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Abstract 
 

In traditional noble-metal homogeneous catalysis, supporting ligands act as spectators 
that do not interact directly with substrates. This thesis explores biomimetic catalytic 
systems inspired by metalloenzymes, leveraging ligand-to-metal charge transfer 
(LMCT) and metal-ligand cooperation (MLC) concepts to enable efficient 3d-metal 
catalysis. By employing earth-abundant base metals, these approaches mimic 
enzymatic mechanisms, where the ligand plays an active role beyond mere support, 
directly participating in catalytic transformations. This strategy enables sustainable and 
efficient reactions, aligning with the principles of green chemistry. 

Under the LMCT concept inspired by the chemistry and enzymology of vitamin B12, 
cobalt catalysis was harnessed for visible-light-induced radical desaturation of aliphatic 
compounds under mild conditions, showcasing its utility in the synthesis of valuable 
chemicals. In the MLC catalysis inspired by heterolytic activation of hydrogen using 
hydrogenases, manganese pincer complexes leveraged metal-ligand interactions to 
drive diverse redox transformations, including the hydrogenation of carbonates and 
alkynes, C- and N-alkylation using alcohols and acceptorless dehydrogenative 
synthesis of pyrroles. 

This research is underpinned by comprehensive experimental and theoretical 
mechanistic studies, including UV-vis spectroscopy, electron paramagnetic resonance 
(EPR), and density functional theory (DFT). These investigations provided critical 
insights into reaction pathways and intermediates, enabling the rational optimization of 
catalytic systems and bridging fundamental concepts with practical advancements in 
sustainable catalysis. 

  



ii 
 

Zusammenfassung 
 

In der traditionellen homogenen Katalyse mit Edelmetallen fungieren unterstützende 
Liganden als Zuschauer, die nicht direkt mit den Substraten interagieren. Diese 
Dissertation untersucht biomimetische katalytische Systeme, die von Metalloenzymen 
inspiriert sind und die Konzepte des Ligand-zu-Metall-Ladungstransfers (LMCT) sowie 
der Metall-Ligand-Kooperation (MLC) nutzen, um eine effiziente 3d-Metall-Katalyse zu 
ermöglichen. Durch den Einsatz erdreicher Basismetalle ahmen diese Ansätze 
enzymatische Mechanismen nach, wobei der Ligand eine aktive Rolle übernimmt, die 
über reine Unterstützung hinausgeht, und direkt an katalytischen Umwandlungen 
beteiligt ist. Diese Strategie ermöglicht nachhaltige und effiziente Reaktionen im 
Einklang mit den Prinzipien der Grünen Chemie. 

Im Rahmen des LMCT-Konzepts, das von der Chemie und Enzymologie von Vitamin 
B12 inspiriert ist, wurde die Kobalt-Katalyse für die sichtlichtinduzierte radikalische 
Desaturierung aliphatischer Verbindungen unter milden Bedingungen genutzt, 
wodurch ihr Potenzial für die Synthese wertvoller Chemikalien demonstriert wurde. In 
der MLC-Katalyse, die von der heterolytischen Aktivierung von Wasserstoff durch 
Hydrogenasen inspiriert ist, wurden Mangan-Pincer-Komplexe eingesetzt, um über 
Metall-Ligand-Wechselwirkungen verschiedene Redoxreaktionen zu steuern. Dazu 
gehören die Hydrierung von Carbonaten und Alkinen, die C- und N-Alkylierung mit 
Alkoholen sowie die akzeptorlose dehydrierende Synthese von Pyrrolen. 

Diese Forschung wird durch umfassende experimentelle und theoretische 
mechanistische Studien gestützt, darunter UV-Vis-Spektroskopie, 
Elektronenspinresonanz (EPR) und Dichtefunktionaltheorie (DFT). Diese 
Untersuchungen lieferten entscheidende Einblicke in Reaktionswege und 
Zwischenprodukte, wodurch eine gezielte Optimierung katalytischer Systeme 
ermöglicht wurde und grundlegende Konzepte mit praktischen Fortschritten in der 
nachhaltigen Katalyse verknüpft werden konnten. 
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Objectives and aim of the work 
 

This habilitation thesis aims to develop innovative strategies in biomimetic catalysis, 
emphasizing sustainable and efficient transformations. Inspired by natural 
metalloenzymes, this research focuses on designing environmentally benign catalytic 
systems aligned with green chemistry principles. A key goal is replacing expensive 
noble metal catalysts with earth-abundant alternatives such as cobalt, iron, and 
manganese to enhance sustainability and cost-effectiveness. The study explores 
enzyme-inspired catalytic systems, particularly iron hydrogenase and vitamin B12 
mimics, to facilitate selective and efficient organic transformations. By integrating 
biomimetic principles with modern synthetic methodologies, this work bridges 
biological and synthetic catalysis, offering sustainable solutions for chemical synthesis. 

Building on the radical chemistry of vitamin B12, this research investigates ligand-to-
metal charge transfer (LMCT) in selective radical desaturation. A major focus is the 
development of cobaloxime-based catalysis and photocatalysis, including the design 
and optimization of catalysts for radical-based transformations such as remote 
functionalization of aliphatic alcohols and amines. Photoinduced cobalt catalysis is 
explored to enable sustainable desaturation of amines and dehydrogenative 
functionalization of olefins under visible light. 

Additionally, this work advances hydrogenation, dehydrogenation, and hydrogen 
borrowing catalysis using first-row transition metals, inspired by hydrogenase activity. 
Key objectives include selective hydrogenation of challenging substrates, the use of 
alcohols (including methanol) as alkylating reagents, and the development of air- and 
moisture-stable manganese catalysts for these transformations. Investigating metal-
ligand cooperativity is essential for enhancing efficiency and selectivity. 

Beyond mechanistic insights, this research emphasizes scalability and industrial 
relevance. It contributes to sustainable chemistry by minimizing waste, reducing 
reliance on rare metals, and improving energy efficiency. By merging biomimetic 
inspiration with synthetic innovation, this work aims to establish new catalytic 
paradigms for more sustainable and economically viable chemical transformations. 
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1 1 Literature review and work summary 

1 Literature review and work summary 
1.1 Catalysis in organic synthesis  
 
Catalysis is a cornerstone of modern chemistry, enhancing reaction rates and enabling 
essential transformations in various industries.[1] Introduced over 180 years ago by 
Jöns Jacob Berzelius,[2] catalysis now drives over 90% of all chemical processes, 
underpinning the production of countless commodities, from fuels to pharmaceuticals. 
Traditional catalysis predominantly relies on transition metals, especially precious 
metals such as palladium, platinum, and rhodium. These metals are valued for their 
exceptional stability, high catalytic activity, and selective transformations. However, as 
research delves deeper into sustainability, the field of catalysis faces a significant 
challenge: how to meet the world’s growing chemical demands without depleting finite 
resources or harming the environment. 

 
Scheme 1. Notable noble metal catalysts 

 

Noble metals catalysis, such as palladium and ruthenium, are highly valued in catalysis 
for their exceptional stability, reactivity, and selectivity.[3] These metals also undergo 
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classical two-electron redox processes, allowing precise control over reaction 
pathways and enabling selective synthesis of complex molecules, which has led to 
significant breakthroughs recognized by three Nobel Prizes in Chemistry: in 2001 for 
asymmetric catalytic hydrogenations and hydroxylation (ruthenium and osmium), in 
2005 for olefin metathesis (mostly ruthenium),[4] and in 2010 for palladium-catalyzed 
cross-coupling reactions.[5] A selection of widely applied noble metal catalysis are 
shown in Scheme 1. Despite their transformative impact in industrial and academic 
chemistry, precious metals are economically and environmentally costly. They are 
scarce and concentrated in limited regions, making them vulnerable to supply 
fluctuations. Extraction and refinement of these metals are resource-intensive, 
requiring substantial fossil fuel consumption and generating high CO₂ emissions; for 
example, obtaining a single ounce of platinum may involve processing up to 40 tons of 
ore from deep mines. Moreover, precious metals are rarely recycled in industrial 
processes due to low economic feasibility, raising concerns over long-term availability 
and environmental impact.[6] 

In the 21st century, homogeneous catalysis has experienced significant advancements 
through alternative approaches such as biocatalysis, organocatalysis, and base metal 
catalysis. Biocatalysis, particularly when combined with directed evolution,[7] has 
enabled the creation of engineered enzymes capable of catalyzing novel reactions with 
high selectivity and efficiency. Organocatalysis[8] has emerged as a vital area, with the 
development of small organic molecules as catalysts, facilitating various asymmetric 
transformations and expanding the scope of chemical synthesis (Scheme 2).  

 

 Scheme 2. Selected examples of widely applied Organocatalysis 

 

Base metal catalysis[9] has also gained attention as a sustainable alternative to 
precious metal catalysts, with significant developments in utilizing earth-abundant 
metals like copper and nickel for various organic transformations, thereby reducing 
costs and environmental impact. These advancements collectively contribute to more 
sustainable and efficient catalytic processes in modern chemistry. 
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1.2 Biomimetic Driven Sustainability 
The pursuit of sustainable and efficient catalysis, as discussed in the previous section, 
has often drawn inspiration from nature’s unparalleled ability to orchestrate chemical 
transformations. Concepts such as engineered biocatalysis, organocatalysis, and base 
metal catalysis are all, in essence, inspired by natural processes. Biocatalysis directly 
utilizes enzymes or modified enzymes, the products of billions of years of evolution, to 
achieve selective and efficient reactions. Organocatalysis leverages small organic 
molecules to mimic the roles of natural cofactors and catalytic intermediates. Similarly, 
base metal catalysis reflects the principles of natural metalloenzymes, which rely on 
earth-abundant metals like iron and copper for catalytic activity. 

Building on these nature-inspired approaches, biomimetic catalysis specifically 
focuses on replicating the core principles of enzyme functionality—efficiency, selectivity, 
and sustainability—in synthetic systems.[10] Enzymes, nature’s catalytic masterpieces, 
accelerate complex biochemical reactions under mild, environmentally benign 
conditions while displaying extraordinary specificity for their substrates. Biomimetic 
catalysis seeks to emulate these properties, not by merely copying biological systems, 
but by understanding and recreating the key principles that govern enzyme 
performance. These include substrate binding, transition-state stabilization, and 
precise control over reaction pathways. 

One of the most promising aspects of biomimetic catalysis is its potential to address 
the limitations of traditional catalysis, particularly the reliance on precious metals. 
Drawing inspiration from metalloenzymes such as hydrogenases and vitamin B12, 
synthetic catalysts based on abundant and non-toxic elements like iron, cobalt, and 
nickel have demonstrated remarkable capabilities in hydrogenation, oxidation, and 
radical reactions. By mimicking the coordination environments and mechanistic 
pathways of these natural systems, biomimetic catalysts offer a sustainable and 
versatile alternative to precious-metal-based catalysis. 

The integration of biomimetic principles into catalysis not only advances the field 
scientifically but also aligns with the broader goals of green chemistry. By bridging the 
gap between biology and synthetic chemistry, biomimetic catalysis contributes to the 
development of transformative catalytic systems that meet the demands of modern 
chemical industries while minimizing environmental impact and conserving finite 
resources. In doing so, it represents a critical step forward in creating a more 
sustainable future, complementing the other nature-inspired approaches discussed in 
the previous section. The work of this thesis focuses on the inspiration from natural 
metalloenzymes. 

1.2.1 Natural metalloenzymes  
Natural metalloenzymes are proteins that incorporate metal ions as essential cofactors, 
enabling a wide array of biological reactions vital for life.[11] These enzymes harness 
the unique chemical properties of metals to facilitate processes such as electron 
transfer, substrate binding, and catalysis under physiological conditions.[12] Natural 
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metalloenzymes are central to life's chemistry, with diverse metal ions enabling a 
multitude of biochemical reactions. Their study not only enhances our understanding 
of biological processes but also drives innovations in medicine and industry.[13] Key 
metals involved in metalloenzymes include iron[14], copper[15], zinc[16], nickel, 
manganese[13], cobalt[17], magnesium[18], calcium[19], molybdenum[20], vanadium[21], and 
tungsten[22]. Selected examples are shown in Table 1. 

Table 1. Selected examples of natural metalloenzymes. 

Element Role in Biological Systems Examples of 
Enzymes Involved 

Iron (Fe) Facilitates oxygen transport and electron 
transfer; protects cells from oxidative 
damage by decomposing hydrogen 
peroxide. 

Hemoglobin, 
Cytochromes, 
Catalase, 
Peroxidase 

Copper (Cu) Plays a role in electron transport and 
defense against reactive oxygen species. 

Cytochrome c 
Oxidase, 
Superoxide 
Dismutase 

Zinc (Zn) Stabilizes protein structures; activates 
water molecules for nucleophilic attacks. 

Carbonic 
Anhydrase, Alcohol 
Dehydrogenase 

Nickel (Ni) Participates in nitrogen metabolism and 
hydrogen gas processing. 

Urease, 
Hydrogenase 

Manganese (Mn) Crucial for photosynthesis and protection 
against oxidative stress. 

Photosystem II, 
Superoxide 
Dismutase 

Cobalt (Co) Vital for DNA synthesis and metabolic 
processes as a component of vitamin 
B12. 

Vitamin B12-
dependent 
Enzymes 

Magnesium (Mg) Stabilizes nucleic acid structures; 
essential for ATP-dependent reactions 
and energy metabolism. 

Numerous ATP-
dependent 
Enzymes 

Calcium (Ca) Plays a structural role and acts as a 
secondary messenger in signal 
transduction. 

Calmodulin, 
Troponin C 

Molybdenum 
(Mo) 

Involved in redox reactions, particularly in 
nitrogen and sulfur metabolism. 

Nitrogenase, Sulfite 
Oxidase 

Vanadium (V) Found in certain haloperoxidases and 
nitrogenases. 

Haloperoxidases, 
Nitrogenases 

Tungsten (W) Utilized by extremophilic microorganisms 
in redox enzymes. 

Redox Enzymes 
(e.g., Aldehyde 
Oxidoreductase) 
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1.3 Natural Inspirations for Ligand-to-metal charge transfer 
catalysis 
Ligand-to-metal charge transfer (LMCT) catalysis is often found in various 
metalloenzymes.[20, 23] LMCT involves the transfer of electrons from ligand orbitals to 
metal orbitals, resulting in characteristic absorption bands in the UV-visible spectrum 
and influencing biological functions. LMCT transitions are crucial for enzymatic 
functions, as they often play roles in electron transfer processes essential for various 
biological activities (Scheme 3). For example, blue copper proteins such as 
plastocyanin[24] and azurin[25] contain a copper ion coordinated by ligands including 
cysteine, histidine, and methionine. The strong interaction between the copper ion and 
the cysteine sulfur allows for electron density transfer from the ligand to the metal, 
leading to intense absorption bands around 600 nm, which impart a deep blue color to 
these proteins.[23b, 23d-f] In enzymes like sulfite oxidase,[26] the molybdenum center is 
coordinated by a cysteine ligand. Resonance Raman studies have identified an 
absorption band around 480 nm, attributed to an LMCT transition from the sulfur atom 
of cysteine to the molybdenum ion. This specific electron transfer is crucial for the 
enzyme's catalytic function, facilitating the oxidation of sulfite to sulfate. Similarly, in 
dimethyl sulfoxide (DMSO) reductase, the molybdenum center undergoes LMCT 
transitions that are essential for its catalytic mechanism. The enzyme facilitates the 
reduction of DMSO to dimethyl sulfide, a process involving the transfer of an oxygen 
atom from the substrate to the molybdenum center. This reaction is coupled with 
electron transfer processes, where LMCT plays a pivotal role in enabling the necessary 
redox changes at the active site. [20] While MLCT transitions have been characterized 
in xanthine oxidase, specific ligand-to-metal charge-transfer (LMCT) transitions have 
not been prominently reported in the literature. The enzyme's catalytic activity primarily 
involves electron transfer processes facilitated by the molybdenum center and its 
associated cofactors, with MLCT playing a significant role in these mechanisms.[23c]  

 

Scheme 3. Selected LMCT enzymes (protein data bank) 

Vanadium haloperoxidases (VHPOs) are enzymes that catalyze the oxidation of 
halides (such as chloride, bromide, and iodide) using hydrogen peroxide, resulting in 
the formation of hypohalous acids. These enzymes play significant roles in the 
biosynthesis of halogenated organic compounds in marine organisms. The active site 
of VHPOs contains a vanadium ion coordinated by oxygen and nitrogen ligands. 
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Studies have shown that the electronic interactions between vanadium and its ligands 
can result in ligand-to-metal charge transfer (LMCT) transitions. For instance, research 
on functional models of VHPOs has identified a peroxo-to-vanadium charge transfer 
band at approximately 450 nm in the UV-visible spectrum. This band is attributed to 
LMCT transitions from the peroxo ligand to the vanadium center.[23a]  

The enzymatic functions of vitamin B12 derivatives, particularly coenzyme B12 (AdoCbl) 
and methylcobalamin (MeCbl), are driven by their organometallic chemistry.[27] These 
cofactors participate in radical-based and nucleophilic reactions essential for metabolic 
pathways. AdoCbl is crucial in enzymatic radical rearrangements. The Co–C bond in 
AdoCbl undergoes homolytic cleavage, generating a 5'-deoxyadenosyl radical and 
cob(II)alamin (B12). This radical acts as a reactive intermediate in enzymatic 
transformations such as mutase-catalyzed rearrangements (Scheme 4). In methyl 
malonyl-CoA mutase, for example, the 5'-deoxyadenosyl radical abstracts a hydrogen 
atom from the substrate, initiating a 1,2-rearrangement before returning the hydrogen, 
regenerating the radical and completing the catalytic cycle. This mechanism enables 
difficult carbon-skeleton rearrangements essential for amino acid and fatty acid 
metabolism. The homolytic bond dissociation energy (BDE) of the Co–C bond (~30 
kcal/mol) is ideal for facilitating radical chemistry, making AdoCbl uniquely suited for 
enzymatic radical reactions.[27d] 

 

Scheme 4. Reversible radical trap enabled by Coenzyme B12 

MeCbl, in contrast, plays a pivotal role in enzymatic methyl transfer reactions. It acts 
as a methyl donor in processes like methionine biosynthesis, where methionine 
synthase catalyzes the transfer of the methyl group from MeCbl to homocysteine, 
forming methionine (Scheme 5).[28] This reaction regenerates cob(I)alamin (B12), a 
highly nucleophilic species that is rapidly remethylated using methyl donors such as 
methyl tetrahydrofolate. This continuous regeneration of MeCbl ensures the catalytic 
cycle persists efficiently. The stability of MeCbl’s Co–C bond in aqueous environments 
prevents unwanted degradation, while its ability to donate methyl groups selectively 
under enzymatic control ensures precise biological methylation. Beyond nucleophilic 
methyl transfer, recent evidence suggests that MeCbl also participates in radical-
mediated methylations. Enzymatic systems have been observed to facilitate methyl 
transfer to radicals, expanding the mechanistic repertoire of MeCbl beyond simple 
nucleophilic pathways. This suggests a broader role for B12 cofactors in radical-based 
enzymatic transformations.[27d] 
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Both AdoCbl and MeCbl resist proteolytic degradation within enzymes, ensuring their 
longevity as cofactors. However, the methyl group of MeCbl can be abstracted by 
electrophilic species, radicals, or transition metals under enzymatic conditions, which 
can regulate its reactivity in vivo. The nucleotide moiety of complete cobalamins 
stabilizes MeCbl, increasing its resistance to non-enzymatic degradation and ensuring 
efficient catalytic performance. Thus, B12-dependent enzymatic reactions rely on finely 
tuned organometallic transformations, with AdoCbl facilitating radical-based 
rearrangements and MeCbl driving methylation processes. Their unique Co–C bond 
chemistry enables challenging biochemical transformations fundamental to 
metabolism. 

 

Scheme 5. Methyl transfer enabled by Methionine synthase 

1.3.1 Merger of light and enzymatic LMCT catalysis 
Nature has evolved to utilize inexpensive 3d transition metals to facilitate complex 
enzymatic transformations under mild conditions.[29] Remarkably, when additional 
energy is required, nature harnesses visible light—an abundant and renewable energy 
source.[30] The interaction between light and first-row transition metal complexes is 
fundamental to numerous life-sustaining processes. A prime example is 
photosynthesis, where a series of photochemical reactions convert light into chemical 
energy. This process relies on 3d-metalloproteins such as ferredoxin (Fe) for electron 
transfer, manganese-containing water oxidation cofactors for oxygen evolution, and 
the Rieske protein (Fe) for redox regulation.[31] 

Over the past decade, outer-sphere photoredox catalysis has gained immense 
popularity, primarily due to its versatility in redox-driven transformations.[32] This 
approach relies on excited-state photocatalysts (PC*) engaging in bimolecular single-
electron transfer (SET) with a substrate, provided that the redox potentials are well-
matched. However, its application is inherently constrained by the need for long-lived 
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excited states and strong oxidative or reductive potentials, which has necessitated the 
widespread use of noble-metal photocatalysts such as iridium(III) and ruthenium(II) 
complexes.[33]  

In contrast, the recent surge of interest in ligand-to-metal charge transfer (LMCT) 
catalysis has opened new avenues by enabling base-metal photocatalysis in a 
biomimetic fashion. Unlike outer-sphere SET, LMCT operates through an inner-sphere 
mechanism, where the substrate is pre-coordinated to a metal center prior to light 
absorption. Upon excitation, direct charge transfer from the ligand to the metal occurs, 
resulting in radical formation or selective bond homolysis. Because LMCT catalysis 
does not require long-lived excited states, it allows even short-lived photogenerated 
species (<1 ns) to drive efficient transformations. This feature is particularly valuable 
for enabling photochemical reactivity with earth-abundant 3d metals such as iron, 
copper, and cobalt, making LMCT a more sustainable and cost-effective alternative. 

Beyond expanding the accessibility of base metals, LMCT catalysis has unlocked 
reactivities that are not feasible under traditional outer-sphere photoredox conditions. 
For example, it enables the oxidation of high-potential substrates, such as halides (e.g., 
Cl⁻ → Cl•), with relatively weakly oxidizing metal complexes. This capability arises 
because LMCT activation bypasses the redox potential constraints that typically limit 
outer-sphere SET reactions. Additionally, LMCT-driven radical generation often 
involves reversible bond homolysis, which can be strategically leveraged to stabilize 
reactive intermediates or modulate selectivity, as demonstrated in recent Cu(II)-
catalyzed decarboxylation reactions.[34] 

Moreover, LMCT catalysis streamlines photoredox processes by integrating radical 
generation and functionalization within a single catalytic system. Unlike 
metallaphotoredox strategies that require a separate transition metal catalyst for 
substrate activation, LMCT directly couples light absorption with metal-catalyzed 
transformations, reducing the reliance on dual catalytic manifolds. This direct metal-
ligand interaction introduces mechanistic flexibility and enables novel synthetic 
pathways beyond those accessible via traditional photoredox catalysis. The growing 
interest in LMCT catalysis reflects a broader movement toward biomimetic and 
sustainable photochemical strategies. By harnessing base metals and overcoming the 
limitations of outer-sphere photoredox catalysis, LMCT provides a complementary and, 
in many cases, superior approach to radical-based transformations.  

1.3.2 Evolution of Cobaloxime Catalysis in Organic Synthesis[35] 
The catalytic potential of cobaloximes in organic transformations was first reported in 
the 1980s by research groups such as Tada, Pattenden, Branchaud, and Giese.[36] 
Over the years, numerous studies have demonstrated that cobaloxime catalysis can 
be achieved under reductive conditions, employing electrochemical approaches or 
chemical reductants like zinc, sodium borohydride, or Grignard reagents. A significant 
breakthrough was reported in 2011 by Carreira and co-workers, who demonstrated 
that cobaloxime catalysis can proceed with turnover using simple organic bases.[37] 
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Another milestone was reached in 2015 when researchers successfully merged 
cobaloxime catalysis with photoredox catalysis, expanding its synthetic utility.[38]  

 

Scheme 6. Concepts of cobaloxime catalysis in organic synthesis 

Cobaloxime exhibits diverse catalytic features, enabling both inner-sphere and outer-
sphere reactivity in organic transformations. Through inner-sphere mechanisms, 
cobaloximes facilitate direct interactions with substrates, forming [CoIII]–alkyl 
complexes via nucleophilic substitution or radical capture. Upon activation, these 
complexes undergo Co–C bond homolysis, generating reactive radicals that can either 
eliminate β-hydrogen to form olefins or participate in radical addition reactions, leading 
to functionalized products (Scheme 6). In outer-sphere reactivity, cobaloximes operate 
via single-electron transfer (SET). Ground-state [CoII] species can oxidize organic 
radicals to carbocations, which subsequently undergo proton transfer, yielding [CoIII]–
H and unsaturated products. Photoinduced SET further extends cobaloxime’s catalytic 
versatility, where excited-state [CoIII] species act as photoredox catalysts, exemplified 
by the oxidation of H-phosphines to generate P-radicals. Catalyst regeneration occurs 
through multiple pathways. In the polar pathway, deprotonation of [CoIII]–H by an 
organic base enables the regeneration of [CoI], sustaining the catalytic cycle. In the 
radical pathway, [CoIII]–H reacts with protons to release H2 and reform [CoIII], a step 
accelerated by proton shuttles or protic acids. Electron-deficient [CoIII] species can also 
be reduced to [CoII] via substrates or co-catalysts, ensuring continuous turnover. With 
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applications ranging from proton reduction and water splitting to radical 
transformations, cobaloxime catalysis continues to evolve, offering unique mechanistic 
flexibility and expanding the scope of sustainable and selective synthetic 
methodologies. 

1.3.3 Remote functionalization of aliphatic alcohols and amines 
The first paper of the thesis presents a novel method for the catalytic desaturation of 
aliphatic amides and imides, using a photoexcited cobalt complex as the catalyst under 
visible-light irradiation.[39] The process achieves selective C(sp3)–H bond 
functionalization at room temperature, producing highly valuable cyclic and acyclic 
enamides and enimides. This method is notable for its mild conditions, oxidant-free 
operation, and the use of an earth-abundant cobalt catalyst, making it an 
environmentally friendly alternative to conventional systems reliant on noble metals 
(Scheme 7).  The study demonstrates the broad applicability of the cobalt catalyst 
across various substrates, including cyclic and linear amides, as well as commercially 
available drugs and natural products. Cyclic amides, such as piperidine derivatives, 
and imides like acetimides, underwent efficient desaturation, with excellent yields and 
regioselectivity. Mechanistic studies revealed that the reaction proceeds through a 
photoinduced 1,5-hydrogen atom transfer (HAT) mechanism, followed by radical type 
β-hydride elimination, facilitated by the cobalt complex. 
 

 
Scheme 7. Remote desaturation of alcohols and amines 

 
The process was successfully scaled up using continuous flow photoreactor 
technology, addressing light penetration limitations observed in batch systems. This 
advancement highlights the potential for industrial application, with significant 
improvements in yield and reaction efficiency. Additionally, density functional theory 
(DFT) and experimental studies provided insights into the reaction mechanism, 
including the role of the photoexcited cobalt and triphenyl tin species in enabling these 
transformations.  
Next paper involves a related photoinduced cobaloxime-catalyzed remote desaturation 
of aliphatic alcohols, offering a sustainable and efficient alternative for synthesizing 
cyclic and acyclic allylic and homoallylic alcohols from saturated aliphatic alcohols. 
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This method operates under mild conditions, avoiding the need for external oxidants, 
noble metals, or phosphine ligands (Scheme 7).[40] 

This work addresses the challenge of remote desaturation of alcohols, a transformation 
that remains difficult due to the inertness of C–H bonds and the intrinsic stability of 
aliphatic chains. Previous methods involving palladium catalysts and silicon auxiliaries 
achieved some success but were limited by high catalyst loadings and the need to 
handle sensitive reagents. Inspired by prior research, the team employed cobaloxime 
catalysis—a system that mimics vitamin B12—to facilitate alcohol desaturation via 
radical chemistry.[41] Mechanistic studies, including UV–Vis spectroscopy and density 
functional theory (DFT) calculations, revealed a preference for a 1,6-hydrogen atom 
transfer (HAT) pathway over alternative pathways.  

1.3.4 Dehydrofunctionalization of amines 
This work introduces a biomimetic approach for the catalytic deamination of primary 
amines to produce olefins, using visible light and a combination of acridinium salt and 
cobaloxime catalysts (Scheme 8).[42] This method mimics enzymatic processes like 
those of phenylalanine ammonia lyase, offering an environmentally friendly and 
efficient alternative for the synthesis of alkenes from non-fossil-based chemicals. 
The process involves photoexcitation of the acridinium catalyst, generation of α-amino 
radicals, and subsequent cobalt-catalyzed desaturation to yield olefins. This dual-
catalysis strategy enables high regioselectivity, operating under mild conditions without 
the need for harsh reagents or conditions. It shows broad applicability across diverse 
substrates, including amino acids, natural products, and pharmaceuticals. 
 

 
Scheme 8. Dehydroamination of primary amines 

 
Mechanistic studies using fluorescence quenching, EPR spectroscopy, and DFT 
calculations provided insights into the catalytic cycle, confirming the synergistic role of 
photoredox and cobalt catalysis. The method demonstrates significant functional group 
tolerance and allows for late-stage functionalization of complex molecules, highlighting 
its potential for applications in sustainable chemistry. This innovative protocol 
advances the field of organic synthesis, addressing limitations of traditional methods 
such as Hofmann and Cope eliminations, and presents a practical, scalable solution 
for the transformation of amines into valuable olefin derivatives. 

1.3.5 Alkyl Heck reaction 
The article presents a new photoexcited cobalt-catalyzed endo-selective alkyl Heck 
reaction (Scheme 9).[43] This reaction transforms iodomethylsilyl ethers of phenols and 
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alkenols into seven- and eight-membered siloxycycles with excellent yields. These 
siloxycycles can be oxidized further to produce allylic alcohols, demonstrating potential 
for selective hydroxymethylation of o-hydroxystyrenes and alkenols. Unlike traditional 
palladium-catalyzed methods requiring costly ligands and harsh conditions, this 
approach employs cobalt catalysis under visible light, avoiding photoredox catalysts or 
strong reductive conditions.[44] 
 

 
Scheme 9. endo-selective alkyl Heck reaction. 

 
Mechanistic studies, including EPR and UV-Vis spectroscopy, support a cobalt-based 
radical pathway, involving single-electron transfer and concerted β-hydrogen 
elimination in the triplet state. Density functional theory (DFT) calculations elucidate 
the proposed reaction mechanism. 

1.4 Natural Inspirations for Metal–Ligand Cooperative Catalysis 
Nature provides a remarkable model for efficient hydrogen activation and transfer 
reactions, particularly through metalloenzymes. Enzymatic systems, such as 
hydrogenases, lactate racemase, and alcohol dehydrogenase, demonstrate how 
nature leverages coordinated interactions between metal centers and ligand 
environments for efficient catalysis. These biological systems utilize cooperative metal-
ligand interactions to challenging catalysis under mild conditions, inspiring the 
development of small-molecule catalysts that mimic their function.[45]  

Cooperative Catalysis in [FeFe]- and [NiFe]-Hydrogenases highlights the role of metal–
ligand cooperation (MLC) in hydrogenases, specifically in the heterolytic cleavage of 
H₂ are shown in Scheme 10a and b. In [FeFe]-hydrogenase, the active site consists of 
a binuclear Fe cluster, where a pendant amine functions as a proton relay, 
deprotonating coordinated H₂ at the Fe(II) center.[46] This cooperative effect is crucial 
for efficient hydrogen activation and is a common feature in biomimetic catalyst design. 
Similarly, in [NiFe]-hydrogenase, an arginine (Arg509) residue in the second 
coordination sphere assists in H₂ cleavage by acting as a general base. This structural 
arrangement facilitates proton transfer and stabilizes key catalytic intermediates.[47] 
These findings have inspired synthetic catalysts that incorporate pendant amines or 
similar functional groups to enhance their efficiency in hydrogenation and 
dehydrogenation reactions. 
The heterolytic activation of hydrogen (H₂) in [Fe]-hydrogenase occurs through a 
cooperative mechanism involving the Fe center, the Fe-guanylylpyridinol (FeGP) 
cofactor, and the substrate methenyl-H₄MPT⁺. The process begins with H₂ binding to 
the Fe(II) active site, which features an open coordination site stabilized by the FeGP 
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cofactor, modulating the electronic properties of the metal center. Heterolytic cleavage 
of H₂ then takes place through a three-component system, where the pyridonate 
oxygen of the FeGP cofactor, the Fe(II) center, and the carbocation-like substrate 
methenyl-H₄MPT⁺ work in concert. The Fe(II) center acts as a Lewis acid, stabilizing 
the negative charge that develops during H₂ cleavage, while the pyridonate oxygen 
functions as a proton acceptor, abstracting H⁺ from H₂. Simultaneously, methenyl-
H₄MPT⁺ serves as a hydride (H⁻) acceptor, receiving the second hydrogen atom. As a 
result, the extracted H⁺ remains within the enzyme for potential proton transfer 
reactions, while the H⁻ is stereospecifically transferred to the pro-R face of methenyl-
H₄MPT⁺, forming methylenetetrahydromethanopterin (methylene-H₄MPT), a crucial 
intermediate in the methanogenesis pathway of hydrogenotrophic archaea. 
 

 
Scheme 10. Heterolytic hydrogen activation enabled by MLC enzymes 

 

1.4.2 Evolution of 3d metal-ligand catalysis 
Traditionally, hydrogenation and dehydrogenation reactions have relied on noble-metal 
catalysts, such as ruthenium and iridium complexes. However, recent efforts have 
focused on replacing these precious metals with more earth-abundant and sustainable 
alternatives, particularly iron, cobalt, and manganese. These 3d transition metals have 
demonstrated significant potential in catalyzing heterolytic hydrogen activation, 
enabling a variety of transformations, including hydrogenation, dehydrogenation, and 
hydrogen borrowing.[48] This section highlights key developments in these catalytic 
systems and their underlying bioinspired principles. See Scheme 11 for selected 3d-
metal pincer complexes. These bioinspired catalysts exhibit broad applicability, 
enabling hydrogenation and dehydrogenation processes, as well as hydrogen 
borrowing strategies. Their ability to activate hydrogen under mild conditions, 
combined with their straightforward synthesis from inexpensive materials, underscores 
their potential for sustainable catalysis. By closely emulating the function of 
hydrogenase enzymes, these iron complexes represent an important step toward 
efficient and cost-effective catalytic systems. 
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Scheme 11. Selected man-made 3d-metal-ligand catalysts 

 
Iron catalysis: Inspired by these enzymatic systems, Casey and co-workers reported 
in 2007 that an iron-hydride hydroxycyclopentadienyl complex could facilitate 
heterolytic hydrogen activation.[49] Subsequent studies demonstrated that bifunctional 
iron(II) hydride species could be generated in situ using air- and moisture-stable iron(0) 
cyclopentadienone complexes, These air stable inexpensive phosphine free catalysts 
undergo activation via the selective removal of a carbonyl ligand, which can be 
achieved using trimethylamine N-oxide, inorganic bases, or light irradiation (Figure 
3a).[50] However, iron cyclopentadienone complexes suffer from the low activity 
towards the hydrogenation of demanding carbonyl compounds such as esters, amides 
as well as the acceptorless dehydrogenation catalysts. In this regards several groups 
including Beller and Milstein have developed iron pincer complexes that could 
efficiently reduce demanding substrates including ester hydrogenation and methanol 
dehydrogenation.[51] However, these complexes are relatively difficult to synthetized 
and must be handled in anaerobic conditions. 

Cobalt catalysis: Cobalt-based cooperative metal-ligand complexes have also 
demonstrated notable hydrogen activation capabilities. Hanson and coworkers have 
developed the first example cobalt pincer hydrogenation catalysis.[52] A more 
accessible and air stable alternative was reported be Kempe in 2015.[53] In general, 
cobalt pincer complexes are much less explored than iron and manganese 
counterparts. However, simple mixture of cobalt salts and polydentate phosphine 
ligands such as Tris(diphenylphosphinomethyl)ethane (Triphos) have shown great 
utility in hydrogenation, dehydrogenation, and hydrogen borrowing transformations 
through a classical monohydride pathway.[54] 
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Scheme 12. Activation 3d-complexes enables heterolysis of H2  

 
Manganese catalysis: manganese has recently gained attention as a promising 
alternative to noble metals for hydrogen activation processes, inspired by biological 
hydrogenase and dehydrogenase enzymes. The groundbreaking research by Beller 
and Milstein in 2016 sparked widespread interest in manganese-based catalysis,[55] 
positioning it as a key contributor to (de)hydrogenation and hydrogen borrowing 
reactions. Unlike iron and most cobalt pincer complexes, manganese pincer 
complexes are easy to synthesize and offer exceptional stability in both air and 
moisture. Moreover, manganese pincer complexes exhibit superior catalytic activity 
compared to other base-metal alternatives, making them a viable substitute for noble 
metal catalysis. In 2018, we developed a series of catalytically active manganese 
complexes utilizing air-stable phosphine ligands, a feature not achievable with iron and 
cobalt (Scheme 11).[56] 
For iron cyclopentadienone complexes, the pre-catalyst activation involves the removal 
of one carbonyl ligand via trimethylamine N-oxide, near-UV light, or a base. Upon 
exposure to hydrogen, the Fe(0) pre-catalyst undergoes transformation into an Fe(II) 
species, featuring a hydride at the metal center and a proton on the non-innocent ligand 
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(Figure 12a). In the case of manganese and iron pincer complexes, the pincer ligands 
can adopt aliphatic motifs such as PN(H)P or PN(H)N. Treatment with bases like 
carbonates or butoxides leads to the elimination of hydrogen bromide, yielding a 16-
electron imido complex of iron or manganese (Figure 12b, d). Beyond aminopincer 
systems, pyridine-based pincer ligands (PNPyP, PNPyN, PN3P), as well as the 
triazine-derived PN5P ligand, have been widely employed. In these systems, catalyst 
activation occurs via an aromatization–dearomatization pathway (Figure 12c, e).[51a] 

1.4.2. Manganese catalyzed hydrogenation 
We have reported manganese-catalyzed method for the hydrogenation of CO₂-derived 
cyclic organic carbonates (COCs) and polycarbonates into methanol and diols.[56a] The 
catalytic system, based on a Mn-PNN complex, operates under mild conditions and 
achieves high yields, with up to 99% of diols and 92% of methanol produced. The 
manganese system addresses the challenge of hydrogenating carbonic acid 
derivatives, which are typically stabilized by resonance effects that reduce their 
reactivity. The study explores the catalytic mechanism, highlighting the importance of 
metal-ligand cooperation. Experiments and density functional theory (DFT) 
calculations reveal that the process involves three catalytic cycles, each driven by the 
synergistic action of manganese and the ligand’s N–H functionality. Modifications to 
the ligand structure demonstrate the critical role of this cooperative interaction in 
achieving high catalytic efficiency. Experimental results demonstrate the broad 
substrate scope of the system, with a variety of substituted five- and six-membered 
cyclic carbonates successfully converted to diols and methanol. Additionally, 
polycarbonate recycling was achieved, producing methanol and diols in high yields, 
thus addressing the pressing issue of plastic waste. For the best of our knowledge, this 
represents the first example of base metal catalyzed hydrogenolysis of poly 
carbonates. The use of low catalyst loadings (as little as 0.25 mol%) further 
underscores the system's efficiency and scalability. 

The second hydrogenation study describes a novel manganese-catalyzed method for 
the highly chemo- and stereoselective transfer semihydrogenation of internal alkynes 
to (Z)-alkenes (Scheme 13).[57] Using ammonia borane as an environmentally benign 
hydrogen donor, this process is catalyzed by a stable manganese(II) complex in the 
absence of additives, bases, or super hydrides. The reaction is efficient under mild 
conditions, offering a sustainable alternative to traditional noble metal-based systems 
such as palladium and rhodium catalysts. The manganese pincer complex, based on 
a pyridyl-based PNP ligand, demonstrates exceptional performance, achieving up to 
98% yield and >99:1 (Z):(E) selectivity. This system is effective across a broad range 
of substrates, including aromatic alkynes with various functional groups and alkyl-
substituted alkynes. Sensitive groups, such as nitriles, esters, and heterocycles, are 
well tolerated. Importantly, the system enables purification of alkenes from alkyne 
impurities without causing alkene isomerization, making it valuable for industrial 
applications. Mechanistic studies using density functional theory (DFT) reveal that the 
reaction occurs through a triplet spin state, involving two competing catalytic cycles: a 
reduction cycle that converts alkynes to (Z)-alkenes and an isomerization cycle that 



 

 
 

17 1 Literature review and work summary 

can convert (Z)- to (E)-alkenes. The manganese hydride species is stabilized by 
complexation with the alkyne substrate, which plays a crucial role in maintaining the 
high stereoselectivity. The alkyne coordination step is thermodynamically favored, 
effectively suppressing the isomerization pathway and ensuring the formation of (Z)-
alkenes. 

 
Scheme 13. Hydrogenation of carbonates and polycarbonates. 

