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ABSTRACT: For applications in aqueous media, sulfonated tetrahy-
drosalen (sulfosalan, HSS) was synthesized by sulfonation of
tetrahydrosalen in fuming sulfuric acid. The Pd(II) complex of this
ligand, [Pd(HSS)], showed outstanding activity in hydrogenation and
redox isomerization of allylic alcohols in homogeneous aqueous
solutions or in aqueous−organic biphasic systems (for oct-1-en-3-ol
TOF(hydrogenation) = 1580 h−1, TOF(redox isomerization) = 400
h−1). DFT calculations revealed that H2 is activated heterolytically,
resulting in a Pd(II)−hydride complex, [Pd(H)(HSS-Hphen)], in
which one of the phenolate oxygens is protonated. Both hydrogenation
and redox isomerization take place via concerted transfer of a proton
and a hydride from the hydrogenated catalyst to the allylic alcohol.

1. INTRODUCTION

Transition-metal complexes of salen (double Schiff base of
ethylenediamine and salicylaldehyde) play important roles as
homogeneous and heterogeneous catalysts. The first such
complexes were synthesized in 1933,1 and since then several
thousand salen-containing complexes have been prepared and
characterized.2 These compounds show catalytic activity in
reactions such as the epoxidation of alkenes,3 ring opening of
epoxides,4 the synthesis of cyclopropane5 and aziridine6

derivatives, etc. Many of these complexes are oxygen carriers;
therefore, they can be regarded as models of metalloproteins.7

In addition, their fluorescent properties can be utilized for
analytical and imaging purposes.8 In particular, Schiff base
complexes of palladium proved to be active catalysts for
hydrogenation9 and oxidation10 and in various C−C coupling
reactions.11

Interestingly, although [Pd(salen)] has been suggested as a
synthetic model of hydrogenase,9a due to its insolubility in
water its properties could be studied only in ethanolic solutions.
Today’s clean and green chemistry prefers the use of aqueous

media. Since water is nontoxic and nonflammable, its
application results in safer and cheaper processes. In many
cases the products can be isolated from the reaction mixture by
simple extraction, while the water-soluble catalyst can be reused
in the aqueous phase. Aqueous organometallic catalysis12 has
become a standard procedure on both laboratory and industrial
scales in reactions such as hydroformylation,13 hydrogenation,14

redox isomerization,15 C−C coupling,16 and many others.
Water-soluble salen complexes hitherto have been applied

mostly for catalysis of oxidations;17 however, there are examples
in the literature for N-arylations,18 coupling reactions,19 and

reductions20 as well. Use of Schiff base ligands and their
complexes in aqueous catalysis is hindered by their propensity
to hydrolysis.21 Hydrogenation of the salen CN bonds
results in amines (salans) with much higher stability in aqueous
solutions.21a Transition-metal complexes with salan ligands
were found to be active catalysts for oxidation22 and
polymerization.23 Nevertheless, the possibilities offered by the
use of such complexes in aqueous organometallic catalysis are
still largely unexplored.
Catalytic redox isomerization of allylic alcohols is a 100%

atom economical reaction, allowing the synthesis of aldehydes
and ketones without the need for separate oxidation and
reduction steps.15,24 These reactions may take place at shorter
reaction times and may result in less waste and energy
consumption. Typical catalysts15,24,25 are complexes of Ru, Rh,
Ir, and Fe, while complexes of Pd have scarcely been suggested
for such purposes. Redox isomerization can be part of the
hydrogenation of allylic alcohols, when the alcohol is first
isomerized to a ketone or aldehyde and the saturated alcohol is
obtained by hydrogenation of the CO function of the latter.
Several catalysts were found to be selective for isomerization
with no or negligible activity for hydrogenation.26

Organometallic catalysis has been dominated by phosphine
and (recently) carbene ligands, which can stabilize lower
oxidation states of transition metals often involved in catalytic
cycles. Nevertheless, as the above examples show, multidentate
N- and O-donor ligands can also be useful in catalysis.
Therefore, with the aim of extending the use of salan complexes
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in aqueous organometallic catalysis, we have synthesized and
characterized the water-soluble sulfonated salan ligand and its
Pd(II) complex. The latter compound showed high catalytic
activity in the redox isomerization of allylic alcohols in aqueous
solutions and in aqueous−organic biphasic systems. DFT
calculations revealed intimate details of the reaction mecha-
nism.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of sulfosalan and
Its Pd(II) Complex, [Pd(HSS)], and Hydrogenation and
Redox Isomerization of Allylic Alcohols Catalyzed by
[Pd(HSS)].
2.1.1. Synthesis and Characterization of sulfosalan, HSS,

and Its Pd(II) Complex, [Pd(HSS)]. Sulfosalan (8) has already
been reported in the literature.21a Its synthesis (Scheme 1, top)
involved the sulfonation of salicylanilide (1) and removal of the
aniline protecting group by hydrolysis, followed by reaction of
sulfonated salicylaldehyde (3) with ethylenediamine (4),
yielding sulfonated salen (5) as a crystalline solid.27 In the
last step of the synthesis of HSS (8), sulfosalen (5) was
hydrogenated in aqueous solution using NaBH4. (In the
following the abbreviation HSS is used for the disodium salt of
disulfonated tetrahydrosalen.) We have followed a different
route, according to which salen (6) (also available commer-
cially) was first obtained in the condensation reaction of
salicylaldehyde and ethylenediamine, and this was reduced by
NaBH4 (Scheme 1, bottom). The resulting amine (7) was then
sulfonated in fuming sulfuric acid. Adjusting the acidity of the
sulfonation mixture to pH 5 leads to precipitation of
disulfonated salan as the free acid in its zwitterionic form (8′).
Altogether the modified procedure is simpler and the overall

yield of 8′ (29% based on 6) is higher than that of the literature
method for 8 (7%), despite the low yield of the sulfonation
step. Elemental analysis and 1H NMR and ESI-MS spectros-
copy showed the correct results for disulfonated salan. The
white solid is sparingly soluble in water; in contrast, its Na+ salt

dissolves well in aqueous media and also in dimethyl sulfoxide
(DMSO).
Crystals suitable for a single-crystal X-ray structure

determination were obtained by slow crystallization of the
free sulfonic acid from a water/DMSO mixture. The
asymmetric unit contains half of the molecule (Figure S1,
Supporting Information). Both the phenolic oxygens and the
nitrogen atoms are protonated, and the resulting positive
charge is neutralized by the sulfonate groups (Figure 1). The

molecules in the crystal show a layered arrangement (Figure 2),
with one DMSO between two sulfonated salan units, and this
structure is stabilized by hydrogen bonds and π−π interactions.
Bond distances and angles of sulfosalan show good agreement
with the analogous parameters of similar molecules described in
the literature.28 The C11N1 bond distance, 1.485(10) Ǻ,
refers to a single carbon−nitrogen bond. In the −CH2−N+H2−
CH2−CH2−N+H2−CH2− part of the molecule all atoms are
sp3-hybridized, similar to the structure of salan.29

