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Abstract

While the oxidative addition of Ni(l) to aryl iodides has been commonly proposed in catalytic
methods, an in-depth mechanistic understanding of this fundamental process is still lacking.
Herein, we describe a detailed mechanistic study of the oxidative addition process using
electroanalytical and statistical modeling techniques. Electroanalytical techniques allowed rapid
measurement of the oxidative addition rates for a diverse set of aryl iodide substrates and four
classes of catalytically relevant complexes (Ni(MeBPy), Ni(MePhen), Ni(Terpy), and Ni(BPP)).
With >200 experimental rate measurements, we were able to identify essential electronic and
steric factors impacting the rate of oxidative addition through multivariate linear regression
models. This has led to a classification of oxidative addition mechanisms, either through a three-
center concerted or halogen-atom abstraction pathway based on the ligand type. A global heat map
of predicted oxidative addition rates was created and shown applicable to a better understanding of
the reaction outcome in a case study of a Ni-catalyzed coupling reaction.
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Electroanalytical & Statistical Modeling Studies
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Introduction

In the past ten years, tremendous progress has been reported in the functionalization

of aryl halides using nickel catalysis to form C—C and C—heteroatom bonds.1” An
essential mechanistic event in these transformations is the oxidative addition of the aryl
halide, typically mediated by a low-valent nickel complex (Figure 1A).1 While Ni(0) has
been implicated in traditional variations of these cross-coupling reactions,®10 Ni(l) species
supported by bi- and tridentate nitrogen-based ligands have frequently been proposed in
modern variants such as Ni-catalyzed cross-electrophile coupling, Ni/photoredox catalysis,
and Ni electrocatalysis.}1-17 Seminal organometallic studies by numerous groups have
demonstrated the viability of such a step with Ni(l) complexes bearing A-heterocyclic
carbene,18-19 pipyridine,15:20-23 phenanthroline,24 pyridine-oxazoline,2® bis-oxazoline2S,
and other nitrogenous ligands?’-28 (Figure 1B). The Doyle group recently conducted a
detailed investigation with a tailored Ni(l)-bipyridine complex, providing direct evidence
of the Ni(I11)-Aryl species resulting from Ni(l) oxidative addition.29 Kinetics, linear free-
energy relationships (LFER), and other stoichiometric studies were conducted to evaluate
the mechanism of oxidative addition with this metal-ligand system.

While these prior studies have revealed key mechanistic features of Ni(l) oxidative addition,
the studies were focused on a limited subset of nitrogen-based ligands due to the limitations
in synthetic methods to access Ni(l) and the instability of the catalytically relevant
three-coordinated Ni(l) complex. In addition, the propensity of Ni(l) to undergo complex
speciation convolutes mechanistic analysis.20-22 Given the variety of substrates and ligands
now used in nickel(l) catalysis, a broader survey of how these critical variables impact the
oxidative addition mechanism would provide a valuable foundation for developing new and
improved catalytic transformations. To this end, we became interested in determining the
mechanistic generalities of oxidative addition in regard to other commonly utilized bi- and
tridentate nitrogen-based ligand/Ni(l) complexes with the goal of identifying how ligand and
substrate features impact the process.29-31

To address these challenges, our group33-38 and others32 have recently established an
approach to study oxidative addition mechanisms by combining electroanalytical techniques
with data science tools. Specifically, the in-situ generation of low-valent metal complexes
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by cathodic reduction avoid the difficulties associated with the isolation and characterization
of the complexes and allows for rapid exploration of diverse ligands. Furthermore, the

facile acquisition of kinetic data using electrochemistry enables the evaluation of a wide
range of substrates. This in turn, feeds data science methods to build statistical models
correlating structure to function.32-38 Given these advantages, we were optimistic that this
electroanalytical approach would allow us to interrogate the structural features of ligands
and substrates that impact the mechanism of oxidative addition of Ni(l) complexes.

