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Abstract: Dual photoredox catalysis has revolutionized the field of cross-coupling reactions, enabling the discovery of numerous highly
efficient reactions. This breakthrough is attributed to the exceptional combination of nickel catalysis with photoredox catalysis. Nickel exhibits
both oxidative addition and reductive elimination processes. In addition, nickel exhibits a wide range of oxidation states (ranging from | to 1V)
accessible within a single catalytic cycle. Furthermore, nickel complexes are capable of catalyzing various processes through radical
mechanisms. The latest feature has proven to be incredibly potent in facilitating the formation of new C-C and C-X bonds (X =H, O, S, N).
The powerful combination of photoredox and nickel catalysis reveals an expansive domain of unexplored possibilities. It offers unparalleled
opportunities for improving reactions and exploring innovative pathways. Moreover, this powerful combination enables the realization of
enantioselective processes, heralding a new era of precision in chemical synthesis. Under photoredox conditions, it is possible to form
nucleophilic reactive organometallic intermediates, useful in reaction with electrophiles. We have devoted a research program towards the
rediscovery and use of organometallic reagents, introduced by Corey, Hegedus, and Semmelack many years ago. Our group’s contribution
in this field is reported, as well as significant reports from other groups. The results unveiled the extraordinary capabilities of photoredox
catalysis, enabling the creation and efficient utilization of potent nucleophilic organometallic reagents under mild conditions, free from the need
for strong bases or stoichiometric metal reductants.

1. Introduction

The development of modern cross coupling reactions has considerably impacted the design and synthesis of active molecules.™
Taking advantage of the unique characteristics of transition metal to interact with organic molecules, the formation of C—C and C—
heteroatom bonds are now a common practice among the Academia and industry. Palladium have found many applications, with a
successful development of tailored and powerful achiral and chiral ligands. Despite some health hazards,? nickel is increasingly
playing a vital role in this field, positioned just above the Periodic Table. Nickel displays its own distinct behavior and properties,
despite sharing some chemical properties and the ability to undergo oxidative addition and reductive elimination processes like
palladium. Nickel, in contrast to palladium, is not only more naturally abundant but also less expensive. However, given its increasing
demand for batteries, prices are poised to rise in the future. Moreover, although the chemistry of palladium was developed with careful
design of new and effective ligands, a similar development is still far to be actuated in the case of nickel.®¥l Nickel is more
electropositive, favoring oxidative addition also in the presence of substrates that are hardly reactive with palladium. On the other
hand, reductive elimination events are not as favored.! Both metals exhibit a variety of oxidation states, ranging from I to IV. However,
generally, palladium cross-coupling reactions are believed to follow a Pd(0)/Pd(ll) catalytic cycle, operating through a non-radical
mechanism. Noteworthy, in recent years, through the utilization of photoredox conditions, there has been a growing interest in the
exploration of expanding the repertoire of palladium oxidation states by leveraging radical cycles.’! However, the relatively easy
accessibility and stability of Ni(l) and Ni(lll) oxidation states are particularly well-suited to be combined with radical cycles.®
Photoredox catalysis was re-invented as a powerful methodology to achieve the formation of radical species in mild conditions.”)
Connecting the SOMO (A Singly Occupied Molecular Orbital ) chemistry developed for enamine catalysis®® with some relevant
contribution of the generation of radical species using [Ru(bpy)s]Clz as photocatalyst,’® MacMillan and Nicewicz*” opened the field of
photoredox catalysis to practical use in Organic Chemistry. Some years after, Sanford,**) MacMillan and Doyle,*? and Molander!*?!
have reported the possibility to realize the dual photoredox catalysis* with nickel, in interesting cross coupling reactions. The
combined use of photoredox and nickel catalysis has proven to be extremely captivating, bewitching the utmost attention. The
alteration of the oxidation state is largely attributed to the transition metal's remarkable capacity to efficiently capture the
photogenerated organic radicals.s Through a process called single-electron transfer, a wide range of radicals (including C-, O-, N-,
S-, and P-centered radicals) can be produced through reductive quenching interactions with excited photocatalysts. 6!

