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Mechanochemical ligand-controlled
regiodivergent hydroarylation of alkenes via
iron-catalyzed C−H activation

Zi-Jing Zhang1,2, Ziyue Liu1,2, Xinran Chen1,2 & Lutz Ackermann 1

The iron-catalyzed hydroarylation of alkenes with indoles is a sustainable,
effective synthetic transformation towards the construction of functionalized
indoles - crucial motifs for various bioactive molecules and drug candidates.
However, such transformations have proven challenging for unactivated
alkenes, and the requirement for (super)stoichiometric amounts of reactive
Grignard reagents has limited broader applications. Herein, we address these
major challenges by integrating iron/N-heterocyclic carbene-catalyzed C–H
activation with mechanochemistry techniques. This approach enables
mechanochemical iron-catalyzed anti-Markovnikov hydroarylations of unac-
tivated alkenes using a bis(N-heterocyclic carbene) ligand, as well as regiodi-
vergent hydroarylation of aryl alkenes by varying the N-heterocyclic carbene
ligand. To this end,magnesiummetal serves as a convenient reductant to form
catalytically active iron(0) species by mechanochemistry, thereby improving
the sustainability and functional group compatibility. Experimental and com-
putational studies elucidate the possible catalytic mode of action, and a data
science analysis captured the key features of the N-heterocyclic carbene
ligands in controlling regiodivergent selectivity.

Over the past decade, mechanochemically promoted organic transfor-
mations have gained major momentum due to beneficial features,
including shorter reaction times, lower catalyst loadings, unique reac-
tivity, and most notably the reduction of harmful, often toxic organic
solvents1–4. In this context, pioneering studies by Bolm5–9, Ito10,11, and
others12–15 have demonstrated the potential of mechanochemistry in
enabling bond activations with precious transitionmetal catalysts, thus
reflecting its unique potential for sustainable molecular assembly.

C–H alkylation via the direct regioselective addition of indoles
onto alkenes is arguably the most efficient and atom-economical
approach to obtain functionalized indoles16,17, which are omnipresent
structural motifs in drug development due to their strong affinity for
biological targets (Fig. 1a)18,19. Despite indisputable advances, these
hydroarylations largely relied on the use of toxic, cost-intensive and
precious metal catalysts20,21, while transformations involving more
sustainable 3d metal catalysts remain limited22–31. Recently, Yoshikai32

and Ackermann33–35 groups developed C–H alkylation of indoles and
styrenes using the most abundant, low-cost, and non-toxic iron
catalyst36–41 with monodentate N-heterocyclic carbene (NHC) ligands.
However, several inherent limitations in these approaches still persist
and need to be addressed. The use of (super)stoichiometric amounts
of Grignard reagents drastically reduces the reaction sustainability as
well as their functional group tolerance42–44. In addition, the reported
methods have only achieved Markovnikov-selective hydroarylation of
aryl alkenes32–35 or anti-Markovnikov-selective hydroarylation of
heteroatom-substituted alkenes35,40,41, while transformations involving
unactivated alkenes remain challenging.

The Grignard reagent serves a pivotal role in iron/NHC catalysis,
and, as a strong reductant, is responsible for the generation of cata-
lytically active low-valent iron species32–34. The in situ generation of
Grignard reagent from aryl halides and magnesiummetal through the
mechanochemical technique has been achieved to avoid the sensitive
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and tedious preparation steps (Fig. 1b)45–51. This one-pot approach
benefits from the capability of mechanochemistry for the direct acti-
vation of zero-valent magnesium52–54 by an electron transfer process.
Besides, magnesium metal has proven to be a useful alternative to
Grignard reagents in cobalt-catalyzed hydroarylation, albeit with high
reaction temperature and narrower scopes55. However, the direct use

of magnesium metal as a reductant in iron-catalyzed hydroarylation
has thus far proven elusive. In this context, we inferred that magne-
siummetal might solely serve as a reductant under mechanochemical
conditions, circumventing the involvement of the Grignard reagent, to
generate a catalytically active low-valent iron species for the
hydroarylation.

Fig. 1 | Towards new sustainable assembly of functionalized indoles by mech-
nochemical iron-catalyzed regiodivergent hydroarylation. a Indole-containing
drug molecules. b Use of magnesium metal in mechanochemistry. c Key features

comparison of representative iron(0)-NHC complexes. d This work: mechan-
ochemical iron-catalyzed regiodivergent hydroarylation.
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NHCs represent an indispensable class of ligands for transition-
metal catalyzed C–H activations56,57. Their strong σ-donating ability
contributes to the more stable metal–ligand bond, thereby enhancing
the robustness of the metal complexes58–60. Compared with mono-
dentate NHC ligands, bidentate bis(NHC) ligands exhibit distinctive
spatial characters and electronic effect61,62. Taking low-valent iron(0)
complex as an example, bis(NHC) complex has a larger cone angle63

and buried volume64, which potentially brings opportunities for pre-
cise regioselectivity control (Fig. 1c). Moreover, the location of higher
spin density at the iron center in bis(NHC) complex may lead to
underdeveloped reactivity65,66, presenting avenues for further
exploration.

