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ABSTRACT:  Tetrel Lewis acids are a prospective alternative to commonly employed neutral boranes in frustrated Lewis pair (FLP) 

chemistry. While cationic tetrylium Lewis acids, being isolobal and iso(valence)electronic, are a natural replacement to boranes, 

neutral tetrel Lewis acids allude as less trivial options due to the absence of a formally empty p orbital on the acceptor centre. Recently 

a series of intramolecular geminal FLPs (C2F5)3E-CH2-P(tBu)2 (E= Si, Ge, Sn) featuring neutral tetrel atoms as acceptor site, were 

reported for activation of small molecules including H2. In this work, through density functional theory computations, we elucidate 

the general mechanistic picture of H2 activation by this family of FLPs. Our findings reveal that the  acceptor atom derives the required 

Lewis acidity utilizing the antibonding orbitals of its adjacent bonds with the individual contributions depending on the identity of 

the acceptor and the donor atoms. By varying the identity of the Lewis acid and Lewis base atoms and attached substituents, we 

unravel their interplay on the energetics of the H2 activation. We find that switching the donor site from P to N significantly affects 

the synchronous nature of the bond breaking/formations along the reaction pathway and as a result, N-bearing FLPs have a more 

favourable H2 activation profile than those with P. Our results are quantitatively discussed in detail within the framework of Activation 

Strain Model of reactivity along with the Energy Decomposition Analysis method. Finally, the reductive elimination decomposition 

route pertinent to the plausible extension of the H2 activation to catalytic hydrogenation by these FLPs is also examined. 

INTRODUCTION 

 The activation of the apolar H-H bond of hydrogen molecule 

(H2) is challenging as well as the key step in any direct catalytic 

hydrogenation.1-5 Thus, systems capable of activating H2 can 

potentially act as hydrogenation catalysts. Transition metal 

(TM) complexes are well-known for their ability to activate H2 

by virtue of their partially filled d-manifold providing both do-

nor and acceptor orbitals for synergistic H2 activation. In the 

past two decades, research on the main group mediated H2 acti-

vation has received immense attention with the ultimate goal of 

replacing TMs in hydrogenation catalysis. One prominent strat-

egy along this route involves the utilization of Frustrated Lewis 

Pairs (FLPs), which deploy sterically crowded, unquenched 

combinations of Lewis acids (LAs) and Lewis bases (LBs) for 

heterolytic cleavage of H2 in the manner of TMs.6-14 This re-

markable chemistry has played a pivotal role in the develop-

ment of TM-free routes to catalytic hydrogenations.15-20  

A wide range of LA/LB combinations has been developed 

and utilized for H2 activation in FLP literature. Compared to the 

diverse spectrum of the employed LB components, the range of 

LA has been quite confined. In fact, during the early stages of 

FLP chemistry perfluorinated boranes were used heavily 

despite their drawbacks such as moisture sensitivity and low 

functional group tolerance.21-24 Nevertheless, these limitations 

of boranes drove a substantial amount of research towards 

exploring new options.25, 26 Recently, group 14 and group 15  

 

 

Figure 1. Group 13 and Group 14 LAs with sp2 acceptor centre 

used in FLP chemistry (Left) Intramolecular FLP featuring neu-

tral tetrel acceptor centre (Right). 

LAs were introduced in FLP chemistry including tetrylium27-33 

and phosphonium LAs.34-44 Cationic tetrylium LAs were used 

with amines to effect H2 activation. Especially Stannyliums 

were demonstrated as promising FLP LAs due to their excellent 

moisture tolerance leading to efficient catalytic hydrogenation 

protocols with a wide range of substrate scope.45, 46 The reactiv-

ity of a vast majority of these LA/LB combinations utilized for 

H2 activation can be explained from a largely accepted 

mechanistic model47 that involves two cooperative electron 

transfer (ET) process, namely LB → σ*(H2)  and σ(H2) → LA 



 

