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ABSTRACT

Hydrogenolysis of 7-hydroxymatairesinol (HMR) to matairesinol (MAT) occurs on palladium sup-
ported acidic catalysts. HMR has three stereochemical centres and naturally exists as a mixture of two
diastereoisomers, namely RRR-HMR and SRR-HMR. The latter is significantly more reactive than the for-
mer, in the reaction above. In order to elucidate the hydrogenolysis mechanism, simple surface events
involving HMR derivatives on aluminated faujasite (H-Y) fragments were simulated by quantum chemical
calculations. The metallic function of a Pd/H-Y acidic catalyst was also mimicked by a minimal palladium
cluster. Stereochemical evidences pointed already out that water [3-elimination on the epimeric centre,
leading to an olefinic intermediate, should mainly occur for the adsorbed SRR-HMR stereoisomer. As a
consequence, it was hypothesized that this feature could explain the different reactivity of the RRR-HMR
and SRR-HMR hydrogenolysis, occurring on metal supported bi-functional zeolite catalysts. The signifi-
cance of this inference is decreased by the here study. Finally, it is demonstrated that several HMR to MAT
reaction paths may coexist and that the metal component of the Pd/H-Y bi-functional catalyst cannot be
involved in steps discriminating for the whole reaction rate and selectivity.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Matairesinol (MAT) is a substance showing interesting biolog-
ical properties. It has antioxidative and preventive effects against
hormone-dependent cancers — such as breast, prostate, and colon
cancers - and it helps to maintain a good cardiovascular health
[1-3]. MAT can be obtained by hydrogenolysis of the natural prod-
uct 7-hydroxymatairesinol (HMR, see Fig. 1) also over palladium
catalyst supported on acidic zeolite.

HMR is a member of the lignans, defined as a class of phe-
nolic compounds possessing a 2,3-dibenzylbutane skeleton. HMR
is abundant in the knots of the Norway spruce (Picea abies)
[4-6] and exists in nature as a mixture of two diastereiso-
mers: the (7R,8R,8'R)-(-)-7-allo-hydroxymatairesinol (RRR-HMR),
which is the less abundant isomer, and the (7S,8R,8'R)-(-)-7-
hydroxymatairesinol (SRR-HMR) [7,8]. The isomers differ for the
chirality around the C7 atom.
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Experimental studies [9-13] on the title hydrogenolysis, per-
formed over supported palladium catalysts, pointed out that: (i)
Brensted acidic sites are necessary for the reaction and palladium
on SiO, and Al,0s3 is in fact not active, (ii) conversion of HMR to
MAT increases with the number of the Brgnsted acidic sites for the
carbon supported catalysts but decreases with the number of the
same acidic sites for the zeolite supported catalysts, (iii) SRR isomer
reacts about three times faster than RRR isomer, (iv) at the same
time, SRR-HMR easily isomerizes to RRR-HMR and finally (v) the
reaction product is mainly constituted by the RR-MAT isomer.

Moreover, it has been also observed that the conversion of HMR
to MAT occurring on palladium supported on aluminated fauja-
site (H-Y) is ca. 95%, with a selectivity to MAT of 92%, while using
palladium supported on aluminated ZSM-5 zeolites (H-ZSM-5) the
conversionis only 5%, after 4 h [11]. This finding might be explained
by considering that HMR is too large to pass through the small pores
of H-ZSM-5, and by inferring that the small conversion observed
on the Pd/H-ZSM-5 system should take place mainly on the cat-
alytic sites of the external surface. Conversely, pores and cavities
of H-Y should be large enough to allow diffusion and adsorption of
HMR hence its conversion to MAT. Although this explanation easily
accounts for the local reaction sensitivity and namely for the differ-
ent conversion rate and conversion percentage, occurring on H-Y
and H-ZSM-5, there is not yet a simple explanation of the whole
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Fig. 1. Schematic representation of 7-hydroxymatairesinol (HMR): structure and
numbering.

reactivity observed on differently supported palladium catalysts
for the SRR-HMR and the RRR-HMR diastereoisomers.

The proposed HMR hydrogenolysis mechanism (M1) is reported
in Fig. 2 [10]. The M1 reaction mechanism involves: (i) the pro-
tonation of the -OH12 group with consequent water-elimination,
followed by (ii) hydride addition to the carbenium ionic species
to produce MAT. It has to be emphasized that in M1, the water-
elimination step induces loss of chirality into the epimeric C7
centre, discriminating between RRR and SRR isomers. As a con-
sequence, the different reaction rates observed for the two HMR
isomers could be ascribed, as recently hypothesized [12,13], to an
equilibrium, occurring between the same isomers.

