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We report that mechanistic studies of the reaction between a newly synthesized (S)-2-((R)-
3H-dinaphtho[2,1-c:1',2'-e]azepin-4(5H)-yl)-2-phenylethanol based on the binaphthyl 
skeleton and (E)-2-methyl-5-phenylpent-2-enoic acid for the asymmetric hydrogenation of 
α, β - unsaturated acids with heterogeneous palladium catalysts. The specific interactions 
between the chiral ligand and reactant were investigated in solution with palladium 
nanoparticles, as well as under ultrahigh vacuum (UHV) conditions on the palladium metal 
surface in the absence of hydrogen. The reactions were explored using nuclear magnetic 
resonance (NMR) spectroscopy, scanning tunneling microscopy (STM), and high-resolution 
photoemission spectroscopy (HRPES) combined with density functional theory (DFT) 
calculations. NMR study identified the interaction between both molecules with palladium 
nanoparticles in solution. In addition, STM and HRPES studies revealed the spatial 
distribution and configuration of both compounds on the palladium metal surface under 
UHV conditions. The theoretical results support the experimental results with respect to the 
interaction energy value. It was found that the reaction between the ligand and reactant 
occurs with the hydrogen bonding on palladium surface, simultaneously. The present study 
provides mechanistic details of the asymmetric hydrogenation reaction, which bears 
correlation between ligand, reactant, and catalyst during the reaction. 
 

Introduction 

 
The asymmetric heterogeneous hydrogenation over transition 
metal catalysts is a highly encouraging reaction process in 
industrial applications, such as for pharmaceuticals, 
agrochemicals, fragrances, and advanced materials defined by 
the significant chiral compounds include enantiomers.1-3 
Despite the growing interest in pure enantiomers, asymmetric 
reactions with heterogeneous catalysts are still limited in 
organic systhesis.4 The studies with surface characterization 
techniques, spectroscopic analysis, and computational studies 
have been reported to better understand the heterogeneous 
asymmetric reaction mechanisms by chemists.4 However, the 
mechanism of the asymmetric heterogeneous catalytic reactions 
was not clear, and the scope of reactions still remain narrow.5  
     According to the previous reports, significant catalytic 
systems has been achieved by the chiral modified catalyst, 
which is a fascinating research area and involves homogeneous 
transition-metal complexes combined with chiral molecules.6-8 
Various chiral modified catalyst systems have been used in the 
heterogeneous hydrogenation of C=C, C=N, and C=O bonds.8,9 

It has been investigated that three types of catalysts have been 
developed, such as the pyruvate over the platinum-cinchona 
system reported by Orito et al. (1979),10 tartaric acid-modified 
nickel/NaBr,11 and cinchona-modified palladium, described by 

Baiker et al. (1985).12 In particular, platinum is well known 
catalysts for asymmetric hydrogenation because it provides 
selective hydrogenation of α – ketoesters reactants.8,13 These 
mechanisms have been revealed by three different models: the 
adsorption model,14 the shielding model,15 and the zwitterion 
model.16 This reaction mechanism of the platinum-cinchona 
system described by Orito et al. was explored using attenuated 
total reflectance-infrared (ATR-IR) spectroscopy and reflection 
adsorption infrared spectroscopy (RAIRS) techniques.17-19 
Evans’s groups reported the adsorption of cinchona alkaloids 
on Pt using near edge X-ray absorption fine structure 
(NEXAFS),20 and Raval’s group examined the adsorption of 
tartaric acid on both Cu and Ni surfaces using RAIRS and 
NEXAFS techniques.21,22 Particularly, one of the chiral ligand, 
naphthylethylamine, has been studied using NEXAFS, X-ray 
photoelectron spectroscopy (XPS), and STM techniques in 
order to study the adsorption and spatial distribution on Pt 
surface.23,24 However, only a few groups have reported the 
palladium-catalyzed asymmetric reaction associated with chiral 
molecules-directed hydrogenation has been investigated.25,26 To 
reveal the reaction mechanism for the palladium-catalyzed 
reactions, researchers utilized spectroscopic measurements, 
such as RAIRS,28,30-32 XPS,29 and STM.27,32,33 In particular, the 
STM images are only available in the chiral ligand, 
cinchonidine, on Pd surfaces reported by Baiker et al,34 and 
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theoretical studies were conducted to analyze the stable 
conforms of  the chiral ligands on Pd surfaces.35  

