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Abstract 

This dissertation reports a crosslinked catalyst organic framework, which was prepared by an 

alternating ring opening olefin metathesis polymerization (alt-ROMP) between dichloro{N,N'-

bis({(2-diphenylphosphino)phenyl}methylidene)bicyclo[2.2.1]-hept-5-ene-2,3-diamine}-

ruthenium, 1,2-N-di(cis-5-norbornene-2,3-endo-dicarboximido)-ethane, and cis-cyclooctene 

(COE) catalyzed by RuCl2(=CHPh)(PCy3)2 in the presence of a BaSO4 support. The 

heterogenized catalyst hydrogenated methyl benzoate at a similar rate to the homogeneous 

catalyst (0.0025 mol% catalyst, 10 mol% KOtBu, 80 °C, 50 bar, THF, 21 h, ~15000 turnovers 

during the first 1 h). The catalyst was used five times for a total of 121680 turnovers. A study 

on the reusability of this catalyst showed that ester hydrogenations with bifunctional catalysts 

slow down as the reaction proceeds. This inhibition is removed by isolating and reusing the 

catalyst, suggesting that future catalyst design should emphasize avoiding product inhibition. 

 The trans-2,3-Diaminonorborn-5-ene dihydrochloride was resolved using L-menthol 

as the chiral auxiliary. Four PNNP ligands and their Ru catalyst monomers were synthesized 

using this resolved precursor. These four catalyst monomers and their alt-ROMP polymers 

were studied as enantioselective catalysts in the transfer hydrogenation of acetophenone from 

2-PrOH (0.5 mol% catalyst, 0.25 mol% KOtBu, rt–45 °C, 2-PrOH) and in the hydrogenation 

of β-chiral esters via dynamic kinetic resolution (2–2.5 mol% catalyst, 50 mol% NaOiPr, rt, 

THF, 4 bar H2); moderate ee’s (up to 52%) were obtained within these catalyses. 

 A base-stable cationic monomer, 4-[6-azonia-spiro[5.5]undecyl]-4-azatricyclo-

[5.2.1.02,6]dec-8-ene-3,5-dione tetrafluoroborate, was designed and synthesized. This 

monomer (2 equiv.) was copolymerized with [RuCl2(N,N'-bis{2-(diphenylphosphino)benzyl}-
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bicyclo[2.2.1]hept-5-ene-2,3-diamine)] (1 equiv.) and COE (3 equiv.) via ROMP by a 

sequential addition method catalyzed by 0.1 equiv. RuCl2(=CHPh)(PCy3)2. The resulting 

polymeric catalyst contains cationic moieties close to the catalyst metal center and it was 

immobilized via ROMP over BaSO4 by addition of extra COE and the crosslinker, 1,2-N-

di(cis-5-norbornene-2,3-endo-dicarboximido)-ethane. It was anticipated that the cationic 

moiety holds an alkoxide counterion in a reusing ester hydrogenation, which provides a higher 

local concentration of base that facilitates the hydrogenation. This hypothesis was examined 

in the hydrogenation of methyl benzoate (S/C = 4200/1, 50 bar H2, rt, 22 h, THF) in the absence 

of excess base. The results imply that the proposed local-base assistance does not exist within 

the current system. 

 Glancing Angle Deposition (GLAD) was used to prepare 500 nm long Ni nanopillars 

directly on glassy carbon disc electrodes (NiGLAD/GC). NiGLAD[Pt]/GC core-layer nanopillars 

were prepared by depositing Pt on the NiGLAD substrate via a novel rotating disc electrode 

galvanostatic deposition, where a stationary blackened Pt counter electrode served as the Pt 

source. Scanning electron microscopy, cyclic voltammetry, and inductively-coupled mass 

spectrometry were employed to characterize the deposits. The results indicated that the Pt was 

deposited in a conformal manner on the NiGLAD giving a loading of 11.6 μg. The 

NiGLAD[Pt]/GC electrode was about three fold more active than a [Pt]/GC (made with the same 

deposition in the absence of Ni) towards the oxygen reduction reaction (ORR) in 1.0 M KOH. 

As well, long term potentiostatic ORR studies showed that the NiGLAD[Pt]/GC deposit was 

more durable than the [Pt]/GC, with the former completely retaining its initial performance 

after 5000 s polarization at 0.85 V vs. RHE, while [Pt]/GC lost 38% of its activity. Subsequent 
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control experiments in the absence of O2 showed that such decay was not due to loss of Pt over 

the prolonged ORR. 
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GC   gas chromatography or glassy carbon 

GC-MS  gas chromatography–mass spectrometry 

GLAD   glancing angle deposition 

HMS    hexagonal mesoporous silica 

ICP-MS   inductively coupled plasma mass spectrometry 

KHMDS   potassium bis(trimethylsilyl)amide 

NBD    2,5-norbornadiene 

NHC    N-heterocyclic carbenes 

NMR   nuclear magnetic resonance  

Norphos   2,3-bis(diphenylphosphino)bicyclo[2.2.1]hept-5-ene 
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Chapter 1 

Introduction 

1.1 Catalysis and Green Chemistry 

Catalysts are substances that facilitate chemical reactions. Catalysis is a natural phenomenon. 

One example of catalysis is the biological reactions catalyzed by enzymes. It also exists in 

non-living systems, such as the Cl atom catalysis of ozone depletion (O3 + O → 2 O2).
1 The 

phenomenon of catalysis has been observed and utilized for thousands of years. The production 

of alcohol using a fermentation process is found in the history of most civilizations.2, 3 Catalysis 

was recorded scientifically for the first time by Elizabeth Fulhame in 1794, when she found 

that water facilitated the oxidation of CO, but water did not get changed.4 In 1817, Davy found 

that coal gas ignited with oxygen on the surface of Pt or Pd wire without lighting it with a 

flame.2 Later, the concept of “catalysis” was proposed by Berzelius in 1835. The word 

“catalysis” was generated from Greek words, emphasizing the unchanging nature of a 

substance (a catalyst) which accelerates a reaction.5-7 

 The implementation of catalysis in chemical production took place in the 19th century. 

In 1831, Phillips8 patented a method that used Pt to facilitate the oxidation of SO2 to SO3, and 

which eventually was used in the production of sulfuric acid during the late 19th century.9 One 

milestone in industrial catalysis was the production of ammonia from nitrogen gas and 

hydrogen gas: Haber demonstrated the production of ammonia using an Os-based catalyst 

(later replaced by the Fe-based catalyst found by Mittasch), which was scaled up to production 

by Bosch in BASF in 1910. Today, 95% (by volume) of all industrial products and 70% of 

chemical production processes require catalysis.10 Catalysis provides an 80% added value to 

chemical industrial products, and it is estimated that more than 35% of the global GDP is 

related to catalysis.11 Catalysis itself is a huge market; the value of all catalysts reached 17.2 

billion USD in 2014 worldwide, and it is growing.10 
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 “Green chemistry” is a modern concept describing a preferable chemical production 

that should be clean, safe, and environmentally friendly.12 Twelve principles of green 

chemistry were formulated by Anastas and Warner in 1998.13 A simplified summary of these 

principles is as follows: (1) The formation of waste or byproducts should be as little as possible, 

especially for those contain toxic substances; (2) The cooperation of each substance in a 

reaction should be maximized; (3) Ideally, chemical production should proceed in a 

straightforward route under mild conditions; (4) The consumption of energy should be 

minimized in a reaction; (5) The reaction process should be safe and properly monitored; (6) 

Renewable starting materials and non-toxic products are preferred.14 

 Catalysts provide very good solutions to address those concerns.15 First, catalysis is an 

alternate pathway for a non-catalytic reaction, it generally requires fewer resources, and it 

generates less waste. Second, a catalytic process has a lower activation energy compared to 

the non-catalytic reaction, leading to a faster reaction rate and the possibility of milder 

conditions (temperature, pressure, etc.). Third, catalysis endows the reactions with better 

selectivities (chemo-, regio-, diastereo-, and enantio-), which further simplifies the separation 

and reduces the waste of a reaction.16-18 

1.2 The Reduction of Esters and Ester Hydrogenations 

The reduction of carbonyl compounds is a good example to illustrate how catalysis fits the 

concept of “green chemistry”. Carbonyl compounds, including aldehydes, ketones, esters, 

amides, and carboxylic acids, can be reduced to alcohols with hydride reducing agents, such 

as NaBH4 and LiAlH4, in non-catalytic reactions.19 Several features of this process violate the 

concepts of “green chemistry”. The use of hydride reducing agents produces stoichiometric 

amounts of waste (Al(OH)3, B(OH)3, etc.), dropping the atom efficiency of the reaction and 

making the separation tedious. Also, certain hydride reducing agents, such as LiAlH4, are 

dangerous since they ignite on contact with water.19, 20  

 An alternate is catalytic hydrogenations, in which molecular hydrogen is used to reduce 

the carbonyl compounds to the desired alcohol in the presence of a catalyst.19, 20 Hydrogen gas 

is the cheapest reducing agent.21 An ideal hydrogenation does not generate any byproducts, 

making the work-up of the reaction more straightforward, and excess H2 can be recycled or 
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used as a fuel.22, 23 Catalytic hydrogenation can reach a high turnover number (TON, defined 

as how many substrate molecules can be converted to the product by one catalyst molecule), 

thus the catalyst loading can be minimal (for example, a TON of 4.5 million was reported in 

the hydrogenation of acetophenone24). Moreover, catalytic hydrogenation can be conducted 

selectively towards certain desired products.25 The best example would be Noyori’s 

asymmetrical ketone hydrogenation systems, which reduce prochiral ketones to chiral alcohols 

with excellent enantioselectivity and efficiency, an example of which is shown in Scheme 1-

1.26, 27 

 

 

Scheme 1-1. An example of Noyori's asymmetric hydrogenation of ketones.26, 27 
  

 In the carbonyl compound family, esters are moderately difficult to reduce as the 

delocalization of the ester group weakens the electrophilicity of the carbonyl carbon (Scheme 

1-2). Powerful hydride donors (LiAlH4 and LiBH4) are required for the stoichiometric 

reduction of esters.19, 28 

 

 
Scheme 1-2. The delocalization of esters. 

 

 The reduction of esters to alcohols is an important process in the synthesis of products 

and building blocks in chemical industry.19 For example, dodecanol, which is a fatty alcohol 

used as a non-ionic surfactant, is made by reducing lauric esters via heterogeneous 

hydrogenation (Scheme 1-3).29 
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Scheme 1-3. The hydrogenation of lauric ester to produce dodecanol.29 
 

 Another example is the synthesis of 2-(l-menthoxy)ethanol, a cooling compound used 

in the flavor and fragrance industry. The Takasago International Corporation demonstrated the 

method to produce 2-(l-menthoxy)ethanol using H2 to reduce methyl l-menthoxyacetate with 

Ru-MACHO (Scheme 1-4).30 

 

 

Scheme 1-4. Ester hydrogenation in the synthesis of 2-(l-menthoxy)ethanol.30 
  

 In general, the catalytic hydrogenation of esters is preferred to the stoichiometric 

reduction using hydride reducing agents. There are two types of ester hydrogenations: 

heterogeneous and homogeneous. The heterogeneous hydrogenation system was applied to 

esters first, which operate in harsh conditions.  

1.3 Heterogeneous Hydrogenation of Esters 

The pioneering study on the heterogeneous hydrogenation of esters was conducted by Adkins 

and Folkers in 1931.31 They discovered that copper chromite (formulated as Cu2Cr2O5) is a 

catalyst for ester hydrogenations. With ~10 wt% catalyst loading, several aliphatic esters were 

hydrogenated to the corresponding alcohols with good yield (80%–98%) under harsh 

conditions (222 bar H2, 250 °C).  
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 Later studies32 demonstrated the poor selectivity of this catalytic system. Two major 

side reactions were observed, the reduction of other groups and the cleavage of the C–O bond 

in the alcohol products. For example, 2-methyl cyclohexanol (61.3%) and o-cresol (19.2%) 

were the major products of the hydrogenation of methyl salicylate (Scheme 1-5). The major 

product (86%) of the hydrogenation of butyl oleate was octadecanol, illustrating the poor 

selectivity between C=O and C=C bonds.  

 

 

Scheme 1-5. The hydrogenation of methyl salicylate and butyl oleate with copper chromite catalyst.32 

 

 A comprehensive study on the selectivity of the copper chromite system was conducted 

in the late 20th century (Scheme 1-6),33 revealing that when used in the hydrogenation of 

methyl dodecanoate, the yield of the desired major product (dodecanol) was 82%, with a 

number of by-products, including fatty ester (C24), aldehyde, ether, ketone, fatty acid, and 

alkanes (C11 and C12) (1.6 to 10.0 wt% catalyst, 280 °C, 133 bar H2). 
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Scheme 1-6. A typical hydrogenation of methyl dodecanoate using the copper chromite catalyst.33 

  

 Despite the poor selectivity and the extreme conditions, the copper chromite system is 

still particularly suitable for the hydrogenation of fatty acid methyl esters (FAMEs) and 

remains as the choice of industry. A recent paper revealed that Procter and Gamble Co. (P&G) 

has been running FAME hydrogenation with copper chromite catalysts for almost 50 years to 

produce the fatty alcohol precursors for surfactant manufacture.34 

 Besides the harsh conditions, safety is another major concern when using chromite 

catalysts since the synthesis of the catalyst involves the reduction of dichromate salts,35 which 

contains toxic Cr6+ species.36, 37 Many other heterogeneous catalytic systems for ester 

hydrogenation were developed by researchers to avoid the use of chromite. 

 Hattori and coworkers38 reported a catalyst that was made by co-precipitation of Cu2+, 

Fe2+, and Al3+, followed by a calcination resulting in a mixture of Fe/Cu/Al oxides. The catalyst 

was tested in an actual production plant for the hydrogenation of fatty esters (the 

transesterification products of coconut oil or palm kernel oil with methanol). With 5 wt% 

catalyst, the desired fatty alcohol was produced steadily in yields above 97% over 20 days 

(250–270 °C, 120–250 bar, Scheme 1-7); this performance was similar to that of the copper 

chromite system.  
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Scheme 1-7. The hydrogenation of fatty esters using a Fe/Cu/Al catalyst.38 

  

 A copper catalyst supported on hexagonal mesoporous silica (HMS) was reported by 

the Dai group.39-41  The catalyst was prepared by wet impregnation of siliceous HMS with Cu2+ 

salts (Cu(NO3)2, Cu(acac)2, CuCl2, Cu2(OH)2CO3, Cu(NH3)4(NO3)2), followed by a 

calcination process at 450 °C. For the hydrogenation of dimethyl oxalate, up to 98% yield was 

achieved using the catalyst made from Cu(NH3)4(NO3)2 (200 °C, 25 bar H2, MeOH, in a fixed 

bed reactor). 

 Narasimhan and coworkers42, 43 developed a bimetallic catalytic ester hydrogenation 

system with Ru and Sn. RuCl3 and SnCl2 were reduced by NaBH4, and the resultant particles 

were dispersed on Al2O3. The Ru loading on the support was 1.1 wt%. Up to 98% conversion 

(61–76% yield) was obtained in the hydrogenation of aliphatic esters (2.5 wt% supported 

catalyst, 270 °C, 44 bar H2). A 61.8% selectivity towards the unsaturated alcohol was observed 

in the hydrogenation of methyl oleate. The hydrogenation of dimethyl succinate produced 1,4-

butanediol in 76% yield in (Scheme 1-8). 

 

 

Scheme 1-8. Representative hydrogenations with the Ru/Sn catalyst reported by Patterson et al.42, 43 
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 A similar bimetallic catalyst system was developed by the Miyake group44 and 

prepared by reducing a precious metal (Ru, Rh, Pt, Ir) salt along with SnCl2 onto Al2O3 using 

H2 flow. The Rh–Sn system performed better than the other combinations discussed in this 

paper for the hydrogenation of methyl laurate (Scheme 1-9): 72% conversion was reached with 

43% selectivity towards the desired alcohol product. Instead of Sn, Ge also could cooperate 

with noble metals to promote the hydrogenation of esters. Pieck and coworkers45, 46 reported 

that Ru–Ge catalysts supported on Al2O3 were synthesized by reducing Ru and Ge using 

NaBH4 onto Al2O3. The catalytic performance was evaluated for the hydrogenation of methyl 

oleate. The best selectivity was reached when the molar ratio between Ru and Ge was 0.5. 

However, only 19% yield of the desired oleyl alcohol was obtained (28 wt% supported catalyst, 

290 °C, 50 bar H2, n-dodecane).  

 

 

Scheme 1-9. The hydrogenation of methyl laurate reported by Miyake et al.44 

  

 Yuan’s group47 reported a catalyst system prepared by reducing Au and Ag 

sequentially onto a mesoporous silica, SBA-15. The resulting nanoalloy Au–Ag catalyst 

hydrogenated dimethyl malonate and dimethyl succinate to the mono-reduced products (or the 

lactone after intramolecular esterification) with 87.8% and 86.5% conversion, respectively 

(Scheme 1-10). The author believed that the ester substrates were activated on Au, whereas 

the H2 was incorporated to the reaction on the Ag surface. 
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Scheme 1-10. The ester hydrogenations performed with a Au/Ag catalyst reported by Yuan et al.47  

  

 A Ni–Re catalytic system was reported by Pidko et al.48 The best catalyst in this paper 

was made by reducing HReO4 and Ni(NO3)2 with H2 on TiO2 at 300 °C. Methyl hexanoate 

was hydrogenated to hexanol with 76% selectivity and 70% conversion (Scheme 1-11). The 

catalyst was recycled and regenerated using H2 flow at 300 °C for 1 h. No significant loss in 

activity or selectivity was observed in the reusing experiment of methyl hexanoate 

hydrogenation under the same conditions. 

 

 

Scheme 1-11. The hydrogenation of methyl hexanoate using Ni/Re catalyst reported by Pidko et al.48 

  

 In summary, the heterogeneous hydrogenation of esters requires harsh conditions and 

high catalyst loading, and it is mainly used in the reduction of biomass-derived substrates. 

Recent research focuses on the improvement of the catalyst activity, functional group tolerance, 

and selectivity. The strategies include changing the composition of bimetallic systems, 

optimizing the morphology of the catalyst surface, modifying the support materials, etc.20 

Some representative heterogeneous catalytic systems for the hydrogenation of esters are 

summarized in this section. However, this is a topic beyond the scope of this dissertation, and 

the interested reader is directed to review articles on the subject in the literature.20  
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1.4 Homogeneous Ester Hydrogenations 

In general, homogeneous ester hydrogenation catalysts operate with a broader substrate scope, 

require lower temperature and pressure, and give higher efficiency than the heterogeneous 

systems. 

1.4.1 Inner Sphere Ester Hydrogenation Catalysts 

In the early 1980s, Grey, Pez, and their coworkers reported the potassium hydrido(phosphine) 

ruthenate complex 1 and a roughly-defined complex 2 (Scheme 1-12) as the first effective 

homogeneous ester hydrogenation catalyst precursors.49-51 Both catalysts could hydrogenate 

activated esters, i.e., with electron-withdrawing groups. For example, methyl trifluoroacetate 

and trifluoroethyl trifluoroacetate were converted to alcohols under mild conditions (0.3 or 0.6 

mol% Ru, 90 °C, 6.2 bar H2, toluene, 4 or 12 h) with up to 100% conversions and a TON of 

333. Complex 1 was inactive and complex 2 showed minimal activity for the hydrogenation 

of non-activated esters. For example, methyl acetate was hydrogenated to methanol and 

ethanol with 22% conversion and a TON of 37 by 2, whereas aromatic esters, such as methyl 

benzoate, were not hydrogenated by 2. The hydrogenations carried out with 1 or 2 were fully 

shut down when 18-crown-6 was added, which effectively trapped the K+. This result implied 

that K+ was necessary to activate this hydrogenation. 

 

 

Scheme 1-12. Ester hydrogenation with the catalysts invented by Grey and Pez.49-51 

  

 Around the same time, Bianchi and coworkers found that δ-valerolactone was 

hydrogenated to 1,5-pentanediol with the Ru cluster complex formulated as 

H4Ru4(CO)8(PnBu3)4 (3) (1.3 mol% Ru, 180 °C, 131 bar H2, toluene/diethyl ether), to give 

22% conversion after 48 h.52 The same group also reported using 3 to hydrogenate diesters to 

hydroxyl esters via a mono-hydrogenation process.53 For example, dimethyl oxalate was 
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hydrogenated to methyl glycolate (51.1% yield, a TON of 41 relative to Ru; 0.31 mol% 3, 131 

bar H2, 180 °C, benzene, 144 h). Another catalyst precursor, formulated as 

Ru2(CO)2(CH3COO)2(PnBu3)2
54 (4), hydrogenated dimethyl oxalate to a mixture of methyl 

glycolate and ethylene glycol under similar conditions. 

 In 1992, Wada et al reported an active catalyst prepared by mixing 1 equiv. Ru(acac)3 

and 10 equiv. P(nC8H17)3 in situ,55 which catalyzed the hydrogenation of γ-butyrolactone with 

a TON of 234 (0.064 mol% Ru(acac)3, 0.64 mol% P(nC8H17)3, 200 °C, 50 bar H2, tetraglyme, 

3 h). By adding NH4PF6 or H3PO4 as a promoter (5 equiv. to Ru), the TON was improved to 

452 or 421, respectively. A variety of lactones were hydrogenated to the corresponding diols 

with good selectivity (up to 99%), as shown in Scheme 1-13. The activity of the catalyst 

towards the hydrogenation of EtOAc was significantly lower; only 30 turnovers were obtained 

under the same conditions. The active catalyst is believed to be the octahedral dihydride 

species RuH2[P(nC8H17)3]4 (5) together with the mono-solvento species 

RuH2[P(nC8H17)3]3(sol) (6). Both 5 and 6 were observed by NMR spectroscopy when 

Ru(acac)3 and P(nC8H17)3 reacted under H2 (the author did not specify the geometry of 5 and 

6). 

 

 

Scheme 1-13. The hydrogenation of lactones using the catalyst developed by Wada et al.55 

  

 Nomura optimized this catalytic system using methyl phenylacetate as the standard 

substrate (Scheme 1-14).56 The catalytic performance improved extensively when 2-

dimethoxyethane (dme) was used as the solvent and zinc metal was added as a promoter. The 

highest TON of 179 was reached under only 10 bar hydrogen pressure (0.2 mol% Ru, 2 mol% 

P(nC8H17)3, 1 mol% Zn metal, 200 °C, 10 bar H2, dme, 20 h). The role of Zn is not clear.  
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Scheme 1-14. Ester hydrogenation reported by Nomura.56  

 

The authors proposed a catalytic cycle without the cooperation of Zn for ester hydrogenations 

(Scheme 1-15), although very limited experimental evidence for the mechanism was reported. 

The authors proposed that the active species was a Ru dihydride complex (7) formed in situ. 

The hydride transfers to the carbonyl carbon with a concerted Ru–O bond formation (8) in a 

metathesis pathway, forming the aldehyde and the Ru alkoxide (9). It is proposed that 9 

undergoes alkoxide-hydride reductive elimination to form 10 and MeOH, with one P(nC8H17)3 

coordinated to Ru to substitute the MeOH. An oxidative addition of H2 regenerates the 

dihydride species. The aldehyde intermediate underwent a similar reducing process to the 

alcohol product. 

 

 

Scheme 1-15. The mechanism of ester hydrogenation with Ru-phosphine catalyst.56 

  

 The first use of triphos, the tridentate phosphine ligand MeC(CH2PPh2)3 (11), in 

catalytic ester hydrogenation was by Teunissen and Elsevier.57, 58 This breakthrough was 

discovered by screening Ru(acac)3 with a variety of phosphine and amine ligands. Multidentate 
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phosphines (11 to 14, Figure 1-1) were more active, with 11 being the most active. Using 11, 

dimethyl oxalate was hydrogenated to ethylene glycol in up to a TON of 160 (in ester groups) 

under practical conditions (1.19 mol% Ru, 0.26 mol% Zn metal, 100 °C, 70 bar H2, MeOH, 

16 h). A fac- configuration of the active Ru(triphos) species was believed to be important as 

11 was more active than 13 or 14, which can coordinate to Ru in both the fac- or mer- 

configuration. The TON was improved to 857 with lower Ru loading (0.20 mol% Ru, 0.07 

mol% Zn metal, 100 °C, 70 bar H2, MeOH, 16 h).  

 

 

Figure 1-1. Screened ligands with Ru(acac)3 by Teunissen, Elsevier, and their coworkers.57, 58 

 

 The role of zinc is undetermined, and a later study59 illustrated that zinc did not always 

have a positive effect on the hydrogenation of diester compounds with the Ru-triphos system. 

On the other hand, triethylamine or HBF4 greatly improved the hydrogenation of dimethyl 

phthalate, by ~300%. Acidic alcohol solvents, such as CF3CH2OH or CF3CHOHCF3, also 

improved the Ru–triphos system. As shown in Scheme 1-16, the highest TON of 2071 was 

obtained for the hydrogenation of benzyl benzoate using CF3CHOHCF3 as the solvent and 

triethylamine as the additive (0.046 mol% Ru, 9 mol% triethylamine, 120 °C, 85 bar H2, 16 

h). The hypothesis that acidic solvents promoted the hydrogenation by transesterification was 

excluded by the observation that the hydrogenation proceeded faster in hexafluoro-2-propanol 

than in 2,2,2-trifluoroethanol, but transesterification took place faster with the primary 

alcohols. The authors implied an “ionic hydrogenation” interaction such that the hydrogen 

atom in the fluorinated alcohols weakly bonded to the hydride in the Ru, promoting the 

hydrogenation reaction, as shown in Scheme 1-16. 
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Scheme 1-16. The hydrogenation of methyl benzoate with Ru–triphos catalysts and the proposed mechanism of 

how the acid alcohol solvents promoted the hydrogenation of esters.59 

 

 Leitner’s group isolated the Ru–triphos complex, Ru(triphos)(TMM) (15, Scheme 1-

17, TMM=trimethylenemethane), as an ester hydrogenation catalyst precursor.60 A range of 

carboxylic derivatives were hydrogenated with 15, including ketones, esters, amides, 

anhydrides, and carboxylic acids. Methyl benzoate was converted quantitively to benzyl 

alcohol with 1 mol% catalyst without any other additives (Scheme 1-17). A similar activity 

was obtained in the hydrogenation of other esters, such as dimethyl succinate, dimethyl 

itaconate, γ-valerolactone, and methyl levulinate.  

 

 

Scheme 1-17. Ester hydrogenation using isolated Ru(triphos)(TMM) catalyst.60 

  

 This report also presented the first detailed study on the mechanism of ester 

hydrogenation with Ru–triphos complexes using density functional theory (DFT) calculations. 

A ruthenium triphos dihydride solvento species, 16 (Scheme 1-18), was proposed as the active 

catalyst, which was formed when the catalyst was placed in THF under an H2 atmosphere. A 

vacancy site was generated after dissociation of the solvent ligand and then was occupied by 

the carbonyl oxygen to form 17. The hydride transferred from Ru to the carbonyl carbon with 

the formation of the Ru–O bond and without changing the oxidation state of Ru; this was 

described as a migratory insertion-type pathway (17 to 18). Then, H2 coordinated to Ru (19), 
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and the Ru–O bond was hydrogenolyzed by the coordinated H2, generating the hemiacetal 

bonding to the Ru dihydride species (20). The dissociation of the hemiacetal recovered the 

active dihydride species 16. The hemiacetal decomposed to aldehyde, which was hydrogenated 

to alcohol following a similar catalytic cycle. This catalytic cycle is classified as an “inner 

sphere” mechanism since all the atom transfer processes are accomplished with the direct 

cooperation of the Ru, in contrast to the outer-sphere catalytic cycles of the later-found 

bifunctional catalysts, which are described in the following section. 

 

 

Scheme 1-18. Catalytic cycle for the ester hydrogenations with Ru(triphos) systems.60 

  

 Homogeneous catalysts in inner-sphere mechanisms work under milder conditions 

than heterogeneous catalysts. However, more improvements are needed in the activity and 

selectivity of these catalysts. The later invented bifunctional hydrogenation catalysts are 

recognized as better systems because of their higher efficiency. 
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1.4.2 Bifunctional Ester Hydrogenation Catalysts 

Bifunctional ester hydrogenation catalysts are generally believed to work by cooperation 

between an acidic proton on the ligand and a hydride on the metal center of the catalyst. These 

catalysts represent the state of the art of the ester hydrogenation. 

 More than a decade after the bifunctional Ru(H)2(diphosphine)(diamine) catalysts for 

ketone hydrogenations was reported by Noyori, Milstein first applied a bifunctional catalyst to 

the hydrogenation of esters in 2006.61 The catalyst was the well-defined distorted square-

pyramidal Ru monohydride carbonyl complex 21 (Scheme 1-19) with a pincer type PNN 

ligand. Catalyst 21 hydrogenated a series of non-activated esters with up to a TON of 100 

under 5.4 bar H2 at 115  °C in dioxane, without any other additives (Scheme 1-19). 

 

Scheme 1-19. Ester hydrogenation with Milstein's catalyst.61 

  

 The mechanism of this hydrogenation was proposed to be a combination of an 

aromatization/dearomatization process and a bifunctional hydride/proton transfer (Scheme 1-

20). Dihydrogen addition to the square-pyramidal complex 21 forms the aromatized dihydride 

complex 22, then the saturated amine dissociates from the Ru center, allowing the ester to 

coordinate through the carbonyl oxygen to form 23. Next, one hydride transfers from Ru to 

the carbonyl carbon (23 to 24). Deprotonation at the acidic methylene group by the 

hemiacetalate ligand in 24 generates the hemiacetal and 21. The hemiacetal eliminates an 

aldehyde, which is hydrogenated to alcohol via a similar process. This bifunctional catalytic 

cycle is different from the classic Noyori RuH2(diamine)(diphosphine) bifunctional ketone 

hydrogenation mechanism where the proton transfer occurs with an NH group. 
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Scheme 1-20. The proposed catalytic cycle of Milstein's ester hydrogenation catalyst.61 

  

 One year after Milstein’s catalyst was reported, Saudan’s team from Firmenich 

reported their Ru catalysts made from amino-phosphine ligands, and which were believed to 

operate by a mechanism similar to Noyori’s ketone hydrogenation.62 The most active catalysts 

are shown in Scheme 1-21. Complex 25 hydrogenated isopropyl benzoate with up to a TON 

of 9900 (99% yield) with low catalyst loadings (0.01 mol% 25, 5 mol% NaOMe, 100 C, 50 

bar H2 pressure, THF, 4 h). Complex 26 showed similar activities to 25. Excellent selectivity 

towards carbonyl reduction was observed in reactions with unsaturated substrates containing 

an alkene group. For example, methyl cyclohex-3-ene-1-carboxylate was hydrogenated to 

cyclohex-3-enylmethanol in 90% yield and a TON of 1800 with only 2% saturated byproduct 

(0.05 mol% 25, 5 mol% NaOMe, 100 C, 50 bar H2, THF, 2.5 h). The authors found that 

increasing the number of substituents on the alkene group increased the selectivity towards 

carbonyl reduction. 
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Scheme 1-21. Ester hydrogenation with Firmenich's catalysts.62 

  

 The proposed mechanism was a typical NH assisted bifunctional carbonyl reduction. 

Specifically, the dichloride precatalysts 25 and 26 were activated by dihydrogen and base, 

forming the dihydride species RuH2(PN)(PN) or RuH2(PNNP) (PN and PNNP are the 

multidentate ligands coordinate via N and P atoms), respectively, and the ester reacted with 

the catalyst by a classical Noyori type bifunctional addition of H2 to form hemiacetal 

intermediate (Scheme 1-22).63, 64 A control experiment showed that a catalyst analog of 25 

with tertiary amine ligand (25-Me) did not provide any activity towards ester hydrogenations, 

which supported the bifunctional hypothesis. The authors implied that NH groups would be 

generated during the initiation of 26 under the hydrogenation conditions. This paper showed 

that Noyori type ruthenium catalysts with aminophosphine ligands can be used as ester 

hydrogenation catalysts with excellent activities. 

