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Abstract 

This work considers the Ru-mediated amination of secondary alcohols with ammonia in vapor and 

liquid media. We map thermodynamic constraints, and we probe the impacts of species partial 

pressure, residence time, and reaction temperature on rate, selectivity, and catalyst stability. 

Alcohol amination consumes no H2, and H2 has no significant impact on amination kinetics; 

however, operating under H2 benefits Ru stability. Primary amine selectivity increases with 

ammonia pressure and alcohol conversion, and the latter observation is consistent with the 

formation of primary amines through a network of sequential reactions. Unfortunately, primary 

amines are susceptible to secondary deamination to form hydrocarbons. As is typical of processes 

that seek to isolate a reactive intermediate, the main selectivity challenge here is identifying 

residence times that are long enough to accumulate high substrate conversion but short enough to 

avoid secondary deamination. In general, moderate residence times will maximize the production 

of primary amines. Insights extend across a broad substrate scope, and we observe 70 – 90% yield 

of primary amines from linear, cyclic, and heterocyclic alcohols. That said, heterocyclic alcohols 

appear susceptible to product inhibition, so achieving high conversions requires longer residence 

times and/or increased ammonia pressures. 
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Introduction 

Aminations (also called amine alkylations) are reactions that couple ammonia or alkylamines with 

alkenes,1–5 alcohols,6–10 or carbonyl compounds.11–15 Aminations therefore facilitate the synthesis 

of primary, secondary, and tertiary amines, which are bases that have applications as catalysts;16,17 

in acid gas cleanup (e.g., CO2 scrubbing);18 and as intermediates in the production of dyes,19–21 

pharmaceuticals,22–26 and agrochemicals.27–30 In the context above, “amination” refers to a reaction 

that forms a bond between an electrophilic carbon and a nucleophilic nitrogen; thus, the ease of 

amination is dictated by the relative nucleophilicity of the nitrogen atom and the electrophilicity 

of the carbon atom.31,32 For example, the alkylation of a strong nucleophile, such as the nitrogen 

atom in a secondary alkylamine, with a strong electrophile, such as the -carbon in an alkyl halide, 

can proceed under mild conditions without catalyst addition.33 In contrast, the addition of a weak 

nucleophile, such as the nitrogen atom in ammonia, to a weak electrophile, such as the -carbon 

in an alcohol, requires activation of either or both substrates.10 Despite their lack of innate 

reactivity, ammonia and alcohols are attractive amination feedstocks. Both are relatively 

inexpensive, and alcohols can often be sourced from biomass.34–36 Moreover, alcohol amination is 

green and atom-efficient: it produces only water as a coproduct, and it consumes no hydrogen.37,38 

Alcohol amination is therefore intriguing relative to the more common reductive amination of 

aldehydes or ketones, which consumes one equivalent of dihydrogen per C-N bond formed.15,39 

There are two main catalytic strategies for alcohol amination. Both are geared toward alcohol 

activation; specifically, they facilitate the amination of a secondary alcohol by increasing the 

electrophilicity of its -carbon. We further note that each cataltyic approach is amenable to using 

ammonia or higher amines as the nitrogen source, but we restrict consideration to ammonia in this 
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study.10,33,40,41 First, acids—either protons or metal cations—will catalyze alcohol amination at 

high temperatures (300 – 500°C).42–44 The major challenge with this approach is that acid sites 

also catalyze alcohol dehydration and amine deamination, which are difficult to control at elevated 

temperatures. As such, one observes significant alkene formation during the acid-catalyzed 

amination of alcohols.44–49 Alternatively, metal catalysts can be used to facilitate alcohol amination 

at 100 – 350°C (Figure 1).42,43 The prevailing view is that alcohol amination (Reaction 1) proceeds 

over metal sites through the so called 

“borrowing hydrogen” mechanism.50,51 This 

involves primary dehydrogenation of the 

alcohol to form a carbonyl compound and 

dihydrogen (Reaction 2) followed by 

secondary, reductive amination of the 

resultant carbonyl to form the amine 

(Reaction 3). The latter step—reductive 

amination of a carbonyl—is usually 

subdivided into a sequence of nucleophilic 

addition of ammonia to the carbonyl to form an imine (Reaction 4) and hydrogenation of the imine 

intermediate to form the amine (Reaction 5).10,27,37,41 Further, it is generally agreed that 

dehydrogenation of the alcohol controls the overall rate of alcohol amination.8 That said, it is 

debatable whether primary amines are truly sequential products during alcohol amination as 

implied by the borrowing hydrogen mechanism. It is unlikely that ammonia and simple carbonyls 

formed by alcohol dehydrogenation react homogeneously to form imines under typical reaction 

conditions.42 Moreover, there is no compelling evidence that producing an amine from an alcohol 

 

Figure 1: Macroscopic reactions occurring during the amination 
of secondary alcohols to form primary amines. Pathway (1) 
represents the formation of a primary amine through direct 
amination of the alcohol. Pathways (2) and (3) comprise the 
formation of a primary amine by secondary amination of a ketone 
formed by dehydrogenation of the alcohol. Solid lines lead to 
products that are observable under conditions reported here. 
Dashed lines describe the formation and consumption of imines, 
which are presumed intermediates in ketone amination. 
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requires the intermediate formation and secondary activation of bulk (i.e., non-surface) carbonyls 

or imines. We propose that the mechanistic interpretation presented by Baiker in describing 

alcohol amination over Cu seems more plausible. It suggests that aminations of alcohols and 

reductive aminations of carbonyl compounds both proceed through a common surface 

intermediate.52 A consequence of this mechanism is that amines can form through both primary 

pathways (direct alcohol amination) and secondary pathways (reductive carbonyl amination) 

during alcohol amination.  

Numerous reports detail alcohol aminations over soluble metal complexes53–55 and supported metal 

clusters (Ni, Cu, Pt, Pd, Rh, Ru, Co).56–63 Across all systems, extant challenges include selectivity 

control; preventing sequential alkylation of the primary amine product to form secondary and 

tertiary amines; catalyst deactivation; and a limited substrate scope with ammonia.41,57,58,62,64 

Acknowledging the mechanistic insights gained through the study of molecular catalysts, we 

restrict our consideration to supported metals. Specifically, we aim to understand relationships 

between operating conditions, activity, selectivity, and stability during the amination of secondary 

alcohols with ammonia over Ru/SiO2, and we emphasize rational operation of catalytic reactors to 

maximize primary amine yields. We have chosen Ru because it is active for the interconversion of 

alcohols and carbonyls.65–77 This suggests high rates of alcohol amination, which aligns with many 

prior demonstrations of alcohol amination over Ru.7,8,10,37,50,78–81 Moreover, Ru-based catalysts are 

reportedly more selective to primary amines than those based on Pd or Pt.82 In addition to 

elucidating strategies for selectivity control, we extend substrate scope from monofunctional, 

aliphatic secondary alcohols (e.g., isopropanol, 2-butanol, cyclohexanol) to heterocyclic secondary 

alcohols (hydroxytetrahydrofurans and hydroxytetrahydropyrans) that can potentially be sourced 

from biomass.83–89 The latter classes are intriguing substrates as their amination produces 
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bifunctional heterocycles (aminotetrahydrofurans and aminotetrahydropyrans), which may have 

unique applications as platform molecules. Finally, we examine yields of primary amines using 

both packed bed reactors (gas-phase) and batch reactors (liquid phase), and we consider the 

potential feasibility of a hydrogen-free approach for alcohol amination over Ru/SiO2.  

Materials & methods 

Reagents 

Silica (481 m2/g, Sigma Aldrich) and ruthenium (III) chloride hexahydrate (35–40% Ru, Acros 

Organics) were used in catalyst synthesis. Gases used in catalyst pretreatment, catalyst 

characterization, operation of flow reactors, and instrument calibration were H2 (99.999%, Airgas), 

He (99.999%, Airgas), NH3 (Anhydrous, Airgas), N2 (99.999%, Airgas), air (zero-grade, Airgas), 

CO (99.99% Airgas), O2/He (1% O2, 1% Ar, 98% He, Airgas), propylene (1% propylene, 1% Ar, 

98% He, Airgas), and propane (1% propane, 1% Ar, 98% He, Airgas). Deionized water was 

purified in house by reverse osmosis, UV oxidation, and ion exchange to achieve a resistivity ≥ 

18.2 M cm. Batch experiments were performed using n-decane (99%, Alfa Aesar) as a solvent.  

We consider the amination of various aliphatic and heterocyclic secondary alcohols, and amination 

products in each case are primary amines (Figure 1). We further propose that primary amines can 

be produced either through direct amination of the alcohol (Reaction 1) or through sequential 

dehydrogenation of the alcohol (Reaction 2) followed by reductive amination of the resultant 

ketone (Reaction 3). Imines (R2C=NH) are purported intermediates during ketone amination over 

Ru (Reactions 4 and 5); however, we were unable to confirm their formation experimentally. This 

is consistent with imine formation being, in general, thermodynamically unfavorable. For example, 

at 298K, the reaction between formaldehyde and ammonia to form methanimine and water is 

endergonic (G° ≈ 20 kJ mol-1), whereas the subsequent reaction between methanimine and 
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hydrogen to form an methanamine is strongly exergonic (G° ≈ -90 kJ mol-1); as such, one 

anticipates trace imine concentrations under dihydrogen, even if ketone amination necessarily 

proceeds through an imine intermediate.90,91 Alcohols, ketones, and primary amines were therefore 

the only observable products in each amination scheme, so each amination experiment involved 

the purchase of three reagents. These are sorted by carbon number in Table 1. Alcohols were used 

as amination substrates; alcohols, ketones, and amines were used in calibration of gas-

chromatographs.  

