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Carboxylate and salicylic OH coordinate bonding as well as intramolecular and intermolecular
hydrogen bonding of bis-3,5-diisopropylsalicylatozinc(II), [ZnII(3,5-DIPS)2], with Lewis bases
were studied to determine mechanisms accounting for antioxidant reactivity of ZnII(3,5-DIPS)2.
Apparent thermodynamic parameters: Keq, �S0, �H0, and �G0 were determined for these
equilibria with bonding of two molecules of dimethyl sulfoxide-d6 (DMSO) or ethyl acetate-d8
(EA) to the ZnII using NMR and FTIR. We conclude that addition of two equivalents of
DMSO or EA to non-polar solutions of ZnII(3,5-DIPS)2 results in bonding of DMSO or EA to
ZnII via sulfoxide or ester carbonyl oxygen atoms with ternary complex formation, leading to
weakening of carboxylate and salicylic OH coordinate bonding to ZnII and strengthening
intramolecular hydrogen bonding between protons of salicylic OH groups and carboxylate
oxygens. Subsequent addition of two or three additional equivalents of DMSO or EA leads to
intermolecular hydrogen bonding between protons of salicylic OH groups.

Keywords: Bis-3,5-diisopropylsalicylatozinc(II); NMR; FTIR; Coordinate bonding;
Intramolecular and intermolecular hydrogen bonding

1. Introduction

The lipophilic complex bis-3,5-diisopropylsalicylatozinc(II), [ZnII(3,5-DIPS)2], and its

solvates demonstrated anticonvulsant activity [1, 2] as well as radioprotective and
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radiorecovery activities in animal models [1, 3]. It was also found to have antioxidant
reactivity with a capacity to react with, and remove, tertbutylperoxyl radical, preventing
peroxyl radical mediated oxidation of alkyl substituted aromatic hydrocarbons [4].
The observed biological activity of ZnII(3,5-DIPS)2 may be related, at least in part, to
its ability to react with peroxyl radicals generated in vivo.

The X-ray crystal structure of ZnII(3,5-DIPS)2 has been determined [5]. Using NMR,
FTIR and kinetic EPR methods it was subsequently established that the reaction center
for antiperoxyl radical reactivity was the salicylic OH protons of the 3,5-DIPS ligands.
Addition of solvating ligands such as ethyl acetate or amyl acetate, which contain a
Lewis base functional group with non-bonded valence electrons capable of forming
ternary complexes via axial bonding to the ZnII atom in ZnII(3,5-DIPS)2 chelates, and
formation of intermolecular hydrogen bonds with salicylic OH protons decreased
antiperoxyl radical reactivity of ZnII(3,5-DIPS)2 as well as CuII and FeIII 3,5-DIPS
metallochelates [4, 6, 7]. This observation suggested that the decrease in antiperoxyl
radical reactivity was due to the ultimate formation of intermolecular hydrogen bonds
with the Lewis base carbonyl oxygen of ethyl or amyl acetate and protons of
the salicylic hydroxyl groups of the 3,5-DIPS ligands [4, 6, 7]. This influence of
intermolecular hydrogen bonding in decreasing antiradical antioxidant reactivity has
been reported in detail [8–14] including mechanistic processes involved in elementary
reactions of antioxidant phenolic compounds with peroxyl [8, 9] and alkoxyl [10, 11]
radicals in various media [10–14].

As shown at the top of scheme 1 the predominant form of ZnII(3,5-DIPS)2 in a
non-polar solvent is a mononuclear chelate with oxygens of carboxylate and salicylic
OH groups coordinated to ZnII. Under these conditions the chelate exists in two forms
in equilibrium, as shown in scheme 1. In the first form the chelate exists with an
intramolecular hydrogen bond wherein salicylic OH protons are hydrogen bonded to
carboxylate oxygen atoms. In the second form oxygen of phenolic OH group is in a
comparatively non-bonded state.

The intramolecular and intermolecular hydrogen bonded forms are in dynamic
equilibrium in non-polar solvents as shown for ZnII(3,5-DIPS)2 and for substituted CuII

salicylates using differential pulse and cyclic voltammetry methods, which allow
distinguishing salicylic OH groups with readily available protons from those involved in
intramolecular hydrogen bonding [4, and unpublished results].

The influence of Lewis base electron-donor compounds on antiradical reactivity of
metallochelates is more complicated due to the presence of electron-donor–acceptor
bonding centers, also shown in scheme 1. Sequential addition of DMSO to a CD2Cl2
solution of ZnII(3,5-DIPS)2 was found to lead to sequential increase in chemical shift
for salicylic OH protons.