Scheme 1. Synthesis of Sulfonated Salan (Top) as Its Na Salt (HSS) (8) According to the Literature21a,27 and (Bottom) as the
Zwitterionic Free Acid (8′) by a Simplified Procedure Used in This Study

Figure 1. ORTEP view of sulfosalan (8′) at the 50% probability level
with the numbering scheme. The disordered dimethyl sulfoxide
solvent is omitted for clarity. Selected bond distances (Ǻ) and angles
(deg): C12−C12(i) = 1.495(19), C11−N1 = 1.485(10), C12−N1 =
1.494(12), C5−S1 = 1.772(11), O11−S1 = 1.435(7), O12−S1 =
1.445(7), O13−S1 = 1.449(7); N1−C12−C12(i) = 109.9(11), O11−
S1−O12 = 113.7(5), C2−O1−H1 (fixed angle) = 109.50. Symmetry
code: (i) −x, −y + 1, −z + 1.
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The Pd(II) complex of sulfosalan, [Pd(HSS)] (9) (Scheme
2), was prepared by stirring equimolar amounts of
(NH4)2[PdCl4] and HSS in aqueous solution at pH 7.5 for
10 h at 60 °C followed by precipitation with ethanol.

[Pd(HSS)] (9) is quite soluble in water and in DMSO but is
insoluble in apolar organic solvents. Aqueous solutions of
[Pd(HSS)] are stable in the air and can be stored for months.
Due to the slow complex formation even at 60 °C, direct pH-
potentiometric studies could not be carried out to determine
the stability of the complex at various pHs. Above pH 6 no

reaction was observed with H2 under pressures up to 9 bar (no
metal formation was seen, and no Pd−hydride species could be
detected by 1H NMR spectroscopy). However, in more acidic
solutions reaction with hydrogen resulted in the formation of a
black precipitate and consequently all our investigations were
done at pH ≥6.05.

2.1.2. Catalytic Activity of [Pd(sulfosalan)] in Hydro-
genation and Redox Isomerization of Allylic Alcohols.
Exploratory experiments were carried out also with the Pd(II)
complex of sulfonated salen. As expected, the complex was not
stable and even at room temperature and at low hydrogen
pressures readily visible metal precipitation occurred.
In contrast, [Pd(HSS)] was found to be stable above pH 6.

This catalyst was used both as prepared in situ and as an
isolated solid (see the Experimental Section). In both forms it
catalyzed the hydrogenation and redox isomerization of allylic
alcohols (Table 1). Importantly, no reaction occurred in the
absence of hydrogen, and the conversion of allylic alcohols
increased with increased hydrogen pressure (Figures S10 and
S11, Supporting Information). A mercury test showed that the
reactions were homogeneously catalyzed. According to the
results, the reactions became faster with increasing chain length
of the alk-1-en-3-ol substrates. Therefore, most of the further
measurements were made with oct-1-en-3-ol. Note that due to
the low solubility of oct-1-en-3-ol in water these reaction
systems are liquid biphases; however, under our conditions the
stirring speed did not influence the reaction rate. It is
noteworthy that the catalyst is active also at high substrate
loadings (S/C 2000, Table 1, entry 13).
The isolated solid [Pd(HSS)] showed substantially higher

catalytic activity than the in situ catalyst (Table 1, entry 7 vs
10). Since the only difference between the two kinds of reaction
mixtures was the presence of a stoichiometric amount of
NH4Cl in solutions of the in situ catalyst, we checked the effect
of chloride on the rate of the reaction of oct-1-en-3-ol. As can
be seen from Table 1 (entries 8 and 9), addition of NaCl

Figure 2. Packing diagram of sulfosalan molecules showing the layered
structure and the cavity filled with disordered DMSO molecules. The
structure is stabilized by hydrogen bonds and π−π interactions.

Scheme 2. Pd(II)-sulfosalan (9; [Pd-HSS])

Table 1. Hydrogenation and Redox Isomerization of Allylic Alcoholsa

yield (%)b TOF (h−1)h

entry catalyst R1 R2 11 12 hydrogenation redox isomerization

1 in situ H H 19c 2c 38 4
2 in situ CH3 H 7c 3c 14 6
3 in situ H CH3 26c 6c 52 12
4 in situ H C2H5 54c 17c 108 34
5 in situ H C3H7 70 16 140 32
6 in situ H C4H9 70 17 140 34
7 in situ H C5H11 71 19 142 38
8 isolated + NaCl (1:1) H C5H11 83 13 166 26
9 isolated + NaCl (1:10) H C5H11 78 14 156 28
10 isolatedd H C5H11 74 26 296 104
11 in situe H C5H11 36 10 144 40
12 isolatedf H C5H11 65 20 1300 400
13 isolatedg H C5H11 79 20 1580 400

aConditions (except where noted): substrate (10), 0.25 × 10−3 mol; catalyst, 1.25 × 10−6 mol; 3 mL 0.2 M phosphate buffer, pH 6.05; 5 bar of H2; 1
h; 80 °C. bYield determined by GC. cYield determined by 1H NMR spectroscopy. d30 min. eCatalyst, 0.625 × 10−6 mol. fCatalyst, 1.25 × 10−7 mol.
gCatalyst, 1.25 × 10−7 mol; 9 bar of H2.

