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ABSTRACT

We have prepared several pyrazolyl palladium and nickel complexes ([(L1)PdCl2] (1), [(L2) PdCl2] (2), [(L3) PdCl2] (3), [(L1)
NiBr2] (4), [(L2) NiBr2] (5) and [(L3) NiBr2] (6)) by reacting 3,5-dimethyl-1H-pyrazole (L1), 3,5-di-tert-butyl-1H-pyrazole (L2) and
5-ferrocenyl-1H-pyrazole(L3) with [PdCl2(NCMe)2] or [NiBr2(DME)] to afford mononuclear palladium and nickel complexes,
respectively. These complexes were then investigated as pre-catalysts in the hydrogenation of 2,4-hexadienoic acid (sorbic acid).
The active catalysts from these complexes demonstrate significant activities under mild experimental conditions. Additionally,
the active catalysts show that the hydrogenation of sorbic acid proceeds in a sequential manner, where the less hindered C=C
bond (4-hexenoic acid) is preferentially reduced over the more hindered C=C bond (2-hexenoic acid).
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1. Introduction
Hydrogenation of α,β-unsaturated compounds has been

widely employed in the vitamins, fragrances, pharmaceuticals,
petrochemicals, agrochemicals, and cosmetics industries.1 One
of the extensively used transition metal catalysts in these hydro-
genation reactions is chlorotris(triphenylphosphine)rhodium(I),
[RhCl(PPh3)3].2,3 The catalyst, RhCl(PPh3)3, catalyzes the
chemo-specific hydrogenation of C=C bonds in the presence of
other easily reduced groups, like nitro (NO2) or carbonyl (CHO),
as well as terminal alkenes even when the substrate has internal
alkenes.2,3 Other transition metals complexes have been exten-
sively studied as heterogeneous and homogeneous catalysts in
the catalytic hydrogenation of olefins and α,β-unsaturated com-
pounds. Among these metal complexes are ruthenium,4,5

rhodium,6 iridium,7 and platinum.8 However, nickel9 and palla-
dium10 complexes have in recent times gained considerable
attention as efficient catalysts in hydrogenation reactions.
Shevlin et al. described the first homogeneous nickel-catalyzed
asymmetric hydrogenation of α,β-unsaturated esters, using
molecular hydrogen, that gave high yield and high enantio-
selective products.11 Apart from the good reactivity and selectiv-
ity of the nickel catalysts, ligand manipulation makes them
attractive for homogeneous catalysts. Nickel catalysts are cheap
and cost-effective.

On the other hand, palladium catalysts are more expensive but
exhibit superior catalytic and selectivity properties in the hydro-
genation of unsaturated compounds.12 For example, P∧C∧P
palladium pincer complexes are highly active catalysts for the
chemo-selective transfer hydrogenation of α,β-unsaturated
ketones.13 These highly reactive and selective palladium pincer
complexes afforded saturated ketones from α-enones.13 Simi-
larly, Bacci et al. reported hydrazinic-phosphine(P∧N)palla-

dium(II) complexes as efficient catalysts for C=C bonds hydro-
genation under mild experimental condition.14

However, because phosphines are sensitive to air and mois-
ture,15 palladium complexes with nitrogen-donor ligands are
emerging as an alternative to phosphorus-donor palladium
complexes as hydrogenation catalysts. For example, {bis(aryl-
imino)acenaphthene}-palladium(0) complexes are known to be
efficient and highly chemo-selective in the hydrogenation of
C=C bonds of α,β-unsaturated aldehydes.16 But despite numer-
ous nitrogen-donor nickel(II) and palladium(II) applications in
catalysis, little work has been reported on their catalytic proper-
ties in the hydrogenation of α,β-unsaturated compounds.

In this study, we report on pyrazolyl nickel(II) and palla-
dium(II) complexes as catalysts for the hydrogenation of
2,4-hexanoic acid (sorbic acid), which is an α,β-unsaturated acid.
This study forms part of a bigger project on partial hydrogena-
tion of biofuels from triglycerides.