As shown in scheme 1, in the second form the hydroxyl protons are readily accessible
as sites for hydrogen abstraction reactions, required for antiradical antioxidant
reactivity in lipido-mimetic media, while protons of the intramolecular hydrogen
bonded form are less accessible and less reactive in hydrogen abstraction reactions.
However, this intramolecular hydrogen bonding interaction becomes stronger and
predominates following addition of a Lewis base, as illustrated in scheme 1. With
addition of DMSO there is an anticipated weakening of the bonds formed between
carboxylate oxygens and salicylate OH oxygen atoms with ZnII resulting in an increase
in electron density on these oxygens. This increase in electron density on carboxylate
and salicylate oxygens, while increasing the strength of salicylate O–H bond places
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carboxylate oxygen atoms with high electron density in the vicinity of salicylate OH
protons and leads to formation of an intramolecular hydrogen bond, as shown in
scheme 1.

An initial axial bonding of two equivalents of Lewis base initiates two processes in
sequence: (1) weakening of coordinate bonding between oxygen of the carboxylic and
salicylic OH groups and ZnII and (2) formation and strengthening of intramolecular
hydrogen bonding interactions between carboxylate oxygens and salicylic OH protons
of 3,5-DIPS ligands. With a further increase in concentration of Lewis base there
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Scheme 1. Coordinate-covalent bonding interactions in ZnII(3,5-DIPS)2 and hydrogen bonding interactions
with addition of dimethyl sulfoxide.
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is a weakening of this intramolecular hydrogen bonding interaction in ZnII(3,5-DIPS)2
resulting in formation of intermolecular hydrogen bonds between salicylic OH protons
of 3,5-DIPS ligands and Lewis base non-bonding valence electrons.

To better understand the mechanistic influence of Lewis bases on antiradical
reactivity of metallochelates, it was necessary to take into account the multifaceted
nature of this influence. In so doing, it was necessary to consider possible interactions
for this class of antioxidants as represented by ZnII(3,5-DIPS)2: (1) equilibria for
bonding interaction between a solvating ternary ligand and ZnII, (2) equilibria for
bonding interaction of carboxylate oxygen atoms with ZnII, (3) equilibria for bonding
interaction of salicylic OH oxygen atoms with ZnII, (4) equilibria for bonding
interactions leading to intramolecular hydrogen bonding between salicylic OH protons
and carboxylate oxygen, and (5) equilibria for intermolecular hydrogen bonding
interactions between a Lewis base and salicylate OH protons.

The objective was to study, in lipophilic medium, details of bonding interactions
between Lewis bases and metallochelates wherein the ligand contains a salicylic OH.
These studies were performed using NMR and FTIR spectroscopy using ZnII(3,5-
DIPS)2. Bonding interactions involving ZnII and intramolecular and intermolecular
hydrogen bonding interactions, shown in scheme 1, can influence antioxidant reactivity
and account for the decreased antioxidant reactivity of ZnII(3,5-DIPS)2 in the presence
of Lewis bases. These bonding interactions may also have a role in the pharmacological
activities of this and other essential metalloelement salicylate chelates.

2. Experimental

2.1. Materials

Ethyl acetate-d8 (99.5 atom % deuterium) (EA) and chloroform-d1 (99.9 atom %
deuterium) (CCl4) were purchased from Sigma Aldrich. Methylene chloride-d2 (99.9
atom % deuterium) (CD2Cl2) and dimethyl sulfoxide-d6 (99.9 atom % deuterium)
(DMSO) were purchased from Cambridge Isotope Laboratories.

Dimethyl sulfoxide, EA, and carbon tetrachloride (CCl4) (all from Aldrich) were used
as purchased or purified according to known procedures [14]. Before carbon
tetrachloride was used it was passed over a column of activated Al2O3.
3,5-Diisopropylsalicylic (3,5-diisopropylsalicylic) acid (3,5-DIPS acid) (Hochem
Enterprises, Inc., Houston, Texas) was used without further purification. Bis-3,5-
diisopropylsalicylatozinc(II) was synthesized as described [1]. The hydrate was dried at
323K and 15mm Hg for 16 h before it was used to obtain NMR spectra, which did not
reveal water of hydration.

2.2. Apparatus and measurements

A Brüker 500MHz instrument was used to obtain NMR spectra. The precision of
measured chemical shifts was �0.02Hz.

