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Abstract

The syntheses and structures of binuclear cobalt complexes of a double-pillared cofacial Schiff-base pyrrole
macrocycle (L) were determined and their activity as catalysts for the oxygen reduction reaction evaluated.
The new binuclear cobalt complex, [Co,(L)], 1 was formed in good yield using a salt-elimination method and
was characterised as adopting a cofacial structure in solution by NMR spectroscopy and as its THF and
pyridine solvates in the solid state by X-ray crystallography. Using a variety of spectroscopic techniques, this
complex was found to react reversibly with dioxygen to form a new paramagnetic complex. Furthermore, the
new aqua-hydroxy double salt [Co,(u-H30,)(py)-(L)][BF,] 2 was characterised by X-ray crystallography. In
acidified benzonitrile solution, 1 behaves as a catalyst for the selective four-electron reduction of dioxygen to

water and showed a large improvement in efficacy compared to its o-phenylene Schiff-base analogues.

Introduction

The four-electron reduction of oxygen to water is a reaction that is intrinsic to fuel cell technology,' and is
commonly catalyzed at the cathode by platinum impregnated in carbon.” However, the high loadings of this
precious metal that are required to achieve appreciable activity, combined with issues of decomposition and
deactivation through poisoning has led to a plethora of research into new catalysts derived from base metals
such as Co and Fe.”* Significantly, it has been found recently that combinations of Co and polypyrrole,” or
pyrolyzed Fe or Co nitrogen-doped carbonaceous materials® ’ exhibit activities and longevity that approach
those of Pt-based electrodes. Even with these elegant advances, the study of molecular compounds that can
catalyze oxygen reduction remains important as it can provide synthetic, structural, and mechanistic

information not available for more complex, and generally surface-based systems.

Binuclear cofacial diporphyrins and dicorroles, especially those of cobalt, have been intensively studied as
they can act as catalysts for the four-electron reduction of oxygen. Important mechanistic details of the oxygen
reduction reaction (ORR) have been elucidated through evaluation of these molecular systems, such as the
significance of the M- --M separation, the acid-base characteristics of the system, and the proposed key
involvement of the superoxo-intermediate as a director of reaction selectivity.*'> Furthermore, the second
metal, which can facilitate binuclear O, binding and adjust the pKa of dioxygen adducts so favouring four-

electron chemistry, can also be replaced by a suitable hydrogen bond donor or acid/base appendage. "
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Chart 1. The effects of ligand design on the Schiff-base pyrrole macrocycle H,L® and its bimetallic

complexes.

As alternatives to cofacial diporphyrins that are typically difficult and time-consuming to synthesize, we have
developed straightforward synthetic procedures to Schiff-base pyrrole macrocycles which, on metallation,
form similar ‘Pacman-shaped’ bimetallic structures in which the primary metal coordination sphere and
separation are well-controlled.'* These macrocycles were also developed independently by Sessler and co-
workers."> Binuclear cobalt complexes of the first generation macrocycle H,L° (Chart 1) were isolated and the
peroxo complex [Coy(u-O,)(py).(L°)] characterised structurally; the peroxo ligand was found to bridge the
two metals within the molecular cleft in a Pauling bonding mode.'® This preference for the formation of the
peroxo complex, combined with the tendency to form stable hydroxo-bridged compounds, led to poor activity
in oxygen reduction catalysis.'” Modification of the meso-substituent from methyl to fluorenyl (H,L') was
used as a strategy to minimize the formation of single-atom-bridged complexes (Chart 1 right), and promoted
the preferential formation of the superoxo cation [Cox(p1-O5)(py),(L")]" which was characterised structurally.'®
Furthermore, this complex was found to act as a catalyst for oxygen reduction, albeit less effectively than the
cofacial diporphyrin analogues. As a second modification, we have developed a new macrocyclic ligand (H4L,
Chart 1 left, and Scheme 1) in which the two Schiff-base-pyrrole Ny-donor compartments are separated by
two anthracene pillars."” This ligand modification resulted in a double-pillared, cofacial arrangement of the
PdN, compartments in [Pd,(L)] that is similar to the structures seen in complexes of single-pillared cofacial
diporphyrins. We describe here the synthesis and structures of new binuclear cobalt complexes of L, evaluate
their application as catalysts for the oxygen reduction reaction (ORR), and provide a comparison of the

catalytic activity to the earlier generation cobalt macrocyclic Pacman complexes.

Results and Discussion
Synthesis and structures of Co(II) complexes of L

The in-situ synthesis of the lithium salt [Lig(L)] in THF followed by reaction with cobalt chloride generated
the binuclear cobalt complex [Co,(L)], 1 as a red precipitate in 51% isolated yield (Scheme 1).
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Scheme 1. Synthetic route to the new Schiff-base Pacman macrocyclic complex [Coy(L)], 1.

