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A rhodium(I) complex containing chloro and hexylamine was obtained. This species shows catalytic activity
for the 1-heptyne semihydrogenation under at mild conditions (303 K and 150 kPa) in homogeneous as well
as heterogeneous systems usingγ-alumina as support. Fourier transform infrared (FTIR) spectra indicate that
the hexylamine molecule is one of the ligands present in the complex species. On the other hand, the analysis
of the results of X-ray photoelectron spectroscopy (XPS) and elemental composition suggest that the complex
is tetracoordinated with an empirical formula [RhCl(NH2(CH2)5CH3)3], and that it attaches to the support and
is not destroyed under reaction conditions. The absence of complex leaching from the supported catalyst was
verified by XPS, atomic absorption analysis for Rh in solution, and catalyst reuse tests. When supported, the
complex shows higher activity and selectivity than it does when it is unsupported, and also higher activity
than the classic Lindlar catalyst used as a reference; this fact may be attributed, at least in part, to electronic
and geometric effects.

1. Introduction

There is widespread agreement in the literature regarding the
academic and industrial importance of hydrogenation reactions.1-3

This is due to the utility of many products obtained via this
type of reactions, such as some biologically active compounds.
Hydrogenation of alkynes is particularly relevant, with the
premise of avoiding overhydrogenation to simple bonds.

In this respect, the Lindlar catalyst, consisting of metallic Pd
on calcium carbonate support modified with lead(II) acetate,
has become, in the past decade, a reference catalyst for the
hydrogenation of unsaturated systems. Many other metallic and
bimetallic catalysts,4-9 as well as catalysts based on complex
species, have been studied in homogeneous10 and heterogeneous
systems.11,12The latter have some advantages over homogeneous
systems, namely easy separation from fluid media, the possibility
of continuous operation,13 and the avoidance of costly purifica-
tion stages.

Research activity has progressively tended to work under
milder conditions of pressure and temperature, and to achieve
higher activities and selectivities, especially in the cases of
catalysts based on transition metal complexes.14-17 A major part
of the effort has been devoted to the semihydrogenation of short
chain alkynes such as ethyne,13,18 with few works related to
longer chain alkynes.

Our previous work has covered aspects related to the use of
transition metal complexes, unsupported or supported on
alumina or active carbon, as catalysts in the selective hydro-
genation of double and triple bonds of cyclic and linear
hydrocarbons.19-26 The present work is aimed at preparing a
rhodium complex with chloride and hexylamine as ligands, to
be anchored onγ-alumina and evaluated as a catalyst in the
semihydrogenation of 1-heptyne, a relatively high molecular
weight alkyne presenting a terminal triple bond. Comparison

with the same complex in homogeneous conditions is also
addressed. Data for the Lindlar catalyst at the same hydrogena-
tion conditions are used as a reference. The possibility of reusing
the supported catalyst is also evaluated.

2. Experimental Section

2.1. Preparation and Purification of the Complex. The
Rh-chloride-hexylamine complex was obtained by reaction
of RhCl3 (Aldrich, Catalog No. 30786-6) with hexylamine
(Aldrich, Catalog No. 21970-3; CH3(CH2)5NH2, HA) in toluene
under an Ar atmosphere, at 353 K, with HA/RhCl3 ) 6
mol/mol.

The purification was made by column chromatography, with
silica gel as the stationary phase and chloroform-methanol (5/1
vol/vol) as the solvent. All of the aliquots were analyzed
for excess HA by means of plate chromatography, and then
HA-free fractions were collected and evaporated in a rotary
evaporator to obtain a yellow-brown solid.

2.2. Complex Heterogenization.A 0.3 wt % Rh heteroge-
neous catalyst was prepared by the incipient wetness technique21

on Ketjen CK 300γ-alumina (cylinders of 1.5 mm diameter,
BET surface area 180 m2 g-1, pore volume 0.52 mL g-1),
previously calcined in air at 773 K for 3 h. The Rh com-
plex was dissolved in a mixture of chloroform-methanol (5/1
vol/vol) to impregnate 0.075 g ofγ-alumina.