Table 1: List of reagents and calibration standards 
Chemical  Carbon Atoms Purity (%) Manufacturer 
2-propanol (isopropanol)  3 99.9 Acros 
2-propanone (acetone)  3 99+ Acros 
2-aminopropane (isopropylamine)  3 99 Acros 
2-butanol  4 99 Alfa Aesar 
2-butanone  4 99+ Acros 
2-aminobutane  4 99 Acros 
3-hydroxytetrahydrofuran  4 98 Oakwood 
3-oxotetrahydrofuran  4 95 Alfa Aesar 
3-aminotetrahydrofuran  4 >97 TCI 
2-pentanol  5 98 Acros 
2-pentanone  5 99 Acros 
2-aminopentane  5 >97 TCI 
cyclopentanol  5 99 Acros 
cyclopentanone  5 99+ Acros 
cyclopentylamine  5 99+ Acros 
4-hydroxytetrahydropyran  5 98 Oakwood 
4-oxotetrahydropyran  5 98 Oakwood 
4-aminotetrahydropyran  5 98 Oakwood 
cyclohexanol  6 98 Acros 
cyclohexanone  6 99.8 Acros 
cyclohexylamine  6 99 Acros 
2-octanol  8 98 Alfa Aesar 
2-octanone  8 99+ Acros 
2-aminooctane  8 >98 TCI 

 

Catalyst synthesis and characterization 

Ru/SiO2 catalysts were prepared by incipient wetness impregnation of aqueous ruthenium (III) 

chloride hexahydrate into amorphous SiO2. Ru concentrations were adjusted to achieve targeted 

metal loadings in different catalyst samples. Prior to impregnation, silica was crushed and graded 

using a standard set of sieves. Particles between 45 – 90 m were retained and calcined under 
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flowing air (100 ml min-1, 450°C, 3 K min-1, 4 h). Precursor solutions were then added dropwise 

to calcined silica at a loading of 1.6 mL g-1. Samples were next held in ambient air for 12 hours, 

dried in an oven for 2 hours (90°C), reduced under H2 flow (100 ml min-1, 400°C, 3 K min-1, 4 h), 

and cooled to ambient temperature under H2. The cell was then purged with He (100 ml min-1), 

and catalysts were passivated at ambient temperature under 1% O2/He (50 ml min-1, 30 min). 

Surface areas were determined by BET analysis of N2 adsorption isotherms at 77 K (Micromeritics 

ASAP 2020).92 Prior to N2 dosing, samples were outgassed under vacuum (6 h, 523 K).  

Ru surface site densities were estimated using CO chemisorption at 308 K (Micromeritics ASAP 

2020).65,93 Before CO dosing, samples were reduced in flowing H2 (3 h, 673 K, 3 K min-1), 

evacuated at 673 K for 1h, and cooled to 308 K under vacuum. Next, a CO adsorption isotherm 

was measured at 308K. The sample was then evacuated at 308K to remove physisorbed CO, and 

a second isotherm was collected at 308K. The difference in uptake between the two isotherms 

gives the quantity of chemisorbed CO, which we take as equivalent to the number of accessible 

Ru surface atoms. We should note that there is no clear consensus on the adsorption stoichiometry 

for CO on Ru.94,95 That said, we have generally observed that carbonyl hydrogenation rates over 

zerovalent Ru scale linearly with CO uptake,65–67 suggesting that an adsorption stoichiometry of 

1:1 is reasonable. This aligns with observations by Davydov and Bell, who report linearly bound 

CO (as opposed to polycarbonyl species) on fully reduced Ru, and it roughly agrees with the works 

of Gonzalez, who suggests that, on average, the adsorption stoichiometry for CO on Ru is is ≈ 

1.2.96–98 A detailed consideration of structure sensitivity and particle size effects is outside the 

scope of this work, and we take CO uptake as a rough, but adequate proxy for the accessible Ru 

surface area in this system. The average Ru particle size was estimated using Equation 1, which 

assumes hemispherical clusters. 
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𝑑𝑝 =
6

𝑆𝑅𝑢𝜌𝑅𝑢
                                                                             (1) 

SRu is the ratio of Ru surface area to the total mass of Ru deposited on the support during synthesis. 

Ru surface area was estimated from irreversible CO uptake by assuming that the area of a single 

Ru atom is 6.14 Å2. The density of Ru (Ru) is 12.3 g cm-3. 

Catalytic activity testing 

Vapor-phase reactions were carried out in a 6.5” packed bed reactor (0.5” OD, 316 stainless steel) 

at temperatures between 407K and 448K and pressures from 1.0 bar to 4.6 bar. Reactor temperature 

was controlled at the outer wall using a Type K thermocouple and a PID temperature controller 

(LOVE 16A 3010). Reactor pressure was adjusted using a back pressure regulator (Tescom). The 

catalyst bed was supported at the middle of the reactor using quartz wool. Quartz chips were added 

upstream of the bed, and an inline thermocouple (Type K) was placed downstream to monitor 

internal temperature. Prior to reagent introduction, the bed was reduced in situ under H2 (100 ml 

min-1, 400°C, 3 °C min-1, 4 h) and then cooled to reaction temperature. Gas feeds (H2, NH3, He) 

were regulated using mass flow controllers (Brooks SLA5850). Liquids were introduced into a 

heated vaporization chamber using a syringe pump (Cole-Parmer series 100) and mixed with gas 

feeds upstream of the catalyst bed. Effluent gases from the packed bed were transferred 

downstream for analysis through heat-traced, stainless-steel tubing. An inline gas chromatograph 

(HP 5890 Series II) was used for quantitative analysis of the effluent gas composition. Species 

were resolved using an Agilent CP-WAX column (0.32 mm x 25 m) and quantified using an FID 

detector.  



9 
 

Packed bed experiments were initiated by allowing the 

reactor to reach steady state under isopropanol (5.3 × 10-3 – 

0.022 bar), NH3 (0.20 – 0.40 bar), H2 (0.10 – 0.50 bar), and 

He (balance); as illustrated in Figure 2, this requires 9 - 10 ks 

on stream (≈ 3 h). During the approach to steady state at low 

isopropanol conversion (< 10%), we observe a 20 – 30% 

decrease in isopropanol conversion rates; thereafter, activity 

and selectivity stabilize. To probe the impacts of various 

operating conditions, we recorded the initial steady state 

characteristics to establish a benchmark reference condition. Then, we introduced perturbations in 

temperature, species partial pressure, contact time, and/or alcohol identity. After the perturbation, 

the system was allowed to reach a new steady state, and metrics were again recorded. Finally, the 

system was returned to startup conditions, which allowed us to detect and correct for changes in 

baseline catalyst activity (deactivation or regeneration) induced by the perturbation. Where rate 

data are reported, they are corrected to the initial “reference” steady state measured at the start of 

a specific experiment. They are not corrected to an absolute rate at zero time on stream. This is 

adequate here because we primarily discuss relative changes in reaction rate in response to 

perturbations in operating conditions.  