The "H NMR spectrum of 1 in THE/C¢D; displays 11 resonances between 40 and —60 ppm, one resonance
short of the 12 expected for a paramagnetic complex of cofacial structure in which the ethyl groups adopt
endo- and exo-positions relative to the bimetallic cleft. However, the presence of two resonances at -17.1 and -
18.2 ppm for 6H each confirms that 1 adopts a cleft structure in solution. The formation of 1 is further
supported by the absence of a NH vibration in the IR spectrum and v(C=N) at 1580cm™, similar to that seen
for [Pdy(L)] (v(C=N) 1570 cm™)." Crystals of [Co,(L)][Cos(exo-THF),(L)]-3PhMe (1 and 1.THF), in which
both unsolvated and THF-solvated components were present in the asymmetric unit were grown from a
THF/toluene mixture while crystals of the pyridine adduct [Co,(exo-py),(L)]-4THF, 1.py were grown from a
mixture of pyridine, THF, and hexane. The solid state structures of both sets of crystals were determined and
are shown in Figure 1, with crystal data and selected bond lengths and angles detailed in the Supplementary

Information, Tables S1 and S2, respectively.

In the unsolvated complex 1, the double-pillared anthracenyl backbone is face-to-face n-stacked with a
shortest C-C separation between opposing aryl rings of 3.368(7) A and deviation from co-planarity of 9.8°.
The two Ny-donor planes form a bite angle of 18.1° and display a mean twist angle of 28.8°. The two pseudo-
square planar cobalt cations are located 0.05 A from their respective N,-donor planes towards the
intramolecular cavity leading to a Co3---Co4 separation of 5.471(2) A. In the solvated complexes, 1.THF and
1.py, the two N4-donor planes deviate from co-planarity by 19.8° and 16.2° for THF and pyridine-solvated
complexes, respectively, and the mean C,-twist angle between the metal-coordination plane and the
anthracenyl backbone is 30.7° and 28.6°. The two cobalt cations are separated by 5.710(2) and 5.8139(2) A in
pseudo-square pyramidal environments with the metal centers in the basal plane and the oxygen of the THF
molecule or the nitrogen of the pyridine molecule in the apical site. All solvent molecules are located in sites
exogenous to the molecular cavity which suggests that endogenous solvent coordination is inhibited. The
geometric parameters of these new cobalt complexes are very similar to those seen for the cofacial
diporphyrin complex [Co,(DPA)] in which the two porphyrin compartments are separated by a single
anthracene pillar (Table 1). It is likely that the difference seen in the bite angle between the two Ny-donor
compartments (ca. 18° vs. 3°) is due to the extra steric interactions that occur between the ethyl meso-

substituents in the [Co,(L)] complexes.
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Figure 1. Solid state structures of 1 showing unsolvated 1 (top left) and THF-solvated 1.THF (top right) from

the asymmetric unit and pyridine-solvated 1.py (bottom). For clarity, all hydrogen atoms and solvent of

crystallization are omitted (50% probability displacement ellipsoids, relative positions of 1 and 1.THF

arbitrary).

Table 1. Structural parameters for dicobalt complexes of macrocycle L

1 1.THF 1.py 2 Co,(DPA)™
Co--Co (A) 5.47 5.71 5.84 5.57 5.53
Co 0.0.p (A)™ +0.05 -0.08 -0.18 -0.06 +0.03
Twist () 28.8 30.7 28.6 243 36.6
Bite (%) 18.1 19.8 16.2 18.5 3.0
An--An (O 9.8 14.3 11.8 7.0 n/a
Can*Can (A 3.37 3.51 3.21 3.44 n/a

[a] ref *, DPA = anthracene-pillared diporphyrin; [b] distance of Co out-of-N, plane, +ve value describes

translation into cleft; [c] mean dihedral angle between anthracene and N4-donor planes; [d] dihedral angle

between opposing N,-donor planes; [e] dihedral angle between opposing anthracene pillars; [f] shortest

intramolecular anthracene C-C separation
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Reactions of 1 with O,

We have shown previously that binuclear cobalt complexes of macrocyclic Pacman ligands derived from 1,2-
substituted diaminobenzenes spontaneously and irreversibly bind dioxygen in THF and, in presence of
pyridine, can be isolated and characterised crystallographically as either peroxo or superoxo complexes.'®"® In
contrast, 1 does not react with oxygen in THF or even in neat pyridine. This behaviour is more comparable to
that seen for binuclear Co" cofacial diporphyrin complexes, which, in the absence of a bulky axial base such
as a dialkylated imidazole, do not bind dioxygen.'> *"** However, it was found that exposure of 1 to dioxygen
in PhCN caused the red solution to turn dark brown, an indication of a reaction. This reaction was monitored
by 'H NMR spectroscopy, EPR spectroscopy, UV-visible spectroscopy, and cyclic voltammetry and was

found to be reversible.

