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Abstract. Carbon—halogen bond cleavage has been studied extensively for many years as a
simple electrosynthesis step in the formation of more complex natural products. Reduction of
halogenated phenols has received less attention, in part due to the lowered faradaic efficiency
resulting from the competing hydrogen evolution reaction. Herein, we report the
electroreduction of a series of brominated phenols through a homogeneous electrocatalytic
(EC') mechanism. Beginning with the structurally simple 2-bromophenol, we use foot-of-the-

wave analysis to determine optimal catalysts. Nickel(II) salen requires the lowest overpotential
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for C-Br reduction and was used across all substrates. Chronoamperometric studies and density
functional theory calculations were carried out to contribute to our understanding of the
reduction mechanism. Next, the more complex 2,6-dibromophenol and tetrabromobisphenol-
A are studied by means of cyclic voltammetry, chronoamperometry, and density functional
theory. Through analysis of molecular orbitals diagrams, the more complex brominated
phenols are found to undergo sequential carbon-bromine bond reduction, wherein the
electrogenerated radical species accepts a second electron to form a carbanion before second

carbon-bromine bond cleavage occurs.
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Introduction

Phenols (and, more generally, flavonoids) are widely recognized as important moieties in
medicinally active natural products.! Indeed, compounds such as caespitate, catechin,
licochalcone A, and myricetin (Figure 1) exhibit anticancer, antimalarial, and antioxidant
properties.>> While popular due to their natural abundance, chemical synthesis of these
compounds often involves toxic solvents, expensive reagents, and long reaction times.
Electrosynthesis provides a greener, faster, and less expensive alternative to carry out organic

transformations under milder conditions.”
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Figure 1. Naturally occurring phenolic organic products. (a) Caespitate, antibacterial; (b)

catechin, antioxidant; (c) licochalcone A, anticancer; and (d) myricetin, antioxidant.

To date, our laboratory has examined extensively®'* the reductive properties of carbon-
halogen bond cleavage, as this process provides a relatively simple step toward the
electrosynthesis of more complex species. In the case of simple aromatic halides, electron
transfer at inert electrodes occurs through a well-understood mechanism involving an aryl
radical intermediate; the reduction potential of this intermediate is often more positive than
the original aryl halide, which results in a second electron transfer to form an aryl carbanion.'
If the reduction potential of the aryl radical is more negative than the original aryl halide, the
radical species may abstract a hydrogen atom from a solvent molecule through hydrogen atom
transfer (HAT). Alternatively, the carbanion can receive a proton from an adventitious water
molecule or any suitable proton donor in solution.’® Recently, our laboratory has moved

towards the investigation of more complex substrates with varying functional groups, such as



acetamides,'¢'® esters,’”? and aldehydes.”’ However, the electrochemical behavior of
halogenated phenolic compounds has not been widely studied.”?” The moderate acidity of
these species leads to enhanced hydrogen evolution with the increased concentration of
protons in solution; as a result, the faradaic efficiency of dehalogenation is significantly
lowered. Moreover, radical and carbanion intermediates generated throughout electrolysis are
quite unstable, because aromaticity is disrupted.

From an environmental perspective, the electroreduction of halophenols is of particular
interest also, as several of these compounds, such as pentachlorophenol, are viewed as probable
carcinogens by the EPA. Others (e.g., 2,4,5-trichlorophenol) are known precursors to
carcinogenic  dioxins (Figure 2a); throughout the Vietnham War, 2,3,7,8-
tetrachlorodibenzodioxin (TCDD) was found to be a significant contaminant in Agent Orange,
which gave rise to unprecedented health problems in exposed individuals.? Furthermore,
polyhalogenated phenols are structurally similar to thyroid hormones, particularly Ts and T4
(Figure 2b); as a result, several of these compounds are known to be endocrine disruptors.?-8
This issue becomes exceptionally problematic, as many environmental pollutants can be
metabolically hydroxylated, especially those which incorporate phenyl rings.?” In addition to
providing a straightforward mechanistic step in the synthesis of natural products with phenolic
moieties, electroreduction also serves as a method of environmental remediation of these

harmful reagents.
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Figure 2. (a) Synthetic route of 2,3,7,8-tetrachlorodibenzodioxin (TCDD) from 2,4,5-

trichlorophenol (245T).* TCDD is a major impurity in the manufacturing of 245T, which
comprised 50% of the herbicide Agent Orange. (b) Thyroid hormones 3,3',5,5'-tetraiodo-L-
thyroxin (T4, left) and 3,3'.5-triiodo-L-thyronine (T3, right). Each structure contains a

halogenated phenol moiety.