 

 

Scheme 1-22. Generalized mechanism for Firmenich's ester hydrogenation catalysts.63, 64 
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 Most catalysts for ester hydrogenations contain either the pincer type tridentate ligands 

or tetradentate ligands. The proposed mechanisms can be classified into two major types based 

on the proton source in the bifunctional addition: 1) the proton source is an acidic methylene 

group with an aromatization/dearomatization process, exemplified by Milstein’s catalyst 

whose mechanism is shown in Scheme 1-20; 2) the proton source is an NH group, exemplified 

by Firmenich’s catalysts. 

 Clarke and coworkers65 screened several ruthenium complexes as ester hydrogenation 

catalysts. The three most active catalysts had similar activities and are 27, 28 and 29, shown 

in Figure 1-2. The activity of these catalysts is modest compared to Firmenich’s catalysts. 

Almost quantitative conversion with a TON of ~200 was achieved with 0.5% catalyst loading 

for the hydrogenation of a variety of aliphatic and aromatic esters (25 mol% KOtBu, 50 C, 

50 bar H2, Me-THF, 16 h). 

 

 

Figure 1-2. Active ester hydrogenation catalysts developed by the Clarke group.65 

 

In a later report,66 27 was used to degrade poly(ethylene terephthalate) via ester 

hydrogenation. Up to 73% of the polymer was converted into diol (2 mol% 27, 80 mol%, 

KOtBu, 100 °C, 50 bar H2, THF/anisole, 48 h, Scheme 1-23). 

 

 

Scheme 1-23. Degeneration of polyesters using hydrogenation method.66 

  

Kuriyama and the coauthors from Takasago International Corporation synthesized a 

pincer Ru-PNP carbonyl complex (Ru-MACHO, 30, Scheme 1-24) for catalytic ester 
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hydrogenations.30 Up to a TON of 980 was achieved with 30 for the hydrogenation of benzoate 

esters (0.1 mol% 30, 10% NaOMe, 100 °C, 50 bar, MeOH, 16 h). The large-scale 

hydrogenation of the near optically pure substrate methyl (R)-lactate with 30 was demonstrated; 

1477 kg (R)-1,2-propanediol was produced from 2200 kg methyl (R)-lactate, and the optical 

purity was retained after the hydrogenation (Scheme 1-24). 

 

 

Scheme 1-24. The large-scale hydrogenation of methyl (R)-lactate with Ru-MACHO.30 

  

Milstein synthesized a series of Ru-PNN or Ru-PNP borohydride complexes that 

catalyzed the hydrogenation of aromatic and aliphatic esters under mild conditions (Scheme 

1-25).67 Up to a TON of 200 was obtained with the most active catalyst, 31, in 12 h. The 

advantage of introducing the borohydride moiety was that it initiates the catalyst precursor 

without base, forming the Ru-hydride complex directly. Dehydrogenative coupling of primary 

alcohols to esters and H2, the reverse reaction of an ester hydrogenation, also could be 

catalyzed by 31. 

 

 

Scheme 1-25. Ester hydrogenation with Milstein's Ru-PNN-borohydride complex.67 

  

Ikariya and coworkers reported a Ru catalyst bearing diamine ligands, (32, Scheme 1-

26).68 This catalyst hydrogenates a variety of lactones to the diol product with large amount of 

base, in almost quantitative conversions with TONs of 100. 
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Scheme 1-26. The hydrogenation of lactones reported by Ikariya et al.68 

  

N-heterocyclic carbenes (NHCs) are cyclic nitrogen-containing carbene ligands, which 

are stabilized by bulky substituents on the nitrogen atoms. They are considered to be phosphine 

mimics with stronger coordination to metals.69 Because of the stronger metal–ligand 

interaction, NHC complexes also generally are more stable towards oxidation by air than 

phosphine complexes.70, 71 Since 2010, several groups have employed NHCs to replace a 

phosphorus moiety in ester hydrogenation catalysts. 

 In 2010, Morris and coworkers reported a Ru–NHC complex (33, Figure 1-3) which 

catalyzed the hydrogenation of carbonyl compounds with good activity.72 Methyl benzoate 

was the only ester studied in this paper, and its hydrogenation was carried out under moderate 

conditions with a TON of 1170 and 78% conv. (0.07 mol% catalyst, 0.5 mol% KOtBu, 50 °C, 

25 bar H2, THF, 2 h). A later study expanded the substrate scope, and several aliphatic and 

aromatic esters as well as lactones were hydrogenated by 33 with TONs of 88–1480 and 6–

98% conv. (0.07 mol% 33, 0.5 mol% KOtBu, 50 °C, 25 bar H2, THF, 3–17 h).73  
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Figure 1-3. Some ester hydrogenation catalysts with NHC ligands or NHC ligand precursors. 

  

Milstein and co-workers synthesized a CNN pincer type catalyst with a bipyridine-NHC 

ligand (34, Scheme 1-27).74 With a catalytic amount of base (1 equiv. to Ru), 34 exhibited 

moderate activity in the hydrogenation of benzoate esters with TONs of 90–100 (1 mol% 34, 

1 mol% KOtBu, 135 °C, 5.4 bar H2, toluene, 2 h). A TON of 2880 was obtained in the 

hydrogenation of ethyl benzoate at elevated temperature and under 50 bar H2 (0.025 mol% 34, 

0.025% KOtBu, 110 °C, 50 bar H2, toluene, 12 h). Dearomatization was observed when 34 

was treated with potassium bis(trimethylsilyl)amide (KHMDS) (Scheme 1-27), indicating a 

similar active species in the catalytic cycle compared to the 21 (Scheme 1-19). 

 

 

Scheme 1-27. Dearomatization of 34 with KHMDS.74 
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 A Ru-CNN catalyst with a trialkylamine group, 35, was reported by the Song group.75 

The catalyst generally exhibited comparable activities to Milstein’s catalyst 34. The authors 

stressed the performance of this catalyst towards the hydrogenation of bulky esters. For 

example, the hydrogenation of tert-butyl acetate occurred with a TON of 92 under mild 

pressure (1 mol% 35, 8 mol% KOtBu, toluene, 5.2 bar H2, 105 °C, 2 h). In an NMR 

mechanistic study, the methylene group on the NHC side was more acidic, and it deprotonated 

first, along with the dearomatization of the pyridine moiety, when the 35 was treated with 

KHMDS, shown in Scheme 1-28. The resultant square pyramidal complex could split D2 to 

form a Ru-hydride-deuteride species even at -78 °C, and its hydride and methylene hydrogen 

on the both arms also were accessible to H–D exchange at rt. 

 

 

Scheme 1-28. Dearomatization of 35 and its H–D exchange with D2.75 
  

 Beller et al studied the activity of a series of Ru-carbene complexes76 formed by mixing 

[Ru(p-cymene)Cl2]2 and imidazolium carbene precursors in situ. The catalysts obtained from 

bidentate carbenes were more active than monodentate carbenes. A range of aliphatic and 

aromatic esters were converted to alcohols by the best carbene precursor 36 (Figure 1-3) with 

moderate TONs of 32–92 (1 mol% Ru, 30 mol% KOtBu, 1,4-dioxane, 50 bar H2, 100 °C, 6 h).  

 The Beller group also reported the first iridium catalyst for ester hydrogenations.77 The 

cationic pincer type iridium catalyst (37, Scheme 1-29) hydrogenated both aromatic and 

aliphatic esters and lactones with moderate activity. It was believed that 37 worked by a 

classical Noyori type bifunctional mechanism, with the NH moiety providing the proton in the 

catalytic cycle. 
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Scheme 1-29. Ester hydrogenation catalyzed by an Ir complex reported by Beller group.77 

  

The major parameters to evaluate an ester hydrogenation catalyst are the turnover 

number and the conditions. An industrially applicable homogeneous catalytic reaction usually 

requires >50000 TON for low-value products; in some cases a TON >1000 is sufficient for the 

manufacture of high-value products.78 Several remarkable catalysts that catalyze ester 

hydrogenation with TONs of tens of thousands were reported. 

 Gusev reported a series of Ru or Os catalysts in 2012.79 Remarkably, two dimeric 

catalysts, 38 and 39, were exceptionally active for the hydrogenation of esters under neutral 

conditions (Scheme 1-30). For example, with 0.025 mol% Os dimer catalyst 38, ethyl benzoate 

was hydrogenated almost fully to benzyl alcohol within 1.6 h (100 °C, 50 bar H2, THF) without 

any addition of base with a TON of 1980. The highest TON of 18000 (per Ru) was achieved 

with the Ru dimer 39 for the hydrogenation of methyl hexanoate (0.0025 mol% 39, 100 °C, 50 

bar H2, 17 h). The authors were uncertain about whether the catalysis operated by an outer-

sphere or an inner-sphere mechanism. Also, the reverse reaction, dehydrogenation of alcohols 

to esters catalyzed by these complexes was studied. Alkyl alcohols (C2–C7) were refluxed 

with 38 under neat conditions, giving ester products and releasing hydrogen gas. 

 

 

Scheme 1-30.  Ester hydrogenation catalyzed by Ru and Os dimerized complexes.79 
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 The Gusev group later found that highly active ester hydrogenation catalysts could be 

made by replacing the phosphorus ligands in the pincer Ru-PNP catalyst with sulfur.80 The 

resultant Ru-SNS catalysts (40, Scheme 1-31) presumably cost less than the Ru-PNP catalysts 

and had outstanding activity. Methyl benzoate was hydrogenated with a TON of 3800 and 95% 

conv. (0.025 mol% 40, 1 mol% KOtBu, 40 °C, 50 bar H2, THF, 6 h). The highest TON, 58400 

(73% conv.), was obtained for the hydrogenation of ethyl acetate under neat conditions 

(0.00125 mol% 40, 0.125 mol% NaOEt, 40 °C, 50 bar H2, 21 h). The dehydrogenation of 

alcohols also was catalyzed by 40. An interesting transformation was observed when 40 was 

treated with base and ethanol. The dichloride species 40 forms the alkoxide-monohydride Ru 

intermediate 41, which may have formed via the Ru-amide species. Complex 41 would be 

further transformed to the fac-dihydride species 42. Both 41 and 42 were isolated, and their 

structures were confirmed in the solid-state. It is believed that 42 is the active species for both 

the ester hydrogenations and the dehydrogenation of alcohols. 

 

 

Scheme 1-31. Sulphur containing catalyst for ester hydrogenation invented by Gusev et al and its transformation 

to active species.80 

  

A later study in the Gusev group focused on the selectivity towards carbonyl reduction 

during the hydrogenation of unsaturated esters bearing olefin groups. A novel Os catalyst (43, 

Scheme 1-32)81 exhibited excellent selectivity: 98% of the olefin group remained after the 
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hydrogenation of 10-undecenoate (0.01 mol% 43, 2 mol% NaOMe, 100 °C, 50 bar H2, neat, 5 

h). This catalyst showed excellent selectivity (96–100% towards unsaturated alcohol products) 

and good activity with a TON of 2000–9800 over a large scope of non-conjugated aliphatic 

unsaturated substrates (0.01–0.05 mol% 43, 1 mol% base, 100 °C, 50 bar H2, 2-PrOH or in 

neat, 2–24 h). However, the α,β-unsaturated ester substrates were still fully hydrogenated to 

saturated alcohols. 

 

 

Scheme 1-32. Hydrogenation of 10-undecenoate with excellent selectivity reported by Gusev et al.81 

 

 The active species of this system are believed to be the dihydride complexes 44 and 45 

(cis/trans mixture), shown in Scheme 1-33, which are obtained by treating 43 with NaOMe 

under H2 or lithium triethylborohydride. The activity of isolated active dihydride complexes 

was independent of the presence of base, indicating that the only function of base in this 

catalytic system was to initiate the catalyst precursor. 

 

 

Scheme 1-33. Os-based catalyst with excellent selectivity and its active dihydride species.81 
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The Ru analogue of this system also was studied by tuning the “Y” group in the pincer 

PNY ligands82 and with methyl undecenoate as the substrate. The catalyst precursor 46 had 

the highest activity and selectivity with a TON of 1680 and 84% conv. (96% selectivity 

towards unsaturated alcohol, 0.05 mol% 46, 1 mol% KOtBu, 100 °C, 50 bar H2, THF, 2.5 h). 

This system’s best activity was worse than that of the Os analogue 43 with a TON of 1900 

(98% selectivity, same conditions). The nature of the Y group profoundly influenced the 

catalyst performance. Catalysts made from more labile groups, such as 47 (less stable 6-

member ring) and 48 (weaker coordination through O), were less active or inactive in ester 

hydrogenations, leading to the conclusion that partial ligand dissociation likely was not 

involved in this catalytic system. The key proposed steps of the catalytic cycle based on the 

computational results are shown in Scheme 1-34. A rearrangement of the bifunctional adduct 

50 resulted in the Ru–ether complex intermediate 51. Cleavage of the C–O bond formed the 

Ru alkoxide 52 and released the aldehyde. This mechanism is in contrast with the formation 

of a Ru-amide and hemiacetal as predicted by the classic Noyori’s mechanism. It was proposed 

that 52 then undergoes Ru–O hydrogenolysis to generate MeOH and 49. Similar mechanisms 

also were presented in other reports regarding mechanism studies in the hydrogenation of 

esters.73, 83-85 

The Bergens group carried out a mechanistic investigation on the hydrogenation of esters 

with Noyori’s ketone hydrogenation catalyst, trans-Ru(H)2((R)-BINAP)((R,R)-DPEN) 

(BINAP = 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl, DPEN = 1,2-diphenyl-1,2-

ethylenediamine).86 As part of this investigation, they prepared Noyori’s catalyst in solution 

and for the first time, directly observed the bifunctional of an ester-type substrate. They found 

that the bifunctional addition of γ-butyrolactone occurs at a remarkable -80°C to form the 

corresponding Ru-hemiacetaloxide. This result demonstrates the high intrinsic reducing power 

of these catalysts towards esters.  Indeed, the acyclic ester, ethyl hexanoate underwent catalytic 

hydrogenation with this catalyst at -20 °C under 4 bar H2 (60 equiv. ester, 4 equiv. KHMDS, 

23% conversion after 4 h).  More details on this research are discussed in Chapter 3. 
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Scheme 1-34. A series of Ru catalysts studied by the Gusev group and the proposed catalytic cycle ester 

hydrogenations.82 

  

In 2014, Zhou reported a Ru-PNNN complex (53, Scheme 1-35) that catalyzes the 

hydrogenation of a variety of esters.87 A variety of lactones, aliphatic or aromatic esters and 

diesters were hydrogenated by 53 with conversions > 95% and TONs of 950–1940 (conditions 

as shown in Scheme 1-35). The highest TON of 91000 was obtained for the hydrogenation of 

γ-valerolactone (0.001 mol% 53, 10 mol% NaOMe, 25 °C, 101 bar, 2-PrOH, 48 h) and methyl 

benzoate (0.001 mol% 53, 10 mol% NaOMe, 25 °C, 101 bar, 2-PrOH, 64 h). The authors’ 

preliminary NMR study confirmed the formation of a trans dihydride species when mixing 53 

with 10 equiv. KOtBu under 51 bar H2 (THF, rt). The authors proposed a mechanism adapted 
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from Milstein’s aromatization–dearomatization catalytic cycle, with the dissociation of the 

NEt2 arm, as shown in Scheme 1-35. 

 

 

Scheme 1-35. Ester hydrogenation catalyst and its mechanism proposed by Zhou et al.87 

  

Milstein’s group modified their pincer type catalyst by introducing an NH moiety to the 

Ru complex center (54, Scheme 1-36).88 Compound 54 underwent a double-deprotonation to 

form 55 when it was treated with 2.5 equiv. KH, which provided two possible pathways for 
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the catalytic cycle: the classical Noyori-type bifunctional addition with the NH moiety to form 

57 and Milstein’s aromatization/dearomatization process, in which the transfer of the proton 

takes place on the benzyl methylene group to form 56. Ester hydrogenation experiments were 

performed in a wide scope of substrates, including aliphatic esters, aromatic esters, and 

lactones. The loading of 54 could be as low as 0.02 mol% to obtain a decent conversion of 93–

99%, with a TON of 4650–4950 (1–1.1 mol% KOtBu, 19–25 °C, 50 bar, THF, 24–72 h).  

 

Scheme 1-36. Ru Pincer catalyst which could be deprotonated in two pathways.88 

  

The Pidko group also replaced the phosphorus ligands with NHC groups in Ru ester 

hydrogenation catalysts.89 A cationic, dimeric Ru CNC catalyst with three chloro-bridges 

showed outstanding activity (58, Figure 1-4). Some representative aromatic, aliphatic esters 

and lactones were hydrogenated with this catalyst in quantitative yield with TONs of 2000–

15000. The highest TON of 79680 was achieved in the hydrogenation of ethyl hexanoate 
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(0.00125 mol% Ru in 58, 0.02 mol% KOtBu, 80 °C, 50 bar H2, THF, 30 h). In a preliminary 

mechanistic study, an anionic intermediate bearing a 1-ethoxyethanolate ligand (59) was 

observed in the hydrogenation process of ethyl acetate, indicating that the active species was 

a monomeric Ru CNC hydride complex. 

 

 

Figure 1-4. Pidko’s dimeric ester hydrogenation catalyst precursor and its monomeric species in the EtOAc 

hydrogenation process.89 

  

Zhang’s group introduced hydrazine-containing ligands to prepare Ru ester 

hydrogenation catalysts.90 The catalyst precursor was made by mixing the hydrazine-

containing ligand 60 (Scheme 1-37 a) with [RuCl2(p-cymene)]2 in dioxane, then precipitating 

by adding diethyl ether to afford the solid catalyst as a non-well defined mixture (61). A wide 

substrate scope was studied, including aliphatic/aromatic esters and lactones. Up to 17200 

turnovers (TO) and 86% conv. was obtained for the hydrogenation of methyl benzoate (0.005 

mol% 61, 5 mol% NaOEt, 50 bar, 80 °C, dioxane, 16 h). 

 

 

Scheme 1-37. (a) and (b) two catalytic systems reported by Zhang and coworkers.90, 66 
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Zhang’s group also reported the catalyst 62 (Scheme 1-37 b), which was exceptionally 

active towards ester hydrogenations.66 A range of aliphatic and aromatic esters were 

hydrogenated with TONs of 19800–80000 (0.0016–0.005 mol% 62, 2.5 mol% KOtBu, 51 bar, 

80 °C, THF, 5 h). The highest TON of 80000 with 80% yield was obtained for the 

hydrogenation of ethyl acetate (0.001 mol% 62, 2.5 mol% KOtBu, 51 bar, 80 °C, in neat, 30 

h). An outstanding TON of 49000 with 98% yield also was achieved in the hydrogenation of 

methyl benzoate (0.002 mol% 62, 2.5 mol% KOtBu, 51 bar, 80 °C, THF, 5 h). The author 

attributed this remarkable activity to the strong hydricity of the metal-hydrides when there are 

two phosphorus ligands, and on the improved acidity of the NH when the NH is next to a 

benzyl group. The proposed mechanism involved a bifunctional addition with a deprotonated 

NH in the presence of base, which was consistent with a study reported by Bergens et al.91  

 Chianese reported their pincer type Ru-CNN catalyst (63, Scheme 1-38) bearing an 

NHC group in 2016.28 The activity of this catalyst was only moderate: TONs of 120–980 were 

achieved when hydrogenating a variety of aromatic and aliphatic esters (0.1–0.8 mol% 63, 

0.6–4.8 mol% NaOtBu, 105 °C, 6 bar H2, toluene, 20 h). An interesting result showed that 63 

was much less active in the hydrogenation of methyl esters (A TON <10 was obtained in 

similar conditions) compared to ethyl, benzyl, or hexyl esters. A reasonable hypothesis was 

that the methanol byproduct was more poisoning than other primary alcohols. This speculation 

was investigated (Scheme 1-38): for the hydrogenation of methyl decanoate, adding benzyl 

alcohol increased the rate of production of 1-decanol, regardless of methanol formation by the 

transesterification. This experiment proved that benzyl esters were intrinsically more active 

than the methyl analog within this catalytic system. Later research92 showed that tuning the 

substitution on the NHC and the amine arm greatly influenced the activity of the catalyst. The 

best combination was shown as 64 in Scheme 1-38. A TON of 1960 was achieved in the 

hydrogenation of ethyl benzoate (0.05 mol% 64, 0.3 mol% NaOtBu, 105 °C, 6 bar, toluene, 

20 h). 
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Scheme 1-38. Catalytic systems for ester hydrogenation reported by the Chianese group.28, 92 

  

Instead of the commonly used alkoxide base, NaBH4 was employed to facilitate the ester 

hydrogenation by the Yang and Sun groups.93 A multitude of esters were hydrogenated using 

complex 65 (Scheme 1-39) as the catalyst, with 5–10 mol% NaBH4. The highest TON of 56000 

was obtained for the hydrogenation of methyl 4-trifluoromethyl benzoate (0.001 mol% 65, 10 

mol% NaBH4, 140 °C, 50 bar, THF, 30 h). The η1-BH4 complex 66 was isolated when 65 was 

treated with H2 and NaBH4. A computational mechanistic study illustrated that the trans- 

dihydride complex 67 was the active species, which was generated from 66 through a cis/trans 

rearrangement (Scheme 1-39). The Ru-amido complex 68 was generated after one bifunctional 

addition to esters. An alcohol molecule (MeOH) and NaBH4 would assist the regeneration of 

67 via the formation of the Ru-alkoxide complex 69. However, this catalytic cycle also 

indicated that NaBH4 was consumed to form an alkoxide base (NaOMe), which should result 

in similar conditions to the hydrogenations conducted with alkoxide base. 
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Scheme 1-39. NaBH4-facilitated ester hydrogenation reported by Yang’s and Sun’s groups.93 

  

The latest Ru-based ester hydrogenation was reported by the de Vries group, who 

invented another pincer type catalyst (70, Scheme 1-40) with a sulfur moiety on the ligand to 

replace the commonly used phosphorus moiety.94 An interesting feature was that 70 selectively 

hydrogenated the carbonyl group of α,β-unsaturated esters; 87–100% selectivity was obtained 

to give unsaturated alcohol products, with up to 99% conversions (Scheme 1-40). 
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Scheme 1-40. Ru-NNS catalyst reported by the de Vries group.94 

  

In summary, bifunctional catalysts made of 2nd or 3rd row transition metals (Ru, Ir, Os) 

are the most active catalysts for ester hydrogenations. Remarkable TONs of above 10000 have 

been reported by several research groups. Despite the use of noble metals, these catalysts are 

highly suitable for industrial applications.  

 

1.4.3 Hydrogenation of Esters with Non-precious Metal Catalysts 

In the perspective of “green chemistry”, abundant, inexpensive and environmentally benign 

metal catalysts are preferred to potentially toxic precious metal catalysts. Since 2014, many 

studies focused on replacing Ru with other metals, including Fe, Mn, and Co.  

 In 2014, Milstein applied a pincer PNP ligand to Fe, affording a catalyst for ester 

hydrogenations (71, Scheme 1-41).95 The highest TON of 1280 was reached for the 

hydrogenation of 2,2,2-trifluoroethyl trifluoroacetate using 1% KOtBu, at 40 °C, 10 bar H2 in 

1,4-dioxane in 90 h. Notably, this pioneering catalyst only worked with highly activated 

trifluoroacetates and was not active for difluoroacetates. The proposed mechanism involved 

an outer-sphere hydride transfer onto the carbonyl carbon, followed by the proton transfer via 

dearomatization to reduce esters to aldehydes, as shown in Scheme 1-41. 
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Scheme 1-41. Fe-based ester hydrogenation catalyst reported by Milstein and coworkers and its proposed 

catalytic cycle in the ester carbonyl reduction.95 

  

Almost the same time, Beller et al96 and Guan et al97 reported another PNP pincer type 

Fe catalyst (72, Scheme 1-42) for ester hydrogenation. The major progress of these studies 

compared to Milstein’s work was that the substrate scope was expanded to non-activated esters. 

TONs of above 80 (reported by Beller) were obtained with various substrates under base-free 

conditions (1 mol% 72, 100 or 120 °C, 30 bar, THF, 6 or 19 h). The Beller group later studied 

the effects of different alkyl substituents on the phosphine motif,98 showing that the catalyst 

with an ethyl group (73) gave the best activity. A TON of 100 can be achieved with various 

substrates under milder conditions (1 mol% 73, 60 or 100 °C, 30 bar, THF, 6 or 18 h) compared 

to the earlier study. 

 

 

Scheme 1-42. Iron-based ester hydrogenation catalysts reported by Beller et al, Guan et al, and Lefort et al. 
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Another unique iron catalyst (74), shown in Scheme 1-42, was reported by the Lefort 

group in 2016.99 This catalyst is the Fe-analog of the (cyclopentadienone)ruthenium carbonyl 

complexes for ketone hydrogenations, which was reported first by Shov in the 1980s.100-101 

This catalyst exhibited moderate activity with a TON up to 336 (0.25 mol% 74, 90 °C, 70 bar, 

toluene, 17 h) towards trifluoroacetates esters, with Me3NO as the initiator. The authors 

believed that the active catalyst was 75, obtained from 74 by the decarbonylation and the split 

of H2, which worked as a bifunctional catalyst, where the -OH group functioned as the acidic 

proton source like the NH moiety in Noyori-type catalysts. 

 A cobalt/triphos system was studied as an ester hydrogenation catalyst by Elsevier, 

Bruin, and coworkers.102 The catalyst was prepared in situ by mixing 1 equiv. Co(BF4)2·6H2O 

and 1 equiv. triphos (11). Remarkable activity with the selected carboxylic acids and modest 

hydrogenation activity with benzoate esters, aliphatic esters and lactones with a TON of 8–20 

(5 or 10 mol% Ru, 100 °C, 80 bar, toluene, 22 h) were observed. 

 Milstein then applied pincer type ligands to Co complexes.103 Three PNP or PNN 

cobalt precatalysts (Figure 1-5) were synthesized, and they were all active towards ester 

hydrogenation. The most active in the screening reactions was 76: A TON of 42 was obtained 

in the hydrogenation of cyclohexyl hexanoate in THF, (2 mol% 76, 4 mol% NaHBEt3 and 25 

mol% KOtBu, 50 bar, 130 °C). 

 

 
Figure 1-5. Co-based ester hydrogenation catalysts reported by Milstein et al.103 

 

Interestingly, since 76 was inactive towards the hydrogenation of methyl benzoate under 

similar conditions, this mechanism was proposed uniquely to be an enolate hydrogenation, 

made by deprotonation of the esters, as shown in Scheme 1-43.  
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Scheme 1-43. Proposed mechanism of Milstein's Co-based ester hydrogenation catalyst.103 

  

Another cobalt system for hydrogenation of esters was reported by the Jones group.104 

The Co-PNP pincer complex 77 (Scheme 1-44) was active towards the hydrogenation of a 

variety of aliphatic and aromatic esters without additives. Modest activity with 24–100% conv. 

and a TON of 12–50 was obtained in the hydrogenation of a variety of aromatic and aliphatic 

esters (2 mol% 77, 55 bar, 120 °C, 20 h, THF). Remarkable performance was achieved with 

the hydrogenation of γ-valerolactone, giving a TON of 3890 and 38.9% yield under neat 

conditions (0.01 mol% 77, 55 bar, 120 °C, 72 h). The derivative of 77 using an N-Me to replace 

the NH moiety, 78, showed very close activity in the hydrogenation of methyl benzoate and γ-

valerolactone. Based on this result, the authors believed that 77 adapted to a classic inner 

sphere mechanism, starting with the initiation under H2 by releasing tetramethylsilane to form 

the monohydride species 79. 
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Scheme 1-44. Co catalysts reported by the Jones group, and the proposed active species.104 

  

Beller reported their Co-PNP catalysts for ester hydrogenation in 2017.105 Four Co-PNP 

complexes were synthesized by tuning the substituents on the phosphorous atoms and the 

halide ligands. The most active catalyst was found to be 80 (Figure 1-6) in this report. This 

catalyst was mildly active with a TON up to 20 for the hydrogenation of aliphatic/aromatic 

esters and lactones (5 mol% catalyst, 20 mol% NaOMe, 120 °C, 50 bar H2, dioxane, 6–48 h). 

The -NMe version of this catalyst, 80-Me, was inactive, implying that the catalysis underwent 

an outer-sphere mechanism. However, the DFT calculations did not exclude the inner-sphere 

mechanism. 

 

 

Figure 1-6. Co catalysts reported by the Beller et al.105 

  

Researchers turned their focus on Mn-based ester hydrogenation catalysts in 2016 since 

manganese is the third most abundant transition metal in earth’s crust after iron and cobalt. 

The first Mn-catalyzed ester hydrogenation was reported by Beller.106 The catalyst was made 

by reacting a PNP tridentate ligand with Mn(CO)5Br. As shown in Scheme 1-45, the resulting 

complex is a mixture of a cis-dicarbonyl Mn complex with a Br- ligand (81) and a mer-

tricarbonyl Mn complex with a Br- counter ion (82). Both 81 and 82 could be isolated and had 
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identical activity towards the hydrogenation of methyl benzoate. In addition, 82 hydrogenates 

a large scope of esters, including aliphatic/aromatic esters and lactones with a TON up to 50. 

The key step of the proposed mechanism is a bifunctional addition of the ester to the H-Co-

NH in the active catalyst. 

 

 

Scheme 1-45. Mn ester hydrogenation catalysts reported by the Beller group.106 

  

Milstein et al reported their Mn-based catalyst with a pincer PNN ligand bearing an NH 

group for ester hydrogenations in 2017 (83, Scheme 1-46).107 The catalyst operated with a 

strong base cocatalyst. The best performance was obtained with 2 mol% KH. A wide scope of 

esters, including aromatic esters, aliphatic esters, and lactones, can be hydrogenated 

quantitively to alcohols with a TON of 100 (1 mol% 83, 2% KH, 20 bar, 100 °C, toluene, 21–

60 h). A preliminary study of the mechanism was carried out, confirming the formation of the 

Me-amido complex 84 when 83 was treated with base. Compound 84 is believed to be the 

active species in the catalytic cycle. The dearomatization was not observed with this catalyst, 

indicating that the operative mechanism was likely to be the outer-sphere process that involved 

the proton transfer with the NH moiety. 
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Scheme 1-46. Mn ester hydrogenation catalyst reported by Milstein et al. and its transformation with base.107 

  

Clarke and coworkers reported a Mn-tricarbonyl catalyst for ketone and ester 

hydrogenations with a PNN ligand in a cis configuration (85, Scheme 1-47).108 Above 82% 

conv. with a TON of 90–820 was achieved in the hydrogenation of a range of aromatic esters 

with 85 in 2-PrOH with KOtBu base (Scheme 1-47). 

 

 

Scheme 1-47. Mn catalyst reported by Clarke et al.108 

  

The first Mn catalyst with bidentate ligands for ester hydrogenation was reported by the 

Pidko group.109 Three Mn complexes were synthesized, and they were all able to hydrogenate 

methyl benzoate at a considerable rate in the screening studies. Compound 86 (Scheme 1-48) 

was the most active. A variety of aromatic and aliphatic esters can be converted to the 

corresponding alcohols with a large percent of base and a TON up to 495 (Scheme 1-48).  

 

 

Scheme 1-48. Non-pincer type Mn catalyst reported by the Pidko group.109 
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The catalyst also had good chemoselectivity towards carbonyls. Non-conjugated 

unsaturated esters were hydrogenated to unsaturated alcohols without reducing the olefin 

bonds. Kinetic experiments proved the great dependency on base of this catalyst. Product 

inhibition effect also was observed, consistent with previous studies on the ruthenium catalytic 

system. A plausible mechanism of the product inhibition is shown in Scheme 1-49.86 The 

amido metal complex is formed after bifunctional reduction of esters, which may either split 

the H2 to form the active dihydride species or react with the alcohol product to generate the 

inactive alkoxide species, which lower the concentration of the active catalysts in a 

hydrogenation. 

