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Abstract: The immobilization of 2-phenyl-2-((3(tryethoxysicyl)propyl)imino)ethanol (HL1)
and 4-methyl-2-(((3(triethoxysilyl)propyl)imino)methyl)phenol (HL2) on MCM-41 afforded the
respective ligands HL1-MCM-41 (HL3) and HL2-MCM-41 (HL4). The treatment of complexes
Pd(L1)2 and Pd(L2)2 with MCM-41 afforded the immobilized complexes (Pd(L1)2)-MCM-41
(1) and (Pd(L2)2)-MCM-41 (2) respectively. Separately, the reactions of HL3 and HL4 with
Pd(NCMe)2Cl2 produced the immobilized complexes Pd(HL3)Cl2 (3) and Pd(HL4)Cl2 (4) respectively.
The immobilized compounds were characterized by FT-IR, Transmission Electron Microscopy (TEM),
Scanning Electron Microscopy (SEM), energy-dispersive X-ray (EDX), Thermogravimetric Analysis
(TGA) and X-ray Powder Diffraction (XRD). All the complexes (1–4) formed active catalysts in
the methoxycarbonylation of 1-hexene to give linear and branched esters. The catalysts were
recycled four times without the loss of catalytic activity. Hot filtration experiments established
the absence of leaching, and the heterogeneous nature of the active species was derived from mercury
drop experiments.
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1. Introduction

Homogeneous catalysts have been used in a number of industrial processes largely due to their
high selectivity and ease of understanding of the reaction kinetics and mechanisms [1]. However,
the homogeneous systems do suffer from the lack of separation of the catalysts from the reaction
mixture in addition to the lack of catalyst recycling. Heterogeneous catalysts, on the other hand,
are easily recoverable, but they too have several drawbacks, mainly associated with low catalytic
activities and poor selectivity [2]. This has necessitated a search for catalyst systems that can exploit the
advantages and limit the disadvantages of both homogeneous and heterogeneous catalysts [3,4]. Thus,
the immobilization of homogeneous catalysts to give a hybrid system which is recoverable and selective
is currently of much interest in catalyst design and development [5,6]. To date, a number of methods
of heterogenizing homogeneous catalysts have been adopted. These include the immobilization
of homogeneous catalysts on insoluble solid supports such as silica [7], polymer [8], magnetic
nanoparticles [9] as well as biphasic catalysis [10].

One notable approach that has been widely employed is the immobilization of metal complexes
on mesoporous silica [11,12]. This is largely owed to the chemical and thermal stability of silica in
addition to its relatively lower costs and availability [13]. Even though immobilized catalysts have
been widely used in a number of organic transformation reactions such as olefin polymerization [14],
Suzuki–Miyaura and Sonogashira cross coupling reactions [15–18], Heck coupling reactions [19],
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oligomerization [20] and hydrogenation reactions [21,22] among others, it is surprising that
the methoxycarbonylation of olefins has witnessed very limited reports. Few examples include
palladium(II) complexes bearing imidazole ionic ligand ionic liquids in the alkoxycarbonylation
of aryl iodides as reported by Khedkar et al. [23]. In another finding, silica immobilized palladium
catalysts of the (2-diphenylphosphino)ethane ligand were found to give a complete conversion of aryl
halides with a 97% chemoselectivity towards ester products [24].

Owing to the significance of the methoxycarbonylation reactions in the production of domestic
and industrial products such as detergents, cosmetics and pharmaceuticals [25,26], it is therefore
important to design selective catalysts that can also be easily separated from the reaction mixture.
We have currently embarked on the design of both homogeneous and immobilized palladium
catalysts in the methoxycarbonylation of higher olefins. In one such report, we used palladium
complexes of (phenoxy)imine ligands bearing silane alkoxy groups as homogeneous catalysts in the
methoxycarbonylation of higher olefins [27]. In this current contribution, we report the application of
palladium complexes immobilized on MCM-41 as recyclable catalysts in the methoxycarbonylation
of 1-hexene. Thus, the syntheses and structural elucidation of these immobilized palladium(II)
complexes, their catalytic activities in the methoxycarbonylation of 1-hexene and recycling experiments
are discussed.

