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Abstract: Here, we used the methanol-induced precipitation method to prepare and separate two size selected gold clusters
protected by two enantiomers and racemic mixture of penicillamine ligand. The clusters materials were obtained by the
reduction of HAuCls3H,O salt with NaBHs in the presence of L-penicillamine (L-pen), D-penicillamine (D-pen) and
racemic mixture of penicillamine (rac-pen) as capping ligands. Two fractions were obtained with particles of about 1 nm
and 2.6 nm, respectively. The average chemical formula was determined from thermogravimetric analysis (TGA). The
optical properties of the samples were studied by three different methods: UV-vis spectroscopy, photoluminescence
spectroscopy (PL) and circular dichroism (CD) spectroscopy. PL studies yielded the fluorescent properties of the samples.
The main focus of this work, however, lies in the chirality of the particles. The CD spectra for gold clusters capped with
one of the two enantiomers (D- or L-form) typical CD spectra were observed, no significant signals were detected for a
racemic ligand mixture. Furthermore, gold clusters show quite large asymmetry factors (up to 1.3x107%) in comparison to
most other ligand protected clusters. These large factors and bands in the visible range of the spectrum suggest a strong
chiral induction from the ligand to the metal core.

Keywords: Size selected gold clusters; Chirality; Photoluminescence Spectroscopy; Methanol-induced method; L/D-
Penicillamine

1 Introduction

Gold nanoclusters protected by ligands, such as thiolates [1-5], phosphines [6,7] and amines [8,9], have attracted great
interest since they are promising materials for both fundamental research and applications. The structure, bonding and
stability of the thiolate-protected Au clusters are being intensely pursued [1-5]. A series of size selected gold cluster
protected by different ligands (SR) were separated such as Augs, Auss, Auss, Auioz and Auias [1-5]. Single crystal X-ray
diffraction was used to determine the crystal structure of these size selected gold clusters [1,10,11]. In addition, Auzs(SR)1s
exhibits many interesting properties that are not observed in bulk gold, such as photoluminescence [2] and paramagnetism
[12].

Whereas the general properties such as the optical spectrum, electronic structure of size selected clusters are well-
understood, their chiroptical properties are barely studied. Several examples of chiral gold nanoclusters have been
presented in the past [13,14] and conformational analysis of the adsorbed ligand was performed using vibrational circular
dichroism [15,16]. Moreover, the crystal structures of Auss(SR)24 and Aui02(SR)a4 bear intrinsic chirality [1,17]. Since the
discovery of optical activity in glutathionate protected clusters [2,13], a series of ligands was examined; mostly cysteine-
derivatives [13,15,18]. Due to lack of methodology, synthesis and characterization of monodisperse chiral gold clusters is
rare. Recently, major breakthroughs were size-conserving ligand exchange experiments [19,20] and successful synthesis of
chiral Auxs(SR)1g [21]. This cluster bears a Auis core covered by six long staples (SR-Au-SR-Au-SR) [22]. The core and
the arrangement of the staples on the latter are not chiral, in contrast for example to Auss(SR).4. Therefore, the observed
optical activity has to be linked to the chirality of the adsorbed thiolates (SR) [17,23]. Two enantiomers of gold clusters
protected by the achiral 2-phenylethanethiol ligands (Auss(SCH2CH2Ph)24) and (Aus(SCH2CH2Ph)24) were separated by
chiral high-performance liquid chromatography (chiral HPLC) [23]. The enantiomers show mirror-image circular
dichroism responses and large anisotropy factors of up to 4x10- and 6x10°3, respectively [23].
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In this study, we used methanol-induced precipitation method [2] to synthesize gold clusters protected by chiral L- and D-
penicillamine (scheme 1) as well as their racemic mixture (rac-pen). Gold clusters protected by the same ligands were
synthesized by another synthesis method [18], clusters with a rather large size distribution were obtained and subsequently
subjected to gel electrophoresis for obtaining fractions of different cluster sizes. While such an approach produces very
limited yield due to the separation by gel electrophoresis. The method used in this work, however, is purely based on wet
chemistry and has the advantage of a strongly increased yield of the cluster material. The particle size and their average
chemical formula for synthesized clusters were assessed by transmission electron microscopy (TEM) and
thermogravimetric analysis (TGA), respectively. Furthermore, it is found that the optical properties of the clusters in this
work differ from those previously reported ones. We attribute this to different cluster morphology, which indicates that
different types of clusters are obtained by our preparation technique. The optical properties of enantioselective gold
clusters were studied by circular dichroism (CD) and photoluminescence spectroscopy (PL). In the following we present
the cluster synthesis and the characterization of the samples by electron microscopy, thermogravimetric analysis and
optical spectroscopy.
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Scheme 1: L- and D- penicillamine (L- and D-pen) used as ligands for protecting the clusters.