1.4.3 Manganese catalyzed hydrogen autotransfer 
The thesis includes a series of hydrogen borrowing papers catalyzed my pincer 
manganese complex (scheme 14). The first study describes the development of a 
manganese-catalyzed methylation process for carbonyl compounds using methanol 
and its isotopically labeled variants.[56c] This method is highly sustainable, generating 
water as the sole byproduct under mild conditions. The work highlights the significance 
of isotope labeling in life sciences, particularly for stable carbon-deuterium bonds that 
enhance metabolic stability in pharmaceuticals. This work addresses challenges in 
methanol's high dehydrogenation stability and intermediate side reactions by 
optimizing manganese-based catalysis for chemoselective and efficient 
transformations. Using methanol as a C1 building block, the study demonstrates the 
successful alkylation of diverse ketones, including aromatic, aliphatic, and 
heteroaromatic derivatives. It also achieves selective isotope labeling, producing 
deuterated and 13C-labeled products. The process shows versatility, efficiency, and 
environmental compatibility, offering potential for bioactive molecule synthesis. This 
approach presents a cost-effective and practical alternative to traditional labeling 
methods reliant on toxic or expensive reagents. 
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Similarly, we have also outlined a sustainable method for β-alkylation of secondary 
alcohols using primary alcohols. The process employs a well-defined manganese PNN 
pincer complex as the catalyst, along with a catalytic base, to facilitate a double 
hydrogen autotransfer reaction.[58] This environmentally friendly strategy eliminates the 
need for harmful alkyl halides and noble metal catalysts, generating water as the sole 
byproduct. The method involves the dehydrogenation of both alcohols, base-catalyzed 
aldol condensation to form α,β-unsaturated ketones, and selective hydrogenation to 
yield β-alkylated alcohols. It offers high chemoselectivity and a wide substrate scope, 
accommodating both aromatic and aliphatic alcohols. The catalyst performs efficiently 
under mild conditions, with excellent yields and selectivity.  

We have also reported manganese-catalyzed C-alkylation of unactivated esters and 
amides using alcohols through a hydrogen autotransfer strategy. This approach 
enables the sustainable transformation of renewable alcohol and carboxylic acid 
derivative feedstocks into valuable esters and amides while producing water as the 
only byproduct. The catalytic system, based on a bench-stable manganese complex 
with a PNN ligand, efficiently alkylates a broad range of substrates, including aliphatic, 
benzylic, and heterocyclic alcohols, eliminating the need for toxic alkyl halides. 
Mechanistic studies suggest a monohydride transfer process involving metal-ligand 
cooperation.[59]  

Next paper reports an efficient method for the alkylation of nitriles using a manganese-
based catalyst.[60] This approach leverages the hydrogen autotransfer mechanism, 
where alcohols act as benign alkylating agents, and water is the only byproduct. The 
system circumvents the use of toxic alkyl halides and eliminates waste, making it highly 
sustainable. Key features include its broad substrate scope, allowing the alkylation of 
various nitriles and alcohols, including challenging methylation reactions with methanol 
as a C1 source. Mechanistic investigations reveal the manganese catalyst's dual role 
in activating alcohols through dehydrogenation and facilitating nitrile C−H 
functionalization. The reaction proceeds via in situ generation of aldehyde and alkenyl 
nitrile intermediates, followed by hydrogenation to yield the desired cyanoalkylated 
products with excellent chemoselectivity. 

The last hydrogen borrowing paper introduces a manganese-catalyzed method for 
synthesizing chiral amine precursors from racemic alcohols.[61] This redox-neutral 
reaction employs Ellman’s sulfinamide as an ammonia surrogate and achieves high 
stereoselectivity through a dynamic kinetic resolution mechanism. The process 
involves the dehydrogenation of secondary alcohols to ketones, condensation with 
sulfinamide to form imines, and their stereoselective hydrogenation to yield optically 
active amines. Mechanistic studies using DFT reveal that stereocontrol arises from the 
unique dynamic interaction between the catalyst and imine intermediate, where only 
one catalyst enantiomer participates in the stereoselective step while the other 
racemizes. This method tolerates a broad range of substrates, including benzylic, 
aliphatic, and heterocyclic alcohols, and delivers high yields and enantioselectivities. 
The resulting chiral amines are valuable intermediates for pharmaceuticals such as 
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carpropamid and rivastigmine. The use of a non-precious manganese catalyst and the 
operational simplicity underscore its potential for scalable applications in sustainable 
synthesis of optically pure compounds. 

 

 

Scheme 14. Manganese catalyzed alkylation with alcohols 
 

1.4.4 Manganese catalyzed acceptorless dehydrogenation 
In the first study, a novel method for synthesizing 2,5-unsubstituted pyrroles was 
developed using a manganese PNP pincer catalyst under solvent-free conditions 
(Scheme 15).[56b] The reaction couples biomass-derived 1,4-diols with primary amines, 
producing water and hydrogen gas as the only byproducts, making the approach highly 
sustainable. This method exhibits excellent chemoselectivity, avoiding side products 
such as pyrrolidines and imides, and achieves high yields with diverse substrates, 
including aromatic, aliphatic, and heterocyclic amines. Mechanistically, the manganese 
catalyst facilitates the dehydrogenation of 1,4-diols into intermediate dialdehydes, 
which then condense with amines to yield pyrroles. The study also highlights the 
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scalability and practicality of the method, offering a green synthetic route for pyrroles—
key intermediates in pharmaceuticals and materials science. 
 

 
Scheme 15. Manganese catalyzed dehydrogenative synthesis of heterocycles 

 
In the second study, a manganese-based catalytic system was developed for 
synthesizing pyrroles, employing acceptorless dehydrogenation (AD) and hydrogen 
autotransfer (HA) mechanisms (Scheme 15).[62] This approach replaces toxic α-
haloketones with 1,2-diols and enables pyrrole synthesis in a single pot using ketones, 
primary amines, and diols, with water and hydrogen gas as the only byproducts. 
Mechanistic insights reveal that the AD process dehydrogenates diols into aldehydes, 
which condense with amines and ketones, while the HA step shuttles hydrogen to form 
imines and pyrroles. The method demonstrates broad substrate scope and scalability, 
yielding substituted pyrroles, including heteroatom-containing and sterically hindered 
derivatives. Computational studies confirm the manganese complex's dual role in the 
AD and HA steps, emphasizing its sustainability and efficiency as a green alternative 
for pyrrole synthesis. Together, these studies showcase the versatility of manganese 
PNP pincer complexes in sustainable pyrrole synthesis. Both methods emphasize 
environmentally friendly practices, exceptional substrate tolerance, and practical 
scalability, offering valuable contributions to green chemistry and the production of 
pharmaceutical and material science intermediates. 
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Abstract: Drawing inspiration from nature has long been a cornerstone of chemical innovation, with natural systems
offering a wealth of untapped potential for discovery. In this minireview, we delve into the burgeoning field of
cobaloxime catalysis in organic synthesis, which mimics the catalytic activity of the natural organometallic alkylcobal-
amine enzymes. Our focus lies on elucidating the latest advancements in this area, as well as delineating the primary
mechanistic pathways at play. By describing, and comparing these mechanisms, we provide a comprehensive overview of
the current state-of-the-art, while also shedding light on the key unresolved challenges that await further exploration.

1. Introduction

Biomimetic catalysis, which emulates the highly efficient
biological transformations, offers a potent approach for the
deliberate design of artificial small molecule catalysts.[1]

Methylcobalamin (MeCbl or MeB12) and Adenosylcobala-
min (AdoCbl), two forms of Vitamin B12, serve as rare
examples of natural organometallic compounds that contains
metal-alkyl bonds (Scheme 1).[2] The formation and cleavage
of the Co�C bond within these molecules is pivotal in their
enzymatic functions.[3] For example, methylcobalamin acts
as a reversible free radical carrier that effectively stabilizes
highly reactive methyl radicals via the formation of weak
carbon–cobalt bonds.[4] These weak Co�C bond (bond
dissociation energy (BDE)�14–42 kcal/mol) can undergo
facile cleavage via thermolysis or photolysis.[5]

Simple cobaloxime complexes have been initially synthe-
sized to mimic the structure of natural alkylcobalamines and
to study the mechanism of its enzymatic function.[6] These
octahedral cobalt(III) complexes are featuring dioximate
ligands interconnected via hydrogen bonding or BF2 bridges.
Typically, the two axial ligands are nitrogen-containing
ligands like pyridine and halogens (Scheme 1). Cobaloximes
are well-known as proton reduction catalysis for water
splitting processes.[7] However, the extensive use of these
complexes in organic synthesis has only gained attention
recently. Several excellent reviews have already sparked
excitement; however, they predominantly concentrate on
the merger of photoredox and cobalt catalysis, rather than
delving deeply into the concepts of cobaloxime catalysis.[8]

This minireview comprehensively summarizes, critically
discusses, and reclassifies the chemistry of cobaloxime
catalysis in organic synthesis.

The seminal stoichiometric reactivity of cobaloxime in
organic synthesis was reported in the 1980s by the groups of
Tada, Pattenden, Branchaud, and Giese.[9] Additionally,
several groups have reported the catalytic turnover of

cobaloxime under reductive conditions, such as electro-
chemistry or stoichiometric amounts of reductants like Zn,
sodium borohydride, or Grignard reagents.[10] An important
milestone in the cobaloxime catalysis is from the group of
Carriera in 2011. The authors have outlined the possibility
of cobaloxime turnover using simple organic base base.[11]

Another milestone is the merger of cobaloxime catalysis
with photoredox catalysis in 2015.[12] To aid comprehension
for readers unacquainted with this chemistry, we furnished a
concise summary in this section elucidating the principal
catalytic concepts of cobaloxime complexes.

The catalytic activity of cobaloxime catalysis can be
categorized into two general types: inner-sphere and outer-
sphere reactivities, which may occur in either the excited or
ground state (Scheme 1). Inner-sphere reactivity or ligand-
to-metal charge transfer (LMCT)[13] involves the direct
association of the catalyst and the reactant, resembling
enzymatic processes closely. In this scenario, [CoIII]-alkyl
complexes can be formed through SN2-type reactions of
highly nucleophilic [CoI] species with alkyl electrophiles
(polar path), or by capturing organic radicals with persistent
[CoII] radicals (radical path). The Co�C bond within this
complex can be reversibly homolyzed into a radical pair
under thermal conditions or irradiation. This radical pair
could undergo radical-type β-hydrogen elimination, resulting
in the formation of [CoIII]�H via hydrogen atom transfer
(HAT) and an olefin or aromatic compound. Alternatively,
the organic radical may escape from the radical pair and
engage in free radical transformations, primarily radical
addition to olefin or arene, leading to the formation of a
new radical intermediate. This intermediate could then be
trapped again by the metalloradical [CoII] species, yielding
[CoIII]�H and a new olefin or functionalized aromatic
compound.

On the other hand, outer-sphere reactivity is also
proposed in cobaloxime catalysis (Scheme 1). For instance,
ground-state [CoII] metalloradicals could induce outer-
sphere single electron transfer (SET) oxidation of organic
radicals, resulting in the formation of carbocations and [CoI]
species. These intermediates could further undergo a proton
transfer (PT) process to produce [CoIII]�H and unsaturated
compounds. Given the low reductive potential of [CoII]
species (Ep/2(Co

II/CoI)=�1.13 V vs SCE), this approach is
likely suitable for radical intermediates that can be readily
oxidized, such as benzylic and dibenzylic radicals, to form
stable carbocations (Eox<0 V vs SCE).[14] Another outer-
sphere reactivity of cobalt complexes involves photoinduced
SET (photoredox activity). In this respect, excited-state
[CoIII] complexes function as photoredox catalyst for the
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oxidation of H-phosphines, leading to the formation of P-
radical and [CoII] species.

The turnover of [CoIII]�H can be facilitated by a one-
step polar pathway through simple deprotonation with an
organic base such as iPr2NEt to produce the Co(I) species
(Scheme 1). Alternatively, two-steps radical pathway can
occur, [CoIII]�H can react with another proton to release H2

and form [CoIII] species, a process that could be accelerated
in the presence of proton shuttle such as pyridine or protic
acid such as acetic acid. The [CoIII] species could also form
upon the reaction of the [CoIII]�H with an imine salt
intermediate. The electron-deficient [CoIII] species could be
readily reduced to [CoII] species directly by a substrate such
as H-phosphine or by a co-catalyst (Ep/2(Co

III/CoII)=

�0.68 V vs SCE).

2. Alkyl Heck-Type Reaction

Palladium catalyzed Mizoroki-Heck reaction represents one
of the most versatile synthetic methods to form C�C bonds.
However, the reaction generally cannot be performed on
alkyl halide substrates due to the slow oxidative addition
and the facile competing β-hydrogen elimination.[15]

2.1. Polar Alkyl Heck-Type Reaction

In 2011, Carreira and co-workers reported the use of the
simple Co-1 complex together with under visible light
conditions for the intramolecular exo-selective Heck reac-
tion of primary alkyl iodides (Scheme 2).[11] The key to

success is the formal reduction of [CoIII]�H to an anionic
Co(I) species via deprotonation using a simple organic base
(iPr2NEt). The authors have proposed the formation of the
alkylcobalt intermediates via nucleophilic substitution with
the catalytically active Co(I) species. It is worth noting that,
secondary alkyl iodide (only one example) remained un-
reactive under these conditions with Co-1 catalyst but
showed reactivity when using stannyl cobaloxime complex
(Co-2). In 2023, El-Sepelgy group have outlined that the
bifunctional Co�Sn complex (Co-2) operates via a different
radical pathway, elucidating the disparate reactivity of Co-1
and Co-2 catalysts in the seminal work of Carreira.[16]

Recently, El-Sepelgy and co-workers have reported intra-
molecular endo-selective Heck reaction of iodo- and
bromomethylsilyl ethers of phenols and alkenols using the
Co-1 catalyst (Scheme 2).[17] The method could be used for
the formal hydroxymethylation of allylic alcohols and o-
hydroxystyrenes, eliminating the need for the use of
palladium salts and expensive phosphine ligand.[18] In 2016,
the Morandi group demonstrated the use of epoxides and
aziridines as electrophiles and intramolecular coupling with
alkenes catalyzed by Co-1.[19]

The cobalt-catalyzed polar alkyl Heck-type reaction
starts with the visible light homolysis of the Co-1 complex to
produce [CoIII]�H and propene. After deprotonation with a
base such as iPr2NEt or methoxide, the super nucleophile
[CoI] species is in situ generated. A key mechanistic step
involves the SN2-type reaction between the [CoI] species and
the primary alkyl electrophiles (2.1) to give the correspond-
ing alkyl-[CoIII] intermediate (2.2). This Co�C bond is
cleaved under irradiation to produce [CoII] species and an
alkyl radical intermediate (2. ). DFT calculated location of a
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transition state (TS) confirms the carbon–carbon coupling in
the radical substrate via an intramolecular SET (Scheme 2,
green). Intramolecular endo- or exo-radical addition fur-
nishes a radical intermediate (2. ), which can recombine
with [CoII] to form another alkyl-[CoIII] intermediate (2. ).
The cobalt species (2. ) under visible light irradiation results
in the formation of the desired cyclic alkene (2.6) and a
[CoIII]-hydride complex (Scheme 2, purple).

2.2. Radical Alkyl-Heck Reaction

The previously mentioned polar-based Heck reactions are
mostly limited to intramolecular transformations of primary
alkyl iodides. To overcome these limitations, efforts were
directed towards the generation of alkyl radicals under
visible light conditions using a co-catalyst followed by
addition of the radicals to olefins, while a suitable cobalox-
ime enables the regeneration of the double bond and the
formation of alkene products (Scheme 3). In this regards,

Wu and co-workers have first reported decarboxylative alkyl
Heck reaction using a dual photoredox/cobaloxime dual
catalysis.[20] Carboxylic acids were used as precursors of a
broad range of primary, secondary and tertiary alkyl radicals
under oxidative photoredox conditions. Two years later,
Leonori and co-workers disclosed alkyl Heck reaction of
alkyl iodides and bromides.[21] The radical generation was
enabled by halogen atom transfer (XAT) strategy. This
XAT approach is proposed to be achieved via aminoalkyl
radical reagent, which could be in situ generated using Et3N
and photocatalyst (4CzIPN). More recently, Melchiorre and
co-workers outlined the merger of the alkyl radical gen-
eration using electron donating acceptor complex (EDA)
photoactivation with cobalt catalyzed dehydrogenation.[22]

The authors have used electron-rich radical precursors
bearing redox auxiliaries such as 1,4-dihydropyridines,
silicates and trifluoroborates together with tetrachlorophtha-
limides as EDA acceptor catalyst.

In all cases, the subsequent addition of the alkyl radical
to olefin followed by the β-hydrogen eliminations using

Scheme 1. Conceptualization of cobaloxime catalysis: from biological catalysis to small-molecule catalytic concepts.
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cobaloxime catalysis leads to the formation of the desired
Heck product and [CoIII]�H intermediate. To enable the
catalytic turnover, [CoIII]�H is initially converted to [CoIII]
by reaction with another proton or iminium salt intermedi-
ate. Afterwards the electron poor [CoIII] undergoes SET
reduction, leading to the regeneration of [CoII] species and
the photocatalyst or the EDA catalyst.

3. Desaturation of Aliphatic Compounds

The transformation of alkanes into alkenes stands as a
fundamental pursuit in synthetic chemistry, offering path-
ways to valuable unsaturated compounds crucial in various
industrial applications.[23] In this section, we summarize the
recent achievements on the use of cobaloxime catalysis for
the oxidant free desaturation of aliphatic compounds under
visible light conditions at room temperature.

3.1. Nondirected Desaturation

In 2015, Sorensen and colleagues reported a pioneering
example of radical and oxidant free desaturation of non-
functionalized alkanes such as cyclooctane to the cyclo-

octene in low yield.[12b] This approach utilized tetrabutylam-
monium decatungstate catalyst (TBADT) as HAT catalyst
for a hard hydrogen atom abstraction to generate a carbon-
centered radical, followed by cobaloxime catalyzed desatu-
ration under near UV light irradiation.[24] More recently,
Huang and Xu further enhanced this nondirected desatura-
tion of functionalized alkanes by using a dual 2-chloroan-
thraquinone photocatalyst and in situ generated cobaloxime
catalysis (Scheme 4).[25]

The reaction selectivity is governed by the strength and
electronic properties of sp3 C�H bonds. For example, the
catalytic system shows a very good reactivity and selectivity
for the conversion of alkyl (hetero)arenes such as ethyl-
benzene to the corresponding styrenes. The detailed reac-
tion mechanism is described in Scheme 4. The reaction was
initiated though a HAT process with excited anthraquinone,
resulting in ketyl radical ( .2) and alkyl radical ( .1). This
intermediate ( .1) can be captured by [CoII] to generate
[CoIII]-alkyl species ( . ), which under irradiation leads to
the formation of the desired olefin and [CoIII]�H species.
The SET and PT from the ketyl radical ( .2) to [CoIII]�H
result in the regeneration of the [CoII] species and the HAT
photocatalyst (Scheme 4).

Scheme 2. Cobaloxime catalysed polar alkyl-Heck reaction.

Scheme 3. Radical-type alkyl Heck reaction.
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3.2. Dehydrofunctionalisation

Defunctionalization chemistry facilitates the transition from
fossil-based to bio-based chemicals, promoting sustainabil-
ity. By selectively removing functional groups and substitut-
ing them with alkenes, it streamlines the synthesis of bio-
derived compounds from renewable feedstocks. This re-
duces reliance on finite fossil resources and minimizes
environmental impact. Through tailored catalysts and reac-
tion conditions, defunctionalization enables the conversion
of biomass into value-added chemicals while adhering to
green chemistry principles.[26]

In comparison with the non-directed desaturation, the
use of functional group as a radical precursor enables
excellent regioselectivity of the produced alkene. In this
regard, Sorensen and co-workers have reported a mild
method for the dehydroformylation of α-quaternary ali-
phatic aldehydes using a dual HAT and cobaloxime catalysis
(Scheme 5).[27] The dehydroformylation cycle begins with
HAT of the aldehyde hydrogen excited-state tungsten
photocatalyst resulting in the formation of acyl radicals,
which undergo decarbonylation to extrude CO and generate
alkyl radicals. The radical intermediate undergoes cobalox-
ime desaturation to produce the corresponding olefin and
[CoIII]�H. Next, the groups of Ritter and Tunge have
independently developed the dehydrodecarboxlation of a
wide range of carboxylic acids[28] and amino acids[14b] using a

combined photoredox and cobaloxime system. The photo-
catalyst enables the oxidation of the carboxylic acid to its
corresponding alkyl radical while the cobaloxime catalyst act
as H-abstractor and β-hydrogen elimination agent. Shortly
thereafter, Larionov showcased the viability of a similar
cobaloxime/photoredox system for upgrading biomass-de-
rived carboxylic acids.[29] Building on these findings, Sum-
merlin and Seidel have recently established elegant methods
for the degradation of carboxylate-containing polymers
under visible light irradiation.[30]

In 2021, Leonori et al. reported a photochemical dehalo-
genative olefination of alkyl halides by using photoredox/
cobaloxime system.[31] The radical generation from the alkyl
halides is enable by XAT using α-amino radical that could
be in situ generated using photocatalyst and simple organic
base such as iPr2NEt. Notably, the authors have shown that
the regioselectivity of products can be controlled by
modulating suitable steric and electric properties of the
cobalt catalysts. Very recently, El-Sepelgy et al. have
developed a biomimetic method for the dehydroammonia-
tion of primary amines.[32] Pyridinium salts were used as

Scheme 4. Synthesis of olefins via nondirected desaturation of alkanes.

Scheme 5. Dehydrofunctionalization enabled by photoredox/cobalox-
ime dual catalysis.
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redox-active amines, together with acridinium photocatalyst
and cobaloxime, providing the first mild alternative to the
classical Hoffmann[33] and Cope elimination.[34] The method-
ology allows the dehydroamination of wide range of primary
amines including amino acids, pharmaceuticals, and natural
products. DFT calculations suggests that the homolysis of
[CoIII]-alkyl bonds is taking place by the action of visible
light in the excited (triplet) state. An example of transition
state of β-hydrogen elimination is shown in the bottom of
Scheme 5.

A related dehydrofunctionalization approach was also
reported independently by Rueping and Wu.[35] Dual photo-
redox/cobaloxime catalytic system was used for the dehydro-
genative conversion of electron-rich tertiary alcohols to
form remotely dehydrogenated ketones (Scheme 6). The
mechanism initiates with a SET from aryl substituents of
alcohols to the excited state of the photoredox catalyst,
generating cation radical species (6.1). These intermediates
undergo intramolecular PCET in the presence of base to
yield alkoxyl radical species (6.2), which can cleave into
alkyl radicals and carbonyl moiety (6. ) via β-scission of the
neighbouring C�C bond. The formed alkyl radical subse-
quently undergoes the desaturation process via cobaloxime
catalysis, resulting in the formation of remotely dehydro-
genated ketones.

3.3. Remote Desaturation of Aliphatic Compounds

Motivated by the groundbreaking advancements in dehydro-
functionalization chemistry catalysed by dual photoredox/
cobaloxime systems, the group of El-Sepelgy decided to
integrate this approach with intramolecular hydrogen atom
transfer to achieve remote C�H desaturation.[16] It’s note-
worthy that a similar strategy was concurrently reported by
Xu’s group.[36] To validate the concept, the authors focused
on exploring the desaturation of aliphatic amines and
amides tethered with o-iodo-benzoyl tethers.[37] Initial trials
employing combined photoredox/cobaloxime catalysis failed
to yield any desaturated products, primarily due to chal-
lenges in activating the aryl iodide.

Nevertheless, employing cobaloxime-triphenyltin com-
plex (Co-2) enabled the efficient conversion of a broad
scope of amides and imides into the corresponding enamides
and enimides at room temperature without the need for
additional photocatalyst. Drawing from both experimental
observations and theoretical investigations, the authors
proposed a mechanistic pathway illustrated in Scheme 7.
Upon visible light irradiation, homolytic cleavage of
Co�SnPh3 complex generates a metalloradical Co(II) species
alongside a triphenyltin radical. The latter is believed to
promote the formation of an α-amino radical from iPr2NEt,
serving as an XAT reagent to abstract iodo or bromo atoms

Scheme 6. Synthesis of distally unsaturated ketones via dehydrogenated
alcohols. Scheme 7. Remote desaturation of aliphatic amines and amides.
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from the substrate to generate aryl radical (7.1). Subse-
quently, this radical undergoes 1,5-HAT, leading to radical
formation at an unactivated site of the alkyl chain (7.2). The
alkyl radical (7.2) then undergoes desaturation utilizing the
Co(II) species to furnish the unsaturated product along with
[CoIII]�H. This hydride species facilitates the catalyst
turnover by the reaction between SnPh3H and an iminium
salt to regenerate the cobalt-tin catalyst. DFT investigations
suggest that the excitation strategy of the cobaloxime-
substrate complex plays a pivotal role in two key stages of
the process. Initially, homolytic cleavage of the [CoIII]�C
bond enables 1,5-HAT via intramolecular single electron
transfer (SET) in the radical species (Scheme 7, green).
Also, the desaturation of the alkyl intermediate (7.2) takes
place in the excited state under visible light irradiation
(Scheme 7, purple).

4. Desaturative Synthesis of Aromatics

Recently, Leonori group has developed several method-
ologies for converting aliphatic substrates into high-value
aromatic products.[38] These transformations involve multiple
acceptorless dehydrogenation steps utilizing dual catalytic
systems including cobaloxime catalysis.

In 2020, Leonori group introduced a general and site-
selective approach for synthesizing anilines from corre-
sponding cyclohexanes and ammonia, primary, or secondary
amines.[38a] The reaction commences with a straightforward
condensation between the amine or ammonia and the
cyclohexane derivative to form the corresponding enamine
(8.1) (Scheme 8). The enamine intermediate undergoes
single-electron oxidation with an iridium photocatalyst,
generating an enaminium radical (8.2) which then deproto-
nates to yield the β-enamine radical (8. ). This radical
subsequently reacts with a [CoII] metalloradical via HAT,
leading to the formation of the di-enamine (8. ) along with a
[CoIII]�H species. This di-enamine is proposed to undergo a
second oxidation-dehydrogenation process with the cobalox-
ime/photocatalyst system, resulting in the complete aromati-
zation of the aniline derivatives. The reaction demonstrates
excellent tolerance for various functional groups in the
ortho-, meta-, and para- positions of the cyclohexanone. This
method has been showcased to simplify the preparation of a
wide range of pharmaceuticals. During the review of this
manuscript, the same group has extended this methodology
to the synthesis of aminated heteroaromatics from the
corresponding amines and cyclic ketones.[39]

In 2021, Leonori and co-workers outlined a method for
synthesizing a wide range of substituted aromatic aldehydes
from the corresponding cyclohexanecarbaldehydes.[38b] This
new approach involves a triple catalytic system comprising
an amine catalyst, a photocatalyst, and cobaloxime, resulting
in the production of aromatic aldehydes and hydrogen gas
as the sole side-product. In this method, the morpholine
catalyst reacts with the aldehyde, leading to the formation of
the corresponding enamine. Similar to the dehydrogenative
synthesis of anilines, the enamine intermediate undergoes
two cycles of oxidation-deprotonation using an iridium

photocatalyst, followed by desaturation with cobaloxime
(Scheme 9). Finally, hydrolysis leads to the formation of the
desired aldehydes.

More recently, Leonori et al. have introduced a new
method for the complete aromatization of cyclohexanones
to phenols (Scheme 10).[38c] This innovative strategy exploits
the synergistic interplay of photocatalytic HAT and cobalt
catalysis, alternating between each other, to sequentially
remove four hydrogen atoms from the saturated precursors.

Scheme 8. Synthesis of anilines from amines and cyclohexanones.

Scheme 9. Dehydrogenative synthesis of aldehydes.
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To facilitate a facile HAT process, the authors initially
convert the cyclohexenes to the corresponding enol ether or
introduce an electron-withdrawing group (e.g., acetyl, ester)
at the α-position to favour the enol tautomer over the
ketone form. The catalysis starts with HAT process, hydro-
gen is transferred from the substrate to the triplet excited
state of the HAT catalyst the allylic radical (10.1) and a
ketyl radical (10.2). Subsequently, radical (10.1) undergoes
desaturation with [CoII] species, producing a diene (10. ).
This diene then undergoes a second round of HAT and
desaturation catalysis, resulting in the formation of phenol
derivatives.

5. Cross Dehydrogenative Coupling (CDC)

Cross dehydrogenative coupling (CDC) is a powerful
synthetic method in organic chemistry used to form new
carbon–carbon or carbon–heteroatom bonds by coupling
two different C�H bonds from two different molecules
without requiring prefunctionalization. This process allows
for the direct transformation of readily available and
relatively inert C�H bonds into more complex structures,
facilitating the synthesis of diverse organic compounds. In
this section, we summarize the application of the cobaloxime
catalysis in CDC reactions of olefins and arenes. However,
the CDC reactions that involves iminium and oxonium
cation intermediates[12a,40] and formal cycloaddition
reactions[41] are already summarized elsewhere.[8a]

5.1 CDC of Olefins

The dehydrogenative functionalization of alkenes presents a
promising avenue for sustainable synthesis by streamlining
chemical transformations and minimizing waste generation.
Leveraging the inherent reactivity of alkenes and strategi-
cally employing transition metal catalysts, this methodology
facilitates the direct conversion of abundant, renewable
feedstocks into valuable chemical products. Cobaloxime
catalysis has emerged as a notable approach, either as a
single catalyst or in conjunction with co-catalysts, for accept-
orless dehydrogenation functionalization of olefins.

In general, these transformations can be initiated
through two mechanistic scenarios: on one hand, SET
oxidation of alkenes into their corresponding radical cations
followed by reaction with neutral nucleophiles (Scheme 11);
on the other hand, addition of an in situ radical to a neutral
olefin (Scheme 12). In both pathways, the newly generated
carbon-centered radical intermediates undergo desaturation
catalyzed by cobaloxime to yield the desired olefin and
[CoIII]�H. The interception between the radical generation
cycle and the dehydrogenation cycles enables the catalysis
turnover.

In line with the first scenario, Lei et al. have reported
the anti-Markovnikov oxidation of β-alkyl styrenes usingScheme 10. Synthesis of phenols via desaturation of cyclohexanones.

Scheme 11. Dehydrogenative functionalization of olefins via olefin SET
oxidation.
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water as ideal oxidant.[42] Shortly after, the same group
explored the dehydrogenative cross-coupling of alkenes with
alcohols and azoles utilizing Acr�Mes�Me+ClO4

� as a
strongly oxidizing photocatalyst in conjunction with
cobaloxime.[43] This reaction facilitates the formation of new
C(sp2)�O and C(sp2)�N bonds. Furthermore, the same
research group recently demonstrated the application of this
catalytic system for coupling methyl-substituted alkenes with
amines to produce allylazoles.[44] Additionally, Bandini et al.
disclosed a similar acridinium/cobaloxime catalytic system
for the dehydrogenative functionalization of styrenes with
carboxylic acids and triflamides.[45]

In the second scenario, Xu et al. have demonstrated the
in situ generation of silyl radicals from tris(trimeth-

ylsilyl)silane (TTMSS) through a combined photoredox and
HAT catalysis.[46] Subsequent addition of the silyl radical to
the olefin yields a carbon-centered radical intermediate,
which undergoes desaturation catalysed by cobalt, resulting
in the formation of allylsilane and [CoIII]�H. In 2019, Wu
et al. reported the synthesis of alkenylphosphine oxides
from corresponding alkenes and H-phosphines using coba-
loxime catalysis, without the need for additional
photocatalyst.[47] The authors highlighted the unique dual
functionality of the cobaloxime catalyst, serving as both a
photoredox catalyst and an inner-sphere desaturation cata-
lyst. The [CoIII] complex acts as an outer-sphere photo-
catalyst for the activation of H-phosphine oxides, leading to
the formation of phosphinoyl-centered radicals and [CoII]
species. The resulting phosphorus radical intermediate
subsequently reacts with an olefin or enamine,[48] yielding an
organic radical intermediate. This intermediate can then be
trapped by [CoII] species to produce the alkenylphosphine
oxide product and [CoIII]�H. Very recently, the same group
reported the addition of the P-radical to isocyanides and the
subsequent synthesis of phosphorylated heteroaromatics.[49]

More recently, Liu and Deng developed dehydrogen-
ative allylic C(sp3)�H alkylation via triple Brønsted base/
cobaloxime/photoredox catalysis.[50] The Brønsted base/
photoredox catalysis facilitates the conversion of active
methylene compounds to the corresponding radical followed
by addition to methyl substituted olefins to produce carbon-
centered radicals which can undergo cobaloxime dehydro-
genation to deliver the desired allylic C(sp3)–H allylation
products.

Furthermore, Xu et al. also reported on the intramolec-
ular dehydrogenative amination of alkenes through syner-
gistic photoredox and cobaloxime catalysis, resulting in the
formation of a diverse array of five-membered N-
heterocycles.[51] Photoredox catalysis facilitates the forma-
tion of nitrogen radicals, which undergo 5-exo-trig cycliza-
tion to form a radical intermediate. This intermediate is
subsequently captured by [CoII] to generate [CoIII]�H and
the dehydrogenative amination product.

5.2 CDC of Arenes

Similarly to the previously summarized dehydrogenative
functionalization of olefins, few examples of intramolecular
cross-dehydrogenative coupling of arenes catalyzed by
cobaloxime catalysis have been reported in recent years
(Scheme 13). An early example was presented by Wu and
Lei in 2015, demonstrating aromatic C�H thiolation and the
construction of C(sp2)�S bonds.[12c] The photoredox catalyst
is suggested to convert N-phenylthioamides to the corre-
sponding S-radicals in the presence of a base, which then
undergoes 5-exo-trig cyclization followed by rearomatization
facilitated by cobaloxime catalysis. Similarly, utilizing dual
photoredox/cobaloxime catalysis, N-arylenamines could be
transformed into the corresponding indoles via the gener-
ation of C-radicals[52] and lactonization of 2-arylbenzoic
acidthrough carboxylate radicals formation.[53] Recently,
Wu’s group reported a sustainable method for converting 2-

Scheme 12. Dehydrogenative functionalization via radical addition to
olefins.
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phenylbenzaldehydes into the corresponding fluorenones
using cobaloxime catalysis without the need for a photo-
redox catalyst.[54] The authors proposed that under near UV
light irradiation, the aromatic aldehydes enter a highly
reactive triplet excited state, which is intercepted by
cobaloxime in its ground state, leading to the formation of
acyl radicals and [CoII] species. Subsequent radical cycliza-
tion followed by rearomatization and fluorenone formation
is enabled by the [CoII] species.

It is worth noting that, a related intremolecular dehydro-
genative Minisci alkylation between heteroarene and numer-
ous carbon radical precursors has been reported. The C�C
cross-coupling was realized by a photoredox/cobaloxime
dual photocatalytic system, producing hydrogen gas as side
product.[55]

The alternative approach for the arene dehydrogenative
substitution involves the oxidation of the arene moiety with
highly oxidizing photocatalyst (Scheme 14). In 2016 and
2017, Wu and Tung have reported the use of the highly
oxidizing quinolinium ion QuCN+ catalysts (E*red=2.72 V)
under UV light irradiation for the amination, hydroxylation
and etherification of benzene in the presence of the
cobaloxime catalysis for the rearomatization of the
benzene.[56] The SET from the QuCN radical to the [CoIII]
intermediate enables the catalysts regeneration. Simultane-
ously, Lei and co-workers demonstrated the possibility of

using acridinium visible light catalysis for the oxidation of
arene and subsequent amination, however, the scope is
limited to the electron rich arenes.[57]

6. Asymmetric Catalysis

The first application of cobaloxime in asymmetric synthesis
was demonstrated by Luo and Wu in 2017.[58] A triple
enamine/photoredox/cobaloxime catalysis was used for the
asymmetric CDC of tetrahydroisoquinolines with carbonyl
compounds. Recently Luo and co-workers have demon-
strated the application of a related triple catalytic system for
dehydrogenative allylic alkylation of 2-arylpropenes with β-
ketocarbonyls (Scheme 15).[59] The reaction between the
chiral primary amine organocatalyst and the β-ketocarbonyl
compound yielded the enamines (1 .1). These enamines
undergo SET oxidation to generate α-iminoradicals, which
readily react with the in situ generated [CoII] species to form
the organocobalt intermediate (1 .2). Subsequent radical
addition to the 2-arylpropenes, followed by dehydrogen-
ation, leads to the formation of (1 . ) via the cobalt
intermediate (1 . ). The hydrolysis of the imine (1 . ) yields
the desired product along with the regenerated organo-
catalyst (Scheme 15).

7. Conclusion and Outlook

In recent years, significant strides have been taken toward
developing sustainable desaturative transformations, notably
catalyzed by cost-effective cobaloxime catalysts. Cobaloxime
catalysts have found diverse applications, including catalyz-
ing challenging transformations such as alkyl-Heck reactions
in both polar and radical fashion, desaturation of functional-
ized and unfunctionalized alkanes, remote desaturation of
aliphatic compounds, and dehydrodefunctionalization of
various functional groups including aldehydes, carboxylic
acids, amines, alkyl halides, and tertiary alcohols. Recent
contributions have showcased innovative dehydrogenative
methods for synthesizing anilines, heteroarylamines, phe-
nols, and aromatic aldehydes under cobaloxime catalysis.
Additionally, significant progress has been achieved in
cross-dehydrogenative coupling reactions facilitated by co-
baloxime catalysis. These developments underscore the

Scheme 13. Intramolecular dehydrogenative functionalization of arenes.

Scheme 14. Direct functionalization of arenes.
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versatility and efficacy of cobaloxime catalysis in advancing
sustainable synthetic methodologies, paving the way for
further exploration and application in the field of organic
synthesis. Despite the significant progress made, the applica-
tion of cobaloxime catalysis is still in its infancy, and further
academic and industrial research is anticipated, including
progress in the practical applications of dehydrodefunction-
alization of aliphatic compounds for upgrading biomass-
derived compounds and upcycling of plastics, the expansion
of remote and selective desaturation of aliphatic
compounds,[60] exploration of Leonori’s desaturative syn-
thesis of aromatic compounds beyond enamine intermedi-
ates, the potential of merging cobaloxime with chiral
catalysis for enhancing enantioselectivity, and the explora-
tion of heterogenization of cobaloxime to facilitate catalyst
recovery and reuse, thus improving the sustainability of
cobaloxime catalysis. In addition to exploring new catalytic
concepts and applications, cobaloxime catalysis lacks de-
tailed theoretical and experimental studies, with several
mechanistic steps currently under debate awaiting further
investigations. For instance, there is discrepancy regarding
the stepwise versus concerted hydrogen transfer, as well as

the differentiation between homolytic cleavage of C�Co
bonds in ground and excited states.
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transition metal complexes
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Herein we summarize the recent efforts of plastic waste
management using homogenous transition metal catalysis.
Pioneering studies involve the use of pincer type noble metal
catalysis, in particular ruthenium and iridium complexes.
Recent studies show more sustainable alternatives, including
Earth-abundant transition metal catalysis, reusable catalysts,
as well as supported single-atom catalysis. So far, organo-
metallic chemists could depolymerize carbonyl-containing
polymers such as polyesters, polylactic acids, polycarbonates,
and polyamides with hydrogen gas which could be obtained
from renewable resources. However, nonhydrolyzable poly-
mers that resist enzymatic hydrolysis seem to be the real
challenge of synthetic chemists.
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Introduction
Synthetic plastics have become fundamental to almost
every aspect of our lives, with nearly 368 million tonnes
production per year, which is expected to increase to
nearly 800 million tonnes by 2050. Subsequently, the
growing consumption of plastics caused the generation
of plastic waste around the world. Unfortunately, more
than half of the plastic wastes are discarded into landfills
and finally enter ecospheres, such as oceans and lakes,
leading to serious environmental issues, including
groundwater contamination. The second approach is the

use of plastic waste as a source of energy [1]. However,
burning plastics brings out the formation of more serious
toxic airborne pollutants, including massive carbon
emissions [2]. In contrast, the recycling of plastic could
provide a sustainable solution for the global plastic issue.
The most used method involves the application of

mechanical forces to grind plastics into secondary raw
materials, which leads to declined structural proprieties,
thus with limited applications [3]. Consequently, the

chemical treatment of plastic waste aims to convert the
plastic feedstock to high-value chemicals, including the
original monomer or intermediate oligomers has recently
gained much attention. Different chemical recycling
approaches have been investigated, including hydro-
genolysis, photocatalysis, pyrolysis, solvolysis using both
homogenous and heterogenous catalysis [4]. This mini-
review sheds light on the recent development of
homogenously metal catalyzed hydrogenative depoly-
merization of widely used plastic materials [5e8].

Depolymerization of polycarbonates
Polycarbonates are widely used in engineering as strong
and tough materials, also in some grades as optically
transparent, because they can be easily worked, molded,

and thermoformed. However, most polycarbonates are
recycled by re-melting and re-molding or burning, which
often produce inferior polymer or hurt our living envi-
ronment [9e11]. A more promising chemical-recycling
route through controlled depolymerization is urgently
demanded (Figure 1). In 2012, the Ding group accom-
plished the first hydrogenative depolymerization of
waste poly(propylene carbonate) (PPC) to afford 1,2-
propylenediol and methanol by using PNP-Ru pincer
complex (Ru-1, 0.1 mol%) as catalyst. Hydrogen gas
that can be produced using green energy was used as a

reactant in the presence of catalytic amounts of a base
under relatively mild conditions [12].

Subsequently, Robertson and coworkers have employed
related Ru-PNN pincer complexes Ru-2 or Ru-3 for the
controlled depolymerization of polyethylene carbonate
(PEC), as well as PPC under similar conditions [13].

Related catalytic systems were reported by Enthaler and
coworkers for the depolymerization of poly-
polycarbonates [14,15] In 2018, Klankermayer extended
this strategy to the selective catalytic hydrogenolysis of
the abundant poly(bisphenol A carbonate) P(BPA)C in
gram scale by using a molecular ruthenium/Triphos Ru-
4 and HNTf2 as catalyst system, resulting in bisphenol A
and methanol in excellent yield and selectivity [16].

