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CONSPECTUS:

Electrochemistry has been used as a tool to drive chemical reactions for over two centuries. With
the help of an electrode and a power source, chemists are bestowed with an imaginary reagent
whose potential can be precisely dialed in. The theoretically infinite redox range renders
electrochemistry capable of oxidizing or reducing some of the most tenacious compounds (e.g., F~
to Fp and Li* to Li%). Meanwhile, a granular level of control over the electrode potential allows for
the chemoselective differentiation of functional groups with minute differences in potential. These
features make electrochemistry an attractive technique for the discovery of new modes of
reactivity and transformations that are not readily accessible with chemical reagents alone.
Furthermore, the use of an electrical current in place of chemical redox agents improves the cost-
efficiency of chemical processes and reduces byproduct generation. Therefore, electrochemistry
represents an attractive approach to meet the prevailing trends in organic synthesis and has seen
increasingly broad use in the synthetic community over the past several years.

While electrochemical oxidation or reduction can provide access to reactive intermediates, redox-
active molecular catalysts (i.e., electrocatalysts) can also enable the generation of these
intermediates at reduced potentials with improved chemoselectivity. Moreover, electrocatalysts
can impart control over the chemo-, regio-, and stereoselectivities of the chemical processes that
take place after electron transfer at electrode surfaces. Thus, electrocatalysis has the potential to
significantly broaden the scope of organic electrochemistry and enable a wide range of new
transformations. Our initial foray into electrocatalytic synthesis led to the development of two
generations of alkene diazidation reactions, using transition-metal and organic catalysis,
respectively. In these reactions, the electrocatalysts play two critical roles; they promote the single-
electron oxidation of N3~ at a reduced potential and complex with the resultant transient N3* to
form persistent reactive intermediates. The catalysts facilitate the sequential addition of 2 equiv of
azide across the alkene substrates, leading to a diverse array of synthetically useful vicinally
diaminated products.
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We further applied this electrocatalytic radical mechanism to the heterodifunctionalization of
alkenes. Anodically coupled electrolysis enables the simultaneous anodic generation of two
distinct radical intermediates, and the appropriate choice of catalyst allowed the subsequent alkene
addition to occur in a chemo- and regioselective fashion. Using this strategy, a variety of
difunctionalization reactions, including halotrifluoromethylation, haloalkylation, and
azidophosphinoylation, were successfully developed. Importantly, we also demonstrated
enantioselective electrocatalysis in the context of Cu-promoted cyanofunctionalization reactions
by employing a chiral bisoxazoline ligand. Finally, by introducing a second electrocatalyst that
mediates oxidatively induced hydrogen atom transfer, we expanded scope of electrocatalysis to
hydrofunctionalization reactions, achieving hydrocyanation of conjugated alkenes in high
enantioselectivity. These developments showcase the generality of our electrocatalytic strategy in
the context of alkene functionalization reactions. We anticipate that electrocatalysis will play an
increasingly important role in the ongoing renaissance of synthetic organic electrochemistry.

Graphical Abstract
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INTRODUCTION

Electrochemistry, though historically perceived as a niche field, has played key roles in
driving major scientific discoveries since the 1700s. For example, electrochemical
techniques allowed scientists like Henry Moissan! and Sir Humphry Davy? to discover new
elements, such as Li, Na, and F, that would have otherwise been very difficult, if not
impossible, to access using chemical reagents at the time (Scheme 1A). Since Michael
Faraday’s discovery of the laws of electrolysis in 18332 and Hermann Kolbe’s
demonstration of electrochemical oxidation of valeric acid in 1848,* great advances have
been made in employing electrical current to drive chemical reactions (Scheme 1B).5 In
essence, all chemical reactions are movements of electrons from high potential to low
potential, from a filled molecular orbital to an empty molecular orbital. Analogously, an
electrical current is also a flow of electrons from a high potential to a low potential.
Therefore, electrochemistry is one of the most intimate ways for chemists to interact with a
microscopic chemical reaction at the flip of a switch, literally.
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Throughout the years, electrochemistry has expanded from its roots as a tool for element
discovery to the synthesis of complex molecules and beyond.® With the help of a power
source and an electrode, chemists are bestowed with an imaginary reagent whose potential
can be dialed in at will. As such, electrochemistry in theory offers an infinite redox range
and can drive the most difficult of electron movements like the oxidation of fluoride to
fluorine. Additionally, the magnitude and duration of the applied potential can be precisely
regulated to control both the identity and flux of intermediates formed on the electrodes,
something that cannot easily be done with chemical reagents. Indeed, organic chemists have
exploited these properties to generate highly reactive intermediates in a controlled fashion
for strategic bond formation (Scheme 1C).”

While electrochemistry enables the activation of some of the most tenacious compounds, it
relies predominantly on the applied potential and electrode kinetics to control electron
transfer events. The lack of tunable molecular recognition elements between the electrode
and target reactants makes it challenging to regulate the chemoselectivity of electrochemical
reactions in complex systems. Furthermore, the electrode cannot exert control over the
selectivity of chemical steps that follow electron transfer.® Thus, direct electrolysis methods
frequently rely on substrate engineering to regulate reactivity and selectivity.® This is
particularly problematic in complex organic molecules where control over chemo- and
stereoselectivity is desired. However, such a limitation can be addressed by the introduction
of redox-active molecular catalysts (i.e., an electrocatalyst).10

Electrocatalysts can be categorized into two general types based on their role in the chemical
steps following electron transfer (Scheme 2A). Type | includes redox mediators that serve
the sole purpose of shuttling electrons between the electrode surface and substrate. This type
of electrocatalyst accelerates redox reactions that would otherwise be hindered by slow
electron-transfer kinetics with electrode surfaces. Type | electrocatalysts have been
extensively discussed in recent reviews102 and will not be a focus of this Account. Type |1
electrocatalysts serve to shuttle both electrons and chemical information to the organic
substrates, thus enhancing both reaction rates and chemical selectivity.1! Type II
electrocatalysts have been developed for applications in the energy sector, namely for
catalytic water splittingl2 and CO, reduction.13 The power of electrocatalysis is exquisitely
demonstrated in iron-porphyrin-catalyzed CO5 reduction (Scheme 2B), in which the explicit
molecular recognition of CO, with a metal-carboxylate complex decreases the overpotential
for activating an otherwise inert molecule and improves product selectivity.14 In contrast to
the extensive studies of electrocatalysis in energy conversion transformations, the
development of electrocatalysts specifically for organic transformations still remains largely
underexplored.

