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epoc ABSTRACT: The kinetics of base hydrolysis and of aquation of some iron(ll)-diimine complexes in the presence of
stereoisomeric carbohydrates were monitored spectrophotometrically atC25l0 basic aqueous solution
dissociation of both Fe(1,10-phenanthrolifé) and Fe(2,2bipyridine)*" is accelerated when methyb-
glycopyranosides are present. The aquation reaction of Fe(1,10-phenanthtolinedn aqueous EDTA medium
is also accelerated in the presence of carbohydrates, but that of Fe(5-nitro-1,10-phenanghtafimejarded. An
equation obtained from a modification of the Savage—Wood additivity of groups principle applied to kinetics is used
to quantify the kinetic medium effects observed. The magnitudes of these effects can be explained in terms of the
hydration characteristics of the carbohydrates, which depend on their stereochemistry, and the change in the hydratior
environment of the iron(ll)—diimine complexes during activation. Results and their interpretation for the aquation in
acidic medium of the Fe(5-bromo-1,10-phenanthrolifieand Fe(4,7-dimethyl-1,10-phenanthroligié) complexes
in highly agueous methanol and ethanol solutions are also presented. The kinetic medium effects of the carbohydrates
are consistent with those of simple alcohols. Copyrightohn Wiley & Sons, Ltd.

KEYWORDS: iron(ll)-diimine complexes; base hydrolysis; aquation; kinetics; metnycopyranoside cosolutes;
stereoisomeric carbohydrates
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INTRODUCTION of the initial state and the transition state with the solvent
cosphere of the added substance. The extent of interac-
Within the general context of efforts to understand tion can be expressed in terms dB€C) value, which can
solvent effects on reaction rates, one can envisage manype determined making use of the following equattén:
possible approaches. It has been successfully shown that
kinetic measurements using small quantities (typically no
larger than 1 mol kg?) of cosolute or cosolvent can lead
to a quantitative evaluation of the effécthis treatment
is derived from an extrapolation to kinetic studies of the wherek® is the rate constant for a reaction in a medium
additivity of groups principle which was developed without any cosolute presentmE0), k is the rate
essentially for equilibrium thermodynamic propertfes. constant for the reaction at cosolute molality, R is
The model for this approach involves consideration of the the gas constant aridis the temperature (K{5(C) is the
interaction of the solvent spheres or solvent environmentsterm, expressed in J kg md), which is based upon Gibbs
energies, introduced into the treatment in terms of
*Correspondence te. D. Hubbard, Institute for Inorganic Chemistry, ~ transition-state theory. Derivation of the equation can
Friedrich-Alexander University of Erlangen-khberg, Egerland- be found in the literaturd®’ The value of G(C) is a

In[k/k° = 2/RT[G(C)]m

strasse 1, 91058 Erlangen, Germany. measure of the slope of the plot of ki) versusm and
1This paper is dedicated to Professor R. G. Wilkins on the occasion of . P P SO -

his 70th birthday. represents the difference sum of pairwise Gibbs energy
fPresent address:Unilever Research Laboratory, Olivier van interaction parameters describing the interactions of the
Noortlaan 120, 3133 AT Vlaardingen, The Netherlands. particular cosolvent/cosolute C with the reactant(s) and

8Present address:Institute for Inorganic Chemistry, Friedrich- .
Alexander University of Erlangen-Noberg, Egerlandstrasse 1, the activated complex. The greater t6€C) value, the

91058 Erlangen, Germany. greater is the kinetic medium effect, implying in principle
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a greater number of interacting moieties or stronger
interaction of the reactants and transition state with the
cosolute.G(C) may be thought of as the sum of the
constituent Gibbs energies arising from such interactions,
which result in either a lowering of or an increase in the
Gibbs energy of activation, relative to that for a reference
solvent (water), for a 1 mol kg' cosolute concentration.