Herein we present a general investigation of aryl iodide oxidative addition using
electrochemically formed Ni(l) complexes of four representative classes of catalytically
relevant ligands (MeBPy, 6,6'-dimethyl-2,2'-bipyridine; MePhen, neocuproine; Terpy,
terpyridine; BPP, 2,6-bis((1H-pyrazol-1-yl)methyl)pyridine, Figure 1C). Electroanalytical
techniques allowed for the rapid measurement of oxidative addition rates of 44 aryl iodides
with 16 unique ligands. Traditional physical organic analysis tools combined with modern
data science techniques were employed to probe the structure-activity relationships of this
key step. This ultimately has led to predictive models for oxidative addition using Ni(l)
complexes. Finally, in a case study, we show how these models can be used in mechanistic
studies of catalytic reactions that are proposed to proceed via Ni(l) oxidative addition to aryl
iodides.

Results and Discussion

Electroanalytical Studies of the Ni(I) Complexes and their Reactivity with Aryl lodides.

Our group33-38 and others32 have reported an electroanalytical approach to study oxidative
addition processes involving low-valent first-row transition metals into alkyl electrophiles.
The rate of oxidative addition is measured using cyclic voltammetry through peak-ratio
analysis. Specifically, rate constants were calculated by varying the scan rates, and relating
the variation of scan rates to the change of peak-ratios of the metal species, which reflects
the depletion in the metal species’ concentration. (See Sl for a more detailed discussion)

In prior studies, we have applied this method to studying the oxidative addition processes
of activated so° electrophiles such as benzyl halides34-36 and allyl electrophiles.38 However,
this method has yet to be applied to the reaction of aryl electrophiles.

As bidentate and tridentate nitrogenous ligands are the most commonly used in modern
variants of Ni-catalyzed coupling reactions of aryl electrophiles, we selected representative
achiral examples3? for evaluation, including bipyridine (BPy),15-16:40-44 phenanthroline
(Phen),17:24:45-47 terpyridine (Terpy),%8-50 and 2,6-bis((1H-pyrazol-1-yl)methyl)pyridine
(BPP)-type ligands®1-52,

We began our study by conducting cyclic voltametric (CV) measurements of the Ni(ll)/
Ni(1) redox couple of prepared Ni(ll) complexes containing BPy, Phen, Terpy, and BPP
ligands. However, Ni complexes bearing the parent bidentate ligands, bipyridine and
phenanthroline, resulted in uninterpretable CVs with overlapping peak responses, consistent
with literature precedence.1®24 This is likely due to speciation processes by Ni(Il) and
disproportionation processes by Ni(1),1> which prevent further application of this technique
for quantitative analysis. Inspired by previous reports,38:>3 we hypothesized that placing
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methyl groups adjacent to the nitrogen atoms of the ligands could minimize speciation issues
and stabilize the nickel center from undesired disproportionation reactions through steric
shielding of the metal center. Indeed, we found that MeBPy (6,6 -dimethyl-2,2"-bipyridine)
and Mephen (neocuproine) were effective ligands and provided interpretable CVs for the
nickel complexes. Although modification of the ligand is required, MeBPy16.41.44.54 anq
Mephen17.24.45.55 [igands have demonstrated catalytic reactivity for processes that undergo
oxidative addition of aryl halides. Interestingly, the modification was not necessary for
tridentate ligands such as Terpy and BPP, possibly due to the increased coordinative
saturation. It should be noted that the speciation of these Ni complexes is often sensitive

to the reaction conditions and can vary. Although our CV studies indicate formation of the
mono-ligated nickel complexes, it is crucial to exercise caution when evaluating different
analytical scenarios or during a catalytic reaction. Furthermore, care should be taken when
translating the mechanistic outcomes of the MéBPy/MePhen systems to Ni-catalyzed methods
that rely on unmodified bipyridine or phenanthroline ligands.

Further evaluation of the CV conditions revealed that N, A-Dimethylacetamide (DMA) as
solvent and tetrabutylammonium bromide (TBABF) as supporting electrolyte proved most
effective (for other solvent/electrolyte condition, see Supporting Information, section 3).

The observed influence of the solvent and electrolyte could potentially be attributed to
influences on the coordination environment of the Ni complexes. A boron-doped diamond
electrode with a high overpotential for hydrogen evolution (-1.5 V in H,0) was used for this
analysis. Figure 2A-a-d depicts the CVs of the synthesized Ni(MéBPy)Br,, Ni(MéPhen)Br,,
Ni(Terpy)Brs, and Ni(MBPP)Br, complexes, measured at the scan rates of 0.10 and 0.01 V
s~1. Excellent Ni(11)/Ni(l) reversible couples at both scan rates were observed for all four
complexes, which allowed us to perform further analysis.

