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ABSTRACT

A new series of cobalt As-triarylcorroles was synthesized and the compounds examined as
to their electrochemical and spectroscopic properties in CH2Cl, or DMSO containing ten different
anions added to solution in the form of tetrabutylammonium salts. The investigated anions were
PFe’, BF4, HSO4, ClO4, Br, I, CI, OAc, F, OTs and CN, all but three of which were found to
facilitate reduction of the cobalt corrole in dilute CH2Cl solutions as determined by a combination
of UV-visible spectroscopy and spectroelectrochemistry. The synthesized corroles are represented
as (Ar)sCorCo(DMSO) where Ar is a meso-phenyl group containing one of 10 different electron-
donating or electron-withdrawing substituents. The axial DMSO ligand was found to dissociate in
dilute (10° M) CHCl, solutions but this was not the case at the higher electrochemical
concentration of 103 M where the investigated corroles exhibit a rich redox reactivity, undergoing
up to five reversible one-electron transfer reactions under the different solution conditions. The
reversible halfwave potentials for generation of the singly oxidized corroles varied by over 1.0 volt
with change in the electron-donating or withdrawing meso-phenyl substituents and type of anion
added to solution, ranging from E12=0.83 V in one extreme to -0.42 V on the other. Much smaller
shifts in potentials (on the order of ~210 mV) were observed for the reversible first reduction as a
function of changing anion and/or corrole substituents, the only exception being in the case of CN-
where E12 values in CH2Cl; ranged from +0.08 V in solutions containing 0.1 M TBACIO4 to in

> -1.8 V upon addition of CN".
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INTRODUCTION

The electrochemistry, spectroscopic characterization and coordination properties of
corroles with various S-pyrrole and meso-substituents have been investigated under a variety of
solution conditions.1® These compounds have also attracted much attention over the last three
decades both in terms of applications®!® and understanding their electronic configuration,
especially the innocence or non-innocence of the macrocyclic ligand.}’-1°

Our own interest in corroles has concentrated in large part on the synthesis and
characterization of new corrole derivatives with an emphasis on their spectroscopic and
electrochemical properties in nonaqueous media.® 2% We have also studied the axial ligand
binding reactions of corroles in their neutral, oxidized and reduced forms and recently reported
how changes in coordination number influence the electrochemical and spectroscopic properties
of meso-substituted cobalt triarylcorroles containing DMSO, CO, pyridine or NH3 axial ligands
when dissolved in a nonaqueous solvent.3133 The neutral cobalt corroles containing two pyridine
or two NHz axial ligands in their formal Co(l11) oxidation state generally exhibit irreversible or ill-
defined reductions at relatively negative potentials, while the same compounds containing a single
DMSO axial ligand are characterized by a facile and reversible one-electron transfer at relatively
positive potentials.3% 33

Reversibility of the electron-transfer processes was seen for all of the examined mono-
DMSO cobalt corroles in either CH2Cl, or DMSO containing 0.1 M TBACIO4 as supporting
electrolyte,® 3 and the reduction equations were written as shown in egs 1 and 2, where the initial
redox active compound was assigned as containing a Co(ll) central metal ion and a non-innocent
macrocycle ligand in its cation radical form, i.e. Cor?, as opposed to the formally trivalent anionic

ligand Cor®".
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(Ar);Cor'Co''(DMSO) + ¢ [(Ar);CorCo'"]" + DMSO 1)

[(Ar);CorCo'] + ¢ [(Ar);CorCo]* @)

The presence of one bound DMSO ligand on the neutral cobalt corrole and its dissociation
after reduction by one electron was confirmed by a combination of electrochemical and
spectroelectrochemical measurements.®> ** Two or three reversible one-electron oxidations were
also observed for the mono-DMSO adduct with the exact potentials depending in part upon the
specific meso-substituents of the macrocycle and in part upon the number of bound DMSO
molecules on the singly oxidized form of the corrole in CH.Cl> or DMSO solvent containing 0.1M
TBACIOa4.

This current work is a continuation of our earlier studies on cobalt corroles and further
explores the interacting effects of solvent, anion binding and electron-donating or withdrawing
properties of the meso-phenyl substituents on the electrochemical and spectroscopic properties of
ten newly synthesized Aas-triarylcorroles in both CH2Cl> and DMSO solvents. The investigated
compounds and anions utilized in this study are shown in Chart 1. An earlier study from our
laboratory demonstrated a strong binding of chloride ions to the singly and doubly oxidized forms
of structurally related cobalt corroles in nonaqueous media®* ** and a more recent manuscript from
Gross and co-workers'® showed the effect of fluoride and hydroxide ions on the catalytic activity
of a pentafluorophenyl corrole Co complex (compound 1 in Chart 1) towards both oxygen
reduction and water oxidation. However, there have been no systematic studies of how anions
would affect not only the UV-visible spectra and redox potentials of cobalt corroles, but also their

electronic configuration in nonaqueous media. This is now addressed in the current manuscript.
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EXPERIMENTAL

Materials and Instrumentation. All chemicals and solvents were of the highest grade
available and were used without further purification. Arylaldehydes were purchased from Sigma-
Aldrich and pyrrole was distilled prior to use. Dichloromethane (CH2Cl2), methanol (MeOH) and
dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich Co. and used as received. The
tetra-n-butyl-ammonium salts (TBA*X", where X" = PF¢", BF4, HSO4", ClO4, Br', I, CI', OAc, F,
OTs", CN") were purchased from Sigma Chemical Co. and used as received.

NMR solvents were purchased from Eurisotope and were used without further purification.
'H NMR spectra were recorded on a Bruker Avance I11 500 spectrometer operating at 500 MHz
and available at the PACSMUB-WPCM technological platform, which relies on the “Institut de
Chimie Moléculaire de I’Université de Bourgogne” and Satt Sayens "TM", a Burgundy University
private subsidiary. All NMR shift values are expressed in ppm. *H spectra were calibrated using
the residual peak of chloroform at 7.26 ppm and °F spectra were calibrated with an internal
reference. To enhance resolution of the metalated corroles, ammonia or hydrazine monohydrate
was added to the NMR tube

UV-visible spectra were recorded on a Hewlett-Packard Model 8453 diode array
spectrophotometer. Quartz cells with optical pathlengths of 0.1 or 10 mm were used. Standard
addition methods were used to determine the molar absorptivities of the new products.

