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Abstract. Divalent group 14 element compounds (heavier carbenes) have been shown to 
serve as transition metal mimics and thus can activate small molecules and strong bonds at 
mild reaction conditions. Incorporating this special ability into novel transition metal-free 
catalysts requires careful tuning of the molecular properties. Finding the optimal combination 
of substituents is challenging and an experimentally highly demanding process. In this work, 
we combine DFT and machine learning methods to predict the energy and activation barrier 
for the activation of dihydrogen by silylenes and germylenes, to thus facilitate the selection of 
candidates for small molecule activation in the future. We demonstrate that - based on the 
analysis of approx. 600 acyclic silylenes generated from 40 different substituents - the energy 
profiles can be reliably predicted by a simple model using the sum of energy increments of the 
substituents of the silylene. Furthermore, quantitative structure-activity relationships between 
the energies and the electronic and steric properties of the silylenes could be established, 
which enabled the prediction of the activation barrier with a mean average error of less than 9 
kJ/mol. The model even enabled an extrapolation to silylenes with substituents not included in 
the original data set, and thus could predict new silylene structures for small molecule 
activation. Moreover, the reported procedure can also be applied to germylenes, and their 
energy profile quantitatively expressed as a function of the energies values of their silicon 
analogues. Overall, the presented protocol allows for a fast screening and prediction of 
possible candidates for H2 activation, which will accelerate the development of main group 
element catalysts in the future.  
 
 

Introduction 

Low-valent main group compounds have long been considered as lab curiosities of limited 
stability and accessibility. However, research endeavors in the past three decades have 
changed this assumption and impressively demonstrated that species with most unusual 
bonding situations and electronic structures can be isolated and most importantly be applied 
in the activation of small molecules and strong bonds.[1] This has sparked interest in applying 
such compounds also in catalysis, with the prospect of developing sustainable, transition metal 
free alternatives to existing protocols. One of the most researched classes of low valent main 
group compounds applied in small molecule activation are carbenes and their heavier 
congeners, R-E-R’ (E = C-Pb).[2] This interest was particularly fueled by the landmark report 
by Bertrand and coworkers in 2007 showing that alkyl(amino)carbenes (e.g. B, Figure 1) are 
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able to activate dihydrogen at mild temperatures, a transformation long thought to be exclusive 
to precious transition metals such as palladium, rhodium, iridium (e.g. A) or ruthenium.[3] This 
transition-metal like behavior is enabled by the availability of an energetically high lying lone 
pair in a non-bonding orbital and a low-lying vacant orbital at the group 14 element, a feature 
reminiscent of the often partially filled d-orbitals of the transition metals. 
 

 

Figure 1. (Top) Dihydrogen activation at a transition metal and divalent group 14 element center; (Bottom) Examples of acyclic 
silylenes capable or incapable of activating dihydrogen. 

With the motivation to substitute these transition metals in future hydrogenation reactions, vast 
research efforts have focused on the expansion of hydrogen activation to other carbenes as 
well as their heavier congeners. Investigations of the use of different substitution patterns and 
their impact on the H2 activation capability led to a first understanding of the important 
electronic properties. For example, it has in general been accepted that a small HOMO-LUMO 
and small singlet-triplet energy gap enhance the activity of the divalent group 14 compounds 
towards bond activations.[3,4] Owing to the increased stability of the +2 oxidation state within 
the group, the activity decreases from carbon to lead. Thus, also several acyclic silylenes[5,6] 
and few germylenes[4d,7] have been reported to undergo H2 activation at the group 14 element 
center (Figure 1). However, for establishing catalytic protocols not only the kinetic but also the 
thermodynamic profile for H2 activation needs to be considered to enable H2 transfer at mild 
conditions. Thus, no carbene system has been identified yet, that is able to activate and 
transfer H2 in a similar way as it has been established since decades for the transition metals. 
To close this gap, the design of new tetrylenes with a specifically designed substitution pattern 
is required. However, the ability of silylenes/germylenes to activate H2 is difficult to predict and 
still not fully understood. Therefore, optimizations of the H2 activation by carbene species still 
relies on tedious trial-and-error experiments by varying the substitution pattern based on 
chemical intuition. 
Similar to the substitution pattern in tetrylene chemistry, the choice of ligands in transition metal 
complexes is decisive for their ability to function as homogeneous catalysts. To accelerate 
catalyst design, the quantification of the steric and electronic ligand properties has early been 
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addressed first by experimental[8,9] and later by computational methods.[10] Based on this 
featurization of ligands improved ligand and catalyst structures can nowadays be predicted 
using computational and machine learning methods and has led to remarkable advances in 
the past few years.[11,12] While this approach has been widely used not only in transition metal 
and organocatalysis, but also in materials chemistry and drug design,[13] a similar strategy has 
not yet been applied for the specific design of main group species.[14] We envisioned that the 
field of main group element catalysis could also benefit from such an approach and the 
computer-aided selection and prediction of improved structures. To realize this goal, we aimed 
at the development of a model that allows to computationally describe and predict the 
propensity of tetrylenes to activate dihydrogen.  