This approach can be exploited in two ways, as
follows. (1) As a vehicle for examining the effect of
solvation cospheres which differ based on stereo-
chemistry differences of a series of otherwise identical
or very similar molecules. For example, the hydration
characteristics of several carbohydrates could be deter-
mined by such an investigation using the hydrolysis of
the activated amide 1-benzoyl-3-phenyl-1,2,4-triaZole.
Interestingly, the extent of interaction could be related to
the hydration characteristics of the carbohydrdtés.
Furthermore, the pattern of interactions reflected the iron(ll)-tris-diimine and related complexes have been
stereochemistry of the carbohydrates: a carbohydratethe focus of several atmospheric and elevated pressure
with a better fit into the three dimensional hydrogen- kinetic studie§™° in water and in aqueous solvent
bonded network of water has a greater apparent hydro-mixtures, using in some cases cosolvent mole fractions
phobicity as gauged from its interaction parameter. (2) As up to 0.5 (where the additivity of group treatmeist not
a vehicle for studying the reaction mechanism of selectedvalid). Supporting transfer chemical potential data have
reactions in aqueous solution; for example the mechan-allowed a thorough, but mostly qualitative, analysis of
ism of the neutral hydrolysis gb-nitrophenyl methyl- cosolvent effects for low molecular weight mono-ols, a
sulfonyl perchlorate could be further elucidaféd. diol, a triol, acetone and DMS&?*°

In the present study, we used the kinetics of base Hence this work represents an extension of a study of
hydrolysis of the Fe(pheg)" and Fe(bpyy" ions (the kinetic solvent effects, but here the emphasis is on low
ligands are displayed and named in Scheme 1) andconcentrations of cosolvent/cosolute. This study also
aquation of the former complex ion and of Fe(5- marks a further investigation of hydration characteristics
NO,phen)®" to probe the hydration characteristics of of carbohydrates.
several carbohydrates. In addition, the influences of
methanol and ethanol on the rate constants for aquation,
in acidic medium, of Fe(5-Brphes)” and of Fe(4,7-
diMephen)*" have been studietiThe carbohydrates in
guestion are methyb-glycopyranosides (illustrated in  Materials. The iron(ll) salts of phen and bpy were
Scheme 2); mutarotation is prevented and therefore theyprepared as the perchlorates by standard methods and had
occur in only one anomeric form. They have been shown the literature molar absorptivitidd:**> WARNING!:
to be extremely slowly hydrolysed, if at all, in the media Perchlorate-containing compounds are potentially explo-
used® sive and should be handled only in small quantities and

The rate laws and mechanisms of reactions of iron(Il)— with caution.
tris-phen and iron(ll)-tris-bpy complexes are well Commercially available 0.025 mol dm solutions of
established, and indeed along with several other iron(ll) tris-1,10-phenanthroline sulfate (Fisher Scienti-

Methyl-B-D-glucopyranoside
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Scheme 2. Carbohydrates used as cosolutes for kinetic
medium effects
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assumes no significance in the rate law. The solvolysis

(GFS Chemicals) were also employed. The 5-bromo- andterm ;) would assume importance only if the hydroxide

4,7-dimethyl-phen ligands and their iron(ll) complexes
were samples reported earlfe?® The carbohydrates
methyl a-D-glucopyranoside, methyl-D-galactopyrano-
side (Sigma), methyg-D-glucopyranoside and methyt
D-mannopyranoside (Aldrich) were used as received.
Sodium hydroxide solutions were prepared from
commercially available concentrates (Titrisol) in vials
by dilution with distilled water. Acid solutions were

ion concentrations were much lower than used here.
Thus, by studying the reaction in moderate excess of
hydroxide ion (typically [OH]=0.01 mol dm for a

given series), pseudo first-order kinetics are expected,
and were found, in the presence or absence of carbo-
hydrate cosolute. To ascertain whether the rate law would
be affected by the presence of carbohydrates, the kinetics
of the base hydrolysis of Fe(phefi) in varying OH

made from stock concentrated ACS reagent-grade acidconcentrations up to 0.02 mol dr (maintaining a

solutions and distilled water. EDTA was of analytical
reagent grade from Mallinckrodt.

Methods. Solutions were prepared by weight. Reaction
was initiated by the addition of a few microliters of
moderately concentrated iron(ll)—diimine complex ion to

constant ionic strength of 0.02 mol drhwith sodium
chloride), for a fixed methyk-D-glucopyranoside con-
centration (0.20 mol kg'), were monitored. First-order
kinetics were observed at each Oldoncentration, and
the measured first-order rate constants depended linearly
on OH . Hence the added cosolute has no influence on

3 ml quantities of a thermostated solution containing the the rate law.