MAVLDI-TOF mass spectra were recorded on a Bruker Ultraflex Extreme MALDI Tandem
TOF Mass Spectrometer using dithranol as the matrix. ESI mass spectra were recorded
on a LTQ Orbitrap XL (THERMO) instrument for HR-MS spectra.

Cyclic voltammetry was carried out at 298 K using an EG&G Princeton Applied Research

173 potentiostat/galvanostat. A three-electrode system was used for cyclic voltammetric
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measurements and consisted of a glassy carbon working electrode, a platinum counter electrode
and a saturated calomel reference electrode (SCE). The SCE was separated from the bulk of the
solution by a fritted glass bridge of low porosity which contained the solvent/supporting electrolyte
mixture. Thin-layer UV-vis spectroelectrochemical experiments were performed with a
commercially available thin-layer cell from Pine Instruments Inc with a platinum honeycomb
working electrode. This cell was purchased. Potentials were applied and monitored with an EG&G
PAR Model 173 potentiostat. High purity N2 from Trigas was used to deoxygenate the solution
and a stream of nitrogen was kept over the solution during each electrochemical and
spectroelectrochemical experiment.

Synthesis of Cobalt Corroles. In a round bottom flask, a solution of the free base corrole
(0.50 mmol) and of Co(OAC)2:4H.0 (0.60 mmol) in 60 mL of DMSO was heated and stirred at
80 °C for 40 minutes and then cooled at room temperature. The crude mixture was then poured
into cold NaCl aqueous solution (around 0.8 M) and the resulting suspension was filtered and the
solid was washed five times with water.

Mono-(DMSO)cobalt [5,10,15-trispentafluorophenyl]corrole, 1 was obtained as pure red
powder in 97% yield starting from the free base.®® UV-vis (CH2Cl, with 1% DMSO): Amax, (NM)
(e X103 L molt em'®) 377 (72.1), 573 (12.3). 'H NMR (500 MHz, CDCl3+NHs3(g), & (ppm): 9.31
(d, 3Jn = 4.2 Hz, 2H), 8.89 (d, 3Jn.w = 4.7 Hz, 2H), 8.78-8.74 (m, 4H), 2.61 (s, 6H), -6.82 (s, 6H).
19 NMR (470 MHz, CDCls+NHa(g) 6 -137.72 (m, 6F), -154.23 (t, 3Jr-r = 20.9 Hz, 2F), -154.48
(t, 3JF = 20.8 Hz, 1F), -162.57 (m, 4F), -162.78 (m, 2F). MS (MALDI/TOF): m/z 851.84 [M-
DMSO]*, 851.98 calcd for CasHsCoF1sNs. HR-MS (ESI): m/z = 851.98236 [M-DMSO]*",

851.98360 calcd for C37HsCoF15Na.
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Mono-(DMSO)cobalt [5,10,15-tris(4-nitrophenyl)]corrole, 2 was obtained as pure red
powder in 93% yield starting from the free base.*® UV-vis (CH2Cl, with 1% DMSO): Amax, (NM)
(e X103 L molt cm™) 377 (65.0), 580 (15.3). *H NMR (500 MHz, THF-ds +NHz(g), 8 (ppm): 9.21
(d, 3Jn-n = 4.0 Hz, 2H), 9.01 (d, 3Ju-n = 3.5 Hz, 2H), 8.83 (d, 3Jr-n = 4.0 Hz, 2H), 8.79 (d, 3Jpn =
3.5 Hz, 2H), 8.68-8.63 (m, 6H), 8.53 (d, 3Jn-n = 7.3 Hz, 4H), 8.46 (d, Ju-r = 7.3 Hz, 2H), 2.45 (s,
6H), -6.06 (s, 6H). MS (MALDI/TOF): m/z 716.74 [M-DMSO] ", 717.08 calcd for CazH20CoN7Os.
HR-MS (ESI): m/z = 717.08178 [M-DMSO] ", 717.08016 calcd for C37H20CoN7Os.

Mono-(DMSO)cobalt [5,10,15-tris(4-cyanophenyl)]corrole, 3 was obtained as pure red
powder in 98% yield starting from the free base.®® UV-vis (CH2Cl, with 1% DMSO): Amax, (NM)
(e X103 L mol™t cm™) 390 (99.2), 560 (17.9). *H NMR (500 MHz, CDCl3+NHz(g), § (ppm): 9.30
(d, 3Jn-n = 4.5 Hz, 2H), 9.02 (d, 3Jn-n = 4.5 Hz, 2H), 8.83 (d, 3Ju-n = 4.5 Hz, 4H), 8.44 (d, 3Jun =
7.8 Hz, 4H), 8.37 (d, 3Ju.n = 7.8 Hz, 2H), 8.10-8.06 (m, 6H), 2.61 (s, 6H), -6.74 (s, 6H). MS
(MALDI/TOF): m/z 656.71 [M-DMSO]™, 657.12 calcd for CaoH20CON7. HR-MS (ESI): m/z =
657.11110 [M-DMSO]™, 657.11067 calcd for CaoH20CoNy.

Mono-(DMSO)cobalt [5,10,15-tris(4-trifluoromethylphenyl)]corrole, 4 was obtained as
pure red powder in 83% yield starting from the free base.*® UV-vis (CH2Cl, with 1% DMSO):
Amax, (NM) (e X103 L mol™ cm'?) 384 (72.6), 566 (13.7). *H NMR (500 MHz, CDCl3+NHz(), &
(ppm): 9.28 (d, *In-+ = 4.3 Hz, 2H), 9.03 (d, 3Jn-+ = 4.3 Hz, 2H), 8.83 (d, *Jn-H = 4.3 Hz, 4H), 8.45
(d, 3Jn-n = 7.8 Hz, 4H), 8.37 (d, 3Jn-n = 7.8 Hz, 2H), 8.06 (d, Jun = 7.8 Hz, 2H), 8.03 (d, 3Jun =
7.8 Hz, 2H), 8.07-8.02 (m, 6H), 2.61 (s, 6H), -6.74 (s, 6H). °F NMR (470 MHz, CDCls+NHs(g)

5 -61.81(s, 3F), -61.84 (s, 6F). MS (MALDI/TOF): m/z 785.88 [M-DMSO]*, 786.09 calcd for