The desire to explore novel modes of reactivity and improve the sustainability of synthetic
organic chemistry has spawned renewed interest in electrochemically driven reactions within
the organic chemistry community. The development of electrocatalytic transformations lies
at the center of the Renaissance of synthetic electrochemistry. In this Account, we discuss
our laboratory’s recent forays into electrocatalysis for new reaction discovery, with
emphases on the mechanistic hypotheses underpinning reaction development as well as the
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use of mechanistic information and special characteristics of electrochemistry to explore
new chemical spaces.

2. THE TRILOGY OF ELECTROCHEMICAL ALKENE AZIDATION

2.1

Owing to the importance of nitrogen-containing molecules in many areas of chemistry, new
methods that construct C—N bonds in an efficient and selective fashion are highly sought
after.15 In this context, azide (N3") is an attractive agent for the formation of C-N bonds and
has widely been used in nucleophilic substitution reactions. The resultant organic azides (R—
N3) are valuable synthetic intermediates and can be further transformed to various functional
groups including amines, amides, and N-heterocycles.16 A lesser known but important
characteristic of N3~ is its redox behavior: N3~ can readily undergo single-electron oxidation
to form azidyl (N3°),17 which is an electrophilic radical that can engage in various C-N bond
forming reaction.18 By dialing in a suitable potential, electrochemistry provides direct access
to N3* under mild conditions without the use of a chemical oxidant. Therefore, we sought to
employ electrocatalysis to discover new azidation reactions and expand the scope of C-N
bond formation.

Mn-Catalyzed Diazidation

Our early explorations focused on the development of alkene diazidation reactions.1® This
transformation would grant access to vicinally diaminated products, which are prevalent
moieties in bioactive natural products, pharmaceuticals, and molecular catalysts.2% To
achieve alkene diazidation using electrochemistry, we envisioned the following mechanistic
design principle (Scheme 3A). The anodic oxidation of N3~ (either directly on the electrode
or mediated by an electrocatalyst) furnishes N3*,22 which then adds across an alkene 1 in an
anti-Markovnikov fashion, producing a C-centered radical 3 (stepl). Finally, capture of 3
with another equivalent of N3* completes the desired diazidation (step 2).

Control experiments utilizing a radical trap lent support to the feasibility of step 1.
Electrolysis of a mixture of alkenes 1a, NaN3, and TEMPO led to the formation of
azidooxygenated products 4a (Scheme 3B). However, attempts to achieve diazidation in the
absence of TEMPO failed to generate an appreciable amount of 1,2-diazides 2a upon full
consumption of 1a. This result is expected given that both radicals involved in step 2, 3a and
N3°®, are transient species; their cross-coupling is statistically unlikely.

The successful coupling of 3 and TEMPO arises from the persistent character of TEMPO
(cf. the persistent radical effect??). We hypothesized that the identification of a suitable
catalyst that could bind and stabilize N3* while maintaining its radical character would
provide a solution to the elusive second C-N bond formation step. Indeed, recent literature
shows that redox-active transition metals, such as Mn?3 or Cu,24 could form azide
complexes to facilitate N3° transfer to C-centered radicals, forging C—-N bonds (Scheme 3C).

We surveyed a collection of transition metal complexes in the electrochemical alkene
diazidation and discovered that MnBr, catalyzed the desired reaction in high efficiency
(Scheme 4A).2° The application of a moderate cell voltage (U = 2.3 V, anodic potential
Eanode ~ 0.5 V vs Fc™0) gave rise to diazides 2 in high yield. The generality of our reaction
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was established across a broad range of alkenes with diverse substitution patterns and
electronic properties. This expansive substrate generality arises from the radical nature of the
reaction mechanism, which is generally less sensitive to the steric and electronic properties
of the alkene than mechanisms that involve cationic or anionic intermediates. Another
attractive feature of this reaction is its exceptional compatibility with functional groups that
are prone to oxidation, such as aldehydes, amines, and sulfides. This feature stems from the
mild reaction conditions granted by electrocatalysis, which require a minimal anodic
potential to turn over the catalyst.

Cyclic voltammetry (CV) analysis (Scheme 5A) of the reaction system revealed that Mn
catalyzes the oxidation of N3~ to N3*, which induces a cathodic shift of the oxidation wave
by ca. 150 mV. Controlled potential electrolysis at 0.5 V gave the desired diazide in
excellent yield, showing that the direct anodic oxidation of N3~ (&2 = 0.7 V) contributes
minimally to the observed reactivity. The CV data along with knowledge2® of the radical
reactivity of Mn'!! led us to propose an electrocatalytic mechanism mediated by the Mn!!!/I!
redox couple (Scheme 5B). Specifically, the catalyst is activated on the anode to generate
[Mn!1]-N3 as the latent N3® source, and this catalytic intermediate delivers the N3 group,
first to the alkene and then to the resultant C-centered radical 3, to complete diazidation.

The synthetic utility of this reaction was demonstrated in a 100 mmol scale synthesis of 2,3-
dimethylbutane-2,3-diazide (2h), which afforded ~17 g of the product in high yield (Scheme
4B). The crude product can be directly subjected to reduction, furnishing 2,3-
dimethylbutane-2,3-diamine (9) in high purity. In fact, our laboratory has routinely
employed this two-step protocol to synthesize diamine-derived catalysts (e.g., 11), replacing
the standard literature preparation that relies on laborious reduction of 2,3-dimethyl-2,3-
dinitrobutane (10) by Sn.2’

2.2. TEMPO-Mediated Azidooxygenation

While studying alkene diazidation, we discovered that TEMPO can intercept C-centered
radicals 3 resulting from N5* addition to the alkene (Scheme 6A).252 This reaction provides
vicinally azidooxygenated products, which contain two versatile functional handles that can
be furnished into useful products including vicinal aminoalcohols and a-azidoketones.28
The initial mechanistic hypothesis entailed the anodic oxidation of N3~ to N3* followed by
sequential addition of N3* and TEMPO to the alkene (Scheme 6B, pathway 1). However, this
intuition-based mechanism was not fully consistent with experimental data. CV data (Figure
1A) showed that the redox potential of N3*/~ (&, = 0.45 V) is higher than that of TEMPO*"*
(£1/2 = 0.25 V). Controlled potential electrolysis at0.35 V promoted azidooxygenation in
comparable efficiency. Therefore, the direct anodic generation of N3® is unlikely to
contribute to the observed azidooxygenation.