Herein, aiming at addressing the limitations of iron/NHC-cata-
lyzed C–H functionalization, we develop a mechanochemical iron-
catalyzed regiodivergent hydroarylation of alkenes with indoles via
C−Hactivation (Fig. 1d). The salient features of this strategy include: (1)
the use of magnesium metal as a convenient reductant in iron-
catalyzed hydroarylation with the aid of mechanochemistry, which
improves the sustainability and functional group compatibility; (2)
anti-Markovnikov-selective hydroarylation of unactivated alkenes
using an iron/bis(NHC) catalytic system; and (3) regiodivergent
hydroarylation of aryl alkenes by the judicious choice of the NHC
ligands. Further detailed experimental and theoretical mechanistic
studies allow shedding light on the iron/NHC catalytic system from a
broader perspective.

Results and discussion
Optimization of reaction conditions
We initiated our studies into the hydroarylation of 1-octene 2a with
indole derivative 1a using the iron/NHC catalytic system under
mechanochemical conditions (Fig. 2). We probed the reaction using

different types of monodentate NHC preligands (L1−L7), which were
unable to deliver the desired product. Subsequently, we attempted the
reaction using bis(NHC) preligands. Pleasingly, the desired alkylated
indole 3 was obtained in 21% yield with anti-Markovnikov selectivity
when using Fe(acac)3 as the metal catalyst, L8 as the preligand and
magnesium chip as the reductant undermechanochemical conditions.
Thereafter, the structure of bis(NHC) preligand was further explored.
A drastic increase was observed upon the substitution of the methyl
group in L8 by the bulkier isopropyl (L9), where the alkylated indole
was obtained in 84% yield. Further improvement in the yield (92%) was
achieved by using 2,4,6-trimethylphenyl as the substituent (L10).
When applying phenyl or 2,6-diisopropylphenyl as the substituent (L11
and L12), only trace amounts of the alkylated product were obtained,
indicative of the relevance of stereoelectronic features. The use of a
bis(NHC) preligand with saturated backbones (L13) and a tridentate
NHC preligand (L15) resulted in low reaction efficiency, while a
bis(NHC) preligand bridged by two methylene groups (L14) com-
pletely inhibited reactivity. Finally, the reaction conditions were fur-
ther optimized (see Supplementary Information Table S2 and S3 for
details). The reaction efficiently proceeded even under additive-free or
solvent-free conditions, albeit with a slight drop in yield. Control
experiments indicated that the iron catalyst, the bis(NHC) preligand,
and the magnesium chip were crucial for the desired transformation.
Notably, replacing ball milling by thermal reaction conditions com-
pletely failed to furnish the desired product, even at an elevated
reaction temperature of 100 °C.

Substrate scope
With the optimal bis(NHC) preligand (L10) in hand, we evaluated the
viable substrate scope for hydroarylation of unactivated alkenes under
the optimized reaction conditions to delineate the full potential and
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Fig. 2 | Screening of NHC preligands for mechanochemical iron-catalyzed
hydroarylation of unactivated alkenes. Reaction conditions: 1a (0.1mmol), 2a
(0.15mmol), Fe(acac)3 (10mol%), NHC preligand (10mol%), Mg chip (50mol%),
TMEDA (0.1mmol) and THF (50μL) were placed in a stainless-steel vessel (5mL)
with stainless-steel ball (dMB= 7mm), milled in a mixer mill (RETSCH MM 400) at
30Hz for 180min under nitrogen atmosphere. Then THF (3mL) and HCl aq. (3M,
1mL) were added, and themixturewas stirred for 2 h. The ratio of l:b is > 99:1 for all

cases. The yield was determined by 1H NMR spectroscopy using 1,3,5-trimethox-
ybenzene as the internal standard. aIn the absence of TMEDA: 72% yield; in the
absence of THF: 83% yield; in the absence of Fe(acac)3,NHC preligand, or Mg chip:
n.d. TMEDA, N,N,N’,N’-tetramethylethylenediamine; THF, tetrahydrofuran; Mes,
2,4,6-trimethylphenyl; Dipp, 2,6-diisopropylphenyl; Xyl, 2,6-dimethylphenyl; n.d.,
not detected.
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Fig. 3 | Substrate scope formechanochemical iron-catalyzed hydroarylation of
unactivated alkenes. Reaction conditions: 1 (0.2mmol), 2 (0.3mmol), Fe(acac)3
(10mol%), L10 (10mol%), Mg chip (50mol%), TMEDA (0.2mmol) and THF (50μL)
were placed in a stainless-steel vessel (5mL) with stainless-steel ball (dMB= 7mm),
milled in a mixer mill (RETSCH MM 400) at 30Hz for 180min under nitrogen