However, the observed reactivity could also be related to the
conformational flexibility of the HMR molecule, mainly determined
by the rotations of the dihedral angles around the C1-C7, C7-C8,
C1’-C7" and C7'-C8’ bonds (see Fig. 1). In particular, because of its
size and flexibility, HMR may easily assume different conforma-
tions that could independently interact with the adsorption sites
of the supported metal catalyst. These considerations have recently
prompted us to perform a systematic conformational analysis of the
two HMR epimers and to individually investigate the energetic and
structural properties of their most stable conformer as well as of
their protonated and olefinic intermediates [ 14]. In the study above,
we have considered two intermediate species as originated by the
HMR epimers. The first, already proposed in the M1 mechanism,
involves the protonation of the benzylic oxygen, i.e. the ~-OH12
group, giving the carbenium ionic species. The second, shown in
Fig. 3, is an olefinic intermediate formed by a different mechanism
(M2), as explained below.

The conformational results concerning the RRR-HMR and the
SRR-HMR diasteroisomers showed that three typical conforma-
tional families - with open, semi-folded and folded structure - can
be obtained. The three families displayed small structural differ-
ences [14], mainly involving the relative orientations of the —-OH
and -OCHj3 groups 10, 11, 10’ and 11’ (see Fig. 1). These findings
allowed us to propose, by stereochemical considerations, a pos-
sible explanation of the higher reactivity of the SRR with respect
to the RRR isomer, when hydrogenolysis is catalyzed by palladium
supported either on acidic zeolite or on carbonaceous material [14].

It was indeed observed that although the most stable conform-
ers of SRR-HMR and RRR-HMR possess roughly the same energy
content, the mutual disposition of the H8 atom and of the -OH12
group is different (see Fig. 4), being in syn and in anti conformation
in the SRR and in the RRR epimers, respectively. These conforma-
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Fig. 2. Schematic representation of the HMR to MAT-M1-reaction mechanism: one carbenium species is involved.
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Fig. 3. Schematic representation of the HMR to MAT-M2-reaction mechanism: M2 is devised by two pathways, M2a and M2b; the first at variance with the second involves

the formation of the carbenium ionic species.
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RRR-HMR: 0.5 kJmol™!

SRR-HMR: 0.0 kJmol !

Fig. 4. Optimized geometry of the most stable conformers found for the RRR (4a)
and SRR (4b) epimers of HMR; the relative standard free energy values calculated
in ethanol solution for the 2 epimers [14] are reported below the corresponding
isomer structures.

tions, affecting the substrate/catalyst interactions, could actually
account for the different kinetics of the two epimers.

In fact, beside M1, two alternative reaction pathways (M2a
and M2b, see Fig. 3) can be hypothesized when hydrogenolysis of
hydroxymatairesinol occurs on catalysts that, as the acidic zeolite
supported catalysts, show both acidic and nucleophilic sites [14].
M2a and M2b can be regarded like two pathways, which form the
M2 mechanism, alternative to the M1 mechanism summarized in
Fig. 2. In the M2a pathway, after the protonation water-elimination
step, the deprotonation of the H8 atom - taking place through a two
steps B-elimination (i.e OH; followed by H*, E1 removals) - could
give rise to the formation of an olefinic intermediate, which after
the reduction of the double bond, for example addressed by sup-
ported palladium in presence of adsorbed hydrogen, could produce
MAT. In this respect, the presence of the supported metallic func-
tion would be needed for reducing the olefinic intermediate. The
M2a pathway can be invoked for both the RRR and SRR epimers.
The M2b pathway consists in a E2 (3-elimination for a concerted
deprotonation water-elimination step. It can occur mainly, if not
exclusively, for the SRR epimer, giving rise to the olefinic inter-
mediate without formation of the carbenium ion, due to the syn
conformation of its H8 atom and of -OH12 group that simultane-
ously face on eventually present contiguous acidic and nucleophilic
sites of the catalyst surface [14].

The feasibility and the role of the whole M2 mechanism as well
as its connection with the M1 mechanism has been investigated
in this work. To this aim, we have considered the interactions
of the two HMR epimers and of their derivatives (i.e. carbenium
and olefinic species as well as the product) with a 48T [15] H-Y
fragment.

