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Abstract

Dehydrogenation of the naturally occurring lignan hydroxymatairesinol to oxomatairesinol was performed over carbon nanofibre supported
palladium catalysts (Pd/CNF) under nitrogen flow at 70 °C. To study the influence of support acidity on the catalyst performance, the amount of acid
sites on the catalysts surface was varied by heat-treatment in nitrogen flow. It was concluded that both activity and selectivity to oxomatairesinol
increased when the concentration of acid sites increased. The selectivity to oxomatairesinol was over 70% (at 4h with 50% yield) when 2-
propanol was used as solvent and the major by-product was 7-iso-propoxymatairesinol resulting from interactions with the solvent. In 2-pentanol,
the selectivity increased to 90% (at 4h with 50% yield). It was demonstrated that only one of the two diastereomers of hydroxymatairesinol
preferentially yields oxomatairesinol. Quantum chemical calculations were performed as an attempt to explain this behaviour and to understand

the role of acid sites.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lignans, a group of plant phenols consisting of two B—-
linked cinnamic acid residues, can be found in many different
plant parts [1]. Large amounts of the lignan hydroxymatairesinol
(HMR) can be extracted from Norway spruce (Picea abies)
knots, i.e. the part of the branch that is embedded in the
stem [2]. There are two diastereomers of hydroxymatairesinol,
(7R,8R,8'R)-(—)-7-allo-hydroxymatairesinol (HMR 1) and
(7S,8R,8'R)-(—)-7-hydroxymatairesinol (HMR 2), and the ratio
between the isomers can vary. Other lignans can be synthe-
sized using HMR as starting material [3-8]. Recent studies
have shown that several lignans have anticarcinogenic [9] and
antioxidative [10-12] effects.
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The lignan 7-oxomatairesinol (0xoMAT) could be an inter-
esting alternative for pharmaceutical or technical purposes.
Kawamura et al. [13] reported the formation of oxoMAT from
HMR by light-irradiation, while Eklund and Sjoholm [4] used
the oxidising agent 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) to obtain oxoMAT from HMR. We have earlier reported
the possibility to obtain oxoMAT through dehydrogenation
of HMR at anaerobic conditions using palladium supported
by a beta-zeolite [7]. In this work, we have studied the
dehydrogenation of HMR to oxoMAT using carbon nanofi-
bre supported palladium catalysts. Carbon nanofibres (CNF)
are synthetic carbon materials grown by decomposition of
carbon-containing gases on small metal particles. Reviews
concerning CNF [14,15] describe the synthesis and proper-
ties of these materials in detail. The CNF are pure (after the
growth catalyst has been removed), mechanically strong [16]
and of mesoporous nature, which makes them suitable sup-
port materials in liquid-phase reactions [17]. Activated carbons
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are frequently used as catalyst support materials in liquid-
phase reactions. As the properties of activated carbons can
be difficult to control resulting in poor reproducibility and
the microporous nature causes diffusion problems, CNF could
replace the use of activated carbons in fine chemical produc-
tion.

In dehydrogenation reactions, several methods can be uti-
lized to remove the hydrogen. One of the most common
methods is to use oxygen, called oxidative dehydrogena-
tion [18,19]. Hydrogen acceptors such as styrene [20,21],
cyclohexene, vinyl acetate, methyl acrylate, 1-hexene, cyclopen-
tene and methyl vinyl ketone [21] have also been applied
in dehydrogenation reactions. Zaccheria et al. [20] reported
that in absence of hydrogen acceptor, equilibrium between
dehydrogenation and hydrogenation was reached in the anaer-
obic oxidation of secondary alcohols over Cu/Al,O3, but
it was also mentioned that venting the reactor at regular
times made it possible for the reaction to go to completion
[20].