In order to establish the kinetic medium effect for each

other components. The reference kinetic measurement in
each case was performed using an identical solutioncosolute, the standard approach of maintaining the
except for the presence of the carbohydrate or alcohol.reactant concentration(s) constant [hydroxide ion and
The kinetics were followed, in triplicate, by monitoring iron(ll) complex ion in this case] for a given series of
the loss of the absorbance peaks at 511 nm (Fe(ghien) varying cosolute concentrations (carbohydrates in this
and Fe(5-N@phen)}*") or 522nm (Fe(bpyf™) using context) was adopted. In the absence of carbohydrate the
iron(ll) complex ion concentrations of 7610~> mol initial reaction products are E&(aq) ions and three phen

dm~3in 1cm cuvettes on a Cary Model 219 spectro-

molecules per iron(ll) species. Ultimately, except with

photometer, or the loss of absorbance peaks at 510 nnthe rigorous exclusion of oxygen, iron(lll) hydroxide will

(Fe(5-Brpheny" and Fe(4,7-diMepheg)’), in 1cm

be formed, although this occurs only after the relevant

cuvettes on a Unicam 1800 spectrophotometer or areaction is essentially complete. In thoroughly purged (by

Hewlett-Packard Model 8451A diode-array spectro-
photometer, using iron(ll) complex ion concentrations
of ca 1x10 % mol dm 3 Temperature control of
solutions (25.Gt 0.1°C) was maintained by circulating
fluid from a thermostated bath. All reactions were strictly
first order for at least three half-lives, and the rate

nitrogen) solutions, no kinetic differences were observed
from solutions which were not purged. Scavenging of
released iron(ll) by carbohydrates that may occur in
competition with hydroxide ions does not cause a
deviation from first-order kinetics, and would occur

subsequent to the rate-determining attack of the hydro-

constants were obtained using either the Varian Ad- xide ion on the first iron—nitrogen bond of the complex to
vanced Kinetics Calculation program on an Apple lle be broken. The kinetics of the base hydrolysis of
computer or standard in-house software as describedFe(bpy)®" in the presence of carbohydrates were studied
previously*® in an analogous manner.

Aquation. The rate of the dissociation of iron(Il)—tris-
phen complexes in acidic medium is first order in
complex ion concentration and is independent of acid
concentration in the range 18-1 mol dm3. The fact
that the first-order rate constant is virtually identical with
that in acidic medium when the acid is replaced by a
solution of 102 mol dm 2 EDTA® supports the idea that
the first iron—nitrogen bond extension or cleavage is rate
determining, followed by rapid protonation of the ligand
or by EDTA scavenging the iron end of the bond. Thusin
aquation studies the products are eithe?'faq) and
protonated forms of phen or phen derivatives, or
Fe(edtaj~ and phen or a substituted phen. Acid aquation
of Fe(bpy)®" is characterized by a rate law in which

Provided that the concentration of hydroxide ion does there is a complex acid concentration dependénce
not exceed a certain level, the term that is second order inwhich precludes this reaction from being studied by the
hydroxide ion concentration (with rate constaky) approach adopted here.

RESULTS AND DISCUSSION
Reaction kinetics and mechanism

Base hydrolysis. The kinetics of base hydrolysis of
Fe(phen)®" and Fe(bpy’" and related complex ions
have been thoroughly investigaté@he rate law for base
hydrolysis has been establisHds

—d[Fe(phen)?"]/dt = [Fe(phen)?"](ky + ko[OH]
+ks[OH 2 +...)

