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We report a transition metal-free method for the intermolecular hydroamination of olefins using solvated
electrons, generated in situ from granulated lithium under sonication in 2-methyltetrahydrofuran
(2-MeTHF). This additive-free protocol enables rapid formation of mixed secondary and tertiary amines
under ambient conditions and is broadly applicable to vinylarenes and alkyl amines. Selected allylarenes
and conjugated dienes are also competent substrates, exhibiting distinct regioselectivity under the reac-
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tion conditions. Mechanistic studies support an SET and HAT pathway, with lithium amide intermediates
acting as both reductants and nucleophiles. The method offers excellent atom economy, sustainability,
and synthetic utility, exemplified by the selective synthesis of the pharmaceutical benzphetamine in high

Open Access Article. Published on 16 March 2026. Downloaded on 3/17/2026 1:28:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/obc yield.

Efficient synthesis of nitrogen-containing compounds remains
a critical goal in organic chemistry due to their central role in
pharmaceuticals, agrochemicals, and materials science.
Among the diverse C-N bond-forming strategies, hydroamina-
tion of olefins stands out as an inherently atom-economical
method for generating amines in a single step from readily
available substrates." In particular, the anti-Markovnikov
addition of amines to vinylarenes and the Markovnikov
addition of amines to allylarenes both yield p-arylethylamines
—motifs frequently found in psychodysleptics, analgesics,
anorectics, and antihistamines (Fig. 1). Structurally diverse
examples such as verapamil, methamphetamine, and benze-
drine underscore the broad pharmacological utility of these
scaffolds. Despite its appeal, intermolecular hydroamination
remains kinetically disfavored due to the low reactivity
between the two reaction partners.”” Transition-metal-cata-
lyzed variants have enabled key advances but often rely on
rare, expensive metals (e.g., Rh, Ru, Pd) and suffer from low
sustainability due to catalyst toxicity, recovery issues, and poor
atom economy in the presence of stoichiometric
additives*®™"” (Scheme 1A). Base- and lanthanide-mediated
protocols offer partial solutions, but still face limitations such
as extreme reaction conditions (high temperature/pressure,

often long reaction times) or low functional group
tolerance.”*>'¥2? (Scheme 1B and C).
Recently, alkali-metal-based  hydroaminations  have

emerged as promising, transition-metal-free alternatives. For
example, the lithium amide protocol reported by Mulks et al.
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proceeds under ambient air and moisture but requires careful
control of amide solubility and does not proceed using
primary amines.>® In parallel, Tortajada and Hevia developed
bimetallic alkali-metal ferrate complexes that enable room-
temperature hydroamination of vinylarenes.*® Despite its inno-
vation, this approach necessitates the multistep synthesis of
air- and moisture-sensitive pre-catalysts and shows limited
functional group tolerance - only a single haloarene substrate
(3-fluorostyrene) afforded product, and in modest yield
(32%).>* Moreover, both protocols are confined to vinylarenes
and show poor performance with allylic substrates, leaving key
classes of synthetically valuable olefins underexplored. Herein,
we report how the use of solvated electrons (granulated
lithium and sonication in the presence of excess amine in the
green solvent, 2-MeTHF) enables efficient hydroamination of
vinylarenes for synthesis of f-arylethylamines with defined
scope across substituted vinylarenes. We also showcase the
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Fig. 1 p-Arylamines in biologically active compounds.
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Scheme 1 Hydroamination to afford p-arylamines.

applicability of this protocol to the amination of allylarenes,
conjugated dienes and the straightforward synthesis of the
anorectic drug benzphetamine. The reaction is additive-free,
operates with olefins as the limiting reagent, and proceeds
within 20 minutes to 2 hours at ambient temperature -
making it a practical option for rapid synthesis under mild
conditions (Scheme 1D).

This strategy is inspired by our previous work on the amin-
ation of aryl fluorides via a proposed solvated electron-induced
SRN; mechanism that involves single electron transfers (SETs)
between lithium-amido complexes and radical intermedi-
ates.”® Solvated electrons, especially from alkali metals, typi-
cally reduce unsaturated double and triple bonds, or induce
their = polymerization; thus limiting their wuse in
hydroamination.”®*” Our goal, therefore, was to understand
and influence this inherent chemoselectivity by identifying
conditions that favor C-N bond formation. Recognizing the
key influence of solvent and amine coordination on electron
solvation and transfer pathways,*® we hypothesized that a suit-
able reaction medium could tip the balance in favor of hydroa-
mination over alkene reduction.