hTOF = (mol of product) ((mol of catalyst) h)−1; in cases where the conversions of oct-1-en-3-ol are close
to 100%, the given TOF’s represent minimum values of catalytic activity.
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decreased the catalytic activity of the isolated complex to about
the level of the in situ prepared catalyst. This effect was not
investigated in detail; however, it shows that coordinating
ligands, such as chloride, may easily occupy free coordination
site(s) on Pd and inhibit the catalytic process.
In addition to the redox isomerization process, under a

hydrogen atmosphere [Pd(HSS)] can catalyze as well the
hydrogenation of the CC double bond in the allylic alcohol
and that of the CO double bond in the ketone product of
isomerization. In general, under our conditions, formation of
the saturated alcohol (11) took preference over that of ketone
(12). At pH 6.05 the ratio of 12 in the product mixture was
about 20% (Table 1); therefore, [Pd(HSS)] proved to be a
better catalyst for hydrogenation than for redox isomerization.
Reactions of oct-1-en-3-ol under H2 were studied in detail

both with the in situ prepared and with the isolated [Pd(HSS)]
catalysts, and the results are shown on Figures S6−S16 as
Supporting Information. In aqueous systems, the pH of the
catalyst solution may have a dramatic influence on the activity
and selectivity of the catalyst.14e,30 With [Pd(HSS)] as catalyst,
the overall conversion of oct-1-en-3-ol was only slightly effected
by changes in the pH; however, there was a significant increase
in the selectivity toward hydrogenation (11:12 from 33:25 to
41:16, Figure S12). An increase of the hydrogen pressure
resulted in an increased rate of overall conversion of 10;
however, this was mostly manifested in the production of 11
(Figure S10). The catalyst proved to be active also at high
substrate loadings (no substrate or product inhibition was
observed). Under the conditions of Figures S14 and S15 at 1
bar of H2 pressure the activity varied according to a saturation
curve and a limiting TOF around 650 h−1 could be calculated
(Figure S16).
Initial TOF values of the formation of octan-3-ol and octan-

3-one were used for the calculation of overall activation
energies of these two processes (Figure 3). It should be stressed

that the obtained Ea values cannot be ascribed solely to
chemical reactions. In this multiphase system the solubility of
oct-1-en-3-ol and H2 in the catalyst-containing aqueous phase
may significantly modify the overall temperature dependence.
The time course of the product distribution (Figures S6 and

S7) and its dependence on the hydrogen pressure (Figures S10
and S11) both indicated some, albeit low, reactivity of octan-3-
one (12) toward hydrogenation under the reaction conditions
employed. However, when the hydrogenation of 12 was
attempted separately, no formation of octan-3-ol (11) was

detected. Nevertheless, in a mixture of 11 and 12, hydro-
genation of 12 also occurred to a considerable extent (Table 2).

Although in the first 0.5 h of the reaction the amount of 11 was
still less than that of the initially added 10, after 4 h as much as
27% of 11 could be detected, 7% of which should have come
from a slow hydrogenation of 12.
As discussed above, [Pd(HSS)] showed high activity in the

hydrogenation of allylic alcohols to saturated alcohols.
Therefore, hydrogenation of the olefin oct-1-ene was also
attempted. Surprisingly, under the conditions of Table 2 (but
with 1 bar of H2) only a 1% yield of octane was obtained in 4 h.
Similar to the hydrogenation of 12, addition of oct-1-en-3-ol
(10) increased the rate of hydrogenation of oct-1-ene as well,
and after 4 h 21% of octane could be detected, while oct-1-en-
3-ol reacted to yield 45% of octan-3-ol and 55% of octan-3-one.
Liquid biphasic reaction systems allow isolation of the

product and recycling of the catalyst by phase separation. In the
[Pd(HSS)]-catalyzed redox isomerization of oct-1-en-3-ol,
recycling experiments showed that the activity of the catalyst
dropped significantly after the first reaction, followed by smaller
changes in the consecutive runs (Table 3). After the fifth run

the catalyst still retained 40% of its original activity.
Interestingly, while in the first run hydrogenation was preferred
over isomerization, in the following runs the hydrogenated/
isomerized product ratio was about 1. At present, the reason for
this phenomenon is unclear.

2.1.3. Discussion of Experimental Results. In this paper we
report a new synthesis of sulfonated tetrahydrosalen
(sulfosalan, HSS) by direct sulfonation of tetrahydrosalen.
Since salen is easily available either commercially or via a
straightforward high-yield synthesis and moreover its hydro-
genation with NaBH4 can be easily accomplished, this new
procedure represents a more efficient route to the water-soluble
HSS in comparison to that published earlier.21a,27 In contrast to
sulfonated salen, HSS is a water-stable compound. The Pd(II)

Figure 3. Hydrogenation and redox isomerization of oct-1-en-3-ol:
Arrhenius plots for formation of octan-3-one (red ▲, Ea = 87.2 kJ/
mol) and octan-3-ol (blue ◆, Ea = 115.6 kJ/mol). Conditions:
substrate, 0.25 × 10−3 mol; isolated [Pd(HSS)], 2.5 × 10−7 mol; 3 mL
0.2 M phosphate buffer, pH 6.05; 1 bar of H2; 60 min. The conversion
was determined by GC.

Table 2. Hydrogenation of Octan-3-one and Octan-3-one/
Oct-1-en-3-ol Mixturesa

entry substrate(s) time (h) 11 (%)b

1 12 4 0
2 80% 12 + 20% 10 0.5c 14
3 80% 12 + 20% 10 4c 27

aConditions (except where noted): substrate (10), 0.25 × 10−3 mol;
catalyst, 6.5 × 10−7 mol; 3 mL of 0.2 M phosphate buffer, pH 6.05; 5
bar of H2; 80 °C.

bConversion determined by GC; cNo unreacted oct-
1-en-3-ol left.

Table 3. Recycling of the Pd−sulfosalan Catalyst in
Hydrogenation and Redox Isomerization of Oct-1-en-3-ol

yield (%)b TOF (h−1)

no. of cycles 11 12 hydrogenation redox isomerization

1 42 26 420 260
2 24 21 240 220
3 22 21 220 210
4 16 19 160 190
5 14 13 140 130

aConditions: substrate, 0.25 × 10−3 mol; catalyst, 2.5 × 10−7 mol; 3
mL of 0.2 M phosphate buffer, pH 6.05; 1 bar of H2; 1 h; 80 °C.
bConversion determined by GC.
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complex of this ligand was obtained by prolonged reaction of
(NH4)2[PdCl4] in aqueous solution followed by precipitation
with ethanol. Both HSS and [Pd(HSS)] can be stored in
aqueous solution in the air for long periods (months).
Redox isomerization of allylic alcohols is an intensively

studied, synthetically useful procedure.24 Most of the known
catalysts are based on iron, ruthenium, or rhodium.24,25,31 Only
a few of these catalysts show activities in the range of several
thousand turnovers per hour,32 while the most outstanding
catalysts are characterized by turnover frequencies (TOF’s) as
high as 40000−50000 h−1.33 Nevertheless, in aqueous−organic
biphasic systems the catalytic activity rarely exceeds TOF =
1000 h−1.
Although Pd/C polymer-supported Pd or Pd nanoparticles