electron donations, leading to the progressive weakening of the 

H-H bond with concomitant LA-H and LB-H bond formation.48-

53 The model was initially proposed from pioneering works by 

Papai on B/P or B/N FLP combinations.48-53 It was shown that, 

typically, the empty pz orbital on the boron atom (sp2 

hybridized) plays the role of the acceptor orbitals to receive 

electrons from σ(H2) orbital. A similar mechanism also prevails 

for the FLPs with tetrylium LAs which are isolobal and iso(va-

lence)electronic with boranes.54-57  

 Very recently, neutral tetrel LAs were introduced in FLP chem-

istry. Mitzel et al. reported a series of intramolecular geminal 

FLPs featuring neutral tetrel (E) atoms in combination with P 

donors (C2F5)3E-CH2-P(tBu)2 (E = Si,58 Ge,59 Sn60). They were 

utilized for activation of a variety of small molecules (such as 

CO2, SO2 etc.) including H2. For example, the Si/P and the Sn/P 

combinations were shown to cleave H2 under ambient condi-

tions and as such these FLPs hold great potential for being pro-

spective hydrogenation catalysts.61 Nevertheless, despite con-

siderable experimental works, one point that remains to be fully 

understood is how these neutral E LA sites participate in coop-

erative H2 activation. The ambiguity in the mechanistic picture 

arises from the fact that the E atoms have no formally empty p 

orbital to engage into electron transfer with the H2 molecule. In 

this article, we attempt to answer this question through a de-

tailed computational mechanistic investigation of the H2 activa-

tion by a series of intramolecular FLPs bearing neutral E atoms. 

Our findings reveal how various combinations of E and donor 

sites (D) influence the energetics of the H2 activation. We ex-

pect that the results obtained in this study would pave the de-

velopment of new catalytic protocols using these new E-based 

FLPs. 

 

RESULTS AND DISCUSSION 

To understand the mechanism and various factors influencing 

the H2 activation process, we examined a series of 18 

intramolecular FLPs comprised of Si, Ge, Sn LAs along with N 

and P donor centres. In general, these FLPs are denoted as 1 

(see Scheme 1) while discussing specific systems we have used 

the notation Y-E-D (Y=intermediate or transition state).  

Scheme 1. General structural framework and the series of the 

geminal FLP systems considered in this study for H2 activation 

reaction. Here E = Tetrel centre and D = Donor centre. 

 

Furthermore different substituents (R=C2F5, CF3, F; R'=tBu,iPr, 

Me) on the LA and LB centres are used to vary the steric as well 

as the electronic environment around the active sites. Note that, 

majority of the investigated FLPs are already synthesized by the 

group of Mitzel.62-64A few additional combinations were used 

to complement the pool for a comprehensive understanding of 

the H2 activation step.  

 

Scheme 2. Schematic representation of H2 activation reaction 

by 1.  

   We begin by analyzing the optimized geometries of three rep-

resentatives FLPs, (C2F5)3Si-CH2-P(tBu)2 (hereafter denoted as 

1-Si-P), (C2F5)3Ge-CH2-P(tBu)2 (1-Ge-P) and (C2F5)3Sn-CH2-

P(tBu)2 (1-Sn-P) (see Figure-S1 and Table S1). We find that 

these geminal systems feature a wide ∠E-CH2-P angle. For ex-

ample, 1-Si-P and 1-Ge-P have the ∠E-CH2-P of value of 

119.1° and 117.5° respectively, which are in good agreement 
with the experimentally obtained value of 120.4° and 117.8° 
whereas for 1-Sn-P, the ∠Sn-CH2-P angle is of 114.8° which 
is close to value of 113.9° obtained from solid-state structure. 

The wide-angle prevents any direct interaction between the E 

and the P sites which is reflected by a large separation of around 

3.0 Å between the acidic and basic sites in these molecules. In 

contrast, the corresponding boron analogue (C2F5)2B-CH2-

P(tBu)2, is known to exist in the “quenched ring-closed form” 

compared to the ring-opened isomer.65 These observations sug-

gested that these geminal systems possess a significant FLP-

type behaviour and therefore the unquenched reactivity at the 

acidic and basic sites of these systems can be utilized for the 

heterolytic splitting of the hydrogen molecule.  

