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Abstract

The transfer of molecular chirality to solid surfaces is a focus of research due to its importance 
for practical applications. While several chiral metal complexes have been anchored to 
metal oxide surfaces via linkers, the optical properties of those with a direct covalent 
bond between the metal center and the support’s surface oxygen remained unexplored. 
This study reports the separate synthesis of both enantiomers of palladium(II)-methyl-
BINAP complexes (2,2′–Bis(diphenylphosphino)–1,1′–binaphthylmethylpalladium(II)) 
on silicon dioxide. The precursors [PdMe2 (S-BINAP)] and [PdMe2 (R-BINAP)] were 
synthesized, characterized, and grafted onto partially dehydroxylated SiO2  to form PdMe(S-
BINAP)/SiO2  and PdMe(R-BINAP)/SiO2 . Solid-state NMR, infrared spectroscopy, and 
circular dichroism spectroscopy are consistent with site isolation and the structures of 
both enantiomerically pure surface complexes. The grafted complexes exhibit mirror-
image CD spectra with features distinct from their molecular precursors, indicating that 
immobilization modifies their chiroptical response. The thermal stability of the surface 
complexes was studied by temperature-programmed experiments.
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1.  Introduction
The importance of molecular chirality is well known across different fields of science. 

Besides the academic interest, several relevant practical applications are directly connected, 
ranging from chromatography for analytics or separation of enantiomers [1,2] to asymmetric 
syntheses and catalysis [3–6]. Molecular chirality on solid surfaces plays a distinctive role 
in both chromatography and heterogeneous enantioselective catalysis, where relevant 
interactions or reactions take place at the interface of the solid surface and the neighboring 
phase. In heterogeneous catalysis, several approaches have been used to introduce chirality 
into solid catalysts [4,7–10]. Practically, the most successful and common standards are 
the adsorption of a chiral molecule, the modifier, to a well-known and understood achiral 
solid catalyst [11–13] and the bonding of a chiral, catalytically active metal complex via a 
linker between the backbone of a chiral ligand and a surface functional group, so-called 
anchoring [14–16]. In both cases, the aim is to exploit the activity of well-known catalysts, 
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like supported metal nanoparticles or homogenous catalysts, which will be immobilized in 
this way. In other words, the chiral precursor should ideally not be changed at all during 
the immobilization (avoiding any change in the first coordination sphere) in order to keep 
the catalytic performance and to combine it with enantioselectivity. Chosen reports showed, 
however, that even the atom of the ligand to which the linker is bound in this second 
coordination sphere of the complex can clearly change the enantiomeric excess [17].

At least from an academic point of view, it is therefore an interesting question how the 
chirality of a complex is influenced when the metal complex is not connected to a surface 
through a linker, but is directly covalently bound to surface atoms, such as the oxygen of 
an oxide, in its first coordination sphere [18–21]. This kind of immobilization of metal 
complexes can best be achieved by grafting a suitable precursor via protolysis of the surface 
hydroxyl groups of the oxide support, an approach known as Surface Organometallic Chem-
istry (SOMC) [22,23]. For high surface area materials, the best-known and understood is the 
surface chemistry of silicon dioxide, SiO2 . Looking for an interesting model compound (chi-
ral ligand and catalytically active central metal atom), BINAP (2,2′-Bis(diphenylphosphino)-
1,1′-binaphthyl) as a ligand and palladium as the active metal came into consideration for 
several reasons.

1,1′-Binaphthyl derivatives constitute a group of compounds broadly employed in 
many chiral recognition processes, in asymmetric organic synthesis and catalysis [11,24]. 
The chiroptical properties and characterization methods of BINAP have been extensively 
investigated [25,26], including its adsorption on palladium nanoparticle surfaces [12]. BI-
NAP complexes of ruthenium and palladium have been used mostly as homogeneous but 
also as heterogeneous catalysts on several supports in an impressive number of asymmetric 
reactions [15,16,24,27]. The metal complex of palladium and BINAP with two additional 
methyl ligands, [PdMe2 (BINAP)], was the subject of a study on its synthesis and character-
ization very recently [28]. Both enantiomers of this complex could be synthesized in high 
purity and characterized structurally by single-crystal X-ray analysis and by spectroscopic 
methods. This is a good basis for investigations as a model system for the clearly more 
complex and analytically more demanding surface system. This complex exhibited an 
interesting additional induced circular dichroism (ICD) effect on the palladium center [28]. 
The methyl ligands represent a very suitable leaving group for the grafting reaction of this 
complex with a surface OH group.