Copyrightd 1999 John Wiley & Sons, Ltd. J. Phys. Org. Cheni2, 227-232 (1999)



230 S. P. MILDEET AL.

In kjk® In kjk®
0 0,2
0,15}
-0,1 04
0,05 |
-0,2
0
-0,3 -0,05 |
.0’1 s
044 0,1 0.2 0.3 04 Rl I 02 03 04 0,5
m, mol/kg m, mol/kg
Figure 1. Ln k/K° at 25°C versus molality of methyl D- Figure 2. Ln Kk/K° at 25°C versus molality of methyl
glycopyranosides for the base hydrolysis of iron(l)-bpy D-glycopyranosides for the dissociation of iron (ll)-phen-
complexes in the presence of OH™: [J, methyl o-D- anthroline complexes in the presence of EDTA: [, phen/
mannopyranoside; ll methyl a-D-glucopyranoside methyl o-D-galactopyranoside; M.,phen/methyl «-D-gluco-

pyranoside; @, 5NO,phen/methyl «-D-galactopyranoside;
€. SNO,phen/methyl p-D-glucopyranoside
Influence of carbohydrates on base hydrolysis. The

adaptation of the additivity of groups principle of Savage
and Wood to kineticsindicates that the value of Ikk°) effects [3(C) values in the—1200 to 1300 J kg moP
will depend linearly on the molalitynf) of added solute  range] are dwarfed by the value, close-t@000 J kg
providing the molality is below that where triplet or mol 2, determined for methylf-b-glucopyranoside,
higher order solute cosphere interactions oc¢€ufor differing from its a-isomer only in the stereochemistry
organic reactions this is typically when< 1 mol kg™ of the anomeric methoxy group.
For the iron complexes studied here, the appropriate plots Rate retardations are slightly less for methyb-
are not ideally linear; two examples are shown in Fig. 1. It glucopyranoside and methyib-mannopyranoside when
is not obvious why the primary data show better corre- the ligands are bpy, perhaps reflecting the ability of the
lations for organic reaction’sit may be a consequence of cosolvent sphere of the iron(l1) ion in this case to adjust to
the larger charge density changes occurring in this the impact of the cosolute and its environment since the
investigation. Table 1 is a compilation of tk¥C) values bpy ligand has some flexibility compared with the rigid
derived from the slopes of the plots, assuming linearity, phen ligand. Alternatively, the small difference between
for each base hydrolysis reaction in the presence ofthe two complex ions may reflect a different effect on
carbohydrate. The primary results from which the reactant and cosolute solvation structure due to the
parameters reported in Table 1 are derived, are assembledharge density difference of the two ions.
in Supplementary Tables S1-S5, (available from the epoc
website at http://www.wiley.com/epoc). Influence of carbohydrates on aquation. The kinetic

For dissociation of phen, th&(C) values are not results for the acid-mediated dissociation are less
significantly different for methylz-D-glucopyranoside  satisfactory than those obtained in the presence of EDTA
and methyl«-D-mannopyranoside, but both exhibit a (examples of plots for EDTA are shown in Fig. 2).
pronounced retardation effect on the reaction rate. Thelnvariably the precision of the rate constants of a given
magnitude of the effect is much greater than that in many set is less than for the base hydrolysis experiments and in
other cosolute studies and illustrates the extent to whichsome cases in acid solution a rate retardation at low
the solvent shells of these two cosolutes interact with the cosolute concentrations changes to a rate acceleration at
reactants and transition state to increase the Gibbs energyigher cosolute concentration. There is concern that the
of activation, i.e. indicative of how strongly these iron(ll) carbohydrates themselves are subject to reaction with
complexes interact with the solvation environment of the acid. However, at the acid concentrations usually used
sugar cosolutes employed. However, even these largg0.050 mol dm?®), we found no evidence from

Table 1. Values of G(C) (J kg mol~2) for base hydrolysis of Fe(phen)s*>* and Fe(bpy)s* in 0.01 mol
dm~3 OH™ in the presence of methyl D-glycopyranosides at 25.0°C

Methyl b-glycopyranosid@ Fe(phen?* r° Fe(bpy}*" rP
Methyl «-D-glucopyranoside -1183 0.9783 —952 0.9867
Methyl -D-glucopyranoside —1993 0.9454 — —
Methyl «-D-mannopyranoside —1362 0.9649 —1282 0.9891

& Concentrations 0-0.5 mol Kg.
b Correlation coefficient.

