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SUMMARY

Radical chemistry has emerged as a cornerstone in modern organic synthesis, providing chemists
with numerous new tools to rapidly expand reactivity and chemical space in academic and
industrial research. In this regard, titanium complexes have been recognized as an attractive
class of catalysts owing to their rich redox activities in addition to the abundance and low
toxicity of this early transition metal. Traditionally employed for the activation of epoxides and
carbonyl compounds, Ti radical redox catalysis has broken into new grounds in recent years,
giving rise to a diverse repertoire of useful transformations. In this Perspective, we highlight recent
developments in the area of Ti'l/1V catalysis with respect to the activation of different types of
chemical bonds. Furthermore, we discuss future opportunities in integrating Ti radical chemistry
with other catalytic systems as well as with emerging new technologies such as photochemistry
and electrochemistry.
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Radical chemistry has emerged as a cornerstone in modern organic synthesis, enabling chemists
to rapidly expand reactivity and chemical space. Titanium complexes have been recognized as
attractive catalysts owing to their rich redox activities, abundance, and low toxicity. In this
Perspective, we highlight recent developments in Ti''1V catalysis with respect to the activation of
different types of chemical bonds. Furthermore, we discuss future opportunities in integrating Ti
radical chemistry with other catalytic systems as well as with emerging new technologies.
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INTRODUCTION

As the second most abundant transition metal, titanium has seen wide use in synthetic
transformations? and industrial processes.? Titanium-based complexes often exhibit strong
Lewis acidity and display high reactivity towards various common organic functional
groups. In particular, chiral titanium catalysts have been employed in numerous
stereoselective reactions including the Sharpless epoxidation® and nucleophilic additions.*
In addition to their canonical Lewis acid activities, organotitanium compounds also present
rich redox properties and can adopt three oxidation states at the metal from Ti'! to Ti'V.
This feature has led to the development of a myriad of important transformations such as
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the McMurry reaction, the pinacol coupling,® the Kulinkovich reaction,’ the Barbier-type
allylation,8 the Pauson-Khand reaction,® and very recently, the [2+2+1]-pyrrole synthesis.10
Similarly, titanium complexes also show promising applications in the activation of small
molecules including nitrogen! and carbon monoxide.12

Titanium-mediated redox organic transformations are most often powered by the Ti''/1V or
Ti'"V redox cycles.13-15 In this perspective, we are particularly interested in highlighting
TilllV catalysis, which has been shown to promote efficient organic radical generation.
Selected milestones highlighted in Scheme 1A summarize the development of Till/IV
chemistry since the 1970s. Cp,TiCl, first reported by Wilkinson in 19557 by treating
titanocene dichloride with reducing metals, has since found numerous synthetic applications
in free radical and organometallic chemistry. This reagent exists as a Cl-bridged dimer
[Cp,TiCl],, which is in equilibrium with the active Cp,TiCl form via solvent-assisted
dissociation.1> Intrigued by these initial findings, Nugent and RajanBabu reported a series of
epoxide reductive functionalization reactions using stoichiometric amounts of Cp,TiCl.17:18
In the context of total synthesis, the first use of Cp,TiCl was demonstrated by Clive in

the synthetic campaign towards Ceratopicanol.19 Gansauer developed the first catalytic
variant of Ti'!l-promoted reductive epoxide functionalization in 199820 and subsequently
reported the asymmetric synthesis of anti-Markovnikov alcohols using a chiral titanocene
complex.2! Beyond transformations of epoxides??, Ti''V redox couples have been widely
employed towards the functionalization of various oxygen-containing organic motifs,
including water,23 hydrogen peroxide,24 oxetanes, 2 alcohols,26 ozonides?” and enones.28

In many of these examples, Ti'!l acts as a single electron reductant and activates C—O bonds
to furnish radical species, which often participate in subsequent functionalization to form
C—C bonds or C—H bonds. In addition, a wide range of other substrate classes have also
been used in Ti'l-promoted radical reactions, including allylic halides,® a-halo carbonyl
compounds,2? and nitriles.39 The expansion of activation targets significantly increased the
synthetic values of Ti''"!V redox chemistry. Meanwhile, innovations in radical chemistry
have driven the development of a plethora of elegant new reaction strategies by merging
Ti'"! chemistry with cross-coupling,31-34 proton-coupled electron transfer (PCET),3° and
multicomponent catalysis.36

In this Perspective, we highlight recent development (c. 2016) in Ti''"!V redox catalysis and
discuss emerging opportunities in the field. The main section is largely divided according
to the type of chemical bond that is activated by Ti: (1) C—O bond activation, (2) C—N
bond activation, (3) C—C bond activation, and (4) C—halogen and C—S bond activation.
In the Outlook section, we provide a review of new strategies to achieve the generation

and turnover of Ti'll employing electrochemistry and photoredox chemistry, and discuss
opportunities in each respective area. Finally, we anticipate that more comprehensive
mechanistic studies of known reaction methodologies will guide the development of new
ligands and new reactivities amenable to Ti radical catalysis.

C—O Bond Activation

The functionalization of carbon—oxygen bonds in organic molecules such as alcohols,
epoxides, and carbonyl compounds are most frequently achieved via electrophilic activation
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through the use of Lewis acidic catalysts or reagents. Recent advances in transition metal
catalysis and radical chemistry have provided complementary strategies for the cleavage and
functionalization of C—O bonds, giving rise to a diverse range of new transformations. In
this context, titanium radical catalysis represents an attractive approach as it often offers
mild reaction conditions and complementary reactivity in comparison with Lewis acid and
late transition metal catalysts.