In this work, the influence of support acidity on the activ-
ity and the selectivity to oxoMAT was studied. The palladium
was deposited on herringbone CNF, which were oxidised in
concentrated nitric acid. The catalyst was then subjected to
heat-treatment to vary the amount of acid sites. The reaction
was carried out under nitrogen flow to remove the hydrogen
formed in the reaction. The overall process safety increases when
nitrogen is used instead of oxygen. Many hydrogen acceptors
or the products formed when hydrogen acceptors are used can
have a negative impact on the environment. In the production
of anticarcinogenic and antioxidative foods or pharmaceuti-
cals, extra additives are unwanted and green solvents should
be used.

2. Experimental

2.1. Synthesis of carbon nanofibre supported palladium
catalysts

The synthesis of the Pd/CNF catalyst is described in detail in
Ref. [22]. The preparation of the Ni/SiO; growth catalyst and the
synthesis of the carbon nanofibres (CNF) are described in Ref.
[23]. The deposition of palladium on CNF was performed via
an ion adsorption method according to Ref. [24]. The Pd/CNF
catalyst was reduced in hydrogen flow (96 mL/min) and nitrogen
flow (480 mL/min) at 250 °C (ramp 5 °C/min) and 1.33 bar for
2h. The catalyst was sieved (25-90 um) and stored in static
air for further use. The Pd/CNF obtained will be indicated as
Pd/CNF-ox in the following text.

To vary the amount of acid sites on the support mate-
rial, some of the acidic groups on the Pd/CNF-ox catalyst
were removed by heat-treatment in nitrogen flow at 300 °C,
400°C or 500°C for 2h (ramp 5°C/min). The resulting
products will be indicated as Pd/CNF-300, Pd/CNF-400 or
Pd/CNF-500. The concentration of acid sites decreased in the
order Pd/CNF-ox >Pd/CNF-300 > Pd/CNF-400 > Pd/CNF-500.
The characterization of the Pd/CNF catalysts is described in Ref.
[22].

2.2. Dehydrogenation of hydroxymatairesinol

Hydroxymatairesinol was isolated from Norway spruce knots
as described in Ref. [6]: the knots were ground and extracted in
acetone—water mixture. The extract was concentrated in a rotary
evaporator and then purified by flash chromatography.

Experiments were performed under atmospheric pressure
in a 200mL glass reactor equipped with a heating jacket, a
re-flux condenser, oil lock, pitched-blade turbine, and stirring
baffles. The catalyst was pre-activated in situ by hydrogen (AGA,
99.999%) flow (100 mL/min) at 100 °C in 1 h (including heating
time), after which the reactor was cooled down to the reac-
tion temperature 70 °C under nitrogen (AGA, 99.999%) flow
(100 mL/min). The reactant solution, consisting of hydroxy-
matairesinol dissolved in 100 mL 2-propanol (J.T. Baker, 99.5%)
or 2-pentanol (Fluka, >98.0%), was deoxygenated by nitrogen
flow (100 mL/min) for 10 min in a glass tube. After pouring the
reactant solution into the reactor, the stirring was started at reac-
tion time set to zero and the first sample was withdrawn (nitrogen
flow 100 mL/min).

Samples were taken at different time intervals and anal-
ysed by a gas chromatograph (GC) as described in Ref.
[7]. The samples were silylated prior to analysis using N,O-
bis(trimethylsilyl)trifluoro-acetamide (BSTFA, 98%, Fluka),
trimethylchlorosilane (TMCS, 98%, Acros Organics), and pyri-
dine (99.0%, J.T. Baker).

2.3. Computational methods

In order to evaluate whether the different behaviour in the
reaction of HMR 1 and HMR 2 is due to the intrinsic differ-
ences of the two molecules, charges, bond orders and protonation
energies were evaluated computationally. The conformations of
HMR 1 and HMR 2 were taken from the work of Taskinen et
al. [25]. Mulliken and Lowdin charges, electrostatic potential
fit (ESP) and bond orders were calculated with the GAMESS
software [26] by using Hartree-Fock (HF) theory [27] with the
basis set 6-31G" [28-30].

