Coordination Chemistry Reviews
Elsevier Publishing Company Amsterdam 213
Printed in The Netherlands

STABILIZATION OF METAL COMPLEXES BY LARGE COUNTER-IONS
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INTRODUCTION

Science lends itself to various degrees of sophistication, and chemistry is no
exception. Often it is the less sophisticated qualitative generalization that is of
greater practical value. One such generalization in chemisiry is that similar sub-
stances interact with each other to a greater extent giving a more stable system than
do dissimilar substances. This is a well known phenomenon and many different
types of examples can he cited to support it. For instance, polar compounds dis-
solve in polar solvent, whereas non-polar compounds dissolve in non-polarsolvents.
Similarly, like solvents are completely miscible, but unlike solvents may be immis-
cible. This type of behavior is of common occurrence in chemistry as in life and is
adaquately described by the proverb “birds of a feather flock together.”

Such a truism, amply supported by experimental fact was referred to as
symbiosis by Jorgensen!. This is the mutual stabilizing effect on metal complexes
observed for systems containing either a flock of soft ligands or a flock of hard
ligands®. Thus, [Co(NH,)sX]}** is far better bound for X = F than I, whereas
[Co(CN)X]*~ is most stable with X = I and not even known for X = F. This
is in accord with NH, being a hard base and symbiosis favoring the hard F~ over
soft I, but CN~ is soft so for the cyanide system the preference is for I". Similarly
CO substitntion of Cr(CO), is very slow compared with that for Cr(CO),bipy>,
presumably because the hexacarbonyl is more stable due to symbiosis.

QOperationally, Berzelius was aware of the fact that certain metals occur on the
earth’s crust as oxides and others as sulfides. Approximately one hundred fifty years
have elapsed and we now feel very certain that metals can be classified as class (2)
and class (b) metals* or hard and soft Lewis acids, respectively. The class (a) or
hard metals show a preference for halide ions in the order F~ = ClI™ = Br™ = I,
whereas the reverse order is found for the class (b) or soft metals. Pearson® has
cleverly pointed out that such an approach can also be extended to organic systems,
and he stated the general principle: Hard acids prefer to associate with hard bases
and soft acids prefer to associate with soft bases.

The theme of this review is the importance of flocking together of like sub-
stances in chemical systems, and of partieular interest here is the useful general
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principle: Solid salts separate from aqueous solution easiest for combinations of
either small cation—small anion or large cation—large anmion, preferably with
systems having the same but opposite charges on the counterions. This is a well
known fact to coordination chemists and others, but it needs to be emphasized
because it is sometimes overlooked (see last section on erfrors).

Considering the general case represented by reaction (1),

C;q)‘*‘A_faq) =CAy 1)

it is seen that what determines whether or not the formation of solid compounds
CA is favored is the difference between the hydration energies of the ions and the
lattice energy of the solid. Clearly the driving force for the formation of the small
cation—small anion system is the large lattice energy of CA, whereas for the large—
large combination the driving force must be the small hydration energies of the
large ions. This is illustrated by the values of the hydration energies of the ions and
lattice energies of the solids in kcal/mole provided for the species in equations

(2~(5).

. _ . AH®, kcal/male )
Li%aqy+F gy == LiFy, 0
—124 ~121 —245
Li* gy + 1" (aqy == Lil, +16 3
—124 —-70 —178
Cs +(nq)+F_-(aq) = CSF{S) +14 (4)
—66 —121 -173
Cs+{aq)+1_(=q) == Cslsy =5 (5)
—66 —-70 —141

The results are in accord with the solids containing counter-ions of the small-small
(LiF} and large-large (CsI) combinations being favored over the less similar sys-
tems Lil and CsF, respectively. In practice the facts support this, LiF is less soluble
than Lil and CsI is less soluble than CsF. The importance of the same but opposite
charges on the 1ons is shown by comparing the solubility of salts such as AgCl,
Ag,S0,, Ag,PO,; BaCl,, BaS0,, Ba,(PO,),; LaClsy, La,(8O,);, LaPO,. For
each metal ion its least soluble salt is in italics.