Epoxides are highly versatile electrophiles that can undergo stereospecific ring-opening
with a wide array of nucleophiles via a traditional two-electron pathway. In contrast, Ti'll
typically mediates ring-opening of epoxides via C—O bond homolysis induced by an
inner-sphere single electron transfer (SET) from Ti'l! to the substrate. This event triggers
the regioselective cleavage of one of the two C—O bonds, resulting in the more stable
carbon-centered radical that can subsequently participate in various radical transformations
such as hydrogen atom transfer (HAT), addition to unsaturated bonds, and elimination.
Notably, the use of chiral Ti complexes often enables stereoselective functionalization of
epoxides to give chiral alcohol products. Conventionally, reductive ring-opening of epoxides
often requires a stoichiometric amount of metal reductant (e.g., Zn, Mn) to achieve catalyst
turnover, which could hamper their application in synthesis beyond laboratory scale. To
circumvent this limitation, Norton and Gansauer developed a dual Ti/Cr catalytic system
for the anti-Markovnikov hydrogenation of epoxides (Scheme 2A).37 In this reaction, the
carbon-centered radical (2-1) arising from epoxide ring rupture accepts a hydrogen atom
from a catalytic chromium-hydride complex, CpCr(CO)3H. Upon release of the resultant
alcohol product, the Ti'V and Cr0 catalysts undergo SET with each other to return to their
catalytically active oxidation states, Ti'll and Cr'. The latter then takes up a H atom from
hydrogen gas, reforming the Cr—H species. With H, as the only stoichiometric reagent,
the Norton-Gansauer strategy provides a more atom-economical approach for the reductive
ring-opening of epoxides.

The preparation of isotopically labeled molecules represents an emerging research field in
organic chemistry owing to its significance in modern synthetic and biomedical research.
Recently, Ganséuer incorporated the Ti'!-induced epoxide ring-opening in the preparation
of B-deuterated anti-Markovnikov alcohols with high D-incorporation and excellent
diastereoselectivity (Scheme 2B).38 In this example, (‘BuCsH4),TiCls is first activated by
BnMgBr to generate (‘BuCsH,),TiBn, which can undergo o-bond metathesis with PhSiD5
to form [(‘BuCsH,4),Ti—D]. This species promotes the regioselective transformation of an
epoxide to carbon-centered radical (2-111), upon which an intramolecular D-atom transfer
(2-111 to 2-1V) completes the deuteration.

Compared with net-reductive transformations, redox-neutral reactions catalyzed by
titanium remain relatively underdeveloped. However, the desire to eliminate the need

for stoichiometric reductants, while simultaneously expanding the reactivity of Ti to

new territories has led to increasing interest in searching for alternative means to

achieve catalytic turnover. For example, following their early work on Ti-catalyzed
radical arylation,3° Gans4uer recently demonstrated the regiodivergent synthesis of
tetrahydroquinolines and indolines (Scheme 2C).4% Upon Ti''-induced reductive epoxide
ring-opening, subsequent intramolecular radical addition to the pendant aromatic ring
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generates a cyclohexadienyl radical. This intermediate undergoes SET to Ti'V followed

by rearomatization, giving rise to the product and turning over the catalyst. The electron
transfer step is driven by the restoration of aromaticity. Interestingly, the regioselectivity of
the ring-opening step is controlled by the absolute configuration of the enantiopure Kagan’s
complex and its anionic ligands X, furnishing either indoline or tetrahydroquinoline products
in excellent selectivity.

In another recent example, Lin reported the stereoselective isomerization of epoxides

to allylic alcohols via dual Ti/Co catalysis, leveraging Ti''-induced epoxide opening
(initiation) and Co''-mediated HAT (termination) in the same catalytic system (Scheme
2D).41 The combination of Kagan’s complex and cobalt salen complex enables excellent
regio- and stereochemical control over bond-breaking and -forming events of the
isomerization. Notably, this transformation is overall redox-neutral, with the catalytic system
sustaining itself without the need for a stoichiometric reductant. Specifically, upon Ti'll-
mediated epoxide ring-opening, Co!! extracts an H atom B-to the carbon-center radical (2-V)
to furnish the alkene (2-V1). Subsequent proton transfer from Co!!'—H to Ti'V-alkoxide
releases the allylic alcohol product, which is followed by an SET between the resultant

pair of metal complexes (Co' to Ti'V) re-establishing the active Co!! and Ti!!! catalysts.
Compared with the conventional base-mediated isomerization, this reaction operates under
neutral conditions, thereby preserving labile functional groups and stereogenic centers
sensitive to epimerization.

In another elegant example, Ganséduer recently reported the Ti-catalyzed synthesis of cyclic
acetals and hemiaminals from benzylic ethers and benzylic amines, respectively, with a
pendent epoxide (Scheme 2E).42 On the basis of their early developments in Ti-catalyzed
tetrahydrofuran synthesis,?2 the authors incorporated a new elementary step in the catalytic
cycle to expand the reaction scope. Specifically, after Ti'!l-induced epoxide ring-opening,
radical translocation via 1,5-hydrogen atom shift generates a more stable benzylic radical
(2-VI11 to 2-VI11). Subsequent reductive elimination via SET between the benzylic radical
and Ti-alkoxide affords the cyclized product. This overall redox-neutral reaction achieves
benzylic C—H oxidation under redox-neutral conditions with the epoxide serving as the
electron acceptor. We note that in all the three examples summarized above, only catalytic
quantities of Zn reductant are needed to reduce the commercially available Ti'V precatalysts
because the overall reactions are redox neutral.

In recent years, the scope of Ti-catalyzed C—O bond activation has further diversified

to include alcohol substitution. Alcohols are among the most common functional groups
in organic compounds. However, the direct dehydroxylative C—C bond formation from
alcohols remains a challenging synthetic problem. In their seminal contributions, Barrero
described the activation of alcohols using stoichiometric amounts of Cp,TiCl.28 Following
this initial establishment of reactivity, Wang and Xu recently reported the Ti-catalyzed
dehydroxylative functionalization of tertiary alcohols (Scheme 2F).*3 This reaction begins
with inner-sphere reductive C—O bond cleavage by Cp*TiCl, upon catalyst-substrate
coordination affording a carbon-centered radical along with Cp*Ti(OH)CI. The nucleophilic
radical (2-1X) undergoes addition to an activated alkene, upon which further reduction
and protonation delivers the Giese-type product. The Ti'!l catalyst is regenerated with
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the combination of a metal reducing agent (e.g., Zn) and a chlorosilane. In 2022, Shu
further expanded the reactivity to cross-coupling of alcohols and vinyl halides (Scheme
2F).** The radical (2-1X) generated from reductive activation of the alcohol adds to a vinyl
halide. The resultant carbon-centered radical recombines with Ti'!!, and the ensuing Ti-alkyl
intermediate undergoes p-halogen elimination to afford the £-selective product.

