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Hydrophobic Interactions in Ternary Zinc(i1) and Copper(it) Complexes
containing 1,10-Phenanthroline or 2,2’-Bipyridyl and an Alkane Carboxyl-
ate or Sulphonate

By Paul R. Mitchell, Institute of Inorganic Chemistry, University of Basel, CH—4056 Basel, Switerland

The methyl resonances of [MegSi(CH,)3S0;3]~ and of [Me;Si(CH,),C0,]~ are shifted upfield by [Zn(bipy)]2+ or
by [Zn(phen)]2+, whereas Zn2+ causes no shift at all; 2,2’-bipyridyl (bipy) or 1,10-phenanthroline (phen) alone
cause only much smailer upfield shifts. This effect is attributed to a hydrophobic interaction between the trimethyl-
silyl group and the heterocyclic aromatic ring system. The stability constants of all four ternary complexes have
been determined from the variation of the n.m.r. spectra with [Zn(bipy)]2+ or [Zn(phen)]2* concentration. The
stability constants of the binary Cu%+ and Zn?+* and the ternary [Cu(bipy)]%+, [Zn(bipy)]?* [Cu(phen)]?+ and
[Zn(phen)]2+ complexes of [Me3Si(CH,),CO,]~ have been determined by potentiometric titrations, and indicate
small positive values of A log K. The methyl resonances of a range of medium-length straight- and branched-chain
carboxylic acids are also shifted, showing that a hydrophobic interaction between an aromatic group and a methyl,
isopropyl, or t-butyl group can also occur in a ternary complex.

INTERLIGAND interactions in ternary complexes often
have a considerable effect on the stability, structure, and
reactivity of such a complex;! an indirect interaction
may be mediated by the metal,? for example through the
involvement of metal d orbitals in transition-metal
complexes, or a direct ligand-ligand interaction may
occur. Even relatively weak non-covalent interactions 3
may have a striking effect not only on the stability but
also on the detailed structure of ternary complexes.

Ternary metal-ion amino-acid complexes containing
two oppositely charged side chains have been prepared,
and the ionic interaction influences not only the spectro-
scopic properties 45 but may also be sufficiently stereo-
selective for resolution of one amino-acid to be possible.8
Aromatic ring stacking between a nucleotide and a
heterocyclic aromatic ligand, e.g. bipyridyl,%® phenan-
throline,? or tryptophan,!® has been observed in ternary
metal complexes, and may even cause considerable
stability enhancement.?

Although it has been suggested 3 that a hydrophobic
interaction between aliphatic groups, or between an
aliphatic and an aromatic group, may be nearly as strong
as that between two aromatic groups (i.e. aromatic ring
stacking), an interligand hydrophobic interaction has not
yet been observed in ternary complexes. However, it
has been suggested ! that e.s.r. measurements indicate
that copper complexes of hydrophobic amino-acids, e.g.
[Cu(L-valO),] or [Cu(L-leuO),] (valO = valinate, leuO =
leucinate), form weak dimers linked by a hydrophobic
interaction, whereas bis(glycinato)copper(11) does not.

In an investigation of the 1H n.m.r. spectrum of metal
complexes the resonance of 3-(trimethylsilyl)propane-
sulphonate used as reference was observed 12 to shift
anomalously in the presence of [Zn(bipy)]?* or of [Zn-
(phen)]2* but not significantly in the presence of Zn2+,
of 2,2"-bipyridyl, or of 1,10-phenanthroline alone.t
Since it seemed probable that this effect was due to a
hydrophobic interaction in the ternary complex, the

t Abbreviations: bipy = 2,2’-bipyridyl; phen = 1,10-phenan-
throline; N—-N = bipy or phen; A~ = 3-(trimethylsilyl)propion-
ate, 3-(trimethylsilyl)propane-1-sulphonate, or an aliphatic
carboxylate anion.

ternary systems were investigated in more detail by 1H
n.m.r. spectroscopy and by potentiometric titrations.