2 Experimental

In this work several gold cluster samples were isolated and studied. Gold clusters were obtained with different enantiomers
of the ligand and subsequently subjected to methanol induced precipitation. This precipitation method resulted of two
different sizes gold clusters, small clusters of about 1 nm and larger clusters comprising of an average of 4 nm cores.

2.1 Chemicals

Tetrachloroauric (111) acid (HAuCl4-3H,0, >99.99% metals basis, Aldrich), Sodium borohydride (NaBH4, >96%, Aldrich),
L-penicillamine (L-pen, 99%, Aldrich), and D-penicillamine (D-pen, >99%, Sigma-Aldrich) were used in the synthesis of
the ligand protected gold nanoparticles (for the chemical structure of D- and L-pen see scheme 1). As solvents ethanol
(HPLC grade, Aldrich) and methanol (HPLC grade, Aldrich) were taken. All chemicals were used as received. All
glassware was thoroughly cleaned with aqua regia (HCI:HNO3 = 3:1 v/v), rinsed with distilled water, and then dried in an
oven prior to use.

2.2 Preparation of Aun(L-pen)m, Aun(D-pen)m and Aun(rac-pen)m Nanoclusters

Tetrachloroauric (III) acid (104 mg, 0.264 mmol) was first dissolved in 2™ distilled water (30 ml) in a round flask. The
solution was then cooled to around 0°C with an ice bath over a period of 30 min. Afterwards, L-penicillamine (L-pen) or
D-penicillamine (D-pen) or racemic mixture of penicillamine (rac-pen) ligands (157 mg, 1.06 mmol) were slowly added to
the flask under slow magnetic stirring (~60 rpm). The solution was then stirred for 1.5 h. Subsequently, NaBH. (100 mg,
dissolved in 15 mL ice-cold water) was rapidly added to the clear gold salt solution under vigorous stirring (~1200 rpm).
The solution immediately became dark, indicating the reduction of the gold salt and the formation of nanoparticles. The
reaction was allowed to proceed for another 12 h. Then, MeOH (40 mL) was slowly added under constant stirring.
Subsequently, the precipitates (fraction 1) were collected by centrifugation (5000 rpm, 10 min), washed with methanol
three times and then dried under reduced pressure. After concentrating, the remaining supernatant fraction 2 was isolated
by adding more MeOH. The precipitate was washed with MeOH and then dried by vacuum filtration.

2.3 Instrumentation and Characterization

To obtain the UV—vis absorption spectra of the prepared nanoclusters, aqueous solutions of approximately 1 mg/ml were
prepared. The spectra were recorded at ambient temperature from 200 to 900 nm with a double-beam spectrophotometer
(Evolution 300). The CD spectra of all types of clusters were measured with a Jasco J-710 spectropolarimeter, using a
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quartz cell of 1 cm path length and solutions with the same solvent and concentration as for UV—vis spectroscopy. Thermal
gravimetric analysis (TGA, ~ 2 mg sample tested) was conducted in a N, atmosphere (flow rate ~50 ml/min) with a
ThermoStartTM TG/DAT (Pfeiffer Vacuum). All measurements were performed with a heating rate of 10°C/min, starting
from room temperature and ramping up to 900°C. For TEM measurements, solutions with a concentration of 1-2 mg/mL
were prepared by dissolving or suspension the catalysts materials in 2" distilled water. A droplet of these catalysts
solutions was casted onto carbon-coated copper grids. The solvent was then allowed to evaporate slowly. TEM images
were obtained at a magnification of 200,000 and 120,000 for fraction 1 and fraction 2 gold clusters, respectively, with a
high resolution transmission electron microscope (HRTEM) TECNAI G2 spirit TWIN at acceleration voltage of 120 kV,
conducted by VELETA Camera. The images were then analyzed by using Image J software (version 1.44). Photoexcitation
and fluorescence studies were performed with a JASCo FP-6300 spectrofluorometer with a xenon lamp as excitation
source. The band-pass for both, excitation and emission monochromators, was always kept at 5 nm.