The 4000 to 400 cm�1 Fourier transform infrared (FTIR) spectra were recorded with
a Nicolet FTIR Nexus spectrometer, for 32 scans and a resolution of �2 cm�1, using
0.0625mm KBr discs for solid samples or CCl4 solutions.
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2.2.1. NMR spectra. Stock solutions of 0.0369M ZnII(3,5-DIPS)2 were prepared in
chloroform-d1 or methylene chloride-d2. The stock 0.0738M 3,5-DIPS acid solution
was prepared in chloroform-d1. A volume of 0.8ml of these solutions was placed in
528PP Wilmad NMR tubes and capped. The NMR spectra were recorded for these
solutions following successive additions of 2 mL of dimethyl sulfoxide-d6 (DMSO) or
ethyl acetate-d8 (EA) at temperatures ranging from 243 to 323K. A temperature of
303K was used to examine interactions of DMSO with 3,5-DIPS acid. The accuracy of
temperature measurements was � 0.2K. NMR spectra were recorded 20 to 25min after
addition of each 2 mL of Lewis base and mixing by diffusion and equilibration. The total
increase in volume with these additions was no more than 2%.

2.2.2. FTIR spectra. Stock solutions of 0.0369M ZnII(3,5-DIPS)2 and 0.0738M
3,5-DIPS acid were prepared in CCl4. These solutions were used to fill 2ml Eppendorf
tubes in a nitrogen-filled dry bag. Each tube was fitted with a tight-fitting cap and
wrapped with parafilm to prevent evaporation. The FTIR spectra were recorded
following addition of 1.5 mL of DMSO or EA to the solution of ZnII(3,5-DIPS)2 or
3,5-DIPS acid. Solutions of 10 to 12 different molar concentration ratios, varying from
0 to 0.74M EA and DMSO, were studied. FTIR spectra were recorded 20 to 25min
after each addition of Lewis base to allow mixing by diffusion and equilibration to
examine interactions of DMSO or EA with ZnII(3,5-DIPS)2 and 3,5-DIPS acid at
297K. The accuracy of temperature measurements was �0.5K.

2.3. Determinations of thermodynamic parameters for interactions of
ZnII(3,5-DIPS)2 with Lewis bases [16–19]

Equilibria involved in interactions between Zn(II)(3,5-DIPS)2 and DMSO or EA were
calculated following measurement of the equilibrium constant, Keq, for the equilibrium:
ZnII(3,5-DIPS)2 [A]þ [D]�! � (ZnII(3,5-DIPS)2)(Lewis base)1–2 [AD], Keq¼ [AD]/
[A][D] as a function of temperature. Here, [A] is the molar concentration of ZnII(3,5-
DIPS)2 and [D] is the molar concentration of available Lewis base, while [AD] is the
molar concentration of [ZnII(3,5-DIPS)2(Lewis base)] complex formed.

An equilibrium for bonding of only two molecules of Lewis base to ZnII(3,5-DIPS)2
was considered (scheme 1). In this case only formation of intramolecular hydrogen
bonds was examined. We consider the nature of Lewis base bonding to ZnII(3,5-DIPS)2
to be equivalent and no change in ability of the intermediate chelate to coordinate the
second molecule of Lewis base in the presence of the first molecule.

The chemical shift observed for A, assuming rapid equilibrium between A and AD, is
the weighted mole fraction average of the chemical shift for A, �0A, and AD complex,
�0AD [16–19]. With this assumption the above equilibrium gives:

Keq ¼
��obsd

��0AD ���obsd
� � D0

� �
�

��obsd A0
� �

��0AD

 !( )�1
ð1Þ

where [D0] and [A0] are initial concentrations of ZnII(3,5-DIPS)2 and a Lewis base,
��obsd is the difference between the observed chemical shift due to formation of the
complex with the Lewis base and ZnII(3,5-DIPS)2 or 3,5-DIPS acid and free
ZnII(3,5-DIPS)2 or 3,5-DIPS acid. ��obsd ¼ �obsd ���0A, ��0AD is the difference
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between chemical shift for ZnII(3,5-DIPS)2(Lewis base) and ZnII(3,5-DIPS)2 or
3,5-DIPS acid, ��0AD ¼ �

0
AD ���0A, and [A0] were calculated based upon the presence

of two 3,5-DIPS ligands in ZnII(3,5-DIPS)2 that interact with the Lewis base, which
required doubling the concentration of 3,5-DIPS acid to obtain the same concentration
of salicylic OH protons used in these calculations with the assumption that both
reaction centers are equivalent.