Nickel complexes in low oxidation state can capture a radical formed alongside the photocatalytic cycle. The generation of the radical
can occur either by direct interaction of the photocatalyst in its excited state with a stable radical precursor or by an indirect event. In
the first case the radical precursor acts as an effective single electron quencher of the excited state of the photocatalyst, alternatively
a consecutive electron transfer occurs to maintain the catalytic cycle.'’] An alternative possibility considers the oxidative addition
aryl/alkyl/vinyl halides on Ni(0), with the concomitant formation of Ni(ll) intermediates. Intercepting the generated radical, this last
evolves in the corresponding Ni(lll) intermediate. Both proposed mechanistic models came together to indicate the formation of the
highly reactive Ni(lll) species, which ultimately leads to the desired cross-coupled products through reductive elimination (Figure 1).
The first use of photoredox reactions in reductive nickel-mediated cross coupling reactions were developed by Weix,!*® eliminating
the need for
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Figure 1. General model in dual nickel and photoredox catalytic approach.

stoichiometric amounts of metal reductant. These methodologies opened up various possibilities for the formation of C-C and C-
heteroatom bonds.'® In addition, the generation of radical species by hydrogen atom transfer (HAT) events further offers effective
and gentle methods to generate radicals from inexpensive and non-functionalized starting materials.?” These radicals can undergo
towards various unimolecular processes, such as cyclization, radical addition, migratory insertion, 3-scission, or 1,5-HAT, leading to
the formation of new radical species. These last can then react with nickel, forming reactive intermediates following the above
introduced pathways.

Finally, taking advantage of the fundamental work done by Fu in nickel stereoselective cross coupling reactions,?!! the
enantioselective photoredox nickel promoted reactions were recently applied to a series of interesting and highly selective cross
coupling reactions.?? Although the realization of cross-coupling products through dual nickel and photoredox catalysis represents a
major asset in the toolbox of synthetic chemistry, only in a few examples this knowledge has been used for generating nucleophilic
organonickel reagents. By the employment of photoredox conditions is it possible to overcome limitations and enhance the possibility
offered in the formation of nucleophilic organometallic reagents avoiding the use of stoichiometric metal reductant and using available
and stable organic precursors for the direct access to the nucleophiles. This account aims to highlight the remarkable results achieved
from our investigations, as well as the valuable contributions made by other groups in this rapidly progressing field. We will emphasize
the practical and potent solutions that can be provided to a wide range of synthetic approaches.

2. Formation of Nucleophilic Reagents with Nickel: Allylation

(m-Allyl) nickel complexes were reported to react with organic halides by Corey and Semmelack.?¥In this approach, the organometallic
allylating reagents were prepared in situ by using the toxic [Ni(CO)4] or with the highly sensitive [Ni(COD);] (COD = 1,5-
cyclooctadiene). This groundbreaking paper presents the remarkable reactivity displayed by carbonyl compounds. However, the
authors observed that these reactions occurred at a noticeably slower rate compared to alkyl iodides. To achieve complete reaction,
the assistance of heating at 50 °C was required. The use of toxic or quite sensitive material, in stoichiometric amount, and the low
reactivity have probably hampered a careful reexamination of these reagents, until Durandetti and Périchon reported the catalytic
use of Ni(ll) in the presence of bipyridine (bpy) ligands in combination with a stoichiometric metal as terminal reductants for allylation
and Reformatsky reactions. Furthermore, it noteworthy that after several years, a previously underestimated electrophile, namely
CO2, was discovered to exhibit reactivity in the presence of nickel in low oxidation state. Martin and co-workers described a nickel-
catalyzed carboxylation of allylic alcohols with COz2, in the presence of a phenanthroline derivative as ligand, and zinc as stoichiometric
reductant.?™ In addition, Durandetti described an electrochemical procedure?® combining a nickel catalyst and a sacrificial zinc anode
to form a reactive allylating nickel species,?”able to react with aldehydes and ketones (Scheme 1).
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Scheme 1. Nickel promoted allylation of carbonyls with stoichiometric metal reductants.

Not only allylnickel formed by convenient methodologies in the presence of a stoichiometric reductant was founded effective, but an
enantioselective Ni-catalyzed methodology of a reductive coupling of allylic carbonates with aldehydes was reported.?®! The procedure
utilized zinc as the terminal reductant, in the presence of pyBOX [pyBOX = (oxazol-2-yl)pyridine ligand]-ligand and a
substoichiomentric (50 mol%) amount of copper iodide as additive. The reaction conditions resulted quite effective for the 2-aryl-allylic
carbonates, which generate the homo-allylic alcohols in good to excellent enantiomeric excesses (ees) for both aromatic and aliphatic
aldehydes. At the same time, the employment of the simple allyl system gave moderate ees. In our laboratories, we want to explore
if the nucleophilic allyl nickel complex could also be accessible through the reduction of nickel under photoredox conditions.