 

 
Scheme 1-49. A plausible mechanism of the product inhibition of ester hydrogenations.86 

  

In summary, the use of non-precious metal catalysts is a promising solution to the concerns 

regarding the cost and environmental impact of noble metal catalysts for ester hydrogenations. 

However, given that the ligands also contribute greatly to the cost and toxicity of a catalyst, 

the efficiency of non-precious metal catalysts likely needs to be improved before industrial 

implementation. 
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1.5 Immobilized Catalysts for the Hydrogenation/Transfer 

Hydrogenation of Carbonyl Compounds 

Despite the high efficiency of homogeneous catalysts, there are remaining concerns about their 

applications in industrial productions. First, many organometallic catalysts are made of 

expensive ligands and metals, but the recycling of these catalysts generally is unachievable. 

Second, transition-metal-based catalysts may contaminate the desired products, which is 

particularly unwanted in the pharmaceutical and other fine chemical industries, and the 

separation of the catalyst residuals leads to extra processes and costs. One approach to address 

those issues is to anchor the molecular homogeneous catalysts onto insoluble solid supports so 

that the catalysts can be removed from the reaction by simple filtration and, ideally, be reused 

to improve their overall efficiency.110-112 

 The support materials can be either inorganic materials,113, 114 such as silica, alumina, 

zeolites, clay, etc., or organic polymers.115, 116 The support materials should be inert and 

provide a high surface area to maximize the rate of mass transfer. Catalysts can be attached 

onto the supports via physical interactions (electrostatic, adsorption, hydrogen-bonding, etc.) 

or by covalently bonding to the supports. A great amount of research has been devoted to the 

immobilization of homogeneous organometallic catalysts. To focus on the topic of this 

dissertation, only polymer-supported catalysts for the hydrogenation/transfer hydrogenation of 

carbonyl compounds are discussed extensively in this chapter. For other immobilized catalytic 

systems, interested readers are directed to recent review papers.112, 117-121  

 The pioneering work on polymer-immobilized catalysts was reported by Grubbs in 

1971.122 As shown in Scheme 1-50, crosslinked polystyrene beads were functionalized with a 

diphenylphosphine group and then metallated with Wilkinson’s catalyst, RhCl(PPh3)3, to 

obtain the polymer-bound catalyst 87, which showed a loading of 0.13 mmol Rh/g beads (the 

characterization technique was not reported). Catalyst 87 was reused 10 times with only ±5% 

variation in activity in the hydrogenation of cyclohexene in benzene (1 bar H2). In this 

pioneering report, the detailed characterization of the metallated polymer, the catalyst loading 

in the hydrogenation, and the leaching of the catalyst were not reported; hydrogenation activity 

was obtained by the H2 consumption, but the details of this measurement were not specified.  
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Scheme 1-50. The polymer-based immobilized catalyst for olefin hydrogenations.122 

  

Noyori et al reported several series of homogeneous Ru catalysts with outstanding 

performance for the enantioselective hydrogenation/transfer hydrogenation of ketones in the 

late 20th century. The representative catalysts include Ru(Cl)2BINAP123, Ru(OAc)2BINAP124 

(BINAP = 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl), RuCl2(diphosphine)(diamine),125, 126 

and RuCl(η6-mesitylene)(TsDPEN).127, 128 These catalytic systems hydrogenate a massive 

variety of prochiral ketones and β-keto esters with excellent activity and selectivity; 

representative catalysts and reactions are shown in Scheme 1-51. These systems have been 

used widely in fine chemical industry129, and Noyori was awarded the Nobel Prize in 

Chemistry in 2001 for his contributions in asymmetrical catalysis. Following these 

breakthroughs, researchers began to study the immobilization of these systems on polymer 

supports. The most common strategy is to attach the diphosphine or diamine ligand covalently 

to the backbone of a polymer. 
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Scheme 1-51. Representative Ru catalysts for the asymmetrical hydrogenation/transfer hydrogenation of 

prochiral ketones.123-128 

  

The first attempt to immobilize a catalyst through a diphosphine ligand for ketone 

reductions was reported by Bayston and coworkers.130 Compound (R)-BINOL (88, Scheme 1-

52) was modified via Friedel–Crafts acylation, ketone hydrogenation over Pd/C, 

hydrogenolysis with methanesulfonic acid, and demethoxylation to incorporate a pendent ester 

group onto the naphthyl backbone (89). Conversion to the ditriflate, and then displacement by 

Ph2PH catalyzed by Ni formed the (R)-BINAP derivative, 90. Ligand 90 was grafted onto the 

polymer support by condensation between the ester and the aminomethylated polystyrene (91). 

The active catalyst 92 was prepared by metalation of 91 with [(COD)Ru(bis(2-methallyl))] 

and HBr in acetone. Catalyst 92 is an analog of the homogeneous [RuBr2(BINAP)] catalyst, 

which catalyzes the hydrogenation of β-keto esters with high ee,123 however, no detailed 

characterization of the catalyst was reported. The activity and reusability of 92 were evaluated 

with the hydrogenation of methyl acetoacetate to produce methyl (R)-3-hydroxybutyrate (2 

mol% 92, 10 bar, 70 °C, THF/MeOH, 18–36 h). Three runs were carried out with a simple 
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filtration between to isolate the product. The yield of each run was 99%, 99%, and 82%, 

respectively. The reaction time increased from 18 h to 24 h to 36 h, and the ee dropped from 

97% to 90%. The leaching of Ru in this catalysis was less than 1%.  

 

 
Scheme 1-52. Immobilized Ru-BINAP catalyst made by Bayston and coworkers and its hydrogenation.130 

  

Soon after, Noyori and coworkers prepared a RuCl2(BINAP)(DPEN) catalyst supported 

on polystyrene beads using 91.131 As shown in Scheme 1-53, 91 was metallated by reaction 

with [RuCl2(η
6-benzene)]2 in N,N-dimethylacetamide (DMA), followed by reaction with (R, 

R)-DPEN to afford 93, which was confirmed as a mixture of trans and cis isomers (7:1) using 

solid state 31P NMR. It possessed excellent activity and stability for the reusing hydrogenation 

of 1'-acetonaphthone: 99%–100% conversion with a TON of ~2500 / run was achieved within 

the first nine runs with excellent ee (97–98%), indicating that the modification on the ligand 
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did not affect the enantioselectivity of this catalyst (0.04 mol% 93, 2% KOtBu, 8 bar, 25 °C, 

2-PrOH/DMF, 20–36 h). DMF was used as a cosolvent to swell the polymer and maximize 

mass transfer. By the 10th run, the catalysts required a significantly longer reaction time (50–

86 h) to maintain the high conversions. The total TON was 33000 after 14 consecutive runs.  

 

 
Scheme 1-53. Polystyrene-supported RuCl2(BINAP)(DPEN) catalyst reported by Noyori et al.131 

  

 The diamine ligands also can be linked to polymers to immobilize these types of 

catalysts. Xiao’s group reported the first example of the immobilization of the DPEN ligand 

onto polymer supports. The TsDPEN derivative was also prepared.132-134 As shown in Scheme 

1-54, the researchers started from the di-BnO-substituted ligand 94 and the monotosylated 

derivative TsDPEN 95. After protecting the amine groups with Boc, 94 or 95 were converted 

to di-hydroxyl derivatives 96 or 97 by hydrogenolysis. Then, these were immobilized onto 

polyethylene glycol 2000 monomethyl ether mesylate (PEG-OMs) by the nucleophilic 

substitution of the mesylate. The immobilized DPEN 98 and the immobilized TsDPEN 99 

were obtained after removal of the Boc protecting group. 
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Scheme 1-54. The immobilization of DPEN onto PEG reported by Xiao et al.132-134 

  

The supported ligand 98 was metallated with [RuCl2(η
6-benzene)]2 and PhanePhos 

(PhanePhos = 4,12-bis(diphenylphospino)-[2,2]paracyclophane) to form the immobilized 

RuCl2(diphosphine)(diamine) precatalyst (100). The proposed structure of 100 is shown in 

Scheme 1-55, but no characterizations were reported. It was examined as a reusable catalyst 

for the hydrogenation of 1'-acetonaphthone to (S)-1-(1’-naphtyl)ethanol (0.1 mol% 100, 1.2% 

KOtBu, 9 bar, rt, 2-PrOH, 3 h, Scheme 1-55). Although 100 was soluble in the reaction media, 

it was precipitated between runs by addition of diethyl ether. Three consecutive reactions were 

carried out with conversions >96% and ee ~96%. The amount of Ru leached in the reaction 

was 2.7 ppm (~18% of total Ru loading, calculated based on the numbers in the paper). 
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Scheme 1-55. Reusable hydrogenation with immobilized catalyst 100.132 
 

 In other reports,133, 134 99 was metallated with [RuCl2(p-cymene)]2 to prepare the 

heterogeneous analog of the RuCl(TsDPEN) catalyst (as shown in Scheme 1-56). The resulting 

supported complex (101) catalyzed the enantioselective transfer hydrogenation of ketones in 

both HCOOH/Et3N azeotrope media and in aqueous solution. The best performance of reuse 

was recorded as 11 consecutive runs without significant loss in activity (conv. >95%) and 

selectivity (ee >91%) for the transfer hydrogenation of acetophenone to (R)-1-phenylethanol 

(1 mol% 101, 1000 mol% HCOONa in the first run, 100 mol% HCOOH in the following runs, 

40 °C, H2O, reaction times are missing). The catalyst was precipitated by adding water, and it 

was separated by extraction. Inductively coupled plasma mass spectrometry (ICP-MS) 

analysis confirmed that 0.4% Ru was leached out. The total TON was above 1300. It was 

comparable to the homogeneous RuCl(mesitylene)(TsDPEN) catalyst (structure see Scheme 

1-51), which reduces acetophenone with a TON of 990 in a single reaction (0.1 mol% catalyst, 

HCOOH/Et3N, 28 °C, 60 h). 
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Scheme 1-56. Reusable transfer hydrogenation reported by Xiao et al.133, 134 

  

Another strategy to immobilize diamine ligands onto polymers is to polymerize 

monomers bearing the diamine ligand. The first example was by Lemaire and coworkers,135 

who successfully introduced DPEN into a styrene-based monomer via a facile one-step 

sulfonation reaction, as shown in Scheme 1-57. The resultant monomer, 102, underwent 

radical copolymerization either with styrene to form the linear polymer 103 or with both 

styrene and divinylbenzene to produce the crosslinked network 104. The metalation reagent 

[Ir(COD)Cl]2 (COD = 1, 5-cyclooctadiene) was reacted with 103 to prepare the active catalyst 

(105), which was able to catalyze the transfer hydrogenation of acetophenone with 2-PrOH in 

two successive reactions with decreasing yields (96% to 18%) and ee (94% to 80%) 

(experimental details were not reported comprehensively in the manuscript).  
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Scheme 1-57. The synthesis of polystyrene-based TsDPEN reported by Lemaire et al.135 

  

Xiao’s group prepared 104136 by a method called solvothermal synthesis.137 The 

copolymerization was conducted at rt in DMF first, then heated at 100 °C for 24 h, resulting 

in a mesoporous morphology. After metalation with [RuCl2(p-cymene)]2, the resultant 

mesoporous self-supported catalyst, with a BET surface area of 481 m2/g, was able to catalyze 

the transfer hydrogenation of acetophenone from formate in good stability over 14 successive 

runs in aqueous media (conv. >94%, ee = 93~94%, 1 mol% Ru, 500% HCOONa, 40 °C, H2O, 

1.5 h). No detectable leaching of Ru was found in those heterogeneous reactions. This showed 

comparable activity to the homogeneous analogs in ketone transfer hydrogenations, for 

example, RuCl(mesitylene)(TsDPEN) (discussed above). 

 The Itsuno group conducted research with the same styrene-based TsDPEN monomer 

102 to prepare immobilized catalysts for transfer hydrogenation of ketones.138, 139 

Copolymerizing monomers with hydrophilic pendent groups and 102 to make the polymeric 
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catalysts allows them to swell better in water, facilitating the transfer hydrogenation of ketones 

in aqueous media. The best system was prepared by copolymerizing 102, divinylbenzene, and 

benzyltributylammonium p-vinylphenylsulfonate, resulting in a crosslinked polymer 106 

(Scheme 1-58). Metalation with [RuCl2(p-cymene)]2 afforded 107. The author stated that the 

NMR of 107 was different from that of 106, but no further analysis was given. The transfer 

hydrogenation of acetophenone was carried out five times using 107 in water without losses 

in activity or ee (1 mol% 107, 500% HCOONa, 40 °C, H2O, 3 h). Without introducing the 

anionic monomers, the polymer catalyst prepared via the same methodology showed much 

less activity (7% in 17 h) and lower enantioselectivity (80% ee) compared to that with 107, 

illustrating the importance of the hydrophilicity of the polymer in this catalysis. 

 

 

Scheme 1-58. Supported Ru-TsDPEN catalyst worked in aqueous media reported by the Itsuno group.138, 139 

  

Hou’s group copolymerized 102 with dimethyl aminopropyl acrylamide to afford 108, 

which was metallated to form 109 as a pH-responsive polymer catalyst (Scheme 1-59).140 The 

optimized ratio between 102 and dimethyl aminopropyl acrylamide was 1:1.2, and the 

characterization of 109 indicated that 74% of the ligand on the polymer was metallated by Ru. 

Compound 109 remained soluble in acidic aqueous media due to the protonation of the pendent 

tertiary amine but precipitated once the pH was raised above ~7. The transfer hydrogenation 

of ketones was carried out using HCOOH as the proton/hydride source. The pH of the reaction 

media increased with the consumption of HCOOH so that the dissolved polymer catalyst 

precipitated upon completion of the reaction. This reversible pH-responsive feature was 

utilized for the recycling of the catalyst. The transfer hydrogenation of acetophenone was 
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performed in eight consecutive runs with a consistent ee of 95% and with some loss in activity 

(100–87% conv.) (1 mol% 109, 400% HCOOH/HCOONa with initial pH = 3.64, 40 °C, H2O, 

reaction time was not specified). 

 

 
Scheme 1-59. pH-responsive supported catalyst reported by Hou et al.140 

  

As introduced above, there are two steps commonly employed for the immobilization of 

hydrogenation/transfer hydrogenation catalysts: 1) linking the ligand to the polymer support 

or polymerizing a ligand-containing monomer, and 2) metalation of the supported ligands. The 

characterization of the actual complexes formed after the metalation is not easy, and a number 

of studies131, 139-145 indicated that the heterogeneous metalation hardly proceeds to completion. 

An ideal alternate pathway is to prepare the complexes first, then link them onto monomers or 

polymers covalently.  

 The Bergens group demonstrated another strategy to immobilize a catalyst by preparing 

a catalyst monomer bearing strained alkyne groups and anchoring the catalyst onto polymers 

via ring opening metathesis polymerization (ROMP). ROMPs catalyzed by the family of 

Grubbs catalysts proceed in mild conditions without the need of any bases or radicals, 

providing a friendly environment for the hydrogenation catalyst to survive. The first example 

was a RuCl2(Norphos)(DPEN) catalyst used for the asymmetric hydrogenation of 1’-

acetonaphthone.146 The Ru compound RuCl2(Norphos)(Py)2 (110, Scheme 1-60) was prepared 

as the catalyst monomer for ROMP. The polymerization of 110 as the only monomer with 1st 

generation Grubbs catalyst (111) did not proceed since the metathesis catalyst center was 

severely crowded after the ring-opening of one 110 molecule blocking the next 110 from 
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interacting with the metathesis catalyst center. To facilitate the polymerization, cis-

cyclooctene (COE) was added as a spacer, providing a less crowded environment around the 

metathesis catalyst center. The resultant copolymer was crosslinked by the addition of 

dicyclopentadiene to afford 112, followed by the incorporation of (R,R)-DPEN to afford the 

active hydrogenation catalyst, which was deposited on a fine powder of BaSO4 to increase the 

surface area and to maximize the mass transport, resulting in the supported catalyst 113.  

 With the catalysis of 113, 1’-acetonaphthone was hydrogenated to (S)-1-(1’-

naphtyl)ethanol in good ee of 84.9 to 79.6% in 11 successive runs (0.2 mol% Ru in 113, 0.8% 

KOtBu, 4 bar, 22 °C, 2-PrOH, 2–15 h). Except for the first four exploratory runs with a shorter 

reaction time (2–14 h), quantitative conversion was achieved in the following 15-hour runs, 

until the conversion slightly decreased to 97% in Run 11. The catalytic rate of 113 was ~40% 

that of the homogeneous monomer 110 under the same conditions, showing that the 

heterogeneity did not slow down the mass transport significantly. The ee of the hydrogenation 

of 1’-acetonaphthone with 110 was only 48% (S). The drastic change in ee could be attributed 

to both the introduction of DPEN and the chiral environment change of opening the Norphos 

backbone. 
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Scheme 1-60. The supported RuCl2(Norphos)(DPEN) catalyst reported by the Bergens group.146 

  

Another supported catalyst system with better activity and selectivity was developed 

using a similar methodology.147 As shown in Scheme 1-61, (R)-5,5’-diamino-BINAP was 

condensed with cis-5-norbornene-2,3-endo-dicarboxylic anhydride to form the ROMP-active 

ligand 114, which reacted with trans-RuCl2(NBD)Py2, (115, NBD = 2,5-norbornadiene, Py = 

pyridine), to prepare the ROMP-active catalyst monomer 116. With 5 mol% 111, the 

copolymerization of 116 and COE proceeded smoothly, resulting in a self-crosslinked polymer 

117, in which the bis-pyridine ligands were replaced by (R,R)-DPEN. The deposition of the 

polymer on BaSO4 resulted in the immobilized RuCl2(BINAP)(DPEN) catalyst 118. 
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Scheme 1-61. Immobilized RuCl2(BINAP)(DPEN) reported by the Bergens group.147 
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 Although it took a few days to initiate 118 under the hydrogenation conditions (0.1 

mol% Ru in 118, 2% KOtBu, 10 bar, 40 °C, 2-PrOH, 19–73 h), the polymer network became 

swollen slowly in 2-PrOH, and 118 exhibited a highly reliable activity (100% conv.) and 

selectivity (ee = 94–96%) in the following 25 consecutive runs. The initial TOF of these 25 

runs was comparable to the TOF of the homogeneous RuCl2(BINAP)(DPEN) catalyst, 

showing that the mass transport was not hindered by the heterogeneity of 118. Eventually, the 

reaction was stopped mechanically as the catalyst powder was splashed onto the top of the 

reactor, indicating that 118 might not reach the best reusability in the reported experiments. 

The ICP-MS study of the representative runs confirmed that only a negligible amount of Ru 

had leached into the reaction (below 0.016% in each tested run). All these results illustrated 

that immobilizing organometallic catalysts via ROMP followed by the deposition of the 

polymer on inert supports is a highly promising methodology to prepare reusable catalysts. 

Immobilized catalytic systems with Rh were developed also in the Bergens group with similar 

strategies for catalytic intramolecular cycloisomerization148 and the isomerization of allylic 

alcohols149. 

1.6 Research Objectives 

Inspired by the previous achievements of immobilizing catalysts via ROMP, one of the 

research projects presented in this dissertation was to address the immobilization of a 

homogeneous ester hydrogenation catalyst. The polymer catalyst was made of a well-defined, 

ROMP-active Ru-(PNNP) catalyst monomer with the copolymerization of a newly designed 

crosslinker. No further metalation or ligand substitution was needed after preparing the 

polymer with the presence of a BaSO4 support. One point that diminishes the significance of 

immobilizing homogeneous catalysts is that most resultant heterogeneous catalysts eventually 

provide less TONs compared to a single reaction with their homogeneous analogs. We 

overcame this drawback of immobilized catalysts since our ester hydrogenation catalyst hit the 

highest TON ever reported in the literature. This project is introduced in Chapter 2. 

 Two other projects were derived from the project in Chapter 2. Firstly, the ROMP-

active Ru-PNNP catalyst was a chiral molecule. This catalyst and its derivatives were resolved 

successfully and tested for the asymmetrical hydrogenation/transfer hydrogenation of ketones, 
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as well as the asymmetrical hydrogenation of α-chiral esters, via dynamic kinetic resolution 

(DKR). Secondly, since the hydrogenation of esters generally requires a large amount of base 

to facilitate the reaction, we introduced a grafting strong base moiety into the polymer chain 

of our polymeric ester hydrogenation catalyst. We expected that this neighboring base would 

work as an intramolecular promoter to accelerate the hydrogenation reaction greatly without 

the addition of a large excess of base. The background information and the results of these two 

exploratory projects are summarized in Chapter 3. 

 I also worked on electrochemical catalysis with a project on Pt–Ni nanostructured 

catalysts for the electrochemical oxygen reduction of fuel cells. The core of the catalyst was 

made via the glancing angle deposition (GLAD) of Ni, and the shell was prepared through the 

counter electrode deposition of Pt. This part of the work is discussed in Chapter 4 

independently, with a brief introduction on the cathode catalysts of fuel cells as well as the 

GLAD technology.  
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Chapter 2 

A Reusable Polymer-based Ru Catalyst for the Hydrogenation 

of Esters11 

2.1 Introduction 

As discussed in Chapter 1, catalytic hydrogenation is an atom-economic alternative to the 

stoichiometric reduction of esters using main-group hydride reagents.92, 93 The first ester 

hydrogenation catalysts were heterogeneous copper chromite species31, 32, 150 that required 

harsh conditions (250–300 °C, 130–202 bar H2) and high catalyst loadings (~10 wt%).34 

Current heterogeneous20 ester hydrogenation catalyst systems are more active, and include Ru-

ZrO2,
151 Ru-Sn,42, 43 Ru-Ge,46 and Ag-Au47 bimetallic systems (typical conditions: 30–50 bar 

H2, 140–300 °C).47 The first homogenous catalysts were ruthenate complexes 1 and 2 that 

hydrogenated activated esters under moderately forcing conditions (10–100% conv., 0.6 mol% 

Ru, 90 °C, 6.2 bar, toluene, 4–20 h).49 The Milstein group reported a breakthrough in 2006 

with the ruthenium PNN pincer compound 21 that hydrogenated a number of esters with 

turnover numbers (TONs) ranging from 82–100 (5.3 bar H2, 1 mol% 21, 4–12 h, 115 °C).61 

Saudan et al reported shortly thereafter that ruthenium-based bifunctional catalysts 25 and 26  

hydrogenate a variety of esters with TONs as high as 9900 under practical conditions in the 

presence of base (0.01–0.05 mol% 25 or 26, 5 mol% NaOMe, 100 C, 50 bar H2, THF, 1–4 

h).62 Many ester hydrogenation catalysts have been developed since these discovery reports. 

The more active catalysts in the literature contain Ru28, 30, 34, 65, 72, 74, 76, 81, 94 or Os79 metal centers, 

the most active hydrogenate esters with TONs ranging between 49,000 and 91,000 (typical 

conditions: 0.001–0.002 mol% catalyst, 2–10 mol% alkoxide base, 25–80 °C, 50–101 bar).66, 

80, 87, 89 

 
The contents of this chapter have been copied and/or adapted from the following publication: Shuai Xu, Suneth 

Kalapugama, Loorthuraja Rasu, Steven H. Bergens, ACS Omega, 2019, 4, 12212-12221. 
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 Milstein and co-workers reported the first iron-based catalyst 71 for ester 

hydrogenations in 2014.95 This catalyst hydrogenated 2,2,2-trifluoroethyl trifluoroacetate with 

TONs up to 1280 (0.05 mol% 71, 1 mol% KOtBu, 40 °C, 10 bar H2, 1,4-dioxane, 90 h). Several 

groups have since then developed with earth-abundant metal centres including Co,102, 103, 105 

Fe,95-98 and Mn.106-109 These systems are highly promising, with TONs ranging from the tens 

to a few hundreds (30–50 bar H2, 70–120 °C). Jones et al recently reported 3890 turnovers for 

the hydrogenation of the lactone γ-valerolactone with a cobalt catalyst 77 (0.01 mol% 77, 55 

bar, 120 °C, 72 h, neat).104 

Another strategy to lower the cost and toxicity of homogeneous catalysts is to 

immobilize them by covalent bonding to polymers and dedrimers.112, 152-176 There are a number 

reports describing polymerized Ru catalysts for the hydrogenations and transfer 

hydrogenations of ketones.130, 136, 177 For example,136 a mesoporous, polystyrene-based, self-

supported catalyst 104 that catalyzed the transfer hydrogenation of acetophenone over 14 runs 

(total ~1300 TON) without significant loss in activity or enantioselectivity (ee = 93~94%, 1 

mol% Ru in 104, 500% HCOONa, 40 °C, H2O, 1.5 h/run). Our group previously reported a 

highly reusable Ru-BINAP catalyst-polymer framework 118 that was crosslinked with the Ru-

BINAP monomer.147 The solid catalyst operated continuously over 25 runs (1000 TON/run) 

for the enantioselective hydrogenation of 1-acetonaphthone (0.1 mol% Ru in 118, 2 mol% 

KOtBu, 40 C, 10 bar H2 pressure, 2-PrOH, 21 h) without loss in activity (100% yield) or 

enantioselectivity (95% ee). The leaching of this catalyst in any representative run analyzed 

by ICP-MS was <0.016% of the total Ru loading. The reaction stopped after 34 runs because 

the solid catalyst accumulated on the roof of the bomb. Several alt-ROMP Rh148, 149 and Ru146 

polymeric systems have been reported by our group. 

To the best of our knowledge, there is only one report on polymer-based catalysts for 

the hydrogenation of esters. Kamer and coworkers178 immobilized tridentate PNN ligands on 

Merrifield resin (crosslinked polystyrene bearing -CH2Cl group) and then metallated them with 

Ru (Scheme 2-1), which was moderately active in the hydrogenation of esters. The first three 

runs leveled around a TON of 75 when reused in the hydrogenation of methyl benzoate (0.9 

mol% Ru, 10 mol% KOtBu, 40 °C, 50 bar, THF, 2 h), and the fourth run dropped to a TON of 

50, resulting in a total TON of 285.  
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Scheme 2-1. Ru-PNN catalyst immobilized on Merrifield resin for ester hydrogenation reported by Kamer et 

al.178 

  

 Ruthenium complexes with tetradentate PNNP ligands are active catalysts for a variety 

of enantioselective reactions, including hydrogenations and transfer hydrogenations of 

ketones,179 epoxidations of olefins,180 Diels–Alder reactions,181 and cyclopropanations.182 

Saudan et al reported that the 26 is active for ester hydrogenations (0.05 mol% 26, 5 mol% 

NaOMe, 100 C, 50 bar H2, THF, 1 h, TON = 1980).62 Although 26 does not contain N-H 

groups, it is quite reasonable to expect that the imine groups are reduced to the corresponding 

amines during the initial stages of the hydrogenation.62, 183 We now report a facile synthesis of 

a ROMP-active Ru-PNNP analogue of 26, its polymerization by alt-ROMP, and its 

performance as a reusable catalyst for ester hydrogenations 

2.2 Results and Discussion 

 

2.2.1 The Synthesis of the Supported Catalyst 

As shown in Scheme 2-2, we prepared a ROMP-active analog of 26 by condensing the known 

diamine, trans-5-norbornene-endo-2,3-diamine (119)184, with 2 equiv. 2-

diphenylphosphinobenzaldehyde to give the norbornene-containing PNNP tetradentate ligand 

N,N’-bis({(2-diphenylphosphino)phenyl}methylidene)bicyclo[2.2.1]hept-5-ene-2,3-diamine 

(120). Reaction between 120 and trans-RuCl2(NBD)Py2 (115)185 gave the trans-dichloride 121 

in 53% yield after purification. Figure 2-1 shows the solid-state structure of 121 as determined 

by X-ray diffraction. The solid-state structure confirms the trans-configuration of the chlorides, 

as is similar to the reported structures for these types of compounds. 62, 179, 183 
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Scheme 2-2. Syntheses of 120 and 121. 

 

 

Figure 2-1. Perspective view of 121.  Non-hydrogen atoms are represented by Gaussian ellipsoids at the 30% 

probability level. Hydrogen atoms are shown with arbitrarily small thermal parameters, except for aromatic-group 

hydrogens, which are not shown. 

 

We found that ROMP polymerization of 121 with RuCl2(=CHPh)(PCy3)2 (111) as 

catalyst was very slow (5 mol% 111, 40 °C, CH2Cl2), presumably because there was too much 

crowding between adjacent monomers in the polymer. Instead, we employed alt-ROMP to 
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polymerize 121.146, 147 Briefly, alt-ROMP occurs between a crowded, strained monomer and 

an uncrowded, unstrained monomer. The more reactive, strained monomer reacts with the 

metathesis catalyst, but does not polymerize because the resulting ruthenium-alkylidene is too 

crowded. Instead, the akylidene reacts with the less crowded monomer, typically cis-

cyclooctene (COE) to generate a new, uncrowded alkylidene. This uncrowded alkylidene then 

reacts with the crowded, strained monomer, and so on.146, 147 We found that 4 equiv. of COE 

smoothly underwent alt-ROMP with 121 employing 1 mol% of 111 as catalyst (40 °C, 20 h, 

CD2Cl2).  Figure 2-2 shows the structures and NMR spectra of 121 and the resulting linear 

polymer 122. The signals for the bridging methylene and olefin groups in 121, as well as those 

for the olefin group in COE were absent in the 1H NMR spectrum of the polymer. The 31P 

NMR spectrum of the polymer contained major and minor broadened peaks, shifted ~2 ppm 

from those of 121. We believe the slight shift resulted from ring opening during alt-ROMP, 

and the major and minor species arise from the trans- and cis- olefin geometries in the polymer.  

 

 

Figure 2-2. Alt-ROMP polymerization of 121 and COE; the NMR spectra of 121 and the linear polymer 122. 
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Attempts to immobilize the polymeric catalyst (122) by depositing it as film on BaSO4, 

as we did previously with the highly crosslinked 5,5'-bis(norimido)BINAP-Ru polymer 

framework,147 were met with mixed results. Specifically, we evaluated 122/BaSO4 with the 

hydrogenation of methyl benzoate in THF (0.1 mol% Ru in 122, 10 mol% KOtBu, 40 °C, 50 

bar, THF, 4 h, Eq. 2-1). 

 

THF is often the solvent in which homogeneous ester hydrogenations operate with the highest 

rates and yields.66, 80, 89 Although the first run reached 95% conversion (950 TON), the filtrate 

was deeply coloured, and the conversion of the 2nd run was significantly lower (65%). Not 

surprisingly, the solubility of the linear polymer 122 limited its isolation and reuse by filtration.  

We expect that it is difficult to prevent polymers from dissolving under continuous 

stirring at 80°C in THF at 21 h per run.  We therefore prepared the crosslinking agent 123 in 

one step by condensation of two equiv. of cis-5-norbornene-endo-2,3-dicarboxylic anhydride 

(Scheme 2-2) with ethylenediamine in acetic acid. The ROMP polymerization of 123 catalyzed 

by 111 was sluggish in CH2Cl2 at 40 °C. Presumably, the crowding around the olefin in the 

endo-norbornimide groups hindered the polymerization. The crosslinker 123 did, however, 

undergo alt-ROMP with 121 and COE. The optimized ratio of 121:123:COE:111 was 

1:2:8:0.02. A 2:1 ratio of 121:123 was employed to form a highly crosslinked polymer to 

minimize dissolution in hot THF. This mixture underwent complete polymerization after 48 h 

in CD2Cl2 at 40 °C. NMR spectra recorded while the alt-ROMP was underway showed that 

the olefin groups in 121 and 123 polymerized at comparable rates. Specifically, 21% of 121, 

9% of the norimido groups in 123, and 5% of COE had polymerized after 1.5 h. The 

corresponding conversions were 89%, 61% and 21% after 20 h. Both 121 and 123 were almost 

fully consumed after 48 h, with ~20% COE remaining in solution. The comparable rates for 

polymerization of 121 and 123 indicates that the resulting polymer more resembles an 

alternating copolymer rather than alternating blocks of 121 or 123. Further, it is highly 

improbable that the crosslinked product is a linear, ladder polymer. It is more likely a three-

dimensional framework crosslinked by 123, and spaced by COE + 121. The 1H NMR spectrum 

of the framework contained highly broadened peaks, and did not contain signals from the 
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olefin- or bridging methylene groups arising from unreacted monomers. The peaks for 121 in 

the 31P NMR spectrum of the polymer (Figure 2-3) were broadened and shifted up field by 

~2.1 ppm from those of the unreacted monomer. After ~40 h reaction, the entire reaction 

mixture had converted into a uniform, static gel that could not be dissolved in CD2Cl2. This 

gel shrank to a compact, brittle piece of insoluble plastic upon evaporation of the solvent. 

