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ABSTRACT: Artificial syntheses of biologically active molecules have been fruitful in many bioinspired catalysis applications.
Specifically, verdoheme and biliverdin, bearing polypyrrole frameworks, have inspired catalyst designs to address energy and
environmental challenges. Despite remarkable progress in benchtop synthesis of verdoheme and biliverdin derivatives, all reported
syntheses, starting from metalloporphyrins or inaccessible biliverdin precursors, require multiple steps to achieve the final desired
products. Additionally, such synthetic procedures use multiple reactants/redox agents and involve multistep purification/extraction
processes that often lower the yield. However, in a single step using atmospheric oxygen, heme oxygenases selectively generate
verdoheme or biliverdin from heme. Motivated by such enzymatic pathways, we report a single-step electrosynthesis of verdoheme
or biliverdin derivatives from their corresponding meso-aryl-substituted metalloporphyrin precursors. Our electrosynthetic methods
have produced a copper-coordinating verdoheme analog in >80% yield at an applied potential of 0.65 V vs ferrocene/ferrocenium in
air-exposed acetonitrile solution with a suitable electrolyte. These electrosynthetic routes reached a maximum product yield within 8
h of electrolysis at room temperature. The major products of verdoheme and biliverdin derivatives were isolated, purified, and
characterized using electrospray mass spectrometry, absorption spectroscopy, cyclic voltammetry, and nuclear magnetic resonance
spectroscopy techniques. Furthermore, X-ray crystallographic data were collected for select cobalt (Co)- and Cu-chelating
verdoheme and metal-free biliverdin products. Electrosynthesis routes for the selective modification at the macrocycle ring in a single
step are not known yet, and therefore, we believe that this report would advance the scopes of electrosynthesis strategies.

B INTRODUCTION Co(1I)-coordinating f-octaethylporphyrin (Co-OEPor) in the
presence of O, and ascorbic acid in a mixture of
tetrahydrofuran and dichloromethane at —100 °C, followed
by treatment with sodium dithionite and ammonium
hexafluorophosphate (Figure 1B).'" According to their
observation, lowering the reaction temperature increased the
local O, concentration and improved the overall reaction yield.
Later in 2020, Takiguchi and co-workers reported a four-step
synthesis of a metal-free OEOxaPor cation stabilized with a

Bioinspired metal—ligand frameworks have motivated many
catalyst designs, thus the synthesis of verdoheme or its
derivatives is of interest. > In biological systems, heme
oxygenase oxidizes heme into biliverdin through the formation
of verdoheme, an iron-chelating p-alkyl-S-oxaporphyrin, by
utilizing atmospheric dioxygen (Figure 1A).*”® Artificial
syntheses of verdoheme and biliverdin ligand frameworks or
their derivatives under chemical treatments have also been
reported.””"" For example, Saito and Itano synthesized a

verdoheme derivative, an iron-coordinating f-octaethyl-S- Received:  February 26, 2024
oxaporphyrin complex (Fe-OEOxaPor), by reacting a Revised: ~ May 14, 2024
biliverdin derivative with acetic anhydride, pyridine, and iron Accepted:  May 16, 2024

Published: May 30, 2024

sulfate, followed by treatment with sodium tetrafluoroborate
(Figure 1B).” Balch et al. reported the OEOxaPor ligand
chelated with a cobalt center; accomplished by oxidizing a
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( (B) Multi-step synthesis of verdoheme derivatives under chemical treatments:‘
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Figure 1. (A) Heme oxygenase catalyzes heme degradation to verdoheme and biliverdin production. (B) Synthetic models for the bioinspired
verdoheme motif preparation through chemical treatments. (C) Selective electrosynthesis of verdoheme and biliverdin derivatives presented in this

report.

nonpolar counterion prepared from an Fe(IIl)-centered
octaethylporphyrin (Figure 1B).'' However, the common
drawback of these synthetic routes is that they involve multiple
steps and require multiple chemical redox agents that are often
toxic to the environment. In addition to the common
drawbacks of the chemical synthesis, each chemical step of
the multistep chemical synthesis protocols requires purification
of the intermediate product before proceeding to the next
chemical step, including solvent evaporation, product separa-
tion, and often recrystallization of the product that also reduces
the overall yield of the final product.

