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Abstract
Amorphous binary (CoB, NiB) and ternary (CoBCr, NiBCr) alloys prepared by chemical reduction with NaBH4 were characterized by atomic

absorption spectroscopy (AAS), nitrogen physisorption (BET), X-ray diffraction (XRD), temperature programmed desorption (TPD), temperature

programmed reduction (TPR), hydrogen chemisorption, scanning electron microscopy (SEM) coupled with energy dispersive X-ray analysis

(EDX) and X-ray photoelectron spectroscopy (XPS) and the influence of their properties on catalytic performance in the hydrogenation of

unsaturated nitriles to unsaturated amines was studied. The hydrogenation over NiB(Cr) catalysts lead to preferential hydrogenation of the C C

bond, whereas the hydrogenation over CoB(Cr) catalysts occurred preferentially to the unsaturated amine. Addition of chromium dramatically

increased the activity of both NiB and CoB catalysts, due to its effect on the binding energy of adsorbed hydrogen and the adsorption strength of the

nitrile functional group. Amorphous cobalt borides treated with sodium hydroxide can hydrogenate unsaturated nitriles to primary unsaturated

amines with medium-to-high selectivity without the presence of ammonia.
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1. Introduction

Nitrile hydrogenation is an important process for the

production of various amines, which are widely used as

intermediates in many branches of chemical industry. The most

frequently applied process for the production of amines is the

heterogeneous catalytic hydrogenation [1]. A broad range of

commercially available nitriles makes this process even more

important. In many cases, however, the molecules to be

hydrogenated contain several reducible groups and only the

desired one has to be reduced. The selective hydrogenation of

unsaturated nitriles to the corresponding unsaturated amines is

of interest, because unsaturated amines are valuable inter-

mediates in the pharmaceutical, agrochemical and specialty and

fine chemicals industry [2–5]. To tune the selectivity towards

the unsaturated amine is a considerable challenge, because the

hydrogenation of the C C bond and the formation of a
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saturated nitrile, and consequently saturated amine, is thermo-

dynamically more favourable.

The reactivity of the C C bond towards hydrogenation

decreases when it is sterically hindered or far away from the

nitrile group [6–9]. Molecules with C C and CBBN groups in

conjugation or in close proximity are much more difficult to

reduce selectively [9–12]. Nevertheless, it has been shown

recently that with the proper catalytic system, a relatively high

selectivity to unsaturated amine can be obtained [9,13]. Several

factors play a crucial role in the selectivity: the type of catalyst,

the catalyst promoters, the presence of ammonia and the type of

solvent. Previous studies demonstrated the suitability of Raney-

type catalysts in the chemoselective hydrogenation of

unsaturated nitriles [9,13]. Under optimized conditions, a

selectivity of up to 80% to 3-phenyl-allylamine at a conversion

above 90% was obtained during the hydrogenation of

cinnamonitrile with a Cr-doped Raney cobalt in methanol

saturated with ammonia. The presence of ammonia was

essential not only to suppress the formation of unwanted

secondary amines, but also to enhance the selectivity to

unsaturated amine. Replacing ammonia by sodium or lithium
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hydroxides led to more active, but significantly less selective

catalysts [13]. To omit the ammonia in this reaction without a

significant loss in the selectivity, a new type of catalyst has to be

developed.

Amorphous metal alloys prepared by reduction of the metal

salt with various borohydrides are well-known catalysts since the

1980s [14–18]. They are comparable in activity to Raney

catalysts, but show better selectivity in many hydrogenation

reactions [18]. The unique structure and high concentration of

coordinatively unsaturated sites of amorphous metal alloys result

in higher activity and selectivity then obtained with their

crystalline counterparts [16,17]. The simple preparation and easy

modification by additives makes the metal alloy catalysts even

more attractive. Many systematic studies have been published on

the catalytic properties of Ni-P and Ni-B catalysts [16–22], but

only few reports appeared on Co-B catalyst [23–28].

In this work, we prepared amorphous Ni-B and Co-B

catalysts and tested them in the hydrogenation of various

unsaturated nitriles. Similar to the hydrogenation of unsatu-

rated aldehydes, the selectivity to the desired unsaturated amine

is determined by the relative accessibility and the binding

strength of the C C and CBBN bond. Therefore, a properly

designed catalyst with surface sites, which invoke the

polarization of the CBBN bond and inhibit the adsorption of

the unsaturated nitrile in the C C bonding configuration, can

result in a high selectivity to unsaturated amine. One of the

possibilities how to modify the active sites of the catalyst is the

addition of a second, more electropositive metal. Therefore, Cr-

doped Ni-B and Co-B catalysts were prepared in similar

manner and their properties were compared with their un-doped

counterparts.

As mentioned before, the presence of ammonia is essential

for obtaining high selectivity to unsaturated as well as to

primary amines in case of Raney catalysts [13]. It is known that

ammonia interacts strongly with boron and thus, it acts as a

poison for the metal boride catalysts. As an attempt to replace

the ammonia and to further improve the catalyst selectivity,

some of the catalysts were modified by treatment with sodium

hydroxide.

In order to study the effect of chromium doping and the

modification with sodium hydroxide, atomic absorption

spectroscopy (AAS), nitrogen physisorption, X-ray diffraction

(XRD), temperature programmed desorption (TPD), tempera-

ture programmed reduction (TPR), hydrogen chemisorption, X-

ray photoelectron spectroscopy (XPS) and scanning electron

microscopy (SEM) coupled with energy dispersive X-ray

analysis (EDX) were used to characterize the catalysts. The

results of the characterization methods were compared with the

catalysts behaviour in the hydrogenation of several unsaturated

nitriles.

2. Experimental

2.1. Chemicals

Cinnamonitrile (97% trans-), cyclohex-1-enylacetonitrile,

geranylnitrile (Acros chemicals), trans-3-pentenenitrile, cis-2-
pentenenitrile (Aldrich), 3,3-dimethyl-acrylonitrile (Merck),

cobalt(II) acetate�4H2O (<99%), NiCl2�6H2O (<98%),

CrCl3�6H2O (<98%, Fluka) and NaBH4 (Fisher Scientific)

were available commercially and were used as supplied.

2.2. Catalysts preparation

CoB and NiB catalysts were prepared by the chemical

reduction reported by Li et al. [26]. An aqueous solution of

cobalt acetate or nickel chloride was reduced with a 1-M

solution of NaBH4 containing 0.1-M NaOH. The molar ratio of

NaBH4 to Me2+ was kept at 5:1 to ensure complete reduction.

