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General Introduction 

 

Hydrogenation of N-heteroaromatics is a crucial method for rapidly producing saturated 

N-heterocycles, which are frequently found in bioactive molecules and pharmaceuticals.1 In addition, recently, 

there has been growing interest in applying this hydrogenation, along with the dehydrogenation of the 

resulting saturated N-heterocycles, to molecular hydrogen storage and recovery technologies, as the 

dehydrogenation of saturated N-heterocycles has been reported to proceed under relatively mild conditions.2 

So far, the hydrogenations of N-heteroaromatics have been developed based on the use of precious metal 

catalysts; however, challenges remain regarding the toxicity, cost, and rarity of precious metal catalysts. 

(Figure 1).1‒3 Indeed, several research groups have focused on developing new catalysts based on 

earth-abundant metals.4 

 

Figure 1. Catalytic hydrogenation of N-heteroaromatics. 

 

Frustrated Lewis pairs (FLPs),5,6 comprising less-toxic main-group compounds, have attracted much 

attention over the past two decades. FLPs are recognized as weakly bound noncovalent complexes comprising 

an electron acceptor (Lewis acid, LA) and an electron donor (Lewis base, LB), in which the formation of 

classical Lewis adducts (CLAs) is encumbered by steric repulsion between LA and LB (Figure 2, right). 

Whereas the typical chemical features of both the LA and the LB are usually quenched through the formation 

of CLAs (Figure 2, left), FLPs exhibit a much higher reactivity toward small molecules, e.g. molecular 

hydrogen (H2),7 carbon monoxide (CO),8‒10 carbon dioxide (CO2),11‒17 and so on.  

 

Figure 2. Generation of classical Lewis adducts (CLAs) and frustrated Lewis pairs (FLPs) through the 

reaction between Lewis acids (LAs) and Lewis bases (LBs). 

 

In particular, FLPs have been widely applied to catalytic hydrogenation of unsaturated molecules.7 
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For example, Stephan and co-workers have been reported that B(C6F5)3 (B1) effectively catalyzed the 

hydrogenation of imines via the heterolytic cleavage of H2 with an FLP comprising B1 and imines (Figure 

3A).18 The generation of FLPs using phosphines,19‒21 nitrogen-containing compounds such as quinoline 

derivatives,22‒26 cyclic ethers,27,28 or carbenes29 as LBs is well-known and has been applied to catalytic 

hydrogenation (Figure 3B). Nevertheless, the application of FLPs has largely been limited to serving as 

alternatives to transition metal catalysts. 

 

Figure 3. (A) B1-catalyzed hydrogenation of imines. (B) Reported examples of Lewis bases (LBs) potentially 

generating FLPs. 

 

In this context, our group has developed FLPs based on triarylborane (BAr3) and demonstrated their 

applicability in the hydrogenation of unsaturated molecules, even under challenging conditions where 

potential borane quenchers are present.30,31 For example, our group has reported BAr3-catalyzed reductive 

alkylation of amine compounds (Figure 4),32 wherein the BAr3 promotes the dehydration condensation of 

aldehydes and amines and is also involved in generating an FLP to mediate hydrogenation of imine 

intermediates. This reductive alkylation produced a stoichiometric amount of H2O that tends to trigger the 

irreversible decomposition of electrophilic boranes such as B1.33,34 To overcome this challenge, our group 

found that the use of a well-designed BAr₃ to generate a water-tolerant FLP enabled the efficient progress of 

the reductive alkylation.6c,35,36 
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Figure 4. BAr3-catalyzed reductive alkylation of amines with aldehydes, reported by our group (ref. 32). 

 

Against this background, I envisioned that FLPs comprising precisely designed BAr₃ could enable 

transformations that are challenging to achieve with conventional transition metal catalysts. Particularly, I 

report the development of hydrogenation of N-heteroaromatics using either pure or crude H₂ in the presence of 

catalytic amounts of original BAr₃. As described later, crude H₂ is a mixed gas primarily composed of H₂, CO, 

and CO₂, which is industrially produced from various hydrocarbon resources including wastes and biomass.37‒

40 Contaminants such as CO and CO₂ would thus induce deactivation of transition metal catalysts or trigger 

undesirable side reactions, making the use of transition metal catalysts under crude H2 conditions challenging. 

 

This thesis comprises five chapters: the General Introduction presented in this chapter, followed by 

three research chapters, and concluding with a final chapter summarizing the findings. In Chapter 1, I 

developed a molecules-based H2 purification system that relies on the hydrogenation of N-heteroaromatics and 

the dehydrogenation of their hydrogenated derivatives as key processes. I found that crude H2 containing 

excess amounts of CO, CO₂, and methane (CH4) could also be applied to the hydrogenation system. In 

Chapter 2, the reaction mechanism of 2-methylquinoline hydrogenation under crude H2 conditions was 

investigated using the artificial force induced reaction (AFIR) method. In Chapter 3, based on the results from 

Chapter 2, I developed a reaction system involving FLPs comprising olefins as Lewis bases and BAr3 for the 

heterolytic cleavage of H2. Specifically, this study focused on the hydrogenation of N-substituted indole 

derivatives with electron-rich olefinic moieties. 
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Figure 5. H2 purification through sequential hydrogenation/dehydrogenation of N-heterocycles in the presence 

of a catalytic amount of BAr3. 

 

 

Figure 6. Key H2-cleavage paths and BAr3-decomposition path based on mechanistic studies. 

 

 

Figure 7. BAr3-catalyzed hydrogenation of N-substituted indoles. 

 

Figure 8 presents an overview of the BAr₃ catalysts investigated in this work. 
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Figure 8. An overview of the BAr₃ catalysts investigated in this work. 
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Chapter 1 

 

Main group catalysis for H2 purification based on 

liquid organic hydrogen carriers 

 

Abstract: Molecular hydrogen (H2) is one of the most important energy carriers. In the midterm future, a huge 

amount of H2 will be produced from a variety of hydrocarbon sources through conversion and removal of 

contaminants such as CO and CO2. However, bypassing these purification processes is desirable, given their 

energy consumption and environmental impact, which ultimately increases the cost of H2. Here, I demonstrate 

a strategy to separate H2 from a gaseous mixture of H2/CO/CO2/CH4 that can include an excess of CO and 

CO2 relative to H2 and simultaneously store it in N-heterocyclic compounds that act as liquid organic 

hydrogen carriers (LOHCs), which can be applied to produce H2 by subsequent dehydrogenation. My results 

demonstrate that LOHCs can potentially be used for H2 purification from CO- and CO2-rich crude H2 in 

addition to their well-established use in H2 storage. 

 

1.1 Introduction 

Molecular hydrogen (H2) is an essential reductant that has been widely used in, e.g., petroleum 

refineries, the industrial production of ammonia and methanol, and the chemical industry. Moreover, H2 is one 

of the most promising energy carriers of the future, given its high stability and thus transportability, its high 

gravimetric energy density, and the low environmental impact of its combustion product compared to those of 

hydrocarbon-based energy sources.1–4 These features make H2 an attractive candidate for the construction of a 

greener and sustainable economy, which is commonly referred to as the “hydrogen economy”.3 Thus, it can be 

expected that a huge amount of H2, on a magnitude of more than 1012 standard cubic feet per year, will be 

produced from a wide range of hydrocarbon and renewable resources.1,2 In this context, H2 production 

combined with CO2 capture and storage from hydrocarbon resources such as petroleum, coal, natural gas, and 

biomass represents a pragmatic choice for the midterm future due to the limited supply of renewable energy,2 

while the electrolysis of water using electricity obtained from renewable resources seems to be an alternative 

option in the long-term future.5 The predominant contemporary route to H2 production includes the intensive 

purification of crude H2, which is a gaseous mixture of H2, CO, CO2, and other components that is produced 

by gasification, reforming, and/or water-gas shift (WGS) (process I in Figure 1.1A). Purification processes 

such as pressure swing adsorption (PSA), membrane separation, and cryogenic separation critically determine 

the purity of the H2, which is sometimes required to exceed 99.99% for fuel cells, and influence the total 

energy consumption of the H2 production process, making it cost inefficient. Notable advances have been 

made to improve the efficiency, H2 recovery rate, and reproducibility of H2 purification processes.4 

Nevertheless, an approach that could fundamentally solve all these challenging issues remains to be found.1 

Thus, although H2 can currently be stored after or during the process I in Fig. 1.1A,6 I envisaged a solution 

where H2 could be stored in its carrier directly from crude H2, which often includes more CO than H2, without 

the requirement for any of the aforementioned shift and purification processes (process II in Figure 1.1A).7 



 

 

9 

 

Moreover, the recovery of H2 after my proposed path ultimately leads to the production of highly pure H2. 

To this end, I focused on the use of liquid organic hydrogen carriers (LOHCs), which have been 

widely used for H2 storage and transportation.8‒12 H2 storage systems with LOHCs are based on a reaction 

sequence in which a H2 lean state (H0-LOHC) is hydrogenated to produce a H2-rich state (Hx-LOHC), 

followed by a subsequent dehydrogenation of Hx-LOHC after storage/transport that regenerates H2 and 

H0-LOHC (Figure 1.1B). The use of LOHCs has been extensively researched, as the technical, environmental, 

and economic advantages of H2 storage using LOHCs are widely accepted.8 Furthermore, the pool of potential 

candidates for H0-LOHCs has recently been expanded from the well-studied aromatic hydrocarbons to include 

heteroaromatics,11‒13 cyclic dipeptides,14 amides,15,16 cyclic ureas,17 and oligoesters,10 some of which provide 

hydrogenated products (Hx-LOHC) with H2 storage capacity [H2 weight % (wt %)] values that exceed the 

practical guidelines proposed by the European Union (5.0 wt %) and the U.S. government (5.5 wt %).8 

However, hitherto reported H2 storage systems using LOHCs have predominantly been based on the use of 

transition metal catalysts. This presents a critical issue for H2 separation in the presence of CO and CO2, both 

of which can severely inhibit transition metal-catalyzed hydrogenation reactions.6,9 Our group have 

successfully showed a strategy for H2 separation from multicomponent gas mixtures such as H2/CO/CO2 via 

the main group-catalyzed hydrogenation of organic molecules in 2017.7 Note here that Breakman-Danheux 

and co-workers18 in 1996 and Jorschick and co-workers19 in 2019 have independently reported transition 

metal-based heterogeneous compounds that have been applied to the hydrogenation of hydrocarbon-based 

LOHCs using contaminated H2 including CO, CO2, and/or gaseous hydrocarbons, which led to a marked 

suppression of the catalytic activity by CO despite the great excess of H2 present. 

Against this background, I have focused on main group catalysis20,21 including the use of frustrated 

Lewis pairs (FLPs) that are composed of Lewis bases (LBs) and triarylboranes as the Lewis acids (LAs).22‒24 

Triarylboranes of the type Bn such as B(C6F5)3 (B1) have been reported to catalyze the hydrogenation of 

N-heteroaromatic compounds such as 2-methylquinoline (MeQin) under diluted conditions.25‒27 FLPs are well 

known to mediate the heterolytic cleavage of the H‒H bond to generate [LB‒H][H‒LA] species (Figure 1.1C, 

I).23 The subsequent proton/hydride transfer from [LB‒H][H‒LA] to N-heteroaromatic compounds facilitates 

the storage of H2.26 CO2 fixation by FLPs has also been widely studied and found to proceed in either a 

reversible or irreversible manner (e.g., Figure 1.1C, II).28,29 The hydrogenation of CO2 has been reported in the 

presence of FLPs that are composed of B1 and nitrogen-based LBs (Figure 1.1C, III). 29‒32 CO can reversibly 

bind to the boron center (Figure 1.1C, IV), which would kinetically affect the H2 cleavage step.29,33 Moreover, 

these gases contain a certain amount of H2O, which often triggers the decomposition of triarylboranes to yield, 

e.g., [LB‒H][HO‒LA], although sophisticated strategies to minimize the influence of H2O have been 

reported.34,35 The reactions shown in Figure 1.1C (II to VI) can seriously affect the progress of the targeted 

catalytic hydrogenation in the presence of CO, CO2, and H2O when the undesired paths are irreversible (or 

nearly irreversible). Therefore, a suitable triarylborane that exhibits sufficient reactivity toward H2 in 

cooperation with LBs, yet simultaneously avoids the aforementioned irreversible deactivation paths, would be 

highly desirable. Note that Voicu and co-workers36 successfully applied an FLP comprising B1 and PtBu3 to 

the microfluidic separation of ethylene and ethane. 
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Figure 1.1. Research background and concept of this study. (A) Simplified schemes of representative 

contemporary routes of H2 purification followed by H2 storage (process I) and a conceptually novel route 

involving the simultaneous separation and storage of H2 from crude H2 (process II); WGS, water-gas shift; 

PSA, pressure swing adsorption. (B) Schematic illustration of the general concept behind LOHCs and the 

critical differences between well-established methods and this work. (C) Potential reactions among H2, CO, 

CO2, LA (Lewis acid/acidic part), and/or LB (Lewis base/basic part). Dashed arrows represent backward 

reactions that do not always occur under the same conditions as the corresponding forward reaction. 

 

Here, I demonstrate the direct storage of H2 in N-heterocyclic compounds such as H4-MeQin and 

2,6-dimethylpiperidine (H6-Lut) under various mixed gas conditions including H2, CO, CO2, and CH4 via a 

shelf-stable Bn-catalyzed hydrogenation of MeQin and 2,6-lutidine (Lut), respectively. Furthermore, the same 

Bn also catalyzes the dehydrogenation from H4-MeQin to produce H2 with concomitant generation of MeQin. 

The molar compositions of H2/CO/CO2 used in this work (1/1/1, 1/5/1, and 1/1/5) were based on the molar 

composition of the typical crude H2 produced by hydrocarbon resources (H2/CO/CO2 = 1/1/0.2 to 1/2/0.5) and 

the typical PSA off-gas (H2/CO/CO2 = 1/0.1/2), albeit these compositions vary depending on the feedstock.4 In 

addition, these gases include up to 0.9 mmol of H2O (Table 1.S2), which should be considered under the 

applied conditions. 

 

1.2 Results and discussion 

The interconversion between MeQin and H4-MeQin was used as a model LOHC system to separate 

H2 under these mixed gas conditions (Figure 2). As expected, well-established transition metal complexes 
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based on Rh (TM1), Ru (TM2), or Ir (TM3)37 did not catalyze the hydrogenation of MeQin (1.5 M in toluene) 

using a gaseous mixture of H2/CO/CO2 (4 atm each; runs 1 to 3), whereas H4-MeQin was efficiently yielded 

when H2 (99.95% purity, 4 atm) was used in the cases of TM2 and TM3.38 A higher yield of H4-MeQin (12%) 

was observed when 1 mol% B1 was subjected to these mixed gas conditions (run 4A), although the deleterious 

influence of the contaminants (CO, CO2, and/or H2O) was again observed compared to the result obtained 

using pure H2 (run 4B). Encouraged by this result, I explored the triarylboranes B2 to B6, which have been 

developed by Stephan and co-workers,39 Ashley and coworkers,40 and Soós and co-workers26,41,42 (runs 5 to 9). 

The decreasing Lewis acidity exhibited by the boron centers when the C6F5 group in B1 were replaced with 

three para-HC6F4 groups (B2) or with two para-HC6F4 groups and a 2,6-Cl2C6H3 group (B5) was found to be 

critical, and H4-MeQin was afforded in 63 and 81% yield when B2 and B5 were used, respectively (runs 5 and 

8). I thus carried out additional structural modifications via the substitution of the meta-F atoms with respect 

to the boron atom in B5 with Cl atoms (B7), H and Cl atoms (B8), Br atoms (B9), and (CF3)2C6H3 groups (B10) 

(runs 10 to 13). B9 showed the best result, affording H4-MeQin in 84% yield even in the presence of CO and 

CO2 (run 12). Moreover, a significant enhancement in the hydrogenation of MeQin was observed when the 

reactions were conducted using B5, B7, B9, and B10 in the absence of solvent (Figure 1.S17); B9 exhibited a 

catalyst turnover number (TON) of 1520 at 100 ºC in the presence of H2/CO/CO2 (30 atm each), which is far 

higher than the TONs obtained using B5 (1000), B7 (1400), or B10 (1340) (runs 8, 10, 12, and 13; see also 

Figure 1.S18). Note that the TON eventually reached to 2960 when the B9-catalyzed hydrogenation of MeQin 

was carried out under the solvent-free conditions including H2 (85 atm). The differences observed among B5, 

B7, B9, and B10 can be rationalized in terms of the electronic and steric properties of the meta-substituents, i.e., 

their electron-withdrawing ability, which influences the electron-accepting ability of the boron center, and 

their steric size, which should cause intramolecular steric repulsion among the introduced aryl groups (Table 

1.S4 and Figure 1.S44).43 In this context, the larger size of the Br atoms in B9 compared to the F (B5) and Cl 

(B7) atoms can be expected to play a key role in maintaining high activity under the applied mixed gas 

conditions by destabilizing the four coordinated boron species that would be formed during the reactions 

involving CO, CO2, and/or H2O. 

Both B7 and B9 exhibited high stability toward air and moisture. B9 can be stored under ambient 

conditions (22 ºC, ca. 30% humidity) for at least 1 year without any apparent decomposition, while very minor 

levels (ca. 1%) of decomposition were observed for B7 after 1 year of storage (Figures 1.S14 and 1.S15). 
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Figure 1.2. Optimization of the reaction conditions. General conditions for the catalytic hydrogenation of 

MeQin: A mixture of MeQin (2.5 mmol, 1.5 M in toluene) and Bn (1 mol %) was treated with H2/CO/CO2 (4 

atm each; conditions A) or H2 (4 atm; conditions B) at 100 ºC. Yields of H4-MeQin were determined by GC 

analysis. The molecular structures of B9 and B10 were determined by single-crystal x-ray diffraction analysis 

and are shown with thermal ellipsoids at 30% probability (H atoms are omitted for clarity). BINAP, 

2,2′-bis(diphenylphosphino)-1,1′-binaphthyl. *denotes 10 mol % catalyst. †denotes catalyst turnover number 

(TON) after a period of 48 h under solvent-free conditions using 0.1 mol % Bn and H2/CO/CO2 (30 atm each). 

‡denotes catalyst TON after a period of 48 h under solvent-free conditions using 0.05 mol % B9 and H2 (85 

atm). 

 

The B9-catalyzed hydrogenation of MeQin (1 mol % catalyst, without solvent) also proceeded to 

furnish H4-MeQin in >99 and 94% yield using CO-rich (H2/CO/CO2 = 4/20/4 atm; a model of syngas) and 

CO2-rich (H2/CO/CO2 = 4/4/20 atm; a model of industrial off-gas) mixtures, respectively, although a longer 
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reaction time was required in both cases (Figure 1.3A). These results imply that CO and CO2 kinetically affect 

the catalytic activity of B9 toward hydrogenation, with obvious suppression when an excess of the 

contaminant CO2 with respect to H2 is present. The coexistence of CH4 did not hamper the progress of the 

reaction. 

I also explored the optimal conditions for the catalytic dehydrogenation of H4-MeQin to afford 

MeQin (Figure 1.3B).44,45 Without solvent, 2 mol % B5, B7, and B9 successfully catalyzed the production of 

MeQin in 84 to 88% yields at 200 ºC for 6 h, whereas B1 and B10 exhibited inferior results (18 and 68%, 

respectively) under otherwise identical reaction conditions. The recovery of H2 [193% yield; CO and CO2 

were not detected by gas chromatography (GC) analysis; Figure 1.S20] was confirmed during the 

B9-catalyzed dehydrogenation of H4-MeQin (2 h) to MeQin in 90% yield. Under the applied reaction 

conditions, the hydrogenation of MeQin and the dehydrogenation of H4-MeQin could be catalyzed 

simultaneously by B9. 

To develop a strategy for the purification of the contaminated H2, I designed a reaction system based 

on a B9-catalyzed hydrogenation/dehydrogenation sequence starting from H2/CO/CO2 [1/1/1 molar ratio; H2 

purity = (molar amount of H2)/(sum of the molar amounts of H2, CO, and CO2)  100 = 33.3%] as a feed gas 

(Figure 1.3C). In the presence of 2 mol % B9, H2 was directly stored in H4-MeQin (0.95 mmol, 95%) from 

H2/CO/CO2 (5.4 equivalents each) via the hydrogenation of MeQin (1.0 mmol). After a simple evacuation, 

dehydrogenation of the obtained H4-MeQin was carried out to generate H2 (1.74 mmol, 174%) with a 

concomitant regeneration of MeQin (0.91 mmol, 91%). Thus, a significant increase in the H2 purity from 33.3 

to 99.9% was demonstrated by the efficient removal of CO (not detected by GC analysis) and CO2 (detected 

in ca. 0.1%; Figure 1.S21) via a single cycle of the B9-catalyzed hydrogenation/dehydrogenation sequence. 

The complete removal of CO in a single cycle would be especially noteworthy, as the removal of CO remains 

challenging in the well-developed multistep, multibed PSA and membrane technologies.4 

I further explored the catalytic activity of B7 and B9 toward the hydrogenation of Lut to afford 

H6-Lut under the mixed gas conditions (Figure 1.3D). This further investigation revealed that the H2 storage 

capacity could be increased from 2.7 (H4-MeQin) to 5.3 wt % (H6-Lut). Note that Lut has been a challenging 

substrate in previously reported organoborane-catalyzed hydrogenations using H2 even under diluted 

conditions.46,47 In the presence of B7 (10 mol %) and the absence of solvent, H6-Lut was formed in 81% yield 

using H2 [20 atm; dried over 4 Å molecular sieves (MSs) before use], while a decrease in yield was observed 

for B9 (run 1). Without the dehydration of H2, the hydrogenation of Lut also proceeded to afford H6-Lut in 

72% under identical conditions (Figure 1.S22). Moreover, B7 exhibited promising results for the simultaneous 

separation and storage of H2 in H6-Lut from CO- and CO2-contaminated H2 gas (runs 2 to 4), albeit an excess 

of H2 with respect to the contaminants was present. 
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Figure 1.3. Direct H2 purification/storage from contaminated H2 gas based on the present catalytic process. 

