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ABSTRACT: Redox catalysis has been broadly utilized in electrochemical synthesis due to its kinetic advantages over
direct electrolysis. The appropriate choice of redox mediator can avoid electrode passivation and overpotential, which
strongly inhibit the efficient activation of substrates in electrolysis. Despite the benefits brought by redox catalysis,
establishing the precise nature of substrate activation remains challenging. Herein, we determine that a Co(l) complex
bearing two N,N,N-tridentate ligands acts as a competent redox catalyst for the reduction of benzyl bromide substrates.
Kinetic studies combining electroanalytical techniques with multivariable linear-regression analysis were conducted,
disclosing an outer-sphere electron-transfer mechanism, which occurs in concert with C—Br bond cleavage. Furthermore,
we apply a pattern recognition platform to distinguish between mechanisms in the activation of benzyl bromides, found
to be dependent on the ligation state of the cobalt(l) center and ligand used.

1. Introduction

Redox catalysis, also known as indirect electrolysis, has
been widely used in both bulk electrolysis and
electrochemical analysis.! Instead of the direct reduction
of a substrate at the electrode, the redox mediator is first
reduced at the electrochemical surface and subsequently
transfers an electron to the substrate in bulk solution,
regenerating the initial oxidation state of the mediator.'*
¢ Accordingly, adding a catalytic amount of the redox
mediator leads to differentiated electron-transfer kinetics,
with reduction of the organic substrate becoming a
homogeneous redox event occurring away from the
electrode/electrolyte interface.'d® Switching from direct
electrolysis to redox catalysis, problems of electrode
passivation as well as the requirement for an overpotential
to activate substrates, which can strongly reduce the
efficiency of electrolysis, can be addressed.'® Multiple
reports harness this electrochemical strategy to reduce
aliphatic halides with transition metal complexes owing
to the importance of the alkyl radical generated for
alkylation and cross-coupling reactions.>* However, it
remains challenging to identify the inner- or outer-sphere
nature of the reduction of the carbon—halogen bond by the
metal,* a differentiation that is key to understanding
directions for optimization of the redox catalyst.

As part of our efforts to develop a global understanding
of the intricate factors that impact the mechanism of
fundamental organometallic steps such as the reduction of
alkyl halides, we previously demonstrated that a Co(I)
complex bearing an N,N-bidentate ligand can activate

Scheme 1. Mechanistic Investigations of Co(l)
Complexes with Benzyl Bromides

a) Previous Work

BnBr

Co” "f &
(I ' B
C\:O CE H - O H
Br Ar 1F3C \ 7 \] :
' N  N—, !
H tBu:
Co Bne + Br

ha/ogen -atom
abstraction

8p0.JJ08[8.

b) This Work

l'/\Br ey

outer-sphere
electron transfer

8p0/j08]0
g ®
=]
* B
@
/
_O
Wi
A
pd

c) Pattern Recognition Platform

Mechanistic Studies by

* Electrochemical analysis

O/\ Cobalt Complex | X
‘ s 7 * Parameterization
ligand 1 Ilgand 2

@jgand 3+
SC_O\_Of j - S,N\ I/NJ :> CN\CO./N3

o
l “Bu change of Q \ENJ/N}
Br

mechanism
%

outer-sphere
electron transfer

s NccH,

halogen-atom
abstraction

benzyl bromides through an inner-sphere electron-
transfer process (halogen-atom abstraction, Scheme
1.a).>® Accordingly, we next questioned whether it is
possible to manipulate the nature of substrate reduction



by switching to Co(I) complexes bearing N,N,N-
tridentate ligands. Herein, we uncover an alternative
outer-sphere activation pathway for benzyl bromides in
the presence of electrogenerated Co(I) complexes bearing
the 2,6-bis(pyrazol-1-yl)pyridine ligand (BPP, 3),
depicted in Scheme 1.b. Cyclic voltammetric studies
identified the existence of a catalytic waveform,” in
agreement with the catalytic reduction of benzyl
bromides to benzyl radicals by the Co(I) complex, and
detailed kinetic studies unveiled trends in substrate
variation consistent with an outer-sphere electron-transfer
mechanism. This mechanistic proposal, distinctive from
our previously studied system,® was further supported by
multivariable  linear-regression ~ (MLR) analysis,?
enabling us to identify that the electron transfer occurs in
a concerted fashion with dissociation of bromide from the
substrate.® In addition, with the combination of the
electroanalytical techniques’ and statistical modeling,®
we establish a pattern recognition platform for rapidly
distinguishing between the activation mechanisms of
different metal complexes (Scheme 1.c), a tool which we
anticipate will be broadly applied in the rational design of
new organometallic reactions.

