
rsc.li/chemical-science

  Chemical
  Science

rsc.li/chemical-science

ISSN 2041-6539

EDGE ARTICLE
Xinjing Tang et al. 
Caged circular siRNAs for photomodulation of gene 
expression in cells and mice

Volume 9
Number 1
7 January 2018
Pages 1-268  Chemical

  Science

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  G. Li, D. H. Zhang,

Y. Liu, H. Yao and Z. Zhou, Chem. Sci., 2026, DOI: 10.1039/D6SC00107F.

http://rsc.li/chemical-science
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6sc00107f
https://pubs.rsc.org/en/journals/journal/SC
http://crossmark.crossref.org/dialog/?doi=10.1039/D6SC00107F&domain=pdf&date_stamp=2026-03-31


1

Solvent–Temperature Coupled Hydride Transfer 

Controls Product Selectivity in the HSiR₃/KOtBu 

Catalytic System 

Haojiang Yao1,2, Zhenhao Zhou2,3, Ye Liu4*, Dong H. Zhang2* and Guohui Li2,4*

1 School of Chemistry and Materials Science, University of Science and Technology of China, 
Hefei, 230026, China; 

2 State Key Laboratory of Chemical Reaction Dynamics, Dalian Institute of Chemical Physics, 
Chinese Academy of Sciences, Dalian, 116023, China.

3 China; University of Chinese Academy of Sciences, Beijing 100049, China.

4 Interdisciplinary Research Center for Biology and Chemistry, Liaoning Normal University, 
Dalian, 116029, China.

* Correspondence and requests for materials should be addressed to G. L., D. Z., Y. L. (email: 

ghli@dicp.ac.cn, zhangdh@dicp.ac.cn, yeliu@lnnu.edu.cn)

Page 1 of 36 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/3

1/
20

26
 1

1:
39

:1
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6SC00107F

mailto:zhangdh@dicp.ac.cn,
mailto:yeliu@lnnu.edu.cn)
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00107f


2

ABSTRACT

The HSiR3/KOtBu catalytic system affords a notable regioselective C-H silylation reaction using 

alkali earth metals, yet its mechanistic origins and the temperature-dependent selectivity inversion 

remain unresolved. Here, we combine active learning neural network potentials with long-

timescale ab initio quality molecular dynamics and enhanced sampling to simulate the 

HSiEt3/KOtBu catalyzed deprotonation reaction of N-methylindole in a complete operando 

solution environment. We found that KOtBu can rapidly aggregate in organic solution to form 

catalyst cluster, which are able to activate and stabilize hydride derived from silane hydride, and 

this operando generated hydride is the catalytically active species. The hydride is able to 

deprotonate C2 and C3 protons on N-methylindole, and this reaction site selectivity is affected by 

the stability of cluster controlled by solvent and temperature coupling, which gives rise to 

nonlinear activation entropy of the C3 pathway in the neat silane environment. Unlike 

tetrahydrofuran solutions, the weak polarity of neat silanes makes it difficult to support 

deprotonation reactions at the less acidic C3 position at high temperature, thus affecting 

temperature-dependent selectivity. These results provide a microscopic predictive framework for 

tuning the selectivity in base-promoted hydrosilane chemistry and illustrate how explicit 

operational solvation and cluster formation can reshape mechanistic conclusions drawn from static 

models. 
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INTRODUCTION

Heteroarylsilanes are valuable building blocks in pharmaceutical and functional molecular 

design, as the incorporation of silicon into heteroaromatic frameworks can enhance lipophilicity, 

metabolic stability, and membrane permeability. 1, 2 Among available synthetic strategies, direct 

C–H silylation of heteroarenes represents an attractive yet fundamentally challenging 

transformation, owing to the low acidity and inertness of aromatic C–H bonds. 3 Conventional 

approaches typically rely on prefunctionalized organolithium or organomagnesium 

intermediates4 or transition metal catalysts such as Ru, Rh, or Ir 5-7, which often suffer from 

limited functional-group tolerance, poor sustainability, or concerns related to metal 

contamination. 

A notable breakthrough was reported by Grubbs and co-workers, who developed a Earth-

abundant metal C–H silylation protocol using potassium tert-butoxide (KOtBu) and hydrosilanes 

as the silicon source (Scheme 1a).8 This HSiR3/ KOtBu system exhibits broad substrate scope, high 

regioselectivity, and operational simplicity, and has since been extended to numerous 

heteroaromatic and carbocyclic substrates. Despite its synthetic utility, however, the microscopic 

mechanism of this catalytic system remains under active debate. Several pathways have been 

proposed, including electron transfer,9-12 hydrogen atom transfer13 and hydride transfer 

mechanisms (Scheme 1),10, 13-15 reflecting the mechanistic complexity of this system and its 

sensitivity to reaction conditions.
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Scheme1. (a) KOtBu-catalyzed N-methylindole silylation reaction. (b), (c) and (d) depict the 

proposed catalytic reaction mechanistic steps using simplified and intuitive reaction equations to 

describe the catalytic process.