Several computational chemistry methods have been advised
and applied for the investigation of the zeolite properties and of
their role in the reactivity of small organic molecules. A short
selection of recent publications on the theoretical treatment of
zeolite based catalysis, either of interest for the present work
or useful for individuating the seminal papers on the subject, is

a

Fig. 5. Two different views of the faujasite fragment, used as model.

here outlined [16-19]. Concerning the same application field, we
have recently reported on DFT investigations taking into consider-
ation the adsorption and reactivity of small organic species within
acidic zeolite cavities also in the presence of embedded Pd atoms
[15,20,21], using the cluster approach [22].

Our study, presented from the methodological point of view in
the Computational details and analyzed in Section 3, is arranged
as follows. The protonation, water-elimination, deprotonation and
hydrogenation steps catalyzed by the H-Y acidic zeolite model to
produce the carbenium and the olefinic intermediates or the MAT
species were investigated, by studying the interaction between
both the HMR epimers and their derivatives with a highly sym-
metric and sizable fragment of the H-Y zeolite. Whereas, to mimic
the role of the metal in the bi-functional Pd/H-Y catalyst, the
hydrogenation kinetics over a minimal hydrogenated palladium
cluster (2H/Pd,) were studied, involving either the olefinic or
the carbenium species that were previously produced on the
H-Y fragment.

Topics of the present work are in our opinion also stimulating
in view of the recent interest in replacing oil, in the petrochemical
industry, with other feedstocks, including derived from biomass
[23]. In fact, a lot of efforts is at present dedicated to the trans-
formation processes of polyols. The task is to remove oxygen from
-OH groups also in secondary alcohols, e.g. carbohydrates, lignins
and lignans, through hydrogenolysis in the presence of metallic
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Fig. 6. Views of three different H-Y cavities characterized by different placements of the aluminum and acidic hydrogen centres; the relative DFT energy values are indicated
below the corresponding fragment; in the fragment (6a) both the aluminum atoms are placed in a 6T ring, in the (6b) on a 6T ring and on a non-adjacent 4T ring and finally

in the (6¢) on a 6T ring and on an adjacent 4T ring.

and acidic sites. Thus, the here HMR case represents an interesting
example, whose results and concepts can be useful for designing
other similar processes, when the corresponding reaction path-
ways include catalytic dehydration/hydrogenation steps.

2. Computational details

The Gaussian 03 (G03) suite of programs was used for all the
calculations performed in the present work [24]. The considered Y
modelis a48T fragment corresponding to the super cage of faujasite
(see Fig. 5). The fragment has been extracted from a DLS refined X-
ray structure [25-27] and it is formed by 168 atoms, among which
48 are external (capping) hydrogen atoms, added as cut-off points
[15,20,21]. The coordinates of the capping hydrogen atoms were
initially optimized by DFT approaches at B3LYP/3-21G level, fixing
the positions of the remaining atoms; then, the full structure was
re-optimized at B3LYP/3-21G level, fixing the positions of the H
atoms [21]. The so obtained fragment was after used as starting
moiety for following optimizations.

The selected Y model, is characterized by an incoming pore size
of about 1200 pm and a diameter of the super cage of about 1500
pm. In the cavity model there are only two kinds of Si sites, i.e.
those forming 6T and 4T rings. In this model, two aluminum atoms
substituted two silicon atoms to reproduce the acidic (H-Y) system.
Two protons on different oxygen atoms, surrounding the aluminum
sites and pointing toward the super cage room of the zeolite, were
introduced to neutralize the negative charges originated by the
substitution of the aluminum atoms [15,20,21].

In order to establish the most stable acidic configuration, several
structures (see Fig. 6) differing for the position of the aluminum
and of the acidic hydrogen sites were generated. In the different
structures, the aluminum atoms were each other close but not
contiguous, according to the Loewenstein rule [28]. In the most
stable structure (see Fig. 6a) one proton was eliminated to gener-
ate, contiguously to the surface acidic site, a nucleophilic centre.
The latter was introduced in that position to allow simultaneous
interactions of one nucleophilic and one acidic centre of the zeolite
with the 3-hydrogen, H8, and the hydroxyl group, ~-OH12, of the
HMR species.

Due to the large size of the H-Y zeolite models, hence to keep
the computing cost at reasonable levels, the standard 6-31G(d,p)
basis set was employed to describe the vicinal 3T (H4Al,SiO7) moi-
ety including both the aluminum atoms and the silicon in-between
(see Fig. 6a), while the 3-21G basis set was employed to describe
the remaining atoms of the zeolite framework. Indeed, it has been
recently reported that the combination of the 3-21G and 6-31G(d,p)
basis sets — employed to study structures as well as differential
energetics and kinetics of zeolite systems - is able to give struc-
tural and differential energy results comparable to those obtained
by using either 6-31G(d,p) or 6-311+G(2d,2p) basis sets for all the
zeolite atoms [20].

