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Mechanistic insights into the oxidative
dehydrogenation of amines to nitriles in
continuous flow

Emily C. Corker,a Javier Ruiz-Martínez,b Anders Riisagera and Rasmus Fehrmann*a

The oxidative dehydrogenation of various aliphatic amines to their corresponding nitrile compounds using

RuO2/Al2O3 catalysts in air was successfully applied to a continuous flow reaction. Conversions of amines

(up to >99%) and yields of nitriles (up to 77%) varied depending on reaction conditions and the amine

utilised. The presence of water was found to be important for the activity and stability of the RuO2/Al2O3

catalyst. The Hammett relationship and in situ infrared spectroscopy were applied to divulge details about

the catalytic mechanism of the oxidative dehydrogenation of amines over RuO2/Al2O3 catalysts.
1. Introduction

Nitrile compounds boast many applications in organic syn-
thesis and pharmaceutical chemistry.1–3 We have previously
reported the oxidative dehydrogenation of ethylamine in con-
tinuous flow using RuO2/Al2O3 catalysts, air as the oxidant
and water as the reaction solvent for alternative, green synthe-
sis of acetonitrile.4 However, the selective oxidative dehydro-
genation of larger amines to nitriles in the presence of other
functional groups may be of particular interest for the synthe-
sis of larger chemical intermediates, where molecules may
require a single functional group transformation in the pres-
ence of many other functional groups.

Previous methods for the synthesis of larger, more com-
plex nitrile compounds have relied on stoichiometric
reagents and batch chemistry.2,5–13 However, oxidation of
alcohols in continuous flow using RuO2/Al2O3 catalysts has
been previously reported.14 In recent years there has been an
emergence of flow chemistry for functional group transforma-
tions, both within laboratories and industry.15–17 The use of
continuous flow processes offers advantages such as
improved safety, efficient catalyst separation, improved space
economy, reproducibility, automation and process reliability.
Furthermore, our previous work has highlighted that the use
of a continuous flow reaction for the oxidative dehydrogena-
tion of amines allows the use of water as the reactant solu-
tion solvent, without enabling hydration of the product
nitrile to its corresponding amide, thus improving the green
credentials of the process. For this reason, the work on the
conversion of amines to nitriles presented here was
performed in a gas-phase, continuous flow reaction setup.

In this work, we extend the applicability of our previous
work concerning the oxidative dehydrogenation of simple
amines in continuous flow using RuO2/Al2O3 catalysts to
include various aliphatic amines. In an effort to design a pro-
cess that was as green as possible, water was our reactant
solution solvent of choice, due to the limited solubility of
some amine compounds in water, we also investigate the
effect of changing the reactant solution solvent on the activity
and stability of RuO2/Al2O3 catalysts during oxidative dehy-
drogenation of amines in continuous flow.

Mizuno et al. have previously suggested a mechanism for
the oxidative dehydrogenation of amines over RuO2/Al2O3 cat-
alysts in a batch process (Fig. 1).13 They conducted Hammett
investigations and concluded that the reaction mechanism
Catal. Sci. Technol.

ydrogenation of amines by
et al.13
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Fig. 2 Benzyl amines utilized in this work (top) and their
corresponding nitriles (bottom).

Fig. 3 Schematic diagram of the continuous flow set up used for the
oxidative hydrogenation of amines to nitriles.
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included formation of a carbocation-type intermediate spe-
cies during oxidation and β-hydride elimination was the rate-
determining step. Here, using the oxidative dehydrogenation
of benzyl amines with various substituent groups, we present
mechanistic investigations using the novel application of the
Hammett relationship to results from continuous flow.

Previous investigations of the oxidative dehydrogenation
of amines using heterogeneous catalysts have been limited to
applications of catalysts to various reactants and kinetic stud-
ies of batch reactions.5,13,18 We combine the results from the
Hammett relationship study in continuous flow with (to the
best of our knowledge) the first in situ investigations of the
oxidative dehydrogenation of amines over heterogeneous cat-
alysts. We use results from Hammett investigations and in
situ infrared (IR) spectroscopy to suggest an updated catalytic
mechanism for the oxidative dehydrogenation of amines over
RuO2/Al2O3 catalysts.

