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บทคัดยอ 
 

โลหะทรานซิชันหมู 10 (M = Pt, Ni) สามารถทํางานรวมกับกรดลิวอิส (Z = B, Al) เพ่ือสลายพันธะของไฮโดรเจนได  
การศึกษาดวยวิธีทางทฤษฎีฟงกชันนัลความหนาแนนแสดงใหเห็นวา สารเชิงซอน 1Pt(PAl) ซึ่งประกอบดวยลิแกนด 
Mes2PC(=CHPh)AltBu2 (PAl) เกาะกับโลหะแพลตตินัมสามารถทํางานรวมกันในการสลายพันธะของไฮโดรเจนผานทรานซิ
ชันสเตท TS12_PtAl ซึ่งมีโครงสรางเปนแบบตัวที ดวยพลังงานกระตุนอิสระเทากับ 31.6 kcal/mol สอดคลองกับผลการทดลอง
ท่ีพบวา สารเชิงซอนน้ีสามารถสลายพันธะของไฮโดรเจนไดท่ีอุณหภูมิ 80 oC จากน้ันเราไดแทนท่ีอลูมิเนียมซึ่งทําหนาท่ีของกรดลิว
อิสดวยโบรอน โดย 1Pt(PB) ตางจาก 1Pt(PAl) ตรงท่ีไมพบอันตรกิริยาระหวาง Pt—B (3.154 Å) 1Pt(PB) จึงมีความไวตอการ
สลายพันธะของไฮโดรเจนมากข้ึน ดวยพลังงานกระตุนอิสระลดลงเปน 21.8 kcal/mol เมื่อมีการใชโลหะนิกเกิลซึ่งมีความเปนอิ
เล็กโตรโพสิทีฟแทนท่ีแพลตตินัมสําหรับ 1Ni(PB) แทนท่ี 1Pt(PB) พบวา มีความไวตอปฏิกิริยาการสลายพันธะของไฮโดรเจนมาก
ข้ึนอีก ดวยพลังงานกระตุนอิสระเพียง 9.7 kcal/mol ในขณะท่ีทรานซิชันสเตท TS12_PtB ของสารเชิงซอนแพลตตินัมมี
โครงสรางแบบตัวที ทรานซิชันสเตท TS12_NiB ของสารเชิงซอนนิกเกิลมีโครงสรางใกลกับเตตระฮีดรอน เราไดทําการวิเคราะห
พลังงานกระตุนอิสระดวยการแยกพิจารณาเปนสวนของพลังงานอันตรกิริยาระหวางสารเชิงซอนกับไฮโดรเจน และสวนของ
พลังงานท่ีใชการปรับโครงสรางจากสารเชิงซอนในรูปอิสระไปเปนโครงสรางสารเชิงซอนในรูปท่ีมีไฮโดรเจนกําลังแตกพันธะท่ีทราน
ซิชันสเตท สารผลิตภัณฑท่ีไดจากการสลายพันธะของไฮโดรเจนสามารถเติมไฮโดรเจนแกเอทิลีนได โดยข้ันกําหนดปฏิกิริยา คือ 
ข้ันตอนท่ีมีการถายโอนไฮโดรเจนครั้งท่ีหน่ึงจาก 2M(PZ) ไปยังคารบอนของเอทิลีนผานทรานซิชันสเตท TS23_MZ ในข้ันการเติม
ไฮโดรเจนแกเอทิลีนน้ี 1Ni(PB) อาศัยพลังงานกระตุนอิสระเทากับ 26.3 kcal/mol ซึ่งเปนคาท่ีต่ําสุดเทียบกับสารเชิงซอนโลหะอ่ืน
ในการศึกษาน้ี แผนภูมิพลังงานจากการศึกษาดวยวิธีทางคอมพิวเตอรในงานวิจัยน้ีใชเปนแนวทางการพัฒนาสารเชิงซอนของโลหะ
กับกรดลิวอิสท่ีมีความไวตอปฏิกิริยาไดตอไป  
  
