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Abstract: This review deals with two of the most
commonly used methods for the preparation of
amines: the reductive amination of aldehydes and
ketones and the hydrogenation of nitriles. There is a
great similarity between these two methods, since
both have the imine as intermediate. However, due to
the high reactivity of this intermediate, primary,
secondary and/or tertiary amines are obtained
(often simultaneously). The relation of the selectivity
to different substrate structures and reaction condi-
tions is briefly summarised, the main focus being on
the catalyst as it is the most significant factor that
governs the selectivity. Different mechanisms are
discussed with the view to correlate the structure of
the catalyst and, more particularly, the nature of the
metal and the support with selectivity. The crucial
point is the presumed location of the condensation
and hydrogenation steps.
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1 Introduction

Amines are very important industrial organic com-
pounds that have found widespread applications as
solvents, intermediates for pharmaceuticals, raw mate-
rials for resins, textile additives, disinfectants, rubber
stabilisers, corrosion inhibitors and in the manufacture
of detergents and plastics. Two of the most common
methods to prepare amines are the reductive amination
of carbonyl compounds and the hydrogenation of
nitriles.

The reductive amination of aldehydes or ketones
proceeds in several consecutive steps. Condensation of
the carbonyl compound and the amine forms a carbinol-
amine, which eliminates H,O to give an imine or Schiff
base. Subsequently, the imine intermediate is reduced to
the amine. A carbonyl compound/amine mixture can
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often be reduced using formic acid (Leuckart—Wallach
reaction)[!l or certain metal hydrides.”! In the latter
instance, sodium cyanoborohydride appears to be the
most convenient reagent.’l However, these routes are
expensive and pose environmental problems. A more
practical method calls for molecular hydrogen, in the
presence of a supported or unsupported catalyst, as the
reducing agent in this process.

For the synthesis of amines from nitriles, the catalytic
reduction with hydrogen is also the most interesting
process. Both processes, the reductive amination of
carbonyl compounds and the hydrogenation of nitriles,
are usually carried out in the liquid phase and at elevated
hydrogen pressures. Furthermore, these reactions are
rather similar from a mechanistic point of view, since
both have the imine as intermediate.
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Due to the high reactivity of these reaction inter-
mediates, conventional reductive amination of alde-
hydes and ketones and hydrogenation of nitriles occur as
a set of consecutive and parallel reactions, resulting in a
mixture of primary, secondary and tertiary amines.
Separation of the reaction products is usually difficult,
due to small differences in boiling points.

The specifications for amines are often very strict
from the point of view of purity. For this reason, one of
the most important issues in the reductive amination of
aldehydes and ketones and the hydrogenation of nitriles
is the control of the selectivity. A non-exhaustive survey
of the literature shows that a proper choice of catalyst is
essential to achieve this. Although the nature of the
catalyst is the most important parameter to control the
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selectivity, it is also the least understood. The structure
of the substrate and the reaction conditions employed
can also affect the selectivity to some degree.

An overwhelming amount of literature exists on these
two reactions. The majority has appeared in patents.[) A
number of reviews and book chapters have been
published on each of the methods separately.’) The
present review focuses on the similarities of the
heterogeneous reductive amination of aldehydes and
ketones and reduction of nitriles, particularly, with
regard to the parameters that affect the selectivity and
the relation between the structural properties of the
catalysts and their performance. In this context, the
literature, as found between 1940 and 2001, is covered.

2 Reaction Mechanisms and By-Products

For a rational discussion about how the structure of the
substrate, the reaction conditions and the nature of the
catalyst affect the selectivity, a study of the mechanisms
of the reductive amination of aldehydes and ketones and
the hydrogenation of nitriles is required. The reaction
steps in both routes are widely documented in the
literature. However, there are still some points of
controversy concerning some of the elementary steps.
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2.1 Reductive Amination of Aldehydes and Ketones

The preparation of amines through hydrogenation of
the reaction products of carbonyl compounds with NH;
was first utilised by Mignonac, who submitted solutions
of aldehydes or ketones in the presence of NH; to the
action of H, over Ni.ly He proposed a sequence of steps
in which primary and secondary amines are produced by
hydrogenation of imines or direct hydrogenolysis of
carbinolamines (Scheme 1). The initially formed pri-
mary amines can, in their turn, behave as aminating
agents for carbonyl compounds to afford secondary
amines.

It was proposed as well that primary amines react with
imines, forming an addition product, which can directly
be reduced to the secondary amine. The secondary
amine would react similarly with either the carbonyl
compound or the imine to give the tertiary amine
through hydrogenation of the corresponding carbinol-
amine or gem-diamine intermediate (Scheme 2).U]

However, a kinetic study on the reductive amination
of acetone with NH; revealed that both isopropylamine
and diisopropylamine are obtained through hydrogena-
tion of the imine intermediates formed from acetone
and NH; or acetone and isopropylamine, respectively. A
separate study of the reaction of acetone and isopropyl-
amine showed that the diisopropylimine equilibration
reaction is acid catalysed (Scheme 3).18

Subsequent work, on the preparation of tertiary
amines from secondary amines and ketones, confirmed
the idea that the secondary amine results from hydro-
genation of the corresponding imine rather than from
hydrogenolysis of the carbinolamine.”’l However, imine
intermediates are not possible in the reductive amina-
tion with secondary amines. Formation of an enamine

RCHO + NH; === RCH(OH)NH, -H,0
Tl_Hzo RCH,NH»
RCH=NH /H:

RCH,NH, + RCHO === RCH(OH)NHCH;R __H,0
}2\
-H,0 (RCHy),NH
RCH=NCH,R H,

Scheme 1. Mechanism proposed by Mignonac. Similar reac-
tions may occur when the carbonyl compound employed is a
ketone.

RCH=NH + RCHyNH; === RCH(NH,)NHCH,R L (RCHp),NH + NHj3
(RCH2);NH + RCHO =—2= (RCH,),NCH(OH)R M (RCHp)sN + H,0
(RCH);,NH + RCH=NH === (RCH,),NCH(NH2)R M (RCH2)sN + NH3

Scheme 2. Mechanism for the formation of secondary and
tertiary amines via carbinolamines or gem-diamines.
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CHs CHs
AN N\
C=0  + NH; == C=NH  + H,0
ov” v/
CH3 CH3
\C NH  + H, \CHNH
=| 2 — 2
CH3 / CH3 /
CHs CHs CHs CHs
AN N\

CHNH,  + c=0 = C=NCH. + HyO
cHy CHs cHy/ Nt
CHg CHs CH3 CHs

\C NCH + H \CHNHCH
= 5 —_—
CHs / N\ CHs CHs / N CHs

Scheme 3. Mechanism for the reductive amination of acetone
with NH; via imines.

followed by its reduction to the corresponding tertiary
amine was proposed as an alternative for the mechanism
(Scheme 4). The use of D, would be a useful tool to
prove this mechanism but, to the best of our knowledge,
this has not been performed.

In cases where the enamine can also not be formed,
the mechanism would exceptionally proceed through
hydrogenolysis of the carbinolamine. In fact, because of
steric hindrance, only when cyclisation is involved, the
formation of tertiary amines occurs easily.['"]

The detection of nitriles, in the reaction mixture of the
reductive amination of aldehydes with NH; over Ni/
Al,O;, suggested another potential pathway, in which a
dehydrogenation of the intermediate imine takes place
on the catalyst (Scheme 5).['!]

When the carbonyl compound is introduced into the
reaction mixture gradually, it was proposed that the
reactions proceed not via an imine intermediate, but via
N-adsorption of the carbinolamine to the catalysts

=38

RoNH  + <

o=C =
N\cHr2R?

<=  R,NC(OH)R'CHR?R?

o

R,NCR!=CR?R3

£

R,NCRHCHR?R®

Scheme 4. Formation of tertiary amines by hydrogenation of
the enamine.

RCN

—H,0 H,

RCHO + NH; =—> RCH=NH ——> RCH,NH,

Scheme 5. Mechanism for the reductive amination of alde-
hydes with NH; via nitriles.
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followed by subsequent hydrogenolysis of the C-OH
bond to the amine product. Carbinolamine intermedi-
ates are assumed to adsorb more strongly on the catalyst
surface than the parent carbonyl compounds. The metal
surface catalyses the dehydroxylation of the carbinol-
amine, which is probably faster than the homogeneous
dehydration to the imine. The dehydroxylated species
could form an imine by cleavage of a C-H bond but
hydrogenolysis of the C-M bond leads directly to the
reaction product.['?]

However, the formation of dibenzylimine was ob-
served during the reductive amination of benzaldehyde
with NH;, suggesting once again the pathway that
includes formation of imines.!"l The composition of the
reaction mixture over time showed that both, benzyl-
amine and dibenzylamine, are formed from dibenzyl-
imine, in which the imine function is stabilised by
mesomerism with the two aryl groups (Scheme 6).

It may be concluded that various mechanisms are
possible in these reactions. The amine forms either by
direct hydrogenolysis of the carbinolamine or gem-
diamine adduct, or after dehydration to the imine or
enamine followed by hydrogenation. The preferred
pathway depends on the structure of the reactants and
the reaction conditions.

The principal side-reactions in the reductive amina-
tion processes involve the formation of an alcohol from
the competing hydrogenation of the unreacted carbonyl
group. The formation of the alcohol constitutes a loss of
material and may considerably disturb the course of the
reaction. A requirement for a successful reaction is then
that the hydrogenation of the carbonyl compound is
relatively slow. The combination of reaction conditions
with catalyst choice should be optimised so as to achieve
this requirement. Therefore, many workers allow the
amine and the carbonyl compound to stand together for
some time to pre-equilibrate prior to hydrogena-

3 Hz
PhCHO <—2 PhCH=NH —> PhCH,NH,

NH3
—PhCH,NH,

PhCHO Ha
PhCHyNH, =—> PhCH=NCH,Ph —» PhCH,NHCH,Ph

Scheme 6. Mechanism for the reductive amination of benzal-
dehyde with NH; via imines.

N=CHPh
/

tion.34 Other authors propose gradual addition of
the carbonyl compound to the amine in order to
maintain low concentrations of the carbonyl compound
in the reaction mixture.!'” The isolation of the imine
intermediate before hydrogenation has also been
suggested.[') However, this is only possible occasion-
ally, since imines are generally not sufficiently stable.
Usually, their formation and subsequent hydrogenation
are achieved in a single operation. For instance, the
reaction between benzaldehyde and NH; produces
benzylimine, PhCH=NH, but this product is highly
reactive and readily forms hydrobenzamide, the forma-
tion of which was already reported by Laurent in 1837.17]
Two mechanisms have been proposed for its formation:
(i) trimerisation of benzylimine with loss of NH; ['8l and
(ii) condensation of benzaldehyde with either two
benzylimine or a-aminobenzyl alcohol molecules, fol-
lowed by dehydration (Scheme 7).0]

At 90 °C, however, the equilibria shift back to
benzylimine or benzylimine and benzaldehyde (de-
pending on the mechanism of formation of hydro-
benzamide). Therefore, reductive amination of benzal-
dehyde is performed at elevated temperatures.

The competing side-reaction of the carbonyl group to
the alcohol can also be minimised by selection of a
catalyst that reduces the carbonyl group with a relatively
low rate. The formation of isopropanol in the reductive
amination of acetone with NH; was suppressed by
selectively poisoning with Sn the sites responsible for
the hydrogenation of acetone in a Ni catalyst.?’l During
a study of the reaction between acetophenone and
aniline to yield N-phenyl-a-methylbenzylamine, it was
observed that the alcohol formation can be reduced
substantially by using sulphided noble metal catalysts
(e.g., PtS,/C).21

Birtill et al. noticed that, even though Pt/C was much
more active, Pd/C produced less alcohol by-product
than Pt/Cin the reductive amination of methyl isopropyl
ketone with ethylamine and benzaldehyde with dime-
thylamine. According to their proposed mechanism
through carbinolamine intermediates, the alcohol would
be formed by hydrogenolysis of the C-N bond of the
carbinolamine, which seems to occur more readily over
Pt than over Pd. The greater selectivity of Pd compared
to Pt towards the amine would thus be a consequence of
the relative stabilities of the various adsorbed fragments
on the respective metal surfaces.['?]