Particularly intriguing is the experimentally observed dependence of regioselectivity on solvent 

and temperature, including cases of temperature-dependent selectivity inversion.11 While 

desorption electrospray ionization mass spectrometry (DESI-MS) experiments have identified 

transient deprotonated heteroarenes and pentacoordinate silicate species consistent with an ionic 

hydride-transfer pathway,15 The origin of regioselectivity, and how it is affected by reaction 

conditions, has not been explained at a molecular level. In particular, it remains unclear how 

(a) KOtBu-Catalyzed Silylation of N-Methylindole

(b) Generation of Hydride

(c) Deprotonation

tBuO Et3SiH+ Et3SiOtBu + H

+ H + H2N
Me

N
Me

N
Me

+

Et3SiOtBuN
Me

N
Me

+ + N
Me

SiEt3 +
N
Me

SiEt3
+ tBuO

(d) Silylation

N
Me

N
Me

SiEt3 +KOtBu
Et3SiH

solvent
H2+

N
Me

SiEt3
+
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solvent environment and temperature cooperatively modulate the stability of reactive 

intermediates and transition states in this strongly ionic system.

From a theoretical perspective, most mechanistic studies of the HSiR3/KOtBu system have relied 

on static quantum chemical calculations, often employing implicit solvent models or small, 

predefined coordination clusters. While these approaches can provide qualitative insights, they 

inherently neglect the dynamic formation of multimeric catalytic species and the fluctuating 

solvation structures present under operando conditions.16 This limitation becomes especially 

severe when charged intermediates or hydride species17, 18 are involved, as static models fail to 

capture localized polarization, nonlinear dielectric responses19, and temperature-dependent 

entropic effects20. As a result, key experimental phenomena, such as solvent-specific reactivity 

trends and the nontrivial temperature dependence of selectivity, remain inaccessible to 

conventional static models.  

Here, we address these challenges by employing ab initio quality machine learning molecular 

dynamics (MLMD) simulations combined with an active-learning workflow to investigate the 

HSiR3/KOtBu catalytic system under realistic solution-phase conditions. This fully dynamic 

approach enables explicit treatment of solvent molecules, operando formation of multimeric 

KOtBu clusters, and temperature-dependent structural fluctuations, without imposing 

preconceived mechanistic assumptions. Crucially, this workflow extends mechanistic studies of 

solution-phase reactions beyond static, few-molecule models to simulations of chemically realistic, 
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many-body environments, allowing direct modeling of operando experimental conditions at ab 

initio accuracy.

By systematically comparing tetrahydrofuran (THF) solvent and neat silane environments over 

a broad temperature range, we uncover how solvent–temperature coupling governs hydride 

generation, free energy of deprotonation, and ultimately product selectivity. Our results provide a 

microscopic and thermodynamic framework that rationalizes experimentally observed selectivity 

patterns and their temperature-dependent inversion, establishing dynamic hydride transfer as the 

key mechanistic origin of catalysis in this system.

METHODS

Neural Network Potential

The complete code used to construct the neural network potential (NNP) was implemented using 

the DeePMD-kit package21. The Deep Potential Smooth Edition (DeepPot-SE)22 model was 

employed for training (Figure 1a). This model consists of two neural networks: an embedding 

network and a fitting network, both adopting a residual neural network (ResNet) architecture. The 

layer sizes of the embedding network were set to (25, 50, 100), with an embedding matrix size of 

12. The fitting network consisted of three hidden layers with 240 nodes each, i.e., (240, 240, 240). 

The cutoff radius was set to 6.0 Å, and the descriptors were smoothly decayed from 0.5 Å to 6.0 

Å. The learning rate was initially set to 1.0 × 10-3 and decayed to 3.51 × 10-8 over the course of 
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training. As the training set expanded, the number of training steps increased accordingly, and the 

final model was trained for 2,200,000 steps , covering approximately 150,000 conformational data.

MLMD

We created two models based on the feeding ratios used in the experiment (Figure 1b).8, 11 In the 

THF solvent system, a periodic cubic box at 300 K contains 4 KOtBu, 1 triethylsilane (Et3SiH), 1 

N-methylindole, and 40 THF molecules (Table S1, Box 1,622 atoms in total). In the neat silane 

system, the box contains 4 KOtBu, 21 Et3SiH, and 7 N-methylindole molecules (Table S1, Box 2, 

676 atoms in total). The catalyst in both systems is KOtBu, and the reactants are Et3SiH and N-

methylindole (Figure S1). Additionally, simulations were extended to examine the aggregation 

patterns of KOtBu catalysts at finer concentrations. Detailed simulation specifications are provided 

in Table S1. All simulations were performed in the NpT ensemble at a temperature of 300-450 K. 