3 Results and Discussion

After having successfully synthesized the monolayer-protected gold nanoclusters (Au—MPCs), the samples were further
purified by several cycles of re-solvation in water and re-precipitation by adding methanol. The as-prepared clusters were
then characterized and studied by UV-vis spectroscopy, transmission electron microscopy (TEM), circular dichroism
spectroscopy (CD), thermogravimetric analysis (TGA), and photoluminescence spectroscopy.

3.1 Size and Chemical Composition of Synthesized Gold Clusters

One of the most effective ways to obtain the ratio between organic fraction and the metal content is thermogravimetry.
With this technique the metal-to-ligand ratio (M/L) and, hence, the average chemical formula of the MPCs can be derived.
Penicillamine that was used as protecting ligands decomposes when heating up to 231°C in a single step (Fig. 1c and d).
Fig. 1 shows the thermograms of all cluster samples and a common trend is observed: All clusters are found to be
hygroscopic, which is indicated by the onset of the mass loss already at 40°C temperature.
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Figure 1. Thermogravimetric analysis of fraction 1 (curve a) and fraction 2 (curve b) gold clusters. Both fractions of gold
clusters consist of same ligand but differ in cluster size. All curves show an onset already at 40 °C, which is due to the
removal of water molecules, showing that the clusters are hygroscopic. Furthermore, several steps can be found, which are
due to the decomposition of the organic molecules. For the two samples, the destruction of the organic compound is
completed before 900 °C. Therefore, it can be concluded that the residual mass of the clusters samples consists of gold
atoms only and, hence, the average molecular formula of the clusters can be calculated. Curve ¢ and d show the
thermogravimetric analysis (TGA) of the bare penicillamine ligands. The ligands decompose in one step at 231°C.

A mass loss at these low temperatures is attributed to the removal of adsorbed water molecules rather than to a
decomposition of the ligand, since the pure ligand does not show any mass loss up to 200°C [2,24]. With the exception of
the removal of water molecules, the other steps of the TGA curve correspond to the decomposition of the ligand protecting
clusters. In the measurements of all species the decomposition of the ligand is completed before 900°C and the residue
consists of metal atoms, only (Table 1). By the comparison of the TGA curves of clusters of different core sizes it is found
that larger clusters show a higher metal-to-ligand ratio than smaller ones (Table 1). This behaviour is observed because the
numbers of atoms inside the metal core becomes larger with respect to the numbers of surface atoms of the particle. From
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the relative weight of the residue with respect to the total weight loss of organic molecules, the average ligand-to-metal
ratio can be calculated and thus the average molecular formula of the clusters can be derived [2,24,25]. The results together
with all the thermogravimetric data are shown in Table 1. The percentage of gold part in fraction 1 is 73.44 % and fraction
2 is 63.02 % (Table 1), the calculated weight of gold part in Auas(pen)is is 64.7 %, therefore, the synthesized fraction 2
expects to be size selected clusters (Auzs) protected by penicillamine.

Table 1. Results of the thermogravimetric analysis of gold clusters.

Sample Thermal tonset tend Weight loss | Weight (%) at | M/S Molecular
P degradation step (°C) (°O) (%) 900°C ratio formula
| 46 187 4.38
First fraction | Il 187 320 16.63
Aun(Pen)m n 320 800 555 73.44 1:0.39 ~AuznL,
| 46 185 5.05
1l 185 273 10.98
Second fraction | [l 273 433 9.92
Aun(Pen)m v 433 750 11.03 63.02 1:0.66 AugnLon

Figure 2. Transmission electron microscope (TEM) images of first fraction of Aun(L-pen)m nanoclusters with an average
size of 2.66 nm (A) and the second fraction of Au,(L-pen)m nanoclusters (B). In the image of the second fraction the
clusters look very uniform and have a size of around 1 nm. (C) Size distribution of first fraction Au,(L-pen)m nanoclusters.
Aun(L-pen)m nanoclusters consist of an average size of 2.66 nm (213 particles were used to obtain this average size) and a
very smooth Gaussian distribution over the cluster size is found.