In previous reports,146, 147 we utilized an inert, high surface area material such as BaSO4, 

to support the polymerized catalysts. The functions of the support were to improve mass 

transport, to engender mechanical stability for long-term batch reactions with stirring, and to 

act as a filtration aid. The crosslinked polymer gel 121/123/COE could not be diluted or 

dissolved after it formed, and so could not be deposited onto the BaSO4 by simple solvent 

evaporation. Instead, we carried out the alt-ROMP of 121, 123, COE, and 111 directly in the 

presence of BaSO4. Specifically, a solution of 121, 123, COE, and 111 was mixed with solid 

BaSO4, with the reaction solution just covering the BaSO4. The polymerization was allowed 

to proceed for 66 h heating at 40 °C. The resulting catalyst-polymer framework on BaSO4 (124, 

Scheme 2-3) was ground with a mortar and pestle, washed with CH2Cl2, and dried under 

vacuum. An NMR study confirmed that ~7% of the Ru leached into the wash, presumably as 

lower molecular weight oligomers.  
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Scheme 2-3. The preparation of the crosslinked polymeric catalyst 124 dispersed on BaSO4. 

 

 
Figure 2-3. 31P NMR spectra recorded during polymerization of 121, 123 and COE with 2 mol% 111 (40°C in 

CD2Cl2). Spectrum of (a) initial; (b) 1.5 h; (c) 20 h; (d) 48 h. 
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2.2.2 The Reusing Hydrogenation with the Supported Catalyst 

We hydrogenated methyl benzoate with loadings of 40000 equiv. per run to evaluate 124 

(0.0025 mol% Ru in 124, 10 mol% KOtBu, 80 °C, 50 bar, THF, 21 h, Eq. 2-2). These 

conditions are in line with those utilized for high TON ester hydrogenations in the literature.23-

26 The product mixtures contained methyl benzoate, benzyl alcohol, and the transesterification 

product benzyl benzoate. The TON of the first run was 32960, corresponding to 82% 

conversion. The isolated yield after filtration was 30340 TON using an internal standard. Based 

upon the pressure drop, the hydrogenation was very rapid in the beginning, completing  ~15000 

turnovers (TO) during the first 1 h, ~20000 after 3 h, and ~33 000 after 21 h. Similar initial 

burst activity were reported for homogeneous ester hydrogenations.86, 89, 109, 152 We found that 

a control homogeneous hydrogenation of methyl benzoate with the monomeric catalyst 121 

(methyl benzoate : KOtBu : 121 =  25000 : 2500 : 1, 90 °C, 50 bar) proceeded with a similar 

burst followed by a slowdown (~14000 TO after 1h, ~16000 after 2h, ~17000 after 3h). 

Although the structure of 121 is modified by the ring opening polymerization, the similarity in 

turnover frequencies between 121 and the polymer indicates that mass transport does not 

significantly limit the rate of the polymerized catalyst. Presumably, the combination of the 

open framework structure of the polymer, the BaSO4 support, and the 80–90 °C THF solvent 

minimized mass transport effects. We suggest this strategy be incorporated into future 

polymeric catalyst designs.  

 

Adding more hydrogen and substrate after the homogeneous hydrogenation had no 

effect on the rate after the reaction had slowed. Thus, the slowdown is either due to product 

inhibition, a decrease in basicity of the medium as the hydrogenation proceeds, or catalyst 

decomposition. In contrast, the polymeric catalyst was easily reused after filtration, and the 

2nd run proceeded with 29720 TO, and a similar initial burst in activity. Although some loss 

in activity occurred between the first and second runs, catalyst decomposition cannot explain 

the decrease in rate after the burst during the homogenous and heterogeneous hydrogenations. 

 In our prior mechanistic studies,86, 186 we directly observed that alcohols inhibit ketone 

and ester hydrogenations by forming Ru-alkoxides, especially in the absence of base. We 
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expect that this inhibition is stronger for ester hydrogenations for two reasons. The first is that 

esters are intrinsically less reactive than ketones. The second is that the hydrogenation of a 

ketone forms one equiv. of a secondary alcohol, whereas the hydrogenation of a methyl ester 

forms 2 equiv. of primary alcohols. Primary Ru-alkoxides are more stable than secondary 

alkoxides because of steric crowding.187 We therefore expect that the build up two equiv. of 

primary alcohols partially explains the decrease in rate over the course of these ester 

hydrogenations.  

In other research, we reported two direct observations that may explain how the excess 

base increases the rates of these ester hydrogenations. The first is that base removes alkoxide 

ligands from these types of Ru compounds by an elimination reaction involving deprotonation 

of an N-H group.86, 186, 187 We therefore expect that one role of the excess base in these ester 

hydrogenations is to minimize the inhibition by the 2 equiv. of primary alcohol products 

through this elimination reaction. In another study, we showed that the reducing power of these 

catalysts is dramatically increased by deprotonation of an N-H group. For example, we 

observed that the deprotonated version of Noyori's prototypal dihydride catalyst, 

(BINAP)Ru(H)2(NH(-)CH(Ph)CH(Ph)NH2), reduces imines on mixing at -80 °C in THF.91 We 

propose that the combination of these two processes partially explain the need for excess base 

during active ester hydrogenations. As well, the basicity of these ester hydrogenations 

decreases as the medium changes from pure aprotic (THF + ester) to a protic medium as the 

two equiv. of alcohol products form. This decrease in basicity would limit the alkoxide 

elimination, and the catalyst activation the deprotonation of the N-H groups.  We propose that 

the combination of primary alcohol product inhibition, and the decrease in reaction medium's 

basicity all contribute to the drop in rate after the initial burst in these ester hydrogenations. 

We suggest that the design of high turnover number ester hydrogenation catalysts in the future 

incorporate methods to minimize these types of inhibition.  

Figure 2-4 plots TON versus run. The TONs of the first two runs were similar. The 

catalyst remained active in the subsequent runs, but gradually slowed. Run 5 proceeded with 

14760 TO, with a total over the 5 runs = 121680, the highest TON reported for the 

hydrogenation of an ester with a molecular catalyst.66, 79, 87, 89 
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Figure 2-4. Turnovers per run, and total TON over five hydrogenations of methyl benzoate (0.0025 mol% Ru in 

124, 10 mol% KOtBu, 80 °C, 50 bar, THF, 21 h). 

 

The amounts of Ru leached during Runs 1 to 4 were 5.6%, 3.8%, 1.4%, 1.1% of the 

total catalyst loading, as determined by ICP-MS. These results show that although leaching 

was reduced by the crosslinked polymer, it was not eliminated. These results demonstrated the 

heterogeneity of the catalyst. Specifically, if the activity resulted from dissolved Ru complexes 

leached into solution, Run 4 occurred with an impossibly high ~2 million TON. The Ru 

leaching can be attributed to either/both dissolution of lower molecular weight oligomers over 

21 h stirring in 80 °C THF per run, and/or some sort of active site decomposition. Further 

studies are required to study the mechanism of decomposition. Regardless, the total loss in Ru 

leaching was only 11.9%, much less than the 55% drop in activity between Run 1 and Run 5. 

We speculate that the gradual drop in activity over the 5 runs was due mainly to some sort of 

decomposition of the catalyst that did not release Ru out of the polymer framework. This long-

term decomposition was either innate to the catalyst under these conditions, or it was caused 

by trace amounts of systematic impurities. 
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2.3 Conclusions 

In summary, the majority of the reported immobilized molecular catalysts eventually resulted 

in less total TON compared to the homogeneous analogs in a single reaction. This fact 

minimizes the significance of heterogenizing those catalysts for real industrial production. We 

devised a convenient synthesis of a defined, dispersed Ru-PNNP crosslinked catalyst polymer 

framework utilizing alt-ROMP. The highest reported total TON for the hydrogenation of an 

ester was obtained by reusing the catalyst. The catalyst had similar activity to a homogeneous 

analog, indicating mass transport did not limit the activity. The study of this system provided 

insights into the mechanism of catalyst deactivation, how to minimize mass transport 

limitations, and guidelines for future catalyst design.  

2.4 Experimental Details 

 

2.4.1 General Information  

Unless stated otherwise, all the synthetic experiments were carried out under an inert 

atmosphere (N2 or Ar), using Schlenk techniques and a glovebox. High pressure 

hydrogenations were carried out in a high-pressure Parr 4750 reactor with an extra coned 

pressure fitting for adding and filtering reaction mixtures.  

The gases N2 (4.8), Ar (4.8), H2 (5.0) were supplied by Praxair. Deuterated solvents 

were purchased from Sigma Aldrich and Cambridge Isotope Laboratories. All common 

solvents were used as received or distilled over proper drying agents under N2 when it was 

necessary: CH2Cl2, CHCl3 and hexanes were distilled over CaH2; methanol was distilled over 

Mg/I2; EtOH was dried over 3Ǻ molecular sieves and distilled over CaO; THF was purified 

by distillation over Na/benzophenone. Triethylamine, pyridine, ethylenediamine, and 

piperidine were distilled over CaH2. Norbornadiene and cis-cyclooctene were purified by 

simple fraction distillation. Methyl benzoate was obtained from Sigma Aldrich and fractionally 

distilled over CaH2 prior to hydrogenation. 

The following chemicals were obtained from suppliers and used without further 

purification: trans-3,6-endomethylene-1,2,3,6-tetrahydrophthaloyl chloride, cis-5-

norbornene-endo-2,3-dicarboxylic anhydride, and 2-diphenylphosphinobenzaldehyde were 
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obtained from Sigma Aldrich; NaN3 was obtained from Fisher Scientific Company; NaBH4 

were obtained from BDH Chemicals. 1st generation Grubbs catalyst was obtained from Strem 

Chemicals. BaSO4 (white reflectance standard) was obtained from Eastman Chemical Co., Inc., 

washed with distilled CH2Cl2, dried under vacuum, and stored under nitrogen before use. 

1H, 13C{1H}, and 31P{1H} NMR spectra were recorded with either a Varian Inova 500 

MHz spectrometer, an Agilent/Varian 400 MHz spectrometer, or an Agilent VNMRS 700 

MHz spectrometer. 1H and 13C Chemical shifts were recorded relative to TMS using the signals 

from the residual protons in the deuterated solvent as the internal standard. 31P chemical shifts 

were reported relative to an H3PO4 external standard. Elemental analysis was carried out with 

a Flash 2000 Organic Elemental Analyzer made by Thermo Fisher. ICP-MS was carried out 

with a Perkin Elmer’s Elan 6000 ICP-MS.  

 

2.4.2 Catalyst Synthesis 

 

trans-2,3-diaminonorborn-5-ene dihydrochloride (racemate) (119). 

 

The whole experiment was carried out in apparatus open to air, following a modified literature 

procedure.180 Solvents were used as received. The explosive diazide intermediate was not 

isolated (Eq. 2-2). 

To an Erlenmeyer flask containing trans-3,6-endomethylene-1,2,3,6-

tetrahydrophthaloyl chloride (3.085 g, 14.1 mmol), 7.5 mL acetone was added, followed by a 

solution of NaN3 (2.747 g, 42.2 mmol) in deionized water (7.5 mL). The mixture was stirred 

for 1 h at rt. The aqueous solution was extracted with toluene (3 × 25 mL). The combined 

organic solution was washed with saturated NaHCO3 (30 mL) and brine (30 mL), dried over 

Na2SO4, and filtered into a round-bottom flask. The solution was refluxed for 2 h, cooled down 

before adding 8 M HCl (120 mL), and reheated to reflux for 4 h. Over this period, the color of 

the solution slowly turned light purple. After the solution was cooled down to room 

temperature, the aqueous layer was separated and washed with diethyl ether (2 × 50 mL). After 
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removing the water under vacuum, the resultant brownish solid was washed with THF (2 × 20 

mL), then dried under vacuum, and 1.811 g product was obtained with a yield of 65%.  

1H NMR (498.119 MHz, D2O, 27 °C): δ 1.87–1.93 (2H, AB pattern, m, bridging CH2), 

3.16 (1H, m, CH), 3.21 (1H, m, CH), 3.29 (1H, m, CH), 3.88 (1H, m, CH), 6.34 (1H, m, CH, 

olefin), 6.53 (1H, m, CH, olefin). 

13C{1H} NMR (125.266 MHz, CDCl3, 27 °C): δ 45.0 (CH2), 45.1 (CH), 46.7 (CH), 

55.6 (CH), 56.0 (CH), 134.1 (CH), 138.7 (CH). 

Elemental Analysis calculated: C, 42.66; H, 7.16; N, 14.21. Found: C, 41.09; H, 6.91; 

N, 13.80. 

 

N,N’-bis({(2-diphenylphosphino)phenyl}methylidene)bicyclo[2.2.1]hept-5-ene-2,3-

diamine (racemate) (120). 

 

This synthesis was carried out under N2, and all the liquid solvent/reagent were purified and 

degassed by purging N2. The reaction was monitored by 1H and 31P{1H} NMR and adjusted to 

make sure that the actual ratio of amine group with aldehyde is 1 to 1. The final weight of the 

diamine was ~15% “in excess” as the actual moles were lower than the calculated value, 

assuming the diamine was pure; this was probably because the compound was hygroscopic. 

Compound 119 (248.6 mg, 1.26 mmol assuming no water uptake) was weighed into a 

Schlenk tube along with 3Ǻ molecular sieves (565.6 mg, activated). The tube was degassed, 

then triethylamine (700 μL) and EtOH (5 mL) were added. 2-diphenylphosphinobenzaldehyde 

(731.6 mg, 2.52 mmol) was dissolved in EtOH (12 mL) under gentle heating and transferred 

to the Schlenk tube. The reaction was stirred for 16 h at rt, then an aliquot was taken for 1H 

and 31P{1H} NMR to check the percentage of any unreacted starting materials. The aldehyde 

was 16% in excess, so another 39.6 mg diamine was added to the reaction. After another 24-h 

stirring, the reaction mixture was filtered through Celite, then pumped under vacuum to dry. 
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Dichloromethane (~10 mL) was added to dissolve the compound, and the resultant solution 

was washed with water three times, then dried over Na2SO4. After filtration and drying under 

high vacuum, 641 mg product was obtained with a yield of 76%.  

1H NMR (699.763 MHz, CD2Cl2, 27 °C): δ 1.43 (1H, m, bridging CH), 1.94 (1H, m, 

bridging CH), 2.38 (1H, m, CH next to olefin), 2.64 (1H, m, CH next to olefin), 2.76 (1H, m, 

CH next to imine), 3.35 (1H, m, CH next to imine), 6.04 (1H, dd, J=5.64 Hz, 2.82 Hz, olefin 

proton), 6.08 (1H, dd, J=5.64 Hz, 3.07 Hz, olefin proton), 6.82–7.79 (28H, aromatic), 8.43 

(1H, d, J=3.71 Hz, imine), 8.61 (1H, d, J=4.10 Hz, imine) 

13C{1H} NMR (175.972 MHz, CD2Cl2, 27 °C): δ 45.9 (CH2), 49.4 (CH), 51.7 (CH), 

78.7 (CH), 79.0 (CH), 129.4–137.5 (multiple aromatic CH), 137.7–140.1 (multiple aromatic 

C), 158.8–159.3 (multiple CH). 

31P{1H} NMR (161.839 MHz, CD2Cl2, 27 °C): δ -11.6 (1P, s), -10.4 (1P, s) 

Elemental Analysis calculated: C, 80.82; H, 5.73; N, 4.19. Found: C, 79.01; H, 5.72; 

N, 4.18. 

 

Dichloro{N,N'-bis({(2-diphenylphosphino)phenyl}methylidene)bicyclo[2.2.1]-hept-5-

ene-2,3-diamine}ruthenium (racemate) (121). 

 

The complexation reaction (Eq. 2-5) was carried out by mixing 120 (387.0 mg, 0.58 mmol) 

and RuCl2(NBD)(Py)2, 115185 (243.1 mg, 0.58 mmol) in chloroform (15 mL, distilled) under 

N2. The reaction mixture was heated at 60 °C for 4 days, after which the solution was pumped 

under high vacuum to dryness. The resultant dark red solid was purified by a column of neutral 

Al2O3 (30 cm3 in bulk volume) with dichloromethane. The orange band on the column was 

collected and dried under vacuum, and 257 mg of red powdery compound was obtained after 

recrystallization using dichloromethane/hexane with a yield of 53%. Crystals for X-ray 
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crystallography were obtained by slowly adding hexane on the top of a solution of the product 

in DCM in an NMR tube and letting the tube sit for a few days. 

1H NMR (699.763 MHz, CD2Cl2, 27 °C): δ 2.28–2.31 (2H, AB pattern, m, bridging 

CH2), 3.31 (1H, m, CH next to olefin), 3.34 (1H, m, CH next to olefin), 4.93 (1H, m, CH next 

to imine), 5.54 (1H, m, CH next to imine), 6.45 (1H, m, CH, olefin), 6.66 (1H, m, CH, olefin), 

6.68–7.69 (28H, aromatic), 8.52 (1H, d, CH, J= 9.22 Hz, imine), 8.66 (1H, d, J= 9.34 Hz, CH, 

imine). 

13C{1H} NMR (175.972 MHz, CD2Cl2, 27 °C): δ 38.2 (CH), 42.7 (CH), 48.9 (CH2), 

78.5 (CH), 79.2 (CH), 127.3–127.7 (multiple aromatic peaks), 129.0–130.1 (multiple aromatic 

peaks), 131.1–132.1 (multiple aromatic peaks), 134.0–134.1 (multiple aromatic peaks), 135.3–

137.0 (multiple aromatic peaks), 141.1 (CH), 158.3 (CH), 158.9 (CH). 

31P{1H} NMR (161.839 MHz, CD2Cl2, 27 °C): AB pattern, δ 51.6 (1P, d, Jpp= 27.5 Hz), 51.3 

(1P, d, Jpp= 27.5 Hz). 

Elemental Analysis calculated: C, 64.29; H, 4.56; N, 3.33. Found: C, 64.17; H, 4.77; 

N, 3.31. 

 

1,2-N-di(cis-5-norbornene-2,3-endo-dicarboximido)-ethane (123). 

 

As shown in Eq. 2-6, cis-5-Norbornene-endo-2,3-dicarboxylic anhydride (2171.8 mg, 13.2 

mmol), ethylenediamine (396.9 mg, 6.6 mmol), and acetic acid (32 mL, distilled) were 

refluxed at 125 °C for 4 h under N2. The solution was poured into 250 mL water, and the 

product was extracted into DCM (2 × 150 mL). The combined DCM solution was washed with 

saturated NaHCO3 (3 × 200 mL) and water (200 mL), dried over Na2SO4, and 2.54 g crude 

product was recovered after filtration and rotary evaporation. The crude product was 
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recrystallized in boiling EtOAc (290 mL), and 1.52 g crystalline product was obtained with a 

yield of 65%. 

1H NMR (498.118 MHz, CDCl3, 27 °C): δ 1.52 (2H, m, bridging CH), 1.71 (2H, m, 

bridging CH), 3.23 (4H, m, α CH to carbonyl), 3.34 (4H, m, CH next to olefin), 3.47 (4H, s, 

CH2), 6.06 (4H, m, olefin CH). 

13C{1H} NMR (125.266 MHz, CDCl3, 27 °C): δ 36.4 (CH2), 44.7 (CH), 45.9 (CH), 

52.3 (CH2), 134.4 (CH), 177.6 (C=O). 

Elemental Analysis calculated: C, 68.17; H, 5.72; N, 7.95. Found: C, 68.16; H, 5.79; 

N, 7.93. 

 

Alt-ROMP polymerization of 121 and COE to 122, NMR study. 

Catalyst monomer 121 (10.0 mg, 0.012 mmol, 1 equiv.), COE (6.0 μL, 0.046 mmol, 4 equiv.) 

and 111 (0.1 mg, 0.0001 mmol, 0.01 equiv.) were mixed in CD2Cl2 (0.8 mL) in an NMR tube. 

The NMR was taken after 20 h of heating at 40 °C. 

 

Supported alt-ROMP polymer 122 

Compound 121 (21.3 mg, 0.025 mmol, 1 equiv.), COE (13.2 μL, 0.100 mmol, 4 equiv.) and 

111 (0.2 mg, 0.00024 mmol, in standard solution) were mixed in 0.8 mL CD2Cl2. The 

polymerization was completed after 48 h at 40 °C. The resulting polymer was diluted to 2 mL 

with DCM, then transferred to a slurry of BaSO4 (3.76 g) in DCM (20 mL). The slurry was 

stirred for 30 min, then slowly pumped under high vacuum to remove the solvent, resulting a 

pink powder. The powder was washed with MeOH three times, then dried under high vacuum. 

The MeOH wash was collected and analyzed using 1H NMR with 1,3,5- trimethoxybenzene 

as internal standard, indicating 53% of COE and 14% of Ru moiety dissolved in the MeOH. 

We suspect that these are lower molecular weight oligomers. The resulting supported catalyst 

had a loading of 0.0058 mmol Ru / g BaSO4. 

 

Hydrogenation with supported linear polymer catalyst (2 runs). 

The hydrogenation was carried out in a customized high-pressure reactor. For the first run, 

1.88 g methyl benzoate (1.35 mL, 1000 equiv.) was added to the reactor through a cannula, 

followed by supported catalyst (0.0107 mol Ru in 122, 1 equiv., slurry in THF) and KOtBu 

(120 mg, 100 equiv., THF solution) through a cannula, with 12 mL THF in total. The reactor 
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was sealed and pressurized. After 4 h at 50 bar H2 under 40 °C, the reaction was stopped and 

filtered through a cannula filter under H2. The next run was set up by adding methyl benzoate 

(1.35 mL, 1000 equiv.) and KOtBu (120 mg, 100 equiv.) in THF (12 mL) and the 

hydrogenation was carried out under the same conditions.  

 The filtrate from each run was pumped to dryness with a rotovap. Water (15 mL) was 

added to the mixture, then the mixture was extracted with diethyl ether twice. The ether layer 

was dried over Na2SO4 and the ether was removed with a rotovap. The conversions were 

determined by the ratio between each compound in the 1H NMR spectra. 

 

Polymerization study in an NMR tube. 

Compound 121 (11.0 mg, 0.013 mmol, 1 equiv.), compound 123 (8.8 mg, 0.025 mmol, 2 

equiv.), and 1st Generation Grubbs catalyst solution (0.22 mg 111, 0.00026 mmol, 0.02 equiv., 

quantified with a standard solution in CD2Cl2) were placed in three separate NMR tubes under 

N2. They were transferred into the same NMR tube after dissolving the solids in CD2Cl2; the 

total volume after mixing was 0.7 mL. cis-Cyclooctene (11.3 mg, 0.103 mol, 8 equiv.) was 

added to the NMR tube, an NMR of the reaction solution was recorded immediately. The tube 

was placed in a 40 °C oil bath, and NMR spectra were recorded after 1.5 h, 20 h, and 48 h. The 

reaction solution slowly turned into a gel in ~ 40 h, which could not flow anymore, as shown 

in Figure 2-5. However, the solution NMR spectra were still available with the gel. 

 

Figure 2-5. A representative picture of an NMR tube containing the polymerized catalyst gel that does not flow 

with shaking. 

 



 

77 
 

Polymerization with the presence of BaSO4 to make the immobilized catalyst 124. 

The experiment was carried out under N2. A polymerization solution was prepared first as 

describe above. It contained the following chemicals: 121 (21.2 mg, 0.025 mmol, 1 equiv.), 

123 (17.7 mg, 0.049 mmol, 2 equiv.), 111 solution (0.4 mg 111, 0.00049 mmol, 0.02 equiv., 

quantified with a standard solution in CD2Cl2), COE (22.2 mg, 0.201mol, 8 equiv.), and 1.3 

mL CD2Cl2. An NMR spectrum was taken to confirm the ratio between each compound. 90% 

of this solution was transferred into a screwcap Schlenk tube with 4.0133 g BaSO4 inside and 

10% was left in the NMR tube as an indicator of the reaction process. Both the Schlenk tube 

and the NMR tube were placed in a 40 °C oil bath. The 10% solution in the NMR tube became 

a gel within 40 h. The reaction in the Schlenk tube was stopped after 66 h to make sure that 

the reaction had ended as it could not be monitored directly. The CD2Cl2 was removed under 

high vacuum, then the solid was ground with a mortar/pestle in the glovebox. Big chunks were 

broken into powder and the powder was ground as fine as possible. The resultant powder was 

washed with distilled DCM (3 × 20 mL), and 3.827 g supported catalyst was recovered after 

drying (some could not be recovered from the mortar). A picture of the powdery supported 

catalyst is shown in Figure 2-6. The wash was collected, and the DCM was removed under 

high vacuum. The residual was dissolved in CDCl3 with 1,3,5-trimethoxybenzene and 

triphenylphosphine as internal standards. 31P NMR spectra confirmed that 0.0015 mmol Ru 

complex leached out into the wash, corresponding to 6.6% of the total Ru initially in the 

Schlenk tube. The loading of the result supported catalyst was calculated as follows: 

[90% × 0.025 mmol × (3.827 g / 4.013 g) – 0.0015mmol] / 3.827 g = 0.0053 mmol Ru / g 

BaSO4. 
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Figure 2-6. BaSO4 supported ester hydrogenation catalyst, 124. 

 

2.4.3 Catalytic Hydrogenation with Reusing the Catalyst 

The whole process was carried out under Ar or H2, and all the transfers were carried out using 

a cannula. The reaction was carried out in a high-pressure reactor with an extra pressure fitting 

where addition and filtration could be conducted. The reactor was assembled with a glass liner 

and a stir bar, then purged with Ar. The reactor was pressurized to 50 bar with H2, evacuated, 

and purged with Ar again. Using Schlenk techniques, the supported catalyst 124 (0.2833 g, 

0.0015 mmol Ru) was transferred with methyl benzoate (8.08 g, 7.48 mL, 59.4 mmol) as a 

slurry to the reactor under Ar, followed by KOtBu (665.4 mg, 5.9 mmol) solution in THF (16 

mL). The reactor was sealed and pressurized gradually to 50 bar, and the valve on the reactor 

was closed to isolate it from the H2 tank. The oil bath placed underneath it was set to 80 °C, 

and the stir rate was 600 rpm. (Note that the reactor would be re-pressurized if the pressure 

dropped below 40 bar as the reaction proceeded.) After 21 h, the reactor was cooled to rt, and 

the pressure was slowly released. The reaction mixture was filtered through a cannula filter 

into a pre-weighed flask under H2 atmosphere, and once bubbles appeared from the cannula 

tip, the filtration was stopped. To set up the next run, methyl benzoate (8.08 g, 7.48 mL, 59.4 

mmol) was added to the reactor immediately after the filtration, followed by KOtBu (665.4 

mg, 5.9 mmol) solution in THF (16 mL). The reactor was pressurized and heated, as described 
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above, and the whole process was repeated for multiple runs. The collected filtrate was 

weighed with the flask, and the NMR of a weighed aliquot of the filtrate was taken in CDCl3 

with 1,3,5-trimethoxybenzene as the internal standard to calculate the conversion and yield. 

The details of each hydrogenation run are listed in Table 2-1. 

A white solid was found in the bomb on completion of the reaction. After the last run 

(Run 5), the reaction mixture was cannulated into a side-arm flask under N2, and a filtration 

was carried out to isolate the product. The remaining solid was washed with dry ether, and the 

organic compounds in the wash were combined with the filtrate of Run 5. Next, the solid was 

pumped to dry under high vacuum, and 0.714 g white powder was isolated. Its NMR confirmed 

the solid to be potassium benzoate with the remaining catalyst/BaSO4 powder (0.283 g BaSO4 

would remain theoretically), without anything else visible in the NMR. 
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Table 2-1. Data of the reusing hydrogenation of methyl benzoate. (S:C:B = 40000:1:4000(KOtBu), 80 °C, 50 

bar, THF, 21 h) 

 Total 

compound 

recoverya 

Compound distributionb Conv. 

(%)c 

TONd Isolated 

TONe 

Methyl 

benzoate 

Benzyl 

benzoate 

Benzyl 

alcohol 

Run 1 36820 (92%) 0.139 0.037 0.788 82.4 32960 30340 

Run 2 39180 (98%) 0.209 0.048 0.695 74.3 29720 29110 

Run 3 42850 (107%) 0.374 0.060 0.506 56.7 22680 24300 

Run 4 40550 (101%) 0.391 0.069 0.470 53.9 21560 21860 

Run 5 41030 (102%) 0.593 0.038 0.332 36.9 14760 15140 

Total 200430f NA NA NA NA 121680 

(60.8%) 

120750 

(60.2%) 

a Total compound recovery = (methyl benzoate + benzyl benzoate × 2 + benzyl alcohol) recovered by filtration, reported as the molar ratio to 

the catalyst loading, and % to 40000 equiv. starting material. Determined by 1H NMR with 1,3,5-trimethoxybenzene as an internal standard. 
b molar ratio, (methyl benzoate + benzyl benzoate × 2 + benzyl alcohol) = 1,  
c Conv., determined based on the integrated ratio between each compound in the 1H NMR spectrum. Benzyl benzoate was considered as being 

formed from 1 starting ester + 1 alcohol product. 
d TON = 40000 × conversion. 
e Isolated TON = Isolated (benzyl alcohol + benzyl benzoate) / catalyst loading. 
f The isolated potassium benzoate after Run 5 (~2000 equiv. to the catalyst loading) was not included. 

 

2.4.4 ICP-MS to Determine the Leaching of the Catalyst in Heterogeneous 

Runs 

A modified procedure was carried out based on the procedure of a previous study147 in the 

same group. The procedure is described here using Run 1 as an example. 

The filtrate of Run 1 was diluted using purified MeOH to a total weight of 29.3412 g. 

An aliquot (1.2274 g) was taken into a porcelain crucible, the crucible was placed on a hot 

plate, mild heating was applied to evaporate all the volatile solvents (THF and MeOH), then 

the temperature was increased slowly to evaporate the organic compounds. A white solid 

mixture with black stains remained in the crucible. The crucible with lid was placed on an open 

flame to destroy all the organics. Next, a few drops of trace-metal H2SO4 were added, and the 

sample was charred on an open flame again, until no more fumes evolved. (this process might 

take 1–2 h.) The residual was filled with saturated K2S2O8 and left sitting for 20 h. The solution 

was transferred quantitively into a 25 mL volumetric flask, the flask was filled to the mark 

with 1 M trace-metal HNO3, and a sample of this solution was submitted for ICP-MS. The Ru 

content was 0.0141 ppm for the sample of Run 1, which corresponded to 5.6% Ru leached out 

in Run 1. 
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2.4.5 NMR spectra of newly synthesized compounds: 

trans-2,3-diaminonorborn-5-ene dihydrochloride (racemate) (119) 

 

Figure 2-7. 1H NMR spectrum of 119 in D2O. 

 

Figure 2-8. 13C{1H} NMR spectrum of 119 in D2O. 
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N,N’-bis({(2-diphenylphosphino)phenyl}methylidene)bicyclo[2.2.1]hept-5-ene-2,3-

diamine (racemate) (120) 

 

Figure 2-9. 1H NMR spectrum 120 in CD2Cl2. 