2. Experimental detail

All chemicals for catalyst synthesis and testing were obtained
from Sigma-Aldrich unless otherwise stated and used as
received.

2.1 Catalyst synthesis

The RuO2/Al2O3 catalyst was synthesised in a similar manner
to previously reported,4 with a target Ru loading of 4.5 wt%.
2.78 g RuCl3 hydrate (38–42 wt% Ru) was dissolved in 1.00 L
of distilled water. 31.40 g Al2O3 (Saint-Gobain, BET surface
area 256 m2 g−1) was added to the solution to form a slurry
which was stirred for 15 min. 1 M NaOH solution was added
to the slurry to adjust the pH to 13.5. The slurry was then
stirred at room temperature for 18 h. The resulting powder
was filtered, washed with distilled water, dried at 140 °C and
calcined at 350 °C in air for 3 h.

The RuO2/Al2O3 catalyst used for in situ IR spectroscopy
was prepared in a similar way to the catalyst used for catalytic
testing, described above. However, in order to decrease light
absorbance by the catalyst, increase transmission to the
detector and slow the reaction to aid detection of short lived
intermediates, a catalyst with a low Ru loading (0.7 wt%) was
synthesised and used for the in situ IR experiments. 0.037 g
RuCl3 hydrate was dissolved in 86 ml of distilled water. 2.93
g Al2O3 (Saint Gobain, BET surface area 256 m2 g−1) was
added to the solution to form a slurry which was stirred for
15 min. 1 M NaOH solution was added to the slurry to adjust
the pH to 13.5. The slurry was then stirred at room tempera-
ture for 18 h. The resulting powder was filtered, washed with
distilled water and dried at 140 °C.

2.2 Catalytic testing

Oxidative dehydrogenation of various benzyl and linear
aliphatic amines to their corresponding nitriles (Fig. 2)
were conducted under continuous flow conditions in a fixed
bed, stainless steel reactor (a schematic diagram of the
Catal. Sci. Technol.
continuous flow set up used can be seen in Fig. 3) charged
with 0.300 g catalyst (180–350 μm size fraction).

During the reaction, the reactant liquid containing 10
wt% desired amine, 2 wt% dioxane (internal standard) in
water, acetonitrile (AcCN) or a 50 : 50 mix of water : AcCN was
introduced by an HPLC pump (Mikrolab) to the reactor
(WHSV = 1.0 h−1, GHSV = 1200 h−1) where it was evaporated
at the inlet. Air and He (AGA, grade 5.0) were introduced by
mass flow controllers (Brooks Smart Mass Flow) and the total
gas flow (including reactant, internal standard and solvent
vapour) was kept constant at 150 ml min−1 in all experiments.
All experiments were performed at a total pressure of 1 bar
and the reaction temperatures used were 250 and 225 °C.
The reaction temperature was measured using a thermocou-
ple outside the reactor at equal height to the catalyst bed.
The product mixture was condensed in ice-cold ethanol, col-
lected every hour and analysed by an offline GCMS (Agilent
6890, Column CP-Chirasil-Dex CB) equipped with an FID and
mass spectrometer. Product ratios were determined in refer-
ence to the internal standard and a calibration curve pro-
duced using the reactant material.
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Formation of products and by-products during the oxidative
dehydrogenation of amines over RuO2/Al2O3 catalysts in continuous
flow.
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2.3 In situ IR spectroscopy

5 mg of RuO2/Al2O3 (0.7 wt% Ru) was pressed into a thin
pellet and loaded into an in situ cell (Linkam FTIR 600)
equipped with a temperature controller (Linkam TMS 93).
The in situ cell was placed into a Tensor 37 IR spectrometer
equipped with a liquid N2 cooled detector.