To evaluate this hypothesis, we studied the hydroamination
of 4-methylstyrene (1) with pyrrolidine (2) as a model reaction,
using conditions from our aryl fluoride amination protocol.”>
With 1.4 equivalents of lithium, 2.5 equivalents of pyrrolidine,
and 0.5 equivalents of KI in 4 mL of THF, the desired phenyl-
ethylamine 3 was obtained in 64% yield after 0.5 h, along with
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a significant amount of reduced product 4 (36%, Table 1, entry
1). Reducing the lithium and pyrrolidine equivalents to 1 and
1.5, respectively, and omitting the additive KI, increased the
selectivity for 3 to 77%, with 23% of 4 (entry 2). Employing tri-
ethylamine as the solvent decreased both conversion and
selectivity (79% conversion, 53% yield of 3, entry 3). Diethyl
ether provided excellent selectivity towards 3, but conversion
was only 77% after 0.5 h (entry 4), although the reaction
reached completion at 1 h. 1,4-Dioxane performed worse than
other ethereal solvents (entry 5, 43% conversion with 91%
yield of 3). Non-ethereal solvents like pentane and toluene also
gave poor results, with an approximate ratio of 60:40 of 3 to 4
and conversions <80% (entries 6 and 7). Ethyl acetate and
chloroform led to side reactions with lithium, resulting in no
conversion of 1 (entries 8 and 9). Further solvent screening
identified 2-methyltetrahydrofuran (2-MeTHF, entry 10) as the
optimal medium, affording the desired tertiary amine in >99%
yield with only trace formation of 4.

With optimized conditions in hand (1.0 equiv. Li, 1.5 equiv.
amine, sonication, 2-MeTHF), we next evaluated the generality
of the hydroamination protocol across a diverse array of
olefins and amines (Table 2).*° The method demonstrated
good compatibility with various vinylarenes, including mono-
and di-substituted electron-donating groups (e.g., -OMe, -Me)
in the ortho, meta, and para positions, affording the corres-
ponding p-arylethylamines (5-6, 12-15) in moderate to excel-
lent yields (58-98%). Notably, the sterically hindered 2,6-

Table 1 Reaction optimization?

HNO Li (x equiv.) O
. Standard conditions
solvent (4 mL),

sonlcatlon
1 mmol

1.5 equiv.

Deviation from Yield (%)

standard Lithium  Amine Conv.
Entry conditions (x equiv.) (yequiv.) (%) 3 4
1 THF + 0.5 mmol 1.4 2.5 >99 64 36

KI
2 THF 1 1.5 >99 77 23
3 Triethylamine 1 1.5 79 53 47
4 Et,O 1 1.5 77 95 5
5 1,4-Dioxane 1 1.5 43 91 9
6 Pentane 1 1.5 65 61 39
7 Toluene 1 1.5 80 63 37
8 Ethyl acetate 1 1.5 S.R. - —
9 Chloroform 1 1.5 S.R. - —
10 2-MeTHF 1 1.5 >99 >99 Trace

“Optimization reactions were carried out on a 1.0 mmol scale of
4-methylstyrene (1) at a total reaction concentration of 0.25 M in the
indicated solvent (4 mL). Lithium (1.0-1.4 equiv.) and amine (1.5-2.5
equiv.) were added sequentially under an inert atmosphere and sub-
jected to sonication for 30 min at room temperature. Conversions and
isolated yields correspond to the formation of the hydroamination
product (3) and the reduced product (4), respectively, after purification
by preparative TLC. S.R. = side reaction, indicated by complete lithium
consumption without substrate conversion. See SI for complete experi-
mental details and stoichiometric ratios.

This journal is © The Royal Society of Chemistry 2026
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Table 2 Substrate scope®?©
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tmmol 15 equiv 37, 46% 1mmol 15 equiv. 38,64%
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under sonication at room temperature for 0.5-2 h.
data.

dimethoxystyrene yielded 15 in 64% yield, whereas 2,6-di-
methylstyrene showed no reaction (see SI Fig. S3), indicating
the potentially greater importance of electronic versus steric
factors with respect to the alkene. All mono-ortho-substituted
derivatives, however, performed well under the optimized
conditions. Vinylarenes bearing electron-withdrawing groups
(e.g., -Br, -F, -NO,, -Cl) were also efficiently converted. For
instance, 4-bromo- and 4-chlorostyrenes yielded products 7
and 8 in 88% and 89% yield, respectively, while 3-chloro-
and 3-fluorostyrenes afforded 9 and 10 in 79% and 87%
yields. Interestingly, 3-fluorostyrene exhibited competing ami-