Thus, we focused on the hydrogenation of C=C bonds with 
modified chiral molecules on palladium catalysts, and also the 
correlation of chiral ligand and reactant on palladium surface 
because chiral-modified Pd catalyst offers effective C=C bond 
hydrogenation of α, β – unsaturated carboxylic acids compared 
to Ni and Pt, while the asymmetric hydrogenation on palladium 
catalysts have received much less attention than Pt catalysts in 
regard to the detailed mechanisms.36 To investigated detailed 
reaction process of C=C bond hydrogenation using surface 
spectroscopic analysis, we engaged newly synthesized chiral 
ligand (S)-2-((R)-3H-dinaphtho[2,1-c:1',2'-e]azepin-4(5H)-yl)-
2-phenylethanol (marked by chiral ligand 1 in Scheme 3) based 
on the binaphthyl skeleton containing a condensed aromatic 
ring, tertiary nitrogen and chiral center, which has a crucial 
characteristic of the efficient ligand like cinchonidine for the 
asymmetric heterogeneous hydrogenation reactions of C=C 
bonds. Although hydrogenations over the chiral ligand 1 show a 
low ee values (see the Supporting information Table S1), this 
chiral ligand 1 can help to identify the interaction between the 
chiral ligand and reactant on palladium surface using 
spectroscopic measurements. We have also developed the 
reactant (E)-2-methyl-5-phenylpent-2-enoic acid (marked by 
reactant 2 in Scheme 3) based on the α, β – unsaturated 
carboxylic acids, which is suitable compound for experiments. 

In this paper, the specific interaction between the chiral 
ligand 1 and reactant 2 with palladium nanoparticles is 
carefully observed in atmospheric condition as well as under 
ultrahigh vacuum (UHV) conditions. We applied ex-situ NMR 
technique to investigate the interaction between the chiral 
ligand 1 and reactant 2 over 5% Pd/Al2O3 nanoparticles in 
solution. Moreover, STM and HRPES were applied to 
investigate the spatial distribution and adsorption configuration 
of chiral molecules using the single Pd(111) metal surface 
under UHV conditions. Finally, DFT calculations were utilized 
to obtain information about the stable condition and matched 
with experimental data.  
 

Experimental  

 

 
 
Scheme 1 Synthesis of (S)-2-((R)-3H-dinaphtho[2,1-c:1',2'-
e]azepin-4(5H)-yl)-2-phenylethanol.  
 
Procedure for synthesizing the chiral ligand 1.  

(R)-2,2'-bis(bromomethyl)-1,1'-binaphthalene (1d) was 
synthesized according to the known literature procedures from 
commercially available (R)-1,1’-bi(2-naphthol) through 3 
steps.37  (Scheme 1) To a stirred solution of the compound (1d) 
(0.0886 mmol) in acetonitrile was added (S)-2-amino-2-
phenylethanol (0.1772mmol) at 80 oC. Cs2CO3 (0.1772 mmol) 
was then added. The reaction mixture was stirred overnight and 
then treated with H2O to quench. After 1 hour, the mixture was 
diluted with EtOAc and H2O. It was extracted with EtOAc, 
followed by purification by column chromatography (EtOAc / 

Hexane = 1/2 (v/v)). The chiral ligand 1 was prepared from (R)-
1,1’-bi(2-naphthol) in 67% overall yield. (Supporting 
information available in detail, Scheme S1)     
 

 
 
Scheme 2 Synthesis of ((E)-2-methyl-5-phenylpent-2-enoic 
acid). 
 
Procedure for synthesizing the reactant 2.  

To prepare the reactant 2, ethyl 2-
(triphenylphosphoranylidene)propanoate (1.52998 mmol) and 
3-phenylpropanal (2a) (1.27498 mmol) were dissolved in 
CH2Cl2 at rt. After stirring for 4 hours, the mixture was 
quenched with aqueous NH4Cl solution and extracted with 
CH2Cl2. Purification by flash column chromatography 
(Et2O/Hexanc=1/50 (v/v)) furnished (E)-ethyl 2-methyl-5-
phenylpent-2-enoate (2b) in 95% yield; this compound 2b was 
then hydrolyzed (E)-2-methyl-5-phenylpent-2-enoic acid (2). 
(Scheme 2) The ester 2b (1.204 mmol) was dissolved in 2 N 
NaOH/EtOH (60.217 mmol) at 50 oC and stirred for 2 hours. 
This resulting solution was acidified by addition of HCl 
solution and extracted with EtOAc. Column chromatography 
(Et2O/Hexane=1/2 (v/v)) afforded the unsaturated acid 2 in 
99% yield.38 (Supporting information available in detail, Figure 
S1) 
NMR experiments.  

