Electrochemical Reduction of [Ni(Mebpy)sz]?*. Elucidation of the Redox
Mechanism by Cyclic Voltammetry and Steady-State Voltammetry in
Low lonic Strength Solutions.

Dr. Koushik Barman, Prof. Martin A. Edwards, Prof. David P. Hickey, Dr. Christopher Sandford,
Prof. Yinghua Qiu, Dr. Rui Gao, Prof. Shelley D. Minteer*, and Prof. Henry S. White*

Department of Chemistry, University of Utah, 315 South 1400 East, Salt Lake City, Utah 84112-
0850, United States

Abstract. Bipyridine complexes of Ni are used as catalysts in a variety of reductive
transformations. Here, the electroreduction of [Ni(Mebpy)s]** (Mebpy = 4,4’-dimethyl-2,2’-
bipyridine) in dimethylformamide is reported, with the aim of determining the redox
mechanism and oxidation states of products formed under well-controlled electrochemical
conditions. Results from cyclic voltammetry, steady-state voltammetry (SSV) and
chronoamperometry demonstrate that [Ni(Mebpy)s:]** undergoes two sequential 1e reductions
at closely separated potentials (E%1=-1.06 + 0.01 V and E%;=-1.15 + 0.01 V vs Ag/AgCl (3.4 M
KCl)). Homogeneous comproportionation to generate [Ni(Mebpy)s]*is demonstrated in SSV
experiments in low ionic strength solutions. The comproportionation rate constant is
determined to be > 10° Ms?, consistent with rapid outer-sphere electron transfer.
Consequentially, on voltammetric time scales, the 2e reduction of [Ni(Mebpy)s]?* results in
formation of [Ni(Mebpy)s]'* as the predominant species released into bulk solution. We also

demonstrate that [Ni(Mebpy)s]° slowly loses a Mebpy ligand (~10 s2).
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Introduction

Nickel-based molecular electrocatalysts have been extensively studied for a variety of
reductive reactions ranging from H; evolution!*? and CO, reduction®* to reductive cross-
coupling in the formation of complex carbon skeletons.>®7! Such catalysts commonly utilize an
electrochemical reduction step to generate a reactive oxidation state of the Ni complex from
which the catalytic cycle is initiated. However, experimental methods to determine the exact
nature, and mechanism of reactivity, of the catalytically active Ni complex are often restricted
by the short time scales of its existence within a catalytic reaction mixture.

Of specific interest to our current research, a Ni(ll) 4,4’-dimethyl-2,2’-bipyridine
complex, [Ni(Mebpy)s]?*, has been recently reported as a catalyst for electrochemically-driven
aryl amination reactions.”® During this process, [Ni(Mebpy)s]** is reduced, under a constant
applied current, yielding a catalytically active Ni species in the bulk solution, which has yet to be
identified. During the past three decades, the reduction of tris(bipyridine)Ni(ll) complexes have
been extensively investigated, with conflicting conclusions reported in the literature. While it is
clear that [Ni(bpy)s]?* (bpy = 2,2’-bipyridine) can undergo multiple reductions in non-aqueous
solvents, e.g., acetonitrilel®], there are discrepancies in the interpretation of voltammetric and
polarographic results. Both 1e and 2e reductions of [Ni(bpy)s]?*, yielding [Ni(bpy)s]* and
[Ni(bpy)s]°, respectively, have been reported as the initial electrochemical step in
acetonitrile.® ° 1 Some reports suggest that [Ni(bpy)s]** and [Ni(bpy)s]® undergo
comproportionation to generate [Ni(bpy)s]*,[*®] while others ignore this possibility, but
conclude that the 2e reduction product, [Ni(bpy)s]°, is unstable and loses a bpy ligand.®#'1 The

overall mechanistic possibilities based on literature reports are shown in Scheme 1. To the best
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of our knowledge, none of these mechanisms have been quantitatively investigated, including
measurement of the formal redox potentials [Ni(Mebpy)s]**/*and [Ni(Mebpy)s]*/° (E{’ and EY’
respectively in Scheme 1).