This analysis led us to propose a new mechanism, in which the oxidation of N3~ to N3® is
mediated by anodically generated TEMPO™ (Scheme 6B, pathways 2-3). This oxidation
step, however, is thermodynamically unfavorable by about 200 mV (~4.6 kcal/mol).
Although an outer-sphere electron transfer pathway is energetically feasible, experimental
evidence is more consistent with an inner-sphere pathway in which TEMPO® and N3~ react
to form a charge-transfer complex (CTC). Electrolysis of the azidooxygenation reaction
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produces a dark red color, which is also observed when mixing independently prepared
TEMPO*CIO,4~ solution with NaN3. UV-vis study of this mixture (Figure 1B) confirmed the
formation of a new species with an absorbance profile substantially different from that of
TEMPO and TEMPO™.29 In addition, CV data showed that the peak potential of the
TEMPO*"* redox wave displayed a cathodic shift upon addition of NaN3 (Figure 1A). The
magnitude of this shift follows a Nernstian dependence, which indicates the reversible
formation of a 1:1 complex.30 In the absence of an alkene, this TEMPO-N3 CTC undergoes
decomposition, converting to TEMPO and N,. Due to the instability of TEMPO-Ng, we
have yet to unequivocally elucidate its structure. However, DFT computation in combination
with spectroscopic measurements provided insight into this structural uncertainty (Figure
1C). The predicted structure displays an unusual two-site binding interaction between the N3
group and the aminoxyl motif of TEMPO with a slightly bent N3 geometry (N-N-N angle =
173°).

In the presence of an alkene (e.g., 1i), the TEMPO-N3 complex reacts rapidly to yield the
azidooxygenated product (5i). Two potential mechanistic pathways could account for the
reaction between TEMPO-N3 and 3 (Scheme 6B). In the first mechanism, TEMPO-N3
directly transfers N3 to the alkene in the form of a radical, generating a C-centered radical 3
and TEMPO before radical termination to form 5i (pathway2). Alternatively, the CTC
dissociates into TEMPO and N3* prior to their additions to the alkene (pathway 3). Kinetic
studies together with computational data ruled out pathway 2 and supported pathway 3,
indicating a reversible homolytic fragmentation of TEMPO-N3 preceding the rate-limiting
N3* addition to 3. Thus, the formation of the CTC lowers the barrier to electron transfer and
promotes the oxidation of N3~ by TEMPO™. The function of TEMPO-N3 resembles that of
[Mn!"]-N3 in Mn-catalyzed diazidation (vide supra); by reversibly capturing and releasing
azide, TEMPO-N3 behaves as a stabilized persistent N3* source.

2.3. Aminoxyl Radical-Catalyzed Diazidation

During the substrate scope study of the azidooxygenation reaction,28 we discovered that
some sterically hindered alkenes gave rise to a small quantity of 1,2-diazide side products
(e.g., 2i, Scheme 7A). Control experiments showed that TEMPO is necessary for the
formation of the diazides. We envisioned that the competing azidooxygenation and
diazidation share the same pathway for the formation of C-centered radicals 3 but bifurcate
thereafter (Scheme 7B). Specifically, the radical combination of 3 and TEMPO, two
sterically encumbered species, is slow. Thus, 3 reacts with TEMPO-N3 in a competing
pathway in a manner akin to the reaction between 3 and [Mn'"']-N3, which delivers 1,2-
diazide 2i and liberates TEMPO. In principle, TEMPO could be reoxidized on the anode to
render the reaction catalytic. This proposed mode of action by TEMPO is unprecedented3!
but mechanistically conceivable.

These unexpected results led us to hypothesize that, with the right reaction conditions, the
TEMPO-consuming azidooxygenation pathway could be suppressed in favor of TEMPO-
catalyzed diazidation. Consequently, we discovered that using a novel designer catalyst
CHAMPO, a more sterically hindered aminoxyl radical, under low temperatures, the
azidooxygenation reaction was largely inhibited, allowing diazidation to predominate. This
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reaction provided a broad scope of structurally diverse 1,2-diazides in good yields (Scheme
7C).32

Experiments using various cationic (1p) and radical probe (10) substrates (Scheme 8A) lent
strong support to the proposed mechanism (Scheme 8B) in which the second azide addition
to the C-centered radical 3 proceeds via radical transfer promoted by the CHAMPO-N3
CTC. An alternative mechanism in which 3i was oxidized to the corresponding carbocation
followed by nucleophilic trapping with N3~ is unlikely to occur (Scheme 7B, diazidation
pathway 2).

Aside from being a conceptual advance in aminoxyl radical catalysis, this second-generation
diazidation method also presents several attractive features from a practical perspective. For
example, the reaction can be carried out under transitionmetal-free and pH-neutral
conditions, eliminating the formation of potentially hazardous metal azides and hydrazoic
acid. In addition, an exogenous supporting electrolyte is unnecessary, as NaNs is soluble in
the reaction medium of MeCN and H,0, making the solution conductive.

2.4. Extension to Dihalogenation

The proposed mechanism for Mn-catalyzed alkene diazidation led us to hypothesize that this
mode of activity could be generalized to discover other alkene difunctionalization reactions.
Specifically, with an appropriate anion X, the [Mn'"]-X complex could behave as a latent
X* equivalent and promote the radical addition of X groups across an alkene substrate. To
this end, we developed the electrocatalytic dichlorination of alkenes using MgCl;, as the
chlorine source (Scheme 9A).33 Under conditions similar to the diazidation, a wide range of
alkenes were transformed to the 1,2- dichloroalkanes in high efficiency. Control experiments
showed that excluding Mn led to full consumption of the alkene with little conversion to the
desired product. In this case, highly reactive CI* is likely generated directly on the anode,
leading to uncontrolled side reactions of the alkene. Indeed, CV data revealed that the
addition of Mn'! lowers the potential needed to oxidize CI~. Thus, this electrocatalyst not
only lowers the energy barrier to the formation of the CI* equivalent species, but it also
moderates its reactivity toward alkene addition in a selective fashion.