For packed bed experiments, carbon balances closed to ± 10%, and we define conversion, 

selectivity, and yield based on carbon in products (Equations 2 – 4). Fi,f represents the feed molar 

flowrate of reactant i, Fj represents the effluent molar flowrate of product j, and NC represents the 

number of carbon atoms in each species.   
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Figure 2: Deactivation profiles observed 
during reactor startup over Ru/SiO2-A (0.6 
wt% Ru); conversion (■), rate of 
conversion (○). pIPA = 0.005 bar; pNH3 = 
0.40 bar, pH2 = 0.60 bar, T = 433K. Carbon 
balances for all data points illustrated here 
closed within 5%.  
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𝑋𝑖 =
∑ 𝑁𝐶,𝑗𝐹𝑗𝑗

𝑁𝐶,𝑖𝐹𝑖,𝑓
                                                                    (2) 

𝑆𝑗 =
𝑁𝐶,𝑗𝐹𝑗

∑ 𝑁𝐶,𝑗𝐹𝑗𝑗
                                                                     (3) 

𝑌𝑗 =
𝑁𝐶,𝑗𝐹𝑗

𝑁𝐶,𝑖𝐹𝑖,𝑓
                                                                        (4) 

Since we employ a range of Ru loadings and samples with different average cluster sizes, packed 

bed contact times () are defined based on the feed molar flowrate of reactant and the total number 

of Ru surface sites in the catalyst bed as estimated by CO chemisorption (NRu). 

𝜏 =
𝑁𝑅𝑢

𝐹𝑖,𝑓
                                                                              (5) 

We cannot claim a definitive analysis of particle size effects, but we see no evidence of significant 

structure sensitivity, suggesting that this is an appropriate definition of residence time. Similarly, 

we report the effluent flowrates of reaction products as site-time-yields, which are defined in 

Equation 6.  

𝑆𝑇𝑌𝑗 =
𝐹𝑗

𝑁𝑅𝑢
                                                                            (6) 

Liquid-phase reactions were carried out in a magnetically stirred, home-built, stainless steel batch 

reactor with an internal volume of 60mL. The reactor was equipped with valves for gas 

introduction; a gas purge valve; a liquid sampling loop; a rupture disk; and a thermocouple port. It 

was heated externally using a band-heater. Reactor temperature was controlled at the external wall 

using a K-type thermocouple and a PID controller (LOVE, Series 16A). A typical batch reaction 

was conducted by adding catalyst, solvent, and alcohol to the vessel. It was then sealed and purged 
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under H2 flow (85 ml min-1, 10 min) at ambient temperature. Next, the pressures of ammonia and 

hydrogen were adjusted to 6.4 bar and 13.6 bar, respectively. Finally, the reactor was heated to the 

desired temperature, and samples were extracted periodically to track reaction progress.  

Recognizing that conversions and yields in a catalytic batch reactor reflect a convolution of 

reaction time, the initial quantity of reactant, and the number of active sites, we define a batch 

residence time as the product of reaction time (t) and the molar ratio of the number of Ru surface 

sites present in the reactor (NRu) to the initial quantity of alcohol added to the batch reactor (NALC). 

This definition is a molar analog to the batch residence time described by Baiker,52 and it allows 

us to account for variations in reactant quantity, mass loading, and Ru dispersion in batch 

experiments. 

𝜏 =
𝑁𝑅𝑢𝑡

𝑁𝐴𝐿𝐶
                                                                         (7) 

Liquid-phase species concentrations were determined using a gas-chromatograph (HP 5890 Series 

II), which was equipped with a CP-WAX column (0.32 mm x 25 m) and an FID detector. Gas-

phase products were not analyzed. Accounting for only liquid-phase carbon was adequate to ensure 

carbon balance closure (± 15%) at temperatures below 443K. Above 443K, we were only able to 

account for 70 - 80% of the feed carbon, especially at long residence times. Presumably, this is 

attributed to the formation of gas phase side-products, which are favored at elevated temperatures 

and not quantified in batch experiments. We thus avoid a detailed discussion of product selectivity 

and instead focus on yields of liquid-phase products (Equation 8). The yield for product j (Yj) was 

calculated in molar units based on the total moles of product j collected (Nj) and the total quantity 

of alcohol reactant i added to the batch system (Ni,0) using. 
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𝑌𝑗 =
𝑁𝑗

𝑁𝑖,0
                                                                           (8) 

Diamine and triamine analogs of each alcohol in Table 1 are not commercially available; however, 

diisopropylamine (99+%, Acros) and triisopropylaime (97%, Oakwood) can be purchased to 

permit consideration of the sequential amination of isopropanol. Although we did not specifically 

examine correlations between operating conditions and sequential amination rates, we have found 

that during isopropanol amination (a) over Ru/SiO2, (b) between 400 – 440K, and (c) under a large 

NH3/H2 excess, selectivity toward secondary and tertiary amines was below 10% at high 

conversion (> 70%) and typically below 1% at low conversion (< 30%). Maximum combined 

yields to diisopropylamine and triisopropylamine across all experiments were approximately 7% 

at isopropanol conversions approaching 100%, allowing us to categorize them as trace products. 

This is consistent with Bell’s observation that excess ammonia strongly favors primary amine 

formation during 1-propanol amination over Ni-Hydroxyapatite at 423K.42 Aminations of other 

alcohols were always performed under similar conditions to minimize sequential amination. For 

this reason, secondary and tertiary amines were not generally quantified. Importantly, this did not 

prevent carbon balance closure, which supports trace formation of secondary and tertiary amines. 

Computational methods 

Non-periodic DFT calculations 

Thermodynamic properties were estimated using the electronic structure program TURBOMOLE 

7.5.99–101 First, a geometry relaxation was performed at the DFT level of theory using the range-

separated 𝜔B97X-D functional to describe electron exchange and correlation effects.102 Atoms 

were described by an all-electron basis-set of triple- quality (TZVP).103–105 Molecular structures 

were relaxed until the maximum magnitude of SCF energy change and gradients were less than 
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1.0 × 10-8 and 1.0 × 10-4 au, respectively. A spherical m5 quadrature grid was used for numerical 

integrations. Auxiliary basis sets were used to approximate the Coulomb potential within the RI-J 

approximation to speed up the calculation.106,107 Next, vibrational frequencies were evaluated 

within the harmonic approximation using the aoforce module implemented in the TURBOMOLE 

package.108,109 Molecular thermodynamic functions (e.g., enthalpy and entropy) were then 

calculated assuming that the ideal gas approximation is valid and that all degrees of freedom are 

decoupled. 

Planewave DFT calculations 

Non-spin polarized plane-wave DFT calculations were performed using the Vienna Ab-initio 

Simulation Package (VASP 5.4.4).110,111 A frozen-core, all-electron projector augmented wave 

(PAW) approach was used to describe electron-ion interactions.112 The Perdew-Burke-Ernzerhof 

(PBE) functional113,114 with Grimme’s D3 dispersion correction115 was used to treat exchange-

correlation effects within the Generalized Gradient Approximation (GGA). Basis sets included 

wavefunctions with kinetic energy up to 420 eV. A convergence criterion of 1.0 × 10-7 eV was set 

for the electronic Self-Consistent Field (SCF) loops. Structures were considered relaxed when the 

maximum force on any atom was less than 0.01 eV/Å. Harris corrections based on the Harris-

Foulkes formalism were applied to forces and stress tensors,116,117 and total energy was corrected 

for dipole effects using a modified version of the Makov-Payne scheme.118 The Brillouin zone was 

sampled using a Monkhorst-Pack 4 × 4 × 1 k-point grid.119 First-order Methfessel-Paxton 

smearing (σ = 0.10 eV) was used to accelerate convergence of reciprocal space integrals with 

respect to the number of k-points.120 Bulk lattice parameters for HCP-Ru were calculated to be 

(𝑎Ru = 2.697 Å, c/a = 1.582), which are in good agreement with experimental data (𝑎Ru = 2.705 
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Å, c/a = 1.582).121 Next, a Ru(0001) periodic surface model was constructed as a four-layered (4 

× 4) supercell. The top two layers were allowed to relax during geometry optimization, while the 

bottom two layers were fixed to their bulk positions. A 15 Å vacuum gap was added along the 

surface normal to ensure that the charge density in this direction approaches zero. Harmonic 

vibrational frequencies were calculated using a numerical Hessian matrix using the tools 

implemented in the VTST package for VASP developed by Henkelman.122–124 We used the central-

difference approximation for the Hessian computation, wherein the adsorbate atoms were 

displaced by 0.005 Å from their equilibrium positions.  

Calculation of adsorption energy 

The adsorption energy of a molecule (A) was calculated using Eq. (9), where 𝐸𝐴+𝑠𝑙𝑎𝑏
0 is the zero-

point corrected (ZPE) ground-state energy of the slab-adsorbate complex, 𝐸𝑠𝑙𝑎𝑏 is the energy of a 

bare metal slab, and 𝐸𝐴(𝑔)
0  is the ZPE corrected ground-state energy for gas-phase species. 

Endothermic binding energies referenced herein are the negative of the adsorption energy.  