2.3. Complex and Catalyst Characterization. 2.3.1. Com-
plex Elemental Composition.The elemental composition was
evaluated for the pure complex and for the supported one as
well. Determinations were made for rhodium, chlorine, and
nitrogen, according to standard methods.27-30

2.3.2. X-ray Photoelectron Spectroscopy (XPS).To char-
acterize the pure complex, two kinds of data were obtained by
XPS on a Shimadzu ESCA 750 electron spectrometer coupled
to a Shimadzu ESCAPAC 760 data system: (a) the binding
energies corresponding to Rh 3d5/2, N 1s1/2, and Cl 2p3/2 and
(b) the superficial atomic ratios N/Rh and Cl/Rh, to determine
the complex minimum formula. Likewise, to investigate if such
variables kept their values, the same analyses were performed
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for the supported complex before and after reaction. Addition-
ally, the superficial atomic ratio Rh/Al was obtained, to detect
a possible support-to-solution complex transfer. The Pd 3d5/2

binding energy was also determined for the Lindlar catalyst. In
all cases the C 1s line was taken as an internal standard at 285.0
eV, to correct deviations caused by electronic charges of the
samples. The samples were introduced into the sample holder
following the operational procedures described in the literature,31

to ensure that there were no modifications of the electronic states
of the species analyzed. No electronic modifications occurred
on exposure of the samples to the atmosphere for different
periods. The atomic ratios were determined by comparing the
areas under the peaks after background subtractions and
corrections due to differences in escape depths and in photo-
ionization cross sections.32

2.3.3. Fourier Transform Infrared Spectroscopy (FTIR).
The characteristic IR group frequencies corresponding to
hexylamine33 were used to determine whether this molecule was
part of the obtained compound as a ligand. The spectra of the
pure complex and that of hexylamine were determined by FTIR
in the 4600-200 cm-1 range in a Shimadzu 8101/8101 M
spectrometer. The equipment has a Michelson-type optical
interferometer. Two chambers are available to improve the
quality of the spectra. The first one has a pyroelectric detector
made of a high-sensitivity LiTaO element, and the other has an
MCT detector and the possibility to create a controlled N2 (or
dry air) atmosphere. The solid samples were dried at 353 K,
and they were examined in potassium bromide disks in a
concentration ranging from 0.5 to 1% to ensure nonsaturated
spectra.

2.4. Catalytic Evaluation. The catalytic evaluation was
performed for the selective hydrogenation of 1-heptyne to
1-heptene, using 100 mL of a 0.15 M solution of 1-heptyne
(Fluka, Catalog No. 51950) in toluene (EM Science, Catalog
No. TX0735-5). The reaction was carried out in a PTFE-coated
batch stainless steel stirred tank reactor, with a stirring speed
of 600 rpm. The following three systems were used as
catalysts: (a) the alumina-supported Rh complex (0.3 wt %
Rh, 0.075 g), (b) the Rh complex in homogeneous condition,
and (c) the Lindlar catalyst (Aldrich, Catalog No. 20573-7). In
all three cases the same 1-heptyne/metal ratio (6.95× 103

mol/mol) was used.
Every catalytic test was carried out in triplicate, at optimum

values of temperature and pressure determined in the same way
as previously reported:23 P ) 150 kPa,T ) 303 K, with a
relative experimental error of about 3%.

The possibility of diffusional limitations was also investigated.
Experiments revealed a constancy of the activity above 500 rpm,
thus indicating the absence of external diffusional limitations
at the rotary speed selected (600 rpm). On the other hand, to
ensure also the absence of intraparticle mass-transfer limitations,
the heterogenized complex catalyst was crushed up to one-fourth
the original size of the commercialγ-Al2O3 used as the support.
Runs executed with the crushed complex catalyst exhibited the
same conversion as that corresponding to the noncrushed
catalyst; this fact provided evidence that internal diffusional
limitations were absent from our experiments.34,35

The analyses of reactants and products were made by gas
chromatography using a flame ionization detector and a CP Sill
88 capillary column.

