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Abstract: A good catalyst for semihydrogenation of alkynes must preclude both over-

hydrogenation of alkene to alkane and isomerization to the other alkene isomer. In addition, it 

should balance the trade-off between selectivity and activity. In  2013, the Repo and Pápai groups 

reported a frustrated Lewis pair (FLP) (1-NMe2-2-B(C6F5)2-C6H4), 1, which is a metal-free catalyst 

and for the first time shows excellent reactivity for the hydrogenation of internal alkynes. However, 

it is unreactive for terminal alkynes. In this work, we have designed thirteen FLPs, a−m, based on 

1 by varying the Lewis base site with N and P, and the Lewis acid site with B, Al, Ga, and In, and 

replacing pentafluorophenyl with 1,3,5-trifluorophenyl, phenyl, or trifluoromethyl. We apply 

density functional theory to study the activity, selectivity, and deactivation of FLP 1-m for 

acetylene semihydrogenation. The catalytic cycle consists of three steps: (1) alkyne insertion, (2) 

H2 heterolysis, and (3) intramolecular protonation. We found the activity does not change much 

by the modification of bulky ligands, while it decreases with the direct replacement of LA and LB 

sites. The overall activity depends on steps 1 and 3, which are respectively positively and 

negatively linear correlated with the charge of Lewis acid site. Most of FLPs in this work show 

comparable or better selectivity for semihydrogenation of acetylene than of 1. FLPs deactivation 

is due to the strong binding of acetylene and the elimination of electron-withdrawing bulky ligands 

at the pre-activated catalyst rather than at activated catalysts. Taking the selectivity and the stability 

of FLPs into account, we predict d and k are potentially active for terminal alkynes.  
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1. Introduction 

Selective semihydrogenation of alkynes to alkenes is an important step in industrial 

polymerization processes from alkene monomers such as ethene, styrene, propylene, etc.1–9 Ethene 

is a key building block in plastic, vital to the manufacturing industry.10 Raw ethene is commercially 

produced from petroleum by catalytic cracking which generally contains trace amounts of 

acetylene that are poisonous to the Ziegler–Natta catalysts used for polymerization.11–13 To avoid 

downstream catalyst poisoning, acetylene in the stream must be reduced to less than 5 ppm prior 

to polymerization.8,14,15 One strategy to achieve this requirement is to use supported Pd catalysts 

for acetylene semihydrogenation such as Lindlar’s catalyst. This commercial catalyst, developed 

in 1952, still is widely used for industrial semihydrogenation of alkynes to Z-alkenes.16 However, 

its disadvantages—the high cost of Pd, the low selectivity to alkene, and potential harm to the 

environment and human health if lead is introduced into the waste stream, motivate research efforts 

to replace Lindlar’s catalyst. Research efforts have sought to control the shape of Pd nanoparticle,17 

prepare isolated single-atom catalysts,18–22 modify the supports,23–33 alloy Pd with a second 

metal,34–38 use organic modifiers39,40, or use bimetallic dual site catalysts41,42. Although significant 

progress has been achieved, new catalysts predominantly use expensive noble-metals (e.g., Pd18-

40, Pt43, Ru44, Rh42, Au38, Ag35) and their related alloys with gaseous hydrogen (H2) or expensive 

and/or toxic organic hydrogen sources. Thus, these alternatives raise new concerns pertaining to 

cost, safety, and sustainability. Therefore, developing low-cost (metal-free), environmentally 

friendly, highly active and highly selective catalysts for selective semihydrogenation of alkyne to 

alkene is of great importance. 

Frustrated Lewis pairs (FLPs) are simply the combination of a bulky Lewis acid (LA) and 

a bulky Lewis base (LB) sterically precluded from forming classical Lewis acid-base adducts. In 

this fashion, the unquenched LA and LB sites are available to accept and donate electrons, 

respectively, providing a unique route to activate small molecules for applications in catalysis.45–

48 In  2013, the Repo and Pápai groups reported a FLP based on ambiphilic aminoborane, 1-NMe2-

2-B(C6F5)2-C6H4, 1 (Figure 1), which is metal-free catalyst and shows excellent reactivity for the 

hydrogenation of internal alkynes (up to 100% conversion).49 However, it is unreactive for 

terminal alkynes or alkynes comprising a terminal double bond, which was attributed to C-H bond 

cleavage of terminal alkynes or strong binding of alkynes with terminal double bonds results the 

catalyst degradation.49 Selective semihydrogenation of terminal alkyne is of great interest but it is 
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still a significant challenge because many reactions compete with the production of the targeted 

product, alkene. Therefore, the discovery of FLPs with high activity and selectivity for 

semihydrogenation of the terminal alkynes or alkynes with terminal double bonds without the 

catalyst degradation would be great improvement to polymer industry.  

A good catalyst for semihydrogenation of alkynes must preclude both over-hydrogenation 

of the alkene to alkane and isomerization to the other alkene isomer, in addition, balance the trade-

off between selectivity and activity. In this work, we have designed thirteen FLPs (a−m as shown 

in Figure 1) based on 1 by varying the LB site with N and P, and the LA site with B, Al, Ga and 

In, and replacing the bulky ligands (LG) pentafluorophenyl (−C6F5) with 1,3,5-trifluorophenyl 

(−C6F3H2), phenyl (−C6H5), trifluoromethyl (−CF3). We sought to understand the activity, 

selectivity and the deactivation of FLPs 1−m for semihydrogenation of acetylene, with the goal of 

identify the FLP candidates with good selectivity and activity for the semihydrogenation of 

acetylene without suffering the FLP degradation. The quantitative characterization of structure-

reactivity relations had been analyzed to gain deeper insight into the reactivity-determining factors 

for the prediction and design of FLPs with ideal catalytic performance for terminal alkyne 

semihydrogenation. More importantly, the reaction mechanism for the deactivation of FLPs by 

acetylene has been investigated in detail, which allows us to predict the FLP candidates with good 

stability when exposed to terminal alkynes and develop efficient strategies to improve the stability 

of FLPs for terminal alkynes semihydrogenation. 