Here, we demonstrate that carbene systems can indeed be modelled like transition metal 
complexes and can be described by similar features as used in ligand design. This strategy 
allowed us to predict the activation energy for the H2 activation with high accuracy based on 
the substituent properties and correlate the energy profiles of different tetrylenes (silylenes and 
germylenes) with each other. These results allow for a further understanding of the substituent 
properties crucial for bond activations and may be employed to accelerate the design of future 
main group compounds for small molecule activations. 

Results and Discussion 

Definition of the chemical space region and data generation. To explore the chemical 
space of heavier carbenes applicable in hydrogen activation, we conducted a virtual screening 
of compounds of type RER' with E = Si and Ge. We decided to focus our studies on silylenes 
and germylenes which we expected to be the most promising candidates for reversible H2 
activation due to the higher stability of the +2 oxidation state compared to carbenes combined 
with the higher activity and R-E bond strengths relative to the tin and lead analogues.[7] Initially, 
we focused on silylenes, which we generated in silico by combinatorial enumeration of different 
R substituents bound to the silicon center. To generate a large but also meaningful chemical 
space of silylenes, we initially chose substituents previously described in literature to form 
stable acyclic silylenes or germylenes, some of which were capable of activating dihydrogen 
(Figure 1),[5,6,15] and enlarged the library by derivatives of these substituents. This selection 
was made to ensure synthetic accessibility of the calculated systems. Overall, 40 substituents 
of different sizes and with different donor atoms (Figure 2) were used, including amido, alkyl 
and aryl, oxylato, thiolato, phosphanyl, silyl, N-heterocyclic iminyl (NHI) and boryl groups. Next, 
the silylenes were virtually generated from combinations of these substituents and thus used 
in further studies. 
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Computational exploration of the reaction energies. For each of the obtained 598 silylenes 
the energy of the activation barrier R1R2Si-TS, the activation product R1R2Si-H2 and the 
silylene itself R1R2Si: were calculated (Scheme 1, for detailed information see the Supporting 
Information). These energies were obtained through an automated procedure depicted in 
Figure 3. The initial geometry guesses for the silylenes and the H2 activation products were 
generated from the corresponding SMILES strings via an initial geometry optimization at the 
GFN2-xTB level of theory with the GBSA solvent model for THF,[16] followed by a subsequent 
conformer ensemble generation using CREST at the same level of theory.[17] The lowest 
energy conformer was then chosen for further optimization at density functional theory (DFT) 
level (PBE0-D3/df2-svp//PBE0-D3/df2tzvp). For the transition states, the first structure guess 
was made based on the assumption that R1R2Si-TS resembles the structure of the silylene 
R1R2Si:. Starting from the optimized silylene structure the initial geometry guess for the 
transition state was obtained by addition of two hydrogen atoms to R1R2Si: using mean 
distances, angles and dihedrals obtained from initially calculated transition states. As there are 
two possible locations for hydrogen atoms at both sides of the silylene, both TS were optimized 
on DFT level, from which the energetically favored TS was used in the following.  