have been studied as catalysts for the redox isomerization of
allylic alcohols34 (with interesting solvent effects in case of Pd
NP’s),34d soluble Pd complexes are not typical catalysts for this
reaction, and only a few attempts have been made to use water-
soluble Pd complexes in aqueous solutions or in aqueous−
organic biphasic systems for such transformations. Blum and
co-workers studied the catalytic properties of ion pairs obtained
from PdSO4 and Aliquat 336 in water and found a maximum
TOF = 4.8 h−1 in the redox isomerization of oct-1-en-3-ol at 80
°C.35 The catalytic activity of the complex obtained from
PdSO4 and sulfonated bis(diphenylphosphino)propane,
DPPPS, was characterized by a TOF = 228 h−1 in biphasic
isomerization of hex-1-en-3-ol in water/heptene at 50 °C.36 It
was gratifying, therefore, that [Pd(HSS)] catalyzed the
hydrogenation/redox isomerization of various allylic alcohols
under mild conditions with an overall activity in hydrogenation
and redox isomerization of oct-1-en-3-ol up to TOF = 1980 h−1

at 9 bar of H2 and 80 °C (Table 2, entry 13). This value
exceeds most of the activities of hitherto reported Rh- and Ru-
based catalysts and is exceptionally high for a palladium
complex catalyst.
We did not attempt a detailed study of the reaction

mechanism by experimental methods, such as e.g. detection
of reaction intermediates. Nevertheless, the kinetic features of
the reaction are in agreement with the general mechanisms
proposed for such processes.15a,b Accordingly, key species in
the mechanism may be Pd hydrides, and this is corroborated by
the finding that no reaction occurs in the absence of H2 (at least
up to 80 °C). The same finding is in opposition to the idea that
the supposed Pd−hydride species can be formed by the
interaction of [Pd(HSS)] and allylic alcohols, notably oct-1-en-
3-ol. One may speculate, therefore, that the accelerating effect
of 10 on the hydrogenation of both 12 and oct-1-ene may be
more physical than chemical in nature: i.e., it originates from
the slightly increased solubility of the substrates in water.
2.2. Study of the Catalytic Activity of Pd−Sulfosalan

and the Mechanisms of Hydrogenation and Redox
Isomerization Reactions by DFT Calculations. With the
aim of obtaining a detailed insight into the mechanism of
[Pd(HSS)]-catalyzed hydrogenation and redox isomerization of
allylic alcohols, DFT calculations were performed. This method
has already been used for the study of several salen-type
complexes;37 however, there have been only sporadic reports in
the literature for complexes with salan ligands.38 It was found
that for palladium complexes correct results can be obtained by
DFT calculations using the LanL2DZ effective core poten-
tial.39,40

In general, hydrogenations can take place by three routes.
The first possibility is in that the catalyst transfers a hydride ion

onto the substrate and this is followed by protonation of the
latter.40 In the second case, protonation is the first step
followed by a hydride transfer.41 This may be unlikely in our
systems, since the proton concentration is low (pH ≥6.05).
Finally, the proton and hydride may be transferred simulta-
neously.42 Bellarosa et al. studied the catalytic activity of Ru(II)
complexes in the redox isomerization of allylic alcohols.43

According to their calculations the reaction takes place by this
third route: heterolytic hydrogenation of H2 followed by
concerted transfer of a proton and a hydride onto the substrate.
The experimental results described above showed that there

was no significant rate increase of redox isomerization in the
homologous series of alk-1-en-3-ols with more than six carbon
atoms; therefore, hex-1-en-3-ol was chosen as the model
substrate for theoretical calculations.
Figure 4 shows the structures of possible products of redox

isomerization, hydrogenation, and dehydrogenation of hex-1-

en-3-ol (only compounds in equilibrium are displayed).
Depending on the proton transfer site (carbon 1 or 2), two
products and two pathways (2 and 2′) can be considered. In
the following we examine the various pathways leading to the
experimentally observed products.

2.2.1. Uncatalyzed Redox Isomerization of Hex-1-en-3-ol.
In the absence of the Pd catalyst, redox isomerization of hex-1-
en-3-ol to hexan-3-one (Figure 4, reaction 1) requires

participation of two solvent (water) molecules. The activation
barrier of this route in vacuo is very high (+193.6 kJ/mol);
however, the process is very favorable thermodynamically
(−101.2 kJ/mol) (see Table 4). In the transition state the
protons move in a concerted process. The exceptionally high
activation barrier is due to the TS structure (Figure S17,
Supporting Information), in which the proton moves far away
from the alcoholic oxygen and takes a position very close to C1;
meanwhile, the position of the hydrogen on C3 remains almost
unchanged. Following the proton transfer a spontaneous
internal hydride migration takes place, yielding hexan-3-one
(Figure S18, Supporting Information).

2.2.2. Hydrogenation and Dehydrogenation of Hex-1-en-
3-ol. Under hydrogen, with heterolytic activation of H2,

Figure 4. Equilibria of various species considered in calculations on
catalytic hydrogenation and redox isomerization of hex-1-en-3-ol.

+ → ‐[Pd(HSS)] H [Pd(H)(HSS Hphen)]
9 13

2
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[Pd(HSS)] reacts to yield a Pd−hydride (eq 1; details of this
process will be discussed separately), in which one of the
phenolate oxygens picks up the resulting proton.
The structure of this hydride, [Pd(H)(HSS-Hphen)], is

shown in Figure 5. In the presence of [Pd(H)(HSS-Hphen)]

hex-1-en-3-ol can be hydrogenated to hexan-3-ol (Figure 4,
routes 2 and 2′, respectively), while its dehydrogenation with
[Pd(HSS)] may supply hex-1-en-3-one (Figure S19, Support-
ing Information).
[Pd(HSS)] and [Pd(H)(HSS-Hphen)] are in equilibrium