Despite recent progress, the search for reactions that can selectively activate inert oxygen-
containing molecules remains a challenging objective. We anticipatethatthe desireto expand
Ti-catalyzed activation of inert C—O bonds will continue to drive the innovation of ligand
scaffolds and development of new catalytic strategies that can provide access to highly
reactive low-valent titanium intermediates.

C—N Bond Activation

Owing to the prevalence of nitrogen-containing motifs in medicinally active molecules,

the development of efficient and selective methods for the formation and functionalization
of C—N bonds is of critical importance. In recent years, the scope of titanium radical
chemistry has broadened to incorporate the reductive activation of C—N bonds towards the
construction of nitrogen-containing targets. In 2017, Lin developed a Ti-catalyzed formal
[3+2] cycloaddition of Atacylaziridines and alkenes (Scheme 3A).4° In this transformation,
the coordination of Ti'!' to Aacylaziridines induces the cleavage of a C—N bond via
intramolecular SET. The ensuing carbon-centered radical (3-1) then adds to an alkene to
furnish a new radical intermediate (3-11), which cyclizes onto the pendant Ti'V-azaenolate to
give the desired N-acylpyrrolidine product with simultaneous catalyst turnover. Notably, this
strategy requires only a catalytic amount of Zn to reduce the Cp*TiCl3 pre-catalyst, as the
overall reaction is redox-neutral. Lin termed this strategy radical redox-relay catalysis,13:46
which generally describes overall redox-neutral reactions that are initiated, regulated, and
terminated by a redox-active catalyst via a series of electron transfer and radical relocation
steps. It is important to note that the inception of radical redox-relay catalysis in the context
of the [3+2] cycloaddition was inspired by previous work from Knowles,3® who showed

that low-valent Ti''! complexes can weaken strong chemical bonds in associated ligands, and
Zakarian33:34 and Moreira?’, who showed that Ti'V-enolates display biradical characters and
can react with carbon-centered radicals.

Concurrently, Gansaduer reported the net-reductive functionalization of A-acylaziridines via
Ti catalysis (Scheme 3B).%8 In contrast to Lin’s redox-neutral transformation, the carbon-
centered radical (3-111) generated from Ti''l-mediated aziridine ring-opening and alkene
addition undergoes further reduction and protonation to afford an acyclic C—C bond
coupling product. This different reactivity is presumably controlled by the pronounced
steric effect of the pair of pentamethylcyclopentadienyl ligands bound to Ti, which hinders
cyclization and thus favors the formation of a linear product.

Following their previous demonstration of Ti/Co co-catalyzed epoxide isomerization
(Scheme 2D), Lin further expanded this reactivity to the rearrangement of N-acylaziridines
to allylic amides (Scheme 3C).4° Here, Ti-catalyzed reductive aziridine ring-opening and
Co-catalyzed HAT operate in synergy to achieve the overall redox-neutral transformation.
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A series of polysubstituted aziridines were selectively converted into allylic benzamide
products under mild, base-free conditions.

Ti'l' is also capable of reductively activating unsaturated polar functionalities including
aldehydes and ketones,6 nitriles,28 and imines.?? Recently, Streuff explored this reactivity
in the synthesis of five-membered nitrogen-containing heterocycles (Scheme 3D).%! In this
approach, an Atcyanoaryl or A-cyanoalkenyl imine was activated via Ti'l'-mediated SET to
form stabilized a-aminoalkyl radical (3-1V). Subsequent catalyst-controlled radical addition
to the tethered nitrile generates cyclized intermediate (3-V). Depending on the substitution
of the imine (i.e., ketimine or aldimine), an aminoindole or iminoindoline product can then
be obtained.

The merger of Ti radical chemistry with late transition metal catalysis has recently been
shown to enable new cross-coupling reactions. In 2014, Weix reported an early example of
ring-opening coupling of epoxides with aryl bromides via dual Ni/Ti catalysis.32 In 2018,
Rahaim further expanded the scope of this dual catalytic strategy to the cross-electrophile
coupling of nitriles and organobromides (Scheme 3E).2 This reaction was initiated by
Ti'-mediated nitrile activation to form an Ti'V-bound imidoyl radical (3-V1). Meanwhile,
Ni! undergoes oxidative addition to an organohalide to furnish an organonickel intermediate.
Transmetallation between this pair of metal complexes followed by reductive elimination
from the resultant Ni'"' complex delivers the desired coupling product (3-VI1), which is
converted to ketone upon acidic work-up. Notably, the Ni/Ti system can be used to prepare
unsymmetrical ketones from readily available starting materials.

Recent advances in Ti-catalyzed C—N bond activation provide innovative strategies for the
synthesis and functionalization of nitrogen-containing molecules. The examples discussed in
this section enabled complementary reactivities that are typically not observed in existing
methods using late transition metal catalysis. However, current methods are still limited to
the cleavage of activated C—N bonds in r-systems or strained rings. Developing catalysts
capable of breaking and functionalizing unactivated C—N bonds constitutes an attractive
future objective in the field of Ti catalysis.

