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ABSTRACT: The synthesis of Mn,LAc", Zn,LAc", and H,L* ) J 3
is described, where L is a tetrakis-Schiff base macrocycle formed - ‘a Fragl 2
using 4-tert-butyl-2,6-diformylphenol and 2,2'-diamino-N-meth- ) g r .‘ ==", ]

yldiethylamine resulting in an NgO, coordination environment.
In Mn,LAc" and Zn,LAc", the two metal centers are bridged by J8 J v
an acetate ligand. [Mn,LAc](ClO,)-(DMF)ys, [Mn,LAc]- i [ 7
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H,L* by cyclic voltammetry (CV) revealed two irreversible
anodic waves that were assigned to oxidations of the phenolate
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ligands. CVs of Mn,LAc" displayed two chemically reversible anodic waves corresponding to Mn™’" oxidations, followed by
irreversible oxidations of the phenolate ligands. Interfacial electron transfer rates for the single electron oxidations from MnjLAc"
to Mn"Mn"LAc** to Mnj}'LAc* determined from digital simulation of the CVs were 0.6 and 1.1 X 107 cm s, respectively.
The sluggish interfacial electron transfer rates observed in electrochemical scans of Mn,LAc* are consistent with broken
symmetry density functional theory electronic structure calculations (B3LYP/6-311G(2df)/6-311G(d,p)) that predict large
structural rearrangements of the Mn coordination environment upon oxidation to Mn"" with associated Jahn—Teller distortions.
Titration of Mn,LAc*, Zn,LAc", and H,L** with NOPF; in acetonitrile allowed for the isolation and spectroscopic examination
of higher oxidations and were consistent with electrochemical assignments. The electrochemical and spectroscopic analysis of

these complexes will aid in future studies involving electrocatalytic processes with related dinuclear macrocycles.

B INTRODUCTION

Over the past several decades, there has been a significant
research effort in the synthesis and characterization of
biomimetic complexes resembling the oxygen-evolving complex
(OEC) in photosystem II and dimanganese catalase enzymes,
resulting in the creation many dimanganese, trimanganese, and
tetramanganese coordination clusters. ~* We have recently
become interested in dinuclear tetrakis-Schiff base-type
complexes as potential electrocatalysts, because of their relative
ease of synthetic tunability and their geometric arrangement of
two adjacent coordination sites for substrate molecules bound
to redox active metal centers.” '° In 1970, Robson showed that
dinuclear tetrakis-Schiff base macrocycles could be self-
assembled from 2,6-diformyl-4-methylphenol, 1,3-diaminopro-
pane, and various first-row transition-metal dications, including
Mn(I1).""* The resulting macrocycles provided an N,O,
coordination environment that placed the two metal centers
~3 A apart with adjacent coordination sites for counteranions
or solvent molecules. Following this general procedure,
numerous dimanganese tetrakis-Schiff base complexes have
been reported.”®~>* In particular, Nagata and co-workers
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described a series of carboxylate-bridged dimanganese
tetrakis-Schiff base macrocycles that employed a 2,2'-diamino-
N-methyldiethylamine backbone, resulting in an N4O,
coordination environment for the two metal centers.””"
Electrochemical analysis of the structures showed a correlation
between the redox potentials of the Mn"/™" transitions and the
substituents on the phenol ring and bridging carboxylate, but
little other spectroscopic information of the compounds or
characterization of higher oxidations were described. Sub-
sequent studies showed promising catalase activity of these
dimanganese complexes toward H,0, clisproportionation.m’17
Given the reported catalase activity of these complexes and lack
of subsequent catalytic studies, we were intrigued by their
ability to act as water oxidation catalysts.

To provide a clearer understanding of the electrochemical
and spectroscopic properties of these dimanganese tetrakis-
Schiff base macrocycles, we synthesized Mn,LAc* and related
analogues Zn,LAc* and H,L*" (Scheme 1) where the tetrakis-
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Scheme 1. Synthetic Route to Mn,LAc*, Zn,LAc*, and H,L*
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Figure 1. Top view ORTEP diagrams of (a) [Mn,LAc](ClO,)-(DMF), and (b) [Zn,LAc](PF)s showing S0% probability thermal ellipsoids.
Noncoordinating anion, hydrogen, and solvent atoms are omitted for clarity. The thin dashed lines represent elongated Mn—N and Zn—N bonds
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Table 1. Crystallographic Data and Structural Refinement Parameters for [Mn,LAc](C10,)-(DMF),;, [Mn, LAc](C10,)-

(ACN),s, and [Zh,LAc](PFy)

[Mn,LAc](ClO,):(DMF),

formula C75H,00CLMn N304,

fw 1755.41

crystal system monoclinic
space group P2,/c

a [A] 12.4348(14)
b [A] 16.1580(19)
¢ [A] 21.724(3)
a [deg] 90

p [deg] 106.501(2)
v [deg] 90

V [A%] 4185.1(8)
VA 2

T [K] 100(2)

A [A] 071073

p (caled, g/cm®) 1.393

u (mm™) 0.725
reflections collected 9784

no. of observations [I > 26(I)] 8526
refln/param ratio 16.11

R1 [I > 26(D)] 0.0346
wR2? [I > 26(1)] 0. 0884
R1° (all data) 0.0407
wR2Y (all data) 0. 0924
GOF¢ on F* 1.014

[Mn,LAc](ClO,):(ACN),s [Zn,LAc](PFy)
Cr4H10sCLMnyN, 30,6 C36Hs1N6O4Zn,FP
1723.36 907.54
monoclinic monoclinic
P1 P2,/c
12.390(1) 12.290(2)
16.100(2) 16.324(3)
21.389(3) 21.628(4)
90 90
106.381(2) 106.093(3)
90 90
4093.4(9) 4169.0(12)
2 4
100(2) 100(2)
0.71073 0.71073
1.398 1.446
0.739 1.26
9607 9811
5884 7763
15.8 19.4
0.0513 0.0429
0.0963 0.1084
0.1001 0.0559
0.1110 0.1145
1.075 1.041