 

 

Figure 2-10. 13C{1H} NMR spectrum of 120 in CD2Cl2. 
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Figure 2-11. 31P{1H} NMR spectrum of 120 in CD2Cl2. 
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Dichloro{N,N’-bis({(2-diphenylphosphino)phenyl}pmethylidene)bicyclo[2.2.1]-hept-5-

ene-2,3-diamine}Ruthenium (racemate) (121) 

 

Figure 2-12. 1H NMR spectrum of 121 in CD2Cl2. Some hexane could not be removed with high vaccum. 

 

 

Figure 2-13. 13C{1H} NMR spectrum of 121 in CD2Cl2. Some hexane could not be removed with high vaccum. 
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Figure 2-14. 31P{1H} NMR spectrum of 121 in CD2Cl2. 
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1,2-N-di(cis-5-norbornene-2,3-endo-dicarboximido)-ethane (123) 

 

Figure 2-15. 1H NMR spectrum of 123 in CDCl3. 

 

 

Figure 2-16. 13C{1H} NMR spectrum of 123 in CDCl3. 
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Copolymerization of 121 (1 equiv.), 123 (2 equiv.), COE (8 equiv.) with 111 (0.02 equiv.) 

in CD2Cl2, at 40 °C: 

 

Figure 2-17. 1H NMR spectra of the polymerization of 121, COE, 123, with 2 mol% 111, From the bottom to the 

top: spectra recorded at initial, 1.5 h, 20 h, 48 h. 

 

 
Figure 2-18. 31P NMR spectra of polymerization of 121, COE, 123, with 2 mol% 111, From the bottom to the 

top: spectra recorded at initial, 1.5 h, 20 h, 48 h. 
 

1.5 h, 40 °C 

initial 

48 h, 40 °C 

20 h, 40 °C 

1.5 h, 40 °C 

initial 

48 h, 40 °C 

20 h, 40 °C 
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2.4.6 Crystallographic Details of 121 (co-crystallized with 1 equiv. CH2Cl2) 

Formula: C46H40Cl4N2P2Ru (C45H38Cl2N2P2Ru•CH2Cl2) 

Crystallographic Experimental Details 

A.  Crystal Data 

formula C46H40Cl4N2P2Ru 

formula weight 925.61 

crystal dimensions (mm) 0.31  0.25  0.06 

crystal system monoclinic 

space group P21/n (an alternate setting of P21/c [No. 14]) 

unit cell parametersa 

 a (Å) 13.2651 (2) 

 b (Å) 15.0117 (3) 

 c (Å) 21.2637 (4) 

  (deg) 105.3702 (6) 

 V (Å3) 4082.80 (13) 

 Z 4 

calcd (g cm-3) 1.506 

µ (mm-1) 6.537 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 

radiation ( [Å]) Cu K (1.54178) (microfocus source) 

temperature (°C) –100 

scan type  and  scans (1.0) (5 s exposures) 

data collection 2 limit (deg) 147.91 

total data collected 28679 (-16  h  16, -18  k  18, -26  l  26) 

independent reflections 8268 (Rint = 0.0256) 

number of observed reflections (NO) 7967 [Fo
2  2(Fo

2)] 

structure solution method Patterson/structure expansion (DIRDIF–2008c) 

refinement method                                       full-matrix least-squares on F2 (SHELXL–2014d) 

absorption correction method Gaussian integration (face-indexed) 
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range of transmission factors 0.7486–0.3333 

data/restraints/parameters 8268 / 0 / 541 

goodness-of-fit (S)e [all data] 1.039 

final R indicesf 

 R1 [Fo
2  2(Fo

2)] 0.0215 

 wR2 [all data] 0.0555 

largest difference peak and hole 0.556 and –0.520 e Å-3 

 

aObtained from least-squares refinement of 9937 reflections with 7.30° < 2 < 147.42°. 

bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker. 

cBeurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M.; Garcia-Granda, S.; Gould, 

R. O. (2008).  The DIRDIF-2008 program system. Crystallography Laboratory, Radboud 

University Nijmegen, The Netherlands. 

dSheldrick, G. M.  Acta Crystallogr. 2015, C71, 3–8. 

eS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = 

[2(Fo
2) + (0.0260P)2 + 2.3876P]-1 where P = [Max(Fo

2, 0) + 2Fc
2]/3). 

fR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 
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Table 2-2. Selected Interatomic Distances (Å) of 121. 

Atom1 Atom2 Distance Atom1 Atom2 Distance 

Ru Cl1 2.4122(4) 

Ru Cl2 2.4199(4) 

Ru P1 2.2755(4) 

Ru P2 2.2856(4) 

Ru N1 2.1391(14) 

Ru N2 2.1382(13) 

P1 C12 1.8477(17) 

P1 C31 1.8320(16) 

P1 C41 1.8330(16) 

P2 C22 1.8490(16) 

P2 C51 1.8368(16) 

P2 C61 1.8438(16) 

N1 C1 1.466(2) 

N1 C10 1.268(2) 

N2 C2 1.4658(19) 

N2 C20 1.273(2) 

C1 C2 1.550(2) 

C1 C6A 1.534(9) 

C1 C6B 1.625(8) 

C2 C3A 1.621(14) 

C2 C3B 1.484(16) 

C3A C4A 1.504(16) 

C3A C7A 1.555(18) 

C4A C5A 1.318(6) 

C5A C6A 1.526(8) 

C6A C7A 1.553(10) 

C3B C4B 1.51(2) 

C3B C7B 1.563(17) 

C4B C5B 1.322(6) 

C5B C6B 1.512(7) 

C6B C7B 1.526(10) 

C10 C11 1.469(3) 

C11 C12 1.413(2) 

C11 C16 1.398(3) 

C12 C13 1.395(3) 

C13 C14 1.393(3) 

C14 C15 1.377(3) 

C15 C16 1.384(3) 

C20 C21 1.470(2) 

C21 C22 1.409(2) 

C21 C26 1.403(2) 

C22 C23 1.400(2) 

C23 C24 1.387(2) 

C24 C25 1.383(3) 

C25 C26 1.385(3) 

C31 C32 1.397(2) 

C31 C36 1.391(2) 

C32 C33 1.391(2) 

C33 C34 1.386(3) 

C34 C35 1.382(3) 

C35 C36 1.393(3) 

C41 C42 1.396(2) 

C41 C46 1.393(2) 

C42 C43 1.390(3) 

C43 C44 1.383(3) 

C44 C45 1.387(3) 

C45 C46 1.391(2) 

C51 C52 1.400(2) 

C51 C56 1.399(2) 

C52 C53 1.394(2) 

C53 C54 1.383(3) 

C54 C55 1.387(3) 

C55 C56 1.389(2) 

C61 C62 1.396(2) 

C61 C66 1.391(2) 

C62 C63 1.392(2) 

C63 C64 1.379(3) 

C64 C65 1.385(3) 

C65 C66 1.394(2)
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Table 2-3. Selected Interatomic Angles (°) of 121. 

Atom1 Atom2 Atom3 Angle 

Cl1 Ru Cl2       171.228(13) 

Cl1 Ru P1 95.613(14) 

Cl1 Ru P2 87.437(14) 

Cl1 Ru N1 88.40(4) 

Cl1 Ru N2 85.79(4) 

Cl2 Ru P1 86.591(14) 

Cl2 Ru P2        100.419(13) 

Cl2 Ru N1 83.25(4) 

Cl2 Ru N2 90.54(4) 

P1 Ru P2        102.241(14) 

P1 Ru N1 86.62(4) 

P1 Ru N2 169.61(4) 

P2 Ru N1 170.53(4) 

P2 Ru N2 88.09(4) 

N1 Ru N2 83.12(5) 

Ru P1 C12 110.03(6) 

Ru P1 C31 118.80(5) 

Ru P1 C41 120.62(5) 

C12 P1 C31 102.26(7) 

C12 P1 C41 101.46(8) 

C31 P1 C41 100.93(7) 

Ru P2 C22 112.95(5) 

Ru P2 C51 116.19(5) 

Ru P2 C61 121.80(5) 

C22 P2 C51 100.97(7) 

C22 P2 C61 96.40(7) 

C51 P2 C61 104.99(7) 

Ru N1 C1 103.23(10) 

Ru N1 C10 134.45(13) 

C1 N1 C10 121.67(15) 

Ru N2 C2 102.96(9) 

Ru N2 C20 135.98(11) 

C2 N2 C20 120.46(14) 

N1 C1 C2 104.34(13) 

N1 C1 C6A 134.6(3) 

N1 C1 C6B 120.4(3) 

C2 C1 C6A 103.1(4) 

C2 C1 C6B 100.3(3) 

N2 C2 C1 105.14(12) 

 

Atom1 Atom2 Atom3 Angle 

N2 C2 C3A 124.1(6) 

N2 C2 C3B 132.0(7) 

C1 C2 C3A 102.9(6) 

C1 C2 C3B 102.2(6) 

C2 C3A C4A 96.3(10) 

C2 C3A C7A 102.0(8) 

C4A C3A C7A 99.8(9) 

C3A C4A C5A 108.9(7) 

C4A C5A C6A 108.5(5) 

C1 C6A C5A 105.6(5) 

C1 C6A C7A 100.3(5) 

C5A C6A C7A 99.2(7) 

C3A C7A C6A 94.9(9) 

C2 C3B C4B 110.2(10) 

C2 C3B C7B 99.8(10) 

C4B C3B C7B 99.4(10) 

C3B C4B C5B 108.0(8) 

C4B C5B C6B 107.3(6) 

C1 C6B C5B 94.7(4) 

C1 C6B C7B 104.8(5) 

C5B C6B C7B 100.1(6) 

C3B C7B C6B 92.9(7) 

N1 C10 C11 126.32(15) 

C10 C11 C12 125.44(16) 

C10 C11 C16 115.01(17) 

C12 C11 C16 119.36(18) 

P1 C12 C11 121.89(14) 

P1 C12 C13 120.31(14) 

C11 C12 C13 117.80(16) 

C12 C13 C14 121.87(19) 

C13 C14 C15 120.0(2) 

C14 C15 C16 119.21(18) 

C11 C16 C15 121.7(2) 

N2 C20 C21 126.28(14) 

C20 C21 C22 126.20(14) 

C20 C21 C26 114.55(15) 

C22 C21 C26 119.18(15)  

P2 C22 C21 124.55(12) 

P2 C22 C23 117.04(12) 

(continued)
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Atom1 Atom2 Atom3 Angle 

C21 C22 C23 118.11(14) 

C22 C23 C24 122.15(16) 

C23 C24 C25 119.38(16) 

C24 C25 C26 119.84(16) 

C21 C26 C25 121.31(16) 

P1 C31 C32 117.22(12) 

P1 C31 C36 123.58(14) 

C32 C31 C36 119.09(15) 

C31 C32 C33 120.47(16) 

C32 C33 C34 119.93(19) 

C33 C34 C35 119.93(17) 

C34 C35 C36 120.41(17) 

C31 C36 C35 120.14(18) 

P1 C41 C42 122.23(13) 

P1 C41 C46 118.63(12) 

C42 C41 C46 119.13(15) 

C41 C42 C43 120.49(17) 

C42 C43 C44 119.95(18) 

C43 C44 C45 120.09(17) 

C44 C45 C46 120.15(17) 

C41 C46 C45 120.18(16) 

P2 C51 C52 119.86(12) 

P2 C51 C56 121.34(12) 

C52 C51 C56 118.49(15) 

C51 C52 C53 120.28(16) 

C52 C53 C54 120.58(17) 

C53 C54 C55 119.65(16) 

C54 C55 C56 120.18(17) 

C51 C56 C55 120.81(16) 

P2 C61 C62 124.44(13) 

P2 C61 C66 116.56(13) 

C62 C61 C66 118.75(15) 

C61 C62 C63 120.50(18) 

C62 C63 C64 120.27(18) 

C63 C64 C65 119.78(17) 

C64 C65 C66 120.21(19) 

C61 C66           C65         120.41(18)
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Chapter 3 

Exploratory Projects with Polymeric Ester Hydrogenation 

Catalysts 

 
In this chapter, I report two exploratory projects derived from the polymeric RuPNNP catalyst 

discussed in Chapter 2. Part A involves the resolution of the norbornene-based RuPNNP 

catalysts and a preliminary study of their performance in the enantioselective ketone transfer 

hydrogenation and the enantioselective ester hydrogenation via dynamic kinetic resolution 

(DKR). In Part B, a neighboring base moiety is introduced into the chain of a polymeric Ru 

hydrogenation catalyst. The expectation was that this neighboring base would facilitate ester 

hydrogenations via intramolecular interactions. A brief background discussion is presented at 

the beginning of each part of this chapter. 

3.1 Part A  

 

3.1.1 Introduction 

Chiral RuPNNPs are highly enantioselective catalysts for transfer hydrogenations of 

ketones,179, 188, 189 olefin epoxidations,180 Diels–Alder reactions,190 and olefin 

cyclopropanations.182 For example, Noyori et al reported that 125 (Scheme 3-1) catalyzes the 

transfer hydrogenation of acetophenone in 2-PrOH in up to 97% ee.179  

 

  

Scheme 3-1. Enantioselective ketone transfer hydrogenation with RuPNNP catalysts.179 
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 The Bergens group recently found that 126 (Scheme 3-2) catalyzes the enantioselective 

hydrogenation of β-chiral esters via DKR. During this reaction, one enantiomer of the racemic 

ester is reduced faster than the other, and excess base catalyzes the racemization of the starting 

esters faster than the hydrogenation, driving the reaction to completion. 

 

 

Scheme 3-2. Ester hydrogenation via dynamic kinetic resolution with a RuPNNP catalyst.191 

  

The catalyst monomer dichloro{N,N'-bis({(2-diphenylphosphino)phenyl}-

methylidene)bicyclo[2.2.1]-hept-5-ene-2,3-diamine}ruthenium (121) reported in Chapter 2 

contains a PNNP ligand with a similar structure to these examples. The difference is the N, N 

backbone ligand. After olefin metathesis, a trans-1,2-disubstituted cyclopentane ring connects 

the nitrogen atom in the polymerized catalyst, whereas the literature examples contain a trans-

1,2-disubstituted cyclohexane linker. In this chapter, I report the enantioselective synthesis of 

the PNNP ligands from the optically enriched starting material trans-2,3-diaminonorborn-5-

ene dihydrochloride, the preparation of the corresponding ruthenium catalysts, as well as the 

preliminary results of the enantioselective catalysis using these chiral RuPNNP catalysts.  

 

3.1.2 Results and Discussion 

The synthesis of the optically enriched RuPNNP catalysts began with the resolution of trans-

3,6-endomethylene-1,2,3,6-tetrahydrophthaloyl chloride 128 (Scheme 3-3). The asymmetric 

synthesis of 128 was reported previously, and the procedure involved a low-temperature 

diastereoselective Diels–Alder reaction between dimenthyl fumarate and cyclopentadiene 

catalyzed by Et2AlCl, as shown in Scheme 3-3.184, 192  
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Scheme 3-3. Previously reported enantioselective synthesis of trans-3,6-endomethylene-1,2,3,6-

tetrahydrophthaloyl chloride 128.184, 192 

  

 The cycloaddition reaction proceeded in high de (99%) to 127, and the chirality was 

retained during hydrolysis and conversion into the diacid chloride 128. We developed a 

procedure that avoided the low temperature reaction. As shown in Scheme 3-4, instead of the 

diastereoselective cycloaddition, resolution of the racemic diacid chloride was carried out with 

L-menthol. After the esterification and recrystallization, one diastereomer of the dimenthyl 

ester 127 was isolated (71% yield) in high de (the other diastereomer could not be detected by 

1H NMR). Hydrolysis and reaction with thionyl chloride converted 127 to 128.  

 

 

Scheme 3-4. The resolution of diacid chloride compound to optically enriched 128. 
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The diacid chloride 128 was converted to the corresponding diacyl azide (Scheme 3-

5), and then to the diamine HCl salt 129 via a Curtius rearrangement.  

 

 

Scheme 3-5. Conversion of 128 to diamine salt 129. 

 

This reaction was reported previously by Lin et al,184 who measured the optical rotation of 129 

[α]D= +51.2°(c 1.12, H2O). No absolute ee determination was reported. The optical rotation of 

129 prepared here from 127 was [α]D= +62.5°(c 1.13, H2O). We also determined the ee of 129 

using (1R)-(-)-myrtenal as the chiral derivatizing agent. Condensation between the amine 

groups and the aldehyde resulted in diimine diastereomers (Scheme 3-6), and the imine protons 

were diagnostic in the 1H NMR, indicating that the ee of 129 was 85%.  

 

 

Scheme 3-6. (top) Condensation reaction to determine the ee of 129 using (R)-myrtenal. (bottom) Diagnostic 

peaks of imine protons made from 129 and racemic analog of 129. 

Racemic 

(S,S)  
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 The ee of 129 was sufficient to perform preliminary studies with the RuPNNP catalysts. 

The partially resolved diamine reacted with 2-diphenylphosphinobenzaldehyde or 2-[bis(3,5-

dimethylphenyl)phosphino]benzaldehyde to form the imine PNNP ligands 130 and 131 

(Scheme 3-7). The corresponding amines 132 and 133 were prepared by the reduction of the 

imine ligands with NaBH4.
179, 183, 189 As discussed for the racemic ligand 120 in Chapter 2, the 

optically enriched trans dichloride 134 was prepared by reaction between 130 and 115 at 60 °C 

in CHCl3 for 3 days. Compound 135 was synthesized similarly, while 136 and 137 were 

synthesized by reacting 132 or 133 with 115 in DCM at 40 °C, followed by chromatographic 

purification using silica gel, with yields of 68% and 31%, respectively. The two amine ligands 

132 and 133 react with 115 much faster than 130 and 131, requiring only ~16 h at 40 °C in 

CH2Cl2. This is probably due to the less rigid sp3 N and C atoms in 132 and 133, which orient 

easier for the complexation. After purification, all four complexes showed two doublets in AB 

patterns in 31P NMR. 

 

 

Scheme 3-7. The synthesis of optically enriched ligands and complexes. 
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The alt-ROMP of 135 and 137 proceeded smoothly with 5% 1st generation Grubbs (111) 

catalyst with 4 equiv. COE as a spacer in CD2Cl2 at 40 °C (Scheme 3-8).  

 

 

Scheme 3-8. The polymerization of 135 and 137. 

 

 We evaluated these catalysts (Scheme 3-9) with the transfer hydrogenation reaction of 

acetophenone and with ester hydrogenations via DKR (Scheme 3-9). The enantioselective 

catalysis results are listed in Table 3-1. The highest enantioselectivity was 52% ee (60% 

normalized to the 85% ee of 129, Table 3-1, Entry 1), obtained for the transfer hydrogenation 

of acetophenone in 2-PrOH using 134 (Scheme 3-9). The highest ee for ester hydrogenations 

via DKR with these catalysts was 39% (Table 3-1, Entry 12, with catalyst 137P, Scheme 3-9).  
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Scheme 3-9. Enantioselective catalysis carried out with RuPNNP catalysts. 

 

Table 3-1. Enantioselective catalyses carried out with RuPNNP catalyst. 

 Substrate Catalyst 

/base 

Product Condi-

tions 

Yield 

(TON) 

eea eeb 

 

1 

 

134  

(0.5 mol%) 

KOtBu 

(0.25 

mol%)  

45 °C 

2-PrOH 

3.75 h 

13% 

(26) 

52% 60% 

2 

 

136 

(0.5 mol%) 

KOtBu 

(0.25 

mol%)  

45 °C 

2-PrOH 

2 h 

67% 

(134) 

18% 21% 

3 

 

137 

(0.5 mol%) 

KOtBu 

(0.25 

mol%)  

rt 

2-PrOH 

19 h 

10% 

(20) 

31% 36% 

4 

 

137P 

(0.5 mol%) 

KOtBu 

(0.25 

mol%)  

rt 

2-PrOH 

21 h 

5% 

(10) 

22% 26% 



 

100 
 

5 

 

135P 

(2 mol%) 

NaOiPr 

(50 mol%) 

 

rt 

THF 

24 h 

4 bar H2 

42% 

(21) 

16% 

(S) 

19% 

(S) 

6 

 

137P 

(2.5 mol%) 

NaOiPr 

 (50 mol%) 

 

rt 

THF 

21 h 

4 bar H2 

46% 

(18) 

36% 

(S) 

42% 

(S) 

7 

 

135P 

(2 mol%) 

NaOiPr 

(50 mol%) 

 

rt 

THF 

24 h 

4 bar H2 

17% 

(9) 

0% 0% 

8 

 

137P 

(2.5 mol%) 

NaOiPr 

(50 mol%) 

 

rt 

THF 

21 h 

4 bar H2 

12% 

(5) 

0% 0% 

9 

 

135P 

(2 mol%) 

NaOiPr 

(50 mol%) 

 

rt 

THF 

24 h 

4 bar H2 

0 

(0) 

NA NA 

10 

 

137P 

(2.5 mol%) 

NaOiPr 

(50 mol%) 

 

rt 

THF 

21 h 

4 bar H2 

0 

(0) 

NA NA 

11 

 

135P 

(2 mol%) 

NaOiPr 

(50 mol%) 

 

rt 

THF 

24 h 

4 bar H2 

17% 

(9) 

9% 

(S) 

11% 

(S) 

12 

 

137P 

(2.5 mol%) 

NaOiPr 

(50 mol%) 

 

rt 

THF 

21 h 

4 bar H2 

20% 

(8) 

39% 

(S) 

46% 

(S) 
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13 

 

135P 

(2 mol%) 

NaOiPr 

(50 mol%) 

 

rt 

THF 

24 h 

4 bar H2 

46% 

(23) 

11% 13% 

14 

 

137P 

(2.5 mol%) 

NaOiPr 

(50 mol%) 

 

rt 

THF 

21 h 

4 bar H2 

37% 

(15) 

27% 32% 

15 

 

135P 

(2 mol%) 

NaOiPr 

(50 mol%) 

 

rt 

THF 

24 h 

4 bar H2 

67% 

(34) 

14% 16% 

16 

 

137P 

(2.5 mol%) 

NaOiPr 

(50 mol%) 

 

rt 

THF 

21 h 

4 bar H2 

49% 

(20) 

20% 24% 

17 

 

135P 

(2 mol%) 

NaOiPr 

(50 mol%) 

 

rt 

THF 

24 h 

4 bar H2 

61% 

(31) 

18% 21% 

18 

 

137P 

(2.5 mol%) 

NaOiPr 

(50 mol%) 

 

rt 

THF 

21 h 

4 bar H2 

52% 

(21) 

25% 29% 

a: ee obtained by gas chromatography with chiral column. 

b: ee normalized to the ee of 129. 

  

In the transfer hydrogenation of ketones (Entry 1–4, Table 3-1), 136 was significantly 

more active than 134 (Entry 1 and 2), which probably is due to the existence of NH groups in 

136. Several studies62, 183 imply that ruthenium catalysts similar to 134, bearing imine PNNP 

ligands, are reduced to the amine analogs in a catalysis, resulting in the same active dihydride 

species in the hydrogenation or transfer hydrogenation of carbonyl compounds. Also, the 

significant difference in the ee between Entry 1 and 2 implies that the actual catalysts might 

be different. Further study is needed to discover the actual active species of 134 (and similar 
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catalysts) in the transfer hydrogenations. Polymer 137P is less active and less enantioselective 

than monomer 137. This is attributed to either or both factors: 1) the ROMP structurally 

changed the chemical environment around the ruthenium; 2) polymer 137P has a slower mass 

transport than monomer 137 in solutions.  

 The ester hydrogenations via DKR were tested with the polymer catalysts 135P and 

137P, which have a 5-member ring in the backbone (Entry 5–18, 2–2.5 mol% catalyst, 50 mol% 

NaOiPr, rt, THF, 24 h, 4 bar H2). Compared to 126 (Scheme 3-2) with a cyclohexyl backbone, 

these polymer catalysts exhibit similar activity but lower enantioselectivity (Entry 5 and 6). 

Polymer catalysts 135P and 137P have similar activities, but 137P gave higher ee in these 

ester hydrogenations. The substrates with electron withdrawing substituents (Entry 15, 16, 17, 

and 18) are easier to reduce than the other substrates. 

As indicated by these screening reactions, it was unlikely to obtain satisfactory ee with 

this substrate scope. Further development was not conducted within this PhD thesis. Here, we 

reported this preparation of the norbornene-based chiral ligands, the corresponding catalysts, 

as well as the preliminary results of their enantioselective catalysis. 

3.2 Part B 

 

3.2.1 Introduction 

Excess base (ratios between base and catalyst are mostly between 10 to 10000, related to the 

catalyst loading) generally is required for high turnover number catalytic hydrogenation of 

esters using bifunctional catalysts. For example (Scheme 3-10), Zhou et al reported the ester 

hydrogenation with the highest TON (91000 in the hydrogenation of methyl benzoate) in the 

literature,87 which required 100 to 10000 equiv. of KOtBu to the catalyst. Numerous other 

examples are discussed in Chapter 1 as well.  
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Scheme 3-10. Ester hydrogenation reported by Zhou et al.87 

 

 Several roles for the base have been investigated. One is to promote the 

dehydrohalogenation of the chloride precursor to form the dihydride species, probably via a 

Ru-amide intermediate, as exemplified in Scheme 3-11. While this mechanism explains the 

need for base to initiate these hydrogenations, it does not explain the observed dependence of 

the rate on base.65, 66, 86, 90, 109 

 

 

Scheme 3-11. The dehydrohalogenation of trans-RuCl2((R)-BINAP)((R, R)-DPEN) for hydrogenations. 

 

 In 2001, Hartmann and Chen193 proposed that an alkali metal is necessary for a ketone 

hydrogenation using Noyori’s RuCl2((S)-BINAP)((S,S)-DPEN) catalyst. The authors carried 

out ketone hydrogenations in 2-PrOH using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as the 

base, which deprotonated 2-PrOH to form isopropoxide. Under their experimental conditions 

(2 M acetophenone, 0.05 mol% Ru, 50 °C, 5 bar H2, 2-PrOH), DBU (100 equiv.) did not 

promote the hydrogenation, but KOtBu (10 equiv.) did. A mixture of 100 equiv. of DBU and 

10 equiv. of KBAF (BAF = tetrakis(3, 5-bis(trifluoromethyl)phenyl)borate anion) did promote 

the hydrogenation. Addition of 18-crown-6, which strongly traps K+, stopped the reaction. 

Based on these observations and modelling of the overall product forming kinetics, the authors 

proposed that deprotonation of an NH group forms a lone pair of electrons that can coordinate 

to K+ in the axial position. This compound, 138 (Scheme 3-12), reduces a ketone through the 

outer-sphere hydride transfer via 139 and 140, leaving one vacancy site for H2 to coordinate 

to form 141, which undergoes intramolecular deprotonation of η2-H2 to generate 138. It is 
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important to note that these steps were tentative, and were based upon indirect measurements. 

 

 

Scheme 3-12. Base-promoted mechanism of ketone hydrogenation catalyzed by Noyori’s catalyst, proposed by 

Chen et al. from product-forming kinetics.193 

  

 Indeed, later reports implied that an alkali metal is not mandatory in these ketone 

hydrogenations. For example, Noyori and coworkers194 reported their catalysts trans-RuH(η1-

BH4)(diphosphine)(diamine) (142, Scheme 3-13), which catalyzed ketone hydrogenations in 

the absence of alkali metals in 2-PrOH. Specifically, complex 142 catalyzed the hydrogenation 

of acetophenone with a TON of almost 100000 (0.001mol% 142, 45 °C, 8 bar H2, 2-PrOH, 7 

h). 
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Scheme 3-13. Base-free catalytic system reported by Noyori et al.194 

  

 A later study63 proved that 10 mM KOtBu (~24 equiv. to Ru), using a similar catalyst 

143 (Scheme 3-14), increased the TOF of a hydrogenation by 25 times (0.05 mol% 143, 30 °C, 

4 bar H2, 2-PrOH). However, further increases in base concentration decreased the rate. When 

[KOtBu] was between 20 to 130 mM (50–325 equiv. to 143), the TOF was only 4~5 times 

higher than that without base.  

 

 
Scheme 3-14. Base-accelerated ketone hydrogenation reported by Noyori et al.63 

 

 The cation effect was studied by carrying out a ketone hydrogenation with 143 and a 

phosphazene base (Figure 3-1). In the presence of 1.1 mol% M+B(Ph)4
- with different cations 

M+ (0.056 mol% 143, 1.1 mol% phosphazene, 30 °C, 8 bar H2, 2-PrOH), the TOF was ~2 

times higher compared to that in the absence of cations, but there was little difference between 

the cations. The rate constants with K+, Na+, and (nC4H9)4N
+ were 40.6, 38.8, and 38.6 M-1s-1, 

respectively. Notably, both the protonated phosphazene base and (n-C4H9)4N
+ are not Lewis 

acids. 

   



 

106 
 

 

Figure 3-1. The phosphazene base used in Noyori’s research.63 

  

 The authors proposed a mechanism by which the hydrogenation proceeds in two catalytic 

cycles, as shown in Scheme 3-15. The major difference between them is how the Ru-amide 

species (144) generates the active dihydride species (148). In Cycle 1, the amide was 

protonated to form the cationic species 145 that bonds to H2 to form 146. The splitting of H2 

is the rate-limiting process, and it is accelerated by base. However, if the concentration of base 

is too high, the formation of 145 is inhibited, and the reaction adapts to Cycle 2. In Cycle 2, 

H2 coordinates to 144, followed by the splitting of η2-H2 to regenerate the active dihydride 

species 148. It is proposed that this pathway is slower than the cationic cycle. 

  

 

Scheme 3-15. The mechanisms of ketone hydrogenation proposed by Noyori et al.63 
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 The research reported by the Morris group195 showed that for ketone hydrogenations 

conducted in a protic solvent (2-PrOH, conditions are shown in Scheme 3-16), the TOF is 

increased ~4 times by the addition of 20 equiv. of KOtBu base.  

 

 

Scheme 3-16. Ketone hydrogenation in 2-PrOH solvent in the presence and absence of base, reported by Morris 

et al.195 

 

 The authors proposed that the formation of the putative Ru-alkoxide (149, Scheme 3-

17) by the reaction between the amide (144) and an alcohol (solvent or product) competes with 

the regeneration of 148 and 144. It was proposed further that the formation of this alkoxide 

was suppressed by lowering the acidity of the reaction media upon the addition of base. 

