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ABSTRACT: Herein we report the first study of the
oxygen reduction reaction (ORR) catalyzed by a cofacial
porphyrin scaffold accessed in high yield (overall 53%)
using coordination-driven self-assembly with no chromato-
graphic purification steps. The ORR activity was
investigated using chemical and electrochemical techni-
ques on monomeric cobalt(Il) tetra(meso-4-pyridyl)-
porphyrinate (CoTPyP) and its cofacial analogue
[Rug(nﬁ-iPrC6H4Me)s(dhbq)4(CoTPyP)2] [OTf]s (Co
Prism) (dhbq = 2,5-dihydroxy-1,4-benzoquinato, OTf =
triflate) as homogeneous oxygen reduction catalysts. Co
Prism is obtained in one self-assembly step that organizes
six total building blocks, two CoTPyP units and four
arene—Ru dlips, into a cofacial motif previously demon-
strated with free-base, Zn(Il), and Ni(Il) porphyrins.
Turnover frequencies (TOFs) from chemical reduction
(66 vs 6 h™') and rate constants of overall homogeneous
catalysis (k,p,) determined from rotating ring—disk
experiments (1.1 vs 0.05 h™') establish a cofacial
enhancement upon comparison of the activities of Co
Prism and CoTPyP, respectively. Cyclic voltammetry was
used to initially probe the electrochemical catalytic
behavior. Rotating ring—disk electrode studies were
completed to probe the Faradaic efficiency and obtain an
estimate of the rate constant associated with the ORR.

he ability to efficiently activate small molecules, such as

oxygen, is important because of the role that these
substrates play in carbon-neutral energy schemes, for example
within hydrogen fuel cells." Efforts to mimic naturally occurring
catalysts for the oxygen reduction reaction (ORR) have
motivated the study of metalloporphyrin architectures.”
Among these, cofacial systems have unique advantages over
their monomeric analogues. The presence of two metals
distributes redox and coordination number demands across two
sites, a useful feature for multielectron reactions. Furthermore,
a preorganization of the transition state of activation may occur,
which is manifested in enhanced rates of catalysis and selectivity
over monomeric porphyrins.” Because of these advantages, a
small number of covalently tethered structures have been
reported that demonstrate reactivity of relevance to the ORR.”"
Cofacial platforms are rare, in part because of the complex,
multistep covalent syntheses required to link two porphyrin
macrocycles together, typically resulting in low yields and time-
consuming purifications. The synthesis of these functionally
promising structures can be greatly simplified with the use of
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one-pot, coordination-driven self-assembly techniques, wherein
metal—ligand bond formation drives formation of the complex.”
Coordination-driven self-assembled complexes have been
broadly applied toward biomedical applications,” in host—
guest systems,” and for catalysis.” Pyridyl-functionalized
metalloporphyrins can be assembled into a cofacial conforma-
tion using an arene—ruthenium clip that forces a coplanar
arrangement of the two macrocycles by bridging the pendant
pyridyl sites (Figure 1). The synthesis of cofacial Ni(II) and

=N
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Figure 1. ORR catalysts cobalt(II) tetra(meso-4-pyridyl)porphyrinate
(CoTPyP) and [Ruy(3°-iPrCsH,Me),(dhbq),(CoTPyP),][CF;SO; ],
(Co Prism).

Zn(II) porphyrin prisms has been established by Therrien and
co-workers,””” and related self-assembled prisms are known.'’
Since the arene—ruthenium and porphyrin subunits are
independently synthesized, the resultant cofacial complexes
can be readily tuned without a total synthetic redesign, for
example by altering the Ru—Ru distance within the clip or
selecting an alternative metal in the porphyrin.'' Herein we
provide the first report of discrete self-assembled prisms that
show catalytic activity for the ORR using a monomeric Co(II)
porphyrin as a benchmark.

The arene ruthenium clip used for self-assembly is readily
synthesized from the {Ru(y®-iPrC4H,Me)(Cl),}, dimer and
2,5-dihydroxy-1,4-benzoquinone (H,dhbq).'” The chlorides of
the clip are removed prior to self-assembly by pretreatment
with AgOTH, after which the appropriate porphyrin is added to
the reaction vessel, as previously described in the literature for
the Zn porphyrin used as a control in the current work.” The
unreported Co(II) variant was obtained by initial formation of
CoTPyP via a literature route followed by self-assembly
conditions analogous to those for the Zn prism.'” The
metalation of TPyP with Co(II) was monitored by diagnostic
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Figure 2. ESLFTMS (red) and simulated (black) peaks corresponding to [Co Prism — 4OTf]* (left) and [Co Prism — 30Tf]** (right).

changes to the Q bands (collapsing to two bands from four) in
the electronic absorption spectrum (see Figures S9 and S10).
Evidence for the [2 + 4] stoichiometry of self-assembly was
obtained from electrospray ionization mass spectrometry (ESI-
FTMS). Two strong ion peaks were observed that correspond
to intact Co Prism with a loss of three (m/z = 1510.74109)
and four (m/z = 1095.56331) triflate counterions (Figure 2).
The isotopic spacing of these peaks matches the simulated
spectrum, providing strong evidence for the proposed structural
assignment.