For the determination of the average size and the size distribution of the metal clusters transmission electron microscopy
(TEM) is one of the most often used techniques [2,24,25]. Conventional TEM is particularly powerful when the particle
size is larger than 1 nm, because large scattering cross sections of the metal atoms result in a strong contrast in the TEM
image. For smaller clusters (below 1 nm in diameter), however, the contrast becomes very weak and hence such small
particles may not be detected and counted [2,4]. In addition, another drawback of TEM is that the cluster samples are
casted onto a surface (in this work on carbon-coated copper grids). As a consequence, migration and coalescence of the
particles may occur. In the case of monolayer protected clusters coalescence may be ruled out, due to the protection by
ligands.

Fig. 2 shows TEM images of the two fractions of gold clusters protected by L-penicillamine (L-pen) ligand. In general,
individual spherical nanoparticles can be seen for all the samples. The particles sizes of second traction are very
homogeneous in size and of about 1 nm (Fig. 2B), clusters of the first fraction have an average size of 2.66 nm (Fig. 2A).
This is a clear indication that particles with a very narrow size distribution (Fig. 2C), can be obtained with this synthesis
method. Furthermore, as expected, the particle sizes of gold clusters protected by different enantiomers of the ligand do not
change.

3.2 Optical Properties of the Synthesized Gold Clusters.

Plasmonic metal nanoparticles (Au and Ag) have a great potential for chemical and biological sensor applications, due to
their sensitive spectral response to the local environment of the nanoparticles surface and the ease of monitoring the light
signal due to their strong scattering or absorption [26]. In addition, the UV-vis spectra are very sensitive to changes in the
metal core of the particles, in particular for clusters comprising of only a few tens of atoms. The optical response can thus
be used to estimate and monitor the size of the particles.

© 2017 NSP
Natural Sciences Publishing Cor.



J. Nano. Adv. Mat. 5, No. 1, 23-31 (2017) / http://www.naturalspublishing.com/Journals.asp NS e 27

(a) Fraction 1 Au (L-pen)

2.0
———— (b) Fraction 2 Aun(L-pen)m

(@

Absorbance

0.0 T d T Y T v T v v
400 500 600 700 800 900

Wavelength (nm)

Figure 3. UV—vis absorption spectra of Au nanoparticles Aun(L-pen)m of different sizes. Fraction 1 consists of particles of
an average size of 2.66 nm and shows a well-defined surface plasmon band at 534 nm a (curve a). Particles of fraction 2
are much smaller (around 1 nm) and give a multiband absorption spectrum with a distinct a peak at around 670 nm and
another two shoulders at 400, 450 nm (curve b). These absorption bands very well resemble the spectroscopic fingerprints
of gold nanoclusters consisting of a metallic core of exactly 25 Au atoms [2,4].

2 nm regime silver and gold monolayer-protected clusters in general exhibit a broad plasmon resonance peak at around 450
nm and 550 nm in the visible region, respectively [2,25]. It was shown previously that for particles of this size the
transition can be modelled by Mie theory in combination with the Drude model, which clearly demonstrates that such
peaks originate from plasmonic transitions [24].

In accordance to such observations, fraction 1 from gold clusters protected by L-penicillamine (L-pen) consists of an
average particle size of around 2.66 nm and, consequently, the UV—vis spectrum shows a surface plasmon absorption band
at 534 nm (curve a in Fig. 3). Due to their smaller size of about 1 nm, clusters of the second fraction (curve b in Fig. 3),
however, exhibit a broad absorption spectrum with one weak band at around 670 nm and another two small shoulders at
400 and 450 nm (curve b in Fig. 3). These absorption bands resemble very well the spectroscopic fingerprints of Augs
nanoclusters [27,28], which are usually found for monodisperse clusters consisting of a metal core of exactly 25 atoms,
such as Auzs(SG)1s [4] and Auzs(SR)1s (SR = SCH2CH2Ph, SCi2Has, and SCeH13) [29]. Therefore, the UV-vis spectrum of
fraction 2 of the Aun(L-pen)m clusters again confirms the observations obtained from TEM of a very narrow particle size
distribution and furthermore suggests that the clusters are monodisperse and consist of core sizes of Auzs.

Note that the spectra of all samples are the same, which shows the expected behaviour, namely that different enantiomers
of the same ligand do neither effect the peak position nor its broadness.