The 1H-NMR spectra were recorded using an AVANCE 
400 MHz spectrometer in chloroform-d as the common solvent 
and reported in parts per million from internal standard at 
ambient temperature. Each spectrum was recorded from the 
chiral ligand 1, reactant 2, and the complex of both molecules 
in the presence of 5% Pd/Al2O3 nanoparticles, to compare the 
peak shifts.  
STM experiments.  

The Pd(111) surface (9 mm diameter, 0.3 mm thick, R = 0.6 
Ω) was cleaned by Ar+ ions sputtering (1 keV), followed by 
heating to 1000 K in 3 × 10-8 Torr of oxygen, and then 
annealing at 1200 K in vacuo to remove any remaining 
oxygen.27,28,32 STM experiments were conducted in an 
ultrahigh-vacuum (UHV) chamber equipped with an 
OMICRON VT-STM instrument at a base pressure below 2.0 × 
10-10 Torr. All STM images were recorded using an 
electrochemically etched tungsten tip at a bias voltage of -2.0 V 
with a tunneling current of 0.1 nA. All images were collected 
from the synthesized chiral ligand 1 and reactant 2. Following 
chiral ligand 1 dosing, images were acquired at ambient 
temperature, followed by dosing reactant 2 in sequence. 
HRPES experiments.  

HRPES measurements were conducted at the 10D beamline 
of the Pohang Accelerator Laboratory. The Pd 3d, C 1s, N 1s, 
and O 1s core-level spectra were obtained using a PHOIBOS 
150 electron energy analyzer equipped with a two-dimensional 
charge-coupled device (2D CCD) detector (Specs GmbH). 
Photon energies of 400, 340, 460, and 590 eV were used to 
enhance the surface sensitivity. The binding energies of three 
core-level spectra were calibrated with respect to the energy of 
the clean Au 4f core-level spectrum (84.0 eV) at the same 
photon energy. The base pressure of the chamber was 
maintained below 9.5 × 10–11 Torr. All spectra were recorded in 
the normal emission mode. The photoemission spectra were 
carefully analyzed using a standard nonlinear least squares 
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fitting procedure with Voigt functions.39 The Pd(111) surface 
was cleaned by repeatedly applying Ar+ ions sputtering (1 keV), 
and annealing in 5 × 10-8  Torr of O2 at 1000 K.28,33 
Theoretical calculations.  

The interactions that were expected to lead hydrogen bond 
formation on the Pd(111) surfaces were investigated by 
performing DFT calculations using the JAGUAR 9.1 software 
package employing a hybrid density functional method that 
included the Becke’s three-parameter nonlocal exchange 
functional with the correlation functional of Lee–Yang–Parr 
(B3LYP).40 DFT calculations were conducted to predict the 
stable energies of each molecule and expected interactions 
derived from experimental results between the chiral ligand 1 
and reactant 2 on the palladium clusters. These calculations 
considered Pd96 cluster models with related to the periodic two-
layer Pd slab were used to compute the stable energy.41 The 
geometries of important local minima on the potential energy 
surface were determined at the B3LYP/LACVP** level of 
theory. The LACVP** basis set is a mixed basis set that uses 
the LACVP basis set to describe the Pd atoms and the 6-31G 
basis set for the remaining atoms. Moreover, the LACVP basis 
set describes atoms beyond Ar in the periodic table using the 
Los Alamos effective core potentials developed by Hay and 
Wadt.42 
 

Results and discussion  
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Scheme 3 The structures of (a) (S)-2-((R)-3H-dinaphtho[2,1-
c:1',2'-e]azepin-4(5H)-yl)-2-phenylethanol (ligand 1) and (b) 
(E)-2-methyl-5-phenylpent-2-enoic acid (reactant 2). Letter 
color: NMR data (black), HRPES data (red). 
 
