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ABSTRACT: The use of alcohol feedstock as coupling partner in cross coupling reactions offers an extraordinary potential for the
efficient synthesis of Csp®-rich complex molecular scaffolds. This prominent strategy relies on the generation of alkoxy radicals,
which can react via various radical pathways to give carbon-centered radicals that can be engaged in C—C bond formation reactions.
However, cross-coupling reactions involving catalytic generation of alkoxy radicals directly from native alcohols is highly challeng-
ing and the scope of existing catalytic methods remains particularly limited. Moreover, a unified strategy that can incorporate a broad
range of alcohols in catalytic cross-coupling with aryl halides is currently unavailable. Herein, we report a general photocatalytic
platform that combines nickel and iron ligand-to-metal charge transfer (LMCT) catalysis for the selective deconstructive Csp?-Csp®
bond cleavage and arylation of various unactivated alcohols. This protocol leverages the ability of photoinduced iron LMCT catalysis
to generate radicals from diversely substituted alcohols, enabling implementation of various C—C bond-forming manifolds. These
include dehydroxymethylative arylation of aliphatic alcohols, remote arylation of cyclic alcohols to yield alkyl ketones, and unprec-
edented use of tertiary alcohols for methylation of aryl halides. This methodology offers a practical and unified strategy for engaging
a large variety of commercially available alcohols in cross-coupling reactions under mild conditions, using abundant nickel and iron
catalysts. Mechanistic studies, including stoichiometric organometallic chemistry and cyclic voltammetry, provide unprecedented
insights into the crucial role of the ancillary ligand surrounding the iron catalyst in stabilizing high-valent photo-catalytically active
intermediates.

1. Introduction

Bioactive compounds containing a high amount of Csp® centers tend to feature highly improved properties compared to more saturated
analogues, e.g. better solubility profile or fewer off-target effects, resulting in improved pharmaco-kinetic and -dynamic profiles.
Recognizing this trend, the organic chemistry community has rapidly developed novel synthetic routes to sp®-rich compounds. In
particular, the renaissance of cross-couplings using first-row transition metal catalysts and the subsequent rise of metallaphotoredox
catalysis have led to some of the most impactful methods in this field.2 This radical-based approach has been so successful that a
wide range of carbon radical precursors have been explored, including alky! halides, silicates, trifluoroborates, carboxylates, redox-
active esters or Katrizky salts.®

While these precursors cover significant chemical space, most are not “native” chemicals, reflected in their relatively low commercial
availability and often cumbersome synthesis. In contrast, alcohols are ubiquitous both in natural and commercial sources and exhibit
exceptional structural diversity, making them highly attractive as carbon-based radical precursors for cross-coupling reactions.* How-
ever, converting alcohols into carbon-based radicals is notoriously difficult, typically requiring pre-activation of the alcohol followed
by homolytic cleavage of the resulting intermediate.> Although generally straightforward, these methods generate unnecessary waste,
reducing the overall sustainability of the reaction and often limiting applicability to specific classes of alcohols.

Recent advances in modern photoredox strategies have enabled the catalytic generation of carbon-based radicals from free alcohols
under mild conditions.® These photocatalytic strategies mainly rely on the photocatalytic formation of an alkoxy radical from the
alcohol either via proton-coupled electron transfer (PCET) or ligand-to-metal charge transfer (LMCT), followed by transposition to
carbon-based radical (Scheme 1A).

Despite these breakthroughs, the catalytic transformation of free alcohols into carbon-based radicals remains extremely rare within
the context of metallaphotoredox catalysis, with only two notable examples to date. The group of Rueping achieved arylative ring
opening reactions from cyclic alkanols bearing electron-rich aromatic cores by combining PCET catalysis with nickel catalysis.”
Meanwhile, the group of Zuo employed a LMCT process from cerium complexes, resulting in photocatalytic dehydroxymethylative
arylation of primary aliphatic alcohols.®2 These elegant examples highlight the synthetic versatility offered by alkoxy radicals, as
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cycloalkanols lead to arylated ketones through C—C bond functionalization, whereas linear alcohols result in arylated alkyls through
dehydroxymethylation. However, these protocols are limited to specific classes of alcohols. PCET activation is inherently restricted
to oxidizable substrates, while LMCT from cerium complexes does not accommodate sterically hindered alcohols in this context.
Considering the tremendous synthetic potential offered by implementing alkoxy radicals in nickel catalyzed radical cross-coupling
reactions, we aimed to develop a general catalytic platform capable of coupling a broad range of alcohols.

