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The hydroalkoxycarbonylation of terminal arylacetylenes can be carried out in an easy one-step synthesis
through the use of Pdl;, or PdI,/KI as catalytic systems under non-oxidative conditions, without other
ligands and in the absence of added acids. Going from non-polar to polar reaction media, we have noticed
adramatic change in the chemoselectivity of the reaction with prevailing formation of a-, 3-unsaturated
esters, in the former case, and a mixture of oxidative (maleic esters derivatives) and reductive (mainly

unsaturated lactones) carbonylation products in comparable amount, in the latter case. The origin of this
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behavior can be explained with the different active species at work changing the reaction media: neutral

palladium species in non-polar media and ionic palladium species in polar media.
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1. Introduction

Palladium complexes have been known for a long time to
be effective catalysts for many carbonylation reactions of alkene
and alkyne derivatives providing new approaches for introducing
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synthetically versatile carbonyl groups with high efficiency and
selectivity [1-3]. These reactions, formally defined as oxidative,
reductive, and additive carbonylations, have exhibited different
pathways leading to the direct synthesis of a broad variety of
acyclic and heterocyclic carbonyl compounds [4-15]. Thus, the
hydroalkoxycarbonylation reaction of alkynes leads to the for-
mation of a-, B-unsaturated acids or esters in an easy one-step
synthesis (Eq. (1)). The process requires the presence of a catalyst
(usually Pd), a phosphine-based ligand, carbon monoxide, water-
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Scheme 1. Possible mechanisms for the alkoxycarbonylation of terminal alkynes.

containing solvents or alcohol, and an acidic co-promoter, typically
aBronsted acid [16-21]. The linear/branched product ratio depends
on the employed catalytic system, the reaction conditions and the

substrate.
Pd cat R
R— > +
CO, R'OH R'O,C

The branched ester is often the preferred one and its derivatives
are potential precursors of nonsteroidal anti-inflammatory drugs
such as ibuprofen and naproxen [22-24].

In principle, two mechanisms have been proposed for the
palladium-catalyzed hydroalkoxycarbonylation of alkynes. One
involves the formation of an alkoxycarbonyl-palladium complex
PdCO,R (Scheme 1, cycle a), followed by insertion of the alkyne into
the Pd—C bond of the alkoxycarbonyl-metal species and, eventu-
ally, protonolysis of the resulting Pd-vinyl intermediate to produce
the acrylic ester [25-30].

The other (Scheme 1, cycle b), proceeds through an initial inser-
tion of the alkyne into a Pd—H bond to give a (o-vinyl) palladium
intermediate followed by further CO insertion into the Pd—C bond
to afford an acylpalladium complex which, upon alcoholysis, yields
the ester, regenerating the hydride [20,31-34].

Experimental evidence for the PACO,R path has been provided
by some authors under certain conditions [25,28-30]. On the other
hand, since most of the carbonylation reactions of alkynes are car-
ried out in the presence of strong proton donors, it is generally
agreed that a cationic intermediate is involved. Evidence for the
hydrido-like mechanism of acetylene derivatives has been found
[31-34], also on the basis of a kinetic study on the hydroalkoxycar-
bonylation of phenylacetylene [35].

Work in our laboratories has involved the use of Pdl, with
an excess of KI as a catalytic system in the reductive or additive
carbonylation [36-38] and oxidative alkoxycarbonylation [39-44]
reactions of acetylenic derivatives in the absence of any organic
ligand. In particular some years ago we reported the PdlI,/KI-
catalyzed oxidative dicarbonylation reaction of terminal alkynes
in the presence of air under mild conditions [45,46]. Dicarbony-
lated esters, anhydrides or acids were obtained with high catalytic
efficiency treating alkynes with carbon monoxide in alcohol or
water-containing solvents, respectively, at 25-80°C. Besides, we
reported that oxidative carbonylation of certain alkynes can be
carried out catalytically in the absence of added oxidants if it is cou-
pled with a reductive carbonylation reaction at the expense of the

same alkyne involved in the oxidative process [47,48]. In this way
maleic esters (from oxidative carbonylation) and unsaturated lac-
tones (from reductive carbonylation) are the main products formed

R

/:/

R'02C (-1)

under catalytic action of palladium iodide/thiourea [47].

The valuable utility of halides as ancillary ligands being able to
fine-tune reactivity and selectivity of a catalyst for a given trans-
formation is well-known [49]. lodide, in particular, has certain key
features that makes it a good promoter of metal catalyzed reactions
[50] such as palladium-catalyzed alkoxycarbonylation reactions.

In this work, we have evaluated the catalytic activity of
palladium species containing iodide anions in the hydrobutoxycar-
bonylation of terminal arylacetylenes without other ligands and in
the absence of added acids under non-oxidative conditions. The
effect of the solvent is also considered and a plausible mechanism
is then proposed.

2. Experimental
2.1. Materials and general methods

All starting acetylenic substrates, alcohols, and solvents were
commercial products. Alcohols were distilled and stored under
nitrogen over appropriate drying agents. Melting points were
determined with an Gallenkamp MPD 350 BM 2.5 apparatus and
are uncorrected. GC analyses were performed with a Fisons HRGC
Mega 2 Series instrument fitted with a 30 m SE52 capillary column.
Merck 60F,s4 silica gel sheets (0.2 mm thick) were used for TLC
analyses. Silica gel 60 (70-230 mesh ASTM) was used for prepar-
ative column chromatography. Elemental analyses were carried
out with a Carlo Erba Elemental Analyzer Model EA 1108. IR spec-
tra were obtained with a Nicolet 5700 FT-IR spectrophotometer.
Mass spectra (m/z, relative intensity%) were taken with a Hewlett-
Packard Mass Selective Detector HP 5973 Series at 70 eV ionizing
voltage interfaced with a Hewlett-Packard 6890 Series GC system
fitted with a 30 m DB5 capillary column. 'H and !3C NMR data were
acquired using a Bruker Avance 400 spectrometer in CDCl3 as sol-
vent and with TMS as reference at 25 °C. The absolute configuration
of compound 9a was established by NOESY experiments. Chemi-
cal shifts and coupling constants (J) are given as & values (ppm)
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and in Hz, respectively. Yields and selectivity for products were
determined by 'H NMR spectroscopy and GC-FID analyses using
the internal standard method.

2.2. Preparation of catalysts

2.2.1. Potassium tetraiodopalladate (K;Pdly)

Into a 50 mL flask, equipped with a condenser an a magnetic
stirring bar, Pdl, 360.2 mg (1.0 mmol) and KI 332.0 mg (2.0 mmol)
were introduced. Addition of methanol (15 mL) caused the mixture
to quickly assume an intense red color. After refluxing for 1h the
mixture was concentrated at reduced pressure, then a black pre-
cipitate was recovered by filtration. The product was dried under
vacuum giving a quantitative yield.

2.2.2. Supported PdI, on active carbon (Pd/C+1,)

Into a 50 mL flask, equipped with a condenser and a magnetic
stirring bar, 10% Pd/C 106.4 mg (0.1 mmol Pd) and sublimed iodine
25.4mg (0.2 mmol) were dissolved in methanol (15 mL). The mix-
ture was heated at 60 °C under stirring for 2 h. The cooled mixture
was filtered and the solid was dried under vacuum.

2.3. Determination of HCO,H from carbonylation reactions

The method reported by Bocchi et al. [51] was employed with
some modifications. The crude reaction mixture was recovered
with CH,Cl;, (25 mL) into a flask of 100 mL containing an excess of
Na,COs3. The suspension was stirred for 24 h at room temperature.
Then CH,Cl, was eliminated at reduced pressure and benzyl bro-
mide (3.0 mmol) and dry DMF (15 mL) were added. The resulting
mixture was allowed to react under stirring at room temperature
for 24 h. The organic products were recovered by extraction with
ethyl acetate. Removal of DMF was performed by washing with
brine. The organic phase, after drying, was subjected to GC-MS
analysis, and benzyl formate was quantitatively determined by GC
analysis using the internal standard method.

2.4. General procedure for carbonylation of acetylenic substrates

The carbonylation reactions were carried out in 45 mL stainless
steel high pressure reactors (Parr instruments) fitted with pyrex
(containers) vessels. These reactors were heated using oil baths
and stirred with magnetic stirrer bars. In a general procedure the
calculated amount of Pd catalyst, inorganic salts, additives, and lig-
ands, respectively, if necessary, were introduced into the pyrex
vessel. A solution of the substrate and butanol in the solvent of
interest was added to the vessel that was placed into the auto-
clave. The reactor was sealed and flushed four times with carbon
monoxide (99.5% Sapio) and pressurized to 10 bar, unless other-
wise indicated. The mixture was heated at required temperature
for the specified period of time. After cooling to room temperature,
the reactor was depressurized and the organic products were sepa-
rated from the catalyst by careful washing with AcOEt. The solution
was washed with brine (3 x 15 mL)and the organic phase dried over
magnesium sulfate. The solvent was removed under vacuum and
the residue dissolved in a volumetric flask. A portion was analyzed
by GC-MS for qualitative detection of the products. Other portions
were arranged for quantitative determination by "H NMR spec-
troscopy and GC-FID analyses using the internal standard method.
This procedure allowed recycling of the Pd/C catalyst.

2.4.1. Catalytic hydrobutoxycarbonylation of phenylacetylene in
the presence of PdlI,

In a typical experiment, Pdl; (9.7 mg, 0.027 mmol), phenylacety-
lene (0.3 mL, 2.7 mmol), 1-butanol (2.46 mL, 27 mmol), and toluene
(4 mL) were charged to the reactor. The autoclave was purged with

CO at room temperature, pressurized to 10 bar with CO and heated
to 100°C under stirring for 24 h. After conventional workup the
quantitative product determination was carried out by GC-FID
analyses and 'H NMR spectroscopy.

2.4.2. Catalytic hydrobutoxycarbonylation of phenylacetylene in
the presence of 10% Pd/C or Pdl, supported on active carbon

An analogous procedure was used for hydrobutoxycarbonyla-
tion of phenylacetylene catalyzed by 10% Pd/C or Pdl, supported
on active carbon. For instance, the autoclave (45 mL) was charged
with 0.027 mmol of 10% Pd/C treated with I, 2.7 mmol of pheny-
lacetylene, and 27.0 mmol of 1-butanol in 4.0 mL of toluene. The
sealed reactor was flushed four times with CO at room tempera-
ture, pressurized with 10 bar of CO and in case with other 2 bar of
hydrogen. After reacting at 100 °C for 24 h under stirring, the usual
workup was carried out on the reaction mixture. The recovered cat-
alyst was recycled in the next run or submitted again to I, sorption
treatment.