∆𝐸𝐴
𝑎𝑑𝑠,0 =  𝐸𝐴+𝑠𝑙𝑎𝑏

0 − 𝐸𝑠𝑙𝑎𝑏 − 𝐸𝐴(𝑔)
0  (9) 

The magnitude of the ZPE corrections to the 0 K SCF energy was computed using Eq. (10).  To 

partially overcome the limitation of DFT and the harmonic approximation in describing low-lying 

vibrational frequencies (𝜈𝑖), we assigned a cutoff value of 50 cm -1 to any frequency that is smaller 

than 50 cm-1.125  

𝑍𝑃𝐸 =  
1

2
∑ ℎ𝜈𝑖

𝑖

 (10) 

Results & Discussion  
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Table 2 summarizes metal loading, surface area, CO uptake, fraction of exposed Ru atoms 

(CO:Ru), and average Ru cluster sizes (dp) for the SiO2 support and Ru/SiO2 catalysts. To sample 

a large range of residence times and conversions, Ru/SiO2 catalysts were synthesized at various 

metal loadings. Particle size heterogeneity is observed when varying metal loading from 0.6 wt% 

to 14.6 wt%; accordingly, CO uptake was used to correct for dispersion effects in defining contact 

times and site time yields. 

Table 2: Physicochemical properties of Ru/SiO2 catalysts 

Sample  
Metal Loading  BET Surface Area CO uptake CO:Ru dp 

wt % mol Ru/m2 SiO2  m2 g-1 μmol g-1  nm 
SiO2 0 0  481 - - -- 
Ru/SiO2-A 0.6 0.124  467 18.0 0.31 4.4 
Ru/SiO2-B 1.5 0.313  520 62.0 0.41 3.2 
Ru/SiO2-C 3.3 0.702  467 86.0 0.26 5.1 
Ru/SiO2-D 14.6 3.520  426 263 0.18 7.3 

 

We begin with analysis of isopropanol 

amination, and we subsequently extend 

insights to the full set of secondary 

alcohols compiled in Table 1. Prior to an 

examination of site time yields, conversion, 

and product selectivity, we consider 

thermodynamic constraints on the three 

observable reactions outlined in Figure 1: 

direct amination of isopropanol (1), 

dehydrogenation of isopropanol (2), and 

reductive amination of acetone (3). Equilibrium constants for each reaction are presented as a 

function of temperature in Figure 3.90,91 Isopropanol amination is marginally favorable and 

exothermic (H° ≈ -7 kJ mol-1, S° ≈ -0.7 J mol-1 K-1), so its equilibrium constant decreases from 
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Figure 3: Equilibrium constants for isopropanol amination (     ), 
isopropanol dehydrogenation (       ), and reductive amination of 
acetone (            ) as a function of temperature.   
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approximately 15 to 4 between 300K and 700K. Considering only the direct amination of 

isopropanol, equilibrium constants in this range mean that it is possible to obtain near-quantitative 

yields of isopropylamine during isopropanol amination, but it requires operating under excess 

ammonia (NNH3:NC3H8O ≈ 10). If one instead considers a sequential amination pathway wherein 

acetone is formed as an intermediate, isopropanol dehydrogenation is endothermic and 

entropically favorable (H ≈ 55 kJ mol-1, S ≈ 125 J mol-1 K-1); as such, isopropanol 

dehydrogenation transitions from an unfavorable equilibrium at 300K (K ≈ 5.0 x 10-5) to a 

favorable equilibrium at 700K (K ≈ 200). In contrast, acetone amination is exothermic and 

entropically unfavorable (H ≈ -65 kJ mol-1, S ≈ -120 J mol-1 K-1). Therefore, acetone amination 

is favorable at 300K (K = 3.6 x 104), and it becomes unfavorable at 700K (K ≈ 0.02). At the outset, 

it is unclear how thermodynamic constraints on isopropanol dehydrogenation and acetone 

amination will impact conversion and selectivity during isopropanol amination, but assuming all 

reactions are kinetically accessible, one anticipates a shift from amine-rich product distributions 

at low temperatures to ketone-rich product distributions at high temperatures. From another 

perspective, increasing reaction temperature will increase the demand for excess ammonia to drive 

higher equilibrium yields of primary amines. We further note that if isopropanol amination must 

proceed through acetone formation, it may be kinetically challenging to obtain high amine yields 

at low temperatures and under H2 atmospheres. Under these conditions, isopropanol 

dehydrogenation is thermodynamically unfavorable, so one anticipates low acetone pressures and, 

presumably, rates of acetone amination. To ascertain the extent of thermodynamic control under a 

given set of experimental conditions, we subsequently report the reversibility for all reactions, zi, 

observed at the reactor exit.126 This is defined as the ratio of the reaction quotient, Q, to the 

equilibrium constant K for a specific reaction i, and we present it alongside rate, conversion, and 
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selectivity data. The reaction quotient is defined as a function of thermodynamic activities, a, and 

stoichiometric coefficients, , for reacting species.127 

𝒛𝒊 =
∏ 𝒂

𝒋

𝝂𝒊,𝒋
𝒋

𝑲𝒊
                                                                     (𝟏𝟏) 

 

Next, we consider trends in rate (site time yield), conversion, and product selectivity observed in 

response to changes in hydrogen partial pressure (Figure 4). Data were obtained under conditions 

where isopropanol conversions are below 0.03; reversibilities (zi) for all reactions in Figure 1 are 

below 0.03; we see no evidence of strong product inhibition; and site time yields are weak 

functions of feed conversion. As such, the differential reactor approximation is reasonable, and 

one assumes that site time yields are a good approximation for turnover frequencies at feed 

conditions. The rate of isopropanol conversion has a slight positive order in H2 (0.19 ± 0.03), so 

increasing H2 partial pressure from 0.1 bar to 0.8 bar at a residence time of 1.54 s causes a small 
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Figure 4: Dependence of (a) reaction rate and (b) conversion/selectivity on hydrogen partial pressure over Ru/SiO2-A (0.6 wt% 
Ru). (■) isopropanol conversion; (○) isopropylamine formation; ( ) acetone formation. T = 433K, pOH = 0.0053 bar, pNH3 = 
0.20 bar,  = 1.54s. For data illustrated here, we observed maximum reversibilities (zi) well-below 1 for alcohol dehydrogenation 
(0.024), acetone amination (0.001), and isopropanol amination (1.0 × 10-6); this suggests observed trends are kinetic in origin. 
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increase in isopropanol conversion (0.022 to 0.033). Individual site time yields to acetone and 

isopropylamine respond similarly to changes in H2 partial pressure, respectively showing orders 

of 0.21 ± 0.08 and 0.18 ± 0.10. Consequently, changing the H2 partial pressure has no significant 

impact on product selectivity toward acetone (0.35 ± 0.02) or isopropylamine (0.64 ± 0.02). It is 

noteworthy that product selectivity is invariant in the conversion range from 0.02 – 0.03. Because 

there is a secondary pathway for isopropanol amination—namely reductive amination of 

acetone—selectivity may be sensitive to small changes in fractional conversion.128 Here, we 

observe no strong correlation between reaction extent and selectivity below about 5% conversion. 

This increases confidence that changes in selectivity at low conversion are attributable to variations 

in reaction rate(s) and not to variations in reaction extent. 

 

Table 3 extends trends in conversion, selectivity, and equilibrium position as a function of H2 

potential to higher partial pressures, longer residence times, and higher feed conversions.  Results 

generally align with those observed by Murzin during the amination of 1-dodecanol over Ru/C at 

423K.129 Entries 1 – 4 summarize the impacts of H2 partial pressures between 0.1 and 0.6 bar at  

= 26.2 s (8 - 15% conversion), and Entries 5 – 8 summarize analogous results obtained at H2 

pressures between 0.6 and 3.55 bar at  = 111 s (20 - 23% conversion). At low H2 pressures, we 

observe a minor increase in isopropanol conversion with increasing H2 pressure, which is 

Table 3: Summary of Isopropanol Amination as a function of hydrogen partial pressure at various conversion levels 

Entry  (s) H2 (bar) Conversion Selectivity  Q/K 
Acetone Isopropylamine  z1 z2 z3 

1 26.2 0.10 0.08 0.23 0.72  3.3 × 10-5 0.005 0.017 
2 26.2 0.20 0.11 0.24 0.71  6.2 × 10-5 0.014 0.010 
3 26.2 0.40 0.14 0.25 0.70  9.6 × 10-5 0.039 0.006 
4 26.2 0.60 0.15 0.25 0.71  1.2 × 10-4 0.063 0.004 
5 111 0.60 0.23 0.14 0.84  4.3 × 10-4 0.064 0.016 
6 111 1.07 0.23 0.14 0.84  4.1 × 10-4 0.109 0.009 
7 111 1.78 0.22 0.14 0.84  3.8 × 10-4 0.166 0.005 
8 111 3.55 0.20 0.13 0.85  3.0 × 10-4 0.265 0.003 
Ru/SiO2-B (1.5 wt% Ru), T = 433K, pIPA = 0.021 bar, pNH3 = 0.40 bar  
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consistent with the positive fractional H2 order illustrated in Figure 3. That said, the kinetic benefit 

of increasing H2 pressure diminishes above 1 bar, where conversion levels are insensitive to further 

increases in H2 pressure. Similar to trends observed under differential conditions (Figure 4), 

acetone and isopropylamine selectivities are invariant with H2 pressure within a small conversion 

range; however, substantially increasing fractional conversion benefits isopropylamine selectivity. 