2. Results and Discussion

2.1. Synthesis of Immobilized (Phenoxy)Imine Ligands and their Palladium(II) Complexes

The treatment of ligands 2-phenyl-2-((3(tryethoxysicyl)propyl)imino)ethanol (HL1) and
4-methyl-2-(((3(triethoxysilyl)propyl)imino)methyl)phenol (HL2) with MCM-41 afforded the silica
immobilized compounds HL1-MCM-41 (HL3) and HL2-MCM-41 (HL4) in good yields (Scheme 1).
A convergent approach [12] was adopted to synthesize complexes (Pd(L1)2)-MCM-41 (1) and
(Pd(L2)2)-MCM-41 (2) via the immobilization of the homogeneous complexes Pd(L1)2 and Pd(L2)2

on MCM-41 support respectively (Scheme 1). On the other hand, complexes Pd(HL3)(Cl2) (3) and
Pd(HL4)(Cl2) (4) were synthesized from reactions of the respective immobilized ligands HL3 and HL4
with PdCl2(NCMe)2 following the sequential protocol [28] as shown in Scheme 1. Attempts to use the
sequential method to prepare complexes 1 and 2 did not materialize. Owing to the superiority of the
sequential route [29] over the convergent method, no attempts were thus made to prepare complexes 3
and 4 via the convergent method.

The structural characterization of the immobilized compounds was performed using FT-IR, TGA,
TEM, SEM-EDX and XRD. The FT-IR bending vibrations between 1306 cm−1 and 1365 cm−1 were
assigned to the Si–O–Si bonds of the MCM-41 support and established a successful formation of the
immobilized ligands HL3 and HL4 [30]. FT-IR spectra were also useful in the determination of the
coordination of HL3 and HL4 to give the respective palladium(II) complexes 3 and 4. For instance,
the ν(C=N) signals in ligand HL4 and the corresponding complex 4 were observed at 1611 cm−1 and
1652 cm−1 respectively (Figures S2 and S6). These results echo those of Bhunia et al. [31], where shifts
from 1643 cm−1 in the ligand to 1632 cm−1 in the respective complex were reported. The presence
of the OH group in complexes 3 and 4 as depicted in Scheme 1 was deduced from the IR signals
recorded at 2998 cm−1 and 2996 cm−1 respectively (Figures S5 and S6). This confirmed the absence of
the deprotonation of the O–H functionality.
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Scheme 1. The synthesis of the immobilized palladium complexes 1–4 via convergent (route A) and
sequential (route B) routes.

Scanning Electron Microscopy (SEM) was used to determine the morphology and particle size
of the immobilized ligands HL3 and HL4 and their respective complexes 1–4 (Figure 1, Figures S7
and S8). In general, the SEM images of the ligands and the respective complexes showed different
morphologies and particle sizes. For example, the image of complex 4 exhibits spherical particles of
diameters ranging from 1.163 µm to 3.642 µm, while those of ligand HL4 displays quasi spherical
shapes of diameters ranging from 0.985 µm to 2.453 µm (Figure 1). These particle sizes compare
favourably with those reported by Polshettiwar and Molnár, ranging from hundreds of nanometres
to micrometres [32]. The TEM images of complexes 1–4 also displayed morphologies with uniform
particle sizes (Figure 1 and Figure S8). From the images, the mesoporous structures of the ligand
were retained upon incorporation of the palladium metal, a confirmation that the palladium metal is
immobilized on the pores of mesostructured silica MCM-41 [33].
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To investigate the qualitative elemental composition of complexes 1–4, the complexes were
analysed using Energy Dispersive X-ray Spectroscopy (EDX) recorded at random surface points.
EDX images of all complexes 1–4 showed the presence of palladium atoms, thus establishing successful
complexation of the ligands (Figure S9 and Table S1). Thermogravimetric analysis (TGA) of the
compounds was also used to study their thermal properties. The complexes exhibited similar
decomposition patterns within a temperatue range from 50 ◦C to 800 ◦C (Figure S10). For instance,
complex 1 showed three phases of thermal behavior, with the intial weight loss occuring between 50 ◦C
and 100 ◦C attributed to the loss of moisture [34]. The second phase of decomposition occurred between
200 ◦C and 500 ◦C and may be associated with the loss of ligand HL1. The final phase (60%) remained
invariable up to 800 ◦C (Figure S9), signifying a high thermal stability of the palladium core (Table
S2). Wide-angle powder XRD patterns for MCM-41 and the palladium complexes were obtained to
establish their successful immobilization (Figure S15). The XRD spectrum of MCM-41 showed a broad
peak between 2θ = 20◦ and 25◦ which is characteristic of amorphous silica [35]. Upon immobilization
of the complexes on silica, there was a notable decrease in the peak intensity, evidence that the MCM-41
functionalization mainly occurred inside the mesopore channels [36]. For instance, complex 2 showed
the presence of additional two peaks at 2θ = 34.2◦ and 52.0◦ which corresponds to the palladium oxide
planes PdO (101) and PdO (200) respectively (Figure S15). This behaviour further demonstrated that
the structure of the MCM-41 was unaltered, while the palladium core was preferentially located inside
the silica pore.

