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ST]MMARY

The crystal structures of the inorganic salts, sodium

(+) 
rOU-bis 

(malonato) 1, 2-diaminoethane cobaltate (III) dihydrate,

Na (+) 
s+øtco 

(can2o4) 
2 

(c2HBN2) I .zuzo, (-) rrn-tris ( (-),rrr, z-

diaminopropane)cobalt(III) (+)rrr-tris(malonato)chromate(III) trihydrate,

(-) 
sgg tco (-) 589 

(c3Hlotz) 
g I (*) sgg [cr (c3H2o+) 

¡ ] . 3H2o , and potassium calcium

(+)rrr-tris (dithiooxalaËo) cobalËate (III) teËrahydrate,

K.Ca (+)Sgg[Co(CZOZSùrJ.4nrO, have been determined and refined bv a

full-matrix least-squares procedure with conventional .R facËors aË

convergence of O.O5O, 0.O73 and 0.062 respecÈively. The absolute

configurations of the complex anions in the respective strucËures r^7ere

assigned as Ar.ti. and L.

The absolute configurations of the complex ions in the previously

deËermined structure, potassium (+)rrr-tris(1rlO-phenanthroline)nickel(II)

(-)rrr-tris (oxalato) cobaltate (IrI) dihydrate,

*(*)Seg[Ni(c12H8*z)¡](-)SAgIco(cro,) rJ.znro, have both been determined as

.1i, using the Ëechnique of X-ray anomalous dispersíon. The complex ions

(+)rrn-tris(oxalato)chromate(ril), (+)Sgg[C. (C20 ì3]3,
(-) Uoo-tri s (malonato) cobal tate (III) , (-) 

6oo I Co (C3H2o4) 
3 

] 
3-,

(-) Ooo-tris ( 1, 3-diaminopropane) chromium(rII) ' 
(-) 

+oo Icr (crttroN2 ) 
3 

] 
3*

and (+) rrr-tris (1, lo-phenanthroline)ruthenium(rf) , (+) 
Sgg [Rt(cfZHgNZ) 3]2* ,

have all been assigned a À absolute configuration on the basis of X-ray

powder diffraction patterns of the relevant least-soluble diastereoisomers.
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Angular distortion parameters of the MLU coordination polyhedra

in several inorganic st.rucËures of pseudo-D, synmetry have been compuËed

from the crystal coordinates; the dísËorËion of this core from On syuunetry

in tris-bidenÈate complexes has been correlated with the size of the

ligand bite angle, o, on the basis of a repulsive electrostat.ic potential

operat.ive beËween the six ligand donor atoms. This theoreËical model

predicts a distortion Ëowards Ërigonal-prismatic geometry for tris-complexes

conÈaining bidentate ligands which subËend angles, cr,, less Ëhan goo at

the coordinated meÈal aËom; for a > 9Oo the model predicts a geometry

more flattened relative to the three-fol-d axis Ëhan thaË in which the

Ëhree bidentate ligands are orthogonal.

The computed MLU-core disËortions of relevant tris-bidentaÈe

transition metal complexes have been considered in assessing Ëhe validity

of a limited crystal-field trigonal disËortion model proposed by Piper

and Karipides for correlaËing Lhe absolute configuration of a chiral

trigonal-dihedral (Dg) chromophore with the sign of the observed rotatory

strength. It is concluded that this model does not adequately explain

the observed Cotton effects for all pseudo-D, transiËion metal complexes.
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INTRODUCTION

At present the only definitive ways of assigning Ëhe absolute

configurat.ions of meËal complexes are chemical relation to a compound

*1
of known chirality (Gk. Xe¿p = chir - = hand)r e.B. complexes of (-)Prrr*

1-1
derivativêsr^ ' and X-ray structure solution employing the propexLy of

X-ray anomalous dispersion14-6 the latter being the only t'direct"

method. Earlier in the study of optical activity in transition metal

complexes it was thoughtT that their absoluËe configuraÈions could be

deduced from the sign of the roËation of plane polarízed light at a fixed

reference wavelength. Hornrever, it had previously been observed that

the optical rotatory dispersíon (ORD) curves for chiral molecules

exhibited an inflexion poinË and generally changed sign under an

absorption bandrS'9 *.king predictions based on the sign of the optical

rotaËion at fixed wavelength doubËful. It rras subsequently shown theoreË-

ically that the sign of the observed CoÈton effecË (see Ëerminology section,

part (2) ) for an isolated optically active transition \^7as determined by

the chromophore absolute configuration.lo'11 The finite extension of the

rotatory dispersion beyond the limits of the absorptíon band envelope leads

to a complicated ORD curve which is not readily resol-vable into seParate

dispersíons for chromophores having several optícally active transitions

in a narrow wavelength range.

It is currently held that the absolute configurations of chiral

chromophores should most readily correlate with the feaËures of the circular

fl ligand abbreviations and strucl-uï¿l formulae are given in Ëhe

terminology section, part (3), inrnediately following this íntroductíon.
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dichroism (CD) specËra, since for an isolaÈed transition the CD peak is

confined within Ëhe envelope of the absorption band, although a small

shift to 1ow energy relative to the frequency of Ëhe absorption maximúm

is predict"d.12'13 Transitions whích give overlapping oRD curves should

be more clearly resolved in the corresponding CD spectrum.

Despite the fact that Ëhe Cotton effect in CD was first observed

for an inorganic system, l4-I7 the development of widely applieable

Ëheoretical models lags behind the theoretical interpretation of the

phenomenon in organic chemistry.lB-20 This is partly a consequence of

the differences in the electronic ËransiËions being studied, and in the

inorganic sphere theory best describes Èhe experimental facts for the

n + rr* transitions of unsaturated ligands such as 1rlO-phenanthroline

and 2r2t-d.ípyridyl when chelated to ÈransiËion metal ions .2I-24

Analogous n + r* ancl n + Trf transitions are the mosË studied in organic

compounds containing, for example, the carbonyl chromophore. For

transition meËal complexes containing saturated ligands, such as the

aliphaËic diamines, the ÈransiËions most, studied have been the low

intensity, spin-allov¡ed d-d transítions centred on Èhe metal ion and

generally observable in Ëhe visibLe spectral region. The theoreËical

treatment applicable to the n + r* ligand transitions of phen and dipy

complexes cannot be used in Èhese cases.

The precise details of the ORD and CD spectra of a Ëransition metal

complex are reLaËed to its s5nrunetry, the spectroscopic inËerpretation

being least complex for ions of high symmetry. The highest symmetry
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transition rnetal complexes capable of exísËing in Ëv/o non-superimposable

mirror image forms (enantiomers) have trigonal-díhedral (D3) s)runnetry,

e.g. co(.t)33*, co(ox)33-, Nilphen¡r2+, and iÈ is these which have

been studied mosË extensively theoretically.25 Aware of Ëhe relevance

of D, complex ions to Ëhe empirical CD correlations we had, in 1968,

initiated determination of the crystal structure of

K(*)Seg[Ni phenr](-)539[Co oxrJ.2H2O by X-ray diffracrion, work which

fulfilled the experimental requirements of Ëhe authorfs Honours Degree

for that year. AssignmenË of the absolute configuration was complet.ed

ín 1969 and r,¿hen published (K.R. Butler and M.R. Snow, J. Chem. Soc.

(A), 565 (1971)) constituËed rhe firsr publication of a srrucrure

determinaÈion of the absolute configuration of a tris(oxalate) ion

and the second of a Èris(phenanthroline) complex, an earlíer publicatio.r26

of the strucËure of li' (-)589[Fe phenrJ(+) Sb2rc4HZOU).enrO being in

absËract form only.

Our interest in conformational analysis of inorganic molecules

prompted consideration of complexes containing six-nembered chelaÈe

rings and Ëhe tris(malonaËe) ion presented ítself as a logical extension

of the tris(oxalate) study, particularly since some anomalies seemed to

exist in Ëhe published cl27'28 
"rrd 

spectral assignment".29 As a

complement to the proposed tris(malonate) study, solution of the crystal

sËructure of Na (*)S+OICo malren7.2HrO was undertaken in 1969; crystals

of this compLex were readily available, the CD spectrum had been

published3O rrrd the complex ion offered a link in the chain of an



4.
ti4v

empirícal correlation of the absolute configurations of Ëhe tris(òÐ
and tris(mal) ions. rn addition, no x-ray studies of coordinated

malonate ions had been reported and although nmr spect.ra of
co(mal)2(en)- had previously been srud.ied in detai131,32 th"
conformations of the malonate rings could not be determined.

crysËal1-izatíon and subsequent resolution of Kr[cr marrJ proved

difficult and delayed dara collecrion for (-)rrnlco (-)pn3](*)ssg[cr rnalrJ-
.3H20 until mid 1970. rt r,vas about this time that the crysËal

structure33 of (*)r+O Co[TRIr]I, came ro our nor,ice; the oprical
activity of this bis-tridentate complex ion was atËríbuËed33 to a chiral
twist of the nitrogen donor atoms comprising the first coordination
sphere, after a model proposed by piper and Karipides.34r35 The

tris (malonate) complex promised a further test of this theoretical
model' A published reassignm..rt36 of the component.s in the CD specËrum

of co(tr)¡3* which appeared shortly after r¿as also claímed to supporË

Ëhe Piper-Karipides trigonal-distortion model and increased our interest
in Ëhe detailed theory. trrle subsequently published an interpretaËion of
the experimenËal [co tnrJ3* drrr available at that time (K.R. Butler
and M.R. Snow, Inorg. Chem., lO, 1g3g (1971)).

An accurate structure determination of the geometry of the lco Ën3]3+

complex ion in the crystal environment used for the experimental cD

measurements r^ras clearly required buË rapid deterioratiorr3T of the

crystals made this impossible by phoËographic techniques. preparation

of the relaËed tris- (2,4-díaminopentanediamine)co(rrr) comprexes was
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begun with a view to determining the absolute configurations and

detailed geometries of these conformationally rigid ions, only to find

in a publication3S some months later Ëhat the comprexes had been

resolved and x-ray strucËure determinations were in progress .39'40

Reversal of CD component energies under the long wavelength

absorption band in the published 
"p""ttr27 of [co oxrJ3- rrrd

[Co thiox3l3- noirrÈed to a probable axial elongation of the CoSU

core in the latter eomplex ion relaËive to that of the coou core in
?-the [Co oxrl" A less than satisfactory conclusion to the refinement

of the (-) [Co(-)pn3] (+) [cr malrJ.3H2o strucrure prompred Ëhe collecËion

of extensive diffracËomeÈer data for the K.ca (*)sgg[co thioxrT.4nro

structure. Richardsonts theoretical paper4l .*Ë"rrding Ëhe original

trigonal distortion model of Piper and Karipides to second order

appeared in mid-1971; this paper suggested a further variat,ion of the

crystal field model rn¡hich the tris(thiox) ion seemed eminenËly suited

to test. A preliminary cormnunícation of Ëhe structure has been

published (K.R. Butler and M.R. snow, rnorg. Nucl. chem. LeËters, 8,

54L (L972)) as has a brief accounË of the two malonate complex ion

structures (K.n. Butler and M.R. Snow, Chem. Comm., 550 (1971)).

However, the absolute configurations deËermined during the course of

the present research do not consËiÈute a suffíciently broad base for

Èesting the model proposed by Piper and Karipides. rt has therefore

been necessary to abstract other relevant structures from the published

literature and, since the parameters defining the deviation of the MLU

first coordination sphere from regular on syrunetry are seldom listed
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ln sËructure reports of tris-bidenËate complexes, a program hTas

written to deríve the required parameters from the crystal coordinat.es.

Development of this program facilitated the evaluation of the MLU-core

distortion parameters for numerous trigonal-dihedral (DS) structures

which, although not alL of imrnediate relevance to an evaluation of

Ëhe trigonal distort.ion model, are of considerable structural and in
some cases spectral interest.

This accumulation of structural daËa for a varieÈy of tris-
bidentates revealed a tendency for the three chelate-rings in many

such complexes to adopt, an orientation more nearly parallel to the

pseudo three-fold axis than ís the case for an orthogonal arrangement

of the ligands. The observed distortion has been interpreted in
Lerms of an elecËrostatic repulsion potential operative between the

donor atoms of the Ml.u-corer and íts implications with respect to the

trigonal tr,sist inversion mechanism proposed for the intramolecular

raeemízation of c, symmetric complexes discussed. Kepert42 inr"

recently published a similar analysis of the distortion of the MLU-core

ín Ëris-bidentaËe complexes; the predictions of his independent

treatment, are in complete accord with those of Ëhe present work.

In presentíng this research it has proved expedient to nominally

divide the thesis inËo Ë\^ro parts. These introductory remarks are followed

by a brief section of terminology used in the text of the thesis. Then -
PART r' comprising the experimenËal sections: chapËers 1-5.

While the bulk of the experimental work undertaken during this
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PART TI,

research has been the solution of three crystal struct.ures,

some relevant rot.atory dispersion and circular dichroism

measurement.s have been made, these being surmnarised in

Chapter 5.

comprising the analysis of chromophore geometries: chapËers 6-8.

Chapter 6 revier¡s Ëhe interpretation of the spectral Ëheory

of Ëransition metal complexes adopËed throughout this thesis.

The Ërigonal distortion model is elaborated in Chapter 7.

The derived geometrical paramet.ers of several pseudo

trigonal-dihedral (O¡) transition metal complexes are

presented and discussed in t.he concluding chapter.

RELEVANT TERMINOLOGY

(1) Crystal Structure Refinement

The meËhod of least-squares was used to refine the initial

parameter", pi, approximaËing the structure soLuËion. The function

minimized by program FUORFLS (see Appendix I) is

D = nFrL 
rhkLo' u)hez,e L, = I lErl lTell

and ¿¿ is the weight assigned t,o the observed structure factor

amplitude leol (Appendices II, III); lFcl is ttre scaled calculared

sËructure facËor amplitude of reflectíon hkL.

Since the "normal equationst'

ðFc
l,,lrzut*r\ñ= o i = 1.,"'m

are non-linear, mínimization of D is an iterative procedure, each cycle
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resulting in improved values of the variables, P¿, which must be

reintroduced to subsequent refinement cycles. The refineable variables

are the scale factor, an exËinction parameËer (not refined in the

struct.ures reporÈed here), t.he atomic positional coordinates îr¿s A¿' ,¿t

an atomic occupancy factor (multiplier) and ÈemPeraËure factor(s): the

multiplier and tempeïature facËor(s) of a given atom may not be refined

during the same leasË-squares cycle. For an anisotropically vibrating

(i2 1S) ,atom Ëhe isotropic temperature factor coeffieienL, B.

replaced by the six coefficients

ßi.1- = ax2.B/4, ßzz = bx2 'a/¿' |ss = cx2 'n/q

ßL2 = axb*cos\ë.8/4, ß j.3 = 4*e:tses$* .B/4, ßZS = b*c*coso$.8/4

and the atomic scatËering factor is given by

f = foe*p{-(hzßr, * 7<2\zz * 72ßss + zhk\r, + 2hLßr, + zkLßrr)}"

f- being Ëhe scatËering factor for Ëhe atom at resË. There are

precise relationships resËricting the independence of the six

anisotropic temperaËure coefficients for an atom occupying a crystallo-

graphic special poritiorr.54
22

B
u

Br u

.2where u" is the mean-square amplitude of vibration'

After a least-squares cycle the temperat.ure factor coefficients for each

aËom are tesËed for positive-definite form; non "positive-definitenesstt

signifies a physically unreal thermal ellipsoid.

Improvement in the reflectíon-by-reflection agreement between
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l'ol and lrol ritn successive least-squares cycres is indicated by

the residual index

RL = Lltlttllol.

Meaningful changes in Ã, as a result of altering the model can be

distingui"h"d55 by a comparison of the values of the weíghted residual,
Rr, before and after the current cycle;

R z = {zutz ¡z¡t ol2 lz .

A further indicator of the refinement progress is the standard error,
G, of an observation of unít weight; this is ideally unity for a

properly weighæd model (i.e. where uhkL = 1,/úF on an absolute scale)
o

if random experimental errors only are signi f.ícantz44a

c = (D/(m - r))b
where (m - n) is the excess of independenÈ reflecÈions over

varíable parameters.

The estimaLed st,andard deviaÈion (esd) , 6D ., associated with a

refined parameËer is output., thus permitting a meaningful evaluation

of the shift magnitudes of the variable parameËers;

ooo= G't%

where b^.^. ís tt" øth diagonal element of the inverse matrix usedL1'

in solving the normal equations. op. is ínversely proportional to the
''t

square root of the nr:mber of reflections íncluded in the least-squares

cycle and direcËly proporËional to their sÈandard deviations, oE .

o
rn addition to outputËing the above paramet.ers and refinement
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indicators program FUORFLS lists R, and R, ín ranges of (sinO)h. anð'

Ð9
average üLz(= Atl. un¿) against max. lPol for the data in specified

intensity ranges. These distributions serve to indicate intensity

outliers and the suitability of the chosen weighting scheme, which

is important in deriving Ëhe correct standard deviatíons of the

variable parameter ".44" For correctly weighted data AU. un? should

be consËant in ranges of fifty or more reflecËions against boËh

max. lFol and (sino)/À provided the model is complete; neglect of

hydrogen atoms or incomplete anisoËropic refinement can disturb the

. 44ad]-str1but1on.

Finally, in comparing sËrucËural parameters derived by full-natrix

least-squares refinement of X-ray crystallographic data it should be

remembered thaË Ëhe derived standard deviations have been shownL52'56

to be Ëoo opËimisËic by a factor of about two.

pv¿marA referenees fon this secti.on

ORFLS and ORFFE manuals (see Appendix I).

ref. 45, 46, 50.

(2) Optical RotaËo rv Dispersion and Circular Dichroism

The electromagnetic radiation knoum as visible light spans a

wavelengËh (À) range of ca. 330-780 nm, corresPonding to a frequency (v)

distribuËion of ca. 30TOOO-13rOOO cm-l. In monochromatic light the

electric field (!) oscillates with fixed frequency perpendicular to the
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direction of propagation; the magnetic field vector ($) oscillates

orthogonal to both E and the direction of propagation.

The elecËric vector of monochromatic líght can be víev¡ed as the

resultanË of an orthogonal æ and g/ component oscillaÈing perpendieular

to the axis of propagation; for a phase differenc e of ntr (z integral) I

Ëhe resultant ís a straight line and the lighË is said to be línearly

(or plane) polarized. tr{hen the orthogonal vibratíons are out of phase

the electric field vecËor Èraces an ellipse, i.e. Ëhe lighË is

elliptically polarízed. In the special case of equal componenËs having

phase difference t/2 the light is circularly polarízed; plane

polarized light can be physically separated into a right- and left-

circularly polarízed beam (phase difference + or - 'î/2).

A chromophore, i.e. colour centre having a Ëransition in the

wavelength range of inËerest, absorbs the monochromatic radiation of

frequency corresponding to the transition energy. For an elect.ric-

dipole allowed one-electron transition a. * b+7 the magnetic-dipole

and elecËric-quadrupole íntensity is sufficientl-y small to be neglected

and to a good approximation the transition strength is given by

Dbo = l("lvnlø)¡z = ,z

where Yn is the el-ectric-dipole moment operaÈor

and p Ëhe el-ectric-dipole moment.

t,¡,ttU,q'(

11 Throughout this r¿ork absorption transitions are written ö + b
from ground state a to excíted state b; Ëhe more usual representation
i,sb<a. ':
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The dipole sËrength, Dbo, of the transition can be empirically
deËermined5T fto* the area of the unpolarized. absorption band as

D.
þa

Bn3 N,

3hc 09Ê
l' ; du e.g.s. undts
o

where h = pLanckts constant,

c = the velocity of light,

/l/, = the number of molecul"" p", 
"*3,

and e is the decadic molar extincËion coefficient.
The spin-a1lowed Ëransitions of metal complexes give absorption

bands of finite width (rather than the sharp lines of atomic specÈra)

due to the vibrational modes of the chromophore.

chromophores lacking a rotary inversion axis5Br59 
"r' exisË in

trr/o non-superimposable mirror image f orms i Ëhey are terme d, evziraL .

trrlhere racemization is not too rapid chiral molecules can be separated

into two enantiomers (or antipodes) which have identical chemical and

physical properties apart from their ínteraction with other chiral
molecules or polarized light. Because of their ability to rotate the

plane of polarizatíon of plane polarized light they are said Ëo be

opticaLLg actdue. The specific rotatory por4rer, [o]I, ot a compound

in a specified environment is constant for a fixed wavelength¡ being

positive for one enanÈiomer and negative for the other (or zero for
Irboth); the enantiomers referenced in Èhis work are clesignat-ed (+) or

(-), being dextro- or laevo-rotatory at the Nao line (À = 589 nm) unless

an alternative reference wavelength is specified.
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ïhe varj-ation of toJl wfth wavelength is termed optieaL

totatory díspersion, ORD. The observed roËation, cl, resulËs from

the different refracÈive indíces (nr, no) for l-eft- and right-

círcularly poLarízed light in a chiral chromophore and the variatíon

of [q] follows the dispersíon of refractíve índex r¿ith wavelengËh;9

o¿ = ,rT (nt - îy,) /x

For an ísolated optically active Èransition [q] changes sign at the

wavelength of the absorpLion maximum (\**) taíling asymptoticall-y Ëo

zero ouÈsÍde of the absorption band enveloperL]-'L7 as represented by

Drude's equation;8

lol A

(x2

where A is a consËarit for a Particular system.

In some pracËieal cases an inflexíon only ís observed without sígn

changer e.B. ICo tnrl3+, (ref.60).

Optically actÍve molecules absorb left- and ríght- círcularly polar-

ized light to different extenËs; the difference (er-.r), where e,

e are the decadic mol-ar extinction coeffícients for lefË and ríght
T

círcularly polarized light, is called optíeaL eLreuLardLchroism, CD.

The ORD curve is the differential- of the CD spectrum wíth respect Ëo

frequency; together they comprise t}Le Cotton Effeet.LT '6L A positive

Cotton effect is defined as one ín whích the ORD passes through a

ma><ímum and then a minimum as the frequency increases; this corresponds

to a positive CD peak (er, ,r) cenËred at Ëhe absorption maximum (see

^2)mafr
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Figure 4.1). If the (+)enantiomer exhibits a positive Cotton effect

that of the (-)enantiomer is identical ín form but negat iu".62

PotenËial-ly ORD and CD curves provide the same information about

the absolute configuration of the enantiomer but the finite extension

of the former outside of the absorpËion band envelope means that for

sysÈems having several optically active transitions of similar energy

the ORD spectrum is often considerably more complicated than Ëhe CD.

Transitíons which are magnetic-dipole allowed will make the greatest

contribution to the observed rotat.ory por¡rer, the magnitude of t.he

cont.ribution depending on the transition rotatory sÈrength63'64

Rbo = rm{(alVnlø1. fblymlÐ} = p¡.rcosþ

where fm{ } denotes 'Lmagírnng part of ,

V_-- is the magnetic-dipole operator,\m

I is Èhe magnetic-dipole moment

and þ is the angle between Èhe directions of p and y.

Thus, transiÈions whích are electric-dípole allowed but magnetic-dipole

forbidden r¿il1 make only a small contribution Ëo the optical rotatory

povüer. R,-- is maximal for transiËions having parallel electric- and'þa
magneËic-dipole vecËors, i.e. þ = Oo. ¡loffitt25i65 irr¿i"ated that

only t.he rtelect.ronically allor¿edtr (as opposed to ttvibronic" - see

Chapter 6) part of the electric-dipole oscillaÈor strengt¡, V e,

contributes to the rotatory sÈrengËh.

The roËational sËrength of a transition may be deËermined12 ftot

Ëhe area under a CD peak as
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Rb,o- ffir[!%L o' c's's. units

where elLipti,eitg (ín degrees) is a measure of the circular

dichroism such that Ëhe molecular ellípticity
-1 -1tell = 33oo (e, - e'. (degrees) cm-r mole-t 1í.r".

The measured ellipticity, rf, is related to the molecular eltípticity

in the same r,ìray that the measured opËíca1- rot.ation, c, relates to the

molecular rotat,ion ÍMll, i.e.

Specific ellipticity túlÏ = tþ/Ldp

where 7 = path length in decímetres,

d = density of the soLution,

p - grams of solute per 1OO grams of solution,

ú = t,emperature,

À = wavelength

and telí= bttf^A¡ZOO is the molecular ellipticiËy in degrees

where M, ís the molecular weight.

The amplítude LAl, (see Figure 4.1), of the dispersion of molecular

rotation, lMl, is related to the maximum circular dichroism of an

isolated transiËion as

[á] = 4028 (e, - e'o)^*.

prdmary referenees for this seetionz refs. 66-7L.
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(3) Ligand Abbreviations and Structural Formulae

ChenícaL and/oz. triuiaL nøne

acac acetylacetonate

atc 3-acetylcamPhoraËe

bdtc di-n-butYldíthiocarbamate

bgH biguanide

btxan tert-butylÈhioxanthate

bzac benzoYlacetonate

cåt catecholaËe
aníon of 1r2-dihYdroxY benzene

chxn 1r2-diaminocYclohexane

Struetu.z,aL fonruLa

Br\c'cH fz
R¡ R¡ME

c
.l
0

e
Me

Me 0

0

M e

-\. * e= N(c4 H9)2
s-/

NH2C (NH)NHC (NII)NII2

see bdtc,
R = S.C(Me)

3

see acact
Rr=Ph

0 2-

NHz

NHz

NHz

NHz

0

cptn 1r2-diaminocYcLoPentane
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ChemieaL and/or tritsiaL n'øne

dípy 2,21'díPYridYl

dpd eís -L 12 -d ipheny 1 et hene- 1, 2-d it trio lene Ct)

or -1,2-dithiolate(LL)

dtc NrN-diethYldithiocarbamate

dtg dithioglyoxal = 1,2-dithioethene

dtpa dithioPhenYlacetate

en 1r 2-dianinoethane

etP O, O | -díethYldi thioPho sPhate

exan o-ethYlxanthate

gly glYcinate

hfac hexafluoro-aceÈylacetonate

StruetwaL fowru'La

:X'*'*{"-
I.II

Rl=R2=Ph

seebdtcrR=N(Et)2

see dPd, R, Rz =ll

seebdtcrR=CH2Ph

NH2CII2CH2NH2

seebdtcrR=O.Et

NH2CH2CO2

see acac t

R 3

2-

CFRz
1

mal malonate
o2c.cÉz.co2

see bdtct
mdtc N-methyl-N-phenyldithiocarbamate R = N(Ph)Ctl3
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ChemicaL øtd/or tz,iuLaL nøne

rrt maleonl trl le di thlo late

ntp 0,0 I -dimethyldithiophosphate

nph N-nLtroso-phenylhydro:<ylamine ion

OMPA octamethylpyrophosphoranr-ide

ox oxalate

oxd oxydlacetate

pdtc l-pyrrol-ldlnecarb odithioate

phen 1,lO-phenanthrollne

Pn 1,2-dianinopropane

c-

see etp, R, = O.MeRt

(MerN O.P(N.Me
I
o

)2 2

o c. co
2-

SþmrctttraL forrruLa
2-tr\

s./

o2c.c1t2 ffiz
2

^zNta,

P

\o

2PI
o

22

)

2-
o co

see bdt,c, R =

ffi¡ffi(NHz) cH2NH2

ptn 2,4-diaminopentane crr3clt (NH2 ) cn' or çr'm ) ffi I
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ChenieaL anå/on tríuíaL r¿øne

Pyd pyrid ine- 2, 6- dícarboxylate
(dipicolinate)

sacsac di thi o-acetylaceËonaLe

succ succinate

t,ame trís-aminomethylethane

cis-L, 2-bi s ( tr i fluoronethyl ) ethy lene-
I,2-dithiolene

tfs cís-I 12-bis (trif luoromethyl ) ethylene-
1 r 2-diselenolene

rhd anion of
2 12 ,6 r6-t etramethylheptane-3,5-dione

thiox dithio-oxalate

tn 1, 3-dianinopropane

tribenzo (b, f , j ) (f , 5 19) tríazacyclo-
duodecine

Stnueüpal fowruLa

2-

2
0 N

20c

see acac, both oxygen
donors replaced by
sulphur.

2-

coz

COCHCH
2 2 2

rfd

cH3c (CH2NH2) 
3

see dpd, R, =CFRz
3

see acac,

as for tfd but with
boÈh sulphur donors
replaced by selenir:m.

Rz cccTt3) 
3

NH2Crr2CH2CH2NH2

\

o
lt

SC

o
ll c-.cs'

TRI
N

N
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ChemieaL and/or tríuíaL nøne

trop tropolonaËe

xan ethylxanthate

Et = ethylr Me = methyl, P¡ = PhenYl

St?uettual fonrruLa

0

0

seebdtcrR=S.Et



PART I

EXPERIMENTAL
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CHAPTER 1 THE STRUCTURE OF SODII]M + -BIS ONATO
4

ETIIYLENEDIAMINECOBALTATE ( III ) DIHYDRATE .

Na (*)ra.[Co rnal, enJ.2HrO, NADCOMALEN
*1
I

1. 1 STRUCTI]RE ABSTRACT

The structure of Ëhe sodium salt of (+)r46-bis(malonato)ethylene-

diaminecobaltate(III), Na (*)S+O[co(ürr(co)r)r(crnrrrrr)J.Zuro, has been

solved and refined by fulI-matrix leasË-squares to R, = O.O5O using

838 integrated MoKu photographic inÈensities. The lattice is

orthorhombic, ":"". group rrrrr?", (No. L9), a = 13.46 (2), b = L4,24 (2),

c = 7.344 (1o) X, U = L4o8 (5) Xã, z = 4, Dm= 1.78 (2) g. 
"m-3,

D^ = 1.80. The trigonal-bidentaÉe complex ion exhibits approximatec

tr¿o-fold symmetry r¿ith the two malonate ligands adopting boat conformations

and folding Ëoward each other while Ëhe ethylenediamine ligand is

dissymmetrically skewed oblique Ëo the pseudo- C, axis of the anion.

The absolute configuration of the complex ion is A, in agreement

wiËh correlations from circular dichroism experiments.

I.2 EXPERIMENTAL

Racemic NaICo mal, en].xHrO \^7as prepared by Ëhe published method

but atËempted resolution hTas unsuccessful due to low activity of the

resolving agenË. RecrystaLlízatíon from aqueous soluÈion of a sample

of Na (*)S+O[Co mal, enJ.2nrO supplied by Dr. A.M. Sargeson gave red-

violet recËangular prisms, the majority of which exhíbiËed

72

1l ten digit sËructure identifier.
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{lrlrt; -tr1.r1} bevels at one end of the needl-e axis and were badly

twinned¡ Ëhe faces parallel to the needle axis were of the form

{1r1r0}. Ihe space group and unit cell parameters \^Iere deËermined

from zero and upper l-evel- precession ærd trüeissenberg fíl-rns recorded

wíthMoKa/Zyf radiaËíon (1, = 0.7107 R). The errors in the unit cell

dimensions T¡rere esËimated from multiple determinaÈions of the constafiËs

for several crysËals. Systematic absences of the forn {h00}" h:2n * 7,

occurred.

CrgstaL Data - as ín sËrucËure absLract.

Nalco(c3H204)2 (C2HBN2) l.z[zo ; M = 3821;

rr = 13.3 cm-1.nMoKa

D* by flotatlon ln carbon tetrachl-oxide/I,3-diamíno-

propane at 22oc.

InËegrated photographic inËensities r^rere recorded for reclprocal

layers h)L-hzL and )kL-ZkL usíng a Supper Buerger precession c€tmera'

three films per layer, exPosure tímes 961 36, 12 hours, ttnoKa/Zrf.

Layers hko-hk7 r,rrere phoËographically recorded on trÍple film packs using

a Nonius trüeissenberg equi-inclination camera, exposure tíme íncreasing

from 47 hours for hk} to 94 hours for hk7. 0.0013 (1) inch Èhick brass

shims were placed between films one and t¡'¡o and ûvo and three of the

multifilm pack to Íncrease Ëhe recording range with Mo xadíation and

a dumoy film was placed in front of the first íntensiËy recording film

in an aLtempt to reduce the backgror¡rd fílm intensity due Ëo the long

wavelength scaËter.
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The crystal used for the intensity daËa collection r¡/as a rectangular

prism O.1O x O.1O x 0.40 mm. mounËed along the needle axis, c. This

crystal was also used t.o generate a non-integrated hk7 Layer, using

CuKa/N'if radiation, for subsequent determination of the absolute

configuration of the anion. A mícroscope examination of the cryst.al

following this period of data collection revealed sígns of surface

powdering but the diffraction spots remained sharp suggesËing the

powdering was probably only due t.o dehydration of the surface layers.

T.he C1'L data were estimated visually againsË a calibrated intensity

strip and the integrated intensitíes were measured with a Nonius II

Microdensitometer, excluding sysËematic absences from the list and

including unreliable reflections (e.g. on the white radiation streak

of another reflection, spot distorËion) and very weak reflecËions wiËh

markers (E and U respectively in the structure factor tables) ¡vhich

facilitated their special handling in the data reducËion sËeps

(AUFAC, AIILAC) and permitted Ëheir exclusion from the least-squares

refinement cycles (FUORFLS) while continuing Ëo calculaËe their

strucËure factors.