As the protonation [6] and deprotonation can be crucial for
the reactions, protonated and deprotonated (abstraction of pro-
ton from the hydroxyl group) HMR 1 and HMR 2 were studied in
detail. The protonated structures were optimized using the TUR-
BOMOLE program package version 5.8 [31-33] and density
functional theory (DFT) with the BP86 exchange-correlation
functional [34,35] in combination with the multipole acceler-
ated resolution of identity (MARI-J) approximation [36-38]
and the triple zeta valence plus polarization TZVP basis set
[39].

The most stable protonated, deprotonated and neutral
structures were optimized with the B3LYP hybrid exchange-
correlation functional [34,40,41] with the TZVP basis set.
Vibrational analysis was carried out for the B3LYP/TZVP opti-
mized structures in order to prove that all optimized structures
are real minima on the potential energy surface and to obtain the
thermodynamic contributions. Frequencies were scaled with a
factor of 0.9614 [42] when calculating the thermodynamic con-
tributions at 25 °C. When the stabilities at the B3LYP/TZVP
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level are compared in the text below, we are always referring to
the Gibbs’ free energies (AG, 25 °C).

3. Results and discussion
3.1. Catalyst activity and selectivity

The reaction scheme is illustrated in Fig. 1. The desired
product was oxomatairesinol (0xoMAT) formed through dehy-
drogenation of hydroxymatairesinol (HMR). Side reactions
were hydrogenolysis of HMR to matairesinol (MAT) and
etherification of HMR to 7-iso-propoxymatairesinol (7-i-
propoxyMAT, two isomers). 7-i-propoxyMAT was formed
through interactions with the solvent 2-propanol.

In Fig. 2a the yield of oxoMAT versus time for Pd/CNF
with varied amount of acid sites is presented. The catalyst
with largest amount of acid sites (Pd/CNF-ox) gave the highest
yield of oxoMAT and the yield decreased when the acidity of
the support material decreased. This implies that acidic groups
assist removal of hydrogen from HMR. Such behaviour can be
attributed either to intrinsic features of acidic support or by alter-
ation of metal function due to the modified environment. The
interaction between CNF and metal can be considered as rather
weak and consequently we focus on the direct influence of acid
sites on the dehydrogenation reaction.

The selectivity to oxoMAT decreased when the amount of
acid sites decreased as illustrated by Fig. 2b, where the selectiv-
ity is given as a function of conversion of HMR. The selectivity
decreased with conversion, which is not typical for conventional
parallel reactions. There are several possible explanations for
this. The conversion is calculated using the change in total HMR
concentration, but the two isomers react differently and also
isomerization between the isomers can take place, which could
change the product distribution during the reaction. Moreover,

H3CO

HO

OH
7-i-propoxyMAT 2 /

H3CO

HMR 1

the dehydrogenation and hydrogenolysis [6,7,22] require both
metal and acid sites, while etherification can take place on acid
sites only and therefore a change in the number of metal sites
due to deactivation would affect the product distribution.

The HMR 2-to-HMR 1 ratio was 2 in the beginning of the
experiments and remained constant during the reaction when
catalysts PdA/CNF-400 and Pd/CNF-500 were used (Fig. 2¢). For
the catalysts having the largest amounts of acid sites, PdA/CNF-ox
and Pd/CNF-300, the ratio decreased with conversion.