RESULTS AND DISCUSSION

Hydrogen-1 N.M.R. Study of the Ternary Zn?*—(N-N)—
A~ Systems.—Protonation, or co-ordination of a dia-
magnetic metal ion, usually causes a downfield shift of
the resonances of nearby groups, whereas in aromatic
systems the ring current causes those protons lying above
an aromatic ring to shift upfield.13
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Ficure 1 Upfield shifts of the trimethylsilyl resonance of
[Me, Si(CH,)3SO,]™ (@) and of [Me,Si(CH,),CO,]|™ (b) in a ternary
mixture containing in addition either Zn%*+-bipy (----) or
Zn*t—phen ( ) compared with the resonance positions of
the free trimethylsilyl ligands (60 MHz, 35 °C; I >0.1 mol
dm™, Na[NO;]). The curves shown are the computer-
calculated best fits of the experimental data with the stability
constants and extrapolated upfield shifts given in Table 1

Addition of Zn** (1.4 mol dm3) to [Me,Si(CH,),
CO,]~ or to [MesSi(CH,)4;S04]™ causes no shift (<0.003
p.p-m.) owing to the length of the aliphatic chain between
the donor group and the trimethylsilyl group observed.
On addition of increasing amounts of [Zn(bipy)]®* or of
[Zn(phen)]?* the trimethylsilyl resonance is shifted
upfield by up to 0.4 p.p.m. From the variation of the
upfield shift with concentration (Figure 1) it is possible
to calculate the stability constants and the extrapolated
shifts for the completely complexed silyl ligands (Table
1). The stability constant obtained using a 1:1 ratio
of [Zn?*]:[phen] in which only 53%, of the phenan-
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throline is present as [Zn(phen)}?* was the same as that
obtained using a 5:1 ratio, in which 939, is present as
(Zn(phen)j2+.

The stability constants of the carboxylato-complexes
are, as expected, higher than those of the sulphonato-
complexes, and the stability constants with [Zn(phen)]?*
are higher than those with [Zn(bipy)]?*. The extra-
polated upfield shift for complete complex formation is
ca. 609, higher for the [Zn(phen)]** than for the [Zn-
(bipy)]®* systems: this is also to be expected since the
effects of the ring currents are to some extent additive.13
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However, the presence of a hydrophobic interaction in
these ternary complexes does not necessarily mean that
the ‘ closed ’ form predominates in the intramolecular
equilibrium of the type:

[Me;Si(CH,)3S050"—2Zn2*— (N—N)

[

0—Zn?t(N- N)

OzS(CHz)aslMe3

TABLE 1

Results obtained from an n.m.r. study of the ternary complexes of [Me,Si(CH,);SO,4]~ or [Me;Si(CH,),CO,]~ with
[IM(N-N)]** (35 °C, I = 0.1—1.2 mol dm™3, Na[NO,]) ¢

System
[Me,Si(CH,)3SO,]™[Zn(bipy) ]2+
—(Zn(phen)]#+
[MegSi(CH,),CO,J™-[Zn(bipy)]**
~{Zn(phen)]*+

[Me,Si(CH,);SO5]—[Cu (phen)]2+

@ The errors given are three times the standard error of the mean.
itself and that of the silyl ligand completely co-ordinated to (Zn(bipy)]?+ or [Zn(phen)]%+.
Zn*—phen: under these conditions 93%, of the phenanthroline is present as [Zn(phen)]?* and only 7% as [Zn(phen),]2+.
539, of the phenanthroline is present as [Zn(phen)]+, 41%, as [Zn(phen),]**, and

1: 1 mixture, as used for the other experiments,
69, as [Zn{phen),)?+

Similar differences have been observed ? for interactions
between the two aromatic ring systems in the binary
complexes [(phen)(atp)]*~ and [(bipy)(atp)]*~ and in the
ternary complexes [Zn(phen)(atp)]?*~ and [Zn(bipy)-
(atp)]?>~ (H,atp = adenosinetriphosphate); these inter-
actions are at least in part hydrophobic. However, it is
also noticeable that, especially for the [Zn(phen)]2*
systems, the extrapolated upfield shift is much smaller
for the carboxylate than for the sulphonate. This is
probably due to the shorter aliphatic chain in the carb-
oxylate, which cannot therefore interact fully with the

H,0” 0
FiGURE 2 Tentative and simplified structure of the ternary
stacked complex [Zn(phen){Me,;Si(CH,),SO,}]*

homoaromatic ring of phenanthroline; this steric effect
should not occur with the [Zn(bipy)]?>* complexes, and
indeed the small difference between the carboxylate and
the sulphonate for [Zn(bipy)]** may not be significant.
Hence it is possible to draw a tentative structure for the
[Zn(phen){Me,Si(CH,);SOz}]* complex (Figure 2).