Herein, we report a detailed electrochemical investigation, in the absence of a catalytic
substrate, aimed at fully characterizing the underlying mechanistic pathways that follow the
initial 2e reduction of [Ni(Mebpy)s]?* in dry DMF solutions. Because of the complexity of the
competing heterogeneous and homogeneous reactions shown in Scheme 1, the elucidation of
mechanistic details required multiple electrochemical methods. We have employed both
transient (cyclic voltammetry and chronoamperometry) and steady-state (ultramicroelectrode,
UME) voltammetry methods, in combination with numerical simulations of transport and
reactions to provide a complete description of the overall 2e reduction of [Ni(Mebpy)s]>*. Our
investigations vyield a number of previously unreported parameters, including the
thermodynamic potentials of the first and second 1le steps (EY" and EY’) of [Ni(Mebpy)s]?*
reduction, the equilibrium constant and rate of ligand loss (k) from [Ni(Mebpy)s]°, and the rate

of comproportionation (kcomp) between [Ni(Mebpy)s]?* and [Ni(Mebpy)s]°.
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Scheme 1. Sequential two 1e electroreduction steps of [Ni(Mebpy)s]** coupled to
comproportionation and loss of ligand from [Ni(Mebpy)s]°.

Experimental

Chemicals. All reagents were purchased from Sigma-Aldrich. Prior to electrochemical
measurements, DMF was first dried overnight over activated 4 A molecular sieves.
Ni[(Mebpy)s]** was prepared “in-situ” in the electrochemical cell by mixing 1 equiv. of
NiBr,.3H,0 with 6 equiv. of 4,4’-dimethyl-2,2’-bipyridine (Mebpy). Alternatively, an isolated
sample of anhydrous Ni(Mebpy)sBr, was prepared by mixing 1 equiv. Of NiBr,.3H,0 with 6
equiv. of Mebpy in methanol for 2 hr, collecting and washing the precipitate with methanol,
and drying at room temperature. The electrochemical supporting electrolytes, (n-
butyl)aammonium hexafluorophosphate (TBAPFs) and (n-butyl)aammonium bromide (TBABr),
were recrystallized and dried.

Electrochemical measurements. Electrochemical data were recorded with a CH Instruments
760E bipotentiostat, with the electrochemical cell inside a Faraday cage. A 12.5-um diameter
Pt disk electrode (CH Instruments) was used as the working electrode in steady-state
voltammetric measurements. For these measurements, a leakless Ag/AgCl (3.4 M KCl)
electrode (eDAQ) was employed as a combined reference/counter electrode. A 1-mm radius Pt
disk electrode, shrouded in Teflon, along with the Ag/AgCl (3.4 M KCl) reference electrode and
a Pt wire counter electrode, were employed in cyclic voltammetric measurements. All
measurements were performed in Ar-bubbled solutions under an Ar atmosphere and employed

flame-dried glassware.
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Simulations of Electrochemical Experiments. Finite-element simulations of the steady-state
response of 12.5 um-radius Pt disk electrode were performed using COMSOL Multiphysics, ver.
5.4a. Details of the simulation mesh and parameters are provided in the Supporting
Information. Finite-difference simulations of the cyclic voltammetric response of the larger 1
mme-radius Pt disk electrode were performed using DigiSim, ver. 3.03b.
Results and Discussion

We performed preliminary cyclic voltammetric (CV) experiments to examine the redox
properties of [Ni(Mebpy)s]?*as prepared in situ in dry DMF solutions containing 0.5 mM NiBr;
and 3 mM Mebpy. The 6:1 equivalent ratio of ligand to metal ions yields the [Ni(Mebpy)s]?*
complex. (Experiments presented in the Supporting Information demonstrate that the CV
response in DMF solutions containing Mebpy and [Ni(Mebpy)s]?* does not vary when the ligand

is present in greater than a ~3:1 excess of the metal ion.)