2.1. Photoredox Allylation Of Aldehydes with Nickel

During our studies remarkable examples of diastereoselective allylation of aldehydes through a combination of photoredox and
chromium(ll) catalysis was reported by Glorius?® and Kanai,® publishing the first examples of formation nucleophilic organometallic
reagents based on dual transition metal and photoredox catalysis. Both groups presented the formation of allylating organochromium
reagents from allyl electron-rich arenes (indole, carbazole), electron-rich alkenes, or allylic anilines with aliphatic and aromatic
aldehydes. The key element of both reports is the use a photocatalyst capable of behaving as a strong oxidant in its excited state
allowing the generation of the allyl radical from the electron-rich organic substrate. This last is intercepted by the by Cr complexes in
low oxidation state. In both cases, a redox-neutral cycle, without the need of a stoichiometric reductant, was developed thanks to the
utilization of highly reactive and hardly to handle chromium(ll) species. Through the radical polar cross over approach,’®!the allylic
radical was intercepted by Cr(ll) giving the reactive allylchromium nucleophile.®? In our chemistry we have not used alkenes as
precursors but we considered allyl acetate and carbonates as potential pronucleophiles. The basic idea was to reduce the nickel with
the suited photocatalyst and, through oxidative addition and successive SET, generate the reactive allylnickel (Scheme 2).53°
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Scheme 2. Photoredox allylation of aldehyde promoted by nickel complex.

Our innovative dual photoredox method, using nickel as a catalyst, revolutionizes cross-electrophile coupling.®¥ This technique offers
several advantages: (i) the use of readily available and simple not-substituted allylating reagents such as allyl acetates or simple allyl
esters; (ii) the in situ formation of a nickel allyl organometallic species, a highly valuable nucleophilic organometallic reagent obtained

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/

through reductive photoredox processes; (iii) the elimination of the need for an argon filled glovebox to handle unstable or air-sensitive
Ni(0) or Cr(ll); (iv) the breakthrough ability to incorporate a unbiased propene moiety. Through a meticulous evaluation of reaction
parameters, we achieved optimal conditions employing [NiBrz(glyme)] (glyme = dimethoxyethane) catalyst (10 mol%), allyl acetate (3
equiv.), diisopropylethylamine (DIPEA, 3 equiv.), (DIPEA = N,N-diisopropylethylamine) o-phenanthroline (15 mol%) as the nickel
ligand, and [Ru(bpy)s]Cl2 (bpy = 2,2’-bypiridine ligand) as the photocatalyst (1 mol%), with blue LED irradiation at 450 nm. In the
Scheme 2 a selected example of the reaction scope obtained after the investigation of a variety of aromatic and aliphatic aldehydes
is reported. Since allyl nickel complex to respect other organometallic analogues presents a limited nucleophilicity, the reaction was
found selective towards aldehydes. After successfully completing a comprehensive study enabling the realization of a wide library of
homoallyl alcohols in a non-stereocontrolled fashion we promptly moved our attention towards an enantioselective variant. After a
preliminary optimization, based on the screening of different chiral ligands without modifying other reaction parameters, we discover
that a low enantiomeric excess was obtained performing the reaction in the presence of chiral bisoxazoline derived from D-
phenylalaninol (see section 2.4). However, to acquire valuable insights into the process, it was crucial to thoroughly examine the
reaction mechanism and strive towards advancing additional nucleophilic reactions. The photochemical mechanism was meticulously
investigated by analyzing the quenching of the photocatalyst's luminescence caused by each component involved in the reaction. In
particular, no change in the decay of the emission intensity of [Ru(bpy)s]Cl. was observed upon addition of allyl acetate, o-
phenanthroline, or the model aldehyde in the concentration used for the reaction. DIPEA was the effective quencher supporting the
catalytic cycle illustrated in Scheme 2. The possibility to prepare effective nickel nucleophiles rely on the reduction of nickel complexes.
The quenching of [Ru(bpy)s]>* photocatalyst by DIPEA, produces the reduced [Ru(bpy)s]* complex (Ex = -1.33 V vs SCE) (SCE =
standard calomel electrode),® a suitable reductant for phenanthroline Ni(ll) complexes to Ni(l). By electrochemical investigation a
reversible reduction process for [Ni(phen)s]?* at -1.31 V (phen = phenanthroline ligand) was measured. When allyl acetate was added,
the cyclic voltammogram displays a chemically irreversible reduction process. Our interpretation for this result was a rapid oxidative
addition of allyl acetate followed by a fast SET able to generate the reactive [LnNi(n3-allyl)(OAc)] (OAc = acetate anion).*” The process
is quite different from many catalytic cycles suggested in cross coupling reactions when the photoredox catalysis was introduced, but
calculations from other leading group in the field,® carefully spectroscopic and mechanistic investigations®*® are now reconsidering
the effective role of Ni(l) as a key valence oxidation state in photoredox chemistry. Another discussion point regards the restoration
of nickel complex in its pristine state. In this chemistry it is assumed that a protonation step liberates the nickel complex. The proton
sources in the protocol are the intermediates formed because of the subsequent steps that the radical of DIPEA undergoes after
guenching. Figure 2 illustrates the intricacy of the events, showing that various SET (SET = single electron transfer) events within a
catalytic cycle can also be facilitated through the redox chemistry of the amine.