The importance of large ions stabilizing large counter-ions in the solid state
is not restricted to reactions in aqueous solution, but is fairly commonplace also
in other systems. For example, beginning students learn that although the alkali
metals have very similar chemical properties, their reactions with oxygen are dra-
matically different. Lithium gives the expected oxide Li, O, whereas cesium forms
the superoxide Cs(Q,. This is said to result from the large Cs+ having a greater
stabilization effect on the larger O, compared with the smaller O*~ relative to the
reverse for the small Li+. Beginning textbooks also often include the fact that the
thermal stabilities of the alkaline earth carbonates increase in the order Mg, CO4
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< CaCO, < SrCO, < BaCO;, and attrbute this to the stabilizing influence on
the larger CO4*~ relative to O~ as the size of the cation increases from Mg?+ to
BaZ?+,

Other textbook examples would include M[ICL,], where the stability of the
solid increases for changes in M in the order 11 < Na < K < Rb < Cs. Similarly
for R, N[ICl,], the stability of the salt increases with the increasing size of R N+,
More recent examples may include reactions (6) and (7)%.

NaCl+BCl; — No reaction - (8)
CsCl+BCl; — GCs[BCl,] ¥)

The isolation of Cd(I) as Cd ,2+ was achieved” by the stabilizing influence of A1C1,~
to give Cd,[AICL, ],.

Students {and also some faculty) are surprised to find that reaction (8) is
exothermic.

Lil,+ CsF,y — LiF,+Csl,,, (8)

—65 —127 —146 —80 = AH,kcal mole
The heats of formation of the individual compounds are given and it is seen that
the reaction is exothermic to the extent of 34 kcal/mole. We are conditioned to
thinking that the combination of the most electropositive and most electronegative
elements form the most stable compounds and, therefore, it is surprising fo find that
reaction (8) is not in the direction favoring the formation of CsF. Nature has its
way and the small Li* small F~ plus large Cs™* large I~ combinations are preferred
over the reverse arrangement. This is due to the large lattice energy of LiF.

STABILIZATION OF METAL COMPLEXES

This section will refer to a few examples in which the metal complex in
question is not stable in aqueous solution but is stable in the solid state. Keeping
in mind that metal complexes are large in size, the previously stated principle can
be restated as follows: Solid metal complexes are stabilized by large counter-ions,
preferably ions of the same but opposite charge. Some of the large counter-ions that
have been used for this purpose are shown in Table 1.

In the mid-fifties when crystal field theory appeared to be the answer to
chemical bonding in metal complexes, it became of interest to isolate and charac-
terize some tetrahedral nickel(IT) complexes. This was achieved for[NiCl,}*~ and
[NiBr,)?>~ using the large cations (C;H ) N* and (CsHs),CH3As* and ethanol
as a solvent, The method of synthesis was readily applied to other analogous
systems of the type R ;[MX,], where M" = Mn, Fe, Co, or Zn and X = Cl, Br
or L. In all of these cases the complexes [MX,]*~ are stable in ethanol solution at
the conditions of these experiments.
are readily established. Thus CuCls*~ is not stable in solution but it is produced in
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TABLE 1

SOME LARGE COUNTER-IONS USED TO STABILIZE AND ISOLATE METAL COMPLEXES
Carions ’ Anions

Cs* Clo, I-

RN+ BF

{(CaH AT PFEF.~

(CsH):sCH,As* AlCI-

{CeHgP* B({CeHy),—

{C.Hp,CH,P+ [Cr(NH,).NCS)]™

(Co(NH 33, (INO,),]* [Co(NH,(NOy),]~

Ba®*, [Pt(NH,), I SiF -

Mi{phen},]*+ MCL* M = Co, Ni, Zn, Cd, Hg, Pt
[Ni(bipy)s]*+ PtCl -

[Co(NH ), NO,J*F Fe(CN)