CaoH20CoFgN4. HR-MS (ESI): m/z = 786.08652 [M-DMSO] ™, 786.08708 calcd for C4oH20CoFgNL.
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Mono-(DMSO)cobalt [5,10,15-tris(4-carboxymethylphenyl)]corrole, 5 was obtained as
pure red powder in 86% yield starting from the free base.*® UV-vis (CH2Cl, with 1% DMSO):
Amax, (NM) (e X107 L mol* cm™) 390 (83.5), 570 (15.2). *H NMR (500 MHz, CDCI3+NHjz(g), &
(ppm): 9.26 (d, 3Jn-n = 4.2 Hz, 2H), 9.05 (d, 3Jn-n = 4.7 Hz, 2H), 8.87-8.84 (m, 4H), 8.49-8.39 (m,
10H), 8.34 (d, 3Ju.n = 7.8 Hz, 2H), 4.10 (s, 9H), 2.61 (s, 6H), -6.75 (s, 6H). MS (MALDI/TOF);
m/z 755.95 [M-DMSO]"™", 756.15 calcd for CasHasCoNsOs. HR-MS (ESI): m/z = 756.14221 [M-
DMSOQ]", 756.14136 calcd for Ca3H29CoN4Os.

Mono-(DMSO)cobalt [5,10,15-tris(4-bromophenyl)]corrole, 6 was obtained as pure red
powder in 92% yield starting from the free base.®® UV-vis (CHzCl, with 1% DMSO): Amax, (M)
(¢ X103 L molt cm™) 390 (94.6), 566 (16.2). *H NMR (500 MHz, CDCl3+NHz(g), 8 (ppm): 9.24
(d, 3Jun = 4.2 Hz, 2H), 9.01 (d, 3Jn.n = 4.7 Hz, 2H), 8.83-8.81 (m, 4H), 8.18 (d, 3Jn.n = 8.2 Hz,
4H), 8.10 (d, 3Ju-+ = 8.2 Hz, 2H), 7.92 (d, Jn-n = 8.2 Hz, 4H), 7.88 (d, 3Ju-+ = 8.2 Hz, 2H), 2.61
(s, 6H), -6.77 (s, 6H). MS (MALDI/TOF): m/z 815.67 [M-DMSO]*", 815.86 calcd for
Ca7H20COBrsNs. HR-MS (ESI): m/z = 815.85748 [M-DMSO]", 815.85646 calcd for
C37H20C0oBr3Na.

Mono-(DMSO)cobalt [5,10,15-tris(4-fluorophenyl)]corrole, 7 was obtained as a red
powder in 87% yield starting from the free base.®® UV-vis (CHzCl, with 1% DMSO): Amax, (NM)
(e 10 L mol ™t cm™) 387 (127.3), 565 (20.3). *H NMR (500 MHz, CDCl3+NHz(g), 8 (ppm): 9.23
(d, 3Jn-n = 4.1 Hz, 2H), 9.00 (d, 3Ju-n = 4.7 Hz, 2H), 8.81 (m, 4H), 8.26 (m, 4H), 8.17 (m, 2H),
7.50-7.42 (m, 6H), 2.61 (s, 6H), -6.77 (s, 6H). 1°F NMR (470 MHz, CDCl3+NH3()) 5 -116.86 (s,
2F), -117.01 (s, 1F). MS (MALDI/TOF): m/z 635.72 [M-DMSO]™, 636.10 calcd for

Cs7H20CoF3Ns. HR-MS (ESI): m/z = 636.09516 [M-DMSO] ™, 636.09666 calcd for CazH20C0oF3Na.
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Mono-(DMSO)cobalt [5,10,15-tris(3,4,5-trimethoxyphenyl)]corrole, 8 was obtained as
pure red powder in 76% yield starting from the free base.*® UV-vis (CH2Cl, with 1% DMSO):
Amax, (NM) (e X210 L mol™ cm™) 406 (54.3), 563 (13.9). 'H NMR (500 MHz, CDClz+ 5%
N2H4.H20), & (ppm): 9.17 (d, 3Jn-n = 4.1 Hz, 2H), 9.10 (d, 3Jn-n = 4.7 Hz, 2H), 8.89 (m, 4H), 7.51
(s, 4H), 7.43 (s, 2H), 4.11 (s, 9H), 4.01 (s, 12H), 3.95 (s, 6H), 2.57 (s, 6H), -3.91 (s, 4H). MS
(MALDI/TOF): m/z 852.02 [M-DMSO]"", 852.22 calcd for CagHa1CON4Og. HR-MS (ESI): m/z =
852.21998 [M-DMSO] ", 852.22001 calcd for CasHa1CoN4Oo.

Mono-(DMSO)cobalt [5,10,15-tris(4-tertbutylphenyl)]corrole, 9 was obtained as a red

powder in 90% yield starting from the free base.3® UV-vis (CH,Cl, with 1% DMSO): Amax, (NM)

(e X103 L mol cm) 394 (94.3), 560 (16.4). *H NMR (500 MHz, CDCls+ 5% N2Ha.H20), & (ppm):

9.15 (d, Ju-n = 4.2 Hz, 2H), 9.05 (d, 3Jun = 4.7 Hz, 2H), 8.83-8.85 (m, 4H), 8.20 (d, 3Jn-n = 8.0
Hz, 4H), 8.12 (d, ®Jn-+ = 8.0 Hz, 2H), 7.79 (d, *Ju+ = 8.0 Hz, 4H), 7.75 (d, 3Ju-n = 8.0 Hz, 2H),
2.61 (s, 6H), 1.61 (s, 27H), -4.17 (s, 4H). MS (MALDI/TOF): m/z 750.16 [M-DMSO]*, 750.32
caled for CagHa7CoNa. HR-MS (ESI): m/z = 750.31228 [M-DMSO]**, 750.31272 calcd for
CagH47CoNa.