pKaca. 8

ge Lﬂqx kf““ii PN @Cx A

Eox (EtaN™/Et;N) = -1 V vs SCE Eox =-1.12V vs SCE

Figure 2. Oxidative pathway of triethylamine.

The modest reactivity of allyl nickel intermediates highlighted in the above presented pioneering reports was probably due to the
absence of ligands. As a consequence, we have performed the allylation reaction of model aldehyde in dark conditions with allyl
acetate using a stoichiometric amount of [Ni(COD)2] both with or without o-phenanthroline ligand and DIPEA, and we have observed
that the reaction only occurred in the presence of o-phenanthroline (Scheme 3).

a) ?

i OAc ——————~————» Noreaction
Ni(COD); + A~ CHaCN CHyCN
1 equiv 1.2 equiv 10 min 24h

b) ?

=~

Ni(COD OAc ——— No reaction
NICOD), + CH,CN  DIPEA3 equiv

1 equiv 1.2 equiv 10 min CH3CN
24h
c)
/ A\ 7
= = OH
oA 1 equiv O O B
Ni(COD! °

(COD)y + A CHACN DIPEA 3 equiv 70%
1 equiv 1.2 equiv 10 min CH3CN

24h

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/

Scheme 3. Dark reaction to probe the reaction mechanism of photoredox allylation of aldehydes.

2.2. Allylation via dienes

1,3-butadiene, an abundant petrochemical feedstock, was employed as pro-nucleophile in allylation reaction promoted by ruthenium
or iridium catalysts.” In addition, chromium-#1 and titanium-based®? photoredox methodologies have employed butadiene as radical
acceptor to produce allylic radicals suitable for radical to polar cross over coupling with organometallic complexes in low oxidation
states.[*® Interestingly, it was reported that nickel can be used in the coupling of 1,3-dienes with aldehydes. it is possible to achieve
this by using reducing agents such as EtZn*Y or BEts.*® Inspired by a Kénig's group, that reported a photoredox Ni-catalyzed
hydrocarboxylation of styrenes in presence of Hantzsch ester (HE) to produce a nickel hydride intermediate,*® Xia employed
butadiene in the allylation of aldehydes.*” Using HE as the hydrogen source, the group employed NiClz- 6H20 (5 mol%) with 5,5 -
dimethyl-2,2" -bipyridine (5 mol%) as ligand, and Irf[dF(CFs)ppylz(dtbbpy)PFs (dF(CFs)ppy2 = cyclometalated iridium(lll) complex;
dtbbpy = ditertbutyl-2,2’-bipyridine) as photocatalyst under blue LED irradiation. Substate scope highlighted that aromatic,
heterocyclic, and aliphatic aldehydes were suitable for the reaction, giving high yields of the desired product. It is worth noting that
the presence of a catalytic amount of Hiinig’s base (DIPEA, 12 mol%) gave better results. To understand these outcomes, several
experiments clarified that DIPEA acts as an electron shuttle between Hantzsch ester and photocatalyst.