The NpT ensemble was temperature controlled using  Nose-Hoover thermostat23 and pressure 

controlled using Parrinello-Rahman constant24, with the time step set to 0.5 fs and the temperature 

and stress damping parameters set to 50 fs and 500 fs, respectively. The pressure is set to 1 bar. 

Enhanced sampling was enabled through PLUMED25, which was activated during biased 

simulations.

We employed the well-tempered metadynamics (WT-MetaD) method26, which is an enhanced-

sampling technique used in MD to efficiently explore free-energy landscapes and accelerate rare 

events. In WT-MetaD, a history-dependent bias potential is added along selected collective 
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variables (CVs) to encourage the system to escape free-energy minima. A Gaussian bias 𝑉(𝑠,𝑡) is 

added in CV space:

𝑉(𝑠,𝑡) =
𝑡′ <𝑡

𝜔(𝑡′)exp [ ―
𝑠 ― 𝑠(𝑡′)

2

2𝜎2 ]

Where 𝑠 is collective variable, 𝜎 is Gaussian width and 𝜔(𝑡) is time-dependent height of the 

Gaussian. The hill height decays as:

𝜔(𝑡) = 𝜔0exp [ ―
𝑉 𝑠(𝑡) ,𝑡)

𝑘𝐵Δ𝑇 ]

Where 𝜔0 is initial hill height and Δ𝑇 us fictious bias temperature. The free energy is obtained 

as:

𝐹(𝑠) = ―
𝑇 + Δ𝑇

Δ𝑇 𝑉(𝑠)

An equalized metadynamics bias is applied along the CV to increase the probability of molecular 

collisions leading to a reaction. The advantage of temperature-controlled metadynamics is that it 

limits the size of the deposition bias, prevents the exploration of unphysical regions of the reaction 

space, and allows for accurate calculation of the free energy.27 Free energy curves calculated using 

WT-MetaD are verified for convergence (Figure S3-S4).
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Figure 1. (a) Active Learning for Neural Network Potential Training and Chemical Space 

Exploration Workflow. (b) Boxes constructed to simulate catalytic reactions in real solvent 

environments.

Workflow

Our active learning workflow aims to build an accurate neural network potential and explore 

chemical reactivity with minimal computational cost and chemical intuition (Figure 1a). This 

strategy is efficient, generalizable, and automated. Based on the bias calculation method proposed 

by Zhang et al.28, we use multiple NNP models (initialized with different random seeds) to evaluate 

the force uncertainty of the whole system. The maximum deviation in atomic forces, denoted as 

𝜎𝑓, is used to select new data points:

Exploring

σlow σhight

accurate

candidate

fail

Neural Network Potential

Training Labeling

Candidate
ab initio

Energy
Force

(a)

(b)

THF Solvent Neat

Simulation Systems
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𝜎𝑓 = max
𝑖

1
4

4

𝛼=1
‖𝐹𝛼

𝑖 ― 𝐹𝑖‖2

Here, 1/4 corresponds to the use of four NNPs. 𝐹𝑖 is the averaged force on atom 𝑖 from the four 

models, and 𝐹𝛼
𝑖  is the predicted force on atom 𝑖 from model 𝛼. Two thresholds were set for labeling: 

𝜎𝑓
𝑙𝑜𝑤 = 0.20 𝑒𝑉/Å and 𝜎𝑓

ℎ𝑖𝑔ℎ = 0.35 𝑒𝑉/Å. For each exploration iteration, the average model 

deviation 𝜎𝑓
𝑎𝑣𝑔 was calculated. Conformations with 𝜎𝑓 values between (𝜎𝑓

𝑙𝑜𝑤 + 𝜎𝑓
𝑎𝑣𝑔) and (𝜎𝑓

ℎ𝑖𝑔ℎ 

+ 𝜎𝑓
𝑎𝑣𝑔) were considered informative and were selected for labeling via DFT calculations, then 

added to the training set. Structures with 𝜎 below the lower bound were regarded as accurately 

described, while those exceeding the upper bound were discarded as unphysical. This iterative 

workflow, combining NNP training with WT-MetaD, was repeated until the training dataset was 

sufficiently comprehensive (Figure S2). 

DFT Calculations

All density functional theory (DFT) calculations were performed using the freely available 

CP2K/QUICKSTEP package29. The total energies and atomic forces in the dataset were computed 

at the same theoretical level as that used for the ab initio molecular dynamics (AIMD) simulations, 

ensuring internal consistency. Electronic structure calculations employed the Perdew–Burke–

Ernzerhof (PBE) exchange–correlation functional30, in conjunction with Goedecker–Teter–Hutter 

(GTH) pseudopotentials31, 32 to describe the core electrons. We used the DZVP-MOLOPT-PBE-

GTH basis set (a double ζ valence basis set with polarization) optimized for the PBE functional. 
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The plane-wave cutoff for the finest integration grid was set to 400 Ry. Grimme’s DFT-D3 

dispersion correction33 was applied to account for long-range van der Waals interactions, the 

orbital transform (OT) algorithm34 is used to optimize the self-consistent wave function (SCF). 