Mono-(DMSO)cobalt [5,10,15-tris(4-methoxyphenyl)]corrole, 10 was obtained as pure red
powder in 81% yield starting from the free base.®® UV-vis (CH2Cl, with 1% DMSO): Amax, (NM)
(¢ x10°3 L mol* cm™) 404 (78.0), 419 (79.0), 566 (15.5). *H NMR (500 MHz, CDCls+ 4%
N2H4.H20), & (ppm): 8.98 (d, 3Jn-+ = 4.1 Hz, 2H), 8.92 (d, 3Jnn = 4.7 Hz, 2H), 8.73 (d, 3Jnn =
4.7 Hz, 2H), 8.67 (d, *Ju.n = 4.1 Hz, 2H), 8.09 (d, 3Jn-+ = 8.0 Hz, 4H), 8.02 (d, J1-+ = 8.0 Hz, 2H),
7.30 (d, 3Ju-n = 8.0 Hz, 4H), 7.24 (d, 3Jn-n = 8.0 Hz, 2H), 4.07 (s, 6H), 4.06 (s, 3H), 2.58 (s, 6H),
-4.03 (s, 4H). MS (MALDI/TOF): m/z 671.81 [M-DMSO]"*, 672.16 calcd for C40H29CoN4O3. HR-

MS (ESI): m/z = 672.15557 [M-DMSO]"", 672.15662 calcd for CaoH20CoN4Os.
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RESULTS AND DISCUSSION

Synthesis of Cobalt Corroles. Synthesis and characterization of the free-base corroles 1H3
to 10H3 has been reported in the literature.33% 3 The cobalt mono-DMSO adducts 1-10 were
prepared by reaction of the 1Hs-10Hs3 precursors with Co(OAc)2-4H20 as shown in Scheme 1 with
the progress of the metalation being monitored by UV-visible spectroscopy and MALDI/TOF
mass spectrometry after which the final cobalt corrole products were characterized by *H NMR,
MS (MALDI/TOF) and HRMS (ESI). In each case, a perfect match was obtained between the
theoretical and experimental mass values (see experimental section and Figures S1-S33). Proof of

the DMSO coordination in compounds 1-10 is given by an NMR peak at 2.61 ppm in CDCls.

O=S(CHj3),
Ar :

H
N 1) H30*, MeOH Co(OAc)2-4H,0

+ Ar-CHO Ar _ .

\ / 2) p-chloranil, CHCl3 DMSO, 80°C
Ar
1H3-10H; 1-10

Scheme 1. Synthesis of mono-DMSO ligated cobalt corroles 1-10.

UV-Visible Spectra under Electrochemical Conditions. Earlier spectral characterization of
structurally related mono-DMSO corroles had shown that the DMSO ligand remained bound to
the neutral compound when dissolved at millimolar concentrations in CH2Cl, containing 0.1 M
TBACIO4 (the electrochemical conditions), while a dissociation of the DMSO axial ligand
occurred in more dilute (10° M) solutions of the corrole in this solvent.®® This concentration-
dependent change in coordination number contrasted with what was seen in DMSO, where the

mono-DMSO adduct was predominant for all concentrations of the compound, although a small
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amount of bis-DMSO adducts seemed to be present for some of the examined corroles in this
solvent.®

A similar solvent and concentration dependence on the cobalt coordination number is
observed for the newly synthesized mono-DMSO adducts, whose spectra at 10 M in CH,Cl, and
DMSO containing 0.1 M TBACIO4 are shown in Figure 1 and 2, where seven of ten examined
compounds are characterized by a sharp Soret band at 377-393 nm when dissolved in CH,Cl; at a
10 M concentration. The other three corroles are characterized by a broad band at 377 nm
(compound 2) or a split Soret band at 401-419 nm (compounds 8 and 10). Nine of the ten examined
corroles have a single Q band at 562-569 nm in CH.Cl,, the only exception being the FsPh
substituted derivative 1, which has shoulder bands at 535 nm and 569 nm. A summary of the
spectral data in the two solvents is given in Table 1 and Figure 2.

The absorption bands of compounds 6-10 are only slightly dependent on solvent at a corrole
concentration of 103 M (see Figure 2 and Table 1), and these spectra can be assigned in each case
to a mono-DMSO adduct under the two solution conditions. This contrasts with compounds 2-5,
which are characterized by two absorption bands in the Soret region in DMSO, one at 375-393 and
the other at 419-442 nm. There are also two Q bands for these compounds in DMSO, thus
suggesting a mixture of the mono- and bis-(DMSO) adducts as also described in a previous
study.®® A complete formation of the bis-(DMSQ) complex seems to occur for compound 1, which
contains three highly electron-withdrawing meso-FsPh groups. This species is characterized by a

broad Soret band at 437 nm and two Q bands at 584 and 599 nm as seen in Figure 1b.
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(a) in CHyCI, (b) in DMSO
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564
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wavelength (nm) wavelength (nm) 0

Figure 1. UV-visible spectra of compounds 1-5 at ~10 M in (a) CHCl. and (b) DMSO, both

containing 0.1 M TBACIOa.
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(a) in CH,CI, (b) in DMSO
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Figure 2. UV-visible spectra of compounds 6-10 at ~10 M in (a) CH2Cl, and (b) DMSO, both

containing 0.1 M TBACIOa.
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For some transition metal triarylcorroles, the position of the Soret and Q band maxima will
vary with changes in the type of electron-donating or electron-withdrawing meso-substituents,
while for others the Soret band remains relatively invariant with changes in the type of substituted
meso-phenyl groups on the macrocycle. In the first case, the corrole can be assigned as having a
non-innocent macrocyclic ligand, while in the second the compounds were said to have innocent
macrocycles according to a criteria set forth by Ghosh.? 7 18 37-44

The electrochemical data described later in the manuscript suggests a non-innocent
macrocycle, but the above spectral diagnostic criteria of Ghosh for assigning ligand non-innocence
to all of the investigated triarylcorroles cannot be reliably applied in the present study due to the
fact that the coordination number of the neutral cobalt complexes varies from 4 (tetracoordinated)
to 6 (hexacoordinated) with changes in the solution conditions, corrole concentration and specific
electron-donating or withdrawing substituents on the meso-phenyl groups in the examined series

of compounds.
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Table 1. UV-visible spectral data of compounds 1-10 (~10 M) in CH2Cl; and DMSO containing

0.1 M TBACIOa.
compound Jmax, nm (£ x10* Mt cm?)

Solvent - — -
# Ar Soret region visible region
1 FsPh CH.Cl> 377 (8.0) 535(1.1) 569 (1.3)

DMSO 417 437 (6.2) 543(0.7) 584 (1.7) 599 (1.6)
2 p-NO2Ph CH:Cl 377 (6.0)™ 569 (1.5)