This complex has been chosen in the present work for the first synthesis of enantiomeri-
cally pure surface complexes PdMe(R-BINAP)/SiO2  and PdMe(S-BINAP)/SiO2  by grafting. 
By choosing specific reaction conditions, unwanted side reactions such as palladium self-
reduction and racemization can be avoided, and isolated complexes covalently bound to the 
surface oxygen of silica can be synthesized, structurally identified, and characterized. The 
chiroptical properties of the complex and the changes relative to the precursor complexes 
were successfully determined.

2.  Results and Discussion
2.1.  Synthesis and Structural Characterization of PdMe(BINAP) Complexes on SiO2 

Both enantiomerically pure precursor complexes, [PdMe2 (R-BINAP)] and [PdMe2 (S-
BINAP)], were synthesized according to a literature procedure in high purity [28]. As the 
noble metal precursor is expected to undergo self-reduction and form palladium particles, 
the temperature was kept below room temperature throughout the grafting reaction and 
during storage of the material.

Both enantiomerically pure precursors were immobilized on partially dehydroxylated 
silicon dioxide (SiO2 700 ), which was heated at 700 °C under high vacuum [29]. As reported 
and demonstrated in the literature, this pre-treatment results in isolated silanol groups 
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on the surface. These react under carefully chosen conditions with methyl complexes 
(grafting) to form well-separated palladium-methyl surface complexes (Figure 1) [23,30,31]. 
Formation of methane during the immobilization of PdMe2 (BINAP) was detected by mass 
spectrometry in the out-stream gas flow attached to the reaction flask. The grafting was 
performed in toluene at −37 °C for 16 h. The reaction temperature and time were found 
to be optimal for avoiding palladium self-reduction and cluster formation [32]. PdMe(R-
BINAP)/SiO2 700  (A) and PdMe(S-BINAP)/SiO2 700  (B) were obtained as colorless materials 
after washing and drying under inert conditions. The concentration of the precursor 
solutions used for grafting was planned to yield an approximately 1 wt% palladium loading. 
It is practically not possible to achieve exactly the same loading for such experiments, and 
thus for both enantiomers. Not all surface ≡SiOH groups reacted under these conditions, 
further supporting the site isolation of the final surface complexes. Elemental Analysis (EA) 
of the final products confirmed palladium loadings of 0.64 wt% for A and 0.90 wt% for B.

Figure 1. Grafting of PdMe2 (S-BINAP) onto activated silica (SiO2 700 ) to achieve a single-site PdMe(S-
BINAP)/SiO2 700  B surface complex.

An IR spectrum of a self-supporting disk of B, which has been transferred from the 
glove box to the spectrometer under strictly inert conditions, shows vibrations between 3100 
and 2800 cm−1 , and between 1500 and 1400 cm−1  (Figure 2, red spectrum). As determined 
by DFT calculations of the precursor complexes [28], the signals around 3100 cm−1  can be 
assigned to stretching vibrations of the phenyl groups of BINAP. The two signals at around 
2900 cm−1  can be assigned to the C-H stretching of the methyl groups. The additional signal 
at ~3650 cm−1  can be assigned to a disturbed silanol, which is influenced by the proximity 
of the complex. This effect has already been reported for other surface organometallic 
frameworks containing aromatic ligands [33,34]. Similar palladium complexes bearing 
diphenylphosphine ligands show a band at similar frequencies [29]. Further, SiO-H stretch-
ing of isolated silanol groups on the surface of silica-700 is observed as the sharp band at 
3747 cm−1 , indicating that the free silanol groups remained on the silica surface [23]. The 
IR spectra of the self-supporting disks of A and B are identical.

The signal for the C-H stretching of the methyl groups declines in intensity compared to 
free [PdMe2 (S-BINAP)], as expected for the loss of one methyl group due to the grafting pro-
cess and supporting the assumption that the palladium complex PdMe(S-BINAP)/SiO2 700 
is bound via one covalent bond to the palladium center. DFT calculations for the PdMe(S-
BINAP)/SiO2  surface complex, using -SiO(OH)3  as a model for the silica surface [35], 
helped assign vibrations to signals in the infrared spectrum (SI). This simplified surrogate, 
-SiO(OH)3 , has previously been shown to be a useful molecular model for calculations.
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Figure 2. Infra-red spectrum of [PdMe(S-BINAP)/SiO2 700 ]) B (red) [PdMe2 (S-BINAP)] (black).