2.5. Characterization of products

Identification of known products 3a [52], 6a [53], and 8a [54]
was carried out by comparison with literature data. New com-
pounds were characterized by 'H, 13C NMR, MS spectra, IR, and
elemental analysis.

Butyl 2-phenylacrylate (2a): yellow oil; TH NMR (CDCl3): &
7.46 —7.35 (5H, m), 6.37 (1H, d, J=1.3Hz), 5.90 (1H, d, J=1.3 Hz),
4,26 (2H,t,]J=6.6 Hz), 1.76 — 1.66 (2H, m), 1.50 — 1.39 (2H, m), 0.97
(3H, t, J=7.3Hz);13C NMR (CDCl3): & 166.8, 141.6, 136.8, 128.3,
128.1, 128.0, 126.4, 64.9, 30.6, 19.2, 13.7; MS: m/z 204 (M*, 35),
148 (95), 132 (15), 103 (100), 77 (38), 51 (11), 41 (13); IR (Nadl,
cm~1): v 3060 (w), 2960 (m), 2934 (m), 1722 (s), 1618 (w), 1599
(w), 1450 (m), 1279 (w), 1195 (m), 1118 (w), 1093 (w), 1074 (w),
1002 (w), 813 (w), 753 (w). Anal. Calcd for C13H150,: C, 76.44; H,
7.90. Found C, 76.67; H, 7.97.

Dibutyl 2-phenylmaleate (4a): yellow oil; 'TH NMR (CDCl3): &
7.50-7.38 (5H, m), 6.30 (1H, s), 4.36 (2H, t, J=6.7Hz), 4.18 (2H,
t,J=6.7Hz), 1.77 — 1.61 (4H, m), 1.47 — 1.34 (4H, m), 0.94 (3H, t,
J=7.3Hz), 0.93 (3H, t,J=7.5Hz); 13C NMR (CDCl3): 3 168.0, 164.9,
148.7,133.4,130.4, 128.9, 126.6, 117.3, 65.7, 64.8, 30.6, 30.0, 19.2,
19.1,13.7,13.6; MS: m/z304 (M*, 26),230(50), 175 (100), 147 (46),
102 (23), 41 (10); IR (NaCl, cm~1): v 3063 (w), 2952 (m), 2844 (m),
1742 (bs), 1623 (s), 1577 (m), 1498 (m), 1450 (s), 1435 (s), 1359 (s),
1293 (m), 1218 (w), 1159 (m), 1103 (w), 1027 (m), 1004 (m), 888
(m), 835 (m), 774 (s), 754 (m). Anal. Calcd for C;gH,404: C, 71.03;
H, 7.95. Found C, 71.32; H, 8.03.

5,5-Dibutoxy-3-phenylfuran-2(5H)-one (5a): colorless oil; 'H
NMR (CDCl3): & 7.87 — 7.84 (2H, m), 7.45 — 7.42 (3H, m), 7.10 (1H,
s),3.45 (2H, t, J=6.6 Hz), 3.42 (2H, t,J=6.7 Hz), 1.73 — 1.61 (4H, m),
1.34—-1.26 (4H, m), 0.97 (3H, t, J=7.4Hz), 0.95 (3H, t, J=7.4Hz);
MS: m/z 304 (M*, 9), 230 (14), 175 (100), 148 (62), 147 (78), 102
(60), 57 (19); IR(film, cm~1): v 3088 (w), 2960 (s), 2930 (s), 1773
(s), 1494 (m), 1317 (s), 1135 (s), 1000 (s), 950 (s). Anal. Calcd for
C18H404: C, 71.03; H, 7.95. Found C, 70.81; H, 7.88.

Dibutyl 2-phenylsuccinate (7a): colorless oil; "H NMR (CDCl3): &
7.36-7.23 (5H, m), 4.23-4.01(5H, m),3.17 (1H,dd,J=16.8,10.2 Hz),
2.63(1H,dd,J=16.8, 5.3 Hz), 1.58-1.48 (4H, m), 1.47-1.32 (4H, m),
0.90 (3H, t, J=7.4Hz), 0.89 (3H, t, J=7.5Hz); 13C NMR (CDCl3): &
170.9, 168.5, 137.6, 128.4, 127.5, 127.3, 65.6, 64.6, 46.9, 37.6, 30.3,
30.1,18.8,18.7,13.4,13.3; MS m/z: 306 (M*, 4), 232 (40), 176 (100),
163 (22),149(28), 148 (73), 107 (37), 104 (56), 57 (43). Anal. Calcd
for C1gH2604: C, 70.56; H, 8.55. Found C, 70.86; H, 8.36.

Dibutyl 2,5-diphenylhex-2-enedioate (9a): isomer E: colorless oil;
TH NMR (CDCl3): & 7.28 — 7.18 (10H, m), 7.10 (1H, m), 4.24 —4.13
(4H, m), 3.93 (1H, bs), 2.71 (1H, bd, J=13.4Hz), 2.31-2.25 (1H,
m), 1.83 - 1.61 (4H, m), 1.36 — 1.29 (4H, m), 0.92 —0.89 (6H, m);



118 M. Queirolo et al. / Journal of Molecular Catalysis A: Chemical 398 (2015) 115-126

13C NMR (CDCl3): 8 174.4, 168.2, 146.2, 137.2, 134.2, 132.1, 129.2,
128.7, 128.5, 127.8, 127.6, 126.9, 65.3, 64.7, 57.1, 34.1, 30.6, 30.4,
19.1,13.4, 13.3; MS: m/z 408 (M*, 4), 334 (18), 307 (63), 205 (100),
191 (14), 129 (13), 91 (17), 57 (11); IR (NaCl, cm~1): v 2959 (s),
2874 (s), 1733 (s), 1726 (s), 1600 (m), 1494 (m), 1447 (m), 1239
(m), 1161 (m), 752 (m). Isomer Z: colorless oil; '"H NMR (CDCl3): 8
7.43 —7.19 (10H, m), 7.02 (1H, brs), 4.26 —4.14 (4H, m), 3.94 (1H,
bs),2.96 (1H, m), 2.02-1.95(1H, m), 1.76 — 1.67 (4H, m), 1.45 — 1.37
(4H,m),0.97 — 0.90 (6H, m); 3CNMR (CDCl3): 8 174.6,166.3, 145.9,
137.0, 134.3, 131.6, 129.0, 128.4, 127.9, 127.7, 127.2, 126.5, 65.8,
64.8,57.0,45.4, 34.7,30.4, 30.2, 19.0, 13.7, 13.6; MS: m/z 408 (M*,
2),334(8),307 (41),205 (100), 191 (10),129(12),91 (18), 57 (15);
IR (NaCl, cm~1): v 2960 (s), 2874 (s), 1734 (s), 1625 (m), 1449 (m),
1200 (m), 1172 (m), 773 (m), 699 (m). Anal. Calcd for C;gH3,04: C,
76.44; H, 7.90. Found C, 76.65; H, 7.99.

Butyl 2-p-tolylacrylate (2b): colorless oil; "TH NMR (CDCl3): &
7.38—-7.35(2H, m), 7.21 - 7.19(2H, m), 6.33 (1H, d,J=1.3 Hz), 5.89
(1H,d,J=1.3Hz),4.27 (2H,t,J]=6.7Hz),2.40(3H, s), 1.76 — 1.69 (2H,
m), 1.50 — 1.41 (2H, m), 0.92 (3H, t,J=7.4Hz); 13C NMR (CDCl3): &
166.8,141.2,137.7,133.7,128.5,127.9, 125.4,64.7,30.4, 20.9, 19.0,
13.5; MS: m/z218 (M*,68), 162 (90), 146 (30), 117 (100), 91 (20), 65
(10), 41 (15); IR (NaCl, cm~1): v 2960 (s), 2932 (s), 2874 (m), 2362
(w), 1732 (s), 1685 (m), 1643 (m), 1513 (w), 1466 (w), 1251 (m),
1202 (w), 1174 (w), 1118 (w), 1060 (w), 1022 (w), 962 (w), 817 (w),
755 (w). Anal. Calcd for C14H180,: C,77.03; H, 8.31. Found C, 77.29;
H, 8.34.

Dibutyl 2-p-tolylmaleate (4b): yellow oil; TH NMR (CDCl3): &
7.41-7.38 (2H, m), 7.23 —7.20 (2H, m), 6.30 (1H, s), 4.38 (2H, t,
J=6.7Hz), 4.20 (2H, t, J=6.7Hz), 2.39 (3H, s), 1.78 — 1.64 (4H, m),
1.45-1.38 (4H, m), 0.95 (3H, t, J=7.4Hz), 0.94 (3H, t, J=7.4Hz);
13C NMR (CDCl3): 8 168.0, 164.9, 148.5, 140.7, 130.3, 129.5, 126.4,
115.9,65.5,64.5,30.4,30.1,21.1, 18.9, 18.8, 13.5, 13.4; MS: m/z318
(M*, 29), 244 (40), 189 (78), 162 (100), 145 (17), 115(45), 69 (25),
57 (20), 41 (38); IR (NaCl, cm~1): v 2958 (m), 2924 (s), 2853 (m),
1734 (m), 1700 (s), 1653 (m), 1636 (m), 1607 (m), 1516 (w), 1507
(w), 1458 (w), 1267 (m), 1181 (w), 953 (w), 815 (m). Anal. Calcd for
Ci9H2604: C, 71.67; H, 8.23. Found C, 71.96; H, 8.15.