 

Figure 1. Structure of the 2-[bis(pentafluorophenyl)boryl]-N,N-dialkylanilines, 1 and a family of 

FLPs (a-m) designed by modify the Lewis acid site (in red circle), Lewis base site (in blue 

circle), and the bulky ligands (in green circles) of 1.  



4 
 

2. Computational Method 

Gaussian 1650 calculations were performed with the hybrid meta exchange-correlation 

functional M06-2X51 using a def2-TZVP basis set for atoms.52,53 The structures of all species were 

optimized in the gas phase. Harmonic vibrational frequencies were computed to confirm the nature 

of all intermediates (no imaginary frequencies) and transition state structures (one imaginary 

frequency). The gas-phase Gibbs free energies, G, were calculated at T = 298.15 K and 1 atm 

pressure by using the harmonic approximation for the optimized structures. The solvation effect 

of benzene, the solvent used in the experiment49, was included by performing single-point energy 

calculations at the gas-phase geometries using the SMD solvation model.54 The relative solution-

phase Gibbs free energies were calculated by adding solvation energies to the gas-phase relative 

Gibbs free energies. The Cartesian coordinates of all the structures and their associated electronic 

energies, enthalpies, and Gibbs free energies in both the gas phase and in solution are given in the 

Supporting Information. The energy values reported in the main text are Gibbs free energies 

(298.15 K, standard state of 1 atm for gases and 1 M for solutes) including the solvent effect of 

benzene. Partial atomic charges were calculated for the gas phase molecules using CM5 charge 

model developed by Truhlar and coworkers.55 We tested M06-L56 since it is also recommended 

for main-group and transition element, but which is found to underestimate the barrier heights 

(Table S1-S2). We calculated the free energies by scaling the harmonic frequency.57 We found 

the absolute value of free energies do change when scale factor was considered, however, it does 

not change the trend (Table S3).   

The bonding and electron density deformation were analyzed by using natural orbitals for 

chemical valence (NOCV)58–60 combined with the energy decomposition analysis (EDA)61,62,63 

implemented in the Amsterdam density functional (ADF) program.64–66 The M06-2X51 functional 

and TZP67 all-electron basis set were used for ETS-NOCV calculations with the optimized 

geometries described above carried out with Gaussian 16. The introduction of EDA−NOCV 

method is available in our previous publication68.  

 

3. Results and Discussion 

3.1 Reaction Mechanism  

The classical mechanism of FLP-catalyzed the hydrogenation of C-C multiple bonds 

involves the heterolytic cleavage of H2 and then transfer the hydride and the proton to C–C multiple 
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bonds in sequence or in a concerted fashion. However, this classical mechanism is restricted to 

alkene hydrogenation under ambient condition. Therefore, a new reaction mechanism was 

proposed by Repo and Pápai et al,49 which is demonstrated in Figure 2, where we show the 

semihydrogenation of acetylene, the targeted reaction in this work, as an example. Compound 1 is 

a pre-catalyst, which needs to be activated by H2 before the hydrogenation of alkynes or alkenes. 

The pre-activation involves 1 to undergo a FLP mechanism that the heterolytic cleavage of H2 to 

produce 2 with the hydride bound to LA site (B) and the proton bound to LB site (N), and then 

followed by the intramolecular protonative cleavage of B–C6F5 to eliminate 1,2,3,4,5-

pentafluorobenzene (C6F5H) and produce 3 which is the catalyst that is responsible for 

hydrogenation of alkynes and akenes. Subsequently, the introduction of alkynes leads to two 

possible reaction pathways: path A, alkyne hydrogenation to alkene and path B, alkene 

hydrogenation to alkane. Each pathway comprises three steps: (1) alkyne/alkene insertion, 

insertion of the C≡C (or C=C) functionality into the B−H bond to form a vinyl, 4 (or alkyl, 6); (2) 

H2 heterolysis, the heterolytic cleavage of H2 to produce 5 (or 7) by FLP mechanism; (3) 

intramolecular protonation, a proton transfer from LB site to vinyl (or alkyl) species and release 

alkene (or alkane), liberating the catalyst 3, and the full catalytic cycle is completed.  

 

Figure 2. Mechanism of semihydrogenation of acetylene catalyzed by 1: pre-catalyst activation 

by H2 (in black), hydrogenation of acetylene into ethene (path A in green) and hydrogenation of 

ethene to ethane (path B in purple).  

 

3.2 Activity and Selectivity 
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Compound 1 is capable of hydrogenation of a variety of alkynes to alkenes except terminal 

alkynes or alkynes comprising a terminal double bond.49 In this work, we focus on the exploration 

the potential FLPs that able to selectively hydrogenate terminal alkynes, acetylene in particular. 