atmosphere. Then THF (3mL) and HCl aq. (3M, 1mL) were added and the mixture
was stirred for 2 h. The ratio of l:b is >99:1 for all cases. Yields are those of the
isolated products. a270min. bUsing ethoxyethene as a substrate. cUsing tert-
butyl(hex-5-en-1-yloxy)dimethylsilane as substrate with the reaction quenched by
HCl aq. (3M, 1mL).
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robustness of this transformation (Fig. 3). Indoles bearing a variety of
N-substituents gave the corresponding products 3−7 in moderate to
good yields. The azaindole proved to be a suitable substrate, affording
alkylated indole 8 in 86% yield. As expected, the presence of either
electron-withdrawing or electron-donating substituents at 4-, 5-, 6- or
7-position of the indole ring was well tolerated, delivering the desired
products 9–19 in high yields. Notably, cyano and ester substituents,
which are incompatible under the Grignard conditions, were well tol-
erated in our mechanochemical approach (12,13). In addition, the
reaction conditions turnedout to be generally compatiblewith various
unactivated alkenes. An array of linear and branched aliphatic alkenes
revealed to be efficient in the reaction, providing the desired products
20–24 in excellent yields. When employing ethoxyethene as the sub-
strate, ethyl-substituted indole 25was obtained in 66% yield. A variety
of allylbenzenes containing either electron-withdrawing or electron-
donating substituents performed well, providing the corresponding
products 26–30 in high yields. Silicon-, nitrogen- and oxygen-
containing alkenes effectively engaged in the reaction, furnishing the
corresponding products 31–41 in good yields. Noteworthy, this
hydroarylation could be further applied for the late-stagemodification
of complex molecules. As displayed, (-)-menthol, (-)-borneol, geraniol,
eugenol, estrone andδ-tocopherol-conjugated indoles42–47 could be
easily accessed in high yields. Remarkably, completeanti-Markovnikov
selectivity was observed in all cases.

Next, we explored the effects ofNHC ligands in thehydroarylation
of aryl alkenes (Fig. 4). Using styrene 48a as the model substrate, the
mechanochemical iron-catalyzed hydroarylation was first investigated
by monodentate NHC preligands (Fig. 4a). Here, several monodentate
NHC preligands (L1 − L6) all produced completely Markovnikov pro-
ducts (b:l > 99:1), among which L1 gave the highest yield (87%),
whereas no product was obtained when using L7. A series of bis(NHC)
preligands were then screened, revealing that L10 was the most sui-
table one for anti-Markovnikov selectivity (b:l = 6:94), while others,
such as L8, L9, L11 − L15 displayed low efficacy and poor regioselec-
tivity. These diverse selectivity data of styrene with different ligands
encouraged us to apply the multivariate linear regression (MVLR)

approach67 for capturing the structure-regioselectivity relationship in
mechanochemical iron-catalyzed hydroarylation. A preliminary MVLR
model was developed using four physical organic parameters of the
key triplet iron(0)-NHC complexes (Fig. 4b), including cone angle θ,
percent buried volume %VBur (sphere radius at 5.0 and 3.5 Å) and spin
density on the iron center (vide supra). These four parameters were
able to provide reasonable prediction on the regioselectivity of
hydroarylation using aryl alkenes with an R2 value of 0.71 in leave-one-
out cross-validation. Among them, the cone angle has the largest
coefficient in the normalized regression equation, highlighting the
significance of ligand geometry in determining regioselectivity.
Nevertheless, the steric environment around the iron center and the
electron-donating ability of NHC also contribute to the regioselectivity
control.

Having established the optimized reaction conditions, we turned
to evaluate the substrate scope for this ligand-controlled regiodi-
vergent hydroarylation of aryl alkenes (Fig. 5). First, the scope of
Markovnikov-selective hydroarylation catalyzed by the monodentate
preligand L1was tested. Indoles bearing cyano, ester, or chloro groups
on the aromatic ring were well-tolerated, resulting in the formation of
alkylation products 49–55 in good yields with excellent regioselec-
tivities (b:l > 99:1 for all). A wide range of styrenes as well as vinylfer-
rocene were competent substrates in the Markovnikov-selective
hydroarylation, giving products 56–63 in high yields (b:l > 99:1 for all).
Subsequently, we examined the scope of anti-Markovnikov-selective
hydroarylation catalyzed by the bidentate preligand L10. The sub-
stitution pattern and electronic properties of the substituents at 5- or
6- position of the aromatic ring did not affect the reaction efficiency
and regioselectivity, giving rise to the corresponding products 64 −69
in good yields with high levels of regioselectivity (l:b = 92:8 to 97:3).
While, the substituent at the 7-position of indole, which is spatially
proximal to the 2-position, imposed steric hindrance that affected the
bond formation at the 2-position (70). Styrenes bearing electron-
withdrawing or electron-donating substituents on the para-, meta- or
ortho-position of aromatic ring, reacted well to give the desired pro-
ducts 71 − 77 in 51−86% yields (l:b = 85:15 to 98:2). Remarkably,

Fig. 4 | Optimization of catalyst systems for mechanochemical iron-catalyzed
hydroarylation of aryl alkenes. a Screening of NHC preligands for hydroarylation
of styrene. b Preliminary multivariate linear regression model for the structure-
regioselectivity relationship in iron-catalyzed hydroarylation of styrene. Four

parameters for key iron(0)-NHC complexes were involved, including cone angle θ,
percent buried volume%VBur at sphere radius of 5.0 Å and 3.5 Å and spin density on
iron center.
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vinylferrocene was also compatible with the optimal reaction condi-
tions, affording the desired product 78 in good yield (67%) and
regioselectivity (l:b = 95:5).

