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ABSTRACT: Ni/photoredox catalysis has emerged as a
powerful platform for C(sp?)-C(sp3) bond formation. While
many of these methods typically employ aryl bromides as
the C(sp?) coupling partner, a variety of aliphatic radical
sources have been investigated. In principle, these reactions
enable access to the same product scaffolds, but it can be
hard to discern which method to employ because non-
standardized sets of aryl bromides are used in scope evalu-
ation. Herein we report a Ni/photoredox-catalyzed (deu-
tero)methylation and alkylation of aryl halides where ben-
zaldehyde di(alkyl) acetals serve as alcohol-derived radical
sources. Reaction development, mechanistic studies, and
late-stage derivatization of a biologically-relevant aryl chlo-
ride, fenofibrate, are presented. Then, we describe the inte-
gration of data science techniques, including DFT featuriza-
tion, dimensionality reduction, and hierarchical clustering,
to delineate a diverse and succinct collection of aryl bro-
mides that is representative of the chemical space of the
substrate class. By superimposing scope examples from
published Ni/photoredox methods on this same chemical
space, we identify areas of sparse coverage and high versus
low average yields, enabling comparisons between prior art
and this new method. Additionally, we demonstrate that the
systematically-selected scope of aryl bromides can be used
to quantify population-wide reactivity trends with super-
vised machine learning.

INTRODUCTION

Although a relatively new field, Ni/photoredox catalysis has
seen widespread development as a general approach to
C(sp?)-C(sp?) bond formation in chemical synthesis. In this
dual catalytic strategy, a photoredox catalyst supplies sub-
strate radicals as coupling partners to Ni and/or modulates
Ni’s oxidation state in catalysis.! Since the substrate radicals
can be generated from stable, feedstock chemicals under
mild conditions, a high level of functional group tolerance is
often associated with these methods.2 The advances acces-
sible with this strategy have been particularly enabling in
medicinal chemistry, where introduction of C(sp3), rather
than C(sp?), fragments onto arenes is a well-established
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Distinct aryl bromide substrate scopes for each method make it
challenging to understand reactivity trends.
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Figure 1. Challenges & new approaches to surveying reactivity
from scope studies.

strategy for preparing architecturally complex molecules



with improved receptor/ligand complementarity and solu-
bility.3

The majority of Ni/photoredox methodologies involve
the coupling of aryl bromides with aliphatic radical precur-
sors, such as carboxylic acids,** alkyl halides,* trifluorobo-
rate salts,*c oxalates,*d silicon catechols,* 1,4-dihydro-
pyridines,* and C(sp3)-H bonds*s (Figure 1A). In principle,
these reactions afford access to the same product struc-
tures, but it is difficult to compare amongst the methods or
to understand if there are general reactivity trends because
each method features a different collection of aryl bromides
in their substrate scope tables.5 Additionally, limitations of
the methods (so-called “negative” results) are often not re-
ported. This has made it challenging for chemists to discern
how well a method will translate to a new reaction partner
or to select among methods to adopt.

Thus, new strategies, and a community-wide effort, are
needed to address these shortcomings in substrate scope
selection and reporting.¢ Toward the aim of studying func-
tional group compatibility, Glorius and co-workers have ad-
vanced a “robustness screen,” allowing for expedient exam-
ination of diverse additives for reaction inhibition or addi-
tive decomposition (Figure 1B).” This protocol assesses an
important aspect of generality, but it does not capture the
impact of internal steric or electronic effects on the reactiv-
ity of a substrate. To this end, scientists at Merck have pio-
neered the use of informer libraries of complex, drug-like
molecules for testing the medicinal applicability of cross-
coupling methodologies.8 While highly enabling, these in-
former libraries were selected to represent the physico-
chemical space of marketed drugs rather than the chemical
space of a substrate class. Moreover, due to the complexity
of the informer molecules, they have yet to be broadly
adopted by academic laboratories for reaction discovery.sb
In a retrospective study, Sigman and co-workers reported a
quantitative approach to substrate selection for asymmetric
hydrogenation of ketones, identifying 32 ketones to span a
52-member library using Design of Experiments precepts
and featurization through hand-selection of two mechanis-
tically relevant descriptors.® Adaptation of the workflow to
accommodate the use of larger populations of substrates
and higher dimensional featurization could be highly ena-
bling and help mitigate selection bias.

Alternatively, high-throughput experimentation (HTE)
has been used in a retrospective sense to evaluate substrate
generality across synthetic methods. For example, scientists
at Abbvie recently studied seven different Pd-, Ni-, and
Ni/photoredox-catalyzed methodologies with four common
aryl bromides, providing insight into which reactions may
provide the highest success for installing methyl, primary
aliphatic, secondary aliphatic, benzylic, a-heteroatom, or
tertiary aliphatic groups.!® Nevertheless, the ability to gain
similar information directly from reaction development
manuscripts without performing additional experimenta-
tion would be of immediate value to the synthetic commu-
nity.