We investigated detailed process of asymmetric heterogeneous 
hydrogenation reaction using chiral ligand 1 and reactant 2 in 
solution and then examined the adsorption configuration and 
the spatial distribution of the chiral ligand 1 under UHV 
conditions in the absence of hydrogen. Moreover, we examined 
the stable energy values of the individual molecules and the 
complexes were compared to corroborate experimental results. 
 

 
 
Fig. 1 1H NMR spectrum of the (a) ligand 1, (b) reactant 2, and 
(c) interaction between ligand 1 and reactant 2 with 5% 
Pd/Al2O3 (L/R = 1 mol% in chloroform-d).  
 

Figure 1 indicates the assignment of the 1H NMR spectrum 
for chiral ligand 1 and reactant 2 in chloroform-d (1H NMR 
spectrum in methanol-d4 available in Supporting information, 
see Figure S2). The H1 and H1’ protons of the chiral ligand 1 
shown in Figure 1a appear as two of doublets at δ 3.26 and 3.80, 
respectively, due to the long-range coupling between H1 or H1’ 
and one of the ring protons.37 The chiral center proton, H2, 
appears as a triplet at δ 3.56.  The two protons of H3 appear as 
a quartet at δ 3.78 and 3.91, respectively. The O-H proton is 
associated with a broad signal at δ 2.16. Figure 1b shows the 
spectrum of the α, β – unsaturated acids, reactant 2. The protons, 
H4 and H5 appear as a triplet at δ 2.76 and a quartet at δ 2.52, 
respectively. H6, which is easily identified by its NOESY with 
H5 and H7 (see the Supporting information Figure S1), appears 
as a triplet at δ 6.95. The COO-H proton is associated with a 
broad peak at δ 10.74.  

The 1H NMR spectrum of the mixture with the chiral ligand 
1, reactant 2 and Pd nanoparticles substantiated the existence of 
the interaction structure between both molecules, as shown in 
Figure 1c. A new peak was observed at δ 6.30. The intensity of 
the carboxyl COO-H peak measured by ATR-IR was decrease 
compared with its original intensity (Supporting information 
available in Figure S3). Williams et al. previously studied the 
interactions between the chiral ligand, cinchonidine, and 
reactant on the Pd(111) surface over the ATR-IR system.43 An 
up-field shift in the β - proton on the α, β – unsaturated acids, 
reactant 2 at δ 6.83 relative to the original peak position at δ 
6.95 (Figure 1b) was observed in the 1H NMR spectrum due to 
the low basicity of the reactant.44 The 1H NMR peaks 
corresponding to H1, H1’, H2, and H3 appear at more down-
field positions (δ 3.35, 4.10, 3.59, and 3.73 with 4.14, 
respectively).45 

Here, the chiral ligand 1 acts as an electron donor, whereas 
reactant 2 acts as an electron acceptor during the reaction in the 
absence of hydrogen. We suppose that this peak shifts resulted 
from the acid-base complexes that formed between the nitrogen 
on the chiral ligand 1 and the acidic proton on reactant 2.46 The 
1H NMR results indicate that there is the interaction between 
the chiral ligand 1 and reactant 2.47-49 
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Fig. 2 STM images of the (a) chiral ligand 1 on the Pd(111) 
surface at low coverage taken at ambient temperature (20 × 20 
nm), (b) both molecules (ligand 1 and reactant 2) formed 
complexes on the Pd(111) surface (20 × 20 nm).  Vb = -2.0 V, It 

= 0.1 nA. The line profiles along the white lines are shown on 
the bottom; (c) the individual chiral ligand 1, (d) the complexes.  
 

The spatial distribution of the individual ligand 1 and 
complexes following exposure to reactant 2 in sequence on the 
Pd(111) surface under UHV conditions in the absence of 
hydrogen, was examined using scanning tunneling microscopy 
(STM). Figure 2a shows the image of the individual chiral 
ligand 1. Complexes of both molecules on the clean Pd(111) 
surface are shown in Figure 2b.50 Each molecule of the chiral 
ligand 1 appears as small uniform balls with about size 1.1 nm, 
as shown in the line profile A-A’ in Figure 2c. One region 
shows well-ordered domains (marked by the square box in 
Figure 2a) resulting from inter-molecular interactions of the 
chiral ligands 1, and another is the disordered region (marked 
by the circle in Figure 2a) with non-intermolecular interactions 
among the chiral ligand 1 along different directions.51 It should 
be noted that a distinct boundary with a disordered region is 
present. The non-interacting individual chiral ligand 1 
molecules in the disordered region were sufficiently isolated 
that reactant 2 molecules could approach when after dosing the 
reactant 2. 

