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ABSTRACT

In this work, we carry out the preparation and characterization of new dendritic catalyst from an olig-
omer polyhedral silsesquioxane core (POSS-DG2.0). This material was used in the immobilization of the
[W(CO)3Bry(NCMe),;] complex for optimization of the synthesis of the new dendritic catalyst. To deter-
mine the reaction time, the temperature effect and the amount of groups anchored in the material
(mmol), some parameters, such as equilibration time and adsorption isotherms were studied. After the
optimization studies and with the intention of application in catalysis, the new catalytic macromolecule
was prepared by reaction of the dendrimer with the organometallic complex. The new catalyst was
characterized by elemental analysis, FTIR, >C and 2°Si NMR, SEM, EDS, DRX and TGA. The new catalytic
macromolecule POSS-DG2.0-[W(CO);Br;] was tested in the epoxidation of olefins and proved to be an
active catalyst with conversion rates between 60 and 88% and high selectivity in the formation of ep-
oxides. To the best of our knowledge, this study is the first that has reported the preparation of POSS-
DG2.0-[W(CO)3Br;] for catalytic epoxidation of 1-octene, cyclooctene, (S)-limonene, cis-3-hexen-1-ol,

trans-3-hexen-1-ol and styrene.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The homogeneous catalysts have benefits over those heteroge-
neous, especially higher selectivity and yield [1,2]. Nonetheless, the
facility of separation and recyclability of the catalysts in heteroge-
neous processes render these preferred by the industry [1]. The
demand for heterogeneous catalysts that possess the advantages of
both types remains a main issue of relevance. In order to improve
catalytic processes of industrial relevance, such as the epoxidation
of olefins, it is necessary to act at the level of the supports and the
proper catalysts, organometallic molecules, as well as its process of
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anchoring (fixing) on surface to obtain robust catalysts and that are
not easily leached. The reaction of olefin oxidation is fascinating
because of its industrial importance in the production of resins,
dyes, perfumes and surfactants [3—7]. This oxidation reaction is
particularly important for chemical and pharmaceutical produc-
tion, resulting in products such as alcohols, aldehydes, ketones,
acids, epoxides, etc., that are intermediates in many organic syn-
theses [4,5,7]. To make the process of epoxidation more efficient,
the use of the catalytic systems is necessary [4,5].

In this work, the catalysis innovation is associated with the
combination of supports based on nanosilica (POSS- Polyhedral
oligomeric silsesquioxane) with the appropriate ligands and with
the organometallic complexes introduced by various processes in
these materials.

Polyhedral oligomeric silsesquioxanes (POSS) are organic-
inorganic hybrid macromolecules of the empirical formula
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(RSi03/2)n, or RyTy where R is an organic substituent, n = 4, 6, 8,
10, 12, 14, 16, 18 which continue to interest researchers world-
wide because they allow for a wide variety of applications in
several areas [8—10]. POSS compounds have hybrid architectures,
which have a nucleus, also called a “cube” because of their cubic
structure, with skeleton consisting of silicon and oxygen atoms
(SiO15)x, which is externally substituted by polar structures or
organic functional groups [11,12]. The octahedral structures of
the empirical formula (RSiO3p2)s offer a unique advantage,
forming spherically symmetric dendrimers possessing rapid
growth of the molecular weight by means of the eight func-
tionalized groups in the core. These materials can be referred to
as “POSS-Dendrimers" (POSS-DG2.0) [13,14].

Therefore, in an octafunctionalized silsesquioxane, such as
(Si032)s, the degree of functionalization can reach approximately
8 mmol of functionalized groups. In one dendrimer with double
arms, the degree of functionalization may be double, i.e., about
16 mmol. In a dendrimer with triple arms will reach the triple, and
consequently.

Dendrimers are a class of exceptional macromolecules with a
regular, monodisperse, and highly branched three-dimensional
architecture [15]. They consist of a central core and branched
monomers [16]. The spherical shape of these macromolecules
permits the functionalization of a large number of surface groups in
their structure [15,17].

Thus the goal of this paper is the synthesis of a new dendritic
catalyst from an oligomer polyhedral silsesquioxane core. In order
to optimize the synthesis process, a study of the immobilization of
the [W(CO)3Bry(NCMe);] complex on the dendrimer surface with
core of silsesquioxane was done. Furthermore, this work searches
for heterogeneous catalysts that combine the great selectivity and
other advantages of homogeneous catalysts. The new dendritic
catalyst POSS-DG2.0-[W(CO)sBr;] was applied in catalytic tests of
epoxidation of 1-octene (1-oct), cyclooctene (Cy8), (S)-limonene (S-
lim), cis-3-hexen-1-ol (cis-3), trans-3-hexen-1-ol (trans-3) and
styrene (Sty).

