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A DISCUSSION ON CO-ORDINATION
CHEMISTRY

held at The Frythe on
218t - 22nd September, 1950

w0

A symposiwn on co-ordination chemistry, a’c which there was an
’attende.nce of farty, was held at the Butterwick Research Laboratories
of I.C.I, Ltd,, at Welwyn on 21at - 22nd September, 1950, The
' Gheirmen were Dr. J. Chatt (first dsy) and Dr. F.G. Monn, F.R.S.

(second day), The first day's progremme was concluded by &
and sociel evening which provided an opportunity for an infoma.l
.exchange of views, The guests werg Welcomed by Mr. M.T, Sempson,
and Professor N.V. Sidgwick F.R.S. pened the symposium with an

| account of the history of the subject to sbout 1925.



General Introduction to

CONTENTS

5

CO»—DI‘d.ina't iOIl ChemiStI‘y ® ° 5 e e & @ o @ PI"Of . NoVo SidiiOk . 0 L] Pc1 (3

The Complex'ﬁerivatives
of the Tertiary Phosphines
and Arsines with Mercury

a.ndca.amium'oonoo ........aDr.F.G.Mann......p.5;

Stability Constants of
Chelate Complexes « « « 5 o o

The Stability of Co-ordination
Compounds in Aqueous Solution
and the Varying Strengths of

Met&l-Ligand BOnd.So N )

Complexes of Some Lighter
Transition Elements with a

Di(Tertiary Arsine) . « « & » o

The Co~ordination of Qlefins
To Platinous Salts . o« o « » &

Cis - Trans Bquilibria in the
Platinous Series of Compounds .

Some Aspects of the Stereochemistry

of the Cow=ordination Number Five

The Significance of d-Orbital
Hybridisation in Co-ordination

Co@ounds * ) L ] * . . . L] ° L] L L] . L]

Co-ordination Groups of Atoms

inCrystals « o ¢« o ¢« o s ¢ o ¢ o o

Slmary ¢ o 5 e o & o e« s 6 o » » L]

Prof. G. Schwarzenbach . .p.10.

Dr. H‘ IrVing L] L] [ ] L] L e P .23.

Dr. R.S. Nyholm « + . « o p.4b.

Dr. J. Chatt . . .

Dr. R.G. Wilkins .

Prof. K.A. Jensen

Mr. L.E. Orgel .

Dr. A.F. Wells .

Dr. L.E. Sutton

»

-

p.58.
p.67.

p.75.

p.81.

. ‘-p;9l+.



This report is the record of a unique ocoasmon, when for
the first time in many years a, symposium dsvoted ent:.rely to
ao-drdmat:.on chemistry was held in Great,»kﬁritg;inﬂ. It wes

| attended by most of the leading British Chemis:tié, in ’ch‘:.}s f‘;eld
snd several distinguished guests from overseas. .

| ~We have attempted to make t}h:".s report as con;lpl‘eté ‘asz
po,sSible.l It has been compiled From our st,enograpjher?s,. ﬁo’ces
ahd‘f‘rom éuthor.'s manuscripts, ( There has been no. attempt at
uniform trea‘cmént- of thgf contribut'ions which vary in style and |
completeness bacbcxﬁing. to the aﬁthor‘a notes, That so |

- complete a report has been, possi;bl_e, is largely due to the

kind_co-bperation of the speakers,to- many of whom we had to
submit our rough notes for amplification, — We apologise for
any ekr:vrors and omissions which maykifzévertheleyss appear.

Finally, we should like f@;thgﬁk‘all,ﬁhb éttended the
symposium for théir enthﬁsiias»’m’an‘d :éfo—oéeration , and also =
oﬁr meny colleagues who helped with the orgenisation of the
meeting and the prepara’dion of /'chis report.  May we express
,a'hope that we shall :se;e a revival of interest in our spb.ject .

and thet this meeting will be a forerunner of others. .




GENERAL INTRODUGTION
70
CO-ORDINATION CHEMISTRY
By Prof, N.V. Sidgwick, F.R.S.
(Oxford University) |

| I thought I oould best camply With the request with which you
have hanoured me fhe.t I should ihtrodﬁce thie discussion of
Oo-ordinatien Ghemietxy, by giving & brief‘account of the earlier
history of the subject, down say to 1925, - |
Barly in the last century it became recognised that the salts of -
some polyvelent elements, especialiy chromium, cobait and pla.i:inum,
coyld cambine with varying numbers of ammenis molecules to form
0cC1,.6 NH

300 3 30 TN
Pwl .2 I\IH3 and PtCll*.e NH} ; and whose compomitions were very difficult

substanoes with compositions such as CrCl,.6 MNH

to explain by formulae. Blomstrand supposed that the NHB molecules
were attached to one another :Ln open chains ’chrough pentavalent
nitrogens, as in

OrCly,5 Niy = CL.NHy~NH~Ni,=0r-NH,-NH,C1

3 5| 373
cl

3.-

Thﬁs was obviously improbeble; it gave no explanation of the properties
~of the products end of their ionisation: and they never could be
converted into compounds with even two nitrogen atoms joined together.
The number oi' these substanoés re.pidly increased, and it was found thet
other moleocules, eapecially water, oould répla,ce the ammonias wholly or
Then in 1'393 Alfred Werner produced an extensive paper on these
oanpeunds : He’ assumed that the camplex molecules were held togefher
by a new force wh:toh he called cowordination, This was capable of
“binding to one bentml atom irrespective of its valency a specified

num'ber, usually 4 or 6 of other stoms or groups which might be

ionisa‘ble ndioala like 61 or N02 ) or’whole moleculea like I\II-I3 or H20




i'emained the same; also that the redical that entered the complex was
no longer ionisa-blen, as in fCr(NHj)é]Cls, [dr(NHB)scl]Clz, and so on
down to M[cr(NH;)Cl;). He concluded thet the determining factor in
these camplexes was the number of groups of any kind attached to the
central atom, and that any groups outside this were ionised. He
invented the use of the square bracket to enclose the atans of the complex,
and any groups outside it were shown by experiment to "be :Lonised
This theory was little regarded by ohemia‘bs in general until in
1911 Werner showed that some of these 6-co»-ordinated ocmpounds suoh s
[CoOl(l\u{:,’)(en)z]Cl should be optlcall& active if we a.ssume that the
6 groups of the complex are at the points of an octahedron, and
succeeded in resolving ‘chem, this oonvinoed chemists, and especn.a.lly
organic ohemists, that 'ehe Werner compounds must be ‘caken ser:x.ously
It thus appea.red the.t there are two dlff‘erent k:.nds of chemical
structure, one (the ordlnaxy organ:.c theory) in w;ich the number of
links is determined by the valency of the atoms , and the Wemer theory,
a.pplica.ble to inorgenic compounds, in which the valency of‘ the atcms 13‘
- of no :meortance compared with the number of groups attached to the |
central atom in the complex, It was sti11l more curious that the
“co-ordina.tion theory ;could be applied to organic car;pounds also, with
a co—ordina.tioh number of‘rl;_, and sometimes in considerable ae_ta.il, as

in the ~equatién:

™ ®] g om 1t
\< $NH, = r N / c1”
3 - \ :
| ¥ N | | i M
parallel to:
' f R
3”\ / 3 | 1N s .
, Cl o l\'fH3 =] Pt ‘ 012
| ’HjN/ \01 | HBN/ \NHB

_though in orga.nia ccmpounds it is 1ess useful than the ord:.nary
struotural theory.
Thia made it clea.r that the true structural ‘che;ory must oomprise
both of the other two. Hcvv thisg could be was shown first by G N Lewis
in 1916 (J A.C. s 1916 g_, 762) He here gave. for the flrs‘b time an

46@3»&31&'&10&1 of the nature of Qn-ion5.sed' links (oovalennies) a8 being
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linked atoms. He pointed out that ﬁomaliy such a link merely involved
replacing by two dots‘the single line representing a link; but thatk‘
this ideai made pdssible certain formulee of greatrsignifioance not
previously contemplated, It was obviously possible that the two
linking eleotrbnsmight came, not one from each atom, but both from

one of them.

+—
A+ B = A:B or A: +B = A:B or A -—B

In this way a divalent element like oxygen could form a saturated linkage
' \

with an atom which had a peir of unshared electrons, He pointed out
that this made 1t possible to write the f‘8:cmu1ae of the ions ClQ,,

4, POA_ and Siol‘_ on the common type 0<—-—X-->O where the number of

0
electrons is unaltered by the linkage, and 8o these ions must have the

electrovalencies 1, 2, 3 and 4 respectively.

This was the original statement of the na.ture of the d&‘blVB\ or
co-ordinate single link, It was soon realised that this expla:med
the co~ordination compounds of Werner, and reconciled their structures
with those of organic compounds in general Consigle\r the neutral
oanpcund [Pt(NHj)QClL]O.; The two NH, groups are attached to the ’
platinum atam by two .pairs of shared electrpns derived from the two
nitrogens :’ and the 4C1 atams éagh by a pair, one from the Cl, and one
from the Pt, If a(neutral) Cl atom is removed, it will teke one of
~ these electrons with it, leaving the other behind. Then the 5 g.foups
on the Pt must be increessed to 6 to secure stability. If this is done
by a.dding an NH3 y the Pt will gain two electrons of the co~ordinate
link, As it had a stable number before, it now has one too many: it
wvill;, therefore, \lose ,this, and acquire a positive charge. Thus we
have [Pt:Cl f---> (pt. ]o —— [Pt:NHBJO -»LPf:NHﬂ"’ + e as in the éction
of ermcnie on methyl chloride, |

- The bearing of Lewis' new type of link on the structure of these
co-ordina.ted ccmpounds of Werner ha.s been ment:.oned first, because it
wag the most skartling x‘esult ef his discovery, but of course thers
1enst, ; the agmardiziate




al
often doubtful whether a link to, say, oxygen is a co-ordinate or an

ordinary double link, For example we might Write phosphorous

C .
oxychloride C1,P0 either as Cl-P=0 or as Gl-P-O. This question .
3 oY cY’

entered on a wholly new stage when, some 16 years ago, the theory of
resonance was accepted, Except where the covalency rule forbids, as
in R3N=0, or when ﬁhere are stereochemical diffioultiﬁs_, theséj two
kinds of link must be in resonance with one dnother.” An importent

exa.mpla of this is the XOL* ion, w;lﬁhwhiah Lewis started; this might

.

be 04-}‘('—-’0 (covalency 4) or 0= X : 0 (covaluncy 8) ‘or anything between
them, sg far as the covalency limgt of ,X a.llowed i No double links are
allowed in the first short pe:cfiod Bt o are’ 'possible in the second
short end first long perio‘ds“.‘” " Except ‘in the first cese there must
always be some resonance between the single and double links, and we
‘have to try and discover the relative prodominance of the two forms,

The problems of m—ordihation canpounds have in the last 25 years
developed, and are still developing, along several Iines, the more
important of which 'are the concern of the papers that follow,  There
is the prepe.:i'a‘bion of new co-ordination compounds {Dr. F.G. Mann,
Dr. R.S. Nyholm), so as to extend our knowledge of the relation between
the co-ordinate sfa.bility, and the co~owrdination number and the nature
and valenocy of the central atom énd of the attéchevd groups; -.this
involves the quantitative determination of this stability by the
measurement of the heé.ts of linkage end of the equilibria in disscciation
(Prof. Schwarzenbech, Dr, Irving). |

A further point is a cqmpariéon between the properties of a

co-ordinate link and thase of a normal single covelency between the
same stoms, It is very remarkeble thet so far as we know the links.
A-B a.ndz-g are almost identical in properties, especially in ‘their
‘length (so far as resonance does ns;t :Lntexffere) and in their heats' of
formation. |

Another line is the sfereochemiaéll {Prof. Jensem, Dr. R.G.‘ Wilk:’gns,

Dr. A.F. Wells); en inberesting point hore is the light which these




Se
of 5 and above where some of the links are double, With the octet we
knqw what these are fram other evidence: but at present there seems to
be no direq‘c experimental evidence of this vfhere the valency group is
lerger than 8, and the theoretical evidence seems to be rather slight.
But it is clear that the resonance between a structure with A-B and one
with A=B will depend on how far this chenge alters the pdsitions of the
atoms, . |
Behind these questions, mosf of which are purely experimental,

lie the decper theoretical problems of the nature of the orbits v}'hiéh
take part in the structure (Mr. L.E. Orgél).

~ I will here conclude these general and la.rgely historical remarks,
Whlch I hope may have been of some use in providing a background; and
I will leave the reael modern experts to describe the new knorwledge
which they have obtained’ on same of the most important problems raised

by the co~ordination campounds,

' THE COMPLEX DERIVATIVES OF THE TERTIARY PHOSPHINES AND ARSINES
WITH MERCURY AND CADMIUM
By Dr. F.G, Mamn, F.R.S.

(Cembridge University)

The work now described on the complex derdivatives which mercuric
and oadmium halides form with tertiary rhosphines and arsines had %o be
stopped in the early stages of the war, and consequently much remains
to be done, It hés shown hcwe%rer that mercury can give rise to a much
greater variety of complexes than hitherto supposed, and t};at the
formation of these compounds is often determined by specific f‘actdrs.
ﬁercurio halides can ccmbiﬁe with tertiary phosphines and arsinés
'_to :f'orm compounds belopging 'to five clasgses, Wif.h the following r’eprese"nt—
ative canpbéitiohé' k (A) ‘ [(R As) 2}13}{2], (B) [(R As) 2(ngz) 1; ;(C)
[(Ryhe) (st2>31, (o) [(R,As) (ngz)LF 3 (8) [(Rjhe);(HgXy),).  In

, “the oase of oadmium, Jonly aund:s of’ clavss A B-and E are formed

= _41; these ! m:smx.ine mpounaa, rea.d.i,ly e




reorystalliséd and have sharp melting pointé. Some of the reactions
are very specific, so that, for instance, some compiexes can only bev,
prepared with triaryl groups and not tri-allqu groups: - moreover, grouﬁ
D campounds Wers never obtained with iodides; group E compounds oould
be prepared with iodides but never with brqnides‘ or chlorides, .The
reeson for these limitations is still unknown, , } |

Class A has the two arsine moiecules linked to the merecury,. which

has a tetrahedral configuration.

o -

- ij/’ \‘\x*J

Class B is the most 'frequent‘ly ‘66dﬁrriﬁgitype of compound. It
has a bridged structure ’(II)',' for which Dr. R.C. Evens and Mr. S. Peiser
have obtained very considersble X-ray o'rys‘taliégraphid éﬁd@noe. They
have shown that the meroury has the tetrahedral configuration, and that
the xﬂblecule has a contre of symmetry. Apart from the oonfigﬁration
of the metal, thesé compounds,‘ are ciosely gimilar to the Bridged

- palledium compounds (III).

Ety As /\l/

T AsE‘t;3

I

Me AS\P / Br ‘
B/\/\m:

' CIIT
'Theoretigally both the mercury and the pa.lladium compounds could exist

in the trans and cis forms, and also in a third f‘orm in which two

phosphine molecules joined to the seme metallic atom (IV)




In no"'oa.ae we.s ’therek*évide‘nce that there were mixtﬁres' of isomers in the
solid state and the compounds were obviously homogenous. Dr. Wells
ca.rfied out X’-ra.y examiﬁation of the palladium compounds and showed
‘them to be planar with a ceﬁtre of symnétry, and must have the trans-
symetric structure. Dipole measurements were carried out by ’
Professor Sidgwick and Dr. Finn»an,d these showed thet the moment in
solution was zero., There is, therefore, a close correspond.enoe between
the mercury and cedmium compounds on the one hand, and palladium compounda
on the other.
The tripnenylarsine derivatives of the mercuric halides show an
interesting gradation in stability. When mercuric chloride wes
boiled in aleohol ever; with a large excess of PhBAs , only the bridged
glas’s B compound‘was formed, 1In similar circumstances mercuric bromide
gives the unbridgsed compound pf" Class A, which on attempted
- recrystallisation from hot benzene gives the b/rid.ged derivative of
Class B, Mercuric iodide gives solely the campound of Class A,' tN
derivative of Class B being ﬁxkpovm |
Class C. Compounds ofk this class were obtained as yellow and
white orystals. The two isomers ’w;vere obviously quite distinet. = The
yellow cz:ysta.ls may also have the "bridged" structure and were shown bff
Dr., Bvans to have no centre of sMetry. - It is possible that thié
compound has an extended bridge by the insertion of enother mercuric
halide unit, which would account for the absenoe of a ceﬁtre of symmetry.
The structure of the white form, hdwever, was extensively investigated
by X-ray analysis by R.C. Evans and S, PeiSer. ‘It appeared to consist
of molecules of Class B alternating with simple HeX, molecules, the
oonplete arrangement prov:.ding a centre of symmetry.

Classes D and. E. The structures of compounds of these classes are

still unknown-. compounds of Olass E are of particular interest, and
it is possible tha‘c they have the structure (V), with 4- and 6~ co-ordinate

mercury atoms.
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It is of considerable interest to determine to what extent bridged
compounds of type (II) and (III) can be prepared with two different
metals in the moleoule, It is quite possible to make compounds
containing both mercury and cedmium by mixing the two parent éctnpounds
in equimolecular proportidns in solution, The resulting- mixed compounds
are much less soluble than the parent ccmpounds and»«haﬁ’hig‘her melting
" points, Many attempts were also made to prepare compounde con‘ca.ining
two metels of.‘ unlike configuration, for example, mercury and palladium,

Success was achieved however only in the compound (VI), and in certein -

P;'BAs

mixed tin-mercury cqmpoun‘ds;

GENERAL DISCUSSION.

Dr, Palmer expressed his particulaer interest in what Dr, Mann
had said in the early. part of his talk on the influence of thevdifferén‘c
halogens, as the haiogens are present in the co-ordibation complex and
the difference of reactivity may be capable of explanation.. The cese
occurred to him which he héd recently observed which was less easy to
explein, and that was of the anion outside the complex having en
in:_Efluence on the behaviour of the complex./ It is unuéual ror urea
to form complexes, but hexa-urea chramic chloride (Cf(urea) 6)613 had -
been described, The chromic chloride complex cannot be recrystallised:
even fram urea solutions, but if you take 'the corresponding iodide
oompléx, jou can recrystallise fram boiling water, | Thé bromide can
be recrystallised from ’colyd water. The anion is affecting the
behaviour of the camplex, but the explanation is not evident,

Pr)ofeséor Sidwick expressed the view that if tljxé campound rforrns
crystals the nature of the halogen Wili affect the 'stability- of crystal,

but he aé];:ed,if ‘there was any ocase of this happe‘ningfinwsolution.
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Dr, Menn stated thet in his compounds the halogen was forming part
of é bridge, and could be partially responsible for the difference in
stabilities but that this was‘nof the camplete explanation, Cadmium
did not behave in exactly the same way as mercury,

~ Dr., Anderson u;:'ged the neéd for supplementing preparative work

by studies of equilibric in solution, Dissociation equilibria of the
solutions may be important in deciding behaviour of ’systems like these,
Infometion can be obteined by X-rey work, but the limitations of this
technique make this diffioult, He expressed the view that oompounds
%of type E might be lattice complexes of Class B and another group.
‘Here Dr., Mann agreed fhat until '\X-ray information is available the
structure cannot be decided,

F.H., Burstall urged the use of absorption spectroscopy and ed™\ .
whether more than four moleéules of the mercuric halide ever om

\ in one molecule and if theré was any limit to the extent to which
bridging ocould be continued.. ~ Dr. Mann remerked that there were no
definite compounds beyond Class D,  The crystals in the eariier'
clagses were hard end well defined but in Class D were becoming
definitely less clearly formed,

Dr, Nyholm described an octahedral camplex of mercuric chloride
with mhod:l.um,!which crystellised with benzene of cxystallisé.tion. : It
contained one atom of rhodium to one atom of mercury a‘nd was expecfed

~ to be a bridged campound but Jg-.ray anelysis showed that this was not
so, |

Dr. Chatt added s few words on the mmber of metal ataas which
cen take part in a bridged structure, describing the decomposition of
efh&lene-p_—toluidine dichloroplatinum in boiling cérbon tetrachloride
solution, Ethylene was lost and Ex_'gn_g_—di‘-;g—tolui’dine dichloroplatinum
separated initially, | ";I.‘his was followed by products becoming more red
and darker in colour ‘a.s the reaction proceeded, until finally e produc{:

analysing approkdmately as-CH C6H NHQ, ‘BPtClz was obtained in small

367
qua,ntity. Thip- Was soluble :Ln chlorofom so could not contain free.

platinsaua ch&moide ﬁgﬁtﬁ.cu&t fba pee haw 80 much platlnous
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camplex had a bridged structure, and it was difficult to see what else
it had, then here we ‘hed six metal atoms Joined by halogen brldges.