After scanning the STM image of the chiral ligand 1 on the 
Pd(111) surfaces (Figure 1a), dosing of the reactant 2 molecules 
proceeded in sequence. Figure 2b shows the images of the 
complexes between both molecules with two little asymmetric 
neighboring circular shapes (marked by the oval), while with no 
changes in the well-ordered domains. The STM images of the 
wide range with the ordered domains are displayed in 
supporting information, Figure S4. The appearance of the 
yellow dot ovals indicates interactions between two 
neighboring circles of the chiral ligand 1 and reactant 2, rather 
than interactions between chiral ligands 1. This interaction was 
revealed through the measured apparent distance and height 
profiles shown in Figure 2d. The line profiles along the traces 
B-B’ show the complex between the chiral ligand 1 and 
reactant 2 with about 2 nm long. Interactions between both 
molecules occurred selectively at the boundaries in the 
disordered region where the well-ordered domains oriented 
along different directions. (Figure 2b) 

The selectivity of this interaction depends on the localized 
accessibility of reactant 2 to the chiral ligand 1 due to the wide 

spatial distribution within the disordered region. These results 
indicated that the distribution of the chiral ligand 1 on the 
Pd(111) surface affects the interaction with the reactant 2. The 
STM images show the presence of the inter-molecular 
interactions among the chiral ligands 1 in the well-ordered 
region, and provide evidence for the 1:1 interaction model 
between the chiral ligand 1 and reactant 2 in the disordered 
region, based on the distance changes measured in the line 
profile.52 
 

 
 
Fig. 3 Pd 3d, C 1s, N 1s, and O 1s core-level spectra for (a, b, c, 
d) ligand 1 adsorbed and for (e, f, g, h) ligand 1 with reactant 2 
on the Pd(111) surface. The dots indicate experimental values 
and the solid lines represent the results of peak fits.  
 

The core-level spectra of Pd 3d, C 1s, N 1s, and O 1s were 
acquired following exposure of the chiral ligand 1 and reactant 
2, in sequence, on the clean Pd(111) surface to identify the 
distinct electronic structures of the interactions between the 
chiral ligand 1 and reactant 2 in absence of the hydrogen, as 
shown in Figure 3.  

The Pd 3d core-level spectrum of the only chiral ligand 1 
shows two peaks at 335 eV and 340 eV, in agreement with the 
spectrum obtained from reactant 2 in the presence of chiral 
ligand 1, as shown in Figures 3a and e.53 Owing to no variation 
differences, we revealed that the Pd metal is not involved in the 
initial interaction both molecules directly. In the presence of 
hydrogen, the Pd metal surface works as the catalyst through 
the Pd-H as the hydrogen suppliers.54 The carbon 1s core-level 
spectrum of the chiral ligand 1 displays three peaks at 284.0 
eV(C1), 285.2 eV(C2), and 286.1 eV(C3), associated with the 
CC=C (phenyl), CC-N  (tertiary amine), and CC-OH (alcohol) groups, 
respectively (Figure 3b).55 A new peak is observed at 283.6 eV 
(C4) corresponding to the CC-C group (alkyl chain, sp3) of 
reactant 2. The binding energy of (C3) in the presence of the 
reactant 2, as shown in Figure 3f, shows the low intensity of the 
peak corresponded to the presence of interactions between the 
chiral ligand 1 (C-OH) and the reactant 2 (COO-H), as 
expected.50 Figures 3c and g show the N 1s core-level spectrum 
acquired at 398.1 eV (tertiary amine C-N, labeled N1) and 
400.3 eV (protonated C-+NH, labeled N2).56 The (N2) peak 
position shifts toward lower binding energy slightly, as shown 
in Figure 3g. The O 1s core-level spectrum shown in Figure 3d 
indicates two components corresponding to two different types 
of oxygen atoms. The O 1s spectrum reveals binding energies 
of 531.1 eV (O1) and 533.2 eV (O2) relative to the alcohol 
group (-OH), as shown in Figure 3d.57,58 According to the 
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previous results, the STM images of the individual chiral ligand 
1 suggested that the (O1) peak generated as a result of the inter-
molecular interactions among the chiral ligands 1 represented 
well-ordered regions within which the chiral ligand 1 did not 
interact with the reactant 2. After exposure to reactant 2 in 
sequence, the intensity of the (O2) binding energy was lower 
than the initial intensity, and the (O1) peak position did not 
shift. (Figure 3h) 