“RIL = (Z”Fol - ch”/leol bRW(Foz) = [Z[W(Foz - FCZ)Z/ZWF04]1/2' “GOF = [Z[W(F02 - Fcz)z]/(Nobs - Nparams)]l/z’

Schiff base macrocyclic ligand (L) provides an octadentate
N¢O, coordination site at the dinuclear core. Mn,LAc" and
Zn,LAc" were structurally characterized by X-ray crystallog-
raphy. The intermediates generated during oxidation of
Mn,LAc*, Zn,LAc*, and H,L*>* were characterized by cyclic
voltammetry, electronic absorption, and infrared spectroscopy.
These results were consistent with density functional theory
(DFT) electronic structure calculations of Zn,LAc’ and
Mn,LAc" (n =1, 2, 3, and 4) and point to intricate electronic
and structural changes involving both metal and ligand redox
states. To the best of our knowledge, this is the first thorough
spectroscopic and theoretical analysis of the higher oxidation
states, generated chemically or electrochemically, of these or
similar complexes.

B RESULTS

Synthesis. The synthesis of symmetric dinuclear tetrakis-
Schiff base complexes followed the method by Robson and
Pilkington for Mn,LAc* and Zn,LAc", where L is the tetrakis-
Schiff base ligand (Scheme 1). The method is based on a metal
templated [2 + 2] macrocyclic condensation reaction of 4-tert-
butyl-2,6-diformylphenol and 2,2’'-diamino-N-methyldiethyl-
amine with the transition-metal dications in refluxing
methanol.'> For Mn,LAc", acetate binding was achieved via
the addition of sodium acetate to the reaction solution.
Zn,LAc* was synthesized in a stepwise fashion with ZnCl, as
the metal source yielding Zn,LCI". The bridging chloride was
exchanged with the acetate anion by stirring with sodium
acetate overnight in anhydrous acetonitrile (Scheme 1). H,L**
was synthesized by the proton-templated route of Dutta et al.
with the addition of acetic acid to the reaction instead of the
metal dication.”® All compounds were confirmed by matrix-
assisted laser desorption ionization (MALDI) or electron spin

ionization (ESI) mass spectrometry, Fourier transform infrared
(FTIR) spectroscopy, and elemental analysis. In addition,
Zn,LAc*, Zn,LCI*, and H,L** were characterized by "H NMR.
Acetate binding in Zn,LAc* was confirmed by '"H NMR with
the appearance of a singlet at 2.3 ppm. In addition, two separate
peaks for the N—CH,—CH,—NCH; protons were observed at
3.73 and 3.49 ppm, consistent with the nonsymmetric ligand
structure around the dinuclear center observed with X-ray
crystallography (vide infra).

X-ray Crystal Structures. The crystal structures of
[Mn,LAc](ClO,)-(DMF),s and [Zn,LAc](PF¢)s are shown
in Figure 1, as well as Figure S1 in the Supporting Information.
Crystals of Mn,LAc" were obtained from two different solvent
mixtures (acetonitrile and DMF), but the resulting unit cells
and structures were nearly identical. The structure of
[Mn,LAc](ClO,)-(ACN),s is shown in Figure S2 in the
Supporting Information. Attempts to crystallize H,L** were
unsuccessful. Table 1 includes crystallographic data and
structural refinement parameters. Both Mn,LAc" and
Zn,LAc’ crystallize in the monoclinic space group P2,/c,
with very similar unit-cell dimensions, irrespective of counter-
ions and solvent. Typical dinuclear tetrakis-Schiff base macro-
cycles with an N,O, coordination environment yield coplanar
structures with the metal centers in roughly square planar
geometry.lz"zo’%’z7 The N¢O,-type macrocycle afforded by the
triamine backbone generates butterfly-like structures for
Mn,LAc" and Zn,LAc” and forces the metal centers into
highly distorted octahedral geometries. Similar phenomena
have been observed with other dinuclear tetrakis-Schiff base
macrocycles using a triamine backbone.">"'**** In this
geometry, only one site per metal is available for external
ligand coordination. For Mn,LAc" and Zn,LAc", these adjacent
positions are occupied by a bridging acetate ion which hold the
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Table 2. Selected Distances and Angles for Zn,LAc* and Mn,LAc"* from the X-ray Crvstallographic Analysis

Bond Distances (A)

[Zn,LAc](PFq) [Mn,LAc] (CIO4)'(DMF)0.5 [anLAC](C104)'(ACN)o.5
Znl-Zn2 3.184 Mnl1—Mn2 3.261 3.245
phenol Znl-01 2.1352(18) Mnl-01 2.1989(11) 2.1918(19)
phenol Znl1-02 2.1083(17) Mnl1-02 2.1841(11) 2.1754(18)
acetate Znl1-03 1.9893(17) Mnl-04 2.0995(11) 2.0921(19)
imine Zn1—-N4 2.099(2) Mnl1-N4 2.2013(13) 2.195(2)
amine Znl-NS§ 2.712(2) Mnl1-N5 2.60(2) 2.57(2)
imine Zn1-N6 2.062(2) Mnl1-N6 2.1992(14) 2.179(13)
phenol Zn2-01 2.1108(17) Mn2-01 2.1896(11) 2.1830(17)
phenol Zn2—02 2.1126(17) Mn2-02 2.2085(11) 2.2024(18)
acetate Zn2—04 2.0329(18) Mn2—-03 2.0949(12) 2.083(2)
imine Zn2—N1 2.107(2) Mn2—-N1 2.2022(14) 2.193(3)
amine Zn2—N2 2.400(2) Mn2—-N2 2.5512(14) 2.552(2)
imine Zn2—-N3 2.098(2) Mn2-N3 2.2126(13) 2.199(2)
Bond Angles (deg)
[Zn,LAc](PF) [Mn,LAc](ClO,):(DMF), [Mn,LAc](ClO,):(ACN)4

