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Chapter 5A

Abstract: A series of palladium complexes of tetradendate Schiff base ligands L1' (NN~ -

bis(salicylidene)phenylene-1,3-diamine) and its
derivatives L5' and L6' have been synthesized by using the
“flexible ligand method” within the supercage of zeolite-
Y. These complexes in both their free and encapsulated
states have been thoroughly characterized with the help
of different characterization tools such as XRD, SEM-
EDS, BET, thermal analysis, XPS IR, and UV-Vis
spectroscopic studies. All these encapsulated complexes
are identified with a dramatic red shift of the d-d
transition in their electronic spectra when compared with
their free states. Theoretical as well as experimental
studies together suggest a substantial modification of the
structural parameters of square planar Pd(I1)-Schiff base
complexes upon encapsulation within the supercage of
zeolite-Y. Encapsulated complexes are also subject to
show modified catalytic activities toward the Heck
reaction. These heterogeneous catalysts can easly be
separated from the reaction mixture and reused.
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Chapter 5A

5A.1 INTRODUCTION

Cross-coupling reactions in chemistry are of enormous importance for obvious reasons and to list down
the implications, it is mandatory to mention their applications in organic synthesis for the preparation of
natural products, biologically active compounds, conducting polymers, pesticides, pharmaceutical
intermediates, and liquid crystals.!> Very commonly, these reactions are catalyzed by palladium based
compounds. Quite a few numbers of homogeneous palladium complexes have been reported as efficient
catalysts for Heck coupling reaction, however, they certainly have some limitations and disadvantages
specifically when separation, purification of the products, thermal stability, recyclability of catalyst are
concerned and in many cases these catalyst suffer from loss of catalytic activity.> 7 In recent times, many
researchers are pursuing with several techniques such as support of ionic liquids,® immobilized on silica,”
grafted on polymers,'® anchored on activated carbon'' or carbon nanotubes'? and supported on zeolites'
and MCM-41'* etc, specially to recover the catalyst successfully. Several such host-guest chemistry
based studies focus on transition metal (M) complexes (M=Co, Ni, Cu and Pd) within the microporous
and mesoporous materials.162° Zeolite encapsul ated palladium phenanthroline complex exhibited efficient
catalytic activity for the aminocarbonylation reaction? and zeolite encaged Pd clusters are found to be
proficient catalyst for the hydrogen generation.??

Palladium (II) Schiff-base complexes have been widely studied because of their diverse applications in
catalysis.?>?® Schiff-base ligands with a largely conjugated architecture of & systems play an important
roleininorganic chemistry dueto their synthetic flexibility, strong binding ability and excellent chelating
nature.?®3! Palladium salen and salophen complexes prevails as active catalysts for the Heck olefination
of aryl iodides and Suzuki reactions under aerobic conditions.>? An approach for the simultaneous
immobilization of a new NHC-Pd/IL matrix on silica has been established. This system was successfully
employed as catalyst for the Heck coupling reaction using a broad range of iodo- and bromo- arenes. The
system exhibits high thermal stability and can be recycled up to four reaction cycles.*’

Air and moisture-stable palladium (II) complex of Schiff-base salen-OH ligand has been synthesized and
employed as a catalyst for Mizoroki—-Heck and decarboxylative coupling reactions. It exhibits high
catalytic activities towards both the reactions. Besides, it requires a low loading of catalyst i.e. 2.0 mol%
isused for Heck coupling and 0.5 mol% catalyst is used for decarboxylative coupling reactions than the
previoudy examined catalysts.>* Even lower Pd loading of 0.0188 mol% of palladium complex entrapped
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in zeolite-Y is used for the Suzuki—Miyaura cross-coupling reactions quite successfully.*” In another study,
palladium complex loaded in zeolites show high catalytic activity for the Heck coupling reaction where
low amount of palladium (0.1 mol %) is sufficient to perform Heck reaction .6 In the current study, even
lesser amount of palladium catalyst i.e. 0.70 mmol% is of interest and is explored as catalyst the Heck
coupling reaction.

Very recently, Fe304@SiO2 core—shell superparamagnetic nanoparticles functionalized palladium
salophen complex are synthesized and used as proficient magnetic nanocatalyst for the Heck and
Sonogashira cross coupling reactions. The loading content and leaching amounts of palladium metal are
analyzed by inductively coupled plasma (ICP) analysis. This heterogeneous catalyst showed a good
catalytic activity for the coupling of aryl halides with alkynes (Sonogashira reaction) as well as aryl halides
with alkene (Heck reaction). The catalyst can be simply separated from the reaction mixture by an external
magnet and reused for eight consecutive runs without any significant loss of activity.?’

Out of varieties of host materials, zeolite-Y is well known microporous crystalline aluminosilicate material
with a pore diameter of 7.4 A and supercage dimension of 12.47 A. It provides high surface area and
excellent chemical stability with quite a low toxicity. Encapsulation of metal complex is a convenient
approach to couple the reactivity of the complex with the stability, specific electronic environment
provided by host materials and ease of separation. It is a unique way for the site isolation of the desired
catalyst.

Recently, the synthesis of a series of palladium salen complexes inside zeolite-Y has been reported. These
encapsulated palladium complexes have been perceived to be efficient catalysts for sulfoxidation of
methyl phenyl sulfide compared to their neat analogues and towards the betterment of catalysis, the role

of the distorted structure of the encapsulated complexes have been established.'®

The current work deals with the synthesis of encapsulated palladium Schiff base complexes inside the
supercage of zeolite Y via the ’flexible ligand method’. This method is already well-established and as
discussed before, is found appropriate for the encapsulation of palladium salophen complexes as the
salophen ligand having desired flexibility can be introduced into the supercage of zeolite through the
channel. Here the un-substituted ligand is N, N -bis(salicylidene)phenylene-1,3-diamine (shown in Figure
5A.1) Once, the complex formed, this ligand also loses the flexibility and hence becomes immobilized

inside the supercage unless the zeolite framework being destroyed. Encapsulation of these complexes
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inside the host makes it altogether a heterogeneous catalyst. This is a convenient and efficient route to
combine the reactivity of palladium complex of this particular ligand with the robustness and

stereochemistry of the zeolite framework.

The palladium complexes of interest with the L1’ L5' and L6’ ligands follow the order of molecular
dimension as PAL1'<PdL5'<PdL6', where L1 ; N, N -bis(salicylidene)phenylene-1,3-diamine, L5'"; N, N -
bis(5-methoxysalicylidene)phenylene-1,3-diamine and L6’; N, N -bis(5-nitrosalicylidene)phenylene-1,3-
diamine (given in Figure 5A.1). Here, the chosen substituent groups are known of displaying strong
electronic effects. The metal in three different complexes with different substituent essentially experience
electronic effect differently, as well as are subjected to the different steric constraint imposed by the
topology of the zeolite cavity. The host framework induces the structural modification to the guest
complex and alters the electronic, magnetic and redox properties of guest metal complex. Therefore, the
topology of the host framework has substantial control over the functionality and selectivity of the guest
molecule. These hybrid systems are employed as a catalyst for the cross-coupling Heck reaction of
bromobenzene with styrene in presence of sodium carbonate as a base to investigate the steric interaction

and electronic effect of the substituent’s group attached to the complex.
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Figure 5A.1: Schematic representation of palladium Schiff-base complexes.

5A.2 RESULTSAND DISCUSSION

Synthesis of ligands and nickel Schiff-base complexes in free or encapsulated states have already

discussed in chapter 2 under experimental section (2.2.1-2.2.5).
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5A.2.1 Elemental Analysis

The chemica composition of palladium (I1)-exchanged zeolite Y and encapsulated palladium complexes
(PdL1'-Y, PdL5'-Y, and PdL6'-Y) are analyzed by EDX technique. The Si/Al ratio for unit cell
Nas2(AlO2)s52(SiO2)140.y H20 of pure zeolite Y is 2.7. The Si/Al ratio has not been significantly affected
during palladium (I1)-exchanged reaction as well as during the process of encapsulation as the
dealumination during encapsulation are minimal. Results obtained from EDX analysis are given in form
of weight % in Table 5A.1. The concentration of paladium metal in the encapsulated complexes as
compared to palladium (I1)-exchanged zeolite Y is found to be lower. The decrease in palladium content
can probably be attributed to the formation of the palladium complex inside the cavity of host as leaching

of some of the palladium ion during the encapsulation process is commonly observed phenomenon.

Table 5A.1: Concentration of palladium (wt %) content in the different Samples.

S.No. Samples Palladium (wt%) Si/ Al ratio
1 Zeolite-Y - 2.90
2 Pd-Y 0.65 2.79
3 PdL1"-Y 0.38 2.86
4 PdL5"-Y 041 2.84
5 PdL6"-Y 0.40 2.80

5A.2.2 X-Ray Diffraction and Scanning Electron Microscopy Analysis

The powder X-ray diffraction patterns have been recorded for pure zeolite Y, palladium (IT)-exchanged
zeolite Y, and zeolite encapsulated complexes (presented in Figure 5A.2) with 26 varying from 8 to 50 to
study the crystallinity, the integrity of the host framework and to ensure encapsulation inside the supercage
of zeolite Y. The appearance of very similar XRD patterns for pure zeolite-Y, Pd(Il)-Y and zeolite
encapsulated palladium Schiff-base complexes positively indicates that the framework of host has not
undergone any structural modification after encapsulation of the metal complexes inside the cavity and
crystalline nature of host is also not affected.’® However, there is an interesting observation with the

relative intensities of peaks appearing at 26 values 10° and 12° corresponding to the planes 220 and 311
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respectively. For pure and Pd(II)-Y zeolite samples, XRD peak at 10° is more intense than peak at 12°
whereas, for encapsulated metal Schiff base complexes, the relation between intensities is just reverse i.e.
D>20<I311. This finding matches with the previously discussed systems in Chapter, 3,is exactly in-line with
quite a well-established semi-empirical intensity reversal of the XRD peaks of pure zeolite at 26 =10° and
12° with large molecule entrapped.®® This change in the relative intensities may be related with the
rearrangement of randomly coordinated free cations in zeolite Y.****' No new peak is detected for Pd(II)-
Y as well as for zeolite with encapsulated palladium complexes confirming a low loading level of metal

in host framework.
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Figure 5A.2: XRD pattern of (a) Pure zeolite-Y, (b) Pd-exchanged zeolite -Y, (c) PdAL1’-Y, (d) PdL5'-Y
and (e) PdL6'-Y.

From scanning electron microscopy analysis, it has been observed that some impurities are present at the

surface of the host in form of complex and unreacted ligand but these impurities have been completely

washed from the surface of zeolite Y by extensive Soxhlet extraction. SEM images are given in Figure
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5A.3. After Soxhlet extraction, clear boundaries of the host framework are manifest in SEM micrograph.
This observation further, suggests that the crystalline nature of the host is conserved during the

encapsulation process.

Figure5A.3: SEM images (A) PdL5'-Y (before Soxhlet extraction) and (B) PdL5'-Y (after Soxhlet
extraction).

5A.2.3 BET surfacearea analysis

The BET surface area analysis has been carried out to determine the surface area and pore volume for the
purezeoliteY and zeolite with encapsul ated compl exes. The comparative adsorption-desorption isotherms
for al encapsulated complexes and zeolite-Y are shown in Figure 5A.4 and the surface area and pore
volume data are given in Table 5A.2. The pattern of adsorption-desorption isotherms for al the samples
are found to be nearly identical (Figure 5A.4), suggesting that the host framework remains unaffected
during the whole process of encapsulation. However, there exists a considerable difference in the surface
areaand porevolume of zeolite Y and al hybrid systems. In all the encapsulated systems, the BET surface
area and pore volume are found to be significantly lower in comparison to those for pure zeolite-Y, which
directly indicates the presence of metal complex inside the supercage of zeoliteY rather than adsorbed on
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the external surface.*> 43All the catalysts have shown type | adsorption-desorption isotherms, which is a
characteristic of the microporous materia.* The lowering of BET surface areas and pore volumes for the
hybrid systems are largely depend upon the loading level of metal in zeolites along with the molecular
dimension and geometry of the complex encapsulated inside the zeolite supercage.
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Figure5A.4: BET isothermsfor pure zeolite-Y and zeolite encapsulated complexes: (a) pure zeolite Y,
(b) PAL1'-Y, PdL5’-Y and PdL6'-Y .

Table 5A.2: BET surface area and pore volume of pure zeolite Y and encapsulated complexes PdL1'-Y,
PdL5'-Y and PAL6'-Y.