 

 

Scheme 3-17. Base-assisted regeneration of Ru amide intermediate proposed by Morris et al.195 

  

 The first conclusive characterizations of the alkoxide species in the Noyori 

hydrogenation were reported by Hamilton and Bergens.186 As shown in Scheme 3-18, trans-
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Ru((R)-BINAP))(H)(2-PrO)((R,R)-DPEN) (151) forms quickly at -80 °C by either treating 

trans-[Ru((R)-BINAP))(H)(η2-H2)((R, R)-DPEN)]+ (150) with KOtBu in PrOH, or by reacting 

the Ru-amide species [Ru((R)-BINAP))(H)((R, R)-NH(CH(Ph))2NH2)] (analog to 144), with 

2-PrOH in THF. The resultant alkoxide species 151 does not generate the active dihydride 

species in the absence of base in 2-PrOH at ~rt but quickly forms a hydrogen-bonding species 

(152) when treated with KOtBu, which quickly generates the dihydride species (analog to 148) 

even at -80 °C under H2 (probably via the formation of 144). In fact, 144 is made by reacting 

151 with the stronger base ((CH3)3Si)2NK, and 144 reacts quickly with H2 to make 148. In 

contrast to Morris’ suggestion that 151 and 144 co-exist in equilibrium, the alkoxide formation 

was favored highly under these base-free conditions, and the dihydride forms in the presence 

of base.  
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Scheme 3-18. Base-assisted mechanism for ketone hydrogenation reported by Bergens et al.186 

  

 This competition also was proposed for the hydrogenation of esters and lactones by 

Bergens’ group.86 The Ru-dihydride 148 underwent the stoichiometric bifunctional addition 

with γ-butyrolactone at even -80 °C. Product inhibition was observed during catalytic 

hydrogenations of esters with 148 as catalyst. This inhibition was attributed to the formation 

of the Ru hemiacetaloxides and Ru alkoxides, which were both observed experimentally, as 

shown in Scheme 3-19. 
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Scheme 3-19. The alkoxide and hemiacetaloxide formation during lactone hydrogenations reported by Bergens 

et al.86 

 

 The Bergens group confirmed a base-catalyzed bifunctional addition pathway for the 

hydrogenation of carbonyl compounds.91 As shown in Scheme 3-20, the stoichiometric 

reduction of meso-cyclic imide 153 with the dihydride species 148 occurs in the presence of 

0.2 equiv. KOH in THF-d8 at -80 °C to form 154. However, no reaction was observed in the 

rigorous absence of KOH. It was found that the dihydride species 148 is deprotonated in 

strongly basic media to form the highly reactive species 155. Also, the lone pair on N- is located 

in the equatorial position, in contrast to the axial deprotonation proposed by Chen et al.193 

Compound 155 reduced imide or amide quantitatively upon mixing, which explains the 

necessity for the presence of base in the hydrogenation of carbonyls. Although KOH was not 

sufficiently basic to prepare 155 quantitatively, a lower concentration of 155 likely exists after 

the addition of KOH, which is responsible for the activity observed in the stoichiometric 

reduction. The deprotonation of NH to N- increases the electron density of the ruthenium 

catalyst center, which increases the nucleophilicity of the hydride ligands, leading to a faster 

hydride addition to the carbonyl group. This research was the first report of the synthesis and 

characterization of the deprotonated species, and it proved experimentally that the 

deprotonated species 155 is much more reductive than the dihydride species 144. 
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Scheme 3-20. Base-catalyzed bifunctional reduction of imides reported by Bergens et al.91 

 

 Dub and Gordon also proposed a mechanism for how base improves an ester 

hydrogenation reaction.196 They observed that the 19F peak of methyl trifluoroacetate in the 19F 

NMR shifted upfield slightly and that another broad peak appeared in the spectrum when 

methyl trifluoroacetate mixed with 0.25 equiv. of NaOMe in MeOH. They speculated that base 

may activate the substrate via ionic interactions, shown in Scheme 3-21, where Na acts as a 

Lewis acid, making the carbonyl carbon more electrophilic towards the hydride addition.  

 



 

112 
 

 

Scheme 3-21. Base-assisted ester activation proposed by Dub and Gordon.196 

  

In summary, except for the recent hypothesis proposed by Dub and Gordon, the 

proposed mechanisms by which added base increases the rate of ester hydrogenations involves 

a direct reaction between the catalyst and base. The base either: 1) deprotonates a N-H group, 

thereby rendering the Ru dihydride species more nucleophilic; 2) accelerates activation of a 

dihydrogen ligand; or 3) decreases the concentration of inactive Ru-alkoxide species by a base-

promoted elimination of the alkoxide ligand, also via deprotonation of a N-H group. I believe 

that the large relative concentrations of base often encountered in high TON and TOF ester 

hydrogenations are required to compensate for the low concentration of catalyst in these 

reactions. The requirement for high relative concentrations of base, e.g., KOtBu, adds to the 

cost and environmental impact of ester hydrogenations. Specifically, the potassium alkoxide 

must be shipped or prepared on site, purified, and kept rigorously dry before and during the 

hydrogenation. Further, the requirement for added base constrains the hydrogenation of base-

sensitive substrates or products. 

 Intramolecular reactions are faster than their intermolecular analogs because of higher 

local concentrations and lower decreases in entropy.197-200 In the following section, I report the 

use of alt-ROMP to synthesize a crosslinked, catalyst-base copolymer, in which the catalyst 

monomer 136 is copolymerized with a monomer containing a base-stable quaternary 

ammonium ion. The counter anion for the quaternary ammonium salt in the polymer will be 

exchanged with alkoxide, and the system will be evaluated with ester hydrogenations. The 

expectation is that the high relative concentrations of the alkoxide base and active ruthenium 

catalyst in the copolymer will accelerate the ester hydrogenation without the need for large 

concentrations of base dissolved in solution. Further, while the identity of the alkoxide anions 

associated with the quaternary sites in the polymer will change as product alcohols are formed 

by the ester hydrogenation, they will remain electrostatically bound to the polymer.  For this 

reason, the concentration of free alkoxide in solution will be kept to a minimum, and flow 

reactions can be explored for hydrogenations that form base-sensitive products.  

 For this research, a spiro-quaternary ammonium ROMP monomer was prepared as a BF4
- 
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salt. A monomer containing this group was targeted because a report by Marino and Kreuer201 

compared the stabilities of a large number of quaternary ammonium groups towards 

decomposition in aqueous base. These authors found that the spiro-quaternary ammonium 

cation (Figure 3-2) was the most stable among those examined by a large margin.   

 

  

Figure 3-2. A spiro-quaternary ammonium cation with high stability to aqueous base.201 

 

 Presumably, 156 is resistant to E2-type eliminations of the tertiary amine (Hofmann 

elimination). Scheme 3-22 illustrates the general design concepts behind this project.  The BF4
- 

salt of the polymer will be activated by excess alkoxide and hydrogen gas to generate the 

alkoxide-Ru(dihydride) 157. Intramolecular deprotonation of an N-H group in the 

Ru(dihydride) generates the active, anionic catalyst 158. Based upon our direct observations 

of related compounds,91 these species quickly reduce carboxylic acid derivatives to generate 

the corresponding alkoxides (or hemialkoxides) and neutral Ru-amides (159). Alkoxide-

alcohol exchange followed by reaction between the Ru-amide and H2 regenerates the alkoxide-

dihydride 158. 
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Scheme 3-22. Proposed neighboring base-assisted hydrogenation of esters. 

 

3.2.2 Results and Discussion 

Scheme 3-23 shows the synthesis we devised to prepare a ROMP-active monomer, 162, 

bearing a spiro-quaternary amine similar to 156. As expected from the differences in steric 

size, the condensation reaction between cis-5-norbornene-endo-2,3-dicarboxylic anhydride 

and 4-(aminomethyl)piperidine in acetic acid only occurred at the primary amine group, 

resulting in quantitative conversion to the meso-cyclic imine 160 (isolated yield = 86%). 

Subsequent reduction of the carbonyl groups with LiAlH4 formed the endo-norbornene-

polycyclic diamine 161 in 65% isolated yield. A base-promoted ring-closing dialkylation with 

1,5-dibromopentane generated the spiro-quaternary ammonium group (65% isolated yield). 

Anion metathesis with AgBF4 afforded the target ROMP-active spiro-quaternary ammonium 
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monomer 162 as the BF4
-1 salt after recrystallization (54% isolated yield). 

 

 

Scheme 3-23. The synthesis of a ROMP-active cationic monomer with quaternary ammonium. 

   

 The stability of 162 towards base was evaluated first in dry THF, the typical solvent 

used for ester hydrogenations. The reaction between 162 and 1 equiv. of KOtBu (~0.07 M) 

immediately resulted in a Hofmann elimination, as evidenced by the formation of a new 

species with a terminal olefin group (Scheme 3-24).  

 

 

Scheme 3-24. Possible Hofmann elimination pathways for 162. 

 

Thus, the spiro-quaternary group is unstable towards alkoxide bases in non-protic 

media. There was no net reaction, however, between 162 and 1 equiv. of KOtBu in the presence 
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of 20 equiv. of 2-PrOH (rt, overnight). We suspect that 162 was less susceptible to Hofmann 

elimination in the presence of 2-PrOH because reaction with KOtBu will generate the less 

basic alkoxide KOiPr, and because alkoxides are generally less basic in protic media than they 

are in non-protic media.195 Further, 162 was stable in a THF solution containing 24 equiv. of 

NaOiPr (~0.5 M) at room temperature overnight. Having found conditions where 162 is stable 

and that are suitable for ester hydrogenations, I then turned my attention to preparing the 

copolymer with 136.  

 Surprisingly, 162 underwent ROMP polymerization in the absence of COE with 2 mol % 

1st generation Grubbs catalyst (111) in CD2Cl2 solvent at 40 °C over 23 h. The resulting 

polycationic polymer precipitated by the end of the polymerization and could not be dissolved 

in common solvents, including DMSO. Increasing the loading of 111 to 10 %, resulted in much 

less precipitate at the end of the polymerization. Presumably, increasing the loading of the 

ROMP catalyst decreased the length of the polycationic polymer, thereby increasing its 

solubility. Figure 3-3 shows the 1H NMR of polymerization. After 18 h at 40 °C, the spectrum 

was broadened significantly, and the olefin peak position shifted. We found that the addition 

of 2-PrOH improved the solubility of the cationic polymer in DCM or chloroform solutions. 

Having found conditions to polymerize 162, attention was turned to preparing the copolymer 

with 136. 

 

 

 

Figure 3-3. 1H NMR spectra of the polymerization of 162 in CD2Cl2 with 10% Grubbs catalyst. Bottom: the 

monomer spectrum; middle: 1 h at 40 °C; top: 18 h at 40 °C. 

olefin 

protons 
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 An attempt to polymerize a mixture containing 136, 162, and 0.1 equiv. 111 (1:3:0.1) 

in CD2Cl2 at 40 °C without added COE resulted in 162 polymerizing 6–8 times faster than 136, 

leaving most of 136 unreacted in solution when 162 was consumed.  Polymers containing 

blocks of 162 or 136 are undesired because the alkoxide needs to be in close proximity to the 

Ru catalyst centre during ester hydrogenations.  

 Sequential addition was explored as a method to synthesize a copolymer of 162 and 

136 with minimal block segments in the chain. Indeed, the target copolymer could be prepared 

by sequential addition using 3rd generation Grubbs catalyst (163, Figure 3-4).  

 

 

Figure 3-4. 3rd Generation Grubbs catalyst 163. 

 

 Compound 163 was utilized because the rates of initiation are usually higher than the 

rates of propagation for this catalyst. Further, the catalyst is quite active, with propagation rates 

that are significantly higher than most ruthenium-based metathesis catalysts.202, 203 As an 

illustration, the Grubbs group reported that a variety of norbornene derivatives are polymerized 

with 163 to form polymers with narrow polydispersity indices (between 1.04 and 1.10).203 

Narrow dispersity polymers form when the rate of initiation is faster than propagation. A 

sequential addition polymer cannot be prepared with control over the structure unless all or 

most of the polymer chains initiate first and then propagate at the same slower rate after 

initiation.   

 The polymerization was shown in Scheme 3-25. A stock solution containing 10 equiv. 

of 136, 20 equiv. of 162, and 30 equiv. of COE was prepared in CD2Cl2/2-PrOH-d8 (2/1 in 

volume) solvent. Another solution was prepared containing 1 equiv. of 163 in CD2Cl2/2-PrOH-

d8 (2/1 in volume). Both solutions were precooled to -78 °C to prevent polymerization before 

mixing was complete. The stock solution of 136, 162, and COE was added in measured 

portions to the catalyst solution at -78 °C. The volume of each portion was calculated to contain 
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1 equiv. of 136, 2 equiv. of 162, and 3 equiv. of COE. After shaking the vessel at -78 °C, the 

polymerization solution was allowed to react at room temperature for 15 min. The reaction 

was monitored with 1H and 31P NMR spectroscopy after the first, second, fifth, eighth, and 

tenth additions. The reaction was cooled back to -78 °C before each next portion was added. 

In total, 10 portions were added. As shown in Figure 3-5, the 1H NMR spectrum recorded ~15 

min after the first addition showed that the monomers and metathesis catalyst were consumed, 

proving that 136, 162, and COE reacted. Similar observations were made after subsequent 

additions. As indicated by the 1H NMR spectrum recorded ~15 min after 10th addition, only 

1.3 equiv. of 136 (~13% of the total) and negligible amount of 162 remained unpolymerized, 

illustrating that most of 136 and 162 were polymerized closely within each addition.  

 

 

Scheme 3-25. Synthesis of the ROMP copolymer of 136, 162, and COE catalyst, supported on BaSO4. 
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Figure 3-5. The 1H NMR of the sequential addition polymerization; top: stock solution; middle: 1st addition; 

bottom: 10th addition. Peak a: olefin peaks of 136; Peak b: olefin peaks of 162; Peak c: olefin peaks of COE. 

  

 The resulting linear copolymer of 136, 162 and COE was crosslinked with 123 as 

follows. The resulting linear polymer solution was added to an NMR tube containing 125 equiv. 

of COE and 26 equiv. of the crosslinker 123, and this solution was transferred to a Schlenk 

tube containing BaSO4. Further reaction in the presence of the BaSO4 support at 35 °C for 18 

h yielded the supported crosslinked cocatalyst polymer, 164, which was washed with THF, 

filtered, and ground with a mortar and pestle. A rough estimation based on the 1H, 31P, and 19F 

NMR spectra of the wash solution with internal standards indicated that ~14% of the cationic 

moiety and ~30% of the Ru catalyst leached out during washing. I believe that the leached 

ruthenium catalyst and cationic moiety mostly consisted of small molecular weight oligomers.  

 The catalyst 164 was tested in a reusing hydrogenation of methyl benzoate. The first 

run of the hydrogenation was conducted with excess alkoxide (175 equiv.) in order to initiate 

the catalyst and exchange the BF4
- to alkoxide. The second run was carried out in the absence 

of added base. The third run was carried out with extra base to make a direct comparison with 

the second run.  

 As shown in Scheme 3-26, all the hydrogenation runs were carried out with methyl 

benzoate (4200 equiv. to Ru) in dry THF at rt, 50 bar H2. The first run was carried out with 

175 equiv. KOtBu and 1750 equiv. of 2-PrOH. The 2-PrOH was mixed with the KOtBu first 

to generate the weaker base KOiPr and in the protic medium. After 22 h, the first run gave a 

TON of 483 (11.5% conv.).  
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Scheme 3-26. Methyl benzoate hydrogenation with 164. 

  

 After the filtration, the second run was set up with only substrate and solvent and with 

no base or 2-PrOH. After 22 h, only 2.2% product was present in the filtrate. There were two 

possibilities that may explain the low turnover of the second run. One possibility is that the 

neighbouring base in the copolymer did not act as a cocatalyst. The other possibility is that the 

heterogeneous catalyst was deactivated by the first run. A third run was carried out with the 

same S/C ratio and with 175 equiv. of KOtBu. The third run produced the product with a TON 

of 1919 after 22 h at room temperature, proving that the catalyst remained active, and strongly 

suggesting that the second run did not work because of a lack of accessible base. Unfortunately, 

these results lead to the conclusion that the neighboring base in the copolymer did not assist 

the hydrogenation during these exploratory studies.  

3.3 Conclusions 

 This chapter reports the preliminary results from two exploratory projects: 1) In one 

project, we successfully synthesized the optically enriched RuPNNP catalysts with norbornene 

backbone and their polymers. These catalysts did not exhibit a promising performance in the 

enantioselective transfer hydrogenation of ketones or ester hydrogenations via DKR. However, 

the possibility of finding better substrates for these catalysts is not excluded. 2) In the other 

project, a neighboring base was introduced to a polymeric ester hydrogenation catalyst. The 

proposed acceleration of the base moiety did not operate during initial evaluations. Future 

work will focus on developing other applications of this cationic copolymer. For example, the 

cationic moiety can be used in the immobilization of the polymer catalyst onto anionic solid 

supports via electrostatic interaction. 
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3.4 Experimental Details 

 

3.4.1 General information 

Experiments were carried out under N2 or Ar atmosphere, unless otherwise stated. Solvents 

were distilled with proper drying agents, as illustrated in Chapter 2. Hydrogenations with 

single substrate were carried out in a Parr 4750 reactor. Substrate screening hydrogenations 

were carried out with a customized high-pressure reactor. The ee’s were determined using a 

Hewlett Packard 5890 GC equipped with a 5970B MSD and a Supelco Beta DEX 225 capillary 

column. 

 For the chemicals that had been used in Chapter 2, the suppliers were the same as stated 

in Chapter 2. Other chemicals include: 4-(aminomethyl)piperidine, 1,5-dibromopentane from 

Sigma Aldrich and L-menthol from Aldrich, thionyl chloride from EMD Millipore corporation, 

2-[bis(3,5-dimethylphenyl)phosphino]benzaldehyde from Sigma Aldrich, sodium borohydride 

from BDH Chemicals, sodium azide from Fisher Scientific. 

 

3.4.2 Syntheses of New Compounds 

 

The synthesis of optically enriched trans-2,3-diaminonorborn-5-ene dihydrochloride 

 

Step 1. The preparation of di-(L)-menthyl (2S,3S)-[2.2.1]bicyclohept-5-ene-2,3-

dicarboxylate, 127 

 

L-menthol (23.1 g, 147.8 mmol) and Et3N (14.96 g, 147.8 mmol) were dissolved in a side-arm 

flask with 50 mL DCM. Racemic trans-3,6-endomethylene-1,2,3,6-tetrahydrophthaloyl 

chloride (10.792 g, 49.3 mmol) solution in 100 mL DCM was added dropwise to the flask in 

an ice bath. The reaction was allowed to warm up to rt and proceed for another 1 h at rt, then 

the reaction mixture was poured into water, and the organic layer was separated and washed 
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with water twice. The combined aqueous layer was back-extracted with diethyl ether (2 ×100 

mL). The organic solutions were combined and dried over Na2SO4. After filtration and 

removing the solvent under vacuum, 30.5 g crude product with unreacted menthol was 

obtained. The resultant mixture was dissolved in 25 mL boiling MeOH, cooled down, and left 

in a fridge to recrystallize overnight, yielding a white solid after filtration. Another four 

recrystallizations with boiling MeOH were carried out, and 7.983 g product of one 

diastereomer was obtained with a yield of 71%. The 1H NMR agrees the literature.191 

 1H NMR (399.794 MHz, CDCl3, 27 °C): δ 0.45–2.09 (38H), 2.68 (1H, m), 3.12 (1H, 

s), 3.28 (1H, s), 3.37 (1H, m), 4.59 (1H, m), 4.70 (1H, m), 6.04 (1H, m), 6.31 (1H, m). 

 

Step 2. The hydrolysis of 127 

 

The diester 127 (3.2 g, 7.0 mmol) was hydrolyzed in a solution of NaOH (2.66 g, in EtOH/H2O 

= 75 mL/29 mL) at reflux temperature for 13 h under N2. The solution was pumped with a 

rotovap to remove the EtOH, the resultant aqueous mixture was washed with hexanes (5 × 30 

mL), and then was acidified at 0 °C with concentrated HCl to pH = 1. This aqueous solution 

was extracted using diethyl ether (3 × 40 mL). The combined ether layer was dried over 

Na2SO4, filtered, and pumped to dry, yielding 1.1 g diacid product with a yield of 86%. 

 1H NMR (399.796 MHz, CD3OD, 27 °C): δ 1.43 (1H, m), 1.60 (1H, m), 2.58 (1H, m), 

3.10 (1H, m), 3.22 (1H, m), 3.31 (1H, m), 6.09 (1H, m), 6.28 (1H, m). 

 

Step 3. Converting to acid chloride 128 

 



 

123 
 

The diacid (1.1 g, 6.0 mmol) was dissolved in 10 mL dry diethyl ether and 22 mL thionyl 

chloride in a Schlenk tube. The reaction was carried out at rt for 2 days. The ether and excess 

thionyl chloride were removed using water aspirator vacuum with an acetone/dry ice cold trap. 

The 1H NMR indicated a conversion close to 100%. The resultant oily diacid chloride product 

was not taken out of the Schlenk tube but was used directly in the next reaction to prepare the 

diamine. 

 1H NMR (498.118 MHz, CDCl3, 27 °C): δ 1.61 (1H, m), 1.67 (1H, m), 3.23 (1H, m), 

3.48 (1H, m), 3.58 (1H, m), 3.88 (1H, m), 6.26 (1H, m), 6.41 (1H, m). 

 

 (S,S)-trans-2,3-diaminonorborn-5-ene dihydrochloride (129) 

The procedure for the preparations of (S,S)-trans-2,3-diaminonorborn-5-ene dihydrochloride, 

was the same as for the racemate compound, 119, in Chapter 2, with identical NMR spectra 

and close yields; these are not described again in this chapter.  

 

The Syntheses of the Ligands 

 

(S,S)-N,N'-bis({(2-diphenylphosphino)phenyl}methylidene)bicyclo[2.2.1]hept-5-ene-2,3-

diamine (130)  

 

The synthesis of 130 was identical to the racemic analog, 120, which was reported in Chapter 

2.  

 

(S,S)-N,N'-bis({(3,5-dimethylphenylphosphino)phenyl}methylidene)bicyclo[2.2.1]hept-

5-ene-2,3-diamine (131)  
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Ligand 131 was synthesized similarly to 130 with a quantitative yield, using 2-[bis(3,5-

dimethylphenyl)phosphino]benzaldehyde and 129. 

1H NMR (498.119 MHz, CD2Cl2, 27 °C): δ 1.45 (1H, m, bridging CH), 1.98 (1H, m, 

bridging CH), 2.17–2.27 (24H, overlapped singlets, CH3), 2.36 (1H, m, CH next to olefin), 

2.63 (1H, m, CH next to olefin), 2.90 (1H, m, CH next to imine), 3.48 (1H, m, CH next to 

imine), 6.04 (1H, dd, J=5.64 Hz, 2.82 Hz, olefin proton), 6.11 (1H, dd, J=5.64 Hz, 3.07 Hz, 

olefin proton), 6.83–7.81 (20H, aromatic), 8.54 (1H, d, J=3.9 Hz, imine), 8.66 (1H, d, J=4.4 

Hz, imine). 

 31P{1H} NMR (201.641 MHz, CD2Cl2, 27 °C): δ -12.5 (1P, s), -11.6 (1P, s). 

 

(S,S)-N,N'-bis{2-(diphenylphosphino)benzyl}bicyclo[2.2.1]hept-5-ene-2,3-diamine) (132) 

 

Compound 130 (526 mg, 0.79 mmol) and NaBH4 (14.3 mmol) were heated in refluxing EtOH 

for 16 h under N2. The reaction was quenched with 15 mL water and extracted with DCM (2 

× 10 mL). The combined organic layer was washed with 10% NH4Cl (2 × 10 mL) and water 

(2 × 10 mL), then dried over Na2SO4. After filtration and pumping, 335 mg product was 

obtained with a yield of 63%. 

 1H NMR (498.119 MHz, CD2Cl2, 27 °C): δ 1.38 (1H, m, bridging CH), 1.47 (1H, m, 

bridging CH), 2.07 (1H, m, CH next to olefin), 2.43 (1H, m, CH next to olefin), 2.66 (2H, m, 
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CH next to NH), 3.86–3.99 (4H, m, 2 × CH2), 5.91 (1H, m, olefin H), 6.02 (1H, m, olefin H), 

6.85–7.53 (28H, aromatic). 

 31P{1H} NMR (201.641 MHz, CD2Cl2, 27 °C): δ -16.2 (1P, s), -16.0 (1P, s). 

 

(S,S)-N,N'-bis{2-di(3,5-dimethylphenylphosphino)benzyl}bicyclo[2.2.1]hept-5-ene-2,3-

diamine (133)  

 

Ligand 133 was synthesized similarly to compound 132 from the reduction of 131, with a yield 

of 88%. 

 1H NMR (498.119 MHz, CDCl3, 27 °C): δ 1.45 (1H, m, bridging CH), 1.51 (1H, m, 

bridging CH), 2.25–2.31 (24H, overlapped singlets, CH3), 2.40 (1H, m, CH next to olefin), 

2.50 (1H, m, CH next to olefin), 2.77 (1H, m, CH next to NH), 2.81 (1H, m, CH next to NH), 

3.97–4.07 (4H, m, 2 × CH2), 5.94 (1H, m, olefin H), 6.07 (1H, m, olefin H), 6.89–7.55 (20H, 

aromatic). 

 31P{1H} NMR (201.641 MHz, CD2Cl2, 27 °C): δ -16.0 (1P, s), -15.9 (1P, s). 

 

The syntheses of ruthenium complexes 

 

(S,S)-dichloro{N,N'-bis({(2-diphenylphosphino)phenyl}methylidene)bicyclo[2.2.1]hept-

5-ene-2,3-diamine}ruthenium (134)   

 

Ligand 134 was synthesized identically to the racemic analog, 121, reported in Chapter 2.  
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(S,S)-dichloro{N,N’-bis({(2-(3,5-dimethylphenylphosphino))phenyl}methylidene)bicyclo 

[2.2.1]hept-5-ene-2,3-diamine}ruthenium, (135)  

 

Complex 135 was synthesized similarly to 134, with a yield of 50.0%. 

 1H NMR (498.119 MHz, CDCl3, 27 °C): δ 1.96, 1.99, 20.4, 2.10 (12H, s, CH3) 2.25, 

2.27 (2H, m, bridging CH), 3.25, 3.31 (2H, m, CH next to olefin), 5.06, 5.62 (2H, m, CH next 

to imine), 6.38, 6.61 (2H, m, olefin), 6.60, 6.74–7.59 (20H, aromatic), 8.47 (1H, d, J= 6.7 Hz, 

imine), 8.59 (1H, d, J= 6.4 Hz, imine). 

 31P{1H} NMR (201.641 MHz, CDCl3, 27 °C): AB pattern, δ 49.8 (1P, d, Jpp= 27.7 Hz), 

47.7 (1P, d, Jpp= 27.7 Hz). 

 

[RuCl2(N,N'-bis{2-(diphenylphosphino)benzyl}bicyclo[2.2.1]hept-5-ene-2,3-diamine)] 

(S,S) (136) 

 

Ligand 132 (335 mg, 0.50 mmol) and RuCl2(NBD)(Py)2 (210 mg, 0.50 mmol) were dissolved 

in 15 mL DCM, and the solution was heated at 40 °C for 2 days. The reaction mixture was 

dried under high vacuum, followed by washing with hexanes (3 × 25 mL). The resultant 

compound was purified by two columns of silica (30 mL and 10 mL by volume, respectively) 

with DCM as the eluent, and 288 mg pure complex was obtained with a yield of 68%. 

 1H NMR (498.119 MHz, CD2Cl2, 27 °C): δ 1.88 (1H, m, bridging CH), 2.05 (1H, m, 

bridging CH), 2.96 (1H, m, CH next to olefin), 3.09 (1H, m, CH next to olefin), 3.26 (1H, m, 
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NH), 3.68 (2H, m, 2 × CH next to N), 3.86–3.94 (2H, m, 2 × CHH), 4.43 (1H, m, NH,), 4.51–

4.60 (2 × CHH), 6.07 (1H, m, olefin H), 6.57 (1H, m, olefin H), 6.85–7.34 (28H, aromatic) 

 31P{1H} NMR (201.641 MHz, CD2Cl2, 27 °C): AB pattern, δ 45.3 (1P, d, Jpp= 27.7 

Hz), 45.7 (1P, d, Jpp= 27.7 Hz). 

 

[RuCl2(N,N'-bis{2-((3,5-dimethylphenylphosphino))benzyl}bicyclo[2.2.1]hept-5-ene-2,3-

diamine)] (S,S) (137) 

 

Complex 137 was synthesized similarly to 136, but with a lower yield of 31.4%. It was likely 

that 137 decomposes partially on the silica column. 

 1H NMR (498.119 MHz, CD2Cl2, 27 °C): δ 1.87 (1H, m, bridging CH), 1.95 & 2.06 

(24H, overlapped singlets, CH3), 2.04 (1H, m, bridging CH), 2.96 (1H, m, CH next to olefin), 

3.08 (1H, m, CH next to olefin), 3.26 (1H, m, NH), 3.68 (2H, m, 2 × CH next to N), 3.87–3.91 

(2H, m, 2 × CHH), 4.42 (1H, m, NH,), 4.50–4.57 (2 × CHH), 6.07 (1H, m, olefin H), 6.56 (1H, 

m, olefin H), 6.70–7.31 (20H, aromatic). 

 31P{1H} NMR (201.641 MHz, CD2Cl2, 27 °C): AB pattern, δ 45.6 (1P, d, Jpp= 28.7 

Hz), 46.1 (1P, d, Jpp= 28.7 Hz). 

 

Compounds in Part B 

 

4-(piperidin-4-ylmethyl)-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (160) 



 

128 
 

 

4-(Aminomethyl)piperidine (2105 mg, 18.4 mmol) were weighed into a 3-neck flask charged 

with a condenser and an additional funnel. A cis-5-norbornene-endo-2,3-dicarboxylic 

anhydride (3023 mg, 18.4 mmol) solution in 30 mL acetic acid was added dropwise into the 

flask with heating, followed by another 20 mL acetic acid to wash the funnel. After addition, 

the temperature was brought up to reflux, and the heating was stopped after 3.5 h. As much 

acetic acid as possible was removed under high vacuum, resulting in an oily crude product 

with acetic acid residual (7.680 g). The 1H NMR indicated that this conversion was quantitative. 

To remove the acetic acid, 1780 mg of the crude product was dissolved in 50 mL DCM, then 

washed with 2.1 M Na2CO3 (3 × 60 mL) and water (1× 60 mL). The organic layer was 

separated and dried over Na2SO4. After filtration and pumping, 0.966 g product was obtained 

with a yield of 86%. 

 1H NMR (498.119 MHz, CDCl3, 27 °C): δ 1.07–1.15 & 1.54–1.56 (4H, multiplet, Hh/i), 

1.54–1.56  (1H, multiplet, Hc/d), 1.69 (1H, multiplet, Hg), 1.74 (1H, multiplet, Hc/d), 1.93 (1H, 

singlet, NH), 2.52 & 3.05 (4H, multiplet, Hj/k), 3.22 (2H, d, J= 7.05 Hz, Hf), 3.26 (2H, multiplet, 

e), 3.39 (2H, multiplet, Hb), 6.11 (2H, multiplet, Ha). 

13C{1H} NMR (125.266 MHz, CDCl3, 27 °C): δ 31.2, 35.1, 44.3, 44.8, 45.8, 46.0, 52.4, 

134.6, 177.9. 

 HRMS (ESI): Calculated: 260.1525; found: 261.1596 (+ 1 H+). 
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4-(piperidin-4-ylmethyl)-4-azatricyclo[5.2.1.02,6]dec-8-ene (161) 

 

LiAH4 (0.4646 g, 16.6 mmol) was added into a 3-neck flask, followed by 18 mL dry THF. 4-

(piperidin-4-ylmethyl)-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 160 (1.052 g, 4.0 mmol) 

was dissolved in 10 mL THF, then the solution was added through an additional funnel to the 

same 3-neck flask dropwise over 30 min, and another 5 mL THF was added to wash the 

additional funnel. The reaction was heated to reflux for 15 min, then allowed to cool to rt and 

stay at rt for 16 h. The reaction mixture was quenched in an ice bath by dropwise addition of 

water (0.46 mL), 1 M KOH (0.46 mL), and water (1.38 mL). The mixture was filtered, and the 

solid was washed with DCM (3 × 20 mL). The combined organic solution was dried over 

Na2SO4, and 1.032 g crude product was obtained. The crude product was dissolved in 

DCM/diethyl ether mixture (2 ml/19 ml), then filtered through a filter paper. The resultant 

solution was pumped to dry, then the solid was dissolved in 30 mL diethyl ether and filtered 

again. After removing the ether, 602 mg product was obtained with a yield of 65%. 

 1H NMR (498.118 MHz, CDCl3, 27 °C): δ 1.08 & 1.70 (4H, multiplet, Hj/k), 1.46  (1H, 

multiplet, Hi), 1.52 (1H, multiplet, Hc/d), 1.64 (1H, multiplet, Hc/d), 1.85 (2H, multiplet, He), 

2.16 (2H, doublet, J= 3.23Hz, Hh), 2.57 & 3.06 (4H, multiplet, Hl/m), 2.75 & 2.88 (4H, multiplet, 

Hf/g), 2.77 (2H, multiplet, Hb), 6.10 (2H, multiplet, Ha). 