To obtain equation (1) we considered values of chemical shifts for the two protons of
the salicylic OH groups of 3,5-DIPS to be similarly intramolecularly hydrogen bonded.
The dependence of changes in salicylic OH proton chemical shifts with ratios of
[DMSO] : [ZnII(3,5-DIPS)2] of up to 2.5 : 1 and [EA] : [ZnII(3,5-DIPS)2] of up to 3.5 : 1
revealed the equilibrium process involved in bonding of two Lewis bases to
ZnII(3,5-DIPS)2. Here we were guided not only by considerations for calculation of
Keq, but also by considerations involving the principal chemical shift changes for the
salicylic OH protons from formation of ZnII(3,5-DIPS)2(Lewis base)2.

By measuring ��obsd at different concentrations of D�, Keq and ��0AD were
determined using equation (1). Calculations of these values were performed using
regression analyses performed with the MATLAB 6.5 computer program. Changes in
standard entropy (�S 0) and enthalpy (�H 0) for bonding of Lewis base molecules with
ZnII(3,5-DIPS)2 were calculated using the vant Hoff equation:

lnKeq ¼ �S 0=R��H 0=RT ð2Þ

and the change in standard free energy (�G 0) was also calculated.

3. Results and discussion

3.1. NMR studies

NMR spectra for salicylic OH groups of ZnII(3,5-DIPS)2 in the absence or presence of
various concentrations of Lewis bases with non-bonded valence electrons that serve as
electron-donors, such as DMSO or EA, are presented in figure 1(a) and figure 1(b),
respectively. Addition of two equivalents of Lewis base to a solution of ZnII(3,5-DIPS)2
leads to a marked increase in chemical shift for salicylic OH protons of ZnII(3,5-DIPS)2.
These shifts are due to axial bonding of two equivalents of Lewis base via sulfoxide
oxygen (DMSO) or carbonyl oxygen (EA) with ZnII, which results in strengthening of
intramolecular hydrogen bonding between protons of salicylic OH groups and carboxyl
oxygen atoms of 3,5-DIPS. This phenomenon leads to a mediated kinetic medium
effect. Ordinary kinetic medium effects in reaction of phenolic compounds with free
radicals involve blocking of the reaction center by intermolecular hydrogen bonds
between phenolic OH protons and Lewis base [8–13]. In the case of ZnII(3,5-DIPS)2 the
Lewis base molecules undergo axial coordination with ZnII atom which favors
formation of stronger intramolecular hydrogen bonds between protons of salicylic OH
and carboxyl oxygens of 3,5-DIPS, favoring decrease of antiradical reactivity of
salicylic OH.

Subsequent addition of two to three equivalents of Lewis base to ZnII(3,5-DIPS)2
leads to a further but less pronounced increase in chemical shift due to weakening of the
intramolecular hydrogen bonding interaction with formation of intermolecular
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hydrogen bonds between salicylic OH protons and sulfoxide or carbonyl oxygens of
these Lewis bases.

With formation of hydrogen bonds, bond length and polarity of salicylic O–H bonds
increase [13] leading to a decrease in electron density on the proton. However, at the
same time there is a concomitant increase in electron transfer from the Lewis base
oxygen of DMSO or EA to the proton of OH. The overall result is an exchange of the
source of electron density on the proton and transformation of intramolecular
hydrogen bonds to intermolecular hydrogen bonds, leading to a gradual increase
in NMR chemical shift, as shown in figures 2 and 3, for salicylic OH protons of
ZnII(3,5-DIPS)2.

Sequential addition of DMSO to a CD2Cl2 solution of ZnII(3,5-DIPS)2 led to an
increase in chemical shift to higher frequencies, from 65Hz to a maximum shift of
138Hz, corresponding to a gradual increase in intermolecular hydrogen bond
formation between salicylic OH with addition of an additional three to five equivalents
of DMSO.

For comparison, chemical shift changes for salicylic OH protons of 3,5-DIPS acid
following addition of up to two equivalents of DMSO to a CDCl3 solution gave a
maximum shift of 177Hz for intramolecular hydrogen bonding and a shift of 63Hz for
intermolecular hydrogen bonded salicylic OH protons in ZnII(3,5-DIPS)2(DMSO)2
(scheme 1). Based upon this intermolecular hydrogen bonding interaction with addition
of DMSO to non-polar solutions of 3,5-DIPS acid causing disruption of intramolecular
hydrogen bonds, as shown in scheme 2, it was clear that similar NMR shifts for salicylic
OH protons of ZnII(3,5-DIPS)2 were due to formation of intermolecular hydrogen
bonds following addition of DMSO, consistent with the suggested structure shown
in scheme 1.