DMSO 375 (4.3) 419 (3.5) 572 (1.3) 647 (0.7)
3 p-CNPh CH2Cl2 390 (8.9) 566 (1.5)

DMSO 393 (4.8) 436 (3.8)*" 571(1.2) 630 (0.5)
4 p-CFaPh CH:Cl 385 (8.2) 562 (1.5)

DMSO 386 (4.5) 433 (2.4)" 566 (1.1) 620 (0.4)
5 p-CO2MePh CH2Cl2 390 (7.3) 564 (1.4)

DMSO 393 (5.8) 442 (2.7) 569 (1.3) 630 (0.5)
6 p-BrPh CH:Cl 390 (11.3) 564 (1.7)

DMSO 390 (7.2) 566 (1.3)
7 p-FPh CH:Cl, 388 (9.6) 562 (1.4)

DMSO 387 (6.0) 564 (1.0)
8  m,p,m-(OMe)sPh CH:Cl. 401 (4.7) 415 (4.3) 564 (1.1)

DMSO 405 (3.6) 423 (3.1)*" 566 (0.9)
9 p-tBuPh CH2Cl> 393 (11.1) 565 (1.9)

DMSO 395 (5.1) 566 (0.9)
10 p-OMePh CH2Cl2 403 (7.6) 419 (7.4) 565 (1.5)

DMSO 405 (5.3) 421 (5.1) 567 (1.0)

shshoulder peak; ®"broad peak.
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UV-Visible Spectra of Dilute Corrole Solutions with and without Added Anions. In
previous studies of structurally related cobalt triarylcorroles,®!-3 the four-coordinate compounds
were spectrally characterized in dilute (10 M) solutions as possessing a single intense Soret band
at about 390 nm and a weak Q band at about 540 nm, while the five-coordinate cobalt complexes
with bound DMSO, CO or pyridine axial ligands had a lower-intensity Soret bands located at about
380 nm and a single Q band at about 560 nm.33 Both spectral patterns are different from that of the
six-coordinate corroles containing pyridine or NHs ligands, which display a split Soret band at
about 435-450 nm and an intense Q band at 620 nm.3" *2 Thus, a blue shift in the Soret-band
maximum would be expected for a given cobalt triarylcorrole upon going from a 4- to a 5-
coordinate complex, while a red shift with splitting of the Soret band and formation of a more
intense Q band would be predicted to occur upon going from a 4- or 5- to a 6-coordinate complex.

This trend in the spectral patterns with changes in axial coordination seems to hold for the
corroles examined in the current study, with examples being given in Figure 3 for compounds 1
and 6 at different concentrations in the two solvents. In the case of compound 1, the Soret band
shifts from 377 to 389 nm when decreasing the corrole concentration from 102 to 10° M in CH2Cl,
suggesting a dissociation of the single DMSO axial ligand in this solvent. This contrasts with what
is seen in the DMSO solvent where the Soret band maximum is located at 437 or 438 nm
independent of concentration, and is assigned to a 6-coordinate bis-DMSO adduct as described

above.
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Figure 3. Concentration dependence on UV-visible spectra of compounds 1 and 6 in (a) CH2Cl>
and (b) DMSO.
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The effect of anions on the UV-visible spectra of the corrole was investigated and examples
are shown in Figure 4 for a 5.5 x 10® M solution of the compound 1 in CH,Cl containing different
0.1 M TBA*X" salts. Four groups of spectral patterns are observed and labelled as I, 11, 1l and IV.
The first group of spectra is in CH2Cl; solutions containing 0.1 M PFs~ or BF4~ as well as in neat
CH:CI> where the four coordinate corrole is characterized by a single Soret band at 388 nm and
two Q bands at 528-531 and 563-565 nm. The second is in CH2Cl; solutions containing the added
HSO47, ClIO4, Br, I, CI- or OAc™ anions, where there are two absorptions in the Soret region, one
at 387-395 nm and the other at 404-419 nm. In solutions with OTs™ or F~, the band at around 388
nm has totally disappeared and is replaced by an intense band at 418-419 nm and a new Q band at
610 to 633. This is the third spectral pattern. As will be described on the following pages the bands
at 414-419 nm (as well as 404 nm for the CI derivative) are assigned to a partially or fully reduced
form of the corrole when in the presence of added anions.

Finally, a quite different spectrum is seen for compound 1 in CH.Cl; solutions containing 0.1
M TBA*CN'. In this solution, three absorptions are seen in the Soret region (at 439-492 nm) and
there is also an intense Q band at 667 nm, along with multiple weaker absorption bands from 553
to 620 nm. This spectrum is virtually identical to a spectrum reported by Gross and coworkers for

the same As-corrole in CH,Cl; solutions containing excess TBAOH.%
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Figure 4. UV-vis spectra of compound 1 (5.5 x 105 M) in CHzCl, containing 0.1 M TBA*X" (X
= PF¢’, BF4, HSO4, ClO4, Br, I, CI, OAC’, F,, OTs’, and CN)).
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Effect of Anions on the UV-visbile spectra in CH2Cl.. Selected corroles were
spectroscopically monitored in CH2Cl> during titrations with the anions in Chart 1. Examples of
the spectral changes for compound 1 are shown in Figures 5a and 5b upon the stepwise addition
of OAc and F~ to solution. The initial spectrum of compound 1 at a 10 M concentration in CH2Cl;
has a Soret band at 388 nm and two weak Q-band absorbances between 525 and 566 nm (see
Figure 3a). This spectrum is assigned to the four-coordinate cobalt corrole which has lost the
DMSO axial ligand at this concentration. However, after adding TBAOAc or TBAF to solution,
the 388 nm band decreases in intensity and a new band is seen at 414 nm (for TBAOAC) or 418
nm (for TBAF). The reduced intensity and position of the Soret band after addition of these two
anions is almost identical to what occurs upon electrochemical reduction, where Amax Vvaries
between 419 and 426 nm depending upon the solvent and macrocycle, (see examples in references
22,46 and Figure 5¢ for reduction of 1 in a thin layer cell). The spectrum in Figure 5b after addition
of 50 eq TBAF to solution is also quite similar to what is observed for corroles 3-10 in CH.Cl;
containing 0.1 M TBAF in that there is a red-shifted Soret band between 415 and 429 nm,
indicating a reduction in each case (Figure S34).