02-Zn1-01 74.65(7) 02-Mnl1-01 74.57(4) 74.58(7)
01-Zn2-02 75.07(7) 01-Mn2—-02 74.27(4) 74.22(6)
Zn2—01-Znl 97.14(7) Mn2—01-Mnl 95.98(4) 95.74(7)
Zn1—-02-7Zn2 97.92(7) Mn1—-02—Mn2 95.86(4) 95.65(7)

metals 3.25 and 3.18 A apart from each other, respectively. This
type of ligand environment may be advantageous for catalytic
applications, because it provides two adjacent coordination sites
on the metals for substrate binding.

Table 2 contains selected bond lengths and angles for
Mn,LAc" and Zn,LAc". The core geometries of both structures
are quite similar, except that Zn,LAc" is slightly smaller than
that of Mn,LAc", as expected based on the ionic radius of Zn**.
The phenolic oxygens are symmetrically bonded to both metal
centers with lengths averaging 2.12 A and 2.19 A for Zn—0 and
Mn—O respectively. Similarly, the imine-metal bond distances
are symmetric for both structures, averaging 2.09 A for Zn—N
and 2.20 A for Mn—N. In all structures, the amino-metal bond
distances are significantly longer than those of the imine-metal,
suggesting that these may be weak interactions. Some
asymmetry exists in the Zn,LAc* core structure as evident in
the amino N—Zn bonds at 2.40 and 2.71 A (the longer bond is
shown as a dotted line in Figure S1 in the Supporting
Information). In Mn,LAc*, the there is less structural
asymmetry with the amino Mn—N bonds ranging from 2.55
A t0 2.60 A.

Magnetic Susceptibility. The molar magnetic suscepti-
bility of Mn,LAc" in the solid state was measured by Gouy’s
method at room temperature . The i ¢ value obtained was 7.76
U, which is lower than the expected value for an ferromagneti-
cally coupled high spin (Mn"), system (S = 10/2). This
suggests a weak antiferromagnetic interaction between the Mn"
centers in Mn,LAc”. This is further supported by the DFT
electronic structure calculations of Mn,LAc"" (n = 1, 2, 3, and
4) (vide infra). Similar weak antiferromagnetic interactions
between Mn”* ions have been observed for tetrakis-Schiff base
macrocycles with NqO, and N,O, coordination environ-
ments.">'"®7>3 It has been theorized that the weak anti-
ferromagnetic coupling in the di-Mn** is a result of the
relatively large ion size and longer bond distances, in
comparison to other first-row transition-metal dications such
as Fe?*, Co®", Ni**, and Cu®', where the coupling increases as
the ion size decreases.”!

Electrochemistry. The electrochemistry of Mn,LAc",
Zn,LAc’, and H,L*" were examined by cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) in anhydrous
dichloromethane (DCM) and acetonitrile (ACN). Representa-
tive CV and DPV scans for Mn,LAc", Zn,LAc*, and H,L** are
shown in Figure 2, and the electrochemical data are compiled in
Table 3. All potentials are referenced versus ferrocene/
ferrocenium (Fc®*). By comparing the electrochemistry of
Mn,LAc*, Zn,LAc*, and H,L*, we were able to identify the
redox couple responsible for each of the oxidations.

Cyclic voltammograms of Zn,LAc* in anhydrous DCM
(Figure 2d) showed two irreversible oxidation waves within the
electrochemical solvent window at E,,, = 1.06 (peak III) and
122 V vs F¢”* (peak IV). Similarly, cyclic voltammograms of
H,L* in anhydrous DCM (Figure 2e) also displayed two
irreversible oxidation waves at E;/, = 0.89 (peak III) and 1.26 V
vs Ec”* (peak IV). Since the central Zn atoms are redox
inactive within the experimental conditions, we can consider
the above oxidations to be ligand-centered, specifically to the
oxidation of phenolate moieties to corresponding phenoxyl
radicals.’**" Salen-type complexes are known to generate
phenoxyl radicals by oxidation of the phenolate moi-
etieg 283036

CVs of Mn,LAc" in anhydrous ACN are presented in Figure
2b. Two quasi-reversible oxidation processes are detected at
E;, = 003 and E,;, = 048 V vs F”* (waves I and II,
respectively). Comparison of the voltammetric and chronoam-
perometric responses of these waves at a glassy carbon
microelectrode confirm these are single electron processes (n
= 1) and yield a diffusion coefficient of 8.7 X 107¢ em?/s.%”
These electrochemical waves are consistent with those reported
by Tkawa et al. for a similar complex™ and are assigned as the
sequential single electron oxidations of MnjLAc" to
Mn"Mn™LAc*" and then Mn'LAc.

Scanning further to more-positive potentials reveals two
more irreversible oxidations at 1.36 and 1.57 V vs Fc* (waves
III and IV, respectively). Oxidative wave III is also discernible in
anhydrous DCM (Figure 2c), but unfortunately the fourth
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Figure 2. (a) Differential pulse voltammetry (DPV) scan of Mn,LAc"
(1 mM) in ACN. (b) Cyclic voltammograms of Mn,LAc* (1 mM) in
ACN. (c) Cyclic voltammograms of Mn,LAc* (1 mM) in DCM. (d)
Cyclic voltammogram of Zn,LAc* (1 mM) in DCM. (e) Cyclic
voltammogram of H,LAc** (1 mM) in DCM. All cyclic voltammetry is
performed at 298 K with TBAPF, supporting electrolyte at v = 100
mV/s, glassy carbon working electrode, and platinum wire counter
electrode. Arrows indicate the initial scan direction.