Butyl 2-p-tolylpropanoate (6b): colorless oil; TH NMR (CDCl3):
8 7.37 —7.34 (2H, m), 7.24 —7.20 (2H, m), 4.09 (2H, t, J=6.7 Hz),
3.71 (1H, q, J=7.2Hz), 2.36 (3H, s), 1.62 — 1.55 (2H, m), 1.52 (3H,
d,J=7.2Hz), 1.37-1.30 (2H, m), 0.92 (3H, t, J=7.4Hz); 13C NMR
(CDCl3): & 174.6, 137.5, 136.4, 129.0, 127.1, 64.3, 45.0, 30.4, 20.9,
18.8,18.3, 13.4; MS: m/z 220 (M*, 20), 164 (6), 120 (17), 119 (100),
117(8),91(12),57 (6); IR(NaCl, cm~1): v 3058 (w), 2963 (m), 2933
(m), 1720 (s), 1615 (w), 1597 (w), 1451 (m), 1283 (w), 1192 (m),
1093 (w), 1072 (w), 1007 (w), 811 (w), 752 (w). Anal. Calcd for
C14H2007: C, 76.33; H, 9.15. Found C, 76.71; H, 9.24.

Butyl 2-(4-(pentyloxy) phenyl)acrylate (2c): yellow oil; TH NMR
(CDCl3): & 7.39—7.36 (2H, m), 6.93 — 6.88 (2H, m), 6.26 (1H, bs),
5.84(1H,bs),4.25(2H,t,J=7.0Hz),3.99(2H,t,]=6.6 Hz),1.83 — 1.65
(4H, m), 1.52-1.38 (6H, m), 0.97 (3H, t, J=7.3Hz), 0.95 (3H, t,
J=6.8Hz); 13C NMR (CDCl3): & 167.0, 158.9, 140.8, 132.3, 129.2,
124.5,114.0, 67.8, 64.7, 30.4, 28.7, 27.9, 22.2, 18.8, 13.8, 13.5; MS:
my/z 290 (M*, 97),220(71), 189 (18), 164 (100), 148 (71), 119 (98),
91(30),43 (27); IR(NaCl,cm~1): v 2958 (s), 2933 (s), 2873 (s), 1728
(bs), 1698 (w), 1609 (m), 1581 (w), 1573 (w), 1513 (s), 1468 (m),
1381 (w), 1302 (w), 1253 (m), 1175 (w), 1117 (w), 1022 (w), 833
(m). Anal. Calcd for C1gHp605: C, 74.45; H, 9.02. Found C, 74.22; H,
8.94.

Dibutyl 2-(4-(pentyloxy) phenyl)maleate (4c): yellow oil; TH NMR
(CDCl3): & 7.45—7.43 (2H, m), 6.92 —6.86 (2H, m), 6.24 (1H, s),
438 (2H, t,J=6.7Hz), 4.25 (2H, t, J]=6.7 Hz), 4.19 (2H, t, J=6.7 Hz),
1.83-1.63 (6H, m), 1.52 — 1.35 (8H, m), 0.97 (3H, t, J=7.4 Hz), 0.95
(3H, t,J=6.9Hz), 0.94 (3H, t, J=6.9Hz); 13C NMR (CDCl3):  168.1,
165.1,160.9, 148.3,132.3,128.1, 125.2, 114.6,67.9, 65.4, 64.4, 30.4,

30.1, 28.7, 28.6, 22.2, 18.9, 18.8, 13.7, 13.5, 13.4; MS: m/z 390 (M*,
100), 261 (28), 233 (26), 191 (32), 164 (80), 118 (38), 57 (20), 41
(35); IR (NaCl, cm~1): v 2958 (m), 2924 (s), 2853 (m), 1734 (m),
1718 (m), 1647 (bs), 1521 (w), 1465 (w), 1287 (w), 1251 (w), 1175
(w), 1022 (w), 817 (w); Anal. Calcd for C3H3405: C, 70.74; H, 8.78.
Found C, 71.12; H, 8.73.

Butyl 2-(4-tert-butylphenyl)acrylate (2d): colorless oil; TH NMR
(CDCl3): & 7.42 —7.29 (4H, m), 6.34 (1H, d, J=1.2Hz), 5.91 (1H, d,
J=12Hz), 427 (2H, t, J=6.7Hz), 1.78 - 1.70 (2H, m), 1.51 - 1.42
(2H, m), 1.38 (9H, s), 0.98 (3H, t, J=7.4Hz); 13C NMR (CDCl3): &
166.8,150.9,141.1,133.6,127.7,125.4, 124.8,64.7,34.3,31.0, 30.5,
19.0, 13.5; MS: m/z 260 (M*, 25), 245 (100), 189 (10), 159 (10), 143
(20),129(15),41 (10); IR (NaCl, cm~1): v 3035 (w), 2963 (m), 2903
(w), 2869 (m), 1722 (s), 1616 (m), 1515 (w), 1464 (m), 1395 (w),
1364 (w), 1329 (w), 1312 (w), 1270 (w), 1204 (m), 1184 (m), 1115
(m), 1084 (m), 1018 (w), 945 (w), 840 (m), 812 (w), 755 (w), 738
(w). Anal. Calcd for C;7H340,: C, 78.42; H, 9.29. Found C, 78.61; H,
9.20.

Dibutyl 2-(4-tert-butylphenyl)maleate (4d): yellow oil; "TH NMR
(CDCl3): & 7.47 —7.39 (4H, m), 6.30 (1H, s), 4.38 (2H, t, J=6.8 Hz),
418 (2H,t,]=6.7 Hz), 1.80 — 1.63 (4H, m), 1.47 — 1.40 (4H, m), 1.34
(9H, s), 0.97 (3H, t, J=7.4Hz), 0.96 (3H, t, J=7.4Hz); 13C NMR
(CDCl3):8167.9,164.9,153.8,148.5,130.3,126.3,125.7,116.0,65.5,
64.5, 34.6, 31.0, 30.9, 30.4, 30.2, 18.9, 18.8, 13.4; MS: m/z 360 (M*,
18), 345 (100), 289 (16), 231 (10), 143 (12), 57 (16), 41 (14); IR
(NaCl, cm~1): v 2961 (s), 2873 (w), 1737 (s), 1721 (s), 1625 (m),
1607 (w), 1516 (w), 1466 (w), 1392 (w), 1366 (w), 1344 (w), 1289
(w), 1269 (w), 1194 (m), 1171 (s), 1112 (s), 1062 (w), 1029 (w), 836
(w). Anal. Calcd for C35H3,04: C, 73.30; H, 8.95. Found C, 73.45; H,
9.03.

Butyl 2-(biphenyl-4-yl)acrylate (2e): white solid; mp 58 —59°C.
'H NMR (CDCl3): & 7.66—7.61 (4H, m), 7.58 —7.55 (2H, m),
7.49 —7.46 (2H, m), 7.41-7.38 (1H, m), 6.41 (1H, d, J=1.0Hz),
5.99 (1H, d, J=1.0Hz), 4.29 (2H, t, J=6.6 Hz), 1.79 — 1.66 (2H, m),
1.52 —1.45(2H,m),0.95 (3H,t,/=7.4Hz); 13CNMR (CDCl3): 8 166.7,
141.0, 140.8, 140.4, 135.5, 128.6, 128.5, 127.2, 126.9, 126.6, 126.1,
64.8,30.5, 19.0, 13.5; MS: m/z 280 (M*, 95), 224 (70), 208 (30), 179
(100), 152 (22), 89 (15), 41 (10); IR (KBr, cm~1): v 2957 (w), 2871
(w), 1704 (s), 1613 (w), 1486 (w), 1447 (w), 1399 (w), 1330 (m),
1307 (w), 1260 (w), 1200 (s), 1090 (s), 1072 (w), 1008 (w), 964 (m),
914 (w), 840 (m), 771 (m), 739 (m). Anal. Calcd for CigH005: C,
81.40; H, 7.19. Found C, 81.62; H, 7.16.

(E)-Butyl 3-(biphenyl-4-yl)acrylate (3e): colorless oil; TH NMR
(CDCl3): & 7.74 (1H, d, J=16.0Hz), 7.65 — 7.50 (6H, m), 7.49 — 7.46
(2H, m), 7.42-7.38 (1H, m), 6.49 (1H, d, J=16.0Hz), 4.24 (2H,
t,J=6.7Hz), 1.78 — 1.69 (2H, m), 1.59 — 1.44 (2H, m), 0.99 (3H, t,
J=7.4Hz); 13C NMR (CDCl3): & 166.9, 143.8, 147.7, 140.0, 133.2,
128.7,128.3, 127.6, 127.3, 126.8, 117.9, 64.2, 30.6, 19.0, 13.5; MS:
my/z 280 (M*, 70), 224 (100), 207 (55), 178 (68), 165 (25), 152 (25),
89 (10); IR (NaCl, cm~1): v 3060 (w), 3031 (w), 2960 (m), 2933 (m),
2872 (m), 1715 (s), 1636 (m), 1605 (w), 1558 (w), 1488 (w), 1449
(w), 1410 (w), 1383 (w), 1325 (m), 1310 (m), 1267 (m), 1172 (s),
1119 (w), 1026 (w), 1007 (w), 984 (m), 834 (m), 767 (m), 738 (m).
Anal. Calcd for C;9H3¢05: C, 81.40; H, 7.19. Found C, 81.08; H, 7.12.

Dibutyl 2-(biphenyl-4-yl)maleate (4e): yellow solid; mp
141 —143°C. 'H NMR (CDCl3): & 7.67 —7.51 (4H, m), 7.48 —7.39
(5H, m), 6.38 (1H, s), 4.40 (2H, t, J=6.8 Hz), 4.21 (2H, t, J=6.7 Hz),
1.82 —1.65 (4H, m), 1.48 — 1.39 (4H, m), 0.98 (6H, t, J=7.2 Hz); 13C
NMR (CDCl3): & 167.8, 164.8, 145.6, 139.6, 135.6, 128.7, 128.6,
128.0, 127.4, 127.0, 126.9, 116.8, 65.6, 64.6, 30.4, 30.2, 18.9, 18.8,
13.6, 13.5; MS: m/z 380 (M*, 95), 324 (15), 280 (10), 267 (10), 251
(40), 224 (80), 207 (12), 178 (100), 165 (10), 152 (18), 69 (27), 57
(23), 41 (45); IR (KBr, cm~1): v 2959 (m), 2929 (m), 2872 (w), 1731
(s), 1681 (s), 1626 (w), 1603 (w), 1483 (w), 1463 (w), 1404 (w),
1358 (w), 1285 (w), 1265 (w), 1172 (m), 1061 (w), 1021 (w), 1007
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(w), 840 (m), 765 (m). Anal. Calcd for Cy4Hg04: C, 75.76; H, 7.42.
Found C, 76.07; H, 7.46.