Herein, we report the systematic investigation of polybrominated phenol reduction by
means of various homogeneous electron-transfer catalysts at carbon cathodes. Mediated
carbon-bromine cleavage via an electrocatalyst features numerous advantages, such as
applying less negative potentials and avoiding working electrode passivation. Our research
group has achieved considerable success in the implementation of cobalt- and nickel-salen
complexes to drive carbon-halogen bond cleavage at milder potentials.?3? First,
electroreduction of 2-bromophenol via nickel(II) salen, anthracene, and trans-stilbene was

analyzed by means of cyclic voltammetry (CV) and constant-potential (bulk) electrolysis



(CPE). Results indicate that Ni(II) salen is the optimal catalyst for reduction of the carbon—
bromine bond. Next, the electrolysis of 2,6-dibromophenol was performed with Ni(II) salen as
the electrocatalyst. The mechanism of carbon-bromine cleavage in 2,6-dibromophenol was
investigated through coulometric analysis and isotope incorporation studies via high-
resolution gas chromatography-mass spectrometry (hi-res GC-MS). Electroreduction of
tetrabromobisphenol-A (TBBPA) was then studied with CV and CPE. GC-MS was utilized to
separate, identify, and quantitate products obtained from CPE of TBBPA in the presence of
1,1,1,3,3,3-hexaflouroisopropanol (HFIP) as the proton donor. Finally, first-principles density
functional theory (DFT) calculations were carried out to gain mechanistic insights into the
mediated reduction of the three substrates, which show excellent agreement with the
experiments for the proposed mechanism. The sequential mechanism of TBBPA

electroreduction was further unraveled by means of frontier molecular orbital analyses.

Methods

Materials. All of the following compounds were purchased from the indicated supplier and
used without further purification: 2-bromophenol (Oakwood), 2,6-dibromophenol (99%,
Sigma-Aldrich); 3,3',5,5'-tetrabromobisphenolA (TBBPA, 97%, Sigma-Aldrich); phenol
(99+%, Sigma-Aldrich); bisphenol A (BPA, 299%, Sigma-Aldrich); [[2,2'-[1,2-
ethanediylbis(nitrilomethylidyne)]bis[phenolato] ] V,V;O,O' nickel(II) (nickel(II) salen, 98%,
Sigma-Aldrich); anthracene (96%, EM); trans-stilbene (96%, Sigma-Aldrich); 1,1,1,3,3,3-

hexafluoroisopropanol (99%, Matrix Scientific); 1,1,1,3,3,3-hexafluoroisopropanol-OD (98



atom %D, Sigma-Aldrich); deuterium oxide (99.9 atom %D, Sigma-Aldrich); hexadecane
(99%, Sigma-Aldrich); N,/N-dimethylformamide (DMF, 99.9%, EMD Millipore Corporation);
ethyl acetate (99.5%, Fisher); sodium chloride (Macron); sulfuric acid (>51% in water,
Macron); sodium sulfate (99%, VWR). Tetramethylammonium tetrafluoroborate (TMABF,
98%, TCI) was recrystallized from water and methanol. Ultrahigh purity argon gas was
purchased from Airgas.

Cyclic Voltammetry. All experiments were carried out in a one-compartment cell
containing 0.1 M TMABF+DMF. Working electrodes were made by press-fitting a glassy
carbon rod into a machined Teflon tube to obtain an exposed area of 0.071 cm?2.3® These
electrodes were polished with 0.05-um alumina prior to each scan. A platinum coil served as
the counter electrode, and the reference electrode consisted of a cadmium-mercury amalgam
(Cd/Hg), which has a potential of -0.76 V vs. a saturated calomel electrode (SCE) at 25 °C.34%
This reference is manufactured by filling a glass body with DMF saturated with NaCl and
CdCl2. Elemental Hg is then added to cover the Pt connection wire. A layer of Cd—Hg amalgam
is added to the top of the elemental Hg, followed by a layer of NaCl and a layer of CdCl..
Solutions were sparged with argon for 20 min prior to analysis to remove oxygen. All
voltammograms reported herein are plotted in IUPAC convention. Potentials were initially
set to 0 V, scanned cathodically to the switching potential, then returned to 0 V.

Bulk Electrolysis. For bulk electrolysis experiments, a reticulated vitreous carbon (130 cm?
approximate surface area) served as the working electrode, a graphite rod served as the counter

electrode, and the same reference electrode for cyclic voltammetry was utilized.?® To each



electrochemical cell, 50 mM 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) per bromine atom
present was added to the solution as a source for either proton or hydrogen atom transfer.?”
Each electrolyzed sample contained a 10-puL hexadecane internal standard for quantitation
purposes. For electrolyses involving deuterated regents, DMF was dried extensively by means
of a solvent purification system (Pure Process Technology). The solvent-supporting electrolyte
was stored on activated 3 A sieves prior to use.

