cobalt atom) under lined the importance of making, use of any chemical 

information available. The ligand, • •?, has three paenyl rings bridging 

phosphorus atoms and the positions of these phenyl rings are better 

define i by tht phosphorus atoms than are the terminal phenyl rings . 

Therefore it was decided to compute the Fourier synthesis for the volume 

in which these bridging phe^yl groups might be. Unfortunately, part of 

the electrjn density map around P/»\ was lost due to a computer operating 

error.

A section of the Fourier synthesis is shown in figure 2.16, illustrating 

its false mirror plane symmetry. The electron density map contained no 

resolved peaks of electro, density that could unambiguously be interpreted 

as carbon atoms.

The cobalt and li&and atom peak positions in the electron density map 

were carefully deduced, and twice the difference of these positions end 

the calculated positions used as the shift to improved positions. This 

resulted in an arrangement of heavy atoms which was less pseudosymmetrical. 

In particular, tiie position of ligand atom, ^;c\> (see page ) was
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Figure 2,16

Fourier Syntheria for [Co(,, .

Section illustrating approximate pseudj- i;drror

plane symmetry
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moved considerably closer to the cobalt atom. The position derived 

from the Patterson was

*. 7 z_

0.1300 0.0175 0.0208 

The position from the electron density map was

0.1450 0.0235 0.00^0 

compared with the final position of

0.1lr53 0.01&4 O.C048

This new position was accepted only after some hesitation as the Co-P 

bond would be about 2.0A long, which seemed very short.

^ext attempts to place the phenyl bridging rings were made. The 

fact that the peak in the electron density nu...p corresponding to L/cN 

wae much mailer and aira the Co-L(5) bond length was shorter indicated 

that L(5) was a phosphorus atom. It seemed impossible for Co-Cl to be 

as short as 2.GA although a Co-P bond might be as a result of TT bonding 

or steric require ients of the ligand. Thus atom 1/5) was tentatively 

put as the fourth phosphorus atom, P(4)» and phenyl rings bridging P(1) 

and ?(4) and airo P(2) and P(4) were next investigated.

The electron density in both these regions would represent badly 

resolved phenyl bridging rings superposed as a result of the pseudo- 

synmetry on the terminal phenyl rings bonded to P(1) and P(2). Assuming 

P-C bond le.gths of 1.8A and the normal feometry of the phenyl rings, 

trial models were tested until the best fit with the electron density 

was obtained. The lack of resolution in the electron density necessitated 

a bold approach. The electron density map in Figure 2.17 is & projection
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Fourier Synthesis for f"Co( :P)ClJ h 

Projection of electron density in

of bridging phenyl
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of the electron density within 1 .5 of the planes through the phenyl 

ring positions chosen* This, -»f course, considerably clarifies the 

interpretation of the electron density map.

The overlay rhows the positions of the carbou atoms derived from 

this electron density map, and the final positions for ti ese atoms.

^he positional parameters of the heavy atoms and the tv.-o phenyl 

ring* were then used to calculate structure factors. The residual was

At this stag-e least squares refinement was used to improve the 

position* of the htavy atoms. Full matrix least squares was used. AJB 

the proportion of scattering matter located was small and the positional 

parameters were both inaccurate and possibly leading to Inverse overlap 1 

the results were treated with, caution.

A Fourier synthesis was computed using- the phase angles calculated 

from the improved positional parameters. The electron density map was 

interpreted in a similar way to the first. The positional pararaetfcre 

input were improved, and further phenyl rings were identified. This 

process wae accomplished with the help of model building. Trial structures 

were postulated, and phenyl ring positions identified after some 

unsucoesrful attempts,

The trial bridging phenyl ring and the four terminal rings attached 

to P(1) and '(2) and part of one attached to P(3) were identified, and 

their positional parameters calculated accurately.

Structure factors were then calculated usinc the heavy atom positional 

parameters, and positional pararaeterr of thirty nine carbon atoms. The
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positional parameterP of one of the phenyl rings,attached to P(1) were

omitted from this as they were not well determined. The temperature
/%o 

factors of the carbon atoms were fixed at 1J = 0.068". The residual was

0.282.

The cobalt and five ligand atom positions were then improved by 

three cycles of full-matrix least squares refinement, the residual 

decreased to 25«5^»

Distances and angles between the heavy aton; positions derived frora 

the least squares Refinement and light aton positio s derived from the 

electron denrdty map were calculated,

A difference synthesis war alro calculated using these positional 

parameter?.

The dir-tance and angles calculation? and the difference map were 

ueed together to i^qnrove the positional parameter? for the thirty nine 

carbon atoms. ?or instance, the phenyl ring bridging PC"1 ) and P(4) had 

carbon to carbon bond lengths between 1,1X and 1«65A. These were 

improved to between 1.3? and 1.5A by shifting the carbo . atoms giving 

rise ti unreasonable carbon to carbon bond lengths in the direction of 

residual electron density on the difference electron density map.

The difference electron density map also allowed the determination 

of the remaining fiftien '^P carbon atoms? and also the twenty-five atom? 

of the tetrt jhenyl borate anion. The location of all atoms was 

considerably aided by the constant use of model building for all hypotheses 

concerning the structure.

Distance and angle calculations showed that the postulated structure
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was probably correct. The structure factor^ calculated using these 

positional parameters and isotropic vibrational parameters (a) varying 

between 0,04 and 0,06 gave a residual of 0.236. "he refinement of 

these parameters was then accomplished by the method of least squares.
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The use of anomalous dirperr.lpn technicuerE

The or .T-talr of [co( r P)Cl]BPh exhibited anomalouf dispersion 

effects.

Anomalous scattering results from the form, f - f* + ifn for

the atomic scattering factor, which gives rise to the failure of
2 — p

Friedel's law, ? / v . When anomalous scattering occur?

F - F + F* + IF" - F 
* *L K rH

where the structure factor? Include the geometrical factor as well a* 

the component? of the atomic scattering factors. For / Co(QP)ClJ^Ph. 

in P? nb, the cobalt atomB arc in a centro symmetric array, whereas the
mm* ^mmmmm *•

lighter atoina (L) are not. The i;aacrinary part of ihe rcatlerinr factor,

f", for the phosphorus atoms is 0,5 electrons while f!! iff about 

A- electrons. As the scattering power is proportional to the square of 

the : c:.tteriat; factors, the contribution of phosphoru: ::,'i . chlorine 

imaginary anomalou* -<v-tterim factors tn thn "l^voet difference will b« 

small. Moreover, as the phopphoru? and chloriae atonic are not well

placed from the Patterson functio- , the contribution? of f " and fj to EJ 'will
r UJ. n

be inaccurately computed and ..re best ignored in the calculation of 

phases by anomalou- 'l! c : ersion techrd ue^ .

An Argarid diagram assuioing only f^ contributes to PJ is given in 

Figure 2.19. Thus, Fn has & phace of either 90°or 270°.
it

Several methods have been suggepted for use of neasurod ^ijvoet 

diff entice to improve or caicuxa.e the phases . Okaya and Pepinsky 

rocoi^end the ooaputatiai of -he 'odd' Patterson function given by
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Fig. a.1? Argand diagram for anomalous scattering.



P'(r) * 1

where the Rura is taken over half the reciprocal-lattice points. The 

po (r) function ha? peaks of height f!f" - f"f» at r = r. - r.. There
J < .1 < — —! -\1

ie thu? no origin peak, but there is a centre of antisymnetry. However, 

coincidence of porae of the p(n-p) positive peaks with the equal number 

of negative peak? due to the p equivalent anomalou? scatterers of the n 

IF limits the usefulness of thir nethod. 

"'he ever, function riven by

har popitivo peak? at £ - r, - r and £ = £.--£.. A weighted sum of""* "~1. *"~j ~"J " "3.

the two functions could be used to compensate for the negative peak; of
"SO.

o 5"i
Raaachandran and Kaman's P -anomalous synthesis suffers fro;a the

rame limitation? as P\r) pynthesi*. It is antiEyiumetrical* liowover, 

the absolute configuration of the nolecule i retained oy both syntheses.

An alternative method pugf-ep j .ed by Raman and Ramachar»dra:i is oased 

on the work of Peerde;mn and Bijvoet. In the Argand diagr.ja in

r*.19 let the angle between the vectors ?' and F" be d . , hen 

= F2 - T2 = /tP'F" cos O

and F2 + 72 = 2P' 2 + 2FH "2

Whence cos 6 = /^«F« F
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Of thir expression, F" can be calculated from the kno\mposition 

of the heavy atom, cobalt in this case, an^ \ \ and |"|" are 

aeasured from the data collected. If the phase •>** 'he anomalous 

scattering atom ir o( , then

Thie exure?cion is applicable even when tic- anomalous scatterers 

are no 4 , in a centros\r:.;aetric array. However, due t.-> th anblmitv of 

determining Q from cosfc , tr-ere is still an ambiguity in determining 

the phase ^ ' .

Thir ambiguity can be r:solved in revera other than by 

UF.ing isomorphous replacer/ie.at which -.n^ [_Co(Ql-OcijBPh, ir not 

porsible. The most commonly used of thet c .^thods is to take the 

phase closest to the heavy atom phase,

The author decided to try two -netnoar lor using, ^iiv -^atur^d 

Bijvoet differences. They were the wei rl of the r (r) tad P (r) 

function?, and th- Bijvoet-Hamachandran-Ramai. method. Unfortunately, 

time limitations have riade i osrible to sprite the necesBery computer 

prograsra»B to investigate the first metnod,

Although Bijvoet d'ffere icep always occur betwee reflection? 

F*" - and??.,., Bijvoet differences cannot always be observed between 

reflections in adjacent quadra::18. It can be seen from the Argtmd 

diagram that the sign of the hase of the two reflectionr must be 

different. In £2,n]3, this means that to observe r ijvoet difference, 

reflections with a change of sign of tho & index imirt be conp-red.
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Thus, if the Yfeis*6i.berg technique is ufed in collecting data, the b, 

or c. a. oc "lust be rotation axes so that the reflections with a 

Bijvoet difference can fidl ia adjacent quadrants. ' -h^t-l of about 

5000 independent reflects is were collected of which 2100 were 

Bijvoet pairs measured from adjacent quadrant? from the ]> axis.

These reflections were put on a absolute scale, and the overall 

isotropic vibrational parameter determined fror J "'-on plot was 

used in the subrequent analysis: .

For the ?ijvoet-Ramachandra..i-Ranan method the valuer, of ? w were 

calculated by tho structure factor calculation programme written by 

J. . .-:ollett, which had bee;, modified by "--. -T . . • "odder. There 

values were then uned to calculate 'cos ' a& described above, /.'here 

(coi^l -r ^eater than one, 0 taken ar 0 or 180 . ''.'he phase,°C 

was thea deduced taking the phase closest to the cob all. atom phase. A 

three-dimensional ?our_er s./nti.^ i.s was thei computed u.-. i. ._, Lheso 

phases.

The electron density map showed the phosphorus and chlorine atonu? 

clearly, allovdng their location with considerable accuracy compared 

with the positions derived from the Patterson furiesio ither Fourier 

syntiieses. Also all the li r bt ato1-* -->f tV- c*v 41 on were easily 

identified, peaks f over two electrons and often of the expected height 

occurring within all of the carbon atom positionr. finally determined.

The success of the "ijvoet-Raraachaiidra-i-Raman method car. be best 

analysed in tho light of kn-jfcicu^e of the final etructurc-; deduced.
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Although this is best analyeecL statistically, a small randomly chosen 

group of reflection* will be used to exemplify the points made. A 

tao-U is inclu-.yu. iu .i^ure ^._ . giving the information relevant to 

the discup* ' ^^ f*^^ t>ose

The first c..lu a gives the cobalt atom phare, which of course is 

always 0 or 180 . The final column giver, the phase given by the 

final structure, ^he average phase difference *«.,:- b>.out 45°. The 

phases derived fron an.onu.lou 2 dispersion are give ';-e t.Mrd 

coluni. The average difference between there phases and the final 

calculated onesms 2J> . These value?5 are close to tho?e for complete 

set of data.

In the sample set, raking the phase closest t • fo<- v-*»~.v • « 4 ^n 

ph -r. resolved the ambituitv correctly in every case. o: t probably a 

weight Lag scheme would not have t icantly improved ',• e electron 

density r.ap . , :oL^hting scheme that has bee ~>y ^ipecomb 

ir to weight each reflection by cos(^ f - o^ , -ere *C ' 1" :v-- r ^h"? 

derived from th« anoraalour ft* . rvnfirsion method am, (X -G heavy atom

phase. -hen the heavy ate -rm a ceutrosyrarae'ric array neans 

that thore reflections where o^ ' is close to 90 or where A is el-ve to

zero will b© weighted dowr. In Lhc -o^i-i-..^- yyn thesis . This will Fo 

to reduce the contribution of jurt tho:- e reflection?? which are important 

in breaking tho nseudo-symntry. The weighting function will -ive zero 

weight to a structure factor which has a phase of 3CP given correctly by 

anomalous di&persion. It appears that the Lipscorao
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Fift.2.20 I-hases (in degrees) at different stages in the 

structure analysis of (Go(OP)Cl)BFh. for 

a random sample of reflections

Indices of 
reflection

b c a

1 1 4

1 8 19

? 2 7

2 15 9

335

3 10 4

4 4 6

^ 13 9

5 6 10

6 0 10

6 9 5

7 1 4
857

966

10 3 1

13 1 13

13 1 3

Phase basee 
c

Cobalt

0

0

0

-180

-180

-180

-180

-180

0

-180

180

0

0

0

-180

180

0

I on position 
>f

Cobalt and 
5 lir^andatoi;

0

6

23

179

-120

123

179

175

-10

-169

175

19
-5

^5

-176

-^6

-60

Phase from

anomalous 
dispersion

-63

36

-69

165 .

-133

-180

138

-H8

-52

-1^7

162

-V7

-45

-7

172

17A-

-20

Phase at 

K=0 .111.

-70

40

-3

-167

-110

-179

69

-127

-79

-146

132

-64

-23

19

180

180

-41
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certainly unsuitable in the present ca?e, and coulu. be improve-! by 

choosing a scheme which weighted up the reflections where 6 is 

close to zero.

'"he fornula i .^. t . io.,.i x.ju.- .•• catterin^?, relating, tfae >ijvoet 

difference, & , to F" can be re-expresred whc; the anonalour 

ecattererp- are controsynmetrio. Thus:-

A = 4F"F« cos $ = yTB 1 

The 3ijvoet difi'ero:".ce uu£.:^DiguouEly deteraincs 3 f but there is an

ambiguity in the sign of _A,
"5 2 

Thus A « ^ JF - B

This emphasises the real probles ~ to determine the sign of A.

Lipscomb has suggested sosio methods of determining this which will 

now be examined critically.

The first of these is to calculate an approximation to J. frora 

other part 4:? of the structurt;. In the analysis above the information 

about the positions of the phosphorus and chlorine atoms is ;-ot used. 

The sign of Ji derived from these positions or po? ribly the actual 

value of A could b© used to combine with J^ derived from the Bijvoet 

difference. Because of the incorrectly determined ligand atom 

positions, this method was not used. A retrospective analysis 

(Figure 2.20) shows that the values of J\__ determined by this method 

would have significantly decreased the usefulness of the synthesis in

this case.

A more useful suggertion would seem to be to transform the psmudo-
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syaiioetriCc.1 electron density map phased on the heavy atom, or, better, 

to assume atoms are at the position? of resolved peaks on this centro- 

symmetrical map, and transform this. A good approximation to _A_ should 

be giver* Unfortunately the Sim £ value for £co( f ;P)ClJBPh ;.s so small 

that the map does not heve clearly resolved peaks. The difficulty of 

transforming the electron density map in prohibitive in thir case.

Despite the lack of use of the?e methods in the present case for 

improving the structure factor calculation, the discusrion of them has 

lead to certain suggestions concerning their use. It seems inconsistent 

of Lipscomb to recommend the use of /Aj calculated by one method and JJ3.J 

by another. The anomalous scattering method determines J3__uniquely but A 

ambiguously, while the reverse i* true for the method of transforming 

the pseudo-symmetric Fourier function. Lipscomb shows it worthwhile to 

include A from the transform method in the structure determination of 

Leurocristine. This means simply that the sign of A^ is more accurately 

determined from the transform than from the heavy atom phase or that JA ) 

is closer to the correct value than the JAj determined from anomalous 

dispersion. If the first is the case, one should surely use J_ and J_A/ 

from anomalous dispersion with the sign of_A from the Fourier transform. 

If the second instance is true, one should use IB [ and j^ from the Fourier 

transform, and the sign of ji from anomalous dispersion study* If one is 

unsure of the relevant course a mean IjlJ and ^3_| could be used along 

with signs determined by the relevant method. In the crystal structure 

determination of Leurocristine it would probably have been better to
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determine the phase from |B| and |A| calculated from the Fourier 

transform of the heavy atom phased p8eudo-8y,i>metrical electron density 

map*

The po'.rer of the Raman-Ramachandran technique has been clearly 

demonstrated. The fact that it produced results after the difficult 

analysis of the non-anomalous Fourier syntheses are the fault of the 

author. An enthusiasm to see chemical results combined with a 

scepticism of bis ability to measure Bijvoet differences accurately 

enough to make the anomalous dispersion technique successful resulted 

in insufficient emphasis ii preparing the anomalous? data and requisite 

computer programmes at the initial stages of the analysis.



The use of the ta; gent formula for the refinement of phases 

Let the quasi-normalised structure factor be defined

exp(2l\it.rj

-t = 1

j X 
1

f - , 
f .f ., exp{ 2lTi k.r. ^ (h -

J J L

If the average is taken over ail values of k, then the second 

terra, the double average becomes zero and

If the structure contains equal atoms

\ - k)/k

The normalised structure factor is given by

f\ n

s I?r» /??"«> where £ is the symmetry number. 

The normalised {structure factors are, of course, equal to the ^z 1 used in
A

intensity statistics (see Chapter 2, page

This expression may be written in an alternative form which is useful
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in application.

Also from (1)

Thus

This formula may be used to refine phases which are i; accurately
5l|S«

determined.

The tangent formula has been little usei until recently. Its main 

application has been to the refinement of phases derived by the symbolic 

addition method of Karle and Karle. /vs the symbolic addition method 

depends on probability relationships, or more fundamentally on inequalities 

which impose no restriction on the phase of #•> when the crystal is very 

complex, the tangent formula has jeen used with structures with only a 

small number of atoms per unit cell. However, G. A. Mair has 

investigated the use of the tangent formula in protein crystallography, 

with the intention of using it to remove the ambiguity in the phaf'e 

determination by isoraorphous Lubstitutiou.

The use of the tangent formula in protein crystallography lead the 

author to investigate its use with rCo(QP)Clj3Ph, at the stage when the 

cobalt and ligand atoms had been determined from the Patterson function . 

Although the pseudo-eynnetry had been partially destroyed, the phases 

were still close to 0° and 180° and the electron density map computed
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using these phase* was very difficult to interpret. As an analysis of 

a noa-centrosymmetric light aton structure studied in Professor Hodgkin's 

group rnlso required the u*e of tangent formula refinement, the author 

decided to write a general programme in G203 autocode with KD/9 usercode, 

in the time consuming parts . A programme- to calculate normalised 

structure factor* wae also written in C203 autocode. The general 

strategy of these programmes along with a detailed flow diagram is 

included in .Appendix VI, page *15

Phases were calculated from the cobalt and inaccurate phosphorus 

positions:, and j2 values computed from the observed intensities. The 

tangent foroula was then used to refine these phases. Two cycler of 

refinr-so-it were carried out for 2 values above 1.3 and 1.3 respectively. 

The criteria for accepting a calculated phase are discussed fully in the 

Appendix.

Unfortunately, this work was not useful in improving the phases, at 

this stage of the analysis. However, the method could be considerably 

improved. All the phases are determined inaccurately in this case, 

Nevertheless, structure factors can be calculated from the inaccurate 

heavy atom positions. Where tho calculated structure factor is small 

compared with the observed structure factor magnitude, the phase is less 

likely to be correctly determined, and these phases could be weighted 

down in a similar way to that uped in normal weighted F:>urier syntheses. 