Scheme 2 depicts the mechanism of H2 activation by 1. 

Initially, 1 forms a reactant complex (1-RC, see Figure S3 for 

geometry optimized structures of the relevant stationary points 

on the potential energy surface.) which results from a side-on 

interaction between H2 and the E atom. 1-RC passes through a 

single concerted five-membered transition state, TS1.  At TS1, 

the H-H bond elongates from its equilibrium value (0.74 Å) 

which indicates the weakening of the H-H bond and eventually 

it leads to a heterolytic cleavage of the H2 molecule. As a result, 

the hydride shifts to the Tr site while the proton attaches to the 

D atom, leading to the formation of the zwitterionic product 2. 

 

  

 

Figure 2. Schematic representation of the mechanism of H2 ac-

tivation by 1 (top). Major orbital interactions involved in the H2 

splitting by 1-Si-P (bottom).    

 

 



 

 

Figure 3. Donor-acceptor interaction energies estimated at the second-order perturbation theory level ΔE(2) associated with interaction 

σH2→σ*(E-CH2)/σ*(R-E) along the minimum energy path for (a) 1-Si-P (b) 1-Ge-P and (c) 1-Sn-P. The dotted lines denote the 

respective TSs. 

 

Given the apparent resemblance of the optimized geometries 

of the stationary points, we expect no major deviation in the 

mechanistic pathway of H2 activation for the considered FLPs. 

Next, we turned our attention to establish a clear mechanistic 

picture of the H2 activation pathway by 1. We already men-

tioned that the two major ET events leading to the heterolytic 

cleavage of the H-H bond by a typical FLP involve (1) ET from 

the σ bonding orbital of the H2 to the empty orbital (typically 

LUMO) of the acceptor atom, and (2) simultaneous electron 

transfer from a filled donor orbital to the σ* antibonding orbital 

of the H-H bond. While we envisage that on the donor site this 

picture remains the same for 1, on the acid site there ought to 

be a different mechanistic rationale since there exist no formally 

empty orbitals. To find potential acceptor orbital(s), we first ex-

amined the FMOs of 1 (see Figure S4). While the HOMO is 

located over the donor atom (N or P), the LUMO is found to be 

distributed over the E atom as well as over the E-CH2 and E-R 

bonds. NBO analysis identifies the nature of these two orbitals 

as σ*(E-CH2) orbital and σ*(E-R) orbital. The major difference 

upon varying the E atom is the composition of the LUMO, 

which changes from mainly σ*(E-R) orbital for Si to more or 

less an equal distribution of both the orbitals for Sn. NBO anal-

ysis of TS1 clearly demonstrates the involvement of these two 

orbitals in the H2 cleavage step. For example, We find substan-

tial interaction between σ(H-H) orbital and σ*(R-Si) and σ*(Si-

CH2) orbitals (estimated 2nd order PT level ΔE(2)=26.9 and 19.8 

kcal/mol respectively) in the structure of TS1-Si-N. For TS1-

Si-P, these interactions are already at a very advanced stage and 

we find that σ orbital of the newly formed Si-H bond is engaged 

in interaction with σ*(R-Si) and σ*(Si-CH2) orbitals. This is 

presumably due to the different positions of those two TS struc-

tures on the PES as evident from their H-H distances (0.922 Å 

vs 1.046 Å for 1-Si-N and 1-Si-P, respectively). Thus, to have 

a fair comparison, we performed NBO analysis throughout the 

entire reaction pathway. Our results reveal that due to the pre-

organized nature of the intramolecular FLP 1, from an early 

stage of the reaction the lone pair (LP) of D begins electron do-

nation to σ*(H-H) along with concomitant ET to σ*(E-CH2) and 

σ*(E-R) orbitals from σH2 orbital (see Figure 2 and Figure-S5). 