N=CHPh
/

3PhCH=NH === PhCH{ <= PhcH{ + NHs
NHCH(NH,)Ph N=CHPh

N=CHPh

/

N=CHPh
/

PhCHO + 2 PhCH=NH === PhCH{ === PhcH + H,0
NHCH(OH)Ph N=CHPh

Scheme 7. Formation of hydrobenzamide from benzylimine.
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Another important side-reaction is the aldol conden-
sation of reactive carbonyl compounds. In the reaction
of aliphatic aldehydes with NH;, aldol condensation
can be decreased by slow addition of the aldehyde to
the reaction mixture at elevated temperature in order
to quickly form and hydrogenate the intermediate
imine.”?l Ketones are less susceptible to undergo aldol
condensations.

Finally, alkanes can also be produced by hydrogenol-
ysis of amines or of the alcohols obtained by direct
reduction of the carbonyl compounds.['?!

2.2 Hydrogenation of Nitriles

Von Braun et al. presented a scheme for the mechanism
in the hydrogenation of nitriles to explain the formation
of secondary amines.[?’ Nitriles were hydrogenated first
to the imine and then to the primary amine. The primary
amine could react with the intermediate imine and form
the secondary amine via a gem-diamine that could
undergo either direct hydrogenolysis or elimination of
NHj; followed by hydrogenation.

Kindler and Hesse proposed that tertiary amines are
formed by addition of the secondary amine to the imine
and subsequent hydrogenolysis of the gem-diamine
intermediate.l*!

However, it was also postulated that NH; is first
eliminated from the gem-diamine to form an enamine
intermediate that is subsequently hydrogenated to the
tertiary amine.®!

A study of the hydrogenation of lauronitrile over a Co
catalyst furnished evidence that the secondary amine is
not formed in the Co-catalysed hydrogenolysis of the
gem-diamine, since the secondary imine accumulates in
the reaction mixture (as shown by chromatography and
spectroscopy) and the secondary amine is formed only
at the end of the reaction by hydrogenation of the
imine.?)

Contrary to imines, the presence of enamines was not
confirmed, but experimental results led some authors to
presume their participation in the formation of tertiary
amines. The fact that the reduction of benzonitrile, over
Pd and Pt catalysts, did not yield tribenzylamine served
as an argument in favour of the enamine mechanism.
Tribenzylamine should be formed as a result of the
reaction between benzylimine and dibenzylamine. As
the enamine is not possible because of the absence of
hydrogen atoms in the a-position of the cyano group, the
tertiary amine can not be formed (Scheme 8).127)

/CHZPh
PhCH=NH + PhCHaNHCHaPh === PhCHN{
I CH,Ph

2

Scheme 8. Reaction between benzylimine and dibenzyl-
amine.
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In our research group, we have studied the reductive
amination of benzaldehyde with NH; over Pd/C
catalysts. In the presence of a molar ratio NH;/
benzaldehyde =0.75, 8% tribenzylamine is observed
in the reaction mixture after total conversion. Hence,
the formation of tribenzylamine is possible and can be
explained by a mechanism other than one that proceeds
via enamines, i.e., hydrogenolysis of the carbinolamine
intermediate.”®! This would be in agreement with the
mechanism proposed by Kindler and Hesse for the
hydrogenation of nitriles.?*! According to them, triben-
zylamine could be obtained in the reduction of
benzonitrile via hydrogenolysis of the gem-diamine
intermediate formed from the addition of dibenzyl-
amine to benzylimine (Scheme 8).

The general mechanism of the hydrogenation of
nitriles and the reductive amination of aldehydes with
NHj;, taking into account all the previous considerations,
is depicted in Scheme 9.

Although much insight in these mechanisms has been
obtained, some questions remain. It is still not always
clear whether reductions take place through hydro-
genolysis of carbinolamines or gem-diamines or by
hydrogenation of imines or enamines (in the case of
tertiary amines).

3 Effect of the Substrate Structure
3.1 Steric Effects

The rate of the reaction between an amine and a
carbonyl group to form the intermediate imine and the
rate of the hydrogenation of the imine both decrease
with increasing the size of the groups in the neighbour-
hood of the mentioned functions. Therefore, yields and
selectivities are strongly dependent upon the steric
hindrance of the starting compounds. In general, more
sterically hindered starting compounds afford higher
selectivities to primary amines although it is necessary to
take into consideration that a carbonyl compound with
little tendency to undergo addition of NH; or an amine
may also be reduced to the alcohol.

The reductive amination of methyl ethyl ketone with
NH; afforded more secondary amine than that with
diethyl ketone as the substrate. Similarly, the yield of
secondary amine in the reaction between acetone,
methyl ethyl ketone or diethyl ketone and cyclohexyl-
amine decreased with increasing steric hindrance
around the carbonyl function.*’!

Steric hindrance plays also a role around the amine
function. For example, reductive amination of acetone
with 2.4,6-trimethylaniline afforded the secondary
amine, N-isopropyl-2,4,6-trimethylaniline, in only 36%
yield while, with aniline, the yield of the corresponding
secondary amine was 98% (Scheme 10).53%
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RCHO
NH3
RCHOHNH,
o M2 RCHO

RCHyNH; <=2= RCH(OH)NHCH,R

RCN —— RCH=NH 2 —Hzo 2 (RCHZ)ZNH
RCH,NH, RCH=NCH,R /H: u RCHO
RCH(NH,)NHCH,R
\Nis RCHOHINCHR), .\ o
H2 H
— 2
NHs (RCH,),NH u—HZO (RCHZN
RCH=NCH,R H, CHzR
RCH=NH
u R'CH:CHN< /H:
CH,R
RCH(NH)N(CH,R
(NH2)N(CH2R), _NH,
Ha
—NHa (RCH2)3N
CH,R
rer=chnd /H:

\CHZR

Scheme 9. Mechanism of the hydrogenation of nitriles and the reductive amination of aldehydes with NH;.

CH3 CH3
| |
CHs3
Ha
—_— + H,O
CH3 CHs
NH
36% yleld
CH3
Ha
—_— + H,O
CH3
X
H3C CH3
98% yield

Scheme 10. Effect of the steric hindrance of the amine on the
reductive amination of acetone with aniline and 2.4,6-tri-
methylaniline.

Likewise, cyclic ketones produce more secondary
amine than the corresponding linear ketones.?!]

Rylander, while studying the reaction between 2-
methyl- and 4-methylcyclohexanone with NH;, ob-
served that a methyl group at the 2-position offers
more steric hindrance to the formation of the secondary
amine (Table 1).52

Another interesting example of the influence of
the steric hindrance of the starting compounds is
found in the reductive amination of straight-chain
aliphatic aldehydes, such as acetaldehyde, propionalde-
hyde and n-butyraldehyde, with glycine, which merely

1042

yields the corresponding secondary amines. With
branched-chain aliphatic aldehydes, such as isobutyr-
aldehyde and isovaleraldehyde, as starting compounds,
a mixture of primary and secondary amines is obtained
(Table 2).53

Birtill et al. found that a methyl group at the 2-position
of aketone decreases the reactionrate over 5 wt % Pd/C
but not over 5wt % Pt/C.'Z1 As stated above, they
suggested that the reductive amination reaction pro-
ceeds via hydrogenolysis of the carbinolamine inter-
mediate. They postulated that the adsorption of the
carbinolamine via formation of an M-N bond is followed

Table 1. Effect of the steric hindrance of the ketone on the
selectivity in the reductive amination of methylcyclohexa-

nones with NH;.
R
Q

0
[

=

—»
Rh/C

R selectivity [% weight](]
primary secondary alcohol
amine amine
2-methyl 80 0 20
4-methyl 44 40 16

[a] Each experiment was run at 70 bar and T=100 °C; no
solvent was used, NH; was present as aqueous NHj; the
molar ratio NHs/ketone was of 6.

Adv. Synth. Catal. 2002, 344, 1037-1057
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Table 2. Effect of the steric hindrance of the aldehyde on the selectivity in the reductive amination of various aliphatic

aldehydes with glycine.

aldehyde molar ratio T [°C] t [h] yield [% ]
aldehyde/glycine primary secondary
amine amine

acetaldehyde 2 40-45 4 0 85
propionaldehyde 2 40-45 4 0 80
n-butyraldehyde 2 45-50 6 0 83
isobutyraldehyde 2 50-55 9 40 36
isovaleraldehyde 2 50-55 6 19 59

by cleavage of the C-OH bond and formation of a C-M
bond, resulting in a close interaction between the metal
surface and the 2-methyl groups. To explain the higher
activity of Pt/C, it was assumed that this catalyst contains
a greater number of corner and/or edge accessible sites
to allow the adsorption of the carbinolamine.l'?l The
contribution of these authors is especially interesting,
because they highlight the importance of the catalyst. In
our opinion, however, similar steric arguments would
hold if the intermediate were an imine rather than a
carbinolamine.

Since steric hindrance can result in a low rate of
formation of the imine, it may be necessary to operate
under more severe conditions in these cases. Some
authors allow the carbonyl compound and the amine to
stand together for several hours or heat the mixture
before hydrogenation.? Another possibility is to
increase the amount of catalyst.® If the imine is
formed too slowly, amines will be contaminated with
alcohols.

The hydrogenation of the intermediate imine is also
affected by the steric hindrance. 2-(1-Iminoethyl)-1,1,3-
trimethylcyclohexane appeared to be abnormally stable
and hydrogenation over PtO, could not be effected as,
due to steric hindrance, there was little or no contact
between the C=N bond and the catalyst (Figure 1).5

Regarding the same matter, Freifelder reported that
ArCH=NR undergoes smooth hydrogenation to
amines, except when R is a highly substituted alkyl
group or a ring system with a bulky group at the 2-
position or when the aromatic ring (Ar) also contains a
large 2-substituent.)

CHs
CHs

(IZ:NH
CHs
CH3

Figure 1. 2-(1-Iminoethyl)-1,1,3-trimethyl-cyclohexane.
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3.2 Electronic Effects

In addition to steric effects, electronic effects may play a
role in the reactions under study. Electron-withdrawing
groups in the carbonyl compound or electron-releasing
groups in the amine facilitate the addition reaction.

Surprisingly, the reductive amination of 1-naphthal-
dehyde with NH; over Raney Ni did not yield any trace
of aminated product, the primary alcohol was obtained
exclusively, while 2-methoxy-1-naphthaldehyde gave
61% primary amine and only 8% alcohol.’”l Even
though the o-substitution is increasing the steric
hindrance around the reaction centre, a higher yield of
the addition product was obtained. Obviously, these
results might be rationalised by electronic effects
(Table 3).

Similarly, in the context of the hydrogenation of
nitriles, the rate of secondary amine formation, by
reaction between the imine and the primary amine, is
influenced by the electron density on the nitrogen atom
in the primary amine. A weak inductive effect (e.g., due
to a benzyl group) decreases the nucleophilicity of the
primary amine, thus, slowing down the nucleophilic
attack on the intermediate imine and resulting in the
lowering of secondary amine production. In the hydro-
genation of valeronitrile, catalysed by Pd, 84% tripen-
tylamine and no pentylamine were observed. Under the
same conditions, benzonitrile yielded 63% benzylamine
and 34% dibenzylamine. Valeronitrile initially yields
pentylamine upon hydrogenation, which is very reactive
with respect to pentylimine because of the high electron

Table 3. Effect of the o-substitution of the aldehyde on the
reductive amination of 1-naphthaldehyde and 2-methoxy-1-
naphthaldehyde with NHs.

aldehyde T [°C] P [bar] t[h] vyield[%]
primary alco-
amine  hol
1-naphthaldehyde 60-70 80 3 - 67
2-methoxy-1- 60 130 2 61 8
naphthaldehyde
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density on the nitrogen atom, and, for this reason, di-
and tripentylamine are formed. Benzylamine has a
lower electron density on the nitrogen atom and,
consequently, is less reactive with respect to benzyl-
imine. Therefore, a considerable amount of primary
amine is obtained in this case.l?’!