He had also prepared a nwnber of bridged plat:.num complexes exactly
analogous to Dr, Mann s @alla.di\:m complexes and therefore capable of
existing in three isomeric foms but agein only the trens symmetrio |
forms were found, The decamposition of ethylens-p-toluidine
dichloreplatinum did supply & smell quantity of an orange oampound
(CH306HANH2)éPt201# which was dimeric and changed in acetone solutions.
to a pink complex of exactly the same ccmposi*’ciori, but the quantity

- obtained was too small to determine whetherhitvwa;s diméric., If it
was then this would be en example of iscmerism due to the function of

the p-toluidine molecules.,

STABILITY CONSTANTS OF CI-IELATE. COMPLEXES
By Prof. G, ‘Schwargenbach

(Zlrich University)

The chemistry of co-ordinetion complexesl has made remarkable
progress in the last few yeé.rs, thanks to the modern systematio
investigations of ionic equilibria of solutions containing meta.lli‘cA
ccmpleﬁces. - Information concerning the free energies .of' the complex
ions and the heat‘ changes of the reactions by which they are formed '
may be obtained oniy through such measuremenfs and the data are
pa.rticularly valusble in that they are neither influénéed by the
lattice energy of the solid complex salt nor by the coun‘cer‘ ion of the" |
camplex ion under examination; These meé,surements have been-applied
chiefly to those complexes which readily dissociate and reform in
gsolution, rather than to those which have played the principel role
in the classical chemistry of complexes and which can be well
inveétigatéd with\ the help of preparg.tive methods., In thig connection,
it mey be polnted out’ that the stability oﬁ many .of the known oomplexas '
of Cr(III) Co(III) Feo(II) etc. is prdbably due to the’ slcwness of the .

deoomposi‘cion and formation maotion‘s émthe‘ th"
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The idea of studying by equilibria measurements the manifold
complex rea;otigns , Which can be readily examined at any time from
colour and solubllity menifestations, ‘is in no way new, ~ Around the
turn of the century, such measurements were undertaken by Abegg,’ ‘
Bodlgnder, Euler and others (Z. phys. Chem. 39, 597 (1902); Euler, -
| Berichte deutschen chem, G-esellschéi‘t 36, 3400 (M903), These studie
however, never played an important role inv the chemistry of c(ompvlexe‘s,
because the measurem’ént technique then used was applicable to §nly a
few metals and also the results were unreliable., . The method in
exclusive use at the tn.me consisted in the potenticmetric
de’cermina.tion of the free (not present in complex form) metal cation in
. the equilibrium mixture by means of an electrode of th‘e elementary
metel concerned, The researches were thus restricted to‘ the cqnplexés
of those metals which respond normally to their own ionic ocncentrations
\ chielly Ag, Hg, Cd, and Zn, The unrelisbility of the earlier
‘measurements wag of course due to the /then existing inexact kﬁwledge
of solutions of the electrolytes, which failed to teke into
consideration ion ‘activitiéqér or l.iquidv ,junc}tion potentials.

The impetus to the execution of better measurements came fran
Jannik B,Jerrum ("Metal Ammine Formation in Aqueous Solution" Thesis
Kopenhagen, 1941 ) whose most important work on thc ammine complexes of
dif‘f‘erént metals appeared in 1941, He made considerable use of the.
glass elsctrode, which McInnes/, Dole and others had develoPed\to a
precision instrument with which pH-measuremen\ts‘ can be eff‘epted today
in the presence of any metal ion. The displaoément‘, which the

protolytic equilibria (I)‘
| H' o+ a==HA N ()
| Lmdergoes,on. the addition of metal cations, was studied with a view to
obtain inf‘ém;a.tion about the complex rea.ction‘(II). ,
| | Mo+ naSSh ()

This method is qu:.te general in its a.ppl:.oation s0 long as the liga.nd A

is a: su.f‘f:.ciently strong pmton a.cceptor, wh:n.ch is mostly the case.

Besid.es this n t
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(especially for Cu and Cd) as well as optical methods also play their

part, The 'pola.rographic method is on the other hand only seldam

useful for precision measurements (Koryka, Kﬁssler, Coll, des travaux
tohécosl, XV, 241 (1950))

The most surprising result of the first signif’:icant‘,serie‘s of
pfecisimi measurements sucl® as are compiled in the work: of~B:jeri'um,“
was the f'/general conclusion that in complex »f‘bmﬁcﬁ;”’che- different
ligands are always added on in sfeps. : ‘One after enother of the water
molecules of the gheath of hydration of the meta.l ‘eation in aqueous
solution is replaced by the antering ligend. \

MM > MA, ——>MA i eie —>MA; ... = MA (III)

The mutual relationship of the individua]_; formation constents of che |

successive intemedi&tes i;s interestixig:jin 'thia connéction.

q =k /- whe're. : -  [MA:L] -
S, 7 o “m, - —WT_I[AJ (D

It has been proved that the magnitude of‘ q is of the order that might

i+ 1

be expected from statistical computations, By -statis’cioal beha.vi_our
is meant that the metal cation shows a fixed number of cdnpletely
fdentical éoints of attachment and the ability of a particular\ point
to £ix the ligand‘ is in no Wajr influenced by the ligands 'av.lre'a»dy exist-
ing in the compiex. ' In such & ocase q is naturelly determined simply
by the number of" oooupiedand free positions round the central atom, that
is by i and n, a.nd. sums up to about 2 to 4. |

It is true that closer consideration alm/ost always I:eveals\certain
‘deviations fram pure statistical behaviour. Thus, the silver ion
adds. on. two moleéulés of NH3 or amine almost simultaneously and the
intermediate AgA* has a lesser stebility then that statistically
caloulated ':'(B;cuh]nlan, Verhoek, Journal Americex bchem. Soe, _7_g, 1401 (1948)).
The silvef ion tends thus towards a certain degree of symmetry, in
which the two existing co-qrdination points ‘may.be occupied either both
by H,0 or both by NH;. 4n oxactly similer situation arises with
the ammonia camplexes of ziﬁc in which case the three in‘ceimediates

v Zn(NHj) , Zn(I\IH})2 end Zn(l\lI-’.f3 3 * appoar likewise in snaller

oancentratim in the aq,uilibri‘um mixture tha.n hat statistioally
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cases kncwn, which, in contrast to simple stetistics, involve larger steps,
with lafger values for q. Su\chb a behaviour is naturally understandable
-Wheh the ligend is an a.nion, 80 t at at every stage the charge of the
coxcplex is so chenged thaLt the lowing ligend encounters a lar/ger‘ |
elect‘rostatic repulsion, lt is often ‘p‘ossible to infer elso from the
~ constants of f'crmation tha.t dif‘feren:f kinds of points of attachment are

present; e,g., in the case of Cdz*

four such ?csitiohs hold the
lige.nds‘ more firmly thsn two other positions, It is usual then' to
speak of & charecteristic and of & maximum co-ordinatien number.
Similar behaviour is observed with zinc a.nd with meroury and probably
also with cobalt (II) A very noteworthy case is that of the addition
of iodide ions to Cd2 s since essehtially' only the coxhplexes CdI+,
CdI; and Cdllf'- appear in the equilibrium mixture ivhile the molecule
CdI “is present in almost u.nde‘tectable concentration (Leden, Z phys{
 Chem, (A) 188, 160 (19I+1 )). These devietions fram sta.t:.sticel

| behaviour are, howsver, not very large. The value of q lies almost
alweys between l a.nd 10.

Af’oer this consideration of complexes with simple ligends A, we
may now turn to the chelate complexes, the polydentate partner of which
- we shall in general denote as Z. It is a universally recognised f‘act
that chela.te ocmplexes are in general considerably more stable, The
repla.oement of two moleculee of ammonia by ethylenediamme (= én) is :
almost a.lv;ays assocliated w:.th a considerable increase in stability.

The effect is less when t'wo molecules of ammonia are reple.ced by
trimethylenedienmine (pn). Well defined complexes With hlgher members

of the polymethylenediemine series were first prepared only very

recently in 1948, Pfeiffer and co-workers (Naturwissenschaften 35,

190 (1948)) described copper complexes with tetra- and hexamethylenediamine
(tn and hn) [Cu(tn)z] [(0104) ] and [Cu(hn) 2] [(0104) ], which were |
obtained orystalline fran alechol or ether solution. These salts,

however, hydrolyse at once as soon as they come into contact with Water,

which behaviour reca.lls tha.t of the f‘amilmr tetranmine-copper-oanplex,
[Cu(m5)4k29
there’f{;

:e‘_‘ef' an- excees cf a:mnonia.. . It appears,
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tied up with an essential increase of stability.

These findings ‘of‘ preparative "complex" chemistry are in complete
agreement with the resulte of' equllibria measﬁrements. It was always
‘ observed that formation of a 5-membered chelate ring was a.sso‘ciéated‘
with e larger inorea.se of the complex formation constant a.nd that of a. T
'6-membered ring with a correspondinghremaller inerease (H Irving, thist
discussion) The only known exceptione up to date are the silver -
complexes, which we shall dlsouss le.ter. : As is evident frcm magnetic
properties and light a.bsorption the ligands in moet ehela.te complexes
are 1inked to the oentral atem by the same foroes. | Special forces
come into play only in the oase of those chelate complexes which conta:..n
a con,juga.ted system of double bonds linking two or more of the l:.gand
atoms within the polydentete partner and availeble f‘or co-ordination .
with the central metal atom &s e,g. the complexes of acetylacetone,
salioylaldehyde, (Celvin and oo-workers, J. Amer-. chem. Soc, , __Z, 2003
(1945); 68, 557, 949 (1946)L dipyrldyl, ete, With tﬁeyeaturated
aliphatioc polyamirvxes, however, the only obvious reaeoh for the greater
stability of the chelate complex is the smaller entropy decreaee |
aoeompe.nying their formation as against that of ‘the comple)ces with
simple ligande. This effect may perhaps be 1nterpreted in the
~following menner: we imagine the formation of' ‘the chelate oanple:é
say kWith a bidentate(p‘artner, te teke pla.oﬂe in two eteps IV and v,
which may then be compared with the addition IV'and V! of two o
individual simple ligends: N |

@ + 00 ~——> eeywwwo'

M R/ MZ ()
® + 0 —> 80 S _
M A MA - - : (')

The two resotions IV and IV' are undoubtedly eccampenied by very
similar free energy ch.angves." Whereas it is clear that the eq\;ilibriwn
conetantv of the tautoznerieetion rea.otlon ¥ will be much bigger thah‘ |
that of V', if e strainless chelate ring is to be formed |
800 — 0} | | BT
et SRR TR . ¢ BRI

Yo




A ready comparison of the two reactions V and V' then becomes

possible, if we imagine the unco-ordinated ligand atom in MZ* to be
cor;fined to the small space de‘demined by the operation of free -
rotation round the C-C and the C=N bonds.' We may then spesk of an
apparent ligand concentration (or better, actiﬁif& aL) which e:icists’ in
this small spﬁoe. For the formation of a strainless chelate r:ing,
the co-ordination points round the central metal atom adjacent to

that already occﬁéied must likewise be within this space.  The metal
cation thus f‘inds itself to a certain thent in a sq],ution of an
extraordinarily high ligand concentration (= aL). With the he]é ‘of
this simple hypothesis ‘avrelationship between the constants of -

formation of MZ and MA2 mey be cbtained, whereupon the difference of

the two logaritmns of kMZ “{:5 ﬁ%_&ZT]_]} and KMA { [ff; ] ]2}

are identical with log a. not teking account of an important statistical.

L
factor, In the cases where a stréinless chelate ring can be forméd,
the increase in the stability in passing from the'cdmplex with simple
ligends to the qo;jrespondi;}g 491‘1ﬁe;awﬁepqoxnpl‘9x_ should be' lafgel¥-~v
independent of the metal cation, Furtﬁermore, this view makes it
perfectly clear that the rise in the stability must repidly diminish
as the number of members of th‘e\r chelate fi't;g‘ié incréased, ‘'since the.
chain betweep the two ligand atoms is thereby made longer and & ‘
correspondingly smaller,

‘Analogous"considerationg may be applied to the case of complex
formation with a polydentate partner, ~ The ligand atoms are here so’
' arfahged that pure strainless chelate rings' with the same number of
members, e..'g.‘, 5-membéred rings, can form with the result that for
every ligend atom with which the polydentate group is' furthef attached
by co'—ordination with the metal the same increase in stability of the
- chelate complex should always cocur, as is evident from tﬁe following

equations; ‘ - : ‘ e

I = ”bj;dantlate‘ 3 log kMZ - log'KMA
- log KMA
S - logKldA.\

"

Z = tridentate : log k.,
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Logarithms of the Formation Constants of Ammine- Complexes

Cobalt (II) ~ Nickel (II)
with A 0 (2,1 |1,6/1,0/0,7/0,1|~0,7 |2,7|2,1|1,6|1,1|0,6] 0,1
with Yen"  Om—e0 | 5,9 | 4,8 | 31 | 7,7 | 64 | 46
with "den® o((j 8,1 6,0 10,7 8,2
with "ptn" 0--6-0—0 6,8 ? 9,3 9
with "Hptn" @=eae—0 | 4,1 .| 7 | o 6,1 2 | e

T |
with "fren" (%s—awQ 12,8 | - 14,8 - -
\0 )
with "trien® g 11,0 | == 1,0 -
TARLE 2 S

Logerithms of the Formation Constants of Ammine=- Complexes

Copper (II) Zinec (II) "~ Cadmium (IT)
with A 0 |40 |3,32,7] 2,0(2,2(2,25(2,3 (2,0 [2,6] 2,d1 | 0,9
with "en"  Qmsma 10,7 | 9,3 59 | 5,2 5,6 L,6
with "dentt o\\ 16,0 5,0( 8,9 5,5 8sh | Byk
0
with "ptn"  Qmsta—g 11,1 19,0 6,7 ? 6,5 |
i .
with "Hptn®  @eests—0 - 8,8 7,3 L4y 3 ? Lby7 ?
0 .
: /0 .
with "tren" o-\-:-\-o 18,8 I 14,6 12,3
| 0 |
|vith "trienn ) 20,5 11,8 10,7




Tables 1 and 2 give the stability of a series of chelate complexes

(Schwa.rz.enbach Prue, Helv, Chimioca Acte 33, 947, 963, 97k, 985 995
(1950)) showing the logarithm of the individual constents of formation

of the complexes with ammonia (= A) and the following pélyamines:

NH2~CH2~CH2 NHZ’

.NHZ-GH(GHZ-NH

en den NH(CH ~CH ,~NH,

u

2

ptn tren = :Na(OHz—cHz—NHZ) 3

i

2)2’

trien = M—I'Z-CHZ-CHQ-NH-CHZ-"CHZ-I\H{-CH 2'-OH'2 5

- Thus ,' the figures of the first horizontal rm stand for
' i

log Xy, » log k‘MAz’ log kMA3 etc, where kMAi "= . ] - «
| i-17°

In the second horizontal row are recorded the logarithms of the

=NH

following constants:
' [ ] [t1(en),]
kM(en) = [M]?][ﬂen] ’ ,kM(en)2 = TMen] [en]

The fifth horizontal row conteins the constants of formation of a

eto,

hydrogen containing complex, which has a proton in addition to. the
metal cation and the triamine molecule ptn.,  The value shown is

proportiona.l to the free energy change of the following rea.o‘cion-

| | jH -, 1t
o - -—-——- L - ‘v‘:M ‘
+ ﬁHs CH, 1}-‘1 CH,, NH2 Nt -CH, CH= 1M, o (vn)
2 ' \
Of the two possible modes of f‘ormulatlon f'or the complex M(Hptn) 3“" '

that given with theé 5-membered chelate ring is of' course more lilcely
than the one with a 6~membered ring (wherein the middle smino group
_carries the pvrofon)‘and in fact there exists a stfuctural ?r‘odf for
such a complex (Menn, J. chem, Soc., 129, 2681 (1926). .

The logarithms of th‘e’ "groéa-fomlation" consta.hté, KMAi’ to be
‘inserted in equation (2) are obtained by summation of the successive
figureé of ‘theA'first horizontal rov}"::‘

i=1 | [MAi]

_do log s Where | -
“MA z e kw‘ [MJ-[AJ"

()

The results of 'tha measurements

Nidkel~ We shall begin the discussion of: tha reaults of measummeﬁts

‘ with Ni

of amino nitrogen is knmm
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inocrease (= A) on replacement of the first two ammonia molecules
by "en" amounts to 2,9 units, that on replacement of the third
and fourth A-molecules by a second "en"-molecule is, however,
3.7 end finally replacement of the £ifth end sixth A-molecules
by a third "en"—xﬂolecule gives a value as high as 4.1. That
the energy gein through chelation increases with the number of enteriné
chelate groups is also observed with Co, Cu, and Cd, but not with Zn.
An enalogous increase is also observed on the eﬁtzy of the second "den"-
" moleculs es ageinst the first; provided of course that this second
molecule has still three positions round the metal aveilable for
co-ordination. In pessing from NiABto N:i.( den) we obtain a stebility
increase of A = 4.3, and, therefore, about 1.5 times the value of the
difference for NiA, --bNi(en), whereas by equa’cion (2) the value |
should be doubled. Evidently a small ring strain is beginning to be
felt here, The triamine "ptn" with A = 2,9 is much worse than the -
triemine "den", The use of all 3 amino groups of "ptn" as co-ordination
partﬁers must naturally cause considerable strain, Ahd yet
kNi(ptn‘) being essentially larger than kNi(en) showé that in effect all
three amino groups of the triemine are attached to the metal and not
Just two, One of these groups cen, however, readily Break of f 'and
add on a proton, thus accounting for the appearsnce of the hydrogen )

containing complex Ni(I-Ip*:.n)3 * in the equilibrium mixture, In the

case of diéthylenetriamine,»acidific‘ati h does not give rise to a
corresponding Ni(Hden)3+ as intermediate but the whole triamine molecule
is detached in one step anq converted into‘ the triammonium cation |
H3d3n3+ , &8 soon as the necessary low pH velue is attained, The two’
tétramin‘e‘s "tren" and "trien" form very stable Ni-complexes. The
increase in the conversion NiA, — Ni(tren) amounts to 7.3 end the
corresponding one for the "trien" is 6.5 units, These correspénd

to about 2.5 time\as‘ the value of the sta.bility increase for NiA2 -——9 Ni(en)
whioh‘ is not much less then thet predicted by equation (2),

Undoﬁbted.‘ly then, the strain involved in the formation 'of' the ‘Ehrée
chela‘he rings is only negligible. M

m '.l‘he constanta of canplax fazma.td.m found for. su m alao ea.sy
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to understend,  The differences on replacement of the first two and
of the last two ammonie moiecules by "en" amount to 3.k and 4.6
respéctive«ly, and are thus of. a s‘im:i.lar magriitude ‘as for Ni,  The
sta.bi‘lity inerease iyn‘ the conversgsion CuAB . Cu( den) is 6.0 uhifs
end so,not. much less than double the value prescribed by aquation‘.(g).
The gain of free energy on the addition of a secondmoiecule. of
triamine: M( den) =———> M(deri);2 is only about 1/3 that foi‘ the |
so~-ordination of the first molecule: M ——»M(den), bé,cause,. in }the\
particle Gu(den)'z*', only one co-ordination position of the metal is |
still free, The adduct with trisminopropene Cu(ptn) is here scarcely
. more sf;ble than the complex Cu(en), which shows that an a'.lmoat. ;firea
amino group must still be present, This observation is in .
campliance with the,cbnsiaerabie basicity of'cu(Ptﬁ), which elready
et pH 7, changes to the hyd.fbgen contalning complex Cu(Hptn)'3 *.  The
camparison of the two tetrsmine complexes Cu( tren) 2 ana Cu( trien) 2+
is\ aisb interesting; The former is co:/aéid’erably less stable than
the latter, which is easy to understand when one recalls that Cu(II)
foims éomplexes with a square configurafion, for the four corners of a
square cen be very easily "wrapped up" with vkthe four nitrogen atoms
of the straight chain tetramine "trien" but require the use of some
force to dok the same with the nitrogen atoms .of the brahahed oha.in
"tren', It is n rkable, however, that Cu(tren) has néverthele'ss a
considera'b."ty bigger constant of formation than thé 'triaminé complex
Cu(den). " Thus it a’.ppearsk that all thé four Qo-ordina.tion{points of
Cu are "satisfiedn by the "'l‘trje'n'.'! molecule, in spite of steric hinderance.
Evidéxitly then, the co-'-fordinatién polyhedron of the metal cation cen be
rather strongly defoﬁned Wi-thgut much adverse effect on ‘the‘stab‘ility
of the oomplex. | | -
Zinc: We may now turn to Zn for wh:.ch metal it is established that
Athe liga.nds lie tatrahedrally round :Lt ‘lehe slight stability increase

in the conve;;s:;.on. Z,nAz --%Zn(sn) :.s remarkable. - A -ring s-train‘«is

'”il;ty of Zn(den) 1s, in
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surprising to observe the ylarge affinity of Zn for the tetramine
"tren" and the big difference between the constants of formation of
Zn(tren) and Zn( trien)'émountingr to as much as 2.8 units, In this
respect Zn differs redically from Cu which prefers’k"‘trien"' to "tren",
Cadmium: Similar to the behaviour of Zn is that of Gd. = Here again
Wwe observe a similar "antipathy" towards "en", "den" and "trien" and a
relatively large formation constant for Ccd(tren). Further, it is
- remarkeble that the stability gain on the entry of the first moleoule
"‘en'_' is partioularly small while that 'on#’:emz‘s'r ‘of the second molecule
resulting 'i;; ¢d(en) 2 2+, is  much ilargd:c-'?. - This may be attributed fo
"the fact that the two ligands in O&Az ‘14&" opposite to one another, a.s'

in the diammonia deriva.tive of silver AgA2 ¥, end of mercury HgA2 ,~
that a considersble rn.ng strain is brough_t into existence by "en®,
bridging over these two positions. ‘ "Sﬁbsfeé;t;ent"adﬂition'of' the second
molecule of "en" then perhaps ee.uses a rearrangément to a tetrahedron
and with it a oorresponding relz.ef of the ring strain,
Cobalt shows a behaviour towards the polyamine moleaules that places
it between zinc and nickel,  The effect of chelation with "en" is
larger than thet for Zn but smaller then that for nickel, Similar
to Zn and Cd, coﬁalt also shows & prefeyence Tor the tetramine "tren"
over the tetramine "trien", /e/'

In concluding , ~We may ocamparce the hydrogen containing complex

M(Hptn) with the oamplex M(en),

TABLE 3
Stebility Difference between the Complexes
with "en" and with "Hptn",

A = lo;KM(en) = log KM(Hptn)' 4’

‘ Co’oo N .o Cuo- Zno- (C.d'. _Ag.
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In both the same S-membered chelate ring must be present. But the

hydrogenv comg lexes are obvlously less stable because of the electrostatic
_repulsion befween the metal cation and the amndnip\m group and it is

| .nétev\rori;{lhy that the difference of the logarithms \ro”f‘ the two fo:;;mation
}bongtants variesi only slightly from metal to njetal, ‘as shown by Table 3.
Only ca.dmimn behaves enomalously, due agaein to the low value of the
stability consta.nt of' Cd(en) It is qulte possible that the -hydrogen
complex does not possess here the structure given in équation VI, but that
this time a ,6f-nie,m‘bered chela;fe ring‘is involved Whj.oh cen spen better
the bridge between the k‘bWO opposite lying co-ordination posgitions,: In
such a ogse, the frotoh would natuial,ly be carried«bj the middle amino group.
M: Table &4 gives the fomaﬁion bonstants of tvhe Ag- comple;;es. \
‘;The ,s_ilver io;n behaves differently ‘fi'yrjom‘ all ofher me'tals studied‘in
that ,Ag(en)\"" is less stable then AgAZ eand Ag(pn)* is more steble |
than Ag(en)*. This is most J:ikély due to the f'aof that -thelt\wo-
'\bﬁ-ordination positions of Ag"' lie on opposite sides, This idea limits
~the ease of 'detéohability of an amino group a;nd tﬁe addition of a’protoh
to the detached group thus va\c’comting for the exisfence of the hydrogen |
containing complexes Ag(Hen)2 “end Ag(Hpn) In the case of "pnt
Agz‘(;pn)2 could. also be detected in the equ:.l:.br:o.um mlxture. |

The stabillity of silver complexes is hardly’enhanced'with the |
triamines "den" and "ptn". With the tetramines, both Ag(fren)*'uand
Ag(trien)"' are of about equal stabilitj and.» their free energies are not' |
much 'larg\er'vtha.n that of Ag(NH /)2"'. Two hydrogen containing complexes
and a di-smlver oomplex is deteotable in each case.