คําสําคัญ: การสลายพันธะของไฮโดรเจน การเตมิไฮโดรเจนแกเอทิลนี ทฤษฎีฟงกชันนัลความหนาแนน แพลตตินัม นิกเกิล  
             กรดลิวอิส 
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Abstract 
 

The transition metal group 10 (M = Pt, Ni) can work cooperatively with the Lewis acid (Z = B, Al) towards 
heterolytic H2 activation. Our density functional study showed that 1Pt(PAl), the Mes2PC(=CHPh)AltBu2 (PAl) 
ligand in combination with platinum metal, enables cooperative dihydrogen activation via T-shaped transition 
state TS12_PtAl (31.6 kcal/mol), which is in accordance with the experimentally observed hydrogen activation 
at 80 oC. We then explored the possibility of using boron instead of aluminum Lewis acid. Unlike 1Pt(PAl), 
1Pt(PB) has no interaction between Pt—B (3.154 Å). This allows more facile activation of dihydrogen substrate, 
which leads to a lower energy barrier of 21.8 kcal/mol for 1Pt(PB). With the use of electropositive Ni in place 
of Pt, 1Ni(PB) exhibited even higher reactivity towards H2 with energy barrier of 9.7 kcal/mol. While the Pt 
complexes proceeded with the T-shape geometries in the formation of TS12_PtB, nickel complex bears the 
tetrahedral-like transition state, TS12_NiB. The distortion-interaction analysis was performed to evaluate the 
contribution that affects the height of energy barrier. Furthermore, the H2 activation product was used to 
perform ethylene hydrogenation. The rate determining step was achieved through the first transfer of terminal 
hydrogen from 2M(PZ) to the carbon of ethylene via transition state TS23_MZ. The energy required to proceed 
ethylene hydrogenation by 1Ni(PB) was found to be most favorable among all metal complexes (26.3 kcal/mol). 
The energetic profile from this computational study can be used as a guide for potential reactivity of metal 
Lewis acid complexes. 
 
Keywords: H2 activation, ethylene hydrogenation, density functional theory, platinum, nickel, Lewis acid 
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Introduction 
The H2 bond cleavage has been a crucial step in the transformation of dihydrogen for the application 

in H2 fuel cell energy storage, hydrogenation and dehydrogenation processes (Karunananda & Mankad, 2017; 
Khusnutdinova & Milstein, 2015). The H2 activation can proceed through two possible pathways: (i) homolytic 

cleavage involving electron donation from σ-orbital of H2 to an empty d-orbital of transition metal and the 

back electron-donation from a filled d-orbital of metal to σ*-orbital of H2 (Figure 1a) and (ii) heterolytic cleavage 
with the assistance of Lewis acid and/or base. While the H2 activation by transition metal-free frustrated Lewis 
pairs (FLPs) (Holschumacher, Bannenberg, Hrib, Jones, & Tamm, 2008; Rokob & Pápai, 2013; Skara, De 
Vleeschouwer, Geerlings, De Proft, & Pinter, 2017; Spies et al., 2007; Welch, Juan, Masuda, & Stephan, 2006; 
Welch & Stephan, 2007) (Figure 1b) and by cooperative metal-Lewis base (M-LB) (Figure 1c) have been widely 
studied (Morris, 2015; Noyori, Yamakawa, & Hashiguchi, 2001), the H2 activation by metal-Lewis acid (M-LA) 
complexes still remains a challenge (Tsoureas, Kuo, Haddow, & Owen, 2011; Zeng & Sakaki, 2013) (Figure 1d).   

The heterolytic H-H bond cleavage by transition metal with the assistance of Lewis acid is achieved by 

electron donation from σHH to unoccupied p-orbital of Lewis acid, and the back electron-donation from d-

orbital of metal to σ*HH orbital (Karunananda & Mankad, 2017). In addition to H2 activation, the Lewis acidic 
ligand can assist the electron-rich transition metal for further catalytic hydrogenation (Devillard et al., 2016; 
Karunananda & Mankad, 2017; Zeng & Sakaki, 2013).  