Figure 1. (a) Chemical shifts for salicylic OH protons following addition of 1, 0; 2, 0.0325; 3, 0.0625;
4, 0.0975; 5, 0.13; or 6, 0.1625M DMSO at 243K or (b) 1, 0; 2, 0.0249; 3, 0.0497; 4, 0.0746; 5, 0.0994;
6, 0.1243M EA at 303K to a CD2Cl2 solution of 0.0369M ZnII(3, 5-DIPS)2.
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With excess DMSO the maximum chemical shift for 3,5-DIPS acid and

ZnII(3,5-DIPS)2 in benzene-d6 were 11.95 and 11.91 ppm, respectively, at 303K

(unpublished observation), similar to data reported by Lemoine et al. [20], who found

the magnitude of proton chemical shift for salicylic OH protons in ZnII(3,5-DIPS)2(L)n

Figure 2. Observed chemical shift changes (��obsd) for salicylic OH protons in 0.0369M ZnII(3,5-DIPS)2
CDCl3 solutions contaning varying DMSO :ZnII(3,5-DIPS)2 mole ratios at various temperatures.

Figure 3. Observed chemical shifts (��obsd) for salicylic OH protons in 0.0369M ZnII(3,5-DIPS)2CD2Cl2
solutions containing varying EA :ZnII(3,5-DIPS)2 mole ratios at various temperatures.
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increased with increase in basicity of axial ligands (L), as shown in table 1.

The comparatively small change in chemical shift of 1.2–1.5 ppm observed during

formation of hydrogen bonds arises from weak intramolecular hydrogen bonding of

salicylic OH protons of ZnII(3,5-DIPS)2, as shown in scheme 1. The similarity in

intermolecular hydrogen bonding was also supported by essentially the same decrease

in line width for salicylic OH protons of 3,5-DIPS acid and ZnII(3,5-DIPS)2 obtained in

benzene-d6 (177 to 63Hz and from 138 to 65Hz, respectively), due to acceleration of

chemical exchange of salicylic OH protons by hydrogen bonding [17–19].
With addition of an additional three to five equivalents of DMSO there was a

weakening of intramolecular hydrogen bonds in ZnII(3,5-DIPS)2(DMSO)2 and

formation of more intermolecular hydrogen bonds resulting in formation of

ZnII(3,5-DIPS)2(DMSO)4. These interactions resulted in further increase in chemical

shift for salicylic OH groups, as shown in figure 2.
The maximum chemical shift for protons of salicylic OH groups during addition of

EA to a non-polar solution of ZnII(3,5-DIPS)2 was achieved at a slightly higher molar

concentration ratio of about 3.5 : 1 for EA :ZnII(3,5-DIPS)2, as shown in figure 3.

Moreover, smaller values of ��0 for the experimentally observed maximum value of

chemical shift and for the calculated value ��0AD for this complex were observed, due to

weaker basicity of EA.
Using equation (1), values for Keq and ��0obsd were determined and �S 0, �H 0 and

�G0 were calculated (table 2). These parameters represent overall values for

the multistage processes involved in transition from ZnII(3,5-DIPS)2 to

ZnII(3,5-DIPS)2(DMSO)2 or ZnII(3,5-DIPS)2(DMSO)4 with sequential addition of

Lewis base to non-polar solutions of ZnII(3,5-DIPS)2 and are attributed to the

O 
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H 

OH O 
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H O S

CH3 

CH3

O S 

CH3

CH3

2  O–S(CH3)2

Scheme 2. Intermolecular hydrogen bonding interactions of carboxylic acid and salicylic OH groups of
3,5-DIPS acid with dimethyl sulfoxide.

Table 1. NMR chemical shifts for salicylic OH protons of ZnII(3,5-DIPS)2(L)n in CCl4.

(L)n None (EA)2 (DMSO)2 1,10-phenanthroline
2,9-dimethyl-1,
10-phenanthroline

�obsd (ppm) 10.45 11.59 11.26a 11.92a 11.94a

11.48

aData from [19].
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overall process of hydrogen bond formation involving salicylic OH groups of 3,5-DIPS

ligands (scheme 1). Keq values increase with increase in basicity of the Lewis base. The

basicity descriptor (B) of Koppel and Palm [21] are 193 for DMSO and 120 for EA

while SB of Catalan [22] are 0.647 for DMSO and 0.542 for EA.
The larger the Keq value, the larger the ��0obsd value, supporting increasing basicity of

donor ligand increasing Keq and also an increase in intramolecular hydrogen bonds.