1.3 STRUCTURN SOLUTION AND REFINEMENT

The data reduction procedure used in scaling the raw photographic

intensities and deriving the standard devíation of the scaled intensity

for each unique reflection is summarised in Appendix II. Absorption

corrections r^rere not applied. All data were initially fitted to an
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AUI'AC \^reÍghting scheme havíng d. = 0.0023, b = 0.0098, c = 0, d = 0.

Reflections showing poor agreement were checked on al-l fil-ns on which

they occurred. Because there l^rere no precessÍon data wíth L : 6 ot 7,

I,{eissenberg layers hk6 a¡d hk7 were excluded from Lhe inter-layer

scalíng sequence and the ínitlal stages of structure refínemenË; they

were subsequenËly íntroduced with scale facËors deËermined from Èhe

other tr{eissenberg layers in proporËion to exposure times.

The initial data set (excluding hk6 and hk7 daxa) cornprised 889

unique reflections of whidr 181- were unobserved (U) and 24 unreliable

(E). A Patterson synthesls r:sing thís daËa set yielded sËarÈíng coord-

lnates for the Co aËom and the positions of all non-hydrogen atoms, other

than Ëhe vüater oxygens, r¡Iere obËaíned f rom a Fourier map phased by Co.

I\uo cycl-es of least-squares refinemenË (684 data included) of the sixËy

posltional parameters for Ëhe above atoms lowered R, from 0.350 to 0.155.

Both water oxygen atoms (expected from density rneasurements) were located

in Fourier and difference maps compuËed aË this stage. The dÍfference

map also indicated some thermal anisotropy of Ëhe metal- atoms. Ttre l,üater

oxygens were included in the atoms list and after a furËher two cycl-es

refining positional parameters and Ísotropic temperature factors of all

atoms except Co and Na, whÍch were refined anisotropÍ-call-y, Ëhe refine-

ment convergedwith R, = 0.069 and R, = 0.058 for the 684 reflectíons.

G, the error ín an observation of r:nit weíght, was 3.827. Examination

of the l-ow sÍnO data at this point showed no systematíc devíaËions

aËËributable to extinction and an extincËÍon parameËer
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r^ras noË refined in the subsequent treatmenÈ. The sources for the

atomic scattering factors are indicated in Appendix IV'

Hydrogen at,om positional coordinates (other than for the water

molecules) were calculated using PLAMII such that C-H = L.O2 
oA',

o
N-Il = O.95 Ã wiËh tetrahedral angles at C and N. The twelve

hydrogens were introduced to the atoms list with fixed isotropíc

thermal parameters; Ëhe scaled LLk6 and hk7 trüeissenberg data were

added to the data set íncreasing the Ëotal number of unique

reflections to 1060 of which 838 were included in subsequent refínement

cycles. R1 afrð' R, became O.066 and 0.063 respectively, dropping to

0.059 and 0.051 afËer one cycle of positional and isotropic temperature

factor refinemenÉ; Co and Na were refined anisotropically and the

hydrogens were kept, fixed (number of variable parameters, n = 98).

G = 3.292.

calculation of Ëhe structure factors for the 38 pairs ot cuKa/Nif

Weissenberg data (h t kl) (Lftóo = 3.90) indicated tirat the absolute

configuration of Ëhe (+) ,O.-^t-tTwas A and noË /l as had been chosen

(37 pairs agreed with the choice of a while only the weakest pair of

reflections contradicted such an assígnment). Moreover, analogous

calcularions on E:ne MoKa/Zrf ð,ata wítl- Lfl!. = 1.10 gave Rt = O.O5B¡
uuMo

R2 = O.O5O for Ëhe a configuration as opposed to values of o.063 and

0.056 for /\.

Although the structure seemed chemically reasonable at this stage,

the increasing Lrend of Au. Ul2 wíín íncreasine lEol indicated íncorrect
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weighting of the intensíty daía. Re-examination of the AUFAC

inter-film scaling sequence of the Mo data (see parameËers above

and Appendix II) showed Ëhat the more intense data had been assigned

sËandard deviations of the same order as the weaker reflections, i.e.

the íntense data carried weighËs which were relatively too large ín

the least-squares refínemenË cycles. The Large sËandard deviations

of the isotropic thermal parameËers of the light atoms were also

symptomat.ic of the inadequacy of this weighting scheme. To overcome

this sítuation Ëhe data were fítted Ëo a Cruickshank weighting

""h"r.44"'46 on Ëhe form

o'-Í'
o

(a+E +bE 2 z
)

o o

where a. = L.35, b = 0.016 and Fo is Ëhe square root of the

observed unscaled intensity ; 1,) = 1/6o 2. A least-squares cycle using' t'o

this weighting scheme and calculated for the A absolute eonfiguration

r¿ith Co anomalous scatÈering terms íncluded gave R, = 0.050, RZ = 0.066

and G = 0.236; the dístribution of Au. un7 versus Eo f.Lattened and

the weighted R, factor ín all (sino)/À ranges containing more than 3O

reflections averaged O.O72 (t O.015). EstimaËed standard deviations

of all refined parameters (positional and thermal) showed ímprovemenËs

ranging 3O-5O2.

The positions of the hydrogen atoms v/ere recalculated and included

in a fina.l least-squares cycle refíning positional and isotropic

thermal parameters of all líght atoms other than hydrogen; Co and Na

were refined anisotropically. There \¡Ias no change in the agreemenË
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factors and the positíonal coordinates and estimated sËandard

deviations which resulted were used in calculaËing Ëhe disËance and

angle parameËers and their estimated standard deviaËions (given in

parentheses) tabulated ín Ëhe following section. Full-natrix

anisotropic refinement of all non-hydrogen atoms (n = 2OL) rn/as not

at.tempted for this structure because of prohíbitive computíng time

requiremenËs. A block refinemenË analogous to Ëhat used for

anisotropic refinement of CADCOTHIOX (Chapter 3) could have been used.

0bserved and calculaËed sËructure factors from the final least-

squares cycle are lísted in Table 1.14 and the Cl,tKa FxíedeL (ot

Bijvoet) pairs are given in Table 1.18: for both tables Fos Fey L0i

the meaning of U and E is given in the text.

I.4 STRUCTURE FIGURES AND TABLES

The figures and tables of structural parameters are collected

together in this section prelimínary to Ëhe discussion of section 1.5.

The captions and Ëable headings are, for the most part, self-explanaËory;

a few brief notes relevant Ëo all three structures have been relegaËed

to Appendix IV. Unit eell diagrams Inrere noË drar,m for any of the

structures presenÈed in this v¡ork"
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Il6
335 U

2t6
5¿3
337
371
?41
34?
t95
I9ó
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3¿ó
625

94
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?30
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TABLE 1.18 FRIEDEL PAIRS @hkl' Fø7ì: Na (+)s¿olCo mal, enJ.2l/-roz

lf^l calculated for the incorrect .r1, configuration.
'et

h=

h=

h=

h=

h=

a.

k

3

4

5

7

8

9

10

11

13

4

10

134

4

5

10

11

5

L2

1

588

475

538

486

478

466

383

320

320

456

450

U

220

4L6

427

355

402

364

436

F hkL
o

622

444

513

503

486

440

427

U

371

493

427

263

436

355

459

302

u

263

366

E 7*1.c

732

207

436

52r

472

378

319

62

190

4L7

367

90

259

143

47t

90

24

t49

116

F hkLc

535

351

552

404

378

47L

232

L20

158

274

405

99

81

27L

328

2ro

L69

255

235

h=
h=

h=

14=

h=

h=
h-

k

5, 12

6, 4

10

7, 2

3

4

5

I
l_o

8, 1

2

4

9, 6

10

1o, 5

11, 2

3

4

6

F hkl
o

263

436

236

52L

450

4L6

440

450

427

288

4s9

416

364

334

4L6

355

37t
383

346

F hkl
o

346

4r6

364

504

440

450

428

402

402

383

440

288

194

U

383

288

416

3A2

263

E hkL

L99

2L4

227

46L

279

378

254

328

26L

191

295

L42

l_50

ls6

2L5

95

306

t52

62

150

337

L27

567

348

2L4

333

443

339

LL4

359

269

240

191

318

L94

206

25L

L76

ttT<lEF
o

hkL

L,

2,

3,

¿

Eù9

(,
H

(2, + 13, 1) is Ëhe only pair in agreement with a L configuration.
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FIGURE 1.1: PSEUDO Ca PROJECTION oF (*)S¿O[Co mal, en]

c32

c33

o2L

cl1

031



011 c 11

olL

033

c33

c32

c31

(,(,

FIGURE 1.2: PSEUDO C2 PROJECIION OF (+)rOUICo mal, enJ ; en ligand omitted.
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TABLE r.2

Atom æ

Co -0970 (03)

Na -3538 (08)

Malonate Ligand L

otr, -2299 (14)

crr -295s (2O)

orr -3789 (15)

ctz -2782 Qr)
cr: -2083 (19)

or: -2206 (15)

ozr. -1341 (t+¡

MaLonnte Li,gand 2

o3t o34s (14)

.3r 0872 (2s)

o¡r 1609 (19)

,zz 0496 (24)

cg: -0093 (25)

og: oo49 (17)

o4r, -0769 (14)

EtVry Leneddønine Ligand

Nr -tt76 (19)

cr -loos (29)

cz -0237 (27)

Nz -Os2o (18)

I'later

-2t28 (2L)

-3391 Go¡

POSITIONAL AND THERMAL PARAMETERS FOR

Na (+)S¿O[Co mal, enJ .2H2Oa: Ä COMIGURATION.

35.

u

t642 (03)

1_681_ (09)

z

o81s (os)

-2so4 (14)

ot
B (A.)

anisotnopie

anísotnopie

].449

1039

0854

0742

L337

L37 4

L790

(13)

( 18)

(ls)
(20>

(18)

(14)

(14)

193 1

L427

L760

0468

-oo73

-o94L

o326

LOLT

0968

o270

2922

4003

5667

3282

(2s)

(zt¡
(26)

(36)

(38)

(:r¡
(24)

1546

2674

33s4

32]-8

L87 6

1737

1001

(23)

(3e)

(sz¡
(4 1)

(37 )

(27>

(27)

0386 (Zz¡

-rs4e (43)

-23Le (46)

-L673 (29)

4403 (3e)

t420 (s4)

I.4L
L.32

2.L8

L.25

L.34

2.35

1.48

(32¡

(44)

(43)

(46>

(4s)

(3e)

(34)

1. 16

2,r4
3.52

L.94

1.84

2.24

1 .85

(33)

(ss)

(s 1)

(ss)

(ss)

(40)

(37 )

2.L4 (s3)

2.eo (63)

2.86 (67)

r.82 (4r¡

4.64 (60)

7.88 (los)

(13)

(20)

(1e )

(23>

(22)

( 16)

(13)

ot
oz

20

20

2e6o (18)

3t67 (24)

25t9 (2s)

L573 (le)

4to4 (20)

42sB (2e)
H

H

(eontd. )
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TABLE 1.2 (contd.)

Atom

EinaL calculated hydrogen atom posdtíons - fiæed

)âu

NrHt -1839

NtHz -0726

NzHt -1040

NzHz 0039

clHt -L654

ctEz -0765

czEt -0243

czlJ.z 0452

crzÏJt -2508

ctzlJz -34s3

cgzHt 1103

cgzEz 0065

Anis otnopic theymaL panøneters

?tl ßzz

co 14o (16) Lo7 (14)

Na 21s (6s) 3os (63)

b

posítionaL parameters 1x fo4)

anisoËropic thermal parameters (x fO5).

hydrogen aüoms attached Ëo N had B fixed "t 
g 12;

3L23

3314

L334

LT67

3085

3843

254t

2693

oo75

07 47

0069

0553

3ss

4r.o (81-)

792 (21)

b

ßlz

-23 (20)

22 (71)

o701

1109

-24L5

-L743

-2249

-L679

-3706

-1853

2907

357 1

3541

4346

B
ot(e-

3zs

o (3o)

149 (103)

ßrc

-ss (31)

88 (84)

a

o 2those bonded to C had B fixed at 4 A
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TABLE 1.3 BOND DISTANCES AND ANGLES

Atoms Distance
o(Ã) Atoms Angle (deg. ) Atoms Angle øeg. )

MaLovnte LiganÅ. 1-

Co-or. 1.902 (19)

Co-or, 1.891 (18)

crt-Oil r.268 (30)

crr-oll t.262 (32)

ctt-ctz 1.514 (37)

ct¡-02 1.301 (32)

cr3-org r.23s (38)

cr:-ctz r.495 (39)

MaLornte Ligand 2
Co-or, 1.895 (19)

Co-oO, 1.899 (20)

c3r-og" 1.306 (34)

c¡r-ogr t.2o7 (36)

csr-czz 1.s10 (44)

c:g-04, L.25L (36)

c:g-o:g 1.256 (36)

cgg-csz 1.481 (43)

EtLty L ene diønine L í, g and,

Co-N, I.922 (26)

Co-N, L.928 (22)

Nr-cr I.47o (39)

Nz-Cz I.478 (43)

ct-cz 1.496 (48)

InterLigand angles at Co

Atoms AngLe øeg. )

Orr-Co-O* L75.6 (9)

or"-Co-O., 90. B (8)

orr-Co-N, 87.4 (1o)

Orr-Co-N, 89.8 (9)

Orr-Co-O,'

Co-0rr-C*
o tr,-c t t-o t t
oll-c 

I l-c 12
ort-ctt-c tz

Or"-Co-OO,

Co-Orr-C*
o3L-ca1-031

ogr,-cgt-c gz

03l-cal-ca2

Nr-Co-N,

Co-Nr-C,

Nl-C 
1-C2

Atoms

Orr-Co-0r,
Orr-Co-OO,

Orr-Co-N,

Orr-Co-N,

c tt-ctz-ctg
Co-Orr-C*
ozr,-ct:-otg
ozr-ctg-ctz
013-c 13-c 12

cgt-c3z-cg:
Co-OOr-C'
o4r.-c3g-ogg

o4L-c33-ca2

0¡g-cg:-cgz

Co-N

93.6

I23.5
119 .5

L23.O

TI7.6

(8)

(17)

(2s)
(24)

(23)

TL6.2

L22.5

118.9

t23.3
117 .8

118.2

L26.I
L2L.T

TLg.7

119.0

(25)

(17)

(2s>

(2s>

(2s)

93.5

L24.6

119.5

119.0

T2L.4

(8)

(1e)

(28)

(28)

(2e)

(26)

(20)

(2e)

(2e)

(2e)

86.6 (11)

109 .4 (20)

110.5 (29)

AngLe øeg. )
87.2 (8)

e4.5 (e)

eo.6 (e)

r7s.5 (10)

2 2

Nz-cz
1

Atoms

Orr-Co-N,

Orr-Co-N,

0Or-Co-N,

O*r-Co-N,

109.8 (20)

10s.3 (27)

AngLe øeg. )
88.2 (ro¡

8e.2 (e)

L7 4 .7 (10)

88.s (10)

-c

-C
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TABLE 1.4 UNIilEIGHTED BEST PLANES TTIROUGH THE LIGANDS

Planes equations AX + EY + CZ + D = O

where X= oÆ, \ = bA, Z = ez (i.e. orthogonalízed. coordinaËes).

PLane A B C D DistancefromPLann t8l

MaLornte Ligand. 7

01L,02L,cll,c13 o.4gg -0.861 -0.097 3.326

o1r,'011'c12

oi.'o!3'cLz

MaLonate Ligand 2
o3r' o4L' c3 

1 ' 
c33 o.576 -0. l-89 -O.795 l.2rr

0. 345

-o.594

-0.885

o.795

-o. 313

-o.t26

2.899

-2.792

oll, o.oo3

c1l, -o.oo3

Co,0.603

c ,0.014_13

o3L,0.055
c31,-o.059

Co, -0.459

crr ' o 'o:s

ca3, o.034

9rr'-O'OO3
c13, o.oo3

9t , O 'ZZS

941,-o ' 058

ca3' o.062

caz'-o.4o9

c11'-o.006

o3r,'031'c32 o'531

o 
4r.'o 33'c 32 o '666

Ethty L enediønine Lig and

CorN N

-0.390 -o.752

o. L91 -O.72L

l_. 681

1. 1_31

1 2
-0.935 -0.189 -o.3Oo -O.600 Cl,0.155 ,92,-o'468

d The c...c vector is slightly sket¡ed with respect to 0...0 in both

six-membered chelate rings, as shown by Ëhe signed distances from

the mean four atom Plane.



TASLE 1.5 INTERPIA}IAR DIHEDRAL ANGLESA

P\nne L PLatte 2 AngLe (deg ' )

InterLigand. angLes

P Lane J

IkaLonnte L'Lgand 2

3L'o

c32'

o3L'o4t gz'c33

PLane 2 AngLe (deg.)

Co,o2LroLL ao,o3r'04,

Coro2L,olL CorNr'N2

Coro3lro4L CorNr,N2

IntnaLíganå angLes

MaLonnte Liganá' L

CorO2LrOlL

c13'c12'c1l

94.5 (e)

(10)

(e)

87.4

89.2

27 .6b'c

25.2

52,8 (25)

o3L'o

03"'o

c3L'c

20.8

32.5

s3.4 (30)

Cor0

c31'

Co,

4L 41,'c31'c33
(¡)
\o

OlL, O2L, C11'C13

ollro2L'C11'C c
33 4L 'c31'c3313

'Nl'N2
Co

CorO2Lr0lL Cl3rC12'Cll

EtVtyLenedLønine

CorC, ,c2 ,4.s (22)

a. atoms of Èriatomic planes lisÈed in sequenËial order required to maintain a right-handed set'

b. values of dihedral angles involving four atorn planes are given as < 9Oo'

c. see ApPendix IV, note 2.
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TABLE 1.6 TORSION Æi¡GLES IN THE CTIELATE RINGS

Bond. AngLe ø.eg.) Bond AngLe øeg')

Malorwte Ligand 1 Malon'ate Ligønd, 2

Bond An4Le (deg.)

EtVty L enediøníne Lig aná

Co-N, 6.4 (23)

Nr-cr 3r.2 (3s)

ct-cz 46.2 (36)

cz-Nz 4O.o (30)

Co-N, 19.6 (2L)

TABLE 1.7 CLOSE CONTACTS !üITII NA LESS TTIAN 2.6 
OA'

Co-Or,

olr,-ctt

ctt-ctz

ctz-ctg

ct3-ozr.

Co-O^

Aton

ot:

ogg

o¡r,

ogt

otr,

ott

33.4

6.3

30. 7

30.2

7.O

33.5

(21)

(3s)

(38)

(38)

(36)

(2L)

3i.s

10.5

3L.7

4s.3

14.0

19.0

(21)

(36)

(41)

(42)

(3e)

(23)

Co-0r,

o¡r,-c¡t

cgt-cgz

cgz'cg3

cg:-04r,

Co-O.-4lr

Syrwnetrya
Wansform

2

3

8

I

10

10

o
Dìstcnee (A)

2,282

2.358

2.58L

2.314

2.5L3

2.377

(24)

(2s)

(22)

(30)

(21)

(22)

a. see Tabl-e 1.1-0.



TABLE 1.8

A

4t.

POSSIBLE A-H...8 BONDS Ï,IITII 4...8 LESS THAN 3 .25 
OÃ

B Syrwnetny H ,4.. .B (8) 8...ä (E)
Transforrn on B

2

6

9

10

4

9

8

Nz

Nz

Nt

olH2o

01H20

o1H2o

o2H2o

otg

o2H2o

o:g

o2H2o

o2H2o

ogg

ogr,

NzHt

NzHz

NtHz

3.007

3.105

3.035

2.78L

2.85L

2.920

3.24L

(tz¡

q+t)

(34)

(4e)

(s1)

(36)

(44)

2.110

2.2rO

2.TLL

AngLe at H
(deg, )

r57

L49

163



42.

TABT.E 1.9 INTERMOLECULAR DISTANCES LESS fiIAN 3.5 la
AB Syrwnetny

Tnansforrn
onB

A B

o
L2 1_3

3. 199

3.444

3.265

2.975

3.202

3.481

3. 45l-

3.46L

3.456

3.331

3. 117

3. 102

3.440

3 .351-

3.481

2.8L2

3.3L2

3.476

3.423

3.381

3.181

3.324

3.345

2.820

B
o

(A) A Syrwnetz,t¿ ¿...8 (l)
Wansform

onB

otg

otg

Na

Na

Na

otr,

ctt

o
11

o
11_

o
11

a

c

ct¡

c
3

0
4L

c
L2

ctg

ot¡

czz

cgg

ogg

(2e)

(42)

(28)

(34)

c23)

(33)

(33)

(33)

(2e>

(38)

(35)

(28)

c

o4r,

ctz

cgt

tgt

ogt

L2

1L

(3s)

(33)

(33)

(32)

(48)

(45)

(+s¡

(42)

(33)

(28)

(43)

(2e)

o 1

1

2

3

3

3

3

3

3

3

3

3

3

3

5

6

6

6

6

6

7

9

9

1L

2
c

o

o

ct

3

otg

zHzo

Na

0c

c

o

o

o

1

2

31

3L

lHzo

ctt

ott

otg

o¡g

cgg

Na

11

ott

ott
10

not involving hydrogen atoms and in addition to the distances lísÈed

in Tables 1.7 and 1.8.



TABLE 1. IO

43.

SYMMETRY TRANSFORMS REFERENCED IN TABLES 1.7,

æt Ut

ts Ut

-b - æ, -u,

-4-æ, 1-a"
-4 - æ, -U,

2 + æ, 4 - a,

L+æ, 2-a,
-8+æ, 4-a,

-ß, 2+A,
æ5 Ut

1.8 AND

1_

-1,

-4

k

4

L

+

1.9

*3

*2

+Z

*2

*2

á

1

2

3

4

5

6

7

B

9

10



44

1.5 DESCRIPTION OF STRUCTURE AND DISCUSSION

The (*)r+U[Co rnal, en] anion has the A absolute configuration (see

discussion in ChapËer 5). In the NADCOI4ALEN sËrucËure the complex ion

exhibits approximate non-crystallographic two-fold synmetry with the

six-membered malonaËe ligands adopting flattened boat conformaËíons and

folding Ëoward each oËher. The ethylenediamine C-C bond is oblique Ëo

the pseudo-C, axis of Ëhe complex ion. There is exËensive hydrogen

bonding involving Èhe two rtrater molecules per asymmetric uniË and the

diamine nitrogens; N.+ makes six close contacËs with the malonate

carboxyl and carbonyl oxygens but none rnrith the water molecules - The

conformational features of the A complex ion and the atom labelling are

shown in Figures 1.1 and 1.2; Figure 1.3 is an ab ptojection of the

inurediate environment of the anion with a small angular tílt around

Èhe horizonËal (a) axis to better show Ëhe oxygen environment of Na+'

The water molecules form a right-handed hydrogen bonded spiral of

density around Ëhe 2, screï¡/ axes Parallel to c; the hydrogen atoms of

the water molecules \^lere noË located in the final difference maP'

The varíous types of intermolecular and interion close contacts

are listed in Tables 1.7, 1.8 and 1.9; not all are significant; the

Na+ ionic radius is 0. 97 l,r8o.rr¡¡ der trIaals radius of oxygen, 1.40 Er81

and acceptable hydrogen bond ranges are gíu"n74 as N...o, 2.73-3.22 R,

and 0...0, 2.4g-3.15 l. When comparing close contacts in the solid

state with appropriate van der trüaals radii sums it should be remembered

that r¿eak attraetive forces beËI^7een "non-nearesË" neighbour aËoms Ëend
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to contract the lattice; 82'83 límiting contacts 0.3-0.4 R less than

Ëhe van der tr{aals radii sum are not uncoÍmon.

in Table 1.9 are satisfactory.

84 All close conËacËs

Tables 1.3-1.6 deËaíl the geomeËry of Ëhe anion. Failure Ëo refine

the non-metal atoms anisotropically has resulted in large estimated

standard deviations (esdts) in their positional coordinates and Ëhe

derived bond lengËhs and angles. The chemically equivalent Co-O,

Co-N, N-C and C-C (malonate) bond lengËhs agree to beËter than one esd

of an índividual bond lengrh. The mean Co-O bond length of 1-.897 (8) E

is within 33 (see Appendix IV, note 3) of that reported for Co(acac)r,

namely 1.898 (6) Â 85 
"rrd 

1.872 (B) i.86 The less accuraËelv

deLermineaST Co(o*)¡3 has two independent Co-O bonds of lengËh 1.90 (3)

ooo.
Ã and 1.95 (3) Ã. The mean Co-N length (I.925 (17) A) is close to

Ëhat found8S ir, [Co(NHr)UJf, Uut more than 2Ë shorter than Ëhe average

Corrr-N bond lengËh in any of the tris (five-nembered diamine ring)

complexes listed in Table 8.1. The analogous bond lengËhs t"port"d8g

for this anion in the (-)SegICo enr(No2)rl(+)Sg9[Co mal, enJ sËrt'cture9o

were Co-O 1.90 (2) 8, Co-N 1.94 (Z) 8; that structure refinement was

based on visually estimaËed daËa and was limited to isoËropic refinement

of all thermal parameters. The esdrs from the presenË refinement

(NADCOMALEN) and Matsumoto and Kuroya's sËruct.rt"89 are similar and the

limiting factor would seem to be failure Ëo perform full-anisoËropic

leasË-squares cycles rather than the quality of the visually estimated

daËa as opposed to the microdensiËometer intensiti."'91
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74
The C-C bonds in all three ligands show the expected shorteníng

o
from the 1.54 Ã paraffinic value; the mean c-N bond length, L.474 (29)

l, is that 1ist.d74'92 ¡o, a paraffin four-covalent niËrogen bond

length. The mean carboxyl, T.282 (17) E, and carbonyl, I.24O (18) R,

bond lengËhs agree to within 38 of the two mean values; all four

exocyclic oxygen aËoms are involved in close contacts rnith Na+ and/or

possible hydrogen bonds (tables 1.7 and 1.8, Figure 1.3). As only

three structures of complexes containing chelated malonate ions have

been report.dS9'93 prot.acËed discussion of the bond and torsion

angles is noË informative especiall-y in view of their large esdrs; in

general the chemically equivalent bond angles agree within one sËandard

deviation. The average C-C-C angle (1170) is closer to an íd,eal spz

value (1200) than sp7 (109.50) but is not as strained as that quoted

in ref . 89, namely L25o.

Apart from the determínaËion of the absolute configuration of

Ëhe anion, the conformations of the two six-nembered malonate rings

are of special interest. There are several ways of describing the

observed conformations, of which Ëhe torsion angle description (Table

1.6) is the most rigorous but at the same tíme the least concepËually

satisfying. A more descriptive analysis is possible in terms of the

two carboxyl oxygens and carbons of each malonate ligand, i.e. OlLt

02", c11, c13 and orr, 04t,, c31, c33; these four atom groups are

closely planar whereas Èhe Co and methylene carbon atom are significantly

displaced to the same side of each p1-ane (Table L.4), giving two boat

conformations. An equally satísfying descríption of these boat
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conformers is that gíven in Table 1.5 where the dísplacement of the

Go and methylene carbon from the respective ligand plane is expressed

as an interplanar dihedral angl-e, it being understood thaË the Co and

carbon atoms (CL2, CaZ) lie on the sa¡re síde of the relevant, four

aËom plane.

Dreiding models gíve no clear indícation of a preferred con-

formaËj-on for a chelated malonate rlng, especía1-ly when the sÈeric

role of Ëhe carbo>ryl oxygen lone pairs is uncertaín. This doubt

concerning the lone-pairs precluded an energy rninirnlzaËion analysis

analogous to those performedg4 '95 for the fíve- and sixqnembered díamíne

ring sysËems. NMR studi""31'32 of [Co ma1-, en]- and [Co ma1 .tr1+ r.t.

equally ambiguous. In vj-ew of Ëhe interlonic contacts and hydrogen

bonding ín Ëhe NADCOMALEN structure it seemed probable that Ëhe

conformaËion observed reflecËed crystal packíng forces as much as any

minimum energy confor:nation of the lsolated 1on. This hypothesís was

supported by our subsequent deËermlnation of Ëhe CRMALTCOPN structure

(CtrapËer 2) in which the malonate ríngs are significanÈly dist,orted from

the boat conformatíon and also by Ëhe recenË publfcatior,S9'90 of th.

srrucrure of trlclÍnic (-)5SgIco enr(Nor)rJ(+)rrrIco rnal, enJ.

The anion in this latter sËructure al-so exhibits approximate non-

crystal-l-ographÍc two-fold symneËry wíth the en ligand again adopting

an oblÍ-que conformation relatíve to the pseudo-C, axÍs; the malonate

rÍngs, however, are more flatËened than those found in the present study.

In neíËher sËructure analysis were weÍghted least-squares planes

calcul-ated and ttre esdrs in the deviations of the aËoms from Ëhe mean
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planes are noË available. MaËsumoÈo and Kuroya have described B9

the malonaÈe rings in their sËructure as ttapproximately planar";

given that the devíations from planarity are small (and probably

lack significanee) both malonate rings in the [Co enr(NO2)2J[Co mal, enl

structure are more accurately deseribed as distorted skew conformaËions.

IË is not possible to decide the orientaËion of the ring backbones

relative to the pseudo Cr-axis (i.e. r¿hether LeL or ob96) from the

distortions as listed; calculations from the positional coordinates

are required. Intermolecular hydrogen bondíng ís again ,".o89 Ëo be

important in determining the precise conformation of the Co-nalonate

chelat.e rings. Further discussion of malonate ring conformation is

made in Chapter 2.

A final poinË of interest is the oblique conformationl observed

for the ethylenediamine ligand in the [Co rnal, en]- ion in boËh

strucËures; this partícular ring conformation has now been observed in

strucÊures of several Èransition meËal complexes and Ëhe precise

geometry seems to depend on the hydrogen borrdirrg92'97 ,od van der l{aals

interactions. In NADCOMALEN the carbon atoms of the en ligand are

dissyrmnetrically placed either síde of the CoNrN2 plane; similar ring

asymnetry has been found in the strucËure of [Cu enr](SCN)2. 98
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CHAPTER 2 THE STRUCTURE OF (-)
58g_rRl_s 

(.(153 1 2-DIAMINOPROPANE

COBALT I + -TRIS CHROMATE II TRIIIYDRATE
8

(-)ssgIco(-)pnrl (+)rrrICr malrJ .3nzo, CRMALTCOPN.

2.T STRUCTURE ABSTRACT

The absolute configuration of the (+)rrn-tris(malonato)chromaÈe
?-

anion, (*)Sgq[cr(CHr(co2)Z)Sf- , has been deËermined as Â by a single

crystal structure analysis of Ëhe salt formed with l(-)rrr-tris-

((-)propylenediamine)cobalt, (-)sAgICo(-) (c¡HfoN2)3]3* t, catíon.

The structure (-)[Co(-)p"3](+)[Cr ma13J.3H2O has been refined by

full-matrix leasÈ-squares to a coriventional ,R factor of O.O73 using

435 integraËed photographic data. The lattice is rhombohedral,

space Broup Rr, (tlo. 155), hexagonal parameËers q. = L6.12 (2)'

c= !o.o7 (2) E, U=2265 (7) 83, Z= 3, Dc= 1.53, D^=L.52 (2) g.

"*-3. Both complex íons are disordered on 32-syrmnetry sites in the

hexagonal unit cell and are linked to each other and to t'he water

molecules by hydrogen bonds. The cation adopËs Ëhe expected AfÀfÀ,

conformation with the exocyclic meËhyl groups equatorial; Ëhe

metal-malonate ring skeleton in the anion is planar excePt for the

methylene carbon. The absolute configuraËion of the anion is opposite

an earlier assignment based on circular dichroism data.

2.2 EXPERIMENTAL

Partial resolution of Kr[Cr malrJ as Èhe strychnine salt has been

reported prutiorr"ly.99 AËtempted resolution of the complex by this
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meËhod r^ras unsuccessful: crystallization of Ëhe racemic potassium

salt proved difficult because of its extreme solubility and apparent

sensitivity to slight changes in pH. The dichroic blue-green micro-

crystallíne powder obtained by reduction of potassium dichromategg'100

was similar (IR-visible spectrum, analysis, X-ray powder photos) to

the product derived from a preparation after the method of Lapraiklol'1O2

sËarËing with freshly prepared Cr(OH)¡.

ArnLysis K, [Cr (caH2o4) 
rJ .3ttro

eaLc. Cr,9.82: K,22.16: C,20.47-i H,2.28.

founá 9 .4oz 22.49: 20.81: 2.06.

(crH, by mícroanalysis: permanganate determinatiotlo3-lOs of malonate

was not reproducible. Cr, spectrophotometrically as chromaÈe at 370 nm

on oxidation with hydrogen peroxide over Ëhre" dtyr.1O2 K' gravimetric

analysis as KrNaICo(NOr) r).UrO dried at llOoc to constant weight.lO4)

Elution of independently prepared Kr- and NarICr malrl samples from

AG1-X4 anion exchange resin in the chloride form showed three to five

bands for all preparations. No atËempt hTas made to determine the nature

of the species in the minor bands (probably bis- and mono-na1orrtt."106)

since the major componenË always eluted last with aqueous chloride

solution suggesting a predominance of the trivalent tris-chelate. An

infra-red spectrum of a poËassium bromide disc of one PreParation r¿as

almosË identical with the published spectru*1o7 "rrd 
as all preparations

were subsequently shown to give identical crystalline precipitates with

(-) tco(-)pn3]3+ further characterization rnras not considered necessary.
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3-Attempted resolution of ICr malrl with (+) [Co enrJ 3+
,

(+) [Ni ph.r3J2* and sËrychníne gave no precipitation from moderately

concentrated solutions. (-) tCo(-)pn3l3*, hot"rr.r, initiated

instantaneous grol^rÈh of fine needLes from dilute soluÈionsrtt an"""

erystals had appreciable solubility only aË pH levels well removed

from neutrality and since such conditions could be expecËed to induce

racemization, if not complete rupture of one or boËh complex ions,

larger crystals clearly could not be prepared by reerystallization.