 13C{1H} NMR (125.266 MHz, CDCl3, 27 °C): δ 31.0, 31.7, 35.3, 44.8, 46.4, 53.5, 57.1, 

62.9, 137.1. 

 HRMS (ESI): Calculated: 232.1939; found: 233.2013 (+ 1 H+). 
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Converting 37 to quaternary ammonium bromide, 4-[6-azonia-spiro[5.5]undecyl]-4-

azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione bromide 

 

Compound 161 (369.6 mg, 1.6 mmol), K2CO3 (1435 mg, 10.4 mmol), 1,5-dibromopentane 

(366.8 mg, 1.6 mmol), and MeCN (17 mL) were added into a Schlenk tube. The mixture was 

heated at 80 °C for 20 h, then pumped to dry. The resultant solid was washed with EtOH (15 

mL + 15 mL + 5 mL) and DCM (30 mL). The combined organic solution was pumped to dry. 

The resultant solid was recrystallized with DCM (5 mL) and ether (46 mL), and 396 mg 

product was obtained with a yield of 65%. 

 1H NMR (498.118 MHz, CDCl3, 27 °C): δ 1.46–1.53 (3H, multiplet, Hc/d & one set of 

Hj/k), 1.61  (1H, multiplet, Hc/d), 1.80–2.04 (13H, He, Hi, Hj/k, Hp, Hq, & Hr), 2.28 (2H, doublet, 

J= 6.96 Hz, Hc/d), 2.70 & 2.84 (4H, multiplet, Hf/g), 3.61–3.94 (8H, multiplet, l/m, Hn & Ho), 

6.09 (2H, multiplet, Ha). 

 13C{1H} NMR (125.266 MHz, CDCl3, 27 °C): δ 19.5, 19.9, 21.2, 24.3, 32.1, 45.0, 46.2, 

53.3, 54.2, 57.0, 58.5, 60.6, 63.6, 136.8. 

 HRMS (ESI): Calculated: 301.2644; found: 301.2637. 

 

Ion exchange to BF4
- salt 38, 4-[6-azonia-spiro[5.5]undecyl]-4-azatricyclo[5.2.1.02,6]dec-

8-ene-3,5-dione tetrafluoroborate (162) 

 

An effort was made to keep the reaction in the dark, to minimize the decomposition of AgBr 

byproduct. Dark oily impurities were observed during this reaction, and they were removed by 

filtration and recrystallizations. 
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 As shown in Eq. 3-15, the bromide salt (160 mg, 0.42 mmol) and AgBF4 (83.3 mg, 

0.43 mmol) were dissolved in MeOH (10 mL) and stirred for 10 min. The resultant mixture 

was filtered to remove the precipitate, and the filtrate was dried under vacuum. The resultant 

solid was recrystallized twice with MeOH/diethyl ether and DCM/diethyl ether, and 88.8 mg 

solid was obtained after drying, with a yield of 54%.  

 The 1H NMR and 13C NMR are identical to those of the bromide compound.  

 19F NMR (376.319 Hz, MeOH-d4, 27 °C): δ -154.3– -154.2 (4F, multiple peaks 

coupled to 11B and 10B, BF4
-). 

 HRMS (ESI): Calculated: 301.2644; found: 301.2637. 

 

3.4.3 Other Experiments for Part A 

 

An example of the transfer hydrogenation (with 137 as the catalyst) 

In a Schlenk tube under N2, 137 (8.0 mg, 0.0084 mmol) was dissolved in 2-PrOH (8 mL). 

Acetophenone (200 mg, 1.66 mmol) and KOtBu (0.5 mg, 0.0044 mmol) were transferred into 

the Schlenk tube with 2-PrOH (7 mL + 1 mL, to a final volume of 16 mL). The tube was sealed, 

and the reaction was stirred at rt for 19 h. An aliquot was taken, and the solvent was removed 

by vacuum. The conversion was determined using the ratio between the starting material and 

the product in the 1H NMR spectra. The ee was determined by chiral GC-MS. 

 

An example of the ester hydrogenation via DKR (with 13P as the catalyst) 

The hydrogenation was set up in a customized screening reactor, in which eight reactions can 

be carried out at the same time under the same pressure and temperature. Eight different ester 

substrates (0.34 mmol) were weighed into eight test tubes separately, then the tubes were 

placed into the high-pressure screening reactor and purged with Ar for 20 min. The pre-

prepared polymer catalyst solution of 137P (0.0043 mmol Ru in 0.125 mL CD2Cl2) was added 

into each tube, followed by a NaOiPr solution (0.085 mmol / mL, 2 mL). The reactor was 

purged with H2 for 0.5 h, then the reaction was carried out at rt under 4 bar H2 for 24 h. Next, 

the contents in each test tube were filtered through a florisil plug with DCM. The conversion 

and ee were determined using 1H NMR and chiral GC-MS, respectively. 

 



 

132 
 

3.4.4 Other Experiments for Part B 

 

Preparation of the polymer catalyst with cation 

A solvent mixture (1.4 mL CD2Cl2 and 0.7 mL 2-PrOHd8) and two NMR tubes were prepared: 

Tube A contained 136 (21.0 mg, 0.0249 mmol), 162 (19.0 mg, 0.0490), COE (8.16 mg, 0.074 

mmol), and 1.5 mL solvent mixture. Tube B contained 163 (2.2 mg, 0.00249 mmol). The two 

tubes were cooled to -78 °C, then 1/10 of the solution in Tube A was transferred into Tube B. 

Then, Tube B was shaken to mix, left at rt for 15 min, and cooled again before the next addition 

of Tube A. Another nine additions were carried out in the same manner to consume the solution 

in Tube A. 1H and 31P NMR spectra were taken after the 1st, 2nd, 5th, 8th, and 10th additions. 

Crosslinker (23 mg, 0.065 mmol) and COE (34 mg, 0.309 mmol) were added at -78 °C. Then, 

14/15 of the solution was shaken and transferred to a Schlenk tube with 5.05 g BaSO4. The 

Schlenk tube was placed in an oil bath and heated at 35 °C for 18 h, along with the 1/15 solution 

left in the NMR tube, which was used as a reference. The Schlenk tube was pumped under 

high vacuum for 1 h at 30 °C, then the catalyst in the Schlenk tube was ground in a glovebox 

and washed with THF (3 × 15 mL). The wash was pumped to dry, and the residual solid was 

analyzed by 1H, 31P, and 19F NMR. The leaching of the ruthenium catalyst was ~30%, and the 

leaching of the cation was ~14%. The ruthenium loading was 0.0032 mmol / g BaSO4. 

 

Catalytic hydrogenation using polymer catalyst with cation 

To minimize the moisture content, THF and methyl benzoate were distilled over 

Na/benzophenone and CaH2, respectively, followed by passing through 10 wt% Al2O3 (neutral, 

activated), and 2-PrOH was distilled over CaO. After drying, 16 mL methyl benzoate were 

diluted by THF to a total volume of 80 mL; this served as the stock solution. 

 The hydrogenation procedure was similar to the reusing hydrogenation described in 

Chapter 2. The polymer catalyst on BaSO4 (1.39 g, 0.0044 mmol catalyst) was transferred into 

the high-pressure reactor with the stock solution (11.7 mL, 18.5 mmol ester). KOtBu (85.7 mg, 

0.77 mmol) was reacted with 2-PrOH (456 mg, 7.6 mmol), then the resultant solution was 

transferred to the reactor. The reactor was sealed, pressurized to 50 bar H2, and the reaction 

was carried out for 22 h with stirring. The first run was stopped, and the reaction mixture was 

filtered with the catalyst remaining in the reactor, then another 11.7 mL stock solution was 

added under H2 to set up the second run without extra base. After the filtration of the second 
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run, the third run was set up by adding stock solution (11.7 mL, 18.5 mmol ester) and KOtBu 

(87.7 mg, 0.78 mmol). After each run, an NMR of the aliquot with 1,3,5-trimethoxybenzene 

as the internal standard. Conversion was calculated based on the ratio between each compound. 

TON = 4200 × conversion. 

  



 

134 
 

Chapter 4 

Glancing Angle Deposited Ni Nanopillars Coated with 

Conformal, Thin Layers of Pt by a Novel Electrodeposition: 

Application to the Oxygen Reduction Reaction2 

4.1 Introduction 

 

4.1.1 Fuel Cell 

A fuel cell is a device that converts the chemical energy from the oxidation of fuels directly 

into electricity via electrochemical processes.204 A schematic diagram of a H2/O2 fuel cell with 

an alkaline electrolyte is shown in Figure 4-1. The fuel, H2, is oxidized to protons and electrons 

at the anode. The released electrons travel through the external circuit to the cathode, where 

oxygen is reduced to HO-. The electrolyte between the anode and cathode transports hydroxide 

and separates the fuel and oxidants. Fuel cells are classified generally based upon their 

electrolytes.205 Common types of fuel cells include proton exchange membrane fuel cells, 

alkaline membrane fuel cells, solid oxide fuel cells, phosphoric acid fuel cells, etc.204 

 The only emission by a H2/O2 fuel cell is water, so there are no concerns with fuel cells 

regarding air pollution and CO2.
206, 207 The efficiency of a fuel cell is generally higher than that 

of a combustion engine as it is not limited by the Carnot cycle. In addition, the operation of a 

fuel cell can be much quieter and requires fewer moving parts than a combustion engine.208, 

209 These advantages make fuel cells good candidates for a variety of applications, such as 

power stations, vehicles, and portable devices.210, 211 

 The first fuel cell was constructed in the late 1830s when Grove and Schönbein 

 
The contents of this chapter have been copied and/or adapted from the following publication: Shuai Xu, Chao 

Wang, Sonja A. Francis, Ryan T. Tucker, Jason B. Sorge, Reza B. Moghaddam, Michael J. Brett, Steven H. 

Bergens, Electrochimica Acta, 2015, 151, 537-543. 
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demonstrated the principles with H2/O2 electrochemical cells.212, 213 Almost a hundred years 

later, the first fuel cell for practical use was developed by Francis Thomas Bacon (a direct 

descendant of Francis Bacon, the famous 16th century philosopher). Fuel cells drew more 

attention after their application in NASA’s Gemini and Apollo programs in the 1960s.214, 215 

With the developments in catalysis, electrolytes, fuel sources, and system engineering, fuel 

cells are becoming cheaper, more efficient, and more commercially applicable. The first fuel 

cell powered vehicle model available for consumers was manufactured by Honda in 2007.216 

According to the 2016 Fuel Cell Technologies Market Report released by the US Department 

of Energy,217 more than 62000 fuel cell systems were shipped worldwide with above 500 MW 

output in 2016, and the market is growing rapidly.  

  

 

Figure 4-1. Schematic of a typical hydrogen–oxygen fuel cell with an alkaline electrolyte. 

 

4.1.2 Oxygen Reduction Reaction (ORR) and Pt-based Catalysts 

The half reactions at the anode and cathode of a fuel cell depend on the type of electrolyte and 

fuel. This dissertation is focusing only on polyelectrolyte membrane fuel cells with H2 or 

alcohols fuels. The interested reader is directed to recent review papers.218-222 

 For H2/O2 fuel cells with proton exchange membranes, the reactions are as follows:204 

Overall:   H2 + 1/2 O2 → H2O 
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Anode:   H2 → 2 H+ + 2 e- 

Cathode:   1/2 O2 + 2 e- + 2 H+ → H2O 

If the fuel cell is operating with a hydroxide exchange membrane, the reactions are:204 

Overall:   H2 + 1/2 O2 → H2O   

Anode:   H2 + 2 OH-→ 2 H2O + 2 e-   

Cathode:   1/2 O2 + 2 e- + H2O → 2 OH-   

 To date, Pt-based catalysts remain the most active for the cathode half reaction in fuel 

cells.223 The reduction of oxygen is the kinetically limiting process of H2/O2 fuel cells, and the 

cathode requires more Pt than the anode.224 Thus, numerous studies have been dedicated to 

improving the efficiencies or lowering the costs of ORR catalysts. Commercially available Pt 

catalysts commonly are made by dispersing Pt onto carbon black materials.  

 It is recognized widely that ORR may occur via two pathways: the complete 4-electron 

pathway and the incomplete 2-electron pathway.225 Table 4-1 summarizes these pathways. 

 

Table 4-1. ORR Pathways in Acidic or Alkaline Media.
225

 

Electrolyte Reaction E0 (V) 

Acidic  4-e- pathway: O2 + 4 H+ + 4e- → 2 H2O 

2-e- pathway: O2 + 2 H+ + 2e- → H2O2 

H2O2 + 2 H+ + 2e- → 2 H2O 

1.229 

0.695 

1.776 

Alkaline  4-e- pathway: O2 + 2 H2O + 4e- → 4 OH- 

2-e- pathway: O2 + H2O + 2e- → HO2 
- + OH- 

HO2 
- + H2O + 2e- → 3 OH- 

0.401 

-0.076 

0.878 

  

 The 4-electron reduction pathways are preferred because of their higher efficiency.226 

The 4-electron pathway for ORR is heavily studied in the literature. Due to the complexity of 

the ORR process and the limitations of surface characterization techniques, the mechanism of 

ORR still is not understood fully on the molecular level.224, 227 Nevertheless, DFT calculations 

provide valuable insights into the detailed process of the ORR. Nørskov and coworkers228 
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studied the pathways of ORR on Pt (111) surfaces in acid media. Based upon their calculations, 

three pathways, called the “dissociative”, “associative”, and “peroxo” mechanisms, were 

proposed. Those pathways were studied further by Keith and Jacob,229 as shown in Figure 4-

2. 

 

 
Figure 4-2. The mechanism of ORR under acidic conditions. “*” represents the adsorption of a species onto the 

surface.229 

  

 The reduction starts with the binding of O2 on to the surface of Pt, forming O2*. In the 

dissociative mechansim, represented by green + black arrows, the O2* dissociates to O* first, 

then the O* combines with a proton and an electron to form OH*. The OH* may combine 

further with protons and electrons to form H2O*, which is released from the Pt surface. In the 

associative mechanism, O2* forms OOH*, shown with blue arrows. In the peroxo mechanism, 

shown with purple arrows, the OOH* in the dissociative mechanism is reduced by a proton 

and an electron to H2O2*, which then splits to two OH*. A branched 2-electron reduction may 

occur, in which the H2O2* species escapes from the Pt surface, as represented by the red arrow.  

 A “volcano plot” was reported by Nørskov and coworkers by plotting the ORR activity 

of different metals with respect to their calculated oxygen binding energies.228 It indicated that, 

to obtain good activity, the binding between the catalyst surface and oxygen should be neither 

too strong, which would block the dissociation of oxygen species, nor too weak, which would 

affect the interaction between O2 and the catalyst surface. It suggested that Pt is the best single 

metal candidate for catalyzing ORR, but a 0.2 eV decrease with respect to the oxygen binding 

energy of Pt will lead to the optimum energy profile of an ORR catalyst. This goal in catalyst 
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design can be achieved by the synergy of Pt and other metals in Pt alloy catalysts.  

 Numerous results230-234 have proven experimentally that certain Pt alloys have superior 

ORR activities to bare Pt/C catalysts. More intrinsically, the band theory describes the energy 

diagram of electrons in solid state substances, which is applied also to analyze the behavior of 

ORR catalysts.235-237 As shown in Figure 4-3, when an oxygen species is adsorbed onto the 

catalyst surface, the d-band of the catalyst hybridizes with the σ orbital to form a bonding state 

and an antibonding state. The position of the d-band center with respect to the Fermi level of 

a catalyst is the key parameter in this evaluation. A higher (or lower) d-band center results in 

a less (or more) occupation of the antibonding states, which means a stronger (or weaker) 

binding between the adsorbate and the catalyst surface. The d-band theory helps to find the 

optimum composition and morphology of a catalyst to approach the ideal oxygen binding 

energy of a catalyst. 

 

 

Figure 4-3. Schematic representation of the coupling of an O2 adsorbate level (εO2) with a lower d-band center 

(εd
1) or a higher d-band center (εd

2) of a catalyst. Less filling of the anti-bonding state indicates a stronger binding 

between O2 and the catalyst, in other words, higher binding energy in the “volcano plot”.
 235-237 

  

 A benefit of the d-band theory is that the d-band center can be measured experimentally 

by photoemission spectroscopy. Nørskov and coworkers238 studied different Pt-based alloy 

compositions with both experimentally measured ORR activity and the predicted ORR 

activity, based on the DFT simulation and the experimentally measured d-band center. The 

simulated activities of Pt3Ti, Pt3Fe, Pt3Co (the subscript indicates the composition) exhibit 

excellent agreement with the measured activities of these alloys, whereas the simulated activity 
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of Pt3Ni is significantly higher than the experimental results. Although they do not match 

perfectly, the d-band theory has been successful in providing important hints for the search of 

catalysts that are more active than Pt.  

 Two parameters commonly are used to evaluate the performance of a Pt-based catalyst 

for ORR: 

 1) The specific activity (mA cm-2), which is the current density at a certain potential 

normalized to the electrochemical active surface area (ECSA) of a catalyst. The ECSA 

commonly is obtained by hydrogen underpotential deposition or CO-stripping.239 Specific 

activity reflects the intrinsic activity, guiding the optimization of the composition and surface 

structure of a catalyst.  

2) The mass activity (A mg-1), which is the current at a certain potential normalized to the Pt 

(or other precious metal, if applicable) loading of a catalyst. This number provides an 

economic evaluation of a catalyst, which is particularly important for the catalyst 

implementation. Mostly, these two parameters are obtained at 0.9 VRHE (RHE = reversible 

hydrogen electrode). Pt alloy catalysts often show improvement over Pt catalyst in both the 

specific activity and the mass activity of the resultant catalyst. This strategy to prepare highly 

active catalysts with low Pt loading has been discussed widely in the literature.  

 The relationship between the ORR activity and the electronic structure of Pt3Ni was 

studied extensively by Stamenkovic, Markovic, and coworkers.233 Three low-index surfaces 

(111), (100), (110) of Pt3Ni and pure Pt were investigated. The Pt atom is dominant in the 

surface of a Pt3Ni material, and the bulk ratio between Pt and Ni is balanced by the Pt depletion 

in the next few layers inside. Thus, for example, Pt3Ni(111) and pure Pt(111) have the same 

top-layer composition; however, their electronic structures are influenced greatly by the 

underlying layers. Based on the DFT calculations, the d-band center of Pt3Ni(111) has a 

downshift of 0.34 eV compared to Pt(111), resulting in a weaker binding with oxygen species. 

This relationship was investigated experimentally. Specifically, the fractional coverage of 

Pt3Ni(111) by OH at 0.9 VRHE was ~50% less than Pt(111) in 0.1 M HClO4 at 60 °C . The 

ORR rate of Pt3Ni(111) was accelerated greatly by the weaker adsorption of OH on Pt. The 

specific activity of Pt3Ni(111) is ~10 times higher than that of Pt(111) (measured at 0.9 V vs 

RHE in 0.1 M HClO4 solution, 60 °C). The comparison between different surfaces of Pt3Ni 

indicated that the Pt3Ni(111) has better activity than Pt3Ni(110) and Pt3Ni(100); this was 
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attributed to the structure-sensitive adsorption behavior between Pt and oxygen-containing 

species. This report, both experimentally and theoretically, demonstrated that a Pt3Ni(111)-

rich morphology is a desired structure in the catalyst design of ORR.  

  Carpenter and coworkers240 reported a method to synthesize PtNi nanoparticles (NPs) 

by reducing Pt(acac)2 and Ni(acac)2 in DMF at 200 °C. NPs with different compositions were 

obtained by tuning the ratio between the Pt and Ni precursors. The best catalyst was Pt1Ni1, 

whose specific activity reached 3.0 mA cm-2, and whose mass activity reached 0.68 A mg-1 in 

0.1 M HClO4. 

 The Strasser group232 prepared PtNi nanoparticles (NPs) using a similar method by 

heating Pt(acac)2 and Ni(acac)2 in DMF at 120 °C for a controlled time, followed by adding 

the Vulcan XC-72 carbon support. The near surface compositions of the resultant NPs were 

controlled by the reaction time. The best catalyst was obtained after 42 h heating, with a near 

surface of 41 at.% (percent of atom) of Pt. The specific activity of this catalyst reached 3.14 

mA cm-2, and the mass activity reached 1.45 A mg-1, which are both more than 10 times higher 

than the commercial Pt/C catalysts. In a later study,241 the same group synthesized three 

octahedral PtNi NPs with different bulk ratios (Pt1.5Ni1, Pt1Ni1, Pt1Ni1.5). They found that Pt 

was enriched in the edges and corners of the NPs, whereas Ni atoms are segregated in the (111) 

facet of the NPs. The resulting NPs on the Vulcan carbon support exhibit excellent initial 

activity, which could be improved further by dealloying in 0.1 M HClO4 with 25 cycles 

potential sweep between 0.06 and 1.0 VRHE. The dealloying process electrochemically changed 

the composition and structure of a catalyst by dissolving the metal atoms on the surface, 

resulting in octahedral nanoparticles with Pt-rich concave surfaces. The highest specific 

activity was ~3.8 mA cm-2, with a mass activity ~1.7 A mg-1 obtained from the catalyst with 

Pt1Ni1 ratio. The authors attributed this exceptional activity to the maintained octahedral 

structure with Pt(111) facets as well as the underlying Ni providing favored electronic effects. 

 PtFe and PtCo nanowire catalysts were reported by Stamenkovic, Sun, and coworkers.231 

PtFe catalysts are more active than PtCo catalysts. PtFe nanowires (NWs) were synthesized by 

reducing Pt(acac)2 in a solution of 1-octadencene and oleylamine in the presence of Fe(CO)5 

at 115 °C. The resulting NWs were 2.5 nm in diameter and 30–100 nm in length. Using the 

seed-mediated growth method, the 2.5 nm NWs further grew to 6.3 nm in a solution of 

Fe(CO)5, Pt(acac)2, 1-octadencene, oleylamine, and oleic acid at 240 °C. The resultant NWs 
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were dispersed on a carbon support (Ketjen EC-300J). The best catalyst had a composition of 

Pt44Fe56, and the specific activity reached 3.9 mA cm-2. No significant activity loss was 

detected in the stability test, which was carried out by measuring the ORR activity after 4000 

potential sweeps between 0.6 and 1.0 VRHE. 

 Catalysts with specific activities >10 mA cm-2 were reported by Huang and coworkers. 

They found that Mo-doping Pt3Ni catalysts lead to significantly improved activity.230 The 

synthesis started with the preparation of the Pt3Ni NPs through the reduction of Pt(acac)2 and 

Ni(acac)2, then the Pt3Ni NPs were doped in the solution of Mo(CO)6, Pt(acac)2, and Ni(acac)2 

in DMF at 170 °C for 48 h. The specific activity of this Mo-Pt3Ni catalyst was 10.3 mA cm-2, 

and its mass activity was 2.08 A mg-1. It has an octahedral shape, with Mo atoms sitting near 

the edges and vertices. Only ~6% decrease in the specific activity and the mass activity was 

observed after 8000 potential cycles (0.6–1.1 VRHE) in O2 saturated 0.1 M HClO4. Mo-Pt3Ni 

NPs exhibit better performance in both activity and stability than those of the pristine Pt3Ni 

NPs. The calculation results indicated that the oxygen binding energy around the Mo atoms 

was 0.15 eV less than the Pt(111) facet, which was in a favored position in the volcano plot. 

The Mo-Pt and Mo-Ni bonds are strong, and Mo held Pt and Ni better than themselves, which 

explains the outstanding stability of this catalyst. 

 The state-of-the-art ORR catalysts were reported by Duan and coworkers.242 First, 

Pt/NiO core/shell nanowires (NWs) were synthesized by heating the solution containing 

Pt(acac)2, Ni(acac)2, W(CO)6, 1-octadecene, oleylamine, and polyvinylpyrrolidone at 140 °C 

for 6 h. The obtained NWs were reduced under Ar/H2: 97/3 gas flow at 450 °C in the presence 

of a carbon black support. The following dealloying process (160 potential cycles 0.05–1.1 

VRHE in 0.1 M HClO4) removed the Ni atoms on the NW surface, resulting in NWs with a 

Pt(111)-dominated surface. The diameter of the NWs also shrank from ~5 nm to ~2.2 nm after 

the dealloying. Notably, the author recognized this catalyst as a non-alloyed Pt catalyst. The 

resultant NWs (J-PtNWs) have a highly jagged surface, with a mass-specific ECSA of 118 

m2/gpt, which is the largest mass-specific ECSA ever reported. The specific activity of the J-

PtNWs was 11.5 mA cm-2, and the mass activity was 13.6 A mg-1 (0.9 VRHE), which are both 

the highest reported in the literature. This mass activity was ~50 times higher than a 

commercial Pt/C catalyst and 30 times higher than the U.S. Department of Energy 2020 target 

(0.44 A mg-1, set in 2016), illustrating a promising implementation of the catalyst. This mass 
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activity only dropped by 12% after treating the catalyst with 6000 cyclic voltammetry scans 

(0.6–1.0 VRHE, O2 saturated 0.1 M HClO4). Other than the high mass-specific ECSA, the author 

attributed the exceptionally high activity to the ORR-favorable rhombic geometry of Pt atoms 

on the catalyst surface. This less-coordinated, more strained rhombic structure of Pt decreases 

the binding energy of oxygen species compared to the face centered cubic Pt(111) surface, 

resulting in a better ORR activity.  

 In summary, cathode catalysts of fuel cells play an important role in the performance of 

a fuel cell. Pt-based catalysts exhibit the highest activities, especially Pt-based nanomaterials. 

However, few papers reported the actual cell performance of these catalysts. Also, 

nanomaterials are subject to structural decomposition,243 which may affect the lifetime of the 

catalysts. The current manufacture of nanomaterials also causes environmental concerns.244 

There is room for improvement in their activity, durability, and manufacturing costs. 

 

4.1.3 Glancing Angle Deposition and Its Application in Fuel Cell Catalysis 

The glancing angle deposition (GLAD) is a physical vapor deposition (PVD) technique.245 

Figure 4-4 is a schematic illustration of a GLAD process. Under high vacuum, a vapor-phased 

atom stream hits a solid substrate, and the atoms condense onto the substrate. Microstructural 

control is achieved by the precise motion of the substrate relative to the incoming vapor flux.246, 

247 Two angular parameters, α and φ, commonly are used to describe a GLAD process, where 

α is the oblique deposition angle, defined as the angle between the substrate normal and the 

vaper flux, and φ represents the rotation about the axis perpendicular to the substrate. During 

the deposition, the obliquely incident atoms are able only to nucleate onto the highest points 

of the substrate surface due to a self-shadowing effect. With increasing flux deposition, this 

self-shadowing effect leads to columnar or pillar-shaped growth. The porosity and nanopillar 

spacing can be controlled by changing α. Further morphology control can be achieved by 

modulation of substrate rotation in φ and allows access to various structures (e.g., vertical 

columns, slanted posts, chevrons, square spirals, helices, and combinations thereof). The high 

level of morphology control, inherent to GLAD, leads to well-tailored nanostructures that can 

be used in a variety of applications, including electrocatalysis. Moreover, large area GLAD 

films have been prepared in a prototype roll-to-roll system that can be extended further to mass 

production of these materials.248 
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Figure 4-4. Schematic illustration of a GLAD process.246 

 

We previously reported the first study of alcohol oxidation with GLAD-based electro 

catalysts.249 Specifically, Pt was deposited electrochemically onto 500 nm long NiGLAD 

nanopillars supported on Si wafers (NiGLAD/Si). Two Pt deposition methods were compared. 

The first was a traditional potentiostatic deposition from Pt salts dissolved in acidic electrolytes. 

This deposition mainly placed the Pt on the tops of the NiGLAD nanopillars to give a layered 

structure with Ni below and Pt on the top (referred to herein as PtTrNiGLAD/Si). The second Pt 

deposition was an unconventional, self-limiting, galvanostatic one (J = (–) 100 mA cm-2, 

normalized to the geometric area of the Si support under the NiGLAD), with a Pt counter 

electrode (CE) as the source of Pt in a 2.0 M NH4Cl electrolyte250, 251 to result in a conformal 

Pt coating on the NiGLAD/Si. This core-layer catalyst is referred to as NiGLAD[Pt]/Si. Both 

PtTrNiGLAD/Si and the core-layer NiGLAD[Pt]/Si were more active for the electro-oxidation of 

2-PrOH in base than Pt foil or Nifoam[Pt] (made by a similar Pt CE deposition on a Ni foam)250. 

At low potentials, (50–300 mVRHE) the electrochemically active surface atom-normalized 

activity of NiGLAD[Pt]/Si was higher than the unsupported Pt and Pt–Ru nanoparticles as well. 

Interestingly, the NiGLAD/Si substrate without added Pt was also active towards 2-PrOH 

electro-oxidation at low potentials.  

The use of GLAD materials as oxygen reduction electro-catalysts was reported 

recently.252-259 The Gall group reported various studies of GLAD-based electrodes in PEM fuel 
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cells.252-255 For example, 100 to 500 nm GLAD Pt nanorods were sputtered at α = 87° directly 

onto gas diffusion layers and incorporated into polymer electrolyte membrane (PEM) fuel cells 

as cathodes. These were compared to Pt cathodes prepared at normal incidence (α = 0°). The 

GLAD Pt cathode had a lower ECSA but a higher porosity than the cathode prepared at α = 0°. 

The mass specific activity of the GLAD-based cell was higher than that of the α = 0° system, 

suggesting that mass transport was more facile in the GLAD-based cathode.255 In another 

report, Pt sputtered onto 500 nm GLAD carbon nanorods were incorporated into a fuel cell and 

etched in situ by applying cell voltages between 1.2 and 1.7 V.  The etching improved the 

performance of the cell, suggesting that mass transport was also more facile in the etched 

cathode.254 

The Brett group has collaborated with the research groups of Wilkinson and Dahn to 

report Pt sputtered on GLAD annealed niobium oxide and titanium nanopillars, respectively.256, 

257 Both reports showed catalyst surface enhancement factors on the order of 11 to 13 due to 

the high surface area of the supports. Room temperature ORR studies in 0.1 M HClO4 showed 

that Pt/GLAD Ti could achieve current densities of 0.5 mA cm-2, while the annealed niobium 

oxide-supported Pt displayed current densities ≥ 1 mA cm-2 at 0.9 VRHE. Moreover, the latter 

catalyst withstood aggressive electrochemical testing up to 1.4 VRHE, and its morphology was 

stable at 1000 °C.  

 In most cases, the initial use of basic conditions to study a newly developed combinatory 

catalyst would minimize significant changes in structure and composition due to dissolution. 

The use of alkaline electrolytes thereby allows for convenient screening of the near as-prepared 

structure, activity, and durability of ORR electro-catalysts. Furthermore, the results of such 

studies are relevant to the development of alkaline fuel cells.260 

 A great deal of attention has been focused on the study of ORR in alkaline media using 

Pt as a catalyst in binary and ternary combinations with non-noble transition metals. For 

instance, Garcia-Contreras et al261 reported that PtNi and PtNiCo made by chemical vapor 

deposition were both more active than Pt in KOH solution, with the latter giving the best 

activity. A comparative theoretical and experimental survey of ORR in 0.1 M KOH by Pasti 

et al. showed that the Pt-In alloy was 2.6 times more active than Pt.262 More recently, Jaeger 

and coworkers263 showed that a Pt-C(Mo2C) catalyst was more active than Pt/Vulcan carbon 

towards ORR in base. 
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This study presents the first ORR study in alkaline media on GLAD Ni supports over 

which Pt was electrochemically deposited using a rotating disc electrode. Using the versatile 

GLAD deposition methodology, we have been able to cast Ni on a bare glassy carbon electrode 

with control over shape, quantity, and distribution. Here, a higher value of α than for our 

previous studies with NiGLAD/Si (α = 85°) was set to decrease the surface density of the 

nanopillars in an attempt to facilitate the mass transport of O2 in the catalyst layer.264, 265 As 

well, in the present work, we used a modified version of the Pt CE deposition with the working 

electrode rotating at high rates to prepare NiGLAD[Pt]/GC core-layer nanopillars with minimal 

mass transport effects. This technique appears to deposit controlled amounts of Pt uniformly 

over the Ni particles. The resulting structures survived fast WE rotation during ORR tests in 

the absence of binders such as Nafion®. This approach is beneficial for mechanistic studies, 

for benchmarking catalysts, and for testing novel catalyst materials, while avoiding intrinsic 

complications (e.g., mass transport and stability problems) commonly encountered with 

binding agents. 