As already mentioned, when considering the effect of
the substrate structure, it should be borne in mind that
the catalyst is the most important parameter determin-
ing selectivities. For this reason, caution is required
when evaluating reaction results obtained with different
catalysts.

4 Effect of the Reaction Conditions

Good yields of primary amines are frequently difficult to
achieve. By changing the reaction conditions, one can
influence the relationship between the rates of con-
densation and hydrogenation and thus tune the compo-
sition of the reaction product.

4.1 Effect of Binding Primary Amines with Acids,
Ammonium Salts and Acetic Anhydride

4.1.1 Effect of the Addition of Acids

Strongly acidic solutions prevent further reactions of the
initially formed primary amine by formation of the
ammonium salt. Hartung found in 1928 that it is possible
to obtain the primary amine, without contamination
from the secondary amine, by working in an alcoholic
HCI solution and isolating the primary amine as the
ammonium salt. Under these conditions, benzonitrile
was gently reduced to benzylamine over Pd/C.5 The
same method was used for the inhibition of secondary
amines in the Pd/C-catalysed hydrogenation of o-
cyanobenzenesulphonamide to o-aminomethylbenzene-
sulphonamide (Scheme 11).5%%

Another example is the hydrogenation of cyanopro-
pylsulphonamide to 4-amino-1-butanesulphonamide
but PtO, was used as the catalyst because the reaction
with Pd/C was too slow.[*]

CH;COOH has also successfully been used for this
purpose. Hydrogenation of benzonitrile in CH;COOH
over Pd on BaSO, gave over 80% yield of benzylamine.
Hydrogenation of phenylacetonitrile gave best results
when CH;COOH contained H,SO, or dry HCLHI

SO,NH; - SO,NH,
i :CN i “CH,NH,
Scheme 11. Hydrogenation of o-cyanobenzenesulphonamide
in an alcoholic HCI solution.

EtOH, 4% HCI

1 bar Hy, 10 wt % Pd/C
RT,5-6h
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Smooth hydrogenation of nitriles in CH;COOH in the
presence of PtO, as the catalyst has also been reported
by other authors.*?

4.1.2 Effect of the Addition of Ammonium Salts

The presence of an ammonium salt can also lead to
improved yield of primary amines. Alexander and
Misegades found that, when NH,CI is introduced into
the reaction mixture, the reductive amination of carbon-
yl compounds stops at the stage of primary amines.
Ammonium ions protonate the primary amine to yield
less nucleophilic alkylammonium ions.[*!

Similarly, introduction of CH;COONH, and
CH;COOH into the reaction mixture of the reductive
amination of 1-(2,5-dimethoxyphenyl)propan-2-one
with NH; over Raney Ni permitted the synthesis of 2-
amino-1-(2,5-dimethoxyphenyl)propane in 95% yield
(Scheme 12).144

4.1.3 Effect of the Addition of Acetic Anhydride

Another effective way of minimising reaction towards
secondary amines is to acetylate the primary amine, as it
is formed, by carrying out the reduction in an anhydride
solvent. The reduction of benzonitrile proceeded
smoothly over PtO, in an acetic anhydride solution
with the highly selective formation of the acetyl
derivative of the corresponding primary amine. The
secondary amine or its acetyl derivative were not ob-
served. Hydrolysis of the reaction product by means of
concentrated HCI gave benzylamine in good yield.*’]

This method was slightly modified by carrying out the
hydrogenation of nitriles in acetic anhydride over Raney
Ni and CH;COONa or NaOH as co-catalyst. Addition
of bases led to better yields and purer products and,
particularly, NaOH made considerable re-use of the
catalyst possible. For instance, reduction of tridecaneni-
trile over Raney Ni, in the presence of acetic anhydride
and CH;COONa, afforded 100% yield of N-acetyl-
tridecylamine and reduction of adiponitrile under the
same conditions, but using NaOH as the co-cata-
lyst, yielded 80% N,N'-diacetylhexamethylenediamine
(Scheme 13).14]

CH3 CH3
N\ CH3COONH,/CH3COOH AN
C=0 + NH3 - CHNH,
/ 80 bar H,, Raney Ni /
RCH, 90°C, 24 h RCH,
R = 2,5-dimethoxyphenyl 95% yield

Scheme 12. Reductive amination of 1-(2,5-dimethoxyphen-
yl)propan-2-one with NH; in the presence of CH;COONH,/
CH,COOH.
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CH3COONa/CH3COOCOCH; RCN Hy
CH3(CH2)1:CN - CH3(CHy)1,NHCOCH; NH3 Ho
3 bar Hy, Raney Ni k RCH=NH ——> RCHNH,; — RCH;NH, + NH3
50°C,1h 100% yield )/(
NH
RCHO + NH3 “-H20 2

NaOH/CH3zCOOCOCH; Scheme 14. Mechanism proposed by Schwoegler and Adkins
NC(CHz),CN 3 bar Hy, Raney Ni HaCCOHN(CH)eNHCOCH; -, explain the effect of NH; on the selectivity in the reductive
50 °C, 15 min 80% yield amination of aldehydes with NH; and the hydrogenation of

Scheme 13. Hydrogenation of tridecanenitrile and adiponi-
trile, in acetic anhydride, with CH;COONa and NaOH,
respectively, as co-catalyst.

4.2 Effect of the Addition of NH,

Application of an excess of NH; is another common
technique to increase the selectivity to primary amine.
This technique is probably one of the most reported and
has allowed the development of several industrial
processes. Winans, in 1939, observed that, in the
reductive amination of an aldehyde with NH; over
Raney Ni, one mole of aldehyde and one or more moles
of NH; produce mainly primary amine, while a ratio of
3 moles of aldehyde to 2 moles of NH; gives a mixture of
primary and secondary amine and 2 moles of aldehyde
and 1 mole of NH; produce predominantly the secon-
dary amine (Table 4).[447]

Dibenzylamine was prepared by using Pd/C as the
catalyst and a molar ratio of NH; to benzaldehyde
between 0.55 and 0.7.) Our research group, while
studying the same reaction over a Pd catalyst supported
on an oxidised carbon support, found that 65%
dibenzylamine and 35% benzylamine are obtained
with a molar ratio NH;/benzaldehyde = 16. Much high-
er selectivity to dibenzylamine was displayed with a
molar ratio NHj/benzaldehyde =2. The product com-
position consisted in this case of 85% dibenzylamine,
7.5% benzylamine and 7.5% benzyl alcohol.*’!

Likewise, primary diamines were produced over Ni
catalysts by using a molar ratio NH;/dialdehyde = 10—
30.5501

Also, in the case of the hydrogenation of nitriles over
Raney Ni, the formation of secondary amines can be
almost entirely prevented by carrying out the reaction in
the presence of sufficient NH;.°!J The importance of
the use of the proper amount of NH; has been

nitriles.

demonstrated in other nitrile reductions with Co,5
Fe,” and Rh catalysts.[>

According to Schwoegler and Adkins, the favouring
role of NH; in the selective formation of primary amines
can be rationalised with the mechanism depicted in
Scheme 14.

In this mechanism, NH; adds to the primary imine,
RCH=NH, and hydrogenolysis of the resulting gem-
diamine intermediate gives the primary amine.!”)

Volf and Pasek argued that the selectivity to the
primary amine could be ascribed to a protection of the
primary imine against further hydrogenation by forma-
tion of the gem-diamine compound. These authors
assumed that the primary amine is exclusively formed by
hydrogenation of the imine. Therefore, they explained
the slowing down in the formation of the secondary
amine, under the action of NH;, by proposing that the
competitive reaction between the primary imine and
NH; was lowering the concentration of primary imine
available to undergo hydrogenation and to react with
the primary amine. This was in accord with the results
obtained for the hydrogenation of lauronitrile over a Co
catalyst. The rate of didodecylimine formation was
decreased by a factor of 5 in comparison with an
experiment without NH;, whereas the rate of hydro-
genation was also lowered by a factor of about 2. It
should be noted, however, that these results can be
explained with the mechanism proposed by Schwoegler
and Adkins equally well.

Further studies on the reductive amination of benzal-
dehyde with NH;, over Pd/C catalysts, demonstrated
that dibenzylimine undergoes transimination with NH;
to give benzylimine and benzylamine (Scheme 15).13!

In agreement with this mechanism, the action of NH;
in suppressing secondary and tertiary amine formation

Table 4. Effect of the ratio of NH; to aldehyde on the reductive amination of different aldehydes with NH;.

aldehyde yield [% ]@!

1/2 equiv. NH; 2/3 equiv. NH; 1 equiv. NH;

prim. amine sec. amine prim. amine sec. amine prim. amine sec. amine
benzaldehyde 11.8 80.8 30.5 62.6 89.4 71
furfuraldehyde 12.2 65.5 30.3 66.5 79 6

[al Each experiment was run at 90 bar and T=40 °C in EtOH as the solvent.

Adv. Synth. Catal. 2002, 344, 1037-1057
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PhCH=NCH,Ph + NHz =<—2= PhCH=NH + PhCH,NH,

PhCH,NH,

Scheme 15. Mechanism to explain the effect of NH; on the
selectivity in the reductive amination of benzaldehyde with
NH;.

may be ascribed to a shift of this transimination
equilibrium to the side of the primary imine and amine.

Other possible explanations—albeit mostly spec-
ulative —for the role of NH; are: (i) the selective
poisoning of the sites responsible for the coupling
reactions in the catalystl and (ii) a modification of
the electronic properties of the catalytic metal.l>]

4.3 Effect of the Addition of H,O

It has been observed that addition of H,O leads to a
markedly lower tendency for the formation of undesired
by-products and to an increased selectivity to primary
amines. Volf and Pasek postulated that the positive
influence of H,O on the activity of the catalysts could be
ascribed: (i) to an unspecified influence on the catalytic
properties of the metal or (ii) to the solvation of the
amines and subsequent suppression of the poisoning
that they cause on the surface of the catalyst.”l The
higher selectivity towards primary amines could be
explained as well by solvation with H,O, which would
lower the condensation rate between the primary imine
and the primary amine. The decrease of the concen-
tration of the primary imine due to the competitive
reaction with H,O could also justify the decrease in the
formation rate of the secondary imine, analogously to
what the same authors suggested for the effect of NH; on
this reaction.

Greenfield reported a superior commercial process
for the synthesis of dibenzylamine from benzonitrile
over Pt/C without solvent and in the presence of H,O.
Surprisingly, H,O was used in this case for the
preparation of a secondary amine. The author ascribed
the selective formation of dibenzylamine to the ability of
H,O to avoid catalyst poisoning.[*¢>7]

H,O was added in the hydrogenation of C, to C,,
nitriles to primary amines over Cr-promoted Raney Co
to maintain the catalyst activity for prolonged periods of
time avoiding poisoning and formation of side-products
(Table 5).5%

The yield of N,N-dimethylcyclohexylamine from the
reductive amination of cyclohexanone with dimethyl-
amine, over Pd/C, was also increased by the presence of
H,0.5%

In a recent work on the hydrogenation of butyronitrile
over Pt- and Ru-based catalysts, it was found that the
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Table 5. Effect of the addition of H,O on the hydrogenation
of 2-methylglutaronitrile.

