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Synthesis of the cross-linked humic acid supporting palladium catalyst
and its catalytic properties for Heck reaction
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Cross-linked humic acid supporting palladium (CL-HA-Pd) catalyst was prepared readily and character-
ized by infrared analysis (IR) and thermogravimetric analysis (TG). The catalyst could catalyze the Heck
reaction of aryl halide or substituted aryl halide with vinyl compounds in N, atmosphere; the yields were
above 95%. The catalyst could be recovered and reused 7 times with the Heck reaction of iodobenzene
with acrylic acid, and the yield was above 75.6%. The results showed that the catalyst had high catalytic
activity even at low temperature of 62°C or with a small amount of the catalyst.
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INTRODUCTION

Humic acid(HA) as a heterogeneous mixture of or-
ganic widely exists in peat, lignite, stream, river, wetland,
lake, and ground water. The molecular structure of
HA contains double bonds and aromatic rings bearing
various functional groups, such as carboxyl (-COOH),
hydroxyl (-OH), amino (-NH,), quinonyl (-C.H;0,).
These functional groups can form water-soluble, colloi-
dal and water-insoluble complexes of different chemical
and biological stability properties'. They were applied
in agriculture®, forest’, biopharmaceutics®, oil drilling’
and so on. HA can catalyze Knoevenagel and Claisen-
Schmidt reaction', can also improve the reaction rate of
hydrazine with 4-(N, N-dimethyl amine)benzaldehyde!!.

However, the properties of instability at high tem-
perature and dissolution in water affect the application
of humic acid greatly. The objective of this study is
to prepare the cross-linked humic acid (CL-HA) with
epichlorohydrin as a cross-linking agent, and to form
partial network structure. And then, the CL-HA-Pd
catalyst is prepared by using the CL-HA supporting
palladium chloride, and the catalytic properties of CL-
HA-Pd catalyst were studied.

EXPERIMENTAL

Reagent and equipment

Acrylic acid, styrene, dimethylformamide (DMF) and
N-methyl-2-pyrrolidone (NMP) were distilled before
use. Iodobenzne(98%), bromobenzene(98%), 1-iodo-
4-nitrobenzene(98%), 1-bromo-4-nitrobenzene(98%),
4-iodotoluene (98%), and 1-iodo-4-chlorobenzene(98%)
were obtained from the Lancaster reagent and used as
received. Acrylic acid, tetrabutyl ammonium bromides
(TBABr) and other reagents were obtain from were
obtained from Aladdin reagent and used as received.

IR spectra were performed on an Avatar 360 Fourier
transform infrared (FT-IR) spectrometer (Nicolet Co.,
USA). The atomic absorption spectroscopy (AAS) was
performed on an AA-6601F spectrophotometer (Hitachi
Co., Japan). The thermal analysis was performed on an
EXSTARG6000 (Seiko Co., Japan) thermal analysis system
at a heating rate of 10°C /min in N, atmosphere.

Synthesis of cross-linked humic acid with epichlorohydrin

Humic acid, epichlorohydrin were placed in the 100
mL three necks flask, then 10mL 5% NaOH solution
was added in the mixture. The mixture was stirred at
room temperature for 18 h, filtered and washed with
distilled water, ethanol, diethyl ether, and dried at 50
°C in vacuum oven for 24 h. The product was charac-
terized by the IR spectrum. The solubility properties of
HA and CL-HA in water and 3% NaOH solution were
investigated, respectively. The results showed that they
had great difference in solubility, which means that humic
acid can dissolve in water and 3% NaOH solution easily,
and the cross-linked humic acid was hard to dissolve. It
indicated that CL-HA was more stable in the solvent
than the humic acid.

Synthesis of cross-linked humic acid supporting palla-
dium complex

Cross-linking humic acid, distilled water was placed
in the 100 mL three necks flask, after the mixture was
stirred for 10 min, palladium chloride was added in the
mixture solution. The mixture was stirred at 85°C for 72
h, filtered and washed with plenty of distilled water, and
dried at 50°C in vacuum oven for 24 h. The amount of
palladium in complex is 0.38 mmol/g by AAS analysis.

Typical procedure of catalyst for the Heck arylation of
aryl halide with olefins

The Heck arylation of aryl halide with acrylic acid

CL-HA-Pd complex (0.38 mmol%), acrylic acid (6
mmol), aryl halide (5 mmol), tributylamine (6 mmol)
and DMF (1 mL)/TBABr(0.8 g) (aryl iodides with DMF
as solvent, aryl bromide with TBABr) were taken in a
three necks flask and stirred in N, atmosphere for the
fixed time(aryl iodides for 8 h, aryl bromides for 12 h).
After the reaction the mixture was cooled to room tem-
perature, H,O (25 mL) and Na,CO; (1 g) were added.
After stirring for 10 min, the CL-HA-Pd complex was
separated by filtration. The filtrate was treated with 3N
HCI (5 mL). The precipitate was filtered, washed with
H,O (2x15 mL) and dried in air to give transcinnamic
acid.
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The Heck arylation of aryl halides with styrene/acrylamide