On exposure to O,, the paramagnetic 'H NMR spectrum of 1 in PhCN is replaced by a series of very weak
resonances between 25 and —20 ppm that are indicative of the formation of a small quantity of a new
paramagnetic material (Supporting Information, Figure S1). Significantly, no resonances consistent with a
diamagnetic Co"'Co" peroxo complex are seen (Equation 1), and cycling the sample back under N, results in
the re-appearance of the NMR spectrum of 1 combined with the disappearance of the weak paramagnetic

resonances. It is clear that on exposure to O,, the major product is paramagnetic and NMR silent.

The X-band EPR spectra of 1 in fluid PhCN solution under either N, or O, were silent, as was the EPR
spectrum in frozen solution under N, (Supporting Information, Figure S2). However, the frozen solution
spectrum under O, displays a broad, featureless signal at g 2.07 which is lost by cycling the sample back
under N,. Unfortunately, the lack of hyperfine makes characterization of this species difficult, although these
data preclude the formation of the superoxo cation [Co"'Co"(O,)(L)][OH] (Equation 2) as the related cobalt
cofacial diporphyrin complexes show the expected 15-line EPR spectra in both fluid and frozen solution.'"**
** In the presence of a strong axial base such as N-methylimidazole, these latter porphyrinic complexes form

1 : :
oxidation

rapidly and irreversibly on oxygenation of the Co"Co™ precursors due to stabilisation of the Co
state.”>> In our case, it is likely that PhACN,” unlike THF and pyridine, acts as an axial donor that facilitates a
degree of O, binding to form the adduct [Co"Co"(0O,)(L)] 1-O, (Equation 3). The binding of O, to 1 may arise
due to a spin state change that appears to only occur in PhCN solution. The effective moment pq of 1 is seen
to decrease from 3.55 pp in THF to 1.69 pg in PhCN, which, on binding of O,, increases slightly to 1.97 pp. In
conjunction, the linearity of PACN compared to THF and pyridine may limit its ability to coordinate within
the bimetallic cleft, so allowing an interaction with O,. As facile and reversible electron transfer reactions
have been seen previously in cofacial diporphyrin chemistry,” internal electron-transfer and subsequent

formation of the neutral, mixed-valence superoxo complex [Co"Co"'(O, )(L)]. However, more detailed EPR

data are required to be able to characterise this complex.
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The UV-visible spectrum of 1 under nitrogen consists of a broad absorption at 430 nm (In € =10.7) and a
shoulder at 355 nm (In € = 11.0) (Supplementary Information, Figure S3). Upon degassing the sample and
exposure to dioxygen, these absorptions are replaced by bands at 449 nm (In € = 10.8) and 358 nm (In € =
11.4); these spectrophotometric changes are similar to those exhibited by the porphyrinic analogues
[Co,(DPA)] and [Co,(DPB)].”’ As in the above experiments, return to the original UV-visible spectrum was
observed when the sample was placed back under an inert atmosphere, confirming the reversibility of the

dioxygen binding.

The CV of 1 under N, in PhACN (Buy,NBF,, Fc'/Fc) displays two successive and pseudo-reversible oxidations
at E, —0.34 and —0.20 V (Supporting Information, Figure S4); on scanning to potentials > +0.2 V, these

oxidations become irreversible due to a chemical transformation that occurs at higher potentials. Analysis of
the CVs of the related binuclear zinc complex [Zn,(L)]** show that no ligand redox activity occurs during the

11T . .
oxidation

same potential window. As such, these two redox events are best attributed to stepwise Co' to Co
and suggest that electronic communication occurs between the metals. On scanning to more negative
potentials, a third pseudo-reversible wave is seen at E," —2.32 V. This feature is also not observed in the Zn
analogue [Zn,(L)] and so is likely to be due to reduction of Co" to Co'. The oxidation of 1 is similar to those
of the diporphyrinic analogues. For example for [Co,(DPX)], in which the two porphyrins are separated by a
xanthene pillar, two reversible one-electron oxidations at + 0.08 and + 0.22 V (values adjusted to Fc/Fc' in
MeCN,” originally vs. SCE in PhCN) are seen and are assigned as sequential Co'/Co"" oxidations." In
contrast, for [Co,(DPA)] in which the two porphyrins are separated by an anthracene pillar, two quasi-
reversible, two-electron oxidation waves are seen at +0.00, and +0.35 V (vs. Fc/Fc¢' in PhCN). In this latter
example, this indicates that no electronic communication occurs between the oxidizing centres even though
they are separated by a similar distance.'> ** Extensive spectroelectrochemical analysis of [Co,(DPA)] led to
the assignment of the two-electron oxidation at +0.35 V as metal-based while that at 0.00 V was the result of
concurrent oxidation of the two porphyrins. Even so, all oxidized forms of [Co,(DPX)] and [Co,(DPA)] were
found to react with O, to form superoxo complexes, as evidenced by EPR spectroscopy. For 1, exposure to O,
results in the loss of all of these features in the CV and the appearance of a quasi-reversible reduction wave at
E,°~1.9 V (vs. Fc/Fc") consistent with background O, reduction by the Pt electrode. As with the above
spectroscopic data, return to a N, atmosphere causes the reappearance of the CV associated with 1, and

corroborates the reversibility of O, binding.
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Structural characterization of an aqua-hydroxy double salt