2. Results and Discussion

2.1. Characterization of a Reversible Electron-
Transfer Process by a Bis-ligated Cobalt Complex. We
conducted cyclic voltammetric (CV) studies with a
solution containing 1 equiv. of CoBr; and 2 equiv. of BPP
ligand 3. A reversible electron transfer with E;p=—-1.29 V
(vs Fc/Fc¢™) was discovered, where the ratio of peak
currents in the forward (i,c) and reverse (ipa) scans did not
decrease even when the scan rate was low (ipa/ipc = 0.81 at
0.01 V s7!) (Figure 1.a). Cyclic voltammograms in the
presence of varied equivalents of ligand demonstrated
that this reversible response originates from the
Co(I)/Co(I) redox cycle of a bis-ligated cobalt complex
(for more details, see Supporting Information). Moreover,
square-wave voltammograms were measured upon
adding excess ligand (Figure 1.b), and we ascertained that
~75% of the cobalt ions in solution were bis-ligated when
only two equivalents of the ligand were added (for more
details, see Supporting Information).

2.2. Discovery of a Catalytic Chemical Reaction with
Benzyl Bromide. After adding 1 equiv. of the benzyl
bromide substrate to the cobalt complex solution above,
the cyclic voltammogram became irreversible (Figure
2.a), indicating the existence of a chemical reaction step
after the electroreduction of the Co(II) complex. To better
understand the reaction between Co(I) and benzyl
bromide, we conducted cyclic voltammograms with
various concentrations of the substrate (Figure 2.a). A
sequential increase in the current was observed upon
adding additional equivalents of the substrate. We
postulated that the increment of current is derived from
the  catalytic = regeneration of the  Co(Il)
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Figure 1. (a) CVs of 1.0 mM CoBr2 with 2.0 mM BPP ligand (3)
at varying scan rates in a 100 mM solution of BusNPFs in
acetonitrile, using a 0.071 cm? boron-doped diamond working
electrode. CVs are plotted in polarographic notation with positive
currents corresponding to reduction. (b) SWVs were performed
under the same condition with the CV experiments, with pulse
height =20 mV, pulse width = 20 ms (50 Hz), and a step height =
2mV.

species during the CV timespan, and is consistent with
an EC’ mechanism (electrochemical reduction, E,
followed by a chemical catalytic step regenerating Co(Il),
C’, Figure 2.b).!° This EC’ mechanism illustrates that the
[Co(BPP),]" complex can act as a redox catalyst in the
reduction of benzyl bromides, but the exact nature of the
electron transfer through either an inner-sphere or outer-
sphere process remained elusive at this stage.
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Figure 2. (a) Increment of forward current for the Co(l1)/Co(l)
couple ligated by BPP 3 with successive increases in benzyl
bromide concentration, consistent with an EC’ mechanism. CVs
run with 1.0 mM CoBr2 with 2.0 mM 3 at varying equivalents of
benzyl bromide in a 100 mM solution of BusNPFs in acetonitrile,
using a 0.071 cm? boron-doped diamond working electrode at a
scan rate of 0.10 V s1. CVs are plotted in polarographic notation
with positive currents corresponding to reduction. (b) Proposed EC’
mechanism.

2.3. Determination of Activation Rate Constants. In
order to obtain further information on the mechanism of
the redox catalysis, we next turned to kinetic studies in
which we obtained the rate constants for the reaction
between [Co(BPP),]" and a range of benzyl bromide
substrates, utilizing the same electroanalytical technique
as in our previous study.® Using this electroanalytical
technique, the second-order rate constant can be derived
by calculation of the quantity of Co(I) complex consumed
by reaction with benzyl bromide during the CV from the
ratio of peak currents, i/ipc (Figure 3). For a more
detailed explanation of this method, we direct the reader
to previous studies.> This analysis allowed us to measure
the rate constant for each substrate in less than 30 minutes,
thus enabling us to rapidly conduct kinetic studies with a
wide array of substrates.
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Figure 3. The variation in peak-current ratio (ipa/ipc) as a function
of scan rate enables measurement of the rate constant of oxidative
addition occurring during the CV scan. CVs of 1.0 mM Co(ll)
complex with 2.0 mM BPP ligand 3 in the presence of 1.0 mM
benzyl bromide at varying scan rates in a 100 mM solution of
BusNPFs in acetonitrile, using a 0.071 cm? boron-doped diamond
working electrode. CVs are plotted in polarographic notation with
positive currents corresponding to reduction.