While the abovementioned examples highlight artificial f-
alkyl-S-oxaporphyrins syntheses, a few reported synthetic
routes have also focused on the meso-arylporphyrins which
have more straightforward synthetic routes, facile control of
the electronic structure, and higher solubility of the former in
nonpolar solvents.'”™"> A few such examples are the synthesis
of first-row transition-metal coordinating meso-aryl-S-oxapor-
phyrins, where aryl groups are methyl carboxyphenyl or
methoxy, but those synthetic procedures also require mult'gle
chemical treatments to achieve the targeted final product.®"”
A single-step synthetic route involving selective oxidation at
the metalloporphyrin ring is desired for the selective synthesis
of verdoheme and biliverdin derivatives. An electrochemical
approach would benefit a variety of bioinspired syntheses,
including verdoheme and biliverdin derivatives, and the typical
sacrificial redox reagents could be avoided by tuning the
applied potentials at the electrode.'®” However, reported
electrochemical methods for the synthesis of macrocycles or
selective modifications of macrocycle frameworks are rare.
Herein, we report a single-step preparation of Cu(II) or Co(II)
chelating meso-10,15,20-tri(aryl)-S-oxaporphyrins [M(Ar)Oxa,
Ar = phenyl (Ph) or mesityl (Mes)] from the corresponding
meso-5,10,15,20-tetraarylporphyrins [M(Ar)Por] by applying a
constant potential of 0.65 V vs Fc/Fc* over 8 h under air
(Figure 1C). The yields of such syntheses were high (>60%),
and the desired counteranion was introduced directly from the
supporting electrolyte, rather than through post-synthetic
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anion-exchange steps. Furthermore, the metal-free meso-
5,10,15,20-tetraphenylporphyrin (H,PhPor) was also treated
under a constant applied potential of 1.3 V vs Fc/Fc' to
produce biliverdin derivatives, and 1,14-dibenzoyl-5,10-
diphenyl-tripyrrinone (TriPyOH) was obtained as the major
product (79% yield, Figure 1C).

B RESULTS AND DISCUSSION

The metalloporphyrin precursors, MPhPor, (M = Mn, Fe, Co,
Ni, or Cu) were prepared by metalating the H,PhPor ligand
following literature methods (Table 1).2%*! Controlled-

Table 1. Applied Potential, Counterion, and Yield Obtained
in the Electrosynthesis of MPhOxaX from MPhPor

MPhPor E pplied V) X yield of MPhOxaX
MnPhPor 0.65 (for 8 h) PF, unsuccessful
FePhPor 0.65 (for 8 h) PF, unsuccessful
CoPhPor 0.95 (for 8 h) TFSI 73%
NiPhPor 0.65 (for 8 h) PF, unsuccessful
CuPhPor 0.65 (for 8 h) PF, 63%

0.85 (for 8 h) PF; 52%

1.0 (for 8 h) PF, 46%

1.0 (for 2 h) PE, 28%

1.0 (for 18 h) PF, 15%

0.65 (for 8 h) TFSI 82%

potential electrolysis (CPE) was performed in MeCN solution
with 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF) or lithium bis(trifluoromethane)sulfonimide (LiTF-
SI) electrolyte. General methods and procedures are provided
in the Experimental Section and Supporting Information. All
CPE experiments were carried out under air unless otherwise

noted. Ferrocene was used as an external standard.
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B ELECTROSYNTHESIS OF VERDOHEME AND
BILIVERDIN ANALOGS

Mimicking the Fe center of heme, initial investigations began
with the preparation of FePhOxa from FePhPor (Scheme 1).

Scheme 1. Single-Step Electrosynthesis of Verdoheme
Derivatives, MPhOxaX from MPhPor under Air

Ph
Pt} He
CPE
Ph Ph—— > Ph
MeCN,
0.1 M TBAPFg
or LITFSI,
Ph rt.
MPhPor MPhOXxaX
M = Mn", Fe", co", Ni"', cu' X = PFg/TFSI

The CPE experiment was first tested for FePhPor by applying
a constant potential at 0.65 V vs Fc/Fc" in MecN containing
0.1 M TBAPEF; electrolyte over 8 h. The post-CPE solutions
were checked by collecting UV—visible absorption spectra, and
no new peaks were observed between 600 and 700 nm
indicative of FePhOxa, as reported for the synthetic
verdoheme derivative by Liu et al.** Attempts to synthesize
FePhOxa from FePhPor were unsuccessful under the
electrochemical conditions presumably due to the tendency
of FePhPor to form triphenylbilindione and tetraphenylbila-
dienone while reacting with O,."” To extend the scope of this
study, we explored a series of MPhPor using additional first-
row transition metals, M = Mn, Co, Ni, and Cu (Scheme 1).
We also tested diamagnetic metalloporphyrin precursors,
MgPhPor and ZnPhPor; however, the formation of desired
products was not observed in the UV—visible spectra and thin-
layer chromatography (TLC) over the course of bulk
electrolysis (Figures S1 and S2). This could be due to the
poor stability of the corresponding S-oxaporphyrin derivatives.
Interestingly, the Co and Cu complexes showed the formation
of CoPhOxa and CuPhOxa, respectively, under the applied
CPE conditions in the MeCN electrolyte for 8 h (Table 1). All
further discussion herein is focused explicitly on these
complexes. In addition, we studied the effects of applied
potential, supporting electrolytes, bulkiness of the pendant
groups at the meso-positions of the metalloporphyrin
precursors, and the presence of water in the electrolyte
solution on the final product yields.