La%+ M(CN}~ M = Fe, Co, Cr

[M(NHJ),J** M = Co, Cr, Rh
IMen).3* M = Co, Cr, Rh
Mpn),3t M = Co, Cr, Rh

[M(Czo.;) 3]3‘ M = CO, Cr
MF 2~ M = Al, Fe, Co

Thi+ - [M(CN)o]¢~ M = Mo, W
[PtINH,) I+
(Pten) 14+

In contrast to this, the species [CuCl;]*~ can be isolated® from an aqueous
solution that contains “none” of it by the addition of the cation [Cr(NH,)s]*+.
Since Cu!! complexes are substitution labile, it follows that the equilibria represent-
ed by (9)

CuCl,~ = CuCl,2~ = CuCl;*~ 9
L ICe(NH )P
[Cr(NH ;)41 [CuCl5]

aqueous solutions containing excess CI~ because of the driving force for the forma-
tion of the stable solid [Cr(NH ;)5 ] [CuCl]. This is an excellent llustration of the
imporrance that the charge of the counter-ion be the same but opposite to that of
the complex oue wishes to stabilize. Note that the concentrations of CuCl*~ and
CuCli,?™ in solution far exceed that of CuCl¢3~, but it is the 3- anion that is pre-
ferentially stabilized and brought out of solution.

It had also been assnmed that CuCls®~ is crystallized from solution by
[dienH4 ]+ (dien = NH,C,H,NHC,H ,NH,), but a very recent x-ray study*®
shows that the substance obtained is a double salt and should be formulated as
fdienH , JCI[CuCl,} This suggests that better results are expected if the counter-
ion has a compact spherical shape similar to that of the metal complex to be
stabilized, visavis [Cr{INH 3)s }* +and not [dienH,1** relative to CuCls>~. The struc-
ture of CuCl3~ was determined by x-rays to be trigonal bipyramidal’! and the
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Cu-Cl distances** are shorter for the axial (2.256 A) than for the equatorial
(2.391 A) positions.

Much the same discussion as that above applies to the six-coordinated
complexes [MCl4]*~, where M = Cr, Mn or Fe, which are not stable in aqueous
solution but can be stabilized in a crystal lattice!® with [Co(pn),]**. The addition
of a concentrated HCI solution containing these metal ions réadily vields the salis
[Co(pn),] [MCI]. Because the reaction mixtures are strongly acidic, the choice
of a 3+ counter-ion requires that it be a substitution inter metal ammine,

It has long been known that pale yellow solutions of Ni(CN),?~ become an
intense orange-red color upon the addition of excess CN~. Investigations of these
solutions have shown"* that this is due to the formation of the species Ni(CN)*~.
However, it could not be isolated as the potassinm salt, because evaporation of the
orange-red solution yielded a mixture of K ;Ni{CN),-+KCN in the solid phase.
The complex Ni(CN) s>~ was stabilized and isolated®® as the salts of [Co(NH )P+
and [Cr(en);1**. 1t has also been found possihle!® to isolate K ,;Ni(CN) 4 at —15°C,
but it is not stable at room temperature. These results are summarized by scheme
(10).

[Ce(en),] [NI(CIN),] stable solid

T[Cr(en), > *
3 K+.Cone.

Ni(CN) 53~ =222 K NH(CN) .+ KCN (10)
A

—~15° Kt 7

K3Ni(CN)5

The corresponding Co™ ammines were not suitable due to their undergoing
substitution reactions at the experimental conditions of high CN™ concentration.
This may be caused by the presence of catalytic amounts of Co'! and/or base
catalysis in the strongly alkaline solution®”. Neither of these effects are as pro-
nounced here for the Cr' ammmines. Attempts to isolate [Cr(en);] [Co(CN);] have
not yet been successful'®, The addition of [Cr(en);]*+ to a concentrated solution

of [Co(CN)s]*~ results in an immediate color change from intense green to
vellow-orange. This suggests that the water reaction'® (11) has been catalyzed.