2. Experimental

2.1. General Information
Standard Schlenk and vacuum line techniques were used to

handle all air and moisture sensitive compounds. All chemicals
and gases were procured from the sources indicated for each one
of them and include their purity: Gases – argon and hydrogen
(>99 % purity) from Afrox (South Africa); solvents and reagents
from Sigma Aldrich – Ethylformate (97 %), acetic anhydride
(99 %), ferrocene (98 %hydrazine monohydrate (98 %), hydra-
zine dihydrochloride (98 %), (ethyleneglycoldimethylether)
nickel(II) bromide (98 %), formic acid (95 %) and 3,5-dimethyl-
1H-pyrazole (L1) (99 %).

Literature procedures were used to prepare the following
starting materials: 3,5-di-tert-butyl-1H-pyrazole (L2)17, 3-ferro-
cenyl-1H-pyrazole (L3)18 and [PdCl2(NCMe)2]19 as well as
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dibromo{bis-3,5-dimethyl-1H-pyrazole}nickel(II) (4) and
dibromo{bis-3,5-tert-butyl-1H-pyrazole}nickel(II) (5)20(a) with
L1 and L2, respectively.

NMR spectra were recorded in CDCl3 as solvent using Bruker
400 Ultra-shield MHz NMR spectrometer at 400 MHz for the 1H
spectra and 100 MHz for the 13C{1H} spectra. Infrared spectra
were recorded on a Perkin Elmer FT-IR Spectrum BX II fitted
with an ATR probe. Melting points were determined using
Gallenkamp Digital Melting-point Apparatus 5A 6797, while
elemental analysis data were collected on a Thermos Scientific
FLASH 2000 CHNS-O Analyser. Mass spectra were similarly
collected on a Waters API Quattro Micro Triple Quadrupole
electrospray ionization mass spectrometer.

All hydrogenation reactions were carried out in PPV-CTR01-
CE (Eyela, Japan) high-pressure autoclave reactor with a stirring
pact, heating and cooling systems.20(b) The course of hydrogena-
tion reactions involving palladium catalysts were followed by
1H NMR spectroscopy, using dioxane as an internal standard,
which was used to determine percentage conversions. The con-
versions were determined using the diagnostic peaks, following
the integrations of the products from the hydrogenation reac-
tion compared to the integration of dioxane.

2.2. Syntheses of bis(Pyrazole)palladium(II) and Nickel(II)
Complexes

2.2.1. Synthesis of Dichloro{bis-3,5-dimethyl-1H-pyrazole}
palladium(II) (1)

L1 (74 mg, 0.771 mmol) and [PdCl2(NCMe)2] (100 mg,
0.386 mmol) were dissolved in CH2Cl2 (20 mL), and then stirred
continuously at room temperature for 24 h to produce an orange
solution. This was followed by in vacuo removal of the solvent to
produce compound 1 as an orange solid. Yield: 150 mg (84 %);
melting point: 250–252 °C (decomposes without melting).
1H NMR (400 MHz, CDCl3): 1H NMR (CDCl3): δ(ppm) 1.89 (s,
2x3H, 2xCH3); 2.65 (s, 2x3H, 2xCH3); 5.67 (s, 1H, 4-H pz); 11.82 (s,
1H, N-H pz) (Fig. SI-8). 13C{1H} NMR (100 MHz, CDCl3) (ppm):
151.6 (Cd-C); 143.0 (Ce-C); 105.6 (Cc-CH); 14.9 (Cb-CH3); 10.3
(Ca-CH3) (Fig. SI-9). Elemental analysis; Anal. calcd. for
C10H16Cl2N4Pd: C, 32.50 %; H, 4.36 %; N, 15.16 %. Found: C,
32.92 %; H, 4.34 %; N, 15.06 %.

2.2.2. Synthesis of Dichloro{bis-3,5-tert-buytl-1H-pyrazole}
palladium(II) (2)

L2 (139 mg, 0.771 mmol) and [PdCl2(NCMe)2] (100 mg,
0.386 mmol) were dissolved in CH2Cl2 (20 mL), and then stirred
continuously at room temperature for 24 h, affording an orange
solution. This was followed by in vacuo removal of the solvent to
produce compound 2 as a yellowish-orange solid. Yield: 150 mg
(72 %); melting point: 220–224 °C (decompose without melting).
1H NMR (400 MHz, CDCl3): δ (ppm) 1.00 (s, 2x9H, 6xCH3); 1.76 (s,
2x9H, 6xCH3); 5.82 (s, IH, 4-H pz); 11.65 (s, 1H, N-H) (Fig. SI-10).
13C{1H} NMR (100 MHz, CDCl3) (ppm): 165.0 (Cf-C); 156.7
(Ce-C); 101.7 (Cd-C); 32.4 (Cc-C); 31.1 (Cb-C); 30.0 (Ca-CH3)
(Fig. SI-11). Elemental analysis; Anal. calcd. for C22H40Cl2N4Pd:
C, 49.12 %; H, 7.50 %; N, 10.42 %. Found C: 48.92 %; H, 7.16 %, N,
10.00 %.