There is no correlation of Keq and �H 0 values, consistent with an earlier report [19] on

intermolecular hydrogen bonding or remaining thermodynamic parameters. Low values

of �S 0, �H 0 and �G 0 indicate two processes: an exothermic process with the loss of

entropy associated with dative bonding of a Lewis base with ZnII and an endothermic
process occurring with increase in entropy due to weakening of bonding of salicylic OH

with ZnII and intramolecular hydrogen bond formation.

3.2. FTIR studies

FTIR spectra support the conversion of relatively strong bonding between carboxylate

oxygens and ZnII in ZnII(3,5-DIPS)2, in the absence of DMSO to weaker bonds

permitting intramolecular hydrogen bonding of salicylic OH with carboxylate oxygens

and further interactions with DMSO involving intermolecular hydrogen bonds with

increasing concentration of DMSO.
As shown in figure 4 increasing concentration of DMSO to CCl4 solutions of

ZnII(3,5-DIPS)2 resulted in a shift of the anti-symmetric carboxylate, �aCOO, stretching

frequency observed at 1560 cm�1 for ZnII(3,5-DIPS)2 to a higher frequency (1585 cm�1)

as a result of gradual addition of two equivalents of DMSO, consistent with weakening

of the bond of carboxylate to ZnII. The maximum shift was achieved at a concentration

ratio for DMSO :ZnII(3,5-DIPS)2 of 2 : 1. The IR absorbance shift for �aCOO on

increasing concentration of DMSO attests to the non-equivalence of this shift due to
intramolecular hydrogen bonding with initial axial bonding of the first equivalent of

DMSO to the ZnII and a further smaller shift with axial bonding of the second

equivalent. Subsequently, an additional shift occurred with formation of intermolecular

hydrogen bonds with an additional two equivalents of DMSO.
As shown in figures 4 and 5 addition of DMSO to non-polar solutions of ZnII(3,5-

DIPS)2 caused a shift for the O–H stretching frequency of coordinated salicylic OH

from 3240 cm�1 to 3100 cm�1 with successive additions of two equivalents of DMSO,

Table 2. Chemical shifts and thermodynamic parameters: Keq, �G 0, �H 0, and �S 0.

n Ligand (solvent) Temp. (K) ��0AD Keq (M�1)
�G 0,

(calmol�1)
�H 0,

(calmol�1)
�S 0,

(cal(molK)�1)

1 DMSO (CDCl3) 263 1.16� 0.04 37.34� 2.51 �1891� 34
2 273 1.17� 0.04 34.49� 2.30 �1920� 34
3 288 1.23� 0.05 30.62� 2.11 �1957� 38 �1701� 92 0.76� 0.32
4 310 1.29� 0.05 22.42� 1.82 �1915� 48
5 323 1.23� 0.04 20.66� 1.50 �1942� 45

6 EA (CD2Cl2) 253 0.25� 0.02 20.60� 1.44 �1520� 34
7 263 0.26� 0.02 16.19� 1.25 �1454� 39 �3580� 775 �8.37� 2.87
8 273 0.25� 0.02 9.26� 0.72 �1206� 41
9 303 0.18� 0.02 6.01� 0.42 �1079� 41
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consistent with transition from intramolecular to intermolecular hydrogen bonded
salicylic OH groups. With this shift the absorbance line width and intensity increased,
consistent with the transition from intramolecular to intermolecular hydrogen bond
formation involving salicylic OH and DMSO. These protons exist in a relatively

3080

3100

3120

3140

3160

3180

3200

3220

3240

3260

0 1 2 3 4 5 6

Mole ratio: lewis base / ZnII (3,5-DIPS)2

naOH naCOO−

1555 

1560

1565

1570

1575

1580

1585

1590

ν OH(EA)

naCOO−(EA)

νaCOO−(DMSO)

ν OH(DMSO)

Figure 4. Frequency changes for OH and C¼O absorbances in FTIR spectra at 24�C for 0.0369M CCl4
solutions of ZnII(3,5-DIPS)2 containing varying DMSO :ZnII(3,5-DIPS)2 mole ratios.

Figure 5. FTIR spectral changes through the range of 2200 to 3800 cm�1 at 24�C for 0.0369M CCl4
solutions of ZnII(3,5-DIPS)2 containing 0 to 0.1989M DMSO.
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available non-bonded state or a weak intramolecular hydrogen bonded state in the
absence of Lewis base.