Xia, 2020
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Scheme 4. Photoredox allylation of aldehyde starting from 1,3-dienes.

As illustrated in the Scheme 4, the proposed mechanism envisages a catalytic cycle in which the photocatalyst behaves as a good
oxidant in its excited state (Evzrea [*Ir(I)/Ir(1)] = +1.21 V vs SCE)“¥ and, via reductive quenching, it is able to oxides the DIPEA (Eox
(DIPEA) = +0.65 V vs SCE)" producing Ir(Il) and [DIPEA]*. The authors suppose that the Hantzsch ester is responsible for the
reduction of [DIPEA]™* forming the (HE™), whereas the reduction of Ni(ll) to the active Ni(l) (Eve2rea[Ni(ll)/Ni(I)] = —0.68 V vs SCE in
DMSO (DMSO = dimethylsulfoxide))®® is determined by Ir(I1) (Evzreallr(I1)/Ir(I1)] = =1.37 V vs SCE in CH3CN),®% and the interaction
of LaNi(l) with HE™ give the hydride (Ni-H) species and pyridinium ion Py-H* (Py-H* = protonated oxidized HE to the corresponding
pyridine). Subsequently, diene is converted into the allylic nucleophile via migratory insertion. The observed product is determined by
the coordination of the Ni(ll)-allyl specie with aldehydes through a Zimmerman-Traxler transition state, in which the methyl group of
the allylic reagent placed in pseudo-axial position.

2.3. Allylation via allenes
The employment of Hantzsch ester as reductant in the photoredox-mediated formation of the nucleophile could be extended towards

the formation of the Tr-allyINi by using insertion of nickel hydride intermediate with suitable precursors. For example, Jamison and
coworkers reported the reaction of allenes with nickel in low oxidation state through a nickel hydride intermediate.? Differently from
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these pioneering investigations but using the same concept, Breit and coworkers reported® the generation of 1r-allyINi complexes by
merging photoredox and nickel catalysis for the coupling with aldehydes to form homoallylic alcohols (Scheme 5).
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Scheme 5. Use of allenes for the nickel promoted photoredox allylation of aldehydes.

The reaction was carried out employing 4CzIPN (4CzIPN = 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene) as the active
photocatalyst, in the presence of Ni(NOs)>- 6H20 and 4,4” -dimethoxyl-2,2" -bipyridine as the ligand, Hantzsch ester, and DIPEA
under blue LED irradiation. The reaction tolerated a variety of differently functionalized aliphatic and aromatic aldehydes. Quite
interestingly, the procedure can be extended to the formation of quaternary stereogenic centers with good diastereo control, that
derived by a Zimmerman-Traxler transition state. Moreover, also in this case the addition of the base was motivated by the better
results obtained and these outcomes were explained by the proton shuttle facilitation. The main hypothesis in the proposed
mechanistic model is that the generation of LnNi(l) leads to a reaction with HE-H™* resulting in the formation of LaNi(Il)-H. The potential
referred to HE-H"* (Evzred [HE-H™*/Py-H*]= = 0.76 V vs SCE)®™ makes this reaction possible.% Subsequently, the reaction between
the LaNi-H and the allene generates the T-allyINi specie,® which after coordination with the aldehydes give the desired product via
cyclic transition state.