2.4. Hammett Studies. Having determined the relative
rate constants for a variety of para-substituted benzyl
bromides 4-13, a Hammett-type analysis was performed
using Hammett ¢ parameters.!! Correlations were built
and compared for substrate behavior between
[Co(BPP),]" and cobalt complexes bearing the bidentate
ligand 5CF3-Pyrox 1 and an alternative tridentate,
commonly used ligand, tBu-PyBox 2 (Figure 4). The
Hammett plot for Co(I) ligated by one 5CF3-Pyrox ligand,
published previously (Figure 4.a),° displays a broken
Hammett relationship between substrates with electron-
rich groups (best correlated with ¢) and those with
electron-deficient groups (best correlated with o). We
previously determined that the non-linearity in this
Hammett plot was the result of a halogen-atom
abstraction mechanism, along with the reversible binding
of the benzylic radical to Co(II). The dominating effect in
the transition state of this electron transfer was found to
be stabilization of the benzylic radical species. Similar
features were found when using the mono-ligated Co(I)
complex with tBu-PyBox ligand 2 (Figure 4.b). Indeed,
not only did we observe the same broken feature in both
correlations, we also identified the same outlier (substrate
12), the explanation for which we presented in our
previous report.® The common features in these two
systems suggest that Co(I) with ligand 2 can also activate
benzyl bromide through a halogen-atom abstraction
mechanism.
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Figure 4. Hammett plots for activation of benzyl bromides by Co(l) complex ligated by (a) 5CFs-Pyrox 1, (b) tBu-PyBox 2, and (c) BPP 3.
All three plots use kinetic data from the same substrate set, shown on the bottom of the figure. The lines with negative correlations use ¢*

values, while the lines with positive correlations use ¢~ values.!!

In contrast, the Hammett plot afforded by [Co(BPP),]*
showed a dramatic difference from that with ligands 1 and
2. Specifically, a singular correlation with ¢ was
identified to describe the kinetics for both electronically-
rich and -poor substrates. Compared with the other two
Hammett plots, we postulated that a different mechanism
is in operation with ligand 3. The correlation with the o~
parameter indicates a build-up of negative charge in the
transition state of the reaction with Co(I), consistent with
an outer-sphere electron-transfer mechanism,'? which is
further supported by the detailed kinetic studies in the
following sections.

The different patterns resulting from comparing Hammett
plots provide a rapid method to differentiate between
mechanistic scenarios. This pattern recognition tool also
showcases that the denticity of the ligand is not the
primary controlling factor in changing the mechanistic
pathway, but rather the number of ligands bound to the
metal center (mono- or bis-ligation for complexes bearing
tridentate ligands tBu-PyBox 2 and BPP 3, respectively).

2.5. Kinetic Isotope Effect and Secondary Substrate
Effect Studies. To further differentiate the proposed
outer-sphere electron transfer from a halogen-abstraction
mechanism, we conducted a kinetic isotope effect (KIE)
study,'® as well as an investigation into the effects of
changing from primary to secondary benzylic halide
substrates. First, rate constants for substrate 6 and
deuterated analogues 6-di and 6-d> were measured with
each ligand on cobalt, and the results are depicted in Table
1. Normal secondary KIEs were afforded in all systems,
which is consistent with a change from sp® to sp’
hybridization during the reductive cleavage of the C—Br
bond. However, the systems using ligand 1 and ligand 2
both have unusually large secondary KIE values, close to

or above the theoretical maximum value of ~1.4 derived
from changes in the out-of-plane CH, bending
vibration.'* This large KIE is derived from a formal
oxidative addition process, where not only does the first
C-Br bond cleavage step contribute to the KIE, but the
subsequent radical rebound to Co(Il) also impacts this
measurement.® This again supports the similarity of the
mechanism with both ligand 1 and ligand 2 via a halogen-
atom abstraction process. In contrast, ligand 3 gives a
statistically-smaller secondary KIE. The difference in
magnitude between complexes bearing ligands 3 and 1
suggests that [Co(BPP),]" reduces the benzyl bromide
substrate by a distinct mechanism, which is in concert
with our proposal for an outer-sphere electron-transfer
mechanism.