Dibutyl 2-(biphenyl-4-yl)succinate (7e): yellow oil; TH NMR
(CDCl3): & 7.72—7.57 (4H, m), 7.49 — 7.38 (5H, m), 4.09 (4H, m),
423 (1H, m), 3.23 (1H, dd, J=16.8, 9.9Hz), 2.73 (1H, dd, J=16.8,
5.6 Hz), 1.64 —1.57 (4H, m), 1.37 - 1.27 (4H, m), 1.01 — 0.97 (6H,
m); 13C NMR (CDCl3): & 169.4, 166.9, 141.0, 136.7, 128.7, 128.5,
127.4, 127.0, 126.8, 126.7, 65.6, 64.6, 46.8, 37.5, 30.4, 30.2, 18.9,
18.8, 13.5, 13.4; MS: m/z 382 (M*, 5), 308 (45), 280 (45), 252 (30),
239 (10), 224 (100), 180 (50), 165 (15), 152 (8), 57 (23), 41 (30).
Anal. Calcd for C,4H3004: C, 75.36; H, 7.91. Found C, 75.18; H, 7.98.

Butyl 2-(6-methoxynaphthalen-2-yl)acrylate (2f): yellow oil; TH
NMR (CDCl3): § 7.77 — 7.69 (2H, m), 7.54 — 7.42 (1H, m), 7.28 — 7.14
(3H, m), 6.40 (1H, s), 6.00 (1H, s), 4.28 (2H, t, J=6.6 Hz), 3.95 (3H,
s), 1.77 — 1.69 (2H, m), 1.49 — 1.41 (2H, m), 0.97 (3H, t, J=7.4Hz);
13C NMR (CDCl3): 8 166.9, 157.8, 141.4, 131.8, 129.6, 129.0, 128.3,
127.1,126.4,126.2,126.0, 125.7, 118.8, 64.8, 55.0, 30.4, 19.0, 13.5;
MS: m/z 284 (M*, 100), 228 (35), 212 (10), 183 (65), 168 (20), 152
(12),139 (30), 91 (5), 41 (8); IR (NaCl, cm~1): v 3060 (w), 2959 (s),
2935 (s), 2873 (m), 1724 (s), 1630 (s), 1606 (s), 1504 (m), 1484 (m),
1464 (m), 1414 (w), 1266 (w), 1219 (w), 1195 (w), 1123 (w), 1090
(w), 1033 (m), 931 (w), 893 (w), 853 (m), 810 (m), 761 (w), 737 (w).
Anal. Calcd for C;gH5003: C, 76.03; H, 7.09. Found C, 76.34; H, 7.02.

(E)-butyl 3-(6-methoxynaphthalen-2-yl)acrylate (3f): yellow oil;
TH NMR (CDCl3): & 7.88 —7.86 (2H, m), 7.82 (1H, d, J=16.0Hz),
7.78 —7.64 (4H, m), 6.51 (1H, d, J=16.0Hz), 4.24 (2H, t, J]=6.7 Hz),
3.95 (3H, s), 1.79-1.70 (2H, m), 1.49 — 1.42 (2H, m), 0.99 (3H, t,
J=7.4Hz); 13C NMR (CDCl3): & 167.0, 158.6, 144.5, 135.4, 129.9,
129.6,129.4,128.4,127.2,124.0,119.2,117.1,105.7,64.1,55.1,30.6,
19.0, 13.5; MS: m/z 284 (M+, 100), 240 (10), 228 (90), 211 (75), 184
(55), 168 (35), 152 (30), 139 (85), 128 (15), 114 (15), 63 (10), 41
(25); IR (NaCl, cm~1): v 2959 (m), 2934 (m), 2873 (w), 1711 (s),
1625 (s), 1602 (m), 1483 (m), 1463 (w), 1416 (w), 1393 (m), 1345
(w), 1262 (s), 1168 (s), 1063 (w), 1031 (m), 982 (w), 851 (m), 807
(w). Anal. Calcd for C;gH»003: C, 76.03; H, 7.09. Found C, 75.79; H,
7.01.

Dibutyl 2-(6-methoxynaphthalen-2-yl)maleate (4f): yellow oil;
TH NMR (CDCl3): & 7.87—-7.86 (1H, m), 7.76 —7.69 (2H, m),
7.60 —7.58 (1H, m), 7.21 —7.18 (1H, m), 7.15 - 7.13 (1H, m), 6.43
(1H, s), 4.43 (2H, t, J=6.7Hz), 4.21 (2H, t, J=6.7 Hz), 3.95 (3H, s),
1.82-1.74 (2H, m), 1.72 - 1.67 (2H, m), 1.51 — 1.41 (4H, m), 0.99

Dibutyl 2-(4-fluorophenyl)maleate (4g): pale yellow oil; "H NMR
(CDCl3): & 7.51 —7.48 (2H, m), 7.13 —7.06 (2H, m), 6.26 (1H, s),
437 (2H, t, J=6.8Hz), 4.20 (2H, t, J=6.7Hz), 1.78 — 1.57 (4H, m),
1.42 - 1.38 (4H, m), 0.96 (3H, t, J=7.4Hz), 0.95 (3H, t, J=7.4Hz);
1I3CNMR(CDCl3): 8 167.6,164.6,163.5(d,J = 250.0 Hz), 147.3,129.2,
128.5(2C,d,J=8.6Hz), 117.1,115.9 (2C, d, J=21.9Hz), 65.6, 64.7,
304, 30.1, 19.0, 18.9, 13.45, 13.4; MS: m/z 322 (9), 248 (31), 193
(100), 166 (97), 120 (46), 57 (17); IR (film, cm~1): v 2977 (s), 2857
(s), 1738 (s), 1725 (s), 1629 (m), 1604 (m), 1383 (m), 1151 (s), 1119
(s). Anal. Calcd for C1gH3FO4: C, 67.06; H, 7.19. Found C, 67.24; H,
7.15.

Butyl 2-(4-fluorophenyl)propionate (6g): pale yellow oil; TH NMR
(CDCl3): & 7.52-7.49 (2H, m), 7.11-7.03 (2H, m), 4.09 (2H, t,
J=6.7Hz), 3.72 (1H, q, J=7.2Hz), 1.70-1.62 (2H, m), 1.50 (3H,
d, J=7.2Hz), 1.46 —1.38 (2H, m), 0.95 (3H, t, J=7.4Hz); 13C NMR
(CDCl3): & 174 2, 162.3 (d, J=250.3Hz), 132.6 (d, J=3.4Hz), 128.7
(2C, d, J=8.6Hz), 115.1 (2C, d, J=21.8Hz), 64.4, 44.6, 30.0, 18.6,
18.3,18.2; MS: m/z 224 (12), 168 (13), 123 (100), 103 (25), 57 (12);
IR (film, cm~1): v 2974 (s), 2868 (s), 1745 (s), 1604 (s), 1511 (s),
1382 (m), 1112 (s), 841 (s). Anal. Calcd for C13H;7FO5: C, 69.62; H,
7.64. Found C, 69.82; H, 7.60.

Dibutyl 2-(4-fluorophenyl)succinate (7g): pale yellow oil; 'H
NMR (CDCl3): 8 7.24 —7.13 (2H, m), 7.06 — 7.00 (2H, m), 4.23 (2H,
t,J=6.8Hz),4.09 (1H, dd,J=9.7, 5.8 Hz), 4.03 (2H, t, J=6.8 Hz), 3.17
(1H, dd, J=16.8, 9.7 Hz), 2.67 (1H, dd, J=16.8, 5.8 Hz), 1.66 — 1.54
(4H, m), 1.38-1.26 (4H, m), 0.88 (3H, t, J=7.4Hz), 0.86 (3H, t,
J=7.4Hz); 3C NMR (CDCl3):  173.3, 171.1, 163.8 (d, J=250.3 Hz),
130.1 (d, J=8.2Hz), 129.4 (d, J=2.5Hz), 129.1 (d, J=8.0Hz), 115.4
(d,J=21.4Hz),114.5(d,J=21.6 Hz), 64.7,64.4,46.3,30.3,30.2,30.1,
18.8,18.7,13.35,13.3; MS: m/z324(2),251(14),250(39),194(100),
181(18),166(91),128(33),122(58),57(52).IR(film,cm~1): v 2976
(s), 2870 (s), 1743 (s), 1741 (s), 1602 (s), 1380 (m), 1110 (s). Anal.
Calcd for C1gH,5FO4: C, 66.65; H, 7.77. Found C, 66.78; H, 7.81.

3. Results and discussion

We initially tested the activity of Pdl, as catalytic precur-
sor in the hydroalkoxycarbonylation of phenylacetylene 1a with
1-butanol and CO in toluene, without any oxidant. The a-, B-
unsaturated butyl esters of 2-phenylpropenoic acid 2a (butyl
atropate) and 3-phenylpropenoic acid 3a (butyl cinnamate) were
the expected products (Eq. (2)).

Pdl, Ph __Pn
Ph—= +CO +BuOH —>
Toluene  BuO,C BuO,C @)

(3H,t,J=7.4),0.98 (3H, t, J=7.4); 13C NMR (CDCl3): 8 168.1, 165.0,
158.8, 148.7, 135.4, 130.1, 128.2, 128.1, 127.4, 127.1, 123.4, 1194,
116.0, 105.5, 65.5, 64.5, 55.1, 30.4, 30.2, 18.9, 18.8, 13.5, 13.4; MS:
m/z 384 (M*, 100), 328 (10), 284 (12), 255 (15), 228 (25), 182 (25),
139 (35),41 (15); IR (NaCl, cm~1): v 2959 (m), 2934 (m), 2873 (w),
1331 (s), 1716 (s), 1615 (s), 1502 (w), 1484 (m), 1463 (m), 1417
(w), 1394 (m), 1352 (w), 1327 (w), 1261 (s), 1173 (s), 1061 (s),
1030 (m), 853 (m), 806 (w), 747 (w). Anal. Calcd for Co3H,505: C,
71.85; H, 7.34. Found C, 72.06; H, 7.29.