2. Investigational procedures
2.1. Additional information

The chemicals were purchased from Sigma-Aldrich.

All solvents used in this study were previously purified, unless
otherwise indicated. The complex [W(CO)3Bry(NCMe),;] was pre-
pared according to literature methods, but with modifications [18].
The infrared analyses were obtained using a Nicolet 5DXB In-
struments spectrometer. The analysis of nuclear magnetic reso-
nance of carbon and silicon were performed on a Bruker Avance
400 spectrometer in the chemical institute of Araraquara/SP. The
electronic scanning microscopy images were taken in an EVO LS15 -
Carl Zeiss and coated with gold.

Energy dispersive spectroscopy (EDS). The EDS spectra were
obtained by Oxford Instruments — Inca X-act with resolution of
133 eV.

The X-ray diffractograms were obtained by Ragaku Miniflex
instrument, operating at 30 kV and 15 mA using nickel filter and Cu
radiation (Ka) and a wavelength of 1.5418 A.

A Mass spectrometry with inductively coupled plasma (ICP-MS-
Series X 2 - Thermo Scientific) was used in this paper.

2.2. Synthesis of POSS-DG2.0-[W(CO)3Br3] catalyst
The POSS-DG2.0-[W(CO)3Br;] was prepared based on the study

of the [W(CO)3Bry(NCMe),] immobilization on POSS-DG2.0, using
the following procedure:

The rigid dendrimer core was synthetized in a reaction flask
using 4 L (98.87 mol) of methanol, 535 mL (about 17.31 mol) of
hydrochloric acid and 207 mL (088 mol) of 3-
aminopropyltriethoxysilane (APTS). The solution was stirred for
six weeks forming the POSS-PrNH{Cl™. The white solid phase
formed was filtered and washed giving a 47% yield. Then, 30 g
(0.025 mol) of POSS-PrNH$Cl~ was added to a methanol solution
containing 17.18 g (0.020 mol) of sodium bicarbonate in a 500 mL
flask under stirring for 48 h in an atmosphere of nitrogen at room
temperature. Next, 98.85 mL (1.091 mol) of methyl acrylate (MA)
was added and the solution was maintained under stirring for 48 h
at 50 °C. Then, water was added forming a precipitate, which was
filtered and washed successively with water resulting in a pasty
material denominated POSS-DGO.5. Next, a suspension of 25 g
(0.010 mol) of POSS-DGO.5 and 22.28 mL (0.333 mol) of ethyl-
enediamine (EDA) was added to 250 mL (6.18 mol) of methanol
and stirred for 3 days at room temperature. The product
denominated POSS-DG1.0 was separated by means of a rotary
evaporator at 50 °C under vacuum and recrystallized with ethyl
acetate.

The material denominated POSS-DG1.5 (20 g, 3 x 10~3 mol) was
synthesized starting from POSS-DG1.0 by a procedure similar to the
preparation of POSS-DGO.5.

The material denominated POSS-DG2.0 (15 g, 2 x 10~ mol) was
synthesized starting from POSS-DG1.5 by a procedure similar to the
preparation of POSS-DG1.0.

The complex [W(CO)3Bro(NCMe);] was prepared according to
literature [18,19]. POSS-DG2.0 (2.5 g, 3.9 x 10~# mol) was added to a
solution of [W(CO)3Bry(NCMe)] (1.98 g, 3.9 x 10~ mol) in pure
ethanol (50 mL) under nitrogen, and the system was shaken at
50 °C over 12 h. Then, the solvent was eliminated by filtration in
inert atmosphere and the new catalyst was washed four times with
dichloromethane and ethanol and hence dried, gave 2.42 g of POSS-
DG2.0-[W(CO)3Br,] (Yield: 96.8% m/m).

2.3. Study of immobilization of [W(CO)3Bry(NCMe),] on POSS-
DG2.0

2.3.1. Equilibrium time

In this optimization, 150 mg of POSS-DG2.0 was thoroughly
mixed into 50 mL of a solution containing the organometallic
complex solution with concentration of 1.0 x 10~ mol/L in ethanol
and shaken for 40 min at 70 rpm. The time study was conducted
from 5 to 40 min.