The 6-31G(d,p) basis set was also used to describe the HMR
species adsorbed within the zeolite cavity and the corresponding
derivatives, occurring along the HMR reaction to MAT. Further-
more, the same pathway in confined space was also investigated
by two layers ONIOM calculations [29,30], using the B3LYP/6-
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31G(d,p) method for the higher level (high-level) layer and the
semiempirical AM1 method [31] for the lower level (low-level)
layer.

Aim of such calculations was to characterize the stationary
points found by DFT in terms of energy minima or transition state
(TS) structures, as well as to evaluate their standard free energy val-
ues [32]. The HMR molecules and their derivatives, together with
the 3T moiety containing both the Al atoms, were always included
in the high-level layer. Since the partial geometry optimizations
were performed fixing the coordinates of the capping hydrogen
atoms, spurious imaginary frequencies were regularly observed.
In those cases, however, it was always possible to find out the
imaginary frequencies attributable to the reaction coordinates. In
passing, it is also recalled that error cancellations were expected
when calculating relative values of standard free energy for the sys-
tems whose geometries were optimized at the same level of theory,
using the same constrains [15].

Second-order Meller-Plesset (MP2) [33] perturbation theory
calculations - as standardly implemented in the GO3 program
package [34-37] - were carried out on the HMR hydrogenolysis
derivatives, using the 6-31G(d,p) basis set for all the atoms, with
the exception of the capping hydrogens, that were treated by the 3-
21G basis set. These calculations were performed in order to check
the presence of possible dispersion (dipolar) effects [17,19] exerted
by the zeolite framework on HMR and its derivatives, when located
inside the H-Y fragments.

The kinetics of the reduction of both olefinic and carbenium
species, over a 2H/Pd; cluster, used as model of the hydrogenated
palladium component of the bi-functional catalyst, were also ana-
lyzed by the B3LYP method. The Los Alamos ECP basis set was used
for the Pd atoms and the 6-31G(d,p) basis set for the other atoms (H,
C, O) [20]. Only the singlet spin states (corresponding to the most
stable states) were considered for the different systems analyzed.
Energy and structure of the transition states were obtained using
the transit-guided quasi-Newton method [38]. Vibration frequency
analyses, within the harmonic approximation, were performed
on the geometries optimized by the ONIOM method, to confirm
whether they represented a TS or a minimum in the potential
energy surface [32], while the zero point energy (ZPE) correction
was applied in the energetic evaluations.

3. Results and discussion

As detailed in the preceding section, two aluminum atoms sub-
stituted two silicon atoms in different positions (see Fig. 6). The
structure reported in Fig. 6a is the most stable, presumably because
one of the two protons is positioned at the centre of a 6T ring,
interacting with oxygen atoms of the same ring. Conversely, in the
structures reported in Fig. 6b and ¢ both protons point toward the
centre of the zeolite cavity and are not stabilized by H-bond inter-
actions with oxygen atoms. Following this result, the fragment (6a)
was selected as model of the H-Y zeolite cavity. The acidic hydrogen
of this fragment not forming H-bonds was eliminated to simulate
the presence of the contiguous acidic and nucleophilic centres on
the oxygen atoms around one of the two Al atoms.

The optimized geometries of the two RRR and SRR epimers of the
HMR species, in their most stable conformation, adsorbed within
the H-Y cavity model, are shown in Fig. 7. The analysis of Fig. 7a
and b reveals that both the HMR epimers may diffuse through the
H-Y zeolite cavity in open conformation and then can be adsorbed
over the H-Y inner surface, for example through the occurrence
of H-bonds between one of the zeolite acidic hydrogen and the
-OH12 oxygen, placed at ca. 200 pm irrespectively of the consid-
ered epimer. In this context, it is worth recalling that the benzylic
oxygen is by far the most favored protonation site [14].

0.0 kJmol™!

Fig.7. Optimized structures of the SRR (a) and RRR (b) epimers of HMR in their most
stable conformation, adsorbed within the di-aluminated Y cavity model; the circles
individuate the different interaction centres, namely hydrogen (small circle) and
oxygen (large circle) atoms, characterizing the H-Y fragment and the HMR epimers;
in green are highlighted the interaction centres between the HMR -OH12 group and
the zeolite acidic site, in blue those between the hydrogen of the HMR -OH12 group
and one Al-0-Si oxygen site and finally in red those between the HMR H8 atom and
the zeolite nucleophilic site; the relative DFT energy values are reported below the
corresponding fragments.