~ The above facts can be explained if it is assumed that the silver
| cation e.dds,on iny two basio nitrogen atoms and that these two co-ordination
positions are opp’ositg one another. \'v‘o;plryug'pdlymemberfad atom chain cen
then span the arc betWeen tha‘se two positions, in whi"ch‘ case, of course,
a.L will not be large and therefore the chelation will ne’t be acoompanied
by any particular energy gain. Small chela‘be rings, suoh a8 w:.th "en!

I

‘end "pn" cen, neverthelass be built; wiﬁhout much ring stredin, It -

sppears then what the -
two li’gadndaf:mr ‘be



TABIE 4

Logarithms of the Formetion Constants of Silver-Ammine Qomplexes

NH3 0 _3’2 3;8
en . O 0 , . 5,2 (2,2)
i Hen a0 ' 2,0 ? ‘ '
Pn 0-.&.-4..1._0 ' 5’8 » -
‘Hpn ) ( Q.-.A_.n_.n._o y 2,7
den b 6
en 0 , )1
\0 ]
Hden — @-t—t—0—t—im0 3,2 ,
Teaa I
Agden O<Z vhg 1,5 :
' - — . !
ptn | 0—""“‘—‘—0 5’7
| Hptn O—?;‘—O 3,4
"Agn
{ Agptn O'—’-—-‘a-—’-lo 1,0
0
| tren 4} 7,8
i Htren @O < 5,7
Hytren 9>o~—--—<) 3,3
, _6
i ,
' Agtren o-,----—o’/o\,Ag 2,4
1 trien  O—t—t—Q—t—t—0—a—a 7,6
} N
 Htrien ¢———0—t-—t—(Qtt-() 5,7
Hytrien @—t—t—g—t—20-t20 2,8
’ . /31’0"‘\‘ S ’ i
Agtrien 0 A ’ . 2,5, |
8 o - |
i
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THE STABILITY OF CO-ORDINATION COMPOUNDS IN AQUEOUS

SOLUTION AND THE VARYING STRENGTHS OF METAL-LIGAND BONDS
By Dr. H. Irving |

(0xford University)

| Introduction ‘
Until recenfly, most studies of co-ordination compounds have been
carried out largely with solid substanoces and the problems arising
out -of their differing éta‘b‘ilities - their varying ease of formation R
deoo@osition or disproportionation - have been complicated by the
very faotl that solid lattices rather than individual molecules have
been under review., Thus extensive studies of moleoular {rolume have
served ch:.efly to introduce misleading distinctions between normal and
genetration lattices (R. W. Parry, Chem. Reviews, 1950 46, 50?) whilst
the tensimefcric measurements of Biltz and his school have really
thrown less lighf on the actual stabilities of co-ordination compounds
than on the complications arising out of their aggregation ‘into
orystel lattices. Brown and his sohool in America have secured u.seful‘
thermodynamlc data f‘rom studies of the dissociation of compounds of
the type X3B<-—- Nabe and esteblished the importance of steric f‘actors
‘in these simple cases of co-ordination, but the data are necessarily
limiteo. to certain highly‘ specialised types of compounds, Now some
of our most valusble knowledge of co—oi‘dination compounds derives
from studies of dipole moments and optical activity. But these are
‘, sssentially propertieé of‘-the individual molecule in solufion, end it
is to solﬁt“iorvl chemie‘s'bry» thé.t w;fe must turn for data of greater variety
and more quantitative character. -
Solution Chemistrz | |
| The work of N. Bde':r\m on the uwomimn-thiooyana’ce oornplexes and
that of his son J. Bjerzwn summarlsed in his book "Metal Ammine Format:.on
. in Aqueocus Solution" (Gopenhagen s 1‘941) gave a tremendous impetua to
solution ohemist"r:yf for :‘L"c’ demonstrated the;t: it was e\'xperinientally) w
possible to study and maa.sure the equillbrium oonsta.nts of complexes .

existing together :l.n various proportionsd.n aqueoua solution. Thus in
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an ammoniacal solution of copper sulphate‘we have to reckon with
(at least) five species of formulae {Cq(NHB)n]+* (n=0,1,2,3, and &),
with the possibility of'[Cu(NHB)S]h+ at high ammonia éonééntrations.
If the formstion of the complex ML, from the ion M end the ligand L
(charges are omitted for the sake of generality) prooeeds through a
number of stages |

M+L#ML; m*L"'—h‘M:LZ; .....1%14'11_(.-:% esss ey

end we define k., = [My ]/ (Mm, 1][L], we are often able to obtain
accurate values for the complexity constants (formation or stability
constants) of the individusl complexes (n=1,2 ,.... up to N, where

N is the maximqm or co-ordination number). Clearly'[MpN] / [M]CL]N =
Ky (the overall stability constent) = k,k K, ... ke

' . 17273
Tt is important to emphasise that‘by the methods of solution

chemistry, we are able to study quantitatively the stability of
individual members of groups of closely related end very similar
compounds, frse from the oconfusing issues ofllattice energies.
Moreover, we can even make quentitative étudieé of complexes which
cannot be isolated in a pure state - inasmgch as they can exist only’
in solution and in equilibrium with other complexes. It oannbt be too
strongly emphasised that a knowledge of the composition of the soiid
phase’ existing in equilibrium with a solution is,nof sufficieﬁt to

give uhambiguous evidence as to the nature and oompositidn of the
substance or substances existing in solution, | From the fact that
common salt has the composition Nagl we do not oonolude-that the ~sodium
and chloride ions ‘are unhydrated in a saturated aqueous solutlon' 'V'A
more subtle illustration of the same point is afforded by ferrous ions
end 2-methyl-1:10-phenathroline (mpn), for though the trls—complex
[Fe(mpn)B] (Cloh_)2 separates readily from aqueous solutions, tha
solution in equilibrium w1th this substance can be shown to contain
negligiblé amounts of this trisécomplex, forv[Fe(mpn)]++ is the
’predominant species with some‘[Fe(mpn)2]++ and excess methyl-
‘phenanthroline, |

| Since the war meny studiea of equllibria involving co-ordinatlon

‘com@ounds have been publ;ahed ana a 3reat variaty Qf\teohniques have B
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“ been explored e.g. hydfogen, glass and metal electrodes, polarographic,
'f §ar%ition and spectrophotometric procedures and the use of lon-exchange
" resins.” Not all the results are of equal reliebility, but there are
surel&“anough date to make it ﬁorth while seeing whetherﬁany

: _régularities are detectable, and‘whether"it is still premature to
.\‘hézard eny generalizafions.‘ .

Free-Energy Changes

!

Experimental measurements lead to values of equilibrium (stability
or gomplexity) constents k at a given temperature.  From these the
. free~énergy change in the relevant reaction is given by the familiar
‘squation FA= ~-2.303RT log k.

Log,1okn is thps a measure of the free-energy change in any stage
idf o stepwise complexing reaction and éjerrum himself sought for
regularities in the values of log k for the successive additions of a

ligend molecule to a central ion. Table I shows some typical data:

EABLE I
: ~ log k1 log k2 log k3 log k4 log k5 log k6
cr™ 4+ 6sewT 3.1 1.7 4.0 0.3 0.7 1.6

(2.3) (1.3) (0.9) (0:4) (-0.3) (-0.8)

out” 4 BNH; k.15 3,50 2.89 2.3 -0.52
| (3.55) (3.32) (3.07) (2.73)

W 4 3B 7,66 6,40 .55
| (6.88) (6.30) (5.43)

(The figures glven in brackets represent log k values corrected for thﬁ
statlstloal effect g__ )
;It is easy enough to deduce that whethertthe nature of the bond between
B Ta and L (or L ) is purely eleotrostatic purely covalent, or of hybrid
charaoter, each su909551ve ligend ought to be attached with decreasing
affinxty, i.e.} X > kn ., 4+ This is, in kfact, whet is normally fownd. "f

However, the same stéady decrease in the yalue of sucoessive stabilif&‘

constents would also be anticipated from the Operation of the statistio%l‘
effect. (Bjerrum, oo cit ) which’take into ol \
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the number of eéuivalgnt ways in which a ligend can be attached or .
removed respectively from the complex ML, . Thus in the case of the
octahedral thiocyanate complexes of chrcimium the first,.ligand can
go on (i.e. replace water) in 6 wéys but can be detached in only one.-

On purely statistical grounds therefore, the relative values of the

successive constant should be related to one a.nother as ? g % $
2 —— P ]

5 z, i, .. log. k1/ 5 = log 5/k6 = 0.38, log kz/k3 = log

k /k5 = 0,27; log k3/kl+ = 0,25, The experimental retio

g
log ky/k, = 3,1 = 1,7 = 1.4 is too high by the amount 6.38 and,

but for the statistical effeot, there would only be a 10-fold difference
between the affinity of attactment of the first and second thiocyenate
ion. The appropriate correction haes been mede for /‘chis and for all
the other data quoted and it is clear that there still remains an

effect not statistical in origin, even when allowance has been made

for any electrostatic interaction 'e'frfectsvwh‘ere charged ions are used

a8 ligands, ' This residual effect (vhich has unfortunately been

'témed' the "rest effect" by Bjerrum) is seldom largé in magnitude and
in the case of some sy.stemsv (e.g. silver‘and zinc and mercﬁry with
some amines) appears to be negai:ive. BJjerrum concludes that it is
not really a significant index of specific effects in co-ordination
. since "it generally shows slight variation within one and the same
system" and "to a great extenti it is indépendentr of\‘ the magnitude of
the complexity constant of the systém".  In his view (loc. cit..p. 58) ;
in the ma.in "metal ammine formation proceeds statistically" a
conclusion which would appear to deny the possibility of spec:.fic
influences due to particular metal ions or particular 1igands and to
.relegate this imporbant .source of data on the nature and behaviour
of co-ordination compounds to a.n exercise ixi statistics., It cannot
be thdught that Bjerrum i’eally‘ contemplated such a sterile hypothesis
and in the following sections it ,is proposed to‘ éhow thaf. the existing

data is capable of a much more frui‘bf‘ul :Lf more speculative .

. int erpreta’cion. N

and Heat of Foma.tk cmw
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molecule becomes étfached to the atom M in which process one or more water
molecules are presumsbly displaced. It is not, of course, & direct -
measure of the heat of formation of the M ~ L bond (or more aocurately
the difference in the heats of f‘ormatlon of M - L and M-Hy0) since

;AF = AH -AS.T. Very little exact information is available .
vmnoernmg the sign and magnltude of entropy effects in the formation

) ‘pf complex compounds, Even that shown in Table IT (which shows the -

;g'finity of ak';protun for a neutral basic ligand) is of very unequal

& _ TABLE 1T

i Reaction of a Proton with a Neutral Moleculs
| g omyam, a2 3,07 -1.0 0
o | HO.CHyCH, N, 2,882 12,070 4 2.7
o osw, -6,25  -7,276 -3
i —Picoline - 8,210  -6,095  +7.0
‘Pyridine - | - 7,231; - L.,7219 + 8.4
N, 2,562 42,400 4 0.5
OH. N, o - -14,550 3,100 4 b5
'(cH})z.N}; | ~14,750 -12,0000 4+ 9.0
(cH;)¥ 13,425 - 9,000 4143
- NH,, . CH,CH,NH, -13,620 '\-‘13,10‘0 + 1.8
O Mg oM, | ~14,900 “4,000 4+ 3.0
iso-Butylamine - 14,800 -43,500 ¥ hd
N O, N O, N0 RO |
= 'Gien" ~13,800 11,300 4 8.3
 "Prient 43,80  -9,970 3.4

Rea.ot:l.on isH + L = (I-IL) ‘data obtained from the dissociation
‘constents of onium idns, ' o IR

, reliability and in ‘common with thaf of' Table \'I~II it is often base.dron'




TABIE III
Reaction of QCations with Neutral Mclecules

Reaction | | AF . AH A8
outt + 4N 17,700 . =19,700 . =7.0
mt . nw, © -13,300 13,500 & -2.0
ou™* 4+ en S 4,240 -18,920 - =15.5
outt* 4+ 2en -26,276 35,750 =3k
m™ 4+ en - 7,663 -9,8%0 . -7.0
zn™* 4+ 2en - -13,810 18,080 =140
MY 4+ en - 9,870 12,590 -11.9
N 4+ 2en 18,000 26,170  -26.6
co™ + en . -6,320 -8,380 - 6.8
Co™ + 2en ~11,380 15,600  -13.9
At o+ 2w, =10,000  ~13,300 11,0

 -9.857 13,400 -11.9
Ag"t  + pyridine - 2,820 - 4,700 - 6,3
agt 4 Y -picoline - 3,430 - 14,700 - 6.3 '
Ag"  + a-picoline - 3,100 -4’,200 - 3.7
Agt 4+ lutidine - 3,400 - 4,700 - 4.3
gt o« HO.C,H, .NH, - 4,310 - 5,200 - 2.7
Agt igg-butylainine -1_..,660 - 6,250 - 5.3
Agt 4 OéH5.NH2 - 4,660 - 6,259 - 5.3
Ag"' + benzylemine ‘ ,-14,..,500/ - 6,200 - 5.8

Late for transition metals and ethylenediemine by Irving and
¥illiams (unpublished): the rest from various sources..

Only the most tentative conclusion, y_j.._z_.. that entropy terms do not

in general exert any profound influence on the ma@itude of free . “
energy changes in such systems, can legitimately bé drawn:  Some
 data of greater accuracy shown graphiéélly in Pigure 1 for complexes | /
of e‘bhylenedia m:l;'ie and four divalent 1ons of the ,f"vi‘fst’ transition

sepies show that there is a certain parallelism between the magnitude

3
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of entropy and free energy changes so that the order of increasing

affinity Co < Ni < Cu > Zn which holds_for the attechment of one or

two molecules of ligand remains unaltered when the differentisl heats

of formation are being considered. For lack of sufficient inﬂbrmatidnﬁ

ooncerning the magnitude of entropy effects in all the remaining
metal-ligand systems the following dlscu551on is restricted to
oonsiderations of the value of the free-energy changes as measured
by log kn. As it is not elways certain what correction ought to be
applied for the magnitude of the statistiocal effects (or whether it is
Justifiable to introduce them at all in man& cases) only uncorrected
experimental values of kn will be employed. |

Relationships between the values of log kn for a given system MLn’

Consider the stability constants kn for a series of complexes

ML,'MLZ +os formed by the same metal and a given ligand. We have seen l

that, whatever its actual value may be, k, may be expeote& to be
numerioally groater than k b0 Lee i,e. it becomes progressively harder to
add addltlonal ligend atoms or groups to a central atom. Now
exemination of Table IV shows that the greater the absolute value of
k1, the greater the relative‘value of k1/k2. Thi; is eéuivalent to

- seying that if the first ligand is bownd with high affinity (large
log k1) there is proportiqnately less tendaﬁcy‘fér the atfachment of
a second ligend (relatively small log kz) so that the difference

A1,2 = log k1 -~ log k2 will increase as ldg k1 increases.  This
generalisation sppears to hold good for a variety of metals and a
number of different types of.ligand. The abnormally high value of
A1,2 for copper and diethylenediamine is olearly due to the low

value of k2. One molecule of ‘this amine forms two chelate rings and
ocoupies three of the four co-ordination positions round the cu't ien
which of course formsih planar dsz bonds at right-sngles. The second

molecule can oniy be attached strongly through one nitrogen atom to

the remaining corner, and chelate rings can only be fonned if at all,"

by weak bonds through orbitals at right angles to the plane of the

: original chelate rings. k2 is _thus anomalously small
effeot is seen in the atta.ehment £ r of &

3



TABLE IV
Mn  Fe Co Ni Cu Zn
o +NH, log k, 2.06 3.25 4.83 6.40 9.05 4,66
41,2 0.67 1.035 1.06 '1.26 1,50 1.05
A1,2 0.48 0.55 0.65 =0.05
log k, 3.06 3.40 3.63 3,97 5.90 3.60
OH
81,2 0.67 0.82 1,04 1.25 1.50 0.90
log X, 9.83 10.91 11.65 15,06 10.91
log k, 9.01 ' 9.90 10.35 14.0 9,90
0 81,2 0.82 1.01 1.30 1.0 1.01
|

log X, 6,30 6.82

| cﬂs.Io OH log k, 4.88  5.24
(%.CHZ.NHZ log k1 8-1 1007 16.0 809
e NH log k, 6.0 8.2 53 5.5
T e A'1,2V‘ 2.1 2.5  10.7 3.4
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this is so feeble that k3 is very small and 42,3

exceptionally large as compéred with the values for neighbouring

transition metals:

Mn Fe Co

HZ'NHZ \
: log k3 0.88 1.99 3.10
A 2,3 1,18 1.26 1.73

Ni Cu in

6.y 9.31 5,15
10'055 "1;0 1.86
1.85 10,3 3,30

The operation of steric effascts of a somewhat different kind is

illustrated by data in Table V.

C-alkylation of ethylenediamine

does not greatly effect the stability of the resulting copper chelate

complexes,

On the other hand, N-alkylation makes it more difficult

to attach the second chelate ring (as can be seen readily from &

model) so thatlk2 is lower than would be expegtedvamd A1,2 unexpectedly

high. BEven the addition of the first molecule of symmetrical

dimethylethylenediamine is less readily effected than the addition

of the first®molecule of ethylenédianﬁne (whether to Cu or'Ni) although

these two amines have almost identical proton-binding capacity and

hence presumably a similar tendenoy to donate electrons to the central

copper ion, But it must not be forgotten that the coﬁper ion is

originally hydrated and in chelation small water molecules are being

displaced by substituted emines of verying greater bulk.