2.3.2. Isotherms of sorption

The maximum capacity was investigated at 25 °C by batch
immobilization process under nitrogen atmosphere. Nearly 150 mg
of the material was added in 50 mL of [W(CO)3Bry(NCMe),] solu-
tion with concentrations between 0.001 and 0.01 mol/L and shaken
for 25 min. The amount of the organometallic complex was
determined by ICP-MS.

2.3.3. Temperature effect

Temperature effect were conducted at the temperatures of
25—65 °C under nitrogen atmosphere, maintaining continuous the
level of the complex, the amount of sorbent and the time in 50 mL,
150 mg and 25 min, respectively.

2.4. Chromatographic parameters

The analyses were obtained through a gas chromatograph
coupled in a mass selective detector (Thermo Scientific) using fused
silica capillary column. The chromatographic parameters devel-
oped were:
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2.4.1. 1-Octene

lon source temperature: 200 °C; Detector Gain: 1 x 10°; Mo-
lecular mass rate: 20—120 g/mol, Full scan mode; Oven Heating
Ramp: The oven temperature was programmed from 60 °C
(maintained for 2 min) to 200 °C (held for 1 min) at a rate of 50 °C/
min; Injector temperature: The temperature of the injector was set
at 250 °C operated in splitless mode, Carrier gas flow: Helium was
used as carrier gas at constant pressure mode (70 kPa); Transfer line
temperature: 280 °C.

2.4.2. Cyclooctene and styrene

lon source temperature: 200 °C; Detector Gain: 1 x 10°; Mo-
lecular mass rate: 20—130 g/mol, Full scan mode; Oven Heating
Ramp: The oven temperature was programmed from 60 °C
(maintained for 1 min) at 200 °C (held for 1 min) at a rate of 40 °C/
min; Injector temperature: The temperature of the injector was set
at 250 °C operated in splitless mode; Carrier gas flow: Helium was
used as carrier gas at constant pressure mode (100 kPa); Transfer
line temperature: 280 °C.

2.4.3. Limonene

lon source temperature: 200 °C; Detector Gain: 1 x 10°; Mo-
lecular mass rate: 20—150 g/mol, Full scan mode; Oven Heating
Ramp: The oven temperature was programmed from 60 °C (held for
2 min) at 200 °C (held for 2 min) at a rate of 30 °C/min; Injector
temperature: The temperature of the injector was set at 250 °C
operated in splitless mode for all used olefins; Carrier gas flow:
Helium was used as carrier gas at constant pressure mode (80 kPa);
Transfer line temperature: 280 °C.

2.4.4. Cis-3-hexen-1-ol and trans-3-hexen-1-ol

lon source temperature: 200 °C; Detector Gain: 1 x 10°; Mo-
lecular mass rate: 20—100 g/mol, Full scan mode; Oven Heating
Ramp: The oven temperature was programmed from 60 °C
(maintained for 42 s) 200 °C (held for 2 min) at a rate of 100 °C/min;
Injector temperature: The temperature of the injector was set at
250 °C operated in splitless mode; Carrier gas flow: Helium was
used as carrier gas at constant pressure mode (110 kPa); Transfer
line temperature: 280 °C.

2.4.5. Catalytic studies

POSS-DG2.0-[W(CO)3Bry] was tested in the epoxidation of 1-
octene, cyclooctene, limonene, cis-3-hexen-1-ol, trans-3-hexen-1-
ol and styrene, using tertbutyl hydroperoxide (TBHP) as oxidant
at 55 °C under air atmosphere. The reactions were performed in a
container with magnetic stirring and, to prevent the evaporation of
the dichloromethane, a condenser was used [7,18,19]. In each case,
the container was loaded with the substrate, dibutyl ether as in-
ternal standard (DBE), heterogeneous catalyst, dichloromethane
and tertbutyl hydroperoxide [2,20,21].

Substrate: 13.7 x 10~3 mol of 1-Octene (1.53 g, 2.14 mL), cyclo-
octene (1.51 g, 1.78 mL), (S)-limonene (1.86 g, 2.20 mL), cis-3-
hexen-1-o0l (1.37 g, 1.61 mL), trans-3-hexen-1-ol (1.37 g, 1.67 mL)
and styrene (1.42 g, 1.56 mL); thus the same amount in moL of each
olefin was used; dibutyl ether (internal standard); 3 mL of
dichloromethane (CH,Cly); Catalysts: 0.2 g (0.137 x 10~ mol) of the
heterogeneous catalyst; Oxidant: 274 x 10~> mol of TBHP
(5.0—6.0 M in decane) (2.47 g, 2.65 mL) for 1-Octene, cyclooctene,
(S)-limonene, cis-3-hexen-1-ol, trans-3-hexen-1-ol and styrene.