To further characterize the immobilized complex, solid-state nuclear magnetic reso-
nance spectra (1 H-MAS NMR) of samples of both enantiomeric surface complexes, A and B, 
were taken. The 1 H-MAS NMR of B (Figure 3; for A, see Figure S3) shows a broad signal at 
7.10 ppm for the aromatic protons of the BINAP ligand, an intense peak at 2.14 ppm for the 
hydroxyl protons of the silica surface, and a signal at 1.25 ppm for the methyl group. These 
results agree with the expected values. Unfortunately, due to the low palladium loading 
and the reduced sensitivity to phosphorus nuclei, even long exposure times did not yield 
well-resolved 31 P NMR spectra.

Figure 3. 1 H-MAS NMR spectrum of [PdMe(S-BINAP)/SiO2 700 ] B.

2.2.  Chiroptical Properties of the Surface and the Surface Complexes
The successful synthesis of isolated, structurally well-defined chiral surface complexes 

with the metal center directly bound to surface oxygens, for the first time, opens the possi-
bility of answering the original questions about changes in chiroptical properties relative to 
the precursor compounds. Therefore, the chiral solid materials A and B were suspended 
in toluene to form transparent gels, and their CD spectra were recorded in comparison 
to the precursor complexes (Figure 4). The two grafted PdMe(S-BINAP)/SiO2  B and 
PdMe(R-BINAP)/SiO2  A are mirror images of each other. While their absorption spec-
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tra are essentially identical, their CD responses have opposite signs, as expected for the 
corresponding enantiomeric surface complexes. The corresponding anisotropy factors, g, 
which relate the CD response to the respective absorption, are shown in Figure 4A. The two 
solids show a single band between 350 and 460 nm, with a peak at 400 nm in the CD spectra 
(Figure 4).

Figure 4. Experimentally obtained anisotropy factor, g (A); circular dichroism (B); and absorption 
spectra (C) of [PdMe2 (S-BINAP)], [PdMe2 (R-BINAP)], PdMe(S-BINAP)/SiO2 700  B, and PdMe(R-
BINAP)/SiO2 700  A.

Comparing the CD spectra of the solid materials (grafted complexes) with those of 
their precursor complexes PdMe2 (S-BINAP) and [PdMe2 (R-BINAP)] reveals substantial 
differences. The prominent bands at 315 nm and 360 nm of the precursor complexes are 
no longer present. Instead, a band at about 400 nm is observed with the two grafted 
enantiomers (Figure 4). Since the molecular precursors already exhibit ICD, the changes 
upon grafting should be interpreted as modifications of their chiroptical response rather 
than as the emergence of ICD itself. Such modifications may arise from changes in the 
electronic and geometric environments of the palladium center upon immobilization [36,37]. 
The present results, however, do not allow the individual contributions of surface-oxygen 
coordination and other surface-induced effects to be distinguished.

The immobilization of a chiral molecular complex on an oxide surface can modify its 
local conformation and electronic environment, thereby altering its chiroptical response. 
Such changes have been reported for chiral molecules and complexes immobilized on silica 
and other surfaces, where surface interactions can influence the conformation or spatial 
arrangement of the immobilized species [38–40]. In the present system, the IR spectrum 
shows a feature at approximately 3650 cm−1 , which is consistent with O-H stretching 
vibrations of silanol groups in a perturbed or structurally distinct environment on the silica 
surface [33,34].
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To eliminate the possibility of linear dichroism [41], the experiment was repeated three 
times in different cuvettes and orientations, resulting in the same bands. Additionally, a gel 
of SiO2 -700 in toluene was measured and showed no linear CD signal.

To assess whether molecular precursor complexes remained reversibly associated 
with the silica surface, CD spectra were recorded from the materials as toluene sus-
pensions. The molecular precursor complexes [Pd(R-BINAP)2 ]/[Pd(S-BINAP)2 ] and 
[PdMe2 (R-BINAP)]/[PdMe2 (S-BINAP)] are soluble in toluene; consequently, weakly or 
non-covalently associated molecular species would be expected to partition into the liquid 
phase during suspension. The absence of CD features attributable to the molecular precur-
sor complexes in the suspension spectra therefore provides supporting evidence that the 
observed chiroptical response predominantly arises from the immobilized material. This 
observation is consistent with the formation of surface-bound species, although the CD 
experiment alone does not constitute independent proof of covalent attachment. Similar 
caution is warranted for CD measurements of particulate materials because light scattering, 
linear dichroism, and birefringence can contribute to measured CD signals [42–44].