These two synergistic interactions develop further with the ad-

vancement of the reaction resulting in the progressive 

weakening of the H-H bond which ultimately leads to the for-

mation of the product 2. Note that, Fernandez et al. reported 

similar electron donation from the isocyanate moiety to the 

σ*(E-R) orbital during their computational investigation of the 

reaction between PhCNO and these intramolecular FLP sys-

tems.66 

To investigate the role of the four σ* orbitals as the acceptor 

orbital further, the estimated D-A interaction energy (ΔE(2) 

value ) is plotted as a function of H-H stretch (see Figure 3). 

While for 1-Si-P, one of the σ*(R-E) orbital acts as the 

predominant acceptor orbital (blue line), contributions from σ*( 

E-CH2) orbital (red line) becomes more and more significant 

upon changing the identity of the E by moving down the group. 

In fact, σ*( E-CH2) orbital is the predominant acceptor orbital 

in the case of 1-Sn-P. The increasing influence of σ*( E-CH2) 

orbital can be correlated with the increasing Lewis acidity of E 

atoms in 1 along with the group.  

Swapping the D site from P to N has a similar effect as 

illustrated in Figure S6. Due to the higher electronegativity of 

nitrogen, the bridgehead carbon acquires a more positive charge 

which instigates the σ*( E-CH2) orbital a better acceptor orbital 

compared to when the donor atom is P. Overall, our findings 

reveal that the σ*(E-CH2) and σ*(R-E) orbitals play a very cru-

cial role in H2 activation by accepting the electron density from 

the σH2 orbital, particularly at the early stage of the reaction 

which eventually helps to weaken the H-H bond. Thus, the neu-

tral E atoms despite having no formally vacant p orbitals derive 

a considerable Lewis acidity from not only the σ* orbitals of 

highly electron-withdrawing R groups attached to it but also 

from the σ*(E-CH2) orbital.   

Having settled the mechanism of H2 activation we now com-

pare the reactivity of the FLPs. Figure 4 shows the computed 

activation barriers along with the corresponding reaction free 

energies for all the FLPs in scheme1. We find that for all the 

systems the H2 splitting reaction is endergonic in nature. More-

over, the activation barriers differ widely among the candidates 

spanning a range of 12-35 kcal/mol. It is also observed with a 

particular structural framework with different Tr centres, the H2 

activation barrier follows the order Ge>Si>Sn. This computed 

trend is consistent with experimental observations that 1-Si-P 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The computed values of H2 activation barrier and Gibbs Free energy of H2 activation for all FLPs. All energies are given 

in kcal/mol. 

and 1-Sn-P activate hydrogen whereas 1-Ge-P turned out to be 

inactive in this respect. Figure 4 also reveals that the different 

steric profile of R and R' groups attached to the acidic and basic 

sites can also influence the energetics of the H2 activation pro-

cess. For example, the replacement of the bulky -C2F5 group by 

the -CF3 group in the FLPs with N atom reduces the activation 

barrier as well as the reaction free energy. Nonetheless, this ef-

fect is less significant for the corresponding P containing FLP. 

Regardless of the donor site, replacing the R group from -C2F5 

to sterically less demanding -F group has a significant impact 

on the energetics of H2 activation with extremely endergonic 

reactions and high activation barriers. This result is in accord-

ance with the experimental observation that F3Si-CH2-P(tBu)2 

fails to activate the dihydrogen.64 A careful inspection of the 

relevant structures reveal that in F3Si-CH2-P(tBu)2, the coordi-

nation geometry at Si is an almost undistorted tetrahedral (three 

F-Si-C angles: 113.60,113.20 and 110.40) whereas in (C2F5)3Si-

CH2-P(tBu)2 the Si centre resides in a more distorted coordina-

tion environment (with three C-Si-C1 angles: 109.40, 103.40 and 

116.30). However, the TS1 geometries for both FLPs feature a 

very similar distorted pentacoordinate geometry around the Si 

atom (at TS1, three F-Si-C angles: 124.30,116.10 and 91.80; 