Specifically, under differential conditions (0 - 5% conversion, Figure 4), we observe a 40:60 

acetone:isopropylamine distribution. At 8 – 15% conversion (Table 3), the distribution shifts to 

25:70 in favor of isopropylamine. Finally, the acetone:isopropylamine distribution is 14:84 

between 20 – 23% conversion  (Table 3). Although we cannot exclude a direct alcohol amination 

pathway, i.e., one that does not proceed through intermediate formation of vapor-phase acetone, a 

positive correlation between isopropanol conversion and isopropylamine selectivity is consistent 

with the formation of isopropylamine through secondary, reductive amination of acetone. This 

interpretation is reinforced by the observation that the increase in isopropylamine selectivity is 

accompanied by a commensurate decrease in acetone selectivity.  

H2 does not appear in the overall reaction for isopropanol amination, so changing H2 pressure does 

not impact the equilibrium position for isopropanol amination at a fixed conversion. In contrast, 

increasing H2 pressure discourages isopropanol dehydrogenation, and it favors the reductive 

amination of acetone. For these reasons, despite roughly invariant conversion levels for a given 

contact time (8 – 15% at 26.2 s, 20 – 23% at 111 s), increasing the hydrogen partial pressure moves 

the dehydrogenation step closer to equilibrium (z2 → 1), and it moves the reductive amination of 

acetone further from equilibrium (z3 → 0). Overall, in this range of operating conditions and 

isopropanol conversions, the only reaction that begins to approach equilibrium is isopropanol 

dehydrogenation. Specifically, at a H2 pressure of 3.55 bar and an isopropanol conversion of 
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roughly 20%, isopropanol dehydrogenation has a reversibility of z2 = 0.265. In contrast, the 

amination of isopropanol (z1 = 3.0 × 10-4) and acetone (z3 = 0.003) remain far from equilibrium.  

 

 

 

Next, we consider trends in rate, conversion, and selectivity as a function of ammonia partial 

pressure (Figure 5). Criteria used in justifying the differential reactor approximation when 

considering variations in H2 pressure remain applicable; accordingly, we take site time yields to 

be reasonable approximations for turnover frequencies of isopropanol conversion, isopropanol 

dehydrogenation, and isopropanol amination at feed conditions. From Figure 5a, it is evident that 

increasing ammonia pressure between 0.1 and 1.0 bar inhibits isopropanol conversion. 

Interestingly, the decrease in isopropanol conversion rate arises entirely from a decrease in the 

dehydrogenation rate (acetone site time yield), whereas the amination rate (isopropylamine site 
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Figure 5: Dependence of (a) reaction rate and (b) conversion/selectivity on ammonia partial pressure over Ru/SiO2-A (0.6 
wt% Ru) at T = 433K, pOH = 5.3 × 10-3 bar, pH2 = 0.20 bar,  = 1.54s. (■) isopropanol conversion; (○) isopropylamine formation; 
( ) acetone formation.  For data illustrated here, we observed maximum reversibilities (zi) well-below 1 for alcohol 
dehydrogenation (6.0 × 10-3), acetone amination (2.7 × 10-4), and isopropanol amination (6.6 × 10-7); this suggests observed 
trends are kinetic in origin. 
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time yield) is largely unaffected. The latter is consistent with trends reported by Bell during the 

amination of 1-propanol over Ni/hydroxyapatite and Murzin in the amination of 1-decanol over 

Ru/C.42,129 We estimate apparent ammonia orders for the rate of isopropanol conversion (-0.43); 

the rate of isopropanol dehydrogenation (-1.08); and the rate of isopropanol amination (0.09). 

Consequently, increasing ammonia partial pressure from 0.1 bar to 0.8 bar benefits isopropylamine 

selectivity (0.41 – 0.84) at the expense of total isopropanol conversion. Conversion varies between 

0.008 and 0.021 for the selectivity data reported here. Although this is a relatively small range, it 

is worth considering whether differences in selectivity arise due to changes in conversion, as the 

two can be strongly correlated for sequential reactions, even below 1% conversion.130 Here, we 

observe that selectivity trends run counter to expectations for primary and secondary reaction 

products. Specifically, selectivity toward acetone, a primary product of isopropanol 

dehydrogenation, increases with fractional conversion. Accordingly, we attribute the increase in 

isopropylamine selectivity with ammonia partial pressure to a suppression of ketone formation 

rates rather than to differences in fractional conversion. 

Table 4: Summary of Isopropanol Amination as a function of ammonia partial pressure at various conversion levels 

Entry  (s) NH3 (bar) Conversion Selectivity  Q/K 
Acetone Isopropylamine  z1 z2 z3 

1 26.2 0.10 0.16 0.60 0.36  1.4 x 10-4 0.108 0.003 
2 26.2 0.20 0.14 0.43 0.54  1.2 x 10-4 0.069 0.004 
3 26.2 0.40 0.13 0.28 0.70  8.2 x 10-5 0.040 0.050 
4 26.2 0.60 0.12 0.21 0.77  5.1 x 10-5 0.027 0.005 
5 111 0.60 0.21 0.11 0.88  2.4 x 10-4 0.027 0.021 
6 111 1.07 0.18 0.07 0.92  1.1 x 10-4 0.016 0.016 
7 111 1.78 0.15 0.06 0.94  4.2 x 10-5 0.010 0.010 
8 111 3.55 0.10 0.05 0.95  8.4 x 10-6 0.005 0.004 

Ru/SiO2-B (1.5 wt% Ru), T = 433K, pIPA = 0.021 bar, pH2 = 0.40 bar 
  

Similar trends are observed under non-differential conditions (Table 4), where we consider 

conversion and selectivity during isopropanol amination at modest ammonia pressures (0.1 – 0.6 

bar, Entries 1 – 4) and high ammonia pressures (0.6 – 3.55 bar, Entries 5 - 8). For a fixed residence 
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time, increasing ammonia pressure decreases isopropanol conversion while enhancing selectivity 

toward the primary amine. Under conditions summarized in Table 4, all reactions are far from 

equilibrium; as such, both impacts are attributed to kinetic effects. Specifically, increasing 

ammonia pressure inhibits the rate of isopropanol dehydrogenation without impacting the rate of 

amination. This manifests as a decrease in isopropanol conversion alongside an increase in 

isopropylamine selectivity. Although alcohol conversion remains low for the data presented in 

Table 4, it is noteworthy that one can drive primary amine selectivities well above 90% by 

operating in excess ammonia. 

 

 

 

Next, we consider trends in rate, conversion, and selectivity as a function of isopropanol partial 

pressure under differential conditions (Figure 6). The rate of isopropanol conversion has a 
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Figure 6: Dependence of (a) reaction rate and (b) conversion/selectivity on isopropanol partial pressure over Ru/SiO2-A (0.6 
wt% Ru) at T = 433K, pH2 = 0.20 bar, pNH3 = 0.20 bar, He balance,  = 0.258 - 12.4 s. (■) isopropanol conversion; (○) 
isopropylamine formation; ( ) acetone formation. For data illustrated here, we observed maximum reversibilities (zi) below 
1 for alcohol dehydrogenation (2.9 × 10-3), acetone amination (6.0 × 10-4), and isopropanol amination (4.4 × 10-7); this suggests 
observed trends are kinetic in origin.  
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relatively strong response to changes in isopropanol pressure, exhibiting an apparent reaction order 

of 0.66 ± 0.02; however, this is a convolution of very different responses in the rates of 

dehydrogenation and amination. Changes in the acetone STY (Figure 6a) reveal that isopropanol 

dehydrogenation has a roughly first order dependence on isopropanol partial pressure (1.20 ± 0.09). 