A retrospective analysis shows that of about 25'- of the reflections which

had ? S 2F 30 had phase errors of over 100° and 60"' had phase errors 
* o r c

over 50°. This means that of the 12' of reflections with phases with
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errors greater than 100 , about 70 ' would be removed by eliminating

the reflections where F ^> 2F . This would lead to a considerableo / o
improvement in effectiveness of the tangent formula (and, of course, 

Fourier ia

Furthermore, it would be interesting to examine the effectiveness 

of this raothod. at other stages in the X-ray analysis, Ihis work could 

profitably be carried out now that the requisite computer programmes 

are available.
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Least squares, refinement of pot iti anal and isotropic vibrational 

parameters

The method of least squares *&:• ur-ed to refine positional arid 

Isotropic vibratioi^al parameter? in all the crystal structure 

determinations reported here. The computations svere made using 

J. S. Rollett's structure factor and least squares programme.

The weighted observational equations written r^ linear equations 

for the correction of parameters are of the forn:-

c)Llv.(h)l A! •**' r> * r~ \\ • . i 1 i u D ,= is. KO^>| - u 1 cx h ;|
J L K J

I lit weights: were used initially, sad only when all the scattering 

matter had been included in the structure factor calculation were 

weights dependent on the size of IF (h)|uced. The relative weights nere 

then calculated from the equation

1=1 +
£

where £. and ^ are parameters chosen to remove the dependence of «r<

on I F |. To facilities were available for the application of individual 
I o\

weights inversely proportional to the variance. Reflections measured 

at less than the minium on the scale used for measuring the intensities 

were omitted from there calculations.

If the observational equations are written in matrix notation:-

2. = b 

The normal equations are then:-
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T / T
A A « Ab

The standard deviations were obtained in the usual way from the

T diagonal elements of the matrix ^7, which is the invert of A A.

Due, to the large number of positional and isotropic vibrational 

parameters of the four structures, full matrix least squares was not 

often possible. In all cases, the four parameters refined for jach of 

the heavy atoms in the initial stages of the structure determination 

were refined using a full matrix. In the initial stages of the structure 

determination, tho full matrix refinement has the bett chance of

succeeding, :i the intermediate stages of refinement when more

T parameters are introduced, some of the off-diagonal elements of A A.

were omitted, but inli.e final stages a; many as possible were included in 

order- th,-,t the standard deviations should be meaningful.

Very little has been written about tho relative efficacy of full 

matrix and block-diagonal lethods1 of refinement and the effects? of 

ignoring var-.Ais off-diagonal elements. However, thred point? ore clear. 

1} The vibrational parameters and the overall scale factor are stron&ly 

correlated. They were aiw^yr Included in the same matrix.

2) Positional parameter* x., £. and z. of the itfc atom must be 

included in the same matrix If the axes 3t, ^ «. .d j& are not orthogonal,

3) If the structure is non-centrosymmetric out contains a centro- 

Byrumetrio group of atoms, there may be "inverse overlap" betweeu the

atoms related by the pseudo-centre of symmetry. Off-diagonal elements

T 
of the matrix A A such as
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£I w. *-,

may be large if atoms 1 and 2 are related in this way. Srinivasen 

has shown that the block-diagonal approximation breaks down in this

situation, but Maslen has shown that the full matrix procedure is not
6> 

satisfactory either. He points out the oftly advantage of ur.ing the

full matrix is that it gives an indication of the presence of inverse 

overlap by showing a large standard deviation for th, parameters 

concerned,

This problem teemed relevant in the refinement of [Co(C..:?)Cl]B?h, 

parameters . The positions initially chosen for the apical phosphorus 

;, d the chlorine atom were within 0.3A of bei:i£ related by the psaudo- 

syiaifl^try of ^§nb_. .-Is a result the parameters of there ..torar- were 

always included iu th. same matrix. However, no large standard 

deviation? resulting fro:: "inverse overlap" were obrerveo..

The intermediate staler 01 u;u Ktructure refiuuu.tnt of 

(?A£)A€-Co',CO), and jjJd(TPAS)Cl]ciO .C^, only off-diagonr-J elenentB 

between heavy ato:^s i^id between carbon atoms in the saiae phe.iyl ring

were included. The crystal structure of fll^e^l,10-phen|ClO. involved*•• & j if

fewer parameter? so th^t all positional parameter;:: wore ir.ciuu.ed in one 

matrix for the refinene.-t at all ftaget.

However, the cryrtal : tructure of [Co( > ; )Clj3Ph presented a more 

difficult problem. Three positional parameter? and one vibrational 

parameter for e&oh of the eighty fiva atoms plus one overall parameter 

gives a total of 34i parameters to b© rofincd* ^ctually :>ne -jf the x^
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parameters in P2.nb must be fixed because the choice of origin in this 

direction is arbitrary. Therefore the x co-ordinate of cobalt was 

fixed at 0.25 to avoid a singularity. The 340 parameters were then 

refined in two consecutive cycler of least squares, ^e programme 

was limited to 181 parameters in one cycle. In each cycle the cobalt 

was included. Eight submatriccr. were used in each case. In the. firrt 

cycle, the positional parameters for the heavy atoms and each of six 

phenyl rings were refined in separate submatrices. In the s ,oond cycle, 

the positional parameter1: for the remaining sever, phenyl rings were 

refined in separate matricer one of which contained the cobalt and boron 

positional parameters . The jve rail parameter and tht isotropic 

vibrational parameters were included in a further submatri: in both 

cycle*•

The refinement of the heavy atoms without including the..- light atoms 

in the throe controsyometrie structures ^re.itly improved their accuracy. 

Trial least squares refinement of the heavy atom parameters in the cobrIt 

complex when only a small amount of the scattering matter hc;d been 

included can alro be seen retrospectively to have been useful.

Also the use of least-squares to refine an arbitrarily chosen scale 

initially for the ceritrosymmetric structures war in evory oare very 

successful owing to the large proportion of the scattering power due to

the heavy atoms.

The heavy atom parameters were refined between each Fourier 

synthesis used in the location of further light atoms.

Whe • all the light atoms had been located, their positional and



isotropio vibrational parameters were refined in the way described 

above using unit weights for two or three cycles and then further 

cycles of refinement with the weighting scheme above were made. 

Convergence occurred at residuals of between 0*06 and 0,10*

A final difference map was computed. No peaks greater than one 

electron were apparent in any case. The anisotropio vibration did. 

not Been to be great in any of the crystal structures. Also the 

presence of heavy atoms made the identification of hydrogen atoms 

from the difference map impossible for a sceptic. Ao the geometry of 

the phenyl rings was not important in the chemical discuseion of the 

complexes, no attempt was naae to compute the hydrogen atom positions 

from the known geometry of the phenyl rings.

details of the refinements are included in the Appendices.
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Calculation of "bond lengths, angles and their standard deviations

Bond lengths and angles were calculated using the programme 

written by Dr. J. S. Rollett.

Calculations were made after positional pamsetsrs had been 

derived from Fourier syntheses, and also after every two or three 

cycles of least squares. These bond lengths and angles were then 

used in conjunction with information from the electron density map 

and the least square* shifts and standard deviations to improve the 

positional parameters.

The standard deviations of bond lengths and angles were
^ & calculated using the formulae due to Cruickshank ana Darlow

respectively.

All values of bond lengths, angles and their stand^d deviations 

are given in the Apendioes on Pages

The bond lengths of the pcrchlorate group of £?d(TPA5)Cl]ciO .C.K, 

were exceptionally short. They were 1.4^(5), 1.42(5), 1.36(6) and 

1.38(5)51. The values arc consistently shorter than 1.4^, the 'correct 1 

length, although taken individually their standard deviations in 

parentheses indicate that they are only different from the correct 

value to about a 5^ level of eignificance.

This error is probably due to thermal vibration. It is impossible 

to make a rigorously appropriate corrections without a knowledge of 

their Joint distribution, but in this case, we can make a useful 

estimate from a sin^lified model of the vibrating system. ?he rnean
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separation can be calculated by the method of Busing- levy assuming 

a riding model, i.e., the vector separation of the chlorine ;ind the 

oxygen atoms is independent of the position of the chlorine atom.

As anisotropic refinement programmes were not available, only 

is o tropic vibrationai parameters wert, used:-
«"• 9 r\ 3
u a 0.147 X for the chlorine atom
~~ 2 02u = 0.187 A*~ for the ae-^n value for thu oxygen atoms.

bond length, '" , calculated from an electron density map ie 

an underestimation of the -x*. a interatomic separation of the atoms. S, 

given by:-

1 " S « ^' - So o o 
* 0.04 / *> .395 2

= 0.028? 

if the mean observed bond length is used.

This correction raur t be an underestimate as an anisotropic 

vibrational study would "how t! at vibration \.'\ -l-lreotions perpendicular 

to the chlorine to oxygon bond it greater than the averaged iftotropic 

vibration calculated by the least squares refinement method.

Thus the short chlorine to oxygen bond lengths have no chemical 

significance •
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CHAPTER

i HSPULSIOilS

The Crystal and Molecular Structure of (TTAS)A^-Co(GO)

The cryrtal and molecular structure of (TTAS)Ag-Co(CO). was
4

determined in order to give information oa the importance of 

valency-shell electron-pair repulsions in determining the stereo­ 

chemistry of pentaco-ordinatioa (Section 1(a), page o )•

The crystal data, the atomic positional a-ud iso tropic 

vibrationai paranatara, and the bond lea^ths with their estimated 

standard deviations are given in Appaadix I (page I59 )• The ji value 

is 0.102.

The molecular geon»try is shown in figure 3»1 and 3«^» projected 

onto ( / O O) and ( o o I) respectively.

The mort interesting features of the mo^tcuiar structure are the 

following. The cobalt is pentaco-ordinated in the foria of a distorted 

trigonal bipyramid with a cobalt-silver bond of 2.66( )A in tiie axial 

position, and the equatorial codalt-o;.rbon bonds are bent towards the 

silver atom. The silver atom has a distorted tetrahedral stereo- 

ohendstry, co-ordinated to the ligand, IDAS, as well as the cobalt atom,

The stereochendstry of the cobalt utora is very similar to that in 

trlphenylphoephorauia gold-cobalt tetracarbonyl, Figure 3-3> the crystal 

end molecular etructure of which has been determinea by the author
\lL

previously* This also has a distorted trigonal bipyrasiidal stereo-
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Figures 3»1

The v^oiecuiar Structure of Ti'

The I'ole cu lar r^truetur« f Ph_PAu-Co >;.:



Figure 3.1



Figure 3.2



Au

Co

r »

O

Figire 3.3
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chemistry of the cobalt atoa with a cobalt-gold bond of length 

2.50A in the axial position and the equatorial carbonyl groups bant 

towards the gold atom*

The storeocheiaioal features of the^e molecules are shown 

diagrams tic ally in Figure 3.5\

Before the discussion of the stereochemistry of the cobalt 

atom in these molecules, it is convenient to consider the co-ordination 

at the silver ana gola atoms• 

The stereochemistry of the rliver and gold atoms

The bond lengths and angles of the rtereochemietry of the silver 

atom are shown la Figure 3»4.

•*/'

*>tfc
*

The ligand, TTAS, sp.ans As(l) and ;^(2), and A(2) and A(3). The 

angles .,s(1 )-Ag-Am(2) and As(2)-Ag-As(3) are about 80°, and these 

angles are determined by the bridging span of the ligand, TTAS. The
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angles, of course, are considerably less than those of an ideal 

tetrahedron.

The stereochemistry of the silver atom can then be further 

explained by assuming that these eteric requirements of the TTAS ligand 

cause a strain . The resultant forces attempt to bring the angles 

^Co-Ag-AsO), ̂ Co-Ag-As(2) and ̂ Co-Ag-As(3) closer to 108°. A.s(2) is 

joined to As(3) and A(l) by briding phenyl groups while As(l ) and As(3) 

are only joined to one other arsenic atom by a bridging phenyl group. 

The resultant equilibrium attained leads to a large Co-Ag-As(:<0 angle, 

and an Ag-As(2) bong length which is greater tha.> both Ag-As(l ) and

Ag-As(3)» A similar geometry is found in the stereochemistry of the
T

copper atom in (TTAS)Cu-iv;n(CO>>.

In triphenylpho ̂ phine gold-cobalt the gold is two co-ordinate. 

The Co-Au-P angle is 1?8°, and the Au-P bond is 2.23A* in length. This 

is shorter than the sura of the covalent radii of gold and phosphorus,

which IF about 1.42A, but ir. longer than the goll to phosphorus bond in
o *»**

Cl_P-Au-Cl (P-Au length is 2.19^). The short P-Au bond lengths are

probably indicative of synergic interaction, involving a TT- donor bond 

to enrptv d accentor orbitals on the phosphorus atom. This back-
r . .^y

bonding is increased by the electronegative chlorine atoms in Cl 7P-Au-Cl 

and so the P-Au bond in this complex would be expected to be shorter

than that in Ph,P-Au-Co(CO). .j L'r
The stereochemistry of the cobalt atom

Before considering the repulsions between bonding electrons in the 

different orbitals in these complexes it is first necessary to consider
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the type of bond, and thus the electron density in the cobalt to 

carbon and metal to metal bonds. For this it is necessary to 

conaidor the oovalent radii of these atoms.

The use of covalent radii is always open to criticise; this 

instance is certain y no exception. The oxidation states of gold, 

silver and cobalt may be considered to be 0 or alternatively -I and I 

for the noble utetals and cobalt respective "y. la these low oricUition 

state? most metai-ligaad bonds involve some multiple bonding, and so 

covalent radii are often derived by extrapolation of a series of 

covale.it rad.,.: rounu. in hi/ her oxidation states. Alternatively the 

covalent radii may be derive a from mct^.l to the :i.;.c etal bond 

dirtancei if these are available. Here u-^ain the bond lengths are 

affected by factors such ar double bonding or a lengthening of the 

bond by non-bonding electron repulsions* Finally the covalent radius- 

varies with the co-ordination auznber. Thus cov^lent radii roust be 

derivec by ar many methods ar possible, their individual accuracy 

assessed and the results of the different methods coiapared. Prom those 

an estimate of the covalent radiue may be derived alon£ with the 

accuracy expected for thir, value.

Pew complexes are available from which a tv.-o co-ordlnn,te covalent 

gold radius for Ph_PAu-Co(CO;, can be derived. ?he gold to gold 

distance in the retal is 2.^8?. The co-ordination for the gold is 

twelve, and thur> thj covalent radiut for the two co-ordinate ^\u(0) 

should be smaller th,u -\.i^. 'r'^'" u(l )-P distance' vary from 2.1>?
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9in Cl^PAuCl to 2.34-X in a gold-manganese bonded complex. This is

indicative of some double bonding in there complexes which varies

with the acceptor properties of the phosphorus d orbitals. Gold
&

chlorine distances i;, the AuCl ion and Cl PAuCl are in close agreement,

however, at 2.31 and 2.33?i respectively* Allowing a covalent radius 

for chlorine of 1.OA, this gives a covalent radius for Au(1) as 

1.32*0.02%.

Cobalt is five co-ordinate in the complex studied. In the metal 

it is twelve co-ordinate and gives a covalent radius of 1.25A which 

will be too large. Accurate three-dimensional crystal structure

determinations have been made for several complexes containing Co-Co
47-70

bonds, which vary in length from 2.45A to 2.52A, and therefore the 

covalent radius may be taken as 1.24- Q.02A* for Co(0).

Thus a simple covalent bond between Au(l) and Co(o) would be 

2.56A*- G.Q4A*. The observed bond length is 2.5(£o.02A between, say 

Au(0) and Co(o) which may have been expected to be longer than 2.56A. 

The bor.d is thus a predominantly single oovalent bond, with some 

shortening maybe due to electronegativity differences, or possible to 

a very small amount of double bonding.

The covalent radius for silver should, as a result of the lanthanide 

contraction be the same a? that of gold. However, in (TTAS)AgCo(CO) 

the silver is four co-ordinate;the radius should be larger. This 

adequately accounts for the greater length of the silver to cobalt 

bond of 2.6?A, which is therefore also a single covalent bond.
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Cobalt-carbon bond lengths in the two molecules are as follows:-

(TTAS)Ae-CO(CO), Ph-P-Au-Co(CO),
*• j 4

Co-C(4)
Co-C(5)

Co-C(6)

Co-C(7)

1.71 2
1.77

1.64

1.78

1.71 X
1.76

1.62

1.83

The standaru deviations of the bond lengths inoicate that these 

bonds are not different at 0.1% level of significance. The mean value 

is 1.73.^>. however, the sura of the cov^-eat raaii for cobalt and 

car • ••! single bends is 2.01A (1.24A + Q.77&). Therefore, ther.e bonds 

must involve considerable multiple bonding.

To sucuaarise, the valoncy-shell of the cobalt atoms in the complexes,

;, ana i -h.; ~AU-^O^^O;, , contain rour multiple! bonus to 

the carbonyl carbon atoms, and a single bond to the silver and gold 

atoms respectively.

The stereoche-nistry observed in the two complexes is shown in

C/onsider the following argument concerning valency-shell electron* 

pair repulsions.

The discus sun above has indicated that the Co-C bonds are 

Hultipie bonded. If this is so the bonds will be very bulky compared 

with single covaleirt bona;; f ana repulsion terns between the electrons 

in the bonds of the cobalt valency-shell vn* "p become important in 

determining the stereochemistry. As a result the trigonal blpyramid will



0
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be the strongly favoured geometry. The observed geometry is 

distorted trigonal bipyranldal.

Secondly, it w,- * indicated in Section l(a^ that repulsion 

experienced by an electron-pair in an axial bond of a trigonal bipyi- 

•rrldal stereochemistry is greater than that experienced by an equatorial 

electron pair. It is thus likely that the most bulky bonds will occupy 

equatorial positions in the trigonal bipyramidal geometry. Thus, 

carbonyl groups should occupy the equatorial positions. In both 

(TT o)A/r-Co(CO). and Ph,P-AuCo(CQ). , the metei-metal bond occupies an
M- J M

axial position. This argument parallels Jllie* ;ie's arguments explain-
* 

ing the occurrence of the inert pair anl double bond of r "? and SI-' 0
«!•

re?-ectiveiy in the equatorial positions of the tri.fon.al bipyra.aidal 

geometries•

oc

However, the trigonal bijyramidal model ha& a bulky Go-C bond 

in one axial position, in order to decrease the aestaoi.liz.irig influence 

of the consequent repulsions, a better model woula be a distorted, 

trigonal bip/raciid with the angle between the axial metal-metal bond 

and equatorial bonds less than >0 , so that the repulsions between
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axial £- v u equatorial bonds are equilibrated. The observed ~eoraetry

of the distorted trigonal bipyraniidal Etereochemictries is such that

the au^xes between t/;,e axial and equatorial Co-« bonds are , 102

and 108° in (TTAr U f-.n 0 'fn) __ 100°, 1^° >•:•••. '03° in ^ ,. u-"o(CO),.
**• J? *t-

A similar bonding of carbonyl groups toward:. letal-matal bond
7l ^>3 *?x 33 

ir observed in Mn^CCO)^, (T7A3)Cu-Mn(CO) f Ph 7P-Au-Mh'-.":'' and Me rn Mn(CO). ,

and all other metiil-metal bonded carbonyls, There distortions could all 

T^- explained by valency-shell electron-pair repulsions, although pre­ 

viously packing requirements and n^n-bonding electron ro-ulrionr, have 

been used to explain their stereo-chemij?tries,

The explanation of these distortions fron idealised trigonal 

j^^-raiiidal an'.- octahedral geometrier in term; ^.j.cncy-shell electron- 

pair repulsions ir. conr-ir tent witl; the fact that ":>'• 3\<- t^'t-i ^n c ^.re 

greater for the trigonal bipyrftmidal than for the octahedral geometries. 

In the trigonal bipyraraidr, repulsion terror between the equatorial 

bonds which increase as there bonds move closer to the axial position 

will be lers important, lie distortion ca-i ^'- /^reate:-.