The choice of the PBE functional with Grimme’s D3 dispersion correction (PBE-D3) reflects a 

balance between computational efficiency and reliability, and its robust and transferable 

performance makes it particularly suitable for constructing NNPs that capture reactive dynamics 

in complex solution phases. 35-37

RESULTS

Operando Formation of Catalytic Clusters and Generation of Hydride

To facilitate the discussion of the reaction mechanism, the catalytic silylation of N-methylindole 

by the HSiEt3/KOtBu system can be divided into three stages: hydride generation (Scheme 1b), 

deprotonation (Scheme 1c), and silylation (Scheme 1d).

The formation of a free hydride species in solution is exceptionally rare and mechanistically 

intriguing. Its microscopic pathway is often ambiguous because a hydride can only exist when a 

catalyst provides a strongly electrostatic and highly stabilizing environment, typically through 

operando formed clusters.38-40

In the first stage of the reaction, we defined a collective variable (CV) based on the KOtBu -

HSiEt3 distance to monitor their mutual approach and subsequent bond rearrangement.
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In the initial THF environment simulation box, KOtBu ion paris were placed in a dispersed 

configuration (Figure 2). As the simulation progressed, KOtBu gradually organized into stable 

clusters.

The time-resolved MLMD trajectory clearly shows the aggregation process: a dimer appears in 

the first 20 ps, followed by the formation of a trimer at around 100 ps. After a lot more time has 

passed, a tetramer (the primary clusters capable of forming hydrides) appears for the first time 

around 2 ns. 

Figure 2. (a-d) Sequential snapshots at 0 ps, 20 ps, 100 ps, and 2 ns highlighting the evolution 

of KOtBu molecules; other molecules are rendered using transparency. 

To place the simulated potassium alkoxide aggregate in structural context, it is useful to compare 

it with representative single-crystal potassium alkoxide structures. Chisholm et al.41 showed that 

KOtBu can be isolated as a cubane-like tetramer [KOtBu]4, while crystallization from tBuOH-

containing media affords the hydrogen-bonded ribbon-chain precursor [KOtBu·tBuOH]n. Under 

strongly donor-stabilizing conditions, lower-order species such as elemental [K(18-crown-

6)(OtBu)] can be obtained, where crown ether coordination saturates the potassium center.42 It can 
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thus be seen that in weakly polar solvents, potassium alkoxides tend to adopt self-aggregation 

structures. Therefore, when considering potassium alkoxide catalysts, it is recommended to treat 

aggregates as the fundamental structural units.

In our simulations, the radial distribution function (RDF) between K⁺ and the oxygen atom of 

THF in the system exhibits a first coordination shell peak at r = 2.85 Å (Figure S5a), with an 

average coordination number CN = 3.2 for K⁺ in THF (Figure S5b). These values are in close 

agreement with results obtained from similar THF-solvated potassium complex crystals.43, 44

We conduct additional simulations with larger and more dilute boxes that more closely 

approximate experimental composition regimes (Table S1). In these extended systems, tetrameric 

KOtBu aggregates persist as the dominant and enduring catalytic units throughout molecular 

dynamics simulations even as collision frequencies decrease (Figure S6). This indicates that 

tetramer formation does not solely result from simulation bias originating from initial high-density 

setup.

Because KOtBu self-aggregation and complexation of KOtBu with silane constitute competing 

processes (Figure S7), these trajectories directly establish that aggregation is the dominant pathway, 

leading to the operando formation of tetrameric KOtBu clusters that serve as the key reactive units. 

Importantly, formation of the tetramer does not merely “collect” ions; it qualitatively reshapes 

the reactive coordination chemistry by enabling the tBuO⁻ anion to dynamically interconvert 

between two coordination motifs: the tetrameric KOtBu cluster and a pentacoordinate silicon 

intermediate formed upon interaction with Et3SiH (Figure 3a and S8b). Pentacoordinate and, more 

generally, hypercoordinate silicon species are well precedented in the literature and have been 
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structurally characterized in a variety of settings,45 this includes even silicon hydride–containing 

hypervalent species and hydridosilicates.46-48 In our case, the optimized pentacoordinate silicon 

adopts a distorted trigonal-bipyramidal arrangement (Figure S8b), with an elongated axial Si-O 

bond of 2.03 Å, a trans Si-C bond of 2.01 Å, two shorter equatorial Si-C bonds of 1.91 and 1.92 

Å. The Si-H bond length increased from 1.50 to 1.52 Å upon activation (Figure S8a).