Scale-up and late-stage transformations
To further demonstrate the utility of this method, a scale-up reaction
and several late-stage transformations of alkylated indole products
were carried out (Fig. 6). The current strategy was shown to be highly
robust and scalable, as a gram-scale reaction of 1a and 2a proceeded
smoothly, generating 3 in 86% yield (Fig. 6a). The alkylated indole-3-
carboxaldehyde products act as synthetically useful intermediates that
can be readily transformed into complex architectures using standard
methods. The presence of the formyl group enables extensive struc-
tural diversification through subsequent functionalization. It could be
removed under palladium catalysis, yielding indole 79 (Fig. 6b). The
treatment with Grignard reagent delivered the corresponding alcohol
80 (Fig. 6c). AWittig reaction produced the internal olefin 81 (Fig. 6d).
Reductive amination using morpholine efficiently furnished the cor-
responding amine82 (Fig. 6e). Furthermore, the formyl groupwas also
able to be a linchpin for condensation, enabling the access to
barbiturate-decorated indole 83 (Fig. 6f). Subsequently, we employed

the formyl group as a weakly coordinating directing group to facilitate
C4–H activation. Thereby, C4-functionalized indoles 84 −86 could be
synthesized in good yields (Fig. 6g−i). Ultimately, intramolecular cro-
tonization of 86 led to 3,4-fused tricyclic indole 87 (Fig. 6j).

Mechanistic studies
To gain mechanistic insights into the modus operandi of the regiose-
lective hydroarylation of unactivated alkenes, experiments anddensity
functional theory (DFT) studies were carried out (Fig. 7). We synthe-
sized a well-defined iron(II)-bis(NHC) complex65 from preligand L10
and demonstrated its catalytic activity under optimal conditions
(Fig. 7a). However, it failed to catalyze the reaction in the absence of
magnesium chip, indicating that the zero-valent iron-bis(NHC) com-
plex produced by the mechanochemical magnesium reduction might
be the active species. The reaction of the C2-deuterated indole [D]1-1a
with 1-octene 2a afforded the product [D]1-3 (Fig. 7b). The transfer of
the C2-deuterium from indole to two methylene groups implied the
reversibility of the alkene insertion step. A deuterium-scrambling
experiment was then performed using one equivalent of a mixture of
substrates [D]1-1a and 1n under standard reaction conditions (Fig. 7c).
H/D crossover observed in both products suggested that the

Fig. 5 | Substrate scope for ligand-controlled regiodivergent hydroarylation of
aryl alkenes. Reaction conditions: 1 (0.2mmol), 48 (0.3mmol), Fe(acac)3 (10mol
%), NHC preligand (10mol%), Mg chip (50mol%), TMEDA (0.2mmol) and THF
(50μL) were placed in a stainless-steel vessel (5mL) with stainless-steel ball

(dMB = 7mm), milled in a mixer mill (RETSCHMM 400) at 30Hz for 270min under
nitrogen atmosphere. Then THF (3mL) andHCl aq. (3M, 1mL)were added, and the
mixture was stirred for 2 h. Yields are those of the isolated products.
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dissociation and re-coordination of the alkene before the formation of
alkyl iron species was possibly a reversible process.

Computational studies
Based on the experimental results, DFT calculations were conducted
to investigate the reaction mechanism and the origins of
regioselectivity68, using indole 1a and 1-octane 2a as model sub-
strates. It is worth noticing that the solvent effect was included in the
free energy calculation based on gas-phase optimized geometries,
given that our reaction is liquid-assisted grindingwith THF69. The free
energy diagram of the most favorable pathway for iron/NHC-cata-
lyzed hydroarylation starting from iron(0) complex int1 is shown in
Fig. 7d and Supplementary Information Supplementary Fig. S11. As the
coordination of the substrate 1a requires a barrier of 23.9 kcal/mol
via transition state TS4, it is most likely to be the rate-determining
step in the catalytic cycle. The subsequent C‒H activation occurs

through an oxidative addition of the C‒H bond onto the iron center,
generating iron hydride species int7. The calculated alkene insertion
is facile and reversible, consistent with deuterium-labeling experi-
ments. Then, the resulting alkyl-iron(II) species int9 undergoes
reductive elimination forming C‒C bond, which is probably the
regioselectivity-determining step. Two competing reductive elim-
ination transition states, TS10-linear and TS10-branched, generat-
ing the respective linear and branched products are presented in
Fig. 7e. For unactivated alkene 2a, TS10-linear is 4.7 kcal/mol more
favorable than TS10-branched in terms of free energy. In TS10-
linear, the primary alkyl is positioned away from the substrate,
allowing a favorable π-π stacking interaction between PMP and
mesityl groups. In contrast, the secondary alkyl in TS10-branched is
more steric-demanding, leading to repulsion between indole and
alkyl chain, thereby increasing the reaction barrier for branched
product. With the combination of experimental and computational

Fig. 6 | Scale-up reaction and diversification of alkylated indole products.
aGram-scale reaction of 1a and 2a. b Transformation to indole 79 under palladium
catalysis. cTransformation to alcohol 80. d Transformation to olefin 81.
e Transformation to amine 82. f Transformation to barbiturate decorated indole

83.gC4-alkenylation of alkylated indole product3under rutheniumcatalysis.hC4-
amination of alkylated indole product 3 under iridium catalysis. i C4-alkylation of
alkylated indole product 3 under rhodium catalysis. j Intramolecular crotonization
of 86 to afford 3,4-fused tricyclic indole 87.
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studies, the reaction mechanism of iron-catalyzed hydroarylation
with bis(NHC) ligand was clarified, along with the rationale of the
regioselectivity of representative unactivated alkene.