Thus, an approximation to the observed cobalt st reochenistries 

in (TTA.S)Ag-Co(C.)), and Ph.P-Au-Co(CO), can be explained in terms- of 

valency-P.hell electron-pair repulsions.

Consider now the effect of the other three factors discussed in 

the introduction to this thesis:-

b) Crystal field stabilization energy effects

c) Steric requirements of the ligand

d) Packing requirements in the crystal.
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b) The ^-electron configuration of the cobalt in (TTAS)Ag-Co(CO),
k

and Ph-c^u-GoiCG;, can be described as d or d depending on whether 

the cobalt ie considered to be Co(0) or Co(l), The crystal field 

stabilization energy for these electron configurations would favour 

the square pyramidal geometry. The valency-shell electron-pair 

repulsion terras inu:-t dominate ia this in&tance,

o) The ligands are all uniaentate so that steric requirements of the 

ligana murt be restricted to repulsions between non-boad ,.ng electrons

Repulsions between the non-bonding electrons of the ligand 

i.u "'juld favour the trigonal bi^yratuiaal geometry. 'Jheso arj^umerit 

do not, however, offer <,,a explanation for the distortion of the

curbonyl gi^oups towurdf, the large gold atom in Ph-PAu-Co(CO) .

^Mternatively, consider the effect of the large repulsion between
10

the non-ooudir.^- electrons o: ihe ci electron configuration of the- 

gold ato.:;: with the non-bonding ^-electrons or the cobalt atom. These 

repulsion term? cannot oe decreased a£ in the ca, e of cobalt-car-bon 

non-bonding interactions by dclocalisation into acceptor orbitals 

on the ligand atom, i.e. by synergic interaction. A dictorteu trigonal 

bipyraaiid iaay, however, :ninimi?.e the non-bonding o-electron repulsions.

Let the metal-metal bond be in the £ direction. The largert repulsion 

terms would then be between the spherical d. 10 electron shell m the 

gold or silver atom and the d^^ and d orbitals on the cobalt ^tonu

If these orbitals a-o uixea witL a .tittle ^ i.aa ^ •ji-ja.i.u.is, tv»o a
A Y
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orbitals for each pair hybridised ./ill be given. i*or instance, the mixing 

of the £.^ and d orbital? can be di<-. ejro,&atically shown as:-

P

If a hybrid is formed with a little JL mixed with ; , rf orbital, this~~ 3CZ_ * i,

would give good overlap for -b^nd in the direction of an 

equatorial position bent towards the apex ~i" a distorted trigonal

bipyramidal ^-- ~ r*"*0 "*. ^ ligand ">r^^t^l . v e hybrid orbitnl d"~xz

with a little py could then be occupied by non-bonding electron?, which 

would havo the correct symmetry to overlap with an/ equatorial iigand 

acceptor orbit.?! tabilize the Etureocheziistry -y ^ synerjic

• 'p * -„ tl T-'-'V hybrid orbital occupied •'-^nd

electnr;F would then be mail iy pointing away from one apical position 

of the trivial bi^yramid.

Stated in a>iother way, we conciuae that & be aiding of the equatorial 

carbonj'l group r towards ihw u.^ ^ uui . .o.ver or _;oi^. at^m.- -\,^.j be indicative 

of a reh 'bridi^ -- f " "i of ^ Vi »" n*n-bor.dinr orbital? of the cobalt to decrease 

the de-tabilizinp influence of non-bonding electron repulsion* between 

the cobalt and nold or silver atomr .

A similar arguiacnt ha? been put forward by R. Mas on t •- lain the
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distortion iu .ungv^v,- • By an extension of the argument using non- 

orthogonali&eu orbitals he concludes that the rehybridisation leads 

to an optimum overlap of the metal orbitalc at a greater intermetallic 

distance than would otherwise be the cast;. This ho claims is the reason 

for the long ^in-^ji boua length in ^np'vUu)^ . i carallel arguments could 

be used to predict a lon^ metal-metal bondltngth in UepSnCil^CO)- ),„ and 

(TTAS)Cu-:in(CO), and alfo for trigonal bipyr&midal (TTAS)Ag---o(CO) an* 

Ph.PAu->Co(CG),• However, despite the fact the distortion from idealised 

geometry is often greater in these complexes, in no ease is the metal- 

metal bond longer than the sum of the fc~ u-nkaouu. oov^xent radii, *

Nevertheless, the Icr~c .iubi^us derivation of the interrelation 

of the non-bonding d-electroa repulsions and the distorted trigonal

bijjyramidal geometries of x,TT/u>)Ag-'Joilb UJ}, and i-h i Au-Co(CO) may still
4 5 I*

be consiu.«£i'ta aa aj.i»c;r:Ui'tive exp-i-atiat..*^- xui 1 the observeu L wuruociA^u—.r' iries, 

d) Interniolecular force: aruct ^iao be considered, >. acking requirements 

in the crystal structure aay be responsible for the distortion of the 

trigonal bi^yrairdaai geometry,

In x xrAi> JAg-wQ\,v/^/. , the shortse'u xntwriaolecular oa^tance is*f

3»2A becv,^t;-i the a^cial carbonyl oxygen of one molecule and. a methyl 

group of the iigand, TTAS, or a molecule related by a centre of 

symmetry. The apical carbonyl grou^ is bent away from this methyl 

group towards J(6; giving a / J-v 4;-^o-Ag angle of ibo .

There are no vury short intermolecui^ u.,. stances between thu 

equatorial carboayl oxygen atoms in the crystal structure of (TTA' ;^g-Go(CO 

However, the intramolecular distance betv<oen metliyl carbon C(31 ) ana oxygen
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is 3«7A« This is less than an interuiolecuiar distance between 

0(?/ aao. aay other atoms, i'he angle ' A&-Co-C(7; i& iaas than >0 . 

Unterrnolecuiar forc^- cannot be uo«u to exp-^.;.u w.^1 ^stortion,

Thus, although intormolecular forces are probably responsible for 

some distortions from trivial bipyramidal geometry, it seems unlikely 

that they give rise to the bending of the carbonyl groups towards the 

metal-rue tc^

To conclude, valency-shell eleetroa-ivair repulsions are probably 

responsible .he trigonal bipyraiaidal sturtiocheiaistry of (T'jJ;i£)Ag-Co(CO)

ana ;-n . ,^u-v j-^^j. . :.e i%art^...t. 01 «rua.ericy-£ncii eifcctron-p t.-ulr repul-

^i-.-ir ir cons if tent with the axial metal-metal b~ >^< , ..

of the Cc.rbonyl groups towitrdB this bona, iwehybriaisation of the

electron orbitalr of cobalt to decreaye the non-bonding electron repulsions

between the cobalt ana ^old or silver atoms rautit be considered an alter­

native explanati-'-i ^ jr the b ; ^^^ oi' ^^ ^ . j^j.tori.^1 boudr, . .....icr-

raolecuiai' forces do not appeal* to be the main ft^ctor in caurin*..; this 

distortion although they may bt» responsible for minor distortions of 

the carbonyl groups. Crystal i'ie-iu. stabilisation energy effects are 

u u o -jiAi^i'tiu ,vith vux
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CHAPT&t

WIELD STABILISATION E.fcHGY EFFECTS

Crystal and Molecular Structure

or /dTPASccro .c/.:,£4. C C

sr r-tructuro --f pdTr»Ar r t^lO J8gH, has been 

analysed in order to gain further Information on the iiaportance- of 

cryrt;,! fiold etablliratio-. eoargy in detcr^dniag the stereo-
*7t-

ch»mi»try of pentaoo— ordination,

The chemical information available about thir- ci'^-^r-.- h&ji been 

discussed in -lection 1»^*> page '^ a:.i6. cryst&llo&raphio data are

in .^ppetidix IT , j&g?> 'tG , '"he H value i» 0»oi;>, 

coiaplex uaiposmivo iou it rhov^a iu i'ifjui-e 3-6« The 

palladium h&a & squr-re pyramidal co-ordination wit.'.;, ihe chioj-ine atora 

in the basal ^la/it . -o ...f --x.'j.ur first the packing of this peataco- 

ordiaatc coaplax ion witli the perchlorate ion a/id the olathratsd 

benzene.

Fif-urc- 3.7 shows th; Rtructural relationship of tht iJt.ttaco- 

ordinate ion with the perohloratc ion, which is not di-ordere,i, ''"he 

closest oxygen of the perc.hiorate ion is at 3»S& froa the palladium 

atom, and the palladium to oxygen vector makes an angle of about 80 

with the basal plane of the square pyramid. The van der Waals radii
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Figure 3«6

The Structure of tha cation, [pdfTPAr.

Figure 3.?

The Struotur ...Ljnship of the

cation and the nerchl^rate anl m
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Figure 3.7
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of the oxygta and palladium &re 1 .40? and 1 ,28& respectively . The

guffi of these, 2«6c'>&, IE considerably less than the observed inter- 

atomic distance and ,th*retf ore , no delocalisatio i of charge between the 

eosplex ion and the per chlorate ia,i it, P;K;^IDXC. 'Lfee juxtaposition 

of the palladium and perch lorate oxygen in the crystal structure arises 

frott an electrostatic attraction which at the observed distance uaist be 

weak*

Figure 3»8 show? the pecking of the rruLoculcr in the unit cell 

projected do* a the £ axi&» Si* large positive loap are arranged in an 

at :proxiriLtely hexagonal array » leavinc a large hole in the ocatre* The 

hcxfi^o^iai hole is in fact a channel which i:aitu: dirou^h the crystal, in 

the direction oi* the £ axLT', arid a «et of chai'^ielr, fox' , a t;oacy comb- 

like a«i\icture« A*, the ,j er chlorate ions, which are held in thet-e 

chanr.o.lft in a ai^-aaf, piftverr , art s>aG"..l coas^artsd vdth the eha^^nel 

width » cavities still rcnuxia* The structure iiv atabilised by inclu&ion 

of be.iaene to fora a cluthrate co^Vlex. Kaeh benxono ie ooieplc-tely 

rurrounded by an array or positive tuid negative lone , ana there, are no 

•Jbnora.i7.l3' ri.;^:- 4- i:iteracleoular di^tanoea*

Tn two five co-ordinate co^lexes of second and third row
jC| 

transition eietalr ' the; pyraaddal co-ordination IP ma.de octahedral

by the clo»« approach of an hyaro^e,, in the sixth posivu-. - '.he

structure of a polymeric E \usre pyramidal palladium dinhn^>Mne -iiodide
'^ o

deterudned recently, n. nhenvl hyirogen is 2. A f-"3ai the palladium atoo.

^h the pocitioos of tht hydrogens in the present structure have
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he Crystal Structure of fi<!("', .\?.yi |r:i."> ,c,ll,
I- J Zf t> D
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not been detersained, the closest approach ponnible of a.-i hy 

atori to the palladia, a atons would be 5.5?, and ' " le 

betv/eo i the * d - , ,ot >r a-id the &ouare basal plane would bo 

about 43 • "?he hy&rogfris, therefore, nurt «« rell away fro® the

sixth position aal .'. >n can I .,: • i^idored as pentaoo-ordiaate,

7hup« It is ole.-ir that there IF. no delocalisation of ciiftrge 

bctwee ; the cation a..d eitlier the perch lorate iou or the ciathrated 

beuiene* Confi^u.. au,v the co- ordination of tiiu- ^iJ-iadiuiu Li iLe 

oatior> v.-hich ^v not that of a regular square ,);;r^'n'!c? :/ ?isure 3.6, 

page '^ )» ll« paliuiiuQ-eraunic boads in the btxol plants are

different in Lsa^th, w>d the epical bo id le alr.i

,ai t*'i;.> laits > ai'uhou^ tiie atorj?

the b&fal plane are alraoat coplartsa* r-ith the ;:.-ill^diun £.to:n. 

epical b ad makes PJI a.ntde of about 1 v»ith thir plane.

The steric requirements of the ligand awut be considcrol 

relation to t r :- preferred geometry. ?ht ligand, TsbZ, ir- quite 

flexible* Provi-/ur work* on t'nt: crystal ' >f oot^lexof 

with polyde.itixte arsenic liganda with phenyl bridgi:.£; group ;• hac 

shoim that although the birld^in^ span (the distance between, two

j^ttaohed to the »asie phenyl group) isust be clore to .3^>

the co-ordination round the ar*enic atoms, is very ^ - "iblo. 'n 

instance, la Ku(QA^03r , the angles at the arsenic atonw ?«rere

si f :nifieantly different froa the regular tetrahedrai o
° °

-

were to Tary fJroa 94 to 150. If slndl^r distort are
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allowable, the ligand, TPAS, could cc-ordin&'U in cither a square 

pyramid 1 geometry or a trigonal bi^yrtnldal florae try provi -^ 

that in the latter it is not required to span two equatorial 

positions*.

In fact the c vtrerae length of the palladium to apical arsenic 

bond in the, observed structure caui-ct this arsenic to hrve A very 

distorted CD-ordination similar to that in Thi'^AS >'^r,,. 7hn apical atom 

i$ pulled to one side by the r#rt of thfc ligand so that the 

As(i) - A*(2) find M(2) - A»(3) bridg5.ng dirtanceB ere both 3.3? as 

ro'rji---j>d« Tho Pd - *x(2; vector then jaaire? t-.'i &(&.& •? r< J ' •..-.. . , 

•V--.-3.1 nlane. r'h® n&ar. distortion froa tha regular 

is 1$ at this epical ar&enic ?>to».

b&ral plane of the square pyramid, bowever, is not

distorted. The p^,l.ui. .iua., ohiarine ,^-.0. t.;..; .,.-u-aic ci^:.) ., (. within 

0.()€?. of the he-* Tos-rt square* piano -V •.T»I»- V t....... ^1 unlike

th co-ordination of n/ny sou?<r« pyraaioal aoapleixf ?»hQre thu aetal
t 

atom lies above the b&ral plane • A distortion of the geometry so

thct ~^"\ pftlladiu 1 .- ato"! wat above tho plan** of th« four Jiga-ui atom* 

would deer- - ".eotro, -pair repttlftlon; - 4 f,he cxpeace of tho oryrtal 

field atabllinrtion energy. It appears that in thir osr-e electron- 

pair repulsions are !«*?» impoptait, and cryrtal field stabilisation 

energy more in^ortar.t in detcrraining ^ie stereocheaiotry. Moreover, 

crystal field ftabilia^tioi er^r^ ia £pr«frter for t square pyramidal 

geoaetrj observed here tK&a for the trirons,! bip}"TF_'ilrl geometry



(ftttion 1.b, page $ ). It 1» most probably this fr,ct-?r .Mch 

predomin tes in thi« case, and is responsible for the square

pyramidal geoaetry.

In contrast, the e^naro ^yrrrdcal aooplex, triphosphine
«<*

palladium dibroHiuo , ^fe- ". ; .c 4ii '., vhine is /-phoayl iso-

phosphindoline, ha? the broodae in the banal plaie distorted by 10° 

from tho b««t Loa««t A^aron r'larw through tha pho--j; .-ruts ar.i 

pa.i adiuM ::.to;:•.-. ""•.'_• iae,y x*erult from rterin rernilplane 5ue to th« 

uisc of the bromias atoa catnparcd with the chlori-io .-.t^-- ? - 

i]\ Also rpectral arork on [i d( . )l]" indicates thc.t
SLO

the iodine is in the axial position • An iodide rto* in the apical 

position whert th« bond ?h>3uld cortuialy be longer would be lee-f 

Eubjeet t-o ctsric rfapulsione than an. iodine ato.\: in the basal plane* 

The great l&a^h (.?»86l\) ^f ths -,pie«l itrseaio to palladium

bond is siadLlor to tie -i.- observed li other squai-o pyramidal complexes
i«,«7 8

of tra:isition ^etal^ i.i thla part of the poriodie t»ble . "he jd

electron confi c>urc;i^',;.i ii a strong field wif ' •• X #Q •lectrjr.s in 

the d orbit-- 1 . *h?ch I* directed toworda the apleal bond, but the

d o orbital in the basal plaae will be \inoccupiad. A/J txtc-:r.lon of-x^y :'

the apical "bond roaultr ia a stabilisation due to the consequent

decrease of repulsion between th« valence electr ', i.-i T^ii^ bond
8 $ with the prolate core of & electrons.

.Alternatively, th& IQ&& bond may be considered in terms of 

stabilisation ia a cspare pyraiaidal crystal field* The energy



i bh* v* orbital* have been given la be*tion 1 ,b, pag* *? . "Ley are

,

'/21 V

Let K be considered a constant in this ftnalyfils* The bar&l i?lfine 

dipola* are coafildered e^ftial (with value/* ) while the axial .'••'

may have a dlflorent dipoieH * The fact that By*? vaaiiS o.ily/ * — *t-
slightly for aod/r«t© vai-istton^ of th- pnltr-Muainii-ole

allo;7s th;_ tresitnent of Fraall variati^-ip of th, ^, ..lodiuu ligand
75

by vejcyl.^. the A vslue. ATI iAorease in the axial bond

?;ill be e:ua;/.:icj.-it t-j •= in the effec^-vt i±\»... M 

The ea^reaiiOAs for the energy levc— .>f th* d orbitals eh> —,., 

thi« results in a ralative sta dlisation of the d 2* 4 and d 

orbital? and a relative testability.MLon of the d and d ^ y
G

orbitalf. .or a strong field d° electron conf l^n-tion, thir ?;i 

an increase in cryrtai field atabiliaation auergy.

The Pd - A* bond len.rthr in th? bar&l r.la-v ,*l--> tiller to a 

small extent anoaf th*2rac©lvo." • ^he bonds are aH different to a 

0.1.' lerel of significance, and this m&y be due t, t/ ..
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;nts of the itgand, ;.,.>w**trf tht Pd - A* bood tran£ to 

the chlorine ntoa IF 2.331& which IB considerably shorter than V. 

two Pd - \ •''•,•• i'r trtar to o&cu other of Ic-.^t'is 2«375& and 2,40-bl 

Thi* la oo.ieipteat r?i*.:: a tneller r :» - Tec-. / th^ chlorine

th&-i for th& ;, r^ 3 . -- t _ ,

In. coacli;».on, it can b« §«ld that the crystal B

detorsiaation u t .erlinos "-co iu-part^ao* of crystal fi«<u* nt&bilisation 

encr y for the <d electron co^fl LDH -. .0 xu is grwitor for tlui 

square pyraaldft.! gev>aiatry« Sterio requlrer^its of the ligioid, .'^^ 9 

do aot ^--ooludej the formation of & tri&voal bifyt- aoiu&l fit^reo* 

chomlttary althoo^ they do appear to result in distortion? fr ^

fvcuare pyrmiidal gso»«a-v in ^.he observed ? true ur .

fill el©etron-?air repulsion^ peeat to be le: s in^iort nt tlma 

cryr-tal field »iabiliaati-9zi vn«rry i:.i -: ctendlning the 

of the pentaoo-ordiaatfi ^dC^A.S.'^i] ' coaplex ion.
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Chapter 6

Steric Requirements of the Ligand

The Crystal and Molecular Structure of CoC^PjCl BPh .

The structure of £co(QP)ClJ BPh is relevant to the stereo- 

chemical problem of penta co-ordination. It represents a situation 

where the steric requirements of the ligand prefer a different stereo­ 

chemistry from that giving the greatest crystal field stabilization. 

Further, a perfect trigonal bipyraraidal geometry would not be allowed 

by the Jahn Teller effect for this low- spin d 00115) lex.

A diagram of the ligand, ',?» and the structure proposed as a result 

of chemical spectroscopic work has been given in the introduction, 

(p. 2.1 )• The crystal data, the atomic positional and isotropic vibra- 

tional parameters, and the bond-lengths and bond-angles with their 

estimated standard deviations are given in Appendix III (p. i?^), The 

R. value is C.111.

The geometry of the cation shown in figures 3.9, 3.11 aod 3. 12 is 

in fact intermediate between a square pyramid and a trigonal bipyramid, 

but is closest to a trigonal bipyramid with one equatorial angle of

137.2°, a short axial Co-P bond and P-Co-P angles between the axial and
o 77 

equatorial Co-P bonds of less than ?0 . A full discussion of the nature

of this distorted stereochemistry must follow a consideration of the 

molecular structure of the crystal.