In the SRR-HMR/H-Y system the [-hydrogen, H8 atom, also
interacts at the same distance above with the nucleophilic oxy-
gen atom bound to the Al centre (see Fig. 7a). This configuration is
in this case possible because in the structure of the lowest energy
minimum of the SRR species, both the 3-hydrogen and the hydroxyl
group, each other in syn conformation, point toward the zeolite sur-
face. As a consequence vicinal nucleophilic and acidic groups of the
same zeolite surface could simultaneously and easily activate the
H8 atom and the —OH12 group toward the E2 elimination mech-
anism (i.e. following the proposed M2b pathway). Conversely, in
the RRR-HMR/H-Y system the 3-hydrogen and the hydroxyl group
are in anti conformation and the substrate/catalyst interaction can
occur only through the -OH12 group, being the HMR [3-hydrogen
at about 500 pm from the closest nucleophilic centre and pointing
in the direction of the zeolite supercage (see Fig. 7b).

In this way, the HMR -hydrogen is not activated together with
the ~-OH12 group for a concerted 3-elimination, hence the RRR iso-
mer should be converted to the olephinic intermediate following
the more complex E1 B-elimination (i.e. the M2a pathway). An
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Fig. 8. Simplified (AG® vs. §) pathway representation (i) of the HMR protonation
water-elimination route, giving the carbenium ionic species: (a) — (b2) black step,
(ii) of the Hy <+ H,0 exchange (see text), occurring close to the carbenium ionic
species: (b2)— (b1) step, (iii) of the carbenium ionic species direct hydrogenation
route, giving MAT: (b1)— (c1) red step, and (iv) of the carbenium ionic species
deprotonation route, giving the olefinic intermediate: (b2)— (c2) blue step; (b1)
and (b2) fragments differ for the presence of one H2 and one H,0 molecule - placed
in the former and in the latter — in-between the carbenium species and the zeolite
surface; the free energies corresponding to (b1) and (b2) fragments are arbitrarily
posed to the same value (118 k] mol—') whereas the values of both (b2) and (c2) and
of (c1) are referred to those of (a) and (b1) fragments, respectively.

evident difficulty is indeed represented by the conversion of the
carbenium species formed after water elimination. In this conver-
sion, the carbenium-ion must desorb from the negatively charged
surface and reabsorb with the atom H8 pointing at one nucle-
ophilic centre. Taking into account the high energy that is required
to accomplish the step above, it is reasonable to hypothesize that
the conversion of the RRR-HMR epimer should essentially occur
following the M1 mechanism.

Noteworthy, the SRR-HMR/H-Y system is less stable than
the RRR-HMR/H-Y system by about 16 k] mol~!. Accordingly, the
adsorption energy, calculated as the difference between the energy
of the HMR/H-Y adducts and that of the corresponding isolated
HMR+H-Y systems, resulted to be ca. —79kJmol~! for SRR-
HMR/H-Y and ca. —95 k] mol~! for RRR-HMR/H-Y, being the BSSE
corrections not affecting the relative energy order. The stability
of the RRR-HMR with respect of the SRR-HMR epimer could be
explained, inferring that a smaller steric hindrance is present in the
RRR-HMR/H-Y system. This is in agreement with the fact that SRR-
HMR shows a larger number of interaction/activation points with
the H-Y surface. The smaller number of activation points and the
consequent larger adsorption stability of the RRR-HMR/H-Y could
contribute to justify its experimentally observed lower reactivity
[11], as explained below.

Fig. 8 following the black + blue steps’ route, shows a simplified
reaction pathway for the protonation [3-elimination dehydration
steps represented in Fig. 3, considering the SRR-HMR epimer. Neg-
ligible differences occur in the energetic path when the RRR-HMR

Table 1

epimer is involved. As already discussed, the kinetics involving
E1 and E2 mechanisms for the RRR and SRR epimers should be,
at variance with the corresponding energetics, very different. The
relative energy values for the SRR epimeric system are reported
in Table 1. The energy of the carbenium species calculated by the
B3LYP method is at 98 k] mol~! compared to that of the adsorbed
reactant. In this system, the eliminated water is adsorbed on the
zeolite surface while the cationic species is moved toward the cen-
tre of the zeolite cavity (see (b2) in Fig. 8). The olefinic intermediate
(see (c2) in Fig. 8) is conversely at 28 kJmol~! from the adsorbed
reactant and interacts with the acidic hydrogen through the 014
carbonyl oxygen atom. The acidic hydrogen is the same atom pre-
viously released in the [3-elimination step.