2.2.3. Synthesis of Dichloro{bis-5-ferrocenyl-1H-pyrazole}
palladium(II) (3)

L3 (90 mg, 0.3571 mmol) and [PdCl2(NCMe)2] (46 mg,
0.1785 mmol) were dissolved in CH2Cl2 (20 mL), followed by
continuous stirring at room temperature for 24 h to produce
an orange solution. Upon removal of the solvent in vacuo,

compound 3 was obtained as a yellow-orange solid. Yield:
120 mg (49 %); melting point: 230–232 °C (decompose without
melting). 1H NMR (400 MHz, CDCl3): δ(ppm) 7.89 (s, 1H, pz); 6.15
(s, 1H, pz); 4.57 (s, 2H, η5-C5H5); 4.34 (s, 2H, η5-C5H5); 4.14 (s, 5H,
η5-C5H5); 11.53 (s, 1H, N-H) (Fig. SI-12). 13C{1H} NMR (100 MHz,
CDCl3) (ppm): 144.8 (Cd-CH); 142.7 (Cc-CH); 103.7 (Cb-C); 71.6,
70.3, 67.0 (η5-CaH5) (Fig. SI-13). Elemental analysis; Anal. calcd.
for C26H24Cl2Fe2N4Pd: C, 45.82 %; H, 3.55 %; N, 8.22 %. Found
C, 45.76 %; H, 3.46 %; N, 8.27 %.

2.2.4. Synthesis of Dibromo{bis-5-ferrocenyl-1H-pyrazole}
nickel(II) (6)

L3 (70 mg, 0.2778 mmol) and [NiBr2 (DME)] (45 mg,
0.1388 mmol) were dissolved in 20 mL CH2Cl2, and then stirred
continuously at room temperature for 24 h producing an
orange-brown solution. The solution was then concentrated and
dried under vacuum for 6 h to yield complex 6. Yield: 70 mg
(70 %); melting point: 210–212 °C; IR (vmax/cm–1): 3218 (N-H);
1623 (C=C); 1589 (C=N). Elemental analysis; Anal. calcd. for
C26H24Br2Fe2N4Ni: C, 43.21 %; H, 3.35 %; N, 7.75 %. Found:
C, 42.95 %; H, 3.27 %; N, 7.63 %.

2.3. Molecular Structure Determination
A mixture of CH2Cl2 (0.5 mL) and n-hexane (0.1 mL) for 2 or

CHCl3 (0.5 mL) and n-hexane (0.1 mL) for 3 was used to obtain
single crystals that were subsequently used for X-ray diffraction
data collection for molecular structure determination.

Crystal data were collected using Bruker APEX-II CCD
diffractometer with Mo Kα (λ = 0.71073 Å). The diffractometer to
crystal distance was 4.00 cm, and all crystal data collected at
100 K. Data reduction measurement was performed using
SAINT+,21 and the intensity correction for absorption using
SADABS.21 Refinement of structures, with least square mini-
mization, was performed using the SHELXT22 and SHELXL23

software packages. All non-hydrogen atoms were refined with
anisotropic displacement coefficients and placed in geometri-
cally idealized positions, and constrained to ride on their parent
atoms with relative isotropic coefficients.22,23

2.4. General Procedure for Hydrogenation Reactions

2.4.1. Hydrogenation with Molecular Hydrogen
Hydrogenation reactions using molecular hydrogen were

studied in reactors with stainless steel vessels coupled with
magnetic stirrers. In a typical experiment, the contents of the
vessel consist of sorbic acid (0.5 mmol), catalyst (2.5 µmol,
0.5 mol%), hydrogen gas (5 bar) and methanol (5 mL). The
solution mixture was purged twice with nitrogen gas, followed
by the introduction of hydrogen gas (5 bar) and constant stirring
of the mixture at 40 °C for 2 h. At the end of the reaction period,
the reaction vessel was cooled, and the excess pressure gener-
ated was vented off slowly. The resulting hydrogenation
products were withdrawn and filtered with MS nylon syringe
filter (0.22 µm, 13 mm). Their % conversions were then deter-
mined by 1H NMR spectroscopy, using dioxane as an internal
standard.