The reactions were initiated with the addition of the oxidant
agent (TBHP). The samples were collected every 20 min during the
first hour, then every 2 h until the eighth hour and the last in the
24th hour of reaction [7,20,21]. To disable the oxidant agent,
manganese dioxide was added in each collected sample. The
resulting viscous material was separated by filtration and a micro

aliquot of the supernatant was injected into the GC-MS. The con-
version of each substrate was evaluated by formation of their
respective epoxides in a GC-MS using the previously developed
methods. Epoxidation test without a metal catalyst was investi-
gated and no catalytic activity was observed [7,20,21]. The con-
version rate after 24 h, TOF (turnover frequencies) after 20 min and
the selectivity for each detected product were calculated.

3. Results and discussion

3.1. Synthesis of the heterogeneous catalyst POSS-DG2.0-
[W(CO)3Br]

The core of the dendrimer, POSS-PrNH3 Cl~, was synthesized by
the hydrolytic condensation reaction of the 3-amino-
propyltriethoxysilane precursor [22,23]. The hydrolysis reaction
of the alkoxides produces the monomer containing the silanol
function (Si-OH), whereas the condensation reaction of silanol
groups produces bond Si-O-Si and water and alcohol as sub-
products [22,23]. Consequently, after the preparation of the core,
such as reported previously, the synthesis of dendrimer was
completed by Michael's addition reaction between methyl acrylate
and ethylenediamine [24,25]. The synthesis of the new dendrimer
catalyst was performed by the reaction of POSS-DG2.0 with the
complex [W(CO)3Bry(NCMe),] in ethanol solution (Scheme 1).

POSS-DGZ.O-[W(CO)3BI‘2]I Sig078C282H544N104Br12We (89]7.54
g/mol): calculated C 37.94%, N 16.32%, H 6.10%, W 12.38%; found C
37.62%, N 16.08%, H 5.89%, W 12.01%. POSS-DG2.0-[W(CO)3Br;]
contained 12.01% of tungsten. This value proposes that six tungsten
complex are bound to the POSS-DG2.0-[W(CO)3Br2] (Scheme 1).

The FTIR spectrum of POSS-DG2.0-[W(CO)3Br2] (Fig. 1) shows
the existence of peaks with different intensities. The band in
1132 cm~! is assigned to Si-O-Si [26], this band proves the stability
of the material even after several steps of reaction. Two strong
absorptions centered at 1641 and 1564 cm™! are assigned to the
C=0 stretching (amide I) and N—H bending/C—N stretching (amide
II) vibrations of the POSS-DG2.0-[W(CO)3Bry] [26]. The bands
around 3423 and 3251 cm™~! of primary amine, proves the incor-
poration external with ethylenediamine. The stretching C=0 vi-
brations appear as very intense absorptions at 2001, 1888 and
1787 cm™ !, indicating the coordination of the W(CO)3Br; fragment
on dendrimer [20—22,27].

The 3C NMR solid-state spectrum of POSS-DG2.0-[W(CO)sBr>]
(Fig. 2) shows carbon signals of the propyl chain at 10.64
(SiCH,CH>) (1), 20.83 (CH2-CH,-CHy) (2), and 33.32 ppm (CH,-N-)
(3). The peaks at 39.03 (N-CH»-CH3) (4), 59.12 (N-CH>-CH3) (5) and
174.18 (0-C=0) (6) regions appear due to the incorporation of the
two methyl acrylate molecules per nitrogen atoms [14,26]. On the
other hand, the peaks in 53.54 (NH-CH,-CH»-NH) (7) and
50.68 ppm (NH-CH,-CH,-NH;) (8) arose after the reaction with
ethylenediamine [14,26].

After reaction with [W(CO)3Bry(NCMe);] the new catalyst
(POSS-DG2.0-[W(CO)3Br,]) does not display the resonance peak of
the carbon atoms of the carbonyl groups due to the absence of the
proton [21].