The molecular structure projected onto (010) is shown in figure 3.
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Flgire 3.9

geometry of the |Co(i}i; )ClJ o&uion

Figire %^

Th.e Cryct. -aoture of £co(QP)Cl] h,



Figure 3«9



F
ig

ur
e 

3.
10

1.0



133

The main feature is the linear chain of screw-axis related molecules 

running continuously through the crystal in the direction of the & 

axis* Molecules related by the two-fold screw axis fit snugly iuto 

each other giving maximum separation of the negatively charged chlorine 

atom?. Projected onto (100), the?e chains of rcrew-ejcis related mole-

I

I
cules form a face-centred array with tetraphenyl borate ions filling 

the channels between these molecules.

The stability of the molecular structure with a tetraphenyl 

borate ion is probably due both to its large &ize and its irregular 

shape which allow many Van der Waals contacts with the very large and 

irregular shaped complex cations. The use of smaller anions almost 

always resulted in solvent of crystallisation. As the solvents were 

different for the iron and nickel analogues, crystals with the tetra­ 

phenyl borate ion were studied in each case in an attempt to provide 

an isomorphous series. In fact, neither [Ve(Q?)Cl J BPh, nor £\,i(.,P) - 

Cl 1 3Ph. proved to be isomorphous with either j_Co(QP)ClJ 3Fhj. >r each

other•

Consider now the geometry of the complex cation, LCo(j:')ClJ . 

The stereochemistry of the pentaco-ordinate unipositive complex ion 

is shown in figures 3$ <±nd 3»i2> and the boridlengths (of average standard 

devaition, O.Oii) are shown in figure 3-f/» The angles defining the 

stereochemistry are:-
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FIGURE 2>»\\
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P(l)-Co-P(2) * 106.5°; ?(O-Co-P(3) » 112.*°; P(2)-Co-P(3)« 137.2° 

P(l)-Co-PU)« 87.1°; P(2)-Co-P(4) = 85.9°; P(3)-Co-P(4) = 65.9° 

P(l)-Co-Cl * ^.4°; P(2)-Co-Cl zr ^7.4°; P(3)-Co-Cl = c,6.3°

P(4)-Co-Cl = 171.4°

with standard deviation of 0,2°,

These values differ slightly from those communicated to the 

Chemical Society previously as a result of correcting the observed structure 

factor magnitudes for the imaginary part of the eea< tering factor (see 

Appendix III).

The most significant features of the distorted trigonal bipyramidal 

co-ordination of the cobalt are;-

(a) the large distortion from three-fold axial symmetry

(b) the be iding of the equatorial Co-P bonds towards the apical 

phosphorus atom

(c) the very short apical Co-P bond length.

tfone of these distortions from trigonal bipyramidal geometry can 

be attributed to the ssteric requirements of the ligand, ^P. These points 

will now be considered. 

(a) The distortion from three-fold axial syametry.

One of the equatorial P-Co-P angles is 137.2 compared with the 

other two of 106.$° and 112.9° in the [j:o(QP)Cl] * ion. This surpris­ 

ingly large distortion from trigonal symmetry is not found in the related 

complexes f;i(TAiOC J * (TAP = tris (o-diphenylarsinophenyl)phosphine)
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Figure Via

Complex Ion Stereochemistry Ligand

(Co(QP)Cl)"*" Co———P

Cl

PPh,

(Pt(QAS)I) +

As,

>t———As

As

AsPh,

(Ni(TAP)CN) +
As

CN

As

sPh.



137

where the equatorial angles are close to 120 , or in (Vt(^AS)lJ *

(QAS x tris (o-diphenylarsinophenyl)arsine) whore the largert angle
o 3 

is 122 . However, a similar stereochemistry is found in CoBr^PPh,,) ',

a low spin, distorted trigonal bipyramidal complex with one equatorial 

angle of 136 • In this complex, two bromine atoms occupy equatorial 

positions, and so the complex cannot have trigonal symmetry in any 

case.

Venanzi has attributed the small distortion from trigonal symmetry 

in /Pt(:4AS)fJ *, i.e. the angle of 122°, to a gain in crystal field 

stabilization energy. Crystal field stabilization ener^ is greater 

for a square pyramidal than for a trigonal bipyramidal co-ordination 

for d/ and aleo <[/ electron configurations; the distortion of 122 

was described as a distortion towards a square pyramidal geometry. 

However, crystal field stabilization energy is a more important factor 

for platinum(lj) complexes than for cobalt (II) complexes. It appears 

unlikely that it would give rise to a distortion of 17.2 in the 

cobalt (II) case but only 2 in the platinum (II) case. Furthermore, 

crystal field stabilisation energy should be greater for a square 

pyramidal (tfi(TAF)CN )* complex, but this shows no distortion from 

trigonal symmetry. It ie unlikely, therefore, that the distortion in 

rCo(.<; ?)Cl]* results from a gain in crystal field stabilization in 

moving towards a square pyramidal geometry.

It appears5 possible, therefore, that the distortion arises from
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large spin orbit coupling effects, but probable that it is a Jahn-Teller

effect. The degeneracy of the d 2 2 and. <} orbitalr oast be removed
«— *" sSL

in a low-spin cl electron configuration*

aiay give ri«<» to a Jahn^Teller distortion of the equatorial trigonal 

symmetry a» observed in fCa(«,iiJ )Clj[ .

b) The bendins of the equatorial Co»r bouqg towai^ds the apical phosphorus 

atom and the non-linear P-Co-Sl

The angles between the three equatorial and the axia.1 Co-P bonds 

are 86. p- 0.6°. The t tereochemistry of the 't(^^w)i * ion is similar,

the angles between the axial and the equatorial Pt-As bonds being 6°,

However, in the r"'fi(TAP)Ci.j ion the bonds are bent towards the cyanide
+ o *° 

group with F- 'i-As angles of ^4.7- 0.3 .

At first sight there facts appear to be related to the more rigid 

requirements of the bridging phenyl rings in ,r and ^A? than in TAP, 

where the bridging is by an aliphatic chain. However, this ic dis^roven 

by the seoraetry of the bridging system in ,j . If in fact the bridging 

span (the distance between two phosphorus atoms bonded to the saow
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benzene ring) was strained so that the equatorial groups are pulled 

towards the axial phosphorus, then it would be expected that the 

P-C-C angles of the bridging system would be slightly greater than 

120 . In fact the values are 114.9- 2.5°, very significantly less 

than 120 . Thus, the bonding of the equatorial groups tends to increase 

the distortions from preferred geometry of the ligand.

The explanation for these distortions in QAS and QP seems to 

be found in the van der *Vaals energy of intra molecular contacts. 

QAS and QP are very bulky ligands. In fact, it is impossible that 

k they should co-ordinate to give a molecule with C-/y symmetry, because 

steric repulsions between the terminal phenyl grou£ s would cause too 

large repulsion terms. Figure 3»15 shows clearly that of the phenyl 

rings attached to a phosphorus atom, one if pushed up and the other 

is pushed down towards the apical chlorine atom, so that their positions 

alternate around the equatorial plane.

Although this distortion reduces phenyl-phenyl repulsions, it 

brings phenyl groups very close to the chlorine atom. The resultant 

repulsion terms would, however, be reduced if the equatorial phosphorus 

atoms are moved towards the apical phosphorus atom, and it is the author's 

contention that this is the cause of the lack of planarity of the 

phosphorus atoms with the cobalt atom. The non-linear P-Co-Cl system 

may also result from repulsions between the chlorine atom and the 

phenyl groups which are distorted from trigonal symmetry.
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Figire 3.13

The Molecular structure A





The arguments are consistent with the almost linear As-Pt-I

system, and the lack of coplanarity of the arsenic atoms and the platinum
3 

atom in [pt(QAT )l J *, and with lack of similar distortions in

|jii(TAP)C:iJ > where the large phenyl groups are replaced by methyl
*0 groups.

o) The short axial Co-P bond.

In both £GO( P)Cl] * and {Pt(QAS).J * the axial metal ligand bond 

is much shorter than the e u&torial bonds. In the complex cobalt cation, 

the axial bond is 2.057A while the equatorial bond lengths are 2,26?, 

2.280 and 2,3181 all of standard deviation O.OG4?U Similarly, in the 

platinum complex cation the axial bond is 2,31A compared with 2,43» 

2,45 and 2.4^X for the equatorial bonds.

By the same argument used in the previous section it is easily estab­ 

lished that these differences are not due to steric requirements of the 

ligand bridging groups.

They may, however, be explained by simple crystal field theory. 

In a trigonal bipyramidal crystal field with three-fold axis in the JB 

direction, the energies of the d-orbitals are given on page II • The

d ? orbital is considerably destabilized compared with other orbitals""jE.~
and thus f9r the jd and d. electron configurations of the cobalt (II)

and platinum (II) complexes this orbital will be unoccupied. In this 

situation an increase in the effective dipole in the axial position 

relative to that in the equatorial position or in other words a decrease 

in the metal-axial atom distance will increase the energy of the d 2
2
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orbital, but stabilise the occupied orbitals. Thus a shorter axial 

bond ?rill give a greater crystal field stabilisation in both complexes,

and the author attributes these short bonds to this effect.
3

Gillespie has predicted a shorter axial bond in trigonal bipyramidal
7 o 

complexes with ad. or d. electron configuration. He attributes the

distortion to repulsions between the valency-shell electron-pairs and

7 8 
the oblate core of cl or cL electrons • This argument is equivalent

to that given above in terms of crystal field stabilization energy.

In conclusion, it appears that the loss of trigonal symmetry 

preferred by the ligand, yP, in the complex cation £co( PJCIJ results 

from a Jahn Teller effect* This may be the explanation for the lack 

of isomorphism of the series £M(^p)Clj3Ph where 'M' is Fe(ll) f 

Co(ll) and :Ji(l ). The short apical Co-P bond has been attributed to 

a gain of crystal field stabilization energy.

Thus, it appears that the steric requirements of the ligand, QP, 

are not as important as may have been deduced by analogy with siAS in

[pt(QAS)l]*.
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CHAPTiuR 7 

PACKING REQUjRSMSNTG I-f THE CRYSTAL STRUClUiS:-

The Crystal and molecular structure 

of [rive VO-phenJciO

This chapter concerns the crystal and molecular structure 

[TlM«21,1G-phenJClO, . JJLttle could be deduced from chemical and 

•pectroscopic work about the stereochemistry of this complex in its 

crystal structure except that [TlMe-l,10-phenJ"'" ^roup reecables the 

T-shaped [TlMe-pyrJ cation which has a slightly bent thallium 

dinaethyl group, (bection 1 .d, page ^-\ ). The perchlorate oxygen 

interact! a with the thallium must be weak, but nothing was known of 

its nature. A reasonable hypothesis a.^c red to be that the 

perchlorate ion was weakly unidentate giving rise to a five co-ordinate 

thallium atom. As the thaiiiuia-oxygen and thalliua-nitrogen bondr must 

be predominantly ionic in character, the stereochemistry of this 

pentaco-ordination would probably be determined by the packing 

requirements in the crystal structure.

Before consider!ag the co-ordination of the thallium in 

friMe 1,10-pherilciO, , it will be convenient to sumariet: the chemistry 

of this type of ^-bonded organometallic cations.

The dimethyl thallium ion is one of a group of ^-bonded organo- 

natallic cations, stable in aqueous solutions of formula, Rtir- 9 ?<here a



is less than the maximum co-ordination of the metal, M« The 

stability of these cations depends on the fact that the metal ie 

not RO electropositive that hydrolysis of the M-C bond oocurr, or so 

electronegative that the cations are strong acids and ^ive hydroxide 

salts. Thus stable ionr are formed with Au(lll), !:g(ll), Tl(III), 

Pb(IV) and ?n(IV).

Thip group of organometallic cations in fact resemble metal 

cations ? and they can be considered in the context of general 

inorganic chemistry. The dimethyl thallium ion resembles the univalent 

thallium cation, Tl .

There are two type? ">f cations. First, the methyl mercury and 

dimethyl gold cations tend to be soft acids and these tend to have low 

co-ordination numbers. Secondly, raost other organometallic cations 

formed from metal cations with a d electron configuration tend to be 

hard acids. The thallium dimethyl ion has been described as a hard 

but weakly polariring acid which forms complexes of low stability and 

with hard bases. It is IBFS polarising than the dimethyl tin(lV) cation.

The adductf. of these cationr arc unusual in that they may involve 

highly covalent, kinetically inert inetal-cnrbon bonds together with 

highly polar, labile bond? from the net:;l to other ligands. Their 

co-Qrdination numbers tend to be higher than those for soft acids.

Few adducts of the dimethyl thallium ion have been structurally 

investirated, however.

In 1936, an incomplete structure analysis of dimethyl acetylaoetanato 

thallium(III) appeared to indicate that the dimethyl thallium group was
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not linear but that the thallium was tetrahedrally co-ordinated,

The compound's appreciable vapour pressure and solubility in organio
£' solvent* was ol aided to support this conclusion,

The geometry of the dimethyl thallium ion itself war established 

in the early crystal structure determination of dimethyl thallium 

iodide by Powell and Crowfoot in 1932, The io.i was found to be linear .

Since the crystal structure analysis of m.' e^l ,10-phenlciO. ,• -* was

begun, the crystal structure of diethyl-salicylald^hydato-thallium(JII)
93 

has been determined. Thif has a six co-ordinate thallium atjm with a

slightly bent thallium dimethyl group, and its rtructare will be 

considered in detail later,

The crystal and molecular structure of |_Tlis;e r,i ,10-phenJClO have 

now been determined, Vhe crystal data, positional and isotropic 

vlbrational parameters, bond lengths and bond angles are given in 

Appendix IV, pa£e i$1 . The reliability factor if 0.088.

The crystal and molecular structure of [TlMe 1 ,10-ph nJCIO, are 

in fact very unusual. The hypothesis that the thallium is five 

co-ordinate has? been disprove, but acking requirement in the crystal 

structure do appear to be important in determine ^ v stareocheraiF.try.

The molecular structure is rhown in Figure 3*14, which is a 

projection on (0"0 ,

The plane of the phe^a/ithroline bisects the angle of 168.3 (of 

standard deviation 1.5°) made at the thallium by the methyl carbons, 

which are bent awa.y from the pherianthrolin* group. The thallium atom is
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0.06X from the plane of the phenanthroline group... Two oxyger. atoms

froM the perchlorate groups occupy positions approximately in. the
*\

plane of the thallium and phenanthroline so that thcj 0-T1-0 angle is

135»E • ?ne thallium, two oxygens and tv*o nitrogens are all within 

0.12A of the best least »qu;~res plane through them. There is almost 

a non-cry*-tallograj !dc mirror plane perpendicular to and bisecting 

the pfeenanthroline, and containing the thallium c-tora and carbon atotas 

of the njethyl groups.

Figure 3*15 showp the ( 01) projection of the structure. The 

screw axis if vertical in the plane of the projection. The weal ly 

co-ordinating bidentate perchlorate groupe bridge to pive a helical 

structure with its unit? related by a two-fold rcrew axir. In 

describing complexes of ^rganometallic cation?, it is convenient to 

use the terminology of ^rdenic, which war developed to describe the
«<4

co-ordinr.tion of mercury complexes. The shorter, covalent bonds 

comprise the characteristic co-ordination. In the case, there are two 

covalent thalliuis-carbon bonds: of length 2.13 (5) and 2.12 (5)?. Thus, 

the characteristic co-ordinatio . number-is two.

The effective co- rdirmtion IP defined to i.iclude all tho?e r.toras 

surrounding the thallium at a distance lest than the sura of the van 

der 7/aals radii. The oo-ordinatin^ nton? in the plane of the 

phenanthroline are shown in Figure 3»'16b. The effective co-ordination 

of sic if; completed by two nitrogens at 2.57 (3)# and two oxygens at 

2.86 (O and 2.89 (4)£ from the thallium atom.
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re 3*15

The Crystal Structure of - e 1,10-phea 

Projection on

Figure 3.^6

The o-ordination of thalliun compared - ith

that iu wu..'.i c ^-
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Wfcht type of bousing does this imply?

The radius of the thallium dimethyl ion is 1.22?, as derived
£3.

from the structure of dimethyl thallium chloriue. The two thallium- 

oxygen bondt are longer tha the ion-dipole contact distance between 

the diaethyl thallium ion and e. lone pair of the perchloratc oxygen 

atom. This could be about 2.62A*. The bonds of length 2.B6 and 2.89? 

are thus purely electrostatic in nature.

However, the observed thallium to nitrogen distances of 2.57& 

(of standard deviation 0.03A) are significantly shorter than 2.722, 

the sum of the dimethyl thallium ion radius and the van der aals 

radiut of nitrogens. This may be due to a partial covalent character 

of these bonds,

The stereochemistry >f the complex coapwret closely with the
^3dimethyl salicylaldehydat^ thallium(lll).' This polymerise? t-= give

a similar six co-ordination. 'J'he bond:? in the equatorial plane arc 

shown in t'igure 7«l6a. They consist of predominantly electrostatic 

bonds. The shorter 2.1*t>A bond may have some partial covalent 

character. The similarities between the two stereochemistries are

apparent.

In each case one angle is restricted by the geometry of the 

ligand to a value which it: considerably lers than 90 . In the 

phenaathroline adduot it is 63.6 . As a result the 0-T1-0 angle can 

be 135.B0 in this cafe. This lar^e angle helps to mininlre distances 

between the dimethyl thallium cation and the perchlorate cnion, aid
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to aiaiciise repulsions between the two dimethyl thallium cations and 

repulsions between the uerchlorate ions. The geometry of the 

•alicylaldehydato adduct may be explained in a similar way* -

Thus, the electrontatic thalliuia-oxygen bonds probably have no 

directional properties.

The oo-urdinttion of these complexes may be described in terms 

of a distorted pentagonal blpyrarnid with one equatorial position 

vacant. This can be easily seen in Figure 3.14. ir. fact, in the 

phenanthroline adduct a further oxygen 0(2} is jurt outside this 

vacant position in the pentagonal bipyrasdd. It is, however, outside 

the effective co-ordination sphere (a*, defineu uy Grdenic) at 3.6? 

from the thallium atom.

The distortions fron linearity of the dimethyl thallium group 

In the salicylaldehydato : nd the phenan thro line adducts may be 

explained in two ways.

^irst^the dimethyl thallium group ha« an asywnetric environment 

of charges. The methyl groupr of the phenanthroline adduct aro bent 

away from the phenar.throli:ie towards the large angle of lVj«-f • In 

fact, they occupy a position so that the distances, of the methyl 

carbon atoms to both the phenanthroline nitrogen atoms and the closest 

perchlorate oxygenr are not significantly different. The departure 

from linearity of the dinethyl thallium group i- then nearly 12°. The 

charge repulsion terms between the methyl carbon atcr^ and the four 

atoms (two nitropens and two oxygens) are then effectively minimised



(assuming the oxygen and nitrogen atoms have the same effective 

electrostatic charge). Also in the salioylaldehydato adduct the 

methyl carbons occupy positions aueh that the charge repulsion terms are 

decreased relative to a situation with a linear dimethyl thallium 

group. In this case they move in the direction of the long 71-0 bond 

so that the C-T1-C angle is 172° (see Figure 3,16;.

Both these distortions may equally well be described in terms of 

repulsion between the bonding electrons of the thallium vale cy shell* 

In the phenanthroline complex, the T1-"J may have a partial covalent 

character, while the Tl-0 bonds arc certainly electrostatic in nature 

(see above)* Repulsions between the valency electron-pairs of the Tl-C 

bonds and the snail amount of delocalised electron density in the Tl-3f 

bonds may then account for the bonding of the dimtthyl thallium group 

away from these bond*•

In b6th cose?, the distortions are greater than any departure from
olinearity in organonercury complexes. Her© the largest departure is 4 9

which occurs in mercuric diethylcne oxide.

Both structures emphasise the difficulty of forming more than two 

covalent bonds with thalliura(lll). This may be considered a remilt of 

the relativity large s-p separation in thia part of the periodic table. 