2.5. Complex Leaching. To evaluate the possibility of
complex leaching during the supported complex evaluation, two
experiments were performed to complement the XPS informa-
tion (section 2.3.2). On one hand the remaining solution from

the heterogeneous run was analyzed for rhodium by atomic
absorption spectroscopy. On the other hand, three successive
additional runs were performed with the same catalyst used
initially, for the same reaction and operative conditions (catalyst
reuse tests).

3. Results

Figure 1 is a plot of the weight percentage (on a solvent-free
basis) of 1-heptyne, 1-heptene, and heptane vs time, corre-
sponding to the runs in which the Lindlar catalyst, the supported
complex, and the unsupported complex were used. Typical
profiles for a consecutive reaction alkyne-alkene-alkane were
attained in all cases.

The conversions of 1-heptyne to 1-heptene and to heptane
vs total 1-heptyne conversion are shown in Figure 2.

The selectivity to 1-heptene is another important aspect to
be taken into account. It is presented in Figure 3 as a function
of total 1-heptyne conversion. As a consequence of the
decreasing conversion of 1-heptyne to 1-heptene beyond the
maxima shown in Figure 2 and the increasing heptane produc-
tion, the selectivity also undergoes a noticeable diminishment.

In all three consecutive runs performed with the same
supported catalyst, the corresponding reaction profiles obtained
were almost the same as that corresponding to the fresh catalyst;
the values were accurate well below the(3% experimental error
affecting the catalytic tests.

Figure 1. Reaction profiles for: alumina-supported complex, unsupported
complex, and Lindlar catalyst.PH2 ) 150 kPa;T ) 303 K.

Figure 2. Conversion to 1-heptene and to heptane vs 1-heptyne total
conversion for alumina-supported complex, unsupported complex, and
Lindlar catalyst.
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Figure 4 shows the respective FTIR spectra of the hexylamine
ligand and the pure complex, in the range 4100-900 cm-1. The
spectrum of hexylamine shows, at high frequencies, the fol-
lowing characteristic peaks of a primary aliphatic amine:33 NH2

“stretching” (3600-3100 cm-1) (A), CH “stretching” (3000-
2800 cm-1), NH2 “bending” (1700-1600 cm-1) (B), CH
“bending” (1500-1300 cm-1), and CN “stretching” (1200-
1000 cm-1) (C). The labels “A”, “B”, and “C” denote ranges
associated with the nitrogen atom in hexylamine and are taken
as references for comparative purposes (see Discussion section).

The elemental composition values obtained for the pure
complex and for the supported complex are shown in Table 1
on a weight percentage basis.

Table 2 shows the Rh 3d5/2, N 1s1/2, and Cl 2p3/2 peak binding
energies (BEs) and the N/Rh and Cl/Rh atomic ratios for the
pure complex and the supported complex before and after
reaction. The Rh/Al atomic ratios for the supported complex
before and after reaction are also reported. For the Lindlar
catalyst, the Pd 3d5/2 binding energy found was 337.2 eV.

Gas chromatographic analyses revealed that 1-heptyne,
1-heptene, and heptane were the only solutes found for the

different catalytic systems. In addition, no rhodium was detected
by atomic absorption spectroscopy in the remaining solutions
from the heterogeneous run.

4. Discussion

As Figure 1 shows, throughout the reaction higher concentra-
tions of 1-heptene were obtained for both supported complex
and unsupported Rh complex than those obtained for the classic
Lindlar catalyst under the same operational conditions. The
highest 1-heptene concentration corresponded to the supported
complex.