Achieving generality in metallaphotoredox catalysis is particularly challenging, as the intricate catalytic cycles must be kinetically
matched to prevent the accumulation and degradation of catalytic intermediates. In this perspective, we aimed to explore the photoin-
duced LMCT excitation strategy for several reasons: (i) LMCT catalysts are based on abundant and inexpensive transition metals
such as copper, cerium, or iron, (ii) these catalysts operate through distinct photochemical pathways compared to commonly used
photoredox catalysts. While the domain of photoredox catalysis is largely dominated by photocatalysts operating via outer-sphere
single electron transfer processes, LMCT catalysts function through inner-sphere pathways.® Specifically, transition metals with
LMCT excited states commonly undergo visible light-induced homolysis.!® This mode of reactivity enables the transformation of
nucleophilic entities into open shell species via inner-sphere process involving coordination of the substrate to the metal center,
followed by photoinduced bond homolysis to generate a formally reduced metal center and a radical. This activation mode, proceeding
through coordination chemistry, offers extensive opportunities to fine-tune the steric and electronic parameters governing the alcohol
coordination and alkoxy radical generation steps. With these considerations in mind, we hypothesized that an effective LMCT catalyst
should possess a low coordination number, allowing for the indiscriminate coordination of various types of alcohols. This feature
would ensure continuous Kinetic matching between catalytic cycles, even when the substrate classes change. We identified iron com-
plexes as particularly promising due to their reported photoactivity in less crowded conformations. 12

Herein we report a unified and practical photocatalytic strategy that enable various type of cross-coupling manifolds with primary
and tertiary alcohols. These include: (i) dehydroxymethylative arylation of aliphatic alcohols, (ii) remote arylation of cyclic alcohols
to yield alkyl ketones, and (iii) the unprecedented use of tertiary alcohols as methyl radical source for the methylation of aryl halides.
The photocatalytic platform comprises a photoactive iron-LMCT catalyst capable of generating alkoxy radicals from a broad range
of alcohols, and a nickel catalyst that promotes the oxidative addition of the aryl halide electrophilic partner, the capture of the alkyl
radical and C—C bond formation. Catalytic turnover for both cycles is insured by an organophotoredox catalyst that acts as a redox
shuttle between the two catalytic cycles.

Mechanistic investigations have validated the role of each catalytic partner and provided key insights into the crucial role of the
ancillary ligand surrounding the iron catalyst, which is essential for the efficient conversion of a broad range of alcohols.
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A. General pathways for photocatalytic C—C bond scission and arylation of alcohols
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Scheme 1. Cross-coupling reactions with native alcohols via radical C-C bond cleavage pathways (A) General pathway for catalytic
transposition of alcohols to carbon-based radicalvia the PCET or LMCT strategy. (B) This work: A general protocol allowing the
valorization of a broad range of alcohols.

2. Results and discussion

2.1. Optimization

Aryl bromide 1a and alcohol 2a were chosen as model substrates and engaged in the cross-coupling using FeCls as the LMCT catalyst,
NiCl,.DME/dMeBpy(Lni1) as the cross-coupling catalyst, 1,10-diphenylanthracene (DPA) as electron shuttle between the [Fe] and
the [Ni] cycle, NasPO4 as a base, in MeCN and under 390 nm irradiation (Scheme 2). Disappointingly, alcohol activation appeared
to be inefficient in these conditions as only traces of product were formed. Since the iron coordination sphere is known to have a
large impact on the efficiency of [Fe"'] LMCT systems,*® we decided to focus our attention on anionic ligands. While simple halides
did not prove efficient (<5% yield), aryl carboxylates (formed in-situ from the corresponding free acids) appeared to significantly
increase the yield (Scheme 2A), leading to 30% vyield in the case of simple benzoic acid Lre1. A range of carboxylic acids featuring
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various stereoelectronic profiles were investigated, eventually leading to the selection of the sterically hindered carboxylate Lres (70%
yield). The other reaction parameters were also systematically investigated, although none of them appeared to be as impactful as the
iron ligand (see Sl for full tables). Ultimately, the combination of FeCl, (10 mol%), Lres (35 mol%), NiCl,.DME (2.5 mol%), Lnis
(2.5 mol%), DPA (2.5 mol%) and K3PQO, (3.0 eq) in MeCN under 390 nm irradiation led to 85% yield of 3a (78% isolated).