In contrast, changes in the isopropylamine STY suggest that isopropanol amination has a small, 

positive fractional order dependence on isopropanol pressure (0.34 ± 0.17). This is consistent with 

trends observed during 1-propanol amination over Ni.42 The fact that isopropanol dehydrogenation 

is significantly higher order in isopropanol (than isopropanol amination) results in a substantial 

increase in acetone selectivity with increasing isopropanol partial pressure (Figure 6b). Selectivity 

to isopropylamine increases with fractional conversion in this data set, which aligns with 

expectations for the formation of isopropylamine through a secondary pathway. That said, 

selectivity trends between fractional conversions of 0.01 – 0.03 observed when varying H2 and 

NH3 pressures suggest a weak correlation between conversion and selectivity in this range. We 

thus attribute the change in selectivity to differences in the isopropanol order for isopropanol 

dehydrogenation and isopropanol amination.  
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In addition to affecting intrinsic rates of dehydrogenation and amination, variations in species 

partial pressure also impact the baseline activity of Ru/SiO2. To illustrate these effects, we present 

rates of isopropanol conversion as a function of time on stream in response to variations in H2 
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Figure 7. Rates of isopropanol conversion as a function of time on stream with variation in H2 and NH3 partial pressures 
over Ru/SiO2-B (1.5 wt% Ru) at T = 433K, pIPA = 0.021 bar, and t = 26.2 s.  Figure 7a: pNH3 = 0.40 bar, pH2 = 0.60 bar (○), 
1.07 bar (■), 1.77 bar (●), and 3.55 bar ( ). Figure 7b: pNH3 = 0.40 bar, pH2 = 0.60 bar (○), 0.40 bar (■), 0.20 bar (●), and 
0.10 bar ( ). Figure 7c: pH2 = 0.40 bar, pNH3 = 0.60 bar (○), 1.07 bar (■), 1.77 bar (●), and 3.55 bar ( ). Figure 7d: pH2 = 
0.40 bar, pNH3 = 0.60 bar (○), 0.40 bar (■), 0.20 bar (●), and 0.10 bar ( ). Dashed lines indicate the average rate measured 
at the startup/reference condition.  
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pressure and NH3 pressure (Figure 7).  In general, we observe minimal catalyst deactivation under 

a large excess of H2 and/or NH3 (Figures 7a and 7c), whereas perturbations that decrease the ratio 

of H2:isopropanol or NH3:isopropanol below ≈ 20 induce deactivation (Figures 7b and 7d). 

Reversing the change back to excess H2 or NH3 restores the baseline activity of the catalyst. We 

cannot determine the precise mechanism of deactivation from the data presented, but one assumes 

that H2- and NH3-rich environments are sufficiently reducing to either maintain zerovalent Ru 

surface sites or to prevent the accumulation of hydrogen-deficient carbon deposits (i.e., coke). 

 

   

Next, we consider the influences of temperature on rate, conversion, and selectivity under 

differential conditions (Figure 8). Rates of isopropanol conversion, acetone formation, and 

isopropylamine formation all increase with temperature, albeit with different apparent barriers. 

The overall barrier for isopropanol conversion is 100 ± 36 kJ mol-1, whereas respective barriers 
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Figure 8. Dependence of (a) reaction rate and (b) conversion/selectivity on temperature over Ru/SiO2-A (0.6 wt% Ru) at pOH 
= 5.0 × 10-3 bar, pH2 = 0.20 bar, pNH3 = 0.20 bar, He balance,  = 1.54 s. (■) isopropanol conversion; (○) isopropylamine 
formation; ( ) acetone formation. For data illustrated here, we observed maximum reversibilities (zi) below 1 for alcohol 
dehydrogenation (3.6 x 10-4), acetone amination (6.0 x 10-4), and isopropanol amination (9.3 x 10-7); this suggests observed 
trends are kinetic in origin.  
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for acetone and isopropylamine formation are 68 ± 5.6 kJ mol-1 and 134 ± 82 kJ mol-1. As such, 

temperature has a strong impact on product selectivity, with increasing temperature favoring 

amination. That said, there is a ceiling on leveraging temperature to improve amine selectivity as 

acetone becomes the thermodynamic product between 500 and 600K (Figure 3).  

Thus far, we have observed good selectivity to acetone and isopropylamine at short residence times 

and low isopropanol conversion. Further, a thermodynamic analysis of the isopropanol amination 

network suggests that isopropylamine yields in excess of 95% are attainable as long as reactors 

operate below approximately 500K in excess ammonia. In theory, realizing these yields only 

requires increasing residence times to consume intermediate acetone by reductive amination; 

however, this neglects consideration of mitigating factors that may also arise at longer residence 

times. For example, the accumulation of strongly bound products or spectators might inhibit 

reaction rates, making it difficult to achieve high conversions in feasible residence times. 

Alternatively, side reactions may become problematic at longer residence times, which can limit 

isopropylamine yields.7 With this mind, we consider the impacts of increasing residence time at 

an isopropanol pressure of 0.021 bar, a H2 pressure of 0.60 bar, an ammonia pressure of 0.40 bar, 

and reaction temperatures from 407 – 448K.  
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Figure 9 summarizes the approach to chemical equilibrium for macroscopically observable 

reactions as a function of residence time at 407K, 418K, 433K, and 448K. Imprecision in 

experimental determination of reaction quotients notwithstanding (e.g., acetone partial pressures 
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Figure 9. Reversibilities for isopropanol amination (z1, ○), isopropanol dehydrogenation (z2, ■), and acetone amination (z3, 
) as a function of residence time over Ru/SiO2-C (3.3 wt% Ru) at pOH = 0.021 bar, pH2 = 0.60 bar, pNH3 = 0.40 bar and a) 

407K, b) 418K, c) 433K, and d) 448K.  
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approach zero under many experimental conditions, decreasing confidence in z2 and z3), we find 

that acetone:isopropylamine (z3) distributions reach equilibrium quickly compared to 

isopropanol:isopropylamine (z1) and isopropanol:acetone (z2). The full distributions of isopropanol, 

acetone, and isopropylamine approach chemical equilibrium only at elevated temperatures (448K) 

and residence times near 1.0 ks. These observations suggest that acetone amination is facile relative 

to isopropanol dehydrogenation and/or isopropanol amination, which is consistent with the 

prevailing view that the rate of -hydrogen abstraction from the alcohol controls the rate of alcohol 

amination.8  
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Figure 10 summarizes conversions and selectivities observed with increasing residence time at 

407K, 418K, 433K, and 448K. Data are taken from experiments used in generating approach to 

equilibrium profiles (Figure 9), so they provide a complementary view of reaction progress. In all 

cases, one observes minimal acetone formation. It is present only in significant quantities at short 
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Figure 10. Isopropanol conversion (■) and selectivity to acetone (□), isopropylamine (○), and hydrocarbons 
(propane/propylene) ( ) as a function of contact time during isopropanol amination over Ru/SiO2-C (3.3 wt% Ru) at pOH = 
0.021 bar, pH2 = 0.60 bar, pNH3 = 0.40 bar and a) 407K, b) 418K, c) 433K, and d) 448K.  
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residence times (< 0.1ks), whereafter its partial pressure approaches zero. This is consistent with 

acetone being a reactive primary product of isopropanol dehydrogenation. Specifically, acetone is 

a primary product that is susceptible to rapid, secondary reductive amination. It is further 

consistent with acetone formation being thermodynamically unfavorable relative to both 

isopropanol and isopropylamine under these conditions. Across all temperatures, we observe high 

selectivities to isopropylamine at intermediate residence times (0 – 0.2 ks), whereas longer 

residence times favor the formation of C3 hydrocarbons (propane, propylene).  Selectivity toward 

C3 hydrocarbons is temperature sensitive, with higher temperatures favoring hydrocarbon 

formation; as such, increasing reaction temperature shifts the onset of hydrocarbon formation to 

shorter residence times.  