0.5 mM Ni(Mebpy),2*+ 0.1 M TBABr

Current (pA)

l == 100 mV/s

Increasing
scan rate

14 12 10  -08
E (V vs. Ag/AgCl)

Figure 1. Cyclic voltammograms recorded at a 1 mm-radius Pt disk electrode in a dry DMF solution

containing 0.5 mM NiBr,, 3 mM Mebpy (v = 20-100 mV/s) in the presence of 0.1 M TBABtr.
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Figure 1 shows the CV response recorded at a 0.03 cm? Pt disk electrode corresponding
to the reduction of [Ni(Mebpy)s]?*. A single voltammetric wave is observed in the solution
containing 0.5 mM [Ni(Mebpy)s]?* and 0.1 M (n-butyl)sammonium bromide (TBABr) as the
supporting electrolyte. This wave is characterized by a half-wave potential, E12 = -1.15 V vs
Ag/AgCl (as determined by the average value of the cathodic and anodic peak potentials, Eqc
and Ep,, respectively), and a peak splitting, (Epc- Epa) of 73 (+/- 3) mV (after compensation of a
small ohmic (iRs) potential drop). A plot of the background subtracted cathodic peak current,
i, as a function of the square root of scan rate (v/?) for v between 20 and 100 mV/s was
found to be linear with a zero intercept, indicating that reduction of [Ni(Mebpy)s]?* is diffusion
controlled (Figure S1). The ratio of the anodic and cathodic peak currents, ipa/ipc, was found to
be close to unity, independent of scan rate down to the slowest scan rates examined (20 mV/s).

This latter result suggests that the electrochemical transformation:

[Ni(Mebpy)s]** + ne = [Ni(Mebpy)s]®"* Q)

is chemically reversible on the voltammetric time scales employed here.

We also performed CV measurements on in-situ prepared [Ni(Mebpy)s:]?>* in DMF
solutions employing 0.1 M (n-butyl)aammonium hexafluorophosphate (TBAPFs) as the
supporting electrolyte, as well as CV measurements in solutions prepared using a sample of

anhydrous Ni(Mebpy)sBr.. The CV responses in these experiments are essentially identical to
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those shown in Figure 1 (see Figure S2), indicating that eq (1) describes the general reduction of
[Ni(Mebpy)s]**in DMF.

The number of electrons (n) in eq (1) can be determined from the cathodic peak
currents in the CV response shown in Figure 1, by employing the Randles-Sevcik equation, eq

(2), assuming that the diffusivity (D) of [Ni(Mebpy)s]?* is known a priori.

ioc = 0.4463 n*2FAC*(FvD/RT)"/? o

In eq (2), F is Faraday’s constant, A is the electrode area, v is the scan rate, R is the gas
constant, T is temperature, and C* is the bulk concentration of [Ni(Mebpy)s]%*.

To determine D, we used the chronoamperometric method of Winlove!!?, Bard!*3], and
coworkers, in which the transient current is recorded at a Pt disk microelectrode (12.5 um
radius) following a potential step to potentials where [Ni(Mebpy)s]** is reduced at the diffusion-
controlled rate. This method is especially advantageous as it does not require a priori
knowledge of either n or the concentration of [Ni(Mebpy)s:]>*. The reader is referred to
references 12 and 13 for method details and appropriate conditions where the analysis is valid.

Prior to the chronoamperometric analysis, steady-state voltammetry (SSV) was
performed at the 12.5 um radius Pt disk microelectrode in the dry DMF solution containing 0.5
mM [Ni(Mebpy)s:]?>* and 0.1 M TBABr at a scan rate of 2 mV/s. As before, the [Ni(Mebpy)s]**
was prepared in situ by mixing 1 equiv. NiBrz:3H,0 and 6 equiv. of Mebpy. The SSV response,
Figure 2(a), shows that [Ni(Mebpy)s]** reduction results in a quasi-sigmoidal voltammogram,

with E1/2~ -1.14 V vs Ag/AgCl, consistent with the E1/; determined from the CV response (Figure
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1). The steady-state value of the limiting current plateau, iss™~ 2.4 nA, corresponds to the

diffusion-limited reduction of [Ni(Mebpy)s]?*, which is described by

iss = 4nFDC*a (3)

where a is the radius of a disk-shaped UME.