Next, we investigated the reactivity of the transiently generated Ni(l) complexes with aryl
iodide substrates using cyclic voltammetry (Figure 2A-e-h). Upon the addition of multiple
equivalents of phenyl iodide, the cyclic voltammograms (blue dashed trace) for all four Ni
complexes exhibited a loss of reversibility: a noticeable change in the return peak current
was observed in all cases. This is consistent with the interception of electrogenerated

Ni(1) species by phenyl iodide, indicative of an oxidative addition process.1%:34-38 A

more electrophilic substrate, 4-CF3-phenyl iodide, was used to validate this process. As is
depicted in Figure 2A-e-h (red dotted trace), a significant loss of reversibility was observed,
indicating a more facile oxidative addition than that observed for phenyl iodide. A similar
effect of aryl halide electrophilicity on Ni(l)’s oxidative addition was observed in previous
reports using pulse radiolysis?2 and stoichiometric studies.20

Moreover, we observed the generation of a new species in all CVs (highlighted in red

bold, Figure 2A-e-h). We hypothesized this new species could be a Ni'l(aryl) species, a
resting-state intermediate previously observed in Ni(l)’s oxidative addition of aryl halides,
presumably formed by a subsequent reduction of the resulting Ni'''(aryl) species at the
electrode.20:25.26.56 The observed oxidative addition process was slower for the Ni!(Terpy)
complex, requiring a larger excess of aryl iodide (50 eq). As a result, the CV patterns for
these Ni complexes can be interpreted as an EC-type mechanism (electrochemical reduction,
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‘E,” followed by a chemical step of Ni(l)’s oxidative addition into aryl iodide, ‘C,” Figure
2B).

The rate constants for the chemical step in the EC mechanism were determined using
peak-ratio analysis.32-38, The ratios of forward and return peak currents were measured on
cyclic voltammograms (CVs) containing Ni complexes and phenyl iodide using different
scan rates. The rate constants were subsequently obtained by correlating the peak ratios and
scan rates. The readers are directed to the Supporting Information (Section 2) for a more
detailed discussion. Consistent with the qualitative analysis, the oxidative addition rate is
faster for Ni'(MePhen) and Ni!(BPP) than Ni!(MeBPy): the Ni'(Terpy) complex reacted the
slowest with phenyl iodide (> 20 times slower than the others) (Figure 2C).

Kinetic Studies of Substrate and Ligand Electronic and Steric Effects.

As the next step, we conducted a linear free-energy relationship (Hammett-type) study

to investigate the mechanism of oxidative addition.34-36:38 Traditional Hammett-type aryl
iodide substrates (1-12) bearing electronically diverse substituents on the paraand meta
positions were selected. We measured the relative rate constants for all 12 substrates with the
four Ni complexes, and the resulting Hammett analysis is summarized in Figure 3A-a-d.>’
A linear trend with moderately positive p values for all complexes was observed, suggesting
negative charge build-up on the arene during the oxidative addition process. Of particular
note, the p values of all complexes are within the range between 1 and 2. This observation
is consistent with previous reports by the Doyle2? and MacMillan?2 groups, where p values
for the oxidative addition of Ni(l) complexes supported by bipyridine-type ligands were
determined to be 1.07 and 1.3, respectively.

From previous studies of aryl halide oxidative addition, four possible pathways were
proposed and can be distinguished by their Hammett p values. These pathways include
nucleophilic aromatic substitution (SnAr, p ~ 4),58 single-electron transfer (o ~ 5),%9 three-
center concerted (o ~ 2),50 and halogen-atom abstraction (o ~ 1),51 depicted in Figure 4.
The observed Hammett o values in our study are most consistent with either a three-center
concerted or halogen-atom abstraction pathway.