S.No. Sample BET surfacearea Por e volume (cm?/g)
(m?qg)
1 Pure zeolite Y 535 0.3456
2 PdL1'-Y 355 0.2025
3 PdL5"-Y 342 0.1961
4 PdL6'-Y 340 0.1920
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5A.2.4 Thermal analysis

Differential thermal analysis and thermo-gravimetric analysis have been used to characterize for all neat
and encapsulated paladium complexes. The TG/DTA curves for pure zeolite Y, free-state and
encapsulated PdL6' complexes are presented in Figure 5A.5 and thermal analysis spectra for neat
complexes PdL1', PdL5' and corresponding encapsulated complexes are represented in Figure 5A.6. Pure
zeolite shows only weight loss due to loss of adsorbed water in the temperature range of 70-250 °C. All
the three neat complexes exhibit sharp weight lossin a single step. There is a sharp decomposition with
highest weight % change at 272 °C for PdL6' neat complex and this decomposition corresponds to the
loss of organic moiety of the complex. However, for the corresponding zeolite encapsulated palladium
complexesweight loss occursin two steps. Thefirst step in the temperature range of 30-150 °C iscertainly
due to the desorption of physically adsorbed water molecules from host framework,* which appears as
endothermic pesk in DTA curve.*® The second step in the wide temperature range of 300-800°C is
associated with the decomposition of organic part of catalyst as an exothermic phenomenon.®® The
TGI/DTA curves show a sharp weight loss occurring for al neat complexes in the exothermic mode® but
all encapsulated complexes are characterized with plateau type plot, indicating slow and continuous
weight loss and process of decomposition extends towards higher temperature. It is quite apparent that
upon encapsulation, thermal stability of the complexes is enhanced significantly.*’
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Figure5A.5: Thermogravimetric analysis (TGA) and Differential thermal anaysis (DTA) results for
(A) pure zeolite-Y, (B) PdL6' and (C) PdL6'-Y.
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Figure5A.6: TGA and DTA curvesfor (A) PdL1', (B) PdL5’, (C) PdL1'-Y and (D) PdL5'-Y.

5A.2.5 IR Spectroscopic study

The FTIR spectral data of pure zeolite-Y, palladium Schiff-base complexes and zeolite encapsulated
palladium complexes are shown in Figure 5A.7 and Table 5A.3. The strong IR peak at 1018 cm™ of pure
zeolite Y corresponds to the asymmetric stretching vibrations of (Si/Al)Oa4units of host framework. Few
important peaks observed at 560, 717 and 786 cm?, are the signature of T-O bending mode, double ring
and symmetric stretching vibrations respectively.*® In addition, the prominent IR bands appeared at 1643
and 3500 cmare assigned to lattice water molecules and surface hydroxylic group, respectively.*® All
these characteristics IR bands of zeolite Y remain unaltered after palladium exchange and even after
encapsulation reaction, concluding that the host framework maintains its integrity during the whole
process of encapsulation of palladium Schiff base complexes. The IR spectral range of 1200 t01600 cnm
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Tappears to be a suitable range for the study of zeolite encapsulated metal complex as in this range,
prominent IR bands of the zeolite are absent. Therefore, IR peaks observed are only because of the

complexes though theintensity of these IR peaks is very weak definitely indicating low loading level of palladium
ind de the zeolite cage.
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Figure5A.7: FTIR spectraof (A) (a) pure zeolite-Y, (b) PdL1' and (c) PdL1'-Y, (B) (&) zeolite-Y, (b)
PdL1"-Y, (c) PdL5"-Y and (d) PdL6'-Y and (C) Enlarged view of FTIR spectrain the range of 500 cm™!
to 2000 cm! for () pure zeolite-Y, (b) PdL1-Y, (c) PdL5'-Y and (d) PdL6'-Y.
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FT-IR peaks of ligand observed as two strong bands at1612-1620 cm™ and 1273-1296 cm are attributed
to the C=N and C-O stretching vibrations and these bands are slightly shifted towards lower frequency
upon complexation, indicating nitrogen and oxygen coordination inside the cavity of zeoliteY. IR spectra
of free state palladium complexes show important peaks at 1528, 1439 cm™ (C=C Stretch.), 1605 cnm
Y(C=N dtretch.), 1278 cm™(C-O stretch.) and 1358 (vc-n deformation ).%° Similar IR bands with little shift
are also observed in all encapsulated complexes providing indirect evidence for the presence of palladium
Schiff base complexes inside the supercage of host. Shifts in some characteristics peaks upon
encapsul ation are attributed to the effect of host matrix on the metal complex. The shift in vc.n deformation
frequencies obtained in all encapsulated complexes, also provides clear evidence for the encapsulation of

metal complex inside the cavity of host.

Table 5A.3: FTIR data of neat and encapsul ated complexes.

S. No Samples C=N C=C dtretching C-H C-O dretching
stretching deformation
1 PdL1’ 1605 1528,1439 1358 1278
2 PdL1"-Y 1636 1535,1462 1369 1257
3 PdL5’ 1589 1528,1466 1366 1257
4 PdL5"-Y 1643 1497,1443 1378 1265
5 PdL6’ 1605 1551,1481 1380 1256
6 PdL6'-Y 1628 1520,1481 1383 1234

5A.2.6 X-ray Photod ectron Spectroscopy (XPS)

XPS studies al so are found explanatory about the existence of the palladium complex inside the supercage
of zeolite Y. XPS data confirms the relative concentration of element and their oxidation states in the neat
and encapsulated complexes. It is noticed that the X PS signal for palladium metal in the complex is very
weak when it is encapsulated; definitely indicates a very low concentration of palladium in host
framework. Observations are just in accordance with those obtained from EDX, IR and UV-Vis
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spectroscopic studies. The XPS measurements are carried out for PdL1' (neat state), PAL1'-Y and PdL5'-
Y (encapsulated states). The binding energies(eV) for Pd(3d), C(1s), N(1s), O(1s), Si(2p), Al(2p) and
Na(ls) and XPS spectraof PdL1’, PdL1'-Y and PdL5'-Y are presented in Table 5A.4 and Figure 5A.8-
5A.10). The binding energies of Pd3ds> and Pd3ds/2, confirm the palladium metal present in +2 oxidation
state in all complexes. For PdL1' complex, these signals appear at 343.6 (Pd 3ds2) and 338.2 eV (Pd
3ds2),>! whereas for the encapsulated complexes, these signals are at approximately same binding
energies, for the PdL1'-Y, signals have appeared at 342.4, 337.2 €V and for PdL5'-Y complex, signalsare
observed at 342.5, 336.3 eV with one new XPS signa at higher binding energy of 347.9 eV. The
appearance of the new peak after encapsulation isamereindication of removal of electron density around
the palladium center because of obliteration of the delocalization environment driven by the adaptation of
square planar geometry of the encapsulated complexes.>> For PdL 1’ complex, C (1) X PS signal's appear
at 286.4 and 284.5 eV corresponding to sp® and sp? carbon atoms respectively whereas two different type
of N (1s) signals appeared, confirm the presence of M-N and C=N species. O (1s) XPSsignal are observed
at binding energy value of 534.0 eV.> Encapsulated complexes (PdL1'-Y and PdL5'-Y) secure these X PS
peaks almost at the identical positions. In both encapsulated complexes, the binding energy signals for
Pd(3d), C(1s), N(1s), O(1s), Si(2p), Al(2p) and Na(1s) are observed. PdL1'-Y system has shown zeolitic
S 2p, Al 2p and Na 1s signals at 103.2 eV, 75.5 eV and 1073.3 eV respectively, whereas in PdL5'-Y,
zeolitic signals appear at binding energies at 103.5 eV (Si 2p), 74.8 eV (Al 2p) and 1072.6 eV (Na 19).
The binding energy data of Pd 3d peak for all encapsulated complexes ensure the successful encapsul ation
of palladium Schiff base complex inside the zeolite Y.
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Figure5A.8: (A) XPS survey spectrafor (a) PdL1' and encapsul ated complexes (b) PdL1'-Y and (c)
PdL5'-Y. High-resolution XPS signals of Pd (3d) for (B) PdL1’, (C) PdL1'-Y and (D) PdL5'-Y complex.
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Figure 5A.10: High resolution XPS spectraof O (1s) for PdL1', PdL1'-Y and PdL5'-Y, Al (2p), Si(2p)
and Na(1s) for PdL5'-Y.
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Table 5A.4: Binding energy (eV) of neat and encapsul ated complexes.

S.No Samples Si(2p) Al(2p) Na(ls) C (19 N(1s) O (19 Pd(3d52) Pd(3d3/2)

1 PdL1' - - - 286.41, 400.79, 534.08 338.24 343.65
28457 398.59

2. PdL1-Y 103.27 7040, 1073.31 287.70, 399.63, 533.10 337.22 342.40
75.50 285.08 398.49

3. PdL5-Y 103.53 74.87, 1072.68 286.37, 400.84, 532.92 336.30 342.59
76.30 285.01 399.28 347.96

5A.2.7 UV-Vig/Diffuse Reflectance Spectroscopy (UV-Vid DRYS)

The UV-Vis spectra of theligands and free-state palladium Schiff base complexesrecorded in CHClzhave
shown few interesting features (presented in Figure 5A.11; spectral data given in Table 5A.5). Intense
band observed in the UV-Vis spectra of Schiff base ligand in the range of 232-278 nm in is assigned as
n—n* transition and n—n* transition is observed in the range of 302nm- 375nm. Lowest energy band
appearing at 401 -468 nm isidentified as atransition involving metal i.e. charge transfer transition or d-d
transition. The appearance of lowest energy bands therefore, supports strongly the formation of the
complex.
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Figure 5A.11: Solution UV-Vis spectraof (A) (a) L1' and (b) PdL1’, (B) (8) L5 and (b) PAL5' and (C)
(&) L6 and (b) PdL6'.

Table 5A.5: Solution UV-Visible data of ligand and neat complexes.

S. No Samples a—mn” transitions n—m’ CT transitions / d-d
transitions transitions
1 L1’ 237,273 302,347 -
2 PdL1’ 245 294,340 429
3 L5’ 245, 278 306, 375 -
4 PdLS5’ 240 302, 370 468
5 L6 232, 268 305,340 -
6 PdL6’ 241 300,350 401
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The solid-state UV-Vis spectrum of PdL1' exhibits bands at 200, 246, 308 and 360 nm. The first two
bands are assigned as m—m* transition and the next two bands are originated from n—z* transition. The
peak at 439 nm is assigned as d-d transition and is blue-shifted to a large extent so that eventualy is
merged with charge transfer. This observation isjust in line with fact that being a 4d transition metal Pd

always undergoes large d orbital splitting.®

On complexation, metal complexes show these transitions slightly shifted; m—n* transition observed at 240
nm-245 nm, n—x* transition observed at 294 nm-370 nm. The presence of similar electronic transitionsin
the encapsul ated states as its neat anal ogs confirms the complex formation inside the supercage of zeolite
Y quite evidently. However, upon encapsul ation inside the zeolite matrix, the d-d transitions are found to
be red-shifted clearly indicating a different electronic environment experienced by the square planar
complex especially around the metal. PdL1’ complex, ssimply upon encapsulation shows the shift of d-d
transition from 439 nm to 468 nm. Similar type of observations are found for all three encapsulated
palladium complexes (shown in Figure 5A.12 and Table 5A.6) so the structural modification of all the
encapsulated complexes must be very alike. The red shift in d-d transition is practically unexpected and
hence noteworthy as it demands an enhanced w-del ocalization around the metal center after encapsulation.
Encapsulation by some means induces planarity around the central metal atom, thereby, supplements x-

delocalization.
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Figure5A.12: Solid-state UV-Vis spectraof (A) (&) PdL1 and (b) PdL1'-Y, (B) (a) PdAL5’ and (b)
PdL5-Y and (C) (c) PdL6 and (b) PAL6'-Y .

Table 5A.6: Solid-state UV-Visible data of neat and encapsulated palladium complexes.

S. No samples n—7 transitions n—n CT transitions / d-d
transitions transitions
1 PdL1’ 246 308,360 439
2 PdL1'-Y 259 328,362 468,598
3 PdLS' 250 301,386 471
4 PdL5"-Y 252 292,387 480,605
5 PdL 6’ 246 309,375 402
6 PdL6'-Y 256 318,371 476,618

130



Chapter 5A

5A.2.8 Theoretical M ethods

The electronic structure calculations based on Density Functional Theory (DFT) was used to study and
analyze the structural and optical properties of the Pd complexes in neat and zeolite encapsul ated states.
All results presented here are obtained using GAUSSIAN 09 suite of ab initio quantum chemistry
programs.>’ The details of the theoretica methods have already discussed in chapter 2 under section
2.3.11.