. TABIE V

Ligand

NHQCHé.GH2.NH2'

N}IZ ICHICH2 .NHZ
¢H3
) NH.GH +CH oNH'
QH3 T2 ol
NHZ.CHZ.GHZ.N(CH3)2

NH2.CH2.GH2.N(Et)2

Me oN-HnGHZ 1CH2 QNI'IMQ
NHp « GHp o CHy Ny -

Copper Chelates

log k1 log k2 81,2
10.55 9.05 1.5
10.58  9.10 1.48

9.69 6.65 3.04

9.23 6.73 2,50
Nickel Chelatés

6.67 3.85 2.82

7.66 6.0 . 1.26

pX of base

10.08, 7.27

110.06, 7.25
10.06, 7,28

9.53, 6,63
- 10,02, 7.07

(

10.06, 7.28

10.08, 7.27




The stebility of 5- and 6~ chelate rings

In passing it is not without interest to comment on the relative
stability of chelate rings of 5- or G-members., The former have always
been assumed to be the stabler, but the evidence has been far from
satisfactory. One line of argument rests on the apparently greater
"difficulty" of making co-ordination compounds with 1:3-dia.minopropané ,
as con;pared with ethylenediamine - but the evidence is purely
gqualitative and may merely reflect differences in the kinetics of
rea._ctioh rather than the position of ultimate equilibrium. Another
line of argument is an extrapolation from the behaviour of amines
NH,(CH, ), .NH, with n larger then three which give amorphous or
polynuclejar or more or less basic complexes with metal ions; but the
reason for this is not to be sought solelj in the potentially lower
stebility of multi-membered chelate rings.

So far as the amine triaminop rbp ane is concerned, Dr., Menn -
produced definite evidence in 1926 that in chelating to platinum a
5-ring was formed rather than a 6-ring, for of the possible products
I and II only the former should be resolvable into optically.active

forms, a result which was effected experimentally.

AT 5N -
Pt S it X
\NHZ-C -

(I). / (11)

Evidence of a very é,ifferent kind is now available for it has recently
been possible to measure the actuai stabilities of a ’number of chelate
rings of 5~ and 6-members respectively in which the ring enlargsment is
2 result only of introducing a ~CH,~ group. Thus despite fhe greater
basic strength of diaminop;' opape 1\11-12.0H2.CHZ.CHZ.NH2 as compared to
ethylenediamine NHZ’CHZ'CHZNHZ? the fir;st chelate ring attached to
copper is nearly ten times less stable and the ef’fect is evén more
pronomced for the attachment of the second chelate ring. Other:

da.'ba pﬂsented in Table VI shows tha’c for amino-acids and for simple

¢ soids there is quantitative-evidence of the ‘grester
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stebility of the 5-membered ring.

That this effect is not confined to chelate rings attached to

' oopper",;_ia shown by data for amino acids and diemines chelated to

nickel and zine (not quoted here) and from data obtained by

Prof. Sehwarzenbach for various alkaline earth metals, given in

Table VIiI,

TABLE VI
Ligend Pt - log k, ++ -logk, e+ 1,2
“"‘d gt Py, owstt o8 Foupt T
NH, (CH, )y, (B) |
n=2 C9.87 7.7 2,00 10.55 9.05 1,5
ns3 10.72  8.98 1,74 9.77 7.17 2,6
NH, . (H; ) so00kd ) log kot -~ 1og kcux2 1,2
n=1 2,25 9.85 8.5 6.9 1,6
n=2 3.6 10.36 7.15 5.65 1.5
"Hooc.(aaz'}nﬁooﬁ(ﬂzzx) PRy log ky w,
ns=0 429 8.4
n=1 5.67 8.16
i




| TABLE VI

" Mg Ce Sr  Ba
H0oC,C n=1 9.73 5el1 6ol 4.98 4,82 .
moc.ogz?m(oﬂz)n.goqn
. ns=2 7.66 5-28 Sooli- 3087 ng
| By 007 043 137 141 .42
o n=1 10.76 6,28 7.18 5,59 5.35
1000, CHe— N(CH, );, -POH n=2 1046 6.33 5.4 410 3.64
Ay o 030 0,05 174 149 1.7
, |
(oH )-/N("HZ'“OOH)z n=2 10.26 8,69 10.59 8.63 7.76
2B~ N(CH,.C00H ), n=3 1027 6.02 7.92 5.8 4.2y
Bpy “0.01 267 347 35 352
CH, | . '
C cH~N(cHzoo<m)2
,_ - (111) III 11,70 10,3 12,50
Ol N0 N(CH,CO0H), |
CH,
/GHZ—-—-CH-— N{CH, .CO0H),, |
% | f 5 (IV) IV 10.91  Lbb 477
CH,; N{cH,.000H),
Byggqy 079 5.7 7.73

In setting up models of the complexes of copper with 1:3~
diaminopropene (where the 6-membered chelate rings cannot be ooplanaf)
“there apfears to be the possibility of cis-trans isomerism., Closer |
| examination shows that the isomers will not preserve their identity
for the six-ring, like that of ocyclohexane, appears to be completely
strainless, | A
' The "Natural Order" of Stabilities of the Transition Metals

It was pointéd out (Nature, 1948, 162, 746) that if complexes of
the divalent transition metals ¥n, Fe, Go, Ni, Cu and Zn were examined;
the stabilities rose to a meximum at copper and dsoreased for gino in a
very regular manne: whether the ligand was ammonis, ethylenediamine,
propylenediamine or salicylaldehyde (see Figure 2).
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FIGURE II

o ~o
-1 ] ‘ | | |
Mn Fe Co Ni Cu Zn
The numbers give the value of n in log k_ for: O, ammonia;

0, ethylene dismmine; X, propylene diammine;
aldehyde. :

), salicyl=-



. This sequence of stabilities Mn < PFe< Co<Ni <Cu>Zn was also supported
by evidence of a more indirect character derived from considerations
of the pH of precipitation or extraction of metal complexes with

dithizone, oxine or quinaldinie acid (Teble VIII).

TABLE VIIT

{ ~ v _ [
"Oxine"; pH "Dithizone";  Quinaldinic Salicylalde-
Metal for 50% pre~- = pH for 50% acld; pH for =~ hyde; log
cipitation = extraction  incipient pre- k-11c2 in aque=-.
with carbon ‘cipitation’ ous dioxane'
tetrachloride o

‘ > "
Mn W8 a9 - 6.8
Fe . 5.6 - - | 7.6
Co 3.2 T X 8.3
Ni 5.2 30 39 9.2
.Cu 2.3 1 oﬂ 05 13,3 N

P& PR R R R Rttt 30 6 LI Rt 2;5L ;1:11,;,,"8‘, .
| Cd Cresi, ole@e e din ip.*..'}i Xy R ’ Pl 7.8

Pt - - 2,0 - -

s, e e

Fo ooy 1942 7 T ribeb SEEES N TR SERRE % A

R
B

A good deal of quantﬁ.tative ev:.denoe has since appeared whn.oh

conf‘ims‘the sequence mof increasing stab:.lities given ebove. , In

: a.dd:.tion to that quoted in Table IV data on a large number of" amino-
acid complexes appears in Figure 3. Here the only 1nvers:.on of‘ order%
(Co < Zn) appears in the case of h:.stldine which may funotion as a ‘
tridentate group. Some data from Prof Schwarzenbach 1s shown in
Ta.ble VIII. . Copper again - shows certa:.n pemﬂ.la.ritles whioh derive
on the one’ hand from the fact that it forms only four stable orbitals

(»s “that :1;5 for.the ,t_,add.ltion» ofremmonle and k5 for ethylene and. other -

o, the faot that these stable orbitals
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FIGURE ITI

Log. of Stability Constants ‘
e) 4 8 12 16 20

e ke oz | oyl R
Asparagice 89  © @ e '@ NHCOCH-
Serine 015 HO-CH~

McS.CHa»-

m_tmor'um' 921
Phenyl-anaiine9-24 $.CH,-
Tryptophane 939 | @
Valine 972 4 Mc{.‘.H -
Leucine 974 Me,CH.CH-
Glycine 9.8 | . H-
d-Alanine 987 CH
Prolinc: 1060 | | q*
: M
Histidine 918 % ' NQC,CH{
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Qso that a..second molecule of "dien" NH,. CH2.CH2.NH.GH2 £H24NH2 can
' only be attached through one nitrogen atom). Orbital and stereochemical .
faotors may thus be expeoted ’co,mocj.ify the "natural" brder of st.abilities._
B It is, of course, significant that tﬁb "na.t‘ur‘al" order is that of
ineressing atomic number and runs parallel to the electron affinity of
_ the corresponding icns - as measured by the sun of the first and
second ionisstion potentials:- | .
M P Co N .04 Zn
231 24,0 25.8 25.8' 27.9 27.3 (electron-volts)
an interesting confirmation of the oﬁder of st'abilities noted here is. |
afforded by work by Pedersen (1914.9) on the kinetics of d.ecar'boxylat:.on
of ’che nitroacetate iQn.
NO,+CH,+000 ——>  TOON:CH, + CO,.
This reaction is anti-oatalysed by hyﬁrogerr ions and by metal ions and
by assuming thet a 1:1 complex is formed, it was possible to oaloula.te
 the stability of this complex. The values found. for X = {Metal "'-NA]

/Metal ] [NA) at constent ionic-strength 0.6 are as follows--

m 21.7 Be<* 1.82
Mg?* 0.65 a1t 3.05

2+

co®* 0.50 2+1.,00 w2, 1 ouf*2,77 zn*1.08

0. | ‘ | - ga*e.54

Pb2*1.39

Mellor and Maley noted ihdependéntly that the order of‘}\stability of
certain metal complexes was iﬁdependent of the ligand involved and

quote this as Mg < Mn <Fe < C& <2n < Co < Nib< Cu < P4, But this is
not blosely born out by 1a.tér work, for Zn and Co of‘ten change places
(guf. the exampie of histidine above) though we \always '£ind Co < Cu > Zn.
The inclusion of Mg, Cd and Pd does in faqt rather tend to obscure the
fundemental connection between electronic structure, ionisation potential

and do-;ord.j.nating power.k - !




Ancxﬁalles aris:.ng from Orbital Changes

In every case so far q_uoted the complexes of' ferrous iron have - |
been weaker than those of Co N:. and Cu in that ord.er. “Now red” -
ferrous tris-phenanthroline ions form a well-known' analytioal test for
ferrous ions end the:.r pers:.s‘tence in ‘quite strongly aoid. solutions :

is a olear ind.:.oation of their oonsn.derable stability. Kolthoff |

- reports K5 = k,'kzk t021. But*then we shb‘uld expe’ot‘ still ‘highe‘r‘ '
stabilities for the tr:.s-phensnthrollne complexes of Co, Ni, Cu and
even Zn' These ions should theref‘ore 1nterfere very seriously with
'the absorpt:.ometrio detennlnation of Fe - w"zloh is oerta:.nly not
the case in praotioe - and we must infer the.t f‘or some reason or other
they form weaker oomplexes than those of ferrous iron. Before askmg
‘ ourselves why thn.s may 'be, it is sigm.f‘ioent ‘that the tris-oomplex of

iron and oo -dipyridyl is e.lso one of high suab:l.lity with log k, ~ 17.0

3
’(25 )e Now Krumnoltz has reoently found 1og k = Lo (25°) whilst
Baxendale and George f':md. loo' k = 4.2 (35 R It follows that log k1k2

must be 17,0 - 1.,. L o= 12 6; | so that even if k2 = k3 the values of these
: ste.bility conste.nts (log ky = log k5 = 6 «3) would be greater than the

experimentally found value for log k Actually, the kinetic -

1°
meesurements at 35° sug.g‘e_st'that ,1og‘k2 < 5 so that- 103,1:3' > 7. Thia
‘remarka’ble"-result can only mean ‘that there is a greater free-cnergy
ohange on co-ordinatmg the third molecule of d:.pyndyl than on
eo—ordineting the second or first and we may oonfld.ently predlct that
; similar data will 'be forthcoming for the oomplexmg of ferrous iron
and phenenthrollne. Now it is well known that the ferrous iron is
pare.magnetlo in aqueous solution and the pare.magnetism of the feeble
diemine complexes suggests that these involve iron with the electron:lo
structure (2) (8) (2, 6 teesy) in vhich t%ere are four unpalred eleotrons‘ |
and no d-orbitals available for bond-format:.on.k If, however > &
ree.rrengement of the electron levels takes plaoe to give ferrous iron :
‘with the eleotronlo structure (2) (8) (2 6 ;..), the resulting | |
camplexes will be diamsgnetic andtwo d-»or'b:t.te.ls will be e.ve.ileble

vzfor the foms.tion of strong ootehedral a s95 orbitals. | It is 1
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| diamagnetic end resolvable into optical enantiomorphs in agreement

with this elsotronie configuration and we may suppose that whilst
the first (and possibly the second) dipyridyl or phenanthfoline
'1igand repl@oés waterkwithoﬁt profoundedly modifying the structure
of the cgntral.paramagnetic ferrous ion (beingAattaohed by .
relatively weak "ionicﬁ'bOnds), the oo-ordihation of the third
ligand is accompanied by a profound electronlc rearrangament

‘with electron sharing leading to loss of paramagnetism and the

provision of vecant d-orbitals so essential to the formation of a

tightly bound complex. Kolthoff has recently reported

;gg k, = 5.9 for ferrous iron and Oﬁphenanthroline with evidenoe
that log k2 is \ery small; - sinoce log K3 = log k. k2 3 = 21 5,

it follows that once agaln k, ~ ky < kj. It this explanation is
correct , we should not expect any similar derangement of the~ ’
3ordinary sequence of stebility velues viz. k, > k2 > kg in the

‘case of the camplexes of zinc with phenanthroline, for with this
1on the electronic structure (2) (8) (2, 6, 10) @oég;nqt permit

of any similar rearrangemenfs. It is thus of special interest

‘that in Mss. received last week from Prof. Kolthoff there was

the folloﬁing (unpublished) data fof the g-phenanthro1ine-complexesA
f@f\zinc: log k1 =76.h3, log k2.= 5.72, and log k3 = 4.8#. ,The
regular decre&se in effinity for successive ligand molecules followé
j#he’"nprmal" pattern whilst the overall stability log K3 = 17.0
1s less then that for the corresponding Fe complex.

Wherever the nature of fhe ligend is such as to favoﬁf
electron-sharing in the ferrous ion, and the consequent liberation
‘of d-orbitals, we may anticipate unusually strong complexes with a
oonsequent inversion of "oraer". This is illustrated for Cd and

Fe in Teble TX. ‘ . | L
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TABLE IX
4 Nit, 3 En L Py‘ "Trien" 3 dipy 3 phenan

cd 6.5 12.2 2.5 10.7 10.5 15.2
Fe ~2 9.5 €0 8.8 16.5 21.5
A~k +2.7 ~ 42 +1.9 6.0 6.3

r

Fe > Cd

Stability Cd » Fe

Time does not permit of any detailed discussion of the very

*

interesting con@lexes of s:x.lver ions w:Lth amines where commonly

k¥, < k

1 2°

It may well be that there too orbital rearaa.ngements play

an important role,. f.‘or the exper:.mental result could be explained if

the first ligend molecule were attached "ionically" whilet a pair of

strong cd‘ilinéar sp orbitals were brought into play when the next

ligend becomes co-ordinated.




GENERAL DISCUSSION

~ Prof, Sidgwick said that the observation that the energy chmée in

the putting on or splitting of';‘.‘ of the second molecule of a ligand was |
less then that for the first, was general, ‘There are very few examples
outside of co-ordination chemistry Where an atom combines with differcnt
numbers of another atom but when it oocurs, €8 P015 ’ PClS,
second attachment is nearly always about 80% weaker than the first.

Prof. Albert said that the work which had been desoribed was of
exceptional interest to biochemists., Since lthe publication of
"Prof., Bjerrum's work in 1941, g'.t has been possible to. investigate
equilibria between various biologically importent metallic ions and
vital Gcﬂ-oonstituenfs whioh combined with them.  From the practical
point of view it is rether better to make use of the technique of
Prof. Bjerrum's puplls, Flood and Loras pu‘biished in Tidsskr. Kjemi
(19#4 end 1945) in Norwegian., The calculations are more straightforward
énd more spplicable to actual compounds., The practical limitation is‘
that these oompounds'should be solublevto‘ the extent of 0,001-M. It
has long beeh known thaf préteiné and porphyrins “cdmbi‘ne vwith heavy
metals in nature and recently we have shown that pteridines, purines
and riboflavine have a high aff‘inity for metall'ic ions, We have
published the relevant stability constants and also those for amino acid
complexes where o:dly rough valués have been previbusly avaiiabie. |
(However, .Mellor and Maley ha#e published some work in"‘this field while
our results were in the press (I/siochem. Jo))e

Pi'of . Albert queried the term "natural 'o:jder" used by Dr. I:'ving.
He said it would be better to cail it the Mellor and Maley order or the
Irving order since it was found that ;che order of the metals (as reghrds
stability of their complexes ) changed when other ligands for exa;tnple |
riboflavine or the ptefid.ines‘ were considered. The order is also upset
with the purines and the nucleic acids. Nature has; perhaps by trial and
error, picked on compounds for use in the body which are rather exceptiéné.l
When compared with those made in the la.'b'ora»tory. -Also with the pteridin,esk
’chis matter of ha.ving K2 pmaller than K1 by a faotor of eightfold is o
d:;.mmbaa i the.eee.o




goes on to Cu almost as readily as the first., On the o ' , .

Co the addition is normel and the statistical effect 1:8 for K K, is
obtained. ‘

Dr. P George commented on the results of kinetio and.equilibrium
measurements on the ferrous ion - dipyri;lyl reaction carried out in
ocollaboration with Ju Baxendale (Trans. Far. Soc., 46, 55, 736, 1950).

The red complex ion Fe(Dipy)f"' was shown to be formed through two

intermediates according to the mechanism:.

Fez"' + Dipy ——= Fe Dipyz"' K1

"Fe Dipy2+ + Dipy @. Fe (Dipy‘)zz"' K,

' 2 | \ 2 ’
. PFe (Di:s;?)z * &+ Dipy ‘,.\..--_-_.* Fe (D:i.py)_3 * Ky

in which each step is understood to be the replacement of two of the
water molecules in the solvation shell of the ferﬁous ion by a
dipyridyl molecule. The oyerall equilibrium oonstant K1K2K3 was found
g = 1.6 x 100, ”" at

3500. and whilst KZ- could not be determined exactly, measurements showed

to be 1.15 x 10' M. ™7 at 25°. The constent X

that at 35°. K, < 10" and henoe X5 > 2 x 10",
The overall heat of f;:rmation of Fe (Dipy)32+ is 24.3 4 1.3 k. cals
and the heeﬁ: of formation of t\he‘ first intermediate Fe Dipyz"' is 7.5' +
2.0 k. cals. Calculation shows that the entropies of formation are
-within experimental error zero in each case, and it is therefore
reasonable to assume that the entropy of formation of li‘ek(Dipy)zz+ is
also about . zero. Using this in conjunotion with the maximum value of
1071~ estimated for K, it follows that the heat of formation of
Fe(Dipy)zz"' in the second step is probabiy less than 7 k. cal. Hence

the heats evolved on the successive additions of dipyridyl to F62+ ar

C)
7.5 k. cal, for the first, 7 k. cal. for the second and 10 !z, cal. for
the third, J | |
Bjerrum showed that in the formation of hexammine complexes

the addition‘ of successive NH3 molecules involves about the same heat
of reaction which varies from 2 - 3 k., cal. depending on the pe.rt\/icular
metal ion, The‘ overallentr»opy’ch.ange is of the order -20 e.u. The
greater stability of Fe (Dipy)f* thus arises from a higher overall

heat of formation of at least 6 k, cals and a greater entropy of

_ formation.of ebout 20 e.u. This larger entropy of formation of the
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of three dipyridyl molecules from solution and the liberation of six

water 'molecules in contrast to the ammine complex where thgre' is no net
increase in the number of free molecules. Entropy considerations thus
favour the stablll‘&y of chelate corr@lexes. |
A value of zero for the entropy of formation of ‘r“e(D:pr)3 s in
satisfactory quantitative agreement with the gain in entropy 1n‘
liberating the six‘co-or“dinated water molecules in the solvation shell
if the three dipyridyl molecules suffer an entropy loss comparable to
the entropy of freezing. This is reasonable in view of the figid
structure of the Fe(Dipy)52+ ion as evidenced by the fact that it can
be res(olved: into optical iéomers. |
- Approxlmate caloulations from thermochemical da.ta show that the
Fe - 0 and Fe - N bond energies in Fe(HZO )6 and IT‘e(D:pr)3 re
about 65 and 82 k.cal respectively. |
Kinetic studies showed that the formation of/Fe(Dipy)Bz"' is a
fburfh order .reactién which can be explained if the reaction of
Fe(Dipy),~* with the last dipyridyl molecule is the rate determining
step.  The velocity constent is 8.4 + 1.3 vl\/I.m3 min "1 and is
ltemperature. independent., The dissociation is a first crder reaction
with the rate constant k, = 3 x 10’/ exp. (- 354999) min~l, 1t is
interesting to observe that this activation energy is of the same
magnitude as the overall héat of formation, Since the aissociation “
reaction involves the replacement of one dipy_ridyl molecule by two
water molecules giving Fe(Dipy)Zz"' this large activation energy means
that a very considerable expansion in the structure of F’e(Dipy)3 is
necessary to accommodate the two water molecules in the transition state,
A certain amount of disorganisation within the molecule would be expected
to aocompany this, and it is revealed by the high temperature independent
factor of 1017 '

Quantitative o¥servations showed that the first intermediate

,FeDipyz"'w dissociat es extremely ra.pidly. The c-:éntral'bondﬂ in this

molecule are fairly certainly ionic whereas those in Fe(D:l.py)3 re

covalent, Th:Ls attract:\.ve correlation though is fortuitous for the heats‘

?f f9¥mﬁ?@§a 1pyridyl moleculs are comparable end the dipyridyl
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COMPLEXES OF SOME LIGHTER TRANSITION ELEMENTS WITH A DI(TERTIARY ARSINE )

By Dr. R.S. Nyholm
(University College, Ldndcn)

Slmnarj of ;;..ect ure

1, Introduction

(a)

(v)

(e)

(4)

Tertlary arsines such as E’cSAsj Ph P, PhZAsMe etc. are used

fairly w:v.dely as ligands' Dr. Mann has just. discussed

eomplexes of Hg and cd. | |

They have prope\f*ti’es which meke them oonvenient for certain

purposes; “ _

(1) Practically neutrel and hence 40 not Precipitate metal
hydroxides in presence of water.