C—C Bond Activation

The catalyst-controlled cleavage of C—C bonds has recently developed into an efficient
strategy towards molecular skeletal modification. In this context, Ti'!! complexes have been
shown to be capable of inducing C—C bond homolysis, providing an attractive catalytic
approach. Recent studies have demonstrated the ability of Ti'!! to not only activate polarized
C—C bonds, but also promote non-polar C—C bond cleavage through strain release.>3:%6 In
a follow-up study to their previous N-acylaziridine chemistry (Scheme 3A),%® Lin developed
a diastereo- and enantioselective [3+2] cycloaddition of cyclopropyl ketones and alkenes by
Ti-catalyzed radical redox relay (Scheme 4A).23 Through Ti'!-coordination to the carbonyl
group of a cyclopropylketone, reductive ring-opening of the cyclopropane generates a
carbon-centered radical (4-1) tethered to a Ti'V-enolate. Subsequent radical addition to an
electrophilic alkene forges a new C—C bond, providing intermediate (4-11) that undergoes
further cyclization to afford the cyclopentane product. Although stoichiometric amounts

of Mn reductant are required to achieve high conversion, the overall reaction remains
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redox neutral, as Ti'l is regenerated during the final ring-closing event. Importantly, with a
chiral Ti-salen complex as the catalyst, highly substituted cyclopentanes are obtained with
up to >19:1 d.r. and 98% e.e. In an effort to gain insight into the role of the catalyst’s
structure on the stereochemical outcomes, Lin and Sigman carried out computational

and mechanistic studies of the reaction system.>* Based on computational stereochemical
models, optimization of the catalyst structure led to the incorporation of ortho-CF3 groups
on the 1,2-diphenylethylene diamine backbone of the salen ligand. This new catalyst
provides a higher degree of enantioinduction presumably through steric destabilization of
the minor reaction transition states. The improved catalyst design enabled a more general
transformation providing products with high stereoselectivity across a substantially broader
substrate scope.

In their previous work, Streuff showed that Ti'!' complexes can react with cyano groups
upon coordination (Scheme 3D).51 Recently, they further developed a Ti-Catalyzed
reductive decyanation of geminal dinitriles (Scheme 4B).55> Compared to previously reported
free-radical decyanation reactions that required stoichiometric reagents (e.g., tin hydride,
NHC-borane),>”:58 this reaction proceeds under mild catalytic conditions and does not
undergo a free-radical mechanism as suggested by a radical clock experiment. Instead, two
equivalents of in situ generated Cp,TiCl coordinate to the geminal dinitrile (4-111), which
triggers a dual single electron transfer process from Ti to the bound substrate to cleave

the C—C bond, affording a pair of titanium-ketenimine and titanium-cyanide complexes
(4-1V). From Kinetic experiments, the reaction was found to be second order with respect
to the catalyst, which is in line with the proposed mechanism. Protonation of the titanium-
ketenimine delivers the nitrile product, while titanium-cyanide reacts with TMSCI to form
TMSCN, releasing the Ti catalyst.

Ti'"! complexes have also been shown to effect homolysis of C—C r-bonds through
coordination to conjugated polar functional groups. In 2021, Gansauer reported the [2+2]
cycloaddition of bis-enones catalyzed by Cp,Ti(TFA), (Scheme 4B).%6 An inner-sphere
electron transfer from Ti'!! to an enone substrate delivers a radical intermediate (4-V),
which undergoes 5-exo cyclization onto the second enone group in the substrate to

form a-carbonyl radical (4-V1). A 4-exo cyclization subsequently takes place to afford
bicyclic intermediate (4-V11), and the resultant Ti'V-bound ketyl radical undergoes electron
transfer to furnish the bicyclic product while regenerating the active catalyst. Computational
studies suggest that the 5-exo cyclization is the rate-determining step, followed by a
thermodynamically favorable and kinetically facile 4-exo cyclization.

While a majority of examples of Ti''1V catalysis involve the activation of polar C—O

or C—N bonds, the recent advances highlighted in this section show the versatility of

Ti'll catalyst in engaging comparatively non-polar C—C bonds in radical functionalization
reactions. Future work will likely further expand the scope of Ti radical catalysis towards a
broader variety of substrates, including those with unactivated C—C bonds.

and C—S Bond Activation

Carbon—halogen (C—X) bonds are common motifs in organic compounds and widely
used in transition metal-catalyzed cross-coupling reactions. Traditionally, C—X bonds
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are activated by palladium or other late transition metals through oxidative addition. In
contrast, early transition metal catalysis has been underexplored for the conversion of
organohalides. Furthermore, in comparison to transformations of C(sp)—X or C(sp?)—X
bonds, the functionalization of unactivated alkyl halides, especially tertiary ones, remains a
challenging problem in catalysis. A complementary approach to solving this challenge is to
employ single-electron mediated reductive cleavage of C—X bonds, which can give rise to
carbon-centered free radicals prior to further transformations.5® Recent studies demonstrated
that Ti'!! species are capable of X-atom abstraction from unactivated alkyl halides owing to
titanium’s high affinity to electronegative and “hard” anions,60-63

In 2018, Lin developed a Ti'l-catalyzed radical alkylation of secondary and tertiary

alkyl chlorides using Michael acceptors (Scheme 5A).0 This reaction is initiated by the
reductive generation of the active Ti!!l species from catalyst precursor Cp*Ti'VCl3, which

is accelerated by the in situ generated Zn?* Lewis acid. The Ti''! complex abstracts a Cl
atom from the alkyl chloride, and the resulting carbon-centered radical (5-1) then reacts with
a Michael acceptor to form a new C—C bond. The driving force for this reaction is the
formation a strong Ti'V—CI bond (BDE, bond dissociation energy, of 96 kcal/mol) at the
expense of a weaker C—CI bond (BDE of ca. 85 kcal/mol) in the substrate. While similar
products may be obtained alternatively through the generation of Grignard reagents® or Sn-
mediated radical processes,5® the Ti-catalyzed protocol features milder reaction conditions
and allows for chemoselective access to a broader scope of alkylation product. Recently,
Koh and coworkers employed this reactivity in the Ti-catalyzed C-glycoside synthesis.61
Upon reductive dechlorination of a glycosyl chloride, the in-situ generated glycosyl radical
undergoes C—C bond formation with an alkene or alkyne with high stereoselectivity.

A recent report by Wang shows that the alkyl radical intermediates generated by Ti-
catalyzed activation of alkyl halides could also engage in cross-coupling reactions (Scheme
5B).52 Upon Ti-mediated C—X bond activation, the in-situ generated carbon centered
radical undergoes Ni-mediated addition to the alkene, followed by B-F elimination to

afford alkylated gemdifluoroalkene. In their previous study, Wang reported a similar
transformation using Ni catalysis alone.56 However, the compatible substrates are limited

to primary/secondary alkyl iodides and tertiary alkyl bromides due to the lack of reactivity
of Ni towards cleaving stronger C—CI or C—Br bonds. With the use of a Ti co-catalyst, the
limitation is lifted and the reaction scope is further expanded to tertiary alkyl chlorides and
primary/secondary alkyl bromides.