We have successfully developed a sustainable and highly effective
ligand-controlled regiodivergent hydroarylation of alkenes via
mechanochemical iron-catalyzed C−H activation, leading to functio-
nalized indoles with high structural diversity. The anti-Markovnikov-
selective hydroarylation of unactivated alkenes could be achieved by
the aid of a bis(NHC) ligand,while the regiodivergent hydroarylationof

aryl alkenes was accomplished by modifying the structure of NHC
ligands. Magnesium metal serves as a convenient reductant to form
the catalytically active iron(0) species under mechanochemical con-
ditions,making the reaction sustainable, environmentally friendly, and
compatible with a broad range of functional groups. Moreover,
detailed mechanistic studies and data science analysis revealed the
reactionmechanism and elucidated the key features of NHC ligands in
controlling the regioselectivity, setting the stage for the further
application of this iron/NHC catalytic system.

Fig. 7 | Mechanistic studies. a Reaction with iron(II)-bis(NHC) complex.
b Deuterium-labeling experiment. c Deuterium-scrambling experiment.
d Mechanism for the generation of linear product 3. Computational method at

TPSSh-D3(BJ)/def2-TZVPP-SMD(Tetrahydrofuran)//B3LYP-D3(BJ)/def2-SVP level of
theory. e DFT-computed regioselectivity-determining reductive elimination tran-
sition states forming C‒C bond of linear and branched products.
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Methods
General procedure for mechanochemical iron-catalyzed regio-
selective hydroarylation of unactivated alkenes
In the glove box, a mixture of indole substrate 1 (0.2mmol), unac-
tivated alkene 2 (0.3mmol), Fe(acac)3 (10mol%, 0.02mmol, 7.1mg),
L10 (10mol%, 0.02mmol, 10.9mg), magnesium chip (50mol%,
0.1mmol, 2.4mg), TMEDA (0.2mmol, 30μL) and tetrahydrofuran
(50μL) were placed in a nitrogen-purged stainless-steel vessel (5mL)
with a stainless-steel ball (dMB = 7mm). Then, the vessel was sealed and
milled in a mixer mill (RETSCHMM 400) at 30Hz for 180min under a
nitrogen atmosphere. Then, the reaction mixture was diluted with
tetrahydrofuran (3mL) and quenched with HCl aqueous solution (3M,
1mL). The resulting mixture was stirred at room temperature for
2 hours. The phases were then separated, the aqueous layer was
extracted with ethyl acetate (5mL × 3). The combined organic layer
was washed with saturated NaHCO3 solution and brine, dried over
Na2SO4, filtered and concentrated in vacuo. The linear and branched
ratio was determined by 1H NMR analysis of the crude reaction mix-
ture. The residue was purified by column chromatography on silica gel
(n-hexane: ethyl acetate = 10:1) to afford the desired product.

General procedure for mechanochemical iron-catalyzed regio-
divergent hydroarylation of aryl alkenes
In the glove box, amixture of indole substrate 1 (0.2mmol), aryl alkene
48 (0.3mmol), Fe(acac)3 (10mol%, 0.02mmol, 7.1mg), NHC pre-
ligand (10mol%, 0.02mmol), magnesium chip (50mol%, 0.1mmol,
2.4mg), TMEDA (0.2mmol, 30μL) and tetrahydrofuran (50μL) were
placed in a nitrogen-purged stainless-steel vessel (5mL) with a
stainless-steel ball (dMB = 7mm). Then, the vesselwas sealed andmilled
in a mixer mill (RETSCH MM 400) at 30Hz for 270min under a
nitrogen atmosphere. Then, the reaction mixture was diluted with
tetrahydrofuran (3mL) and quenched with HCl aqueous solution (3M,
1mL). The resulting mixture was stirred at room temperature for
2 hours. The phases were then separated, the aqueous layer was
extracted with ethyl acetate (5mL × 3). The combined organic layer
was washed with saturated NaHCO3 solution and brine, dried over
Na2SO4, filtered and concentrated in vacuo. The linear and branched
ratio was determined by 1H NMR analysis of the crude reaction mix-
ture. The residue was purified by column chromatography on silica gel
(n-hexane: ethyl acetate = 5:1) to afford the desired product.

Data availability
The data that support the findings of this study are available within the
main text and the Supplementary Information. Details about materials,
methods, experimental procedures, characterization data, NMR
spectra and DFT-optimized structures are available in the Supplemen-
tary Information, all other data are available from the corresponding
author upon request.

Code availability
The Python codes for developing the MLVR model and LOO cross-
validation are provided in Supplementary Information.

References
1. Kubota, K., Pang, Y., Miura, A. & Ito, H. Redox reactions of small

organic molecules using ball milling and piezoelectric materials.
Science 366, 1500–1504 (2019).

2. Stolle, A., Szuppa, T., Leonhardt, S. E. S. & Ondruschka, B. Ball
milling in organic synthesis: solutions and challenges. Chem. Soc.
Rev. 40, 2317–2329 (2011).

3. James, S. L. et al. Mechanochemistry: opportunities for new and
cleaner synthesis. Chem. Soc. Rev. 41, 413–447 (2012).