Chronoamperometry was performed by stepping the potential of the 12.5 um radius Pt
microdisk from an initial potential of -0.8 V (where no faradaic current is observed) to -1.3 V vs
Ag/AgCl, corresponding to a potential on the diffusion-limited current plateau. The current
response was recorded for 30 s, Figure 2(b), and a plot of i normalized to i (i.e., i/iss) as a
function of the reciprocal of the square root of time, i/iss, vs t /2, was constructed, as shown in

the inset of Figure 2(b).
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Figure 2. (a) SSV at a 12.5 um radius Pt disk microelectrode in the presence (blue) and absence (black) of 0.5 mM
[Ni(Mebpy)s]?* at v = 2 mV/s. (b) Chronoamperometry response following a potential step from -0.8 to -1.3 V vs

Ag/AgCl (first 3 s of a 30 s experiment shown). Inset shows normalized current plotted vs t/2 for full duration. The

dashed line in Figure 2b shows the steady-state current value (is).
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For a diffusion-controlled process, a plot of i/iss, vs t %2 is predicted to be linear with an
intercept of unity, since i — iss as t — . The inset of Figure 2(b) shows that the plot of i/iss, vs
t1/2is indeed linear with an intercept of unity (0.97), as predicted by theory. From the slope (S

=0.25 s2) of the resulting straight line, D for [Ni(Mebpy)s]?* is calculated from eq (4),

D = 1ta%/16S52 (4)

Using eq (4), we compute D to be 0.5 (#0.1) x 10° cm?/s for the data in Figure 2(b). We
performed similar analysis of D in solutions containing between 1 and 10 mM [Ni(Mebpy)s]?*,
and in each case, we observed linear plots of i/iss, vs t/2 with unity intercepts; from these
results, we determined an average value of D equal to 0.5 (+0.1) x 10° cm?/s.

With D determined, the value of n may be directly computed from either iss measured in
the SSV response (Figure 2(a) and eq (3)), or from i,c measured in the CV response (Figure 1 and
eq (2)). We determined n = 1.9 (¥0.2) and 2.1 (+0.2) from the SSV and CV responses,
respectively, indicating that the overall reduction of [Ni(Mebpy)s]** is a 2e process.

Despite the finding that n = 2, we note that the shape of the CV response shown in
Figure 1 is consistent with a le reduction rather than a 2e reduction. Specifically, a single
reversible voltammetric wave with AE, (=Epc - Epa) ~73 mV, independent of scan rate, is
suggestive of n = 1. At room temperature, the theoretical value of AE, is equal to ~58 mV for n
=1, while AE, ~29 mV for n = 2,04

The CV response of successive two le reductions steps, egs (5) and (6),
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[Ni(Mebpy)s]** +e = [Ni(Mebpy)s]** Ei” (5)

[Ni(Mebpy)s]** +e = [Ni(bpy)s]° E," (6)

is expected to yield a single voltammetric wave when the difference in the formal redox
potentials of the first and second steps, (E1° - E2%), is less than ~-100 mV, i.e., when the second
electron transfer occurs at a potential significantly more positive than the first, a single CV wave
is expected, with AE, ~29 mV is predicted.[**! Conversely, two resolved 1e waves, each with AE,
~ 58 mV, are expected when (E1% - £5%) > ~100 mV. We note here that the SSV response shown
in Figure 2(a) displays an inflection point on the rising portion of the wave, suggestive of
sequential two 1e steps with closely spaced E,” values. We show below that the observed peak
splitting of AE, ~73 mV in the CV response for the 2e reduction of [Ni(bpy)s**], Figure 1, requires
consideration of three factors: (1) E2° being slightly negative of E1* (as suggested by the SSV
response), (2) the slow loss of Mebpy from [Ni(Mebpy)s]°, and (3) comproportionation between
[Ni(Mebpy)s]** and electrogenerated [Ni(Mebpy)s]°.