Butyl 2-(4-fluorophenyl)acrylate (2g): pale yellow oil; 'H NMR
(CDCl3): & 7.44—-7.42 (2H, m), 7.07 - 7.01 (2H, m), 6.36 (1H, d,
J=1.1Hz),5.88 (1H, d,J=1.1Hz), 4.25 (2H, t, J=6.7Hz), 1.74 — 1.67
(2H,m),1.48 — 1.39(2H, m),0.97 (3H,t,/=7.4Hz); '3 CNMR (CDCl3):
9 166.4, 161.5 (d, J=245Hz), 140.3, 132.6 (d, J=3.4Hz), 129.8 (2C,
d,J=8.2Hz), 126.3,114.7 (2C, d, J=21.4Hz), 64.8, 30.4, 19.0, 13.4;
MS: m/z 222 (36), 166 (91), 121 (100), 101 (47); IR (film, cm~!): v
2975 (s), 2961 (s), 1735 (s), 1510 (s), 1465 (m), 1383 (m), 1118 (s)
840 (s). Anal. Calcd for C;3H5F0,: C,70.25; H, 6.80. Found C, 70.56;
H, 6.83.

3.1. Reaction conditions

In a typical procedure, 1a (2.7 mmol) was caused to react with
CO (10bar) and 1-butanol (27 mmol) in the presence of Pdl,
(0.027 mmol) in toluene (4mL) under stirring at 100°C for 8h.
Under these conditions 76% yield of butyl atropate 2a was obtained
with total conversion of 1a. Beside compound 2a, its regioiso-
mer 3a and other carbonylation products were also formed. Yields
and identified product structures are shown in Scheme 2. While
dibutyl phenylmaleate 4a and its cyclic isomer 5a derive from an
oxidative dicarbonylation process, 3-phenylfuran-2(5H)-one 8ais a
reductive carbonylation product. Small amounts of carbonylation
compounds 6a and 7a and two isomers of 9a, formally resulting
from two molecules of butyl atropate, were also detected in the
reaction mixture.

The molar ratio of products 2a:3a was 98-99:2-1, while the
average selectivity to 2a amounted at 78-80% under the reported
conditions. The tenfold molar excess of 1-butanol with respect to
phenylacetylene proved to be appropriate; in fact, using an excess
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Scheme 2. Products obtained from the Pdl,-catalyzed hydrobutoxycarbonylation of 1a in toluene.

of only four moles of alcohol in mixture with toluene, a drop of
the yield of 2a to 62% was observed. The use of methanol instead
of 1-butanol in toluene depressed the atropate yield to 24%, while
MeOH as the sole reaction solvent caused a rapid deactivation of
the catalyst by palladium black precipitation. The best results were
obtained carrying out the reaction at 80-100 °C. Higher tempera-
ture negatively affected the conversion of 1a and the selectivity to
2a, leading to a more rapid catalyst deactivation (Fig. S1, Support-
ing information section). The yield of 2a was also influenced by the
CO pressure, being the value of 10bar the best one under these
reaction conditions (Fig. S2, Supporting information section). We
also found a clear dependence of the conversion of 1a and the yield
of 2a on the Pdl, concentration (Fig. S3, Supporting information
section). Increasing the volume of toluene in the reaction mixture,
keeping fixed amounts of reagents and molar ratios, yield of 2a was
reduced because of a lower conversion of phenylacetylene. Toluene
added in 4 mL volume proved to be optimal under the previously
determined reaction conditions. As a result, for most experiments,
temperature, CO pressure and amount of toluene were maintained
at 100°C, 10bar, and 4 mL, respectively. Finally, different molar
ratios 1a/Pdl, have been tested (Table S1, Supporting information
section). On the base of these results, 1% of Pdl, was used in most
of the reactions reported in the present study. Turnover numbers
higher than 100 could be obtained by using lower catalyst loading,
with a simultaneous decrement of the conversion.

3.2. Yield of 2a vs reaction time

The progress of the yield of 2a vs the reaction time under the
previously determined reaction conditions is reported in Table 1
and Fig. 1. Yield of 2a and TOF attain to considerable values after
15min only. The high initial reaction rate allows the 92% of the
total amount of 2a to be formed. In the residual time the yield of 2a
increases more slowly achieving a plateau (75-76%). It was noticed
that a similar trend was followed for the formation of double car-
bonylation products 4a and 5a, reaching high concentrations after
just a few minutes. This observation supports the fact that prod-

Table 1

Effect of reaction time on the yield of 2a.
Time Yield (%) TOF?
(h) 2a
0 0 -
0.25 63 252
0.5 67 134
1 70 70
2 73 36
4 75 19
8 76 10

Reaction conditions: 1a (2.7 mmol), 1-butanol (2.5 mL, 27 mmol), CO (10bar), Pdl,
(0.027 mmol), toluene (4 mL), 100°C.
2 TOF (turnover frequency)=mol product/molPd x h.

ucts 4a and 5a are formed by independent processes and are not
the result of consecutive reactions.

3.3. Effect of water addition

Reported experimental evidences [31-34] suggest that the
catalytic cycle of hydroalkoxycarbonylation of alkyl- and ary-
lacetylenes can start through the in situ formation of a palladium
hydride species. Under our acid-free conditions, we verified that
Pdl, complexes did not oxidize n-butanol to butyraldehyde or its
corresponding acetals, ruling out the possibility that a palladium
hydride derivative is formed through this way. Therefore, water
remains the most obvious reagent able to form a palladium hydride
(I-Pd-H) complex under CO pressure [36-38,45,55-57]. Consider-
ing the amount of PdI; used (0.027 mmol), in principle, only 0.5 L
of water, probably the residual moisture of the solvents, would be
enough for the hydride formation. An examination of the effect of
the amount of water on the reaction course showed a reduction of
the yield of 2a (Fig. 2), mainly due to the partial conversion of 1a.
Moreover in the presence of an excess of water, a reduction of the
selectivity of 2a was observed, due to the concomitant increase of
products 4a, 5a (up to 15% with 50 L of H,0) and the formation of
not negligible amounts of furanone 8a (5% with 50 p.L of H,O) which
is supposed to be generated by the presence of a Pd-H species (see
Section 3.7).

The presence of a Pd-H species under water gas shift (WGS)
reaction conditions was previously reported by us [58]. 'TH NMR
analysis in dioxane dg showed the presence of a broad signal at
—4.3 ppm attributable to Pd-H species. Hydride-forming palladium
catalysts have been reported to give formic acid or its derivatives
in the presence of CO,, generated by decarboxylation of a PdACO,H
complex as shown in Scheme 3. The formation of formic acid was
experimentally verified under our reaction conditions by transfor-
mation in its benzyl ester [51].
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Fig. 1. Yeilds of 2a vs reaction time.



M. Queirolo et al. / Journal of Molecular Catalysis A: Chemical 398 (2015) 115-126 121

Table 2

Activities of various palladium catalysts in the hydrobutoxycarbonylation of 1a in toluene.

Run Catalyst precursor Time Conv. (%) Product yields (%)
(h) 1a 2a 3a 4a 5a 6a 7a 8a
1 Pdl, 8 99 76 <1 10 2 4 1 -
2 K, Pdly 8 92 72 <1 10 1 5 1 1
3 PdI; + 10KI 8 90 72 <1 9 1 5 1 -
4 Pd(10%)/C+1, 8 76 51 - 11 2 5 2 -
5 Recycling from 4 8 - - - - - - -
6 Recycling from 4 +1, 8 58 32 2 11 2 5 2 1
72 Pd(10%)/C+1, 8 77 57 9 1 5 1 -
8b Pd(10%)/C+1, 8 77 65 - 4 1 3 1 -
9 Pdl, +5BusNI 24 75 - - 25 9 - 5 33
10° PdI; +5BuyNI 24 77 - - 25 7 - 2 31
11 Pdl, +3.5tu 24 15 7 - 5 - - - 2
12 Pd(OAc), 24 3 1 - - - - - -
13 PdCl, 24 5 2 <1 1 - - - -
14 Pd(PPhs),Cl, 24 79 34 30 8 2 3 - -
15¢ Pdl, +2PPh; 24 63 10 37 6 1 - 1

Reaction conditions: 1a (2.7 mmol), 1-butanol (2.5 mL, 27 mmol), CO (10 bar), Pd-cat (0.027 mmol), toluene (4 mL), 100°C.

2 Cyclohexane (4.0 mL) was used as cosolvent in place of toluene.
b 3 bar of H, were added.
¢ 5% of 9a was also formed.

Effect of H,0 addition

90
80
n - -8B
60
SR B B B B BB yield of 2a (%)
40 -
30 4 — —| — —1 —1  —| — w=selectivity to 2a (%)
JER H O O O B = R
s B N = = = = =
0
1 3 6 10 50 100 500 ul H,0
0,79 2,38 4,76 7,90 3970 79,00 397,00 [H,0] mol/L=102
Fig. 2. Effect of H,0 addition.
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Scheme 3. Possible pathways in the presence of Pdl, CO, and H,0.

3.4. Activities of various palladium catalysts

Various palladium precursors were tested in the hydrobutoxy-
carbonylation of phenylacetylene and the results are shown in
Table 2. All the carbonylation reactions were carried out according
to the usual procedure.