Electrolysis products were partitioned between ethyl acetate, brine, and 1 M sulfuric acid.
The ethyl acetate layer was collected and then dried over anhydrous sodium sulfate. The
method of internal standards and peak area normalization were used for quantitation by means
of an Agilent 6890N gas chromatograph, equipped with a 15 m x 0.25 mm capillary column
with a DB-5 (5% phenylpolysiloxane, 95% methylpolysiloxane) stationary phase. This
chromatograph was coupled to an Agilent 5973 inert mass-selective detector with an electron-
impact source (70 eV).

Density Functional Theory Calculations. First-principles density functional theory (DFT)
calculations were carried out herein using the Gaussian 16 software package®® with the M06-
L, M06 and M06-2X exchange-correlation functionals,® Stuttgart/Dresden effective core
potentials with SDD basis set for Ni atom,* and 6-311++G(d,p) basis set* for the remaining
atoms. A systematic evaluation of the different functionals was carried out to justify the choice
of the M06-L functional and is provided in the Supporting Information. The SMD (solvation

model based on density) implicit solvation model was utilized to approximate the effects of the



DMF solvent.** Additional computational details are further provided in the Supporting

Information.

Results and Discussion

Direct reduction of 2-bromophenol at carbon cathodes and computational analysis.
Several reports!>22434 have described the reduction mechanism of aromatic halides at inert
cathodes. Through either a stepwise (eq 1 and 2) or concerted (eq 3) process, the addition of
one electron results in carbon-halogen bond cleavage and formation of an aryl radical. The
reduction potential of the aryl radical is often more positive than the starting aryl halide,
which results in a second electron transfer to form an aryl carbanion. Proton transfer from a

protic solvent or a suitable proton donor in solution results in the dehalogenated product.

(1) ArX + e = ArX-
(2) ArX- - Ar + X-
(3) ArX+e - Ar+ X

Figure 3 depicts a cyclic voltammogram for 5 mM 2-bromophenol at a glassy carbon working
electrode scanned at 150 mV s in 0.1 M TMABF+DMF. A single, irreversible cathodic peak
at —1.80 V vs. Cd/Hg is observed, which we ascribe to carbon—bromine bond cleavage. Indeed,
controlled-potential electrolysis of 2-bromophenol at reticulated vitreous carbon cathodes
biased to —1.80 V vs. Cd/Hg result in complete dehalogenation to phenol in quantitative yield
with 2.06 electrons transferred per molecule of substrate. Additionally, deuterium

incorporation studies with 200 mM D20 result in roughly 56% deuterium incorporation.



Deuterium labeling, together with coulometric results, supports the notion of a two-electron
cleavage pathway for the debromination of 2-bromophenol. We propose that the remaining
44% of product also forms via a two-electron pathway; however, the carbanion intermediate

is likely quenched from the proton originating from 2-bromophenol itself.
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Figure 3. Cyclic voltammograms for O2-free 0.1 M TMABF+DMF (dotted black) and 5 mM 2-
bromophenol in O2-free 0.1 M TMABF+DMTF (solid black) obtained at a glassy carbon working

electrode scanned at 150 mV s.

Further, DFT calculations are largely supportive of the electrochemical results obtained by
means of bulk electrolysis. As illustrated in Scheme 1, 2-bromophenol (1) accepts an electron
at £ =-1.59 V vs. SHE (-1.07 V vs. Cd/Hg) to produce an aryl radical (1) and bromide ion

through a concerted electron transfer mechanism. The reduction potential of 1- (£° = -0.50 V
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vs. SHE or +0.02 V vs. Cd/Hg) is significantly more positive than the original substrate; hence
the second electron transfer occurs rapidly to produce a carbanion intermediate (1), which is

then quenched by protons in solution.