Oxygen reduction can deliver either H,O or H,0, via four-
electron/four-proton or two-electron/two-proton pathways,
respectively. Chemical reduction experiments may be used to
determine the product distribution of homogeneous ORR
catalysts using ferrocene (Fc) as an electron source, a method
developed Fukuzumi and Guilard.”" In the absence of catalyst,
no ferrocenium (Fc*) was observed (4 = 620 nm) using
oxygen-saturated PhCN and 100 mM trifluoroacetic acid
(TFA) (see Figure S12). Figure 3 shows the concentration of
Fc' formed over time in the presence of CoTPyP or Co Prism.
No Fc* was formed using the Zn analogue of the prism (Figure
S14). Under Fc-limiting conditions, the products of the ORR
could be quantified. In the presence of CoTPyP, O,, and TFA,
Fc was completely oxidized to Fc* over the course of 7.5 h. A
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Figure 3. ORR catalysis by CoTPyP (0.04 mM, black), and Co Prism
(0.02 mM, open purple) monitored by ferrocenium formation (4, =
620 nm) in oxygen-saturated PhCN and 100 mM TFA. The inset
isolates the Co Prism data.
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Nal titration was used to determine that 1.8 + 0.064 mM H,0,
was produced over the course of the reaction.”” In the presence
of Co Prism, O,, and TFA, Fc oxidation to Fc" occurred over
1.5 h, and the Nal titration confirmed the production of 2.1 +
0.083 mM H,0O,. Under chemical reduction conditions, the
selectivity (H,O vs H,0,) and turnover frequency of CoTPyP
and Co Prism are significantly different. The cobalt loading in
each trial was normalized to 0.04 mM, and therefore, Co Prism
displayed markedly increased kinetics over its monomeric
counterpart, akin to previously observed cofacial enhance-
ment.”"” However, Co Prism showed enhanced selectivity for
H,0, (90%) versus CoTPyP (70%). The apparent turnover
frequency (TOF) for a given product'® is defined as

moles of product
TOF =

(moles of catalyst)(t) (1)

in which H,0, is the product and ¢t is the time (in hours). The
turnover frequency for H,0, of Co Prism (66 h™") is an order
of magnitude greater than that of CoTPyP (6 h™").

The onset of catalysis for both CoTPyP and Co Prism
occurs with a high overpotential, as no current response is
observed until 0 V vs Ag/AgNO; is reached. Glassy carbon
(GC) electrodes introduce background current past —0.6 V vs
Ag/AgNO; and therefore obscure the catalysis at very reducing
potentials. In previous reports it was shown that covalently
bridged Co(II) porphyrin catalysts do not interact with O, in
their neutral form and require preoxidation to enter ORR
cycles, in stark contrast to monomeric systems, wherein no
preoxidation is needed."”"> Therefore, the effect of preox-
idation on the activity of CoTPyP and Co Prism was
investigated. The CoTPyP monomer interacts with O, and
catalyzes oxygen reduction with no need for preoxidation (see
Figure S25). No significant change to the current response is
observed when initially scanning oxidizing versus reducing.

The same experiments were used to probe the effects of
preoxidation on Co Prism. Figure 4 shows current responses
that are dependent on the direction of the initial potential
sweep. Although a strong oxidation feature is not observed
when scanning toward anodic potentials, a significant change in
current response occurs. The current response observed when
the reducing potentials are applied first does not match that of
CoTPyP, indicating that when reducing potentials are applied
first, the activity is not due to each porphyrin simply acting like
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Figure 4. Cyclic voltammograms of 0.1 mM Co Prism, 100 mM
TBAPF, (TBA = tetrabutylammonium), 100 mM TFA, and oxygen-
saturated acetonitrile with initial scanning in the reducing (dashed)
and oxidizing (solid) directions. The inset shows the onset potentials.
Scan rate: 100 mV/s.

a monomeric site. Nonetheless, overpotentials are attenuated
when preoxidation is performed.

