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ABSTRACT: Redox inactive Lewis acidic cations are thought to facilitate the reactivity of metalloenzymes and their synthetic
analogues by tuning the redox potential and electronic structure of the redox active site. To explore and quantify this eﬀect, we
report the synthesis and characterization of a series of tetradentate Schiﬀ base ligands appended with a crown-like cavity
incorporating a series of alkali and alkaline earth Lewis acidic cations (1M, where M = Na+, K+, Ca2+, Sr2+, and Ba2+) and their
corresponding Co(II) complexes (2M). Cyclic voltammetry of the 2M complexes revealed that the Co(II/I) redox potentials are
130 mV more positive for M = Na+ and K+ and 230−270 mV more positive for M = Ca2+, Sr2+, and Ba2+compared to Co(salen−
OMe) (salen−OMe = N,N′-bis(3-methoxysalicylidene)-1,2-diaminoethane), which lacks a proximal cation. The Co(II/I) redox
potentials for the dicationic compounds also correlate with the ionic size and Lewis acidity of the alkaline metal. Electronic
absorption and infrared spectra indicate that the Lewis acid cations have a minor eﬀect on the electronic structure of the Co(II)
ion, which suggests the shifts in redox potential are primarily a result of electrostatic eﬀects due to the cationic charge.

■

INTRODUCTION
Nonredox active Lewis acidic metal cations play a key role in a
diverse set of biological and synthetic transition metal
complexes that mediate redox activity. In biological systems,
the Ca2+ ion found in the oxygen evolution complex (OEC) in
Photosystem II is critical for water oxidation activity.1 In
synthetic transition metal complexes, the presence of Lewis
acidic metals are known to promote C−H oxidation,2 oxygen
atom transfer,3 oleﬁn hydrogenation,4 and oxygen reduction5
reactions, as well as facilitate electron transfer reactions.6
One of the proposed roles that proximal redox inactive metal
cations play in promoting reactivity is tuning the redox
potential of the reaction site. Redox tuning by incorporation
of redox inactive cations has been reported in several synthetic
systems including mono-4,7 and multimetallic manganese8 and
triiron9 clusters incorporating Lewis acid cations through oxobridges. Additionally, pendant crown ethers encapsulating alkali
or alkaline earth metals have been appended onto molybdenum,10 ferrocene,11 and iron pyridinediimine12 complexes.
The shifts in the reversible redox potential denote a change
in the absolute energy of the molecular orbital participating in
electron transfer. We were interested in investigating how the
© 2017 American Chemical Society

Lewis acid cations engender this change. An inductive eﬀect
due to a modiﬁcation of the ligand ﬁeld would result in changes
to the electronic structure (or molecular orbitals) of the redox
active cation. In contrast, an electrostatic eﬀect would uniformly
shift the molecular orbitals on the redox active metal due to the
electric ﬁeld potential of the proximal cation.
To elucidate the source of the change in redox potential due
to adjacent Lewis acidic cations, we synthesized a series of
cobalt(II) Schiﬀ base complexes with an appended crown
functionality containing a series of alkali and alkaline earth
metal cations (2M in Chart 1, M = Na+, K+, Ca2+, Sr2+, and
Ba2+). These compounds are well-suited to investigate the
diﬀerence between inductive and electrostatic eﬀects. The
ligand provides a cavity similar in size to 18-crown-6, and can
enclose a variety of ions with minimal eﬀect on the
coordination geometry of the Co(II) ion. Within this
framework, the Co(II/I) couple is reversible, allowing a direct
handle on changes in redox potential. The similar ligand
environments permit facile comparisons in electronic structure
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1Na(OTf), 1K(OTf), 1Ca(OTf)2, and 1Sr(OTf)2 were
synthesized in a similar fashion using the appropriate metal
triﬂate salt and puriﬁed by recrystallization. The 1M series was
characterized by high-resolution mass spectrometry (HRMS)
and 1H and 13C NMR spectroscopy, which are shown in the
Supporting Information (Figures S1−S10). There is a linear
relationship between the size of the nonredox active cation15
and chemical shift of the phenolic protons in the 1H NMR
spectra, illustrated in Figure S11.
The ionic radius of the templating alkali or alkaline earth
cation has a signiﬁcant eﬀect on the synthetic accessibility of
the 1M ligand series. 1K(OTf) is synthesized in the highest
yield, while the yields for the other reported ligands decrease
with larger or smaller cation sizes. The use of even smaller
cations (Li+ or Mg2+) as a template did not result in the desired
product. For ions too large to ﬁt in the crown ether cavity
(ionic radii >150 pm), such as Rb+ and Cs+, mass spectrometry
suggests the formation of aggregates, presumably in stacked,
sandwich-like structures with the metal ions coordinated
between crown ether macrocycles (see Figure S12 for MS
from the reaction with Cs(OTf)). Sandwich complexes of this
type have been observed for similar complexes containing
crown ether structures and large cations.16 We also attempted
to synthesize 1M using the trications Al3+, Ga3+, In3+, Y3+, and
La3+ but were unable to isolate the desired product using the
procedure descibed above.
The Co(II) complexes 2M (where M = Na+, K+, Ca2+, Sr2+,
and Ba2+) were synthesized by reﬂuxing the corresponding 1M
ligand with one equivalent of Co(OAc)2 in methanol, followed