Scheme 1. Direct electroreduction of 2-bromophenol at carbon cathodes in

dimethylformamide.
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Catalyst screening. Cyclic voltammetry was used to measure homogeneous electron-
transfer rate constants between various electrocatalysts and 2-bromophenol to determine the
best redox catalyst. Suitable electron-transfer catalysts must (1) exhibit fully reversible
electron transfer in the absence of the substrate; (2) exhibit high turnover frequency (TOF)
with the substrate; (3) have a reduction potential more positive than that of the substrate; and
(4) have a standard reduction potential more negative than the standard reduction potential
for reversible reduction of the substrate.?’ Given the criteria listed above, nickel(II) salen (£° =
—0.90 V vs. Cd/Hg), anthracene (£° = -1.13 V vs. Cd/Hg), and trans-stilbene (£ =-1.39 V vs.
Cd/Hg) were chosen to encompass the full catalytically acceptable potential range."> Each

catalyst exhibits complete reversibility within the required range and has been used previously

11



in carbon—halogen bond cleavage.!>?%% Further, DFT calculations predict a reduction potential
of -0.96 V vs. Cd/Hg (-1.48 V vs. SHE) for nickel(II) salen, —1.25 V vs. Cd/Hg (-1.77 V vs. SHE)
for anthracene, and —-1.43 V vs. Cd/Hg (-1.95 V vs. SHE) for trans-stilbene, consistent with
experimentally obtained potentials. A range of different M06 functionals was employed, and
the corresponding potentials were compared against experiments to justify MO06-L as the
optimal choice of functional (Supporting Information). Additionally, calculations show that
nickel(II) salen is a low-spin singlet and nickel(I) salen is a low-spin doublet complex.

To determine the most efficient catalyst, homogeneous electron transfer rate constants
between each catalyst and substrate were measured. While a complete analysis of electron-
transfer kinetics is quite complex, electron-transfer rate constants can be estimated by means
of foot-of-the-wave analysis (FOWA). For a detailed explanation of FOWA, the interested
reader is directed to the works of Savéant* and Dempsey.*** FOWA allows for determination

of rate constants by means of eqs 4 and 5:%°!

(4) = .

F 0
' l+exp [ﬁ(E*Ecat/z)]

0

i 0
(5) B9 94 [RTkeCa

iy Fu
where 7is the catalytic current of the substrate with catalyst, %° is the peak current of the
catalyst in the absence of substrate, i is the plateau current of the sigmoidal voltammogram

associated with zone KS, F is the potential, £, is the half-wave potential of the catalytic wave,

v is the scan rate, ke is the rate constant of homogeneous electron transfer, R is the universal gas

12



. , . F
constant, 7 the temperature, and F is Faraday’s constant. Plots of 7/° vs. [1 +exp [R—T (F~

-1
Egat/z)” result in a linear response where & can be extracted from the slope (Supporting

Information).

Figure 4a displays voltammograms for 2 mM nickel(II) salen in the absence and presence of
increasing concentrations of 2-bromophenol. As the concentration of 2-bromophenol
increases, the cathodic peak grows in magnitude while the anodic peak current decreases.
These experiments were repeated for anthracene and trans-stilbene (Figure S1, Supporting
Information). These voltammograms were then used to determine the rate constant of electron
transfer between the active form of the electrocatalyst and substrate by means of FOWA.
Compiled in Table S1 (Supporting Information) are calculated electron-transfer rate constants
between each catalyst and 2-bromophenol at 20, 50, 100, and 150 mV s and y = 10. As
illustrated, each catalyst appears to have a similar electron transfer rate constant to 2-
bromophenol, differing only by a factor of 2.5. As a result, catalytic efficiencies (i/%°) for each
catalyst were also calculated. Trans-stilbene has the highest catalytic efficiency of C-Br cleavage
in 2-bromophenol.

Once electron-transfer rate constants between catalyst and substrate were calculated,

turnover frequencies (TOF) were determined by means of eq 6:%

kC)
1+exp [RiT(E—E%Q)]

(6) TOF =
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Figure 4b depicts TOFs for each catalyst as a function of overpotential (r] = E—EgBrPhOH) at
glassy carbon cathodes scanned at 150 mV s™'. In each case, y = 10 was utilized. Although trans-
stilbene has the largest TOF, the process with nickel(II) salen has the lowest overpotential,
with catalyzed reduction occurring near n = 0 mV. These data are further supported by bulk
electrolysis of 5 mM 2-bromophenol in the presence of 2 mM nickel(II) salen at —=1.00 V, as
well as electrolysis of 5 mM 2-bromophenol and 2 mM trans-stilbene at —1.45 V. In each case,
complete reduction to phenol is observed; however, electrolysis in the presence of nickel(II)
takes longer than in the presence of trans-stilbene. DFT calculations show that the one-
electron reduction of 2-bromophenol is thermodynamically more favorable where the free
energy of reaction for trans-stilbene (AGiepc= =35 kJ mol_l) is more negative than anthracene
(AG,epc=—18 k] mol_l) which is more negative than nickel(II) salen (AGjeac= 11 kJ mol_l). This
result is consistent with the largest TOF and shortest electrolysis time obtained experimentally
with trans-stilbene followed by anthracene and nickel(Il) salen. We further employed DFT
calculations in conjunction with Marcus Theory to calculate electron-transfer barriers for the
reduction of 2-bromophenol with the reduced form of these three catalysts.**® Marcus theory
gives free energy barriers for the reaction with trans-stilbene of AG =38 k] mol ™,
anthracene of AG = 45 kJ mol™!, and nickel(II) salen of AG =67 kJ mol™ (Table 3 and
Supporting Information). The kinetics of electron transfer follows the thermodynamics in all
three cases, and the reactions occur in the normal regime of Marcus Theory (|AGe.| < 4,