The 2°Si NMR solid-state spectrum of POSS-DG2.0-[W/(CO)3Br3]
(Fig. 3) show a signal at —67.58 ppm, which comes in the range
observed for the same compound by other authors [23,24,28,29].
This single resonance peak confirms that even after successive re-
actions the core of the dendrimer remains intact.

The image of the heterogeneous catalyst (Fig. 4) presents an
agglomerated surface [30] and it can be beneficial when dealing
with heterogeneous catalysts, facilitating their separation and
recycling.

In the spectrum of EDS of POSS-DG2.0-[W(CO)3Br;] (Fig. 5) two



E.G. Vieira, N.L. Dias Filho / Materials Chemistry and Physics 201 (2017) 262—270 265

NHy' C __NHg*Cr

—NHg* Cr

MetOH / HCI
POSS-PrNHz*CI"
NHs" CI
/
H3C
APTS Ve NHy* G CNHg* CF \\
ocH, \
[ MetOHNaHCO, //\b( o\
First step | 2500 50°C \ Second step
| Y 48h /

"

N r’NHz

iy

N/’ ° NH.
‘}—H/ >

St /NN N,
y o

siy s\
/o Lo NH
d \ HN-
25°C,72h
POSS-DGO0.5
NHz HoN NH
HoN ! ‘¢ 2 N
) :
HN_ N
HoN 0
Z o
HN_ - Mo
HoN- H H o
N N
%*"N VH
NNH N
~NH. /"N~ T _
e 2 HoN H{) é N
HN- H o
25°C,72h 'NK,\N and
CNSHNTN
HoN- "N~ H
H % N
¢ N °
AN
HoN o
‘(NH
o AN N
HiCo ) N /) N «O N (
( — 2 =
5% /| N \ " ocH, co NH
wd Or Lo o) 1_oo HyCCN. €O {
? O 9 55 2 HsCCONT/ >CO N
HaC CHHCO @ ChHs SCONG/ gy
3

«—
I
E,
z

POSS-DG1.5
POSS-DG2.0

POSS-DG2.0-[W(CO)3Brs]

Scheme 1. Synthesis of POSS-DG2.0-[W(CO)3Brs,].



266

Transmittance (%)

NH

2

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers / cm™

Fig. 1. FTIR spectrum of POSS-DG2.0-[W(CO);Br;].

I

400 300 200 100 0 -100 -200
ppm

Fig. 2. '>C NMR spectrum of POSS-DG2.0-[W(CO)3Brs].

peaks are noted, concerning to tungsten and bromine derived from
the tungsten complex. Furthermore, the peaks of silicon, oxygen,
carbon and nitrogen remain intact, proving the thermal and me-
chanical stability of the precursor.
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Fig. 3. 2°Si NMR spectrum of POSS-DG2.0-[W(CO)3Br;].
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Fig. 5. EDS spectrum of the POSS-DG2.0-[W(CO)3Br>]| catalyst.

After the reaction of the precursor material with the complex
[W(CO)3Bry(NCMe);], the X-ray diffractogram exhibited three ma-
jor peaks at 7.40°, 23.94° and 53.64° (Fig. 6). The presence of three
peaks confirms the incorporation of organometallic complex on the
surface of the dendrimer.

The POSS-DG2.0-|[W(CO)3Br,] catalyst displays good thermal
stability because of the presence of a POSS core. As shown in Fig. 7,
the first mass loss occurs up to 115 °C regarding the loss of water.
The second mass loss of the catalyst begins from 164 °C to about
475 °C and refers to the disintegration of external generations of

0 10 20 30 40 50 60
20

Fig. 6. X-ray diffractogram of the POSS-DG2.0-[W(CO)3Br,] catalysts.



E.G. Vieira, N.L. Dias Filho / Materials Chemistry and Physics 201 (2017) 262—270

100

80

60 4

Weight (%)

40-

20

400 600 800 1000

Temperature (°C)

0 200
Fig. 7. Thermogravimetric curve of the POSS-DG2.0-[W(CO);Br,] catalyst.

the dendrimer. The third mass loss occurs from 475 °C to about
552 °C and is related to the burning of the propyl amino arm of the
POSS core. After the complete burning of POSS-DG2.0-[W(CO)3Br3]
the percentage of 17.44% refers to the inorganic part of the core and
of the immobilized complex.