2.4.2. Hydrogenation with Formic Acid
In a typical experiment, sorbic acid (0.5 mmol), catalyst

(2.5 µmol, 0.5 mol%) formic acid (20 mmol), KOH (4 mmol) and
methanol (5 mL) were introduced into the reactor vessel. The
solution mixture was purged twice with nitrogen gas, followed
by stirring at 90 °C for 12 h. At the end of the reaction period, the
reaction vessel was cooled, and the excess pressure generated
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was vented off slowly. The hydrogenation products were drawn
out of the reactor vessel, filtered using MS® nylon syringe
filter (0.22 µm, 13 mm) and their % conversions determined by
1H NMR spectroscopy, using dioxane as an internal standard.

3. Result and Discussion

3.1. Synthesis of Palladium and Nickel Complexes.
The pre-catalysts 1–6 were synthesized with compounds

L1–L3 and the corresponding metal precursors, as shown in
Scheme 1. Characterization of the palladium complexes was
achieved using a combination of 1H NMR, IR, mass spectrome-
try and elemental analysis. The structures of the two new
complexes, 2 and 3, were confirmed by single-crystal X-ray
crystallography. Characterization of the nickel complexes, on
the other hand, was carried out using mainly IR spectroscopy
and elemental analysis. The structure of one of them, 4, was
confirmed by single-crystal X-ray crystallography showing a
structure result similar to that reported earlier.20

Characteristic chemical shifts of the pyrazolyl nitrogen
protons (N-H) confirmed the successful ligand complexations.
For instance, there was a downfield shift in the position of N-H
proton from 11.20 ppm to 11.82 ppm in 1; from 10.19 ppm to
11.65 in 2; and from 10.62 ppm to 11.53 in 3. All other spectro-
scopic data were as expected and similar to those previously
reported for 124, 224, and 325.

3.2. Molecular Structures of 2 and 3
Slow evaporation of solutions of 2 in CHCl3 and 3 in CH2Cl2 at

room temperature produced orange crystals good enough for
single-crystal X-ray crystallographic analysis. The crystals and
structure refinement information are shown in Table 1, and the
molecular structures in Figs. 1 and 2. Complexes 2 and 3 crystal-
lized in C2/c and P-1 space groups, respectively. Figures 1 and 2
show that the pyrazole nitrogen atom is coordinated to the palla-
dium in square planar geometries. However, the tBu groups in 2
are disordered. This disorder was handled during the refine-
ment process by rotating the H atoms around the tBu axis to min-
imize the restraint caused by the tert-butyl groups. Selected

bond distances and angles for the two palladium complexes are
shown in the captions of Figs. 1 and 2. In 2.CHCl3 the square
planar geometry is distorted from 90 ° to the following bond
angles: N(1)–Pd(1)–Cl(1), 86.70(7); N(1)–Pd(1)–Cl(2), 92.14(7);
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Scheme 1
Schematic illustrations of monomeric pyrazolyl palladium(II) and nickel(II) complexes.

Table 1 Crystallographic data for complexes 2 and 3.

2.CHCl3 3.CH2Cl2

Empirical formula C23H41Cl5N4Pd C27H26Cl4Fe2N4Pd
Formula weight 657.25 766.16
Temperature/K 99.96 100.02
Crystal system Monoclinic Triclinic
Space group C2/c P-1
a/Å 25.066(3) 13.5082(16)
b/Å 12.2089(11) 18.204(2)
c/Å 21.0499(1Θ8) 24.120(3)
α/° 90 107.316(2)
β/° 106.859(4) 90.970(3)
γ/° 90 95.614(3)
Volume/Å3 6164.9(10) 5628.5(11)
Z 8 8
ρcalc/g cm–3 1.416 1.808
µ/mm–1 1.054 2.055
F (000) 2704.0 3054.0
Radiation MoKα MoKα