This journal is © The Royal Society of Chemistry 2026

b Isolated yields after purification.  See the SI for experimental details and characterization

nodefluorination when THF was used as solvent but gave
exclusive hydroamination product in 2-MeTHF (see SI,
Fig. S4), highlighting a significant role of solvent in the reac-
tion’s pathway. Importantly, several strongly electron-with-
drawing substituents and electrophile-sensitive groups were
not tolerated under these reducing conditions (see SI).
a-Substituted  styrenes  showed  variable  outcomes;
a-methylstyrene yielded 11 in 60% yield, while the more
sterically encumbered o-phenylstyrene provided only 26% of
21, along with significant formation of the reduced side
product 1,1-diphenylethane.
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Encouragingly, fused aromatic olefins such as 1-vinyl- and
1-bromo-2-vinylnaphthalenes, as well as 9-vinylanthracene,
underwent hydroamination smoothly, giving products 18-20
in 62-85% yields. In contrast, p-substituted styrenes proved
more challenging. While cis-B-methylstyrene delivered 22 in
only 10% yield after extended reaction time (6 h), the trans-
isomer was completely unreactive. Similarly, trans-
B-nitrostyrene yielded undefined polymeric material, and 1,2-
dihydronaphthalene gave exclusively the reduced product
(67%, see SI Fig. S3). These observations are consistent with
literature reports on the steric and electronic difficulties
B-substituted olefins pose in SET-initiated transformations,
where hindered approach of the electron donor or radical
intermediates can suppress productive reactivity.’>® These
findings further support the SET-based mechanistic proposal
discussed below.

Following our exploration of the olefin scope, we next inves-
tigated the versatility of the amine component. A broad range
of cyclic secondary amines was well-tolerated under the opti-
mized conditions. Morpholine, piperidine, 2-methyl-
pyrrolidine, azetidine, N-methylpiperazine, and thiomorpho-
line all delivered the corresponding hydroamination products
(23-28) in excellent yields ranging from 70-97% (Table 2).
Acyclic secondary amines, such as dibutylamine, were also
compatible, affording product 29 in 54% yield. In contrast,
primary amines generally gave lower yields despite high sub-
strate conversion (80-100%, see SI Fig. S5). We attribute this to
the additional N-H bond in primary amines increasing their
susceptibility to competitive reduction by solvated electrons.
For instance, benzylamine, isopropylamine, and cyclohexyl-
amine afforded products 31, 34 and 36 in <30% yield, despite
complete or near-complete conversion. Interestingly, butyla-
mine showed a modestly improved yield (35, 45%), while ethy-
lenediamine (EDA) provided product 30 in 62% yield within
just 20 minutes. This rapid reactivity aligns with literature pre-
cedent citing EDA as a facilitator of solvated electron gene-
ration, suggesting a dual role as both nucleophile and redox
mediator.** Our method also tolerated benzylamines deliver-
ing both secondary and tertiary amines (31-33) in good to
excellent yields.

Notably, transition-metal- and lanthanide-catalyzed hydroa-
minations are well known to perform poorly with unprotected
primary amines, often showing no conversion or catalyst de-
activation due to strong amine coordination and protonolysis
under high-temperature conditions.”*> In contrast, our proto-
col achieves measurable reactivity with these substrates under
ambient, additive-free conditions, highlighting its broader
substrate tolerance relative to previously reported systems.
Anilines were unreactive under our optimized conditions, exhi-
biting partial conversion of the alkene but no detectable
hydroamination product. Instead, reduction and dimerization
pathways predominated (see SI, Section 5.5 and Fig. S6), con-
sistent with the lower nucleophilicity and higher oxidation
potential of anilines.

Next, we explore the applicability of our protocol with allyl-
benzenes and 1,3-dienes, which has been found to be challen-
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ging in transition-metal systems due to regioselectivity
issues.»”**"*° Interestingly, allylbenzene underwent hydroami-
nation with Markovnikov selectivity to afford product 22 in
78% yield. Under SET conditions, reduction of allylbenzene
generates an allylic radical anion with delocalized charge and
spin density across the alkene. Subsequent protonation occurs
intermolecularly and preferentially at the terminal position,
generating a more substituted carbon-centered radical that is
intercepted in the C-N bond-forming step, leading to
Markovnikov-selective hydroamination. 2,3-Dimethyl-1,3-buta-
diene afforded 37 (46% yield). While we did not exhaustively
explore this class of substrates, we predict similar substrates
will also work under these conditions. For example, we extend
the applicability of this protocol to the high yielding (64%)
synthesis of benzphetamine 38, a clinically used anorectic
using allylbenzene and N-methylbenzylamine. The rapid reac-
tion (<30 min) under ambient conditions without additives or
transition metals distinguishes this method from previous
protocols.>**!