where A is the reorganization energy). The nickel(II) salen was chosen as the optimal catalyst
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for the reduction of bromophenols as it had the lowest overpotential, and the duration of

electrolysis was only minimally extended.
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Figure 4. (a) Cyclic voltammograms for 1 mM nickel(II) salen (dotted black), and 1 mM
nickel(II) salen in the presence of 1 mM (solid, black trace), 10 mM (solid red), and 100 mM
(solid blue) 2-bromophenol at a glassy carbon working electrode scanned at 150 mV s in 0.1
M TMABF+~DMEF. (b) Turnover frequency (TOF) as a function of overpotential (n) for the
catalyzed reduction of 2-BrPhOH by nickel(II) salen (solid black), anthracene (solid red), and
trans-stilbene (solid blue). Recorded at a glassy carbon working electrode scanned at 150 mV

s! and an excess factor (y) of 10.

Electrochemical behavior of 2,6-dibromophenol in the presence of Nickel(II) salen. With

an optimal catalyst chosen, cyclic voltammetry of 2,6-dibromophenol was performed in the
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absence and presence of nickel(II) salen. As shown in Figure 5a, direct reduction at carbon
cathodes results in two irreversible cathodic peaks at —1.38 and -1.90 V vs. Cd/Hg. In the
presence of nickel(II) salen (Figure 5b), an enhanced reduction peak is observed at —0.90 V vs.
Cd/Hg, which grows with an increasing concentration of 2,6-dibromophenol. In contrast, the
magnitude of the oxidative peak decreases. Interestingly, a second cathodic peak is present at
ca. —=1.30 V vs. Cd/Hg, which is both concentration and scan rate dependent (Figure S2a,

Supporting Information).
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Figure 5. (a) Cyclic voltammograms for Oz-free 0.1 M TMABF+DMF (dotted black) and 5 mM
2,6-dibromophenol in O:-free 0.1 M TMABF«+DMF obtained at glassy carbon cathodes
scanned at 150 mV s (b) Cyclic voltammograms for 1 mM nickel(II) salen (dotted black), and
1 mM nickel(II) salen in the presence of 1 mM (solid, black curve), 10 mM (solid red) and 100
mM (solid blue) 2,6-dibromophenol at glassy carbon cathodes scanned at 150 mV s™ in Ox-free

0.1 M TMABF+~DMF.
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Bulk electrolyses of 5 mM 2,6-dibromophenol in the presence of nickel(II) salen and excess
HFIP were performed at reticulated vitreous carbon cathodes in 0.1 M TMABF+DMF; Table
1 displays coulometric data and product distributions. At —1.00 V vs. Cd/Hg, electrolysis of 5
mM 2,6-dibromophenol in the presence of 2 mM nickel(Il) salen produces 44% phenol and
23% 2-bromophenol, with approximately 20% unreacted starting material remaining. To
discern radical and carbanion intermediates, we performed bulk reduction in the presence of
excess deuterated HFIP (HFIP-OD). Mass spectrometric analysis of electrogenerated phenol
reveals that roughly 91% has no deuterons incorporated, and only 9% has one deuteron
incorporated. Moreover, of the 2-bromophenol generated, 94% has no deuterons incorporated

and 6% has one deuteron incorporated.

Table 1. Coulometric data and product distributions for the reduction of 5 mM 2,6-
dibromophenol at reticulated vitreous carbon cathodes in O:-free DMF containing 0.10 M

TMABF4, 2 mM nickel(II) salen, and excess HFIP.