The marked �aCOO and salicylate OH IR shifts observed with a molar concentration
ratio for ZnII(3,5-DIPS)2 : Lewis base of 1 : 1 (figure 4) are consistent with stronger
bonding of the first molecule of DMSO to ZnII(3,5-DIPS)2 and a less strongly bonded
second DMSO to form ZnII(3,5-DIPS)2(DMSO)2. A further smaller increase in IR
absorption associated with addition of two additional equivalents of Lewis base
supports formation of ZnII(3,5-DIPS)2(Lewis base)4, with two molecules of Lewis base
involved in intermolecular hydrogen bonds.

There was a concomitant increase of a new absorption band at 1012 cm�1 (figure 6)
due to axial bonding of DMSO to ZnII, consistent with an earlier report [23] and a role
of DMSO in weakening carboxylate and salicylic OH interaction with ZnII. The shift in
absorbance for salicylate OH groups from 3240 cm�1 to 3100 cm�1 is consistent with

weakening of bonding of salicylic OH to ZnII and a strengthening of intramolecular
hydrogen bond with addition of more DMSO. Maximum shifts for both functional
groups were achieved at a molar concentration ratio for DMSO :ZnII(3,5-DIPS)2 of
2 : 1 (figure 4).

The addition of DMSO to ZnII(3,5-DIPS)2 also resulted in new bands for sulfoxide
stretching frequencies at 1070 for free DMSO and at 1012 cm�1 for axially bonded
DMSO and intermolecularly hydrogen bonded DMSO, as shown in figure 4. The
increase in absorbance at these two frequencies is shown in figure 6.

These plots and spectra reveal stronger bonding of DMSO to ZnII with addition of
two equivalents of DMSO and subsequent weaker bonding due to intermolecular
hydrogen bond formation. Similarly, increasing additions of DMSO to a non-polar
solution of 3,5-DIPS acid revealed a clear increase in absorption at 1019 cm�1 for
intermolecular hydrogen bonding. These results show that for a molar concentration

0
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0.6

0.9

1.2

1.5

1 2 3 4 5 0

 Mole ratio: DMSO / ZnII (3,5-DIPS)2

A
bs

or
ba
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e

1070 cm−1

1012 cm−1

Figure 6. Absorbances at 1070 and 1012 cm�1 in FTIR spectra at 24�C for 0.0369M CCl4 solutions of
ZnII(3,5-DIPS)2 containing varying DMSO :ZnII(3,5-DIPS)2 mole ratios.
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ratio of DMSO :ZnII(3,5-DIPS)242, intramolecular hydrogen bonding decreases as a

result of intermolecular hydrogen bond formation between protons of salicylic OH

groups of 3,5-DIPS ligands in ZnII(3,5-DIPS)2 and oxygen atom of DMSO.
These results support conclusions based upon NMR spectra showing that addition

of DMSO to a CDCl3 solution of ZnII(3,5-DIPS)2 initially result in axial bonding

of two molecules of DMSO to the ZnII. IR absorption of salicylic OH groups of

ZnII(3,5-DIPS)2 shows initial bonding of DMSO involves axial bonding to the ZnII

atom, resulting in formation of intramolecular hydrogen bonds between protons of

salicylic OH and 3,5-DIPS carboxylate groups.
Addition of EA as the Lewis base to a CCl4 solution of ZnII(3,5-DIPS)2 weakens

interactions between carboxylate and salicylic OH. This weakening was less marked

than with DMSO. The initial change following addition of two equivalents of EA was a

small frequency shift for asymmetric vibrations of the carboxylate groups, �aCOO, from

1560 cm�1 to 1567 cm�1 and a corresponding small shift to lower frequency for salicylic

OH groups from 3238 cm�1 to 3219 cm�1 with initiation of intramolecular hydrogen

bonds. With addition of three more equivalents of EA there was a further slight shift in

frequency for absorption of the �aCOO from 1567 cm�1 to 1570 cm�1 with a

corresponding modest increase in frequency shift for the salicylic OH group from

3220 cm�1 to 3212 cm�1. There was a concomitant increase in intensity for salicylic OH

at 3200 cm�1, which increased with increasing addition of EA.
The maximum increase in FTIR absorbance was observed at a higher mole ratio of