Recently, Xia and Wu reported Ti-catalyzed direct borylation of alkyl (pseudo)halides with
pinacolborane (Scheme 5C).83 Previously reported alky! halide borylation by transition
metal catalysis (e.g., Cu, Ni, Pd) typically required the use of diboron compounds, with

the use of boranes instead often leading to undesired hydrodehalogenation.67-69 In this
work, the combination of a Ti catalyst and LiOMe base suppresses hydrodehalogenation and
selectively provides the target borylation product. Radical clock experiments and EPR data
suggest the formation of a carbon-centered radical intermediate and Cp,TiCl species in the
reaction mixture. An alternative mechanism entailing alkene formation via based-promoted
elimination followed by C=C bond hydroboration was ruled out.
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Sulfones are versatile functional groups in organic synthesis that can be transformed into

a variety of reactive intermediates.”? For example, the reductive desulfonylation has been
observed in the presence of strong single-electron donors such as Na(Hg), Al(Hg), and
Sml,."! With the desire to achieve this transformation under milder and more practical
conditions, Streuff developed a Ti-catalyzed reductive desulfonylation of a-sulfonyl nitriles
and, in one instance, an a-sulfonyl ketone (Scheme 5D).2 In this reaction, the substrate
first coordinates to Ti'!! via the cyano group, which induces homolytic cleavage of the
C—S bond. This process generates a ketenimidotitanium complex and a sulfonyl radical,
the former of which is protonated to provide the nitrile product and the latter is further
reduced to a thiol. This protocol was further expanded to desulfonylative alkylation through
Giese-type addition to acrylonitrile, providing a dinitrile product in 60% yield (Scheme 5D).

The examples highlighted in this section show that carbon—halogen bonds as well as
carbon—sulfur bonds can be activated by Ti!'! to generate reactive radical intermediates. In
addition to Giese-type addition, borylation, and hydrodefunctionalization, cross-coupling
reactions could also be achieved through the incorporation of a Ni co-catalyst. These
developments have opened a new avenue for the functionalization of a widely available
class of electrophiles.

Future Outlook

As progress has been made towards expanding the scope of Ti radical chemistry, the
integration of Ti''!V catalysis with other emerging branches of redox chemistry has further
driven innovations in this area. For example, the generation of active Ti'!! species is being
explored through alternative means, obfuscating stoichiometric heterogeneous reductants
(e.g., Zn, Mg, Al, or Mn) that are conventionally used in Ti radical chemistry.17.73.74

In recent years, homogeneous reductants based on electron-rich organosilicon compounds
have been employed for the generation of Ti'll from titanocenes.” Another attractive
approach in this regard is the electrochemical reduction of Ti'V species to Ti'!!. Previously,
the electrochemical reduction of Cp,TiCl, for in situ generation of Cp,TiCl has been
studied using cyclic voltammetry,’8.77 but the application of electrochemistry in Ti-
mediated synthetic transformations remain underexplored. Recently, Ganséuer made use of
electrochemically generated Cp,TiCl catalyst for the radical arylation of epoxides (Scheme
6A).78 Cathodic reduction of Cp,TiCl, provides the catalyst resting state [Cp,TiCl,]™ in
equilibrium with the active catalyst Cp, TiCl. While the unreactive [Cp,TiCl,]™ form is
favored in the reaction medium, the equilibrium can be shifted in the presence of a thiourea
additive as indicated by cyclic voltammetry data, thus turning on the desired epoxide ring-
opening by Ti'll.

An alternative strategy for the generation of Ti!'! species through photoredox chemistry
has been demonstrated in Doyle’s Ni/Ti/photoredox-catalyzed cross-electrophile coupling
of epoxides and aryl iodides (Scheme 6B).”9 The irradiation of 4CzIPN (PC) gives rise

to photoexcited PC*, which is sufficiently reducing (£1/, = —1.18 V vs. SCE) to convert
Cp,TiCly to Cp,TiCl (£1jo = —0.57 V vs. SCE). This Ti'!! complex is then employed

for the radical ring-opening of epoxides, forming carbon-centered radicals that engage in
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Ni-catalyzed cross-coupling reaction with aryl iodides. The photocatalytic cycle is closed by
reducing PC radical cation to PC with Et3N.

The direct photoexcitation of titanocene has also been demonstrated by Ganséuer, exploiting
the strong light absorption ability of the Ti'V catalyst in the visible regime (Scheme 6C),81
while an alternative strategy for the generation of Ti!l! species was achieved through
photoredox chemistry.80 The ligand-to-metal charge-transfer of photoexcited Cp,TiCl,*
precedes its reductive quenching with ProNEt, thereby generating the active Ti'l! catalyst
that promotes subsequent reductive epoxide ring-opening. Similarly, the use of Ti(O%Pr), as
a photocatalyst for dehydroxylative dimerization of benzylic alcohols was investigated by
Iwasawa.®? Ligand exchange of Ti(OPr), with acetic acid provides (AcO)4.,Ti'V(OPr),,
which undergoes photoinduced homolysis of a Ti—O bond to provide the catalytically
active Ti'!l species towards alcohol activation.

Parallel to the reaction discovery efforts outlined above, mechanistic investigations have also
been carried out to gain a better understanding of the role of Ti'!! catalysts in these diverse
sets of reaction systems.83 For example, Ganséuer, RajanBabu, and Nugent investigated the
Ti''-mediated ring opening of trisubstituted epoxides (Scheme 6E).84 In an aprotic reaction
medium with THF as the solvent, Ti'!' exists as Cp,TiCI(THF), which can readily displace
THF ligand with carbon-centered radicals generated from reductive epoxide ring-opening.
The resultant Ti-alkyl species will undergo p-H elimination to afford allylic alcohols

along with Cp,Ti(H)CI, which is an unstable compound and rapidly decomposes through

a bimolecular pathway to generate Ti!!l complexes. However, in the presence of a proton
source such as CollsHCI, Cp,TiCl forms a stable complex with CollsHCI, which suppresses
its reaction with carbon-centered radicals. Therefore, fully reduced alcohols are typically
observed as the major products upon HAT from the solvent, CollsHCI, or Cp,Ti(H)CI to the
carbon-centered radicals. Alternatively, it was proposed that HAT between two molecules of
the p-titanoxy! radical intermediate could afford both saturated and allylic alcohol products
simultaneously. These mechanistic insights helped reveal the complementary reactivity of
Ti'l' complexes towards epoxide activation under aprotic or protic conditions leading to
divergent product selectivity.