(ii) Non-ionie compléxes are usually solﬁble in orgenic media

and hence can do molscular weights and dipole morhents,

and elucidate stereochemistry. (Cf PtCL,. ZNH3 o

where one could do neither with reliability)

(iii) Reluctance to give other than covalent bonds.

We have been interested for some years in elements in

Group VIII with Which ter*biary arsine complexes not |
previously investigated and have studied these to
characterise determine, stereochemlstry, co-ordlnat:.on
number, bond type ete. |

This investigation describ;sd. compiexes -ofi the ohelate grbup s
O-phenylenebis(dimethylarsine) i.e. : \ As

First described by Chatt and Mann (1939) who showed it
formed very strong bonds with Pd, TLater Allison snd Mann
described its complexes with Sn(IV)., The strength of the
bonds suggested that it would form complexes with the more
electropositive metals of Group VIIT (Fe, go, N:L) and this
study was origlnally undertaken to try and. 'isola,‘ba two
types of complex:

(1) wix,

diarsine and OoX,. |




(i1) Bridged complexes of octahedrally co-ordinated elements
e.g. ferric iron, tervalent rhodium etc. and to find
(possibly) new bridged structures,

2, Qomplexes formed- (With Fe, Co, Ni a.nd Cu)

Univalent State~ Only copper g:wes complexes in this valency state.

Two types are obta:l.ned OuX {diarsine and Cux 2d1ars:.ne. The latter
are very soluble in a.lcohol reaot with Ag\ros, give a perohlcrate of
the f‘ormula Cu(d1arsa.ne)2 ]clo and conduct in nltrobenzene. ~ Henoe
they are salts [Cu(&i’avrslne)z](}loh'r ‘The other type were Vbalie_ved at

first to be bridged e.g.

Diarsing \J0u</ ou__ pisrsine

How_gver; treatment with HClOL'_'.gives the seme ?erchlora‘.te as béfore,

"they, conduct 1n PhNOZ, end their ‘moleculari weights in PhNO2 and
acetone are half the caloulated valus. Hence the formula
[Ou(diarsine )Z]C‘ux2 is indicated. Furthehn’ore , treatment with py

fails to split any supposed bridge.

CuBr in sat. -an. KBr . OuBr in sat. aq. KBr + diarsine -

+ diarsine in gmall ~in Jlarge volume of aloohol
volume of alcohol o : NI b : :
Shake J/ Shake
CuBr 2(Di3rsn.ne), Reflux in EtOH CuBr 1(D1agsme), ‘Reflux Excess of
m,p. 182 P m.p. 232 : e 80114 CUBr
v. sol. in EtOH. with diarsine s, sol, in EtOH. + diarsine
' in EtOH.

Bivalent State ‘
Iron: ‘Shaking FeBr2 or FeI2 with diarsine in EfOH-HZO gives a yellow
preoipitate insoluble in all solvents. Diamagnetic and of the formula
[Fe(diarsine )2}(2]0. Obviously an octahedral non-ionic (‘o\;"oxnplex.
Chloride shows very ready oxidation to a pink colour and in presence

of air and HClOA gives the ferric complex in a few minutes, This is
signi;i‘icant (see later).
Cobalt: Co halides in aleohol with the diarsine give compounds of

the formula [.Co(diarsine)zxj. Insoluble, hi'gh {ﬁelting poinf (decomp. )
obviously salt-like and magnetic moment about 2—2.4.» Henoce a square -

complex of blvalent cobalt.

As withfcobalt ’but very mueh mare se,lubla in aleochol and
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Calculated magnetic moments forvvarious types of iron complexes

Complex » Electronic arrangement Calculated

L e : " magnetic
54 b hp moment (u).

g sl 1 T T T O

Ferric imnic, octshedral 1 l l l l
or tetrahedral r { v

Ferric(:d:;gatzzgsl)alanar‘ M 1 MU i 3,88
gt N T ) N R

Ferrous ionic, octahedral JT l l l l
or tetrahedral

5.92

4490

P st soes N O

These values are calculated on the assumption that the whole of the
moment is due to spin slone. Usually, there is a small orbitel contribution
which increases these values slightly; its effect is most marked with the
lower values,
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"Caloulated magnetic moments for cobalt comp_lexes

Complex ‘ Electronic ~rrangement Caloulated

' Y ' magnetic
34 48 4p moment
(B.M.).
(oo o) ST (T T] s

Wewe i WL [ P e

(141) gobegtons plaver i ] If “‘ it 173
| ~ba(7)

R ) ) L R

(v) Cobaltic (ionic) : | lf l 1 l _1 | | : 4.90‘

e [N () MO e




Calculated magnetic moments for nickel complexes

Complex

Electronic arrangement

3d

‘ks‘ Lp

(1) Mickeloys covalent .

planar (dsp” bonds) |,

f

In

(ii) Nickelous ioniec,
octahedral or tetra-
hedral

(iii) Nickelous
covalent tetrahedral
(sp3 bonds)

1}t

Calculeted

‘magnetio

' moment

- 44(®?)

(iv) Nickelous
covalent octahedral
(d%sp3 bonds)

PN

covalent

(v) Nickelig
bonds )

planar (dsp

ik

(7).

-~ (vi) Nickelic,coyalent
octahedral (4“sp”

bends ) ‘

(vii) Nickelic
covalent square
pyremid (dsp’ bonds)

i

Il

1|

(B.M. ).

0.0

.2'83
- 2.83
2.83
1.73
1.73

1.73
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Tervalent State

Iron: Feclj or FeBr, witﬁ diarsine in EtOH or benzene gives red or
éhocolate brown pz‘ecipita‘c’e- with dlarsine. These d.is-solve in acetone

or PhN02 and give perohloratea with Hcloh_ of the formula |
'[Fexz(diars:.ne )2]0104 for which u = 2,3, i.e. covalent oc’cahedral bonds,
Other cempounds are not bridged but have the f‘ormula (Fexa(d.iarsine )2] [Fexh_]
with g = about 4.6 B.M. = The diagram below showa relat:.onshlp between

fcrrous and ferric oomplexes :

FeB:lz'5 Fe013
Disarsine Diarsine
v \'4
- : +
Br KBr
As A e

1{5 ‘ 'As“/ (Fe??‘*)

TiI
0
Lil
——————— /»As As Diarsine
/ | St ‘FeIZ
As o
|
Diarsine
o FeBr,
r
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Cobalt: Aerial oxidation of the bivelent salts give tervelent
octahedral c;omplexes readily. With chloride, one can get a compound
[0oCl,(diarsine )2]2[0001#] confirmed by perchlorate and magnetio
moments. Also bromide snd iodide. Solubility of Co(II) compound
affecté'apeed of oxidetion., Comment on extraordinary ease of f‘bxmatiori

of the oobaltic thiocyenate.

Air + HBr B

:r VO-
1 .48 A}sv ' .As As
""’ Bry /- A B
As 8’ JAs As””
T ke
Brownish<yellow . Dark-green

Z‘V g
Pad .
/~

As As”

!
~ 1 . ¢l -
Greenish-yellow Light -green Blue~-green
p= 2,1 b= 0 : H= 0.
C}OCl2 +
TAI gono. HCl
Ar + HI 1 ¢
A8 AB . > | ,-As As| ‘ A8 As
/ Co/ . |1y 1/ PR i ¢ / ] coCl
A8 s 2 As As* , As As 4
- i _ C i .
1 cr 5
Browmn Reddish-black Green
p= 2.4 R= 0 = 4,6
Asr + :
CNS N
., NHQNS ( ?&13§°)° onS
%/A,s > (,/A Ap 4 WAS
‘d c "0' - / '.u' v "" ’ Co CNS
As As* !(CN")Z 1 ds —Ag ! |ONS A/s ,As"' ( )l"
’NS CNS 5
Light-brom = . ,  Orange Green-black |

IJ-= 2'3 “SO
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Nickel: Attempts to isolate NiCl,.diarsine by refluxing Ni(diarsine )2(312
with NiCl, in EtOH in air gives I\{iClj.(diarsine )2. i‘h:}.s compound is |
soluble in water and has molecular conductivity = 120 reciprocal ohms.
It gives a pérchlorate and platinichloride of the fomula [NiCleZJX
~end 2ll are paramagnetic withw = 1,9 B.M. Definitely oxidation; hence
is oxidation of Ni or As. Magnetiq moments supports Ni(III)

NS 2 (010
As As'’ 2 As As* k72

Dark<browm,u= 0 Buff~pink, u= Q
Nal HClOl'_
NHL'_CNS - KBr
A8 As (o) A8 As ' ,AS As
Asﬂ 2 As As- 2 As As*’ 2
‘Reddish-brown, = 0 Bromish-red, p= 0  Dark-brown, u= 0
Air -
S0 + Br,
2| lmo1, or o1, 2

- NHL'_CNS
| v, cns
4
. J CNS

Orange-brown, u= 1,95 Brownish-yellow, K= 1,89 Orange, M= 1,96

© HC10 '
/ | HoPtClg KI
1 \

. - Cl
. As B
"‘ 010 | \“
As b As

Yellow, 4= 1.94 Yellow,

Ni(Diarsine )21 3

PtCle  glack, p= 0.

2

On the following page the behaviour of di- and tervalent iron

_oobalt, and nickel is oompared with regards to complex formation with =
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Complex salts formed by iron, cobalt, and nickel with a di(tertiary arsine)

Bivalent [FesjX,]°.
X = Br, I, OCNS; non~electro=
lytes, diamagnetic, u = 0, co-
valent d25p3 'bonéls.

Octahedral (six-covalent).

Cobalt

Bivalent [co,A.z]\xz.
X =01, Br, I, CNS; salts,
paramegnetio, | M= 2,0-2.4, co-
- valent d.sp2 bonds.,

Planer (four-covalent ).

Nickel
" Bivalent [NiAz]xz.
X=cCl, Br, I, CNS, 0104;
salts, diemagnetio, u = 0, co-
~ valent cls’p2 bbndg.
Planer (four-covalent )

'[N:’.A3 ](01%)2; . diemagnetio,
H"-'-' 0.

| Octahedral

Tervalent
{FeszZJ {Fexh]'.,
X = Cl, Br; paramagnetic, = 2.3
for cation and p = 5.9 for anion.
[FeBroA, 1x.
X = Br, Cloh_, cation covalent, d2g93
bonds.,
Octahedral
© Tervalemt
[coszzj?_,[coxh]. '
X=201, CNS; paramagnetio,:
4 = O for cation and u = 4.4 for
anion,
[CoX 4, )X,
X = Cl, Br, I, ONS, cation contains

3 bonds.

covalent d.zsp
Octahedral

Tervalent
[Nix2A2 ]x.

X =-Cl, Br, CNS; paramegnetio,

wo= 1.9,

- [nio18,]B. |
B = C10,, #PtC,, u = 1.9,
orbitals doubtful,

Octahedral



CONCLUSIONS:

1. Co~-ordination Numbers

Nothing unusual, Univalent ‘copper presumably tetrahedral ;
bivalent iron ootahedral and bivalent occbalt and nickel are square,
All tervalent elements are octahedral,

2. Bond Type

As judged from magnetic moments all are covalent.
5, Stability |

Very high, thus with Fe(III) spart from ferricyenide and dipyridyl
and o~phenanthroline complexes, no other covalent bonds of ferric iron
are known. Cobalt really remesrkable, forming even a stable tervalent
iodide with two iodine atoms and two As atoms therein. Nickel most
remarkable of all in that one gets Ni(III) complexes.

k. Number of Chelate Groups _Aptaéhed

Always tend to get two only, except with Ni(II) in which the
compound [Ni(diarsine )3][ (3104]2 is desoribed.
5+ Failure to obtain bridged octahedral complexes and bridged Cu
complexes, |
6., Failure to obtain compounds such as [NiClz(diarsine)]o. There
seems definite tendency to get two chelates attached,

7. Stabilisation

Although Fe, Co and Ni qs»tabilised in their higher valency states

| by this chelate group, Cu stabilised in univalent state. Tmplication
is not yet clear but whefeas to get a square complex of bivalent Ni
and Co, it is necessary to use least elec’cronegafive /ligan"ds,, one can
use the most electronegative with Cu e,g, water and NH,.  Ethylenedi |
amine with Fe, Co, Ni gives ion-dipole bonds and. no covalent complexes,
yet with this ditertiary arsine all g‘m covalent bonds. ~ Ditertiary |
ersine stabilises covalent bonded state Fe (I1) =+ Fe(III) eto. Failure

to stabilise Cu(II) of.Cu(I) indicates something anomalous with Cu(II).
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PROBLEMS ARISING FROM THE WORK

1. Stereochemistry of Co(III) complexes - ois or trans. X-ray or

attempt to resclve, is only answer. ‘
2, Diamagnetism of [Ni(diarsixlxe)jj[clol‘_]z' This is diffioult to
explain,
3. Diarsine «+ NiI?_ wemed in aloohol ~=——3 brown square diamagneti;
[Ni4, ]I, | |

Diarsine + N112 —y in water ~——> green dianxagqétic [I{;I.Azlz ]°,
ootehedral? ’
4. Comparison with MeSCH,CH,SMe (Fo;ss) and corresioo.nding aromatic one,
Also comparison with Me‘zAsCHZCHZAsMez;

 GENERAL DISCUSSION

Dr. Mann congratulated Nyholm on the work end its presentation.

‘Nyholm had said that tertiary phosphines and arsines weré neutral

ligands but in fact the phosphines were more basic tﬁan the corresponding
emmines, Basiﬁity inér'easesfrom amines to phosphines and then '
decreases to arsines. |

Dr. Palmer said fha.t nickel nitrite formed with ammonis a green
paramagnetic complex Ni(N02 )z;h.NHy The analogous pyridine oomplex is
red and diemagnetic. This may be en analogous case to the compounds )
'(Nilz.'z diersine) mentioned by Dr. Nyholm. |

Nyholm seid that there were some complex nickel nitrites which
weré red. Their magnetism appears not to have_ been studied and it
' would be interesting to know the nature of the Ni-NO, bond.

Dr, Anderson stated that from the mechanism of the formation of
carbonyls suggested by Hieber other tervalent nickgl complexes are known,
He asked whether Nyholm had obtained a.ﬁy evidenoe of Ni(IV) complexes.,

Dr. Nyholm replied that he had evidence for the quadrivalent
state of nickel f;'om chlorine oxidation of the tervaient, qmnplex. One
apperent weakness of Pauling's theory of ,ttrze prcmotionof electrons has.
been the fact that Ni('dipy)3012 cannot be oxidieedto :a ﬁexvélént“nickel
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complex although it would appear that there are two electrons promoted.
The answer to t\he.problem is apparently either (a) that in Ni(dipy)3012
two electrons are not promoted or (b) that .a divalen‘b nickel complex
" ocan be oxidised if strong covalent bonds (e.g. with the diarsine) are

7

present.

Prof. Sidgwick asked whether it can be proved that diamagnetism
was always associated with a planar configuration of nickel and
paramagnetism with a tetra.hedrél.

Dr. Nyholm replied that X-ray studies had been made on diamagnetic
complexes and these were all planar but he was not aware of any
complete structure det‘enn.inations of a paramagnetic ,compound’ﬁhich had
been carried out. ' .

Dr. Palmer stated that recently the green paramagnetic compound
Ni(NH3 )kcla had been shown by X-ray studies to be tetrahedral.

; Dr. Irving asked whether it would be possible to achieve square
‘bond.vs;(dspz) by §romoting one of the 3d wnpaired electrons of nickel
to the 44 shell and then having dsp2 bondé simultaneously with two
wnpaired electrons. | |

Dr'. Craig repl.;Led. that by the principal of_me.ximﬁm multiplicity
it is likely that a promotion from the 3d shell would leave three
unpaired slectrons in that shell instead of one as Irving's idea
involired. kThe whole eomplex would then have four electrons 'in‘singly
ocoupied érbitals instead of two, | o

Dr. Nyholm finally stated that if you consider Ni(II) and Co(II)
one gets square complexes. only with the least electronegative groups.
In the case of Cu(II) distribution is always pla.nar.’ Sbmething very
fundamental happened in going from Ni and Co to Cu,
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THE CO-ORDINATION OF OLEFINS TO PLATINOUS SALTS
By Dr.. J. Chatt

(Butterwick Research Laboratories)

Introduction .

I havé chosen this’father speculative“subject because the
co-ordination of olefins has received no exélanation on the basis of
the lone pair theory of coQordination; it is, in fact, a challenge
to that theory. |

Pew olefin complexes are known and only the platiﬁous series is
sufficiently stable for detailed chemical investigation., Typical

.

types are shown in Fig. 1.

TYPES OF ETHYLENE COMPLEXES WITH

PLATINOUS CHLORIDE

Kf[Czﬂh?tcl3]- t?ans-[czﬂh,NHj,PtClz]
1827 ‘ 1827
1934 | 1939
o P decomposes -10%
[CoH, NH5py,PEC1] TGL [(C2H, )2Pt025] Lot 760 ., 08,
1946 ' : '( 1950
Fig, 1

Except that-ois— and trans-ethylene-monoammines are about equally

stable, their order of decreasing stability is the order of their
discovery.v |

Thére is é@ple evidence that thése are co-ordination compounds
resembling more then any others/the carbonyl dOmplexes but differing
in‘éqme respects/from'thé‘ammines. J
-Structures -

About eight structures for olefin oompiexes have Been suggested,

and these are classified as follows:=-

Pirstly, those with the charecter of a platinouak‘alkylt;(féd" g. Fig. 2).
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| Fig. 2
(Drew, Pinkard, Werdlaw & Cox, J. Chem. Soc.,. 1932, 997). These

may be dismiased because platinoua alkyls are unstable and also the
olefin is readily replacad by other olefines a8 well as co, pyrid:l.ne
and suoh, : Alkyls do not behave in this manner.  Aleso, ketones are
not obtained by re#otion with acid ohlorides, nor chloréhydrocaﬁons
. by reaction with weter.

" Next, we have those which attempt to meke the olefin fit the lone
péir theory by using the x eleotrons in some menﬁgr for donation to the

metal b(eog‘o Figc 3)0 '

\\

£

(Winstein & Lucas, J. Amer, Chem. Soc., 60, 836 (1938)).

If this mecha.r;ism ‘operates“we shouldz expect some ‘interaction
between ethylene and the e.coep’ﬁgr aikyls 'of group 3 elements. Ve
have examined ‘the system ethylene-trimethylborine by taking a freezing

point ourve of these substances (Fig. L)e
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No one-to-onek compound is formed, end a log-mol fraction - % plot is
straight line showing that there is no interaction whatsoever between

‘these substances (Fig. 5). This is swrprising, as the ionisation

potential of the & electrons (10.45V) is slightly less thsn that of the
ammonia lone pair (10.8V) and trimethylborine forms a very steble ammine,

Finelly, we have a vague structure of Hel'rriarl's. She suggests
that the x electrons are donated from one carbon atom to’the platinum
atom whilst the platinum atom donates the two electrons, used in raising
its valency from 2 to 4, to the second carbon a’com. ~

The behaviour of ethylene with trimethylborine is clear evicienoe |
that something other than simple donation of electrons is involved in
olefin co-ordination, and Hel'man's suggestion ’chat d electrons are )
mvolvefl would ex_pla.irx both; why ethylene does not show any interaction
vm:h trimethylborine, ‘and also why platinum, which has avgilable .d
electrons on a similar energy level to s and p should also form the
most stable olefine complexes. "" |

Trang influence a.nd sim:.larlty to CO.

As a second a.pproaoh to the problem we asked ourselves - Do the
properties of olefin complexes ‘suggest that they are exceptions to

co-ordination. theory? The ai;swer eppearsi,j.zo;y,};g‘, ‘No. 4 They are merely

A
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an extreme type, closely similar to CO complexes, rather different
from ammines. | .

A general consideration of t}ner properties of platinous complexes
indiocate that ligands may be placed in a series of gradually changing
character, At one end of the series we have the ethers and amihes,
at the other carbon monoxide a'nd\e';:hylene, - T |

Meo0, Me,N, MeNH,, MesP, Me,8, (NH,),08, CO, C,H, .

Those at the beginning of the series co~ordinate to boron but not
to _;pia-tinous chloride. Those in the centre co-ordinate strongly to
platinmﬁ but ‘weakly to boron, Thosé at the end moderately strongly
to platinum, slightly or not at all to boron. | |
‘ A mosf significent property of ligends is that named "trans influence"
by Chernyaev who discovered it., It is a property of ligande whereby
any group in the trans position to themselves in platinous complexes:
is rendered lsbile by their presence. It may be illustrated by |
éonsidering the platinous ammines and trans- CH, .NH, ;PﬁClé.