5A.2.8.1 Structure of neat Pd-complexes

Thus the structural studies show, in thefree ground state, PdL1', PdL5' and PdL6’ complexes are partially
planar with central aromatic ring aligned perpendicular and are diamagnetic and singlet, however, the
complexes are deformed and bowl-shaped when encapsulated inside the zeolite pore and the distortion
helps to stabilize the triplet state. For singlet PdL1', PdL5' and PdL¢’, the distances di1 and d2 (shown in
Figure 5A.13) areidentical and equal to 2.90-2.91 A and the distance ds is shorter in all the cases (~2.77-
2.79 A). Apart from these distances, we also look into the end-to-end, distances of all the complexes as
well, whichisawell-defined parameter for the neat singlet complexes. The end-to-end distancesfor PdL 1/,
PdL5’ and PdL6' are 13.18, 13.74 and 13.83 A respectively (shown in Table 5A.7). It isimportant to note
the decrease in end-to-end distance w.r.t the free ligands L1', L5’ and L6’, which is due to the coiling of
the ligand around the metal center. We aso look into the <O-Pd-N bond-angle around the Pd atom, which
provides some idea about the overal planarity around the metal center and for the singlet, neat molecules;
the <O-Pd-N bond angle is ~86 deg. which indicatesit’s near planarity. In case of the neat molecules, the
Pd-O, Pd-N, O-C and N=C bond-distances are 2.01, 2.19, 1.29 and 1.30 A respectively.

5A.2.8.2 Structure of Pd-complexesin neat and encapsulated states

We theoretically first studied the free ligands, L1', L5’ and L6' and observe that the three aromatic rings
in the molecule are not co-planar, but the middle ring of m-phenylenediamineis placed at an angle of 40-
50 deg, from the two side rings, depending on the substituents (shown in Figure 5A.13a) and the molecule
isflexibleand stretched. In presence of Pd?* ion, the ligands readily form metal complexes, and encompass
the metal atom in a half-circular fashion, where the two side rings of the ligand and the metal atom is co-
planar, but the middle aromatic ring of the ligand now bents amost perpendicular to the two terminal
aromatic rings (see Figure 5A.13b). Theneat PdL1’, PdL5', and PAL6’ exist as singlet states, without any
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unpaired electrons, however, there exist higher energy triplet states with two unpaired electrons for all
complexes studied. Structural optimizations are carried out for PdL1', PdL5' and PdL6' complexesin the
neat singlet states and then in zeolite encapsulated tripl et states and the optimized structures are presented
in Figure 5A.13c with the important structural parameterstabulated in Table 5A.7. In the Pd-complex, the
centra ring itself is no longer completely planar, unlike aromatic rings, but it appears to be somewhat
boat-shaped and unique structure-property relationship is observed for this class of complexes. To
understand the positioning of this ring with respect to the Pd atom we have defined three distance
parameters d1, d2 and dz marked in the Figure 5A.13b,c. The encapsulated Pd complexes studied are all
triplet, and they are bent longitudinally, thus the end-to-end distances decrease by ~0.4 A (See Table
5A.7). The distortion of the encapsulated complexes as a whole, however, affects the positioning of the
central out-of-plane ring behind the Pd atom, the d1, d- distances now differ, and are ~2.80 and ~3.02 A
respectively (Table 5A.7). The shorter distance dsis now found to be longer and 2.93 A. Thus, the whole
molecule now resembles a 'bowl’ unlike the neat molecules, which indeed were largely planar. Moreover,
the central phenylene-1,3-diamine ring is no longer symmetrically placed behind the metal center, and
thus Pd-N and N=C distances are different now. The Pd-N distances are 2.07 and 2.13 A and N=C
distances are 1.29 and 1.33 A respectively (Table 5A.7). On the contrary, the Pd-O and O-C distances for
the singlet and the triplet states are very similar.

Thus the structural studies show, in thefree ground state, PdL1', PdL5' and PdL6’ complexes are partially
planar with central aromatic ring aligned almost perpendicular and are diamagnetic and singlet, however,
the complexes are deformed and bowl-shaped when encapsul ated inside the zeolite pore and the distortion
helps to stabilize the triplet state. This, in turn, alters the relative ordering of the molecular orbitals and
consequently, optical and catalytic properties of the complexes are modified.
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Figure 5A.13: (a) Ligand N, N’-bis(5-methoxysalicylidene)phenylene-1,3-diamine, frontal and side
views are shown. Above figure shows the -OMe group marked by red circle for L5', which is replaced by
-NO2for L6' and H for L1'. (b) The neat, singlet state of PAL5' complex, frontal and side views are shown.
(c) The encapsulated and extracted, triplet state of PdL5' complex, frontal and side views are shown. In
the right-hand side two side views are shown to understand the position of the central ring with respect to
the plane of the molecule. The distances di, d2 and dz are marked on the Pd-complex and are explained in

the text. (d) PdL5' complex encapsulated within zeolite pore, two different views are shown.
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Table 5A.7: Important structural parameters from DFT for neat and encapsulated Pd-complexes.

S.No Bonddistances PdL1', PdL1'-Y, PdL5’, PdL5"-Y, PdL6', PdL6'-Y,
[ angles neat Encapsulated, neat Encapsulated, neat Encapsulated,
singlet  extracted singlet  extracted singlet  extracted
triplet triplet triplet
1 Pd-O (A) 2.01 2.01 2.00 2.00 2.01 2.00
2 Pd-N (A) 2.19 2.06,2.13 2.19 2.07,2.13 2.19 207,214
3 O-C (A) 1.29 1.29 1.30 1.30 1.28 1.28
4 N-C(conj) (A) 1.30 1.29,1.33 1.30 1.30,1.33 1.29 1.28,1.32
5 <O-Pd-N 85.9 88.9 86.1 88.0 85.9 88.4
6 End to end 13.18 12.72 13.74  13.33 13.83 13.53
distance (A)
7 di (A) 291 2.80 291 2.80 291 2.80
8 d> (A) 277 2.93 2.78 2.92 2.79 2.95
9 ds(A) 291 3.02 291 3.01 291 3.02

5A.2.8.3 TD-DFT spectra of theligands (L 1’, L5, L6’)

Firstly, we have calculated the TD-DFT spectra of the ligands L1', L5’ and Lé6’, studied the important
optical transitions, and compared with PdL1’, PAL5' and PdL6' (Figure 5A.14). Frontier molecular orbitals
of L1’ (shownin Figure 5A.15) show that the HOM O isfully conjugated and spread over the length of the
molecule, but LUMO isonly partially spread over the central ring. The HOMO-LUMO gap is calculated
to be 3.96 eV (HOMO:-6.21 eV, LUMO: -2.25 eV). For ligand L1', we observe there are three important
peaks, at 349, 308 and 272 nm in the calculated TD-DFT spectra. A close look at the frontier molecular
orbitals of the ligands would revea that it is mainly the overlap of the out of plane p orbitals of the C
atoms forming the conjugated pi framework are more important, which only partly includes the centra
ring positioned out of plane. Thus all these transitions are from HOMO, HOMO-1, HOMO-2 to LUMO
or LUMO+1 transitions and are shown in Figure 5A.14. Frontier molecular orbitals of L5’ are shownin

Figure 5A.15, and it is seen that HOMO and HOMO-1 are very closely placed in energy, and is only

134



Chapter 5A

partialy spread over the central ring, but the LUMO isfully conjugated and spread over the length of the
molecule. The HOMO-LUMO gap is calculated to be 3.53 eV (HOMO:-5.72 eV, LUMO: -2.19 eV). The
presence of -OMe group destabilizes the HOMO and reduces the HOMO-LUMO gap compared to L1’
(see Figure 5A.15). For L5’, the important transitions are around 399, 313-314 and 272 nm in the
calculated optical spectrum (Figure 5A.14). There are al'so prominent peaks around 394, 367 and 373 nm.
For L5'the HOMO to LUMO transition occurs around 395 nm, whereas the HOMO-1to LUMO transition
occurs around 399 nm. The transitions around 373 and 367 nm are HOMO to LUMO+1 and HOMO-1 to
LUMO trangitions, mixed with other transitions. The transition near 272 nm is due to a transition from
inner orbitalsto LUMO. Frontier molecular orbitals of L6’ are shown in Figure 5A.15, and it is seen that
HOMO and the LUMO are fully conjugated and spread over entire molecule. The HOMO-LUMO gap is
calculated to be 4.06 eV (HOMO:-7.02 eV, LUMO: -2.96 eV). The presence of -NO2 group stabilizesthe
both the HOMO and LUMO and the HOMO-LUMO gap isincreased compared to L1’ or L5'. For L6, the
important transitions with largest f values are around 341, 337, 301 and 289 nm in the calcul ated optical
spectrum (Figure 5A.14). There are also prominent peaks around 335, 325, 310 and 300 nm. For L6’ the
HOMO to LUMO transition occurs around 337 nm, whereas the HOMO-1 to LUMO transition occurs
around 341 nm. Thetransitions around 325 and 323 nm are HOM O to LUMO+2 and HOMO to LUMO+1
transitions, mixed with other transitions. The strong peak near 301 nm is due to atransition from inner
orbitals to LUMO combined with HOMO-1 to LUMO+2. The transition from HOMO-2 to LUMO+1 is
responsible for the peak around 289 nm.
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5A.2.8.4 TD-DFT spectra of the complexes (neat PdL1’, PAL Y, PdL6")

In the calculated TD-DFT spectrum of PdL1' (Figure 5A.14), aweak peak is observed at 569 nm followed
by arelatively stronger one at 521 nm. The first one corresponds to occupied HOMO to LUMO+1 which
is mixed with other metal to ligand transitions, and the second one corresponds to mostly HOMO to
LUMO, i.e Pd dx; to dyy transition, The next important transition occurs at 440 nm Pd d2 (HOMO-2) to
metal dxy orbital (LUMO). Again strong peak is seen around 429 nm which corresponds to HOMO-1 to
LUMO+1 transition with a contribution from HOMO to LUMO, i.e Pd dy; to dxy. Peaks near 394-382 nm
aretrangitions from ligand to metal dxy, dong with HOMO to LUMO transitions.

In the calculated TD-DFT spectrum for PAL5' two weak peaks are observed at 545 nm and 482 nm
followed by a relatively stronger one at 472 nm (Figure 5A.14). The first one corresponds to occupied
HOMO to LUMO+1 whichismixed with other metal to ligand transitions, and the second one corresponds
to mostly HOMO-1 to LUMO+1, i.e transition within Pd dy, bonding and antibonding with contributions
from other MOs The peak a 472 nm is HOMO (Pd dyx;) to LUMO+2 (Pd dxy). The next important
transition occurs at 397 nm Pd d2 (HOMO-2) to metal dxy orbital (LUMO). Again strong pesk is seen
around 388 nm, which corresponds to transitions from ligand orbitalsto LUMO.

In the calculated TD-DFT spectrum three consecutive peaks are observed at 495, 489 and 446 nm (Figure
5A.14). The first two correspond to HOMO to LUMO+1 which is mixed with HOMO-1 to LUMO
transitions with other transitionsin different proportions, and the third one corresponds to Pd d,? (HOMO-
4) to meta dyy orbital (LUMO).The peak at 395 nm is HOMO-1 (Pd dy,) to LUMO+1 (Pd dy;) and the
next important transition at 387 nm occurs due to transitionsfrom HOMO-1 to LUMO, mixed with others.
Another strong peak is seen around 383 nm, which corresponds to transitions from ligand orbitals to
LUMO. Figure 5A.16 showsthe TD-DFT spectraof the triplet Pd-complexes which are encapsulated and
then extracted for the TD-DFT studies. In the Figure 5A.16 we can compare the theoretical TD-DFT
spectraof PdL1-Y, PdL5'-Y and PdL6'-Y.
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Figure 5A.16: Comparison of optical spectra for PAL1'-Y, PdL5'-Y and PdL6'-Y in encapsulated and
extracted triplet state.

5A.2.8.5 Frontier molecular orbitals of the Pd-complexes.