2.4. Enantioselective photoredox allylation

As previously mentioned, once we introduced a powerful non-stereoselective for the allylation of aldehydes through dual
nickelaphotoredox catalysis, we immediately looked for an enantioselective variant. Maintaining untouched the other reaction
parameters, the best enantioselective result was obtained using the chiral bisoxazoline derived from D-phenylalaninol, with a
conversion of 50% and an unsatisfactory enantiomeric excess of 44%. However, despite the use of many BOX (BOX = bisoxazolines)
or N,N-type ligands we were not able to improve yields/ees. Rationalizing these results, we hypothesized that the presence of DIPEA,
used as the sacrificial reductant, probably interfered with the coordination of nickel with BOX ligand. Therefore, we completely
reassessed our catalytic system. Firstly, taking inspiration from our previous work of dual titanium and photoredox catalysis,®® we
moved through substituting the photocatalyst with organic dyes,®” and employing TADF (TADF = thermally activated delayed
fluorescence)® organic molecules. These systems were introduced in dual photoredox catalysis in 2016,5% and although the stability
under the reaction conditions needs to be carefully controlled, their peculiar, delayed fluorescence enhance the lifetime of excited
state, normally not very long for organic dyes.f! By employing 3DPAFIPN (3DPAFIPN = 24,6-tris(diphenylamino)-5-
fluoroisophthalonitrile) as a photocatalyst and Hantzsch’s ester as an organic reductant,® in the presence of catalytic amounts of
NiBrz(glyme) and a chiral ligand described in chromium photoredox reactions promoted by Kanai,? we increased the yield and ees
compared to the previous ones. Finally, by a careful optimization of these preliminary results and selecting the suitable BOX ligand,
we developed a robust and highly enantioselective allylation of aldehydes (Scheme 6).[6%
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Scheme 6. Enantioselective allylation of aldehydes under photoredox conditions.

The reaction was performed on aliphatic and aromatic aldehydes and the presence of functional groups was well tolerated. It is
noteworthy that a careful control of the temperature was necessary to ensure the highest enantiomeric in a range between 89 and
95% e.e.. However, we observed that aromatic aldehydes capable to chelate the nickel (e.g., thiophene) were not reactive substrates.
Moreover, homoallylic alcohols deriving from pyrrole or indole aldehydes are relatively sensitive to strong Bragnsted acid and, therefore,
they were obtained with unsatisfactory results due to decomposition pathways promoted by the presence pyridinium salts.

The study to elucidate the entire mechanism was quite challenging due to several reasons. Primarily, the complexity of the reaction
did not allow the use of electrochemical studies to explain the mechanism; therefore, we settled a collaboration with the group of Prof.
Cavallo to obtain DFT details. At the same time, photophysical studies were also quite demanding, since the use of TADF dyes, with
the prompt and delayed fluorescence both able to interact with a possible quencher, complicated the Stern-Vomer studies. We
observed the formation of a complex between 3DPAFIPN and the Hantzsch ester (HE), which can be considered in a static
quenching.® The role of this complex is essential as the active species in photoredox reactions. Nevertheless, there is another way
to understand the intricate quenching phenomenon. Recent research suggests that the complex was quenched by both the
Hantzsch ester and the chiral nickel complex. However, due to its higher concentration, the Hantzsch ester emerged as the more
efficient quencher. As mentioned earlier, we carefully analyzed the reaction mechanism through DFT calculations.®® The calculations
have precisely forecasted that the 3DPAFIPN-HE complex forms with an exceptionally minimal activation barrier. Furthermore, the
new complex was not altering the UV absorption of both reaction partners. Furthermore, the oxidative and reductive quenching events
were evaluated by DFT and both cycles were possible; however, due to the experimental setup the reductive quenching resulted the
most probable. It is noteworthy that our study can also be relevant for many similar processes promoted by TADF dyes in the presence
of Hantzsch ester.

Although in our non-stereoselective version of the reaction the experimental electrochemical data suggested that Ni(0) was not
involved, DFT calculation performed for the enantioselective version established that the starting point of the catalytic cycle is the
Ni(0)-BOX complex coordinated to allyl-acetate, which evolve towards a Ni(ll)-intermediate (Figure 3). This intermediate is then
reduced to Ni(l)-allyl complex by a SET event and the subsequent allylation reaction takes place by insertion of aldehyde on the NI(l)-
complex. This corresponds to the enantiodetermining step with formation of the stereocenter. Even though in many reactions
performed in the presence of Hantzsch ester in dual nucleophilic photoredox reactions,®1this last is believed to act as a “protonating
agent” by liberating a proton upon oxidation, our DFT calculations illustrate a more complex mechanism. In fact, the interaction of
Hantzsch derivative HE*/AcO™ onto the metal center of Ni(l)-complex after the aldehyde insertion breaks the O—Ni bond by a proton-
coupled electron transfer (PCET). This step also recycles the Ni(l) to Ni(0), restarting the catalytic cycle. Finally, we have also
rationalized the origin of the enantioselectivity of the reaction by a theoretical calculation of the hindrance of the transition state by
minimization of the steric interactions. 6!
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Figure 3. Proposed mechanism for the enantioselective allylation of aldehydes under photoredox conditions.