In 2011, Appelt and co-workers reported that  Mes2PC(=CHPh)AltBu2 (PAl), the geminal frustrated Lewis 
pair, can undergo CO2 addition at room temperature but cannot activate H2 under ambient condition (Appelt 
et al., 2011).  In 2016, Bourissou and co-workers reported that Pt supported by PAl as a ligand, 
Pt(PPh3)(Mes2PC(=CHPh)AltBu2), 1Pt(PAl), can proceed to CO2 addition under ambient condition and can also 
enable the activation of H2 at 80 oC (Devillard et al., 2016). The introduction of transition metal group 10 in 
cooperative with aluminum Lewis acid enhances the reactivity towards H2. 
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Heterolytic cleavage

H H H H
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H H
LBLA

H
H
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H H
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H H
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H H

M LA

H H
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Figure 1. Catalytic H2 activation: (a) single-site transition metal (M), (b) frustrated Lewis pair (LA-LB), (c) 
cooperative metal-Lewis base (M-LB), and (d) cooperative metal-Lewis acid (M-LA) 

 
Apart from the Pt/Al complex, Ni/B complex for H2 activation was also reported in 2012 by Peters and 

co-workers (Harman & Peters, 2012). The nickel complex with diphosphine borane, ArB(o-Ph2PC6H4)2 (PhDPBAr) 
ligand invoked the role of boron Lewis acid acting cooperatively with Ni for H2 activation and alkene 
hydrogenation (Harman & Peters, 2012). Although Ni(PhDPBPh)(THF) cannot react with H2 at 60 oC, when using 
mesityl substituent on the B, Ni(PhDPBMes) can activate H2 at room temperature, and further being used to 
catalyze hydrogenation of styrene (Harman, Lin, & Peters, 2014; Zeng & Sakaki, 2013). In general, Ni is more 
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electropositive than Pt, which can potentially facilitate the oxidative addition processes with a lower energy 
barrier (Tasker, Standley, & Jamison, 2014). 

Herein, we investigated the electronic structures and mechanistic studies of complexes 1Pt(PZ), 
Pt(PPh3)(Mes2PC(=CHPh)ZtBu2) (Z = B, Al) for H2 activation with the potential utilization of hydrogenation of 
ethylene. The corresponding mechanism using 1Ni(PB) complex was also explored. This computational study 
will elucidate the key features and provide insight into the reactivity of cooperative metal-Lewis acid complexes. 
 

Methodology  
Mechanisms of H2 activation and ethylene hydrogenation as shown in Figure 2 for 1Pt(PAl), 1Pt(PB) 

and 1Ni(PB) were carried out using ωB97XD functional (Chai & Head-Gordon, 2008a, 2008b). All geometry 
optimizations and frequency calculations were performed in gas phase with singlet spin state geometries using 
Gaussian 09 program (Frisch, 2016). The basis set 1 (BS1) was used. BS1 includes def2-TZVP for Pt and Ni, 
(Bergner, Dolg, Küchle, Stoll, & Preuß, 1993; Weigend & Ahlrichs, 2005; Xu & Truhlar, 2011) 6-31++G(d,p) 

(Hariharan & Pople, 1973; Petersson & Al‐Laham, 1991; Petersson et al., 1988) for C and H on the substrates 
involved in the reactions and for P, Al, B, and O, while 6-31G(d) is for all other atoms. Frequency calculation 
was carried out to verify that all intermediates contain no imaginary frequency and transition states (TS) have 
only one imaginary frequency. Solvent correction was performed with SMD continuum solvation model 
(Marenich, Cramer, & Truhlar, 2009) with dichloromethane solvent parameters on the optimized geometry from 

the gas phase using ωB97XD functional with basis set 2 (BS2) (Chai & Head-Gordon, 2008a, 2008b). For BS2, 
def2-TZVP is used for Pt and Ni (Bergner et al., 1993; Weigend & Ahlrichs, 2005; Xu & Truhlar, 2011), and 6-