three C-Si-C1 angles: 120.20, 118.20 and 90.50) which results in 

a larger rearrangement and therefore a higher strain for the F3 

substituted FLP systems. The influence of the R' group attached 

to the donor site of these intramolecular systems is also ex-

plored by varying the bulky -tBu group with the smaller -Me 

group that increases the endothermicity of the reaction. Inter-

estingly, reducing the steric crowding at the D site slightly low-

ers the H2 activation barrier for N-bearing FLPs, i.e, the activa-

tion barrier for (C2F5)3Sn-CH2-N(Me)2 is reduced to 12.6 

kcal/mol compared to (C2F5)3Sn-CH2-N(tBu)2 with a barrier of 

14.4 kcal/mol. However, for systems with a P atom, the oppo-

site trend is observed. These findings indicate that along with 

the E, the D site also plays an important role in the H-H bond 

cleavage by these geminal FLP systems. This assumption is fur-

ther supported with another significant observation that in gen-

eral, FLPs with nitrogen donor have lower activation barriers 

compared to analogous systems with phosphorous (see Figure 

4). Not only the H2 activation barrier, the FLP systems with N 



 

as donor make the H2 activation process much less endergonic. 

Thus, in general, N-containing FLPs exhibit a favourable H2 ac-

tivation profile compared to those with P.  

 

Figure 5. Evolution of the Wiberg bond index values for the H-

H, E-H and D-H bonds for (a) 1-Sn-N and (b) 1-Sn-P along the 

pseudo-IRC path, depicted as a function of the H-H bond 

length. The dotted lines indicate the respective TSs. 

 

To explain such a marked difference in reactivity between 1-

Sn-P and 1-Sn-N we analyzed their H2 activation profiles in 

more detail.  Figure 5 illustrates the evolution of the E-H, D-H 

and H-H bonds (estimated by Wiberg bond indices plotted 

along the Y-axis) as a function of the progress of the reaction 

(estimated by plotting the H-H bond length on the X-axis). We 

find that for 1-Sn-N, from at the very beginning of the reaction, 

the N atom engages in a donor-acceptor interaction involving 

σ*(H-H) orbital. This interaction, together with and 

σH2→σ*(Sn-X) progressively weaken the H-H bond and 

eventually, the transition state (TS) appears around an H-H 

separation of 0.97 Å. At TS1, the H-H bond order drops to 0.57 

with the concomitant formation of the Sn-H and N-H bonds 

(WBI 0.26 and 0.25 for Sn-H and N-H bond respectively), 

which appears to be nearly synchronous. On the contrary, for 1-

Sn-P, these two bond formations appear to be rather 

asynchronous with the P-H bond formation preceding over the 

formation of the Sn-H bond. At the transition state, which 

appears relatively late at a H-H distance of 1.06 Å compared to 

1-Sn-N, the computed WBIs are 0.37, 0.37and 0.54 for H-H, 

Sn-H and P-H bond respectively. The earliness of P-H bond 

formation can be rationalized from the much lower 

electronegativity of P (compared to N) leading to a more facile 

electron transfer between the LP of the P atom and σ*(H-H) 

orbital. Overall, the appearance of the TSs at different stages of 

the reaction profiles qualitatively explains the difference in the 

barrier between 1-Sn-N and 1-Sn-P (in accordance with 

Hammonds postulate).    

       A quantitative insight into the role of the D site in the H2 

activation process can be obtained by performing a detailed 

activation-strain-analysis along the entire reaction profile. The 

activation-strain profiles (ASPs) are constructed with data 

obtained from the IRC calculations connecting the TS with two 

corresponding minima for two representative systems 1-Sn-P 

and 1-Sn-N. As illustrated in Figure 6 (Figure S8 in SI), both 

FLPs exhibit similar ASP features. A close inspection of Figure 

6 suggests that both the strain energy (ΔEstrain) and the 

interaction energy (ΔEint) terms play a decisive role in the 

different reactivity of 1-Sn-P and 1-Sn-N. For example, at an 

H-H distance of 1.0 Å, 1-Sn-P shows ΔEstrain and ΔEint value 

of 37.0 kcal/mol and -18.2 kcal/mol, respectively, while 1-Sn-

N features a lower ΔEstrain of 29.4 kcal/mol and a higher ΔEint 

value of -21.6 kcal/mol. Thus, the lower activation barrier in 1-

Sn-N is attributed to the higher ΔEint and ΔEstrain along the 

entire reaction pathway. 