Figure 3.  (a), (b) Representative snapshots of the hydride-formation transition state (TS), i.e., 

hydride transfer and Si–H cleavage from the pentacoordinate silicon, and the corresponding final 

state (FS). (c) Free energy curves for hydride generation at 300 K under different solvent 

environments, with IS, TS, and FS labelled. (d) Atomic charges49 of the hydride-origin hydrogen 

atom at IS, TS, and FS. The coloring of the atoms in all snapshots: C—cyan, H—white, O—red, 

Si—yellow, K—pink, H⁻—purple.

Hydride generation occurs only when the pentacoordinate silicon approaches the highly 

charged pocket of the tetramer (Figure 3a-b). In this configuration, the catalytic cluster establishes 

an intense electrostatic field and a locally polarized electrostatic environment, which collectively 

weaken the Si–H bond and lower the rearrangement barrier.50, 51 Once the Si–H bond undergoes 
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heterolytic cleavage, the nascent hydride is immediately captured by the cluster core, preventing 

its diffusion into bulk solution. This cluster-assisted Si–H activation is inaccessible in monomeric 

KOtBu (Figure S9). 

Long-timescale MLMD simulations further confirm that the resulting hydride-bound cluster is 

kinetically stable. This observation is consistent with experimental intuition: Hydride is an 

extremely hard base with an exceptionally high charge density, and it cannot exist as a freely 

solvated species in an organic solution. Instead, it remains sequestered within a tightly multimeric 

cluster immediately following the cleavage of the Si–H bond.52-54 

With this cluster-enabled mechanism established, we next quantify how the solvent environment 

modulates the same hydride-generation event. The free energy barriers for hydride generation 

differ slightly in the two examined conditions (Figure 3c). In THF, the TS appears at 18.6 

kcal*mol-1, whereas in the neat environment, the TS increases to 21.5 kcal*mol-1. Although the 

barrier is higher in the neat environment, both values fall within the range accessible at ambient 

temperatures for organic reactions. After crossing the TS, the reaction reaches the FS shown in 

Figure 3b, in which a hydride is captured by the KOtBu catalyst cluster.

The charge evolution along the reaction coordinate further highlights the differentiated 

electrostatic environments created by THF and neat silane (Figure 3d). In THF, the reacting 

hydrogen consistently carries a more negative partial charge, from the initial state to the transition 

state and finally to the hydride-rich product state. This indicates that the polar solvent effectively 

stabilises the progressive charge separation associated with Si–H heterolysis. The enhanced 
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stabilization is most evident in the product region, where the hydride reaches a substantially more 

negative charge in THF, reflecting the combined effect of solvent polarity and the well-organised 

tetrameric potassium cluster. Conversely, the neat silane medium provides weaker dielectric 

screening; the hydrogen remains less negatively charged at every stage, revealing a reduced ability 

to accommodate charge redistribution during bond cleavage. This result also implies a difference 

in the free energy barrier for deprotonation step under the two environments.

At the same time, the limited stability in a nonpolar environment explains the higher and more 

temperature-sensitive free energy barriers observed in neat silane. From a mechanistic perspective, 

THF readily supports hydride polarization through solvation, whereas neat silane rely heavily on 

the integrity of the multimeric KOtBu cluster to compensate for their weak solvating ability, which 

makes the reaction pathway more susceptible to thermal disruption of the cluster structure (see 

below).

Free Energy of Deprotonation Calculation by Dynamic Simulation

The deprotonation reaction of N-methylindole constitutes the second and rate-determining stage 

of the catalytic cycle. This step proceeds via hydride-mediated abstraction of a proton from either 

the C2 or C3 position of the indole ring, thereby generating the reactive nucleophilic intermediates 

required for subsequent heterocycle silylation (Figure 4).

The reaction is characterized by a highly ordered transition state in which the hydride 

nucleophile approaches the C-H bond while the surrounding solvent molecules reorganize to 
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stabilize the charge separation being formed. As a result, the process is entropically disfavored, 

and its free energy barriers exhibits a pronounced temperature dependence.

Figures 4. Snapshots of N-methylindole deprotonation reactions taken from simulation trajectories. 

(a) IS. (b) TS of the deprotonation reaction at the C2 site. (c) C3 site deprotonation reaction. 

Highlighted rendering of the hydride (purple coloring) and N-methylindole, transparent rendering 

of the other species. 

To capture these effects, we performed more than 10 ns of well-tempered metadynamics 

simulations for each solvent environment (THF and neat silane) and temperature condition (300-

450 K), the extended thermal range enables a systematic decomposition of temperature 

dependence, solvation structure, and entropy contributions.