Insights gleaned from mechanistic studies can often provide guiding principles for

the design of new catalysts towards uncovering unknown reactivities and achieving
stereoselective catalysis. As an example, the development Ti-salen complexes as an
alternative to canonical titanocenes in radical catalysis has provided a new and more
modular catalyst platform for the discovery of enantioselective transformations.3-54.85
Synergy between reaction development and mechanistic understanding will continue to drive
innovations in titanium radical chemistry towards providing new catalytic tools to facilitate
the exploration of new synthetic spaces.
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The bigger picture
Challenges and Opportunities:

. Expanding the scope of Ti'!! catalysis to the functionalization of new
functional groups beyond epoxide and carbonyls.

. Designing new catalysts and catalytic strategies towards the activation of inert
chemical bonds.

. Integrating Ti'!! catalysis with other redox modalities such as late transition
metal catalysis, photocatalysis, and electrocatalysis.

. Elucidating catalytic intermediates and understanding reaction mechanisms,
employing mechanistic insights to guide catalyst design and reaction
discovery.
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A Selected milestones of Ti'V chemistry from 1970 to 2016
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R4 Till Ry OH H Me_eOH
)=O - » Ry Ry Mew e
Re OH Ri Me o o) s OH o o]
H Me Ll RJ\(R Ry —— + il
R R M ’ R, Q2
M] H R 1
Cp,TiVCl, — Cp,Ti"'CI
Asymmetric
Pinacol Nugent-RajanBabu | Total synthesis of epoxide Homolytic
coupling reagent Ceratopicanol reduction cleavage of Ti-O
(1976) (1988) (1995) (1999) bond (2003)
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McMurry Stoichiometric epoxide Catalytic epoxide
reaction radical functionalization reduction gzo
(1973) (1990) (1998)
R R . |op._, OHl®
Ry Ti" Ry Ry s H OH Activation Tl
=0 — oTiv A otiv| | Ri L> R il of water |CP” Cl
Rz R Rl [Rine’ ——» °Ry Ry [H] L] (2006)
A R, o 2 Activation of
2 v  Oxetane F
/(\OT' (2008) gp;Ti"L(C)lH
T P Ri7° Ry £ +
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JU _ph ﬂl OII Ph Rl TilNi Ar He
R H R7 N e R OH o Barbier-type
Ar—Br )L il OH reaction
o R R Ti -
Activation of 1T+ 2 MR (2009) Activation of
N-H bond Ni/Ti dual catalysis X R 2| alcohol
(2015) (2014) (2010) OH Tt H
2016 & — ; =
Activation of ketone Multicomponent Activation of R R
and nitrile reaction enone
(2015) (2012) (2011)
Ar oTilv

o N
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X

o]
HO o
i + |
—_— R
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B Perspectives of Ti'VV catalysis in organic synthesis

New modes of activation

»(® 5,5\“2:
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| + Nu — R)\

New catalyst development

_NXN_

»
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Scheme 1. Ti''"1V Radical Chemistry
(A) Selected milestones of Ti''1V chemistry from 1970 to 2016

(B) Perspectives of Til'!V catalysis in organic synthesis
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Epoxide ring-opening: Net-reductive reactions

A Hydrogenation of epoxide (Gansauer and Norton, 2019)

Cp,Ti"V(OMs), (10 mol%)
NaCpCr(CO)3 (10 mol%) H

o] c o
pCr(CO)3H (10 mol%) /’\(OH
R1//Q\R3 R
Ry Rs

benzene, 75 °C

7atmH,, 72 h
48-96% vyield
YH,
Crl-H
Iy | -cr!
| Ry omv O O Ry OTiV il
.)_< ;L, HH
R, Rs Rz Rs
Cr'-H = CpCr(CO)sH
2 Cr'= CpCr(CO)s 21
B Precision deuteration of epoxide (Gans&uer, 2022)
(tBUCsH),Ti'VCl, (5 mol%)
o BnMgBr (11 mol%) D
. PhSiD; (0.4 equiv) . /’\(OH
R THF, RT, 24 h "Re g,

59-98% yield
up to 99:1 d.r. and 98% D

Ti"-D

C Regiodivergent synthesis of N-heterocyicles (Ganséuer, 2019)

ent-Ti"V cat (X = Cl, 10 mol%) Rz
Zn (30 mol%) N
Lut-HCI (30 mol%)
THF, RT, 48 h Ry H
<R
HO !
———————  46-75% yield
Me up to 94:6 r.r.

up to >98:2 r.r.

1 Qf Ny
>99:1 e.r. \Me

Me  TiVcat
Ry
TiV cat (X = OTs, 10 mol%) N
Zn (30 mol%) m
THF, RT, 48 h Ry Y OH
Ry

61-89% yield,
up to >98:2 r.r.
up to >98:2 d.r.

Scheme 2. C—O Bond Activation
(A) Hydrogenation of epoxide
(B) Precision deuteration of epoxide

(C) Regiodivergent synthesis of A-heterocycles
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Epoxide ring-opening: Redox-neutral reactions

D Isomerization of epoxide via bimetallic catalysis (Lin, 2019)
TiV cat (10 mol%)
Co cat (5 mol%)
Zn (20 mol%) Rs
EtgNHCI (2 equiv) Ry OH

Et,0, RT, 20 h ~
1,0, RT, Ro Rs

44-99% yield, 48-94% e.e.