2.2. Catalytic Studies of the Immobilized Catalysts in the Methoxycarbonylation of Olefins

2.2.1. Methoxycarbonylation of 1-Hexene Catalysed by Complexes 1–4

Catalytic studies of the immobilized complexes 1–4 in the methoxycarbonylation of 1-hexene
were carried out at a CO pressure of 60 bar, at a temperature of 90 ◦C, at 0.5 mol% palladium and with
p-tolyl sulfonic acid (PTSA) as the acid promoter (Table 1). The major products formed as identified
by GC and GC-MS were branched and linear 2-methylhexanoate and methyl heptanoate respectively
(Figure S11). The role of the complex/ligand structure on the catalytic performance of the resultant
catalysts was evaluated by comparing the catalytic activities of complexes 1–4. From Table 1, it was
evident that the bis(chelated) complexes 1 and 2 were more active than the mono(chelated) analogues
3 and 4. This is in good agreement with the results attained for the homogeneous systems [27] and was
equally assigned to the improved stability of the bis(chelated) complexes 1 and 2 [37]. With respect to
the effect of the ligand motif, there was no discernible variation in catalytic activities. For instance,
complexes 1 and 2 bearing ligands HL3 and HL4, showed similar conversions of 76% and 78%
respectively (Table 1, entries 1 and 2). This points to similar electronic and steric effects of the ligands
on the metal coordination environment. Indeed, no appreciable effect on product regioselectivity was
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noted as all the complexes (1–4) showed preference to linear esters in the range of 60–63% (Table 1,
entries 1–4). To determine the role of the palladium complexes and phosphine additives in the
methoxycarbonylation reactions, control experiments were carried out in the absence of the palladium
complex or PPh3 (Table 1, entries 5 and 6). The absence of any catalytic activities established the role of
the palladium complexes (Table 1, entry 5). In addition, the use of Pd(OAc)2/PPh3 recorded only 20%
(Table 1, entry 7) in comparison to conversions of 61% to 78% obtained using complexes 1–4 (Table 1,
entries 1–4). The role of the phosphine additive is augmented by the lack of any catalytic activity
when the reactions were performed without the addition of PPh3 (Table 1, entry 6). To date, there are
very limited reports on the use of immobilized palladium catalysts in the methoxycarbonylation
of olefins; however, there are a number of similar homogeneous palladium catalysts in literature.
For instance, the 2-(diphenylphosphinoamino)pyridine palladium complexes reported by Aguirre et al.
exhibited relatively higher TOFs of 28 h−1 in the methoxycarbonylation of 1-hexene [38] than values of
4.9 h−1 to 6.5 h−1 observed for our current complexes 1–4. On the other hand, the palladium catalysts
bearing benzimidazolylemethyl)amine, naphthyl(diphenyl)phosphines and mixed NˆNˆX (X = O and
S) tridentate ligands afford comparable TOFs of 7.1 h−1, 11 h−1 and 15 h−1 respectively to complexes
1–4 [39–41]. A rare example of immobilized palladium(II) catalysts supported on 2-vinyl-functional
diphenyl-2 pyridylphosphine porous polymer displays exceptionally high TOFs of 2983 h−1 in the
methoxycarbonylation of acetylene [42].

Table 1. The effect of catalyst structure and phosphines in the methoxycarbonylation of 1-hexene using
complexes 1–4 a.

Entry Catalyst Conv (%) b l/b (%) c TOF d

1 1 76 60/40 6.3
2 2 78 62/38 6.5
3 3 59 63/37 4.9
4 4 61 63/37 5.0

5 e - 0 - -
6 f 2 0 0 0
7 Pd(OAc)2/PPh3 20 65/35 1.7

a The reaction conditions: Pressure at 60 bar; temperature at 90 ◦C; time at 24 h; the acid was p-tolyl sulfonic acid
(PTSA); the solvents were methanol 50 mL and toluene 50 mL; and Pd:PPh3:PTSA:1-hexene = 1:2:10:200 where
1-hexene was 2 mL, 16.00 mmol; b % of 1-hexene converted to esters determined from GC assuming 100% mass
balance; c Ratio between branched and linear ester; d TOF (mol. sub/mol. Pd. h−1). e reaction without palladium
complex; f reaction without PPh3.