One can envision two plausible pathways for hydrocarbon formation in this system. One is 

dehydration of isopropanol (primary reaction),47 and the other is deamination of isopropylamine 

(sequential reaction).49 We observe no selectivity toward C3 hydrocarbons in the zero-conversion 

limit; rather, hydrocarbons are observed only as isopropanol conversions increase above 50% and 

isopropylamine partial pressures become significant. Moreover, one observes similar hydrocarbon 

selectivities at equal isopropanol conversions regardless of temperature, i.e., hydrocarbon 

selectivity appears to be a stronger function of conversion than it does reaction temperature. For 

these reasons, one concludes that hydrocarbon formation arises not through primary dehydration 

or hydrogenolysis of isopropanol, but through the sequential deamination of isopropylamine. From 

a practical standpoint, high temperatures are attractive as they require minimal residence time to 

achieve high isopropanol conversions (< 1 ks); however, this must be balanced with the loss of 

isopropylamine selectivity arising from sequential deamination. One can minimize the extent of 

deamination by varying contact time, with optima depending on the reaction temperature. For 
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example, at 448K, isopropanol conversion exceeds 80% above 0.1ks, but selectivity toward 

isopropylamine decreases from ≈ 90% at 0.1ks to ≈ 20% at 1.0 ks, with the balance going to C3 

hydrocarbons. In contrast, one can maintain good selectivity toward isopropylamine at 407K, but 

contact times above 1.0ks are required to exceed 80% conversion. In general, we find a good 

compromise of activity and selectivity at 433K, where we observe 70 - 80% yields of 

isopropylamine at contact times of roughly 0.2 ks (Figure 11).  
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Having identified an optimal range of temperatures (418 – 433K), residence times (0.1 – 0.3ks), 

and feed partial pressures (pOH = 0.021 bar, pNH3 = 0.40 bar, pH2 = 0.60 bar), we consider an 

expansion of substrate scope to other secondary alcohols, including heterocyclic alcohols. The 

significance of the latter is that heterocyclic alcohols, namely hydroxytetrahydrofurans and 
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Figure 11. Yields to acetone, (□), isopropylamine (○), and propane/propylene ( ) observed as a function of contact time 
during isopropanol amination at a) 407K, b) 418K, c) 433K, and d) 448K. Ru/SiO2-C (3.3 wt% Ru), pOH = 0.021 bar, pH2 = 
0.60 bar, pNH3 = 0.40 bar.  
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hydroxytetrahydropyrans, can potentially be sourced from biomass.83–89 This may open the door 

to bio-based platform chemicals that have multiple heteroatoms; as such, they are intriguing 

substrates for amination. To allow for rational control of residence times with substrate variation, 

we benchmarked amination rates for each of the secondary alcohols listed in Table 1. Experiments 

were carried out at 433K using reduced alcohol pressures (pOH = 0.0013 bar) to facilitate 

vaporization of 2-octanol, 3-hydroxytetrahydrofuran (3-OH-THF), and 4-hydroxytetrahydropyran 

(4-OH-THP). NH3 and H2 pressures were maintained at a 150:1 excess relative to the alcohol to 

minimize deactivation and to favor amine formation at equilibrium. Data were obtained under 

differential conditions, and we report all rates normalized to that of 2-pentanol, which has the 

largest amination rate under the above-described conditions. Results are summarized in Figure 12. 

For monofunctional secondary alcohols, amination rates are relatively insensitive to 

structure/molecular weight. Specifically, 2-butanol (0.96), cyclohexanol (0.88), isopropanol (0.77), 

cyclopentanol (0.69), and 2-octanol (0.58) all display amination rates that are within a factor of 

two of 2-pentanol. This suggests that good primary amine yields should be attainable at similar 

contact times for all linear and cyclic monofunctional secondary alcohols. In contrast, heterocyclic 

secondary alcohols, namely 4-OH-THP (0.29) and 3-OH-THF (0.17), have 3- to 10-fold lower 

amination rates than 2-pentanol, suggesting a large increase in residence time will be necessary to 

achieve appreciable yields of their corresponding primary amines.  
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We next considered amination of each of the above substrates over a range of conditions, adjusting 

partial pressures and residence times as needed to permit efficient vaporization of the substrate 

and facilitate high conversion. Results are summarized in Table 5. Considering Entries 1 – 6, we 

conclude that amination of monofunctional secondary alcohols is relatively straightforward, and 

that primary amine yields between 70 – 90% are attainable at residence times below 1 ks for 

modest pressures of H2 (0.60 bar) and NH3 (0.40 bar).  It is also possible to obtain primary amine 

yields in excess of 90% during amination of the heterocyclic alcohol 4-OH-THP (Entry 7); 

however, it requires a significant increase in H2 pressure (1.12 bar), NH3 pressure (3.34 bar), and 

residence time (2.8 ks). The only exception was 3-OH-THF, for which we observed a maximum 

Figure 12: Rates of amination for various aliphatic and heterocyclic secondary alcohols over Ru/SiO2-A (0.6 wt% Ru) at T 
= 433K, pOH = 1.3 × 10-3 bar, pH2 = 0.20 bar, pNH3 = 0.20 bar, He balance. All rates of reaction are normalized to the rate 
of amination observed for 2-pentanol.  
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yield of only 51% despite forcing conditions and a long residence time (Entry 8). This decrease in 

amination activity for heterocyclic alcohols is consistent with diminished conversions and amine 

yields previously reported during the amination of 1-octanol, 2-butanol, and furfuryl alcohol over 

Ru nanoparticles at 453K.7 

Table 5: Primary amine yields under optimal conditions for various secondary alcohols 

Entry  Secondary alcohol  
Alcohol 

(bar) 
NH3 
(bar) 

H2 
(bar) 

  
(ks) Yield 

1 Isopropanol 0.021 0.40 0.60 0.17 0.73 
2 2-Butanol 0.021 0.40 0.60 0.18 0.76 
3 2-Pentanol 0.021 0.40 0.60 0.18 0.76 
4 Cyclopentanol 0.011 0.40 0.60 0.35 0.80 
5 Cyclohexanol 0.005 0.40 0.60 0.70 0.93 
6 2-Octanol 0.003 0.40 0.61 0.70 0.79 
7 4-OH-THP 0.003 3.34 1.12 2.84 0.90 
8 3-OH-THF 0.003 3.34 1.12 2.86 0.51 

T = 433K, Ru/SiO2-C (3.3 wt%) 
 

To gain further insight, we examined trends in 

fractional conversion and amination site time 

yield as a function of residence time during the 

amination of 3-OH-THF at T = 433K, pOH = 1.3 

× 10-3 bar, pNH3 = 0.41 bar, and pH2 = 0.61 bar 

(Figure 13). As residence times increase from 0 

to 3ks, we observe a substantial decline in 

amination rate, and we observe a plateau in 

fractional conversion at ≈ 0.3. We can propose 

three explanations for this behavior. The first is 

that, unlike amination of monofunctional alcohols, the amination of heterocycles has an 

unfavorable equilibrium position and so attains a maximum conversion of only 30% under the 

reported conditions. The second is that the catalyst experiences product inhibition such that its 
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Figure 13. Conversion (■) and amination site time yields 
(○) observed as a function of contact time during the 
reductive amination of 3OH-THF over Ru/SiO2-C (3.3 
wt% Ru) at T = 433K, pOH = 1.33 × 10-3 bar, pH2 = 0.61 
bar, pNH3 = 0.41 bar.  
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activity decreases as a function of reaction progress. The final is that the catalyst is deactivating 

over the course of the experiment. We exclude the latter because these experiments were 

performed in a packed bed operating at steady state, and data points in Figure 13 reflect average 

conversions and site time yields obtained over 5 hours of continuous operation. During these 

experiments, we observed no loss of activity as a function of time on stream. This leaves only 

thermodynamic limitations and product inhibition as underlying causes of the conversion plateau; 

accordingly, we next consider the free energy of heterocycle amination.  

To aid visualization, Figure 14 maps 

generic reactions that are anticipated to 

occur during alcohol animation (Figure 1) 

onto the amination of 3-OH-THF. 

According to computational data, the 

overall amination of 3-OH-THF (Reaction 

1) is thermoneutral (∆H ≈ -0.030 kJ mol-1, 

∆S ≈ -2 J mol-1 K-1). As such, if one 

considers only the amination of 3-OH-THF 

without intermediate formation of 3-OXO-

THF, the equilibrium yield to 3-NH2-THF 

under the reported conditions exceeds 99%. That said, the dehydrogenation of 3-OH-THF to form 

3-OXO-THF (Reaction 2) is favorable (∆H ≈ -30 kJ mol-1, ∆S ≈ 120 J mol-1 K-1), whereas the 

subsequent reductive amination of 3-OXO-THF to form 3-NH2-THF (Reaction 3) is unfavorable 

(∆H ≈ 30 kJ mol-1, ∆S ≈ -120 J mol-1 K-1). This means that, under conditions where the 

dehydrogenation of 3-OH-THF and the amination of 3-OXO-THF are both kinetically accessible, 

Figure 14: Macroscopic reactions occurring during the amination 
of 3-OH-THF to form 3-NH2-THF. Pathway (1) represents the 
formation of 3-NH2-THF through direct amination. Pathways (2) 
and (3) comprise the formation of a 3-NH2-THF by secondary 
amination of 3-OXO-THF that is initially formed by 
dehydrogenation of 3-OH-THF. Dashed lines describe the 
formation and consumption of the presumed imine intermediate, 
3-NH-THF. 
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one expects to observe near-complete conversion of 3-OH-THF and near-quantitative selectivity 

to 3-OXO-THF. Thermodynamic constraints may therefore limit attainable yields to 3-NH2-THF, 

but they should not restrict the conversion of 3-OH-THF to ≈ 30% under amination conditions. 