Ry O

Ry Ry

Co'-H
_Tin

Rs Rs
Ti'l| R >H,\row" co' Ry \%YOTi'V ol
H

l 1I1_)
Rs Ry Co™-H Rs R

2V 2.1

Me™ ™ Me Me

MeHMe

2 =N, N=
Tiiv‘CI /Co'\
<& e cl 0" o cl
. Me
Me Me
MSYO Co cat

Me TiVcat

E Reductive initiated benzylic C-H oxidation (Gansauer, 2020)

o n Cp,TiV(OMs), (10 mol%) Ry R,
A 1 Zn (20 mol%)
Rq o
THF, reflux, 3 h
Ry X sireliu
Y (X=0, NR) Af’,!: X

44-91% yield

Ar
up to >99:1 d.r.
H
Ry Ry Ry~ Ri
Tl HAT -Tilt
H oTiV — oTiV
Rg\l,x Rz\.rx

Ar 2-Vil Ar - 2-vill

Alcohol activation

F Reductive activation of alcohol (Wang and Shu, 2020 & 2022)

/J\/\EWG
R Ry

A Ewa (1.5 equiv)

Cp*Ti'VCls (10 mol%), TESCI (3 equiv)
Zn (3 equiv), 5 AMS

THF, 60 °C, 12 h Ro
-93% vi
Ry 27-93% yield
OH Rs” “Rs
24X
Ry Ro Rs

XA g (18equiv) .
Cp*TiCly (10 mol%), TESCI (3 equiv) P
Zn (3 equiv), 5 AMS
THF, 60 °C, 12 h Rz, R
(X =F, Cl, Br, I; R = aryl, alkenyl)

3
2
23-86% yield

(D) Isomerization of epoxide via bimetallic catalysis
(E) Reductive initiated benzylic C—H oxidation

(F) Reductive activation of alcohol

Chem. Author manuscript; available in PMC 2023 July 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wu et al.

Aziridine ring-opening

A [3+2] cycloaddition of N-acylaziridines and alkenes (Lin, 2017)

R4
}\R (1-1.2 equiv)
5 R O
Ry CpTiVCly (5 mol%) Rsy "’
o N)'=0 Zn (10 mol%) _ N7 R,
2 Toluene, RT, 12 h
R3 R2
Ra
62-96% yield
X I
Rie R
Till N™ "om ¢ SNJ\OTi'V -Till
Roe —_—
2 Re

B Reductive opening of N-acylaziridines (Gans&uer, 2017)

2>co ,Bu (6 equiv)

Cp*,TiVCl, (10 mol%) 0
R4 Coll*HBr (2.5 equiv) Ro
=0 Mn (2 equiv) _ R1)LH Rs
22><']' THF, RT, 12h
3
CO,'Bu
48-86% yield
R1
* NJ\OTi'V -Till
H+
Ro Ry 3-lIl

C Isomerization of N-acylaziridines via bimetallic catalysis (Lin, 2021)

Cp*TiVCl; (10 mol%),

Co cat (10 mol%) R
R NBz 3
R1ﬁ3><i Zn (50 mol%) _ R1\%YNHBZ
R, R4 EtOAc, RT, 48 h R, Ry
( Me Me N 48-99% vyield
Me Me
=N, N=
/Co'\
Cl O O Cl
Me Me
Co cat
. J

Scheme 3. C—N Bond Activation
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Imine and nitrile activation
D Synthesis of indole derivatives (Streuff, 2017)

Cp,TiVCl, (5 mol%) NH
EtsN-HCI (2 equiv) R, ) R
TMSCI (1 equiv), Mn (2 equiv) > N 2
> H
THF, 35 °C, 24 h R = H

then acid-base extraction 63-95% yield

N

Z
1o
/)IN\

R3

TiV cat

Ti'V cat (10 mol%)

NH
EtzN-HCI (2 equiv)

1 N R
— N 3
TMSCI (1 equiv), Mn (2 equiv) H

THF, 80 °C, 24 h Rg = H
43-66% yield

Key intermediates:

it ~TiV
2 )y
170 ° —_— 170
— NJ\RZ 2N Rs
Tiv Tiv
3-Iv 3-v

E Cross-coupling of nitriles and organobromides (Rahaim, 2018)

Cp,TiVCl, (10 mol%)
NiCl,*DME (10 mol%), dtbbpy (10 mol%)

= o)
By=ehl TMSCI (1 equiv), Zn (2 equiv) )L
* > R R,
Ro—Br TFA (5 mol%) :
1,4-dioxane, 60 °C, 24 h 27-97% yield
™ R—=N--Ti 7
1\
il i RoNi'Br Vi H*
A\
N1 Ry” "Ry |-TiV
I, 3-vil
Ri 3-vi ]

(A) [3+2] cycloaddition of A-acylaziridines and alkenes

(B) Reductive opening of A-acylaziridines

(C) Isomerization of A-acylaziridines via bimetallic catalysis

(D) Synthesis of indole derivatives

(E) Cross-coupling of nitriles and organobromides
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A Enantioselective formal [3+2] cycloaddition of cyclopropyl ketones and alkenes (Lin, 2018 and Lin & Sigman, 2020)

Rs O
0 TiV-salen (10 mol%) E 4 N
R4 Mn (1.5 equiv), EtzNHCI (1.5 equiv) Ph
Ro Ph >
EtOAc, 22 °C, 12 h R
1 R2
53-98% vyield
up to >19:1 d.r., up to 98% e.e.
Me Me
/TIIV
= Ad Ad
m R il
Ti N Ra e Ti TilV-salen
(R=HorCFy)
\. J
Ri R

B Reductive decyanation of geminal dinitriles (Streuff, 2019)

Cp,Ti'VCl, (10 mol%) Till Till Tilv TilV
Zn (2 equiv), ZnCl, (1 equiv) N N \N ®N/
NC CN . i i NC H \ /
Coll*HCI (1 equiv), TMSCI (3 equiv) = \\E) é,, C A eC//
Ri” "Re THF, 35 °C, 24 h R™ R 1
41-89% yield Ri™ "Re 4 Ro 4V
C [2+2] Cycloaddition of bisenones (Gansduer, 2021)
(o] O

Cp,TiV(TFA), (15 mol%), Zn (30 mol%)

) o)
R R -
! ]\/\/l ? dioxane, 80 °C, 12 h @

$ = 70-90% yield
up to >99:1 d.r.