 

Scheme 1. Calculated mechanism for the dihydrogen activation at the silicon atom in silylenes. All energy values are given in 
Table S6, S7 and S8 in the Supporting Information. 

 

Figure 2.  Substituent space with 40 substituents containing amido, aryl, oxylato, thiolato, alkyl, phosphanyl, silyl, NHI and boryl 
substituents. 
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Figure 3. Workflow used to generate the DFT data used in this study.  

It should be noted that during TS search two different modes of hydrogen activation were 
observed for some structures: the single-site and cooperative H2 activation across the Si-R 
linkage.[18] These cooperative H2 activations were mainly found for silylenes with boryl 
substituents due to the availability of an empty p-orbital at boron, but also for some silyl 
substituents. Within this work we decided to focus only on single-site H2 activations, and thus 
tried to obtain only this transition state for each silylene. Transition states which could not 
clearly be determined as single-site were excluded from the dataset. Furthermore, it must be 
noted that in some cases the value for the “barrier” (energy difference between R1R2Si-TS and 
R1R2Si:) is negative. This can be explained by the formation of intermediate R1R2Si-Int 
(Scheme 1), in which H2 coordinates to the silicon center through an interaction of the σ-bond 
of H2 and the vacant p-orbital of the silicon center analogous to σ-complexes in transition metal 
complexes. For highly reactive and instable silylenes, R1R2Si-Int as well as R1R2Si-TS are 
energetically favored compared to the free silylene and H2. In these cases, the energy 
difference is not equal to the actual barrier of the reaction, but still reflects the impact of the 
substituent on H2 activation relative to the silylene. Thus, and for clarity, we used the term 
“barrier” in the following for all energy differences between the free silylene and the H2 
activation transition state. 
 

Substituent increments for the activation and reaction energy. With the energy profiles of 
the H2 activation for 598 silylenes at hand, we became interested in deducing systematic 
patterns between the substituents and the resulting energies, that would allow for a facile 
prediction of the activation potential of new silylenes. Based on the Benson group theory in 
thermochemistry,[19] we hypothesized that the calculated reaction energies and activation 
barriers for the hydrogen activation can be expressed as a sum of contributions from each 
substituent bound at the silicon center. This procedure was chosen in analogy to the ”Bag of 
Substituents” first used by Tolman and recently by Gensch et al. to describe the properties of 
phosphine ligands in transition metal catalysis based on the sum of their substituent 
contributions.[20,21] To verify our hypothesis, we described all silylenes as a matrix of all unique 
substituents, with each matrix element expressing how often (0, 1, 2) a substituent is present 
in the silylene. Multivariate linear regression (Ridge) with a train-test-split of 70:30 led to a 
highly predictive model (Figure 4A), which confirmed the additivity of the substituent energies 
increments as reflected in the high quality coefficients of determination. For example, in case 
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of the activation energy a mean absolute error (MAE) of only 9.1 kJ/mol for the test set (R2
test 

= 0.95) was determined. Additionally, we analyzed, how often a substituent must be present 
in the training data to obtain good results from the fit. Obviously, each substituent must be 
represented at least once in the training data, but slightly better results are obtained if each 
ligand is represented at least twice (for details see SI, Figure S7). Thus, models with larger 
proportion of the test set in the train-test-split still perform well. The prediction quality of the 
model for the reaction energy ΔGH2 was likewise very good (Figure 4B), and sufficiently 
accurate, so that we concluded that ΔG‡ and ΔGH2 of the H2 activation can be expressed simply 
by the sum of their substituent increments.  

 

Figure 4. Performance of the ridge regression (train-test-split = 70:30) for the calculated and predicted (A) activation barrier and 
(B) reaction energy based on the Bag of substituents (Figure 1); Gibbs Free Energies ΔG in kJ/mol, x-axis: calculated ΔG, y-axis: 
predicted ΔG,  MAE: mean absolute error in kJ/mol and relative to standard deviation. (C) Calculated barrier (top) and 
thermochemistry (bottom) increments in kJ/mol for all 40 substituents. Bars are coloured by the element of the substituents directly 
bound to the silicon center. 