HZNCH2(|:H(CH2)3NH2
CH3
2-methyl-1,5-pentanediamine
H,0
NCCHCH,CH,CN —_— +
| 40 bar H,
CH3 Cr-Raney Co CHs
Q/NHZ
NH,
3-methyl-1,2-cyclopentanediamine
H,O yield [%)]
[% weight]
2-methyl-1,5- 3-methyl-1,2-
pentanediamine cyclopentanediamine
0 68.5 1.82
1 70.8 1.54
2 69.5 1.35

addition of H,O is beneficial for the activity of the
catalyst but has no effect on the selectivity.[*"]

A combined action of H,O and NHj; is also sometimes
described to promote high yields of primary amines. For
instance, hydrogenation of crude palm oil fatty acid
nitriles, in the presence of H,O, yielded 64.9% primary
amine while, with additional use of NHj;, the yield
increased to 71%.1°!l The same procedure was used for
the hydrogenation of coconut oil fatty acid nitriles to
provide primary amines with more than 95% selectiv-
ity.[”l This appears to be due to the alkaline conditions
created when NH; and H,O are used together. The
alkaline conditions inhibit the acidic sites of the catalyst
responsible of the coupling reactions.

4.4 Effect of the Addition of Hydroxides and
Carbonates

Instead of imparting alkalinity by NHj;, the inhibition of
the acidic sites of the catalyst responsible of the
formation of secondary amines can also be reached by
the addition of NaOH, KOH, LiOH, or Na,CO,.
Greenfield stated that it was preferable to use NH; for
the preparation of primary amines because these latter
bases, particularly NaOH, seriously decreased the
reaction rate while much larger amounts of NH; had
no adverse effect.’’) However, their use has been
preferred in a number of processes. The use of NH,
has several disadvantages owing to the fact that it is a
gas and, therefore, requires pressurised storage and
increases time for loading and venting. Furthermore,
the quantity used is so large that this brings about

Adv. Synth. Catal. 2002, 344, 1037-1057
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environmental and economical problems (expensive
recovery equipment is required).

Addition of NaOH was used to limit the formation of
tertiary amine in the manufacture of N-methylbutyl-
amine from butanal and methylamine.[!

Hydrogenation of nitriles, in the absence of NHs,
yields predominantly primary amines when Ni is
employed as the catalyst and NaOH as an addi-
tive.[010468] Hydrogenation of phenylacetonitrile gave
51.2% primary amine and 37.5% secondary amine. In
the presence of NaOH, the yield of primary amine was
92.5% .11 Quantitative reduction of dinitriles to primary
diamines could be effected in the presence of NaOH,
which also allowed re-use of the catalyst. Surprisingly,
substitution of NaOH by NH,OH gave only 17% yield
of the diamine despite the widespread use of NH; to
prevent formation of secondary amines. Without any
added base as co-catalyst, only 33% yield was found
(Scheme 16).1]

NaOH has also been added to favour selectivity in the
hydrogenation of adiponitrile towards hexamethylene-
diamine.*”l Similarly, Thomas-Pryor et al. found that, in
the hydrogenation of butyronitrile, the addition of
NaOH strongly increases the selectivity towards butyl-
amine. They proposed that the hydroxyl ions compete
with butylamine for the adsorption sites responsible for
the condensation reactions on the catalyst.[%8]

The addition of NaOH to the reaction mixture has also
been carried out in the hydrogenation of nitriles to
primary amines over Rh/C. Under these conditions, 1,4-
bis(p-cyanoethoxy)butane yielded 1,4-bis(y-aminopro-
poxy)butane with 100% conversion after 3 h of reaction
and a selectivity of 86.4% . In the absence of NaOH, only
23% conversion was observed after 3 h and 43% after
6 h, with only 28% primary amine and 72% secondary
amine by-product. A second comparative hydrogena-
tion was carried out identically to the above runs except
that NaOH was substituted by the same amount of H,O.
Conversion was 100% after 4 h. However, the selectivity
was poor (only 40% of the desired primary amine).[*”]

The hydrogenation of nitriles to primary amines over
Raney Co with a catalytic amount of LiIOH and H,O was
also explored. LiOH enhanced the selectivity towards
the primary amine while H,O assisted in maintaining the
catalytic activity."!

Finally, addition of Na,CO; during hydrogenation of
palmitic nitrile in the presence of Ni or Co catalysts
lowered the formation of secondary amine. This was

EtOH, NaOH
NC(CH2)oN(CH2)3sCN  —————  H,N(CHy)3N(CH3)4NH,
3 bar H,
CHzPh Raney Ni CH,Ph

crude yield: > 95%
yield after distillation: 91%

Scheme 16. Hydrogenation of N-(2-cyanoethyl)-N-(3-cyano-
propyl)-benzylamine in the presence of NaOH.

Adv. Synth. Catal. 2002, 344, 1037-1057

ascribed to a decrease in the adsorption of the products
on the catalysts, which increases the rate of hydro-
genation and, at the same time, decreases the activity of
the catalysts for subsequent condensations.[”

It can be concluded that the mechanisms that justify
the effect of the addition of acids, bases, or H,O on the
activity and selectivity of the catalysts are not clear yet.
Furthermore, the net results under particular reaction
conditions will invariably depend on the type of catalyst
used. Individual catalysts differ in their responses to a
change in reaction conditions and, very often, contra-
dictory results are encountered.

The effect of the acids is especially unclear. Some
authors, in earlier contributions, propose the use of acids
in the liquid phase to inhibit coupling reactions by
protonation of the primary amine while, in other more
recent contributions, the authors report that coupling
reactions are acid-catalysed, and, therefore, are pro-
moted by the increase in acidity of the reaction medium
(this would be in agreement with the fact that the
addition of bases inhibits the secondary amine forma-
tion). At this stage, it is unclear if the amount or the
strength of the added acid has the principal influence on
the selectivity. Equilibria may be shifted differently
because of these parameters. To the best of our
knowledge, there is no clear answer from literature.
For instance, Galan et al. found that the preparation of
secondary amines from nitriles, with a rhodium catalyst
(supported on Al,O; or C),in CH;COOH as the solvent,
is possible in very high yields, presumably, because the
acidic solvent promotes condensation.”! However, as
stated above, CH;COOH has also successfully been
used to prevent condensation by formation of the
ammonium salt of the primary amine.[*42]

5 Effect of the Catalyst

The rate and the product composition in the reductive
amination of carbonyl compounds and in the hydro-
genation of nitriles are affected primarily by the type of
catalyst used. Raney Ni, Raney Co, Pd/C, Pt/C, Ru/C,
and Rh/Care suitable catalysts and rank among the most
commonly used for both processes. The same metals but
supported on SiO, or Al,O; are often employed as
well.[?]

PtO, has found very little application in reductive
amination processes because of the difficulties to reduce
it prior to contacting the substrates.’¥ Sulphided
platinum metal catalysts have given excellent results
because of their particular resistance to poisoning and
their ability to minimise reduction of the carbonyl to an
alcohol, even if sometimes this is to the detriment of
displaying a lower activity.?'7

Fe and Cuhave also been used in the hydrogenation of
nitriles, but much less often than the above-mentioned
metals because they are considered to be less active.[’370]
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However, Fe has been claimed to have suitable proper-
ties for the hydrogenation of adiponitrile to 6-amino-
capronitrile and hexamethylenediamine.!

Raney Ni was, by far, the most frequently used catalyst
in the early literature.>*34 Fairly good yields of benzyl-
amine were obtained by high-pressure reductive ami-
nation of benzaldehyde and substituted benzaldehydes
over this catalyst.””l However, it has a number of less
desirable properties. Environmental objections are
associated with its preparation: it is fragile, it is
comparatively difficult to handle, which renders its use
less attractive, it shows low activity and selectivity, and it
requires elevated temperatures and pressures. Co was
used similarly and, sometimes, under even more severe
conditions than Ni catalysts.’® Later, more resistant
supported noble metals were suggested as they allow
milder conditions and, at the same time, give high yields
and purities.'>5*4.7] These catalysts present, however,
the disadvantage of being relatively expensive.

Some of the authors report that certain supports
can increase the selectivity towards one or another
amine % but others deny this.?%81

Despite all their inconveniences, and because they are
economically more interesting than noble metal-based
catalysts, slightly modified Ni- and Co-based catalysts
still represent the best choice according to most of the
recent patents. The greater part of these patents is
focused on the selective industrial preparation of
primary amines. Modifications include combination
with other metals and/or addition of promoters with
the aim of increasing selectivity, activity, or lifetime.[$2-!]

Thus, Ni promoted by Zr,®2INi and Ru in combination
with Pd, Re or Ir,®3] mixtures of Ni, Co, Cu and Mo,
mixtures of Co and/or Ni, Ru and Cu,’®! Raney Ni or
Raney Co in the presence of borax,*! Co containing
CaCO; and/or La,0,, and Raney Co promoted by Mn
or Cr ®lhave been patented for the reductive amination
of carbonyl compounds.

Ni and Mg in a co-precipitated form,®! Raney Ni
promoted by Ti, Cr or Zr, Ni and/or Co with
potassium oxalate as co-catalyst,’?d Co promoted by P
and Mn,b?! Raney Co promoted by Cr,®l and mixtures
of Co, Cu and Ni I have also been patented in the field
of the hydrogenation of nitriles.

The results of the various works are difficult to
compare as the experimental conditions are often not
defined unambiguously and the data presented are
mostly not comparable (different starting compounds,
different equipment, disparate reaction conditions,
etc.).

5.1 Location of the Reaction Steps
All reaction steps that were discussed in the section
about mechanisms account for the formation of the

major product types found in the nitrile hydrogenation
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and reductive amination reactions. However, they fail to
account for the extraordinary differences in selectivity
exhibited by the various catalysts.

A crucial point in the discussion about how the
catalysts influence activity and selectivity is the assumed
location of the reaction steps. The duality between
reactions taking place at the surface of the catalyst and
those in the liquid phase is still a matter of challenging
research.

Earlier Mignonac’s and von Braun’s mechanistic
proposals, for the liquid phase reductive amination of
carbonyl compounds and hydrogenation of nitriles,
were heavily founded on the competition between
homogeneous condensation reactions and heterogene-
ous hydrogenation steps (at the surface of the cata-
lyst).[6:23]

Le Bris et al. also reported that, in the reductive
amination of acetone with NHj;, isopropylamine and
diisopropylamine are formed from the heterogeneous
hydrogenation of the imines that are produced, respec-
tively, from the homogeneous reaction of acetone with
NH; and acetone with isopropylamine. It was observed
that, with a Ni catalyst, isopropylamine is the main
product while diisopropylamine is formed nearly
exclusively when using a Pt catalyst. As they considered
the transformation in the liquid phase to be independent
of the catalyst, the difference in the evolution of the
system in these two situations was justified by the
different behaviour of the intermediate imines and,
more particularly, of the secondary imine towards the
two catalysts used. It was concluded that Ni is not
capable to hydrogenate the secondary imine in the
presence of acetone and, therefore, yields selectively
isopropylamine. In the case of the Pt catalyst, on the
contrary, the secondary imine is very reactive towards
hydrogenation.[8

To support these conclusions, the homogeneous
reaction between acetone and isopropylamine and the
heterogeneous hydrogenation of the resulting secon-
dary imine were studied separately. It was observed that
the reaction between the acetone and isopropylamine is
an equilibrium catalysed by acids.® When studying the
hydrogenation process, it was noted that Ni is much less
effective than Pt to yield diisopropylamine, in complete
agreement with the results obtained from the reductive
amination of acetone with NH;.[8"]

Later, Volf and Pasek, in the hydrogenation of
lauronitrile, observed that, in experiments with pure
Co, the selectivity is independent of the catalyst
concentration in the reaction mixture. In addition, the
selectivity was not depending on the catalyst activity
when Ni catalysts of different specific surface areas were
used. If the catalyst were not involved in the condensa-
tion reactions, the selectivity would be affected by the
concentration of catalyst and/or its activity. From the
observation that the selectivity does not depend on
these parameters, these authors concluded that the
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condensation reactions leading to secondary amines are
taking place, entirely or predominantly, on the catalytic
surface rather than in the liquid phase. More precisely,
they claimed that the active centres in the catalysis of
condensation reactions are located on the metallic
components whereas the support is merely helping to
increase the dispersion of the metal and is not having any
significant effect on the selectivity.l?®]

Dallons et al. reported some results, on the hydro-
genation of nitriles, which also ruled out that the
condensation reactions proceed homogeneously.5]

The addition of NH; in the reaction mixture should
favour the reaction between the secondary imine and
NH; to give the primary amine and the primary imine. If
the reaction with NH; would take place in the liquid
phase, it should be possible to detect the resulting
primary imine in solution but, contrarily, no primary
imine is found. To justify this result, Dallons et al.
proposed a mechanism. The first step is the semihydro-
genation of the adsorbed nitrile compound. The very
reactive primary imine that is formed swiftly reacts on
the catalytic surface to lead to the primary amine
through hydrogenation, hence, explaining why it is not
possible to detect it in the liquid bulk. The reaction of the
primary imine with a vicinal adsorbed primary amine
yields a gem-diamine compound, which disproportion-
ates, also on the catalytic surface, into NH; and the
secondary imine (Scheme 17).18%]

The mechanism of Dallons et al. is also consistent with
the results that they obtained with different supports.
They found that the influence of the support on
selectivity is very extensive. Secondary amine forma-
tion was inhibited by acidic supports presumably
because the primary amine is more strongly adsorbed
on them, remaining, as a consequence, farther from the
hydrogenation sites. Therefore, they claimed that the
hydrogenation of nitriles is entirely involving heteroge-
neous processes through surface reactions. The reaction
between amine and imine could take place on the metal
surface, purely, or on both metal and support surfaces in
the case of supported metal catalysts.[5%!