A reduction of the corrole by fluoride ion might be expected, given its reported ability to
undergo anion-induced electron transfer through m-anion interactions,*” # but it was totally
unexpected that the weakly complexing tosylate anion would also enhance a reduction of the
starting compound, as shown in Figure 4 for a 5.5 x 10 M corrole concentration in 0.1 M TBAOTS.
However, it should be noted that the reduction with tosylate is slow, as shown in Figure 6 for
compound 7 at a concentration of 4.6 x 10 M. The slow conversion between the two forms of the
corrole is consistent with a rate determining chemical reduction of the Cor™ in solution. The final

generated cobalt(I1) corrole spectrum in CH.Cl; solutions with tosylate has a Soret band at 420 nm
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for 7 (Figure 6) and 419 nm and two Q-bands at 576 and 626, features which are also seen for the
electrochemically reduced corrole 1 in CH2Cl2 containing 0.1 M TBACIO4 (Figure 5c).

In contrast to reduction of the corrole, which occurs in CH2Cl> solutions containing fluoride
or tosylate anions, the addition of TBACN leads to a bis-cyanide adduct of the neutral corrole as
shown in Figure 7 for compound 1. The ligand addition is stepwise, with the first step being
complete after the addition of just one equivalent of CN-, giving a spectrum with absorptions at
414, 552 and 580 nm. The position of the Soret band at 414 nm resembles that for the final
spectrum of the chemically reduced corrole in solutions containing OTs™ or F~ (Figures 5 and 6),
but the spectrum after addition of 1 eq. CN" lacks the diagnostic broad Q-band of the singly reduced
species at 626-631 nm (Figure 5b,c and Figure 6) and is unambiguously assigned to the mono-
ligated neutral corrole. The log K1 value for addition of the first CN" group to compound 1 is too
large to be determined by a diagnostic log-log Hill plot, but this is not the case for addition of the
second CN-axial ligand, where Kz was measured as 10*2 as shown in the insert of Figure 7b. Three
isosbestic points are seen in the figure indicating the presence of only two spectroscopically
detectable species in solution. The final spectrum of the assigned bis-CN adduct has three bands
at 438, 466 and 491 nm as well as Q bands at 621 and 667 nm, the latter of which is intense and a
diagnostic marker band for formation of the six-coordinate cobalt corrole.*

Similar two-step spectral changes are also seen during titrations of the other corroles with CN~

and attempts are now being made to isolate the initial and final products for further characterization.
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Figure 6. Time dependent UV-vis spectral changes of compound 7 at 5x10° M after addition of
0.1 M TBAOTSs to a CH.Cl: solution.
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Figure 7. UV-vis spectral changes of compound 1 (1.2x10° M) in CH.Cl; titrated with TBACN.

ACS Paragon Plus Environment

Page 24 of 46



Page 25 of 46

oNOYTULT D WN =

Submitted to Inorganic Chemistry

Electrochemistry in Solutions Containing 0.1 M TBACIOa. Cyclic voltammograms of
corroles 1-10 were obtained in CH2Cl> and DMSO containing 0.1 M TBACIO4. Examples for two
of the corroles (1 and 5) are shown in Figures 8 and a summary of the measured half-wave
potentials is given in Table 2. VVoltammograms for each corrole in the two solvents are illustrated
in Figures S35-S38.

As shown in the Figure 8, two or three oxidations and two reductions can be seen for each
corrole within the solvent potential limit. The first reduction is reversible in both DMSO and
CH:Cly, but this is not the case for the second electron addition in CH2Cl2, where a homogenous
chemical reaction follows the second reduction?? located at Epc = -1.44 V (for 1) or -1.55 V (for
5). A reaction with the solvent does not occur in DMSO, where the second reductions are all
reversible and located at E1/» values between -1.42 (for 1) and -1.67 (for 10) (see Table 2). A third
irreversible reduction is also seen for compound 1 at Epc = -1.82 V, when the reaction is carried
out in CH2Cl, (Figure 8). This process does not occur in DMSO and is assigned to the product
from the coupled chemical reaction involving the doubly reduced species.

Compound 2 also has a different redox behavior than the other corroles, due to the presence
of the three electroreducible meso-NO2Ph substituents.3 3 The first reversible reduction of the
three NO2Ph groups is seen at E1> = -1.14 V in CH2Cl> (Figure S34) and -1.12 V in DMSO (Figure
S35) and a further reduction of these groups is located at -1.95 V, a result consistent with data
earlier reported in the literature 3 33

An "extra" redox process can also be seen for compound 8 at 0.07 V in CH2Cl, and 0.05 V
in DMSO (Figure S36). Overlapping oxidation processes can be seen for corroles 8-10 in CH,Cl>

(Figure S36).
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Figure 8. Cyclic voltammograms of compounds 1 and 5 in a) CH2Cl> and b) DMSO containing
0.1 M TBACIOsa.
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Table 2. Half-wave or peak potentials (Ev2 or Ep, V vs SCE) of 1-10 in CH2Cl, and DMSO
containing 0.1 M TBACIOa.

cod 36°  Solvent Potentials (V vs SCE)
P Ox 3 Ox2 Oxl1 Redl Red?2 Red3
1 3.66 CH2Cl2 - 1.15 0.83 0.08 -1.44>  -1.82°
DMSO 1.040 0.53 -0.19 -1.42
2 2.34 CH2Cl2 1.55 0.89 0.73 0.00 -1.14¢ 1,754
DMSO 1.020 0.41 -0.22 -1.12¢ -1.944
3 1.98 CH2Cl2 1.55 0.89 0.72 -0.03 -1.50
DMSO 1.01P 0.920 0.41 -0.23 -1.47
4 1.62 CH2Cl2 1.51 0.87 0.69 -0.06 -1.56P
DMSO 0.98b 0.88° 0.39 -0.27 -1.53
5 1.35 CH2Cl2 1.50 0.86 0.68 -0.06 -1.55P
DMSO 0.38 -0.27 -1.52
6 0.69 CH2Cl2 1.49 0.85 0.68 -0.08 -1.56°
DMSO 0.79 0.35 -0.30 -1.58
7 0.18 CH2Cl2 1.49 0.82 0.65 -0.13 -1.63P
DMSO 0.77 0.35 -0.33 -1.61
8 -0.09 CH2Cl2 - 0.75 0.60 0.07, -1.63°
-0.16
DMSO 0.75 0.35 -0.32 -1.62
9 -0.60 CH2Cl2 1.40, 0.76 0.56 -0.17 -1.68P
1.52
DMSO 0.62 0.32 -0.36 -1.66
10 -0.81 CH2Cl2 1.38 0.73 0.55 -0.16 -1.67°
DMSO 0.90 0.68 0.31 -0.38 -1.67

2 Hammett values taken from ref %%, Peak potential (Epc for reduction and Ega for oxidation). °First one-
electron reversible reduction for nitrophenyl groups. Further multi-electron reductions for nitrophenyl
group may overlap with the second cobalt corrole reduction.