The replacement of noble-metal catalysts by earth-
abundant base-metal alternatives is of high current in-
terest due to the toxicity and high price of noble-metal
complexes. Inspired by the recent progress in manga-
nese catalyzed hydrogenation of carbonyl compounds
[17],El-Sepelgy andRuepinghave accomplished thefirst
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example of base-metal catalyzed hydrogenative depoly-
merization. The application of the air-stable manganese
catalysis Mn1 for the depolymerization of PPC leads to

the simultaneous formation of the corresponding diol
(91%yield) andmethanol (84%yield) [18]. Furthermore,
the Werner group has reported the first base-metal
catalyzed transfer hydrogenation of polycarbonates
using isopropanol as practical and inexpensive hydrogen
source.The authors have convertedPPC tomethanol and
diol using PNP-Fe complex Fe-1 [19]. In addition,
Sundararaju and coworkers have outlined the application
of a new phosphine-free base metal-catalystCo-1 for the
hydrogenation of PPC and P(BPA)C [20,21].

Depolymerization of polyesters
Every year, nearly 70 million barrels of oil are used to

prepare polyester, which is the most used fiber in textile
industry. Thus, the development of sustainable tech-
nology for the polyester management is an elusive
goal. The hydrogenative depolymerization of esters to
valuable alcohols could be considered an attractive

strategy to recycle the polyesters (Figure 2). Roberson
and coworkers have reported the conversion of several
polyesters, including polyethylene terephthalate (PET),

poly(R-3-hydroxybutyric acid) (PHB), and poly(3-
hydroxypropionic acid) (P3HP) to the corresponding
alcohols using PNN-pincer ruthenium complexes (Ru-2
or Ru-3) [13]. Furthermore, Clarke and coworkers have
reported another Ru catalyzed depolymerization of PET.
Interestingly, air-sensitive aliphatic phosphines were
replaced by a relatively stable tridentate amino-
phosphine ligand [22].

In 2018, de Vries and coworkers reported the depoly-
merization of Dynacol 7360 using the iron pincer com-

plex Fe-MACHO-BH Fe-2.The 1,6-hexanediol was
produced in 87% isolated yield via the base-free transfer
hydrogenation of Dynacol 7360 with EtOH as a
hydrogen source [23].

Beyond the pincer type complexes, Fernandes and co-
workers have recently reported the use of inexpensive

Figure 1
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and air-stable dioxomolybdenum complex MoO2Cl2(-
H2O)2 as catalyst together with inexpensive silanes as
reducing agents for the depolymerization of a variety of

real plastic waste such as PET and polycaprolactone
(PCL) to value-added chemicals [24]. Another prom-
ising approach was recently reported by the same group
and involves the use of the simple, inexpensive, earth
abundant zinc acetate (10 mol %) together with silane as
reducing agent for depolymerization of several polyester
[25]. Interestingly, the author has demonstrated the
possibility of reusing the catalyst for at least seven cycles
with good yields. These interesting findings may inspire
the development of more industrially relevant catalytic
systems that can offer a sustainable alternative to the

current plastic management tactics.

Depolymerization of polylactic acid
In recent years, biodegradable polylactic acid is used in
various packaging applications due to its physical prop-
erties that are similar to current synthetic plastics.

There is a degradation pathway for recycling of PLA,
biodegradable, but it needs very specific conditions so
that biodegradability could occur [26e28]. To address

this issue, Roberson disclosed the hydrogenative depo-
lymerization of PLA using Ru-PNN complex Ru-3
(Figure 3) [13]. Furthermore, Enthaler and coworkers
reported the application of Ru-MACHO-BH complex
Ru-6 for the hydrogenative degradation of end-of-life
Poly(lactide) to produce 1,2-propanediol [14]. More-
over, Klankermayer has also shown the possibility of the
depolymerization of PLA using the homogenous ruthe-
nium/Triphos catalytic system [16].

Similar to polyester, Fernandes has reported the use of

inexpensive molybdenum and zinc salts for the hydro-
silylation depolymerization of PLA in good yields [24,25].

In addition, Wood and Jones studied the degradation of
PLA to produce methyl lactate (MeLa) by using Zn(II)
complex as a catalyst in the presence of THF and

Figure 2
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methanol as the protic source [27]. Subsequently, the
same group also studied the ethylenediamine Zn(II)
complex catalyzed methanolysis of end-of-life poly
(lactic acid) (PLA) to give methyl lactate, such as cup,
toy, and three dimensional (3D) printing material [29].
In addition, the Cantat group achieved the depolymer-

ization of PLA to selectively generate yield silyl ethers
and corresponding alkanes in the presence of hydro-
silanes and Brookhart’s iridium(III) catalyst as [29,30].

Depolymerization of nylons and polyamides
Nylon polymers, with repeating units linked by amide
bonds, have been found broad applications in our daily
life, such as food packaging, apparel, cars, and electrical

equipment because its properties of elasticity and
strength. However, such commonly used plastics are
not easily biodegradable, leading to land and water
pollution. The current chemical recycling strategies
for polyamides are focus on pyrolysis, hydrolysis, or
aminolysis with pretty high temperatures (�250e
300 �C) [31e34].

The hydrogenative depolymerization of amide-based
polymer is of particular interest because it will pro-
duce aminoalcohols, or a mixture of diols and diamines,
which could be for the re-production of the same poly-
mer and release of only hydrogen as a side product
(Figure 4) [35].

Figure 3
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In 2020, the Milstein group had reported the first
transition-metal catalyzed reductive depolymerization
of nylons and polyamides [36]. In the presence of a Rue
PNNH pincer complex Ru-7 at 150 �C and 70 bar H2 in
DMSO, several polyamides were depolymerized under
the optimized reaction conditions. First, nylon-6 (resins
or powder) and nylon-12 were converted to 6-amino-1-
hexanol in 24e30% yield, with the remaining being

oligomers (dimer-tetramer). Furthermore, using the
same catalytic system, nylon-66, poly(oligo)amides, and
polyurethanes were also converted to the corresponding
diols and diamines in high yield. Shortly after, Schaub
and coworkers investigated an improved catalyst, Ru-8,
for hydrogenative depolymerization of technical-grade
nylon-66 and polyurethane in THF [37].

Very recently, the Werner group also reported a manga-
nese pincer complex Mn - 2 as a versatile catalyst in the
transfer hydrogenation of polyurethanes to the corre-

sponding alcohols, amines, and methanol as products
[38]. Additionally, Kristensen and Skrydstrup described
an effective deconstruction of polyurethane materials
and products by applying the commercially available Ir-
iPrMACHO complex Ir-1 as under 30 bar H2 and 150e
180 �C in iPrOH as solvent [39]. The authors demon-
strated the possibility of conversion of a variety of com-
mercial polyurethane materials, including foams, inline
skating wheels, shoe soles, and insulation materials, into
value-added chemicals such as polyol and aniline.

Conclusion and perspective
Recently, plastic waste management has become one of
the most serious challenges that face our society. Among
the extensive efforts, homogenously catalyzed hydro-
genative depolymerization of plastic waste via highly
selective CeO and CeN bond cleavage represents one

of the most promising approaches. This strategy leads to
the direct conversion of plastic waste or even mixtures
of plastic waste to value-added chemicals such as alco-
hols, diols, and amines. So far, most of the reported
methods involve the use of expensive noble metal
complexes in relatively high catalyst loading. However,
recent preliminary efforts show the possibility of the use
of base metal alternatives, as well as reusable homoge-
nous and single-atom catalysis [40]. Another challenging
task for organometallic chemists would be the devel-
opment of new depolymerization transformation of the

nonhydrolyzable polymers such as polyethylene (PE),
polypropylene (PP), polystyrene (PS), and polyvinyl-
chloride (PVC), which are resistant to the enzymatic
degradation approaches [41].
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Abstract The development of 3d metal-catalyzed molecular transformations has
been a key focus of research in recent decades. One significant advancement is the
discovery of the homogenous iron, cobalt, and manganese-catalyzed (de)-
hydrogenation processes. Among these redox transformations, the “Borrowing
Hydrogen” (BH) principle, also known as hydrogen auto-transfer, stands out as an
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elegant and eco-friendly method that facilitates the self-transfer of hydrogen between
reaction molecules and intermediates, eliminating the need for external hydrogen
donors or acceptors. This concept allows for the eco-friendly use of alcohols, such as
methanol, as environmentally benign C1 synthons for the alkylation of organic
molecules, including pharmaceutically relevant candidates. In this context, the
methyl group represents one of the most prevalent carbon fragments in small-
molecule drugs. In this book chapter, we summarize the discovery and recent
advancements in the use of 3d metal complexes for (multi)methylation of organic
compounds using methanol via the hydrogen borrowing methodology. Additionally,
we discuss current limitations, challenges, and the future prospects of this field.

Keywords methanol · hydrogen borrowing · catalysis · 3d-metals · C1 synthons

1 Introduction

The “magic methyl” group represents one of the most prevalent carbon fragments in
small-molecule drugs. This basic alkyl segment is present in over 67% of top-selling
drugs in 2011. It holds significant importance in shaping the pharmaceutical char-
acteristics of diverse bioactive compounds by influencing binding affinities, binding
selectivity, solubility, half-life, and various metabolic as well as pharmacokinetic/
pharmacodynamic properties [1, 2].

Classical methods for introduction of methyl groups involve the use of toxic and
hazardous and waste producing methylating agents such as methyl iodide,
diazomethane, methyl triflate, trimethyl oxonium tetrafluoroborate, and dimethyl
sulfate [3]. An industrially applied method for the methylation and dimethylation of
amines involves the application of Eschweiler-Clarke reaction [4]. The reaction
involves the reductive amination with the carcinogenic formaldehyde followed by
hydrogenation. For sustainability reasons, the use of greener C1 alternatives such as
methanol is of particular interest (see Fig. 1a, b). However, a major challenge lies in
the energetically demanding dehydrogenation of methanol (ΔH = +84 kJ mol–
1) [5].

The key to the success of this chemistry is the use of appropriate transition metal
catalysis that can enable the transformation using the concept of hydrogen borrowing
or hydrogen autotransfer (see Fig. 1a, b) [6]. The initial step involves the transition-
metal-catalyzed dehydrogenation of methanol, leading to the in-situ production of
formaldehyde while storing the hydrogen on the transition metal catalyst. Then,
base-catalyzed condensation between formaldehyde and the C- or N- nucleophiles,
such as amines or active methylene or methyl compound, leads to the formation of
imines or electron-deficient olefins. These intermediates can undergo hydrogenation
with the borrowed hydrogen on the transition metal catalyst, leading to the formation
of the C- or N-methylated products without the need for the use of and external
oxidant or reductant (see Fig. 1c, d).

174 M. Elghobashy and O. El-Sepelgy



1.1 Catalyst Development

The use of alcohols, including methanol, as alkylating reagents was initially devel-
oped using noble-metal catalysis such as ruthenium and iridium catalysis. Yet, in
recent times, a notable headway has been achieved in substituting these precious
metals with base-metal alternatives, with a focus on iron, cobalt, and manganese
[7]. In this context, we provide a succinct overview of the most important 3d
transition metal catalytic systems that have been harnessed for C- and
N-methylation reactions utilizing methanol through the concept of hydrogen bor-
rowing (depicted in Fig. 2).

Iron catalysis: In 2007, Caesy [8] initially discovered the distinct catalytic
capability of the iron hydride hydroxycyclopentadienyl complex Fe-1a [9] for
heterolytic hydrogen activation. Subsequently, multiple research teams elucidated
the in-situ formation of bifunctional iron (II) hydride complexes. This is achieved
through the utilization of air- and moisture-stable iron (0) cyclopentadienone com-
plexes, such as Fe-1 and Fe-2. These pre-catalysts can be in situ activated through
the removal of one carbonyl ligand using trimethylamine N-oxide [10], a suitable
inorganic base [11], or light exposure [12] (see Fig. 3a). Notably, these phosphine-
free complexes can be readily synthesized from economical materials, suggesting a
promising potential for extensive industrial application [13].

Fig. 1 Methylation using methanol via hydrogen borrowing concept
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Cobalt catalysis: Compared to iron and manganese, cooperative metal-ligand
complexes based on cobalt have received relatively less attention. Nonetheless, a
simple mixture of cobalt salts like Co(acac)2 or Co(BF4)2 with tri- or tetra-dentate
phosphines, such as 1,1,1-Tris(diphenylphosphinomethyl)ethane (Triphos) [14] or
bis(diphenylphosphinoethyl)phenylphosphine (PP3) [15], has demonstrated signifi-
cant utility in (de)hydrogenation reactions, including the innovative concept of
hydrogen borrowing methylation. Mechanistically, it involves the hydrogen activa-
tion through the classical monohydride pathway.

Manganese catalysis: In the spring of 2016, the breakthrough discovery of
manganese hydrogenation catalysis was made by the research teams led by Beller
[16] and Milstein [17]. Subsequent to this pioneering work, there has been a
remarkable acceleration in advancements, propelling manganese to the forefront of
3d transition metals utilized in (de)hydrogenation transformations in under 3 years
[18–20].

Fig. 2 3d transition metal catalysis used for methylation with methanol
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In terms of the mechanism, manganese catalysis employing the aliphatic PNHP
“aminopincer” motif (such as Mn-1 to Mn-2), sharing structural similarities with
Noyori’s original catalysts, can undergo in situ activation through a suitable base.
This leads to the formation of a catalytically active 16-electron species, as illustrated
in Fig. 3b. Furthermore, the pyridine-based pincer ligands PNPyP and PN3P, along
with the trizine ligand PN5P, have also seen extensive application in manganese
(de)hydrogenation catalysis (Mn-3 to Mn-7). Upon the introduction of a base,
deprotonation of a CH2 or NH group within the backbone results in the generation
of an anionic, “dearomatized” pincer ligand with amide-like characteristics. Such
dearomatized complexes can engage in stoichiometric, cooperative hydrogen acti-
vation through 1,3-addition across the metal-ligand framework, facilitated by the
presence of a base (see Fig. 3c).

More recently, non-metal-ligand cooperative (MLC) pathways have also gained
prominence in manganese (de)hydrogenation catalysis, exemplified by cases like
Mn-6 and Mn-7.

This book chapter provides a comprehensive overview of endeavors focused on
the direct incorporation of methyl groups onto C–H and N–H bonds, utilizing
methanol as a valuable C1 source. This advancement is made possible through the
application of homogeneous catalysis anchored in 3d metals. Distinguishing itself
from recent reviews [21–24], this chapter offers a critical synthesis of advancements
in this domain, dissecting the progress achieved in each transformation. Notably, this
chapter undertakes a systematic comparison of diverse catalytic systems, shedding
light on their respective merits and limitations within this field of research.

Fig. 3 Methanol dehydrogenation via metal ligand cooperation (MLC)
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2 N-Methylation

2.1 Methylation of Aromatic Amines

In 2016, Beller reported the first base-metal-catalyzed methylation using methanol.
The authors have outlined the N-methylation of aniline derivatives with methanol
using 3 mol% of a PNP manganese pincer complex (Mn-1) in the presence of t-
BuOK (1 equiv.) at 100°C (Scheme 1, Condition A) [25]. Soratis et al. later reported
a similar method using 5 mol% of PN3P (Mn-6) at 120°C with only 20 mol% of t-
BuOK (Condition B) [26]. Shortly after, Beller disclosed a modified method using
0.5 equiv. t-BuOK at 100°C (Condition C) [27]. More recently, an N-heterocyclic
carbene-based Mn(I) catalyst (Mn-8) was showcased by Ke et al., utilizing 1.5 mol%
of the non-pincer catalyst and 1 equivalent of t-BuOK at 120°C in toluene (Condi-
tion D) [28].

Meanwhile, Liu et al. demonstrated that a mixture of 5 mol% Co(acac)2 and
tetradentate phosphine ligand PP3, with 1 equiv. K3PO4 at 140°C (Condition E)
[29]. Also, Renaud et al. disclosed the use of the electron-rich Fe tricarbonyl
complex (Fe-2) and only 10 mol% of CsOH at 110°C leading to similar results
(Condition F) [30]. All the previously mentioned studies showed a great tolerance
for a wide range of substitutions with electron-donating and electron withdrawing
groups in ortho, meta and para positions. Interestingly, several hydrogen sensitive
functional groups such as nitro, ketone, ester, amide, and olefins were tolerated
under these conditions. These methodologies were also found to tolerate different
heteroaromatic amines such as pyridines.

2.2 Reductive Methylation of Nitrobenzene Derivatives

In 2020, Morrill et al. demonstrated the direct conversion of nitrobenzene derivatives
to N-methylarylamines using 5 mol% of Mn-PN3P pincer complex (Mn-6) with
KOH (2 equiv.) and 4 Å MS at 110°C [31]. The process involves tandem transfer
hydrogenation followed by methylation, with methanol serving as both a hydrogen
donor and a methylation reagent (Scheme 2).

The optimized method exhibited compatibility with meta- and para-electron-
donating and electron-withdrawing substituents, but not with ortho-substitution
due to hindered hydrogenation. The protocol also tolerated hydrogen-sensitive
functional groups such as alcohols and alkenes, yielding moderate results.
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2.3 Methylation of Sulfonamides

Regarding sulfonamides methylation, Soratis et al. employed the PN3P manganese
catalyst Mn-6 (Condition A). The procedure utilized 5 mol% of the Mn-pincer
complex and 1.2 equivalents of t-BuOK as the base. The reaction occurred at 120°
C in toluene as a cosolvent for 60 h [31]. Soon after, Morrill et al. introduced iron
catalysts for the same process (Condition B). This involved 8 mol% of Fe-2, along

Scheme 1 N-methylation of arylamines
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with 4 mol% of trimethylamine N-oxide and 2 equivalents of K2CO3 at 100°C for
only 24 h. These methods successfully produced a variety of monomethylated
aromatic and aliphatic sulfonamides in excellent yields (Scheme 3) [32].

2.4 Methylation Aliphatic Amines

Using the hydrogen borrowing concept, aliphatic secondary and primary amines can
also be mono-and dimethylated using methanol under base-metal catalysis condi-
tions. In 2017, Liu et al. employed a mixture of 5 mol% of Co(acac)2 with 5 mol% of
the tetradentate phosphine ligand (PP3). The reaction was carried out in the presence
of 1 equivalent of K3PO4 as a base at 140°C (Scheme 4, Condition A) [29]. A year
later, the groups of Renaud [30] and Morril [32] independently reported two
methodologies based on the use of iron carbonyl complexes. Renaud et al. utilized
2 mol% Fe-2 and 10 mol% CsOH at 110°C (Condition B). However, to ensure good
yields, the reaction was conducted under 10 atm of H2. On the other hand, the use of
Fe-1 (4 mol%) and Me3NO (8 mol%) and 2 equivalents of K2CO3 led to similar
results without the need of additional hydrogen gas (Condition C).

Scheme 2 Reductive methylation of nitrobenzene
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3 C-Methylation

3.1 α-Methylation of Ketones

In 2019, El-Sepelgy/Rueping demonstrated a mild manganese-catalyzed approach
for α-methylation and dimethylation of aromatic and aliphatic ketones. 2.5 mol% of
the PNP manganese complexMn-4 was used, along with 2 equivalents of Cs2CO3 at
85°C (Scheme 5, Condition A) [33]. Meanwhile, Soratis et al. presented a related
manganese-catalyzed α-methylation of ketones using 3 mol% of PN3P complex
(Mn-6) and 50 mol% of t-BuONa as a base at 120°C (Condition B) [34].

The iron version of this transformation was first reported by Morill et al. How-
ever, the scope of the iron-catalyzed transformation was limited to the relatively
more active aromatic ketones. The iron-catalyzed methylation of ketones involves
the use of 2 mol% of Fe-1, 4 mol% of Me3NO and 2 equivalents of K2CO3 at
80 (Condition C) [32]. Very recently, Sundararaju et al. reported that 4 mol% of Fe-1
in the presence of 2 equivalents of t-BuOK for 24 h at 42°C under visible light

Scheme 3 Methylation of sulfonamides
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irradiation (Condition D) [35]. Control experiments revealed that no reaction was
observed in the absence of light at 40°C.

Furthermore, Liu et al. also disclosed cobalt catalytic system for the
α-methylation of ketones with methanol. The authors demonstrated the need of
1 mol% Co(BF4)2�6H2O and 1 mol% of a tetradentate phosphine ligand, P
(CH2CH2PPh2)3 in the presence of 1 equivalent of K3PO4 at 100°C (Condition E)
[36]. Similar to the iron catalytic system the reaction scope was limited to aromatic
ketones.

Importantly, El-Sepelgy and Rueping have demonstrated the usefulness of the
metal-ligand cooperation concept for the methylation of ketones with highly selec-
tive isotope labelling. An example is shown in Scheme 6, the methylation of
propiophenone with four different labeled methanol, led to the formation of 4 differ-
ent isotope-labeled isobutyrophenone derivatives.

Scheme 4 Methylation of primary and secondary amines
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3.2 α-Methylation of Oxindoles

The α-methylation of ketones was further extended to activated amides (oxindole).
In this regard, Morrill demonstrated that 2 mol% of Fe-1 activated by 4 mol% of
Me3NO could be used for the methylation of oxindoles in the presence of 2 equiv-
alents of K2CO3 at 80 to 110°C (Scheme 7). Interestingly, unprotected oxindoles
bearing free NH was also amendable to the iron catalytic system [32].

Scheme 5 α-methylation and double methylation of ketones
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3.3 Tandem Isomerization α-Methylation of Allylic Alcohols

In 2009, Morrill et al. demonstrated that α-methylated ketones can be synthetized
upon the use of allylic alcohols instead of ketones (Scheme 8). The authors utilized
2 mol% of Fe-2 catalyst in the presence of 2 equivalents of K2CO3 and 4 mol% of
Me3NO at 130°C for 24 h. This process involves tandem iron-catalyzed isomeriza-
tion of the allylic alcohol to the corresponding ketone followed by iron-catalyzed
methylation with methanol. The developed protocol was found to tolerate a wide
range of allylic alcohols including aliphatic alcohols and heterocylic-containing
substrates [37].

Scheme 6 Selective methylation of propiophenone using label methanol

Scheme 7 α-methylation of oxindoles
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3.4 Tandem Hydrogenation α-Methylation
of α,β-Unsaturated Ketones

Similarly, to the previous protocol, Kundu et al. decided to synthetize α-methylated
ketones starting from α,β-unsaturated ketones. The authors have used a phosphine
free bis-NHC manganese complex Mn-9 combined with 0.5 equivalents of the
strong base NaOH. The reaction was conducted at 120°C for 5 h [38]. The tandem
transformation starts with manganese-catalyzed transfer hydrogenation to form
ketones using methanol as a hydrogen donor followed by the typical manganese-
catalyzed methylation. The reaction also showed a good tolerance to different
functional groups including hydrogenation sensitive moieties (Scheme 9).

3.5 β-Methylation of 2-Arylethanol

Next to ketones, several groups have also investigated β-Methylation of alcohols
with methanol. The reaction involves double hydrogen auto-transfer, where both
methanol and the alcohol substrate undergo dehydrogenation followed by conden-
sation. The formed α,β-unsaturated ketone then underwent double hydrogenation to
produce the desired β-methylated alcohol.

The first base-metal-catalyzed alcohol methylation protocol was reported by
Renaud in 2019. The catalytic system involves the use of the iron carbonyl complex
Fe-2 together with NaOH (10 mol%) and t-BuONa at 110°C for 40 h (Scheme 10,
Condition A) [39]. However, the iron-catalyzed transformation is limited to the
relatively high activation of 2-arylethanol. One year later, Leitner et al. developed

Scheme 8 Isomerization α-methylation of allylic alcohols
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highly selective approach for the methylation of the same substates using 0.5 mol%
of Mn-1 and 2 equivalents NaOMe at 150°C (Scheme 10, Condition B) [40].

3.6 β-Methylation of Alcohols

Interestingly, the Leitner’s protocol for the β-Methylation of 2-arylethanol was also
found to be effective for the methylation of more challenging alcohols including
purely aliphatic examples (Scheme 11, Condition A) [40]. Almost at the same time,
Kempe et al. introduced another manganese-catalyzed methylation and multi-
methylation of challenging alcohols using only 0.1 mol% of the Mn-7 (Condition
B) [41]. Selected examples from both protocols are shown in Scheme 11. These
methodologies tolerate a diverse range of sensitive functional groups to produce the
desired methylated and multi-methylated alcohols in high yields. Impressively, the
methodologies exhibited good reactivity in the methylation of various aliphatic
alcohols, encompassing those derived from biomass, diols, natural products, and
drug molecules.

Scheme 9 Tandem hydrogenation α-methylation of α,β-unsaturated ketones
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3.7 α-Methylation of Nitriles

As presented in the previous section, most of the C-methylation protocols involve
direct α-methylation of ketones or in situ formation of ketones from alcohols, allylic
alcohols, and unsaturated ketones. In addition, most of these transformations require
the use of equivalent amounts of base.

In 2019, Rueping/El-Sepelgy et al. demonstrated a manganese-catalyzed
approach for α-methylation of nitriles under relatively mild conditions. This method
utilized 5 mol% of the PNP manganese complex (Mn-2), combined with 10 mol% of
the mild base Cs2CO3. The reaction was conducted at 135°C in the presence of
1,4-dioxane as a cosolvent [42]. The key to success of this transformation even using
only 10% of carbonate salt is the critical role of the bifunctional manganese catalyst
for the activation of both methanol and the nitrile substrate. The proposed mecha-
nism is shown in Scheme 12 below.

The cobalt version of this transformation was also reported by Liu et al.
Employing conditions similar to those employed in the α-methylation of ketones,
this method involved the use of a mixture of 1–2.5 mol% Co(BF4)2�6H2O and
tetradentate phosphine ligand (PP3). The reaction was carried out in the presence
of 1 equivalent of K3PO4, serving as the base, at 100°C for 24 to 48 h [36].

Scheme 10 β-Methylation of 2-arylethanol
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3.8 Methylation of N-Heterocycles

Liu et al. also extended their cobalt-catalyzed methylation system (Co(BF4)2�6H2O/
PP3) to C(3)-methylation indoles. The reaction was carried out in the presence of
1 equivalent of K3PO4, serving as the base at 100°C (Scheme 13, Condition A)
[36]. Also, Morill et al. have shown that iron could be used for the same transfor-
mation (Scheme 13, Condition B) [32].

Scheme 11 β-Methylation of alcohols
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4 C- and Heteroatom Methylation

The chemistry of C- and N-methylation using hydrogen borrowing can be further
applied to more complex transformations. In this regard, the hydrogen borrowing
process is interrupted by the addition of nucleophile such as amines or alcohols.

Scheme 12 α-Methylation of Nitriles
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4.1 Aminomethylation of Activated Aromatic Compounds

In 2017, Kichner et al. reported the first instance of manganese-catalyzed three-
component aminomethylation of activated aromatic compounds. Their research
employed the preprepared hydride form of (Mn-5) at 4 mol% loading, along with
1.3 equivalents of t-BuOK. The reaction took place at 130°C in toluene [43]. This
method exhibited a broad substrate scope, encompassing diverse aromatic and
heteroaromatic compounds, along with various amines and methanol. These condi-
tions yielded the corresponding amino-methylated products in good-to-high yields
(Scheme 14).

4.2 α-Aminomethylation of Ketones

In 2018, Xiao et al. introduced a successful cobalt-catalyzed approach for
α-aminomethylation of ketones using methanol as the C1 source. This method
involved a one-pot, two-step process for the three-component α-aminomethylation
of ketones. The used catalyst was CoCl2�6H2O (3 mol%), along with 2 equivalents

Scheme 13 Methylation of N-Heterocycles
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of Cs2CO3 as the base and 1.5 equivalents of t-butyl hydroperoxide (TBHP) as the
oxidizing agent. The reaction pathway, outlined in Scheme 15, emphasizes the
amination of the in situ formed unsaturated ketone as the key step. TBHP’s presence
is proposed to prevent the completion of the hydrogen borrowing process. This
established technique exhibited wide applicability that facilitate the synthesis of
various α-aminomethylated ketones, including heterocyclic-based substrates [44].

4.3 α-Methoxymethylation of Ketones

The same group extended the established procedure for the aminomethylation of
ketones to α-methoxymethylation of ketones. Interestingly, methanol plays a dual
role as methylation and methoxylation source [44] (Scheme 16).

Scheme 14 Aminomethylation of activated aromatic compounds

Catalytic Methylation Using Methanol as C1 Source 191



5 Two Carbon Methylation

In 2021, Chandrasekhar et al. presented a rare instance of utilizing methanol as a C1
source for synthesizing symmetrical 1,5-diketones. This innovative process
employed a Co(II) porphyrin complex (Co-1) with t-butoxide salt at 135°C
[45]. The sequence involves methanol dehydrogenation to formaldehyde, followed
by base-catalyzed condensation, resulting in an α-methylenated intermediate. Within
the described reaction conditions, this methylenated intermediate reacts with another
ketone substrate molecule in the presence of the butoxide base, leading to Michael-
type reactions. These steps culminate in the production of diverse 1,5-ketones with
yields ranging from moderate to excellent (Scheme 17).

Scheme 15 α-aminomethylation of ketones
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6 Conclusion and Outlook

In summary, we have provided an overview of the chemistry involving methanol as
a methylating reagent through the process of base-metal-catalyzed hydrogen bor-
rowing. The inception of this chemistry dates back to 2016. It revolves around two
primary processes: the hydrogen borrowing steps catalyzed by iron, cobalt, and
manganese complexes, and the subsequent base-catalyzed condensation between the
substrate and the in situ generated formaldehyde. Among these metals, manganese
has exhibited the highest activity in most cases. Nonetheless, the cost-effective iron
carbonyl complexes hold notable economic significance. Cobalt catalytic systems
have demonstrated the advantage of not requiring pre-synthesized complexes.

Future endeavors might focus on the utilization of more affordable and stable
homogeneous catalysis, specifically exploring combinations of readily available
base metal salts such as Co(II), Fe(II), and Mn(II) with NHC or nitrogen-based
ligands. Additionally, developing recyclable heterogeneous catalysis would mark a
crucial advancement [46–49] for large-scale applications. Substituting high thermal
energy with environmentally friendly visible light offers another avenue [50].

However, the central challenge lies in broadening the scope of this chemistry to
encompass a wider range of substrates such as unactivated amides, esters, and other
aromatic-aliphatic C-H containing compounds. This will entail devising alternatives
to the base-catalyzed conditions that can be seamlessly integrated with hydrogen
borrowing catalysis.

 

Scheme 16 α-methoxymethylation of ketones
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ABSTRACT: Herein, we report a photoexcited base-metal-catalyzed selective desaturation of aliphatic amides and imides. The
reaction is catalyzed by a base-metal cobalt complex under visible-light irradiation. This transformation can be efficiently processed
at room temperature and enables the synthesis of valuable cyclic and acyclic enamides and enimides from abundant chemicals.
Density functional theory (DFT) analysis, electron paramagnetic resonance (EPR), and UV−vis studies rationalized the discovered
reactivity of the cobalt catalyst for the photochemical C(sp3)−H activation reaction. Finally, we demonstrated the potential of our
process by scaling-up experiments using a continuous flow photoreactor.
KEYWORDS: visible light, excited state, base metals, desaturation, cobalt, flow chemistry

Over the last few decades, ground-state transition-metal
catalysis has further developed, and it plays a crucial role

in the production of fine and bulk chemicals.1 However,
excited-state catalysis has recently attracted significant
attention, leading to the discovery of novel transformations
that are inaccessible under conventional thermal conditions.2

In contrast to the well-established transition-metal/photoredox
dual catalysis, photoexcited transition-metal catalysis employs a
single catalyst as both photosensitizers and bond-forming and
-cleaving catalysts. To date, most of the reported catalytic
systems rely on the use of noble metal catalysts such as
palladium,3 ruthenium,4 gold,5 rhodium,6 and iridium.7

However, the merger of earth-abundant base-metal catalysis
and photochemistry has not been broadly developed.8

Enamines, enamides, and enimides are among the most
common functional groups found in pharmaceutical and
agrochemical industries.9 Conventional methods involve the
use of prefunctionalized substrates as well as equivalent
amounts of waste-producing reagents.10 An ideal approach
would be the direct and selective desaturation of aliphatic
amides and imides to enamides and enimides at room
temperature. In general, the design and development of
innovative strategies for the selective sustainable conversion of
alkanes to alkenes comprise a central challenge for synthetic
chemists.11,12 Toward this elusive goal, several groups have
independently developed a few elegant approaches (Figure

1).13−20 However, these methods suffer from several draw-
backs, including the use of highly sensitive substrates, high
loading of noble metal and expensive ligands, regioselectivity
issues, as well as the need for very high or very low
temperatures. In contrast, nature utilizes 3d-transition-metal-
based enzymes called desaturases for highly selective
desaturation of aliphatic chains under mild conditions.21

Importantly, 3d-transition-metal complexes have inherent
preferences to undergo single electron transfer (SET)
processes as opposed to two-electron redox events common
to noble metal catalysis.22

Accordingly, we envisage the feasibility of mimicking the
nature reactivity via the development of a nonenzymatic base-
metal-catalyzed process. Inspired by the literature,23 we report
herein a mild practical catalytic system for selective
desaturation of aliphatic chains using photoexcited cobaloxime
catalysis, which is a model system of Vitamin B12.24 This
method represents the first room-temperature, oxidant-free,
base-metal-catalyzed desaturation of amides and imides. Our
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strategy involves the installation of a commercially available
benzoyl tether at the nitrogen atom of the aliphatic amine or
the amide. Then, the photoexcited cobaloxime catalyst is
postulated to form an aryl−[Co(III)] species at the tether,
which, via photoinduced 1,5-hydrogen atom transfer (HAT),25

produces the alkyl−[Co(III)] species at a selective unactivated
C(sp3)−H bond. Finally, the corresponding enamide or
enimide could form upon a photoinduced β-hydride
elimination event and the formation of cobalt-hydride species.
The catalyst turnover could be enabled upon the use of a
suitable base.
Our proposal for the desaturation of amides was put into

practice by employing Co-1 (5 mol %) as a catalyst and i-
Pr2NEt as a base in CH3CN. Morpholine protected with
commercially available o-iodobenzoyl chloride tether 1a was
used as a model substrate for the reaction development (Table
1). Under these mild conditions, 1a was converted to 2a in
99% yield (Table 1, entry 1). It is worth noting that the related
Pd-catalyzed process required the use of 10 mol % Pd salt as
well as 20 mol % ferrocene-based ligand (dtbdppf).16 These
preliminary results of the Co-catalyzed transformation high-
light the potential of merging of 3d-metal catalysis and
photochemistry. Control experiments revealed no background
reactivity in the absence of the cobalt catalyst or in the dark
(Table 1, entries 2, 3). Importantly, only trace amounts of 2a
were obtained under thermal conditions, indicating the
potential of visible-light irradiation. The application of the
pyridine-substituted catalyst Co-2 bearing an electron-donat-
ing group led to similar results to the Co-1 complex (Table 1,
entry 4).
Next, we tested the catalytic activity of the Co-3/photoredox

system, which has recently been reported by Leonori for the
E2 eliminations of aliphatic alkyl halides.26,27 Surprisingly, no
desired product was detected (Table 1, entry 5). Also, the
combination of the photoredox catalyst 4CzIPN with the
Co(II) catalyst Co-5 does not lead to any catalytic activity
(Table 1, entry 6). Interestingly, Co-4 bearing the i-Pr ligand
showed no catalytic activity (Table 1, entry 7). Afterward,

different bases were investigated (Table 1, entries 8−12). The
use of 1 equiv of K2CO3 as a base furnished a lower yield of
59%, but full reactivity was restored upon the addition of

Figure 1. State-of-the-art of desaturation of amines, amides, and imides.13−20

Table 1. Reaction Developmenta

aStandard condition: substrate 1a (0.1 mmol), Co-1 (0.005 mmol,
3.6 mg), i-Pr2NEt (0.2 mmol, 35 μL), CH3CN (1 mL), RT, blue LED
(10 W, Ledxon), 6−16 h, isolated yields. 4CzIPN is an organic
photoredox catalyst. Bz is the benzoyl group.
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Scheme 1. Further Control Experiments

Scheme 2. Desaturation of Amidesb

aCo-1 (0.02 mmol, 14.4 mg), i-Pr2NEt (0.8 mmol, 140 μL). bReaction conditions: substrate 1 (0.2 mmol), Co-1 (0.01 mmol, 7.2 mg), i-Pr2NEt
(0.4 mmol, 70 μL), CH3CN (2 mL), RT, blue LED (10 W, Ledxon), 16 h, isolated yields.
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catalytic amounts of i-Pr2NEt. Additionally, we found that
bases, such as DMAP, DABCO, and DBU, led to a drastic
decrease in yield. The use of 50 mol % Co-1 in the absence of
the base gave 37% yield of 2a (Table 1, entry 13).
Furthermore, the addition of the radical scavenger TEMPO
to the reaction mixture led to no product formation (Table 1,
entry 14). Afterward, we examined different halogen-
substituted benzoyl tethers (Scheme 1). To our delight, the
use of a bromide-substituted tether gave similar results to the
heavier iodide analogue; however, the chloride derivative was
inactive under the reaction conditions. Furthermore, we found
that 3- or 4-iodobenzoyl tethers are unsuitable tethers, which
can be attributed to the selective 1,5-HAT process.
With the optimized reaction conditions in hand, the

generality of the desaturation of aliphatic amides was
investigated. Generally, five-, six-, seven-, and eight-membered
cyclic amide derivatives reacted efficiently, leading to the
corresponding enamides in very good to excellent yields (2a−
2m). In more details, the unsubstituted piperidine 1b,
piperidines bearing the unprotected hydroxyl group 1c, the
4-methyl substituent 1d, and the labile spiro acetal moiety 1e
have been tolerated efficiently, leading to the corresponding
cyclic enamides in excellent yields of up to 96%. Similarly, the
substrate 1f possessing double piperidine moieties gave the
corresponding double dehydrogenated product in 93% yield.
Furthermore, different unsymmetrical piperidine derivatives
reacted very well, albeit with the formation of regioisomers
(2g−2i). Interestingly, the desaturation of piperazine 1j,
containing two amide moieties, was tolerated, producing the
double desaturation product 2j in 75% isolated yield. Notably,
the desaturation of the proline ester 1k led to the formation of
2k with high regioselectivity >20:1. It is worth noting that

amide 1k produced a mixture of isomers with the ratio of 4:1
using palladium catalysis.16 In contrast with previously
reported methods,17,19 the substrate reactivity was not
decreased when increasing the ring size. Protected azepane
and azocane underwent selective desaturation to the cyclic
enamides 2l and 2m. These results represent a practical
synthesis of endocyclic enamides that are difficult to synthetize
by traditional methods (Scheme 2).
To our delight, this photoexcited Co catalysis proved to be

applicable for linear amides 1n and 1o, leading to exclusively
E-selectivity in very good yields. It is important to note that
substrates that can form α-aminoalkyl radicals such as 1p
proved to be incompatible with this method. Then, we turned
our attention to the application of our methodology on the
late-stage functionalization of commercially available drugs and
natural products. The antidepressant drug paroxetine was
desaturated to produce two isolable enamides 2q and 2q′ in 44
and 45% yields. Also, the benzoyl derivative of norlaudanosine
1r, a dopamine metabolite, was desaturated to the correspond-
ing enamide 2r in moderate yield.
Following the successful development of this process, we

decided to examine the more challenging imides using a
modified catalytic system with catalytic amounts of the organic
base and K2CO3. Notably, different aliphatic acetimides 3a−3i
were found to be amendable to this method and led to the
formation of the corresponding enimides 4 in good to excellent
yields (Scheme 3). Gratifyingly, we found that this photo-
excited base-metal catalytic system is also applicable to cyclic
imides such as δ-valerolactam 3j, leading to selective
desaturation at an unusual reaction site.
To showcase the synthetic utility of the products, we

performed a postfunctionalization reaction. The enamide 2k,

Scheme 3. Desaturation of Imidesb

aCo-1 (0.01 mmol, 7.2 mg), i-Pr2NEt (0.4 mmol, 70 μL). bReaction conditions: substrate 1 (0.2 mmol), Co-2 (0.02 mmol, 14.4 mg), i-Pr2NEt
(0.04 mmol, 7 μL), K2CO3 (55 mg, 0.4 mmol), CH3CN (2 mL), RT, 16 h, blue LED (Ledxon), isolated yields.
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which is prepared from the naturally occurring L-proline,
undergoes the inverse electron-demand Diels−Alder (IEDDA)
reaction with methyl coumalate, leading to the formation of
the endo-selective cycloaddition product 5 in 87% yield
(Scheme 4).28

To prove the practical applicability of this photochemical
transformation protocol, we carried out scale-up attempts in
batch; unfortunately, a drop in yield was observed due to the
limited light penetration through the reaction mixture.
However, the problem was solved with the use of continuous
flow microreaction technology, which could be considered an
enabling technology to operationally scale up photochemical
transformations. The channel of the microreactor (XXL series,
Little Things Factory, Germany) has a total length of about
3000 mm with a cross section of 2.2 × 2.2 mm2, giving a total
volume of 8 mL, and it was arranged on an area of 150 × 150
mm2. To improve the mixing of the reaction solution, the
channel contained a continuous mixing structure. For liquid
cooling, a separate channel system was implemented above and
below the reaction channel.
The LED array (105 × 125 mm2) was dimensioned to

irradiate the entire area of the reaction channel with 240 blue-
light LEDs with total 19.2 W. The LED wavelength maximum
was 467 nm, and the distance between the LED array and the
microreactor was adjusted to 8 mm. Additionally, the LED
array was cooled using an air cooler (Figure 2). In an initial

experiment, the desaturation of the benzoyl derivative of the
paroxetine drug 2p in the flow reactor with residence time tR =
80 min (flow rate = 0.1 mL min−1) led to 95% conversion, and
the desired enamides were isolated in 86% yield (2 mmol, 741
mg). These results illustrate the significant acceleration of the
process enabled by the combination of microreaction
technology and photochemistry.
To shed more light into the mechanism, we performed

preliminary experimental mechanistic studies. First, the

reaction profile was studied (Figure 3a). Furthermore, to
exclude the possibility of a radical chain process, light on−off
experiments were carried out. During the light-off cycles no
reaction was observed (Figure 3b). In addition, we obtained
the quantum yield of Φ = 0.008 for the photoexcited cobalt
reaction (see the Supporting Information for details). Next, we
performed in situ UV−vis studies (Figure 3c,d). Before the
irradiation of the reaction mixture, we observed a strong peak
with an absorption maximum at 358 nm. Subsequent
irradiation of the reaction mixture with blue light led to the
generation of a new peak at 430 nm along with a decrease at
358 nm, which is indicative of the formation of the catalytically
active Co(II) species. After the complete conversion of the
substrate, we observed a decrease in the absorption at 430 nm.
To gain more insights into the light-driven desaturation

reaction, in situ EPR experiments were performed (Figure 4).
The EPR spectrum of the cobalt precatalyst Co-1 in CH3CN
at −173 °C in the dark showed no EPR signal, which is
attributed to the presence of the EPR inactive Co(III) complex.
However, the irradiation of Co-1 for 5 min with blue light at
room temperature generated the EPR-active Co(II) species,
which exhibited a characteristic Co(II) (S = 1/2) axial signal at
g⊥ = 2.282 and g|| = 2.013 with a resolvable 59Co hyperfine
structure (I = 7/2) of the parallel component: A = 113 G. The
hyperfine structure, especially the middle lines, exhibited a
quintet super-hyperfine splitting with ∼1:4:6:4:1 relative
intensity due to the nearly equal interaction with two 14N
nuclei (I = 1), indicating the coordination of the amino ligands
with the Co(II) center. Additionally, there is a very weak signal
superimposed with the hyperfine structure of CoII at g = 2.042,
most probably due to the formation of the Ph3Sn radical. It
seems that the light-induced homolytic cleavage of the
cobaloxime precatalyst Co-1 leads to the formation of the
EPR-active Co(II) species and the Ph3Sn radical. The EPR
signal intensity of Co(II) increased with time upon the addition
of the substrate 1a, i-Pr2NEt, and irradiation for 5 and 60 min.
After 16 h of the reaction mixture irradiation and full
conversion, we observed a dramatic decrease in the intensity
of the EPR signals.
Next, the reaction mechanism was studied using DFT

techniques (Figure 5). First, the triphenyl tin cobaloxime
complex, A, was excited and split into [Co(II)] and the Ph3Sn
radical through light irradiation. The Ph3Sn radical traps the
iodide from the substrate 1a, and the substrate radical
combines with the [Co(II)] species to form complex C, −4.8
kcal mol−1. Then, we analyzed the key step of the internal
HAT process, which enables the selective C(sp3)−H activation
of the α-position of the amide substrate. The complex C is
excited from the singlet (S0) to the triplet (T1) state. This
vertical (Franck−Condon, FC) excitation brings the complex
to a high-energy state, 36.6 kcal mol−1. The formation of this
high-energetic excited-state species is crucial for enabling this
transformation, which cannot take place under thermal
conditions. After relaxation, pyridine (pyr) is released to

Scheme 4. Application of the Functionalized L-Proline Amino Acid

Figure 2. Schematic diagram of the experimental photoreactor setup.
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form the complex D(T1), followed by the breakage of the
Co(III)−C bond into the [Co(II)] and the radical species E, both
in the doublet state (D), and therefore, we observed the EPR-
active species. Interestingly, the transition state for the
hydrogen atom transfer (TSHAT) promoted by an internal
single electron transfer (ISET) event lies just 0.6 kcal mol−1

above in the relative free energy with respect to E. As a result
of this, complex G(S0) is formed by recombination of [Co(II)],

the alkyl radical species F, and pyridine, being highly stabilized
at −10.6 kcal mol−1.
Afterward, we analyzed the step of the product formation via

β hydrogen elimination. Under visible-light irradiation,
complex G(S0) undergoes a second vertical (FC) excitation,
lying at 33.9 kcal mol−1. Pyridine is newly released from the
complex leading to H(T1), −1.9 kcal mol−1. The β hydrogen
elimination event takes place in the triplet state to form the
[Co(III)]−H and the enamine product 2a. It is important to
note that the TSβHE(T1) is only 11.1 kcal mol−1 above in free
energy relative to H.
To enable the catalytic turnover and the halogen atom

transfer (XAT),29 the produced organocobalt (III) species
needs to react with a new substrate to produce the complex D
{[Co(III)]−sub} and the hydrogen iodide side-product. There
are three possibilities to this process: the first hypothesis
involves the deprotonation of [Co(III)]−H to generate the
anionic Co (I) species using a base (see the NMR study in the
Supporting Information). The XAT is then enabled upon
nucleophilic substitution (SN2) with the substrate to generate
the complex D (Scheme 5a). This pathway could be excluded
because the tin-free Co-4 that produces [Co(III)]−H upon
irradiation is catalytically inactive. That is attributed to the use
of aryl halides, which cannot undergo SN2 transformations.
The second proposed pathway suggests that the XAT should

take place directly using the SnPh3• to form the substrate
radical. Then, the generated Ph3SnI may react with [Co(III)]-H
in the presence of an organic or inorganic base to regenerate
the SnPh3• and [Co(II)] species, which combines with the

Figure 3. (a) Reaction profile at standard conditions. (b) Light on−off experiment. (c) Absorption spectra of substrates 1a (25 mM) and Co-1
(2.5 mM) and emission spectra of blue LED. (d) UV−vis study (concentration diluted twice compared to standard conditions) upon irradiation.