2.3.  Stability of the Surface Complexes
For further investigations or applications, it could be interesting to look at the ther-

mal stability and reactivity of the chiral surface complexes. In view of palladium’s po-
tential as a hydrogenation catalyst, temperature-programmed experiments in hydrogen 
were performed.

The samples were heated in a hydrogen gas flow, and gaseous decomposition products 
were detected by mass spectrometry (Figure S1). Already at room temperature, decomposi-
tion of the sample was detected. The mass of methyl steadily increased as the temperature 
rose. Starting at 50 °C, traces of the BINAP ligand can be detected by mass spectrome-
try. These results indicate that PdMe(R/S-BINAP)/SiO2 700  is unstable under reductive 
conditions and, unfortunately, not useful for the intended hydrogenation test reactions. 
This instability contrasts with other site-isolated palladium or platinum surface complexes, 
which could be stabilized against ligand dissociation, reduction, and agglomeration in the 
presence of reducing agents, even at clearly elevated temperatures [45–47]. These reports 
were originally one of the hopes for applications of supported palladium BINAP complexes 
in catalysis. The BINAP ligand coordinated to surface complexes seems to be sterically too 
demanding to remain stable and probably also to enable a successful catalytic cycle without 
ligand dissociation, which is, of course, critical for the enantioselectivity of the reaction. 
Possibly, higher stability could be expected with the chiral derivative chiraphos as the 
ligand [48], which incorporates central rather than axial chirality. The alternative, of course, 
is the linker-based immobilization mentioned earlier for the synthesis of enantioselective 
catalysts [16].

3.  Materials and Methods
3.1.  General Handling

Handling and treatment of the dimethyl complexes, SiO2 700 , and the grafted materials 
were carried out under water-free, inert conditions (Schlenk line, glovebox) and in heat-gun-
dried glassware. The precursor and product materials were stored in a freezer (−35 °C), 
inside the glovebox (MBraun, Labstar Pro, Garching, Germany). The gases argon (purity 
5.0, inert gas in the Schlenk line and in the glovebox), helium (purity 4.6), and hydrogen 
(purity 5.0) were purchased from Westfalen AG, Münster, Germany. These gases were 
used without further purification. Toluene was delivered as an anhydrous solvent and 
then degassed by three Freeze-Pump-Thaw cycles. The solvent was then stored over 4 Å 
molecular sieves.
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3.2.  Elemental Analysis (EA) of the Grafted Samples
EA was performed as a combustion analysis to determine the carbon and hydrogen 

contents (Euro EA elemental analyzer, HEKATech GmbH, Haan, Germany). The contents 
of palladium and phosphorus in the samples were obtained from photometrical analysis by 
an Agilent Cary 100 UV-vis spectrometer (Santa Clara, CA, USA). Digestion was performed 
by treating the samples with boiling concentrated sulfuric acid under reduced pressure; 
the residues were treated with concentrated sulfuric acid, nitric acid, and hydrochloric 
acid. For quantification, a part of the sample was treated with an ammonium vanadate 
solution. The resulting phosphate-vanadate was quantified by measuring its absorbance at 
410 nm. Palladium was dissolved from the sample by microwave digestion (CEM Discover 
SP-D, Anton Paar GmbH, Graz, Austria). Its content was determined by Flame Atomic 
Absorption Spectrometry (F-AAS; Agilent 280FS AA, Santa Clara, CA, USA) at 265.9 nm.

3.3.  Infra-Red (IR) Spectroscopy
The solid materials PdMe(R/S-BINAP)/SiO2 700  were pressed into self-supporting 

pellets (within the glovebox), transferred into a gas-tight IR cell, and then introduced 
into a Varian 670 FT-IR spectrometer (Agilent, Santa Clara, CA, USA; equipped with a 
liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector). Typical measurement 
parameters (depending on the pellet’s properties): resolution: 4 cm−1 , sensitivity: 8, aper-
ture: 2 cm−1 , 25% beam intensity, spectra accumulated by 8 scans at 25 kHz from 700 to 
4000 cm−1 .