3. Vinyl Nickel as Nucleophiles with Carbonyl Compounds

n?-Coordination of transition metals onto aldehydes can induce a nucleophilic behavior to the formyl group.®® Ni(0) combined with
electron donor ligand is an ideal combination for this type of the 72 coordination.®!

e

o Transiton metal catalyst ¢, )" ©__t"™? Nucleophilic

P b om0 e 7 reactivity
-
Electrophile

Figure 4. Activation of carbonyl by low oxidation state metal complexes.

The stoichiometric reaction for the n?-coordination of aldehydes in the presence of alkynes, 1,3-dienes, allenes, and alkenes evolves
upon oxidative cyclization into a five-membered oxanickelacycle complexes."” Formation of oxanickelacycle in catalytic conditions
allowed to recycle nickel, with a stoichiometric amount of a reducing agent. As reducing agents, EtZn,["Y alkyl silanes RsSiH (R = Et,
alkyl),l”? BEts,[”® were introduced by Montgomery and Jamison. To induce the formation of the nickelacycle, the employment of
stoichiometric reductant is mandatory. Additionally, in most of the cases the use of extremely sensitive Ni(COD):2 is necessary to start
the catalytic cycle. Formation of nickel in low oxidation state, by using metallaphotoredox catalysis can be an advantage for this
chemistry. By formation of nickel in low oxidation state in photoredox conditions, the need of stoichiometric air sensitive precursors
(i.e., Et2Zn or Et3B) will be avoided. With this aim we have explored the use of organic dyes with nickel, in the presence of alkyne and
aldehydes to introduce this rich chemistry, also explored in enantioselective transformations, in the dual metallaphotoredox world.

3.1. Photoredox vinylation

We have selected 3CzCIIPN (3CzCIIPN = 2,4,6-tri(9H-carbazol-9-yl)-5-chloroisophthalonitrile) as photocatalyst in combination with
the Hantzsch ester (HE) as organic reductant.[”® This organic dye was evaluated in function of the values of the available reduction
potential both for the ground and for the excited state, that are lower than other cianoarene-based photocatalysts commonly employed,
i. e. 4CzIPN, or 3DPAFIPN [values are referred to SCE: E(4CzIPN**/*4CzIPN) = -1.18 V; E(3DPAFIPN**/*3DPAFIPN) = -1.38 V;
E(3CzCIIPN**/*3CzCIIPN) = —0.93 V. The lower reduction potential, both in excited that in the ground state is relevant when aromatic
aldehydes are employed in conditions set to form Ni(0). To prevent any unwanted occurrence of parasitic pinacol coupling of the
aromatic aldehyde in the presence of potent reducing photocatalysts’® and a Brgnsted acid, such as the oxidized Hantzsch ester,
the photocatalyst was carefully chosen. The nickel catalyst for the transformation was selected by the fundamental work reported by
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Jamison and Montgomery.[”1 As we expected, active N,N-ligands (phenanthroline, bipyridine, BOX) previously employed in our
allylation reaction were completely ineffective for this transformation. By selecting commercially available nickel complexes and
investigate in detail all variables for these reactions, finally we found that the reaction was promoted employing [NiCl2(nBusP)2] (5
mol%), 3CZCIIPN (5 mol%), alkyne and Hantzsch’ ester (3 equiv. each) under irradiation of blue LED (Scheme 7). We tested the
optimized protocol on a wide range of substituted aromatic aldehydes and were thrilled to discover its exceptional tolerance towards
different functional groups. The reactivity of the protocol ranged from discrete to excellent, showcasing its versatility and potential for
numerous applications. On the other hand, the reactivity of aliphatic aldehydes was insufficient under the given circumstances.
Therefore, Lewis acid, such as MgBr2-Et.0 as additive, was required to activate the carbonyl group. Remarkably, this Lewis acid was
specifically chosen due to its resistance to the reducing conditions of the system.

Cozzi, 2022
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Scheme 7. Photoredox vinylation of aldehydes with alkynes.