The final increments for all 40 substituents were obtained from the fit by the substituent 
coefficient and intercept. The bar plot of increments (Figure 4C) colored by the elements in α-
position to the silicon center shows a strong dependence between the increment and this 
element. All substituents within each group have similar increments thus allowing for a rough 
estimation of the impact of a specific substituent on the activity of silylenes towards hydrogen. 
For example, boryl and silyl groups in general lead to low activation barriers – in line with the 
silylenes hitherto known to activate H2 (Figure1) – but highly stable products from which H2 
elimination or transfer will be challenging to realize. On the other hand, N- and O-substituents 
lead to the reverse trend, i.e. high activation barriers and less exergonic reaction profiles, 
suggesting that a combination of these substituents with boryl or silyl groups might be better 
suited for realizing catalytic turn-over at mild conditions. Interestingly, phosphanyl substituents 
– such as those studied experimentally by Izod and coworkers for germylenes[22] – occupy an 
intermediate position suggesting a so far untapped potential of these silylenes in small 
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molecule activation.[23] Of all the substituents studied, they most likely would lead to a possible 
H2 transfer judged based on the required energy for the back reaction. Nonetheless, a truly 
reversibly hydrogenation reaction will not be possible with these (or any other) substituents. 
However, this does of course not exclude hydrogenation reactions of unsaturated compounds 
such as alkenes, carbonyl compounds or imines, for which hydrogen transfer has a different 
activation barrier than the dehydrogenation reaction studied here. 
 
Correlation of substituent properties with the activation energy and energy prediction. 
Thus far, the high-throughput virtual screening enabled a first computational exploration of the 
chemical space of silylenes for H2 activation and demonstrated that the reaction energy and 
activation barrier can be predicted by substituent energy increments. However, the available 
data set also allows for an analysis of relationships between these energy values and the steric 
and electronic properties of the silylenes and their substituents. Given that the bag of 
substituents does not allow to predict energies of substituents beyond the used data set, such 
a correlation with physicochemical features would remove this limitation and facilitate 
extrapolation to so far untested substituents, which will be helpful to accelerate the exploration 
of potential main-group element catalysts in the future. 
To describe the silylenes and their substituents and to guarantee interpretability of the results 
we selected a descriptor-based parametrization of the molecules including steric and electronic 
properties (Table S2+S3).[10] Such descriptors have been used for the featurization of ligands 
in transition metal catalysts and successfully applied for the prediction of optimal ligand 
structures to improve the catalytic performance.[11] A total of 98 features were obtained from 
DFT calculations, population analyses and conceptual DFT methods to characterize each 
silylene and the respective substituents (see the Supporting Information for details). The 
Pearson correlation coefficients were calculated to examine the correlation of the properties 
with the activation barrier and reaction energy (Figure 5). The HOMO-LUMO gap is often used 
in literature to explain the reactivity of carbenes towards small molecule activation.[4] Indeed, 
this descriptor was found to strongly correlate (ρ = 0.80) with the activation barrier, although 
the hardness of the silicon atom (= fundamental gap, IP-EA) showed a stronger correlation (ρ 
= 0.82) and thus would be better suited as a single descriptor for estimating the H2 activation 
potential of silylenes.  
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Figure 5. Pearson correlation ρ of calculated features with activation barrier. 