\ 3\1?1:/ o 3\1/,0
agua regia ———e—e——>
AN o ; \,
L N N
In this reaction the emmonie is not removed even'by strong acid

but it is inmed:.ately removed from ethylene-amino-dichloroplatlnwn by
dilute hydrochlorlc acid. |

W‘CZH '/cl‘,

cold dil, HOL =——> NHL[CZHLFP’ccl}]‘

cl 3

The effect was first noticed for unsatureted ;igands, €ego

S |
-.I\I 3 -CN ] (NH2)20=S, OO,CZHA-

-

| and appeared to indicate that ethylene retained its double bond after

. -~

oo-ord:lnatlon.
It was next recognised for dialkyl sulphides and, to a lesser
extent,.for tertiary'pheaphinés. “THe’ eff‘ect 18 this not due to a -

i ipppirs To ‘ba*assoamted'm“h
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donor atoms capable of raising their covalenocies by two units, e.g.,

co 00012 0C=0
RSP R 3P012 R3P=0

but not RBN or R20. |

Thus ligands showing trans influence are those_ ca.pa'blg of receiving
as well as doﬂating electrons, which is further evidence that perhaps
receiving electrons from the metal atom is an yimp‘ortant‘ part of their
co~-ordindtion. |

Evidence from P‘f"3 complexes

To test this idea, let us consider the phosphines which show
trans lini‘luence only to a minor extent. R5P co~ordinates strongly
both to boron and platinum. If the R's are replaced by fluorine we
would expect the lone pairs to beoome very inert due to the strong
inductive éffectE of the fluorine atoms. This was confirmed by
with BF

attempting to oombine PF - no combination took place down

3 3

to -80°. |

If the co-ordinate link is a sort of'&oublev bond formed by donation
of electrons from the phosphorus and receiving of electrons from the
platinum, then this latter effect would be enhanced by the pull of the
fluorine atoms and the electron drift from the metal to phosphorus by
neutralising the pull of the fluorine atoms would tend to free the
lone pair for co-ordination, i.e., if eleotrons from the metal take
part in co-ordination to platinum, then phosphorus trifluoride should
combine strongly with iplatinum. When we tried this experiment by
passing P}?3 over Pt012 at 250°C. , tWo very éte.ble volatile complexes
distilled into the 0old perts of the tube (PF,),PtCl, and (PF,PLCL,),.
‘The latter is so stable it can be distilled without any decomposition
a‘b’ 15 mm, pressure. These compoundé resemble the carbonyl plétinous
halides, which were hitherto the most volatile plgtirious ‘complexes

known; so close Kis the resemblance that thera cen be little doubt that

the mode of corbination of PPy and of €O is closely similar,
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Further, we have attempted to replace the CO of nickel cerbonyl
by FFy and;obyained a mixture boiling over a long ﬁangﬁ 45-64°C.
(Ni(c0), = 43%.), end the top frastion analysed as Ni(C0), o(PF5), o

We have isolated no pure substence from this mixture as yet, but it
seems significant that PF5 Which’doesknot corbine with}BFj can at least
partially replace 00 from nickél carbonyl, to give a substanqe of
similar character to Ni(CO)a. |

Pauling hes already suggested that 4 dfbitals of the metal teke
part in carbonyl formation, giving a type of doﬁ'ble'bond Ni=C=0.

. This double bond differs from the familiar double bond éf orgenic
chemistry in that the elestrons for the o bond méy be considered as
supplied by fhe céfbon atom and for the % bond by the nickel, Such a
bond may be called a dative double bond as beiﬁg'composed of a dative
covalency and a dative = bond together, | |

'Trans influence - associated with a dative double bond.

It seems probeble that EgéggQiﬁfernce is associated with the |
exlstence of a dafive double bon@; and as ethylene has a very high
Egggg‘influence, the dative &oﬁblé'bondiiéiessential‘for its
cp-ondinatiqn as it ig for the Strong co-ordination of CO and PFj.

For the formation of a dativeidcdble bond two conditions are
essential: |

(1) Thé metal atom must have available clectrons from a filled
4 orbital.

(2) The donor atom must have a vacant'orbital to receive them as

well as a lone pair,

. This is showm pictorially for CO-Pt in Fig. 6.




The co-ordination of olefins,

Now, let us try to apply this to the co-ordination of olefins,
Previous attempts to explain co-ordination have been based on a lone
peir only. To fit ethylene into the above scheme, it must be given
both a lone pair and a vacant orbital, This can be done if ethylene
rearranges during co-ordination to give an ethylidene complex.

IS

4

The divalent cerbon etom in the ethylidene fém of the molecule
has both & lone pair and » vacent orbital. In the compléx fhe lone
pair would be docnated to platinum and the vacant ’orbita.l saturated by
overlap with a filled 4 orbital (Fig. 7). It is exactly‘anélogous to

the oéfboriyl complexes,
Explanation of reaotions

’i'his‘struct_ure explains the known reaof:ions of the'éle.fin complexes
better than any other, |

(1) Displecement reactions.

(:L')r_ The main réactions are displacement reactions ( e’l.g. the olefin
is liberated by reaction with pyridine) and these‘are' simply the
reve;rsal of' oo-ordination so that 'the- liberated ethylidene rearrahges
to give the orig:ma.l olefin ' ) \ |
(ii) Molecules of only slight trans inf‘luence liberate ethylene
from the trans position., - As the x bond is essential for olefine
co—ordinat:.on any tendency for a second ligand to draw away

eleotrons from it in f‘omation of’ i.ts evm 3 ‘b@nd would wea.ken



(2)

(3)

(&)
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vthe attachment of ethylene, Quite s’crohg co-ordinating groups

such as, p.CHjcstzI\ma with no trans influenoce, do not replace
ethylene, ' '

Reaction with water

The reaction with water is one of the most significent end led
Anderson in 1934 to suggest that the attachment of the olefin
was by one carbon atom only. He found no evidence of
s;yxmnetxiéally substitutaa ethanes in the reaction products,
The reaction is; '
[oH50H:PtC1, I+ H,0 = CH,OHO + Pt + 2HCL + o1r",
It is exactly analogous to the corresponding reaction in the
carboﬁyl series ' | |
[COPECL; T + Hy0 = GO, + Pt + 2HCL 4 C1”

Relative stabilities of olefin complexss.

Substitution in the ethylene molecule markedly weekens its
tendency to co-ordinate except in two very significant instances.
We shoulfi expect that the more stable the ,ethylidgne, relative to
ethylene form of the olefin,the more readily the oclefin will
co-ordinate. The stabllity of the ethylidene will be enhanced
if the hydrogen atom attached to the divalent carbon atom is
replaced by an e.rqmatié or wnsaturated system which after
so-ordination would be conjugated to the C=Pt bond. In
agreement with this fhe/ only two simple olefins ROH=CH, of
-corresponding co-ordinating power to‘ethylane' are styrene
(R = CéHg) end butadiene (R = CH2=GH-), which does not chélate‘,
all the others are much wesker. If only simple donation

of electrons was involved we should have expected propylene to

be a stronger donor than styrene, not the reverse ns is in fact

found, Sfunilafly the indene complex is more steble then the

oyclohexene complex,

Effect of ionic charge
© Of the platinous complexes [APtC1,], [BPtOL, P° anda
m]"‘ the neutral complex is usially much more s'tka.ble‘ than
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and neutral complexes have sbout equal stability end if
A=B= 02H4 the neutral complex degomposes in an ethylene
atmosphere at -10°C., whereas the salt K[CéH#PtOlBJ- is
sufficiently stable to be recrystallised, with care, from very _
dilute hydrochlorio aci@. Only one éxample‘of a positive complex
is known and it is véfy'unstable, A =,02HL, B= NHB,‘C’= CSH5N.
The carbonyl complexes although they are more stable _
thermally, presumably becawse CO is itself & stable molecule,
show the same trends in stability. This abnormel order of
stability finds an explanation in that we should expect increasing
positive charge on the complex to draw in towards the platinum |
atom the 4 eléctrons from the 0—Pt ® bond, thus increasing the
unsaturation of the donbr carbon atom and decreasing the

stability of the complex.
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CIS - TRANS EQUILIBRIA IN THE PLATINOUS SERTES OF COMPOUNDS
By Dr. R.G. Wilkins -
(Butterwick Research Laboratories)

This werk was undertaken because the results obtained would
throw 1ight on the nature of the bond between the ligand and the metal
and also give further evidence whether the d-electrons of the platinum
take part in this binding, First, it is intended tc discuss the methods
by which the equilibrie were measured and the results o’btained.' Then
how it is related to the general problem of co-ordination.

Under suiteble conditions all the cis compounds with the formula
(PrBM)zP’GCJ.Z, where M = P, As, and Sh, isomerise in benzene solution
at room temperatu:_re to an equilibrium mixturé containing a large amount
of the corresponding trens compound. In the absence of a catalyst the
cis phosphine compound (PrsP)thclz shows no tendency to isomerise in
benzene solution .a,t ord.inai:'y temperatures but on the addition of a
’trace of the free phosphine (Pr3P) isomerisation is rapid. The pure
arsenic compound (PrBAs )2Pt012 isomerises very slowly in the absence
of & oatalyst while the pure entimony compownd (Pr,Sb ),PtCl, isomerises
" rather more quickly. | ' ‘

The rete of isomerisation and position of equilibrium was measured
using the different dielectric proﬁerties of the cis~ and trans- compounds.
When the cis-compound was dissolved in pure benzene, the dielectric
' constant of the benzene was incressedapprecisbly, while the.addition

of the trans compound hed a vei'y small effect. A subsidiary experiment
showed that for low concentrations the dielectric constant of the
solution of the gis- compound in benzene was proportioﬁél to the

weight of cis-compound and consequently by measuring the rate of change
of the dielectric constent of the Q_E-complomd in solution, it was
possiblé to oﬁt@in the kineticsy of the cis - trans change. Measurement
| of the dielectric constant in solution of (a) the _q:_t_g-\’-cozrip‘omd' (b) the
trens-compownd and (c) the final equi‘librmﬁ mixture gave the equilibrium
constent (KE) for the change. r ;

The following (preliminary) results were cbtained for the P, As

[ '§b compounds: (Table I). |
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TABIE T

Isomerisation results at 2500. in benzene solution for the reaction:
\ “ cl

Pr}"’\ / | P‘BM\ P/
\01 ' o1 \MPr

cig- \ - trans-

3

Percenﬁé.gé ois~
- an trans]
Compound  [Equilibrium Mz.xture [cis

W

Ko -AF cals,

M =P 3.2 30 2010
M = As 1.8 | 55 2370
M =8b 22.2 1 3.5 740

It ocan be seen that under the same conditions, that is in benzene

solution where lattice foreces do not operate, the cis~-gb compﬁund is the .
most steble (relative to the trans), while the gis-As compound is the
least stable. This is a different result from that which would be
expected if the link between the ligand and metal was solely the
oclassiocal co-ordinate link since, then, the four bonds from the
plati:nwn being all similar, the position of the cis ~transg equilibria
would be determined solely by the repulsion of the larger groups Pr:,’M. =
In this cease the relati\}e stebilities of the _/9_';_5_ - to trans- isomers
would be expected to decrease as M increased in size from P to Sb and
the gis-Sb compound would be relatively the leaét stable,

On the other hand if the ligend is bound by the dative double bond A
(a8 outlined by Dr. Chett previous paper; Nature 165, 637 (1950)), we
expect the. stability of the cis-compound (relative to the trans) to
inerease from phosphorus to antimony. For the formation of a datlvé
doublé bond the ligend must have, ’in addition to a lone pa.:.r , & vacant
orbital., If we consider phosphorus the only vacent drbi‘ca]{.s are d~orbitals,
80 we have assumed that there are the orbitals’involved in the formation

of the dative =~bond. In the case of the trans complex we thus have a
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qualitative picture something like that shown in Fig. 1.

Now it can be seen that the same orbital is sharéd in binding
the fwo phosphoi'us atoms. When we consider the g_i;g_-compound,
'h‘ovpverk, theré is a d~-orbital at right angles to the one Shown
on the slide .80 that each phosphorus atom 1is bound 'byl a different
d-drbital. Thus, as the contr:ibutibn of the d-orbital binding
beoomes greater, we should expect the gis-complex tp become more
stgble (relative to ghe tre.hs) Again looking at the orbitai diegram,
it appears obvious that es the two atoms taeking part in this type of
binding become more equal in size the overlapping of the d-orbitels
should become greater and the x-bonding thus more. important In
the series phosphorus, arsenioc and antimony the radii are 1,10, 1. 18‘
end 4.36A respectively, and that of platinum is 1 51A. - Thus we see
that the antimony atom is most close in size to that of the platinum
‘atom, Thus we should expect the greatest nébonding in the case of
the an"’tifnony atom and hence the cis-antimony compound (relativ'e to
its tra.ns isomer) should be most steble and this is exactly what
we have found. .

A substential emount of evidence has been obtamed f‘or the following
mecha.nism for the gis - trans isomerisation, 1llustrated in the case

of the antimony compound., (Fig. 2).



Pr Sb cl
3 1
A / 0 Pr,Sb + (Pr,Sh,PtoL,)
/ Nat DR 3
Pr,Sh |

cis-.

1-'*:'3 /Cl .
. /Pt \ + P,I‘BSb
PrySb \crl , (2)

' - (3)
ois- : [(pr S‘b)3P1301] 01"
Pr,Sb_ 0l ' 3)
R N “Pr}Sb/
\SbPr3 T o
, tr%ns-
Fig. 2

In sta.ge (1) the oie-compoimd dissociates reveisibly to the two.
tre.gnenta shown: (a) the 3-oovalent platinum complex (proba.bly with a
transitory existenoe) and (b) tripropyl stibine. ' The latter then
sttaches itself to the original gis-compound and forms the salt (stage
(2)) which can then disaociate'to give either the original _c_:_:_i._s_-éompomd
- or the trané-compomd énd reliberate tripropyl stibine., Evidence for
this meohanism is forthcoming from three points:- | |

(1) It is known from work by R.S. Nyholm (J.C.S., (1950), 848) that
the salt [(RBAQ)BPtBr]Br, whioh is of he type produced fpy this mechanism,
is extremely unstablg in bengzene solution and decomposes to thg bisarsine
compound and free a::;sine‘.v | |

| “ [(RjA8),PtBr]Br —> [(R As)thBra] ‘. RBAS
(2) The form of rate ourves obtained for the isomerisation of the $

srsenic oompound suggested t‘na.t autooatalysiq wasg +ak1ng plaoe (Fig. 3)
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If the mechanism is oori'eot, en obvious autocatalyst would be PrsAs
‘which in the case of the analogous phosphine compound wguld be Pr}P.
In faoct as mentioned previously a solution of' pure gis - (PrjP )2Pt012 in
benzene shows nb tendency to isomerise at 2500. and stage (1) does not
ogocur a.pprecia'bly (it is known that the Pt - P link is a strong one ).
On the add.it:.on however of free PrBP to the benzene solution of the |
cis~compound, isomerisation is very rapid. ;

(3) The addition of a bridged platinum compound capabI_Le of reacting

3
basis of this mechanism strongly inhibit the iscmerisation of the g¢is-Sb

with Pr.Sb formed during the isomerisation of the stibine complex should on the

ocmpound and this was found to be the case experimentally.
Tt is hoped to study further equilibria; the results cbtained
Qhould throw light on the nature of the bond between the metal and the

ligand.

~

DISCUSSION
In opening the discussion, Dr. Mann drew attention to the
difficulties of this type of expérimenfal work, and to the existence of
(ZE’C3131’1.7(312)2 which has been known for a very long time. In this |
oon'@oméi‘the chlorine also would be expected to inactivate the donor
properties of the phosphorus,

- Dr, Anderson mentioned his owh experience of this type of experimental
work and that the idee of using d elect;:-ons from the metal had been
foreshadowed by a number of ‘workers including Hieber. in its afplication
to CO oorﬁpomda. He was interested that thesq considerations led Dy, .Chatt
to prefer the ethylidene structure for olefine compounds. He raised a
number of points: ﬁ v

(1) If the displacement of one olefin by another involved the
switch of a hydrogen atom from one carbon atom to another then )
ought not such a mechenism to initiate polymerisation of the
olefin, particularly of an olef’m 'such as styrene.

(2) ~ The relative stabilities of' olef'in compounds were determmed

" by replacemsn: sions dn whioh vulatni;ity of the olefin would
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play an important part, It is not known whether styrene complexes‘
are more stable than the ethylene complexes and he asked whether
Dr. Chatt had any:’chemochemioal data.
(3) He considercd the relationship to the cerbonyls well
worth developing. The pallad.ous carbonyls are very unstable
and appear to decompose by ﬁvo mechanisms depending on the
particuler ion involved: |

(a) [coPa 015]" + X~ = €0+ [PaXcl, I

(b) [ooPacl T « 2X” = X,00 + P4 + 301"

(a) ocours particularly with oyenide and nitrite (b) with the
'hydroiyl ion, Dr. Chatt may be able to use this as evidence for
his}stmcture’. | »

(&) In ohoosing nickel carbonyl for replacement of CO by PF;,

Dr. Chatt was unfortunate in his choice of carbonyl.

Replacements take place more readily F:‘Ln the polynuclear
carbonyls end he suggested that iron tetracarbonyl be tried.

Dr. Palmer drew attention to the probable‘prev'alence of double
bonds in co-ordination end pointed out that the name dative double
bond. is rather formal, as once the bond is formed it is similar to
 eny other double bond and no separation of charge is mvolved. He
did not like the idea that one d-orbital on the platinum atom might

contribute to the binding of two groups in the trens position. This
was esnswered by L.E. Orgel, who showed that a weak 5ind.ing to both
groups was/possible, as he would explain in his paper. Dr. Palmer
also asked whether chlorination of olefin compounds had(_been a‘ctez/np‘ced
and what products were obtained. Dr, Chatt replied that vthe’ platinum
atom was first chlorinated, then chlorine was "takenyup only very
slowly and at elevated temperature when complete decompoAsition took
place. Only ethylene dichloride was fqund , no ethylidene dichloride,

Prof. Sidgwick said that the co-ordination of carbon was one of
the least und erstood Mproblems of co-ordination, only reéently had it
'been realised that carbon is a donor and not an acceptor, He

mentioned the co-ordination of arometic hydrocerbons and possibility
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that some ofk these might be clathrate compounds like NH306H6N1(ON )o
investigated by Powell, A discussién followed in which it was shown
that this Structure for the carbonyls obeyed the inert gas rule exaatj:ly
‘as the old structure. ’ |

Dr. Eley wondered whether thére. was evidence for or against

structures of the type:

CI\Q/CHZl — CH, \/Ol
01/ \0H2 — / \Cl

CH; |
.Dr. Chatt said he had considered this possibility (see Karasch and
Ashford, J.A.C.S., 1936, 58, 1735) and shown that CH,OcH) NH,, C,H, , PtCl,
was monomeric; therefore, the ethylene wes attached to ome platinum
atom only, ~ Dr. Anderson in disoussilw'xg’ carbonyl compounds said any
proposed structure had to explair;:

(1) Thet the 0 — O distence is very different from that
observed in ketorcs but similar to that in CO.

~(2) The most stable carbonyls were those of group VI elements

M(CO )¢+ The double bond requires twelve links from the metal atom,

Prof, Wardlaw suggested that perheps olefin compounds were clethrate
compounds but this is shown to be incorrect by their stability in
solution and the moleocular weight determination mentioned earlier.

D.C. Bradley asked whether experiments with deuterium substituted
ethylene CHD = CHD were conbemplated. ' Dr. Chatt replied that the
déuter‘a.tion’of éthylene platinous chloride was contemplated to‘ see
whether CHZD.CHZD or CH30m2 was prodﬁced. |

.GB.Coates asked whe.ther the preparation of N:I.(I?I“3 )lp had been

attempted by direct reaction of PF, with metallie nickel., Dr. Chatt

3
replied that a negative result wes cbtained both in experiment at
atmospheric pressure and in sealed ’cﬁbes.

[Dr. Anderson's first questions kwere still wnanswered; Dr. ‘chﬂat’c
would like to fecord. the following_obsarv'altionszj ‘

(1) Polymerisation of olefins is initiated by sddition of a

proton and.even strong acceptor molecules, e.g. 33‘5 , does not
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initiate the polymerisation of iscbutene in absence of water or
some similar substance (see A.G, Evens and G.W. Meadows Trans.
Far. Soo., 1950, 46, 327). Further evidence that movement of
hydrogen atoms does not necessarily initiate polymerisation is
provided by experiments of Fosches and Ridealbwho ‘showed that the
deuteration of ethylene on meté.llic nickel at >60°é. was a slower
reaction than deuterium axohgnge with the hydrogen of the ethylene.
This demonstrates extreme mobility of hydrogen atoms but they -
rep‘or’ced no polymerisation.

(2) We have no f\iu*l:herkdata on stsbility but the argument
devélop“ed in the paper. requires only that the styrene, ethylene
and butadiene complexes should have comparable stabilities and all
the others should be less stable, The displacement exper:.ment
leaves no doubt sbout this.