The simulations reveal a clear and physically intuitive trend: the free energy barriers for both C2 

and C3 deprotonation increase monotonically with temperature. This increase reflects the entropic 
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penalty associated with the formation of a tightly organized transition state, where hydride binding, 

K⁺ coordination, and solvent reorganization reduce configurational freedom.

Specifically, under THF dissolution conditions, moderate polarity and modest dielectric 

shielding are more effective in stabilizing the progressive charge redistribution that accompanies 

deprotonation from the IS (Figure 4a) to TS (Figure 4b-c) process than in the weakly polarized 

neat silane environment as a consequence, THF yields overall lower computed free-energy barriers 

and a near-linear temperature dependence of ∆G≠. At 300 K the calculated ∆G≠ values for C2 and 

C3 deprotonation are 18.1 and 21.3 kcal/mol, respectively; by 450 K these barriers increase to 22.0 

and 22.8 kcal*mol-1, reducing the intrinsic kinetic gap between the two sites (Figure 5a). We 

emphasise that activation entropies drive this temperature dependence: the activation entropy is 

obtained from the temperature derivative of the barrier, and in THF the C2 pathway incurs a 

substantially larger entropy loss (∆S≠ = −25.7 cal*mol-1*K-1) than the C3 pathway (∆S≠ = −9.8 

cal*mol-1*K-1) (Figure 5c). The larger negative ∆S≠ for C2 causes its barrier to rise more rapidly 

with temperature, which explains why the kinetic preference for C2 diminishes as T increases in 

THF.
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Figures 5. (a) and (b) Free energy barriers (∆G≠) for C2 and C3 deprotonation as a function of 

temperature in the THF and neat environments. (c) and (d) The activation entropy (∆S≠) of the C2 

and C3 deprotonation as a function of temperature in the THF and neat environments.

By contrast, in the neat silane environment the C3 pathway exhibits a pronounced, non-linear 

entropic response: between 300 and 350 K the C3 barrier rises sharply (21.5 to 24.6 kcal*mol-1) 

while the C2 barrier changes only modestly (18.6 to 19.8 kcal*mol-1) (Figure 5d). Structural 

analysis indicates that this behaviour arises from temperature-sensitive disruption of the 

multimeric K–hydride aggregation that particularly stabilises the ordered TS required for C3 

deprotonation (Figure 6). The abrupt change in cluster stability produces a large, non-linear change 

in the effective ∆S≠ for C3 (Figure 5d), which is not captured by implicit-solvent or static 

calculations.

We also note two important caveats relevant to experimental selectivity. First, our computed 

∆G≠ values do not show a strict barrier crossover within the simulated temperature range; rather 

they converge, such that kinetic discrimination is reduced at high temperature in THF. Second, the 

final product distribution observed experimentally depends not only on these deprotonation 

barriers but also on the relative thermodynamic stability of the silylated products and specialized 

reverse reaction mechanisms different from forward reactions. Some experiments report product 

interconversion and small amounts of reversion to N-indole, and such long-time, multi-step 

processes are difficult to sample exhaustively in finite MD trajectories. For these reasons we 
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present the deprotonation free-energy barriers primarily as mechanistic indicators of trends 

(entropic sensitivity, solvent coupling, and cluster-dependence) rather than as definitive predictors 

of absolute product ratios. Taken together, the computed entropic trends rationalise why C3 

silylation becomes increasingly competitive at elevated temperature in THF, while the strong, non-

linear entropic penalty in neat silane disfavors C3 across the accessible temperature range.

These findings are consistent with the experimentally observed trends: In THF solution, the 

reaction predominantly affords the C2-silylated product at low temperature, but the selectivity 

reverses at elevated temperature, favoring the C3-silylated product.11 In contrast, in neat 

environment, C2 selectivity persists across all temperatures, and no inversion is observed. 

For completeness, our NNP has been extended to silylation reactions and simulates the third step 

of the catalytic sequence, namely the silylation of the deprotonated indole intermediate (Figure 

S10). Potassium does not play a direct mechanistic role in the final C-Si bond-forming event. 

Instead, the reactivity of this step is determined primarily by the position of the reactive carbon 

center generated in the preceding deprotonation step. Thus, the silylation process follows the 

regioselectivity already established upstream, rather than introducing a new potassium-controlled 

selectivity element.

Nonlinear Entropy Effects and the Origin of Catalytic Selectivity

In conventional quantum chemical calculations employing implicit solvent models, the solvent 

is described as a continuum. This approximation neglects the discrete arrangement and dynamic 

reorganization of solvent molecules, and as a result, the entropy term in such frameworks is 
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typically treated as temperature-independent. This means that the free energy barriers become a 

strictly linear function of temperature, showing a standard linear entropic effect. Therefore, the 

strong nonlinearity in ∆G≠ observed here cannot be captured by static implicit-solvent quantum 

chemistry. This underlines the importance of explicit solvent dynamics and temperature-dependent 

structural fluctuations, which are naturally included in our MLMD simulations.