oxidation (Peak IV) is not observable within the electro-
chemical window of the solvent. Comparing the electro-
chemistry of Mn,LAc" (Figure 2c) with Zn,LAc* and H,L** in
anhydrous DCM, we observed a close overlap of peak III at
~1.26 V vs Fc”*. Such close agreement of this wave in the
voltammograms for Mn,LAc” and Zn,LAc’ suggests the
origins of peaks III and IV to be oxidation of the phenolate
moieties to phenoxyl radicals, although oxidation of the Mn
centers to Mn'" cannot be ruled out at this point. The higher
charge density of the Mn'™, core in Mny"LAc*, compared to
Zn,LAc", shifts the phenolate oxidations to a slightly higher
potential. Similar manganese(IIl)-phenoxyl radical sg)ecies in
salen-type complexes have been reported previously.>"**
The relatively large potential difference between the Mn
redox transitions (waves I and II) for Mn,LAc* (AE;_; = 450
mV) can be attributed in part to the strong electronic coupling
between the two Mn centers as a result of their close proximity
in the N4O, core. For Mn,LAc", the equilibrium constant (K_)

11/111

Table 3. Electrochemical Data for Mn,LAc", Zn,LAc", and
H,LAC** (V vs. Fc®*)

Redox Process

compound solvent 1 11 11 v
H,LAC*
Ey, (V) DCM 0.89% 1.26°
Zn,LAc*
Ey, (V) DCM 1.06° 1.22°
Mn,LAc*
E, (V) DCM 021 0.64 1.23%¢
AE, (mV)? DCM 270 150
k° (X 107 em/s)*  DCM 0.4 1.0
Mn,LAc*
E, (V) ACN 0.03 048 1.23¢ 1.44°
AE, (mV)? ACN 280 190
k° (X 1073 cm/s)¢ ACN 0.6 1.1 66 75

“Data obtained in dichloromethane (DCM) or acetonitrile (ACN)
with 0.1 M TBAPF, as supporting electrolyte, using a glassy carbon
working electrode, platinum wire counter electrode, and silver wire
b P . . c .
pseudo-reference electrode. “Irreversible oxidation wave. “Overlapping
waves. “Anodic—cathodic peak spliting at 100 mV/s. “Interfacial
electron transfer rate constant obtained from digital simulation of
cyclic voltammograms.

for the comproportionation reaction can be calculated from eq
1.38

- L™ ™ exp[ (B, - EI)F]

© [Mn'L][MnL] RT (1)

For Mn,LAc", the calculated K, values of 5.8 X 10° in DCM
and 4.0 X 107 in ACN suggest strong electronic interaction
between the Mn centers. Such high K_ values are comparable
with those reported for mixed-valence species with strong
electronic coupling between metal redox centers spanned by
rigid spacers.*’~**

Redox processes I and II for Mn,LAc* show a significant
increase in peak splitting at higher scan rates as shown in Figure
3. This type of deviation from ideal voltammetry indicates slow
heterogeneous electron transfer and high reorganizational
energies associated with these redox transformations.*>**
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Figure 3. Cyclic voltammograms of Mn,LAc* (1 mM) in anhydrous
DCM at scan rates of 70 mV/s (dark red), 100 mV/s (orange), S00
mV/s (green), and 1000 mV/s (dark green) using a glassy carbon
working electrode. The arrow indicates the initial scan direction.
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Digital simulation of the cyclic voltammograms in Figures 2 and
3 allowed us to extract the interfacial electron transfer rate
constants (k°) for these electrode processes (see Table 3).
Simulated CVs at various scan rates are shown in Figure S3 in
the Supporting Information. The relatively slow values of k° are
consistent with the assignment of these waves as sequential
oxidations of Mn" centers, as the resulting Mn" would cause
significant geometry changes of the Mn-phenoxo core
associated with a Jahn—Teller distortion.

Electronic Absorption Spectroscopy. The ground-state
electronic absorption spectra of Mn,LAc", Zn,LAc?, and H,L**
are shown in Figure 4. All three tetrakis-Schiff base macrocycles
exhibit three primary absorbance bands in the UV—vis region at
~220, 250, and 360—440 nm. The close similarity of the
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Figure 4. Comparison of UV—visible absorbance spectra of (a) H,L*,
(b) Zn,LAc", and (c) Mn,LAc" in ACN at 0 °C and higher oxidation
states generated by stoichiometric additions of NOPFq.

spectra for these complexes suggests that the optical transitions
are localized on the ligand framework. The lack of other
absorption bands in the visible region is consistent with the
absence of d—d transitions for the spectroscopically silent Zn"
(d") and Mn" (high spin d°) metal centers. The intense
absorption bands around 250—260 nm and 215—220 nm are
associated with the #z—z* transition of the phenolic
chromophore.***>*® The lowest energy absorption at 360—
440 nm is assigned to a m—z* transition of the ligand
framework with significant involvement of the 7 orbitals from
the azomethine group.46 Thus, this transition is expected to
have the largest dependence on the size and charge of the
coordinated metal center. H,L*", having the highest charge
density in the ligand core, shows the lowest energy for this
m—n* transition at 434 nm. The transition shifts to higher
energy (380 nm) in both Mn,LAc* and Zn,LAc" as the metal
centers have similar charge densities.