Figure 4. EPR spectra of Co-1 (5 mM) in CH3CN at −173 °C: (a)
Co-1 before irradiation; (b) Co-1 after 5 min light on; (c) reaction
mixture of 1a (RM) after 5 min light on; (d) RM after 60 min light
on; and (e) RM after 18 h light on (RM is the reaction mixture).
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substrate radical to produce the complex D (Scheme 5b). This
proposal explains the moderate catalytic activity in the

presence of K2CO3 (Table 1, entry 8). The third suggested
mechanism is proposed to take place in the presence of an
organic base such as i-Pr2NEt (Scheme 5c). The SnPh3• reacts
with the amine to form the α-amino radical and Ph3SnH via
SET. The XAT is then enabled by the organocatalytic α-amino
radical.29a This latter proposal is most likely to occur in the
presence of organic bases that could form the α-amino radical.
This could explain the incompatibility of the substrate 1p
bearing a moiety that can form the α-amino radical.
In summary, we have described a new photochemical

C(sp3)−H functionalization of aliphatic amides and imides.30

This protocol relies on the use of an air-stable earth-abundant
cobalt catalyst with visible-light irradiation as an inexpensive
renewable energy source. The method enabled the conversion
of saturated aliphatics to highly valuable enamides and
enimides under mild conditions in batch and flow. It is
expected that this operationally simple and scalable catalytic
method would serve as a basis for further practical applications
in desaturation of different aliphatic compounds. Most
importantly, the unlocking of the novel catalytic activity of
the reported cobalt catalysis offers novel possibilities for the
discovery of greener alternatives of the hybrid-Pd radical
catalysis.3,31
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ABSTRACT: Herein we present photoinduced cobaloxime-catalyzed selective remote desaturation of aliphatic alcohols. This
transformation, which proceeds efficiently at room temperature, facilitates the synthesis of valuable cyclic and acyclic allylic and
homoallylic alcohols from readily available saturated aliphatic alcohols. Remarkably, this method obviates the need for external
oxidants, noble metal catalysts, and phosphine ligands.

Remote desaturation of aliphatic compounds is a valuable
transformation in organic chemistry that enables the

introduction of unsaturation at positions distant from func-
tional groups or reactive sites within a molecule.1−3 This
process is particularly challenging due to the inherent stability
and inertness of the C−H bonds in aliphatic chains.4 We have
recently reported cobaloxime-catalyzed remote desaturation of
aliphatic amines and amides.5 Our next goal involves the
further exploration of the catalytic method for the more
challenging remote desaturation of aliphatic alcohols.6,7

In 2012, Baran introduced an innovative method for remote
C−H desaturation of aliphatics using an aryl triazine tether
(Scheme 1a).8 This approach utilized a tether containing an
aryl radical hydrogen abstracting group that, due to its
geometric configuration, preferentially facilitates γ-C−H

HAT at the tertiary sites.9 The reaction involves the formation
of a translocated radical10−12 followed by radical oxidation
using stochiometric oxidant. In 2019, an elegant silicon
auxiliary13,14 enabled photoexcited Pd-catalyzed remote
desaturation of alcohols (Scheme 1b).15 The hybrid Pd−
radical nature of this protocol enabled the efficient
functionalization of different unactivated C−H sites. However,
the reaction suffers from the need to use a 10 mol % loading of
palladium salt together with expensive phosphine ligand.
Importantly, the method also suffers from the necessity to
use the highly sensitive and difficult to handle dimethyl-
(iodomethyl)silane tether for secondary and tertiary alcohols.
Inspired by the pioneering work of Gevorgyan,13,15−17

Zhang,18,19 and Ackermann20 and our previous work,5,21 we
sought on the development of a mild base-metal-catalyzed
alcohol desaturation (Scheme 1c).
Cobaloxime catalysis,22 which mimics the action of vitamin

B12,
23,24 offers an intriguing method for the desaturation of

aliphatic compounds.25−27 This approach leverages its unique
ability to convert carbon-centered radicals into the correspond-
ing olefins with high efficiency under mild conditions. These
vitamin B12 mimics have already demonstrated significant
potential in facilitating these challenging desaturation reac-
tions.21,28−34

We began our study by using naturally occurring
(−)-menthol as a model substrate for desaturation. Initially,
we introduced a diisopropyl(iodomethyl)silane tether, com-
monly employed in Pd-catalyzed transformations. To our
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Scheme 1. Radical Remote Desaturation of Alcohols
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delight, using 5 mol % Co-1 as a single catalyst along with an
organic base (condition A) produced the desired product 2a as
a single regioisomer in 70% yield. (Scheme 2) This result

suggests a more efficient and sustainable alternative to the Pd/
ferrocene-based phosphine catalytic system.15 The reaction
initiates with the conversion of Co-1 to the corresponding
[Co]III−H species under visible-light irradiation, followed by
the formation of the supernucleophilic [Co]I species.21 The
reaction proceeds via an SN2 mechanism on the alkyl iodide
moiety.
To avoid the multistep synthesis associated with diisopropyl-

(iodomethyl)silane and handling difficulties of the highly
sensitive dimethyl(iodomethyl)silane, we explored using the
commercially available and air-stable dimethyl(bromomethyl)-
silane. However, under condition A, the reaction of 1b to give
2b did not proceed due to the lower reactivity of the alkyl
bromide 1b compared to the alkyl iodide substrate 1a in the
SN2 pathway. Therefore, we tested the possibility of using an
additional organic photocatalyst35−37 to generate the silyl
methyl radical, which could be trapped by the in situ-generated
[Co]II species. To our delight, using just a 2 mol % loading of
the organic dye 4CzIPN along with Co-2 (condition B) led to
the TMS-protected isoeugenol 2b as a single regioisomer in
80% yield. Additionally, subjecting the iodo substrate 1a to
reaction condition B afforded the desaturated product 2a in
95% yield (Scheme 2).
After establishing optimal conditions using naturally

occurring menthol, we investigated the generality of the
developed catalytic system (Scheme 3). In general, we focused
on the use of the commercially available dimethylsilyl tether.
However, in some cases we observed slightly higher yields or
selectivity when the diisopropylsilyl derivative was used. We
began by examining a range of alcohol substrates (1c−1i) that
possess a single tertiary Hγ site and lack of tertiary Hβ or Hδ
positions. Various primary and secondary alcohols underwent
exclusive γ-/δ-desaturation, yielding their respective homo-
allylic derivatives in moderate to very good yields (2c−2i).
Notably, the reaction tolerated alcohol derivative 1f, which
contains an additional unsaturation site. Subsequently, to study
the competitive selective C−H abstraction and the subsequent
cobaloxime-catalyzed desaturation, we tested several challeng-
ing substrates with various competitive C−H sites. Desatura-
tion of substrate 1j, which has both secondary and tertiary Hγ
sites, led exclusively to the formation of a tertiary radical and

the subsequent γ-/δ-desaturation product 2j in a good yield. In
the case of substrate 1k, which has different tertiary Hγ sites, a
mixture of regioisomers was formed, favoring HAT at the
cyclic position. Importantly, competition between 1,5-HAT
and 1,6-HAT in alcohol derivatives 1l and 1m produced γ-/δ-
desaturation products with a very high regioselectivity.
Substrates 1n and 1o, which have competitive tertiary Hδ
sites along with tertiary Hγ sites, reacted exclusively at the γ-
C−H sites, yielding 2n and 2o in good yields (56−70%).
Additionally, tertiary alcohol 1p was found to be compatible
with our desaturation method.
After developing a highly regioselective protocol for

converting alcohols with Hγ sites to the corresponding
homoallylic alcohols, we aimed to extend this method to
alcohols lacking Hγ sites. We investigated the desaturation of
different secondary and tertiary alcohols bearing isopropyl
units to produce the corresponding valuable allylic alcohols
2q−2u. The β-/γ-desaturation process, involving the abstrac-
tion of β-sites, occurs via 1,5-HAT. It is worth noting that the
hydrogen abstraction from tertiary Hβ site is more favorable
than from the secondary Hγ and the tertiary Hδ, as shown in
the model examples 2r−2u. Next, we explored the possibility
of more challenging distal δ-/ε-desaturation. The secondary
and primary alcohols 1v and 1w underwent selective δ-/ε-
desaturation, yielding desaturated alcohols 2v and 2w in
moderate yields. Based on the experimental results, our radical
desaturation protocol strongly favors the abstraction of tertiary
hydrogen atoms at β, γ, and δ over the secondary hydrogen
atoms. In addition, the direct competition between the alcohol
substrates 1m, 1n, and 1s possessing 3° C−H sites and bearing
the same silyl tether enables us to conclude the following
preference: 1,6 HAT of Hγ ≫ 1,5 HAT of Hβ > 1,7 HAT.
Finally, an additive robustness study38 was conducted on the

reaction of 1b to give 2b to assess the tolerance of various
reactive functional groups. Representative examples demon-
strate that the desaturation process uniquely accommodates
the presence of aromatic amines, aryl bromides, aldehydes, and
ketones with minimal impact on the yield or selectivity
(Scheme 3).
To gain deeper insight into the preference for 1,6-HAT

regioselectivity, we proceeded with the modeling of saddle
points for a series of model substrates that present a varied
catalog of HAT events (Figure 1). In this sense, calculations
were performed at the PBE0+D3/TZVP//BP91/SVP level of
theory in acetonitrile solvent (see the Supporting Information
(SI) for details). Cases a and b show the preference of 1,6-
HAT events (red) over 1,5- and 1,7-HAT events (blue),
respectively, in tertiary radicals. Since kinetic control
determines the preference for the obtained regioisomer in
the desaturation process, the transition state (TS) for 1,6-
versus 1,5-HAT is favored by 1.0 kcal/mol in case a, and the
TS for 1,6- versus 1,7-HAT is favored by 2.6 kcal/mol in case
b, entailing calculated regioisomeric ratios of 84:16 and 99:1,
respectively. Case c analyzes the competition for HAT between
tertiary and secondary radicals, with 1,6-HAT in both cases,
showing a preference for 3° Hγ over 2° Hγ by 2.3 kcal/mol,
which leads to a theoretically estimated regioisomeric ratio of
98:2. In all cases, calculated Boltzmann populations are in
good agreement with the experimental results obtained for
these substrates.
To understand the nature of this stabilization at the

thermodynamic level, we observe that in all cases 1,6-HAT
presents a lower enthalpy variation than 1,5- and 1,7-HAT (see

Scheme 2. Remote Desaturation of (−)-Menthol
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the SI for details). On the other hand, in cases b and c we find
a more favorable entropy variation for 1,6- versus 1,7-HAT and
3° Hγ versus 2° Hγ, respectively. Although in case a a greater
disorder is computed for 1,5- versus 1,6-HAT, the TS
characterizing 1,5-HAT presents higher angular stress than
that for 1,6-HAT. In this sense, the angular stress between 1,6-
and 1,7-HAT TSs, whatever the nature of the carbon is (3° or
2°), does not play an important role, as it does in 1,5-HAT.
To gain further insight into the reaction mechanism, a series

of UV−vis measurements were performed. Initially, we
measured the UV−vis spectrum of the photocatalyst
4CzIPN, which displayed a strong π−π* intraligand transition

at 240 nm and a broad band between approximately 320 and
460 nm, representing both localized and delocalized charge
transfer regions (Figure 2, black curve).39

After the addition of Co catalyst and i-Pr2NEt, the
spectrum’s intensity increased due to the appearance of a
strong π−π* absorption transition at 250 nm from
cobaloxime.40 Upon irradiation under blue light, there is a
new appearance of a shoulder at 430 nm, which corresponds to
the ligand-to-metal charge transfer (LMCT) of [Co]II species
(Figure 2, blue curve). The formation of this [Co]II species
result from the quenching process of the excited state of
4CzIPN by cobaloxime. The subsequent introduction of a

Scheme 3. Remote Desaturation of Alcohols

a1 (0.2 mmol), Co-2 (0.01 mmol, 4.0 mg), 4CzIPN (0.004 mmol, 3.2 mg), i-Pr2NEt (0.2 mmol, 70 μL), CH3CN (2 mL), RT, 16 h. NMR yields
(1,3,5-trimethoxybenzene as internal standard) are given outside parentheses, and isolated yields are given in parentheses. bContains a minor
amount of hydrodehalogenation byproduct. r.r. is the regioisomeric ratio, and DIPMS is diisopropylmethylsilane
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substrate to the mixture led to the disappearance of [Co]II
species, indicating the formation of a [Co]III−substrate
intermediate (Figure 2, green curve). Further irradiation of
the complete reaction mixture resulted in stable UV−vis
spectra, indicating that the catalyst quickly achieved a steady
state, establishing an effective [Co]III/[Co]II cycle (Figure 2,
purple and yellow curves).
The plausible mechanism is illustrated in Figure 3. The

reaction mechanism involves two photocatalytic cycles, two
single electron transfer (SET) events, two hydrogen atom
transfer (HAT) steps, and a halogen atom transfer (XAT). The
reaction starts with the quenching of the excited photocatalyst
4CzIPN* with the cobaloxime catalyst, leading to the
formation of the 4CzIPN radical cation and [Co]II species.
The XAT of the substrate is enabled by α-amino radical A,
which is generated in situ from Hünig’s base and the 4CzIPN
radical cation.34 The carbon-centered radical C undergoes

internal HAT, leading to the formation of the alkyl radical D,
and subsequent trapping by the [Co]II results in the formation
of the alkylcobalt intermediate E. Under visible-light
irradiation, the cobalt species E undergoes radical-type β-
hydrogen elimination, resulting in the formation of the desired
unsaturated product and [Co]III−H. The reaction between the
imine salt B and the [Co]III−H leads to the regeneration of the
[Co]III species and Hünig’s base.
In summary, we have developed a mild and selective

catalytic remote desaturation method for aliphatic alcohols.
This approach utilizes two commercially available photo-
catalysts, 4CzIPN and cobaloxime, eliminating the need for
noble metals and complex ligands. DFT calculations indicated
a preference for 1,6-HAT over 1,5- and 1,7-HAT in tertiary
radicals with energy differences that correlate well with
experimental regioisomeric ratios. We believe that this method
overcomes limitations of previous approaches, providing a
promising new catalytic system for synthesizing valuable allylic
and homoallylic alcohols.
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ABSTRACT: Herein, we present a biomimetic method for the
catalytic deammoniation of diverse primary amines, including
amino acids, natural products, and pharmaceuticals. This innovative
approach, characterized by its operational simplicity and high
selectivity, provides a rapid and easily accessible pathway to a wide
range of olefin products derived from nonfossil-based chemicals. The transformation relies on the utilization of two readily available
photoactive catalysts: acridinium salt and cobaloxime. Through a combination of experimental and theoretical studies, we have
gained valuable insights into the fundamental steps underlying this unconventional dehydroamination process.
KEYWORDS: visible light, excited-state, base metals, biomimetic, desaturation

Biomimetic organic synthesis, inspired by nature’s efficient
and selective pathways, has emerged as a powerful

strategy for the development of novel chemical transformations
that mimic enzymatic processes.1 Deammoniation plays a
crucial role in a range of biological processes, including the
biosynthesis of natural products and the metabolism of amino
acids. For instance, phenylalanine ammonia lyase converts L-
phenylalanine to cinnamic acid,2 a critical precursor for the
biosynthesis of lignols, flavonoids, coumarins, aurones, and
stilbenes (Scheme 1a).3

Despite recent advancements in biomimetic synthesis and
the growing interest in replacing fossil-based chemicals with
biobased alternatives in the chemical industry, it is surprising
that there is a lack of readily available and mild in vitro
methods for converting primary amines into alkenes.4,5 To the
best of our knowledge, two classical methods are known for
this transformation: Hofmann elimination,5 which involves
exhaustive methylation of primary amines to quaternary
ammonium salts, followed by counterion exchange with
stoichiometric silver oxide. While Cope elimination6 involves
the oxidation of t-amines with peroxides. The production of
the alkenes mostly requires harsh thermal and vacuum
conditions (Scheme 1b).7 In addition, unlike alcohols, Burgess
reagent proved to be an unsuccessful defunctionalization
reagent.8

We envisage the feasibility of mimicking the natural
reactivity via the development of a nonenzymatic process
(Scheme 1c). Our design makes use of the recent progress on
the mild generation of C-centered radicals from activated
primary amines such as pyridinium salt.9−11 A major challenge
is the subsequent fast reduction of the formed radicals and the
generation of the corresponding alkanes.12 To solve the
problem, we decided to employ cobaloxime catalysis, a model
of vitamin B12, for the mild conversion of the alkyl radicals to
the corresponding olefin.13 Indeed, this concept draws

inspiration from the natural ability of methylcobalamin to act
as a reversible free radical carrier that effectively stabilizes
highly reactive methyl radicals via the formation of weak
carbon−cobalt bonds.14 Thus, we reported herein the first
example of mild dehydroamination of primary amines enabled
by a synergistic combination of two photoactive catalysis:
organic dye and cobaloxime.15−17 It is noteworthy that in
1982, Katritzky converted primary amines into tetrahydroben-
zoacridium salts, followed by thermolysis at 150−180 °C,
yielding the respective olefins.18

Our mechanistic proposal is initiated by the generation of α-
amino radical A from N,N-diisopropylethylamine (i-Pr2NEt)
upon the use of highly oxidizing excited-state organic dye such
as [Mes-Acr-Me+]* (E1/2

red = +2.06 V vs SCE).19 The formed
α-amino radical A enables the single electron transfer (SET)
reduction of the pyridinium salt, producing the corresponding
C-centered radical B. Subsequently, the open-shell species B
are intercepted by a persistent 17-electron [Co]II radical,20

forming an alkyl-[Co]III intermediate C that undergoes C−
cobalt bond homolysis upon light irradiation. At this stage,
[Co]II performs α,β-hydrogen abstraction, resulting in the
formation of the desired olefin and a [Co]III−H species. The
cobalt and photoredox catalytic cycles culminate through a
simultaneous SET event between the [Co]III intermediate
(E1/2

red = −0.68 V vs SCE)21 and the reduced form of the
photocatalyst (PC) Mes-Acr-Me•. By employing this envi-
sioned approach, we aim to provide a milder and more
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accessible alternative for dehydroamination, contributing to
the development of sustainable and efficient synthetic organic
chemistry (Scheme 2).
The optimization of the reaction conditions for the

synergistic combination of photoredox and cobalt catalysis is
summarized in Table 1. Initially, the evaluation focused on
essential amino acid derivative 1, mimicking the transformation
by phenylalanine ammonia lyase (Scheme 1a). Optimized
conditions applied the use of two commercially available
catalysts: Mes-Acr-MeClO4 (1 mol %) and Co(dmgH)2PyCl
([Co]-1, 5 mol %). The reaction was carried out in a 0.1 M
dichloromethane (DCM) solution with 2 equiv of diisopropy-
lethylamine (i-Pr2NEt) as a base at room temperature, using

blue light-emitting diodes for irradiation. This condition
yielded the desired methyl cinnamate product 31 in 84%
nuclear magnetic resonance (NMR) yield and excellent E-
selectivity (>20:1) (Table 1, entry 1). The use of Mes-Acr-
MeBF4 as a PC led to comparable results (Table 1, entry 2).
However, less oxidizing photosensitizers, such as Eosin Y*
(E1/2

red = +0.83 V vs SCE),22 4CzIPN* (E1/2
red = +1.35 V vs

SCE),23 and Riboflavin* (E1/2
red = +1.50 V vs SCE),24 resulted in

lower product yields (Table 1, entries 3−5). This suggests that
the reaction pathway likely involves SET from an electron
donor to the excited-state PC. Similar results were obtained
when the reaction was conducted in acetonitrile instead of
DCM (Table 1, entry 6). Screening of different organic and

Scheme 1. State-of-the-Art of the Dehydroamination

Scheme 2. Our Envisioned Mechanistic Proposal
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inorganic bases revealed that i-Pr2NEt is the optimal choice
(Table 1, entries 7−9). Furthermore, the use of Co(dmgH)2(i-
Pr)(py) [Co]-225 resulted in an NMR yield of 82% (Table 1,
entry 10). Importantly, the application of the bifunctional
[Co]-SnPh3 catalyst [Co]-3 as a single catalyst26 led to a
significant decrease in yield and selectivity (Table 1, entry 11).
Finally, we conducted control experiments by individually
omitting the PC, [Co] catalyst, base, or light. In each instance,
no product was detected (Table 1, entry 12).
After establishing optimal conditions, we investigated the

dehydroamination of various Katritzky salts9 (Scheme 3). Our
visible-light protocol demonstrated tolerance toward a wide
range of primary amines, amino acids, natural products, and
drug molecules (1−30). We initiated the substrate scope
exploration with different amino acids, including a variety of
common amino acids. Methyl and benzyl phenylalanine
derivatives could be transformed to the corresponding
cinnamates 31 and 32 with isolated yields of 82% and 85%,
respectively. Phenylalanine derivatives bearing electron-with-
drawing groups provided the desired α,β-unsaturated esters
(33−35) along with varying amounts of saturated products.
Conversely, the electron-rich tyrosine selectively furnished the
corresponding trans-cinnamate 36.
Furthermore, homophenylalanine successfully underwent

our protocol, yielding ester 37 with an 80% yield and
moderate E/Z selectivity. Aliphatic amino acids such as
leucine and norleucine readily afforded the corresponding
α,β-unsaturated esters 38 and 39 with excellent yields and
selectivity. Also, isoleucine yielded the trisubstituted olefin 40

with a high yield and an E/Z ratio of 1.2:1. Notably, the sulfur-
containing amino acid methionine could be selectively
converted to E-alkene 41 in 71% yield. Aspartic acid and
glutamic acid, which are dicarboxylic amino acids, furnished
the desired selective E-olefins 42 and 43 with yields of 60 and
71%, respectively. Additionally, the carboxamide-containing
amino acid asparagine produced the olefin 44 with an 86%
yield and excellent stereocontrol, while glutamine resulted in
the unsaturated ester 45 with moderate selectivity. Lysine was
successfully converted to alkene 46 in 59% yield with complete
selectivity. Furthermore, tryptophan, a heterocyclic-based
amino acid, tolerated our system and provided excellent yields
and selectivity for products 47 and 48.
Next, we explored primary amines beyond amino acids.

Gratifyingly, 2-aminoindane, a designer drug, yielded indene
(49) in 70% yield. Amphetamine resulted in a 58% yield
mixture of terminal and internal olefins (ratio 2:1) due to the
competitive nature of the Co catalyst in abstracting both the
reactive benzylic and less hindered terminal hydrogen atoms.
In contrast, 4-phenyl-2-butanamine exclusively formed termi-
nal alkene 51. Cyclic amines were amendable to the reaction,
delivering the desired products 52−55. It is worth noting the
excellent regioselectivity of the formation of olefin 54. This
highlighting the tendency of the cobaloxime to abstract the less
hindered β-hydrogen atom. Gratifyingly, phenylalaninol also
delivered cinnamyl alcohol (56) in 65% yield. In addition, a
testosterone derivative underwent dehydroamination to
produce olefin 58, albeit in a mixture of regioisomers. The
cardic drug mexiletine was also converted to its corresponding
terminal olefin 59 with moderate regioselectivity. Interestingly,
the application of a β-aminoglucose derivative led to the
formation of the unsaturated deoxysugar 60 with the
elimination of the β-OAc group instead of the β-hydrogen.
To confirm the proposed reaction mechanism of the

synergetic photoredox-cobalt catalytic system depicted in
Scheme 2, a combination of experimental and theoretical
methods was applied. Fluorescence measurements were
conducted under inert conditions at room temperature to
differentiate between oxidative and reductive quenching of the
acridine PC. No quenching of the excited state PC was
observed with the substrate and cobaloxime catalyst, while i-
Pr2NEt effectively quenched the excited state of the PC,
supporting the proposed reductive quenching pathway. Figure
1a shows the Stern−Volmer plot for the fluorescence
quenching of Mes-Acr-MeClO4 with i-Pr2NEt. Further
electron paramagnetic resonance (EPR) measurements at
room temperature of the irradiated [Mes-Acr-Me+ClO4]* did
not show any EPR signal. However, a gradual development of a
new EPR signal at g = 2.004 was observed with time in the
presence of i-Pr2NEt due to the formation of Mes-Acr-Me•
(Figure 1b).27 The formed spectra are in accordance with the
theoretical simulation of Mes-Acr-Me• (See Supporting
Information for details).
Density functional theory (DFT) calculations shown in

Figure 2 supported the fluorescence and EPR results, showing
that PC undergoes light-induced vertical (Franck−Condon)
excitation to triplet state [PC(FC)] at 45.3 kcal/mol. After
relaxation, PC transitions to the relaxed triplet state [PC(T1)]
at 38.4 kcal/mol. The highly oxidizing excited-state species
undergoes SET from i-Pr2NEt, leading to the reduction of the
acridine PC to the radical Mes-Acr-Me• in the double state.
The reductive quenching process is spontaneous, releasing
17.2 kcal/mol. As depicted in Figure 2, the complex of i-

Table 1. Reaction Developmenta

entry deviation from the standard conditions yield (%) E/Z ratio

1 none 84 >20:1
2 Mes-Acr-MeBF4 as PC 82 >20:1
3 Eosin Y as PC 22 >20:1
4 Riboflavin as PC 38 10:1
5 4CzIPN as PC 40 >20:1
6 CH3CN as solvent 80 >20:1
7 DBU as base 37 >20:1
8 K2CO3 as base Trace
9 Et3N as base 30 10:1
10 [Co]-2 instead of [Co]-1 82 >20:1
11 [Co]-3 (single catalyst) 23 15:1
12 no light/PC/[Co]/base n.r

aStandard conditions: substrate 1 (0.2 mmol), [Co]-1 (0.005 mmol,
4 mg), Mes-Acr-MeClO4 (0.002 mmol, 0.8 mg), i-Pr2NEt (0.4 mmol,
70 μL), DCM (2 mL), RT, 16 h, NMR yields.
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Pr2NEt•+ and HBF4 facilitates the exergonic formation of a
carbon-centered radical, releasing 36.5 kcal/mol. Subsequent
addition of pyridinium salt 1 to the reaction mixture results in
the formation of organic radical intermediate sub (D). This

was confirmed by a spin trapping experiment using 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO), resulting in a six-line
EPR signal due to the formation of a DMPO-•R adduct
(Figure 1c). According to the proposed reaction mechanism,

Scheme 3. Scope of Visible Light Induced Dehydroamination of Primary Amines.a-c(See Supporting Information
a

a

Standard conditions: pyridinium salt (0.2 mmol), [Co]-1 (0.01 mmol, 0.8 mg), Acr-MeClO4 (0.002 mmol, 0.8 mg), i-Pr2NEt (0.4 mmol, 70 μL),
DCM (2 mL), RT, 16 h, the reported yields refer to the conversion of the pyridinium salts to the olefins (see supporting information for details).
bNMR yield. cContains minor amount of hydrodeamination by-product.
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Figure 1. (a) Stern−Volmer plot for fluorescence quenching of Mes-Acr-MeClO4 with i-Pr2NEt; (b) EPR spectra recorded at room temperature of
the mixture of PC and i-Pr2NEt before and after the irradiation; (c) Experimental and simulated EPR spectrum of the irradiated mixture between
PC and i-Pr2NEt after the addition of substrate and DMPO; (d) EPR spectra recorded at −173 °C of the irradiated mixture of PC and i-Pr2NEt
with the addition of [Co]-1, then subsequential addition of the irradiated solution of PC, i-Pr2NEt, and substrate.

Figure 2. Potential energy surface (PES) for the light-assisted deamination process constituted by the photocatalytic cycle, substrate radical
formation, and the metal-assisted desaturation cycle. Free energies (room temperature) are shown in kcal mol−1 at the BP91/TZVP//BP91/SVP
computational level, using acetonitrile (ε = 35.688) as solvent.
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the organic radical intermediate is trapped by the [Co]II
species to form [Co]III-substrate. Low-temperature EPR
measurements at −173 °C were performed to monitor the
[Co] species since it is EPR-inactive at reaction temperature.
As we mentioned before, the photocatalytic radical generation
cycle results in the formation of a PC radical anion. This
radical was also detected at −173 °C, however, with a much
higher signal intensity (Figure 1d, black line). Upon the
addition of [Co]-1 to PC and i-Pr2NEt mixture, the EPR signal
of the reduced PC vanished with time, accompanied by
appearing of a new signal at g⊥ = 2.299 and g∥ = 2.011 (Figure
1d, red and blue lines) due to the formation of EPR-active
[Co]II species. DFT calculations revealed that this SET process
is spontaneous, with an energy release of −10.0 kcal/mol. The
presence of pyridinium salt 1 caused the disappearance of the
[Co]II signal and the in-situ-generated substrate radical due to
the formation of EPR-silent [Co]III-substrate (Figure 1d, green
line). DFT calculations supported the formation of the highly
stable complex C(S0) at −21.1 kcal/mol (Figure 2). This can
be attributed to the photolysis of relatively weak C(sp3)−
[Co]III bonds (BDE < 30 kcal/mol). In more detail, the
excitation of C(S0) by light leads to the formation of the
Franck−Condon triplet state, C(FC), and its subsequent
relaxation to the triplet state, C(T1), accompanied by the
release of pyridine. In this spin state, the subsequent
elimination of the hydrogen at the β-position occurs, resulting
in the desaturation of the substrate and the formation of
[Co]III-H, D(S0), via homolytic cleavage of the C(sp3)−[Co]III
bond. This transition state, TS(T1), was located and found to
be only 12.8 kcal/mol higher in free energy relative to C(T1).
Finally, the [Co]III-hydride complex regenerates i-Pr2NEt and
complex A(S0), completing the cycle.
In conclusion, we have reported a straightforward con-

version of various primary amines, including amino acids,
natural products, and drug molecules, into their respective
alkenes with selectivity for the trans-configured isomers. This
biomimetic transformation was achieved using a dual organic
dye/photoexcited base metal28 catalysis system under visible
light irradiation at room temperature. The protocol offers the
flexibility to employ a diverse range of common amino acids
and allows for late-stage functionalization of drug molecules.
Given its simplicity, effectiveness, mild reaction conditions,
and broad applicability, we anticipate that this photocatalytic
dehydroamination method will find widespread use in both
academic and industrial settings.
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Photoexcited cobalt catalysed endo-selective
alkyl Heck reaction†

Chenyang Wang, a Luis Miguel Azofra, b Phong Dam, a

Edelman J. Espinoza-Suarez,a Hieu Trung Do,a Jabor Rabeah, a

Angelika Brückner a and Osama El-Sepelgy *a

Herein, we report an intramolecular endo-selective Heck reaction

of iodomethylsilyl ethers of phenols and alkenols. The reaction

leads to the formation of seven- and eight-membered siloxycycles

in excellent yields, which could be further converted into the

corresponding allylic alcohols upon oxidation. Thus, this method

could be used for the selective (Z)-hydroxymethylation of o-

hydroxystyrenes and alkenols. Rapid scan EPR experiments and

DFT calculations suggest a concerted b-hydrogen elimination event

to take place in the triplet state.

The Mizoroki–Heck reaction1 is a fundamental synthetic
method for C–C bond formation and was awarded the Nobel
prize in Chemistry in 2010.2 Most of the transformations
involve the use of aryl halides while the application of C(sp3)
halides has been less investigated due to the slow rate of
oxidative addition.3 Despite these difficulties, Fu has reported
the first example of an intramolecular alkyl-Heck reaction using
an NHC ligand together with palladium salts.4 Furthermore,
Alexanian has disclosed an elegant example of an alkyl-Heck
reaction via a hybrid organometallic radical mechanism using
palladium catalysis under thermal conditions.5 Both methodol-
ogies involve conventional intramolecular 5-exo-trig and 6-exo-
trig selective cyclization.4,5 However, the endo-trig alkyl-Heck
reaction is very rare and we are only aware of two examples. In
2014, Gevorgean disclosed the endo selective alkyl-Heck cyclization
of iodomethylsilyl to the corresponding siloxycycles,6 a reaction
that has been previously reported by Koreeda under reductive
conditions (Scheme 1).7 The second example was reported by Liu
for the synthesis of 5-phenyltetrahydropyridine derivatives from the
alkyl iodide bearing a 1-aryl-substituted alkene moiety.8 These two

examples involve the use of 10 mol% of palladium salt and
operate via a hybrid palladium radical mechanism under ther-
mal conditions. The requirement of the use of 20 mol% of
expensive ferrocene-based phosphine (dtbdppf) and equivalent
amounts of silver salts limits the large-scale application.6,8 To
the best of our knowledge, there are no reports on base-metal
catalysed endo-selective alkyl Heck reactions.

Motivated by our previous work on photoexcited cobalt-catalyzed
desaturation of amides,9 we decided to investigate whether the
thermal palladium/dtbdppf/Ag(OTf) catalytic system can be replaced
by a visible light photocatalytic phosphine-free alternative with base
metals.10 To validate our proposal, we decided to test the cyclization
reaction of iodomethylsilyl ethers of phenols and aliphatic alkenols.
Herein, we report a new photoexcited cobalt catalysed endo-selective
alkyl-Heck reaction.11,12

Our hypothesis involves the use of a nucleophilic [Co]I

complex, which could be photo-generated in situ from a simple
[Co]-i-Pr catalyst and a suitable base under visible light irradia-
tion. This cobalt species could react with alkyl halide to give the
corresponding alkyl–[Co]III intermediate, which under visible
light irradiation could form a [Co]II species and an alkyl radical
intermediate.12,13 Then the alkyl radical undergoes intra-
molecular radical addition followed by recombination with
[Co]II. Under visible light irradiation, the formed [Co]III species
generates the Heck product together with [Co]III–H, which
could then be deprotonated by a suitable base to restore the
nucleophilic [Co]I species (Scheme 2).

Scheme 1 Formal (hydro) (Z)-hydroxymethylation of alkenes.
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Our study was initiated by the investigation of silyl-tethered
o-hydroxystyrene 1a as a model substrate for the intramolecular
Heck-reaction. We found that the combination of 5 mol% of
[Co(dmg)2(py)i-Pr] and Hünig’s base (DIPEA) in acetonitrile
under blue LED irradiation at room temperature was optimal
for affording the 7-membered siloxycycle 2a in quantitative yield
(Table 1, entry 1). It is worth noting that this catalytic system does
not require the use of an additional photoredox catalyst,14 strong
reductive conditions,15 or Grignard reagents.16 Control experi-
ments revealed no background reactivity in the absence of the
cobalt catalyst or blue light (Table 1, entries 2 and 3). Investigation
of different organic and inorganic bases revealed that Hünig’s base
is the best choice (Table 1, entries 4–7). Switching of the reaction
solvent from CH3CN to DCM or THF led to lower yields (Table 1,
entries 8 and 9). Finally, the addition of TEMPO leads to no
product formation (Table 1, entry 10).

Next, the generality of our catalytic system was investigated
under the optimized reaction conditions (Table 2). Arene-
tethered substrates bearing different substituents (Cl, Br, F,
Me and OMe) in the 4 different positions of the phenyl ring
afforded the corresponding endo-selective Heck products 2b–2j
in excellent yields (95–99%). Importantly, the use of the alkyl
bromide analogue of 1d led to the formation of the desired

product in 80% yield. Furthermore, the naphthyl derivative 1k
furnished the cyclic product in quantitative yield. Then, sub-
strates bearing substituents in the olefin were studied. The
substrate with the substituent on the a-position produced the
endo-product 2l. In addition, 1m bearing substituents in
the b-position led to the formation of the oxasilepine 2m, albeit
with moderate selectivity (60% of major isomer). As for the (E)-
2-styrylphenol 1n, the selectivity of the formation of 2n was
extremely improved.

