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Abstract: The obtaining of aldehydes or ketones through oxidative cleavage of vicinal diols requires the use of a catalyst.
In this work we present the positive effects of ionic liquids in the homogeneous oxidative cleavage of ethylenglycol,
pinacol, benzopinacol and hydrobenzoin, catalyzed by Mn(salen) complexes. The catalyst dissolved in ionic liquids
allows high efficiency (yield up to 99% with air as oxidant), low environmental impact and, in addition, it is possible to

recycle.

In order to understand the role of the catalyst and of the ionic liquids, DFT studies were performed and a possible catalytic

cycle is presented.

INTRODUCTION

The oxidative cleavage of vicinal diols to obtain
aldehydes is an important field in synthetic organic
chemistry [1], and also for the pharmaceutical industry [2].
Nonetheless, the reported stoichiometric [3-5] and catalytic
[6-8] systems are far away from the complete
accomplishment in terms of activity, selectivity, atomic
economy and environmental impact. Therefore, the
development of new catalytic systems that allow the
selective formation of aldehydes with non-polluting and
non-toxic catalysts and/or oxidants, is one of the aims of the
organic synthesis [9]. Our approach is based on the use of
ionic liquids (organic salts with low melting-point (< 100
°C))[10, 11] and the well-known achiral Mn"'(salen)
complexes ((N,N’-bis(salicylidene)-1,2-ethylendiamine) man-
ganese(l1)) [12-14], - which have been intensely
investigated owing to their excellent performance in alkene
epoxidation - as a catalytic system for the oxidative C-C
bond cleavage of vic-diols to aldehydes with oxygen as
oxidant and a sacrificial aldehyde as a co-reductant (Scheme
1) [15]. The highly polar ionic liquids (IL) can stabilize the
cationic catalyst or the transition states [16], having as a
consequence an increased activity of the catalyst [17, 18].
Additionally, the possibility to recycle the catalyst/IL system
as a strategy to improve one of the deficiency of the
homogeneous catalysts allows also an improved total TON
(turnover number) [19].

Experimental Part

The routine *C{*H}-, and 'H-NMR spectra were
measured in the given solvent on either a Bruker Avance 400
at room temperature. The chemical shifts & are given in ppm
relative to TMS, and referenced to the solvent signal for *H-
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and *C{*H}-NMR. The FT-IR were measured on a Perkin

Elmer Paragon 500. GC-MS-analysis were done with a

1876-214X/09

ThemoFinnigan TraceMS, with EI-MS as detector; column:
Zebron ZB-5 (30m x 0.25mm x 0.25 pm). All reagents
(Merck or Aldrich) were used as received (LabGrade). The
catalytic substrates and the catalyst were synthesized
following reported procedure in literature: (+/-)1,2-
diphenyl-1,2-ethanediol [20], 1,1,2,2-tetraphenyl-1,2-etha-
nediol [21], 2,3-dimethyl- 2,3-butanediol [22]. The ionic
liquids (Solvent Innovation GmbH, LabGrade, 99% purity)
were used as received. The recycled attempts were done in a
parallel organic synthesizer Quest 210 (Artisian Scientific),
with 20* 5 mL vials and vertical stirring, under air (1 bar).
The extraction of the products were done with 10* 3 mL of
hexane:ethyl acetate (9:1). The isolated products were
analyzed by *H-NMR, GC-MS and compared with literature.

Standard catalysis procedure: 0.27 mmol of the diol is
dissolved in 2 mL of dichloromethane and added to a
round-bottomed flask that contains 5.0 mL of the ionic liquid
and 0.014 mmol (5 mol%) of [Mn(salen)(Py)](OAc). The
organic solvent is evaporated and the system is bubbled
constantly with oxygen at 30 °C. One equivalent of the
sacrificial  aldehyde  (0.27mmol, benzaldehyde or
salicylaldehyde) is added and the addition is repeated after 1
and 2 hours. After three hours, the air bubbling is suspended
and 5 mL of hexane are added to the system. The products
are extracted (10* 5 mL) and purified (flash
chromatography) with hexane/ethylacetate 9:1 or distilled
under reduced pressure. The yields are for isolated products.

Standard catalysis procedure in Quest 210 (20 parallel
vials): a standard solution of 2.7 mmol of the diol is
dissolved in 20 mL of dichloromethane and 2 mL of this
standard solution is added to 5 mL vial that contains 2.0 mL
of the ionic liquid and 0.014 mmol (5 mol%) of
[Mn(salen)(Py)](OAc). After the evaporation of the organic
solvent, 0.81 mmol of the sacrificial benzaldehyde are added
and the system is bubbled constantly with air at 60 °C. After
three hours, the air bubbling is suspended and 3 mL of
hexane are added to the system. The products are extracted
(10* 3 mL) and purified (flash chromatography) with
hexane/ethylacetate 9:1. The yields are for isolated products.
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Scheme 1. Oxidative cleavage of vic-diols catalyzed by Mn(l1l)-complexes.
RESULTS AND DISCUSSION Pedro and coworkers, using the o-phenylendioxamate Mn""

catalyst (in acetonitrile, at 40 °C, after 6 h: 10% yield) [25].
Although the role of the sacrificial aldehyde has not been
clearly established, the Mukaiyama group proposed that for
aerobic epoxidation reactions in the presence of this type of
complex the reaction proceeds simultaneously with the
co-oxidation of the aldehyde, forming an oxo intermediate
[15, 24]. We therefore evaluated the effect of two sacrificial
aldehydes in the oxidative cleavage reaction of
benzopinacol: benzaldehyde and salicylaldehyde. The yields
using benzaldehyde as co-reductant always showed better
results (entries 2 vs 3), indicating the important role of this
0 L . aldehyde in the formation of the active species. The
mol% of catalyst (in situ or isolated) and benzaldehyde or  ,yiqative cleavage of 2,3-dimethyl-2,3-butanediol allowed
salicylaldehyde as sacrificial aldehyde) [23]. the formation of acetone in moderate to good yields when

The catalytic activity of the Mn-complexes toward the the catalysis was carried out in dichloromethane (43.2%), in
oxidative cleavage of vicinal diols showed better results in [BMIM][PF¢] (58.5%) or in [OPIC][PF¢] (77,9%; entry 4).
ionic liquids than in organic solvents. The best oxidation On the other hand, the results with ethylenglycol to form
condition was the use of oxygen as an oxidant in the formaldehyde showed only low yields (up to 30.2%), and no
presence of excess aldehyde as a sacrificial reagent, the appreciative amounts of the corresponding acid have been
so-called Mukaiyama catalytic system [15, 24]. detected (entry ©5). In the oxidative cleavage of
1,2-diphenyl-1,2-ethanediol, the formation of benzaldehyde
was slightly superior: 17.1% in dichloromethane and close to
40% in the ionic liquids (entry 6), comparable with the
yields reported by Pedro et al. [25], with only traces of the
corresponding acid.

In order to extend this reaction catalyzed by Mn(lll)
complexes in a range of ionic liquids, the oxidative cleavage
of benzopinacol have been tried in different imidazolium-
and picolinium-based ionic liquids (Fig. 2).

The tested diols in the previous reported Mn-catalyzed
oxidative-cleavage in ionic liquids [23] were 1,2-ethanediol
(ethylenglycol, R=R’=H), 2,3-dimethyl-2,3-butanediol (pinacol,
R=R’=Me), 1,2-diphenyl-1,2-ethanediol (hydrobenzoin,
R=Ph, R’=H) and 1,1,2,2-tetraphenyl-1,2-ethanediol (ben-
zopinacol, R=R’=Ph) (Scheme 1), so we could establish
differences of reactivity as regards electronic and steric
effects. The used ionic liquids were derivatives of
imidazolium and picolinium salts (Scheme 2). Fig. (1) shows
the results of the preliminary catalytic experiments (reaction
conditions: 3 h, 30 °C, with constant bubbling of oxygen, 5

Also in the in situ system (the catalyst is formed from 5%
mol of Mn(OAc), with 1 equivalent of N,N’-bis(salicyli-
dene)-1,2-ethylendiamine (= salen), and 1 equivalent of
pyridine dissolved in dichloromethane/ionic liquid) there is
improved activity if the reaction is carried out in ionic
liquids as a solvent (entry 1 of Fig. (1), increasing of the
yield from 18.4% in dichloromethane to 60.1% in
[OPIC][PF¢]). The use of the isolated catalyst
[Mn(salen)(Py)](OAc) allowed us to obtain better yields
(77.8% in dichloromethane and >99% in [OPIC][PF¢], entry The aerobic oxidative cleavage of benzopinacol at 60 °C
2). This result is definitively better than that reported by ~ with benzaldehyde as co-reductant and air (instead of pure
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Scheme 2. Used ionic liquids: [BMIM]X, [EMIM]X and [OPIC]X, where X is the anion PFg, BF4, CF3SO3 or N(CN), (DCA) and [BMIM] =
N-butyl-N-methylimidazolium salts; [EMIM] = N-ethyl-N-methylimidazolium salts; [OPIC] = N-octyl-picolinium salts.
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Fig. (1). Oxidative cleavage of benzopinacol (entries 1-3), pinacol (entry 4), ethylenglycol (entry 5) and hydrobenzoin (entry 6) in CH,Cl,,
[BMIM]PF¢ and in [OPIC]PFg, catalyzed by 5 mol% [Mn(salen)(Py)]OAc. Yields are for isolated material after FC and the results are an

average of 2 runs.
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Fig. (2). Oxidative Cleavage of benzopinacol catalyzed by [Mn(salen)(Py)]JOAc dissolved in a range of ionic liquids, with air as oxidant.
Yields are for isolated material after FC and the results are an average of 2 runs.

oxygen) as oxidant is almost effective in ionic liquids, with
yields generally more than 80%. Only in the case of the
reaction carried out in [EMIM]-based ionic liquids (entries 4
and 5, Fig. 2) the yield is lower (73,3% in [EMIM]BF,4and
49,4% in [EMIM]CF;S03), showing that also the cationic
precursor of the ionic liquid can play an important role in
this catalytic reaction. In the case of the reaction in
[OPIC]DCA (entry 7, Fig. 2), the solubility of the catalyst
[Mn(salen)(Py)](OACc) is not really good in this ionic liquid,
and therefore the reaction is not efficient (yield only 12,8%).

In order to widen the use of these ionic liquids, the
catalyst/ionic liquid system has been recycled (Fig. 3). It is
interesting to note, that the recycled system is even more
active that the previous used catalyst. Using the ionic liquids
based on [BMIM] salts (entries 1,2) the yields are almost
quantitative. In the case of [EMIM] (Entries 3,4) and
[OPIC]-based ionic liquids (entries 5,6) the yields increase in
the recycled experiment. This perhaps indicates that the

formation of the active species of the catalyst (induction
time) plays possibly an important function in the
optimization of the catalytic reaction. Also in the worst
example with [OPIC]DCA, the yield increases from 12,8%
to 21,9% (always isolated yields). The possibility to extend
the recycle experiments of the system catalyst/ionic-liquid
with additional runs is limited by the presence of the
corresponding acid, formed from the co-reductant
benzaldehyde: the use of hexane/ethylacetate (9:1) to extract
the products is not really efficient for the formed benzoic
acid and residue of the acid remained in the ionic liquid
(control with TLC and GC-MS). Therefore, the excess of the
acid involve a more viscous reaction mixture, which after the
first recycled experiment didn’t allow further recycling
processes.

Although different groups have reported the oxidation
cleavage of diols catalyzed by transition metal complexes, a
really satisfactory mechanism that explains the interaction
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Fig. (3). Oxidative Cleavage of benzopinacol catalyzed by [Mn(salen)(Py)]JOAc in IL or by recycled IL/catalyst-system, with air as oxidant.
Yields are for isolated material after FC and the results are an average of 2 runs.

between the substrates and the catalyst has still to be
detailed. Several groups [15, 25, 26] proposed that the
reaction is catalyzed by an oxomanganese active specie,
which is formed by a sacrificial aldehyde that must be
present in stoichiometrical quantities (or in excess). Using
DFT (Density Functional Theory) and UHF (Unrestricted
Hartee-Fock) calculations, we tried to understand how the
0x0 manganese complex catalyses the oxidation cleavage of
the diols. To model this reaction, the use of a
B3LYP/LANL2DZ level of theory has been established
[27-30]. In order to simplify the computational model, the
preliminary DFT studies [23] were made with ethylenglycol
as the substrate, the oxomanganese(V) chloride as the
catalyst (the neutral species to simplify the underlying
calculations) and a simplified salen ligand (without the
lateral aromatic ring of the salicylaldehyde) [29-32]. The
first step to get the reaction approximation’s coordinates of
the substrate was the mapping of the electrostatic potential of
the diol and the manganese complex (Fig. 4). The substrate
and the complex showed a negative potential of almost equal
magnitude around their active oxygen atoms (ESP = -0.03).
Thus, the oxygen-oxygen approach to form a peroxide
intermediate as in an iron porphyrine compound is almost
impossible owing to electrostatic repulsion.

The diol approaching the oxomanganese complex formed
an intermediate with multiplicity 5, in which a proton from
the diol was transferred to the manganese complex (Fig. 5,
left; C-C distance in the diol = 1,586 A). A local minimum
was found when both protons of the diol had been donated.
This geometry involved the formation of two molecules of
formaldehyde and a molecule of an agua-manganese
complex (Fig. 5, right). Finally, all transition states and
minima were verified by hessian calculations, showing the
correct amount of imaginary frequencies.

In order to understand the manganese-catalyzed
oxidation of diols by evaluating the catalytic cycle, both IRC
(Intrinsic  reaction coordinate) and PCM (Polarized

Continuum Model) calculations (to include solvent effects)
have been considered. We also wanted to evaluate the effect
of the axial ligand, changing from chloride to pyridine, since
the later showed to increase reaction rates and activities of
the catalyst [23]. To achieve this goals we decided to change
the computational methodology towards the LANL2MB/
B3LYP level of theory as it is implemented in Gaussian 03
[33]. The smaller size of this basis set allows exploring the
reaction path more extensively, while maintains an adequate
description of the chemical system. Methodologically, we
started finding the different transition states and confirming
them by frequency calculations. A subsequent IRC study
allowed the location of both reactant and product complexes,
associated with the calculated transition states. Additionally,
both reactant and products obtained by IRC were optimized
to ensure that they were true local minima.

If the axial ligand is changed by a pyridine ligand, the
activation energy is lower (Scheme 3): the effect of the axial
ligand is crucial in these type of catalysis, and explains the
experimental results, where the pyridine is necessary also in
the in situ-catalysis [23]. The reaction path was confirmed
through IRC calculations from which both the reactant and
product complex energies were also established. This
reaction step was calculated for both pyridine and chloride
containing complexes obtaining activation energies of 66.5
and 108.5 kJ/mol respectively. The high energy barrier
decrease with the inclusion of pyridine as axial ligand and
can be explained by the stabilizing effect generated by the
m-accepting capability of this axial ligand [34]. As it is
expected, the reaction is in general exothermic, with an
energy change of -127.37 KJ/mol for the pyridine complex
and -80.38 kJ/mol for the chloride complex. This means that
the reaction is both favored Kkinetically and thermo-
dynamically when chloride is substituted by pyridine, which
is very important because this step (Scheme 3, 3= TS2=4)
is rate determining for the catalytic cycle. To further improve
our understanding of the catalytic cycle, we also studied the
generation of the oxomanganese specie (2). Even though it
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Fig. (4). Mapping of the electrostatic potential of the diol (left) and the simplified chloro-manganese(l11) complex (right).

has been proposed that the complex is formed by a radical
mechanism [15, 26], it is possible that the complex is
produced via a non-radical reaction of a molecular oxygen
manganese(salen) complex with the sacrificial aldehyde.
This would also explain why the reaction is not hindered in
ionic liquids, which would be prompt to happen if it were
highly dependent on radical formation. A transition state was
found (Scheme 4, TS1), linked (via IRC) with the reaction
path from the molecular oxygen complex to the
oxomanganese complex formation. The activation energy for
this step was determined to be 42.94 for the pyridine- and
26.38 KJ/mol for the Cl-complex. The lower activation
energy for the chloride complex can be explained by the
n-donor character of the anionic chloride ligand, making the
transition towards Mn(V) easier. This is also observed by the
overall energetics of this step, which are -59.3 for the
pyridine and -83.9 KJ for the Cl-containing complex.
Consequently, this step is kinetically and thermodynamically
easier with the Cl-complex. Finally, the calculated catalytic

(x]
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cycle is showed in Scheme 4: in the cycle, the co-reductant
in the presence of oxygen allows the formation of the oxo
specie (1 = TS1= 2), which can interact with the substrate,
to form the intermediate (3). The concerted interaction
between the diol and the catalyst (TS2) consents the
formation of the aqua-complex (4) and two molecules of
aldehydes. After the elimination of the water, the catalyst is
reformed and the cycle is closed.

Moreover, both intermediates and transition state (Fig. 5,
C-C distance in transition state (TS2) = 1,736 A) showed
high areas of charge separation in the electrostatic potential
maps. This suggests that the use of solvents with high
dielectric constants as well as the use of cationic manganese
complexes would cause further stability of the intermediates
and the transition states. Therefore, we tried to include
solvent and ionic liquid effects using the PCM model.
However, this approach failed to give realistic results due to
the simplicity of the computational model. Since in PCM

3 (TS2) 4)

Fig. (5). Calculated interaction catalyst-substrates: intermediates (3) and (4) and transition state TS2. Illustration generated using

CrystalMaker®.
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Scheme 3. Calculated activation energy for (3 = TS2= 4), the rate determining step: effect of the axial ligand (multiplicity = 1).
there is no distinction between different "solvent entities"
and the solvent is treated as an homogeneous continuum of
constant polarity, the different molecules present in an ionic
liquid with their different charges is not at all represented.

Since the transition states have significant dipole moments, it
is expected that the solvent would arrange in a particular way
around the molecule, which can be simulated only by the
explicit inclusion of solvent molecules. The inclusion of a
solvent molecule (by PCM model) showed the stabilization
of reactants and products much more than the transition state
structures, which gave an overall increase of activation

energies: this is the opposite of what is experimentally

Since the PCM approach did not give satisfactory results,

we decided to calculate an ionic liquid explicitly by using the
approach described by Bessac et al. [35], which gives

accurate results and is computationally efficient. We used an
Oniom level calculation DFT/MM in which 12 ionic pairs of
the N',N-dimethylimidazolium tetrafluoroborate were treated
as ionic liquid, with a low level of theory described by the
UFF force field, while the catalyst-reagent system was
treated with a higher level of theory described by the

Fernandez et al.
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Scheme 4. Calculated catalytic cycle of the oxidative cleavage of vic-diol

LANL2MB basis set using the B3LYP density functional.
lonic pairs were placed symmetrically around the catalyst for
the starting geometries. lonic pair molecule geometries were
previously optimized at a BSLYP/LANL2DZ level of theory.
The calculation required the explicit computation of second
derivatives on every optimization step, since the potential
energy surface appeared to be significantly flat. The
optimization to a transition state, starting from the transition
state geometry previously determined in the gas phase, led to
the system shown in Fig. (6). The UFF force field failed to
describe the methyl carbon - nitrogen bond accurately (as the
methyl group is not coplanar with the imidazole ring in most
ionic pairs), although overall electrostatic contributions are
in accordance with what would be expected from this type of
ionic systems. There were also significant changes in the
transition state's geometrical configuration, which exhibits
an important torsion of the pyridine ligand, which ends up
being totally aligned with the O and N atoms of the salen
moiety (it was completely parallel to these atoms in the gas
phase). This torsion of pyridine causes an overall rotation of
the glycol's location relative to the salen-ring. An IRC
calculation was performed from this transition state in order
to complete the reaction step in the presence of the explicit
ionic liquid. Minimization from the two extremes of the IRC
calculation afforded both reagent and product geometries

s catalyzed by [Mn(salen)(L)]* complexes.

(Fig. 7, Intermediate (3)). The energy difference between the
reagents and the transition state was determined to be 83.11
kJ/mol, which is greater than the previously calculated
energy of 66.5 kJmol. However, the pyridine
conformational change is especially responsible for this.
Removing solvent molecules and optimizing again to a
transition state in the gas phase leads to an energy increase
of almost 60 KJ/mol, which quickly shifts to the previous
conformation of the pyridine ligand, meaning that there is a
significant stabilization of that conformation in the ionic
liquid. The previously achieved low energy of 66.5 kJ/mol
seems to be artificial and valid only in the gas phase. This
conformation is unstable in the presence of solvent
molecules: consequently, the lowest possible energies are
associated with the newly found conformation, which is
stable in the presence of solvent molecules. This stabilization
in ionic liquids is absent for the chloride complex: in this
case, the activation energy increases slightly to 118 KJ/mol,
with no overall important geometrical changes. Due to ionic
liquid stabilization, also the overall energy differences
between reagents and products became more favorable
(around 10 KJ/mol).

The study of this reaction step in the presence of an
explicit ionic liquid showed the stabilizing effect of the
solvent on a very unstable conformation of the pyridine ring
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in the gas phase and hence, a much lower activation energy
than that which would have been expected from the same
conformation without solvent molecules. It also showed that
this effect is clearly seen for the cationic complex (with
pyridine as axial ligand), whilst the chloride complex
(neutral) didn’t show important stabilizing effects in the
presence of the polar solvent. In conclusion, ionic liquids
may help stabilizing cationic or anionic transition states
significantly, while they have a much lower influence on
neutral catalysts.

Fig. (6). Calculated interaction catalyst-substrates in IL for the
transition state TS2. (Oniom level calculation DFT/MM with 12
ionic pairs of the N',N-dimethylimidazolium tetrafluoroborate as
ionic liquid: only 5 pairs are presented for clarity. Most hydrogen
atoms are also omitted for clarity. lllustration generated using
CrystalMaker®.

Fig. (7). Calculated interaction catalyst-substrates in IL for the
intermediate (3). (Oniom level calculation DFT/MM with 12 ionic
pairs of the N',N-dimethylimidazolium tetrafluoroborate as ionic
liquid: only 5 pairs are presented for clarity. Most hydrogen atoms
are also omitted for clarity. [Illustration generated using
CrystalMaker®.

CONCLUSIONS

The complex [Mn(salen)(Py)]JOAc presents catalytic
activity for the oxidative C-C bond cleavage of vic-diols
with oxygen as oxidant and an aldehyde as co-reductant.
Ketones  from  steric  hindered  substrates like
1,1,2,2-tetraphenyl-1,2-ethanediol (benzopinacol) have been

Fernandez et al.

formed (with yields up to 99%, 2 h at 60 °C)), showing
better results than the previously reported systems based on
manganese(l11) catalysts.

The use of ionic liquids as solvents in this reaction allows
us to improve the results considerably, increasing the yield
up to 60%. These results corroborate the positive effect of
the use of ionic liquids with cationic catalysts. DFT
calculations let us clarify the possible interaction between
the substrates and the catalyst. After this study and for the
first time, there is a complete cycle that explains the
Mn-catalyzed oxidative cleavage of diols. The mechanism
explains the formation of the oxomanganese complex, the
role of oxygen, the diol oxidation transition state and the
regeneration of the catalyst by water dissociation. The
proposed mechanism also gives us a good understanding
about why this reaction works extremely well for
manganese(salen)-complexes, with pyridine ligands, in ionic
liquids. Further Kinetic studies to verify the catalytic cycle
are in progress.
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