As a next step, we explored how steric effects impacted the oxidative addition rate by
comparing ortho-substituted substrates 13-17 to their para-substituted analogs. Faster rates
were observed for para-substituted substrates (black circles in Figure 3B-a-d) than that of
ortho-substituted substrates (red circles in Figure 3B-a-d) with the notable exception of
fluorinated substrates (4 and 14). The sensitivity to steric hindrance is consistent with inner-
sphere processes such as three-center concerted or halogen-atom abstraction mechanisms,
which are expected to have a greater steric dependence compared to an outer-sphere electron
transfer.52 Similar steric effects on oxidative addition rates were also observed by the Doyle
group for ortho-methylated phenyl bromides.2% Deviation from this trend by fluorinated
substrates could be due to the smaller size of the fluorine atom. We also observed that

for the MeBPy, Mephen, and Terpy systems (Figure 3B-a-c), substrate 14 exhibits a faster
reaction rate than substrate 4. However, the opposite trend was observed for the BPP systems
(Figure 3B-d). We speculate that this may suggest different operating mechanisms between
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the MeBPy, Mephen, and Terpy systems and the BPP systems, as revealed by the statistical
modeling studies (vide infra).

In this context, we also probed how changes to ligand structure impacted reaction

rate. This is particularly important because structural features of supporting ligands
invariably play a crucial role on rates. Unfortunately, inaccessibility and/or deleterious
homodimerization of Ni(l) complexes often hamper direct comparisons using traditional
mechanistic methods.10:20:32 Four diverse variants were chosen for each class of ligand
(BPy, Phen, Terpy, BPP) and the corresponding Ni(ll) complexes were prepared, with their
redox potentials measured (recorded in Figure 3C-a-d). Rate constants for substrates 1, 3,
and 6 were then measured with all 16 Ni complexes, and the data was tabulated (Figure
3C). First, an electronic effect on oxidative addition rates was observed for all ligand types.
Electron-rich ligands (Bpy-1-2, Phen-1, Terpy-1, BPP-1) accelerated the oxidative addition
for 1, 3, and 6, while Ni(l) complexes with electron-deficient ligands (Phen-3, Terpy-3,
BPP-3) slowed the rates. We also observed inhibition of oxidative addition by sterically
demanding ligands (BPy-4 and Phen-4). Interestingly, however, Terpy-4 and BPP-4 ligands
bearing ortho-methyl substituents did not significantly alter the rates compared to the
Terpy-2 or BPP-2 ligands. We believe this could be due to a balance of opposing electronic
and steric effects caused by the ortho-methyl groups. The redox potentials of the Terpy-4
(-1.52 V) and BPP-4 (-1.38 V) complexes indicate they are more electron-rich than the
Terpy-2 and BPP-2 (both —1.33 V) complexes. This favorable electronic effect causes the
Terpy-4 and BPP-4 complexes to be more effective in oxidative addition. Hence, the methyl
groups function as both electron-donating groups (which facilitate oxidative addition) and
sterically hindered groups (which retard oxidative addition). These two effects seemingly
counteract each other, resulting in similar oxidative addition rates between the Terpy-4/
Terpy-2 or BPP-4/BPP-2 ligands.

Interrogation of Mechanisms through Statistical Modeling.

To generalize this analysis to a broader range of substrates (not simple Hammett-type
substitution of arenes), we conducted a multivariate linear regression (MLR) analysis on the
four representative Ni complexes.53-64 The MLR workflow has two essential components:
(1) acquisition of rate data for a diverse set of substrates and/or ligands and (2)extraction

of structural properties from DFT computed molecular parameters. Statistical models with a
correlation between experimental rate constants and DFT computed parameters can then be
constructed and utilized to interpret the mechanism or provide a predictive platform.

Analysis of the chemical space of the aryl iodides by UMAP.

To ensure the diversity of substrates and determine an appropriate dataset for the

MLR studies, we surveyed the substrate chemical space by analyzing a range of DFT
parameters for a database of 2055 commercial aryl iodides applying Uniform Manifold
Approximation and Projection (UMAP) analysis for dimensionality reduction (to reduce the
high dimensional DFT features to a two-dimensional plot of chemical space).8° This results
in a graphical depiction of the property space in which an aryl iodide is similar to the other
substrates in the same vicinity.8” For more details on the UMAP development, we direct
readers to the Supporting Information (section 11).