To elucidate the mechanism, we first performed radical
inhibition experiments using 4-methylstyrene and piperidine
as model substrates. The addition of TEMPO completely sup-
pressed product formation, consistent with a radical-mediated
process (Scheme 2A). D,O quenching and dg-THF experiments
revealed no deuterium incorporation into either the hydroami-
nation or reduction products (Scheme 2B and C), confirming
that neither solvent nor water serve as the proton or hydrogen-
atom source. In contrast, using N-deuterated piperidine led to
deuterium incorporation in both products at the benzylic posi-
tion, indicating that the amine functions as the hydrogen-
atom donor in the hydrogen-atom transfer (HAT) step. A mod-
erate kinetic isotope effect was observed when comparing the
reaction rates of N-H versus N-D piperidine: the N-H reaction
reached full conversion within 30 minutes, whereas the N-D
analogue required 1 hour to reach completion (Scheme 2D; SI,
Fig. S7-516). This result implicates cleavage of the N-H bond
as part of the rate-determining step.

These findings, together with literature precedent,
are consistent with a SET/HAT/PT manifold (Scheme 2E). The
very negative potential of Li'/Li (E° = —3.04 V vs. SHE; ~—3.28
V vs. SCE),*>** compared to reported styrene reduction poten-
tials (ca. —2.58 V vs. SCE),** supports the feasibility of initial
SET from lithium-derived solvated electrons to the alkene to
form radical anion A.>*** Intermediate A may then follow one
of three plausible pathways:

Pathway I: Proton transfer (PT) from the amine to form
radical B, followed by hydrogen-atom transfer (HAT) from the
amine N-H bond or a subsequent electron transfer (ET) and
protonation step to furnish the reduced product 4; although
this pathway may be attenuated in sterically hindered solvents
due to solvation effects, it likely initiates the reaction.

Pathway II: PT concomitantly generates a lithium amide,
which nucleophilically adds to the alkene to form aminated
anion C, followed by protonation to deliver the hydroamina-
tion product;*® notably, base alone (e.g., NaH in the absence of
Li% did not promote hydroamination under otherwise compar-

9,23,27,34

This journal is © The Royal Society of Chemistry 2026
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Scheme 2 Mechanistic studies and proposed mechanism.

able conditions (see SI), consistent with SET initiation being
required.

Pathway III: Radical anion A couples with another alkene
molecule to yield dimeric radical anion D, which undergoes ET

This journal is © The Royal Society of Chemistry 2026

and proton quenching to afford dimeric byproduct E.”” While
the substoichiometric lithium experiments (Scheme 2F) are
compatible with chain propagation and/or regeneration of the
active reductant, we do not distinguish these possibilities here.
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Radical inhibition with TEMPO completely suppressed
product formation, confirming radical intermediacy. D,O and
dg-THF quenching experiments showed no deuterium incor-
poration, indicating that neither water nor solvent acts as the
hydrogen source. In contrast, reactions with N-deuterated
piperidine afforded deuterium-labeled products and a measur-
able kinetic isotope effect, implicating the amine N-H bond in
the rate-determining HAT step. The proposed mechanism
involves three competing pathways: Pathway I, SET/PT/HAT
sequence leading to reduction; Pathway II, SET/PT/nucleophi-
lic addition affording hydroamination; and Pathway III, radical
coupling yielding dimeric byproducts. Substoichiometric
lithium experiments confirmed its catalytic role, while radical
clock and amino-acid studies further validated the amine-
mediated radical pathway.

The catalytic role of lithium was confirmed by varying its
loading, with 0.50 equivalents achieving complete conversion
(Scheme 2F). Moreover, radical clock experiments with cyclo-
propylamine (Scheme 2G) further support an amine-mediated
radical HAT/ET process (Scheme 2G, SI, Fig. S17), while the
high-yield formation of E from proline (88% yield, Scheme 2H,
SI Fig. S18) corroborates the radical anion A as a key reactive
intermediate.

In summary, we have developed a mild, transition metal-
free protocol for the hydroamination of olefins using solvated
electrons generated from lithium and sonication in 2-MeTHF.
This method demonstrates good compatibility with substi-
tuted vinylarenes and cyclic secondary amines, along with
rapid reaction times without the need for additives or external
oxidants/reductants. Mechanistic investigations support a
SET-HAT pathway in which lithium-amido complexes play
dual roles as both HAT donors and nucleophiles. The selective
synthesis of p-arylethylamines and the anti-Markovnikov
hydroamination of allylarenes underscore the synthetic poten-
tial of this strategy. By leveraging a green solvent and avoiding
precious metals, this protocol offers a sustainable platform for
amine synthesis with significant relevance to medicinal and
industrial chemistry.
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