2Co(CN)5*~+ H,0 == [HCo(CN)J* "+ [Co{CN) sOH]* an

It was recently reported?® that further reaction takes place to generate [Co(CN)]*",
and in support of this the salt [Cr{en);] [Co(CN)4] was isolated!®. This is being
repeated in other solvents and also attempis?' are being made to stabilize
PA(CN).>~, Pt{CN)s>~ and Au(CN)s>". _

The structure of [Cr{en);] [Ni(CN);]1.5H,;O has been determined by x-
rays2? and of special interest is the structure of Ni(CN)s¥~. Theoretical chemists
were reluctantto predict its structure, but atthe anthor’s insistence some did, and
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the predictions were 509{ trigonal bipyramidal and 50% tetragonal pyramidal.
Nature is on their side, for it is found that the symmetry cell contains two cations
and two anions, one Ni(CN)s3~ is a tetragonal pyramid and the other is a distorted
trigonal bipyramid. This means that the energy differences between the two struc-
tures must indeed be small?®, Again the Ni-C bond distances in the axial positions
are shorter than in the equatorial positions of the trigonal bipyramid. It begins to
appear that this may be true for d” systems where n is sufficientiy large, whereas the
reverse holds for d° compounds?®.

Substitution reactions of tetrahedral Si'V are generally bimolecular dis-
placements which are believed to proceed through a five-coordinated active inter-
mediate?*. Silicon chemists were very pleased a few years ago when the stable five-
coordinated Sit¥ cation [(C4H s)3Si(bipy)]* was isolated?® as the I salt. 't now
appears that this previously illusive coordination number for Si'Y is readily
obtained if one makes the proper choice of system and counter-ion. Thus SiF;~ is
stabilized by (C4H):As* and the salt separates from an aqueous-methanol solu-
tion of a reaction mixture represented by (12)%7.

S04+ SHE +(CgH ) AsCI — (CH ). AsSiF s +HCl42H,0 a2

This synthesis was prompted by the x-ray studies which suggested the presence of
SiF;™~ in a substance previously incorrectly formulated (see last section).

In addition to gualitative experimental observations of the type mentioned
above, quantitative thermodynamic data are also available which support the
principle that a large counter-ion stabilized a metal complex. Some such data are
shown in Table 2. The results clearly show that the stabilities of AlH4™ and of
VF ;™ increase for the respective salts in the order Li < Na < K < Rb < Cs.

TABLE 2

THERMODYNAMIC DATA SHOWITNG THE INCREASE IN STABILIZATION OF METAL COMPLEXES WITH
INCREASE IN SIZE OF COUNTER-ION

MAIH " - MHy+ Al +3/2Hayy,

S N K G
A6, kcal/male -39 +3.0 +14.9 +16.5
MVFabfs} — MF{S]+VF5(SJ
Li Na K Rb . Cs
AG°, keal/male —355 —25 +t +7 +14

“Ref. 28. PRef. 29.

ISOLATION OF METAL COMPLEXES

Not as spectacular as some of the examples mentioned in the previous sec-
tion, but perhaps even of greater importance to the coordination chemist is the
proper choice of coirnter ion to permit the isolation of a metal complex that is
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stable in solution (so much so that most of its salts are extremely soluble and
difficult to isolatc). A past master at being able to isolate systems difficult to obtain
was the late Professor Dwyer?°. It has been said that if he could not resolve a
metal complex then it must oot be optically active. His approach was simply that
of using with his gifted “‘green thumb™, appropriate counter-ions of large size and
the same but opposite charge. For example, he was able to start with (+4)—
[Cofen) ;{(NO,), ]+ and resolve several other Co™ complexes as represented’ by
scheme (13).

a4 (+}F[Co(EDTA)]™ — (+)}-{Colen),C,0,]"
(+)-{Cofen) ,(NO2)5]" — (+)-[Co(en}(C204),1" — (+)-{Colen),CO.I"
* (=){Co(en)(mal),}~ (13

Some of these complexes such as [Co{EDTA)]™ had been previously resolved!
but were not obtained optically pure until the proper choice of resolving agent was
made.??