The NaBH4 solution was added dropwise while cooling with an

ice bath. The mixture was vigorously stirred until no gas

released. The resulting black precipitate was washed with

distilled water until pH 7 and the final product was stored under

distilled water. Chromium-promoted catalysts were prepared

by the same method using an aqueous solution of Co(Ac)2 or

NiCl2 and CrCl3 with Me2+/Cr3+ ratio 95:5 wt.% (Me2+ = Co or

Ni). Part of the CoBCr catalyst was treated with NaOH solution

to remove part of the boron. The CoBCr catalyst was placed

into a flask and distilled water was added (15 ml of distilled

water per 1 g of wet catalyst). The mixture was heated to 70 8C
while stirring, then a 3-M solution of NaOH was added

dropwise (20 ml) and the mixture was stirred for 90 min. The

mixture was cooled down and the final precipitate was washed

with distilled water to remove soluble boron species and until

neutral pH was obtained. The catalyst was stored under distilled

water. This preparation results in metal boride catalysts with

ultra fine particles [26]. The catalyst was dried under vacuum

and it was found that 600 mg of wet catalyst corresponds to

120 mg of dry mass.

2.3. Catalyst characterization

The bulk chemical composition of the prepared catalysts

was analyzed by means of AAS with a Varian SpectrAA 220FS

instrument. An exact amount of dry catalyst was dissolved

under inert atmosphere in 20 ml of a 1:1 mixture of nitric acid

and hydrochloric acid. After complete dissolution of the

catalyst, the sample was diluted with distilled water to 100 ml

of final solution used for analysis. The instrument was

calibrated with blank sample and three standard solutions of

known concentration 5, 10 and 15 mg/ml of Co2+, Ni2+ or Cr3+

cation and 0.5, 1.0 and 1.5 mg/ml of Na+ cation. An air-

acetylene flame was used.

Powder X-ray diffraction (XRD) patterns of the prepared

catalysts were recorded from 58 to 508 2u on a STOE

DARMSTAD powder diffractometer using Cu Ka radiation

and Ge (1 1 1) monochromator at a step size of 0.038. A thin

layer of wet catalyst was dispersed between sticking plastic

films to avoid oxidation of the specimen, which was rotated

continuously during the measurement. The BET surface area

(SBET) of the catalysts was determined by N2 adsorption at

�196 8C using a TriStar 3000 apparatus (Micromeritics).

Temperature programmed desorption measurements were

carried out on a TPD apparatus (Micromeritics 2900) equipped
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with TCD detector. The catalysts were pre-treated at 70 8C for

1 h in a flow of argon (25 ml/min) to remove water before the

TPD measurements. The desorption of hydrogen was carried

out in a flow of argon (25 ml/min) with a temperature ramp of

10 8C/min. Data were recorded from 25 to 650 8C.

Temperature programmed reduction was carried out in a

flow of 4.8% H2 in Ar (25 ml/min) from 25 to 900 8C with a

heating rate of 10 8C/min. The samples of the catalysts were

pre-treated by heating to 650 8C in a flow of Ar (15 ml/min) in

order to remove water and species adsorbed on the catalyst

surface. Then the sample was cooled to room temperature,

argon was replaced by 4.8% H2 in Ar and the TPR measurement

was initiated.

Chemisorption of hydrogen was performed on an ASAP

2010 (Micromeritics) instrument. Samples were evacuated at

100 8C for 2 h, then cooled to room temperature and evacuated

at RT for another hour. Evacuation was followed by leak test at

room temperature. Chemisorption of hydrogen was determined

by measuring the isotherm at 35 8C.

The surface morphology and the uniformity of the catalyst

elemental composition was studied by scanning electron

microscopy (SEM) coupled with energy dispersive X-ray

analysis (EDX). The measurements were carried out on a XL30

(FEI Co., USA) electron microscope with energy dispersive X-

ray spectrometer (EDX Inc., USA). The catalyst samples were

transferred on an aluminium sample holder under water, the

holder was placed into the electron microscope and the sample

was quickly evacuated. An electron voltage of 30 keV and

scanning angle of 908 were used for the measurements.

Surface elemental composition and the electronic states of

Ni, Co and B were determined by X-ray photoelectron

spectroscopy using a high resolution ESCA Probe P photo-

electron spectrometer (Omicron Nanotechnology Ltd.). The

wet samples of the catalysts were transferred to the entrance

chamber of the spectrometer under water, the chamber was

closed and the atmosphere was exchanged to argon. The

samples were dried in a flow of argon for 2 h and then under a

vacuum, until a pressure of 5 � 10�8 mbar was reached. The

measurements were carried out at 5 � 10�9 mbar. Monochro-

matic Al Ka radiation (1486.7 eV) was used for excitation of

the photoelectrons. The detector equipped with five channel-

trons worked with a pass energy of 50 and 20 eVand with a step

in kinetic energy of 0.5 and 0.1 eV, respectively. The

photoemission lines Ni 2p, Co 2p, Cr 2p, B 1s, C 1s and O

1s were measured in high resolution mode. The spectra were

calibrated with the carbon 1s peak (binding energy 284.7 eV).

A low energy electron gun (1–2 eV) was used to compensate for

sample charging because of the relatively high electrical

resistance between the specimen and the specimen holder or

because of low electrical specimen conductivity. Every sample

was measured at three different states: (a) as prepared, (b) after

the cleaning of the surface with an argon gun (5 keV for 30 min)

and (c) after oxidation in air (sample was taken out of the

spectrometer for 3 min). The measured spectra were processed

by Casa XPS software. Mathematical smoothing and ‘‘Shirley’’

type of background removal were applied for quantification.

The identification of the components was carried out using the
NIST database and by comparison with published results

[19,22,26].

2.4. Hydrogenation experiments

Hydrogenation reactions were performed in the liquid phase

in a 60-ml stainless steel autoclave (Premex AG) equipped with

a sampling tube and magnetic gas-inducing impeller. The

catalyst (usually 120 mg of dry mass) and solvent (27 ml

MeOH) were placed into the reactor and an appropriate amount

of substrate (24 mmol) was added. Hydrogenation of trans-3-

pentenenitrile was carried out with pure methanol as well as

with methanol saturated with ammonia (27 wt.% of NH3) as

solvent, all the other substrates were hydrogenated only in pure

methanol. The autoclave was closed, and the air was displaced

first with nitrogen (three times) and then with hydrogen (three

times). The autoclave was pressurized with hydrogen to the

desired value (80 bar) and a leak test was carried out (10 min).