We have been unable to grow crystals of the product of the reaction between 1 and O, and so cannot confirm
its identity. However, when a dilute (mM) solution of 1 in an electrolyte mixture of PhCN, Bu,NBF, and
pyridine was exposed to air, a small number of crystals were formed and were found to be the new binuclear
Co"'Co™ complex [Coa(u-H;0,)(exo-py),(L)][BF4] 2 (Figure 2, Table 1 for characteristic geometric data, and
Supporting Information, Tables S1 and S2 for crystal data and selected bond lengths and angles, respectively);

due to the lack of material isolated, no further characterisation of 2 was made.

x> T“ S
(a) L Tﬂ (b) *4\#.4-1;
' " s I
EFF L-’F“E:m-ﬂ-?ﬁ" [y A-{“#:}J
Gl RS o

o]

= [CosHONpy AL v
[+
. ™

L.

2= gy )
*BF: [ L2
L*,Q%. ;ﬁ ,4&?/ @ '
g O 0 fgr
To o

Figure 2. X-ray crystal structure of [Co,(u-H30,)(py)2(L)][BF4]- 1.8py 2: (a) side-on; (b) face-on; (c)
depiction of molecular packing; (d) space-fill representation of the packing, view along c-axis. For clarity, all
hydrogen atoms except those on O1 and O1°, the BF, anion in the ORTEP diagrams, and solvent of

crystallization are omitted (where shown, displacement ellipsoids are drawn at 50 % probability).

As with the complexes described above, 2 adopts a double-pillared Pacman structure in which the two CoNy4
donor compartments are approximately cofacial and splayed apart by 18.5°, the anthracenyl backbones are -
stack with a shortest C-C separation of 3.443(6) A, and the molecule has a crystallographically-imposed C,-

symmetrical twist of 24.3°. The Co cation is octahedral with pyridine in the exogenous axial position and a
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Co1-N5 distance of 1.973(3) A that is consistent with a Co™ oxidation state.'® The endogenous coordination
sites are occupied by the aqua-hydroxy group H;O, in which one hydrogen symmetrically bridges the two
oxygen atoms; the hydrogen atoms of this latter unit were identified in the difference Fourier map and refined
with bond distance restraints and riding thermal parameters. The Co1-O1 bond distance (1.929(2) A) and
O1---O1” separation (2.455(3) A) are similar to those seen in other transition metal ‘aqua hydroxy double
salts” (TM-O 1.87-2.06 A, mean 1.93 A; O---0 2.41-2.52 A, mean 2.45 A, 22 examples).” Structural data for
two related Co complexes [{Co(en)»(X)}»(H;0,)]*" (X =NO, , SCN") have been reported and display
significantly shorter Co-O (1.906(6)/1.911(5) A) and O---O (2.412(9)/2.415(6) A) distances, respectively;™>
the longer distances seen in 2 may be a consequence of structural imposition by the macrocyclic ligand. More
recently, a dicobalt bis(aqua-hydroxy) complex of a binucleating pyridine phenolate has been characterised
structurally and exhibits asymmetric Co-O bond distances but similar O---O bond separations (average 2.442
A) to those seen in 2.*' In contrast to cobalt complexes of the variants of L, for which peroxo,'® superoxo,'®
and now aqua-hydroxy species have been characterised crystallographically, structural information for related

cobalt cofacial diporphyrin complexes that incorporate oxygen species is unknown.

Examination of the extended solid state structure of 2 reveals that an interesting hexagonal structural motif has
formed (Figures 2¢ and 2d). The assembly of three molecules of 2 through axial pyridine C-H---F-BF;
hydrogen-bonding interactions (C---F 2.84-3.00 A)* results in a three-fold node from which the hexagonal
structure evolves. The molecules are arranged such that the anthracenyl backbone alternates ‘in-to’ and ‘out-
of” the resulting cavity with the BF, anions positioned above and below the molecular planes so providing an
interlayer interaction. This results in an infinite columnar structure along the c-axis of approximately 12 A
diameter that is fully accessible to a spherical probe of 1.15 A radius along its length. This void contains
disordered and poorly-defined pyridine solvent of crystallization and also the remaining BF, anions which

could not be modelled satisfactorily and so were accounted for using the SQUEEZE routine of PLATON.