Alkene dichlorination reactions are traditionally carried out using electrophilic Cl sources
such Cl,. The use of MgCl, in combination with an electrical current presents a more
chemoselective (Scheme 9B) and practical method for making the same products. In
addition, this electrochemical dichlorination proceeds via a radical mechanism and does not
rely on the chloronium-mediated pathway thought to be operative in electrophilic
chlorination reactions. Therefore, we employed this methodology to achieve chemo- and
stereoselectivity patterns that were previously challenging (Scheme 9B).

We further extended the scope of this general strategy to the dibromination of alkenes using
LiBr (Scheme 9C).34 However, because Br" is both easier to generate (Egye/gr— = ~0.7 V)
and more persistent than CI*,3° typical dibromination reactions do not require Mn as the
electrocatalyst.
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3. ELECTROCATALYTIC ALKENE HETERODIFUNCTIONALIZATION AND
ENANTIOSELECTIVE ELECTROCATALYSIS

The heterodifunctionalization of alkenes, in which two distinct functional groups are added
to a C=C bond in a single synthetic operation, is an efficient transformation that rapidly
increases the structural and functional complexity of unsaturated molecules. Our early
successes in electrochemical diazidation and dihalogenation reactions provided us with a
platform to further expand the scope of electrocatalysis to heterodifunctionalization.
Achieving this objective required the simultaneous generation of two open-shell
intermediates and control over their chemo- and regioselective additions to the alkene
(Scheme 10A).

To this end, we advanced a new strategy, anodically coupled electrolysis (ACE; Scheme
10B), for the heterodifunctionalization of alkenes.3® In this strategy, the electrode surface
accommodates multiple concurrent redox reactions upon the application of an appropriate
potential, and the resultant reactive intermediates react in a convergent manner to yield the
desired product. This design principle is reminiscent of paired electrolysis,3” in which a
combination of anodic oxidation and cathodic reduction reactions are coupled in an
electrolytic cell to produce two reactive intermediates that converge into the same reaction
system.

The ACE strategy along with knowledge of the persistent radical effect?2 guided our
development of the heterodifunctionalization reaction. We envisioned that, with an
appropriate pair of reagents, (X1)~ and (X2)~ in combination with a metal catalyst, [M/M],
two parallel anodic reactions will take place. (X1)~ will undergo single-electron oxidation,
either directly on the anode or mediated by the catalyst, to form a transient free radical (X)".
Meanwhile, (X2)~ will undergo catalyst-assisted anodic oxidation to form an (X2)°
equivalent in the form of a persistent metal complex, [M*1]-X2. Upon generation of this
pair of radical intermediates, the selectivity of the alkene addition process is dictated by the
persistent radical effect. Specifically, transient X;* is more reactive than persistent [MN*1]-
X2 but has an exceedingly low concentration. As such, alkene 1 will preferentially react with
X1® to produce a C-centered radical 19, which is also a transient species. Because the
reaction between two transient radicals is statistically unlikely, 19 will preferentially react
with [MM11-X2, thus giving rise to the heterodifunctionalized product 18 in a chemo- and
regioselective fashion.

3.1. Chlorotrifluoromethylation

We first implemented the strategy of ACE in the chlorotrifluoromethylation of alkenes
(Scheme 11).36 This transformation is synthetically attractive, as the resulting CF3 and CI
functional groups are useful in both medicinal and materials chemistry, and the alkyl
chloride could further engage in C-C and C-N bond forming reactions. We employed
readily available reagents including CF3SO,Na and MgCl, as the sources for CF3* and CI*,
respectively, and Mn(OAc), as the electrocatalyst. CV data indicated that the generation of
transient CF3* and persistent [Mn!""]-Cl occurs readily on a carbon anode at similar
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oxidation potentials (Figure 2), supporting the feasibility of ACE toward desired
heterodifunctionalization.

Like our previous reaction systems, the optimized reaction conditions are broadly applicable
to the functionalization of a diverse suite of alkenes. In particular, complex substrates
bearing oxidatively labile functional groups (20v, 20w) can be chemoselectively
chlorotrifluoromethylated, showing that this reaction could be applied to the late-stage
modification of complex molecules. We further extended this reaction method to the
difunctionalization of alkynes (21). In particular, electrocatalytic ene-yne cyclization was
achieved for the synthesis of chlorotrifluoromethylated pyrrolidines (Scheme 11B).38
Notably, the introduction of bipyridine as a ligand for Mn has a marked influence on the
stereochemistry of the CI* transfer step from [Mn'"']-Cl to alkenyl radical 24, improving the
diastereoselectivity from 5:1 to >19:1 favoring the (£)- alkene product.

3.2. Other Heterodifunctionalizations

The ACE strategy was shown to be quite modular and applicable to a broad range of alkene
difunctionalization reactions with appropriate reagents and catalysts. For example, using
activated carbonyl compounds (e.g., malononitriles and a-cyanoacetates), Mn-catalyzed
chloro- and bromoalkylation of alkenes could be achieved, forging vicinal C-C and C-
halogen bonds in a single synthetic manipulation (Scheme 12A).3% Mechanistic data are
consistent with a dual electrocatalytic mechanism, in which the oxidation of both reagents,
malononitriles (25) and CI~, are mediated by Mn''V!! redox cycling. The resultant pair of
radical intermediates, transient 27 and persistent [Mn'!']-CI, undergo subsequent additions to
alkenes 1 in a chemo- and regioselective manner.

CV studies suggested that Mn'!! is also capable of oxidizing secondary phosphine oxides
(28) to the corresponding electrophilic P-centered radical (30). We harnessed this reactivity
in the development of chloro- and azidophosphi-noylation reactions using the same
electrocatalytic design principle (Scheme 12B).40