E Product Distribution (%)®
I
(V vs. Cd/Hg) 2,6-diBrPhOH BrPhOH PhOH Total
-1.00 1.57 20 23 44 87

@ Number of electrons per molecule of 2,6-dibromophenol
®Yield expressed as a percentage of initial substrate concentration

TR = trace amount; ND = not detected

17



On the basis of voltammetric and chronoamperometric data, we propose the mechanism
outlined in Scheme 2 for the bulk reduction of 2,6-dibromophenol in the presence of nickel(II)
salen. At—1.00 V, nickel(II) salen accepts one electron to form the catalytically active nickel(I)
salen (reaction [1]). DFT calculations predict a reduction potential of -0.96 V vs. Cd/Hg (-1.48
V vs. SHE) with a singlet d® Ni(II) salen reducing to a doublet d° Ni(I), consistent with the
experimental value. This intermediate then transfers one electron to 2,6-dibromophenol
where through a concerted mechanism, the carbon-bromine bond is cleaved to produce
bromide and the aryl radical. The concerted carbon—bromine bond cleavage is observed with
a calculated reduction potential of —-0.95 V vs. Cd/Hg (-1.47 V vs. SHE). Moreover, Marcus
Theory predicts a barrier of AG =61k] mol™ and reaction-free energy of AG,.,.=—1kJ mol ™
for the first electron transfer step from the Ni(I) salen complex to form the aryl radical
(reaction [2]) (Table 3 and Supporting Information). The kinetics of electron transfer follow
the thermodynamics, and the reactions occur in the normal regime of Marcus Theory
(|AGieac| < A, where A is the reorganization energy). This aryl radical can either abstract a
hydrogen atom from the secondary carbon of HFIP (reaction [3], major pathway) or accept
another electron from another nickel(I) salen complex to form the aryl carbanion (reaction
[3], minor pathway). The aryl carbanion is then quenched by the proton originating from
HFIP. The major pathway involves quenching of the radical through hydrogen atom transfer
from excess HFIP in solution and is evident in deuterium incorporation studies, which show

that over 90% of the phenol produced has no deuterium atoms incorporated when HFIP-OD
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is utilized. Calculations show that, following the first electron transfer and carbon-bromine
cleavage, the second electron transfer, if it occurs, will not lead to the cleavage of the second
carbon-bromine bond. Hence, the aryl radical either abstracts a hydrogen atom or forms an
aryl carbanion and accepts a proton. Transition state calculations further show a barrier of
AG =30 k] mol ™ for hydrogen atom abstraction from HFIP by the aryl radical. With Marcus
Theory, the homogeneous electron transfer barrier between the Ni(I) salen complex and the
aryl radical substrate is AG =0 kJ mol™ (Table 3 and Supporting Information). This reaction,
however, occurs in the inverted regime of Marcus Theory (|AG,e| > 4, where A is the
reorganization energy). While the kinetic barriers suggest that the hydrogen atom transfer
pathway will not be favored over the aryl carbanion formation pathway, the excess
concentration of HFIP may drive the hydrogen atom transfer pathway. With the excess
concentration, the radical species encounters an HFIP molecule first rather than a Ni(I) salen
complex. This will lead to the hydrogen atom transfer pathway, consistent with the deuterium

labeling experiments.

Scheme 2. Nickel(I) salen-catalyzed electroreduction of 2,6-dibromophenol at carbon

cathodes in dimethylformamide.
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Nickel(I) salen-catalyzed reduction of tetrabromobisphenol-A (TBBPA). With the
insights established from the bulk reduction of 2,6-dibromophenol, we decided to investigate
the electrochemical behavior of TBBPA. Figure 6a shows a cyclic voltammogram for 5 mM
TBBPA at a glassy carbon cathode scanned at 150 mV s7'. Similar to 2,6-dibromophenol, two
cathodic peaks are observed at —-1.37 and -1.87 V vs. Cd/Hg. Voltammograms for 1 mM
nickel(II) salen in the absence and presence of increasing concentrations of TBBPA at carbon

cathodes scanned at 150 mV s are depicted in Figure 6b. When substrate is added to solution,
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similar behavior to that of 2,6-dibromophenol is observed once again: where there is an
increase in cathodic current at -0.90 V vs. Cd/Hg as substrate is added to the solution and a
second cathodic peak at —1.29 V vs. Cd/Hg, which grows rapidly in comparison to the first
peak as concentration and scan rate are increased (Figure S2a, Supporting Information).
Moreover, as the concentration of substrate is increased, the magnitude of the anodic peak

decreases.
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Figure 6. (a) Background cyclic voltammogram (dotted black) and cyclic voltammogram for 5
mM TBBPA (solid black) at a glassy carbon cathode scanned at 150 mV s in 0.1 M TMABF4+—
DMF. (b) Cyclic voltammograms for 1 mM nickel(II) salen (dotted black) and 1 mM nickel(II)
salen in the presence of 1 mM (solid black), 10 mM (solid red), and 100 mM (solid blue) TBBPA