(λ = 0.71073) (λ = 0.71073)
2Θ range for data collection/° 3.744 to 49.964 1.77 to 50.882
Reflections collected 45923 93054
Independent reflections 5407 20743

[Rint = 0.1098, [Rint = 0.0914,
Rsigma = 0.0691] Rsigma = 0.0926]

Data/restraints/parameters 5407/0/318 20743/0/1369
Goodness-of-fit on F2 1.045 1.060
Final R indexes R1 = 0.0409, R1 = 0.0574,
[I ≥ 2σ (I)] wR2 = 0.1011 wR2 = 0.1477
Final R indexes R1 = 0.0474, R1 = 0.0713,
[all data] wR2 = 0.1053 wR2 = 0.1601
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N(3)–Pd(1)–Cl(1), 87.22(7); N(3)–Pd(1)–Cl(2), 93.56(7)), whereas
in 3.CH2Cl2 there is just a slight distortion from the square planar
geometry to the following bond angles: N(2)–Pd(1)–Cl(1),
89.41(12); N(2)–Pd–Cl(2), 89.10(12); N(4)–Pd(1)–Cl(1), 90.81(12);
N(4)–Pd(1)–Cl(2), 90.70(12)). Similar distortions in square planar
geometries of 2.CH2Cl2 and 2.1/2Et2O have been observed by Li
et al.24 The average Pd-N bond lengths for 2.CHCl3 and 3.CH2Cl2
are 2.105 (2) Å and 2.003 (4) Å, respectively. These average Pd-N
bond lengths are longer in 2.CHCl3 than the average Pd-N
distance reported by Li et al.24 for 2.CH2Cl2 and 2.1/2Et2O
(2.026(10) Å), but the reported average Pd-N distance is signifi-
cantly shorter in 3.CH2Cl2. The average Pd-Cl bond lengths for
2.CHCl3 and 3.CH2Cl2 were found to be 2.3010 (8) Å and 2.303
(12) Å, respectively.

On the other hand, the nickel atom’s geometry in 4 is a disor-
dered tetrahedron where bond angles vary between 98.76(14) °
and 126.81(4) °. A similar distortion was reported by Nelana
et al.20 for the structure of [(3,5-Mepz)2NiBr2] where bond angles
for the nickel complex vary between 98.90(11) ° and 125.94(4) °.
Similarly, the average Ni-N bond lengths for 4 were 1.9695 (5) Å
and 2.0669 (10) Å. The average Ni-Br bond lengths for 4 were also
2.3697 (10) Å and 2.4620 (5) Å. These data agrees with what was

earlier reported.19 Selected bonds lengths and angles of 2 and 3
are stated under each molecular structure.

3.3. Catalytic Studies

3.3.1. Transfer Hydrogenation of Sorbic Acid
The pyrazolyl palladium and nickel complexes (1–6) were eval-

uated as catalysts for the transfer hydrogenation of sorbic acid,
with formic acid as the source of hydrogen. Many phosphino
nickel(II) and palladium(II) complexes are well-known catalysts
for the hydrogenation of olefinic double bonds,26–29 some of
them featuring P∧N donor ligands.29,30 These hydrogenation
reactions were first carried out in the presence of a base, such as
KOH, which facilitates the deprotonation of the formic acid to
formate ion. The formate ion then coordinates to the metal
centre leading to decomposition of the formic acid with the aid
of the intermediate, [M]-OOCH as an active catalyst, to produce
H2 and CO2.29 This accelerates H2 heterolysis and causes the cata-
lytic process.20(b),30