Despite the strong correlation of both features with the barrier, using these features alone for univariate 
linear regression turned out to be insufficient for making reliable predictions of the activation 
energy. For example, regression of the HOMO-LUMO gap with the barrier results in a mean 
absolute error (MAE) of 25.8 kJ/mol (0.48) (R2 = 0.64, Figure 6A). This limitation may be 
explained by the fact that the HOMO and LUMO orbitals are usually not entirely localized at 
the silicon center but often delocalized across the substituents. Another frequently discussed 
feature is the R1‒Si‒R2 angle, which however exhibits no correlation with the barrier according 
to our data (RER angle: R2 = 0.04, MAE = 42.70 kJ/mol (0.79)). Consequently, this feature is 
not suitable for predicting barriers in acyclic silylenes, but may help to explain the higher 
barriers observed in cyclic silylenes compared to acyclic ones. To obtain a more reliable 
prediction of the H2 activation barrier based on the silylenes properties, multivariate linear 
regression with 7 linear independent descriptors was performed, which enabled an improved 
prediction (MAEtest = 12.17 kJ/mol (0.22), Figure S12). Within this model, the HOMO-LUMO 
gap, the local softness s- of the silicon atom in terms of the removal of an electron and the 
occupation of the lone pair at the silicon center are the most important features. 
To both, simplify and further improve our model, we probed including a categorical variable for 
the elements in α-position to the silicon center in addition to the physicochemical descriptors, 
since we had observed a strong relationship between these elements and the calculated 
energy increments of the substituents (Figure 4). Similar to the bag of substituents, the 
categorical variable of elements in α-position was transformed into a matrix with all unique 
elements (Si, B, P, C, S, N, O) and the matrix elements describing how often this element is 
present in α-position (0, 1, 2) in the respective silylene. This approach again enabled the 
calculation of energy increments specific to these elements (Table 1). To our delight, this 
simple approach allowed for a fast estimation of the activation barrier, with a mean average 
error of only approx. 11 kJ/mol (R2(test) = 0.95; see Figure S15). It is surprising that this model 
performs even better than the first model based on steric and electronic descriptors and 
underlines the importance of the nature of the α-element for the silylene properties. This simple 
model allows the rapid estimation of the activation barrier for any silylene based on the 
elements in the α-position and can therefore be easily calculated in head. For example, a 
barrier of about 64 k/mol (±11 kJ/mol) is expected for a diarylsilylene.  
 

Table 1. Energy increments of barrier and thermodynamics in kJ/mol specific to the α-position of the silicon center. 

Element in  
α-position 

Increment for the 
activation barrier 

[kJ/mol] 

Increments for 
reaction energy 

[kJ/mol] 

Si -9.38 -97.83 

B -9.87 -100.13 

P 43.51 -63.17 

C 31.69 -90.48 

S 76.04 -39.89 

N 86.21 -51.08 

O 100.24 -53.71 
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Figure 6. (A) Univariate correlation of the HOMO-LUMO gap and the RSiR‘ angle with the H2 activation barrier and (B) Ridge 
regression of the element increments in combination with physiochemical properties with the activation barrier and display of the 
coefficients for the increments and properties (LOO = Leave-one-out). A description to all features used in the model is given in 
the Supporting Information. 

Combining the matrix of the elements in α-position with five linearly independent property 
descriptors obtained from DFT calculations finally led to a model with ridge regression that 
predicts the barrier with a mean absolute error lower than 9 kJ/mol (MAEtest = 8.95 kJ/mol) and 
thus allows for a reliable prediction (Figure 6B). Within this model, the value of the R-Si-R 
angle, the softness of one of the substituents towards removal of an electron and the 
electrophilicity of the silicon atom were found to be the most important property features. Using 
the same approach for modelling the energy of the activation processes, also allowed for an 
accurate prediction of ΔGH2 with a MAE of only approx. 8 kJ/mol (Figure S22). 
 
Predictions beyond the data set. Having established an accurate model, we next aimed at 
evaluating its predictive power. To this end, we investigated the hydrogen activation by the 
four new silylenes 1-4 (Figure 7). We intentionally opted for silylenes with phosphanyl groups, 
since they have so far little been investigated in silylene chemistry,[22] but revealed to be 
promising substituents for room temperature H2 activation based on their energy increments 
(Figure 5). We chose substituents, which were not included in the original data set to probe 
the extrapolation capability of the model, with silylene 4 even consisting of two unknown 
substituents. To our delight, the predicted barriers were found to match the calculated barriers 
excellently, with an average deviation of only approx. 3 kJ/mol, thus confirming the predictive 
power of our model and the possible extrapolation to substituents unseen by the model. The 
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extremely small deviation from the calculated values is impressive, particularly when keeping 
in mind that only three phosphanyl substituents were included in the original chemical space, 
showing that this number is sufficient for the model to learn the decisive properties.  
Based on the properties of the silylenes, compound 4 was predicted to exhibit the lowest barrier 
to activate dihydrogen. With a required activation barrier of only 106 kJ/mol, this silylene should 
be capable of activating dihydrogen at or close to room temperature. All other silylenes 1-3 
also showed barriers lower than 125 kJ/mol indicating a possible activation at slightly elevated 
temperatures.  