The other mainly electrostatic bond* confirm the idea that the dimethyl 

thallium oatior is a wsakly polarirable, hard acid, but tend* to have a 

higher co-ordination number than a soft acid organometallic cation.

These results contradict any predictions based on the crystal
ft 

structure of dim®tl^yl-acetylacetonato-thallium(III). Here, the thallium



152

is said to be tetrahedrally co-ordinated. A re-examination of the 

crystals (which were prepared by Professor Beattie at the author's 

request) showed that they were very thin and easily bent. A study of 

the crystals by X-ray techniques confirmed the cell dimensions given by 

Cox, Wardlaw and Sorter in 1938. The space group give*, C222,, was 

difficult to confirm. The crystals gave poor photographs, had large 

absorption for Cu-K^ radiation and underwent a solid state reaction after 

a two or three day perio^. Photography with Mo-K~ radiation was 

unsuccessful due to the poor quality of the crystals. The photograph? had 

reflections with non-randomly distributed intensities, corresponding 

presumably to the Fourier transform of the thallium atoms. As the 

percentage of scattering matter resulting from the carbon and oxygen 

atoms is very small, parts of the transform where there is no resultant 

contribution from the thallium atoms may easily be confused for systematic 

absences. The author feels that there is insufficient evidence for the 

space group C222.• Space groups £2/c or £c seem possible.

The tetrahedral co-ordination deduced by Cox, V/ardlaw and Shorter 

depended on the space group symmetry and is therefore suspect. However, 

given their own asruraptions about symmetry, they do not consider all the 

possibilities. A polymeric chain structure similar to that in the 

salicylaldehydato complex with an almost linear dimethyl thallium group 

and a six co-ordinate thallium atom is quite consistent with their 

assumptions, and indeed packs into the crystal unit cell with reasonable 

intermolecular distances. Professor 3eattie has confirmed our suspicions
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of a nearly linear dimethyl thallium group with some infrared and 

Raman data* However, before any conclusion? can be made with 

certainty better crystal? mist be obtained and a full three-dimensional 

X-ray analysis must be carried out.

If the complex does involve & tetrahedral thallium atom, the ideas 

that the dimethyl tha Hum cation is a weakly polarising, hard acid, 

and that the large s-p separation is important in favouring the commonly 

found linear two co-ordination of covalent bonded atoms must be revised.

The crystal structure of dimethyl 1,10-phenaathroline thallium 

perchlorato has provided ftirther information on the co-ordination and 

stereochemistry of dimetjtayl thallium complexes* The hypothesis that 

the complex is pentaco-ordinate in the crystal structure is dieproven. 

Nevertheless, the observed structure does underline the importance of 

packing requirements ir. determining the stereochemistry of complexes in

their crystal structures.
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CHAPTrlt

Conclusion

The X-ray analyses of these four co-ordination complexes 

indicate tw, generalisation concerning the rtudy of the stereo- 

uiivjoistry of p .uiaco-ordi/iation.

In th first place, X-ray analyses arc an essential prerequisite 

to the discussion of pentaco-ordincte stereochemistries; in every 

east the analyses reported here added information that was not >roven 

by the chemical or spectroscopic investigations, and in mort case?, was 

unsuspected before these studies. ?or instance, in 

fri-ie,.! ,10-phcnjClC the effective co-ordination number was not known
^ *f

before the study, and ever the geometry of the thallium £imethyl group 

«*• only tentatively su^ested to be ion-liner r. In j^d(T, AS)C1JC10, .Cx-FL 

the evidence for the square >yramidal structure war inoonclurive. 

Indeed the sugce^tion that the chlorine occupied the apical positioaa 

har been proved incorrect * This indicates that the evidence also did 

not preclude a trigonal bip^ramidal geometry, sjid certainly gave little 

information about a'weakly co-ordinating ligand ' - t>ie sixth position. 

In all oases the v-rrv analyser? he.ve indicated interesting distortions 

from ideal geometries. rn.e equatorial ligand atoms of the two ligand 

bipyrarr.idal coraplexe? are not coplanar with the nsetal stores; the apical 

bond of ri'd(TPAr,)Cl3 + is very long while the .ari^l Co-P bond of 

/Co(-"P)cil + ^ ? exceptionally short; and finally the larpe dirtortion from
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trigonal syametry was totally unexpected end has necessitated the

re-exaraination of a detailed theoretical paper concerning i.tr
fcb 

visible and ultraviolet spectra. The X-ray analyses have done more

than oerely confirm suggested structures> they have provided new and 

vital information concerning the stereooheraloai problem of pentaoo- 

ordination.

Secondly, the X-ray aniyses have emphasised the complexity of 

the problem. The structures determined are certainly consirte -t with 

arguments concerning valency-shell electr n-pair repulsions, oryrtal 

field stabilisation energies, sterlo requirerae:ti* of the li^ands and 

packing re quire me its in the crystal, but they i.i >.o way prove the 

correctness of these assumptions. In many carer all four f&ctorr are 

probably important, and the crudeness of the methods available fbr 

estimating their relative iraportances may effectively prohibit the 

prediction of the stereochemistry of taany poataco-ordinat© complexes.

:\ ever the lots, the oowmentg of Muottertier: and Schunn in their
if

recent ..uarterly Review «oe:n unduly pessimistic - "Olearly an attempt 

to rationalise geosetry for a particular pentaco-ordlnate species on 

the basis of crude, qualitative consideration such as ~tT -bonding 

and the like ±S quite unrealistic ia view of the subtle energy 

differentiation between the two idealised geometrier." ""heir 

stateraent is based on the meen^ption that all energy differences due 

to the factors important in deterisining the rtereochemistry will be 

or the order of 6 K-cal, uerived from work on PCI... ""hey ignore the
v;

calculations of Ciampolini »hich iadioate differences due to crystal



156

field atabi24»»*tion energy of about 20 K-oal arid also the fact -hat

valency-shell eleotron-pair repulsions which vay predominate la PCI.
5

are not likely to give; euch large energy differences between the 

idealised g. jiuetriei a» when Taultiols bondr w- inv-lvc;l.

The ceview article rctus to be unsatisfactory on other counts .
ft

The review indicates that no further v/ork need be carried out for d

. It is unoluar 'i-y ao lUrti. - >.• urea, out it appears 

i&uett€»rties and Sclmnn consider the structural dat-r. n.-*.n thnor ^ *..-> be

co or it teat* To rei'^re^ce to GilleBpie*fc valency-shell electron-pair
9

repulsion? theory I* coat; lied in the review, bpt the follo\ririg

statu;nerit is rs&ue, V.e .,u-iiag hybriu ri^-i-yuu..., citscvrostatice ^r the 

Jyholra non-bonding repulsion oonnlfL - r-r..t1 on~ , and simple

molecular orbital treatment A yield eirailar conclusions t gooraetry
ft A ,*\

least for d, , jd and £ ' o nfigurati -a~ » w This surely is not true

for <£ c a/if it

oreover, the analyser of structural data lr s.l~oqpen to criticism. 

The fitateoantf ary bas^d on "cucailative structural info; ^L:-.tion". For 

iosta^ico, they gave thirty fiv© eatables of trigonal bipyraraidal 

ooaplcxe: Y?itr uziidentatu .i I", K~ . jf whicl". are transition metal 

oooplexec and five of thts^-i h&v d" eleoxr-vi oonf igurationr« 7he«e are:-

and

Ir(CO)Cl(302 )f/hy]2> tri. phino-pallt lium dibromiclo where the 

phoephinc is 2-phenylisophos phindoline and .ii^. ii^o.jj j)^GlO^. These 

con^rise all th>. Ptructural inl'oi-mation available ^^ -^-itaco-ordinate 

ooaplexef of totals of I8 configuration with unidentate ligands . There
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are five trigonal bipyramids and three square pyramids. They then 

conclude:-

"These structural data though somewhat sparse clearly indicate 

that the trigonal bipyrrnrtd.-l geometry will be the more co^rnnn ground 

state geometry at least for t d configurations."
C

The large number of square pyramidal d^ complexes with chelate 

ligands are ignore^, vdihs/at any attempt being aaae to accer s the 

steric requireraentr of the Ligandr concerned. '•'' ' *" a pity because 

mort unidentate chelater found in penlaco-ordinau- complexes like 

(NCCCII-), (CO) and (SnCl )" involve strongly multiple bonding ligands 

which may consistently favour a trigonal bipyraniidal geometry.

The author feelc ... .,^ ^\.L. t-.iiilysis of "cuiaulative structural 

infornation" !•=• not iifef..! unler the four faotors discussed in this 

thesis ar^ cor:sidcred. The complexity of a scientific hypothesis and 

the difficulty of applying the arguments in practice offer no comment 

on the validity 01 xuau hypo.i-«i.If . ..i>v work j. ...^cuu. , ^re hafc 

underlined the ini ortance ;">f considering tho man," factors which may be 

important in determining the stereochemistry. structural results 

enable certain prediction! to be oxLe concerning the structure of other 

pentaco-oroinate corr^lexer v.-ucx-c uuc u. -nc factjj..- ^.-^ cussed here would 

cic ;-i*iy predominate, bi.it the proof -y" these hypotheses co-icerning the 

stereocheiaistry of sentaoo-ordination awaits the nany X-ray and other 

structural analyses designed to test these predictions.
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Table 4*1 a

Crygtcul data; C ^-IgAB^CoO , M = 73 .9j nonoclinic; a^ = 1c.91»

b = 16.91, c = 12.07?, £ --- 1 ;X)° 17*5 U * :v601.7^j Jm = 1 .Sfci. (by
.^^ -^^ I

flotation); 2 = 4; ^c = 1.,.t!o; &paoe group i-t./n; F((X)0) = 1416; 

Cu-X . radiation, M = 'K . ,ue etruoture analysis was ba«ed on 

1451 non-£jro inuependont r;. lectiona, visually estiioated 1'rora five 

layers on the 'a 1 axis and sov*n layers on th« 'c 1 .,xis.
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Table tt-.ic
The Crystal Gtructu 
car "bony I

of ~3 J nnsilvor-cotalt-tetra-

11

0

0

0

231 s

'"* /

:* 767^ 
0.9767(33
0.9186 32 

30
0.0$ y$ 27 
0.0319 
0. 'j£7
o.t»70 
0.8993(37) 
0.8^72(33) 
0.91 ^(29) 
0.0267 26} 
0. 2t 31 (3?; 
0.2? 8p7) 
0.621^(35)

0.387
o(;.6)

0. 
0.

0.370.3'; . .
0.3879V j} 
0.3697(17;
0.3909(26)
0. 5617(19
o. '::•;? 
o.

2867(2)

2055(3) 
2391(3) 
2069(U)

0. 
0.
o.
0.
c.
0. 
0.57''1
o.

5012(30
^790(33

0.1767-
0.1/431

0.17-6(25

0.071
0.
0. 
0.
0. ,oj 
0
Q
r

C 
0 
0 
0
o. 
o.
0.
o. 
o.
0.068(12) 
0.067(10)

,0^3 13 
,10.!* 13
nh/i -int W w'--f- I v

,082 1k 
,09U 11
• •085(1°) 
072(9)

oll01(l2) 
0.1?7(10;
0.
0
o. 
o.

12)
9)

o.

Positioned , nc; isot.-^ic vitretional parameters .vith
st^nc ,-"1 deviations.
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Table 4.ld

Bond lengths; and angles in (TT,>s)A#-Co(CO).

	1

A« - Co 2.66 C(131)-C(V ) 1.33

Ag - AB(1) 2.62 0(122) - C(12;) 1.40

Ag-AflU) 2.72 0(123) - C(124) 1.42

	C(125) - CM / N> 1,2*4

As(l) - C(11) 1./9 C(126) - .44

As(l) - C(12) 1.95

A»(1)-C12J; -\.y7 livo'* -4ti

A«(2 >) - C(126) 2,03 G-'^} - , "^ 1.57

Ai(2) - 0(21) 1.92 C(2^, - 1.39

As(2)-C(23l) '\<.jl C(234> - 1.52

As(3) - 0(236) l.jL AO^; - o; 1

;Vs(3) - 0(31) -.. • - . -

Aa(5) - C(32) 2.02

Co - C(4) 1.71 Co - i\t>; i .64

Co - 0(4) 2-95 - 0(6) 2.86

Co - C(5) 1.77 Co - C('7^ 1.78

Co - 0(5) 2.91 Co - 0(7) 2.93
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0(231)
0(232,
c
c

233) - 
-

r
\ * ~

- o(
- c
- c

c 23*

11

it i 
121
118
121

(3

Go 
Co 
Go 
Co
Go

-0(" k

- C
- c
- G

r* v
7

- G(7*
- 0(7;

169.2
76.7
71.9
85.8

107. a
97.6

101.3
119.7
110.6
116.7

Co
.O

Go
Co

172
171
172
176



Table 4

Ltructurcj factors for observed reflections

for (TTAa)As-Co(CO),



k Po

h--0 ,

6 ft
8 60

18 31 
16 11

b- 0 ,
ff 136j IB

ff54
• ^5
1 199
1 3T
8 102
9 38 

10 44 
11 46 
Iff 69 
16 57

h-0 ,
1 52
ff 818 

I «

i ii
7 75 
8 17 
9 73 

10 55 
11 61 
13 31 
it *9 
16 40

h-0 . 
1 »3f
» 118

2 12
5 142
6 165
7 148 
8 85 
9 79 

10 i5 
11 4J 
12 IB 
13 61 
14 37
'3 3* 
16 48

h- 0 , 
0 252
2 173
3 63

I M 
9 141 

10 15 
11 146 
13 86 
14 32 
15 18 
16 18 
17 35

h- O ,
1 78
ff 34 
5 64
i 123

i \ll
I '? 
9 8 

10 49
11 47
12 37 
13 *7 
15 33 
16 30

i 
re k

10 
1- 0 11

-816 18 
-123 13 
-50 li
-25

18 h-0

1- 1
• 141

*7
'? 

191
-39
8i

-38 
-46 
-42-B

1- 8
53-5
22
48

8 •£
.60

59

S
50

1

i
9

10
11
12

12
h- 0
0
2

I

il '
9 

10 
i 11 
i 12

i !*i
^' h-0 

*• Il6 8iie 3
-34 . 4
.68 5

-155 6
•JS 7 -1*O

=5

2!

li 
-44

46 
-41

1- 4

?!?IT'
-65

:1I-;n
^21 

10 
2 

31

1- 5
-71
28
60',8 

!!?
48 
-1 

-»3
•*5
-»6

3?
28

h- 0

i ? 
2

I

I

h- 0
1 
2

6
7

h- 0 
0
2

6
8

h- 0
2

h- 1 
0

h- 1
i
2 

I
5

h- 1 
0

I
h- 0 , 1- 6 5
0 52 -48 6 
1 46 44 8
e 2* -23 9
3 56 46 10 
i 62 55 11 
5 48 iff
7 93 101 h- t 
8 58 -» 1
9 *Mft .»—— . — - 

9> 103 w

Fe

7?
2o
25

.
30

129 
66 

104
108
S1117
39 
22 
33
25

119
90
53 
22 
63
32 
31
51 
93

% 
22 
43
29

53 
59
28
44
2°? 

63

is
24

22
33

ii 
31

ys
33 
25

74 
70 
25 
28 
30 
50

g
50

46 
96

21
105

68 
»8 
31
46 
53 
72 
59 
39 
63

Be
T*

re
-17

go^*

326

1- 7
25

127 
-72 

93•s
3-19

•S•3
-23

1- 8
-102
-89

43
-19 

60

-8
52

-97

-ii
2!

*!M
-63

35•s
s

1- 10 
53 
22 
44 
18 
29 
22 
22 

-25

1- 11•s
-49

3S
20

1- 12 
-80 
-66 
-23 
-32 
24 
48

l-:io
-45

1—9 
51

1-fl
26•s

-96

"*
22

«a-33
-73

1—6
2DO

k

2
i
8

h- 1
0
2
6

J
h- 1

1

1
I 1 

1
9

10
iff 
13 
15
16

h- 1 
0 
1 
2

2 
i
8 
9 

10
11
12

12
16

h- 1 
1
2

ie
9 

10
11
14 
16

• b- 1 
2 
3

9 
11 
12

12
h- 1 

12

2
i 
1 

i*
12

li
17

h- 1 
1 
2 
3

9 
10 
11 
Iff

12
KB f

Po
'So7
56 

112 
64

250'S
37ii
&>
67 

125 
12i 
223 
138 
106
39
21
50
]l
36 

2*2

80 
82 

110
*8

1?
46 
21
*8 
26

42 
16J 
iii
177m'8
27 
33

2,
251 

31

8s n
52

102 
2°52

261 
33 

117

%n
39
27

107 
160
187
69

l\ 
55

8
5*
39 
33

re
108 
-27
»3

lit

1-5B
289ieg -56

20 

11

1—4
-41,?z

-114 
212 

-133ni
-*2
-10•8

44
31

'-.I*-s
-72 
109 
-*9

S
-20
-42.a
ii

1—2

li 
-100

?J -196
-102 
-61 
-24
-18
-50 
-37

1—1 
262 
23

Ja
-53a

1- 0
*9

103 
92

278
-57 
220 

36 
110 
18a

-23
37

-?B

1- 1

-,P 
185

B
R2 
48•li
41

fi!

i. •

k
1 
ff

2
i
8

10

12
ii
IT
h- 1
0
1
2

1 

i
I
O
9 

10 
11
12

12
h- 1 

1 
2

1

1
9

10 
11 
12

12
15 
17

ii- 1 
0
2 

. 1 

\

9

h- 1 
1
2

1
5

h- 1 
0 
1 
2

1

h- 1
ff

h- ff
1

h* t 
0 
2 
3

h- 2
1
2 

1

i
7

h- ff 
0 
2

h- 2 
1
e

Po re
98 -110 
95 86

129 -126 
27 26 
66 -67

134 -1J* 
94 -89
31 -27
37 ?3 
35i -S
if "So
.1-3
88 91
22 -19 
55 51 
12 -6 
55 -*8 
29 21 
39 -24
42 -36
93 91

113 -128 
60 57 

121 -137
28 -20

B :B 
i! 1"'
56 41 
72 76 
23 -19 

127 126
80 89 

128 130 
66 60
76 70
57 -51 
23 -25 
?* -33
*3 -*9
26 90
** -56
38 -49

.1-5 
184 .169
*o -3* 
37 *8 

111 125 
*9 61 
59 76
ii 55 
35 §0

. 1- 6
90 -82 
40 37 
86 -99 
55 64 
57 -82

. 1- 7 
116 -101 

38 -26 
79 -73 
39 -44 
51 -72

. 1- 8 
76 -91

. 1—11 
»3 38

, 1—10 
129 1*9 
59 62 
36 36

• lmm 9 »27 18
51 >9 
39 -50 
85 75 
57 -66
62 66 
52 -»5

, 1—8'11 -IS
160 ^94 

16 14

k

1

ir>
h- 9
0
1
2

i
9

h- 2
1
2

6 

1
9

10 
12 
13

h- ff 
0 
1
2

6 

1
9 

11 
Iff

h- ff 
1 
2

1

i 
1

10
11
12

12
16

D- e 
I
i 
l
9 

10 
11 
12

12
16 
17

h- ff 
1
2

I 

I

I 
9 

10 
11
12

12
15 
17

h- ff 
0 
1
ff

I

i
7

Po PC
5*v KA

7 OO
38 -33
39 i3 
P7 -89 
39 -»5

, 1-6
231 256
?9 3*

167 1P2 
127 13* 
IPS 123 
S9 .»f
39 -31

. 1— •
121 -116 
96 82 
63 -6* 

213 186 
230 213 

74 76
99 ?1 »q ii
?i -25
(2 -*1 
*3 -30

, 1--*
299 -328 

36 2 
209 -22* 

10 -3 
»5 37 
87 77 
70 76 
27 -27
57 »9 
27 17 
50 55

. 1—3 
19 23 
12 5 
11 li 
3* 33
30 -30 

136 -1*1 
79 -97 

1*2 -158 
47 -57 
39 i3 
i5 -21 
41 »J 
39 -38 
26 -21

. 1—2
139 137
89 79 
98 88 
56 56 
67 -65 
92 85 

118 -115 
45 3| 

110 -108 
60 -60 
50 -56 
51 -63

li li
. 1—1

1*9 -132 
162 -1*5
57 -»9 
65 53 

IJ6 211 
t*0 IS*
176 181 
172 165 
86 82 
32 29
33 -1?
20 6
68 -71 
60 26 
70 -81 
39 -40

. i-o
'S 3J
122 -107
61 -48 
30 -18 
75 65 
21 -7 
77 69

k P
9
10
11 
1?