To address these goals, we pursued a quantitative
method informed by related studies in chemoinformatics
and molecular library design,!! including for informing the
selection of bioactive molecules from inactive molecules,!2
virtual screening of drug-like molecules based on structure
or their interaction with known protein targets,!3 and the

generation of additive'# and ligand?s libraries for transition
metal-catalyzed processes. Specifically, we used our re-
cently developed software package, auto-qchem, to run DFT
calculations for a commercial set of >2600 aryl bromides
and extract their shared molecular and atomic features. Af-
ter dimensionality reduction with Uniform Manifold Ap-
proximation and Projection (UMAP), we employed hierar-
chical clustering to identify 15 maximally distinct groups of
aryl bromides and selected one substrate from each group
for a subsequent scope study.

We assess this data science-selected scope for a new
Ni/photoredox method in which we show that acetals can
activate methyl, primary, and secondary alcohols as ali-
phatic radical precursors for cross-coupling with aryl bro-
mides. Alcohols are attractive cross-coupling partners ow-
ing to their abundance, low cost and toxicity, and functional
group compatibility.16 However, use of alcohols as aliphatic
radical precursors in Ni/photoredox catalysis has seen lim-
ited development due to their high C(sp3)-O bond
strengths. Zuo and co-workers have reported C(sp3)-
CH20H activation of free alcohols in photocatalytic Ni/Ce
cross-coupling.l72 Alternatively, the MacMillan and Martin
groups have pursued masked alcohol derivatives for
Ni/photoredox cross-coupling, including oxalates*d and
phthalimides.”> These methods afford access to stabilized
aliphatic radicals in cross-coupling, whereas those that ac-
cess methyl or primary unactivated radicals from alcohols
are less developed. Very recently, the Li group reported an
electrochemical Ni-catalyzed coupling of free alcohols using
a phosphine mediator for C(sp3)-0 bond activation.18

Recently, our lab demonstrated that trimethyl orthofor-
mate, another alcohol-based coupling partner, can serve as
a source of high-energy methyl radicals upon p-scission of
its tertiary carbon-centered radical.!® While trimethyl or-
thoformate is an abundant and functional group-tolerant
methyl radical source, other aliphatic orthoformates are
less accessible. The method also required solvent-quantity
orthoformate, limiting its application as a general C(sp?)-
C(sp?) cross-coupling method. In contrast, we anticipated
that the facile synthesis of benzaldehyde di(alkyl) acetals
from benzaldehyde and aliphatic alcohols would render
them a promising source of aliphatic radicals for new reac-
tion development.20

This article is organized as follows: first, we discuss re-
action optimization and our studies aimed at elucidating the
mechanism of the coupling reaction. Second, we describe a
synthetic application of the method via late-stage alkylation
of a biologically-relevant aryl chloride. We then discuss our
approach to visualizing the chemical space of aryl bromides
and superimpose the reactivity of aryl bromides reported in
the Ni/photoredox literature onto this space. Fifteen aryl
bromides that maximally cover this substrate space are
evaluated for the new synthetic method. Finally, we assess
the ability of this data-science generated aryl bromide
scope to capture reactivity trends via supervised machine
learning.

RESULTS AND DISCUSSION

Reaction Optimization
While developing a methylation protocol with trimethyl
orthoformate, we found that acetals could also serve as



sources of methyl radical, but this approach required sol-
vent quantity of the acetal to achieve a synthetically useful
yield. In these reactions, activation of the acetal was medi-
ated by chlorine radicals generated upon photoelimination
from a Ni catalyst.!® In developing a new method that could
use acetals as stoichiometric coupling partners, we sought
to evaluate alternative hydrogen atom transfer (HAT) cata-
lysts and strategies.2! DFT calculations revealed that ben-
zaldehyde dimethyl acetal possesses a sufficiently weak ter-
tiary C-H bond strength (bond dissociation free energy
(BDFE) = 77.0 kcal/mol)?2 for abstraction by a variety of
HAT agents. These computations also revealed that the pri-
mary C-H bonds of benzaldehyde dimethyl acetal are signif-
icantly stronger (BDFE = 87.6 kcal/mol),?? indicating high
selectivity for the weaker tertiary benzylic bond was possi-
ble.