Effects of the Applied Potential (E,pjeq) in CPE. The
electrolyte solution (initially suspension) containing CuPhPor
showed a prominent color change to purple-brown, followed
by green during CPE at 0.65 V vs Fc/Fc" for 8 h in MeCN
with TBAPFy as the electrolyte. The post-CPE solution was
then collected, and the reaction mixture was separated using
column chromatography to afford CuPhOxaPF in 63% yield
(Table 1). The CuPhOxaPF, product was characterized using
electrospray ionization mass spectrometry (ESI-MS) and
absorption spectroscopy techniques. Identical CPE experi-
ments performed at more positive potentials, 0.85 and 1.0 V vs
Fc/Fc" for CuPhPor, yielded comparatively lower amounts of
the CuPhOxaPF, 52 and 46%, respectively (Table 1).
Furthermore, CPE carried out for longer than 8 h did not
increase the amount of CuPhOxaPF4 produced under the
same electrochemical conditions (Table 1). We hypothesized
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that longer CPE experiments or application of high potentials,
>0.65 V vs Fc/Fc*, could lead to the demetalation of the metal
complex, producing undesired side products. To test our
hypothesis, we performed CPE for the metal-free H,PhPor at
1.3 V vs Fc/Fc" for 18 h in CH,Cl, containing 0.5 M TBAPF
(H,PhPor is poorly soluble in MeCN). Such electrolysis
experiments yielded three different derivatives of biliverdin,
TriPyOH, aTetPy, and fTetPy (Scheme 2), in which
TriPyOH was the major product (79% yield). TriPyOH was
fully characterized by typical spectroscopic techniques such as

Scheme 2. Electrochemical Oxidation of H,PhPor at 1.3 V
vs Fc/Fc" in CH,Cl, with 0.5 M TBAPF,

H,PhPor

Electrolysis | 0.5 M TBAPFg
Oxidation | in CH,Cl,

TriPyOH
(79%)

(9%)
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'H and "C nuclear magnetic resonance (NMR) and ESI-MS.
The structures of CuPhOxaPF¢ and TriPyOH were confirmed
using single-crystal X-ray diffraction (XRD).

To investigate the electrochemical processes facilitated by
CuPhPor and CoPhPor at the applied potentials used in the
CPE, 0.65 and 0.95 V vs Fc/Fc, respectively, we performed
spectroelectrochemistry experiments using UV—visible spec-
troscopy while running CPE at those potentials. For CuPhPor,
the spectral changes in the Soret and Q bands decrease over
time (Figure S3A), indicating the formation of porphyrin z-
cation radical under the oxidative condition.”> On the contrary,
the spectral changes of CoPhPor during the CPE were
different and more indicative of the metal-centered oxidation
processes, as reported in the literature (Figure S3B).**

Faradaic yields were also estimated for the electrosynthesis
of CuPhOxaTFSI and CoPhOxaTFSIL. Over 8 h of the CPE
experiments, a total of 43.6 and 18 C of charges were passed
during the electrosynthesis of CuPhOxaTFSI and CoPhOx-
aTFSI, respectively. Considering 43.6 C of charge during the
electrosynthesis of CuPhOxaTFSI, we estimated the moles of
electrons, 4.52 X 10™* mol, which would provide 1.51 X 107*
mol CuPhOxaTFSI theoretically. However, 2.98 X 10~° mol
pure CuPhOxaTFSI was obtained after purifying the post-
CPE solution, which led to the Faradaic efficiency (FE) of
19.7%. Interestingly, a higher FE of 43.1% for the formation of
CoPhOxaTFSI was achieved when the CPE was performed at
0.95 V vs Fc/Fc*. However, the total charge passed during the
electrosynthesis of TriPyOH from the free-base H,PhPor in
CH,Cl, containing 0.1 M of TBAPF; was much lower, 6 C
over 18 h of the electrolysis.

Effects of the Electrolyte. Surprisingly, the yield of the
electrochemical oxidation of CuPhPor to [CuPhOxa]*
increased from 63 to 82% when 0.1 M LiTFSI was used as
the electrolyte. Such enhancements in yield may be explained
by considering the molecular structure of CuPhOxaTFSI that
reveals coordination of the TFSI to the Cu center (Figure 2),
thus providing added stability to the complex. Similar results
were observed for CoPhPor, at 0.95 V vs Fc/Fc* in 0.1 M
LiTFSI in MeCN, producing CoPhOxaTFSI (Table 1). The
molecular structure of this Co-verdoheme analog also
exhibited similar TFSI coordination at the Co center (Figure
2). We also fully characterized CoPhOXaTFSI using NMR,
ESI-MS, and UV—visible spectroscopy (see the Experimental
Section).

Effects of the Bulkiness of the Meso-Substituents.
The effects of the bulkiness of the meso-substituents on the
porphyrin were studied by introducing different functional
groups such as mesityl in the meso positions (Scheme 3). For
example, electrolysis of CuMesPor under the optimal
conditions using LiTFSI as the supporting electrolyte resulted
in the isolation of CuMesOxaTFSI in 67% yield (Table 2),
lower than that of CuPhOxaTFSI (82%). Changing the
electrolyte to TBAPF, did not show a significant difference in
the yield of CuMesOxaPFq (Table 2). Two additional Cu
porphyrin precursors, Cu(CF;)Por and Cu(OMe)Por, were
investigated under identical optimal CPE conditions (Scheme
3, Table 2). The electrosynthesis reaction of Cu(CF;)Por
resulted in a material with a peak observed at 648 nm in the
UV—visible spectrum, suggesting the formation of the S-
oxaporphyrin product (Figure S4). The product proved to be
unstable and decomposed during purification by column
chromatography. On the contrary, electrolysis of Cu(OMe)-
Por showed no desired product formation by UV—visible
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(A) Predicted structures using XRD data:
CuPhOxaTFSI

CoPhOxaTFSI

Figure 2. (A) Structures of TFSI coordinating CuPhOxaTFSI (left)
and CoPhOxaTFSI (right) based on the XRD data, (B) top view, and
(C) side view of the molecular structures of CuPhOxaTFSI and
CoPhOxaTFSI with ellipsoids set at 50% probability. Only one
independent molecule for CuPhOxaTFSI and CoPhOxaTFESI is
shown. The distance between the metal center and the coordinated
TESI oxygen for the two independent molecules of CuPhOxaTFSI
and CoPhOxaTFSI is Cu;--Ogrps; = 2.5859 (21), Cuy+Ogrpgr =
2.5341751 (22) A and Co,++Ojrpg = 2.3543 (15), Coy-+Ogpps = 2.3147
(15) A.