log K AP
0.45 4+ 0.06 0.38 4 0.03
0.77 4+ 0.04 0.66 4+ 0.03
0.59 4+ 0.13 0.31 4 0.05
0.90 + 0.08 0.48 + 0.05
0.87 4 0.12°¢
ca. 0.8 4 0.3 0.16 + 0.05

b The difference between the chemical shift of the silyl ligand
¢ Determined using a 5: 1 mixture of
With a

The intramolecular equilibrium constant X' is dimension-
less, concentration independent, and is thus difficult to
determine. Moreover, since it was not possible to
determine the stability constants and the limiting shifts
in any of the binary metal-free complexes such as
[(phen){Me,;Si(CH,);SO4}], it was not possible to estim-
ate K’ by comparison of the upfield shifts for the binary
and ternary systems, as has been done for the similar
complexes between [Zn(phen)]** or [Zn(bipy)]** and
nucleotides.®1* However, a comparison of the size of
the limiting shifts with those of other ternary complexes
containing [Zn(bipy)]?* or [Zn(phen)]?* strongly suggests
that these ternary complexes are also predominantly
(>60%,) in the ‘ closed ’ form.

Addition of Cu?* (0.4 mol dm™3) to a 0.1 mol dm3
solution of [Me,Si(CH,)3SO,]~ broadens the trimethyl-
silyl resonance from 0.5 to 19 Hz, whereas with the same
concentration of [Cu(bipy)]?* the linewidth at half-
height is 39 Hz and with [Cu(phen)]?+ it is 55 Hz. Since
the broadening was, within experimental error, pro-
portional to the concentration of Cul! no further con-
clusions could be drawn from the broadening. However,
the trimethylsilyl resonance is shifted downfield (0.04
p.p-m.) by Cu?* (0.4 mol dm3), no shift occurs with the
same concentration of [Cu(bipy)]?**, and [Cu(phen)]?*
(0.4 mol dm3) shifts the resonance upfield (0.11 p.p.m.);
moreover, the variation of the upfield shift in the pre-
sence of [Cu(phen)]?* suggests that log K = 0.8 £ 0.3,
and that the extrapolated upfield shift is 0.16 + 0.05
p.p.m., only a quarter of the upfield shift caused by
[Zn(phen)]?*, although the stability constants of the
ternary complexes [Zn(phen){Me;Si(CH,);SOz}]* and
[Cu(phen){Me,Si(CH,);SO4}]* are similar. The upfield
shift of the trimethylsilyl resonance in [Cu(phen)-
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{Me,Si(CH,)3SO,}]* and in [Cu(bipy){MezSi(CH,),SO5}]*
compared with that in [Cu{Me,Si(CH,);SOg}]* indicates
that a hydrophobic interaction also occurs in these
ternary copper(11) complexes.

Hydrogen-1 N.M.R. Study of the Binary (N-N)-A-
Systems.—Although stability constants for a hydro-
phobic stacking interaction between two aromatic
moieties are often fairly low, in particular cases stability
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[phen] were used. However, the agreement is less
satisfactory for the [Me,Si(CH,),CO,] —[Zn(bipy)]?*
system; the reason for this discrepancy is not clear.
Hydrogen-1 N.M.R. Study of the Effect of Zn®*,
[Zn(bipy)]2*, and [Zn(phen)]?* on Straight- and Branched-
chain Carboxylates of Varying Chain Lengths.—Since it
appeared from the comparison of the extrapolated up-
field shifts for the four systems studied in detail that the

TABLE 2

Logarithms of the stability constants of the binary and ternary M?'—(N-N)-[Me,Si(CH,),CO,]~ systems, determined by
potentiometric titrations (35 °C, I = 0.1 mol dm™3, Na[NQ,]) ¢

log Bmv—w) (040R) © log Ky~ (0sCR) °
A A

r

(N-N) M2+ log Kuw-m °log Kux-w,°  log Kmo.cm
Cdz+ 1.57 + 0.04
bipy Cu?+ 7.57 5.40 1.80 + 0.02
Zn?+ 5.04 4.33 1.03 £+ 0.02
phen Cu?+ 8.83 6.51 1.80 + 0.02
Zn?t 6.28 5.53 1.03 4+ 0.02

) (i) ) (@)  Alog Ky?
9.57 + 0.03 9.53 2.00 1.96 + 0.03 0.16
6.21 + 0.06 6.13 1.17 1.09 + 0.04 0.06

10.82 4 0.02 10.79 1.99 1.96 + 0.02 0.16
7.33 4+ 0.12 7.33 1.05 1.05 4+ 0.05 0.02

@ The errors given are three times the standard error of the mean, or the sum of the probable systematic errors, whichever is the

larger.
—1.6; 2 pKypipy = 4.36 and pKupnen = 4.81.18,¢
egg.1®

tained with procedure (iz).

constants of stacking between bipyridyl »® or phenan-
throline ? and another aromatic moiety have been deter-
mined and lie in the range 6—30 dm3 mol™?; stability
constants for stacking with phen are higher than with
bipy. The stability constant for a hydrophobic inter-
action between bipy or phen and an aliphatic group is
expected to be significantly lower.