The RuO2/Al2O3 catalyst pellet in the in situ cell was placed
in a flow of 20 ml min−1 O2 and heated to 350 °C at a rate of
15 °C min−1. The pellet was kept at this temperature for 150
min before cooling to the reaction temperature, 225 °C, at a
rate of 15 °C min−1. Throughout the pretreatment step, IR
spectra were recorded every minute. Once the pretreatment
was complete, the reaction gas was diverted through a bub-
bler containing a solution of 70 wt% ethylamine in water
cooled to −20 °C using an ice/salt bath. The catalyst was
exposed to ethylamine for 1 h before the gas flow was
diverted back to oxygen only. Throughout the exposure to
ethylamine and post-reaction purging, infrared spectra were
recorded every minute.

3. Results and discussion
3.1 Catalytic testing

3.1.1 Application of oxidative dehydrogenation to a variety
of amines and effects of reactant solution solvent change. All
the tested amines were successfully converted to their corre-
sponding nitrile using continuous flow oxidative dehydroge-
nation in air over RuO2/Al2O3 catalysts, as shown by the
results presented in Table 1. In general (Table 1, entries 1–7),
high conversions were achieved (94–100%) and nitrile yields
of 20–70%. For the oxidative dehydrogenation of each amine,
analogous by-products were obtained with small amounts of
aldehyde and larger amounts of N-substituted imines (see
Fig. 4). No products of additional side reactions were
observed, suggesting that the process was tolerant to the
presence of the functional groups tested.

Activities for the oxidative dehydrogenation of each
amine are reported in Table 1 and were higher than those
reported by Mizuno et al.13 For example, Mizuno et al.
reported a rate of benzonitrile production of 0.0040 mol g−1

h−1, 38% lower than the rate of benzonitrile production
This journal is © The Royal Society of Chemistry 2015

Table 1 Results of catalytic testing for the oxidative dehydrogenation of vario

Entry Reactant Product
Temperature
(°C)

Reactant solution
solvent

1 BA BN 250 H2O
2 3-Me-BA 3-Me-BN 250 H2O/AcCN
3 4-MeO-BA 4-MeO-BN 250 H2O/AcCN
4 3-MeO-BA 3-MeO-BN 250 H2O/AcCN
5 3-Cl-BA 3-Cl-BN 250 H2O/AcCN
6 4-Cl-BA 4-Cl-BN 250 AcCN
7d Ethylamine AcCN 225 H2O
8 Butylamine Butanenitrile 225 H2O
9 Pentylamine Pentanenitrile 225 H2O

a Reaction conditions: WHSVamine = 1 h−1, total gas flow = 150 ml min−1
c After 5 h of reaction. d Ethylamine results from previously published wo
reported in Table 1. However, for some reactions, the amine
conversions, nitrile production rates and yields decreased
significantly during the 5 h on stream, indicating low cata-
lyst stability. Low catalyst stability may be caused by degra-
dation by ammonia (formed during by-product formation)
or fouling. Catalyst deactivation in continuous flow was also
observed by Root et al. during the oxidation of alcohols
using RuO2/Al2O3 catalysts. Root et al. concluded that the
catalyst was deactivated due to binding of carboxylic acids
to the catalyst.14

A number of reaction conditions were tested and the
results presented in Table 1 represent the optimal recorded
conditions for the oxidative dehydrogenation of each amine.
For the oxidative dehydrogenation of benzylamine, nitrile
yields and catalysts stability were all found to be significantly
improved when water was used as the reactant solution
solvent, rather than AcCN (Fig. 5). When a 50 : 50 H2O : AcCN
Ĳw/w) mix was used as the reactant solution solvent, nitrile
yields and catalyst stability were between the ones obtained
for the pure reactant solution solvents. A similar effect was
observed for all the tested amines; when water was added to
the reactant solution solvent then conversions, nitrile yields
and catalyst stability were significantly improved for the oxi-
dative dehydrogenation of both aliphatic and benzyl amines
(Fig. 5 and 6).
Catal. Sci. Technol.

us amines in continuous flowa

O2 :
amine

Activityb

(mol g−1 h−1)
Conversionb

(%)
Yieldb

(%)
Conversionc

(%)
Yieldc

(%)

14 0.0065 >99 75 >99 70
14 0.0048 >99 75 86 34
14 0.0057 >99 77 >99 20
14 0.0042 98 57 62 21
14 0.0045 >99 61 77 25
14 0.0023 94 41 75 29
3 0.0169 >99 76 >99 75