(A) Exploration of the gas composition of the H2 source. Yields of H4-MeQin were determined using GC 

analysis. (B) Catalytic dehydrogenation of H4-MeQin (3.8 mmol) to MeQin in the absence of solvent. Yields 

of MeQin were determined by GC analysis. *denotes 2 h. †denotes yield of recovered H2 based on the 

collected volume (V = 164 ml, 7.32 mmol). (C) H2 purification based on the B9-catalyzed hydrogenation of 

MeQin (1.0 mmol) under mixed gas conditions and subsequent catalytic dehydrogenation. Yield of recovered 

H2 based on the collected volume (V = 39.0 ml, 1.74 mmol); H2 purity (%) = (molar amount of H2)/(sum of 

the molar amounts of H2, CO, and CO2)  100. (D) B7-catalyzed hydrogenation of Lut using a variety of H2 

sources that were dried over 4 Å MS before use. ‡indicates that B9 was used. 

 

To gain insight into the reaction mechanism for the present hydrogenation of N-heteroaromatic 

compounds in the presence of CO, CO2, and H2O, preliminary mechanistic studies were conducted using 

MeQin (Figure 1.4). First, I monitored the progress of the conversion of MeQin to H4-MeQin using B1, B7, 

or B9 under each condition using solely H2 or H2/CO/CO2 (Figure 1.4A). The production of H4-MeQin 

exhibited a zeroth-order dependence on the concentration of MeQin with rate constants (kobs) as follows: 

3.08(29)  10−4 mol m−3 s−1 (H2) and 3.56(60)  10−6 mol m−3 s−1 (H2/CO/CO2) (B1); 1.71(6)  10−4 mol m−3 

s−1 (H2) and 1.66(5)  10−4 mol m−3 s−1 (H2/CO/CO2) (B7); and 2.21(13)  10−4 mol m−3 s−1 (H2) and 1.93(10)  

10−4 mol m−3 s−1 (H2/CO/CO2) (B9). Moreover, these results suggest that H4-MeQin itself does not affect the 

rate of hydrogenation, as neither an increase nor decrease in the rate was observed increasing conversion to 

H4-MeQin. Thus, the influence of CO and/or CO2 is almost negligible for the B7- and B9-catalyzed 

hydrogenation processes, at least under conditions that do not involve excess amounts of CO/CO2 with respect 
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to H2 (vide supra). In stark contrast, the B1-catalyzed process was significantly inhibited in the presence of CO 

and/or CO2. Control experiments using H2/CO (10 atm each) and H2/CO2 (10 atm each) clarified that both CO 

and CO2 affect the catalytic activity of B1 and that contamination with CO2 is especially deleterious (Figure 

1.4B). I also confirmed the kinetic orders in catalyst B7 [1.2(1)] and B9 [1.4(1)] under the H2/CO/CO2 

atmosphere, demonstrating that these triarylboranes do catalyze the formation of H4-MeQin (Figure 1.4C). 

Next, the influence of CO2, CO, and H2O was investigated using B1 and B9. The hydrogenation of 

MeQin was carried out in the presence of each borane (50 mol %) using H2/CO2 (2.5 atm each) at 100 ºC in 

toluene-d8 and analyzed using multinuclear nuclear magnetic resonance (NMR) spectroscopy. In the case of 

B1, the resultant mixture included C6F5H (20%), an equilibrium mixture of [H4-MeQin‒CO2‒B1] and 

[H3-MeQin‒CO2‒B1][H5-MeQin] (12%),28,29 and several unidentified compounds (Figure 1.4D and Figure 

1.S38). Precipitation of the nitrogen-boron adduct [H4-MeQin‒B1] was also confirmed. I separately 

confirmed that C6F5H was not formed in the absence of CO2 (Figure 1.S41). These results clarify that CO2 

triggers the irreversible decomposition of B1 to yield C6F5H via protodeboronation from both [H4-MeQin‒

CO2‒B1] and [H3-MeQin‒CO2‒B1][H5-MeQin] under heating conditions. In stark contrast, when B9 was 

used, the generation of H4-MeQin and recovery of B9 in >99% yields were observed under otherwise identical 

conditions. These results are consistent with the fact that the B9-catalyzed hydrogenation of MeQin is not 

irreversibly inhibited by CO2. 

Density functional theory calculations were carried out at the 

ωB97X-D/6-311+G(d,p)//ωB97X-D/6-31G(d,p)//gas phase level of theory to shed light on the observed 

kinetic suppression of the hydrogenation of MeQin by CO.48 The relative Gibbs energies (kcal mol−1) for 

OC‒Bn (Lewis pairs comprising CO and Bn and TS‒Bn (saddle point species) with respect to [CO + Bn] (n = 

1 and 9) are shown in Figure 1.4E. The coordination of CO to the boron atoms in both B1 and B9 is an 

endothermic process,29,33 and coordination to the latter is far less favorable from a kinetic and thermodynamic 

perspective. The standard Gibbs free energies for the formation of OC‒Bn are +3.2 (n = 1) and +8.1 (n = 9) 

kcal mol−1, and the activation energies to overcome TS‒Bn are +10.2 (n = 1) and +14.3 (n = 9) kcal mol−1. 

These results rationalize the experimental results, i.e., the observations that contamination with excess CO 

kinetically affects both the B1- and B9-catalyzed hydrogenation of MeQin under the applied conditions, with 

this suppression being significant in the former case. The differences in the stability of OC‒Bn should be 

related to the degree of geometric deviation from the ideal tetrahedral geometry around their boron centers, 

which can be evaluated on the basis of the value of τδ(B) [τδ = {360 − (α + β)/141  β/α}, where α and β are 

the largest and second largest C‒B‒C angles obtained from the gas phase-optimized structures of OC‒Bn].49 

More efficient orbital overlap between the lone pair on the carbon atom in CO and the p orbital on the boron 

atom in Bn should result in higher stabilization of OC‒Bn adducts, adopting a more ideal tetrahedral geometry 

[τδ(B) = 0.9 to 1.0] and a linear arrangement of the B‒C‒O atoms (∡B‒C‒O ≈ 180º). In the present study, the 

lower τδ(B) of 0.88 for OC‒B9 indicates that its boron atom adopts a more distorted tetrahedral geometry 

compared to that of OC‒B1 [τδ(B) = 0.92], and the B‒C‒O atoms in OC‒B9 are confirmed to exhibit a bent 

alignment (169.9º versus 179.6º in OC‒B1). These results thus demonstrate the effective destabilization of 

OC‒B9 due to the increased steric repulsion between CO and the 2,6-Cl2C6H3 group introduced on B9, which 
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eventually results in the reduced impact of CO on the B9 hydrogenation of MeQin. 

I further evaluated the influence of H2O on the hydrogenation (Figure 1.4F). GC analysis confirmed 

that no conversion of MeQin occurred in the presence of H2 (4 atm) at 100 ºC when 10 mol% [MeQin‒

H][HO‒B1] was used. Although H4-MeQin was furnished in 13% yield when 10 mol% [MeQin‒H][HO‒B9] 

was used, the low yield again confirmed the deleterious influence of H2O. On the basis of these results and the 

stability of B9 toward moisture at ambient conditions (vide supra), [MeQin‒H][HO‒B9] was not generated 

under the applied conditions shown in Figures 1.2 and 1.3, although H2O might be present as a contaminant. 
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Figure 1.4. Mechanistic experiments. (A) Kinetic profiles of the concentration of H4-MeQin (mol m−3) with 

respect to reaction time (103 s) obtained from the hydrogenation of MeQin (1.5 M in toluene) in the presence 

of Bn (n = 1, 7, and 9) and different H2 sources (pure H2 or H2/CO/CO2; 10 atm each). (B) Influence of the gas 

composition on the B1-catalyzed hydrogenation of MeQin. Each experiment was pressurized with H2 (10 atm) 

and/or COx (10 atm; x = 1 and/or 2). Average yields of independent three runs are shown with SEs. (C) Profile 

of lnkobs with respect to ln[Bn] (n = 7 and 9). (D) Detailed analysis of the Bn-catalyzed hydrogenation of 

MeQin (n = 1 and 9) in the presence of H2/CO2 (2.5 atm each). Product yields were calculated using 19F NMR 

analysis with C6H5CF3 as the internal standard. In the case of B1, several unidentified resonances were 

observed (for details, see Figure 1.S38). (E) Calculated free energy profiles for the formation of OC‒Bn (n = 1 

and 9) [kcal mol−1; ωB97X-D/6-311+G(d,p)//ωB97X-D/6-31G(d,p) level]. The gas phase-optimized structure 

of OC‒B9 and selected structural parameters for OC‒Bn (n = 1 and 9) are also shown. (F) Hydrogenation of 

MeQin using [MeQin‒H][HO‒Bn] (n = 1 and 9). Yields of H4-MeQin were determined via GC analysis. 

 

1.3 Conclusion 

The present results demonstrate a proof of concept for a H2 purification technology based on LOHCs 

that goes beyond their well-established use in H2 storage. This technology can be expected to change the 

industrial value of crude H2 containing substantial amounts of CO, CO2, and CH4, which can be produced 

from a variety of carbon resources such as biomass and industrial off-gases. The operational simplicity of the 

present method should allow the construction of combined processes involving PSA and/or membranes. 

Moreover, this work demonstrates a new aspect of main group catalysis beyond its application as a simple 

alternative to well-established transition metal-catalyzed processes, i.e., the main group-catalyzed 

hydrogenation of unsaturated molecules under mixed gas conditions. 

 

1.4 Supporting information 

1.4.1. General considerations 

Unless otherwise noted, all manipulations were conducted under a nitrogen atmosphere using 

standard Schlenk line or grove box (GB) techniques. Molecular sieves (4 Å) were activated by heating with a 

heat gun in vacuo (ca. 0.2 mmHg) for 5 min. 1H, 11B, 13C, 19F, and 31P NMR spectra were recorded on Bruker 

AVANCE III 400 or JEOL JNM-400 spectrometers at 25 °C. The chemical shifts in the 1H NMR spectra were 

recorded relative to Me4Si or residual protonated solvent (C6D5H (δ 7.16), CHCl3 (δ 7.26), C7D7H (δ 2.08), 

CDHCl2 (δ 5.32)). The chemical shift in the 11B NMR spectra was recorded relative to BF3·(OCH2CH3) as an 

external standard. The chemical shifts in the 13C NMR spectra were recorded relative to Me4Si or deuterated 

solvent (C6D6 (δ 128.06), CDCl3 (δ 77.16), CD2Cl2 (δ 53.84)). The chemical shifts in the 19F NMR spectra 

were recorded relative to α,α,α-trifluorotoluene (δ −65.64). The chemical shifts in the 31P NMR spectra were 

recorded relative to 85% H3PO4 as an external standard. Assignment of the resonances in 1H and 13C NMR 

spectra was based on 1H−1H COSY, HMQC, and/or HMBC experiments. High resolution mass spectrometry 

(HRMS) was performed at the Instrumental Analysis Center, Faculty of Engineering, Osaka University. A 

single-crystal X-ray diffraction analysis was carried out using the Rigaku XtaLAB Synergy equipping with the 
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HyPix-6000HE detector. Analytical gas chromatography (GC) was carried out on a Shimadzu GC-2025 gas 

chromatograph, equipped with a flame ionization detector, or a Shimadzu GC-2010 gas chromatograph, 

equipped with a barrier discharge ionization detector. 

 

1.4.2. Materials 

All commercially available reagents including super-dehydrated solvents (n-hexane, toluene, 

tetrahydrofuran, and diethyl ether) were purchased from Sigma Aldrich, Tokyo Chemical Industry (TCI) and 

FUJIFILM Wako Pure Chemical Corporation, and used as received. Benzene-d6 and toluene-d8 were distilled 

from sodium benzophenone ketyl prior to use. CDCl3 and CD2Cl2 were stored inside the GB over molecular 

sieves (4 Å) after several freeze-pump-thaw cycles. 2-Methylquinoline (MeQin), 

1,2,3,4-tetrahydro-2-methylquinoline (H4-MeQin), and 2,6-lutidine (Lut) were purchased from TCI, and used 

after distillation over CaH2. Triarylboranes (B2, B3, B4, B5, and B6),26,39-42 potassium 

(2,6-dichlorophenyl)trifluoroborate,41 1,5-dichloro-2,4-difluoro-3-iodobenzene,50 

1-chloro-2,4-difluoro-3-iodobenzene,50 and 1,5-dibromo-2,4-difluoro-3-iodobenzene50 were prepared by 

following the reported procedures.  

Gaseous chemicals including H2, CO, CO2, CH4, H2/CO (a 1:1 molar ratio), H2/CO2 (a 1:1 molar ratio), and 

H2/CO/CO2 (a 1:1:1 molar ratio) were purchased from Sumitomo Seika Chemicals Company, and used as 

received otherwise noted. Note that these gases include some impurities as shown in Table 1.S1. 

 

Table 1.S1. Impurities contaminated in H2, CO, and CH4 (shown in ppm). 

 

Metrical data for the solid-state structures are available from Cambridge Crystallographic Data 

Centre: CCDC2162155 (B7), 2162156 (B9), 2162157 (B10), 2162153 ([MeQin‒H][HO‒B1]), 2162154 

([MeQin‒H][HO‒B9]), 2164165 (H4-MeQin‒B1). 

 

1.4.3. Synthesis of B7 

 

Figure 1.S1. Synthesis of B7. 
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A solution of 1,5-dichloro-2,4-difluoro-3-iodobenzene (3.01 g, 9.75 mmol, 0.32 M in Et2O) was 

slowly treated with iPrMgCl (4.9 mL, 9.8 mmol, 2.0 M in Et2O). After stirring at room temperature for 1 h, the 

resultant solution was transferred into a suspension of potassium (2,6-dichlorophenyl)trifluoroborate (1.17 g, 

4.63 mmol, 0.93 M in Et2O) at 0 °C. The reaction mixture was then allowed to warm to room temperature, 

where it was stirred for another 14 h. After the removal of all volatiles in vacuo, the residue was extracted 

with hexane (50 mL × 5; warmed to 70 °C prior to use). The combined organic layer was concentrated in 

vacuo and washed with hexane (cooled to −20 °C prior to use) to afford B7 as a white solid (1.46 g, 2.80 mmol, 

60%). A single crystal suitable for X-ray diffraction analysis was prepared by recrystallization from 

toluene/hexane at −35 °C. 1H NMR (400 MHz, C6D6): δ 6.80 (t, 4JH,F = 7.5 Hz, 2H); 6.76 (d, J = 8.0Hz, 2H), 

6.46 (t, J = 8.0 Hz, 1H). 11B NMR (128 MHz, C6D6): δ 64.6 (br). 13C{1H} NMR (101 MHz, C6D6): δ 159.1 

(dd, J = 10.2 Hz, 1JC,F = 256.2 Hz), 141.1 (dm), 136.3, 134.8, 131.7, 127.2, 118.9 (dm), 117.9 (d, J = 22.2 Hz). 

19F NMR (376 MHz, C6D6): δ −104.0 (d, 4JH,F = 7.5 Hz, 4F). X-ray data for B7 (Figure 1.S2): M = 520.73, 

colorless, orthorhombic, Pbcn (#60), a = 16.6550(3) Å, b = 10.3237(2) Å, c = 11.4217(2) Å, α = 90°, β = 90°, 

γ = 90°, V = 1963.86(6) Å3, Z = 4, Dcalcd = 1.761 g/cm3, T = −130 °C, R1 (wR2) = 0.0252 (0.0641). 

 

Figure 1.S2. Molecular structure of B7 with ellipsoids set at 30% probability. H atoms are omitted for clarity. 

 

1.4.4. Synthesis of B8 

 

Figure 1.S3. Synthesis of B8. 

 

A solution of 1-chloro-2,4-difluoro-3-iodobenzene (3.02 g, 11.0 mmol, 0.33 M in Et2O) was slowly 

treated with iPrMgCl (11.0 mL, 11.0 mmol, 1.0 M in Et2O). After stirring at room temperature for 1 h, the 

resultant solution was transferred into a suspension of potassium (2,6-dichlorophenyl)trifluoroborate (1.24 g, 

4.90 mmol, 0.49 M in Et2O) at 0 °C. The reaction mixture was then allowed to warm to room temperature, 
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where it was stirred for another 42 h. After the removal of all volatiles in vacuo, the residue was extracted 

with α,α,α-trifluorotoluene (50 mL × 3; warmed to 70 °C prior to use). The combined organic layer was 

concentrated in vacuo and washed with hexane (cooled to −20 °C prior to use) to afford B8 as a white solid 

(1.21 g, 2.68 mmol, 55%). 1H NMR (400 MHz, C6D6): δ 6.86 (d, J = 8.4 Hz, 2H), 6.81 (dt, J = 6.0 Hz, J = 8.5 

Hz, 2H), 6.57 (t, J = 8.4 Hz, 1H), 6.19 (t, J =9.0 Hz, 2H). 11B NMR (128 MHz, C6D6): δ 62.8 (br). 13C{1H} 

NMR (101 MHz, C6D6): δ 164.3 (dd, J = 9.6 Hz, 1JC,F = 256.1 Hz), 160.8 (dd, J = 11.1 Hz, 1JC,F = 257.1 Hz), 

142.3 (dm), 136.4 (d, J = 11.6 Hz), 134.9, 131.2, 127.1, 118.6 (dm), 117.2 (dd, J = 3.8 Hz, J = 21.2 Hz), 112.6 

(dd, J = 3.8 Hz, J = 27.0 Hz). 19F NMR (376 MHz, C6D6): δ −102.0 (d, J = 11.3 Hz, 2F), −102.2 (br, 2F). 

 

1.4.5. Synthesis of B9 

 

Figure 1.S4. Synthesis of B9. 

 

A solution of 1,5-dibromo-2,4-difluoro-3-iodobenzene (3.45 g, 8.67 mmol, 0.29 M in Et2O) was 

slowly treated with iPrMgCl (8.7 mL, 8.7 mmol, 1.0 M in Et2O). After stirring at room temperature for 1 h, the 

resultant solution was trnsferred into a suspension of potassium (2,6-dichlorophenyl)trifluoroborate (1.05 g, 

4.15 mmol, 0.42 M in Et2O) at 0 °C. The reaction mixture was then allowed to warm to room temperature, 

where it was stirred for another 14 h. After the removal of all volatiles in vacuo, the residue was extracted 

with α,α,α-trifluorotoluene (50 mL × 3; warmed to 70 °C prior to use). The combined organic layer was 

concentrated in vacuo and washed with hexane (cooled to −20 °C prior to use) to afford B9 as a white solid 

(2.56 g, 3.66 mmol, 88%). A single crystal suitable for X-ray diffraction analysis was prepared by 

recrystallization from toluene/hexane at −35 °C. 1H NMR (400 MHz, C6D6): δ 7.20 (t, 4JH,F = 7.2 Hz, 2H), 

6.74 (d, J = 8.0 Hz, 2H), 6.45 (t, J = 8.0 Hz, 1H). 11B NMR (128 MHz, C6D6): δ 60.5 (br). 13C{1H} NMR (101 

MHz, C6D6): δ 160.7 (dd, J =9.6 Hz, 1JC,F = 255.2 Hz), 141.6, 141.2 (dm), 134.8, 131.6, 127.2, 118.8 (dm), 

105.5 (m). 19F NMR (376 MHz, C6D6): δ −95.1 (d, 4JH,F = 7.5 Hz, 4F). X-ray data for B9 (Figure 1.S5): M = 

698.53, colorless, monoclinic, C2/c (#15), a = 30.3351(3) Å, b = 8.1009(1) Å, c = 17.1872(2) Å, α = 90°, β = 

101.162(1)°, γ = 90°, V = 4143.72(8) Å3, Z = 8, Dcalcd = 2.239 g/cm3, T = −150 °C, R1 (wR2) = 0.0309 

(0.0782). 
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Figure 1.S5. Molecular structure of B9 with ellipsoids set at 30% probability. H atoms are omitted for clarity. 

 

1.4.6. Synthesis of B10 

1.4.6.1. Synthesis of 1,5-difluoro-2,4-di(3,5-bis(trifluoromethyl)phenyl)benzene 

 

Figure 1.S6. Synthesis of 1,5-difluoro-2,4-di(3,5-bis(trifluoromethyl)phenyl)benzene. 

 

To a solution of 1,5-dibromo-2,4-difluorobenzene (1.51 g, 5.55 mmol, 0.11 M in 

N,N-dimethylformamide) was added 3,5-bis(trifluoromethyl)phenylboronic acid (4.31 g, 16.7 mmol), 

Pd(OAc)2 (50.0 mg, 0.223 mmol) and Na2CO3 (2.36 g, 22.3 mmol). The reaction mixture was stirred at 

100 °C for 24 h. Then, deionized water (30 mL) was added to the resultant mixture at room temperature, 

followed by the extraction of the organic layer with Et2O (20 mL  3). The combined organic layer was 

concentrated in vacuo. The residue was distilled at 170 °C under reduced pressure (ca. 0.2 mmHg) to afford 

1,5-difluoro-2,4-di(3,5-bis(trifluoromethyl)phenyl)benzene as colorless liquid, which eventually solidified 

into a white solid at room temperature (1.87 g, 3.47 mmol, 63%). 1H NMR (400 MHz, CDCl3): δ 7.99 (s, 4H), 

7.94 (s, 2H), 7.54 (t, J = 8.2 Hz, 1H), 7.18 (t, J = 10.0 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3): δ 159.9 (dd, 

J = 12.1 Hz, 1JC,F = 256.5 Hz), 136.4, 132.4 (q, J = 33.7 Hz), 132.1, 129.3, 123.9 (dd, J = 6.6 Hz, J = 12.1 Hz), 

123.3 (q, 1JC,F = 273.7 Hz), 122.3, 106.1 (t, J = 26.8 Hz). 19F NMR (376 MHz, CDCl3): δ −62.9 (s, 12F), 

−112.0 (t, J = 7.5 Hz, 2F). HRMS (EI+): m/z Calcd for C22H8F14 538.0402, found 538.0398. 