Chart 1

of the Co(II) ions due to the Lewis acid. The localization of the
redox event at a single metal center instead of a cluster permits
a more accurate calculation of an electrostatic eﬀect. The shared
phenoxide ligand between the Co(II) and Lewis acid cation is
also relevant to the interaction between Mn and Ca2+ in the
OEC. Additionally, redox inactive metal cations bound through
μ-oxo ligands are known to play a role in synthetic cobalt oxide
water oxidation catalysts.13

■

RESULTS AND DISCUSSION
Synthesis. The Schiﬀ base ligands 1M (Chart 1) contain an
alkali or alkaline earth metal cation in an appended ether
pocket. Using a modiﬁed literature procedure,14 1Ba(OTF)2
was synthesized by templating an ether-linked dialdehyde with
Ba(OTf)2, followed by condensation with ethylenediamine.

Figure 1. Solid-state structures of Co(salen−OMe), 2Na(OTf), 2K(OTf), 2Ca(OTf)2, 2Sr(OTf)2, and 2Ba(OTf)2. Thermal ellipsoids are drawn to
50% probability. Hydrogen atoms and outer-sphere anions and solvent molecules have been omitted for clarity. For Co(salen−OMe) and
2Sr(OTf)2, only one molecule of two in the asymmetric unit cell is shown. For 2K(OTf), 2Na(OTf), and 2Sr(OTf)2, only the major position of a
disordered system is displayed.
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Table 1. Summary of Structural, Spectroscopic, and Electrochemical Data for Co(salen−OMe) and 2M Complexes
complex
Co(salen−
OMe)
2K(OTf)
2Na(OTf)
2Ba(OTf)2
2Sr(OTf)2
2Ca(OTf)2

E1/2a Co(II/I)
(V)

ΔEb
(V)

calc. ΔEc
(V)

pKa of M(OH2)
(aq.)

Co···M (Å)

−1.71
−1.58
−1.58
−1.48
−1.44
−1.41

0.13
0.13
0.23
0.27
0.30

0.11
0.12
0.21
0.22
0.23

16.25d
14.77e
13.36e
13.18e
12.60e

3.6694(1)
3.338(5)
3.7045(2)
3.6078(4)
3.3578(4)

Co(II)f ion
(τ4)

ν(CN)
(cm−1)

λ(d→d)
(nm)

ε
(M−1cm−1)

0.0303

1535

480, 555

2700, 790

0.1148
0.0295
0.1113
0.0622
0.0692

1544
1546
1548
1552
1557

545
545
530
530
530

767
634
979
1012
881

a
Reduction potentials in dimethylformamide referenced to ferrocene/ferrocenium. bDiﬀerence between the reduction potential of 2M and
Co(salen−OMe). cCalculated electric ﬁeld potential on Co(II) due to M in 2M complexes using eq 1. dCalculated through vapor pressure
measurements of an aqueous solution (ref 21a). eMeasured electrometrically in cells containing Ag/AgCl with hydrogen electrodes (ref 21b). fτ4
value describing the coordination geometry around the Co(II) ions, where τ4 = 1 for a tetrahedral geometry, and τ4 = 0 for a square planar geometry