3.4.  Solid-State Nuclear Magnetic Resonance (NMR)
The solid-state 1 H-MAS-NMR and 31 P-HPDEC-NMR spectra were recorded on a Bruker 

AV 300 NMR spectrometer (Karlsruhe, Germany). Under inert conditions, the solids were 
placed into a zirconia (ZrO2 ) rotor with a 4 mm diameter. They were then sealed inside 
the glovebox. The spectra were recorded at 303 K, with a rotational frequency of 12 kHz. 
The measurements were performed at 300 MHz for the 1 H spectra and at 122 MHz for 
the 31 P spectra. External standards: (i) adamantane for the 1 H spectra (reference signal: 
1 H, 2.00 ppm), (ii) ammonium hydrogen phosphate (1.11 ppm relative to H3 PO4 ) for 31 P 
spectra. The adamantane standard was referred to tetramethylsilane.

3.5.  UV-Vis and CD Spectroscopy
For the UV-Vis and CD spectra, the complex samples were dissolved in toluene 

(0.13 mg/mL), while the grafted complex was suspended in a toluene slurry (30 mg/mL). 
The solutions/suspensions were placed into 1 mm quartz capillaries and measured at room 
temperature and under an argon/nitrogen atmosphere using a J-818 spectrometer (JASCO 
Corporation, Tokyo, Japan) at a scan rate of 50 nm/min, with two to three replicates.

3.6.  Synthesis of [PdMe2 (S-BINAP)] and [PdMe2 (R-BINAP)]
The synthesis of [PdMe2 (S-BINAP)] and [PdMe2 (R-BINAP)] was done according to 

literature procedures [28].

3.7.  Grafting of [PdMe2 (S-BINAP)] and [PdMe2 (R-BINAP)]on SiO2 700 
Fumed silica was pretreated as follows: it was first agglomerated in deionized water, 

filtered off, and dried at 70 °C for several days. Crushing and sieving yielded a material 
with grain sizes ranging from 100 to 300 μm. Calcination of the agglomerate in a muffle 
oven at 500 °C for 8 h (heating rate: 5 K.min−1 ) was followed by partial dehydroxylation 
at 700 °C for 16 h (heating rate: 2 K min−1 ). The latter was performed in a quartz Schlenk 
tube connected to an oil diffusion pump (10−5  mbar, Ilmvac 100328, WELCH, Ilmenau, 
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Germany). After cooling to room temperature, the evacuated flask was transferred into the 
glovebox. All further handling of the support material, SiO2 700 , must be performed strictly 
under inert conditions to avoid rehydroxylation [23].

The grafting of the enantiopure complexes [PdMe2 (S-BINAP)] and [PdMe2 (R-
BINAP)] was done according to the analogous procedure of [PdMe2 dppe] previously 
reported [32]: The desired amount of the dimethyl palladium(II) precursor was dissolved 
in 5 mL toluene in a Schlenk tube. SiO2 700  (500 mg, n(SiOH): 0.12 mmol [23]) was sus-
pended in 5 mL of the same solvent in a second flask. The precursor solution was transferred 
into the suspension of the support material while maintaining a temperature of −37 °C in 
a cryo-bath. The used tube and cannula were rinsed with an additional 2 mL of solvent. 
Under occasional shaking and continuous temperature control, the reaction proceeded for 
16 h. After filtration of the supernatant, the solid product was washed with fresh toluene 
(3 × 5 mL), thereby allowing the solvent to soak in for 10 min each time. The colorless solid 
was dried in vacuo for 10 h, yielding the final products PdMe(R-BINAP)/SiO2 700  (A) and 
PdMe(S-BINAP)/SiO2 700  (B).

PdMe(S-BINAP)/SiO2 700  B: Elemental analysis (calc.; found) [m%]: C(5.18; 5.49) 
H(0.39; 0.44) P(0.58; 0.53) Pd(1.0; 0.9) 1 H-MAS-NMR (300 MHz, 300 K) δ (ppm) = 7.07 
(m, phenyl), 2.14 (s, Si-OH), 1.25 (s, CH3 ) IR(pellet): υ ͂ = 3747 (υSiO-H ), 3651 (υSiO-H ), 3043 
(υphenyl ),2978 (υmethyl ), 2895 (υmethyl ).

PdMe(R-BINAP)/SiO2 700  A: Elemental analysis (calc.; found) [m%]: Pd(1.0; 0.64) 
1 H-MAS-NMR (300 MHz, 300 K) δ (ppm) = 7.01 (m, phenyl), 1.99 (s, Si-OH), 1.23 (s, CH3 ) 
IR(pellet): υ ͂ = 3747 (υSiO-H ), 3649 (υSiO-H ), 3059 (υphenyl ),2987 (υmethyl ), 2897 (υmethyl ).