 

1.4.6.2. Synthesis of 1-iode-2,6-difluoro-3,5-di(3,5-bis(trifluoromethyl)phenyl)benzene 

 

Figure 1.S7. Synthesis of 1-iode-2,6-difluoro-3,5-di(3,5-bis(trifluoromethyl)phenyl)benzene. 
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A solution of diisopropylamine (1.19 mL, 8.47 mmol, 0.17 M in THF) was slowly treated with 

n-BuLi (5.3 mL, 8.5 mmol, 1.6 M in hexane) at −78 °C. After stirring at −78 °C for 1 h, the resultant solution 

was slowly transferred into a solution of 1,5-difluoro-2,4-di(3,5-bis(trifluoromethyl)phenyl)benzene (3.81 g, 

7.08 mmol, 0.14 M in THF) at −78 °C. After stirring for 1 h at −78 °C, a solution of I2 (3.6 g, 14 mmol, 0.28 

M in THF) was added, and the resultant mixture was then allowed to warm to room temperature, where it was 

stirred for another 1 h. After diluted with 30 mL saturated aqueous Na2S2O3 solution, the mixture was poured 

into water (100 mL) and the organic layer was extracted with hexane (50 mL  3). The combined organic 

layer was concentrated in vacuo and purified by the chromatography on a silica gel eluted with hexane. 

Removal of all volatiles in vacuo afforded 1-iode-2,6-difluoro-3,5-di(3,5-bis(trifluoromethyl)phenyl)benzene 

as a white solid (4.70 g, 7.08 mmol, >99%). 1H NMR (400 MHz, CDCl3): δ 7.97 (s, 6H); 7.52 (t, J = 8.0 Hz, 

1H). 13C{1H} NMR (101 MHz, CDCl3): δ 159.6 (dd, J = 6.1 Hz, 1JC,F = 252.5 Hz), 135.9, 132.5 (q, J = 34.0 

Hz), 132.0, 129.3, 123.9 (dd, J = 6.6 Hz, J = 15.2 Hz), 123.2 (q, 1JC,F = 273.7 Hz), 122.6, 74.1 (t, J = 31.3 Hz). 

19F NMR (376 MHz, CDCl3): δ −62.8 (s, 12F), −92.3 (d, 4JH,F = 7.5 Hz, 2F). HRMS (EI+): m/z Calcd for 

C22H7F14I 663.9369, found 663.9379. 

 

1.4.6.3. Synthesis of B10 

 

Figure 1.S8. Synthesis of B10. 

 

A solution of 1-iode-2,6-difluoro-3,5-di(3,5-bis(trifluoromethyl)phenyl)benzene (2.15 g, 3.24 mmol, 

0.11 M in Et2O) was slowly treated with iPrMgCl (3.3 mL, 3.3 mmol, 1.0 M in Et2O). After stirring at room 

temperature for 1 h, the resultant solution was transferred into a suspension of potassium 

(2,6-dichlorophenyl)trifluoroborate (410 mg, 1.62 mmol, 0.16 M in Et2O) at 0 °C. The reaction mixture was 

then allowed to warm to room temperature, where it was stirred for another 14 h. After the removal of all 

volatiles in vacuo, the residue was extracted with α,α,α-trifluorotoluene (50 mL × 3; warmed to 70 °C prior to 

use). The combined organic layers were concentrated in vacuo and washed with hexane (cooled to −20 °C 

prior to use) to afford B10 as a white solid (1.32 g, 1.07 mmol, 66%). A single crystal suitable for X-ray 
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diffraction analysis was prepared by recrystallization from α,α,α-trifluorotoluene at −35 °C. 1H NMR (400 

MHz, CDCl3): δ 7.94 (br, 12H), 7.71 (t, J = 8.2 Hz, 2H), 7.33 (br, 3H). 11B NMR (128 MHz, CDCl3): Not 

observed. 13C{1H} NMR (101 MHz, C6D6): δ 162.0 (d, 1JC,F = 173.7 Hz), 137.2, 136.2, 134.8, 132.4 (q, J = 

22.6 Hz), 131.7, 129.4, 127.4, 123.9, 123.2 (q, 1JC,F = 182.8 Hz), 122.4. Resonances of the Cipso with respect to 

the boron atom were not observed. 19F NMR (376 MHz, CDCl3) δ −66.1 (s, 24F), −103.7 (d, 4JH,F = 7.5 Hz, 

4F). X-ray data for B10 (Figure 1.S9): M = 1234.51, colorless, monoclinic, P2/n (#13), a = 12.3665(3) Å, b = 

9.6717(2) Å, c = 23.4111(5) Å, α = 90°, β = 100.471(2)°, γ = 90°, V = 2753.46(11) Å3, Z = 2, Dcalcd = 1.489 

g/cm3, T = −150 °C, R1 (wR2) = 0.0831 (0.2620). In order to improve accuracy of the refinement, solvated 

C7H8 molecules were masked by the program Olex2 v1.3. 

 

Figure 1.S9. Molecular structure of B10 with ellipsoids set at 30% probability. H atoms are omitted for clarity. 

 

1.4.7. Synthesis of [MeQin‒H][HO‒B1] 

 

Figure 1.S10. Synthesis of [MeQin‒H][HO‒B1]. 

 

To a solution of B1 (102 mg, 0.199 mmol, 0.040 M in toluene) was subsequently added MeQin (86 

mg, 0.60 mmol) and deionized H2O (10.8 μL, 0.600 mmol). The reaction mixture was then sonicated 

(frequency: 37 kHz) for 5 min. After the removal of all volatiles in vacuo, the residue was washed with hexane 

to afford [MeQin‒H][HO‒B1] as a white solid (99.4 mg, 0.148 mmol, 74%). A single crystal suitable for 

X-ray diffraction analysis was prepared by recrystallization from toluene at room temperature. 1H NMR (400 

MHz, CD2Cl2): δ 8.66 (d, J = 8.8 Hz, 1H), 8.05 (m, 2H), 7.89 (dt, J = 1.2 Hz, J = 7.9 Hz, 1H), 7.80 (t, J = 7.6 

Hz, 1H), 7.60 (d, J = 8.8 Hz, 1H), 2.80 (s, 3H). Resonances of N‒H/HO‒B derived from H2O were not 
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confirmed. 11B NMR (128 MHz, CD2Cl2): δ −3.7 (s). 13C{1H} NMR (101 MHz, CD2Cl2): δ 157.7, 148.3 (dm, 

1JC,F = 241.4 Hz), 145.6, 139.3 (dd, J = 13.1 Hz, 1JC,F = 247.4 Hz), 138.7, 137.2 (dd, J = 14.1 Hz, 1JC,F = 228.3 

Hz), 134.7, 129.9, 128.9, 127.2, 124.0, 123.3, 120.7, 20.6 (d, J = 7.1 Hz). 19F NMR (376 MHz, CD2Cl2): δ 

−135.8 (d, J = 18.8 Hz, 6F), −161.2 (t, J = 20.7 Hz, 3F), −165.7 (m, 6F). X-ray data for [MeQin‒H][HO‒B1] 

(Figure 1.S11): M = 673.19, colorless, triclinic, P-1 (#2), a = 8.2453(2) Å, b = 10.0093(2) Å, c = 16.2936(3) Å, 

α = 98.863(2)°, β = 98.367(2)°, γ = 96.052(2)°, V = 1303.22(5) Å3, Z = 2, Dcalcd = 1.715 g/cm3, T = −100 °C, 

R1 (wR2) = 0.0322 (0.0928). 

 

Figure 1.S11. Molecular structure of [MeQin‒H][HO‒B1] with ellipsoids set at 30% probability. H atoms 

except those derived from H2O are omitted for clarity. 

 

1.4.8. Synthesis of [MeQin‒H][HO‒B9] 

 

Figure 1.S12. Synthesis of [MeQin‒H][HO‒B9]. 

 

To a solution of B9 (70 mg, 0.10 mmol, 0.020 M in toluene) was subsequently added MeQin (43 mg, 

0.30 mmol) and deionized H2O (5.4 μL, 0.30 mmol). The reaction mixture was then sonicated (frequency: 37 

kHz) for 5 min. After the removal of all volatiles in vacuo, the residue was washed with hexane to afford 

[MeQin‒H][HO‒B9] as a white solid (54.7 mg, 0.0636 mmol, 64%). A single crystal suitable for X-ray 

diffraction analysis was prepared by recrystallization from toluene at room temperature. 1H NMR (400 MHz, 

CD2Cl2): δ 8.53 (d, J = 8.4 Hz, 1H), 7.98 (t, J = 7.4 Hz, 2H), 7.78 (dt, J = 7.2 Hz, J = 11.3 Hz, 1H), 7.70 (d, J 
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= 7.6 Hz, 1H), 7.51 (d, J = 8.4 Hz, 1H), 7.38 (m, 2H), 7.18 (d, J = 7.6 Hz, 2H), 7.01 (t, J = 7.6 Hz, 1H), 2.74 

(s, 3H). Resonances of N‒H/HO‒B derived from H2O were not confirmed. 11B NMR (128 MHz, CD2Cl2): δ 

−1.6 (s). 13C{1H} NMR (101 MHz, CD2Cl2): δ 161.1 (d, J =17.2 Hz, 1JC,F = 243.4 Hz), 157.9, 144.0, 140.3, 

139.8, 133.8, 132.7, 129.1, 128.4, 127.3, 127.1, 123.1, 122.1, 104.0, 104.0 (d, J = 32.3 Hz), 21.2 (d, J = 6.1 

Hz). Resonances of the Cipso with respect to the boron atom were not observed. 19F NMR (376 MHz, CD2Cl2): 

δ −99.1 (d, J = 3.8 Hz, 4F). X-ray data for [MeQin‒H][HO‒B9] (Figure 1.S13): M = 859.73, colorless, 

monoclinic, P21/n (#14), a = 13.6615(2) Å, b = 13.2687(2) Å, c = 18.1974(3) Å, α = 90°, β = 95.418(2)°, γ = 

90°, V = 3283.91(9) Å3, Z = 4, Dcalcd = 1.739 g/cm3, T = −100 °C, R1 (wR2) = 0.0401 (0.1094). In order to 

improve accuracy of the refinement, solvated H2O molecules were masked by the program Olex2 v1.3. 

 

Figure 1.S13. Molecular structure of [MeQin‒H][HO‒B9] with ellipsoids set at 30% probability. H atoms 

except those derived from H2O are omitted for clarity. 

 

1.4.9. Evaluation of stability of B7 and B9 toward air and moisture 

Crystalline powders of B7 and B9 were kept in a shelf under the ambient conditions (30% humidity, 

22 °C), and the decomposition of these boranes were monitored by NMR analyses for the period of 1 year 

(Figures 1.S14 and 1.S15). These results revealed no observable decomposition on B9, while a trace amount of 

decomposition was also confirmed for B7. 
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Figure 1.S14. Stability of B7 toward air and moisture. (a) 1H NMR spectra. (b) 19F NMR spectra. 
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Figure 1.S15. Stability of B9 toward air and moisture. (a) 1H NMR spectra. (b) 19F NMR spectra. 

 

1.4.10. Titration of H2O contaminated in the used gases 

A pressure-tight NMR tube (Wilmad-LabGrass 542-PV-7; V = 1.8 mL) was charged with 

1,3-dimethoxybenzene (65 mg, 0.47 mmol; an internal standard) and C6D6 (500 μL). Once sealed, the NMR 

tube was pressurized with H2 (5 atm), CO2 (5 atm), or H2/CO/CO2 (1.6 atm each) and analyzed by 1H NMR. 

All experiments were repeated three times, and the averaged values (ppm) are used for the amount of H2O 

contaminated in each gas reagent (Table 1.S2). 
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Table 1.S2. Amount of H2O (ppm) contaminated in used gases. 

 

1.4.11. Screening of catalysts in hydrogenation of MeQin 

1.4.11.1. Reaction with transition-metal (TM) catalysts (runs 1‒3 in Figure 2) 

General: A 10 mL autoclave was charged with MeQin, TM complexes, tetradecane (an internal standard) and 

toluene. Once sealed, the autoclave was pressurized with H2/CO/CO2 (4 atm each; Condition A) or H2 (4 atm; 

Condition B) and heated at 100 °C for 6 h. After degassed at room temperature, the yield of H4-MeQin was 

determined by GC analysis. 

 

Run 1-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), MeQin (107.4 mg, 0.750 

mmol), Rh-based complex TM1 (69.6 mg, 0.0752 mmol), tetradecane (55.8 mg), and toluene (0.5 mL) were 

employed, giving H4-MeQin in <1% GC yield. 

Run 1-B: Followed by the general procedures using H2 (4 atm), MeQin (107.4 mg, 0.750 mmol), Rh-based 

complex TM1 (69.4 mg, 0.0750 mmol), tetradecane (57.7 mg), and toluene (0.5 mL) were employed, giving 

H4-MeQin in 14% GC yield. 

 

Run 2-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), MeQin (107.4 mg, 0.750 

mmol), Ru-based complex TM2 (8.10 mg, 0.00707 mmol), tetradecane (57.6 mg), and toluene (0.5 mL) were 

employed, giving H4-MeQin in 3% GC yield. 

Run 2-B: Followed by the general procedures using H2 (4 atm), MeQin (107.4 mg, 0.750 mmol), Ru-based 

complex TM2 (8.12 mg, 0.00709 mmol), tetradecane (58.2 mg), and toluene (0.5 mL) were employed, giving 

H4-MeQin in 99% GC yield. 

 

Run 3-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), MeQin (107.4 mg, 0.750 

mmol), [Ir(cod)2Cl]2 (5.08 mg, 0.00694 mmol), rac-BINAP (10.4 mg, 0.0167 mmol), I2 (19.2 mg, 0.0756 

mmol), tetradecane (60.2 mg), and toluene (0.5 mL) were employed, giving H4-MeQin in 1% GC yield. 

Run 3-B: Followed by the general procedures using H2 (4 atm), MeQin (107.4 mg, 0.750 mmol), 

[Ir(cod)2Cl]2 (5.04 mg, 0.00689 mmol), rac-BINAP (10.2 mg, 0.0164 mmol), I2 (19.1 mg, 0.0753 mmol), 

tetradecane (60.7 mg), and toluene (0.5 mL) were employed, giving H4-MeQin in 87% GC yield. 

 

Experiments using Ru-MACHO (purchased from TCI and used as received): Followed by the general 

procedures using H2/CO/CO2 (4 atm each), MeQin (358.3 mg, 2.50 mmol), Ru-MACHO (15.1 mg, 0.249 

mmol), tetradecane (61.7 mg), and toluene (1.7 mL) were employed; however, production of H4-MeQin was 
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detected in <1% GC yield. 

I have also carried out the following experiment based on the literature conditions that were applied for the 

hydrogenation of Ru complexes supported by pincer ligands;51 I employed H2/CO/CO2 (4 atm each), MeQin 

(358.7 mg, 2.50 mmol), Ru-MACHO (15.2 mg, 0.0250 mmol), KOtBu (28.1 mg, 0.250 mmol), tetradecane 

(59.7 mg), and THF (1.7 mL), and heated at 100 °C for 6 h. However, H4-MeQin was detected in <1% GC 

yield. 

Experiment using Pd/C: Followed by the general procedures using H2/CO/CO2 (4 atm each), MeQin (356.5 

mg, 2.49 mmol), Pd/C (Pd 10% on carbon, 26.7 mg, 0.0251 mmol), tetradecane (60.5 mg), and toluene (1.7 

mL) were employed, giving H4-MeQin in 1% GC yield. 

 

1.4.11.2. Reaction with Bn catalyst (runs 4‒13 in Figure 1.2 and Figure 1.S16) 

General using H2/CO/CO2 (Condition A): A 30 mL autoclave was charged with MeQin (2.5 mmol), Bn 

(0.025 mmol; 1 mol%), and tetradecane (an internal standard), and toluene (1.67 mL). Once sealed, the 

autoclave was pressurized with H2/CO/CO2 (4 atm each) and heated at 100 °C for 6 h. After degassed at room 

temperature, the yield of H4-MeQin was determined by GC analysis (Figure 1.2). 

 

General using H2 (Condition B): A autoclave was charged with MeQin (0.75 mmol, otherwise noted), Bn 

(0.075 mmol; 10 mol% otherwise noted), and toluene (0.5 mL). Tetradecane or pentadecane was added as an 

internal standard. Once sealed, the autoclave was pressurized with H2 (4 atm) and heated at 100 °C for 6 h. 

After degassed at room temperature, the yield of H4-MeQin was determined by GC analysis (for run 4-B 

using 1 mol% B1, see Figure 1.2; for others, see Figure 1.S16). 

 

Run 4-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), MeQin (359.5 mg), B1 (12.8 

mg), and tetradecane (57.2 mg) were employed, giving H4-MeQin in 12% GC yield. 

Run 4-B: Followed by the general procedures using H2 (4 atm), MeQin (356.9 mg), B1 (12.9 mg; 1 mol%), 

and tetradecane (57.2 mg) were employed, giving H4-MeQin in >99% GC yield. 

 

Run 5-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), I independently conducted two 

experiments using B2 to accurately evaluate the catalyst activity of B2. In the first experiment, MeQin (356.1 

mg), B2 (11.5 mg), and tetradecane (68.7 mg) were employed to afford H4-MeQin in 62% GC yield. In the 

second, MeQin (357.9 mg), B2 (11.4 mg), and tetradecane (65.5 mg) were employed to afford H4-MeQin in 

63% GC yield. The average of these two experiments (63%) is shown in Figure 1.2. 

Run 5-B: Followed by the general procedures with a 10 mL autoclave using H2 (4 atm), MeQin (107.4 mg), 

B2 (34.4 mg), and tetradecane (71.2 mg) were employed, giving H4-MeQin in 99% GC yield. 

 

Run 6-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), I independently conducted two 

experiments using B3 to accurately evaluate the catalyst activity of B3. In the first experiment, MeQin (357.4 

mg), B3 (15.0 mg), and tetradecane (60.7 mg) were employed to afford H4-MeQin in 27% GC yield. In the 
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second, MeQin (362.0 mg), B3 (14.9 mg), and tetradecane (63.4 mg) were employed to afford H4-MeQin in 

36% GC yield. The average of these two experiments (32%) is shown in Figure 1.2. 

Run 6-B: Followed by the general procedures with a 10 mL autoclave using H2 (4 atm), MeQin (107.4 mg), 

B3 (44.5 mg), and tetradecane (71.2 mg) were employed, giving H4-MeQin in >99% GC yield. 

 

Run 7-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), MeQin (360.8 mg), B4 (10.7 

mg), and tetradecane (59.9 mg) were employed, giving H4-MeQin in 2% GC yield. 

Run 7-B: Followed by the general procedures with a 10 mL autoclave using H2 (4 atm), MeQin (107.4 mg), 

B4 (32.0 mg), and pentadecane (75.3 mg) were employed, giving H4-MeQin in 84% GC yield. 

 

Run 8-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), I independently conducted 

three experiments using B5 to accurately evaluate the catalyst activity of B5. In the first experiment, MeQin 

(360.8 mg), B5 (11.5 mg), and tetradecane (59.6 mg) were employed to afford H4-MeQin in 72% GC yield. In 

the second, MeQin (358.9 mg), B5 (11.4 mg), and tetradecane (63.2 mg) were employed to afford H4-MeQin 

in 86% GC yield. In the third, MeQin (358.3 mg), B5 (11.4 mg), and tetradecane (61.3 mg) were employed to 

afford H4-MeQin in 85% GC yield. The average of these three experiments (81%) is shown in Figure 1.2. 

Run 8-B: Followed by the general procedures with a 10 mL autoclave using H2 (4 atm), MeQin (107.4 mg), 

B5 (34.1 mg), and pentadecane (71.3 mg) were employed, giving H4-MeQin in >99% GC yield. 

 

Run 9-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), MeQin (354.6 mg), B6 (9.6 

mg), and tetradecane (64.2 mg) were employed, giving H4-MeQin in 3% GC yield. 

Run 9-B: Followed by the general procedures with a 10 mL autoclave using H2 (4 atm), MeQin (107.4 mg), 

B6 (28.7 mg), and tetradecane (75.4 mg) were employed, giving H4-MeQin in 71% GC yield. 

 

Run 10-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), I independently conducted 

three experiments using B7 to accurately evaluate the catalyst activity of B7. In the first experiment, MeQin 

(355.8 mg), B7 (13.1 mg), and tetradecane (60.2 mg) were employed to afford H4-MeQin in 67% GC yield. In 

the second, MeQin (358.8 mg), B7 (13.1 mg), and tetradecane (58.8 mg) were employed to afford H4-MeQin 

in 87% GC yield. In the third, MeQin (355.5 mg), B7 (13.1 mg), and tetradecane (63.6 mg) were employed to 

afford H4-MeQin in 87% GC yield. The average of these three experiments (80%) is shown in Figure 1.2. 

Run 10-B: Followed by the general procedures with a 10 mL autoclave using H2 (4 atm), MeQin (122.6 mg), 

B7 (39.0 mg), and pentadecane (66.1 mg) were employed, giving H4-MeQin in >99% GC yield. 

 

Run 11-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), MeQin (356.1 mg), B8 (11.3 

mg), and tetradecane (60.5 mg) were employed, giving H4-MeQin in 40% GC yield. 

Run 11-B: Followed by the general procedures with a 10 mL autoclave using H2 (4 atm), MeQin (107.4 mg), 

B8 (33.9 mg), and tetradecane (59.1 mg) were employed, giving H4-MeQin in >99% GC yield. 
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Run 12-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), I independently conducted 

three experiments using B9 to accurately evaluate the catalyst activity of B9. In the first experiment, MeQin 

(360.1 mg), B9 (17.5 mg), and tetradecane (60.5 mg) were employed to afford H4-MeQin in 83% GC yield. In 

the second, MeQin (356.0 mg), B9 (17.4 mg), and tetradecane (60.7 mg) were employed to afford H4-MeQin 

in 86% GC yield. In the third, MeQin (358.8 mg), B9 (17.6 mg), and tetradecane (60.8 mg) were employed to 

afford H4-MeQin in 82% GC yield. The average of these three experiments (84%) is shown in Figure 1.2. 

Run 12-B: Followed by the general procedures with a 30 mL autoclave using H2 (4 atm), MeQin (108.6 mg), 

B9 (52.4 mg), and tetradecane (58.6 mg) were employed, giving H4-MeQin in >99% GC yield. 

 

Run 13-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), I independently conducted 

three experiments using B10 to accurately evaluate the catalyst activity of B10. In the first experiment, MeQin 

(359.1 mg), B10 (30.7 mg), and tetradecane (60.1 mg) were employed to afford H4-MeQin in 63% GC yield. 

In the second, MeQin (360.6 mg), B10 (30.7 mg), and tetradecane (62.8 mg) were employed to afford 

H4-MeQin in 86% GC yield. In the third, MeQin (359.8 mg), B10 (30.9 mg), and tetradecane (60.3 mg) were 

employed to afford H4-MeQin in 77% GC yield. The average of these three experiments (75%) is shown in 

Figure 1.2. 