To understand the optical properties and related transitions of the Pd-complexes it is imperative to look
into the nature of their frontier molecular orbitals. The present study observes that the HOMO for neat
PdL 1’ has amodest Pd dx, character hybridized with the pi bonding character of theligand, and the LUMO
has Pd dxy character hybridized with pi antibonding type orbitals from the central 'out-of-plane’ aromatic
ring of the ligand (Figure 5A.17). The HOMO and LUMO energies for PdL1' are -5.55 and -2.67 eV
respectively with aHOMO-LUMO energy gap of 2.89 eV. Though HOMO-1 aso has some contribution
from Pd dy; orbital, HOMO-2 comprises primarily of Pd d;? orbital. On the other hand, LUMO+1 orbital
has aminimal contribution from Pd dy; while LUMO+2 has alittle contribution from Pd dxy orbital. The
nature of the molecular orbitals of similar salen complex has been discussed before in literature.> %8 59A
look into the molecular orbitals of PAL5' (Figure 5A.17) reveals that the HOMO has strong contribution

141



Chapter 5A

from Pd dx; orbital hybridized with ligand p orbitals and the LUMO ismainly Pd dxy orbital similar to the
case of PdL1'. The HOMO-LUMO gap for PdL5' is 2.59 eV. HOMO-1 orbital ismainly ligand p with Pd
dy; orbital, and HOMO-2 is metal dz? orbital, with contributions from the centra ring of the ligand. It is
also observed that while LUMO+1 has contributions from Pd dy, orbital, LUMO+2 and LUMO+4 both
have some contributions of Pd dxy orbital The molecular orbitals of PdL6' issimilar to that of PdL1' and
PdL5' and the HOMO is mostly Pd dx; orbital hybridized with ligand p orbitals and the LUMO is mainly
Pd dyy orbital (Figure 5A.18) with the HOMO-LUMO gap being 3.0 eV. The HOMO-1 orbital is mainly
ligand p with Pd dy; orbital, whereas HOMO-2 is metal dz? orbital.

The calculated optical spectra for the neat PdL1', PdL5' and PdL6’ complexes are given and here we
consider only the encapsulated and extracted Pd complexesin triplet states. The molecular orbitalsin the
triplet states are shown in Figure 5A.19-5A.21 and comprised of alphaand beta sets, due to the presence
of unpaired electrons. In the triplet state, the structura distortion of the complexes means more
hybridization with the ligand pi orbitals, which makes identification of metal d orbitals difficult. In the
triplet state, the HOMO and HOMO-1 are closely placed in energies and located in two different halves
of the molecule and each has strong contributions from Pd dx; orbital. The occupied orbitals are dominated
by Pd dyz, dyz, and d? orbitals whereas the unoccupi ed states are dominated by Pd dxy orbitals. The LUMO
isstill mainly localized on Pd dxy orbital but strong hybridizations ensure that there are more unoccupied
orbitalswith Pd dxy character. There areinner occupied orbitals with Pd dy, and Pd d.? character hybridized
with ligand p character. A closer look into the TD-DFT spectra (Figure 5A.15 and Figure 5A.16) readily
reveals that there is an overall shift towards the higher wavelengths, but identification of the individual
transitions are increasingly difficult because the metal d orbitals are mixed up with ligand orbitals in a
complicated fashion. In case of neat PdL1’, the first prominent peak is around 521 nm (Figure 5A.14),
which shifts to 568 nm in the encapsulated PdL1'-Y case, and this is HOMO-1 to LUMO transition
comprising of Pd dx; to Pd dxy orbital. In the case of singlet PdL5’, we see the first important peak around
545 nm (Figure 5A.14), which shifts to 594 in encapsulated triplet case. In the case of PdL6’, important
transitions are in the range of 550-470 nm. One may note that in case of PdL6'-Y the prominent peaks are
is around 550 nm which were around 495 and 489 nm in case of PdL6' (Figure 5A.14), indicating a shift
towards longer wavelengths upon encapsulation Experimental and DFT simulated UV-Vis spectra of
PdL1', PdL1-Y, PdL5' and PdL5'-Y complex are given in Figure 5A.22 for better comparison.
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Figure 5A.19: Frontier molecular orbitals of PAL1’ in encapsulated, extracted and triplet state.

143



Chapter 5A

Triplet (alpha) PdL5™-Y

Lumo

Homo

Homo

A
r 5 9
Wt

L
o
»

Homo-2

Lumo+3

Triplet (beta)

Lumo

Lumo+2

Lumo+3

Lumo+5

Figure 5A.20: Frontier molecular orbitals of PAL5’ in encapsulated, extracted and triplet state.
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Figure 5A.21: Frontier molecular orbitals of PAL6’ in encapsulated, extracted and triplet state.
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Figure5A.22: Experimental and DFT simulated UV-Vis spectraof (A) PdL1’, (B) PdL1'-Y, (C) PdL5’
and (D) PdL5'-Y complex.

5A.2.9 Catalytic Study

All neat and encapsulated palladium Schiff base complexes have been explored as catalysts for Heck
coupling of bromobenzene with styrene. The results of the Heck reaction are given in Table 5A.8.
Cdlibration curve of bromobenzene is given in Figure 5A.23. Reaction conditions are optimized using
PdL1'-Y as a catayst by varying amount of catalyst and temperature. The effect of temperature on the
catalytic activity of PdL1'-Y has been studied up to 140 °C. The % conversion of coupling reaction is
increased with temperature, but thereisno conversion obtained below 70 °C. Asthe temperature increased
from 100°C to 140°C, the conversion increased from 21.3% to 90.8% (Figure 5A.24). The effect of the

amount of catalyst on the Heck reaction is studied and found excellent conversion with 0.70 mmol % of
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catalyst. Catalytic data are presented in Figure 5A.25. All catalytic reactions are monitored by gas
chromatography and % conversion cal culated by using a calibration curve of bromobenzene and n-heptane
asan interna standard.
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Figure 5A.23: Cdlibration curve of bromobenzene.
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Figure 5A.24: % Conversion of bromobenzene for PAL1'-Y complex with respect to temperature.
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Figure 5A.25: % Conversion of bromobenzene for PAL1'-Y complex with respect to mmol of catalyst.
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By using optimized reaction conditions, all neat and encapsul ated complexes containing el ectron-donating
and electron-withdrawing substituent have been employed as catalysts. The neat palladium complexes
follow the activity order as PdL5'>PdL1'>PdL6’ complex. PdL5' complex with electron-donating
substituent (-OCH3s) is most reactive for the Heck coupling whereas PdL6' with electron-withdrawing
substituent (-NO») is least reactive. The activity order of free state palladium complexes is solely
controlled by the el ectronic effects of the substituent group attached, as expected.® After the encapsulation
of the complexesinside the supercage of zeolite Y, astriking reversal of the reactivity order is observed.
Encapsulated palladium complexes follow the order as PdL1'-Y >PdL6'-Y>PdL5'-Y; modified steric
environment of the guest complexes imposed by the host zeolite lattice definitely have significant
contributions towards it. New modified functionalities towards Heck reaction signify to the substantial
structura changes around the metal center under encapsulation inside the host supercage. Pd metal center
in these complexes with different substituent provide a different electronic environment for catalysis and
additionally on encapsulation they experience differential space constraints, which altogether leads to the
modification of the reactivity order. Undoubtedly, the final geometry adopted by the encapsulated
complex plays a crucial rule. Upon encapsulation, the metal center in the guest complex can have
substantialy different electronic charge distribution due to the newly adopted structure. Heterogeneous
catalyst can easily be separated from the reaction mixture and reused after washing without lossin activity
(Recyclahility of the PdL1'-Y catalyst for Heck coupling is presented in Figure 5A.26).

% Conversion

B % Conversion

Figure 5A.26: Recyclability of the PdL1'-Y catalyst for Heck coupling reaction.
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Table 5A.8: Coupling reaction between bromobenzene and styrene catalyzed by palladium complexes.

J

Br X Catalyst, DMF X
+ >

N32CO3
5 mmol 10 mmol (E)-stilbene
S.No. Catalyst mmol % of Pd Reaction % Yield of TONP!
temp. (°C) Product®
1 ZeoliteY - 140 Nil -
2 Pd-Y 0.70 140 15.8 122
3 PdL1' 0.70 140 56.5 416
4 PdL5' 0.70 140 83.6 595
5 PdL6’ 0.70 140 384 281
6 PdL1'-Y 0.70 140 90.0 649
7 PdL5'"-Y 0.70 140 39.2 313
8 PdL6'-Y 0.70 140 65.7 474

Reaction conditions. Bromobenzene (5mmol), Styrene (10 mmol), Na2COs (10 mmol), 10 mL of
DMF, catalyst, Reaction time-20 h.

[a] Determined by gas chromatography. [b] Turnover number calculated at the completion of
reaction (mol of bromobenzene transformed / mol of palladium metal in catalyst)

5A.2.10 Correlation between structural modification and modified functionality

Palladium complexes are usually efficient catalysts for the coupling reactions though they have some
limitations such as difficulties in separation and recovery and thermal instability. However, all these
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drawbacks of the homogeneous Pd catalyst could be overcome easily by encapsulating these systems
within the pore of zeolites, which provide easy separation, high therma stability and modified
functionality. Hence zeolite encapsulated metal complexes have been studied for various organic
transformations.’® 4% 61 Upon encapsulation, the steric and electrostatic constraints provided by the
framework of zeolite Y influence the geometry of complex and consequently modify electronic, magnetic
and redox properties, and hence striking changes in the functionality of the enclosed metal complex are
observed.®? The modified functionality for the Heck reaction is an outcome of the modified geometry of
the palladium Schiff base complexes.

Neat palladium Schiff base complex has a square planar geometry around the central metal however, the
centrd aromatic ring (m-phenylenediamine) exhibits non-planar arrangement leading to the reduction of
n-del ocalization. Geometry optimization results directly notify thefact. Therefore, [ Pd(sal-1,3-phen)] type
systems are subjected to have lesser extent of conjugation from the ligand moiety in comparison to their
corresponding [Pd(sal-1,2-phen)] complexes.

Theelectronic contribution of the substituent in the palladium complexes have been analyzed by electronic
spectroscopic studiesin aseriesof complexes (PdL1', PdL5’, and PdL6'). With theincreasein the electron-
withdrawing character of the substituent attached, as observed in UV-Vis spectra, the HOMO-LUMO gap
of neat Palladium complex is subjected to increase |eading to a hypsochromic shift in absorption spectrum
pertaining to the metal. The bathochromic shift is in line with the increase in electron density on the
ligand.®® Electron donating group (-OCHs) enhances 7-delocalization and maintains the planarity of the
complex whereas an electron-withdrawing group (-NO2) causes non-planarity. From electronic
spectroscopic studies of the neat complexes, we have found that the d-d transition of PdL5' complex is
red shifted and the d-d transition of PdL6’ complex is blue-shifted as compared to that of PAL1' complex.
In the present study, comparative catal ytic activities of palladium (sal-1,3-phen) complexes are employed
as catalysts for the Heck reaction with aryl bromide and styrene in presence of NaxCOs as base. Observed
catalytic results of neat paladium complexes indicate the reactivity order as PAL5'>PdL1'>PdL6'.
Electron donating group (-OCH3) in PdL5' complex increase the electron density around metal center
causi ng the red-shift of the band appearing from the metal and subsequently, PdL5’ complex ismost active
as catalyst towards the Heck coupling reaction. PdL6' complex with electron-withdrawing group (-NO3)

is least reactive among the all neat complexes as expected. Our results have been supported by literature

151



Chapter 5A

reports. Saleem and coworkers have already reported the reactivity of the palladium complexes for Heck
reaction correlated with the HOMO-LUMO energy gap.%* Palladium complex with low HOMO-LUMO

energy gap shows higher activity towards Heck reaction.