(although their precise population cannot be assessed by the
calculations), and both can react with hex-1-en-3-ol. Similar to
the results of Joubert and Delbecq,42 our calculations
concluded that both hydrogenation and dehydrogenation take
place via concerted processes.
Several attempts were made to separate the transfer of

hydride and proton from the catalyst to the substrate.
Considering the case when the substrate was protonated
from the solvent, a spontaneous hydride transfer occurred to
the adjacent carbon atom. In the case of protonation of the
substrate by the phenolic H+ either a spontaneous hydride
transfer or back-migration of H+ to the phenolate was observed,
depending on the distance of the adjacent carbon atom in the
substrate and the hydride. When hydride transfer was
considered as the initial step of hydrogenation, the same

results were obtained. On the basis of these findings it can be
concluded that addition of hydrogen to the substrate (without
considering the effect of water molecules) happens via
concerted addition of a hydride and a proton.
The interaction of [Pd(H)(HSS-Hphen)] with hex-1-en-3-ol

may take place in two possible ways (Figure 4, reactions 2 and
2′): i.e., the proton and hydride may be transferred either to C1
or to C2 of the substrate. Figure 6 shows the transition states

(TS2 and TS2′). The activation barriers are high in both cases;
however, both processes are very favorable thermodynamically
(Table 4). Note that the hydrogen of the alcoholic −OH
establishes a hydrogen bond with either the free phenol (TS2)
or coordinated phenolate (TS2′) oxygen. Of course, in a real
dynamic system these are only two of the endless possibilities,
where the hydrogen-bonding ability of the H2O molecules in
the aqueous solution should also be considered.
Hex-1-en-3-ol and hexan-3-ol may react with [Pd(HSS)]

(Figure 4, reactions 3 and 4). In these cases there is only a
single pathway for each of the reactions, i.e. the alcoholic −OH

Table 4. Energetics of the Various Steps (Figure 4) in Redox Isomerization of Hex-1-en-3-ol to Hexan-3-onea

B3LYP/LanL2DZ/6-31g*

in vacuo PCM

reaction
reaction
no. catalyst

hydride transfer tob/
f romc

H+ transfer tob/
f romc ΔG⧧ ΔGr ΔG⧧ ΔGr

hex-1-en-3-ol → hexan-3-one 1 carbon 2 carbon 1 +193.6 −101.2 +198.8 −97.1
hex-1-en-3-ol → hexan-3-ol 2 [Pd(H)(HSS-

Hphen)]
carbon 1 carbon 2 +135.8 -120.9 +132.2 -148.6

hex-1-en-3-ol → hexan-3-ol 2′ [Pd(H)(HSS-
Hphen)]

carbon 2 carbon 1 +144.3 -90.4 +142.6 -127.9

hex-1-en-3-ol → hex-1-en-3-
one

3 [Pd(HSS)] carbon 3 oxygen +106.5 +7.5 +128.8 +61.2

hexan-3-ol → hexan-3-one 4 [Pd(HSS)] carbon 3 oxygen +105.6 -16.8 +121.6 +52.2
hex-1-en-3-one → hexan-3-one 5 [Pd(H)(HSS-

Hphen)]
carbon 2 carbon 1 +144.5 −83.8

hex-1-en-3-one → hexan-3-one 5′ [Pd(H)(HSS-
Hphen)]

carbon 1 carbon 2

hex-1-en-3-one → Hex-2-en-3-
ol

6 [Pd(H)(HSS-
Hphen)]

carbon 1 oxygen +9.0 -72.2 +6.2 -111.3

hex-2-en-3-ol → hexan-3-one 7 carbon 2 +76.6 -65.6 +92.5 -61.4
hex-2-en-3-ol → hexan-3-ol 8 [Pd(H)(HSS-

Hphen)]
carbon 2 carbon 3 +228.9 −25.5

hex-2-en-3-ol → hexan-3-ol 8′ [Pd(H)(HSS-
Hphen)]

carbon 3 carbon 2 +176.3 −64.1

aBoldface values belong to favorable reaction pathways. bRoman type indicates transfer to. cItalics indicate transfer from.

Figure 5. Stucture of [Pd(H)(HSS-Hphen)] (13).

Figure 6. Two possible pathways of hydrogenation of hex-1-en-3-ol
catalyzed by [Pd(H)(HSS-Hphen)].
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protonates one of the coordinated phenol oxygens while a
hydride is transferred from C3 to the palladium; altogether this
leads to the formation of carbonyl compounds.
In summary, the reaction of hex-1-en-3-ol may supply three

products. According to the calculations, direct redox isomer-
ization (Figure 4, reaction 1) is very unfavorable. Formation of
hexan-3-ol in a reaction with [Pd(H)(HSS-Hphen)] (Figure 4,
reactions 2 and 2′) has a slightly higher activation barrier than
formation of hex-1-en-3-one from hex-1-en-3-ol and [Pd-
(HSS)] (Figure 4, reaction 3); however, it is much more
favored thermodynamically. Furthermore, it is strongly
exothermic, in contrast to the formation of hex-1-en-3-one,
which was found to be slightly endothermic. Consequently, the
key step in the isomerization of hex-1-en-3-ol is the
transformation of hexan-3-ol to hexan-3-one (Figure 4, reaction
4). This was found to be slightly exothermic with a not too high
activation barrier, which suggests the hex-1-en-3-ol → hexan-3-
ol→ hexan-3-one channel as the major path of isomerization of
the allylic alcohol to ketone.
2.2.3. Hydrogenation/Dehydrogenation of Hex-1-en-3-

one. Although in the previous section it was concluded that
hex-1-en-3-one does not play an important role in the
formation of hexan-3-one, its hydrogenation still can contribute
to the overall redox isomerization process. This hydrogenation
may take place by hydride transfer from [Pd(H)(HSS-Hphen)]
either onto the C1 or onto the C2 carbon of the enone. In the
calculations we first determined the transition state of the
concerted hydride/proton transfer step and then looked for the
reactant and the product by geometry optimization of
structures close to the transition state by small displacements
of the proton and hydride. In this way we managed to calculate
a free energy value only for the C2 hydride route (Figure 4,
reaction 5), since the reactant of the C1 hydride route (Figure
4, reaction 5′) is not consistent with the transition state.
The calculations led to the discovery of an unusual structure

(Figure 7), which also suggested a new reaction pathway. It is

not surprising that the ketone oxygen is involved in hydrogen
bonding with the phenol hydrogen; however, the distance of
the hydride ion from the Pd center was found to be about 20
pm longer (176.5 pm) than in all other structures involving
[Pd(H)(HSS-Hphen)]. At the same time, the hydride
established a very strong bond (122.2 pm) with the C1 carbon
of the substrate, resulting in the loss of the sp2 character of this
carbon atom. As a consequence, the carbonyl bond became
longer and the C−C bond distances were between those of
characteristic C−C and CC bond lengths.