Run 13-B: Followed by the general procedures with a 30 mL autoclave using H2 (4 atm), MeQin (114.0 mg), 

B10 (92.2 mg), and tetradecane (62.0 mg) were employed, giving H4-MeQin in >99% GC yield. 

 

 

Figure 1.S16. Hydrogenation of MeQin using H2. 
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1.4.12. Hydrogenation of MeQin using H2/CO/CO2 without solvent 

1.4.12.1. Screening of catalysts (Figure 1.S17) 

General: A 30 mL autoclave was charged with MeQin (3.0 mmol), Bn (0.030 mmol), and tetradecane (an 

internal standard). Once sealed, the autoclave was pressurized with H2/CO/CO2 (4 atm each; Condition A) or 

H2 (4 atm; Condition B) and heated at 100 °C for 6 h. After degassed at room temperature, the yield of 

H4-MeQin was determined by GC analysis. 

 

Run 1-A: Followed by the general procedures using H2/CO/CO2 (4 atm each), MeQin (429.5 mg), B1 (15.5 

mg), and tetradecane (233.9 mg) were employed, giving H4-MeQin in 3% GC yield. 

Run 1-B: Followed by the general procedures using H2 (4 atm), MeQin (431.6 mg), B1 (15.3 mg), and 

tetradecane (235.6 mg) were employed, giving H4-MeQin in 7% GC yield. 

 

Run 2-A: Followed by the general procedures, MeQin (431.3 mg), B5 (13.7 mg), and tetradecane (231.2 mg) 

were employed, giving H4-MeQin in 97% GC yield. 

 

Run 3-A: Followed by the general procedures, MeQin (438.1 mg), B7 (15.6 mg), and tetradecane (237.8 mg) 

were employed, giving H4-MeQin in 99% GC yield. 

 

Run 4-A: Followed by the general procedures, MeQin (439.9 mg), B9 (21.0 mg), and tetradecane (236.4 mg) 

were employed, giving H4-MeQin in >99% GC yield. I also carried out this reaction with MeQin (423.8 mg), 

B9 (20.9 mg), and tetradecane (242.8 mg) for 3 h, giving H4-MeQin in 81% GC yield 

 

Run 5-A: Followed by the general procedures, MeQin (436.1 mg), B10 (36.8 mg), and tetradecane (227.6 mg) 

were employed, giving H4-MeQin in 84% GC yield. 
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Figure 1.S17. Screening of catalysts. a3 h. 

 

1.4.12.2. Catalyst turnover number exhibited by Bn (n = 1, 5, 7, 9, 10) under solvent-free and mixed gas 

conditions (Figure 1.S18) 

General: A 30 mL autoclave was charged with MeQin (25.0 mmol), Bn (0.025 mmol), and tetradecane (an 

internal standard). Once sealed, the autoclave was pressurized with H2/CO/CO2 (30 atm each; Condition A) or 

H2 (85 atm; Condition B) and heated at 100 °C for 48 h. After degassed at room temperature, the yield of 

H4-MeQin was determined by GC analysis. 

 

Run 1-A: Followed by the general procedures using H2/CO/CO2 (30 atm each), MeQin (3.578 g), B1 (12.9 

mg), and tetradecane (240.0 mg) were employed, giving H4-MeQin in <1% GC yield. 

 

Run 2-A: Followed by the general procedures using H2/CO/CO2 (30 atm each), MeQin (3.580 g), B5 (11.3 

mg), and tetradecane (233.5 mg) were employed, giving H4-MeQin in 50% GC yield. 

 

Run 3-A: Followed by the general procedures using H2/CO/CO2 (30 atm each), MeQin (3.575 g), B7 (13.1 

mg), and tetradecane (242.2 mg) were employed, giving H4-MeQin in 70% GC yield. 

 

Run 4-A: Followed by the general procedures using H2/CO/CO2 (30 atm each), MeQin (3.593 g), B9 (17.5 
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mg), and tetradecane (239.5 mg) were employed, giving H4-MeQin in 76% GC yield. 

Run 4-B: Followed by the general procedures using H2 (85 atm), MeQin (7.16 g, 50.0 mmol), B9 (17.6 mg), 

and tetradecane (240.0 mg) were employed, giving H4-MeQin in 74% GC yield. 

 

Run 5-A: Followed by the general procedures using H2/CO/CO2 (30 atm each), MeQin (3.582 g), B10 (30.8 

mg), and tetradecane (244.2 mg) were employed, giving H4-MeQin in 67% GC yield. 

 

 

Figure 1.S18. Catalyst turnover number exhibited by Bn (n = 1, 5, 7, 9, 10) under the solvent-free and mixed 

gas conditions. a0.05 mol% B9 was used. 

 

1.4.12.3. Exploration of the gas compositions included in H2-source 

General: A 30 mL autoclave was charged with MeQin (3.0 mmol), B9 (0.030 mmol), and tetradecane (an 

internal standard). Once sealed, the autoclave was pressurized with each H2-source and heated at 100 °C. After 

degassed at room temperature, the yield of H4-MeQin was determined by GC analysis. The results are shown 

in Figure 1.3A. 

 

Use of H2/CO/CO2 (4 atm/20 atm/4 atm): Followed by the general procedures, MeQin (426.8 mg), B9 (21.0 

mg), and tetradecane (238.1 mg) were employed and the autoclave was pressurized with CO (16 atm) and 

H2/CO/CO2 (4 atm each). After period of 6 h, H4-MeQin was afforded in 81% GC yield. I also carried out this 
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reaction with MeQin (424.6 mg), B9 (21.0 mg), and tetradecane (241.6 mg) for 12 h, giving H4-MeQin in 

>99% GC yield 

 

Use of H2/CO/CO2 (4 atm/4 atm/20 atm): Followed by the general procedures, MeQin (425.2 mg), B9 (20.8 

mg), and tetradecane (238.9 mg) were employed and the autoclave was pressurized with CO2 (16 atm) and 

H2/CO/CO2 (4 atm each). After period of 6 h, H4-MeQin was afforded in 34% GC yield. I also carried out this 

reaction with MeQin (425.8 mg), B9 (21.0 mg), and tetradecane (244.1 mg) for 40 h, giving H4-MeQin in 

94% GC yield 

 

Use of H2/CO/CO2/CH4 (4 atm/4 atm/4 atm/4 atm): Followed by the general procedures, MeQin (429.4 

mg), B9 (20.9 mg), and tetradecane (239.7 mg) were employed and the autoclave was pressurized with CH4 (4 

atm) and H2/CO/CO2 (4 atm each). After period of 6 h, H4-MeQin was afforded in 97% GC yield. 

 

1.4.13. Screening of catalysts in dehydrogenation of H4-MeQin 

General: A 10 mL two-necked flask was charged with H4-MeQin (3.8 mmol), Bn (0.075 mmol), and 

tetradecane (an internal standard). The reaction mixture was heated at 200 °C for 6 h, and then allowed to cool 

to room temperature. The yield of MeQin was determined by GC analysis. The results are shown in Figure 

1.3B. 

 

Run 1: Followed by the general procedures, H4-MeQin (552.5 mg), B1 (38.1 mg), and tetradecane (102.6 mg) 

were employed, giving MeQin in 18% GC yield. 

 

Run 2: Followed by the general procedures, H4-MeQin (534.8 mg), B5 (34.1 mg), and tetradecane (100.1 mg) 

were employed, giving MeQin in 84% GC yield. 

 

Run 3: Followed by the general procedures, H4-MeQin (539.3 mg), B7 (39.1 mg), and tetradecane (96.6 mg) 

were employed, giving MeQin in 85% GC yield. 

 

Run 4: Followed by the general procedures, H4-MeQin (535.4 mg), B9 (52.4 mg), and tetradecane (100.0 mg) 

were employed, giving MeQin in 88% GC yield. 

 

Run 5: Followed by the general procedures, H4-MeQin (538.1 mg), B10 (92.4 mg), and tetradecane (100.9 

mg) were employed, giving MeQin in 68% GC yield. 

 

1.4.14. H2 recovery via B9-catalyzed dehydrogenation of H4-MeQin 

The schematic representation of a reaction setup is shown in Figure 1.S19. A 10 mL two-neck flask was 

charged with H4-MeQin (542 mg, 3.79 mmol), B9 (52.4 mg, 0.0750 mmol) and tetradecane (103.9 mg; an 

internal standard). The reaction mixture was stirred at 200 C for 2 h, and then allowed to cool to room 
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temperature. H2 was collected in a graduated cylinder to calculate the yield of H2 based on its collected 

volume (164 mL, 7.32 mmol). The yield of MeQin and the purity of the collected H2 were determined by GC 

analysis.  

 

Figure 1.S19. The reaction setup for H2 collection. 

 

 

Figure 1.S20. GC chromatograms for the collected H2 gas (shown in left) and an authentic sample of 

H2/CO/CO2 (1:1:1 molar ratio; shown in right) used in this work. 

 

1.4.15. B9-catalyzed hydrogenation/dehydrogenation sequences from H2/CO/CO2 

A 30 mL autoclave was charged with MeQin (145 mg, 1.01 mmol), B9 (13.9 mg, 0.199 mmol), and 

tetradecane (59.5 mg; an internal standard). Once sealed, the autoclave was pressurized with H2/CO/CO2 (4 

atm each; 5.4 mmol each based on n = PV/RT, where T = 273.15 K, P = 4 atm, V = 30 mL) and heated to 

100 °C for 2 h. After cooling to room temperature, all volatiles were removed in vacuo, and GC analysis 

showed the production of H4-MeQin in 95%. Then, the reaction mixture was transferred into a 10 mL 

two-neck flask (Figure 1.S19). During this manipulation, the residue inside the autoclave reactor was 
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extracted with toluene in order to minimize the loss of reagents. The toluene was then removed in vacuo; 

however, this is not essential for the following dehydrogenation. The reaction mixture was then stirred at 200 

C for 3 h. The volume of collected gas was measured using a graduated cylinder to calculate the yield of H2 

(39.0 mL, 1.74 mmol). The conversion of H4-MeQin (94%), the yield of MeQin (91%), and the purity of the 

collected H2 gas were determined using GC analysis. As shown in Figure 1.S21, CO was not detected (or its 

concentration is less than a detection limit of the GC), while 0.1% molar of CO2 with respect to that of H2 was 

detected after the background calibration (vide infra). However, I cannot rule out a possibility that a trace 

amount of CO2 (0.1%) was contaminated during the collection of H2 (i.e. from silicon oil) and/or the injection 

of the recovered H2 into the GC (i.e. from air). 

 

H2 purity = (molar amount of H2)/(sum of the molar amounts of H2, CO, and CO2)×100 

= (1.74)/(1.74 + 0 + 0.00178) ×100  

= 99.9%  

 

Figure 1.S21. The GC chromatogram for the collected H2. 

 

I experimentally confirmed that a certain amount of CO2 and H2O were inevitably contaminated 

from air and/or silicon oil that was used for H2 collection. In order to accurately evaluate the H2 purity, I 

performed a background calibration of CO2 through several control experiments using N2 gas. In fact, as 

shown in Table 1.S3, the contamination of CO2 was always confirmed when N2 gas, collected through the 

same experimental procedures as mentioned above (Figure 1.S19), was analyzed by GC. Based on these 

experiments, an average amount of CO2 contaminated from air and/or silicon oil was estimated as shown in 

Table 1.S3, which was used for the correction of H2 purity. 
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Table 1.S3. Background correction of CO2 contaminated from air/silicon oil. 

 

1.4.16. Optimization of reaction conditions for hydrogenation of Lut 

General: The gases used in this reaction was dehydrated over molecular sieves (4 Å) prior to use for at least 

12 h. A 30 mL autoclave was charged with Lut (1.0 mmol), Bn (0.10 mmol), and tetradecane (an internal 

standard). Once sealed, the autoclave was pressurized with H2-source and heated at 150 °C for 6 h. After 

degassed at room temperature, the yield of H6-Lut was determined by GC analysis. The results of runs 1‒4 

are shown in Figure 1.3D and those of run 5‒6 are shown in Figure 1.S22. 

 

Run 1: Followed by the general procedures using dehydrated H2 (20 atm), Lut (108.9 mg), B7 (52.0 mg), and 

tetradecane (79.4 mg) were employed and the autoclave was pressurized with dehydrated H2 (20 atm), giving 

H6-Lut in 81% GC yield. I also carried out this reaction with Lut (102.7 mg), B9 (69.6 mg), and tetradecane 

(79.9 mg), giving H6-Lut in 41% GC yield 

 

Run 2: Followed by the general procedures using dehydrated H2/CO (20 atm/4 atm), Lut (108.8 mg), B7 (51.9 

mg), and tetradecane (81.9 mg) were employed and the autoclave was pressurized with dehydrated H2/CO (4 

atm each) and H2 (16 atm), giving H6-Lut in 54% GC yield. 

 

Run 3: Followed by the general procedures using dehydrated H2/CO (40 atm/4 atm), Lut (112.1 mg), B7 (52.1 

mg), and tetradecane (81.8 mg) were employed and the autoclave was pressurized with dehydrated H2/CO (4 

atm each) and H2 (36 atm), giving H6-Lut in 70% GC yield. 

 

Run 4: Followed by the general procedures using dehydrated H2/CO2 (40 atm/4 atm), Lut (110.3 mg), B7 

(52.0 mg), and tetradecane (83.2 mg) were employed and the autoclave was pressurized with dehydrated 

H2/CO2 (4 atm each) and H2 (36 atm), giving H6-Lut in 53% GC yield. 

 

Run 5: Followed by the general procedures using H2 (20 atm), Lut (114.1 mg), B7 (52.1 mg), and tetradecane 

(87.4 mg) were employed and the autoclave was pressurized with H2 (20 atm; not treated with molecular 

sieves (4 Å)), giving H6-Lut in 72% GC yield. 

 

Run 6: Followed by the general procedures using dehydrated H2/CO (4 atm each), Lut (109.0 mg), B7 (52.1 
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mg), and tetradecane (81.9 mg) were employed and the autoclave was pressurized with dehydrated H2/CO (4 

atm each), giving H6-Lut in 38% GC yield. 

 

 

Figure 1.S22. Hydrogenation of Lut. aH2 without dehydration. 

 

1.4.17. Mechanistic studies 

1.4.17.1. Determination of the reaction rate constants in the hydrogenation of MeQin 

General using H2/CO/CO2 (Condition A): A mixture of MeQin (1.5 M), Bn ([Bn = 0.015 M]), and 

tetradecane (an internal standard) in toluene was prepared and equally divided into 10 autoclave reactors (V = 

10 mL). Once sealed, each reactor was pressurized with H2/CO/CO2 (10 atm each) and heated at 100 °C. The 

conversion of MeQin and the yield of H4-MeQin were monitored by GC analysis. In several cases, these 

experiments were repeated twice to confirm the reproducibility. 

 

General using H2 (Condition B): A mixture of MeQin (1.5 M), Bn ([Bn = 0.015 M]), and tetradecane (an 

internal standard) in toluene was prepared and equally divided into 10 autoclave reactors (V = 10 mL). Once 

sealed, each reactor was pressurized with H2 (10 atm) and heated at 100 °C. The conversion of MeQin and the 

yield of H4-MeQin were monitored by GC analysis. In several cases, these experiments were repeated twice 

to confirm the reproducibility. 

 

Run 1-A using B9: Followed by the general procedures using H2/CO/CO2 (10 atm each), I independently 

conducted two experiments to confirm the reproducibility. In the first experiment, MeQin (1.07 g, 7.47 mmol), 

B9 (52.4 mg, 0.0750 mmol), tetradecane (597 mg), and toluene (5.0 mL) were employed, which demonstrated 

that the rate constant for the formation of H4-MeQin is 1.93(10)  10-4 (mol m-3 s-1) as shown in Figure 1.S23. 

In the second, MeQin (1.29 g, 9.01 mmol), B9 (63.1 mg, 0.0903 mmol), tetradecane (718 mg), and toluene 

(6.0 mL) were employed, which demonstrated that the and rate constant for the formation of H4-MeQin is 

1.69(3)  10-4 (mol m-3 s-1). 
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Figure 1.S23. Time-concentration profiles for run 1-A. 

 

Run 1-B using B9: Followed by the general procedures using H2 (10 atm), I independently conducted two 

experiments to confirm the reproducibility. In the first experiment, MeQin (1.29 g, 9.01 mmol), B9 (62.8 mg, 

0.0899 mmol), tetradecane (694 mg), and toluene (6.0 mL) were employed, which demonstrated that the rate 

constant for the formation of H4-MeQin is 2.21(13)  10-4 (mol m-3 s-1) as shown in Figure 1.S24. In the 

second, MeQin (1.29 g, 9.01 mmol), B9 (62.9 mg, 0.0900 mmol), tetradecane (716 mg), and toluene (6.0 mL) 

were employed, which demonstrated that the rate constant for the formation of H4-MeQin is 1.82(8)  10-4 

(mol m-3 s-1). 

 

Figure 1.S24. Time-concentration profiles for run 1-B. 

 

Run 2-A using B1: Followed by the general procedures using H2/CO/CO2 (10 atm each), MeQin (1.07 g, 7.47 

mmol), B1 (38.4 mg, 0.0750 mmol), tetradecane (605 mg), and toluene (5.0 mL) were employed, which 

demonstrated that the rate constant for the formation of H4-MeQin is 3.56(60)  10-6 (mol m-3 s-1) as shown in 

Figure 1.S25. 
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Figure 1.S25. Time-concentration profiles for run 2-B. 

 

Run 2-B using B1: Followed by the general procedures using H2 (10 atm), MeQin (1.07 g, 7.47 mmol), B1 

(38.4 mg, 0.0750 mmol), tetradecane (608 mg), and toluene (5.0 mL) were employed, which demonstrated 

that the rate constant for the formation of H4-MeQin is 3.08(29)  10-4 (mol m-3 s-1) as shown in Figure 1.S26. 

 

Figure 1.S26. Time-concentration profiles for run 2-B. 

 

Run 3-A using B7: Followed by the general procedures using H2/CO/CO2 (10 atm each), MeQin (1.07 g, 7.47 

mmol), B7 (39.1 mg, 0.0751 mmol), tetradecane (606 mg), and toluene (5.0 mL) were employed, which 

demonstrated that the rate constant for the formation of H4-MeQin is 1.66(5)  10-4 (mol m-3 s-1) as shown in 

Figure 1.S27. 
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Figure 1.S27. Time-concentration profiles for run 3-A. 

 

Run 3-B using B7: Followed by the general procedures using H2 (10 atm), MeQin (1.07 g, 7.47 mmol), B7 

(39.1 mg, 0.0751 mmol), tetradecane (604 mg), and toluene (5.0 mL) were employed, which demonstrated 

that the rate constant for the formation of H4-MeQin is 1.71(6)  10-4 (mol m-3 s-1) as shown in Figure 1.S28. 

 

Figure 1.S28. Time-concentration profiles for run 3-B. 

 

1.4.17.2. Influences of gas composition in B1-catalyzed hydrogenation of MeQin 

A mixture of MeQin (429.6 mg, 3.0 mmol, 1.5 M), B1 (15.4 mg, 0.030 mmol, [B1 = 0.015 M]), and 

tetradecane (an internal standard) in toluene was prepared and equally divided into 4 autoclave reactors (V = 

10 mL). Once sealed, each reactor was pressurized with H2 (10 atm), H2/CO (10 atm each), H2/CO2 (10 atm 

each), and H2/CO/CO2 (10 atm each) and heated at 100 °C for 2 h. After degassed at room temperature, the 

yield of H4-MeQin was determined by GC analysis. I repeated these experiments at least twice for each gas 

composition in order to confirm their reproducibility. 
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Figure 1.S29. Influences of gas composition in B1-catalyzed hydrogenation of MeQin. 

 

1.4.17.3. Determination of kinetic order in B9 

General: A mixture of MeQin (1.5 M), B9 ([B9 = 0.0075 M, 0.010 M, 0.0015 M, 0.0225 M, 0.030 M]), and 

tetradecane (an internal standard) in toluene was prepared and equally divided into 10 autoclave reactors (V = 

10 mL). Once sealed, each reactor was pressurized with H2/CO/CO2 (10 atm each) and heated at 100 °C. The 

conversion of MeQin and the yield of H4-MeQin were monitored by GC analysis. These experiments were 

repeated twice to confirm the reproducibility. 

 

Run 1: Followed by the general procedures, I independently conducted two experiments to confirm the 

reproducibility. In the first experiment, MeQin (2.15 g, 15.0 mmol), B9 (52.4 mg, 0.0750 mmol), tetradecane 

(1.20 g), and toluene (10 mL) were employed, which demonstrated that the rate constant for the formation of 

H4-MeQin is 1.29(5)  10-4 (mol m-3 s-1) as shown in Figure 1.S30. In the second, MeQin (2.16 g, 15.1 mmol), 

B9 (52.4 mg, 0.0750 mmol), tetradecane (1.20 g), and toluene (10 mL) were employed, which demonstrated 

that the and rate constant for the formation of H4-MeQin is 1.19(5)  10-4 (mol m-3 s-1). 
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Figure 1.S30. Time-concentration profiles for run 1. 

 

Run 2: Followed by the general procedures, I independently conducted two experiments to confirm the 

reproducibility. In the first experiment, MeQin (1.43 g, 9.99 mmol), B9 (52.4 mg, 0.0750 mmol), tetradecane 

(806 mg), and toluene (6.7 mL) were employed and, which demonstrated that the rate constant for the 

formation of H4-MeQin is 2.13(8)  10-4 (mol m-3 s-1) as shown in Figure 1.S31. In the second, MeQin (1.43 

g, 9.99 mmol), B9 (52.3 mg, 0.0749 mmol), tetradecane (798 mg), and toluene (6.7 mL) were employed and, 

which demonstrated that the rate constant for the formation of H4-MeQin is 2.09(11)  10-4 (mol m-3 s-1). 

 

Figure 1.S31. Time-concentration profiles for run 2. 