The sizable difference in oxidation potentials from the
electrochemistry measurements allows near quantitative iso-
lation of the one-electron-oxidized intermediate steps for
Mn,LAc*, Zn,LAc, and H,L**. Included in Figure 4 are the
electronic absorption spectra of higher oxidation states for
these complexes obtained in anhydrous ACN at 0 °C with
nitrosonium hexafluorophosphate (NOPF;) as an oxidizing
agent. Distinct isosbestic points were observed during the
titrations with NOPF, indicating complete oxidation of the
intermediates without any dissociation or decomposition (see
Figures S4—S6 in the Supporting Information). The lack of
new vibrational bands associated with Mn-NO in the IR spectra
for Mn,LAc" suggests that acetate coordination was not
effected during oxidation (vide infra). In addition, the lack of an
absorption band at 352 nm for 4-tert-butyl-2,6-diformylphenol
indicates the one-electron-oxidized intermediates are stable
over the course of the experiment.*’

Only one oxidative transformation was observed for H,L**
(see Figure 4a, as well as Figure S4 in the Supporting
Information) with the addition of 1 equiv of NO*, resulting in a
red-shift of the band at 434 nm to 450 nm and a simultaneous
appearance of a doublet at ~252—284 nm. We are unable to
produce H,L*, suggesting the redox potential of NO* is not
sufficient for further oxidation beyond H,L**. The ground-state
absorbance spectrum of Zn,LAc* (Figure 4b) shows three
transitions at 382, 252, and 217 nm. Spectrophotometric
titration of Zn,LAc* with NO* produced two oxidative
transitions at 1 and 2 equiv (see Figure S5 in the Supporting
Information). The spectrum for Zn,LAc*" resulted in a red-
shift of the absorbance band at 358 nm to 410 nm, a decrease in
absorbance at 252 nm, and the appearance of a new shoulder in
the absorbance band at 274 nm. Continued oxidation to
Zn,LAc* results in another red-shift of the lowest energy band
from 410 nm to 450 nm and the appearance of a distinct
doublet at 246 and 284 nm. Since the central Zn metals are
redox inactive at these potentials, the new transitions are
assigned to oxidations of the phenolate ligands.

Spectrophotometric titration of Mn,LAc* with NO™ revealed
four distinct redox transitions corresponding to the single
electron oxidations of Mn,LAc* to Mn,LAc*" (see Figure 4c, as
well as Figure S6 in the Supporting Information). Based on the
electrochemical assignments above, the first two oxidations are
associated with a red-shift of the absorbance band at 378 nm for
MnyLAc* to 416 nm for Mn"Mn™LAc** and at 430 nm for
Mnj'LAc*. The red-shift of this absorption band is consistent
with the involvement of the 7 orbitals from the azomethine
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Figure 5. Comparison of FT-IR spectra of Mn,LAc* (black), Zn,LAc* (red), and H,L** (blue) in a KBr pellet.
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Figure 6. FT-IR spectral changes upon chemical oxidation of Mn,LAc" with stoichiometric additions of NOPFq.

groups for this transition and the increasing positive charge of
the metal centers.** Two additional absorbance transformations
are observed upon the addition of 3 and 4 equiv of oxidant,
corresponding to oxidation waves III and IV observed
electrochemically (Figure 2b), resulting in a further red-shift
of the lowest energy transition. In addition, a doublet at ~246—
284 nm appears following these oxidations, similar to the initial
oxidations of Zn,LAc* and H,L*". Given the striking
similarities between the third and fourth spectral transitions
of complex Mn,LAc" with that of the first two transitions for
complex Zn,LAc*, we can ascribe the later two transitions in
Mn,LAc" resulting from the sequential oxidation of the
phenolate moieties. During the course of this experiment, it
has been observed that Mn,LAc** and Mn,LAc** are stable
over a period of 5—6 h at room temperature, whereas the
higher oxidation states corresponding to Mn,LAc* and
Mn,LAc** are only stable over a period of an hour at 0 °C.
Moreover, the chemical oxidations were found to be reversible
using bis(cyclopentadineyl) cobalt(II) as the reducing agent, in
anhydrous ACN at 0 °C (see Figure S7 in the Supporting
Information).

Infrared Spectroscopy. Figure S displays the IR spectra of
Mn,LAc*, Zn,LAc", and H,L** obtained in a KBr pellet and
are consistent with the tetrakis-Schiff base macrocycles. All
three show expected peaks for C=N (v = 1641-1629 cm™"),
phenyl C—C (v = 1539 cm™), and phenolic C—O stretch (v =
1340 cm™)."* In addition, Mn,LAc*, and Zn,LAc* display
peaks for the bridging acetate ligand at v, = 1577 cm™" and v
= 1440 cm™'. A difference of 137 cm™' between the
antisymmetric (v,) and symmetric stretching (r,) of the
carboxylate is consistent with the bidentate bridging mode
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bonding of the acetate ion observed in the X-ray crystal
structure.*

The higher oxidation states of Mn,LAc" were also examined
in acetonitrile-d;, using NOPFy as an oxidizing agent (Figure
6). The close match between the FT-IR spectra of Mn,LAc" in
KBr disk and CD;CN solution indicates the bridging acetate is
not replaced by acetonitrile over the time scale of the
experiment (hours). No additional vibrational bands were
found for Mn—NO intermediates, suggesting that acetate
coordination was not affected during oxidation. The structural
changes at the central core of the tetrakis-Schiff base
macrocycles for Mn"Mn™LAc** and Mn}'LAc** strongly
influence the C=N and phenolic C—O stretching frequencies.
As shown in Figure 6, the first two oxidations of Mn,LAc" are
accompanied by a shift of the C=N stretch from 1641 cm™" to
1668 cm™' and disappearance of the doublet. As the central
Mn(Il) are oxidized to Mn(IIl), the stronger binding
environment and decrease in Mn d-orbital backbonding
induces a shift in the C=N stretch to higher energies.
Oxidation to Mn,LAc* and MnLAc%" results in a shift and
increase in the phenolic C—O stretch at v = 1340 cm ™' to 1308
cm™,