Crystals suiËable for intensity data collection \¡lere prepared by

layering a solution of tTans-(-)[Co(-)pnrJBr, on a more dense solution

of KrICr malrJ.3H2O, well-formed crysËals growing over several hours.

ty,ans-Co(nt):3* precipitaËed crystals of larger cross-section than

did the cis-catíon but subsequenË determinat,ion of the space group and

lattice constants of both types of crystal showed them to be identical.

The bronze prisms were equilateral-triangular in secËion and showed

extinction parallel to the needle axis; the triangular section was

isotropic, the crystal morphology suggesting a trigonal sysËem.

PrecipitaËion studies (see Chapter 5) shor¿ed that (-)tco(-)ptgl3*
?,-

eo-crystalLLzes with the (*)r'g[Cr ma1rJ" enanËiomer.

o(
P.F. Crossing'- had been attempËin
of the eís- and tnans- geometríc i
supplied by Dr. T.E. MacDermotË.
precipitates of the Ëwo samples wh
by X-ray powder diffraction. IÈ r,r

the ensuing crysÈallization ülas so
prepare "nIfi"i"tttly 

large crystals for space group determinaËions'

11
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Preliminary trüeissenberg and precession phoËographs of several

crystals confirmed the Ërigonal system: indexing on hexagonal axes

established the condition limiting observed reflections as

-h + k + L = 3n. Coupled wíth the requirement for opËical activity

this condition resËricts the possible space groups Ëo R, and Rrr.

CuKq/N¿f photographs confirmed 32-point synmetry and hence space

group Rrr; wíth Z = 3 the Co and Cr atoms lie on 32-syrmnetry sites

and Èhe cation must be disordered since its maximum syrrnetry is C,

f.ot trans and C, fox cis. Subsequent strueture refinement showed

that the anion is similarly disordered although 32-synunetric skew

conformations of Icr malrJ3- .t. possible.

Cz,ystaL data - as ín structure abstract.

lco(crHroNz)sl [Cr(crHro¿)s] . 3]/.ro; M = 693.6;

lMoKo = 10'3 "t-1'
Lattice constants fromMoKu/Zrf (X = o.ZfO7 i)

precession films.

D^ by flotation in carbon Èetrachloride/chloroform

at 24oc,

MicroanaLy sis on cny stals

calc. C, 31.17: N, 12.12! H, 6.11.

found 30.26: lL.52z 5 .71.

(Qualitative nicroanalysis on crushed crystal.s of the diastereoisomer

r^ras negaËive f or K+ and Br . )

T]ne trans (-)[Co(-)pn3](+)[Cr malr].3H2O crystal used Ëo generate
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the ínËensíty data seË \nras a needle O.4O urn. long and tríangular in

section; triangle edges 0.15 rmn.. It was mounted along the needle axis.

Preliminary oscillation photographs showed the intensity of the

| = ly¡ + L layers t,o be much Less than that of the even layers, a

desËrucÈive interference effect consequenË on the Co and Cr atoms

being separaÈed by c/2 in the real unit cell. Using MoKa,/Zrf

radiaËion integraËed triple film packs of tr{eissenberg equi-inclination

layers hk)-hk?, hkL0 r¡rere recorded, exposure times ranging 1-5 days

for L = 2n ar.d 4-8 days for the L = 2n + 7 layers. The sËrucËure of

the film paek was identical to Ëhat described in Chapter 1. Reciprocal

layers h)L-hTL ürere recorded as integrated precession phoËographs for

the same crystal without remounting. Triple exposures ranging 12-72

hours ürere recorded for the four levels. The integrated data were

measured photometrically with a Nonius II microdensítometer.

2.3 STRUCTIIRE SOLUTION AND RNFINEMENT

The scaling of Èhe phoËographic intensity data is described in

Appendix II. Lack of meehing precession daËa necessitated introduction

of the hk7 üileíssenberg reflections at a subsequent stage and initial

sÈrucËure solution was made excluding this set of 25 unique reflections

(initial data seË: 426 unique reflections of which 35 were unobserved) .

Anomalies in the distribution of Ats. uLZ vs. l1ol in the final stages

of refinement again indícated a relative overweighting of the most intense

daËa in the original AUFAC inter-film scaling procedure, resulting in
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chemically unreasonable bond lengËhs and angles. The ínitial

weighting scheme r^¡as modified in the final stages of refinement when

the hk7 trdeissenberg data were introduced to the reflection 1ist.

For (-)[co(-)pnr](+)lcr ma131.3H2o in space Broup Rr, (Z = 3)

the metal atoms occupy the 32-syrmretry positions at (0r0r0) and

(0r0rZ). An initial Fourier map phased on Co and Cr atoms at these

two sites showed the expected 5m Laue s¡rmmeÈry. This map, usíng only

the L = 2n d.ata, had an additional inversion centre at (010"714) due

to an effective halving of the c lattice repeat. The'L = 2n + L data

were excluded from the initial Fouriers because of the relatively small

contribution of the metal atoms to Èhese odd order reflections.

This was, however, an unfortunate approach since the Co and Cr sítes

then become identical and only one unique donor atom position (2 i

from the metal and lying on a mirror plane of 5m) was found; the

implication of this in terms of the relative orienËation of the CoNU

and CrOU-cores was initially unclear. Smaller peaks at distances

further removed from Ëhe metal atoms $/ere also observed.

This large donor atom peak (at O.062, O.124, 0.100) corresponded

to an orientation of the Ml.-cores r¿hich maintained the C, and pseudo-C

axes of Ëhe eomplex ions parallel to the crystallographic axes but

aLthough a Fourier map based on this model (CrOUr CoNU only) gave

several possible ner¡r atom sites, Èhe malonate and propylenediamine

ligands remained convol-uted about both metal positions, making

interpretation difficult (Rl = O.292). InËroduction of the

(-) Ico(-)pn3l3+ "o*pl.x with the correct AlÀIl) configuration at one

2
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site gave Rl = 0.234 (rL 
= Zn = 0.L47, RL = Zn + L = 0'508) but incluslon

of possible water and malonate ligand atoms at thís stage gave no

signíficant ímprovement. T\ro cycl-es of least-squares refinement of the

light atom positions and ísotropic temperature factors of all atoms in

thís preli.mínary model- lowered R, to 0.209.

Inclusíon of the even and odd data in a FourÍer calculation based

on this most recent model gave a 32-symnetric map lacking a faLse 32-

posiËion at 0101L/4. Itris map revealed Ëhe positlon of the one uníque

\^rater molecul-e and suggested a /\ configuraËion for (+)[Cr maltJ3- with

the malonare l-igand spanning rhe *æ axis: for the À(-)tco(-)ptgl3* roo

the pn ]-igand spanned the + axis. The choice of Èhe Ä or À

absolute configuration for the anion corresponds noL merely Ëo a

choice of absolute confíguration buË to a choice between tvro different

strucËures, namely ACoÀCr and ACo/l,Cr. Even knowÍng Ëhe relaËive absolute

confíguraËíons of the tr,lo complex Íons, however, Ëhere remained Ëhe

problem of fixing the malonaËe ligand conforrratíon since the aníon

appeared to be dísordered on the 32-symmetry site rather Ëhan adoptíng

a 32-syrnneËric tris-skew conformatíon. Itre carboxyl carbon and oxygen

atoms were approximately coplanar wiËh Cr and corresponded to 32-

symmeÈry buË the methyLene carbon atom lay jusË off the Ër¡lo-fol-d axis

and tÏre carbonyl oxygen peak was broad and of indeËerminate weight.

Introduction of all aËoms to the model (íncludíng the carbonyl oxygen

OrC, with unÍË mulËípl1er) resulted ín Ëhe followíng .R factors after

ttvo cycles of least-squares reflnement of Èhe positional parameÈers

of the ltght atoms and the ísotropic temperature factors of Ëhe metal-s '
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R, = o.L45 (RL = 2n= o.L25, RL = Zn + 1= 0.209) f.or 426 data of

which 377 were included in the l-east-squares cycles, unit weights.

Changing to Èhe weighting scheme refined in the data scaling routine

gave, after two furt.her cycles of fuIl-least-squares positional and

isotropic refinement (n = 33 variable parameters) , R1 = O.O92

(L = Znr 0.OB7; 2n + 1, O.I52). AÈ this stage gross outliers in the

data set were checked for íncorrect measurement.

Fourier and difference maps computed for Ëhis model revealed

appreciable anisotropy in the metal vibrations and also showed Èhe

carbonyl oxygen as íncluded to be an average of two positions of

approxímately equal weight; Ëhís 1atËer is as expected for a puckered

non two-fold syrrnetric malonat.e ring. The Co2+ and Cr2+ scattering

curves were modified to allow for anomalous díspersion (see Appendix

IV, note 1) and all atoms refined anisoËropically, except OHTOCo which

r^ras resËricted to a positíon on the two-fold axis Ëhrough Ëhe Co atom

and refined isotropically with its multiplier fixed at ,. The agreemenË

factors at convergence were Ã, = O.O72, RZ = 0.063, RL = 2n= 0.069,

Ro - = 0.106, G = I.9B for 426 data of which 377 were includedL=Zn+J
in the least-squares refinement cycles. RL = 2n + , is mosË sensitive

Ëo the refinement of the light atoms since the metal contribution Ëo

the odd data corresponds Ëo a maximum of only Ëhree electrons. The

methylene carbon atom (Cr) and the split carbonyl oxygen (OZCf, O2C'A)

r¡/ere non-positive definite. The correlaËion maËrix showed several large

correlation factors (ca. 0.5-O.8) beËween positional parameters which
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could be relaËed by 3m operations (see also ref. 45). Derived bond

lengths and angles showed some disturbing deviaËions from Ëhe expected

valuesr e.g. the C-C bond of the pn ligand was l.OZ I (see

discussion and Table 2.9).

Inclusion of Ëhe 25 7xk7 data at this poinË increased, R, to 0.112

and worsened rhe disÈriburíon of Au. uLZ vs. l1ol. As with rhe

NADCOMALEN strucËure (Chapter 1) the faulË seemed to lie in the initial

weighting schemes chosen in the data scaling rouÊine, but rather than

aPPly a modified weighting scheme in the leasË-squares cycles it rnras

decided to adopt a more realístic curve in the inter-film scaling

sequence, at the same time introducing the hk7 data. The unscaled

trüeissenberg and precession data were weighted índependently applying

average schemes derived from the earlier data reduction sequence. The

parameters for the new schemes were (with those used ínitially in

parentheses) - trrTeissenbergi a = 0.O484 (0.0113), b = -O.OO37 (O.0066),

c = 0.3024 (0.0928), d = O.O1O9 (O.OO7B) - Precession; a = O.O42O (O.O749),

þ=-o.oo17 (-o.oo4o)t c= O (o.oo73), d=o (0.0086). Theseweighting

scheme changes result.ed ín a relative 'fdown-weighting" of the more

intense tr'leissenberg data: the final data set comprised 451 unique

ref lect,ions of which 38 r,¡ere unobserved (U) and 16 unreliable (E) .

The hydrogen aËoms bonded to the N and C atoms of the pn ligand

were included at calculated positions (program PLANEH) with fixed positional

and isot.ropic thermal parameters; no attempt. was made to inËroduce the

methyl group hydrogens or the disordered hydrogen atoms attached to the
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methylene carbon of the malonate ligand. The 38 unobserved reflections

were included in the least-squares data set and afËer three cycles of

anisotropic refinement (OHrOCo isotropic) employing the modified

weighting scheme all variable parameter shifts \^rere less than I/3 of

the relevant esd (except for the anisotropic thermal parameters of

O2C1A which remained non-positive definite). The agreemenË factors

aË convergence r^rere - Rl = 0.O73, R2 = 0.083, RL = Z, = 0.064,

RL = Zn + 1= O.L2L, G = 2.O1 for 451 data of r^rhich 435 were included

in the least-squares cycles, 80 varíable parameÈers; the distribution

of Au. uLZ vs. l1ol ra" flat. The bond lengths and angles l^7ere more

chemically reasonable and apart from atom OZC.,A, the thermal parameters

seemed realistic (the problem with O2ClA is thought Ëo arise because

of its high correlation with OrC, to r¡hich it is relaËed by an approximate

non-crysËallographíc mórror plane coincident with the Cr, O1, Cl01,
tr\atoms--). High coefficients in the correlation matrix are considered

to reflect non-orthogonality of the crysËal a and b axes.45'111

A final difference Fourier reveaLed peaks of ca. ,l-electron in

height on the z axis adjacent to the meËal atom siËes and also showed

some anisotropy of OHTOCo parallel Eo z. The light atoms all occupied

saddle points between peaks O.O5 e in height.

Observed and calculated structure factor amplitudes from Ëhe final

least-squares cycle are listed in Table 2.1 with Fo, F. bott, x 70:
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2.4 STRUCIT]RE FIGURES AND TABLES

The figures and Ëables of structural parameters for the CRMALTCOPN

strucËure are collected together here preliminary Ëo the discussion of

secÈion 2.5. The structural parameters as given in Èhe following

tables correspond Ëo Ëhe aÈom label1ing and orientation of figures

2.1 and 2.2, whexe a t superscripÈ denotes a Ëwo-fold relat.ed atom.

2.5 DESCRIPTION OF STRUCIT]RX AND DISCUSSION

(+) [cr malrJ3- h"" a L absolute configuraÈion by comparison with

the known Al),À^J configurarion of (-) lco(-)pn3]3+; this assignmenr is

contrary to an earlier assigrunen t27 '28 based on the aqueous solution

CD spectrum. Both complex ions are C, syrnnetric but are disorderedt2

on 32-symmetry siËes of the R, space group with the r^rater molecules

occupying tr¿o-fold sites between Èhe pn ligands of the cation, directly

under (and above) each malonate ring.

The Co and Cr atoms are 5 i "p.ra along c with Ëhe pn and mal

ligands spanning ttre -a and +a. crystallographic directions respectively.

The carboxyl oxygen (Or) of the malonate ligand is strongly hydrogen

bonded Ëo N, through NrH, while the \^rater oxygen makes close contacts

with U, through Nrlta and with the carbonyl oxygens of anions on adjacent

three-fold axes (table 2.7, Fígures 2.2 and 2.3). If a freel-y rotating

methyl group ís takenSO as having an effective non-bonded radius of

+2 This disorder renders Èhe eís- and trans-cations indistinguishable
and single crysËal CuKa/Nif equi-inclinaËion and precession photographs
of several (-)[Co(-)pn3](+)[Cr ma13l .3H20 crystals grol^rn from the
supposedly cts- and trans-(-) lco(:)pngler3 samples confirmed Ëhe R'
space group in all cases (this preliminary sÈudy in conjunction with
P.F. Crossing).
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FIGURE 2.1:
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(+) [Cr mal3l'- VtBWgO DOI,¡"N THE c AXIS (not 32-disordered).
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FIGURE 2.2: (_)tCo(_)pn3l3* VtgWeu DOI,üN THE c AXrS (32-disorder shown).



63

H 0
2

Hzo

+Z

(-) lco(-)pt¡] (+) [cr ma13] '3H20' THE ARRANGEIVTENT 0F THE

COMPLEX IONS ALONG THE c AXIS'

(ø and c in Ëhe plane of the paPer, as shor'rn')
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FIGURE 2.3:



TABLE 2.2

Atom

Cation
Ê

cot

POSITIONAL AND THERMAL PARAMETERS FOR (-) [CO(-)PN:

æ a , 8i.1, ßzz

.3H2o , "' o a^ coMrcIlRATroN.

Btz ßts Bze

I (+) [Cr mal

ß 2?

5s2 (30)

7 84 (87)

573(L24)

L29O(27o)

3

t24

123 (68)

-o3o (6e)

t37 (t7s)

l

Nt

ct
tlw
Anion

Cr

ot
ctot

c û2

ozct
c o2c1A

Itrater

o

0677 (Lo)

t677 (Lo)

2264(24)

o

114s (07)

1706 (oe)

2689 (22)

o

rt22(o8)
o73s (11)

r32s(23)

248(26)

2s4 (77)

391 (8e)

630(228)

248

3eo (7 4>

30e (7e)

283(t74)

o0
-oo8(s7) oo9(47)

-oe7 
(66) 

-o31(6e)
-t23(170) o2L(L37)

o

LL24(o5)

18s1 (10)

0432(29)

2647 (24)

23e1 (33)

o

os64 (10)

0463 (11)

22os (2L)

Lo22(22)

o601 (28)

2

384s (06)

38e9 (o9)

4620(32)

3226(3s)

3001 (34)

277 (29) 277

226(54) s3r(72)

42s(94) 708(116)

L622(462) 414(1e8)

2t2(L68> 504(2s1)

-se8 (244) 676(297)

13900
L6e(66) 1ls (3s) 433(60)

270(89) oe2(6s) 139(68)

7o6(2s7) -L443 
(35o) -s6o (208)

ols(166) -089(tzs) 488(197)

-2s9(2L9) 011(171) 255(234)

526(36>

777 (73)

279 (Loz)

1726(s28)

1189 (289)

1130 (316)

o\
s.

oHroCo 2427 (Io) o o 4.74(27)

CaleuLated Vtyfu'ogen atom positions - ftæed

NrHt 0378 1534 1O2o 4.O

NtHz 0631 0966 2026 4.0

'e c-H- rg4g 2393 1o4o 4.0
II

cL"Z 2O4O 1411 tr42 4.O

posítional paramete
Ëhermal paramaters

isotropic thenal parameters for 0H20Co and
hydrogen atoms.

a symmetry relaÈed atom is represented in the
fÍgures.
this aËom not represented ín the figures.

a

b

rs (x-fO4) : anisotropic
(x 1o)).

c

d

e atoms
I^7'efe

C.ME
.IanpuE

, C2, O2C1, O2C1A' OHrOCo and ClHt
wíth muLtipliers of Ll2.

anisotropic Ëhermal parameters for Co and Cr
synnetry restricted (ref. 54).

f



TABLE 2.3 BOND LENGTIIS AND ANGLES

Atoms

Cation

Co-N,

Nt-ct
c1-clME

tl-t1'
Anion

Cr-O,

01-c101

c101-c2

cro, I -c,

Distanee Atoms

Or-Cr-O

Cr-Or-C

ol-c101

AngLe (deg.)

83.2 (8)

110.7 (10)

106.9 (e)

o
(A) Atoms AngLe (deg.)

L.964 (10)

r.4s3 (22)

1.503 (36)

1.481 (26)

Nr-Co-Nrr

Co-Nr-C,

Nl-Cl-C1 I

Nl-Cl-ClME

cIME-Cl-C1 I

rt7 .9 (1.6)

114.5 (1.3)

r:..g.2 (17)a

114.3 (13)b

tll.g (2Ða

118.1 (2Ðb

1.9s3

L.262

1. s63

1.606

t.328
L.T96

(7)

( 18)

(38) a

(3s)b

(46>a

(s4) b

-c o
1

o -C

1

zct
-o2c1A

1o1t

9L.9

128.3

122.4

L25.4

108. 1

(t>

(e)

iGÐA

(28)b

(24)

I
1

10
-o

I
1

-c

o

o

o

o

1

1

2

2

-c10l-c2

'-c1o1'-c2
c1-c10l-c2
clA-c101 r -c2o

c
I
1

o\
lJr

c101-02

clol | -o

ct

zctÃ

21

ârb. The malonaËe ring ís not mirror symrneËric about the Cr-C, líne; Èhe bond lengths and angles
ínvolving Ëhe carboxyl carbon fall into t o groups desigñated a and b.

InterLigand angLes at the metaLs

Co Synrnetny operation AngLe (deg.) Cr Synmetï'y opetation AngLe (deg.)

reLiting the dorny atoms nelating the donot atoms

3 eo.3 (4) 3 88.2 (3)

2 s7 .r (1o) 2 er.7 (e)

32 r7o.2 (11) 32 L79-9 (1o)
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TABLE 2.4 I]NVüEIGIITED BEST PT,ANES fiTROUGII TTIE LTGAI\DS

PLaneABCD

MaLonate (orientation as in figtu'es 2.7 artå 2.2)

o -0.845 -0.53s 2.69301,01r ,c101rc1o1'

,o1ro1 tCr

clol,c2,c1o1l

L,

CorNrrNr t

o

o

o

o

-o.767

-o.o74

0.016

-0.828

-0. 864

-0.554

-o.562

-0.995

-0.561

-0.504

-0. 323

-o.824

-0.099

2.82L

2.s36

3.629

3. 733

-0. 189

Dístance fnom pLann <E>

o1,-o.o43 t Olt r+0.043

c101,+o.o47 t c1olt r-o.o47

Cr roa t c*+o .7L4

c1o1r+o.086 : c101"-o.086

olr-0.o94 z olf r+0.o94

OZCI,-0.853 : OrCrA, -O.767

c1o1, -o .059

a101' , -0. l-15

Cr,CrO1rClOl'

1 'c2,o2c:-
t ,crrorcra.

2-&iatnínopropane

1

a.

-o.749 0.433 -0.501 0 c1,-0.336 : 9r'r+0.336

Since the two carboxyl oxygens and carboxyl carbons are tr¿o-fold

symetric the Cr atom lies in their mean plane.



TABLE 2.5
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INTERPI.ANAR DIHEDRAL ANGLES

Plane 7

Cation CorNlrNl' (ligand 1)

CorCr,Crr (ligand 1)

CorNrrNr'

Aníon Crrolrol' (lígand 1)

CrrCrOrrCl_oLr (1ígand 1)

Cr rOrrOr t

Cr, Or, O, I

cr, C,

01 ,01 'c 101'

Cr,or,orr (ligand 2)

CrrCror,Clolr (ligand 2)

cIoL,c2'

CrrCrOrr

crol'

CorNrrN

CorCrrC

CorCrrC

PLane 2

L' (líeand 2)

t' (ligand 2)

I
I

Angle Geg. )

97.1 (10)

t]-g.7 (13)

26.9 (1s)

9L.7

96.9

50.2

3.9

50.l_

50.1

(10)

(10)

(27)

(10)

(30)

c o
1 t_

tlo1t

clol'c2 
' 
clol I01'crolr

c2 
' 
clol Ic1o1'
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TABLE 2.6 TORSION AI{GLES IN TÎIE CHEI,ATE RINGS

BonÅ, AngLe (deg.) Bond AngLe (deg.)

MaLonate Ligand PropyLenediønine Ligand.

Cr-O, 5.o (12) Co-N, I4.3 (7)

o1-c101 2L.9 (28) Nr-cr 39.1 (19)

c1o1-c2 s4.9 (31) Cr-cr' so.3 (24)

c2-c1o1t 62.7 (ro¡

c1o1'-01' 38.4 (29)
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TABLE 2.7 POSSIBLE A-H...8 BONDS I,üITH 4...8 LESS TIIAN 3.25 N

A B
a

tiaftrnet?a
Txansfonm

onB
1

2

2

1

3

3

H 4.. .B BH o
(A)

2,2r9
2.496

2.O90

Angle at H
(des. )

NtHz

NtHz

NtHt

3.097

3.243

2.998

3.r82
2.668

2.788

cEl

(ls)
(20)

(24)

(40)

(4 r¡
(61 )

Nt

Nt

Nt

ot
ot
oHroco

02clA

ozct

L54

t36
155

3.064 (7 6>

3.474 (19)

3.066 (47)

oHz

oHz

oHz

OCo

0Co

OCo 02c1A

a. see table 2.8.

TABLE 2.8 INTERMOLECUIAR DISTANCES 
' 

g.S E
a

A R Syrnnetz.y 4...8
Tnansfoz,m

onB

cEl

3.4L7 (rr¡
3.428 (57)

3.323 (42)

A B Syrwnetz,y ¿...8 (i)
Tz,ansform

onB

c

C

N

1

1

1

o

o

o

zct
zctA

zctÃ

3

2

4

1

1

2

c

N

o

1ME

1_

zct

ctw
ctot
ctw

Symmetry transforms referenced in Tables 2.7 and 2.8.

1. æt Ut

2- a' t-a,
3. 2/3-æ, L/3+U-æ,
4. 2/3-A, L/3+æ-U,

â

z

L/3-z
L/3+z

a not involving hydrogen atoms and in addition to Ëhe values listed
ín table 2.7.
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SOME BOND LENGTHS AI{D AI{GLES FROM ]]IIE RNFINEMENT TüITH THX

INITIAL I/üEIGHTING SCHEME (c.f . Table 2.3)

Ler,.g* <l> AngLe Degnees

TABLE 2.9

Bond,

Cation

Co-N,

Nt-ct

cl-clME

Aníon

Cr-O

1.983

L.426

L.445

L.627

1. 930

L.268

L.579

L.297

N -Co-N
1 1

-cN -c
1 1

a

o -Cr-O
1 1_

ûJ

1

82.9

LO4.2

48.6

94.O

62.5

ûJ

cl-c1'

1

o

zct

0

-c

-0

ctI
ctot

ctot

I

a.

2

the aagle o is defioed by figure 7.I.. The.values at completion of
refinenent withthe new weighting seheme Ìrere 48.00 and 60.20 for the
cation and anion respectively (Chapter 8).
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2.0 A the two close contacts less Ëhan 3.1 A (table 2.8) are noteworthy;

however, they are avoidable by a more specífic ordering of the ions on

adjacent symnetry sites.

Some relevant literature bond lengths are quoted in Chapter 1 and

are comparable with those observed here, parÈicularly for the cation

which has the predicËed tris(lel) conforrnation with the C-C bond of the

pn ring being held parallel to the C, axis by the requirement that the

methyl substituent occupy the energetically most favourable equatorial
1position.' The extent of this parallelism is eurphasized by the inter-

ligand Co,Cr,Cr' interplanar dihedral angle, Iirg.7 (1.3)o. The inter-

planar dihedral angle beËween the Co, NlrNlr planes, 97.t (t.O)o,

indicates significant disËorÈion of the CoNU first coordination sphere

from an idealized geometry having interplanar angles of 9Oo (this

distorËion is discussed further in Chaprer 8). CrH, in the atoms list

(Table 2.2) corresponds to the position of Ëhe Ëwo-fold disordered methyl

group, C1*; boËh were input r¿ith multipliers of !.

A tris-nalonate anion has D, syïmeËry only if Ëhe methylene

carbon (Cr) lies on a two-fold axis through Lhe meËal ion, i.e. a

completely flaËtened ring conformation or a s)EmeÈrical skew form; in

CRMALTCOPN C, is displaced O.71 E from lhe rnean five atom plane through

CrrOrrOrtrCrOlrClOl'. The methylene carbon atom is also displaced from

the hypothetical mirror plane of an ideal chair, boat or flatËened
O-O

conformer (ví2. ctol-c2 ís 1.56 (4) Ã whereas alOl'-C, is I.6I (4) A)

r,¡ith consequent changes in bond and torsion angles (Tables 2.3 and 2.6).
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Therefore in the 32-disorclered arrangement the methylene carbon and

t,he carbonyl oxygen atoms are spliÈ. The non-s)mnetry equivalent OrC,

o
and orCrA sítes are 0.63 (5) A aPart.

The Cr-o, bond length, 1.953 (7) R, comPares well with that found

in cr(acac) ,,tt' t.g56 (7) E, cr(elv)r,tt' t.964
o(1) A, and

1L4'L]-s 
1.968 (10) E. The carboxyl carbon-oxygen bond(+) cr ( (+) arc) ,r 

-

lengrh (01-C101, L.262 (18) E) is the same as the average carbonyl bond

length (C101-02C1, Clol-oZcfA). The -mean anion C-C bontl length,
o

1.585 (25) X, is significantly longer than Ëhat found in the NADCSMALEN

srrucrure (1.5O (2) i); associated \^/ith this bond lengthening is a

conËraction of the angle at the methylene carbon from a value approximaÈing

the ideal spz vahue to !üithin one esd of the ideal tetrahedral angle,

e.g. in CRMALTCOpN Ëhe C-C-C angle is 108.1 (2.4)o, in NADCOI"1ALEN 117'2

(1.8)o and in (-)[Co enr(NO2)rJ(+)[Co mal, 
"n]89 

where the average C-C

bond lengËh in the malonate rings is 1.+g E this angle is 1250. The

high sËandard deviations in the individual bond angles in all three

structures preclude detailed discussion of the individual bond and torsion

angles.

The relaËive sker¿ of the Ot...Ot' and CtOt"'CtOtr lines abouË the

two-fold axis is barely significant at a 3o 1evel (3.85 (98)o) although

larger than Ëha.Ë found in NADCOIfALEN; the displacement of the carboxyl

o
oxygens t o.o9 A either side of the CrrCl-01,C101' plane is about half

thaË observed in Matsumoto and Kuroyars structrrt"S9 (see Chapter 1)'

In CRI4ALTCOPN the sker,r is such that the crrcrc plane is more nearly
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parallel Èo the three-fold axis of the anion than is the CrrOrO plane,

as shornm by the interligand inËerplanar dihedral angles (96.86 (9S)o

and 91.65 (Oe¡o respecËively). This twisting of the ligand backbone

î-relative Ëo the MLU-core in [Cr uralrì- is discussed in section 8.2.

Mean-square amplitudes of -thermal vibration l^rere not compuËed

but the anisotropic thermal ellipsoids of Èhe non-metal atoms are shown

in the figures; the temperature factor of atom O.CLA hras non-positive

definite and Ëhe minimum Ëhermal ellipsoid as drawn serves only to

indicate the direcËion of maximum vibration. Unfortunately, because

figures 2.1 and 2.2 are views parallel to e, the thermal ellipsoids

as drawn are of limited value in deciding the direetions of maximal

vibration. The methylene carbons of the pn ligand víbrate appreciably

perpendicular Èo the CorC,C plane while the ellipsoid of C'ME is

elongaÈed radially. In the anion Èhe methylene carbon shows maximum

vibration perpendícular to the CrCrC plane while the other malonate ring

aËoms exhibiË appreciable vibration perpendicular to Èhe mean

crrorrol t rclolrclo' I Plane.

The most alarming feature of Ëhe CRMALTCOPN structure refinemenË

was Ëhe significant ehange in some of the bond lengths and angles of the

converged model on modification of the weighting of the intensity daËa:

see Table 2.9 for some bond length and angle parameËers for Ëhe converged

structure based on the initíal weighting scheme. For the Ëris-malonate

ion the relevanË angular parameters (see Chapters 7 and 8) from Ëhe

final converged model are not significantly different from those of a
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DrU syrnmetric MLU-core; it would be more satisfacÈory if we could feel

certain ËhaË thís represents realíty and not just a fortuiËous dependence

on the partlcular weightÍ-ng of the íntensity data. The sËrucËure

refinement should be repeated, preferably uslng an excess of "correctly"

weÍghted diffracÈometer data; it is ímportant thaË more L = 2n + L

data be used in the refínemenË since these are relatively most sensitíve

Ëo Ëhe refinement of the lighË atoÍts. The tlme required to record

such data phoËographícall-y became íncreasingly prohíbitive at high p

angles.

MaLonate RLng Confonnation -

T\øo irnportant conch¡sions emerge from the three known sËructures

of chelaÈed^ malonaËe l-igands. Firstly, Ëhe exocycl-ic carbonyl oxygens

are always 1-ike1y to partieipaLe in sËrong intermolecular hydrogen

bonds and ionic close contacËs resulËing ín a greater variety of

conformations than is to be expecËed for the analogous six-membered

diarnine ring complexes. Second, because of this strong inter-molecular

interaction the carbonyl oxygen bond ís unlikely to be for:nd sígnÍficantly

shorËer than the intra-ring earboxylic C-0 bond, aË leasË not when using

photographic j-nËens ít,íes .

Not¡rithsËanding the probabl-e importance of lntermolecular forces in

determining the malonate rlng conformations some observaËíons of art

intrarnolecul-ar naÈure are worthwhlle.

The mean inËra-ríng inter-carbo4yl oxygen dista¡rce 1n the malonate

rings of NADCOT"IALEN (i.e. OrL. .,O2", O3L. .O+L) is 2'77 3; the mean
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inter-.carbo>ry1 carbon atom distance (CU...Ct¡, C31...agg) Ls 2.56 8.

ïhe corresponding distances in CRMALTCOPN are Ot...Ot' = 2.72 R,

CtOt...CtOtt = 2.57 R. In Ëhe present sËructure the C,C,C plane

makes an angle of 50.10 with the Orrol'rClolrClOl' plane whereas in

NADCOMALEN this angle averages 28.go. Itre agreement of the inÈra-

ring non-bonded vecÈors ln these tI¡Io structures suggesËs thaË the

smaller average value of this intra-ring dihedral angl-e in the

[Co mal, en]- íon may ín part be due to poËential r¡nfavourable ÍnÈra-

molecular close contacts between Ëhe Ëvüo mal-onaËe ligands; the relevant

ínÈeractions in Èhe refined NADCOI4ALEN strucËure are CtZHt,..agE, 3.34

R, crrnr...o4L, z,75 R, ,rr"r,..ozL, z.7o 3, ,rrrr...ctg, 3.11 8.