Table 1. Kinetic Isotope Effect Study

Ligand Br

aat
FiC—\ 7 \j
N N7,

Averaged KIE®
Me’

1.55 +0.23

2

O,
N 6-d,
w h}\? 1.37 £0.07

Jl\/j /©)<Br
i 1.12 +0.04 Me
3

Error bars are one standard deviation based on the measurement of
rate constants for both substrates 6-di and 6-d> conducted in
duplicate. For raw data, see Supporting Information. Data for
ligand 1 exported from reference 6.




Next, we evaluated the effect of changing from a primary
benzylic bromide to a secondary substrate (Table 2).
Again, we observed a clear distinction in the
classification of the mechanisms between ligands 1 and 2,
and ligand 3, wherein the former complexes react faster
with a secondary substrate, and the latter has a larger rate
constant with a primary analogue. The identification of
this pattern provides an additional method to rapidly
characterize the difference between the two substrate
activation mechanisms. The data for complexes bearing
ligands 1 and 2 are consistent with a halogen-atom
abstraction, whereby secondary substrates react with
enhanced rates owing to greater stabilization of the
benzylic radical through hyperconjugation. In contrast,
within an outer-sphere electron-transfer realm, a higher
energy LUMO in the presence of additional electron-
donating groups would inhibit the substrates’ ability to
receive an electron, thus resulting in slower kinetics with
secondary substrates, as observed for [Co(BPP);]".

Table 2. Secondary Substrate Effect Study

Ligand kpolkye ®
- 0 Br
CR—Q\ K \N]., 2.36 +0.37 Hg
‘tB
1 ! primary
X
o] l N/
SJ“ N\\} 2.36 +0.17 Me
B¢ 2 tBu /©)\Br
® "
secondar
z 0.72 +0.01 Y

3Error bars are one standard deviation based on the measurement of
rate constants for both primary and secondary substrates 6-d: and
6-d2 conducted in duplicate. For raw data, see Supporting
Information. Data for ligand 1 exported from reference 6.

2.6. Parameterization of Substrates and Statistical
Modeling of Kinetic Data. To obtain more detailed
mechanistic insight into the electron transfer from
[Co(BPP),]" to benzyl bromide, we conducted further
kinetic studies with the assistance of multivariable linear-
regression (MLR) analysis.® We reasoned that this tool
could offer improved identification of the specifics of the
electron-transfer mechanism, correlating a broad and
diverse data set of substrates into a single model using
multiple interpretable DFT-computed parameters. We
selected a broader range of substrates to evaluate
kinetically, which include diversity in both electronic and
steric properties (for a full list of all 46 substrates tested,
see Supporting Information). Additionally, we classified
these substrates into three groups (Figure 5): (1) primary
benzylic halides, which do not bear an ortho-substituent,
(2) secondary benzylic halides, and (3) primary substrates
containing one or two ortho-substituents.

Considering the reductive nature of the electron transfer
from the cobalt complex to the benzylic bromide, where
the C-Br bond cleaves during this process,'> we proposed
the reaction pathway could be described by two distinct
steps: reduction and bond dissociation. As a result, we
selected two parameters from the substrates to interrogate,
the C—Br bond-dissociation energy (BDE) and the LUMO
energy. Additionally, we postulated that BDE could be
used to differentiate between two different outer-sphere
electron transfer mechanisms.'®'® The outer-sphere
electron-transfer reduction of organic substrates with
bond dissociation has been reported to occur through two
mechanisms, a concerted dissociative electron-transfer
mechanism wherein a bond in the substrate is cleaved at
the same time as the electron transfer,”!%!7 or a two-step
dissociative electron transfer mechanism via a discrete
radical anion intermediate.'® In the latter two-step
pathway, the kinetic behavior has been explained by
Marcus theory, which predicts the relationship between
the kinetics and the reorganization energy change during
the electron transfer step. In contrast, for a concerted
pathway, the energy cost for the broken bond (BDE) is
incorporated as another key parameter affecting the
kinetics.!” The concerted dissociative electron-transfer
theory, modified from Marcus theory,'” was established
and developed by Savéant, who derived a semi-
quantitative model to calculate the kinetic energy barrier
of this process (Equation 1),'%!7

1
AG* = " (BDE + A,) 1)
where AG* is the intrinsic energy barrier, BDE is the
bond-dissociation energy, and A, the solvent
reorganization energy.
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primary substrates, and blue triangles represent ortho-substituted
primary substrates.