Po3r
121
25'IZ

Fc 
-23
108
29
'15s
33

13 59 
1* 60

h- 8 . 1-1 
1 166 -142
t 196 153
i 'If •*"
S 1*7 -1

9
10
11
13

93
21
156
35

iI
9

10
12 
13 
15

h- t
0 
1
f

I 
8
9

10 
11
1212
h- B

1
ff

I
5

h- e
0
i
9II

h- ff
1
2

I
6
7

h- ff
0
1e

115 126 
19 -25
73 72
58 53
26 26
60 67
28 33 
32 -41iff .54
, i- »

117 109 
IB -li
26 32
25 23

8 .8
63 75

8 -8
38 B4
39 44 
35 32

• l" 5*
152 -165
107 119 
110 -11* 
69 75 
50 -47

, 1- 6
58 -58
78 -75
B? -27

190 .165 
76 -87

117 -117 
64 72

. 1- 7
97 110

131 -144
53 58

129 -M9 
66 .70
52 -51

, 1- 8
& "
i? »7 
66 7*I g %

h- t 1- 10



k 
0 
1

Pi37
30
Zi

PC 
22

-39
-75
-51

ft- 3 , l—ii
1 » 24
* *! 373 34 ??
4 27 -1?

1—10
-??

63
-40

61

11
-16 
?5

h- 3
1
2

2
5

I
10

»
28
83
46 
93
51
75
24 
24
E7

-37

10

1—6

,11

h- 3 

2

9
10
11 
1?

\l 

\l

95 
107

51 
126
5? 

1?4
40
9?
17
?i
?9

31

1—4

-47 
-126
-46

-90 
.1 -

10
37
16
47 

.V

r>- i , 1—3
C '74 17',
1 60 5,6
? 1J6 1?4
3 37 40
4 '6 -?9

Po 
II

PC
-?9
-7?

9
10
11
1?
14

n- 3
1
2

2
5
6
?
9

10
11
IP

!i15

ioS5 C
7?
P6
51

51
194
10J

84
173
97

179
87
41
17
5?
28 
11
58

.107
64

-71
-7 It
.60

1--?
-47

-?l?
96

-78
IB?

96
'S

47
13

-3?

-iZ
51

-67

io
9

10
11
12

\l

, 1—1
157 -146 
99 -85 
15 -15 

-131
la?3 

16
75 

-21
172-49

17
87

21
162

51
138
28
67
37 E

h- 3 , 1-0
1 65 -51
2 14? 144
5 175 -177
6 108 -104
1 "i - 13?
6 38 -3?
9 18 -16

10 ?4 ?6
11 56 6?
1? 44 4i

15 47 {9
17 31 21

0
1
2
2
1
9

10
11
12

\l

101

£
112
104
113

104
100
101
45
65
40
1654

1- 1
89

-70
-5?
-98
-97 

-10149
.110

106%9
-53
-37 
.11
-47

h- 3 , 1-2
1 *3 77
? 145 .157 
3 119 108

5 15?
6 114

10
11
1? 
13

?9 
to 
3?

.11?

50
-46

35-37
-?5

h-3 . 1- 3
0 177 I*
1 23 ??
? 179 175
J 16 9
I 9€ 95
6 *4 .79
IT 7?
f 1" .147

k 
9

10
11 
1?

\l

Po
»7 
61 
61
36 
4?

f.- 3.1- 
? 170

PC
97 

• 71
71
«o
i.0

156 
-49

5
6
I
10
1?
h- 3
2

I

I

I
12

h- 3
i
?
I

7
9

10
1?
13
h- 3

1
2

3
I
8
9

10
11

h- 3 
2
4

i
2

100
1?
37
20
33
28

t
72
74 
77
91
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3i
?9
24

r
111
113
74 
118 
37
4?

80

12
24

»

30
117
81 
56
56

l9
31
32
32

6̂9
20
31
24 
24

-97
19

-35
14
35'9

1- 5
-83
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-91
-12
-32
29
-15

1- 6
104

-119
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-t6
-88
-76
-25 
-29
27

1- 7
33

120

8
46
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-74
-33
-37
-31
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76
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30
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h- 3 1- 9
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0
1

2
5
6

h- t
1
2
3
5

r
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4? 
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1- 11
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27

11
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-P?
.44
-?5

	25
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4 6? -57
6 8? -90
8 55 -6?
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0 69 71
1 ?0 ??
g i6 47
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6 30 ?4
7 16 -16
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i- t 1—7 -=0

61
37
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71
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10 54
12 31

PC 
61 
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•c 
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h- i. 
0 
1 
9

I

6
8
9 

11 
1?
13
14

1—6
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.74
-47
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36
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3 70
4 76
5 46
6 1?5
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9 
?

-56
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0 li4 143 
1 64 -57 
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3 93 -83
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h- 4 . 
O 24
1 20
2 30

20

68

1- 4 
?4

-16
-29
-12

5 106 -107
5 13 11
6 106 -104
9 ?5 '-27

10 43 43

h- 4 . 1-5
1 55 4?
2 ?3 -25
6 20 19
7 J4 -?5
8 *1 -45
9 36 -37

10 92 -99
11 21 -19
h- 4
0
1
2

I
5
6
9

10
11
13
h- 4

1
2
4
6
7 
9

10

h- 4
1
2

I

I
7
9

. 1-
19n
71 

102
51
57
29
25
30
27
, 1-
38

3?6
31
43
35
. 1-?5
?6
3T
53
3?
?4
?5
<•?

6
-12n
66 

116
46
55-25

-23-31
-38

747

3
?6
11
51

p
16

-30
J?

4*
-27
27
18

- 4 1-9
1 65 -7"

5 -18
* 16

6 25 24

3
4

k 
0 
2
A
6
7

Po 
53
?2
?5
12

PC
-5?
-H 

30 
35-31

1—4 
17*

>•• ', 
1 
? 133 -126

2 116 109 
97 .94 

6 ?5 ?5

9
10

29
34

71
-34

34

n- 5 . 1—3 
0 116 102

9
10
1?
14

127
13?

51
135

125
?4 
57

58 
130 
139
57

162
-59
106

-161
17

1
h- 5 , 1—Z

1 175 -164
2 179 190 
5 86 
« 170 
5 ?8

- 9

7
10

II
46

-21
81

-3
h- 5 
O
1
2

I

I

I
9

1O
11
12
15
h- 5

1
2

2
5
£
7
9

10
12 
13
h- 5
0
1
?

2
5

1
9

10
11

48
70

119
86 

153

3
38
76
27
U
21
30
31

*T
143
4i 
21
50
?3
69
54
79

3
•20
97
?3

235:n
70
5?
3?
54
40
7?

1—1-3 2
-58

-103

-;ZT
-71 
-30
-29
79

-20
43

-25
-32
-30

1- 0
224

-129
38 

-14
-41
20

-67
-50
-88
-76 
29

1- 1
18
85
68

207 
127
157

6?
46

-?7
-5?
-J 9
-81

h- 5 , 1- ?
1 162 -154
2 149 1»J
3 100 -9«
4 1?6 123
5 60 50
6 4* *8
7 i?o 12?p \-r *T

n- 4 , 1- 10

1C 6^
12 lj
13 3^
i-5 . 1-3

65



k Fo Fc 
0 17 -17
1 22 -17 
2 70 .71 
3 57 -60 
* 13* -1*3

1 % 33
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b- 6 , 1—7 
1 59 -51 
2 8k 88 
3 50 -Jft 
* 75 81 
5 5* -*2 
7 »1 -*6 
8 22 -26

h» 6 , 1—6 
0 23 16 
1 31 29 
3 69 63 
* 28 -25 
6 2* 10 
7 80 -76 
8 50 50 
9 7* -69

10 36 37 
11 »7 -*7

b- 6 . 1—5 
1 86 91 
2 95 -99 
3 65 66 
* ft6 -39 
5 52 *J
6 52 *« 
7 19 25 
8 29 22 

10 48 -43

h- 6 , 1— ft
1 66 71 
2 42 37
3 99 101 
* 71 71 
5 90 95 
7 95 93 
8 30 -2* 
9 48 39

h- 6 , 1—3 
1 128 -137 
2 160 186
3 66 -66 
ft 14Q 171 
6 44 4* 
7 31 24 
8 28 -K 
9 53. 55 

10 28 28 
11 19 24
12 19 17

h- 6 , 1—2 
0 73 -63 
2 116 -120 
1 43 -38
* 95 -97 
5 56 -55 
7 5S -57 
8^9* 

10 62 69

b> 6 , 1—1
1 ?5 -17 
2 129 -150
3 *' 3.9ft 91 -«9i n n

k Fo Fo 
8 28 -20

10 60 -58 
12 61 -6*

b- 6 , 1-0
0 ?7 -?4 
1 41 )* 
2 6S 54 
3 64 72 
4 112 108

6 91 81
7 31 28 
8 26 23 

16 32 -43 
18 29 -38

b- 6 , 1-1 
1 73 -66 
2 107 93 
226 -20 

68 57
5 *5 35 
7 101 93 
8 27 25 
9 7* 69 

IO 82 77 
12 75 76 
13 30 -36

h- 6 , 1- 2 
0 86 -90 
1 66 -65

4 110 -108 
5 25 -17 
6 39 -35 
8 58 56 
9 *1 40 

10 34 2* 
11 43 43

b- 6 , 1-3 
1 61 -68 
2 65 -67
•* 49 -44J »»^ ••••*

» 62 -59 
5 2* -18 
6 12 -7 
7 26 -20 
8 18 -20 

10 *9 >48 
11 19 19 
18 40 -41

h- 6 , 1-4 
0 38 -3ft 
229 -26 

89 92 
5 57 -59 
6 83 82 
7 »7 -5* 
9 35 -35

h- 6 , 1-5 
1 30 28 
2 27 -2*
3 37 *' 1 45 .46
5 39 3* 
6 S3 -37 
7 31 22

b- 6 , 1-6 
0 38 29 
1 29 .19 
3 33 -31 
ft 53 -56 
6 50 -54 
7 *6 51 
o VT 447 J f — ̂

h- 6 , 1-7 
1 52 -59 
2 27 -?6 
3 23 -25

h- 6 , 1-8
0 2« -34 
3 41 .42 
5 55 -6* 
7 4* -57

h- 6 , 1-9,
1 53 65 
* 29 -30

b- 6 , 1-10
0 37 *0

k Fo Fc 
2 33 31

h- 7 . 1— ft 
1 1*6 .146! t &
$ 39 4J 
6 35 -34 
7 64 58 
(• 40 42 

10 83 93 
12 49 56

h- 7 . 1—3 
0 45 -34 
1 35 -37 
2 51 -51
3 5? ~58 ft 84 .101
5 63 .84 
6 59 -7ft 
7 «9 -53

10 38 52

b- 7 . 1—2 
2 61 .64 
4 53 -52 
5 21 19 
6 2* -23 8 43 .42 

10 84 -89 
12 43 .45

b- 7 , 1—1 
o 70 .61 
1 70 -60 
2 24 10 
3 81 -71 
4 138 129 
5 40 .32 
6 141 129 
8 34 31 

10 36 -28 
12 22 -26

h- 7 . 1-0 
i im Hi1 OO Dl

3 28 19 
ft 29 -32
6 58 -55 
8 33 33 

10 120 12ft 
12 89 90

b- 7 , 1-1
0 88 8ft
2 ?4 -12
3 25 -11 
4 140 -118 
5 18 17 
6 98 -88 
7 28 17 
8 20 -20

•h- 7 . 1-2 
1 90 -76 
2 65 -61 
3 51 -*5 
ft 71 -61 

10 49 -50 
12 35 -33

b- 7 .,1-3 0 16 12
1 56 -53 
2 33 35 
2 97 -9* 
ft 62 62 
5 85 -95 
6 ftO 42 
7 55 -65 

10 28 -25

n- 7 . 1- * 
1 15ft 16* 
3 59 52 
5 «0 -39 
6 46 .48
7 35 -38 

10 33 38

h- 8 , 1—4 
1 39 -40
9 31 -24
3 '2 - 100
ft 9$ -°5
5 59 -63 
6 95 -10*
8 ?? -26
9 ?B 33

k Fo Fc 
11 36 41

b- 8 , 1—3 
1 59 55 
2 ?6 -31 
ft 3? -30
5 37 -Jfl 
7 h -49 
4 32 -35 
9 23 -25 

10 58 .67 
12 38 -47

h- 8 , 1—2 
0 25 -20 
2 42 45 
4 111 104 
5 27 -27 
6 72 71 
7 ft6 -53 
9 30 -27 

10 35 -33

b- 8 . 1—1 
1 67 58 
2 55 46 
4 53 -5* 
5 19 -11 
8 46 46 

10 79 92 
12 63 65

b- 8 , 1-0 
0 126 107 
1 34 29 
2 50 40 
3 38 32 
4 91 .86 
5 51 47 
6 124 .122 
7 69 70 
8 45 -55 
9 46 28 

14 32 31 
15 33 3*
h- 8 , 1-1

1 56 -41 
I 46 .31 
4 47 4i 
6 28 19 
7 29 -16 
8 46 -40 

10 6* -66 
12 30 -*3

h- 8 , 1-2 
0 49 -38 
1 27 -21 
3 55 -53 
» 51 52 
5 73 -73 
6 33 23 
7 5« -57

b- 8 . 1-3 
1 133 1*3 
2 36 40 
3 40 45 
5 35 -23 
7 38 -46 
9 27 -26 

10 27 22

b- 8 , 1-4 
0 73 72 
1 53 54 
2 3* 38 
3 90 95 
5 85 89 
7 46 4Q

h- 9 , 1— ft
2 37 -37 
8 21 -21 

10 *3 -53
12 35 -50

h- 9 . 1—3

i 11 11 
» 45 50 
5 33 -236 18 13
7 25 -23

h- 9 . 1--8 
1 6ft 66
2 68 65
3 67 66

k Fo Fe 
» 56 55

h- 9 , 1—1 
0 26 27 
3 59 6* 
• 38 -28
5 9« 93
6 28 -22
7 59 56

h- 9 , 1-0 
1 7* -69 
2 35 -20
3 58 .5* 
5 32 -22 
6 36 3* 

10 28 -3* 
11 23 18 
12 31 -36

b- 9 , 1-1 
0 46 -HI 
4 27 23
5 3* -25
I h -38 8 28 -20 
9 35 -32

h- 9 , 1-2 
1 50 48 
2 50 49
2 42 29 
ft 42 41 
5 32 29

h- 9 , 1- 3t 
3 38 49 
5 51 62 
I 3* 37 
8 3* 41 

10 25 19

b- 9 . 1-4 
1 6ft -67 
2 26 -21
3 30 -3* 
6 30 35

b- 10 , 1--4 
0 33 -35 
1 21 -16 
2 15 2

I 8 -8
I 11 H

b- 10 , 1—3 
1 70 71 
2 45 55

I 2S 2?
h- 10 , 1—2 
0 23 -1*
1 42 40 
2 32 -25
3 82 84 
4 23 -24 
5 69 73 
7 28 29 
8 36 45 

10 27 24

h- 10 , 1—1 
1 129 .118
2 48 -45

I 11 «
7 35 38 
8 28 30 
9 2" 35

h- 10 , l-o 
0 3? -30 
1 32 -22
3 52 -4P 
5 64 .43

h- 10 , 1-1
1 4* 38 
2 59 5*

I ti 15
1 11 JJ

10 »7 -?5

h- 10 , I- ? 
0 33 ^1

•

k Fo Fc 
6 43 b4 
8 60 61

h- 10 , 1- 3t 
1 31 -34 
2 *1 J«4
J «« -*7 
4 3R -46 
6 22 22 
8 39 *8

h- 11 , 1— » 
1 37 38
2 14 15 
3 28 24

h- 11 , 1—3
2 31 32 4 ?O -2« 
5 29 29 
7 2O 18 
* 25 36 

10 21 25

h- 11 , 1—2 
1 64 -67 
2 26 -35 
3 fto -39

b- 11 . 1—1
0 »1 -35 
1 37 -33i il %
7 31 -30

b- 11 , 1-0 
1 *0 32 
3 26 18 
6 36 -38 
8 35 -35

h- 11 , 1-1 
0 32 26

b- 11 . 1-3 
0 23 -23

h- 12 , 1—3 
2 2fl -35 
ft 17 -2* 
5 21 -22 
7 23 -21 
8 19 2ft

b- 18 . I- 0 
0 60 5ft
2 39 33

h- 13 , 1-0 
1 2* 23 
ft 19 to 
6 3» 31

h- 1ft , 1-0

I U -3
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A.: : II

X-1AT ,

Table 4.2_fi,

Grysti.1 data:- C_J! ,A», Cl.,0. Pd; l > = 9*7.6; red irregular plates4 ^i|.
parallel to (01C)j Space fciioup , I2./c; a = 11.C? + 0.015,"

b. = 20.54 *. °«02 > £ = 1B.24> 0.02?, p = 1^2.1 ± O.'°j U =

D ss 1.735 voy ilctati_' 2fJ D = 1.791; -u - "«/ r&diation.
tt C "V

to ~ '.'*. n - tructur: IvHr hr.r he nn basec'i u-on 1175 non-zero 

independent ?, , ., value-:: , visually estimated fro;- layer? Okl to 6kl 

and hkO to hk2, collected by the equi-inclinati cisf.enberg 

tech iii quo.
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Positional and isotropic vi"brational parameters 
v/ith standard deviations in parentheses.

Pd 0.0099(3) 0.1067(1) 0.2384
As 1) -0.0672(5) 0.0253(2) 0.3008
As 2
As 3
As 4
C1(1
C(11
C(12

-0.1115
0.2198
0.0781

-0.188
-0.136
0.055

C(121) 0.232
C
C
C
G
C
C
C
C
C
C
C
G
C

r**

p
I

5̂

122 -0.323 (5
123 -0.1*48 (4
124 -0.1,167 (5
125 -0.365 (5
126 -0.243 (4

0.0118(2
0.0530(2
0.1877(2
0.171
0.060

-0.048
-0.018

o

0.1018
0.2730
0.1734
0.2036

2) 0.370
2) 0.374
2) 0.213

-0.054 (2
-0.085 (2
-0.089 (2
-0.063 (2
-0.027 (2

21) -0.193 (4) -0.019 (2
231 -0.044
232 0.018
233 0.124
234 0.256
235 0.292
236 0.179
31) 0.382

0(341
C(34<
C
C
C
C
C
G

342
34^
3W
3W
41
42

Cl(2

0.31".
I 0.431
\ 0.485

0.427
i 0.312; 0.245

-0.067
0.132

-0.2656
0(1 -0.392
0(2 0.317
0(3 -0.230
0
C
C
C
C

C

4 0.155
5*s *

52
53-x ̂

54*^^r

55•x ->
56

0.330
0.289

-0.366

5
5

5
5
4
4
4
4
*
4
5
4
4
5
5
6
2
4
4
5
5
6
5

0.473 (5
0.515 (6
0.438 (5

0.447
-0.119
-0.166
-0.146
-0.082
-0.039
0.041

<T)

%̂
2
/-)

2) 0.086(1
3
3
3
3

2
3
3

0.225 (3
0.160 (3
0.076 (3
0.060
0.130

-0.024
0.341
0.137
0.173
0.239
0.268

.p

.j

.)
3
3
5
^*
*^

2) 0.226 (2
2) 0.393 (2

0.095 (2
0.070 (2
0.110 (2
0.170
0.195
0.158
0.201
0.275

-0.1197
-0.151
0.446

-0 . 1 46

2
2
2
2
2
8
2
2
2

0.367 (2
-0.167 3
-0.167 (2
0.200 (2

-0.239 3
-0.240 (3
-0.204 (3

0.223
0.218
0.182
0.139
0.136
0.177
0.052
0.230
0.444
0.381
0.070
0.521
0.067
0.476'
0.540
0.382
0.621
0.562

Q

Q

_X

.J<2

3
1j> (
r>

J?