(3) ‘As to whether reaction '(a) or (.b) takes plaée depends upon
the tendency of X- Which' is known to enter the trans position, to
form a dative double bonri; if this is high, as with -CN or -NO2 ,‘
tﬂe x bond to the CO is weakened and the carbon monoxide is
liberated as such. If X does not affect the x bond then
decomposition may occur, but the first vstage need not be
elimination of carbon monoxide but some addition compound of
carbon monoxide may be found.

(4) Nickel carbonyl was chosen for these experiments because

it is known that it is very difficult to replace all the oarbon
monoxide by any other ligend, end if we suoceed in replaoing it
‘all by PF}, we would have positive evidence that PF3 and” CO are

| very similar in their co-ordination. - The only other su'bstances
to replace all the CO in nickel are the o'lose’ly similar isonitriles

¥b, 129. (1950))]..

(Hieber, Z., Naturforschungen,




SOME ASPECTS OF THE STEREOOHEMISTRY OF THE: GO-ORD]NATION NUMBER FIVE
By Prof'. K. A. Jensen :

(Copenhagen Un:.versit ¥)

Only very few compounds of elements 9xhi‘bitihg a co-ordination
m;mberv of five have hitherto béen prepared, The halides of the
elements of group five, _and iron pentacarbonyl, however, definitely
prove the existence of pentacovalent elements. Although Lengmuir
5 the physical properties o:t;
phosphorous pentachloride snd similar compounds (1owmelting'point,‘

discussed the formula [PClh‘] €l for PCl

solubility in non-polar solvents, low dipole moment and cohductivity)
are not in ‘accoi'dahoé with such a structure. For the spatial
configuration of a compound of the structure YXS there are obviously
three possn.bllltles- .
(a) The five bonds may be identical.  This is only possible
| with a planar configuration. '

(b) One of the bonds méy be different from the four others.

(e) Two of the bonds may be d:.fferent from the three others.

At one time Bergmann and others thought that the second possibility
was realized in the halides P°15 and SbClS, both on chemical grounds
-and because they found finite dipole moments for these compounds. ‘
However, Simons and Jessup showed that if the atomic poiérizat’ion is
properly allowed for, the dipole moments of these compomids will bé zerd;
~ and Linke énd Rohrmann found the dipole moment of PF; to be zero by
measurements on the ges over a wide teinperﬁture rangs. Accordingly
the second poésibili‘by is ruled out, and these compémd& must be
either i:liane or have the configuration of a trigonal bipyram‘id. :

: Eleotron dlffraotion measurements on a great number of pen’cahalldes ‘

'of phoaphorous ‘nicbium ’ ta.ntalum ‘and other elements are in accorda.noe

with_thé*la#te’r atructure ' It may also be mentioned, that some
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years ago I inveétigated the I‘Qaman-speotrum of antimony pentachloride and
fou.nd 6 Reman lines, whi-ch is in accordance with the symmetry DBh’ the
trigonal/bipyra‘mid and definitely rules out the pla.nar' configuration,
which should only have three active Raman-frequencles.

I f‘urther mvestigated compounds of phosphorus arsonlc, antn.mony’
and bismuth of the type (CGH ) YC12, where Y = P,As,Sb,Bi and found
their dipole moments to be zero , if the atom polarlza‘clon is properly -
allowed for: Tt should perhaps be mentioned, that I explained some .
of the properties of these compounds by assuming that polar ’reson‘a'no'é‘

structures of the type:

have sone importance, . 'Thes‘e structures become less importent the
higher the ;at‘om:'z‘.o weight of the element Y, These polar structures ’aro
in agreement with the octet theory..; The octet principle, which is.
striotly:ob‘eyed;for‘ nitrogen, "seems stiil'fo have some. importoncefox‘
the ‘hig‘ﬁer elements in group V espeoia,l’]v.y for phosphorus ‘and arsenic
but les# for an‘bimony ‘and bismuth. For example, it was found that
the compound Ph3sb(OH)2; is actually a dih";{droxj,do ,” whereas the - |
phosphorus and arsenic oompouhd,s with the corresponding empirical - |
: oompos_iﬁc;ionfa.;je ‘hydrates of phosphine end arsine oxides, PhBPO, »Ho0.
and PhSAs'Q »Ho0, i.e. their structure is in é(ocor%ance with the ootet rule.
For the compound. (CH;);SbCL, Wells has shown the trigonal bipyramid
yoonf‘.‘igoration by X-ray measu;'ements. | k | .'
Accordingly -thisoOnfigurat*ion seems to be fairly well established
for se;&org}. compounds of some pentacovalent ‘el,em,ents,l and it has been |
supposed that th:.s configuration should be the normal one for all such -
elements. o, ‘ R . N , s
In the course of my infrestigatiohs of nickel oomple‘xves of tho i;yge L

EN:'\X2€235)2] I observed; that thoso red compounds oag'ily;aog L_‘hglgg%@,grg,

‘nitrogen dioxide to form dark blue (or Agrean) oon

tervalent m.okal.



[NJ_Br (PEt )2] was isolated in a pure form and shown to be moncmoleculer
in benzene solution. Recently Nygaexrd and I have submitted this compound
to a closer examination anl shown that its magnetic moment was 1.72 -
1.90 magnetons, in close agreement with the value’ computed for
tervalent nickel, assuming that the n;agxaetiSm is determined by spin
“alcne,
If this complex has the configuration of a trigonel bipyramid,

there are three possibilities for the structure:

0f these the first should have a zero dipole momeﬁt and the two others
should have very iarge dipole moments, because the phosphine molecules’
are in cis-position. Actually, the compound was found to have a |
dipole moment of 2.5 D. This seems to rule out the trigonal bipyram:.dal
configuration, bﬁt is in accordance with a tetragonal pyramidal structure,
derived from the original square‘ﬁggx_l_s_-conmc:vmﬁ by addition of a halogen
atom on one side of tﬁe square: |

R5P’

Br

It would be very interesting to, investigate this stereochemical question
somewhat more closely, but the nickel compound mentioned represents a
hitherto unique type of structure; so that thé first problem‘was to
investigate the pdssibility of prepari:ng other compounds of that type;

We have -tried to add halogens, especially brominé, to a great variety

of 'sc%ua:ce nickel complexes, especially of the _ohelate type, but so far

we have only in one case obfained a definite result: di:nethylglyoasime' ‘
nickel adds bromine when it is suspended in nbn-polar solvents, €sLe

l'_, to f’orm & black compound, which we have shown to posseéss the formula
Nl(DH)ZBI‘3. | ‘Wi‘bh some of the other glyoxime nickel compounds’ similar.
co@lexes_eould be pre_pared. " All these compétmdé are very unstable, .

With chlorine instead of bromine we also at first obtained a dark

colowed;;xsleoipitatg y but the ligand was soon dj.gstxjgygd‘wiyh_the formation
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deﬁermined and found to be about 1.8 Bohr magnetoos, which is in
agreement with the supposition , that the compound contains tervalent
Anickel.' We assume that the compound is formed by a.dd.it‘ion of a

Br3-group on one side of the square complex:

(a7

This black compound is easily soluble in sodium hydroxide and aqueous
ammonia to form an intensely red solution., The .f'oma’.cion of similar
coloured solutions have previously been ‘observed’by precipitation of
dimethylglyoxime nickol in the presence of oxidising agents; such as
lead dioxide, hydrogen peroxideva.nd others. Feigl 'has isolated a
compound from these solutions which was formulated as a compound with
quadrivalent nickel: Ni(DH)20 but Oked and co-workers (Okac A., and
Polster M., Coll. Czech. Chem. Comm. 13 (1948)561, 572) have shown
that it is impossible to prepére a compound of this coméosition, the
pro’duo’c‘ isolated generally kcontai‘ning alkali, lead and other impurities.,
Oka¥ thinks that it is the glyoxime moiety end not the nickel which
‘is oxidised, Our experiments, however, may be interpreted simply in
this way, that the tribromide is hydrolysed to give a compoumd of
Ltervalent nickel with the formula Ni(DH),O0H, which is soluble in alkali,
e.g. by foming the complex N:l.(DH)z(OH)2 . - As mentioned it has been
1mposs:|.ble to isolate a compound of well—defined compos:.tion from these
solutions, but we ‘have found that the spectrwn of‘ the red solution
formed from the bromide, measured in e Beckman speotropho,,tome‘ber, is
precticelly identical with the absorption spectrum of a solution formed.
’by oxidation of nickel dimethylglyoxkime 4with lead dioxide in alkaline solution.
So far we have not found other well defined compounds containing .
tervalent ‘nickel.. It should perhaps be emphasized that bthe phosphine
promide complex is the first well defined compownd of tervalent nickel
to be described. Sofne o‘bhers hed previouély been. reporﬁéd but a
ocritical exa.m:.ne.t ion has shown that they do not in fact contain
terva.l‘oﬁ‘b nickel. Thus it wes shown by Malateste (Mala.testa L., Ga.zz.
chin. ital., JO, 842) thet the nickel bensanideoxine compound
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of Dubsky and Kurag (Dubsky J.V. and Kurag M., Publ., Fac. Sci. Masaryk
1929, no;f1u) contained divalent ﬁiokél, whereas part of amideoxime
moiety had been oxidised, and we have shown that the seemingly
well-defined formoxime nickel complex of K.A. Hoffmann,(Hoffman,vK.A.,
end Eberhard, U., Ber. 46, (1913) 1457) N.aB('Ni(CHzNo)g) is not a real
tervalent niockel compound. To our great surprise we found this complex
to be dismagnetic although according to its stoichiometry it should |
contain tervaient nickel. I shall not go further into our rather
extensive researches on this and éimilar compéunds, but‘mentioh that

we here have a case similar to the compounds of quadrivalent antimony
of the type Rb,[SbBry] which alsc are diamagnetic, although the
complexes contain an odd number of electrons,

We have alsc tried to prepare cobalt compounds in which the central
atom'exerts & co-ordination number five, Cobalt forms phosphine
complexes of the same type as the nickel complexes, e.g. [COClz(PEt3)2J'

k,These'gre blue and soluble in benzene. Their dipole moments are
large and accordingly they cannot, as the corresponding nickel
complexes have a trans~planat configuration., Magnetic measurements
show them to contain three ﬁnpaired electrons. ﬁence, it is’mosf
plaﬁSible that the complexes have a tetrahedral configuration,

Whereas the corresponding nickel complexes éasily add halogens
the cobalt complexes wefe destroyed in this way. It was, howevef,
found that nitrosyl chloride trensformed them into complexes of
tervalent cobalt: |

[CoClZ(PEtB)Z]" + NOCl — [00013(1333)2] + NO

This compound is permanganate coloured and soluble in non=-polar
solvents, even in petroleum ether. Its magnetic moment shows it to
contain two wipaired electrons, in accordance with the’assumption that
it contains fe?valent cobalt with five covalent’bonds.g AIts.dipole
moment was found to be sbout 2 D, a similar value as that found for the
nickel cdmplei. } Thus we conclude tﬁat also this cobalt complex has a
t?tragonallp&ramidal configuration. ‘ | o
" The nickel compound [NiClj(PR3)2] could be prepared as well by
'*ﬁiﬁﬂm9£»niﬁrﬂaaiw@h&smiéawaéubymthe;acti@nvéf*ehl@rﬁﬁ&ww&*
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[Nicl, (FRy), ] |
Finally we have investigated the action of NO, which acts as
NONO,, on the nickel. and ocobalt phosphine complexes. From the red

nickel chloride a dark blue nitrate is formed:

| [Nlclz(PEt3)2] + N0, —> [Niclz(NO )(FE. )2] + NO
~Its magnetioc moment was found to be 1,7 Bohr ma,gxetons, accordingly it
- containe tervalent nickel. . ; L

A corresponding cobalt compoﬁnd oould be prepared by the reaction
of nitrogen dioxide with the complex ‘[CoBrz(PE‘t})zj »  Its colour wes
however, dark blue and not redviolet as in the case of the trichloride,
and megnetic measurements showed it to contain four unpaired eleotrons,
indicating the presence of cobaltic ions in the complex. Thus the
Bdnd. type is not altered by forming thé _’ceryaient nitrate as it was
when forming the chloride, |

We are continuing our ‘efforts to prepare more compounds in which
the central atom exhibits the co-ordina’clon number five, and intend
to submit the stereochemical question to a cloger examination when we
have found some fcompo;inds more s’cabiethan those‘h_itherbo prepared.

The prbblerﬁ of *the bond arrengement for the co-ordination number
five hes been treated by some authors from a quantum mechanical pqint
of view. It is of interest that Daudel and Bucher conolude from
their calculations that compounds of f.iae type XY5 should have the
trigonal bipyramidal structure if the bonds involved are formed by
s-, p- and d-electrons having the same prinqipal quantum number, but the
tetragonal pyramidal structure if the dsp-bonds are formed by means of ;
d-electrons having a lower and s- and p-electrons having a higher
principal quantum number. _This is exactly the case with the nickel~
and cobalt compounds descri_bed. , AmOr;g previously described cbmpoun&s
only iron pentacarbonyl could have this structure,

Electron diffraction and infra-red spectroscopic measprements ‘
éﬁggest that iron‘ penta’car&nyl has the trigonal bipyremidal structure.
I am not quite convinced by the experimental evi@enc;,‘ ‘gut it may be jhaﬁ

this more symmetrio structure is realised when all 5 11gands are :icfl‘ent ical,




-81-
- GENERAL DISCUSSION

Trofessor Sidgwick remarked that all previbualy known 5-covalenf
compounds have a trigonal bipyramidal structure except iodine
pentafluoride which is square pyremidal with the iodine not in the
plane of the four fluorine atoms, but slightly above it and could the
observed dipole moment of Jensen's complexes be due to the nickel atom
being out. of the plane of the phosphorus and two bromine atoms? Jensen
replied thet the nickel atom is at the most 0.4-0.2 AC above the plane
of the four groups;any greater distance would produce a large change in
the observed dipole moment'beoauge of the 1arga moment of the Ni-P link,

D&QNyholm said that with 0o(III) and ionic bonds there should be four
lunpaired eleotipns. Hoyever, even °°2(564)3 and cobaltic alum are
diamagnetic (paramagnetism sometimes reported probebly due to;cobalfgus
salt)., Jensen's ﬁervaient compound GoClB.ZEtSP,has four unpaired
Ieleotrons and is apparently the first cobaltic compound which has been
shown to have four unpeired electrons., It would be interesting to
know whefher measurements have been carried out on cobaltic fluoride.
(No one appeared to know); | |

Irving remarked that although Daudel and Bucher hgd predicted tﬁe

square pyramidal structure for ds;p3

hybridisation, it was probable -
that in fact the ratios of the various orbitals in the hybrid '

were fractional (see Duffey dh 8 pg— for strong square co-ordination),

THE SIGNIFICANCE OF d-ORBITAL HYBRIDISATION IN CO-ORDINATION COMPOUNDS
By Mr. L.E. Orgel
(Oxford University)

In this talk I want to describe certain applications of wave-
mechanics to problams of d-orbital hybrldlsatlon. This work. has been
carried out by'Dr. Craig, Dr. Macooll Dr. Button and myself. Sinﬁe
it is not possible in a short talk, to deal both with the mathematical
theory and with the results, I shall give only a brief qualitatlve

acoount of the theory.



-82~

Atomic orbitals aré classified as s, p, 4, etc.v ,» according to the
valﬁe of t.heir second quantum number one, In the firsﬁ short period of
‘ elemenfs one s-orbital and three p-orbitals, corresponding to the
principal quentum number two, are progressively filled up. In the
next quantum shell there are an additional five d-orbitals available,
Subsequent quaﬁtmn shells include further numbers of f-orbitals etc.
The order in which‘;:hese orbitals are filled is well known to you
if not to‘ me. - One point whioh should be remembered in connection with
such atomic orbitals, is that in each quant'um shell the oooupied p-orbitals
project more than the s-orbitals and the d-orbiﬁals more then the |
p-orbitals, In treating theoretically the conbination of atoms to
_ form molecules two methods are much used. In the first, the Valenoé
Bond method, unpaired electrons on two different atpms are paired
together and are shown to lead to chemical bonding between the atoms.
In the sebond. method, that of Moleoular orbitals, electrons are
assigned to orioitals cov:ering the whole molecule. 1In hearly all
such treatments these molecular orbitals are obtained by adding
together atomic orbitels on the different atoms to form sui'ba.blé
linear combinations., The point which I want to emphasise is that in
both ti‘eatments the atomic orbitals appropriate to the bonded atoms
are of fundamental importanve. | - |

Pauling suggested that the strength of a chemiocal bond depended on the
orbitals on the bonded atoms being dﬁeci;ed. towards each other. He further
showed that by combining the s, p, and & orbi/’c_als in various ways one |
couid obtain sets of equivalent orbitals with very strong direotionalm
properties. These are the familiar spy tetrahedral, dsp, square, '
d28p3 octahedral arrangements. It can easily be shown that sets of
orbitals directed to the corners of a square or the apices of an
octahedral cannot be formed by using s' and p orbitals élone, thus
prc;viding confirmation of the suggestion that d-orbitals are involved.

Pauling oonsidered »only‘ the directional qharaoter of fhe atomie
orbitals .in his theory’ df' bond éjtrength. However, it now seems almost
certein that their radiel distribution is also &ery ”impoftant in this

connection, Tt will be remembered that atamio orbitals are usually
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treated ae being the product of an angular and a radial funotion, The
latter funotion determines how diffuse the orbital is, and is governed
in part by the electronegativity of the atom,

It is in general impossible to evaluate the integrals necessary
fo obtain the strengths of reel bonds; so one is driven to seek for
useful approximations,

A measure of the overlap of atomic orbitals which takes both
factors into account is provicied by s = / [} AﬁBd«t where f§ , and’ ”B are
naturael orbitals on the two bonded atoms., This integral is called the
overlap integral and measures the extent to which the two orbitals tend
to oocupy the seme region in space. The overlap integral is in fact
a quantity important both in the molecu}ar‘orbital theory and the
valence-bond theory. Mulliken has recently shown that for the not
too ionie compounds of the two short periods, strong bonds are always
essociated with large overlap\integrals. Maccoll has applied the
same method to the different hybridised states of carbon with satisfactory
results, which incidentally do‘not'a1Ways agree with ?auling's theory.

The overlap integral is in fact a measure of the build up of
charge in the region between the nuclei and hence, provided it is true

_that the atomic orbitals%fdr‘free atoms are suitable for building up
the orbitals in molecules, it is easy to see why this integral is so
olosely connected with bond strength. We must note, however, thet in
boﬁda between atoms of very different electronegativity other sources
of stabllisatlon than those prov1ded by the overlap of natural atomic

~orbitals must be important. This is, of ocourse, true to a lesser
extent in all cases and is one of the reasons why overlap is only a
qualitative measure of bond strength, There are also other theoretical
reasons which show that overlap cannof be taken as a quantitative
measure of the bond strength., Furthermore since the overlap integral
contains no direot reference to the iﬁternuclear repulsion it cennot

be expected to give quantitative information about bond length.

Despite theee drawbecks the valuss of the overlap integral should be
useful as a source of qua;itative information, that is information

about the plagsibility of certain kinds of bonding, or perhape the



range of eleotronegativity ratios for which strong, essentially covalent,
bonds can be expected.

In the ooﬁrs‘é of the work I am d.escri.bing. overlap integrals between
3s, 3p and 3d orbitals, corresponding t¢ various types of bond, have been
evaluated. As atomio orbitals we have used simple Slater functions,
which consist of an angular factor multiplied by a radial function of
the form 1ne"°'1: They differ from the true atomic orbital functions
in the abseﬁce of certain nodal surfaces; however, in the important
outer region they ‘are a good approximation to the correct, function,

The exponent g determines the "size"™ that is the diffuseness, of the
orbital, Fairly acourate _,estimé.tes of o for most of the lighter
atoms can be made, either from theoreticael calculation, or from
 spectroscopic data. In general the smaller the value of a, the
larger is the orbit.é,l and the less the electronegativity of the atom.

The kinds of bonding considered may be classified as single,
double and delta—‘ bonding. Single bends between 3s-3p, 3p-3p and 3d-Jp
pairs of orbitais may be illustrated as follows:- Double bonding

between dg ~ px and d; ~ dy, S-bonding of two types as follows:

s

W (de=Pry) | T (G d)




for each of these bond types we have evaluated the overlap integrals
corresponding to all important re:bioé of the a' values for the 'cwo'
different atomic orbitals. In cases where hybridisation is of intgrest
we have also found‘ overlep integrals for the more important: hybrid
orbitals, \

.It will be convenienf to distinguish between two ra’qher different
cases of d-orbifal hybridisation. In the first the available d-orbitels
belong to the same quantum shell as the s and p 6rbitals. This ocese
includes molecules such as phosphorus pentachloride and sulphur
hexafluoride. 1In the second case the available d-orbitals are in the
shell below that of the othex" bonding electrons. The complexes of the
transition metals often fall into this class of compounds, although
[OOFG])"'- and similar compounds probably belong to the first case.