The optimized geometries obtained by the ONIOM method are
almost undistinguishable from those obtained by the DFT-B3LYP
method. Moreover, the trend of the B3LYP energy of the high-level
is similar to that obtained by the B3LYP calculations on the whole
system (see Table 1). Noteworthy, the standard free energy of the
product, obtained by the ONIOM calculations, is lower than that of
the reagent. Such result would indicate that a consistent entropic
effect could play a role in the reaction outcome. Moreover, the
analysis of the normal vibration modes suggests that the carbe-
nium ion fragment originated by the HMR one, (b2) in Fig. 8, could
even be a TS with an activation free energy of 118 k] mol~!. This
species actually involves a reaction coordinate characterized by
an imaginary vibration occurring along the line connecting the
CH group and the coming out H,O molecule, being the HC-OH,
distance of ca. 220 pm.

The MP2 results, in principle able to account for the influence
of dispersion effects inside the zeolite cavities [17,19] are also
reported in Table 1. The behavior of the MP2 findings are qualita-
tively similar to those obtained either by the ONIOM or by the DFT
methods, showing that the properties of the HMR molecules and
derivatives, involved in the title reaction, are not largely affected by
dipolar effects. In this context, it is interesting to notice that both
the H,0 and H, molecules, when present, act as molecular-hooks
- able to fix the organic molecules close to the inner surface of the
zeolite fragments — and strongly affect the local arrangement of the
molecules inside the H-Y cavity. This, in our opinion, supports the
hypothesis of the existence of small dipolar effects exerted by the
inner zeolite walls on the complex organic molecules of interest in
the present work.

The simplified (AG° vs. &) pathway of Fig. 8, shows that the
olefinic intermediate is energetically favored if compared with
the carbenium ionic species hypothesized by Markus et al. on the
basis of experimental evidences (M1 mechanism) [10]. The low free
energy characterizing the olefinic intermediate (@ ca. —23 k] mol~!
with respect to the HMR starting species) in our opinion confirms
that the M1 and M2 mechanisms may concurrently take place.
In order to evaluate the relative occurrence probability of the M1
and M2 mechanisms, a possible direct hydrogenation step starting
by the carbenium ionic species and ending to MAT was searched
(see red step pathway of Fig. 8). In this case, one H, substituted
the H,0 molecule produced along the formation of the carbenium
species.

Relative energy values of the structures reported in Fig. 8, obtained by DFT(B3LYP), ONIOM(B3LYP/AM1) and MP2 calculations.

Energy difference? (k] mol-') Fragment (a) Fragment (b1) Fragment (b2) Fragment (c1) Fragment (c2)
AEgs 0.0 - 98 - 28
AEoniom 0.0 165 165 4 61
AEmp2 0.0 109 109 -15 30
AG° 0.0 118 118 -111 -23

2 Fragments (a), (b1), (b2), (c1) and (c2) respectively involve the HMR molecule, the carbenium ionic species either with water or hydrogen, the MAT molecule and the

olefinic intermediate inside the H-Y fragment.

b AEgniom reports the B3LYP energy difference calculated on the ONIOM model level while AEpp; and AG® are calculated on the ONIOM optimized structures.
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Fig.9. Schematic representation of the HMR to MAT-M1 + M2-reaction mechanism: details on the different reactivity of the HMR epimers. The —H* terms, which are present
in both the hydrogenation steps of the carbenium ionic species occurring over the zeolite (H-Y) and the metallic (Pd) component of the bi-functional catalyst, restore the

acidic site on the zeolite inner surface or remain adsorbed on the palladium cluster.

The choice to pose at the same values the energetic parame-
ters concerning the carbenium ionic species interacting both with
the H, and H,O is clearly an artifact and deserves explanations.
In fact, the simulated title processes mimic experimental reac-
tions conducted at chemical regime, where interphase and bulk
diffusion effects are not affecting the reaction kinetics [39]. Since
the H,0 <> H, exchange can be mostly regarded as the result of
diffusion events, the corresponding carbenium-ion/H-Y fragments
involving either molecular hydrogen or water were here consid-
ered as each other independent and the molecular H,0 <« H, local
exchange, occurring inside the zeolite cavity, not influential on the
reaction rate. Following these inferences and for simplicity of rep-
resentation, the two fragments above were therefore placed at the
same differential energetic values.