The methylation of 4'-bromoacetophenone 1 with ben-
zaldehyde dimethyl acetal (1.5 equiv) was first investigated.
Using [Ir[dF(CF3)ppy]2(dtbbpy)]PFs (1 mol%) as a photo-
catalyst, NiBrz-glyme (10 mol%) and 4,4'-di-tert-butylbi-
pyridine (dtbbpy) (15 mol%) as the cross-coupling catalyst,
quinuclidine (15 mol%) as a HAT catalyst, and K3PO4 (1
equiv) in a 1:1 mixture of benzene:acetonitrile under visible
light irradiation afforded 3 in 75% yield (Table 1, Entry 1).
We were delighted to find that reaction performance was
not affected by reducing the acetal loading to 1 equiv, in ad-
dition to lowering the catalyst and ligand loadings to 2
mol% NiBrz-glyme and 3 mol% dtbbpy. Under these condi-
tions, methylation proceeded in in 74% yield (Table 1, Entry
2). When performing control reactions, we found that omis-
sion of quinuclidine as a HAT catalyst resulted in a small
boostinyield to 82% (Table 1, Entry 3), suggesting that bro-
mide, present from the aryl bromide or Ni precatalyst, can
mediate HAT with the acetal upon oxidation to bromine rad-
ical (vide infra).*»23 This proposal is consistent with the
stronger bond strength of H-Br over the tertiary C-H bond
of the acetal (H-Br BDFE = 80.8 kcal/mol).22 Independent
omission of Ni/dtbbpy, photocatalyst, and visible light irra-
diation resulted in no cross-coupling (Table 1, Entries 4-6).

Despite finding conditions for high-yielding methylation
with an electron-deficient aryl bromide, methylation of the
more electron-rich 1-bromo-4-tert-butylbenzene 2 pro-
ceeded in only 16% yield under the same conditions (Table
1, Entry 7). The mass balance for this reaction could be
traced to unconverted aryl bromide and protodehalogena-
tion of 2 to tert-butylbenzene. After a survey of HAT cata-
lysts and bromide additives (see SI for more details), we
found that employment of exogenous bromide source tet-
rabutylammonium bromide (TBABr) in 25 mol% furnished
the methylated product in 78% yield (Table 1, Entry 8). Crit-
ical to the success of this reaction was reduction of the light
intensity to 25%, which minimized protodehalogenation
entirely. This modification enhances reaction yield, but also
simplifies the purification process, as separation of methyl-
ated arenes from their unmethylated analogs can be chal-
lenging. A common limitation of photoredox reactions is
their scalability, often due to issues of light penetration;?*
however, scale-up of this reaction to 0.4 mmol provided an
additional boost in yield to 89% (Table 1, Entry 9). Notably,
the product derived from C-H abstraction at the primary
site of benzaldehyde dimethyl acetal was never observed.

Table 1. Conditions Evaluation for Aryl Methylation

[Ir[dF(CF3)ppyl,(dtbbpy)]PFg (1 mol%)
/@/Br OMe NiBr,-glyme (2 mol%), dtbbpy (3 mol%) /@,M(é
R Ph)\OMe additive (x mol%), KsPO, (1 equiv) R

PhH:MeCN (1:1) (0.1 M)

1R=Ac 1 equiv 3R=Ac
2R = tBu 34W blue LEDs, 24 h 4R - tBu
Entry R deviation additive % Yield?
10 mol% Ni;
1 Ac 15 mol% dtbbpy; quinuclidine (15 mol%) 75%
1.5 equiv acetal
2 Ac none quinuclidine (15 mol%) 74%
3 Ac none none 82%
4 Ac no Ni/dtbbpy none 0%
5 Ac nolr none 0%
6 Ac no blue light none 0%
7 t-Bu none none 16%
8 tBu 25% light intensity TBABTr (25 mol%) 78%
9 +Bu 0.4 mmol scale; TBABr (25 mol%) 89%

25% light intensity

aReactions performed on 0.1 mmol scale with 1,3,5-trimethox-
ybenzene added as an external standard (GC yield).

Mechanistic Investigations

Having identified conditions that enable high-yielding
methylation of aryl bromides possessing varying electronic
properties, we then sought to study the reaction mecha-
nism. Our proposal for the generation of methyl radical re-
quires stoichiometric formation of a B-scission byproduct
possessing a strong C-0 7 bond (methyl benzoate, 7).2025 In
all reactions, this ester byproduct can be tracked in a nearly
1:1 ratio relative to the methylated product (Figure 2A). Cy-
clopropylmethyl radical ring opening from the correspond-
ing acetal to afford 8 presented additional evidence for the
intermediacy of organic radical species (Figure 2B).

A. Observed product & byproduct from g-scission?

Br OMe Me o
O 00~ (&
Ph Ph” ~OMe . Ph Ph” ~OMe

5 1.2 equiv 679% yield 7 79% yield?