Scheme 2. Ni/Fe catalyzed arylation of linear alcohols: selected optimization experiments.
F
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In addition to efficiently activating primary alcohols, we were pleased to see that this catalytic system was also suitable for the cross-
coupling of much more sterically hindered tertiary cycloalkanols (Scheme 3). By contrast, cerium LMCT catalyst was unable to yield
any trace of 23 under the same conditions, thus giving credit to our initial hypothesis on the critical role of the LMCT catalyst’s
coordination number.

Scheme 3. Catalytic system efficient with sterically hindered alcohols.
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MCI, = CeCly : <5% yield

2.2. Scope and limitations

With the optimized conditions in hand, the scope of this reaction was investigated with a range of aryl bromides 1 and primary
alcohols 2 (Scheme 4). Pleasingly, the reaction appeared to be largely insensitive to the electronic parameters of the aryl bromide
partner 1, with yields ranging from 59% to 88% (3-10) regardless of the electron-rich or electron-poor nature of the aryl ring. Sensitive
functionalities such as a cyano group (4, 88%) or a chlorine atom (5, 56%) were well tolerated. Significantly, biologically relevant
heteroaryl bromides were compatible in the reaction (11-14), including strongly coordinating unsubstituted pyridine (12, 50% yield)
and pyrimidine (13, 70%). Apart from aryl bromides, a vinyl bromide was also engaged and led to the desired product 15 in good
yield, although with partial E/Z isomerization of the double bond. With respect to the alcohol scope, good to excellent yields could
4
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be obtained for alcohols leading to stabilized radicals, such as benzylic (16), primary or secondary heteroatom-stabilized (17-19) or
allylic (20-21).
Scheme 4. Scope for the dehydroxymethylative arylation of linear alcohols.?
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Having demonstrated the ability of primary alcohols to efficiently generate carbon-based radicals in this dehydroxymethylative ary-
lation protocol, we turned our attention to more challenging sterically hindered cycloalkanols (Scheme 5A). Although C—C bond
activation of this widely available substrate family would be of high interest by providing a direct entry to remotely arylated ketones,
the difficulty associated with the activation of these substrates has made such transformation elusive. For these reasons, we were
highly pleased to see that cycloalkanols of different ring sizes led to the corresponding ketones (22-24) in good to excellent yields.
Heteroatom-containing and benzo-fuzed cycloalkanols were also suitable substrates, thus providing access to complex ketones (25-
26). Similarly to the dehydroxymethylative arylation, this remote arylation protocol also featured excellent functional group compat-
ibility, with example of electron-withdrawing and electron-donating groups, but also sensitive functionalities and nitrogen-containing
heterocycles (27-34). Encouraged by this success, we wondered if acyclic tertiary alcohols could also be used as radical sources
(Scheme 5B). Indeed, we posited that elements of both the enthalpic (i.e. formation of a substituted C=0 bond) and the entropic drive
(i.e. increase of conformational freedom) should be conserved between cycloalkanols and acyclic alcohols, thus making the reaction
feasible on a thermodynamic ground. This transformation would be of high significance and would allow the generation of unstabi-
lized radicals from readily available, non-toxic reagents. Although particularly challenging, a methylative cross-coupling would be
exceptionally impactful due to its broad utility in bioactive molecule synthesis.** Additionally, despite being a very active research
topic, current methylation protocols remain plagued by issues of toxicity, functional group compatibilities or atom efficiency.® In
light of these considerations we engaged the simplest of tertiary alcohols, tert-butanol, in our benchmark conditions, which disap-
pointingly led to modest yields (34%). However, the cheap, innocuous, and easy to handle o-cumyl alcohol proved to be much more
efficient and the corresponding methylated products were obtained in good to average yields (35-40). Once again, the reaction was
tolerant of sensitive functionalities such as a BPin group (36) and of biologically relevant heterocycles (39-40). Pleasingly, other
unstabilized alkyl radicals could be generated selectively in this manner, as illustrated by the incorporation of cyclohexyl and n-butyl
moieties (41-43).
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Scheme 5. Scope for the arylation with tertiary alcohols.
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2.3. Mechanistic investigations

As previously underlined, very few dual catalyzed methods involving LMCT activation of metal-alkoxides have been described to
date.”® Consequently, the governing reactivity parameters and the mechanistic subtleties of this class of reactions remain essentially
unknown, thus hampering its broader application to uninvestigated classes of substrates. Among the most salient questions are the
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role of the iron ligand sphere and the actual involvement of iron alkoxide within the catalytic cycle. With these questions in mind, we
set out to a series of cyclic voltammetry (CV) studies and stoichiometric experiments.