Scheme 3. Electrosynthesis of Cu-Verdoheme Derivatives
Using Different meso-Aryl Substituents

Ar CPE
pif] o
0.85V vs. Fc/Fc*
Ar Ar
MeCN,
0.1 M TBAPFg
or LiTFSI,
Ar r.t.
Cu(Ar)Por Cu(Ar)OxaX
CF,4 MeO X = PFg/TFSI
et 0
CF3 MeO
CuMesPor  Cu(CF;)Por Cu(OMe)Por

Table 2. Yield of Cu(Ar)OxaX (X = PF,/TFESI) from
Cu(Ar)Por Precursors

Cu(Ar)Por yield of product
CuMesPor 64% CuMesOxaPFg
67% CuMesOxaTFSI
Cu(CF;)Por product detected by UV—vis, but unstable
Cu(OMe)Por no product detected
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spectroscopy and TLC, although all starting materials were
consumed during the oxidation. Furthermore, synthesis of the
metal-free verdoheme was also attempted using H,PhPor, but
our attempts were unsuccessful.

To understand the coordination chemistry of the Cu or Co-
centered verdoheme derivatives, XRD data obtained for
CuPhOxaTFSI, CoPhOxaTFSI, and CuMesOxaPF; were
analyzed. Crystallographic analysis showed that for both
independent molecules of CuPhOxaTFSI and CoPhOxaTFSI,
the O atom of the TFSI anion coordinates with the metal
center of the S-oxaporphyrinium cation (Figure 2), whereas for
CuMesOxaPF,, the PF; anion does not (Cu-F = 3.0—3.9 A,
Figures 3 and SS). Instead, the PFy anion and cocrystallized

(A)

Figure 3. Molecular structures of CuMesOxaPF, with ellipsoids set at
50% probability (A) top view and (B) side view. H atoms, the PFq
anion, and the CHCl; solvate are omitted for clarity.

CHCI; molecules are disordered over two positions related by
symmetry. The distances of the Cu—Orpg; bonds (~2.5 A) are
0.2 A longer than the Co—Oqpg bonds (~2.3 A). For

comparison, the reported meso-triphenyl-21,23-didehydro-
23H-S-oxaporphyrinato |zinc(II) complex (ZnOxaPor) exhib-
its an axially coordinated interaction with the O atom of
CF;COO, the Zn—0 bond length is 2.010 (4) A."> The metal
center in the Zn-complex adopts a dome shape, the Zn is
situated 0.49 A out of the nitrogen plane, whereas the cores of
both CuPhOxaTFSI and CuMesOxaPFj are essentially planar
(the metal displacement is <0.1 A). The dihedral angles
C(pyrrole a)—C(meso)—C(phenyl ipso)—C(phenyl ortho) for
CuPhOxaTFSI and CoPhOxaTFSI are between 56 and 62°,
similar to that of ZnOxaPor (60—66°). However, for
CuMesOxaPF, the corresponding angles are between 83
and 89°, which highlights the steric requirement of the mesityl
groups. The dihedral angle for CuPhPor is 72°, and the
compound adopts tetragonal symmetry.”> The M—N bond
lengths are given in the 1.965 (3)—1.991 (2) A range for both
independent molecules of the CuPhOxaTESI and the
CuMesOxaPFg complexes; while the Co—N distances for
CoPhOxaTFSI appear at slightly longer distances [1.945
(2)—1.960 (2) A]. The bond distances of the carbon atoms
adjacent to the O atom of the S-oxaporphyrin ring for the
complexes are reported as follows: CuPhOxaTFSI: 1.337
(4)—1.351 (3) A; CoPhOxaTFSI: 1.334 (3)—1.341 (2) A;
and CuMesOxaPF: 1.336 (4), 1.345 (4) A that fall within the
range exhibited for ZnOxaPor [1.335(7) and 1.364(7) A].
The C—O-C bond angles for CuPhOxaTFSI, CoPhOx-
aTFSI, and CuMesOxaPF fall in the 123.0—124.4° range and
are consistent with ZnOxaPor (124.9°). In comparison, the
distance between O and adjacent carbons in the 5-
oxaporphyrinium ring for the cobalt f-octaethyl-5-oxaporphyr-
in complex with the PFg pairing anion was reported'® to be
1.340 (6) and 1.348 (8) A, with an angle of 124.8°.