Equation 1 describes how the intrinsic barrier of a
concerted dissociative electron-transfer process is
proportional to the bond-dissociation energy. In our study,
we identified that the relative rates of both non-ortho
primary substrates and secondary substrates are highly
correlated with BDE (Figure 5, R? = 0.92 in both cases).
This is in agreement with equation 1, supporting a
concerted mechanism over a stepwise alternative.!” It
should be noted though that there is a clear distinction
between the intercepts of these two correlations.
Additionally, the BDE does not correlate to the measured
rates of ortho-substituted primary substrates (R> = 0.37).
As a result, there are other intrinsic properties of these
reactions that are neglected in the correlation with BDE.
Thus, we sought to understand these limitations by
evaluating alternative parameters.

As a consequence, the LUMO energy was tested to
interrogate the intrinsic ability of the substrates to
undergo electron transfer. This parameter has been
previously used to rationalize kinetics in outer-sphere
electron transfer, whereby a higher LUMO energy makes
reduction less thermodynamically favorable, leading to a
concomitant decrease in the rate.’® Once again, we
obtained good correlations for both non-ortho primary
(Figure 6.a) and secondary (Figure 6.b) benzylic
bromides, consistent with an outer-sphere electron-
transfer mechanism.
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Figure 6. Parameterization of activation Kkinetics with two
subclasses of substrates. (a) Correlation with substrate LUMO
energy in non-ortho primary substrates. (b) Correlation with
substrate LUMO energy in secondary substrates.

However, when we conducting the same analysis for
ortho-substituted substrates, two apparent outliers were
identified (Figure 7.a). We hypothesized that this could be
a result of changes in substrate reorganization energy for
these two anomalies. The reorganization energy, an
essential parameter in Marcus theory alongside the
driving force of the process, is the energy cost for
structural changes of both the reactants and solvent

molecules.!” We propose that the dihedral angle of the C—
Br bond (referenced to the plane of the phenyl ring) can
characterize the substrate reorganization energy, since the
C-Br bond must become perpendicular to the aromatic
ring in order for concerted cleavage with the electron
transfer.!”*2! Accordingly, by introducing this parameter
with LUMO in a multivariable fit, an improved
correlation with ortho-substituted substrates is observed
(Figure 7.b), appropriately accounting for the kinetics of
the two initially anomalous performers.
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of another parameter, the dihedral angle of the C—Br bond, into the
correlation in (a), accounts for anomalous substrates.

To unify the mechanistic picture, we next sought to
pursue a statistical model that could incorporate all of the
substrates evaluated. As expected from the above analysis,
correlation with the LUMO energy alone does not
appropriately account for all the substrate variation
(Figure 8.a). However, a multivariable model (Figure 8.b)
with high regression statistics (R?> = 0.90, 0% = 0.86, 4-
fold = 0.85) was found using a combination of the LUMO,
BDE, and C—Br bond dihedral angle. Furthermore, this
model was validated by a pseudo-randomly selected
validation data set (13 out 0of 43 data points, R?,qi4. = 0.80),
and removal of any of the three parameters leads to a
statistically-significant reduction in model statistics (see
Supporting Information).

As discussed above, both the LUMO energy and the C—
Br bond dihedral angle are descriptive of an outer-sphere
electron-transfer process. The presence of the BDE as a
parameter in the model is consistent with a concerted
dissociative electron transfer, in contrast to its stepwise
counterpart.'®!” As a consequence, the combination of
these three terms in the MLR model confirms the key
features of a concerted dissociative electron-transfer
mechanism, and can be used as a platform to predict rate
constants for the reduction of complex alkyl halide
substrates in the future.
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3. Conclusion

In conclusion, we have investigated the activation of
benzyl bromides by a BPP-ligated cobalt(I) complex.
Cyclic voltammetric experiments were used to identify
that the activation mode occurs through an EC’
mechanism, wherein the cobalt complex acts as a redox
catalyst. Results from an assemblage of classic physical
organic experiments enabled by electroanalytical analysis
exhibited a dramatic contrast in the activation mechanism
when compared to cobalt complexes ligated by either
Pyrox or PyBox. These results are consistent with a
change in mechanism from inner-sphere to outer-sphere
electron transfer when the cobalt center is coordinatively
saturated and cannot bind the substrate. It also
demonstrates the significance of the number of ligands
bound to the metal. Further confirmation of the outer-
sphere mechanism was afforded by multivariable linear-
regression analysis, revealing the concerted nature of the
electron transfer in which the C—Br bond is cleaved at the
same time as the transfer of the electron. In combination,
these results demonstrate the utility of combining
electroanalytical techniques with parameterization tools
to uncover reaction mechanisms. This is highlighted by
using simple Hammett correlations as a pattern
recognition platform to rapidly distinguish between
different mechanisms in substrate activation.
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