at glassy carbon cathodes scanned at 150 mV s in 0.1 M TMABF+DMF.
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Controlled-potential electrolysis of 5 mM TBBPA was performed in the presence of 2 mM
nickel(II) salen and excess HFIP at carbon cathodes biased to —1.00 V vs. Cd/Hg. Product
distributions obtained (Table 2) show BPA as the major product, with 51% of starting material
completely dehalogenated. Monobromobisphenol-A is present with 43% yield, whereas 6%
dibromobisphenol-A was detected. Due to a lack of internal standards, the method of peak
area normalization was used for quantitation instead of the method of internal standard.
Overall, roughly 2.30 electrons are transferred per molecule of substrate, slightly lower than
the 3.45 electrons that would coincide with the product distribution obtained. This difference
highlights the uncertainty in the quantitation method employed. When HFIP-OD is utilized
in place of HFIP, 87% of the BPA that is generated does not have deuterons incorporated, and
only 12% of BPA has one deuteron incorporated. Thus, we conclude that the reduction of
TBBPA by means of electrogenerated nickel(I) salen occurs through a one-electron mechanism

to form a radical intermediate.

Table 2. Coulometric data and product distributions for the reduction of 5 mM TBBPA at
reticulated vitreous carbon cathodes in oxygen-free DMF containing 0.10 M TMABFs, 2 mM

nickel(II) salen, and excess HFIP.

E Product Distribution (%)®
P
(V vs. Cd/Hg) TBBPA Tri- Di- Mono- BPA Total
-1.00 2.30 ND TR 6 43 51 100

2 Number of electrons transferred per molecule of TBBPA
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®Yield expressed as an area percentage of total peaks present in the chromatogram

TR = trace amount; ND = not detected

Results obtained for the catalyzed electroreduction of TBBPA at carbon cathodes suggest
that the reduction proceeds in a mechanism that is similar to that proposed in Scheme 2 for
the bulk reduction of 2,6-dibromophenol. At carbon cathodes biased to —1.00 V vs. Cd/Hg,
nickel(II) salen is reduced to nickel(I) salen which subsequently transfers one electron to the
substrate, resulting in carbon-bromine bond cleavage to produce a radical intermediate.
Similar to the previous substrates, theoretical results show that the electron transfer occurs
with a concerted carbon—bromine bond cleavage. Marcus Theory predicts a free energy barrier
of AG' =48kJ mol™' and reaction-free energy of AGpe,.=—-2kJ mol ™" for the first electron
transfer step from the Ni(I) salen complex to form the aryl radical intermediate (Table 3 and
Supporting Information). Consistent with the previous two substrates, the kinetics of electron
transfer follow the thermodynamics, and the reaction occurs in the normal regime of Marcus
Theory (|AGieac| < A, where A is the reorganization energy). Furthermore, the energetics of
electron transfer in all three substrates are very similar, indicating little-to-no effect of
multiple carbon-bromine bonds of these polybrominated phenols on the cleavage of one
particular carbon-bromine bond. The aryl radical species that forms is subsequently quenched
by the transfer of the secondary hydrogen from HFIP. Although most of the substrate is

reduced by this pathway, computational data indicate that the reduction potential of the
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radical intermediate species (£°= +0.10 V vs. Cd/Hg or —0.42 V vs. SHE) is much more positive
than that of the original halide (£° = -0.93 V vs. Cd/Hg or —1.45 V vs. SHE). As a result, the
radical species can accept another electron, generating a carbanion intermediate that accepts
a proton from HFIP. This pathway is observed in the small amount of deuteron incorporation
through bulk reduction in the presence of HFIP-OD.

In addition, calculations show a lower likelihood of the radical intermediate accepting a
second electron leading to a second carbon—bromine bond cleavage, either in the same ring or
the adjacent ring of TBBPA. This result is consistent with the previous observation with 2,6~
dibromophenol where two sequential electron-transfer carbon—-bromine bond cleavages were
not observed. As discussed previously, the substrate radical can either abstract a hydrogen
atom from HFIP or undergo a second electron transfer to form an aryl carbanion. The
homogeneous electron transfer barrier between the Ni(I) salen complex and the aryl radical
substrate was calculated via Marcus Theory to be AG =0k mol™ (Table 3 and Supporting
Information). This reaction, however, occurs in the inverted regime of Marcus Theory
(|AGieac| > A, where A is the reorganization energy). Similar to 2,6-dibromophenol, transition
state calculations and Marcus theory results indicate unfavorable hydrogen atom abstraction
by the aryl radical over the second electron transfer step leading to an aryl carbanion that
accepts a proton. As the barrier for hydrogen atom abstraction is higher with HFIP
(AG* =30kJ mol_l) than the reduction of aryl radical to the anion (AG =0KkJ mol_l), the

higher overall rate of hydrogen atom transfer must be the result of the excess concentration of
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HFIP. Table 3 summarizes the key DFT energetics for the three substrates for the different
electron-transfer and H-atom transfer steps in the mechanism of these reductions with the

Ni(I) salen catalyst.