Our HRPES results indicate that both the oxygen atom in 
the alcohol and the nitrogen atom of the tertiary amine of the 
chiral ligand 1 participate in the interactions on the Pd(111) 
surface. Consequently, the peak shifts and the binding energy 
intensities indicate that the hydrogen bonding intermolecular 
interactions between the chiral ligand 1 and reactant 2 occurs at 
the specific positions in the disordered regions, consistent with 
the shifts observed for +N-H….-OC=O and O-H….O=CO- and 
the inter-molecular interactions among the chiral ligands 1 
occurs in the well-ordered regions. This HRPES results are 
matched with NMR and STM experimental data on the specific 
interaction site. 
 

 
 
Fig. 4 Side view of the (a) chiral ligand 1 (Ead = -35.75 
kcal/mol), (b) reactant 2 (Ead = -17.11 kcal/mol), and (c) 
structures of the complex (Ead  = -35.78 kcal/mol) on Pd(111) 
surface, calculated using DFT methods, and (d) schematic 
diagram of the complex. Atomic color codes:  Pd (green), O 
(red), N (violet), C (gray), H (white). 
 

The proposed adsorption stability of the complexes via 
hydrogen bonds between the chiral ligand 1 and reactant 2 was 
calculated using DFT calculation methods in the gas-phase. The 
calculated geometries of the chiral ligand 1, reactant 2, and the 
proposed complex geometry of both molecules, as shown in 
Figure 4, indicate the adsorption energy value. The 
energetically most stable adsorption geometry is calculated to 
be the complexes via hydrogen bonds with an adsorption 
energy of -35.78 kcal/mol. Figure 4d shows the proposed 
Schematic diagram between chiral ligand 1 and substrate 2 
involving hydrogen bonds, from above assuming the metal 
surface being below presenting the O-H group of the chiral 
ligand 1 bound to the carbonyl oxygen (-C=O) of reactant 2, 
and the protonated amine (-+N-H) of the chiral ligand 1 bound 
to the deprotonated carboxylate anion (-O-C=O), in agreement 
with the previous experimental observations. Note that the 
structure shown in Figure 4c, which contained hydrogen bonds, 
was found to be more stable than the structures of the 
individual molecules. 
 

Conclusions 

     
We have revealed detailed process of the palladium-catalyzed 
for the asymmetric heterogeneous hydrogenation of C=C bonds 
using the newly synthesized chiral binaphthol ligand 1 and 
reactant 2. The experimental data (NMR, STM, HRPES) and 
theoretical results (DFT calculations) led us to propose that the 
reaction proceeds via a hydrogen bonding interaction both in 
solution and under UHV conditions. NMR experiments 
suggested that the interaction between the nitrogen on chiral 
ligand 1 and acidic proton on reactant 2 in solution with 
palladium nanoparticles, based on the observed peak shift. The 
STM data demonstrated that the spatial distribution of 
individual chiral ligands 1 and the selective formation of 
complexes depends on the ordering of the chiral ligand 1 on the 
Pd(111) surface under UHV conditions. We believe that the 
spatial distribution of the chiral ligand is an important factor for 
the interaction between both molecules. Moreover, the HRPES 
data revealed the electronic structures of the interactions 
between the chiral ligand 1 and the reactant 2, and validated the 
structures of the inter-molecular interactions in only well-
ordered regions among the chiral ligands 1 compared to 
previous STM results, which examined well-ordered and 
disordered regions. The hydrogen bonds associated with the 
interactions were calculated to be energetically feasible through 
the DFT calculations. We also provided that the reaction scope 
of the palladium-catalyzed asymmetric reaction expands with 
the newly synthesized chiral binaphthol ligand 1 and reactant 2. 
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