The measured potentials for each redox reaction of corroles 1-10 in DMSO and CH2Cl»
containing 0.1 M TBAP are given in Table 2 and are consistent with earlier reported values for
mono-DMSO adducts of structurally related cobalt corroles in these two solvents, namely the first
reduction is harder and the first oxidation easier for a given compound in DMSO than in CH2Clo>.

This is graphically seen in Figure 8 where Ey, for the first one-electron reduction of compounds 1
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and 5 is shifted negatively in DMSO by 270 and 210 mV as compared to CH2Cl, and a larger 300
mV negative shift in Ey is seen for the first oxidation of the same two corroles upon going from
CH:ClI; containing 0.1 M TBACIO4 (0.83 and 0.68 V) to DMSO containing 0.1 M TBACIO4 (0.53
and 0.38 V). At the same time, the potentials for the second electron addition are effectively
unchanged with solvent, being located at Ep = -1.44 V or E1» = -1.42 V for compound 1 and E, =
-1.55V or Ey, =-1.52 V for compound 5.

The half wave potentials for each redox reaction of 1-10 also vary directly with the electron-
donating or withdrawing effects of the meso-phenyl substituents. This has been illustrated
numerous times by electrochemical free-energy relationships of meso-substituted porphyrins®->*
and corroles,® 46 55" where the reversible E1, values were plotted vs the sum of the Hammett
substituent constants of the macrocycle to determine both the consistency of the electron transfer
mechanism over a given series of compounds and the degree of interaction between the substituent
and the electron transfer rate.

As expected, measured potentials for the currently examined corroles are linearly related to
the electron-withdrawing or electron-donating properties of substituents located on the three meso-
phenyl rings of the corrole. Examples of these diagnostic linear free energy plots are given in
Figure 9 for the two reversible reductions and one reversible oxidation of the corroles in DMSO.
The compound numbers are given in Figures 9 and 10 and the individually measured potentials
and the sum of the Hammett substituent constants (3c) are given in Table 2.

The slopes of the AE12/3c (the p values) plots for the electrode reactions in DMSO are 43
and 53 mV for reduction and 42 mV for oxidation and slightly larger slopes are obtained for the

related redox reactions in CH2Cl> (Figure 10), where p =53 and 55 mV for the two reductions and

58 mV for the oxidation. The linearity in the E12 vs 3o plots and the almost identical magnitude
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of the slopes for the three redox reactions in a given solvent indicate no change in the reduction or

oxidation mechanism for each electrode reaction throughout the series. It also indicates an almost

oNOYTULT D WN =

identical interaction of the meso substituents with the electron transfer site in each case.
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Figure 9. Plots of half-wave potentials vs 36 in DMSO containing 0.1 M TBACIOa4. The values
29 of potentials are given in Table 2 and the compound numbers are indicated in the figure. The

31 second reduction of 2 has been excluded (see text).
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51 Figure 10. Plots of half-wave potentials or peak potentials vs 3o in CH2Cl, containing 0.1 M
TBACIO4. The values of potentials are given in Table 2 and the compound numbers are indicated
54 in the figure. The second reduction of 2 has been excluded (see text).
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Effect of Anions on the Electrochemistry in CH2Cl2. To investigate the effect of anions
on half-wave potentials, the electrochemistry of compound 6 was characterized in CHCl;
containing 0.1 M TBA*X", where X" = PFe¢", ClO4", Br-, CI', F, or CN". Three distinct patterns of
cyclic voltammograms can be seen in solutions containing these anions. The first is shown in
Figure 11a for CH2Cl. solutions containing PFs~ and CIO4". The second is in Figure 11b for
solutions containing 0.1 M Br- and CI anions, while the third is given in Figure 11c for a CH,Cl;
solution of compound 6 containing F~ anion.

The large (410-450 mV) negative shift in Ex2 for the two reversible corrole oxidations in
solutions containing Br-and CI™ (Figure 11b) is similar to what occurs when DMSQO binds to the 4
coordinate oxidized form of the corrole, as reported in the literature for related corroles,®® and also
in Figure 8 and Table 2 for the currently investigated derivatives. An absence of anion binding to
the neutral corrole in CH2Cl, at concentrations of 102 M is strongly suggested by the nearly
identical E1/2 values for the first reduction in solutions containing TBAX, where X = PFg", ClOx4,
Br and CI" (Figures 11a and b).

As spectroscopically demonstrated in Figures 5b and S34, a reduction of the cobalt corrole
at ~10° M is observed in solutions with 0.1 M TBAF. A similar fluoride-induced reduction of the
corrole also occurs at an electrochemical concentration of 10 M, where the redox active species
in solutions of compounds 1-10 is actually that of the singly reduced monoanionic species. Under
these conditions, the [CorCo]° to [CorCo]” process involves the conversion of [CorCo]" to [CorCo]°
at the electrode surface, i.e an oxidation is observed rather a reduction. Nonetheless, the reversible
potential for this redox process is 0.00 V, a value not so different than that for reduction of the

same corrole in the presence of the four other anions in Figure 11.
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Further proof for this assignment of the redox process is given by the

spectroelectrochemical data presented in Figure 12a and 12b for compound 6 where the neutral
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corrole is characterized by a Soret band at 391 nm (X = ClO4) or 399 nm (X = CI"), while the
10 electrochemically generated species has a red-shifted Soret band at 424 or 425 nm after reduction
at -0.60 V in the thin-layer cell. This contrasts with what is obtained for solutions of the same
15 corrole containing 0.1 M TBAF (Figure 12c), where the Soret band in the absence of an applied
17 potential is located at 422 nm and no change occurs when a reducing potential of -0.60 V is applied.
However, a slight blue-shift and decrease in intensity of the initial Soret band is observed upon
22 application of a controlled oxidizing potential in the thin layer cell. The final spectrum with Amax
24 =415 nm is not that of the neutral corrole, but is rather a mixture of the reduced and neutral form
of the corrole owing to the large excess of the anion reductant which does not allow for a complete