Density Functional Theory (DFT) calculations were carried out to locate the intermediates and 

transition states along the reaction pathway and the energetic span model developed by Kozuch 

and Shaik69,70 was used to predict the overall activation free energies and turnover frequency to 

determine their activity and selectivity for the semihydrogenation of acetylene to ethene catalyzed 

by FLPs 1-m. The details about energetic span model and TOF data (Table S4) are provided in SI. 

It is well known that it is challenging for quantum chemistry to predict absolute rate constants. A 

2 kcal/mol error in a free energy of activation changes will result in the calculated rate constant by 

a factor of 30 and a 5.5 kcal/mol error changes it by a factor of 104. In addition, the reaction conditions 

such as pressure, concentration of the catalysts, solubility of reactant will affect the overall reaction rate. 

Another reason is that the calculated TOFs correspond to ideal conditions without side reactions 

or catalyst poisoning. In addition, we should keep in mind that the TOFs are calculated here from 

standard-state free energies, which differ from the free energy changes under experimental 

conditions. Therefore, our focus is the apparent activation energies and the relative TOFs.  

Figure 3a shows the Gibbs free energy profile of catalytic cycle for the hydrogenation of 

acetylene to ethene and ethene to ethane catalyzed by d3, which is activated from pre-catalyst d. 

Starting from d3, the first step involves acetylene insert to B hydride to form B-vinyl intermediate, 

d4, which is a highly exergonic step (−31.7 kcal/mol) with a relative small Gibbs free energy of 

activation (18.9 kcal/mol) via the transition state TSd3-4. Subsequently, H2 is heterolytically split 

to a hydride bound to B and a proton bound to P. The H2 heterolysis step is endergonic by 12.3 

kcal/mol via the transition state TSd4-5 and the Gibbs free energy of activation is 27.1 kcal/mol 

respect to d4. The next intramolecular protonation step proceeds as the proton bound to P directly 

migrates to the vinyl substituent of d5 via the transition state TSd5-3, leading to the elimination of 

ethene and regeneration of d3. The Gibbs free energy of activation of the intramolecular 

protonation step (22.2 kcal/mol relative to d5) is slightly higher than the acetylene insertion step 

(18.9 kcal/mol) and is exergonic by −15.8 kcal/mol (relative to d5). According to the energetic 

span model, we identify the turnover frequency determining intermediate (TDI) and turnover 

frequency determining transition state (TDTS) are d4 and TSd5-3, respectively. The apparent 

activation energy for acetylene hydrogenation to ethene (ΔG‡
C≡C) is calculated to be 34.5 kcal/mol.  
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The potential energy profile for the hydrogenation of ethene to ethane lies above that of 

acetylene to ethene. The ethene insertion at d3 has a slightly larger free energy barrier (20.5 

kcal/mol) than that of acetylene insertion (18.9 kcal/mol). While the formation energy of alkyl 

substituent (-17.2 kcal/mol) of d6 is greatly reduced comparing that of vinyl substituent (-31.7 

kcal/mol) of d4. The H2 heterolysis at d6 (ΔG‡ =27.2 kcal/mol, ΔG =13.0 kcal/mol) has a similar 

Gibbs free energy of activation and reaction with that at d4. For the last step, the intramolecular 

protonation transfer to alkyl substituent of d7 (ΔG‡ =28.1 kcal/mol) has larger free energy barrier 

than that to vinyl substituent of d5 (22.2 kcal/mol) and the elimination of ethane (ΔG =−22.0 

kcal/mol) is more thermodynamic favorable than that of ethene (−15.8 kcal/mol). The TDI and 

TDTS are d6 and TSd7-3, respectively, and the apparent activation energy for ethene hydrogenation 

to ethane (ΔG‡
C=C) is calculated to be 41.1 kcal/mol. The apparent activation energy for the 

hydrogenation of acetylene to ethene (ΔG‡
C≡C = 34.5 kcal/mol) is 6.6 kcal/mol lower than that for 

the hydrogenation of ethene to ethane (ΔG‡
C=C = 41.1 kcal/mol), corresponding to a turnover 

frequency (TOF) for the hydrogenation of acetylene to ethene (TOFC≡C) is 5 orders magnitude 

larger than that for ethene to ethane (TOFC=C), which suggests d3 shows good selectivity for 

semihydrogenation of acetylene to ethene rather than to ethane.  

A FLP catalyst that is selective for the hydrogenation of acetylene to ethene over ethane 

should have ΔG‡
C≡C smaller than ΔG‡

C=C (or TOFC≡C > TOFC=C ). Therefore, ΔG‡
C≡C and ΔG‡

C=C 

for 3-m3 are plotted in Figure 3b for comparison and the Gibbs free energy profiles for each 

catalyst is provided in Figures S1-S13. We found that all the FLPs designed in this work show 

comparable or better selectivity for semihydrogenation of acetylene comparing to 3, except b3 and 

c3, for which the energy difference between ΔG‡
C≡C and ΔG‡

C=C is too small (≤ 1 kcal/mol) and 

the corresponding TOFC≡C and TOFC=C are in the same order of magnitude (TOFC≡C/TOFC=C = 6 

for b3 and 1 for c3 as shown in Table S4) indicating the low selectivity. 

For the activity of FLPs toward acetylene and ethene hydrogenation, we found that the 

direct replacement of LA and LB sites has a greater impact on the activity than modifying the LG. 