Such differences in the strain energy curve upon changing the 

D atom can be associated with the different degree of structural 

alteration of the FLP motif during the progress of the reaction. 

One structural parameter that captures this structural difference 

well is the ∠E-CH2-D angle.  While at the very beginning stage 

of the reaction, 1-Sn-P features a higher ∠E-CH2-D compared 

to 1-Sn-N (∠Sn-C-P = 114.80 and ∠Sn-C-N = 107.50), at TS1 

this angle becomes nearly the same for both (∠Sn-C-P = 109.10 

and ∠Sn-C-N = 109.30, see Figure-S9). This implies that to 

attain the TS1 geometry, 1-Sn-P experiences a large structural 

modification (ΔӨ = 5.70) compared to 1-Sn-N (ΔӨ = -1.80), 

which is reflected in the higher activation barrier found in the 

former FLP. This conclusion is further confirmed by splitting 

the total ΔEstrain term into separate contributions arising from 

both reactants 1 and H2 (see Figure-S10) and the plot manifests 

higher deformation of 1-Sn-P than 1-Sn-N which explains the 

observed trend in ΔEstrain.  

Figure 6. Activation-strain profiles for H2 activation reaction 

by 1-Sn-P (blue) and 1-Sn-N (red) along the reaction coordinate 

depicted as a function of the H-H distance. The black dots rep-

resent the respective TSs. 

          Next, we analyzed the ΔEint term which also plays a crucial 

role in determining the activation barrier. To rationalize the dif-

ference in the ΔEint curve for the two systems, additional energy 

decomposition analysis (EDA) is performed which demon-

strates (see Figure-7) the different contribution of EDA terms 

along the reaction coordinate. We find that the contribution of 

the dispersion forces (ΔEdisp) is negligible throughout the entire 

reaction profile and the repulsive Pauli term (ΔEpauli) is roughly 

balanced by stabilizing orbital (ΔEorbital) and electrostatic inter-

actions (ΔVelstat). While ΔEorbital is more or less comparable for 

Both 1-Sn-P and 1-Sn-N (-102.4 kcal/mol and -95.4 kcal/mol 

at H-H distance 1.0 Å for 1-Sn-P and 1-Sn-N respectively) the 

ΔVelstat which arises due to the zwitterionic nature of the product 

2, seems to be a crucial determining factor for the different in-

teraction energy curve in 1-Sn-P and 1-Sn-N. For example, at 

H-H =1.0 Å, ΔVelstat for 1-Sn-P is -53.3 kcal/mol but 1-Sn-N 

has a much larger ΔVelstat value of -71.9 kcal/mol. Overall, these 

findings indicate that more stabilizing ΔEint and less destabiliz-

ing ΔEstrain explain the lower H2 activation barrier in 1-Sn-N 

compared to 1-Sn-P. This similar rationale applies to all 



 

systems having N as D atom anin general 1-E-N FLPs are pre-

dicted to exhibit facile H2 activation reactions.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Energy-decomposition analysis for the H2 activation 

reaction by 1-Sn-P (square) and 1-Sn-N (triangle) along the 

reaction coordinate depicted as a function of the H-H distance 

 

To examine the effect of E sites on H2 activation by 1, we 

analyzed the profiles of 1-E-P with the activation strain model. 