JAm Chem Soc. Author manuscript; available in PMC 2024 October 04.
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We next employed a hierarchical clustering algorithm to group similar aryl iodides into
classes based on their DFT features. In doing so, we incorporated both global features (such
as dipole, electronegativity, highest occupied molecular orbital energy, lowest unoccupied
molecular orbital energy, etc.) and atomic features (such as NMR shifts, partial charges,
and buried volumes of critical atoms), with collinear or low-variance features removed from
this analysis. We identified seven clusters for the commercially available aryl iodides, as
shown in Figure 5A. To cover the entire property space in the UMAP representation and
complement the original substrate set (1-17, black circles) used in Hammett-type studies
(Figure 3), we added 27 new substrates (brown crosses) from the unoccupied space (18-27
as representatives). Indeed, the new substrates exhibit more diverse structural features, such
as trisubstituted (18, 20, 21, 22, 23), N-functionalized (19, 26), ortho-carbonyl-substituted
(24, 25), and ortho-disubstituted (27) substrates, which were not present in our initial
Hammett-type set (1-17).

We measured the oxidative addition rates of the new substrates with all four Ni(l)
complexes. In Figure 5B, we compared the rate-constant distribution across different aryl
iodides between different complexes using a boxplot. In general, Ni(MéPhen), and Ni(BPP)
complexes showed the highest reactivity. Ni(MeBPy) complexes, in contrast, undergo
oxidative addition more slowly compared to the Ni(MePhen) and Ni(BPP) complexes,
whereas the Ni(Terpy) is a significantly slower complex to activate the aryl iodide. The
rate distribution could also explain why BPP, Phen, and Bpy nickel complexes are more
prevalent in catalysis than the terpyridine complexes.

Parameterization of substrates and MLR modeling of the kinetic data:

With the experimental rate data collected for the UMAP-guided substrate set, we turned to
MLR modeling. Based on the proposal of a 3-center concerted and halogen-atom abstraction
type mechanism for oxidative addition (Figure 4), we hypothesized that parameters which
describe charge stabilization and/or local steric effects would be crucial to building
interpretable statistical models. These parameters include natural bond orbital (NBO)
charges on the aryl iodide substrate and the aryl radical intermediate (the intermediate
formed after halogen-atom abstraction), lowest unoccupied molecular orbital (LUMO)
energy, and percent buried volume (%VBur) encompassing the iodine atom.%6

A pseudo-random split of the data into training and validation sets (70:30 split) was
performed on the entire data set. Applying a forward stepwise multivariate regression
algorithm, statistical models correlating the rate data with the DFT parameters for each
complex were found with good correlation statistics (/2 ~0.8, Q¢ ~0.7, leave-one-out
validation, Figure 6A). The generalizability in these models was validated by the withheld
test set (blue cross) with mean absolute errors (MAE) of less than 0.32 for log(kx/AR)-

As shown in Figure 6A-a-d, for Ni(MeBPy), Ni(MePhen), and Ni(Terpy) systems, oxidative
addition rates were found to correlate to three substrate parameters: (1) NBOc: NBO charge
on the aryl carbon connected to iodine; (2) NBO;. NBO charge on the iodine carbon; (3)
%VBuUrs g, %VBurs3g or %VBurs3 s percentage buried volume centered at iodine measured
with a radius of 2.0 (Ni(MePhen)), 3.0 (Ni(MeBpy)) or 3.5 (Ni(Terpy)) A. In contrast,

for the Ni(BPP) model, NBO,,;(NBO charge on the radical carbon of the aryl radical

JAm Chem Soc. Author manuscript; available in PMC 2024 October 04.
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intermediate), L UMO (lowest unoccupied molecular orbital energy for substrates), and
9% \VBur,q parameters were found to describe oxidative addition rates. The requirement
for different parameters in the Ni(BPP) system suggests that this Ni(I) complex proceeds
by a distinct oxidative addition pathway from the other three complexes (vide infra). All
parameters used in this study are depicted in Figure 6C.