Crystal packing diagrams with polyhedra about the Cu and
Co metal centers for CuPhOxaTFSI, CoPhOxaTFSI], and
CuMesOxaPF; are shown in Figure 4. CuPhOxaTFSI and
CoPhOxaTFSI crystallize in the triclinic crystal system,
whereas CuMesOxaPF, adopts a monoclinic arrangement,
showing that CuMesOxaPF4 adopts a more symmetrical motif
than CuPhOxaTFSI and CoPhOxaTFSIL The coordination
polyhedron is defined by the cation—anion interactions around
the central atom.”® Given the coordination of the TESI anion
to the metal center, the geometry about the Cu and Co metal

CuPhOxaTFSI
L3

CoPhOxaTFSI

CuMesOxaPFs

31"‘ -' ‘a“ﬁ
% Y
I R T

Figure 4. Crystal packing diagram with polyhedra around the copper metal center.
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centers of CuPhOxaTFSI and CoPhOxaTFSI are tetrahedral
while a planar arrangement is observed for CuMesOxaPF,
(Figure 4). In CuPhOxaTFSI and CoPhOxaTFSI, TFSI
coordinates through one O atom of the sulfonyl group,
presumably this binding mode is more stable than coordina-
tion with the N atoms.”””” In each layer, the dominant central
copper-to-copper distances for CuPhOxaTFSI and CuMesOx-
aPF; are 8.55 and 8.67 A, respectively, and these distances are
slightly longer than the shortest cobalt—cobalt distance in
CoPhOxaTFSI of 8.51 A.

Effects of O, and H,0 on the Yield. Under optimal
electrolysis conditions using air as the reactant, both O, and
H,O (moisture) can participate in oxaporphyrin formation;
therefore, it is necessary to determine the role of both species
in oxaporphyrin formation. Two experiments were designed:
(1) H,O-free in the presence of O, and (2) O,-free in the
presence of H,O. In each experiment, CuPhPor was used as
the starting material and 0.1 M LiTFSI in MeCN as the
electrolyte solution. The reactions were performed at 0.65 V vs
Fc/Fc" for 8 h. In the first experiment, anhydrous MeCN was
used as the solvent, and the working and counter electrolyte
solutions were deaerated by bubbling with argon for 1 h before
supplying pure oxygen gas for electrolysis. After chromato-
graphic purification, an isolated yield of 90% was obtained. In
the second experiment, after 1 h of degassing the electrolyte
solution with argon, predegassed deionized H,O (4 M) was
added. Monitoring the color change during the CPE
experiments, TLC profile, and UV—visible spectra suggested
no detectable product in the post-CPE solutions. Finally, the
need for an applied potential was confirmed using the reaction
conditions employed in the first experiment, but without
applying a potential to the electrolyte solution, and no product
was formed even in the presence of pure O, gas. It was
concluded that O, and the applied potential are key factors in
the formation of 5-oxaporphyrin. Compared with that obtained
using air, the yield of the reaction using pure O, gas increased
slightly from 84 to 90%, indicating that the O, concentration
had a minor effect on the kinetics of oxaporphyrin formation.

CPE in Undivided Cells. While the abovementioned
results were obtained using a divided H-cell setup, where the
working cell and counter cells are separated by a glass frit, an
undivided cell provides a relatively simple cell setup and avoids
the ohmic resistance that might occur in the presence of the
glass frit. The benchmark compound, CuPhPor, was used for
the study in an undivided cell. A faster reaction rate was
observed, and a comparable yield of 84% was obtained within 5
h using the undivided cell at 0.65 V vs Fc/Fc*, relative to 82%
within 8 h for the divided cell.

B PROPERTIES OF ELECTROCHEMICALLY
SYNTHESIZED CU AND CO-VERDOHEME
DERIVATIVES

Optical Properties. The UV-—visible spectra were
recorded for the electrochemically synthesized CuPhOxaTFSI
(Figure SA), CoPhOxaTFSI (Figure S6), CuMesOxaTFSI
(Figure S7), and CuMesOxaPF (Figure S8). The absorption
spectra revealed a very distinct change in the absorption
maxima between metalloporphyrin precursors and verdoheme
products. For example, the comparative absorption spectra of
CuPhPor and CuPhOxaTFSI (Figure SA) show significantly
different absorption maxima. In general, all S-oxaporphyrin
complexes possess a characteristic B-band in the UV-violet
region and an intensified Q-band in the red region. Mizutani et
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Figure 5. (A) UV-—visible spectra of CuPhPor (blue) and
CuPhOxaTFSI (red) recorded in CH,Cl,. Comparative CVs
recorded for (B) CuPhPor (blue) and CuPhOxaTFSI (red) and
(C) CoPhPor (blue) and CoPhOxaTFSI (red) in 0.1 M TBAPF in
CH,Cl, as the electrolyte under N,. CV collected for the bare glassy
carbon (GC, gray) electrode is also shown for the comparison. The
concentration of the compound used in the UV—visible and CV
experiments is 28 uM and 5 mM, respectively.

al. discussed two possible mechanisms for the intensified Q-
band by comparing corresponding porphyrins: (1) removal of
the degeneracy of the frontier orbitals of the porphyrins by
replacing the meso carbon with oxygen and (2) an increase in
the electric dipole moment by polarization because of the
oxygen in the meso position.12