However, in our research group, the reaction between
benzaldehyde and NH; to benzylimine has also been
studied in the absence of a catalyst. In this study,
'H NMR was used to follow the reaction. Benzylimine
was not detected at any moment in the product
composition because it is highly reactive and readily
forms hydrobenzamide. Therefore, in our opinion, the

H H
H %
R N R N NHR R
N2 RNH; NP4 —NHs N
RCN + 1/2H, —> o — C —

C
I I I

Scheme 17. Mechanism proposed by Dallons et al. for the
hydrogenation of nitriles.
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fact that the primary imine is not identified in the liquid
solution does not prove that condensation reactions
proceed heterogeneously.[?!

Verhaak et al. established that the selectivity of the gas
phase hydrogenation of nitriles is greatly influenced by
the nature of the support,®*l in agreement with Dallons
et al.l’%! but in complete disagreement with Volf and
Pasek.”l As mentioned above, the acid-base properties
of the medium in which the reaction is performed have a
marked effect on the selectivity of the reaction (addition
of HCI, NH;, NaOH, etc.). Therefore, Verhaak et al.
studied the acid-base properties of the catalyst itself by
using different supports.[8

Based on the results obtained in the gas phase
hydrogenation of acetonitrile with Ni supported on
either acidic or basic supports, they suggested a dual
mechanism in which the hydrogenation function of the
catalyst is located on the metal while the acidic function,
responsible for the condensation reactions, is located on
the support. Hydrogenation to the primary imine and
the primary amine occurs on the metallic component of
the catalyst. These compounds migrate then, probably
through the gas phase, to acidic sites, where the primary
imine is protonated and reacts with the primary amine.
The resulting cationic gem-diamine derivative is then
deprotonated and loses NH; to yield the secondary
imine, which desorbs from the support migrating back to
the metal, where it is hydrogenated to the secondary
amine (Scheme 18).

Verhaak et al. also proposed that, since the carbonyl
bond is isoelectronic with the imine bond, the reductive
amination of carbonyl compounds could easily be
explained by using the same mechanism. The conden-
sation between the carbonyl and the amine functions is
also acid-catalysed and would occur on the support of
the catalyst. The acidic function of the catalyst may
make the carbonyl group more electrophilic. After the
nucleophilic attack, proton transfer and 1,2-elimination

migration

gas phase acidic function

gas phase metallic function

+
RCN —> RCHNH,

= RCH=NH —

|

- RCHZNHZ ——

®

+

L > RCH,NH,

®

RCH,NH,CH(NH,)R
+

—H*

e m —NH3

~«—1 RCH;NHCHR == ====="= «— RCH;N=CHR

Scheme 18. Bifunctional mechanism proposed by Verhaak et
al. for the hydrogenation of nitriles.
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of H,O produce the primary imine that migrates to the
metallic function to be hydrogenated. Migration of the
primary amine to the support allows the formation of the
secondary imine, following an analogous mechanism,
and the subsequent migration back to the metal affords
the secondary amine by-product.®l

In agreement with this hypothesis, it was demonstrat-
ed that more acidic supports exhibit higher selectivity
towards the secondary amine formation and more basic
supports exhibit highly selective production of primary
amines, even in the absence of NH,.[8%I It should be
noted that Dallons et al. obtained exactly contrary
results while studying the influence of the support. As
stated above, they found that more acidic supports
inhibit the formation of the secondary amine.[*"!

In the case of unsupported catalysts, other authors
suggested that the condensation reactions during gas
phase hydrogenation of nitriles proceed on the metal
surface.[””!

In 1998, a kinetic model for the reductive amination of
aldehydes with aromatic amines was proposed. This
model included a combination of homogeneous con-
densation reactions and heterogeneous hydrogenation
steps.[

In our research group, we monitored the formation of
dibenzylimine from benzaldehyde and benzylamine
with in situ FT-IR spectroscopy. No difference in the
formation rate of dibenzylimine was observed between
the reaction carried out without catalyst and the
reaction carried out in the presence of an acidic
catalyst. This would suggest that condensation reac-
tions proceed homogeneously.?!

The above models assume that only hydrogen
addition steps are taking place at the metal surface,
while the liquid phase or the metal support is the locus of
the subsequent reactions leading to secondary and
tertiary amines. These models have recently been
challenged by Huang and Sachtler.®! They argued
that the bifunctional mechanism proposed by Verhaak
et al. is unlikely because: (i) unsupported metals and
metals supported on neutral supports form secondary
and tertiary amines, (ii) acid sites in the catalyst are
quickly neutralised by an atmosphere of strong bases
such as amines and nitriles and, (iii) if it were true that
only hydrogenation occurs at the metal surface, the
selectivity to higher amines should not depend on the
nature of the metal and no formation of secondary and
tertiary amines would occur when the reactions are
carried out in the gas phase. They compared the

hydrogenation of butyronitrile in the gas and in the
liquid phase over different M/NaY catalysts (M =Ru,
Rh, Ni, Pd, Pt). Secondary and tertiary amines were
formed in comparable amounts in the liquid and in the
gas phase hydrogenations, indicating that all the
condensation reactions take place in the adsorbed
layer and that the liquid phase is superfluous for these
steps. The only role of the solvent would be to facilitate
desorption and thus retard deactivation of the catalyst.

Despite using the same support, completely different
selectivities were observed when tuning the nature of
the active metal. Therefore, it was claimed that not only
the hydrogenation steps but also the condensation
reactions proceed on the metal surface and that the
selectivity to the primary amine is only depending on the
metal, regardless of the nature of the support, its acidity,
and the presence of solvent.[®!l

The same authors carried out further studies to
determine how the specific catalytic selectivity of the
individual metals could be correlated with their proper-
ties. They suggested that the selectivity of the metals is
related to their propensity to form multiple bonds. Ru is
the metal with the highest propensity to do so and,
consequently, it exhibits the highest selectivity to
primary amines.[*

Significant information on the chemistry of nitriles
and amines at the surface of the metals was obtained
from deuteration of acetonitrile. When a mixture of
acetonitrile and D, was passed over the catalyst, most of
the formed primary and secondary amine molecules had
less D atoms than predicted by stoichiometry because D
atoms were added to the C atom of the C=N group while
H atoms were preferentially added to the N atom. To
explain these findings, the authors proposed that the
precursor of the amine is bonded to the metal surface via
the N atom and these M-N bonds are predominantly
broken in a concerted mechanism when CH;CN
molecules transfer some of their H atoms to the N
atom of the chemisorbed complex (Scheme 19). Thus,
the formation of amines is not a simple addition of
chemisorbed D atoms to the nitrile function.

As the Ru=N bond is very strong, CH;CD,N=Ru s an
immobile adsorbed species. Formation of secondary and
tertiary amines requires mobility of the adsorbed groups
to allow them to react with each other, which explains
why Ru catalysts are very selective towards primary
amines.**%]

In the following two sections, some examples are
given about the separate effects of the support and of the

e e CN CHy
CN [H] CN CD. [H] |
| + ?DZ » | | 2 —_— CH + (I:DZ
CH H,C HN I
3 N = Ru NH,
Ru Ru

Scheme 19. Mechanism proposed by Huang and Sachtler for the deuteration of acetonitrile.
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metal on the performance of the catalyst. These two
effects are so closely related that, generally, it is difficult
to isolate them.

5.2 Effect of the Support

The catalyst support can affect activity and selectivity.
Critical properties are surface area, pore volume, and
acidity. Metal dispersion increases with the support
surface area. Support porosity affects not only metal
dispersion but also metal sintering resistance and
intraparticle diffusion of reactants, products, and poi-
sons. On the other hand, addition of bases to the reaction
medium has been found to decrease the formation of
secondary and tertiary amines by a poisoning of the
surface acidic sites, which are responsible for the
coupling reactions. It is, therefore, to be expected that,
on decreasing the acidity of the support, a change in the
selectivity is found in favour of primary amines.

The effect of oxidative treatments on a C support for
the reductive amination of benzaldehyde with NH; over
Pd/C has recently been investigated. Oxidative treat-
ments led to higher amounts of oxygen surface groups
and, consequently, higher acidity of the support. The
increase in the number of acidic sites on the support
resulted in higher reaction rates. This was attributed to
the acid-catalysis of the imine homogeneous equilibria
formation and/or to a decrease in the concentration of
the gem-diamine inhibiting intermediates.*l In order to
get more insight into the role of the support in the
performance of the catalyst, our research group con-
tinued investigating the same reaction through a high-
throughput approach that allowed the simultaneous
screening of 24 catalysts with different metal compo-
nents and different C supports.®® In this study, it was
observed that oxidative treatments in the support
increase the activity of the catalyst, in agreement with
the previous findings. However, this was ascribed to a
higher metal surface area and metal dispersion in the
catalyst due to the fact that the new surface functional
groups can exchange protons with cationic metal
complexes in the impregnation and reduction processes
during the preparation of the catalyst.

Pd and Pt catalysts, with the same oxidised C support,
displayed completely different activities. Hence, not
only the nature of the support but also the nature of the
metal plays a role on the activity."

Regarding the selectivity, Ru and Pd catalysts with the
same support displayed completely different product
compositions under the same reaction conditions.!
Furthermore, a commercial Ru catalyst with a non-
treated support and another Ru catalyst, prepared in our
laboratory, with an oxidised support, showed different
activity but exactly the same selectivity.*”] From these
results, one could deduce that the nature of the support
is not decisive for the selectivity of the reaction.

Adv. Synth. Catal. 2002, 344, 1037-1057

Table 6. Selectivities towards the secondary amine of several
industrial Ni catalysts in the hydrogenation of lauronitrile.

catalyst metal con- t [s]@ sec. amine
tent [wt %] [mol % ]!
Ni/kieselguhr 50.6 420 20.1
Ni/ALO; 48.8 820 21.5
Ni/Cr,0; 40.1 2500 22.4
Raney Ni 67.3 4800 15.8

lal At total conversion.
[®] Each experiment was run at 45 bar and T=160 °C.