In the following section, we describe SSV measurements of [Ni(Mebpy)s]?* reduction as
a function of the concentration of supporting electrolyte, as a means to determine values of £,
and E2% (eqgs (5) and (6)). A by-product of this analysis is the measurement of the rate of

comproportionation between [Ni(Mebpy)s]** and [Ni(Mebpy)s]°.[1>16]

Steady-state voltammetry (SSV) of [Ni(Mebpy)s]?** as a function of the supporting electrolyte

concentration.
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Figure 3 shows SSVs recorded at a 12.5 um radius Pt UME corresponding to the
reduction of 0.5 mM [Ni(Mebpy)s]?* in the presence and absence of 0.1 M TBABr. We observed
that the steady-state limiting current in the absence of the supporting electrolyte is ~2x larger
than in the presence of 0.1 M TBABr. Additionally, the SSV response in the absence of the
supporting electrolyte clearly shows two closely spaced waves, corresponding to the first and

second le reductions of [Ni(Mebpy)s]**.

10.5 mm
11 Ni(Mebpy),2* +
1o.1mTBABS

Current (nA)
&

10.5 mM Ni(Mebpy);%*

14 1.2 10  -08
E (V vs. Ag/AgCl)

Figure 3. Steady-state voltammograms of 0.5 mM [Ni(Mebpy)s]** at a 12.5 um radius Pt UME with (blue

curve) and without (red curve) 0.1 M TBABr in the solution. v=2 mV/s.

The dependence of the SSV behavior on supporting electrolyte concentration can be
qualitatively understood by noting that transport of [Ni(Mebpy)s]?* to the UME in the presence
of excess supporting electrolyte (TBABr:[Ni(Mebpy)s]** = 200:1) is dominated by diffusion, while
both diffusion and migration contribute to transport in the absence of a supporting

electrolyte.[1718] For the electrochemical reduction of a positively charged species, e.g.,
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[Ni(Mebpy)s]?*, the electron transfer reaction creates a small but net negative charge and
electric field within the depletion layer, resulting in migration of the positive reactant towards
the electrode surface. This migrational flux results in a larger current than observed in the
presence of excess supporting electrolyte, consistent with the results in Figure 3. Conversely,
for the reduction of a negatively charged species, the limiting current value will decrease due to
the migration of the reactant away from the surface, towards the bulk solution. Similarly, the
transport of an uncharged reactant will not be influenced by local electric fields.

The ~2x increase in the limiting current for [Ni(Mebpy)s]?* in the absence of TBABr is
qualitatively consistent with the reduction of a 2+ species. Specifically, for a 2e reduction of a
2+ species, the limiting current is predicted to increase by precisely 3-fold based on the
Amatore equation for SSV limiting currents in low ionic solutions (see Supporting
Information).[*®181  However, the difference in the enhancement of experimental (~2x) and
theoretical (3x) limiting current values observed in the absence of TBABr is significant and can
be attributed to the comproportionation between [Ni(Mebpy)s]?* and the 2e product,

[Ni(Mebpy)s]®, eq (7).

[Ni(Mebpy)s]** + [Ni(Mebpy)s]® = 2[Ni(Mebpy)s]** (7)

Qualitatively, and described in more detail below, the comproportionation reaction results in
the homogenous generation of [Ni(Mebpy)s]**at a finite distance from the electrode surface.
Reaction (7) results in a fraction of the chemically generated [Ni(Mebpy)s]** being transported

back to the electrode to undergo the second le reduction, while the remainder is transported
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to the bulk solution. The fraction of [Ni(Mebpy)s]!* that is not reduced at the electrode, but
transported back to the solution, results in the smaller increase in observed SSV limiting current
(~2x) than that predicted in the absence of comproportionation (3x).

We carried out finite element simulations using COMSOL Multiphysics software to
model the step-wise 2e reduction of [Ni(Mebpy)s]** (eqs (5) and (6)) coupled to the
homogenous comproportionation/disproportionation equilibrium, eq. (7). The simulations
allow determination of E:® and E;% for the sequential electron-transfer steps, as well as the
rates of comproportionation (kcomp) and disproportionation (kgisp). Details of the simulation
process are given in the Supporting Information.

We fit the simulated SSV response to the experimental results by varying the following
three parameters: AEY = (E:% - E5%), E1%, and kcomp; the simulations incorporate the measured
value of D for [Ni(Mebpy)s]**. The disproportionation rate constant, kgisp, is uniquely
determined by AE” and kcomp through the relationships, AEY = (nF/RT)In(Keq) and Keq = kcomp/Kdisp.
We assumed that the diffusivities for [Ni(Mebpy)s]* and [Ni(Mebpy)s]° were equal to that of
[Ni(Mebpy)s]?*. This assumption is likely the largest source of error in the simulation, given the
dependence of D on molecular charge.