Encouraged by these promising results, we tested more challen-
ging systems such as aliphatic alkenols. The cyclization of the
secondary homoallylic alcohol 1o led to the formation of the allylic
siloxycycle 2o in 78% yield. Interestingly, the substrate bearing two
vicinal substitutions at the a- and b-positions of the tethered alcohol
efficiently furnish the siloxysilane 2p in very good yield. Remarkably,
tethered tertiary alcohol 1r was also found to tolerate the catalytic
system and produce the desired product in 75% yield. Importantly,
the tethered primary alcohols 1r and 1s underwent 7-endo-trig and
8-endo-trig cyclization in 89% and 78% yield, respectively. In addi-
tion, the application of the methodology on the naturally occurring
isopulegol led to the formation of 2t in very good yield and excellent
endo-selectivity.

To showcase the practical applicability of this photoexcited
catalytic transformation, we carried out a 3 mmol scale alkyl-
Heck reaction for substrate 1d in batch mode. Fortunately, the
desired product 2d was obtained in 90% yield in 24 hours. To
further improve the efficiency of the developed methodology,
we reperformed the reaction using a microflow reactor.
Impressively, 76% of the isolated cyclic product 2d was
obtained after only 2.5 hours. Afterwards, we turned our atten-
tion to further derivatization of the cyclic products. To our
delight, the oxasilepine 2d was smoothly oxidized to the (Z)-
allylic alcohol 3d via Tamao oxidation (Scheme 3).

Scheme 2 Plausible mechanism of the endo-selective cyclization.

Table 1 Control reactions of the optimized conditionsa

Entry Deviation from the standard conditions Yield (%)

1 None 99
2 No [Co]-i-Pr or no light n.d.
3 70 1C instead of light Trace
4 1 equiv. K2CO3 as base 72
5 1 equiv. K2CO3, 20 mol% i-Pr2NEt as base 81
6 DMAP as base Trace
7 DBU as base Trace
8 DCM as solvent 85
9 THF as solvent 71
10 TEMPO was added n.d.

a Standard conditions: substrate 1a (0.1 mmol), [Co]-i-Pr (0.005 mmol,
3.6 mg), i-Pr2NEt (0.2 mmol, 35 mL), CH3CN (1 mL), rt, Blue LED (19 W,
Ledxon), 16 h, isolated yields.

Table 2 Scope of o-hydroxystyrenes and alkenolsa

a Reaction conditions: 1 (0.2 mmol), [Co]-i-Pr (0.01 mmol, 7.2 mg),
i-Pr2NEt (0.4 mmol, 70 mL), CH3CN (2 mL), rt, Blue LED (19 W, Ledxon),
16 h, isolated yields. b Mixture of isomers (6.4 : 1:1.6 : 1.6), see ESI for
details. c NMR yield.
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To gain more insights into the reaction mechanism, we
performed preliminary experimental mechanistic studies. First,
the reaction profile was studied (see the ESI† for details), which
showed that more than 75% conversion was obtained after 4 h.
Furthermore, to exclude the possibility of a radical chain
process, light on–off experiments were carried out. In the
absence of light, no reaction was observed (Fig. 1a). Under
light irradiation, we obtained the quantum yield of F = 0.045
for the photoexcited cobalt-catalyzed Heck reaction (see the
ESI† for details).

Additional controlled UV-vis, EPR and NMR experiments
were performed. The UV-vis spectrum of the initial [Co]III-i-Pr
complex showed three poorly resolved Ligand-to-Metal Charge
Transfer (LMCT) absorption bands at 330, 390 and 450 nm
(Fig. 1b-black line).17 These bands decreased quickly during the
first minute of irradiation and a new LMCT band appeared at
lmax = 430 nm due to the formation of [Co]II species. This was
also evident from the EPR spectrum of the irradiated [Co]III-i-Pr
complex, which showed an axial signal at g> = 2.282 and
g8 = 2.029 with resolved 59Co hyperfine structure (I = 7/2) of
the parallel component (Fig. 1c). On the other hand, the
1H NMR spectrum of irradiated [Co]III-i-Pr in DCM-d2 points
to the formation of [Co]III-H and propene (see supporting
information for details). The formation of [Co]II observed in
the EPR spectrum might be due to a homolytic cleavage of the

[Co]III-H bond upon irradiation.18 In order to distinguish
between the stepwise and the concerted pathways of the
formation of the alkene, we performed a spin trap experiment
using 5,5-dimethyl-1-pyrrolin-N-oxide (DMPO) by rapid scan
EPR spectroscopy. Interestingly, an unstable DMPO-H species
(aN = 14.8 G, aH2 = 19.3 G) was formed instead of the stable
DMPO-i-Pr spin adduct, suggesting a concerted mechanism
(Fig. 1d). During the catalytic reaction in the presence of
i-Pr2NEt and the substrate 1d, the amount of EPR-active [Co]II

species was by about 70% lower than in the [Co]III pre-catalyst
after irradiating for 1 min and stayed nearly constant during
prolonged irradiation. This indicates that the catalyst quickly
reached a steady state in which an effective [Co]I/[Co]III/[Co]II

cycle is established that keeps the [Co]II constant in time
average. UV-Vis results also confirmed this hypothesis by
showing a decrease of the LMCT band at 430 nm of the [Co]II

complex along with a new band at 367 nm that might arise
from the coordination of the substrate to [Co] sites during the
catalytic reaction.

Next, the reaction mechanism for the light-driven Heck
reaction has been studied by means of DFT techniques
(Fig. 2) using 1a as a model substrate. The mechanism involves
the carbon-carbon coupling via internal single electron transfer
(ISET) and the b hydrogen elimination and SN2 steps. Thus,
complex A is excited from the singlet (S0) to the triplet (T1) state
through a vertical (Franck–Condon, FC) excitation that brings
the complex to a high-energy state, 40.5 kcal mol�1. After
relaxation, pyridine (pyr) is released to form complex B(T1),
followed by the breakage of the [Co]III–C bond into the [Co]II

and the radical species C, both in the doublet state (D) and
therefore being EPR active species. The species C contains an
unpaired electron in the terminal carbon directly bound to the
tether, making it quite reactive. Through an internal single
electron transfer (ISET) process, the radical carbon reacts with
the C(sp2) of the vinyl group. This entails a carbon–carbon
coupling whose transition state (TSCCC) lies just 3.6 kcal mol�1

above in relative free energy with respect to B to finally produce
the seven-membered ring at D in a very spontaneous process
(�9.1 kcal mol�1 relative to A). It should be noted that the
formation of the highly energetic (excited) C species, promoted

Scheme 3 Gram scale formal (Z)-hydroxymethylation of styrene
derivatives.

Fig. 1 (a) Light on-off experiment; (b) UV-vis spectra of (0.005 mmol
[Co]-i-Pr in 6 ml MeCN, black line) and reaction mixture ([Co]-i-Pr,
0.1 mmol 1d, 0.2 mmol i-Pr2NEt) before and after irradiation with time;
(c) EPR spectra measured at �173 1C of (0.005 mmol [Co]-i-Pr, 1 ml
MeCN) and reaction mixture (0.005 mmol [Co]-i-Pr, 0.1 mmol 1d,
0.2 mmol i-Pr2NEt, 1 ml MeCN) before and after irradiation with time. (d)
Experimental and simulated EPR spectra for [Co]-i-Pr with DMPO using
rapid scan EPR spectroscopy.

Fig. 2 Detailed description of the potential energy surface (PES). Free
energy results are shown in kcal mol�1 at the PBE96/TZVP//BP86/6-31G-
SVP(I) level of theory in acetonitrile as solvent.
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by light irradiation, is decisive to boost the carbon–carbon
coupling step that could not otherwise occur through classical
thermal catalysis. The radical species D is recombined with [Co]II

and pyridine forming complex E(S0). This can also be excited by
visible light, undergoing a second vertical (FC) transition, lying at
35.8 kcal mol�1. In a similar mechanistic fashion, pyridine is
again released from the complex leading to F(T1), �0.6 kcal
mol�1. In accordance with the rapid scan EPR experiment, the
desaturation process takes place via a concerted b-hydrogen
elimination event in the triplet state, with a transition state
(TSbHE) just lying 12.8 kcal mol�1 above in free energy with respect
to F. As a result of this, the hydride [Co]III–H complex and product
2a are formed, and complex A(S0) is regenerated by action of the
organic base and substrate 1a via the SN2 pathway to be newly
integrated in the photoexcited cobalt cycle.

As an exception, the intermediate E(S0) of the substrate 2l
bearing a highly stable double benzylic radical is suggested to
follow an outer sphere mechanism.

In summary, we have developed a highly selective cobalt
catalyzed cyclization of iodomethylsilyl ethers of phenol and of
aliphatics. Upon further oxidation of the formed siloxycycles,
the corresponding allylic alcohols are produced. This method
could be used for the formal hydroxymethylation of allylic
alcohols and o-hydroxystyrenes.19 The reaction mechanism
has been studied using different experimental and theoretical
tools. It is anticipated that this operationally simple and scal-
able photoexcited base metal methodology would serve as a
basis for the development of a greener alternative to the Pd-
catalyzed alkyl-Heck reaction.20
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Hydrogenation of CO2-Derived Carbonates and Polycarbonates to
Methanol and Diols by Metal–Ligand Cooperative Manganese
Catalysis
Viktoriia Zubar, Yury Lebedev, Luis Miguel Azofra, Luigi Cavallo,* Osama El-Sepelgy,* and
Magnus Rueping*

Abstract: The first base-metal-catalysed hydrogenation of
CO2-derived carbonates to alcohols is presented. The reaction
proceeds under mild conditions in the presence of a well-
defined manganese complex with a loading as low as
0.25 mol%. The non-precious-metal homogenous catalytic
system provides an indirect route for the conversion of CO2

into methanol with the co-production of value-added (vicinal)
diols in yields of up to 99%. Experimental and computational
studies indicate a metal–ligand cooperative catalysis mecha-
nism.

The transition-metal-catalysed hydrogenation of polar bonds
is a key technology in modern industrial chemistry. Thus far,
most of these catalytic systems rely on the use of precious-
metal catalysts.[1] However, the replacement of noble-metal
catalysts by earth-abundant alternatives is a topic of current
interest.[2] Accordingly, significant advances have been made
in the hydrogenation of aldehydes,[3] ketones,[3] esters,[4]

carboxylic acids,[4d] and amides[5] using base-metal catalysts.
On the other hand, the hydrogenation of carbonic acid
derivatives is significantly more difficult owing to the
resonance stabilisation effect of the adjacent alkoxy groups,
which lowers the electrophilicity of the carbonyl group. To the
best of our knowledge, a catalytic hydrogenation of carbonic
acid derivatives has never been reported using a homogenous
non-precious-metal catalyst.[6]

Among the carbonic acid derivatives, the hydrogenation
of cyclic organic carbonates (COCs) to alcohols is of
particular interest because COCs are industrially synthesised
by the direct coupling between carbon dioxide and oxiranes
or oxetanes. Hence, developing mild conditions for the
hydrogenation of COCs would lead to a practical two-step

route for the conversion of CO2 into methanol, which also
leads to the production of value-added diols (Scheme 1).

More specifically, the industrial production of ethylene
glycol (EG) involves the use of the so-called “omega
process”, in which CO2 is inserted into ethylene oxide to
produce ethylene carbonate, followed by catalytic hydrolysis
of the former carbonate to EG and CO2.

[7] The replacement of
the catalytic hydrolysis by catalytic hydrogenation would lead
to the formation of methanol instead of CO2, thus giving
a great advantage in terms of sustainability. The catalytic
production of methanol from CO2 is an elegant alternative for
the recycling of carbon and could enable a “methanol
economy”, which is a suggested scenario in which methanol
might play a central role as a hydrogen storage material and
C1 building block.[8] This reaction has been studied with
heterogeneous catalysts. Nevertheless, these catalytic systems
have to operate at elevated temperature (> 200 88C) and suffer
from the formation of several side products.[9] In contrast,
well-defined homogenous catalysts are potentially more
active and can be tuned based on insight gained in mecha-
nistic studies. In that regard, only recently, seminal reports
outlined preliminary results on the direct[10] and indirect[6,11]

hydrogenation of CO2 to methanol.
However, an efficient catalytic system based on an earth-

abundant metal remains an elusive goal. Thus the develop-
ment of a base-metal catalyst that could be used at low
catalyst loadings for the reduction of CO2-derived organic
carbonates to value-added alcohols would be an important

Scheme 1. Unprecedented base-metal-catalysed hydrogenation of
organic carbonates.
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advancement in achieving the requirements of an
ecologically and economically benign process (Sche-
me 1a). Furthermore, the successful development of
such a process may also be extended to the recycling
of polycarbonates with the simultaneous formation
of valuable diols and methanol (Scheme 1b).

Inspired by recent progress in manganese catal-
ysis[12] and our interest in developing sustainable
transformations using inexpensive base metals sta-
bilised by stable non-innocent ligands,[13, 14] we
herein present a new manganese complex that
reduces COCs and recycles polycarbonates into
methanol and vicinal diols under mild reaction
conditions. For the first time, a combined exper-
imental and computational study provides insight
into the reaction mechanism and explains the role of
the non-innocent ligand in the cascade hydrogena-
tion of the CO2-derived COCs.

To develop a practical reduction method for the
rather challenging cyclic carbonates, we started our
studies with the synthesis of a new bench-stable
PhPNN-Mn complex Mn-1, which is supported by
the air- and moisture-stable PhPNN ligand L1.[15] Following the
typical route for the synthesis of pincer manganese carbonyl
complexes,[12]

Mn-1 was readily prepared by treatment of L1 with 1 equiv of
Mn(CO)5Br as the metal precursor in THF at 80 88C for 16 h.
The pale yellow complex was isolated in 84% yield and
characterised by multinuclear NMR spectroscopy, IR spec-
troscopy, and mass spectrometry as well as single-crystal
X-ray diffraction. To study the role of the N@H group, we also
synthetized the corresponding N-methylated ligand and
complex Mn-2 in 88% yield (Scheme 2).

With the aim to find the right reaction conditions,
ethylene carbonate was selected as a benchmark substrate
for the catalytic hydrogenation of COCs. To our delight, our
complex Mn-1 showed excellent reactivity and provided EG
in > 99% yield and methanol in 92% yield when the reaction
was performed under 50 bar H2 pressure in 1,4-dioxane
(Table 1, entry 1). Importantly, the application of Mn-2
resulted in the formation of only 14% of EG and no
methanol was detected (Table 1, entry 2). This result high-
lights the crucial role of the free N@H group in the pincer
ligand. Further screening of different manganese complexes
led to unsatisfactory results (see the Supporting Information,
Table S4 for details). Subsequently, the influence of different

solvents and bases was investigated. Employing K2CO3 as the
base did not improve the results while Cs2CO3 was similarly
effective as KOtBu (Table 1, entries 3 and 4). Furthermore,
testing various solvents such as THF, 2-methyltetrahydro-
furan, and toluene did not provide better results (Table 1,
entries 5–7). Hence, 1,4-dioxane was chosen as the appropri-
ate solvent. The reduction of the catalyst loading to 0.5 mol%
resulted in > 99% of EG and 89% of methanol (Table 1,
entry 8). Pleasingly, the reaction proceeded equally well when
the catalyst loading was reduced to 0.25 mol% and the
substrate concentration was increased to 1.46m (Table 1,
entries 9–11).

To demonstrate the potential and applicability of the
newly developed method, a range of COCs 1b–1m were
tested under the optimised reaction conditions (Table 2). An
array of monosubstituted five-membered 1,3-dioxolan-2-ones
bearing different alkyl and aryl substituents such as Me, Et,
n-Bu, pentyl, t-Bu, and Ph were efficiently and selectively
hydrogenated to the corresponding vicinal 1,2-diols and
methanol in very good yields (Table 2, entries 1–6). The
reaction tolerates the benzyloxymethyl and methoxymethyl
derivatives 1h and 1 i, and the desired alcohols were produced
in excellent yields (Table 2, entries 7 and 8). It should be
noted that the disubstituted cyclic carbonate 1j was success-
fully converted into methanol and 2,3-butylene glycol (2j) in
very good yields (Table 2, entry 9). Under the same reaction
conditions, different unsubstituted and substituted six-mem-
bered COCs 1k–1m reacted in excellent yields to give
methanol and the corresponding 1,3-diols (Table 2,
entries 10–12).

Additionally, our catalytic system was found to catalyse
the hydrogenative depolymerisation of polycarbonates to the
corresponding diol and methanol. An example is shown in
Table 2, entry 13: Poly(propylene carbonate), which can be
prepared by copolymerisation of propylene oxide and CO2,

[16]

was hydrogenated using 1 mol% of Mn-1 to produce meth-
anol (84% yield) and 1,2-propyleneglycol (2b, 91% yield).

Scheme 2. Synthesis of two manganese complexes and the single-
crystal X-ray structure of Mn-1, with ellipsoids set at 50% probability.

Table 1: Optimisation of the reaction conditions.[a]

Entry [Mn]
(mol%)

Base
(mol%)

Solvent Yield of
EG [%][b]

Yield of
MeOH [%][b]

1 Mn-1 (1) KOtBu (2.5) 1,4-dioxane >99 92
2 Mn-2 (1) KOtBu (2.5) 1,4-dioxane 14 0
3 Mn-1 (1) K2CO3 (2.5) 1,4-dioxane >99 86
4 Mn-1 (1) Cs2CO3 (2.5) 1,4-dioxane >99 92
5 Mn-1 (1) KOtBu (2.5) THF >99 77
6 Mn-1 (1) KOtBu (2.5) 2-Me-THF 90 80
7 Mn-1 (1) KOtBu (2.5) toluene 61 52
8 Mn-1 (0.5) KOtBu (1.25) 1,4-dioxane >99 89
9 Mn-1 (0.25) KOtBu (0.63) 1,4-dioxane 54 36
10[c] Mn-1 (0.25) KOtBu (0.63) 1,4-dioxane 99 92
11[c] Mn-1 (0.1) KOtBu (0.25) 1,4-dioxane 40 20

[a] Reaction conditions: 1a (1 mmol), Mn-1, base, solvent (0.25m) at 140 88C under
50 bar of H2 for 16 h. [b] Determined by GC analysis using m-xylene as the internal
standard. [c] With 1a (5.7 mmol, 500 mg) in 1,4-dioxane (1.46m).
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This result might open new avenues for developing efficient
base-metal catalysts for the recycling of widely used poly-
carbonate plastic materials.

To gain more insight into the reaction mechanism, we
performed deuterium labelling studies by using D2 instead of
H2 (see the Supporting Information for details). The man-
ganese-catalysed deuteration of ethylene carbonate resulted
in the production of methanol with > 95% deuterium
incorporation in the methyl group while the ethylene glycol
was produced with no deuterium incorporation. Thus the
deuteration of ethylene carbonate is much faster than the
dehydrogenation–deuteration of EG. This result provides
a practical alternative method for the production of widely
used deuterated methanol. On the other hand, the treatment
of EG with D2 at 140 88C caused significant deuterium
substitution at the carbon atoms, which indicates the potential
of the manganese catalyst in dehydrogenative deuteration
reactions.

The mechanism of the MnI-PNN-catalysed hydrogenation
of COC substrates was also investigated by DFT calcula-
tions.[17] The overall hydrogenation of ethylene carbonate to
EG and methanol can be separated into three independent
C=O hydrogenation events, each with a corresponding cata-
lytic cycle (Figure 1). The first one is the hydrogenation of
ethylene carbonate (1a) into 2-hydroxyethyl formate (3), the
second one is the hydrogenation of 3 into EG (2a) and
formaldehyde (4), and the third one is the hydrogenation of 4
into CH3OH. In the following, we discuss the first hydro-
genation cycle only, 1a to 3 (Figure 1). The other two catalytic
cycles, composed of similar steps, are shown in the Supporting
Information (Figure S3). Calculations were performed using
the most active Mn-1 catalyst.

During the initiation process concerning the H2 addition
to the Mn active site (steps A to C, where A is a 16-electron
species), H2 coordination to Mn is a non-spontaneous process
demanding 14.6 kcalmol@1 at the M06/TZVP//wB97XD/
SVP(H,C,N,O,P)-TZVP(Mn) level of theory in 1,4-dioxane
as the solvent and relative to A. The heterolytic cleavage of
H2, via transition state B-C (at 21.3 kcalmol@1 relative to A),
leads to the hydrogenation of the catalytic species by hydride
addition to the Mn centre and protonation of the non-
pyridinic N atom.

The resulting [Mn]-H2 species C (zero energy reference)
promotes the reduction of the C=O bond of the substrates
(1a, 3, and 4) in the three catalytic cycles. The C=O
hydrogenation step is characterised by two main mechanistic
events. On the one hand, the nucleophilic character of the
hydride on Mn promotes hydride transfer from Mn to the
C(sp2) atom of the substrate (steps D to E). On the other
hand, in agreement with the literature, proton transfer is
achieved through cleavage of the H@H bond of a H2 molecule
h2-coordinated to the metal (steps F to H).[18] This prevents
formation of the 16-electron species A by deprotonation of
the N@H functionality.

In more detail, the first step is the hydride transfer from
the catalyst to the substrate via transition state D-E at
16.4 kcalmol@1, leading to the Mn alkoxide intermediate E, at
@3.9 kcalmol@1. It can be seen that as a consequence of this
hydride transfer, 1,3-dioxolan-2-olate is transformed into
2-(formyloxy)ethan-1-olate by charge reorganisation in the
substrate. The second step is proton transfer from a coordi-
nated H2 molecule, releasing the product. In the presence of

Table 2: Manganese-catalysed hydrogenation of COCs.[a]

[a] Reaction conditions: 1 (1 mmol), Mn-1 (0.01 mmol), and KOtBu
(0.025 mmol) in 1,4-dioxane (4 mL) at 140 88C under 50 bar of H2 for 16 h.
[b] Yields of isolated products. [c] Determined by GC analysis using m-
xylene as the internal standard. [d] With Mn-1 (0.012 mmol) and KOtBu
(0.03 mmol).
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an excess of methanol, which is expected as the reaction
evolves, metathesis of E with CH3OH can lead to the
methoxide species F. Coordination of H2 leads to G and
triggers rehydration of the Mn active site and proton transfer
to methanolate via transition state G-H (at 22.1 kcalmol@1).
This entails the regeneration of CH3OH as well as the
catalytic species. Based on calculations, the rate-determining
transition state along the cycle is this proton transfer, with an
overall activation barrier of 25.0 kcalmol@1 from E to G-H.
Of course, this proton transfer can also occur without
involving initial metathesis of CH3OH with E, with very
similar reaction steps involving the Mn alkoxide bond of E.

The impact of the phosphine substituents was analysed by
comparingMn-1 with catalysts presenting aliphatic and bulky
tBu substituents on the P atom and the less sterically impeded
iPr. Hydrogenation during the initiation process of both alkyl-
substituted catalysts, via transition state B-C, exhibits larger
barriers of 25.3 and 23.7 kcalmol@1 compared to
Mn-1 (21.3 kcalmol@1) and relative to A. In this sense, our
DFT predictions are in agreement with experiments suggest-
ing that the PhPNN ligand confers to the manganese catalyst
superior behaviour over those functionalised with aliphatic
phosphines.

In conclusion, we have reported the hydrogenation of
CO2-derived COCs to alcohols using a homogenous base-
metal complex.[19] The reaction is catalysed by a bench-stable
Mn-PNN complex and proceeds with high selectivity under
mild conditions, without generation of any waste or side
products. A variety of five- and six-membered COCs were
employed to furnish methanol and vicinal diols in very good
to quantitative yields, providing a milder and indirect route
for the production of methanol from CO2. Furthermore,
polycarbonates were successfully recycled with the simulta-

neous formation of valuable diols and methanol. These
preliminary results might lead to further developments of
more cost-effective catalytic hydrogenation systems, which
could offer a sustainable alternative for ethylene carbonate
hydrolysis as well as the existing waste recycling methods. The
reaction mechanism was studied by deuterium labelling
experiments and density functional theory. The process is
characterised by three catalytic cycles involving the hetero-
lytic cleavage of three dihydrogen molecules by metal–ligand
cooperation.
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ABSTRACT: Herein we report unprecedented manganese-
catalyzed semihydrogenation of internal alkynes to (Z)-alkenes
using ammonia borane as a hydrogen donor. The reaction is
catalyzed by a pincer complex of the earth-abundant
manganese(II) salt in the absence of any additives, base, or
superhydride. The ammonia borane smoothly reduces the
manganese precatalyst [Mn(II)−PNP][Cl]2 to the catalytically
active species [Mn(I)−PNP]−hydride in the triplet spin state. This manganese hydride is highly stabilized by complexation with
the alkyne substrate. Computational density functional theory (DFT) analysis studies of the reaction mechanism rationalize the
origin of stereoselectivity toward formation of (Z)-alkenes.
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■ INTRODUCTION

Stereodefined alkenes are among the most important organic
compounds, ubiquitous in chemical, material, and pharmaceut-
ical industries.1 Semihydrogenation of alkynes to alkenes is a
very important reaction in organic synthesis.2 Until today,
triple-bond semireduction relies mainly on the use of precious
metal catalysis. Among the known heterogeneous catalysts, the
palladium-based Lindlar catalyst is the most prominent one.3

However, the necessity to use toxic lead salts as additive and
the product isomerization under the reaction conditions are the
major drawbacks of this method. Besides, various modern
heterogeneous catalysts,4 homogeneous counterparts, such as
the Rh-based Wilkinson’s and Schrock−Osborn catalyst,5

palladium,6 ruthenium,7 and iridium8 catalysts have been
intensively investigated for this reaction.
Economic and environmental aspects persuade chemists to

replace toxic noble metal catalysts by first row base metal
alternatives. In this regard, few homogeneous catalytic systems
have been reported so far. In 2013, Srimani et al. have reported
the use of acridine-based PNP iron catalyst for the (Z)-selective
semihydrogenation of alkynes followed by rapid isomerization
to (E)-alkenes under pressurized dihydrogen.9 More recently,
processes relaying on the use of nickel,10 cobalt,11 and copper12

based catalysts have been disclosed. Nonetheless, these
protocols may suffer from the use of high catalyst loading,
limited substrate scope, and low levels of chemoselectivity or
over-reduction. Despite these advances, new efficient catalytic
systems based on earth-abundant metal catalysts would be
highly desirable.
During the past months, manganese-catalyzed hydrogenation

reactions have emerged. However, so far these are limited to

the hydrogenation of CO and CN bonds.13 To the best of
our knowledge, a well-defined manganese complex catalyzing
the (transfer) hydrogenation of unsaturated hydrocarbons has
never been reported. Therefore, it was not surprising that our
initial attempts to employ these complexes in semihydrogena-
tion of alkynes were also unsuccessful.
The mechanism of the metal hydride catalyzed (Z)-selective

semireduction of alkynes typically takes place via hydro-
metalation followed by reductive elimination steps, which
requires a vacant coordination site on the metal center.
However, the recently reported manganese hydrogenation
catalysts are hexacoordinated pincer−Mn(I) complexes. Thus,
in order to design a proper catalyst for this transformation, our
attention was directed to the use of the five-coordinate
manganese(II) dichloride, which after activation might be
converted to tetracoordinate manganese(I) hydride. In contrast
to the well-established iron(II) and cobalt(II) hydrogenation
catalysts, manganese(II) dichloride has been reported to be
inactive for the hydrogenation of carbonyl compounds. This
might be attributed to the low stability of the formed Mn(I)
hydride in the absence of carbonyl ligands.13a,b

Ammonia borane (AB) is a low molecular weight (30.87 g
mol−1), bench-stable, inexpensive solid bearing both protic N−
H and hydric B−H bonds. The good hydrogen capacity (16.9%
wt) and possibility of recycling its dehydrogenated products has
inspired intensive studies toward the use of ammonia borane as
H2 storage molecule. However, reports pertaining to the use of
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ammonia borane as a chemical reagent and, in particular, as
hydrogen donor are scarce.14 We report herein the first
example of manganese-catalyzed transfer hydrogenation of
unsaturated carbon−carbon bonds using ammonia borane as an
environmentally benign hydrogen donor (Scheme 1).

■ RESULTS AND DISCUSSION
We started our study with the synthesis of several PNP and
NNN manganese pincer complexes (Mn-1−Mn-4, Figure 1).

These five-coordinated Mn-complexes could be easily prepared
by the reaction of the anhydrous manganese dichloride with 1.2
equiv of the corresponding ligand in THF at room temperature.
The synthesis and the characterization of the complexes Mn-1
and Mn-2 were recently reported by Elangovan et al.13a and
Kallmeier et al.,13b respectively. However, these complexes were
inactive hydrogenation catalysts. Mn-3 was prepared from
literature report.15 Furthermore, we have synthesized a new
pyridine-based manganese complex Mn-4 in 80% yield. The
crystal structure analysis of Mn-4 showed that the coordination
geometry of the manganese center is distorted square pyramidal
(Figure 1).
Next, we investigated the catalytic activity of the manganese

complexes Mn-1−Mn-4 in the hydrogenation of diphenylace-
tylene (1a) as a model substrate. Methanol was used as a
solvent and ammonia borane as both the potential catalyst
activator and hydrogen donor. The NH-based PNP manganese
complex Mn-1 provided only low conversion (27%) with 84:16
Z/E ratio (Table 1, entry 1). Higher yield (69%) and a slightly
higher Z/E ratio (88:12) were observed by the application of
triazine-based PNP−manganese complex Mn-2 (Table 1, entry
2). Subsequently, we tested the catalytic performance of the
readily available terpyridine−Mn(II) complex Mn-3; however,
only moderate results were obtained (Table 1, entry 3). To our
delight, the newly synthesized pyridyl-based PNP complex Mn-
4 showed full conversion and very good selectivity (97:3, Table

1, entry 4). The use of MnCl2 as a catalyst afforded low
conversion and selectivity (Table 1, entry 5), highlighting the
crucial role of the ligand.
Next, different solvents were tested. Replacing MeOH by

EtOH resulted in the same conversion but lower Z/E ratio
(Table 1, entry 6). The promising results in methanol and
ethanol have encouraged us to investigate more alcohols such
as i-PrOH and more acidic fluorinated solvents: trifluoroetha-
nol (TFE) and hexafluoroisopropyl alcohol (HFIP). However,
these alcohols proved to be unsuitable for this reaction (Table
1, entries 7−9). Interestingly, running the reaction in THF or
dioxane afforded moderate results (Table 1, entries 10−11).
Furthermore, reactions performed in DMF or NMP led to very
low conversions, probably due to the strong coordination of
these solvents with the catalyst (Table 1, entries 12−13). The
solvent screening shows that the nonpolar solvents hexane and
toluene failed to give the desired product (Table 1, entries 14−
15).
Moreover, in order to exclude molecular hydrogen as a

reactant in the described process, the reaction was examined
under hydrogen atmosphere (10 bar) in the presence of
catalytic amounts of AB. Importantly, only traces of the desired
product were detected (Table 1, entry 16). This result suggests
that the reaction takes place via direct transfer hydrogenation
and not via AB solvolysis followed by hydrogenation. Also,
formic acid has been demonstrated to be an unsuitable
hydrogen donor in this process (Table 1, entry 17).
Following these results, we turned our attention to screening

of the reaction conditions with the respect to the catalyst
loading (Mn-4). Pleasingly, the reaction still proceeded well
with a catalyst loading as low as 1 mol % (Table 1, entry 18).

Scheme 1. Manganese-Catalyzed Transfer
Semihydrogenation of Alkynes

Figure 1. Manganese complexes tested in this study and X-ray crystal
structure analysis of Mn-4 (hydrogen atoms omitted for clarity).

Table 1. Optimization of the Reaction Conditionsa

entry [Mn] (mol %) solvent conversion (%) 2a:3a

1 Mn-1 (2) MeOH 27 84:16
2 Mn-2 (2) MeOH 69 88:12
3 Mn-3 (2) MeOH 62 79:21
4 Mn-4 (2) MeOH >99 97:03
5 MnCl2 (2) MeOH 29 78:22
6 Mn-4 (2) EtOH 99 85:15
7 Mn-4 (2) i-PrOH 41 95:05
8 Mn-4 (2) HFIP 06 ND
9 Mn-4 (2) TFE 08 ND
10 Mn-4 (2) THF 87 72:28
11 Mn-4 (2) dioxane 63 79:21
12 Mn-4 (2) DMF 14 80:20
13 Mn-4 (2) NMP 21 83:17
14 Mn-4 (2) toluene 14 83:17
15 Mn-4 (2) hexane <5 ND
16b Mn-4 (2) MeOH <5 ND
17c Mn-4 (2) MeOH <5 ND
18 Mn-4 (1) MeOH >99 99:01
19 Mn-4 (0.5) MeOH 76 95:05

aReaction conditions: 1 (0.25 mmol), AB (0.25 mmol), Mn catalyst in
1 mL of solvent at 60 °C for 16 h. Conversion was determined by 1H
NMR using mesitylene as the internal standard. Z/E ratio was
determined by GC analysis. bAB (0.025 mmol), H2 (10 bar). cAB
(0.025 mmol), HCOOH (0.5 mmol).
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Subsequent reduction of the catalyst to 0.5 mol % resulted in
lower conversion of 76% after 16 h (Table 1, entry 19).
In order to demonstrate the applicability of our manganese

catalyst system, we tested the transfer hydrogenation of various
internal alkyne substrates bearing different electronic and steric
properties (Table 2). Generally, all investigated aromatic

substrates with electron-withdrawing groups and electron-
donating groups were converted into the corresponding (Z)-
alkenes with very good yields and excellent (Z):(E) selectivity
1a−1n. Interestingly, sensitive functional groups such as nitrile,
ester, and heterocycles were well-tolerated under the mild
reaction conditions. The semitransfer hydrogenation could also
be applied to the mono- and dialkylacetylene 1o and 1p after
using more catalyst loading and ammonia borane. The
protected allyl alcohol 2q could be obtained in 81% yield and
good selectivity. Finally, the pentynol-derived alkyne 1r could
be selectively semihydrogenated in good yield (66%).
Apart from the synthetic value of the conversion of alkynes

to alkenes, we decided to investigate the application of the
newly developed catalytic system in the purification of alkenes
from alkyne impurities, which is a highly important industrial
process to valorize the steam cracking bulk feedstocks.4g To
demonstrate the process feasibility, we hydrogenated dipheny-
lacetylene in the presence of a large excess of (Z)-stilbene. To
our delight, 0.03 mmol of diphenylacetylene could be
hydrogenated in the presence 100 equiv of (Z)-stilbene using
only 0.0003 mmol of the Mn-4. Importantly, (Z)-alkenes were
obtained with 99% purity with only traces of the isomerized
(E)-alkene 3a and no overhydrogenation product was detected
(Scheme 2).

With this background knowledge we studied the reaction
mechanism for diphenylacetylene reduction into stilbene
through density functional theory (DFT) modeling (Figure
2).17 Gibbs free reaction and activation energies were calculated
at 50 °C in methanol as a solvent. The precatalyst we
considered is Mn-4, which we suggest can be reduced into the
active catalytic [Mn(I)−PNP]−hydride species (A, at Figure 2)
by NH3BH3. This hypothesis is based on the consideration that
thermogravimetric analysis and differential scanning calorimet-
ric studies proved that CoCl2 to be reduced into cobalt(I) by
induction of NH3BH3 decomposition. These findings served as
the basis for demonstrating the reducing power of NH3BH3
toward other compounds such as FeCl3 and AlCl3 species.16

Starting from the proposed active species A, two catalytic cycles
working simultaneously can be proposed to explain the product
distribution. One is the alkyne reduction cycle, converting
diphenylacetylene into (Z)-stilbene; the second is the alkene
isomerization cycle, converting (Z)-stilbene into (E)-stilbene.
Calculations indicate that the reaction occurs through a

triplet state spin route (Table S1). For example, in the case of
the catalytic species A the triplet spin state is more stable than
the singlet spin state by 27.5 and 32.4 kcal mol−1 at the PBE/

Table 2. Manganese-Catalyzed (Z)-Selective Transfer
Hydrogenation of Alkynesa

aReaction conditions: 1 (0.5 mmol), AB (0.5 mmol), Mn-4 (1 mol %)
in 2 mL of methanol at 60 °C for 20 h, yields after column
chromatography, Z/E ratio is determined by GC analysis of the crude
reaction mixture. bMn-4 (2 mol %). cMn-4 (3 mol %). dMn-4 (4 mol
%). eAB (0.75 mmol). fAB (1 mmol). gAB (1.5 mmol). hAB (2
mmol). i70 °C.

Scheme 2. Showcase of Manganese-Catalyzed Purification of
Cis Alkenes without Isomerization
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SVP and PBE0+D3(BJ)/TZVP//PVE/SVP levels of theory in
methanol. These values are consistent with the value of 33.5
kcal mol−1 calculated at the OPBE/SVP level in the gas phase.18

The alkyne reduction cycle, converting diphenylacetylene
into (Z)-stilbene, starts with coordination of diphenylacetylene
to the [Mn(I)−PNP]−hydride catalyst A, spontaneously
forming the stable complex B, with a binding Gibbs free
energy at 50 °C of −16.4 kcal mol−1 in methanol. The overall
structure of B (see Figure S2) has a strong metallacycloolefin
character, as the C−C−Ph angles are severely bent from 180°
in the isolated substrate, to assume an average value of 143°.
The C−C bond, 1.34 Å, is close to the value of 1.36 Å as in the
isolated (Z)-stilbene, compared to 1.23 Å in the isolated
diphenylacetylene.
This first hydrogenation of the substrate, leading to

intermediate C, exhibits a Gibbs free activation energy of
17.6 kcal mol−1 via transition state B−C. Intermediate C
presents a cis disposition of the Ph substituents on the formed
CC double bond. The overall skeleton of the reacting
carbonaceous moiety is perpendicular to the PNP plane, see
Figure 3. The formed Mn−C bond is nearly collinear with the
Mn−N bond, with a Mn−N−C angle of 161°, and the large
distance between Mn and the transferred H atom, 3.17 Å,
indicates no agostic interaction.
The next step corresponds to MeOH interaction with the

Mn center, leading to intermediate D, with a free energy
increasing in 2.6 kcal mol−1. The long distance between the Mn
and the O atom of MeOH, 3.60 Å, suggests this interaction
being dominated by dispersion forces. Indeed, the enthalpy of
association (between MeOH and C to reach D) at the PBE0/
TZVP//PVE/SVP level amounts to −6.6 kcal mol−1, while at
the PBE0+D3(BJ)/TZVP//PVE/SVP level, which is after
addition of an empirical dispersion term, it amounts to −11.1
kcal mol−1. Proton transfer from MeOH to the substrate occurs
via transition state D−E, indicated to be the rate-limiting step
with a relative activation Gibbs free energy of 25.6 kcal mol−1

(energy span from C to D−E). Once (Z)-stilbene is released in
a spontaneous process, the formed [Mn]−OMe intermediate F
reacts with NH3BH3 to regenerate the starting [Mn(I)−PNP]−
hydride catalytic species A.

A key feature of the above reaction pathway is that the initial
hydrogen transfer to diphenylacetylene, step B to C, occurs
with formation of a Mn−vinyl bond presenting a cis disposition
of the Ph substituents. Since no free rotation around the CC
double bond of the substrate is possible, stereoselectivity
toward the (Z)-alkene is imposed. Our attempts to locate an
alternative transition state in which proton transfer from an
external MeOH to diphenylacetylene occurs first followed by
the hydride transfer from the Mn−H moiety failed.

Figure 2. Proposed reaction mechanism for manganese-catalyzed semitransfer hydrogenation of diphenylacetylene (1a) into (Z)-stilbene (2a)
(reduction cycle) and internal conversion of (Z)-stilbene (2a) into (E)-stilbene (3a) (isomerization cycle). Calculated Gibbs free reaction and
activation energies, at 50 °C, are shown in kcal mol−1 at the PBE0+D3(BJ)/TZVP//PVE/SVP computational level in methanol as solvent.

Figure 3. Minima and transition states for the hydride transfer steps in
the reduction (B−C) and isomerization (G−H) cycles. (For clarity, i-
Pr2 groups are in soft color.)
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Furthermore, the potential role of NH3BH3 as proton donor
instead of MeOH during the D′ to E′ step has been also
investigated. The large activation Gibbs free energy of 37.1 kcal
mol−1 (relative to C) clearly rules out this route in the presence
of MeOH (Figure S3). Finally, we also analyzed both the
reduction and isomerization cycles in THF, where NH3BH3 is
the sole source of proton (see Figure S4). Proton transfer from
NH3BH3 to the substrate via transition state D′−E′, with a
Gibbs free energy of activation of 35.5 kcal mol−1, is again of
high energy, which depresses reactivity. These results are in
agreement with experimental solvent screening experiments in
Table 1.
The formation of (E)-stilbene may also be explained via the

alkene isomerization cycle shown in Figure 2. Within this cycle
the catalytic species A interacts with (Z)-stilbene leading to
complex G. This is a slightly endergonic step, with a binding
Gibbs free energy of 1.2 kcal mol−1, which contrasts with the
large binding energy of diphenylacetylene to A (−16.4 kcal
mol−1). Hydride transfer from Mn(I) of G to the closest C
atom of stilbene leads to intermediate H. This hydrogenation
transfer exhibits a low relative activation barrier of 5.0 kcal
mol−1 and leads to an sp3 hybridization of the C atom of
stilbene, which indeed allows easy rotation around the C−C
bond, step H to I (the relative rotational activation barrier is
calculated to be 5.0 kcal mol−1). β-H transfer to the Mn atom
from I via transition state I−J with Gibbs free energy barrier of
4.6 kcal mol−1 leads to (E)-stilbene, intermediate J. Finally,
dissociation of (E)-stilbene from the metal regenerates the
catalytic species A.
Comparison between the reduction and the isomerization

cycles shows that coordination of diphenylacetylene to the
catalytic species A is favored by 17.6 kcal mol−1 over (Z)-
stilbene coordination (−16.4 vs 1.2 kcal mol−1). Steric effects
play a minor role in determining this large difference in the
binding energies, as a similarly large difference, 14.0 kcal mol−1,
is calculated for coordination of diphenylacetylene and (Z)-
stilbene to a model system where the i-Pr substituents on the P
atoms of PNP ligands are replaced by smaller methyl groups,
−17.3 and −3.3 kcal mol−1, respectively. Further, coordination
of the simplest alkyne (acetylene) and alkene (ethylene) to this
model system with methyl substituents on the P atoms displays
again a large difference in the binding Gibbs free energies,
−18.3 and −7.8 kcal mol−1, confirming that preferential alkyne
coordination over alkene coordination is dominated by
electronic effects.
Considering that the substrate-coordinated intermediates B

and G are connected by intermediate A, the Curtin−Hammett
principle can be used to relate the faster kinetics of the alkyne
reduction cycle to the energy difference between the highest-
laying transition states along the two cycles, which is transition
states D−E and G−H. Consistent with the experimental
evidence, the former, along the alkyne reduction cycle, is
favored by 2.4 kcal mol−1 over the latter, taking place along the
alkene isomerization cycle.