4. Wang, G.-W. Mechanochemical organic synthesis.Chem. Soc. Rev.
42, 7668–7700 (2013).

5. Hermann, G. N., Becker, P. & Bolm, C. Mechanochemical rhodiu-
m(III)-catalyzed C–H bond functionalization of acetanilides under
solventless conditions in a ball mill. Angew. Chem. Int. Ed. 54,
7414–7417 (2015).

6. Hermann,G. N., Becker, P. & Bolm, C.Mechanochemical iridium(III)-
catalyzed C–H bond amidation of benzamides with sulfonyl azides
under solvent-free conditions in a ball mill. Angew. Chem. Int. Ed.
55, 3781–3784 (2016).

7. Hermann, G. N. & Bolm, C. Mechanochemical rhodium(III)-cata-
lyzed C−H bond amidation of arenes with dioxazolones under sol-
ventless conditions in a ball mill. ACS Catal. 7, 4592–4596 (2017).

8. Hermann, G. N., Unruh, M. T., Jung, S.-H., Krings, M. & Bolm, C.
Mechanochemical rhodium(III)- and gold(I)-catalyzed C−H bond
alkynylations of indoles under solventless conditions inmixermills.
Angew. Chem. Int. Ed. 57, 10723–10727 (2018).

9. Cheng, H., Hernández, J. & Bolm, C. Mechanochemical cobalt-
catalyzed C−H bond functionalizations by ball milling. Adv. Synth.
Catal. 360, 1800–1804 (2018).

10. Pang, Y., Ishiyama, T., Kubota, K. & Ito, H. Iridium(I)-catalyzed C−H
borylation in air by using mechanochemistry. Chem. Eur. J. 25,
4654–4659 (2019).

11. Kondo, K., Kubota, K. & Ito, H. An improved catalytic system for
solid-state iridium(I)-catalyzed C–H borylation using mechan-
ochemistry. Chem. Lett. 52, 333–336 (2023).

12. Lou, S.-J. et al. Fast and selective dehydrogenative C−H/C−H ary-
lation using mechanochemistry. ACS Catal. 6, 3890–3894 (2016).

13. Jia, K.-Y., Yu, J.-B., Jiang, Z.-J. & Su, W.-K. Mechanochemically acti-
vated oxidative coupling of indoles with acrylates through C−H
activation: synthesis of 3-vinylindoles andβ,β-diindolyl propionates
and study of the mechanism. J. Org. Chem. 81, 6049–6055 (2016).

14. Jiang, X. et al. Cobalt(III)-catalyzed fast and solvent-free C−H ally-
lation of indoles using mechanochemistry. J. Org. Chem. 82,
10665–10672 (2017).

15. Ni, S. et al. Mechanochemical solvent-free catalytic C−H methyla-
tion. Angew. Chem. Int. Ed. 60, 6660–6666 (2021).

16. Dong, Z., Ren, Z., Thompson, S. J., Xu, Y. & Dong, G. Transition-
metal-catalyzed C–H alkylation using alkenes. Chem. Rev. 117,
9333–9403 (2017).

17. Mandal, D., Roychowdhury, S., Biswas, J. P., Maiti, S. & Maiti, D.
Transition-metal-catalyzed C–H bond alkylation using olefins:
recent advances and mechanistic aspects. Chem. Soc. Rev. 51,
7358–7426 (2022).

18. Kochanowska-Karamyan, A. J. & Hamann, M. T. Marine indole alka-
loids: potential new drug leads for the control of depression and
anxiety. Chem. Rev. 110, 4489–4497 (2010).

19. Zhang, M.-Z., Chen, Q. & Yang, G.-F. A review on recent develop-
ments of indole-containing antiviral agents. Eur. J. Med. Chem. 89,
421–441 (2015).

20. Cacchi, S. & Fabrizi, G. Synthesis and functionalization of indoles
through palladium-catalyzed reactions. Chem. Rev. 105,
2873–2920 (2005).

21. Seregin, I. V. & Gevorgyan, V. Direct transition metal-catalyzed
functionalization of heteroaromatic compounds. Chem. Soc. Rev.
36, 1173–1193 (2007).

22. Pototschnig, G., Maulide, N. & Schnerch, M. Direct functionalization
of C−H bonds by iron, nickel, and cobalt catalysis.Chem. Eur. J. 23,
9206–9232 (2017).

23. Gandeepan, P. et al. 3d Transitionmetals for C–H activation. Chem.
Rev. 119, 2192–2452 (2019).

24. Ding, Z. & Yoshikai, N. C2-Alkylation of N-pyrimidylindole with
vinylsilane via cobalt-catalyzed C–H bond activation. Beilstein J.
Org. Chem. 8, 1536–1542 (2012).

25. Lee, P.-S. & Yoshikai, N. Cobalt-catalyzed enantioselective directed
C–H alkylation of indole with styrenes. Org. Lett. 17, 22–25 (2015).

Article https://doi.org/10.1038/s41467-025-66806-5

Nature Communications |          (2026) 17:150 9

www.nature.com/naturecommunications


26. Schramm, Y., Takeuchi, M., Semba, K., Nakao, Y. & Hartwig, J. F.
Anti-Markovnikov hydroheteroarylation of unactivated alkenes with
indoles, pyrroles, benzofurans, and furans catalyzed by a nickel–N-
heterocyclic carbene system. J. Am. Chem. Soc. 137,
12215–12218 (2015).