In the binary systems bipy—{Me,Si(CH,),CO,]~, phen—
[Me;Si(CH,),CO,]~, bipy-[MeySi(CH,),SO,]7, and phen-
[Me,Si(CH,)3SO4]7, upfield shifts of the trimethylsilyl
group are small, but clearly observable. Since the
maximum upfield shifts observable are only 0.017,
0.012, 0.018, and 0.024 p.p.m. respectively ([silyl] =
0.01 mol dm™3; [bipy] = 0.04 or [phen] = 0.02 mol
dm) it was clear from preliminary measurements that,
with the combination of low stability constants and
small upfield shifts, the stability constants of the hydro-
phobic interaction could not be determined. However,
by comparing these upfield shifts in these binary metal-
free systems with the extrapolated upfield shifts for the
completely formed ternary complexes in the ternary
systems with Zn2*, it is possible to estimate the stability
constants; for the phen systems log K = 0.3 and for the
bipy systems log K = 0.

Potentiometric Determination of the Stabilities of the
Ternary M2*—(N-N)-A~ Complexes.—The stability con-
stants determined by potentiometric titrations for the
ternary Cu?* and Zn?* complexes are given in Table 2.
It is notable that the values of A log K are around zero,
or slightly positive, ¢.e. significantly larger than the
statistical value of —0.3 expected for Cu?* and —0.2
expected for Zn?* (see Experimental section).

The stability constant for the [Me,Si(CH,),CO,]
[Zn(phen)]?* system determined by potentiometric
titration agrees well with that determined from n.m.r.
measurements in which two different ratios of {Zn2+]:

¢ Calculated using procedures (i) and (¢7) (see Experimental section).

Acidity constants: 3-(trimethylsilyl)propionic acid, pKrco,s = 4.75 & 0.01; bipy and phen, pKuy,pipy = —0.2 and pKp,phen
? Recalculated for a temperature of 35 °C from the results obtained by Ander-

@ Calculated [¢f. equation (7)] from the results ob-

length of the aliphatic chain had an influence on the
hydrophobic interaction, the upfield shifts in binary
mixtures of a range of linear- and branched-chain
carboxylate ions with Zn?*, and in the ternary mixtures
of these acids with [Zn(bipy))?* and [Zn(phen)]?*, were
investigated.

Since the aim of the experiment was only to investigate
the variation of upfield shift with increasing chain length,
and as the stability constants of these carboxylic acids
change very little with chain length, for each acid the
n.m.r. spectra of the carboxylate anion, of the binary
mixture containing an excess of Zn%*, and of the ternary
mixtures containing an excess of a 1: 1 mixture of either
Zn**-bipy or Zn**-phen were compared under standard
conditions chosen such that the degree of complex
formation was as high as could be easily obtained.
Owing to the lower solubility of the zinc salts of the
longer chain acids (C¢g-C,) it was necessary to use some-
what more dilute solutions: the degree of complex form-
ation is however not affected significantly and is ca. 85,
80, and 609, for the systems containing Zn?*, Zn?*-bipy,
and Zn?*—phen, respectively. The results are in Table 3.