10 0.0048 41 34 21 18
12 0.0014 68 54 46 29

, 0.300 g RuO2/Al2O3 (350 °C calcined), 1 bar. b After 1 h of reaction.
rk.4

http://dx.doi.org/10.1039/c5cy00577a


Fig. 5 Conversion and nitrile yield with increasing reaction time for
the oxidative dehydrogenation of benzylamine in H2O, AcCN and 50 :
50 Ĳw/w) H2O : AcCN. Reaction conditions: temperature = 250 °C, O2 :
benzylamine = 14.4, WHSVbenzylamine = 1 h−1, total gas flow = 150 ml
min−1, 0.300 g RuO2/Al2O3 (350 °C calcined), 1 bar.

Fig. 6 Conversion and nitrile yield with increasing reaction time for
the oxidative dehydrogenation of benzyl amines (A) 3-Cl-BA, B) 3-Me-
BA, C) 3-MeO-BA, D) 4-MeO-BA) in 50 : 50 Ĳw/w) H2O : AcCN (1) or
AcCN only (2). Reaction conditions: temperature = 250 °C (except for
the oxidative dehydrogenation of 4-MeO-BA in AcCN which was
conducted at 225 °C, due to persistent reactor blocking at 250 °C)
O2 : amine = 14.4, WHSVamine = 1 h−1, total gas flow = 150 ml min−1,
0.300 g RuO2/Al2O3 (350 °C calcined), 1 bar.

Fig. 7 Initial conversion of pentylamine (after 1 h) and initial yields of
pentane nitrile under various reaction conditions. 1) AcCN solvent, O2 :
pentylamine = 3 : 1, 2) AcCN solvent, O2 : pentylamine = 14 : 1, 3) H2O
solvent, O2 : pentylamine = 3 : 1, 4) H2O solvent, O2 : pentylamine = 12 :
1. Reaction conditions: temperature = 225 °C, WHSVpentylamine = 1 h−1,
total gas flow = 150 ml min−1, 0.300 g RuO2/Al2O3 (350 °C calcined), 1
bar.

Fig. 8 Sigma value of various amines against logĲkX/kBA), where kX =
initial rate of conversion of amine with substituent group X (mol g−1

h−1) during oxidative dehydrogenation. Reaction conditions:
temperature = 225 °C, O2 : amine = 14.4, WHSVamine = 1 h−1, total gas
flow = 150 ml min−1, 0.300 g RuO2/Al2O3 (350 °C calcined), AcCN
solvent, 1 bar.
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The oxidative dehydrogenation of butylamine and
pentylamine resulted in considerably lower amine conver-
sions than expected (Table 1, entries 8 and 9). In similarity to
the oxidative dehydrogenation of the benzyl amines, conver-
sions were improved significantly by increased O2 : amine
and by use of H2O as the reactant solution solvent (Fig. 7).
However, conversions remained significantly lower than
those observed for the oxidative dehydrogenation of benzyl
amines and those previously observed for oxidative dehydro-
genation of ethylamine.4

3.1.2 Hammett studies. To avoid comparisons of rates of
reaction at 100% conversion, the reaction temperature was
reduced to 225 °C and amine conversions decreased
Catal. Sci. Technol.
accordingly (49–82%). Rates of conversion were determined
and a Hammett plot was produced (Fig. 8).

The oxidative dehydrogenation of benzyl amines with posi-
tive sigma values resulted in lower initial rates of reaction
than for oxidative dehydrogenation of unsubstituted
benzylamine, as expected based on the results of Mizuno
et al.13 However, it would also be expected that the oxidative
dehydrogenation of amines with a negative sigma value
would result in higher rates of reaction than observed for
benzylamine, but this was not the case. The low observed
rates for the oxidative dehydrogenation of benzyl amines with
negative sigma values may be due to steric hindrance caused
by the presence of larger side groups or a change in mecha-
nism caused by electron-rich substituents.