The reaction was started at room temperature by turning on the

magnetic stirrer (ca. 1100 rpm). After saturation of the liquid

phase with hydrogen (1.5 min), the reactor was heated up to the

reaction temperature (usually 12 min from 25 to 100 8C). The

samples were withdrawn periodically until there was no

observable consumption of hydrogen. Then the reaction was

stopped, the pressure was released and the hydrogen was

displaced by nitrogen. Withdrawn samples and product were

filtered in order to remove the catalyst and analyzed by gas

chromatography on a Agilent GC (HP6890 equipped with

autosampler and semipolar chromatographic column DB-17,

30 m � 0.32 mm � 0.5 mm from J&W Scientific) under the

following conditions: carrier gas, helium 113.5 kPa; tempera-

tures, inj. 250 8C, det. 280 8C; oven temperature program,

50 8C (5 min), 30 8C/min to 280 8C (10 min). The products

were characterized by comparison of their retention times with

corresponding analytical standards.

3. Results and discussion

3.1. Catalysts characterization

Chemical reduction of transition metal ions by the reaction

with NaBH4 leads to ultra fine particles of amorphous alloys

[29–31]. The composition of such materials is strongly

dependent on the reduction conditions. Usually three types

of compounds are generated during reduction: metals, metal

borides and metal borates (Me, Me2B and Me(BO2)2,

respectively). Reduction in aqueous media results in Me2B

as primary product. However, in order to obtain the pure Me2B

particles, the procedure has to be carried out under anaerobic

conditions [29–31]. If the reduction is performed in the aqueous

media under a normal atmosphere (as in our case), metal

borates and boron oxide can be formed as side products [26,32].

The chemical composition of the prepared catalysts, as

determined by AAS, shows that the majority of the catalyst

is formed by the transition metal (Table 1). After doping with

chromium, the content of transition metal decreases in favour of

boron and oxygen. The almost double concentration of the sum



Table 1

Chemical composition and BET surface area of prepared catalysts

Catalyst Ni

(wt.%)

Co

(wt.%)

Cr

(wt.%)

S (B,O)

(wt.%)

SBET

(m2/g)

NiB 86 14.0 40

NiBCr 73 1.3 25.7 49

CoB 90 10.0 19

CoBCr 75 1.1 23.9 40

CoBCr-Naa 69 1.2 29.8 27 (24%)b

a Na concentration <1 wt.%.
b Metal area.
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of boron and oxygen in the Cr-promoted catalysts implies a

larger presence of borates and boron oxide. The AAS analysis

of the CoBCr-Na catalyst, which was treated with a saturated

NaOH solution, showed a slight decrease of the cobalt content

in comparison with the CoBCr catalyst. This suggests that

besides removal of part of the boron oxide from the surface,

also hydrolysis of Co2B occurs, which is facilitated by higher

temperature [31]. Removal of boron species and its transfor-

mation into sodium borate was also indicated by a change of the

color of the solution, which turned green-brown, and by

enhanced magnetic properties of the residual precipitate. The

Na-concentration in the CoBCr-Na catalyst measured by AAS

was below 1 wt.%, proving that the sodium is completely

washed out and does not deposit on the catalyst. The

concentration of chromium in the Cr-doped catalysts ranged

from 1.1 to 1.3 wt.%. All three Cr-doped catalysts showed an

increased total surface area in comparison with the un-doped

NiB and CoB catalysts (Table 1). In case of CoB, the total

surface area increased even by factor of 2 (from 19 to 40 m2/g).

It has been already shown [22] that the addition of chromium

can reduce the particle size of nickel boride and thus increase

the surface area of the catalyst. It seems that the same effect is

observed with the cobalt catalysts. The direct evidence of the

chromium effect on the particle size obtained by SEM will be

discussed below. The increase of the total surface area is also

related to the higher contents of boron and oxygen in the Cr-

doped catalysts and thus to the presence of borates and boron

oxide. The treatment of the CoBCr catalyst with sodium

hydroxide caused a decrease of the surface area by about 30%,

probably because part of the boron compounds was removed by

washing with NaOH.
Fig. 1. XRD spectra of nickel and cobalt borides compared with their chromium d

amorphous B2O3.
Fig. 1 shows the XRD diffraction patterns of the prepared

catalyst samples. The XRD spectra of the NiB and NiBCr

catalysts contained besides an amorphous phase also features of

crystalline material [19,32]. While a broad diffraction line at

458 2u corresponds to crystalline metal boride [19], the second

broad diffraction line at 278 2u indicates the presence of

amorphous boron oxide [26]. On the other hand, the completely

amorphous structure of CoB and CoBCr catalysts was

confirmed.

The surface morphology studied by SEM demonstrated a

broad particle size distribution of the prepared NiB and CoB

catalysts. Rather large compact particles accompanied by

smaller particles could be observed in the samples of NiB

(Fig. 2a) and CoB (not shown). On the other hand, the catalysts

doped with chromium consisted of smaller particles and their

particle size distribution was much more uniform (Fig. 2b).

Chromium seems to reduce the particle size of the NiB as well

as CoB catalysts, in agreement with the higher surface areas of

both Cr-doped catalysts (Table 1). The morphology of the

CoBCr-Na catalyst was very similar to that of CoBCr. The

chemical composition of the catalysts obtained by EDX

microanalysis (Table 2) was measured at three different spots

on each catalyst. The differences in chemical composition

measured at different spots were less than 10%. Table 2 shows

the average values of these three measurements. The boron

concentrations were low and may therefore contain a relatively

high experimental error. However, the sum of boron and oxygen

and the concentrations of the other elements correspond well

with the AAS results. It was confirmed that chromium doping

results in lower nickel and cobalt concentrations and higher

concentrations of boron and especially oxygen. This suggests

that the reduction of the transition metal in the presence of

chromium provides higher contents of borates and boron oxide.

Further treatment of the CoBCr catalyst with a saturated NaOH

solution decreased the cobalt as well as boron concentrations,

while the concentration of oxygen was increased. The

distribution of chromium was measured at different spots on

the catalysts and it was found that chromium is homogeneously

dispersed.