3.2. Sorption isotherms

Sorption experiments such as adsorbent dosage, equilibrium
time and adsorption isotherm were studied to optimize the syn-
thesis process of the new catalyst.
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The adsorbent dosage on the immobilization of [W(CO)3Br;
(NCMe),] in ethanol solution was investigated and the result was
shown in Fig. 8A. It is evident that the sorption equilibrium in-
creases by increasing of the mass of materials. This occurs because
as the amount of sorbent increases there is an increase in surface
area and adsorption sites until the adsorbed amount is equivalent
to the number of vacant sites [31—33].

The immobilization of [W(CO)3Bry(NCMe),] complex by sorp-
tion on POSS-DG2.0 amplified with time, reaching the highest value
in 25 min, and subsequently it remained constant, as presented in
Fig. 8B. It is evident that the shaking time for the POSS-DG2.0
achieves the equilibrium depended of the initial concentration of
the complex. The adsorption capacity of the POSS-DG2.0 in
immobilization of the complex [W(CO)3;Bry(NCMe),] was rapid in
the first 20 min, becoming slower with the increase time of contact.

To investigate the sorption capacity, a concentration range
of [W(CO)3Bry(NCMe);] in ethanol solution was shaken for
30 min, using 150 mg of sorbent at 25 °C. The maximum sorption
capacity value for [W(CO)3Bry(NCMe);] using POSS-DG2.0 was
0.70 mmol g~. The sorption isotherm of the metallic complex is
presented in Fig. 8C.

To evaluate the influence of temperature, the sorption experi-
ments were performed in different temperatures (25, 35, 45, 55 and
65 °C). In Fig. 8D, the adsorption process was favoured with
increasing temperature, which demonstrates that the adsorption of
the complex is an endothermic process [34], while at temperatures
above 60 °C there is a decrease in the sorption capacity of the
complex due to the onset of the degradation of organic groups.

3.2.1. Applications of isotherm models
From Fig. 8C it was possible to apply the isotherm models such
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Fig. 8. Effect of dose of adsorbent (A), time of contact (B), sorption isotherms (C) and Effect of temperature on the adsorption (D) in ethanol solution for [W(CO)3;Bro(NCMe),] using

POSS-DG2.0.
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Table 1
Isotherm parameters for sorption of [W(CO);Bro(NCMe),] in ethanol at 25 °C using POSS-DG2.0 as sorbent.
Models Equations Parameters [W(CO)3Bra(NCMe);]
Langmuir N¢/N¢ = Ne/NP'** + 1/(Nf*** b) N¢ (mmol/g) 0.67
b (L/mmol) 8.6 x 10°
RL 0.11
R? 0.993
Freundlich In Nf = In N¢ + ((1/n) In N, n (mol/L) 25.85
Kr (mmol/g) 6.22
R? 0.937
Temkin Nf=BIn A+ BlIn N, A (L/mmol) 36.85
B 5.785
R? 0.948
D-R In N¢ = (In N"®) — (B; ¢2) NP (mmol/g) 0.44
By 1x1073
E (Kj/mol) 2236
R? 0.965
Table 2
Kinetic sorption parameters obtained using pseudo-first-order, pseudo-second-order, and Elovich models for [W(CO);Bry(NCMe),].
Pseudo-first-order Pseudo-second-order Elovich
Equations In(N¢ — Ny) = InN¢ — (K;/2.303)t /N = 1/(Kz N2) + (1/N)t N¢ = 1/(BIn (2B)) + 1/(BInt)
Sorbent N§f*P (mmol/g) NP (mmol/g) K; (min~1) R? Nfax K (min~1) R? o B R?
(mmol/g) (mmol/gmin) (g/mmol)
POSS-DG2.0 0.70 0.15 7.6 x 1073 0.922 0.72 9.547 0.998 7.215 3.251 0.975

as Langmuir [35], Freundlich [33,36], Temkin [37] and Dubinin-
Radushchevich (D-R) [38]. The theoretical data for each model
are listed in Table 1. The determination factor (R?) of Langmuir
showed an excellent adjust the experimental data.

Langmuir model highlights that the immobilization of the
[W(CO)3Bry(NCMe),| complex was in monolayers (homogeneous).
It was also verified that the value of R; was lesser than 1 indicating
that the anchoring of [W(CO);Br(NCMe);] was favourable.

The parameter n greater than 1 (Frendlich model) reflects an
immobilization in multi-layered (heterogeneous) of the organo-
metallic complex.

D-R model says that the anchoring of the [W(CO)3Br(NCMe);]
was achieved by chemisorption. Taking into account the values
of the determination factors (R?) it is notable that the best fitting
order of the experimental data was Langmuir > D-R >
Temkin > Freundlich.