The assembly of discrete metal complexes into large, cyclic structures and metal-organic frameworks in which
the metal complex retains potential catalytic function is becoming increasingly prevalent.”” A vanadyl salen
complex was found to form a hexameric wheel structure in the solid state, in which weak O=V---O=V
interactions linked each monomer unit.”* Alternatively, cyclic structures of metal complexes have also been
generated by linking M(porphyrin) subunits through covalent interactions.”® Furthermore, we reported
recently how discrete Co Pacman complexes derived from a ditopic Schiff-base pyrrole/polyether macrocycle
assembled into cyclic hexameric structures in the solid state through hydroxide-water-polyether hydrogen

bonding interactions.*

Oxygen reduction catalyzed by 1

A 1.0 mM solution of 1 in aerated THF was used to drop coat a glassy carbon disk and the resulting modified
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electrode assessed for catalytic oxygen reduction by rotating ring disk electrochemistry in 1.0 M CF;CO,H
(Supporting information, Figure S5). While a reduction wave consistent with O, reduction was seen at an
onset voltage of ca. + 0.25 V vs. AgCl/Ag, this feature diminished during repeat experiments and became
absent after 3 cycles; polishing the electrode and re-coating with 1 caused the signal to re-appear. During
these experiments, no current was seen at the Pt ring (normalized to 23 % efficiency) which shows that
hydrogen peroxide is not formed and implies that only four-electron reduction of oxygen to water occurs. The
loss of oxygen-reduction activity on repeat cycles is commonplace when using non-platinum metal
compounds as catalysts, including those bound in Ny-donor sets, and has been attributed to either ligand
degradation by reactive oxygen species formed during the catalytic cycle or release of the labile metal into
solution.* Methods such as high-temperature annealing have been employed to access modified electrodes that
are more stable to oxidative stress and in some cases have been particularly successful, generating electrodes
that proffer good activity over long time periods.” However, thermal degradation of the well-defined complex
makes analysis of the structure of the resulting catalytic species and the mechanism of reaction extremely
difficult.

[Fc'//mM

[Fc'UmM

0 100 200 300 400 500 tis 600

Figure 3. Production of Fc" at 620 nm (¢ =330 M'cm™) in the reduction of oxygen by Fc in acidic PhCN

solution catalyzed by binuclear cobalt Pacman complexes monitored by UV-Vis spectrophotometry ([H'] =
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[CF5CO,H]). Top: Comparison between [Co,(L°)], [Co»(L")], and 1 at various concentrations of catalyst with
CF;CO,H (standard conditions [O,] 1.7 mM, [CF;CO,H] 0.02 M, [Fc] 0.1 M, [1] 0.02 mM); bottom: variation
of acid using 1 as the catalyst (pKa in CH;CN: CF;CO,H 12; MeSO;H 8; HCIO, 2);37 dotted red line

represents the concentration of Fc™ (6.8 mM) necessary for complete four-electron reduction.

In order to gain a better understanding of the role of 1 in the ORR, in particular to probe the selectivity of the
four-electron reduction over the two-electron chemistry, oxygen reduction reactions were monitored by UV-
visible spectrophotometry in acidified PhCN solution using ferrocene (Fc) as the electron source (Figure 3).
To enable some correlation to the ORR catalyzed by binuclear cobalt cofacial diporphyins, the conditions
used were similar to those employed by Fukuzumi and Guilard,'® except that the weaker acid CF;CO,H (pKa
in MeCN = 12) was used instead of HCIO, (pKa in MeCN = 2).*” Under these former conditions, no
background reaction is seen in the absence of catalyst, unlike that observed when using the stronger acids and
which can impact on the monitoring of the reaction if the catalyzed rate is slow. The addition and rapid
mixing of a solution of CF;CO,H in PhCN to a mixture of Fc, 1, and O, in PhCN with O, as the limiting
reagent (1.7 mM) caused the production of ferrocenium (Fc"), observed in the UV-visible spectrum. The
reaction was found to be rapid, becoming asymptotic after ca. 300 s, and the average quantity of Fc" produced
during this reaction over four separate experiments, 5.78 mM, equates to 85% conversion or the transfer of 3.4
electrons per molecule of O, (Figure 3 top, best result shown). With a higher concentration of acid ([1] 0.02
mM, [Fc] 0.1 M, [O,] 1.7 mM, [CF;CO,H] 0.2 M) the production of Fc" was found to become asymptotic
within seconds. lodometric titrations of the mixtures at the end of the reaction showed that no hydrogen
peroxide is formed, corroborating that determined above by RRDE and showing that the four-electron
reduction mechanism is prevalent. Attempts to elucidate the fine detail of the mechanism of this reaction
through kinetic analysis were thwarted by the rapidity of the reaction at low concentrations of Fc and future

experiments would require the use of stopped-flow techniques.