Table 6: Binding Energies for Various Secondary Alcohols 
Entry Secondary alcohol BE (eV) 

1 2-Butanol 0.97 
2 Cyclopentanol 1.19 
3 3-OH-THF 1.44 

 

More likely, the decrease in reaction rate and fractional conversion illustrated in Figure 13 are 

associated with inhibition by strongly bound reaction intermediates/products or spectator species 

that accumulate at higher feed conversion. This interpretation is consistent with calculated binding 

energies (Table 6), which show that 3-OH-THF binds strongly on Ru (1.44 eV) relative to a linear 

C4 alcohol (2-butanol, 0.97 eV) and a cyclic C5 alcohol (cyclopentanol, 1.19 eV). 3-OH-THF binds 

more strongly because its two oxygen atoms facilitate bidentate coordination to the Ru surface 

(Figure 15). This configuration is significantly more stable than analogous monodentate adsorption 

modes for secondary alcohols. Presumably, this trend extends to heterocyclic intermediates (e.g., 

3-OXO-THF, 3-NH-THF) and reaction products (3-NH2-THF), which supports the argument that 

product inhibition through stable binding of heterocyclic species underlies the loss of activity with 

increasing residence time. 
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Finally, from a practical standpoint, vapor-phase amination is viable mainly for short chain 

alcohols. Substrates with higher molecular weight and/or lower vapor pressures will benefit from 

condensed-phase processing. To determine whether gas-phase insights are generally extensible, 

we consider the reductive amination of 2-octanol dissolved in n-decane at a mole fraction of 6.7 × 

10-3. We find that insights from gas-phase amination translate directly to liquid-phase amination, 

and we achieve 2-octanamine yields in excess of 90% by operating at 423 or 433K under 6.4 bar 

NH3 and 13.6 bar H2 (Figure 16). Although good primary amine selectivity is also observed at 

413K, it requires long reaction times and/or catalyst loadings to achieve high conversion. In 

contrast, by operating at 443K, we see a significant increase in the rate of conversion, but this is 

accompanied by a loss in amine selectivity and incomplete carbon balance closure (+/- 30%). This 

is presumably attributed to the formation of gas-phase hydrocarbons, which were not measured for 

liquid-phase reactions.  

a) b)

Figure 15: Top (a) and side (b) views of the favorable adsorption geometry of 3-OH-THF over Ru(0001). 
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As demonstrated by Shimizu, external hydrogen is not required for the amination of secondary 

alcohols.131 Reducing environments clearly benefit catalyst stability (Figure 7), but operating in 

excess H2 adds additional cost and expands the carbon footprint of alcohol amination. It is thus 

noteworthy that one can obtain 45% yields of 2-octanamine under 6.4 bar NH3 after ≈ 0.6 ks (0.17h) 

using a 14.6 wt.% Ru/SiO2 catalyst, even if H2 is replaced entirely by He (Figure 16b). This is 

comparable to 2-octanamine yields obtained during the hydrogen-free amination of 2-octanol 

under 4 bar of NH3 over 5 wt.% Ru/-Al2O3 by Shimizu (4h), but lower than the 2-octanimine 

yields that they reported over a 10 wt.% Ni/Al2O3 catalyst under the same conditions (>80%).132 

From the yield curves in Figure 16b, it is clear that amination rates are lower in the absence of H2. 

Based on insights from gas-phase experiments, we tentatively attribute this to deactivation of the 

catalyst rather than a positive hydrogen order—this is supported by the fact that both systems 
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Figure 16. a) Amine yields observed as a function of contact time during the reductive amination of 2-octanol in decane over 
Ru/SiO2-D (14.6 wt% Ru) at xOH = 6.7 x 10-3, pH2 = 13.6 bar, pNH3 = 6.4 bar and 398K ( ), 413K (▲), 433K (■), and 443K 
(○). b) Amine yields observed as a function of contact time during the reductive amination of 2-octanol in decane at 423K 
under 13.6 bar H2 (■) and under 0 bar H2 (○) over Ru/SiO2-D (14.6 wt% Ru) and at xOH = 6.7 x 10-3, pNH3 = 6.5 bar, and He = 
balance.  
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achieve similar amine yields at short residence times (0.12 ks), whereafter the two systems diverge. 

Despite this, there are potential benefits to operating without H2. For example, operating under N2 

or He (instead of H2) would minimize hydrogenolysis and/or hydrogenation reactions that lead to 

alkane formation. Considering that the main loss of selectivity is to hydrocarbon formation, further 

optimization of H2-free alcohol amination systems may be warranted, and prior work by Shimizu 

suggests that higher yields are possible with an extension of residence times under inert 

atmospheres.132  

Conclusions 

Thermodynamically, amination of secondary alcohols with ammonia to form primary amines is 

favorable under typical reaction conditions (400 – 500K); however, it occurs in parallel (and in 

series) with alcohol dehydrogenation. As such, one should anticipate that reaction products will be 

a mixture of carbonyls and primary amines. At low temperatures (<500K), equilibrium favors 

amine production, whereas carbonyls become thermodynamically favored at high temperatures 

(>600K). For the substrates considered here, we find that near quantitative yields of primary 

amines are thermodynamically accessible from 400 – 450K when operating under excess NH3.  

In terms of reactor operation, there are multiple tradeoffs to consider in maximizing conversion 

rate, selectivity, and yield to primary amines. Species partial pressure, reaction temperature, 

residence time, and the molecular structure of the alcohol substrate all influence reactivity and 

selectivity. Strictly speaking, dihydrogen is not necessary for alcohol amination. Further, 

variations in H2 pressure have minimal impact on the intrinsic rate of amination and product 

selectivity. However, elevated H2 pressures improve catalyst stability, so a hydrogen co-feed 

remains beneficial. A potential consideration is that alcohol amination proceeds at least partially 

through a dehydrogenation step to form a carbonyl compound, and dehydrogenation is 
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thermodynamically unfavorable below 500K, especially at elevated H2 pressures. That said, we 

observe no significant impediments to alcohol amination under these conditions, and we find that 

good primary amine yields are attainable between 400 – 450K under excess H2. Next, increasing 

ammonia pressure significantly improves amine selectivity while inhibiting isopropanol 

conversion. Specifically, increasing ammonia pressure suppresses the rate of alcohol 

dehydrogenation without affecting the apparent rate of alcohol amination. For this reason, if 

targeting the synthesis of primary amines, there is no obvious kinetic drawback to operating at 

high ammonia pressures to promote amine selectivity. In contrast, increasing alcohol pressure 

enhances the rate of alcohol conversion, but it favors dehydrogenation instead of amination, so 

operating under alcohol-rich conditions is detrimental to amine selectivity. That said, this is not a 

catastrophic loss since the carbonyl formed by alcohol dehydrogenation is a reaction intermediate 

that can ultimately be converted to a primary amine via reductive amination. Concentrated 

isopropanol feeds are desirable in practice as they facilitate process intensification, but this may 

come at the cost of catalyst stability, which is best under excess NH3 and H2. Although insights 

were generated during the amination of isopropanol in a differential packed bed, they are 

extensible to other substrates, and we find that Ru/SiO2 is an effective catalyst for the amination 

of secondary alcohols in vapor and liquid media and using batch and flow reactors. Moreover, 

similarities between trends reported here and in prior analyses of n-alcohol amination suggest that 

conclusions presented here may also generalize to the amination of primary alcohols. Operating 

between 400 and 450K, we generally observe complete conversion of alcohols within practical 

residence times (< 20 minutes). It is also possible to maintain good selectivity toward primary 

amines, and yields of 70 – 90% are feasible for most secondary alcohols. An important caveat is 

that heterocyclic alcohols based on pyran and furan ring structures appear susceptible to product 
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inhibition, which presumably arises because these species can bind in favorable, bidentate 

configurations that leads to poisoning of the catalyst surface. Despite this, it is generally possible 

to improve yields during the amination of 4-hydroxytetrahydropyran and 3-

hydroxytetrahydrofuran by increasing ammonia and H2 pressures. Finally, under the conditions 

reported herein over Ru/SiO2, one avoids sequential amination reactions that lead to secondary 

and tertiary amines, which is a longstanding selectivity challenge in the amination of ketones and 

alkyl halides. 
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