It has also been reported that the presence of electron-withdrawing group, the planarity of salen ligand is
disturbed, however an electron-donating group on the same position maintains the planarity of the
complex with substantial electron density on the metal center.®® Higher the electron density around the
metal center facilitates the coupling reactions. Upon encapsulation, geometry of these palladium Schiff
base complexesis atered significantly due to space constraint imposed by the topology of zeolite Y. For
al encapsulated complexes (PdL1'-Y, PdL5'-Y and PdL6'-Y), charge transfer/d-d transition bands are
shifted towards higher wavelength. The optimized geometry of the encapsulated complex obtained from
theoretical studies clearly indicates an enhanced planarity and hence enhanced n-delocalization induced
by the central aromatic ring (m-phenylenediamine) as the topology of the zeolite-Y framework enforces
centra ring to tilt towards molecular plane. Consequently, red shift in charge transfer/d-d transition is
observed. Encapsulation of PdL5'-Y complex with -OCH3z group, obstructs electron-donating effect to
some extent on the other side, zeolite topology imposes planarity to a certain extent. Hence, the effect of
the substituent group and el ectronic effects originating from steric hindrance due to encapsul ation oppose
each other, therefore, red shift in the d-d transition is marginal as compared to encapsulated PdL1'-Y and
PdL6'-Y complexes. However, PAL1' and PdL6’' complexes when encapsulated in zeolite Y have shown
remarkable improvement in reactivity. The enhanced functionality of these systems are the outcome of
the enhanced electron density around the metal thereby causing significant red shift in the charge
transfer/d-d transition In case of encapsulated PdL6'-Y complex, both the electronic effect of substituent
group and that from distorted geometry function in same direction causing much higher red shift. But for
PdL1'-Y complex, only steric factor contributes and the wall of zeolite supercage enforces the metal
complex to adopt the distorted geometry enhancing the electron density around the metal, hence, reactivity
is adso enhanced. The functionality of the neat paladium Schiff base complexes is headed by the
electronic factor of the substituent present on the phenyl ring and the complexes follow the activity order
as PdL5'>PdL1'>PdL6'. However, after the encapsulation, the activity trend is governed by electronic
effect originated from the substituent as well as a steric hindrance. The cataytic activity of the
encapsulated complexes follow the order of PAL1-Y>PdL6'-Y>PdL5'-Y. It appears to be an exciting
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approach to alteration of HOMO -LUMO energy gap of guest complex by encapsulation of complex
inside the rigid zeolite supercage and finally leading to encroach in the field of tunable catalysis. Electron
density on paladium metal center can be modified in two ways, either by the attachment of different
substituent groups on the ligand moiety or by encapsulating the complexes in the cavities of arigid host
framework. Hence, geometry of these catalysts turns out to be a crucial factor for the enhanced activity
towards Heck reaction.

5A.3 CONCLUSION

In summary, zeolite encapsulated palladium Schiff base complexes are synthesized by using ‘flexible
ligand method’ and neat analogs are also studied to compare with their encapsulated states. These
complexes are well characterized by the help of different characterization tools like XRD, SEM-EDS,
BET, thermal analysis, XPS, IR, and UV-Vis spectroscopic studies. These palladium complexes when
employed as catalysts for a Heck coupling reaction, all of them differ significantly from the behavior of
their corresponding neat form. The main aim of the present study is to explore the geometry of the
palladium complex after encapsulation aswell asto rationalize the modified functionality of the systems.
The catalytic activity has been explained in the term of electropositive character of metal center. The
complex with less electropositive palladium center showing the lowest energy electronic band red-shifted
eventually exhibits s higher activity towards Heck coupling reaction. Interestingly, complexes showing
blue shift in their free state or encapsulated states are less reactive. From detailed comparative
experimental and theoretical electronic data and catalysis studies, it can be concluded that more red shift
observed in d-d transition; moreis the reactivity of palladium complexestowards Heck coupling reaction.
Red shift in d-d transition for particularly this series of palladium complexes can be produced in two ways,
either by addition of strong el ectron-donating substituent groups on the ligand moiety or by encapsulation
in zeolite Y. Therefore, the geometry of the catalyst complex plays a key role in Heck coupling reaction

for the enhanced activity.
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Abstract: A small set of palladium Schiff-base complexes have been synthesized and also been
entrapped in the supercage of zeolite-Y. All these novel complexes in both the states are systematically
characterized with the help of different characterization tools like XRD, SEM-EDS, thermal analysis,
XPS IR, electronic spectroscopic and theoretical studies. These systems are thoroughly studied for the

Hydroxy groups\
induce molecule

catalytic activities towards the Heck coupling
reaction between bromobenzene and styrene.
The aim is to meticulousy compare the
performance of the homogeneous catalysts i.e.,
neat palladium Schiff-base complexes with that
of their heterogeneous encapsulated analogs.
The experimental as well as theoretical
electronic structure studies suggest a significant
structural modification of the guest Pd(I1)-Schiff
base complexes after encapsulation in zeolite Y.
These complexes manifest modified catalytic
activities towards Heck coupling reaction.
Theoretical studies reinforce to establish the
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correlation between the modified catalytic properties and structural alteration of these complexes, on
encapsulation. These heterogeneous catalysts essentially have shown benefits of easy separation and

reusability over the homogeneous anal ogues.

*S. Kumari, B. Das and S. Ray, Dalton Trans., 2019, 48, 15942-15954.
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5B.1 INTRODUCTION

As mentioned earlier (in chapter 5A) palladium (1) Schiff-base complexes of chelating Schiff-base
ligands with extended 7 conjugated architecture, synthetic flexibility and strong binding capacity have
been widely studied because of their diverse applicationsin catalysis.*®

In the recent times, the host-guest chemistry involving cobalt, nickel, copper and palladium complexes
within the microporous and mesoporous materials, their characterization and catalytic activity were
studied in details.’**® Zeolite encapsulated palladium complexes are notified as very efficient catalysts
for sulfoxidation reactions,> aminocarbonylation reaction'® and for hydrogen generation.®

Guan, Z. and co-workers has established an encapsulated PdCl2(py)2 complex (where py = pyridine) as
highly efficient and reusable catalyst for Suzuki—Miyaura cross-coupling reaction between aryl halides
and arylboronic acids with Pd loadings of 0.0188 mol% in aqueous medium.!” Specially, such a low
loading level is also remarkably effective as for entrapped complexes, extent of leaching is drastically
subsided. Another report on palladium complex entrapped in zeolites with low loading (0.1 mol%) aso
indicates its high catalytic activity towards the Heck coupling reaction of aryl bromides.'®

In previous chapter 5A, zeolite encapsulated Pd(l1) Schiff-base complexes are found to be efficient
catalyst for the Heck coupling reaction and the study mainly explores the origin of modified catalytic
reactivity of the encapsulated palladium complex. In continuation of ongoing interest directed towards
the design, synthesis and application of new zeolite encapsulated transition metal complexes, the present
study focuses on the correspondence between structural and functional modification of the Pd(11) Schiff-

base complexes.

Herein, with the continuation of previous work (chapter 5A), synthesis and characterization of the
palladium complexes with the L2', L3’ and L4' Schiff-base ligands are targeted which follow the order
of molecular dimension as PAL2' < PdL3' < PdL4', with L2'; N,N -bis(5-hydroxysalicylidene) phenyl ene-
1,3-diamine, L3’; N,N’-big(5-bromosdicylidene)phenylene-1,3-diamine and L4'; N N-bis(5-
methylsalicylidene)phenylene-1,3-diamine (given in Figure 5B.1). Currently the substituent groups are
chosen with relatively milder field strengths (-OH, -Br and -CHzs) and with moderately larger molecular
dimension as compared to the Pd(l1) complexes discussed earlier (in chapter 5A) having -OCH3s, -NO2
groups attached. The ideais to figure out upto which level the confinement of the complexes inside the
supercage of zeolite, could revamp the electronic structure of the complexes and subsequently the
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catalysis. In these complexes with different substituent groups, palladium metal essentially experiences
electronic effect differently, as well as steric and electrostatic constraints inside the supercage of the host
framework when encapsulated. The topology of zeolite supercage framework enforces structural
modification of the guest palladium complex and thereby, aters the electronic, magnetic and redox
properties of the complex along with the catal ytic reactivity and selectivity of it.

These newly-designed and synthesized palladium Schiff-base complexes presented here are in
encapsulated as well as neat forms are employed for the Heck coupling reaction of bromobenzene with
styrene. The Heck coupling reaction is supported by the presence of sodium carbonate as a base. The
objective of the present study is to investigate the steric effect imposed by the host framework and
electronic effect of the substituent group attached to the complex and their equipoise (given in Figure
5B.1).

Y=0H; PdL2'
Y=Br ; pdL3'
Y =CH;; pdLg’

Figure 5B.1: Schematic representation of zeolite-Y encapsulated palladium complexes.
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5B.2 RESULTSAND DISCUSSION

Synthesis of ligands and nickel Schiff-base complexes in free or encapsulated states have already
discussed in chapter 2 under experimental section (2.2.1-2.2.5).

5B.2.1 Elemental Analysis, Scanning Electron Microscopy (SEM) and X-ray Diffraction (XRD)

studies

In order to determine the presence of palladium metal content and other elements in the encapsulated
complexes, elemental analysis have been performed with the help of energy dispersive X-ray
spectroscopy (EDX) (results of the EDX study given in Table 5B.1). The Si/Al ratio has been found 2.7
corresponding to the unit cell formula as Nas2(AlO2)s2(Si02)140.yH20 of parent Na Zeolite-Y. The Si/Al
ratio has not been significantly affected while zeolite-Y undergoing Pd(I1) exchange and encapsulation
processes. However, the amount of palladium content in the encapsulated complexes always is found to
be consistently less than that in Pd(l1) exchanged zeolite -Y. The target-synthesis of the complex only
inside the supercage of host is practically not feasible, as some of the metal complexes or unreacted
ligand aways be formed or adsorbed on the surface. Therefore, the consistent lowering of the metal
content during synthesis of complex inside zeolite Y cavity observed in EDX data can be attributed to
the successful entrapment of metal complexes inside the supercage of zeolite-Y as free metal-ions or

surface adsorbed complexes are removed uniformly and thoroughly by Soxhlet extraction.

To analyze the surface morphology of the host particularly after encapsulation, SEM micrographs of the
encapsulated PdL2’-Y complex have been recorded before (Figure 5B.2A and B) and after Soxhlet
extraction (Figure 5B.2C and D). SEM studies confirm that there are some species present on the surface
of host before extraction. However, these are completely removed after extraction. The boundaries of
the host particles are clearly visible after extraction due to the complete removal of the adsorbed species
on the surface in the final product. The pale color of the final product explicitly indicates the successful

encapsulation of the metal complex inside the supercage of the zeolite Y.
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H g O WD
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Figure 5B.2: SEM micrograph of the encapsulated PdL2' in zeolite Y, (A) and (B) (before Soxhlet
extraction), (C) and (D) (after Soxhlet extraction).

Detailed powder X-ray diffraction (XRD) studies of parent zeolite-Y, Pd-exchanged zeolite-Y and all
encapsulated Pd(11) Schiff-base complexes are presented in Figure 5B.3. In the XRD patterns of parent
zeolite-Y and Pd(I1)-exchanged zeolite-Y, intensities of peaks for 220 and 311 reflections appearing at
26 = 10° and 12° respectively shows the relationship as I220> 311 which undergoes reversal for zeolites
with encapsulated complexes. This reversal in the intensities has aready been identified and empirically
correlated with the presence of a large complex within the supercage of zeolite-Y.*2 19-2'This change in

the relative intensities may be associated with the redistribution of randomly coordinated free cations in
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zeolite- Y at different sites.??> However, such reversal in the pesk intensities is never noticed for the
complex forming on the surface.?® 2* The above observation may suggest the presence of a palladium
Schiff-base complex inside the cavity of the host framework. Similar X-ray diffraction patterns have
been found for all the systems, indicated that the host framework does not show any considerable
structural changes during ion exchange reaction and even after the encapsulation of Pd(11) Schiff-base

complex inside the cavity.

220
=311

3:

| | — PdL4"-Y
l i —— PdL3"-Y
l Y I ‘ —— PdL2-Y
l | I I Il —— Pd-Y

! !! ! ”! ~—Zeolite-Y

10 20 30 40 50
20 in degree

Intensity (a.u.)

Figure 5B.3: XRD patterns of parent zeolite-Y, Pd(Il) zeolite-Y, PdL.2'-Y, PdL3'-Y and PdL4'-Y.

5B.2.2 BET surfacearea analysis

The BET surface area analysis has been performed to know the surface area and pore volume of the
parent zeolite-Y and subsequently of the zeolite with palladium Schiff-base complexes entrapped.
Figure 5B.4 shows the comparative N2 adsorption-desorption isotherms of the parent zeolite-Y and
zeolites with encapsulated complexes and the results obtained from surface area analysis are given in
Table 5B.1. The N2 adsorption-desorption isotherms for all encapsulated systems and zeolite-Y are of
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type | isotherm, typical characteristics of the microporous materials.?> 2°All the systems exhibit very

similar pattern. However, a dominant and vital observation is marked in the comparative studies of
surface area and pore volume of the zeolite-Y and zeolite-Y along with encapsulated metal complexes.

The BET surface area and pore volume of all the zeolite samples with encapsulated palladium Schiff-

base complexes show a dramatic reduction in comparison to those of parent zeolite-Y, suggesting that
the palladium Schiff base complexes are not adsorbed on the externa surface of host framework rather
present inside the cavity of zeolite-Y.2” 28The noticeable reduction in the BET surface areas and pore
volumes of the encapsulated systems fundamentally depend upon the loading level of metal in zeolite-Y

along with the molecular dimension of the complex incorporated inside the supercage of zeolite-Y.
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Figure 5B.4: BET isotherms for parent zeolite-Y and zeolite encapsulated complexes: (a) parent zeolite
Y, (b) PdL2'-Y, PdL3'-Y and PdL4'-Y.
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Table 5B.1: Concentration of palladium (wt %), BET surface area and pore volume of different samples.