B. Radical clock experiment with cyclopropylmethyl acetal?

. 5V .
Ph/©/ "R _®®O* Ph/©/\/\

5 1.1 equiv 8 44% yield
C. Methyl radical generation and trapping
o} o o
[IMdF(CF3)ppyl,(dtbbpy)PFg (2 mol%) M
| OMe ﬂ/le TBABr (1 equiv) e OMe
OMe ph~0OMme MeCN:PhH (1:1) (0.1 M) OMe
o) 34W blue LEDs, 24 h 0
2 equiv 9 31% yield

Figure 2. Selected mechanistic studies. “ Conditions shown in Ta-
ble 2 Entry 9. *Yield relative to acetal.



We next sought to understand the nature of the HAT
step. According to the mechanistic proposal, bromide un-
dergoes oxidation to bromine radical (E1/2[Br-/Bre] = +0.80
V vs SCE in DCE; E1/2[*Ir'/Ir'] = +1.21 V vs SCE in MeCN)#
to mediate HAT with the tertiary C-H bond of the acetal. To
evaluate the feasibility of bromine radical undergoing HAT
under the coupling conditions, we performed a reaction
with benzaldehyde dimethyl acetal and dimethyl maleate
using 2 mol% photocatalyst and 1 equiv TBABr. This reac-
tion produced 9, the product of methyl radical trapping by
dimethyl maleate, in 31% yield, while methyl benzoate 7
was formed in 66% yield (Figure 2C). When TBABr was
omitted from the reaction, neither methyl radical incorpo-
ration nor the ester byproduct was observed.

Halide identity studies were next explored to further un-
derstand the source and role of bromine radical. These stud-
ies were initiated with aryl chloride 10 using NiBr2-glyme
as a precatalyst with and without the addition of catalytic
TBABr (Table 2, Entries 1-2). In both cases, methylation of
the aryl chloride proceeded in >80% yield. However, when
NiClz-glyme was employed as the precatalyst, thereby re-
moving all sources of bromide from the reaction, methyla-
tion proceeded in <1% yield, likely because the photocata-
lyst cannot oxidize chloride to chlorine radical (Table 2, En-
try 3).2627 Reactivity was restored upon introduction of
TBABr to reactions employing NiClz-glyme, providing the
methylated product in 79% yield (Table 2, Entry 4). These
experiments demonstrate that catalytic bromide present
from the Ni precatalyst is sufficient to produce high yields
of methylated arenes.

Table 2. Role of halide in the reaction

[Ir[dF(CF3)ppyl2(dtbbpy)]PFe (1 mol%)
NiX,-glyme (2 mol%), dtbbpy (3 mol%)

! Me
OMe TBABr (0 or 25 mol%)
ArCl )\ Ph
Ph™ "OMe  K4PO, (1 equiv), PhH:MeCN (1:1) (0.1 M) X

34W blue LEDs, 24 h

10 1.1 equiv ’ 1
Entry Ni source TBABr % Yield

1 NiBr,-glyme 0 mol% 81%

2 NiBr,-glyme 25 mol% 85%

3 NiCly-glyme 0 mol% <1%

4 NiCl,-glyme 25 mol% 79%

ArCl = 4-chlorobenzophenone. Reactions performed on 0.1
mmol scale with 1,3,5-trimethoxybenzene as external standard
(*H NMR yield).

An alternative pathway that is consistent with this data
is direct oxidation of benzaldehyde dimethyl acetal fol-
lowed by deprotonation to generate the tertiary radical of
benzaldehyde dimethyl acetal. However, Stern-Volmer
quenching studies revealed that the acetal does not quench
the excited state of the photocatalyst; in contrast, TBABr un-
dergoes rapid quenching. These studies also showed that
TBABr undergoes more rapid quenching than
(dtbbpy)Ni(o-Tol)(Br) (o-Tol = ortho-tolyl) in the reaction
solvent system (1:1 mixture of PhH:MeCN), providing sup-
port for bromide oxidation over a bromine photoelimina-
tion pathway from Ni.27.28

I
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Figure 3. Catalytic cycle for aryl methylation from acetals.

On the basis of these studies, a catalytic cycle is shown
in Figure 3. Oxidative addition of Ni(0) complex 12 into an
aryl halide produces a Ni(II) aryl halide intermediate (13).
Irradiation of the iridium(III) photocatalyst 16 affords the
highly oxidizing, long-lived *Ir(III) triplet excited state (17),
which is capable of oxidizing bromide for the production of
bromine radical. Bromine then mediates selective HAT with
the tertiary C-H bond of benzaldehyde dimethyl acetal,
which upon B-scission affords methyl radical and methyl
benzoate 7. The former species is trapped by 13, generating
Ni(III)(Ar)(Me) (14) from which a facile reductive elimina-
tion forges a C(sp?)-C(sp3) bond and Ni(I) complex 15. The
reduced state of the photocatalyst (18) can then reduce
Ni(I) to regenerate both the Ir(III) and Ni(0) catalysts.