27. Fallon, B. J. et al. C2-Alkylation and alkenylationof indoles catalyzed
by a low-valent cobalt complex in the absence of reductant. Org.
Lett. 18, 2292–2295 (2016).

28. Pesciaioli, F. et al. Enantioselective cobalt(III)-catalyzed C−H acti-
vation enabled by chiral carboxylic acid cooperation. Angew.
Chem. Int. Ed. 57, 15425–15429 (2018).

29. Whyte, A. et al. Cobalt-catalyzed enantioselective hydroarylation of
1,6-enynes. J. Am. Chem. Soc. 142, 9510–9517 (2020).

30. Liu, Y.-H. et al. Cp*Co(III)-catalyzed enantioselective hydroarylation
of unactivated terminal alkenes via C–H activation. J. Am. Chem.
Soc. 143, 19112–19120 (2021).

31. Zhang, Z.-J. et al. Data-driven design of new chiral carboxylic acid
for construction of indoles withC-central and C–N axial chirality via
cobalt catalysis. Nat. Commun. 14, 3149 (2023).

32. Wong, M. Y., Yamakawa, T. & Yoshikai, N. Iron-catalyzed directed
C2-alkylation and alkenylation of indole with vinylarenes and
alkynes. Org. Lett. 17, 442–445 (2015).

33. Loup, J. et al. Asymmetric iron-catalyzed C−H alkylation enabled by
remote ligand meta-substitution. Angew. Chem. Int. Ed. 56,
14197–14201 (2017).

34. Zhang, Z.-J. et al. Iron-catalyzed stereoselective C–H alkylation for
simultaneous construction of C–N axial and C-central chirality. Nat.
Commun. 15, 3503 (2024).

35. Zhang, Z.-J., Golling, S., Cattani, S., Chen, X. &Ackermann, L. Three-
coordinate iron(0) complex-catalyzed regioselectiveC−Halkylation
of indole derivatives. J. Am. Chem. Soc. 147, 6897–6904 (2025).

36. Sun, C.-L., Li, B.-J. & Shi, Z.-J. Direct C−H transformation via iron
catalysis. Chem. Rev. 111, 1293–1314 (2011).

37. Cera, G. & Ackermann, L. Iron-catalyzed C–H functionalization
processes. Top. Curr. Chem. 374, 191–224 (2016).

38. Shang, R., Ilies, L. & Nakamura, E. Iron-catalyzed C–H bond activa-
tion. Chem. Rev. 117, 9086–9139 (2017).

39. Mo, J., Messinis, A. M., Li, J., Warratz, S. & Ackermann, L. Chelation-
assisted iron-catalyzed C–H activations: scope and mechanism.
Acc. Chem. Res. 57, 10–22 (2024).

40. Kimura, N., Kochi, T. & Kakiuchi, F. Iron-catalyzed regioselective
anti-Markovnikov addition of C–H bonds in aromatic ketones to
alkenes. J. Am. Chem. Soc. 139, 14849–14852 (2017).

41. Pradhan, C., Jagtap, R. A., Samal, P. P., Krishnamurty, S. & Punji, B.
Iron-catalyzed regioselective C–H alkylation of indoles: an additive-
free approach in renewable solvent. Green. Chem. 25,
9733–9743 (2023).

42. Bolm, C., Legros, J., Le Paih, J. & Zani, L. Iron-catalyzed reactions in
organic synthesis. Chem. Rev. 104, 6217–6254 (2004).

43. Bauer, I. & Knölker, H.-J. Iron catalysis in organic synthesis. Chem.
Rev. 115, 3170–3387 (2015).

44. Fürstner, A. Iron catalysis in organic synthesis: A critical assessment
of what it takes to make this base metal a multitasking champion.
ACS Cent. Sci. 2, 778–789 (2016).

45. Jones, A. C., Leitch, J. A., Raby-Buck, S. E. & Browne, D. L.
Mechanochemical techniques for the activation and use of zero-
valent metals in synthesis. Nat. Synth. 1, 763–775 (2022).

46. Harrowfield, J. M., Hart, R. J. & Whitaker, C. R. Magnesium and
aromatics: mechanically-inducedGrignard andMcMurry reactions.
Aust. J. Chem. 54, 423–425 (2001).

47. Birke, V., Schütt, C., Burmeier, H. & Ruck, W. K. L. Defined
mechanochemical reductive dechlorination of 1,3,5-tri-
chlorobenzene at room temperature in a ball mill. Fresenius
Environ. Bull. 20, 2794–2805 (2011).

48. Speight, I. R. & Hanusa, T. P. Exploration of mechanochemical
activation in solid-state fluoro-Grignard reactions. Molecules 25,
570–578 (2020).

49. Takahashi, R. et al. Mechanochemical synthesis of magnesium-
based carbon nucleophiles in air and their use in organic synthesis.
Nat. Commun. 12, 6691 (2021).

50. Pfennig, V. S., Villella, R. C., Nikodemus, J. & Bolm, C. Mechan-
ochemical Grignard reactions with gaseous CO2 and sodium
methyl carbonate. Angew. Chem. Int. Ed. 61, e202116514 (2022).

51. Wu, C. et al. Mechanochemical C−H arylation and alkylation of
indoles using 3d transition metal and zero-valent magnesium.
Chem. Eur. J. 30, e202304231 (2024).