Figure 4 shows simulated SSVs of the 2e reduction 0.5 mM [Ni(Mebpy)s]?* at the 12.5
um radius electrode in the absence of TBABr (Note: Numerical convergence of the simulations
requires a non-zero value of electrolyte concentration. We thus set [TBABr] = 107 M in all
simulations labeled as “in the absence of TBABr’. However, this has no impact on the current
response; see Supporting Information, Section 10 for confirmation). Figure 4(a) shows

simulated SSVs obtained by varying kcomp between 0 and 10’ Ms* while holding AE” constant
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at 90 mV (E1% = -1.06 V, E;° = -1.15 V vs Ag/AgCl), while Figure 4(b) shows simulated SSVs
corresponding to varying AEY (E1% = -1.06 V vs Ag/AgCl was fixed while E;® was varied) at a

value of kcomp = 10 M1sL,

d) .
( )0_ 0.5 mM Ni(Mebpy),** (b) o 0.5 mM Ni(Mebpy)* +
| AE°=90 mV kcomp (M1s1)in 0 M TBABr kcom =106 (M-ls.l)
2 -2{01MTBABr - 0 M TBABr _—y P
g @ [ == ( < AE?(mV)
E 4. /4 103 :E’ 4. [ _100
£ =10 o - 50
o Increasing = 10° 3 p—}
-6 kcomp = 106 6 X 50
2 w107 Increasing AF° == 100
1.4 1.2 1.0 0.8 14 1.2 1.0 038
E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)

Figure 4. Simulated SSVs of the 2e reduction 0.5 mM [Ni(Mebpy)s]?** at a 12.5 um radius electrode in the
absence of TBABr, (a) while varying the comproportionation rate constant (kcomp) at a fixed AE” (E;,% = -
1.06 V, E5% = -1.15 V vs Ag/AgCl), or (b) while varying AE® ( E;% = -1.06 V vs Ag/AgCl fixed and changing
E,%) at a fixed comproportionation rate, kcomp = 10° M's2. The brown dashed line in (a), shows simulated

SSV response in the presence of an excess electrolyte.

We first note that the simulated SSV response in the presence of an excess electrolyte
(0.1 M TBABr, brown dashed curve in Figure 4a), yields a wave that is in quantitative agreement
with the experimental observation, in terms of both the magnitude of the limiting current, iiim,
and the Ei/; value. This level of agreement indicates that the finite-element model is correctly

constructed. We then simulated the SSV response in the absence of TBABr, holding AE® and
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E:% constant, while varying kcomp. We find excellent agreement between the simulated
enhancement of limiting current in the absence of TBABr and the experimental value (~2x)
when keomp is greater than ~10% Ms?, while theoretically predicted!® (x3) enhancement is
observed when kcomp = 0. We then held keomp constant at 106 M™s and varied AE” from -100
mV to 100 mV in the absence of TBABr (Figure 4b). For AE® values between -100 mV and 85
mV, the simulated SSV curves show a single sigmoidal shape in the absence of TBABr. The SSV
response evolves into a double wave for AE® values between 90mV to 100mV without
electrolyte. (Simulated SSVs with smaller changes in AE® between 0 mV to 100 mV are
reported in Figure S7.) In summary, the initial comparison of simulated SSV with the
experimental results yields estimates of the three fitting parameters: keomp > 10 Ms1, AEY~ 90
mV, and £,° =-1.06 V vs Ag/AgCl.

Figure 5 shows a comparison of experimental (solid) and simulated (dotted) SSVs at 2
mV/s for the reduction of 0.5 mM [Ni(Mebpy)s]?* as a function of the TBABr concentration. For
TBABr concentrations between 0 and 100 mM, we obtained a very good agreement in current,
potentials and wave-shape between experimental and simulated curves using the above-

mentioned values of kcomp, AEY, and E1°.
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Figure 5. Comparison of experimental (solid) and simulated (dotted) SSVs of 0.5 mM [Ni(Mebpy)s]**
reduction with different concentrations of TBABr. 25 um diameter Pt disk electrode, v =2 mV/s.