3.3. Enantioselective Cyanofunctionalization

Having established the feasibility of electrocatalysis for the heterodifunctionalization of
alkenes, we aimed to develop enantioselective variants of these transformations. In spite of
the rapid growth of synthetic electrochemistry in recent years, enantioselective
electrocatalytic reactions remain rare.4! In the realm of alkene functionalization, early
reports by Torii et al. and Moeller et al. showed that canonical Sharpless dihydroxylation
and Jacobsen epoxidation reactions could be made electrocatalytic by using an anode to
replace the terminal oxidants.#2 Our proposed mechanism for the heterodifunctionalization
suggests that the use of a chiral ligand could control the stereochemistry of the catalyst-
mediated radical combination step (i.e., the formation of C—X2 bond in Scheme 10), thus
rendering the overall transformation enantioselective. Indeed, strong ligand effects on the
reaction diastereoselectivity have been demonstrated in our electrochemical ene-yne
cyclization that proceeds via a similar mechanism (Scheme 11B).
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To this end, we developed highly enantioselective cyanofunctionalization of vinylarenes
using Cu electrocatalysis (Scheme 13).43 Using cyanophosphinoylation reactions as an
example, the envisioned mechanism entailed the parallel electrochemical generation of
transient phosphinoyl radical (30) and persistent [Cu'']-CN complex as the CN* equivalent.4
The subsequent reaction of these open-shell intermediates with alkene 1 completes the
difunctionalization. In this mechanism, the Cu-mediated CN transfer to C-centered radicals
31 likely occurs in an inner-sphere fashion, which is different from the outer-sphere
mechanism that is commonly proposed for similar group transfer processes mediated by
[Mn!1]-X (X = N3, CI).%° Specifically, [Cu'']-CN undergoes single-electron oxidative
addition to 31 to form a formally Cu'!! intermediate 33, which then undergoes reductive
elimination to construct the C-CN bond. Computational data in the literature*® suggested
that the oxidative addition is reversible and that the reductive elimination is rateand enantio-
determining. This inner-sphere mechanism enforces a strong stereochemical communication
between the catalyst and the substrate assembly in the transition state and make this reaction
suitable for enantioselective catalysis.

A major challenge in Cu electrocatalysis lies in the susceptibility of Cu ions to undergo
electroreduction on the cathode, resulting in catalyst deactivation. Thus, electrochemical
reactions mediated by Cu are often carried out in a divided cell.*” Our optimization led to an
efficient cyanophosphinoylation reaction that can be conducted in a more practical
undivided cell, in which the Cu catalyst remains in solution during the course of electrolysis.
To further render this reaction enantioselective, we surveyed a variety of chiral ligands that
are commonly employed in Cu asymmetric catalysis. However, for reasons not yet fully
understood, the highest enantioselectivity for the formation of product 32x was 84% ee (12:1
er) using bisoxazoline (BOX) ligand 36. In further optimizations, we synthesized serine-
derived BOX ligands (sBOXs) with pendant ester substituents and found that these new
ligands provided major improvements, with 35 promoting the reaction in 95% ee (39:1 er).
DFT computation revealed that the second-sphere ester groups play critical roles in inducing
high enantioselectivity (vide infra).

Finally, we expanded the reaction scope to the cyanosulfinylation of vinylarenes using
sulfinic acids (39¢, 39z). The successful development of enantioselective electrocatalysis
further demonstrated the robustness of the electrocatalytic strategy as a potentially general
mechanistic platform for the vicinal difunctionalization of simple alkenes.

4. ENANTIOSELECTIVE HYDROCYANATION VIA DUAL ELECTROCATALYSIS

Hydrofunctionalization reactions offer a complementary technique to difunctionalization in
adding complexity to feedstock chemicals and complex bioactive molecules containing
alkenes. Therefore, we became interested in expanding our electrocatalytic strategy to the
realm of hydrofunctionalization, with the primary objective of enabling new reactivity using
the unique features of electrochemistry. We employed electrochemical
hydrofunctionalization to the enantioselective hydrocyanation of alkenes, a long-standing
synthetic problem that has not been addressed with known chemistries. Despite seminal
contributions in the past few decades,*® including elegant developments in Ni-H chemistry, a
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broadly applicable and highly enantioselective strategy for the direct hydrocyanation of
alkenes remains elusive.

We recently disclosed a dual electrocatalytic approach for the asymmetric hydrocyanation of
conjugated alkenes (Scheme 14).4° Our mechanistic design principle entails two distinct
catalytic cycles operating simultaneously and synergistically on the anode, providing H® and
CN-* equivalents that are subsequently added to the alkene under catalyst control. This
reaction design was inspired by recent literature on metal-hydride hydrogen-atom transfer
catalysis, in which a catalytically generated metal-hydride species could enable HAT to an
alkene to initiate diverse hydrofunctionalization reactions.>% We sought to couple this
reactivity with Cu-mediated radical cyanation that we employed in cyanofunctionalization
reactions (section 3.3). A critical challenge in this reaction design was to find an oxidant
equivalent to turn over both catalysts yet remain compatible with both catalytic systems. We
reasoned that electrochemistry could provide a means to power the desired
hydrofunctionalization reaction (Scheme 14B).

Using Co(salen) (11) and Cu(sBOX) as the catalysts, the optimal reaction operates under
very mild conditions (£anode ~0.2 V) and is broadly applicable to the functionalization of
conjugated alkenes, including alkenylarenes, dienes, enynes, and allenes (Scheme 15A). We
also demonstrated the use of potential control in the optimization of challenging substrates
that are prone to overoxidation (e.g., 40ac). In contrast, this hydrocyanation cannot be
promoted at the same level of efficiency, chemoselectivity, or enantioselectivity using a
chemical oxidant under otherwise identical conditions (Scheme 15B). Therefore,
electrochemistry, which uses electrons as traceless redox equivalents at a precisely
controlled potential, allowed us to explore new chemical space and provide solutions to
pertinent synthetic challenges.

Finally, we employed DFT computation to understand the mechanism of enantio-induction
by Cu catalysts with sBOX ligands (Figure 3). In contrary to canonical BOX ligands that
rely predominantly on steric interactions to impart stereocontrol,®! sBOX ligands with their
second-sphere ester groups employ a combination of repulsive and attractive noncovalent
interactions to achieve high enantioselectivity. During the enantio-determining C-CN
formation, the acidic a-H of an ester group on the ligand engages in a C—H-- rr interaction
with the aryl group of the alkene substrate. This interaction dictates the geometry of both
major and minor transition states (TSpand TSg, respectively) by positioning the alkyl
substituent on the substrate toward the ester group on the opposite half of the catalyst, which
leads to more severe steric interactions in TS gthan TS We hypothesize that this
combination of attractive and repulsive interactions allows sBOX ligands to achieve higher
levels of enantio-induction than the more common BOX ligands.