Electronic Structure Calculations. Density functional
theory electronic structure calculations were performed on
Zn,LAc*, Mn,LAc*, Mn,LAc*", and Mn,LAc* to predict the
geometric structures of the various oxidation states where
crystallographic information is not available. The structures
were optimized using the B3LYP functional with the 6-
311G(d,p) basis set for Zn, Mn, C, N, and H, and 6-311G(2df)
for O. Mn,LAc*, Mn,LAc**, and Mn,LAc* were optimized
using the broken symmetry (BS) formalism***® to model the
antiferromagnetic coupling between Mn centers.">'*™** The
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Figure 7. BS UB3LYP/6-311g(d,p)/6-311g(2df) geometry optimized structures for Mn,LAc*, Mn,LAc**, Mn,LAc*, and Mn,LAc*. The dashed

lines represent elongated bonds in the structure.

geometry optimized structures for Mn,LAc’, Mn,LAc*,
Mn,LAc** and Mn,LAc* are shown in Figure 7 and
Zn,LAc" in Figure S8 in the Supporting Information. Relevant
bond distances and angles are included with those obtained
from crystallographic data in Table S1 in the Supporting
Information. The B3LYP/6-311G(d,p)/6-311G(2df) level of
theory is able to reproduce the crystallographically determined
geometry of Mn,LAc" and Zn,LAc" quite well.

The calculated structure for Mn"Mn""LAc** shows a
significant contraction of the coordination site around the
Mn™ center, compared to that of MnyLAc*. In addition, there
is an elongation of one of the Mn"-phenolate bonds by 0.41 A
resulting in significant asymmetry of the di-Mn-phenoxo core.
Further oxidation to MnIHLAc3+ yields a contraction of the
ligand around the second Mn" center, but also an elongation of
a Mn-phenolate bond. In Mn}"LAc**, each Mn™ ion has one
short (1.92 A) and one long (2.47 A) Mn-phenolate bond as
expected for the Jahn—Teller distortion of the d* centers. The
large structural changes observed computationally for the Mn,-
phenolate core throughout oxidation from MnjLAc’ to
Mn"Mn™LAc** to Mnj'LAc* are consistent with the high
reorganization and slow heterogeneous electron transfer rates
measured electrochemically. The calculated structure for
Mnj"L°Ac** reveals even more distortion in Mn,-phenolate
core with a significant elongation of one of the Mn—O bonds.
The Mulliken spin populations (included in Table S2 in the
Supporting Information) for Mn,LAc*, Mn,LAc*, and
Mn,LAc*" revealed that >99% of the spin density is localized
on the two Mn centers, as expected for the metal-centered
oxidations. Upon further oxidation to Mn,LAc*', the spin
density remained roughly the same on the Mn centers, but
increased significantly on the ligand framework, consistent with
phenolate oxidation to the phenoxy radical.

In the calculated structures for Mn,LAc’, Mn,LAc**, and
Mn,LAc*" described above, the antiferromagnetically coupled
low-spin state is favored by a small amount (92, 56, and 101
cm™, respectively), while in Mn,LAc*, it is somewhat higher
(977 cm™") due to the strong coupling of the ligand radical to
one of the Mn centers. The effective exchange parameter (J) for
the magnetic interaction between Mn centers can be estimated
from the DFT calculations, according to eq 2:

EHS _ pLS
(85— (8% @)

where E is the energy and (82) is the expectatlon value for the
high-spin (HS) and low-spin (LS) states.’”*" The estimated
values of ] were —3.7, —2.8, —6.3, and —48.5 cm™' for
Mn,LAc?, Mn,LAc*, MnZLAc3+, and Mn,LAc*, respectively.

The weak antiferromagnetic coupling calculated for Mn,LAc" is
consistent with the room-temperature magnetic susceptibility
measurement (7.76 yi) that is intermediate between the HS (S
= 10/2) and LS (S = 0) states. Overall, the weak
antiferromagnetic coupling of Mn,LAc*, Mn,LAc*', and
Mn,LAc*" are consistent with the low charge on the metal
centers and the twisted geometry of the Mn-phenoxo core that
places the orbitals of the phenolate oxygens out of plane with
the coordinated Mn ions.*!

Finally, time-dependent density functional theory (TD-DFT)
calculations were performed on Mn,LAc"*" (n = 1, 2, 3) in both
the BS and HS configurations with the Polarizable Continuum
Model (PCM) applied to include effects from the solvent
(ACN). The resulting spectra are shown in Figure S9 in the
Supporting Information and reveal a multitude of transitions in
the UV-vis region. The spectra of Mn,LAc" is reasonably
modeled with several intense transitions in the range of 375—
425 nm that are primarily associated with the ligand framework,
closely matching that observed experimentally. TD-DFT
spectra for Mn,LAc**, and Mn,LAc*" show ligand-centered
transitions that are red-shifted compared to Mn,LAc", but the
relative intensities of the peaks are reduced significantly.

B CONCLUSIONS

Incorporation of the 2,2'-diamino-N-methyldiethylamine back-
bone into a tetrakis-Schiff base macrocycle provides an NO,
coordination environment for two transition-metal dications
such as Mn*" and Zn*". This ligand environment induces a
highly distorted butterfly-like structure that presents two
adjacent coordination sites on the metal centers that are
bridged by acetate ions. Comparison of the electrochemical and
spectroscopic properties of Mn,LAc*, Zn,LAc*, and H,L**
point to intricate electronic and structural changes involving
both metal and ligand redox states. Electrochemical or chemical
oxidation of Zn,LAc* and H,L** are consistent with redox
changes of the phenolate ligands. On the other hand, oxidation
of Mn,LAc" first involves two Mn" to Mn™ transitions before
oxidation of the phenolate ligand framework. The sluggish
interfacial electron transfer rates observed in electrochemical
scans of Mn,LAc" are consistent with density functional theory
(DFT) electronic structure calculations that predict a large
structural rearrangement of the Mn coordination environment
upon oxidation to Mn™ with associated Jahn—Teller
distortions. To the best of our knowledge, this is the first
thorough spectroscopic characterization of chemically gener-
ated higher oxidation states, correlated with electrochemical
data, of di-Mn and Zn tetrakis-Schiff base macrocycles. This
information will aid in future mechanistic studies of electro-
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catalytic processes involving these and related dinuclear
complexes.