Considering this unusual intermediate, there is a preferred
reaction pathway (Figure 4, reaction 6) which is favored over
the C2 hydride route both kinetically and thermodynamically.
In this reaction step, in addition to the C1 hydride migration, a
proton is transferred to the ketone oxygen and the product of
the transformation is hex-2-en-3-ol. With the participation of
H2O molecules this vinylic alcohol rearranges to hexan-3-one
(Figure 4, reaction 7). Isomerization processes of hex-2-en-3-ol
to hexan-3-ol (Figure 4, reactions 8 and 8′) have much higher
activation barriers; therefore, they need not be considered in
the overall isomerization process. The transformation of hexan-
3-ol to hex-2-en-3-ol is even less favorable; thus, this reaction
channel can be discarded.

2.2.4. Discussion of the Results of Theoretical Studies. The
above theoretical calculations suggested that the major pathway
of redox isomerization of the chosen substrate was the hex-1-
en-3-ol → hexan-3-ol → hexan-3-one channel and this pathway
could be supplemented to a minor extent by the hex-1-en-3-ol
→ hex-1-en-3-one → hex-2-en-3-ol → hexan-3-one reaction
sequence. These conclusions are in agreement with the
experimental findings in that only hexan-3-ol and hexan-3-one
were found in the reaction mixtures.
The theoretical model investigated above has three critical

points. First is the chosen level of theory: the error introduced
by the actual choice can only be guessed and, in addition, it is
dependent on the system under investigation. The second
uncertaintyas was mentioned beforeis the population ratio
of the [Pd(HSS)] and [Pd(H)(HSS-Hphen)] forms of the
catalyst. Third, the energetics of reactants, transition states, and
products were calculated for the gaseous state, with no
involvement of solvent molecules; therefore, the final structures
arrived at by geometry optimizations may be significantly
different in the real reaction systems. It is obvious that errors of
the calculation of activation barriers or reaction free energy
values may influence the favorable/unfavorable nature of
certain reaction steps, and reactions calculated as slightly
exergonic or endergonic in reality may proceed in other
directions.
In order to get a deeper insight into the energetics of redox

isomerizations of hex-1-en-3-ol (and to check the reliability of
the above results), we performed calculations with various
theoretical methods. PCM calculations showed a significant
destabilization of the ketone structures, leading to a less
favorable hexan-3-ol → hexan-3-one transformation (regarded
above as the key step of the overall reaction). This is in
agreement with the experimentally found higher ratio of hexan-
3-ol in the product mixture. Notwithstanding, application of
PCM results in significant energetic changes of the various
routes (Table 4); moreover, the method does not consider the
stabilizing effects of hydrogen bonds formed in aqueous
solutions. In addition, the hexan-3-ol → hexan-3-one reaction
was studied in detail by calculations (geometry optimizations)
for the gas phase, where the basis set, functionals, and ECP
were varied. In all casessimilar to the results provided by the
initial level of theorythe reaction was found to be slightly
endergonic. Energetics of the equilibrium processes (Figure 4)
are displayed in Tables 4 and 5.
On the basis of the above DFT calculations the following can

be concluded (with reference to Figure 4). Direct redox
isomerization of hex-1-en-3-ol to hexan-3-one is very unlikely,
even with the assistance of water molecules (at least in vacuo).
The major pathway of formation of hexan-3-ol is the reaction of
hex-1-en-3-ol with [Pd(H)(HSS-Hphen)] (routes 2 and 2′).

Figure 7. Structure of the reactant derived from β-hydride transfer.
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There may be two channels of molecular transformations
leading from hex-1-en-3-ol to hexan-3-one. The first is the
dehydrogenation of hexan-3-ol (route 4) formed in the
previous step. Nevertheless, there is another channel involving
the dehydrogenation of hex-1-en-3-ol to hex-1-en-3-one (route
3), hydrogenation of the latter to hex-2-en-3-ol (route 6), and
rearrangement of this vinylic alcohol to hexan-3-one (route 7).
Although hex-1-en-3-one and hex-2-en-3-ol were not observed
experimentally, the calculated free energies do not exclude the
contribution of this channel to the overall reaction. This
contribution may not be very extensive, though, since
[Pd(HSS)] did not catalyze the redox isomerization of allylic
alcohols in the absence of H2. Interestingly, on all theoretical
levels, calculations show the preference of ketone formation
over alcohol production; however, the solution model prefers
unequivocally the formation of hexan-3-ol. This is what was
found experimentally as well.
In conclusion, we have shown that disulfonated tetrahy-

drosalen formed a water-soluble Pd(II) complex with high
stability in aqueous solution in the appropriate pH range. The
complex was found to be active in hydrogenation and in the
redox isomerization of allylic alcohols under mild conditions,
with somewhat higher activity in hydrogenation than in redox
isomerization. These findings open the way toward using
transition-metal complexes with the versatile salan-type ligands
as catalysts in aqueous solutions or aqueous−organic biphasic
systems also for reactions other than the traditionally studied
oxidations. Indeed, our recent experiments showed that
[Pd(HSS)] was an active catalyst for various C−C coupling
processes; these results will be reported in due course.

3. EXPERIMENTAL SECTION
3.1. General Conditions. All reagents were obtained commer-

cially and used as received. Catalytic experiments were performed in
high-pressure glass reactors. The 1H and 13C NMR spectra of samples
were recorded on a Bruker Avance 360 MHz spectrometer. Coupling
constants are reported in Hz. ESI mass spectra were recorded on a
Bruker micrOTOFQ ESI-TOF mass spectrometer. Reaction mixtures
in hydrogenation and redox isomerization of allylic alcohols were
analyzed by gas chromatography (Agilent 7890A gas chromatograph;
HP-5 30 m × 0.32 mm × 0.25 μm; FID; carrier gas nitrogen) or 1H
NMR spectroscopy. Elemental analysis was carried out on an
Elementar varioMicro cube instrument (CHNS).
3.2. Single-Crystal X-ray Structure Determinations. X-ray

diffraction data of the sulfosalan ligand were collected at 293(2) K on a
Bruker-Nonius MACH3 diffractometer equipped with a point detector
using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å).
The structure was solved by the SIR-92 program44 and refined by full-
matrix least-squares methods on F2, with all non-hydrogen atoms
refined with anisotropic thermal parameters using the SHELXL-97
package.45 Publication material was prepared with the WINGX suite.46

All hydrogen atoms were located geometrically and refined in the
riding mode, except for amine and alcoholic protons, which could be

found in the difference electron density map but their distance to the
nitrogen/oxygen atom was constrained. Disorder of the solvent
DMSO molecules was modeled using restrictions. These molecules
occupy two places in the ratio 65:35. Further details of the structure
determination can be found in the Supporting Information.