Comparable catalytic activities were obtained using Pdl,,
K;Pdly, and Pdl, +10KI in toluene (runs 1-3, Table 2). Runs 4-8
were carried out in the presence of a catalyst precursor obtained
by mixing iodine with 10% Pd/C (see Section 2 for details). After
ascertaining the ineffectiveness of 10% Pd/C even with addition
of an excess of KI, the reaction carried out in the presence of
Pd/C+], catalytic system gave a good yield in 2a (run 4, Table 2).
Recovering Pd/C by filtration and recycling it for another reac-
tion under the same conditions, no conversion of 1a was observed

(run 5, Table 2). If the residual solid was subjected to further
iodine treatment and caused to react again, the expected products
were formed in lower yield (run 6, Table 2). Again the recovered
catalyst was inactive for carbonylation. These experiments indi-
cate that the carbonylation can apparently occur in homogeneous
phase (Fig. S4, Supporting information section), iodine being able
to partially transfer palladium into the solution, allowing, under
CO atmosphere, the formation of a Pdl,-carbonyl complex. It is
noteworthy that the carbonylation of phenylacetylene catalyzed
by the Pd/C+], system, is positively affected by the presence of
molecular hydrogen (run 8, Table 2). A similar hydrogen effect has
been previously found with a phosphine-free PdCl,-based catalyst
in the hydrocarboalkoxylation of olefins [59] and in the Pd(II)-
dppb catalyzed hydroesterification of terminal alkynes with syngas
[60]. The beneficial effect of hydrogen can probably be attributed
to the possibility to stabilize a [-Pd-H intermediate. The use of
PdI, +5BuyNI as catalyst precursor led to a complete suppression
of butyl atropate and cinnamate either in toluene or in cyclohex-
ane giving oxidative dicarbalkoxylation derivatives 4a and 5a and
hydrogenated/reductive carbonylation products 6a-8a in almost
equimolecular amount (runs 9 and 10, Table 2).Itis likely that tetra-
butylammonium iodide provided for transferring PdI, in toluene or
cyclohexane mixture as a Pdl42~ anion. A palladium anionic species
would be then responsible for this dramatic shift of selectivity. We
have reported that reactions, in which oxidative carbonylation is
combined with a reduction process, took place in methanol using
Pdl, and tiourea as ligand [47,48]. The same catalytic system was
not effective in less polar media (run 11, Table 2). Pd(OAc), and
PdCl, were practically inactive for this reaction (runs 12 and 13,
Table 2) endorsing the usefulness of iodide anion as ligand. The
addition of phosphine ligands to PdI, or PdCl, affected the regios-
electivity of the reaction leading to a remarkable increase in the
yield of butyl cinnamate 3a (runs 14 and 15, Table 2).

3.5. Hydrobutoxycarbonylation of various terminal acetylenes

The reactivity of substituted phenylacetylene derivatives was
then verified under optimized reaction conditions. The results are
reported in Table 3.

The results show that the reactions work quite nicely. In some
cases itis noticed a loss of regioselectivity (runs 2, 4, and 5, Table 3),
whereas substrates containing methyl, t-butyl, or fluoro groups
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Table 3
Pdl,-catalyzed butoxycarbonylation of arylacetylenes in toluene.

Run Starting reagent 1 Conv. (%) Product yields (%)
1 2 3 4 6+7°
Me —< >—_
1 1b 80 60 - 7 6
C5H1 1 O —
2 1c 99 71 14 2 2
t-Bu—< >—_
3 1d 83 63 - 9 6
4 Q O le 81 33 25 9 8
5 1f 78 43 7 12 8
6 : 1g 72 48 - 10 10

Reaction conditions: 1 (2.7 mmol), 1-butanol (2.5 mL, 27 mmol), CO (10 bar), Pdl, (0.027 mmol), toluene (4 mL), 100°C, 24 h.

2 6:7 molar ratio is about 4:1.

maintain high regioselectivity towards the branched esters (runs
1, 3, and 6, Table 3).

3.6. Influence of the reaction media

Having defined the suitable reaction conditions and stud-
ied the influence of different parameters and additives on
the hydrobutoxycarbonylation of phenylacetylene in toluene/n-
butanol mixture, we then investigated the influence of various
reaction media consisting of mixtures of n-butanol and a cosolvent
in the presence of Pdl, = A, or Pdl, + 10KI =B as catalyst precursors
(Table 4). The conversion of phenyacetylene after 8 h of reaction in
media containing high polarity cosolvents such as DMA and DMF,
was quite limited in comparison with mixtures containing apolar
or low polarity cosolvents where high conversions were attained
in the first hours of reaction. Thus an extension of the reaction time
to 24 h became necessary to reach comparable conversions under
usual reaction conditions. In Table 4 solvent permittivity (¢) is also
reported and runs are arranged in order of decreasing yield of 2a
with Pdl,-catalyst(A).

Data in Table 4 emphasize that catalyst precursors A and B pro-
mote the formation of 2a as the main product in reaction media
for which the polarity of butanol is reduced by the addition of an
apolar aprotic solvent. Indeed, it may be noticed that the yield of
2a achieves the highest value in cyclohexane, toluene or anisole as
cosolvents (runs 1-3, Table 4). On the other hand the addition of a
polar aprotic solvent to n-butanol led to a significant reduction of
the yield of 2a together with a considerable slowing down of the
reaction rate (runs 4, 5, and 7-11, Table 4) [61]. More important,
a different distribution of products was observed changing from
apolar to polar cosolvents. In apolar or in low polarity media, prod-
ucts of oxidative dicarbonylation 4a and 5a were always present
achieving the highest yield in anisole mixture (18%) along with
5-7% of hydrogenated products 6a and 7a (runs 1-3, Table 4).
Moreover the formation of furanone 8a was completely suppressed
with both the catalytic systems employed (runs 1-3, Table 4). In
mixtures containing the most polar solvents, along with remark-

able amounts of 4a and 5a, the reductive carbonylation product 8a
was also present, which, in conjunction with hydrogenated prod-
ucts 6a and 7a, almost quantitatively balanced the formation of
the oxidative dicarbonylation products 4a and 5a (runs 4, 5, and
7-11, Table 4). Solvents such as MeCN and PhCN gave the highest
yields of oxidative and reductive carbonylation compounds (runs
9, 10, and 12, Table 4), likely due to their highest solvation power
towards palladium ionic species that probably are at work under
these conditions. This change in the chemoselectivity of the process
resulted more marked with an excess of iodide anions (catalyst
B=PdI; + 10KI). The carbonylation product 9a, mainly formed in
mixtures containing amide solvents such as DMA, NMP, and DMF
(runs 7, 8, and 11 Table 4), is present as a mixture of E/Z isomers
(molar ratio ranges from 1:2 to 3:1), and could come formally from
a palladium-mediated dimerization of 2a (Scheme 4). Longer alco-
hols, such as hexanol, led to comparable results when MeCN was
used as cosolvent (run 12, Table 4) [62]. Small amounts of butyl
formate were found in the reactions carried out in the presence of
PdI, or PdI;, + 10KI with most solvent employed.

3.7. Proposed reaction pathways

Mainly two factors play a fundamental role in this carbonylation
process: the nature of the palladium catalyst precursor containing
iodide anions and the reaction media. Both of these have a notice-
able effect on the chemoselectivity as well as on the rate of the
reaction.

To understand the course of this carbonylation reaction, the
following points should taken into account.

1) Remarkable changes in chemoselectivity on going from aprotic
apolar to polar reaction media were observed.

2) Areduction of the selectivity to 2a, and the concomitant forma-
tion of 4a, 5a, and 8a were observed when an excess of water
was used.
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3) The formation of double carbonylation products 4 and 5 points
out that the hydrobutoxycarbonylation process can start via
Pd-COOBu.

4) The addition of Bu4NI to the reaction mixture (toluene/butanol)
led to the exclusive formation of oxidative dicarbalkoxylation
derivatives 4a and 5a and hydrogenated/reductive carbonyla-
tion products 6a-8a in almost equimolecular amount.

5) Butyl formate and formic acid were detected in the reaction
mixture.

6) Addition of hydrogen gas had a beneficial effect on the reac-
tion carried out in butanol-toluene medium (run 8, Table 3),
supporting the occurrence of the hydride mechanism.

Because of a considerable difference in the solvation power
of the reaction media and a marked coordination strength of the
iodide ligand, palladium intermediates likely undergo modifica-
tions inducing dramatic changes in the chemoselectivity of the
reaction. Although a clear correlation between solvent permittiv-
ity (€) and the behavior of the catalytic systems does not exist, we
suggest, according to the above considerations, an explanation of
the reaction course leading to regioisomer 2 and the other isolated
products (Schemes 4 and 5).

Since we start from a palladium(II) precursor, complex I, accord-
ing to a well-established mechanism [39-44,47,48], adds BuOH
and CO in sequence leading to IPd-CO,Bu(Il) (cycle a, Scheme 4).
The intermediate II inserts 1 generating IV, which, upon protonol-
ysis by HI, leads to product 2 with regeneration of L,Pdl, I. The
[-Pd-vinyl complex IV can also insert another molecule of CO

with formation of V, which can undergo butanolysis providing 4
and the I-Pd-H species VI. The latter can independently produce
2 following the well-known palladium-hydride pathway (cycle b,
Scheme 4) [31-34]. Thus, simultaneous reaction routes to product
2 seem possible, the relative importance of these two ways being
probably influenced by the amount of H,O in the reaction mix-
ture (Scheme 3). I-Pd-H species VI through a hydride-exchange
[31,63,64] with IPd-CO,Bu(Il) could form the H-Pd-CO,Bu inter-
mediate IX, responsible for the butylformate detection. Insertion
of amolecule of 1 on IX leads to intermediate X (cycle c, Scheme 4),
which in its turn can follow several pathways: (1) reaction with HI
producing 2 and H-Pd-I; (2) coordination and insertion of another
molecule of CO leading to XI, which, after rearrangement and
protonolysis by HI, provides 8 and II (route b, Scheme 5); and (3)
insertion of a molecule of 2 forming XII (route c, Scheme 5), which,
after HI addition, releases product 6 and intermediate IV, or, alter-
natively, delivers compound 9 and Pd(0) by a reduction elimination
step. In this last case we cannot exclude a palladium-mediated
umpolung coupling [65]. Palladium hydrides as reducing species
are reported in the literature [31]. Their intermediacy in reductive
carbonylation of benzyl alcohols was proposed by Cavinato and
Toniolo [66] and their reactions with allyl ether or ester were
described [67]. It would appear that Pd-H species, that could
justify the formation of compounds 6, 8 [58], and 9, are involved
in these carbonylation processes as shown in Schemes 4 and 5.
Intermediates X and XI could be generated through a metathetical
exchange from the corresponding IV and V complexes and the
H-Pd-I species VI (Scheme 5) [31,63,64]. For the formation of

BuOH
PdoL, [oUte?
1

e E co
\\route b

E CO, HI Lox L

: 2 - i

: \ routec

E v :

Scheme 5 PdoL, +9

Scheme 4. Proposed reaction pathways for the Pdl,-catalyzed hydrobutoxycarbonylation of arylacetilenes.
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Scheme 5. Possible formation pathways for product 6, 8, and 9.

derivatives 4 and 8, we can postulate an alternative mechanism
which involves a hydride transfer between two acyl chains within
the same complex likely formed by disproportionation [48]. This
reaction, also named “symmetrization”, readily occurs in many
cases as reported in the literature [68,69]. Palladium (0) species can
be reconverted to HPdI by the intermediacy of HI and butanol [70].