CL-HA-Pd complex (0.38 mmol%), styrene/acryla-
mide (6 mmol), aryl halide (5 mmol), tributylamine (6
mmol) and DMF (1 mL)/TBABr (0.8 g) (aryl iodides
with DMF as solvent, aryl bromide with TBABr) were
taken in a round bottomed flask and stirred at fixed
time (aryl iodides for 8 h, aryl bromides for 12 h) in
N, atmosphere. The mixture was cooled to room tem-
perature and dissolved in Et,0 (30 mL). CL-HA-Pd
complex was recovered from the mixture by filtration,
washed with H,O (2x15 mL), EtOH (2x15 mL) and
Et,0 (2x15 mL). The filtrate was treated with 3N HCl
(2x15 mL), brine (3x15 mL) and dried over MgSO,.
The solid product was obtained by recrystallization from
Et,0 and dried in air.

RESULTS AND DISCUSSION

Characterization

Various functional groups exist in the molecular struc-
ture of HA; these functional groups can be modified by
chemical method. Amine group and carboxylic group of
HA can interact with chloric atom and epoxy group of
epichlorohydrin molecule, respectively. The cross-linked
structure of HA (CL-HA) are formed. This CL-HA
shows the better stability in acid solution or base solution.
CL-HA is also characterized by IR spectrum and TG.
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Figure 1. FTIR spectra of HA and CL-HA

IR spectrum of HA(II) differs from that of CL-HA(I)
in Figure 1. The main features of these spectra and their
corresponding assignments, according to Bellanmy'?,
MacCarthy and Rice® Stevenson'* and Fan Kangnian®,
are the following: the peak of methylene in 2914cm’,
this may be absorption peak of methylene of epichlo-
rohydrin after cross-linked reaction of humic acid with
epichlorohydrin. There are characteristic peaks of ester
that 1733 cm™ (C=0), 1055 cm™, 1106 cm™, 1168 ¢cm™
(streching vibrational of C-O). The contrast of I and II
shows that 3400 cm™ absorption peak in I is narrower
than that in II. The reason may be that symmetric and
anti-symmetric stretching of the primary amine of humic
acid turn to vibrational stretching of secondary amine of
cross-linked humic acid. And then the cross-linked humic
acid can interact with palladium to form the complex
easier because the cross-linked reaction weakens the
interaction of hydrogen bond of amino with hydroxyl,
carboxyl groups.
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Figure 3. TG curve of CL-HA

Thermal stability of the catalyst has a great effect on
its catalytic activity and recyclability because the Heck
reaction is usually carried out under high temperature
conditions. Figure 2 and 3 show that the thermogravi-
metric analysis (TG) of HA and CL-HA under N, at-
mosphere. TG curves show that two materials are both
stable up to 270°C. However, there is an obvious flat
in figure 3 and the rate of weight loss is slower than in
Figure 2; it shows that CL-HA is more steady than HA,
both materials are different in structure.

Catalytic property of cross-linked humic acid supporting
palladium catalyst

The effect of temperature on catalytic property

The influence of temperature on the catalytic perfor-
mance of CL-HA-Pd was investigated by using the Heck
arylation of iodobenzene/bromobenzene with acrylic acid
in fig.4. It can be seen from figure 4 that the yields of
the product are all high within 70-100°C reach 100%.
However, the yield is 94.4% at 110°C, perhaps with a
side reaction at high temperature. But the yield of the
product is 94.4% at 62°C. Compared with the result
reported by other researcher'®", the catalyst has better
catalytic properties.

The effect of time on catalytic property

The effect of time on the catalytic property is studied by
using the Heck reaction of aryl iodobenzene with acrylic
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Figure 5. Effect of the reaction time on catalytic properties

acid in the reaction condition of 8 h, 90°C, 0.38 mmol
%Pd and N, atmosphere. It can be seen that the yield
of the product increases slowly with 1 to 7 h in Fig.5.
The yield of the cinnamic acid is above 95% in 5 h. The
reaction can be completed while the time increases to
6 h. Compared with the similar lecture's, the reaction
time by using catalyst of CL-HA-Pd is shorter and the
catalytic activity of CL-HA-Pd is higher.

The effect of the solvent on the catalytic property

The effect of the solvent on the catalytic property is
studied in table 1. The Heck reaction of iodobenzene
with acrylic acid is carried out in the condition of cross-
linked humic acid-Pd catalyst, 8 h, 90°C, tributylamine
as base, N, atmosphere by using different solvents. It
can be seen that the yield of product is highest by using
DMF as solvent, so we choose DMF as the base of the
reaction system.

Table 1. The effect of the solvent on the catalytic property

Solvent TBABr DMF NMP dioxane | ------
Yield (%) 88.9 100 77.8 94.4 66.7

The effect of the amount of catalyst on the catalytic property

The influence of the amount of catalyst on the catalytic
performance of CL-HA-Pd was also studied by using the
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Heck arylation of iodobenzene with acrylic acid (Table
2). With the amount of the catalyst ranging 0.38-0.038
mmol%Pd, yield of the cinnamic acid in the Heck reac-
tion performed by CL-HA-Pd remains 100%. Compared
with the result of the similar literatures'®"8, the catalyst
has better catalytic activity even at low catalyst level
(0.038 mmol% Pd) by CL-HA-Pd, and the yield of the
cinnamic acid is still as high as 100%.