Late-Stage Application of the Methodology

After exploration of the reaction mechanism, we next
sought to examine a synthetic application of acetals as low
molecular weight radical sources. Given the feasibility of
methylating an aryl chloride in the presence of a catalytic
bromide additive (Table 2), this exploration was initiated
with late-stage pharmaceutical product fenofibrate, which
possesses an aryl chloride. Upon application of the reaction
conditions shown in Table 2, Entry 1, methylation of feno-
fibrate proceeded in 75% yield (Figure 4, 19).

While aryl methylation is an established strategy for
rendering compounds with improved binding affinity, bioa-
vailability, and metabolic stability, the ability to install a va-
riety of aliphatic groups onto a late-stage compound would
be valuable for enabling rapid access to alkylated analogs.2®
Gratifyingly, employment of benzaldehyde diethyl acetal in
place of the methyl analog provided ethylated product 20 in
84% yield. While benzaldehyde dimethyl and diethyl ace-
tals are commercially available, other benzaldehyde dialkyl
acetals were easily synthesized on multi-gram scale upon
reaction of benzaldehyde, an aliphatic alcohol, and 54 mo-
lecular sieves at room temperature. Installation of primary
aliphatic groups, including n-propyl (21), n-pentyl (22), and
iso-amyl (23) groups from the corresponding acetals pro-
ceeded in high yields. Additionally, we were excited to find
that deuteromethylation of fenofibrate was possible in 78%
yield (24). Limited methods exist to install deuteromethyl
groups in cross-coupling, although iodomethane-ds
(CD3I),30a trideuteriomethyl p-toluenesulfonate
(CDsOTs),3%> and dimethyl-ds carbonate (CO(OCD3)z)30¢
have previously found application as deuteromethyl



[IdF(CF3)ppyl2(dtbbpy)]PFg (1 mol%)

Me Me,
Mej;o cl OR NiBr,-glyme (2 mol%), dtbbpy (3 mol%) Mei\[o .
O O OR O O
FPrO™ 70 ©)\ KaPO, (1 equiv), PhH:MeCN (1:1) (0.1 M) Pro” o
o 34W blue LEDs, 24 h (o]
1.1 equiv
Me Et n-Pr n-pentyl e CD. OMe
* * > =P s~ e = g
19 75% yield 20 84% yield 2174% yield 22 73% yield 23 61% yield 24 78% yield 25 54% yield

Q0 *0o

>

i-Pr

26 35% yield 27 75% yield 28 61% yield

29 17% yield?

...................................................................................... -

Figure 4. Late-stage functionalization of fenofibrate from benzaldehyde di(alkyl) acetals. Yields are isolated yields on 0.4 mmol scale. ¢

Reaction performed with 25 mol% TBABr

sources. Acetals present a functional group-tolerant and
easily synthesized alternative deuteromethyl source de-
rived from methanol-da.

Because alkyl halides containing B-heteroatoms are of-
ten not stable and may be prone to nucleophilic displace-
ment of the halide, we also sought to install aliphatic groups
containing heteroatoms, including the 2-methoxyethyl
group to furnish 25. While benzylation of fenofibrate pro-
ceeded in 35% yield (26), installation of the cyclobutylme-
thyl group provided 27 in 75% yield,3! demonstrating that
the diminished yield of the former product is likely a conse-
quence of competitive abstraction at the secondary benzylic
sites of the acetal or product rather than a steric effect. In-
deed, iso-propylation of fenofibrate afforded 28 in 61%
yield, showing that coupling to secondary aliphatic groups
is possible. Finally, we found that cyclic acetal 2-phenyl-1,3-
dioxolane underwent HAT at the tertiary C-H bond, fol-
lowed by ring opening and trapping of the resulting radical
species to produce 29 in 17% yield.

Data Science-Driven Aryl Bromide Scope Studies and
Analysis of the Chemical Space Coverage

Alkylation reactions with fenofibrate demonstrated that
acetals can serve as modular sources of aliphatic radicals.
We next initiated aryl bromide scope studies to evaluate the
generality of this method. We aimed to study how well the
aryl bromide chemical space has been covered in Ni/photo-
redox cross-coupling, as well as use data science to generate
a maximally diverse set of commerecial aryl bromides.