 

Run 3: Followed by the general procedures, I independently conducted two experiments to confirm the 

reproducibility. In the first experiment, MeQin (862 mg, 6.02 mmol), B9 (63.0 mg, 0.0902 mmol), tetradecane 

(481 mg), and toluene (4.0 mL) were employed and, which demonstrated that the rate constant for the 

formation of H4-MeQin is 5.76(51)  10-4 (mol m-3 s-1) as shown in Figure 1.S32. In the second, MeQin (859 

mg, 6.00 mmol), B9 (62.9 mg, 0.0900 mmol), tetradecane (485 mg), and toluene (4.0 mL) were employed and, 

which demonstrated that the rate constant for the formation of H4-MeQin is 4.93(47)  10-4 (mol m-3 s-1). 
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Figure 1.S32. Time-concentration profiles for run 3. 

 

Run 4: Followed by the general procedures, I independently conducted two experiments to confirm the 

reproducibility. In the first experiment, MeQin (644 mg, 4.50 mmol), B9 (62.8 mg, 0.0899 mmol), tetradecane 

(370 mg), and toluene (3.0 mL) were employed and, which demonstrated that the rate constant for the 

formation of H4-MeQin is 8.57(66)  10-4 (mol m-3 s-1) as shown in Figure 1.S33. In the second, MeQin (647 

mg, 4.52 mmol), B9 (62.8 mg, 0.0899 mmol), tetradecane (360 mg), and toluene (3.0 mL) were employed and, 

which demonstrated that the rate constant for the formation of H4-MeQin is 9.36(117)  10-4 (mol m-3 s-1). 

 

Figure 1.S33. Time-concentration profiles for run 4. 

 

Order in B9: From these results, a plot of kint vs. [B9] and the corresponding log-log profile are given (Figure 

1.S34), suggesting the first order dependence on B9. 
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Figure 1.S34. Order in B9. (a) Kinetic order in [B9]. (b) A profile of lnkint with respect to ln[B9]. 

 

1.4.17.4. Determination of kinetic order in B7 

General: A mixture of MeQin (1.5 M), B7 ([B7 = 0.030 M, 0.045 M]), and tetradecane (an internal standard) 

in toluene was prepared and equally divided into 8 (run 1) or 4 (run 2) autoclave reactors (V = 10 mL). Once 

sealed, each reactor was pressurized with H2/CO/CO2 (10 atm each) heated at 100 °C. The conversion of 

MeQin and the yield of H4-MeQin were monitored by GC analysis, resulting into the determination of the 

initial rate constant kobs. 

 

Run 1: Followed by the general procedures, MeQin (860 mg, 6.01 mmol), B7 (62.5 mg, 0.120 mmol), 

tetradecane (494 mg), and toluene (4 mL) were employed, which demonstrated that the rate constant for the 

formation of H4-MeQin generation is 4.23(50)  10-4 (mol m-3 s-1) as shown in Figure 1.S35. 

 

Figure 1.S35. Time-concentration profiles for run 1. 

 

Run 2: Followed by the general procedures, MeQin (430 mg, 3.00 mmol), B7 (46.9 mg, 0.0901 mmol), 

tetradecane (248.7 mg), and toluene (2 mL) were employed, which demonstrated that the rate constant for the 

formation of H4-MeQin generation is 6.19(32)  10-4 (mol m-3 s-1) as shown in Figure 1.S36. 
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Figure 1.S36. Time-concentration profiles for run 2. 

 

Order in B7: From these results, a plot of kobs vs. [B7] and the corresponding log-log profile are given (Figure 

1.S37), suggesting the first order dependence on B7. 

 

Figure 1.S37. Order in B7. (a) Kinetic order in [B7]. (b) A profile of lnkobs with respect to ln[B7]. 

 

1.4.17.5. Reaction of MeQin with B1 in the presence of H2/CO2 

A pressure-tight NMR tube (Wilmad-LabGrass 542-PV-7; V = 1.8 mL) was charged with MeQin (15.0 mg, 

0.105 mmol), B1 (25.6 mg, 0.0500 mmol) and α,α,α-trifluorotoluene (23.9 mg, 0.164 mmol; an internal 

standard). Once sealed, the NMR tube was pressurized with H2/CO2 (2.5 atm each), followed by heating at 

100 °C for 3 h. Then, the 1H, 11B, and 19F NMR analyses were conducted. X-ray data for H4-MeQin‒B1 (Fig 

S38d): M = 659.20, colorless, monoclinic, P21/n (#14), a = 8.5215(2) Å, b = 14.9248(3) Å, c = 20.1080(3) Å, 

α = 90°, β = 100.571(2)°, γ = 90°, V = 2513.97(9) Å3, Z = 4, Dcalcd = 1.742 g/cm3, T = −150 °C, R1 (wR2) = 

0.0280 (0.0765). 
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Figure 1.S38. Reaction of MeQin with B1 in the presence of H2/CO2. (a) 19F NMR spectra. (b) 1H NMR 

spectra. (c) 11B NMR spectra. (d) Molecular structure of H4-MeQin‒B1 with ellipsoids set at 30% probability; 

H atoms are omitted for clarity. 

 

1.4.17.6. Reaction of MeQin with B9 in the presence of H2/CO2 

A pressure-tight NMR tube (Wilmad-LabGrass 542-PV-7; V = 1.8 mL) was charged with MeQin (13.9 mg, 

0.0971 mmol), B9 (34.8 mg, 0.0498 mmol) and α,α,α-trifluorotoluene (24.0 mg, 0.164 mmol; an internal 

standard). Once sealed, the NMR tube was pressurized with H2/CO2 (2.5 atm each), followed by heating at 

100 °C for 3 h. Then the 1H, 11B, and 19F NMR analyses were conducted. 
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Figure 1.S39. Reaction of MeQin with B9 in the presence of H2/CO2. (a) 19F NMR spectra. (b) 1H NMR 

spectra. (C) 11B NMR spectra. 

 

1.4.17.7. Reaction of H4-MeQin with B1 in the presence of CO2 

A pressure-tight NMR tube (Wilmad-LabGrass 542-PV-7; V = 1.8 mL) was charged with H4-MeQin (14.3 mg, 

0.0971 mmol), and B1 (25.6 mg, 0.0500 mmol). Once sealed, the NMR tube was pressurized with CO2 (5 atm), 

followed by heating at 100 °C for 1 h. Then, the 1H, 11B, and 19F NMR analyses were conducted. 
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Figure 1.S40. Reaction of H4-MeQin with B1 in the presence of CO2. (a) 19F NMR spectra. (b) 1H NMR 

spectra. (C) 11B NMR spectra. 

 

1.4.17.8. Reaction of [H4-MeQin‒B1] with H2 followed by CO2 

A pressure-tight NMR tube (Wilmad-LabGrass 542-PV-7; V = 1.8 mL) was charged with H4-MeQin (14.8 mg, 

0.101 mmol), and B1 (25.6 mg, 0.0500 mmol). Once sealed, the NMR tube was pressurized with H2 (2.5 atm), 

followed by heating at 100 °C for 1 h. Then, the 1H, 11B, and 19F NMR analyses were conducted. Next, this 

NMR tube was pressurized with CO2 (2.5 atm), followed by heating at 100 °C for 1 h. Then, the 1H, 11B, and 

19F NMR analyses were again conducted. 
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Figure 1.S41. Reaction of [H4-MeQin‒B1] with H2 followed by CO2. (a) 19F NMR spectra. (b) 1H NMR 

spectra. (C) 11B NMR spectra. 

 

1.4.17.9. Hydrogenation of MeQin using [MeQin‒H][HO‒B1] or [MeQin‒H][HO‒B9] 

General: A 30 mL autoclave was charged with MeQin (0.225 mmol), [MeQin‒H][HO‒Bn] (0.025 mmol), 

and tetradecane (an internal standard), and toluene (0.17 mL). Once sealed, the autoclave was pressurized with 

H2 (4 atm) and heated at 100 °C for 6 h. After degassed at room temperature, the yield of H4-MeQin was 

determined by GC analysis. The results were shown in Figure 1.4F. 
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Use of [MeQin‒H][HO‒B1]: Followed by the general procedures, MeQin (31.2 mg), [MeQin‒H][HO‒B1] 

(16.9 mg), and tetradecane (13.9 mg) were employed, giving H4-MeQin in <1% GC yield. 

 

Use of [MeQin‒H][HO‒B9]: Followed by the general procedures, MeQin (32.3 mg), [MeQin‒H][HO‒B9] 

(21.3 mg), and tetradecane (19.6 mg) were employed, giving H4-MeQin in 13% GC yield. 

 

1.4.18. Comparison of Lewis acidity among Bn by Gutmann-Beckett method 

General: A J. Young tube was charged with Bn (0.060 mmol), triethylphosphine oxide (8.1 mg, 0.057 mmol), 

and C6D6 (n = 1-9) or CD2Cl2 (n = 10). Then, the 31P NMR analyses were conducted. The acceptor number 

(AN) was calculated according to the literature and summarized in Table 1.S4.52  

 

 

Table 1.S4. Comparison of Lewis acidity based on the Gutmann-Beckett method. 
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1.4.19. Computational details 

The density functional theory (DFT) calculations were performed with Gaussian 16 (Revision C.01) 

software.53 All the structures were optimized at the ωB97X-D54 level of theory with the 6-31G(d,p) basis sets. 

Frequency calculations were performed to verify that intermediates have no imaginary frequency, whereas the 

transition structures have only one imaginary frequency. The appropriateness of the connections between each 

reactant and product via a transition state was confirmed using intrinsic reaction coordinate (IRC). 

Single-point energy calculations were carried out at ωB97X-D/6-311+G(d,p)/gas-phase level of theory 

otherwise noted. A polarizable continuum model (PCM)55 was adopted, and the parameters for quinoline were 

used. The reported Gibbs free energies were calculated at 298.15 K. These calculations involve a certain 

margin of error. 

 

1.4.19.1. Structural optimization of Bn and their LUMO energy levels 

In general, optimization of Bn was carried out based on the geometrical parameters obtained by SC-XRD 

analysis. The energy levels of LUMO were then calculated by the single point calculation (Figure 1.S42). 

 

Figure 1.S42. LUMO of Bn and their energy levels (eV). 

 

1.4.19.2. Theoretical investigation of reaction between Bn and CO 

The optimized molecular structure of OC‒Bn and saddle point species TS-Bn (n= 1, 5, 7, 9-10) with their 

relative Gibbs free energy (ΔGº kcal·mol‒1) with respect to [CO + Bn] (+ 0.0 kcal·mol‒1) are summarized in 

Figure 1.S43.  



 

 

60 

 

 

Figure 1.S43. Optimized structure of OC‒Bn and saddle point species TS-Bn (n= 1, 5, 7, 9-10). The relative 

Gibbs free energy (kcal·mol‒1) with respect to [CO + Bn] (+ 0.0 kcal·mol‒1) is shown. aSPC results calculated 

at the ωB97X-D/6-311+G(d,p)/PCM (quinoline) level of theory. 
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1.4.19.3. Discussion on the effects of meta-substituents on Bn (n = 5, 7, 9-10) 

In the Bn-catalyzed hydrogenation of MeQin in the co-presence of CO and CO2 under the applied 

neat conditions (n= 1, 5, 7, 9-10; Fig S18), the higher catalyst turnover number (TON) was confirmed in the 

following order; B9 (1480) > B7 (1400) > B10 (1340) > B5 (1000) >> B1 (11). These results demonstrated the 

importance of the introduction of four F and two Cl atoms at the ortho-positions with respect to the boron 

center. Then, to clarify an impact of meta-substituents, I analyzed these results based on the parameters 

obtained by the Gutmann-Beckett method and the energy levels of their LUMO (Figure 1.S44a). It should be 

noted that the Gutmann-Beckett acceptor numbers (GB-ANs) should be influenced by both an 

electron-accepting ability on the boron atom, i.e. the energy level of LUMO, and steric repulsions that 

occurred between Et3P=O (i.e. a front strain) and/or between other Ar groups (i.e. a back strain) (Figure 

1.S44b).43 For B5, B7, and B9−B10, TON shows a good correlation with GB-ANs. In contrast, a profile of TON 

with respect to the energy levels of LUMO shows a rather large variation. Based on these results and the size 

of substituents such as F, Cl, Br,56 and (CF3)2C6H3, the meta-substituents play a key role to establish the 

suitable Lewis acidity not only by regulating of the electron-accepting ability on the boron atom but also by 

inducing the proper front/back strains. In this context, the (CF3)2C6H3 groups in B10 can reduce their steric 

demanding via the rotation of CAr−CAr bond, which was indeed observed in OC‒B10.  

 

 

Figure 1.S44. Discussion on the effects of meta-substituents on Bn (n = 5, 7, 9-10). (a) Profiles of TON vs the 

LUMO energies in eV (shown in black-filled circles) and vs Gutmann-Beckett acceptor numbers (GB-ANs; 

shown in squares). (b) A schematic representation for a concept of front and back strains generated via the 

complexation of Et3P=O−Bn (n = 5, 7, 9-10). 
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Chapter 2 

 

Elucidating multicomponent mechanisms in the catalytic hydrogenation of 

2-methylquinoline under crude-H2 conditions: 

a key H2-cleavage process by a boron−olefin Lewis pair 

 

Abstract: The mechanisms of the triarylborane-catalyzed hydrogenation of 2-methylquinoline (MeQin) in the 

presence of CO2 were investigated using the artificial force induced reaction (AFIR) method. When B(C6F5)3 

(B1) is used as the catalyst, the hydrogenation proceeds via intermolecular proton and hydride transfer from 

[MeQin‒H][H‒B1] to a 1,4-dihydroquinoline intermediate (p-H2-MeQin). However, I confirmed that B1 

quickly decomposes via a CO2-capture reaction with 2-methyl-1,2,3,4-tetrahydroquinoline (H4-MeQin) 

followed by thermally induced proto-deboronation. When B(2,6-Cl2C6H3)(3,5-Br2-2,6-F2C6H)2 (B9) is 

employed, the dissociation of CO2 from the corresponding CO2-capture product can occur prior to the 

irreversible proto-deboronation step, and the hydrogenation of MeQin thus continues efficiently. Moreover, 

the AFIR analysis suggested that a frustrated Lewis pair (FLP) comprising the boron atom of B9 and the 

olefinic carbon in p-H2-MeQin mediates the heterolytic cleavage of H2. Based on these mechanistic details, I 

identified the modified catalyst B(2-Cl-6-FC6H3)3 (B12) that demonstrates a remarkable catalyst turnover 

number (TON = 4,000) in the hydrogenation of MeQin. 

 

2.1 Introduction 

In Chapter 1, I demonstrated the triarylborane (Bn)-catalyzed hydrogenation of N-heteroaromatics 

using a gaseous mixture of H2, CO, CO2, and CH4 as a model of crude H2,1‒4 proceeding via the generation of 

frustrated Lewis pairs (FLPs).5‒8 I have also demonstrated proof-of-concept for a molecule-based H2 

purification system in Chapter 1,9‒14 i.e., a reaction sequence involving the 

B(2,6-Cl2C6H3)(3,5-Br2-2,6-F2C6H)2 (B9)-catalyzed hydrogenation of 2-methylquinoline (MeQin) under 

crude-H2 conditions and subsequent B9-catalyzed dehydrogenation of 2-methyl-1,2,3,4-tetrahydroquinoline 

(H4-MeQin), which afforded pure H2 with concomitant regeneration of MeQin.9,10 B(C6F5)3 (B1) did not show 

sufficient activity in the hydrogenation of MeQin using crude H2. Given that crude H2 will be continuously 

produced on a huge scale from a variety of hydrocarbon resources, including biomass and wastes, in the mid- 

to long-term future,4,15 I am interested in further optimizing borane-catalyzed H2-purification systems based 

on the hydrogenation and dehydrogenation of N-heteroaromatics. Toward this end, I decided to clarify the 

mechanisms of the hydrogenation of the model substrate MeQin, as well as the undesired quenching paths of 

boranes caused by contaminants. Although a mechanism for the B(2,4,6-Me3C6H2)(2,3,5,6-F4C6H)2 

(B4)-catalyzed hydrogenation of MeQin has previously been proposed by Soós and co-workers,16 the presence 

of CO and CO2 may change the mechanistic scenario. Therefore, to explore the reaction pathways under 

crude-H2 conditions, I decided to employ the artificial force induced reaction (AFIR) method, as this approach 

enables an automated search of complex reaction networks in multicomponent systems without requiring 

specific initial structures.17‒19  
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Herein, I report the reaction mechanisms involved in the B1- and B9-catalyzed hydrogenation of 

MeQin in the presence of CO2 based on an AFIR analysis (Figure 2.1). I discovered that the primary 

mechanism changes depending on whether the homoleptic B1 or heteroleptic B9 catalyst is used. For the 

B9-catalyzed system, I found that the H2-cleavage path is mediated by a combination of the Lewis-acidic 

boron center and the Lewis basic olefinic carbon atom in the 1,4-dihydroquinoline intermediate 

(p-H2-MeQin); this mode of H2 cleavage has so far remained underexplored.20,21 The details of the 

CO2-induced proto-deboronation paths and further modifications to increase catalyst robustness are also 

discussed.  

 

Figure 2.1. Simplified primary mechanisms for the Bn-catalyzed hydrogenation of MeQin, as explored using 

the AFIR method with an input of seven molecules (this work). 

 

2.2 Computational details 

The GRRM23 program package was used in this study.22 For the DFT energy and gradient 

calculations, I used the Gaussian 16 program suite.23 To obtain the initial geometries along the reaction paths, 

I performed a single component-AFIR (SC-AFIR) search at the GFN2-xTB level. In particular, for the 

geometries listed in Tables 2.S2, 2.S4, 2.S6, and 2.S8, the NoBondRearrange option was applied to explore 

the subsequent reaction paths. This option limits the SC-AFIR search to geometries that have the same 

bonding pattern as the input geometry. A weak force of γ = 23.9/[N  (N−1)/2] kcal mol‒1 was applied to all 

atomic pairs within the system in order to prevent the molecules from moving too far from the reaction center 

during the SC-AFIR search, where N is the number of atoms. In the SC-AFIR search, the key reaction paths 

were relaxed using the locally updated planes (LUP) method (denoted by LUP paths).24,25 The transition states 

(TSs) and equilibrium geometries (EQs) were optimized at the DFT level by referring to the LUP paths 

obtained from the SC-AFIR search. I used the UωB97X-D functional and Def2-SVP basis set under the 
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assumption of vacuum conditions (denoted by the UωB97X-D/Def2-SVP level) for the optimization of the 

molecular structures, followed by single-point energy calculations at the UωB97X-D/Def2-TZVP level. 

Intrinsic-reaction-coordinate (IRC) calculations were carried out from all the optimized TSs at the same level 

of theory for connecting EQs. The Gibbs free energy values at 300 K were calculated using ideal-gas, 

rigid-rotor, and harmonic-vibrational models, whereby all harmonic frequencies below 50 cm‒1 were adjusted 

to 50 cm‒1. 

 

2.3 Results and discussion 

I explored potential surfaces with GFN2-xTB including seven components, i.e., Bn (n = 1 or 9), two 

molecules of MeQin, H4-MeQin, two molecules of H2, and CO2. Based on these results, DFT calculations 

were carried out, and results for the hydrogenation and CO2-triggered catalyst-decomposition paths are shown 

in Figures 2‒4. Preliminary mechanistic studies revealed that CO reversibly coordinates to the boron centers 

to form CO−Bn, which predominantly causes kinetic suppression of the progress of hydrogenation. In addition, 

the presence of CH4 does not affect the catalytic activity of Bn under the previously applied reaction 

conditions. Thus, I excluded the influences of CO and CH4 from the present considerations. Figures 2 and 3 

show the reaction mechanisms for the B1- and B9-mediated hydrogenation of MeQin to produce H4-MeQin. 

The relative Gibbs free energies (G in kcal mol−1) are given with respect to [Bn + 2 MeQin + H4-MeQin + 2 

H2 + CO2] (0.0 kcal mol−1).  

First, in the system using B1 as the catalyst (Figure 2.2), an FLP species comprising B1 and MeQin 

mediates the heterolytic cleavage of H2 to form [MeQin−H][H−B1] (Step-1: G = −15.9 kcal mol−1) via TS1 

(+12.1 kcal mol−1). Subsequently, the hydride in the [H−B1]− unit migrates to the [H−MeQin]+ counterpart, 

yielding p-H2-MeQin with concomitant regeneration of B1 (Step-2a: G = −5.7 kcal mol−1) via TS2a (+0.5 

kcal mol−1). Although the formation of 1,2-dihydroquinoline (o-H2-MeQin) via Step-2b has previously been 

proposed to be likely by Soós,20 I found that Step-2b is kinetically less favorable by +7.1 kcal mol−1 than 

Step-2a under the present multicomponent conditions. An FLP species comprising B1 and H4-MeQin then 

mediates the heterolysis of H2 to form [H5-MeQin][H−B1] (Step-3a: G = −11.8 kcal mol−1) via TS3a (+5.5 

kcal mol−1). As shown in Figure 2, the optimized structure of TS3a represents an association complex 

involving B1, H2, H4-MeQin, and MeQin, and the cleavage of the H1‒H2 bond cooperatively proceeds at the 

B and N1 atoms. In addition, the N1−H3 bond is oriented toward the N2 atom in MeQin, which enables facile 

proton transfer in the subsequent Step-4 via TS4 (−4.1 kcal mol−1). The transfer hydrogenation of 

p-H2-MeQin then occurs from [MeQin−H][H−B1] via the subsequent H+- (Step-5) and H−- (Step-6) transfer 

processes via TS5 (−11.7 kcal mol−1) and TS6 (−7.2 kcal mol−1), respectively, wherein [MeQin−H][H−B1] is 

formed through Step-3a and Step-4. I also found a possible path for the heterolysis of H2 via the generation of 

an FLP species comprising the boron atom in B1 and the C=C bond in p-H2-MeQin (Step-3b) via TS3b (+9.1 

kcal mol−1); however, in the B1 system, this path is unfavorable compared to Step-3a. Based on these results, 

both Step-2a and Step-3a are involved in the rate-determining events, and the total activation energy isthus 

G‡ = +21.4 kcal mol-1.  
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Figure 2.2. Calculated free-energy profiles for the hydrogenation of MeQin with B1 [kcal mol-1: 

UωB97X-D/Def2-TZVP//UωB97X-D/Def2-SVP]. The endpoints of the IRC calculations were used in the 

plot, assuming that conformational changes within the same molecular structure are connected without an 

energy barrier. The input included B1, two molecules of MeQin, H4-MeQin, two molecules of H2, and CO2. 

An optimized gas-phase structure of TS3a and selected interatomic parameters are also given. 