Simulation details: kcomp = 10°M s, AE® =90 mV, and E:% = -1.06 V vs Ag/AgCl.

Figure 6 shows the simulated concentration distributions of [Ni(Mebpy)s]?*, [Ni(Mebpy)s],
and[Ni(Mebpy)s]° resulting from the transport limited reduction of 0.5 mM [Ni(Mebpy)s]**in
the presence and absence of 0.1 M supporting electrolyte. As before, we used values of kcomp =
106 M1st, AEY = 90 mV, and E1% = -1.06 V vs Ag/AgCl, obtained as described above, in the
simulations. In both the presence or absence of TBABr, comproportionation results in the
homogeneous generation of [Ni(Mebpy)s]* in the solution at a fixed distance from the electrode
surface, Figure 6(a) and (b), a consequence of the reaction between the [Ni(Mebpy)s]?* that is
moving towards the electrode and the [Ni(Mebpy)s]° moving away from the electrode. In the
absence of supporting electrolyte, the flux of [Ni(Mebpy)s]?* towards the electrode increases,
generating a higher concentration of [Ni(Mebpy)s]° at the electrode surface. In turn, the higher
concentration of [Ni(Mebpy)s]° results in an increase in the rate of comproportionation,

generating additional [Ni(Mebpy)s]* in solution, and preventing transport of [Ni(Mebpy)s]° into

19



the solution bulk. Figure 6(d) shows a plot of the rate of comproportionation versus distance
from the surface, indicating the homogeneous reaction reaches a maximum rate at ~25 um
from the electrode surface. Additional simulations and numerical analysis show that this
distance scales with the radius of the UME (a) under steady-state conditions, and is

approximately equal to 2a.

(a) 15 (b) 1.5
. 0.5 mM Ni(Mebpy),* +
0.5 mM Ni(Mebpy),2*+ 0 M TBABr
10l 01MTBAB i
s = Ni(Mebpy),°
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o 051 Ni(Mebpy);° Ni{(Mebpy);** 5’ 054 Ni(Mebpy),2*
i 1+
Ni(Mebpy)al* NI(Mepr)3
0.0+ : - - = : 0.04 L - - - ]
0 50 100 150 200 0 50 100 150 200
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(c) 138 Ni(Mebpy),** o 0)5 id) 06
i —. .01 H 2+
10 0 M TBABr 045 S7 O:SmMCHI (MR R);
04§ 505 0 M TBABr
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Figure 6. Simulated concentration profiles at potentials corresponding to the limiting current plateau (-
1.3 V vs Ag/AgCl). Axial concentrations of [Ni(Mebpy)s:]?*, [Ni(Mebpy)s]*, and [Ni(Mebpy)s]° in (a) the
presence of 0.1 M and (b) 0 M TBABr (d = O corresponds to the electrode surface). (c) Two-dimensional

plot of the concentration of [Ni(Mebpy)s]*in the solution near the electrode surface. (d) Plot of the rate
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of comproportionation as a function of distance from the electrode surface. In all simulations, kcomp = 10°

M?s?, AE® =90 mV, and E;%=-1.06 VV vs Ag/AgCl.

Effect of Mebpy Loss from [Ni(Mebpy)3]° on the Shape of the CV Response.

Previously, we noted that the CV response for the 2e reduction of [Ni(Mebpy)s]?* in the
presence of 0.1 M TBABr exhibited a wave-shape similar to a reversible 1e process, with a
splitting between cathodic and anodic peaks, (Epc- Epa) equal to ~73 mV. Attempts to simulate
this response using a finite-difference model (DigiSim) and the values of kcomp = 10 M1s, AE” =
90 mV, and E1%=-1.06 V vs Ag/AgCl determined from the above SSV analysis, did not provide
satisfactory agreement with the experimental observations. Specifically, simulated CVs
exhibited a shape corresponding to two overlapping 1le waves, a consequence of E;% and E,*
being sufficiently separated that a single 2e wave is not realized. (Figure 12.3.24 of reference
14 shows the expected CV for this AE%”and provides a more detailed discussion. Figure 7,
below, with K, the ligand dissociation equilibrium constant, set equal to O, also presents the
resulting CV; two overlapping waves can be clearly resolved).