As shown in Figure 3b, when the LA site, B of 3 and d3 is replaced with Al, Ga and In, ΔG‡
C≡C 

changes -1.8 to 5.6 kcal/mol and ΔG‡
C=C changes -5.6 to 3.4 kcal/mol. When the LB site, N of 

FLPs (3-c3, h3-j3) is replaced with P (d3-g3 and k3-m3), ΔG‡
C≡C increases 2.1 to 8.1 kcal/mol 

and ΔG‡
C=C increases 1.1 to 10.1 kcal/mol, indicating FLPs with N as LB site (LA-N FLPs) have 

higher activity than FLPs with P as LB site (LA-P FLPs) for the hydrogenation of acetylene and 
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ethene. For N-B FLP family (3, h3-j3), ΔG‡
C≡C and ΔG‡

C=C increase 0.1~0.5 kcal/mol when −C6F5 

of 3 is replaced with −C6F3H2 or −C6H5, while ΔG‡
C≡C and ΔG‡

C=C decrease 2.2 kcal/mol and 3.0 

kcal/mol, respectively when −C6F5 is replaced with −CF3. The similar trend is identified for P-B 

FLP family. ΔG‡
C≡C and ΔG‡

C=C for P-B FLP family (d3, k3-m3) changed −0.1~0.3 kcal/mol when 

the bulky ligand −C6F5 of d3 is replaced with −C6F3H2 or −C6H5, however, which decreased 1.3 

kcal/mol and 1.4 kcal/mol, respectively when −C6F5 is replaced with −CF3.  
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Figure 3. (a) the Gibbs free energy profiles for the hydrogenation of acetylene to ethene (green 

line) and ethene to ethane (purple line) catalyzed by d3, with TDI and TDTS highlighted in the 

green or purple boxes and the structures represented in ball and stick format. (b) the apparent 

activation free energies for acetylene hydrogenation to ethene (ΔG‡
C≡C) and ethene hydrogenation 

to ethane (ΔG‡
C=C) catalyzed by 3-m3.     

(a) 

(b) 
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To understand the factors that govern the reactivity of FLPs toward acetylene/ethene 

hydrogenation, partial atomic charges, HOMO, LUMO, HOMO-LUMO gap, fluoride ion affinity 

(FIA), hydride affinity (HIA) and the bond length of LA-LB sites of 3-m3 have been analyzed and 

the data is summarized in Table S5. Figure 4a and 4b show the charges of LA site and LB site of 

3-m3. We found the charge of LA site increases dramatically when replacing B with Al, Ga and 

In for LA(C6F5)-N FLPs (red solid line) and LA(C6F5)-P FLPs (red dash line). However, the 

modification of the ligand −C6F5 with −C6F3H2, −C6H5 or −CF3 has little effect on the charges of 

LA site for B(LG)-N FLPs (black solid line) and B(LG)-P FLPs (black dash line). In addition, we 

found replacing of LB site of N with P reduces CM5 charge of LA site, as shown in Figure 4a that 

dash lines shift downwards slightly compared to the solid lines. The modification of LA site and 

ligands has minor effect on the charges of LB site as shown in Figure 4b.  

The charge analysis suggests the charge of LA site is greatly affected by replacing B with 

Al, Ga and In, is weakly affected by replacing the LB site of N with P, is barely affected by the 

ligand modification. The impact of the modification of LA/LB site and LG on the charge of LA is 

consistent with that on the apparent activation energies. Therefore, we explored the relations 

between the reactivity and the charge of LA site of FLPs (3-m3). We have tried to correlate the 

apparent activation energies (ΔG‡
C≡C and ΔG‡

C=C) with CM5 charges of LA site and all the other 

descriptors, but failed to identify good linear relationships (Figure S14). The bad correlation is 

because TDI and TDTS are not consistent for all FLPs (Figures S1-S13). For 3, a3 and e3-m3, 

ΔG‡
C≡C = GTS5-3 − G4 because TDI and TDTS are 4 and TS5-3 for acetylene hydrogenation, and 

ΔG‡
C=C = GTS7-3 – G6 because TDI and TDTS are 6 and TS7-3 for ethene hydrogenation. For b3 and 

c3, ΔG‡
C≡C = ΔG‡

3-4 because TDI and TDTS are 3 and TS3-4 for the acetylene hydrogenation. We 

found that 4 (or 6) and TS4-5 (or TS6-7) are the intermediate and transition state have lowest free 

energy along the reaction path for each FLP (see Tables S6-S7, Figures S15-S16). Therefore, the 

apparent activation energies do not depend on step 2, H2 heterolysis, but depend on step 1, alkyne 

insertion, 3 → 4 (or 3 → 6) and step 3, intramolecular protonation, 5 → 3 (or 7 → 3). For 

acetylene hydrogenation, we plotted the free energy barriers of step 1 (ΔG‡
x3-4) and step 3 (ΔG‡

x5-3) 

as a function of the CM5 charge of LA site of 3-g3 (h3-m3 was not included because the effect of 

ligand modification is neglectable, the free energies for each elementary step are listed in Tables 

S8-S9), which gives two linear relationships with a coefficient of determination of R2 = 0.86 and 

R2 = 0.75, respectively, (Figure 4c). Linear relationships between ΔG‡
x3-6 (or ΔG‡

x7-3) and the CM5 
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charge of LA site have also identified for ethene hydrogenation as well, which gives a coefficient 

of determination of R2 = 0.83 and R2 = 0.87, respectively.  