■ CONCLUSIONS
A new manganese-catalyzed hydrogenation of unsaturated
hydrocarbons is reported herein.19 Notably, the newly
developed catalytic system is based on an earth-abundant
metal which is shown to be highly active for semitransfer
hydrogenation of internal alkynes under base- and super-
hydride-free conditions. Ammonia borane was used as both
potential hydrogen donor and catalyst activator. Under mild

conditions a broad scope of internal alkynes bearing different
functional groups are converted to (Z)-alkenes in up to 98%
yield and >99:1 (Z):(E) selectivity. Importantly, this base metal
catalyst allows for the purification of alkenes from alkyne
impurities without alkene isomerization. The ammonia borane
smoothly reduces the manganese precatalyst [Mn(II)−PNP]-
[Cl]2 to the active catalytic species [Mn(I)−PNP]−hydride in
the triplet spin state which is highly stabilized by the
complexation with the alkyne substrate. DFT calculations
indicate that two catalytic cycles, one for hydrogenation of
diphenylacetylene to (Z)-stilbene (the reduction cycle), the
other for isomerization of (Z) to (E)-stilbene (the isomer-
ization cycle), are in competition. The strong thermodynamics
control imposed during the early catalyst···substrate coordina-
tion steps explains the selectivity showed by the [Mn(I)−
PNP]−hydride species for the preferred reduction of
diphenylacetylene into (Z)-stilbene over the (E) isomer.
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Catalytic C1 Alkylation with Methanol and Isotope-Labeled Methanol
Jan Sklyaruk, Jannik C. Borghs, Osama El-Sepelgy,* and Magnus Rueping*

Abstract: A metal-catalyzed methylation process has been
developed. By employing an air- and moisture-stable manga-
nese catalyst together with isotopically labeled methanol,
a series of D-, CD3-, and

13C-labeled products were obtained
in good yields under mild reaction conditions with water as the
only byproduct.

Isotope labeling is a very important topic in various fields of
the life sciences.[1] Deuterium-labeled compounds are widely
used as internal standards for spectroscopy and for biochem-
ical applications.[2] Replacing carbon–hydrogen bonds by
more stable carbon–deuterium bonds may have a positive
effect on metabolic stability while retaining the potency and
selectivity of the compound.[1c] As a consequence, deuterated
drugs have been intensively studied.[3] The incorporation of
deuterium can be achieved by different strategies, either by
heterogeneously and homogeneously catalyzed H/D
exchange or by organic synthesis with deuterium-labeled
building blocks.[4]

In general, the methyl group has an extraordinary
significance, being one of the most common fragments in
biologically active molecules.[5] Furthermore, many pharma-
ceuticals feature improved properties if methyl groups are
incorporated.[5] However, the exchange of methyl groups by
the corresponding labeled analogue is not always straightfor-
ward and is traditionally accomplished by the use of either
electrophilic or nucleophilic CD3 sources, which may have
drawbacks. Aside from their toxicity, carcinogenic properties,
and high cost, a further disadvantage is the waste production
(Scheme 1A). In this regard, recent efforts focused on
trideuteromethylation with deuterated dimethyl sulfoxide[6]

or the generation of aryl methyl ethers, Ar@OCD3, with the
aid of deuterated methanol.[7]

Given the importance of the methyl group in medicinal
and pharmaceutical chemistry and the improved metabolic
properties of deuterated analogues, together with the current
synthetic limitations, we decided to examine a new base-
metal-catalyzed methylation of carbonyl groups using inex-
pensive and readily available isotope-labeled methanol as the

C1 building block.[8] The successful development of such
a reaction would provide access to diverse labeled products,
with water being generated as the only byproduct (Sche-
me 1B). In particular, we decided to investigate a new C1

alkylation reaction[9, 10]withmethanol following a dehydrogen-
ation, aldol condensation, and hydrogenation pathway (Sche-
me 1C).

To develop this sustainable reaction, we needed to address
several challenges: 1) A general restriction for the use of
methanol is its high stability towards dehydrogenation and
the low stability of the intermediates, which often leads to the
formation of CO2 and hydrogen;

[11] 2) aldol condensation with
formaldehyde can generate side products; 3) the following
hydrogenation needs to be chemoselective towards the
olefinic bond to avoid carbonyl reduction; and 4) the base-
metal catalyst needs to be reactive, readily available, stable,
and moisture-tolerant as water is formed as a byproduct.

To the best of our knowledge, a general and practical
base-metal-catalyzed C1 alkylation of carbonyl compounds
with isotope-labeled methanol had not been reported pre-
viously. Manganese is the third most-abundant transition
metal in the EarthQs crust and currently considered for the

Scheme 1. Comparison of different methods for the isotope labeling of
ketones.
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development of sustainable catalytic transformations,[12]

including alkylations.[9a] Thus we initiated our studies with
the synthesis of different manganese complexes (Mn-1 toMn-
4), starting from the corresponding ligands and the precursor
Mn(CO)5Br (Table 1).[13]

However, before directly applying isotope-labeled meth-
anol, we decided to first develop the variant with non-labeled
methanol. Hence, we tested different manganese complexes
in the a-methylation of propiophenone 1a with methanol
(Table 1).[14] To our delight, the air-stable aromatic and
cationic diphenylphosphine-based complex [Mn-1] gave the
desired product in quantitative yield (Table 1, entry 1). In
contrast, the tert-butylphosphine-based complexMn-2 proved
to be inactive (Table 1, entry 2). The aliphatic diphenylphos-
phine-based complex Mn-3 provided the desired product in
a lower yield of 22% (Table 1, entry 3). Furthermore, the
pyridine- and diphenylphosphine-containing complex Mn-4,
which we recently applied in the hydrogenation of carbonates,
was inactive under these reaction conditions (Table 1,
entry 4). The catalyst screen showed that the presence of an
aromatic pyridyl-based backbone together with an aromatic
phosphine is required for good activity and chemoselectivity.

Control experiments using either the manganese precur-
sor Mn(CO)5Br, Mn-1 without base, or only Cs2CO3 did not
provide the product (Table 1, entries 5–7). As the subsequent
base screening (see the Supporting Information) did not
result in improved reaction conditions, Cs2CO3 was used as
the base. Decreasing the catalyst loading to 2.5 mol% gave

also almost quantitative conversion (Table 1, entry 8). How-
ever, when the catalyst loading was lowered to 1 mol%, the
yield dropped to 57% (Table 1, entry 9). Lowering the
temperature to 70 88C as well as decreasing the amount of
base also resulted in diminished yield (Table 1, entries 10).
However, when the concentration of 1a was increased,
a quantitative yield was achieved (Table 1, entry 11). Fur-

Table 1: Optimization of the reaction conditions.[a]

Entry Catalyst (mol%) Cs2CO3 [equiv] T [88C] Yield [%]

1 Mn-1 (5) 4 85 97
2 Mn-2 (5) 4 85 0
3 Mn-3 (5) 4 85 22
4 Mn-4 (5) 4 85 0
5 Mn(CO)5Br (5) 4 85 0
6 – 4 85 0
7 Mn-1 (5) – 85 0
8 Mn-1 (2.5) 4 85 94
9 Mn-1 (1) 4 85 57
10 Mn-1 (2.5) 4 70 36
11[b] Mn-1 (2.5) 2 85 99
12[b] Mn-1 (2.5) 0.2 105 80

[a] Reaction conditions: 1a (0.2 mmol), [Mn] , Cs2CO3, MeOH (2 mL),
24 h. Yields were determined by GC analysis using ethylbenzene as an
internal standard. [b] MeOH (1 mL).

Table 2: Manganese-catalyzed methylation of ketones.[a]

[a] Reaction conditions: 1 (1 mmol), Cs2CO3 (2 mmol), Mn-
1 (2.5 mol%) in CH3OH (5 mL) at 85 88C for 24 h. [b]Mn-1 (5 mol%).
[c] 1n (10 mmol), Cs2CO3 (2 mmol), CH3OH (10 mL), 105 88C, 24 h. [d] 1
(1 mmol), Cs2CO3 (4 mmol), Mn-1 (5 mol%), CH3OH (2 mL) at 105 88C.
[e] 1 (1 mmol), Cs2CO3 (4 mmol), Mn-1 (5 mol%), CH3OH (5 mL) at
85 88C.
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thermore, at higher temperature, the base can be used in
catalytic amounts (Table 1, entries 12).

With optimized reaction conditions in hand, we examined
the scope of the manganese-catalyzed C1 alkylation of
carbonyl compounds (Table 2). In general, the reaction
proceeded well, and differently substituted propiophenone
derivatives as well as cyclic, heteroaromatic, and aliphatic
ketones were converted into the corresponding a-methylated
products 2a–2r in good yields. Furthermore, using acetophe-
none derivatives, double alkylation was also achieved, and the
corresponding products were obtained in good yields
(Table 2, bottom). The practical applicability of the Mn-
1 catalytic system was demonstrated by performing the a-
methylation of 1n on a 10 mmol scale using 2.5 mol% ofMn-
1 and 20 mol% of Cs2CO3.

Following the successful development of this process
using methanol as the alkylating reagent, we turned our
attention to D- and 13C-labeled methanol. Owing to the
kinetic isotope effect (kCH3OH/kCD3OD = 2.4), we had to adjust
the reaction conditions. Again, the manganese-catalyzed C1

alkylation proceeded well when fully deuterated CD3OD was
used, and the corresponding trideuteromethylated products
2-d4 were obtained in good yields (Table 3). According to the
proposed mechanism, deuterium incorporation in the a-
carbonyl position is observed. Overall the yields are com-
parable to those of the non-deuterated version (Table 2).
Interestingly, we also observed H/D exchange for substrates
with benzylic positions (2d, 2o, 2p), indicating that the
manganese catalyst can be used beyond the
C1 deuteromethylation. Subsequently, we also used acetophe-
none and derivatives thereof in the alkylation reaction and
obtained the doubly deuteromethylated products 2-d7 in good
yields (Table 4).

To show the regioselectivity of the deuterium incorpo-
ration and illustrate the different possibilities for highly
selective isotope labeling, we applied three other isotope-
labeled methanol variants, CH3OD, CD3OH, and 13CH3OH,
in the manganese-catalyzed alkylation (Scheme 2). Ketone
2a-d1 was isolated in 86% yield, giving almost exclusively the
a-deuterated isotopomer. In the case of CD3OH, 2a-d3 was
isolated in 88%, giving the desired b-trideuterated product.
To confirm the generality of our process, we also applied 13C-
labeledmethanol, and pure 2a-13Cwas obtained in 79% yield.

In summary, we have developed a manganese-catalyzed
C1 alkylation with methanol as an environmentally benign
alkylating reagent that provides methylated products in good
yields under mild reaction conditions, with water being
generated as the only byproduct. Differently isotope-labeled
methanol variants were subjected to this base-metal-cata-
lyzed process to selectively generate CD3-, (CD3)2-, and

13C-
labeled products. Given the simplicity of the procedure and
the use of readily available substrates and catalysts as well as
inexpensive labeled reagents, both the newly developed

Table 3: Manganese-catalyzed trideuteromethylation of ketones.[a]

[a] Reaction conditions: 1 (0.5 mmol), Cs2CO3 (2 mmol), Mn-
1 (5 mol%), CD3OD (1 mL) at 105 88C for 24 h. [b] CD3OD (0.5 mL), 1,4-
dioxane (0.5 mL), 135 88C.

Table 4: Manganese-catalyzed double trideuteromethylation of keto-
nes.[a]

[a] Reaction conditions: 1 (0.5 mmol), Cs2CO3 (2 mmol), Mn-
1 (5 mol%), CD3OD (1 mL) at 105 88C for 24 h. [b] 48 h.
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methylation as well as the labeling reaction should be of
interest for the straightforward synthesis of methyl-containing
bioactive compounds.
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C-Alkylation of Secondary Alcohols by Primary Alcohols
through Manganese-Catalyzed Double Hydrogen
Autotransfer
Osama El-Sepelgy,*[a] Esteban Matador+,[a] Aleksandra Brzozowska+,[a] and
Magnus Rueping*[a, b]

A new Mn-catalyzed alkylation of secondary alcohols with non-
activated alcohols is presented. The use of a stable and well-

defined manganese pincer complex, stabilized by a PNN
ligand, together with a catalytic amount of base enabled the

conversion of renewable alcohol feedstocks to a broad range

of higher-value alcohols in good yields with water as the sole
byproduct. The strategy eliminates the need for exogenous

and detrimental alkyl halides as well as the use of noble metal
catalysts, making the C-alkylation through double hydrogen

autotransfer a highly sustainable and environmentally benign
process. Mechanistic investigations support a hydrogen auto-

transfer mechanism in which a non-innocent ligand plays a

crucial role.

b-Alkylation of alcohols is one of the most fundamental

carbon-carbon bond-forming reactions. The conventional route
requires three chemical steps (i.e. , stoichiometric oxidation, al-

kylation with alkyl halides, and stoichiometric reduction),

making the overall process environmentally unfriendly.[1] With
aim to avoid the use of mutagenic and waste-forming re-

agents,[2] modern processes have emerged, which are based
on the hydrogen autotransfer strategy[3] utilizing biomass-de-

rived alcohols as alkylating agents.[4] Hence, a strategy that
comprises the dehydrogenation of both of the primary and
secondary alcohols followed by base-catalyzed aldol condensa-

tion to produce a,b-unsaturated ketones and subsequent
double hydrogenation can provide b-alkylated alcohols. Thus,
stoichiometric oxidation and reduction reagents as well as

alkyl halides can be substituted by abundantly available alco-
hols.

So far, the vast majority of these approaches rely on the use
of more expensive noble-metal catalysts, such as Ir,[5] Ru,[6] Rh[7]

and Pd.[8] Replacement of the precious-metal catalysts by

earth-abundant low-toxicity base-metal catalysts is a topic of
current interest.[9] Processes relying on the use of Fe[10] Ni[11]

and Cu[12] catalysts have been disclosed. More recently, Co cat-
alysis has been successfully used. However, higher catalyst

loading (5 mol%) along with superstoichiometric amounts of a
more sensitive and expensive base [potassium bis(trimethylsily-

l)amide (KHMDS)] may be a drawback.[13]

Despite all these efforts, the alkylation of secondary alcohols
with primary alcohols often leads to mixtures of the desired b-

alkylated alcohols along with the corresponding undesired ke-
tones, presenting a crucial selectivity issue. Therefore, the de-

velopment of a base-metal catalyst for the selective alkylation
of secondary alcohols would be highly desirable.

Based on our recent experience in Mn catalysis and its appli-

cation in the reduction of alkynes and organic carbonates,[14]

we questioned if highly reactive Mn catalysts may be suitable

for the efficient hydrogenation of the intermediate a,b-unsatu-
rated ketone, resulting exclusively in the desired alkylated alco-

hols. However, at the outset of this work, the alkylation of sec-
ondary alcohols using/from primary alcohols by Mn catalysis

was not known to the best of our knowledge. During the prep-

aration of this Communication a related parallel study was re-
ported by Yu and co-workers.[15] Here, we demonstrate that

the Mn–PNN pincer complex Mn-1 is a remarkably active and
selective catalyst for the alkylation reaction of alcohols

(Scheme 1).[16,17]

The cross-coupling between 1-phenylethanol (1a) and

benzyl alcohol (2a) was selected as a model reaction (Table 1).
Initially, we screened the catalytic properties of different Mn
complexes (Mn-1 to Mn-4) in combination with 10 mol% of

Scheme 1. Mn-catalyzed double hydrogen autotransfer.
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Cs2CO3 in tert-amyl alcohol (TAA) as solvent. The use of
3 mol% of our PNN complex Mn-1 led to promising results,

providing the desired product 3a in 49% yield along with 8%
of the corresponding ketone 3a’ (Table 1, entry 1). The applica-

tion of the di-tert-butyl complex Mn-2 resulted in similar dehy-

drogenation activity and slightly lower hydrogenation activity
(Table 1, entry 2).[16f] In the presence of PNP complexes, such as

Mn-3 and Mn-4, excellent conversion was observed. However,
the inefficient hydrogenation of the unsaturated intermediate

provided considerable amount of the undesired ketone 3a’
(Table 1, entries 3 and 4). Thus, we decided to further optimize

the model reaction using Mn-1 in combination with different
bases and solvents. 1,4-Dioxane and 2-Me-THF proved to be
unsuitable for this reaction. However, performing the reaction

in toluene resulted in better results (Table 1, entries 5–7). Addi-
tionally, we tested various bases such as KHMDS, KH, KOH, and

KOtBu (Table 1, entries 8–13). From these experiments the reac-
tion proceeded best when 25 mol% of KOtBu were applied

and the desired product was obtained in 92% yield (Table 1,

entry 13). Interestingly, we could reduce the catalyst loading to
1 mol% while still obtaining excellent yield (Table 1, entry 14).

Finally, full conversion was still observed upon adding Hg to
the reaction mixture, proving the homogenous nature of the

Mn catalyst (Table 1, entry 15).

Next, the substrate scope of the b-alkylation of different sec-
ondary alcohols 1 with benzyl alcohol 2a was conducted

(Scheme 2a). The 1-phenylethanol derivatives 1b–1d bearing
electron-donating substituents in ortho, meta, and para posi-

tions gave the desired products 3b–3d in good yields. Similar-
ly, the electron-deficient substrates 1e and 1 f furnished the

upgraded alcohols 3e and 3 f in good yields. Furthermore, the
alkylation of the naphthyl substrate 1g afforded the expected

product in 71% yield. Importantly, the substrate scope could

be extended to the use of the less active aliphatic secondary
alcohols 1h–1 l ; the corresponding alcohols 3h–3 l were ob-

tained in good-to-moderate yields. Noteworthy, even the steri-
cally demanding alcohol 1k was tolerated in this Mn-catalyzed

reaction.
After successfully varying the secondary alcohols, we

became interested in studying the scope of the b-alkylation of

1-phenylethanol (1a) with different primary alcohols 2
(Scheme 2b). The alkylation of 1a with the electron-rich benzyl

alcohols 2b–2 f as well as the electron-poor substrates 2g–2 i
resulted in the secondary alcohols 4b–4 i in good yields. Also,

the alcohol 4 j containing a naphthyl group was obtained in
77% yield. Additionally, various aliphatic primary alcohols

could also be used as a coupling partner to afford the alcohols

4k–4m.
Encouraged by these promising results, we decided to inves-

tigate the more challenging coupling reaction between satu-
rated aliphatic primary and secondary alcohols (Scheme 2c).

Indeed, our catalytic system also proved to be suitable to
couple the branched cyclohexanemethanol and unbranched 1-

octanol with 1-cyclohexylethanol and the products 5a and 5b
were isolated in good yields. Furthermore, 1-cyclopenylethanol
and 1-cyclopropylethanol were alkylated with different linear

and non-linear alcohols to produce the alcohols 5c–5e in
good yields.

To gain insight into the reaction mechanism, we performed
deuterium-labeling experiments (Scheme 3). When 1-phenyle-

thanol-a-d1 [D1]1a was reacted with benzyl alcohol-a,a-d2

[D2]2a, a very strong kinetic isotope effect was observed and
3a’’ was obtained in 31% yield with 86% deuteration in the a-
position and 60% deuterium incorporation at C3. No deutera-
tion occurred at the OH moiety and only 10% deuterium incor-

poration occurred at the C2 position (Scheme 3a). Similarly,
the reaction between [D1]1a and 2a gave the alkylated prod-

uct with deuterium incorporations of 32% at C1, 15% at C3,
and >3% at C2 (Scheme 3b). The presence of only 40% deu-
terium incorporation at C3 in the reaction between 1a and

[D2]2a indicates the reversibility of the primary alcohol dehy-
drogenation process and supports the hydrogen autotransfer

pathway (Scheme 3c).
Interestingly, the high deuterium content at C1 and C3 and

the low deuterium incorporation at C2 are not in alignment

with both the classical dihydride mechanism and proposed
amidate-assisted pathway.[16e] The presented deuterium experi-

ments support a monohydride mechanism and highlight the
involvement of both the metal and the non-innocent ligand in

the transfer-hydrogenation pathways.[18–20]

Table 1. Optimization of the reaction conditions.[a]

Entry Catalyst
([mol%])

Base
([mol%])

Solvent Conv.
[%]

Yield of 3a/3a’
[%]

1 Mn-1 (3) Cs2CO3 (10) TAA 57 49/8
2 Mn-2 (3) Cs2CO3 (10) TAA 60 42/14
3 Mn-3 (3) Cs2CO3 (10) TAA >99 69/30
4 Mn-4 (3) Cs2CO3 (10) TAA 90 55/34
5 Mn-1 (3) Cs2CO3 (10) 1,4-dioxane 62 20/3
6 Mn-1 (3) Cs2CO3 (10) 2-Me-THF 60 30/4
7 Mn-1 (3) Cs2CO3 (10) toluene 73 50/22
8 Mn-1 (3) KHMDS (10) toluene 77 50/8
9 Mn-1 (3) KH (10) toluene 90 65/8
10 Mn-1 (3) KOH (10) toluene 93 76/5
11 Mn-1 (3) KOtBu (10) toluene 88 81/5
12 Mn-1 (3) KOtBu (5) toluene 85 57/17
13 Mn-1 (3) KOtBu (25) toluene >99 92/8
14 Mn-1 (1) KOtBu (25) toluene >99 92/8
15[b] Mn-1 (1) KOtBu (25) toluene >99 83/13

[a] Reaction conditions: 1a (0.5 mmol), 2a (0.55 mmol), [Mn] and base in
0.5 mL of solvent at 135 8C in a glass tube under argon for 20 h. Conver-
sions and yields were determined by the H1 NMR analysis of the crude re-
action mixture using mesitylene as an internal standard. TAA= tert-amyl
alcohol. [b] A drop of mercury was added.
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The metal monohydride can be formed by the b-hydride
elimination of the Mn alkoxide (inner sphere pathway). Alterna-

tively, the alcohol can be (de)hydrogenated through the outer

sphere of the metal without coordination of the alcohol to the
metal center.[20] Subsequently, we investigated the progress of

the model reaction between 1a and 2a as a function of time
(see the Supporting Information for details). The investigation

indicates that the dehydrogenation of the alcohol substrates is
most likely the rate-limiting step. The proposed reaction mech-

anism is shown in Scheme 4. Initially, the precatalyst Mn-1
reacts with the base to form the 16e species A. This active
species can reversibly react with an alcohol to form the corre-

sponding ketone and the hydrogenated catalyst B
(Scheme 4a). The alkylation reaction starts with the dehydro-

genation of both alcohols to form carbonyl compounds and
the hydrogenated catalyst B. Then, the base-catalyzed aldol

condensation leads to the irreversible formation of the a,b-un-

saturated ketone intermediate. Based on the experimental re-

Scheme 2. Scope of Mn-catalyzed C-alkylation of secondary alcohols by pri-
mary alcohols. Reaction conditions: 1 (0.5 mmol), 2 (0.55 mmol), Mn-1
(0.005 mmol) and KOtBu (0.125 mmol) in toluene (0.5 mL) were stirred at
135 8C for 20 h in a glass tube under an inert atmosphere. Yields after
column chromatography. [a] Mn-1 (0.015 mmol). [b] Mn-1 (0.01 mmol).
[c] NMR yield.

Scheme 3. Deuterium labeling experiments.

Scheme 4. Proposed reaction mechanism.
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sults and the reaction profile, it is suggested that the hydroge-
nation of the C=C double bond of the a,b-unsaturated ketone

takes place prior to the reduction of the ketone 3’ to the de-
sired alcohol product 3 (Scheme 4b).

In conclusion, we report here the synthesis of C-alkylated
secondary alcohols through a hydrogen autotransfer strategy

using a stable and well-defined Mn catalyst. The newly devel-
oped catalytic system distinguishes itself through the absence

of noble metals and stoichiometric amounts of base as well as

external hydrogen acceptors or hydrogen donors not being re-
quired. The environmentally benign, atom-economical process

operates under relatively mild conditions and water is the only
byproduct. The Mn-catalyzed reaction features a wide sub-

strate scope and, importantly, the cross-coupling between two
different aliphatic saturated alcohols is feasible, resulting in the
desired secondary aliphatic alcohols with excellent chemose-

lectivity.
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ABSTRACT: The first example of manganese-catalyzed C-
alkylation of the carboxylic acid derivatives is reported. The
bench-stable homogeneous manganese complex enables the
transformation of the renewable alcohol and carboxylic acid
derivative feedstock to higher value esters and amides. The
reaction operates via hydrogen autotransfer and ideally
produces water as the only side product. Importantly,
aliphatic-, benzylic-, and heterocyclic-containing alcohols can
be used as alkylating reagents, eliminating the need for
mutagenic alkyl halides.

The catalytic functionalization of the C−H bonds is a
central challenge in modern chemistry.1 Carboxylic acids

and their derivatives are pervasive in nature. Accordingly, an
elegant approach to utilize the readily available esters and
amides is to convert them to more valuable intermediates upon
α-alkylation reaction. Conventional noncatalytic methods for
the α-alkylation of the carbonyl compounds involve the
generation of the corresponding enolate nucleophile using
superbase (such as organolithium or alkali metal amides) at
very low temperature. In addition to the need for toxic alkyl
halide electrophiles, such methods suffer from low atom
economy and the generation of copious amounts of waste.2

Recently, alkylation of the carbonyl compounds with
primary alcohols using a hydrogen autotransfer strategy has
emerged as an environmentally friendly alternative for
conventional alkylation methods.3 The key features of this
hydrogen-neutral process are the use of the alcohols as a green
electrophile, and the only stoichiometric byproduct is water.
Alcohols are renewably available from the lignocellulosic
biomass and a variety of industrial processes.4 In fact, progress
has been made in the α-alkylation of ketones and β-alkylation
of alcohols.5,6 In contrast, the α-C−H bonds of the esters and
amides exhibit comparably low Brønsted acidity owing to the
resonance stabilization effect of the adjacent NR2 group.
Furthermore, esters typically undergo side reactions such as
self-condensation and transesterification. Among the carboxylic
acid derivatives, the functionalization of dimethylacetamide
(DMA) and tert-butyl acetate is of particular interest because
these compounds can be obtained in one step from acetic acid
and are frequently used as solvents in synthetic chemistry.
Only a few reports are known for the α-alkylation of esters and
amides using iridium7 and ruthenium8 catalysis. Very recently,
Kempe and co-workers have reported an elegant cobalt-

catalyzed alkylation of esters and amides. However, the
extensive need for a glovebox may complicate large-scale
application.9

For sustainability reasons, the current key challenge is the
development of efficient catalytic systems that rely on the use
of widely abundant, inexpensive metals.10 Manganese, the third
most abundant transition metal, was recently recognized by
several groups including ours as a potential alternative for the
toxic noble metal in the hydrogenation of polar11 and nonpolar
bonds,12 acceptorless dehydrogenation transformations,13 and
C- and N-alkylation with primary alcohols.5e−j,6c,14 Despite
recent advances,15 alkylation of the esters and amides via a
hydrogen autotransfer strategy remains an unsolved challenge.
Herein, we report the first example of manganese-catalyzed α-
alkylation of unactivated esters and amides with alcohols
(Scheme 1). Our catalytic system features a bench-stable
catalyst stabilized by an air-stable PNN ligand.
The C-alkylation of DMA with benzyl alcohol (1a) was

selected as a model reaction for the optimization of the
reaction conditions (Table 1). Initially, we tested the catalytic

Received: October 5, 2018
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Scheme 1. Unprecedented Manganese-Catalyzed C−H
Functionalization of Esters and Amides
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activity of different manganese complexes (Mn-1−Mn-3)16 in
1,4-dioxane using t-BuOK as a base. While the PNP−Mn
complexes Mn-1 and Mn-2 gave unsatisfactory results, Mn-3
bearing a PNN ligand afforded the desired alkylated amide 3a
in 91% yield (Table 1, entries 1−3). Thus, Mn-3 was selected
for the further optimization of the common reaction
parameters such as base and solvent. It was found that
efficiency of the reaction was reduced upon use of t-BuOLi and
t-BuONa (Table 1, entries 4 and 5). Additionally, relatively
weak bases such as Cs2CO3 and Na2CO3 were inert in this
transformation (Table 1, entries 6 and 7). Similarly, NaOH
and KOH proved unsuitable for this reaction (Table 1, entries
8 and 9). Next, we examined different solvents. The use of
other polar aprotic solvents such as 2-Me-THF and diglyme
resulted in the formation of the desired product in 57% and 9%
yields, respectively (Table 1, entries 10 and 11). The
application of the nonpolar toluene led to lower yield
compared to that of 1,4-dioxane (Table 1, entry 12). In
summary, the reaction works best using 3 mol % of Mn-3 and
1.2 equiv of t-BuOK in 1,4-dioxane at 130 °C.
With the optimized conditions in hand, we explored the

scope of the α-alkylation of amides with alcohols (Table 2).
First, the scope of the alkylation of N,N-dimethylacetamide
with alcohols was investigated. Benzylic alcohols bearing
electron-donating or electron substituents in the ortho, meta,
and para positions delivered the corresponding alkylated amide
3a−d in good to excellent yield (Table 2, entries 1−4).
Similarly, 1-naphthalenemethanol performed well in this
transformation and gave 3e in 72% yield (Table 2, entry 5).
Importantly, alcohols bearing different heterocyclic moieties;
furan, thiophene, and pyridine, were tolerated, and the high-
value-added amides 3f−h were obtained in good yield (Table

2, entries 6−8). Furthermore, long-chain and α-branched
aliphatic alcohols could be used in this new method to produce
the C-alkylated amide derivatives 3i−k in good yields (Table 2,
entries 9−11). Afterward, we investigated different types of
amides. Pleasantly, when N,N-diethylacetamide and 4-
acetylmorpholine 2b and 2c were subjected to the reaction,
the alkylation products were obtained in moderate yields
(Table 2, entries 12 and 13). Importantly, this catalytic system
was not limited to the alkylation of the tertiary amide. Thus,
the selective alkylation of N-methylacetamide resulted in the
formation of the desired C-alkylated products 3n and 3o in

Table 1. Optimization of the Reaction Conditionsa

entry [Mn] base solvent yield (%)

1 Mn-1 t-BuOK 1,4-dioxane 22
2 Mn-2 t-BuOK 1,4-dioxane 15
3 Mn-3 t-BuOK 1,4-dioxane 91
4 Mn-3 t-BuOLi 1,4-dioxane 9
5 Mn-3 t-BuONa 1,4-dioxane 28
6 Mn-3 Cs2CO3 1,4-dioxane 0
7 Mn-3 Na2CO3 1,4-dioxane 0
8 Mn-3 NaOH 1,4-dioxane 0
9 Mn-3 KOH 1,4-dioxane 0
10 Mn-3 t-BuOK 2-Me-THF 57
11 Mn-3 t-BuOK diglyme 9
12 Mn-3 t-BuOK toluene 62

aReaction conditions: 1a (0.5 mmol), 2a (1.5 mmol), [Mn] (0.015
mmol), base (0.6 mmol), solvent (1 mL), 130 °C, 15 h. Yields
determined by GC analysis using m-xylene as an internal standard.

Table 2. Manganese Catalyzed Alkylation of Amidesa

aReaction conditions: 1 (0.5 mmol), 2 (1.5 mmol), Mn-3 (0.015
mmol), t-BuOK (0.6 mmol), 1,4-dioxane (1.0 mL), 15 h, 130 °C.
Isolated yields are shown. bMn-3 (0.02 mmol) and t-BuOK (1.0
mmol). c1 mmol scale.
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53% and 86% yields (Table 2, entries 14 and 15). It is worth
noting that the conventional alkylation of secondary amides
using alkyl halides often leads to the N-alkylation products.2c

Afterward, we examined our catalytic system for the alkylation
of the 2-oxindole derivative 2p. Indeed, the alkylation reaction
proceeds well followed by C−H hydroxylation to afford the
C3-hydroxy-functionalized 2-oxoindole 3p in 87% yield (Table
1, entry 16).
Encouraged by these results, we decided to further expand

the scope to the alkylation of esters. Thus, the reaction
conditions for the tert-butyl acetate alkylation with benzyl
alcohol were investigated. In summary, the best conditions
involve the use Mn-3 and 2 equiv of t-BuOK in toluene at 100
°C for 4 h. We then focused on the substrate scope (Table 3).

The application of the benzyl alcohol as a coupling partner
gave the desired product 5a in 58% yield (Table 3, entry 1).
Benzylic alcohols containing p-methyl, p-methoxy, and m-
chloro were compatible with the reaction conditions, and the
C-alkylated esters 5b−d were obtained in moderate yields
(Table 3, entries 2−4). The application of 1-naphthaleneme-
thanol led also to the desired product 5e in moderate yield
(Table 3, entry 5). Noteworthy, thiophene-containing
substrate and products such as 5f are tolerated in this
alkylation reaction (Table 3, entry 6).
In order to gain more insight in the reaction mechanism, we

carried out a deuterium-labeled experiment (Scheme 2). In
more detail, [D2]1a was used an alkylating reagent for the

DMA. However, when the catalyst loading was increased to 5
mol %, only 49% yield was observed, which indicates a very
strong kinetic isotope effect. Furthermore, the alkylated amide
3a′ was obtained with >90% deuterium incorporation at C3
and very low deuteration at C2. The deuterium experiment
indicates that the hydrogen autotransfer reaction takes place
via a monohydride mechanism with involvement of both the
metal and the non innocent ligand in the dehydrogenation and
hydrogenation steps.17−19

On the basis of our experimental observations, the proposed
reaction mechanism is presented in Scheme 3. Initially, proton

transfer from the alcohol to the 16e species A takes place to
generate the manganese alkoxide intermediate B. Subse-
quently, β-hydride elimination leads to the formation of an
aldehyde and the hydrogenated catalyst C, storing the
abstracted hydrogen on the metal ligand catalyst. The base-
catalyzed condensation between the in situ generated aldehyde
and carboxylic acid derivative result in the formation of an
unsaturated amide. The shuttled hydrogen on the hydro-
genated catalyst C is then transferred to the CC bond in two
discrete steps. First, the the CC bond is inserted into the
Mn−H bond to produce the intermediate D. Second, the
desired product is released upon proton transfer and the
manganese species A is regenerated. The proton transfer may
also occur by transferring a proton directly from an alcohol,
producing the desired product and the intermediate B without
the regeneration of the 16e species A.20

In conclusion, we have reported the first example of
manganese-catalyzed environmentally benign C-alkylation of
unactivated esters and amides with unactivated alcohols.21 The
reaction tolerates a wide range of functional groups and
heterocyclic moieties, providing highly useful upgraded amides
and esters in excellent efficiency. The presented sustainable
alkylation reaction liberates water as the only side product.

Table 3. Manganese Catalyzed Alkylation of Estersa

aReaction conditions: 1 (0.5 mmol), 4 (2 mmol), Mn-3 (0.025
mmol) and t-BuOK (1 mmol), toluene (1 mL), 100 °C, 4 h. Isolated
yields are shown.

Scheme 2. Deuterium-Labeled Experiment

Scheme 3. Proposed Reaction Mechanism
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ABSTRACT: A general and chemoselective catalytic alkyla-
tion of nitriles using a homogeneous nonprecious manganese
catalyst is presented. This alkylation reaction uses naturally
abundant alcohols and readily available nitriles as coupling
partners. The reaction tolerates a wide range of functional
groups and heterocyclic moieties, efficiently providing useful
cyanoalkylated products with water as the only side product.
Importantly, methanol can be used as a C1 source and the
chemoselective C-methylation of nitriles is achieved. The mechanistic investigations support the multiple role of the metal−
ligand manganese catalyst, the dehydrogenative activation of the alcohol, α-C−H activation of the nitrile, and hydrogenation of
the in-situ-formed unsaturated intermediate.

■ INTRODUCTION

The construction of C−C bonds via the hydrogen autotransfer
strategy is of particular academic and industrial interest. The
key motivation for this strategy is the application of alcohol
feedstock as a benign alkylating reagent1 while liberating water
as the sole byproduct. Thus, the procedure eliminates the need
for mutagenic alkyl halides and avoids the production of
copious waste. To date, the majority of appropriate catalytic
systems are based on noble metals including Ru, Rh, Ir, Pd and
Pt.2 The low availability of these precious metals has triggered
the development of alternative catalytic systems based on earth
abundant metals.3 In this context, progress has been made in
the alkylation of ketones,4 alcohols,5 esters,6 and amides6 using
base metal catalysts. In contrast, the alkylation of nitriles is
more challenging due to the sensitivity of the cyano group
toward the activated hydrogen and the water side product. In
more details, the metal catalyst can transfer hydrogen from the
alcohol to the nitriles to form primary amines and aldehydes7

and these can subsequently be converted to secondary amines8

or amides.9 However, water might result in the hydrolysis of
the nitrile functionality to the corresponding amide.10 In
addition, the alkylation of nitriles with alcohols often leads to a
mixture of the alkylnitrile product along with the correspond-
ing olefin intermediate,11 giving rise to critical selectivity issues.
Thus, until recently, the direct alkylation of nitriles with
alcohols was only known with precious metal catalysis such as
Ru,12 Ir,13 Rh,14 Os,15 and Pd.16

Our interest in the development of an improved synthesis of
alkylnitriles is due to their great importance as valuable
intermediates in the fine chemical industry. Importantly, the
cyanoalkyl moiety is also ubiquitous in different natural
products and pharmaceuticals.17 Very recently, Wang and co-

workers have reported an interesting iron-catalyzed alkylation
of nitriles with primary alcohols by applying stoichiometric
amount of strong base (NaOH).18 Pursuant to our interest in
developing sustainable transformations based on nonprecious
metal catalysis,19 and inspired by the recent advances in
manganese catalysis,20−22 we herein report highly reactive and
selective manganese-catalyzed alkylation of nonactivated
nitriles with a broad range of alcohols (Scheme 1). A related

study has also been reported by Maji et al.23 In our study, we
focused on a catalytic system that utilizes a bench stable
catalyst that can easily be prepared in one step from the
commercially available and air stable MACHO ligand and
Mn(CO)5Br. Interestingly, the presented catalytic system is
not limited to the long-chain alcohols as the more challenging
C-alkylation can also be achieved with methanol as the C1
source. Furthermore, the manganese catalyst does not require
any sensitive reagent for activation and is simply activated with
catalytic amounts of suitable base.

Received: March 20, 2019
Published: May 22, 2019

Scheme 1. Manganese-Catalyzed Alkylation of Nitriles with
Alcohols
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■ RESULTS AND DISCUSSION
To develop the base metal-catalyzed alkylation reaction, we
started to investigate the reaction between phenylacetonitrile
(1a) and the n-butanol (2a) applying different manganese
catalysts (Table 1). Initially, we screened the catalytic activity

of the different manganese complexes Mn-1−3 in toluene
using t-BuOK as the catalyst activator. The pyridyl-based PNP
complex Mn-122j led to unsatisfactory results, providing only a
trace amount of the product (Table 1, entry 1). However, in
the presence of the complex Mn-2,22k bearing an aliphatic NH
group, excellent conversion was observed and 86% of the
desired product 3a along with 11% of the unsaturated olefin
3a′ (Table 1, entry 2) was obtained. Use of the Mn-PNN
pincer complex Mn-320b (Table 1, entry 3) provided similar
results. Due to the facile access of Mn-2 and the availability of
the ligand, we decided to further optimize the model reaction
using Mn-2 in combination with different bases and solvents.
Running the reaction using equimolar amounts of manganese
and the base resulted in 66% conversion and 47% combined
yield of 3a and 3a′ (Table 1, entry 4). Using polar solvents
such as t-amyl alcohol, 1,4-dioxane, or 2-methyltetrahydrofuran
(2-Me-THF) did not lead to improved results (Table 1, entries
5−7). In addition, we tested various bases including KOH,
K2CO3, and Cs2CO3 (Table 1, entries 8−10). From these
experiments, the best results were obtained using Cs2CO3 and
the desired product was obtained in 79% yield along with 8%
of the alkenyl nitrile 3a′. Pleasingly, slightly increasing the base
loading to 10 mol % led to quantitative yield with complete
chemoselectivity (Table 1, entry 11).