Electrochemical Properties. The electrochemical proper-
ties of the synthesized Cu or Co-verdoheme analogs were also
evaluated using cyclic voltammetry (Table 3). The cyclic
voltammograms (CVs) of CuPhOxaTFSI (Figure SB),
CuMesOxaTFSI (Figure S9), and CuMesOxaPF, (Figure
S10) were collected in 0.1 M TBAPF, in CH,Cl,, and all of
these electrosynthesized Cu-verdoheme derivatives exhibited
reversible redox couples at approximately —0.7 and —1.3 V vs
Fc/Fc'. In comparison, these redox features are significantly
different than that of their corresponding metalloporphyrin
precursors (Figure SB). The CV of CuPhOxaTFSI showed an
additional quasi-reversible wave at —2.3 V vs Fc/Fc*, which
was not observed for CuMesOxaTFSI and CuMesOxaPF,.

To understand the influence of the applied potential in the
selective oxidation of the porphyrin ligand in CuPhPor, we
recorded the CVs of CuPhPor in CH,Cl, containing 0.1 M
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Table 3. Half-Wave Potentials (V vs Fc/Fc*) of Cu and Co
Complexes in CH,Cl, Containing 0.1 M TBAPF,

complex E,, (V vs Fc/Fc")
CuPhPor —1.89, 0.41, 0.79
CuPhOxaTFSI —2.31, 129, —0.76
CuMesPor —2.09, 0.35, 0.79
CuMesOxaTFSI —1.32, —0.79
CuMesOxaPFy —1.32, —0.80
CoPhPor —1.77,% =127, 0.1, 0.76, 0.97
CoPhOxaTFSI —147,% =091, —0.29," 0.41," 0.82°

“Cathodic peak potential of the irreversible wave. bQuasi-reversible
wave.

TBAPF and observed two successive reversible redox waves at
0.41 and 0.79 V vs Fc/Fc* (Figure SB), forming porphyrin z-
cation radical and dication species, respectively, as reported in
the literature.”>*® The selection of the applied potential in
CPE at 0.65 V vs Fc/Ec’, near the first oxidation of the
porphyrin ligand, exhibited a higher % yield in the formation of
CuPhOxaPF; or CuPhOxaTFSI, whereas the selectivity
degraded significantly low when the applied potential is
more positive than 0.65 V vs Fc/Fc* (Table 1). Similarly, CVs
collected for CoPhPor exhibited two reversible waves at 0.76
and 0.97 V vs Fc/Fc" because of the two consecutive le”
oxidation of the porphyrin ring (Figure 5C).”**’ CoPhPor
also exhibited an additional reversible wave at 0.11 V vs Fc/Fc*
due to the Co™™ redox couple (Figure 5C).”**° The highest
% yield of CoPhOxaTFSI, 73% (Table 1), was only obtained
when the applied potential is 0.95 V vs Fc/Fc*, which is close
to the second oxidation of the porphyrin ligand in CoPhPor.
Together, these results suggest that the application of potential
in CPE is crucial to selectively oxidize CuPhPor and CoPhPor
for preparing their verdoheme derivatives.

Structure and Properties of the Biliverdin Deriva-
tives. Yellow-orange rod-shaped crystals of TriPyOH were
grown by slow diffusion of hexane into CHCl;. The molecular
structure is presented in Figure 6A. A disordered CHCI,
molecule is present in the lattice. The conformational disorder
is observed in one terminal benzoyl group (C;—Cg) as well as
the ketone oxygen (O;). The overall structure adopts a U-
shaped conformation that may support metal binding via the
three pyrrole nitrogen atoms and a benzoyl oxygen to form a
(3N + O) coordination motif, provided a 78° rotation occurs
about the C,5—C;, bond to bring the N3¢ pyrrole ring in-plane
with the remaining pyrrole groups (Figure 6B).

Furthermore, density functional theory calculations using
the B3LYP method and 6-311++g(d,p) basis set were carried
out to obtain the optimized structure of TriPyOH (Figure
6C).>'7** The theoretical results are in good agreement with
the experimental data. Shinokubo et al. reported CV data of
OEOxaPor (Figure S11) and its corresponding metal
complexes, MOEOxaPor, M = Ag, Co, Ni, and Zn (Table
S1).""** According to their studies, the first reduction peak
(E.ed") of MOEOxaPor shows up between —0.66 and —0.91 V
vs Fc/Fc" regardless of the metal center. It is worth noting that
metal-free OEOxaPor also exhibits the E,.4' within a similar
potential range (Table S1), suggesting that the metal center
has minimal influence on the first reduction of the
MOEOxaPor complexes. These data indicate that the
chelating macrocycle ligand mostly influences the electro-
chemical properties of the metalated S-oxaporphyrins. To
investigate the similar properties in the metal-free verdoheme

Ly N
¥ U N

(C) <

Figure 6. (A) Molecular structure of TriPyOH. H atoms bound to
carbon and a disordered molecule of chloroform were omitted for
clarity. The 50% probability level is set for thermal displacement
ellipsoids. (B) Potential metal binding site between the pyrrole rings
highlighting the rotation needed for the Nj4 pyrrole ring to be in-
plane with the other pyrrole rings. (C) Optimized calculated structure
of TriPyOH at B3LYP/6-311++g(d,p) level of theory.