Effect of ligands on oxidative addition:

Electronic and steric modifications of ligands often play a significant role in the oxidative
addition process, which has been well-documented.29-31 However, a systematic study to
elucidate the role of structural modifications of ligands in Ni(l) mediated oxidative addition
of aryl halides has not been disclosed. Therefore, we questioned if we could use this
workflow to interrogate ligand structure-activity relationships in this process. Rate data were
measured and modeled by combining Bpy, Phen, and Terpy complexes. The BPP-Ni(l)
complexes were modeled separately based on our finding that these complexes likely
undergo oxidative addition via a different mechanism. Inspired by our study in Figure

3C, we hypothesized that global electronic and/or steric parameters from the ligand or

Ni(l) complex would capture the rate trends observed for the different ligands. Indeed,

as shown in Figure 6B-a, the kinetic data from twelve Ni complexes bearing modified
ligands (MeBPy, MePhen, and Terpy-type ligands) were found to correlate to three substrate
parameters, one ligand parameter, and one parameter from the Ni(l) complexes (Figure

6C): (1) three substrate parameters are consistent with those used in Figure 6A-a-c; (2)
LUMO jz: LUMO energy of the ligand; (3) %VBury;. percentage buried volume centered
at Ni(l) with a radius of 3 A. Figure 6B-b shows a good correlation for four Ni complexes
bearing BPP-type ligands. This model used three substrate parameters similar to those used
in Figure 6A-d (MBOc, LUMO, and %V/Burs ) and the same two catalyst parameters
(%VBupjand LUMO, jg). These two modeling studies were both conducted using a 70:30
training and validation split and achieved good correlation statistics (”<~0.8, ¢ ~0.8, black
circles), which were validated by the test set (green cross in both models) with MAE of 0.31
or 0.24, respectively.

Analysis of oxidative addition based on statistical models:

Our mechanistic interpretation of these parameters in the MLR models (Figure 6A and 6B)
is summarized below:

(1) Ni(MeBPy), Ni(MePhen), and Ni(Terpy): The positive correlation with the aryl iodide
NBO-and NBO,indicates negative charge build-up on these two atoms during the transition
state. This is consistent with an orbital interaction between Ni(l) and these two atoms during
oxidative addition. Therefore, the correlation to these two parameters, seen in Ni(MeBPy),
Ni(MePhen), and Ni(Terpy)’s models (Figure 6A-a-c and 6B-a), suggests a three-center
concerted pathway depicted in Figure 6D, which is consistent with prior Hammett-type
studies.20

(2) The positive correlation with NBO, 4 (from aryl radical intermediate) in Figures 6A-d
and 6B-b suggests the intermediacy of an ipso(aryl) radical during the oxidative addition
process. The negative correlation with LUMO of aryl iodides indicates an electron transfer
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process. These findings, combined with the moderate p value (1.1, Figure 3A-d) in the
Hammett study, suggests a halogen-atom abstraction type mechanism for the oxidative
addition by Ni(BPP) complexes (depicted in Figure 6D).

(3) The negative correlation with % VBur parameters on the substrates and Ni(l) complex
in all models indicates an impact of steric effects that is most consistent with inner-sphere
oxidative addition mechanisms.58

(4) The correlation with the LUMO, j; parameter characterizes the electronic impact of

the ligand on oxidative addition rates of Ni(l). A higher LUMO energy of the ligand is
associated with a faster rate, as it leads to a more electron-rich Ni(l) center, possibly due

to weaker backbonding from Ni(l) to the ligand. This is supported by the observation that
Ni(MeBPy) and Ni(MePhen), have faster oxidative addition rates than Ni(Terpy) because
these two bidentate ligands support a more electron-rich Ni center than the tridentate ligand.
A similar interpretation can be applied to the Ni(BPP) system (Figure 6B-b), albeit a
different mechanism is proposed. This is in line with our observation of ligand electronic
effects in Figure 3C.

in Catalysis.

The statistical models developed can be utilized to quantitatively predict the oxidative
addition rate for out-of-sample aryl iodides. We anticipated that this could be useful in new
reaction development and reaction scope analysis, as quantitative knowledge of the critical
oxidative step in catalysis could be utilized to understand catalytic reactivity. Accordingly,
using the DFT features of 2055 commercially available aryl iodides in Figure 5A and our
MLR model in Figure 6A-d, we estimated their rates of oxidative addition with Ni(BPP),
resulting in the heat map shown in Figure 7A. We found that aryl iodides with high,
moderate, and low oxidative addition rates tend to cluster together, suggesting that the
structural features used for the chemical space analysis also capture reactivity features.
For example, a closer evaluation at areas of extreme reactivity shows that 2,6-substituted
substrates clustered in an unreactive region of the chemical space and substrates with
multiple electron-withdrawing functionalities clustered in regions of higher reactivity.