S.No. Samples Palladium Si/ Al BET surfacearea Porevolume

(Wt%) ratio (m?/q) (cm3g)

1 Zeolite-Y - 2.79 535 0.3456

2 Pd-Y 0.65 2.79 - -

3 PdL2'-Y 0.42 2.74 349 0.2018

4 PdL3'-Y 0.40 2.75 339 0.1917

5 PdL4'-Y 0.41 2.73 335 0.1896

5B.2.3 Thermal analysis

Thermo-gravimetric (TGA) analysis has been performed for all neat and encapsulated palladium Schiff-
base complexes along with the parent zeolite-Y (shown in Figure 5B.5). Only PdL2’ complex among the
al neat-state palladium complexes shows weight loss in the temperature range of (35-110) °C that
typicaly corresponds to the loss of two molecules of water. Parent zeolite-Y shows weight loss in the
temperature range of (50-240) °C, which corresponds to the loss of water molecules adsorbed on zeolite
framework. In case of encapsulated complex, weight losses occur in two steps. The first weight loss at
(50-240) °C parallels to loss of water molecules of zeolite framework?® * and the second weight loss
extending up to 800°C is due to the decomposition of the guest molecule. Sharp decomposition of free-
state palladium Schiff base complexes when compared with the plateau type TGA curve of the
encapsulated analogues it certainly indicates slow and continuous weight loss for the encapsulated
systems with the delay in decomposition. Therefore, it could be easily concluded that encapsulation
extends the thermal stability to the palladium Schiff-base complexes.?? 3t
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Figure 5B.5: Thermo gravimetric analysis (TGA) resultsfor (A) PdL.2', (B) PdL.2'-Y, (C) PdL4' and (D)
PdL4'-Y .

5B.2.4 IR Spectroscopic study

Figure 5B.6 and Table 5B.2 represents the FTIR data for zeolite-Y, free-state palladium complexes and
zeolite encapsulated palladium complexes. Observed IR band at 1018 cm? for parent zeolite Y
corresponds to the asymmetric stretching vibrations of (Si/Al)Os units of framework. Some
characteristics IR bands at 560, 717 and 786 cml, are the sign of T-O bending mode, double ring and
symmetric stretching vibrations respectively.® Furthermore, FTIR bands observed at 1643 and 3500
cm! are correspond to lattice water molecules and surface hydroxylic group, respectively.®® All these
characteristics FTIR bands of pure zeolite Y stay unchanged after metal exchange and even after
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encapsulation reaction, revealing that zeolite framework preserves its integrity during the process of
encapsulation of palladium complexes. The FTIR range of 1200 t01600 cm™ seems to be an appropriate
range for the study of zeolite encapsulated metal complex as in this range, characteristic FTIR bands of
zeolite are absent. So, FTIR bands observed are only because of the metal complexes yet the intensity of
these FTIR bands is very weak definitely indicating low loading level of palladium metal within the

zeolite supercage.
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Figure 5B.6: FTIR spectraof (A) parent zeolite-Y, PdL2' and PdL2'-Y, (B) zeolite-Y, PdL2'-Y, PdL3'-
Y and PdL4'-Y and (C) Enlarged view of FTIR spectra in the range of 500 cm™' to 2000 cm™' for (a)
parent zeolite-Y, (b) PdL.2'-Y, (c) PdL3'-Y and (d) PdL4'-Y.
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Characteristic FTIR bands of ligand observed at 1612-1620 cm® and 1273-1296 cm™ are correspond to
the C=N and C-O stretching vibrations and these IR peaks are slightly shifted upon complexation,
indicating nitrogen and oxygen coordination within the cavity of zeolite Y. FTIR spectra of free-state
palladium Schiff-base complexes indicate important IR peaks at 1528, 1439 cm* (C=C Stretch.), 1605
cmt (C=N stretch.), 1278 cm* (C-O stretch.) and 1358 cm™ (vc.n deformation ).3* Similar IR peaks with
dight shift are also observed in al encapsulated palladium complexes providing indirect evidence for
the presence of palladium complexes within the supercage of host framework. Shifts in some
characteristics IR peaks upon encapsulation are attributed to the effect of host framework on the guest
metal complex. The shift in vc-n deformation frequencies obtained in al encapsulated complexes, aso
delivers clear evidence for the encapsulation of palladium complex within the host cavity.

Table5B.2: FTIR data of neat and encapsul ated complexes.

S. No Samples C=N C=C dtretching C-H C-O dretching
stretching deformation
1 PdL2’ 1593 1539, 1462 1385 1296
2 PdL2'-Y 1636 1497, 1458 1396 1292
3 PdL3’ 1609 1516, 1450 1373 1277
4 PdL3'-Y 1636 1481, 1444 1396 1265
5 PdL4’ 1609 1528, 1481 1373 1257
6 PdL4'-Y 1643 1520, 1497 1381 1233

5B.2.5 X-ray Photod ectron Spectroscopy (XPS)

The X-ray Photoelectron Spectroscopy (XPS) provides the information about relative concentration of
palladium metal and their oxidation states in the neat and encapsulated systems apart from the detection
of the desired elements in the system. The XPS analysis has been carried out for the neat PdL2' and
PdL3’ and encapsulated PdL2'-Y, PdL3'-Y and PdL4'-Y palladium complexes (spectra shown in Figure
5B.7-5B.13). From the comparison of the XPS signal intensities of Pd 3d level in the neat and
encapsulated systems, it is found that the encapsulated systems contain very low loading level of
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palladium metal. These observations suggest a nice correlation with the EDX and FTIR results. The
Table 5B.3 provides the binding energy data for Pd(3d), C(1s), N(1s), O(1s), Si(2p), Al(2p) and Na(1s)
in various palladium Schiff-base complexes. The presence of Pd*2 metal centre is confirmed by the
Pd(3ds2) and Pd(3ds2) peaks at 337.24 and 342.56 eV respectively. These binding energies data are in
well agreement with the literature.®> * Absence of any shake up and satellite peak confirms that the
Pd(11) Schiff-base complex present in square planar geometry not in the octahedral geometry.®” In case
of PdL2' palladium(l1) Schiff-base complex, C(1s) XPS signals are appeared at the binding energies of
283.64 and 284.89 eV, N(1s) peak appeared at the binding energy of 398.73 and 400.39 eV and O(1s)
XPS peaks at 531.07 eV and 534.36 eV. From the corresponding binding energies data, it is concluded
that two different kind of carbon atoms (C-C and C=C) and two types of nitrogen atoms (M-N and C=N)
are present in the system. Oxygen binding energies data correspond to M-O and C-O moiety.
Encapsulated PdL2'-Y system shows the XPS signals for the Si(2p), Al(2p) and Na(1s) appearing at
binding energies of 102.07 eV, 73.70 eV and 1071.55 eV respectively. The appearance of Pd(3ds),
Pd(3ds2), C(1s), N(1s) and O(1s) peaks in al encapsulated Pd(Il) complexes are in agreement with the
peaks observed for free-state complexes providing direct proof for the formation of complex inside the

supercage of zeolite-Y.
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Figure5B.7: XPS survey spectrafor neat and encapsulated complexes (A) PdL2' and PdL3’, and (B)
PdL2'-Y, PdL3'-Y and PdL4'-Y.
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Figure 5B.8: High resolution XPS signals of Pd (3d) for (A) PdL2’, (B) PdL3’ (C) PdL2'-Y and (D)
PdL3'-Y complex.
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Figure5B.9: High-resolution XPS signals of Pd (3d) for PdL4'-Y complex.
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Figure 5B.10: High-resolution XPS spectra of C (1s), N (1s), and O (1s) for PdL2' and PdL3’ complex.
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Figure 5B.11: High-resolution XPS spectra of C (1s), N (1s), O (1s), Si (2p), Al (2p) and Na (1s) for

PdL2'-Y complex.
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Figure 5B.12: High-resolution XPS spectra of C (1s), N (1s), O (1s), Si (2p), Al (2p) and Na (1s) for

PdL3'-Y complex.
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Figure 5B.13: High-resolution XPS spectra of C (1s), N (1s), O (1), S (2p), Al (2p) and Na (1s) for

PdL4'-Y complex.
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Table 5B.3: Binding energy (eV) of neat and encapsulated complexes.

S. Samples Si(2p) Al(2p) Na(ls C(1s) N(1s) O(1ls Pd Pd

No (3d5/2)  (3d3/2)

1. PdL2’ - - - 283.64, 398.73 531.07, 337.24 34256
284.89 534.36

2. PdL 3’ - - - 283.83, 398.97 531.11, 33754 342091
284.89 534.28

3. PdL2’-Y 10207 73.70 107155 284.49, 399.43 531.46, 337.05 342.18
287.19 534.95

4, PdL3'-Y 10287 71.18, 107284 285.36 400.02 53248 338.17 343.39

74.90

5. PdL4'-Y 10205 73.88 1071.78 284.38, 399.24 531.66 33749 342.76

286.06

5B.2.6 UV-Vig/Diffuse Reflectance Spectroscopy (UV-Vis DRYS)

The UV-Vis spectra of the ligands and neat palladium Schiff-base complexes are recorded in CHCI3
however the exceptions are L.2' and PdL2'. UV-Vis spectra of ligand L2' and corresponding complex
PdL2’ are recorded in DMF as both ligand and complex are insoluble in solvent like water, methanol,
CHCI3 and many others. The solution spectra of the ligands and neat complexes are shown in Figure
5B.14 and relevant data is given in Table 5B.4. The UV-Vis spectrum of the Schiff-base ligand (L2')
exhibits four intense peaks at 258, 285, 302 and 379 nm attributed to n-r* and n-z* transitions (Figure
5B.14A). The corresponding Pd(l1) Schiff base complex (Figure 5B.14A) shows characteristic
absorption bands at 265, 304, 360 and 451 nm. The first intense band is due to n-x* intra ligand
transitions. The bands at 304 and 360 nm are assigned to the n-z* transitions. The n-7* and n-z*
transitions of the ligand are shifted towards higher wavelength upon complexation, indicating the
involvement of nitrogen and oxygen in coordination. The lowest energy band at 451 nm is attributed to
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either charge transfer or d-d transition from the low-lying fully occupied orbital to the upper unoccupied

orbital, suggesting the formation of a square planar PdL2' complex.
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Figure 5B.14: Solution UV-Vis spectraof (A) L2'and PdL2’, (B) L3" and PdL3" and (C) L4' and PdL4'.
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Table 5B.4: Solution UV-Visible data of ligand and neat complexes.

S. No Samples —m n—mu’ CT transitions/ d-d
transitions transitions Transitions
1 L2’ 258, 285 302, 379 -
2 PdL2’ 265 304, 360 451
3 L3’ 240, 272 304, 355 -
4 PdL 3’ 239, 273 306, 358 440
5 L4’ 238, 276 305, 356 -
6 PdL 4’ 240 298, 359 446

The solid-state UV-Vis studies of the ligands and their neat complexes also provide specific evidence
about the complex formation. The presence of similar electronic bands in the UV-Vis spectra of
encapsulated complexes as its free-state anal ogue indicates the complex formation inside the supercages
of host. The DRS/UV-Vis spectra of neat and encapsulated palladium Schiff-base complexes are shown
in Figure 5B.15 and data has been presented in Table 5B.5. For PdL2' complex, the absorption bands in
the range of 245—-375 nm are due to intraligand transitions. The peak at 458 nm can be attributed to the
transition related to the metal Pd.