Having established the optimized reaction conditions, we
next investigated the generality of this protocol by exploring
the scope of the nitrile alkylation partner (Scheme 2A). To our

Table 1. Optimization of the Reaction Conditionsa

entry cat. base (mol %) conv. (%) yield 3a/3a′ (%)
1 Mn-1 t-BuOK (3) 38 >5/>5
2 Mn-2 t-BuOK (3) 97 86/11
3 Mn-3 t-BuOK (3) 96 70/09
4 Mn-2 t-BuOK (1) 66 35/12
5b Mn-2 t-BuOK (3) 95 77/12
6c Mn-2 t-BuOK (3) 48 25/06
7d Mn-2 t-BuOK (3) 78 60/10
8 Mn-2 KOH (3) >99 96/04
9 Mn-2 K2CO3 (3) 84 67/12
10 Mn-2 Cs2CO3 (3) >99 79/08
11 Mn-2 Cs2CO3 (10) >99 99/00

aReaction conditions: 1a (0.5 mmol), 2a (1 mmol), [Mn] (0.005
mmol), and base in toluene (0.5 mL) at 135 °C in a glass tube under
an inert atmosphere for 18 h. Conversions and yields were determined
by gas chromatography analysis of the crude reaction mixture using
mesitylene as an internal standard. bReaction in t-amyl alcohol.
cReaction in 2-MeTHF. dReaction in 1,4-dioxane.

Scheme 2. Manganese-Catalyzed Alkylation of Nitriles with
Different Alcohols

aReaction conditions: 1 (0.5 mmol), 2 (1 mmol), Mn-2 (0.005
mmol), Cs2CO3 (0.05 mmol), toluene (0.5 mL), 135 °C (aluminum
block), 18 h. bMn-2 (0.025 mmol). cReaction conditions: 1 (0.5
mmol), methanol (1 mL), Mn-2 (0.025 mmol), Cs2CO3 (0.05
mmol), 1,4-dioxane (1 mL), 24 h.
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delight, in all cases, the reaction was accomplished within 18 h
using 1 mol % of the bench stable catalyst Mn-2. Notably, a
diverse range of substituted benzyl cyanides can be used to
yield the C-alkylated nitrile derivatives 3b−g in very good
yields and with excellent chemoselectivity. It is important to
highlight that the benzonitrile moiety was tolerated to give the
desired product 3h. Importantly, heterocycle containing
benzylic nitriles, such as 3i and 3j, can also be efficiently
alkylated.
We next decided to explore the scope of primary alcohols as

alkylating agents (Scheme 2B). Importantly, a large array of
benzyl alcohols bearing electron-withdrawing and electron-
donating groups in different positions could be applied to give
the desired products 4a−f in very good isolated yields.
Furthermore, a naphthyl-substituted product 4g was obtained
in 83% yield. Similar to the scope of the nitrile, alcohols
bearing heterocycles (pyridine, thiophene, and furane) could
also be used to access the corresponding products 4h−k.
Moreover, this protocol is not limited to benzylic alcohols, as
exemplified by the rapid incorporation of different aliphatic
alcohols under the same reaction conditions (4l−p), whereby
unsaturated CC bonds remain intact (4o).

However, a higher activation energy barrier needs to be
overcome for the dehydrogenation of the methanol; compared
with other alcohols, our catalytic system proved to be suitable
for the challenging α-methylation of nitriles. Slightly modified
reaction conditions have to be used to successfully accomplish
the C1-alkylation. Indeed, a broad series of differently
substituted nitriles, including heterocycles, can be methylated
to deliver the products 5a−h in moderate-to-good yields
(Scheme 2C). Interestingly, our base metal-catalyzed proce-
dure shows superior catalytic activity to the recently disclosed
Ru-catalyzed protocol.12a

To gain more insight into the reaction mechanism, we
monitored the reaction progress between phenylacetonitrile
(1a) and 1-butanol (2a) catalyzed by Mn-2 (Figure 1). After 1
h, we observed 83% of conversion of the nitrile 1a and the
formation of 66% yield of 3a along with 15% of the
unsaturated intermediate 3a′. After 3 h, almost full conversion
of 1a was obtained with 80% yield of the 3a, whereas the
amount of the remaining intermediate 3a′ was still constant
(ca. 15%). Complete conversion was observed after 18 h.
Subsequently, we decided to carry out several control NMR
experiments (Figure 2). The treatment ofMn-2 with 1 equiv of
t-BuOK at room temperature (RT) for 1 h in C6D6 led to the
formation of the soluble imido complex Mn-2a, as confirmed
by the 31P NMR spectrum (91.02 ppm). When 1 equiv of 4-
flurophenylacetonitrile was added, we immediately observed
the formation of two new broad peaks at 73.65 and 78.82 ppm
at 31P NMR, indicating the coordination between the
manganese catalyst and the nitrile substrate.
Based on the experimental background and the density

functional theory studies, a proposed reaction mechanism is
shown in Scheme 3. Initially, the manganese precatalyst reacts
with the base to generate an imido complex as the active
catalytic species (Scheme 3a). This imido complex activates
the alcohol via dehydrogenation with the simultaneous
formation of the manganese species H−Mn−N−H. Most
likely, this reaction takes place via the formation of a Mn-
alkoxide intermediate. In addition to the role of the manganese
catalyst in the alcohol activation, the NMR experiment
indicates the role of the metal catalyst in the C−H activation
of the nitrile substrate.24 The two new broad peaks in Figure
2c most likely correlate to the species A and B in Scheme 3b.

Figure 1. Monitoring of the reaction progress (reaction conditions as
in Table 1, entry 11).

Figure 2. 31P NMR spectra at RT. (a) Mn-2 in CD2Cl2. (b) Mn-2 + 1 equiv t-BuOK in C6D6. (c) Mn-2 + 1 equiv of t-BuOK + 1 equiv of 4-
flurophenylacetonitrile in C6D6.
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The initial coordination of the nitrile substrate with the 16e
species lead to the formation of molecule A. Then, the ligand
plays a crucial role in hydrogen abstraction and the generation
of the highly nucleophilic species B.25 Thus, the same metal
catalyst simultaneously activates both of the substrates to
produce the electrophile (aldehyde) and nucleophile B. The
addition of the intermediate B to the in-situ-generated
aldehyde delivers the intermediate C and one molecule of
water. This intermediate leads to the formation of the olefin
intermediate 3′ and regenerates the Mn-2a. Finally, the
shuttled hydrogen on the H−Mn−N−H is transferred to 3′
to produce the α-alkylated nitrile 3 via a metal−ligand
cooperative mechanism.

■ CONCLUSIONS
In summary, manganese PNP pincer-catalyzed alkylation of
nitriles with alcohols is reported. This environmentally benign
hydrogen autotransfer reaction is characterized by the absence
of noble metals and stoichiometric reagents, generating water
as the only side product. A broad range of alcohols could be
used as green alkylating reagents and, importantly, the
challenging methylation reaction is feasible, resulting in the
desired C-methylated nitriles with excellent chemoselectivity.
The experimental studies support the reaction mechanism in
which the manganese catalyst plays a multiple role in activating
both the reaction partners and the subsequent hydrogenation
of the alkenyl nitrile to selectively produce the highly value-
added α-alkylated nitriles.

■ EXPERIMENTAL SECTION
General Method. All reactions were carried out under an argon

atmosphere using oven-dried glassware. Purified compounds were
further dried under high vacuum (0.01−0.05 Torr). Yields refer to
purified compounds. Analytical thin-layer chromatography was
performed using silica gel 60 precoated aluminum plates (Macher-
ey-Nagel, 0.20 mm thickness) with a fluorescent indicator UV254.
Visualization was performed with standard phosphomolybdic acid
stain (10 g in 100 mL of EtOH) or UV light. Column
chromatography was performed using Macherey-Nagel aluminum
oxide 90 neutral (50−200 μm). 1H NMR, 13C NMR, and 31P NMR
spectra were recorded on a VNMRS-400, VNMRS-600, or Mercury

300 spectrometer in CDCl3. Chemical shifts (δ) are reported in ppm
and multiplicities are indicated: singlet (s), doublet (d), doublet of
doublet (dd), triplet (t), doublet of triplet (dt), triplet of doublet (td),
quartet (q), quintet (quint), multiplet (m); coupling constants (J) are
in hertz (Hz). The abbreviation “vt” corresponds to a “virtual triplet”
due to scalar coupling with two magnetically nonequivalent
phosphorus nuclei. Mass spectra were acquired on a Finnigan
SSQ7000 (electron impact (EI)/chemical ionization (CI)) spec-
trometer, and high-resolution mass spectra (HRMS) were acquired
on a Finnigan MAT 95 (EI/CI) or on a ThermoFisher Scientific LTQ
Orbitrap XL (electrospray ionization (ESI)) using ion trap as analyzer
type. IR spectra were recorded on a PerkinElmer Spectrum 100
spectrometer and were reported in terms of frequency of absorption
(cm−1).

Synthesis of Tricarbonyl(2,6-bis((diphenylphosphaneyl)methyl)-
pyridine)manganese(I) Bromide (Mn-1).22j A flame-dried Schlenk
tube was charged with Mn(CO)5Br (420 mg, 1.53 mmol, 1.0 equiv)
and the pincer PNP ligand (800 mg, 1.68 mmol, 1.1 equiv). The tube
was evacuated and backfilled with argon three times. Tetrahydrofuran
(THF) (25 mL) was added, and the resulting orange suspension was
heated to 60 °C (oil bath) and stirred for 20 h. The solution was
allowed to cool to room temperature, and THF was removed in
vacuo. The workup was done under an ambient atmosphere. The
yellow solid was washed three times with n-hexane (3 × 5 mL). The
crude yellow powder was taken into dichloromethane and transferred
into a 50 mL round bottom flask to remove insoluble inorganic side
products. The solution was concentrated under reduced pressure, and
the complex Mn-1 was isolated as a yellow powder (1.02 g, 95%); 1H
NMR (300 MHz, CD2Cl2) δ 8.09 (s, 2H), 7.81−7.26 (m, 21H), 4.65
(s, 4H); 31P{1H} NMR (243 MHz, CD2Cl2) δ 69.4. (s, 2P); IR
(attenuated total reflection (ATR)) 1918, 1840, 1571, 1435, 1284,
1172, 1097, 964, 833, 696 cm−1; HRMS (ESI+): m/z [M − Br]+

calcd for C34H27MnNO3P2, 614.0841; found, 614.0853.
Synthesis of Bromodicarbonyl(bis(2-(diphenylphosphaneyl)-

ethyl)-amine)manganese(I) (Mn-2).22k A flame-dried Schlenk tube
was charged with the HCl salt of the PNP pincer ligand (478 mg, 1.0
mmol, 1.0 equiv), toluene (8 mL), water (2 mL), and NaOH (120
mg, 3.0 mmol, 3.0 equiv). The reaction mixture was stirred at 45 °C
(oil bath) for 30 min. The two phases were separated, and the organic
layer was washed with water (5 × 5 mL). The pH value was checked
until the solution turned neutral. The organic layer was concentrated
under reduced pressure. Subsequently, toluene (12 mL) and the
Mn(CO)5Br precursor were added to the Schlenk tube. The reaction
mixture was heated up to 110 °C (oil bath), and the atmosphere was
exchanged three times by evacuating and backfilled with argon. After

Scheme 3. Proposed Reaction Mechanism
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the mixture was stirred for 20 h at reflux temperature, it was cooled to
room temperature and concentrated in vacuo. The crude precipitate
was washed with pentane and extracted with dichloromethane/diethyl
ether to remove insoluble inorganic side products. The solution was
concentrated under reduced pressure and dried to afford the complex
Mn-2 as a yellow powder (410 mg, 65%). 1H NMR (600 MHz,
CD2Cl2) δ 7.92−7.89 (m, 4H, CHAr), 7.60−7.57 (m, 4H, CHAr),
7.43−7.29 (m, 12H, CHAr), 3.74−3.59 (m, 2H, NCH2CH2), 3.52 (br,
1H, NH), 3.32−3.23 (m, 2H, NCH2CH2), 2.78−2.73 (m, 2H,
NCH2CH2), 2.44−2.40 (m, 2H, NCH2CH2);

31P{1H} NMR (243
MHz, CD2Cl2) δ = 69.7 (s); 13C{1H} NMR (151 MHz, CD2Cl2) δ =
231.6 (br, CO), 226.0 (br, CO), 137.9 (vt, J = 19.1 Hz, PCAr,ipso),
135.5 (vt, J = 19.1 Hz, PCAr, ipso), 133.8 (vt, J = 5.0 Hz, CHAr), 130.6
(vt, J = 5.0 Hz, CHAr), 130.3 (s, CHAr), 129.6 (s, CHAr), 129.0 (vt, J =
4.3 Hz, CHAr), 128.7 (vt, J = 4.6 Hz, CHAr), 53.0 (vt, J = 4.7 Hz,
NCH2CH2), 28.4 (vt, J = 8.9 Hz, NCH2CH2); IR (ATR): ν−1 3189,
1910, 1826 cm−1; HRMS (ESI+): m/z [M − Br]+: calcd for
C30H29MnNO2P2, 552.1049; found, 552.1050.
Synthesis of Dicarbonyl(bis(2-(diphenylphosphaneyl)ethyl)-

amide)manganese(I) (Mn-2a). In an argon-filled glovebox, complex
Mn-2 (127 mg, 0.2 mmol) was introduced into a 25 mL Schlenk tube
and was dissolved in toluene (5 mL). After 2 min of stirring, t-BuOK
(34 mg, 0.3 mmol) was added, which turned the yellow solution into
deep red. The reaction mixture was stirred for 1 h at 50 °C (oil bath).
Then, the mixture was filtered and the solution was concentrated
under reduced pressure to give a deep red powder (75 mg, 68%) that
was stored in a glovebox. 1H NMR (600 MHz, C6D6) δ 7.73−7.71
(m, 8H, CHAr), 7.10−7.08 (m, 8H, CHAr), 7.04−7.02 (m, 4H), 3.25−
3.24 (m, 4H, NCH2CH2), 2.35−2.32 (m, 4H, NCH2CH2);

31P{1H}
NMR (243 MHz, C6D6) δ 91.06 (s); 13C{1H} NMR (151 MHz,
C6D6) δ = 233.5 (br, CO), 136.6 (vt, J = 18.0 Hz, PCAr,ipso), 132.7 (s,
CHAr), 129.8 (s, CHAr), 128.8 (vt, J = 4.3 Hz, CHAr), 62.1
(NCH2CH2), 33.7 (NCH2CH2); IR (ATR): 1903, 1828 cm−1 (no
νNH band observed).
Synthesis of Tricarbonyl(2-(diphenylphosphaneyl)-N-(pyridin-2-

ylmethyl)ethan-1-amine)manganese(I) Bromide (Mn-3).20b A
flame-dried Schlenk tube was charged with the PNN pincer ligand
(300 mg, 1.07 mmol, 1 equiv) and Mn(CO)5Br (293 mg, 1.07 mmol,
1.0 equiv). The Schlenk tube was evacuated and backfilled with argon
several times. Afterward, 15 mL of degassed THF was added and the
reaction mixture was stirred at 80 °C (oil bath) for 20 h. The
suspension was allowed to cool to room temperature, and the yellow
precipitate was filtered off and washed with diethyl ether and n-
hexane. The remaining solid was dried under vacuum to afford the
complex Mn-3 as a yellow powder (0.49 g, 84%); 1H NMR (600
MHz, dimethyl sulfoxide (DMSO)-d6): δ 7.93−7.92 (m, 1H), 7.87−
7.84 (m, 2H), 7.81−7.78 (m, 1H), 7.58−7.49 (m, 4H), 7.39−7.37
(m, 1H), 7.31−7.29 (m, 2H), 7.20−7.09 (m, 2H), 6.94−6.92 (m,
1H), 4.58−4.54 (m, 1H), 4.38 (m, 1H), 3.28−3.20 (m, 1H), 3.04−
3.00 (m, 1H), 2.95−2.89 (m, 1H), 2.40−2.27 (m, 1H); 13C{1H}
NMR (151 MHz, DMSO-d6) δ 221.2, 219.9, 215.3, 162.1, 153.0,
139.2, 132.4, 132.0, 131.1, 131.0, 130.9, 130.8, 129.9, 129.8, 129.6,
125.0, 122.4, 59.8, 53.8 (d, J = 8.8 Hz), 22.7 (d, J = 22.7 Hz); 31P{1H}
NMR (242 MHz, DMSO-d6) δ 65.86; IR (ATR): 3045, 2891, 2024,
1914, 1843, 1477, 1434, 1099, 892, 752, 693 cm−1; HRMS (ESI): m/z
[M − Br]+ calcd for C23H21MnN2O3P, 459.0665; found, 459.0675.
General Procedure of C-Alkylation of Nitriles Using

Aliphatic and Benzylic Alcohols. A glass pressure tube (10 mL)
equipped with a magnetic stirrer was charged with Mn-2 (3.2 mg,
0.005 mmol) and Cs2CO3 (16.3 mg, 0.05 mmol). A rubber septum
was attached to the tube, and the reaction vessel was evacuated and
backfilled with argon three times. Under an inert atmosphere, primary
alcohol (1.0 mmol), nitrile (0.5 mmol), and toluene (0.5 mL) were
added and the tube was closed with a screw cap. The resulting mixture
was stirred at 135 °C (aluminum block) for 18 h under an argon
atmosphere. Upon cooling down to room temperature, the residue
was directly purified by flash column chromatography on silica gel
eluting with pentane/diethyl ether (20:1 (v/v)) to give the pure
alkylated nitrile.

2-Phenylhexanenitrile (3a).12a Colorless oil; 78 mg (88%) 1H
NMR (400 MHz, CDCl3) δ 7.46−7.27 (m, 5H), 3.77 (dd, J = 8.5, 6.3
Hz, 1H), 2.04−1.74 (m, 2H), 1.60−1.25 (m, 4H), 0.92 (t, J = 7.2 Hz,
3H); 13C{1H} NMR (101 MHz, CDCl3) δ 136.2, 129.1, 128.0, 127.3,
121.0, 37.5, 35.7, 29.2, 22.2, 13.8.

2-(p-Tolyl)hexanenitrile (3b).13d Colorless oil; 81 mg (87%); 1H
NMR (600 MHz, CDCl3) δ 7.25−7.16 (m, 4H), 3.74 (dd, J = 8.6, 6.3
Hz, 1H), 2.36 (s, 3H), 1.99−1.77 (m, 2H), 1.55−1.29 (m, 4H), 0.92
(t, J = 7.3 Hz, 3H); 13C{1H} NMR (151 MHz, CDCl3) δ 137.8,
133.1, 129.7, 127.2, 121.2, 37.0, 35.7, 29.2, 22.2, 21.1, 13.9.

2-(2-Methoxyphenyl)hexanenitrile (3c).12a Colorless oil; 96 mg
(94%); eluent mixture: pentane/diethyl ether (10:1 (v/v)), 1H NMR
(400 MHz, CDCl3) δ 7.42−7.40 (m, 1H), 7.30−7.27 (m, 1H), 7.00−
6.96 (m, 1H), 6.91−6.82 (m, 1H), 4.19 (dd, J = 8.2, 6.3 Hz, 1H), 3.85
(s, 3H), 1.86 (m, 2H), 1.62−1.23 (m, 4H), 0.92 (t, J = 7.2 Hz, 3H);
13C{1H} NMR (101 MHz, CDCl3) δ 156.1, 129.3, 128.3, 124.5,
121.4, 120.9, 110.8, 55.5, 33.5, 31.4, 29.4, 22.1, 13.8.

2-(3,4-Dimethoxyphenyl)hexanenitrile (3d). Colorless oil; 103 mg
(88%); eluent mixture: pentane/diethyl ether (5:1 (v/v)); 1H NMR
(600 MHz, CDCl3) δ 6.85−6.76 (m, 3H), 3.86 (s, 3H), 3.84 (s, 3H),
3.68 (dd, J = 8.7, 6.3 Hz, 1H), 1.94−1.75 (m, 2H), 1.50−1.26 (m,
4H), 0.87 (t, J = 7.3 Hz, 3H); 13C{1H} NMR (151 MHz, CDCl3) δ
149.3, 148.7, 128.4, 121.2, 119.5, 111.3, 110.2, 110.1, 56.0, 55.9, 36.9,
35.6, 29.1, 22.1, 13.8; IR: 2936, 2865, 2087, 1906, 1595, 1457, 1343,
1253, 1146, 1026, 913, 809, 759 cm−1. HRMS (ESI+): m/z [M]+

calcd for C14H19O2N, 233.1410; found 233.1413.
2-(Benzo[d][1,3]dioxol-5-yl)hexanenitrile (3e).12a Colorless oil;

87 mg (80%); eluent mixture: pentane/diethyl ether (5:1 (v/v)); 1H
NMR (600 MHz, CDCl3) δ 6.81−6.73 (m, 3H), 5.96 (s, 2H), 3.67
(dd, J = 8.5, 6.4 Hz, 1H), 1.93−1.74 (m, 2H), 1.50−1.27 (m, 4H),
0.94−0.85 (m, 3H); 13C{1H} NMR (151 MHz, CDCl3) δ 148.2,
147.4, 129.8, 121.1, 120.7, 108.6, 107.7, 107.7, 101.4, 37.1, 35.7, 29.1,
22.1, 13.8.

2-(4-Chlorophenyl)hexanenitrile (3f).26a Colorless oil; 82 mg
(79%); 1H NMR (600 MHz, CDCl3) δ 7.35−7.25 (m, 4H), 3.75 (dd,
J = 8.6, 6.2 Hz, 1H), 1.97−1.77 (m, 2H), 1.51−1.28 (m, 4H), 0.90 (t,
J = 7.3 Hz, 3H); 13C{1H} NMR (151 MHz, CDCl3) δ 134.6, 134.0,
129.3, 128.7, 120.6, 36.9, 35.6, 29.1, 22.1, 13.8.

2-(2-Chlorophenyl)hexanenitrile (3g). Colorless oil; 82 mg
(79%); 1H NMR (600 MHz, CDCl3) δ 7.56−7.55 (m, 1H), 7.42−
7.36 (m, 1H), 7.32−7,31 (m, 1H), 7.28−7.25 (m, 1H), 4.28 (dd, J =
9.0, 5.6 Hz, 1H), 1.96−1.79 (m, 2H), 1.61−1.30 (m, 4H), 0.92 (t, J =
7.4 Hz, 3H). 13C{1H} NMR (151 MHz, CDCl3) δ 134.0, 132.6,
130.0, 129.5, 128.9, 127.7, 120.5, 34.7, 34.0, 29.3, 22.1, 13.9; IR:
3424, 2935, 2866, 2666, 2323, 2103, 1921, 1728, 1466, 1278, 1040,
754 cm−1; HRMS (ESI+): m/z [M + Na]+ calcd for C12H14N1Cl1Na1
230.0707; found, 230.0707.

4-(1-Cyanopentyl)benzonitrile (3h). Yellowish oil; 52 mg (53%);
1H NMR (600 MHz, CDCl3) δ 7.70−7.68 (m, 2H), 7.47−7.46 (m,
2H), 3.85 (dd, J = 8.6, 6.1 Hz, 1H), 1.98−1.82 (m, 2H), 1.54−1.29
(m, 4H), 0.91 (t, J = 7.3 Hz, 3H); 13C{1H} NMR (151 MHz, CDCl3)
δ 141.3, 133.0, 128.2, 119.8, 118.3, 112.4, 37.6, 35.5, 29.1, 22.2, 13.9;
IR: 3470, 3064, 2958, 2867, 2231, 1610, 1506, 1462, 1414, 1381,
1115, 1021, 841 cm−1; HRMS (ESI+): m/z [M + H]+ calcd for
C13H15N2 199.1230; found 199.1230.

2-(Pyridin-2-yl)hexanenitrile (3i). Colorless oil; 86 mg (99%);
eluent mixture: pentane/diethyl ether (10:1 (v/v)); 1H NMR (600
MHz, CDCl3) δ 8.58−8.51 (m, 1H), 7.70−7.67 (m, 1H), 7.42−7.37
(m, 1H), 7.22−7.20 (m, 1H), 3.94 (dd, J = 8.3, 6.4 Hz, 1H), 1.99−
1.95 (m, 2H), 1.53−1.25 (m, 4H), 0.86 (t, J = 7.4 Hz, 3H); 13C{1H}
NMR (151 MHz, CDCl3) δ 155.4, 149.9, 137.3, 122.9, 121.7, 120.2,
39.9, 33.9, 29.1, 22.1, 13.8; IR: 3180, 2933, 2867, 2322, 1920, 1738,
1586, 1467, 1437, 1301, 1206, 994, 755, 665 cm−1; HRMS (ESI+):
m/z [M]+ calcd for C11H14N2, 174.1152; found 174.1145.

2-(Thiophen-2-yl)hexanenitrile (3j). Yellowish oil; 58 mg (65%),
1H NMR (600 MHz, CDCl3) δ 7.27−7.26 (m, 1H), 7.06−7.05 (d, J =
3.5 Hz, 1H), 6.98−6.97 (m, 1H), 4.06 (dd, J = 8.4, 6.3 Hz, 1H),
2.06−1.91 (m, 2H), 1.58−1.43 (m, 2H), 1.43−1.33 (m, 2H), 0.93 (t,
J = 7.3 Hz, 3H); 13C{1H} NMR (151 MHz, CDCl3) δ 138.2, 127.1,
126.1, 125.5, 120.1, 35.7, 32.6, 29.1, 22.1, 13.9; IR: 3468, 3109, 2957,

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.9b00792
J. Org. Chem. 2019, 84, 7927−7935

7931

http://dx.doi.org/10.1021/acs.joc.9b00792


2865, 2242, 1728, 1461, 1379, 1238, 1038, 836, 703 cm−1; HRMS
(ESI+): m/z [M + Na]+ calcd for C10H13N1NaS, 202.0661; found
202.0659.
2,3-Diphenylpropanenitrile (4a).10 Colorless oil; 89 mg (86%);

1H NMR (600 MHz, CDCl3) δ 7.41−7.26 (m, 8H), 7.18−7.14 (m,
2H), 4.02 (dd, J = 8.5, 6.4 Hz, 1H), 3.21 (dd, J = 13.6, 8.4 Hz, 1H),
3.15 (dd, J = 13.7, 6.4 Hz, 1H); 13C{1H} NMR (151 MHz, CDCl3) δ
136.4, 135.3, 129.3, 129.1, 128.7, 128.3, 127.6, 127.5, 120.5, 42.3,
39.9.
3-Phenyl-2-(pyridin-2-yl)propanenitrile (4b).13c Yellowish oil; 76

mg (73%); eluent mixture: pentane/diethyl ether (10:1 (v/v)); 1H
NMR (600 MHz, CDCl3) δ 8.65−8.64 (m, 1H), 7.68−7.65 (m, 1H),
7.30−7.24 (m, 5H), 7.18−7.16 (m, 2H), 4.21 (dd, J = 8.7, 5.9 Hz,
1H), 3.37 (dd, J = 13.6, 5.9 Hz, 1H), 3.26 (dd, J = 13.6, 8.7 Hz, 1H);
13C{1H} NMR (151 MHz, CDCl3) δ 154.6, 150.1, 137.3, 136.4,
129.3, 128.8, 127.5, 123.2, 122.3, 119.8, 42.2, 40.2.
2-Phenyl-3-(p-tolyl)propanenitrile (4c).14 White solid; 101 mg

(91%); 1H NMR (600 MHz, CDCl3) δ 7.39−7.33 (m, 3H), 7.29−
7.28 (m, 2H), 7.13−7.11 (m, 2H), 7.06−7.04 (m, 2H), 3.99 (dd, J =
8.5, 6.3 Hz, 1H), 3.16 (dd, J = 13.7, 8.5 Hz, 1H), 3.11 (dd, J = 13.7,
6.4 Hz, 1H), 2.34 (s, 3H); 13C{1H} NMR (151 MHz, CDCl3) δ
137.1, 135.4, 133.3, 129.4, 129.2, 129.1, 128.2, 127.6, 120.6, 41.9,
40.0, 21.2.
3-(3,4-Dimethoxyphenyl)-2-phenylpropanenitrile (4d).13c Off-

white solid; 121 mg (91%); eluent mixture: pentane/diethyl ether
(10:1 (v/v)); 1H NMR (600 MHz, CDCl3) δ 7.38−7.30 (m, 3H),
7.26−7.22 (m, 2H), 6.78−6.79 (m, 1H), 6.71−6.69 (m, 1H), 6.52−
6.51 (m, 1H), 3.98 (dd, J = 7.8, 6.4 Hz, 1H), 3.86 (s, 3H), 3.76 (s,
3H), 3.14 (dd, J = 13.7, 7.9 Hz, 1H), 3.09 (dd, J = 13.7, 6.4 Hz, 1H);
13C{1H} NMR (151 MHz, CDCl3) δ 148.8, 148.4, 135.3, 129.1,
128.7, 128.3, 127.7, 121.5, 120.6, 112.5, 111.2, 56.0, 55.9, 41.9, 40.0.
3-(Benzo[d][1,3]dioxol-4-yl)-2-phenylpropanenitrile (4e). Color-

less oil; 91 mg (72%); eluent mixture: pentane/diethyl ether (5:1 (v/
v)); 1H NMR (600 MHz, CDCl3) δ 7.39−7.30 (m, 3H), 7.28−7.25
(m, 2H), 6.73−6.72 (m, 1H), 6.63−6.58 (m, 2H), 5.94 (s, 2H), 3.96
(dd, J = 8.4, 6.4 Hz, 1H), 3.10 (dd, J = 13.7, 8.3 Hz, 1H), 3.05 (dd, J
= 13.8, 6.5 Hz, 1H); 13C{1H} NMR (151 MHz, CDCl3) δ 147.8,
147.0, 135.2, 130.0, 129.1, 128.3, 127.6, 122.6, 120.5, 109.6, 108.5,
101.2, 42.0, 40.1; IR: 3064, 3031, 2899, 2241, 1685, 1605, 1495,
1446, 1249, 1194, 1100, 1039, 810, 751, 699 cm−1; HRMS (ESI+):
m/z [M + H]+ calcd for C16H14O2N, 252.1019; found 252.1017.
2-Phenyl-3-(3-(trifluoromethyl)phenyl)propanenitrile (4f). Color-

less oil; 105 mg (76%); 1H NMR (600 MHz, CDCl3) δ 7.55−7.53
(m, 1H), 7.44−7.42 (m, 1H), 7.39−7.33 (m, 4H), 7.30−7.29 (m,
1H), 7.26−7.23 (m, 2H), 4.04 (dd, J = 8.1, 6.5 Hz, 1H), 3.25 (dd, J =
13.7, 8.1 Hz, 1H), 3.21 (dd, J = 13.7, 6.5 Hz, 1H); 13C{1H} NMR
(151 MHz, CDCl3) δ 137.1, 134.6, 130.9 (q, J = 32.4 Hz), 129,3,
129,2, 128.6, 127.6, 126.2 (q, J = 3.8 Hz), 124.4 (q, J = 3.8 Hz), 123.9
(q, J = 272.2 Hz), 41.9, 39.5; 19F NMR (282 MHz, CDCl3) δ −62.73;
IR: 3066, 3035, 2933, 2243, 1599, 1495, 1451, 1330, 1166, 1126,
1075, 911, 792, 754, 701 cm−1; HRMS (ESI+): m/z [M + Na]+ calcd
for C16H12NF3Na, 298.0814; found 298.0814.
3-(Naphthalen-1-yl)-2-phenylpropanenitrile (4g).26b Colorless

oil; 107 mg (83%); 1H NMR (400 MHz, CDCl3) δ 7.97−7.89 (m,
2H), 7.82−7.80 (m, 1H), 7.59−7.50 (m, 2H), 7.43−7.29 (m, 7H),
4.18 (dd, J = 8.7, 6.7 Hz, 1H), 3.70−3.57 (m, 2H); 13C{1H} NMR
(101 MHz, CDCl3) δ 135.8, 134.1, 132.4, 131.4, 129.4, 129.3, 128.5,
128.4, 128.3, 127.5, 126.7, 125.9, 125.6, 122.7, 120.6, 39.7, 39.0 ppm.
2-Phenyl-3-(pyridin-4-yl)propanenitrile (4h).14 Yellowish oil; 73

mg (70%); 1H NMR (600 MHz, CDCl3) δ 8.62−8.60 (m, 1H),
7.65−7.62 (m, 1H), 7.37−7.36 (m, 4H), 7.34−7.30 (m, 1H), 7.23−
7.20 (m, 1H), 7.15−7.14 (m, 1H), 4.50 (dd, J = 9.3, 6.6 Hz, 1H), 3.36
(dd, J = 13.9, 9.3 Hz, 1H), 3.30 (dd, J = 13.9, 6.6 Hz, 1H); 13C{1H}
NMR (151 MHz, CDCl3) δ 156.1, 149.5, 136.9, 135.4, 129.1, 128.2,
127.4, 124.0, 120.5, 44.1, 37.3.
2-Phenyl-3-(pyridin-2-yl)propanenitrile (4i).10 Yellowish oil; 49

mg (47%); 1H NMR (600 MHz, CDCl3) δ 8.61−8.59 (m, 1H),
7.62−7.60 (m, 1H), 7.36−7.35 (m, 4H), 7.34−7.29 (m, 1H), 7.21−
7.18 (m, 1H), 7.13−7.12 (m, 1H), 4.48 (dd, J = 9.3, 6.5 Hz, 1H), 3.35
(dd, J = 13.9, 9.3 Hz, 1H), 3.28 (dd, J = 13.9, 6.5 Hz, 1H); 13C{1H}

NMR (151 MHz, CDCl3) δ 156.3, 149.8, 136.9, 135.5, 129.2, 128.3,
127.5, 124.0, 122.5, 120.7, 44.3, 37.4.

3-(Furan-2-yl)-2-phenylpropanenitrile (4j).26c Colorless oil; 62
mg (63%); 1H NMR (600 MHz, CDCl3) δ 7.39−7.25 (m, 6H),
6.30−6.29 (m, 1H), 6.12−6.11 (m, 1H), 4.15 (dd, J = 8.6, 6.5 Hz,
1H), 3.27 (dd, J = 15.0, 8.6 Hz, 1H), 3.19−3.13 (m, 1H); 13C{1H}
NMR (151 MHz, CDCl3) δ 150.1, 142.3, 135.0, 129.2, 128.7, 128.5,
110.6, 108.4, 37.2, 34.8.

2-Phenyl-3-(thiophen-2-yl)propanenitrile (4k).18 Colorless oil; 87
mg (82%); 1H NMR (600 MHz, CDCl3) δ 7.40−7.26 (m, 5H), 7.17
(m, 1H), 6.92 (m, 1H), 6.85 (m, 1H), 4.04 (dd, J = 8.1, 6.4 Hz, 1H),
3.43 (dd, J = 14.8, 8.2 Hz, 1H), 3.34 (dd, J = 14.8, 6.3 Hz, 1H);
13C{1H} NMR (151 MHz, CDCl3) δ 138.0, 134.8, 129.2, 128.5,
127.5, 127.2, 127.1, 125.0, 40.1, 36.2.

2-Phenylbutanenitrile (4l).12a Colorless oil; 38 mg (52%); 1H
NMR (600 MHz, CDCl3) δ 7.41−7.29 (m, 5H), 3.74 (t, J = 7.2 Hz,
1H), 1.97−1.92 (m, 2H), 1.08 (t, J = 7.4 Hz, 3H); 13C{1H} NMR
(151 MHz, CDCl3) δ 135.9, 129.1, 128.1, 127.4, 120.9, 39.0, 29.4,
11.6.

2-Phenyloctanenitrile (4m).10 Colorless oil; 94 mg (93%); 1H
NMR (600 MHz, CDCl3) δ 7.39−7.37 (m, 2H), 7.34−7.31 (m, 3H),
3.77 (dd, J = 8.7, 6.2 Hz, 1H), 1.97−1.82 (m, 2H), 1.55−1.42 (m,
2H), 1.36−1.25 (m, 6H), 0.88 (t, J = 6.9 Hz, 3H); 13C{1H} NMR
(151 MHz, CDCl3) δ 136.2, 129.1, 128.0, 127.3, 121.0, 37.5, 36.0,
31.6, 28.7, 27.0, 22.6, 14.1.

4-Methyl-2-phenylpentanenitrile (4n).13c Colorless oil; 71 mg
(82%); 1H NMR (600 MHz, CDCl3) δ 7.40−7.30 (m, 5H), 3.81 (dd,
J = 9.8, 6.4 Hz, 1H), 1.91 (ddd, J = 13.4, 9.8, 5.5 Hz, 1H), 1.88−1.80
(m, 1H), 1.64 (ddd, J = 13.3, 8.4, 6.3 Hz, 1H), 0.99 (dd, J = 8.0, 6.5
Hz, 6H); 13C{1H} NMR (151 MHz, CDCl3) δ 136.4, 129.2, 128.1,
127.3, 121.1, 45.1, 35.61, 26.2, 22.7, 21.7.

2-Phenylhept-6-enenitrile (4o).26d Colorless oil; 78 mg (78%); 1H
NMR (600 MHz, CDCl3) δ δ 7.41−7.30 (m, 5H), 5.76 (ddt, J = 17.0,
10.2, 6.7 Hz, 1H), 5.05−4.97 (m, 2H), 3.79 (dd, J = 8.6, 6.2 Hz, 1H),
2.13−2.08 (m, 2H), 1.98−1.84 (m, 2H), 1.67−1.52 (m, 2H);
13C{1H} NMR (151 MHz, CDCl3) δ 137.6, 136.0, 129.1, 128.1,
127.3, 120.9, 115.5, 37.3, 35.3, 33.0, 26.2.

3-Cyclohexyl-2-phenylpropanenitrile (4p).14 Colorless oil; 77 mg
(72%); 1H NMR (600 MHz, CDCl3) δ 7.40−7.30 (m, 5H), 3.85 (dd,
J = 10.1, 6.2 Hz, 1H), 1.92−1.81 (m, 2H), 1.78−1.62 (m, 5H), 1.57−
1.49 (m, 1H), 1.31−1.13 (m, 3H), 1.01−0.92 (m, 2H); 13C{1H}
NMR (151 MHz, CDCl3) δ 136.6, 129.2, 128.0, 127.3, 121.2, 43.8,
35.4, 34.9, 33.4, 32.4, 26.4, 26.0, 25.9.

General Procedure of C-Methylation of Nitriles. A glass Ace
pressure tube (22 mL) equipped with a magnetic stir bar was charged
withMn-2 (8 mg, 0.025 mmol) and Cs2CO3 (16.3 mg, 0.05 mmol). A
rubber septum was attached to the tube, and the reaction vessel was
evacuated and backfilled with argon three times. Under an inert
atmosphere, nitrile (0.5 mmol), methanol (1 mL), and 1,4-dioxane (1
mL) were added and the tube was closed with a screw cap. The
resulting mixture was stirred at 135 °C (aluminum block) for 24 h
under an argon atmosphere. Upon cooling down to room temper-
ature, the residue was directly purified by flash column chromatog-
raphy on silica gel eluting with pentane/diethyl ether mixtures to give
the pure desired product.

2-Phenylpropanenitrile (5a).26e Yellowish oil; 46 mg (70%); 1H
NMR (600 MHz, CDCl3) δ 7.41−7.31 (m, 5H), 3.90 (q, J = 7.3 Hz,
1H), 1.65 (d, J = 7.3 Hz, 3H); 13C{1H} NMR (151 MHz, CDCl3) δ
137.2, 129.3, 128.2, 126.8, 121.7, 31.4, 21.6.

2-(2-Methoxyphenyl)propanenitrile (5b).26f Yellowish oil 52 mg
(65%); eluent mixture: pentane/diethyl ether (10:1 (v/v)); 1H NMR
(600 MHz, CDCl3) δ 7.43−7.41 (m, 1H), 7.32−7.29 (m, 1H), 7.01−
6.98 (m, 1H), 6.91−6.89 (m, 1H), 4.25 (q, J = 7.2 Hz, 1H), 3.87 (s,
3H), 1.58 (d, J = 7.2 Hz, 3H); 13C{1H} NMR (151 MHz, CDCl3) δ
156.2, 129.4, 127.7, 125.5, 122.1, 121.1, 110.9, 55.6, 25.7, 19.6.