The values of pseudo-first-order, pseudo-second-order and
Elovich [39—41] are given in Table 2. Pseudo-second order model
was the most suitable and its determination factor was 0.998.

Some thermodynamic parameters [42] are in Table 3. The -4G
showed the spontaneous nature of immobilization of complex
on the surface of POSS-DG2.0. The + 4H revealed that the
immobilization was endothermic. The + 4S resulted from the
increased randomness due to the sorption of organometallic
complex.

Table 3
Thermodynamic parameters for [W(CO)3Bra(NCMe),] in ethanol.
Sorbent t* (°C) AG® AS° AH°
(KJ/mol) (J/mol ') (KJ/mol)
AG = —RT Inb InK; = (AS/R) — (AH/(RT))
25 —55.059
35 -56.912
POSS-DG2.0 45 —58.765 185.284 154.896
55 —60.618

65 -

4. Catalytic properties

The activities of the POSS-DG2.0-|W(CO)3Br,] as a catalyst for
the oxidation of olefins were studied for 1-octene, cyclooctene, (S)-
limonene, cis-3-hexen-1-ol, trans-3-hexen-1-ol and styrene, with
tert-butyl hydroperoxide (TBHP) as the oxygen source, at 55 °C in
air atmosphere and 3 mL of dichloromethane as solvent. In Fig. 9
the dynamic of epoxidation of the olefins 1-octene (1-oct), cyclo-
octene (Cy8), (S)-limonene (S-lim), cis-3-hexen-1-ol (cis-3), trans-
3-hexen-1-ol (trans-3) and styrene (Sty) is shown in the presence of
the heterogeneous catalyst (POSS-DG2.0-[W(CO)3Br3]). Fig. 9 also
shows that the maximum conversion times were obtained in a
short period. S-lim, Cy8 and Sty require a time of 2, 1 and 1 h,
respectively. However, 1-oct, cis-3 and trans-3 require a period of
4—6 h. Though the necessary period to produce the active species is
different in each occasion, analogous catalytic species can be
originated [21,43].

Therefore, the results presented in Table 4 show that the

100

A B
A p

2 < >
-% —a— 1-oct
o —e—Cy8
= —— S-lim
8 —y— Cis-3
—o— trans-3
—<— Sty

0 4 8 12 16 20 24
Time (h)

Fig. 9. Epoxidation dynamic of each olefin using POSS-DG2.0-[W(CO)3Br] as catalyst.
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Table 4
Conversions, Turnover Frequencies (TOF) and selectivity for catalytic epoxidation of olefins.
Catalytic precursor Substrate Conversion® (%) TOF® Selectivity (%) Products
1 Cycle
1-octene 80 68 5 1,2-Epoxyoctane
95 1-Octanal
cyclooctene 78 65 100 Epoxide
(S)-limonene 88 118 60 Z-Lim-Epox
30 E-Lim-Epox
2 Z-Lim-OH
POSS-DG2.0-W 3 E-Lim-OH
2 Lim-(OH);
3 Dioxide
cis-3-hexen-1-ol 65 47 100 Epoxide
trans-3-hexen-1-ol 60 50 100 Epoxide
styrene 83 91 100 Epoxide

@ First Cycle of conversion at 24 h.
 In units of mol (mol of W)~' h™".

heterogeneous catalyst in question has a great conversion and TOF
and shows the oxidation selectivity of the olefins 1-octene and (S)-
limonene. The four substrates, cyclooctene, cis-3-hexen-1-ol, trans-
3-hexen-1-ol and styrene are selectively oxidized to their epoxide
without formation of diols. However, in the oxidation of 1-octene
are detected two products referred to as 1-octanal and 1,2-
epoxyoctane. POSS-DG2.0-[W(CO)sBrz] has an extraordinary
selectivity for formation of 1,2-epoxyoctane, 95% versus 5% for the
formation of 1-octanal, but the conversion is 80%.

The oxidation of (S)-limonene results in the formation of several
products (Table 4) and six of them were identified by gas chro-
matograph coupled to a mass spectrometer (GC-MS): Isomers of

Table 5
Comparison of the conversion capacities of POSS-DG2.0-[W(CO)3Br2] with others
catalysts.