As expected, Zn?* shifts the resonances downfield, but
the effect is large only with acetate and falls off rapidly
with increasing chain length, being very small for four-
carbon chains (butyrate, 3-methylbutyrate, and 3,3-
dimethylbutyrate) and negligible for longer chains.
However, the upfield shift by Zn**-bipy, and by Zn2*-
phen, negligible with acetate, increases rapidly with
increasing chain length (3—5 carbon atoms), and then
changes relatively little as the chain length is increased
further (5—7 carbon atoms). The insolubility of the
zinc salts, and of the ternary complexes [Zn(bipy)A]*
and [Zn(phen)A]*, prevented the series being extended
further. For pentanoate the methylene group adjacent
to the methyl group is also shifted, although less than the
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TABLE 3

Extrapolated shifts (p.p.m.) of the methyl groups in the binary complexes [ZnA]* and of ternary complexes [Zn(bipy)A]*
and [Zn(phen)A]* for linear- and branched-chain carboxylates of varying chain length

Znt+ il
n — V.
[Zn(bipy)]**  <0.005
[Zn(phen)]**  <0.005
o T
n —U.
(Zn(bipy)]*+ 0.06
(Zn(phen)]*  0.10
Zat+ ooty
n —U.
[Zn(bipy)]*+ 0.13
(Zn(phen)j*  0.20
Zas+ 005 (= 0D8) »
n' —_ —0.
[Zn(bipy)]*+ 0.18 (0,08)) >
[Zn(phen))2+ 0.31 (0.18) ®
Zn2+ oot < 0%m) o
[(Zn(bipy)Js+ 0.23 (_(0.'34) )
[Zn(phen)]z+ 0.43 (0.48) ®
— [Me(CH,)3CO,]~
1 c
[Zn(bipy)]** ¢
(Zn(phen)]2+ 0.37 (0.47) %

[PriCO,]” [ButCO,]~
—0.06 —0.06
0.06 0.06
0.10 0.09
[PriCH,CO,]” [ButCH,CO,]~
—0.022 —0.018
0.16 0.18
0.24 0.29
[Pri(CH, ) COZ]— [Me,Si(CH,),CO,]~
—0.0 0.003
0. 21 0.31
0.39 0.48
[Me3Si(CH,)3SO5]”
—0.003
0.38
0.66

¢ Except for the trimethylsilyl derivatives for which the stability constants were determined (Table 2), these extrapolated shifts

are calculated assuming log X = 1.0.
precipitation.

methyl group itself, for hexanoate the shifts of the methyl
and of the adjacent methylene group are fairly similar
(especially for the Zn?*—phen system), and for heptanoate
the methylene group is shifted significantly more than
the methyl group. This suggests that the structure of
these carboxylato-complexes closely resembles that of the
silylpropanesulphonato-complex depicted in Figure 2 and
also suggests that, of the linear carboxylates, the ‘ best
fit * occurs with pentanoate and hexanoate. Indeed the
stability constants of the ternary complexes of pentano-
ate with [Zn(phen)]?* and with [Cu(phen)]?*, deter-
mined potentiometrically, have been found to be some-
what higher than expected by comparison with shorter-
chain carboxylates such as acetate or propionate.l®

It is also interesting to note that the upfield shift of the
branched-chain carboxylates is similar to, but somewhat
higher than, that of the linear carboxylate of the same
chain length. The reason for this is uncertain, but may
be either that the stability constant is a little higher, or,
more likely, that a higher proportion of the complex is in
the ‘ closed ’ form due to the increased hydrophobicity
of the isopropyl or t-butyl groups.

EXPERIMENTAL

The metal(11} nitrates, sodium nitrate, sodium acetate,
1,10-phenanthroline hydrate, and 2,2’-bipyridyl were pro
analysi from Merck AG, Darmstadt, Germany; the con-
centrations of stock solutions of the metal(11) nitrates were
determined by titration with ethylenediamine-NNN’'N’-
tetra-acetate. Sodium 3-(trimethylsilyl)propane-1-sulph-
onate, sodium 3-(trimethylsilyl)propionate, and 109, tetra-
methylammonium hydroxide solution were also from Merck;
tetramethylammonium nitrate was prepared by neutralizing
the hydroxide with nitric acid (p.a.). The potentiometric

® Shifts of the methylene group adjacent to the methyl group.

¢ Not measurable owing to

titrations were carried out with a Metrohm E 536 potentio-
graph. Hydrogen-1 n.m.r. spectra were recorded using a
Varian Anaspect EM-360 spectrometer (60 MHz) at 35 °C,
usually with solutions in H,O.

Observation of Upfield Shifts of Methyl Resonances in the
Presence of Phenanthvoline and Bipyridyl Zinc Complexes.—
In the presence of 0.1 mol dm™3 sodium perchlorate, crystal-
lization occurs even at 107 mol dm™ [Zn(phen)]?t or at
5 X 10™* mol dm™ [Cu(phen)]?*. Therefore, nitrate salts
were used throughout; at 25 °C clear solutions were
obtained with [Zn(phen)]?* (ca. 0.2), [Zn(bipy)]*t (>0.6),
[Cu(phen)]?* (ca. 0.5), and [Cu(bipy)]?* (>0.6 mol dm™3).
For n.m.r. experiments at 35 °C even more concentrated
solutions of [Zn(phen)]?* could be used (up to 0.3 mol dm™3).