Increasing the intra-ríng dÍhedral angl-e beyond ca. 30o ln the

[Co mal, en]- ion would resulË in strong repulsion beÈween the above

aÈom pairs. Al-though Èhe malonate methylene hydrogen aËoms r¡Iere not

Íncluded in the CRMALTCOPN refinement it is not difficulË to see that

the planaríËy of the five aÈoms (Crrq,Ol',C1O1,C1O1') permits a larger

díåedral angle h7lth Ëhe ClOl,C2,ClOLt plane before there ís appreeÍable

inËeraction of a donor oxygen of one malonate lÍgand with a methylene

hydrogen of the oËher ligand. The dihedral angle between the tri-etomíc

MrOrO and CrCrC planes is ca. 52o for the three índependent malonate

ríngs (CRMALTCoPN, 50.I (2,7)o; NADCOMALEN, 52.8 (2.5)o, 53.4 (3.0)o),

a geometrT quite different frorn thaË fo*d89 in the

ICo enr(No2)2J lco mal, enJ structure.

If the malonate lÍgands fn [Co mal, enl folded toward the en ligand

to the same degree thaÈ they fold toward each other in the NADCOMALEN
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structure the lnteractl-orr between the amíne hydrogen aLoils and the

malonate methylene protons would be Ímpossibly short; that a more

flattened conformation of the rnalonate ríng ís acceptable has already

b.er, "hoo*.89 As mentloned previously, lack of suitabte potential

fr:nctions íncorporating Lhe sËeric effects of el-ectron lone-pairs

has precluded vapour-phase energy mínlnizatíon calculations of the

chelated malonaËe systems. Lone-paj-xlLone-pair repulsions have

elsewhere been consider.d116-1-18 sËronger than aÈom I atom inÈeracËions
8l_,119

with lone-pair/bonded-pair repulsions bei-ng intermediate in strength.

Only in the completely flattened ring conformation are all lone-paírs

(on Ëhe donor oxygens) and bonding-pairs (M-L, C=0, C-H) maxi-mally

sËaggered; for a chair conformation they are maximal-ly ecl-Ípsed and

for boat and skern¡ conformers some lnteractions are eclipsed and others

are gauche. Correct representatÍon of Èhese ínteractíons wíll be

imporËant in assessíng the relative energies of Ëhe various malonate

ring conformations but lt ls perhaps noter^Torthy thaË Ëhe low energy

chair conformation conmonly foundg4 'L20-L26 f.o, chelated tn ligands

(a11 ríng atoms exeept the coordinaËed meËal tetrahedral-) is not

approxi-mated by any of the fíve crystallographlcally independent

mal-onate rings ín Ëhe three sËrucËures disctussed here.

Sirnílar consideratioo3l was taken of the steric role of Ëhe carboxyl

oxygen lone-paírs in discussing the nmr spectra of [Co mal, enl- and

_+
[Co ma1 enrJ'; there, however, the interaction of the oxygen axial

lone-pairs wlth the orËhogonally placed donor atoms of adJacent l-ígand
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rings r¡¡as also considered. For an "isolaËed" M-ma1 ring the boat and

skew confonners were Èhought more favourabl-e thafi the chair;

íntroducÈíon of donor nitrogens or oxygens (with their attendant arnine

hydrogens or oxygen 1o¡s-paírs) was considered to increase the

relative favourabil-ity of the skew form. Ttre single resonance

observed3l for the malonate methylene protons ín Ëhe [Co mal en2]+

íon was ínterpreted as indicatíng rapíd fl-ipping of the malonaËe ring

betrveen the ttro symmetrícal skew forms (À and o);127'128 th'

ICo mai-, en]- resorr*."3l'32 r* compaÈib]-e wíËh elLher a tr¿o-fo1d

symmetric bís(chair) or bis(boat) conformation buË rapid conformatíonal-

inÈerchange lras agaÍn Ëhought likely. In the tr^7o índependent crystal

sÈrucËures conËainíng [Co mal, en]- the complex íon mainËains an

approximate non-crystallographic two-fold symmeËry, although the

malonate ring conformaËions are distinctly different, as indicaËed

above.
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CHAPTER 3 THE STRUCTURE OF POTASSIT]M CALCII]M + -TRIS -O)(ALATO
8

COBALTATE (III) TETRAÌIYDRATE

K.Ca (+) 
Sgglco thioxrJ .4H2o , CADCOTHIOI(

3.]- STRUCTURE ABSTRACT

The crysËaI structure of K.Ca(+)5g9[Co(S2CZO)rJ.4ttrO has been

solved and refined by full-natrix leasÈ-squares to convergence with

Rl = O.062; the /\ configuration previously assigned to the

(*)SggICo thiox3l3- roion on the basis of circular dichroism correlations

is confirmed by the present refinemenË. StrucËure solution was based

on 2374 equi-inclination counter data recorded with CuKa/Nif radiation.

The structure is orthorhombí", P2,2-2_ (no. 19), a = 12.381 (5)'

b = t2.79I (5), c = 11.801 (5) fl,tut=trr6, (2) 13, Z = 4, De= 2.o3¡

D-- = 2.01 g. cm-3. Although the angles, S-Co-S, subtended at Ëhe Co
m

atom by the three Ëhio-oxalate ligands are close to 9Oo (Av. 89.7 t O.15o)

Ëhe CoS, first coordination sphere lacks On syrmnetry showing significant

elongation along the pseudo-C, axis of the complex ion. The cations

and rnrater molecules make numerous close contacts r¡ith each other and with

the complex anion.

3.2 EXPERIMENTAL

The complex íon r47as prepared and resolved following the literature
- ]-29 -++ -++procedure"' except Ëhat Ca", rather Ëhan Ba' , IiTas chosen as Ëhe

co-crystal-lízing cation with f+ in order to reduce the scattering from

atoms exÈernal .Ëo the complex ion (atomic nrmber of calcír¡m = 20 ¡
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barium = 56). In viernr of the subsequent difficulty in distinguishing

the three meËal atoms 1n the preliminary Patterson and Fourier maps

(k = L9 , ZCo = 27) the presence of a dominanË barium ion would have

been an advantage in choosÍng a correcË sËarting model-.

DiËhio-oxalíc acid from Eastman-Kodak Co., Rochester' N.Y., U.S.A..

The resol-ving agent, (+) [co enr(Nor)rJBr from F.R. Keene.

RecrysËallizatíon of K.Ca(+)[Co thíoxrJ from aqueous solution gave

burgr:ndy eoloured recËangular prisms of the tetrahydraËe, elongaËed

along c* and bearing (l-rl-,1) and (-1,111) bevels at one end ín most

casesi the faces parall-el Èo Lhe needle axís were of the form {1r1r0}.

AbsorpËion and ORD spectra suggesËed the firsÈ coordination sphere

contained some sulphur atoms and sËabílíËy of the complex ion in 1íghË

and its fallure Èo racernize at a perceptible raÈe Ín aqueous solution

poÍnted to all- three ligands being bidentate through sulphur donor atoms.

Prelímínary phoÈographic investigatíon of several crysËals revealed

that twínning parallel to the c* axis was a serÍous problem and although

crystals suitable for íntegrated photographs could be readily for:nd,

there were few whích meË the more rigorous requirements of a diffractom-

eÈer study. Ihe filrns showed Ëhe space group Ëo be P^ , . with a =

'rtr'L
L2.33, b = L2.74¡ c = LL.77 3 (^r*o= 1.5424 R); non-inËegrated

I^IeÍssenberg equi-incllnation fil-rns \^rere recorded for reciprocal laËtice

level-s up all three axes to facilitate settíng of the diffractometer for

recording the índívidual layers. T\^ro crystals (coaËed wiËh a thin fll-ur

of Canada Balsam Ëo reduce possible dehydration), one mounËed abouË c*
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and the other about a*, were used to deterrnine more accurate lattíce con-

stants on a semi-automated Buerger-Supper Equí-ínclinaËion X-ray diffrac-

Èometer tr.sing a pinhole collimator. The lattice repeats rilere calculated

from the a, componenÈ of high order zeto Layer reflections usíng non-

monoctrromateð, CuXa/Nif radíation (À,, = 1.5405L fl).'oo1

CnystaL dnta - as in strucÈure abstract.

K.ca(+) [co(srcroZ)¡]. 4HrO; M = 57O.6; PCuIq = L75 
"*-1.

D by f lotation in 1 r2-dÍbromoprop arre I L,2-dlbromoethane
m

at 23oc.

MLczoøtal.gsis - caLe.

found

c L2.63,

t2.40,

s 33.71,

33.4 ,

H L.42,

L.32,

Ezo L2.63.

11.3 (by

weight loss).

t.f33n = tLO42o, [M]589 = +66800 (ref. I2g, [¡n] = +5OO0o for K.Ba

salt).

Details of the diffractomeËer daLa collection routíne and subsequent

data reducËion process are given in Appendíx III. Using the c* mounted

crystal, reflections for layers L = 0 + 9 were measured along lines of

consËant k, varyirngh through * and - values wiËhin a machíne limited

upsílon ïange of Y= 10-1400; Èhe equi-ínclination angle fox Layer hk7

was 36.03o. W1th CyKa radíation, the pronounced anomalous dispersion

effecÈ for thís crystal reduces Ëhe symmeÈry of the reciprocal laËtice

frorn the Laue symmetry mÍm to the poinË symmetry 222 xesuLting in non-

+
equivalent hkL ar,a -hkL octanÈs; sËructure refínement based on this non-

averaged data set r^ras¡ expected to yíe1d the absoluËe confíguration of

the cornplex ion direcÈly.
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The ø* mounted crystal was used to generate reciprocal layers

)kL + BkL, measuring the +++ ocLant only (along lines of constant Z

index). The p angle for BkL was 29.890. This crystal was smaller

than that used to generate the e* daÈa and consequenËly measurement

of individual layers hTas somewhat slower; since ËI^7o octants of c*

data had been recorded one octant of. a* data was adequaËe to achíeve

correct interlayer scaling of the anomalous dispersion data.

3.3 STRUC TIIRE SOLUTION AND REFINEMENT

Lotentz and polarízatíon (but not absorption) correcËions Irere

applied to the raw reflection intensities (see Appendix III) and the

three octants merged to give a unique daLa set of 1548 reflections

having all indices positive. Al-though the first PatËerson map based

on this íncorrectly averaged data showed thTo Peaks aË aPProximately

o
2.3 A from the origin, consistent \^7ith an approxímately octahedral coSt

coordination sphere, Lhe number of heavy atoms Per asyflìnetric unit

(co, z = 27; Ca, Z = 2Oi K, Z = :Igi six s, z = 16) rendered location of

the metal aÈoms uncertain; the prob|em is ideally suited to solution

by direct methods. There r¡rere nrtrnerous peaks on the Harker (rI)

sect.ions and inclusion of a Co atom at several of the possible solutions

for Ëhese vector sets gave R, ca. 0.67 compared with a random value of

O.83: however, furÈher strucLural features could not be determined

from .the resultant I'ourier maps even though the face-eenËred subcell

paÈtern of the Patterson map suggesLed a precise positíoning of -the
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calcium and potassium ions relative to the orienËed CoSU core.

The strucËure r^ras solved by making use of the intensity

differences (Bijvoet differences) between Fríedel pair reflections

due to f-he anomalous scattering by the heavy aÈoms. All three meËa1

atoms have Lftju.o > 1.O and Âf" for sulphur is 0.6 but the Co

coefficient is dominant (3.9) and a Patterson map based on Ëhe Bijvoet

differences between the I*t 
^na 

TrkL "x axis daÈa could be expected to

show a dominant peak on each llarker section corresponding to the Co-Co

vectors in P trrlhen conparing Friedel pairs rigorous absorption
2

approximaËely uniform, other than for the bevels at one endr Èhese

corrections Tilere noL applied; comparison of some I"l<O 
"na 

-hkT paíts

indícates this approximation is not entirely satisfactory. Data for

which only one reflection of a Friedel pair was observed l^lere Prematurely

excluded from Ëhe data set; this was invalid since such data, especially

at high sinor44b'130b'131 tt" be expected to be most sensitíve to

anomalous dispersion, but fortunaËely this omission did noL prevent the

finding of a unique solution for the Co atom'

The +++ and -++ c* axis daËa sets comPrised ca. 1200 reflecLions

each. T¡nro anomalous Patterson syntheses 1¡Iere comPuted,

(a) one based on lof 12 = l-F - Ë12 rct all dara showing any

difference in intensíty of the Friedel pairs, 851 l¡rl2 ouËput,

(b) and rhe orher based on Àr = (i - i) rn"t" l¡¡l > (ot + o-),
IT

å ¡" rppri"¿44b but sínce the "c* crysÊal'r was
t2t2
houl

417 data outPut:
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an analogous sígnificance tesË should have been applíed in case (a).

Reflections having at least one index zeto wer.e automaËically excluded

from Ëhe data set. Synthesis (a) ís the ttanomalous squared

synËhesis"l3Oa'b and (b) a modification of the "anomalous difference

Patterson" proposed by okaya and Pepinsky.44b'130b rn the ldeal c'ase

synthesis (a) ís more direct showing only Èhe Harker peaks for Èhe

anomalous scatterer whereas (b) also gives peaks due to interactíon

of the anomalous scatterer with Ëhe normal scaËËerers. InteracËions

involving normal scatËerers only should be absent from both maps.

AlËhough the disposition of peaks was similar in Ëhe two maps

there r^rere some differences ln relative peak heíghts. Inter?reËatíon

of the dorninant peaks on the Harker (L/2) sectíons gave a startj-ng

posÍtion for Co at (t 0.078, 0, t O.2I3). A strucÈure factor calculaËion

wÍtlr Co at (0.078, o, 0.213) };^ad R, = 0.675 and suggested further

improvement rnras possible wiËh lowering of the scal-e and isotropÍc

temperaÈure facËors. A Fourier map phased by this model- showed the

expected mirror symmetry about tl:re æz plane, but no further atorn-ic

posiÈions could be decided. A ß-anomalous synth""i"130t computed usíng

t]ne 4L7 stgned M values wlËh Co at (0.078, O' 0.213) yielded six

possible sulphur aËom siËes, five of whích \^rere corlsisËenË with the

sËrong 2.3 8, peaks in Èhe origÍnal PatËerson map. Incluslon of these

six atoms in a subsequenË calculation lowered Rt to 0.512 buË it was

not possible Èo locate the Ca and K atoms wiËh cerËalnty in Ëhe

resulting Fourier.
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Comparing the original Patterson map with the anomalous squared

synthesis, the Ca-Ca and K-K vectors in the latter should be considerably

reduced ín peak height compared with fhose in the former, taking the

Co-Co Harker peaks as reference. Tr¡o such sets of vecËors were found

and deconvolution gave t\^7o possible start.ing positions for Ca and K

aË (o.o7B, o.44O, 4.207) and (O.O7O, -0.280, -0.075). rnclusion of

Ëhe Ca in the above nodel Bave R, = 0.478; Ëhe alternaËe structure

with the mirror image set of sulphur atoms gave R, = 0.503. Positional

refinement of this limired eight-atom model lor¿ered R, Lo 0.305 for

Ëhe 1548 unique data. A difference map computed at this sËage confirmed

the K position and introduction of thís aLom together l^7ith four carbonyl

oxygens further reduced R, to 0.250. The two remaining carbonyl

oxygens, the six l-igand carbon atoms and the four water oxygens l¡Iere

located in Ëhe subsequent difference and Fourier maps. R, dropped to

0.190 on inclusion of these additional atoms. Positional and isotropic

refinenent of all twenty-five aËoms Eave R, = 0.133 (RZ = O.L23 using

individual weights based on counting statisËics - see Appendix III) '

The isotropic temperature facËor for K+ \¡Ias aPproximately three times

those of Co and Ca++ consisÈent r^rith the large spread of electron

density at Ëhis site in both the difference and Fourier maPs. These

maps indicated that the thermal vibration of all aËoms was significantly

anisoËropic.

There is no poinË in making a full anisotropic refinement of a model

for a structure having a large linear absorption coefficient unless

absorpËion corrections are first applied to the intensity data;
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otherwise the temperaËure factors correct for this systematic error

by adjusËing to smaller values, generally with the complication of

non-positive definiËe anisoÈropic thermal ellipsoids.45 The raw

data were checked for counting and punching errors before application

of absorpËion corrections. Both crystals were descríbed as regular

parallelepipeds of sguare cross secËion neglecting the (1r1r1) and

(1,1,f) bevels and rhe slight inequality of the edge lengths per-

pendieular to the needle axis. The crystals were measured on a

travelling microscope calibrated in O.OO1 Itrn. - Ëhe c* crystal was

O.l2B x 0.146 in section and O.32I in overall length; the effecËive

lengËh was considered ,to be less due to the angular Lruncations and

it was described as being 0.137 x O.137 x O.283 mn. having a volume

of 5.296 x to-6 .*-3. The a* needle was 0.L34 x o.L25 in section and

O.2L4 in maxímum length; for the purpose of applying absorption

corrections it was described as O.L29 x 0.129 x O.182 mrn., having an

effective volume of 3.O44 x 1O-6 cm-3. A more rigorous description

of the crystal shapes may have facilitated improved fitting of the

refined model to the intensity data.

Comparison of observed/unobserved reflections in LtIe ax set htith

those in the +*+ and -++ c* octants indicated that the a* data

corresponded to the +++ c* octanÈ. InËerlayer scaling of the

absorption corrected Ax data \,7ith the two c* octants separately,

confinned this assignrnent. The -++ c* data were introduced with scale

factors derived in the interlayer scaling of the +++ data; the unique
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data set comprised. 1-].74 IkL ana lzkL reflections. Introduction of Èhe

absorption corrected data to the structure refinemenÈ reduced the

esdrs of the positional coordinates and increased the isotropie

temperatur" fr"tors.45 The large temperature factor for K+ was

disturbing buÊ attempts to represent the broad Fourier and difference

peak aË this site by several atoms having fractional multipliers gave

no significant improvement in the least-squares agreemenË factors55 or

in the esdrs of the coordinaÈes. The isotropic stage of refinement

r¿as concluded r¿ith Rl = 0.109, RZ = O.1OO, G = 2.862 tor the /\

configuration of the complex ion (co*l , c^*2, K*l scaËtering

anomalously -details of scattering factors used in this s-ËrucËure are

summari¿ed in Appendix IV, note 1), n = LOl. The Â configuration gave

R1 = O.148 confirming that the correct absoluËe configuraÈion can be

derived from Patterson functions based on the Friedel pair intensity

differences.

Anisotropic thenual parameters \^rere introduced in stages;

anisotropic refinement of Co, Ca, K (r¡ = LI6) gave R, = O.O9O, RZ = O.O79.

Introduction of anisoÈropic Ëhermal parameters for the six sulphur atoms

lowered R, to 0.073 arrd R, ro O.063, G = L.849 tt. = L46). An arrempted

anisotropic refinement of all light atoms hTas unsuccessful at Ëhis

stage due to non-positive definite temperature factors for several atoms

of one thio-oxalate ligand. The distribution of. Ats. z,lÀ2 versu" lfrl
indicated relative over-weighting of the more intense reflections; the

low angle, (sin0) lX < O.2, reflections showed little evidence of an

extinction effect and the fer¿ reflections affecËed r¡ere excluded from
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subsequenË least-squares cycles. Initially reflections having

I < 2o- r^rere excluded from the data seÈ 
- 

of 3652 cx data 848 were
,L

unobserved, of L532 a* daxa 4L6 were unobserwed on this 2o, criterion.

Exaruination of lPol a"a lFrl indícated that many of the weakest, inËensity

reflections rrad lPol , lPol , a phenomenon trsually seen wiÈh "unobserved"

reflections in film daÈa. A 3o, cut-off was lmposedgT 'L32 and all

reflections having 2oI "f < 3o, were reÈained in the data set as

"tmobserved" but were excluded from subsequent least-squares refinement

cycles 
- 

3g2O data condensed to a r:niq u" frnt¡Aol set of 237 4, of whích

2086 were included in Ëhe least-squares cycles.

The anomalous scattering conËríbutíon was included for the síx

sulphur atons (as well as Co, Ca, K) and the whole structure refined

anÍsotropically (alÈernate cycles refiníng the positions, n = 76, ãtd

temperaËure factors, n = L5L) to convergence r^Iith ,Rf = 0.062, RZ = 0.060,

G = L.753 (n = 76), G = l-.785 (n = LSl) Ín tr,ro compleËe cycles. The

anisot.ropic Ëemperature factors for atoms C, and CU remained non-

positive defj-nÍte, probabl-y reflectíng ínadequate absorption correctlon

of the intensiÈy d"tr.45 Ttre disËribution of Au. uLZ ut lFol t"t

satisfactory except in the high intensity ranges and neiÈher a Hugh""133

nor a CruÍckshank44" r.ighting scheme promised any ímprovemenË; time

did not permÍË Èhe applicaÈÍon of an arblËrary weíghting scheme to the

raw data. As indÍcated ín Appendix III, Ëhe standard deviaËíon assigned

to the raur peak íntensity ís the minimum value deternined by the countÍng

statistlcs; in program AULAC some accounÈ ís taken of Ëhe agreement. of
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the symmetry equivalent reflecÈions such thaË o for a multiply

observed reflection is most corononly less than that of a ttonce only"

observation of comparable intensiËy. Many of the weaker reflections

\¡/ere not. observed in the a* daËa set and as "once onlyt' observaÈions

carry a relatively high standard deviation. Coupled with Êhe already

over-opËimistic O values assigned to the mosË inËense-data from

counting statistics this results in a relative over-weighting of the

mosË intense data. An additional error should be includ"d45 in o

to correcËly represenÈ the random errors not represented by the counting

statisËics.

A final difference map showed no further peaks of any significance,

the minor peaks which did occur being close to supplied atom sites.

The hydrogen aLoms of the four water molecules could not be located.

Their non-inclusion in the model and the unsatisfactory representation

of the K+ disorder can also be expected44' ,o influence Ëhe trend in

AU. ut?. Derivation of the estimated standard deviatíons of the

variable parameters is formally invalid for weighting schemes showing

rhis increasing trend in At;. øÀ2 to hígh ltol; the effect is most

noticeable in the esdrs of the thermal parameter".44^

l4ol and lp"l, botln x 10¡ are listed in Table 3'1'

3.4 STRUCTURN TI.GIIRES AND TABLES

The figures and ¡abl-es of structural parameters presented in thís

secÈion are discussed in section 3.5.

In Tigures 3.1 and 3.2 xhe non-positive definite Ct and CU atoms



.ô.. FCIL H K foss FcrL'ü- eiz to t s6o 55r
ìi+ .28 -t0 I s74 s6g
.;i r2e rl t ?91 2FÃ
\;; iãc -¡ l I rsr 3ro
i;; t¿s rz I zso 245
;ã; \t¡ -tz t 2t7 2t6
;1¿ )tô t tq I l3o 7¡
::; ;r' 6 2 llge t2l6
Í:; i;i t z 7e4 7a?
i¿¿ isz -l 2 e6e 870
ij¡ tz6 2 ? 512 5ln
;i,á itz -z z ae6 !14

?:: i]: -3 Z ZZi 3ii
1:,r iîi -2 , ?12 ;:3
íàs iit s 2 s35 sza
;;; rae -s ? slo sOs
iin íos 6 2 346 3¡q
í;; a?4 -6 ? 34t 33c
;;< ree ? ? 16l loc

1'"t 3:l " -"1 ', \ä 11à
LA6 S0B -a 2 140 t22
,<r ?17 g 2 275 1?c
;i; 24i -e 2 3os lóo
;;¿ 24e to 2 319 3rì

";í 
i¡¿ -ro 2 388 4?o

;<; i¡q u tl 2 l8s ?oc
iis ãts u-l r ¿ tE4 zoc
;i¡ iõ¡ 12 2 ?4c ?ca
;li )ts -tz 2 266 2s3
)s¡ )¡¡ o 3 1232 lzoa
ìÀz r7s I 3 l22l ll74

::1 tz:, -i 3',:;: '33;-'iÄ ?aA -2 3 984 9l I
ieï iiõ 3 3 toóa llos co
)si aao -3 3 ll¡2 lo4o \o
rña 2q3 4 3 941 eë¿
;;" 12a -. I 945 95?

:zz "tt -: I ;:3 ;îi
\42 !60 ó 3 299 2e6
¿<t 460 -6 3 ZS4 26u
zÃs zL9 7 3 3fô l7l
)cz Ztg -7 3 454 470
214 176 I 3 7l? 70r
i<¡ qq -a f ó56 644
'-;.... e 3 3?6 3sz
lll 90 -9 3 3?3 336
iiã 106 r0 I 4tt 380
itt ?49 -l o 3 44¡ 394
zrã z3z lt 3 (?2 {3e
tis 503 -lr 3 458 484
408 4aL t? 3 l5l 358
102 3ì5 -¡2 3 136 332
rss 197 I 4 5e2 55¡
?oa l9l ¡ 4 t409 1466
141 359 -¡ a ¡58ó l5s6
¿tc 414 ? 4 571 553
SZS 455 '? 4 445 444
1Á¿ 340 3 4 l5l 366
izs z1a -3 ¡ 4Ió 3Âq

"13 
2Ã2 4 4 6a4 666

zal 246 -{ 4 664 ó0ì
rise trç¡ 5 4 262 aal
lzte lzoc -5 4 261 234

147 ?c9 ó 4 ?59 ?54
6?l óô0 -ó 4 2Aî ?54
821 87? 7 4 698 6HR

9oA 891 '7 4 718 710
4?l so6 I a 2?6 ¿41
477 491 9 4 499 534
4?9 40ó -9 4 5fó 584
ssa 417 l0 4 283 ztl
\22 156 -¡0 ( f¿0 l?9
?72 ?65 ll 4 Z4l 200
458 .69 -l I a lßa lsl
46? a66 -13 { ló? I50

I
¡0
t0
l0
l0
l0
l0
ln
l0
l0
l0
¡0
t0
¡0
l0
l0
t0
tl
tl

U

¡oBs FcÂL
t50 l4l
t89 t58
eot 20?
42t 409
t93 129
t8t 129
?ts 2?8
2O9 ?35
321 335
29'l 33i
156 129

I 13
-8 13
0 14
I 14
z14
5 l4

-5 14
6 t4

-6 14
0 ls

091
808
938
24t
150
623
ó08
320
149

l¿
t2
t2
la
l3
lf
t3
l4
la
l4
l4
l52f I

ll
I

-t
2

-2
U-J

-a
5

u-s
ó

-6
7

-7
9

l0
-10

I
-t

z
-2

U]
-3

6
-ó
I

-a
-9
t0

u-l 0
0
I

u -l
z

-2
f

-!
5

-5
I
2
t

2
J

5
UI

?
3

5
6
7
I

U9
l0
ll
l2

0
I

-¡
2

-2r
-r

5
-5

6
-ó

7
-7
I

-s
9

-9

-10 t
l¡ I

u-l! t
u 13 ¡
u-t3 I

t4 ¡

-t4 !q2
l2

-l 2
?2

-2?
3¿

-32
4?

-42
5?

-52'6 2
-ó2
72

-1 ?
a?

-Ê ?
92

lt 2
-l I 2
122

-t2 2
t3 2

-! I ?
¡. 2
03
l3

-l l
23

K ¡OBS TCAL H X ¡083 TCIL
! 9tl 902 { 6 6ó¡ lz3
f ó45 689 -¡ á 6óA 66?
3 592 560 5 ó 281 288
i tors t¡s¡ -5 6 al? zzt
3 tt58 llSJ 6 6 2f7 ¿72
3 840 864 -ó 6 ?46 ¿91
i rco t6o ? É !9ß 13'
3 388 ,rl3 -l é ?36 2!ó
3 485 465 A 6 ?52 211
3 36? 323 9 6 ll7 296
3 297 ?56 -9 6 t9l 213
i rso rta lo ó ?03 !9?
J 4a7 4?l U-10 ó 154 2OS

3 444 476 ¡l ó Jas 3I2
I ZtZ 2ó7 -l¡ 6 306 ?95
3 t92 188 U l2 6 14? 136
3 36t 3sl u-12 ó 136 189
3 335 374 ¡3 6 ?40 Z2A
3 t47 140 -l! ó 158 176
3 ló3 183 ¡ 7 379 395
4 ló6 l2Z -¡ 7 318 3sê
{ 641 6t7 2' 7 177 186
4 S93 535 -¿ 7 ?9¿ ?64
¡ lnsg llìo 3 7 893 924
¡ iiso torr -3 ? 89e 899
c its 162 . 7 404 409
4 49¿ 441 -4 t 453 460
4 ¡13? 1169 5 t 7lf 730
4 l?76 l24O -5 | lte 801
. 55t 56s ó 7 4Ot 45¡
,, SeO 583 -6 ? 506 480
4 32s 353 7 7 ¿49 220
4 430 4t8 -7 I ?97 276
4 44? 41O 9 t 325 3t0
4 5?9 560 '9 t 328 316
{ t97 188 ¡0 I ?52 269
4 l8s t26 -lo ? 286 lt3
a 344 354 I I 1 ?25 236
4 340 3ó3 -l I I ¿25 239
4 ?ta 257 | 13 7 l4o ll9
¡ ãoz ?zL o t roe ¡é9
¡ ãiõ ?oe t E ?le 845
t ìit 22î' -l a lto !46
4 3Al 160 2 I 403 ó13
( 335 3?2 -2 I ll7 f,94
4 197 l?â I I ?81 291
4 ta? 112 -3 I 2ll zlt
5 182 l?2 4 A 41? 444
5 681 645 'a I fa¡ 414
5 691 64S 5 A 24A ?44
5 585 ó2t a B 388 415
5 667 652 -A I 36¡ 3?9
5 802 884 9 I 350 315
5 898 906 -9 I 250 ?s8
5 8t0 862 l' l0 I 145 l4z
5 80A 8?l -10 a 212 192
5 764 796 I I I 336 328
5 769 7?0 -¡ I I 314 332
5 264 266 O 9 526 516
5 32A 314 t 9 4t7 486
5 466 4s4 -l 9 52? 552
5 3e6 446 2 9 424 455
5 3r? 330 '2 9 5ó2 5ó4
5 35ó 373 3 9 78Â ?96
s 252 ?24 -3 9 694 749
5 3lo 382 4 I 246 27f
5 33r 360 -4 9 34? 378
3 ¿9s 2s6 5 9 321 314
5 300 28S -5 9 128 344
s ?14 288 -ó 9 ?32 159
s 25? 288 7 9 236 251
5 t A8 186 -? 9 265 28S
9 140 t55 I 9 30( 269
ó q3B 426 -A 9 301 294
6 4S6 481 9 9 404 f9t
6 S5ó 55( -9 9 324 162
6 rso 3ó? l0 9 3èl ló8
6 .05 389 -10 q ¡51 15!
6 Z1g ?9ó U-¡l 9 ¡16 lJ
6 ¿46 zql o l0 239 ¿?1

H

-2
3

-3

5
-5

ó
-6
I

-f
9

to
-10
ll

-l I
l2

-l¿
t4

-14
0
¡

-t
2

-2
3

-3

5
-s

6
-ó

a
-8

9
-9
l0

-t0
ll
t?