29 regeneration of the [CorCo]° species.
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Figure 11. Cyclic voltammograms of compound 6 (10 M) in CH.Cl containing 0.1 M TBAX
(X = PFe, CIOs4, Br, CI, F) and grouped by a) weakly coordinating anions, b) strongly
coordinating anions and c) a reducing anion.
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Figure 12. UV-visible spectral changes of compound 6 (10* M) during controlled potential
reductions in CH2Cl containing a) 0.1 M TBACIOg4, b) 0.1 M TBACI and c) 0.1 M TBAF. The
initial spectra are indicated in black and spectra for the products of the electrochemical reaction

are in red.
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Like the fluoride anion, CN- can also act as reductant,*” but one key difference in the
present study is the ability of CN™ to coordinate with the neutral form of the investigated corroles,
a feature not seen for any of the other investigated anions in the current study. The lack of binding
by the other anions to compounds 1-10 in their neutral form is evident by the negligible shift in
the first reduction potential in solutions containing 0.1 M TBAX, where X is any of the anions in

Chart 1 except for CN™ (see examples in Figure 11).

If one of the examined anions were to complex the neutral, but not the singly reduced

corrole one would expect to observe a 60 mV cathodic (negative) shift in Ey for each 10 fold

increase in anion concentration in solution, but this is not observed for any anion except for cyanide.

In the case of CN", a titration of the corrole with TBACN results in a loss of current for the initial
facile reduction process and the appearance of a new reduction process at potentials more negative
than -1.0 V vs SCE. This is much like what has been reported for titrations of related cobalt corroles

with pyridine.3!

At the same time, the first reversible oxidation of the corrole, located at 0.67 V for
compound 6 in solutions of ClO4™ (and 0.22 V in solutions of Br~ or CI, Figure 11) is shifted to
-0.27 V in CH2Cl; containing 0.1 M TBACN (see inset in Figure 13). The E. for this process
does not vary with changes in cyanide concentration (see Figure S39 for an example), thus
indicating that the same number of CN" ligands are complexed to the initial and singly oxidized

forms of the corrole, giving an oxidation reaction as described in eq 3.

[(Ar);CorCo™(CN),]

(Ar);Cor’ Co"™(CN), + ¢ 3)

Further evidence for the assignment in eq. 3 is given by the spectroelectrochemical data

for compound 6 in CH2Cl> containing 0.1 M TBACN (Figure 13). The bis-CN adduct undergoes

ACS Paragon Plus Environment

Page 34 of 46



Page 35 of 46

oNOYTULT D WN =

Submitted to Inorganic Chemistry

no spectral changes under the application of a reducing potential as occurs for CH,Cl, solutions
containing 0.1 M TBACIO4 or TBACI (Figures 12a and b) but a rapid spectral change is seen
under an applied oxidizing potential of 0.20 V in the thin layer cell (Figure 13), giving a final
spectrum with a broad Soret band at 440 nm and a near IR band a 741 nm. Two well-defined
isosbestic points are obtained in the conversion of [(Ar)sCorCo(CN)2] to (Ar)sCor'Co(CN)2 and
the spectral features of the final species generated at 0.20 V are quite similar to previously reported
spectra for singly oxidized cobalt triarylcorroles in solutions of 0.1 M TBACI. These spectra were

assigned to a Co'" corrole n-cation radical 2> 3

—
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Figure 13. Spectral changes during oxidation of the bis-CN adduct of compound 6 at an applied
potential of 0.20 V in CH2Cl> containing 0.1 M TBACN. The cyclic voltammogram under these
solution conditions is shown in the inset.

Bis-CN cobalt(I11) complexes were also generated for the other corroles in this study by
the addition of TBACN and like in the case of compound 6 described above, the measured
halfwave potentials were independent of the concentration of CN" added to solution once

[(Ar)3CorCo(CN).]" was formed. This required only 4-5 equivalents of TBACN being added to
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solution, after which cyclic voltammograms showed a single reversible oxidation were obtained
as illustrated in Figure 14 for corroles 1, 6, 7 and 10 in CH2Cl2. The reversible potential for the
one-electron oxidation of [(Ar)sCorCo(CN)2]" varied from E1> = 0.00 V for 1 to E1» =-0.42 V for
compound 10 in CH2Cl containing >5 eq. of TBACN. Once the bis-CN adduct was generated, the
first reduction at 0.08 V (for 1) or -0.16 V (for 10) was shifted negatively to values beyond the
potential range of the in CH.Cl solvent, thus indicating a strong stabilization of the cobalt(I11)

oxidation state in the bis-CN derivative.

Finally, it is interesting to point out that the first reversible ring-centered reduction of 6
according to eq 1 is located at a potential of E1» =-0.08 V in CH2Cl; containing 0.1 M TBACIOs,
while the first ring-centered oxidation of the same macrocycle in CH2Cl2, 0.1 M TBACN occurs
at E1» =-0.27 V according to eq 3. The solution conditions and metal oxidation states are different
for the two reactions, but one might (in error) report a “negative” HOMO-LUMO gap of -0.19 V,
a ludicrous concept but one that defines the electrochemical gap as the absolute potential difference
between Ei values for the first ring oxidation and the first ring reduction at the conjugated

macrocycle.
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Figure 14. Cyclic voltammograms of corroles 1, 6, 7, and 10 at 10 M in CHCl, containing 0.1
M TBACIO4 with >5 eq. TBACN.

Attempts are now being made to isolate and structurally characterize the mono- and bis-
CN adducts of compounds 1-10 in the solid state and to also better elucidate the influence of
cyanide axial ligands on the electrochemical processes and innocence or noninnocence of the

corrole macrocycle in solution.
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TOC Synopsis. A new series of cobalt As-triarylcorroles was synthesized and the compounds
examined as to their electrochemical and spectroscopic properties in CH2Cl, or DMSO containing

ten different anions added to solution in the form of tetrabutylammonium salts.
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