Variations in the magnetic susceptibility of the strong
solutions needed prevent the use of an external reference,
since precise susceptibility corrections would be complicated.
Of the internal references commonly used in aqueous
solution, ButOH is known to be shifted in the presence of
high concentrations of aromatic solutes owing to hydro-
phobic interactions.’®* Although acetonitrile or dioxan
could give weak complexes with Zn2?*, the stability con-
stants are expected to be very low. However, the spheric-
ally symmetric tetramethylammonium ion seemed the best
choice as inert reference; in some experiments acetonitrile
or dioxan was used as an additional reference as a check on
the validity of this assumption. The results were usually
the same, although at high concentrations of Zn2?* the
resonance of acetonitrile shifted somewhat.* All the chemi-
cal shifts were therefore measured in p.p.m. #pfield from the

* The small variation of the shift of the acetonitrile resonance
with [Zn(phen)]?+ or [Zn(bipy)]?+ concentration is consistent
with weak complex formation Kzn(phen) (MecN) = 4, Kznwipy (MecN)
= 3. The maximum shift observed with 0.6 mol dm™
[Zn(bipy)]?*, 0.3 mol dm™ [Zn(phen)]?*, and 1.44 mol dm™ Zn?+
is 0.048 and 0.060 p.p.m. upfield, and 0.044 p.p.m. downfield
respectively. These results may be taken as an indication that a

hydrophobic interaction also occurs in the weak ternary complexes
[Zn(bipy)(NCMe}]**+ and [Zn(phen)}(NCMe)]*+.


http://dx.doi.org/10.1039/DT9790000771

1979

centre peak of the triplet resonance of the tetramethyl-
ammonium ion (usually 0.005—0.02 mol dm™3).

Determination of the Stability Constants of Ternary Com-
plexes of Aliphatic Carboxylates with [Zn(phen)]?t and
[Zn(bipy)]2* by H N.M.R.—Since the stability constants
are rather low it was not possible to keep the ionic strength
constant throughout a series of measurements. Instead, in
the weaker solutions of [Zn(phen)]?* and [Zn(bipy)]**,
sodium nitrate was added to bring the ionic strength to
0.1 mol dm™, whereas in the stronger solutions, in which the
ionic strength was >0.1 mol dm™, no sodium nitrate was
added. In a series, the ionic strength typically varied from
0.1 to 1.0, and occasionally even to 2.0 mol dm™. However,
variations in the ionic strength in the range 0.1—1.0 mol
dm™ have little effect on the stability constant.??

In a binary M2?*-bipy or M2?*-phen system the equili-
bria 1® (1)—(3) must be considered. In a 1:1 Zn?*-bipy

M2t + N—-N —_— [M(N“N)]ﬁ- (l)
MON-N)I** + N-N === [M(N-N),J** (2)
MN-N)GJ** + N-N == [M(N-N);]**  (3)
)

mixture the proportions of Zn2*, [Zn(bipy)]?*, [Zn(bipy).]**,
and [Zn(bipy),)?* are 23.5, 54, 21, and 1.5%,; ina 1:1
Cu?*-bipy mixture the analogous proportions are 5.5, 89,
5.5, and 2 x 107%9,. Owing to the stability of the com-
plexes, these proportions remain essentially unchanged for
concentrations >10"* mol dm™; the proportions in the
Cu?*-phen and Zn?**—phen systems are almost identical
to those of the analogous bipy systems.

The stability constants of the binary metal carboxylate or
metal sulphonate complexes are much lower so that [MA,] is

M2+ 4 A- === [MA]*
Ky = [MA*]}/[M**][A7] (4)

negligible under the conditions used. Equations (5) and (6)
define the stability constants of the ternary systems.