According to Figure 2, at low values of 1-heptyne total
conversion, up to ca. 45%, the unsupported complex, the
supported complex, and the Lindlar catalyst show very similar
conversions to 1-heptene and to heptane. From that point on,
the heterogeneous system is more active than its homogeneous
counterpart, a fact attributable, at least in part, to electronic and
geometric effects. Also, both systems are more active than the
Lindlar catalyst. For the supported complex, the conversion to
1-heptene reaches a maximum of 59% at a total conversion of
73%; this value is higher than the corresponding one for the
unsupported complex, namely 52% at a total conversion of 69%.
After these maxima, both cases exhibit a steep decrease in the
conversion to 1-heptene and a marked increase in the conversion
to heptane. As a consequence, the selectivity also undergoes a
noticeable diminishment.

The maximum conversion attained with the Lindlar catalyst
under the same operational conditions is even lower, with a
maximum conversion to 1-heptene of 43% at a total conversion
of 47% and then also undergoing a sharp decrease.

The supported complex shows, in Figure 3, good selectivity
values above 90% up to a total conversion of ca. 60%, but then
the selectivity begins to decrease, keeping a value over 80%
up to 73% total conversion; after that, it decreases rapidly, as
stated above. On the other hand, the unsupported complex
exhibits a high initial selectivity, ca. 96%, but decreases
monotonically without showing a plateau. The Lindlar catalyst
shows initially an almost constant high selectivity of around
97-98%, but beyond 45% total 1-heptyne conversion it
undergoes an abrupt decrease, reaching a final value of 52% at
a total conversion of 58%. Thus, the Lindlar catalyst presents
a slightly higher selectivity, but the supported complex keeps a
high value over a wider range of total conversion.

The values of yield and selectivity given above for the
Rh(I)-HA complex, unsupported or supported, are better than
those of the Pd(II)-HA complex, [PdCl2(HA)2], previously
reported by us,25 for the same reaction and under the same
conditions. However, when the comparison is made with the
Pd(II)-TDA complex,23 [PdCl2(TDA)2] (TDA ) tridecyl-
amine), considering the complexes supported onγ-Al2O3, it is
seen that the Pd system presents a yield only some 10-12%
higher and a selectivity only some 5-6% higher. Thus, the
performance of the Rh-HA complex may be considered as
intermediate between Pd-HA and Pd-TDA, especially when
the analysis is made for the supported catalysts, which have in
general a better behavior than the unsupported systems.

The peaks in the pure complex FTIR spectrum (see Figure
4) globally agree with those corresponding to pure hexylamine,
as reported in the Results section, and with those reported in
the literature. Anyhow, differences are found in some frequen-
cies, particularly those labeled A, B and C, associated with the
nitrogen atom environment in the complex. They show a slight
shift to lower frequencies with respect to pure hexylamine
because of the interaction with the metal atom via the nitrogen

Figure 3. Selectivity to 1-heptene as a function of 1-heptyne total
conversion for alumina-supported complex, unsupported complex, and
Lindlar catalyst.

Figure 4. FTIR spectra for hexylamine (HA) and the rhodium complex.
(A) NH2 “stretching” (3600-3100 cm-1); (B) NH2 “bending” (1700-1600
cm-1); (C) CN “stretching” (1200-1000 cm-1).

Table 1. Elemental Composition Values Obtained for the Pure
Complex and for the Fresh Supported Complex

composition (wt %) atomic ratios (atom/atom)

species Rh Cl N Cl/Rh N/Rh

pure complex 57.28 20.28 22.44 1.03 2.88
supported complex 0.30 0.11 0.10 1.0 3.1
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lone pair. This suggests that hexylamine is present as a ligand
in the complex species.

According to the data given in Table 1, the atomic ratios for
Rh, Cl, and N in the pure complex and in the supported complex
may be expressed as Rh/Cl/N) 1/1/3.