oTiV O
oTiV TiVO,
Till : ),_\_/\( Ro [-Ti
R R, —> —> =
¢ N2
L 4-v 4-VI 4-Vil

Scheme 4. C—C Bond Activation
(A) Enantioselective formal [3+2] cycloaddition of cyclopropyl ketones and alkenes

(B) Reductive decyanation of geminal dinitriles
(C) [2+2] Cycloaddition of bisenones
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A Alkylation of secondary and tertiary alkyl chlorides (Lin, 2018) C Boration of alkyl halides and aryl bromides (Xia & Wu, 2021)

HBpin (2 equiv)

2 1.5 equiv,
EWG (1.5 equiv) CpsTilVCl, (5 mol%)

cl Cp*Ti'VCl3 (10 mol%) Wi i :
4\ Zn (1.5 equiv), EtzN+HCI (1.5 equi )‘ /’\/\ _ eOLi (1 equiv) -~ R—Boin
° - o °C. 24
Ry Ry Rs toluene, 22 °C, 12 h Ry Ry Rs X=Cl, Br, MTBE or neat, 60-100 °C, 24 h N
R o vi I, OMs) 20-95% vyield
L 40-98% vyield
Re 5.1 Rs D Reductive a-desulfonylation (Streuff, 2021)

B Defluorinative cross-coupling by Ni/Ti cocatalysts (Wang, 2019) Cp*,Ti'VCl, (10 mol%)

CFs4 ZnCl, (1 equiv), Zn (3 equiv) H
/l\ (1.5 equiv) Coll*HCI (2 equiv), TMSCI (3 equiv) L
A FoeF : > RTEWG
X TilV cat (20 mol%), NiBr, (10 mol%) toluene, 110 °C, 24 h o
PN ligand (12 mol%), Zn (3 equiv) 60-92% yield
Ri2 "Rs - Ar
DMA, 60 °C, 24 h AR SO;R?
(=G, B 'Ry R EWG ANeN (1.6 equiv)
33-95% yield (R2 = Ph, Cp*,Ti'VCl, (5 mol%)
] p-Tol, Me) . ||ZE%|12(S qui\)/),TZ’\;S(?éle(%uiv) i
H\'4 Oll* equiv), equiy,
C]/.Iil "l/CI Me e i o /(\CN
Cl toluene, 80 °C, 72 h Bn CN

TilV cat ligand (R' = Bn, R2 = Ph, EWG = CN) 60% yield

Scheme 5. C—Halogen and C—S Bond Activation
(A) Alkylation of secondary and tertiary alkyl chlorides

(B) Defluorinative cross-coupling by Ni/Ti cocatalysts
(C) Boration of alkyl halides and aryl bromides
(D) Reductive a-desulfonylation
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A Generation of Til complex through electrochemistry (Gansauer, 2018) : C Photoexcitation of titanocenes (Flowers and Gans&uer, 2020)

. OH Cp,TiVCl, (10 mol%)
thiourea (10 mol%) I{I1Me\)<? H Me O R, 'ProNEt (3 equiv) _ HO R3
. 2 AV >
iV TBAPFG (02 M) o Ar . R1 R2 THF, RT, 48 h R1 Rg
Cpall"Cla o > 10 W green LEDs
10 mol% C(-) | Pt(+) | Ag/Ag*  THF reflux, 2 h N o 9 50-90% yield
2 THFE, RT,2 h (Ar = 4-Ry-CgHy) Ry Catalyst act/vahtu;n: i
12-96% vield photoexcitation .
,—|| e (530 nm) iPrNEt
Cp,TiVCl, ————— > [Cp,TiVCl]* —— Cp,Ti"'CI
Ep—
8 CF, CF, LMCT RsN™Cl
= \ yCl s D Photoexcitation of Ti(O'Pr), (Iwasawa, 2021)
£ o> X
cl o
<& FaC NN CFy A TiV(OPr), (10 mol%) a A
0,
H H  thiourea OH reOHE0molid S
. Ar PhCI:/PrOH (25:1), 90 °C, 8 h AT Ar
- LEDS {S6sin) 20-71% yield
Catalyst activation: o
@\ 5 thioUres Q photoexcitation
Tl Till—cl ) (8365 nm hv) .
%\CI S (AcO)4.nTiV(OPY), —e (ACO) 4., Ti"(OPr) 1
-Pr
inactive Ar\NJLN'Ar active E Mechanistic investigations on Cp,Ti(H)Cl intermediate (Gans&uer,
+ 1 1 "
H o H RajanBabu, and Nugent, 2018)
¢l Aprotic conditions

B Generation of Ti'l complex by a photoredox catalyst (Doyle, 2020) Cp2TivCl, (1 equiv)

M P
€ Zn (3 equiv) Y Me
Ar—I (3 equiv) (o) - > +

NiBr+diglyme (10 mol%), ligand (20 mol%) OH THF, RT, 15 min OH OH

0 PC (5 mol%), Cp,TilVCl, (25 mol%) B 100% yield 0% yield

R1/<| > R, Protic conditions
R, EtsN (5 equiv), DMF Rp Cp,TiVCl, (25 mol%)
i . Coll*HCI (1.5 equiv)
34 W blue LEDs, RT, 24-60 h 23-94% yield Me Z0 (3 quiv) i Me
@ -CL (X

hv THF, RT, 20 h OH OH

44% yield  53% yield

Cp,TiVCl, Mechanistic rationale:
Ne EN / THF \ iCl
T
Pc <{2P-N N ) SET aprotic : ~o
2 NS < conditions
N \ ,Cl  Zn
e Cp,TillCI TS
EtSNH— -\ % Cl M
SET PC CollHCI = e
THF \ .Cl —
~ - TN T H--- Me
PC protic %\Cf \ //
EtsN conditions Me

Scheme 6. Future Outlook
(A) Generation of Ti'l' complex through electrochemistry

(B) Generation of Ti'l' complex by a photoredox catalyst
(C) Photoexcitation of titanocenes

(D) Photoexcitation of Ti(O%Pr),

(E) Mechanistic investigations on Cp,Ti(H)CI intermediate
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