Table 3. Summary of DFT energetics for the three substrates with Ni(I) salen catalyst and

HFIP.
First electron Second electron H atom
reduction reduction transfer
Marcus Marcus
Substrate AG AGH
AGt AGE&C regime AGQHC regime
k 1- k 1!
(k] mol)) (k] mol) ( ]11;10 (kJ mol1) (kJ mol™)
2-BrPhOH 67 11 2 -94 33
2,6- . 30
JiBrPhOH 61 -1 normal 0 -110 inverted
TBBPA 48 -2 0 -101 30

As shown in Scheme 3, molecular orbital analysis shows that the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are initially delocalized
over both TBBPA rings (structure a). Following the first concerted carbon—-bromine cleavage
in the anionic radical complex, the HOMO and LUMO become localized over the ring that
carries the radical (structure b). After complete removal of the bromide ion from the radical
intermediate, the HOMO becomes delocalized again over the two rings. However, the LUMO

is still localized over the ring carrying the radical (structure c). This localization likely
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prevents the second carbon—bromine cleavage from the adjacent ring. Upon a second electron
transfer, which leads to formation of the carbanion, the HOMO becomes localized over the
ring which carries the carbanion, and the LUMO now shifts to the adjacent ring (structure d).
Thus, the results from the orbital analysis indicate that the first carbon-bromine cleavage
occurs in one ring and does not propagate to the adjacent ring until the formation of the
carbanion species (complete replacement of the carbon-bromine bond with a carbon-
hydrogen bond). Only after carbanion formation does the LUMO shift to the adjacent ring,
indicating that the second carbon-bromine bond cleavage will likely occur in the adjacent

ring.

Scheme 3. Molecular orbital analysis for sequential electron transfers and carbon-halogen

cleavage in TBBPA.
Br Br + e
a T

HO OH

N Br Br i

Pt )
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Conclusions

The electrocatalyzed reduction of a series of bromophenols was analyzed at carbon cathodes.
Nickel(II) salen was determined to be the most energy-efficient catalyst for reduction, because
the overpotential was lowest when compared to anthracene and trans-stilbene. Cyclic
voltammograms for 2-bromophenol, 2,6-dibromophenol, and tetrabromobisphenol-A in the
presence of nickel(II) salen show a single, irreversible cathodic peak. Bulk reduction of each
in the presence of nickel(II) salen and HFIP show the completely dehalogenated species as the
predominant product. On the basis of the data obtained, we propose that bromophenols are
reduced through a one-electron mechanism, where nickel(II) salen is first reduced to nickel(I)
salen (electrochemical step, E). Electrogenerated nickel(I) salen then transfers an electron to
the bromophenol resulting in carbon-bromine bond cleavage and production of bromide and
an aryl radical (electrocatalyzed step, C'). Density functional theory calculations show that the
first electron-transfer step and carbon-bromine bond cleavage occur concertedly in all
substrates. The aryl radical can either accept a hydrogen atom from the secondary carbon of
HFIP or receive a second electron from nickel(I) salen generating a carbanion, which is
quenched by the acidic proton on HFIP. Although calculations show that reduction to a
carbanion is feasible, deuterium labeling experiments show that the hydrogen atom
abstraction pathways are favored for the aryl radicals compared to the aryl carbanion
formation pathways for all substrates, which must be the result of the excess concentration of

HFIP employed in the experiments. Further, for substrates with multiple carbon—bromine
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bonds, a second carbon-bromine bond cleavage occurs only after the first carbon-bromine
bond has been completely reduced to a carbon-hydrogen bond. Hence, a sequential
mechanism of carbon-bromine bond cleavage is proposed for mediated polybrominated
phenol reduction involving an initial electron transfer accompanied by either a hydrogen atom

abstraction step (more favorable) or a second electron-proton transfer step.

Supporting Information. Voltammograms for catalyst screening, voltammograms for 2,6-
dibromophenol and tetrabromobisphenol-A at wider potential windows, and details of
computational analysis. Supporting Information is available free of charge at

https://pubs.acs.org.
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