All these results clearly suggest different ratios among

Me2B, Me(BO2)2 and B2O3 in all individual samples. In the

CoB catalyst, cobalt is mainly present as cobalt boride

accompanied by a very small portion of cobalt borate and
oped equivalents: (&) diffraction lines of crystalline Ni2B, (*) broad line of



Fig. 2. SEM images of the (a) NiB and (b) NiBCr catalysts.
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boron oxide. In the NiB catalyst, more nickel borate and boron

oxide is probably present. Chromium-doped catalysts exhibit a

several times higher concentration of oxygen implying a higher

concentration of metal borates and boron oxide.

To find out more about the composition of the catalysts and

to differentiate among borides, borates, and boron oxide, XPS

was used to analyze the catalysts. First spectra were measured

in the binding energy range from 0 to 1300 eV. The samples

contained all expected elements (Ni, Co, Cr, O and B) and also a
Table 2

Chemical composition of the catalysts measured by SEM-EDX

Catalyst Ni

(wt./at.%)

Co

(wt./at.%)

Cr

(wt./at.%)

B

(wt./at.%)a

O

(wt./at.%)

NiB 82/52 5.6/19.3 12.4/28.8

NiBCr 72/39 2.0/1.1 7.8/23.1 18.2/36.4

CoB 91/67 6.2/25.0 2.8/7.6

CoBCr 81/51 2.1/1.5 8.8/28.3 11.1/24.2

CoBCr-Nab 77/46 2.6/1.6 8.1/24.1 17.3/34.9

a Data of boron are based on relatively low net vs. total intensity ratios and

therefore they may contain a relatively high experimental error.
b Na-concentration was bellow detection limit (<0.5 wt.%).
small amount of carbon impurity. No traces of sodium were

detected in the catalysts. The total stoichiometry of the surface

layer was calculated from the integral intensities of the spectral

lines adjusted to the partial photo-ionization cross-sections

(Table 3). The results are in line with those obtained by AAS

and EDX. All the catalysts contain a similar amount of boron

and the addition of chromium lowers the metal and increases

the oxygen contents. Sodium hydroxide treatment of the CoBCr

catalyst further decreased the level of cobalt and increased the

level of oxygen.

The Ni 2p3/2 spectra of the NiB and NiBCr catalysts

consisted of a major peak at 852.3 eV, which corresponds to

pure metallic nickel (852.8 eV), and of a small peak at higher

binding energy (855.5 eV), which corresponds to Ni2+ ions

(856.2 eV). The ratio of the metallic nickel (Ni0) and nickel ion

(Ni2+) peaks was 95:5 (Table 3), showing that the majority of

nickel was present in metallic form. The 1s spectrum of boron

was more complicated and exhibited at least three different

components. A well-separated peak of metallic boron (B0) was

present at 189.2 eV. The other two components corresponding

to B3+ species overlapped and formed a broad peak with a

maximum around 193.5 eV. The broad peak ascribed to borate

species (BO2
�) and boron oxide (B2O3), was deconvoluted and

the ratio of the components together with their maxima was

obtained (Table 3). Comparing standard binding energies of

pure elemental Ni (852.8 eV) and B (187.5 eV) with those

obtained for alloyed Ni and B in NiB and NiBCr samples

reveals that the binding energy of metallic Ni present in the

alloy is negatively shifted by approximately 0.5 eV, while the

binding energy of alloyed B is shifted positively by 1.7 eV. This

implies the electron transfer from elemental boron to metallic

nickel in the NiB amorphous alloys [19,22], making the

metallic nickel electron enriched and the alloyed B electron

deficient.

In the NiB catalyst, the majority of boron was present in

metallic form and the ratio between borate species and boron

oxide was approximately 1:1. After the chromium addition, the

component corresponding to metallic boron (B0) decreased

50% in intensity and the oxidized boron species (BO2
� and

B2O3) increased accordingly. The positions of the Ni 2p and B

1s signals changed only slightly by adding chromium and these

small shifts (�0.3 eV) were within the experimental error of the

measurements. Therefore, it seems that the presence of Cr does

not modify the electronic interactions between Ni and B.

Similarly, two components were present in the Co 2p3/2

spectra of the cobalt catalysts. The major peak at 778.0 eV

corresponds to metallic cobalt (Co0), while the less abundant

peak at 781.0 eV is characteristic for divalent cobalt ions

(Co2+). In this case, the negative shift of the binding energy of

metallic cobalt in the CoB alloy is almost negligible (�0.2 eV).

Also the positive shift in binding energy of B0 (approximately

+0.7 eV) was lower than in case of the NiB catalyst. Moreover,

the binding energies of the borate (BO2
�) and the boron oxide

(B2O3) components were lower than in case of the nickel

catalyst. This could mean that the partial electron transfer from

the alloyed B0 occurs to the neighbouring oxygen present in the

form of boron oxide rather than to metallic Co0, because the



Table 3

Stoichiometry and the components distribution of the catalysts surface layer

Catalyst Composition (at.%) Ni 2p (eV) Co 2p (eV) B 1s (eV)a

Ni0 Ni2+ Co0 Co2+ B0 BO2
� B2O3

NiB Ni56B24O20 852.3 (95) 855.5 (5) 189.2 (58) 192.9 (22) 193.9 (20)

NiBCr Ni39Cr3.6B22O35.4 852.5 (93) 854.9 (7) 189.1 (26) 193.1 (39) 194.2 (35)

CoB Co68B21O11 778.0 (88) 781.0 (12) 188.2 (63) 191.9 (20) 193.0 (17)

CoBCr Co42Cr2.4B25O30.6 778.2 (73) 781.2 (27) 188.3 (22) 192.2 (37) 193.1 (41)

CoBCr-Na Co34Cr3.1B23O39.7 778.2 (83) 780.7 (17) 188.5 (35) 192.3 (29) 193.4 (36)
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oxygen is more electronegative. However, the binding energy

shifts are rather small to really prove the electron transfer from

boron to cobalt and/or oxygen.

The addition of chromium had a similar effect on the

Co0:Co2+ ratio as in the case of the nickel catalyst: the content

of Co2+ species increased to the detriment of metallic cobalt

(Co0). At the same time, the component corresponding to

metallic boron (B0) decreased to almost one third of its original

intensity and the oxidized boron species (BO2
� and B2O3)

increased accordingly. The NaOH treatment of the CoBCr

catalyst had the opposite influence on the Co0:Co2+ ratio as the

Cr doping and the original ratio of Co0:Co2+ (as in CoB

catalyst) was almost regained. Part of the cobalt borate

(Co(BO2)2) probably dissolved and was washed out from the

catalyst during the NaOH treatment. This is supported not only

by the fact that the Co2+ content decreased after the treatment,

but also by the decreased borate (BO2
�) content.