To initiate our studies, we turned to a Reaxys® structure
search of aryl bromides, which provided >730,000 sub-
strates (Figure 5). These aryl bromides were then filtered
based on molecular weight (<400 amu), commercial availa-
bility, available spectral data, and functionality (see SI for
full details), which provided us with a ~2600-member da-
taset to analyze aryl bromide chemical space. Because we
filtered the aryl bromides on the basis of functionality
known to be incompatible with Ni/photoredox catalysis
(e.g. iodides were omitted due to their preferential oxida-
tive addition to Ni over bromides; nitro groups were

omitted due to their facile reduction by the photocatalyst)
this aryl bromide dataset is not universally applicable, but
instead designed to serve the current method. An analogous
pre-selection approach, perhaps informed by a Glorius ro-
bustness screen’ or prior knowledge, can be applied to
other methods.

o. A dimension DA
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Br filtration o ]
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(substrate selection)

DFT featurization
(electronegativity,
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HOMO energy)

Reaxys® ArBr
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Figure 5. Workflow for construction of the chemical space and
substrate selection via unsupervised learning.

To quantify similarity, we next pursued molecular fea-
turization of the aryl bromides. Several approaches were
considered, including molecular fingerprints,32 Mordred de-
scriptors,1433 and DFT featurization. Neither fingerprints
nor Mordred features fully capture the electronic and steric
properties of aryl bromides likely relevant to their activa-
tion by oxidative addition, a shared elementary step in
Ni/photoredox coupling reactions with these substrates.
Accordingly, we anticipated that DFT-based featurization,
which captures the underlying physical organic properties
(electronegativity, buried volume, etc.) would be most ap-
propriate for capturing reactivity trends3+ (see SI Section IX
for a broader discussion and comparison between DFT and
Mordred featurization).

We therefore performed DFT calculations and featuriza-
tion using our previously published auto-qchem code3> for
the set of ~2600 aryl bromides. With auto-qchem, a system
that is connected to a computing cluster and a bookkeeping
database, calculations of this size complete within a few
days. The calculations delivered 168 features that consist of
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physical properties (HOMO/LUMO energies, dipole mo-
ment, etc.), as well as partial charges and NMR shifts on the
bromide and six aromatic carbon atoms (C6) (see SI Table
S22 for the complete list of features). Notably, the atoms of
peripheral functional groups are not directly featurized;
only their impact on the common core atoms (six aromatic
carbons and bromine) and the whole molecule is accounted
for.36

Next, we conducted a literature survey of aryl bromides
employed in Ni/photoredox methodologies. Our literature
search produced 116 papers (see SI for details),?” from
which the yield and the frequency with which each aryl

bromide appeared in substrate scope tables or supporting
information documents were recorded. With the molecular
featurization at hand, we used Uniform Manifold Approxi-
mation and Projection (UMAP)38 to reduce the featurization
to two-dimensions for chemical space visualization (for al-
ternative visualization of chemical space using principal
components analysis (PCA) see SI Figure S10). We then
overlaid all aryl bromides that appeared three or more times
in the literature on the chemical space (Figure 6A). Gener-
ally, examples from the literature cover the right half of the
chemical space well, while the left half is sparsely covered.
By virtue of using reported yields from the literature, the



average yields shown are likely to be inflated as unsuccess-
ful substrates are seldom reported. Nevertheless, a trend is
observed that the more sparsely covered chemical space
corresponds to relatively lower yielding aryl bromide sub-
strates. The five substrates covering this left region of the
space all possess ortho substitution, revealing that steric
hindrance represents a limitation in the overall methodol-
ogy (see SI, Figure S16). Another trend that is apparent in
surveying the full space is that more electron-donating aryl
bromides provide lower yields than aryl bromides with
electron-withdrawing substituents at the same position.3?

To generate a diverse substrate scope for the alkylation
of aryl bromides from acetals, we sought to cluster the
chemical space for substrate selection. Although no univer-
sal definition of clustering exists, it is a statistical tool used
to arrange large quantities of multivariate data into natural
groups.*® We chose agglomerative hierarchical clustering
with the Ward connectivity criterion.*! This algorithm
starts with each aryl bromide as a separate cluster and then
iteratively connects clusters such that the total within-clus-
ter variance of all clusters is minimized until a desired num-
ber of clusters is reached. We optimized the clustering
workflow by maximizing the average Silhouette score,*? a
clustering quality index, with respect to an experimentally
tractable number of clusters in the range of 3-40, and the
level of dimensionality reduction with either UMAP or PCA.
Silhouette score values lie in the range of -1 and 1: large val-
ues indicate that a sample matches its assigned cluster well,
while at the same time does not match any other cluster. Op-
timization revealed that UMAP dimensionality reduction is
largely superior to PCA (average silhouette score up to ~0.5,
compared to ~0.3 for PCA), and a stable and broad maxi-
mum silhouette score was reached at about fifteen clusters
(average silhouette score = 0.53) with UMAP. In addition,
the silhouette score varies widely as a function of the di-
mension for PCA, while little dependence on the dimension
of UMAP is observed (See SI Figure S9). Ultimately, we se-
lected 10-dimensional UMAP and 15 clusters as our optimal
parameters. From the fifteen chemically diverse clusters,
we selected the center-most molecule per cluster for exper-
imental evaluation, as indicated in Figure 6B. Because me-
thyl and primary aliphatic acetals perform similarly with
aryl bromides in the cross-coupling method, we limited the
scope evaluation only to these partners (Figure 6D). The
products are labeled with a letter (A-O) that corresponds to
their cluster indicated in Figure 6B.