After several repeated experiments, the results of the oxi-
dative dehydrogenation of 4-MeO-BA and 3-Me-BA were con-
sidered outliers and the ρ value was determined to be −1.04
This journal is © The Royal Society of Chemistry 2015
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(R2 = 0.99) from linear regression of the remaining points. A
negative ρ value is indicative of electron flow away from the
aromatic ring in the rate determining step of the reaction.

Mizuno et al. applied the Hammett relationship to the
oxidative dehydrogenation of amines using Brown–Okamoto
σ constants,13,19 however we found a better relationship with
the traditional Hammett relationship. The better fit of the
results with the traditional Hammett σ constants compared
to the Brown–Okamoto σ constants suggests that positive
charge is not formed during the rate determining step.
Mizuno et al. found a much smaller ρ value (−0.154), indicat-
ing that under the conditions applied in our continuous
flow process, the substituents have a greater electronic effect
than in the batch process utilized by Mizuno et al. The dif-
ferences between ρ values and appropriate σ constants may
be due to a difference in rate determining steps of the batch
and continuous flow processes, or a result of variation in reac-
tion conditions including temperature, pressure and solvents
present.

We propose that the rate determining step of the oxidative
dehydrogenation of amines in continuous flow involves the
removal of a hydrogen atom from the carbon atom adjacent
to the amine group, either by β-hydride elimination, in agree-
ment with Mizuno et al., or by another mechanism.
3.2 In situ IR spectroscopy

The IR spectrum of the fresh RuO2/Al2O3 catalyst (Fig. 9) is
dominated by the presence of water and surface hydroxyls, as
shown by the presence of a broad band in the OH stretching
region (3700–3000 cm−1), which can be assigned to surface
hydroxyl groups and water.20–23 The presence of physisorbed
water is confirmed by the presence of a band that may be
assigned to an HOH bend at 1645 cm−1.21,22 Also present in
the spectrum of the fresh catalyst RuO2/Al2O3 are bands at
1401 and 1542 cm−1, which are probably due to the presence
of surface carbonate and carboxylate species formed due to
the adsorption of atmospheric CO2 on the catalyst surface.24

Calcination of the RuO2/Al2O3 catalyst significantly
reduced the OH contributions to the spectra, though a broad
OH stretching band remained at 3000–3750 cm−1, due to the
This journal is © The Royal Society of Chemistry 2015

Fig. 9 IR spectra of fresh RuO2/Al2O3 catalyst and catalyst calcined at
350 °C for 150 min in 20 ml min−1 O2.
presence of persistent surface OH groups. The band at 1645
cm−1 (assigned to an HOH bend due to the presence of water)
was no longer present after calcination, suggesting that all
physisorbed water was removed during calcination. The
observed IR spectra therefore agree with the postulation that
calcination at 350 °C in O2 leads to a less hydrated RuO2/
Al2O3 catalyst. Contributions to the spectra from carbonate
and carboxylate species were also reduced, with much
smaller blue shifted bands present at 1853, 1576 and 1460
cm−1, as seen in Fig. 9.

Upon exposure of the RuO2/Al2O3 catalyst to ethylamine
rapid changes were observed in the IR spectra, as shown by
Fig. 10. Within 1 min of exposure to ethylamine, IR absorp-
tion bands developed in the 2750–3100 cm−1 and 1200–1600
cm−1 regions. IR absorption bands in the 2750–3100 cm−1

region can be broadly assigned to C–H stretches,20 which
confirm the presence of ethylamine in the reaction cell. Spe-
cifically the peaks at 2968, 2942, 2885 and 2855 cm−1 can be
assigned to the CH3 symmetric stretch, CH2 symmetric
stretch, CH3 asymmetric stretch and CH2 asymmetric stretch,
respectively, indicating the presence of an ethyl group.25 IR
absorption bands in the complex 1200–1600 cm−1 region
include CH2 and CH3 bending vibrations, C–C stretches and
NH2 scissoring at 1550 cm−1.20,26,27

In comparison to the freshly calcined catalyst a reduction
in the intensity of the absorption bands at 1460 and 1853
cm−1 was observed in the IR spectra after 1 min of exposure
to ethylamine. This suggests that ethylamine replaced car-
bonate and carboxylate species that were present on the cata-
lyst surface prior to exposure to ethylamine.