UV-Vis spectraof al the three free-state complexes when compared, significant shift in absorption band
especially for the metal-related transitions emphasizes certain facts. The lowest energy transition at 450
nm for PdL4' complex appears at longer wavelength (458 nm) in case of PdL2' complex. It could be
well comprehended as PdL2’ complex contains strong electron donating —OH substituent. The
observation is just opposite for PdL3’' complex as it contains electron withdrawing —Br groups.
Moreover, the lowest energy transition associated with the metal of PdL2' at 458 nm is found to be red
shifted upon encapsulation. Shift in metal-related transition parallels to the modified geometry of metal
complex originated by encapsulation. Interestingly, under encapsulation, all the three-palladium Schiff-
base complexes show red shift in transition originated from metal. This further administers an intimation
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that all the three complexes undergo a similar kind of modification pertaining to the structure inside
zeolite-Y. Redshift in transition associated with the metal of palladium Schiff base complexes clearly
suggest enhanced nt-del ocalization around the metal center after encapsulation.
Experimental observations of PdL2' definitely indicated the need of comprehensive investigation as it
behaves quite differently even in neat form compared to all others, starting from its solubility to thermo-
gravimetric analysis and reactivity. Surprisingly, its catalytic behavior especially in the encapsulated
form does not follow the anticipated trend set by previous studies (chapter 5A). We thus performed a

detailed DFT study of PdL2’, to understand its anomalous behavior in neat and encapsulated forms.
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Figure 5B.15: Solid state UV-Vis spectraof (A) PdL2' and PdL2'-Y, (B) PdL3’ and PdL3'-Y and (C)

PdL4' and PdL4'-Y.
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Table 5B.5: Solid-state UV-Visible data of neat and encapsulated complexes

S. No Samples —m n—mu’ CT transitions/ d-d
transitions transitions transitions
1 PdL2’ 245 305, 375 458
2 PdL2'-Y 258 310, 376 558, 624
3 PdL 3’ 246 306, 368 436
4 PdL3'-Y 250 326, 355 504, 608
5 PdL 4’ 248 305, 371 450
6 PdL4'-Y 252 289, 385 462, 602

5B.2.7 Theoretical M ethods

The electronic structure calculations based on Density Functional Theory (DFT) was used to study and
analyze the structural and optical properties of the Pd complexes in neat and zeolite encapsul ated states.
All results presented here are obtained using GAUSSIAN 09 suite of ab initio quantum chemistry
programs.® The details of the theoretical methods have already discussed in chapter 2 under section
2.3.11.

Density functional theory (DFT) studies for singlet PdL2' complex show the end-to-end distance (with
two -OH groups present in para positions) to be 13.74 A (Figure 5B.16a, Table 5B.6) in contrast to
PdL3’ (14.76 A) and PdL4' (14.06 A) (shown in Table 5B.7). The complexes are al planar molecules
with the central phenyl ring connected to two N atoms, behind the Pd centre being nearly perpendicular
to the molecular plane. Thisis reflected in the angle made by the carbon, Pd and carbon atoms, which is
~171 degrees for al complexes (Table 5B.7). We aso looked into the <O-Pd-N bond-angle around the
Pd atom, which provides some idea about geometry around the Pd centre and for the singlet, neat
molecules; the <O-Pd-N bond angle is ~86°, which indicates it is near planarity. In case of the neat
molecules, the Pd-O, Pd-N, O-C and N=C bond-distances are 2.0, 2.19, 1.29 and 1.30 A respectively
(Table 5B.6 and Table 5B.7). To understand the unusual properties of PdL2' even in neat form, we have
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looked into the possibility of the terminal -OH groups binding to water molecules, and we indeed find
that the two terminals -OH groups can bind to two water molecules via hydrogen-bonding (Figure
5B.16a). Thiskind of binding is not possible for the other complexes.

PdL2' + 2H,0— H.0—(PdL2"—H20

The binding energy for the water binding is calculated as:
E bind= E H,0— (PdL2)—H,0 - (EPdL2 +2EH,0)

It is seen that the binding energy for two water molecules to the PdL2’' complex is ~10 kcal, which
indicates that under normal conditions this molecule would bind to two water molecules, which in turn
may bind to further Pd-complex molecules in both ends making small oligomeric aggregates mediated
by hydrogen bonded water molecules (See Figure 5B.16b). The binding energy for formation of a small
aggregate of three PdL2' complexes mediated by two water molecules is ~16 kcal, indicating a
possibility of such aggregation in presence of water/moisture. The formation small aggregates may be
the reason of poor solubility of the complex as thermo-gravimetric data indicates two molecules of water
loss at the temperature ranging from 35°C to 110°C (shown in Figure 5B.5). It is however important to
note that the water molecules bound to PdL2' complex does not change the geometry of the complex as
the structural parameters from Table 5B.6 reveal, but the frontier molecular orbitals are slightly affected.
In this connection, it may aso noted that the TD-DFT spectra is nearly unchanged by the hydrogen
bonded water molecules for PdL2' (Figure 5B.21). The calculated TD-DFT spectrafor PdL3' and PdL4’
are given in Figure 5B.20. As encapsulation of the PdL2’ complex within zeolite occurs, such small
aggregates held loosely by hydrogen bonds are likely to break down and the neat complex is
encapsulated within the zeolite pore in triplet state, as our previous studies with similar complexes have
shown.?% 213 This is also favorable from steric point of view as binding to water molecules increase the
effective volume of the Pd-complex making it more bulky to fit in within the pore. PdL2' complex in
triplet state is found to be bent (Figure 5B.16c) and its length reduces aong with <C-Pd-C angle as
shown in Table 5B.6. The optimized structure of zeolite encapsulated triplet PAL2' complex is shown in
Figure 5B.16d.
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A

Al

i 4

Figure 5B.16: (a) PdL2' complexes are shown in singlet state. The hydrogen bonded water molecules
are also shown. The distances of hydrogen-bonded water molecules from -OH groups are marked. (b)
Optimized structure of the hydrogen-bonded singlet, PdL2' complexes (three), mediated by two water

molecules (c) triplet state of PdL2' complex, two views are shown, (d) The triplet PAL2' complex

encapsulated in zeolite supercage.
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Table 5B.6: Important structural parameters from DFT for neat and encapsulated PdL2' complex.

S. Bonddistances/angles PdL2’, PdL2'+2H20, PdL2'-Y,
No neat neat singlet Encapsulated,
singlet extracted
triplet
1 Pd-O(A) 2.00 2.01 2.01
2 Pd-N(A) 2.19 2.19 2.06, 2.14
3 O0-C(A) 1.29 1.29 1.29
4  N-C(conj) (A) 1.30 1.29 1.29, 1.32
5 <O-Pd-N 85.9 85.6 87.6, 88.9
6 Endtoenddistance(A) 13.74 13.75 12.99
<C-Pd-C 170.9 170.9 152.4
8 HOMO, -5.24 -5.07 -4.99,-5.33
LUMO (eV) -2.62 -2.48 -2.44,-3.49
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Table 5B.7: Important structural parameters and HOMO, LUMO energies of neat PdL2', PdL3' and
PdL4’ complexes obtained from DFT studies.

S.No Bond distances/ angles PdL2’, PdL3’, PdL4’,
Neat singlet Neat singlet Neat singlet

1 Pd-O (A) 2.00 2.01 2.01

2 Pd-N (A) 2.19 2.19 2.19

3 O-C (A) 1.29 1.29 1.29

4 N-C (A) 1.30 1.29 1.30

5 <O-Pd-N 85.9 85.9 85.9

6 End to end distance (A ) 13.74 14.76 14.06
<C-Pd-C 170.9 170.8 170.8

8 HOMO, -5.24 -5.78 -5.38

LUMO (eV) -2.62 -2.98 -2.58
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5B.2.7.1 Frontier Molecular orbitals of PdL2’ complex and calculated TD-DFT spectra

To analyze the calculated absorption spectra especialy for PdL2’, a detailed investigation of the frontier
molecular orbitals of PdL2' complex were done (shown in Figure 5B.17 and for PdL3' and PdL4' in
Figure 5B.18). In case of singlet PdL2' complex, we find that the HOMO is conjugated and spread over
the length of the molecule, along with -OH substituents, but LUMO is only spread over the centra ring
with contributions from Pd atom (Figure 5B.17). A closer look revealsthat it is mainly the overlap of the
out of plane p orbitals of the C atoms forming the conjugated = framework are more important, which
only partly includes the central ring positioned out of plane behind the Pd atom. The dx. orbital of Pd
atom partly contributes to the HOMO orbital, which hybridizes with p-orbitals of the ligand. In case of
the LUMO, most important contribution comes from Pd dxy orbital (Figure 5B.17). For PdL2' complex
in the TD-DFT spectrum, we observe a few important peaks at 608, 546, 469, 440, 395 nm. The
transition around 608 nm is due to a transition from HOMO to LUMO+1. It is thus a transition from Pd

dxz orbital to Pd dy; orbital, and both of these orbitals are mixed heavily with © framework of the

benzene ring of the ligand. The transition at 546 nm occurs due to the transition from HOMO-2 (Pd dz2)
orbital to LUMO (Pd dxy). The transition at 469 nm is again due to Pd dx. orbital to Pd dy; orbital mixed

with few other transitions. The peak at 440 nm is primarily due to Pd d;2 to Pd dxy orbital along with
other transitions.

In the triplet state, the complex is bent, and structural distortion leads to more hybridization with the
ligand = orbitals, making identification of metal d orbitals difficult (MOs are shown in Figure 5B.19). A
closer look into the TD-DFT spectra of the triplet state (Figure 5B.22) readily reveals that there is an
overdl shift towards the higher wavelengths, though identification of the transitions are difficult due to
their mixed nature. There are weak peaks observed at 714 and 658 nm, while stronger peaks appear
between 420-470 nm. None of these peaks appear to be pure d-d transitions, but have fairly strong
contributions from Pd d orbitals.
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Figure5B.17: Thefrontier molecular orbitals of singlet, PdL2' complex are shown.
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Figure 5B.18: Thefrontier molecular orbitals for PdL3' and PdL4'.
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Figure5B.19: Thefrontier molecular orbitals of triplet, encapsulated and extracted PdL2' complex are
shown.

185



Chapter 5B

3
2
3 ; . 3
E PdL2 ':‘_“PE"""E"H“ _ s —— PdL3' (experimental)
E —— PdL2' singlet (theoretical) § —— PdL3' singlet (theoretical)
< ‘§ i
b .
b |
| AL M _
300 400 500 600 700 0 300 400 500 600 700 800
Wavelength (nm) Wavelength{nm)

— PdL4’ (experimental
— PdLA' singlet (theoretical)

Absorbance (a.u.)

o e 700 8do

Wavelength{nm)

Figure5B.20: Experimental and TD-DFT spectrafor PdL2’, PdL3' and PdL4' in neat, singlet state.
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Figure 5B.21: (@) The comparative TD-DFT spectra are shown for neat and water bound singlet PdL2’
complexes. The structures of the singlet complexes studied are given below (b) no water (c) two water
molecules hydrogen bonded to Pd complex (c) two water molecules hydrogen bonded to Pd complex in
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Figure5B.22: The TD-DFT spectra of the singlet, neat and triplet PdL2' complexes, which are
encapsulated and then extracted.

5B.2.8 Catalytic Study

Catalytic properties of all these free-state and encapsulated systems have been investigated for the Heck
coupling reaction between bromobenzene with styrene. The catalysis results for the al systems are
presented in Table 5B.8 and the calibration curve of bromobenzene is given in chapter 5A (Figure S14).
The reaction conditions have been employed from the previous chapter 5A with respect to encapsulated
palladium system and with the variance in amount of catalyst and reaction temperature (Catalytic data
given in chapter 5A (Figure S15-S16). All catalytic reactions are monitored by gas chromatography and
% conversion calculated by using a calibration curve of bromobenzene with n-heptane as an interna

standard.

The reactivity order of free-state homogenous catalysts towards Heck coupling reaction of
bromobenzene with styrene follows the reactivity trend as PdL2' > PdL4' > PdL3". The variation of
reactivity is governed by the electronic effect of the substituent present. Complexes PdL2' and PdL4'
bearing electron donating substituent such as -OH and -CHzs groups respectively show better reactivity
towards Heck coupling while the complex with electron withdrawing group shows poor reactivity.