3.3 Chirality of the Gold Monolayer-Protected Clusters (Au-MPCs).
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Figure 4. CD spectra and anisotropy factors of second fraction gold clusters Aun(L-pen)m (curve a) and Aun(D-pen)m
(curve b) and the first fraction of Aun(L-pen)m (curve c) and Au,(D-pen)m (curve d) nanoclusters. The second fraction of
gold nanoclusters shows mirror images circular dichroism signals in the range from 250 to 600 nm. The first fraction from
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gold clusters, however, does not give any CD peaks (A). (B) Corresponding anisotropy factors for all gold cluster samples
calculated out of the CD and absorption spectra. Large factors for a metal cluster sample of up to 1.3x10 are found. (Note
that curve c in (B) can hardly be seen, since it is almost entirely overlaid by curve d.)

The exploration of the origin of chirality in monolayer protected clusters protected by chiral ligands has been a very active
research field in the last few decades [30,31]. The chirality of the clusters can be studied by CD spectroscopy. While large
particles (>2 nm) usually give small chiroptical peaks, the bands of smaller clusters are much pronounced [2,24,32]. This
observation of a decreasing optical activity with increasing particle size, can simply be explained by the increased
configurational space for larger particles (larger number of gold atoms and ligands) and thus an increased probability of
multiple energy minima on the potential energy surface. An increasing number of conformers lead to a decreased optical
activity as positive and negative bands of different conformers average out [33].

The CD spectra of particles covered with the two penicillamine enantiomers (L-pen and D-pen) show a mirror image
relationship — a typical behavior for enantiomers. The CD spectra of the clusters protected by the two different
enantiomeric forms of the ligand give perfect mirror images with several signals in the region from 250 nm to 600 nm (Fig.
4A). In contrast to the spectra of the cluster that even exhibit bands in the visual region, the bare ligand molecule only
show significant CD signals below 250 nm [18]. While bands after 250 nm in the spectra of the clusters may therefore be
interpreted as clearly indicate metal-based origins.

The two fractions of gold clusters show a completely different behaviour. As expected, larger cluster of fraction 1 (average
size of about 2.66 nm) do not give significant CD signals above 250 nm [2,18]. Smaller clusters of about 1 nm, however,
exhibit three well-resolved transitions (264, 305, 370 and 447 nm). The spectra are much pronounced than previously
reported ones of Yao et al. [18], who have obtained clusters of different sizes by separating a polydisperse mixture with gel
electrophoresis. In all cases, peaks are found in a similar wavelength range, with the occurrence of metal-based bands
above 300 nm. However, we again assign the differences in the spectra (different band positions, different number of bands
and different spectral shapes, which cannot be explained by a superposition of the spectra of differently sized clusters) to
different cluster morphologies or to different chemical compositions.

For a better comparison, which is not dependent on the sample concentration, usually the anisotropy factor is calculated.
Anisotropy factors (g) are defined as the difference in absorption of left- and right-handed circularly polarized light (AA)
divided by the absorption of the racemate (A).

g=AA/A (Eq.1)
The factor can be calculated from the measured ellipticity (0) and the absorption spectrum by using the following equation:
g =0[mdeg]/(32980 x A) (Eq. 2)

The result over the entire spectral range can be seen in the Fig. 4B. It is found that the anisotropy factors are quite large for
a cluster sample. In particular, for the small gold clusters of about 1 nm the anisotropies range up to 1.3x10-. Notably, this
value is not only one order of magnitude higher than that for the same gold clusters obtained via separation with gel
electrophoresis [18], but even is one of the largest for gold clusters, in general. So far very high anisotropy values have for
example been reported for gold nanoclusters protected with 1,1’-binaphthyl-2,2"-dithiol chiral ligand (4x107%) [34] and
intrinsically chiral Auzg(SCH2CH2Ph),4 (1x107%) [23].

3.4 Photoluminescence of Monolayer-Protected Clusters (Au-MPCs).

The exact mechanism of the photoluminescence (PL) of monolayer protected noble metal cluster is still under debate. Due
to the non-fluorescent properties of the ligand (in this work penicillamine), the fluorescence must originate from the metal
core. The ligand, however, can strongly influence PL and, in particular, largely increase its intensity as indicated by the
investigation of several Auys clusters [29]. In general, among ligand protected clusters, gold clusters have been studied the
most widely by PL. Already in 1998 an influence of size of spherical gold clusters on PL was reported [35]. With liquid
chromatography two fractions were separated; one of small clusters (smaller than 5 or 2.5 nm), which exhibited very strong
PL but gave no well-resolved plasmon peak and another one with clusters of about 15 nm, where a distinct plasmon peak
but no PL was observed [35].