compound bearing phenyl groups at the meso positions of the
S-oxaporphyrin ring, H,PhOxa (Figure S11) and CuPhOx-
aTFESI, we carried out TD-DFT calculations that elucidated
ground and excited state positions for NH cis/trans
configurations of H,PhOxa macrocycle and CuPhOxaTFSIL
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These included both NH isomeric forms of H,PhOxa due to
two distinct NH tautomeric states within the macrocycle, as
reported by Shinokubo et al.'"** Energy-level analysis assessed
ground (S,) and excited (S;, S,, and S;) states, showing good
correlation with experimental data. Results including HOMO
and LUMO molecular orbitals (MOs) are tabulated (Table
S2) and graphically presented (Figure S12). MO analysis
revealed similar energy levels and gaps for ground and excited
states, suggestinsg minimal influence of the Cu center on the
first reduction.® Furthermore, the calculated UV—vis spectra
of CuPhOxa show a good correlation with experimental data
in which the lowest excitation bands were assigned as the
HOMO/LUMO transition with f = 0.1923 at 556 nm (Figure
S13).

B EXPERIMENTAL SECTION

Electrosynthesis. Electrosynthesis experiments were carried out
in a split H-cell with a glass frit separating the working and counter
cells as well as in an undivided cell. Pt mesh working electrode, carbon
rod counter electrode, and nonaqueous Ag/AgNO; (0.01 M)
reference electrode were used for all electrochemical experiments.
In the H-cell with glass frit, electrolysis was performed using 2.5 mM
CuPhPor (Figure S14), CoPhPor (Figure S15), or H,PhPor (Figure
$16) in MeCN or CH,Cl, (10 mL) solution at the working cell vs
blank solution at the counter cell. Two stir bars were used for
vigorously stirring both cells while exposing them to air. Different
potentials and timing were used for each compound. After electrolysis,
the electrolyte solution was dried using a rotavap and high-pressure
vacuum. LiTFSI was removed by washing three times with distilled
water and extracting with CH,Cl,. In addition, the TBAPF residue
was washed and filtered using diethyl ether. Silica gel column
chromatography was used for the isolation and purification of
products using 10—20% EtOAc in CH,Cl, as the eluent. However, all
electro-synthesized and isolated verdoheme derivatives have good
solubility in most organic solvents, including dichloromethane,
chloroform, MeCN, acetone, ethyl acetate, and diethyl ether but
decomposed in alcohols and DMF to form linear tetrapyrroles.'”

[meso-Triphenyl-21,23-didehydro-23H-5-oxaporphyrinato]-
copper(ll) (CuPhOxaPFs; and CuPhOxaTFSl). A sample of
CuPhPor (17 mg, 0.025 mmol) was dissolved in 0.1 M TBAPF,
for CuPhOxaPF, or LiTFSI for CuPhOxaTFSI MeCN (10 mL) in
the working cell. The electrolysis was performed at 0.65 V over 8 h,
and the products were separated using column chromatography.
CuPhOxaPF,. Yield: 12 mg, 63%. ESI-MS obsd 602.1163, calcd
602.1162 ([M], M = C,,H,,CuN,0"); UV—visible (CH,Cl,, 25 °C):
Amax (Ema) 299 (1.35 X 10%), 390 (2.31 x 10%), 649 (3.12 x 10%).
CuPhOxaTFSI Yield: 18 mg, 82%. ESI-MS obsd 602.1169, calcd
602.1162 ([M], M = C;,H,,CuN,0"); UV—visible (CH,Cl,, 25 °C):
Amax (Emad) 299 (0.91 X 10%), 390 (1.92 x 10*), 649 (2.07 x 10%).

[meso-Triphenyl-21,23-didehydro-23H-5-oxaporphyrinato]-
cobalt(ll) (CoPhOxaTFSI). A sample of CoPhPor (16.8 mg, 0.025
mmol) was dissolved in 0.1 M LiTFSI MeCN (10 mL) in the working
cell. The electrolysis was performed at 0.95 V vs Fc/Fc* over 8 h.
Yield: 16 mg, 73%. "H NMR (400 MHz, CDCl,), § 4.75 (s, 1H), 6.21
(t, ] = 4.0 Hz, 1H), 6.38 (d, ] = 4.0 Hz, 1H), 6.56 (d, ] = 4.0 Hz, 1H),
6.81-6.86 (m, 2H), 6.87 (d, ] = 4.0 Hz, 1H), 7.31-7.64 (m, 16H),
7.87 (d, ] = 4.0 Hz, 2H), 7.91 (d, ] = 4.0 Hz, 2H), 9.88 (s, 1H), 12.61
(br, 1H); *C NMR (100 MHz, CDCl,), § 13.40, 19.41, 23.65, 58.46,
114.62, 127.62, 128.56, 129.45, 129.83, 130.48, 135.86; ESI-MS obsd
598.1187, calcd 598.1204 ([M], M = C3,H,3;CoN,O"); UV—visible
(CH,Cly, 25 °C): Apax (Emax) 300 (1.6 X 10%), 411 (4.52 X 10*), 649
(2.02 x 10%).