Fig. 3a shows the conversion after 4h of reaction versus
concentration of acid sites for the four Pd/CNF catalysts (the
detailed information about the measuring of acid sites is found
in Ref. [22]). It is clear that the activity increased when the
acidity increased. Fig. 3b shows the yield of oxoMAT and by-
products after 4 h of reaction versus concentration of acid sites.
The yield of MAT decreased when the concentration of acid
sites decreased. Since the dehydrogenation of HMR to oxoMAT
gives hydrogen, which can be used in the hydrogenolysis of
HMR to MAT, it is logical that when the amount of oxoMAT is
smaller also formation of MAT is less pronounced. The yield of
the two 7-i-propoxyMAT isomers was highest for the two cata-
lysts having the lowest concentration of acid sites. The isomers
are here called propoxyMAT 1 and propoxyMAT 2, based on
their elution order on the GC, as no further study was made to
determine their stereochemistry. 7-i-propoxyMAT was formed
easily using CNF without metal. It is conventionally assumed,
that reaction rate in etherification reactions is proportional to the
concentration of acid sites. For instance, Parra et al. [43] stud-
ied the activity of several styrene-divinylbenzene ion-exchange
resin catalysts in the etherification of isobutylene with methanol
and concluded that catalysts with higher acidic capacity were
more active in the etherification reaction. Somewhat surpris-
ingly the yield of 7-i-propoxyMAT decreased with the acidity
of the Pd/CNF catalysts. However, it is difficult to determine the

7-i-propoxyMAT 1

Fig. 1. Dehydrogenation of 7-hydroxymatairesinol (HMR) to 7-oxomatairesinol (0xoMAT), hydrogenolysis of HMR to matairesinol (MAT), and etherification of

HMR to 7-iso-propoxymatairesinol (7-i-propoxyMAT).
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Fig. 2. Dehydrogenation of HMR to oxoMAT over CNF supported palladium
catalysts: (A) no heat-treatment (Pd/CNF-o0x), (A) treatment in nitrogen-flow at
300 °C (Pd/CNF-300), (O) treatment in nitrogen-flow at 400 °C (Pd/CNF-400),
and (M) treatment in nitrogen-flow at 500 °C (Pd/CNF-500). (a) Yield oxoMAT
vs. time, (b) selectivity to oxoMAT vs. conversion, and (c¢) HMR 2-to-HMR
1 ratio vs. conversion. Conditions: 500 mg 0.99% Pd/CNF catalyst, 0.27 mmol
HMR, 100 mL 2-propanol, 70 °C, 100 mL/min N,-flow (atmospheric pressure),
the HMR 2/HMR 1 initial ratio was 2.

relationship between etherification reaction rate and concentra-
tion of acid sites, since the main reaction, dehydrogenation of
HMR, depends strongly on the acid site concentration.

3.2. Dehydrogenation of isolated isomers

Further isolation of the two isomers was performed and mix-
tures containing enlarged amounts of one isomer were obtained.
As these two mixtures, called HMR 1 (with 97% HMR 1 iso-
mer) and HMR 2 (with 88% HMR 2 isomer) were used in the
dehydrogenation reaction, it was obvious that HMR 2 reacted
with higher reaction rate (Table 1). We have earlier concluded
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Fig. 3. Dehydrogenation of HMR to 0xoMAT: (a) conversion in 4 h vs. concen-
tration of acid sites on Pd/CNF catalyst and (b) yield in 4h vs. concentration
of acid sites. (4) 7-Oxomatairesinol, ((J) 7-iso-propoxymatairesinol 1, () 7-
iso-propoxymatairesinol 2 and (A) matairesinol. Conditions are the same as in
Fig. 2.

that HMR 2 reacted with higher rate also in the hydrogenol-
ysis reaction to MAT [6,7]. The yield of oxoMAT was higher
for HMR 2. Eklund and Sjoholm [4] concluded in the oxidation
of HMR with DDQ, that the HMR 2 isomer gave oxoMAT but
only small amounts were obtained when the HMR 1 isomer was
used. It is visible from Table 1 that more of propoxyMAT 1 was
obtained when HMR 1 was used, implying that HMR 1 and HMR
2 gave propoxyMAT 1 and propoxyMAT 2, respectively. This
means that when Pd/CNF-400 and Pd/CNF-500 (the catalysts
with the lowest concentration of acid sites) were used, HMR 1
formed more propoxyMAT 1 than when the most acidic cata-
lysts were used (Fig. 3b) and consequently HMR 1 reacted with
approximately the same overall rate as HMR 2 (which formed
0xoMAT, MAT and propoxyMAT 2). This would then explain
why the HMR 2-to-HMR 1 ratio did not change when Pd/CNF-
400 and Pd/CNF-500 were used (Fig. 2c). A change in the HMR
2-to-HMR 1 ratio does not only have to be due to the differ-
ence in reaction rates for the two isomers, since the ratio also
changes if HMR 2 isomerises to HMR 1. The isomerization
from one isomer to another was observed in the hydrogenolysis
of HMR [6,7,22], but in the dehydrogenation no clear evidence
of isomerization was obtained.