2.2.2. The Effect of Acid Promoter on the Methoxycarbonylation of 1-Hexene

As opposed to the high catalytic activities reported for the HCl acid promoter for the homogeneous
counterparts [27] and other palladium systems in our group [39,43,44], the immobilized complexes
1–4 gave no catalytic activity when HCl was used as the promoter (Figure 2). This is unusual and
can be attributed to the hydrolysis of the Si–O–Si bonds through the protonation of the siloxane
group [45]. In general, para-tolyl sulfonic acid (PTSA) gave the highest catalytic activity, followed by
methyl sulfonic acid (MSA), while trimethyl aluminium (TMA) gave no catalytic activity (Figure 2).
The trend established for the acid promoters, with the exception of HCl, is concomitant with the
strength and basicity of the respective acids [46]. However, the nature of the acid promoters did not
have a notable influence on the regioselectivity of the esters (Figure 2) with the exception of TMA,
which predominantly gave branched esters. This unique behaviour of the TMA with respect to product
regioselectivity is unclear to us at this stage.
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Figure 2. The effect of the acid promoters in the methoxycarbonylation of 1-hexene using complex 2 at a
1-hexene:HA:PPh3:2 ratio of 200:10:2:1 and with 1-hexene (2 mL, 16.00 mmol), PCO, 60 bar; temperature
90 ◦C; time 24 h; and the solvent as methanol/toluene (100 mL).

2.2.3. The Effect of Reaction Conditions on Methoxycarbonylation Reactions

In attempts to optimize the reaction conditions, the effect of the carbon monoxide pressure,
the catalyst loading, the nature of the solvent and the reaction temperature were studied using complex
2. First, we observed that increasing the reaction temperature from 60 ◦C to 90 ◦C resulted in increased
percentage conversions from 59% to 78% (Table 2, entries 1 vs. 8). On the other hand, further increase
of the reaction temperatures to 100 ◦C resulted in a drastic drop in the conversion to 51% (Table 2,
entry 10). This can be largely attributed to the catalyst decomposition as evident by the mass of
palladium black in the reactor. Reports by Mane et al. in the methoxycarbonylation of aryl iodides
for silica immobilized palladium(II) catalysts give conversions 75% of 99% at reaction temperatures
75 ◦C and 100 ◦C respectively. Similarly, the CO pressure was found to significantly affect the catalytic
activities of complex 2. For example, an increase in pressure from 40 bar to 60 was marked by a
concomitant increase in percentage conversion from 66% to 78% (Table 2, entries 1 vs. 7). This was
expected and is believed to originate from a higher rate of CO insertion into the Pd-alkyl bonds at
higher CO pressures [47].

The stability of complex 2 was also studied by varying the reaction time from 12 h to 36 h (Table 2,
entries 1, 6 and 9). From the plot given in Figure S12, catalyst 2 showed two phases of catalytic activities
with an optimum at 24 h (TOF = 6.5 h−1). The first phase, between 0–24 h is thus consistent with an
activation process (TOF = 5.4 h−1 after 12 h), while the second phase between 24 h to 36 h is typical
of a catalyst deactivation (TOF = 5.0 h−1). This observation mirrors those previously observed in
the methoxycarbonylation of 4-bromoacetopehenone, where optimum catalytic activity was obtained
within 14 h, followed by a drop in the activity between 14 h to 24 h [48]. With respect to product
distribution, an increase in the reaction time from 12 h to 36 was followed by a slight increase in
the composition of the branched esters from 34% and 40% respectively (Table 2, entries 1 and 9).
The trend could be assigned to the isomerization of 1-hexene with time to form internal hexenes prior
to methoxycarbonylation [49].
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Table 2. The effect of the reaction conditions in the methoxycarbonylation of 1-hexene using
complex 2 a.

Entry PCO (bar) Temp (◦C) Time (h) Pd% Conv (%) b l/b (%) c TOF d

1 60 90 24 0.5 78 62/38 6.5
2 60 90 24 0.25 27 64/36 4.5
3 60 90 24 0.75 94 65/35 5.2
4 60 90 24 1.0 87 62/38 3.6
5 60 90 24 1.5 62 61/39 1.7
6 60 90 12 0.5 34 66/34 5.4
7 40 90 24 0.5 66 64/36 5.5
8 60 60 24 0.5 59 61/39 4.9
9 60 90 36 0.5 90 60/40 5.0
10 60 100 24 0.5 51 63/37 4.3

a Reaction conditions: 1-hexene (2 mL, 16.00mmol); 1-hexene:HCl:PPh3; 100:5:1. b The % of 1-hexene converted to
esters determined from GC, assuming 100% mass balance; c The molar ratio between branched and linear esters.
d TOF (mol. sub/mol. Pd h−1).