After the RuO2/Al2O3 catalyst had been under reaction con-
ditions for 5 min, there were no absorption bands present in
the IR spectra indicative of the presence of an aldehyde or
nitrile compound. However, an imine may have been present
as a band was formed at 1588 cm−1 after 4.6 min under reac-
tion conditions, which can be assigned to a characteristic
imine CN stretching band.20 As no IR band that could be
attributed to an aldehyde was detected, we suggest that the
detected imine was an unsubstituted imine and intermediate
for the synthesis of acetonitrile.
Catal. Sci. Technol.

Fig. 10 IR spectra of RuO2/Al2O3 catalyst during exposure to aqueous
EtNH2 solution (70 wt%) in 20 ml min−1 O2 at 225 °C after 0, 0.9, 1.8,
2.8, 4.6 and 5.5 min.

http://dx.doi.org/10.1039/c5cy00577a


Fig. 12 CN band absorbance (2251 cm−1) development with time
after exposure to aqueous EtNH2 solution (70 wt%) in 20 ml min−1 O2

at 225 °C.
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The IR spectra of the RuO2/Al2O3 catalyst continued to
change and develop for the entire 60 min under reaction con-
ditions, as can be seen in Fig. 11. Bands representative of
acetonitrile, including the CN stretching band at 2251
cm−1, began to appear in the IR spectra after approximately
10 min under reaction conditions. As the band at 2251 cm−1

was strong and not overlapping with any other bands, it was
possible to track the development of the CN stretching
band at 2251 cm−1 in the IR spectra and therefore the
presence of acetonitrile in the reaction cell with time (see
Fig. 12).

A band at 1647 cm−1 developed within the first 20 min of
the reaction and continued to increase in intensity through-
out the time under reaction conditions. The band at 1647
cm−1 and its shoulder at approximately 1675 cm−1 could be
assigned to the NH2 scissoring and CO stretch of acet-
amide,28 respectively, which may be formed via hydration of
acetonitrile due to the slow flow rate through the in situ cell.
The formation of acetamide coupled with the reduction of
the intensity of the CN stretching band at 2251 cm−1 after
20 min under reaction conditions (Fig. 12) supports the sug-
gestion that acetonitrile is hydrated to acetamide. There was
no evidence for the presence of acetic acid in the in situ cell,
which would result in the presence of a strong band at
approximately 1710 cm−1, corresponding to its CO
stretch.20,26

There was not a lot of change observed in the region of
the IR spectra above 2750 cm−1 during the 60 min under
reaction conditions, although various NH stretching bands
may be expected. The lack of observable change in this
region may be due to the broad OH stretching band masking
other contributions to the IR spectra.

Though the reactant cell was purged with O2 for over 100
min post reaction, the catalyst did not return to the freshly
calcined state, as shown by the IR spectra in Fig. 13.
Although many of the bands contributing to the spectra do
appear reduced with increased purging time, as seen in
Fig. 14, a variety of absorption bands indicating the presence
of organic species on the catalyst surface can still be seen in
Catal. Sci. Technol.

Fig. 11 IR spectra of RuO2/Al2O3 catalyst during exposure to aqueous
EtNH2 solution (70 wt%) in 20 ml min−1 O2 at 225 °C after 0, 5, 10, 20,
40 and 60 min.
the IR spectra of the catalyst after 60 min of purging, includ-
ing CH stretches, CN stretching band (2251 cm−1) and
many contributions in the fingerprint region of the spectra.
The lack of significant reduction of the IR absorption bands
in the spectra suggests that reactants and products are
strongly bound to the surface of the catalyst. The large num-
ber of species strongly bound to the surface of the catalyst
may explain the catalyst deactivation seen with increasing
time on stream, in agreement with the conclusions of Root
et al.14 Interestingly, the IR bands at 1579, 1647 and 1457
cm−1 appeared to increase with increased purging time,
suggesting that residual acetonitrile and ethylamine were
converted to other species including acetamide during the
purging period.
3.3 Proposal of catalytic mechanism

Combining the results of our Hammett studies and in situ IR
spectroscopy, we propose the catalytic mechanism presented
in Fig. 15. In agreement with Mizuno et al.13 we suggest that
the amine compound binds to the ruthenium centre via the
amine group and that an imine intermediate seems likely.