A similar behaviour is found for clusters of Aun(pen)m. While the first fraction of clusters with an average size of about
2.66 nm give a strong and good resolved plasmon peak in their absorbance spectra (Fig. 3a), no PL is detected (Fig. 5). The
quenching of the fluorescence accompanied by the appearance of a pronounced plasmon transition for larger clusters can
also be found for other gold systems (as e.g. for the Au-particle growth on SiO,) [36]. Usually, big particles only show
fluorescence if they consist of multiple grains, otherwise the density of states of the clusters is too high for the clusters
being luminescent [37,38].
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Figure 5. Photoemission spectra of the two fractions of gold clusters protected by L-penicillamine (L-pen) and D-
penicillamine (D-pen) were measured. Gold clusters of the second fractions of gold clusters exhibit a broad emission
maximum at 715 nm, which is independent of the enantiomeric form of the protective ligand. Clusters of the first fraction,
however, do not show any emission maximum at all. (Note that curve ¢ and d in are almost identical and, thus, the first one
can hardly be seen).

On the other hand, Aun(pen)m clusters of fraction 2 of about 1 nm in size exhibit a broad band at 715 nm in the PL
spectrum after excitation at 450 nm (Fig. 5). This result is in very good agreement with the spectra of Auzs cores protected
by different ligands [29], which further indicates that clusters of fraction 2 may have Augs cores. Furthermore, the
asymmetry of the band indicates that possibly two luminescence pathways contribute to the spectra. It was found [39] that
small gold clusters are excited from the d-band into the sp-band and then radiatively decay via an intraband transition into
lower levels of the sp-band or in a second path back to the levels of the d-band. While the first path gives rise to a low
energy PL band, the latter one results in a transition of higher photon energies [39]. Note that in a molecular picture the
transitions are interpreted as fluorescence and phosphorescence, with the latter resulting from the emission of photons with
lower energies [39]. Devadas et. al. used the structure of Auas clusters to supply a further interpretation of the two
processes [40]. The first process resulting in the PL of photon with higher energies (in their case 500 nm) was assigned to a
recombination process almost entirely in the Auis core with just little perturbation from the surface ligands. For the second
process, however, resulting in the band in the NIR region (i.e. around 700 nm), a decay mechanism via the semi ring states
of the outer part of the metal core was suggested [40].

4 Conclusions

In this work we present the synthesis, the characterization and the optical properties of gold nanoparticles protected by two
enantiomers penicillamine and the racemic mixture. Methanol induced precipitation method allows for the separation of
two fractions with different particle sizes. The advantages to this method produces size selected clusters with high yield
products and by easy way. The first fraction consists of clusters of 2.66 nm, as determined by TEM analysis. Particles of
this fraction exhibit a typical plasmon transition in their absorption spectrum, but neither gives any significant CD signal
above 250 nm nor shows any photoluminescence properties. Clusters of the second fraction, however, are about 1 nm in
diameter, as determined by TEM images. In their absorption spectra a multi-band absorbance rather than a well-resolved
plasmon peak is observed, which strongly resembles the typical spectra of Auzs cores. In addition, these clusters show
several transitions in their CD spectra with high asymmetry factor in comparison to the spectra of most other ligand
protected clusters. Furthermore, a broad peak with a maximum around 715 nm is observed in the photoluminescence of
these clusters, which is again in good agreement to the spectra of clusters with Auys cores, which are protected by other
ligands. The asymmetry of the peak in the spectrum further points to two involved recombination pathways. From TGA,
UV-vis and PL analysis we can expect the synthesized second fraction is Auzs(pen)s.

While new insights on the optical properties of Au clusters protected by penicillamine are obtained in this work, the
synthetic route chosen results in high cluster yield in comparison to methods using chromatography for size separation.
This significantly higher yield of sample has allowed for a more thorough and better characterization of the samples and
will enable further studies on the applicability of these systems as sensors or asymmetric catalysts [41-44].
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