4
^
j
3^
^,
j?
3

0.489 (3

0.092
0.092
0.031
0.102

2
2
2
2

0.13 (1)
0.10 (1
0.13 (2
0.11 (1
0.12
0.10
0.11
0.11
0.09
0.12
0.11
0.11
0.11
0.12
0.12
0.08
0.10

1
1
1
1)
1)
1)^ '
t^
1
1
1
1
1

0.10 (1)
0.10
0.10
0.11
0.10
0.10
0.12

' 0.12
0.147
0.18
0.19
0.20-

i
1
1,
1
2
2
5
1
2
2

0.18 (2
0.15
0.13
0.13
0.14
0.14
0.15

2
2
2
2
2
2



Table 4*2d Bond lengths v/ith their standard deviations 
in parentheses.

G

Pd •
Pd -
Pd -
Pd -
Pd •

As('
As('
As(-

- As
- As
- As
- As
- 01

1
Q

3
4]
1

|)-C(11
1)-C(12
1)-G(1£

2.408(7 
2.860(7 
2.331(7 
2.375C-7 
2.33( 4)

1.92(5, 
1.97(5) 
1.90(5)

0(121
CM22
0(123
G 124
0(125
G(126

-G
-C
-G
-G
-C

122
123
124
125126;

1 . 35
1.40
1.43
1.41

7—) '
o
6

) 1.41(6
-G(121) 1.47(6)

As(2)-C(l26)
As(2)-C(2l)
As(2)-C(23l)

As(3)-G(236) 
As(3)-0(3l) 
As(3)-0(341)

1. 9k 
2.06
1.97

2.01(4; 
1.98 4, 
1.90(5,

0(23
233
234
235
236

•0(232)
•0(233)
-G 235

1.39< 
1.33(
1.37 
1.38 
1.38 
1.36

;6); ? )
\ /^* \
^ \ 
6)

As(4)-0(346) 
As (4)-0(41) 
As(4)-c(42)

01
01
01
01

G
C
G
C
C
G

2)-0(l)
2) -0(2)
2-0(3)
2) -0(4)

51
52
53
54
55r* /**

-c
-c
-c
-G
-C
-G

52
53
54
55
56
51

1.92(5) 
1.95(5) 
1.99(5)

1.42
1.42
1.36
1.38

1.46
1.38
1.42
1.35
1.35
1.33

5)
\ i )

.s )

A'

A
Q*

C)'

9'

A

C 
G 
G 
C 
Cl 
G<

341 
342
343 
344

;345 
,346

-C 
-C
-C
-c
-c<-c

342 
343 
3i<4 
345 

[346 
1341

1.45 
1.35 
1.40 
1.36 
1.48 
1.46

f 

f

o,
f

6 (



Table Jf
Bond angles and their ctandard deviations (in parenthoGoc)

in degrees

170

Ao(D- Pd
Ao(D- Pd
As(1)~ Pd
Aod)- Pd
Ao(2)- Pd
Ao(2)- Pd
As(2)- Pd
As(3)- Pel
Ao(3)- Pd
As(4)- Pd

- As(2)
- As(3)'

- As(4X
- cidv
- Ao(3)
- As (4)
- Old)'

•

- As(4)
- Old)'
- cid).

Pd -
Pd -As(1)-C(12)
Pd -As(1)-C(121
Cd1)-Aod>-Cd2).

-AG(2)-C(126)
-As(2)-C(21>

» 80.1(0.2) 
« 95*9(0.2) 
t. 178.2(0.2)
«= 89.8(0.7) 
a St. 9 (o.2) 
«= 99.3(0.2) 
« 10T.8(0,7) 
= 85.7(0.2)
= 173.7(0*7) 
« 88.60(0*7)

4

115d*3) 
« 12^(1*5) 
n 110(1*5) 
a 101(2.0)
n 101(2.0)

t

« 103d 

= 97(1.3)Pd 
7 Pd 

Pd
0(126)-Ao(2)-C(21) « 103(1.9) 
C(126)-AG(2)-C(23D « 9^2.0) 
C(21)-As(2)-C(231') « 97(1.9)

Pd ~Ao(3)-C(23<$) 
Pd « 
Pd 
C(236)-Ao(3)-C(3l)

n 110(1.3)

» 123(1.3) 
=« 112(1.0)
« 103(1.7) 
» 105(1*8)

Pd 
Pd
Pd •

-0(41)

-C(42)

-C(42) ,

-C(42) a

-C(126) =

-0(122)==
As(2). 
As(2)« 
As(2). 
As(2)« 
As(3)- 

'As(3)' 
As(3)« 
Ac(3)- 
As(4)-

•0(126)
•C(231 )
•0(231 )
•0(236)
•C(236)
•0(341)

•C(125) =
«

•0(232) =

•0(231 )
•C(235)

-C(346) =»

109(1.4) 
112(1.5) 
117(1.5) 
106(2.0) 

=104(2.0) 
108(2.1)

116(3.5) 
125(3.6) 
124(2.8) 
117(2.8)
120(2.9) 
124(3.0)
118(2.9) 

115(2.7) 
127(2.8)
116(2.7)

-C(346)-C(345)= 123(^,7)

99(3.5) 
106(3.1)
111(3.7) 
115(3.0)
117(3.7) 
107(3.6)

>-)0(2)

>•* 0(3) 
i- 0(4) 

0(2)-C1(2)- 0(3) 
0(2)-C1(2)- 0(4) 
0(3)-C1(2)- 0(4)



Table 4.2f

Structure factor- for [pdfTPAS )Cl] , "£:
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k Fo Fc

h- 0 . 1- 0
4 44 -48
6 115 120
8 65 -5|

10 70 58
12 33 -30
14 1O2 -96
18 36 27
h- 0 1-

9
11
12
16

?4 
1?? 
135

106'8

90
-18 
109- f8
107

-149
40

h- O . 1-2
1 152 -145
2 2?0 -180
3 64 49 
i 71 61 
5 225 211

45 ?1 
90

9
10
11
12

12
11
h- 0

1
2

- 
8

i I1 *" u
18
23 -23

7
11
12
14
16

1- 3
132 -129 

313 
3?4 
190
-30

-105

-106
Jl
-69

3*1
374
29

125
44

107
42
47
63

2 

I

h- 0 , 1-4
0 151 132
1 114 101

60 5? 
139 -1"
177 -159

5 185 -169
6 147 -147
7
9

11
12
14
15
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X-ray Analysis of (Co(QP)Cl)BPh,

Patterson 
Function

Cobalt __
and 

innacurate
ligand 

positions

Calculated Structure 

Factors and Fourier

Improved Co,5L positions 

Found 12 carbons of phenyl 

bridging rings

Calc. Structure factors

±
Refined Co,5L positions by least-squares

> r- R=0 .

Calc, structure factors, 
difference Fourier

and distance angles.

Improved input positions 
Found five further 

phenyl rings

Refined Co and 5L positions

R=0.255

Calc. Difference synthesis .and distance

Found remaining carbon atoms

173

Calc* structure 
factors . Refined 
phases by 
tangeht formula.

t

Calc. Structure Factors 

Calc, phases using

anomalous dispersion

Calc. Fourier

Found most of
QP ligand atoms

Calc. structure factors and refined all positional 

and isotropic vibrational parameters
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Fig. The ligand, Qp.

214

124

114

313

314

315
324



Table 4.3o The Crystal structure of [_Coi^i ';Cl| 3t 

a; id isotro^io vibrati jnsu i<&

175

27

* 5
15
15
15
17

6
6
6
6
6
6
6
6
6
6
6
6
,"o
6
6
6
6
6
6
6
6
6
so
6
6
6
6
,-•
D
6
6
6
6
6
6
6
6

I
T

2

3
4
r

141
142
143
144
145
140
2 4 T

242
243
244
245
246
34*
34 3
343
344
345
34 J
1 1 i
112.

H3
I 14
H5
I 1 6
131
122
123

I2 4
I2 5
120

211
212
213
2 14
215
2 10

0.00727
O.II30I

-o .09004
O . O 2 7 2 0
0.01683

-o .00 870
o. 127 37
o. 18913
0.19591
0.14771
o .089 1 1
0.07794

-o. 11765
-o .18257
-o . 20359
-0.1551 4
-o .0893 4
-o .0 3949
0.07063
o . r 1042
o . 1 2 o 4 7
o . r i o 3 1
o . o 7 1 6 3
0.05401
o . 109 9 3
0.07107
0.073 17
0.09729
0.15166
o . 14803
0.19953
0.33 5 0 7
0.291 i o
0.32530
o . 302 52
0.23645

-0.09130
-0.13 4 6 3
-o. 13 t 54
-o .09523
-o .053 * ;
-o .047 33

0.02077
0.08566
o .09 579

-0.09 36 i
0.00561
0,0190-2
o . 10671
0.14 149
0.14993
o . 11964
o .07746
0.06320
o .06926
0*00267
0.065 4 6
0.0214 4

-o .0045 5
o. 02 17 i

-0.1248 3
-o. 19359
-0.2126 3
-o. 16645
-o . 10206
- o.o 8043

o . r 7 2 ••) o
o. i 32 3 r
o .240 39
0.30569
o. 29936
0.22982
0.04553
0.05538
0 . 0 3 025

-0.02503

-o . ^3045
-o .00 1*7

o . I 9 3 4 j
o . 2 3 } o 4
o* 3 ro 37
o. j39 2 3
0.2974 4
0.333 3j

O . 2 ^ OOO
o .243 6 5
0.22262 .
0.2593-3
o . 14259
0.3711.)
0.15148
o. 12376
0.05082
0.003 33
0.03197
o. io3 6 3
o.i 3664
o. 102-17
0.0370 4
0.00028
0.03 149
o . o 9 3 3 r
o. r 7 89 6
0.16361-
0.09461
0.04250
o .05076
o . 1 1 3 o 3
0.2 j 6 5 7
-•349 2 9
o.39 2 5o
o.34 3 5 3
0.30575
0.27028
0.371 4 ,„
0.337 36
- • 3 j ') 9 7
o.3o?4 3
0.34 102
o . 2 1 3 i 6
0.2,47^
o . 260 5 j
0 . 2 4 2 6 y

o . 1 3 ; 3 6
o . 1 4 -v 8 3
o.r6-, f

O . O 2 O
o . o 3 7
0.024
o. 030
0.02 3
0.048
0.050
o . o 6 i
o.o 5- 1
0.035
0.04 4
0.012
0.033
0.03-;
0.045
0.047
0.027
o.o33
0.032
o .0^0
o.o 4 6
0.050
0.038
0.02 2

0.03 6
o . o •) 6
0 . I IO
0.120
o . i r 7
0 . I 3 I

0.029
0.032
o .040
0.046
o . 06 r
0.039
o .o3 2
o .060
o . o 3 o
o . o 7 2
0.072
0.063
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Table Jf3J ihe ^rysttO. Structure of FooLi )Cl|3i h

Selected bond lengths

Co
Co
Co
Co
Co
P(D
P(D
P(1)
P(2)
P(2)

P(2)

--(3)
P(3)
P(3)
P(4)
-CO
*(4)

Mean Values
C - C
C - B
F - C

with their staauard

- i-(D
- ?(*)
- n3)
-KO
- Cl

- 0(141)
- 0(111)

- C(121)
- C ' 'V- •' }

- 0^211}

- C(221)

- .,340
- C(311)
- C 3?1 )
- G(146)
- C(246)
- 0(346)

of phenyl z*ing
of anion
of cation

^- 
deviati ons

X
2.280 (4)
2.318 (4)
2,261 (4)
2.057 (.4)
2.3 3 (6)
1.81 (3)
1.b2 (2)
1.82 (2)
1.77 (2)
1.83 (2)
1.78 (2)
1.76 (2)
1.83 (2)
1.84 (2)
1.77 (2)
'i .Uw ^ 2 )

1.80 (2)

1 .40 (4)
1.67 (4)
1.80 (2)
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Crystal Structure of jjCp((^P)CljBr h

ted bond angler end their sir-

grees

P(O

KO
P(2)

P(1)

P(2)

P(3)
?d)
P(2)
P(3)
P(4)

Co
Co
Co
C(U1)
0(141)
C(111)

Co
Co
Co

- Co
- Co
- Co
- Co
- Co
- Go

- Co

- Co

- Co
- Co

- p(O
- ?(1)
- p(1)
- 1(1)
- p('>
- p(1)
- I'(2)

- P(2)

- P(2)

- P(2)

- K3)
-P(3)
- P(4)
- K4)
- n4)
- Cl
- Cl
- Cl

«• O -i.

- C(141)
- C(111)
- 0(121)
- C(111)

" ' 1 0 ' >

- C,121 )

- C(24O

- C(211 )

- C(221 )

nd^ird deviations

o
108.5
112o
137-2
87.1
85.9
6&.9
99.4
97.4
86.3

171.4

107.0
115*1
120.0

103.9
103.7
105.4

104.7
128.9
109.7

(0.2)
(0.2)
(0.2)
(0.2^
(0.2)

(0.2)

(0.2)

(0.2)

(0.2 i

v v . <- )

(0.8)
(0.6)
(0.6;

(t.o)
(1.0)
(0.8)

(0.6^
(0.7)
(0.6)

- P(2) - C*21
- i-'(^) - C(kJ2

- P(2) - C(221) 104.6 (0.9)
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	O

Co - P(3) -C(341) 106.0 (0.6)
Co - P(3) - C(311) 125-3 (0.8)
Co - P(3) - 0(321 ) 110.1 (0.7)
C(341) - P(3) - 0(311) 105.3 (1.0)
C(341) - i(3) - 0(32.1) 104.8 (1.0)
C'311) - P(3' - "(321) 103.7

Co - r(4> - CO46) 111.9 (0.5)
Co - ?(4) - C(246) 110.8 ;u.b)
Co - F(4) - C(346) 114.0 (0.5)
C(146) - P(4) - C(246) 104.4 (0.8)
0(146) - P(4) - 0(346) 103.7 (0.7)
C(246) - P(4) - C(346) 111.3 (0.6)

P(1) - 0(141) - C(146) 113.2 (1.5)
P(4) - 0(146) - 0(141) 117.1 (1.3)
P(2) - 0(241) - C(24£) 117.0 (1.4)
P(4) - C(246) - C(:41) 114.1 (1.O
P(3) - C(5M) - 0(346) 115.4 d.3)
p(4) - Ov34-6j - C(341) 11ii.4 (1 .2)

0(11) - 3 - 0(21) 102.6 (2.1)

0(11) - B - C(31) H3.1 (2.1)

0(11) - 3 - 0(41) 116.3 (2.1)

0(21) - B - 0(31) 109.9 (2.1)

C(-'l) - * - 0(41) 109.8 (2.1)
0(31) - B - C(41) 105.1 f".

value for C •> C - C of phenyl rin^n irn.i (2.5)
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Table 4.3f

Structure factors for [co(.;P)Cl]
/

Data: h,^,^,.. ,*?' 9fi
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Table <^<+«-

The Orystal Structure of dime tlv 1-1,10-i>han an thro line

thallimn perchlorate.

Positional ana isotropic vItrational parameters with 

standard deviations I,,, -ur

u(82 )
Tl O.oi,1;> 2;
N(
C(c(
C(
c(
0(

1) 0.7230 37)
u.o4^4U:} 0.1856
0.4109(32

2) 0.6673 61) 0.3012(52
3) 0.6050 65) 0.1560(64
4} 0.6.26(67) 0.1446(66

>•?) 0.6439(69>
6) 0.6:87(63

> 0.2556(61
» 0.3692(61

0.1379
0.1723
0.1431

1) 0.024^(4)
12
1 9
21

0.0933(22
-0.0079(22
-0.0397(20

C(7) 0.8027(60) 0. --346(60) -0.0421(19
G(

in
0c<

,3) 0.5491(59)
9) 0.6644(61

|10) 0. 3227(41 >

0.7D76
0.7593

) 0.6435
,11) 0.7651 (U5) 0.5£9r) 
12) 0.7217(W 0.3954

5<^-

Î6
C(13) 0.6561(55) 0.2638(4U
r-{ •-M
^*< I

C(c
0
0
0
0

-0.0161
0.0435
0.0764
0.0475
0.0801

0.031
Q.OfKJ
0.06?
0.072
0.072
0.065
0.061

^3) 0.054
19
13
14 
14

0.055
o . o ' 7
0.027 
0.02>

0.0u20(17) 0.045

7)
12)
13)
15'
12'
11)
o-

yL10)
;14} 0.7481(56) 0.1.160(48) -0.0143(17) 0.045(10)
' 1 ! >) 0.5" 33(61 }
Jl6) 1.1172(43;
L -0.1350(1-)
1) 0.7750(47
2) 0.9045(54
3) 1.03a,H.--.
4) 0.7619(55

I 0.7U75(55; 0.19^7(19} 0.059(12)
I 0.5660(40) 0.1943(14) 0.027(:-')
i 0.509

0.46ld
0.6669
0.4393
0.^738

10) 0.33-U9
41
'1?
43

0,3830
0.3378
0.3353
0.2341

4) 0.032(2)
15
17
14
17

0.079
0.10k
0.077
0.099

10
13;
9)
13)
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Table 4.4d

The Crystal Structure of dimethyl-1,10-phenaritliroline-thalliuin pcrchlorate.

Selected bond lengths with their standard deviations .

Tl
Tl
Tl
Tl
Tl

Tl

N( 1 ^

N(1)

0(2)

C(j>)
0(4)
0(5)
0(5)
C(6)

- N'1)

- >r(io)
- 0(3)'
- 0(4)
- 0(15)'
- 0(16)

- 0(2)
- 0(12)
- 0(3)
- 0(4)
- 0(13)
- 0(6)
- 0(13)
- Q(14)

X
2
2
2
2
2
2

1
1
1
1
4

1

1

1

•57
.57
.86
.89
.13
.12

.37

.37
•5'
.2,.

=57
.36
.42
•50

(3)
(3)
M
(4)
(5)
(5)

(5)
(4)

v/>
(7)
<7>

vo;
(6)

0(7)
0(7)
0(8)
C(9>

V(10)
0(11)
0(11)
0(12)

Cl
Cl
01
01

- 0(14)
- 0(8)
- 0(9)
- * rf * A '

- 0(11)
- 0(12)
- .. ,<.,.;

- 0(13)

-
- .^;
- 0(3)
- 0(4)

X
1.34
1.31
1 .40
1.36
i.30

1 .49
1 .4--
1 .40

U43
1.46
1 .L5
1.41

(6)
(6)
(5)
(5)
(4)
(4)
(5)
(5)

(4)
(4)
(4)
(4)
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Table 4.4*

Selected bond angles in decrees with their standard deviation!

(in parentheses .

N(1)" - Tl - .'(10)

) - 71 - C(15) 95-2 (1.5)
) - Tl - C(16) 94.5 M.M

- ii - u'(3) 144.0 (1.0)
- Tl - 0(4) 7^.3 (1.0)

Tf(1Q) - Tl - C(15) 94.*

N(10) - 71 - C(16) 05.9 (1.4)

H(10 - TI - 0»(3) 80.6 (1.2)

N(10) - Tl - 0(4)

0(15; - I - 0(16)
0(15) - Tl - 9'(3) 82.8 (1.5)

C(15) - Tl - A4) 84.5 (1.5)
c(ib, - i.-i - J f (3) ^j>.'! (i.i>;
C(16) - Tl - 0(4) 90.9 (1.5)
O f (5> - Tl - .^4> 1^.R d.'O

II - 0«(3) - Cl 1 133^ (2}
Tl - ••'.'/• - Cl 116 f.?l

0(1) - Cl - 0(2) 112 (2)

0(1) - Gl - J(3) 111 (2)

0(2) - Cl - 0(3) 105 (2)

0(2) - Cl - 0*4) 110 (2)

0(3) - vl - 0(4) 111 (2)
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APPSIDU

PROGRAMME TITLE.