31++G(d,p) for all other atoms (Hariharan & Pople, 1973; Petersson & Al‐Laham, 1991; Petersson et al., 1988). 
Unless otherwise specified, the relative energies mentioned throughout the article are referred to the solvent-

corrected relative free energies by ωB97XD/BS2 performed on the gas-phase optimization geometry by 

ωB97XD/BS1.  
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Figure 2. Catalytic cycle of ethylene hydrogenation by cooperative metal-Lewis acid 1M(PZ) complexes (M = 
Pt and Ni; Z = B and Al). 
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Results and Discussion 
A. Hydrogen Activation by 1Pt(PAl), 1Pt(PB), and 1Ni(PB)  
While Mes2PC(=CHPh)AltBu2 (PAl) does not react with H2,(Appelt et al., 2011) Uhl and co-workers reported 

that 1Pt(PAl) activates H2 at 80.0 oC (Devillard et al., 2016). Our calculation showed that the H2 activation by 
1Pt(PAl) proceeds via TS12_PtAl with a relatively high energy barrier of 31.6 kcal/mol (Figure 3). The trans-
dihydride product 2Pt(PAl) is obtained with slightly exergonic reaction energy of -0.1 kcal/mol.  

We further explored the dihydrogen activation by 1Pt(PB). With boron in place of aluminum, Pt/B 
combination shows relatively lower energy barrier of 21.8 kcal/mol for H2 activation. Correspondingly, the 
formation of product 2Pt(PB) is also more favorable thermodynamically with reaction energy of -6.1 kcal/mol. 

The interaction between Al and Pt in 1Pt(PAl) is significant as shown by a rather short distance of 2.624 
Å (Figure 4), which leads to rather energy demanding insertion of H2 to break the stabilizing interaction between 
metal-Lewis acid. This is in agreement with the X-ray crystal structure reported in the experiment (2.561 Å) 
(Devillard et al., 2016). In contrast, 1Pt(PB) shows more elongated bond distance of Pt—B (3.154 Å). With less 
stabilizing interaction between metal-Lewis acid, the insertion of incoming dihydrogen substrate into Pt/B 
moiety is more facile. 
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Figure 3. Relative free energy profiles for (i) H2 activation and (ii) hydrogenation of ethylene by 1Pt(PAl), 1Pt(PB), 
and 1Ni(PB). 
 

Furthermore, using distortion-interaction analysis of TS12_MZ, we are able to gain insights into the 

energy contributions behind the energy barrier. The energy barrier (ΔE‡) is a sum up of two main contributions: 

(i) the distortion energy (ΔEdist), which represents the energy for the deformation of reactant/catalyst fragments 

in the transition state from their free structures, and (ii) the interaction energy (ΔEint), which corresponds to the 
interfragmental stabilizing interaction between deformed reactant/catalysts (Phipps, Fox, Tautermann, & 

Skylaris, 2015; Yepes, Jaque, & Fernández, 2018). The interaction energy (ΔEint) of H2 with 1Pt(PAl) fragment is 
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considerably more negative (more stabilized) than that with 1Pt(PB) due to the stronger Lewis acidity of Al than 

B. In fact, the distortion energy from H2 fragment (ΔEdist_HH) and 1Pt(PAl) fragment (ΔEdist_M(PZ)) of TS12_PtAl 

mainly contribute to the higher destabilization and the higher energy barrier (ΔE‡) for TS12_PtAl than that for 
TS12_PtB (Table 1).  