[meso-Trimesityl-21,23-didehydro-23H-5-
oxaporphyrinato]copper(ll) (CuMesOxaTFSI and CuMesOx-
aPFg). A sample of CuMesPor (21.10 mg, 0.025 mmol) was
dissolved in 0.1 M LiTFSI for CuMesOxaTFSI and TBAPF, for
CuMesOxaPF; MeCN (10 mL) in the working cell. The electrolysis
was performed at 0.85 V over 8 h. CuMesOxaTFSI. Yield: 17 myg,

67%. HR-MS obsd 728.2552, caled 728.2576 ([M], M =
CyH, CuN,0"); UV—vis (CH,CL, 25 °C): A, (£,,,.) 304 (2.58
X 10%), 385 (3.13 x 10%), 653 (3.15 X 10%). CuMesOxaPF;. Yield: 14
mg, 64%. ESI-MS obsd 7282558, caled 728.2576 ([M], M =
Cy6H, CuN,0"); UV—visible (CH,Cly, 25 °C): Ay (Emae) 304 (1.53
x 10%), 385 (1.91 x 10%), 653 (1.85 x 10%).

TriPyOH. A sample of H,PhPor (15.50 mg, 0.025 mmol) was
dissolved in the working cell electrolyte. The electrolysis was
performed at 1.8 V vs Fc/Fc* over 18 h. The product was purified
using column chromatography with 10% ethyl acetate in CH,Cl, as
the eluent. Yield: 0.12 g, 79%. 'H NMR (400 MHz, CDCL;), § 4.75
(s, 1H), 6.21 (t, ] = 4.0 Hz, 1H), 6.38 (d, ] = 4.0 Hz, 1H), 6.56 (d, ] =
4.0 Hz, 1H), 6.81—6.86 (m, 2H), 6.87 (d, ] = 4.0 Hz, 1H), 7.31-7.64
(m, 16H), 7.87 (d, ] = 4.0 Hz, 2H), 7.91 (d, ] = 4.0 Hz, 2H), 9.88 (s,
1H), 12.61 (br, 1H); '*C NMR (100 MHz, CDCl;), § 110.48, 118.49,
120.10, 12143, 125.07, 126.98, 127.96, 12824, 12834, 128.53,
128.00, 129.39, 130.63, 130.81, 131.70, 132.36, 136.27, 136.54,
136.63, 137.48, 137.92, 13840, 140.30, 141.90, 142.54, 149.94,
176.22, 184.82; ESI-MS obsd 600.2290, calcd 600.2282 ([M + H]*,
M = Cy4HyoN;03).

X-ray Crystallographic Analysis. X-ray crystallography was used to
study the geometry and cation/anion interactions of the prepared
oxaporphyrins. Single crystals of CuPhOxaTFSI (Figure S17) were
obtained by slow diffusion of cyclohexene in a chloroform solution.
Crystals of CoPhOxaTFSI (Figure S18) and CuMesOxaPF, (Figure
S19) were obtained via vapor diffusion of pentane into chloroform.
Very tiny, thin, needle-like crystals of CuMesOxaTFSI were not
suitable for the diffraction experiment, and attempts to obtain single
crystals of CuPhOxaTFSI were unsuccessful. Crystals of TriPyOH
(Figure S20) were obtained from CHCl;. Details of the crystallo-
graphic experiment, including figures and crystal data tables, are given
in the Supporting Information (Tables S3—S9). Full crystallographic
details have been deposited with the Cambridge Structural Database,
deposition numbers CCDC 2162629—2162631 and 2334682.

B CONCLUSIONS

A one-step electrosynthesis protocol was developed for the
synthesis of Co and Cu S-oxaporphyrin complexes bearing
pendant phenyl and mesityl meso-substituents and paired with
TEFSI and PF4 counteranions. Parameters including the applied
potential, electrolysis time, and supporting electrolyte salts
were studied to optimize the reaction conditions. In a divided
electrolysis cell, the highest yield of 82% was achieved for
CuPhOxaTFSI using 0.1 M LiTFSI electrolyte solution in the
presence of air at a potential of 0.65 V vs Fc¢/Fc" over 8 h. The
yield increased to 84% within S h using an undivided cell setup.
CPE performed under inert conditions did not show product
formation, indicating that oxygen is required. X-ray crystallo-
graphic analysis revealed coordination of the anion from the
LiTFESI electrolyte to the metal center for CuPhOxaTFSI and
CoPhOxaTFSI, whereas no such coordination of the PFg
anion was observed for CuMesOxaPF,. Furthermore,
crystallography showed that the CaPhOxaTFSI and CoPhOx-
aTFSI complexes adopt a tetrahedral coordination environ-
ment about the metal but a planar arrangement is seen in the
CuMesOxaPF, case. Compared to the meso-aryl-substituted S-
oxaporphyrin Cu complexes, the absorption profile of the Co
complex has different features, indicating the effect of the metal
center on the UV—visible spectrum. This facile electrosynthesis
methodology opens a new avenue for preparing S-oxaporphyr-
ins.
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Additional experimental details, methods, electrochem-
ical data, and UV—visible spectra for all compounds
(unless not shown herein), and crystallographic data,
including parameters (PDF)
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contacting The Cambridge Crystallographic Data Centre, 12
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