Using these predicted oxidative addition rates, we set out to evaluate their utility for
predicting reaction outcomes and mechanistic analysis in catalysis. We selected as a case
study a Ni(bpp)-catalyzed cross-coupling reaction between pyridinium salts and aryl iodides,
reported by Karimov et a/2 This reaction was analyzed for two reasons: first, it is proposed
to proceed via a Ni(l) oxidative addition to aryl iodides, and second because the reported
substrate scope includes reaction yields ranging from 14-85% that would potentially enable
statistical modeling. Indeed, using MLR, we found that the yields of this reaction correlated
with predicted oxidative addition rates (kpreg) and the buried volume of the aryl iodide
substrate (% \V/Bur, ) (Figure 7B). The fact that the kpred correlates with reaction yield
provides support for the proposed involvement of Ni(l) oxidative addition in the catalytic
reaction. Moreover, the negative correlation of oxidative addition rates with the NMR vyield
indicates that the oxidative addition step in this reaction is not likely to be turnover-limiting.
A decrease in yield for the aryl iodides with a faster oxidative addition rate could potentially
be due to competitive side reactions such as homocoupling or protodehalogenation of
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aryl iodides. Furthermore, while the negative correlation with the buried volume term is
more complicated to interpret, it supports that product formation depends on the substrate's
sterics, with more sterically demanding substrates leading to lower yields. Consequently, our
analysis demonstrates the value of understanding kinetic trends for interpreting reactivity

in catalysis, and we anticipate further use of this prediction platform in new catalyst
optimization campaigns.

Conclusion

In this study, we have investigated the oxidative addition of aryl iodides by Ni(l)
complexes supported by four catalytically important ligands. Through a combination of
electroanalytical and statistical modeling techniques, kinetic profiling of various substrates
and ligands were conducted, identifying the critical features of the oxidative addition
process. These findings further enabled a mechanistic disparity of oxidative addition
pathways for BPP-type ligands compared to other bi and tridentate nitrogen-based ligands
evaluated in the study. It also allowed extrapolation of oxidative addition rates resulting

in the creation of a heat map for the commercially available aryl iodides. Moreover,

a case study of a Ni-catalyzed cross-coupling reaction demonstrated that the predicted
oxidative addition rates can be utilized to interpret observed reactivities and rationalize the
mechanism. We envision that the predictive models and mechanistic insight gained in this
study will guide the design of new catalysts and catalytic reactions.
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A. Synthetic Relevance of Aryl Halide Oxidative Addition to Ni(l)

: Ar
: ~
Ar—X + Y — @ — Ar=Y i Proposed Ni(l)/Ni(ll) oxidative addition pathway: Ni(l) +  Ar—X —_— Ni(lll)\X

C(sp), N, O, etc e i 8 R B 1 1 e 5 i S ;

B. Pr ding Studies: Or llic Approaches
'Pr

Ar Ar. /

H \
NG SN R —R —R =N EO,C~ s —~—-COzEt

[ >—Ni'—/Ni‘—< ] o N:Ni'—X O ’N\Ni'—Br OI’N\Ni‘—Br \ PN | /N\N"/CI\N"'N\ Stoichiometric demonstration of

N \CI /N R‘ =N CE' :N’ o=N" A /Ni'\CI ; j\j’ I\(:|’/'“N: ; Ni(1)/Ni(1ll) oxidative addition

Ar Ar —_ N EtO,C COLEt

R A 2 J\L\""""’; 2 Mechanistic Implications
Matsubara Nocel:a, Bara?n. Diao Mirica Doyle
Macmillan, Diao
Reactivity was shown in oxidative addition of Ar X Ni(I)/Ni(lll) oxidative addition of Ar X was evaluated by kinetic and LFER? studies
C. This Work: Electroanalytical Approach & istical Modeling
Substrate & Ligand Classes il for Ni(l) C: Electroanalytical Techniques Statistical Modeling
Nil) + Ar—I > kel UMAP analysis of MLR analysis of Implications on Catalysis
(=3 =) >2000 Arls structure effects
=N =N rate prediction
R 2N N ity heat map
= = o, Interpretation of
23 observed catalytic
— A E reactivity
44 substrates NN
al /:N
16 ligands N-N i
L quld‘measufgment Representative substrate/ligand
>0 of oxidative addition rates dataset facilitates mechanistic analysis

Figure 1.
A. Ni(l) oxidative addition and it’s synthetic applications. B. Previous oxidative addition

studies of aryl halides by Ni(l) complexes through organometallic approaches. C.