For the alkyne insertion step, the free energy barriers (ΔG‡
x3-4 or (ΔG‡

x3-6) increase when 

the charge of LA site becomes more positively charged. To understand the correlation between 

ΔG‡
x3-4 of step 1 and charge of LA site, the electronic character of the bonding between C2H2 and 

3 of TS3-4 were analyzed using the EDA-NOCV scheme. Figure 4e and 4f present the two leading 

NOCV deformation densities (Δρ1 and Δρ2) contribute to the total interaction orbital energies 

(∆𝐸orb ). As we can see, the contribution from the first NOCV deformation densities, Δρ1, 

presented in Figure 4e, clearly demonstrates the electron transfer from the π bonding orbital of 

C≡C to the empty δ orbital of B-C (π donation: πC≡C → δB-C), and the total charge transfer 

corresponding to Δρ1 is 0.82. The second NOCV deformation density contribution, Δρ2 (Figure 

4f) shows the electron density donation from the δ bonding orbital of B-H bond to the π anti-

bonding orbital of C≡C (δ back-donation: δB-H → π*C≡C), and the total charge transfer 

corresponding to Δρ2 is 0.41. In addition, we found that electron out flows from δB-H bonding 

orbital for both Δρ1 and Δρ2, indicating the weakening of B-H bond and the potential of H migration 

to C2H2. The stabilizing orbital interaction energy from the first and second pair of NOCV are 88.6 

kcal/mol and 23.5 kcal/mol, which contribute to 69.9% and 18.5 % of the total orbital interaction 

energy, respectively. The orbital interaction energy analysis suggests the dominant contribution to 

the orbital interaction energy of TS3-4 comes from the π donation charge transfer (πC≡C → δB-C). 

More positively charged of LA site means stronger ability to accept electrons. Therefore, a FLP 

with a more positively charged LA site has a stronger π donation from C≡C of C2H2 to FLP and 

weaker δ back-donation from FLP to π*C≡C of C2H2, resulting in stronger binding of C2H2 at B, but 

less activated C≡C for hydrogenation, in another word, higher activation barrier.  

Intramolecular protonation is an electrophilic attacking reaction, which involves the 

intramolecular protonation migrate to carbon (bound to LA) of vinyl intermediate, and the free 

energy barrier (ΔG‡
x5-3) is expected to depend on the charge of proton and carbon atom of vinyl 

intermediate of 5, which are ultimately affected by the charge of LA and LB sites of 5. From the 

charge analysis (Table S10), the charge of proton (+0.28 ~ +0.32 e) does not change much when 

LA is varied from B to Al, Ga and In for 5-c5, which is because of the almost the same charge of 

LB site (-0.35 e) for 5-c5. Therefore, the charge of proton or LB site is excluded as a descriptor to 

correlate with ΔG‡
x5-3. On the other hand, we found that the charge of carbon of vinyl decrease 
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with the increase of the charge of LA site. To understand the charge transfer between vinyl species 

and B of 5, the EDA-NOCV scheme were analyzed for 5. As shown in Figure 4g, the dominant 

NOCV deformation densities (Δρ1) demonstrate the electron transfer from the π bonding orbital 

of C=C of vinyl to the δ orbital of B-C (π donation: πC=C → δB-C), and the total charge transfer 

corresponding to Δρ1 is 0.86. The dominant NOCV deformation densities (Δρ1) contribute to 77.9% 

of ∆𝐸orbof 5, and the second dominant NOCV deformation densities (Δρ2) is not included in the 

discussion because its contribution to B-vinyl bond is small, only counts for 6% of ∆𝐸orb. A 

stronger electron donation from vinyl species to LA site, suggests a stronger B-C bond, which will 

require to overcome a higher free energy barrier to be protonated. This explains the correlation 

between ΔG‡
x5-3 and the charge of LA with negative slop in Figure 4c: a more positively charged 

LA site indicate weaker electron donation from vinyl species to LA site, resulting in a weaker LA-

C bond, then a smaller free energy barrier for proton transfer to vinyl species to form ethene.  

The a similar relationships observed for ΔG‡
x3-6  and ΔG‡

x7-3 as a function of the charge of 

LA (Figure 4d) is because the interaction and charge transfer between alkyne/alkene and LA, 

vinyl/alkyl and LA are similar.  
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Figure 4. CM5 charge of FLP catalyst 3-m3: (a) Lewis acid site and (b) Lewis base site. Red solid 

and dash lines represent LA(C6F5)-N FLP family (3, a3, b3 and c3, where the LA are B, Al, Ga 
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and In, respectively and the LB is N) and LA(C6F5)-P FLP family (d3, e3, f3 and g3, where the 

LA are B, Al, Ga and In, respectively and the LB is P). Black solid and dash lines represent B(LG)-

N FLP family (3, h3, i3 and j3, where the LA and LB are B and N, respectively) and B(LG)-P FLP 

family (d3, k3, l3 and m3, where the LA and LB are B and P, respectively) and their bulky ligands 

are varied from −C6F5 to −C6F3H2, −C6H5 or −CF3. (c) and (d) calculated free energy barriers for 

step 1 and step 3 as a function of CM5 charge of LA site of 3-g3 for the hydrogenation of acetylene 

and ethene, respectively. (e) and (f) two leading deformation densities contribute to the interaction 

energies between acetylene and 3 of TS3-4, and (g) the dominant deformation densities contribute 

to the interaction energies between vinyl species and B of 5 (red color shows charge outflow, Δρ 

< 0, whereas the blue color shows charge accumulation, Δρ > 0). 