The selectivity to oxoMAT can be further increased by using
an alcohol with longer carbon chain as solvent. Table 1 shows
that the yield of oxoMAT was the same for both 2-propanol
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Table 1

Dehydrogenation of HMR isomers®

HMR isomer Conversion” Yield oxoMAT® Yield MAT¢ Yield propoxy 1° Yield propoxy 2f
HMR 12 0.45 0.14 0.09 0.19 0.03

HMR 2" 0.68 0.51 0.06 0.07 0.04

HMR 2! 0.56 0.51 0.05 0 0

2 Conditions: 200 mg 0.99% Pd/CNF-300, 0.13 mmol of HMR isomer, 100 mL solvent, 70 °C, 100 mL/min Nj-flow (atmospheric pressure).
b Conversion of HMR at 4 h, conversion = (CHMR,tot,0 — CHMR tot /CHMR tot,0 (0 < conversion < 1).

¢ Yield of oxoMAT in 4h (0 <yield < 1).
4 Yield of MAT in 4 h (0 < yield < 1).

¢ Yield of propoxyMAT1 (the first isomer of 7-iso-propoxymatairesinol) in 4 h (0 <yield < 1).

f Yield of propoxyMAT2 (the second isomer of 7-iso-propoxymatairesinol) in 4 h (0 < yield < 1).

¢ The HMR mixture denoted HMR 1 contained 97% HMR 1 and 3% HMR 2. 2-Propanol was used as solvent.
" The HMR mixture denoted HMR 2 contained 12% HMR 1 and 88% HMR 2. 2-Propanol was used as solvent.
! The HMR mixture denoted HMR 2 contained 12% HMR 1 and 88% HMR 2. 2-Pentanol was used as solvent.

and 2-pentanol, but the amount of by-products decreased when
2-pentanol was used since no alkoxymatairesinol was formed.

3.3. Quantum chemical calculations

3.3.1. Properties of HMR 1 and HMR 2

The two HMR isomers were reacting with different reaction
rates in the dehydrogenation and hydrogenolysis [6,7] reactions.
If one of the HMR molecules has weaker bond strength or
considerably different charge in the reactive hydroxyl group it
could explain why the two isomers have different reaction rates.
Therefore, theoretical calculations were performed: Mulliken
and Lowdin charges, electrostatic potential fit (ESP) and bond
orders as well as bond distances were calculated for the opti-
mized molecules at the HF/6-31G”™ level. Only the charges of

14

Fig. 4. Numbering of atoms in the HMR molecule.

hydroxyl group oxygen (O12) and hydrogen (H12) as well as
hydroxylcarbon (C7) are given in Table 2, while the numbering
of the atoms is illustrated in Fig. 4. All relevant parameters are
essentially the same for HMR 1 and HMR 2, when the most sta-
ble conformations (based on the electronic energy) determined
in Ref. [25] were considered. The RRR _ue_4_B conformation of
HMR 1 and the RRS _ue_3_B conformation of HMR 2 are shown
in Fig. 5. The RRR_ue_4_B conformation is 2.7 kJ mol ! (AG,
25 °C) more stable than the RRS_ue_3_B conformation.