To a chemist’s eye, the data science-driven scope fea-
tures a diverse array of functional groups, including ester,
nitrile, chloride, ether, trifluoromethoxy, sulfonyl, morpho-
line, imidazole, and furan functionality (Figure 6D). Substit-
uents on the aryl bromide are present on all positions of the
aryl ring through mono-, di-, and tri-substitution patterns.
The frequency of multi-substitution in the data science-gen-
erated scope contrasts the literature scope, which is domi-
nated by mono-substituted aryl bromides. In fact, Clusters
C and K, both of which contain highly substituted aryl bro-
mides, were not represented in the overlay with aryl bro-
mides from the literature (Figure 6A). The data science
scope also captures a variety of steric features: among ortho
substituents, fluoride (0-1), chloride (L-1), methyl (C-1, F-
1, N-1), and nitrile (D-1) groups are represented. In addi-
tion, an ortho,ortho-disubstituted aryl bromide K-1 is

present in the scope. Subjecting this collection of aryl bro-
mides to the optimized Ni/photoredox coupling conditions
with acetals demonstrated quite broad tolerance of the
methodology. With the exception of G-1 and ortho-, ortho-
disubstituted K-1, all aryl bromides underwent productive
alkylation to generate at least 22% yield of the desired
product. The yields of these products and their distribution
over the chemical space are shown in Figure 6C. Figures 6A
and 6C present overall similar reactivity profiles, suggesting
that this method compares favorably to the collection of
methods published in the literature.

Nevertheless, we noticed that Cluster J generally com-
prises high-performing literature examples, yet in the meth-
ylation reaction, J-1 was obtained in only 30% yield. In op-
timization studies, we found that 4-bromo-tert-butylben-
zene (3), another aryl bromide that belongs to Cluster J, un-
derwent methylation to produce 4 in 89% yield. We there-
fore hypothesized that the lower yield of J-1 was a conse-
quence of functional group tolerance of the imidazole rather
than one of relative reactivity across the cluster. To test this
hypothesis, methylation of another common literature sub-
strate from Cluster ], 4-bromobenzonitrile, was examined.
Under our standard conditions, this substrate underwent
methylation to produce J-2 in 80% yield. However, when
methylation of this substrate was re-evaluated with 1 equiv
imidazole, J-2 was formed in <5% yield (Figure 74, top).
This example highlights that 15 substrates is simply not
enough to sample the reactivity and functional group com-
patibility encompassed in the chemical space. Nevertheless,
use of substrate clustering in this manner can serve as a
complement to the Glorius fragment approach to reveal re-
activity and functional group tolerance trends.” In fact, ro-
bustness screening would have indicated that the prepara-
tion of J-1 would fail, whereas the data science clustering
approach showed that preparatively useful yield is possible.

Not all cases of low reactivity are a consequence of
functional group intolerance. For example, C-1 underwent
methylation in 28% yield and K-1 was completely unreac-
tive, likely as a result of steric hindrance. We hope that iden-
tification of these less reactive clusters can inspire new re-
action development toward improving reactivity in a clus-
ter. Preliminarily, we have found that the yield of tetrasub-
stituted C-1 could be boosted to 51% by increasing the
cross-coupling catalyst loading to 5 mol% NiBr2-glyme and
7.5 mol% dtbbpy.

Yield Regression from the Aryl Bromide Scope Studies
The intention of using data science techniques for sub-
strate scope generation was to maximally cover the aryl
bromide chemical space using a conserved number of aryl
bromides. Given the diversity of the aryl bromides, as well
as the range of yields observed when applied to the cross-
coupling methodology, we wondered if this small set of aryl
bromides could provide some predictive generalizations of
the performance of unseen aryl bromides. To do so, we eval-
uated univariate relationships with supervised machine
learning. Using a combination of Boruta*? and mRMR#** fea-
ture selection methodologies on our dataset of 15 aryl bro-
mides from the clustering (A-1 to 0-1), we found that that
electronegativity (y) of the aryl bromide, defined as the av-
erage of the HOMO and LUMO energies, serves as a predic-
tive feature.*® This finding is in line with chemical intuition,
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where more electron-rich substrates undergo a more chal-
lenging oxidative addition to Ni.3%4¢ We then pursued train-
ing and validation of the electronegativity model using a
generalized additive model (GAM).#” The validation set is
comprised of 37 additional aryl bromides present in our la-
boratory that were subjected to methylation using the con-
ditions shown in Figure 6.