 

3.3 Catalyst Deactivation 

The lack of reactivity of 1 to hydrogenate terminal alkynes was attributed to the strong 

binding of terminal alkynes with the boron of 1 causing the degradation of the catalyst via a 

deprotonative borylation pathway.49,71–76  To improve the activity of FLP catalysts toward terminal 

alkynes requires more detailed reaction mechanism studies for the catalyst degradation, which can 

occur prior to or after the activation of the pre-catalysts by H2, as shown in Figure 5 and Figure 

6, respectively.  

Starting with pre-catalyst 1, there are two competitive reaction pathways in the presence of 

H2 and acetylene: pre-catalyst activation and deactivation, as shown in Figure 5a. Pre-catalyst 

activation consists of two elementary steps: (i) H2 heterolysis and (ii) perfluorophenyl elimination. 

H2 heterolysis results the heterolytically splitting of H2 and the formation of a hydride and a proton 

attached to LA and LB site respectively, 2, via the transition state TS1-2. The perfluorophenyl 

elimination step involve the transition state TS2-3. Pre-catalyst deactivation also consists of two 

elementary steps: (iii) acetylene addition and (iv) perfluorophenyl elimination. Acetylene addition 

involves the cleavage of C-H bond of acetylene, resulting in the formation of 8 with an ethynide 

binding at LA (B) site and a proton binding at LB (N) site via the transition state TS1-8, which is 

responsible for pre-catalyst deactivation, because the stronger binding of alkyne blocks the H2 

splitting. The intramolecular protonative cleavage of B–C6F5 could occur for 8 via the transition 

state of TS8-9 to eliminate C6F5H and produce 9, which is responsible for catalyst degradation 

because the active borohydride species no longer exists for propagate the alkyne hydrogenation. 
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Further H2 splitting at 9 will result in the complete degradation of catalyst due to the second C6F5 

group elimination. The Gibbs free energies of reaction and activation for the elementary steps (i-

iv) involving in the pre-catalyst activation, deactivation and degradation for FLP 1-m are plotted 

in Figure 5b and 5c and the data are summarized in Table S11.  

We found the activation and reaction free energies for the perfluorophenyl elimination step 

for pre-catalyst activation (ii) and degradation (iv) are close (Figure 5c), therefore, we focus on  

the Gibb’s free energies of reaction and activation of the first step (i and iii) for pre-catalyst 

activation and deactivation. The Gibb’s free energies of acetylene addition (ΔGx1-8) are much 

larger than that of H2 heterolysis (ΔGx1-2), except for d and k, suggesting acetylene addition is 

thermodynamically much favorable than H2 splitting due to the stronger binding of acetylene. 

While to determine if a FLP pre-catalyst is activated or deactivated, the free energy barriers which 

govern the kinetics of the reaction are considered as well. We identify that a-c, e-g and j would 

not be good catalysts, because both the Gibb’s free energies of reaction (ΔGx1-8) and activation 

(ΔG‡
x1-8) for acetylene addition are smaller than that of H2 heterolysis (ΔGx1-2 and ΔG‡

x1-2), 

suggesting the acetylene addition is thermodynamically and kinetically more favorable than H2 

heterolysis. For 1, d, h, i, and k-m, the pre-catalyst activation and deactivation are competitive, 

because acetylene addition is thermodynamically favorable (ΔGx1-8 < ΔGx1-2), while kinetically is 

less favorable (ΔG‡
x1-8 > ΔG‡

x1-2). Previous experimental results show that the addition of the 

terminal alkyne results in the formation of alkyne adduct with 1, which will follow by a full 

cleavage of C6F5 group upon heating with excess terminal alkyne under H2 pressure, and resulting 

the pre-catalyst degradation.49 Comparing to 1, h, i, l and m will probably undergo the degradation 

like 1 because acetylene addition is exergonic or slightly endergonic while H2 heterolysis is 

endergonic, and the acetylene binding is 3.9~9.2 kcal/mol lower than H2 heterolysis. For d and k, 

the binding free energies of alkyne and H2 are close and both endergonic, while the free energies 

barrier for acetylene addition is much higher (8.3~8.7 kcal/mol) than that of H2 heterolysis. d and 

k could be potential pre-catalyst to reduce the FLP degradation because the kinetics will be the 

dominant factor rather than thermodynamics. To drive the reaction toward H2 splitting, we can 

increase the temperature and pressure which will increase the reaction rate and result in the H2 

splitting is kinetically more favorable, or change solvent (e.g., The binding free energy decreases from 

-0.1 kcal/mol to -3.0 kcal/mol and the activation free energy increase from 20.5 kcal/mol to 21.0 kcal/mol 

for H2 splitting at compound 1 when the solvent is changed from toluene to tetrahydrofuran). As supported 
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by the experimental results, the conversion of H2 heterolysis catalyzed by compound 1 is found to be 

increased to 90% at 80ºC after 6h in the solvent C6D5Br and to 80% at 80ºC after 7h in the solvent toluene, 

and the reaction rate is increased 10 times when the H2 pressure increased from 2 bar to 30 bar, 

while H2 heterolysis is reversible at room temperature and 2 bar in the solvent C6D6.
49 We would like to 

emphasize that the activation and binding free energies in this work are calculated at 298.15 K and 

1 atm which is lower than the experimental reaction condition 80 ºC and 2 bar 49. In addition, the 

elimination of C6F5H is a great exergonic reaction for all the FLPs (Table S11) which could be 

another potential driving force to shift the reaction towards the H2 splitting rather than releasing.  
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Figure 5. (a) The reaction mechanism for the activation and deactivation of pre-catalyst 1 by H2 

and acetylene, respectively, (b) and (c) are the Gibbs free energies of reaction and activation for 

each elementary steps involving in the pre-catalyst activation and deactivation for FLP 1-m. x is 

none for 1, and x = a-m for FLP a-m.  