3.3.2. Protonation

As the role of the Brgnsted acid sites present on the cata-
lyst support is apparent, based on the results presented above
and in earlier studies [6,7], protonation of HMR 1 and HMR 2
was studied. Protonation has been proposed as the first step in
the formation of MAT [6], as the acid sites play a major role
in the reaction. The HMR molecule has seven potential proton
acceptors, namely the oxygen atoms. Protonated forms of both
molecules were studied by placing a proton close to all seven
oxygen atoms. Besides protonation of the seven oxygen atoms,
there is a possibility to form bifurcated bonding between the
oxygen atoms O10 and O11 as well as between O10" and O11’.
The proton affinities were studied at the BP86/TZVP/MARI-J
level. The protonation energy of a compound A is here defined
as the negative electronic energy change for the reaction:

A + H"— AHT (1)

which can be understood as a proton affinity without ther-
modynamic contributions. When the proton was attached to

Table 2
Bond orders, bond distances and charges (Mulliken, Lowdin and ESP fits) for selected atoms of two HMR isomers
Bond order C-O Bond order O-H Distance (pm), C-O Distance (pm), O-H Atom Charge
Mulliken Lowdin ESP-fit
0.86 0.76 140.3 94.8 C7 0.18 0.03 0.28
HMR1 RRR_ue 4 B O12 —0.76 —0.51 —0.74
H12 0.45 0.37 0.47
0.85 0.76 140.9 94.8 C7 0.17 0.03 0.35
HMR2 RRS ue_3_B 012 —0.76 —0.51 —0.74
HI12 0.45 0.37 0.46

The code indicates the conformation taken from Ref. [25].
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HMR 1

HMR 2

AG=2.7 kimol!

AG=0 kJmol ™! neutral
AG=11.0 kJmol’! protonated AG=0 kimol™!
AG=0.2 kJmol™! deprotonated AG=0 kJmol™!

Fig. 5. B3LYP/TZVP optimized structures of neutral, protonated and deprotonated forms of HMR 1 and HMR 2.

oxygen atoms other than O12, the protonation energies varied
between 800 and 909 kJ/mol for HMR 1 and between 785 and
909 kJ/mol for HMR 2 (adopting conformations RRR_ue_4_B
and RRS_ue_3_B, respectively). The most stable structures were
formed when the proton was attached to the hydroxyl oxy-
gen O12, protonation energy being 911 and 915kJ mol~! for
HMR 1 and HMR 2, respectively. However, when attaching
the proton to O12 the optimization did not result in protonated
HMR 1 or HMR 2 molecules, instead a water abstraction and
consequently a complex of water molecule and carbenium ion
was observed (see Fig. 5). In other words, protonation of the
hydroxyl group leads to formation of a carbenium ion without
any activation barrier. This is in line with the experiments as
the corresponding hydroxyl group is the reactive one. The pro-
tonation was studied in detail at the B3ALYP/TZVP level taking
into account thermodynamic contributions, i.e. the Gibbs’ free
energy at 25 °C. After protonation and formation of water along
with the carbenium ion complex, the formed complex of HMR
2 becomes 11.0kJ mol~! more stable than that of HMR 1. If
these complexes are studied further and water is removed, i.e.
only carbenium ions are considered, the carbenium ion formed
from HMR 2 is 20.3kJmol~! more stable than that formed
from HMR 1. As water is removed carbon C7 becomes achiral,

which means that the formed carbenium ions are only differ-
ent conformations not different molecules as HMR 1 and HMR
2 are.

3.3.3. Deprotonation

Deprotonation followed by hydride abstraction is a possi-
ble mechanism for the formation of oxoMAT. The deprotonated
structures of HMR 1 and HMR 2 were optimized at the
B3LYP/TZVP level. The optimized structures are presented in
Fig. 5. Both anions were observed to be equal in stability at
25°C, i.e. the anion formed from HMR 2 is only 0.2 kJ mol~!
more stable than anion formed from HMR 1.