Copyrightd 1999 John Wiley & Sons, Ltd. J. Phys. Org. Cheni2, 227-232 (1999)
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Table 2. Values of G(C) (J kg mol~2) for the aquation of iron(ll)-tris-phen complexes in 0.01 mol
dm~3 EDTA in the presence of methyl b-glycopyranosides at 25.0°C

Methyl b-glycopyranosid@ Fe(pheny*" r° Fe(5NQphen)** r°

Methyl «-D-glucopyranoside —433 0.971 +318 0.836
Methyl -D-glucopyranoside —424 0.860 +501 0.770
Methyl «-D-mannopyranoside —515 0.904 +404 0.928
Methyl z-D-galactopyranoside —170 0.951 +165 0.779

& Concentrations 0-0.5 mol kg
b Correlation coefficient.

polarimetry’ that any interfering reaction gave rise to cosolutes. A parallel effect has been observed previously,
complications that would render the carbohydrates asfor the solvent effects of alcohols on the aquation of
other than inert cosolutes. A solution of 1 mol din  different iron(ll) complexe3(see also Fig. 3). It has been
methyl «-D-glucopyranoside in 1 mol dn? DCI showed establishelithat the 5-N@phen complex becomes more
no difference in itsH NMR spectrum after a 10 h period; hydrophobic upon activation. Hence the rate of dissocia-
this acid concentration is much higher than that usedtion will be enhanced by the presence of the carbo-
(0.05 mol dm®) in the kinetic experiments. Despite these hydrates as they exert their apparent hydrophobrcity.
findings, the acid-mediated aquation results are not The activation mechanism of the 1,10-phen complex is
reported and further investigations are warranted. most likely to be similar to that of the 4,7-dimethylphen
The correlation coefficients are less satisfactory for the complex, which becomes less hydrophobic upon activa-
EDTA-mediated aquation than for base hydrolysis, tion.
although the trends of variation of rate constant with  Probably for the aquation reaction the rate-determining
cosolute concentration are all systematic. TGEC) step involves not only ligand extension into the bulk
values are given in Table 2. solvent but also to some extent (depending on the
The results for EDTA-mediated aquation show the character of the ligand substituent) it is accompanied by
interesting feature of decreasing rate constant with water attack at the iron(ll) center of the latter complex.
increasing molality of carbohydrate for the phen com- Itis our view that this possible difference in activation
plex, but the opposite trend for the 5-nitro-phen complex, mechanism between the 5-Mihen and phen complexes
indicating the significant effect of a polar substituent, on could explain why in fact a rate decrease in the
the kinetic medium effect. dissociation of Fe(phegj" is observed in the presence
of the methylp-glycopyranosides, whereas the opposite
Comparison of carbohydrate cosolute effects for effect has been observed for 5-pjfben.
different reactions. From the results assembled in Table
2 and illustrated in Fig. 2, it is clear that the solvent Differences in kinetic medium effects of carbo-
effects of the methylb-glycopyranosides operate in hydrates for the different complexes. As shown by
opposite directions for both iron(ll) complexes studied in the G(C) values, the influence of the methyb-
the presence of EDTA. For the 5-Nfthen complex the  glycopyranosides on the rates of dissociation is variable,
reaction rate is accelerated but for the phen complex thewhich indicates that the kinetic medium effects of the
rate of dissociation is retarded in the presence of the carbohydrates in question are governed by the hydration
characteristics of the methylglycopyranosides. Overall,
only methyle-D-galactopyranoside has a different
kinetic medium effect in comparison with the other
cosolutes studied (methyHd-glucopyranoside, methyl-
-D-glucopyranoside and methytb-mannopyranoside).
This is in accordance with the hypothesis that the
camouflage effedt* influences the hydration character-

In k/k°
0,2
0,1

0
-0,1

02} e ) :
03 istics of the carbohydrates. Previous studies have shown
04 the galactose derivative exerts the smallest camouflage
o5l and exerts the smallest kinetic medium effect.
08, 05 1 15 2 25 3 35

m, mol/kg

Figure 3. Ln k/k° at 25°C versus molality of ethanol for the
aquation of three iron(ll)-diimine complexes in the presence
of 0.1 mol kg‘1 H,S04: [, 4,7-diMephen; W, 5-Brphen; ¢,
5-NO,phen
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CONCLUSION

We have demonstrated that the quantitative analysis of
kinetic medium effects as described previously for
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