The regression model displayed in Figure 7B generalizes
well to the validation data. The root-mean-squared-error
(RMSE) is 21% and 19% in the clustering and validation
data, respectively. Considering that the training examples
are comprised of reactions with different alkyl coupling
partners, the observation of a well-generalizable univariate
model (R-squared = 56%) is significant. By contrast, the
high yield of the common literature substrates found in the
validation set (outlined in gray in Figure 7B) amounts to a
selection bias and would likely make them less effective as
a training set for building predictive models. Indeed, despite
the literature set being larger (22 aryl bromides), a univari-
ate regression model with these examples as a training set
is worse at generalizing: training/validation RMSE of
14%/29% (see SI, Figure S13). Thus, this analysis demon-
strates that with a small and systematically diversified
scope, one can provide predictive generalizations applica-
ble to a larger population of substrates.

Examination of the regression model led us to make ad-
ditional hypotheses about substrate reactivity.*® For exam-
ple, aldehyde-containing substrates that produced A-1 and
4-methylbenzaldehyde (I-2) provided noticeably lower
yields than predicted, seemingly model outliers. 4-Bromo-
benzaldehyde belongs to Cluster I, one that is well covered
and high-yielding in literature examples; in the methylation,
two additional substrates belonging to this cluster afforded
I-1 and 4'-methylacetophenone (I-3) in 86 and 90% yields,
respectively. Thus, we hypothesized that the aldehyde func-
tionality was leading to reaction poisoning. To test this, we

evaluated the methylation of 4'-bromoacetophenone with 1
equiv benzaldehyde. While the reaction was not shut down
by the additive, the yield of I-3 was reduced to 54% from
90% yield (Figure 7A, bottom). This reaction was also
marked by consumption of benzaldehyde (53% conver-
sion), further suggesting that the reduced yields of A-1 and
I-2 could be a result of the aldehyde functionality rather
than influence of electronegativity on the reactivity of the
substrate.232b49 More broadly, an analysis like this suggests
that the systematic substrate selection and modeling can be
used to reveal substituent impacts that are both internal (af-
fecting relative reactivity) and external (affecting off-cycle
steps).

Limitations of the Data Science-Driven Scope

Clustering techniques, which are based on drawing a di-
verse subset of molecules from a large population, have sev-
eral drawbacks. First, small changes to the starting popula-
tion, e.g., new aryl bromides that become commercially
available (or are no longer commerecially available), may re-
sult in shifting the cluster boundaries. With a slightly modi-
fied starting population of aryl bromides, the central mole-
cules for some clusters may change. Second, the molecular
similarity may include features that are not relevant to the
given reactivity, hence diversification along these features
is not necessary. Accordingly, features that are relevant may
not be emphasized enough. Finally, the number of clusters
selected may be too small, resulting in diverse reactivity
within the same cluster. As shown in our analysis above, this
issue is likely compounded by the fact that functional
groups can have both internal and external influences on
the reactivity of a given substrate, but the DFT features
likely only capture internal effects. Combining our approach
with robustness screens, enhancing featurization and using
an iterative approach to clustering (i.e., eliminating irrele-
vant features and re-clustering) could allow chemists to



identify a scope tailored to a given reaction and provide rich
information about reactivity trends.

CONCLUSION

In conclusion, we have developed a C(sp?)-C(sp3) cross-
coupling reaction using acetals as sources of aliphatic cou-
pling partners. Bromine-mediated HAT with the tertiary C-
H bond of benzaldehyde di(alkyl) acetals, followed by B-
scission of the resultant radical, enables the generation of
carbon-centered radicals for coupling with aryl bromides
and chlorides. The reaction platform works with 1:1 stoichi-
ometry of acetal and aryl halide and installs (deutero)me-
thyl, primary aliphatic, and secondary aliphatic groups effi-
ciently with high functional group tolerance. By integrating
DFT featurization and data science techniques, including hi-
erarchical clustering, we were able to design a substrate
scope that is representative of the diverse chemical space of
commercial aryl bromides. While fifteen substrates is not
enough to sample the reactivity of all regions of the space,
we show that substrate selection using this workflow and
comparison to literature reactivity does allow us to formu-
late and test hypotheses about internal versus external im-
pacts of functional groups on reactivity. Moreover, since a
diverse set of substrates and outputs is essential for build-
ing accurate models that can be used for the exploration of
the chemical space through interpolation, the data-science
selected scope is better suited than traditional literature
scopes for quantifying population-wide reactivity trends
with supervised machine learning. As such, we anticipate
this approach could serve as a model for standardizing
scope analysis, enabling chemists to compare amongst
methods, reduce the time and cost associated with scope
evaluation, and afford literature data better suited to quan-
titative modeling of reactivity.
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