EA :ZnII(3,5-DIPS)2 due to the weaker basicity of EA compared to DMSO and a

smaller change in dipole moment for the salicylic OH caused by EA. These results are in

full accordance with NMR shift data obtained for EA.
A distinctive influence on the characteristic absorption frequency for salicylic OH

groups (figure 4) and on the frequency for asymmetric stretching of carboxylate groups

for 3,5-DIPS ligands was also observed following successive additions of EA. The

maximum NMR chemical shift for salicylic OH groups was also obtained at molar

concentration ratio, EA :ZnII(3,5-DIPS)2� 5.
IR spectra following successive additions of EA through the range of 1800 to

1500 cm�1 and plots of the increase in absorbance at 1741 cm�1 for �aCO
and 1708 cm�1 for �sCO of non-bonded free carbonyl of EA (figure 7) show the shift

from 1560 cm�1 for ZnII(3,5-DIPS)2 to 1570 cm�1 for ZnII(3,5-DIPS)2(EA)4 following

addition of five equivalents of EA with initial axial bonding of two equivalents of EA to

ZnII. Because EA is a weak base, the stiochiometry required for complete saturation of

the axial and hydrogen bonding sites of ZnII(3,5-DIPS)2 to yield ZnII(3,5-DIPS)2(EA)2
and ZnII(3,5-DIPS)2(EA)4 exceeds the anticipated molar ratio of four for EA to

produce complete axial and intermolecular hydrogen bond formation.
Absorptions for �aCOO stretch of 3,5-DIPS ligands at 1560 cm�1 also undergo a

weak change in intensity along with a modest shift to 1570 cm�1 upon addition of five

equivalents of EA to CCl4 solutions of Zn
II(3,5-DIPS)2 to form ZnII(3,5-DIPS)2(EA)4,

suggesting that, due to low basicity of EA, axial bonding of EA with ZnII, unlike

DMSO, is accompanied by weakening of bonds between oxygen of carboxylate and

salicylic OH. Thus, to achieve intramolecular hydrogen bond formation involving

salicylic OH groups of 3,5-DIPS ligands in the presence of EA requires a higher

concentration of EA compared to DMSO to achieve complete equilibrium,

as illustrated in scheme 1.
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The sequence of EA bonding to ZnII(3,5-DIPS)2 is the same as the sequence observed
for DMSO bonding with ZnII(3,5-DIPS)2, however, bonding interactions of EA are
weaker (figure 7). These results support results reported previously [20] showing a
regular increase in magnitude for ��¼ (�aCOO–�sCOO) for ZnII(3,5-DIPS)2(L)n with
increasing of basicity of axial ligands, L, such as H2O (150 cm�1), DMSO (165 cm�1),
NC (168 cm�1), and phenanthroline (172 cm�1).

4. Conclusions

Using NMR and FTIR existing bonds between carboxylate and salicylic OH oxygens
and ZnII in non-polar solutions of ZnII(3,5-DIPS)2 are initially weakened by the
bonding of two equivalents of DMSO or EA resulting in concomitant strengthening of
intramolecular hydrogen bonds from carboxylate oxygens with protons of salicylic OH
in ZnII(3,5-DIPS)2. Ternary complexes ZnII(3,5-DIPS)2L2, in which the ligands are
axially coordinated to ZnII, are formed. Addition of more equivalents of Lewis base
resulted in weakening of intramolecular hydrogen bonding and strengthening of
intermolecular hydrogen bonds between the salicylic OH protons with the Lewis base,
giving solvated complexes, ZnII(3,5-DIPS)2L4.

The stronger Lewis basicity of DMSO accounts for observations that equilibrium
constants, Keq, for DMSO are larger than for EA in ZnII(3,5-DIPS)2 (Lewis base)
complex formations. These results are consistent with small values found for changes in
standard entropy and enthalpy for the overall bonding processes between Lewis bases
with ZnII(3,5-DIPS)2, which were anticipated to be dependent upon the nature of the

Figure 7. Absorbances at 1741 and 1708 cm�1 in FTIR spectra at 24�C for 0.0369M ZnII (3,5-DIPS)2 CCl4
solutions containing varying EA :ZnII(3,5-DIPS)2 mole ratios.
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metallochelate and the suggested sequential multistage mechanisms of bonding

interactions.
These results allow understanding of antiperoxyl radical reactivity and decrease in

this reactivity in the presence of Lewis bases revealed earlier for ZnII, CuII, and FeIII

3,5-DIPS chelates [4, 6, 7]. At comparatively small concentrations of Lewis base the

decrease of antiperoxiradical reactivity is due to axial coordination. At the higher

concentrations of Lewis base the decrease of antiperoxyl radical reactivity of these

chelates is due to intermolecular hydrogen bonding between the salicylic OH protons

with the Lewis base.
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