Catalysis data of all these three free-state palladium complexes when compared especialy with the
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previously discussed data of neat palladium complexes without substituent (PdL1') and with ~OCH3
(PAL5") and —NO (PdL6') subgtituent at the same 5™ position, few striking observations are noted
deserving further attention. The previous study has identified Pd(I1) complex with -OCH3 group as the
most reactive catayst for the Heck coupling whereas the complex with -NO2 group as the least reactive
one (chapter 5A). The catalysis data of free-state palladium complexes are in well-agreement with the
effects of the substituent groups present precisely following the same line of reasoning e.g., stronger the
electron donating ability of the substituent present in the complex, more effective would be the complex
as catalyst. However, after the encapsulation inside the supercage of zeolite Y, the reactivity order
reshuffles. In case of encapsulated systems PdL2'-Y and PdL3'-Y, reactivity is increased after
encapsulation as compared to their free-state analogues whereas the reactivity of encapsulated system
PdL4'-Y is decreased after encapsulation. Encapsulation triggers inflow of electron density towards Pd
in PdL2'-Y and PdL3'-Y cases and opposite is the fact for PdL4'-Y case. Molecular dimension for all
these complexesis larger than that of the supercage of zeolite-Y and therefore steric constraints imposed
by host cavity must have pronounced contribution towards the reactivity of these complexes. Changesin
reactivity of PdL3'-Y and PdL4'-Y systems are just in accordance to the previous study (chapter 5A).
Steric congstraint of zeolite framework on the guest PdL3’ complex eventually lowers the electron
withdrawing effect of the —Br group as encapsulation makes —Br groups non-planar with respect to the
molecular plane. Similar though opposite outcome is observed for PdL4' upon encapsulation. However,
we observed that encapsulated PdL2’, is the most efficient catalyst amongst all (% yield and TON are
given in Table 5B.8) and is the only one which does not trail the anticipation following the prior study
(chapter 5A). This observation definitely points towards the enhancement of electron density on the
palladium metal of PdL2' when it undergoes encapsulation. Heterogeneous catalyst (PdL2'-Y) has been
recycled at least five times without significant loss in catalytic activity (Recyclability for the PdL2'-Y
catalyst is presented in Figure 5B.23). To know the stability of the catalyst after recyclability, we have
done some analysis such as XRD and TGA analysis, which proves the stability of the catalyst (shownin
Figure 5B.24).
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Figure 5B.23: Recyclabililty of the PdL2'-Y catalyst for Heck coupling reaction.
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Figure 5B.24: Thermo gravimetric analysis (TGA) results for (A) PdL2'-Y, (B) Recovered catalyst
PdL2'-Y and (C) XRD patterns for PAL2'-Y and recovered PdL2'-Y.

Table 5B.8: Coupling reaction between bromobenzene and styrene catal yzed by palladium complexes

Br X  Catalyst, DMF S O
+ :
N32CO3

(E)-stilbene

5 mmol 10 mmol
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S.No. Catalyst mmol % of Pd  Reaction % Yield of TONI®!
temp. (°C) Product!@

1 ZeoliteY - 140 Nil -

2 Pd-Y 0.70 140 15.8 122
3 PdL1’ 0.70 140 56.5 416
4 PdL 5’ 0.70 140 83.6 595
5 PdLe6’ 0.70 140 38.4 281
6 PdL1"-Y 0.70 140 90.0 649
7 PdL5"-Y 0.70 140 39.2 313
8 PdL6’-Y 0.70 140 65.7 474
9 PdL2’ 0.70 140 72.1 565
10 PdL 3’ 0.70 140 55.5 436
11 PdL 4’ 0.70 140 70.1 549
12 PdL2'-Y 0.70 140 934 710
13 PdL3'-Y 0.70 140 67.9 532
14 PdL4'-Y 0.70 140 48.4 379

Entry 1-8 aretaken from previous chapter 5A.

Reaction conditions. Bromobenzene (5mmol), Styrene (10 mmol), Na2COs (10 mmol), 10 mL of
DMF, catalyst, Reaction time-20 h.

[a] Determined by gas chromatography. [b] Turnover number calculated at the completion of
reaction (mol of bromobenzenetransformed / mol of palladium metal in catalyst)

The direct comparison of catalytic results presented in this work with literature data is not very straight-
forward as the parameters of interest could be many. The results and the conditions from these studies
are summarized in table 5B.9. In terms of the parameters like catalyst used, time taken, % yield and
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TON (turn over number), the catalyst of interest for the current study, PdL2’ -Y competes well with
other such catalysts.

Table 5B.9: Catalytic activity of the present catalyst in comparison to some reported catal ysts for the
Heck coupling reaction between bromobenzene and styrene.

S.No. Catalyst Conditions Time(h) Yied TON Ref.
(%)
1 Pd-complex anchored DMF/NaCOs/150 °C 3 32 323 40

GO catalyst (Pd2)

2 [SBA-15/CCMet/Pd(I1)] DMF/EtsN/110 °C 3 98 98 4

3 [Pd-TPA/Zr Q2] DMF/K2C03/120 °C 6 59 123 42

4 Palladium(l1) Salophen =~ DMA/N&C0Os/140 °C 12 74 9.3 43
complex

5 Fes04@Si0-@Pd(I1)-Slp.  (H:0+DMF)©/K,COs 6 89 445 44
Comp.!d] /90 °C

6 PdL2"-Y DM F/Na2C03/140 °C 20 93.4 710 This

study

[a] GO stands for Graphite oxide, [b] Pd exchanged supported 12-tungstophosphoric acid, [c]
H.O/DMF = (2/1) and [d] Bissalophen palladium complex immobilized on
Fes04@SiO2 nanoparticles.

5B.2.9 Correlation between structural modification and modified functionality

In transition metal based homogenous catalysis, one of the governing factors is the characteristics/nature
of the ligand. Palladium (11) Schiff-base complexes have planar geometry around the metal centre.
Activity of the homogeneous catalysts could be varied with the presence of different substituent group
attached to the ligand moiety. Upon encapsulation, additionally the steric and electrostatic constraints
are imposed by the host, zeolite Y on the guest complexes which subsequently modify electronic,
magnetic and redox properties, along with a striking change in the catalytic activity of the enclosed
guest complex.”® The modified catalytic reactivity towards Heck reaction is eventually an outcome of
the structural adaptation of the palladium Schiff base complexes upon encapsulation.

[Pd(sal-1,3-phen)] type systems adopt typical structures where central aromatic ring (m-
phenylenediamine) shows non-planar arrangement (discussed in chapter 5A). Due to this typical
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arrangement of the ring, complete n-delocalization of the ligand system is interrupted. Apart from the 7-
delocalization, electronic effects of the substituent groups contribute significantly to the reactivity.
Electron donating group (-OH and —CHz) favors the n-delocdization and maintains the planarity of the
Pd(1l) complex whereas an electron withdrawing group (-Br) causes the non-planarity around the
paladium metal center. Observations obtained from electronic spectroscopic studies of free-state
complexes can be accounted for the fact, as metal-related transition of PdL2' (with —OH group) complex
appears at 458 nm whereas this band is at 450 nm for PdL4' (with —-CH3s group) complex and the same
transition for PdL3' (with —Br group) is blue shifted. Catalysis results observed for free-state Pd(11)
complexes indicate the activity order as PdL2' > PdL4' > PdL3'. Electron donating group -OH and —CHs
in PdL2" and PdL4' complex respectively make the palladium metal center becomes less electropositive
causing the red-shift in the d-d transition and subsequently, more catalytically active towards the Heck
coupling reaction. PdL3' complex, on the other end, with electron withdrawing group (-Br group) is least
active among the al-neat complexes. After the encapsulation in zeolite-Y, structure of these Pd(I1)
Schiff-base complexes is modified considerably due to steric and electrostatic constraint provided by the
framework of zeolite Y. In case of all encapsulated complexes (PdL2'-Y, PdL3'-Y and PdL4'-Y), lowest
energy trangition is shifted towards higher wavelength with no exception. In our previous study (chapter
5A), theoretical studies clearly indicate improved planarity in the encapsulated complexes and hence
enhanced m-delocalization around the metal center as the topology of the host framework enforces
centra ring to tilt towards molecular plane. Therefore, al the encapsulated complexes show red shift in
the lowest energy transition with comparison to their neat forms. Encapsulation of PdL4' complex with -
CH3 substituent, obstructs electron-donating effect to some extent and on the other side, host topology
enforces partia planarity in the system. The electronic effect of the substituent and that originating from
steric constraints due to encapsulation oppose each other; consequently, marginal red shift in the lowest
energy metal related transition is observed. In case of encapsulated PdL3’-Y complex, both the
electronic effect of —Br substituent group and that from structural modification reinforce each other
leading to a significant red shift. Moreover, encapsulated palladium complexes PdL2'-Y and PdL3'-Y
have shown remarkable improvement in catal ytic activity towards Heck coupling reaction.

The electronic effects from both the sources (substituent and steric constraint) in case of encapsulated

PdL2'-Y complex oppose each other very similarly like PdL4'-Y with —CH3z substituent and
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subsequently, red shift in metal related low energy transition is expected to be nominal. However, after
encapsulation PdL2'-Y complex shows an unexpectedly high red shift. A further striking observation is
encapsulated PdL2’-Y is the most efficient catalyst among all even when compared the reactivity of
encapsulated Pd(Il) Schiff-base complexes with electron donating substituent like —OCHz group
discussed earlier (in chapter 5A), In this context, Thermo gravimetric (TGA) analysis, poor solubility
offers some insight and is well supported by the theoretical studies. Only free-state PdL2' complex
among the al free-state palladium complexes shows weight loss in the temperature range of (35-110) °C
corresponding to the loss of two water molecules per molecule of the complex in TGA plot. Not only
that, PdL2' complex shows poor solubility in most of the common protic solvents. All neat complexes
except PdL2' complex show good solubility in chloroform, methanol and water whereas PdL2' complex
is soluble in solvents like DMF and DMSO. These observations directly hint towards the presence of
intermolecular hydrogen bonding in between water molecules and hydroxyl substituent of the complex
in neat state. Theoretical studies also predict such association with energy stabilization of 16 kcal.
However, there is no indication of such association with water molecules in encapsulated state and is
well-understood as space constraint imposed by zeolite supercage hinders such association. Therefore,
comparative behavior of PdL2' complex is strikingly different after encapsulation in zeolite-Y and even
in neat state from all others. In neat state, electron-donating power of -OH group towards the metal and
ring is significantly reduced due to the association with the water molecules however, after
encapsulation, both effect (donating power of the free —~OH substituent and steric constraints imposed by
the walls of zeolite-Y) work parallel resulting large red shift in metal-related transition. Therefore, the
neat and encapsulated complexes follow the reactivity order as PdL2' > PdL4' > PdL3' and PdL2'-Y >
PdL3'-Y > PdL4'-Y respectively. With encapsulation, electronic effects from substituent —-OH group and
that imposed by the framework of zeolite finally revamp the electron density around the metal center,
and thereby, PdL2'-Y system appears to be the most proficient catalyst amongst the all entries in the
Table 5B.8. Hence, structural modifications of these palladium complexes play a central role for the
enhanced reactivity towards Heck coupling reaction. Currently discussed PdL2'-Y (complex with ~OH
substituent) and previously discussed (in chapter 5A) PdL1'-Y (complex without substituent) systems have
almost same reactivity for Heck coupling reaction between styrene and bromobenzene. However,
currently discussed PdL2'-Y is still marginally better. One more interesting point to note here is, the
most active system found currently has -OH group attached and encapsulated whereas the most active
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system previoudy discussed one is also encapsulated but without any substituent. Eventually this
particular observation highlights the novelty of the current work. The encapsulated PdL2'-Y system with
electron donating (-OH) group is expected to replicate the findings obtained for the PdL5'-Y
(encapsulated complex has —-OCH3 group) discussed earlier, as both the cases strong electron donating
groups are attached to the ligand moiety at the same position. However, these two systems behave
oppositely. Encapsulated PdL2' complex does not follow the expected trend of catalysis asis discussed
previously. The electronic spectroscopy and theoretical studies along with other techniques could justify
the catalytic behavior of this system. The originality of the present study lies into delivering
apprehension of the findings of all the experimental and theoretical studies, which could further be
explored to design newer catalysts.

5B.3 CONCLUSION

Three freshly-designed palladium(l1) Schiff-base complexes have been successfully synthesized inside
the supercage of zeolite-Y. Both neat and encapsulated states are well characterized with the help of
various spectroscopic techniques like XRD, SEM-EDS, BET, therma anayss, XPS, IR, and UV-Vis
studies. Electronic effect of the substituent group in neat Pd(11) complexes has been analyzed by using
UV-Vis spectroscopy and theoretical studies. Synthesized palladium complexes have been employed as
catalyst for the Heck coupling reaction. Existence of an electron donating substituent in the 5"position
of the ligand moiety causes red shift in metal-related transition whereas electron-withdrawing group
causes blue shift. Square planar palladium Schiff-base complex with electron donating group are
proficient catalysts towards the Heck coupling reaction than that of palladium complex with electron
withdrawing group. Encapsulated palladium complexes are found to be advantageous over the neat state
analogues in terms of recyclability and thermal stability of the catalyst. Catalytic activities of the
encapsulated palladium complexes are governed by the structural modification that is induced by the
electrostatic environment of the zeolite-Y. It means upon encapsulation, electronic effect of the
substituent and structure of the guest complex can be tuned thoroughly by imposing space constraints.
The main intend of the study is to know the structura modification of the palladium(ll) Schiff-base
complex after encapsulation as well as to explore the modified reactivity of the systems. Encapsulated
system PdL2'-Y exhibits consequential red shift in lowest energy transition and subsequently manifests

exciting reactivity after encapsulation resulting from enhanced n-delocalization in the ligand system.
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