B EXPERIMENTAL SECTION

General Methods. NMR spectra were obtained on a Varian 500
MHz spectrometer, and the chemical shifts were referenced to the
standard solvent shift. MALDI-TOF MS were obtained on a Bruker
Ultraflex III. ESI MS were obtained on a Thermo Electron Finnigan
TSQ Quantum Ultra. Elemental analysis were obtained from Atlantic
Microlabs, Inc. (Norcross, GA). Electronic absorption spectra were
taken on a Perkin—Elmer Lambda 950 or Agilent 8453A
spectrophotometer at 0 °C with a 1.0 cm quartz cell under a nitrogen
atmosphere.

Materials. 4-tert-Butyl-2,6-diformylphenol was purchased from
Sigma—Aldrich and was purified by column chromatography on silica
gel, eluting with dichloromethane. 2,2’-diamino-N-methyldiethylamine
was purchased from TCI and used as received. All other chemicals and
solvents employed in this work were of the highest purity available
from Aldrich and Fluka. Anhydrous acetonitrile and dicholoromethane
were purified by recirculating the nitrogen-purged solvent through a
solid-state column purification system (Vacuum Atmospheres
Company, Hawthorne, CA) prior to use.*” Tetrabutylammonium
hexafluorophosphate (TBAPF,, Acros) was recrystallized twice from
hot ethanol before use in electrochemical experiments.

[Mn,LAC](CIO,). Mn(ClO,),-6H,0 (200 mg, 0.55 mmol), 4-tert-
butyl-2,6-diformylphenol (100 mg, 0.48 mmol) and sodium acetate
(97 mg, 1.18 mmol) were dissolved in 10 mL of methanol and purged
with nitrogen. N’-methyl-2,2-diaminodiethyldiamine (62 uL, 0.48
mmol) was added to this solution, dissolved in 1 mL of methanol,
added dropwise while stirring. The mixture was refluxed for 1.5 h
under nitrogen, then cooled and the volume of the solvent reduced
under reduced pressure to ~2—3 mL. The resulting solution was kept
at 0 °C for 24 h which yielded the yellow crystalline product. This was
filtered and washed with cold methanol followed by anhydrous diethyl
ether to obtain [Mn,LAc](ClO,) (mass 157 mg, 70% yield).

[Caution: Perchlorate salts of metal complexes with organic ligands are
potentially explosive. Only small quantities of these compounds should be
prepared and handled behind a suitable protective shield.] MALDI MS:
m/z = 741.1 [M—ClO,]*. ESI MS: m/z = 7413 [M—ClO,]*. Anal.
Caled. for C3HgNzOgMn,CI(H,0): C, 50.33; H, 6.21; N, 9.78;
Found: C, 50.45; H, 6.16; N, 9.77.

[Zn,LCII(PFg). ZnCl, (40 mg, 0.29 mmol), 4-tert-butyl-2,6-
diformylphenol (56 mg, 0.27 mmol), and triethylamine (38 uL, 0.27
mmol) were dissolved in 10 mL of ethanol and degassed with
nitrogen. N’-methyl-2,2"-diaminodiethyldiamine (35 yL, 0.27 mmol)
was added to this solution, in 1 mL of methanol, added dropwise while
stirring. The mixture was refluxed for 1 h and tetrabutylammonium
hexafluorophosphate (78 mg, 0.2 mmol) was added. This mixture was
then stirred for an additional 30 min. Upon cooling, a pale-yellow
precipitate formed, which was filtered and washed with cold methanol
and anhydrous ether. The precipitate was recrystallizing from DCM by
addition of diethyl ether to obtain [Zn,LCI](PF,) (101 mg, 77%
yield). MALDI MS: m/z = 735.1 [M—PF]*. '"H NMR (500 MHz,
DMSO, 25 °C) & 8.57 (s, 4H, HC=N), 7.58 (s, 4H, ArH), 3.58
(broad s, 8H, N—CH,—CH,—NCH,), 2.75 (broad s, 8H, N—CH,—
CH,—NCH,;), 2.35 (s, 6H, NCHj;), 1.27 (s, 18H, t-butyl).

[Zn,LAC](PFg). [Zn,LCII(PFe). (30.0 mg, 0.034 mmol) was
dissolved in 10 mL of a 3:1 acetonitrile—methanol mixture. Sodium
acetate (4.0 mg, 0.041 mmol) was added to this solution in 1 mL of
methanol and stirred for 20 h under nitrogen. The solvent was
removed under reduced pressure and the solid was extracted with
DCM, filtered to remove the NaCl byproduct, and layered with
hexanes to obtain a light yellow precipitate of [Zn,LAc](PF,) (21 mg,
70% yield). MALDI MS: m/z = 759.2 [M—PF¢]*. '"H NMR (500
MHz, DMSO, 25 °C) & 8.53 (s, 4H, HC=N), 7.53 (s, 4H, ArH), 3.73
(s, 4H, N—CH,—CH,—NCHS,), 3.49 (m, 4H, N—CH,—CH,~NCHj),
2.84 (q, 8H, N—CH,—CH,—NCH,;), 2.39 (s, 6H, NCHj;), 1.94 (s, 3,
CH;COO0), 1.25 (s, 18H, t-butyl). Anal. Calcd. for
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CyeHy N4O,Zn,PFs: C, 47.64; H, 5.66; N, 9.26; Found: C, 47.70;
H, 5.57; N, 9.41.