We find that that, given a fixed LB partner, the H2 activation 

barrier follows the order Ge >Si> Sn. Qualitatively, this trend 

is consistent with the experimentally observed reactivity of the 

1-E-P FLPs (E=Si, Ge, Sn) towards CO2.
58-60 In the case of H2 

activation 1-Ge-P has a barrier of value 30.3 kcal/mol which is 

quite the highest among all the candidates whereas 1-Si-P and 

1-Sn-P has a much lower barrier of value 27.5 kcal/mol and 

21.2 kcal/mol respectively. In a similar spirit, 1-Ge-N has an 

activation barrier of value 20.3 kcal/mol while for 1-Si-N and 

1-Sn-N, TS1 lies at 18.0 kcal/mol and 14.4 kcal/mol in energy 

profile respectively. The ASPs depicted in Figure 8 imply that 

1-Sn-P exhibit a lower activation energy barrier owing to higher 

ΔEint and lower ΔEstrain. While for 1-Si-P and 1-Ge-P, the ΔEint 

almost superimposed along the reaction pathway, the highest 

energy barrier for 1-Ge-P can be easily justified by its higher 

value of ΔEstrain. A closer examination of the relevant structures 

reveals that 1-Ge-P suffers from a larger structural distortion to 

attain the required TS1 geometry compared to 1-Si-P (see Fig-

ure S11) which raise its activation barrier compared to others. 

 

Figure 8. Activation-strain profiles for H2 activation reaction 

by 1-Si-P (green),1-Ge-P (red) and 1-Sn-P (violet) along the 

reaction coordinate projected onto the H-H bond length. The 

black dots represent the respective TSs. 

    One mechanistic feature that emerges from our detailed 

analyses is ET involving σ*(R-E) and σ(E-H) orbitals during H2 

splitting by these FLPs. In their study of H2 activation by 1-Sn-

P, Mitzel et al. reported that following H-H bond cleavage, the 

corresponding product 2 eventually undergoes a reductive 

elimination (RE) to form 3 with the removal of HC2F5.
67 This 

reaction constitutes a deactivation pathway hindering the 

possible hydrogenation activity of 1-Sn-P by releasing the 

proton and hydride to an unsaturated organic substrate. Thus, 

we investigated the mechanism of this relevant deactivation 

pathway in detail (see Figure 9). We find that the RE from 2 is 

an extreme manifestation of the ET involving σ*(R-E) and σ(E-

H) orbitals during H2 splitting. NBO analysis of 2 confirms a 

donor-acceptor interaction between these orbitals (ΔE(2)=143.9 

kcal/mol)  weakening the corresponding  R-E bond. The 

structure of the TS for the RE (TS2) features an elongated Tr-

H bond (for TS2-Sn-P, E-H= 1.76 Å, see Figure 9) as a result 

of the interaction between the carbon centre of the -R group 

with the σ*(E-H) orbital. This leads to the gradual rupture of the 

 

Figure 9. Schematic representation of reductive elimination re-

action by 2 (top). Geometry optimized structures of the station-

ary points involved in the reaction by 1-Sn-P (bottom). All dis-

tances are given in Å. 

 

 Sn-H bond and H-R bond formation takes place followed by 

the formation of 3 and elimination of R-H. Computations show 

that RE is strongly exergonic by 30.6 kcal/mol and 29.5 

kcal/mol for 2-Sn-P and 2-Sn-N with respect to their original 

form 1, with a free energy activation barrier of 27.3 kcal/mol 

and 29.4 kcal/mol respectively. Interestingly, for 2-Si-P and 2-

Si-N, RE is much less exergonic with △GR (free energy change 

for the reaction) value of only 7.5 kcal/mol and 13.0 kcal/mol 

with their activation barrier TS2 lies at 31.7 kcal/mol and 25.0 

kcal/mol, which makes them highly suitable for further catalytic 

hydrogenation process.  