We have also explored the catalyst deactivation starting from the activated catalyst 3−m3 

and the Gibbs free energies of reaction and activation are summarized in Table S12.  Figure 6a 

shows the competitive reaction paths when the activated catalyst 3 in the presence of acetylene 

and H2. Green and purple pathways represent the insertion of acetylene (3→4) and ethene (3→6), 

pink and black pathways represent the acetylene addition (3→10) and the H2 heterolysis (3→11). 

The insertion of acetylene and ethene are both strongly exergonic reactions, and acetylene insertion 

are much stronger exergonic (ΔGx3-4 = −27.7 ~ −34.3 kcal/mol) than ethene insertion (ΔGx3-6 = 

−14.7 ~ −20.3 kcal/mol) (Figure 6b). Acetylene addition is endergonic for most of the activated 

catalysts (except for 3, h3−j3 and m3 which are slightly exergonic), while H2 heterolysis is 

endergonic for all (3−m3). The binding free energies of both acetylene and H2 on the activated 

catalysts (3−m3) are smaller than that on pre-catalysts (1−m), because of the reduced electron 

withdrawing ability of Lewis acid site of the activated catalysts resulting from the elimination of 

one C6F5 group. The binding of acetylene on the activated catalysts are much stronger than that of 

H2, which shows the similar trend as that on the pre-catalysts. However, the stronger binding of 

acetylene than H2 will not cause the catalyst deactivation in particular for 3, d3, h3-m3, because 

the acetylene insertion leads to the most stable products, B-vinyl intermediates (Figure 6c), 

suggesting the acetylene insertion is the dominant pathway when the activated catalysts exposed 

to acetylene and H2.  
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Figure 6. (a) Four possible reactions for catalyst 3: acetylene insertion (green), ethene insertion 

(purple), acetylene addition (pink) and hydrogen heterolysis (black), with the structure of 

transition states involving in the acetylene addition and hydrogen heterolysis at d, (b) and (c) the 

Gibbs free energies of reaction and activation of the four reactions for FLP 3-m3. 

Our calculations demonstrate the catalyst deactivation is due to the strong binding of 

acetylene and the elimination of the bulky ligand at pre-activated catalyst rather than at activated 

catalysts. d and k could be potential catalysts that could have high selectivity and good stability 

for acetylene semihydrogenation.   

3.4 Insights on FLP Catalysis of Terminal Alkyne Semihydrogenation   

Existence of FLPs for Alkyne Semihydrogenation Since the first FLP, 1 reported 

by Repo and Pápai et al. in 2013 that enable the semihydrogenation of alkynes,49 a few other FLPs 

(a) 

(c) (b) 

TSd3-10 

3 

TS
d3-11
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reported for this reaction.77–80 In 2015, Du et al. reported a novel strategy of using simple alkenes 

as promoters for the HB(C6F5)2-catalyzed alkynes hydrogenation.77 In 2017, Repo and Pápai 

reported another new FLP for alkyne hydrogenation, 2-(Dialkylamino)phenylboranes containing the BXZ 

group (X, Z = C6F5, Cl, and H). The three FLP catalysts can only catalyze internal alkynes 

hydrogenation, but not terminal alkynes. Till 2020, Gellrich and coworkers reported a 

boroxypyridine FLP (B(C6F5)2H/6-tert-butylpyridone), 4 (Figure S18), which not only show good 

yields and stereoselectivity for cis-selective hydrogenation of a variety of internal alkynes, but also 

the first time enables the metal-free semihydrogenation of terminal alkynes.79 In analogy to 

boroxypyridine, Hu et al. reported a the hydrogenation of terminal alkynes catalyzed by a 

polymeric-BPh3/pyridine.80  

Reaction Mechanisms The reported FLPs capable of catalyzing semihydrogenation of 

alkynes are intramolecular FLPs, which could undergo two possible reaction mechanisms: 

intramolecular and intermolecular mechanism (Figure 7). Intramolecular mechanism consists of 

five steps: I. H2 heterolysis, II. C6F5 elimination, III. alkyne insertion, IV. H2 heterolysis and V. 

intramolecular protonation (left cycle), and LA and LB remain covalently connected during the 

reaction. While intermolecular mechanism involves LA and LB dissociation and recombination, 

which also consists of five steps: I. H2 heterolysis, II´. LA-LB dissociation, III´. alkyne 

hydroboration, IV´. alkenylborane and pyridone combination and V´. intermolecular protonation 

(right cycle). The capability of the dissociation of LA-LB of FLPs plays a key role to determine 

the dominant reaction mechanism for the semihydrogenation of terminal alkynes. For instance, 

ansa-aminohydroborane FLP (coumpond 1) reported by Repo and Pápai49 undergoes an 

intramolecular mechanism because B(C6F5)2-C6H4 is intact during the reaction. While 

boroxypyridine FLP (B(C6F5)2H/6-tert-butylpyridone) reported by Gellrich and coworkers79 

undergoes an intermolecular mechanism because B(C6F5)2H is released from FLP after H2 splitting.  
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Figure 7. Two reaction mechanisms for semihydrogenation of terminal alkynes catalyzed by FLPs:  

intramolecular (left cycle), intermolecular (right cycle) mechanism and the pathways for the 

deactivation of FLPs.  