To rationalize the observed nonlinear entropic effects and site-selectivity inversion, we analyzed 

the structural statistics of the hydride cluster extracted from the MLMD trajectories. Throughout 

the reaction, from the initial state to the transition state and until H2 is formed, the reactive hydride 

is tightly stabilized by cooperative ion pairing between tBuO⁻, K⁺ and H⁻. The extent of this 

aggregation can be quantitatively described using the K–H coordination number. In THF, the 

hydrides preferentially adopt a tetrameric arrangement (coordination number = 3), with a lower 

probability density of trimers (Figure 6a). In the neat silane environment, although tetramers are 

still the dominant polymer species, the distribution is more moderate and the probability density 

of trimers is elevated (Figure 6a).
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Figure 6. (a) and (b) Statistics of the probability densities of the coordination number of the hydride 

with the surrounding potassium ions for the C3-site deprotonation reaction at 300 K and 450 K 

during the IS and TS periods. (c) and (d) Radial distribution functions of hydrides in the C3-site 

deprotonation reaction with THF and silane solvent molecules in the IS and TS phases at 300K-

450K. (e) and (f) Coordination number of hydrides with THF solvent molecules at IS and TS 

during deprotonation of C2 and C3. (g) and (h) Coordination number of hydrides with silane 

solvent molecules at IS and TS states during deprotonation of C2 and C3

The probability of forming well-ordered tetramers decreases systematically with increasing 

temperature, and the distribution of tetramers and trimers becomes gentler (Figure 6b). This change 

reflects enhanced thermal motions and weakened ionic associations at higher temperatures, which 

destabilize the synergistic stabilization provided by multiple potassium cations. Importantly, no 
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conformations corresponding to “2K-H”, “1K-H”, or uncoordinated hydride species were 

observed, even at 450 K. The results of this study are summarized below.

Differences in aggregation states in THF and in neat silane provide a mechanistic origin for the 

different temperature dependences of the C2 and C3 deprotonation barriers. This can be seen in 

the RDFs of between the hydride and solvent molecules. In THF, the structural environment of the 

hydride does not change significantly when the temperature increases from 300 K to 450 K. The 

solvent environment does not undergo rearrangement within this temperature range (Figure 6c). 

This stable aggregation leads to nearly linear ∆G≠ behavior for both C2 and C3 positions.

In the neat environment, from 300 K to 350 K, the solubility of the hydride decreases 

considerably and the stability decreases abruptly (Figure 6d). Deprotonation of C3 is more 

sensitive to partial disruption of ionic clusters as it requires a more ordered transition state and 

tighter hydride polymerization than C2. Loss of ion cluster integrity disproportionately destabilizes 

the C3 transition state, producing the nonlinear steep increase in ∆G≠ observed only for the C3 

pathway (Figure 5b). Importantly, this drop is not driven by intrinsic solvent structural changes: 

the solvent–solvent RDFs for THF and silane show only mild, uniform temperature broadening 

(Figure S11).

The electronic environments of the C2 and C3 sites are fundamentally different: whereas the 

acidic enhancement of the C2-H bond in N-methylindoles arises from the excellent resonance 

stability of the resulting carbon anion, in which the negative charge is efficiently dispersed across 
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the indole framework and partially transferred to the nitrogen atom, deprotonation of C3 leads to 

a more localized anion with reduced stability.55

Therefore, deprotonation at C3 is expected to require more efficient solvent stabilization. More 

generally, explicit solvation and solvent reorganization can play a decisive role in solution-phase 

ionic reaction pathways and in the associated free energy barriers.56, 57 We further quantified the 

solvent contributions by tracking the coordination number between the reactive hydride and 

solvent molecules along the reaction coordinate (Figure 6e-h). Two representative temperatures, 

300 and 400 K, were chosen to reflect typical experimental conditions.

These statistical trends reveal different solvent recombination behaviors at the two reaction sites. 

The significant increase in the coordination of C2 and C3 upon deprotonation in THF (Figure 6e-

f) suggests that the additional THF molecules effectively stabilize the charged species formed in 

TS. In neat environment, the deprotonation of C2 and C3 showed opposite trends. the 

deprotonation of C2 was essentially insensitive to the silane solvent, and the coordination number 

of the hydride at the reaction center to silane remained almost the same with the progress of the 

reaction (Figure 6g), suggesting that the solvent's ability to stabilize the charge-transfer product at 

this position was constant, and there was no solvent recombination. In contrast, the coordination 

number of silane decreases during C3 deprotonation (Figure 6h), internal interactions dominate in 

the TS, and solvent molecules with weaker interactions are displaced. The ability of the solvent to 

stabilize the transition state of the C3 deprotonation reaction decreases, leading to an anomalous 

entropic effect on the free energy barriers of the reaction.
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Relatively speaking, the temperature increase has a slightly greater effect on the neat 

environment (Figure 6e-h), which is consistent with the previously calculated trend of a more 

significant change in the neat deprotonation free energy barrier with temperature.