Noteworthy, we have not found any other intermediates or TS
species between the carbenium-ion and MAT, being the latter inter-
acting with the re-protonated zeolite at ca. —229k]Jmol~! with
respect to the former. As clearly shown by Fig. 8, within the zeo-
lite cavity, MAT is more stable than the olefinic intermediate, if
the energetics of both systems are relative to that of the starting
carbenium-ion. The absence of a TS species, in the red step pathway,
would confirm the character of transition state - already inferred
for the carbenium ionic species - while the large stability of the
MAT fragment with respect to the olefinic intermediate would sug-
gest that M1 is the preferred reaction mechanism. However, the
occurrence of the M1 mechanism, as represented in Fig. 2, does not
apparently allow to discriminate between the different reactivity
of the two epimers.

Conversely, in the parallel M2 mechanism the transformation of
the RRR and SRR species to the olefinic intermediate could respec-
tively occur via the M2a and M2b paths, thereby discriminating
between the epimer conversion rate. The following hydrogenation
of the olefinic intermediate over palladium should mostly occur
in syn (with respect to the Pd/H-Y catalyst surface) hence should
produce only the RR-MAT species, as experimentally found.

Nevertheless, the observed different reactivity of the two
epimers could be driven by the isomerization of SRR-HMR to RRR-
HMR. The latter, experimentally pointed out on several catalysts
and namely on the palladium/zeolite catalytic systems [10], could
be related to the back-way processes, characterizing both M1 and
M2 mechanisms (see Fig. 9).

The SRR and RRR epimers could actually be interconverted
by the reverse steps involved in the hydrogenolysis mechanisms.
Despite that, two main reasons should favor the transformation of
the SRR to the RRR species, also causing temporary accumulation
of the latter along the title reaction [9,10]. In fact, due to the eas-
ier activation by the zeolite surface of the SRR epimer, we could
expect that the latter generates the RR carbenium derivative more
frequently than the RRR epimer.

As a consequence, the SRR epimer should undergo either hydro-
genation or isomerization more frequently than the RRR epimer.
In addition, due to steric hindrance reasons, the back protona-
tion water-addition steps, restoring the HMR molecules form the
already produced olefinic intermediate, should occur with higher
probability by an anti addition (giving RRR epimer) than a syn addi-
tion (giving SRR epimer).

The first point is clearly at the basis of the larger reactivity
of the SRR epimer already discussed. Whereas, the second point,
straightforwardly connected with the SRR to RRR isomerization
mechanism, is easily understandable considering that the pro-
ton species should originate from the zeolite surface while water
molecule very likely by diffusion processes, occurring through the
zeolite cavities.

These considerations allow us to infer the existence of an
integrated reaction process, including both M1 and M2 mech-
anisms, as represented in Fig. 9. The asymmetry in the double
arrows, characterizing the back protonation water-addition step
of the carbenium-ion to form the SRR-HMR epimer, underlines the
smaller probability that characterizes this process with respect to
the one, driving to the RRR-HMR formation.

Fig. 9 also illustrates a hypothesized hydrogenation step occur-
ring on palladium, which starting by the carbenium-ion directly
originates MAT. A minimal 2H/Pd; cluster model was used to test
this reaction pathway, being the results illustrated in the up frame
(A box) of Fig. 10.

Despite the use of a very approximate model of Pd cluster, some
interesting aspects of the role of the metal in the bi-functional cata-
lyst can be drawn. In fact, comparing the energetics involved in the
carbenium hydrogenation processes over zeolite (see Fig. 8) and
palladium (see Fig. 10), schematized in Fig 9 as H-Y and Pd path-
ways, distinctly appears the barely subordinate role of the metallic
function in reducing the carbenium species. Indeed, at variance
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Fig. 10. Reaction pathway (AG° vs. &) characterizing the hydrogenation of the
carbenium-ion (AG°=0 in A box) and olefinic intermediate species (AG°=0 in B
box) to MAT.

with the not activated hydrogenation occurring on H-Y the cor-
responding process on palladium is not only activated (TS @ ca.
92 kJmol~1) but the product is also less stable (43 kjmol~!) than
the reactant. The latter effect could in part be attributed to the small
size of the Pd cluster used, or to the residual H* ion placed on the
palladium cluster and could be probably minimized by a migration,
in any case difficult [20], of the protonic species on nucleophilic
oxygens present on the zeolite surface.