-12
lf

-13
t4

-14
0
I

-l
2

-2
3

-3

5
-5

6
-6

7
-7
I

-a
-9
¡0

-10
It

-l I
l2

'12
l3

TABLE 3.1 FINAL lFol lr-l ron K.ca(+) [co thioxt)-4aroz
I el

A CONI.IGURAÎION
Æ.TD

F CAL
294 U -s

XX
l3

779
203
499
79¡
47¡
462
254
9tt
324
200
423
439

It00
I 013
653
679
2??
261
i42
168
2e?
f63
221
t 92
¿?4
t47
169
lc6
?-ts
216

1538

680
84t
?t0

ì 056
l¡ó4
ì6tt
1808
tl73
1264

óól
29f
330
116
al0
t 87
238
194
305
?65
:t03
?94
t?8

102
t9l
¡99
314
304
205
2?7
296
558
543
472
46?
441
q62
3?1
294
344
310
471
450
t 66
159
210

a2
799

456
542
541
296
305
357
3q2
tl9
20t
?19
289
408

ill a
33!
l?l
219
179
340
192

?25
!94
378
?10
?43

452
408
?16
292
103
35l
r?o
?78
t 80
201
t8l
?tl
187
188
?77
245

q5
349
:ìì4
3?8

f 0 t
?19
174
?01

x 70ss Fc^L x x FOBS FCAL N t( FOaS
¡ 152 lót 0 5 951 949 Â I ?54
t 446 4?5 I S 1099 1116 -8 I 199
t 380 396 -l 5 l03c l05t to a 194
I 328 353 2 5 ?50 ¿60 -t0 I lto
I 3t2 363 U -? 5 108 ¡l? t ! I 3rt9
I ?37 198 f, 5 ll8? l2o2 -tr a ?96
I 143 174 -! 5 l?l? l!96 t? a 230
e ?08 Zl? 4 5 997 1054 -l ? a ?2?
2 A34 84t -4 5 1046 1090 O 9 214
2 94o 868 5 5 793 a29 t 9 487
? ?4? 233 -5 5 a44 908 -l 9 485
¿ 296 253 6 5 4la 4¡s ? 9 450
2 ¡610 l?t7 -ó 5 ¡6t 453 -2 9 464
2 l??4 l?tt t S 28c 246 7 9 q?A
2 259 266 -7 5 28ì 29ó -3 9 433
2 34s 325 A 5 23? ?04 6 9 341
2 40t 444 -a 5 ?02 l4l -6 9 ?Á5
? 539 553 e 5 ¿92 ?81 ? 9 305
? 205 240 -9 S 243 253 -7 9 314
? ?s1 2?8 U ¡o 5 167 l?9 9 9 412
? 61? 6?5 lt 5 512 S09 -9 e 417
? 749 ?50 -ll 5 436 476 lO 9 l?l
? 4?O 489 U ¡2 5 154 74 tl 9 192
Z 437 487 13 S ?î? t8e _l t 9 Z0ó
2 312 330 -13 5 l9A 204 U l? 9 tl8
? 341 369 16 5 14? l¿6 O t0 794
2 215 t95 U-14 5 124 128 I lo 476
2 l9O ¡9ó I 6 498 923 -t t0 4óg
2 t64 189 -r ¿ sìl- 960 ã ro scg
3 206 t33 2 ó 3óË 331 -z lo s77
3 ?99 3?9 -2 ó 365 315 3 I o 277
3 240 272 3 6 461 4ø4 -f l0 325
3 a7l 931 -3 6 534 515 4 l0 !65
3 tt83 ì134 5 ó 1072 ll34 -4 !0 f6â
3 ós6 ?oo -5 ó lols 109? U 5 l0 16l
3 716 78? 6 6 ?6? 218 -5 l0 242
3 634 65? ú -1' ó lso l9l 6 l0 ?47
3 7SS 7)2 7 6 42A 4A? _6 l0 296
3 s8s ó05 -7 6 362 392 1 to 424
3 ó66 685 ll 6 412 394 -? l0 405
3 1Js 754 -lt 6 391 431 â lo ¿Ol
r ôll ôez 12 ó l?F ltó -6 lo 3é0
3 283 t¿5 U-l? 6 l3s 155 9 lo ló3
3 lfa 210 ¡3 6 302 304 tl l0 218
3 280 ?92 -t3 6 312 332 -ll lO l?7
f 186 ?17 t 7 608 642 t lt 379
3 t6e tóO -l ? sll 533 -l lt f(4
3 ls3 ?¡4 2 7 ¿3a ?50 2 ll 210
3 525 471 -2 7 l9q ¡79 -2 tt 22O
3 4?7 4s4 3 f alo a¿9 I lt 38t
3 2S9 32a -3 7 8s4 a3g -3 I I 371
3 21? 266 4 7 afs 5¡r 4 tl ??1
3 te8 l8l -4 ? 5oo 5ts U -4 ll 160
3 ¡92 les 5 7 515 s23 5 ll 48ó
3 t94 149 -S ? s20 50 I -5 ll 4?7
3 200 t54 ó ? 337 330 6 l¡ 408
4 83ó 862 -6 7 364 360 -6 I I 349
4 4a6 491 ? ? 38ç 39s ? ll 313
4 ó3f 626 -7 7 4ae 436 -? t I 2e8
4 9lg 940 U I ? ló6 167 !0 ll lsz
4 9ó5 945 9 t 556 532 O t2 152
4 ?lB 209 -9 7 5a2 578 2 12 314
4 2lo 183 lo 7 246 269 -¿ lz ?4s
4 ao8 844 -¡0 I l8ß 223 u J t2 lól
4 8t6 814 ¡ t I la4 193 -J l2 ?20
4 522 545 -¡l ? 180 lst 6 l? l.'7
4 5?¡ 547 0 I 366 3rz -6 l2 ?s6
a 38? 414 t I 816 854 I 12 ¿00
4 4t8 418 -l I 7ó9 408 -7 12 ?02
4 t37 189 2 I l9l l8? I 12 286
1 52s 497 ! I 641 677 -e 12 251
4 42A 462 -3 I 6ó8 68t -9 12 l(0
4 ??6 199 4 I {91 9t9 I l3 355
4 ?3a 254 '4 a 500 5?4 -l I 3 305
4 ì85 173 s a 4?5 422 2 13 !54
4 ?t5 213 -s e 3e? 389 -? 13 420
4 ¿s6 2ó¡ ó I zfl 250 3 lf l0l
4 ?2a 260 -ó a ??a zl4 -3 t 3 ?37
4 ?57 2ól ? a 47¡ 469 4 lf, 192
1 ZSt 317 -7 I 379 409 -4 13 210

FORS fCAL . X
t77 ¡94 U 9
351 !86 t0
¡49 38S -10
laó t73 ll
370 333 -t I
614 s9? l2
725 75? U-¡4
2?7 23t 0
212 200 ¡
¿?4 221 -l
474 414 2
166 198 -2
324 256 3
?50 239 -3
166 t07 4
l?6 ¡59 -4
349 139 5
585 ó4q -5
368 394 6
qzt 430 -6
42O 405 7
283 262 -7
405 4?5 I
358 391 -8
27t 2e3 9
t22 8? -9
4?3 404 I I
t99 204 -l ¡
379 367 U l-2
355 3.9 0
t54 tó6 I
14ó 94 _l
480 a76 2
194 182 -z
233 22c 3
a85 489 -3
403 423 4
264 20? -4
5t7 4A6 5
244 203 -5
254 2a5 7
!¡¡ !Sê '7260 ?45 I
164 149 U -a
203 152 9
2ì I 206 -9
17ó ¡35 U l0
l4t 152 u-to
174 190 I I
tl9 127 -ll
462 441 12
t29 120 -¡2

l4
l5
t5
l5

lrr.. 13
379 396 -l 3
381 37ó 14
4A2 486 -14
259 264 0
550 643 I
348 358 -l
266 217 ?
275 208 -2
320 350 3
476 43? -3
l8a 197 4
152 l4l -4
l3s 120 5

t2l8 1294 -s
l35l 1325 ó
5a4 ó04 -ó
649 ó13 u -7
fza 36a I
6ls 607 -a
429 490 9
461 516 -9
ztz 237 I I
251 262 -l ¡
ó!l 679 12
625 638 -l?
920 1027 l3
9ó8 989 -¡3

x
?
I
9

lo
lt

0
¡
2

ó
7

u8
9

lt
l?
I
?
3

5

a
9

TO
t¡

u 12
0
t
2
3

U5
U9

I
2

5

7
a
9

l0
2
3

U]
I

UO
U3

ó
UI

?
U3

?
f

5
7
I
9

lo
ll
l2
l3

lJ 14
I
2

-2
3

-3

5
-5

6
-ó

1
-7
I

-8

x I FOAS ¡CAL
..L . 0¡r..

E 2 0e3r6 2ó2?
¡ 0 2?4 ¡88
6 0 lstr l85l
¡ 0 t40t 1369

t0 0 !06 261
t4 0 203 lß9
2 I tno 360
! I 341 388
¡ I 438 347
s I 415 {ls

u t I 130 149
I I 40t 449
9 I 80! 8lS

l0 I 30{ 3t9
t4 I 176 172
0 2 2989 ?9gt
I Z 841 .2!
? 2 t04? 9?0
t 2 ?aa .169
4 Z 3t6 277
a ? 9?9 90r
6 ¿ ?ta 768

" 
? 179 Aa6

9 2 591 53ó
l? 2 zo4 214

u tf 2 163 16ó
t4 z 244 ?4?
I 3 2q3 ?19
? :ì 56? 604
I 3 536 443
4 3 é04 609
5 3 ì60 l4q
6 3 lll 154
I f 2{0 2s2

l0 3 564 4A¿
ll f 275 l?l
t4 3 162 r70
0 4 lô21 9ß3
? 4 254 214
) \ La' 4ll
a 4 E¿l 918
5 ¿ 6l? 6?4
ó 4 509 50{
7 4 5al 539
Â 4 ?69 204
9 4 ìâ? 24q

t? 4 460 4?5
t3 4 30? 247
t6 4 354 291
I 5 604 624
? 5 288 ?56
3 5 (?l 4t0
4 5 tol 102

.5 5 24A 245
6 5 617 615
I s 45ó 4fl
ç 5 207 174

t0 5 f8A 4?s
tl s f25 358

ut? 5 t63 94
l3 s 2l! l?l
t4 a ?3c lÊ0
c á 1750 1709
t ó ¡ós a5o
2 6 ?71 2a?
3 6 304 293
1 6 Sl2 s40
? 6 186 432
I ö 448 4t0
9 6 102 350

u ll 6 177 154
t? 6 168 318
tr 6 ??5 ?ló
| ? (10 4ll
? 7 lll ls4
I 7 lq?5 l5Aì
a 7 6l? 65ó
. 7 66? ó62
6 

' 
ao4 c06

l4 3?
201
5la
789
535
939
283 U

l0l a
30{
?51
423
445
976
898
908
¿07
303
625
581
321

I l5c
1077
693
ó59
250
256
35s
155
3b7
160
201
t9l
?s?
t87
llt
139
lF6
208

1489
l¿7
659
866

I t04
l07l
1705
1609
I 24ó
l2l5

572
611
257
102
79t
853
t 34
2?4
219
29q

00
l0
20
40
50
60
10
a0

l0 0
lt 0
t?0
13 0
0l
tl

-l I
?l

-2 I
3l

-3 I
4l

-4 I
st

-at
6l

-ó I
?t

-7 I
8l

-. t
9l

-9 I
l0 I

270 U-!3
266 0

?76 t
lól -l
79 2

1?A -2
?t I 3g3A -3

688
tt¿
9t4



TABLE 3.l- (contd. )

|( fOgS fC¡L
! 9tt ø71
3 879 â27
! 58! 612
3 ó19 641
3 50t 444
3 502 453
3 321 lll
f, 384 166
3 30? 262
3 2l? 227
f 35e t52
3 340 339
t 424 4l?
3 455 464
3 309 ¿30
a t1t l4f
4 864 443
4 9lt 914
{ 332 313
4 294 236
4 ?51 243
4 ¡59 145
4 !t6 340
4 39. 391
4 330 297
4 f,88 299
4 220 205
4 30 3 26rt
4 245 241
{ t9¡ 230
4 60? 552
4 54t 541
4 t9¡ t9l
4 ?t\ 192
4 261 2?7
4 241 244
s t?47 t220
5 6ó1 667 X
a 62c 6a2
5 4ól a50
5 37ì 354
5 270 2s5
5 232 245
5 664 586
5 73? 654
5 231 223
5 27t 261
5 545 515
5 575 577
5 35S 335
5 280 261
5 17? 352
5 3ts ll7
5 240 200
5 281 2s0
5 201 195
6 537 5.0
6 931 95?
6 l04t 99?
ó t?8 l7?
ó 38? 3ó4
ó 395 3ó6
6 ZS7 248
6 a3c 401
6 392 378
6 345 3ó4
ó 36t 373
6 202 268
ó 20A t94
6 ó23 5ó5
6 570 618
6 l7? 167
6 ls6 99
7 45r 44f
7 9t2 937
t 9f3 945
7 390 3.9
? 3le fls
? 515 5fs

5
-5

é
-6
f

-7
I

u-8
9

-9
tl

FcAl x
H

0
-t

¿
-2

s
6

-ó
f

-7
I

-6
¡
2

-?
3

6
2

.?
3

-3

2C9
256
235
233
200
504
186
174
230
2tl
?83
193
2?3
l3ó
t 87
215
256

tsl
123

-l I
l?

0
I

-l
2

-¿
3

U-3

ó
-6

U7
-1

I
u-8

9
-9

u l0
u-10

ÍCAL H X TOBS
227 5 l2 271
33t -5 12 231
331 6 12 264
ó54 7 l2 zSA
618 U -7 12 172
?67 0 13 s?6
2s3 t 13 229
339 U -l 13 202
3t0 2 13 25¿
?sa 3 13 271
21 0 -3 13 222
533 U -4 13 l8l

?47
358
t72
2l I
?69
190
180
t53

u-l 2
0
I

-t
2

-2
3

13 l7l 14?
I I 269 ¿94
t7 ¿62 214
lr 133 4l

I
2
3

6
7
a
9

u t0
I

-t
2

-?
3

-3

5
-5

6
-6
I

-7
I

u-6
u-9

¡0
-¡0
¡t

-l I
t2

u-12
l3

-13
0
I

-t
2

-?
3

-3

5
-5

6
-ó

1
-1

a
-8

9
-9

FO8 S
22f
322
347
ó78
615
299
2AA
f60
324
25t
219
559
527
496
433
269
?47

5t 3
r83

6B¿
219
¿t4
235
20 ¡
180
367
3{0
266
290
155
352
?19
25i
2Cq
263
267
?62
f03
I A9
20ö

600
429
390
102
3q5
t96

56 t
l8?
505
454
st4
492
4f8
380
27c
28¡
213
I A2

?44
?64
?¿o
348
f54
4t5
503
239
224
207
195
¿69
ll0
307
¿4t
245
208

49t
431
¿96
?44
4R I
493
t76

648
t52
te5
?1î
208
9l

a0t
363
242
213
270
339
251
?t1
244
?6O
275
I93
¿75
z?o
255
60?
590
al1
f70
261
3ì9

5ó6
510
t11

( 06

456
4t5
3ó4
249
221
244
t?s
430
234
¿lt
256
395
3ó8
385
4SA
t67
200
t97
202
254
¿76
300
2s8
t9n
l8?

0
I
2
3

5
f
I
9

tl
I

-l
2

-?
3

-3

5
-5

6
-6

7
-7
I

u-t0
IT

-¡ I
l2

-12
-t3

I
-t

?
-?

3
-3

5
-5

6
u-6

1
u-7

49J
ó14
l7l
665
l8?
609
242
3t2
419
321
t2t
ll9
667
734
?14
2i6

1050
t 038
s46
47t
597
69?
z\o

236
221
317
3t8
548
506
2?O
723
243
¿0n
241
306
55?
592
t4a
382
479
?0?
165
¿??
2t2
455
425
2l I
296
376
f58
404
730
148

l9¿
593

53t

s?6
609
l?¡
682
l5l
6ól
266
?43
478
3t7
8t
66

104
7S'l
201
?31

I 074
992
505
497
579
650
?20
?0 r
154
ll4
?91
300
5lf
504
190
7?e
2s5
l9l
258
27r
613
586
l9

712
4J¿
152
ll2
?05
169

424
50

?e7
275
334
364
709
356

39?
5{ó
500
s22

FclL H
372 -5
434 6
130 -6
l0l 7
t7ó -7
531 I
725 -A
a76 9
59t -9
s70 t¡
210 -l?
278 I
3Â0 -l
385 ?
?a4 -?
34f l
1ì4 -!
359 4
384 -4
sllU 6
535 1
?st -1
2s9U I
229U 9
t44 l0
515 U-t0
:)A9 tJ ll
388 3
520 -3
5A5 5

46t -7
I F7 9
t45 -9
212 ¡0
306 -lo
360 ¡
2A0 -l
295 ?
570 -2

4t8 U -3
437 5
352 -5

tst -6

16A -1
212 t¡ -8
2-41 I

I 160 -l
ll94 u 2
141 3
i25 -3
f3t s
142 -5
322 6
302 -6
l9c 1
7?2 -1
345 9
895 U ¡0
423 0
459 3
c62 -3
zsf U -4
216 5
2C3 -s
l4l 6

838 -7-lìu I
209 -B
573 -9
702 I
?A6 -l
43A 3
29? -3

-rf
0
I

-t
¿

-2
3

-l

5
6

7
-7

a
-8
-9
t0

u-l 0
u t!

0
t

-l
?

-2
!

-3
U5

-5

-6
U?

9
-9
l0

-t 0
t¡

u-l I
ì3

-!J
0
t

-l
2

.?
¡

-3

U5
6

-ó
7

-7
ß

-8
9

-9
l0

r,-t2
tl

0
I

-t
2

-2
I

-!

U5

¿f? r¡0
?0s I 30
?t9 ó91
?08 615
s94 593
604 ó09
238 t89
435 4¡3
4?3 394
236 22?
20e l?0
204 t93
167 t53
t7s lst
283 247
I 96 2¿A
t66 t05
367 340
3ó3 33ó
?4t 2?a
zlt 267
2s3 215
235 275
2A7 255
¡50 176
2t2 t 72

I 038 I 007
I 0s? I 034(ar 441
I 514 I 518
?4A 186
289 296
?6? 215
44A 4ss
22s 230

¡202 l2l8
l44t a¿91
7A0 813
926 A44
f0 ì ?46
?96 2a5
a29 820
89ô f97
685 ó9{
?tÁ Á.?
391 4ô t
{l I 391
llr 138
J7? 391
255 ?f3
204 ?46
195 19?
?82 253
32t ?5t
280 2ó9
308 265
z3Z I 34
t 8a 120
332 253
f45 ?41

tl6s ll08
77? 779
8ó0 ,72

I 326 ¡ 350
l3t0 1205
976 95?

1058 9ll
t38e t383
t57l t4a8
l0Á 313
357 344
255 238
320 307
33? 306
309 294
34? ¡?ó
?a6 30¡
¿f7 236
246 214

F08S
449
49t
2t0
184
219
554
1?3
958
aa2
639
217
2A3
384

289
?43
i90
361
410
6af

?5i
?45
212
I ß6
50?
387
454
489
644
f96
524

t7r

?54
321
707
?34
621
595

614
401

2ll
l8i
?0 r
198
306

I l4S
t 494

356
343
328
l4ó
']lA
tit9
ll4
iól
951
917
45t

120
335

?01
2I0
900
?97
?44
532
739
326

?60
?s7
20c

H
t0

-10
u-r I
u t2

r( FoBS TCAI-1085 FC¡L
555 542
s45 stt
?53 20S
204 ?O4
?s4 2?a
274 252
29a 274
219 208
323 321
173 ló6
3t I 140
304 ll8
66ó 70S
ó?¡ 69t
27t 262
I 92 224
s42 462
4A6 ¿43
200 17?
?63 190
285 ?24
t67 t83
2?5 lsó
ló4 109
274 114
212 240
319 389
?24 ?43
?45 2¿2
3?9 3t7
253 2l I
¡ll 272
355 396
{ t3 442
329 36?
33t 388
?5t ?37
260 22t
?04 2t2
140 53
?67 2l?
314 3tS
40ó 405
508 50?
5l I 5lA
tel 201
263 215
467 4ót
43q 429
Jóê 355
445 420
244 ¡21
198 ló8
267 214
257 2S3
?t4 193
384 358
2A? 267
38a 4lf
442 474
330 367
30s 33f,
399 389
36 I 369
l6t ll5
208 129
?61 ?47
2t¿ l9e
542 551
509 961
434 471
433 459
5?A 515
565 585
fl? 290
?aa 3?7
t84 129
251 I ?t
I t? 161
t77 196

FOBS FCAL H K FOBS FCTL H

tt¿ 2le u -:t 3 t¡0 9s 9
?tt 2s3 4 ! {99 522 -9
?17 ?26 -4 3 546 566 t0
377 382 U 5 3 140 l3l U-10
j46 364 U -5 3 168 t2¿ ¡2
290 30t 6 3 542 530 -12
32? 32t -6 3 554 slt O

243 269 7 3 624 686 t
154 2ì 3 -1 3 614 651 -l
140 13ó I 3 s99 58? U ?
t?s 195 -a :ì ó70 6?4 4
149 I 66 c 3 573 563 -4

4r..c -9 3 504 512 S

zoq 240 u t0 3 215 rl7 -5
c7s 895 U tt 3 2ll ló9 7
t8t tea t2 3 {03 342 U -?
4t4 4?2 -t2 3 31 0 ?77 I
767 7c6 U 14 3 14ó 98 -8
ìóÁ 100 -t4 3 175 135 u -9
341 jA? 0 4 l5l7 l4ó8 l0
1?3 f40 I 4 1282 ll05 -10
304 219 -l 4 I 159 1307 ll I I
293 7?A ? q 690 70C 0
426 4l? -2 4 6a6 ó29 U -t
t23 t?l 3 4 lll9 llsl 2
7ó6 812 -3 4 t¿16 l2?4 -?
79a 7ç4 4 4 355 342 3
?0s ?t7 -4 q 431 318 -3j54 3tt 5 4 ?03 745 4
200 736 -5 4 ó64 6él '4
106 tt9 6 4 óft 636 5
24? 2f9 -ó 4 666 642 -5
zst 246 1 4 258 274 6
203 ??2 U -7 4 184 ¿61 -6
24A ?At 9 4 S97 591 7
c40 {90 -9 4 615 663 '7
436 490 I I 4 133 320 9
s00 465 -l I 4 2?? 2q9 -9
466 4t7 12 4 214 209 -10
3q0 192 -t2 4 ?47 263 U 12
sol 495 u-l 3 4 I 7e l?? 0
s?4 506 D 5 9?.1 9l I I
480 430 I 5 1260 ll03 -l
S4F 499 -ì 5 l?48 l24l 3
514 467 0 -2 5 149 130 -l
?01 la? 3 5 145 381 U 4
¿45 ?0? -! 5 241 ?\7 -4
2.9 ?56 4 5 3C6 38.1 5
?19 ?74 -4 5 355 34? -5
6tc 6tc 5 5 709 7ls ó
ìgß lPó -5 5 754 760 '6
241 2t9 6 s 569 557 I
6c8 1?A -ó 5 464 455 U 0
623 6l¡ 7 s 549 555 ¡
48? 475 -7 5 552 5S0 -l
ó99 6t9 I 5 662 675 U -?
8?6 894 -a 5 638 ó6a 3

t007 9SZ 9 5 560 468 -3
468 475 -9 5 483 460 4
q56 401 ll 5 217 210 -4
6'12 685 t2 5 245 t87 6
574 556 13 5 29A 253 -ó
l8O 95 -t3 S 201 l8q 7
404 40(5 0 ó 408 454 -1
3ta 3?3 I ó lll2 ll33 u-|0
3fB 307 -l 6 ll5l ll22 tl 0
4j2 403 2 6 495 515 t
?36 ?94 -? () 47O 480 U -¡
tÊc ??1 3 6 ?AA 299 2
?41 I 89 -3 6 24A ¿39 -2
253 ??5 4 6 5ll soc l
251 2t9 -4 6 5ó5 Sl5 -3
?2O 184 5 ó 287 249 4
r55 ¡28 U -5 ó 185 Ì39 -4

1607 l5?l ó 6 548 550 6
A?7 A4? -6 6 ó59 636 -6
807 744 ? 6 5ol q89 u 7

t0ó4 lloc -7 ó 4Êg 491 '7
¡l?l IorT I 6 290 ¿ô9 U 9
?37 ??l -8 6 f69 347 tl -9

HX
ó t3

-6 13
0 14
I 14

-l 14
214

-2 l4
3 14

U-3 14
u 4 ¡4

I ls
-l l5

K FOBS fCIL
8 228 207
B 2tt 249
I lar ?f,o
I 201 t90
I 20( 205
a 2?4 230
a 33ì 321
I 321 333
9 ?O4 ?t6
9 998 1034
9 l02l ¡0t7
9 57F 598
9 532 531
9 3ta 3¡l
9 J66 370
9 346 328
9 336 355
9 47t 466
9 4?t 445
9 177 225
9 {61 424
9 46Â 4ó?
9 ?7A 237
9 l7s 176
9 ?5r ¿t3
9 ?54 ¿41
9 2¡0 209
I 195 ll4
9 174 ll0

t 0 zfq ?20
I 0 339 296
to 277 294
l0 322 35?
l0 3f2 336
l0 2?c 257
t0 307 339
l0 eór 302
t0 132 5l
lt ¡tt 4ll
I I 500 500
I I 4Ar 53S
lt 21? 2l¿
I I 256 234
¡t lt8 146
I I 47s 442
I ¡ 432 al7
ll 204 lao
I I 218 l7l
I I 33c 12ó
I t ¡6ó 377
I I ?2s ?39
It 202 213
It 13ó 149
tl 174 ll3
lt 183 l(9
I I 1.4 152
l2 sa? 559
l2 308 270
t2 3tA 30t
I 2 340 ?96
f2 314 267
t2 173 230
t2 ?25 23s

ts f FoBs fc^L H
U14 { lJ4 8l -ó

05ó.663J7
I 5 636 ó04 -f

-t 5 57A 562 9
? 5 367 373 -9

-2 5 506 4sl t0
3 s 865 â94 ll

-3 5 951 840 -l I
4 5 666 694U 0

-4 5 707 69? I
5 S 602 646 -t

-5 5 609 640 ?
6 5 275 ?66 -z

-ó 5 30ó 306 3
7 5 5lA sf4 -3

-7 5 4lt 415 a
a 5 3ol 299 -4

-8 5 295 261 5
9 5 195 374 -5

-9 5 407 40lU 6
ll 5 f70 341 7

-l I 5 328 34¿ -7
t2 5 203 230 I

-l¿ 5 l8f 237 U -€
0ó7677799
I ô 750 762 -9

-l 6 taz 755 ¡0
2 Á 335 r42 -ì0

-? ó 306 2A4 lt
ló?91F733

-3 6 877 8ç6 -3
u46l39ló85

-4 6 t96 lll -5
u 5 ó t?9 197 6

-5 6 2ì3 238 -6
6 6 29f ¿76 A

-6 6 ¿85 286 -8
r ó óa7 6ó4 U-10

-7 6 ó56 667 0
a62192471

-a ó ?90 zz9 -l
9ó236?362

-9 6 27t 216 -?
lo 6 ?05 l97U 3

u tt ó 15( 7A 5
U l? 6 ¡55 147 -5

ll 6 ¿67 262 ó
-t 3 6 2c5 294 -6

tr8558837
-t I A73 Aól -7
215205324

-2 1 5?6 521 -8
3 ? 303 fls u c

-3 7 77A f97 -9
4 7 261 ¿63 ¡0

-4 I 257 265 -10
572C625a0

u-5 7 tse 16l I
A 7 506 5ló -l

-6 7 465 459 2
7 I 496 4A7 -2

-7 7 425 4\4 tJ 3
9?s015¡84

-9 I 5-t9 56f -4
to 7 zsJ ?13 U -S

u lt 7 159 105 6
l2 ? 251 ?O4 -ó

-12 7 ?43 ?t9 u 7
0 I 668 687U-7
t83904OOa

-l a 2a? ?9o -a
2A4674690

-2 8 sl? 505 I
3 6 476 469 -l

-3 8 5f5 SS4 tJ'2
4 g 4ll 4óau f

-a I 422 441 -3
5 6 lgt 164 4

-5 I 251 ?36 -4
6 Ã ?71 294 l' -S

t2
l2
t2

ó
-6

UO
I

-T
?

U-e
U3

I
-8

r-10
ll

-l I
l?

-l?
0
I

-t
?

-?
3

-3

II
l¿
l2
t2
t?
l2
l2

U
U

U
U

U

l4
l4

0
!

l

U7
9

l0
ll
l2

UO
t

-t
2

-2
3

u -¡

5
-s

ó
-6

7
-f

8
-8

9
-9
l2

-12t!
-13
l4

-14
0
I

-l
?

-2
3

-l

5
-s

6
-6

t7
a

-¡
9

-9
tt

u-l I
r2
l3

-t3
t4

U-l 4
0
t

-t
2

-2
3

l2
-12

0
I

-l
2

-2
3

-3
s

-5
ó

-6
I

-7
t

-a

-9
lt

-ll
l?

0
I

-lu2
3

-3

5
-5

6
-6

u-7
u-8

9
-9u lo

t2 2t6 212
tz 146 13?
l? 4?9 406
l2 404 421
t? l5r l¡8
¡ 2 ¡5s ll9
t2 323 ¿7?
l? 281 ?17
I 3 477 508
13 ¡90 l?0
t3 198 184
¡3 157 120
¡3 149 174



TABLE 3.1 (contd. )

x fo8s TcrL
I 3BS 404
4 6A¿ 670
4 255 221
5 330 J27
5 43ß 449
s 417 393
5 35S 39¡
5 648 644
S 433 .66
6 3tt 3?o
ó 203 244
ó 502 539
6 397 42f
6 393 43c
7 zfr 243
1 26t 203
7 252 279
7 200 190
f 22A 301
? 159 tÊ5
8 210 235
I t83 210
9 186 241
9 220 270

xu7
I
9

¡0
0
I

-l
z

-z
3

-3

U5
-5

U-ó
7

-7
U9

¡0
-10

0
I

-l
z

-2
3

-f
t87 130 U 5
s85 5ôt -5
55r 547 ó
33? 30c U -6
241 245 7
71 0 144 -f
790 713 A

368 353 -8
l4ó 359 9
439 441 -9
375 38A l0
50? 461 -10
4?B 434 0
17? lt? 3
2A0 261 -3
263 ?61 5
45A 453 U 6
!B? 4l I -6
l7t l8t 1
3ó. 39? -1'Itt 37F a
l¿5 732 -8
90( 469 9
\82 493 -9
3ss 3Ât u l0
263 2c6 U-¡0
?6a 294 0
tol 163 I
22? ¡ 73 -l
¡89 146 2
2c4 ¿7O -?
?A1 ¿11 3
40ó 44a U -3
468 \9? 4
i0? 313 -4
2t4 232 5
312 2c7 -5
2e6 27? 6
tn? t43 -6
t9ó 2O1 I
275 273 -8
261 261 9
tó0 lÂl -9
230 202 t' l0
2?5 2l I U-l 0

9r..r 0
419 5t6 U I
ó07 647 -l
245 213 2
?19 ¿s3 -2
26a lô3 3

ÍGAL X (
229 -3 5
852U-4 5
4a3ss
274 -S 5
58875
944 -7 5
A9395
4t5 -9 5
40t 0 6
26426
262 -Z 6
25?36
348 -3 6
t0ó 4 6
?07 -4 6
2135ó
305 -5 ó
?108ó
l58U-8 6
4t9 .9 6
398U-9 6

ltgt 0 ?
71i ! ?
715 -t 1
557?7
ó8A -2 7
45537
44t -3 7

210 4 I
28f 5 7
20a -5 1
t59 6 1
350U-6 7
3t8 7 1
4tsu-? 1
479a7
434 -A 1
416 I ?
282 -9 1
2l?04
66A U I I
46â38
512 -3 I
¡86 4 I
t98 5 I
l95U-S A

28368
zss -6 I
?9?74
2AS -7 ð
284 U I 8
247U-A I
25409
2t5 I 9

t093 -l 9
387 2 9
3A2 -? 9
?28 U 3 9
458U-3 9
t?4 4 9
t4? -4 9
302 5 9
382 -5 9
62fó9
603 -6 9
304 7 9
2ó9U-7 9
?49 0 t0
317 3 l0
3C1 5 l0
?76 0 ll
187 U I ll
t21 2 ¡l
697 -2 ll
ll9 .'L '25000
552 U ¡ 0
475 3 0
1?r 5 0

F08S
294
39t
532
899
saz
347
429
554
264
641

344
l9e
460
388
4t3
368

34?
439
?3¿
?42
?07
347

591
5le
370
37t
207
380
564
ll7
739
l¿0
382
s38
401
264
244

.1O
316
2r!
t 8A
tet
?1¿

364
?50
34t
7?3
199
?49
tqt

FC AL
?36
4J3
a4l

548
418
509
60¡
211

265 U
3C5
¡15
465
329 U
412
385
489 U
363
429 U

2t? !
254 |
t6l lJ

391
241
625
slo u
379

t76
377
60 t
311
2I9
233
383
590
405 U

?\3
2?t u
304

356
270
?a7
??0
216
115
342
2{l
290
t4l
196
30 t
139

I l.'r. u
286 32t
372 394
sf? ós2 u
458 451
2t? ì e4
488 si4 U

2Al 228
333 32ó
?74 33¡
?65 ?71 U

366 lC5

124 f7?
209 I 34
??s ì ¡3
250 3ll u
715 81ó
678 6^7
?a4 zc9
?35 l¡o u

?00 Ìs( u
r9ì 4S7

59S 5ó8
¡8ó l7l
307 ¿e2
345 360
398 414
242 227(,?? 642
124 417
295 219
4?6 45C
4?3 440
fl3 319
224 20q
349 42O
2t4 ??7
3t6 4l I
320 3ÁA
?sf 3?n
?a7 293
22A 234
f59 azÙ
245 27 I

599 ó26
4tó 456
3t9 3?A
27 | loc
242 2l a
l7f 3Á0
491 434
20:] 250
?t2 zsl

t 3..r.
?o3 ?96
3¡6 335
3t7 378
I 83 251
336 3t 2
216 l8B
531 575
188 t95
272 337
t59 laq
2¿4 I 6A
279 291
307 323
l?9 199

4ól 495
178 117
380 47f
186 leô
2l ¡ 270

HHFOes 7C^L
3ó0 3t3
l8t ¡41
3ó2 Ì90
364 3a5
27t 62
?a4 245
316 340
2SF 284
45I 449
?al 741
280 Z7A
296 ?94
?61 274
{sr Á9
393 480
475 444
{50 472
283 2ló
t7l 162
283 300
I 9l ?3ó
502 523
625 ó06
?11 68?
246 252
2?1 ?O4
?s5 ?66
249 241
243 213
533 515
494 4f?
??1 197
taó ¿47
261 2ó0
200 ?o2
2óA 246
2l I ¿56
?s7 216
?44 219
394 403
2tñ lt8
2S3 ?ss
?s1 a3l
?56 210
26t ?47
t9q I9g
264 252
3l I 299
¿54 2¡¿
?+9 l8?
2?1 l8t
17? l?0
30? 251
384 3l?
345 337
ss? sl8
557 544
203 193
l7l 144
294 297
334 331
212 269
2as ao?
3'9 176
45t 439
2SS t75
ló0 88
?41 205
274 Z2l
242 256
50ì 509
194 !8 t
fst 361
369 l8 I

r( fo8s
0 t93
0 840
0 444
0 306
I 6!4
I 900
¡ el9
I 356
| 4?l
| ?4e
| ?49
I 25L
I 339
I ¿06
I 20f,
I 189
I 3?t
I 29t
I 216
I 464
I 438
¿ l¡69
¿ 761
2 8t3
2 sle
2 I tO
2 409
? 451
2 198
2 299
2 ?41
¿ 178
2 369
2 36t
2 367
? 479
2 422
2 4?6
? 342

t 661
f, 451
3 559
3 ?t3
3 ?02
r ?¡l
f l0 t
3 220
3 306
3 300
3 304
3 27L
f ?0 t
3 176
{ 1042
4 3A4
{ 403
4 294
4 465
4 t96
4 t 89
4 3?t
4 371
4 580
4 560
4 ¿53
4 ¿70
4 ?55
4 3t5
4 378
4 295
4 193
4 170
5 ?00
5 l9ó
5 273
5 545
5 449
5 3'9

FOBS TCAL
659 ó15
t?7 3f6
402 396
2ÀS 244
?19 266
217 241
742 214
28 ì zas
23t ?75
495 45?