The effect of the catalyst loading was also investigated to ascertain the optimum catalyst
concentration required for the methoxycarbonylation of 1-hexene using complex 2. We noted that
increasing the palladium loading from 0.5 mol% to 1.5 mol% was followed by a drastic decrease in TOF
from 6.5 h−1 to 1.7 h−1 respectively (Figure S13). Such an observation could be due to the formation of
palladium clusters at higher loadings, with the net effect of limiting the catalyst accessibility by the
olefin substrate [50]. On the other hand, a lower loading of 0.25 mol% gave a lower TOF of 4.5 h−1

,

possibly due to a lower concentration of the active species. Thus, a catalyst loading of 0.5 mol% was
obtained as the optimum value (Table 2 entries 1–5).

The influence of different solvent systems on the methoxycarbonylation of 1-hexene using complex
2 was also studied (Figure 3). From the results, it was clear that the catalytic activity of complex 2
was dependent on the polarity of the solvent mixture. For instance, while the more polar mixture of
chlorobenzene/methanol gave lower conversions of 36%, the less polar toluene/methanol system
exhibited higher conversions of 78% (Figure 3). This trend is supported by the findings that catalytic
activities in methoxycarbonylation reactions are controlled by the dielectric constants of the solvents
employed [51]. Indeed, a mixture of the dimethyl formamide (DMF)/methanol solvent system
afforded no catalytic activity due to a far much higher dielectric constant [52] in addition to the strong
coordinating ability of DMF [53].
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Figure 3. The effect of solvent mixtures in the methoxycarbonylation of 1-hexene. The reaction
conditions were time, 24 h; PCO: 60 bar; temperature, 90 ◦C; solvent, methanol/toluene (100 mL)
complex 2 (0.5% mol); and PPh3:PTSA:1-hexene ratio, 1:5:100.

2.2.4. Catalyst Recycling and Leaching Studies

The main aim of this current study was to design recoverable catalysts in the
methoxycarbonylation of olefins. As noted in the introduction, this has a lot of potential, owing to
the appeal of the ester products in the fragrance and detergent industries. We, thus, studied the
recyclability of the immobilized catalysts (1–4) in the methoxycarbonylation of 1-hexene under the
optimized reaction conditions of 90 ◦C, 60 bar and reaction time of 24 h and with toluene/methanol
as the solvent mixture (ratio 1:1) and PTSA as the acid promoter. Figure 4 shows the data for the
recycling experiments of four runs for each complex. The data in Figure 4 showed that all the catalysts
maintained significant catalytic activities even in the fourth cycle. Consistent with the expected stability
trends, the bis(chelated) complexes 1 and 2 showed minimal drops in percentage conversions (1st and
4th runs) of 7% and 8% respectively, while the mono(chelated) analogues, 3 and 4, showed relatively
larger drops of 18% and 15% respectively. In comparison to the recycling efficiencies reported in
similar immobilized systems, palladium catalysts supported on N-doped carbon nanotubes displayed
conversions of 98% and 25% in the first and fourth runs respectively in the methoxycarbonylation of
iodobenzene [52]. This represents a significant drop in the fourth run (lower stability) when compared
to, for instance, complex 2, which recorded conversions of 78% and 72% in the first and fourth runs
respectively. In another study, silica supported palladium complexes reported by Mane et al. showed
a better performance, giving percentage conversions of 99% and 95% within 3 h in the first and fifth
runs respectively in the methoxycarbonylation of iodobenzene [24].
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Figure 4. A graph showing the catalytic activities of complexes 1–4 and their recycling. Reaction
conditions were time, 24 h; PCO: 60 bar; temperature, 90 ◦C; solvent, methanol/toluene (100 mL)
complex 1–4; Pd:PPh3:PTSA:1-hexene ratio of 1:2:10:200; and 1-hexene (2 mL, 16.00 mmol).