 

As in the case of B1, in the B9 system (Figure 2.3), [MeQin−H][H−B9] is initially formed through 

Step-1′ (G = −23.2 kcal mol−1) via TS1′ (+1.5 kcal mol−1), followed by subsequent hydride migration to 

provide p-H2-MeQin (Step-2′) via TS2′ (0.0 kcal mol−1). However, in contrast to the B1 system, the 

heterolysis of H2 via an FLP species comprising B9 and the olefinic C3 atom in p-H2-MeQin (Step-3b′) via 

TS3b′ (+1.4 kcal mol−1) would be competitive with but slightly more favorable than the path including 

transfer hydrogenation from another molecule of [MeQin−H][H−B9] (Step-3a′) via TS3a′ (+1.5 kcal mol−1). 

The produced [H3-MeQin][H−B9] is converted into H4-MeQin via hydride migration with concomitant 

regeneration of B9 via Step-6′. Thus, the rate-determining events in the B9-catalyzed hydrogenation involve 

Step-2′ and Step-3b′ (G‡ = +24.6 kcal mol-1). These results are consistent with the results of previously 
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reported kinetic experiments, i.e., B1 exhibited a higher rate than B9 when pure H2 was used in the 

hydrogenation of MeQin.9  

 

Figure 2.3. Free-energy profiles for the hydrogenation of MeQin with B9 [kcal mol-1] calculated at the 

UωB97X-D/Def2-TZVP//UωB97X-D/Def2-SVP levels. The endpoints of the IRC calculations were used in 

the plot, assuming that conformational changes within the same molecular structure are connected without an 

energy barrier. The input included B9, two molecules of MeQin, H4-MeQin, two molecules of H2, and CO2. 

An optimized gas-phase structure of TS3b′ and selected interatomic parameters are also given. 

 

I then turned my attention to exploring the mechanisms of the CO2-induced decomposition of B1 and 

B9.26 My previous preliminary studies demonstrated that the reaction between MeQin and B1 in the presence 

of H2/CO2 at 100 °C resulted in significant decomposition of B1 via an irreversible proto-deboronation 

yielding HC6F5; however, the corresponding proto-deboronation was not observed when B9 was used under 

otherwise identical conditions.9 I also confirmed that the CO2-triggered proto-deboronation can be expected to 

occur after the generation of H4-MeQin. To clarify these details, AFIR calculations were carried out (Figure 

2.4). It should be noted that two molecules of H2 were included in the AFIR calculations of the B9 system (i.e. 

n = 9, m = 2); however, these H2 molecules did not influence the results discussed below. The reactions start 

with the capture of CO2 by the borane and H4-MeQin to provide [H4-MeQin−CO2−Bn] (n = 1 or 9; Step-7 or 

Step-7′). Subsequent deprotonation by another molecule of H4-MeQin gives 

[H3-MeQin−CO2−Bn][H5-MeQin] (n = 1 or 9; Step-8 or Step-8′), which connects to the proto-deboronation 

path. This proto-deboronation takes place between the N−H+ moiety in the ammonium cation unit and one of 

the B-aryl groups in Bn, i.e., the C6F5 group in B1 (Step-9) or the 3,5-Br2-2,6-F2C6H group in B9 (Step-9′). The 

CO2-capture processes occur smoothly in a reversible manner for both B1 and B9 via TS7 (+13.2 kcal mol−1) 

and TS7′ (+19.5 kcal mol−1), respectively. These results also suggest that the CO2-capture reactions occur with 
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lower energy barriers compared to the B1- and B9-mediated hydrogenation processes (G‡ = +21.4 and +24.6 

kcal mol-1, respectively; Figures 2.2 and 2.3). However, the subsequent proton-transfer to form 

[H3-MeQin−CO2−Bn][H5-MeQin] is substantially exothermic in the case of B1 (Step-8: G = −9.1 kcal 

mol−1) via TS8 (+12.0 kcal mol−1), and thus the backward CO2-dissociation process can be expected to be 

limited due to the high energy barrier of Grev
‡ = +22.3 kcal mol-1. Although the energy barrier in the 

proto-deboronation step (Gdecomp
‡ = +23.3 kcal mol-1 via TS9; Figure 2.4B) is slightly higher than Grev

‡, 

both reactions would compete under the reaction conditions involving pressurized CO2. In contrast, the 

corresponding CO2-dissociation can proceed reversibly in the case of B9 even after the formation of 

[H3-MeQin−CO2−B9][H5-MeQin] (Grev
‡ = +9.6 kcal mol-1), enabling catalytically active B9 to be provided 

to the hydrogenation path, as the proto-deboronation from [H3-MeQin−CO2−B9][H5-MeQin] is kinetically 

unfavorable (Gdecomp
‡ = +24.7 kcal mol-1). These results can be rationalized by the combined electronic and 

steric effects of the B-aryl groups in B9, i.e., the substitution of a C6F5 group in B1 with a less electrophilic but 

sterically more demanding 2,6-Cl2C6H3 group effectively destabilizes [H3-MeQin−CO2−B9][H5-MeQin] and 

TS9′ (Figure 2.4C). 

 

Figure 2.4. (A) Free-energy profiles for the decomposition of Bn [kcal mol-1] calculated at the 

UωB97X-D/Def2-TZVP//UωB97X-D/Def2-SVP level. The endpoints of the IRC calculations were used in 

the plot, assuming that conformational changes within the same molecular structure are connected without an 

energy barrier. The input included Bn, two molecules of H4-MeQin, m molecules of H2 (n = 1, m = 0; n = 9, m 

= 2), and CO2. Optimized gas-phase structures of (B) TS9 and (C) TS9′ and selected interatomic parameters 

are also given. 

 

Once the critical paths of borane decomposition were clarified, I then explored more robust boranes 

exhibiting higher TONs in the co-presence of CO2 with the support of AFIR. I calculated the total energy 
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barriers (ΔGTS9
‡; defined in Figure 2.5) for the proto-deboronation with respect to [Bn + 2 H4-MeQin + CO2] 

for boranes B1, B2, B5, B6, B9,and B11‒B13 (Figure 2.5). Boranes exhibiting higher ΔGTS9
‡ values should show 

higher TONs. The results indicated that B12, which has three o-Cl atoms, and B13, which has five o-Cl atoms, 

would be expected to be robust catalysts, as their ΔGTS9
‡ values were calculated to be +42.1 and +48.9 kcal 

mol−1, respectively. Next, I carried out the hydrogenation of MeQin with 0.05 mol% Bn at 100 °C under an 

H2/CO2 (25 atm each) atmosphere. To fully explore the robustness of the boranes, I repeatedly pressurized the 

system with H2 to reach a total pressure of 50 atm once a day when a significant decrease in the total pressure 

was confirmed after the last 24 h. As shown in Figure 2.5, the TON values generally increased with increasing 

ΔGTS9
‡ values, and B12 exhibited a TON of 4,000 after a period of 11 days. However, despite B13 having the 

highest ΔGTS9
‡ value, its use resulted in a TON of only 69. This result can be rationalized in terms of the 

increased difficulty of the hydrogenation step via the cleavage of H2 due to the significantly decreased Lewis 

acidity of B13. In terms of turnover frequency (TOF), shelf-stable B9 was again confirmed to be a suitable 

catalyst, as it exhibited a higher TOF of 480 day‒1 under solvent-free hydrogenation conditions using H2/CO2 

compared to B12 (TOF = 364 day‒1). Nevertheless, the present results indicate that unprecedentedly active and 

robust triarylboranes can be designed based on the modification of B12 and B13. 

 

Figure 2.5. Evaluation of catalyst robustness based on turnover numbers (TONs). General conditions: all 

reactions were conducted in an autoclave (30 mL), wherein MeQin (50 mmol), the specified Bn catalyst 

(0.025 mmol, 0.05 mol%), and tetradecane as an internal standard were added, followed by pressurization 

with a gaseous mixture of H2/CO2 (25 atm each). Then, the reaction mixture was heated (100 ºC) for 24 h. If 

the total pressure significantly decreased within a period of 24 h, more H2 was added to reach a total pressure 

of 50 atm. The product yield was determined by GC analysis. GTS9
‡ values were calculated at the 

UωB97X-D/Def2-TZVP//UωB97X-D/Def2-SVP level.  
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2.4 Conclusions 

In summary, I have elucidated the detailed mechanisms of the triarylborane-catalyzed hydrogenation 

of 2-methylquinoline (MeQin) in the presence of CO2. To understand these multicomponent mechanisms, I 

employed the artificial force induced reaction (AFIR) method to analyze both the hydrogenation processes 

(involving seven molecules) and the CO2-induced borane decomposition processes (involving four molecules). 

In the case of B(C6F5)3 (B1), the hydrogenation of MeQin predominantly proceeds via intermolecular transfer 

hydrogenation from [MeQin−H][H−B1] to a 1,4-dihydroquinoline intermediate (p-H2-MeQin; shown in the 

left cycle in Figure 2.1B). However, B1 tends to decompose via a CO2-capture reaction involving 

2-methyl-1,2,3,4-tetrahydroquinoline (H4-MeQin) followed by irreversible proto-deboronation. In contrast, in 

the case of B(2,6-Cl2C6H3)(3,5-Br2-2,6-F2C6H)2 (B9), the dissociation of CO2 from the corresponding 

CO2-capture species proceeds with a significantly lower energy barrier compared to the proto-deboronation 

step. Thus, B9 effectively catalyzes the hydrogenation of MeQin even in the presence of CO2 without 

significant decomposition. Notably, the AFIR analysis suggested that the B9-mediated hydrogenation 

primarily involves heterolytic H2 cleavage by a frustrated Lewis pair (FLP) comprising B9 and the olefinic 

C3-carbon in p-H2-MeQin (right cycle in Figure 2.1B). Given that these boron−olefin FLP species remain 

largely unexplored, the present mechanistic insights should facilitate the design of unprecedented 

hydrogenation reactions based on the use of triarylboranes and C=C bonds, expanding the potential of 

molecule-based H2-purification technologies. Based on these AFIR results, I successfully achieved a catalyst 

turnover number of 4,000 in the main-group-catalyzed hydrogenation of MeQin using B(2-Cl-6-F-C6H3)3 

(B12). 

 

2.5 Supporting information 

2.5.1. General considerations 

Unless otherwise noted, all manipulations were conducted under a nitrogen atmosphere using standard 

Schlenk line or glovebox techniques. Analytical gas chromatography (GC) was carried out on a Shimadzu 

GC-2025 gas chromatograph, equipped with a flame ionization detector. 

 

2.5.2. Materials 

Commercially available reagents were purchased from Sigma Aldrich, Tokyo Chemical Industry (TCI) 

and FUJIFILM Wako Pure Chemical Corporation, and used as received. 2-Methylquinoline (MeQin), and 

tetradecane were purchased from TCI, and used after distillation over CaH2. H2 and H2/CO2 gas was 

purchased from Sumitomo Seika Chemicals Company, and used as received. Note that H2 gas includes some 

impurities, as shown in Table 2.S1. 

 

Table 2.S1. Impurities contaminated in H2 (shown in ppm). 
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2.5.3. Evaluation of catalyst turnover numbers 

General: A 30 mL autoclave was charged with MeQin (ca. 50 mmol) and Bn (ca. 0.025 mmol; 0.05 mol%). 

Tetradecane was added as an internal standard. Once sealed, the autoclave was pressurized with H2/CO2 (25 

atm each) and heated at 100 °C. Through this experiment, I repeatedly pressurized H2 to reach the total 

pressure of 50 atm at room temperature once a day, if the total pressure significantly decreased within the last 

24 h. After I confirmed that the total pressure decrease became insignificant, I further heated the system for an 

additional 24 h. Then, the reaction was degassed at room temperature and the yield of H4-MeQin was 

determined by GC analysis (Figure 5). 

 

Using B1: Followed by the general procedure, MeQin (7.18 g; 50.1 mmol), B1 (13.0 mg; 0.0254 mmol), and 

tetradecane (239 mg; 1.20 mmol) were employed, and the autoclave was heated for 3 days, giving H 4-MeQin 

in 1% GC yield and TON 21. 

 

Using B2: Followed by the general procedure, MeQin (7.20 g; 50.3 mmol), B2 (11.2 mg; 0.0245 mmol), and 

tetradecane (244 mg; 1.23 mmol) were employed, and the autoclave was heated for 3 days, giving H 4-MeQin 

in 3% GC yield and TON 108. 

 

Using B5: Followed by the general procedure, MeQin (7.15 g; 49.9 mmol), B5 (11.3 mg; 0.0248 mmol), and 

tetradecane (241 mg; 1.21 mmol) were employed, and the autoclave was heated for 5 days, giving H 4-MeQin 

in 43% GC yield and TON 1720. 

 

Using B6: Followed by the general procedure, MeQin (7.12 g; 49.7 mmol), B6 (9.4 mg; 0.025 mmol), and 

tetradecane (242 mg; 1.22 mmol) were employed, and the autoclave was heated for 11 days, giving H 

4-MeQin in 87% GC yield and TON 3480. 

 

Using B9: Followed by the general procedure, MeQin (7.18 g; 50.1 mmol), B9 (17.4 mg; 0.0249 mmol), and 

tetradecane (243 mg; 1.22 mmol) were employed, and the autoclave was heated for 5 days, giving H 4-MeQin 

in 60% GC yield and TON 2400. 

 

Using B11: Followed by the general procedure, MeQin (7.16 g; 50.0 mmol), B11 (8.7 mg; 0.025 mmol), and 

tetradecane (240 mg; 1.21 mmol) were employed, and the autoclave was heated for 9 days, giving H 4-MeQin 

in 54% GC yield and TON 2160. 

 

Using B12: Followed by the general procedure, MeQin (7.16 g; 50.0 mmol), B12 (10.1 mg; 0.0253 mmol), and 

tetradecane (244 mg; 1.23 mmol) were employed, and the autoclave was heated for 11 days, giving H 

4-MeQin in >99% GC yield and TON 4000. 

 

Using B13: Followed by the general procedure, MeQin (7.16 g; 50.0 mmol), B13 (10.7 mg; 0.0247 mmol), and 



 

 

74 

 

tetradecane (243 mg; 1.22 mmol) were employed, and the autoclave was heated for 3 days, giving H 4-MeQin 

in 2% GC yield and TON 69. 

 

2.5.4. Theoretical studies 

2.5.4.1. The hydrogenation of MeQin with B1 

The reaction path network for the hydrogenation of MeQin with B1, which includes the estimated 

products and each reaction mechanism with the energy barrier, is shown in Figure 2.S1. Circles show each 

group of molecular structures based on their bonding patterns. 

 

Figure 2.S1. The reaction path network for the hydrogenation of MeQin with B1. 

 

In particular, for the geometries listed in Table 2.S2, the NoBondRearrange option was applied to 

explore the subsequent reaction paths. 
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Table 2.S2. Selected geometries applied to explore the subsequent reaction paths. 

 
   

  

 

 

 

Plausible mechanisms for the hydrogenation of MeQin with B1 are shown in Figure 2.2. The 

molecular structures of related compounds are summarized in Table 2.S3. 

 

Table 2.S3. DFT-optimized structures in Figure 2.2. 

 

TS1 

 

Products of Step-1 

 

TS2a 

 

Products of Step-2a 

 

TS2b 

 

Products of Step-2b 
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TS3a  

Products of Step-3a 

 

TS3b 

 

TS4 

 

Products of Step-4 

 

TS5 

 

Products of Step-5 

 

TS6 

 

Products of Step-6 
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2.5.4.2. The hydrogenation of MeQin with B9 

The reaction path network for the hydrogenation of MeQin with B9, which includes the estimated 

products and each reaction mechanism with the energy barrier, is shown in Figure 2.S2. Circles show each 

group of molecular structures based on their bonding patterns. 

 

Figure 2.S2. The reaction path network for the hydrogenation of MeQin with B9. 

 

In particular, for the geometries listed in Table 2.S4, the NoBondRearrange option was applied to 

explore the subsequent reaction paths. 

 

Table 2.S4. Selected geometries applied to explore the subsequent reaction paths. 

 
 

 
 

  

  

 

Plausible mechanisms for the hydrogenation of MeQin with B9 are shown in Figure 2.3. The 
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molecular structures of related compounds are summarized in Table 2.S5. 

Table 2.S5. DFT-optimized structures in Figure 2.3. 

 

TS1′ 

 

Products of Step-1′ 

 

TS2′ 

 

Products of Step-2′ 

 

TS3a′ 

 

Products of Step-3a′ 

 

TS3b′ 

 

Products of Step-3b′ 

 

TS6′ 

 

Products of Step-6′ 

  

 

2.5.4.3. The CO2-induced decomposition of B1 

The reaction path network for the CO2-induced decomposition of B1, which includes the estimated 

products and each reaction mechanism with the energy barrier, is shown in Figure 2.S3. Circles show each 

group of molecular structures based on their bonding patterns. 
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Figure 2.S3. The reaction path network for the CO2-induced decomposition of B1. 

 

In particular, for the geometries listed in Table 2.S6, the NoBondRearrange option was applied to 

explore the subsequent reaction paths. 

 

Table 2.S6. Selected geometries applied to explore the subsequent reaction paths. 

  

 

 

Plausible mechanisms for the CO2-induced decomposition of B1 are shown in Figure 2.4. The 

molecular structures of related compounds are summarized in Table 2.S7. 

 

Table 2.S7. DFT-optimized structures in Figure 2.4 (B1). 

 

TS7 

 

Products of Step-7 

 

TS8 

 

Products of Step-8  

TS9 

 

Products of Step-9 
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2.5.4.4. The CO2-induced decomposition of B9 

The reaction path network for the CO2-induced decomposition of B9, which includes the estimated 

products and each reaction mechanism with the energy barrier, is shown in Figure 2.S4. Circles show each 

group of molecular structures based on their bonding patterns. 

 

 

Figure 2.S4. The reaction path network for the CO2-induced decomposition of B9. 

 

In particular, for the geometries listed in Table 2.S8, the NoBondRearrange option was applied to 

explore the subsequent reaction paths. 

 

Table 2.S8. Selected geometries applied to explore the subsequent reaction paths. 

 

  

 

 

Plausible mechanisms for the CO2-induced decomposition of B9 are shown in Figure 2.4. The 

molecular structures of related compounds are summarized in Table 2.S9. 
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Table 2.S9. DFT-optimized structures in Figure 2.4 (B9). 

 

TS7′ 

 

Products of Step-7′ 

 

TS8′ 

 

Products of Step-8′ 

 

TS9′ 

 

Products of Step-9′ 

 

2.5.4.5. Evaluation of Bn catalyst robustness (n = 1, 2, 5, 6, 9, and 11‒13) 

The total energy barriers (GTS9
‡, defined in Figure 2.5) for the proto-deboronation with respect to 

[Bn + 2 H4-MeQin + CO2] for boranes B1, B2, B5, B6, B9, and B11‒B13 are shown in Figure 2.5. The molecular 

structures of TS9 for each borane are summarized in Table 2.S10. 

 

Table 2.S10. DFT-optimized structures in Figure 2.5. 

 

TS9(B1) 

 

TS9(B2) 

 

TS9(B5) 

 

TS9(B6) 

 

TS9(B9) 

 

TS9(B11) 
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TS9(B12) 

 

TS9(B13) 
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Chapter 3 

 

Boosting Turnover in the Triarylborane-Catalyzed Hydrogenation of 

N-Substituted Indoles via Olefin-to-Nitrogen Lewis-Base Switching in 

H2-Cleavage Steps 

 

Abstract: The shelf-stable heteroleptic borane B(2,6-Cl2C6H3)(3,5-Br2-2,6-F2C6H)2 (B9) efficiently catalyzes 

the solvent-free hydrogenation of various substituted indoles to indolines with an unprecedented turnover 

number of 8,500, which is more than 400-fold higher than that reported for B(C6F5)3 (B1) under diluted 

conditions. Mechanistic studies revealed that this hydrogenation proceeds via an olefin-to-nitrogen switching 

of Lewis bases involved in the H2-cleavage steps: initially, H2 cleavage is mediated by a frustrated Lewis pair 

(FLP) comprising the indole C3-carbon and boron atoms, which then switches to an FLP system comprising 

the indoline nitrogen and boron atoms after formation of the indoline. This study demonstrates the potential of 

relatively benign main-group elements for the catalytic synthesis of valuable N-containing molecules using 

H2. 

 

3.1 Introduction 

The construction of 2,3-dihydroindole moieties, also called indolines, has attracted much attention in 

the pharmaceutical field owing to their unique structural features and biological properties. The indoline 

scaffold, which comprises a benzene ring fused with a pyrrolidine ring, offers key advantages in drug design; 

in particular, its noncoplanar structure enhances water solubility, and its benzene ring engages in hydrophobic 

interactions with protein residues. By virtue of these characteristics, indoline derivatives have found 

therapeutic applications, e.g., as anticancer, antitumor, and antihypertension agents (Figure 3.1).1,2 For the 

synthesis of indolines, the catalytic hydrogenation of indole derivatives stands out as an atom-economical 

approach that avoids the generation of stoichiometric waste associated with conventional reducing agents such 

as NaBH3CN.3,4 Various transition-metal catalysts have been developed for the hydrogenation of indoles, 

which achieve turnover numbers (TONs) in the hundreds.1,5‒8 The use of triarylborane catalysts represents an 

attractive alternative to conventional methods using stoichiometric reductants or transition-metal catalysts 

because the time- and cost-intensive removal of byproducts such as excess salts or potentially toxic metal 

residues is avoided. Therefore, considering the extensive progress in the triarylborane-catalyzed 

hydrogenation of unsaturated compounds,9‒11 the triarylborane-catalyzed hydrogenation of indoles via 

heterolytic cleavage of H2 mediated by frustrated Lewis pairs (FLPs) can be considered as a promising 

strategy for the synthesis of indolines. However, the triarylborane-catalyzed hydrogenation of indole 

derivatives remains largely unexplored, mainly because the indoline products may cause catalyst deactivation 

under conventional conditions. 
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Figure 3.1. Selected examples of N-substituted indoline derivatives. 