The chromium 2p spectrum displayed two peaks: one at

576.8 eV (ascribed to Cr 2p3/2) and a second, lower and broader

one, at 587.3 � 0.7 eV (overlapped Cr 2p1/2 peak and the

satellite peak of Cr 2p3/2). This pattern is characteristic for Cr3+

species [33] and thus, we ascribed it to Cr2O3. Since the effect

of the chromium addition on the binding energies of Ni, Co and

B was very small (within the experimental error), the presence

of chromium probably does not modify the electronic

interactions between Ni-B and Co-B significantly. The higher

Cr concentrations measured at the catalyst surface layer in

comparison with those obtained from the bulk (Tables 1–3)

suggest that Cr3+ species, most probably in the form of Cr2O3,

are occluded at the surface of the catalysts. The presence of this

surface oxide layer helps to keep the metal boride particles

separated, because otherwise they would agglomerate due to

their high surface energy [22]. This leads to the lower particle
Fig. 3. Hydrogen TPD spect
size of the Cr-doped boride catalysts and to their higher surface

areas.

Fig. 3 shows the temperature programmed desorption

spectra of hydrogen of all catalysts. The catalysts were

pretreated at 70 8C for 1 h to remove water before the

measurement. It was observed that the higher pretreatment

temperatures cause structural changes of the catalysts (crystal-

lization, decrease of the surface area) and, thus, the consecutive

TPD measurements provide information only about hydrogen,

which can be reversibly adsorbed on the surface. Although the

used temperature was not sufficient to remove the water

completely, the residual content of water was negligible in

comparison to the amount of hydrogen adsorbed and absorbed

by the catalysts. The desorption spectrum of the NiB catalyst

exhibits two bands with maxima at 143 and 320 8C, showing

the presence of two types of hydrogen species (weakly and

strongly bonded hydrogen). Modification of the NiB catalyst

with chromium caused a dramatic change in the ratio of these

two types of hydrogen with a significant increase in the amount

of weakly bonded hydrogen. Chromium also shifted the

desorption maxima of both desorption bands to lower

temperatures. Weakly bonded hydrogen desorbed at 127 and

143 8C for the NiBCr and NiB catalysts, respectively. The

strongly bonded hydrogen desorbed at 290 8C from the NiBCr

catalyst and above 320 8C from the NiB catalyst. The

unmodified cobalt boride catalyst showed only one desorption

band at 153 8C with a long tail continuing till 400 8C. This band

can be ascribed to the removal of surface hydrogen followed by

the desorption of hydrogen from subsurface layers at higher

temperatures. These results are consistent with the results of

AAS, EDX and XPS and show the homogeneity of the

unmodified cobalt boride sample, which contains only

negligible amounts of boron oxide and cobalt borates. The
ra of prepared catalysts.
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higher concentrations of boron oxide and cobalt borates would

otherwise have an impact on the profile of the CoB desorption

spectra. The hydrogen desorption spectrum of the cobalt boride

catalysts modified with chromium (CoBCr) is more compli-

cated. Modification with chromium caused dramatic changes

in the surface morphology indicated by the presence of four

different types of hydrogen desorbing at 134, 165, 257 and

409 8C. The first band seems to be composed of two

overlapping desorption events. The binding energy of hydrogen

at the surface is lowered by the presence of chromium adjacent

to cobalt boride and hydrogen desorbs at low temperature

(134 8C). On the contrary, the desorption of hydrogen bonded to

un-doped cobalt boride is shifted to higher temperature

(165 8C). A new desorption band at 257 8C confirms the

presence of boron oxide and cobalt borates, which have an

impact on the binding energy of hydrogen in CoBCr catalyst.

As in the previous case, the desorption band above 350 8C can

be attributed to the removal of hydrogen from subsurface

layers. The desorption spectrum of CoBCr-Na (treated with

sodium hydroxide) showed in comparison with CoBCr an

almost complete disappearance of weakly bonded hydrogen

and a shift of the second desorption band to higher temperature

(190 8C). The intensity of the desorption band at 257 8C
decreased significantly as well. The TPD profiles of the CoBCr-

Na catalyst became similar to the spectra of the unmodified

CoB sample, proving the removal of boron oxide and a part of

Co2B from the surface. The disappearance of weakly bonded

hydrogen suggests the preferential hydrolysis of cobalt boride

with adjacent chromium.

Significant differences in the morphology of the un-doped

and chromium-doped nickel and cobalt boride catalysts were

observed during temperature programmed reduction (Fig. 4).

Ni(BO2)2, Co(BO2)2 and Cr2O3 represent reducible species

present in the prepared catalysts. Due to the positive standard

free energy (DG0) of Ni2+, Co2+ and Cr3+, their reduction occurs

at high temperature (>300 8C) [34–40]. Thus, the bands at

lower temperature (<300 8C) can be ascribed to reversible

adsorption of hydrogen. On the contrary, the peaks at very high

temperatures probably originate from the reduction in subsur-

face layers and/or in the bulk of the catalysts. The reduction

profile of the NiB catalyst showed a very low hydrogen

consumption below 300 8C, while the NiBCr catalyst exhibited

a broad band with a maximum at 190 8C. Both bands

correspond to the reversible hydrogen adsorption on nickel

boride surface. One can see that the positions of the bands in the
Fig. 4. Temperature programmed reduction profiles of nickel a
TPR spectra of hydrogen reversibly adsorbed on the surface

correspond to positions of the bands in the TPD spectra of the

nickel samples (cf. Figs. 3 and 4). Two bands of the NiB

catalyst, occurring at high temperature (520 and 570 8C), were

ascribed to reduction of Ni2+. The reduction of Ni2+ occurs,

however, just above 300 8C [34,35]. Thus, the shift to such high

temperatures has to be the result of the presence of boron oxide,

which dramatically affects the reducibility of this species. In the

case of the chromium-doped nickel catalyst, where a higher

amount of boron oxide is present, the bands are even more

shifted to higher temperatures. Reduction of Cr3+ to Cr2+

exhibits the highest standard free energy and thus, the reduction

occurs at very high temperature. Besides the interaction of

boron oxide with Ni2+ species, which results in decreased

reducibility, the high surface coverage with boron oxide

constrains the reduction process in general.