Current study on oxidative addition of aryl iodides by Ni(l) complexes, including the
substrate/ligand library, electroanalytical and statistical modeling workflow, and mechanistic
implications from this work. 28LFER: Linear free-energy relationship.
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Figure 2.

A. Representative reversible CVs of 1.0 mM synthesized (a) Ni(MeBPy)Br, (b)
Ni(MePhen)Br,, (c) Ni(Terpy)Br,, and (d) Ni(BPP)Brs. (e)-(h) are CVs with addition of

aryl halides (concentration specified in figure). All CVs run at scan rates of 0.10 or 0.01 V/s
in a 100 mM solution of TBABr in DMA, using a 0.071 cm? boron-doped diamond working
electrode. All CVs are from the second scan. B. Proposed EC pathways. C. Redox potentials
and rate constants (with Ph-I) tabulated for each complex.
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Figure 3.

A. Linear free-energy relationship (Hammett-type) studies of oxidative addition reactions
with all Ni complexes: Correlation of o parameters to kinetic data from Ni complexes
specified in (a)—(d). B. Kinetic studies of substrate steric effect. C. Kinetic studies of ligand
electronic and steric effects. Measured redox potential (vs Fc/Fc*) for each Ni complex is
depicted in paraenesis. @N.D.: Rate constant with substrate 7 not determined due to complete
loss of reversibility on CV. PN.R.: no observation of oxidative addition with substrate 1 and
3 using Terpy-3 ligand.
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Figure 4.

Hammett p values reported for oxidative addition pathways.

JAm Chem Soc. Author manuscript; available in PMC 2024 October 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Tang et al.

UMAP2

Page 19

5

A. UMAP Analysis of (o ical Space B. Rate Distribution of All Measured Substrates
s 3
N .
- %%
o?e 3 = .
Se
] 5 .
x
: ~ : 3
» = -
. . < 149 .
ot B . >
% e x @ % 9 8
* x 3
® o
® % 5
x Y o s . .
- -
-1 . ® 0
+
__________ L
x
Clusters o » 24
102 @3 b »
4 @5 6 07 » 0: — PN
@ Hammett-type substrates (1-17) | L. o e g § N.,Q\
H > LBr L= % = =
X Selected new data set : N:Niu\ N:N,u\ < /N_,{,,n_a, <\ ,N_N.\".B,
T T T T T 2N L = o 2 N e N-N/ Br
5 0 5 10 15 e w QI
UMAP1

X Featured New Sub.

c
oL o e o, o o LCn, € o
MeO,C F cz F OH cl MeO,C’ CO,Me CHO |/\N cl
18 19 20 21 22 Br 23 24 25 o J 2 27

Cz: N-carbozolyl

Figure 5.
A. UMAP analysis of 2055 commercial aryl iodide substrates (7 clusters representing

different chemical space are highlighted by colored circles, black circle: Hammett-type
substrates, brown cross: selected new substrates). B. Distribution of measured oxidative
addition rate constants for each of the four Ni(l) complexes. Selected featured new
substrates (18-27) are presented on the bottom.
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Figure 6.

A. MLR models of all substrates with a pseudo-random 70:30 split in training/validation
data set (red circle: training set, blue cross: validation set). B. MLR analysis of all kinetic
data with a pseudo-random 70:30 split in training/validation data set (red circle: training set,
green cross: validation set). C. Molecular descriptors used in the models. D. Mechanistic

interpretation.
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A. Heat Map of Predicted Rates for Aryl lodide Oxidative Addition

B. Rate Correlation
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Figure 7.

A. Heat map plot of predicted oxidative addition rate across 2055 commercially available
aryl iodides (the color represents rates: dark red represents fast rates and dark blue represents
slow rates). B. Statistical modeling study of a Ni-catalyzed cross-coupling of pyridinium
salts and aryl iodides were conducted with a correlation between yields®2 and parameters

(depicted in the figure).
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