The results that Pasek et al. obtained during the
hydrogenation of lauronitrile on several industrial Ni
catalysts indicated as well that the carrier is not affecting
the selectivity (Table 6).[82]

Contrary to expectations, acidic carriers such as
kieselguhr, Al,O;, and Cr,0; did not bring about a rise
in the percentage of secondary amine (on pure Ni, even
more secondary amine was obtained, 25.4%). The higher
selectivity of Raney Nitowards the primary amine could
be explained by the presence of residual NaOH in the
catalyst.[2l

In the gas phase hydrogenation of benzonitrile and
acetonitrile with Ni on various supports, it was observed
that the activity of the catalysts was greatly influenced
by the type of support and decreased in the order Al,O;
> TiO, > SiO,-ALO; > SiO,. Exclusively primary
amine was formed in all four cases, irrespective of the
support used.[’™]

This is in disaccord with what a number of authors
have been claiming in the recent literature. As already
mentioned in the previous section, Verhaak et al.
considered the support as the locus of the acid-
catalysed condensation steps being, as a result, able to
tune the selectivity of the global reaction. 3

Ni/SiO, catalysts with different degrees of reduction
were tested in the gas phase hydrogenation of acetoni-
trile. A more reduced catalyst contains less nickel
hydrosilicate and is, therefore, less acidic. With increas-
ing reduction temperatures, the selectivity towards the
condensation products decreased (Table 7).

Several Ni catalysts supported on Al,O;-based car-
riers were tested in the same reaction. The intrinsic
acidity of the AL,O; supports was decreased by covering
their acidic sites with increasing amounts of K*. Higher
K" loadings induced higher catalytic selectivity towards
ethylamine.[®]

The same reaction was studied by Medina Cabello et
al. but, in this case, over Ni/Mg(Al)O catalysts prepared
by calcination of Ni/Mg/Al layered double hydroxides
(LDH) of the hydrotalcite type.’®! The selectivity
towards ethylamine depended on the Mg/(Mg -+ Ni)
ratio. An optimal Mg content [Mg/(Mg+ Ni) ~ 0.23]
was found for which ethylamine was obtained with
92.6% selectivity. The occurrence of this optimal value
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Table 7. Effect of the different degrees of reduction of Ni/
SiO, on the selectivity in the gas phase hydrogenation of
acetonitrile.

reduction selectivity [% ]*]

temperature : :

of the prim. sec. Schiff tert.
catalyst [°C]e) amine amine base amine
350 39 40 10 11
375 48 41 3 8
400 56 37 0 7
450 70 25 0 5

[al Temperature applied during the preparation of the Ni/SiO,
catalyst.
[®] Each experiment was run at 1 bar and T=125 °C.

was due to the counteracting effects of the reducibility of
Ni and the acidic character of the material, both
decreasing with the increase in the Mg loading.

Both effects of Mg should lead to an increase in the
selectivity towards primary amines. The reducibility of
Ni remained roughly the same for the first additions of
Mg, but underwent a steep decrease for Mg/(Mg + Ni)
> 0.4, because of the charge transfer from Mg to the Ni
sites. This decreases, in turn, the strength of the
interaction of imines and amines (electron donor
compounds) with the Ni surface and their faster
desorption slows down the subsequent condensation
reactions. With these explanations, the authors suggest-
ed that coupling reactions occur in both metal and acidic
sites.>]

The same research group, while studying the hydro-
genation of acetonitrile and valeronitrile in gas and
liquid phases, respectively, over the same type of
catalysts, with different Mg/Ni molar ratios, obtained
selectivities higher than 90% towards primary amines
for Mg/Ni molar ratios=0.3-1. As in the previous
work, the influence of Mg was not limited to the
inhibition of the acidic sites of the support, but also acted
on the metallic Ni particles by increasing their electron
density. A complementary explanation for the latter
effect was given by suggesting that the electron enrich-
ment of the Ni sites decreases the electron donation
from the imine, attenuating, as a consequence, the
nucleophilic attack from the amine. Therefore, the
basicity of the support would decrease the coupling
reactions in both Ni and support surfaces.®* More
recently, while retesting the gas phase hydrogenation of
acetonitrile under the same conditions, they ruled out
that the increased selectivity towards ethylamine is
correlated to the electronic modification at Ni sites and
they concluded that this is merely due to the decrease of
acidity of the catalyst.[8%]

Finally, in the context of the liquid phase hydro-
genation of long chain nitriles, the selectivities of Co/
Si0,-Al,0;, Co/Al,O;, and Co/C towards the produc-
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tion of the secondary amine were practically the same.
However, with Co/ZnO, this selectivity was much lower.
7ZnO is the least acidic support and, therefore, it has the
lowest catalytic activity in the reaction between the
primary imine and the primary amine. 3%

5.3 Effect of the Metal

The nature of the metal component is probably the
parameter that is having a major influence on the
activity and selectivity of the catalyst. The correlation
“metal type/catalyst performance” is, however, not
straightforward. There is an additional “metal struc-
ture/catalyst performance” relationship. Actually, the
performance of the catalyst depends on the preparation
method and, as a result, on the metal dispersion, metal
distribution (eggshell or uniform), degree of metal
reduction, etc. For instance, an increase in the metal
surface area (a decrease in the metal crystallites size) is
expected to increase the activity in the heterogeneous
reaction. Uniformly impregnated catalysts show lower
or higher activities than eggshell catalysts depending on
diffusion limitations. Moreover, when the oxidation
state of the metal component of the catalyst before use is
0, the dispersion of the metal in the catalyst is
presumably not the same as when the catalyst is
reduced in situ during the hydrogenation reaction.
Anecdotal evidence, in the case of Pd, suggests that,
when preparing highly dispersed clusters of just some
Angstroms in size, selectivity behaviour can be inverted
compared to nano-sized metallic clusters.?®! Compar-
isons between various metal catalysts are only mean-
ingful when using experiments in which all these
parameters are identical. This is usually difficult to
realise. For this reason, these considerations are often
ignored.

The product composition is substantially influenced
by the reaction conditions. However, in the reductive
amination of carbonyl compounds, Ni and Co are
generally used for the synthesis of primary amines
while catalysts based on noble metals have proven to be
very effective not only in the synthesis of primary, but
also secondary and tertiary amines.

Reductive amination of 4-methylcyclohexanone with
NH; afforded completely different product composi-
tions with 5 wt % Rh/C, Ru/C, or Pd/C as the catalysts
(Table 8).B2

There was almost no detectable reduction of the
ketone to the alcohol with 5 wt % Pd/C, more reduction
with 5 wt % Rh/C and complete reduction with 5 wt %
Ru/C. The Pd/C catalyst displayed higher selectivity
towards the secondary amine while 5wt % Rh/C
afforded a mixture of primary and secondary amine.*’]

In the reductive amination of acetone with aniline,
Swt % Ru/C appeared again not to be the most
convenient catalyst because only hydrogenation of the
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Table 8. Selectivities of Rh-, Ru-, and Pd-based catalysts in
the reductive amination of 4-methylcyclohexanone with NH;.

CH3
(|3| NH, NH OH
Ha ); i i
+ NH3 e + + + H,O
CHs CHs CHg CHs
catalyst selectivity [% weight][
prim. sec. alcohol
amine amine
5wt % Rh/C 44 40 16
5wt % Ru/C 0 0 100
5wt % Pd/C 27 72 1

[al Each experiment was run at 70 bar and T=100 °C; no
solvent was used, NH; was present as aqueous NHj; the
molar ratio NHs/ketone was 6.

aromatic ring and reduction of the ketone to the alcohol
took place. A similar result was obtained with 5 wt %
Rh/C. It appeared that 5 wt % Pd/C and 5 wt % Pt/C
were more effective for the synthesis of the required N-
isopropylaniline, although the low conversion with
5wt % Pt/C indicated severe catalyst poisoning, pre-
sumably by the alicyclic and aliphatic amine by-
products.”’l The susceptibility of Pt to be inhibited by
amines is well-documented in literature.!

As already stated in the previous section, 5 wt % Ru-
and Pd-based catalysts, supported on the same oxidised
C, exhibit completely different selectivities in the
reductive amination of benzaldehyde with NH;. At
total conversion, and with a molar ratio NH,/
benzaldehyde = 16, the reaction mixture consisted of
65% dibenzylamine and 35% benzylamine, when the Pd
catalyst was used, while 98% benzylamine and only 2%
dibenzylamine were found with the Ru catalyst. Under
identical conditions, 5 wt % Pt/C catalysts showed very
little activity, presumably due to the inhibition by
amines. In this case, 5 wt % Ru/C is a highly active and
selective catalyst (no side-products are detected). Even
under more unfavourable conditions for the synthesis of
the primary amine (molar ratio NHs/benzaldehyde = 2),
77% benzylamine and only 19% dibenzylamine and 4%
benzyl alcohol were obtained with the Ru catalyst. With
the Pd catalyst, 85% dibenzylamine, 7.5% benzylamine
and 7.5% benzyl alcohol were formed under these
conditions.[*]

In the case of the hydrogenation of nitriles, there is a
consensus that the selectivity towards secondary and
tertiary amines increases in the order Co <Ni <Ru
<Rh <Pd <Pt. However, the products obtained
depend markedly not only on the catalyst but also on
whether the nitrile is aliphatic or aromatic.

Adv. Synth. Catal. 2002, 344, 1037-1057

Greenfield compared several catalysts for the hydro-
genation of butyronitrile. Ni and Co catalysts appeared
to be the best for the preparation of butylamine, Rh was
the best for the formation of dibutylamine, and Pt and
Pd were the most convenient for tertiary amine
formation.®!

Co, Ni, and Cu catalysts were used for the hydro-
genation of lauronitrile. Co appeared to be more
selective towards the primary amine while Ni was
more selective towards the secondary amine. In com-
parison with Co and Ni, Cushowed a considerably lower
catalytic activity (Table 9).180%

The hydrogenation of butyronitrile in aqueous NH;
showed also dissimilar selectivities when using Pd-, Pt-,
Rh-, or Ru-based catalysts (Table 10)."]

Different selectivities were also observed in the
hydrogenation of benzonitrile with Pd/C, Pt/C, or Rh/
C as the catalysts (Table 11).5]

In this case, Pt and Rh behaved much alike and
showed selectivity to the secondary amine whereas Pd
gave mixtures of primary and secondary amine with the
former predominating.

Huang and Sachtler studied the liquid and gas phase
hydrogenation of butyronitrile over various NaY-
supported Ru, Rh, Ni, Pd, and Pt catalysts.®!l In the
liquid phase, Ru/NaY showed the highest selectivity to
butylamine. Rh/NaY and Ni/NaY were more selective
to the secondary amine but their selectivity towards the

Table 9. Selectivities of Co-, Ni-, and Cu-based catalysts in
the hydrogenation of lauronitrile.

metal t [min] conver- selectivity [%]
sion [% ][
prim. sec.
amine amine
Co 180 100 77 23
Ni 120 100 24 76
Cu 1200 20 - 100

[l Each experiment was run at 1 bar and T =120 °C.

Table 10. Selectivities of Pd-, Pt-, Rh-, and Ru-based
catalysts in the hydrogenation of butyronitrile.

catalyst T[°C] t[h]® yield [mol %]®!
prim.  sec. tert.
amine amine amine
Swt% Pd/C 125 0.8 - 3 97
Swt% P/C 125 0.8 - 3 97
Swt% Rh/C  75-110 1 - 100 -
S5wt% Ru/C 125 0.8 88.5 85 -

[l Experiments continued until gas adsorption stopped or
became very slow.

[l Each experiment was run with 0.3 moles butyronitrile and
2.6 moles NH; in 175 mL H,O at 30 - 40 bar.
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Table 11. Selectivities of Pd-, Pt-, and Rh-based catalysts in
the hydrogenation of benzonitrile.

catalyst selectivity [% ] ®]
prim. amine sec. amine
5wt % Pd/C 59 41
5wt % Pt/C - 93
5wt % Rh/C - 100

[l As determined by gas chromatography.
[l Each experiment was run at 3 bar and T=25 °C in EtOH
as the solvent.

primary amine was still quite high. Pd/NaY and Pt/NaY
produced almost exclusively dibutylamine (Table 12).