A typical hydrogenation reaction was performed with sorbic
acid and a complex present in a 200:1 mole ratio at 90 °C for 12 h
(Fig. SI-3). It is worth noting that the hydrogenation process did
not take place when the pre-catalyst was not added. Catalytic
activities (in terms of conversions of sorbic acid) are very good
with the palladium complexes and in the order 2 > 3 >1; but
poor for the nickel complexes, except for 4, which gave 62 %
conversion (Table 2), having a turnover number (TON) of 124
and turnover frequency (TOF) of 10. However, the selectivity
towards the distribution of the products is quite significant for all
the complexes. Considering the effect of substituents (methyl,
tertiary-butyl, and ferrocenyl) on complexes 1–3, the order of
catalytic activity is 2 > 3 > 1 in terms of conversion of sorbic
acids. Complex 2 gave 100 % conversion of sorbic acid in 12 h
compared to 67 % and 74 % for complexes 1 and 3, respectively. A
similar trend is observed in their TON and TOF values. How-
ever, there is not much difference in their selectivities towards
2-hexenoic and 4-hexenoic acids (Table 2, Fig. SI-4). The excellent
activity of complex 2 might be due to the solubility of this
compound provided by the tertiary-butyl substituent on the
pyrazolyl ligand.

The pyrazolyl nickel and palladium catalyzed hydrogenation
of sorbic acid, in this study, proceeds via a two-step (sequential)
reaction. The first step involves the formation of the intermedi-
ates, 4-hexenoic and 2-hexenoic acids, and further hydrogena-
tion of the hexenoic acid isomers in the second step produces
hexanoic acid (Scheme 2).31

In an attempt to find out if the C=C bonds of the intermediates
4-hexenoic and 2-hexenoic acids would be fully saturated,
the hydrogenation reaction was run for 24 h using complex 2.
Interestingly, the product distribution after 24 h was only
slightly different from when the reaction was run for 12 h,
namely 82 % hexanoic acid, 13 % 2-hexenoic acid and 5 %
4-hexenoic acids for 24 h vs 79 % hexanoic acid, 14 % 2-hexenoic
acid and 7 % 4-hexenoic acids for 12 h (Table 2, entries 2 and 3).

3.3.2.. Hydrogenation of Sorbic Acid with Molecular Hydrogen
We also carried out the hydrogenation of sorbic acid with

molecular hydrogen and complexes 1–6. In a typical experiment,
5 mmol of sorbic acid and 2.5 µmol (0.05 mol%) of the pre-
catalysts were added to a reactor and ran for periods ranging
from 0.5 h to 2 h, at 5 bar and 40 °C. The complex to sorbic acid
ratio was 1:200, and the reaction was with palladium catalysts
monitored by 1H NMR spectroscopy. All six complexes produced
active catalysts, leading to the same products observed with
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Figure 1 Molecular structure for complex 2. Hydrogen atoms, disor-
dered tBu group and solvent molecule omitted for clarity. Selected bond
lengths (Å): Pd(1)–N(1), 2.012(2); Pd(1)–N(3), 2.018(2); Pd(1)–Cl(1),
2.2861(8); Pd(1)–Cl(2), 2.3332(8). Selected bond angles (°): Cl(1)–Pd(1)–
Cl(2), 175.94 (3); N(1)–Pd(1)–Cl(1), 86.70(7); N(1)–Pd(1)–Cl(2), 92.14(7);
N(1)–Pd–N(3), 171.86(9); N(3)–Pd(1)–Cl(1), 87.22(7); N(3)–Pd(1)–Cl(2),
93.56(7).

Figure 2 Molecular structure for complex 3. Selected bond lengths (Å):
Pd(1)–N(2), 1.999(4); Pd(1)–N(4), 2.007(4); Pd(1)–Cl(1), 2.3006(13);
Pd(1)–Cl(2), 2.2063(12). Selected bond angles (°): Cl(1)–Pd(1)–Cl(2),
175.06(5); N(2)–Pd(1)–N(4), 179.72(18); N(2)–Pd(1)–Cl(1), 89.41(12);
N(2)–Pd–Cl(2), 89.10(12); N(4)–Pd(1)–Cl(1), 90.81(12); N(4)–Pd(1)–Cl(2),
90.70(12).

https://journals.co.za/content/journal/chem


formic acid (Scheme 2); the product distribution from the molec-
ular hydrogenation reactions depicted in Table 3 is not so differ-
ent from that of the formic acid reactions shown in Table 2 and
Fig. 3.