In order to gain an in depth understanding of the reasons behind the slight reductions in the
catalytic activities of the complexes 1–4 in subsequent cycles, a hot filtration test was done using
catalyst 2. This was to ascertain if leaching of the active species may be implicated in the reductions in
percentage conversions in subsequent runs. Thus, after 12 h of the initial reaction (38%) with complex
2, the mixture was filtered and the resultant filtrate was subjected to a CO pressure of 60 bar at a
temperature of 90 ◦C for an additional 12 h. The percentage conversion remained largely constant
(39%) as depicted in Figure 5. This lack of catalytic activity of the filtrate clearly ruled out leaching
as the possible cause of the loss of catalytic activity. It is, therefore, reasonable to assign other factors
such as catalyst abrasion and change in morphology to be responsible for the observed drop in
catalytic activities [52]. In an attempt to resolve the true nature of the active species (heterogeneous vs.
homogeneous), a mercury drop test was conducted using complex 2 (Figure 5). Upon addition of a few
drops of mercury at the beginning of the reaction, we observed a significant decline in the percentage
conversion from 78% to 47%, consistent with the heterogeneous nature of the active species [54].



Catalysts 2019, 9, 143 10 of 16Catalysts 2018, 8, x FOR PEER REVIEW  10 of 16 

 

 
Figure 5. A graph showing the comparison between the control reaction, hot filtration and mercury 
poisoning experiments. 

Lastly, we analysed the spent catalyst from complex 2 using TEM and SEM-EDX to determine any 
changes in morphology and the palladium metal content. Figure 6 shows a comparison of the SEM and 
TEM images of the fresh and spent catalysts of complex 2. The TEM images of the fresh and used 
catalysts confirmed slight changes in morphology. For example, the images of complex 2 and the 
corresponding used catalyst showed that the ordered mesoporous structure was partially destroyed 
after four runs (Figure 6). In addition, the EDX data showed a reduction of the palladium content in all 
the complexes (Table S3), pointing to a possible abrasion of the catalyst in subsequent cycles [55]. Thus, 
it is conceivable to conclude that the slight drops in catalytic activities observed in the recycling 
experiments is due to changes in the physical properties of the active species. It is noteworthy to 
mention that the product regioselectivity did not change appreciably in the subsequent runs, indicating 
that the identity of the active species remained largely invariant.  

TEM (Fresh atalyst) TEM (Used catalyst) 

0

10

20

30

40

50

60

70

80

90

normal reaction Hot filtration (12 h) Hot filtration (24 h) Hg poisoning test

%
 C

on
ve

rs
io

n 
an

d 
ac

tiv
ity

Reaction type

% conversion Linear (%) Branched

Figure 5. A graph showing the comparison between the control reaction, hot filtration and mercury
poisoning experiments.

Lastly, we analysed the spent catalyst from complex 2 using TEM and SEM-EDX to determine
any changes in morphology and the palladium metal content. Figure 6 shows a comparison of the
SEM and TEM images of the fresh and spent catalysts of complex 2. The TEM images of the fresh
and used catalysts confirmed slight changes in morphology. For example, the images of complex 2
and the corresponding used catalyst showed that the ordered mesoporous structure was partially
destroyed after four runs (Figure 6). In addition, the EDX data showed a reduction of the palladium
content in all the complexes (Table S3), pointing to a possible abrasion of the catalyst in subsequent
cycles [55]. Thus, it is conceivable to conclude that the slight drops in catalytic activities observed
in the recycling experiments is due to changes in the physical properties of the active species. It is
noteworthy to mention that the product regioselectivity did not change appreciably in the subsequent
runs, indicating that the identity of the active species remained largely invariant.
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3. Experimental Section and Methods

3.1. General Instrumentation and Materials

All solvents were purchased from Merck, dried and distilled following standard protocols
before use. Toluene was dried over sodium wire and benzophenone, while methanol was
dried by heating over magnesium activated with iodine [56]. Dichloromethane was dried
over phosphorus pentoxide under nitrogen and stored in molecular sieves before use, and
chlorobenzene was dried over phosphorus pentoxide [56]. DMF was dried over calcium
hydride [57]. The reagents, palladium dichloride (59%), palladium(II) acetate (98%), 1-hexene,
hydrochloric acid, p-TsOH (≥98.5%), PPh3 (99%), diphenyl phosphine ethane, dppe, (98%), P(Cy)3