 
Table 1. Distortion-interaction analysis of H2 activation transition state TS12_MZ for Pt/Al and Pt/B complexes 
 

TS ΔE‡ ΔEdist_M(PZ) ΔEdist_HH ΔEint 

TS12_PtAl 26.0 41.2 92.4 -107.6 
TS12_PtB 15.8 28.5 53.3 -66.0 

 
When platinum in 1Pt(PB) is replaced by nickel, the nickel complex is more reactive towards H2 than 

the platinum counterpart. The dihydrogen activation by 1Ni(PB) is more feasible with the energy barrier of 9.7 
kcal/mol (Figure 3) and the formation of product 2Ni(PB) is also more exergonic with reaction energy of -8.5 
kcal/mol. 
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Figure 4. Optimized intermediates and transition states in H2 activation by 1Pt(PAl), 1Pt(PB), and 1Ni(PB). 
Selected bond distances are shown in Å. Hydrogen atoms are omitted for clarity except for those from H2.  
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The transition state of H2 activation by Pt complex TS12_PtB has the H-H distance of 1.701 Å (Figure 
4). The H1 interacts with B while the H2 interacts with Pt. The P1-Pt-P2 remains as linear with the T-shaped 
geometry. In contrast, the transition state TS12_NiB has rather extended H-H distance of 2.234 Å. Notably, the 
bridging H1 interacts with both B and Ni while the terminal H2 interacts with only Ni. The P1-Ni-P2 is bent (135.9o) 
with the tetrahedral-like geometry. This also can be confirmed from the angle between H1-Ni-H2 and P1-Ni-P2 
plane by 85.35o. While the H2 is activated by both Pt and B in TS12_PtB, it is mainly activated by Ni with an 
assistance from B in TS12_NiB.   

Our calculation elucidated that having Mes2PC(=CHPh)ZtBu2 (PZ) architecture, the PB compound can 
serve as a ligand in complex with Pt or Ni to display a higher reactivity towards H2 than the PAl compound. In 
addition, 1Ni(PB) was found to be more reactive towards H2 than 1Pt(PB). 

 
B. Hydrogenation of ethylene by 2Pt(PAl), 2Pt(PB), and 2Ni(PB) 
We then explored the addition of ethylene to the H2-complex to obtain ethane and regeneration of 

1M(PZ). Firstly, the terminal H2 is transferred from metal in 2M(PZ) to C3 of ethylene via transition state 
TS23_MZ (Figure 5). Then, the H2—C3 bond is formed in intermediate 3M(PZ). Secondly, the bridging H1 is 
transferred to form the C2—H1 bond via transition state TS31_MZ. Noticeably, this second hydrogen transfer 
is more facile than the first hydrogen transfer (Figure 3). Finally, the ethane is released and 1M(PZ) is 
regenerated. Note that several attempts have been made to locate the sigma-complex of ethane to metal as 
a stable intermediate structure, but they were not successful. The ethane was found to dissociate away from 
metal center with no energy barrier. That is the desorption step of ethane is facile. Similar circumstance was 
reported by Sakaki and Zeng in the styrene hydrogenation by nickel borane complex, where the ethylbenzene 
product can be immediately released (Zeng & Sakaki, 2013).  

 
 

Figure 5. Optimized geometries of the first hydrogen transfer transition state TS23_PtAl and TS23_PtB in 
hydrogenation of ethylene. Selected bond distances are shown in Å. Hydrogen atoms are omitted for clarity 
except for those from H2.  
 

For the first hydrogen transfer from Pt to C3 of ethylene substrate via TS23_PtAl, the energy barrier is 
relatively high at 35.6 kcal/mol (Figure 3). Upon the binding of ethylene, the P1-Pt-P2 angle is bent from rather 
linear in 2M(PZ) to 134.5o to adopt the trigonal-bipyramidal structure (Figure 5). On the other hand, the 
hydrogen transfer via TS23_PtB proceeds with an even higher energy barrier of 40.2 kcal/mol (Figure 3). The 
forming H2—C3 distance in TS23_PtAl is longer than that in TS23_PtB (1.520 Å and 1.506 Å, respectively) 
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(Figure 5). This indicates that the former is considered as an earlier transition state. Subsequently, the H2—C3 
bond is established in intermediate 3Pt(PZ). For the second hydrogen transfer from bridging hydrogen H1 to 
C2, the energy barriers for both TS31_PtAl (31.0 kcal/mol) and TS31_PtB (31.1 kcal/mol) are similar. 