Aquo complexes often form very eaiily in water solution, but their isolation
may not be easy because of their extrem.e solubility. For example this is true of
cis-[Cr(en),(H ,0)C112+, However, it is possible to isolate this complex as the salt
cis-[Cr(en),(H,0)C11ZnCl, (or ZnBr,) from an aqueous ethanol solution®?. Simil-
arly, the salt [Co(tetraen)CICI, is very soluble and when it was first prepared no
attempt was made to separate its various geometrical isomers®*. The « and p
forms of this complex have now been ohtained®? as the salts of ZnClL*>".

Many cationic and anionic metal carbonyls and their derivatives have been
prepared and often their isolation is accomplished with a large counter-ion of the
same but opposite charge. This is best illustrated by reaction (14).

Mn(CO)Cl4+CO+AICLy - [Mn(CO)G]AICL, (14

In this instance the investigators®® were doubly fortunate since the Lewis acid
required to remove the chloro group from Mn(CO)sCi was also able to provide
the necessary anion for the formation of a stable salt with the cation [Mn(CO)¢4]+.
A few other examples with references but no comment are R N[Mn(CO),X,P7,
R N[CH{CO):X]*®, R N{RKCO),X, 1% [Cr(Triars) (CO),XIB(CsHs)s*",
[CsHsCr(CO),IBr,*!, {CsHFe(CO)sIPF 6*2.

ERRCRS

Mistakes have been made hecause investigatofs have failed to giveenoughcredence
to the phenomenon that large counterions stabilize metal complexes. This author*?
is guilty of such an error and can use his naivete at the time as the first example.
At the early stages of our investigations on the mechanisms of substitution reac-
tions of metal complexes, it was of interest to design an experiment to determine if
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water is involved in a nucleophilic displacement process for aquation reactions of
Co™ complexes (incidently, it is still of interest to design such an experiment.)* ’.
For this purpose a series of complexes of the type trans-fCo(AA),Cl,; 1+ were pre-
pared, where AA = C- and N-alkyl substituted ethylenediamines. The compounds
were prepared by the method used to preparethe well known frans-[Co(en) ,Cl, ]CI
and the results obtained were similar to those deseribed for this compound. All of
the compounds were green and had visible absorption spectra similar to that of
trans-[Co(en),Cl,]+. This complex separates from its reactiop mixture as frans-
[Cofen),Cl, IClL. 2H,0.HCI**, but the H,O-HC! can be removed by heating it in
an oven at 110° overnight. It was assumed that HCI was more difficult to remove
from the substituted- en compiexes, because even after heating for longer periods
they still gave high chlorine analyses. The complexes were incorrectly formulated
as frans-fCo(AA),Cl, JCl.nHCI. Recent studies show that the compounds were
instead frans-[Col{AA),Cl,],CoCl,*>. Lest someone gets overly concerned as to the
validity of the aquation studies, these were performed with the pure CIQ ™ salts.

A very recent example of the mistaken identity of 2 compound due to failore
t0 heed the essential theme presented here, is provided by the reaction of frans-
[Pt(PEt,),HCl] with C,F, in cyclohexane solution in a glass vessel at 120° for
50 hr. One of the minor products, obtained in about 10 yield, was formutated*¢
as [PUPEty) () (CI) (C,F,)]. It was claimed that this formula was supported by
its analysis (P't, P, F —not C, H although C and H analyses were reported for the
other products), its ir spectrum and its *°F nmr spectrum. Although conductivity
measurements in nitrobenzene showed the compound to be a 1:1 electrolyte, this
was suggested to involve a dissociation of a H* or a CI™. The fermula proposed for
this substance seemed plausible on the basis of the available evidence, but even
more so because such a compound is believed to be the active intermediate leading
to the overall insertion (or ligand migration)!”? reaction to form the sigma bonded
alkyl product.