52. Chen, H. et al. Benzene ring knitting achieved by ambient-
temperature dehalogenation via mechanochemical Ullmann-type
reductive coupling. Adv. Mater. 33, 2008685 (2021).

53. Wu, C. et al. Mechanochemical magnesium-mediated Minisci C–H
alkylation of pyrimidines with alkyl bromides and chlorides. Org.
Lett. 23, 6423–6428 (2021).

54. Wu, C. et al. C-4 Regioselective alkylation of pyridines driven by
mechanochemically activated magnesium metal. Org. Lett. 25,
2531–2536 (2023).

55. Xu, W., Pek, J. H. & Yoshikai, N. Cobalt-catalyzed, imine-directed
olefin hydroarylation under Grignard-free conditions. Adv. Synth.
Catal. 358, 2564–2568 (2016).

56. Hopkinson,M. N., Richter, C., Schedler,M. &Glorius, F. An overview
of N-heterocyclic carbenes. Nature 510, 485–496 (2014).

57. Thongpaen, J., Manguin, R. & Baslé, O. Chiral N-heterocyclic car-
bene ligands enable asymmetric C−H bond functionalization.
Angew. Chem. Int. Ed. 59, 10242–10251 (2020).

58. Nesterov, V. et al. NHCs in main group chemistry. Chem. Rev. 118,
9678–9842 (2018).

59. Doddi, A., Peters,M. & Tamm,M.N-heterocyclic carbene adducts of
main group elements and their use as ligands in transition metal
chemistry. Chem. Rev. 119, 6994–7112 (2019).

60. Sau, S. C., Hota, P. K., Mandal, S. K., Soleilhavoup,M. & Bertrand, G.
Stable abnormal N-heterocyclic carbenes and their applications.
Chem. Soc. Rev. 49, 1233–1252 (2020).

61. Gardiner, M. G. & Ho, C. C. Recent advances in bidentate bis(N-
heterocyclic carbene) transition metal complexes and their appli-
cations in metal-mediated reactions. Coord. Chem. Rev. 375,
373–388 (2018).

62. Röther, A. & Kretschmer, R. Syntheses of bis(N-heterocyclic car-
bene)s and their application in main-group chemistry. J. Organo-
met. Chem. 918, 121289 (2020).

63. Bilbrey, J. A., Kazez, A. H., Locklin, J. &Allen,W. D. Exact ligand cone
angles. J. Comput. Chem. 34, 1189–1197 (2013).

64. Falivene, L. et al. SambVca 2. a web tool for analyzing catalytic
pockets with topographic steric maps. Organometallics 35,
2286–2293 (2016).

65. Meyer, S., Orben, C. M., Demeshko, S., Dechert, S. & Meyer, F.
Synthesis and characterization of di- and tetracarbene iron(II)
complexes with chelating N-heterocyclic carbene ligands and their
application in aryl Grignard−alkyl halide cross-coupling. Organo-
metallics 30, 6692–6702 (2011).

66. Grohmann, C. et al. An iron(II) complex of a diamine-bridged bis-N-
heterocyclic carbene. Organometallics 31, 8047–8050 (2012).

67. Crawford, J. M., Kingston, C., Toste, F. D. & Sigman, M. S. Data
Science Meets Physical Organic Chemistry. Acc. Chem. Res. 54,
3136–3148 (2021).

68. Computations were performed with the Gaussian 16 software
package, Revision A. 03; Gaussian, Inc.: Wallingford, CT (2016).

69. Pladevall, B. S., De Aguirre, A. & Maseras, F. Understanding Ball
Milling Mechanochemical Processes with DFT Calculations and
Microkinetic Modeling. ChemSusChem 14, 2763–2768 (2021).

Article https://doi.org/10.1038/s41467-025-66806-5

Nature Communications |          (2026) 17:150 10

www.nature.com/naturecommunications


Acknowledgements
The authors gratefully acknowledge the support from the ERC
Advanced Grant (no. 101021358) and the DFG (Gottfried-Wilhelm-Leib-
niz-Preis and SPP2363) to L.A., the Alexander von Humboldt Foundation
(fellowship to Z.-J. Z.), and the CSC scholarship (Z.L.).

Author contributions
L.A. and Z.-J.Z. conceived the project. Z.-J. Z. designed the experiments
and analyzed the data. Z.-J.Z. and Z.L. performed the experiments. X.C.
performed the computational studies. All the authors participated in the
discussion and preparation of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-66806-5.

Correspondence and requests for materials should be addressed to
Lutz Ackermann.

Peer review information Nature Communications thanks Radovan
Šebesta, and theother anonymous reviewers for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Article https://doi.org/10.1038/s41467-025-66806-5

Nature Communications |          (2026) 17:150 11

https://doi.org/10.1038/s41467-025-66806-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Mechanochemical ligand-controlled regiodivergent hydroarylation of alkenes via iron-catalyzed C−H activation
	Results and discussion
	Optimization of reaction conditions
	Substrate scope
	Scale-up and late-stage transformations
	Mechanistic studies
	Computational studies

	Methods
	General procedure for mechanochemical iron-catalyzed regioselective hydroarylation of unactivated alkenes
	General procedure for mechanochemical iron-catalyzed regiodivergent hydroarylation of aryl alkenes

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