Table 2. The effect of the amount of the catalyst on the

catalytic property

Amount of

catalyst 0.38 0.27 0.19 0.11 0.038
(mmol%)

Yield (%) 100 100 100 100 100

Recycling and reuse of the catalyst in the Heck reaction

The catalyst can be recovered easily from the reaction
mixture by filtration. After washing with water, ethanol,
the heterogeneous catalyst CL-HA-Pd can be reused
under the same or similar conditions as for the initial
run without regeneration. Recycling of the catalyst was
examined for the reaction of iodobenzene with acrylic
acid. It can be seen from fig.6 that the catalyst can be
recycled 7 times before the yield of the product drops
down to 75.6%. It shows that the catalyst has high activ-
ity and good recycling.
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Figure 6. The curve of reusing catalyst
The Heck reaction of the different substituted aryl halide

Some scholars had researched that natural macromol-
ecule supported palladium complexes catalyzed the Heck
reaction of aryl iodobenzene with olefins'®?!, The HA
supporting palladium catalyst has the above properties
that some scholars reported, but it can also catalyze
the Heck reaction of bromobenzene with olefins. The
cross-linked HA supporting palladium catalyst has bet-
ter catalytic performance in table 3. It can be seen that
HA and CL-HA supporting palladium catalyst all have
high catalytic properties for the Heck reaction of aryl
halide with donor groups or electro-attracting groups with
olefins. CL-HA supporting palladium catalyst has higher
catalytic activity. It can catalyze the Heck reaction of
bromobenzene, substituted iodide and substitute bromide
with acrylic acid, styrene and arylamide with high yields.
But we found that the yield of the product is very low
by using 1-iodo-4-nitrobenzene, 1-bromo-4-nitrobenzene
with acrylic acid. If NMP, 1,4-dioxane, TBABTr as solvent,
the yield of the product is 100%. The concrete reason
will be studied continuously.
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Table 3. The Heck reaction of substituted aryl halides with olefins catalyzed by HA-Pd or CL-HA-Pd*

R]O X + :\
Ry

NO. Aryl halide Olefins Products Time(h) Temp. (°C) Yield (%)

1 | CH,;=CHCO,H @—CH=CHCOOH 8 90 100(90.6)
2 ch—®—| CH,=CHCO,H Hsc{)-CH=CHCOOH 8 90 93.8(77.4)
3 H3CO—®—I CHy=CHCO,H 1,004~ CH=CHOOOH 8 90 96.8(76.3)
4 CI—@—I CH,=CHCO,H CI—@—CH=CHCOOH 8 90 100(100)

5 OZN—Q—I CH,=CHCO,H 0N~ )-CH=CHCOOH 8 90 75(100)

6 Hooc—®—| CH,=CHCO,H H00G—{_)-CH=CHCOOH 8 90 100(100)
70 Br CH,=CHCOH @—CH=CHCOOH 12 120 100(69.3)
8 OZN—O—Br CH,=CHCO,H o~ )-cr=cHcoon 12 120 333

9 ooc C)or CH,=CHCOH HOOC@—CH=CHCOOH 8 120 100

10 ®—| CH,=CHCONH, () oworcow, 8 90 100

11 ®—| CeHsCH=CH, 8 90 100

12° @—Br CH,=CHCONH, Orororo, 8 120 81.1

13° ) CoHsCH=CH, 12 120 96.9

@ The reactions were carried out with HA-Pd or CL-HA-Pd (0.38 mmol%Pd), aryl halide (5 mmol), tributylamine (6 mmol) and DMF
(1 mL)/TBABr (0.8 g) (aryl iodides with DMF as solvent, aryl bromide with TBABr as solvent) were taken in a round bottomed flask
and stirred at fixed time(aryl iodides for 8 h, aryl bromides for 12 h) in N, atmosphere.

® The amount of bromobenzene is 7 mmol, TBABr (0.8 g) as solvent. Humic acid-Pd catalyst catalyzed the Heck reaction of iodo-
benzene with acrylic acid in the conditions of that by using DMF as solvent, tributylamine as base, 90 °C and 8 h.

CONCLUSIONS

In summary, the CL-HA-Pd catalyst has been prepared
easily by inexpensive support and exhibits high catalytic
activity toward the Heck reaction of aryl halide with
olefins in the N, atmosphere. The catalyst keeps its cata-
lytic activity in the Heck reaction of iodobenzene with
acrylic acid even at a low temperature (62°C) or with tiny
amounts of the catalyst (0.038 mmol%Pd).The catalyst
can be reused many times, the yield was also 75.6% by
using CL-HA-Pd as the catalyst that was recovered 7
times. The catalyst also catalyzed the Heck reaction of
bromobenzene and substituted aryl halide with olefins.
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