3.8.  Tracking of Methane Evolution During the Grafting Process by Mass Spectrometry
As a probing experiment to follow the grafting procedure, the out-streaming gas flow 

was monitored by mass spectrometry (Pfeiffer ThermoStar GSD 320, Asslar, Germany). 
The methane signal declined after 4 h, indicating that most of the precursor complex has 
reacted with the surface.

3.9.  Temperature-Programmed Reduction in Hydrogen
For a temperature-programmed reduction, a U-shaped glass reactor was charged 

with 100 mg [PdMe(S-BINAP)/SiO2 700 ] in the glovebox. The reactor was introduced into 
analysis systems equipped with a programmable oven and controllable gas feeds. The 
system was coupled with a quadrupole mass spectrometer (Pfeiffer ThermoStar GSD 
320, Asslar, Germany) to detect the decomposition products in the out-stream gas flow. 
A hydrogen/helium gas flow was supplied to the U-shaped reactor as the temperature 
increased at 5 K/min. The masses of methyl, BINAP, and phenyl groups were detected at 
m/z 15, 16, 77, and 78.

3.10.  Computational Methods
All calculations were obtained by the Gaussian® 16 program [49]. The DFT functional 

B3LYP was used for all calculations, and two basis sets were considered. The carbon, 
hydrogen, oxygen, phosphorus, and silicon atoms were calculated using the 6-311++g* 
basis set. The metal center Pd was calculated using the LanL2DZ split-valence basis set. For 
this study, the obtained molecules were geometry-optimized, and subsequently, frequency 
calculations were performed. All calculations were performed on a FUJITSU CELSIUS 
Workstation with an Intel®  Xeon®  E-2136 CPU at 3.31 GHz and 64 GB of RAM.
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4.  Conclusions
The transfer of molecular chirality to solid (oxide) surfaces can be achieved by grafting 

reactions with suitable precursor complexes. The isolated single-site surface complexes, 
PdMe(R-BINAP)/SiO2  and PdMe(S-BINAP)/SiO2 , were prepared and structurally charac-
terized by infrared spectroscopy, solid-state MAS NMR, and elemental analysis. Unwanted 
side reactions, such as Pd self-reduction, cluster formation, and ligand dissociation/racem-
ization, could be avoided by careful choice of the reaction conditions. Both enantiomerically 
pure materials could be investigated by CD spectroscopy. The optical properties of both 
enantiomerically pure surface complexes are analogous to those of the precursor com-
plexes. Also, the formerly reported induced circular dichroism is indicated. Observed 
modifications in chiroptical response compared to the precursor complexes may arise from 
steric limitations at the surface and from the changes in the first palladium coordination 
sphere due to the covalent bond between Pd and surface oxygen formed by the grafting 
reaction. Unfortunately, the noble metal surface complexes are not stable under reducing 
conditions, such as a hydrogen atmosphere, even at only slightly increased temperatures 
due to self-reduction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules31224058/s1, Figure S1: Temperature-programmed des-
orption/decomposition of PdMe(S-BINAP)@SiO2 700  [0.9 wt%]. The sample was heated with 5 K min−1 
from rt to 600 °C in a 50 mLmin−1  He stream, and the out-streaming gas flow was analyzed by mass 
spectrometry; Figure S2: IR spectra of [PdMe(R-BINAP)]@SiO2 700  and [PdMe(S-BINAP)]@SiO2 700 ; 
Figure S3: 1 H-MAS-NMR spectrum of [PdMe(S-BINAP)]@SiO2 700 ; Table S1: Through DFT, the 
electronic energy of PdMe(R-BINAP) (SiO(OH)3 ) in Hartree Eh  was obtained; Table S2: Through 
DFT obtained gemoetries of PdMe(R-BINAP) (SiO(OH)3 ); Table S3: Calculated excited states of 
PdMe(R-BINAP)(SiO(OH)3 ), their crossings, rotatory strengths, energies in eV and nm and their 
oscillator strength; Table S4: Through DFT obtained electronic Energy of PdMe(S-BINAP)(SiO(OH)3 ) 
in Hartree Eh .; Table S5: Through DFT obtained geometries of [PdMe(S-BINAP)(SiO(OH)3 )]; Table 
S6: Calculated excited states of [PdMe(R-BINAP)(SiO(OH)3 )], their crossings, rotatory strengths, 
energies in eV and nm and their oscillator strength.
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