[M(N-N)J2+ 4+ A~ == [M(N-N)AJ*
Kyn—ma = [M(N-N)A*)/IM(N-N)**][A"]  (5)

[M(N-N),)2* + A~ === [M(N-N),(A)]*
Kym-m,4 = [M(N-N),A*)/[M(N-N),2*][A7] (6)

The appropriate way of quantifying the increase or
decrease in stability of these mixed-ligand complexes is by
comparison of the co-ordination of the anionic ligand to
free M2* and to [M(N-N)]?* [equation (7)]. Owing to the

A log KM = log KM(N—N)A — log KMA (7)

presence of considerable amounts of [Zn(N-N),]** under
most conditions amenable to experimental measurement for
systems containing Zn?*, the increase or decrease in the
stability of [M(IN-N),A]* must also be considered [equation
(8)). For octahedral complexes A log Ky and A log Kpyn—n)

A log Kyy—na = log Kyn—wy,a — log Kyov—mya  (8)

can be calculated from statistical considerations?! to be
—0.2 and —0.3 respectively. For mixed-ligand complexes,
especially those of first-row transition metals with an aro-
matic heterocyclic ligand, and an oxygen-donor ligand,
Alog K is usually somewhat larger than calculated statistic-
ally.! Indeed in the present case values around zero are to
be expected, i.e. expression (9) is applicable.

Kya = Kun-ma = Kyov-w,a (9
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The upfield shift (A3) of the resonance of A~ in the ternary
mixture compared with that of A~ alone is given by (10)

A3 = {Ad4[MAT] - Ady—ma[M(N-N)A*] 4
AdyN—x),aA[M(N-N),A*]}/[Alr

where ABMA: ASM(N—N)Av and ABM(N—N),A_ are the upﬁeld
shifts of A in [MA]*, [M(N-N)AJ*, and [M(N-N),A]*
respectively. Since M?* alone was found to have no in-
fluence on the shift of A~, Ady, = 0.

Hence from (5), (6), and (10) we obtain (11), and from
(8) and (11) we can write (12).

A8 = {ASyn—N)a Kun—wa[M(N-N)*][AT] +

(10)

Adyv—wy,a Kun—, aA[M(N-N)2* (A1} [Alr  (11)
A8 = [AT1Kyu—na{ ASuw—ma[M(N-N)*] +
Adyv—), A [M(N-N),2*] x 104 s Kuv-m}/[A]p  (12)

However, in an experiment in which the ratio of [Zn2?*]:
[phen] was varied from 0.33 to 1.11:1, with a constant
concentration of Me,Si(CH,),CO,~, it was found that the
upfield shift in [Zn(phen),{Me,Si(CH,),CO,}]* is probably
not very much larger than that in [Zn(phen){Me;Si(CH,),-
CO,}]*. The results of this experiment also clearly indicate
that at very low, and very high, [Zn?*] : [phen] ratios two
other complexes which involve hydrophobic interactions
are formed: [{Zn(phen),}{Me,Si(CH,),CO,}]*, an outer-
sphere complex involving ion-pair formation and a hydro-
phobic interaction, which has log Kpzyphenya ~ 1; and
[{Zn(phen) }{Me,Si(CH,),CO,Zn})**, in which only a hydro-
phobic interaction is possible, which has log Kzuhenyzna) ~
0.

If equilibria other than (13) are ignored, the value of log

[Zn(N-N)J2* 4 A~ == [Zn(N-N)AJ* (13)

Kyv-nya obtained will be lower than the correct value by
ca. 0.1 (if Alog Ky(x—) is ~0), estimated using equation (12).

The stability constants were therefore calculated from the
variation of the upfield shift of the trimethylsilyl resonance
as the concentration of [Zn(bipy)]?* or of [Zn(phen)]?* was
increased, taking into account both [Zn(phen){Me,Si(CH,),-
CO,}1* and [Zn(phen)y,{Me,Si(CH,),CO,}1*, using a curve-fit-
ting program on a Hewlett-Packard model 9821 connected
to a model 9862 A plotter. An experiment carried out
using a four-fold excess of Zn?*, to ensure that almost all
of the phenanthroline used was present as [Zn(phen)]?*,
considering only equilibrium (13), gave a very similar
stability constant to that obtained using a 1: 1 Zn?** : phen
mixture.