In low polarity media, dissociation and stabilization of ionic
complexes are reduced, so that neutral intermediates would appear
to be involved. Compound 2, which is the main product under

Table 4

Hydrobutoxycarbonylation of phenylacetylene in different solvent/n-butanol mixture.

these conditions, can be mostly formed through PACO,R interme-
diate according to the pathways mentioned in the introduction
(Scheme 1, cycle a). The formation of the double carbonylation
product 4, gives rise, in the absence of corresponding reductive
carbonylation product 8, to a Pd-H species (Scheme 4) and it
needs its reconversion to Pdl, under our non-oxidative conditions,
likely through the intervention of CO, on Pd(hydride) intermedi-
ate (Scheme 3). In fact, the interaction of I-Pd-H with CO, leads
to the formation of a palladium-formate intermediate through

Run Solvent Catalyst Time Conv. (%) Product yields (%)
(e) (h) 1a 2a 4a+5a? 6a+7a" 8 9
1 Cyclohexane A 8 98 76 10 6 - 2
(2.0) B 8 92 73 10 6 - -
2 Toluene A 8 99 76 12 7 - 1
(2.38) B 8 91 72 10 6 - -
3 Anisole A 8 95 69 18 7 - 1
(4.4) B 8 87 60 18 5 - -
4 AcOEt A 8 91 66 13 6 3 1
(6.02) B 8 82 46 17 6 9 1
5 DME A 8 79 59 12 4 3 -
(7.23) B 8 67 22 22 3 17 -
6 1-Butanol A 8 76 57 9 4 1 2
(17.51) B 8 66 53 5 3 2 -
7 DMA A 24 76 57 5 2 1 9
(37.78) B 24 72 48 10 2 9 2
8 NMP A 24 88 52 2 - - 25
(32.2) B 24 71 36 8 2 7 12
9 MeCN A 24 50 33 9 2 5 -
(37.5) B 24 56 - 26 1 27 -
10 PhCN A 24 33 19 7 2 3 -
(26) B 24 61 - 30 2 27 -
11 DMF A 24 17 9 6 - - -
(38.71) B 24 33 16 5 - 4 6
12 MeCN/1-Hexanol B 24 62 3 28 - 29 -

~

Reaction conditions: 1a (2.7 mmol), alcohol (2
2 4a:5a molar ratio is about 5:1.
b 6a:7a molar ratio is about 4:1.

mmol), CO (10 bar), Pd-cat (0.027 mmol), solvent (4 mL), 100°C. In all experiments yields of 3a range from 0 to 1.0%.
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Table 5
Hydrobutoxycarbonylation of 1a with a palladium (0) species.

Run 1a/KI Solvent 1a/Pdy(dba)s; Time Conv. (%) Product yields (%)
(h) 2a 4a+5a 8a
1 10 MeCN 1.5 6 24 - Trace 19
2 10 MeCN 100 16 50 8 18 18
3 - Toluene 100 24 54 45 4 Trace

Reaction condition: 1a (2.7 mmol), n-butanol (27 mmol), Bul (5.4 mmol), CO (10 bar), Pd,(dba); solvent (4 mL), 100°C.

insertion into the Pd—H bond [71-73]. As shown in Scheme 3
the I-Pd-0,CH species can be an intermediate able to regener-
ate Pdl, with elimination of HCO,H. Then the CO, could reduce
the Pd-H concentration restoring Pdl,, which is responsible for the
IPdCO,Me formation.

Moving from an apolar to a polar solvent, the palladium hydride
reactivity may be altered, and the previously suggested interac-
tion between palladium hydride and arylacetylene becames less
effective. This may be due to the saturation of coordination sites
in Pd(II) intermediates in the presence of highly polar solvents and
iodide anions. The intermediate palladium complexes shift towards
ionic species which induce different reaction pathways, leading to,
oxidative, additive and reductive dicarbonylation products (4-8).
In particular, in polar media the oxidative carbonylation products
(4, 5) are always balanced by those of reduction (6-8) even at low
conversion values, and this can be explained with the combination
of cycles a and c (route b, Scheme 4), that involve intermediates
II-VI, IX, X. Moreover carbonylation of phenylacetylene carried
out in toluene- or cyclohexane-butanol mixture in the presence
of PdI, and 5 equiv of BuyNI yielded exclusively oxidative 4 and 5
and reductive carbonylation products, 6-8 (runs 4 and 5, Table 2).In
this case, even in apolar media the catalyst system is likely formed
by Pdi42~ and NBuy* bulky ions.

In order to gain further insight into the role played by Pd-H
species in this reaction, an alternative approach was considered:
the hydrobutoxycarbonylation of 1a was carried out in MeCN, using
Pd,(dba); as catalytic precursor in molar ratio with 1a close to
a stoichiometric value (1a/Pd,(dba)s; =1.5), in presence of Bul (2
equiv), giving selectively furanone 8a (run 1, Table 5). In this case
it is supposed that the oxidative addition of Bul to Pd(0) and a
subsequent [(3-hydride elimination step, provide a Pd-H species
which is responsible for the furanone formation. Performing the
reaction catalytically, (1a/Pdy(dba); = 100), products 8a and 4a + 5a
were obtained in the same molar amounts, along with 2a (run
2, Table 5), according to the previously reported results (run 9,
Table 4). The same reaction in toluene with a catalytic amount of
Pd,(dba); (1 mol%) led to phenyl atropate 2a exclusively (45% after
24h, run 3, Table 5), confirming that, on the basis of the previ-
ous considerations, Pd-H species can be an active catalyst in the
hydrobutoxycarbonylation of arylacetylenes.

In general, palladium catalyzed hydroesterification of ary-
lacetylenes apparently may proceed through either Pd-CO,R
(Scheme 1, cycle a) or Pd-H (Scheme 1, cycle b) species. Depend-
ing on the reaction conditions (KI excess, BuyNI, solvent), the
coordinated ligands can significantly change the properties of the
complexes involved, going from neutral to anionic species, and thus
directing the overall process towards different pathways. Path-
ways depicted in Schemes 3-5 appear to be consistent with the
experimental results. However, further work is needed to identify
unequivocally the palladium intermediate complexes involved.

In conclusion, we have shown that a very simple catalytic sys-
tem, consisting of pure Pdl, or in conjunction with an excess of KI,
is able to catalyze the hydrobutoxycarbonylation of arylacetylenes
to branched esters with good catalytic efficiency. The best results
in terms of a-, B-unsaturated esters were obtained carrying out
the reaction in non-polar solvents such as cyclohexane or toluene.

Addition of aprotic polar solvents such as MeCN or PhCN to butanol
suppresses the atropate formation leading to a mixture of oxidative
and reductive carbonylation products in comparable amount. The
same result can be obtained by the addition of NBuyl to the reaction
when a non-polar solvent is employed. Experimental evidences
support the proposed reaction pathways.

Acknowledgements

This work was supported by MIUR and Parma University. The
NMR instrumentation was provided by Centro Interdipartimentale
‘Giuseppe Casnati’ of Parma University.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.molcata.
2014.11.028.

References

[1] A. Brennfuehrer, H. Neumann, M. Beller, ChemCatChem 1 (2009) 28-41.

[2] L. Kollar, Modern Carbonylation Methods, Wiley-VCH Verlag GmbH & Co.,
KGaA, Weinheim, Germany, 2008.

[3] R.V. Chaudhari, Top. Catal. 55 (2012) 439-445.

[4] C.Torborg, M. Beller, Adv. Synth. Catal. 351 (2009) 3027-3043.

[5] R. Grigg, S.P. Mutton, Tetrahedron 66 (2010) 5515-5548.

[6] X.-F. Wu, H. Neumann, M. Beller, ChemSusChem 6 (2013) 229-241.

[7] X.-F. Wu, X. Fang, L. Wu, R. Jackstell, H. Neumann, M. Beller, Acc. Chem. Res.
47 (2014) 1041-1053.

[8] B. Gabriele, R. Mancuso, G. Salerno, Eur. J. Org. Chem. (2012) 6825-6839.

[9] Q.Liu, H. Zhang, A. Lei, Angew. Chem. Int. Ed. 50 (2011) 10788-10799.

[10] H. Zhang, D. Liu, C. Chen, C. Liu, A. Lei, Chem. Eur. J. 17 (2011) 9581-9585.

[11] Q. Liu, G.Li, ]. He, J. Liu, P. Li, A. Lei, Angew. Chem. Int. Ed. 49 (2010)
3371-3374.

[12] L. Wang, Y. Wang, C. Liu, A. Lei, Angew. Chem. Int. Ed. 53 (2014) 5657-5661.

[13] B. Gabriele, G. Salerno, M. Costa, Top. Organomet. Chem. 18 (2006) 239-272.

[14] B. Gabriele, G. Salerno, M. Costa, G.P. Chiusoli, Curr. Org. Chem. 8 (2004)
919-946.

[15] B. Gabriele, G. Salerno, M. Costa, G.P. Chiusoli, J. Organomet. Chem. 687 (2003)
219-228.

[16] S.Doherty, J.G. Knight, C.H. Smyth, Recent developments in alkyne
carbonylation, in: L. Kollar (Ed.), Modern Carbonylation Methods, Wiley-VCH
Verlag GmbH & Co., KGaA, Weinheim, Germany, 2008, pp. 281-304.

[17] A. Scrivanti, U. Matteoli, V. Beghetto, S. Antonaroli, R. Scarpelli, B. Crociani, J.
Mol. Catal. A: Chem. 170 (2001) 51-56.

[18] M. Akao, S. Sugawara, K. Amino, Y. Inoue, J. Mol. Catal. A: Chem. 157 (2000)
117-122.

[19] S.]Jayasree, A. Seayad, S.P. Gupte, R.V. Chaudhari, Catal. Lett. 58 (1999)
213-216.

[20] A. Scrivanti, V. Beghetto, E. Campagna, M. Zanato, U. Matteoli,
Organometallics 17 (1998) 630-635.

[21] E. Drent, P. Arnoldy, P.H.M. Budzelaar, J. Organomet. Chem. 455 (1993)
247-253.