Comparison can be made between reactions catalyzed by the double-anthracenyl-pillared complex 1 and its
double-pillared o-disubstituted benzene analogues [Co,(L°)] and [Co,(L")] which have methyl and fluorenyl-
substituents in the meso-positions, respectively. It is clear that the efficacy of 1 in the ORR is significantly
improved when compared to the other examples under all conditions. While [Co,(L")] was shown to catalyze
selectively the four-electron reduction reaction, with no hydrogen peroxide seen by iodometric titration,
complete conversion was observed only when higher concentrations of catalyst and acid were used which
suggested that the catalyst had limited turnover."® Furthermore, longer reaction times were required for the
reaction to go to completion, although the use of the more reducing Fe(CsH4Me), accelerated the rate of
reaction. In contrast, for 1, higher concentrations of either catalyst or acid lead to the completion of the

reaction within ca. 100s.
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It is also interesting to note that for 1 the four-electron reduction reaction proceeds using CF;CO,H (pKa 12)
as the source of acid and that the use of stronger acids such as MeSO;H (pKa 8) or HC1O,4 (pKa 2) results in
incomplete conversion (Figure 3, bottom). These results contrast to those seen in cofacial diporphyrin
chemistry in that ORR catalyzed by these latter complexes requires stronger acids such as HCIO, for solely
four-electron chemistry to occur,’ as the use of acids with pKa > 12 resulted in a significant drop in
selectivity. Using these latter data, it was reasoned that the basicity of the superoxide intermediate was a key
director of the catalytic cycle, i.e. protonation of a basic superoxo ligand resulted in O-O bond scission,
whereas rapid initial electron transfer generated peroxide preferentially. Using this rationale as a basis for 1, it
is therefore likely that the transiently-formed oxygenated species 1-O, contains an oxygen ligand which is
rapidly protonated, so favouring O-O bond scission in preference to electron-transfer and the ultimate
formation of peroxide. The behaviour of this complex under more strongly acidic conditions is less-easily
rationalized, but it is clear that the use of higher concentrations of catalyst promotes complete conversion of
O,, which is the limiting reagent (Figure 3). This suggests that competition occurs between oxygen-reduction
catalysis and catalyst decomposition, the latter possibly occurring through the substitution of Co®" by 2 H" by

the stronger acid, i.e. the labile metal is stripped from the ligand.

It is apparent from our previous work that the effectiveness of earlier generations of these macrocyclic
Pacman complexes in the ORR relates to disfavouring the formation of peroxide or hydroxy-bridged
complexes, features that are consistent with the porphyrinic analogues. For [Co,(L°)], there is a 90:10
preference for the formation of the crystallographically-characterised peroxo complex over the superoxide,
with no interconversion seen between these two species.'® '’ This preference for the peroxide results in an
ever-diminishing quantity of superoxo cation during the catalytic reaction and hence, even though no H,0, is

formed, this complex is not effective as a catalyst.

For [Co,(L")], the fluorenyl substituents affect the chemistry such that no peroxide complex is seen on
exposure to oxygen. In this case, only the superoxide complex [Co™,(0,)(py)(L)][OH] and the mixed-
valence complex [Co"'Co"(OH)(py)(L)], related to the superoxide complex by oxygen loss, are formed.'® EPR
measurements quantified the superoxo complex as ca. 25% of the mixture and it is likely that it is this higher
concentration of superoxo complex that makes [Co,(L")] a more effective ORR catalyst. However, the
preference for the formation of the bridged hydroxide complex over the superoxide complex clearly affects
the ORR catalysis, so necessitating higher concentrations of catalyst and acid to enable the four-electron

reduction reaction to go to completion.

In contrast to these o-phenylene-backboned macrocyclic complexes, the separation of the two Co centres
through the use of the double-anthracenyl pillars in 1 appears to inhibit the spontaneous formation of
undesired oxygenates. Furthermore, solutions of 1 in THF or pyridine are inert to oxidation. However, in
PhCN the reversible formation of a new paramagnetic compound is seen, and is reflected in this compound’s

capacity to act as an efficient catalyst for the ORR. The stoichiometric and catalytic behaviour of this
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compound is similar to that shown by the related cofacial diporphyrin complex [Co,(DPA)] in which the two
porphyrinic compartments are separated similarly by an anthracenyl spacer.”” However, catalysis by 1
proceeds using an acid with a much lower pKa, indicating that the basicity of the coordinated oxygen ligand is
higher.” Furthermore, the aqua-hydroxy complex 2, isolated from an air-exposed pyridine solution of 1 in the

presence of BF,, is a possible intermediate in the overall catalytic cycle.

Conclusions

We have shown that modular variations of structure-directing features of straightforwardly-synthesized
Schiff-base pyrrole macrocycles result in considerable changes to the chemistry of cobalt Pacman complexes
of this ligand class. By elongating the spacers between the two Ny-donor compartments from o-phenylene to
anthracene, new binuclear cobalt complexes that adopt cofacial structures are formed. Significantly, these new
complexes act as efficient and selective catalysts in PhCN solution for the four-electron reduction of oxygen
to water, displaying activity similar to that of the well-known cofacial diporphyrin analogues. The
straightforward synthesis of these macrocyclic ligands and their complexes from inexpensive starting
materials, combined with the ability to modify the catalytic activity through simple and modular ligand

variation, makes these compounds promising candidates for a variety of catalytic electroreduction reactions.