59t 581
51a 524
19ó ta3
32 I )29
3tl 273
?42 250
2Sl ?Bl
644 597
ó0ó 595
35ó 310
24? 256
354 3?9
354 344
?02 ?4?
269 2â8
205 lô6
2t1 194

rOBS FC^l X x FOFS FC|L H
?t? 2¿s lZ I 2?^ teo -3
325 315 y-¡2 I lS¡ lc9 4
582 585 g ¡ 2 t2ã 44 -.
556 5ó7 t Z 4l! 415 S
zle 234 -¡ ? s86 505 -s
192 206 Z ? 409 444 ó
439 395 -Z 2 a39 4lo -6
aof 365 3 Z 363 362 A

f79 343 -3 ¿ ?6A ?c3 -a
283 ¿51 4 ? j94 4?3 9
t55 t¿3 -4 2 776 4l I -9
233 201 S ? 148 144 t
197 2?9 -S ? 499 457 -l
491 505 6 2 249 ??9 | ¿
542 565 u -6 2 190 t9? 3
2t ì 196 7 2 53O 497 -f
2S0 t67 -t A sS3 St4 4
239 233 I 2 36? 3c8 -4
24F 283 -B ? 16A 3Ê? 5
549 528 9 ? 268 ?31 -5
560 55! -9 Z 1q8 165 6
5lt 493 t¡ ? :il7 100 -6
480 525 -t ! ? 4Of 398 7
?6' 27A l2 2 ?AS ?41 -1

.2.7A ll2 -12 ? ?oa 209 u 8

,2te 221 o 3 llo 3lo -B
l7l 145 I 3 3óB ì6r u 9
353 36ó -t I 353 1â7 -9
?36 tó0 ? 1 525 S50 -l 0
2o4 196 -z 3 4qt 449 !
23? ?21 3 3 ?56 ?tF -t
26c 221 -3 j ?Zt t92 2
23Â 188 4 3 699 648 -z2t, ?45 -4 3 ^f? 5e4 3
295 26q s 3 470 4AI -3
2óA 24? -S 3 39? 40t 4
¿4a 253 6 3 ?64 ?59 -4
214 ¿32 -6 3 404 385 5
29r fl4 7 3 505 s21 -5
23ì 221 -t 3 t5l 417 7
29A 236 a 3 5Ê I 5Áó -f
224 241 -e 3 399 4qq u Ê

22? ¿42 U rl 3 t9? ?0e a
23a 250 o 4 385 :t88 -9
3?å 375 U -l 4 ì59 lÁ5 I
t.? !ó? U ! { l¡5 ltf, -l
327 3lð a 4 414 511 2
321 3Ì2 -4 4 4qt 4ßÁ -?
l7q 138 5 4 2cs ¡fq i
30< 104 -S 4 4OZ 4s3 -3
235 2?l U -6 4 Zî? ìAl 5
184 t35 7 4 ?54 ?ls -5
2lÂ 167 -1 4 290 100 6
?8q 295 g 4 ?jJ 2ca -6
?44 249 -9 4 f:!9 366 1
¡44 l?0 to 4 ?3¿ tc? -7

= a.... -ì0 4 265 l¡A B

56? 507 g ¡1 4 ì?ó 173 U I
435 412 -t I 4 ?76 21A ?
232 234 I I 293 792 -?
324 3?9 -t 5 -r5Â 3s2 3
¿e2 2Sl 3 5 2s r 2r8 -3
53? 550 -l s ?86 ?a4 4
q?R 491 4 5 441 q49 -4

tots 929 -4 s 464 4t I 5
83t 888 5 5 3qt 3Â4 -s
929 905 -5 5 28e 2e8 U 7
21î Z8l 6 3 26? 186 U I
244 ?47 -6 S ?54 ?A6 3
54? 584 7 5 60t 582 -3
429 463 -1 5 508 523 L' 5
684 673 -9 s 2t9 zo9 -5
ó34 654 tO S Zl0 tó9 -?
308 333 -t O S 226 160
3s? 347 u-tt 5 l7l 6a ì
551 537 U O 6 215 lez ?
514 486 I 6 417 q4? 3
188 140 -! 6 446 4s7 5
309 16l ! 6 649 ^63 6

FCIL X K
?17tt 2 I
231 -2 a
684!8
76f -3 I
50 u 4 a

t97U-4 I
ì55 S I
?13 -5 I
3ì8 I I
216 -9 I
t98 U ¡0 I
2Zl -10 ß
32ó U 0 9
4f,0 I I
291 -l 9
348U 3 9
30q -3 9
l2l 4 9
327 -4 9
3?9 5 9
178 -5 9
?_t9 6 e
334 -ó 9
29919
223 -7 9.
214 -8 9
207 U 9 9
233 0 l0
309 2 l0
305 U -2 t0
46A 4 l0
450 -4 l0
466 5 l0
468 -5 l0
487 t l0
384 -7 l0
291 8 t0
250 -S l0
245 0 ll
251 I ll
193 -l ¡l
3e3 3 lt
f36 -3 ll
å06 4 ll
J48 5 ll
{34 -5 ¡l
40ó ó tl
35t -6 ll
ftH u 7 ll
t96 2 l2
?20 -? 12
?30 u 5 l2
?55 -5 l2
215 I 13
280 -l 13
322 U 3 13
c06 .rL

6
f
g

0
!
2
3
6
I
0
2
3

U4
6
I
0
I
?
3
6u7
I

UO
I
2
l
5
ó
7

u8
?
3

su6
I
!
5
7
a
I
?
3
5

U2

6
¡
?
3

5
0

U2
3

5
Iu0
2
s

I
?
3

5
U6
U?

I
2

5
UA

t
U2

l

H

-3

u-5
t

-7
t0

u-t 0
0
I

-l
?

.?
3.:

s
-s

U-?
¿

-8
9

-9
l0

-10
u lt
-t I

UO
I

-l
2

-2

Uó
U?

-1
U_F

u-9
0
I

-t
2

.?
r

-l

u-5
6

-6
1

-7

-8
U9

I
-t

?
.?
f

-3
U5

I
?

.?
3

-r

5
6

-6
0

UI
-l

FORS
489
293
32f
220
3ss
]BB
2t 5
t76
1¿t I
527
s2t
6CC
538
5Ê0
601
394
3¿9
5?2
559
2ì7
s2l

28t
35?
tt 3
?14
t7l
l9l
t9q
3t3
172
212
?35
300
235
t95
213
?96
201
?s9
198
569
f40
r5f
609
4;S
474
410
443
?i9,
t 93
390
¿04
?s?
214
2Cq
22f
t7l
lÁ3
411
304
33ó
140
j72
?os
2tq
fl8
359
305
245
?43
f0l
?11
?71
?05

I A6
?07

?65
347
2lq
z 8't

698
25O
¿42
219
240
233
l5F
t40
354
42?

-5
6

-6
1

u-7
a

-8

-9
l0

-10
tl

-lr
t2

-12

FO6S
304
?72
694
800
l6t
?13
taz
236
33t
274
261
206
310
(38
3?5
33?
331
313
343
4t0
198
?ì 3
I l4
338
244
l8t
193
ìel
320
343
458

453

3lq
271
l8t
?69
285
?t 3
f?a
33?
369
359
3?ó
339
(30
351
2û3
234
256
283
¡ 97
J?O
308
907
912
471

194
t79
4?2

5?6
501
lc8
?6e
5ó9
s61
?t1
187
2+5
z6l
272
333

4?l
36?

t(

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
s
s
5

6
6
ó
6
6
ó
6
6
6
6
6
6
6
6
6
1
1
1
?
1
7
7
1
1
7
7
7
1
7
7
7
7
7
7
1
I
I
I

H

2
-2
f

-3

5

FCAL
33t
369
140

F OBS
¡âa ? ll 142
273 -2 13 369
f03 0 ¡4 198

FC¡L H I

?0t ..L.

x
I
?
1
7
I
1
?
7
I
I
I
I
a
I
I
I
I
I
a
I
8
ß
I
8
a
I
I
I
9
9
9
9
9

9

9
9
9
9

tô
l0
¡0
l0
¡0
l0
l0
ID
l0
l0
l0
l0
l0
t0
l0
l0
ì0
l0
ll
tl
ll
ll
tt
ll
It
l2
l2
l2
l2
l2
t?
l2
l2
l2
l2
ll
ll
t3

\o
P

00
20
40
0l
¡l
2l
0?
t2
J?
62
72
03
l3
23
f3
53
73
l4
?4
5¡
64
35
55
?6
36
46
56
07
27

30
OT
?l
4l
t?
42
0f
l3
?3
43
53
l4
34
3s
ló

00
20
l¡
0?
22

3s6 0
34f I

l0t8 -l
1004 u ?
2e3 U 3
279 t, -3
2Ê2 4
27¿ -4
25e 5
155 -5
326 6
326 -6
737 7
6t? -1
63I A
43? li -8
46? -lO
954 lt

t 093 -l I
220 I
¿lc -t
439 4

3?1 5
4tl -5
426 6

48ß tr t
5?6 -7
8l I

353 -8
393U 9
223 tl
?61 -ll
?ao I
?35 -l
144 2
140 -2
764U 3
22t tr -3
208 4
550 -4
424 5
437 -5
443U 6
q60 _6
300 7
330 -7
320U I
¿o? u -a
383 9
3ó5 -9
20? l0
l4e -10
o9l 0
15ó I
?.ll -l

5 3 S38
-5 3 452
ó 3 413

-6 3 463
73q56

-7 3 234
I 3 380

-8 3 361
u 9 3 2ll

l0 3 441
-t0 3 387
lt 3 235

u-l I 3 200
04558
I a lcf

-¡ q ?4O

712
406
¡40
245
102
315

216
??o

?07
2ie
?41
355
?04
184

1592 U

135
2tt4 lt

fs9 2 0 1549
4ì2r' 3 0 l?9
160 4 0 2071
t66 5 0 268
364 6 0 354
494 U 7 0 219
521 I 0 275
óæ902ó(
5f6 t0 0 143
s?t ll 0 ?s6
5e0 \2 0 214
3s4U 0 I 160
3t0 I I 212
49t -ì I 225
516 ? ! ì70
t76 -2 ¡ 147
475 3 I 352
441 -3 I 465
zsq 4 I 154
334 -4 I 127
3t0 5 I 970
236 -5 I 985
167 6 I 263
2r3 -6 I 30¿
226 7 | 2?9
3F3 U I0 I 204
3?å -¡0 I 249
218 ll I 2s0
?15 t2 | ?51
2q0 -t2 ¡ 31 7

?6A O ? 7A2
t70 2 2 616
2?7 -2 ? 649
?69 A ? 421
¡96 -3 2 468
212 4 2 927
?46 -4 ? ll05
sÁ5 5 2 20¿
3s9 -s z 292
296 6 ? fó6
649 -6 ? 405
592 I ? 109
4so -F 2 450
(61 9 2 4??
450 -9 2 454
446 l0 2 510
201 -10 ? s08
192 U-tt 2 180
i60 l? 2 355
119. -12 ¿ 3F4
zza 0 3 261
?o2 | 3 245
2A4 -l 3 ?76
236 2 3 691
l0S -Z 3 ?67
t4¿ 3 I ó70
390 -3 3 747
314 4 3 2ll
33ÊU-4 3 16l

0
0
0
0
I
t
I
I
2
2
2
?
2
?
2
f,
3
3
3
f

t2

0
0
0
0
0

42î ¡37
?06 205
388 .54
25t 2ó6

956 0
470 ¿
419 3

87 6
424 1(54 I
492 0
s43 2
t?l -2
24t 3
465 -3
s06 4
172 -4
122 6
262 -6
309 7
3s3 -7
354 I
{50 -8
38t U 9
33{ tl



Ca

CL

92

S6

oó
o2

c2

S2

0l
03

6 H2O4
H20 3

S2

S5
o5

a2
CI o2

ol K

o5 +Z

06 H20
3

H204 +X

FIGURE 3.1: /\-K.Ca(+) [Co thioxrJ .4HZO, b AXIS PRoJECTION SHoWING

s1 H20 2

o4

Ca

c6

c5
o

CLOSE CONTACTS.



93,

3

H2O1

OL

S3 S6
o3 06 H2O2

s2
Ca

02

or

o2

c

o4

05 s2

06 05
H2q

03S1

H204
K

+l

H20

+X

02

FIGURX 3.2: Â-K.Ca(+) [Co thioxrl .4HZO¡ c AXIS PROJECTION (9Oo

ì

c6

c5Co

rotation of Figure 3.1 about æ).



TABLE 3.2 pOSrrroNAL AND TIIERMAL PARAMETERS FOR K.Ca(+)sggICo thioxrl .4HrO": /\ COMIGURATION'

Atom

Cations

Ca

K

Anion

Co

st
s2

sg

s4

ss

so

ot
oz

o3

o4

o5

oo

ct
cz

C¡

c4

cs

c6

o780 (2)

o778(6)

+zgt (2)

-2806 (3)

-2t2L(2)
-0733 (4)

ßL1

4L3(2t)

4089 (118)

3o2(L7)

so7 (34)

2L4(22)

704 (46)

L6s (17)

zo4ßo)

166 (30)

234(30)

2s8(32)

27o(32)

334 (36)

0ss (78)

103 (81)

oeo (76)

144 (80)

2s2(7s)

s14 (e3)

463 (133)

L72(Lt3)

448(L45)

42s(r38)

119 (110)

los (1ls)

ozs (18)

27 4 (58)

021 (13)

-036 (21)

LeL(24)

-o84(24)
22L(25)

-oro (21)

062(22)

-Lr3(72)
003 (68)

o77 (67)

031 (7s)

o24(65)

-034 (63)

-131 ( e8)

021 (89)

-oo4(92)

028 (88)

120 (78)

-oo8 (86 )

ß

o54(2r)

s38 (74)

23

-oo7 (19)

o8o (33)

034 (14)

o58(24)

o73(23)

075(22)

ror(24)
-t4L(24)
-Les(27)
-L28(67)

-o38 (67)

093 (68)

o7e (67)

-018 (61)

-243(75)
oo4 (1o4)

o]-g (92)

029 (los)

-os4 (99)

2 11 (88)

187 (8e)

(contd. )

ß ?se Blz L322
ßza

077 4(2)

-0371 (3)

-o52e (3>

osss (3)

o976(3)

2r78(3)

1910(3)

-rt42(8)
-11s4 (8)

-0146 (8)

o160 (9)

42L7 (7)

4oo4 (8)

-0603 (11)

-oss3 (10)

-oo7o ( 11)

or6s (11)

3288 (l-o)

3154 (11)

-0138 (2)

-1le1 (3)

os87 (3)

108s (3)

-1384 (3)

-086e (3)

0961 (3)

-oee6 (8)

oroo(8)

0s1s (7)

-Ls26(7)

-o4e8(7)
1063 (7)

-0620 (11)

-0124 (10)

o4s2 (11)

-los1 (10)

-o2e4(e)

o6s8 (10)

ztzo(z)
1187 (3)

31_71(3)

07 67 (3)

3434(3)

t204(3)

2ee7 (3)

-0860 (7)

5te7 (7)

-L279ß)
s4s4 (8)

L423(7)

2872(8)

-o111 (12)

4411 (11)

-0303 (12)

4sso (12)

1683 (10)

25s6 (10)

413(17)

4Le(2e)

s28(32)

587 (36)

722(38)

360(27)

4so (30)

796 (1oo)

sos (8s)

7e4 (e5)

1137 (12o)

452 (7 6>

562(86)

3o2(LL7)

zr+ (113)

43L(rzL)

4e3(L24)

4s3 (107)

so4 (114)

337 (ls)
3yQa)
4sL(25)

35e(26)

406(28)

3e6(26)

463(26)

578(7e>

611 (84)

s18(78)

3so (68)

4s3(67)

44e (6e)

4s6 (loe)
497 (tos)
4s1 (110)

207 (88)

325(e4)

264(83)

oo1 (17)

ols (2s)

oze(25)

-082 (28)

12s (30)

e53 (26)

-oz]-(28)
Lor(72)

-012 (68)

-L23(73)
113 (80)

L48(72)

-1s6 (83)

-os1 (ro9 )

-015 (e2)

236 (110)

-oo3 (107)

267 (e7)

-13s (96)

\o5



ÎABLE 3.2 (contd.)

Atom

Water

H.2O-1

H20-2

H20-3

E2O-4

a

27e2(7)

377r(8)

40s1 (7)

zsos(7)

6el- (e6)

701- (es)

7e3(92)

L336 ( 12s)

470 (77)

6e3 (8e)

443(70)

27L(64)

-o22(72)
175 (73)

017(70)

-009(83)

-oo1 (8ê)

148 ( 78)

L3t(7e)

2se (Lo7)

284s (8)

2s53 (s)

2e95(8)

0773 (10)

z

o72L (8)

-1470 (8)

26eo (8)

-242e(8)

ß3lt 22 Ê33

374(93)

4l_6 (e8)

32o(88)

69s (LL0)

Blz Øls &za

-o41 ( 70)

2e1_ (81)

-o24(7o)
osl (71)

\o
l-'t

a positional parameters 1x fO4): anisotropic thermal parameters (x 105)'



TABLE 3.3 BOND DISTÆ{CES AI{D ANGLES

Atoms

Ligand L

Co-S,

st-c t
ct-ot
ct-cg
cg-03

s:-c3
Co-S,

Ligard. 2

Co-SO

s+-c4

c+-o4

c4-cz

cz-oz
sz-cz
Co-S,

Distance
o

(A) Atoms

Sr-Co-S,

Co-Sr-C,

sl-c1-01
s l-c l-ca
ol-c1-ca
Angle sum at C

AngLe (deg.) Atoms AngLe (deg.)

2.250

1.72I
L.207

1.539

L.246

1. 689

2.259

2.230

t.707

r.228
L.493

I.224

r.724
2.23C

(4)

(14)

(14)

( 18)

(ls)
(ls)
(4)

(4)

(13)

(ls)
(17)

(r+¡
(13)

(4)

104.8

L23.2

IzL.O

115.8

360.0

105.1

L22.O

120. 1

TL7.9

360. O

(s)

(L2)

(ro¡
( 13)

(s)

( 11)

(ro¡
(r2)

1

Co-Sr-C,

s3-ca-03

s3-ca-c1

o3-ca-c1

Angle sum at C
3

Snm of inËra-chelate ring angles = 537.9o

SO-Co-S, 89.90 (15)

Co-SO-CO Lo6.7 (5) Co-Sr'C,
s4-c4-o4 L23.5 (11) S2-c2-o2

s4-c4-c2 1L7.7 (11) S2-C2-C4

o4-c4-c2 118.8 G2) O2-C2-C4

Angle suur at CO, 360.0 Angle sum at C,

Sr:m of intra-chelaËe ring angles = 538.50

8e.30 (14)

106.9 (s)

L2s.r (11)

1ls.e (10)

119.o (13)

360.0

\o
o\

(contd. )



3.3 (contd.)

nistance (R)

2.256 (4)

1.6s8 (14)

1.22o (13)

1.603 (16)

L.23L (14)

L.672 (14)

2.237 (4)

InterLigand. angLes at Co

Atoms

Lzganã. 3

Co-S,

ss-c5

c--o-)5
cs-co

co-oo

so-co

Co-S -b

ALoms An4Le øeg. ) Atqas

Sr-Co-S, 89.84 (15)

Co-Sr-C, 106.8 (5) Co-SU-CU

s5-c5-o5 127.0 (11) S6-C6-06

ss-cs-c6 118.1 (9) S6-c6-Cs

o5-cs-c6 rL4.9 G2) o6-C6-Cs

Angle sr:m at Cr, 360.0 gle sr:m aÈ CU

Sr-m of intra-chelate ríng angl-es = 539.80

AngLe (deg.)

Atoms

,-Co-S,
,-Co-SO

,-Co-S,

,-Co-SU

AngLe (deg.)

e3.78 (1s)

89.10 (16)

8e.87 (1s)

tr7.28 (17)

Atoms

Sr-Co-S,

Sr-Co-S*

Sr-Co-S,

Sr-Co-SU

Ang-|,e Ueg.)
el.09 (1s)

178.17 (18)

el.89 (1s)

88.o1- (ls)

Atoms

Sr-Co-S,

Sr-Co-SU

SO-Co-S,

SO-Co-S,

LO6.9

L26.5

118.1_

L15 .3

359.9

(s)

(11)

(e)

(L2)

AngLe øeg. )
17s.31 (17)

86.66 (1s)

87 .2r (L5>

93.s8 (17)

rro\¡

S

S

s

S



\TABIE î¡4

PLæte

Lì.7øtd L

tr'tr'or]
s3 

' 
c3 ,03)

Ligøtd 2

t+'t¿'o¿ì

Ligøtd 3

c5 
'o

c6 
'o

sl

98.

UNWEIGIITED BEST PLÆiIES ITIROUGTI ßE LIGAT{DS

C D ùistætce from pLm,e d')

0.843 4,440 -0.310 0.229 S1,0.077: Crr-0.01-0

01r-0.087 : Srr-0.079

ca, 0.013 t 03, 0.086

Co, 0.334

4.7L7 -0.592 -0.368 1-.331 54, 0'020 'C4,0'001- :

O4,-O.O24 : Sr;O.O2l :

C2, 0.000 t O2, 0.024 i

Co r'O.177

BA

s2,c2r02)

)

s5'

s6t

-0.062 0.6s4 -O.754 1.984 s5 ' o.o2o

05 
'-o. 

o2o

c6 ' o. o2L

Co,-0.085

C, r-0.010 :

s6r-0.024:

06' 0.014 :

6
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TABLE 3.5 INTERPLANAR DIHEDRAL AI{GLES

PLane L PLane 2

Interlígmtã, angLes

Co,SrrS, Co'54'52

Cor Srr S, Co, Srr S,

CorSOrS, CorS'SU

PLane L PLane 2 AngLe øeg-)AngLe (deg.)

e3.7e (ls)

91.89 (16)

e3.41 (17)

ligand la

ligand 1

1-íganð, 2

Lígand 2

ligand 3

1-ígand 3

t-03.31b

96.08

93.76

lntraLígand angLes

CorSr,S, lígand 1

Co,SOrS, ligand 2

Co,Sr,56 ligand 3

L2.39

6.47

3. 08

e ligand 1,
Table 3.4.

2, 3 refers to the six atom 1-igand p1-anes defined in

b. ORI'FE does not compute angles for planes of more Ëhan three atoms'
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a
TABLE 3.6 TORSION ANGLES IN ITIE CHELA]E RINGS

Bond

Ligand L

Co-S,

st-ct
ct-cg
sg-c¡
Co-S,

lJ'LgAnã Z

Co-S,
4

s4-c4

c4-cz
sz-cz
Co-S,

(10)

(e)

(e)

(10)

(e)

(10)

(10)

(e)

(10)

6.2 (s)

s.8 (11)

1.5 (ls)
3.6 (11)

s.4 (s)

s

S

o

o

Bond

Lígand 3

Co-S,

s--c-5)
c5-co

s6-co

Co-S -
b

AngLe (deg.)

3.s (s)

4,9 (g)

4.t (r2)
o.e (e)

1.s (s)

AngLe (deg.) Bond AngLe (deg.)

9.5

3.6

7.8

L4.6

L2.7

(s)

(1 1)

(ls)
(t2)
(s)

d The distances listed in Table 3.4 indicate thaË the chelate rings
are close1-y pl-anar; however, some of the torsion angles are still
significant.

TABLE 3.7 TIIE SULPHI]R.O)ffGEN ENVIRONMENT OF TIIE CATIONS

Atom syrwnetnya Pístanee (f)
Iransfonm

uíth Ca

Hzoz

Hzo 
4

o
Atom SyrwnetrY

TransforTn

uith r+

Distanee (Ã)

+2

1

1

2

2

3

3

4

5

5

2.460

2.447

2.485

2.573

2.476

2.733

2 .508

2.53L

2.442

Hzo3

3 .380

3. 790

3.322

2.784

2.882

3.668

2.79t
2.924

3.017

(6)

(7)

(t2)
(10)

( 11)

(6)

(1 1)

(13)

( 11)

1_

5¡
L

6

I
1

1

6

6

7

7

8

9

o

o

o

o

2

4

1

3
Hzo3

S
2

o
2

Hzo 
4

o
5

See Table 3.10.

o
5

6
o

4

b The contact K+ o
1

is not shown in Figures 3.1- and 3.2.
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TABLE 3.8 POSSIBLE HYDROGEN BONDS INVOLVING I/üATER.

Atom

OO0...o < 3.25 Ã, O...S < 3.60 A.

Sywnetry oistanee (î) Atom
Transform

ü¿th H20 
3

o

Syrwnetry
Inansfortn

1L

L2

2

Ddstance (E)

2 .9r.6 (13)

2.84s (1_3)

3.o34 (13)

3.522 (10)

3.1_30

2.97L

2.896

2.833

3.57 6

3.558

(13)

(14)

(13)

(13)

( 11)

(1 1)

2.8s4 (13)

2.9s9 (1-s)

3.216 (r0)

3.ss7 (ro)

uith Hr0,

og

o4

Hzoz

Hzo3

sg

s+

uìth H r0,
oz

'zo 4

sz

s+

10

6

L

1

1

6

2

1

o
3

Hzoz

S

uith H 
r0 n

o

o

0

o
6

2.82I

2.795

2.882

2.903

2.902

10

I

3

4

2

1

Ot
510

6

3

t

2

6

5

(13)

(13)

(L4)

(L2)

(14)
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TABLE 3.9 CONTACTS LESS ÏIAN 3.6 E (in addition Ëo those of Tables

3.7, 3.8).

AB WaræforTn
for B

4.. .B (t)

3.494 (10)

3.268 (r-3)

3.304 (r+¡

3.273 (r4)

3.44L (ls)

3.3s8 (15)

2.846 (t2)

3.s3s (13)

2.e33 (13)

3.093 (1-4)

3.3so (r-s)

3.427 (16)

2.e73 (l-3)

3.041 (13)

2.e62 (13)

3.L47 (r-6)

fuansforTn
fon B

13

13

2

13

13

13

13

13

10

13

10

1

10

2

4...8 o
(A)

3.184 (17)

3.ooo (1s)

3.362 (14)

3.064 (16)

3.se9 (tB)

3.5e4 (17)

3.3e4 (16)

3.232 (1s)

3.332 (14)

3.3e4 (1s)

3.zeL (14)

3.sos (1s)

3.4s8 (1i)

3.s87 (14)

S¡

Ca

Ca

Ca

Ca

K

oz

o3

o4

o4

o4

o

c¡

ct

o-
5

o+

os

oo

cs

aø

og

ot

og

2

2

2

3

3

1

13

2

13

l_3

13

13

l_3

1_3

13

l_3

o6

cz

c2

c4

c4

c4

c5

c-
5

cs

c6

Cø

c6

Hzot

5

Hzot

o
3

H^O,¿4

0
3

Ca

Hzot

c
3

o

c

c

4

2

4

A B

3

5

5

c

o

K

o

c

ct

Ca

4

5
o

o6

o6

Hzoz o+

Hzo3 ot 3.463 (l_4)

ctoo

10
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]-ABLE 3.10 SYMME1RY TRANSFORMS REFERENCED rN TABLES 3.7, 3.8 AND 3.9.

1

2

3

4

5

6

7

8

9

*5

4-æ,

-8+æ,

4-æ"

ù5

út

-b+æ,

8+æ,

h+æ"

8-æ,

4-æ,

U'

4+ a,

4* a'

1 - a'

4-a"
g5

-b+ a,

-2+u,
-b-a,
8-a'
4-a'
1- a'

At

z

8-z
-8-z
-8+ z

-4+ z

L_-

-2-z

2+ z

8+z

10

11.

12.

13
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TABLE 3.11 RELEVÆ{T TUERMAL DISPI,ACEMENT PARAMETERS'

a) RMs Component of thermal displacernent along principal axes for

the three metals, (l).

Co: o. 106 (6) , o.167 (4) , o ' 181- (4)

Ca: 0.119 (7), 0.157 (5), o'l-83 (5)

K: o.Lg7 (7), 0.213 (8)' 0'570 (8)

b) RMS component of thermal displ-acemenÈ in the unit cell axial

directíons for K, (8).

s.z o. 564 (8)

bt o.2os (7)

cz 0.223 (7)

c) Angle beÈween principal axes and the unit cell axial- directions

for K, (degrees).

Aæis 7

az 9o.o (36)

bz zg.L (zo)

cz L19.1 (20)

Aris 2

80.s (11)

118.7 (20)

L49.s (20)

Aæis 3

e.5 (11)

8s.4 (oe)

8L.7 (11)
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are represented as spheres of fixed radius; Ëheir final anisotropic

temperature coefficients are, hor^rever, listed in Table 3.2.

3.5 DESCRIPTION OF STRUCTURE AND DISCUSSION

c-
The (*)sag[co rhiox3l'- iott has Ëhe /\ configuration predicted

from solution CD correlatiort".27'L34 ïn space group Pzrzrzrthe complex

ion possesses no crystallographic syÍmetryr showing smal1 distortions

from an idealized D, (32) geometry. The atom labelling is given in

Figures 3.1 and 3.2 which show the oxygen and sulphur environments of

the K+ 
^nd 

C^*2 cations; the pseudo-C, axis of the complex ion is

approximately parallel to t]¡e b crystallographic axis and one of the

pseudo-c, axes is approximately parallel to t]ne a axís. The sub-cell

patËern observed in the original PatÈerson synthesis is inunediaËely

understandable in terms of the similarity of the Co, Ca and K coordinates

(table 3.2) and the orienËaËion of the complex ion relative to the unit

cell axes (Figures 3.1 and 3.2).