(98%), EADC (97%) and MCM-41, were purchased from Sigma-Aldrich and used as received
without further purification. Ligands 2-phenyl-2-((3-(triethoxysilyl)propyl)imino)ethanol (HL1)
and 4-methyl-2-(((3-(triethoxysilyl)propyl)imino)methyl)phenol (HL2) and the respective palladium
complexes Pd(L1)2 and Pd(L2)2 were synthesised according to our reported procedures [27].
The infrared spectra were recorded on a Perkin–Elmer Spectrum 100 in the 4000–400 cm−1 range. The
TEM images were taken using a transmission electron microscope (JEOL JEM, 1400 model, Peabody.,
MA, USA) operating at 200 kV accelerating voltage. All the samples were sonicated in ethanol
and placed on carbon-coated copper grids. The morphology and particles sizes of the immobilized
compounds were studied using scanning electron microscope of the ZEISS EVO LS15 (Thornwood,
NY, USA) model operating at an accelerating voltage of 20 kV while the elemental contents of the
immobilized complexes were analysed using an Oxford make EDX detector. The thermogravimetric
analysis was carried out on a thermogravimetric analyser (TGA 4000 model, Boston, MA, USA) using
5–12 mg samples placed on a ceramic pan and heated within the temperature range of 50–800 ◦C at
a 40 ◦C/min heating rate under nitrogen flow. GC and GC-MS analyses was performed on a Varian
CP-3800 and QP2010 respectively.

3.2. Synthesis of (Phenoxy)Imine Immobilized Ligands and Their Palladium(II) Complexes

3.2.1. Synthesis of HL1-MCM-41 (HL3)

To a suspension of MCM-41 (0.25 g) in toluene (50 mL), compound HL1 (0.50 g, 1.47 mmol) was
added and the mixture was sonicated for 25 min. The reaction mixture was then heated at 90 ◦C for a
further 14 h. After the reaction period, the crude product was filtered, and the resulting precipitate
was washed with ethanol and toluene to give a yellow precipitate, which was then dried in an oven for
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12 h at 110 ◦C to give HL3 as a yellow powder: Yield = 0.61 g (81%); IR νmax/cm−1 were ν(OH) = 2944,
ν(C=N) = 1614 and ν(Si–O–Si) = 1061.

3.2.2. Synthesis of HL2-MCM 41 (HL4)

Compound HL4 was synthesised following the procedure reported for HL3 by using MCM-41
(0.20 g) and HL2 (0.40 g, 1.18 mmol): Yield = 0.47 g (78%); IR νmax/cm−1 were ν(OH) = 3072,
ν(C=N) = 1611, ν(C=C) = 1547 and ν(Si–O–Si) = 1031.

3.2.3. Synthesis of (Pd(L1)2)-MCM-41 (1)

A solution of Pd(L1)2 (0.15 g, 0.19 mmol) in toluene (10 mL) was added to a solution of MCM-41
(1.35 g) in toluene (10 mL). The mixture was then refluxed for 24 h to give a yellow mixture. The crude
solid was filtered off and then washed with dichloromethane to remove any unreacted material.
The resulting yellow product was dried under vacuum to give a light-yellow powder: Yield = 1.34 g
(89%); IR νmax/cm−1 were ν(C=N) = 1648 and ν(Si–O–Si) = 1055.

3.2.4. Synthesis of (Pd(L2)2)-MCM-41 (2)

Complex 2 was synthesised by following the same procedure as complex 1 using complex Pd(L2)2

(0.15 g, 0.19 mmol) and MCM-41 (1.35 g): Yellow solid; yield = 1.32 g (88%); IR νmax/cm−1 was ν(C=N)
= 1625 and ν(Si–O–Si) = 1054.

3.2.5. Synthesis of Pd(HL3)(Cl2) (3)

To a solution of PdCl2(NCMe)2 (0.10 g, 0.39 mmol) in ethanol (20 mL), HL3 (0.10 g) was added
and refluxed for 12 h. The brown precipitate obtained was washed with ethanol followed by
dichloromethane and dried in an oven at 110 ◦C to give complex 3 as a reddish brown solid: Yield = 0.13
g (65%); IR νmax/cm−1 were ν(OH) =2998, ν(C=N) =1622, ν(C=C) =1536 and ν(Si–O–Si) = 1055.

3.2.6. Synthesis of Pd(HL4)(Cl2) (4)

Complex 4 was synthesised following the same procedure as 3 by using PdCl2(NCMe)2 (0.10 g,
0.39 mmol) and HL4 (0.10 g): Reddish brown solid; yield = 0.14 g (70%); IR νmax/cm−1 were
ν(OH) = 2996, ν(C=N) = 1652, ν(C=C) = 1547 and ν(Si–O–Si) = 1058.