A sample of the compound was examined by means of x-rays and it was
quickly determined that it contained two aggregates, presumably a cation and an
anion in keeping with its being a 1:1 electrolyte. It was also impossible to find
C,F, in the compound. The research group at Northwestern University*” began to
speculate that the ir band at 2100 cm.~* which had been assigned to Pt-H stretch
was in fact due to C-O stretch and that the cation may be [Pt(PEt,),COCI]+
which is isoelectronic with the Vaska Ir' compound. The anion had a regular tetra-
hedral structure, and it appeared this could be BF,~ coming from the reaction of
the Pyrex glass tube with HF. Also contained in this preparation was the anion
SiF;~, which is the only anion when the preparation is carried out in silica tnbes.

The correct formula for this compound, frans-[Pt(PEt,y)sCOCIIBE, (or
SiF,) is in accord with the larpge anion stabilization of the complex and agrees
with its properties as previously reported. The final confirmation. of this structure
is the rational synthesis of the BF, ™ salt by the research group at the University of
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Western Ontario. The compound trans-[Pt(PEty),HCI] reacts with CO and
aqueous IIBF, under pressure to vield zrans-[Pt(PEty),COCI]BF . In addition
the rational synthesis of (CzH ;),AsSiF ; was accomplished as shown by reaction
(12). Further studies are in progress onthe syntheses and reactions of thesesystems*®,
Often the (4 )-tartrate ion is not a suitable resolving agent for metat com-
plexes, and some years ago it was found that better results mzy be obtained using
antimony] (+)tartrate ion*?, It appeared that this worked best with 2 cations
such as [Ni(bipy);}*+ and {Fe(phen);]*+, which would be contrary to the same but
opposite sign on the anion if it is correctly formulated as (+)-[SBO(C,H O]
The recent important synthesis and resolution>® of ¢is-[Pt(en),Cl,]**+ made use of
the diasterecisomeric salt (+)*5%-cis-[Pt(en),Cl; 1-(+ )} [ShO(C H .0} ,-
The x-ray structure determination of K{ShC,H,0-].1/2H,0 shows the
anion to be
O

S0 -
\ /QH

HOOC—CH— O0—517

HCo——O

with a distorted tetrahedral structore arcund antimony>!. Recent x-ray studies®2
on (+)»[Fe(phen),] I(+)-SbC H40O4], affords the most “expected” result that
the anion indeed has a 2— charge.

[ o=c—o o—c=0]*"
N
SN

HC—O O—CH

1
HC—O O—Ch

N
SN

| O=C—

=0 |

The structure at antimony is that of a distorted tetrahedron, and the absolute con-
figuration of [Fe(phen);]*+ was determined.

Finally, the reaction of K ,PtCl, with dien.3HCI vielded a pale yellow crys-
talline product which was assigned®* the empirical formula PtCqH;q,ONgClg,
perhaps as a typographical error hecause the analytical data reported require
Pt,C H,,ONClg. In any case no attempt was made to designate the structare of
this species. Recent detailed studies®* of this system show it to be
[Pt,CoH ;g NCl, 1PtClL, . H 0 and that the cation has the structure

+

CHNHLCI CaH NHC
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This provides yet another example of a large cation being stab_ilized by a large
anion of the same but opposite charge.

In conclusion it need only be said that if the reader still remains skeptical of
the importance and practical value of the general principle discussed here, then he
is referred to the chemical literature which abounds with many more examples,
some of which may better suit his fancy.
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