In the case of single bonds we find, if we compare the magnitude
of s-p, p~p and d-p overlep integrals, that at small internuclear |
~ separations the d-orbital overlap is rather smaller than the
corresponding overlap for s and p orbitals. However, at rather larger
distances this difference becomes insignificant. Hence there is no
reason to believe d=orbitals less capeble of bonding then s and p
orbitals. Another point whioch is of some intefest is that overlap
. is grea.te’gt for dZZ - By bonding when the d-orbital is rather 1e§s
electronegative than the p-orbital, Differences of electronegativity
in the opposite‘direction cause a rapid fall off in the overlep.

 In a typical molecule, the fdmxafion of which requires the use of
promoted d-orbitals, say PClS, we may find the o~value of Cl by means
of some empirical rules first suggested by Slater, Similarly the s
end p orbitals of phosphorus can be assigned g-values with scme
oonfidence, If we then try to find the range of a-values for Kthe
d-orbital which will allow strong overiap with the chlorine atom and
at the same time will hybridise effectively with the é and p orbitals
of phosphorus, we are led to a value much larger than that éiven
ei‘bher-“by speotroséopic studies or by a rather do.ubt‘f‘ul extension
of Slater's rules, Whether this is to be explained by assuming that
ele‘aotrcnegative'atoms alter the o,-w;alue of a cent:;al etom or whether

it indicetes en inadequacy of the overlap method in dealing with bonds
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involving prqmoted electrons is not certain. However, since this subject
is not very closely connected with co-ordination chemistry we will not
pursue it fur_fher here. - It is perhaps worth mentioning that in these
caloulations  on phosphorus pentachloride we do find that the overlep
‘islé. meximum at a rather larger internuclear distance in the axial
bonds then in the radial bonds, although the aétual magnitude of the
overlap is little different. _ .
The formation of hybridised d-bonds by the tremsition metals
presents no new theoretical difficulties. Although Slater's rules
' would suggest that a for the central metal is larger for the d-orbitals
than for the ip-orbitals, this is not true in practice. It is quite
clear from the spectroscopic properties of the free atoms that the
d-orbitals bore almost the same erlergy as the s and p orbitals.
This provides very good evidence to show that the o,-values for the
two types of orbital are quite vsimilai'. We will assume this to be
“true in our dis;sussion of single bonds,. |
-~ An adequéte discussion of these transition metal bonds must

involve a knowledge of L4s-4p end L4p-4p overlap intégrals. Mulliken's
. table 51“ s and p overleps, fofmerly suppoﬂsed to contain all useful s
-and p overlap integrals up to the fifth quantum ,shelly, fa:l‘.lfs to include
Just these integrals. We have, therefore, calculated them for the
6quicentfe case, and in so far as we need them in other cases we replace
.them by 3s-3p, 3p-3p overlaps.‘ This alters the numerical values
‘sli.»ghtly but still shows the general trends of/the overlap integral for
hybridised orbitals. ‘k

| The maximum #alue of ‘the overiap- integral for ootahedral bcnds is
54 and ocours at a bond lengbh o little greater than that for the
maxinmmoverlap in tetrahedral bonds. The maximum value of the overlap
for tAetrahedra;l bonds is ,51. Now this result is very diff‘erent from
that 'pred.icted by Pauling's bond strength criterion, It will be
remenbered thet acoord.ing to Pauling the bond strengths are in the
ratio of 2.94 to 2,00, L. o , -

This disorepancy between the two theories is quitegeneralma, g




perhaps of some importance. It will be remembered that on the Pauling
theory the s orbital has a bonding strength of wnity, the b ofbital a
strength of 1.72 and the last p orbital is SP3 with a bond strength'

of 2,0, It has long been realised that this theory does not fit all
the facts, Thus there is considerable evidence to show that in carbon
the stronéest bonds are formcd, not by SPS’ but by sp orbitals. Maccall
calculated the overlaps of variousVSﬁp hybridised orbitals corresponding
to the case of carbon and finds that the s-p bond gives the best
Sverlap. Hence there is some reason for believing that the overlap
picture is nearer the truth than Paullng's theory. 1In the chemistry
of co—ordination‘compounds:too«I imagine that the gatio 2,92-2
exaggerates the difference in strength’between’tetrahedral»and
octahedral bonds, if there is any systematic differencs.

The actual values of maximum overlaps for different bonds are
probably notbas~significant as the values of the differcnt overlaps
at thé same internuclear distance, since bond lengths do not in
general correspond to the distance of maximum overlap. However,
if we take overlap at a given bond length we reach substantially the
same conclusion, namely.that the change in strength on going from
tetrahedral to octacedral co-ordinaticn is not greater than five or
ten per cent at any likely 5ond—length.)

Considering next- the x and § bonds we can say immediately that
our calculations éuggest that 8 bonding is most unlikely, For all
electronegat1v1ty ratios the overlap is extremely small at bond lengths
as large as those which occur in octahedral complexes.

Nyholm has suggested that dﬁ orbitals may be used by phosphorus
and arsenlc to form double bondé with a central metal, Such compounds
would involve d,-d, overlap. In the normal way wc would expect the
exponent for the d, ofbital on the metal to be much gfeater théﬁ‘that
on the phoéphorus or ersenic atom, However, in these compounds we
. must remember that the phosphorus or arseniec atom.has used its inert
pair of electrons in forming a covalent bond and hence its effective

electronegativity towards a d-electron will be much larger than it

free atom,
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Tﬁe éctﬁal values of the dﬁ—qn overlap are quite large, the meximum
overlap being as high as .35. PFurthermore, the fall off of the overlap

~as the eleetronegativity retio increases is slow. In fact it remains
quite large for'allvplausible.velues of this ratio, ,

Furthermore in thls particular case overlap oalculations almost
certainly underestimete the importance of-double bonding,ksinceain the
formation ofkdOUblefbonds there is incidenfally»a charge transfer,iﬁ i
'the oppositevdifection‘to‘that accompanying the inltial’single-oond
vfofmation. Thus in a eense the occurrence of dﬂedwldouﬁle bonding -
inoreases the stability of the’single bonds by providing e.meohanism

- which removes‘exoess of charge’from the central atom,

Thue to summariséi if 4,4, binding oocurskat all, Nyholm's
complexes should be?ideal cases, On overlap grounds such bonding
seems probable.

The other interesting,case of double bonding in transiﬁion metal

- complexes; ls that between dﬂ orbitels of the central metal and Px
orbitals of attached atomsior redicals." Experimental results are
availablekfor a large humber,of cyanides, nitrosyls etc. = The
stabillty end properties‘of these compounds have, for a long time;
been attributed to eﬁch double bonding. Nearly allxthe interesting
cases involve the 2p orbitals of carbon and nifrogen,: However, we -

~may interpret their properties ih terms of 3d,-3p, oVerlep_without
serious error.' .

The Zp£ orbltals in carbon will correspond to an a-value not very
dlfferent from that of the d-orbital of the oentral atom, 80 we will
31mp11fy our'treatment by considering the equicentre case only.;

At bond lengths corresponding to those observed the overlap 1ntegral
has a value of about .15, It is 1nterest1ng that thiS'iS rather
larger than the overlap 1ntegral‘between tWOWBEE orbitals at the.same
distance. From symmetry considerations we can show that if dgx orbitale

are* used~$n square complexes then two ‘strong R bonds will be formed -

at n}g@t-&ngleakto cne another. Simllarly in octahedral complexes g
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Certainly as we have heard there are cases where the trans form seems
the more steble. On the other hand Syrkin's work, which is admittedly
a kinetic study, does seem to be in agreement with perpendicular
double bonds. It must be remembered that our celeculations refer oﬁly
to the double-bond structure and take no account of o-bond effects or
of the possible effects of steric hindrapces. |

Finally, I should like to mention the possibility of &y -ny
hybridisation, In just the seme way as o-orbitals may be combined to
give directed bonds, we can hybridise d; and p; orbitals to give
directed x~bonds, In this way we can increase the magnitude of the
overlap to quitg a considerable extent. Such hybridised bonds would
be inclined to each other at an angle of bétween’9éo - 1200. The
gregter‘the dx contribution, the smaller would the inter-bond angle be,

This kind of hybridisation might ocour in dsp2 square complexes,
where the 3d; orbitals could combine with the 4px and so on.

-Ih addition there is a considerable amount of evidence to show
that such dypr hybridisation does in fact fake’place in many aromafic

sulphur compounds

In this way the non-pJanarity.of

in contrast to the planar structure of

and the similarity of thiophene to benzene ma& be explained. Dr. Craig
\has pointed out that the ultra-violet épectrum of/diéhenyl sulphide can
most easily be explained in terms of x bonds inclined at a small angle
to each other,

Pinally I would like to say again that these calculatlons are at

the best qualitatlve._ They cannot glve bond enargles or bond lengths.
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DISCUSSION

Dr. Palmer said that L.E,Orgel talked a great deal of "hybridisation“'f
but he thought there was a lot of misunderstanding of the word. 1If you
take a carbon atom with unhybriaised orbitals and put an electron into
each, the electronic distribution is spherically symmetrical,  The
seme applies to the ootahedral distribution, it mekes no differencé
whatever to the carbon and is the same whether the orbitals are
hybridised or not, Hybridisation is purely formel and only exists in
ones mind, it has no physical counterpart at all, LB, Orgel agreed
that éharge distribution was spherical and quoted Leonard Jones as
having said that apart'from the total distributionh of charge, one is
intereéted in thé electrons separately, Bonds are formed ﬁhich'kept
electrons in one bond away from those in angther. Although the total
charge is Syﬁmetrical it is’not exactly the‘same ﬁhether'hybridised
or not. k_ ; | , - ‘ .

.Dr.‘Chatt asked if the calculations give any re&éon why nitrogen
whi#h oaﬁhot'fcrm a double bond with platinum is also subject to
labilisation by groups of marked trans influence. L.E. Orgel repliéd
that if the Pt-N bond is a plain g-bond he could not explain this

behaviour.

o e e e e e e e e e



~ CO-ORDINATION GROUPS OF ATOMS IN CRYSTALS
CBY BRy AF. Wells
( 1.6y ,{}xe@vffe Division)

The general arrenhementfqrqtne bonde fonned by an atom in a

partlcular state of valency is new I
to be expected that the 1nterbond angles w1ll vary scmewhat according

to the nature of the attached atoms. For symmetrlcal bond arrangements
(e.g. 4 coplanar bOhds)‘one would expeot to find the "ideal® bond"angles
in'a molecule or complex ion of’the»type AX im'which E’similar ataﬁs‘”"
or groups ‘are attached to the central atom A, ,‘In ohelate'compounds;

in which a complex group of atoms is attached at two or more points to
the central atom the 51tuation may be oomplloated by the geometry of .
the chelate group, and SLmilarly in a polynuolear complex A Y Xp the

bond angles of A-may be affected by.the requlrements of the brldging
atoms Y, 'Thisslast complication is likely to occur inlmanyicrystels; '
\for the crystal structure of a compound represents a, compromise

between the requlrements (as regards interbond angles and size faotora)
of two or more klnds of atom ‘ A further oomplloatlon is “that in an
extended 3—d1men51onal structure there must also be relatlons between

the numbers of ‘bonds forme& by an atom of a glven sort and the proportion‘
of ‘that type of atom in the struoture. These pOlnts w111 be illuatratedw
vby reference to the crystal structures of compounds of Pd Pt end Cu, Fa

The dev1atlons from what we may’ desorlbe as the "1dea1" bond

angles for a given valency state vary from small distortlons as in a
series of crystals such as PtS,PdS and Cuo to a completely dlfferent
' bond arrangement as in Be and Co phthalocyanlnes. In the formﬂr

’case the structures are all of the same general type bub of progr9551ve1y
:llower symmetry; in the latter, metals whlch normally form four ‘
tetrahedral bonds are obllged to form four oqplanar bonds because of
the geometry of the rigid organio moleoule. S

The stereochemlstry of divalent. copper 1n crystals is of

partlcular 1nterest because, exoept in- the case of oompounds such a8 .

hydrated OXy—salts, end also some co-ordlnation eompounds Wlth organic
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of its compounds are uniqué and not isomorphous with the corresponding
oompounds of any other“metal‘ Cupric oxi&e has been mentioned above.
The sulphlde has a rather extraordinary structure whloh might well be
re—lnvestigated LThe structnre of:Qan ;s,notNknoWn, but it_;s
~ known that_it 1s,not the_flnorite or'rutile structore. - The ohloride
'ana.'bme are Vison‘xyorphous. and closely related to rdmz, ‘though | |
diff‘ering-win the way in which the infinite chains are paskéa This |
dlfferenoe is suoh as to glve Cu two more dlstant cl nelghbours in
addztion to the four nearest coplanar nelghbours these completlng &
distorted octahedral oo—ordinatlon groupv The next nearest neighbours‘
of Pd in Pdcl o9 on the other hand are a set of four at the corners

of a rectangle the plane of whlch is perpendioular to that of the four -
nearest nelghbours.‘, Thls group of (4 +2) nelghbours appears in all

the halogen compounds of dlvalent copper and has been &1scussed

elsewhere (A F. Wells, J.C. S., 1947 1662, 1670). In the "basic"

cupric salts 1n which there .are generally two sets of orystallographically
-non-equiralent Qu_atoms, other envlronments oocur,’aocord;ng;torthe
’publishea‘structures. rfThis-was the case in, for example, atacamite,;

U (os)}"'ol 1 ,but a redetermination of the struoture (A.F. Wells, Acta
Cryst., 19&9 2, 175) shows that in this crystal also all the Cu. atoms
have the characteristio set of (4 + 2) neighbours. Similarly, a
redetermlnation of the structure of malachlte (A.F. Wells Aota Cryst., t

in the press) confirms that Cu;I

has thls type of environment in thls
hydroxy-oarbonate.‘ In CuO the Cu atoms have only four oxygen
neighbours the next nearest nelghbours being e, set of four copper atoms.‘r
However, 1n a crystal AX the number of bonds formed by A must neoessarlly
~be the same as that formed by X (assumlng all A atoms to have the seme
environment and slmllarly for all X atoms) so that 1n this case the
feilure of Cu.II to form (4 + 2) bonds is presumable due to the fact : ,
that 0 oannot form (h + 2) bonds. Compounds oontalning 6-co~ord1nated>;€f

IT

Cu™ such as [cu enjsz, Whlch are descrlbed in the literature would

appear to be exceptlons to the (h + 2) co—ordlnation but no detailed

1nformation about their structures is avall ble
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DISCUSSION

Dn Mann sadd that the six-covalent amonis nd sthylensdianine oopper

_Dr. Vells stated that me ‘mements and
va,thezr thpaimdﬂ") desombed a six-coval:_‘ t camplex cf copper wi‘ch

ethylene &ﬁfbx's with formula (Cu(en)B)Br but Dr.. Wells dld not f‘ﬂ :

 ‘, know wheﬁher the campound. was particularl,y stable. s

, Pr@f. Jensen described some recent work by Bjerrum and’ Nielsen L '

'whc; determmed the oonsecutlve fomation constan‘cs of - the d,ie hylene-

o diamine cuprio iqm a.nd the third consecutlve complexity const&n’b _"Ith

:‘~'resu1ts 1n&ica‘bed that the tmethylenedmmme complex is a pent.amnine,;f’ T

‘ complex with the ethylenediamine molecule last take"“”‘up"bound by onlyv one af

Prof, Schwarzenbaeh amplifled Prof Jensen 8 statement by giving

‘0 the values for the consecutiva formatien constants ky = 16 = 1019 *f“f

9 -y
and kg = 07 1 was extremely«aiffmua.t to get any a‘ctachment of

“hhe third molecule. The va,luesu: or/ the aa&itlon of" ammonia showed
- a simil&r‘gradatlon, f¥ff S e e
| Prof. Alberb meﬁfloned some’ of h:.s own work on copper corxgplexes
He' said that if glyclne is added to copper sulphate in selutlon then :
' 'the soluble blue copper dlglycine oemplex ia obta:.ned. ’, If fhen phenol
' 13 added to thms solution large v1olet crystals separate and these o

K

 aontain two molecules of glyﬁine and two molecules of phenol per atem

of' copper. : Is this not a exa-covalent copper ccmplex'? Admttedly,

_'~hexe.covalent copper h.as ‘never 'been encountered in solution‘

_;f.‘urthar ’before th:.s quastion oould be answere ‘

©

e Dr. Wells further stressed the peculiarltaes of fhe arystal
‘ Sopp: He saicl that all simple




any other simple sulphide.,
Dr. Chatt seld that following up Prof. Albert's stdtement,
Maloelm Grawrord hes recently desoribed a nnmber of cuprio salts of
organio acide whioh aia not dissolve in alcehol or.in benzene unless &
\ little aloohol was added The orystals obtained in- some ‘cases retained
the aleohol and in scme oeses did not, s | |
Dr. Wilking mentioned cupric bromide wihch hed been studied recently
by Helmholtz. Four bromine atoms were arrenged planar eround the. eopper
'and a further two were at a slightly greater distanoe This Was
another compound which fitted in with Dr, Well's ideas on’ the
stereoohemistny of oopper. He also drew attention to sane ‘work by
_Peyronel vho prepared the solid compounds Cu(NH ) Gu(NH ) Br and
Cu(NH3,6I and showed &n ootahedral co«ordinetion of the oomplex

,.catione.

&

SUMMARY
Ty Dr. L. E. Sutton |

(Oxford Unlversity)

{

In summing up, Dr, Sutton called attention to. three groupsiof, djh
g contributiens- the preparative and experimental developments, the:

' equilibrium and rete studies’ and the theoretioal investigations.

. One of the most striklng general features of the flrst group wes
the difference in the standard of discussion resultlng from the cleerer
appreciatlon in the pest ten or twenty years of the usefuIness of |
physical methods, and eepeoially of the need for prefacing speculation
| about the strueture of ‘golid oompounde by an X-rey orystallogrephlo
| exeminetlon.) Measurements of electrlc dlpolo moment ere useful for“
struoturel determlnetione 1n the gae-phasc or in non-polar solutes ;

but there is 2 marked leok of a’ satlsfaotory method applicable to T

aqueous solutions;; Eleotron diffractlon is also a powerful tool for ’;~

e

examining free moleeules
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0f the topios being actively invesfigated vhe was struck'by the
importance of finding out ‘more about the formatlon and stabllity of };
ej'bridged groupings such as oceurred in the complexes or crystals o

deseribed by Dr. Mann and. Dr. Welle, whieh are fundamental bulldlng

‘units in meny 1nstsnces. .

Dr. Chatt's: speeuletiens ebo'tTthe'ethyiene cemplexes were very

interesting,~ and he heped that "ire ,oneIUslve eV1dence bearing on

them would be eb%;;; ble. The new. relatlons between stereochemlstry,
valency stsses, and. bond types developed by Prof Jensen and by
.Dr. Nyhelm were strlking and 1mportant

The sontrlbutions on equlllbrlum measurements showed that &
plessing degree of accord exists between workers who have ettaoked the .
problem with rather dlfferent aims 4n mlnd ~Prof.‘Schwarsenbach,k‘d:u
’ dwelt on the simple, fundamental features of equilibrde‘comman te'all
complexes and oonoerned partieularly wmth the stereoehemical nature of
the llgands, Dr. Irving emphasised the specifioity of central atoms.:fj
But there was no serious dxsagreement inetheir cencluslens. _[The;d'
desirabillty of obtaining 1nternal energles of formation of com@lexes
was 1mmed1ately obvious; - the dlffleultmes of dclng 80 were, however,__
, considerable. Little had been seid about rates of formatlon and .
"decompesltlon save by'Dr. Wilkins by Prof Schwarzenbach and by ' :
Dr. George~’ but this was the next magor fleld of 1nvestigation and “
~ the results seemed likely to requlre consmderable changes in our presenﬁ
1deas. |

Dr. Well's dlSCUSSlOn of problems of solid structure wes a timely
one, We had a great deal of informatlon about such structures" we

v’nseded elesrer and more complete statements of the reasons why they

¥ were too :mele, bu'b :u: proved diffioult to make usef'ul
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stee.d.fy;“ and in a while we shoulé. probably find that our general
Amderstanding of . valency had improved very cons:.d.erably.
| ‘l‘o make ‘the dlscussz.on cleflm.te, its’ ‘seope had been limited to
co-ordination in the older sense of definite and stc;echiometrm~ rgaction
betweéh suppbsedly 5’saturated" mo‘lequlés‘ or ions. As techniques of :
investigation have improved more kinds and degrees of interaction have
betn observed: so the limits of what may be called co-ordination
chemistry - if we allowed‘the term to cover all kindé of’moleoular
mteraction - were contlnually becomlng wider and more nebulous,
This circumstance made it necessary to watch theoretical developments -
ca._refyully.» The interrelations 'of the various ’phenomena'afe ‘such .
tbha“t“an’attemp‘b to answer one prob'lem‘might well throw iight’*upon' what
seems at first a Quite different one., We c;ould ’not be sure that we
had all the main principles esteblished, and although we hoped that wé ‘
hod we might §till see fresh forms of valency discovercd-and fresh
‘kinds ‘of intez'\‘actic‘m’ revealed. | |
In conclusion Dr. Sutton conveyed the very warm congra‘culations i
of all present to Professor Sidgwick on the publlcatlon of his -
monumental work , which they would for long regard as the chemist's

Bible.
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