The reduction profiles of the CoB and CoBCr catalysts

exhibit three and four hydrogen consumption bands,

respectively. The reduction bands below 200 8C are ascribed

to reversible hydrogen adsorption on the surface of cobalt

boride. The low-temperature band is followed by increased

hydrogen consumption at 330 and 355 8C for CoB and CoBCr,

respectively, probably as a result of Co2+ to Co0 reduction. The

substantially lower intensity of this band for CoB clearly

indicates a lower concentration of cobalt borates, in agreement

with previous results (Tables 1–3) and with TPD measure-

ments. A new band at 450 8C in the CoBCr TPR profile can be

ascribed to the reduction of Cr3+ to Cr2+. The reduction

profiles of the CoBCr-Na and CoBCr catalysts show similar

shape and are both composed of four bands. Treatment of

CoBCr with sodium hydroxide caused significant changes on

the catalyst surface indicated by a dramatic decrease of

hydrogen consumption at low temperature and its shift to

substantially higher temperature (360 8C). Also the following

two bands of Co2+ and Cr3+ reduction are shifted to higher

temperatures, 500 and 620 8C, respectively. As in the case of

the nickel catalysts, the presence of boron oxide decreased the

reducibility of the Co2+ and Cr3+ species. The unchanged

position of the band at 650 8C after the treatment with sodium

hydroxide is probably the result of hydrogen diffusion into the

bulk of the catalysts. These results suggest that boron

oxidation occurs and that metal borates and boron oxide

are formed during the catalyst preparation. Thus, the borates

and boron oxide are present not only at the surface but also

within the bulk of the catalyst.
nd cobalt borides and their chromium doped equivalents.



Fig. 5. Reaction scheme of trans-3-pentenenitrile hydrogenation.
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3.2. Catalytic experiments

3.2.1. Hydrogenation of trans-3-pentenenitrile over NiB,

CoB and their Cr-doped equivalents

The catalysts were tested in the hydrogenation of trans-3-

pentenenitrile, the hydrogenation of which was already

investigated in our previous study on the structure–selectivity

relationship in the hydrogenation of unsaturated nitriles [9].

Trans-3-pentenenitrile was chosen because it contains a double

bond, which is neither sterically hindered nor conjugated with

another group. These features make the hydrogenation of trans-

3-pentenenitrile more sensitive to changes in the catalyst or

reaction conditions. Therefore, the molecule of trans-3-

pentenenitrile is an ideal model substrate to explore the

catalyst properties in the hydrogenation of unsaturated nitriles.

The hydrogenation of trans-3-pentenenitrile proceeds by two

different pathways (Fig. 5). In the first pathway, the double

bond of trans-3-pentenenitrile 1 is reduced to valeronitrile 2,

which is transformed via imine 3 to the final product,

pentylamine 4. In the second pathway, the nitrile group is

reduced first to the unsaturated imine 5, which can either react

to imine 3 or to the desired trans-3-pentenylamine 6.

Consecutive hydrogenation of 6 provides the same final

product as in the first pathway, the fully hydrogenated

pentylamine 4. Furthermore, the two imine intermediates 3
Fig. 6. Reaction profiles of trans-3-pentenenitrile hydrogenat
and 5 can react with already formed amines 4 and 6 to form

various secondary and tertiary amines. However, under

optimized conditions, which were described in detail in our

previous publications [9,13], the formation of secondary and

tertiary amines was suppressed and their concentration did not

exceed 5 wt.%. The imines 3 and 5 are very reactive

intermediates and they were not observed in the reaction

mixture.

The reaction course of trans-3-pentenenitrile hydrogenation

over NiB and NiBCr catalysts is shown in Fig. 6. The trans-3-

pentenenitrile 1 is hydrogenated first to the saturated nitrile 2
(valeronitrile), which reacts further to the fully saturated

product, pentylamine 4. The concentration profile of the

unsaturated amine 6 (trans-3-pentenylamine) remained almost

flat and its concentration did not exceed 2%. These results are in

contrast to hydrogenation of 1 over Raney nickel and Raney

nickel doped with chromium in methanol saturated with

ammonia [9], where the reaction mainly proceeded via the

unsaturated amine 6. This difference clearly shows that the

presence of ammonia influences not only the selectivity to

primary amines, but also significantly affects the chemoselec-

tivity to unsaturated amines. It is known that C C bond

hydrogenation is slowed down in the presence of nitrogen-

containing compounds as well as in the presence of ammonia.

Therefore, in the presence of ammonia, the nitrile group of 1,
ion in methanol over: (A) NiB and (B) NiBCr catalysts.



Table 4

Results of trans-3-pentenenitrile hydrogenation

Catalyst Rate50% (mmol/min gcat) SEL90%
c Unsat. amined (wt.%) Sat. nitrilee (wt.%) Conversione (%)

NiBa 2.1 0.01/0.63f <2 50 87

NiBb 0 – – – –

NiBCra 6.6 0/0.57f <1 48 92

NiBCrb 0 – – – –

CoBa 2.9 0.35 27 5 100

CoBb 2.1 0.38 32 14 88

CoBCra 3.8 0.25 26 4 80

CoBCrb 2.5 0.29 25 22 92

CoBCr-Naa 2.7 0.53 46 3 95

CoBCr-Nab 1.7 0.50 44 8 93

Reaction conditions: 24 mmol substrate, 120 mg catalyst (dry mass), 27 ml solvent, 100 8C, 8 MPa of hydrogen.
a Solvent MeOH.
b Solvent 27 wt.% NH3 in MeOH.
c SEL90% = % unsaturated amine/(% unsaturated amine + % saturated nitrile + % saturated amine) at 90% conversion.
d At maximum concentration.
e At maximum concentration of unsaturated amine.
f Selectivity to saturated nitrile (valeronitrile).

P. Kukula et al. / Catalysis Today 121 (2007) 27–38 35
which strongly adsorbes at the surface of the catalyst, is

hydrogenated first and the double bond remains untouched as

long as the nitrile is present in the reaction mixture. On the other

hand, in the system without ammonia, the C C bond can

adsorb at the surface of the catalyst and is hydrogenated

preferentially (before the CBBN group) because of thermo-

dynamics. Moreover, the results show that the NiB and NiBCr

catalysts are very active in double bond hydrogenation. This

can be related to the higher amount of weakly bonded hydrogen

present in NiB and NiBCr catalysts in comparison to

commercial Raney nickel catalyst (unpublished results) applied

in previous publication [9].