 

CONCLUSION 

In summary, we have investigated the mechanism of H2 acti-

vation by a family of intramolecular FLPs featuring neutral E 

LA through DFT computations. Our results suggest that the H2 

activation follows a concerted pathway through a single five-

membered transition state. NBO analyses reveal that the E at-

oms, in absence of a vacant p orbital, utilize the σ* orbitals of 

adjacent bonds as acceptor orbitals. These neutral E sites derive 

a considerable Lewis acidity from not only the σ*(R-E) orbital 

but also from the σ*(E-CH2) orbital. A detailed mechanistic in-

vestigation confirms that the two cooperative interactions 

LP(D)→σ*H2 and σH2→σ*(E-CH2)/σ*(R-E) are responsible 

for cleavage of the H-H bond. By varying the substituents, the 



 

LA and the LB centres, we show how to tune the energetics of 

the H2 activation. In particular, a significant difference in reac-

tivity is observed by swapping the donor site P to N since the 

latter FLPs follow a synchronous mechanism for H2 activation 

resulting in an early transition state leading to lower activation 

barriers. Our activation-strain analyses further confirm this dif-

ference in reactivity is due to the lower value of strain energy 

as well as the higher value of interaction energy between the 

deformed reactants along the entire reaction pathway for the N-

bearing FLPs. The origin of such enhanced interactions is also 

analyzed employing energy decomposition analysis which dis-

closes the stronger electrostatic interaction for FLPs with N as 

the donor atom. We have also gauged the influence of different 

E elements as the LA sites. We find Si and Sn-containing FLPs 

have much favourable H2 activation energetics compared to 

those having Ge. This behaviour is rationalized by the ASPs 

which suggests higher interaction energy and lower strain en-

ergy for Si and Sn counterparts compared to their Ge analogue. 

Further investigation shows that the presence of σ(E-H)→σ*(R-

E) interaction in the H2-activated product 2 triggers a reductive 

elimination pathway followed by the elimination of R-H. This 

pathway could potentially constitute a decomposition route pre-

venting the plausible extension of the H2 activation to hydro-

genation catalysis. We expect that the present study provides a 

general mechanistic framework for H2 activation by this family 

of FLPs. In fact, considering the free energy profiles, many of 

these FLP systems have the potential to act as hydrogenation 

catalysts and investigations along this direction are underway in 

our laboratory. 

 

COMPUTATIONAL DETAILS 

   All electronic structure calculations are performed using 

M062X68, 69 functional within density functional theory (DFT). 

In order to account for the non-covalent interactions, Grimme’s 

D3 dispersion model is employed.70 For lighter atoms (C, H, N, 

P, O, F) we have used 6-311g(d,p) basis set while for the Si, Ge 

and Sn def2TZVP along with Stuttgart-Dresden effective core 

potential is employed.71 This basis set combination is hereafter 

denoted as BS-I. Harmonic vibrational frequency analysis is 

performed to characterize the structures to be minima (zero im-

aginary frequency) or transition states (one imaginary fre-

quency). Transition states (TSs) are further verified by intrinsic 

reaction coordinate (IRC) calculations to confirm their connec-

tion to two respective minimum structures. Based on M062X-

D3/BS-I optimized geometries, the electronic energies are fur-

ther refined with single-point energy calculations at the 

M062X-D3/BS-II level of theory (where, BS-II designates 

def2TZVP for Si, Ge and Sn atom and 6-311++g(d,p) for the 

lighter atoms). Furthermore, additional single-point computa-

tions are also performed with ωB97XD72 and B3LYP-D3BJ70, 

73-75 functionals to evaluate the robustness of our results (see 

TableS2 in the Supporting Information for details). All thermo-

chemical data are obtained with the ideal gas-rigid rotor-simple 

harmonic oscillator approximations at 298.15 K and 1 atm. Zero 

point-energy corrections are included in the Gibbs free energy 

values along with a concentration correction for c = 1 mol/ dm3 

condition in the solvent. We have used THF as a solvent to es-

timate the relative stabilities of the reaction intermediates / TS 

involved in the H2 activation. The SMD solvation model is used 

to account for the solvent effects.76 All natural bond orbital 

(NBO) analyses are performed using the NBO 3.177 package. 

For details of Activation strain analysis and Energy 

decomposition analysis, see SI. All calculations are performed 

using the Gaussian 16 suite of programs.78 
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