We further investigated 1Ni(PB) to compare with 1Pt(PB) in hydrogenation of ethylene. Not only 
1Ni(PB) is more reactive towards H2 activation, its ethylene hydrogenation by H2-complex also proceeds with 
lower energy barriers. The energy barrier for the transfer of terminal hydrogen H2 from Ni to C3 of ethylene via 
TS23_NiB was found more favorable (26.3 kcal/mol) (Figure 3); the H2—C3 distance in TS23_NiB is 1.798 Å. 
Subsequently, H2—C3 bond is formed in intermediate 3Ni(PB) (1.163 Å) (Figure 6). The 3Ni(PB) formed can 
easily proceed to the second hydrogen transfer. The bridging hydrogen H1 is transferred to C2 to form the H1—
C2 bond via TS31_NiB with the energy barrier of only 8.7 kcal/mol relative to 3Ni(PB). The H1—C2 distance is 
shortened from 3Ni(PB) to TS31_NiB (2.516 Å to 1.712 Å) while the H1—B distance is elongated from 1.394 Å 
to 2.402 Å. Finally, ethane is eliminated as a product and 1Ni(PB) is regenerated with the reaction energy of -
29.3 kcal/mol (Figure 3).  

From the overall mechanism of ethylene hydrogenation by 2M(PZ), the rate-determining step is the 
first hydrogen transfer from terminal H on Ni to form the C-H bond with C of ethylene. The energies required 
to overcome this step are prohibitively high for 2Pt(PAl) and 2Pt(PAl). Interestingly, this process is feasible for 
2Ni(PB) (26.3 kcal/mol) (Figure 3). Thus, Ni(PB) complex can be potentially utilized as a catalyst for 
hydrogenation of ethylene. 
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Figure 6. Optimized geometries of all species involved in hydrogenation of ethylene by 2Ni(PB). Selected bond 
distances are shown in Å. Hydrogen atoms are omitted for clarity except for those from H2.  
 

Conclusions 
We investigated the reactivity of cooperative transition metal group 10 complex supported by 

frustrated Lewis pair Mes2PC(=CHPh)ZtBu2 PZ (Z = B, Al) compounds towards H2 activation and ethylene 
hydrogenation. The use of boron instead of aluminum in ligand architecture in complex 1Pt(PZ) showed a 
higher reactivity towards H2 activation due to the extended Pt—B bond distance compared to Pt—Al. This leads 
to less energy demanding for insertion of dihydrogen into Pt—B moiety than that into Pt—Al (21.8 kcal/mol 
and 31.6 kcal/mol, respectively). Furthermore, with more electropositive metal Ni in place of Pt, the energy 
barrier of dihydrogen activation by 1Ni(PB) becomes much lower (9.7 kcal/mol). In addition, the reaction energy 
to form H2 activation product 2Ni(PB) is exergonic by -8.5 kcal/mol. This indicates that 1Ni(PB) has a potential 
to be used for more feasible reaction towards H2 activation. 
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For the reactivity towards ethylene hydrogenation, the first hydrogen transfer from metal to C on 
ethylene is the rate-determining step of the reaction. Both Pt/Al and Pt/B complexes proceed with relatively 
high energy barriers (35.6 kcal/mol and 40.2 kcal/mol, respectively). In contrast, the H2 activation product 
2Ni(PB) can further proceed with a higher reactivity; the first hydrogen transfer rate-determining step has the 
energy barrier of only 26.3 kcal/mol. From density functional study of metal Lewis acid complexes, the potential 
application for ethylene hydrogenation could be suggested from the calculated energy required to complete 
the catalytic cycle. Our calculation suggested that 1Ni(PB) complex can potentially be served as a catalyst for 
H2 activation and ethylene hydrogenation. 
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