Both cations make several close conÈacts with the more electro-

negative oxygen and sulphur atoms. The C^*2 í" surrounded by an almosÈ

spherícal arrangement of nine oxygen atoms (Table 3.7)z ionic radius

C"**, 0.99 8r8O o*yg"r, van der trIaals radius, 1.40 8.80 The sulphur-

oxygen environment of K+ for*s a cylinder of densíty approximately

parallel to a suggesting an explanaËion for the large thermal anisotropy

of the potassium ion in this direction (rable 3.11): ionic radius K+,

1.33 Er8o rr"r, der tr¡aals radius of sulphur, 1.85 8.8o From the earliest

Fourier and difference maps the so-called K+ ion had always occurred
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as a sËrong peak extended Parallel- to ø and of inËegrated density

equivalent to that of the more comPact. Ca++ site. Attempts to refine

fractional atoms at sites slightly displ-aced in æ only resulted in

further splitting of the peak density in the difference maps and

produced irnpossibly short close contacts with the sulphur-oxygen

environment.. Since both the Ca++ arrd K+ ions have an effective ttatomictt

number of 18 they occur with similar integrated peak densiÈies in the

Fourier maps; the above positional assignment was based on comparison

of the observed close contacts with the van der üIaals radii sums'

AlËhough some of the conËacË distances listed in Table 3.7 are too long

Ëo realisËically suggesÈ interactions of any sÈrength it can be seen

that most of the C"++. . .O close contacts are incompatible with the

placing of a larger radius K+ ion at this site'

The hydrogen atoms of the four water molecules \^7ere noË located in

the final difference synthesis which, however, showed numerous peaks

at possibl-e suitable positions. It is probabl-e that further significant

improvemenË of the refined model would be achieved if these atoms I47ere

located and the thermal anisotropy (and/or splitting) of the K+ io" more

correctly represented, even without modificaÈion of the data weightíng'44a

Several of the contacts lisËed in Tables 3.8 and 3.9 can noË be regarded

as signifícant in Èerms of the van der i{aals radii sums and are included

only for completeness since the large vdll radius of suLphur (1'S5 8)

necessitates the specificaËion of a larger than usual conÊact disÈance'
o

Also, it should be remembered (section 1.5) fhat limiting conÉacÉs O'3 A
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less than the vd!ü radius sum are not uncortrtroo'82'84

No sËrucËures having coordinated thio-oxalate ligands have

hitherÈo been reporËed. The mean C.III-S bond length found here

(2.244 (5) 8) is shorËer than Lhat reported for most tris (four-

membered ring) complexes, e.B. Co(dtc)r, 2.258 (3) 8,135 2.260 (3) R'136

co(exan)r, 2.276 <+l E;137 co(rntp)3, 2'322 (¡) E;138 co(xan)r' 2'3g8 (4) '139

Details of Èhe complex ion geometry are given in Tables 3.3-3'6' The

unsaËisfactory thermal refinement of atoms C, and Ca (represented as

isotropic circles in Figures 3.1 and 3.2) results in S-C and C-C bond

lengths for ligand 3 which deviate significantly from the respective

means obtained for ligands 1 and 2 onLy; the C=O bond lengths seem less

affecred. These mean bond lengths for ligands 1 and 2 are S-C 1'710 (8) R'

c-C 1.516 (23) E, c=o I.226 (e) 8; the respective means for ligand 3

are 1.665 (7) 8, 1.603 (16) I and 1'226 (ß) R' The mean sulphur-carbon

bond length is significantly shortened from a paraffinic single bond

lengrh (1.82 R74'tt6), the sum of the Pauling covalent t"diil4O for C-S

is 1.812 E and for C=S 1.607 8.. The carbonyl bond length is not

significanrly differenË from the average (L.245 (53) R) fo""d87 fot

rhe poorly refined [Co oxrJ3- io' in I(NIPHECOOX (Chapter 4); the

increased ligand bire of rhiox (3.16 8) compared with ox (z.sg E)87

reflects rhe increased C-S bond lengËh (1.73 R for a shorËened partial

double ¡orr¿74) relative Èo a similarly shortened C-O bond (1'36 I 74)'

The bond angle errors for [Co oxrJ3 are so large, except for angles

at rhe meral, that comparison wirh cR¡coTHIox is not justified' The
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a-
ligand angle, O-Co-O, in Co(o*)3' was found to be 84.3 (1.5)o; the

mean intraligand S-Co-S angle for Co(thiox)33 i" 89.68 (19)o. However,

both complex ions are distorted toward a trigonal-prismaËic (D:fr)

geomeËry such that the interligand plane dihedral angles (V) are more

nearly 7200 tlnan is the case in octahedral geometry (y = 9Oo). In
?-Co(thiox)r- the six aËom ligand planes are more elosely paral1e1 to

the pseudo-C, axis (mean y. = g7.7o) than are the Co, S' S planes

(mean y = 93.0 (6)o¡; for Co(ox)r3- th. dihedral angles between the six

atom ligand planes only were calculated but the Co and oxygen donor

aËoms are only slighËly displaced from this mean plane (Y = g2.Oo).

Geometric distortion of tris-complex ions from an idealized geometry

having an orthogonal arrangemenÈ of chelate rings is furËher discussed

in secËions 8.2 and 8.3.

Although the Èhio-oxalaÈe ligands are essentiall-y planar (tab1e

3.4) the displacement of the Co aËom from the mean planes induces some

torsion in the chelate rings, Ëhe magnitude of Ëhe torsion angles in

general increasing with increasing displacement of the Co atom (Tables

3.5, 3.6). The direction of this torsion is such as Ëo make the C-C

bond of each ligand more nearly parallel Ëo the pseudo-C, axis of Ëhe

cornplex ion and a small relative twist of Ëhe two halves of each thiox

ligand abour irs c-c bond is observed (insignificant for ligand 2).

The esdts in the bond lengËhs and angles for Èhís sËructure are a

significant improvement over those of NADCOMALEN anil CRI"ÍALTCOPN; this

is particularly true of the angles subtended by the ligands aÈ the meËal
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atoms 
- 

in NADCOMALEN, o for these three angles averaged O.9Oo,

in CRMALTCOPN where the metal aÈoms occupy special posÍtlons the average

o r¡ras 0.750, and here 0.150. IË is this angl-e (o) afid íts related

angles whictr are important 1n the evaluation of the disËortíon model

of optical activity as iÈ applies Ëo chiral trígona1--dihedral- transitíon

meËa1 complexes. Al-though some of the improvement in the average o

can be aËtributed to the presence of heavier atoms, i.e. sulphurt in
e-

the firsË coordinatÍon sphere of [Co thioxrl- it 1s due largely to

having an excess of accurate counÈer data. It is probable that a

more correct represenËatÍon of the random errors in the data seË by

the weighting scheme and a more rÍgorous application of absorpËíon

corrections (either through a more realistíc descripËion of the crystal-

morphology or empiri""tly 4b by making use of the observed differences

in Èhe íntensitÍes of zero-Layer Friedel pairs) would further reduce

Ëhe estímaÈed sËandard deviations of the posítional and Ëhermal

parameters, and hence of the derived bond lengths and angles. In víew

of this improvemenË in o a more compl-ete daËa set (especially for

hkL, L : 2n * f shoul-d be obtained on a diffractometer for the

CRMALTCOPN structure.

Some mlscellaneous notes on refinement details and daËa presentaËion

for rhe Ëhree structures NA.DCOMALEN, CRMALTCOPN and CADCOÏIIOX are

collected together as AppendÍx IV.
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CHAPTER 4 ]TIE ABSOLUTE COMIGT]RATION OF

POTASSTUM (+) -TRIS 1 10-PHENANTTIROLINE NICKEL I
5

(-) - ^^-rnrs (oxALATo) CoBALTATE (rrr) DTITYDRATE.

-56r(+)sg9[Ni phenr] (-)589[co oxrJ .2H2o, KNrPHECoox.

4.T INTRODUCTION

In 1968 the structure of the title salË r^ras solved and refined by

full-rnatrix least-squares using MoKu/Zrf inËegrated precession intensities;

Rl = 0.126, RZ = O.108. However, an attempt to determine Èhe absolute

configuraËion of the strucËure using CuKa/N1:f integrated precession

data was unsuccessful. The absolute configurations of the complex ions

\rere successfully determined in mid 1969 using non-integrated CuKu/Nif

trrleissenberg data, visually estimated against the calibraËion strip used

for the NADCOMALEN anomalous data. AlËhough the full structule

refinement is in print (ref. 87) the derivation of the complex ion

configurations \¡ras presented as a srrrrunary without listing Ëhe tr'riedel

pairs; these data are given in ful1 here.

4.2 DETERMINATION OF THE COMIGURATION

Several well formed crystals of K(-)[Ni phenrJ(+)[Co oxrJ.2ttro

r¡rere gror^ln by interfacial growth over periods of 24 hours from cooled

aqueous aceËone soluÈions of the two components: details concerning

the ensuring of the optical purity of these crystals are given.l""th.r..87

One such erystal was used to generate the hkL a¡.d hkî recíprocal

layers. The equi-inc1-ination angler l, for each layer was offset by ca.
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^-oo.5- to minimize possible multiple reflection effecÈs .L4I-L43 Because

the )OL reflection, where / = N,y¿ + L, is systematically absent the odd

level data should be less suscepÈible to multiple reflection disËurbance

than the even order layers. An automatíc liquid nitrogen cold temperature

attachment hras developed for use in this work to increase the quality

of the anomalous diffraction data consequent on the reduced thermal

vibration, but the device has not been tested sufficiently Ëo permit

deËails Ëo be given here.

The visually estimated data ürere scaled approximately against the

Mo mícrodensiËometer daËa before eomparison with the calculated strucËure

factors based on the K(+)[Ni phenrJ(-)[Co oxrJ.2HrO sÈructure having

boËh complex ions in a Â absolute configuration. Absorption correcËions

T^rere not. applied. From an inspection of Table 4.L ít can be seen Ëhat

most ref lections designated ttunobserved" have appreciabl-e lFrl vatnes

r,uhile some having lE"l a 1OO occur with measurable intensity. Others,

e.g. (2r11r3) and (4,3,3), exhibit insignificant differences beËween

the calculated structure factors of the ä trra T. ref\ections.

Three sËructure factor calculations hTere made with
L¿t(i) Co' ' scattering anomalousty, Lf 'éo = 3. 87;

(ií) Co+2 and Nio scatteríng anomalously, Aflli = 0.60;

(iíi) co*2, Ni*l, K+l scattering anomalously, Àf{ = 1.1o.

Details of the scatËering facËor curves are given in Appendix IV, noËe 1.

All three calculations confirmed the Ji. absolute configuration for both

(+)[Ni phenrJ2* ,nd (-)tco o*rl3-. of the 33 unique pairs the number



TA3LE 4.1 FRIEDEL PAIRS: K(-)SAgINi phenrJ (+)rrnlco ox3J.2\o.

Calc. (i) Calc.
b + +

CALCULÆTED FOR TEE IA MODEL.

(ii) calc. (iii)
L

F tT. E tl, F :Tcce
7u

h-

h=

h-

h:

h=

lx=
f¿-

rL -

7,¿ =

h=
7--
fL -

=f

Lrk
13

15

213
4

312
4

412
3

4

5

6

5, 4

7

11

615
7, 5

814
19'5

11, 1

L2,3

F
+
k F :k F KF T.F k

o

255

u

342

330

310

365

330

406

342

281

406

181

351

u

347

L54

351

301

235

301

o

u

224

3L2

358

400

406

365

381

28L

351

390

309

330

28r

329

275

330

28L

181

248

22r

233

r46

330

6L9

s39

237

4L7

181

302

557

243

r87

24t

6L6

20L

289

288

81

333

329

185

l-59

2L5

s33

36s

r66

548

310

248

747

rs4

334

L42

686

50

373

326

105

359

e

226

230

L34

320

624

532

254

426

180

3L4

562

244

L87

237

624

]-94

286

290

72

329

326

188

T7L

22r

532

375

150

538

311

235

744

151

331

T4L

679

60

377

323

100

366

L72

L87

164

374

589

482

274

405

153

339

500

206

258

198

600

163

270

236

105

29L

e

27L

L45

190

320

454

322

165

524

306

24r

646

91

370

100

657

56

362

279

140

333

(contd. )

H
H
l\)



TABLE 4.1 (contd.)

L=3
h=lr2a

.a
4

h=2r]Ia
4c

5

7

11d

13

h= 31 7

h=4, la
2

3c

11

h = 5, 6

h= 61 2

4

h = 7, 3

Calc. (i)
+

Calc. (ii)
+
7¿ þ' :k

c
L7L

538

532

248

46r

25I
t46
363

576

375

90

85

155

601

429

553

576

Calc. (iii)
+
k

.+
F D: k

o
375

363

285

253

367

235

u

309

375

359

u

3L2

u

358

358

358

36s

F :-k
o
330

347

308

u

336

330

218

235

351

381

260

289

275

330

390

400

351

F :kc
].46
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a. s)rumetry equivalent to an hkL ref.Lection.

b. lrol,ltol x 1o.

c. (2,4,3) and (4r3,3) contradicË the li, assignment in all three calcs.

d. (2,11,3) inverÈed ín relarive lr"l varues in calculaËíon (iii).
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favouring this assignnent l¡Iere (i) 31, (ii) 31 and (iii) 30. I.n

calculations (i) and (ii) tt,e Mo scattering curve was misËakenly used

for Nio rather than the Ctt strve (for MoKa, Ofrii = O,41 Í.ox CuKa,

¡ffi = -3.1) buË this error will not affect the relaËive ordering of

the lf^lts within a Fríedel pair; it can affect the magnitude oft cl

the difference betr¡een 'the two lPrl vatues. Calculations (i) and

(ii) were closely similar. Introduction of Af{ in calculatíon (iii)

together wiËh use of the correct scatt.ering curve for Ni wítl;, CuKa

radíation gave some appreciable changes ín E" (apart from the

change in scale of some daËa), e.B. the paír (2r4r3) became identical

in lt.l and (zr1-1-r3) which had previously calculated the same became

unequal for the L 
"na 

Z reflections.

Thus, even for this inadequately refined stru"Ë.rre87 (no anisotropic

refinement, water molecules noÈ located) cortparison of Friedel pair

intensities gives a quite definite indication of Ëhe absolute config-

uration. It has been no.Ëed elsewher I44 that this method of

determining absoluËe configuration is noÈ limited to accurately refined

structures r¿hereas comparison of R, values for t,he two enanÈiomers

may noË give a sígnificant indication.
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CHAPTER 5 ABSOLUTE COMIGURATIONS BY CORREIATION

5.1 INTRODUCTION

The powder met,hod of X-ray crystallography can be used to assign

the absolute configuration of a molecule or ion of unknown chirality

by correlation with a related molecule of known configuraÈion. The

success of the technique relies on a qualitative comparison of the

spacing and relative intensit.ies of the diffraction lines produced by

a microcrystalline specimen having only one hand of the ttunknowntt

molecule in the crystal lattice \,rith the diffraction pattern obtaíned

from the reference powder.

Two approaches have previously been used. In cases where racemization

in solution is slornr and completely resolved samples of the relevant

ions (or molecules) can be readily prepared the method of active
L45.146racemaËes has been successfully applied, e.g. to the tris-

(diamines) of trivalenË transitior, r.arl".147 The rationale is as

follows: for a molecule with optical antipodes (+)a and (-)cr the

crystal structure of the racemaËe (+)cl(-)o, is necessarily different

from thar of the pure enantiomers. Similarly for (+)S and (-)9. In

cerËain cases, however, where the heavy atoms dominate the scaËËeringt

the diffraction patterns of the enantiomers and the racemaËe may appear

qualitaËively simi L^t.I47 If ß is stereochemically similar to a

(i.e. of the same size, shape and ionic charge, such as Co(en)"3+ and
J

' 3+'Cr(en)3'-) rn acËive racemate can be formed. If, fot example, (+)a and

(+)6 co-crystaLlize and the resulting crystals (+)o(+)B give a powder
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pattern identical wíth that of (+)a(-)o, then (-)o and (+)p have rhe

same absolute configuration. The absoluÈe configuration of (+)ß is

thus determined if that of (-)s is known. Co-crystallizarion of (+)o¿

with (-) ß would give crystals isostrucËural with the pure anËipodes

buË correlation via these latter crystals is unacceptable since the

(+)q/(-)ß míxture could equally well consist of discrere (+)s and (-)ß

crystals.

A second approach, which is more generally applicable (i.e. can

be used where tacemízation in soluÈíon is too rapid to permit compleËe

resolut.ion of Ëhe antipodes) but at Èhe same time less rigorous, is to

compare the powder pattern of the less-soluble diastereoisomer formed

beËween the molecule of unknornm chirality and its resolving agent wit.h

that of the reference molecule resolved in the same way; this ureËhod

is an exËension of trüernerrs least-soluble diastereoisomer approach.L4B'L49

IË is necessary Ëo have a resolving agent of high purity which

precipitates one hand of the resolvable complex to the almost total

exclusion of the other. Having establíshed the isomorphism of Ëhe

unknown and reference diastereoisomers it remains only to identify

the precipitated chiral molecule.

There are t\,üo potential sources of error in Ëhis meËhod. In many

cases Ëhe less-soluble diastereoisomer is only sparingly soluble in

neuËral solution and any attempt at further purification of the resolved

complex by fractional recrystallizaËion normally results in appreciable

racemizat.ion. It is therefore more convenient to determíne the optical
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sign of the complex present in Ëhe diastereoisomer by measuring Ëhe

optical rotation of the soluÈion remaining after precipitaËion. Excess

resolving agent must. be removed from the filtrate to prevent a false

índication of resolution and ín the present work this was achieved

by ion exchange. The success of this operation can be checked by

recording Ëhe optical roÈatory dispersion (Onl) curve for the filtrate

Ëhroughout Ëhe accessible wavelength range, sinee for the ionic complexes

considered here the ORD curve is a good "fingerprinËr' of Ëhe ML6

chromophore.

The other source of error líes in Ëhe degree of specificity of

the resolving agent for one hand of the chiral complex. trühere dis-

crimination betr¡een the thro enantiomers ís absolute, i.e. no precipitation

of one hand even aË very high concentration, there can be no doubt as

t,o the assignrnenË. In many systems, however, a change of conditiorrrl5o

(e.g. solvent, concentration, temperature) can induce precipitation of

either hand of the chiral molecule, e.g. strychnine + Cr(o*)¡3 (ref.

27); M(en)r3* ritt M(ox)r3- rh.r" M = co, cr, and co(ttriox)r3- (this

work and refs. L29 anð,15O).

Consider the system (t)o r,¡ith resolving agent R; if R precipitates

both (+)q and (-)a as díscrete crysËals, i.e. R(+)o and R(-)o, in

approximately equal proporËions then the resulËing powder pattern will

be a composite of the two diastereoisomer patterns. One set of experiment.al

condiËions may precipitate R(+)a in slight excess¡ sây LO?"rof. R(-)o¿; the

filtrate would show a negative residual rotation but the powder pattern

would be that of the R(+)o¿/R(-)a mixÈure. A slíghtly differenË seÈ of
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condiËions could give R(-)o in 1OZ excess over R(+)o; this time the

residual rotaËion of the filtrate rsould be positive buË again the

powder pattern would be thaË of Èhe mixËure. Although the relaÈive

line intensiËies would be slightl-y differenË for the two mixËures a

qualitative exanination of line posiËions would reveal them to be

identical and the non-sensical concl-usion could be drawn that (+)cl and

(-)a have the same absolute configuration. Here the fallacy in the

argument is obvious because the resolving agenË has been shown to

precipitate appreciable proportions of both enantiomers, but. where

the comparison is being made betr¡een Ër^ro related systems o and p,

treated independenËly with resolving agent R, precauËions musË be Ëaken

to exclude Ëhe possibility of erroneous comparison of díast.ereoisomer

mixtures, i.e. R(+)o/R(-)q with R(+)ß/n(-¡9. This difficulry can be

averted if pure samples of the reference enantiomer, (+)g and (-)ß, are

available since powder patterns of the pure diasËereoisomers R(+)B

and R(-)ß can then be generated for eomparison.

This chapter surmrarizes Èhe preparaËion and attempted resolution

of several complexes reilated to the four sËructures reporËed in Chapters

1--4. In the discussion section the absolute configurations deËermined

during the course of this r^rork, i.e. Chapters 1-5, are compared with the

configurations previously assigned on the basis of published CD and ORD

curves.
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5.2

(1)

EXPERD{ENTAL

i. oxalates:

Krlco oxrJ.3H2o 151 and Krlre oxrJ.xHro 152 r"r" prepared by

literature methods. Attempted resolution of the ferric complex ion

and a student preparation of K3[41 oxrl.3H2o 151 with (+)¡tlí pnenrJ2+

and (+) [Co enrJ3* wa" unsuccessful. Resolutiorl53 of Kr[Co oxrJ.3Hro

and Kr[cr oxrl .3H2o 151 (supplied by Dr. M.R. snor¿) wittr (+) ¡Ni ptrenrJ2+

gave (+)ui(-)Co and (+)Ni(+)Cr as the less-soluble diastereoisomers;

powder photographs showed these Ëo be isomorphous.

Exclusive precipitation of the (+)Ni(-)Co isomer has been demonstrated

"l""wh"r".87 Thus (+) [cr o*rl3- has the Â configuration previously

determined for (-) tco o*rJ3-, (see Chapter 4). Precipitation of Ëhese

two anions as salts of (+) [co enr]3+ arrd (-) tco(-)pn3l3+ r"srrlÈed in the

formation of both possible diastereoisomers (this work and ref. 15O)'

the one forming to excess depending on the conditions of resolution.

ii. malonates:

' a) Kr[Co malrJ.4HZO r^ras prepared by Ëhe method of Kneten

and Spees;154 oth"r reported methodslo3 r.q,rire more rigorous control of

pH. The emerald green needles of the racemate (turquoise by transmitted

light) were characterized by determination of the laËtice constants from

MoKu/Zt,f (À = o .7LO7 t¡ pr"""rsion photographs -

Kr[Co(C3H2o4) r).4uroi M = 547.5; orthorhombic, Pn^Z- (uo. 33);

a= zL.3z, b= r2.o7, c=r4.osE, u= 36L7 R',;::2.oo- gm. 
"r-3'm7
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(by flotation in 1r2-dibromopropane and 1r2-díbromoethane at

ZSoC)rZ=8rDe=2,0L.

The soLution absorptÍon spectrum \^ras ídentical- wíth that of Kneten and

sp.""154 ron exchange chromatography indicated the presence of trvo

components' a narrow faint green band moving even more slowly than the

major emerald green co(rnal)13- "p""i.". Aqueous soluËions become

pale pink on standing, the rate of decolouration beíng aecel-erated by

light; a sim:iIar but slower colour change occurs in the solid st,aÈe and

probably indicat,es decomposition to Co(II) malonate and bis(malonato)

species analogous Ëo the solid sËate deterioratiorrl55 of KrIco oxrJ .3H20

on prolonged exposure Ëo sunlight.

ResolutÍon as Èhe least soluble (-)tco(-)prg]ï diastereoísomer

precipitated the (-)ooo co(mal)13- enantiomer. rtre powder pattern r4ras

ldentical with that of (-) [co(-)pnr] (+) tcr ma1-rl.3H2o. ExÈreme insol_u-

bí1íty of the co(pn)r.M(mal), salrs and very hlgh solubílÍty of rhe t,ris-
(malonato) ions ín water render further purificatíon by fractíonal

crysÈallizatíon diffícul-t. optical puriËy of the precípítaËed

diasËereoÍsomers is suggested by the follor¡Íng points:

- 
using a si-ÍghË excessr ê.g. 1.1-l.2, of. resolving agent to racemate for

the inltial precipiÈation resulted in a resídual- green filËrate from

which no precipitation could be induced by the further addÍtion of a

large excess (5x) of (-)tCo(-)pnrJ.nrr:

- 
microscope exarnination of several batches of díastereoisomer crystals

revealed on1-y the ËrÍgonal-prÍ-snatic morphology and all síngle crystals

of (-)[co(-)pt¡](+)[cr ma1-3J examined gave X-ray diffractíon par,rerns
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consistent r^rith the space group Rr, (see Chapter 2).

The purity of the less-soluble diastereoisomers could be tested by

calculation of the powder pattern corresponding to the known

(-) [Co(-)pn3](+)[Cr rnalrl.3H2o strucËure; a crystalline impurity present

at levels exceeding 5% should be distinguishable.

The identical powder patterns suggest that (-)OOOICo uralrJ3- hr"

a L configuration: this enanÈiomer has a weak negative rotation at

589 nn.

1s6 IO2,I57b) Ni (Il) malonate and K[Cr malr(H, \^7ef e

prepared by published methods with the inÈenËion of determining Ëhe

conformations of Ëhe malonate ligands and the absolute configurat.ion

of the chiral forms of the latter complex ion. However, atËempËs Ëo

grow suitable erystals of the former complex r¡tere unsuccessful and

this work hras not pursued when it became apparent (Chapters 1 and 2)

that the conformation of the chelated malonate ligand was determined

as much by crystal packing and intermolecular hydrogen bonding as by

intra-nolecular steric interactions.

iii. carbonaËe and succinates:

The tris(carbonato)Co(fff) ion was prepared in aqueous solution

and resolution of the emerald green complex ion attempted using

(+)Co("r)33*; a green-brown precipitate formed inunediately but the

residual filtrate was inactive. Attempted resolutions with

(+)Ni(phen)12+, (-)co(-)prr33* and precipitation with co{tr,)13* r"r"

also unsuccessful.

158-160

o)zl
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LO2Attenpted preparatíon of KrICr succrl by Changrs method for

preparing the tris(,mal-onato) complex Ì^ras noÈ successful; the faílure

of thís method had been previously reported by Laprrit.10l Attempts

to prepare frlCo succrJ by oxidation of Co(II) or from the reaction of

succinic acid wíth an aqueous suspension of Nar[Co(CO3)rJ, rnethods

successfully ernployed in the synthesís of tris(malonato)- and

tris (oxalato) Co (III) complexes , r^lere not success ful .

(2) MN, Chromophores.

i. 2,4=diamiriopentane: 1i

Díppel and Jaeger161 
",r""essfulIy 

synthesized several bís- and

Ëris--transitíon metal complexes of the meso and yaeetTr|c forrns of

2r4-diaminopentane: some resolutions \^rere achíeved and the conformatíonal

speeificity of the chelated ligands resulting from the tlvo exocyclÍc

methyl groups indicaÈed. More recenË preparatior"3S'L62 follow the

oríginal r.thod163 of reducËion of acetylacetonedioxime with ethanollc

s,odium, but wíth some modífication of the isomer purífication and

resolution procedures.

Failure of the vaeem¿e and meso-díhydrochl-orídes to give sharp
L62

melting points38tL62'L63 necessiËated characterízation by NMR speetroscopy.

InIe were r¡nable Ëo readily monitor Ëhe successive stages of fractional-

crystal-lization by thís meËhod and ít was decided to attempt separatlon

of the isomers by fractÍonal crystaLIízatlon of the d1-nÍËric acíd salts

1f PreparatÍon of this f-igand. undertaken r¿ith R.J. Geue.
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which had report"d163'164 *"lring poínrs of 165-169oc and 195-196oc

for the o- and. ß- isomers respectively. Dippe1164 ".nrrated the

meso and v'acern'íe isomers as the diacetyl derivatives claiming resolution

of the ß-form (therefore raceml:c) r¿ith (+)-tartaric acid; he was unable

to resolve the o¿-isomer by any method. On repeaËing this meÈhod of

separation iË has been concl,rded38'162 on Ëhe basis of the NMR specËra

and resoluËion properties that the cr-form of DippeL corresponds to

Ëhe pure z,acem'?:e isomer whereas the ß-form r^ras an ca. 30:70 mixture of

v,acemic afid meso.

Fractíonal recrystallizatíon of the dinitric acid salts (from

aqueous ethanol) provided a further check of Dippelrs assignment. The

recrystalLízatíon cycle resulted in a low melting (m.pt. t6SoC) and a

high melËing fraction (m.pt. 195-6oC) in good agreement with the

literature values. The 60 þtrlz NMR spectrum of the high melting

fraction in Dro was qualitatively identical with that reportedl62 fo,

l}ae meso-dihydrochloride; the ß-form of Dippel is therefore ttre meso-

isomer. The NMR spect.rum of the low melting fraction r^/as a composite

of the published meso- and naeemic-díhyð,rochloride spectra. The high

meLting p fraction \^ras less soluble ín aqueous ethanol than the 165oC cl

fraction: Appleton and HaL1162 fo,-rrrd the converse for íne meso- and

rac emic-dihydrochloride sa lt s .

Inability to purify the racemic 1igand165 .td the successively

decreasíng yields obtained throughout the preparative sequence discouraged

further work on this system, especially when it was 1".rrrË39'40 th"t th"

structures of the relevant tris-cobalt complexes r¡rere already being sËudied.
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11 1, 3-diaminopropane complexes :

[Co tnrJCl, was prepared by the method of Jonasson et 
^LrL66

but using a 2O7. excess of ligand. [Cr ËnrJCl, was synthesized by

refluxing a dimethyl sulphoxide solution of anhydrous chromic chloride6T '167

with tn in the presence of a granule of rirr".168 Both complexes were

resolved using (-)KtAs 
"^t3J,37 {b)f;2 = -5270, prepared by M.R. snow

by the published method169), added in a molar raÈio Co:As = 223.

Díastereoisomer crys,tals ¡¿ere obËained from 5OZ aqueous-acetone solutions

afËer standing for several days; too rapid precipitation gave no

apparenË resolution.

Solubility of the diastereoisomers in acidified aqueous-acetone

with atËendant destruction of the resolving agent permits determination

of the ORD curve both for Ëhe cation presenË in the crysËals and that

remaining unprecipiËated in the supernatant. For Cottrr)13* th"

(+) enanËiomer always crystallized to excess; however, with Cr{tn)13+

both possible diastereoisomers r^rere obtained, the precise conditions

determining the one forming Ëo excess. Growing the crystals from aqueous-

acetone in a desiccator containing anhydrous calcíum chloride, conditions

favouring more rapid loss of water than acetone, precipitated

(-)+OO Cr(-)As to excess; growth from identical solutions in an open

beaker aË -5oC, conditions favouring fasËer loss of acetone, precipít,ated

(*)+OO Cr(-)As to excess. Attempted purification of the antipodes of

Cr (tn) 33* by f ractional crysËal lízatíon r^ras unsucces sf ul .

The (+)Co(-)As powder specimen decomposed too rapidly in the X-ray

beam Ëo permiË Èhe recording of a sufficiently intense powder photograph.
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Instead, low angle (2g = 4^250) powder diffractometer traces \^rere run

for the three diastereoisomers. Ihe positions and relative intensities

of the dornÍnanÈ peaks (set A) were identical- ín Ëhe (+)Co(-)As and

(*)+OO Cr(-)As traces; the (-)+OO Cr(-)As rrace also showed rhese peaks

(A) but at reduced intensity relative to the most domínant peaks (set

B). The strongesË B peaks were discerníble ín Ëhe (+)Co(-)As and

G)400 Cr(-)As traces but with ínËensities much reduced relative to the

A peaks. Although none of the diastereoísomers ís optically pure iË seems

probable that the A lines are characteristíc of the (+)Co(-)As and

(*)¿OO Cr(-)As diastereoísomers; on thís basis (*)¿OO[Cr tnrJ3+ is assigned

Ëhe same absolute configuration as (+) [Co torJ], namely A.

A more thorough characterization of thÍs system is desírable.

(3) Phenanthrolines Di

The Ërts(phen) and tris(dipy) complexes of Ní(rr) ,"o'l-71 Fe GÐL72

and Ru(rI)L73-L75 \¡rere prepared by publÍshed methods. Ni(phen)r2+ was

resolved as the (+) antímony-tart,ïrt"170 'L76 atd both antipodes purified

by fractional- recrystall-ization from aqueous-acetone as the perchl-oraËes

(lrf35g9 = -14480, +13870); precípitatÍon studies confirmed the exclusive

precipítation of (+)Ni(phen)r'* 
"" the Iess-soluble antimony(+)tarrrate.

Ttre three diastereoísomers (+)Ni-, (+)Ru- and (-)Fe(f)antímonytartrate

gave identical powder díffractÍon phoËographs; thus (+)[Ru phenrl2t 
^nd

(-) [Fe phenrj

(+) lur phenrl

2+

2+

have the l\ absolute configuration deterrnined for

(Chapter 4).

Attempted resol-ution of the trÍs(dípy) cornpl-exes usÍng potassiurn(t)-
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antimony t,artrate, potassirun(+)tartraËe, (-)Co(ox)

Inras not successful .

3-
3

and (-)As (cat)
3

(4) Technical De.Ëails.

Resins used in the ion exchange coLumns for removal of excess

resolving agent \^rere: anion, Bio-Rad AGl-x4; caËion, Dowex 5ol{/x4.

Powder photographs of the diastereoisomers hrere recorded using

cuKu/Ni'f radiation and a small radius (2, = 28.65 rmn.) Nonius general

PurPose camera; background fogging of the films due to fluorescent scatter

from co derivatives r¡ras reduced by placing a dummy film in front of

Ëhe intensiËy recording fi1m. DiffracLion line positions and relative

intensities ürere compared qualitatively withouÈ deËermínation of d
spacings. Powder diffractomeÈer traces hrere recorded. r^¡ith monochromat,fc

cuKa radíation in the range 40 < ze < 25o on a philips Geiger counter

x-ray specËrometer at a scan speed of o.5 deg. *irr-l with a slit width

of O.5 degrees.

Qualítative soluËion absorption spectra ürere deËermined using a

Perkin-Elmer 4O2 Ultraviolet-Visible Spectrophotometer. The solution ORD

curves of Figures 5.1 and 5.2 r¿ere measured manually on a Perkin-Elmer

Model 141Mc Spectropolarimeter having a qtartz-iodine cycle Ëungsten lamp

as illuminating source. The detector üras an RCA IP28A photomultiplier.

The specified spectral range of this machine is 250-650 run; the spectral

range of the lamp is quoted as 350-650 run (conËinuous) and the photo-

multiplíer has a specified response range of ca. 3OO-7OO run. Most
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solutions, however, gave measurable opt.ical aetivity at ¡¡ravelengËhs

greater Ëhan 7oo nm and it has been sugg""t"dl77'178 th"t the apparent

roËation in this region is the result of higher frequency radiation

passing Ëhe grating monochromator. The glass sample cell is opaque at

wavelengths less than ca. 33O run. Attempts Ëo measure the ORD curves

of solids on this machine \¡/ere unsuccessful.

ORD and CD curves of the microcrystalline solids and CD curves of

the opËical enantiomers l¡Iere recorded by Dr. M.R. Snow aÈ NorthwesËern

universíty, EvansËon, using a cary Model 60 circular Dichrograph. All

chemical samples r¿ere forwarded from Adelaide and in the case of the

more labi1e eomplexes, resolutions r^/ere repeaËed aË Evanston to permit

recording of the solution cD spectra. The microcrystalline samples

rrtere measured as KBr discs (ca. 57" of diastereoisomer); single crystal

specimens could not be measured.

The CD and ORD curves which fol1ow are qualitaËive representations

only; the ordínate is arbitrary in all but Figures 5.1 and 5.2; aLL curves

are plotted against rn¡avelengLh in nanometres.

5.3 DISCUSSION

Some reference to Chapter 6 :nay be helpful in reading this discussion

sect.ion.

5.3.1 ORD and CD Curves

Published solution CD curves, or sunnaries of their charact.eristic
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FIGURX 5.2:

AqIIEofiS, SOLUTL0N otD cUÌyES OF ÂIM o*r13-,

(+) co (III) ¡ 

-i 

(-) cr (rrr)
(1) measured to Long wavelength, then

(2) Ëo short wavelengrh, rhen finally ar 5g9 r:m (3).