Firstly, we examined the cyclic voltammogram of FeCl, solutions in MeCN (0.1 M TBAPFs; GC WE; Pt CE; Ag/AgNO; ref), in the
absence and the presence of the carboxylate ligand Lres (3.0 eq) (Figure 6A, left). Upon anodic scanning, FeCl, showed a broad quasi-
reversible oxidation peak (O; = +0.01 V; Ry = -0.10 V; vs. Ag/AgNOQ3) corresponding to the Fe(l1)/Fe(l1l) couple, as well as several
irreversible reduction peaks at relatively high potentials (R, =-1.24 V; R; = -1.62 V). The shape of these later peaks is characteristic
of electrodeposition, presumably of Fe(0) films and were associated to an intense stripping peak O, upon reverse oxidative scanning.
Addition of 3 eq of LFeg to this solution led to a marked cathodic shift of the Fe(I) to Fe(III) oxidation (O’; = -0.08 V) and loss of
reversibility of the Fe(ll)/Fe(l11) couple. Indeed, the corresponding return wave R’y was considerably broadened and dramatically
shifted to -1.08 V, suggesting an evolution of the iron coordination sphere upon oxidation. Remarkably, the newly formed species
did not feature any additional reduction peaks until -2.05 V (R’;). We then examined the effect of alcohol 2a and K3;PO, on these
solutions. In the case of unligated FeCl, (Figure 6A, middle), no significant change was observed on the Fe(ll)/Fe(ll) redox peaks
0”1 and R”1. Reduction to low valent iron remains observable at relatively high potential (R, = -1.43 V). In the case of FeCl, +
LFeo (Figure BA, right), Fe(II) to Fe(1II) oxidation was anodically shifted (O’”; = +0.34 V), the return wave was cathodically shifted
(R”’1 = -1.60 V) and the other reductive features at lower potential disappeared. Overall, these analysis highlight three beneficial
consequences of Lreson the [Fe] catalytic system : i) stabilization of the LMCT-active Fe(l11) state, as evidenced by the large cathodic
shift of the Fe(lIll) return wave R’;; ii) prevention of degradation to Fe(0) particules by shifting the corresponding reductive waves
outside of the DPA reduction range; iii) increasing interactions of [Fe] with alcohols, as suggested by the wave shifts.
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Scheme 6. Mechanistic investigations into the iron catalytic cycle. (A) Cyclic voltammetry of differently ligated FeCly; (B) Synthesis
and isolation of oxo-bridged trimer 44; (C) *H NMR analysis of [Fe] complexes; (D) Comparison of cyclic voltammetry of 44 and of
in-situ formed complexes; (E) Stoichiometric LMCT activity of 44; (F) Catalytic relevance of 44 and chloride-free conditions;

While these experiments certainly demonstrate the ability of carboxylate Lreo to interact with FeCl, and highlight its potential impact
on catalytic efficiency, the actual nature of the corresponding species remains hazy. To shed further light on the complex identity,
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FeCl, was allowed to react with various amounts of Lres (1 to 3 eq) and crystallization of the corresponding complexes was attempted.
While precipitation of copious amounts of chloride salts was observed in all cases, the only mixture that led to X-Ray suitable crystals
was for a 1:2 FeCl,:Lreo mixture (Scheme 6B). Strikingly, the resulting complex appeared to be the oxo-bridged trimer 44, even
though all experiments were performed in dry and degassed solvents. The Fe atoms in 44 featured two different set of bond length,
characteristic of a Fe'"'-Fe""'-Fe'' mixed-valence complex.2® Interestingly, independent analysis of complex 44 by *H NMR and cyclic
voltammetry showed very similar features than species formed by in-situ mixing of FeCl, and 2 eq of Lres (Scheme 6C and 6D).
However, introduction of an additional equivalent of Lres led to significant spectral differences with 44, suggesting that trimeric
structures such as 44 further evolves in solution when 3 eq of Lreo are present. In terms of catalytic activity, complex 44 led to
decreased yields compared to the benchmark conditions, but to similar yields in the presence of 10 mol% of Lres (Scheme 6F, entries
1 and 2). Crucially, activation of alcohol 2a was observed upon irradiation of complex 44 in presence of base and TEMPO, leading
to good yields of the corresponding dimer and to traces of the TEMPO trapping adduct (Scheme 6E), and 44 also appeared to be
catalytically active in the complete absence of chloride anions (Scheme 6F entry 3), which support the involvement of iron alkoxide
as the LMCT-active species, as opposed to homolysis of a Fe-Cl bond followed by formation of a [ROH--CI]* adduct.*