As expected, the palladium complexes (1–3) are the most active,
having the highest TOF of 400, all with complete conversion of
sorbic acid within 0.5 h. Only two of the nickel complexes (4 and
5) had a complete conversion, and only after 2 h (Table 3, entries
7 and 11). Reactions, where the catalyst was a palladium
complex, could be followed by 1H NMR spectroscopy (Fig. 4).
Furthermore, all the nickel and palladium catalysts did not
completely hydrogenate the sorbic acid to hexanoic acid within
0.5 h, and selectivities for 2-hexenoic and 4-hexenoic acids were
as high as 37 % and 30 %, respectively (Table 3). These results
indicate the conditions under which any of these intermediate

products can optimally be obtained if partial hydrogenation
compounds are the targeted products. This product distribution
is depicted in Table 3 and in Fig. 4, which shows the 1H NMR
spectral time study with complex 2.

At 0.5 h, 20 % conversion of sorbic acid was observed with
complex 4 (Fig. 4). This conversion resulted in 37 % and 9 % selec-
tivity towards 2-hexenoic acid and 4-hexenoic acid, respectively
(Table 3, entry 4). After 1.5 h, the conversion was greatly
increased to 99 % with 21 % selectivity towards 2-hexenoic acid,
and 2 % of 4-hexenoic was detected (Table 3, entry 6). Further
increment in the reaction time (after 2 h) only formed hexanoic
acid with 100 % conversion of sorbic acid (Table 3, entry 7). Simi-
lar observations were also seen using complexes 5 and 6 with
22 % and 18 % conversions, respectively, at 0.5 h.32 Results for the
catalytic tests are summarized in Table 3. Our results clearly
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Scheme 2
Transfer hydrogenation of sorbic acid catalyzed by pyrazolyl nickel and palladium complexes, showing the intermediates to the final product.

Table 2 Transfer hydrogenation of sorbic acid. a

Entry Complex Conversion TON TOF Amount of products detected/% b

Hexanoic acid 2-Hexenoic acid 4-Hexenoic acid

1 1 67 134 11 76 15 9
2 2 100 200 17 79 14 7
3 2c 100 200 8 82 13 5
4 3 74 148 12 78 13 9
5 4 62 124 10 72 20 8
6 5 22 44 4 70 23 7
7 6 10 20 2 61 30 9

a Reaction conditions: 2.5 µmol (0.5 mol%) of the complex; 0.5 mmol of sorbic acid; 5 mL of methanol; 20 mmol formic acid; 4 mmol KOH; 90 °C; 12 h.
b Conversions were estimated by 1H NMR spectroscopy using dioxane as an internal standard. Each run was performed in duplicate. TOF in mol mol hsubstrate catalyst

–1 –1.
c After 24 h. 10 µL dioxane.

Table 3 Molecular hydrogenation of sorbic acid. a

Entry Complex t/h Conversion/% TON TOF Amount of products detected/% b

Hexanoic acid 2-Hexenoic acid 4-Hexenoic acid

1 1 0.5 100 200 400 62 28 10
2 2 0.5 100 200 400 74 17 9
3 3 0.5 100 200 400 88 8 4
4 4 0.5 20 40 80 54 37 9
5 4 1 81 162 162 74 22 4
6 4 1.5 99 198 132 77 21 2
7 4 2 100 200 100 100 0 0
8 5 0.5 22 44 88 35 35 30
9 5 1 80 160 160 83 14 3
10 5 1.5 95 190 127 100 0 0
11 5 2 100 200 100 100 0 0
12 6 0.5 16 32 64 55 36 9
13 6 1 45 90 90 60 33 7
14 6 1.5 65 130 87 70 25 5
15 6 2 78 156 78 85 13 2

a Reaction conditions: 2.5 µmol (0.5 mol%) of the catalyst precursor; 0.5 mmol of sorbic acid; 5 mL of methanol; 40 °C; 5 bar. 10 µL dioxane.
b Conversions were estimated by 1H NMR spectroscopy using dioxane as an internal standard. Each run was performed in duplicate. TOF in mol mol hsubstrate catalyst

–1 –1..
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show that the less hindered C=C bond in 4-hexenoic acid is pref-
erentially reduced over the more hindered one in 2-hexenoic
acid. A detailed time-dependence study employing 1H NMR
spectroscopic technique was carried out on a sample of complex
2 with 100 % conversion of sorbic acid (Fig. 4). The hydrogena-
tion reaction’s progress, with complex 2, produced a better-
resolved spectrum in the chemical shifts compared to its nickel
analogue (complex 5), which produced a broad spectrum due
to its paramagnetic property. The hydrogenation reaction
proceeded with the formation of the intermediates (2-hexenoic
and 4-hexenoic acid) (Fig. SI-6) and hexanoic acid after 0.5 h. It
is noted that by this time (0.5 h), the sorbic acid had been
completely converted in all cases, and no traces of the substrate
detected. Further increment in the time consumed one of the
intermediates (4-hexenoic acid), followed by 2-hexenoic acid
until all the C=C bonds were fully saturated after 2 h with 100 %
selectivity towards hexanoic acid (Fig. 5).