In the gas phase, Ru/NaY was highly selective to
butylamine. Pd/NaY was highly selective to dibutyl-
amine and Pt/NaY to tributylamine. Ni/NaY and Rh/
NaY displayed selectivities intermediate between these
extreme situations (Table 13).

The selectivity to each reaction product was similar in
the gas and in the liquid phase indicating, according to
these authors, that no liquid phase was required for the
condensation steps.[®'< It followed from these data that
the type of metal was decisive for the selectivity whereas
the effect of the support was not significant.

Table 12. Selectivities of several NaY-supported catalysts in
the liquid phase hydrogenation of butyronitrile.

catalyst  t[h] nitrile  selectivity [mol %]

conver- ;

sion prim.  sec. sec. tert.

[% ] amine imine amine amine
Ru/NaY 8 89.2 67.9 228 9.2 0.1
Rh/NaY 2 93.8 442 4.5 51.0 0.2
Ni/NaY 3 99.8 235 0.3 61.2 15.0
Pd/NaY 7 89.9 3.6 0.1 94.8 1.4
Pt/NaY 7 75.9 2.9 0.1 88.8 7.3

[l Each experiment was run at 25bar and T=110°C in
heptane as the solvent.

Table 13. Selectivities of several NaY-supported catalysts in
the gas phase hydrogenation of butyronitrile.

catalyst  t[h] nitrile  selectivity [mol %]

conver- ;

sion prim.  sec. sec. tert.

[% ]! amine imine amine amine
Ru/NaY 5 1.75 69.7 26.4 3.14 0.84
Rh/NaY 5 11.7 452 120 404 247
Ni/NaY 5 234 19.9 9.89 379 323
Pd/NaY 5 1.0 2.58 0 88.1 9.34
Pt/NaY 5 8.6 0.76 0.65 23.1 75.5

[al P (butyronitrile) = 0.03 bar; 30 mL/min H,; T=280 °C.
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6 Conclusions

Despite the complexity of the reductive amination of
carbonyl compounds and the hydrogenation of nitriles,
both reactions can usually be controlled to some extent
by the reaction conditions and, for the greater part, by
the catalyst choice. To justify the contradictory results
obtained with the various catalysts, different mecha-
nisms have been proposed, in which the metallic
component of the catalyst is always the locus of the
hydrogenation reaction. More discrepancies exist con-
cerning the location of the condensation reactions.
Earlier proposals were heavily founded on homoge-
neous condensation steps while, more recently, it has
been claimed that both condensation and hydrogena-
tion reactions proceed heterogeneously. The locus of the
condensation reactions would be, thus, the metal and/or
the support of the catalyst. Some authors report that
certain supports affect the selectivity and can, conse-
quently, be considered as the locus of the condensation
steps, while others deny this and propose the metallic
component as the locus, not only of the hydrogenation
steps, but also of the coupling reactions.

Unfortunately, none of these mechanistic proposals
seems to hold the “absolute truth”. A large variety of
pre-equilibria is involved in these processes. This,
together with the great number of parameters that
define the structure of the catalysts, makes mechanistic
studies very difficult and leads to inconsistencies when
comparing experiments with disparate starting com-
pounds, reaction conditions, and catalysts.

In our opinion, most evidence suggests that the
selectivity is tuned by the nature of the metal, while
the support merely helps to increase the metal dispersion
and, therefore, the activity of the catalysts. However, it is
still not completely clear whether the coupling reactions
proceed in the liquid phase or at the surface of the metal.
Our work on the reductive amination of benzaldehyde
with NHj; suggests that these steps most likely occur
in the liquid phase, whereas the ability of the metal
component of the catalyst to hydrogenate the secondary
imine determines the selectivity. Further studies have to
be carried out to get more insight into this issue.

References

[1] a) R. Leuckart, Ber. dtsch. chem. Ges. 1885, 18, 2341;
b) O. Wallach, Ann. 1905, 343, 54; c) R. D. Bach, J. Org.
Chem. 1968, 33, 1647.

[2] a) K. A. Schellenberg, J. Org. Chem. 1963, 28, 3259; b) S.
Kim, C. H. Oh, J. S. Ko, K. H. Ahn, Y.J. Kim, J. Org.
Chem. 1985, 50, 1927, c)B.C. Ranu, A. Majee, A.
Sarkar, J. Org. Chem. 1998, 63, 370.

[3] @) C. L. Barney, E. W. Huber, J. R. McCarthy, Tetrahe-
dron Lett. 1990, 31, 5547; b) N. J. Ashweek, 1. Coldham,
G. P. Vennall, Tetrahedron Lett. 2000, 41, 2235.

Adv. Synth. Catal. 2002, 344, 1037-1057



Reductive Amination of C=O/Hydrogenation of C=N Groups

REVIEWS

[4] a) C. F. Winans, US Patent 2,217,630, 1940; b) L. A.
Stegemeyer, US Patent 2,408,959, 1946; c) P. N. Ryland-
er, US Patent 3,117,162, 1964; d) H. Greenfield, R.S.
Sekellick, US Patent 3,923,891, 1975; ¢) R. J. Allain, G. D.
Smith, US Patent 4,375,003, 1983; f) U. Dingerdissen, W.
Hoelderich, US Patent 5,290,932, 1994; g) A. Marhold, E.
Kysela, US Patent 6,137,011, 2000; h) C. N. Clubb, World
Patent Application No. W0O00/24703, 2000; i) F. Wieczor-
ek, G. Konetzke, K. Schmidt, M. Schulte, D. Kupies, DE
Patent 19935448, 2001.

[5] a) W. S. Emerson, Organic Reactions 1948, 4, 174; b) M.
Freifelder, Practical Catalytic Hydrogenation, Wiley,
New York, 1971, pp. 238-260; c)P.N. Rylander,
Catalytic Hydrogenation in Organic Syntheses, Academ-
ic Press, New York, 1979, pp. 165-174; d) M. V. Klyuey,
M. L. Khidekel, Russ. Chem. Rev. 1980, 49, 14; ¢) P.N.
Rylander, Hydrogenation Methods, Academic Press,
London, 1985, pp. 94-103; f) C. De Bellefon, P.
Fouilloux, Catal. Rev. Sci. Eng. 1994, 36, 459; g)T.
Mallat, A. Baiker, Handbook of Heterogeneous Catal-
ysis, Vol. 5 (Eds.: G. Ertl et al.), VCH, Weinheim, 1997,
pp. 2334-2348; h) V. A. Tarasevich, N. G. Kozlov, Russ.
Chem. Rev. 1999, 68, 55.

[6] G. Mignonac, Compt. Rend. 1921, 172, 223.

[7] E. J. Schwoegler, H. Adkins, J. Am. Chem. Soc. 1939, 61,
3499.

[8] a) A. Le Bris, G. Lefevre, F. Coussemant, Bull. Soc.
Chim. Fr. 1964, 31, 1366; b) A. Le Bris, G. Lefevre, F.
Coussemant, Bull. Soc. Chim. Fr. 1964, 31, 1374;c) A. Le
Bris, G. Lefevre, F. Coussemant, Bull. Soc. Chim. Fr.
1964, 31, 1584; d) A. Le Bris, G. Lefevre, F. Coussemant,
Bull. Soc. Chim. Fr. 1964, 31, 1594.

[9] R. E. Malz, Jr., H. Greenfield, Stud. Surf. Sci. Catal., Vol.
59 (2" International Symposium on Heterogeneous
Catalysis and Fine Chemicals, Eds.: M. Guisnet et al.),
Elsevier, Amsterdam, 1991, pp. 351 -358.

[10] I. J. Pachter, G. Suld, J. Org. Chem. 1960, 25, 1680.

[11] M. A. Popov, N. 1. Schuikin, /zv. Akad. Nauk SSSR, Otd.
Khim. Nauk 1962, 1082.

[12]J.J. Birtill, M. Chamberlain, J. Hall, R. Wilson, I
Costello, Catalysis of Organic Reactions, (17" Confer-
ence on Catalysis of Organic Reactions, Ed.: F E.
Herkes), Dekker, New York, 1998, pp. 255-271.

[13] A. W. Heinen, J. A. Peters, H. van Bekkum, Eur. J. Org.
Chem. 2000, 2501.

[14] S. Archer, T. R. Lewis, M. J. Unser, J. O. Hoppe, H. Lape,
J. Am. Chem. Soc. 1957, 79, 5783.

[15] a) J. A. Thoma, J. J. M. Deumens, US Patent 3,658,824,
1972; b) A. P. Bonds, H. Greenfield, Catalysis of Organic
Reactions, (13™ Conference on Catalysis of Organic
Reactions, Ed.: W. E. Pascoe), Dekker, New York, 1992,
pp. 65-78.

[16] a) C. F. Winans, H. Adkins, J. Am. Chem. Soc. 1933, 55,
2051; b) K. N. Campbell, A. H. Sommers, B. K. Camp-
bell, J. Am. Chem. Soc. 1944, 66, 82; c) D. G. Norton,
V. E. Haury, F. C. Davis, L. J. Mitchell, S. A. Ballard, J.
Org. Chem. 1954, 19, 1054.

[17] M. A. Laurent, Ann. Chem. 1837, 21, 130.

Adv. Synth. Catal. 2002, 344, 1037-1057

[18] T.I. Crowell, R.K. McLeod, J. Org. Chem. 1967, 32,
4030.

[19] Y. Ogata, A. Kawasaki, N. Okumura, J. Org. Chem. 1964,
29, 1985.

[20] S. Gobolss, E. Talas, M. Hegediis, J. L. Margitfalvi, J.
Ryczkowski, Stud. Surf. Sci. Catal., Vol. 59 (2" Interna-
tional Symposium on Heterogeneous Catalysis and Fine
Chemicals, Eds.: M. Guisnet et al.), Elsevier, Amster-
dam, 1991, pp. 335-342.

[21]R.E. Malz, Jr., E.H. Jancis, M.P. Reynolds, S.T.
O’Leary, Catalysis of Organic Reactions, (15" Confer-
ence on Catalysis of Organic Reactions, Eds.: M. G.
Scaros, M. L. Prunier), Dekker, New York, 1994, pp.
263-271.

[22] a) J. F. Olin, E. J. Schwoegler, US Patent 2,373,705, 1945,
b) C.N. Robinson, Jr., J. F. Olin, US Patent 2,477,943,
1949; c) R.R. Whetstone, S. A. Ballard, US Patent
2,636,051, 1953.

[23] J. von Braun, G. Blessing, F. Zobel, Ber. dtsch. chem. Ges.
1923, 56, 1988.

[24] K. Kindler, F. Hesse, Arch. Pharm. 1933, 271, 4309.

[25] H. Greenfield, Ind. Eng. Chem., Prod. Res. Dev. 1967, 6,
142.

[26] J. Volf, J. Pasek, Stud. Surf. Sci. Catal., Vol. 27 (Catalytic
Hydrogenation, Ed.: L. Cerveny), Elsevier, Amsterdam,
1986, pp. 105 -144.

[27] P. N. Rylander, L. Hasbrouck, Engelhard Ind. Tech. Bull.
1970, 11, 19.

[28] S. Gomez, J. A. Peters, J. C. van der Waal, F. King, T.

Maschmeyer, unpublished results.

| A. Skita, F. Keil, Ber. dtsch. chem. Ges. 1928, 61, 1452.

| A. Skita, F. Keil, Z. Aligem. Chem. 1929, 42, 501.

] W. Hiickel, R. Kupka, Chem. Ber. 1956, 89, 1694.

]

Metals, Academic Press, New York, 1967, pp. 291 -303.

[33] Y. Ikutani, Bull. Chem. Soc. Jpn. 1969, 42, 2330.

[34] M. Freifelder, Practical Catalytic Hydrogenation, Wiley,
New York, 1971, pp. 333 -345.

[35] M. Freifelder, Practical Catalytic Hydrogenation, Wiley,
New York, 1971, pp. 313-332.