Based on previous reports in the literature that indicated a loss of Mebpy from
[Ni(Mebpy)s]®,B1 eq (8), we investigated the potential effect of this reaction on the CV wave-

shape.

[Ni(Mebpy)s]° = [Ni(Mebpy):]® + Mebpy (8)
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Figure 7 shows simulated CVs, modeled on egs (5), (6), (7) and (8), for the 1 mm-radius Pt disk.
We find good agreement between the simulated CV and the CV of Figure 1, assuming values of
the forward rate constant for ligand loss, k¢, between 9 and 20 s, while maintaining the
equilibrium constant for eq (8), K, at 0.04 M. Note that these simulations include
comproportionation with kecomp= 10° M1s?, as previously determined. The simulation for K =
0.04 M in Figure 7 yields a value of (Epc- Epa) equal to 81 mV, in reasonable agreement with the
experimental value of 73 (+/- 3) mV.  We conclude that the CV wave-shape is consistent with

eq (8) and previous reports of ligand loss.

/\# /_—-_____|
= ——
K = 0.004 2pA] g
M i
</ % I
K=0.04
/\q |
= % |
08 14 1.2 -1.0 -0.8
E (V vs. AglAgCI) E (V vs. Ag/AgCl)

Figure 7. Simulated CV of 0.5 mM [Ni(Mebpy)s]?* for the 2e reduction process (%= -1.1V vs Ag/AgCl,
and AE” = 90 mV) at a 1 mm-radius Pt disk electrode as a function of the ligand dissociation equilibrium
constant, K (as labeled on the plots in units of M). The rate constants for ligand dissociation, ks = 10 s},

and comproportionation, keomp= 106 Ms, were held constant. v =50 mV/s.

Conclusion
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We have demonstrated that the electroreduction of [Ni(Mebpy)s]** in DMF occurs by
two sequential 1le transfers that are accompanied by both comproportionation and slow loss of
a Mebpy ligand, Scheme 1. Although these homogeneous chemical reactions have been
separately suggested in previous reports, the detailed electrochemical characterization
described here, in combination with computational simulations, has allowed for the first
guantitative assessment of the rates of these reactions. Using SSV techniques and finite
element simulations, the first two electron transfer steps have been resolved, allowing
determination of the formal potentials of the [Ni(Mebpy):]?/* and [Ni(Mebpy)s]*/® redox
couples. SSV measurements using ultramicroelectrodes in low ionic strength solutions provide
an experimental means to determine a lower limit for the rate constant for comproportionation
between [Ni(Mebpy)s]?* and [Ni(Mebpy)s]°. The measured value of kcomp = 106 M1s? suggests
that this electron transfer is very facile, and is likely limited by diffusion.

Our results are relevant in understanding the recently observed catalytic activity of
electroreduced [Ni(Mebpy)s]?* in electrochemically-driven aryl amination reactions. First, the
fast comproportionation reaction suggests that, despite the electroreduction of [Ni(Mebpy)s]?*
being a 2e process, [Ni(Mebpy)s]* rather than [Ni(Mebpy)s]° is the product species generated
on voltammetric times scales, and is the predominant product in reductive electrolysis of
[Ni(Mebpy)s]>* up to at least 1e per [Ni(Mebpy)s]**. [Ni(Mebpy)s]° exists at significant
concentrations only in close proximity to the electrode surface. Second, ligand loss is almost
certainly involved in the catalytic activity of electroreduced [Ni(Mebpy)s]?* in aryl amination
reactions. The estimated rate constant of ~10 s for this process suggests that the loss of a

ligand can free coordination sites at the nickel center for binding of the amine substrate,
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enabling downstream catalytic events. Finally, with knowledge of these processes in hand, we
envisage that properties of the catalyst can be systematically changed to vary both kinetic and
thermodynamic values, facilitating the design of electrocatalysts which exhibit improved

catalytic efficiencies.
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