Taking into account the Rh 3d5/2 binding energy, the
electronic state of Rh in the complex, formally represented with
oxidation number I, may actually be regarded asn+, with n
between 0 and 1, according to the literature.36 This shows that
Rh in the complex is an electron-rich center. The N 1s1/2 binding
energy presents a shift to higher values with respect to reported
data on N in amines;36 this shift may be attributed to the fact
that N is bonded to the metal center, thus making N more
positive than it is in the free amine. The Cl 2p3/2 peak
corresponds, in every case, to chlorine as chloride ligand.36

Because hexylamine is present as a ligand (as suggested by
FTIR analysis), and the atomic ratios from XPS analyses,
reported in Table 2, are N/Rh= 3 and Cl/Rh= 1, it is possible
to assign a minimum formula [RhCl(NH2(CH2)5CH3)3] to the
complex. The same conclusion about atomic ratios can be drawn
from the elemental analysis for the pure complex and for the
supported complex as well, in agreement with the analysis made
by XPS. According to these results, the rhodium complex may
be considered tetracoordinated.

The constancy of the above-reported atomic ratios for the
pure complex and supported complex, before and after reaction,
can also be noted. In addition, the Rh/Al ratio obtained for the
supported complex, remained practically unchanged after the
reaction, revealing that no complex transfer from the support
to the solution had occurred. The absence of complex leaching
was also confirmed by the absorption spectroscopic analysis,
by means of which no Rh was detected in the remaining
solutions. Additionally, the same conclusion can be extracted
from the catalytic constant performance over four successive
cycles. These results permit the assumption that the complex
did not lose its chemical identity and remained strongly attached
to the support. It can thus be suggested that it is the active
catalytic species, or is a precursor of it.

The activity of Rh(I) complexes is usually attributed, on one
hand, to the fact that the most important oxidation states for
rhodium, I and III, are separated by two units;37-39 this allows
the oxidative addition of dihydrogen to give dihydride inter-
mediate species which are considered essential in the catalytic
cycle. An electron-rich metal center such as the Rh atom in
this complex, as confirmed by XPS, or, in general, central metal
atoms in low oxidation states, may facilitate the dihydrogen
molecule bond breaking because of the interaction of a filled
metal d orbital with the emptyσ antibonding H2 molecular
orbital, thus weakening the H-H bond.39,40 Moreover, basic
ligands such as amines tend to donate electron density to the
metal atom to which they are bonded. Thus in this complex,
despite the electron-withdrawing effect of the chloride ligand,
there are three electron-donating hexylamine ligands that
contribute to increase the central metal atom’s electron density.
These features may be also important in the performance of
the heterogenized complex. In addition, the acidic Lewis sites
on theγ-alumina support could explain the better behavior of
the anchored complex. An increase of the substrate concentration

around the active species on the support (with respect to that
of the bulk solution) is expected because of an acid/base Lewis
interaction between theγ-alumina acidic sites and the 1-heptyne
triple bond basic sites.

5. Conclusions

A complex compound of Rh(I) with chloride and hexylamine
as ligands was obtained, with a suggested minimum formula
[RhCl(NH2(CH2)5CH3)3], as indicated by FTIR, XPS, and
elemental composition techniques, that anchored onγ-alumina
could be used as a heterogeneous catalyst in the semihydroge-
nation of 1-heptyne under mild conditions. It shows good
selectivity to the corresponding alkene, and a higher alkene yield
than the classic Lindlar catalyst does, at the same operative
conditions. Furthermore, the complex presents better activity
and selectivity when supported than it does in the homogeneous
condition, probably owing, at least in part, to electronic and
geometric effects. This performance adds to the advantages that
heterogeneous systems have over their homogeneous counter-
parts, for example easy separation from the reaction media and
the possibility of continuous operation. The supported catalyst
showed also the possibility of being reused at least three times.
In all cases, no complex leaching from the support was detected,
as verified by means of XPS, atomic absorption analysis for
Rh in solution, and catalyst reuse tests.
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