[36] H. L. Lochte, J. Horeczy, P. L. Pickard, A. D. Barton, J.
Am. Chem. Soc. 1948, 70, 2012.

[37] M. Métayer, Ng. Dat-Xuong, Bull. Soc. Chim. Fr. 1954,
21, 615.

[38] W. H. Hartung, J. Am. Chem. Soc. 1928, 50, 3370.

[39] G. Cignarella, U. Teotino, J. Am. Chem. Soc. 1960, 82,
1594.

[40] E. Miller, J. M. Sprague, L. W. Kissinger, L. F. McBur-
ney, J. Am. Chem. Soc. 1940, 62, 2099.

[41] K. W. Rosenmund, E. Pfankuch, Ber. dtsch. chem. Ges.
1923, 56, 2258.

[42] a) A. M. Mattocks, O. S. Hutchison, J. Am. Chem. Soc.
1948, 70, 3516; b) F. F. Blicke, W. A. Gould, J. Org.
Chem. 1958, 23, 1102.

[43] E. R. Alexander, A.L. Misegades, J. Am. Chem. Soc.
1948, 70, 1315.

[44] M. Green, US Patent 3,187,047, 1965.

[45] W. H. Carothers, G. A. Jones, J. Am. Chem. Soc. 1925, 47,
3051.

1055



REVIEWS

Silvia Gomez et al.

[46] F. E. Gould, G.S. Johnson, A.F. Ferris, J. Org. Chem.
1960, 25, 1658.

[47] C. F. Winans, J. Am. Chem. Soc. 1939, 61, 3566.

[48] A.M. C.F. Castelijns, P.J. D. Maas, EP Patent 0644177,
1995.

[49] S. Gomez, J. A. Peters, J. C. van der Waal, W. Zhou, T.
Maschmeyer, Catal. Lett., in press.

[50] K. Nagareda, Y. Tokuda, S. Suzuki, EP Patent 0878462,
1998.

[51] W. Huber, J. Am. Chem. Soc. 1944, 66, 876.

[52] a) F. Borninkhof, J. W. Geus, M. I. . M. Verhaak, EP
Patent 0566197, 1993; b) B. Breitscheidel, P. Polanek, G.
Voit, T. Witzel, G. Linden, M. Hesse, US Patent
5,696,048, 1997; c) M. J. Harper, World Patent Applica-
tion No. WO00/27526, 2000.

[53] a) O. Immel, D. Liebsch, H.-H. Schwarz, S. Wendel, P.
Fischer, US Patent 5,268,509, 1993; b) M.J. Harper,
World Patent Application No. WO00/27525, 2000.

[54] M. Freifelder, J. Am. Chem. Soc. 1960, 82, 2386.

[S5] P.N. Rylander, Catalytic Hydrogenation in Organic
Syntheses, Academic Press, New York, 1979, pp. 138—
152.

[56] F. Medina Cabello, D. Tichit, B. Coq, A. Vaccari, N. T.
Dung, J. Catal. 1997, 167, 142.

[57] H. Greenfield, Ind. Eng. Chem., Prod. Res. Dev. 1976, 15,
156.

[58] F. E. Herkes, US Patent 4,885,391, 1989.

[59] P. F. Jackisch, US Patent 4,521,624, 1985.

[60] Y. Huang, V. Adeeva, W. M. H. Sachtler, Appl. Catal. A:
Gen. 2000, 196, 73.

[61] H. P. Young, Jr., C. W. Christensen, US Patent 2,287,219,
1942.

[62] N. Waddleton, GB Patent 1321981, 1973.

[63] P. Thirion, US Patent 3,442,951, 1969.

[64] M. Grunfeld, US Patent 2,449,036, 1948.

[65] F. Fluchaire, F. Chambret, Bull. Soc. Chim. Fr. 1944, 11,
22.

[66] R. J. Bergeron, J. R. Garlich, Synthesis 1984, 782.

[67] M. Besson, G. Cordier, P. Fouilloux, J. Masson, World
Patent Application No. W0O95/17960, 1995.

[68] S. N. Thomas-Pryor, T. A. Manz, Z. Liu, T. A. Koch, S. K.
Sengupta, W. N. Delgass, Catalysis of Organic Reactions,
(17" Conference on Catalysis of Organic Reactions, Ed.:
F. E. Herkes), Dekker, New York, 1998, pp. 195 -206.

[69] M. F. Zuckerman, US Patent 4,739,120, 1988.

[70] T. A. Johnson, US Patent 5,869,653, 1999.

[71] M. Kalina, 1. Pashek, Kinet. Catal. 1969, 10, 469.

[72] A. Galan, J. de Mendoza, P. Prados, J. Rojo, A. M.
Echavarren, J. Org. Chem. 1991, 56, 452.

[73] a) G. Hockele, US Patent 3,558,709, 1971; b) L. D. Brake,
US Patent 3,597,438, 1971; c) R. A. Plunkett, J. L. Neff,
T. A. Bemish, US Patent 4,163,025, 1979; d) K. Fujii, K.
Nishihira, H. Sawada, S. Tanaka, M. Nakai, T. Inoue, H.
Yoshida, K. Oomori, GB Patent 2118172, 1983; ¢) F.
Merger, R. Fischer, W. Harder, C.-U. Priester, U. Vagt,
US Patent 4,963,672, 1990; f) F. Merger, R. Fischer, W.
Harder, C.-U. Priester, U. Vagt, US Patent 5,068,398,
1991; ¢) P. A. M. Grotenhuis, FR Patent 2656864, 1991,
h) F. Merger, C.-U. Priester, T. Witzel, G. Koppenhoefer,

1056

L. Schuster, US Patent 5,166,443, 1992; i) H.-J. Weyer,
H. J. Mercker, R. Becker, EP Patent 0663389, 1995; j) T.
Fuchigami, S. Takamizawa, N. Wakasa, World Patent
Application No. WO00/46179, 2000.

[74] a) A. C. Cope, E. M. Hancock, J. Am. Chem. Soc. 1942,
64, 1503; b) R. W. Iles, W. S. Worrall, J. Org. Chem. 1961,
26, 5233.

[75] F. S. Dovell, H. Greenfield, J. Am. Chem. Soc. 1965, 87,
2767.

[76] H. Abe, T. Katoh, H. Tajima, K. Sotoya, EP Patent
0372544, 1990.

[77] a) C. F. Winans, J. Am. Chem. Soc. 1939, 61, 3564,
b) A. R. Surrey, G. Y. Lesher, J. Am. Chem. Soc. 1956,
78, 2573; ¢) G. Grethe, H. L. Lee, M. Uskokovic, A.
Brossi, J. Org. Chem. 1968, 33, 491.

[78] K. Adam, E. Haarer, FR Patent 1468354, 1967.

[79] a) R. E. Malz, Jr., C.-Y. Lin, H. Greenfield, Catalysis of
Organic Reactions, (13" Conference on Catalysis of
Organic Reactions, Ed.: W. E. Pascoe), Dekker, New
York, 1992, pp. 369-371; b) M. G. Scaros, P. K. Yonan,
M. L. Prunier, S. A. Laneman, O. J. Goodmonson, R. M.
Friedman, Catalysis of Organic Reactions, (15" Confer-
ence on Catalysis of Organic Reactions, Eds.: M. G.
Scaros, M. L. Prunier), Dekker, New York, 1994, pp.
457 -460; c) B. Weuste, M. Bergfeld, US Patent 5,430,187,
1995.

[80] a) M. Blanchard, J. Barrault, A. Derouault, Stud. Surf
Sci. Catal., Vol. 63 (Preparation of Catalysts V, Ed.: G.
Poncelet et al.), Elsevier, Amsterdam, 1991, pp. 687 -
693; b) J. L. Dallons, A. Van Gysel, G. Jannes, Catalysis
of Organic Reactions, (13™ Conference on Catalysis of
Organic Reactions, Ed.: W. E. Pascoe), Dekker, New
York, 1992, pp. 93-104; c) M. J. E. M. Verhaak, A.J.
van Dillen, J. W. Geus, Catal. Lett. 1994, 26, 37; d) D.
Tichit, F. Medina, R. Durand, C. Mateo, B. Coq, J. E.
Sueiras, P. Salagre, Stud. Surf. Sci. Catal., Vol. 108 (4
International Symposium on Heterogeneous Catalysis
and Fine Chemicals, Ed.: H. U. Blaser et al.), Elsevier,
Amsterdam, 1997, pp. 297 -304; e) N. T. Dung, D. Tichit,
B. H. Chiche, B. Coq, Appl. Catal. A: Gen. 1998, 169, 179.

[81] a) J. Pasek, N. Kostova, B. Dvorak, Collect. Czech. Chem.
Commun. 1981, 46, 1011; b) C. V. Rode, M. Arai, M.
Shirai, Y. Nishiyama, Appl. Catal. A: Gen. 1997, 148, 405;
¢) Y. Huang, W. M. H. Sachtler, Appl. Catal. A: Gen.
1999, 182, 365.

[82] L. F. Kuntschik, O. W. Rigdon, US Patent 3,976,697, 1976.

[83] I. D. Dobson, P.S. Williams, W. A. Lidy, EP Patent
0284398, 1988.

[84]J. Nouwen, A. Hohn, H. Neuhauser, F. Funke, S. A.
Schunk, J.-P. Melder, K. Eger, M. Hesse, J. Wulff-Doring,
US Patent 2001/0003136, 2001.

[85] a) J. Wulff-Doring, J.-P. Melder, G. Schulz, G. Voit, F.
Gutschoven, W. Harder, US Patent 5,916,838, 1999; b) J.
Wulff-Doring, J-P. Melder, G. Schulz, G. Voit, F
Gutschoven, W. Harder, US Patent 5,958,825, 1999.

[86] W. Kiel, DE Patent 19929345, 2000.

[87] A. Furutani, T. Hibi, M. Yamamoto, K. Tanaka, K. Tada,
M. Fukao, G. Suzukamo, EP Patent 0623585, 1994.

[88] B. D. Dombek, T. T. Wenzel, EP Patent 0394968, 1990.

Adv. Synth. Catal. 2002, 344, 1037-1057



Reductive Amination of C=O/Hydrogenation of C=N Groups

REVIEWS

[89] G. Deckers, D. Frohning, EP Patent 0547505, 1993.

[90] G. Cordier, P. Fouilloux, N. Laurain, World Patent
Application No. W0O95/17959, 1995.

[91] R. L. Zimmerman, P. S. E. Dai, EP Patent 0524717, 1993.

[92] F. Hochard, H. Jobic, J. Massardier, A. J. Renouprez, J.
Mol. Catal. A: Chem. 1995, 95, 165.

[93]J. Lehtonen, T. Salmi, A. Vuori, E. Tirronen, Org.
Process Res. Dev. 1998, 2, 78.

[94] Y. Huang, W. M. H. Sachtler, J. Catal. 1999, 184, 247.

[95] Y. Huang, W. M. H. Sachtler, Stud. Surf. Sci. Catal., Vol.
130A (12" International Congress on Catalysis, Ed.: A.
Corma), Elsevier, Amsterdam, 2000, pp. 527 —-532.

[96] S. Gomez, J. A. Peters, J. C. van der Waal, T. Masch-
meyer, Appl. Catal. A: Gen., submitted.

[97] H. Greenfield, Catalysis of Organic Reactions (14
Conference on Catalysis of Organic Reactions, Eds.:
J. R. Kosak, T. A. Johnson), Dekker, New York, 1994,
pp. 265-2717.

[98] a) T. S. Hamilton, R. Adams, J. Am. Chem. Soc. 1928, 50,
2260; b) J. M. Devereux, K. R. Payne, E. R. A. Peeling, J.
Chem. Soc. 1957, 2845; c) E. R. A. Peeling, D. K. Shipley,
Chem. Ind. 1958, 362; d) H. Greenfield, J. Org. Chem.
1964, 29, 3082.

Adv. Synth. Catal. 2002, 344, 1037-1057

1057