AQUEOUS SOLUTION ORD CURVES OF AIM natrJ3-:
(*) 

6oo Co (III) ¡ 

-i 

(-) cr (rrr)
Cr(nal)r3- absorption at ca. 600 rmr too intense to allow

accurate determination.
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FIGURE 5.3(a): AQUEOUS SOLUTION VISIBLE ABSORPTI0N SPECTRIIM OF K3[co malrJ.

FIGURE 5.3(b): ORD CURVES FOR lCo mal l 3-
3

Aqueous solution, (+)UOO[Co r.lrJ3-

KBr disc, (-) lco(-)p"g] (-)Uoolco malrJ 3-

3-FIGURE S.3(c): CD CURVES FOR [Co mal3J

3-Aqueous solution, (+)UooIco rnalrJ

KBr disc, (-) tco(-)pn3l (-)eoolco ma1j3-.
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FIGURX 5;4(a): AquEous soI-ulroN VISIBLE ABSORPTToN SPECTRTM OF

Nar[Cr :nalrJ.

3-
FIGURE 5.4(b): AQUEOUS SoLUTTON ORD CTÍRVE OF (-)ICr malrJ

FIGURE S.4(c): CD CURVES FoR lCr *r13J3-.

Aqueous soluÈion, (-) tcr *t13J3-

KBr disc, (-) lco(-)pn3] (+)[cr .atrJ3-.
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FIGURE 5.5:

FIGURE 5.6:

AQIIEOUS SOLUTION CD CURVES oF (-)[Co oxrl

(+) [co "rr]3*.

3-

Separate equímolar solutions of Kr[Co oxrJ and [Co enalClr'

(-) co (o*) g3-'i (+) co (.o) 
33* .

KBr DISC CD CIIRVES OF l\(+)[Co enrJ/\[M oxrJ.

![= (-)Co; }{= (+)Cr

half the surn of the two curves of Figure 5.5.

AND
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feaËures, are available for rhe Co/Cr(trr)13*, l¡i/nu/r,elphen)12+,
.q-?-?-co/cr(o*)g", cr(rnal)3-, co(thiox)r' and co(rnal)r(en) complex

ions (see section 5.3.2); solution ORD curves are nor,ü rarely published

and have been located only for the former five syst"*".3o'60'99'L5o,L79

Previous attempËs154 ao resolve ICo malrJ3- hr.r" been unsuccessful and

Ëhe features of its OnD and CD specÈra are here compared with those

of related CoOU and CrOU chromophores; the peak, trough and null positions

of the CD spectra of the tris(oxalato)- and Ëris(malonato)-complexes

of Co and Cr are suntrnarised in Table 5.1. [Co malrJ3- r". recently

resolvedl8o'181 as Ëhe (+) co(.r)33* diastereoisomer and the observed

solution CD spectrurn is in agreemenË \,üith that of Figure S.3(c);

however, the CD components could noÈ be assigned.

The broad qualitative similaríty of the solution ORD curves of

A-Co(ox)r/(mal), and A-Cr(ox)r/(mal), shown in Figures 5.1 and 5.2

suggests that the shape of the rotat.ory dispersion curve is characteristic

of t.he Ml.-chromophore and the absolute configuration of the complex ion

and largely independent of the chelaËe ring size and possible conformer

labiliËy. The pub1i"h"d6o oRD specrra of Â(+) cr("r)33* and /L(-) cr(rr)¡3*

are also similar in shape; however, the oRD curve6o of 1\(-) Co(ar)g3*

exhibits only the short wavelength features of Ëhe Â(+) Co("r)33*

spectrum. This correspondence betrueen the ORD curves of the five- and

six-membered ring complexes confirms the Ä absoluËe configuration

assigned to {-) 91{-t1ìr'*, (+) cr(mal)13- rnd (-)ooo co(mal)13-. A ring
, q 60';L82"

size effect"J obsei:ved in Ëhe Co("")g/(tn)g sysËem, i.e. reduced rotaËory

strength with increasing chelate ring size, is also found for the
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TABLE 5.1 TIIE CD SPECTRA OF IIIE À tris(oxalato)t ANo tris(maLonato)b

CoMPLE)GS OF Co(r[) AND Cr(rrr) rN AQUEOUS SoLUTTON.

À (nm) (e, - eo) 
^' 

hil kL
â- a-

(+) co(nal)r' (-) Cr(mal)r"

e'o)

38s

405

423

447

460

49t

593

625

670

377

4L2

446

6L7

-0.13

+o.L2

-0.03

0

+l-.OO

o

-1.06

-o.21

+O.26

-o.26

-3.30

372

393

4Ls

453

s46

587

620

4L5

552

630

-0.04

o

+O.09

o

-o.29

0

+o.L2

+0.56

-2.93

+0.58

0

o

(+) Co (ox) 3-
3

a. ref.27.

b. this rdork.

3-(-) cr (ox)
3
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M(ox)r/(mal)3 system. Only Cr(o*):3 racemízed appreciably during

the time taken t.o manually scan the spectra of Figures 5.1 and 5.2

(see the experimental points 1, 2, 3 on Figure 5.1).

The visible absorption maxima of rhe Co(o*):/(rnal), and Cr(ox)r/(mal),

systems correspond almost exactly: peak posiÈions, with .*o* ín

parentheses are Co(ox) ,3- OoZ nm (153) , 4ZZ (Zo4),27 fo, Co(mal)r3-

607.5 (148), 423.5 (rz7),154 for cr(ox)r3- szl. (74), 422 (97)27 ana

for cr(mal)13- szs (3o), 428 (2Ð.27 For Ëhe trís(oxalaro) complexes

the high energy d-d transition has the greater electric-dípole strength

but this situation is reversed in the tris(ma1-onates). The absorption

spectra of Figures 5.3(a) and 5.4(a) r,rere deËermined qualitarively for

the samples used in determining the ORD and CD specËra of those figures.

The ORD and CD spectra of Figures 5.3,5.4, 5.5 and 5.6 were

measured on Ëhe Cary Model 60 Circular Dichrograph. The (-) Cr(mal)13-

solution ORD curve (5.4(b)) is idenrical with thar of Figure 5.2; tlne
1.-(+) Co(mal)r" curve (5.3(b)), however, has not been recorded to

sufficíently high wavelength since ít is still increasing, in violation

of Ëhe Drude equation.S A ,i*ilar criticism can be made of the
?-(-) Cr(mal)r- curve of Figure 5.2 although in that case the effect is

most probably due to higher frequency "stray" light -it ís not

possible on the available evidence to decide the correet long wavelength

termination of the manual ORD curves.

ORD spectra of Ëhe microcrystalline less-soluble diastereoisomers

diluted in pressed I(Br discs give no readily inËerpreÈable information.

However, some feat.ures of the CD spectrum of such a matríx are of interesË
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when compared with the CD spectra of the isolated optically active

components of the diastereoisomer. Before discussing the curves of

Figures 5.3(c) and 5.4(c) some observations on the (+) Co(ur)33*-
{-

Co/Cr (o*)¡" CD spectra represented in Figures 5.5 and 5.6 are warranÈed.

a) The CD spectra of 
^(-) 

Co(ox)13- 
"rrd 

Â(+) Co(en)r3+ are

unaltered by pressing in a potassium bromide disc.

b) The spectra (Figure 5.5) are qualiËatively similar; rhe

dominant CD peak is positive in both curves and occurs at.

493 nm for (+) Co("r)33* and. 6t7 nm for (-) co(o*)g3 This

relative displaeement of Ëhe major CD maxima corresponds rnrith

a shift of the 'Orn * 
1T, ,r^nsition f.rom 469 nm in Co(en)r3+

to 602 nm in Co(ox)13-.

c) Comparíson of the composite curve (Figure 5.6) with the KBr disc

spectrum of (+) [Co enrJ (-) [Co oxrJ (precipitated from a míxture

of the pure optical enanriomers; [o]"o ,*r[Co enrJClr.3Hro =

1480, (-)Kg[Co oxrJ.3H2O = -23OOo) indicares that rhe larrer

is not simply a 1:1 summation of the componenË spectra. There

is, however, some correspondence of peak and trough positions

although there is obviously an additional long wavelengÈh trough

(), ca. 650 nm) in the diastereoisomer CD spectrum.

The crystal structure of Â(+) [Co enrJÂ(-) [Co oxrJ is not known (see

subsequent corrnenËs on the 
^(-)[Co(-)pnrlÄ[U 

malrJ diastereoisomer CD

spectrum). The (+) [Co enrJ (+) [Cr oxrl CD spectrum is íncluded in Figure

5.6 for comparison.

The positions and relat.ive magnitudes of the observed maxima and
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3-minima in the (-) Cr (mal) aqueous solution CD specËrum (Table 5.1)
3

correspond closely with those published by McCaffery "t ,I.27 Further,

these CD peaks and troughs occur at wavelengths similar to Ëhose of

the observed inflexion points in the soluËion ORD curves. Despite the

expected complication of overlapping dispersion curves arising from

adjacent optically active Ëransitions, similar close correspondence

occurs between the CD and ORD curves of other chiral transition metal

complexes, e.g. (+) crlen)r3+, (+) cr(rr)¡3*, (ref. 60), and more

particularly here for (-) Co(o*)33 and (+)6oo Co(mal)13-. Mathematical

deconvoluËion of a complex ORD curve into the contributions from the

individual transitions is a distineÈ possibitityTl'183 'f the frequency

interval of the optically acËive transitions is known.

(-) co(-)pr33* gives absorption peaks at 468 * (.^o* = 96) and

34o nm (So¡.27 IËs CD curve is similar to the inverse of that shown

(Figure 5.5) for (+) Co("r)r3* ¡¿ith some change in relative peak

heights; published2T (.L - .o)^o* values for the Ëwo complex ions are-

(-) co(-)pr,¡3* 493 nrn (-1.95) , 43g (+o.58), 348 (-0.20)

(+) co(en)r3+ 493 nm (+1.89), 428 (-0.17), 351 (+o.25).

The rotaËory strengËhs of the d-d. transiËions of Cr(mal)13- tr" tn

order of magnitude less than those of the five-rnembered ring tris (diamine)

and tris(oxalato) complexes in line with the reduced electric-dipole

strengËhs of Ëhe elecËronic t.ransitions. The liter^tur"27 values of

(rL - ,l'o)*o* for the (-) Cr(mal)r3- ion in aqueous solution are-

620 nrn (+0.07), 555 (-o.20) , 42O (+0.04);

these values "t"lrrclot the values given in Table 5.1 but Ëhis is of



no sígnificance to the following discussion. A further smal1 negaÈi.ve

peak, (.L - .'o)^o* "^. -o.o2 on the scale of the literature data, was

found at 372 nm (Table 5.1).

The major interesr lies in rhe (-)[Co(-)pn3](+)[Cr mal3J

diasËereoisomer curve (rigure 5.4(c)); if this curve hTere merely a 1:1

superposition of the cD spectra of the component enantiomers Ëhen,

neglecting probable peak overlap, Ëhe succession of peaks (relative

heights and assignments from literature) to decreasing wavelength

should be

E^ maL
q

620 nn (-3.5),

L37 .

? naL

372 (+1),

Epna.'
4e3 (-st.s¡,

A2 pn

439 (+29),

A

555

maL

(+10),
¿

420

maL

(-2) ,

E" Dn

348 (-ro¡.

The diasÈereoisomer I(Br disc CD speeËrum bears 1itt1e resemblance to

this composite patÈern, providing further evidence that the opÈícal

acËivity profile of a solid diasËereoisomer is noË simply the super-

position of its componenÈ spectra. Assignment of transitions to t.he peaks

of the (-)[co(-)pn3](+)[Cr malrJ cD specËrum is therefore somewhat tenuous.

The structure is knoron (chapter 2) and the trigonal R' space group makes

this an ideal case for the neasurement of síngle-crystal solid state

spectra provided large crystals can be gror^rn.

Regrett.ably absorption spectra of the diastereoisomers pressed as

KBr discs r¡Iere not reeorded; hence it is not knor,rm íf the d-d transitions

in the diastereoisomer are appreciably shifted from their positions in

the component spect.ra. Howeverrsome comment is possible.
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a) In the (-) Cr(mal)r3- ,ol,rtion spectrun Ër4ro CD peaks occur

under the short wavelength absorption band and for

(*)OOO Co(mal)13- th"r. are three. Three weak CD peaks are

also observed in this region in the solution CD specËrum of

(-) co(o*)g3 (Figure 5.5) and have been quoted27,r84 as

evidence of lower s)mmetry species¡ e.g. [Co oxr(Hr})r)-.

This inLerpreËa.tion has been questiorredlS5'186 
"rrd 

in Ëhe

present work ion exchange chromatography of a sample of

Kr[Co oxrJ showed only one slornr moving band. A similar

explanation is possible for the Èhree high energy components in

Ëhe (+) Co (mal) 33 CD spectrum but ion exchange showed Ëhe

concentraËion of species other than the triply negative tris-

(malonato) ion to be negligíb1"187 -t.u. this does not

exclude the possibility of a triply charged dimeric species.

Contributions from different conformers can also be

postulated in the six-nembered ring systems. Although the

structure refinernent (Chapter 2) indicates the presence of

orientational disorder in the Á(-) [Co(-)pnr]l1.(+) [Cr rna1rJ.3H2O

lattice no evidence r^ras found in the difference maps for

malonate species other than the particular flattened conformer

indicated in Figure 2.1. Even so, Ëhe complex ion need not be

three-fold synmetric but simply three-fold disordered. The solid

staËe conformation implies nothing about Ëhe conformational

lability of Cr(mal)33 in solution.

b) The CRMALTCOPN sÈructure showed Ëhe complex ions to be strongly
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hydrogen bonded parallel to their C, axes (Figure 2.3). This

hydrogen bonding scheme seemingly induces appreciable distorËion

of both the cation and anion (see Tables 8.1, 8.6) in excess

of that predicÈed on the basis of the electrostatic repulsion

model outlined in section 8.2. The observed enhancement of

ttie A, component rotatory sÈrength relaËive Èo that of Eo ín

the aqueous soluÈion CD spectrum of Co("o)g/(pt)g3* on Èhe

addition of Ëetrahedral oxyanions (e.g. phosphate, selenite-

see section 8.3) has been raÈionalized67'T88t189 ín terms of

hydrogen bonding of the anion to the trigonal nitrogen faces

of the cation. On this basis the (-)[co(-)pn3](+)lcr malrJ

diastereoisorner peaks at 505 nm (-) and 450 nm (+) can be

inÈerpreted as deriving predominantly from the Eapn and A, Pn

componerits.

A similar explanation could be proposed for the dominant

negative peak at ca. 590 nm, namely as being due Ëo enhancement

of Eo maL at the expense of A, maL, analogous to the situation

observed6o'67'189'190 for coltrr¡13*7roo3- o' the most recent

.36assignmenÈ-- of trigonal components. No change was observed

in the aqueous soluËion spectra of (-) Cr(ma1)33 ot

(*)OOO Co(mal)33 ot the addition of anrnonium ions (as NHOCI)

which it might have been thought would hydrogen bond to the

carboxyl-oxygen lone-pairs in an orientation similar to Èhat

proposed for the binding of ro.3- to the Ërigonal faces of

the Co{en)r3+ io.r. Thís experiment was not tried for the



tris-oxalat.e ions.

The (+) [Co enrJ (-) [Co oxr_l diasrereoisomer is a ÄÂ

arrangement and Èhe crystal sËructure will be different from thaË

of CRIvIALTCOPN which is ÁJI. Even so the diastereoÍsomer cD

spectrum shows increased rotatory strength in the region of the

A, en component relative to that at the wavelength of the Eo en

component (Figures 5.5 and 5.6). Accurate strucËure

determinations of both rhis and the A[Co enUJÂ[Co oxrl

diasËereoisomer would be invaluable, as would the KBr disc

spectrum of the À/I structure.

c) (+) Cr(ural)r3- 
"rrd 

(-)eoo Co(mal)r3- h.-r" a Â absol-ute

configuration. The microcrystalline KBr dísc spectra of their

(-) Co(-)prr.3+ diastereoisomers are closely similar for À > 4oO.J

nm (Figures 5.3(c) and 5.4(c)); boËh exhibir enhancemenr of rhe

450 nn (+) component relaÈive to Ëhe 5O5 nm (-) peak of the

cation. The díminished rotaËory strength in the 54O-4OO nm region

relative to the strong negative peak aÈ ca. 600 nur is more

pronounced for the Co(mal)o3- di""rereoisomer reflecËing the
J

greater dípole and rotatory strengths of the long wavelengËh

transiËion of this anion compared \,rith thaË of Cr(mal)r3-. It

seems probable Ëhat this dominant negaËive component in the

two diastereoisomer spectra has the same origin and can be

assigned E ^. maL by correlation r¿ith the polarized crystal'a.
29 3-assignment. for Cr(ural), (NH4)rlFe malrl host lattice.

140.

1na

The aqueous solution CD spectra of (-) Cr(mal)
3
3- and



L4L.

(*) 
eOO 

Co (mal) 13- ,rrrd"r the envelope of Ëhe shorË wavelengËh

(ca. 420 nm) absorption band are similar r^rith an additional

minor Èrough in Ëhe (+) Co(mal)3 spectrum aË 460 nrn

appearing as a shoulder in the (-) Cr(mal)3 curve. A major

difference occurs under the low energy band envelope;

aparÈ from Èhe presence of a small maximum at ca. 670 nn in

the (-) Cr spectrurn, the sign ordering of Èhe two major

components is reversed. The literature component assignrnent.
?-¿¿for (-) Cr(mal)r' gíves 620 nm 'Eo, 555 nr, =Ar; CD values

have been given above.

Non-observance of the 67O nm Co(mal)13- solution peak

in the KBr disc spectrum suggests that it is analogous Ëo

the ca. 550 peak of Cr(nal)r3- 
"rrd 

can hence be assign"d 1A,

s)¡runetry. The observed shifts in wavelength of tlne Eo

component peaks fron solution to solid (6ZO + 590 nm for
?- ?-Cr(mal)r" ; 593 + 6O5 nm for Co(rnal)3- ) "r" consisËenË \dith

the postulated enhancement of :'he Eo cornponent rot.atory

strength and a concomitant reducËion of the.4 component. The

greater shift in Ëhe Cr(mal)3 case is understandable in terms

of a larger relative contribuËion from Ëhe adjacent negative

Eqpn component compared with the situaÈion in the Co(mal),

diastereoisomer (see ref. I87 for an alternative discussion -
Ëhe long wavelength CD components could equally be interpreted

in terms of a conformer equilibrium).

This postulated energy ordering oÍ. 1Eo 
^nd,1A, 

í"
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identical with thar found36 for À(+)[Co rnrJCL3.4H2o; rhe

reversal of E ^. and .4 component energies from Cr (III) Èoa

Co(rlr) is in agreement with Burerfs correlations .7o'LgI

Thus, to surrnarize, it seerns that the broad shape of the ORD curve

is characteristic of the MLU-core and the complex ion absolute configuraËion

and in favourable insËances the inflexion points correlate r,yell with

the positions of the observed CD peaks. The ion exchange experiments

indicate that the multiple CD components comnonly observed under the

short wavelength absorption band envelope of chiral Co(III)/Cr(fff)O.

species do not result from low s)mneÈry mono- and bis-complexes although

triply charged dimeric species and tris-species having one "dangling"

bidentate ligand are not excluded; for Ëhe tris(malonato) complexes

contributions from different conformers offer a possible explanaËion

of the solution specËra. Solid state CD spectra of mícrocrystalline

diastereoisomers can not be regarded simply as a superposition of the

spectra of the individual enanËiomers; in the present \,ùork a rational-

ízaLío¡ in terms of relative enhancement and diminution of specËral

components seems plausible.

Finally, ín retrospect, comparison of the recorded curves would

have been facilitated by accuraËe quantitative determinaËion of all

spectra alËhough this is difficult for the KBr disc measurements. Re-

plotting the curves against frequency would have permitted identification

of non-Gaussian peaks and possibly given some indication of minor spectral

components (though Ëhere is some question as Ëo whether CD peaks should
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be synunetrical- wíth respect Ëo frequency or wavelengËh
L9L

)

5.3.2 Absol-ute ConfisuraËlons : Literature References

This secÈion collates the absolute confíguration determinaËions

summarized in this and the preceding four chapters. Except for the

trís(phen) and tris(dipy) cornplexes all 1íteratr:re predictions of absolute

configuratíon referenced here are based on the empírical *od"158 'L92 'L93

which assigns a Â absol-ute confíguratíon to complexes exhibiting a

posiËíve Ea CD component, ot Eo derÍvative ín case r having symmetry

lower than C' under the envelope of the long wavelength ?t synrnetric

octahedral transj-tion. The varying predlctions of oËher models as they

apply to Ërís-bídentaËe Co(III) and Cr(III) compl-exes are sullrrllarízed ín

Chapter 7 and the often conflictÍng predictions of tt.e "Eo sign model"

and "trlgonal--twist dlstorÈion model" discussed more ful-l-y in section 8.3.

The A absoluËe conffguraËíon deterrnlned for (+)rOU[Co ma1-, en1-

has recently been confirmed by the independent39 '90 structure refinement

of A(-)lco enr(N02)2]A(+)[Co rnal, en]; there is no sign change in the

aqueous solution ORD curve of thís compl-ex anion betr,¡een 546 nm and

589 nm. This assignment ís in agreement with an earlíer prediction3o

based on a comparison of the CD spectrrmr of (-) tCo mal, en1 wíth that

of (*)SAg = (-)S+6[Co oxren]-; both spectra ex]ribit a posiËive low-

frequency peak which was assigned 4 synuneËry and consÍdered to derive

from the Eo conponot3'58 of (+) [co enrl].

Prolonged dj-scussÍon of the CD spectra of the oxalate/en and mal-onate/-

en complexes of Co(III) ís not warranËed but the fo1-1-owíng correlation of
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absolute configurations should be noted. (-)[co enr(No2)2

precipitat""T2 (+)[co ma1, enl- as the less-soluble diastereoisomer,

both complex ions aving the A absoluÈe configuration.S9r93

(-)tco enr(NOr)2J+ .1"o precipitat""l5o (+)[co o* "rrJ*, 
(*)r+uIco oxrenl

and (*) s+o[co EDTAJ , (EDTA = ethylenediaminetetraacetate), although

none of these four diastereoisomers can seriously be considered to be

isostructural; indeed with a slight change of conditions

(-)roulco oxrenJ precipitares ro excess .72,L94 G) s+ø[co oxren]-

and (+)s+olco EDTA]- have been assignedlT9 A .orrfigurations from rhe

correspoÍr.dence of their oRD curves with that of the relaÉed stereo-

specifically coordir,rt"dl95 (+)roulco(-)pDTA] , (PDTA = propylenediamine-

teËraacetaËe). The símilarity of the oRD curve"179 i1 the substituËion

sequence (+)[co 
"rrJ3*, (+)[co ox "rrJ*, 

(-) 
546lco oxren]-,

1-(-)lco o*rl- also suggests a,[ configuration for these four ions; the

Â configuration for (+) [co o* "trl* has been confirmedtgí ay x-ray

diffraction. The sequence of Â absolute configurations is thus

(-)tco o*rl3-, (-) 
546lco oxrenl-, (+)[co ox enrJ+, (+)[co 

"r,r]3*,
(?)lco mal "rrJt, (-)lco ma1, en] r (-)uooIco malrJ3-.

conflicting assignm.rrt.2S'r97-L99 of the absorute configuraËions of

transition metal phenanthroline and dipyridyl complexes have been made,

opposing predicËions arising from the differences in the models used to

explain the observed spectral phenomena (for a concise surrunary see ref. 3).

The CD sPectra of these complexes are nor^7 generally interpreted on the

basis of exciton theory and the Â configuraÈion determined (Chapter 4)

for (+) Ni¡ptren)12{ is in agreement r^rith the more rigorous ËheoreÈical

l*
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t.reaËments (see section 7.L). A strucËure determination of the

less-so1uble antimony (+) tartrate diastereoisomer of (-) Fe(phen),2+

confirmed the À configuration for the caËion; comparison of Èhe powder

photographs of the anËimony (+) tartrate salts of (+) Ni(II)' (-) Fe(II)

and (+) Ru(Ir)(phen)12+ confirms the Â configuration suggested for all

three from qualitative comparison of their on¡15o and cD spectra.2L'24'r99

Note that although these crysËalline diastereoisomers have dífferent

numbers of waËers of crysËallization per formul" ,rrritl76'2oo this does

noÈ imply a structural difference since the water molecules may be

randomly disordered.

OxidaÈion of the divalent M(II)(phen)r/(dinV), complexes (M = Ru,

Os) to Ëhe +3 state causes significant changes in the long wavelength

region of the CD spectrum with only quite small changes in the ultra-

violeË region 2L'199 and iÈ is questionable whether oxidation to Ëhe

trivalent staËe occurs with retention of configuration in the

Ni(II), Fe(II), Ru(II) and Os(II) complexes; to daËe the absolute

configuraËion of a trivalent complex has not been determined X-ray

crysËallographically. FurÈher poinËs of interest are Ëhe relationship

of the absolute configurations of the divalent tris(phen) and tris(dipy)

complexes and the elucidation of possible structural reasons for Ëhe

more rapid racemizaËíon of the latter complexes relative to the

- 2+ 
_"".23 ,L7I,2OLM(phen) 3 specl

Use of the exciÉon theory is formally identical in both the

M(phen)12* .r,d M(dipy)12* 
"orplexes 

but early comparisorrr'8'2o2 *"t"

confounded by incorrect application of I^lernerts least-soluble
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diasËereoisomer crlterlonrl4S an. antimony (*) tartrate derivat,íves

have been shown not to be ísomorphous.LT6'200'203 Although Gíllard et

,L204 have recently successfully correlated the absolute configurations

of the M(II)(phen)r/(dínV), seríes by synËhesis of (+) Ru(ditV)12+ fro*

(+) Ru(ph"rrrr'* wlth retention of eonfíguratÍon, the pauclty of

structural daËa for these systems is dísturbing. An accurate structure

determination of a resolved M(dípy)r2+ 
"o*plex 

is required and in víew

of the conflicting theoreÈical treatment s22 '24 '205 '206 of the specËra

of mixed (phen)/(dipy) complexes accurate structuïe determinations of

these resol-ved species would also be of val-ue.
?-

[Co oxrl" occupies a place ín Ëhe CD Ëheory of MO, chromophores

as Ímportant as that of( *) Co(en)r'* rn relatíon to MN, chromophores.

The Eo component was assígned from a single-crystal- poLarized absorption

spectror20T of. Èhe co(o*)¡3 íon diluted ín the trigonaL host latÈice

Na.Mg[AJ- oxrJ. gHrO; the oríented single-erystal CD spectrrrrtzT 'L84 of
3-(-) Co (ox) ín the same latÈice showed E^ Eo have a posiËíve rotatory

3

strength. Although the negatíve anÍon was assígned a J\ absolute

configuration on thís basis Ëhe interpretation remained somewhat question-

able because of the appearance of three CD components under the envel-ope of

the high energy d-d vJ-sí.ble absorptíon band whereas only one component,

ís predicted for D3 symnetry. This assignmenË of a Â confíguration to
1-the (-) Co(ox)r" ion was confírmed by the soLution of the KNIPHECOOX

structure (Chapter q,87

,3- .rrd (-) Cr(mar¡13- r"t. lÍkewise predictedzT '28 to

have a L absolute configuratÍon. The ,tl configuratlon for the former
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complex ion is confirmed by the present correlation of powder

diffraction patterns. However, the crystal strucËure determination

of CRMALTCOPN (Chapter 2)93 h", established a L configuration for
?-(+) Cr(ural)3"; th" assignment of the.Eo eomponent of Ëhis complex

anion was based on a single-crystal polarized absorption specttu 29

?-of Cr(mal)r" diluted in a (NHO)r[re malrl lattice of unknor¡n

sËructure (see secËion 8.3).
?-(*)s+o = (-) co(thiox)13- hr" previously been "ssigned2T'L34 

a L

configuration on Èhe basis of an observed high-energy negative Eo

component in the aqueous solut.ion CD speetrum. Two independenË

assignments have been made; in one "t""134 íne Eo component was fixed

assumíng enhancement19l of this degenerate Ëransition due to significanË

n back-bonding from the thiox ligand to Ëhe metal but in the other

.27assignrnent'' the basis for Èhe energy ordering of Ëhe trigonal components

r^ras not indicated. These assignments of a Â configuration to
?-(+) Co (thiox) r'- are confirmed by Ëhe CADCOTHIOX structure refinement

(Chapter 3).

Failure to resolve Ëhe 1abile Fe(ox)13- aod A1(ox)13- 
"o*P1.*

ions has been reporr"d2oS-210 pt".riously although resolution of boËh

has reputedly been achieved.2LL-2L3 co(cor)13- ht" recent1y214 b".o

resolved by precipitation as the less soluble (+) Co(.t)33* diastereo-

isomer. The potassium bronide disc microcrystalline CD spectrum of the

¡(+) [Co enrl(-) [Co(COr)3J diastereoisomer exhibits a positive component

at ca. 610 nm; tÌn/o more peaks of similar magnitude are observed in the

region of the low energy d.-d. transiËion of Co("t)33*, namely at ca.
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490 nm (+) and 430 nm (-). The simíl-ar peak height of the l-atter two

components compared with the situation observed for (+) Co(en)r'* ,rt

solutíon2' (Ort nrn (+l-.89), 428 nm (-0.L7)) or pressed as a KBr d1""215

is analogous to the sltr¡atlon observed for boËh A(-)[Co(-)pnrJÂ[U malrJ

diastereoÍsomers and the A(+)[Co enrlÂ(-)[Co oxrl diastereoÍsomer

(section 5.3.1-). Although the lone posÍËi-ve peak at 6l-0 nm ís more

closely simíl-ar to the situation ín the tris(malonate) diastereoísomer

spectra (inverted throughout the wavelength region) suggesting a A

configuratÍon for the (-)[co(cor)3J3- torr, rhe (+)[co enrJ(-)[co(cor)rl3-

spectrurn is not very different from the superposition of the

À(+) Co(er)g3*A(-) Co(ox)13- solution specËra (FÍgure 5.6) and the

literature assignment of a Â configuration to (-) Co(CO3)13- *ay y.t

'prove correct. A sËrucËure determination is required.

The absol-ute confíguratíon of the cation 1n the (-)[Co tnrlBrr.HrO

crystal lattíce was determio.dl2o as /\. Earlíer assignmentsl-g1-'216 bt".d

on the sígn of the prominent CoËton effect of the long wavel-ength transitíon
60,189 ,190

predicted the enant.iomeric configuration but more recenË correlaËions

were verifíed, although it now "..*"36'96 
(see section 8.3) that these

were founded on an erroneous Ínterpretation of the solution GD specËrum.

The solutÍon ORD spectrum of (-) Co(tn)13* d.r.rmined in the present work

was idenËícal with that of üloldbye;60 afr. optical actívíty of several

samples of resolved Cr(tn)r3* rr" negligible at 589 nm but the oRD curve

obtained for (-)OOO Cr(anrrt* was qualiËatively identical wÍth that

reported by l,'Io1dby"60 for (-)SSg crqtrr¡r3+. Solution CD spectra of the

U(tn)13+ specíes r^7ere not redeËermined and rapid deterÍoration of the



r49.

[M tn3] (-) [As catrJ diasÈereoisomer crys.tals on isolaÊion from the mother

liquor prevented measurement of the specËra for the microcrystalline

samples. BoËh woldbye6o and Beddo 67'Lgo resolved the M(tn)33+

complex ions as Ëhe (+) nitro-camphorates (NCS); the less-soluble

diastereoisomers were (-) CT.NCS and (-) Co.NCS.

Diffraction patterns of Èhe t¡,¡o salËs l¡/ere not compared but

Beddoe6T claimed that the similarity of the (-) tcr tnrJ (+)NCS and

^(+) 
[Cr enrJ (+)NCS powder patterns argued a Â configuration for

(-) cr{tn)13+. Although this reasoning is extremely Ëenuous, the

observation that both (-) Co(tn)13* "r,d 
(-) cr(.r)¡3* are precipitated

as the less-soluble (+) nitro-camphorates offers further support to the

tenËative assignment based on comparison of the powder diffractomeËer

traces of their (-) As(cat), derivatives and the qualitative similarity

of the (-) cr(ar)g3* and À(+) cr("r)33* aqueous solution oRD spectra.

Spectral implications of the geometric distortion of the MLU-cores

of the tris(ox), tris(mal), tris(thíox) and tris(tn) complex ions,

intez. alia, are díscussed in section 8.3.

Sunrnany List of contpLeæ ions ass'rgned a It absoLute configuz'ation

on the basis of the ergstaL stv'ucture deterTninations and powder

di,ffz,acti.on pattern cov'v'eLat'Lons ín the present uork.

(+) cr(ox)13-, (-) co(o*)¡3 , (-) 
546 co(thiox)33 = (*)seg

?_ 3_ _ //_\(+) Cr(mal)r" , (-)OOO Co(mal)r- - . ,589

(-)s+O co(ma1)2(en)- = (-)Sgg

(-)+oo cr(tn)33* = (-)seg = (*)s+o

(+) Nilphen)12+, (+) Ru(ph.n)r' .