The scope of the reaction with alkynes is limited by the fact that LnNi(0) is an active catalyst for cyclotrimerization of alkynes, and the
presence of this byproduct is always revealed. Some differently 2-substituted 1-phenylacetylenes were found reactive. The Stern-
Volmer analysis ruled out that Hantzsch ester is the quencher [Eoxx(HE*/HE) = 1.0 V vs. SCE].l"® The event produces the reduced
form of the photocatalyst 3CzCIIPN* able to reduce the Ni(ll) to Ni(I) and to Ni(0) by a successive SET. Investigation of a possible
enantioselective variant of this reaction is in progress. In our example the use of phenylacetylene was not possible, as in many other
similar reactions previously described using EtzZn or BEts. In the case of photoredox conditions, unhindered phenylacetylene is quickly
trimerized by the LaNi(0) complexes generated in situ. However, quite recently Zhu and co-workers!™ reported a photoredox/nickel
dual-catalyzed three-component cross-coupling reaction, with acetylene gas (1 atm) as a two-carbon (C2) synthon (Scheme 8). They
were able to solve the previous limitation of the reaction allowing to use a commodity available in large scale. Additionally, differently
substituted alkenes were obtained by the cross coupling, allowing a fine tuning of the desired product. The reaction was optimized
using Ni(OTf)2 (10 mol%) as the catalyst, in the presence of 0.5 mol% of iridium-based photocatalyst under irradiation of blue LED.
The presence of 2 equiv. of tetramethylethylenediamine (TMEDA) and DIPEA as sacrificial reductant was found necessary. The
reaction worked with a broad number of aryl iodides, while bromide or chlorides were found unreactive. Intramolecular variant of the
reaction was developed using bromoaryl ketones. Several substituents in the aryl moiety such as chloro-, bromo-, methylthio-,
diphenylamino-, boronic ester, and ester were well tolerated. Moreover, the employment of nitrogen-, oxygen-, and sulfur- containing
heterocycles was possible. Finally, aliphatic ketones, and aromatic and aliphatic aldehydes were found to be reactive. In many
examples the authors observed a high diastereomeric control in favor of the Z isomer (> 9:1 Z/E). It was possible to use alkyl-
substituted alkynes, although the yields were considerably reduced. As the TMEDA was used in more than stoichiometric amount, it
is presumably the effective ligand for the nickel. Consequently, the authors investigated the cyclic voltammetry of Ni(OTf)2- TMEDA
complex (OTf = OSO.CFs3) discovering two favored reduction events [Ep(Ni(ll)/Ni(l)) = -=0.55 V and Ep(Ni(l)/Ni(0)) = —0.86 V versus
SCE in acetone]. The Stern Volmer experiment successfully indicated that DIPEA effectively extinguishes the excited state of
iridium(lll), resulting in the formation of the Ir(Il) species [Ex2(Ir(111)/Ir(I)) = =0.71 V versus SCE in acetone].The author suggested that
the Ni(ll) reduction was slightly difficult and therefore, a cycle in which Ni(l) plays a key role was suggested. The catalytic cycle is
depicted in Scheme 8. In its reduced state, the photocatalyst has the remarkable ability to convert Ni(ll) to Ni(l), paving the way for
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the subsequent oxidative addition with the aryliodide. To this event a migratory insertion of acetylene and another SET event gave
the LaNi(ll) alkene complex, that, upon coordination of aldehyde and addition reaction gave the E-product. The final Z- product is
observed because the Ir(lll) complex is able to isomerize the trans alkene via energy transfer (EnT).[8%
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Scheme 8. Three component allylation of aldehydes.

4. Summary and Outlook

In summary, the chosen example presented in this account has effectively illustrated the application of nickel complexes in
metallaphotoredox catalysis. Different organometallic nucleophilic nickel species such as aryl® and Reformatsky reagents(® have
been reported using metal reductants, such as Mn or Zn in stoichiometric amounts, and the translation of these conditions in
photoredox protocols seems suitable. Moreover, using new organic dyes operating in green® or red lights,4 will be possible to solve
the low penetration of the blue light used in many photoredox processes. This represents one of the major problems that concerns
photoredox catalysis which hinders the scale-up and the application of photoredox conditions in larger scale, and that only occasionally
with found solution the use of expensive technological protocols.5 With the appropriate photoredox methodology,®® translate these
reactions in efficient enantioselective procedures, and enhancing the scope of the reactive electrophiles, including ketones and imines,
will be our future goals and research in our laboratory.
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