 

Figure 7. Structures of novel silylenes and their predicted and calculated activation barrier and reaction energy for hydrogen 
activation. 

Energy prediction of the H2 activation with germylenes. Having established relationships 
between the substituents in silylenes and their ability to activate H2 as well as a predictive 
model based on substituent properties, we next became interested in transferring these results 
to the heavier analogue, the germylenes. Applying a similar procedure for the bag of 
substituents as described above on a smaller set of germylenes (23 substituents, 198 
germylenes) confirmed the additivity of the substituent energy increments for determining the 
activation barrier and reaction energy (energy values are given in Table S5).  
In order to establish a quantitative relationship between the different heavier carbenes, we 
examined whether the energy profile for the H2 activation with germylenes can be predicted 
based on the silylene energies. Regression of the silylene and germylene activation energies 
indeed yielded a linear relationship expressed by equation 1 (Figure 8), which allows the 
prediction of the H2 activation barrier for germylenes with an accuracy higher than 6 kJ/mol. 
The relationship demonstrates that H2 activation with germylenes requires more energy than 
the activation with silylenes as expected due to the increasing stability of the +2 oxidation state 
of germanium. This stabilization can now be quantified. For a process which requires 100 
kJ/mol with a silylene – i.e. which is just possible at room temperature – the predicted energy 
for the corresponding germylene is approx. 150 kJ/mol and thus requires elevated 
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temperature. The reverse trend is seen in the reaction energies. Here, hydrogen activation 
with a germylene is at least 100 kJ/mol less exergonic (eq. 2).    
  
Barrier: ∆G‡(Ge) = 38.26 kJ/mol + 1.10∙∆G‡(Si)             (eq. 1) 
 
Reaction energy: ∆G(Ge) = 101.46 kJ/mol + 1.17∙∆G(Si)    (eq. 2) 
 

 

Figure 8. Performance of the correlation of the calculated (x axis) and predicted (y axis) activation and reaction energies for H2 
activation by acyclic germylenes with those of silylenes. 

 

Conclusion 

In summary, we have developed a computational model to predict the energy and activation 
barrier for the activation of dihydrogen at the group 14 element centers in silylenes and 
germylenes. Establishment of an automated workflow allowed the investigation of approx. 600 
silylenes with 40 different substituents. The contribution of each substituent to the reaction and 
activation energy was found to be additive, allowing for the prediction of the energy values 
based on simple substituent energy increments. Surprisingly, even energy increments solely 
based on the elements in α-position to silicon enabled a prediction of the energy profile and 
thus represents a simple tool for estimating the reaction barrier in head. An accurate prediction 
of the activation and reaction energies with a mean error of less than 9 kJ/mol is possible via 
a multivariate linear regression with physicochemical properties of the silylenes in combination 
with energy increments for the elements in α-position to silicon. Evaluation of the predictive 
power of this model showed that also the H2 activation propensity of silylenes with substituents 
not included in the original data set can be reliably predicted, which thus will accelerate the 
prediction of new silylene structures capable of H2 activation in the future. The same procedure 
was applied to germylenes and furthermore their reactivity predicted based on the energy 
profile of the corresponding silylenes.  
Overall, the presented study provides important guidelines for the design of carbene species 
for small molecule activation. The strong dependence of the activation and reaction energy on 
the nature of the element in α-position to the low-valent main group element allows for a simple 
and fast estimation of the energy profile and the prediction of new candidate structures. The 
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possible transfer of our model from one element to the other can presumably also be extended 
to other neutral and even charged carbene-like species, which will be important for evaluating 
the potential of other main group compounds in bond activation processes. 

Computational Details 

Detail about the density functional theory calculations and machine learning procedures including all 
calculated energies are given in the Supporting Information.  
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