Having clarified the behavior of the iron cycle, we went on to investigate the nickel cycle. First, we recorded the CV of (LNig)NiCl,
(formed in-situ from NiCl,.DME and LNis) (Scheme 7A, left). Upon cathodic scanning, two well-defined reduction waves Ry (-1.39
V) and R; (-1.82 V) were observed and were respectively associated to two main return waves O; (-0.19 V) and O (-1.12 V). Addition
of aryl bromide 1a (1 to 5 eq) led to an increased current at the second reduction peak R’, along with loss of the return oxidation peak
O, while R’; and O’; remained unchanged (Scheme 7A, middle). New return oxidation waves were also observed, in particular O’3
(-0.19 V). Persistence of O’; suggests that the species associated with R’, do not originate from R’; (e.g. Ni'/Ni' followed by Ni'/Ni?),
but rather that R’, and R’; correspond to the reduction of two differently speciated Ni'' species.'® Although the exact nature of these
species or the number of electrons associated with R’; and R’, remain to be clarified, the magnitude of the current increase between
R, and Ry’ (from -103 pA to -260 uA) would be consistent with an initial one electron reduction from Ni'" to Ni' followed by oxidative
addition to Ni"" and subsequent two electrons reduction to Ni'. Formation of the corresponding oxidative addition complex 45, char-
acterized by the return oxidation wave O’3, was corroborated by independent synthesis (Figure 7B) and comparison of the CV analysis
(Figure 7A, right). This addition complex 45 appeared to be catalytically active in standard reaction conditions (Scheme 7C).

Taken together, the above experiments support the catalytic cycle depicted in Scheme 8. First, a carboxylate-ligated Fe'' complex A
(EPox = -0.08 V) gets oxidized by DPA* (E¥?(DPA*/DPA) = +0.95 V vs. Ag/AgNO;)* to Fe'"' complex B, followed by alcohol
complexation.?’ The ensuing species C can then undergo LMCT excitation, resulting in Fe'"'-O bond homolysis and regeneration of
A. The nickel catalytic cycle is initiated from a Ni' complex E that undergoes oxidative addition with ArBr to give high-valent Ni"
F which is immediately reduced to Ni" G (EPox(G/F) = +0.20 V) by DPA— (E¥*(DPA/DPA—*) = -2.24 V/).?* Capture of radical R® by
G and reductive elimination complete the cycle.

— A. Cyclic voltammetry of [Ni] complexes with or without ArBr
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Scheme 7. Mechanistic investigations into the nickel catalytic cycle. (A) Cyclic voltammetry of NiCl,*DME/Lnis (1:1) (left), in the
presence of ArBr (middle), and comparison with isolated oxidative addition complex (right); (B) Synthesis and isolation of oxidative
addition complex 45; (C) Catalytic relevance of oxidative addition complex 45.
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Scheme 8. Proposed catalytic pathway

3. Conclusions

In summary, we have developed a cross-coupling between a large variety of commercially available alcohols and Csp?-halides, under
mild conditions, using abundant nickel and iron catalysts. This unified strategy allows for the first time to operate (i) dehydroxymeth-
ylative arylation of aliphatic alcohols, (ii) remote arylation of cyclic alcohols to yield alkyl ketones, and (iii) the unprecedented use
of tertiary alcohols as methyl radical source for the methylation of aryl halides.

From a broader perspective, this work demonstrates the efficient implementation of iron LMCT catalysis in the area of nickel/photo-
redox catalysis, thus expanding mechanistic landscape in cross-coupling reactions. This perspective is consolidated by mechanistic
studies, which have shed light on some of the key features of this system. Notably, it has been demonstrated that supporting carbox-
ylate ligands stabilize both low- and high-valent iron catalytic species toward unwanted reduction, thus favorising the desired [Fe'"'-
OR] LMCT pathway. This key insight should prove decisive in the future development of related dual catalytic systems.

Overall, this work paves the way for a large application of dual catalytic systems involving LMCT activation of alcohols, a field of
tremendous potential that is promised to open vast areas of chemical space.
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