Since catalysis by CoTPyP and Co Prism occurs with high
overpotentials, it is possible for background current from the
GC electrode to compete. Previous studies of CoTPyP indicate
that it does not adsorb strongly on GC electrodes.'® Thus, the
current response associated with catalysis by CoTPyP and Co
Prism can be corrected using porphyrin-free solutions (see
Figure S33). The corrected current responses show plateau
currents that can be used to estimate k., associated with the
overall rate of homogeneous catalysis,17 using the methods of
Savéant and co-workers.'® From the rotating ring—disk
electrode (RRDE) voltammograms, we can obtain product
distributions (H,0, vs H,0O) using the equation for Faradaic
yield (eq 2):"

—— X 100

. ring
Ldisk + N

%H,0, =

)

in which i, is the current response from the Pt ring, igq is the
current response from the GC disk, and N is the collection
efficiency of the RRDE. The collection efliciency was
experimentally determined to be 0.35 (see Figure S1).'™*
Figure S shows the corrected RRDE current response of
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Figure 5. Corrected RRDE response (left) and Faradaic efficiency
(right) of 0.2 mM CoTPyP, 100 mM TBAPF,, 100 mM TFA, and
oxygen-saturated acetonitrile. The Pt ring was held at 1.5 V vs Ag/

AgNO;. Rotation rate: 2500 rpm. iy = 6.86 X 107* A

CoTPyP and its Faradaic efficiency. A plateau current (ipl) is
obtained at —0.6 V vs Ag/AgNOj; and can be used to estimate
kops only if the catalyst is not limited by mass transport.'® kg,
can be estimated using eq 3:

ipl = napF ACcoat kobs

©)

‘Dcat
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in which n,, is the apparent number of electrons transferred, F
is the Faraday constant, A is the surface area of the electrode
(0.95 cm?), C2,, is the bulk concentration of the catalyst, D,,, is
the diffusion coeflicient of the catalyst, and k, is the apparent
rate constant.'”'® A D_ of 1.1 X 1075 cm?/s was used with the
assumption that the hydrodynamic radii of CoTPyP and
ZnTPyP do not substantially differ. The diamagnetic nature of
ZnTPyP enabled the determination of D, using DOSY NMR
methods.” The n,, value of 3.12 was calculated from eq 4:1

. 2( %H202)
100

n. =
N ()
The k,, associated with catalysis by CoTPyP was calculated to
be 0.05 h™.

Figure 6 shows the corrected RRDE current response of Co

Prism and its Faradaic efficiency. A plateau current is obtained
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Figure 6. Corrected RRDE response (left) and Faradaic efficiency
(right) of 0.1 mM Co Prism, 100 mM TBAPF,, 100 mM TFA, and

oxygen-saturated acetonitrile. The Pt ring was held at 1.5 V vs Ag/
AgNO;. Rotation rate: 2500 rpm. iy = 1.03 X 107 A.

at —0.7 Vvs Ag/AgNO;. Equation 2 can also be applied to the
Co Prism data using D, = 4.1 X 107® cm?/s and n,, = 3.22,
revealing a kg, of 1.1 h™". The D, used here was determined
using a DOSY NMR measurement of the diamagnetic Zn Prism
and an assumption that the paramagnetic Co Prism would have
a similar hydrodynamic radius (see Figure S4). Since the
concentration of Co sites was the same in both experiments,
the increase in k., is attributed to a cofacial enhancement. The
selectivities of CoTPyP and Co Prism are similar in the
electrochemical studies, with average Faradaic efliciencies of
44% and 39%, respectively.

In conclusion, the first discrete self-assembled catalyst for
oxygen reduction was synthesized in two facile steps using
coordination-driven self-assembly in an overall yield of 53%
without any need for purification by chromatography. This is a
substantial improvement over traditional stepwise routes that
are associated with overall yields of ~3% or lower.** Co Prism
(66 h™') showed an enhanced turnover frequency over
CoTPyP (6 h™') and catalyzed oxygen reduction to hydrogen
peroxide almost exclusively (90%) in the chemical reduction
studies. Electrochemical studies provided rate constants for the
ORR using both the cofacial and monomeric catalysts. The
selectivities of CoTPyP and Co Prism were similar in the
electrochemical studies, with average Faradaic efliciencies for
hydrogen peroxide of 44% and 39%, respectively. The cofacial
enhancement is quite strong in this system, with the rate
constant for Co Prism (k,,, &~ 1.1 h™') exceeding that of
CoTPyP (k,,, ~ 0.05 h™") by over an order of magnitude. We
have demonstrated herein that it is possible to realize the
benefits of polynuclear catalysis using simple synthetic
methods. Because the resulting molecules are obtained in
high yields without tedious purification steps, we envision that a
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library of such catalysts may now be rapidly populated. Toward
this end, efforts are underway to exploit the modular nature of
self-assembly using alternative building blocks that optimize the
metal—metal separation, redox properties, and scaffold rigidity.
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