3.3. Synthesis of salen (6). The Schiff base salen ligand was
prepared according to a literature procedure47 by reaction of
salicylaldehyde with ethylenediamine (2:1) in methanol. Yield: 10.12
g, 74% (37.72 mmol), yellow solid. 1H NMR (d6-DMSO, 360 MHz,
δ): 3.96 (s, 4H, −CH2CH2−), 6.90 (q, J = 7.9 Hz, 4H, CHarom), 7.35
(t, J = 7.5 Hz, 2H, CHarom), 7.46 (d, J = 7.5 Hz, 2H, CHarom), 8.62 (s,
2H, CHN).

3.4. Synthesis of salan (7). The reduced Schiff base was prepared
according to a literature procedure21a by reducing the salen with
NaBH4 in dichloromethane. Yield: 10.14 g, 98% (37.23 mmol), white
solid. 1H NMR (d6-DMSO, 360 MHz, δ): 3.38 (s, 4H, −CH2CH2−),
4.14 (s, 4H, CH2-NH), 6.87 (t, J = 7.0 Hz, 2H, CHarom), 7.02 (d, J =
7.8 Hz, 2H, CHarom), 7.21 (t, J = 7.6 Hz, 2H, CHarom), 7.46 (d, J = 6.7
Hz, 2H, CHarom).

3.5. Synthesis of sulfosalan (8). To a mixture of 4 mL of 30%
fuming sulfuric acid (oleum) and 1 mL of concentrated sulfuric acid
was added salan (1.00 g, 3.67 mmol) in small portions. The mixture
was stirred for 30 min. Then the content of the flask was carefully
added to 25 mL of cooled water. The pH of the reaction mixture was
set to 5 with 5 M NaOH solution. Then the mixture was cooled for 4−
5 h, during which a white precipitate formed. The solid was collected
by filtration, washed with cold water, and dried with diethyl ether.
Crystals suitable for a single-crystal X-ray structure determination were
obtained by slow crystallization of the ligand from a water/DMSO
mixture. Yield: 524 mg, 30% (1.10 mmol). 1H NMR (D2O, 360 MHz,
δ): 2.67 (s, 4H, −CH2CH2−), 3.58 (s, 4H, CH2−NH), 6.52 (d, J = 8.6
Hz, 2H, CHarom), 7.36 (dd, J1 = 8.6 Hz, J2 = 2.1 Hz, 2H, CHarom), 7.41
(d, J = 2.1 Hz, 2H, CHarom).

13C NMR (D2O, 75 MHz, δ): 168.72,
127.69, 126.80, 126.31, 126.18, 118.43, 48.69, 47.25. ESI-MS for
C16H18Na2N2O8S2 (m/z): calcd for [M − 2Na + H]− 431.059, found
431.064 (for the correct isotope distribution, see Figure S3 in the
Suppo r t i ng In fo rma t i on) . Ana l . Found ( c a l c d) f o r
C16H18Na2N2O8S2·2H2O (512.38): C, 37.55 (37.51); H, 4.68
(4.33); N, 5.48 (5.47); S, 13.23 (12.52).

3.6. Synthesis of [Pd(HSS)] (9). A 114.3 mg portion (0.24 mmol)
of sulfosalan and 73.9 mg (0.26 mmol) of (NH4)2[PdCl4] were
dissolved in water (4 mL). The pH was set to 7.5 with 5 M NaOH,
and the reaction mixture was stirred at 60 °C for 10 h. Then the
solution was cooled and ethanol (20 mL) was added. The solid was
filtered, washed with ethanol, and dried under vacuum. Yield: 135 mg,
97% (0.23 mmol). 1H NMR (D2O, 360 MHz, δ): 2.78 (d, J = 8.0 Hz,
2H, −CH2CH2−), 2.94 (d, J = 8.0 Hz, 2H, −CH2CH2−), 3.46 (d, J =
13.0 Hz, 2H, CH2−NH), 4.15 (d, J = 13.2 Hz, 2H, CH2−NH), 6.81
(d, J = 8.9 Hz, 2H, CHarom), 7.41 (s, 2H, CHarom), 7.45 (d, J = 9.2 Hz,
2H, CHarom).

13C NMR (D2O, 75 MHz, δ): 165.14, 129.22, 128.10,
127.58, 123.59, 118.86, 53.15, 53.01. ESI-MS C16H16Na2N2O8S2Pd
(m/z): calcd for [M − 2Na]2‑ 266.970, found 266.967 (for the correct
isotope distribution, see Figure S5 in the Supporting Information).
Anal. Found (calcd) for C16H16Na2N2O8S2Pd·10H2O (778.83): C,
24.68 (24.68); H, 4.55 (4.92); N, 3.65 (3.60); S, 8.60 (8.23).

3.7. In Situ Preparation of [Pd(HSS)] (9). A 47.6 mg portion (0.1
mmol) of sulfosalan and 28.4 mg (0.1 mmol) of (NH4)2[PdCl4] were
dissolved in water (10 mL). The pH was set to 7.5 with 5 M NaOH,
and the solution was stirred at 60 °C for 10 h. With time the brown
mixture turned yellow. λmax/nm (ε/M−1 cm−1): 256 (48500), 320
(21490).

3.8. General Procedure for Hydrogenation and Redox
Isomerization of Allylic Alcohols. A solution of the catalyst
(0.625 × 10−2 to 0.83 × 10−4 mmol) in water (100−125 μL), allylic
alcohol (0.25 mmol), and 3 mL of 0.2 M Na-phosphate buffer of
appropriate pH were placed into a high-pressure tube. The tube was
evacuated then filled with 1−9 bar of H2. The reaction vessel was
immersed into a thermostated bath (40−80 °C), and the mixture was
stirred for 15−210 min. At room temperature the products were
extracted with 1 mL of chloroform, dried over MgSO4, and subjected

Table 5. Energetics of the Hexan-3-ol → Hexan-3-one
Transformation in the Gas Phase Calculated by Various
Theoretical Methods

level of theory ΔG⧧ (kJ/mol) ΔGr (kJ/mol)