 

In 2011, Stephan and co-workers reported the B(C6F5)3 (B1)-catalyzed hydrogenation of 

1-methylindole (1a) and its derivatives in toluene using H2 (103 atm) at 80 °C;12 however, in 2016, Paradies 

and co-workers pointed out difficulties in reproducing the reported result. Instead, they demonstrated that the 

microwave-assisted hydrogenation of 1a catalyzed by B1 in toluene under H2 (4 atm) at 140 °C yielded a TON 

of 11 (left in Figure 3.2A).13 Recently, Niu, Lang, Ma and co-workers reported the catalytic hydrogenation of 

N-methyl indole derivatives in toluene using a Zr-based metal-organic framework (MOF; NU-1000-FLP-H2) 

containing an [(aryl)3P–H][H–B1] unit, achieving a TON of 18 (right in Figure 3.2A).14 However, the catalytic 

performance of such B1-based systems is substantially lower than that of transition-metal catalysts. Moreover, 

the air- and moisture-sensitivity of B1 presents considerable practical challenges. Given these limitations, I 

aimed to develop an efficient, robust, and practical triarylborane catalyst for the hydrogenation of indoles to 

valuable indolines (notably, the price of 1-methylindoline (2a) is 85 times higher than that of 1a).15 

Herein, I report the solvent-free hydrogenation of various substituted indoles catalyzed by 

shelf-stable B(2,6-Cl2C6H3)(3,5-Br2-2,6-F2C6H)2 (B9) under a H2 atmosphere (Figure 3.2B). Remarkably, B9 

achieves a TON of 8,500 in the hydrogenation of 1a. The key to effectively enhancing the TON is the use of 

triarylboranes that resist irreversible proto-deboronation in the presence of both indolines and H2. Mechanistic 

studies revealed that the present hydrogenation involves an olefin-to-nitrogen switching of the Lewis bases 

during the formation of FLP species with boranes (Figure 3.2C). 
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Figure 3.2. (A) Catalytic hydrogenation of 1-methylindole (1a) to give 1-methylindoline (2a); B1 catalyst 

under microwave condition (ref. 13); NU-1000-FLP-H2 catalyst (ref 14). (B) B9-catalyzed hydrogenation of 

N-substituted indoles under solvent-free conditions (this work). (C) Key olefin-to-nitrogen Lewis-base 

switching in FLP-mediated H2-cleavage steps. 

 

3.2 Results and discussion 

I began my investigation by examining the reasons behind the lack of examples of the B1-catalyzed 

hydrogenation of indoles, which contrasts with the successful application of B1 in the hydrogenation of 

various N-containing unsaturated molecules such as imines, quinolines, and pyridines via FLPs containing N 

and B atoms.9,10 Indeed, 2a was formed in only 2% yield (TON = 2) when conducting the hydrogenation of 1a 

using 1 mol% B1 under solvent-free conditions at 100 °C (Eq. 1 in Figure 3.3A). Resconi and co-workers 

reported that the reaction between 1a and B1 in CH2Cl2 at room temperature for more than 4 days led to the 

isolation of a (C2-1a)·B1 adduct.16 It was proposed that this adduct stems from the C3-to-C2 migration of the 

B1 unit from the initially formed (C3-1a)·B1, albeit that experimental evidence that would support the 

generation of the latter C3-adduct was not presented. To investigate whether these adducts are related to the 

deactivation of B1, I attempted the isolation of (C3-1a)·B1. Eventually, a single crystal of (C3-1a)·B1 was 

obtained by slow diffusion of n-hexane into a toluene solution of 1a and B1 at −35 °C, enabling its structural 

characterization by single-crystal X-ray diffraction analysis, although the isolated yield could not be 

determined. As shown in Figure 3.3B, the formation of the C3–B bond was unambiguously confirmed. I 

subsequently optimized the gas-phase structure of (C3-1a)·B1 (+6.0 kcal mol−1) theoretically at the 

M06-2X/Def2-TZVP//M06-2X/Def2-SVP level. The relative Gibbs energies (G) in Figure 3.3C are given 

with respect to [1a + B1] (0.0 kcal mol−1). Moreover, I optimized the structure of (C2-1a)·B1 (+2.7 kcal mol−1). 

These results indicate that the formation of (C2-1a)·B1 and (C3-1a)·B1 is endothermic, suggesting that these 

adducts are unlikely to affect the catalytic activity of B1. Importantly, I found that the association complex 

[(C3-1a)···B1] (+2.7 kcal mol−1), which involves a pair of separated but preorganized boron 2p and olefinic π 
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orbitals, was generated (Figure 3.S7). Thus, [(C3-1a)···B1] can act as an olefin–borane FLP species for the 

mediation of the heterolytic cleavage of H2, although such species have so far remained elusive.17,18 In fact, a 

path leading to [(C3-1a)–H][H–B1] (+20.5 kcal mol−1) from H2 and [(C3-1a)···B1] via TS10(C3-B1) (+27.7 kcal 

mol−1) was more favorable than a path for the cleavage of H2 with a nitrogen–borane FLP via TS10(N-B1) 

(+31.3 kcal mol−1). Then, I turned my attention to exploring the potential role of 2a in the decomposition of B1 

(Eq. 2 in Figure 3.3A). Heating a mixture of 2a and B1 in the presence of H2 (14 atm) at 100 °C in C6D6 

resulted in the generation of HC6F5 in 83% yield via the irreversible proto-deboronation from a 

four-coordinated boron species including the B1 unit, with concomitant formation of [2a–H][H–B1]. Given 

that the generation of HC6F5 was negligible in the absence of H2 under identical conditions, the thermolysis of 

[2a–H][H–B1] is most likely responsible for the proto-deboronation yielding HC6F5. These results indicate 

that an effective borane catalyst must facilitate the proton/hydride transfer from [2a–H][H–B1] to another 

indole molecule before the irreversible proto-deboronation occurs. 

 

Figure 3.3. (a) B1-catalyzed hydrogenation of 1a using H2 (20 atm) at 100 °C under solvent-free conditions 

(Eq. 1); results for the reaction between 2a (5 equiv) and B1 at 100 °C in C6D6 are also shown (Eq. 2). (b) 

Molecular structure of (C3-1a)·B1 (thermal ellipsoids: 30% probability), determined by single-crystal X-ray 

diffraction analysis. Selected bond lengths (Å) and angles (°): B‒C3 1.80 (1), N‒C2 1.28 (1), C2‒C3 1.46 (2), 
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C3‒B‒C4 101.7 (8), C3‒B‒C5 107.6 (8), C3‒B‒C6 112.9 (8). (c) Theoretical analysis of the reaction between 

1a, B1, and H2, calculated at the M06-2X/Def2-TZVP//M06-2X/Def2-SVP level. Relative Gibbs energies 

(kcal mol‒1) are given with respect to [1a + B1] (0.0 kcal mol‒1). Structures of the selected transition states 

TS10(C3-B1) and TS10(N-B1) are shown with selected atom distances (Å). 

 

To optimize the triarylboranes for the solvent-free hydrogenation of 1a, I carried out the reaction 

using 1 mol% boranes, including homoleptic (B2, B11, B12, B14, and B15)19-23 and heteroleptic (B3‒B7, B9, and 

B16‒B18)24-29 species (Figure 3.4). Decreasing the intrinsic Lewis acidity of the boron atom by substituting the 

C6F5 groups in B1 (TON = 2; Figure 3.3A) with 2,3,5,6-F4C6H groups (B2), 2,6-F2C6H3 groups (B11), and 

3,5-Br2-2,6-F2C6H (B14) increased the TON to 68, 71, and 44, respectively (Figure 3.4, runs 1−3). Introduction 

of sterically demanding 2-Cl-6-FC6H3 groups (B12) substantially decreased the TON to 6 (Figure 3.4, run 4). 

In contrast, B15, which bears sterically less hindered but strongly electron-withdrawing 3,5-(CF3)2C6H3 groups 

showed excellent catalytic activity (TON = 93; Figure 3.4, run 5), although its high sensitivity to air and 

moisture limits the scope of practical applications. 

Recently, our group have demonstrated that heteroleptic triarylboranes that bear 2,6-Cl2-aryl groups 

efficiently catalyze the hydrogenation of quinolines and in-situ-generated imines, even in the presence of 

Lewis bases such as CO2 and H2O.24,26 The shelf-stable boranes B9 and B7 exhibited high activity (TON = 94; 

Figure 3.4, runs 6 and 7), comparable to that of the more moisture-sensitive B5 (Figure 3.4, run 8). Upon 

slightly modifying the 2,6-Cl2C6H3 group in B7 and B9 by introducing meta-CF3 (B16) or meta-Cl (B17) groups, 

high catalytic activity was maintained (TON = 92), providing 2a in excellent yield (Figure 3.4, runs 9 and 10). 

However, replacing the meta-Br atoms in B17 with meta-CF3 groups remarkably decreased the catalytic 

activity, whereby B18 furnished 2a in only 17% yield (Figure 3.4, run 11). Boranes B3 and B6 did not catalyze 

the hydrogenation of 1a (Figure 3.4, runs 12 and 13), even though the local environment surrounding the B 

atoms is nearly identical to that of B5, B7, B7, B16, and B17. Replacing the 2,6-Cl2-aryl groups with a 

2,4,6-Me3C6H2 substituent (B4) was also unsuccessful (TON = 2; Figure 3.4, run 14). 

Given their synthetic accessibility and practical utility, I compared the catalytic activity of B5, B7, 

and B9 by measuring their turnover frequencies (TOFs) using 0.02 mol% catalyst loading under H2 (60 atm). 

The TOF values increased from 2,300 d−1 for B5 (meta-F) to 2,650 d−1 for B7 (meta-Cl), and 2,850 d−1 for B9 

(meta-Br), demonstrating that remote back strain given by the meta-substituents exerts a considerable 

influence on the catalyst performance and robustness.30 Notably, when the solvent-free hydrogenation of 1a 

was conducted with 0.01 mol% B9 over 8 d with daily recharging of H2 (60 atm), the TON reached 8,500, 

demonstrating the practical potential of main-group catalysis for such hydrogenation reactions. 
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Figure 3.4. Catalyst screening under solvent-free conditions. General conditions: An autoclave (30 mL) was 

filled with 1a (2.5 mmol), Bn (n = 2‒7, 9, 11, 12, and 14‒18; 0.025 mmol), and tetradecane as an internal 

standard. After pressurization with H2 (20 atm), the mixture was stirred at 100 °C for 16 h. Conversion of 1a 

and the catalyst turnover number (TON) were determined by GC analysis. [a] Catalyst turnover frequency 

(TOF in day⁻¹) using 0.02 mol% Bn and H2 (60 atm). [b] TON after a period of 8 days using 0.01 mol% B9. H2 

was pressurized to reach a total pressure of 60 atm once per day. NA: not available. 

 

Figure 3.5 illustrates plausible reaction mechanisms for the B9-catalyzed hydrogenation of 1a to 2a, 

where the G values are referenced to [B9 + 1a + 2a + H2] (0.0 kcal mol−1). According to my findings with B1 

(Figure 3.3C), I considered two possible paths for the heterolytic cleavage of H2 mediated by B9-based FLP 

species, i.e., one involving the olefinic C3 atom (path-I) and another involving the indole nitrogen atom 

(path-II) (Figure 3.5A). I confirmed that path-I, which affords [(C3-1a)–H][H–B9] (+21.1 kcal mol−1) via 

TS10(C3-B9) (+33.8 kcal mol−1), would be favored over path-II, which furnishes [(N-1a)–H][H–B9] (+30.3 kcal 

mol−1) via TS10(N-B9) (+36.7 kcal mol−1). Subsequently, in path-I, hydride migration smoothly takes place via 

TS11 (+22.9 kcal mol−1) to yield 2a. Once 2a is generated, path-III, which involves H2 activation with 

indoline nitrogen and B9, becomes plausible, as evident from the decomposition of B1 from [2a–H][H–B1] 



 

 

90 

 

(Eq. 2 in Figure 3.3B). DFT calculations suggested that path-III takes place predominantly to afford [2a–

H][H–B9] (+10.8 kcal mol−1) via TS12 (+24.1 kcal mol−1), followed by an intermolecular proton transfer via 

TS13 (+29.3 kcal mol−1) to another molecule of 1a to generate [(C3-1a)–H][H–B9] with concomitant 

regeneration of 2a. The total energy barrier for overcoming these steps (G‡ = +29.3 kcal mol−1) is lower than 

that of path-I (G‡ = +33.8 kcal mol−1), which indicates that the catalytic cycle shifts from path-I to path-III 

with increasing concentration of 2a. The increase in the concentration of 2a under the present conditions (H2: 

60 atm) may also induce the proto-deboronation of triarylboranes by promoting the generation of [2a–H][H–

Bn]. Nevertheless, [2a–H][H–B9] would be effectively destabilized through back strain between the 

2,6-Cl2C6H3 and 3,5-Br2-2,6-F2C6H groups, thus preventing the proto-deboronation and facilitating the 

subsequent hydride transfer. 

 

Figure 3.5. Plausible reaction mechanisms for the hydrogenation of 1a with B9 via (A) TS10(C3-B9)/TS10(N-B9) 

and (B) TS12. The relative Gibbs energies (kcal mol‒1), calculated at the 

M06-2X/Def2-TZVP//M06-2X/Def2-SVP//gas-phase level, are given with respect to [1a + 2a + B9 + H2], 

while the initial state is shown as (A) [1a + B9+ H2] or (B) [2a + B9 + H2] for clarity. (C) Optimized molecular 

structures of TS12 and TS13 with selected geometrical parameters (in Å). 

 

Finally, I explored the applicability of shelf-stable B9 to the solvent-free hydrogenation of substituted 

indoles 1 to yield indolines 2 (Figure 3.6). Various 1-methylindole derivatives (1b‒1f) were converted to the 



 

 

91 

 

corresponding indolines (2b‒2f) in excellent yield, albeit that 2g was obtained from C2-methylated 1g (m.p. 

~55 °C) in merely 74% yield owing to the increased steric hindrance at the C2 position. Although B9 did not 

work well, the use of B1 gave 1-methyl-2phenylindoline (2h) in 29% yield. It should be emphasized here that 

the present B9-catalyzed system can also be applied to N-substituted indoles (1i–1m), which have remained 

unexplored as substrates for main-group-based catalytic systems. In the presence of 1 mol% B9, indolines 

bearing N-Et (2i) and N-iPr (2j) groups were synthesized in 90% and 78% yield, respectively. Tricyclic 

lilolidine (m.p. ~85 °C) 1k was also suitable for the present solvent-free system and afforded 2k in 94% yield. 

Conversely, B9 showed low catalytic activity for the hydrogenation of 1-phenyl-1H-indole (1l), giving 2l in 

only 15% yield, even when using 2 mol% catalyst. This low reactivity can most likely be attributed to the 

decreased Lewis basicity at the C3 position, which would impede the H2 activation with B9 in the initial 

catalytic cycle (cf. path-I in Figure 3.5). In this context, a mixed catalyst system of B1 and B9 (1 mol% each) 

substantially increased the yield of 2l to 94%, improving the result with 2 mol% B1 alone (87%), which can be 

ascribed to B1 predominantly mediating the H2 cleavage with the indole C3 atom and the 2a/B9 pair promoting 

the following process. Moreover, 2l was afforded 98% yield when the mixture of B9 and 2a (2 mol% each) 

was applied, demonstrating the critical effect of shifting the H2 cleavage mechanism. Indole 1m (m.p. ~78 °C), 

which contains a strongly electron-withdrawing SO2Ph moiety, was also suitable and afforded 2m in 47% 

yield in the presence of 1 mol% B1. Therefore, B9 is more suitable for the hydrogenation of indoles that bear 

N-electron-donating alkyl groups and/or sterically less hindered nitrogen centers, whereas B1 is preferable for 

substrates with N-electron-withdrawing or bulky substituents, as these groups reduce the risk of 

proto-deboronation. 

 

Figure 3.6. Triarylborane-catalyzed synthesis of substituted indolines 2 via hydrogenation of indoles 1 under 

solvent-free conditions. General conditions: An autoclave (30 mL) was filled with 1 (2.5 mmol), B9 (0.025 

mmol), and tetradecane as an internal standard. After pressurization with H2 (20 atm), the mixture was stirred 

at 100 °C for 16 h. The product yield was determined by GC analysis. a1 mol% B1 was used. bA mixture of B1 

and B9 (1 mol% each) was used. c A mixture of B9 and 2a (2 mol% each) was used.  
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3.3 Conclusions 

In summary, I have demonstrated that shelf-stable B(2,6-Cl2C6H3)(3,5-Br2-2,6-F2C6H)2 (B9) 

efficiently catalyzes the solvent-free hydrogenation of various substituted indoles to indolines. Remarkably, I 

achieved an unprecedented turnover number (TON) of 8,500 in the main-group-catalyzed hydrogenation of 

1-methylindole (1a), representing a more than 400-fold improvement over hitherto reported systems based on 

B(C6F5)3. Mechanistic studies revealed that the hydrogenation of 1a involves an olefin-to-nitrogen switching 

of Lewis bases in the critical H2-cleavage steps. Specifically, the initial H2 activation is mediated by a 

frustrated Lewis pair (FLP) comprising the indole C3-carbon and boron atoms, while an FLP species 

comprising the indoline nitrogen and boron atoms promotes the subsequent H2 activation leading to indoline 

2a. Thus, the design of an effective triarylborane should prevent borane decomposition, which occurs via 

thermally induced proto-deboronation from [indoline–H][H–borane] species. In this context, judiciously 

designed B9 showed notable applicability for the synthesis of N-substituted indolines, which have rarely been 

synthesized using main-group-based catalysts. Therefore, this work demonstrates the high potential of 

triarylboranes as catalysts for the hydrogenation of unsaturated molecules to produce valuable 

nitrogen-containing compounds. 

 

3.4 Supporting information 

3.4.1. General considerations 

Unless otherwise noted, all manipulations were conducted under a nitrogen atmosphere using 

standard Schlenk line or glovebox techniques. 1H, 11B, and 19F NMR spectra were recorded on a Bruker 

AVANCE III 400. The chemical shifts (ppm) in the 1H NMR spectra were recorded relative to 

tetramethylsilane or residual protonated solvent (C6D5H (δ 7.16), CHCl3 (δ 7.26)). The chemical shift in the 

11B NMR spectra was recorded relative to BF3·(OCH2CH3) as an external standard. The chemical shifts in the 

19F NMR spectra were recorded relative to α,α,α-trifluorotoluene (δ −65.64). Single crystal X-ray diffraction 

data were collected with a Rigaku XtaLAB Synergy diffractometer equipped with a HyPix-6000HE detector. 

Analytical gas chromatography (GC) was carried out on a Shimadzu GC-2025 gas chromatograph, equipped 

with a flame ionization detector. 

 

3.4.2. Materials 

All commercially available reagents including super-dehydrated solvents (n-hexane, toluene) were 

purchased from Sigma Aldrich, Angene Chemical, Tokyo Chemical Industry (TCI) and FUJIFILM Wako Pure 

Chemical Corporation, and used as received. Benzene-d6 was distilled from sodium benzophenone ketyl prior 

to use. CDCl3 was stored over molecular sieves (4 Å). 1-methylindole (1a), tetradecane, and dodecane were 

purchased from TCI or Angene Chemical, and used after distillation over CaH2. Some of the indole 

derivatives (1b, 1c, 1e, 1f, 1i, and 1j) were prepared by following the reported procedures.31 H2 gas was 

purchased from Sumitomo Seika Chemicals Company, and used as received. Note that this gas includes some 

impurities, as shown in Table 3.S1. 
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Table 3.S1. Impurities contaminated in H2 (shown in ppm). 

 

Metrical data for the solid-state structures is available from Cambridge Crystallographic Data 

Centre: CCDC2401790 ((C3-1a)∙B1). 

 

3.4.3. Crystallization of (C3-1a)∙B1 

 

Figure 3.S1. Crystallization of (C3-1a)∙B1. 

 

To a solution of B1 (155 mg, 0.303 mmol, 0.3 M in toluene) was added 1a (38.7 mg, 0.295 mmol). 

The reaction mixture was stirred for 5 min, and hexane was added over the resultant solution (ca. 2 mL). A 

single-crystal suitable for X-ray diffraction analysis was obtained by crystallization from toluene/hexane at 

−35 °C after the period of 5 days. X-ray data for (C3-1a)∙B1 (Figure 3.S2): M = 643.16, colorless, monoclinic, 

P21 (#4), a = 7.5418(10) Å, b = 16.6471(13) Å, c = 9.6601(10) Å, α = 90°, β = 106.581(12)°, γ = 90°, V = 

1162.4(2) Å3, Z = 2, Dcalcd = 1.838 g/cm3, T = −150 °C, R1 (wR2) = 0.1004 (0.2621). 

 

Figure 3.S2. Molecular structure of (C3-1a)∙B1 with ellipsoids set at 30% probability 

 

 

3.4.4. Screening of catalysts in hydrogenation of 1a 

3.4.4.1. Reactions with 1 mol% triarylborane catalysts (Eq.1 in Figure 3.3a and runs 1‒14 in Figure 

3.4) 

General: A 10 mL autoclave was charged with 1a (ca. 2.5 mmol) and borane (ca. 0.025 mmol; 1 mol%). 
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Tetradecane was added as an internal standard. Once sealed, the autoclave was pressurized with H2 (20 atm) 

and heated at 100 °C for 16 h. After degassing at room temperature, the yield of 2a was determined by the GC 

analysis. 

 

Eq. 1 in Figure 3a: Followed by the general procedure, 1a (324 mg; 2.47 mmol), B1 (13.0 mg; 0.0254 mmol), 

and tetradecane (229 mg; 1.15 mmol) were employed, giving 2a in 2% GC yield. 

 

Run 1 in Figure 4: Followed by the general procedure, 1a (331 mg; 2.52 mmol), B2 (11.4 mg; 0.0249 mmol), 

and tetradecane (233 mg; 1.17 mmol) were employed, giving 2a in 68% GC yield. 

 

Run 2 in Figure 4: Followed by the general procedure, 1a (326 mg; 2.49 mmol), B11 (8.3 mg; 0.024 mmol), 

and tetradecane (230 mg; 1.16 mmol) were employed, giving 2a in 71% GC yield. 

 

Run 3 in Figure 4: Followed by the general procedure, 1a (331 mg; 2.52 mmol), B14 (21.5 mg; 0.0261 mmol), 

and tetradecane (232 mg; 1.17 mmol) were employed, giving 2a in 44% GC yield. 

 

Run 4 in Figure 4: Followed by the general procedure, 1a (326 mg; 2.49 mmol), B12 (9.9 mg; 0.025 mmol), 

and tetradecane (236 mg; 1.19 mmol) were employed, giving 2a in 6% GC yield. 