Table 4 shows the results of trans-3-pentenenitrile hydro-

genation over all prepared catalysts. The activity of the

catalysts is presented as the reaction rate at 50% conversion of

1. The selectivity to unsaturated amine was defined as

SEL90% = % unsaturated amine/(% unsaturated amine + %

saturated nitrile + % saturated amine) and was calculated at

90% conversion of 1. The concentration of unsaturated amine 6
represents the highest concentration of 6 (trans-3-pentenyla-

mine) reached during the reaction. This maximum concentra-

tion was reached at the conversion shown in the last column. At

the same conversion, the concentration of saturated nitrile 2
(valeronitrile) is shown. The sum of by-products including

secondary and tertiary amines did not exceed 10% (at the

maximum concentration of the intermediate). The addition of
Fig. 7. Reaction profiles of trans-3-pentenenitrile hydrogenatio
ammonia was tested with all prepared catalysts, but it resulted

in lower activity (in case of the nickel catalysts the activity was

even zero) and in case of the cobalt catalyst also in lower

selectivity to unsaturated amine 6. The ammonia interacts

strongly with boron species at the catalyst surface, blocks the

active sites and thus decreases the activity of the catalysts. The

interaction between boron species and ammonia seems to be

much stronger for the nickel than cobalt catalysts.

Fig. 6 shows that the hydrogenation of trans-3-pentenenitrile

proceeds via the saturated nitrile 2 (valeronitrile) over NiB as

well as over NiBCr. The doping with chromium results mainly

in higher activity of the catalyst, which increased more than

three times (see Fig. 6 and Table 4). The influence of Cr-doping

on selectivity was negligible.

The CoB and CoBCr catalysts were active in methanol as

well as in methanol saturated with ammonia. The reaction rate

of the CoB catalyst was higher than that of NiB, but after

doping with chromium the increase in activity was not as

noticeable as in case of NiBCr (Table 4). The main difference

between the nickel and cobalt catalyst is the different product

distribution. While the hydrogenation of 1 proceeds via the

saturated nitrile 2 over the nickel catalysts, the hydrogenation

over the cobalt catalysts occurs preferentially via the

unsaturated amine 6 (Fig. 7). The low maximum concentrations

of unsaturated amine and relatively low selectivity (Table 4) are

a consequence of the rapid consecutive hydrogenation of the
n in methanol over (A) CoB catalyst (B) CoBCr catalysts.
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C C double bond to the saturated amine 4. The rapid drop of

selectivity at higher conversions was even more pronounced

after the chromium doping. The selectivity to unsaturated

amine over CoBCr was higher than that over CoB (0.44 versus

0.40) at 50% conversion of 1, however, at higher conversion,

the selectivity over CoBCr decreased rapidly (0.25 at 90%

conversion) due to the fast consecutive hydrogenation of 6 to 4.

Nevertheless, the concentration of saturated nitriles was always

below 5% over both CoB and CoBCr catalysts.

Using methanol saturated with ammonia instead of pure

methanol did not increase the selectivity towards the

unsaturated amine over CoB. The consecutive hydrogenation

of the C C bond of the unsaturated amine 6 was slightly

suppressed, but a higher concentration (up to 14%) of saturated

nitrile 2 was obtained. The slight effect of ammonia on the

catalytic activity and selectivity can be explained by the

homogeneity of the catalyst composed mainly of Co2B, with

negligible amount of borate and boron oxide. Using methanol

saturated with ammonia in case of CoBCr decreased the

selectivity to unsaturated amine (0.30 at 50% conversion) due

to the simultaneous hydrogenation of the C C bond of the

unsaturated nitrile 1 and as a consequence up to 24% of the
Fig. 8. Reaction profiles of hydrogenation of different substrates over CoBCr-N

pentenenitrile, (D) cis-2-pentenenitrile, (E) 3,3-dimethyl-acrylonitrile and (F) gera
saturated nitrile 2 was obtained. The higher content of boron

oxide and borates in comparison to the CoB catalyst results in a

more significant drop of the catalytic activity due to a strong

interaction of ammonia with boron oxide and/or borate.

3.2.2. Hydrogenation of unsaturated nitriles over CoBCr

treated with NaOH

The activity of CoBCr treated with sodium hydroxide

(CoBCr-Na) was lower than with CoBCr, but comparable to the

un-doped CoB catalyst. Nevertheless, the CoBCr-Na catalyst

exhibited the highest selectivity to unsaturated amine of all

catalysts studied: 0.64 at 50% conversion and 0.53 at 90%

conversion (Table 4). The concentration of unsaturated amine

reached its maximum (46%) at 95% conversion and, at the same

conversion, the concentration of saturated nitrile was only 3%.

Much lower activity and slightly lower selectivity, 0.57 at 50%

conversion and 0.50 at 90% conversion, was obtained in

ammonia saturated methanol.

The treatment with NaOH at elevated temperature probably

not only caused the removal of borates and boron oxide species

from the surface of the catalyst but also the removal of weakly

bonded hydrogen. This is supported by the TPD results, which
a catalyst: (A) cinnamonitrile, (B) 1-cyclohexenyl-acetonitrile, (C) trans-3-

nylnitrile.
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confirmed the disappearance of weakly bonded hydrogen and

showed that the second desorption band of CoBCr-Na was

shifted to higher temperature (190 8C). The disappearance of

weakly bonded hydrogen suggests the preferential hydrolysis

of boride species with adjacent chromium, resulting in the

formation of isolated Cr2O3 species. The active site of the

catalyst can then be formed by cobalt boride particles partly

covered with chromium oxide and with almost no weakly

bonded hydrogen, which is responsible for non-selective C C

bond hydrogenation.

According to the adsorption model of the nitrile [12], the

electronic interaction between the CBBN group and the metallic

active sites was the forward donation of the electrons from the

highest occupied molecular orbital (HOMO) of the CBBN bond

and the back donation from the metal dxz,yz states to the lowest

unoccupied molecular orbital (LUMO) of the CBBN bond.