5. OUTLOOK

Recent developments in our lab in the area of alkene difunctionalization have demonstrated
the power of Type Il electrocatalysts to generate diverse radical intermediates under mild
conditions. These electrocatalytic reactions often exhibit exceptionally broad substrate scope
and avoid the use of stoichiometric oxidants. Exploring mechanistic design principles such
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as anodically coupled electrolysis allowed us to deconvolute complex reactions into modular
components that can be easily modified to achieve desired transformations. Utilizing the
persistent radical effect, we have gained access to a variety of vicinally difunctionalized and
hydrofunctionalized products from simple alkenes by employing appropriate electrocatalysts
and reagents. We also achieved highly enantioselective electrocatalysis with the
development of new chiral ligands. We anticipate that future development of new
electrocatalysts and reaction strategies will continue to power the discovery of new
transformations and solve a multitude of synthetic problems that are challenging to existing
redox strategies.
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(A) Cyclic voltammograms
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Figurel.
Electrocatalytic azidooxygenation: discovery of a charge-transfer complex.
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Figure 3.
Enantioselective hydrocyanation: stereochemical model using sBOX ligands.
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(A) Examples of chemical elements discovered using electrolysis
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(B) Examples of commodity fine chemicals produced electrochemically

O
/©/\(CHO S
HS OH
NC ~Ns .Ph
By Me ~NNeN NH, Ph” N
lysmeral adiponitrile L-cysteine azobenzene
(BASF) (Monsanto) (Wacker)  (Johnson Matthey)

(C) Electrochemical generation of reactive organic intermediates and
application in complex target synthesis

R _-COH _& —CO,, -H*

R2 R
RS
_e_
Rk%\ Ré » R
R2
O +e”
R'" R? B
H -€” +e
N. , — NJ
R? R2 R! R?

dixiamycin B

Scheme 1.

Page 20
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(A) Types of homogenous electrocatalysts in the context of oxidation reactions

|
CAT*
Sub
e
Type | ET
Sub* — > Product
CAT

I Sub
CAT*
:-<
Type Il [CAT-Sub]*
CAT

Int* —— Product

(B) Example of an electrocatalyst: CO, reduction and proposed mechansim of

operation
Ar _I 1- CO,”
C02, e NTI—’N 2H+, e

——>» [ Fe!! | ———> CO+Hy0

Ar Ar NZ—3N
Catalyzed: low n, high selectivity
Ar  Ar = 2,6-(HO),-CgH3 Uncatalyzed: high n, low selectivity

Scheme 2.

Types of Electrocatalysts and Their Application in Energy Conversion Transformations

Acc Chem Res. Author manuscript; available in PMC 2020 May 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Siuetal.

(A) Reaction design: electrochemical diazidation via sequential N3* addition

A +2Ng~, —2e N3
.......................................... »
R R)\,N3
1 —e” 2
: Ny~ ——— Nj A
E N3] : [Ny'] 5
leccccccccceeeeem—— > R/\/ N3 ..................... 3
Step 1 3 Step 2

(B) Step 1: Proof of concept—electro-generation of key radical intermediates

NaN3
TEMPO (X equiv)

IVAr/.\/N3

/@/\
Bu

1a

LiCIO,, MeCN/H,0
CHYPE), Ugen = 2.6 V

[ 3a
(transient)

TEM PO (X =1.5)
(persistent)

N
o)

Ar)\/NS

4a (94%)

Scheme 3.

.

N3
Ar)\/Ns

2a (<5%)

N | x=0)
(transient)

.........................

observed byproducts:

Ar.
N3 OH
Al I: N3 Ar)\/ Ns
r
6

.........................

Electrocatalytic Diazidation: Mechanistic Design Principle
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(A) Optimal reaction conditions

MnBr,-4H,0 (5 mol%), NaN,

N3
R > N3
1 LiCIO,, HOAC/MeCN R)?/

C(+)/Pt(=), Usgy=2.3V,22°C

49 examples

Representative substrates: 62-98%
N N3 Me Me
3 N
N \/\H/\ 3 MeWN'Et
3 8 OH N3 |
OHC N3 Et
2b, 81% 2c, 70% 2d, 69% (dr = 1:1)
N N
° N N3 Me 3Me
N3
O
e Me Ph” > CO,Me
2e, 82% 2f, 72% 29, 82%

(B) Application: multi-gram scale synthesis of vicinal diamines

M M M
e e . Me

Nosl e 0 M2 ”2N5*Me Il o M }*Me
Me TSN MeOH Me JoNH,  HCIH,O, Ve ToNo,
2h, >90% (crude) 9, 86% (~100 mmol) 10
16.8 g
New synthesis via e-diazidation Literature preparation
High yielding Harsh reaction conditions
No chromatography Difficult workup

Easy to scale Challenging to scale

N N
i
Bu (o) (0} Bu
Bu Bu
11
Scheme 4.

Electrocatalytic Diazidation: Reaction Development
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(A) Cyclic voltammetry

" T X T ¥ T 5 T
—— Mn(OTf),
60 4| —— TBAN, b
——Mn(OTf), and TBAN,
In MeCN and LiClO, at 0.1V s™
. 40+ B
<
S
5
£ 204 -
=}
®)
0- 7 .
-20 - 4

0.0 0.5 1.0 15
Potential vs Fc*' (V)

(B) Catalytic mechanism: Mn'""!-mediated radical formation and addition

.
2H 6
Ha
cathode
R
1
Step 1
Mn'
N 5 .
3 R/\/ N3
3 [MnBNa
via 7d
Step 2 R/'\/ N3
Ng
[Mn'] R)\/N3
\_< 2
anode N3~
Scheme 5.

Electrocatalytic Diazidation: Reaction Mechanism
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(A) Electrochemical azidooxygenation of alkenes

Me NaN,, TEMPO (1.5 equiv) OTMP

Me
Ph/\/J\ ) - /\>I\/N3
LiCIO,, MeCN/H,0, C(+)/Pt(-), Uyyy = 2.2V
. -
K 23 examples, 37-99% 5i (96%)

(B) Proposed mechanistic pathways and experimental evidence

Pathway 1. Direct anodic oxidation of N3

I

N3~

_e-
E,, =045V
1 . N, TEMPO QUMP
Ny ———> RT3 ———> R N3
3 5
Pathway 2. TEMPO-mediated oxidation of N5~ and N’ transfer
TEMPO 5

|
_e_
Eyp =025V
s TEMPO—Na
TEMPO* ——== TEMPO-N, 3 + TEMPO

Pathway 3. TEMPO-mediated oxidation of Ny~ to Ny" followed by free radical addition
(most consistent with experimental data)

Rate law (with 1h): r= k¢ [1h]" [N;7]" [TEMPO]™

TEMPO
TEMPO —>» 5
Ep=025V 1 T k, (rate-limiting)

N5~
TEMPO* ———" TEMPO-N, — N;° + TEMPO
K,>>1 (resting state) 4 << k4

Scheme 6.
Electrocatalytic Azidooxygenation: Mechanistic Study
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(A) Initial discovery of TEMPO-promoted alkene diazidation

Me NaN,, TEMPO (1.5 equiv) Me OTMP Me N,
- Ny ¥ N3
Ph LiCIO,, MeCN/H,O R R
i CH)PH-), Upgy =2.6 V 5i, 46% 2i,21%

(B) Proposed mechanism for the formation of diazidation product

Azidooxygenation J;ﬁ

pathway N

M

’c)/
TEMPO 5
R)'\/NS

Diazidation TEMPO-N,

Me pathway 1 - TEMPO
Q N . MV/ F——>
R)\/ s TEMPO-N,

3i
(R =PhCH,CHy,)
sterically hindered

C-centered radical Diazidation Ny~
pathway 2
tommmsmmsemeeees Me 4/ ------------
—-e, + N,
e 3 & /K/N3
(C) Optimal conditions: CHAMPO-catalyzed alkene diazidation
NaN;, CHAMPO (10 mol%) N3
R > N
LiCIO,, MeCN/H,0, C(+)/PY(-), Uy = 2.7V R)\/ :
1 0rMeCN/H,0, C(+)/IPH(-), Usg = 3.4V 2
30 examples, 43-99%
Representative substrates: NHAc
o Me
N, Me Me
N—‘(— o~ N3 N
N, N o
2j, 85% 2k, 54% (dr = 1:1) CHAMPO
o) " 9
Ny 2\ N;Me N Me
3
Me@ @/ N\/k/ N3
Me N, Me N3H
21, 77% (dr = 1:1 at C9) 2m, 84% 2n, 90% (dr = 1:1)

Scheme 7.
Aminoxyl-Catalyzed Electrochemical Diazidation
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(A) Radical and carbocation probe experiments

Radlical probe N3 Me SN
Ts\/MQ standard conditions -
N

/\/N

1o 12, 85%, dr = 2:1

0 Cation probe

H N;Me

Me
1p 2p, 71% 13, not observed
(B) Proposed electrocatalytic mechanism
2H*
2e”
cathode

CHAMPO* CHAMPO-N,

Inner-sphere
e SET cycle §

CHAMPO

/\/N3
CHAMPO

—€ Radlcal group

transfer cycle )\/N3

CHAMPO* CHAMPO-N,

anode

Scheme 8.
Mechanism of Aminoxyl-Catalyzed Diazidation
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(A) Electrocatalytic alkene dichlorination
Cl

Mn(OT), (5 mol%), MgCl, 4
= cl
LiClO4, HOAc/MeCN m
- CH)/PtE), Uge = 2.3 V, 40 °C -

26 examples, 65-97% with Mn: 90%, dr > 19:1
without Mn: 16%, dr = 1:1

(B) Chemo- and stereoselectivity complimentary to electrophilic chlorination

Me Me
Et
Me/(lzh/\/K/\,}l
Cl Et

\

14d, 89% 14e, 71%
(9% with Cly) (<5% with Cly)
“standard )\/\
conditions”
PN op, ————— > OBz + Ph"Y\
1r anti- & syn-14r

87%, dr=12:1
(70%, dr = 1:5 with Cl,)
“standard

Cl
J\/\ condmons k/\ 0.0
Ph CO,H co,H © Ph
1s 14s & 15
87%, 14s/15 = 8:1
(84%, 14s/15 = 1:4 with Cl,)
BnO,C.__CO,Bn “standard conditions” BnO,C CO,Bn
K/ - cl Mﬂ"‘\m
1t 16

86% (<5% with Cly)

(C) Expansion to electrochemical alkene dibromination

MnBr, (0-5 mol%), LiBr Br
HOLC A > HO,C_~_A_Br
S LiCIO,, HOAC/MeCN
1u CH)/PHE), Ugey = 2.3V 17
with Mn: 97%
without Mn: 68%

Scheme 9.
Electrocatalytic Dihalogenation
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Page 29

(A) Electrochemical heterodifunctionalization via sequential radical addition

+ (X1, + (X, - 2e” S
AN\ crmemeememmmeeeeemeseeemeemeemeemmm———————
R > RJ\/ X1
1 Anodically coupled electrolysis 18
§ X'y —=— [X] A
5 Oy —=— (0] :
E X1 . 2 E
Sl DO RN o
Step 1 19 Step 2

(B) Reaction design: anodically coupled electrolysis and persistent radical effect

i
2H ) 2e_|
Hz

cathode

L

Anodic event 1 (direct or mediated

I. (Transient radical by (MN])
k. generation) 3 s
SN RN
e Ny = 1
e Step 1
RN X
MM*11-0) 19

Anodic event 2 Step 2
(Persistant radical
generation)

[MN+1]_(X2) [MN] R)\/ X1

— 18

3y

Scheme 10.
Electrocatalytic Heterodifunctionalization: Anodically Coupled Electrolysis and the

Persistent Radical Effect
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(A) Electrocatalytic chlorotrifluoromethylation of alkenes

Mn(OAc),-4H,0 (10 mol%)
MgCl,, NaSO,CF

Cl
RN > R/K/CF3
LiCIO4, CF3CO,H/MeCN
1 C(+YPt(), i =10 MA (Eanoge = 1.04 V) 20

24 examples, 47-83%

Anodic event 1:
e
CF;SOoNa —— > °CF;
Ep/2 =0.80V
Anodic event 2:
e
Mn'CI ——— > [Mn'}-CI
E1/2 =0.78V
Representative substrates: Me M
e
Cl
Cl
N A
. . CF
| ‘OH Bpin S
Na & 21
20v, 67%, dr = 5:1 CF3 70%, dr > 19:1 51%, E/1Z=3.7:1
(B) Expansion to the difunctionalization of alkynes
Ar
— Ar Mn(OTf), (10 mol% ), bpy (20 mol%) Me )—Cl
TsN/ — MgCl,, NaSO,CF3 . FsC
_‘é LiClO4, HOAc/MeCN N
Me C@YPt(), i=8mA Ts
22 (Ar = 4-MeO-Ph) 17 examples, 47-89% 23,67%, ZIE>19:1
(without bpy: 61%, Z/E=5:1)
r _ Mn"@py)-Cl
Stereochemical model: ,~
A\,‘\
R1
s .
FsC more accesible

Scheme 11.
Electrocatalytic Chlorotrifluoromethylation
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(A) Haloalkylation of alkenes

Mn(OTf), (5 mol% ), bpy (6 mol%)
NaCl or LiBr, 25 X NC_CN

R - RJ\)4 =
LiCIO4, HOAC/MeCN
1 C+YPt(E), i = 6 MA (Eanoge = 0.62 V), 50 °C 26 (X=Cl, Br)

27 examples, 40-90%

Anodic event 1:
NC CN @ —€ CN

R H 25 Ey=0.50V R’)'\CN 27

Anodic event 2:

|

_e
Mn'(bpy)}-Cl =~ EDY > [Mn"(bpy)}-Cl
p/2~ V.

(B) Chloro- and azidophosphinoylation of alkenes

Mn(OTf), (5 mol% ), bpy (6 mol%)
LiCl or TMSN3, 28

X 0
1
R > R)\/ PR')
LiCIO4, HOAc/MeCN (DMF for TMSN 3)
1 CHYPH-), Ugel = 2.3 V (Eanode = 0.9 V) 29 (X=Cl, N3)

22 examples, 41-92%

Anodic event 1:
0 (:) -~ o .( ,
W » O=PR
RRP=H ¢ E=~042vV 30
Anodic event 2:
-
Mn'(bpy)-Cl > [Mn"(bpy)}-Cl
Ep/2 =090V

Scheme 12.
Modular Electrocatalytic Heterodifunctionalizations
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(A) Enantioselective electrocatalytic cyanofunctionalization of alkenes

2H 2e”
Ha
cathode [Culll-CN .
(R)P-H
28
Anodic event 1
+ H*
(R),P=0
30
[Cu'l-CN R
1
r A ~POIR),
[Cu"l-CN 31
re
via| [CU71 Q
e Anodic event 2 R P(R),
G 9 33
[CU‘]—CN [CUI] R)\/P(R’)Z
\\< 32
anode (0 CN-
(B) Enantioselectivity optimization: development of serine-derived BOXs
Cu(OTf), (3 mol%), BOX ligand (6 mol%) CN (IDI
©/\\ 28 (R’ = Ph), TMSCN P(R),
MeO' TBABF,, CF;CH,0OH/DMF MeO
1x C(+)IPY(-), /=3 mA o 32x

25 examples, 46-86%, 86-98% ee
oY ey Y
. N N N N"Z R N N
(0] (o] s
R R
=§OR RO

34 (R = Pr): 66%, 94% ee 36 (R = Pr): 51%, 84% ee 38:63%, 79% ee
35 (R = Bu): 63%, 95% ee 37 (R = Bn): 45%, 57% ee

(C) Representative substrate scope

o 9 o g g
OHC. A P\‘Ph X F{\ph J \~Ph
\©/\/ Ph | Ph ¢ Ph
MeO”™ °N Ts
32y 32z 32aa
55%, 90% ee 65%, 90% ee 67%, 92% ee
CN CN
CN O : O\‘S/P : Q‘S//O
= 1] N
P\‘"Bu Ij/\/ /@/\/
"Bu MeO” N MeS
Bu
32a 39z Me 39 el
46%, 86% ee 82%, 89% ee 65%, 98% ee

Scheme 13.
Enantioselective Electrocatalysis: Cyanofunctionalization of Vinylarenes
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(A) Enantioselective electrocatalytic hydrocyanation via a radical pathway

+[H7], + CN-, - 2¢~ CN
AR creeeeeesessecsccaccocccsccsccascoccennan- >
RTX R)\/ H
1 40
; A
: [H'] - [ON'] :
Lececceccccccecmnmen P R/\/ --------------------- <
Step 1 41 Step 2

+
2H e
[H]
Ha
cathode >\
[CO"I] [CO"I]—H
R
HAT cycle 1
Step 1
[Co']
R /.\/ H
[Cu"}-CN e
Step 2
Cyanation cycle
CN
[Cu'l-CN [Cull R)\/H
\< 40
anode CN-

Scheme 14.
Enantioselective Hydrocyanation via Dual Electrocatalysis

Acc Chem Res. Author manuscript; available in PMC 2020 May 23.
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(A) Reaction development and substrate scope
Cu(OTf), (5 mol%), sBOX 35 (10 mol%)

[Co] 11 (0.5 mol%), PhSiH,, TMSCN CN
R > L
. TBABF,, HOAC/DMF, 0~ C R ‘0

C(+)/Pt(=), Uy =23V
46 examples, 32-95%, 66-95% ee

kg o
N _
:COi <,{\1 I\}
Bu O (0} Bu o= o
X B BuO
By B OBu
11

35
Alkenylarenes:
NC
CN CN “_Me CN
/@ﬁMe /(\/@/\Me Cf\g EYMe
NS ~
MeS Me” °N N N~ ~ClI
Ts
40e 40ab 40ac 40ad
69%, 86% ee 74%,92% ee 1.8 V:71%,87% ee 78%, 85% ee
(2.3 V: 11%)
cN cN H
H i H AN
Ph/\/Bpm Ph/\/\CI | A O CF5
40ae 40af Me0” N7 40ag
71%, 95% ee 78%, 91% ee 89%, 91% ee
Other conjugated alkenes:
oN NC,, _Me eN
z = Me CN
PhNY"Me Z H
CgHyy Ph" " CN
A MeO .
40ah 40ai 40aj 42 (from phenylallene)
68%, 93% ee 63%, 84% ee 68%, 76% ee 59%, 91% ee
(B) Electrochemical oxidation vs chemical oxidation
(with alkene 1a and sBOX 34)
Entry Oxidant Conversion (%) Yield (%) Ee (%)
1 anode 92 87 85
2 NFSI 38 <5 —
3 TBHP 85 15 68
4 [F*] 78 24 63
5 Mn(OAc); 86 9 40
6 Cu(OAc), 50 15 52
7 O, (balloon) >95 <5 —
8 Fc*BF,~ 8 <5 _
Scheme 15.
Enantioselective Hydrocyanation: Reaction Development and Comparison with Chemical
Oxidation
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