by removal of solvent and acetic acid in vacuo. The identities of
the compounds were conﬁrmed using mass spectrometry and
single crystal X-ray diﬀraction analysis, and the purities by
elemental analysis. Co(salen−OMe) (salen−OMe = N,N′bis(3-methoxysalicylidene)-1,2-diaminoethane) was prepared
for comparison with the 2M complexes. Salen−OMe was
synthesized according to a literature procedure,17 and metalation with Co(OAc)2 was based on a preparation of Co(N,N′ethylenebis(salicylimine)).18
Structural Studies. Single crystals suitable for X-ray
diﬀraction were grown by diﬀusion of diethyl ether into
methanol solutions of the respective compounds. The solidstate structures for the 2M triﬂate salts and Co(salen−OMe)
are shown in Figure 1 (The X-ray crystallographic data for
2Na(OTf) and 2K(OTf) had signiﬁcant disorder. Higher
quality structures of the analogous tetraﬂuoroborate salts for
2Na(BF4) and 2K(BF4) are provided in the SI.
In all of the heterobimetallic complexes, the counteranion(s)
are bound to the M cation. In the case of 2Ba(OTf)2, a
molecule of methanol is coordinated to the Ba2+ cation along
with two triﬂate anions, which form a symmetric bridge to
another 2Ba(OTf)2 complex. The mass spectrum does not
contain peaks consistent with the dimer, suggesting that this
species only exists in the solid-state.
Each complex contains a minimally distorted square planar
cobalt with the group I or II cation occupying the crown ether
cavity. The τ4 values19 describing the coordination around the
Co(II) ions are listed in Table 1 and conﬁrm similar
coordination environments. The distances between the Co(II)
ion and M cations are also listed in Table 1.
Electrochemistry. Cyclic voltammetry of Co(salen−OMe)
in dimethylformamide displays a reversible reduction at −1.72
V versus ferrocene/ferrocenium (Figure 2, black trace),
consistent with literature values20 for a Co(II/I) redox couple.
In comparison, the corresponding reductions for 2M are
observed at more positive potentials, as shown in Figure 2
(colored traces) and listed in Table 1. The Co(II/I) redox
potential for the monocations is 130 mV more positive than
Co(salen−OMe), while the Co(II/I) potential for the
complexes with dications are 230−300 mV more positive
than Co(salen−OMe). The diﬀerences in redox potential for
the dicationic complexes also correlate with the Lewis acidity21
of the Group II metal cations, shown in Figure 3, similar to the
eﬀect observed by metalloclusters incorporating redox inactive
cations.8,9 To ensure that there was no signiﬁcant dissociation
of M upon reduction, up to 10 equiv of Na+, Ca2+, and Ba2+
triﬂate salts were added to the respective 2M solutions. Only

Figure 2. Cyclic voltammograms of the reversible Co(II/I) redox
couples of Co(salen−OMe) and 2M (M = Na+, K+, Ca2+, Sr2+, and
Ba2+) in 0.5 M tetrabutylammonium hexaﬂuorophosphate in DMF
under N2. Individual CVs are shown in Figures S13−S18.

Figure 3. Experimental Co(II/I) redox potentials (circles) for 2M vs
pKa of M(OH2)n. The triangles correspond to the calculated redox
potential for 2M using only the electrostatic ﬁeld potential of M on the
Co(II) ion and Co(salen−OMe) as the baseline redox potential.

minor changes to the cyclic voltammograms (<10 mV) were
observed (S19−21).
Previous studies incorporating alkali and alkaline earth metal
cations into Schiﬀ base complexes with Cu, Ni, and Zn display
anodic shifts of similar magnitudes in the reduction potential.
The changes in reduction potential were attributed to inductive
eﬀects from the Lewis acid, which decreases the electron
density at the metal, making them easier to reduce.22
Electronic and Vibrational Spectroscopy. In order to
determine the magnitude of the inductive eﬀect due to M on
the ligand ﬁeld of the Co(II), the compounds were examined
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with the Lewis acidity of M, but the Lewis acidity is also directly
related to the ionic radii of M. The latter is reﬂected in changes
in r due to the size of M.