Increased back donation may favour the CBBN bond dissocia-

tion since the LUMO is an anti-bonding orbital. Thus, from the

hydrogenation point of view, an increase in electron density on

Co due to the electron transfer from boron (suggested by the

XPS results) should lead to increased back donation to the

LUMO, i.e. p�CN, thereby weakening the CBBN bond, which in

turn should favour the hydrogenation. When the p�CN orbital is

shifted down, the interaction of the CBBN bond with the metallic

site is facilitated and the adsorption is stronger. The shift of the

p�CN orbital to lower energy can be achieved by complexation of

the nitrile group with a Lewis acid [41]. The Cr3+ species

present at the catalyst surface could act as Lewis adsorption

sites and the nitrile molecule can be adsorbed via donation of

the lone pair from the nitrogen of the nitrile group. This

bonding polarizes the nitrile group, which is favourable for a

nucleophilic attack on the carbon atom by hydrogen

dissociatively adsorbed on neighbouring active Co sites. The

presence of surface chromium oxide can, therefore, improve the

adsorption and the reactivity of the nitrile group, which

explains the higher activity obtained over Cr-doped catalysts.

To fully explore the properties of the CoBCr-Na catalyst,

several substrates with conjugated as well as with non-

conjugated and differently substituted double bonds were

selected and their hydrogenation was studied. Fig. 8 shows the

reaction course of cinnamonitrile, 1-cyclohexenyl-acetonitrile,

trans-3-pentenenitrile, cis-2-pentenenitrile, 3,3-dimethyl-acry-
Table 5

Results of hydrogenation of various substrates over CoBCr-Na catalyst

Substrate Rate50% (mmol/min gcat) SEL50/90%
a

Cinnamonitrile 2.5 0.57/0.55

1-Cyclohexenyl-acetonitrile 1.4 0.85/0.81

trans-3-Pentenenitrile 2.7 0.64/0.53

cis-2-Pentenenitrile 7.1 0.84d/0.58d

3,3-Dimethyl-acrylonitrile 3.3 0.22/0.06

Geranylnitrile 3.8 0.33/0.07

Reaction conditions: 24 mmol substrate, 120 mg catalyst (dry mass), 27 ml MeOH
a SEL50/90% = % unsaturated amine/(% unsaturated amine + % saturated nitrile +
b At maximum concentration.
c At maximum concentration of unsaturated amine.
d Selectivity to saturated nitrile (valeronitrile).
e Up to 30 wt.% of by-products formed.
lonitrile and geranylnitrile over the CoBCr-Na catalyst in

methanol. The highest selectivities to unsaturated amine were

obtained with cinnamonitrile (due to the stabilization effect of

the phenyl ring conjugation with the C C bond), 1-

cyclohexenyl-acetonitrile (due to the sterically hindered

C C bond present in the cyclohexane ring) and with trans-

3-pentenenitrile (due to the remote position of the double bond,

which was not in conjugation with the nitrile). The highest

concentration of unsaturated amine (78%) was reached with 1-

cyclohexenyl-acetonitrile (Table 5). A slightly lower maximum

concentration was obtained with cinnanonitrile and trans-3-

pentenenitrile. The hydrogenation of cis-2-pentenenitrile

proceeded purely via the saturated nitrile (Fig. 8D), because

the double bond of cis-2-pentenenitrile is conjugated and

activated by the nitrile group and there is no sterical hindrance.

The conjugated C C and CBBN p-bonds of cis-2-pentenenitrile

probably adsorb at the surface and the activated C C bond is

hydrogenated preferentially. The higher reactivity of a

conjugated and not sterically hindered double bond is also

demonstrated by the much higher reaction rate of cis-2-

pentenenitrile (Table 5). The 3,3-dimethyl-acrylonitrile and

geranylnitrile, which posses a conjugated double bond with the

nitrile group and differ only by in the size of the double bond

substituent, provided lower selectivity because of rapid

consecutive hydrogenation of the C C and CBBN bonds

(Fig. 8E and F). A higher amount of by-products was formed

during the hydrogenation of 3,3-dimethyl-acrylonitrile. They

consist mainly of secondary imines and amines formed at high

reaction temperature. However, in all other cases, the

concentration of by-products at the maximum concentration

of unsaturated amine did not exceed 10%. It should be noted

that this high selectivity to primary amines was obtained

without any addition of a base to the reaction system! If we

compare the results with those of cis-2-pentenenitrile, which

posses only one substituent (ethyl group) at the double bond, it

is obvious that the presence of the additional methyl group at

the double bond in 3,3-dimethyl-acrylonitrile and geranylnitrile

is responsible for the selectivity increase. The lower reaction

rates of 3,3-dimethyl-acrylonitrile and geranylnitrile in

comparison with cis-2-pentenenitrile provide further evidence

of steric hindrance of the double bond by the second methyl

group present in the molecule (Table 5).
Unsat. amineb (wt.%) Sat. nitrilec (wt.%) Conversionc (%)

50 9 99

78 0 100

46 3 95

0.02 50 95

8 13 70e

16 16 65

, 100 8C, 8 MPa of hydrogen.

% saturated amine) at 50/90% conversion.
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4. Conclusions

Amorphous NiB and CoB alloys and their Cr-doped

equivalents were all active catalysts in the hydrogenation of

unsaturated nitriles. Their activity can be accounted to the

presence of different types of bonded hydrogen and their unique

electronic structure. The hydrogenation of unsaturated nitriles

over NiB(Cr) catalysts proceeded via the saturated nitrile due to

the high activity of nickel catalysts towards C C bond

hydrogenation caused by the presence of weakly bonded

hydrogen. The hydrogenation over CoB(Cr) catalysts, which

showed lower activity in C C bond hydrogenation, but higher

activity in the reduction of CBBN bond, occurred preferentially

via the unsaturated amine. The electron donation from boron to

cobalt reinforced the adsorption of CBBN group by increasing the

backdonation into the CN anti-bonding orbital, which increased

the selectivity to nitrile hydrogenation. The chromium doping

suppressed the agglomeration of boride particles and increased

the active surface area, which results in higher activities of Cr-

doped catalysts. Moreover, it was found by TPD measurements

that the Cr-doped catalysts contain a higher amount of weakly

bonded hydrogen, which could be responsible for preferential

C C bond hydrogenation. The chromium species can also act as

Lewis sites, which facilitate the adsorption of the nitrile group of

the substrate molecule at the surface of the catalyst. The NaOH

treatment of the CoBCr catalyst probably caused the removal of

weakly bonded hydrogen from the surface of the catalyst, and,

thus, increased the selectivity to unsaturated amine. One of the

main advantages of the boride catalysts was also the suppression

of by-product formation without any addition of a base. This

shows that the unsaturated nitriles can be selectively hydro-

genated to unsaturated amines even in the absence of ammonia.
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