Experimental Section

The synthesis of HyL was carried out as described in the literature;'® all other chemicals were used as
purchased. Except where stated, synthetic procedures were carried out under dry nitrogen using Schlenk and
glovebox techniques (Vacuum Atmospheres Omni-Lab) and using dry solvents (THF and toluene by passage
through Vacuum Atmospheres solvent towers; pyridine was distilled from potassium and stored over
molecular sieves; CsDg was dried over potassium and trap-to-trap vacuum distilled). PhCN was pre-dried over
CaCQs, purified over activated alumina and distilled from P,Os, discarding the first and last 20 %, and was
stored under nitrogen until required. "H NMR spectra were recorded at 298 K on a Bruker AVA400, or
AVA600 spectrometer operating at 400.25 and 599.81 MHz respectively, and all spectra were referenced
internally to residual solvent resonances; due to the paramagnetism of the compounds, no °C NMR spectra
were recorded. The EPR spectra were recorded at 100 K on a Bruker EPX080 spectrometer by Dr Paul
Murray at the University of Edinburgh. IR spectra were recorded as nujol mulls on a JASCO FT/IR 460 Plus
spectrometer in the range 4000-400 cm™. The UV-Vis spectra were recorded on a Perkin Elmer Lambda 9
UV/Vis/NIR Spectrophotometer. Electrospray mass spectra were recorded using a Thermo LCQ instrument.

Elemental analyses were carried out by Mr. Stephen Boyer at the London Metropolitan University.
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Cyclic voltammograms were recorded under N, on 1.0 mM solutions of 1 in PhCN with "Buy;NBF, (0.2 M) as
the electrolyte. A conventional three-electrode cell was used made up of a working electrode of platinum wire
embedded in glass, a silver wire reference electrode and a platinum foil counter electrode. Voltammograms
were recorded at scan rates in the range 25 mV.s™ to 1.0 V.s™ using an Autolab PGstat12 potentiostat and the
data were processed in GPES manager version 4.9. All voltammograms were referenced to the

ferrocene/ferrocenium couple.

RRDE experiments were carried out in air-saturated 1.0 M aqueous CF;CO,H using a Pine Instruments RRD
setup comprising a glassy carbon disk (area = 0.192 cm?) and platinum ring, a Ag/AgCl chloride reference
electrode separated from the bulk by a salt bridge, and a platinum wire counter electrode. The platinum ring
was held at +1.0 V versus Ag/AgCl and the working electrode was rotated between 100 and 1000 rpm using a
Pine Instruments AFMSRCE modulated speed rotator. Voltammograms were recorded at 50 mV.s™ using a
PC-controlled AFCBBI1 bipotentiostat. Before each experiment, the glassy carbon disk was cleaned with
methanol, polished with 5 um alumina, sonicated in distilled water, and rinsed with MeOH before drying in
air. The disk was drop-coated with a freshly-made mM solution of [Co,(L)] in dry THF. All the
voltammograms are referenced to the Ag/AgCl reference electrode. The efficiency of the platinum ring was

determined to be 23% by analysis of the ferri/ferrocycanide redox couple.

Solution catalytic oxygen reduction experiments were carried out using a modification of the procedures
developed by Fukuzumi and Guilard.'® Typically, solutions of [Co,(L)] (1.0 mM), CF;CO,H (0.3 M), and
ferrocene (0.3 M) were prepared under nitrogen. The [Co,(L)] solution was freeze-pump-thaw degassed three
times and placed under dry oxygen resulting in [O;] = 8.5 mM. The catalytic medium was made up using
these three solutions and diluting with oxygen or nitrogen-saturated PhCN to reach the reagent concentrations
required. For example, 0.6 mL of the [Co,(L)] solution, 1 mL of the ferrocene solution and 0.4 mL of
nitrogen-saturated PhCN were placed in a UV-Vis quartz cell fitted with a septum-fitted air-tight screw cap.
Att=0s, 1 mL of the CF;CO,H solution was added through the septum affording a 3 mL reaction mixture
with reagent concentrations of [Coy(L)] = 0.2 mM, [TFA]=0.1 M, [Fc]=0.1 M and [O,] = 1.7 mM. The
mixture was shaken to homogenize and the formation of ferrocenium was monitored over time at 620 nm (&.x
Fc" =330 M .cm']). In order to assess if any H,0O, had been formed, the catalytic reaction mixture was
degassed at the end of the reaction and an aliquot (5 pL) diluted in nitrogen-saturated PhCN (3 mL), after
which Nal (ca. 25 mg, large excess) was added and the quantity of I; was determined by UV-vis
spectrophotometry at Ap.x = 365 nm (&0, = 28000 M'lcm'l).