The consideration of the equilibrium mechanisms reported in
Fig. 9 could help to understand the role of the local acidity when
the palladium/zeolite bi-functional catalysts are used. As already
recalled, in the title hydrogenolisys the Brgnsted acidity is in fact
necessary to start the reaction but the catalyst activity decreases as
the number of the same Brgnsted acidic sites increases. This pecu-
liar behavior could be caused by two opposite effects related to
the relevance on the whole mechanism of the isomerization pro-
cesses and of the olefinic intermediate formation. These are in fact
activated by a protonation step (to form the carbenium-ion) that
is favored by the acidic sites’ presence but are closed either by a
deprotonation water-addition step (to form the HMR species) or
by a deprotonation water-elimination step (to form the olefinic
intermediate) that are inhibited by acidic sites.

As already stated, after the (-elimination step and follow-
ing the M2 mechanism, both the HMR isomers converge to the
same olefinic intermediate, having R chirality. The latter, in a bi-
functional catalyst, can be reduced to MAT over Pd aggregates by
a two-step mechanism. The simulated reduction pathway of the
olefinic intermediate over the minimal 2H/Pd, cluster model is
shown in the down frame (B box) of Fig. 10.

In the reduction pathway above, hydrogen migration should
occur from the palladium cluster to the olefinic intermediate. The
transition states of the two-step reduction mechanism are charac-
terized by activation energies (ca. 110 and ca. 135 k] mol~1) that are
accessible at the experimental conditions in which the reaction is
usually carried out [10]. Therefore, hypothesizing the olefinic inter-
mediate formation, a supportive role of the M2 mechanism in the
MAT production over bi-functional catalysts could be also inferred.
Moreover, the presence of the metal inside the zeolite cavities, in
the presence of adsorbed hydrogen, can modify the local acidity of
the zeolite [20].

As amatter of fact, the last steps of all possible reaction pathways
leading to MAT, collectively reported in Fig. 9, involve: (i) the hydro-
genation of the carbenium ion, catalyzed by the H-Y zeolite or by
the Pd metal, or (ii) the hydrogenation of the olefinic intermediate,
catalyzed by the Pd metal.

It is important to highlight that the latter process cannot be
related to reaction rate-determining steps, because the olefinic
intermediate hydrogenation over palladium involves HMR deriva-
tives that have already lost the chirality at the epimeric centre C7.
As such, this step cannot explain the higher reactivity of SRR-HMR
compared to RRR-HMR. This hypothesis is a fortiori valid when-
ever the activation energy of the Pd catalyzed hydrogenation would
result lower than that obtained by using the extremely simplified
model of Pd metal cluster. On the other hand, the results of our
calculations show: (i) that the energy barrier found in the M1 mech-
anism (see Fig. 8) is of the same order of magnitude of those found
in the reduction steps catalyzed by Pd (see Fig. 10) and (ii) that the
hydrogenation of the carbenium ion catalyzed by H-Y presumably
occurs without activation energy.

These considerations lead us to conclude that the rate-
determing steps, driving the selectivity in the HMR to MAT
hydrogenolysys on Pd/H-Y catalysts, depend: (i) on the intercon-
version of SRR-HMR to RRR-HMR, occurring through the conversion
of both epimers to the carbenium ionic species, and presumably to
a very less extent (ii) by the interconversion of the latter with the
olefinic intermediate, being both the interconversions above not
involving palladium.

4. Conclusions

The present computational study allowed us to state that
hydrogenolysis of hydroximatairesinol to give matairesinol may
occur over bi-functional catalysts, namely over Pd/H-Y catalysts,
following different mechanisms both starting from the RRR-HMR
and SRR-HMR epimers. These mechanisms can be distinguished
either for the direct participation in the final hydrogenation step of
the metallic function or for the apparent absence of role of the same
catalytic metal component. Confirming the experimental findings,
the computational results show that a composite mechanism in
which the metal function plays a minor role is the most favorite
process.

On the whole, the present computational study was able to point
out details on the reaction pathways, to rationalize the different
reactivity, experimentally observed, between the RRR-HMR and
SRR-HMR epimers, and to give hints on the role of the acidity on
the title hydrogenolysis.

The results finally confirm the importance of the conforma-
tional analysis in describing the substrate/catalyst interactions and
in explaining the consequent reactivity of the adsorbed substrate
derivatives. It is moreover possible to hypothesize that the analysis
of the conformational space of HMR, and of its derivatives, within
the H-Y cavity could be of help in order to achieve an even clearer
picture of the title system.
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