FLP Deactivation Gellrich and coworkers suggested that the reversibility of the Csp−H 

cleavage of terminal alkynes that allows H2 activation in the presence of terminal alkynes and thus 

enables the hydrogenation of terminal alkynes.79 However, we found that after the addition of 

terminal alkynes, the dissociation of the alkynyl borane complexes 13−15 

(ΔG‡=14.0(cyclohexyacetylene), 13.4(phenylacetylene), 14.7(acetylene) kcal/mol)) is more 

favorable than the Csp−H reformation (ΔG‡=22.9(cyclohexyacetylene), 22.7(phenylacetylene), 

30.0(acetylene) kcal/mol), as shown in Figure S18. Our computational results suggest that the 

reversibility of the Csp−H cleavage of terminal alkynes probably is not the key to the activity of 

boroxypyridine towards terminal alkynes. We explored the elimination of C6F5 group after the H2 

heterolysis and found that the free energy barrier is 27.7 kcal/mol (Figure S17), which is much 

higher than the H2 splitting, alkyne addition and dissociation of pyridone borane, 4 or alkynyl 

borane complexes, 13−15. Therefore, we believe the key for the good activity of 3 toward terminal 

alkyne is because of the higher activation barrier for the perfluorophenyl elimination that avoids 
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the catalyst degradation. In addition, the high H2 pressure (5 bar79) shifts the equilibrium towards 

the H2 splitting, which was also observed for FLP 1. Therefore, H2 heterolysis product is dominant 

intermediate. However, alkyne addition is inevitable which results in the maximum yield of 

terminal alkene product is reported to be 76% 79. For FLP (1-NMe2-2-B(C6F5)2-C6H4, 1), the strong 

terminal alkyne binding and the lower free activation barrier for the perfluorophenyl elimination 

results in the degradation of catalyst (Figure S18) and the yield of terminal alkene is zero.49  

As shown in Figure 7, FLPs could be deactivated via intramolecular mechanism through 

two steps (VI. alkyne addition and VII. C6F5 elimination) or via intermolecular mechanism through 

three steps (VI. alkyne addition, VIII. LA-LB dissociation and VII. C6F5 elimination). The 

deactivation of FLPs for semihydrogenation of terminal alkynes due to: (1) the strong binding of 

terminal alkynes on FLPs with low reaction barrier, which could block the LA and LB sites for 

activate H2, and (2) the low activation barrier for perfluorophenyl elimination, which results in the 

degradation of FLPs. One strategy to enable FLPs active towards terminal alkynes is to increase 

the activation energy for terminal alkyne addition and decrease the binding energy difference 

between H2 and terminal alkynes, such as FLPs d and k (Figures S19-20). The second strategy is 

to increase the activation energy for C6F5H elimination and increase H2 pressure. The third strategy 

is to weaken the binding of terminal alkynes by changing the mind their binding mode involving 

metal as Lewis acid site.81  

 

4. Conclusions 

In this work, we have designed thirteen FLPs, denoted a−m, based on the experimentally 

reported FLP, 1(1-NMe2-2-B(C6F5)2-C6H4) by varying the LB site with N and P, and the LA site 

with B, Al, Ga and In, and replacing −C6F5 with −C6F3H2, −C6H5, −CF3. We applied density 

functional theory to study the activity, selectivity, and deactivation of FLPs including 1 and a-m 

for acetylene semihydrogenation. The catalytic cycle consists of three steps: (1) alkyne insertion, 

(2) H2 heterolysis, and (3) intramolecular protonation. We calculated the free energy profile of the 

entire catalytic cycle and the apparent activation energies using energetic span model to estimate 

the activity of 1-m for acetylene hydrogenation to ethene. We found the activity does not change 

much by the modification of bulky ligands, while it decreases with the direct replacement of LA 

and LB sites. The apparent activation energies are found to depend on step 1 (hydride insertion), 

and step 3 (intramolecular protonation). The activation free energies of step 1 and step 2 are both 
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linearly correlated with the charge of LA site. The former is a positive linear relationship because 

a more positively charged LA site has a stronger π donation from C≡C to FLP and weaker δ back-

donation from FLP to π*C≡C, resulting in stronger binding of C2H2 at B, and thus a higher activation 

barrier. However, the latter is a negative linear relationship because a more positively charged LA 

site indicate weaker electron donation from vinyl species to LA site, resulting in a weaker LA-C 

bond, then a smaller free energy barrier for proton transfer to vinyl species. The selectivity was 

estimated by comparing the apparent activation energies for acetylene hydrogenation to ethene 

(ΔG‡
C≡C) and ethene hydrogenation to ethane (ΔG‡

C=C). All the FLPs designed in this work show 

comparable or better selectivity for semihydrogenation of acetylene comparing to 1, except b and 

c. The FLPs are deactivated by the strong binding of acetylene and the elimination of electron-

withdrawing bulky ligands at pre-activated catalyst rather than activated catalysts. Taking the 

selectivity and the stability of FLPs into account, d and k are potentially active for terminal alkynes. 

We review FLPs that have been experimentally reported for semihydrogenation of terminal 

alkynes, we summarize the most two dominant reaction mechanisms and critical factors that result 

in FLPs deactivation and degradation, and we provide potential strategies to avoid catalyst 

deactivation for terminal alkyne semihydrogenation.   
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