3.3. General Procedure for the Methoxycarbonylation Reactions

The methoxycarbonylation catalytic reactions were carried out in a stainless-steel autoclave Parr
reactor equipped with a temperature/pressure control unit, an internal cooling system and a sampling
valve. In a typical experiment, complex 1 (0.5% mol Pd), p-TsOH (0.14 g), 1-hexene (2 mL, 16.00 mmol)
and PPh3 (0.04 g, 0.16 mmol) in a Schlenk tube were added toluene (50 mL) and methanol (50 mL).
The mixture was then introduced into the reactor, purged three times with CO and set at the required
temperature and pressure, and then, the reaction was stirred at 500 rpm. At the end of the reaction
time, the reactor was cooled to room temperature and the excess CO vented off. Samples were drawn
and filtered using micro-filter prior to the GC analysis to determine the percentage conversion of the
substrate to the products, assuming 100% mass balance. GC-MS was used to determine the identity
of the ester products, while the linear and branched esters were assigned using standard authentic
samples. The GC analyses was carried out under the following conditions of 25 m (1.2 mm film
thickness) CP-Sil 19 capillary column; injector temperature 250 ◦C; oven program 50 ◦C for 4 min,
rising to 200 ◦C at 20 ◦C/min and holding at 200 ◦C for 30 min; and nitrogen carrier column gas 5 psi.

3.4. General Procedure for Catalyst Recycling

The catalyst recycling experiments for all the four complexes were performed by centrifuging the
initial reaction mixture at 8500 rpm for 10 min at the end of the preceding reaction. The supernatant
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liquid was then carefully decanted to leave the solid catalyst which was then reintroduced into the
reactor, and the required amount of solvent added. This was followed by the addition of the 1-hexene
substrate, acid promoter and PPh3 stabilizer. The reaction was then run at the set conditions of 60 bar
of CO and 90 ◦C for 24 h. The analyses and quantification of the reaction mixture were carried out by
GC and GC-MS as outlined in Section 3.3.

4. Conclusions

In conclusion, we have successfully synthesized and characterized four palladium complexes of
(phenoxy)imine ligands immobilized on mesoporous MCM-41 silica. Structural characterization of
the complexes has been achieved using FT-IR, SEM-EDX, TEM, TGA and XRD techniques. All the
complexes formed active catalysts in the methoxycarbonylation of 1-hexene to give predominantly
linear esters. The catalytic activities of the complexes were controlled by the coordination environment
around the palladium. The immobilized complexes were recycled up to four times without appreciable
loss in the catalytic activity. Changes in the physical state and morphology of the active species
may account for a slight loss in the catalytic activity in the recycling experiments. Hot filtration
tests established the absence of any leaching, while mercury drop experiments pointed to a largely
heterogeneous nature of the active systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/2/143/s1,
Figure S1: The IR spectrum of ligand HL3 showing ν(C=N) at 1614 and ν(Si-O-Si) at 1061, Figure S2: The IR
spectrum of ligand HL4 showing ν(C=N) at 1611 and ν(Si-O-Si) at 1031, Figure S3: The IR spectrum of complex
1 showing ν(C=N) at 1648 and ν(Si-O-Si) at 1055, Figure S4: The IR spectrum of complex 2 showing ν(C=N) at
1625 and ν(Si-O-Si) at 10, Figure S5: The IR spectrum of complex 3 showing ν(C=N) at 1622 and ν(Si-O-Si) at 1055,
Figure S6: The IR spectrum of complex 4 showing ν(C=N) at 1652 and ν(Si-O-Si) at 1058, Figure S7: SEM images
displaying the morphologies of the immobilized ligands and complexes 1–4, Figure S8: TEM images displaying
the morphologies of the Immobilized ligands and their respective complexes , Figure S9: The Energy Dispersive
X-ray Spectroscopy (EDX) spectrum of ligand L4 and complex 4 showing the presence of a Pd signal in 4, Figure
S10: A TGA graphical plot showing the decomposition phases of complexes 1–4, Figure S11: The GC and GC-Ms
spectra of methoxycarbonylation products identified as branched (methyl 2-methylhexanoate) and linear (methyl
heptanoate) esters , Figure S12: A graphical plot showing the variations of TOF and the % conversion with the
reaction time for complex 2, Figure S13: A graphical plot showing the variations of TOF and the % conversion
with the catalyst concentration for complex 2, Figure S14: TEM images showing changes in the morphologies
of the immobilized catalyst after four cycles of catalysis experiments, Figure S15: XRD patterns for the native
MCM-41 (A) and complex 2 (B). Table S1: The EDX data for the fresh immobilized complexes showing elemental
compositions, Table S2: The residual masses of the complexes after heating to 800 ◦C, Table S3: The EDX data for
the recycled immobilized complexes showing elemental compositions.
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