Mizuno et al. suggest the presence of a ruthenium hydride
species in the mechanism of oxidative dehydrogenation of
amines over RuO2/Al2O3 catalysts.13 However, the presence
of a ruthenium hydride species in a highly oxidising
This journal is © The Royal Society of Chemistry 2015

Fig. 13 IR spectra of RuO2/Al2O3 catalyst after 100 min of post-
reaction purging with 20 ml min−1 O2 at 225 °C and comparison to the
freshly calcined catalyst.

http://dx.doi.org/10.1039/c5cy00577a


Fig. 14 IR spectra of RuO2/Al2O3 catalyst during post-reaction purg-
ing with 20 ml min−1 O2 at 225 °C.

Fig. 15 Schematic diagram of the proposed mechanism for oxidative
dehydrogenation of amines over RuO2/Al2O3. Ruthenium atoms
represented here are assumed to be surface atoms of the RuO2 lattice.
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environment seems unlikely. If a ruthenium hydride species
is present for sufficient time to be detected by IR spectro-
scopy, we would expect to see a Ru–H stretching band in the
IR spectra at approximately 1800–2000 cm−1.29,30 Although a
peak was present at 1853 cm−1 in the IR spectrum of the
fresh catalyst, the peak was gone after 5 min under reaction
conditions and no new peaks were formed in the 1800–2000
cm−1 region during the entire time under reaction conditions.
Therefore, we cannot substantiate the claim that a ruthenium
hydride intermediate exists. As an alternative, we suggest that
the surface hydroxide groups of the active RuO2/Al2O3 cata-
lysts play an active role in the removal of hydrogen from the
amine.

Our work has suggested that stable and active RuO2/Al2O3

catalysts for the oxidative dehydrogenation of amines rely on
the presence of water. In our proposed mechanism, we sug-
gest that water is necessary to regenerate the catalyst active
site after the reaction has occurred (Fig. 15).
This journal is © The Royal Society of Chemistry 2015
4. Conclusions

In this work, a variety of aliphatic nitriles were synthesised
by the oxidative dehydrogenation of their corresponding
amines in air and using RuO2/Al2O3 catalysts under continu-
ous flow conditions. The oxidative dehydrogenation of the
benzyl amines occurred with varying degrees of success, with
conversions ranging between 18–100% and nitrile yields
ranging between 6–76%, depending on the amine used as the
reactant and the reaction conditions applied. By far the best
reaction conditions for the oxidative dehydrogenation of ben-
zyl amines employed a reaction temperature of 250 °C and a
H2O/AcCN mixture or H2O only reactant solution solvent,
where possible. Under these conditions, all the benzyl
amines were oxidatively dehydrogenated to the corresponding
nitrile with initial conversions over 98% and initial nitrile
yields of 48–78% depending on the amine used. The presence
of water in the reaction was found to improve conversion,
nitrile yields and stability of the reaction over the 5 h tested.

The oxidative dehydrogenation of linear aliphatic amines
was less successful, with low conversions (6–70%) and low
nitrile yields (4–54%). The maximum achieved conversions
and yields were obtained using a reaction temperature of 225
°C, high O2 : amine ratio (10–12 : 1) and H2O as the reactant
solution solvent.

The IR spectra observed during the oxidative dehydrogena-
tion of ethylamine and interpreted in this work allowed
observation of the order in which products and by-products
of the oxidative dehydrogenation of ethylamine were pro-
duced. The results support the suggestion that ethylamine
dehydrogenation to acetonitrile occurs via an imine com-
pound. Furthermore, the later development of the spectra to
include IR absorption bands that can be assigned to acet-
amide, supports the suggestion that acetamide by-product is
formed by the hydration of acetonitrile when the reaction is
occurring under a low gas flow. The presence of a ruthenium
hydride species could not be confirmed using IR spectro-
scopy and an alternative catalytic mechanism was proposed.
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