[22] D. Xue, Y. Chen, X. Cui, Q. Wang, J. Zhu, J. Deng, J. Org. Chem. 70 (2005)
3584-3591.

[23] A. Scrivanti, U. Matteoli, Tetrahedron Lett. 36 (1995) 9015-9018.

[24] R.L. Funk, G.L. Bolton, J. Org. Chem. 52 (1987) 3174-3176.

[25] A. Dervisi, P.G. Edwards, P.D. Newman, R.P. Tooze, S.J. Coles, M.B. Hursthouse,
J. Chem. Soc. Dalton Trans. (1999) 1113-1120.

[26] M. Barsacchi, G. Consiglio, L. Medici, G. Petrucci, U.W. Suter, Angew. Chem.
Int. Ed. 30 (1991) 989-991.

[27] D. Milstein, Acc. Chem. Res. 21 (1988) 428-434.

[28] E.G. Samsel, ].K. Norton, J. Am. Chem. Soc. 106 (1984) 5505-5512.

[29] G.P. Chiusoli, M. Costa, E. Masarati, G. Salerno, J. Organomet. Chem. 255
(1983) C35-38.


http://dx.doi.org/10.1016/j.molcata.2014.11.028
http://dx.doi.org/10.1016/j.molcata.2014.11.028
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0145

126 M. Queirolo et al. / Journal of Molecular Catalysis A: Chemical 398 (2015) 115-126

[30] T.F. Murray, J.R. Norton, J. Am. Chem. Soc. 101 (1979) 4107-4119.

[31] V.V. Grushin, Chem. Rev. 96 (1996) 2011-2033.

[32] Y. Kushino, K. Itoh, M. Miura, M. Nomura, J. Mol. Catal. 89 (1994) 151-158.

[33] D. Zargarian, H. Alper, Organometallics 12 (1993) 712-724.

[34] J. Tsuji, Acc. Chem. Res. 2 (1969) 144-152.

[35] T.E. Kron, M.I. Terekhova, Y.G. Noskov, E.S. Petrov, Kinet. Catal. 42 (2001)
204-211.

[36] B. Gabriele, R. Mancuso, G. Salerno, M. Costa, J. Org. Chem. 72 (2007)
9278-9282.

[37] B. Gabriele, R. Mancuso, G. Salerno, M. Costa, Adv. Synth. Catal. 348 (2006)
1101-1109.

[38] B. Gabriele, G. Salerno, M. Costa, G.P. Chiusoli, Chem. Commun. (1999)
1381-1382.

[39] R. Mancuso, I. Ziccarelli, D. Armentano, N. Marino, S.V. Giofre, B. Gabriele, ].
Org. Chem. 79 (2014) 3506-3518.

[40] B. Gabriele, R. Mancuso, L. Ziccarelli, G. Salerno, Tetrahedron Lett. 53 (2012)
6694-6696.

[41] B. Gabriele, R. Mancuso, V. Maltese, L. Veltri, G. Salerno, J. Org. Chem. 77
(2012) 8657-8668.

[42] B. Gabriele, L. Veltri, R. Mancuso, G. Salerno, S. Maggi, B.M. Aresta, ]. Org.
Chem. 77 (2012) 4005-4016.

[43] N. Della Ca’, P. Bottarelli, A. Dibenedetto, M. Aresta, B. Gabriele, G. Salerno, M.
Costa, J. Catal. 282 (2011) 120-127.

[44] N. Della Ca’, F. Campanini, B. Gabriele, G. salerno, C. Massera, M. Costa, Adv.
Synth. Catal. 351 (2009) 2423-2432.

[45] B. Gabriele, L. Veltri, G. Salerno, M. Costa, G.P. Chiusoli, Eur. J. Org. Chem.
(2003) 1722-1728.

[46] B. Gabriele, M. Costa, G. Salerno, G.P. Chiusoli, J. Chem. Soc. Perkin Trans. 1
(1994) 83-87.

[47] A.Bonardi, B. Gabriele, M. Costa, G. Salerno, G.P. Chiusoli, J. Chem. Soc. Chem.
Commun. (1994) 2429-2430.

[48] B. Gabriele, M. Costa, G. Salerno, G.P. Chiusoli, J. Organomet. Chem. 503 (1995)
21-28.

[49] K. Fagnou, M. Lautens, Angew. Chem. Int. Ed. 41 (2002) 26-47.

[50] P.M. Maitlis, A. Haynes, B.R. James, M. Catellani, G.P. Chiusoli, Dalton Trans.
(2004) 3409-3419.

[51] V. Bocchi, G. Casnati, A. Dossena, M. Marchelli, Synthesis (1979) 961-962.

[52] T.Iwasaki, Y. Maegawa, Y. Hayashi, T. Ohshima, K. Mashima, J. Org. Chem. 73
(2008) 5147-5150.

[53] E. Coulbeck, J. Eames, Synlett (2008) 333-338.

[54] J.T. Bauer, M.S. Hadfield, A.-L. Lee, Chem. Commun. (2008) 6405-6407.

[55] A.Seayad, A.A. Kelkar, L. Toniolo, R.V. Chaudhari, J. Mol. Catal. A: Chem. 151
(2000) 47-59.

[56] A.Seayad, S. Jayasree, K. Damodaran, L. Toniolo, R.V. Chaudhari, ]. Organomet.
Chem. 601 (2000) 100-107.

[57] B. Gabriele, G. Salerno, M. Costa, G.P. Chiusoli, J. Mol. Catal. A: Chem. 111
(1996) 43-48.

[58] G.P. Chiusoli, M. Costa, L. Cucchia, B. Gabriele, G. Salerno, L. Veltri, ]. Mol.
Catal. A: Chem. 204-205 (2003)
133-142.

[59] J. Tsuji, K. Ohno, Adv. Chem. Ser. 70 (1968) 155-157.

[60] B. El Alj, ]. Tijani, A.M. EI-Ghanam, Tetrahedron Lett. 42 (2001) 2385-2387.

[61] T.E. Kron, M.I. Terekhova, E.S. Petrov, Kinet. Catal. 45 (2004) 551-553.

[62] Secondary or tertiary alcohols were significantly less reactive than primary
alcohols, due to steric reasons, and led to poorer results in terms
of substrate conversion and product selectivity.

[63] H. Munakata, M.L.H. Green, J. Chem. Soc. Chem. Commun. (1970) 881-882.

[64] M.L.H. Green, H. Munakata, T. Saito, ]. Chem. Soc. A (1971) 469-474.

[65] M. Hirano, Y. Hiroi, N. Komine, S. Komiya, Organometallics 29 (2010)
3690-3693 (and references therein).

[66] G. Cavinato, L. Toniolo, J. Mol. Catal. A: Chem. 105 (1996) 9-15.

[67] M. Oshima, T. Sakamoto, Y. Maruyama, F. Ozawa, I. Shimizu, A. Yamamoto,
Bull. Chem. Soc. Jpn. 73 (2000) 453-464.

[68] LV. Kozhevnikov, K.I. Matveev, Russ. Chem. Rev. 47 (1978) 649-664.

[69] J. Tsuji, T. Nogi, ]. Am. Chem. Soc. 88 (1966) 1289-1292.

[70] Y.S. Lin, A. Yamamoto, Tetrahedron Lett. 38 (1997) 3747-3750.

[71] X.Jin, ]J.R. Moss, Coord. Chem. Rev. 181 (1999) 27-59.

[72] D.J. Darensbourg, P. Wiegreffe, C.G. Riordan, J. Am. Chem. Soc. 112 (1990)
5759-5762.

[73] P.G. Jessop, T. Ikariya, R. Noyori, Chem. Rev. 95 (1995) 259-272.


http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0245
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0245
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0245
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0245
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0245
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0245
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0245
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0245
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0245
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0245
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0245
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0245
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0245
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0250
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0255
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0255
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0255
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0255
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0255
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0255
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0255
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0255
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0255
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0255
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0255
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0255
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0255
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0260
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0265
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0265
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0265
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0265
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0265
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0265
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0265
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0265
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0265
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0270
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0270
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0270
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0270
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0270
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0270
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0270
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0270
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0270
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0270
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0270
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0270
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0275
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0280
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0285
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0290
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0295
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0295
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0295
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0295
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0295
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0295
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0295
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0295
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0295
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0295
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0295
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0295
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0300
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0305
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0305
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0305
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0305
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0305
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0305
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0305
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0305
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0305
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0305
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0305
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0305
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0305
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0315
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0315
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0315
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0315
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0315
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0315
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0315
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0315
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0315
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0315
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0315
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0315
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0315
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0320
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0325
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0330
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0335
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0340
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0340
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0340
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0340
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0340
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0340
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0340
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0340
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0340
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0340
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0340
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0340
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0345
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0345
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0345
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0345
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0345
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0345
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0345
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0345
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0345
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0345
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0345
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0345
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0345
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0350
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0350
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0350
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0350
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0350
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0350
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0350
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0350
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0350
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0350
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0350
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0355
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0355
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0355
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0355
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0355
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0355
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0355
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0355
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0355
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0355
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0355
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0355
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0360
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0365
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0365
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0365
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0365
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0365
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0365
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0365
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0365
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0365
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0365
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0365
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0365
http://refhub.elsevier.com/S1381-1169(14)00538-X/sbref0365

	Neutral vs anionic palladium iodide-catalyzed carbonylation of terminal arylacetylenes
	1 Introduction
	2 Experimental
	2.1 Materials and general methods
	2.2 Preparation of catalysts
	2.2.1 Potassium tetraiodopalladate (K2PdI4)
	2.2.2 Supported PdI2 on active carbon (Pd/C+I2)

	2.3 Determination of HCO2H from carbonylation reactions
	2.4 General procedure for carbonylation of acetylenic substrates
	2.4.1 Catalytic hydrobutoxycarbonylation of phenylacetylene in the presence of PdI2
	2.4.2 Catalytic hydrobutoxycarbonylation of phenylacetylene in the presence of 10% Pd/C or PdI2 supported on active carbon

	2.5 Characterization of products

	3 Results and discussion
	3.1 Reaction conditions
	3.2 Yield of 2a vs reaction time
	3.3 Effect of water addition
	3.4 Activities of various palladium catalysts
	3.5 Hydrobutoxycarbonylation of various terminal acetylenes
	3.6 Influence of the reaction media
	3.7 Proposed reaction pathways

	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