DISCUSSION 

Whenever a new catalytic reaction is discovered, the study of its catalytic mechanism is usually 

the most difficult step. The HSiR3/KOtBu system is a fascinating example of organosilicon 

catalysis, for which multiple mechanistic pathways have been proposed, including hydride transfer, 

electron transfer and hydrogen atom transfer. Building upon the mechanistic framework originally 

advanced by Shibdas Banerjee and co-workers, our work refines and extends this understanding 

by introducing an explicitly dynamic perspective.

For the first time, we constructed a model very close to the experimental environment and 

accomplished the simulation of the HSiR3/KOtBu catalytic system with the help of a neural 

network potential. Our results strongly support the reaction mechanism of hydride transfer, and by 

means of this reaction mechanism, we discuss the selectivity of the deprotonation process of de-

C-H bonds under different experimental conditions. Our trend studies and analyses strongly 

suggest a microscopic mechanism of selectivity reversal and disappearance of selectivity reversal, 

which is in accordance with the experimental results and shows the correctness of our hydride 

transfer mechanism.

Page 26 of 36Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/3

1/
20

26
 1

1:
39

:1
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6SC00107F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00107f


27

From the perspective of the tetramer KOtBu catalytic reaction, if the catalytic mechanism in 

solution proceeds through stepwise transformations involving hydride intermediates, the system 

must be capable of maintaining a structurally confined and electrostatically stabilized space for the 

hydride to persist. 

Related potassium-based catalytic systems provide useful comparisons. For example, potassium 

graphite (KC8) possesses a layered intercalation structure in which potassium atoms are 

periodically inserted between graphene sheets.58 In such materials, potassium atoms occupy well-

defined positions within the carbon lattice, which can generate localized electrostatic environments 

and potential trapping sites for hydride-like species formed under reaction conditions.59, 60 

Experimental studies have shown that KC8 can catalyze the same transformation,61, 62 albeit with 

lower activity and turnover frequency compared to KOtBu.11 The confined interlayer regions of 

KC8 may therefore provide transient stabilization sites for reactive hydride species within the 

carbon matrix.

Potassium hydride (KH) represents another relevant reference system. In contrast to molecular 

or oligomeric potassium alkoxides, KH exists as an extended ionic solid adopting a NaCl-type 

lattice, where hydride ions are octahedrally coordinated by six potassium cations.63 In addition, 

KH is essentially insoluble in common organic solvents such as THF, meaning that reactions 

typically occur at the solid–liquid interface rather than through discrete solvated hydride species.64, 

65 Fabrizio Palumbo et al. propose that the active catalyst for potassium-based catalytic silylation 
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reactions is not KOtBu, but rather the operando formed KH. This form differs from commercially 

available solid aggregates of KH and exhibits higher reactivity.14  

While our machine learning molecular dynamics simulations, enabled by an active learning 

workflow, allow for large-scale modeling of reactive systems, extending the neural network 

potential to additional catalytic environments still incurs considerable computational cost. This 

lies beyond the present scope of discussion. Nevertheless, we plan to expand our simulation dataset 

in future work to explore how other alkali metal based catalysts modulate hydride reactivity and 

stability, thereby providing a broader mechanistic framework for base-promoted silane 

transformations.

CONCLUSION

By combining machine learning molecular dynamics with active learning workflows, we capture 

temperature-dependent behaviors, solvent effects, and catalyst aggregation that are not possible 

with static quantum chemical methods. The results show that in the HSiR3/KOtBu catalytic system, 

hydride formation and transfer depend on the operando formation of multimeric KOtBu clusters, 

and the constraints of the catalytic clusters allow for sufficient lifetimes of hydrides to participate 

in the subsequent reactions. Second, the experimentally observed temperature-dependent selective 

inversion is caused by entropic effects arising from the coupling of solvent and temperature. In 

neat silane environment, deprotonation of C3 requires a more organized and charge-stabilized 

environment than that of C2, despite its lower intrinsic acidity, and is therefore disproportionately 
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sensitive to solvent polarity and thermal conditions. As temperature rises in weakly polar neat 

silane, disruption of the local solvation/cluster organization reduces transition-state stabilization 

for the C3 pathway, producing the observed non-linear entropic penalty and the abrupt increase in 

its effective free-energy barrier. This selectively suppresses formation of the C3-derived product 

relative to C2 and thereby eliminates the temperature-driven selectivity reversal seen in THF. 

Overall, our operando MLMD framework bridges static mechanistic pictures and realistic 

condensed-phase reaction environments, providing a thermodynamic and microscopic basis for 

how experimental conditions modulate hydride generation/transfer and, ultimately, 

regioselectivity.
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