Determination of Equilibrium Constants by Potentiometric
Titrations.—The acidity constant Kgy, of 3-(trimethylsilyl)-
propionic acid was determined from automatic titrations
under N, of aqueous solutions (50 cm?®) containing 1.8 x
10 mol dm™ HNO, and Na{NO,] (I = 0.1 or 0.2 mol
dm™) in the presence and absence of 1.2 X 107 mol dm™
3-(trimethylsilyl)propionate ([RCO,]™) with 0.1 mol dm™
Na[OH] (35 °C). The differences between such pairs of
titrations were measured, and the constant was calculated
from the pH range which corresponded to a degree of
neutralization from 0.1 to 0.9. There was no significant
difference between the results obtained at I = 0.1 or 0.2
mol dm™,

The conditions of measurements for the determination
of the stability constants, Ky,cr), were the same as for
the acidity constant, but Na[NO;] was partly replaced by
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M[NO;,], to give the ratios Cu?': [RCO,]” = 14:1, Zn2*:
[RCO,]" =27.5:1 (I = 0.1) and 55: 1 (I = 0.2 mol dm™3),
and Cd?*:[RCO,]” = 27.5:1. Titrations of solutions
without ligand were used as a basis for the evaluation.
Kyo,0ry Was calculated 1 taking into account the species
H*, RCO,H, [RCO,]", M2*, and [M(O,CR)]".

The conditions used for the titrations of the mixed-ligand
systems were the same as for the binary ones (and for the
determination of the acidity constant) but the solutions
contained in addition the aromatic heterocyclic ligands
bipy or phen. The ratios were Cu?*:N-N:[RCO,]™ =
14:14:1 and 27.5:27.5:1, and Zn%*': N-N:[RCO,]” =
275:275:1(I =0.1)and 55:55:1 ({ = 0.2 mol dm™3).

At least four independent titration curves were measured
in all cases. There were no significant differences between
the results obtained for the Zn?* systems at I = 0.1 and
0.2 mol dm™. The mixed-ligand systems of Cd?* could not
be studied since a precipitate formed.

Calculation of Stability Constants from the Polentiometric
Data on the Mixved-ligand Systems.—The acidity constants
Kg,-x) were from the work of Linnell and Kaczmarczyk,?
and the acidity constants Kg—y) and the stability con-
stants of the binary complexes with bipy or phen from the
work of Anderegg; !® the latter values were recalculated
for a temperature of 35 °C.

Procedure  (3). The overall stability constant
Bumn—ny0,0R) Was computed !® by taking into account the
species H*Y, [Hy(N-N)J2*, [H(N-N)]*, N-N, [M(N-N)J**,
[M(N-N),]2*, RCO,H, [RCO,]-, [M(O,CR)}*, M?** and
[M(N-N)(O,CR)]*. The difference between the Na[OH]
consumed in a titration of a solution containing only HNO4
and one containing in addition the ternary system was used
in the calculations.

Procedure (13). The results were evaluated assuming that
the complex [M(N—N)]?* is completely formed in the binary
systems. The stability constant, Kyw-nyo,cr) for the
ternary complexes can be calculated by the same method 2?
as for the binary complexes, considering only the species
H*, RCO,H, [RCO,]~, [M(N-N)]?*, and [M(N-N)(O,CR)]*.
Here the difference between a pair of titrations of solutions
with, and without, [RCO,]~ (the ternary system and the
binary system, respectively), was used in the calculations.

Although more species are considered in procedure (),
more equilibrium constants have to be taken into account
and this may lead to systematic errors. This danger is
especially high in the present case since a large excess of
M2+ and N-N, compared with [RCO,]”, had to be used in
the experiments to gurantee a significant degree of form-
ation of the ternary complex. Moreover, one complex
which is present to a significant extent in the Zn?' systems,
[Zn(N-N),(O,CR)]*, cannot be considered since its form-
ation constant is neither known nor determinable without

* If the effect of the presence of [M(N—N),]** on the potentio-
metric titrations is considered in a similar manner to that used
for the n.m.r. study, it is found that, if A log Ky and A log Kux-n)
are approximately zero, reliable results for these systems are
best obtained from the potentiometric titrations by using pro-
cedure (i5): indeed the titrations show that A log Ky is in fact
approximately zero (Table 2).

J.C.S. Dalton

considerable difficulty. These problems are eliminated by
procedure (i7), where only the minimum number of species
are considered, and since only one acidity constant Kg,or)
must be used in the calculations extraneous errors are
reduced. This procedure is also preferable from the
experimental point of view: errors resulting from acidic or
basic impurity in the metal salt or in the heterocyclic
aromatic ligand are eliminated, since the difference between
the titration curves obtained in the presence and in the
absence of [RCO,]™ is evaluated.* Thus a smaller standard
error is obtained using procedure (i7). The agreement
between the results obtained with the two procedures is
however excellent for all the mixed-ligand systems studied.
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