Synthesis of [Co,(L)], 1: THF (5 mL) was added to a stirred mixture of H4L (0.200 g, 0.23 mmol) and
LiN(SiMes), (0.156 g, 0.93 mmol, 4.1 eq) at =78 °C and the mixture was allowed to warm to room
temperature. After 4 h, the resulting solution was added dropwise to a suspension of CoCl, (0.060 g, 0.46
mmol, 2 eq) in THF (2 mL) at —78°C. The resulting mixture was allowed to warm to room temperature over

16 h during which a deep red solid formed. The reaction mixture was stored at — 20 °C for 24 h after which
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the supernatant liquors were decanted and the solids dried under reduced pressure to yield 0.115 g, 51% of 1.
'H NMR (THF/C¢Dy, 599.81 MHz): 8y 35.7 (s, 4H), 23.7 (s, 4H ), 2.75 (s, 4H), -2.11 (s, 4H), -13.2 (s, 4H), -
15.5 (br.s, 2H), -16.0 (s, 4H), -17.1 (s, 6H), -18.2 (s, 6H), -31.4 (s, 4H), -55.6 (vbr.s, 2H); IR (nujol): v 1616
(w), 1580 (C=N), 1555 (C=C) cm™"; UV-Vis (PhCN, N,): Amax 355 nm (In £=11.0), 430 (shoulder, 10.7); ESI-
MS (THF-MeCN): m/z 974 (IM]", 20%, [Coa(L)]), 991 (IM + 17]", 69%, [M]" + OH), 962 ([M + 17 - 29],
100%, [M]" + OH - Et), 945 ([M - 297", 18%, [M]" - Et), 933 ([M + 17 - 58], 85%, [M]" + OH — 2Et), 916 ([M
- 58]", <1%, [M]" - 2Et) ; Analysis. Found: C, 71.43; H, 5.03; N, 11.38. CssH4sNsCo, requires: C, 71.45; H,
4.96; N, 11.49 %; pegr (THF/C¢Dg) = 3.55 B.M; per (PhCN/TMS) = 1.69 B.M.

Reactions of 1 with O,: 1 was dissolved in PhCN under N, in Teflon-tapped tubes/cells to form 1 mM
solutions for NMR and EPR experiments or alternatively 20 uM solutions for UV-Vis experiments, freeze-

pump-thaw degassed three times and exposed to oxygen.

'H NMR (PhCN/C¢Djs capillary, 400.25 MHz): Large regions are obscured by solvent signals in the aromatic
region and aliphatic region, and accurate integration was prevented by the poor quality of the spectrum. The
spectrum is mainly silent although a minor paramagnetic compound is observed at oy 20.5 (br.s), 10.1 (br.s), -
2.79 (br.s), -5.09 (br.s), -6.59 (br.s), -7.63 (br.s), -8.08 (br.s), -11.4 (br.s); pesr (PhCN/TMS, triplicate) = 1.97
B.M.; EPR (X-band, PhCN, 100 K): g ~2.07, no resolved hyperfine; UV-Vis (PhCN): A 358 nm (In € =
11.4), 449 (10.8).

Crystallographic details: X-Ray diffraction data on single crystals of [Co,(L)][Cos(exo-THF),(L)]-3PhMe (1
and 1.THF) were collected at 93 K on a Rigaku MMOO07 high brilliance RA generator equipped with Saturn
70 CCD detector using graphite monochromated using Mo Ka radiation (A= 0.71073 A) while the X-Ray
diffraction data on the two sets of single crystals of [Coy(exo-py).(L)]-4THF 1.py and [Co,(H;0,)(exo-
py)2(L)][BF4]-1.8py 2 were collected at 100 K using an Oxford Cryosystems low temperature device attached
to an Oxford Diffraction SuperNova dual wavelength diffractometer equipped with an Atlas CCD detector
and operating in a mirror monochromated CuKo radiation mode (A = 1.54184 A). Details of each data
collection and refinement are given in Table S1. The structures were solved by direct methods or using
SUPERFLIP* within the WinGX program suite’” and refined by full-matrix least square refinement on |F|*
using SHELXTL-97.* Except where stated below, all non-hydrogen atoms were refined with anisotropic
displacement parameters and hydrogen atoms were placed at calculated positions and included as part of the
riding model. The hydrogen atoms of the aqua hydroxy anion, H100 and H101, were located in the difference
Fourier map using a 2-site free-variable refinement procedure and refined with fixed thermal parameters. In
the structure of 1/1.THF, some of the toluene solvent of crystallization was disordered and some carbon
atoms (C3A3 and C3B3, C4A3 and C4B3, C4A2 and C4B2) were refined using an isotropic model. The

structure of 2 presents a disordered pyridine solvent molecule on the 2-fold axis which was refined using an
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isotropic model. In each unit cell, two BF, units could not be located and the structure exhibits large diameter
channels along the ¢ axis. The use of the SQUEEZE routine of PLATON*' revealed voids located within the
channels with a total solvent accessible volume of 1432.5 A® and 422 electrons in the unit cell. This was
attributed to two tetrafluoroborate anions (which require approximately 41 electrons each) and 8 diffuse
pyridine molecules (which require approximately 42 electrons each) in the asymmetric unit. The refinement

was much more stable after modeling with SQUEEZE.
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