Catalysts Olefins Conversions® TOF® Ref.
[Cuy(LY)Cl3]-2H,0 Sty 72 10 [44]
[Cuy(L2)(N3)Clz] Sty 75 104 [44]
cis-dioxomolybdenum(VI) Cy8 75 — [45]
cis-(CO)4W(bipy) Cy8 46 — [46]
MCM-[WBr,(C0)3(CoH3N3S),]  1-oct  10.4 2 [21]

Cube-C1 (S)-lim  53.7 14 [21]
MCM-[WBr,(C0O)3(CoH3N3S),]  (S)-lim - 3.1 3 [21]
[CpMo(CO),(ImPyMes)Cl] 1-oct 75 - [47]
[W(CO)3Br(NCMe),] (S)-lim 21 16 Present study
POSS-DG2.0-[W(CO)3Br3] 1-oct 80 68 Present study
POSS-DG2.0-[W(CO)3Br;] Cy8 78 65 Present study
POSS-DG2.0-[W(CO)3Br3] (S)-lim 88 118  Present study
POSS-DG2.0-[W(CO)3Br3] cis-3 65 47 Present study
POSS-DG2.0-[W(CO)3Br3] trans-3 60 50 Present study
POSS-DG2.0-[W(CO)3Br3] Sty 83 91 Present study
2 Percentage (%).

® In units of mol (mol of W)~' h™".

Table 6
Recycling studies performed over POSS-DG2.0-[W(CO)3Br3] catalyst.

Catalyst (S)-limonene

POSS-DG2.0-[W(CO)3Br,]

Conversion (%) Selectivity to epoxide (%)

1° cycle 88 93
2° cycle 83 90"
3° cycle 82 90°
4 cycle 82 92¢
5° cycle 83 92¢
a, b, c
Z-lim-Epox, E-lim-Epox and dioxide. .
, €

Z-lim-Epox and E-lim-Epox.

(+)-limonene-1,2-epoxide (Z-lim-Epox and E-lim-Epox), isomers of
cyclohexen-1-ol-2-methyl-5-(1-methylethenyl) (Z-lim-OH and E-
lim-OH), (1S,2S,4R)-(+)-Limonene-1,2-diol (lim(OH),) and dipen-
tene dioxide (dioxide). This amount of products and by-products
are due to the existence of double bonds between carbon in the
structure of the (S)-limonene.

As can be seen, the (S)-limonene has a strong selectivity for
oxidation of the double bond between carbons, yielding the Z-lim-
Epox, E-lim-Epox and dioxide isomers. POSS-DG2.0-[W(CO)3Br3]
shows a selectivity for epoxide of 93% (Table 4).

Table 5 shows the comparison with other types of catalysts in
the epoxidation of olefins. As can be seen, the POSS-DG2.0-
[W(CO)3Br2] made a similar conversions or better than other types
of catalysts. These results show that the present heterogeneous
catalyst has higher conversion and TOF values than homogeneous
and heterogeneous catalysts of different types and conditions.

Metal leaching studies were also performed by reusing the
recovered POSS-DG2.0-[W(CO)3Br;] in five cycles. After the first
cycle the solid was separated, washed with dichloromethane and
dried at 50 °C for reuse, this was done at the end of each cycle. As
can be seen in Table 6, there was a reduction in the catalytic activity
of the first to the second cycle, however, the other cycles tend to
remain constant. ICP-MS analysis was used to determine the per-
centage of tungsten leached out into the liquid mixture during
reactions. The W loading after five reaction cycles is about 98% of
the starting value. The leaching of some weakly anchored tungsten
complex present in the original catalyst may account for the initial
low loss of activity.

5. Conclusions

The results of the characterization techniques allowed to prove
that the preparation of the new dendritic macromolecule from an
oligomer polyhedral silsesquioxane core (POSS-DG2.0) and of the
catalytic macromolecule POSS-DG2.0-[W(CO)3Br;] was successful.

The study of immobilization of [W(CO)3Bro(NCMe);] complex
was of fundamental importance to optimize the synthesis of the
catalyst.

POSS-DG2.0-[W(CO)3Brz] shows a selectivity for epoxide of
100% for cyclooctene, cis-3-hexen-1-ol, trans-3-hexen-1-ol and
styrene, and 95% for 1-octene and 93% for (S)-limonene.

S-lim, Cy8 and Sty require a maximum conversion time of 2, 1
and 1 h, respectively. On the other hand, cis-3 and trans-3 require a
period of 4—6 h.

The dendritic catalyst has shown to have a good catalytic activity
in the epoxidation of all olefins in all studies, but with special
attention to limonene in which has 88% conversion and very low
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