B3LYP/LanL2DZ/6-31g* +105.6 −16.8
B3LYP/LanL2DZ/6-311+g** +99.9 −16.3
B3LY/SDD/6-31g* +113.4 −12.6
B3LYP/CRENBL/6-31g* +110.7 −13.0
B2PLYP/LanL2DZ/6-31g* +135.2 −19.5
M062X/LanL2DZ/6-31g* +111.6 −29.2
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to gas chromatography. The conversion of water-soluble allylic
alcohols and the yields of products were determined by 1H NMR
spectroscopy. In the recycling experiments after the extraction the
catalyst-containing aqueous phase was used in the next run.
3.9. Computational Methods. All calculations were performed

employing DFT using the Gaussian 09 package.48 Full geometry
optimizations of the systems were performed in vacuo, and single-
point calculations were done in solution using the polarizable
continuum model (PCM).49 We have used exchange correlation
hybrid functionals B3LYP50 and M062X51 and the double-hybrid
method B2PLYP52 for the calculations. For hydrogen, carbon,
nitrogen, oxygen, and chloride atoms the 6-31G(d) and the 6-
311+G(d,p) basis sets53 were used. Relativistic effects of the metal ions
were considered through the use of the LanL2DZ,54 SDD55 and
CRENBL56 relativistic effective core potentials (RECP) with the
related valence basis sets. The transition states of the mechanisms were
investigated in vacuo by means of the synchronous transit-guided
quasi-Newton method.57 The stationary points found on the potential
energy surfaces as a result of the geometry optimizations have been
tested to represent energy minima rather than saddle points via
frequency analysis. The relative energy barriers include non-potential-
energy contributions (that is, zero-point energies and thermal terms)
obtained by frequency analysis.
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(14) (a) Joo ́, F.; Katho ́, Á. In Handbook of Homogeneous
Hydrogenation; de Vries, J. G., Elsevier, C. J., Eds.; Wiley-VCH:
Weinheim, Germany, 2007; Vol. 3, Chapter 38, pp 1327−1359.
(b) Joo,́ F. In Science of Synthesis: Water in Organic Synthesis;
Kobayashi, S., Ed.; Georg Thieme Verlag: New York, 2012; pp 95−
119. (c) Kovaćs, G.; Ujaque, G.; Lledoś, A.; Joo,́ F. Eur. J. Inorg. Chem.
2007, 12, 2879−2889. (d) Delhomme, C.; Schaper, L.-A.; Zhang-
Presse, M.; Raudaschl-Sieber, G.; Weuster-Botz, D.; Kuehn, F. E. J.
Organomet. Chem. 2013, 724, 297−299. (e) Papp, G.; Horvat́h, H.;
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Romerosa, A.; Saoud, M.; Wojtkoẃ, W. J. Organomet. Chem. 2008,
693, 468−474. (f) Csabai, P.; Joo,́ F. Organometallics 2004, 23, 5640−
5643.
(16) (a) Beletskaya, I. P.; Cheprakov, A. V. Chem. Rev. 2000, 100,
3009−3066. (b) Shaughnessy, K. H.; DeVasher, R. B. Curr. Org. Chem.
2005, 9, 585−604. (c) Bakherad, M. Appl. Organomet. Chem. 2012, 27,
125−140. (d) Wu, L.; Zhang, X.; Tao, Z. Catal. Sci. Technol. 2012, 2,
707−710. (e) Kumbhar, A.; Jadhav, S.; Kamble, S.; Rashinkar, G.;
Salunkhe, R. Tetrahedron Lett. 2013, 54, 1331−1337. (f) Applied
Cross-Coupling Reactions; Nishihara, Y., Ed.; Springer: Berlin,
Heidelberg, 2013. (g) Shaughnessy, K. H. Metal-Catalyzed Cross-
Couplings of Aryl Halides to Form C-C Bonds in Aqueous Media. In
Metal-Catalyzed Reactions in Water; Dixneuf, P. H., Cadierno, V., Eds.;
Wiley-VCH: Weinheim, Germany, 2013; pp 1−46.
(17) (a) Berry, K. J.; Moya, F.; Murray, K. S.; van den Bergen, A. M.
B.; West, B. O. J. Chem. Soc., Dalton Trans. 1982, 109−116.
(b) Haikarainen, A.; Sipila ̈, J.; Pietika ̈inen, P.; Pajunen, A.;
Mutikainen, I. Dalton Trans. 2001, 7, 991−995. (c) Bahramian, B.;
Mirkhani, V.; Tangestaninejad, S.; Moghadam, M. J. Mol. Catal. A:
Chem. 2006, 1−2, 139−145. (d) Salanti, A.; Orlandi, M.; Tolppa, E.;
Zoia, L. Int. J. Mol. Sci. 2010, 11, 912−926. (e) Allard, M.; Ricoux, R.;
Guillot, R.; Mahy, J.-P. Inorg. Chim. Acta 2012, 382, 59−64. (f) Wang,
X.; Wu, G.; Wang, F.; Ding, K.; Zhang, F.; Liu, X.; Xue, Y. Catal.
Commun. 2012, 28, 73−76.
(18) Wu, Z.; Zhou, L.; Jiang, Z.; Wu, D.; Li, Z.; Zhou, X. Eur. J. Org.
Chem. 2010, 26, 4971−4975.
(19) Yu, L.; Zhou, X.; Wu, D.; Xiang, H. J. Organomet. Chem. 2012,
705, 75−78.
(20) Vanalabhpatana, P.; Peters, D. J. Tetrahedron Lett. 2003, 44,
3245−3247.
(21) (a) Correia, I.; Costa Pessoa, J.; Veiros, L. F.; Jackusch, T.;
Dornyei, A.; Kiss, T.; Castro, M. M. C. A.; Geraldes, C. F. G. C.;
Avecilla, F. Eur. J. Inorg. Chem. 2005, 4, 732−744. (b) Delahaye, É.;
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(55) Andrae, D.; Haüßermann, U.; Dolg, M.; Stoll, H.; Preuß, H.
Theor. Chim. Acta 1990, 77, 123−141.
(56) Hurley, M. M.; Pacios, L. F.; Christiansen, P. A.; Ross, R. B.;
Ermler, W. C. J. Chem. Phys. 1986, 12, 6840−6853.
(57) (a) Peng, C.; Ayala, P. Y.; Schlegel, H. B.; Frisch, M. J. J.
Comput. Chem. 1996, 17, 49−56. (b) Peng, C.; Schlegel, H. B. Isr. J.
Chem. 1994, 33, 449−454.

Organometallics Article

dx.doi.org/10.1021/om400555u | Organometallics XXXX, XXX, XXX−XXXK