4.2 Results and Discussion 

Figure 4-5 shows top (A) and 45° oblique side (B) views SEM images of the as-prepared 

NiGLAD/GC deposit. The Ni nanopillars appear polycrystalline. They are columnar, roughly 

perpendicular to the surface of the glassy carbon, ~500 nm tall, and widen with increasing 

height. The average maximum diameter is ~200 nm, while the nanopillars are distributed 

evenly on the surface. The typical mass of the Ni deposits was 62.5 μg (1.06 × 10-6 mole Ni), 

or 500 μg cm-2 (8.35×10-6 mole cm-2), as determined by ICP-MS after dissolution of the Ni 

deposit. 
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Figure 4-5. Scanning electron micrographs showing the (a) top-down and (b) 45 degree oblique side view of 

NiGLAD/GC, as well as the (c) top-down and (d) 45 degree oblique side view of as prepared NiGLAD[Pt]/GC. 

 

Figure 4-6 shows typical voltammograms (five consecutive cycles) for the NiGLAD/GC 

substrate in 1.0 M KOH and 0–0.40 VRHE (sweep rate = 10 mV s-1). This range covers the 

reversible, 2-electron Ni/-Ni(OH)2 conversion, and it avoids the irreversible formation of -

Ni(OH)2 at higher potentials.266-269 The first scan displays a weak anodic wave at ~0.05 V on 

the forward sweep, which disappeared in the subsequent cycles. This anodic peak likely arises 

from the oxidation of adsorbed hydrogen that would have formed during the initial polarization 

at 0 V. 267 Unlike previous reports with bulk polycrystalline Ni that typically contain a well-

defined anodic peak at ~0.23 V,266-269 the anodic sweeps for NiGLAD/GC showed merely an 

oxidative region with two broad peaks at ~0.12 and ~0.25 V, ascribable to the Ni/–Ni(OH)2 

conversion. A similar broadening was observed previously in the CVs of NiGLAD/Si in base. 250 

This broadening likely is due to differences in the nature and distribution of the active sites on 

the NiGLAD nanopillars and on bulk, polycrystalline Ni. A previous study reported only slight 

differences in the peak potentials of the anodic waves in the Ni (110), (100), and (010) crystal 

faces, 268 further suggesting that the broad nature of this wave is a unique property of 

NiGLAD/GC or NiGLAD/Si. A large reduction peak at ~0.06 V is the prevailing feature of the 

cathodic scan, which is due to the reduction of -Ni(OH)2 to Ni.266-269 The cathodic features 
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of the CVs did not change appreciably with cycling. The evolution of H2 over NiGLAD/GC 

commences at ~0.02 V, which is more positive than that over bulk, polycrystalline Ni. 251 The 

charge under the 5th sweep of the cathodic wave, down to the onset of the H2 evolution, was 

used to approximate the ECSA of the NiGLAD/GC. For a typical sample, this charge was ~1182 

µC. Assuming a 2-electron process for the Ni/-Ni(OH)2 couple, this charge corresponds to 

6.1×10-9 surface atoms of Ni, compared to 1.1×10-6 mole total Ni (63 μg) in the deposit. 

Considering the approximations in the literature,268 this charge would correspond to ECSA of 

~2.3 cm2 (on 0.126 cm2 GC). After characterization by CV, we washed the NiGLAD/GC 

electrode and cell with deoxygenated H2O under an atmosphere of nitrogen, added 2.0 M 

NH4Cl electrolyte, and then carried out the WErot/CEPt deposition in the same cell without 

exposing the NiGLAD/GC to air.   

 

 

Figure 4-6. The first five sweeps of the cyclic voltammogram for the NiGLAD/GC substrate in 1.0 M KOH under 

N2 at 25 °C. Potential sweep rate was 10 mV s-1. 

 

The deposition was carried out galvanostatically in 2.0 M NH4Cl with a Pt black gauze 

CE as the Pt source. The CE was exposed to H2 (1 atm) before the deposition in order to reduce 

the surface Pt oxides.249-251 As was the case in 1.0 M KOH, H2 evolution at the NiGLAD/GC WE 

started at lower overpotentials than at bulk, polycrystalline Ni in 2.0 M NH4Cl. Indeed, the H2 

evolution at NiGLAD/GC was significant, and the gas bubbles blocked the electrolyte access to 
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the WE even at the beginning of the deposition when little or no Pt existed on the surface. 

Therefore, we performed the depositions at a high rate of WE rotation ( = 1700 rpm) to 

dislodge the bubbles continuously as they formed. This high rate of rotation also would 

minimize the mass transport effects on the distribution of the Pt deposit within the catalyst 

layer. As well, we used a lower current density than in our previous reports (j = (-) 64 mA cm-

2
GC or jECSA = (-) 5.5 mA cm-2

 Nisurf (using the initial ECSA of the NiGLAD deposit).249 Under 

these conditions, we expected to obtain a more uniform deposit of Pt on NiGLAD. We note that 

the nature of the NiGLAD/GC deposit, i.e. with the Ni nanopillars attached directly to the surface 

of the GC disc, uniquely allowed the rotating WE deposition without the need of binders such 

as Nafion® that could interfere with the deposition and activity measurements of the resulting 

electrocatalysts. The potential of the WE increases (decreasing the overpotential) as the Ni 

surface is covered progressively by Pt until it levels out when the Ni is covered by Pt.249  As 

can be seen in Figure 4-5C and D (SEM for a NiGLAD[Pt]/GC), there appear to be no significant 

changes in the overall shape and morphology of the GLAD pillars before and after the rotating 

deposition. Thus, it is likely that Pt has been deposited uniformly, over the NiGLAD nanopillars. 

Closer inspection of the nanopillars before and after Pt deposition reveals the appearance of 

some fine structures that are presumably due to partial surface deposition of Pt, which is also 

consistent with the EWE changes over the course of electrodeposition (Figure 4-7).  

 

Figure 4-7. Potential profile of the working electrodes (EWE) and counter electrodes during the Pt counter 

electrode depositions for a bare GC and NiGLAD/GC electrodes. 
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Figure 4-7 shows profiles of E vs. time during the WErot/CEPt deposition for both the 

WE and CE. For comparison, the same procedure was carried out over a bare GC disk to 

prepare a control [Pt]/GC electrode.  The initial stages (up to ~400 s) of the deposition over 

the NiGLAD/GC largely represent H2 evolution over the rotating NiGLAD/GC, with EWE ranging 

from -1.06 to -1.08 V vs Ag/AgCl (4.0 M KCl). The Pt deposition largely begins once the Pt 

black CE potential rises to values adequate to dissolve significant amounts of Pt in 2.0 M 

NH4Cl (~0.47 V).249-251 Starting at 410 s, we believe a mixed H2 evolution system exists over 

NiGLAD[Pt]/GC, with H2 evolution occurring over both Pt and Ni, and then mainly (or merely) 

over Pt when the Ni is fully covered with Pt (i.e., after t = 1500 s). The EWE increased almost 

linearly in the mixed potential region for ~1200 s and then leveled off asymptotically towards 

-0.81 V vs Ag/AgCl (4.0 M KCl). This behavior of EWE with time indicates that the Pt coverage 

increases almost linearly during the early stages of the WErot/CEPt dep (~1200 s). As expected, 

the initial WE potential is significantly more negative over bare GC than over NiGLAD/GC. 

Also, the polarization of the CE initiates at potentials larger than 0.47 V, suggesting that the 

electrodissolution from the CE and Pt deposition onto the WE started almost immediately. 

Indeed, EWE over GC started to increase at the onset of the deposition. Over bare GC, the initial 

surge in EWE likely is due to nucleation and growth of the Pt deposit. The WE potential increase 

levels off much earlier over [Pt]/GC than over NiGLAD[Pt]/GC (around 1000 s). We note, 

however, that the overall deposition time for both electrodes (start of the potential increase up 

to the plateau) seems quite similar and is roughly 1000±50 s.  The difference in the WE 

potentials near the end of the depositions likely reflects differences in the overpotentials for 

hydrogen evolution over the [Pt]/GC and NiGLAD[Pt]/GC surfaces. 

Figure 4-8 shows a typical voltammogram of a NiGLAD[Pt]/GC catalyst in 1.0 M KOH 

(100 mV s-1) and a typical voltammogram of [Pt]/GC. The CVs were recorded without 

exposing the NiGLAD[Pt]/GC WE to air after the WErot/CEPt deposition. For both electrodes, 

typical features of Pt are observed,270 with H desorption (anodic) and adsorption (cathodic) 

below 0.45 V vs RHE, while oxide formation (anodic) and stripping (cathodic) are at potentials 

higher than 0.5 V vs RHE. We note, however, that the oxide stripping peak over NiGLAD[Pt]/GC 

is at ~0.53 V, compared to ~0.71 V over [Pt]/GC. Using the charge under the cathodic wave 

and assuming that the Pt electrochemistry is dominant,271 the ECSA of the NiGLAD[Pt]/GC is 

~0.76 cm2; similarly, 0.75 cm2 was obtained for [Pt]/GC.  The CV of [Pt]/GC was stable over 
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the course of these experiments in the absence of binder, showing that this deposition approach 

can be used successfully over bare carbon surfaces as well. 

 

 

Figure 4-8. Typical cyclic voltammograms for the [Pt]/GC (solid) and NiGLAD[Pt]/GC (dashed) electrodes in 1.0 

M KOH under N2 (25 °C) at 100 mV s-1. 

 

Figure 4-9 compares the ORR activities of the NiGLAD[Pt]/GC and [Pt]/GC electrodes 

in O2-saturated 1.0 M KOH. The figure shows the 5th negative going (cathodic) and positive 

going (anodic sweeps) ( = 1600 rpm, 1.00 to 0.50 V, 10 mV sec-1) of the hydrodynamic CVs 

corrected for the baseline CV (measured in the absence of O2). The current densities are 

normalized to the estimated ECSA of the deposits. We note that, based on the charges under 

the H adsorption/desorption regions (Figure 4-8), the ECSA of the NiGLAD[Pt]/GC and [Pt]/GC 

electrodes were 0.76 and 0.75 cm-2, respectively. As such, both electrodes produced similar 

mass transport controlled activities. The onset of the ORR was ~30 mV less negative over 

NiGLAD[Pt]/GC, resulting in about a 2–3 fold superior activity for NiGLAD[Pt]/GC over [Pt]/GC 

and 0.75–0.90 V vs RHE (cathodic sweeps). Comparing the anodic sweeps showed similar 

improvements, somewhat better. This signifies the role of NiGLAD structures in improving 

sluggish ORR activity of Pt. In 2013 Kariuki et al272 reported that Pt-Ni (both deposited by 

GLAD) nanorods gave similar ORR activity improvements compared with Pt in acidic 

electrolytes. Table 4-2 summarizes key data of the two catalysts where the ECSA and mass 

normalized activities have been reported at 0.9 V vs RHE of the anodic scans. 
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Figure 4-9. The baseline-corrected 5th cathodic and anodic sweeps of the hydrodynamic CVs of the [Pt]/GC 

(solid) and NiGLAD[Pt]/GC (dashed) electrodes in O2-saturated 1.0 M KOH at 25 °C, 1600 rpm, and 10 mV s-1. 

Current densities are normalized to electrochemical active surface area. Inset: Tafel plots extracted from the 

anodic sweeps. The data are not iR corrected. 

 

Figure 4-9 (inset) displays mass transport corrected Tafel plots of the cathodic sweeps 

(i.e., negative going) of the logarithm of the kinetic current density normalized to the ECSA 

vs. EWE, jECSAkinetic, (jobs × jlim)/(jlim-jobs). For both electrodes, there were two regions of the Tafel 

plots with different slopes, indicating a change in the rate-determining step with overpotential. 

At low overpotentals, down to EWE ~0.80 V, the Tafel slopes were 63 and 58 mV dec-1, while 

at EWE between ~0.80 V and ~0.60 V, Tafel slopes of as large as 172 and 227 mV dec-1 were 

obtained for [Pt]/GC and NiGLAD[Pt]/GC, respectively. Other authors also have reported two 

regions with different Tafel slopes for ORR over Pt in KOH electrolytes,272, 273 typically 60 

mV dec-1 down to EWE = ~0.80 V and ~121 mV dec-1 at EWE < ~0.80 V.  The reasons for the 

overly large Tafel slope at large overpotentials for NiGLAD[Pt]/GC are unknown at this point.  

We note that it has been hypothesized that such high Tafel slopes would be indicative of the 

rate determining step being the adsorption of O2.
273 This hypothesis is consistent with the 

relative ORR activities of NiGLAD[Pt]/GC and [Pt]/GC and their corresponding O2-free 

voltammetry (Figure 4-8), where the oxide stripping peak for NiGLAD[Pt]/GC appeared at about 

0.2 V less positive than that for the [Pt]/GC. Such a shift is suggestive of a stronger O2 

adsorption energy with Ni present in the NiGLAD[Pt]/GC catalyst, as has been documented also 

in the well-known volcano plots for Pt alloys activities as a function of the oxygen binding 
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energies.228 Further investigations are required, however, to fully explain the differences in 

ORR activity between NiGLAD[Pt]/GC and [Pt]/GC.  

 

Table 4-2. Some Key Parameters for the [Pt]/GC and NiGLAD[Pt]/GC Electrodes. 

Catalyst ORR onset  

VRHE 

ECSA / cm2 ECSA activity  

mA cm-2 

Mass activity  

A g-1 

[Pt]/GC 0.93 0.75 0.105 5.53 

NiGLAD[Pt]/GC 0.96 0.76 0.202 13.23 

 

Moderate-term potentiostatic ORR's (E = 0.85 V vs RHE) over 5000 s were carried out 

with the [Pt]/GC and NiGLAD[Pt]/GC electrodes (not shown) as a preliminary comparison of 

the durability of these catalysts. The NiGLAD[Pt]/GC retained its initial performance and also 

showed some improvement (-4.80×10-2 mA at t = 0 and -5.47×10-2 mA at t = 5000 s), while 

the activity of the [Pt]/GC electrode decreased by 38% after 5000 s (-2.06×10-2 mA at t = 0 

and -1.27×10-2 mA at t = 5000 s, respectively). This result is consistent with the report of 

Zhang et al274 who overviewed influences of metal oxide supports in sustaining the ORR 

activity of Pt. Figure 4-10 shows the baseline CVs in O2-free 1 M KOH for [Pt]/GC (A) and 

NiGLAD[Pt]/GC (B) before and after the moderate-term ORR tests. The before and after ECSA 

of the NiGLAD[Pt]/GC were 0.76 cm2 and ~0.74 cm2, respectively, and the corresponding values 

for [Pt]/GC were both ~0.75 cm2.  Thus, the ECSA of both surfaces were not changed 

significantly by moderate-term potentiostatic ORR's.  

These results show that the deposition method described in this work gives rise to Pt 

particles that are attached strongly to the GC support. On this basis, we propose that the 

superior ORR activity and moderate-term durability of the NiGLAD[Pt]/GC over [Pt]/GC are 

due to the promotional effects of the NiGLAD support on the Pt layer, rather than catalyst 

decomposition. 
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Figure 4-10. Cyclic voltammograms before (solid) and after (dash) 5000 s ORR at 0.85 (RHE) for the [Pt]/GC 

(A) and NiGLAD[Pt]/GC (B) electrodes in 1.0 M KOH under N2 (25 °C) at 100 mV s-1. 

4.3 Experimental Details 

The following chemicals were used as received from the supplier: Nitrogen (Praxair, pre-

purified), oxygen (Praxair, pre-purified), concentrated sulfuric acid (Caledon), hydrochloric 

acid (EMD chemicals), nitric acid (EMD chemicals), perchloric acid (Anachemia Corporation), 

potassium permanganate (Fisher Scientific), 30% hydrogen peroxide (Fisher Scientific), 

potassium hydroxide (Caledon Laboratory Chemicals), ammonium chloride (Caledon 

Laboratory chemicals), ethanol (Greenfield Ethanol Incorporated), and potassium 

hexachloroplatinate (Aithica Chemical Corporation). The following materials were used as 

received from the supplier: platinum gauze (Alfa Aesar, 52 mesh woven from 0.1 mm wire, 

99.9% metals basis) and nickel metal chunks (Cerac, Inc., 99.9% purity).  The glassy carbon 
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discs (Pine Research Instrumentation, 5 mm outer diameter × 4 mm thick, 0.196 cm2 geometric 

surface area) were polished and cleaned as described below before use.  

Triply distilled H2O was used to prepare all aqueous solutions and was itself prepared 

by distilling a mixture of alkaline KMnO4 and doubly distilled H2O. 2-Propanol (ACS reagent 

grade, Sigma-Aldrich) was distilled under N2 from Mg. Analytical grade reagents were used 

to prepare all electrolyte solutions. All aqueous solutions were saturated with N2 gas by 

purging for 30 min before use. All electrochemical experiments were carried out under N2 

using standard Schlenk techniques. Rinse water and electrolytes were transferred under 

flushing N2 with cannulas. ORR experiments were carried out in O2-saturated 1.0 M KOH 

under an atmosphere of O2. All glassware was cleaned with Piranha solution (5:1 by volume 

concentrated H2SO4 and 30% H2O2), rinsed thoroughly with triply distilled H2O, and then dried 

at 80°C. The platinum-blacked gauze counter electrodes were prepared as described 

previously.249 

The electrochemical experiments were performed with a Solartron SI 1287 

Electrochemical Interface controlled by CorrWare for Windows Version 2-3d software. 

During the rotating WE depositions, the potential of the Pt CE was recorded with a Radio 

Shack multimeter. Rotating disc electrode experiments were performed with a Pine Research 

Instrumentation Modulated Speed Rotator equipped with an AFE6MB RRDE shaft and E5TQ 

series Change-Disk tip.  The shaft and tip were connected to the reaction flask with a Pine 

AC01TPA6M Gas-Purged Bearing Assembly.   

 SEM was performed with a Hitachi S-4800 instrument. ICP-MS data were measured 

with an Agilent 7500 ce ICPMS coupled with a Cetac ASX-510 autosampler. Samples were 

prepared by dissolving the deposits in aqua regia, evaporating the resulting solution to dryness 

with a hot plate, followed by quantitatively making up the residue in 0.3 M HNO3.  

 

Preparation of GLAD nickel nanopillars on glassy carbon (NiGLAD/GC) 

The glassy carbon (GC) discs were polished with a Pine Research Instrumentation polishing 

kit (5, 0.3, and/or 0.05 μm alumina slurry with a nylon or rayon microcloth) and cleaned with 

acetone, iso-propanol, and water before being placed in the high vacuum deposition chamber 

(Kurt J. Lesker). The deposition chamber was evacuated to below 0.1 mP, and Ni was 

deposited from Ni metal chunks via electron beam deposition. The flux rate was maintained at 
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1 nm s-1 while a film of ~500 nm vertical nanopillars was deposited at α = 88˚. The substrates 

were rotated constantly in φ at a rate of one rotation every 10 nm of film growth.  The 

NiGLAD/GC discs were stored under glass in air.  

 

Characterization of GLAD catalysts by CV and the Rotating WE, Pt-CE deposition 

(WErot/CEPt dep) 

The experiments of GLAD catalyst characterization, Pt-CE deposition, and ORR 

measurements typically were completed on the same day to minimize ageing effects on the 

activity and characteristics of the resulting electrodes. The NiGLAD/GC disc was loaded into the 

RRDE tip under air using a homemade, hands-free mounting tool that also removed the outer 

0.5 mm-thick ring of the NiGLAD deposit, leaving 0.126 cm2 of the GC covered with NiGLAD. 

The NiGLAD/GC WE was cleaned with triply distilled water and then fitted to a 100 mL, three 

neck flask with a Pine AC01TPA6M Gas-Purged Bearing Assembly. The Pt black CE (in a 

glass filter tube with a coarse sinter tip) and the H2 (1 atm)/1.0 M KOH/Pt RHE reference 

electrode were fitted to the flask through holes in rubber septa. All gases were handled with 

needles attached to feed- and bubbler- lines. The vessel was flushed with N2 for 20 min and 

then filled with ~50 mL, N2-saturated 1.0 M KOH through a cannula. Immediately after 

immersion, the EWE was held at -0.10 VRHE for 180 s, after which the CV was recorded to 

characterize the NiGLAD surface (E = 0–0.40 V, 10 mV s-1, 5 sweeps). Next, the KOH solution 

was removed through a cannula, and with rapid N2 flushing, the CE was replaced with an 

unprotected, fresh Pt black gauze, and the RHE was replaced with a Ag/AgCl (4.0 M KCl) 

reference electrode, both fitted with rubber septa. Using cannulas, the vessel was washed three 

times with N2-saturated H2O (~50 mL each), emptied, and the Pt CE surface was reduced by 

exposure to a stream of H2 (1 atm) for 10 min.  The H2 was flushed with N2, and 30 mL of N2-

saturated 2.0 M NH4Cl was added through a cannula.  Thereafter, the WE was rotated at  = 

1700 rpm, and the current density was set to j = (-) 64 mA cm-2
GC, considering the total area of 

the GC disc (0.196 cm2). After the deposition, the NH4Cl solution was removed through a 

cannula. Under flushing N2, the CE was exchanged for a Pt black gauze in a filter tube with a 

coarse sinter, and the reference electrode was exchanged for an RHE. Both electrodes were 

fitted through rubber septa. Using cannulas, the reaction vessel and working electrode were 

rinsed three times (~50 mL each) with N2-saturated triply distilled water, then ~50 mL aqueous 
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1.0 M KOH was introduced to the vessel. Next, voltammetry was conducted to characterize 

the NiGLAD[Pt]/GC catalyst (11.6 μg; ICP-MS). The same steps were carried out with a bare 

GC electrode to prepare the [Pt]/GC electrodes (14.5 μg; ICP-MS). The GC surface was 

polished (with a 5, 0.3, and/or 0.05 μm alumina slurry with a nylon or rayon microcloth) and 

cleaned with acetone, iso-propanol, and water. 

 

ORR measurements 

The NiGLAD[Pt]/GC electrode was characterized by CV in 1.0 M KOH under N2, as described 

above. Then, oxygen (1 atm) was bubbled through the electrolyte for 30 min to saturate it while 

the WE was at open circuit. The ORR measurements were carried out at room temperature at 

the scan rates, rotation rates, and potential limits described in the text (Figure 4-9). The 

NiGLAD[Pt]/GC catalyst layers were washed with triply-distilled water and stored in air between 

uses. 

4.4 Conclusions 

Glancing angle deposition (GLAD) was employed to cast Ni nanopillars on glassy carbon disc 

supports. Then, a unique, rapid rotating WErot/CEPt galvanostatic deposition approach was 

used to incorporate Pt. This resulted in uniform deposition of Pt over the Ni structures, while 

SEM indicated that trace amounts of Pt also have been deposited as an overlayer. It is 

noteworthy that the underlying morphology of the NiGLAD did not change appreciably after the 

deposition. Preliminary tests showed that the NiGLAD[Pt] on GC was 2–3 fold more active 

towards the ORR than [Pt] on GC under identical conditions. Typically, for both catalyst layers, 

the Tafel plots showed two distinctive slope regions, similar to bulk polycrystalline Pt, 

demonstrating the change in the ORR mechanism with potential. Moderate-term potentiostatic 

ORR studies showed that the Pt layer at the NiGLAD support was more durable, which should 

be of interest in the development of commercial catalysts for alkaline fuel cells.  

 The preparation of the NiGLAD deposit on GC is easy to perform, reproducible, and 

reasonably fast (about one hour is required for the simultaneous deposition on multiple GC 

electrodes). We emphasize, however, that this methodology is in its preliminary stages, and 

investigations are underway to optimize the conditions. As well, this approach was extended 
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to ORR studies in acidic media by the Bergens group.275 Finally, we believe that the report of 

the highly active Pt3Ni nanoframes for ORR in acid by Chen et al276 encourages attempts 

towards different approaches for making Pt-Ni systems that are active, durable, and easy to 

fabricate. 
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Chapter 5 

Concluding Remarks 

 

Chapter 2 describes the preparation and study of an efficient, heterogenized ester 

hydrogenation catalyst. The catalyst was polymerized via altROMP of a well-defined RuPNNP 

monomer, dichloro{N,N'-bis({(2-diphenylphosphino)phenyl}methylidene)bicyclo[2.2.1]-

hept-5-ene-2,3-diamine}ruthenium (121), cyclooctene and a crosslinking reagent 123. The 

resulting crosslinked framework was prepared over BaSO4. This supported catalyst had 

activity that was similar to the homogeneous analog, indicating that mass transport did not 

limit the rate of hydrogenation over the heterogenized catalyst. The catalyst was tested over 

five consecutive hydrogenations of methyl benzoate (0.0025 mol% catalyst, 10 mol% KOtBu, 

80 °C, 50 bar, THF, 21 h), which led to a total TON above 120000. This is the highest TON 

reported for an ester hydrogenation. The total Ru leaching over the first four runs was 11.9%, 

proving that the reaction was heterogeneous. 

 An initial burst of activity occurred during these hydrogenations, than the activity 

dropped off as the reaction proceeded. Once the reaction rate slowed down, it could not be 

restored by replenishing the hydrogen and substrate. However, a similar burst of  was observed 

after filtering the heterogeneous reaction and resetting the hydrogenation. I attribute the 

deactivation to either product inhibition via the formation of Ru alkoxide species and/or the 

decrease in basicity during the reaction.  

 Future research on this system should focus on improving its stability. The mechanism 

of deactivation should be addressed. X-ray photoelectron spectroscopy (XPS) spectra and even 

solid state NMR spectra of the supported catalyst before and after the hydrogenation reaction 

may help to reveal the changes of the catalyst during the hydrogenation. Another important 

goal is to develop catalysts that intrinsically resist product inhibition. There are a few catalysts 

that are not strongly inhibited by alcohol formation or even catalyzing ester hydrogenations in 

alcohol solvents (e.g., 21, 53, and 70 in Chapter 1). The scope of the hydrogenation should be 
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expanded to the real products/intermediates in fine chemical industry. Some examples are 

shown in Scheme 5-1.  

 

 

Scheme 5-1. Examples of alcohol products in the fine chemical industry that can be obtained by the hydrogenation 

of esters/lactones. Dioxyloreol is the precursor to make Cetalox®;277 2-(l-menthoxy)ethanol is a cooling agent;30 

cetyl alcohol is used as an emollient or thickening agent in cosmetic industry.278 

  

 Chapter 3, Part A describes a novel method to prepare the optically enriched starting 

material trans-2,3-diaminonorborn-5-ene dihydrochloride (129), avoiding the low-

temperature Diels–Alder reaction between dimenthyl fumarate and cyclopentadiene. Optically 

enriched ligands 130, 131, 132, and 133 were prepared. The Ru complexes (134, 135, 136, and 

137) bearing these ligands were prepared and studied for the enantioselective transfer 

hydrogenation of ketones and the enantioselective hydrogenation of β-chiral esters via 

dynamic kinetic resolution (DKR). Moderate ee’s were obtained within these exploratory 

reactions. The highest ee (52%) was obtained for the transfer hydrogenation of acetophenone 

using 134 in 2-PrOH (0.5 mol% 134, 0.25 mol% KOtBu, 45 °C 2-PrOH 3.75 h). The polymer 

catalysts with imine ligand (135P) and amine ligand (137P) showed similar activity in the ester 

hydrogenations via DKR (2–2.5 mol% catalyst, 50 mol% NaOiPr, rt, THF, 24 h, 4 bar H2), but 

137P gave higher ee’s (up to 39%).  

 Despite the modest ee’s obtained in these catalyses, the possibility that other substrates 

may lead to better ee’s with these catalysts is not excluded. For example, β-chiral esters without 

alkoxy groups and β-chiral lactones may also be hydrogenated by these catalysts via DKR. 
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More screening reactions may help to find better substrate/catalyst/condition combinations. 

Figure 5-1 shows some possible substrates for this exploration. 

 

 

Figure 5-1. Substrate candidates for the enantioselective hydrogenation of esters/lactones via DKR. 

  

 Excess base (2 mol% to 10 mol% of the substrate) generally is needed for the 

hydrogenation of esters. Mechanistically, a base deprotonates the NH group in bifunctional 

hydrogenation catalysts, rendering the hydride group in the catalyst more nucleophilic and 

accelerating the reaction. A base also can suppress the formation of the inactive Ru alkoxide, 

minimizing the product inhibition. In Part B of Chapter 3, I tried to address the issue of using 

excess base in the hydrogenation of esters by copolymerizing a neighboring cation with a 

catalyst monomer. I expected that the neighboring cation bearing an alkoxide counterion would 

co-catalyze an ester hydrogenation via an intramolecular interaction. A stable quaternary 

ammonium cationic monomer 162 was synthesized, and the desired polymer was prepared by 

a sequential addition of 136, 162, and COE to 3rd Generation Grubbs catalyst at -78 °C. 

However, the resultant polymer did not exhibit any advantages in the hydrogenation without 

excess base. Our hypothesis was not supported by our experimental results. 

 Although the neighboring cation did not assist a hydrogenation, it may have other uses. 

For example, this cation can be used to prepare polymer catalysts with cations, and the cation 

may be used potentially in the immobilization of the polymer catalyst onto negatively charged 

surfaces. Similar strategies used in the immobilization of cationic Rh catalysts for the 

hydrogenation of olefins are reported in the literature. For example, [Rh((R,Sp)-

(JosiPhos)(COD)]BF4 (JosiPhos = 2-(diphenylphosphino)ferrocenyl]ethyldicyclohexyl-

phosphine) was immobilized on Al-MCM-41 electrostatically (a acidic mesoporous 

aluminosilicate) as a reusable catalyst for the enantioselective hydrogenation of olefins.279 

Other anionic solid supports include alumina-phosphotungstic acid,280 hectorite,281 ion-

exchange resins,282, 283 etc. Also, monomer 162 may copolymerize with other monomers (e.g., 

COE), resulting polymeric materials with good mechanical properties, conductivities, and 
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alkaline stability, which can be good candidate materials for the hydroxide exchange 

membranes in fuel cells.201 

 In Chapter 4, I reported a thin film Pt catalyst supported on nanopillar structured Ni for 

oxygen reduction reaction under alkaline conditions. Evenly distributed Ni nanopillars with 

heights ~500 nm and maximum diameters ~200 nm were deposited on glassy carbon electrodes 

via glancing angle deposition (GLAD). The resulting Ni nanopillars were coated with thin Pt 

film by a counter electrode Pt deposition, in which Pt in the counter electrode was dissolved 

into the experimental media and reduced onto the Ni nanopillars. The deposited Pt thin layer 

did not change the shape and morphology of the nanopillars significantly. 

 The activity of the resultant NiGLAD[Pt] showed an ECSA activity of 0.202 mA cm-2 

and a mass activity of 13.23 A g-1, which were both 2–3 times higher than the [Pt] catalyst 

deposited on bare glassy carbon in the same way. In the durability test, NiGLAD[Pt] also 

performed better than [Pt] on glassy carbon. The activity of NiGLAD[Pt] was improved slightly 

by ~14% after a 5000 s ORR test at 0.85 VRHE, whereas [Pt] on glassy carbon was deactivated 

by 38%. This easy-prepared Pt-Ni catalyst system is in its preliminary stages, and more 

investigations are needed to improve its activity. 
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