by electronic absorption and infrared spectroscopy. The
electronic absorption spectra in dimethylformamide are
shown in Figures S22−S33 and are summarized in Table 1.
The absorption spectrum of Co(salen−OMe) exhibits π → π*
and d → π* (MLCT) transitions23 at 360 and 415 nm,
respectively. The π → π* band is partially obscured in 2M, but
a slight red shift (≤15 nm) is observed for dicationic
2Ca(OTf)2, 2Sr(OTf)2, and 2Ba(OTf)2. The molar absorptivity for the d → π* charge transfer band in 2K(OTf) and
2Na(OTf) is comparable to Co(salen−OMe) for this
transition, while for 2Ca(OTf)2, 2Ba(OTf)2, and 2Sr(OTf)2
it has signiﬁcantly lowered absorptivity. Co(salen−OMe) also
has an absorption at 480 nm; this peak is likely obscured in the
2M spectra by more intense neighboring absorptions. However,
the second d → d transition at 555 nm for Co(salen−OMe) is
present in 2M, with a minor red shift of 10 and 25 nm for the
monocationic versus dicatonic complexes, respectively.
Although the changes in the absorption spectra indicate M
has some inﬂuence on the ligand ﬁeld around the Co(II) ion,
the overall eﬀect appears minimal compared to the changes in
redox potential.
The solid-state infrared spectra of 2M were taken to compare
the electronic environments of the cobalt center (Figures S34−
S40). The vibrational frequency of the imine CN bond for
2M increases slightly with the Lewis acid strength of M (Table
1) and, with Co(salen−OMe), displays a linear relationship
with the Co(II/I) reduction potential (Figure S41). However,
the values span a small range (22 cm−1), suggesting the Lewis
acids have a minimal eﬀect on the electron density of the
Co(II) ion in 2M.
Calculated Electric Field Potential. An alternative
explanation for the anodic shifts in redox potential is through
the electric ﬁeld potential imposed by the nonredox active
cation. An electrostatic eﬀect has been cited as the source of
redox potential shifts in other heterobimetallic complexes.11,24
eq 1 describes the electric ﬁeld potential (ΔE, in V) at the
Co(II) ion by a point charge q (cation M), where ∈ is the
dielectric constant, and r is the distance between Co and M.
q
ΔE =
(1)
4π ∈ r

■

CONCLUSIONS
On the basis of the spectroscopic studies and calculated
electrostatic eﬀect of the alkali and alkaline earth metal centers,
the anodic shift in the redox potential in 2M compared to that
in Co(salen−OMe) can largely be attributed to an electrostatic
ﬁeld potential. An inductive eﬀect through the bridging
phenoxide ligand appears to play a smaller role.
Redox potentials of synthetic transition metal complexes are
most commonly tuned by incorporating electron donating or
withdrawing functionalities into the ligand. As a result, changes
in the free energy for electron transfer are coupled to changes
in the electron density of the redox active site. This study
indicates cations in the secondary coordination sphere can
adjust the redox potential without signiﬁcantly aﬀecting the
electronic structure at the redox active site. The decoupling of
free energy and electronic structure points to their utility in
mediating redox reactivity. These results highlight how cations
can contribute to tuning the potential of redox-active centers
through the simple parameters of distance and charge. We are
currently investigating how the shift in redox potential due to
nonredox active cations aﬀect linear free energy scaling
relationships in redox catalysis.
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Co(salen-OMe) (1513025)(CIF)

Values for ΔE were calculated for 2M using the distances
between Co(II) and M in the solid-state structure as r and the
dielectric constant of DMF25 as ∈, shown in Table 1. This
simple model for calculating the electric ﬁeld potential has two
sources of error. The ﬁrst is assuming r in 2M is the same in
solution as in the solid state; we believe this would only result
in a minor deviation from our calculated values. A larger
uncertainty is due to the dielectric constant between the
cations; we used the value for DMF, but the medium between
the Co(II) and M is more accurately described by the
phenoxide ligand that bridges the two ions. However, using
this approximation we see the magnitude of the electric ﬁeld
potential by M is consistent with the observed anodic shift. The
anodic shift for the dications (2q) is also roughly double that
observed for the monocations (q), consistent with an electric
ﬁeld eﬀect.
An electrostatic interaction would explain the identical redox
potentials observed for 2K and 2Na. Although there is a
diﬀerence in Lewis acidity between the monocations,21c the
distance between Co(II) and K+ or Na+ is nearly the same,
resulting in essentially the same electrostatic potential on
Co(II) (Table 1). The redox potentials of the dications trend
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