2-(3-Methoxyphenyl)propanenitrile (5c).26g Yellowish oil 56 mg
(70%); 1H NMR (600 MHz, CDCl3) δ 7.30 (m, 1H), 6.94−6.93 (m,
1H), 6.89 (m, 1H), 6.87−6.85 (m, 1H), 3.87 (q, J = 7.3 Hz, 1H), 3.83
(s, 3H), 1.64 (d, J = 7.4 Hz, 3H); 13C{1H} NMR (151 MHz, CDCl3)
δ 160.2, 138.6, 130.3, 121.7, 119.1, 113.5, 112.7, 55.5, 31.4, 21.5.
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2-(4-Methoxyphenyl)propanenitrile (5d).26e Yellowish oil 48 mg
(59%); 1H NMR (600 MHz, CDCl3) δ 7.30−7.28 (m, 2H), 6.94−
6.91 (m, 2H), 3.87 (q, J = 7.4 Hz, 1H), 3.83 (s, 3H), 1.64 (d, J = 7.3
Hz, 3H); 13C{1H} NMR (151 MHz, CDCl3) δ 159.4, 129.2, 128.0,
122.0, 114.6, 55.5, 30.6, 21.7.
2-(2-Chlorophenyl)propanenitrile (5e).26e Yellowish oil; 51 mg

(61%); 1H NMR (600 MHz, CDCl3) δ 7.58 (m, 1H), 7.41−7.39 (m,
1H), 7.36−7.32 (m, 1H), 7.30−7.27 (m, 1H), 4.36 (q, J = 7.1 Hz,
1H), 1.63 (d, J = 7.1 Hz, 3H); 13C{1H} NMR (151 MHz, CDCl3) δ
134.9, 132.6, 130.2, 129.6 128.4, 127.9, 121.2, 29.0, 20.1.
2-(4-Chlorophenyl)propanenitrile (5f).26e Yellowish oil; 57 mg

(69%); 1H NMR (600 MHz, CDCl3) δ 7.38−7.35 (m, 2H), 7.31−
7.28 (m, 2H), 3.88 (q, J = 7.4 Hz, 1H), 1.63 (d, J = 7.3 Hz, 3H);
13C{1H} NMR (151 MHz, CDCl3) δ 135.6, 134.2, 129.5, 128.2,
121.3, 30.9, 21.5.
2-(Pyridin-2-yl)propanenitrile (5g).26h 36 mg (55%), yellowish oil;

1H NMR (600 MHz, CDCl3) δ 8.62−8.61 (m, 1H), 7.77−7.74 (m,
1H), 7.48−7.47 (m, 1H), 7.29−7.27 (m, 1H), 4.08 (q, J = 7.4 Hz,
1H), 1.73 (d, J = 7.4 Hz, 3H); 13C{1H} NMR (151 MHz, CDCl3) δ
156.2, 150.0, 137.6, 123.1, 121.2, 121.1, 33.9, 19.8.
2-(Thiophen-2-yl)propanenitrile (5h).26i Yellowish oil; 42 mg

(61%); 1H NMR (600 MHz, CDCl3) δ 7.28−7.27 (m, 1H), 7.08−
7.07 (m, 1H), 6.99−6.98 (m, 1H), 4.18 (q, J = 7.4 Hz, 1H), 1.74 (d, J
= 7.2 Hz, 3H); 13C{1H} NMR (151 MHz, CDCl3) δ 139.3, 127.2,
125.7, 125.5, 120.8, 26.7, 21.6.
Representative Procedure for Gram-Scale Synthesis of 2-Phenyl-

3-(p-tolyl)propanenitrile (4c). A glass pressure tube (25 mL)
equipped with a magnetic stirrer was charged with Mn-2 (35.2 mg,
0.055 mmol) and Cs2CO3 (179.3 mg, 0.55 mmol). A rubber septum
was attached to the tube, and the reaction vessel was evacuated and
backfilled with argon three times. Under an inert atmosphere, p-
tolylmethanol (1.34 g, 11.0 mmol), 2-phenylacetonitrile (632 μL, 644
mg, 5.5 mmol), and toluene (5.5 mL) were added and the tube was
closed with a screw cap. The resulting mixture was stirred at 135 °C
(aluminum block) for 24 h under an argon atmosphere. Upon cooling
down to room temperature, the residue was concentrated under
reduced pressure and purified by flash column chromatography on
silica gel eluting with pentane/diethyl ether (20:1 (v/v)) to give the
pure 4c (1022 mg, 84% yield).
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Conversion of racemic alcohols to optically pure
amine precursors enabled by catalyst dynamic
kinetic resolution: experiment and computation†

Luis Miguel Azofra, *a Mai Anh Tran,b Viktoriia Zubar,b Luigi Cavallo,  

Magnus Rueping b and Osama El-Sepelgy *b

An unprecedented base metal catalysed asymmetric synthesis of

a-chiral amine precursors from racemic alcohols is reported. This

redox-neutral reaction utilises a bench-stable manganese complex

and Ellman’s sulfinamide as a versatile ammonia surrogate. DFT

calculations explain the unusual finding of the highly stereo-

selective transformation enabled by a catalyst that undergoes an

unusual dynamic kinetic resolution.

Chiral primary amines are of great importance in the pharma-
ceutical and agrochemical industries. In fact, at least 40% of
the optically active drugs are chiral amines. Biocatalytic kinetic
resolution of racemic amines with 50% maximum yield is
probably the most widely practiced method for the production
of enantiopure primary amines. Additionally, hydrogenation
using man-made catalysis (transition-metal catalysis and organo-
catalysis), which requires hydrogen gas under high pressure
or stoichiometric amounts of a reductant, often involves the
use of hard to remove protecting groups. Besides, methods
involving chemoenzymatic dynamic kinetic resolution, cascade
deracemization of racemic amines, have been reported.1

The hydrogen autotransfer (HA) strategy has captured much
attention during the last few years, mainly due to its synthetic
importance as a powerful environmentally benign approach
for the construction of C–C and C–N bonds. In this regard,
progress has been made in transition-metal catalysed
C-alkylations and N-alkylations with non-activated alcohols.

The reactions mainly rely on the production of achiral or
racemic products.2

The direct asymmetric amination of alcohols to produce
chiral aniline,3 amino alcohols,4 oxazolidinones,5 and
hydrazones6 has been demonstrated using ruthenium and
iridium catalysis. In contrast, the direct production of chiral
primary amines from racemic alcohols is significantly more
challenging. In this regard, a ruthenium catalysed protocol was
disclosed. However, this noble metal method is limited to the
methyl substituted chiral amines.7 Apart from metal catalysis,
the use of a dual enzymatic system for the direct amination of
secondary alcohols has been reported.8 Therefore, the develop-
ment of a new catalytic system, ideally based on a non-precious
metal catalyst,9 which can transform a broad range of racemic
alcohols to enantiopure primary amines, is an elusive goal.10

Ellman’s sulfinamide represents as an industrially relevant
reagent, frequently used as an ammonia surrogate in the
synthesis of enantiopure primary amines.11 This transforma-
tion typically requires three chemical steps, i.e., stoichiometric
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oxidation, condensation using stoichiometric titanium reagent
and stoichiometric reduction, producing large quantities
of waste.

Encouraged by recent studies on metal catalysed hydrogen
autotransfer,2,12,13 we envisioned that an effective base-metal
catalyst might potentially catalyse the oxidative dehydrogena-
tion of the sec-alcohols (rac-1), to form the corresponding
ketone and shuttle the abstracted hydrogen required for the
stereoselective hydrogenation. The in situ formed ketone under-
goes condensation with an ammonia equivalent to produce an
imine and only water as a by-product. Finally, the imine will be
reduced in a stereoselective fashion to produce the desired
product. The chemoselectivity of the reaction depends on the
potential of the metal catalyst to return the stored hydrogen to
the final product.

Herein, we present a new manganese catalysed synthesis of
optically active amines from racemic alcohols. Interestingly,
our DFT mechanistic study on this stereoselective reaction
explains how a racemic catalyst could lead to optically pure
product. Notably, we found that the high stereocontrol is
enabled by unusual catalyst dynamic kinetic resolution
(Scheme 1a). The chiral imine intermediate kinetically discri-
minates the catalyst racemic mixture (Scheme 1b). While only
one enantiomer of the catalyst can be involved in the stereo-
selective hydrogenation reaction, the ketone intermediate plays
the crucial role in the racemisation of the second catalyst
enantiomer (Scheme 1a). We are not aware of a literature report
with such an unusual observation.

We started our study with the selection of the appropriate
base metal catalyst and the optimisation of the suitable reac-
tion parameters. After careful investigations, we found that the
use of the air stable PNN-Mn complex (5 mol%) in combination

with Cs2CO3 (10 mol%) and t-amyl alcohol (0.5 M) is the
optimal combination for this reaction (see the ESI† for details).

Next, the variability and the applicability of the asymmetric
hydrogen autotransfer reaction were investigated (Table 1).
We initially explored different racemic benzylic alcohols. The
alcohols 1a–1i bearing different electron donating and electron
withdrawing groups were applicable without significant effect
on the reactivity or the stereochemical outcome and all desired
products 3a–3i were isolated in very good yields and optical
purity. Similarly, the naphthyl substituted sulfinamide (R,Rs)-3j
was isolated in very good yield and selectivity. Importantly,
some of these amines are key intermediates in the synthesis
of pharmaceuticals and bioactive molecules. For example,
carpropamid,14 an agriculture fungicide, can be prepared from
(R,Rs)-3b, whereas the Alzheimer’s and Parkinson’s drug rivas-
tigmine can be produced using the sulfinylamine (S,Ss)-3g.

15

It is noteworthy that the classical synthesis of these a-chiral
amines involves the addition of MeLi to N-tert-butylsulfinylScheme 1 Manganese-catalysed diasteroselective hydrogen autotransfer.

Table 1 Manganese catalysed asymmetric amination of sec-alcoholsa

a Reaction conditions: 1 (0.75mmol), (R)-2a (0.5mmol), [Mn] (0.025mmol)
and Cs2CO3 (0.05 mmol) in t-amyl alcohol (1 mL) were stirred at 140 1C
(aluminum block), for 16 h in a glass tube under argon. Yields after
column chromatography are given. b [Mn] (0.05 mmol), Cs2CO3

(0.1 mmol). c 48 h. d 1 (1 mmol).
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aldimes. However, this reaction often suffers from unfavour-
able diastereocontrol, even at lower temperature. To our
delight, our catalytic system was found not to be limited to
the sec-phenethyl alcohol derivatives. Thus, 1-tetralol (1k) was
converted to the desired product in 84% yield. This amine is of
relevance as it is used in the synthesis of diverse bio-related
compounds.16 The ethyl substituted alcohol 1l and the more
challenging alcohol 1m were found to be reactive using the
presented catalytic system. With this success, we turned our
attention to the more demanding non-benzylic alcohols 1n–1q.
The chiral amines bearing a cyclohexyl substituent (R,Rs)-3n
and cyclopropyl substituent (R,Rs)-3p were produced in a very
good diastereomeric ratio as well. Interestingly, the ampheta-
mine, which is used in the treatment of attention deficit
hyperactivity disorder, can be obtained from the rac-1q in
78% yield. Heterocycle-containing alcohols were also tolerated
and underwent the reaction to afford the chiral amine precur-
sors (R,Rs)-3r to (R,Rs)-3u in very good yields and with high
diastereoselectivity. Interestingly, despite the importance of the
optically pure 3s and 3r in the synthesis of HIV protease
inhibitors,17 the asymmetric synthesis of the corresponding
primary amines is not yet reported. It is noteworthy that even
pyridine containing substrates and products, such as 3u are
tolerated in this manganese catalysed reaction.

In order to understand the origin of the stereoselective
hydrogenation, we have carried out DFT modelling for the
asymmetric amination of 1-phenylethanol (Scheme 2). The
16e species A, which can be generated by treating the manga-
nese pre-catalyst [Mn] with appropriate bases, dehydrogenates
the alcohol substrate rac-1a to produce acetophenone and
manganese hydride complex C. Based on our DFT results, the

alcohol dehydrogenation step takes place in a stepwise fashion
via the formation of four different diastereoisomers of manga-
nese alkoxide intermediates B, bearing chiral nitrogen and
carbon atoms. However, the proton transfer A–B is a barrier-less
process. The calculated free activation energy for the hydride
transfer B–C steps are between 19.9 and 20.1 kcal mol�1 at the
M06/TZVP level of theory. The b-hydride elimination will lead to
the formation of a racemic mixture of the hydrogenated catalyst
C(S) and C(R).

The condensation reaction between the in situ generated
ketone and (Rs)-2 results in the generation of a CQN bond
which can be potentially hydrogenated by the action of racemic
manganese catalyst C(S) and C(R). Similarly, to the alcohol
substrate dehydrogenation, we found that the hydrogenation of
the imine intermediate takes place via a stepwise mechanism.
Since the hydrogenated catalyst exists as a racemic mixture, it
establishes the possibility of the hydride transfer (C–D) to form
four different intermediates D. Importantly, we found that the
hydride transfer step (C–D) is the rate determining step as well
as the stereodetermining step. When the manganese catalyst
C(R) was used for the hydrogenation of an imine bearing
(R)-sulfinamide group, the computed barrier for the hydride
transfer is 29.1 kcal mol�1 for the creation of a new (R)
stereogenic centre, while the barrier for the generation of the
(S) stereogenic centre is 33.1 kcal mol�1. On the other hand, the
barriers for the hydride transfer using the catalyst enantiomer
C(S) are 39.5 and 36.3 kcal mol�1. Interestingly, when an imine
bearing (S)-sulfinamide group is used as a substrate, only the
(S) enatiomer of the catalyst is involved in the imine hydro-
genation step and creates a new stereogenic centre with the (S)
configuration. With this process being controlled by kinetics, it

Scheme 2 Proposed reaction mechanism for the stereoselective manganese catalysed hydrogen autotransfer amination of rac-alcohols. Free reaction
and activation energies (at 140 1C) are shown in kcal mol�1 at the M06/TZVP level using toluene as a solvent.
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supposes a diasteoisomeric ratio equal to 99 : 1. This is fully in
agreement with our experimental results.

The last step involves the proton transfer to the product
nitrogen atom. The proton could be internally transferred from
the catalyst NH group to generate the product and the 16e
species A. Alternatively, in the presence of excess rac-1a, direct
proton transfer from the alcohol substrate could take place to
produce the desired product and the intermediates B without
the regeneration of the 16e species A.18 Notably, calculations
show that the undesired catalyst enantiomer C(S) can be easily
racemised with the assistance of the acetophenone intermediate.
In other words, the steps C(S)–B(S,R), C(S)–B(S,S), B(S,S)–A and
B(S,R)–A are reversible. We are not aware of a previously reported
mechanism with a similar observation of the catalyst racemisation
assisted by the in situ generated intermediate.

In conclusion, we have developed an unprecedented base-
metal catalysed stereoselective amination of racemic alcohols
using the hydrogen autotransfer strategy. The produced enatio-
merically pure sulfinamides could be easily converted to
the corresponding a-chiral amine upon stirring in methanolic
HCl at room temperature.19 Notably, the protocol uses an
inexpensive earth-abundant manganese complex and readily
available substrates. Our DFT calculations demonstrate the
origin of high diastereoselectivity which is enabled by an
unusual catalyst dynamic kinetic resolution process. We found
that the alcohol dehydrogenation and imine hydrogenation
reactions occur in a stepwise fashion, while the hydride transfer
to the imine intermediate represents the rate and stereodeter-
mining step of the whole reaction. Given the operational
simplicity, the presented catalytic system will serve as a basis
for further application in the synthesis of relevant optically
pure a-chiral amines and heterocycles.
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ABSTRACT: A general and selective metal-catalyzed con-
version of biomass-derived primary diols and amines to the
highly valuable 2,5-unsubstituted pyrroles has been developed.
The reaction is catalyzed by a stable nonprecious manganese
complex (1 mol %) in the absence of organic solvents
whereby water and molecular hydrogen are the only side
products. The manganese catalyst shows unprecedented
selectivity, avoiding the formation of pyrrolidines, cyclic
imides, and lactones.

The discovery of new sustainable catalytic systems for
upgrading renewable feedstocks to value-added fine and

bulk chemicals represents a central challenge for chemists.1 In
this context, lignocellulosic biomass-derived alcohols offer a
green alternative to mutagenic alkyl halides. Thus, substantial
work was dedicated to the metal-catalyzed activation of
alcohols by hydrogen shuttling with transfer of hydrogen
from the alcohol to the final product. Besides, the catalytic
dehydrogenation of alcohols leads to in situ formation of
carbonyl intermediates which can undergo coupling reactions
via condensation cascades to give more complex target
molecules.2

Pyrroles represent an important class of synthetic
intermediates which have found numerous applications in
medicinal and advanced materials chemistry.3 While 2,5-
substituted pyrroles are conventionally prepared through the
Paal−Knorr synthesis,4 approaches for the synthesis of N-
substituted pyrroles, and in particular 2,5-unsubstituted
pyrroles, include the Clauson−Kaas reaction5 as well as N-
alkylation of pyrrole. However, these methods may suffer from
the formation of stoichiometric amounts of waste and limited
substrate scope. More modern methods rely on the ruthenium-
or iron-catalyzed condensation of the more expensive 2-
butyne-1,4-diol with primary amines to give N-substituted
pyrroles.6 Recently, a chemoenzymatic synthesis of N-
substituted pyrrole was achieved via an olefin metathesis−
aromatization cascade.7

A selective catalytic synthesis of N-substituted pyrroles from
the readily available 1,4-butanediol (1) would be an ideal
alternative, producing water and hydrogen gas as the only side
products. However, the reaction of diol 1 with primary amines
often leads to a mixture of pyrrolidine, cyclic imide, pyrrole,
and lactone (Scheme 1).8 Saturated pyrrolidine can be
accessed from the primary diol 1 and amines using iridium,

ruthenium and iron catalysts.6a,9 Furthermore, Hong et al.
reported the selective synthesis of cyclic imides using PNNH-
Ru catalyst, whereas a base-metal-catalyzed version was
recently reported by Milstein using the PNNH−Mn
complex.10 Moreover, the cyclization of 1,4-dialdehyde to γ-
butyrolactone was outlined using ruthenium bisphosphine
diamine catalyst.11 In contrast, a general catalytic system to
access pyrroles from diol 1 and primary amines has not been
reported so far, although it could provide a desirable green and
sustainable synthesis.12

Manganese is the third most abundant transition metal in
the Earth’s crust and has recently been recognized by several
groups including ours as a sustainable alternative for Ru and Ir
(de)hydrogenation catalysis.13−17 Indeed, several catalytic
systems have been developed for the hydrogenation of polar
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Scheme 1. Metal-Catalyzed Coupling of Primary Diols and
Primary Amines
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and nonpolar bonds,15 dehydrogenation reactions,16 and
hydrogen autotransfer.17 Encouraged by these advances and
our experience in metal−ligand cooperative catalysis,18,19 we
envisioned the possibility of developing a new catalytic system
for the efficient in situ generation of the dialdehyde B from the
diol 1. This reactive intermediate B would likely undergo
condensation with a primary amine to afford the corresponding
pyrrole upon dehydration of the cyclic hemiaminal inter-
mediate, whereas the pyrrolidine and imide synthesis typically
involves the reaction between the primary amine and the
hydroxyaldehyde intermediate A.9,10

Here, we report our results on the sustainable trans-
formation of the readily available diols and primary amines to
pyrroles in a highly chemoselective fashion using an earth-
abundant metal complex based on the inexpensive base metal
manganese.
We started our study by the preparation of different

manganese complexes bearing air- and moisture-stable ligands
(Mn-1−Mn-3). For example, the manganese complex Mn-3
could be readily prepared from the commercially available
“MACHO” PNP pincer ligand and the inexpensive manganese
precursor, Mn(CO)5Br. Suitable crystals of Mn-3 were
obtained and characterized by X-ray diffraction (Figure 1).

Subsequently, the reaction between 1,4-butanediol (1) and
n-hexylamine (2a) was thoroughly investigated in order to find
the appropriate reaction conditions for the synthesis of the
desired pyrrole 3a while suppressing the formation of the
undesired side products 3a′ and 3a″ (Table 1). To evaluate
the most efficient catalyst, the manganese complexes Mn-1−
Mn-3 were tested in combination with Cs2CO3 in 1,4-dioxane
as a solvent. Indeed, the application of Mn-1 bearing a PNN
ligand led to full conversion with 24% of the desired pyrrole 3a
along with 29% of the imide 3a′ (Table 1, entry 1). The high
yield of the imide may be explained by the presence of the
hemilabile pyridine ligand. In contrast, the pyridyl-based PNP
pincer complex Mn-2 showed low reactivity and excellent
chemoselectivity toward the formation of the desired pyrrole
3a. To our delight, Mn-3 bearing a backbone N−H group
resulted in 47% yield of pyrrole 3a and 10% of cyclic imide 3a″
(Table 1, entry 3). We then turned our attention toward fine-
tuning of the catalytic system by investigating different solvents

and bases. When 1,4-dioxane was replaced by toluene or
CPME, both yield and selectivity slightly decreased (Table 1,
entries 4−5). Surprisingly, running the reaction under neat
conditions led to improved reactivity and selectivity (Table 1,
entry 6). The influence of different bases, such as t-BuOK,
KOH, and K2CO3, was also examined (Table 1, entries 7−9).
We found that the inexpensive K2CO3 could be used as a
catalyst activator providing 62% of pyrrole 3a and only trace
amounts of 3a′ and 3a″. Unfortunately, the addition of 4 Å
molecular sieves did not improve the yield (Table 1, entry 10).
Gratifyingly, decreasing the manganese catalyst and base
loading to 1 mol % afforded the desired product 3a in 77%
yield (Table 1, entry 11). Use of manganese pentacarbonyl
bromide or only the base did not afford any product, indicating
the crucial role of the metal−ligand catalyst (Table 1, entries
12 and 13).
In order to demonstrate the general applicability of the

reaction, a variety of primary amines were reacted with 1,4-
butanediol (1) as a coupling partner (Scheme 2). Long-chain
primary amines reacted smoothly with 1, leading to the
pyrroles 3a and 3b in good yields. When cyclohexyl amine was
used as a substrate, the desired product 3c was obtained in
68% yield. Slightly better yield was obtained when phenyl-
ethylamine was used, and the corresponding pyrrole 3d was
obtained in very good yield. Likewise, the reaction could also
be applied successfully to medicinally relevant tryptamine,
affording the pyrrole 3e in 78% yield. Furthermore, benzyl-
amines bearing electron-withdrawing and electron-donating
groups were successfully reacted and provided the correspond-
ing pyrroles 3f−3i in moderate to good yields. Interestingly,
amines bearing heterocycles such as pyridine and furane could
also be used as coupling partners providing the desired
pyrroles 3j and 3k in moderate to good yields. In addition, α-

Figure 1. Manganese complexes used in this study and the single-
crystal X-ray structure of Mn-3 with ellipsoid set at 50% probability
level.

Table 1. Optimization of the Reaction Conditionsa

entry [Mn] (mol %) base (mol %) conv. [%]
yield of

3a:3a′:3a″ [%]

1 Mn-1 (2) Cs2CO3 (3) 99 24:29:00
2 Mn-2 (2) Cs2CO3 (3) 99 11:00:00
3 Mn-3 (2) Cs2CO3 (3) 99 47:10:01
4b Mn-3 (2) Cs2CO3 (3) 99 41:13:01
5c Mn-3 (2) Cs2CO3 (3) 99 40:10:02
6d Mn-3 (2) Cs2CO3 (3) 99 57:02:06
7d Mn-3 (2) t-BuOK (3) 99 54:03:03
8d Mn-3 (2) KOH (3) 99 60:02:10
9d Mn-3 (2) K2CO3 (3) 99 62:02:05
10d,e Mn-3 (2) K2CO3 (3) 99 41:00:06
11d Mn-3 (1) K2CO3 (1) 99 77:00:09
12d Mn(CO)5Br (3) Cs2CO3 (5) 95 <5
13d - Cs2CO3 (5) 95 <5

aReaction conditions: 1 (0.5 mmol) and 2a (1.0 mmol) in 1,4-
dioxane (1.0 M) at 150 °C for 24 h under argon atmosphere.
Conversions and yields were determined by GC using mesitylene (0.2
mmol) as an internal standard. bReaction in toluene. cReaction in
CPME. dNeat conditions. e4 Å mol sieves added. It is worth noting
that the difference between yields and conversion is attributed to the
formation of oligomeric side products that cannot be detected by GC
analysis.
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substituted amines such as α-methylbenzylamine and benzhy-
drylamine were successfully applied and afforded the pyrroles
3l and 3m in moderate to good yields. Utilizing aromatic
amines such as para-methoxy aniline appeared to be more
challenging due to the lower nucleophilicity, and only 42% of
the desired product 3n could be isolated. Next, we successfully
extended the scope by accessing symmetrical bispyrrole 3o
from the corresponding diamine.
Encouraged by these results, we decided to further expand

the scope and to use secondary diols, such as 2,5-hexanediol
(4a) as a coupling partner (Scheme 3).8 In analogy to Scheme
2, different α-branched and unbranched primary amines and
aniline derivatives are tolerated, and the desired substituted
pyrroles 5a−5i were obtained in good to excellent yields.
However, the PMP-derived pyrrole 5j was obtained in only
33% yield. In order to further prove the generality of the
presented catalytic system, mono- and diphenylbutanediol
were investigated and readily converted to the corresponding
pyrroles 5k and 5l in moderate yields. Finally, further extension
led to the synthesis of the symmetrical bispyrroles 5m and 5n
in good yields.

To demonstrate the practicability of this newly developed
methodology, we conducted a gram-scale synthesis of the
tryptamine-substituted pyrrole 7, and the desired product was
isolated in excellent yield without the need of purification by
chromatography (Scheme 4).
In summary, we report a general and selective synthesis of

N-substituted pyrroles from low-cost renewable diols and
primary amines. The reaction is catalyzed by a well-defined,
bench-stable, homogeneous base metal catalyst which circum-
vents the use of stoichiometric amounts of mutagenic reagents

Scheme 2. Manganese-Catalyzed Coupling of Primary
Amines with 1,4-Butanediola

aReaction conditions: 1 (0.5 mmol), 2 (1.0 mmol), Mn-3 (0.005
mmol), and K2CO3 (0.005 mmol) at 150 °C for 24 h. bDiamine (0.5
mmol) and 1 (1.5 mmol).

Scheme 3. Scope of Different Symmetrical and
Unsymmetrical Diolsa

aReaction conditions: 4 (0.5 mmol), 2 (1.0 mmol), Mn-3 (0.005
mmol), and Cs2CO3 (0.01 mmol) at 150 °C for 24 h. bMn-3 (0.01
mmol) and Cs2CO3 (0.025 mmol). cDiamine (0.5 mmol) and diol
(1.5 mmol).

Scheme 4. Gram-Scale Synthesis of Tryptamine-Substituted
Pyrrole 7
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and produces water and hydrogen gas as the sole byproducts.
The high potential of this catalytic system was demonstrated
by the synthesis of a wide variety of pyrroles in good to
excellent yields.
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Manganese-Catalyzed Multicomponent Synthesis of
Pyrroles through Acceptorless Dehydrogenation Hydrogen
Autotransfer Catalysis: Experiment and Computation
Jannik C. Borghs,[a] Luis Miguel Azofra,[b] Tobias Biberger,[a] Oliver Linnenberg,[c]

Luigi Cavallo,*[b] Magnus Rueping,*[a, b] and Osama El-Sepelgy*[a]

A new base metal catalyzed sustainable multicomponent syn-
thesis of pyrroles from readily available substrates is reported.

The developed protocol utilizes an air- and moisture-stable cat-
alyst system and enables the replacement of themutagenic a-

haloketones with readily abundant 1,2-diols. Moreover, the pre-

sented method is catalytic in base and the sole byproducts of
this transformation are water and hydrogen gas. Experimental

and computational mechanistic studies indicate that the
reaction takes place through a combined acceptorless dehy-

drogenation hydrogen autotransfer methodology.

Multicomponent reactions are valuable sustainable processes
for the construction of complex molecules in one pot from

three or more substrates. This strategy merges several elemen-
tary reaction steps, which leads to minimization of the amount

of waste, and simplifies the workup and purification steps.[1]

Pyrroles represent prominent and important chemical motifs

in medicinal, agro, and advanced materials chemistry. Classical

synthetic routes suffer from drawbacks mainly resulting from
the generation of substantial amounts of waste produced

during the multi-step pre-functionalization of substrates or by-
product formation.[2] Accordingly, there is a continuous need

to develop new catalytic systems that allow the direct and
atom-economic conversion of renewable and readily available
substrates to pyrroles.

Alcohols can be obtained from renewable biomass resources
and present promising sustainable feedstock chemicals. The

utilization of alcohols as substrates in the synthesis of fine
chemicals will hence contribute not only to the reduction of

toxic chemical waste but also to decrease CO2 emissions by

avoiding the use of carbon fossil sources.[3] One of the key con-
cepts for alcohol functionalization is hydrogen autotransfer

(HA), which has become a powerful tool for utilizing abundant
alcohols as building blocks for environmentally benign C@C
and C@N bond formations, releasing water as the only byprod-
uct (Scheme 1A).[4] A related concept is acceptorless dehydro-

genation (AD), which permits the conversion of alcohols to car-

Scheme 1. Acceptorless dehydrogenation and hydrogen autotransfer
catalysis.
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bonyl compounds by liberating hydrogen gas without the
need for a stoichiometric oxidant (Scheme 1B).[5]

Following the concept of HA, pyrroles can be synthetized
from unsaturated 1,4-diols and primary amines.[6] Furthermore,

catalytic systems have been developed for the synthesis of pyr-
roles by using the AD concept from 1,4-diols and primary

amines or secondary alcohols and amino alcohols.[7] Moreover,
Beller and co-workers have reported a three-component syn-
thesis of pyrroles by using a [Ru3(CO)12]/Xantphos catalytic
system. The authors proposed that the reaction might proceed
through the AD concept.[8]

The replacement of noble metal catalysts by first-row transi-
tion metal catalysts is highly desirable owing to ecological and

economic benefits and may also lead to the discovery of new
chemical reactivity.[9] Manganese is the third most abundant

transition metal in the earth’s crust and is recognized as a sus-

tainable alternative for toxic noble metal catalysts.[10–12] In our
continuous efforts to develop new sustainable transformations

enabled by metal–ligand catalysts,[13,14] we now report an un-
precedented manganese-catalyzed construction of pyrroles

starting from readily available substrates: 1,2-diols, ketones,
and primary amines (Scheme 1C). Notably, our experimental

and computational mechanistic studies on this multicompo-

nent transformation suggest that the reaction proceeds
through a unified acceptorless dehydrogenation hydrogen au-

totransfer strategy. To the best of our knowledge, this is the
first study that proves the involvement of both processes of

AD and HA in heterocyclic synthesis.[15] In fact, we found that
this strategy is crucial for the successful activation of the vici-

nal 1,2-diols, providing a greener alternative to the mutagenic

a-haloketones.[16]

We commenced our experimental study by synthesizing var-

ious manganese pincer complexes and identified Mn-1 to be
most effective for the desired transformation. The new PNPPh-

based complex is bench stable and thus enables an operation-
ally simple, glovebox-free reaction set up. Suitable crystals of
Mn-1 could be grown and were characterized by X-ray diffrac-

tion (Table 1, top).
For our model reaction system, we investigated the forma-

tion of the substituted pyrrole 4a by using propiophenone
(1a), 2-phenylethylamine (2a), and ethylene glycol (3a). Thus,
a solution containing substrates in dried solvent, Mn complex,
and 20 mol% of a base was heated to 135 8C for 24 h. To our

delight, by applying Mn-1, promising catalytic activity was ob-

served and the desired pyrrole was obtained in 65% yield
(Table 1, entry 1). Control experiments demonstrated the cru-

cial role of both the metal and the pincer ligand (Table 1, en-
tries 2, 3). Next, we further optimized other reaction parame-

ters. Our investigation revealed that the reaction is most effec-
tive in the polar protic solvent t-amyl alcohol, as other solvents

proved less effective (Table 1, entries 4–7). Screening of various

bases confirmed that inexpensive KOtBu is the best for this
transformation (Table 1, entries 8–10). Further experiments

revealed that increasing the concentration to 1.0m offers an in-
creased yield of 86% (Table 1entries 11 and 12).

Having established optimal conditions for the heterocycliza-
tion, we moved on to demonstrate the applicability of our cat-

alytic system. An array of aryl and alkyl ketones in combination

with 2-phenylethylamine (2a) and ethylene glycol (3a) as

model substrates (Scheme 2A) could be transformed into the
corresponding pyrroles. Initially, we were interested in using

various less active and challenging non-benzylic ketones. Pleas-
ingly, all the shown examples bearing different substituents

were isolated in high yields (4a–4h). Notably, abundant alkyl
ketones were also successfully converted to the corresponding

bicyclic products 4g and 4h in very good yields. When we

turned our attention to the use of benzylic ketones, we ob-
tained the respective pyrroles 4 i–4m. To prove the scalability,

we conducted a gram-scale synthesis of the pyrrole 4k“ and
the desired product was isolated in 78% yield. Regarding their

importance in medicinal chemistry,[17] we also targeted heter-
oatom-substituted pyrroles by applying the respective a-func-

tionalized ketones. In fact, an a-alkoxy ketone showed high re-
activity and could be transformed into the product 4n in good
yield. Importantly, the benzamide-containing pyrrole 4o was
obtained in excellent yield (94%). Next, various amines were
tested in combination with different ketones while keeping

ethylene glycol as a coupling partner (Scheme 2B). All corre-
sponding pyrroles were obtained in moderate to excellent

yields. Specifically, different ketones in combination with n-hex-
ylamine afforded products in good yields (5a–5 f). It was fur-
ther demonstrated that different amines such as benzylamine

or cyclohexylamine were also suitable for this cascade transfor-
mation (5g–5 i). Despite its weak nucleophilicity, toluidine

showed significant reactivity and could be transformed into N-
aryl-substituted pyrrole 5 j in moderate yield. Gratifyingly, even

Table 1. Optimization of the reaction conditions.[a]

Entry Catalyst Solvent Base Yield [%]

1 Mn-1 t-amyl alcohol KOtBu 65
2 Mn(CO)5Br t-amyl alcohol KOtBu <5
3 – t-amyl alcohol KOtBu <5
4 Mn-1 toluene KOtBu 20
5 Mn-1 1,4-dioxane KOtBu 28
6 Mn-1 Me-THF KOtBu 16
7 Mn-1 CPME KOtBu 16
8 Mn-1 t-amyl alcohol KOH 43
9 Mn-1 t-amyl alcohol K2CO3 23
10 Mn-1 t-amyl alcohol Cs2CO3 41
11[b] Mn-1 t-amyl alcohol KOtBu 86
12 Mn-1 neat KOtBu 70

[a] Reaction conditions: 1a (0.5 mmol), 2a (0.75 mmol), 3a (1.5 mmol),
[Mn] catalyst (2 mol%) in t-amyl alcohol (0.5m), 135 8C, 24 h under argon
atmosphere. Yield determined by GC by using mesitylene as an internal
standard. [b] 1.0m reaction mixture. CPME=cyclopentyl methyl ether.
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the sterically demanding 1-adamantylamine could be convert-
ed into the respective pyrrole 5k. To our delight, an amino

alcohol was selectively converted to the pyrrole 5 l.
To provide highly substituted pyrroles, we employed an

array of different vicinal diols, which gave the corresponding
pyrroles in high yields (Scheme 2C). Interestingly, symmetrical

disubstituted aromatic, aliphatic as well as cyclic diols could be
used for this transformation, giving good yields of the corre-

sponding fully substituted pyrroles 6a–6c and tetra-substitut-
ed pyrrole 6d. If mono-substituted unsymmetrical diols were

employed, two regioisomers can be formed. However, in all
cases, either a single regioisomer or a very high regioselectivity
(95:5) was obtained with substitution occurring at R4 in pyr-
roles 6e–6h. It is important to note that when the 1-(2-me-
thoxyphenyl)propan-2-one was used as a ketone in combina-

tion with ethylene glycol, the C@H alkylation usually takes
place at the benzylic carbon (Scheme 2A, example 4m). To our
surprise, when using the same ketone in combination with
phenyl- or diphenyl-substituted diols, the alkylation reaction
occurs on the free methyl group, affording a different regioiso-
mer (Scheme 2C, examples 6d and 6h). This observation led

to the synthesis of new highly substituted pyrroles, which are
difficult to prepare by other methods.

Afterwards, we decided to conduct experiments to prove

the role of the metal–ligand catalyst. When we performed the
reaction shown in Scheme 3 without catalyst and replacing the

1,2-diol by an a-hydroxy ketone, only trace amounts of the
pyrrole 6a were observed. However, when 2,3-butandiol and

Mn-1 were used, 6a was obtained in 43% yield (Scheme 3).
Furthermore, we have analyzed the reaction atmosphere of

the model reaction by using gas chromatography (Table 1,
entry 11) and detected the presence of hydrogen gas. These

experimental results indicate that the metal–ligand complex

not only catalyzes the AD process but also the HA process.
We subsequently carried out a detailed DFT study and se-

lected the multicomponent reaction between glyceraldehyde,
propiophenone, and n-hexylamine catalyzed by Mn-1 as the

model reaction.[18,19] Initially, the uncatalyzed reaction between
the primary amine and the ketone leads to the formation of an

imine, which is in equilibrium with the corresponding enamine.
The latter may undergo a C@H or N@H addition reaction with
the in situ generated glycolaldehyde or glyoxal. This estab-
lishes the existence of four plausible reaction pathways (see
Figure S3 in the Supporting Information). The DFT calculations,

the experimental investigations, and the observed selectivity
(Scheme 2, examples 6e–6h) suggest that the reaction most

likely occurs through the C@H alkylation of enamine with in
situ generated glyoxal (see the Supporting Information for de-
tails).

Figure 1 illustrates that the Mn complex acts as a catalyst for
acceptorless dehydrogenation hydrogen autotransfer process-

es. The first catalytic cycle involves AD of ethylene glycol to
glycolaldehyde and hydrogen gas (Figure 1A). The second cat-

Scheme 2. Manganese-catalyzed acceptorless dehydrogenation hydrogen
autotransfer : Synthesis of multisubstituted pyrroles.

Scheme 3. Experimental mechanistic investigations.
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alytic cycle involves a crucial HA process consisting of metal-
catalyzed activation of glycolaldehyde by shuttling a hydrogen

molecule, which is required for the hydrogenation of the aza-
diene intermediate (Figure 1B). Specifically, the ethylene glycol

dehydrogenation (AD cycle) starts with one of the -OH groups

of ethylene glycol interacting with the [Mn] species A to give
complex B, with a slightly endergonic binding Gibbs free

energy of 4.0 kcalmol@1 at 135 8C and by using 1-butanol as
the solvent. This complex is characterized by the presence of

two interactions, in which Mn acts as electrophilic center
through a Mn···O interaction, whereas the sp2 carbon in one of
the arms of the non-innocent PNP ligand acts as nucleophilic

center through a C···H interaction with the H atom of the ethyl-
ene glycol OH group. Proton transfer from the alcohol occurs
via transition state B–C with a free energy barrier of 10.3 kcal
mol@1 from A, and leads to intermediate C laying @2.2 kcal
mol@1 below A. This aromatization/dearomatization process
has been thoroughly studied in metal–PNP and PNN com-

plexes as an important process providing the lowest energy
pathways.[20]

The following hydride transfer occurs via the formation of

complex D, which represents the highest energy intermediate
of the dehydrogenation cycle, 15.3 kcalmol@1 relative to A. The
hydride transfer occurs through transition state D–E. This is as-
sumed to be an almost barrier-free process, as transition state

D–E is only 1.1 kcalmol@1 above intermediate D when electron-

ic energies in solution at the PBE/SVP(H,C,N,O,P)-TZVP(Mn)
level of theory are considered (i.e. , the computational protocol

used to locate geometries). The resulting [Mn]–
H2···glycolaldehyde complex E is located 0.7 kcalmol@1 above

A. The following release of glycolaldehyde is exergonic by
8.5 kcalmol@1 and leads to F. The acceptorless dehydrogena-

tion cycle closes with the regeneration of the catalyst by H2 re-
lease, in a process presenting a kinetic penalty of 30.5 kcal

mol@1 relative to F.
We have also carried out calculations for the case in which

proton and hydride transfers from glyceraldehyde to the MnI–

PNP catalytic species occur via a concerted pathway. The corre-
sponding activation Gibbs free energy is 3.4 and 2.3 kcalmol@1

less stable than those computed for transition states B–C and
D–E, respectively. In this line, the proposal of a step-wise

mechanism in which hydride transfer might occur before the
proton transfer during the AD cycle indicates disfavored kinet-

ics, with an activation barrier of 59.8 kcalmol@1 relative to A.
Subsequently, the HA cycle has been investigated by DFT

analysis (Figure 1B). The first part of the HA process involves
the dehydrogenation of glycolaldehyde to glyoxal by hydrogen
transfer to the Mn and N centers, which also results in the hy-

drogenated catalytic species, F’. In this process, proton transfer
exhibits a Gibbs free activation energy of 8.0 kcalmol@1, G–H,
whereas hydride transfer is carried out via the formation of
complex I, 11.7 kcalmol@1, also through a barrier-less process.

The second part of the HA process involves the endergonic

interaction between the manganese species F’ bearing a shut-
tled hydrogen molecule with the azadiene intermediate that

resulted from a C@H alkylation reaction. This intermediate is
formed by the addition of glyoxal with the enamine com-

pound, a coupling that is exergonic by 8.2 kcalmol@1. In more

detail, hydride transfer from the Mn atom to the sp2 carbon
atom positioned b to the CHO group occurs via transition

state K–L and a Gibbs free activation energy of 27.1 kcalmol@1

relative to F’. The proton transfer occurs through transition

state L–M and a free energy barrier of 35.6 kcalmol@1 relative
to L. This penalty represents the highest kinetic impediment of

Figure 1. Proposed reaction mechanism of the heterocyclization through a unified acceptorless dehydrogenation hydrogen autotransfer concept catalyzed by
Mn-1. Calculated Gibbs free reaction and activation energies at 135 8C are shown in kcalmol@1 at the M06/TZVP//PBE/SVP(H,C,N,O,P)-TZVP(Mn) computational
level by using 1-butanol as the solvent. Note: P and R groups refer to PPh2 and n-hexyl, respectively.
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the whole reaction in which the MnI–PNP catalytic species par-
ticipates as partial cyclization of the substrate is seen in L by

N!C(sp2)HO bond formation. Finally, the released hydrogenat-
ed azadiene can undergo cyclization to the observed pyrrole

derivative with a free energy gain of 29.1 kcalmol@1.
In conclusion, we have reported a new base metal catalyzed

heterocondensation cascade that occurs through an acceptor-
less dehydrogenation hydrogen autotransfer methodology.
The reaction is catalyzed by a new homogeneous base metal

catalyst based on an inexpensive and air-stable manganese
complex bearing a PNP ligand. The great potential of our cata-

lytic system was demonstrated by the synthesis of more than
35 different substituted pyrroles in good yields by using re-

newable substrates and only catalytic amounts of base. Impor-
tantly, water and hydrogen gas are the sole byproducts. Com-

putational studies support an acceptorless dehydrogenation
hydrogen autotransfer reaction mechanism in which the
metal–ligand complex plays a dual role for the acceptorless
dehydrogenation of ethylene glycol followed by non-typical
hydrogen autotransfer process.
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