[H,L1(CIO,),. 4-tert-Butyl-2,6-diformylphenol (100 mg, 0.48 mmol)
and sodium perchlorate (539 mg, 4.4 mmol) were dissolved in 10 mL
of methanol and degassed with nitrogen. Acetic acid (69 uL, 1.2
mmol) was added with stirring. N’-methyl-2,2’-diaminodiethyldiamine
(62 uL, 0.48 mmol) was added to this solution, in 1 mL of methanol,
added dropwise under nitrogen, and the mixture was refluxed for 3 h.
After cooling, the solution was concentrated under reduced pressure
and kept overnight at 0 °C. The product separated as a dark orange
precipitate and was collected by filtration and washed with cold
ethanol and anhydrous ether (107 mg, 57.7%). MALDI MS: m/z =
575.3 [M—H*-2ClO,]*. '"H NMR (500 MHz, CD;CN, 25 °C) §
13.26 (broad s, 4H), 8.19 (s, 4H, HC=N), 7.52 (s, 4H, ArH), 3.80 (s,
8H, N-CH,—CH,—NCHj,), 2.92 (s, 8H, N—CH,—CH,—NCHS,), 2.46
(s, 6H, NCH;), 1.17 (s, 18H, t-butyl). Anal. Calcd. for
CyHNO,Cly: C, 45.72; H, 6.09; N, 9.41. Found: C, 46.66; H,
5.99; N, 9.60.

Crystal Structure Determinations and Refinement. Crystals of
[Mn,LAc](ClO,) suitable for X-ray crystallography were obtained via
two different methods. One batch was obtained by slow diffusion of
diethyl ether into a [Mn,LAc](ClO,) solution of dimethyl formamide,
and the second set was grown by slow diffusion of diethyl ether into a
methanol—acetonitrile solution of [Mn,LAc](ClO,). Crystals of
[Zn,LCl](PF;) suitable for X-ray crystallography were obtained by
slow diffusion of ether into a dimethylformamide saturated solution.
Data collection was performed on a Bruker SMART APEX CCD-
based X-ray diffractometer with graphite-monochromated Mo Ka
radiation (1 = 0.71073 A) at T = 100(2) K. The frames were
integrated with the Bruker SAINT software package®® and data were
corrected for absorption effects using the empirical method
SADABS.>* The structure was solved by direct methods and refined
using the Bruker SHELXTL software package.>*® H atoms were
included at idealized positions using the riding model. Crystal data for
[Mn,LAc](ClO,) and [Zn,LCl](PF) are shown in Table 1. In both
structures of [Mn,LAc](ClO,), there is disorder in the position of the
ClO,” counterion and solvent of crystallization. Moreover, there is
some disorder in the tert-butyl groups and N’-methyl-2,2'-
diaminodiethyldiamine backbone on one-half of the molecule. All
disorders in these structures were individually modeled where
necessary.

Magnetic Susceptibility. The magnetic susceptibility of
[Mn,LAc](ClO,) was measured on a Johnson Matthey (Markl)
magnetic susceptibility meter by Gouy’s method at room temperature
(298 K) and corrected for diamagnetic contributions using Pascal’s
constants.

Electrochemistry. All cyclic voltammetric experiments were
performed and analyzed using a Model CHI440A (CH Instruments,
Austin, TX) potentiostat. Electrolyte solutions (0.1 M tetrabutylam-
monium hexafluorophosphate (TBAPF()) were prepared with
anhydrous solvents and deoxygenated with nitrogen prior to use. A
Pt wire was used as the counter electrode and a glassy carbon
macrodisk electrode was used as the working electrode. A silver wire
was used as a pseudoreference electrode with ferrocene (purified by
sublimation) added as an internal reference at the end of each
experiment. All experiments were run under a nitrogen atmosphere.
DPV scans utilized the following: step potential, 4 mV; amplitude, 50
mV; pulse width, 100 ms; and pulse period, 300 ms. Digital
simulations of the cyclic voltammograms for Mn,LAc* were
performed using the software associated with the CH Instruments
Model CHI440A potentiostat using the experimentally derived
diffusion coeflicient.

Computational Details. Electronic structure calculations were
conducted using the Blacklight supercomputing resource, which is part
of the facilities of the National Science Foundation Teragrid
Computing System at the Pittsburgh Supercomputer Center.
Geometry optimizations for Mn,LAc*" (n 1, 2, 3, 4) and
Zn,LAc* were carried out using density functional theory (DFT), as
implemented in Gaussian 09, Revision C.01.% Initial geometries were
taken from X-ray crystal structures and the tert-butyl groups were
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replaced with methyls to reduce computational time. Becke’s three-
parameter hybrid functional®®~®" with the LYP correlation functional®
(B3LYP) was used with the 6-311G(2df) basis sets for O, and the 6-
311G(d) basis sets for Mn, Zn, C, N, and H. For Mn,LAc™ (n = 1, 2,
3, and 4), the initial geometry optimizations were performed in the gas
phase for the high-spin state (ferromagnetic interactions between Mn
ions), and the low energy conformations were confirmed by frequency
analysis. The geometries were further optimized in the broken
symmetry formalism*”*° using the fragment option in Gaussian 09 to
model the antiferromagnetic coupling between Mn ions.'®'® Table S3
in the Supporting Information contains Cartesian coordinates and
ZPE corrected total energies of the optimized structures. Finally, the
lowest 100 electronic states were predicted by TD-DFT with the
Polarizable Continuum Model (PCM) applied to include effects from
the solvent (acetonitrile).

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic data in CIF format; ORTEP diagram for
[Mn,LAc](ClO,)-(ACN),s; digital simulation of CVs of
Mn,LAc*; spectrophotometric titrations of H,L**, Zn,LAc",
and Mn,LAc* with NOPF4 and cobaltocene; DFT geometry
optimized structure of Zn2LAc"; DFT energies and Mulliken
spin populations for Mn,LAc™ (n = 1, 2, 3, and 4); and
Cartesian coordinates of the DFT optimized structures. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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