Intensity Statistics

Computer programme written in C203 autocode for use on English

Electric KDF9 computer *

PURPOSE

To examine the statistical properties of reciprocal space for any

compound with triclinio, monoclinic or orthorhombic space groups

(except Fddd and Fdd2). The theory of the different steps im

included in the Discussion (page '3^ )• A one-step programme to

carry out the following operations :-

1 ) Read in reflections interpolating between the maximum and

minimum reflections of any row line to find accidental absences •
P 2 Store ? , sin 9 , multiplicity, corrected for symmetry number for each

reflection, omitting reflections where sin6^X/a , (a . is thex TBin mln

shortest axis length) and where the symmetry number is known (these are 

stored separately) (see Page 3^ )•

2) Calculate K (overall scale factor) and B^ (overall temperature 

factor) from a Wilson plot (using least-squares fitting of a straight

line) (see Page 1*|J).
2

3) Correct all stored £ values for thermal vibration and scattering

factor fall-off with sin 0 using either the K and B calculated in 

Section '2* or alternatively input values*

Calculate F iind compare with value for reflections in Bones of
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reciprocal space with unknown symmetry number to give evidence of 

mirrcrs or rotors in the crystal.

5) Calculate the Wilson ratio ,

6) Construct table? of probabilities and cumulative probabilities 

of z « F2/ £_ (see Page <fS).

7) Calculate 'theoretical 1 and 'observed 1 second and third moments 

for all possible space groups (see Page 'O )•

FLOW DIAGRA':

1) Read cell dimensions and wavelength, /\ , Calculate Hj, '&, and

value of

2) Read information of systematic absences, zones in reciprocal space 

with high symmetry number, and zoner with unknown symmetry number (p)»

3) Read halve-direct ives for calculation of multiplicities (ra).

Read names and number of atoms. Read the number and ̂ alue of 

points in sin &/^ for which values of roattering factors are given, 

Read values of scattering factor at each of these points for each atom 

type,

5) Read number of space group tests for theoretical higher moment 

calculations . For each read in type of higher moment calculation, 

number and type of atoms in general positions, and special positions 

with one, two or three fixed positional parameters. For the last type

read type of reflections to be analysed separately,

26) Read next refl ction, h, jc, I and F , Go to 8 if data ended.

Reflections are read with I the fastest running index, starting with
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itr. minimum value for particular hi and le values. Calculate and store
n o

F / , *in Q , m and q (a pointer giving information about type of 

reflectioa with respect to atom in a fixed spftcial position, if q = 0, 

then no such spacial position) for accidental absences (with inter­ 

mediate 1 values} and observed reflections. Go to 7 if P is fc-own. 

If symmetry number is not known definitely, store separately* Go to 6. 

7) Update totals of number of reflections, the number interpolated, 

the multiplicity corrected P and sin 6 (stored in 20 equal ranges of

sin 0). Go to 6.

8} Store end sign. If temperature factor B read, go tot*..
29) Calculate mean value of £ for mean value of sin © for reflections

in each of the 20 ranges .
W 2

10) Calculate 21 ** **or each of the 20 mean value? of sin 6 .J«1 ° 
This involves interpolation between 'f values for given sin B/^\

values. This was achieved by a method recommended by Dr. J. S. 

Rollett in 'Computing Methods in Crystallography', Page k2. 

Given n+1 values of |f • at points sin( £. ), the value of f at sin $ 

if given by

n
f(fiin0) = Zltf'sinO )v( 8in 0 i

where <*.(sin 0 ) « TT (M )/TT(
1 ^i J 4^4 X J

i^ 
11) Calculate number of reflections possible in each range,

Calculate In \(v/ / Z f 1 I = L
L> ' j=1 J J
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12) Print out for each of 20 sin"5 & range;-, ^»in ©/, number of
• f* \

reflections interpolated, total number of reflections (r^ ) ^ ^F /

and (n^/H ) 2 2 w and L.
o 

The penultimate figure can be used a? a measure of the reliability of

any point on the graph.

13) Fit a leart squares straight line to the relationship between L
2 . 

A
L s InK - 2Bs

Observation* of L and S will not obey this equation exactly. Thus 

LnK - 2Bs - L4 = e.
1 -50*" 2 

The best fit will be such that MX Jl we is minimised with respect
i«0 

to 3 and InK

Thus at the minimum

f * Z

aad Bine / =

i ' LJ

whence ^<a ^ ^o
£ Vi I ViV I" wtL
JC Q X ^iaO 1 ^ X i«0 1InK « ———————————
4? ^ 2 4?
2- »i ^- Wi8i - Z. "4^21. W 8.

1 X 1 X 1 1
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19 19 19

n R 0.5 19 19

19 19 2 19 19
The terms ^. w s , ^ w , £ w s. , 21 wisiL »

i*0 i i i=0 i 1=0 i i ixO 1 X

are accumulated and substituted in the equations above to allow 

the derivation of K and _B^.

Print K. and B.
~ •* 2 

14) Calculate T g, for the (n+1) sin 0 /^points.
J '

? W 2 2<• y» ~ _ _ / yot — £ —•

2 2 Calculate H 6^/21 ««0 » C & ^or the (n+l) points

This is a scattering factor and temperature factor correction.
rt

15) Read F / » ^> * 1 /»> <1> **& 8ln © ̂ °r reflection of group in which 

the symmetry factor is known. If end elgn, go to 18. Interpolate to 

find correction factor, c, at sin d using method in 10. Apply

correction. If q^ 0, go to 1?.
o i £16) Add to current totals tobP/r-, bF / . bF / 2 and bF / 3* and count

reflection. Go to 15.

17) Accumulate different totals as in 16 for reflections of different 'q f . 

Go to 15*
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18) Calculate mean values ^1) , (I *~/, V / » V / * Store 

Go to 20.

19) Calculate mean values as in (18) for each group reflections.

20) Clear 100 registers.

21) Read I from general store. Go to 26 if end sign. Calculate

Kaep 20 register?: kept for accumulating N(z) (for ".'(z) cumulative 

plot). These are for z = O(O.l) 1.9. Add b_ to each register with 

* greater than z , .
Obs

22) Keep 30 registers for accu-milating; number of reflections within 

s £ 0.05 for valuer of z incre^ring by 0,05. -ills is for P(z) plot. 

Add lOb to relevant 4 otal r: .

23) Keep 30 re^isterr for accumulation number? reflections within

z +. 0.0" for vc.lue? Df JTincreaeing by 0.05. '"ni? i« for P(F) plot. 

Md 10b to relevant toteJf .

24) .'lee^ 20 register- for o.ccumulating Tl(?) for the cumulative ^f? 

plot, for valuer of JIT of 0(0.1)1.9. Add 'h* to all regiu-terr in 

z greater than JTT-u •"^ OD.

25) Add b to general tot^i (T).

Go to ?.'• .

26} Divide the number of reflect! onr for or,ch vrrlnr of z or s in

each of the above procedure? by T,

Print v.- luer of N(z) at 20 value" of z

Print values of P(z) at 3 value? of z

print values of ?(F) at 30 valees of

Print value-, ^f 'K?) at 20 values
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27) Print iSfilson ratio

Print

<(!>'

23) Go to 31 if ao theoretical second and third aoacritr requiredjv/ AT {V
29) ?or higher moment ter 4 , calculate /^ . 7f^ a id 7 f , forL_ j <— J J 

W* 4 v/=l J-'general und different ty^er of Bpecial positio.i, and calculate 

theoretical \ / . \ / \T / for each of these. 

Calculate fir pe*>arate - of reflection* if special position 

requires this.

30) Substitute in nrprr^.'- on? £;|v*« -^n pa^c £f$ to ^ive / 

/I ) and \- / for whole structure. Print :ut observed 

theoretical second and third momentr for thi? test. 

G-o to 2"., if another ter' required.

31) End if no reflect I inr i" unfar _Traaetrjr number.

32) R*ad location of r^rouj of reflections of unkno n r.vramrtr-' number.

Go to 34 if end sign.
233) I-.ead T, sin & and h. Interpolate to find correction factor, c,

'*-"» h and hi.and apply this. Accumul 

34) Calculate

Print

Go to 32 ! r' further group af unknown synmittry nudber.

to 33.

2!JD.



195

APPENDIX

O PROGRAMME TITLE 

E calculation.

PURPOSE

To calculate normalised structure factors, B, given by

INTRODUCTION

The strategy of this simple nro/rra<-<me if -i- arent fr~>~ tb^ 

flov .1. The pr tae was written in C203 autocode for the 

.v computer.

1) Read scale factor r aad overall isotropic vibrational factor. ^.

2) Head information defining body or face centres, screw axer, glide

3) Reed cell dimn^lonr md wavele -.--t.h -,f radiatio -. Caicuiate .. '
* J

4) Read in aumoer of different types of atom in the unit cell, the

number of each type of atom, the value of ein 6 /X for the 

scattering factors, ana t^c v.-, uc. of the scattering factors at those

point: .
N

5) Calculate 2 f . r°r sin 0 />\ -ioint» .
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6) Multiply Z f2 ^ by expL-Bsin2 &/^2
Ja1

7) Go to 11, if data ended.
2Read h, k, 1, F for the next refleotion and calculate sin

N 2
8) Interpolate to get correct value of 21 f . for reflect!on«j-i 3
9) Calculate symmetry number, p, for reflection.

10) Calculate E. Print indices and E. Go to ?•

11) 2nd.

PROGRAMME

Tangent Formula Refinement,

PURPOSE

To refine phases using the tangent foraiula

* *„ b
for orthorhombic space groups •

INTRODUCTION

The prograrame divides naturally into three parts. The first 

concerns the storage of the data, the second the Z. p-listing and the 

calculation of the right hand side (R.H.S.) and the third, the 

selection of phase to be used in the subsequent cycle of refinement. 

The programme has been written in C?03 autuocode, modified so that all 

available store of the KDP5 computer can be used as direct access 

variables. This modification of C203 autocode was made by 0. J. R. Hodder,
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The second section is the most time consuming part and hac been written 

in K3F,9 User Code. The author is grateful for the useful discussion 

with 0* J. R. Kodder concerning the strategy of this part of the 

programme. In the third part, the method adopted in a programme 

developed by ;.:• J • Adams has been closely followed. This programme was 

designed specifically for insulin which has a hexagonal space group .

The s torag© of data and , «-lis ting in the latter programme are 

achieved by a completely different method which offers no possibility 

of generalisation.

The programme %ill now be described.

Part I. Storage of data

It is convenient to store the data for the R.H.S. and L.H.S. 

separately.

For the L.K.S., three words were used for each reflection. The 

programme input specifies the lowest Ej* value needed for the R.H.S. in 

any cycle. The reflections with E£ greater than this value are stored 

in order of their input. Two words (48 bits each) were used to store 

the indices, |Ej|and o( £ for each reflection. A third word was kept 

clear to etore calculated values of JEgland «cj.

For the R.H.S. , onlyJK^sin oC -g and^jjcost* -g need be stored and 

these are easily packed into one word. The programme calculated the 

maximum value of h. , aad the maximum values of h and h- for each value
""" ~ £. J)

of J^. A function defining storage location of each allowable 

reflection in terms of its indices. for half of reciprocal space is then
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computed no that none of the store Is wasted, and the values of

•£ and (E*Joos c*»~* are stored in the relevant location for all

reflections for which . is available* For this, * , ,T ,7" ,n * h. ru h-^ — 1 -^ -5
^ v» »u >u are generated using class tests •

Part II. Z -listing and calculation of R.H.S.

As this part is very time consuming, several different methods 

were investigated.

The storage of R,H.S. for half the reciprocal sphere, of course, 

involved the storage of interdependent information but the use of 

this larger storage area is compensated by the greatly increased speed 

of calculating the R.H.S. Phases of reflections in the other half of 

reciprocal space are easily derived from <*ui,v = ~0(vv,u«
-1-2-3 

Two techniques raay be used in the "^8^nS« Both of these are

considerably accelerated if the indices of h, i.e., the reflections 

stored on the L.H.S. are all positive. The generalisation of the 

programme to include monoclinic space groups involves the inclusion of 

conditional jumps which considerably reduce the speed of the programme, 

and thus separate programmes have been written. This programme concerns 

orthorhombic space groups.

Both techniques involve the systematic coverage of the reflections 

stored for the H .!!.£• with reflections k, the calculation of (S -~k)and 

the checking that the reflection with indices (h - k) lies within the
~^£

area of reciprocal space for which reflections are stored. If k is 

initially set at J^max, JC^max ,5ynax, the reciprocal space can be
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explored by decreasing k,, until k, is again equal to J<5m|K »—•3 *"" -J J

then decrease /C and so on. The first technique would be to have a
<£,

conditional ju-ap on the value of kt and a further conditional Jump on 

the value of (h - k). In fact, a second technique which is to

calculate the number of values of k, for a fixed set of *C—j —i

which are inside the area of stored reciprocal space ana gives values 

of(h - k)also obeying this condition is simpler. The number of values 

for an orthorhombic system is the smallest of £2k, + 1Jand

a , + (h, - k,) 4 1 - h, /• A similar calculation is made for the jmax "—j •—3 max ~"3

number o values of J(9 , The programme then cycles through the 

reciprocal space without any conditional jumps on the values of indices, 

^ew values of the number of cycles must obviously be calculated for each 

value of k. , the number of values of which are calculated in a similar 

way.

Obviously only reflections with stored values of|E|sinP< and |i^)boF (K. 

ca~ be included in R.H.S, calculation, and the presence of a value must 

always be tested.
«aA v - ^ <k

Finally, the above survey includes pairs of values of k and(h - k/ 

which are the same. The nomenclature of k and(h - kJ,of course, can be 

reversed, so that only half the values of k need be investigated.

When a pair has been identified, the values of |s|sin*< and 

/2/cos<< for reflections k and(h - k)are added to totals of

sin 0^/r* -?>\ , and
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Part III. Calculation of phase to be used in next cycle

When all the possible relations? hips in the ̂ -lifting have been 

investigated, the calculated value of 0<? and also of )Br
f 
[

? 2 T OOB <*£ + sin tf» are stored in the third word kept available for

each reflection included in the L.H.S.

This is-repeated for all reflections of the L.H.S., and sums of

Eobs ^^ Ecalc are CRicula/te<** Prom thete a scale for £ , is computed

at the end of a cycle of tangent formula refinement, and the E , valuescalc
are rescaled. The values of E and & , are then systematically 

examined. If & , is less than 0.4, the original value of ^. is used 

in the subsequent cycle. If the phase shift is great r than 120° but 

E lc ^8 ^ess than one, the original value is used for the phase. If the 

phase shift is less than '20 end the value of E . is greater than 0.4, 

the value of the phase used in the subsequent cycle of refinement is a 

weighted mean computed from:-

Tp s . "*

calo ** calc
s t; , + 1 calc

An R-value is computed for the cycle from

In following cycles the ainiiaum value of the normalised structure factor

for the L.H.S. may be altered.

Plow chart for tangent formula refinement programme

1) Read cell dimensions and wavelength of radiation used.

2) Go to 3 if no maximum indices^, h2 , hucbr each reciprocal lattice 

layer given. Read h^, and h^, h^ for allowed value of ̂ . Go to
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3) Read maximum sin 0 value for data. Calculated maximum values 

of Jc and 1, allowed for each allowed iralue of h.

4) Read number of cycles of tangent formula refinement, n, and the 

minimum value of £ to be included on left-hand side in each cycle,

5) Read in class tests and the relationship ofo^u >T>. » <^ K "T. , 
_ -1-2-3 -1-2-3 

and ot , . . , the phases of the equivalent reflections for 0( , . .
2^3 * H ^^3 

for each class test.

6) Read in data (a) JL>lko»^7> £v, v, v, and P 1^86 ^v, v, * wne**e pha^e^i c. j n.Ji-n, n, n^n_

is knofcfl (b) tLfhpfjh-, £, . . wlajre phases is not kriown.
123 ^

7) Calculate area of store needed, one word (48 bits) for each h for

half of the reciprocal space lying within the maximum allowed indices. 

Calculate expression relating storage location for reflection, !L fh^hi,. 

with the values of lu, _h,, and .h-.

8) Go to 10 at end of data,

For next reflection, iL^Jwh,, check that indices are within maxima. 

Generate h^ , hg> £»* i^ > &£* £3* &j» &2* £3 ^^ requisite phases using

class tests. Calculate K , . cosCoC! . ) and E. sin(c^. . . )£2»%»£3
for each of the four equivalent reflections. Pack the cosine and sine 

terms together for each reflection, and store in the appropriate location.

9) For reflection h, go to 8 if 8£ is less than E . for L.H.S. in' ' ** min
any cycle.

Store h, ?£ and o< ^.

10) Set E . for current cycle,
-»

11) Read from store the value of next h, E^ and <*g for L.K.S.

Go to 11 if E *X E for current
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For k, set k as k, the majdfflum value of the first index. ^ -~1max
12) uo to 22,(h > - k)^ kr

Fetch k- _ and k, . Set k^ and k. equal to these.— 'cinax. *• 'jioax —2 — * ^
Calculate (h - k). . "~~ *•"* 1

Calculate

and T2k_ +1.1L_ — 2raax xJ
Put nA flqual to the minimum of these.&
Fetch (h - k) Tv ~ - X 3iaax
Calculate | (h - k). * k, * 1 - k_ 1 LJ— — 3nax — 3raax -3 -'
and / 2k_ + 1 • j L — 3isax ^
Put n, and n. equal to the minirauia of these. •*-3 ~1
Go to 18 if (h_- k) 1 aj^.

13) Calculate (h - k)^*— » ~~ d.
14 ) Read Ifitf |co» ot ^ and J££ (sin o< AI , I JC IK' 1C

If no value stored go to 15. 

Calculate

IT (h_- k^). is negative read values for Friedel pair.

If no value stored go to 15*

Update relevant totals for R.H.S. If (h^- k) is negative include

oontributions relevant to - ^r»_"£ )

15) Decrease n, by 1, go to 16 if _a- « o

Decrease k- by 1 , go to 14
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16) Put k. = v 8et n, = n, -3 ~3fflax' -3 -1
Decrease j}2 by 1, go to 1? if JX> 

Decrease^ by 1, go to 13.

17) Decrease Jc, by 1, go to 12*

18) Calculate (h. - k) 2 » 

&o to 22

19) Rea

If no value is stored, to to 20.

Calculate (h - k_) .

If (h^- k)2 «Jc2 , and (h_ - k), k , go to 22.

Rcad S<h - k)C08 ^(h - k) "* *(h - k)sinoC ^h - k) 

If no value is stored go to 20, 

Update relevant totals for R.H.S.

20) Decrease n, by 1, go to 21 if n. = Oi—j j

D«erease k, by 1, go to 19•

21) Set k_ = k_ , set n, » n., x -3 ~3max' —3 -1
Decrease jc« by 1, go to 18.

22) Go to 23 if [denominator (A) * numerator (B)J)o.01

Put S , and o< , equal to zero. calc caic
Go to k'4.

••1 B
23) Calculate 0< hkl = tan /A.

Calculate [A2 , B 2 ] * «(^Oalo . |

24) Update relevant totals for l soalc| and|l J 

Print indices of reflections,!^!, <* b and o( 

Print shift or phase andls , .j
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Print shift of phase and E .
CGULC •

Store o( . and S .calo calc.
Go to 11 if data for L.H.S. not ended.

Calculate scale for E - from the suras of £ , and S .oalc calc obs.
Print scale.

Reeeale all values of K ,calo.
25) Go to 28 if data ended.

Read next reflection for L.H.S. from store.

Update totals forfe - S .^and E.
/

Go to 25, if K,

Go to 27, if 

calc

fj- (/ n 1^120. I IN ^ calc\' L . J iJ "^ tj c os^calc °^
E , + 1 calc

26) Store new values for J.H.S. 

Modify R.H.S. 

Go to 25.

If

Go to 26.

28) Print f(E - 2Qalo )/f ^.

If correct number of cycles have not been completed, go to 10.

Print tape for all reflections h^ h2> h^ f 2 and tf if known.

End.
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