 

Run 5 in Figure 4: Followed by the general procedure, 1a (337 mg; 2.57 mmol), B15 (16.6 mg; 0.0255 mmol), 

and tetradecane (227 mg; 1.14 mmol) were employed, giving 2a in 93% GC yield. 

 

Run 6 in Figure 4: Followed by the general procedure, 1a (335 mg; 2.55 mmol), B9 (17.7 mg; 0.0253 mmol), 

and tetradecane (229 mg; 1.15 mmol) were employed, giving 2a in 94% GC yield. 

 

Run 7 in Figure 4: Followed by the general procedure, 1a (336 mg; 2.56 mmol), B7 (13.3 mg; 0.0255 mmol), 

and tetradecane (231 mg; 1.16 mmol) were employed, giving 2a in 94% GC yield. 

 

Run 8 in Figure 4: Followed by the general procedure, 1a (339 mg; 2.58 mmol), B5 (12.1 mg; 0.0266 mmol), 

and tetradecane (234 mg; 1.18 mmol) were employed, giving 2a in 94% GC yield. 

 

Run 9 in Figure 4: Followed by the general procedure, 1a (334 mg; 2.55 mmol), B16 (17.3 mg; 0.0277 mmol), 

and tetradecane (236 mg; 1.19 mmol) were employed, giving 2a in 92% GC yield. 

 

Run 10 in Figure 4: Followed by the general procedure, 1a (335 mg; 2.55 mmol), B17 (19.6 mg; 0.0255 

mmol), and tetradecane (233 mg; 1.17 mmol) were employed, giving 2a in 92% GC yield. 

 

Run 11 in Figure 4: Followed by the general procedure, 1a (329 mg; 2.51 mmol), B18 (18.2 mg; 0.0251 
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mmol), and tetradecane (234 mg; 1.18 mmol) were employed, giving 2a in 17% GC yield. 

 

Run 12 in Figure 4: Followed by the general procedure, 1a (328 mg; 2.50 mmol), B3 (15.1 mg; 0.0254 mmol), 

and tetradecane (232 mg; 1.17 mmol) were employed, not giving 2a. 

 

Run 13 in Figure 4: Followed by the general procedure, 1a (327 mg; 2.49 mmol), B6 (9.6 mg; 0.025 mmol), 

and tetradecane (232 mg; 1.17 mmol) were employed, not giving 2a. 

 

Run 14 in Figure 4: Followed by the general procedure, 1a (324 mg; 2.47 mmol), B4 (10.4 mg; 0.0243 mmol), 

and tetradecane (228 mg; 1.15 mmol) were employed, giving 2a in 2% GC yield. 

 

3.4.4.2. Catalyst turnover frequencies exhibited by triarylboranes (B5, B7, and B9; runs 1‒3 in Figure 

3.S3) 

 

Figure 3.S3. Catalytic solvent-free hydrogenation of 1a using B5, B7, and B9. 

 

General: A 30 mL autoclave was charged with 1a (ca. 100 mmol), and borane (ca. 0.020 mmol; 0.02 mol%). 

Tetradecane was added as an internal standard. Once sealed, the autoclave was pressurized with H2 (60 atm) 

and heated at 100 °C for 24 h. After degassing at room temperature, the yield of 2a was determined by GC 

analysis. 

 

Run 1: Followed by the general procedure, 1a (13.0 g; 99.1 mmol), B9 (14.0 mg; 0.0200 mmol), and 

tetradecane (945 mg; 4.76 mmol) were employed, giving 2a in 57% GC yield. 

 

Run 2: Followed by the general procedure, 1a (13.1 g; 99.9 mmol), B7 (10.6 mg; 0.0204 mmol), and 

tetradecane (1.00 g; 5.04 mmol) were employed, giving 2a in 53% GC yield. 

 

Run 3: Followed by the general procedure, 1a (13.0 g; 99.1 mmol), B5 (9.0 mg; 0.020 mmol), and tetradecane 

(948 mg; 4.78 mmol) were employed, giving 2a in 46% GC yield. 
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3.4.4.3. Catalyst turnover number exhibited by B9 (Figure 3.S4) 

 

Figure 3.S4. B9-catalyzed solvent-free hydrogenation of 1a. 

 

A 30 mL autoclave was charged with 1a (26.1 g, 199 mmol) and B9 (14.1 mg, 0.0202 mmol; 0.01 

mol%). Tetradecane (2.03 g; 10.2 mmol) was added as an internal standard. Once sealed, the autoclave was 

pressurized with H2 (60 atm) and heated at 100 °C. Through this experiment, I repeatedly pressurized H2 to 

reach the total pressure of 60 atm at room temperature once a day. After heating for 8 days, 2a was afforded in 

85% GC yield (Figure 3.S4). 

 

3.4.5. Stoichiometric reaction between B1 and 2a in the presence of H2 

 

Figure 3.S5. Stoichiometric reaction between B1 and 2a in the presence of H2. 

 

A high-pressure valved NMR tube (TCI S-5-500-HW-EX1-HPV-7; V = 1.8 mL) was charged with 

2a (33.8 mg, 0.254 mmol), B1 (25.7 mg, 0.0502 mmol), and 1,3-dibromo-4,6-difluorobenzene (13.3 mg, 

0.0489 mmol; an internal standard). Once sealed, the NMR tube was pressurized with H2 (14 atm) and heated 

at 100 °C for 15 h. Then the 1H, 11B, and 19F NMR analyses were conducted (Figure 3.S6). The yield of the 

products was determined by 19F NMR spectra.32 
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Figure 3.S6. Stoichiometric reaction between B1 and 2a in the presence of H2. (A) 19F NMR spectra. (B) 11B 

NMR spectra. (C) 1H NMR spectra. 

 

3.4.6. Scope of indoles 

General: A 30 mL autoclave was charged with 1 (ca. 2.5 mmol) and Bn (n = 1 and/or 9; ca. 0.025 mmol; 1 

mol%). Tetradecane or dodecane was added as an internal standard. Once sealed, the autoclave was 

pressurized with H2 (20 atm) and heated at 100 °C for 16 h. After degassing at room temperature, the yield of 

2 was determined by GC analysis. 

 

1,5-Dimethylindoline (2b): Followed by the general procedure, 1b (369 mg; 2.54 mmol), 

B9 (17.8 mg; 0.0255 mmol), and tetradecane (244 mg; 1.23 mmol) were employed, giving 

2b in 93% GC yield. 1H NMR (400 MHz, CDCl3): δ 6.94 (s, 1H, 4-CH), 6.91 (d, J = 8.0 Hz, 

1H, 7-CH), 6.44 (d, J = 8.0 Hz, 1H, 6-CH), 3.26 (t, J = 8.0 Hz, 2H, 2-CH2), 2.92 (t, J = 8.0 Hz, 2H, 3-CH2), 

2.74 (s, 3H, N-CH3), 2.27 (s, 3H, 5-C-CH3).33 

 

1,6-Dimethylindoline (2c): Followed by the general procedure, 1c (360 mg; 2.48 mmol), B9 

(17.5 mg; 0.0251 mmol), and tetradecane (236 mg; 1.19 mmol) were employed, giving 2c in 

96% GC yield. 1H NMR (400 MHz, CDCl3): δ 6.89 (d, J = 7.2 Hz, 1H, 4-CH), 6.42 (d, J = 

7.2 Hz, 1H, 5-CH), 6.26 (s, 1H, 7-CH), 3.20 (t, J = 8.0 Hz, 2H, 2-CH2), 2.82 (t, J = 8.0 Hz, 2H, 3-CH2), 2.67 
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(s, 3H, N-CH3), 2.23 (s, 3H, 6-C-CH3).34 

 

5-Bromo-1-methylindoline (2d): Followed by the general procedure, 1d (574 mg; 2.73 

mmol), B9 (17.5 mg; 0.0251 mmol), and tetradecane (238 mg; 1.20 mmol) were employed, 

giving 2d in 96% GC yield. 1H NMR (400 MHz, CDCl3): δ 7.17‒7.15 (m, 2H, 4-CH, 6-CH), 

6.37 (d, J = 8.8 Hz 1H, 4-CH), 3.33 (t, J = 8.2 Hz, 2H, 2-CH2), 2.93 (t, J = 8.2 Hz, 2H, 3-CH2), 2.74 (s, 3H, 

N-CH3).14 

 

6-Fluoro-1-methylindoline (2e): Followed by the general procedure, 1e (384 mg; 2.57 

mmol), B9 (17.5 mg; 0.0251 mmol), and tetradecane (242 mg; 1.22 mmol) were employed, 

giving 2e in 98% GC yield. 1H NMR (400 MHz, CDCl3): δ 6.96‒6.93 (m, 1H, 4-CH), 6.34‒

6.29 (m, 1H, 5-CH), 6.16 (dd, 3JH,F = 10 Hz, 4JH,H = 2.0 Hz, 1H, 7-CH), 3.36 (t, J = 8.2 Hz, 2H, 2-CH2), 2.90 (t, 

J = 8.2 Hz, 2H, 3-CH2), 2.74 (s, 3H, N-CH3).34 

 

4-Methoxy-1-methylindoline (2f): Followed by the general procedure, 1f (408 mg; 2.53 mmol), 

B9 (17.6 mg; 0.0252 mmol), and tetradecane (250 mg; 1.26 mmol) were employed, giving 2f in 

92% GC yield. 1H NMR (400 MHz, CDCl3): δ 7.08 (t, J = 8.0 Hz, 1H, 6-CH), 6.30 (d, J = 8.4 

Hz, 1H, 7-CH), 6.20 (d, J = 7.6 Hz, 1H, 5-CH), 3.83 (s, 3H, O-CH3), 3.32 (t, J = 8.4 Hz, 2H, 2-CH2), 2.92 (t, J 

= 8.0 Hz, 2H, 3-CH2), 2.76 (s, 3H, N-CH3).3 

 

1,2-Dimethylindoline (2g): Followed by the general procedure, 1g (364 mg; 2.51 mmol), B9 

(17.6 mg; 0.0252 mmol), and dodecane (240 mg; 1.41 mmol) were employed, giving 2g in 74% 

GC yield. 1H NMR (400 MHz, CDCl3): δ 7.16-7.09 (m, 2H, 4-CH, 6-CH), 6.72 (t, J = 7.2 Hz, 

1H, 5-CH), 6.51 (d, J = 7.6 Hz, 1H, 7-CH), 3.48-3.42 (m, 1H, 2-CH2), 3.16-3.10 (m, 1H, 3-CH2), 2.77 (s, 3H, 

N-CH3), 2.69-2.62 (m, 1H, 3-CH2), 1.38 (d, J = 6.0 Hz, 3H, 2-C-CH3).35 

 

2-Phenyl-1-methylindoline (2h): Followed by the general procedure, 1h (518 mg; 2.50 mmol), 

B1 (12.7 mg; 0.0248 mmol), and tetradecane (291 mg; 1.47 mmol) were employed, giving 2h in 

29% GC yield. 1H NMR (400 MHz, CDCl3): δ 7.37 (t, J = 8.0 Hz, 2H, 2-C-Ar-H), 7.26 (d, J = 

8.0 Hz, 2H, 2-C-Ar-H), 7.16-7.21 (m, 2H, 4-CH, 7-CH), 7.10 (t, J = 7.6 Hz, 1H, 2-C-Ar-H), 6.99 (t, J = 7.2 

Hz, 1H, 6-CH), 6.78 (t, J = 7.6 Hz, 1H, 5-CH), 3.98 (t, J = 8.4 Hz, 2H, 2-CH2), 3.15 (t, J = 8.4 Hz, 2H, 

3-CH2).36 

 

1-Ethylindoline (2i): Followed by the general procedure, 1i (365 mg; 2.51 mmol), B9 (17.3 mg; 

0.0248 mmol), and tetradecane (245 mg; 1.23 mmol) were employed, giving 2i in 90% GC yield. 

1H NMR (400 MHz, CDCl3): δ 6.98 (t, J = 7.8 Hz, 2H, 5-CH, 6-CH), 6.56 (d, J = 7.2 Hz, 1H, 

7-CH), 6.40 (d, J = 7.6 Hz, 1H, 4-CH), 3.24 (t, J = 8.0 Hz, 2H, 2-CH), 3.06 (q, J = 7.2 Hz, 2H, N-CH2-CH3), 

2.87 (t, J = 8.0 Hz, 2H, 3-CH), 1.11 (t, J = 7.2 Hz, 3H, N-CH2-CH3).37 
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1-Isopropylindoline (2j): Followed by the general procedure, 1j (413 mg; 2.59 mmol), B9 (17.6 

mg; 0.0252 mmol), and tetradecane (242 mg; 1.22 mmol) were employed, giving 2j in 78% GC 

yield. 1H NMR (400 MHz, CDCl3): δ 7.05-7.08 (m, 2H, 4-CH, 6-CH), 6.62 (t, J = 7.2 Hz, 1H, 

5-CH), 6.45 (d, J = 8.0 Hz, 1H, 7-CH), 3.80-3.90 (m, 1H, N-CH), 3.36 (t, J = 8.4 Hz, 2H, 

2-CH2), 2.96 (t, J = 8.4 Hz, 2H, 3-CH2), 1.18 (d, J = 6.8 Hz, 6H, N-C-(CH3)2).38 

 

1,2,5,6-Tetrahydro-4H-pyrrolo[3,2,1-ij]quinoline (2k): Followed by the general procedure, 1k 

(394 mg; 2.51 mmol), B9 (17.6 mg; 0.0252 mmol) and tetradecane (229 mg; 1.15 mmol) were 

employed, giving 2k in 94% GC yield. 1H NMR (400 MHz, CDCl3): δ 6.96 (d, J = 7.2 Hz, 1H, 

4-CH), 6.85 (d, J = 7.2 Hz, 1H, 6-CH), 6.65 (t, J = 7.2 Hz, 1H, 5-CH), 3.28 (t, J = 7.8 Hz, 2H, 2-CH2), 3.01 (t, 

J = 5.2 Hz, 2H, N-CH2), 2.93 (t, J = 7.8 Hz, 2H, 3-CH2), 2.72 (t, J = 6.6 Hz, 2H, 7-C-CH2), 2.12 (m, 2H, 

N-CH2-CH2).39 

 

1-Phenylindoline (2l): Followed by the general procedure, 1l (494 mg; 2.56 mmol), B1 (12.8 

mg, 0.0250 mmol), B9 (17.7 mg; 0.0253 mmol) and tetradecane (250 mg; 1.26 mmol) were 

employed, giving 2l in 94% GC yield. 1H NMR (400 MHz, CDCl3): δ 7.46 (d, J = 7.2 Hz, 2H, 

2-C-Ar-o-H2), 7.38 (t, J = 7.4 Hz, 2H, 2-C-Ar-m-H2), 7.32 (d, J = 7.2 Hz, 1H, 2-C-Ar-p-H), 7.15 (t, J = 7.6 Hz, 

1H, 5-CH), 7.08 (d, J = 7.2 Hz, 1H, 4-CH), 6.73 (t, J = 7.5 Hz, 1H, 5-CH), 6.54 (d, J = 8.0 Hz, 1H, 7-CH), 

4.36 (dd, J = 11.2, 8.8 Hz, 1H, 3-CH2), 3.33 (dd, J = 15.6, 8.8 Hz, 1H, 3-CH2), 2.94 (dd, J = 15.6, 11.2 Hz, 1H, 

2-CH2), 2.62 (s, 3H, N-CH3).40 

I also explored the following Conditions 1-3 for the synthesis of 2l;  

Conditions 1: Followed by the general procedure, 1l (506 mg; 2.62 mmol), B9 (35.0 mg; 0.0501 mmol; 2 

mol%), 2a (6.5 mg; 0.048 mmol; 2 mol%) and tetradecane (235 mg; 1.18 mmol) were employed, giving 2l in 

98% GC yield.  

Conditions 2: Followed by the general procedure, 1l (265 mg; 1.37 mmol), B9 (17.4 mg; 0.0249 mmol; 2 

mol%) and tetradecane (242 mg; 1.22 mmol) were employed, giving 2l in 15% GC yield. Conditions 3: 

Followed by the general procedure, 1l (242 mg; 1.25 mmol), B1 (13.2 mg; 0.0258 mmol; 2 mol%) and 

tetradecane (229 mg; 1.15 mmol) were employed, giving 2l in 87% GC yield. 

 

1-Phenylsulfonylindoline (2m): Followed by the general procedure, 1m (644 mg; 2.50 mmol), 

B1 (13.0 mg; 0.0254 mmol) and tetradecane (240 mg; 1.21 mmol) were employed, giving 2m 

in 47% GC yield. 1H NMR (400 MHz, CDCl3): δ 7.79 (d, J = 7.6 Hz, 2H, S-o-ArH2), 7.65 (d, J 

= 8.0 Hz, 1H, S-p-ArH), 7.55 (t, J = 7.2 Hz, 1H, 6-CH), 7.44 (t, J = 7.6 Hz, 2H, S-m-ArH), 7.19 (d, J = 6.4 Hz, 

1H, 4-CH), 7.08 (d, J = 7.2 Hz, 1H, 7-CH), 6.98 (t, J = 7.6 Hz, 1H, 5-CH3), 3.93 (t, J = 8.4 Hz, 2H, 2-CH2), 

2.88 (t, J = 8.4 Hz, 2H, 3-CH2).41 
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3.4.7. Theoretical studies 

3.4.7.1. Computational details 

The density functional theory (DFT) calculations were performed with Gaussian 16 (Revision C.01) 

software.42 All the structures were optimized at the M06-2X level of theory with the Def2-SVP basis set.43 

Frequency calculations were performed to verify that intermediates have no imaginary frequency, whereas the 

transition state structures have only one imaginary frequency. The appropriateness of the connections between 

each reactant and product via the transition state was confirmed using intrinsic reaction coordinate (IRC).44 

Single-point energy calculations were carried out at M06-2X/Def2-TZVP/gas-phase level of theory.45 The 

reported Gibbs free energies were calculated at 298.15 K. These calculations involve a certain margin of error. 

 

3.4.7.2. Selected frontier molecular orbitals (FMOs) for [(C3-1a)···B1] 

Selected FMOs for [(C3-1a)∙∙∙B1] (from HOMO−2 to LUMO+3), calculated at 

M06-2X/Def2-TZVP//M06-2X/Def2-SVP level, are shown in Figure 3.S7. 

 

 

Figure 3.S7. Selected FMOs for [(C3-1a)∙∙∙B1]. 
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3.4.7.3. Plausible pathways for the reaction among 1a, B1 and H2 

Plausible pathways for the reaction among 1a, B1 and H2 are shown in Figure 3.3C. The molecular 

structures of related compounds are summarized in Table 3.S2. 

 

Table 3.S2. DFT-optimized structures in Figure 3.3C. 

 

[(C3-1a)∙∙∙B1] 

 

(C2-1a)∙B1 

 

(C3-1a)∙B1 

 

TS10(C3-B1) 

 

[(C3-1a)‒H][H‒B1] 

 

[(N-1a)∙∙∙B1] 

 

TS10(N-B1) 

 

[(N-1a)‒H][H‒B1] 
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3.4.7.4. Plausible reaction mechanisms for the hydrogenation of 1a with B9 

Plausible reaction mechanisms for the hydrogenation of 1a with B9 are shown in Figure 3.5. The 

molecular structures of related compounds are summarized in Table 3.S3. 

 

Table 3.S3. DFT-optimized structures in Figure 3.5. 

 

TS10(C3-B9) 

 

[(C3-1a)‒H][H‒B9] 

 

TS11 

 

TS10(N-B9) 

 

[(N-1a)‒H][H‒B9] 

 

TS12 

 

[2a‒H][H‒B9] 

 

TS13 
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Conclusion 

 

In this thesis, I have discussed the development of hydrogenation of N-heteroaromatics using crude 

or pure H2. The key achievements in the thesis lies in the use of triarylborane catalysts with precisely designed 

boron-centered electrophilicity and steric hindrance around the boron atom. I found that the catalytic 

hydrogenation activity of triarylboranes toward N-heteroaromatics is primarily determined by the 

boron-centered electrophilicity and the intermolecular steric repulsion (front strain) between substituents at 

the ortho-positions relative to the boron atom and Lewis bases. Furthermore, the hydrogenation activity can be 

finely tuned through intramolecular steric repulsion (remote back strain) between substituents at the 

meta-positions relative to the boron atom, resulting in high catalytic performances. 

In Chapter 1, a proof of concept for a H2 purification technology based on LOHCs was demonstrated 

by establishing sequential hydrogenation of N-heteroaromatics using crude H2/dehydrogenation of the 

hydrogenated products with the single triarylborane catalyst. I found that crude H2 containing excess amounts 

of CO, CO₂, and CH₄ can also be applicable for this hydrogenation; thus, this technology can be expected to 

change the industrial value of crude H2 containing substantial amounts of CO, CO2, and CH4, which can be 

produced from a variety of carbon resources such as biomass and industrial off-gases. 

In Chapter 2, I elucidated the reaction mechanism of the hydrogenation of 2-methylquinoline using 

crude H2 in the presence of triarylborane catalysts, as well as the irreversible decomposition mechanism of the 

triarylborane catalysts, employing the artificial force induced reaction (AFIR) method. The theoretical results 

suggested that olefinic π orbitals in the enamine intermediates are involved in the heterolytic cleavage of H2. 

In Chapter 3, I developed hydrogenation of N-substituted indoles using triarylborane catalysts and 

demonstrated that olefinic π orbitals are involved in the generation of FLPs. Furthermore, mechanistic studies 

revealed that the hydrogenation of indoles involves an olefin-to-nitrogen switching of Lewis bases in the 

critical H2-cleavage steps; the initial H2 activation is mediated by a frustrated Lewis pair (FLP) comprising the 

indole C3-carbon and boron atoms, while an FLP species comprising the indoline nitrogen and boron atoms 

promotes the subsequent H2 activation leading to indoline. 

Combined these results, I demonstrated several catalytic hydrogenation systems that were previously 

challenging to achieve using transition metal catalysts or existing organoboron catalysts based on the use of 

well-identified triarylboranes. These results pioneer highly chemoselective hydrogenation methods for 

unsaturated compounds under crude H2 conditions. Moreover, they contribute to the establishment of highly 

efficient and environmentally friendly processes by bypassing purification steps in organic synthesis. 
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