4. Conclusions
Our study has shown how the nature of metal centres in

pre-catalysts can affect hydrogenation reactions. This influence

is demonstrated by the higher efficiency of (pyrazolyl)palla-
dium(II) complexes as compared to their corresponding
nickel(II) counterparts. The activities of the catalysts with the
same ligand are: 1 > 4, 2 > 5 and 3 > 6. Furthermore, all the
complexes investigated as sorbic acid hydrogenation catalysts,
1-6, gave appreciable conversions for catalytic hydrogenation of
sorbic acid (i.e. greater than 52 %) compared with what was
reported in the literature using ruthenium32,33 and rhodium.33

The product distributions for the hydrogenation of sorbic acid
using pre-catalysts (1–4), with ones with significant conversions,
is shown in Fig. 3.
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Supplementary Information 

Figure SI-1. 1H NMR spectrum of the substrate (sorbic acid) recorded in CDCl3. 



Figure SI-2. Representative 1H NMR spectrum for the hydrogenation of sorbic acid 
involving the intermediate, using molecular hydrogen. 2.5 μmol (0.5 mol%) of 
catalysts; 0.5 mmol of sorbic acid; 5 mL of methanol; 40 °C; 5 bar. Using 
dioxane as an internal standard.  

Figure SI-3. Representative 1H NMR spectrum for the hydrogenation of sorbic acid 
involving the intermediate, using formic acid as the hydrogen source. 2.5 μmol 
(0.5 mol%) of catalysts; 0.5 mmol of sorbic acid; 5 mL of methanol; 90 °C; 
20 mmol formic acid; 4 mmol KOH. Using dioxane as an internal standard.  



Figure SI-4. 1H NMR spectrum for the hydrogenation of sorbic acid with catalyst 2 (at 100% 
conversion) using formic acid as the hydrogen source. 2.5 μmol (0.5 mol%) of 
precatalyst; 0.5 mmol of sorbic acid; 5 mL of methanol; 90 °C; 20 mmol formic 
acid; 4 mmol KOH. Using dioxane as an internal standard.  

Figure SI-5. 1H NMR spectrum for the hydrogenation of sorbic acid using complex 2 with 
100% selectivity towards hexanoic acid. 2.5 μmol (0.5 mol%) of catalyst; 
0.5 mmol of sorbic acid; 5 mL of methanol; 40 °C; 5 bar; 2h. Using dioxane as 
an internal standard.  



Figure SI-6. 2D NMR spectrum showing the production distributions of the intermediates 
for the hydrogenation of sorbic acid. 2.5 μmol (0.5 mol%) of catalyst; 0.5 mmol 
of sorbic acid; 5 mL of methanol; 40 °C; 5 bar. 

Figure SI-7a. Time-dependent studies on the hydrogenation of sorbic acid using catalysts. 
2.5 μmol (0.5 mol%) of pre-catalyst; 0.5 mmol of sorbic acid; 5 mL of methanol; 
40 °C; 5 bar. 



Figure SI-7b. Time-dependent studies on the hydrogenation of sorbic acid using catalysts 
(expanded region showing the full spectra). 

Figure SI-8. 1H NMR spectrum of 1 recorded in CDCl3 



Figure SI-9. 13C{1H} NMR spectrum of 1 recorded in CDCl3

Figure S1-10. 1H NMR spectrum of 2 recorded in CDCl3



Figure S1-11. 13C{1H} NMR spectrum of 2 recorded in CDCl3

Figure S1-12. 1H NMR spectrum of 3 recorded in CDCl3



Figure S1-13. 13C{1H} NMR spectrum of 3 recorded in CDCl3



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.06667
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K 0
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice




