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Abstract

Aziridines—three-membered nitrogen-containing cyclic molecules—are important synthetic
targets. Their substantial ring strain and resultant proclivity towards ring-opening reactions makes
them versatile precursors of diverse amine products=3, and, in some cases, the aziridine functional
group itself imbues important biological (for example, anti-tumour) activity*-8. Transformation of
ubiquitous alkenes into aziridines is an attractive synthetic strategy, but is typically accomplished
using electrophilic nitrogen sources rather than widely available amine nucleophiles. Here we
show that unactivated alkenes can be electrochemically transformed into a metastable, dicationic
intermediate that undergoes aziridination with primary amines under basic conditions. This new
approach expands the scope of readily accessible A-alkyl aziridine products relative to those
obtained through existing state-of-the-art methods. A key strategic advantage of this approach is
that oxidative alkene activation is decoupled from the aziridination step, enabling a wide range

of commercially available but oxidatively sensitive’ amines to act as coupling partners for this
strain-inducing transformation. More broadly, our work lays the foundations for a diverse array of
difunctionalization reactions using this dication pool approach.

Despite tremendous progress in aziridine synthesis over the past decade, diverse
N-substituted aziridine products remain difficult to access efficiently. A deceptively
straightforward strategy for obtaining A-alkyl aziridine products would be the coupling of
an alkene and a primary amine, liberating H» as a by-product (Fig. 1a). Unfortunately,
this strain-inducing oxidative reaction is thermodynamically uphill (with a AGp value
greater than 30 kcal mol™1), and thus this idealized transformation is not feasible. In
theory, the aziridine formation could be coupled to the quenching of a chemical oxidant
rather than formation of H,. However, oxidants that are strong enough to render this
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aziridination favourable are incompatible with most amine coupling partners as well as
many functional groups’. Instead, established alkene aziridination methodologies use a
high-energy electrophilic nitrogen reagent (for example, iminoiodinane) or nitrene precursor
(such as organoazide) that serves both as the stoichiometric oxidant and as the nitrogen
sourcel8-10 These reagents typically bear electron-withdrawing Aksubstituents to strike
the requisite balance of reactivity and reagent stability (Fig. 1b). As a consequence,

there is a paucity of general strategies to transform alkenes into aziridines bearing N-

alkyl substituents, despite the utility of these aziridines in constructing diverse aliphatic
amine products and their presence in biologically active molecules. A recently reported
intramolecular aziridination methodology! provides access to a broader range of A-alkyl-
substituted aziridine products via copper hydride chemistry; however, multistep synthesis to
access the appropriately activated allylic amine substrate is required. Pioneering advances
have introduced electrophilic reagents to furnish N—H aziridines2-15, but analogous
reagents to access diverse N-alkyl aziridines through intermolecular reaction with alkenes
have been slow to follow. Indeed, despite substantial effort, there is only a handful of
electrophilic nitrogen reagents that are capable of delivering A-alkyl aziridines or even the
corresponding vicinal aminohalide precursors from simple alkenes (fewer than ten unique
N-substituents). Furthermore, each new reagent requires multistep de novo synthesis16:17,
and there are only isolated examples of in situ generation of electrophilic nitrogen reagents
to form Atalkyl aziridine products?é.

In principle, transformation of an alkene into a dielectrophile—reversing the conventional
strategy of pre-oxidizing the amine—could leverage intrinsic amine nucleophilicity, rather
than masking it. Given that there are more than one million commercially available primary
amines (commercial availability of primary amines: 1,054,553)19, this complementary
approach would dramatically expand the scope of readily accessible A-alkyl aziridines.
Dibromination is a well established reaction for transforming alkenes into dielectrophiles;
however, the vast majority of vicinal dihalides do not undergo substitution with primary
amines, and undesired elimination reactions are observed instead (see Supplementary Table
1). As aresult, initial alkene oxygenation (epoxidation or dihydroxylation) followed by
iterative stoichiometric activation and substitution steps remains the most common synthetic
workaround to accomplish the net coupling of alkenes and primary amines to form A-alkyl
aziridines20-22,

We envisaged that electrochemistry could enable the clean, efficient and scalable
transformation of alkenes into a metastable dielectrophile of sufficient reactivity to be
leveraged for aziridine synthesis (Fig. 1c). Pioneering work in electroorganic synthesis

has illustrated that electrochemistry can replace chemical redox agents with safer and
more environmentally benign conditions and, in some cases, enable reactivity that would
be impractical to otherwise access23-27. Unfortunately, despite recent progress in other
electrochemical alkene oxidation reactions28:29, electrochemical aziridinations still depend
on direct oxidation of the coupling partners and, consequently, remain limited to electron-
rich styrene derivatives, specific nucleophiles, or both30-33,

To address the implicit limitations of prior approaches, we drew inspiration from the
stabilized cation pool strategy, wherein a potent cationic electrophile is anodically generated
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from a hydrocarbon and subsequently treated with an oxidatively sensitive nucleophile in a
one-pot process3#35, Unfortunately, extension of this strategy to alkene functionalization has
proven difficult. Therefore, instead of direct oxidation of the alkene substrate, we decided to
target the anodic activation of a safe and inexpensive reagent in situ that would transform an
alkene into a potent dielectrophile. To this end, we were attracted to the dicationic adducts
first prepared through the reaction of thianthrene radical cations (TT**) with alkenes36:37,
Although we suspected that these dicationic adducts might be potent dielectrophiles, little is
known of their reactivity with organic nucleophiles3®. In recent years, the immense synthetic
value of C(sp?) thianthrenium salts, generated from C(st2)-H bonds, has been illustrated

in a wide range of cross-coupling reactions3-41, However, electrochemical methods to
access thianthrenium salts from hydrocarbons are underdeveloped#?, and examples that
generate C(sp°) products through hydrocarbon thianthrenation are rare*3. We hypothesized
that dicationic thianthrenenium alkene adducts could be cleanly prepared electrochemically
and would undergo efficient reaction with amines to furnish Atalkyl aziridines. Given

the expansive pool of commercially available primary amines—as well as the fact that
thianthrene (TT) is both safe* and inexpensive (costing less than 0.15 USD mmol=1)—

this approach would dramatically expand the scope of readily accessible A-alkyl aziridine
products. Herein we confirm that this new strategy allows us to take a large step towards

an ideal N-alkyl aziridine synthesis, by coupling unactivated terminal alkenes and aliphatic
primary amines using electricity to circumvent the need for a conventional chemical oxidant.

First, we probed the viability of electrochemical generation of the key electrophilic adduct
between an alkene and thianthrene. Both constant current and constant cell potential
electrolysis of a solution of 4-phenyl-1-butene, thianthrene and electrolyte delivered a 3:1
mixture of dicationic adducts 1 and 2 in excellent combined yield (Fig. 1d, entries 1 and

2). Despite the presumably high reactivity of these species, we characterized both adducts

1 and 2 unambiguously through X-ray crystallography. We found that the electrochemical
generation of these dicationic adducts is robust; the yield of adducts 1 and 2 is insensitive
to exposure to air (entry 3) and even tolerated intentional addition of exogenous water
(entry 4). Having established that electrochemistry can promote the oxidative coupling of
thianthrene and an unactivated terminal alkene, we next evaluated the substitution chemistry
of this presumably reactive intermediate. To our delight, exposure of the mixture of adducts
1 and 2 to benzylamine and a heterogeneous base fully consumed both adducts and
delivered the desired aziridine (3) in excellent yield (86%). As expected, thianthrene was
returned after substitution (98% returned). The aziridination of 1 and 2 could proceed either
through direct iterative nucleophilic substitution or via elimination to form a transient vinyl
thianthrenium salt that undergoes subsequent substitution4®. The overall transformation
uses trifluoroacetic acid (TFA) as the formal oxidant, producing H, and trifluoroacetate as
stoichiometric by-products. We translated these preliminary data into a simple one-pot, two-
step procedure that could furnish synthetically useful yields of A-alkyl aziridine products
using either limiting amine (68%) or limiting alkene (80%), with a modest excess (three

to four equivalents) of the other coupling partner (see Supplementary Fig. 1). This reaction
requires no expensive specialized electrochemical equipment; it can be conducted using a
commercially available DC power supply (costing less than 100 USD) paired with cheap
carbon electrodes in a simple glass divided cell.
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We next probed the scope of the amines amenable to this process using 1-octene

as a representative unactivated alkene. These experiments show aziridine products to

be accessible from a wide range of amine nucleophiles, dramatically expanding the

limited range of viable aziridine A:substituents accessible from alkenes using conventional
electrophilic nitrogen reagents (Fig. 2). Primary amines bearing diverse steric profiles (4-8)
were well tolerated. Amines containing an alkene (7) and an alkyne (8) incorporated handles
for further functionalization that would be difficult to install using conventional electrophilic
nitrogen approaches. Diverse heterocycles are broadly represented in biologically active
molecules, yet many of these species are oxidatively sensitive and/or poison the transition-
metal catalysts required for conventional aziridination reactions. In stark contrast, using

the metal-free dication pool strategy outlined herein, aziridines bearing a range of both
heteroaromatic and saturated heterocyclic groups could be efficiently accessed from
inexpensive commercially available amines (9-18). We anticipate that efficient access to
these versatile heterocyclic building blocks will be of particularly high value in medicinal
chemistry efforts. We were delighted to find that primary amines bearing potential
competing nucleophiles, such as tryptamine, primaquine and ethanolamine, were each
selectively transformed into aziridine products (17-19). Of note, each of the primary amines
evaluated here was commercially available and inexpensive, illustrating the substantial
benefit of this aziridination approach relative to multistep synthesis of new electrophilic
reagents for each distinct A~substituent.

Next, we turned our attention to the scope of alkene substrates. Under limiting alkene
conditions, we found that modest steric hindrance about the alkene had a minimal impact
on aziridine yield (19, 20), and even an alkene bearing a hindered allylic quaternary carbon
was transformed into the corresponding aziridine, albeit in diminished yield (21). However,
disubstituted alkenes were not compatible with this aziridination methodology. Although
1,2-disubstituted thianthrenium adducts could be formed, attempted substitution delivered
either vinyl thianthrenium salts or intractable mixtures (Supplementary Fig. 2). Our initial
efforts have focused on simple unactivated aliphatic alkenes, but alkene substrates bearing
functional groups such as esters, nitriles, sulfonamides, aryl halides and phthalimides in
both distal and proximal positions each furnished the desired aziridine products (23-26).
Notably, an unconjugated diene underwent selective monofunctionalization to provide a
useful building block that contains two orthogonal sites for further functionalization (27).
Finally, this oxidative coupling strategy is also amenable to functionalization of gaseous
feedstock alkenes using primary amine nucleophiles. Electrolysis of thianthrene under one
atmosphere of propene, followed by addition of base and amine, furnished a range of
synthetically attractive but previously unknown aziridine building blocks from exceptionally
inexpensive starting materials (28-30).

We envisaged that this newly realized oxidative aziridination methodology would streamline
the synthesis of important complex amines—a class of compounds broadly represented

in medicinally relevant molecules. Consistent with this proposal, we were able to prepare
aziridine 31—an intermediate in the synthesis of a collection of patented agonists of the
dopamine D2 and 5-hydroxytryptamine (5-HT) 1B and 2A receptors (Pfizer; central nervous
system indications)—from a commercially available primary amine and propene gas in high
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yield (Fig. 3a). By contrast, the previous route hinged on a low-yielding (17%) aziridine
N-alkylation reaction“®. Beyond offering a substantial improvement in synthetic efficiency,
the new oxidative coupling route enables rapid synthesis of analogues (32, 33) because

the alkene partner can be varied. Supporting its practical synthetic utility, we found this
electrochemical transformation to be readily amenable to scaling up (Fig. 3b). We used

a commercially available flow reactor to prepare 3.2 g (13.4 mmol) of aziridine 3, and
recovery of thianthrene was straightforward (76% recovered). The cost of thianthrene on
even this scale was trivial (3.60 USD), but we envisage that reisolation could be attractive
for large-scale industrial processes.

Transformation of this aziridine provides easy access to diverse, valuable compounds
through numerous selective ring-opening functionalization reactions (Fig. 3c). Derivatives
of both vicinal amino alcohol isomers (34, 35), aminoazides (36) and medicinally relevant
phenethylamines (37) are each smoothly generated in a single step from the A-alkyl
aziridine product. In addition to serving as versatile synthetic precursors to diverse

amines, N-alkyl aziridines themselves can possess attractive biological activity*. Using

the electrochemical methodology reported herein, we prepared an A-cyclohexyl aziridine
alkaloid natural product (38) from inexpensive starting materials (Fig. 3d). Finally, we
probed whether this dication pool approach could be used outside of the context of aziridine
synthesis. We found that omission of exogeneous base under our aziridination conditions
resulted in direct diamination of alkenes (39); treatment of the adduct with halide salts
resulted in dihalogenation (40, 41); and addition of potassium cyanide furnished the vinyl
nitrile (42). Collectively, these data show that adding this electrochemical alkene activation
strategy to the synthetic lexicon will dramatically accelerate the preparation of diverse
compounds containing the aliphatic amine moiety and beyond.

We next investigated the mechanism underlying the electrochemical process that generates
electrophilic adducts such as 1 and 2. In principle, either the thianthrene radical cation

or its dication (TT2*) could react with an alkene to produce these dicationic adducts*147,
We found that standard constant current conditions operate slightly above the requisite
voltage to oxidize TT (half-wave potential (£1/p) for TT = 0.8 V versus ferrocene (Fc/

Fc™) for the majority of the reaction, and substantially below the voltage required to

oxidize TT* to TT2* (£, (TT*) = 1.4 V versus Fc/Fct) (Fig. 4a)*148, However, we
suspected that disproportionation of TT** to provide the TT2* in situ could be kinetically
relevant (see Supplementary Fig. 4 for cyclic voltammetry experiments consistent with this
hypothesis)474950, Given that disproportionation will become increasingly favoured as TT
is anodically consumed, we monitored the conversion of alkene over the course of a typical
reaction. Following a brief induction period as TT** is generated, alkene is consumed slowly
in a pseudo Oth order fashion, but midway through the reaction the rate increases sharply.
Electrochemical analysis reveals that this inflection point occurs when sufficient charge

has been passed to oxidize all of the neutral thianthrene to its radical cation congener (1

F mol~1 TT); however, no notable increase in anodic voltage occurs in parallel with this

rate change. Given that comproportionation processes will be minimized once TT has been
anodically consumed, these data are consistent with the hypothesis that disproportionation to
form TT2* is responsible for the increased rate of adduct formation in this second regime.
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Furthermore, increasing the initial concentration of thianthrene but maintaining the same
current delays the sharp rate increase but has no impact on the initial product-forming
regime of the reaction (Fig. 4b). This is consistent with addition of TT** to the alkene
dominating the reaction until TT is consumed.

Given our prediction that these two phases of the reaction proceed through distinct
mechanistic pathways, we evaluated the selectivity for mono (1) versus bis (2) adducts as a
function of time. We found that, initially, bis adduct 2 is formed exclusively; this is followed
by rapid generation of mono adduct 1, once the concentration of TT is low enough to

render disproportionation kinetically relevant. This constitutes an unusual kinetic scenario,
wherein two products are each formed in exceptionally high selectivity but at different
stages of the reaction. To further evaluate the relevance of a transiently generated thianthrene
dication, we compared our typical electrolysis conditions with an applied potential sufficient
to anodically oxidize the radical cation to the dication without relying on disproportionation.
These conditions resulted in an appreciable rate acceleration relative to standard constant
current reaction conditions along with exclusive formation of mono adduct 1 (Fig. 4d;

see Supplementary Information section 3). Given these preliminary data, we propose that
the mono adduct 1 is formed through the following sequence of steps under standard
reaction conditions: first, anodic oxidation of thianthrene to the radical cation; second,
disproportionation to generate the thianthrenium dication; and third, formal cycloaddition
with the alkene (Fig. 4d). The bis adduct 2 could be formed by direct radical addition of
TT** across the alkene followed by coupling between the transient distonic radical cation
and the persistent thianthrene radical cation TT**.

Overall, we have identified an electrochemical strategy by which to access a metastable,
dicationic intermediate from alkenes. We found that, unlike conventional dielectrophiles

(for example, 1,2-dihalides), these species were cleanly transformed into aziridine products
by simple treatment with base and amine. This method represents a new approach to
generating N-alkyl aziridines by coupling widely available primary amine nucleophiles

and unactivated alkene substrates. This scalable procedure unlocks efficient access to
diverse aziridine building blocks bearing sensitive functional groups that are challenging

to access through more conventional approaches. Reaction-monitoring experiments revealed
an unusual kinetic scenario wherein the mechanism of adduct formation changes sharply as
TT is anodically consumed. We anticipate that this new electrochemical transformation will
find immediate application in organic synthesis. Moreover, the results reported herein set the
stage for the development of a wide range of alkene difunctionalization reactions that remain
challenging to accomplish with more conventional approaches.

Online content
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Target transformation: strain-inducing cross dehydrogenative coupling

a
AG, > 30 kcal mol™! Q

v + 7 —W— T}\Q +  H—H

Key challenge: strong oxidant required thermodynamically, but will react with alkyl amines

b Previous aziridination strategy c Dication pool approach (this work)
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@[ :@ H, evolution
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2 Ueen =4V 79%
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—[ Adduct substitution with primary amine nucleophile '7
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1+2 + HoNBn —_—
MeCN L~en s

3: 86% yield TT:98% returned

Fig. 1|. Development of an oxidative coupling strategy for aziridine synthesis.
a, Thermodynamic challenges associated with ideal aziridine synthesis. b, Representative

example of previous strategies for alkene aziridination rely on electrophilic nitrogen
reagents that limit the accessible A-substituents. ¢, Our proposed electrochemical aziridine
synthesis, involving the coupling of structurally diverse amines and alkenes through

a strategic dicationic intermediate. d, Development of our electrochemical reaction.
Bottom, aziridination with a model primary amine. e, Adducts characterized by X-ray
crystallography. All yields were determined by IH-NMR. Ph, phenyl; R, (CH,),Ph; RVC,
reticulated vitreous carbon; Ts, toluenesulfonyl.
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(3) Aziridine building blocks from propene

Fig. 2. Scope of the aziridination reaction.
All yields, unless otherwise noted, are for isolated aziridine products. (1) Limiting amine

conditions: 1-octene (1.2 mmol), thianthrene (1.8 mmol), 4 ml MeCN (0.2 M n-BusNPFg), /
=11.1 mA, 7 h (2.5 F mol~1 alkene); then amine (0.4 mmol) Cs,CO3 (3.2 mmol), 16 h. (2)
Limiting alkene conditions: alkene (0.4 mmol), thianthrene (0.6 mmol), trifluoroacetic acid
(0.8 mmol), 8 ml MeCN (0.2 M -BugNPFg), /= 3.7 mA, 7 h (2.5 F mol~1 alkene); then
benzylamine (1.6 mmol), Cs,CO3 (2.4 mmol), 16 h. (3) Propene conditions: thianthrene
(1.8 mmol), 4 ml MeCN (0.2 M n-BugNPFg) under propene (1 atm), /=11.1 mA, 7 h

(2.5 F mol~1 alkene); then amine (0.4 mmol), Cs,CO3 (3.2 mmol), 16 h. @Yield determined
by NMR spectroscopy. ®Yield obtained using limiting alkene conditions (2) instead of
limiting amine conditions (1). CIsolated in 1:1 diastereomeric ratio. 4/= 12.0 mA, 2 h. See
Supplementary Information for further experimental details.
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Fig. 3|. Synthetic applications of the dication pool strategy.
All yields are isolated products, and electrochemical alkene activation was conducted using

standard conditions (2) from Fig. 2 unless otherwise noted. See Supplementary Information
for experimental details. a, Comparison of our new dicationic adduct aziridination
approach with the patented N-H aziridine alkylation route in the synthesis of a patented
pharmaceutical intermediate and new analogues. CNS, central nervous system. b, Multigram
aziridination via electrochemical formation of dicationic adducts using constant current
flow electrolysis and subsequent substitution. ¢, Synthetic versatility of N-alkylaziridine
products. Diversification conditions: a, acetic acid (AcOH), dichlormethane (DCM), 72 h;
b, Lil, CO5 (1 atm.), tetrahydrofuran (THF), 44 h; c, trimethylsilyl azide (TMSN3), AcOH,
DCM, 48 h; d, lithium diphenyl cuprate (Ph,CuL.i), boron trifluoride etherate (BF3OEty),
THF, 4 h. d, Synthesis of an aziridine-containing natural product. e, Preliminary expansion
of the dication pool strategy beyond aziridination. 2Yield determined by 1H-NMR. See
Supplementary Information for experimental details.
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Fig. 4 |. Mechanistic insight into adduct formation.
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a, Reaction profile under conditions of standard constant current for alkene conversion (left
y-axis, blue) as a function of time (x-axis) overlaid with anodic working potential (right
y-axis, red). b, Impact of increased thianthrene equivalents on alkene conversion under
constant current electrolysis (3.7 mA). The dotted circle indicates the point at which 1 F
mol~1 thianthrene has been passed. ¢, Formation of adducts 1 and 2 as a function of time
during constant current electrolysis (3.7 mA). d, Plausible routes for the formation of mono
and bis adducts. See Supplementary Information for full experimental details. Fc, ferrocene;
R, (CH5),Ph. Percentage yield and percentage conversion are relative to the alkene starting

material.
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