3.4. Reaction mechanisms for formation of oxoMAT

A reaction mechanism for the formation of MAT has already
been presented in Ref. [6]. It was proposed that the initial step is
protonation of the hydroxyl group followed by water abstraction
and formation of a carbenium ionic intermediate. This is sup-
ported by the theoretical calculations performed in the present
work. The formed carbenium ionic intermediate is then attacked
by a hydride resulting in formation of MAT.
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anionic
intermediate

0xOMAT

Fig. 6. Reaction mechanism for the dehydrogenation of HMR to oxoMAT.

The possible reaction mechanism for the formation of oxo-
MAT is presented in Fig. 6. The initial step is deprotonation of the
hydroxyl group and formation of an anionic intermediate. The
proton is most probably abstracted by the solvent 2-propanol,
since aliphatic alcohols can function as bases [44] and the pro-
ton affinity for 2-propanol is approximately 100 kJ mol~! lower
than the proton affinity for HMR [45]. Next step is abstraction
of hydride leading to formation of oxoMAT. The hydride could
be removed from the molecule by palladium. It is known that
hydrogen carries a negative charge in the palladium hydride and
on the palladium surface [46]. Therefore it is logical to assume
that the hydride is removed by palladium. The hydrogen, gener-
ated in the dehydrogenation reaction, can subsequently be used
in the formation of MAT.

3.5. Reaction rates of HMR 1 and HMR 2

The theoretical calculations indicated that the explanation for
the different dehydrogenation and hydrogenolysis rates of HMR
1 and HMR 2 is not due to the differences in the charges or bond
strengths present in these molecules. The reason for different
reaction rates is either the reaction intermediates formed or the
interactions between the HMR isomers and catalyst surface. The
quantum chemical calculations did not give any indication of
the preferred anionic intermediate in the formation of oxoMAT.
However, a correlation was found in the case of MAT forma-
tion. The protonation of the hydroxyl group at position C7 in
HMR results in spontaneous abstraction of water and forma-
tion of carbenium ion. As the protonation of HMR 2 leads to
a more stable complex and carbenium ion than protonation of
HMR 1, formation of such carbenium ion (intermediate in the
formation of MAT) is thermodynamically favoured. According
to the Polayni relationship [47], a decrease in the energy for a
reactant also decreases the activation energy, i.e. for a more sta-
ble intermediate the activation energy is lower and subsequently
the reaction rate higher. This could explain why HMR 2 reacts
to MAT with higher rate than HMR 1 [6,7].

Observe that the difference in stabilities between carbenium
ions formed from HMR 1 and HMR 2 is rather indicative as the
intermediates are not thoroughly studied here. Still, the effect
of catalyst surface has not been taken into account in the calcu-
lations and excluding the surface may lead to false conclusions
[48]. In any case, the calculations indicated that the formed inter-

mediates (after protonation and deprotonation) from HMR 1 and
HMR 2 might differ considerably from each other.

4. Conclusions

Carbon nanofibre supported palladium catalysts (Pd/CNF)
were used in the dehydrogenation of hydroxymatairesinol
(HMR, two diastereomers) to oxomatairesinol (oxoMAT),
which is a potential anticarcinogenic and antioxidative com-
pound. The concentration of acid sites on the catalyst surface was
varied by heating at different temperatures under nitrogen flow.
Both activity and selectivity to the desired product oxoMAT
increased when the concentration of acid sites increased. Only
one of the isomers gave oxoMAT as the major product. Quantum
chemical calculations were performed as an attempt to explain
this behaviour and a reaction mechanism for the dehydrogena-
tion of HMR was proposed. HMR is first deprotonated giving an
anionic intermediate, from which a hydride is abstracted to form
0oxoMAT. The major by-product was 7-i-propoxyMAT, which
was formed through interactions with the solvent 2-propanol.
Formation of this by-product can be suppressed and the selec-
tivity to oxoMAT can subsequently be increased by choosing
2-pentanol as solvent.
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